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1. Introduction

In recent years, fractional calculus has been shown to be a terrific way to present the hereditary
properties of various patterns, with a few repercussions. Fractional calculus ideas have dominated
mathematics in recent decades. Numerous physical issues cannot be addressed with integer-order
differential equations, and they should be addressed with fractional-order differential equations. As a
result, numerous academics have recently made significant contributions to the fields of
electromagnetics, fluid flow, signal, religion, porous media, control theory, viscoelasticity, biological,
image processing, engineering difficulties, diffusion, and so forth. This combination has recently
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gained a lot of traction, owing to fractional differential equations’ ability to reveal a few complicated
wonders in a variety of diverse and limitless domains of research. For further details, refer
to [1, 3, 11-13, 18-20, 31-35, 39, 44, 46, 53, 55, 56, 58, 59]. Very recently, in [48], the researchers
presented the conditions for fractal stability, uniform boundedness, and asymptotic behaviors of
second-order fractal differential equation solutions. Further, in [4], the authors discussed the Caputo
fractional derivative for nonlinear Volterra integro-differential systems, multiple constant delays, and
multiple kernels. The main goal of this article is to prove the qualitative properties of this equation’s
solutions, such as asymptotic stability, Mittag-Lefller stability of the zero solution, uniform stability,
and also the boundedness of nonzero solutions. The qualitative aspects of Caputo fractional retarded
Volterra integro-differential systems were investigated in [49].

The basic ideas underlying the design and analysis control systems are addressed with in
mathematical control theory, which is a branch of application-oriented mathematics. Fractional
derivatives with varying meanings can be used to address these types of difficulties. Controllability is
amongst the most significant properties of a nonlinear model in control theory. The controllability
problem’s purpose is to show that a control function exists that directs the system’s solution from its
initial position to a final position, where the initial and final states may differ throughout space.
Integro-differential equations, also known as dynamic systems or combined ordinary and partial
dynamical systems, are used to simulate a wide range of scientific and engineering problems,
including heat transport in memory materials, rheological properties, and a number of different
physical processes. As a result, it’s critical to investigate the controllability findings of such systems
by utilizing existing approaches. Controllability is used in a multitude of industries, physics, power
systems, chemical outgrowth control, electronics, engineering, including economics, biology,
chemistry, space technology, transportation, robotics, and other fields. The researcher’s papers can be
found here [5,9, 14, 15, 17, 22, 24, 35-38, 40-45, 51-53, 57, 59]. Furthermore, fractional evolution
differential systems of the Sobolev type are frequently encountered in a variety of applications,
thermodynamics, including fluid flow through fissured rocks, and shear in second order fluids, which
can be referred to [6,9, 18,21, 50].

The authors [57] recently discussed the controllability problem as well as some unusual results for
mild solutions to fractional differential equations of order r € (1,2). Further, the authors [16],
investigate the presence of nonlocal conditions for fractional differential inclusions of order
r € (1,2). [23] uses cosine families, measure of noncompactness, Laplace transform, and Moénch’s
fixed point theorem to prove the existence and controllability of a fractional delay integro-differential
system of order r € (1,2). In [24], the researchers indicated the fractional derivatives of order
r € (1,2) with control problems by referring to the fixed point theorem. In [26, 54], the authors
established the existence, uniqueness, and approximate controllability results for fractional evolution
equations of order 1 < r < 2 by utilizing finite delay, nonlocal conditions, and integrodifferential
systems. In [25], the authors signified the Caputo fractional differential evolution inclusions of order
r € (1,2) by employing multivalued map, cosine and sine functions of operators, infinite delay, and
Dhage’s fixed point theorem. The Sobolev type, nonlocal conditions, fixed point theorems, and
Volterra-Fredholm integro-differential system were applied to obtain the fractional differential
inclusions of order r € (1,2) with control problems in [50]. In [27,28, 30], the researchers developed
the optimal control results for fractional differential systems of order r € (1,2) using different fixed
point approaches, and integrodifferential systems, and hemivariational inequalities. Very recently,
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in [6, 7], the authors discussed approximate controllability results of fractional stochastic evolution
systems of order 1 < r < 2 with delay by referring to the integro-differential systems, Sobolev type,
Wiener process, and fixed point theorems. Using the measure of noncompactness, integrodifferential
systems, and Monch fixed point theorem, the authors recently explored nonlocal controllability results
for fractional evolution equations of order r € (1,2) in [29]. The exact controllability for Caputo
fractional evolution equations of order r € (1,2) with finite delay utilizing the Sobolev type, mild
solution, Schauder’s fixed point theorem, cosine operators, and Mainardi’s Wright-type function is the
motivation for the current study.

