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differential equations via new generalized Dini derivative
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Abstract

In this paper, the eventual stability for nonlinear impulsive Caputo fractional differential equa-
tions with fixed moments of impulse is examined using the vector Lyapunov functions which is
generalized by a class of piecewise continuous Lyapunov functions. Together with the comparison
results, sufficient conditions for the eventual stability of impulsive Caputo fractional differential
equations are presented. Results obtained are extension and improvements on the existing results.
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1 Introduction

In the qualitative theory of differential equations, one of the main properties of interest is the stability
of solutions since it enables us to compare the behaviour of solutions starting at different points [|20].
The theory of impulsive differential equation is richer than the corresponding theory of differential
equations [26} [19]], as they constitutes very important models in the description of the true state of
several real life processes and phenomena.

Many evolution processes are characterized by the fact that at certain moments of time they experi-
ence a change of state abruptly. These processes are subject to short term perturbations whose duration
is negligible in comparison with the duration of the process. Consequently, it is natural to assume that
these perturbations acts instantaneously, that is, in the form of impulses. It is known for example, that
many biological phenomena involving thresholds, bursting rhythm models in medicine and biology,
optimal control models in economics, pharmacokinetics and frequency modulated systems, do exhibit
impulsive effects 126, [18]].

Now, the efficient applications of impulsive differential system require the finding of criteria for
stability of their solutions [31l], and one of the most versatile methods in the study of the stability
properties of impulsive systems is the method of Lyapunov function (Lyapunov’s second method).
The method was originally developed for studying the stability of a fixed point of an autonomous or
nonautonomous differential equations. However, as was argued in [5], the method was then extended
from fixed points to sets, from differential equation to dynamical systems and to stochastic equations.

There are several approaches in the literature in the study of the stability of solutions, one of which
is the Lyapunov’s second method. However, the novelty of the Lyapunov’s second method over other
methods of examining stability properties like the Razumikhin technique, the use of matrix inequality,
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etc. stems from the fact that the method allows us to examine the stability of solutions without first
solving the given differential equation. Again, the method involves seeking an appropriate continuously
differentiable function that is positive definite and whose time derivative along the trajectory curve or
solution path is negative semidefinite. This function is called the Lyapunov function. The stability of
the zero solution of impulsive differential equations have been extensively studied in [2, 13]], [[14]], [29].

Again, the stability of solutions of differential equations via Lyapunov method has been intensively
investigated in the past, and in many real cases, it is obligatory to study the stability of such sets,
which are invariant with respect to a given system of differential equation which immediately excludes
the stability in the sense of Lyapunov [35]. To allay the problem that will arise subsequently, [26]
introduced a new concept called eventual stability, maintaining that, the set under consideration, despite
not being invariant in the usual sense, is invariant in the asymptotic sense (see also [139]). Accordingly,
the eventual stability of solutions of impulsive differential systems have been extensively studied (see
[126]], [132], [35]] and the references therein).

Furthermore, the study of stability for fractional order systems is quite recent and one of the
main difficulties in the application of a Lyapunov function to fractional order differential equations
is the appropriate definition of its derivative among the fractional differential equations (see [20]).
The stability of fractional order systems is examined in [4} 5, 16} [, 8, 9], [11}, 21}, 22}, [38]]. Using the
generalized Caputo fractional Dini derivative and scalar impulsive fractional differential equations, [[1]]
established the comparison results together with sufficient conditions for the stability properties of
impulsive fractional differential equations using the scalar Lyapunov function.

In this paper, we extend the study on the stability properties of impulsive Caputo fractional dif-
ferential equations using scalar Lyapunov function in [[1]], and the corresponding study on the eventual
stability for impulsive differential equations using the scalar Lyapunov function in [35]] to the eventual
stability of impulsive Caputo fractional differential equations using the vector Lyapunov functions. By
adopting the new definition of the Caputo fractional Dini derivative as proposed in [20], and employ-
ing the vector Lyapunov functions which is generalized by a class of piecewise continuous functions,
together with the comparison results, sufficient conditions for the eventual stability of the set z(t) = 0
is established with illustrative example.

2 DPreliminaries, notations and definitions

Let R™ be the n-dimensional Euclidean space with norm ||.||, let §2 be a domain in R" containing the
origin; Ry = [0,00), R = (—00,00), tg € Ry, t > 0.

