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CONTROLLABILITY OF FRACTIONAL STOCHASTIC DELAY
DYNAMICAL SYSTEMS

ARZU AHMADOVA, ISMAIL T. HUSEYNOV, AND NAZIM I. MAHMUDOV

Abstract. In this paper, we consider Caputo type fractional stochas-
tic time-delay system with permutable matrices. We derive stochastic
analogue of variation of constants formula via a newly defined delayed
Mittag-Leffler type matrix function. Thus, we investigate new results
on existence and uniqueness of mild solutions with the help of weighted
maximum norm to fractional stochastic time-delay differential equations
whose coeflicients satisfy standard Lipschitz conditions. The main points
in the proof are to apply Ito’s isometry and martingale representation
theorem, and to point out the coincidence between the notion of the
integral equation and the mild solution. Finally, we study complete
controllability results for linear and nonlinear fractional stochastic delay
dynamical systems with Wiener noise.

1. Introduction

Over the years, many results have been investigated on the theory and appli-
cations of stochastic differential equations [27, 10], [28]-[15]. In particular, Frac-
tional stochastic differential equations are a generalization of differential
equations by the use of fractional and stochastic calculus. Recently, fractional
stochastic differential equations are intensively applied to model mathematical
problems in control theory, finance, dynamics of complex systems in engineering,
infectious diseases, and other areas [24, 11]. Most of the results on fractional sto-
chastic dynamical systems are limited to prove existence and uniqueness of mild
solutions using fixed point theorem [3, 21, 1]. Simultaneously, fractional differen-
tial equations has become famous in the last three decades due to its capability
to model mathematical tools efficiently [12, 6, 32]. Thus, fractional-order models
lead to investigation of more accurate solutions in comparison with integer-order
ones. It turns out that the fractional derivatives provide the heritable properties
of different physical processes more precisely. Especially, Bagley-Torvik equations
involving multiple fractional-orders are often applied to the vibration theory and
electric circuit theory to investigate more accurate results [23].

Fractional delay differential equations are differential equations cover-
ing fractional derivatives and time-delays. Delay differential equations with
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fractional-order have achieved a great deal of attention due to their applications
in science, engineering and physics using proper numerical methods and graphical
tools. In recent decades, the theory of fractional delay differential equations is
also well-established by means of analytical methods. Firstly,under the assump-
tions that A and B are permutable matrices, Khusainov et al. [13] provided a
analytical representation of a solution to a linear homogeneous matrix differential
equations with a constant delay in terms of infinite series. Notice that fractional
analogue of the same problem was considered by Li et al. [16] in particular case
of A = O. In another paper, Li et al. [18] introduced a concept of delayed
Mittag-Leffler type matrix function via a two-parameter Mittag-Leffler function
and presented finite-time stability results to nonlinear fractional delay differential
equations in the same special case. Mahmudov [20] proposed a newly defined ex-
plicit formula to linear homogeneous and nonhomogeneous fractional time-delay
systems via two-parameter Mittag-Leffler perturbation in the general case (i.e., A
and B are arbitrary constant matrices). Huseynov and Mahmudov [9] provided a
new representation of a solution through a delayed analogue of three-parameter
Mittag-Leffler functions under the assumptions in which A and B are permutable
matrices. Deriving exact solution representation of fractional delay dynamical
system is a way of applying Laplace transform method and variation of constants
formula to study stability, controllability, reachability and stabilizability due to
their applications in control theory, chaos and bioengineering. Numerical meth-
ods for fractional time-delay systems are more intensively studied than analytical
methods. Margado et al. [25] analyzed numerical schemes for factional-order
delay differential equations. Bhalekar et al. used a predictor-corrector scheme
for solving nonlinear delay differential equations of fractional-order. One of nu-
merical methods for fractional delay differential equations was provided by Wang
[35].

The concept of controllability is a qualitative property of dynamical systems
in control theory and an essential structure of applications-oriented mathematics.
In above all, control theory characterize a key role in both deterministic and
stochastic control systems. In the last few years, controllability problems for
different types of linear and nonlinear differential equations in finite and infinite
dimensional spaces have been established in many publications [36, 26, 31, 30].
Sakthivel et al. [33] described a new set of sufficient conditions for approximate
controllability of nonlinear fractional stochastic evolution equation in Hilbert
spaces using some techniques and methods adopted from deterministic control
problems. Rajendran et al.[31] obtained the sufficient conditions for complete
controllability of stochastic fractional neutral systems with Wiener and Levy
noise. Meanwhile, Rajendran et al.[30] studied the controllability of linear and
nonlinear stochastic fractional systems with bounded operator having distributed
delay in control. For linear case, necessary and sufficient conditions are obtained.
Moreover, nonlinear system corresponding to linear system was shown under the
sufficient conditions by using Banach contraction mapping principle in [30]. For
more recent research collaborations, relative controllability of systems with pure
delay, control of oscillating systems with a single delay and controllability of
nonlinear fractional delay dynamical systems with prescribed controls one can
refer reader to study [19, 14, 7, 8, 17].
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Very recently, the authors in [1] established new results on the existence and
uniqueness of mild solutions to stochastic neutral differential equations involving
Caputo fractional time derivative operator and derived a stochastic version of
variation of constants formula for Caputo fractional-order differential systems.
On the other hand, a new representation of a solution to linear homogeneous
fractional differential equations with a constant delay using the Laplace integral
transform and variation of constants formula via a newly defined delayed Mittag-
Leffler type matrix function was introduced in terms of a three-parameter Mittag-
Leffler function in [9]. Furthermore, our current work is motivated by above on-
going studies conducted in [1] and [9], in which certain important calculations
involving together delay and stochastic parts are discovered. Although, we can
not apply Laplace transform for stochastic part of fractional delay differential
equations system, a variation of constants formula lead us to define solution of
fractional stochastic delay differential equations by following some results from
[9] and to apply existence and uniqueness results to a class of fractional stochastic
delay differential equations through Banach contraction mapping principle under
similar concepts in [1]. Therefore, the main point in this paper is to find explicit
solution representation of fractional stochastic delay differential equation by fol-
lowing the work of [9] to study complete controllability problems for linear and
nonlinear cases.