The existing manuscript has inspired the laws mentioned above. Assume the following form for the
Sobolev fractional evolution system of order 1 < r < 2 with delay:

(1.1)
() = ), ¥ € [-v,0], Z(0) =z, € Z,

{CDIQ(Mz(ﬂ)) + Az(9) = g(¥, z9) + Bx(?), ¥ € V =10, c],
where CDQ represents Caputo fractional derivative of order r € (1,2); A : D(A) » Y and M : D(M) —
Y, where D(A) and D(M) are subsets of Z; the control function x € H, where either H = L*(V, X)
for % <r<2oH=L*V,X)for1 <r < 2, Xis also a Banach space; Moreover, the bounded
linear operator 8 maps from X into Z; g : [0,c] X C — Z with C = C([-v, 0], Z) will be given later;
z: V* =[-v,c] —» Zis continuous, the element zy in C defined by zg3(w) = z(¥ + @), —-v < @w < 0;
The domain D(M) of M becomes a Banach space with ||z||pay = |IMzlly, z € D(M) and i € C(M) =
C([-v, 0], D(M)).

The following sections are included in this paper: Preliminaries, assumptions, and the primary
finding on Sobolev type, remarks, mild solutions, and lemmas are presented in Section 2. Exact
controllability results for system (1.1) by referring to the Schauder’s point theorem in Section 3. In

Section 4, an example is provided to illustrate the obtained theoretical findings.
2. Preliminaries

This part will go well significant information, basic definitions, lemmas, and outcomes. Denote
D(A) and R(A) are the domain and range of the A. We assume the resolvent set A by p(A) and the
resolvent of A by R(A,A) = (A]]—_A) € L(2).

Definition 2.1. [19] The Riemann-Liouville fractional integral of order B with the lower limit zero for
g : [0,00) — R is given by

7 g(w)

e Jo @-w)'*

if the right side is point-wise defined on [0, 00).

Pg(9) =

do, ©>0, BeR",

Definition 2.2. [19] The Riemann-Liouville derivative of order B with the lower limit zero for g :
[0, 00) — R is defined by

1 d'
L'l -p)dd

V)
LDPg(9) = f @ - P ldw, 9>01-1<B<L
0
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Definition 2.3. [19] The Caputo derivative of order 3 with the lower limit O for g is given by

()
CDPg(9) = LDB((ﬂ) Zg(o) ) 9>0,1-1<B<I, BeR".

Remark 2.4. [/9]

(1) Caputo derivative of a constant function is equal to zero.
(2) If g € C'[0, o), then

“Dlg(®) =

= ﬁ)f 0 - @) P g (@)dw = I'PgP®), 9>0,1-1<B <L
(3) If g is an abstract function with values in Z, then the integrals appear in the Definitions (2.2) and
(2.3) are taken in Bochner’s sense.

Definition 2.5. [47] A one parameter family {P(9)}yer of bounded linear operators mapping Z into
itself is said to be a strongly continuous cosine family if and only if

(a) PO) =1I;
(b) P(9)z is strongly continuous in ¢ on R for all fixed point z € Z;
(c) P(w+ )+ P(w — ) = 2P(@)P(D) for all w,$ € R.

Consider the sine family {S(1)}g<r associated with the strongly continuous cosine family {P(})}ser,
then

9
Sz = f P(w)zdw, ze€Z, IeER. 2.1)
0

Moreover, if

d2
Az= 2o P(ﬁ)z'  forall z € D(A).
In the above D(A) determined by D(A) = {z € Z : PPz € C*(R, Z)}, where, A denotes a closed,
densely-determined operator in Z.
We now present the following assumptions on operators A and M. More details refer in [21]:

(Q1) D(M) c D(A) and M is bijective.
(Q2) The operators A and M are linear operators, and A is closed.
(Q3) The linear operator M~ : Y — D(M) c Z is compact (= M~ is bounded).

