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Abstract This work comprehensively describes and extends the results on
asymptotic properties of linear discrete time-varying fractional order systems with
Caputo and Riemann-Liouville forward and backward difference operators. In our
considerations we take into account various definitions from the literature of frac-
tional difference operators and we compare the dynamic properties of the correspond-
ing systems. These equations are studied by converting them to the corresponding
\olterra convolution equations. The main results are: explicit formulas for solutions,
results on asymptotic stability, rates of growth or decay of solutions and solution
separation. The work also formulates a number of open questions that may be the
subject of future research.

1 Introduction

Continuous fractional calculus has a long history and is nearly as old as the integer-
order calculus. Nowadays fractional calculus is studied both for its theoretical interest
aswell asits use in applications. In spite of the existence of a substantial mathematical
theory of continuous fractional calculus, there was no similar development of discrete
fractional calculus until very recently [16]. Over the past decade, there has been an
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increased interest in developing discrete fractional calculus and dynamical models
described by discrete fractional calculus (see [17, 23] and the reference therein).

In this work we investigate discrete linear fractional systems with variable coef-
ficients. We consider forward and backward equations with Caputo and Riemann-
Liouville operators. For backward equations, we distinguish two types of Caputo
operators and two types of Riemann-Liouville operators depending on whether the
sum of the fractional order that appears in the definition of the operator includes
the initial condition or not. The first works on backward operators were based on
the definition of the sum containing the initial condition (see [18]), however later,
the operator based on the definition of the sum without the initial condition was
introduced, justifying it by the greater similarity of such operators to the case with
continuous time (see [15]).

The main aim of this work is to collect the existing results on asymptotic properties
of the considered equations, their extension, supplementation, and comparison. The
basic research method used in this work is to transform the fractional order equations
into the appropriate convolution-type \Volterra equations. The work is organized as
follows: The next section is devoted to fractional-order differences and the relation-
ships between them. In Sect. 3, we define the equations considered in the work, as
well as the initial value problem and the existence and uniqueness of its solution. In
Sect. 4 we present for each of the fractional order equations considered, two Volterra
equations that are equivalent to them. Section5 is devoted to multidimensional sys-
tems with constant coefficients. The main results of this section are explicit formulas
for solutions and conditions for stability. In Sect.6 we present results on the sta-
bility and the rate of growth or decay for one-dimensional equations. The results
of separation of solutions of the Volterra equations are discussed in Sect. 7. Finally,
Sect. 8 contains conclusions, summaries and directions for further research. In the
remainder of this section, we introduce notation and definitions of fractional sums.

Denote by R the set of real numbers, by Z the set of integers, by N the set
{0, 1, 2,...}of natural numbers including 0, and by Z<o := {0, —1, —2, ... } the set
of non-positive integers. Fora 0 Rwe denoteby N, := a + Ntheset{a,a+1,...}
and for a function x: N5 — RY we define Ox: Ny — RY by (Ox)(t) = x(t + 1) —
x(t) and Ox: Nay1 — R by (Ox)(t) = x(t) — x(t — 1).

The Euler Gamma function 0: R\ Z-y — R is defined by

o n“n!
H(@):= Jim, a(o +1)--- (o +n)

Forx 0 Rwewriteasusual Dx0 := min{k 0 Z: k = x}and Dx0 := max{k 0 Z: k <
x}. A reader who is familiar with fractional difference equations may skip the next
definition, see e.g. [17, 27].

Definition 1 (Basic notions of fractional calculus) Lets,v O R.
(a) Falling factorial power (s)™:Ifs+1,s+1—v @ Z

(s +1)

V) =_—
(&)= O +1-v)



Asymptotic Behavior of Discrete Fractional Systems 137

(b) Rising factorial power (s)m: Ifs,s+v il Zy

(S)m = —D (S il V)
: 06
. Al
(c) Binomial coefficient * :Ifs+1,v+1,s+1—Vv il Z
\Y)
00
S O O(s + 1)

v TOv+D) OW+DIE+1—v)

We recall notation for fractional sums (seee.g. [17]) and relate it to various notions
from the literature in a remark afterwards.

Definition 2 (Fractionalsum)Leta O R,v O (0, 1)andx: N, — RY. Thefunction
O.VX: Nawy — RY defined by

1 HE
(C2")() = oW (t —k =) Ix(k)
k=a

is called v-th fractional sum of x.
Remark 1 (a) The v-th fractional sum of x: N, — R satisfies
1 E

1 B ge-k

(02 "x)(®) t—k—v+ 1)W

= — K
o) kzaD(t—k—v+1)X()
[ [
Bt k-1
= Ky XK
k=a
=y o _, @
= —1)tk k t 0 Nav,
DT vy
or equivalently,
™ [ y 0
-V _ __ayn+a—k -
(O, x)(n+a+v)—k=a( 1) N+a—k x(k), n O Nj.

(b) Some authors (see e.g. [10, 18]) define the v-th fractional sum Ea_vx - Na -
RY of x: N, — RY as follows



138 A. Czornik et al.

(@, x)(t) = 1 A t —k + 1) Dx (k)
: R O
[t —

_ 1 Ot k+v)X(k)
0@) ., Ot—k+1)

_ O Dt—k+v—1DX(k)

B t —k
k=a
- 0_,0

= (-1 x(k), tONa,.
_ t —k
k=a

It is easy to check that
(@) +v) = (@, (), tON,. (1)

(c) Some authors (see e.g. [14, 25]) exclude x(a) from the definition of the frac-
tional sum and define the v-th fractional sum B;"x: Na+; — RY of x: N, — R
as follows

1 [ o
BVx)() = ) (t —k + 1) Dx(k)
k=a+1

o1 Ot —k+v)
S 0E)_,,, 0t—k+1)

(k)

_ O Dt—k+v—1DX(k)
B t —k
g g
_ R t—k TV
= (DT x(0, t0Na

k=a+1

k=a+1

(d) An extensive discussion about relationships between the fractional sums O '
and B2 is presented in [2], where it has been shown [2, Lemma 3.1] that

(021 X)) = B0, t O Naa,

and
t—a+a-—

‘ L x(@) + (BYx)(t), tON,,

(O, x)(t) =

where x|y, ,, is the restriction of x: Ny — RY to the set Ng1.
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2 Fractional Differences

In this section we provide definitions of fractional differences and discuss the rela-
tionships between them.

Definition 3 (Caputo and Riemann-Liouville forward and backward differences)
Leta 0 (0,1),ad0Randx: N, — RY,
() Caputo forward difference (0¢ := 0;¢~9 o [7:

%% Nari—a — RY,  t B (Ox)(t) = (O @x))(t). (2)
(b) Riemann-Liouville forward difference ., 0% := 00 - O ¢~9:

ei09%: Nawi—q — RY, 15 (OX)@) = @O@O;C9%))1). 3)
(c) Caputo backward difference 1% := D;Ell_“) o [1:

5x: Navo—a = RY, t B (@900 = O @) @)
(d) Riemann-Liouville backward difference 0% := 0 o O;179:

f8X Nawz—g —» RY, 1B (OD)®) = (@@E;0) M),  (5)

(e) The Caputo and Riemann-Liouville forward and backward differences with the
fractional sum 00, instead of [V are defined as

——(1—a)

Tax: Ny - R 5 (Op0®) = (0,° (O0))), (6)
wO9x: Ny - RY, 15 (0900 = @@ x)), (7)
Oax: Naw1 — RY, B (@900 = @, @0, ®)

O3x: Nawy - R, 13 000 = O, 20X, )

(f) The Caputo and Riemann-Liouville backward differences with 82" instead of
07" are

X Nawo = RY, 10 (A500) = 00,

9% Nasz - RY, 5 E)® = (OE;)).

If a = 0 we write .09, ., 0%, 3%, .09 as well as [0°, .,.0°%, O°%, .0, and 89,
37, respectively.

