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Oscillation Theory of h-fractional Difference
Equations*

Fanfan Li' and Zhenlai Hanb®

Abstract In this paper, we initiate the oscillation theory for h-fractional
difference equations of the form

aApz(t) +rt)zt) =e(t) + f(t,z(t), teTh 1<a<2,
z(a) =co, Apz(a)=ci, co,c1 ER,

where A} is the Riemann-Liouville h-fractional difference of order a, T} :=
{a + kh, k € Zt U{0}}, and a > 0, h > 0. We study the oscillation of h-
fractional difference equations with Riemann-Liouville derivative, and obtain
some sufficient conditions for oscillation of every solution. Finally, we give an
example to illustrate our main results.
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1. Introduction

The fractional calculus (calculus with derivatives of arbitrary order) is an im-
portant research field in several different areas such as physics (including classical
and quantum mechanic as well as thermodynamics), chemistry, biology, economic,
and control theory [7,10,11,13-15]. Fractional difference equations, which is the
discrete counterpart of the corresponding fractional differential equations, have re-
cently gained an intensive interest among researchers in the last years. The discrete
fractional calculus has been developed much after the appearance of time scale cal-
culus [6]. The researchers started to use delta and nabla analysis by employing the
jumping operators o and p.

Computer simulations show that the time scale (hZ), is particularly interest-
ing because when h tends to zero one recovers previous fractional continuous-time
results [5,8]. However, the development of the qualitative features of these type
of equations is still considered to be at its first stage of progress. Therefore, it is
pertinent to develop the oscillation theory of fractional h-difference equations. The
last few years, there are new papers which have studied oscillation of fractional
difference equations, see the papers [1,2,4,12].
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Marian et al. [12] studied the oscillation criteria for forced nonlinear fractional
difference equations of the form

Aax(t) + fl(t7x(t + a)) = ’U(t) + fQ(tax(t + a))a te N07 0<a g 17
Ao‘*lx(t)h:o = X,

where A® denotes the Riemann-Liouville like discrete fractional difference operator
of order a.

Abdalla et al. [1] studied the oscillation of solutions of nonlinear forced fractional
difference equations of the form

vg((q)_la;:(t) + fit,z(t) = r(t) + fo(t, z(t), t € Ny,
va(qr)n_lq ‘I(t)|t:a(q) = ‘T(a(q)) =c¢ cc& Ra

where ¢ > 0, m = [¢q] + 1, m € N, [q] is the greatest integer less than or equal to
q, V;((fz)_l and VZ(q)—l are the Riemann-Liouville sum and difference operators,
respectively.

Following this trend and there are no results available in the literature regarding
the oscillation of solutions of h-fractional difference equations, we are concerned
equations of the form

1.1
z(a) =co, Apx(a)=c1, co,c1 €R, (1.1)

{aAgxa) Fr()a(t) = e(t) + f(t,z(t)), teTi 1<a<?2
where Af is the Riemann-Liouville h-fractional difference of order o, Ay is the
forward h-difference operator, T¢ := {a + kh, k € ZT U{0}}, a > 0, h > 0 and
e(t) is a continuous function. The problems will be studied under the following
assumptions:

(H1) r(t) is a positive real-valued continuous function on R;

(H2) x(t) f(t,z(t)) > 0, z(t) #0, te T,

(H3) [£(t,2(1))] < p(®)x®)]", =(t) #0, t > a;

(H4) £t x(t)] = p(O)]z(B)]", =(t) #0, t > a,
where p(t) € C(T¢,R") and v is a the quotient of two positive odd numbers.

We only consider these solutions of (1.1) which exist on Tf. If z(t) satisfies (1.1)
on T¢, then the function x(t) is called a solution of (1.1). A solution z(¢) of (1.1)
is said to be oscillatory if it is neither eventually positive nor eventually negative,
otherwise it is called nonoscillatory. The equation itself is called oscillatory if all of
its solutions are oscillatory.

