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Abstract. The stability with initial data difference for nonlinear nonautonomous
Caputo fractional differential equation is introduced. This type of stability generalizes
the concept of stability in the literature and it enables us to compare the behavior of
two solutions when both the initial times and initial values are different. Our theory
is based on a new definition of the derivative of a Lyapunov like function along
the given fractional equation. Comparison results for scalar fractional differential
equations are presented and sufficient conditions for stability, uniform stability and
asymptotic stability with initial time difference are obtained.

Keywords. Stability, Caputo derivative, Lyapunov functions, fractional differential
equations

Mathematics Subject Classification (2010). Primary 34A08, secondary 34D20,
34A34

1. Introduction

One of the main areas in the qualitative theory of differential equations is sta-
bility of solutions. The analysis of stability of fractional differential equations is
more complicated than classical differential equations, since fractional deriva-
tives are nonlocal and have weakly singular kernels. Recently, Li and Zhang [19]
presented an overview on stability results of fractional differential equations.
One of the approaches used to study the stability of non-linear systems is the
Lyapunov second method which provides a way to analyze stability without ex-
plicitly solving the differential equation. The extension of the Lyapunov second
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method to fractional differential systems was discussed in a number of papers.
For example, the Mittag-Lefler stability and the fractional Lyapunov second
method were discussed in [20,21], and a sufficient stability condition for non-
linear FrDEs is derived in [9)].

In this paper we introduce and study a generalization of the classical concept
of stability which involve a change in both the initial time and the initial values.
This type of stability allows us to investigate the behavior of two solutions when
both the initial times and initial values are different.

Recently, some types of stability with initial time difference were studied
for

- ordinary differential equations ([15,22,22,25,25-27,30,31]);

- fractional differential equations ([7,29]);

- functional differential equations ([1,12]).

In studying stability for fractional differential equations, there are several
approaches in the literature, one of which is the Lyapunov approach. As is noted
in [28] there are several difficulties encountered when one applies the Lyapunov
technique to fractional differential equations. Results on stability for nonlinear
fractional differential equations in the literature via Lyapunov functions could
be divided into two main groups:

a. continuously differentiable Lyapunov functions (see, for example, the pa-
pers [4,6,9,21,32]);
b. continuous Lyapunov functions (see, for example, the papers [10,16,17]).

In this paper we define in an appropriate way the Caputo fractional Dini
fractional derivative with initial time difference of Lyapunov functions. With
appropriate examples we show the natural relationship between the defined
derivative and Caputo fractional derivative used in the studied equations. Sev-
eral sufficient conditions for stability with initial data difference for nonlinear
fractional differential equations based on Lyapunov’s functions and comparison
results for a nonlinear scalar fractional differential equation with a parameter
are obtained. Stability, uniform stability and asymptotic uniform stability with
initial time difference are studied. Some examples are given to illustrate the
results.

2. Notes on fractional calculus

Fractional calculus generalizes the derivative and the integral of a function to
a non-integer order [16,23,24] and there are several definitions of fractional
derivatives and fractional integrals. In engineering, the fractional order ¢ is
often less than 1, so we restrict our attention to ¢ € (0,1).

1. The Riemann-Liouville (RL) fractional derivative of order ¢ € (0, 1)
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of m(t) is given by (see, for example, [8, 1.4.1.1], or [23])

1 d [
Dim(t) = ——— t—s)1 d t > 1.
WD) = gy [, ez
where I'(.) denotes the Gamma function.

2. The Caputo (C) fractional derivative of order ¢ € (0,1) is defined by
(see, for example, [8, 1.4.1.3])

1 t
Cqut:—/ t—s)"Tm/(s)ds, t>t. 1
WD) = = | =G : (1)
The Caputo and Riemann-Liouville formulations coincide when m(ty) = 0.

The properties of the Caputo derivative are quite similar to those of ordinary
derivatives. Also, the initial conditions of fractional differential equations with
the Caputo derivative has a clear physical meaning and as a result the Caputo
derivative is usually used in real applications.

3. The Grunwald-Letnikov (GL) fractional derivative is given by (see, for
example, [8, 1.4.1.2])

t—tg
. ) 1 ;
toDIm(t) = hligl—f— 7 E (=) (¢Cr)m(t —rh), t>to,

r=0

and the Grunwald-Letnikov fractional Dini derivative by

t—t
5]

~ 1
to DIm(t) = lim sup —q (=1)"(gCr)m(t —rh), t > to, (2)
r=0

1) (g—r=+1 . . _
where ¢Cr = w, r is a natural number, ¢ is a real number, and [-%]
: t—tg

denotes the integer part of the fraction =*.

The relations between the three types of fractional derivatives are given by
the equalities ¢ DIm(t) =  D4[m(t) — m(ty)] and ;, DIm(t) = ;,D%m(t). Also,
according to [11, Lemma 3.4] the equality § Dim(t) = 4 Dim(t) —m(to) (é(_la_);)q
holds.

From the relation between the C fractional derivative and the GL fractional
derivative using (2) we define the Caputo fractional Dini derivative as

L Dim(t) = 4, Di[m(t) —m(to)], (3)
' ()
D) = limsup 5 m(t)—m(to)~>_ (~1)"*'(qCr) (m@—rh)—m(to))] (4)

r=1
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Definition 2.1. ([10]) We say m € C%([to, T],R") if m(t) is differentiable
(i.e. m/'(t) exists), the Caputo derivative § DIm(t) exists and satisfies (1) for
t € [to, T).

Remark 2.2. If m € C4([to, T], R") then § Dim(t) = § Dim(t).
In this paper we will use the following existence result:
Proposition 2.3 ([5, Theorem 2|). Let f € C(Ry x R" R") be such that
1f(tz) = f(ty)ll = F@)]z -yl
forallt > 0,z,y € R" where F € C(Ry,R,). Then the integral equation
L [" f(s2(s))
t) = ’ ds, t>0
() =0t i1 | ot 1>

has a unique solution defined in R, .

3. Statement of the problem

Consider the following initial value problem for the system of fractional differ-
ential equations (FrDE) with a Caputo derivative for 0 < ¢ < 1

0, Dx(t) = f(t,x(t)) fort>ty, x(ty) = o, (5)

where z,z9 € R", to € Ry, f € C[Ry x R",R"].

The main goal of the paper is to study fractional differential equations with
initial time difference. Note any change of initial time reflects not only on the
initial condition but also on the fractional equation.

Let 9 € Ry, 79 # to and yg € R™ and consider the following IVP for FrDE

s Dix(t) = f(t,z(t)) fort>m, x(m) =y (6)

We will assume in the paper that the function f € C[R; x R",R"] is such
that for any initial data (o, z9) € Ry x R" the corresponding IVP for FrDE (5)
has a solution xz(t; tg, zg) € C([ty, 00), R™). Note some sufficient conditions for
global existence of solutions of (5) are given in [5,11,16].

Lemma 3.1. Let the function x € CYR,,R™), a > 0, be a solution of the
wnitial value problem for FrDE
“Dis(t) = f(t,a(t) fort>a, w(a) = 0. (7)

Then the function Z(t) = x(t +n) satisfies the initial value problem for the
FrDE
GDIE(t) = f(t+n,2(t)) fort>b, Z(b)=mx (8)
where b >0, n=a —b.
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Proof. The function z(t) is a solution of (7) iff it satisfies the Volterra fractional
integral equation ([11, Lemma 6.2])

z(t) = xo + ﬁ /at(t — )it (f(s, x(s)))ds for t > a. (9)

The function Z(t) satisfies the initial condition of (8), i.e. Z(b) = xy.