Remark 2 Using (1) in Remark 1(d), we getfora 0 (0,1),a 0 Randx: N, — R¢
the following relationships between the fractional differences (2)—(5) and (6)—(9)
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)t = (%) (t+1—a), tON,,
(O5x)(1) = (O%X)(t+1—a), tON,,

(200 = (D& )t +1—a),  t0 N,
(OaX)() = (0% ) +1—0), t 0 Nass.

a+1

The following two lemmas enable us to rewrite fractional difference equations as

\olterra convolution equations in the next section.

Lemmal (Sum representations of fractional operators)
Leta O (0,1) and x: N; — RY. Then

= Jo4 U
= — __1\n+1-k
(Oax)(n) = k—a+1( 1) N l—k x(k)
B H H

_, a—1
— (=" 1—a x(a), n ON,,

=} a a a
—a — __1\n+1-k
(R,Lmaxxn)—k:a( 1) 1oy X0, nON,
M a a a
@M= D7 T x(E)
k=a+1
. a—1
__ (_1\h—a—1
(—1) N—a—1 x(@), nONa+1,
M a a a
cO0M) = (=)' x(K), N O Nas1,
- n—Kk
M a a a
Exm= O T XK
k=a+2 0 L 0
)T DT, X@+ 1), nONa,
a a

[ o
B2x)(n) = (—1)"* Sy X, O Nava.

k=a+1

(10)

(11)

(12)

(13)

(14)

(15)
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Proof We prove only (10), the proofs of (11)—(15) are similar. Using the facts (see
[27, pp. 158, 164]) that
O ad DD—5—1D DSD Ds—1D Ds—1D

— (—=1)" n — = ., sOR,00N,
1) 0 and 0—1 0

and Definition 3, we get

MYk —q”
J— __1_ - -
(Tax)n = ([T, = Ox)(n) = T D
k=a
a a
|—r_1-| —k —
= T k) —x0)
k=a
a a a a
M "n—k—a ] n—k—a
= x(k + 1) — x(k)
n—xk n—
k=a k=a
a a
™ “hn—k+1-a ] n—k—a
= x(kK) = x (k)
n—k+1 n—
k=a+1 B k=a DD
_ n—k+1l—a  n—-k—a X (K) + x(n + 1)
o n—k+1 n—k
k=a+1
n—a—a-
- " x(a)
_ Dn_k_O‘Dx(k)+x(n+1)—D _a_“Dx(a)
n—k+1 n—
k=a+1
a a D a
T T L
B n—k+1 n—
k=a+1
- (—1)”—“1D Dx(k)—( s @ _lmx(a>
—k+1 a ’
k=a+1
which proves (10). 0

The following lemma provides fractional forward and backward Taylor difference
formulas.

Lemma 2 (Taylor formula)
Leta 0 (0,1),aldRandx: Ny — RY. Then for each n 0 N,
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g g

] —a g
x(n+ ) =x@+ (D (T0m), (16)
E d g d
x(=x@+ )" " (@0, (17)
‘—a n—xk
Proof See [4, Theorems 35.8 and 36.4]. 0

3 Linear Fractional Forward and Backward Difference
Equations

LetA: No — R x: Ng — RY,anda O (0, 1). We investigate linear time-varying
forward (B°x)(n) = A(n)x(n) and  backward (3%x)(n) = A(n)x(n)
fractional difference equations with 3¢ 0 {.0°, ..0°}, B 0 {O°, .0, 8¢, .81

According to Definition 3(e)—(f), the equations are defined on Ng, N; or N,. More
precisely,

(O°x)(n) = A(n)x(n), nONy, (18)
(O X)(n) = AMx(n),  nONo, (19)
(@ x)(n) = AM)x(n), nONy, (20)
O x)(n) = A(x(n),  nON, (21)
Ex)() = A(Mx(n),  nONy, (22)
(8*x)(n) = A(nN)x(n), n ONo. (23)

In order to define initial value problems, note that by Lemma 1,

0)0) = x(1) =x(0), T x)(0) = x(2) — ax(0),
(@)@ =x@) =x(0), O = x(1) — ax(0),
(E)R) =x(2 —x(@), E*X)(Q?) =x(@) —ax(D),
and hence for the forward fractional difference equations (18)—(19) an initial value

x(0) O RY determines x(1) (and also x(n) for n O N). However for the backward
fractional difference equations (20)—(21) and (22)—(23)
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@)1 = A@x@) = (= A@)XQ) = x(0),
GOX)(@) = AMXA) = (1= A@)X(L) = ax(0),
EHNQ@) =ARXQ2) = (1 —AQ)X(Q2)=x(1),
GE™)@) = AQX(2) < (1 —A@Q)x(2) = ax(1).

As can be seen, Im(I — A(n)) plays arole for the existence of solutions x: Ng — R.
We now define initial value problems and remark on initial conditions before we show
the unique existence of solutions to initial value problems under a sufficient condition
on A.

Definition 4 (Initial value problem)

Let xo 0 RY. Then x: Ny — R with x(0) = X is called solution of the initial value
problem (18), (19), (20), (21), (22) or (23) with initial value Xo, if it satisfies the
corresponding equation and in case of Eq. (22) it additionally satisfies x(1) = x(0)
and in case of (23) it additionally satisfies (1 — A(1))x(1) = x(0).

Remark 3 (Initial value problems)

Formally the initial value problems for (22)—(23) may be defined on N; as a problem
of finding, for agiven x; 0 RY, asequence x: N; — RY such that x(1) = x; and the
corresponding equations are satisfied for all n 0 N,. We choose the formulation of
the initial value problem as in Definition 4 because this way all solutions of equations
(22)—(23) are defined on the same set Ny and also in earlier papers on these equations
(see [15, 22]) initial value problems are defined as in Definition 4.

In this paper we assume for the backward fractional difference equations (20)—(21)
and (22)—(23) the condition

det(l — A(n)) 80 foreachn O Np, (24)

which is sufficient for unique existence of solutions.

Theorem 1 (Existence and uniqueness of solutions to initial value problems)
Let A: Ng — R4 a0(0,1)and xo 0 RY.

(a) For each of the forward fractional difference equations (18)—(19) there exists
a unique solution x: Ng — RY with initial value xo, denoted by ¢-(:,%o) and

U (:, xo), respectively.

(b) Assume (24). Then for each of the backward fractional difference equations
(20)-(21) and (22)-(23) there exists aunique solution x : No — RY with initial value
Xo, denoted by 02 (-, Xo), 02, (-, Xo) and dZ (-, x0), d2. (-, Xo), respectively.

Proof (a) Using (10) and (11) of Lemma 1, it follows that x(n + 1) in Egs. (18) and
(19) is recursively defined from x(0), ..., x(n) for n O No.

(b) Under the assumption (24) and using (12)—(13), it follows that x(n + 1) in
Egs. (20)—(21) is recursively defined from x(0),...,x(n) for n O Ng. Similarly,
using (14)—(15), x(n + 1) in (22)—(23) is recursively defined from x(1), ..., x(n)
for n O Ny and defining x(0) according to Definition 4 shows unique existence. [
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4 Solution Representation with Volterra Convolution Sums

In this section we show that every solution of each of the forward equations (18)—(19)
can be equivalently rewritten as a Volterra convolution equation

M
x(n+1) = a(—kx(k) +g(k)
k=0

with appropriate sequences a: Ng — R%*% and g: Ng — RY. The backward equa-
tions (20)—(23) can be written as

M1
(I =AMx(+1) = a(n—kx(k) +g(k).
k=0

We use the convention  s(k) =0forq < p.
k=p
Theorem 2 (Volterra sum representation of solutions)
Let A: Ng — R4 a0(0,1), xo DR and x: Ng — R? with x(0) = Xo. Then
(@) 02 (-, xo) = x is equivalent to each of the two statements (25) or (26)

= o 0
x(n)= (="K AK)x(K) + x(0), n 0Ny, (25)
‘=0 n—1—k
= 0,0
x(n)=A(n—x(n—1)— (=" ~ y x (k)
5 g " (26)

a—1
+ (=)t 0 Nj.

