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LIPSCHITZ STABILITY FOR IMPULSIVE RIEMANN-LIOUVILLE
FRACTIONAL DIFFERENTIAL EQUATIONS

MARTIN BOHNER! AND SNEZHANA HRISTOVA?

ABSTRACT. Initial and impulsive conditions for initial value problems of systems
of nonlinear impulsive Riemann-Liouville fractional differential equations are intro-
duced. The case when the lower limit of the fractional derivative is changed at each
time point of the impulses is studied. In the case studied, the solution has a singu-
larity at the initial time and at any point of the impulses. This leads to the need to
appropriately generalize the classical concept of Lipschitz stability. Two derivative
types of Lyapunov functions are utilized in order to deduce sufficient conditions for
the new stability concept. Three examples are provided for illustration purpose of
the theoretical results.

1. INTRODUCTION

Differential equations with impulses are intensively studied and applied in mod-
eling various phenomena (see, e.g., the monograph of Lakshmikantham et al. [23]).
Recently, fractional differential equations have proved to be valuable tools in the
modeling of many phenomena in various fields of engineering, physics, and economics.
Actually, fractional differential equations are now considered as an alternative model
to integer differential equations (for more details, see the monographs [16,17,26] and
the references therein).

In addition, some modeling is done via impulsive fractional differential equations
when these processes involve hereditary phenomena such as biological and social
macrosystems and are subject to some impulsive perturbations. Note that the lit-
erature knows various types of fractional derivatives. To the best of our knowledge,
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impulsive fractional functional differential equations involving the Caputo fractional
derivative have been studied in completeness. It is worth remarking that Feckan et al.
[18] give a counterexample to show that some formula of solutions in previous papers
is incorrect and reconsider a class of impulsive fractional differential equations and
introduce a correct formula of solutions for an impulsive initial value problem with Ca-
puto fractional derivative. The situation is not the same when the Riemann—Liouville
(RL) fractional derivatives is used. The statement of the impulsive condition and the
lower limit of the RL fractional derivative is presented in different ways by different
authors. For example, in [13,32], the impulsive conditions are related to the right
and left limits of RL fractional integrals with fixed lower limit at the initial time. In
[12,31], the impulsive conditions are connected with the RL fractional integral on the
intervals between two consecutive impulses. In [8], the impulses are RL fractional
derivatives. In [24], the impulsive conditions contain RL fractional derivatives. Note
that the formula for the exact solution of linear impulsive RL fractional differential
equations is given recently in [5] and for scalar impulsive equation with delay in [6].

One of the most important properties of solutions is stability. Many stability
concepts exist, describing various behavior of the solutions, e.g., Lipschitz stability
defined for ODEs [15]. Later, this type of stability has been studied for various types
of differential equations and problems such as, e.g., nonlinear differential systems
[14, 19, 28], impulsive differential equations with delays [9], fractional differential
systems [29], Caputo fractional differential equations with noninstantaneous impulses
[4], a piecewise linear Schrodinger potential [7], a hyperbolic inverse problem [10], the
electrical impedance tomography problem [11], and the radiative transport equation
[25]. See also [2,3,8,14,19,20,27,28] for related references. In the recent paper [21],
a similar problem is considered without impulses.

In view of the above considerations, in this paper, in an appropriate way, we set up
impulsive RL fractional differential equations and study Lipschitz stability properties
of the zero solution. We will give some reasons for the defined impulsive conditions.
Let an increasing sequence of nonnegative points {t;}, cN- to = 0, be given such that
lim;_, t; = co. When impulses are involved in fractional differential equations, there
are mainly two interpretations of fractional derivatives:

e fized lower limit of the fractional derivative — in this case, the lower limit of
the fractional derivative is kept equal to the initial time on the whole interval
of consideration.

e changeable lower limit of the fractional derivative — each time ¢;, i € N, of the
impulse is considered as a lower limit of the fractional derivative.

In this paper, we consider the case of changeable lower limit of the Riemann—Liouville
fractional derivative. The presence of the Riemann-Liouville derivative leads to two
specific types of initial conditions, which are equivalent (see the classical book [17]).

e Integral form of the initial condition

Ojtl_ql’(t”t:o = tl—1>%}|- Oltl_ql’(t) = XZ9-
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o Weighted form of the initial condition
. 1—q o Zo
i (#(t) = T(q)

Here, the Riemann-Liouville (RL) fractional integral is defined by

1—q o 1 t Q?(S)
olp Tx(t) = T /a = S)qu, t>a,

and I' denotes the Gamma function. In the literature, when the RL derivative is
applied, there are various types of statements for impulsive conditions. We will follow
the ideas of impulses in ordinary differential equations, i.e., after the impulse, the
differential equation is the same with a new initial condition. This will lead to two
types of initial conditions (following [17]):

e integral form of the impulsive conditions
ti‘[tl_qw(t”t:ti = th_}r? ti]tl_q'r(t) = ®;(z(t; = 0)), ieN.

e weighted form of the impulsive conditions
' B O, (x(t; —0))
— t)1-a O S S
Jim (¢ =)' (t)) = O

In this paper, we will use the integral form of both, the initial condition and the
impulsive conditions. Keeping in mind the above description, in this paper, we
will study the initial value problem (IVP) for the following system of nonlinear RL
fractional differential equations with impulses (IRLFDE) of fractional order ¢ € (0, 1):

PDix(t) = f(t,x(t),  fort € (t,tin], i € Ny,
Wi(x(t; —0))

€ N.