Change the variable in the integral of (9) with s = £ + n and obtain
2(t) = wo+ wly Jy (= = 1 (F€ +m, 2§+ ) )dé for t > a on

I 1
ot =0+ o [ =97 (Fe+nae+m))de fort+n>a

Therefore,

F(t) = 2(t + 1) = 70 + ﬁ /bt@ — & (f(E +n.3(0) )de for £ >,

which proves Z(t) is a solution of the initial value problem for FrDE (8). O

As mentioned in Remark 3.3 in [21, Remark 3.3] any equilibrium point
of a FrDE could by shifted to the origin via an appropriate change of variable.
From Lemma 3.1 we obtain the result for the shift of any solution of a fractional
differential equation.

Corollary 3.2. Let the function x € CUR4,R") be a solution of the initial
value problem for FrDFE

oDix(t) = f(t+to,x(t)) fort>0, z(0)=x. (10)
Then the function Z(t) = x(t — to) satisfies the FrDE
0 D1T(t) = f(t,2(t)) fort>ty, Z(to) =0 (11)
where ty € Ry.

Corollary 3.3. For any solution z(t) = xz(t;to,zo) of (5) the function
Z(t) = x(t + to) is a solution of the initial value problem for FrDE

cDIz(t) = f(t+to,2(t)) fort>0, Z(0)=xg (12)

and conversely, for any solution Z(t) = Z(t;0,z9) of (12) the function
x(t) = (t — to) is a solution of (5).

The relation between (5) and (6) is given by the following result.
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Corollary 3.4. For any solution z(t) = xz(t;70,y0) of (6) the function
z(t) = x(t +n) is a solution of IVP for FrDE

o DIE(t) = f(t+n,2(t))  fort=to, E(to) = yo, (13)
where n = 19 — to .
Remark 3.5. Without loss of generality we will consider the case when 75 > .

In the paper we will use the following sets:

K={a € C[R.,R,] : a is strictly increasing and a(0) = 0},
B(H)={ueR: |u/<H}, H=const>D0,
S(A) ={z eR":[|lzf| < A},
SA)={z eR": ||z <A}, A= const>0.

The goal of the paper is to study the stability with initial time difference
for FrDE (5), i.e. we will study the difference between a solution of IVP for
FrDE (5) and a solution of (6).

Definition 3.6. Let z*(t) = x(t; o, z9) be a given solution of FrDE (5). The
solution x*(t) is said to be

e stable with initial time difference (ITD) if for every € > 0 there exist
d = d(e,tg) > 0 and 0 = o(e,tg) > 0 such that for any yo € R" and
any 79 € R, the inequalities |yo — zol| < 0 and |79 — to| < o imply
lx(t 4+ n; 70, yo) — x*(t)]| < € for t >ty where n = 179 — to and x(t; 70; yo) 18
a solution of (6);

o attractive with initial time difference (ITD) if there exist § > 0 and o > 0
such that for every € > 0 there exists T' = T'(¢,t9) > 0 such that for any
70 € Ry,yo € R" with ||y — zo|| < S and |19 — to| < o the inequality
llx(t + n;70,y0) — x*(t)|| < € holds for ¢t > ¢y + T where n = 75 — ty and
x(t; To; yo) is a solution of (6);

e asymptotically stable with initial time difference if the solution z*(t) is
stable with ITD and attractive with I'TD.

Example 3.7. Consider the initial value problem for the scalar fractional dif-

ferential equation
cDiz(t) =at* ' z(0) =z (14)

where a > 1 and zy # 0 is fixed. The solution of (14) is given by z*(t) =

al’(a)tleta)—1
I(a+q)

but with an unchanged initial time ¢y = 0. The solution of (14) with z(0) = yo

is given by Z(t) = % + yo. Then, |x*(t) — Z(t)| = |zo — yo|. Therefore,

the solution z*(t) is stable.

+129. Consider the solution of (14) with another initial value yo # x¢
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Now, we consider different initial data, i.e. different initial values yo # xq
and initial time 79 # 0. Let y(¢) be a solution of the corresponding IVP for the
scalar FrDE ¢ D% (t) = a t*', 2(79) = yo. According to Lemma 3.1 the function
g(t) = y(t + 79), satisfies the IVP for FrDE §D5(t) = a(t + 70)**, 5(0) = yo.
Consider the difference of both solutions z(t) = g(t) — x*(t) = y(t + 70) — 2*(¢).
The function z(¢) is a solution of the FrDE §D%z(t) = a((t+70)* ' —t*~') with
2(0) = yo—xo. This FrDE has no zero solution. If a =2 then §D?z(t) = am,
2(0) = yo — x¢ and according to [11, Lemma 6.2],

(1) 4 /t(t Y127, 42 >0 (15)
z =Y — T e — S TodS = Yo — T —— orit -~ u.
T () Jo " C T r(g)

Now (15) shows the solution x*(t) is not stable with ITD, i.e. the change in the
initial time does not save the stability property of the solution.

Definition 3.8. The system of FrDE (5) is said to be

e uniformly stable with initial time difference (ITD) if for every € > 0 there
exist 0 = d(e) > 0 and o = o(e) > 0 such that for any xg,yo € R" and
any to, 70 € Ry the inequalities |[yo — zol| < ¢ and |15 — to| < o imply
lx(t+n) —x*(t)|| <€ fort >ty where n = 719 — to and x*(t) = x(t; to, xo)
and z(t) = x(t; 7, yo) are solutions of initial value problems for FrDE (5)
and (6) correspondingly;

o uniformly attractive with initial time difference (ITD) if there exists 5 > 0
and o such that for every € > 0 there exist 7" = T'(¢) > 0 such that for
any to, 70 € Ry, o,y0 € R" with ||yo — xo]| < B and |79 — to| < o the
inequality ||x(t+n; 70, y0) —2*(t)|| < € holds for t > to+T where n = 79—tq
and z*(t) = x(t;tg, o) and x(t) = x(t; 70, yo) are solutions of initial value
problems for FrDE (5) and (6) correspondingly;

e uniformly asymptotically stable with initial time difference if FrDE (5) is
uniformly stable with ITD and uniformly attractive with I'TD.

Remark 3.9. The stability with initial time difference is important only in the
case of nonautonomous fractional differential equations.

