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Abstract

By establishing a comparison theorem and applying the monotone iterative
technique combined with the method of lower and upper solutions, we investigate
the existence of extremal solutions of the initial value problem for fractional
g-difference equation involving Caputo derivative. An example is presented to
illustrate the main result.
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1 Introduction

The quantum calculus (calculus without limits or g-calculus) is not of recent appearance.
It appeared as a connection between mathematics and physics. The quantum difference
operator has a lot of applications in different mathematical areas, such as number theory,
combinatorics, special functions, basic hyper-geometric functions, the calculus of vari-
ations, control theory, mechanics, and the theory of relativity. For the basic concepts of
q-calculus, we refer the reader to [1]. Recently, the topic of quantum calculus has attracted
the attention of several researchers and a variety of new results can be found in [2-11] and
references cited therein.

The monotone iterative technique, combined with the method of lower and upper so-
lutions, is an interesting and effective technique for proving the existence of solutions for
initial and boundary value problems of nonlinear differential equations. The basic idea of
this method is that by using the upper and lower solutions as an initial iteration, one can
construct the monotone sequences for a corresponding linear equation and that converge
monotonically to the extremal solutions of the nonlinear equation. So many authors de-
veloped the upper and lower solutions methods to solve fractional differential equations;
for examples, see [12-26].

Motivated by the above-mentioned work, we investigate the existence of extremal solu-
tions for the following initial value problem of a nonlinear fractional quantum difference
equation:

SDju(e) =f(tu@), te],

u(a) = uo,

(1.1)
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where 5DZ denotes the Caputo g-fractional derivative of order «, 0 <« <1, ] = [a, b], the
function f € C(J x R, R), and the constant #, € R.

The aim of this paper is to extend the method of upper and lower solutions coupled
with the monotone iterative technique to fractional g-difference equations. In order to
apply the method, we establish a comparison theorem involving the Caputo g-fractional
derivative, which plays a crucial role in this paper. To the best of our knowledge, it is the
first crack at applying the method to a fractional g-difference equations of Caputo type.

The rest of paper is organized as follows: In Section 2, we present some preliminary
notations, definitions and lemmas that we need in the sequel. In Section 3, we discuss the
main result, while an example is presented to illustrate the main result in Section 4.

2 Preliminaries
We give some notations, definitions, and preliminary facts which are used throughout the
paper.

To begin with, we give some properties of a g-shifting operator ,®,(m) = gm + (1 — q)a
that can be found in [9].

Property 2.1 [9] Forany a,m, n € R, and for all positive integer k the following properties
hold:
(i) o ®5(m) = ;@57 (D, (m)) and ;P (m) = ;P (m) with (DY (m) = m.
(if) o1 =)y =1, o0n —m)) = [15 (n = @ (m)), k € NU {oo}.
1-a ®L (m/n)
(iii) 402 —m)Y) = n® [, —2-~ fory €R.

i=0 1-a <I>;/+i(m/n
n

We recall some basic concepts of g-calculus [9].
The g-derivative of a function f on the interval [a, b] is defined by

J@) =f(a®,()

R T

(44, (WDyf)@ =lm(Dy(o),
and the g-derivative of higher order is given by

(WDY)O =, (D)O) =D (Df)E), keN.

The g-derivatives of a product and ratio of functions f and g on [a, b] are

Dy (fR)(t) = f(£)aDyg(t) + g(a Py (1)) aDyf (2)
= 8(1)aDyf (&) + f («P4(£))aDyg(2)

and

aD — uD
aDq<f )(t):g(t) SO -SODEl) o ) v0

g 202 P, ()

The g-integral of a function f defined on the interval [a, b] is given by

L) = f fOadys=1-q)t-a) Y (;@0), telabl

i=0
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with
WL2A)O=FO, (L)) = LT LHO, keN.

The fundamental theorem of calculus applies to the operator ,D, and I, that is,
(aDygal of )(2) = f (),

and if f is continuous at ¢ = a, then
(algaDyf)(#) = f(2) - f(a).

The formula for g-integration by parts on the interval [a, b] is

b b
/ F)(uDyg®))adys = RO - f 2(u,(5)) (Dyf (5))a dys.

Let us give the definitions of the Riemann-Liouville fractional g-derivative and the g-

integral on the interval [a, b] and their properties [9].

Definition 2.2 [9] The fractional g-derivative of Riemann-Liouville type of order & > 0
on the interval [a, b] is defined by (aDgf)(t) =f(¢) and

(D)) = (Dl “f) (@), >0, @2.1)
where [ is the smallest integer greater than or equal to «.