(1.1) Jim, (= t) 2 (t)] = T for i € N,
S 710 =

where xg € R", and the Riemann-Liouville fractional derivative of the function
x € C(la, T],R"™), T > a, with lower limit a € R and order ¢ € (0, 1) is defined by

(1.2) RLDIx(t) = F(ll—q)c(lit /at(t —s) z(s)ds, te€ (a,T).

Remark 1.1. For ¢ — 1, the impulsive condition

Jim [(¢ 1) (t)] = W

in (1.1) is reduced to the well-known condition

for impulsive differential equations with ordinary derivative (see [23]).
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In this paper, we study some stability properties of the zero solution of (1.1). Note
that the solutions of the IVP for IRLFDE (1.1) have singularities at each point ¢;,
1 € Ny. It requires a new definition of classical Lipschitz stability, introduced and
studied in [15]. This is called generalized Lipschitz stability in time. It relates to
singularity of the solution, and it is considered only on intervals excluding from the
left both the initial time and the impulsive times. We use Lyapunov functions and two
types of derivatives of these Lyapunov functions for the impulsive fractional equation
under consideration. A number of conditions is presented that ensures generalized
Lipschitz stability in time. Three examples are provided in order to illustrate the
results.

2. PRELIMINARY RESULTS

In this paper, we will use the classical fractional derivatives (see, for example,
[16,17,26]) such as RL fractional derivative (see the Definition 1.2) and Griinwald—
Letnikov derivative defined by

N
GLHq — lim — 1) —
o Dim(t) = }llli% o Tz:% (—1) <r>m(t rh), te (a,T].
Remark 2.1. If m € C([a, T],R"), then RED{m(t) = SEDim/(t), see [17, Theorem 2.25].
For a,T € R, , with a < T, we will use the sets

Ciogllo 71 R ={u: (a,T) =+ R w € C((a, TR, Jim (¢~ a) “7u(t) < oo},

PC;_,4(]0,00),R"™) :{u :(0,00) = R": ueC ( U (tk,tkﬂ],R”),
kENO
u(ty) = u(ty — 0) = 61_i>r51+u(tk —¢) <oo, keN,

lim (t — tk)l_qu(t) < oo, k€ No}

t—tp+

Remark 2.2. If uw € PC;_,(]0,00),R"™), then u € Cy_y([tx, tg41], R") for any k € Ny.

Now, we will state some known results, which will be applied in the proofs of our
main results.

Proposition 2.1 ([30, Lemma 2.3)). Let m € C1_4([a,a+T),R), t; € (a,a+T). If
m(t;) =0 and m(t) < 0 for a <t < ty, then FeDim(t)|;=;, > 0.

Remark 2.3. By Remark 2.1, Proposition 2.1 is also true with $LD/m(t)|,—, in place
Of aRLD,?m(t) ‘t=t1 .

The next result is the basis for the practical definition of the initial condition and
the impulsive conditions of (1.1).
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Proposition 2.2 ([17]). Let m : [a,T] — R be Lebesgue measurable, T > a > 0, and
€ (0,1).
(a) If limy_,q i [(t — a)*"9m(t)] =: c € R exists a.e., then

1—q T 1 ¢ TTL(S)
B =l e [
=cl(g) = (q) Jim [(* ~ a)'~*m(1)]

is well defined.
(b) If oI} 7 9m(t)]=q = ¢ € R exists a.e. and if limy_,q, [(t — a)'~%m(t)] exists, then
c 1

tli?{i[(t —a)' "tm(t)] = O waftl_qm(t”t:a-

Remark 2.4. According to Proposition 2.2, both, the initial condition and the impulsive
conditions in (1.1), could be replaced by the equalities

oL} "1 (t)]mo = o
and
o Lp ()=, = Uiz (t; — 0)), €N,
respectively.

We introduce the following assumptions:

(A1) the increasing sequence {t;}, . to = 0, is such that

lim t; = oo and inf (t;01 —t;) =A>0;
1—00 ieN()( +1 )
(Ag) f € C(Ry x R",R") and f(¢,0) = 0 for ¢t > 0;
(Az) ¥; € C(R",R") and ¥;(0) =0 for i € N.
Let p>0and J C Ry, 0 € J be an interval. As in [21], we define M(J) to consist of
all strictly increasing continuous functions a with a(0) = 0 and such that there exists
qa With gu(a) > 1 for @ > 1 and a *(ar) < rg.(a), X(J) to consist of all strictly
increasing continuous functions a with a(0) = 0 and such that there exists a constant
K, > 0 with a(r) < K,r and

8,={r e R": |lz]l < p}.