Consider IVP for FrDE (5) in the autonomous case, i.e. f(t,z) = f(z) with
a given solution z*(t) = x(t;ty, zy). Define the function f : R, x R® — R"
by f(t,2) = f(z+x*(t)) — f(x*(t)). Then f(¢,0) = 0. To study the stability
with ITD of z*(t) we consider the difference z(t) = x(t + n) — x*(t), where
x(t) = x(t;70,%0), 1 = 10 — to, Lo # To, is a solution of IVP for FrDE (6).
The function z(t) is a solution of FrDE § D%(t) = ¢ Dix(t +n) — § Diz*(t) =
f(x(t+n))— f(x*(t)) = f(t, 2(t)) which has a zero solution. Therefore, studying
the stability with ITD is reduced to studying the stability of the zero solution
of the corresponding FrDE (see Example 3.10).
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The situation is not the same for nonautonomous FrDE. Similarly, define the
function f : Ry xR" x B(H) — R" by f(t,z,n) = f(t+n, z+x*(t)) — f(t, z*(t))
where z*(t) = x(t; to, xo) is a given solution of (5). In the general case 1y # to
note f(t,0,n) # 0 holds. Consider the difference z(t) = x(t + 1) — x*(t),
where z(t) = x(t;70,%), to # 7o, is a solution of IVP for FrDE (6). The
function z(t) is a solution of FrDE § D2(t) = ¢ Dix(t +n) — ¢ Dix*(t) =
f(t +n,x(t+mn) — f(t,z*(t)) = f(t,zn) which has not a zero solution (in
the general case). Therefore, studying the stability with ITD could not be
reduced to studying the stability of the zero solution of a corresponding FrDE
(see Example 3.7).

Example 3.10. Consider the IVP for the autonomous FrDE
Diz(t)=z(t)+1 fort>0, z(0)=0. (16)

The solution of (16) is x*(t) = t9E, 441(t9) (see, [13, Example 4]), where the

Mittag-Leffler function is defined by E, 5(z) = > 1, F(q'z—iﬁ), g>0, 8>0.

Now, choose 79 > 0 and yo # 0 and let z(t) = x(t; 79, yo) be the solution of
FrDE ¢ Dx(t) = 2(t)+1 for t > 7y, with z(79) = yo. According to Lemma 3.1
for a = 19,b = 0,1 = 79 the function Z(t) = x(t + 79) is a solution of §D%x(t) =
x(t) + 1,t > 0 with 2(0) = yo. Consider the difference z(t) = z(t + 79) — x*(t)
which satisfies the IVP for FrtDE §D9z(t) = 2(t), 2(0) = yo. This FrDE has
a zero solution, so, studying the stability with initial time difference of x(t) is
reduced to studying the stability of the zero solution of an appropriate FrDE.

We will use comparison results for the IVP for scalar FrDE with a parameter
0D =g(t,u,n) fort>ty, wu(te)=uo (17)

where u € R, g : [tg,00) x R X B(H) — R, ¢(¢,0,0) = 0. We will assume in
the paper that the function g : [tp,00) x R x B(H) — R is such that for any
initial data (tg,up) € Ry x R and any value of the parameter n* € B(H) the
scalar FrDE (17) with u(tg) = ug and = n* has a solution wu(¢;ty, ug,n*) €
C9([tg,00),R) (we assume the existence of a maximal solution in Section 5).
Also, we assume that for any compact subset I C [tg, 00) and any fixed value
n* € B(H) of the parameter there exists a small enough number L = L(n*) > 0
such that the corresponding FrDE § D% = g (¢, u,n*) +~ with v € (0, L] has a
solution u(t; tg, ug,n*) € C4(1,R) where (tg,up) € I x R.

In the definition below we assume u(t; to, ug,n) is any solution of (17) with
u(ty) = up and a given n € B(H).
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Definition 3.11. The zero solution of the scalar FrDE with a parameter (17)
is said to be
(i) stable w.r.t. a parameter if for any € > 0 and t; € R, there exist
d = (tg,€) > 0 and o = o(to,€) > 0 such that for any up € R: |ug| <4
and any n € B(o) the inequality |u(t;to, ug,n)| < € holds for t > t;
(ii) uniformly stable w.r.t. a parameter if above § and o don’t depend on ty;
(iii) attractive w.r.t. a parameter if for any € > 0 and t, € R, there exist
d = 0(tg,€) >0, 0 = o(tg,e) > 0 and T' = T'(to,€) > 0 such that for any
uy € R: |ug| < d and any n € B(o) the inequality |u(t;to, uo,n)| < €
holds for ¢t > to + T.

Example 3.12. Consider the IVP for the scalar FrDE (17) with g(t,u,n) =
—au + Cn:
W Du(t) = —Au+Cn, t>ty, u(lo) =uo (18)
where A > 0,C' > 0, 7 is a parameter.
From [14, Example 4.9] and [14, Equation (4.1.66)] with o = ¢, a = to,
A= —A, f(t) = Cn, b= wug the solution of (18) is given by

u(t;to, g, ) = uoEq,l(—A(t—to)q)Jr/tt (t =) Byy(—A(t —))Cndr. (19)

From [23, Equation (1.99)] with A = —A,a = ¢, = ¢,z =t — t;, we obtain

= (t = t0) " Egqr1(—A(t — t0)?).

[ o Buaeatmas

From [11, Theorem 4.2] with ny = ¢,ne = ¢+ 1,2 = —A(t — t5)? we get the
caaliy (t —10)" (¢~ 10)7) = (il ~ ool ~A(t - to>q>).

Then ‘ Sl —T)q—lEq,q( Alt — T)q)dT‘ it 1B, ,(— Ast)ds| <
(1= By(—Alt — 1)) < 4, 50
1
[u(t: to, w0, )| < fuol + 5 Cnl. (20)

The inequality (20) proves the zero solution of (18) is uniformly stable w.r.t. a
parameter.

In this paper we will study the connection between the stability with initial
time difference of the system of FrDE (5) and the stability w.r.t. a parameter
of the zero solution of the scalar FrDE (17).

We now introduce the class A of Lyapunov-like functions which will be used
to investigate the stability with I'TD for fractional differential equations.
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Definition 3.13. Let I CR; and ACR", 0€A. We will say that the function
V(t,z): I xA — R, belongs to the class A(1,A) if V(t,2) e C(I x AR, is
locally Lipschitzian with respect to its second argument.

For fractional differential equations some authors used the Caputo frac-
tional derivative of Lyapunov functions of the unknown solutions (for example,
[4,6,9,21,32]). This approach requires the function to be smooth enough (at
least continuously differentiable) and also some conditions involved are quite
restrictive. Other authors use the Lakshmikantham et al. derivative of Lya-
punov functions ([16,17]) and this definition requires only the continuity of the
Lyapunov function. However it can be quite restrictive (see Example 3.15).

In [2,3] the derivative of Lyapunov functions is introduced based on the
Caputo fractional Dini derivative of a function m(t) given by (4). It is used
to study stabiity and strict stability of Caputo fractional differential equations.
Now we generalize this definition with initial time difference. We define the
Caputo fractional Dini derivative with initial time difference (ITD) of the func-
tion V (t,z) € A(I,A) along trajectories of solutions of the system FrDE (5) as
follows:

EOD?@V(t? x,Y,n, Lo, yO)

[52]

= lim sup i{V(t, y —x) — V(to,yo — o) — Z (=) qCr (21)

h—0*t h1 —1

X |:V<t_rh7y_l'—hq<f(t+n7y)_f(tax))> _V(t07y0_x0):|}a
where t,tg € I, y — x,yo — o € A, and there exists h; > 0 such that t — h € I,
y—x—hi(f(t+ny) — f(t,x)) € Afor 0 < h < hy and n € B(H).

