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Abstract

In this paper, we develop controllability findings for impulsive neutral stochastic delay partial integrodifferential equations
in Hilbert spaces driven by Rosenblatt process and Lévy noise. A novel set of adequate requirements is obtained by utilizing a
fixed point method without imposing a stringent compactness constraint on the semigroup. The observed results represent a
generalization and continuation of previous findings on this topic. Finally, an example is given to demonstrate how the acquired
findings may be used.

Keywords: Stochastic functional integrodifferential equations, resolvent operator, rosenblatt process, Lévy noise, controllability.

2020 MSC: 35B35, 39B82, 93E03, 60H15.
©2022 All rights reserved.

1. Introduction

Neutral integrodifferential equations have been the subject of extensive study by several authors over
the last many years (see[7, 12, 16, 17, 22, 23, 28, 52] and references therein). Integrodifferential equa-
tions of the neutral type are used to represent a wide variety of physical processes that occur in fluid
dynamics, electronics, chemical kinetics, and other domains. As a result of their inherent properties,
neutral differential equations can be found naturally in the mathematical modeling of a wide range of
real phenomena in fields as diverse as mechanics, electronics, control theory, engineering, economics, and
statistics. The heat equation developed by Lunardi in [35] and the one used to perform a quantitative
assessment of unemployment, wage bills, and income policies in [9] are both good instances of this type
of equation. Chukwu [9], provides a number of excellent examples, most of them related to economics.
For deterministic neutral functional differential equations, Hale and Mayer [20] were the first to examine
them.

Stochastic differential equations have been extensively studied as a mathematical model for describing
the dynamical behavior of a real-world phenomenon. The inclusion of environmental disturbances and
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time delay is critical when constructing realistic models in the domains of engineering, biology, and
other sciences. In recent years, there has been a significant amount of interest in the examination of
qualitative aspects of neutral stochastic differential equations, such as existence, uniqueness, and stability
(see [11, 21, 30, 42, 45] and references therein). Lakhel [32] has shown the existence and uniqueness
of mild solutions for a class of neutral stochastic functional differential evolution equations driven by a
Rosenblatt process with changing time delays using a fixed point theorem.

The underlying notions in current mathematical theory known as controllability play a significant
role both in deterministic and stochastic control problems, such as stabilization of unstable systems by
feedback control. In recent years, the controllability problems for various linear and nonlinear deter-
ministic and stochastic dynamical systems have been studied by employing diverse methodologies (see
for example [4, 13, 23, 28, 39, 40, 43, 47, 54, 55] and the reference therein). For solving nonlinear prob-
lems (differential equations, stochastic differential equations, integrodifferential equations, and ...), it is
generally recognized that fixed point theory is a valuable tool. Several scholars have contributed to the
development of this theory by solving stochastic differential equations across multiple fixed point the-
orems. However, research on the controllability of impulsive neutral stochastic PDEs with delays and
fractional Brownian motion (fBm) is scarce. Ahmed examined approximate controllability of impulsive
neutral stochastic functional differential equations with finite delay and fBm in Hilbert space in [2]. Cui
and Yan [10] investigated controllability for fBm-driven neutral stochastic evolution equations with the
Hurst parameter. Controllability of impulsive neutral stochastic functional differential equations with
infinite delay driven by fBm in a real separable Hilbert space was studied by Boudaoui and Lakhel [5].
Chen [8] also addressed approximation control liability for semilinear stochastic equations driven by fBm
using the Banach fixed point theorem.

Furthermore, stochastic functional differential equations with Poisson jumps have been increasingly
popular in the modeling of phenomena that arise in a range of domains such as finance, economics,
medicine, biology, and other related fields. In real life, it is usual for a stochastic system to transition
from a normal state or a good state to a bad state, with the strength of the system being random. It
is then obvious and required to incorporate a jump element in the stochastic differential equations. As
a result, when analyzing the controllability of stochastic differential equations, it is crucial to evaluate
the implications of Poisson leaps. We are pleased by the vast number of results on the controllability
of stochastic differential equations with Poisson jumps that have recently been reported in the literature.
So far, these themes have garnered a significant amount of attention, and there are a wealth of materials
available on them. Lakhel et al. [33] showed the existence, uniqueness, and asymptotic behavior of mild
solutions for a family of neutral functional stochastic differential equations with fBm and Poisson jumps.
Huan and Agarwal [25] found attractive and quasi-invariant sets of the mild solution for impulsive neutral
stochastic PDEs driven by Levy noise. Sakthivel and Ren [56], addressed the complete controllability of
stochastic evolution equations with jumps in a separable Hilbert space, while in, Ren et al. [53] studied
the approximate controllability of stochastic differential systems driven by Teugels martingales coupled
with a Levy process. Huan and Gao [26] have expanded the conclusions of the study [24] for a class of
nonlocal second-order impulsive neutral stochastic integrodifferential equations with indefinite delay and
Poisson jumps. For further details concerning the stochastic PDEs with Poisson jumps, one can check the

recent monograph [48] and the references therein.
In this paper, we consider the controllability results for impulsive neutral stochastic delay integrodif-
ferential controls systems with delay driven by Rosenblatt process and Lévy noise of the form

d®(t) —h(t,d(t—08(t))] = [A [B(t) —h(t,d(t —8(t)] + 5 Y(t —s) [B(s) —h(s,d(t —5(s)))] ds
(8t —p(t) + Bu(t)] dt+ [ q(t,9(t —y(t)), ) A(dt, dz)
+o(t)dZg(t), t#tee]=[0,T], (1.1)
Alte) =9(t)) =9t ) = Ik(ty), k=12,...,
1S)O(t) = (P() S e(()}'o ([_TIO}/ Lz(Q/H)) 7 t € [—T, 0]/

where A : D(A) C H — H is the infinitesimal generator of a Cp-semigroup (S(t)),-, on Hilbert space
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H, Y(t) a closed linear operator on H with the domain D(A) C D(Y'), which is independent of t, t > 0.
The functions h, f: R™ x H - H, o: [0,00) — Lg(Y,]I—I) and q: R" x H x U — H are Borel measurable.
The functions 8, p,y : R™ — [0, 1] are continuous. Zg is a Rosenblatt process with parameter H € (1/2,1)
in a real and separable Hilbert space Y. The control function u takes values in L2(], U), the Hilbert space
of admissible control functions for a separable Hilbert space U and B is a bounded linear operator from U
intoH, I, :H—H, k=1,2,... are appropriate functions. Furthermore, let0 =ty <t; <--- <t <---
be prefixed points, where S(tz) and 9(t, ) represent the right and left limits of 9(t) at t = ty, respectively,
and A(ty) = 9(t;7) —d(t ), represents the jump of the function 9 at time ty with Iy determining the size
of the jump.