Remark 2.5. If a(u) = u, then a € X(Ry) NM(R,). If a(u) = Kyu for Ky > 0, then
a 6 fK(]R+ ) and K, = K;. If a(u) = Kyu? for 0 < K, < 1, then a € M([1,00)) and

\/7>1foru>1

From now on, we assume that the IVP for IRLFDE (1.1) possesses a solution,
denoted by x,, € PC;_4([0, 00),R"™).
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FExample 2.1. Consider the IVP for the scalar linear IRLFDE

BLDgy(t) = ay(t)7 for t € (tivti-‘rl]ai € NOa
: _ +\1—¢q _ y<tz _ 0) .
(2.1) Jim [( =) y(0)] = ") for i € N,
: 1—q — Yo
where a,yo € R. The solution of (2.1) is given by
Yot! 1 E, ,(at?), for t € (0,4],
. _+.)9—1 a(t; —t; q
Yoo (t) = yp (Hfz—ol (tit1—ts) tE:j( (tit1—ts) ))
X(t — tk)qflE%q(a(t — tk)q) for t € (tk‘-i-la tk], k € N.

It has singularities at the points tx, k € Ny, which are the initial time and the impulsive
times. In the particular case a = 0.5, tx = k, k € Ny, ¢ = 0.3, the graph of the solution
Yy, is given in Figure 1 for yo = 1 and in Figure 2 for yo = —0.5, respectively.

A
(N

101

051

0.0 I L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 n
0 1 2 3 4 5 6

FIGURE 1. Graph of the solution of (2.1) for a = 0.5, yo = 1, and ¢ = 0.3.

Example 2.1 illustrates that the stability of the solution for impulsive differential
equations in the case of the RL fractional derivative has to be considered on intervals
that exclude t;, k € Ny, on the right ends.

There are some particular cases with zero initial value and zero impulsive functions
with nonunique solutions without singularities at the initial time and the impulsive
time points.
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FIGURE 2. Graph of the solution of (2.1) for a = 0.5, yo = —0.5, and
q = 0.3.

Example 2.2. Consider the IVP for the scalar linear IRLFDE

SDy(t) = a(t — )% \Jy(t), for t € (t;,ti1],7 € Ny,
(2.2) lim {(t - ti)l_qy(t)} =0, forieN,

t—t;+

Jim [ty ()] =0,

where a € R, f = —0.5¢. Equation (2.2) has the zero solution, but it also has a
nonzero solution. Using

20q+p)=14¢>0> -1
and [22, Example 3.2], we obtain the solution of (2.2)

al'(q +26 +1) ’ 2(q+8) :
— _ 4 f 4t )
Yo(t) (F(Qq 5 0 (t—t;) , forte (ti,ti],i €Ny

It is easy to check that

lim [(t — #:)' "y (t)] = (

t—t;+

al'(¢ + 28+ 1)
I'2¢+26+1)
r 2 1
_ (a2 + DN (t—t;) =0.
['(2¢g+26+1)) t=tit
The solution gy has no singularities at the points t,, k € Ny, which are the initial
time and the impulsive times. It is different from Example 2.1. In the particular case
a=1,t =k k€ Ny qg=04, 8 =—0.2, the graph of the solution y is given in
Figure 3.

t—t;+

2
lim [(t — #:)'77(t — #,) @]
2

In our further investigations in this paper, we will assume that the IVP for IRLFDE
(1.1) has a unique solution z,, for any initial values zy € R™ defined for ¢t > 0. Lipschitz
stability [15] will now be generalized to systems of impulsive RL differential equations.
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FIGURE 3. Graph of the solution of (2.2) for a =1, t, =k, = —0.2,
and ¢ = 0.4.

Considering the phenomena described in Example 2.1 and 2.2, we now define a new
stability type as follows.

Definition 2.1. We say that the trivial solution of the IVP for IRLFDE (1.1) is

e generalized Lipschitz stable in time if there are N € No, M > 1, 6 > 0, and
T; € (0, ), i € Ny, such that for any initial value 2o € R™ with ||z¢|| < 6, we
have

22 (O] < M ||zol|, forallt € |J[t; + T, tigal;
i=N

e globally generalized Lipschitz stable in time if there exist N € Ny, M > 1,
and T; € (0,)), ¢ € Ny, such that for any for any initial value zo € R" with
| zo|| < oo, we have

220 ()] < M ||lzol| . forall t € (J [t + T, tiva]-
i=N
Now we define the class A of Lyapunov-like functions as follows.