Let J C Ry Define the following class of functions PC?[J,Q)] = «a : J — Q,«a(t) is a piecewise
continuous function with points of discontinuity ¢;, € J at which a(t) exists.

Fractional calculus being the generalization of the classical calculus to non integer order allows for
the extension of the classical concepts of derivative and integral to functions with fractional orders. It
allows for functions with non integer orders which makes it much more flexible in describing real world
systems (see [123]], [27] and [30)]). There are several definitions of fractional derivatives and fractional
integrals

General case

Let the number n — 1 < ¢ < m,q > 0 be given, where n is a natural number and I'(.) denotes the
gamma function.

Definition 2.1. The Riemann-Liouville fractional derivative of order q of x(t) is given by (see [30))

1 dar t
RL na _ —q—1
fLDix(t) = T(n—q) din /to (t—s)"" " a(s)ds, t = to
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Definition 2.2. The Caputo fractional derivative of order q of x(t) is defined by (see [30))

t
quaﬁ(t) = ! ] / (t — )" ™ (s)ds, t > to

F(n —4q) Ji

The Caputo derivatives has many properties that are similar to those of the standard derivatives,
which makes them easier to understand and apply. The initial conditions of fractional differential
equations using the Caputo derivative are also easier to interpret in physical context, which is another
reason why it is often used in applications of fractional calculus.

Definition 2.3. The Grunwald-Letnikov fractional derivative of order q of x(t) is given by (see [20))

. [(t—hto)]
Dgx(t):hn;&ﬁ > (=17 (C)(t — rh),t > to
r=0

and the Grunwald-Letnikov fractional Dini derivative of order ¢ of z(t) is given by (see [20])
[(t fo)]
q _
Dix(t) = hmsup e E% x(t —rh),t >t

h—0t

(t—to)

. . . t— t
where 9C;. are the binomial coefficients and [*~*] denotes the integer part of (t=to)

Particular case

(when n=1). In most applications, the order of q is often less than 1, so that ¢ € (0, 1). For simplicity
of notation, we will use © D9 instead of qu and the Caputo fractional derivative of order q of the
function x(t) is

1 t
Cpig = / (t —s) % ds, t >t (D

P(l - Q) to

3 Impulses in fractional differential equations

Consider the initial value problem (IVP) for the system of fractional differential equations (FrDE) with
a Caputo derivative for 0 < ¢ < 1,

Dy = f(t,x),t > to,x(to) = o, )

where z € RY| f € C[Ry x RN, RY], f(t,0) = 0 and (to,79) € Ry x R,

Some sufficient conditions for the existence of the global solutions to (2)) are considered in [[12]], [15]],
[28], [30], [38]. The IVP for FrDE (@) is equivalent to the following Volterra integral equation (See
(14116, 137]),

— t —5)17 L f(s,2(s))ds
g L =9 s 2 1 G

Consider the initial value problem for the system of impulsive fractional differential equations (IFrDE)
with a Caputo derivative for 0 < ¢ < 1,

x(t) = o +

CDig = f(t,x),t > to,t # tp,k=1,2, ...
:L‘(to) = 2o,

where 2,20 € RV, f: Ry x RY 5 RN andtg e Ry, I, : RY - RN k=1,2, ...
under the following assumptions:
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(1) 0<t) <tag<..<tp<..andty — coask — o0;

(i) f:Ry x RNV — RY is continuous in (t;_1, ;] and for each z € RN, k = 1,2, ...,

lim  f(t,y) = f(t],z) exists;
(t.y) =t @)

(iii) I : RN — RN
In this paper, we assume that f(¢,0) = 0, I(0) = 0 for all k, so that we have the trivial solution for (4)),
and the points t;, k = 1,2, ... are fixed such that ¢} < t3 < ... and klim tr, = 0o. The system (@) with
—00

initial condition x(ty) = xq is assumed to have a solution x(t) = z(t; tg, z9) € PCY([tg, 00), RY).

Remark 3.1. The second equation in (#) is called the impulsive condition, and the function Iy (z(t))
gives the amount of jump of the solution at the point .