(b) &2 (-, Xo) = x is equivalent to each of the two statements (27) or (28)

=1 0 g 0 D_GD
— __1\h—1—k __13\n
K= DT AT EDT O, n DN,
(27)
=1 0 a 0
x(n) = Ah—x(n—1)— (=1« N —k x(k), n[ONj. (28)

k=0

We additionally assume (24). Then also
(c) 2 (-, Xo) = x is equivalent to each of the two statements (29) or (30)
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a [ [ a
= —Q
x(n) = (1 — A(n))_1 (—l)”_k Nk A(K)x(k) +x(0) , nONy, (29
k=1
x(n) = El — A(n)™
= _kD a . _1D0( — 1D . (30)
= (=D" N —k x(k) + (=1)" _1 x(0) , n0ON;.

k=1

(d) ¢RE_L(-, Xp) = X Is equivalent to each of the two statements (31) or (32)

— 1 _ -1
x(n) E' A(n)) . : S oo y
O T A+ (<1 % x©) L nonNg, D
o1 n—k n

— 00
x(n)=—(1 — A()~T  (=1)" nik x(k), n0ON;. (32)
k=0

(e) ¢ (-, Xo) = x isequivalentto x(1) = x(0) and each of the two statements (33)
or (34)
a 0 0 a
= —a
x(n) = —AM)™! x@Q)+ (=1)"X N —k A(K)x(k) , nON,, (33)
k=2

K= % B A(n))m_l 0 0 0
=

—1
xO— =D % X , nON,
-2 - n—k

(34)

_n—Za
G i

) ¢E_L(-, Xg) = X is equivalent to x(1) = (I — A(1))~*x(0) and each of the two
statements (35) or (36)

— (1 — -1
x(n) 9 A(n))D : : : .

__\n— —a -k @
e Tk e T A o
(39)
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D'I‘ijr [ o [ g
x(n) = —(1 — A(n))™* (—1)"* S X® , nONo o (39)

k=1

Proof (a) Using (16) in Lemma 2, Eq. (25) is equivalent to (18), i.e. d2(:, o) = x.
Assuming ¢(+, Xo) = X, Eq. (18) follows and with (10) in Lemma 1 for a = 0 we
get

N 0 0 0

-1
—1 n—k+1 a kY — (—1D)" o 0) =
DT O ED T @ = A, DN,
and therefore
O O 0 O
_ n—k+1 a n 01
x(n+1D)+ (-1 x(k) = (=1) x(0) = A(n)x(n)
- n—k+1 n
or equivalently
oy 0 0 o .0
x(n+1)=A(n)x(n)—kZl(—l)“—k+1 L x0T @), o,

which proves (26). Similarly (26) implies $2 (-, Xo) = x.

(b)—(f) As in (a), the equivalences to (28), (30), (32), (34) and (36) follow with
(11)—(15). Similarly as in (a), the equivalence to (27) is obtained from (17) and (20).
The equivalence to (29) follows from [11, (Eq. (2.4)]. The equivalence to (31) is
proved in [9, Eq. (3.4)]. Finally the equivalences to (33) and (35) are proved in [2,
Eg. (5.9)] and [22, Eq. (2.6)]. 0

Remark 4 (Relation between ¢Cﬁ(-, Xo) and ¢?(-, Xo) and between ¢RE_L(-, Xo) and
¢RE—|_(" XO))

Comparing (c) with (e) and (d) with (f) in Theorem 2, we observe the following
relations.
(@) If x: No — R satisfies (29) (or equivalently (30)), then

X:N; - RY, nG K(n):=x(—1)
satisfies (33) (or equivalently (34)) with A replaced by
N: N, - RY nD An):= A —1).
Similarly, if x: Ng — RY satisfies (31) (or equivalently (32)), then &: N; — RY,
K(n) := x(n — 1), satisfies (35) (or equivalently (36)) with A replaced by A: N, —

RI>d A(n) := A(n —1).
(b) Conversely, if x: N; — RY satisfies (33) (or equivalently (34)) then
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X:Ng - RY, n x(n):=x(n+1)
satisfies (29) (or equivalently (30)) with A replaced by
A:N; - R n@Q A(n):= A(n+1).

Similarly, if x: N; — RY satisfies (35) (or equivalently (36)), then X: N; — RY,
x(n) := x(n + 1) satisfies (31) (or equivalently (32)) with A replaced by A: N; —
RI>*d "A(n) := A(n + 1).

(c) From (a), (b) and Definition 4, it follows that for each xo 0 RY

02(n, x0) = 0J(n —1,%), nON;y,

and _
b (N, (1 — A@)x0) = ¢ (n—1,%), nON;y.

5 Linear Time-Invariant Fractional Systems

In this section we consider linear time-invariant fractional systems (18)—(23) with
constant linear part A(n) = A O RY>9 forn O No. We prove and cite explicit solution
formulas. For another formulation of the stability problem, see [12, 24, 26, 29, 30].

Theorem 3 (Solution representation for linear time-invariant fractional systems)
Let xo D RY, AORY anda O (0, 1).
(a) The solutions of (18)—(19) with time-invariant A satisfy

[ [ [ (
™ —k+k [ —ko — 1
ol (n,xg) =  AK n oy a xo=  AK=1)nk a_k X0, N 0ONp,
k=0 : k=0 :
[ [
M n—k+k+1a-—1
¢R’D—L(anO) = A¥ n(—k ) X
k=0
N H
] —(k+1
= AKpn—k (k+L)a x0, n O No.
k=0 n—Kk

(b) If all eigenvalues of A lie inside the unit circle, then the solutions of (20)—(21)
and (22)—(23) with time-invariant A satisfy

g 0 nU

o n—ll_fl « —ka—1
o2(n,x0) = | +(-1) At . X nON, @7
k=1
0 0
_ ™ S g —
w(n,x) = A kan (1= Ax, nONi, (38)

k=0
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and
- D—kO(—lDD
02(n,x0) = | +(=1)" A G_o X NONg (39)
k=1
0
=] —ka —
omx) = A TS (A, nON @0)
k=0

Proof (a) Thesolution formulasfor $2 (-, Xo) and ¢, (-, Xo) are provedin [7, Remark
1].

(b) The solution representations for ¢ (-, Xo) and ¢L(-, Xo) follow from Remark
4(c) and [15, Theorem 18] or [8, Theorem 1], see also [10, Theorem 4.4] for an
alternative proofusing the Z-transform. Using Remark 4(c), the formulafor ¢ (-, Xo)
follows from the formula (37) for o2 (-, Xo). To show (37) we follow the line of
reasoning from Example 48 in [1] and show that the solution ¢2 (-, Xo) of the initial
value problem for

(@)0) = Ax(n),  x ON, (41)

under the assumption that all the eigenvalues of A lie inside the unit circle, is given
by -
s’ (0, Xo) = Xo

and
]

o — _ a1 __1\n—1 =
b (N, x0) = (1 —A)" 1 +(=1) A
k=1

nu

0
—ka —1
k Xo, N ONi.  (42)

n—1

For each Xo O RY let us define a sequence x = (Xm)mon,, Of sequences Xm: N1 —
RY recursively by

Xo(N) = Xo, N ONy,
0 0
—a

(]
(M =x+A (D

k=1

Xm-1(K), m,n O Nj. (43)

In our further consideration we will use the following identities:

N 0 N N

ot =y

, n O No, (44)
1 —k n—1

and the Chu—Vandermonde identity
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DDVD Ds+vD
= , s,V R, n U Ny, 45
n—k Kk n 0 (45)

m
k=0

(see [27, p. 165, (5.16)] and [27, Table174]). For m = 1 we get

- 0 0
—a
xi(n) =xo+A (=1 K Xo(k)
k=1 n—
[] m [ DD
—a
= I+A (-D"* T X
0 k=1 0_,_,00
(44) o1 O~
2+ A(=1 Xo.
O T x

Next, we show by the induction that

g [ DD

™M
Xm(M = 1+((=D"1 A - Xo. (46)
k=1

As we have checked this formula is true for m [0 {0, 1}. Assume that it is true for

eachm [ {0,1,...,1}foranl O N;. Form =1 + 1 we get
[m] O g O
Xie1(N) =X+ A (=1)" Nk X (k)
k=1
ad o d
[m] kD _GD k [t -D—ja—1D
=x+A (1" Oy + (=<t A O xo U
_ n—Kk ._ k—1
k=1 j=1
d g O
= I+A (=1)"*
o1 n—Kk
O DD O . DDD
- n—k —d [] k—1|_L—I j —ja—1 00
+A (-1 1k (-1 A K—1 Xo
k=1 j=1
a0 D—a _ 1D
(g) | + A(_l)n—l -
U= O 0o alt
I e e T - B
+ (—l)n 1 AJ+1 DXO
. n—1-—t t
o j=1 t=0 -
2 D—kO(— 1D
@ (A %
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The proof of (46) for m O Ng is completed.