Definition 2.2 ([1]). Let 0 € J C Ry, § = J N {U,.N, (i, tit1]}, and A C R". We
will say that the function V' belongs to the class A(J,A) if V € C(J x A, Ry),

V(ti,z) =V(t; —0,2) = €£%1+V(tl- —€,1)
and
V(t;+0,2) = lim V(t; + ¢, z),
e—0+
for i € N, x € A, and it is locally Lipschitz with respect to its second argument.

We will use the following two types of fractional derivatives of Lyapunov functions
among the system of nonlinear impulsive RL fractional differential equations (1.1).
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o RL derivative of V € A(Ry,A) for IRLFDE (1.1) defined by
_bodar
for t € (tx, tr+1], k € No, where x,,(-) € PCi_4(R;, A) solves (1.1).
e Dini derivative of V € A(R;, A) for IRLFDE (1.1) defined by
[t tk]
Vitr) — % (-1 (Vi i hf(r,2)
. r=1
Df’{ yVitz) = hg?)lip % ;
for t € (tg,trs1], k € No, x € A.

RLDqV(t xa?o( )) = (t - S)_qV(S, ZL‘IO(S))dS,

Remark 2.6. Let x be a solution of (1.1). Then, for any k € Ny, the equality
DV (t2(t))

[t—tk

V() = 3 (=17 (O V(- rh,a(t) — Bf(E (1))

r=1

= lim sup
h—0+ ha

holds for t € (tx, tgr1].
We consider the IVP

ELD,?u(t) = g(t,u(t)) fort e (t;,tiy1], i€ Ny,
(2.3) Jim [t~ t:)' " u(t)] = W for i € N,
tli%ﬁr[t “u(t)] = @7

with up € R. We will denote the solution of (2.3) by wu,,. We will assume that the
IVP for the scalar IRLFDE (2.3) has a unique solution u,, for any initial value ug € R
defined for ¢ > 0. We also introduce the following conditions:
(A4) g € C(R; x R,R) decreases in the second variable, and g(¢,0) = 0 for t € R;
(As) Hy € C(R,R) are increasing w.r.t. the second argument and Hy(0) =0, k € N.

In our main results, we will use some comparison results with both Dini and Riemann-
Liouville derivatives.

Lemma 2.1. Suppose:
1. conditions (Ay)—(As) hold;
2. x3 € PCi_ (R4, R") solves (1.1);
3. Uy, € PCi_((R4,R) solves (2.3);
4. V€ AR, R") satisfies:
(i) the inequality
W DIV (a5, (1) < g(t, V(E 25, (1)), € (titia] i € No

holds;
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(ii) for all i € Ny, the inequalities
Vi(ti, Wiz, (t: = 0))) < Hi(V (ti, 25, (t: = 0)))

hold;
(iii) for alli € N, the inequalities
V(t; +0,W;(x (t; —0)))
_ 1—q x
Jim (¢ £ 7V (.22, (1) < o

hold.
If limy o4 t17 0V (L, 2% (1)) < ty: then
(2.4) Vit (1) < uyy(t), forallt>0.

Proof. For t > 0, put m(t) := V (¢, (t)). We will prove (2.4) by induction w.r.t. the
intervals (ti,ti+1], 1€ No.
First, let ¢ € (0,t1]. Let € > 0 be arbitrary. We will prove

(2.5) mt) < uy(t) +t7 e, t € (0,t].
We have
1—q < U U
R wamm)_F@) g ' °
(2.6) = lim "%, (t) + lim t'79%7 e
t—0+4 t—0+

— 1—q q-1
= t1—1>%}&—t (uuo(t) +1 5) :

From (2.6), there exists 6 > 0 such that
IV (1 a5, () < 177 (g (8) + 7€), for t € (0,0),

» Vg

that is, (2.5) is satisfied on (0,0). If § > ¢;, then (2.5) is proved. If § < ¢;, then we
assume that (2.5) is not true. Then there exists t* € [0, ;] such that

M) = Uy, (°) + (1)1 e, m(t) < uyy(t) +t7 e, ¢t (0,t%).
From (Ay), ¥D{t1=1 = 0, and Proposition 2.1 with ¢; = t* together with
v(t) = m(t) — g (t) — 97 'e,
we obtain the inequality
SEDIM(t) | mpe > F-DY (uuo (t) + tq’les) [
(2.7) = 0 Dty ()=t = (1", e ("))
=g (¢, m(t) = (") 'e) > ).

g(t*,m(t
Inequality (2.7) contradicts assumption 4 (i). Therefore, (2.5) holds for any ¢ > 0,
and hence, (2.4) holds for t € (0,¢;]. From assumption 4 (ii), (As), and the inequality

t*,m
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V(ty,z} (t1 —0)) < u(ty —0), we get
V(ti+ 0,25 (t, +0)) = V(t, + 0, ¥y (27 (t: — 0)))
(2.8) < Hy(V(ty, 25, (t1 — 0)))
< Hi(tyy(t1 — 0)) = uy,y(t1 +0).
Let t € (t1,t2]. Let € > 0 be arbitrary. We will prove
(2.9) m(t) < uy,(t) + (t — 1) e, tE (ti,ta].
From assumption 4 (iii) and (2.8), we obtain

V(tl, ZL’;O (tl + O)) < Uy (tl + 0))

lHm (t — )"V (¢, 2% (1) <

o ['(q) ST
. Hl(uuo(tl — 0))
(2.10) < I(q) te
= lim (8= 02)77 (g (6) + (1 — 1))

From (2.10), there exists d; > 0 such that
V(t, 2t (1) < wy(t) + (t—11)7 e, on (t,t + ).

