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1 Introduction

In the past few years, the theory of fractional differential equations and their applications
have been investigated extensively. For example, see monographs [1-4]. In recent years,
fractional difference equations, which are the discrete counterpart of the corresponding
fractional differential equations, have comparably gained attention by some researchers.
Many interesting results were established. For instance, see papers [5-20] and the refer-
ences therein.

The oscillation theory as a part of the qualitative theory of differential equations and
difference equations has been developed rapidly in the last decades, and there have
been many results on the oscillatory behavior of integer-order differential equations and
integer-order difference equations. In particular, we notice that the oscillation of fractional
differential equations has been developed significantly in recent years. We refer the reader
to [21-33] and the references therein. However, to the best of author’s knowledge, up to
now, very little is known regarding the oscillatory behavior of fractional difference equa-
tions [18—20]. Unfortunately, the main results of paper [18] are incorrect. The main reason
for the mistakes in [18] is an incorrect relation of £~ and #1~. In fact, noting the defi-
nition of £@ = %, it is easy to observe that @ D¢1-®) 41,

In this paper we investigate the oscillation of forced fractional difference equations with
damping term of the form

(1+p(6) A(A%X(D)) + p(t) A“x(E) + £ (,x(8)) = g(t), L e N, (1)
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with initial condition A% 1x(¢)|,-o = %o, where 0 < « < 1 is a constant, A% is the Riemann-
Liouville difference operator of order « of x, and Ny = {0,1,2,...}.
Throughout this paper, we assume that
(A) p(t) and g(¢) are real sequences, p(t) > -1, f : Ng x R — R, and xf(¢,x) > 0 for x # 0,
t € Np.
A solution x(¢) of the Eq. (1) is said to be oscillatory if it is neither eventually positive nor
eventually negative; otherwise, it is nonoscillatory.

2 Preliminaries
In this section, we present some preliminary results of discrete fractional calculus.

Definition 2.1 ([7]) Let v > 0. The vth fractional sum f is defined by

t—v

A0 = s Y (e-s- 1)) ®)

s=a

where f is defined for s = 2 mod(1), A~"f is defined for t = (@ + v) mod(1), and t") = Fl;t(fi'i)v).

The fractional sum A™"f maps functions defined on N, = {a,a + 1,a + 2,...} to functions

defined on Ny, ={a+v,a+v+1a+v+2,...}, where I' is the gamma function.

Definition 2.2 ([7]) Let u >0 and m — 1 < u < m, where m is a positive integer, m = [u].
Set v = m — . The pth fractional difference is defined as

ARf(e) = AT7f () = A" AT (D), 3)
where [1] is the ceiling function of .

Lemma 2.3 ([7]) Let f be a real-valued function defined on N,, and let u,v > 0. Then the
following equalities hold:

AT[ATfB)] = ATUS () = AT [ATF@)); @)
_ 2\(v-1)
A Af() = Aa~f( - LD F‘(’) fla). (5)
)

Lemma 2.4 Let x(t) be a solution of Eq. (1), and let

t-l+a
E@)=) (t-s-1)"x(s), teNo. 6)
Then
AE(t) = T(1- ) A%x(2). (7)

Proof Using Definition 2.1, it follows from (6) that

t-1+a t—(1-a)
E(t) = Z (t—s—1)"x(s) = Z (£ —s— 1)@ Dy(s)
s=to s=ty

=T —a) A" D).
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Therefore,
AE@) =T(1 - a) AA T 9%(t) = T(1 - a) A%(¢).
The proof of Lemma 2.4 is complete. d

Lemma 2.5 ([6]) Let u € R\ {...,-2,-1}. Then

avg - T g (8)

M'(uw+v+1)

3 Main results

In this section, we establish the oscillation results for Eq. (1).