However, to the best of authors knowledge the controllability of impulsive neutral stochastic delay
integrodifferential controls systems with delay driven by Rosenblatt process and Lévy noise has not been
investigated yet. Several researchers express the controllability results by the semigroup approach. The
proposed work on the controllability of impulsive neutral stochastic delay integrodifferential controls
systems with delay driven by Rosenblatt process and Lévy noise is new to the literature and more general
result than the existing literature. The following are the most significant contributions and advantages of
this article.

e Nonlinear impulsive neutral stochastic delay integrodifferential controls systems with Rosenblatt
process and Lévy noise are developed.

e The fundamental advantage of the targeted technique is that it is based on resolvent operator theory
in the sense of the Grimmer and Banach fixed point theorem, together with appropriate hypotheses.

e An example is provided in order to validate the theoretical conclusions that have been suggested.

The following is the overall structure of this study. In Section,2, we present a high-level overview of
several fundamental notations, preliminaries, and assumptions. The results in Section 3 are devoted to
the research of the controllability of the system (1.1), as well as their verification. Section 4 presents an
illustration of the idea through the use of an example.

2. Preliminaries

Let (H, || - |1, (-, ), (K| - |l (-, -)) denote two real separable Hilbert spaces, with their vectors norms
and their inner products, respectively. We denote by £(IK,H) the set of all linear bounded operators from
K into IH, which is equipped with the usual operator norm || - ||. Let (Q,J,{Ft}icy,P) be a complete
filtered probability space satisfying the usual condition (i.e., it is right continuous and Jy contains all
P null sets). Let L(K,H) represents the space of all bounded linear operators from K to IH and Q €
L(K,K) represents a non-negative self-adjoint operator. Let £) = [2(Q2K, H) be the space of all Hilbert-

Schmidt operators from Q:zK into H, where L9 is a separable Hilbert space, equipped with the norm

| ¥ ||2Lg:|\ WQ2 ||2=Tr (YQW*). Suppose that p(t), t > 0 is o-finite stationary Fi-adapted Poisson point
process taking values in a measurable space (U, B(U)).

2.1. Rosenblatt process

In this subsection, we recall some basic concepts on the Rosenblatt process as well as the Wiener
integral with respect to it. Consider (&, )necz a stationary Gaussian sequence with mean zero and variance
1 such that its correlation function satisfies that R(n) := E(&pén) = n¥l_(n), with H € (%, l)and Lis a
slowly varying function at infinity. Let g be a function of Hermite rank k, that is, if g admits the following

expansion in Hermite polynomials

g(x) = ZCjHj (x), ¢ = jl!]E(Q(ion(io))),

j=0
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then k = min {jlc; # 0} > 1, where H;(x) is the Hermite polynomial of degree j given by H;(x) =

(—1)JeX22 dd—llefxfzz. Then, the Non-Central Limit Theorem (see, for example, Dobrushin and Major [15])

says - Z = 1 g(&;) converges as n — oo, in the sense of finite dimensional distributions, to the process

k

' (~3+154)
JO [Tt =y dsdB(y1)---dB(yx), (2.1)
j=1

Zszdme

]Rk

where the above integral is a Wiener-It6 multiple integral of order k with respect to the standard Brownian
motion (B(y))yer and c(H, k) is a positive normalization constant depending only on H and k. The
process (Z]ﬁl (t))¢>0 is called as the Hermite process and it is H self-similar in the sense that for any ¢ > 0,

(Z]ﬁl(ct)) 4 (cHZﬁ(t)) and it has stationary increments.

The the fractional Brownian motion (which is obtained from (2.1) when k = 1) is the most used
Hermite process for study evolution equations due to its large range of applications. When k = 2 in (2.1),
Taqqu [57] named the process as the Rosenblatt process. The stationarity of increments, self-similarity and
long range dependence (see Tindel et al. [58]) were made that the Rosenblatt process is very important in
practical applications. However, it is noted that Rosenblatt process is not Gaussian. In fact, due to their
proprieties (long range dependence, self-similarity), the fractional Brownian motion process has large
utilization in practical models, for instance in telecommunications and hydrology. So, many researchers
prefer to use fractional Brownian motion than other processes because it is Gaussian and it facilitate
calculations. However in concrete situations when the Gaussianity is not plausible for the model, one can
use the Rosenblatt process. In recent years, there exist many works that investigated on diverse theoretical
aspects of the Rosenblatt process. For example, Leonenko and Ahn [34] gave the rate of convergence to the
Rosenblatt process in the non-central limit theorem and the wavelet-type expansion has been presented
by Abry and Pipiras [1]. Tudor [60] established, the representation as a Wiener-Ité6 multiple integral with
respect to the Brownian motion on a finite interval and developed the stochastic calculus with respect to it
by using both pathwise type calculus and Malliavin calculus (see also Maejima and Tudor [36]). For more
details for Rosenblatt process, we refer the reader to Maejima and Tudor [37, 38]), Pipiras and Taqqu [49]
and the references therein.