The paper includes significant updates in the theory of stochastic fractional
delay differential equations and is organized as follows. Section 2 is a prepara-
tory section where we recall main results from fractional calculus and prove the
powerful lemma which is used throughout the main results. Section 3 is devoted
to present an explicit solutions in terms of three-parameter Mittag-Leffler func-
tions for homogeneous and nonhomogeneous linear fractional delay dynamical
systems involving Caputo fractional derivative by using the method of variation
of constants. In Section 4, we prove the existence and uniqueness of the mild
solution to (4.1) with Lipschitz conditions under the Banach contraction map-
ping principle through the appropriate weighted maximum norm. To do so, we
derive a stochastic analogue of fractional delay differential equations via newly
defined delayed Mittag-Leffler type matrix function in Section 3, and we show
the coincidence between integral equation and mild solution of (4.1). Section 5
is devoted to investigate complete controllability results for linear and nonlinear
fractional stochastic delay differential equations system with Wiener noise. In
Section 6, we provide an outline for our main contributions and show some open
problems in the same vein of this research work.

2. Preliminaries

We assume a filtered probability space (2,§,Fr,P) for T > 0, with some
filtration Fp := {St}te[O,T] satisfying usual conditions, namely it is increasing and

right-continuous while o consists of all P-null sets. H?([0,T],R") denote the
space of all Fr-measurable processes £ satisfying

€172 = sup B[E#)]? < oo,
te[0,7
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where E denotes expectation with respect to probability measure P.

Let R” be endowed with the standard Euclidean norm and U,q == L3 ([0, T],R")
be a control set.

Now we recall an essential structure of fractional calculus (for the more salient
details on the matter, see [12]-[32].

Definition 2.1. [6] The Riemann-Liouville integral operator of fractional order
0 < a < 1 is defined by
1 t
(124 f)(t) = / (t— )" f(s)ds, for t>0, (2.1)
() Jo

where I' : (0,00) — R is the well-known Euler’s Gamma function defined as
MNa) = / 7 Lexp(—7)dr,
0

Definition 2.2. [29] The Beta function is defined by the definite integral:

1
B(a,b) = / Y1 —7)tdr, for a>0,b>0. (2.2)
0
Also, the relation between Gamma and Beta function are as follows:
['(a)T'(b)
B === fi 0,b> 0.
(a,b) T(ath)’ or a>0,b>

Definition 2.3. [6] The Riemann-Liouville fractional derivative of order 0 < a <
1 for a function f : [0, 00) — R™ is defined by

(Dg+ () = F(ll—a)jt/(t_s)_af(s)ds’ for ¢ > 0. (2.3)

Definition 2.4. [12] The Caputo fractional derivative of order 0 < o < 1 for a
function f :[0,00) — R" is defined by

1 t
C na —a
(©Dg, f)(t) = ma)/o (t—s)f(s)ds, for t>0,  (24)
in particular,
(15 DG+ ) f(t) = () = £(0). (2.5)
The classical matrix Mittag-Leffler function, defined as :
ka
«a k nxn
(ALY ZA T 1)’ acRy teR AecRV™, (2.6)

has been extended and generahzed in different ways, with functions denoted
by "two-parameter” E, g(At®) and ”three-parameter” E° 5(At*) matrix Mittag-
Leffler functions.

ka
k nxn
R,AeR 2.
Eq (At?) EA Tlha 1 5)’ a,BeER,teR, A€ , (2.7)

tk:a

1)
Egﬂ(Ata ZAk ( ( )k

0 €ERL,tER A e RV, 2.8
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where (J) is the Pochhammer symbol [29].
The following lemma, is powerful tool to obtain certain estimations in the main
results of the theory.

Lemma 2.1. For all v,t > 0, we have

t
v 202 2a-1 2a0-1
S S— - Fou ds < Fou_1 (vt :
o | (= B (053 s < Eaga (%)
Proof.
g ‘ 20—2 20—1
_ t—5)*“ " *Eoq_ *“~d
o [ 9 B s s
00 i t
_ Y i 20—2 _i(20—1)
= t— d
F@a—D;%F@@a—D+J)A( 8 §
o0 i+ 1p(i+1)(2a—1)
=> T B(2a — 1,i(2a — 1) + 1)
par F'2a—1)IER2a—1)+1)
B i ~it13(i+1)(20-1) B i ~ifi(2a=1)
T+ DERa-1)+1) & Ti(2a-1)+1)
= Foq1(7#**7") = 1 < Egq1 (7**71),
where B is a Beta function. O

3. Deterministic analogue of a fractional stochastic time-delay
system

We consider linear homogeneous fractional time-delay system with a single
constant delay:

{(CD8‘+x)(t) = Az(t)+ Bz(t—h), az(t)eR™, te(0,T), h>0, 51)

z(t) = ¢(t), —h<t<O.

where A, B € R"*™ are permutable matrices, i.e., AB = BA and ¢ : [—h,0] — R"
is an arbitrary differentiable vector function, i.e.,¢ € C1([~h,0],R"), and T = nh
for a fixed natural number n.

The following definitions and theorems, which are provided in [9], are im-
portant results to derive stochastic version of variation of constants formula for
fractional delay differential equations in the next section.
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Definition 3.1. Delayed classical Mittag-Leffler type matrix function of three
parameters @ﬁ’f : R — R™ ™ is defined by

0, —co<t<-—h,

I, —h<t<0,

() = S T +19BL o (A1) (A+ B) + (t — h)2*BE2 5, (A(t — h)*)(A + B)
o (= (0= DB UER L (At = (n = D)R)*) (A + B),
(n—1)h <t < nh,

(3.2)
where © € R™" and I € R™*"™ denote the zero and identity matrices, respectively.

We denote the matrix function by X (¢) that is a solution of the matrix differ-
ential equation:

(“D X)(t) = AX(t) + BX(t—h), t>0, (3.3)
with the unit initial conditions:
I, —h<t<O0
X(t) = ’ - =7 (3.4)
O, t< -—h.

Theorem 3.1. The solution of equation (3.3) satisfying initial conditions (3.4)
has the form:

n—1
X(t)=T+> @i(t), if (n—1)h<t<nh,
k=0

o kase (ki) i (E—kR)@
pu®) = (¢ = k) z;( L >AF((k+z'+1)a+1)Bk(A+B)

= (t — kh) VBN (At = kh)*)BY(A+ B), t> kh,

<k:+z> _ (k—i—l)i.

where

i!
(’Eff(t) which is stated in the following theorem coincides with X (¢) that is

introduced in Theorem 3.1.