We now show that for each n 00 Ny the limit limy, _ o Xm(n) exists. According
to Lemma 5.6.10 in [19], the assumption that all the eigenvalues of A lie inside
the unit circle is equivalent to the fact that there exists a matrix norm 0-0; such
that A0, < 1. Therefore, according to the Cauchy-Hadamard theorem, to prove the
existenee of thedimit limp, . o Xm (n) or equivalently to prove the convergence of the

series oy A TKTH it is enough to show that
[ [

lim H —ka—1 H% =1 foreachnON (47)
keeol n—1 B b

Since

[ 0 [ 0
—ka—-1"_ (=11 n—1+ka _ (=) O (n + ka)
n—1 -1 0(n) 0 (ka+ 1)’

we have to show that
0 U1
O(n+ka) «
im —————~  =1.
koeo [ (ka+ 1)

To compute the last limit we use the following well-known property of the Euler
Gamma function [28, p. 415]

0(1+2) =z0(),
from which it follows that
On+2)=(h—1+2)(n—2+72)---z0(z), nON;j.

Let us take z = ka in the last identity, then we have

“mHD(n+ka)H%_“mHD(n—1+1+ka)%

koo 'O(ka+1)"  kooo 0 (ka + 1)
_"mH(n—1+ka)(n—2+ka)---(ka+1)m(ka+1)%
koo O (ka + 1)
:klim|(n—1+k0()(n—2+k0()---(k0(+1)|%.

Each of the factors in the last limit has the form |ka + b|, whereb O {1,...,n — 1},
in particular, b = 0. Let us notice that

1 1 k
lim |ka + bk = lim k« Ha+ EH =1.
k - oo k - oo k
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The proof of (47) is completed.
Observe that the sequence x = (X(n))non, IS given by

a [ 4
n—1 = k —ka—1
x(n) = 1+ (1) A Xo
n—1
k=1
and satisfies the equation
d d
— & n-k O
x(nN)=xo+A (1) x(k), n O Nj. (48)
1 n—k
In fact, we have
[m] O g O [m] O g O
lim  (—1)"X Axm(k) =  (—1)"K A lim xm(k)
m - oo —k n—k m-eo
[m] o0
= (="K ) Ax(K).
k=1 N

Using the last equality and passing to the limit for m — oo in (43), we get (48).
From (48) we have
(] = [ Ly [ (]
xM=0-AT" xO+ D T AxK)
k=1

and this is the Volterra convolution equation (25) which is equivalent to (41). This
completes the proof of (42). O

Remark 4 leads us to the following useful analog observations for linear time-
invariant systems.

Remark 5 (Relation between solutions of backward time-invariant systems)
Assume that | — A is invertible.
(@) If x: Ng — RY satisfies
1 d g O
x(nN)=( —A)A (=)7K C—k x(k) + (1 — A)"1x(0), nONg, (49)
k=1

or equivalently
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= Al
=-0-a" ot
=1 _1D (50)
+ (1 — A=)t z_l x(0), nONy,

thenk: N; — RY, &(n) = x(n — 1), satisfies

=1 0 O
X(n)=( —A)TA (=1 I _ak K(k) + (1 — A)"K(1), nON,, (51)
k=2
or equivalently
v 0 o 0
Kn)=—(—-A)"" ()" N —k Ki(k)
k=2 0 0 (52)

_ h—p a—1
+ (I — A (=12 I X(1), n ON,.

Similarly if x: Ng — RY satisfies
=} ] —a ]
x(n)=(—AA (—1)"k x (k)
=1 -k 53
0_, 0 (53)
(I =ATEDT T x(0), nON

or equivalently

N N

= a
x(n)=—( —A)t (=1 e x(k), nON;y, (54)
k=0
then&: N; — RY, Ki(n) = x(n — 1), satisfies
= 0 O
RN = (1 —A)LA (1) _“k ®(K)
k=2 0 n 0 (55)

+(1 — A=)t n__o‘l %(1), n 0Ny,

or equivalently
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0 0

“ 00, nON;. (56)

=
) =-(1-A~"  =p -

k=1

(b) Conversely, if x: N; — RY satisfies (51) (or equivalently (52)), thenX: Ng —
RY,x(n) := x(n + 1), satisfies (49) (or equivalently (50)). Similarly if x: N; — R¢
satisfies (55) (or equivalently (56)) then X: N; — RY, X(n) := x(n + 1), satisfies
(53) (or equivalently (54)).

(c) For xo O R

06 (n,x0) = ¢S (N —1,%0) and ¢ (n, (I — A)xo) = 0% (N —1,%0), nDONy.

In the next lemma we rewrite solutions of Volterra convolution equations as sums
with recursively defined coefficients.

Lemma 3 (Volterra convolution representation)
Let B,CORY4 al0R,c:N; - R,g: Naz1 —» Randx: N, — RO If

=
x(n+a)=B8B c(n —k)x(k +a) +Cg(n)x(@), n 0Ny,
k=1
then
=
x(n+a)=  BKCb(n,k)x(a), nONy, (57)

k=0

where b(n, k) forn 0 N1,k O {0, 1, ...,n — 1}, aredefined recursivelybyb(n, 0) :=
g(n+a)and

=
b(n +1,k) := c(hn—jb(j+1,k—1), nONg,kO{1,2,...,n}
j=k—1

Proof We show the statement by induction over n J N;. For n = 1 the statement is
true. Suppose that (57) holds forn O {1, ..., m} foran m 0 Nz. Then

™M
x(m+1l+a)=8B c(m+1—Kk)x(k+a)+Cg(m+1+a)x(a)
k=1
™ =
c(m+1—k) B!Ch(k, j)x(a) + Cg(m + 1 + a)x(a)

k=1 j=0
O

B
O

=0 c(m+1—K)BI*Cb(k, j) + Cg(m + 1 +a)Tx(a)
O O
O
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0
™ ™t
=0  Bkc cm—j)b(j+1,k—1)+Cg(m+1+a)lx().
k=1 j=k—1
The last equality completes the proof. 0

Applying the recursive representation of \olterra convolution equations in Lemma
3 to the time-invariant equations (49)—(56) of Remark 5, leads to the following result.

Theorem 4 (Recursive solution representation for backward time-invariant frac-
tional systems)
Let xo ORY, AORY and a O (0, 1). Assume that I — A is invertible.