Theorem 3.1 Suppose that, for ty € Ny,

liminf iw M+Sf: EVE) | <0 )
t—>00 o V(s) E:L‘Og
and
) t—a (t s 1)(01,1) s—1
limsupd > —e |1 > e@VvE) | >0, (10)
t—oo | oo s) £t

where M is a constant, and
-1
V() =]+ p(s). (11)
s=to

Then every solution x(t) of Eq. (1) is oscillatory.

Proof Suppose to the contrary that there is a nonoscillatory solution x(¢) of Eq. (1) which
has no zero in Ny, = {fo,t0 + 1, +2,...}. Then x() > 0 or x(¢) < 0 for ¢t € Ny,.
Case 1. x(t) > 0, t € Ny,. Noting assumption (A), from Eq. (1) we have

(1+p0)A(A"x(D)) + p(O)A*x(E) = =f (£,%(0)) +g(2) < g(®). (12)
Therefore, using the fundamental property of A and noting the definition of V'(£), we get

A((Ax(0))V(2)) = A(A“x(@) V(£ +1) + A%x(6) AV (2)
= A(A“x(t)) (1 +p(t)) V(t) + A% (t)p(t) V()
<gt)yV (). (13)
Summing both sides of (13) from ¢, to ¢ — 1, we obtain
t-1 t-1

(Ax(6) V(£) < (A%(t0)) Vto) + Y _g(s)V(s) =M+ Y gls)V(s),

s=ty s=to
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where M = (A%x(ty)) V (to), that is,

M t-1

o 1
A%x(t) < m + m gg(s)V(s).

Applying the A~ operator to inequality (14), we have

M 1 &
ATCAN%(E) < AT —— + — V() |.
{ v ' V@) Zg
On the one hand, applying Lemma 2.3 to the left-hand side of (15), we obtain

A A% () = A AA D)

" (@-1)
= AN AT x(p) -
OB

=x(t) - @ )r<a-1>.
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(14)

(16)

On the other hand, using Definition 2.1, it follows from the right-hand side of (15) that

t-1
A [ 7ot Xt:g(S) V(S)]

L NSgope -
@ ZO s-1) [ RS Z <s)}.
Combining (15)-(17), we get

50 ;” | M, 1
W< T {v V() Z }

§=

It follows from (18) that

T ()t x(t) < xot @V~

By using the Stirling formula [20]

INOT%

m-——= e>0,
t—oo ['(t + €)

we obtain
rie+1
lim £7%¢@) = lim tl’“#
t—00 t—00 Ft+l-a+1)
e tI'(t)

ol trl-al (s (1-a)

17)

(19)
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~ lim t ()t
Ctsoot+l-aD(E+(1-a))
1. (20)

From (20), taking then limit as t — oo in (19), we have
liminf{£'~*x(t)} < -o0,
t—00

which contradicts with x(¢) > 0.
Case 2. x(t) < 0, t € Ny,. By assumption (A), from Eq. (1) we have

(1+p() A(A“%(0)) + p(O) A*x(2) = —f (£, %(2)) + g(2) > g (). (21)
Therefore,
A((A%x(0) V(1) > g(e)V(2). (22)

Summing both sides of (22) from ¢, to ¢ — 1, we obtain

t-1 t-1
(A X(D)) V(E) > (A%(t0)) V(L) + Y _g(s)V(s) =M+ Y _gls)V(s),
where M = (A%x(ty)) V (to), that is,
. M 1
A%%(t) > Vet Ve Xt(; FOMO) (23)

Using the procedure of the proof of Case 1, we conclude that

[ (o)~ x(t) > wot@ Vgt

t—a M =
+e ;“ —s—1)e [W %0 g_tog(s)ws)} (24)
By (20), taking the limit as ¢ — 0o in (24), we have
limsup{£'~*x(£)} > o0,
t—>00
which contradicts with x() < 0. The proof of Theorem 3.1 is complete. d
Theorem 3.2 Suppose that, for ty € Ny,
1 s-1
lim inf V6 {M + gg(aws)} = —00 (25)
and
g s-1
1‘Iiiifpgm{m§g@)v@} = 00, (26)
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where M is a constant, and V (t) is defined by (11). Then every solution x(t) of Eq. (1) is

oscillatory.