Consider a time interval [0, T] with arbitrary fixed horizon T and let {Zy(t),t € [0, T]} be a one-
dimensional Rosenblatt process with parameter H € (%,1). According to the work of Tudor [60], the
Rosenblatt process with parameter H > 1 can be written as

zmazquzﬂl

where KH(t, s) is given by

Jt oKH’ w )E)KH'
» Y1 au

™ (ufyz)du] dB(y1)dB(y2), (2.2)

y1Vy2

t

H(2H -1
KM (t,s) = cHs%HJ (u—s)H*3/2uH*1/2du fort >s, with cy = \/ ( )

B(2—2H,H— 1)’

S

B(.,.) denotes the Beta function, KH(t,s) = 0 when t < s, (B(t),t € [0,T]) is a Brownian motion, H’ =
% and d(H) = ﬁﬁ /ﬁ is a normalizing constant. The covariance of the Rosenblatt process
{Zy(t),t € [0, T]} satisfies

E(Zn(t)Zn(s)) = % (s + 2 — s — 1P

The covariance structure of the Rosenblatt process allows to construct Wiener integral with respect to it.
We refer to Maejima and Tudor [36] for the definition of Wiener integral with respect to general Hermite
processes and to Kruk et al. [31] for a more general context (see also Tudor [60]). Note that

T T
Zy(t) = L Jo I(110,41)(y1,92)dB(y1)dB(y2),
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where the operator I is defined on the set of functions f : [0, T] — R, which takes its values in the set of
functions g : [0, T]> — R? and is given by

T oKH' oKH'
1) ys,va) =) | o) S )
Yi1vy2

(W, y2)du.

Let f be an element of the set £ of step functions on [0, T] of the form

f—thHtlmﬂ

Then, it is natural to define its Wiener integral with respect to Zy as

T T T
Jo flw)dZp (u Z ai(Zp(tiv1) — Zn(ti)) :Jo L I(f)(y1,y2)dB(y1)dB(y2).

Let H be the set of functions f such that

T 0T
173 = ZL JO (1(F) (1, y2) Pdy: dyz < oo.

It follows that (see Tudor[60])

||fH?H =H(2H-1) JT JT f(w)f(v)lu —vPP"2dudv.
0 Jo
It has been proved in Maejima and Tudor [36] that the mapping f +— f o f(w)dZy(u) defines an isometry
from € to [2(Q) and it can be extended continuously to an isometry from H to L2(Q) because € is dense
in H. We call this extension as the Wiener integral of f € H with respect to Zy;. It is noted that the
space H contains not only functions but its elements could be also distributions. Therefore it is suitable
to know subspaces |H| of H : |H| = { 0, T] = R| fo IO If(wW)If(v)[u —vPH2dudv < oo} . The space |H|
is not complete with respect to the norm ||.||5¢ but it is a Banach space with respect to the norm

T (T
Hlezgﬂ =H((2H — 1)J J If(w)|[f(v)[w—v[FH2dudv.
0 Jo
As a consequence, we have

L2([0, 7)) ¢ LY™([0, T]) € |H] C H.
For any f € L2([0, T]), we have

7[5, < 2HT2H- 1] #(s)Pds and [l < COHIFI, i r)

for some constant C(H) > 0. Let C(H) > 0 stands for a positive constant depending only on J and its
value may be different in different appearances. Define the linear operator K}, from € to L?([0, T]) by

]
« oK
(i) (Y1, v2) = J f 2%
ylVys ot

(t,y1,y2)dt,

where X is the kernel of Rosenblatt process in representation (2.2)

t aKH%u’ )aKH/
ou 'Yl ou

X(t,y1,92) = Lo4q(y1) (UZ)J (u,yo)du.

y1Vyz
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Note that (Kj,110,41)(y1,y2) = K(t,y1,Y2)110,4(y1)1j0,4(y2). The operator K}, is an isometry between € to
L2([0, T]), which can be extended to the Hilbert space K. In fact, for any s, t € [0, T] we have

<K*H1[0,ﬂ'K*H1[0'5]>L2([0,T1) = (X(t,, )i, X, "')1[0rs]>L2({0,T])

tAs ptAs
JO L K(t,y1,92)K(s,y1,y2)dy1dys

t

S
J lu — v "2 dudv
0JoO

H(ZH—l)J
(1i0

[O,s}>j—c :

Moreover, for f € H, we have

T

)
Zu(f) = j JO (K%,H)(y1, y2)dB(y1)dB(y2).

0

Let {Z (t)}nen be a sequence of two-sided one dimensional Rosenblatt process mutually independent on
(Q, F,P). We consider a K-valued stochastic process Zg (t) given by the following series

(e.¢]

Zg(t) =) zn(t)QY%en, t>0.

n=1

Moreover, if Q is a non-negative self-adjoint trace class operator, then this series converges in the space
K, that is, it holds that Zg(t) € [2(Q,K). Then, we say that the above Zq(t) is a K-valued Q-Rosenblatt
process with covariance operator Q. For instance, if {on Jnen is a bounded sequence of non-negative real
numbers such that Qen = onen, by assuming that Q is a nuclear operator in K, then the stochastic process

ZQ (t) = Z Zn(t 1/2 Z V onzn(tlen, t20,
n=1

is well-defined as a K-valued Q-Rosenblatt process.

Definition 2.1 (Tudor [60]). Let ¢ : [0, T] — £9 such that 3 2, ||K*H((PQ1/zen)HLZ([O,T];}C) < oo. Then, its
stochastic integral with respect to the Rosenblatt process Zq (t) is defined, for t > 0, as follows:

t 00 t 0 t pt
L o(s)dZq(s):= ¥ JO P5)Q" 2endznls) = 3 | L (K51 (0Q2en))(y1, y2)dB(y1)dB(w2).  (23)
n=1 n=1

Lemma 2.2. For{ : [0, T] — £ such that y 5, |]11)Q1/zen||L1/H([0,T];u) < oo holds, and for any a,b € [0, T]
with b > a, we have

2

o b
E <c(M)b—aPt1y J Ib(s)QY 2en [2ds.

a

b
| wesazals

a

n=1
If, in addition,
Z [W(t)QY?en || is uniformly convergent for t € [0,T],

then, it holds that )

E < C(H)(b — a2 j (s 2.