Y o

If 0; >ty — t1, then (2.9) is proved. If d; < ty — t1, then we assume (2.9) is not true.
Then there exists ¢} € [t; + 0, t2] such that

m(t]) = g () + (£ — 1) e, m(t) < ug(t) + (t— 1) e, ¢ € [t £)).
Now (Ay), PD{(t — ¢1)7* = 0 and Proposition 2.1, with ¢; = ¢} together with
v(t) = m(t) — uy, (t) — (t — )7 e,
yield
RDIm(t) iy > BDF (g (8) + (8 = 11)77"e) |imss
(2.11) = 8D g ()= = g(t7, o (17))
=g (81, m(t) = (1] — t1)7'e) > g(t7, m(t})).

Inequality (2.11) contradicts assumption 4 (i). Therefore, (2.9) holds for any ¢ > 0,
and hence, (2.4) holds for t € (¢, t9].
Following the above procedure, we complete the proof. O

Lemma 2.2. Suppose:
1. assumptions 1, 2, 3, 4 (ii), 4 (iii) from Lemma 2.1 hold;
2. Ve ARy, R) satisfies

D'Z’fl)V(t,x;O(t)) <gt,V(t,x* (1), fort€ (tp,tr1], k € Ny.

» Pxg

Iflimy o 179V (8, 23, (1) < 5. then (2.4) holds.
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Proof. The proof is similar to the proof of Lemma 2.1, where instead of the RL
fractional derivative of the Lyapunov function, we will use the Dini fractional derivative.
The main difference between this proof and the proof of Lemma 2.1 is connected with
inequalities (2.7) and (2.11) for t* € (0,¢1] and t} € (t1, to].

Consider any of the intervals (¢, tx11], & € Np, and assume that for a fixed k € N,
there exist 0y, € (0, tx11 — tx) and tf € (tg + Ok, try1] such that

m(ty) = wu, (t5) + (t — t) e, m(t) <uu(t) + (=) e, tE (th,t}).

Thanks to Remark 2.3 with 7 = ¢}, we obtain

arDEm () =iy > D (D)1= + 5 DL = 1)) o=
(2.12) = Dt (1) =tz = 9(15s 1, (17))
= g(tr, m(t) — (G — te)*'e) > g(tp, m(ty)).

For any fixed ¢ € (tx, tg+1], we have

(2.13)
[5]
> (=1 (¢)m(t = rh)
iLDim(t) =lim sup — e
h—0+
mit) — [Zi:l](—l)““l(g)m(t —rh)
= lim sup i
mf(t) — | > ]<—1>T+1(:z)v<t —rh,a (t) — hOf(t, a5, (1))
= lim sup r=1
h—0+ ha

S (=1 () [V = rhyag, (1) = hOf(E @5, (1)) — mit = rh)]
ha

Denote
[ t—tp

F(t, a5, te, h) = i](—w‘“ <q> ot (t—rh).

r=1 r

From (1.1), we get
xk (t) — F(t,xk ,tr, h)

SLDIzx () =lim sup —2 e
. 0 h—0+ ha

=1, Diy, () = f(t,25,(t).

Y o
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Hence,
xxo( ) h’qf( ) Io( )) = F(t> z()?tk’h) + Q(hq)7
with Q)|
hli%lJr || ha 0-

Thus, for arbitrary h > 0 and r € N, we have
V(= rh,ap (t) = hUf(E 25, (1)) = V(E—rh, a5, (t —1h))

Y o

<L|[F(t, 25, te, h) + QR%) — a3, (t = 7h)|

(2.14) [ Ly ]

+ LRI

(1) 5, (6 = ) — a3, (£ — 1)

Hence, due to

(I4+u)*=1+ ;i (Z)Uk Le, 1= i(—DHl (i)

we get

j=1 ] j=1 ]
=
< Z (—1)7*! j) {:p;o(t —jh) —x, (t — rh)}

x, (t— rh)’

)

£ o)

=[5 !
from which, together with (2.13), (2.14), and condition 2 in the statement, we get

[54]
SLDLm(t) <DV (8,25, (1)) + Llimsup HQ(q i Z (-1 <q>

1
( h—0-+ h o r

+ Llimsup hl V_f](_w <q>

h—o+ h% ] r

[t tk

Z D (;) oot = jh) — a3, (t —7h)
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=DV (t, 23, (1))

r Y xo

+ Llimsup ; [tg](—n”l <q>

h—0+ r=1 T

(-]

| X () = m = e )
e R )

t—ty,
1

3 (1)

=D )V (t, 25, (1) < g(t, V(t, 25, (1)),

) pode)

xy (t — Th)H

contradicting (2.12) and completing the proof.