Definition 2.3 [9] Leta > 0 and f be a function defined on [4, b]. The fractional g-integral
of Riemann-Liouville type is given by (algf )(&) =f(¢) and

1
Fq(‘x)

/ ta(t =i ®(9) T f(S)adys, @ >0,t€a,bl, 2.2)

q

(ulgf) (t) =

where the g-gamma function is defined by

1-q)"
()=~ 2.3
A= g >3
Obviously, I'y(« + 1) = [a], Iy (e).
From [9], we have the following formulas:
Iy(B+1) -

<o \B _ q _ \B-a
aDy(s—a)"(t) = 7%(/3 "t D) (t—a)™, (2.4)
- = 1Py 25)

N Fg(B+a+1)
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Lemma 2.4 [9] Let o, 8 € R* and f be a continuous function on [a,b]. The Riemann-
Liouville fractional q-integral has the following semi-group property:

AL IS (8) = (IS IDF () = WI2PS (1), (2.6)
Lemma 2.5 [9] Letf be a g-integrable function on [a, b]. Then the following equality holds:
aDyalyf(t) =f(8), «>0,t€a,b]. (2.7)

Lemma 2.6 [9] Let« > 0 and p be a positive integer. Then for t € [a, b] the following equal-
ity holds:

r-1 (t - a)oc—p+k

I DL (8) = uDh £ (1) «Dyf (@). (2.8)

P Lglo + k- p+1)

Next, the definition of Caputo fractional g-derivative is as follows.

Definition 2.7 [10, 11] The fractional g-derivative of Caputo type of order & > 0 on the
interval [a, b] is defined by (ngf)(t) =f(t) and

(EDL)®) = (L2 uDLf)(E), @ >0, (2.9)
where 7 is the smallest integer greater than or equal to «.

Lemma 2.8 [10,11] Let o > 0 and n be the smallest integer greater than or equal to . Then
for t € [a, b] the following equality holds:
< (t-a)
JAXSDEf(8) = f (¢ ———— .Df(a). 2.10
Sf @) =f(6) - qu(kﬂ) A (a) (210)

k=0

The relation between the Caputo fractional g-derivative and the Riemann-Liouville frac-

tional g-derivative is given by

SDi;f(t):aD;[f(t) Z L LI@ a)}. (2.11)
k=0

gk +1)

Let C(J,R) = {u:] — R: u(¢) is continuous} with the norm ||u| ¢ = sup,; |u(?)|.

The following result will play a very important role in this paper.

Lemma 2.9 Ifp € C(J,R) and satisfies the following relations:

$DYp(t) = —2p(®), t€la,bl,
pla) >0,

(2.12)

where A > —I'j(a + 1)/(b — a)? is a constant, then p(t) > 0 forall t € ].
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Proof The proof is similar to the argument of Lemma 2.1 in [15]. Assume that p(¢) > 0,
Vt € (a, b] is not true. Then, by p(a) > 0, there exist points ty, ; € (a, b] such that p(¢) = 0,
p(t1) <0, p(t) >0 for t € (a,ty] and p(t) < 0 for £ € (£y, t1]. Let £, be the first minimal point
of p(t) on [ty, ,]. We shall show that A >0 and A < 0.

First of all, let A > 0. From (2.12), it follows that, for t, < t < £,

$D;p(t) > 0.
Using (2.11), Definition 2.2, and equation (2.4), we can compute

D p(t) = D2 [p(0) - pla)]
= aunI;_a [p(t) - P(ﬂ)]
= aDylaly “p(0) - pla@)aly * ()(2)]

pla)t-a)— ]

_ 1-« _
- aD,,[alq r0-S ey

= D H(D),

where

pla)(t—a)™ ‘

H©O) = ol ) =5 5=
q

The fundamental theorem of g-calculus applies to the operator ;,/ 7 and ;D o We have
to qtoD "p(8) = 111y DH(£) = H(£) - H(to) > 0. (2.13)

Consequently, for ¢ € (¢, t1], it follows that

H(t) - Hity) = I:ul,li_ap(t) - M] _ [“1};‘* (fo) — M]

ry(2-a) ry(2-a)
_ pla)t —a)'
- [r i a)/ POud, W}
p@)(to — )"
[ q(l a)/ o) POy~ r,2-a }

T,0-a) / 'p(s)ad 45

—m/u al(to - (S)) P(S)adqs

p(a) l-a 1-a
_m[(f—ﬂ) —(to —a)"™]
1 to .
= mf (£ a®4(9)), “Pls)adlys
1 ¢

+ m ; a(t- ,1<I>q(s));_a)p(s)a dgs
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1 fo o
—m/ a(tO —anq(S))(q )P(S)a dys

i / 049)5 = a(to - a04(6) | dys

e T i o / 'p(s)ad /5.