Theorem 3.2. For a delayed Mittag-Leffler type matriz function of three-parameters
(‘Ef’f :R — R" ™ one has

(“Dg el (t) = Ae; P (1) + BEy P (t — h), (3.5)

i.e., @f”f s a solution of matrix fractional differential equation:

(“Dg X)(t) = AX(t) + BX(t — h) (3.6)

which satisfies unit initial conditions G;?’f(t) =1,-h<t<0 and 6’:’5(2&) =
O,t < —h.
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Theorem 3.3. A solution x € C([—h,T|,R™) of (3.1) can be represented by the
following formula:

0

w(t) = €0 (Hd(—h) + /_ . el (t—h—r)¢/(r)dr. (3.7)

Now, we consider nonhomogeneous case of fractional delay differential system
according to (3.1) in the following form:

{(CD8+x)(t) = Az(t) + Ba(t —h) + f(t),t € (0.T], h>0, (3.8)

z(t) = p(t),—h <t <0,
where f € C(]0,7],R") is a nonlinear perturbation.

Definition 3.2. Delayed perturbation of three-parameter Mittag-Leffler type
matrix function @ffﬁ : R — R™ ™ is defined by

0, —oco<t< —h,
(t+h)PLEL 5(A(t+h)™), —h<t<0,

B () (t+h)PLE) s(A(t+ h)™) + TP 1BE2 || (At
h,a.3 fo (b= (n— g)h)(nfl)aﬂiflanlEg,(nfl)aw(A(t —(n—2)h)%)

+(t —(n— 1)h)”0‘+5_1B”EQZi+B(A(t —(n—=1)h)%),
L (n—1)h <t < nh,

(3.9)
where © € R"*™ and I € R™*™ denote the zero and identity matrices, respectively.

Theorem 3.4. A solution & € C([—h,T],R™) of (3.8) satisfying zero initial
condition z(t) = 0,t € [—h,0] has the following form

i(t) = /Ot eAB (b —h—r)f(r)dr, t>0. (3.10)

h,a,a

The following corollary present the construction of formula of solutions to (3.8)
. The proof is straightway, so we pass over it here.

Theorem 3.5. The solution x € C([—h,T],R™) of (3.8) has a form
0 t

x(t) = €7 (H)d(—h) + / Enl(t—h— )¢/ (r)dr + / el (t—h—r)f(r)dr.
—h 0

The following lemma is a necessary tool on certain calculations in the main
results of the theory.

Lemma 3.1. For any permutable matrices A, B € R™ ™, we have,

n

A,B —

€ s @ < >t HBIFEL L s (1AIE), (n = )h < t <nh, neN.
k=0

(3.11)
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Proof. We estimate (’Eﬁfﬁ as follows:

I€5as®Il =11t = (b = DR HBEELL (A = (k= D))
k=0

< [t°'EL 5(At*) +t*PIBEL | 5(At*)
o PTITIBREN L (AL
<7V, s(1AI[EY) + 12 B B s (A1)

o I BB (1Al

n
= > Rt BIFER S(JA]tY), forany (n—1)h<t<nh, neN
k=0

4. Main results

In this section, we derive stochastic version of variation of constants formula
for fractional delay differential equations via newly defined delayed analogue of
three-parameter Mittag-Leffler type matrix function in Section 3. Then, we study
the global existence and uniqueness of a mild solution to a stochastic fractional
delay differential equations system. The main part here is to use the weighted
maximum norm and to prove a coincidence between the notion of the integral
equation of (4.3) and mild solution of (4.4).

Consider a Caputo type fractional stochastic delay differential equations sys-
tem of order o € (3,1) on a bounded interval [0,77] of the following form:

{(CD6“+m)(t) — Az(t) + Ba(t —h) + A6 p>o0 1)

l‘(t) = ¢(t)7 te [_ha 0]7
where A, B € R™ " are permutable matrices, z(t) € R", A € C([0,T],R"),
(W (t))¢>0 is a standard Brownian motion on a complete probability space (2, Fr, P)
and the initial condition ¢ : [—h,0] — R” is an arbitrary differentiable vector
function, i.e., ¢(-) € C*([—h,0],R") .

The corresponding nonlinear system to (4.1):

{(Cpgm(t) — Ax(t) + Ba(t — h) + A(t, z(t) 28 p >0 (12)

x(t) = ¢(t), te[—h,0],
where A : [0,7] x R® — R" is measurable and bounded function satisfying

following conditions:
(A1) There exists La > 0 such that for all z,y € R", ¢t € [0,7] ,

[A(t.z) — At y)| < Lallz -yl
(A2) esssupyep 7 [[A(E0)] < oo

Definition 4.1. A stochastic process {z(t),t € [0,7]} is called a mild solution
of (4.2) if
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o z(t) is adapted to {§i},o with [ [lz(t)]%.dt < 0o as;
e 2 € H?([0,T],R") has continuous path on [0,7] a.s. and for each t €
[0, T, z(t) satisfies the following integral equation:

2(t) = 6(0) + F(la) /O (t — ) [Az(r) + Ba(r — h)] dr
. t — ) YA, z(r r
+ 5 /0 (t = )" A, 2(r)dW (7). (4:3)

Theorem 4.1 (A variation of constants formula for Caputo fractional stochastic
delay differential equations). The unique mild solution x € H?([0,T],R") of (4.2)
with initial condition x(t) = ¢(t), t € [—h,0], has the following form:

0
x(t) = €7 (H)d(—h) + / el (t—h—r)¢ (r)dr
—h

+ /t ¢LB (b — A z(r)dW(r).  (4.4)
0

h,a,a

Theorem 4.2. Suppose that hypotheses (A1) and (A2) hold. Then, the unique
mild solution y(t) of (4.2) satisfying y(t) = ¢(t), t € [—h,0] can be expressed in
the following form:

0
W) = €2 Woth) + [ €L —h =)o )ar
+/0 el (t—h—1)A(ry(r)dW(r).  (45)

Proof. To introduce a fixed point theorem associated with (4.2), we define the
operator T : H2([0,T],R™) — H?([0,T],R™) by

0
©)(0) = € Ooh) + [ 20— h =)y
t
+ /0 el (t—h—r)A(r,y(r)dW (r). (4.6)
It follows that T is well-defined. Let H?([0, 7], R") be endowed with the weighted
maximum norm || - ||, where v > 0, defined as
E[))? >
€2 = sup ———>24—— forall &c H?([0,T],R"). (4.7)
H H’y te[0.7] Ega_l(")/tQQ 1) [ ]
Apparently, (H2([0,T],R"™),| - ||2) is a Banach space. Since two norms || - || z2
and || - ||, are equivalent, (H?([0,7],R™),]| - ||5) is also Banach space. Therefore,

it is complete. For simplicity, take My = max;c[ 1] EC]zI;H)Q(HAHtO‘), for k =
0,1,...,n. Choose and fix a positive v such that
LA 7
Y
where Ay == T'(2ac — 1) 3"} M?|| B||?*T2*.

