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Abstract. In this paper, we establish a lower bound on the separation between two distinct solutions of a scalar Riemann-Liouville
fractional differential equation. As a consequence, we show that the Lyapunov exponent of an arbitrary non-trivial solution of a
bounded linear scalar Riemann-Liouville fractional differential equation is always non-negative.

Introduction

In recent years, fractional differential equations have become an attractive research areas. The main reason for the in-
creasing interest in the theory of fractional differential systems comes from the fact that many mathematical problems
in science and engineering can be modeled by fractional differential equations, see e.g., [1, 2, 3].

So far, the problem on the existence and uniqueness of solutions of Riemann-Liouville fractional differential
equations has been solved, see e.g., [4, 5] and the references therein. However, to the best our knowledge, there have
been only few published results dealing with the qualitative theory of solutions.

In the qualitative theory, investigating the separation between two differential solutions is an important task and
an important quantity measuring this separation is the Lyapunov exponent.

Our main result in this paper is to establish a lower bound on the difference between two solutions of a scalar
Riemann-Liouville fractional differential equation. This lower bound implies that the Lyapunov exponent of an arbi-
trary non-trivial solution of linear scalar Riemann-Liouville fractional differential equation with bounded coefficient
is always non-negative. This kind of surprising observation (in comparison with the Lyapunov exponent of solutions
of ordinary differential equations) in a different model of fractional systems (Caputo fractional differential equations)
was already achieved, see [6].

The paper is structured as follows: In Section II, we recall some background on Riemann-Liouville fractional
differential equation and state the main theorem of the paper (Theorem 1). As a result of this theorem, we also
show that the Lyapunov exponent of an arbitrary non-trivial solution to a linear scalar Riemann—Liouville fractional
differential equation with bounded coefficient is always non-negative. The proof of the main result is shifted to Section
1.
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Preliminaries and the statement of the main result

Let @ € (0,1) and T > 0. Consider a scalar Riemann—Liouville fractional equation of the following form on the
interval [0, T']

D§, x(1) = f(t,x(1)), (1

where D, x(1) is the Riemann—Liouville derivative of the function x : [0,7] — R, i.e.,

o o4 1 e
Dy, x(t) := th(l—a)L([ 7)) x(1) dt

with I : (0, 0) — R is the Gamma function defined by

I'(y):= f e dt, v € (0, ).
0
Assume that f : [0, 7] x R — R is a measurable function satisfies the following conditions:

(H1)  there is a constant L > 0 such that |f(z, x) — f(¢,y)| < L|x — y|, for almost all # € [0, T] and all x,y € R;
T
(H2) [ 1f(1,0)] di < oo.

By virtue of [4, Theorem 3.2], for any initial condition x € R, the Equation (1) with the initial condition
lim '~ x(¢) = x
t—0

has a unique solution denoted by ¢(-, x) on (0, T'].
In what follows, we state the main result of this paper in which a lower bound on the separation of two differential
solutions of (1) is established. Recall that for any 8 € R, the Mittag-Leffler function E, g : R — R is defined as

o0 k
_ 7
Eapa) = Zk:o I(ak +pB)°

Theorem 1 (A lower bound on the separation between two solutions). Consider Equation (1) and assume that the
function f satisfies the assumptions (HI) and (H2). Then for any x,y € R, the following estimate

le(t, x) = (1, )] = 177 Eqo(~L1")|x =y
holds for all t € (0,T].

Next, we establish an application of the preceding result about non-negativity of Lyapunov exponent of an ar-
bitrary non-trivial solution of a bounded linear Riemann-Liouville equation. Consider the following linear scalar
equation

Dj, x(1) = a(1)x(1), (2)

where a : [0,c0) — R is bounded, i.e. there is a constant M > 0 such that |a(f)] < M for almost all ¢ € [0, o) and
measurable. According to [4, Theorem 3.2], for any x € R the Equation (2) has a unique solution on [0, c0), denoted
by ®(-, x), satisfying the initial value condition

tli%}r 17%(1, x) = x.

Corollary 1. The Lyapunov exponent of any non-trivial solution of (2) is non-negative, i.e., for any x € R \ {0} we
have

1
lim sup — log(le(t, x)|) = 0.

—oo t
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Proof. Using Theorem 1, we obtain that
l(t, )| > 177 Eq o (—M1*)|x]
for all # > 0. According to [3, Theorem 1.3, p. 32], there is a positive constant C such that

lim 27E, o(-M1") = C.

f—oo

Consequently,

€,

t{l+1

1 1
lim sup — log(le(2, x)|) > lim sup p log(

t—00 t t—o00

which completes the proof. O

Proof of the main result

The main ingredient in the proof of the main result is the fact that two differential solution of scalar systems cannot
intersect. Note that in contrast to ordinary differential equations, the problem of intersection of two trajectories of
fractional systems is not trivial, see [7] for a more detail. To show non-intersection of two trajectories, we rewrite
Equation (1) in the following form

