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1 Introduction

The subject of g-calculus, also known as quantum calculus, rests on the concept of finite difference
re-scaling. The formal work on ¢-difference equations dates back to the first quarter of twentieth
century. The applications of g-calculus in several important disciplines like combinatorics, special
functions, quantum mechanics, etc. led to the recent development of the subject. g¢-calculus is
also regarded as a subfield of time scales calculus (unified setting for studying dynamic equations
on both discrete and continuous domains). In this short note, we present some recent results on
boundary value problems (BVP) of ¢-difference and fractional ¢g-difference equations and inclusions.

2 BVP for ¢-difference equations and inclusions

We begin with some preliminary concepts of g-calculus.

Definition 2.1. Let f be a function defined on a g-geometric set I, i.e., qt € I for all ¢t € I. For
0 < g < 1, we define the g-derivative as

f(t) = flqt)
(1—qg)t

For t > 0, we consider a set J; = {t¢" : n € NU{0}} U{0} and define the definite ¢g-integral of
a function f: J; — R by

D,f(t) = L HET\{0}, Dyf(0) = lim Dyf(1).

[e.e]

If(t) = / £(5) dgs = 3 (1 — )" £ (1™,
0

n=0
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provided that the series converges.
For a,b € J;, we have

b o
[ 161 dys = 1,50) = (@) = (1= 0) Y a"[oF ™) — afaa™)]
a n=0

Consider the boundary value problem for a second order g—difference equation with non-sepa-
rated boundary conditions

Dgx(t) = f(t,z(t)), tel, z(0)=nz(T), Dyx(0)=nDex(T), (2.1)

where f € C(I xR,R), I =[0,T]N{q" : n € N} U{0}, T is a fixed constant and n # 1 is a fixed
real number. By using a variety of fixed point theorems such as Banach’s contraction principle,
Leray—Schauder nonlinear alternative, Schauder fixed point theorem and Krasnoselskii’s fixed point
theorem, several results are proved for the problem (2.1) in [5], which are listed below.

Theorem 2.2. Let f: I xR — R be a continuous function satisfying the condition
|f(t,u) = f(t,0)] < Llu—v|, Viel, u,veR,

where L is a Lipschitz constant. Then the boundary value problem (2.1) has a unique solution,

provided
1 [n(1 4 nq)] 7 ) 9
L n +‘ ( T < 1.
<1+q I+qn—-12% In-1

Theorem 2.3. Assume that:

(H1) there exists a continuous nondecreasing function ¢ : [0,00) — (0,00) and a function p €
LY([0,T],Ry) such that

[f @t w) < p()¢((lull) for each (t,u) € I X R;

(H2) there exists a number M > 0 such that

fall / (7 1+ S vl ) > 1.

Then the BVP (2.1) has at least one solution.

Theorem 2.4. Assume that there exist constants

1 In(1+nq)| n )
0<cex«1 + + ’ ‘
/<1+q (I+qgmn—-12 In—1
and N > 0 such that |f(t,u)| < 7z [u| + N for allt € I, w € C(I). Then the BVP (2.1) has at
least one solution.

Theorem 2.5. Assume that there exists a constant My such that

1 n(1+nq)| n
|f(t,u)] ng/(1+q+ (ETICESE + ’77—1‘>T2’ Vtel, u€[-My, M)

Then the BVP (2.1) has at least one solution.
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Theorem 2.6. Assume that f : I xR = R is a continuous function and the following assumptions
hold:

(Hs) |f(t,u) — f(t,v)| < Llu—v|, Vt eI, u,v € R;
(Hy) |f(t,w)| < p(t), ¥ (t,u) € I xR, and p € C(I,RT).
If

(om0 )

then the boundary value problem (2.1) has at least one solution on I.

In [4], the authors discussed the existence and nonexistence of solutions for nonlinear second
order g-integro-difference equation: Dzu(t) = f(t,u(t)) + Ig(t,u(t)), f,g € C(I x R,R) supple-
mented with non-separated boundary conditions given in (2.1). Similar results were proved for
other classes of boundary value problems. The results for the second order g-difference equa-
tion D2x(t) = f(t,z(t)), t € I, supplemented with non-separated boundary conditions a;z(0) —
B1Dqx(0) = y1z(m), cox(l) — BeDga(1) = yex(n2) were proved in [13], with three-point integral

T
boundary conditions az(n) + BD,z(n) =0, [x(s)dps = 0 in [22], nonlocal and integral boundary
0

conditions

z(0) =z9+g(z), =z(1)= a/x(s) dgs,
I
and

T
£() = g(x), aDya(n) + 8 / 2(5) dps = 0
n

in [8] and [18], respectively. For results on inclusions, see [7] and [17].
Boundary value problems for nonlinear g-difference hybrid equations and inclusions were studied
n [11]. In [11] the authors have investigated the problem:

Dg(m) — g(t,2(1), tel, (0)=0, x(1)=0,
where f € C(I; x R,R\ {0}), g : C(I; x R,R) are such that f(t,x(t)),g(t,z(t)) are continuous
at t =0,1, I; = {¢" : n € N}yU{0,1}, ¢ € (0,1) is a fixed constant. An existence result was
established by using a fixed point theorem for the product of two operators under Lipschitz and
Carathéodory conditions.