3. MAIN RESULTS
We now present the main results of this paper.

Theorem 3.1. Suppose:

1. conditions (A1)—(As) are fulfilled;
2. there exists V € A(R,R") such that:

(i) there exist 7, € (0,\), i € Ny, satisfying

b(||z|) < V(t,z), forall x€R" andt e |J [ti + 7, tit1]
ieNo
where b € M([0, p]), with p > 0;
(ii) for ally € C1_4(]0, 1], R™), with

. 1— o
Jim (t qy(t)) = Yo €3y,

we have
PV (g (O)limor = Jim 17V y(0) < alluol).
where a € K([0, pl);
(iii) for alli € Ny, the inequalities
V(t;, Vi(z)) < Hy(V(ti,x))  forallz € R",
hold;
(iv) for any y € Ci_g([tg, tit1], R"), with

i (0= 801(0) = i <o
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the inequality
(t = 6V (g emae = i (0= )" IV (1 (1)) < V(ty +0, ()

holds;
(v) for any initial value xo € 8, and the corresponding solution ., of (1.1),
the inequality

WDV (b, 0 (1) < g(8, V(E, 240 (1))),  for all t € (ty, tpia], k € No,

holds;
3. the zero solution of the scalar comparison equation (2.3) is generalized Lipschitz
stable in time.

Then the zero solution of the IVP for IRLFDE (1.1) is generalized Lipschitz stable in
time.

Proof. Suppose that the zero solution of (2.3) is generalized Lipschitz stable in time.
Thus, there exist N € Ny, 6 € (0,A), ; € (0,9), 7 € Ny, 63 > 0, and M; > 1 such that
for any uy € R™ with |ug| < d1, the inequality

(31) ‘UUO(t)‘ < M1|’LLO|, for t € U [tz + §i,ti+1],

=N
holds, where u,, solves (2.3) with the initial value ug. Thanks to a € K(]0, p]) and
b € M([0, p]), there are K, > 0 and ¢,(u) > 1 for a > 1 with

(3.2) ar < b(rq.(«)), for all r € [0, pl,
and
(3.3) a(r) < K,r, forallre|0,p].

We may assume K, > 1. Pick My, > 0 satistying

J
My > max{1l,q(M1K,)} >1 and ¢ =min {p, Kl} :
Pick zy € R" such that ||z¢|| < J, and hence, 2y € §,. Consider the solution x,, of
(1.1) for the chosen initial value zy. Thus, using I'(¢) > 1 for ¢ € (0,1), we get

0 <L<5<
I(q)| T(q) =P

that is, limy_o4 t' %24, (t) € 8,, and employing assumption 2 (ii) with

Y =Ta € Cl—g([oa tlLRn)’

. 1—q _
tl—lgg}l- 0 (1) H

we get

(3.4) fﬁV@%ﬂﬂWo+<a<Kﬂ><aW%m-
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Consider the solution u,; of (2.3) with uf = lim,_,oq t'"9V(t, 24,(t)). The choice of
xo, (3.3), (3.4), and assumption 2 (ii) yield

P e [
uy = lim V(@ () < a <r(g) < a(]|zo|]) < Kq ||zol| < Ku0 < 6.

Hence, u,; satisfies (3.1) for UZ y[ti + G, tiya] ,with ug = ug.
From conditions 2 (v), 2 (iii) with © = ,,(t;11 — 0) and 2 (iv), with
Y = Ty € Cl*Q([tkathrl]an) and Yk = x:r:o<ti - 0)7

we have conditions 4 (i), 4 (ii), 4 (iii) of Lemma 2.1, respectively. According to Lemma
2.1, we get

(3.5) V(t, 24, (1)) < uyy(t), fort>0.
Let T; = max{r;,;} for i € Ng. Then, for any k € Ny, the inclusions
[tk + Ty tea] C [tr + 7o, tea]  and [t + T, teia] C [tr + S trepr]

hold. Let £ > N. From 2 (i), 2 (ii), (3.1), (3.2), (3.3) with r = ||zo||, « = M1 K, > 1,
and (3.4), (3.5), we obtain for t € [ty + Tk, tg1]
b([[ 2o (D)) SV (£, 22 (1)) < g (£) < Myug]
=MtV (8, @4, (1)) =0+ < Mia([lo])
SMy K [xol] < b (qp(MiKa) [[2o]]) < b(Mz [|ol]),

completing the proof. O

Theorem 3.2. Let conditions 1. and 2. of Theorem 3.1 be satisfied, where conditions
2 (ii) and 2 (v) are fulfilled for all yo € R™ and x¢ € R", respectively. If the zero
solution of (2.3) is globally generalized Lipschitz stable in time, then the zero solution
of IVP for IRLFDE (1.1) is globally generalized Lipschitz stable in time.