In the above assumption (Q3) = M is closed in view of the fact: M~' is closed and injective,
then its inverse is also closed. By referring to (Q;)—(Q3) and the closed graph theorem, we have the
boundedness of the linear operator —AM~' mapping from Y into itself. Denote ||M~!| = M, and
M| = M,. We will assume P = supy., [[P(#)|| < .

Let us assume the following fractional evolution system:

(2.2)

D (Mz(9)) + Az(9) = g(I,z9), 9 € V =[0,c],
2(?) = 1), ¥ € [-v,0], Z(0) =z, € Z.
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With reference to Definitions 2.1-2.3, it is easier to rewrite system (2.2) in the similar fractional integral
equation:

{Mz(ﬁ) = Mh(0) + Mz;9 + == m) A (19 @) -Az(w) + g(I, z9)ldw, ¥ € V = [0, ], (2.3)

z(9) = (@), ¥ € [-v,0], Z(0) =z, € Z.
If the integral in (2.3) exists. Let n = % for r € (1, 2), which is discussed in [16, 55].

Definition 2.6. [16] For every x € H and C(M) is said to be a mild solution of system (1.1), we mean
a function z € C(V*, Z) which satisfies

9
2(9) =M"'P,(HMA(O) + M~'Q, () Mz, + f &~ @) MG, - ©)8(w, 20)dw
0
D
f @ - @)"'M' G, - @)Bx(w)dw, ¥ €V, (2.4)
0

where P,(-), Q,(-) and G,(-) are called the characteristic solution operator and presented as

00

00 )
() = f SHOP@'HdE, Q) = f Pyw)ydw, G,0) = f &S y()S@W'E)dE,

0
Llkn+ 1)

i sin(krn), € € (0, ),

S (&) = —f‘l‘ﬁg,,@") >0, £ = Z( 1yt
and S () is the Mainardi’s Wright-type function of defined on (0, oo) such that

S,(€) =0 for & € (0, 00) and fmSn(f)df =1.
0

Lemma 2.7. [16] The operators P, (), Q, () and G,(9) have the following characteristics:

(a) For ¢ > 0, the operators P,(9), Q, () and G,(9) are compact;
(b) For any fixed ¢ > 0, the operators P,(9), Q,(?) and G,(}) are linear and bounded, i.e., for all
z € Z, the subsequent

1P, Dzl < Plizll,  1Q,zll < Pllzlld, NGzl <

lIz|9";
'(2n)

(c) {P,(), 0 > 0}, {Q,(}), I > 0} and {ﬁ”‘lgn(ﬁ), @ > 0} are strongly continuous.
3. Main results

Before beginning and analyzing the main results, we make the following assumptions to arrive at
the principal result:

Definition 3.1. (Controllability) The system (1.1) is called controllable on V if and only if for all
continuous initial function i € C(M) and for every z1,y € D(M), there exists x € L*(V,X) such that a
mild solution z of system (1.1) satisfies z(c) =
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(H;) The linear operator 8 : X — Y is bounded, and the operator W : ‘H — D(M) determined by
Wx = f (c-@)"'M'G,(c - ©)Bx(w)dw,
0

has an inverse operator Wl : D(M) — H, that is, WW™! = Ipy, and there exists Py, P, > 0
such that
1Bl < Py, W] < P,

where we consider the norm || - [[p on D(M) for determining P.

So suffices to say that Wx in D(M) and W is clearly determined. In fact, it holds

iaw = | [ (- o) 1G,(c - 2)Bx(@)dw
0

< fo (c = @) 1G)(c — D) Bx(w)lldw

PIBI (o
< e fo (c - @ K(@)ldw

PIBI |t
= X 5
r@np \4n-1""

in order to get n € (2,2) and x € L*(V, X), meanwhile

21
IMWx|| < %HXHL“(V,X)
P||Bl|c*"
= m”xn%
in order to get y € (1,2) and x € L*(V, X).
We also see that
o
f & — @) Y| x(w)|ldw < N, lIxllg, forall & €V, (3.1
0