Lemma 3.14. Let n = 1, z(t) = z(t;to, z0) be a solution of (5) and Z(t)
z(t;70,Y0) be a solution of (6) and V(x) = x*. Then { DV (Z(t +n) — x(t)) =
goDEIE))V('T(t)? ‘/i(t + T])7 7, Zo, yO) where =7 — tO-

Proof. Let y(t) = Z(t +n). Apply (3) and definition (21) and we obtain

¢ DI(&(t+n)—x(t)”

to

= DL [(@(t+n) — 2(1))*~ (yo—20)*]

- liixjﬁp T :ht:](l)qur(yo —x0)?
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[t 1’0]

“+lim sup — 1 Z )qCr

9 [(y<t—rh> —:c(t—rmf— (vt -1 [r(en. 10~ 1t x(t»}ﬂ

= goDé)V(x(t)?y(t)777>1:07y0>
i sup oS (1)5Cr [rh (€)' () 4+ 40(0) -t 2(0)]| (22

x {<y<t—rh>+y<t>> (e —rh)+a(t) — Bt () — f(, x(t)))}},
where £, ¢ € (t —rh,t).

Use the equality lim sup,, o+ h® ZLf}(—l)qu’r = 0 for o > 0, the limit
lim o0 Zfio(—l)’"qC’rzo, where N is a natural number, and limy, o+ [52] =00
and we obtain

[t to]

lim sup %Z(—l)TqC’r {rh(y’(f) —x'(g‘)) +hq(f(t—|—7), y(t))—f(t, ﬂf(t))}

h—0+ —0

X [(y(t—fh) +y(t) = (2(t—rh)+a(t) —h*(f(t+n,y(H) - f(t, w(t)))}
[52]

= limsup Z )'qCr (f(t+n, y(t)— f(t, x(t)) (23)

h—0t —0

X [(y(tc —rh)+y(t)) — (x(t—rh)jtx(t))}

— timsup S (~1)Cr (F (¢4, y(0) — F (1, 2(8) (2y(t) ~ 22(1)

From (22) and (23), the result follows. O

A generalization of the derivative with initial time difference of a Lyapunov
function is defined and used in [10,16,17] :

= limsupéo/(t,y—x) —V(t—hy—z—h(ft+ny) — f(t,x)))

h—0+

(24)

Note formula (24) is simpler than that introduced in formula (21) but it
gives us quite different results than those in the literature.
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Example 3.15. Let V(t,z) = (t+1)2 forz € R, x € B(A), A > 0, and consider
the case tg > 0,29 # yo,n = 70 > 0.
Apply formula (24) to obtain the derivative of V', namely

DLV (t,y —x,m) =
{ (= (y—o)h' "+ (ft+n,y) = f(t,2))(t + 1))

= lim sup
h—0

(t+1)2(t+ 1 — h)?
L Q-2+ 1)~ (y—o)h = h(f(t+n.y) — fE0) 1) | (2D)
(t+1)2(t+1— h)?

2y — ) (f(t+n.9) — f(t.2)

(t+1)2 '

Use formula (21) to obtain the derivative of V', namely

EOD&)V(t? x,Y,1,Zo, yO)

(yo—w0)* .. 1
——-1 — —-1)"qC
(1+t)? liriiljp hq;( )"qCr

: (y—z)? = (y—x—=hy(f(t+n,y)— f(t, x))) (26)
i ()2 hiri%lfp ha
[£50]
. 1 ) |
+ hllzif)lip (y—x—hq(f(t—i—n, y)—f(t, x))z)ﬁg(_l) qC’rm.

Apply the equality limy_,o Ziv 0(— )"qCr = 0 for a natural number N,

t t

t—to
]
lim supy, g+ = i Z (—1)"¢Cr——3 t+1 vz = Dq ( o) ) = ,50Dq(—t+11 2),
)2 (t+1)2 (t+1)

)
lim sup (y—:c—hq(f(t+77, y)—f(t, x))2> %Z(—l)Tqum

h—0+ —0

- (hmsup(y—x—hq(f(t“? y)=ft, x))2>(hmsur)%Tio(_l)TqCTm>

h—0t+

: —z)2—(y—x— — z)))?
and lim sup, o WUt ED IO — o(y — 2)(f£(t + n,y) — f(t, 7)),
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from (26) we obtain the following

fOD?5)V(t,x,y,777xo,x0)
2y — ) (f(t+ny) — f(t,x))
N (t+1)2 o
2 q 1 2 q ]' 27
R ) RS (re)
_ 2y =o)(fttny) - fte) Dq((y—m)2 (%o —$0)2>'

(t+1)2 t+1)2 (to+1)?

Now consider the well known case ¢=1. The Dini derivative of the Lyapunov
function with respect to the ordinary differential equation a’'= f(t, z) is

DV(t,y—x,n)
—timsup (Vg =) = V(e = oy — o = h(F(t+0.9) = Flt.2)))
2y —o)(ftny) — () L (y—2) (28)
B (t+1)2 (t+1)3
2y —2)(fE+ny) - f(tx) d((y—z)
(t+1)2 +E<(t+1)2)'

In formula (25), we obtain only the first term of DV (¢, z) in (28). Formulas (27)
and (28) are quite similar.

4. Fractional differential inequalities with initial time dif-
ference and comparison results for scalar FrDE

Lemma 4.1 ([3, Lemma 1]). Let me C([to,T],R) and suppose that there exists
t* € (to, T'], such that m(t*)=0, m(t) <0 for to <t <t* and the Caputo fractional
Dini derivative §, DS m(t*) exists. Then the inequality { Dim(t*)>0 holds.

Now we present a comparison result applying the Caputo fractional Dini
derivative of Lyapunov functions.

Lemma 4.2 (Comparison result). Assume the following conditions are satisfied:
1. The function x*(t) = x(t;to, xo) € CU([to,to + T],R") is a solution of (5)
and z(t) = x(t;70,90) € CU[10, 70 + T],R") is a solution of (6) such
that (t + n*) — a*(t) € A fort € [to,to + T] where A C R", 0 € A,
to, 70 € Ry @ n* = 19—ty € B(H), H,T > 0 are given constants,
Zo, Yo e R": Yo — Xg € A.
2. The function g € C([to,to +T] x R x B(H),R).
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3. The function V € A([to,to + T|,A) and for t € [to,to + T the inequality
WDl V(2™ (), 2(t +17). 0", 20, y0) < gt V(E,2(t +n07) — 2"(t).,n")

holds.
4. The function u*(t) = u(t; ty, ug,n*), u* € CU[ty,to + T],R), is the maxi-
mal solution of the initial value problem (17) for initial data (to,uo) and

parameter n = n*.
Then the inequality V (to, yo—0) < ug implies V (t,Z(t+n)—z*(t)) < u*(t)
fort € [to,to + T1.