Proof. The proof follows the proof of Theorem 3.1, with an arbitrary initial value
o € R", and so we omit it. O

Theorem 3.3. Let the conditions of Theorem 3.1 be satisfied, where a(s) = AasP,
Ay >0, p> 1 in condition 2 (ii), and condition2 (i) is replaced by
2%(1) there ezist T; € (0, ), i € Ny, satisfying
pt)|zl|” < V(t,z), foralzeR" andte |J [t; + 7, tin),
iGNo
holds, where p(t) > Ay, t € U, N, [ti + 7i tiv1] and Ay > 0.

Then, the trivial solution of the IVP for IRLFDE (1.1) is generalized Lipschitz stable
m time.
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Proof. The proof follows the proof of Theorem 3.1, with

My A, . o 01
M,y = A and 0 = min {)\, A2} ,

and so we omit it. O

In the case when the Dini fractional derivative of Lyapunov functions is used instead
of RL fractional derivative of Lyapunov functions, we obtain some sufficient conditions
for the introduced generalized Lipschitz stability in time. Since the proofs are similar
to the already presented proofs, we omit them, and we will only state the results.

Theorem 3.4. Let the conditions of Theorem 3.1 be satisfied, where condition 2 (v)
is replaced by
2(v*) the inequality

Dl(tlfl)v(twr) S g(t,V(t,x)), fOT (I” T e Rna te (tkatk’-i-l]) k S N07

holds.

Then the trivial solution of the IVP for IRLFDE (1.1) is generalized Lipschitz stable
m time.

Proof. The proof follows the proof of Theorem 3.1, with Lemma 2.2 applied in place
of Lemma 2.1. O

Theorem 3.5. Let conditions 1 and 2 of Theorem 3.1 be satisfied, where condition
2 (v) s replaced by 2 (v*) and condition 2 (ii) is fulfilled for all yo € R". If the
trivial solution of (2.3) is globally generalized Lipschitz stable in time, then the trivial
solution of the IVP for IRLFDE (1.1) is globally generalized Lipschitz stable in time.

Theorem 3.6. Let the conditions of Theorem 3.1 be satisfied, where a(s) = Aas?,
Ay > 0, p > 1 in condition 2 (ii), condition 2 (i) is replaced by condition 2*(i) of
Theorem 3.3, and condition 2 (v) is replaced by condition 2 (v*) of Theorem 3.4. Then
the trivial solution of the IVP for IRLFDE (1.1) is generalized Lipschitz stable in
time.

4. APPLICATIONS

We now illustrate the application of our obtained sufficient conditions and the
practical use of the fractional derivatives of Lyapunov functions.

FExample 4.1. Let the sequence {ti}z‘eNo’ to = 0, be given such that

L= sup (tys1 —t) > 1 and A= inf (tx41 — ) > 0.
kENo kGNo
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Consider now the IVP for the system of impulsive Riemann-Liouville equations
(4.1)

RDI (1) = (o.w—l T >) (1),

_ L T2-9q) 3 (t)
RLDq 5td 1 q — 1 €T it € +
th til?g(t) = (O ot +1 (2 2q) 1 .Z'%(t) g(t), ort (tk, tr 1], ke N(),

Vi (21 (tk — 0), 2a(t — 0))

. [ B 1—q _
i, [ -] = e D=0
: U2 (z1(ty — 0), z2(tx — 0))
. . 1—q _ E\L1\lE y L2k
Jim (8~ ) za(1)] R , fork €N,
. [,1-q _ Zo,21 . 1-q _ Toz2
Jim |t xl(tﬂ T T(q) JHm {t xQ(t)} " T(q)’

where x = (0,1, T02) € R?,
U (t, 21, 20) = % and  Ui(t,my,m0) = %,
for t € [tg, tgs1], k € No, 21,29 € R. Consider the Lyapunov function
V(t,x) = (t —t,)""Ya +23), fort € (ty,ter1], k € No, 21,72 € R,

where ¥ = (x1,7,) € R?. The function V € A([0,00), R?) is locally Lipschitz with
constant L. Thus, assumption 2*(i) of Theorem 3.3 holds with

p= 2, ILL(t) = (t - tk)l_qv te (tkatk-i—l)v Tk =tk + ldi 0.1, Al = lqu 0.1.
Let ye Cl*Q([Oatl]aR%a Y= (ylayQ)a be such that

hn%r (tl_qyk(t)) =Yk, k=1,2, yo=(Y0.1,%.2)

t—0

Then, because of

2 2
Jim 0V () = (lim 2 (0) )+ (Jim () = ol

—0+ —0+
condition 2 (ii) of Theorem 3.1 holds with

a(s) = Ags?, Ay =1, p=2.