2n

where N, = ,/%, for n € (3,2) and x € L*(V,X), meanwhile, N, = g forn = (1,2) and x €
LV, X).
Now we introduce the assumption:

(H,) g satisfies the accompanying two conditions:

(i) For any z € C, g(-,z) : V — Y is strongly measurable and for all # € V, the continuous

function g(13, -) maps from C into Y.
(ii) For any p > 0, there is a measurable function A, such that
sup [1g(3, 2| < hy(F), with |hylle = sup hy(w@) < oo,

llzll<p weV

)
sup f @ — @) hy(w)dw < 5p,
0

JeV
for all p > O sufficiently large and some 6 > 0.
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It’s important to note that the following:

. Ayl
6 > lim sup ————.
poco 2177

We shall state the conventional method for dealing with controllability problems as follows for the
purpose of simplicity. According to our assumptions, the following control formula for x(-) is suitable:

x(@) = Wy - M™'P,(c)MA0) - M'Q,(c)Mz; — f C(c —@)"'M'G,(c - @)g(®@, zp)dw|. (3.2)
0

Now we introduce the operator ® such that
V)
(D)) = M'P,(HMRKO0) + M~'Q, (9 Mz, + f @ - @' MG, - ©)g(w, 7)dw
0
)
+ f - @) "M G, - @)Bx(w)dw, forall ¥ €V,
0

(©2)(P) =1 (D), —v <9 <0,

® : CV,Z) — C(V*',2Z), has a fixed point. Obviously, this fixed point is just a solution of
system (1.1). Moreover, we have

(@2)(c) = M7'P,(c)MA(0) + M~'Q,(c)Mz; + fo C(c - @) ' MG, (c - ©)g(w, 25)dw
+ fo C(c - @' MG, (c - ©)Bx(w)dw
= M~'P,(c)MA(0) + M~'Q,(c)Mz, + fo c(c - @) ' MG, (c - ©)g(w, 25)dw
n fo (= @)y MG (e — ) BW! [y _ M'P(OMR0) - M7 Q,(c)Mz,
- fo =y MG e~ g, cdud = .
which implies x moves the system (1.1) from 7(0) to y in finite time c¢. Hence, we claim (1.1) is

controllable on [0, c].
For all ¢ > 0, determine B, is bounded, closed and convex subset in C(V*, Z), then B, = {z €

CV", D)zl < p, F €V}
By referring the hypotheses (H;)—(H;), we provide following results for proving the primary results.

Lemma 3.2. There exists 4 > max { maxgevo )] P—"}, where

> 1-k

pﬁ.a(l + xﬁPanuW-lnNn) <1, H=I2V.X)

. ') '(2n) 33)
| P PIBIIWIN, e :
F(Zr]])(l T n) <1, H=L*V,X),
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M, P||MK(0)|| + M, Pc||Mz||
C -\m
P + SR BN, (\My| + PIMR(O)| + PellMzll), H = LA(V, X),
M, P|MA(0)|| + M, Pc||Mz, ||

+ARIE SN (MY + PIMRO)I| + PellMzll),  H = LV, X),

such that ®B, C B,,.

Proof. Let the control function x determined in (3.2) satisfies
Il < W1y = M OMAO) - M@y (M

- foc(c - w)”_lM_lgn(c - w)g(w, 725)dw

D(M)

< ||W-1||HM(y — M'P(OMI(O) — M'Q,(c)Mz)
- fo (e o) MG, (e~ (e )|

< W I1M31 + P, MO + Q)M
- fo (e - @Gy c - w)g(@. 2)lldo)

P e
G fo (c — @) hﬂ(w)dw)

6,u),

< IIW_III(IIMyII + PIIMR(O)|| + Pcl|Mzy|| +

sW—l(M P||M#(0)|| + Pc||M
W= IMyll + PIIMR(O)|| + Pcl| zlll+r(2n)

which implies
\/EIIW’III(IIMyII + PIIMR(O)I| + PcllMz|| + %;,)5#), H = LX(V,X),

IW (11 + PUMAO + PellMzl + o). H = L2(V,0)

[l < (3.4)