(a) The solutions of (20) with time-invariant linear part A satisfy

o — = — AYk—1 pk
¢c (n’ XO) (I A) A bl(ni k)XO
k=0

(=1 (1 — A by(n, k)Xo, N ONy,
k=0

where bi(n,k) for nONy, k0{0,1,...,n—1}, are defined recursively by
b1(n,0) :=1and

-1 0_, 0
bi(n +1,k) := (—1)"] aoj i+ Lk=D, nONLKI{L2,. 0},
j=k—1

and p2(n, k) forn 0 Ny, k 0{0,1,...,n—1}, are defined by by(n, 0) := (-1
a—1

., and

0 O

™t o
bo(n + 1,k) := (—1)"] aoj b2+ Lk=D, nONLKO{L2,.. o)
j=k—1

(b) The solutions of (21) with time-invariant linear part A satisfy

_ =
Sn,x) = (I = AT A*Ds(n, k)Xo
k=0
=
= (1= A by, k)X, nONy,
k=0
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where bs(n, k) forn U Ny, k 0 {0,1,...,n — 1}, are defined by bs(n, 0) := (=1)"

a
. and

= 4"
ba(n +1,k) := (D" T bs(HLk=D, nONLKO{L2, )
j=k—1

0.0
and bg(n, k) forn O Ny, k 0{0,1,...,n— 1}, are defined by bs(n, 0) := (—1)" ﬁ
and

= b b
ba(n +1,k) := (="~} - | ba(j +1,k—1), nONg,kO{1,2,..., n}.
j=k—1

(c) The solutions of (22) with time-invariant linear part A satisfy

— = — AYk—1pk _
bc (n, Xo) (I = A A%:(n — 1, k)Xo
k=0

(=1 (1 — A * tby(n —1,k)Xo, N ON.
k=0

(d) The solutions of (23) with time-invariant linear part A satisfy

%

0 (nx) = (1 — A LAKb(n — 1, K)xg
k=0
™%
= (1 —=A sn—1,k)X, nON,.
k=0

Proof ;(a); Applying Lemma 3 with B := (I — A)TIA, C = (- A)71 c(n) =
(—D" % and g(n) := 1 for n O N; to (49) yields ¢ (n, xo) = T — A«
AXby(n, k)Xo, and the second formula for ¢Cﬁ(n, Xo) follows from Eg; (50) and again
Lemma 3 with B := —(I — A)™', C:=(1 — A)%, ¢(n) ;= (—1)" ¢ and g(n) :=
(—1)"* 971 forn O Nj.

(b) As in (a), applying Lemma 3 to Eqgs. (53) and (54) yields the result.

(c)—(d) This follows from Remark 5(c). a

We cite two results on asymptotic stability of (18) in the time-invariant case.

Theorem 5 (Characterization of asymptotic stability for time-invariant Caputo for-
ward equations [3, Theorem 3.2])
Let A O RYd a0 (0,1). Then the following two statements are equivalent.
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(1) (Cﬁax)(n) = Ax(n) is asymptotically stable, i.e. lim,_ . ®Z(n, Xo) = 0 for
all xo O RY.

(i) The isolated zeros, off the non-negative real axis, of z @ det(l —z71(1 —
z71)~%A) lie inside the unit circle.

To present another sufficient condition for asymptotic stability of (18) in the
time-invariant case, let us denote

0
S = zOC: |zl < 2cos

O

Ua
|argz| —m am
————— and]argz[ > -

2

Theorem 6 (Asymptotic  stability of time-invariant Caputo  forward
equations [13, Theorem 1.4])
Let A O RI>d,

(@) If A O SY for all eigenvalues A of A, then (Cﬁax)(n) = Ax(n) is asymptot-
ically stable. In this case, the solutions decay towards zero algebraically (and not
exponentially), more precisely, for xo 0 R

062 (n, x0)I=0(n"") asn — oo,

(b) If A O C\cl S{ for an eigenvalue A of A, then (Cﬁax)(n) = Ax(n) is not stable
and there exist x, 0 RY, C > 0 and r > 1 with

062 (n, xg)I=Cr", nONy.

The next result provides a sufficient condition for asymptotic stability of (19) in
the time-invariant case.

Theorem 7 (Asymptotic stability of time-invariant Riemann-Liouville forward
equations)
Let A0 RYdanda O (0, 1).

(a) If A O S¢ for all eigenvalues A of A, then ¢2 (-, xo) O I* for each xo O RY,
hence (R,Lﬁax)(n) = Ax(n) is asymptotically stable.

(b) If AO C\clSY for an eigenvalue A of A, then (R,Eax)(n) = Ax(n) is not
stable and there exist x, 0 RY, C > 0 and r > 1 with

062, (n,xe)0=Cr", nONo. (58)

Proof (a) The fact that the condition A O S{' for all eigenvalues A of A implies
stability of (R_Lﬁax)(n) = Ax(n) is proved in the first step of the proof of Theorem
1.4in[13].

(b) Suppose that there exists an eigenvalue A 0 C\ cl S{ of A. As it has been
shown in steps 1 and 2 of the proof of Theorem 1.4 in [13], this implies that the
equation 0 0
det A—z(1—z"H* =0
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has a solution zo 0 C with |zo| > 1. The Z-transform y(z) of ¢ (n, xo) is given by
0 _1vgD
y@) =— A—z(1—-z7)% zxo,

and has a non-removable singularity at zo. Hence the radius of convergence r of at
least one of the coordinates y; (z) of y(z) satisfies r > 1. Using the Cauchy-Hadamard
theorem we get M

r=Ilimsup"|yi(n)] > 1

n - oo

and consequently we get (58). O
To present stability results of the Riemann-Liouville backward equation (23) in
the time-invariant case, let us denote
0 d O O

argz aT
S5 = zOC:|z] = 2cosI o?l or|argz|>7

and the interior of its complement in C
0 d O O

argz|—m am
U= z0OC:|z| < Zcos% and|argz|<7

Theorem 8 (Asymptotic stability of time-invariant Riemann-Liouville backward
equations [15, Theorem 6])
Let A O RY*Y a0 (0, 1). Assume that | — A is invertible.

(a) If all eigenvalues of A lie in SZ, then ¢ (-, xo) O 1%, hence (- G%x)(n) =
A(n)x(n) isasymptotically stable. Moreover, if all eigenvalues of (I — A)™! lie inside
the open unit disc, then D¢_L(n, Xo)J = 0(n " 1)asn - ooforall x, ORC.

(b) If there exists an eigenvalue A of A such that A O UY, then (. 2%x)(n) =
A(n)x(n) is not stable and there exist xo 0 RY, C > 0 and r > 1 with

D¢L(n,x0)D =Cr", n0ONo.

Theorem 8 does not answer the stability problem if some of the eigenvalues of A
lie on the boundary of SY. The following assertion from [15] demonstrates that all
stability variants are possible in such a case.

Theorem 9 (Asymptotic behavior on the stability boundary of time-invariant
Riemann-Liouville backward equations [15, Theorem 9])
Let A O RY™d g (0,1). Assumethat I — Aisinvertible, that zero is an eigenvalue
of A and that all nonzero eigenvalues of A belong to S. Denote by r 0 N; the
maximal size of the Jordan blocks corresponding to the zero eigenvalue.

(@) If r < a™?, then (=.B%x)(n) = A(n)x(n) is asymptotically stable and Dcl)E_L
(n,xo)I=0(n"*asn - oo,

(b) Ifr = a1, then (. 2%x)(n) = A(n)x(n) is stable but not asymptotically sta-
ble.
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(©) If r > a2, then (..2%x)(n) = A(n)x(n) is not stable.

Remark 6 Remark 5(c) implies that Theorems 8 and 9 are also valid for (R,Eax)

(n) = A(n)x(n).
To discuss stability of the C@put@ bagkwgrd qguatlon (52) in Remark 4 we rewrite

it, using the fact [27] that n—l = 1 + 1 to get
0 0
—1'IE n—k a
xM=-0-A" D" T XK
k=1 0 (59)

a—1
+ (1 — A (=)t x(1), nON,.
n—1
We will also use the following solution representation of inhomogeneous \olterra
equations.