Let y € C1_y([th, tri1], R?) satisfies
— 1 1y _ Yk —
Lm, ((t tk) ) = T(g) <00, Yk = (Yik Y21)-

Then, for t € (tg, tgy1], we get the inequality
(¢ = 1) V(6 y(8) = = Jim, (¢ — )V (2, y(8)

hm (t — 1) Ut — ) Ty (8 + 2 (1))

t—>t

= (im0 00" 0) + ([l ¢~ 10 ()

t—=tp+ t—tp+
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:yik + ygk
<(tk — b)) Y5, + U3 s) = Vit yr),

and therefore, condition 2 (iv) of Theorem 3.1 is satisfied. Let k € Ny and ¢ € [ty, tx11],
x = (r1,75) € R®. Then, we get the inequalities

V(t, \Ilk(t, I‘*(tk — O))) = (t — tk)l_q <:§21 + i;) = Hk(t, V(tk, l’*(tk — 0))),

and therefore, condition 2 (iii) of Theorem 3.1 is satisfied with
u
The RL fractional derivative of the Lyapunov function, i.e.,
1 d rt
- = . —q . 1—q 2 2
T =g @i o)) () + ai(s) d

where x = (z1,x2), being the solution of (4.1), is rather difficult to obtain, so we
cannot apply the results with RL derivative. Instead, we apply the results with Dini
derivative of the function V among (4.1). Let k € Ny, t € (tx, tg+1], z1, 22 € R. Then,
for 1 —2¢ >0, i.e., g € (0,0.5], we get

Dfii)@ — 1) (95% + x%)

o DIV (t,a(t) =

[
T 1 1—q (.2 2 r+1 (94 1—q
= hl?if)lip e {(t — t) (xl + $2) — ,;:1 (—1) . (t —rh —ty)

X [({51 — hqfl(t, CL’))2 + (1‘2 - hqu(t, x))ﬂ }

1
=limsup - (t — 1)~ 2] = (21 = Wi (1,20))° + 23 — (w2 = W (t,))’]
h—0+

Flimsup o (o1~ () + (02— 0 fo(t, )]
h—0+

x [§]<_1>r(9) (t =ty — rh)'

r=0 r

= limsup ;q(t — 1) [(2my — hOFL(E, 7)) hOf (@) + (225 — WO fo(t, ) R fs(t, 2)]

+ {x% + x%} PDE(t — ty,)'
=2(t — tp) "l fr(t, ) + 2(t — 1) e folt, 7)

2 2 F(Q B ) 1—2¢q
+ {xl + x2} F(2—2qq)(t — )

- - I'2-4q)
:2(t - tk)l q.rl <—O5tq 1.7/'1 —1 qul - .ZC%J&)
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B 3 L T(2—9q) ToX?
2t — t1) "y | =05t 1y — 79 !
+ ( k) ) < I F(Z — 2q) i)

+ 23 + 23] FF<(22__2qq>)(t — 1)

<2t — ) iy (—O.5tq1x1 —(t— tk)qul — x§x1>
2t — ) <—O.5tq13:2 ¢t FF((22_—2qq)) o ff;)
+ 23 + 23] FF((;—_?qq))(t — 1)

['(2—q) 1-2¢
| (2= 2g) "

< —05V(t,r), forxcR*andt >0,

=—0.5V(t,z) — [:cf + 235

and therefore, assumption 2 (v*) of Theorem 3.4 holds with
g(t,u) = —0.5u, wu € R and q € (0,0.5].

Consider the scalar comparison linear RL fractional equation with noninstantaneous
impulses

ELDgu(t) = —0.5u(t), fort € (t;,t;11],i € No,

(4.2) lim[(¢ — t)-ou(n)] = A0

Jim 1) for i € N,

(g)’

where 4y € R. Similar to Example 2.1, the solution of (4.2) is given by

tlir(ﬁr [tl_qu(t)} =

ugt?*E, ,(—0.5t7), for t € (0,t4],
y(t) =< o (T2 Byg(—0.5(tisn — t)7)t;)
X(t — tk)qEq’q(—O.E)(t — tk)q), for t € (tk—I—la tk], k € N.

In the case ¢ € (0,0.5], the trivial solution of (4.2) is generalized Lipschitz stable in
time (for particular values ¢ = 0.3, tx = k, k € N, and uy = 1, ug = 2, the graphs
of the corresponding solutions u,, are given in Figure 4, and in the partial case of
q=05,t =k, ke Nand uy =1, up = 2, the graphs of the solutions u,, are given
in Figure 5). In the case ¢ € (0.5,1), the zero solution of (4.2) is not generalized
Lipschitz stable in time (for particular values ¢ = 0.8, t, = k, k € N and uy = 1,
ug = 2, the graphs of the solutions w,, are given in Figure 6). Due to Theorem 3.6,
the zero solution of (4.1) is generalized Lipschitz stable in time for ¢ € (0,0.5).
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FIGURE 4. Graph of the solutions of (4.2) for ¢ = 0.3, up = 1 and for
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