Assume that z € B,,. If ¢ € [-v, 0] then
(D)) < Jmax IA@)Il.
If 9 € [0, c] then
(@)@ < 1M~ Py () MEO)|| + |M~' Q) Mz |

o
v [ - oG, - @@z ldo
0

O
+ f & — @) |M™'G,(9 — ©)Bx(w)|ldw
0

P

< M, P||MA(0)|| + M, Pc||Mz,|| +
< M, P||MAO)| 1Pcl|Mz,| T

3
f @ — @) M llg(@, zo)ldw
0
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P 7 21y 1 s-1
+ o fo @ - @ 1M IBx(@)lde

< M, P|[MR(0)|| + M, Pc||Mz,|| +

-1
F(Z)I(ﬁ @) h(w)do

N PM,
I'(2n)

3
@ — @) |Bllllx(@)l|dw
0

< M, P||[MK(0)|| + M, Pc||Mz,|| + PM, S+ PMLN 11BIxll

s (6917 ¥4 H Xl
1 1 " e r(2n)

=ku+ P <pu.

Hence, ®B, c B, for every u > max { maxge[—.0) 1R, § K} sufficiently large. The proof has been
addressed. O

Lemma 3.3. For any fixed 9 € V then J,(9) = {(®2)(F) : z € B,} is precompact in Z.
Proof. This is trivial for all ¥ € [-v, 0], hence J, = {h(d})}. So let ¥ € (0, ¢) be fixed.

(@2)(I) = M~ (Do2)(),

where

9
(Py2)(D) = Py (HMA0) + Q,(I)Mz; + f (O w)"_lgn(ﬁ - w)8(w, 25 )dwT
0

)
+ f & - @)"'G, (¥ — ©)Bx(w)dw.
0

Furthermore, for any z € B, we find
vy
(Do) = |1P,(NHMAO)|| + |Q, () Mz + f @ - @)" NG, - @)g(w, zo)|ldw
0

)
+ f @~ @) |G, — @) Bx(@)|ldw
0

g
< PIIMR(O)I| + PcllMzi|| + f @ — @) g(@, 20)lldw

T2
f 9 — @) |Bx(w)||dw

F(277)
< P||MAO)|| + Pc||Mz|| + 21 )f - w)Zn 'n W(@)dw
| Pl f o
F(2 ) (O lx(w)l|dw
P
< PIMRO)[| + PclMzi|l + =——— [—Ilh lleo + NylIBI[[[ X[l |-
r@ml2
Then {(Poz)(}) : z € B} is bounded in Y referring (3.4). Hence, M~' mapping from Y into Z is
compact, then (®z)() = M~ ({(Poz)(?) : z € B,}) is precompact in Z. O
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Lemma 3.4. ®B, = {®z : z € B,} is equicontinuous.

Proof. Assume that z € B, and 0 < 9, < ¢, < ¢, such that

1(D2)(2) — (@) < 1M P, (32)MAO0) — M™'P,(3) MAO)||
+IM7'Q,(92) Mz — M™' Q1) Mz||

)
¥ ” f (0 — @) MGy (, — ©)g(@, 25)dw
0

‘191
- [ =i, - o zw>de
)

+ (0 — @) ' M™! G, — w)Bx(w)dw
0

3
-, O — @) ' MG, —w)Bx(w)dw‘

< IM7HP(2) = Py@DIMAO) + 1M 7'[Q)(82) — Q,(91)] Mzl

O
+ f M9 - @) G, (9, — @)
0
- (% - @) Gy (% - @)@, 20)ldw

O
+ f M3 - @) G, (9, — @)
0
- (% - @' G,(% — @) Bx(w)|dw

b3
+ (h - @) M G,(% - ©)g(@, 2p)lldT
i
0y

+ (% - @) MG, (9, - @)Bx(w)|dw
L)

< i()l

i=1

Let K,,() = 9! G,(@) for all 9 € V, from Lemma 2.7(c) that K, (1) denotes the strongly continuous
operator. Since choices € > 0, we get

T —€
0; < f K82 — @) - Ky - Dlg(@, z0)llde
0

g
+ f I1K, (P — @) — K,(91 — @)||l|g(w, zo)lldw
P —€

D
< sup [[K,(th - @) - K,( — @) h(@)dw
wel0,9—¢€] 0
2P
+— h(@)dw (9, — 9y — €)™},
r2n) Jo " 2
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T —€
O, < f IK(32 — @) — Ky(th — @)|l|Bx(w)||ldw
0
1
+ f IK;(3, — @) — Ky(h — @)||Bx(w)||ldw
P —€