Dg, x(t) = —=Lx + g(t, x(1)), 3)

where the positive constant L is given in the content of (H1) and the function g : [0, 7] X R — R is defined by
g(t, x) := Lx + f(t, x). “4)

Remark 1. (i) An advantage of rewriting equation (1) as (3) is that the function g(-,-) is nondecreasing in the
second argument, i.e., for all x <y

g(t,x) < g(t,y) (5)
for almost all t € [0, T). Indeed, by (4) we have
8t y) —g(t,x) = =L(y — x) + f(£,y) = f(£, %),

which together with (H1), i.e.,
If (t,y) = f@ )l < Ly-x),

shows (5).
(ii)  According to [4, Theorem 4.2], the solution ¢(-, x) of (1) (and also (3)) satisfies

@t x) = 1" Eyp (L1") x + f (t =) " Epo (Lt - 1)") g (1,0 (1, X)) d1.
0

Lemma 1. For any x <y, we have ¢(t,x) < ¢(t,y) forallt e (0,T].
Proof. Suppose the contrary, i.e., the set
{reO,T]: e, x) = ¢t,y)}

is not empty. Let
k :=1inf{t € (0, T] : ¢(t, x) = ¢(t,y)}.

By the definition of the intial condition, we have « > 0 and by the continuity property of solutions, we have

@k, x) = (k,y) and @(t, x) < @(1,y) (6)

for all 0 < ¢ < «. By Remark 1(ii), we have

@K, ) = (K, X) = K Eq o (~LK™)(y = x) + fo (k= D) Eqo(~L(k = 1)) (g(1, ¢(1,y)) — g1, ¢(1, X)) d.
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Using Remark 1(i) and (6), we obtain that

8(T, (1,y) 2 g(7, (7, X))

for almost all 7 € [0, k]. Therefore, by positivity of the function E, ,(z) for z € R we have

@K, y) = @k, %) 2 K" Eqo(=LK")(y = x) > 0
which contradicts to (6). The proof is complete. O
Now we are in a position to prove our main theorem of this paper.

Proof of Theorem 1. Without loss of generality, we assume that x < y. Then by Lemma 1, we have ¢(¢, x) < ¢(t,y)
for any 7 € [0, T]. Let ¢ € [0, T] be arbitrary. Using Remark 1(ii), we obtain that

@(t,y) — @(t, x) 1" Eq o(—LI)(y = X) + fo (t = 1) Eqo(-L(t = D)(g(1, (1, ) — g(1, (7, x)))dT

1" Eq o (~Lt)(y = X),

\%

which completes the proof. O

Conclusions

Our main interest in this paper is to study the separation between two solutions of a scalar Riemann-Liouville fractional
differential equation. By proving non-intersection of two distinct solutions (Lemma 1), a lower bound on the separation
of two distinct solutions was established (Theorem 1). Based on this estimate, we showed that the Lyapunov exponent
of an arbitrary non-trivial solution of a linear bounded scalar Riemann-Liouville equation is always non-negative
(Corollary 1).

Acknowledgments

The research of the second was funded by the National Science Centre in Poland granted according to decisions
DEC-2015/19/D/ST7/03679. The work of the third author was supported by Polish National Agency for Academic
Exchange according to the decision PPN/BEK/2018/1/00312/DEC/1. The work of H.T. Tuan was supported by the
joint research project from RAS and VAST QTRU03.02/18-19.

REFERENCES

[1] K. Diethelm, The Analysis of Fractional Differential Equations. An Application-Oriented Exposition Using
Differential Operators of Caputo Type, Lecture Notes in Mathematics, 2004, Springer-Verlag, Berlin, 2010.

[2] A.A. Kilbas, HM. Srivastava and J.J. Trujillo, Theory and Applications of Fractional Differential Equations,
North-Holland Mathematics Studies, 204. Elsevier Science B.V., Amsterdam, 2006.

[3] I. Podlubny, Fractional Differential Equations. An Introduction to Fractional Derivatives, Fractional Differ-
ential Equations, to Methods of their Solution and some of their Applications. Mathematics in Science and
Engineering, 198, Academic Press, Inc., San Diego, CA, 1999.

[4] D. Idczak, R. Kamocki, On the existence and uniqueness and formula for the solution of R-L fractional
Cauchy problem in R", Fractional Calculus and Applied Analysis, 14 (2011), 538-553.

[5] T. Trif, Existence of solutions to initial value problems for nonlinear fractional differential equations on the
semi-axis, Fractional Calculus and Applied Analysis, 16 (2013), 595-612.

[6] N.D. Cong, T.S. Doan and H.T. Tuan, On fractional Lyapunov exponent for solutions of linear fractional
differential equations, Fractional Calculus and Applied Analysis, 17 (2014), 285-306.

[7] N.D. Cong and H.T. Tuan, Generation of nonlocal fractional dynamical systems by fractional differential

equations, Journal of Integral Equations and Applications, 29 (2017), 585-608.

450095-4


https://doi.org/10.2478/s13540-013-0038-3
https://doi.org/10.2478/s13540-014-0169-1
https://doi.org/10.1216/JIE-2017-29-4-585