Proof. Let v > 0 be an arbitrary enough small number (i.e. v < L = L(n*) as
described after (17)) and consider the initial value problem for the scalar FrDE

iD= g(t,u,n™) +~ fortety,to+T], u(ty) = uo+7. (29)

The function u(t;y) = u(t; to, up + 7v,n*) is a solution of the IVP for the scalar
FrDE (29) iff it satisfies the Volterra fractional integral equation [11, Lemma 6.2]

1 t
ulti ) =ty / (t=5)"" (g(s,u(s:7). ") +)ds  for L€ [to, to+T]. (30)
to
Let the function m(t) € C([to, to+T),Ry) be m(t) = V (¢, Z(t+n*) — x*(t)).
We now prove that

m(t) < wu(t;y) forte [to,to+ 7] and~y € (0,min{H,L}). (31)

Let v* < min{H, L} be a fixed positive value. Note that the inequality (31)
holds for ¢ = ty and v = ~* since m(ty) = V(to, z0) < up < u(to;y*). Assume
that inequality (31) is not true for ¢ € (to,to+ 7] and v = v*. Then there exists
a point t* such that m(t*) = u(t*;~*), m(t) < u(t;v*) for t € [ty,t*). Now
Lemma 4.1 (applied to m(t) — u(t;7*)) yields § DI (m(t*) — u(t*;v*)) > 0, i.e.
)5

L DEm(t") > gt u(t™;y"),n") + 4" > g(t*, m(t*),n"). (32)

According to Corollary 3.4 the function x*(¢t + n) satisfies IVP for FrDE (13).
Then from Remark 2.2, formula (4) and the IVP for FrDE (13) we obtain for
t € (to,to + T the equality

1
limsup — | Z(t +1") — 2*(t) — yo + xo — S(Z(t), 2" (), h,0")
h—ot+ he

= fE+n" 2t +n") — f(E,27(2))

where

t—to}

h

S(&(t), a*(t), h,n*) = > (1) qCr|E(t-+n"—rh)—z*(t—rh)—yo+xo]. (33)

r=1
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Therefore S(i(t), 2*(t), h,n*) =2 (t+n*) —x* (t) —yo+ao—h (f(t+n*, & (t+n*)) —
f(t,2*(t)) —A(h7) or

O R O U R RS (CEAC) B
= S (2(t), 2"(t), h, ") + yo — w0 + A(R7)
with 2% 5 0 as h — 0. Then using (34) for any ¢ € (to, to + 7] we obtain
: Dim()

= {V(t, Z(t+n") — 2" () — V(to, yo — o)

— Z T+1qu[ (t—rh,z(t+n") — x*(¢)

— Rt (f(t +n%2(t+n")) — f(t,ac*(t)) — V(to, 90 — xo)] } (35)

tto

+ Z 1) qCrv (t —rh, S (&(t),2"(t), h,n") + yo — xo + A(hq)>

[%1

— Z (-1 tqCrv (t —rh,z(t —rh+n") —x"(t — rh)).

Since V' is locally Lipschitzian in its second argument with a Lipschitz constant
L > 0 applying (33) we obtain

[52]

Z(—l)”lqcr{v(z&—rh, S(z(t), z*(t), h,n") +yo—zo+A(RT))

—V(t—rh,i(t—rh+n*)—m*(t—rh))}
= to] = to]
< LH 0O Y 1P ot =it = (1) =+
[50] (36)
— ZQCT (t—rh+n*)— (t—rh)—y0+xo)“+LA(hq) ZqCT
r=1

tto

:LH(i<— ”16107")(26109 B(t+n" Jh)—x*(t—jm_%”o))u

5]

h

+LA(h?) ZQCT.

r=1
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Substitute (36) in (35), divide both sides by h9, take the limit as h — 0
and Y02, qCrz" = (14 2)?if |z| <1, and we obtain for any ¢ € (to, to + 1] the
inequality (note (4) and (21) and condition 3 of Lemma 4.2)

o D3m(t)

< gng5)V(t7 z*(t), Z(t + 1), 1", o, Yo)

t—t tt
(2] l

+L i Sl S aCr+ Ll SHPH( (1))
1 [0 (37)
(hq > qCj(# (t+77*—jh)_$*(t—ﬂ1)—yo+950)>H
j=1
= WDV (2" (@), 2(t +n"), n", Zo, yo)
< g(t, V(EE(t+n") — 2 (1), n")
:g(tvm(t)vn )

Now (37) with ¢ = t* contradicts (32). Therefore (31) holds on [tg, %y + T for
any arbitrary v € (0, C], where C'= min{1, L, n*)}.
We now show if 79 < 7, then

u(t;v2) < u(t;y) fort € [to,to + T (38)

Note that the inequality (38) holds for ¢ = ¢y. Assume that inequality (38) is not
true. Then there exists a point t* € (o, to+7"] such that u(t*;v2) = u(t*;y1) and
u(t;v2) < u(t;y1) for t € [to,t*). Now Lemma 4.1 (applied to u(t;v2) — u(t;71))
yields § D% (u(t*;y2) — u(t*;71))) > 0. However

DI (u(t™;v2) —u(t™;m))) = g(t", u(t™;72),n") +r2—[g(t", u(t"; 1), n") +7] <0,

a contradiction. Thus (38) is true.

Now 0 < v < C, and (31) and (38) guarantee that the family of solutions
{u(t;v)},t € [to, to+T] of (29) is uniformly bounded i.e there exists K > 0 with
lu(t,v)| < K for (t,7) € [to,to + T] x [0,C]. Let M = sup{|g(t,z)| : (t,z) €
[to,to+T] x [~ K, K]}. Take a decreasing sequence of positive numbers {v;}32,
7o < C, such that lim;_,, v; = 0 and consider the sequence of functions wu(t; ;).
Now for tq,ts € [to,to + T, t1 < t2, using the inequalities a? — b? < 2(a — b)?
fora>b>0, (t; — 5)? < (ty — s)9 for s € [to,t1] and

/t1 ((tQ_S)q_l_(tl_S)q_l)dS B %((tQ—tO)q_(t1—t0)q_(t2—t1)q) < w
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we get
|u (t2a'7j u(ty; %)|

= F ‘ / (t2 = 5)"" = (t = S)q_l) <9(87U(3§7j> + w)ds

n ‘ / (ta = s)" ) (g(s, uls; ;) + %‘)ds‘ (39)
M + 1 (ta—1)?  (ta—11)7

STl

M1 RY

=2 T (t2 —t1)".

Thus the family {u(t;~;)} is equicontinuous on [to,tg + 7']. The Arzela-Ascoli
Theorem guarantees that there exists a subsequence, {u(t;7;,)} that is uni-
formly convergent in the interval [to, to +1]. Let limg_ o u(t;7;, ) = w(t). Take
the limit in (30) as k — oo and we see that w(t) satisfies the initial value prob-
lem (17) for t € [tg,to + T]. Now from (31) we have m(t) < w(t) < u*(t) on
[to, to + T O

If g(t,z) = 0 in Lemma 4.2 we obtain the following result:

Corollary 4.3. Assume the following conditions are fulfilled:

1. The condition 1 of Lemma 4.2 is satisfied.
2. The function V€ A([to, to + T, A) and the inequality

?OD?@V(t,JI*(t),i'(t + 77*)777*7130790) < 0 fOTt € [t07t0 + T]

holds.
Then for t € [to,to + T| the inequality V (t,z(t + n*) — x*(t)) < V(to,yo — xo)
holds.

Proof. The proof follows from the fact that the Caputo fractional differential
equation ‘D% = 0 has a constant solution. Apply Lemma 4.2 with uy =
V(to, yo — o). O

The result of Lemma 4.2 is also true on the half line. The idea is to fix
T > 0 and once again we have (30) and (31). Take the limit in (30) as k — oo
and we see that limy_,., u(t;;,)) satisfies the initial value problem (17) for
t € [to,to +T]. We can do this argument for each 7' < oo. This yields the
following result.

Corollary 4.4. Let the conditions in Lemma 4.2 be satisfied where the interval
[to, to+ T is replaced by [to,00). Then the inequality V (to, yo — xo) < ug implies
V(t,z(t +n*) — z*(t)) < u*(t) fort > to.
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From Corollary 4.4 we have the following global result.