The paper is organized as follows. In Section 2, we present some basic definitions
and useful results from the theory of discrete fractional calculus which we rely in the
later section. In Section 3, we intend to use the inequalities to obtain some sufficient
conditions for oscillation for oscillation of every solution of (1.1). In Section 4, we
give an example to illustrate our results.

2. Preliminaries

Before stating and proving our results, we introduce some definitions and nota-
tions. Let T¢ := {a+ kh, k € Z* U{0}}, where a > 0, h > 0. Let us denote by Fr
the set of real valued functions defined on T¢, o(t) =¢+ h and p(t) =t — h.
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Definition 2.1. [7] For a function ¢ € Fr the forward h-difference operator is

defined as
(Andh)(t) = d)(g(t);; O e,
while the h-difference sum is given by
n—1
(A )() =h > y(a+kh), teTs.
k=0

Definition 2.2. [3] For arbitrary ¢, € R and h > 0, the delta h-factorial function
is defined by

t(a) o ha].—‘(% + Oé)
h T(4)
h

Considering ¢t € T, it follows immediately that o(t + ah) =t + (a+ 1)h ¢ T%
for noninteger value a. On this account we introduce the “shifted” time scale

Ty = {a+ (a+k)h, keZ"U{0}},

where h > 0 and a € R. Now we can state the following definition.

Definition 2.3. [5] (Delta h-fractional sum) Let 3 be defined on T%. Then the
delta h-fractional sum of order o > 0 is defined by

Zfa

(AF)() = D (¢ — o(kh) ™V (kh)

k=2

for t € T}
Definition 2.4. [3] (Delta h-RL fractional difference) Let ¢ be defined on T¢.
Then the delta h-fractional difference of order a > 0 is defined by
(AFY)D) = (ARl " V0)(0), £ T,
where n = [a] + 1.
Lemma 2.1. [3] Fora >0, h >0 and ) defined on T{* we have fort € T¢™ < T¢

— t—a(k)
(0, 0 A Z F1p(a),

where n = [a] + 1.

Lemma 2.2. [9] (Young’s inequality)

(i) Let X,Y >0, u>1and L +1 =1, thenXY <ixwylyy,

(i) Let X > 0,Y > 0, 0<wu<1and?l +7f1thenXY>1X“ Ly,
where equality hold if and only if Y = X¥~ 1

Lemma 2.3. [16] (Stirling’s formula) For e > 0, we have

F €
lim Tn® _ 1.
n—><>of(n + g)
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3. Main Results

Now, we are in a position to state and prove some new results which guarantee
that every solution of (1.1) oscillates.

Theorem 3.1. Assume that f(t,z(t)) =0 in (1.1) and (H1)hold. If

t—ah
litrgiorgf e(s) = —o0 (3.1)
s=T+41

for sufficiently large T, then every solution of (1.1) is oscillatory.

Proof. Let z(t) be a nonoscillatory solution of (1.1). We suppose that x(t) is an
eventually positive solution of (1.1). Then there exists a T' > a such that z(t) > 0
for all t > T. Let F(t,x(t)) = e(t) — f(t,x(t)) — r(t)x(t). Then by Definition 2.3,
Lemma 2.1 and (H1), we have

T
2(t) =co + er(t — a) + ﬁ St — o() TV F(s, 2(5))
1 t—ah o .
g X - ()i (e(s) — r(s)x(s)
s=T+1
<co+ci(t—a)+ ﬁ Z(t — U(S))Ef‘_l)F(s, x(8))
1 t—ah . (ae1)
+ @S:ZT:H( —a(s)), e(s),

multiplying both sides of the above inequality by I'(a)(t — a)~!, we obtain

0 < T(a)(t —a) a(t) <T(a)eo(t —a) ™t + T(a)er + Y (t—a) " (t —o(s))\"VF(s,2(s))

t—ah
+ 3 ()TNt o) Ve(s).
s=T+1

(3.2)
By Definition 2.2 and Lemma 2.3, we observe that

lim (t —a) "' (t - 0(3));(10471) = lim (t —a)” "R r ($ te- 1) (t - ‘7(3)>a_1

t—o0 t— o0 t—o(s) t—o(s) a-l h
r(=5) (55)
_ a—1
B )
t—o00 t—a
=0.