1
<8l sup |IKy(} — @) - K, - w)llf ||x(@)|ldw
0

wel0,0—€]
2P|B|| (" -
= x(@)|ldw (3, — ) — €)™,
Q) Jo,-. 2
P”M_l” Oz on—1 P”M_lll 2 2n-1
Os < @) — @) Y|g(@, zo)lldw < &) — @) h(@)dw,
=T J, 8 ren Jy g
PIM| fﬁz - PIMNIBI (7 21
Og < W — )" |Bx(w)||do £ ——— W — @) ||x(w)||dw.
T Jp ren  Jy, !

As aresult, O3, and O, tend to zero independently of x € B, as ¥, — ¢, € = 0.

Lemma 2.7(c), P,(9), @,(9), and G,(}) are continuous in the uniform operator topology for ¢ > 0,
and sup_,. |h,(@)| < oo and x(-) is bounded from (3.4). We easily seen that the terms O, 0,,0s, O —
0 as #, — . Hence, ®B, is equicontinuous and also bounded. m|

Now we prove the main results of this paper.
Theorem 3.5. If (Hy)—(H,) are satisfied. Then, (1.1) is controllable on [0, c] if the condition (3.3) hold.

Proof. By referring the Lemmas 3.2-3.4 and the Ascoli-Arzela theorem that ®B,, is precompact in
C(V*,2Z). As aresult, @ is a completely continuous operator on C(V*, Z). Referring the Schauder’s
fixed point theorem, @ has a fixed point in B,. Any fixed point of ® is a mild solution of (1.1) on V
fulfilling (®z)(¢#) = z(F) in Z. Therefore, the fractional evolution system (1.1) is controllableon V. 0O

Remark 3.6. The primary discussion of this article, that is, Theorem 3.5 provides only the sufficient
conditions for the controllability of the proposed system (1.1). If the non-linearity of the function g(i, z)
does not satisfy the hypothesis (Hy), then the proposed system (1.1) may or may not be controllable,
one can check [38] with suitable modifications for fractional settings.

4. Application
In this section, an example is given to illustrate our theory, we consider the following problem:

CDI%(Z(I% =A@, ) = Az, ) + 80,z -7, ) + Bx(F), F € Vi =[0,1], JeN,
z2(4, ) =0, ¥ €[0,1], y€ N, 4.1)
Z(O’ ]) = h(0)7 Z/(O’ .]) = Z](])7 J€ N,
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where CD%, stands for Caputo fractional partial derivative. Assume that N' C R" is a bounded domain
and X = Z = L*([0,n]) = L*(N). Let A be Laplace operator with Dirichlet boundary conditions
presented as Az = A,and A : D(A) > Y by Az =—-Aand M : D(M) - Y by Mz =z — A, where D(A)
and D(M) are subsets of Z and the domain of D(A) and D(M) is given by

D(A) = D(M) = {g € Hy(N), Ag € L*(N))}.

Obviously, we obtain D(A) = Hé(N ) N H?>(N). A produces the uniformly bounded strongly
continuous cosine family P(#) for ¢ > 0, see [2]. Consider V, = 27 and p,(j) = V(2/x)sin(¢n)),
for every ¢ € N.

Assume that {—V,, .}, is the eigensystem of the operator A, since 0 <V, <V, <+, V, — o0
as £ — oo, and {p,};7 , form an orthonormal basis of Z.

Az= ) Viz909e 2 € DA),

t=1
[e)

Mz = ) (1+ V), 9090 2 € D(M).

=1
Further, for every z € Z we obtain

M_IZ = Z(l + (V[)_1<Z9 SOl’)SO(]’

=1

“AM 'z = Z ~Vi(1+ Vo) Nz 90)9pe.