<1, (4.8)
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By assumption of (A1), definition of My, k = 0,1, ...,n, using Lemma 3.1 and
It6’s isometry, we have

E|[(S2)() - (3) (1) = B / &2 (= h— 1) [A(r2(r) — Alr,y(r)] aW ()|
=B [ €2t~ h = 1) [8G2(r)) — Ao P

<13 / H ZB'f PV A — b — 1)) |2Elfa(r) — y(r)|2dr
<13 / HZB’“ ket ghL (At = 1)) 2B la(r) — y(r)|dr

t
< LAZ||B‘thQk"Ek+k+1)a(Ata)‘|2/0 (t = r)***Ela(r) — y(r)|2dr
k=0

TR Y 1B (BELa(141)” [ = 0™ Bla(r) = y(r) Par
k=0

n t
<L ZM;?HBII%T%/O (t = r)***Ela(r) — y(r)|*dr.

k=0
Hence, by definition of || - ||, and Lemma 2.1, we derive the following expression:

E|[(T2)(t) — (Ty) ()|

Ero—l (,tha—l)

n
1
< L2 M2 B QkTQk:
>~ Akzzo k” H E2a_1("}/t2a_1)

t 2c0—1
o Baq1(yr**77) 2
X t—p)2e222 A0 IRla(r) — y(r)|[Pdr
[ = e P R a(r) o)
< LQAF(2a

1) &
ZM}fIIBII{‘”‘:T%HJj -yl
k=0

Using weighted maximum norm (4.7), we achieve

r 1) —
7 — w2 < 13 PO S gy et g2
v k=0
Therefore,
2

AT
A5 o — g2, (4.9)

[T — Ty <
which together with (4.8) implies that T is contraction on H2([0,7],R"). By
contraction mapping principle, ¥ has a unique fixed point and the proof is com-

plete. O

Using the martingale representation theorem for any function f € L2(Q, 7, R"),
there exists a unique adapted process © € H?([0,T],R") such that

T
f=Ef +/0 O(r)dW (r).
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It is clear that
n T
F=Sfeen fr=Efi+ / O (AW (), fi € L3, 31, R).
k=1 0

For (4.3) and (4.5), it is sufficient to show that

x(t) = y(t). (4.10)
To show (4.10), it is enough to prove that for any f € L(Q, §7, R"),

E(z(t), f) = E{y(t), f)-

In other words,

It follows that

Bla(t) ~ y(0). D < (3 B — v fil) <n2||E () fill

k=1
Before estimating |E(x(t) — y(t), f)|, define the followmg functlons:

Xk(t) = Bx(t) fe, Xe(t) = Ey(t)fe,
Xk(t —h) =Ex(t — h)fe, Xw(t—h)=Ey(t—h)f.

Remark 4.1. Since a;( ),y(t) € H?([0,T],R™), the functions
Xk (t), xx(t — h), Xx(t), Xx(t — h) are measurable and bounded on [0, T].

Lemma 4.1. For allt € [0,T] and ¢ € R", the following statements hold:

xk(t) = cE¢(0) + F(la) /0 (t —r)>! (4.11)
X [Axk(r) + Bxx(r — h) + E0g(r)A(r, z(r))] dr,

0
() = el 0ot + [ =)o (r)ar

t
+ /0 ¢l (t—h—r)EO(r)A(r,y(r)dr.  (4.12)

Proof. Taking product of both sides of (4.3) with f; and then taking expectation
of both sides give that

1

X(t) = B(0) + s /O (t — )2 [Axe(r) + Bxa(r — b)) dr

+F(1Q)E( /0 (¢ =) A a(r)aW (1)) /0 L ()W (),

Using It6’s representation theorem, we attain

Xk(t) = CE¢>(0)+F(1@)/O (t=r)* " [Axx(r) + Bx(r — h) + By (r)A(r, z(r))] dr
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such that xx(t) is a solution of the following fractional delay differential equation:
(“Dgra)(t) = Ax(t) + Br(t — h) + B0, (1) A(t, x(t)),
z(t) = cE¢(t),t € [—h,0].
Then, by means of Remark 4.1, (4.11) is proved.

Similarly, by taking product of both sides of (4.5) with fj and expectation of
both sides yield that

0
Tult) = c€MP (1 BG(—h) + / &P (= h— r)E S (r)dr
“h

+B( /O P (¢~ h— DA y(r)aW (1) /0 L)W (),

Then, using It6’s isometry theorem, we achieve (4.12) such that yx(t) is a solution
of the following fractional delay differential equation:

(“D§ry)(t) = Ay(t) + By(t — h) + B0 ()AL, y(1)),
y(t) = cEo(1),t € [, 0],
The proof is complete. O
Remark 4.2. For any f € L2(Q, 7, R"), we have

Bz (t) —y(t), f)I” < nNQLQA/O E|lz(r) — y(r)|PdrE[ f]*. (4.13)

Proof. Starting with

n

[(z(t) —y(t), )] < \nz [z (t) — yi(t), fi)?

k=1

< D IE@RE) — @) fell2 = | 2D lIxe(t) = %)%,
\ k=1 k=1

(4.14)

estimate ||xx(t) — X% (t)|| by using Holder’s inequality and taking
. A,B .
N = SUPie(o,1) Hﬁ’fh,a,a(t)H-

Ixk(t) = Xe(@)] < NLA(/OtEHek(r)H?f(/OtEm(r) - y(r)||2dr>;.