Since [4(£ — 4Py (5)5 = alto — «®y())5] < 0 for 0 < s < t and p(¢) < 0, for all £ € (to, 1],
we have

t
/ gDZp(s)to dgs <0,

to

which contradicts (2.13). Hence, we obtain the result A > 0.

Finally, we assume 0 > X > —-I',(1 + «)/(b — a)*. Since the Riemann-Liouville fractional
g-integral ,[; is a monotone operator, thus, applying the fractional g-integral order  on
both sides of problem (2.12), by using Lemmas 2.8 and 2.4, we have

p@) —pla) + halgp(t) >

for t € (a, b], from p(a) > 0, it follows that
P(t2) + Lalgp(ts) > 0. (2.14)

For ¢ = t,, we can calculate

al‘;p(tz) - (a)/ a(tz—a¢q(s));a71)p(s)a dgs
q a

- | =) o0y

Fq(O{) / : u(tZ - uq)q(s));a_l)p(s)a dqs

to

1 ) -
Iy(a) /t ”(tz _aq>q(5)); 1)p(s)a dgs

S 1 /tz (t2 - a®4(5)) “ p(t2)ad

a “a S a S

S Ty@ ), BTy PR
_ (—5)”
T+’

(b—a)*
T+

v

which implies that

a AMb—-a)®
ralgp(t) < mp(tﬂ (2.15)

Page 6 of 11
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Hence, using (2.14) and (2.15), we obtain

AMb—-a)®
(1 + m)l’(b) >0,

since 1+ A(b — a)*/T"4(a + 1) > 0, thus, this contradicts the negative property of p(t,). The
proof is completed. d

3 Main results

Consider the linear initial value problem

CD%u(e) + ru(t) = h(z), 0 1,
a qu()+ u(t) = h(t) << (3.1)
u(a) = uo, upeR, tej,

where A is a given constant and 4 € C(J, R).

Lemma 3.1 Let vy, wy : ] — R be continuous functions. Assume that vy, wy are lower and

upper solutions of (3.1), respectively, and vo < wy, forall t € . If

A(b - a)®

m <l, (32)

then the linear initial value problem (3.1) has a unique solution u € [vy,wy] on J.

Proof The proof consist of two steps.
Step 1. We shall show that if u is a solution of (3.1), then vy < u < wy.

Let p = u — vy, we get

EDYp(t) = -p(e),
pla) > 0.

By Lemma 2.9, p(t) > 0, for ¢ € ], that is, u > vy. In the same way, if we set r = wy — u, then
we can show that u < wg. Thus, vy < u < wy.

Step 11. To prove that problem (3.1) has a unique solution.

Problem (3.1) is equivalent to the following integral equation:

u(t) = uo — halyu(t) + dyh(t), Vtej.
Let the operator
Ault) = uo — ralgu(t) + JI3h(t), Vte].

For any u, v € C(J,R), using (2.5), we obtain

. 2b - ay
| Au(®) - AV | < 12Ol -Vl = r,,(a—fl)”” ~vllc.
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By using (3.2),
lAu - Aviic < llu—vlc.

Hence the operator A is a contraction in view of the condition (3.2). Consequently, by
Banach’s fixed point theorem, the operator A has a unique fixed point. That is, problem
(3.1) has a unique solution. This completes the proof. d

Next, we give the definitions of lower and upper solutions of problem (1.1).

Definition 3.2 A function vy € C([a, b],R) is called a lower solution of problem (1.1), if it
satisfies

SDLvo() <f(t,vo), t€(ab], (3.3)

vo(a) < uo.

Definition 3.3 A function wy € C([a, b], R) is called an upper solution of problem (1.1), if
it satisfies

SDZWO(t) > f(t,wo), tel(a,bl, (3.4)

wo(a) > up.

In this paper, we will apply the monotone iterative method to present a result on the

existence and uniqueness of the solution of problem (1.1).