Corollary 4.5. Assume the following conditions are fulfilled:

1. The condition 1 of Corollary 4.3 is satisfied.
2. The function V € A([ty,00),A) and the inequality

t0 D)V (2" (1), Z(t +17),n" w0, 50) <0 fort >t

holds.
Then the inequality V' (t, Z(t +n*) — x*(t)) < V(to,yo — xo) holds for t > 1.

If the derivative of the Lyapunov function is negative, the following result
is true.

Lemma 4.6. Assume the following conditions are satisfied:
1. The condition 1 of Lemma 4.2 is satisfied.

2. The function V€ A([to, to + T|,A) and fort € [ty,to + T the inequality
¢ DI V(b (8), 3¢ + 7). 7, 70, 90) < —e(t + ) — 2" (D))

holds where c € K.
Then fort € [to,to + T the inequality

W/%(t—s)q1c<\|az<s+n*>—x*<s>||>ds (40)

holds.

Proof. Define the function m(t) € C([to, to + 1], Ry) by m(t) = V (¢, Z(t +n*) —
x*(t)) and the function p € C([to, to + T],R4) by p(t) = c(||z(t + n*) — z*(t)]]).
As in the proof of (37) we have for ¢ € [to,to + T

w0 DEm(t) < 5 D)V (&, Z(t4n") =" (), ") < —c([|2(t4n0") =2 () []) = —p(t). (41)

Let v > 0 be arbitrary. Consider the following initial value problem for the
scalar FrDE

B Du(t) = —p(t), t>to, u(to)=mlto)+. (42)

The function wu(t;) is a solution of (42) iff it satisfies the following fractional
integral equation

u(t) = m(ty) —

1 -
m/to(t —5)" p(s)ds + . (43)

According to Proposition 2.3 there exists an unique solution wu(t;y) €
C([to,to + T],R) of (43).
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We now prove that for any v > 0
m(t) <u(t;y), te€ [to,to+T]. (44)

Assume the contrary. Therefore there exist v* > 0 and t* € (tg,to + T such
that

m(t*) = u(t™;y"), and m(t) <u(t;~") for t € [ty,t7).
From Lemma 4.1 (applied to m(t) — u(t;7*)) we obtain
R DIm(t) > § Diu(t™ ") = § DMu(t™~") = —p(t"), (45)

and this contradicts (41). Therefore (44) is satisfied for v*. From (43) and (44)
since v* > 0 is arbitrary we obtain (40). O

If the Lyapunov function V (¢, z) is differentiable we could use its Caputo
fractional derivative instead of the Caputo fractional Dini derivative and we
obtain the following comparison result.

Lemma 4.7 (Comparison result for Caputo fractional derivative). Let the fol-
lowing conditions be satisfied:

1. The conditions 1 and 2 of Lemma 4.2 are satisfied.

2. The function V€ A([to, to + T, A) is continuously differentiable and

WDV (G Z(+0") —a™(t) < g(t, V(L E(t+07) —27(1))),77)

for t € [to,to + T holds.

4. The function u*(t) = u(t; to, uo,n*), u* € C([to, to + T, R), is the mazi-
mal solution of the initial value problem (17) for initial data (to,uo) and
parameter n = n*.

Then the inequality V (to,yo — xo) < wg implies V(t, Z(t + n*) — x*(t)) < u*(t)
fO?" t e [t07 to + T]

The proof of Lemma 4.6 is similar to the one in Lemma 4.2 and we omit it.

5. Main result

We will obtain sufficient conditions for stability with I'TD of the system of
FrDE (5) in the case 0 < ¢ < 1. We will consider the general case when the
Lyapunov function is not differentiable and we use its Caputo fractional Dini
derivative defined by (21).
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Theorem 5.1. Let the following conditions be satisfied:
1. The function x*(t) = z(t; ty, xg) € C([to,0), R") is a solution of the IVP
for FrDE (5) where ty € R, o € R".
2. The function g € C([ty,00) x R x B(H),R), ¢(¢,0,0) = 0 where H > 0 is
a giwen number.
3. There ezists a function V € A([tg, 00), R"™) such that V (t,0) =0 and

(i) for any y,yo € R™ and n € B(H) the inequality
goD?E))V(ta z”* (t)v Y, 1, Xo, yO) Sg(ta V(tv y—df*(t)), 7]) fO?” tZtO (46)

holds.
(ii) b(||z]|) < V(t,x) fort € Ry, x € R", where b € K.
4. The zero solution of the scalar FrDE (17) is stable w.r.t. a parameter
(attractive w.r.t. a parameter).
Then the solution x*(t) is stable with ITD (attractive with ITD).

Proof. Let € > 0 be given and the zero solution of the scalar FrDE (17) is stable
w.r.t. a parameter. From condition 4 it follows there exist 6; = 01(to,€) > 0
and o0 = o(to, €) > 0 such that for any uy € R: |ug| < d; and any n € B(o) the
inequality

lu(t; to, uo, )| < ble), t >t (47)

holds where u(t;ty, ug,n) is a solution of the IVP for the scalar FrDE (17). It
is clear we can choose o0 < H.

Since V(t9,0) = 0 there exists dy = da(t,01) > 0 such that V(tp,z) < 0y
for ||z|| < 0. Let yo € R™ with ||lyo — xo|| < d2. Then V (to,yo — xo) < 6;. Let
7o € Ry be such that n* = 1y — ¢y € B(0).

Consider any solution z(t) = z(t;79,y0), t > 70, € C([r0,00),R") of
the IVP for the FrDE (6). Now let uf = V(to,y0 — ®o). Then uj < §; and
inequality (47) holds for any solution w(t; g, ug, n*) of the IVP for the scalar
FrDE (17). Then from Corollary 4.3 and (47) we have

V(t,z(t) — 2" (t)) < ult;to,uy,n") < ble), t>ty;

here w(t; to, ug,n*) is the maximal solution of the IVP for the scalar FrDE (17)
(with the initial point (o, ug) and parameter n = n*). Then for any ¢ > ¢, from
condition 3(ii) we obtain

b([l(t) — 27 (D)) < V(E,2(t) —2"(1)) < be), = to,

so the result follows.

If the zero solution of the scalar FrDE (17) is attractive w.r.t. a parameter
then following an argument similar to the above shows that the solution z*(t)
is attractive with ITD. ]
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Corollary 5.2. Suppose for any ty > 0 that there exist a positive T'(ty) such that
inequality (46) of Theorem 5.1 is satisfied for t >T(ty). Then the solution x*(t)
of (5) is attractive with ITD.

Now we present some sufficient conditions for uniform stability with I'TD of
FrDE in the case when the condition for the Caputo fractional Dini derivative
of the Lyapunov function is satisfied only on a ball.

Theorem 5.3. Let the following conditions be satisfied:
1. The function g € C(Ry x R x B(H),R), ¢g(¢,0,0) =0 where H > 0 is a
given number.
2. There exists a function V € ARy, S()\)) such that
() Jor any to > 0, 2,y,70,y0 € B" : y—x € S(\).yo — 70 € S() and
n € B(H) the inequality

;S:ODEZS))V(t?aja Yy, 1, x(byO) < g(tv V(t7y - IL’),T]) fO?"t 2 to (48)

holds where A > 0 1s a given number.
(ii) b(||z]|) < V(t,z) < a(||z]]) fort € Ry, z € S(\), where a,b € K.
3. The zero solution of the scalar FrDE (17) is uniformly stable w.r.t. a
parameter.
Then the FrDE (5) is uniformly stable with ITD.