Theorem 10 (Inhomogeneous Volterra equation)
LetC ORYY a:N; - R,g: N, - RYand R: N; — RI>d |f

=1
R(n)=C a(n —k)R(k), nON;
k=1
with initial condition R(1) = I, then the unique solution x: N — R of the equation

=
x(n)=C a(n —k)x(k) +g(n), nON;
k=1

with the initial condition x(1) = x; O RY, is given by
=1
x(n) = R(n)x; + R(k)g(n—k +1), n[N;j. (60)

k=1

Proof For n =1 the statement is true. Let m 0 N,. Suppose that (60) holds for all

n0O{1,...,m}. Then it also holds for m + 1, since
[™]
x(m+1)=C a(m+1—k)x(k) + g(m+ 1)
k=1
™ 0 =1 0

=C am+1—-k) RKx1+ R(jl)gk—j+1) +g(m+1)
k=1 j=1
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[™]
=C a(m+1—-Kk)R(Kk)x;
k=1
[™] =1
+C am+1-k) R(jgk—j+I)+gm+1)
k=1 j=1
[M]
= R(m + 1)x; + R(k)g(m +1—k +1).
k=1

When we compare the Caputo backward equation (52) in its equivalent form (59)
to the Riemann-Liouville backward equation (56) and use Theorem 10, we obtain
the following relation between Caputo and Riemann-Liouville equations.

Lemma 4 (Relation between backward Caputo and Riemann Liouville equations)
Let AORYY o O(0,1). If X: N — RY9jsthe solution of the Riemann-Liouville
matrix equation

=1 O a O
X(n)y=—(—-A"1 (== X0, nON, (61)
k=1 n-=
with initial condition X (1) = 1, then the solution x: N — R of the Caputo equation

(59) with initial condition x (1) = x; O RY, is given by

—
x(n) = X(n)x; + X(K)g(n—k+1), nONsy, (62)
k=1

where [ 1D
gM = (=AD" T @, nON,

Using the representation (62) we show the following stability result for (22) in
the time-invariant case.

Theorem 11 (Asymptotic stability of time-invariant Caputo backward equations)
Let A O R, Assume that | — A is invertible. If all eigenvalues of A lie in SS, then

(H)() = A()x(n)

is asymptotically stable and Dcl)cE (n,%)I =0 % asn - oo forall x, ORY.

Proof Suppose that all the eigenvalues of A lie in S and consider the sequence
X(n), given by (61) and X (1) = 1. Since ¢_L(n, Xg) = X(Nn)Xo, by Theorem 8 we
know that X (n) O I* and therefore there exists a constant C > 0 such that

OX(n)i < % n O Nj. (63)
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It is also known [27] that for the binomial coefficients we have

0 0
Ha—lH C
<<

n _m, n 0 N]_, (64)

for certain C > 0 (without loss of generality we may assume that the constants C
are the same in the last two inequalities (63) and (64)). From (62) we have

= o .0
065 (n, o)1 = ﬁX(n)xo +(1=AT (=D"*X(K) f:_ i xoﬁ
k=1

0 .0 0 .0
m _ 3} _
<c DX(k)DH a-l H:c1 DX(n—j)DH ot H
n—Kk
k=1 j=0 ]

0 0
where C; = OxgOmax 1,0(1 — A)~10 . Using (64) and dividing the sum into two
parts, we get

- ™ oX(n — j)0
067 (n, Xo)0 < C,C ﬁ
j=0
_cc O XO=in o B Xe-in
j=0 (J + 1)0( j=0n—10+1 (J + 1)0(

To estimate the first term we use (63) and the inequality

|_'_—| 1 0 1+1 | +1 —o+1 1
—_ =< X_adX - ( ) - ’ I O Nl!
i 19 1 —a+1 —a+1
as follows
Soxe-jyp_ ¢ T 1
" a = _ _ g
i=0 (J+1) n—0On—1[ i=0 (J+1)
B C Dnﬂ+1 1
" n—On—10 __ jo@
aji 0
C (On—10+2)7%"* 1
" n—0On—10 —a+1 —a+1

From the last inequality it is clear that
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DTI’r”DX(n—j)D<cz

G+1° ~ne 9

=0

for certain C, > 0 and all n O N;. To estimate the second term in (65) we proceed
as follows

™  gx(m-= i) =i
A=) S X - )= 2, (67)
j=0n—10+1 (J + 1) j=0n—10+1 n

for certain C3, C4 > 0and all n O N;. Applying (66) and (67) to (65), we obtain the
statement of the theorem. 0

6 Asymptotic Properties of Scalar Linear Fractional
Equations

In this section we investigate one-dimensional linear fractional equations and discuss
their asymptotic behavior in the time-invariant case in the first subsection. In the sec-
ond subsection we study asymptotic behavior of time-varying backward equations.

6.1 Scalar Time-Invariant Equations

We consider one-dimensional systems (18)—(23) in the time-invariant case, i.e. we
assume that A(n) = A 0 R, n O Ng. For multi-dimensional time-invariant systems
the picture of stability is not complete and the theorems from the previous section
leave some cases unsolved. For one-dimensional equations the problem of stabil-
ity and asymptotic stability is much more exhaustively described but even in this
relatively simple situation it is not completely solved.

Theorem 12 (Asymptotic behavior of scalar time-invariant fractional equations)
Let ADRanda O (0, 1).
(a)_(&ﬁax)(n) = Ax(n) is asymptotically stable if and only if A O (—2%, 0), and
(O x)(n) = Ax(n) is stable, but not asymptotically stable if A = 0 or A = —29,
(b) (R,Lﬁax)(n) = Ax(n) is asymptotically stable if and only if A O (—29, 0], and
(R_Lﬁax)(n) = Ax(n) is stable, but not asymptotically stable if A = —2°.
(© (ﬁax)(n) = Ax(n) with A & 1 is asymptotically stable if
A0 (—o0,0]0(2%, 00).
(d) (R_Eax)(n) = Ax(n) with A & 1 is asymptotically stable if and only if
A0 (—o0,0] 0 (2%, 00),
(O x)(n) = Ax(n) with A & 1 is not stable if A O (0, 2%).
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(e) (8%x)(n) = Ax(n) with A & 1 is asymptotically stable if

A O (—o0,0] 0 (2%, o).

(f) (E%x)(n) = Ax(n) with A B 1 is asymptotically stable if and only if
AD (—oo 0] 0 (2%, o0),

(] x)(n) Ax(n) with A B 1 is not stable if A O (0, 2%).

Proof (a) and (b) have been proved in [13] (see also [6, Example 29]). (c) follows
from Theorem 11. () has been proved in [14]. (d) and (e) follow from Remark 5(c)
together with (c) and (f), respectively. 0

Theorem 12 leaves the following questions for (20)—(23) with A £ 1 open:

Scalar linear fractional difference equation Open question
(& x)(n) = Ax(n) and (H%x)(n) = Ax(n) asymptotic behavior for A O (0, 29]
(r0" x)(n) = Ax(n) and (. 2%%)(n) = Ax(n) | stability for A = 2

For scalar time-invariant fractional equations, also some results about the conver-
gence and divergence rates of solutions are known. These results are collected in the
next two theorems.

Theorem 13 (Growth and decay rates for scalar linear time-invariant fractional
equations)
Consider (20)- (23) with linear part A J R. Let a 0 (0, 1) and xo O R. Then

(@) limp_ o $2(n, Xo)n® = mzlx‘)a) if A 0 (—2a,0),

(b) Ilmnqmcl)R (N, xp)n*1 = v ITA D (=20,0),

(©) limy . 0o $2(n, X0)n® = mzl"OG) if A (—o0,0) 0 (2, o),
(d) limy e 02 (N, Xo)N9+1 = 8= £ ) [] (o0, 0) O (2, o0), and

AMO(1—a)
limn o &2 (N, Xo)n@+1 = S ifA=0,
() limy . o 82(N, Xo)N® = mleOG) if A O (—o0,0) 0 (2, o),

() nmnm_q)R_L(n, Xo)nd+1 = %ﬁ% if A 0 (—oo,0) O (2, o), and
limp _ o ®2 (N, X0)n%+! = 76 ITA=0,

(@) If0 <A< 1landxy > 0,then ¢R_L(-, Xo) grows geometrically. More precisely,

)\:UGXO Xo
@ = Aifayn <90 %) < a—nzayr NENz

In the proof of Theorem 13 we use the following Lemma from [5].