Plugging above inequality into (4.14), we deduce the desired result (4.13). The
proof is complete. O

Proof of Theorem 4.1. Let 7% = inf {t € [0,7];z(t) # y(t)}. Then it is
sufficient to show that T = T.
Suppose the contrary : T* < T. Choose and fix an arbitrary § > 0 satisfying the
following expression:

nN?LA6 < 1. (4.15)
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To lead contradiction, we show that z(t) = y(¢t) for all t € [T™,T* + §]. Using
Ito’s representation, there exists a unique f € H?([0,7],R") such that z(t) —
y(t) = f. Therefore, we have

E||z(t) —y(t)|* = El|f]*

Using Remark 4.2, we attain

t
Ela(t) —y(®)|* < nNL} /T E|z(r) = y(r)|*dr.
As a consequence,

sup  Ellz(t) —y()|? <nN?LAs  sup  Ela(t) —y(t)|*.
te[T*,T*+4] te[T*,T*+9]
By selecting d as in (4.15), we have sup,c(p« -5 Ellz(t) — y(t)||*> = 0. This
leads to a contradiction and the proof is complete. B

5. Controllability results

We shall prove controllability results for linear and nonlinear stochastic delay
dynamical systems with fractional-order. First, we present necessary and suf-
ficient conditions for the complete controllability of linear fractional stochastic
delay system through perturbed controllability matrix and rank condition using
the rank correlation of the Cayley-Hamilton theorem. Thereafter, sufficient con-
ditions are derived for complete controllability of nonlinear fractional stochastic
delay differential equations system using Banach’s fixed point theorem.

Definition 5.1. The fractional stochastic delay system is said to be complete
controllable on [0, 7], if for every initial condition ¢(¢) and z; € L?(Q, §7,R"),
there exists a control u € Uy,q, such that the solution z(t) satisfies x(T") = z;.

5.1. Linear case. Consider the linear fractional stochastic delay dynamical sys-
tem on [0, 7] of the form :

{(CD3+x)(t) = Ax(t) + Balt = h) + Cult) + A TGE, h>0 )

a(t) = ¢(t), te[=h,0],

where A, B € R™ ™ are permutable matrices, and C' € R™ "™ with n > m,

the transposes of A, B and C are denoted by A*, B* and C*, respectively; A €

C([0,T),R™™), z(t) € L2(, Fr,R™), control function u € Uyg, (W (t))i>0 is a

standard Brownian motion on a complete probability space (2, 7, P) for T' > 0.
The solution of (5.1) can be expressed in the following form of

0
z(t) = €2 (t)p(—h) +/ el (t—h—r)¢/ (r)dr
—h

t

+ (’Ef’fa(t —h —7r)Cu(r)dr
O bl b

+/ eMB (1 — h— ) A AW (r). (5.2)

h,a,c
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Define a controllability Grammian matrix Wy : L2(Q, §7,R") — L2(Q, §7,R")
as:

T
Wr = / erB (T —h—r)CCcre BT — h—r)E{|3,} dr. (5.3)
O b K b I

Theorem 5.1. The system (5.1) is completely controllable on [0,T] if and only
if W is positive.

Proof. Sufficiency: Suppose that Wy is positive, then its inverse is well-defined.
For all ¢(t), there exists the control function u(t) defined by:

u(t) = C* €0 (T —h — t>E{<wT>—1 (m1 -l mo-n)  (54)

h,a,a

—/0 BT — h— )¢/ (r)dr
h

T
— / (‘Ei’fa(T —h— r)A(r)dW(ﬂ) ’St}
0
Letting t = T in (5.2) and substituting (5.4) into (5.2), we get:

0
oT) = €2 To(-n) + [ LT —h =) )ar

T
+/ eAB (P h—pycore BT — h— 1)
0

h,a,a h,a,a

0
BT — h—r)¢/ (r)dr
h b

. E{W)l(xl ~etBmacn -

0

T
- / @ﬁfa(T —h-— r)A(r)dW(T)) !Sr}dr

T
+ / ¢MB (T — h— ) A(r)dW (r)
0

h,a,a

0

= ¢ P(T)p(—h) + /h e P(T —h—r)¢/ (r)dr

+WrWr)~! {x1 — &P (T)p(—h) — /_h ¢ 5T — h—r)¢/ (r)dr

_ /T el (T —h— r)A(r)dW(r)}
0

T
4 / EME (T ) AW (1) = a1,
0

h,a,a

Hence, z(T') = x1. Thus, (5.1) is completely controllable.
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Necessity: Assume that (5.1) is completely controllable on [0,7]. We have

to prove that Wy is positive. Assume the contrary, there exists a vector y # 0
such that

E{y"Wry} =0, yeL*(Q,Fr,R"),

ie.,

T
E {/ yrerB (1 _h—pyocred BT — h—1)E {y|3,} dr} = 0.
0 b b b b
Then, it follows that
E {y*@;{fa(T —h— t)C\St} —0,vt € [0, 7). (5.5)

Since the system (5.1) is completely controllable, there exist control functions
uy(t) and ua(t) such that

0
G;ﬁf(T)%(—h) + /—h C%’,i’f(T —h —r)¢)(r)dr

and

—h
T
+ / Qif’fa(T — h —r)Cuy(r)dr
O b bl
T
+ [ &P (T —h—r)A(r)dW (r) = 2y (5.7)

From (5.6) and (5.7), we obtain the following expression:
T A,B
| —h=nC ) —mldr =y, 55)
0
where
0
y= G or(h) o) + [ AT b =) [6h(r) 640 dr 0.

Multiplying by E {y*} on both side of (5.8), we have

E {/OT Y P (T = h— )C [un(r) — ua (1) dr} 0.

By (5.5), we acquire Ey*y = 0, which is contradiction to y # 0. The proof is
complete. O
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Furthermore, we prove the complete controllability results in the following
theorem by using the rank correlation of the Cayley-Hamilton theorem. In this
case, we need to formulate an algebraic condition equivalent to controllability.
For matrices A, B € R™*"™ and C' € R™*™ denote by H,, where the matrix

H, = {C|AC’| .- |A"1C|BC|ABC)|

. |A"IBC|---|B"tC|AB™ - - |A”_1B”‘1C},

which consists of consecutively written columns of matrices

C, AC,--.  An—1Bn-1C.

Theorem 5.2. The following statements are equivalent:

(i) System (5.1) is completely controllable ;

(i) System (5.1) is completely controllable at a given time T'> (n —1)h ;
(iii) Grammian matriz Wy is positive for an arbitrary T > 0;

(iv) rankH, = n.