b
| wisiazals)

a
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Proof. Let {en}nenN be the complete orthogonal basis of K introduced above. Applying (2.3) and Holder
inequality, we have

b 2 o b 2
E|| wsazos)| =E|Y | 9(51Q"endzn(s)
Oon:l ) )
= > E||| 9(:1Q"%endzn(s)
n=1 a
0 b rb
:ZH(ZH—l)J J [W(s)QY 2en ||| (t) QY %en ||t — s|*H2dsdt
A 00 b 2H
<CH) Y <J HlI)(S)Ql/Zenlll/HdS>
n=1 a

© b
<CHL=aP" Y | (5)Q! Zen s

n=1"¢

O

Let Y be a separable Hilbert space. Let p(t), t > 0 be o-finite stationary Ft-adapted Y-valued Poisson
point process. Then for any F € B(Y —{0}), which denotes the Borel o-field of (Y —{0}), where 0 ¢ F, we
get a counting Poisson random measure 1 on (Y —{0}):

n((0,t) xF):i= > 1p(p(s)) =#0<s <t p(s) €F},

O<s<t

N ((ty, t2] x F) :=n ((0,t2) x F) =m ((0, t1) x F).
We shall denote 1 (t,F) :=n((0,t) x F). Then, it is known that there exists a o-finite measure A such that

_ exp (AR AFIY™)

Efn(t,F)] = A(F)t, P n(t,F) = nJ =

The measure A is called the Lévy measure. Then, t > 0, the measure 1 is defined by
1 ([0,t], F) =n ([0, t], F) — tA(F).

The measure 1(dt, dy) is called the compensated Poisson random measure and A(F) is called the compen-
sator.

Let U € B(Y —{0}), where 0 ¢ the closure of U. Let Ay denotes the restriction of the measure A to
U still denoted by A, such that A is finite on U. Denote by P?([0,t] x U;H) the space of all predictable
mappings « : [0,t] x U — H for which

J j El[x(s, u)[2A(dy)ds < oo.
0oJu

We may then define the H-valued stochastic integral
t t t
| ] stswitas,ay) = | | sisyn(asayl=| | (s ynayas,
0Ju 0Ju 0 Ju

where

| | xsymas,ay) = 3 s, plshulp(s))

0Ju O<s<t
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Furthermore, we can see that fo Ju k(s,y)n(ds, dy) is an H-valued centered square integrable martingale

such that : )
(HJ J dsrdy)H >=L JUE!K(s,y)r%{Mdy)ds.

We can refer to Protter [50] for a systematic theory about stochastic integrals of this kind.

2.2. Partial integrodifferential equations in Banach spaces
In this section, we recall some fundamental results needed to establish our main results. For the theory
of resolvent operators we refer the reader to [19]. Throughout this paper, X is a Banach space, A and Y(t)
are closed linear operators on X. Y represents the Banach space D(A) equipped with the graph norm
defined by
yly :=|Ayl+ly| for y €Y.

The notations C([0, +00);Y), B(Y,X) stand for the space of all continuous functions from [0, +o0) into Y,
the set of all bounded linear operators from Y into X, respectively. We consider the following Cauchy
problem

(2.4)

¥(t) = AD(t) + Jt Y(t—s)d(s)ds, for t>0,
19(0) =9 € X. ’

Definition 2.3 ([19]). A resolvent operator for Eq. (2.4) is a bounded linear operator valued function
R(t) € £(X) for t > 0, satisfying the following properties:

(i) R(0) =TI and [R(t)| < MeP* for some constants M and B;
(ii) for each x € X, R(t)x is strongly continuous for t > 0;
(iii) R(t) € £L(Y) fort>0. Ford €Y, R(:)d € CL([0, +o0); X) N C([0, +0);Y) and

t t

Y(t—s)R(s)dds = R(t)Ad —|—J R(t—s)Y(s)dds fort > 0.

R'(t)9 = AR(t)9 + J
0

0
For additional details on resolvent operators, we refer the reader to [19]. To deal with the existence of
a resolvent operator we introduce the following assumptions.

(Hp) A is the infinitesimal generator of a strongly continuous semigroup {S(t)}¢>0 on X.

(Hy) Forallt > 0, Y(t) is a closed linear operator from D(A) to X, and Y(t) € B(Y,X). Foranyy €Y, the
map t — Y(t)y is bounded, differentiable and the derivative t — Y’/(t)y is bounded and uniformly
continuous on R™".

Theorem 2.4 ([19, Theorem 3.7]). Assume that (H1)-(Hy) hold. Then there exists a unique resolvent operator for
the Cauchy problem (2.4).

We denote by Ct := C ([—r, T],LZ(Q,]H)) the Banach space of all continuous functions from from
[—r, T] into £2(Q,H) such that for all 9 € Cr,

1
[9ller = sup_(ElIB(V)]?)*,
tel—r,T]

and let us consider the set Bt = {§ € Cr : 8(s) = @(s), Vs € [-r,0]}. The set Bt is a closed sub-
set of Ct endowed with norm | - ||e;. Then,Ct and Bt with the above norm are Banach spaces. Let
G%O ([-r,01, £2(Q,H)) denote the family of all bounded Fy(F;)-measurable, C := € ([—,0], £2(Q, H))-
valued random variables ¢, satisfying
1
2

lelle, == sup (Ele(t)]?)* <
te[—r,0]

Now, we give the definition of mild solution for (1.1).
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Definition 2.5. A cadlag stochastic process & : [-7,T] -+ H,0 < T < oo is called a mild solution of (1.1)
n [—r, Tl if 9p(-) = @ € G%O ([—T, 0],132((1,11—1)) on [—1,0] a.s., and for each t > 0 the following conditions
hold:

(i) 9(t) is F-adapted;
(ii) 9(t) satisfies the following integral equation:

t

9(t) =R(t) [@(0) —h (0, 9(=5(0)))] +h (t, ¥(t — 5(t))) + L R(t —s)f (s, d(s —p(s))) ds
t

+ Jt R(t —s)BU(s)ds —i—J

J R(t—s)q(s,¥(s—v(s)),z)n(ds,dz)
0 0Ju

—l—JtR(t—s)G(s)dZS(s)—i— Z R(t—t) Ik (9(t,)), P, as.
0 O<ti<t

Definition 2.6. The stochastic integrodifferential equations (1.1) is said to be controllable on the interval
[—r, T], if for every initial stochastic process ¥(-) = ¢ defined on [, 0], there exists a stochastic control
u € £%(J,U) which is adapted to the filtration {Ft}tey such that the solution 9(-) of the system (1.1)
satisfies 3(T) = ¥1, where &1 and T are preassigned the terminal state and time, respectively.