Definition 3.2. Let V : Ry x RN — RY. Then V is said to belong to class L if,
1. (i) V is continuous in (t_1,t;] x RN and foreach x € RN, k = 1,2,... lim V(t,y) =
(ty) = (o)
V(t), z) exists;

2. (ii) V is locally Lipschitz with respect to its second argument x and V (t,0) = 0.

Now, for any function V (¢, x) € C([to,o0) x &, RY) we define the Caputo fractional Dini derivative
as:

(2]
°DLV(t,z) = limsup %{V(t,x)—V(tO,xo)— Z (=1)" Y 1C)[V (t—rh, x—hIf(t, )=V (to, 20)]}
h—0+ r—1

©)

t > tg where t € [ty,0), x, 20 € £, and there exists h > 0 such that t — rh € [ty, T

Definition 3.3. A function g € C[R™,R"] is said to be quasimonotone nondecreasing in x, if v < y and
x; = y; for 1 < i < nimplies g;(x) < gi(y), Vi.

Definition 3.4. Theset x(t) = 0 of ) is said to be:
(S1) eventually stable if for every € > 0 there exists a number T = T(e¢) > 0 forall ty € Ry and
§ = 6(to, €) for all zg € RY such that |xo| < & implies |z(t;to, x0)| < € fort > to.

(52) eventually uniformly stable if the & in S1 is independent of t.

Definition 3.5. A function a(r) is said to belong to the class K if a € C([0,1),R4],a(0) = 0, and a(r)
is strictly monotone increasing in r.

In this paper, we define the following sets:
Sy = {zeRY:|z] <v}
Sy = {zeRY: |l <)

It suffices to say that the inequalities between vectors are understood to be component-wise inequalities.

We will use the comparison results for the impulsive Caputo fractional differential equation of the

type
to D= g(t,u),t > to, t #tp, k=1,2,...

Auzwk(u(tk)),kGN,t:tk (6)
u(ta_) = U,
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existing for ¢t > tg, where u € R", R} = [tp,0), 9 : Ry x R™ — R" ¢(¢,0) =0,

where ¢ is the continuous mapping of R X R” into R". The function g € PC[R; x R, R"] is such
that for any initial data (¢9, ug) € Ry x R™, the system (6]) with initial condition u(to) = ug is assumed
to have a solution u(t; o, up) € PC([ty, ), R™).

Lemma 3.6. Assume m € PC([to,T] x Sy, RY) and suppose there exists t* € [to, T such that for
a1 < ag, m(t*,aq) = m(t*, ag) and m(t,a1) < m(t,ag) forty < t < t*. Then if the Caputo fractional
Dini derivative of m exists at t*, then the inequality © D1m(t*, a1) = DIm(t*, as) > 0 holds.

Proof. Let V (t,x) = m(t, a1) — m(t, az).

Applying (B)), we have
: 1 * *
CDL(m(t", 1) = m(t 02) = limsup ;o {[m(t', a1) = m(t", a2)] = [m(to, a1) = m(to, @)
h—0

t— to]

— Z D qCrm(t* — rh,a1) — m(t* —rh, as))

—[m (to,al) — m(to, az)]}
When m(t*, a1) = m(t*, aa), we have
[t tO]

1
CDi(m(t*jal) —m(t*,az)) = hmblip e —[m(to, a1) — m(to, a2)] — Z (-1)"qC,
h—0 r=1

[m(t* —rh,a1) — m(t* —rh,az)] — [m(to, a1) — m(to, a2)]}

1
= —hmsup— [m(to, 1) — m(to, aa)]
h—o+ hi

[52]

1
+ limsup — E (=1)"qCrIm(t* — rh,a1) — m(t" — rh, a9)]
h—0t 1 r=1

[t to}
— hmsup m(to, 1) — m(to, a2)]
h—0+ ha Z
1
= —hHlSllp ha {[m(toaal) - m(thQQ)]
h—0t

1
— limsup o (=1)"qCr[m(to, a1) — m(to, )]

= —limsup - > (~1)qCr[mlto, 1) — mto, a2)]

Applying equation (3.8) in [[1], we have

cDi(m(t*,m) —m(t*, az)) = —m[m(to, a1) —m(tg, as)]

By the lemma, we have that
m(t,a1) —m(t,a2) < 0,fortg <t < t*
And so it follows that