Lemma5 ([5, Lemma 6])
Letal (0,1)andr, f: N; - R.If

f
ﬁ< oo and lim _na) =: d exists, (68)

nON, n—G—l hooo N~
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, Ll e -
then the convolutionr 0 f: Ny —» R, (r 0 f)(n) = [, r(n —i) f (i), satisfies

=]
ngED@z:dﬁrm.

n - oo n_a i=1

Proof (of Theorem 13) (a) is proved in [5, Theorem 4].
(b) is shown in [13, Corollary 4.2].
(d) and (g) are proved in [14, Theorem 4.7].
(f) follows from (d) by Remark 5(c).
(e) is a consequence of (c) and Remark 5(c). It remains to prove (c).
(c)Letx: N — Rbeasolution of (:.Hx)(n) = Ax(n). Then by (36) in Lemma?2,

0 i

en“knikx«x n 0Ny, (69)
k=1

x(n) = —171)\

and by Theorem 8, if A 0 (—oo, 0] O (29, o0) then x O 11 (N;) . We will calculate

S:= x(n).

n=1

Summing up the Egs. (69) for n from 2 to co we get

1 =05 o
S—x(1)=—"— (—1)"* x (k). (70)
1—A n—xk
n=2 k=1

. I I DS g S ,
Since the series 2, (—=1)" | and 2, x(i) are absolutely convergent, their

Cauchy product

G AR (O
n=2 k=1 n-=

is also absolutely convergent and its sum is

0 0
= e B
-1 . x(i) = —S. (71)
i=1 b im
In the last step we use the well known formula
[ DGD

iW:a+mK wO[-1,1],

i=0

with w = —1. Combining (70) with (71) we get
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_A—1
§ ==X (72)

From Lemma 4 we know that the solution y(n), n O Ny, of the Caputo time-invariant
one-dimensional equation (22) is given by

M
ym=x0g)(m) = x(n+1-jg(j), (73)

=1

where x(n), n O Ny, is the solution of (69) with x(1) = 1 and g(n), n 0 Ny, is given

a(n) = y(1) forn =1,

0,0
@=NT(ED) YT y() forn O N,.

Using formula (6) in [5]

0
R T
DT L Y T oa—a)
we get
- o _ y(1)
MmN = T N T A=)

Moreover, from Theorem 8 we know that the sequencer(n) = x(n), n O Ny satisfies
condition (68) and therefore we may apply Lemma 5 to the sequences r(n) = x(n)
and f(n) = g(n), n O N;. This leads, in light of (72) and (73) to

y(n) . x(1)
M = T AD A=)

The last equality completes the proof of (c). 0

6.2 Scalar Time-Varying Backward Equations

In this subsection we consider one dimensional time-varying fractional backward
equations (20)—(23) with linear part A: Np — R, i.e.

@*)M) =AMx(n) and  (O°X)() =AMX(N), nONi,  (74)
E%)M) =Amx(n)  and  EX)(n) =A(M)x(n), nON.  (75)

We first provide conditions under which an order relation between two linear parts
and initial conditions implies an order of the two corresponding solutions.
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Theorem 14 (Comparison theorem for scalar backward equations)
Let X1, Xo OR, A1, A2: Ng - R, a0(0,1), and assume the order relations

X1 =X%X2>0 and Ai(n) = A,(n) foreachn O No.
For B 0 {O%, 0", 89, ..8° let 7 (-, x1) and d5'(., x2) denote the solutions of
(B%)(n) = A(n)x(n) and  (Hx)(n) = A2(n)x(n)

with initial condition x; and x,, respectively.
If either A1(n) < 1 for each n O Ng, or A2(n) > 1 for each n O No, then

¢(n, X1) = ¢(n,x2), n O Np. (76)

Proof Under the assumption that A;(n) < 1 foreachn O Ny, the statement has been
proved for B¢ = 0% in[21, Theorem 2.4] and for 3% = . [0" in [20, Theorem 2.5].
Remark 4(c) implies the statement also for B* = 8% and 8¢ = 8°.

Assume now that A,(n) > 1 for each n 0 No. We consider first the case 5% =
R,EG. For n = 1the statement is true, since a direct calculation shows that fori = 1, 2

aXj

B ) —
070 = 5y

Suppose that (76) holds forn O {0, 1, ..., m} foranm 0O Nq, then according to (32)
we have

[ 0 H
_ m+1—k a 5]
A=Mm+D)O/m+1x)=— (O™ T b kx)
k=0
H H
] a
_ __1\m+1-—k
z— (e T 8kox)

k=0
= (1= No(m + 1))05 (M + 1, 1),
i.e. (76) holds for n = m + 1 and the proof is completed. In the same way, using the

representation (30), the statement follows for % = [ ° Finally using Remark 4(c)
again, the statement follows also for 3¢ = 8% and B* = . 8. O

The next theorem presents sufficient conditions for asymptotic stability of the
Egs. (74) and (75).

Theorem 15 (Asymptotic stability of scalar backward equations)

LetA: No - R, a O(0,1).
(@) If suppon, A(N) < 0 then

(@00 =Amx) and  (E%)(n) = An)x(n)
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are asymptotically stable.
(b) If infron, |1 — A(n)| = 1 then

GO X)) =AMx(n)  and (. 8%)(n) = A(n)x(n)

are asymptotically stable.

Proof (a) The asymptotic stability of (ﬂax)(n) = A(n)x(n) was proved in [21,
Theorem B and D]. Remark 4(c) implies the asymptotic stability of (2%x)(n) =

A(n)x(n). B
(b) [20, Theorem B] implies the asymptotic stability of (R,LDGX)(n) = A(n)x(n).
Applying again Remark 4(c) completes the proof. 0

Finally we present a result about divergence of solutions of (74) and (75).

Theorem 16 (Divergence of solutions of scalar backward equations)
LetA: No — R,a0(0,1).For8e 0 (0%, 0", 89, .B%%andx, O R, letd(, xo)
denote the solution of

(B%x)(n) = Mn)x(n)
with initial condition Xg. If there exists a A9 > 0 such that
1>)\(n)2)\0>0, n O Np,

then for each xo O R
1im 67(n, xo)| = oo.

Proof For 3% O {Ea, REG} the result is proved in [21, Theorems A and C] and [20,
Theorems A and A], respectively. Using Remark 4(c), we get the conclusion also for

e g {89, .89, O

7 Separation of Solutions

The next theorem contains the main result of this paragraph.

Theorem 17 (Separation of solutions of Caputo equations)
Let a 0 (0,1), At Ng — R?*? with sup,;y, DA(N)D < oo, A0 R with A > 2,
x,y ORI withx By, and x, O RY \ {0}.

(a) Forward equation (0" x)(n) = A(n)x(n):

limsup n*0¢2(n, x) — ¢ (n, y)I = oo and limsup 1 In 02 (n, Xo)0 = oo.

n - oo n — oo n

(b) Backward equations (Eax)(n) = A(n)x(n) and (E%x)(n) = A(n)x(n):
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limsup nADq)CED(n, X) — ¢Cﬁ(n, y)I =oco and limsup % In Dq)cﬁ(n, Xo) = oo,

n— oo n - oo

if (1 — A(n))~* exists for each n O Ng. The same holds for ¢.
In the proof of this theorem we use the following fact.

Lemma6 ([5, Lemma 1])
Let a > 0 and the sequence (U—q(K))kon, be defined by
O 0O

U_g(K) = (=1)F _k“ . KON, 77

Then the following statements hold:

(@) u—q(k) >0 fork O No.

(b) If0 <a <1, then (u—q(k))kon, IS a decreasing sequence.
(c) U—q(K) = u_g—1(n) for n O No.

k=0
(d) There existm, M > 0 such that

m M
<U—(n) < nia’

q1—a n 0 Nj.