3. Main results

In order to prove the existence and controllability results, one need to assume the following hypotheses
hold.

(H3) The resolvent operator associated with equation (2.4) is exponentially stable. That is: there exit some
constants 1y > 0, M > 0, such that
IR(t)|| < Me ™Mot

(Hy) The function f: ] x H — H satisfies : there exist positive constants C, > 0 and My, > 0 such that for
allt >0and x,y € H

Ih(t,x) —h(t,y)|l < Cullx—yll, and [|h(t,x)|I> < M (1+ [x]?).

(Hs) Forallt > 0, x,y € H, z € U, the functions f, q satisfy: there exist constants Ct > 0, Cq > 0, M >
0, Mg >0 such that

I£(t, %) — £(t, Y| < Cellx—yll, 6 x> < Mg (1+[1x]%),

and

J, tattx 2 =ity 2IPviaz) < Clx =yl | a2V < Mg 1+ [ulP)

(He) The functions Iy € €(H,H), k =1,2..., satisfy the following conditions: there exist some positive
constants Cy,, My, such that for all x, y € H,

M) = L) < Crllx—yll, LB < die (1+1x]%) Z Cr <00, Z di < oo

(H7) The function h is continuous in the quadratic mean sense: for all 9 € C (], L£%(Q, ]I—I)) ,

lim E|[h(t,®(t)) —h(s,8(s))||* =

t—s
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(Hg) The function o: [0,00) — £9(Y,H) satisfies the following condition:
t
J % o(s) yds < o0, ¥ > 0.
0
(Hy) B:U — H is bounded linear operator and the operator I' : L?(J,U) — L[2(Q, H) defined by

b
Mu = J R(t—s)Bu(s)ds,
0

has an inverse operator I'~1 which takes values in L2(J,U) \ Kerl', where the kernel space of I is
defined by KerT" = {x € L2(J,U) : 'x = 0} (see [51, 59]) and there exist two positive constants Mp
and Mr such that

B> < Mg, [IT~"* < Mr.

Theorem 3.1. If hypotheses (H;)-(Ho) hold and ¥y € H, then, the impulsive stochastic integrodifferential system
(1.1) is controllable on [—r, T] provided that

+00 2
. 1
CE+ M2 (Z C1k> <z (3.1)

k=1
Proof. Using the hypothesis (Hg), we define the control u(-) for an arbitrary d(-) by

T

u(t) = F”{fh —R(T) [@(0) =h (0, (—5(0)))] —=h (T,d(T —8(T))) — L R(T —s)f(s,d(s—p(s))) ds
T

T
—J J R(T—s)q(s,ﬁ(s—y(s)),z)ﬁ(ds,dz)—J R(T—s)G(s)dZS(s)
0 Ju 0

— Y RT-tJLBEN .

0<ty<T

We transform (1.1) into a fixed point problem. By using the above control, we show that the operator
Y: Bt — By defined by (W) (t) = @(t), t € [-7,0] and Vt € ],

t

(W9) () =R(t) [@(0) =h (0, o(=5(0)))] +h (t,d(t —5(t))) + JO R(t —s)f (s, ¥(s —p(s))) ds
t

t
—i—J J R(t—s)q(s,¥(s—v(s)),z)n(ds, dz)—i—J R(t—s)a(s)dZS(s)
0 Ju 0

t

+ Y R(t—ti)L®(ty)) +J
O<tr<t 0

R(t—wBr{8; —R(b) [p(0) ~h (0, (~3(0)))]  (32)

T
—h(b,a(T—é(T)))—L R(T—s)f(s,d(s—p(s))ds— Y R(T—ti)L(®(t))
0<ty<T
T

-
—J Ju R(T —s)q(s,d(s—v(s)),z)n(ds, dz) —J

R(T — s)o(s)aZ5(s) p(u)du.
0 0

has a fixed point, which is then a mild solution for the stochastic impulsive integrodifferential system
(1.1). Clearly, ¥3(T) = 91, which implies that the stochastic control u steers the system from the initial
state ¢ to 91 in time b, provided we can find a fixed point of the operator ¥ which means that the system
is controllable on [—r, T]. The proof is given in the following two steps.
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Step 1. ¥ is well defined. Let & € Bt and t € ], we are going to show that each function ¥(9)(-) is
continuous on J in the £%(Q,H)-sense. Let t € (0,T) and |e| be sufficiently small. Then for any fixed
¥ € B, we have

E|| (W9) (t+e) — (¥9) (1)]|3,
< 7E[ R(t+€) —R(t)] [@(0) —h (0, o(—5(0)))] |> + 7E|[h (t + €, 8(t + € — 5(t 4+ €))) —h (t,d(t — 5(1))) ||?

rt+e t

+7E R(t+ e —s)f(s, (s — p(s))) ds —J R(t—s)f (s, d(s — p(s))) dst
0 0

rt+e t
78] [ ] Rit+e—s)als, 00—y z)ids dz) — | | Rie—s)als, 00 —y(o)), 2l s, az)|
0 u 0oJu

t+e t

+7E R(t+es)0(5)dZS(S)J
JO 0

R(t—s)o(s)dZS(s)Hz

478 Y R+ et Rt - ul o))

0<t<T

t+e
+7E L+ R(t+e— u)IBF*1{81 —R(T) [@(0) —h (0, o(—5(0)))] (3.3)
T

—h(TIf}(T—é(T)))—L R(T—s)f(s,8(s—p(s)))ds— >  R(T—ti)T(d(ty))
O<ty<T
T

-
_J JuR(T—s)q(s,ﬁ(s—y(s)),z)ﬁ(ds,dz)—J R(T—S)G(s)dzg(s)}(u)du

0 0
t
- | Ret=wBr {on R 0(0) ~ 1 (0, 0(~5(0))