Condition (iv) is called the Kalman rank condition. To apply Cayley-Hamilton
theorem, first, we define the characteristic polynomial p(-) of a matrix A € R™*"
which is defined by:

p(A) =det[A\] — A], X eC, (5.9)
where I € R™ "™ is the identity matrix. Let
PN =N"+a N+ ta, MeC. (5.10)

The Cayley-Hamilton theorem has the following formulation in the next theorem
[5].

Theorem 5.3 (Cayley-Hamilton). For arbitrary A € R™*"™, with the character-
istic polynomial (5.10),

A"+ ag A" a, D = 0. (5.11)
Symbolically, p(A) = 0.

Proof of Theorem 5.2. Equivalencies of (i)-(iii) follow from the proof of
Theorem 5.1 and the following identity for Lt : Uyq — L2(Q, 7, R"),

x(T) = Lyu+ &, (5.12)

where

o(T) = €2 (T)¢(—h) + / BT — h— )¢/ (r)dr
h,a,a

T
+ / edB (- r)Cu(r)dr
0

T
+/ ¢l (T —h—r)A(r)dW (r),
. Cha,
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and
0
6= Mo+ [ €HPT—h- )¢ (i
h

T
+ / e (T — b — ) A(r)dW (7).
0

h,a,a

From (5.12), by change of variable T'— h — r = u, we have

Ly = a(T) — & = /0 DA (1 Culr)dr (5.13)

h,a,a

X Cu(T —h — p)du

+ /Oh [(u +h)* ! (Ir(la) + A%z;ga

+”+N1w?2$m>

+ p2ot (BF ;a) + ABFQ(/;; oot Al—lBF(ZZ(“l);))} Cu(T — h — p)du
Foot /(ZT;; (n+h)® 1<Ir(1a) + AO;?;Z;& boogAt J}Z);l)_l)a)
—+u%*1<BF6;0-+Af%§gZ)+-~—%Al1BIé57;?iw)

oot (p— (1 —2)h) ! Bllréa) + AB!T! (i) W
+~-+Af1Bl1(?:?)(“;ég;?gg;mv}cuak—h—uMu

_ /0 [I(/H Wt (et byt
h

_ ') I'(2a)
B 4 h)la—l
oo Al 1(M7 T _h—
Foot T }Cu( h— p)dp
h a—1 2a—1 la—1
h h h
+/ [I (p Ra)) (p ;:(22%) =L ;(ll)
0
2a—1 3a—1 (I+1)a—1
7 24 o aleiplu L
+BF(2oz) + AB I'(30) +---+A Bif‘((l—i- o) Cu(T — h — p)dp
T—h ( a—1 2a—1 la—1
p+h) (1 +h) -1 (p+h)
+-~+/ I +A L
(1=2)h [ I'(«) I'(2a) I'(la)
2a—1 3a—1 (I+1)a—1
B AP yip

'(2a) I'(3a) M+ 1)a)
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(u— (= 2)h)l>! (1 (= (1= 2)h) a1
M AP <1) (I + Do)

_ (1 _ 21-1)a
oo AT (2zl— 12> (Mr(((zlz —21))]2— 1) ]C“(T —hpdu

+...4 Bt

If we denote

Uy (T

h 2 1
+h -
Uoy (T (pt )™

Th cxl
,u+h
/’ w(T — h - p)dg,

(T — h — p)dp,

T— h la—1
+ h
/ (G u(T — h — p)dpy;

T—h 1, D)a=1
Woa(0) = [ Rl — = (5.14)
0

T—h (. (1 _ la—1
fmuv:LQM“L(héy) u(T = h = )i,

B T—h I (M (l ) )(l+1)a—1 L

B T—h 2] — 9 (N _ (l _ 2)h)(21—1)a—1
WW””142m<wﬂ) M@ - Day AT e

Then, using (5.14), (5.13) can be written as below:

CU11(T) + BOW5(T) + - - + BI7LCW(T) + ACUy (T) (5.15)

+ ABCUoy(T) + - - + AB"1CWy (T) + A2C'W3 (T)

+ A2BCU3y(T) + - + A1OW,,, (T)

+ AT BOW o (T) + -+ -+ AT BLCW,,(T) = Lyu.
Because the linear system (5.1) is completely controllable, then (5.15) has a
solution for an arbitrary vector v. If [ < n, then the system is overdetermined and
does not always have a solution. Therefore, for the system (5.1) to be completely
controllable, it is necessary that T'> (I — 1)h > (n — 1)h.

To show equivalencies for condition (iv), it is convenient to introduce a linear
mapping L, from L2(Q, 7, R™) into L2(Q, F7,R") according to the relation



312 ARZU AHMADOVA, ISMAIL T. HUSEYNOV, AND NAZIM I. MAHMUDOV

(5.15)
n—1
L’n(uo,ul,--- ,un_l) = Aj(I—i-B—l—-"-i-Bnil)CUj
§=0
n—1 n—1
=Y AlCu;+ ) AIBCu,
= =0
n—1
IS ZAJ’B”—lcuj,uj e L*(Q,§r,R"),7=0,...,n—1.
§=0

We need to prove first the following lemma.

Lemma 5.1. The transformation Ly, T > 0, has the same image as L. In
particular, Lt is onto if and only if L, is onto.

Proof. For arbitrary v € L2(, §7,R"), u € Uy,
u; € L2(Q, 37, R™),i=0,1,--- ,n—1,

T * D*
B(Lyu, v) = E/O (u(r), C* €N B (T — b — ryo(r))dr,

{ hoa
E(L,(up,u1, -+ ,up—1),v) = E{ug, C*v) + E(ug, C* A*v)

4+ Elug, C* (A" 1) + E(up, C*B*v) + E{uy, C* B* A*v)

+ -+ E(up, C*B*(A*)" )

+ o+ Elup_1, C*(B)" M) + -+ - + E{up_1, C*(B*)" 1 (A*)" o).