DL (m(t*, a1) —m(t*, az)) >0
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4  Fractional differential inequalities and comparison results for impulsive
vector fractional differential equations
In this section, we assume that 0 < ¢ < 1.
Theorem 4.1. Assume that
(i) g € PC[Ry x R, R"] and is continuous in (tj_1,tx], k = 1,2, ... and g(t,u) is guasimonotone

nondecreasing in u for eachu € R" and ~ lim  g(t,u) = g(t;}, u) exists;
(ty) = (] u)

(i) V € PCIRy x RN R and V' € L such that
“DiV(t,z) < g(t,V(t,x)),t #ty, (t,z) € Ry x RN and
V(tk 4+ I(z(ty)) < p(V(t,2)), t = ty, © € Sy and the function py, : RY — RY is nonde-
creasing fork = 1,2, ...

(11i) 7(t) = r(t;to,uo) € PCU([to, T],R™) is the maximal solution of the the IVP for the IFrDE ().

Then,
V(t,z(t)) <r(t),t > to 7)

where x(t) = x(t; tg, v9) € PCI([to, T), RY) is any solution of (@) existing on [to, 00), provided that
V(tg_, ZEQ) S uQ-. (8)

Proof. Letn € Sy, =: {n € R™ : ||n|| < v} be a small enough arbitrary vector and consider the
initial value problem for the following system of fractional differential equations.

‘Diu = g(t,u) +n, Au = Yp(u(ty)),t =tk =1,2, ...

u(td) = up + 1 )

for t € [tg, 00).
The function u, (¢, «) is a solution of (9), where o > 0, if and only if it satisfies the Volterra Integral
equation

up(t, o) =up +n+ 1“(1q) /to (t — 8)77 (g(s, uy(s, ) +n)ds, t € [tn, o0) (10)

Let the function m(t,a) € PC([to, T] x Sy, RY) be defined as m(t, o) = V (¢, z*(t)).
We now prove that
m(t,a) <uy(t,a), for t€ [tg,o0) (11)

Observe that the inequality (I1)) holds for ¢ = tg i.e
m(to, ) = V(to, o) < up < uy(to, o)
Assume that the inequality (TT)) is not true, then there exist a point ¢; > to such that
m(ti, o) = uy(ti, o) and m(t,a) < uy(t,a) for te€ [ty,t1)
It follows from lemma (3.6)) that
“Dim(t1, @) = DLuy(ti,a) > 0

So that
DLWV (b1, 2(11))) > D (ug(t1,))
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and using (9) we arrive at

DLV (tr,2(t1))) > g(tr, ug(te, @) +1) > g(tr, u(tr, )
Therefore,
“DL(m(t1, @) > g(t1,u(ts,a)) (12)
For t € [tg, T, we maintain that 2*(t) satisfies (4) and the equality,

timsup o [a° (1) — 0 — S(a* (1), )] = £t 2" (1) (13)
h—0t

holds, where z*(t) is any other solution of (4).

[52]

S(a*(t),h) = Y (1) IC) [ (¢ = rh) — x0)] (14)

r=1

is the Grunwald Letnikov fractional derivative and [%] is the integer part of %.

Multiply equation (13)) althrough by h? we have,
lim suple*(8) — 0 — S(2*(8), b)) = W (¢, 2" (1)
h—0+

x*(t) — xo — limsup[S(a*(t), h)] = h1f(t,xz*(t))

h—0t

2 (t) —wo = [S(x*(t), h) + p(h?)] = RIf(t, 27(1))

2" (t) = hf(t, 27 (1)) = [S(27 (1), h) + w0 + p(h?)] (15)
For t € [tg, T], we have

t—tg
[ h

m(t, o) — m(to, ) — Z (=)0, [m(t — rh, @) — m(to, @)]

r=1
[52]
= V(t,z*(t)) — V(to, z0) — Z (=) 9C, [V (t — rh,2*(t) — RIf(t, 2*(t)) — V (to, x0))]
r=1
[550]
= V(t,z*(t)) — V(to,z0) — Z (—1)"MC [V (t = rh,a*(t) — hOf(t, 27(t)) — V (o, z0)]
r=1
[50]
+ ) (=1)HEC) [V (E = rh, S(2*(t), h) + xo + p(h?) = V (to, 20)]
r=1

V(b rhy 2 (6 — h) — Vi(to),z0)]
Since V' (¢, x) is locally Lipschtzian in the second variable, we have

t—t
ml

< LID)™HI Y- (OIS (1), h) + @ + p(h) — a* (¢ — rh)]]
r=1
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where L > 0 is the Lipschitz constant.