Agarwal et al. [3] discussed the existence, uniqueness and existence of extremal solutions for
a nonlinear boundary value problem of ¢-difference equations with nonlocal g-integral boundary
condition given by

n
Dgu(t) = f(t u(t), u(6(t))), u(0) = /\/Q(S»U(S)) dgs + i, t € Iy,
0

where f € C(I; x RxR,R), g € C(I; xR, R), ¢p € C(Iy, 1), n >0, ,peR, I, ={¢": ne€
N} uU{0,1}, ¢ € (0,1) is a fixed constant.

The notions of g-derivative and ¢-integral were extended on finite intervals. For a fixed k €
NU{0}, let Jy := [tk, tx+1] C R be an interval and 0 < ¢ < 1 be a constant. We define gi-derivative
of a function f : Jy — R at a point ¢t € Jj, as follows:
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Definition 2.7. Let f : J, — R be a continuous function and let t € J,. Then we define the
qr-derivative of the function f as

() — flaet + (1 — qu)ty)
(1 —qr)(t —tr)

We say that f is gi-differentiable on Jj, provided D, f(t) exists for all ¢t € Jj.

Dlka<t) =

Definition 2.8. Let f: Ji — R be a continuous function. Then the gi-integral is defined by
t o
/f(s) dos = (1 —qi)(t —tr) > gitf(ait + (1 — g )t) (22)
¢ n=0
for t € Ji. Moreover, if a € (tx,t), then the definite gx-integral is defined by

/f ) dg.s=(1—qi) (t—tz) quf art+(1—ap)ty) — (1—qr) (a—tx) quf gra+(1—qp)ts).

n=0 n=0

For more details on these two new notions, the interested reader is referred to the book [15].
Agarwal et al. [2] obtained the positive extremal solutions by the method of successive iterations
for the nonlinear impulsive g-difference equations:

Dy u(t) = f(t,u(t), 0<q <1, teJ’
u(ty) = Ip(u(te)), k=1,2,....,m, u(0)=Xu(n)+d, neJ,, rei,
where D, are gg-derivatives (k = 0,1,2,...,m), f € C(J x R,RT), [, € C(R,R"), J = [0,T],
T>00=tg <t < <ty < <ty <tmer=T,J" =J\{tr,to,....tw}, Jr = (&, T],
0<A<1,d>0,0<7<mand Au(ty) =u(t]) —ulty), u(t)) and u(t;) denote the right and
the left limits of u(t) at t =t (k =1,2,--- ,m), respectively.

3 BVP for fractional g-difference equations and inclusions

Definition 3.1. Let v > 0 and h be a function defined on [0,7]. The fractional g-integral of
Riemann-Liouville type is given by (I, g h)(t) = h(t) and

t
(Ih) / $) " Vn(s)dys, v>0, tel0,T)
0

Definition 3.2. The fractional ¢-derivative of Riemann-Liouville type of order v > 0 is defined by
(DOh)(t) = h(t) and (Dyh)(t) = (DLIL"h)(t), v > 0, where [ is the smallest integer greater than
or equal to v.

In recent years, several existence and uniqueness results were obtained. In [1], by applying
Krasnoselskii’s fixed point theorem, Leray—Schauder nonlinear alternative and Banach’s contraction
principle, the authors studied the existence and uniqueness of solutions for the following g-anti-
periodic boundary value problem of sequential g-fractional integro-differential equations:

D2(DY + Na(t) = Af(t,2(t)) + BIfg(t, z(t)), 0<t<1, 0<q<1,
2(0) = —2(1). (17 Dga(®)| _ = —-Dy(1),
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where “Dg’ and ¢DJ denote the fractional g-derivative of the Caputo type, 0 < a,vy < 1, IF(-)
denotes Riemann—Liouville integral with 0 < p < 1, f, g are given continuous functions, A € R and
A, B are real constants.

In [12], the existence and uniqueness results were obtained for the following boundary value
problem of nonlinear fractional ¢-difference equations with nonlocal and sub-strip type boundary
conditions:

“Dyz(t) = f(t,z(t)), t€[0,1], 1<v<2, 0<g<l,
)=

1
z(0) =x0+g(z), =x(§ b/x(s) dgs, 0<E<n<1,
n

where “D¢ denotes the Caputo fractional g-derivative of order v, f : [0,1] x R — R and g :
C([0,1],R) — R are given continuous functions, and b is a real constant. In [6], the existence
of solutions for nonlinear fractional g-difference integral equations with two fractional orders and
nonlocal four-point boundary conditions were obtained, while the positive extremal solutions for
nonlinear fractional differential equations on a half-line were discussed in [23]. For further results,
see [9,10,14,16,19-21].

Finally, we emphasize that the Definition 2.1 does not remain valid for impulse points tg, k € Z
such that ¢; € (gt,t). On the other hand, this situation does not arise for impulsive equations on
g-time scales as the domains consist of isolated points covering the case of consecutive points of ¢
and gt with tg & (gt,t). Due to this reason, the subject of impulsive quantum difference equations
on dense domains could not be studied. In [15], the authors modified the classical quantum calculus
for obtaining the first and second order impulsive quantum difference equations on a dense domain
[0,7] C R through the introduction of a new ¢-shifting operator defined by ,®,(m) = gm+(1—q)a,
m,a € R. For details, see [15].
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