Proof. Let € € (0, ] be given. From condition 3 of Theorem 5.3 it follows there
exist 6; = d1(€) > 0 and 0 = o(€) > 0 such that for any up € R : |ug| < 41,
to € Ry and any n € B(o) the inequality

Jult: to, uo, )| < b(e), € > to (49)

holds where u(t;ty, ug,n) is any solution of the scalar FrDE (17) with initial
data (tg,up) and parameter n. We can choose 0 < H and §; < min{e, b(e)}.

From a € K there exists dy =d2(€) >0 so that a(d) < ;. Let § =min(e, oo
Choose the initial values xg, yo €ER": yo—x¢ € S(0), to, 7o ER .y, n* =70—to € B(0
Let z*(t) = x(t;to, z0) € CU[to,to + T],R™) be a solution of (5) and Z(t) =
x(t;70,y0) € CU[70, 70 + T],R"™) be a solution of (6) with initial data (¢, zo)
and (79, yo) respectively. We now prove that

).
).

|lz(t+n) —a" ()] <€ t>to. (50)

From the choice of initial data it follows that inequality (50) holds for t = ¢,.
Assume inequality (50) is not true for all ¢ > t. Therefore, there exists a point
t* >ty such that

|z(t" +n) —a" ()| =€ and [|Z(t+n)—z(t)|| <€, € [to,t"). (51)
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Now let ug =V (to, yo — ). Then from 2(ii) we get us < a(||yo—zol|) <a(d2) <d;.
Let u*(t) = u(t; to, uy, n*) € C([to, t*],R) be the maximal solution of the scalar
FrDE (17) on [tg,t*] for the initial data (¢, ug) and parameter n = n*. Since
luj| < 61 and n* € B(o) the maximal solution u*(t) satisfies inequality (49) for
t € [to,t*]. From the choice of the point ¢* it follows that Z(t+n) —2*(t) € S(\)
for t € [to,t*]. Then from the reasoning in Lemma 4.6 for the interval [t, t*] we
have

V(t,z(t+n) —a"(t) Su'(t), tel[to,t]. (52)
From inequalities (49), (52), the choice of t*, and condition 2(ii) of Theorem 5.3
we obtain b(e) > u*(t*) >V (t*, 2(t" +n) —a*(t*)) > b(||Z(t*+n) —x*(t*)||) = b(e).
The contradiction proves (50) and therefore, the uniform stability of the
FrDE (5). O

Corollary 5.4. Let condition 2 of Theorem 5.3 be satisfied with g(t,u,n) = 0.
Then the FrDE (5) is uniformly stable with ITD.

Proof. The proof follows from the fact that the Caputo fractional differential
equation § D7z = 0 has a constant solution which is uniformly stable and con-
sequently it is uniformly stable w.r.t. a parameter. O

Corollary 5.5. Suppose for any ty > 0 that there exist a positive T (ty) such
that inequality (48) of Theorem 5.3 is satisfied fort > T(ty). Then the FrDE (5)
s uniformly attractive with ITD.

Now we present some sufficient conditions for uniform asymptotic stability
with I'TD of the FrDE.

Theorem 5.6. There exists a function V € A(R,,R"™) such that
(1) fOT’ any tO > O; T,Y,%0,Y0 € R™ : y—r e S’()\>,y0—l'0 € S()\) and
n € B(H) the inequality

?oDEIS)V(t7x7y77]’xO7yO) S _C(Hy_xH) fO’l”t 2 to (53)

holds where ¢ € IC, A > 0 s a given number;
(ii) o(||z|]) < V(t,z) < a(||z]]) fort € Ry, x € R", where a,b € K.
Then the FrDE (5) is uniformly asymptotically stable with ITD.

Proof. From Corollary 5.4 the FrDE (5) is uniformly stable with ITD. Therefore,
for the number A there exists o = a(A) € (0,A) and and o0 = o(\) > 0 such
that for any xg,yo € R" and any t, 79 € Ry the inequalities ||y — zo|| < o and
|70 — to| < o imply

12(t + 1) — 2" @) < A for t >t (54)
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where n = 19—ty and 2*(t) = z(t; to, o) and Z(t) = x(¢; 70, yo) are any solutions
of FrDE (5) with x(to) = o and (1) = yo respectively.

Now we will prove the fractional differential equations (5) is uniformly at-
tractive with ITD. Consider the constant 5 > 0 such that a(5) < b(a). Let
e € (0,A] be an arbitrary number. Choose to, 79 € R, and xg,y € R" such
that ||yo — xo|| < B and |19 — to] < 0. Let a*(t) = x(¢t;t9, x0) € CU([to, 00), R")
and Z(t) = z(t;70,%) € CU[10,00),R") be solutions of FrDE (5) with the
chosen above initial data. Then b(|lyo — zol|) < a(]lyo — zol|) < a(B) < b(«),
i.e. ||yo — xo|| < a and therefore the inequality (54) is satisfied for ¢ > ¢, i.e.
T(t+mn) —a*(t) € S(A) for t > 1.

Choose constants v = 7y(¢) € (0,¢] and T' = T'(€) > 0 such that a(y) < b(e)
and T > %. We now prove that

|\Z(t+n) —a"(t)]| <e fort>ty+T. (55)

Assume
|Z(t+n) —a*(t)|| >~ foreveryt € [to,to+ T]. (56)

Then from Lemma 4.7 (applied to the interval [ty,to+ 7] and A = S()\)) we get

Vito+T,2(to+T+n) —a"(to+ 1))

< Voo = 0) = gy / Tt + T — 8 (|| (s + ) — 27 (5)])ds
C(’Y) ot -1
< a(l|lyo — xol]) — == (to+ T — s)7 "ds
Y :((Cl)) T/to (57)

= alllw — w0l = Ty

c()T
<al@) - T(q) q
< 0.

The contradiction proves there exists t* € [to, to+7] such that ||Z(t*+n)—2"(t")]|
< 7. From Corollary 4.3 applied for ¢, = t* and A = S(\) we obtain

V(6 2(t+n) —2*(@1) SV Z( +n) —2*(17))), =1t

Then for any ¢ > t* the inequalities b(||Z(t+n)—z*(t)||) < V (¢, 2(t+n)—a*(t)) <
V(t*, 2(t* +n) —2*(t")) < a(|z(t* +n) —z*(t*)]]) < a(y) < b(e) hold. Therefore
(55) holds for t > t* (hence for t > tq+ T). O

In the case when the Lyapunov function is differentiable, we could use the
Caputo fractional derivative instead of the Caputo fractional Dini derivative
and obtain the following sufficient conditions for stability with I'TD.
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Theorem 5.7. Let the following conditions be satisfied:
1. The condition 1 and 2 of Theorem 5.1 are satisfied.
2. There exists a differentiable function V€ A(R,R") such that V (t,0) =0
and
(i) for any solution Z(t) = Z(t;70,v0) of (6) such thatn = 19—ty € B(H)
the inequality for the Caputo fractional derivative
WDV (2 +n) — (1) < g(t, V(L 2( +n) — 27()),n)
holds.
(ii) o(||z|]) < V(t,z) fort € Ry, x € R", where b € K.
3. The zero solution of the scalar FrDE (17) is stable w.r.t. a parameter.
Then the solution x*(t) of the FrDE (5) is stable with ITD.