[tfto]

< L] Z 1C[S yh) + p(h?) — (&7 (t = rh) — zo)]| (16)

Using equations (T4), equation (16) becomes,

[52] [52]

<L Z (Y (1) MO (t = rh) — z0)] + p(h?) — (a7 (t = rh) — z0)]]|
r=1

Sl S [£50]

< LY G (=)D G (= rh) —mo)] + D “Crp(h?)
r=1 r=1 r=1
By

- X Gl = i) — ol

ﬂ [L=to) [L=to)
h h
—1™ Z 1Cp(a"(t = rh) —z0)[ Y 10, — 1+ Y 1Crp(h?)| (17)
r=1 r=1

Substituting equation (17) we obtain

[£52]
=V(t,z*(t)) — V(to, z0) — Z (=)™ 9C, [V (t — rh,z*(t) — RIf(t,2*(t)) — V (to, x0)]
r=1
[50] [50] [520]
+L| Z 1) G, (2% (t — rh) — z0)| Z (-, — 1] + Z (—1)"Crp(h9)||
r=1 r=1

t to]

=V (t,z*(t)) — V(to,x0) Z ) TYMCV (t —rh,2*(t) — hf(t, 2*(t)) — V(to, z0)]

[52] [520] [520]
+L| Z 1) 9C (2" (t — rh) — x0)[— Z (=1)"C, = 1] + Z (=1)"F1Cp(h9)||
r=1 r=1

Dividing althrough by h? > 0 and taking the limsup as h — 0" we have,

1
CDz_m(t, a) = limsup —q[V(t, z*(t)) — V(to, o)
h—0+
[“52]

_ Z )G [V (t = rh, 2 (t) — hf (8, 2%(t)) = V(to, z0)]

t to t—tg
] ("]
r+1 T
—i—h}]lfn%gp x LH E 1CH(x*(t —rh) — x0)[— ;_1 (-, —1]

50

+ Y (F1)HCp(h)]

r=1
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Recall limy,_,o+ ZLI}(fl)Tqu = —1 and limsupj,_,+ 75p(h?) = 0 so that we obtain,
[t tO]

CDim(t o) =¢ DLV (t,z*(t)) + L Z 1C (2" (t — rh) — z0)[—(—1) — 1] + 0]|

“Dim(t, ) = DLV (t,2*(t)) + 0
Using condition (ii) of Theorem 4.1 we have

“Dim(t,a) <g(t,V(t,z*(1) = g(t, m(t, @) (18)

Also,
(i 0) < o and m(t}, @) = V(6 2(t) + (a(te)) < prlm(ti) (19

Now, equation (I8)) with ¢ = t; contradicts (12), hence (1)) holds.
For t € [tg, T], we now show that whenever 71 < 7, then

Uy (t, Oc) < Uy (t7 a) (20)

It is obvious that (20)) holds for ¢ = t(. Assume the inequality (20)) is not true. Then there exist a point
t1 > to such that uy, (t1, ) = wy, (t1, @) and u,), (¢, @) < uy, (t, «) for t € [to, t1).
By lemma (3.6), we have that

CDz—(um (tlaa) - uﬂz(tba)) >0

However,
DL (up, (t1,0) = uny (1, 0)) = “DYuy, (t1, @) = DLy, (t1, )
= g(ti,u(tr, ) +m)) — [g(t1, u(ts, @) + n2))]
= m-n2<0

which is a contradiction and so (20) is true. Thus, equations (1) and (20) guarantee that the family of
solutions {u,(t, @)}, t € [to, T] of (9) is uniformly bounded, i.e. there exists P > 0 with |u, (¢, )| <
P, with bound P on [ty, T].