Hence, there exists a M > 0 such that

M < (t—a) Y (t—o(s)* Y <M, teTy.
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It follows from (3.2) that

t—ah
0<Co(t—a) ' +C1+Co(T)+M > e(s), teTy,
s=T+1

T
where Cy =T'(a)co, C1 =T(a)c; and Co(T) = M > F(s,z(s)), i.e.

t—ah
1
Z e(s) > _M(Co(t —a)" P+ Cy +Co(T)), teTy. (3.3)
s=T+1

Taking limit inferior in (3.3) as t — oo, we have

t—ah
- o 1 _
htrglogf _T+16(S) > htrgggf(—ﬁ(Co(t —a) '+ C1 + Cy(T)))

1
= —limsup— (Co(t — a) " + C1 + Co(T))
t—o0 M
> —00,
ie.
t—ah
lim inf e(s) > —oo,
t—o00
s=T+1
which contradicts condition (3.1). In case x(t) eventually negative, one can proceed
in the same way and reach to a contradiction with (3.1). The proof is complete.

O
Theorem 3.2. Assume that (H1)-(H3) hold for 0 <~y < 1. If
t—ah
lim inf (e(s)+ H(s)) = —o0 (3.4)
t—o0 s=T 1
and
t—ah
lim sup Z (H(s) —e(s)) = oo, (3.5)
t—o0 s=T+1
for sufficiently large T, where
1—v o 1
H(s) = =71 () (3p() 77 (35

then every solution of (1.1) is oscillatory.

Proof. Let z(t) be a nonoscillatory solution of (1.1).
Case 1: Suppose that z(t) is an eventually positive solution of (1.1). Then there
exists a T > a such that z(¢) > 0 for all ¢ > T. For each fixed s, let X = x7(s),

Y:Z”p(gs)),u:%andvz

ﬁ7 then from part (i) of Lemma 2.2 we get

’YS—rsass:@ x’YSL(S)_ x’yS%
o) (6) = r(e)a(e) = " (9 105 )

_ 7"(73)()(1/ —x) < "y = h(s),
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where H(s) is defined as in (3.6). In view of (H3), by following similar steps to the
proof of Theorem 3.1, we get

t—ah
0<Colt—a) ' +Cr1+Co(D)+ Y (t—a) 't —o(s)y"els) + f(s,2(s) — r(s)z(s))
s=T+1
t—ah
<ot —a) '+ Cr+Co(T)+ D (t—a)~ (t— ()" e(s) + p(s)a (s) — r(s)z(s))
s=T+1
t—ah
<Colt—a) + O+ Co(T)+ Y (t—a) (¢ — o))V (e(s) + H(s))
s=T+1
t—ah
<Colt—a) '+ Cr+ Co(T)+ M > (e(s)+ H(s)), teTy,
s=T+1 (38)
where Cy, C1 , Co and M are defined as in Theorem 3.1. Hence, we get
t—ah
litgglf (e(s) + H(s)) > —o0,
s=T+1

which contradicts condition (3.4).
Case 2: Suppose that Z(t) is an eventually negative solution of (1.1). Then there
exists a T' > a such that T(t) < 0 for all t > T. For each fixed s, let X = Z(s)7,

Y:Vfé‘;),u:%andv: 1

then from part (i) of Lemma 2.2 we get

778—7“5@5:@ Tys’yp(s)_ =V(sNE
P(s)T7(s) = r(s)a(s) = = ( ()T(S) ~( ()))
_r(8) ey Ly ()1,
= ’y(XY uX) ’yUY H(),

where H(s) is defined as in (3.6). In view of (H3), by following similar steps to the
proof of Theorem 3.1, we get