Theorem 5.8. Let the following conditions be satisfied:

1. Condition 1 of Theorem 5.3 is satisfied.
2. There exists a differentiable function V € AR, S()\)) such that
(i) for any solution x(t) = x(t;to,x0) of (5) and any solution T(t) =
Z(t; 70, Y0) of (6) such that Z(t+n)—x(t) € S(N), t>ty and n=1o—tp €
B(H) the inequality for the Caputo fractional derivative of V/
DV (Tt +n) —a(t) < g(t, V(L T(E+n) —x(t),n) fort=to
holds where A > 0 is a given number.
(ii) b(||z|) < V(t,z) < a(||z]]) fort € Ry, x € S(N\), where a,b € K.
3. The zero solution of the scalar FrDE (17) is uniformly stable w.r.t. a

parameter.
Then the FrDE (5) is uniformly stable with ITD.

The proofs of Theorem 5.7 and 5.8 are similar to those in Theorem 5.1
and 5.3 where instead of Lemma 4.6 we use Lemma 4.7.

Remark 5.9. In the case 79 = to, 2*(t) = 0 Theorem 5.7 and 5.8 gives us
sufficient conditions for stability of the zero solution of a fractional differential
equation which was also studied in [9,28].

6. Applications

We will give some examples which illustrate the usefulness of the Lyapunov
function to fractional differential equations for establishing stability with initial
time difference.

In physical systems, the Lyapunov function used is often an expression for
total energy of the system, i.e. the Lyapunov function V(z) = 27z, z € R". In
connection with this we will give an example of an application of the quadratic
Lyapunov function to study stability with ITD.
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Example 6.1. Consider the following system of fractional differential equations

gquul (t) = —U] — U2 + P1 (t),

58
g DM (t) = —up +uy +pa(t) fort > ¢ (58)

with initial condition

u(§) =u] and us(&) = u,

where uj,us € R, & € Ry, p1,p2 € C(R4,R) are Lipschitz functions with
constants Ly, Lo, respectively.

Let tO,TOER+ n=1o—to#0 and z,y, 2%y’ €R?: 2= (x1,13), y=(y1,12),
2¥= (29, 23), v°=(0,19), e°#¢°, y—x€S(N), yo—zo€S(A), A>0 is given
number.

Consider the Lyapunov function V(z) = 2? + 22 where 2 € R?. Now
condition 2(ii) of Theorem 5.3 is satisfied for a,b € K with a(s) = 3s, b(s) = s

Also

c D 58)V(t %yﬂ?,xo,yo)

. 1
< limsup — (yl—$1)2+(y2—$2)2—(y1—$1—hq‘1’)2—(y2—I2—hq‘1>)2
hsot hI
t to

+ Z qu[ (y1— 21— h70) "+ (92—@—}1@)2} }
<- (2_%> ((y1—21)* (y2—12)?)

+2(y1 —21) (pr(t41) —p1(1) +2(y2 —22) (p2(t+1) —pa(t))

g—(*%) (1 —21)*(yo—22)*) +Clnl,

(59)

where C' =2(L1+ L)\, ¥ = —y1 —yo+p1(t+n)+x1+22—pi(t), = —yo+y1+
p2(t+n)+x0—21—Ppa(t).

For any point 7' >ty there exists A(7") >0 such that — (2 t (to 3 ) <—A(T),
t>"1T.

Therefore condition 2(i) of Theorem 5.3 is satisfied for ¢ > T, with the
function g(t,u,n) = —u+ Cn, u € R, n > 0. The corresponding comparison
scalar fractional differential equation is

t D% = —2u + Cn. (60)

According to Example 3.12 the zero solution of (60) is uniformly stable
w.r.t. a parameter and according to Corolarry 5.5 the FrDE (58) is uniformly
attractive with initial time difference.
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Now we give an example for an application of a non-quadratic Lyapunov
function and the Caputo fractional Dini derivative with initial time difference

given by (21).

02 J

06 —_— y,:O

04 “J// -=- =01 -0.21
--- =05
02
fi L L L L n -04r

t
5 10 15 20 ERE)

Figure 1: Graph of 2¢g;(t+n)— F(tl;_qq) Figure 2: Graph of ¢ Dm/(t)—0.5m(t)

for n =0,0.1,0.5. <0.

Example 6.2. Consider the following IVP for the system of FrDE
oDx1(t) = —g1(t)xy + g2(t) 22,
oDIzo(t) = —ga(t)xy — g1(t)zy for t>0 (61)
21(0) =0, x2(0)=0

where = (11,7,) € R?, f (f1=f2) filt,z) = —gi(t)z1 — g2 (V)22 folt, @) =

—go(t)x1 — g1 (t)xe, g1(t) = 1— 2f+1 and g» € C(R,R) is an arbitrary function.

The IVP for the system of FrDE has a zero solution z*(¢) = 0. Similar to

that in Example 6.1 we obtain for the quadratic Lyapunov function V (¢, z) =
2 2
]+ 75

(C)D((J61)V(t70’y777’07y0) <2gl(t + T] ) < )
1%

(291(t+n) F(l—q)> ()-

For example, if ¢ = 0.8 then the function 2g91(t +1n) — (t;_qq) is negative for
t > 28 (see, the graph of 2¢,(t +n) — ( ) ,n=0,0.1,0.5 in Figure 1).

Now consider the Lyapunov function V(t,z) = (xl + x2) where
z = (z1,25), m(t) = e'4+0.1, £ > 0. Lety,y0 € R?, y = (y1,y2)7 vo = (", 18”)
and 75 > 0. Then n = 7 — 0 > 0 and according to formula (21) we obtain

Do)V (1:0,9.,0,30) = =2m(t)gi (1) (yi+93) —m(0) ((31”)*+ (”)?)

(7]
+((41)*+ (y2)?) limsup — L {Z(—l)qurm(t—rh)}.

h—0t ha
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Using lim sup;,_, o+ %{ ZEO(—l)’"qum(t — rh)} = oDim(t) = (DIm(t) =
oDm(t) = ﬁ%(ﬁf (t—s)"1 m(s)ds> and g1 (t +n) > —0.25 for |n] < 1 we

obtain

Dl V (1,09, 0,90) < ( D'm(t) +0.5mu(®)) (30)* + (32)?).

If ¢ = 0.8 we obtain (Dim(t) = F(02)t080 2(0.5 + 5e;"F1(0.2;1.2;1) +
Ft(%é)( ey F1(0.2;1.2;t) + 22e;'Fi(1.2;1.2;1)) where 1Fi(a;b;2) is confluent
hypergeometric function of the first kind given by

00 (a k)
1F(a; b 2) = Z b+k) kl
k=

Then ¢D%m(t) — 0.5m(t) <0 for ¢t > 0.15 (see Fig. 2).

Therefore, since the bound for the time variable 0.15 is better than the
bound 28, the application of the Lyapunov function V(t,z) = m(t)(a$ + 23)
gives a better result. According to Corollary 5.2 the zero solution of the system
of FrDE (61) is attractive with ITD (for ¢ = 0.8).
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