We now show that the family {u,(t, )} is equicontinuous on [tg, T]. Assume K = sup{g(t,z) :
(t,z) € [to,T] x [P, P]}. Also, fix a decreasing sequence {1;}°,(t), such that lliglo n; = 0 and
consider a sequence of functions wu,, (¢, ). Again let t1,ty € [to,T]| with t; < t2, then we have the
following estimate

([, (t2, @) = ug, (t1, )| = [luo +ni + F(lq) /t:(tz — )7 (g(s, up, (s, ) + )
— (uo+mi+ F(lq) /to (t1 — )1 g (s, up, (s, @) + ;)]
1 b2 o
= F(q)” (t2 - S) 1(g(s,um(s,a)))ds
- /t 1(151 —5)7 (g5, un, (5, ) )ds|

ds

¢ [ [
- qu) _(/: (th—s) 7 — /:(tz —s)"7)
— qu) /totl (t; — )71 — (/t:l(tz —s5) 1+ /: (t2 —5)77 )
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— g | [t [T [ g

ds

k h 1 h 1 b2 1
< — t1 — s)1™ —/ to — 5)7™ ds—l—/ ty —s)4 | ds
F(q)/m(l RS )
B E o |(t1 —to)?  (ta—t1)?  (ta —tp)? (ta —t1)?
= + — +
['(q) q q q q

< m(h —t0)?+ (t2 — t1)? — (ta — to)? + (t2 — t1)?
= F(qk—i—l)(tl —t0)9 — (to — to)? + 2(tg — t1)?

= L@L —t1)?<e

= I(g+1) 2 !

1
provided |[t2 — t1|| < § = (%2—1))5, proving that the family of solutions {u,,(t; )} is equi-

continuous. By the Arzela-Ascoli theorem, {u,, (t; o)} has a subsequence {umj (t; @) } which converges

uniformly to a function () on [tg, T]. We then show that r(¢) is a solution of (I0). Equation (I0)
becomes

t
U, (t, @) = o, +ni; + / (t — )7 g, (s, ui,(s,m;,)) + mi,)ds (21)

F(Q) to
Taking the limit as i; — oo in (1)), yields

1 t .
() = w0+ /tou—s) Hg(s, r(t)))ds 22)

Thus, 7(t) is a solution of (@) on [t, T]. We claim that 7(t) is the maximal solution of (6]). Then from
(1), we have that m(t, a) < u,(t, ) < r(t) on [to, T].

5 Main results
In this section, we will obtain sufficient conditions for the eventual stability of the system (3.3).
Theorem 5.1. Assume the following

(i) g € PCIRy x R, R"] satisfies (Ag) (i3) and g(t,u) is quasi-monotone nondecreasing in u with
g(t,0) = 0.

(i) V € PC[Ry x RNV RN and V' € L such that
DIV (t,x) < g(t,V(t,2)),t # ty, (t,2) € Ry x RY (23)
holds for all (t,z) € Ry x Sy.

(1ii) there exists a 1o > 0 such that xo € Sy, implies that
z+Ix(z) € Spand V (ty, x + Ii(z)) < Pp(V(t,2)), t = t, x € Sy and the function 1y, : RY —
RY is nondecreasing for k = 1,2, ...

(iv) a(||z])) < Vo(t, ), where a € K and Vo(t,z) = 2| Vi(t, x)
Then the eventual stability of the set of trivial solution uw = 0 of the IFrDE () implies the eventual
stability of the set of trivial solution x = 0 of ().

Proof. Since V (t, x) is positive definite, then

a(||z|l) £ Vo(t,x), (t,x) € J x Sy, where J C Ry (24)
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and a(r) is in the k-class. Let 0 < € <t and ¢y € R be given.
Assume that the solution u = 0 of (@) is stable. Then given each a(e) > 0, and ¢y € R, there exist a
positive function 6 = §(tp, €) > 0 continuous in  such that whenever

uy = Zuio < 6, we have Zui(t;to, up) < a(e),t >ty (25)
i=1 i=1

where u(t; to, ug) is any solution of (g)).

Choose ug = V(t§, z0)

Since V/(t,x) is continuous, then by the property of continuity, given § > 0 there exists a positive
function 61 = 01 (tg,0) > 0 that is continuous in ¢( for each ¢, such that

|V (t,x) — V(to, xo)|| < & implies ||z — zo| < 61
and as ||V (¢,z)|| — 0 as ||z|| — 0, then the inequalities,
|zol] < 01 and V (to, o) < 6 (26)

hold simultaneously.
We claim that if
llxol| < do, then ||z(t, to,x0)| < d.