Assume that E(L,(ug,u1, - ,up—1),v) = 0 for arbitrary ug,ui, - ,up—1 €
L2(Q, §r, R"). Then,

C*v =0,C*A*v =0,C*(A")" v =0,C*B*v = 0,C*B*A*v =0, - - -,
C*B*(A*)n—lv — 0’ L. ,C*(B*)”_lv — 0’ L. ,C*(B*)n_l(A*)n_lv —=0.
From Theorem 5.3, applied to matrix A*, it follows that for some constants
007017 e 7Cn—1 :

n—1
0

m=
Thus, by induction, for arbitrary p = 0,1,2, ... there exist constants
Cp,0,Cp,1," " »Cpn—1 such that

n—1
(A*)n+p — Z Cp,m(A*)m-
m=0
Therefore, C*(A*)™v = 0, C*B*(A*)™v = 0, --- , C*(B*)"}(A4*)™v = 0 for
m =0,1,2,.... Taking into account
cren Bt =
n—1
D (= (i = D) TFVTICHBY B o (Al = (i = 1))y

1=0
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— (t+h)* T CFEL J(A*(t 4+ h)*)v + 12271 C7 B B2 5 (A"t
b (E— (n— 2)R)OTIOH(BE)TLED (ARt — (0 — 2)h)% )

a,na
=0.

We deduce that for an arbitrary 7" > 0 and ¢ € [0, 7],
A* B*
e, . Wv=0,
so, E(Lpu,v) = 0 for arbitrary u € Uyq. Suppose, conversely, that for arbitrary
u € Uugq, E(L7u,v) = 0. Then C*Ci;ia’i (t)v = 0 for t € [0,T]. Caputo type
differentiating (k + 1)ae — 1,(k + 2)a — 1,-- - ,(k + n)a — 1-times for £ =0,1,2, ...
the following identity

n—1
Y= (= D)V (B ES L (A= (= Dh)* ) =0, t€[0,T],
=0

where

OV (R R 1
Ea,(i—i—l)a(A (t ( 1)h) )_kgo< k > F((’L—{—k‘—l—l)a)

and inserting each time ¢ = 0, we attain that
C*(A*)"y = 0,C*B*(A*)"v = 0, ,C*(B*)" Y (A")"v =0, m=0,1,2,...,n—1.
Therefore,
(Lo(ug,ur, - s un_1),v) =0, Yug,ui,...,un_1 € L*(Q,Fr,R").
O

Assume that (5.1) is complete controllable.Then the transformation Ly is onto
R"™ for arbitrary 7" > 0 and by above lemma, the matrix H, has rank n. In
contrast, if the rank of H, is n, then the mapping £,, is onto R™ and also, the
transformation Ly is onto R”, thus the controllability of (5.1) follows. Proof is
complete. W

5.2. Nonlinear case. Consider nonlinear system corresponding to (5.1) on [0, T

{(0D8+a:)(t) — Ax(t) + Ba(t — h) + Cu(t) + At z(t)) 28 b >0,

l’(t) = ¢(t)7 te [_hv 0]7
(5.16)
where A € [0,7] x R™ — R" is measurable and bounded function.

The solution of (5.16) can be expressed in the following form of

0
#(t) = €15 ()6 (~h) + / B (¢ — - 1) (r)dr
—h

t
+/ (’Eﬁ’fa(t—h—r)Cu(r)dr
RS

+ /0 ¢l (t—h—r)A(r,z(r))dW (r). (5.17)
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Define the operator Ly : L2(Q, §7,R") — L2(Q, §r,R") as

h,a,a

Lyu = /0 YeAE (1 Culr)dr (5.18)

Clearly, the adjoint operator L% of Ly satisfying L} € L(L? L?) is obtained as
below:

(Lya)(t) = C*€, 5 (T — h — )E {x|§:} .

h,a,a

Definition 5.2. The controllability Grammian operator Wr : L2(Q, §r,R") —
L2(Q, §7,R") is defined by

h,a,a h,a,a

T
Wiz — / ¢AB (T OCr e B (T — h— E (=[5} dr. (5.19)
0
The corresponding deterministic operator I'r_,. : R® — R" is given by

T
Ty_yx = / eMB (r—h—pyocr e BT — h— r)adr.

h,a,a h,a,a

Theorem 5.4. The fractional stochastic system (5.1) is completely controllable
on [0,T] if and only if for some v >0

EWrz, z) > vE|jz|% Vo € L*(Q, §7,R"™). (5.20)

Lemma 5.2. For every z € L2(Q, g1, R"), there exists a predictable L2 process
©(+) such that

(i) z =Bz + [ p(r)dW(r),
(ii)) Wrz = TrEz + [ Tp_pp(r)dW ().

Proof. The proof of (i) can be found in [22].
(ii) Let 2z € L2(£2, Fr,R™), then we have

E{z\&t}—Ez—i—/O S(r) AW (r).

The definition of deterministic operator and stochastic Fubini’s theorem lead to
the desired representation:

T
Wrz = / el (T —h—t)CC* € B (T — h — )E {2|3:} dt
0 P 3 b b

h,a,a

T t
_ / B (T~ h—)CC €SB (T h - 1)[Bz + / o(r)dW ()] di
0 0
T
= / e¢rB (T —h—t)cCcr € BT — h — t)Ezdt
0 b b 9 bl
T rT A A+ B
+ / / €l (T —h—t)CC & 57 (T — h— t)p(r)dtdW (r)
0 r ’ o

T
= FTEz+/ Lr_prp(r)dW (r).
0

This completes the proof of lemma. O
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Using representation of (i) and (ii) of above lemma, we write EWrz, z) in
terms of (I'rEz, Ez) and using inequality (5.20) and scalar product of stochastic
integral to show coercivity of Wy , for all z € L2(Q, §7,R") [22],

T T
E<WTZ,Z>:E<FTE2+/O FTTgo(r)dW(r),Ez—F/O go(r)dW(r)>
T
= (0B B2) + B | (Crrole). or))dr

2 T 2 2
> (IB=|? + E /O le(r)Idr) = yll=1

We set following hypotheses to derive sufficient conditions for stochastic con-
trolability of nonlinear system (5.16).
(H1) Controllability operator Wy has its inverse (Wr)~!. Then we take

ki =E|(Wr) 7%
(H2) There exists La > 0 such that for all z,y € R", ¢t € [0,T7],
IA(t2) = Alt,y)||* < Lalle -y,

(H3) Let A == 16N?||C||?||L%||*k1 be such that 0 < A < 1, and let C; and Cs be
such that,

Cy = M?*(4+ N)(1 + K?)E|¢(—h)|?> and Cy := N2LA (4 + AK?)T,
(H4) Let p = N2LAT be such that 0 < p < 1.