Proof Suppose to the contrary that there is a nonoscillatory solution x(¢) of Eq. (1) that
has no zero in N;. Then x(£) > 0 or x(t) < 0 for t € Ny,.

Case 1. x(t) > 0, t € Ny;. As in the proof of Case 1 in Theorem 3.1, we obtain (14). By
Lemma 2.4 it follows from (14) that

rid-ow
AE(t) < { Zg } (27)

s=tp
Summing both sides of (27) from ¢, to t — 1, we have
1
E(t) <E(ty)+T'1-a) M + &)V () 28
) < Eto) ZV(){ SZtog s} (28)

Letting ¢ — oo in (28), we obtain a contradiction with E(t) > 0.
Case 2. x(t) < 0, t € Ny,. As in the proof of Case 2 in Theorem 3.1, we obtain (23). By
Lemma 2.4 it follows from (23) that

AE(R) > D= M+i )V (s) (29)
v TS

Summing both sides of (29) from ¢, to ¢ — 1, we have

t-1 s—1
E(0)>E(ty) +T(1-a) ) 7 7 {M ¥ Zg(E)V(E)}. (30)
s=to &=ty
Letting ¢ — oo in (30), we obtain a contradiction with E(£) < 0. This completes the proof
of Theorem 3.2. d
4 Examples

In this section, we conclude from the following two examples that the assumptions of

Theorem 3.1 and Theorem 3.2 cannot be dropped.

Example 4.1 Consider the following fractional difference equation:

2 1\ 2 I(t+1) 3-2I'(%)
gA(Asx(t))+(—§>mx<t)+ M(;) wl) = —5—= teN, (31)

with the initial condition A~ §x(t)|t o = 0
Here o = 3,p(t 3,f(t x(t)) = StF x(t) g(t) =

r)
(3)

. It is easy to see that

-1 1 1 s o2
Vo =[[(+pw) :H§=<—> g(t)=T(3)>o.
s=1 s=1
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Therefore, we have
Z oD S v
V) *

s=0
D § ! M Sil i@)<%>é_l
(t-s-1) <2> [ ¥ - 9 3

0, (32)

-

Il
it

Il
(=}

§

\Y

which shows that condition (9) of Theorem 3.1 does not hold. It is not difficult to see that
x(t) = 3 isa nonoscillatory solution of Eq. (31).
Indeed, on the one hand, using Lemma 2.5, we obtain

2
FZ+1+1)
)
3 3
2 2
=A(Zr(2)e
()
2 2
=Zr( = 33
o (3) @3)
and
A(A3x() = A(A5E3)) = 0. (34)
On the other hand, we have
re+1 tI'(t
s =3 - LEFD 0O (35)
Combining (33)-(35), we conclude that x(t) = £ () is a solution of Eq. (31).
Example 4.2 Consider the following fractional difference equation:
IA(A% D) L) Adae) L+ 3) (t) 3-TG) teN (36)
~ + -3 + = ’ ’
2 * 2 )T o 6 0

with the initial condition A‘%x(t)ltzo :20, "
Here o = %,p(t) = —%,f(t,x(t)) = 1;(;(§))x(t),g(t) = § . Obviously,

-1 1 i -
v =[]+pw) :H% = <—> , gt = 6(3) > 0.
s=1

s=1
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Therefore, we have

t-1 1 s-1
2 M+ ;aawa
t-1 s-1 3—1"(1) 1\&1
=Y 2 My 3 (—)
s=1 =1 6 2
> 0. (37)

Thus, condition (25) of Theorem 3.2 does not hold. In fact, we can easily verify that x(¢) =
£3) isa nonoscillatory solution of Eq. (36).
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