0
T

—h(T,a(T—s(T)))—L R(T—s)f(s,9(s—p(s))ds— Y R(T—t)L(®(ty))
0<ty<T
T 2

.
_J Ju R(T —s)q (s,9(s —v(s)),2) fi(ds, dz) —J R(T — s)o(s)dzg(s)}(u)duu

0 0
7
=7 dile).
i=1
Strong’s continuity of R(t) permits us to deduce

lim [R(t+e) —R(t)] [¢(0) —h (0, (—5(0)))] =0.

e—0
One can infer from Definition 2.3 (i) that

| [R(t+ €) —R(t)] [@(0) —h (0, @(—5(0)))] ||?
<2M? [e—zw(“e) +e 2t 19(0) —h (0, @(—5(0))) [|* € £L2(Q).

As a result, the Lebesgue dominated theorem implies that

lim J1(e) = 0. (3.4)

e—0

On the basis of (Hy), we reach the conclusion that

lim E[[h (t +¢,9(t + € —5(t 4 €))) —h (1, 9(t = 5(1))) |* = 0. (3.5)
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Thus
lim J>(e) =0. (3.6)

e—0

Consider the case of J3(e). Without loss of generality, we suppose that € > 0 (the case € < 0 is similar).
We have

t+e t 2
ale) <[ | Rt e—s)f(s,9(s—pls)) ds— | Rit—s)(s,9(s—p(s)) s
t+e

< ZEH Lt R(t+e—s)—R(t—s)]f(s,¥(s—p(s))) c‘lsH2 +2EH J

R(t+e—s)f(s,9(s—p(s))) dsH2
t
= 2731(€) + 2332(€).

When we apply the Holder inequality on J31(€e), we obtain

t
%ﬂd<t§LHRH+€—®—RH—QH@ﬁB—MQDW®-

Using Definition 2.3 (ii), for each s € [0, t], we have

Iim [R(t+e—s)—R(t—s)]f(s,d(s—p(s))) =0.

e—0

In light of assumption (Hs) and Definition 2.3 (i), we can conclude that
IR(t+e—s) =R(t—s)f(s,9(s —p(s))) ||
< 2M?2 e 2Holtre=s) 4 e=2uo(t=s) | £ (5, 9(s — p(s))) ||* € £L2([0, 1] x Q).

In this case, too, the Lebesgue dominated convergence theorem implies
lim 331(6) =0. (37)
e—0

Furthermore, using the Holder inequality and assumptions (H3), (Hs), we can derive

t+e t+e
anw)<L |mu+e—meEj (s, 9(s — p(s))) |2ds

t

. 1 e t+e B ) e—0
<M (2up)” Ms[l—e ] (1+E[[9(s — p(s))]|*) ds — 0.

t

Thus, we obtain
lim J5(e) = 0. (3.8)

e—0

For the term J4(€e), we have by assumption (H3):

ot
Jale) < 2E

J [R(t+e—s)—R(t—s)q(s,d(s —y(s)),z)A(ds, dz)”z
JOo JUu

+ 2K rﬂ Ju R(t+e—s)q(s, s —v(s)),2)(ds, dZ)HZ

t

t
< ZJ EH R(t+e—s)—R(t—s)]q(s,ds—v(s)), z) HZ?\(dz)ds
o t+e
+2]\~/12J J e*Ho(tJrefs)(Hq(sllc}(s —v(s)),z) H27\(dz)ds
t u

= 2341(6) + 2342(€)'
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By (Hj3), the strong continuity of R(t) and Lebesgue dominated convergence theorem, we get lirr}) Ja1(e) =
€—

0. Therefore
lim J4(e) =0. (3.9)

e—0

For the term Js5(¢), we have

t 2 t+e 2
ds(e) < L R(t+e—s)—R(t—s)]o(s)dz5(s)| + 2k L R(t+e —s)o(s)dz5 (s)|
= 2J51(€) + 2952 (€).

Lemma 2.2 implies that
Js1(€) < C(H)T?H— IJ H (t+e—s)—R(t—s)] O'(S)Higds.

Based on strong continuity of R(t), for each s € [0, t] the following limit holds:

2
=0.

11mH (t+e—s)— R(t—S)]G(S)’LO

By (H3z) and Lebesgue dominated theorem, we have

2
[ Rt+e—s) =Rt —s)1o(s)|| < 2m? [e2moltrers) e 2m(t=)] jo(s) 2 € £1(],ds)

and

111’1’1 351( ) 0. (310)

Applying Lemma 2.2 to Js>(€) we obtain

tte e—0
fiale) < 2HMEMT [ e 2 ofs)2yds 0.
t 2

Thus,
lim Js(e) = 0. (3.11)
€—0

Therefore
lim Js(e) = 0. (3.12)
e—0

Now, we have
dole) < Y [HR(t+ e—ty) R(ttk)‘ﬂ EHIk(S(t;))Hz
O0<ty<T

By the assumptions (Hj), (Hg), and the strong continuity of R(t), one has that

lim Je(€) = 0. (3.13)

e—0

For the estimation of term J7(€), we have

J7(e) <

|| Ret+ =) Rt =) Br {1 =R(T) [0(0) ~h (0, 0(~5(0)))

N
—h(T,ﬁ(T—é(T)))—J R(T—s)f(s,9(s—p(s)))ds— D R(T—ti)Tk(d(t;)

0 O<ty<T
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T

T R o 2
_ L Ju R(T —s)q (s, (s —v(s)),2) fi(ds, dz) —J R(T —s)o(s)dz}] (s)}(u)duH

0

t+e
+ ZEH J R(t+e—wBM {8 —R(T) [9(0) —h (0, o(~5(0)))]
t
.
_h(T'S(T_é(Tm_L R(T—s)f(s,8(s—p(s)))ds— >  R(T—ti)Tk(d(ty))

0<ty<T
T

T R y 2
_ Jo Ju R(T—s)q(s,¥(s—v(s)),z)n(ds, dz) —J R(T—s)o(s)dZg (s)}(u)duH

0
= J71(€) +dn2(€).