Theorem 3.4 Let the function vy, wy € C(J,R). In addition assume that:

(H1) vo and wg are lower and upper solutions of problem (1.1), respectively.
(H2) The function f € C(J,R) satisfies

f&v)=f@u) = -Av—u) forvo<u=<v=wo,

where A > T'y(a +1)/(b — a)* is a constant.

Then there exist monotone iterative sequences {v,} and {w,}, which converge uniformly on
the interval ] to the extremal solutions of (1.1) in [vo, wy].

Proof For any z € [vg, wp], we consider the following linear IVP problem:

c Y _ _
quu(t) = h,(t) — Au(t), te(a,b], (3.5)
u(a) = uo,

where /1,(¢) = f(¢,2(t)) + Az(¢) and A is a given constant. Since vy and w, are lower and

upper solutions of problem (1.1), by (H), we can get

SO o) < £ (8, vo(0) <f(6,2(0) + Az(t) = Avo(8) = ho(£) = Avo(2),

vo(a) < uo,



Wang et al. Advances in Difference Equations (2016) 2016:211 Page 9 of 11

and

SD wo(e) = £ (6, wo(8)) = £ (£, 2(0)) + haz(£) = Awo(2) = B (2) = hwo (8),

wo(a) > u.

Hence vy and wy are lower and upper solutions of problem (3.1). By Lemma 3.1, we know
that problem (3.1) has a unique solution u € [vy, wy]. Define an operator A : [vg, wy] —
[vo, wol by u = Az.

Next, we shall show that the operator A is nondecreasing. Let z1, 25 € [vo, wo], such that

21 <2zy. Set ) = v5 — v1, vy = Azy, and v, = Azy. By (H), we obtain
$D n(0) = (D v (@) - SDn (D)
=f(t22(t)) + Aza(t) = f (£, 21()) — Aza(£) = A (va(E) = v ()
> —Mz2(8) = 21(0)) + A(22(8) — 21.(2)) — A (v2 () = wi (1))
= —An(e),
n(a) = 0.

By Lemma 2.9, n(¢) > 0, for ¢ € J. That is, the operator A is nondecreasing.

Now let v, = Av,,_1 and w,, = Aw,,_; for n = 1,2,..., then we have
Vo SV <o SV < Swp < < wp <. (3.6)

It is easy to show that the sequences {v,(¢)} and {w,(t)} are uniformly bounded and

equicontinuous on J. Hence, by Arzela-Ascoli’s theorem, we have

lim v,(£) =v*() and lim w,(¢) = w*(¢),
uniformly on ¢ € / and the limit functions v*, w* satisfy problem (1.1). Furthermore, v* and

w* satisfy the relation

V== SV <V E=w < Sw, <o Swp S wp.

Finally, we prove that v* and w* are extremal solutions of problem (1.1) in [vo, wo].

Let u € [vg, wo] be any solution of (1.1). Then Au = u. Since vy < u < wy and considering

the properties of A, i.e., A is nondecreasing, we obtain
Vo<u<w, n=12,.... (3.7)

Taking the limit in (3.7) as # — 0o, we have v* < u < w*. Therefore v*, w* are the extremal

solutions of (1.1) in [vg, wp]. This completes the proof. O
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0.5

(a) (vo,wo) (b) (v1,w1) (c) (v2,w2)

Figure 1 A plot of the lower and upper solutions of Problem (4.1).

4 Examples
Example 4.1 Consider the following initial value problem:

l-a Ty (
gDZu(t): 3rt !

q(l—a)
u(0) =0,

a+1) _ 3
T (E—u®), te(01], (4.1)

where « =1/2, ¢ =1/2, a = 0, and b = 1. Taking vo(¢) = 0 and wy(t) =1 + ¢, it is easy to
verify that vy, wy are lower and upper solutions of (4.1), respectively, and vy < wy. Then
the assumption (H;) of Theorem 3.4 holds.

The function f is given by

e Tyl +1) 3
fltu) = e 4 (t—u®)”,
which satisfies
flen-fwz -2 Dy,

where vy < u <v < wp. Then we get A = 3T'y(« + 1)/4, which implies

Ab—a)®

3
A
T a+1) 4

thus, the assumption (H;) of Theorem 3.4 holds. Therefore, problem (4.1) satisfies all as-
sumptions of Theorem 3.4. By Theorem 3.4, there exist monotone iterative sequences {v,,}
and {w,}, which converge uniformly on interval [0, 1] to the extremal solutions of (4.1) in
[vo, wo]. The graphs of {v,} and {w,}, for some values of n, are shown in Figure 1.
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