=1
Consequently, cosine function £(¢#) defined by

(o0

PW)z = ) cos(VVid)(z 0090 2 € Z,

=1

and the sine function associated with cosine function given by

21
Sz = sin (VV9) (2, 90)9e, z€ Z.
; \/(V[ ( f) € {

Accordingly, ||M~!|| is compact, bounded along with ||[M~!|| < 1 and —AM™" produces the above
strongly continuous cosine family P(¢#) on Z along with [|P(})||..(z) < e <1, for any 9 > 0.
Since r = % we know that = %. The control operator 8 : X — VY is determined by

(o9

Bx= ) aViT.ppe a> 0.

=1

In the above

_ )Cg,fGN,
X =
0, ¢=J+1,J+2,---,
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for J € N. Now we denote W : H — D(M) as follows:

1
Wx = f (1- w)-%M—lg%(l — @) Bx(w)dw.
0

1
Hence, ||x|| = (ZZ[(X, 50,5)2)2, for x € X, we obtain

1
(o)

18x]| = (Z Vi, @z)z) < aJVlix.

=1

Assume that x(z, j) = z(j) € X and zZ denotes z, if £ = 1,2,--- ,NorQif £ = J + 1,--- . Hence, we
obtain

N
=
I

1 o
f (1—w)-i% f M™'ES3)S((1 - )i€) Bedédw
0 0

! 3 [ ! .
o [a-orig | WS O 35 N Visin (VYU - @46) . ooondéde

| 3
afo S (f)Zfa— o i ‘/_ fsm(\/_(l—tv) £)dw (. 9o)p.dé

d , B
aj(; Si(f);fo (1+(V€)E[Cos(\/(75(l—w) f)]dw@s{)ﬁ@edf
o (T 1
a;fo S%((f)(l + (V[)(l ~ cos( ‘/(fo))d‘f(& 9ion

=da

= (1+Vy) (1 - Eg,l(—%)) (Z 9009

In [8, 10], assume that v = E%’] (—%), then for any £ € N, we obtain
-1< E%J(—"Vg) <v<l,

it denotes
O<1—VS1—E%’1(—(V[)<2.

Then, we classify W is surjective. We illustrate the W~! mapping from D(M) into H by

O (L+ VoXz 90)9e

W20, ) = Y AE AR
3.1

£=1

for any

2= ) @odpre Z.

t=1
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Thus

Izl = [IMz]| = JZU +V)Xz, 9e)*
t=1

for z € D(M) in such a way

W™ 2)(@, Il < llllpean)-

a(l —v)

Note that W~'z is independent of ¢} € V. Moreover, we have

Wl < .
[IW=| ad—v)

Therefore assumption (Hy) satisfied.

(Ry) Determine g : V; X R — R. For any z € R, g(1, z) is measurable and for every ¢ € Vi, g(13,7) is
continuous. Furthermore,
1
limsup— sup [g(F,2)| =6 < co.

1—oo U gevy, 7

Consider G : V; X C([-1,0],Z) = Y by G2, y)(j) = g, y(—v)())).

The system (4.1) can now be abstracted as follows:

(4.2)

CDh(®) = —Az®) + G, 29) + Bx(9), ¥ € V = [0,¢l, r e (1,2),
z(¥) = (@), ¥ € [-1,0], Z(0) =z, € Z.

As a result, all the assumptions of Theorem 3.5 are satisfied, if
26 V2
— |1+ ——<
Vr Vra(l - v)
Therefore, the system (4.1) is controllable on [0, c].

Remark 4.1. The above fractional partial differential system (4.1) provides only the sufficient
conditions for the controllability. If the non-linearity of the function presented in the above fractional
partial differential system (4.1), that is, g(}, z(% — 7, J)) does not satisfy the hypothesis (H,), then the
proposed system (4.1) may or may not be controllable, for more details, one can check the Example 1,
Example 2 and Example 3, which are discussed in [38] with suitable modifications for fractional
settings.

5. Conclusions

This research explores the controllability of fractional delay differential equations of r € (1,2).
The main results of this work are evaluated using fractional computations, cosine and sine function
operators, Sobolev type, and Schauder’s fixed point theorem. At first, we used sufficient conditions to
evaluate controllability results. Furthermore, an application is built to develop the theory of the main
results. In the future, we shall concentrate our research on controllability results for Riemann-Liouville
fractional neutral integrodifferential inclusions with infinite delay of order r € (1, 2).
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