Suppose that this claim is false, then there would exists a point ¢; > t( and a solution z(t) with ||zo|| < ¢
such that
[z(t)l] = € and [[z(t)|| < €t € [to, 1) (27)

so that becomes
allz(t)l]) < Vo(tr, (t1))- (28)

This means that ||z(t)|| < ¢ for t € [to, 1)
Combining equations (7)), 5] and (Z8) we obtain the estimate

a(llz(t1)]]) < Vo(tr, z(t)) < Y rilt; to, uo)
=0

where 7(t) = Y1 ri(t; o, uo) is the maximal solution of (6).

a(e) < Vot z(tr)) <Y ri(tito, uo) < ale)
=1

which leads to a contradiction. Hence, the eventual stability of the trivial solution u = 0 of (6) implies
the eventual stability of the set of trivial solution = 0 of (4).

6 Application

Let the points g, t; < ti41, limg—ooty — 00 be fixed. Consider the vector impulsive Caputo frac-
tional differential equations

T3cosT T3tan

Cqul(t) = —10z; — + x18inxy +

2z x1

3 2
Canrg(t) =20 ToSINT1 — DToCOSECT] — x%cosxg (29)
X2
A:vl = sk(x(tk)), AJ?Q = nk(x(tk)), k= 1, 2, ..
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for t > tg, with initial conditions

.%'1(158_) = X10 and l‘g(ta'_) = T20

Consider a vector V = (V1, Vo), where
Vi(t, 1, 22) = 2% and Va(t, 21, 22) = 23, with © = (21, 22) € R?, and its associated norm defined by
lall = v/a3 ¥ 23.
Now
2

Vo(t,z) =Y Vilt, o1, 2) = af + 23
i=1
and so b(||z|)) < Vo(t,z) < a(||z|) with b(r) = 7 and a(r) = r?, implymg that a,b € K. From (),
we compute the Caputo fractional Dini derivative for V; (t, 21, 12) = 22 for t > 0,t # t}, as follows:

CDivl(t;xl,a:g) = limsup — h {V t,x) — V(to, o)
h—07+
[t tO]

+ Y (D) (CHV(t = rh,x — hif(t,x)) = V(to, z0)] }

r=1
[f to]
= limsup -— 1 {301 o3y + Z — h9fi(t; 1, 20)% — 23]}
h—0+
t—tq
(=]
< hmsup {xl x| + Z( D (1C,)[22 — 2z RO f1(t; 21, 2)
—0* he r=1
+h% f1(t, 1) — 2] }
[t to]
= hmsup—{azl x3y + Z ) (1C )3
[f—to] t—’to]
- Z TIC)2z B fi(twn, ) — Y (—1)7 (9GP fu(t e, w2) }
r=1
[*%2] [*32]
= limsup — 1 {xl + Z — 3 — Z (—=1)"("Cy)ay
h—07+ r=1
[£50]
—2z1 Y (=1)"("Co) R fi (t; 1, w2)| }
r=1
1 [tfhto] [i hto
= limsup — — ac
h—0t+ hq{ ;( ; 10
t—tg
("]
—2z1 Y (=1)"("C)Rfy (t 21, 22) }
r=1
Recall that,
1 [t—hto] :UQ
limsup — D10, = =t — 30
lﬁzﬁphq{;( )'C) = GFa gy (30)
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and

[t to]

lim )" (=1)"C, = —1 (31)

h—0t

r=0
Substituting (30) and (31)), we obtain

2 2
C 1y 21 *10
D3 Vi(t; x1, < — 2 t;xy,
iz, @) < T —q)  #T0 —q) + 221 f1(t; 21, 22)
2
C e : 1 .
D+V1(t,x1,w2) < W1 — ) + 2z f1(t; 21, x2)
C D9V (4 < x? 9 10 z3cosm1 . z3tanz,
itz ) < T =) + 221 (=102 — 2 + x18inTy + T)
2
= tqféil—q) — 202% — x3cosxy + 2x3sinxe 4+ x5tant
2
Ast — oo, tql_‘?%q) — 0, so that we have
2_ 2 2. 2
< —20x7 — x5c0811 + 2x781nT2 + wHtanr,
= 22%(—10 + sinzs) + 23(2tanzy — cosy)
< 222(—10 + |si 2gl8in|
< 2xi( + |sinxa|) + x5 ( cosz1] |cosz1])
< 227(-10+1)+23(2-1)
= 223(—9) +23(1)
= z7(=18) +x5(1)
Therefore,
“DIVA(t; w1, m2) < 18V + Vh (32)