0> Co(t —a)™! + C1 + Co(T) + zoi(t —a)7 (t—o(s)§ le(s) + f(5,7(5)) — r(s)T(s))
> Co(t—a)™' + C1 + Co(T) + gl(t —a)" (= o(s)) " (e(s) + p(s)T7 () — r(s)7(s))
> Co(t—a)™' + Cr + Co(T) + Zoi(t —a) 7! (t = o(9)i" Y (e(s) - H(s))
> Cot —a) ™+ Cy + Co(T) — M ’t_zil(e(s) — H(s))
t—ah

=Co(t—a) ' +C1+ Co(T)+ M > (H(s)—e(s)), teTy,
s=T+1
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where Cy, C1, Cy and M are defined as in Theorem 3.1. Hence, we get

t—ah
lim sup Z (H(s) —e(s)) < o0,
t— o0 s=T+1
which contradicts condition (3.5). This proof is complete. O]
Theorem 3.3. Assume that (H1), (H2) and (H4) hold for v > 1. If
t—ah
lim inf (e(s) + H(s)) = —o0 (3.9)
t—00 s=T 1
and
t—ah
lim sup Z (H(s) —e(s)) = oo, (3.10)
t—o0 s=T+1

for sufficiently large T, where H(s) is defined as in (5.6), then every bounded solu-
tion of (1.1) is oscillatory.

Proof. Let x(t) be a nonoscillatory bounded from above solution of (1.1). Then
there exists a constant N such that

z(t)] < N, forteT;. 3.11
h

Suppose that z(t) is an eventually bounded positive solution of (1.1). Then there
exists a T' > 0 such that z(¢) > 0 for ¢t > T. Using (ii) of Lemma 2.2 and similar to
the proof of (3.7), and by (H4) we get

fs,2(5)) = r(s)z(s) = p(s)a7(s) = r(s)a(s) = H(s), s=>T.

By Lemma 2.1 and similar to (3.8), we obtain

t—ah
D(a)z(t)(t-a)"t = Co(t—a) ' +C1+Co(T)+ Y (t—a) H(t—a(s))" " (e(s)+H(s)), te T},
s=T+1

where Cp, C; and Cy are defined as in Theorem 3.1. In view of (3.11), we have

t—ah
NT(@)(t—a)™ > Colt —a) ™ + Cr+ Co(T) + D (t—a) ' (t = o(s))™ (els) + H{(s))
s=T+1
t—ah
> Co(T)Co(t —a) ™' + CL+ Co(T) = M > (e(s) + H(s)), teTy,
s=T+1

where M is defined as in Theorem 3.1, i.e.
t—ah 1
> (e(s)+ H(s)) > =5 (NT(a)(t—a) ™' = Co(t —a) ™' = C1 = Co(T)), €T}
s=T+1
For ¢t > T, and this implied that
t—ah
lim inf (e(s) + H(s)) > —oo0,

t—o00
s=T+1

which contradicts (3.9). In case x(t) eventually negative, the verifications are similar
to Case 2 of Theorem 3.2, so we omit it here. The proof is complete. O
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4. Examples

. Consider the equation

ASa(t) +o(t)In(t +e) = —tIn(t +e) + () In(t +e), teTe,

_ _ 1
z(a) =0, Azx(a)= oy

(4.1)

where a =0, a =
co=0 and ¢ =

1%, h=2, r(t)=pt)=I(t+e), y=13, e(t)=—tn(t+e),
. Tt is clear that conditions (H1)-(H3) are satisfied. Thus, the

T'(a)
function H(s) = 1;7rﬁ(s) (Vp(s))ﬁ = LIn(t + ). Furthermore, we have
t—ah 1
htrgg.}f (—sln(s+e) + 1 In(s +e)) = —o0,
s=T+1
and
t—ah
h?isololp SZZT;H(Z In(s+e)+ sln(s+e)) = 0.

By Theorem 3.2 we see that (4.1) is oscillatory.
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