Since

lim|| [R(t+ € —w) —R(t—w)] Br " {8; —R(T) [¢(0) ~h (0, o(~5(0)))]
T
R (TAT—8(T) = | RIT=9)8(s, s —p(s)) ds— 3 RT—tIuf(t;)
0<t<T
:

T R H 2
_JO JuR(T—S)q(s,S(S—V(S))/Z)ﬂ(dsrdl)_J R(b—s)o(s)azti(s) }[ =0

0

and

| Rit+e—w) ~Rit—wIBr{8; —R(T) [0(0) ~h (0, (~5(0)))

T
—h(T,f}(T—é(T)))—J0 R(T—s)f(s,8(s—p(s))ds— >  R(T—t:)Tk(d(ty))
0<ty<T
T

T R . ’
_ L Ju R(T —s)q (s, 9(s —y(s)),2)fi(ds, dz) —J R(T —s)o(s)dZ} (s)}(u) H

0

< ME (eBmltrem) g Bmliw) MBMF{E||191H2 + M2 2TE | p(0) ~h (0, p(~5(0))) |

+Mp [ 1+ sup E|9(s)]? | +TM? (2uo) "M [ 1+ sup E|9(s)|?
s€[—r,T] s€[—r,T]

. 2
+M (de> (1+ sup EHS(S)H2>+TM2M31(2LL0)_1 (1+ sup E\ﬁ(s)H2>

k=1 se[—r,T] se[—r,T]

-
+ M? (2u0)_1 c(H)T?HA1 L Hcr(s)||2Lgds} e Ll

we conclude, by the dominated convergence theorem that

lim J71(e) = 0.
e—0

(3.14)
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From the assumptions (H3)-(Hg) and applying Lemma 2.2 to J7;(e) we obtain

t+e
I72(€) < M2 (29) " [1 — e 2H0€] M]BMrJ {Eualuz

t

+ M2e 2MTE||0(0) —h (0, o(—5(0))) ||> + My <1+ sup EHS(S)H2>
sel—,T]

00 2
+ M2 (210) ! Mg <1+ sup E||8(s)||2>+7\712 (de> <1+ sup E||19(s)||2> (3.15)

s€[—7,T] k=1 s€[—7,T]

+TM2M2 (2p0) <1+ sup EHS(S)V)
s€[—r,T]

b
+ M2 (Zuo)—l C(H)TZH_l JO ||U(S)H2Lgds}du —0ase—0.

Replacing (3.4)-(3.15) in (3.3), we deduce
lirrb E| (W9) (t+¢€)— (¥9) (t)]*> = 0.
€e—

Thus, the function t — (W9) (t) is continuous on J.

Step 2. In this part of the proof, we will prove that ¥ is a contraction mapping in Bt with some T; < T to
be specified later. Let ¥, x € B, and t € [0, T]. We have

E|| (W9) (t) — (Wx) (1)|]?

< SEJI (&, 0(t = 5(1)) = h (= 8(4))) [P+ 5E]| | Ree—s) (s, 205 = o(51)) —Fs,xs = ols)] ]

+5E] | | Rit—s)la(s,d0s —v(9),2) — q (s,xls vl 2 (ds, da)]|
0Ju

56 Y R(t—t) [I®()) ~ Lt )] |

O0<ty<T

t
+5E L R(t—u)]Brfl{ — W (T, 3T =8(T))) —h (T, x(T—5(T)))]

.
—JO R(T—s)[f(s,9(s —p(s)) —f(s,x(s —p(s))ds— >  R(T—1t) [Le(d(ty)) — Llx(t )]

O<ty<T

!
=[] R la s, 06 = vs1, 21 s, x(s — (5D, 2L, d2)
0Ju

Using (3.2), we have
E[| (¥9) (t) — (¥x) (1)

< SEJI (1, 9(t = 5(1))) =t x(t—8(4))) [+ 5E| | Rt—s) (s, s = p(5))) £, xs = p(s))] s

i

+5E‘ J J R(t—s)[q(s, (s —v(s)),2) —q(s,x(s —v(s)),2)In(ds, dz)
0oJu

+5EH Z R(t—ti) [L(®(ty)) — I(x ()] H2

0<ty<T
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t
+56]| | Rt—wBr 1~ 1 (T,8(T = 8(1) b (T,x(T ~5(T)))

.
—J R(T—s)[f(s,9(s —p(s) —f(s,x(s—p(s))]ds— > R(T—t) [L(d(ty)) — Lelx ()]

0 0<ty<T

!
=[] Reo= )15, = vs1), 21 a5, x(s = (5D, 2, d2)
0 Ju

By using Definition 2.3, Holder inequality and assumptions (H3)-(Hy), (Ho), we get

E|[ (W9) (t) — (¥x) (1)
<5C; sup E[[9(s—5(s)) —x(s —5(s))|?

se€l—mt]
0 2
+5M2 (2u0) T tC? sup E[9(s —p(s)) — x(s — p(s))||> + 5M? <Z C1k> sup E|9(s) —x(s)]?
se[—r,t] k=1 s€[—r,t]
+5M? (2u9) ' tC3 sup  E|¥(s —v(s) —x(s —v(s))]?

se[—r,t]

+20 (2po) "t M2 (1—e Mot M]BMr{Cf1 sup E[[9(s —8(s)) —x(s — 8(s))]|?
s€[—r,T]

00 2
+ M2 (2u9) ' TC? sup  E|[9(s — p(s)) — x(s — p(s))]|> + M2 <chk> sup E|[9(s) —x(s)|?
sel—r,T] k=1 s€[—r,T]

+ M2 (2u9) ' TCE sup ]EHS(S—V(SJ)—x(s—v(S))Hz}
sel—r,T

Hence, we have

sup E| (W9) (s) — (¥x) (s)|* < x(t) sup E[(¥d)(s)— (¥x) (s)]

se[—r,t] sel—r,t]

where

00 2
x(t) < 5C2 +5M? (2p0) ! tC% 4+ 5M2 (Z c1k> +5M?2 (29) " tC2
k=1

00 2
+20 (2up) I M2 (1—e ™) M]BMr{cﬁ + M2 (2u10) T TCE + M2 (Z c1k> + M (2pp) ! bCfl}.
k=1

By inequality (3.1), we have

2
0
«(0) = 5CZ +5M? (Z c1k> <1

k=1

Then there exists 0 < T; < T such that 0 < x(0) < 1 and the operator ¥ is a contraction on B, and hence
it has a unique fixed point on [, T;], which is a mild solution of system (1.1) on the interval [—r, T;].
By repeating a similar process the solution can be extended to the entire interval [—r, b]. Therefore, the
system (1.1) is controllable on [, T].