Also, for zg € Sy, fort =13,k =1,2,.., we have
V(t,z(t) + i) = |ex + x(t)] < V (¢, z(t))

Similarly, using (5), we compute the Caputo fractional Dini derivative for Va(t, 21, 2) = 23 as follows:

“DiVs(t;a1,m9) = hmsup*{v’ff Vi(to, z0)
h—0t
M}

+ D (1) (1C)V(t = rh,w — hUf(t,2)) = V(to, 70)]}
r=1

[t to]

= limsup — {xz x20+ Z xQ_hqf2(t;xlax2)2_$%0}}
h—0t ht
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“DLVa(t; 21, 22)
DI Va(t; x4, 22)

“DiVa(t; 1, w2)

Therefore,

IN

IN

IN

[52]

hiniliph {23 — 23|+ D (—1)"(“C)[23 — 2w2h? fo(t; x1, 22)

r=1
+h? fo(t, w2) — x50) }
[t to]
hmsup—{xQ T30 + Z ) (1Cy )3
h—0+ r—1

=) =

= > (=D)(C) 2o fo(tswr, w2) — D (=1) (1O )R fo(t w1, w2) }

r=1 r=1
L 5]
lim sup x5+ — 22, — —1)"(1C,) 2
wh{Q 2 - o= 2 (17 (G
(0]
—2x9 Z (—1)r(qCT)hqf2(t;x1,x2)|}
r=1

2] (]

lim sup iq{ Z (—1)T(q0r)$% - Z (—1)T(QCT)$%O

h—0F h r=0 r=0
[50]
—2x9 E (—1)T(qu)hqf2(t;x1,x2)}
r=1
T + 2w2 fo(t; @1, 22)
t(1—q) (1 —q) Y
73
AT —g T zafa(t; 21, 22)
2 2 2
x5 31 . T7C08T2
" ) VOO (i S —5 _
AT — ) + 2x9( - T98INT] Tocosecx - )
2
x .
m — 2a2sinxy + 623 — 10z3cosecr) — 223 cosy

—236%52'713:1 — 10x%cosecx1 + 63@ — 21‘%00833‘2

—2a3(sinxy + Scosecay) + 223 (3 — cosrs)

—2x3(|sinxy | + ) + 222(3 — |coss))

10
[sina|
—222(1 4 5) 4+ 223(3 - 1)
—21‘%(6) + 21’%(2)

—12V, + 4V

CD‘iVl(t; 1‘1,1‘2) S 4V1 — 12V2 (33)

Also, for xg € Sy, fort =1,k = 1,2, .., we have

V(t,z(t) +di) = |di + x(t)| < V(¢,2(t))

Combining (33) and (32), we have

436
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Now consider the comparison system

Cpiy = g(t,u) = Au (35)

-18 1
where A = < 4 _12>.

The vectorial inequality (34) and all other conditions of Theorem (5.1)) are satisfied since the eigen-
values of A are all negative real parts. Hence, the system is eventually stable. Therefore, the set

z(t) = 0 for the system of IFrDE (29) is eventually stable.

7 Discussions and conclusion

This study provides a significant extension to the theory of nonlinear impulsive Caputo fractional dif-
ferential equations, particularly in the context of eventual stability with fixed moments of impulse. By
employing vector Lyapunov functions generalized through piecewise continuous functions, a broader
and more flexible framework for analyzing the stability of such systems was established. The incor-
poration of comparison results further enriched the analytical approach, facilitating the derivation of
sufficient conditions for eventual stability. Compared to existing methods, our approach offers notable
improvements by generalizing stability conditions and extending their applicability to a wider class
of impulsive fractional systems. The results bridge the gap between classical stability analysis and the
unique challenges posed by fractional impulsive systems. This is particularly important for real-world
systems where impulsive effects and fractional-order dynamics coexist, such as in biological systems,
control engineering, and economic models.
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