Proof (of Theorem 17) (a) This is proved in [5, Theorem 5].

gb) Assume that I — A(n) is invertible for each n O Ny. We show the claim for
(@7 x)(n) = A(n)x(n). The result for the solution ¢ of (Hx)(n) = A(n)x(n)
follows then by Remark 4(c). To this end let x,y O RY with x B y and A > =
Suppose the contrary, i.e. there exists K 0 R such that

limsup n*067 (n, x) — 67 (n, )1 < K,
n — oo

which implies that _ _
lim 067 (n,x) =67 (n,y)I =0 (78)

and therefore by the boundedness of A that
lim (1 = A(M)d: (0, ) = &' (n, y)1 = 0.

Let us denote

L = sup 065 (n, x) — o7 (n, y)0 < 0. (79)
nONp

Furthermore, there exists N 0 Ng such that
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007 (n,x) — o (n,y)I<Kn™>, n=N. (80)

Considering the Caputo equation in the form given by (29), we have

(1 = A@)OZ(n, x) — 5 (n, y))

r[l _ _
=x—y+  u_q(n—KAKGIK x)— oK, y))
k=1
[M] _ _
=x—y+ B KNGk x)— o7k, y)),
k=1

where
B(n, k) := u_q(n —k)A(K),

with u_q(-) given by (77). Thus,
_ _ ﬁ ™M — — ﬁ
Ox —yO < O(1 = A(M)(0c (1, ) = ¢ (, yNO+T B, k)@ (k, ) — dc (k, ).
k=1
Letting n — oo and using (78), we obtain that

LR
limsup B(n, k)@ (k, x) — 6. (k, y))I > 0. (81)

= k=1

Since A > 2, thereexists 3 O (5, 1 — o). Thus, to get a contradiction to inequality
(81), it is sufficient to show that

ol _ _
limsup B(n, k)9 (k,x) — ¢ (k, y)) =0 (82)
-0 k=1
and
[M] _ _
limsup B(n, k)97 (k, x) — ¢J (k, y)) = 0. (83)
M= \=men

By definition of B(n, k) and non-negativity of the sequence (u—q(n)) by Lemma
6(a), we have

ﬁ i ey

k=1

B(n, K)(@Z (k, x) — ¢ (k, y»@
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IPET _ B
< OB(n, k)0O(d (k, x) — &g (k, y))O
k=1
IPET _ _
< Mu_a(n = K)D(®Z (k, X) — ¢ (k, y))O
k=1
Drfikrl
< ML U—q(n —K),
k=1

where we used (79) to obtain the last inequality. By Lemma 6(b), the sequence
(u—g(n)) is decreasing. Thus,

@ eyl

k=1

B(n, k)@ (k, x) — ¢ (K, y))ﬁ < MLON®0u_q(n — Ond0).

Using Lemma 6(d), we obtain that
@ OnPEyL

k=1

M

30,06, ~ 07, Y = MLEE + ) oy

which, together with the fact that 8 < 1 — a, proves (82). To conclude the proof we
show (83). For this purpose, we use the estimate

1 080 0
B(n, k)@ (k. x) — ¢ (k, ¥))

k=0n30
[M] _ _
< OB(n, k)DO(dS (K, X) — g (k, y))O
k=0n3[
[M] _ _
<M U—q(n = K)O(dS (k, x) — & (K, ¥))C.
k=0n30

Let n O N such that n® = N. Using (80), we obtain that

ﬁ ] _ _ ﬁ M
B(n, K)(®5' (k, x) — ¢ (k, y))T < MKIn®D™ U—q(n —Kk).

k=0nd0 k=0Ond0

By Lemma 6(a) and the fact that
0 0 d O

a a-—
D¢, =CD" 7T, nON,
k=1
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we have
™ ™

U =K< Uoa(n —K) = U_@an(N).
k=0n%0 k=1

Thus,

1 o0l
B(n, k)(9 (k, ) — ¢ (k, Y))T < MKIn°0™* Uy ().

k=0nd0

In light of Lemma 6(d) for a + 1, we have

™ g0 o7 s
B(n, K)(@c (k,X) = 6 (K, y))I = MKn ™.

k=0nd0

Note that dA > qa, (83) is proved and the proof is complete. 0

Our hypothesis isthat asimilar result holds true for the Riemann-Liouville forward
equation (R,LDGX)(n) = A(n)x(n) and backward equations (R,LDGX)(n) = A(n)x(n)
and (s,2%x)(n) = A(n)x(n) but we cannot provide a proof.

8 Conclusions

In this work we considered the asymptotic properties of six types of linear fractional
equations in discrete time described by the equations (18)—(23). The first two are the
Caputo and Riemann-Liouville forward equations in which the difference operator
is defined as the composition of the classical forward difference with the fractional
order sum. In the case of the Caputo equation, the order of these operators is such that
the difference operator acts first and the fractional sum operator acts second and in the
case of the Riemann-Liouville equation, the order of these operators is reversed. The
next four equations, i.e. (20)—(23) are the Caputo and Riemann-Liouville backwards
equation, in which the difference operator is defined as composing the classical
backward difference with the sum of the fractional order. Additionally, in the case
of these equations, we distinguish between two sum definitions, which include and
do not include the initial condition.

For each of the equations under consideration we have given a precise formulation
of the initial value problem (see Definition 4 and Remark 3) and discussed the
existence and uniqueness of solutions to initial value problems (see Theorem 1). In
Theorem 2 we show that each of the equations considered can be represented in two
different ways as a convolution-type Volterra equation. These preparations play a key
role in obtaining the further results of our work. One of them is included in Remark
5, which shows that the solutions of the Caputo backwards equations defined with a
sum that takes into account the initial conditions and a sum that does not take it into
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account are closely related and in particular, have the same asymptotic properties.
The same is true for the backwards Riemann-Liouville equations.

In Theorem 3, we present explicit formulas for solutions to stationary equations.
It should be noted that the first two points of this theorem provide the formula for the
solution in the form of a polynomial of the variable A, where A is the coefficient of
the equation under consideration without additional assumptions about the matrix A.
The remaining points present the formula for the solution in the form of a series and
require an additional assumption about the matrix A: that it has all eigenvalues inside
the unit circle, although a solution also exists when A has eigenvalues outside the unit
circle. The formulas for solutions of the backward equations in the general case are
an open problem. A step towards its solution may be Theorem 4, where such formulas
are given in the form of polynomials of the variable (1 — A)~%, unfortunately the
coefficients of these polynomials are given in recursive form and therefore these
formulas cannot be considered as satisfactory, explicit formulas.

Theorems 5, 6, 7, 8, 9 and 11 provide sufficient conditions for the stability and
instability of the equations (18)—(23). They have the following form: if the eigen-
values of the matrix A belong to an open set S, then the equation is asymptotically
stable (the form of the set S depends on the equation) and if at least one eigen-
value of A belongs to the set C \ cl S, the equation is unstable. The problem of the
asymptotic behavior of these equations when certain eigenvalues of the matrix A
lie on the boundary of the stability region S remains an open problem. Moreover,
these theorems say that in the case of stable Caputo equations, the rate of decay to
zero as n — oo is not greater than n™® and in the case of the Riemann-Liouville
equations, not greater than n~%~1, and that the rate of growth to infinity in the case
of unstable equations is not less than r", r > 1. The problem of giving the exact
growth and decay rates is also an open problem. In a special case when the system is
one-dimensional, the stability problem is completely solved and its solution is given
by Theorem 12. However even in the one-dimensional case, the problem of the exact
rate of convergence to zero is a problem that is not completely solved. Its solution
for some subsets of the stability set is given by Theorem 13. Finally, Theorems 14,
15 and 16 provide some conditions that are sufficient for the asymptotic stability and
instability of one-dimensional equations with variable coefficients.

Theorem 17 is a complement of the picture of rate of convergence of solutions.
It says that for the considered Caputo time-varying equations, this rate is not faster
than n~» with a certain A > 0. Our hypothesis is that a similar result holds true for
the Riemann-Liouville equations but we cannot provide a proof.
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