The proof is complete. [
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4. Example

We consider the following nonlocal stochastic integrodifferential system to illustrate the previous
theoretical results.

62

dw(t, &) — Bw(t—p(t), &) = 2

t 2
+ L glt— 5)22 wis, &) — Biw(s —p(s), &)l ds + Bow(t —8(t), &) + k(&E)u(t) | dt

+J Bay (w(t —7(t), &) N(dt, dy) + e 'dZG(t), 0<ES T t#t, te[0T],
u

Aw(ty, ) (&) = %w(tg,i), t=t, k=12,...,
9(6,-) =90(6,&) € X =12([0,7), (&) €€([-r,0,R), 6€l0,,

(4.1)

where H € (%, 1), Zg denotes standard Rosenblatt process defined on a stochastic basis (Q,F,P), 1, B2,
B3, P4 are positive constants, U ={v e R:0 < |v| < ¢, ¢ >0},g: Rt — R7 is continuous functions and
©(0,-) € 1[0, is measurable and satisfies E||@|> < co. Let X = Y = U = L2([0,n]) with the norm ||.||.
Define A:D(A) C X — X by Ax = x” with domain

D(A) ={x(.) € X, x, X' are absolutely continuous, x” € X, x(0) = x(7)}.

The spectrum of A consists of the eigenvalues —m? for n € IN, with associated eigenvectors

en = \/gsin(nx), n=1,23,...).

Furthermore, the set {e,, : n € IN} is an orthogonal basis in X. Then

Ax = Z n2<x, en)en, x€X.

n=1

It is well known that A is the infinitesimal generator of a strongly continuous semigroup {T(t)}¢>0 on X,
which is compact and is given by

o0
T(t)x = Z e ™Mt <xen >en, xEX

n=1

Let Y : D(A) € X — X be the operator defined by

Y(t)(Z2) =g(t)AZ for t >0 and Z € D(A).

T

Further, define B € L(R,H) by Bu(t) = k(&)u,0 < & < mu € R k(&) € 12(0,7). Let Tu = J R(T —
0
s)Bu(s)ds, then we claim that I" is bounded due to Holder inequality. Take Ker(I') = {u € L?([0, T],R) :

"u = 0} as a null space of I and let (Ker(T"))* be its complement in L2([0,T],R). Also take Iy : (Ker(I')+ —
Range(T") is the restriction of T to (Ker(I'))*. T is one-to-one operator. By using the inverse mapping
theorem, we get 1 is bounded. Now, I'"! is bounded and have 0 values in [%(],U) \ Ker(W), that is,
(Hyg) is satisfied.

Define the operators h,f: [0,00) x X — X,q:[0,00) x H—H, q:[0,00) x HxH+—H, Iy : H—H
by

h(t, w(t—p(t)))(&) = Briw(t —p(t), &), £ € 0,7,
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f(t, w(t —p(1)))(&) = Baw(t—p(t), &), &£ € (0,7,
q(t, d,y)(&) = Bayw(t —7(t), &), £ € (0,7,

Le(w(t, )(E) = Phwitg, &), k=12 £cm.

In order to rewrite system (4.1) in an abstract form in X, we introduce the following notations

?(t) =w(t, &) fort > 0and & € [0, 7,
@(t)(T) =wp(t, &) for t € [—r,0] and & € [0, 1.

Then equation (4.1) takes the following abstract form

dP(t) —h(t,d(t—5(t)))] = [A [9(t) —h(t,d(t —8(t)] + [5 Y(t —s) [B(s) —h(s,d(t — 5(s)))] ds
+f(t,9(t—p(t))) +Bu(t)} dt+ Iu q(t,d(t—vy(t),z)n(dt, dz) + G(t)dzg(t), t#£te]:=10,T],
Alte) =dt)) =¥t ) = Ik(t,), k=12,...,

do(t) = o(-) € €5, ([-,0, £L*(Q,H)), te [-r0.

Moreover, if g is bounded and C! function such that g’ is bounded and uniformly continuous, then (Hj)
and (H;) are satisfied, and hence, by Theorem 2.4, Eq. (2.4) has a resolvent operator (R(t)),>, on X. Using
[14, Lemma 5.2], let p > & > 1 and g(t) < exp(—pt), for all t > 0. Then the above resolvent operator
decays exponentially to zero. Specifically, ||[R(t)|| < exp(—at) where a =1—1/5. It is obvious that all the
assumptions are satisfied with

1 -
= g,M 1, Ch = B1 Mn = B3, Cr = B2 M¢ = B3,
_ B2y _ Ba P4
= u )\ dy CIk—ZT, dk_227k

Thus, by Theorem 3.1, Equation (4.1) is controllable on | = [0, T] provided
2
Bl + <Z CIk) < g

5. Conclusion

The controllability of impulsive neutral stochastic delay integrodifferential equations driven by Rosen-
blatt process and Lévy noise in Hilbert spaces is investigated in this paper. A novel set of adequate criteria
is generated by employing a fixed point technique without imposing a strict compactness condition on
the resolvent operator. The findings in this paper constitute a generalization and extension of the recent
findings on this topic. An example is offered to demonstrate the theoretical conclusion reached. Further-
more, this result could be extended to investigate non-instantaneous impulsive neutral stochastic delay
integrodifferential equations driven by Rosenblatt process and Lévy noise in Hilbert space.
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