Theorem 5.5. Suppose that hypotheses (H1)-(H4) hold. If the linear fractional
stochastic delay system (5.1) is completely controllable, then the nonlinear frac-
tional stochastic delay system (5.16) is completely controllable.

Proof. Let 1 be an arbitrary random variable in L2(, 7, R"). We focus on
theoretical results to a stochastic controllability of fractional delay system via
fixed point technique. Define an operator ® : H?> — H? by

0
(x)(t) = €2 (t)p(—h) + /_ ) el (t—h—r)¢ (r)dr
+ /t ¢l (t—h—r)Cu(r)dr (5.21)
0

+ /0 ¢l (t—h—r)A(r,z(r))dW (r).

Since the linear system (5.1) is controllable, we have that Wy is invertible. We
define control function u as

h,a,a

u(t) = Ccre BT — h - t)E{(WT)_l (xl — & P(T)p(—h)

- / ’ ¢ 2 (T —h—r)¢/ (r)dr (5.22)
h
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T A,B
- [ e - n=nawat)aw () m}.

Now, we need to show that ® has a fixed point. This fixed point is a solution of
control problem. Clearly, ®(z(7T")) = w1, which means that the control u steers
the nonlinear system from initial state zg to z1 in the time T, provided that we
can obtain a fixed point of nonlinear operator ®. To verify the conditions for
Banach contraction principle, we divide our proof into two steps.

Step 1. First, we prove that ® maps from H? into itself. Using hypotheses
(H1)-(H3), we have

Bl@a) (01 = 4B o) + 48] [ €2 - el (ryarl?
t
+ 4E|| / et (4 —h—r)Cu(r)dr|? (5.23)
0 bt}

t
+ 4E|| /0 el (t—h—r)Alr,z(r))dW (r)]|?
= 4([1 + I+ I3+ 14).
For convenience, let us introduce following constants:

M = sup H@ B, N= sup | haa(t)H. (5.24)

te[0,T7] t€[0,T
There exists K > 0,
E[¢(0) — ¢(=h)|I* < K*E|l¢(=h)||. (5.25)

We impose standard computations by taking into (5.24) and (5.25) account in a
following order:

L= E|& 7 (e(—=h)|* < ME|o(=h)|?, (5.26)

0
Iy = EH/ Bt —h—r)/ (r)dr||?
—h

< M*E||¢(0) — ¢(—h)|?
< M?K*E||¢(—h)|>. (5.27)

Applying hypotheses (H1) and (H2), we define u(t) as follows :

lu(®)|? < 107 €2 (T — h - t)E{(Wﬂl(u ~ e P (T)o(-h)

—/O 2T — h— 1)/ (r)dr

_; A,B
- [ e - n =A@t () m} &

<A|CIPNZE[Wr) TP (Bl |® + MPEl|¢(~h)|?
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0 T
322 [ B @) Par+ N [ BIAG () Par]
—h 0
< 4|[CIP Nk [Elfz1 |2 + MEl|o(—h)
+ M2KE|6(—h)|]? + N2K*LATE|2]?).

Using the definition of operator L, we have

t
Iy == E|Lrul]® = E| / ¢l (t—h—r)Cu(r)dr|?
0

h,a,a
<AN?|CIPILFPHn x |Ellay | + MEl|o(—h)?
+ M2K2E|o(—h)|? + N2K2L2ATE||x||2] . (5.28)

Using [t&’s isometry, we attain

h,a,a

I = EH/O EB (4 b= ) A, 2(r)dW ()2

T
<N [ BIAGa () Par
0
< N?LATE|z|?. (5.29)
Substituting (5.26)-(5.29) into (5.23) and using standard computations, we have
E|[(®2)(t)|]* < AM?E[¢(—h)|* + AM*KE|¢(—h)|*
+ 16N CI2 N L7 ki Bl |
+16N?|[C|1?|| L]k M (1 + K*)E| ¢(—h)|1? (5.30)
+16N?(|C || L7 |* ki N2 K2 LATE |||
+ 4N2LATE|z|>.

From (5.30) and hypothesis (H3), it follows that there exists 0 < A < 1 and
C1,C5 > 0 such that

E[|(®2)()|* < C1 + AE[a1|* + CoE .

Taking supremum over [0, 7] and considering ®(z(7T)) = x1, we get

Ch Co
sup E|(®2)@)|? < +
s B0 < 175+ 5

E||z|?. (5.31)

Obviously, A # 1 and this implies that ® maps from H? into itself.

Step 2. Now, we prove that ® is a contraction mapping. Let z,y € R" for
each t € [0,T], we have

E[|(®x)(t) — (Py)(#)|

<E| /0 &t —h = 1) [A(r2(r)) = Alr,y(r)] AW (r)]|*
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t
< N2/ E||A(r, z(r)) — A(r,y(r))|*dr
0
< N’LATE|z —y|?
< /?EH?C - y||2v

which together with (H4) implies that ® is a contractive mapping on H? and
® has a unique fixed point z(-) € H? with initial condition z(t) = ¢(t) for
t € [=h,0]. Thus, the system (4.2) is controllable on [0,7]. This completes the
proof. O

6. Discussion and future work

The main contributions of this paper are as follows:

e introducing a new delayed Mittag-Leffler type function with permutable
matrices by means of three-parameter Mittag-Lefller functions;

e deriving stochastic version of variation of constants formula using the
delayed Mittag-Leffler type matrix function;

e proving existence and uniqueness results of mild solution and showing
coincidence between the integral equation and mild solution of fractional
stochastic delay differential equations system;

e studying complete controllability results for linear and nonlinear frac-
tional stochastic delay dynamical systems with Wiener noise under cer-
tain assumptions.

The advantage of such results is that we have opened the possibility for a coop-
erative investigation to solve several issues, for instance, combining the methods
of this paper to study the control theory, one may solve stability results such
as finite time and Ulam-Hyers stability in a similar way considered in [2], and
null controllability analogue for linear and nonlinear case of the results of this
paper to hold for a class of problems governed by fractional stochastic time-delay
differential equations in finite dimensional spaces. On the other hand, we plan
to extend our results to a Caputo type time-delay system of fractional stochastic
differential equations with nonpermutable matrices in the forthcoming paper.
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