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1 Introduction

Fractional differential equations have recently been applied in various areas of engineer-
ing, mathematics, physics, and other applied sciences [33]. For some fundamental results
in the theory of fractional calculus and fractional differential equations we refer the reader
to the monographs [4-6, 23, 32, 39], the papers [24, 34, 3638, 40] and the references
therein. Recently, considerable attention has been given to the existence of solutions of
initial and boundary value problems for fractional differential equations and inclusions
with Caputo fractional derivative; [5, 22]. Implicit fractional differential equations were
analyzed by many authors; see for instance [4, 5, 11-13] and the references therein.

Considerable attention has been given to the study of the Ulam stability of functional
differential and integral equations; see the monographs [6, 19], the papers [1-3, 20, 28, 30,
31] and the references therein.

Fractional g-difference equations were initiated in the beginning of the 19th century
[7, 15], and received significant attention in recent years. Some interesting results about
initial and boundary value problems of g-difference and fractional q-difference equations
can be found in [9, 10, 16, 17] and the references therein. An implicit fractional q-integral
equation is considered in [18].

In this paper we discuss the existence, uniqueness and Ulam—Hyers—Rassias stability of

solutions for the following implicit fractional q-difference equation:

(D%u) (&) = f (& u(®), (‘D) @), tel:=1[0,T], (1)
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with the initial condition
M(O) = U, (2)

where g € (0,1), « € (0,1], T >0, f : I x R x R — R is a given continuous function, and
“Dj is the Caputo fractional q-difference derivative of order a.
This paper initiates the study of implicit Caputo fractional q-difference equations.
2 Preliminaries
Consider the complete metric space C(I) := C(I, R) of continuous functions from I into R
equipped with the usual metric
d(u,v) := max}u(t) - v(t)|.
tel
Notice that C(I) is a Banach space with the supremum (uniform) norm

ll24| oo := sup|u(?)].
tel

As usual, L!(I) denotes the space of measurable functions v: I — R which are Lebesgue

integrable with the norm

vl = [[v(0)] .

Let us recall some definitions and properties of fractional q-calculus. For a € R, we set

The q analogue of the power (a — b)" is
n-1
@-b%=1,  (a-b"=[](a-bd); abeRneN.

k=0

In general,

o0
a - bg*
(a-b)@ :aal_[(ﬁ); a,b,a eR.
k=0

Definition 2.1 ([21]) The q-gamma function is defined by

1-g¢V

Fq(é) = W;

g£eR-1{0,-1,-2,...}.

Notice that the q-gamma function satisfies I',(1 + &) = [£],1,(%).
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Definition 2.2 ([21]) The q-derivative of order n € N of a function & : I — R is defined
by (Dju)(t) = u(t),

t)— t .
(D) = ()0 = “TG T £70, 00 = limD,)e)

and

(Dhu)(0) = (DD 'u)(8);  telnefl,2,..}.

Set I, := {tq" : n € N} U {0}.

Definition 2.3 ([21]) The g-integral of a function u : I, — R is defined by

(Lu)(0) = /0 u(s)dgs = > 1 - )" (e,

n=0

provided that the series converges.
We note that (D,I,u)(t) = u(t), while if u is continuous at 0, then
(I;Dgu)(t) = u(t) — u(0).

Definition 2.4 ([8]) The Riemann-Liouville fractional q-integral of order o € R, :=
[0,00) of a function u : I — R is defined by (Igu)(t) = u(t), and

t _ (ax-1)
(1) (6) = f %u(s)dqs; tel.

0

Lemma 2.5 ([26]) For a € R, :=[0,00) and A € (-1, 00) we have

(Lt -a)M) @) = Tal+ ) t-a)™; 0<a<t<T.

T T(Q+A+a)
In particular,
1
191)(t) = ——t@,
(q )® rl+a)

Definition 2.6 ([27]) The Riemann-Liouville fractional q-derivative of order « € R, of a
function u : I — R is defined by (Dgu)(t) = u(t), and

(Deu)(0) = (DIl u) (1), tel,
where [«] is the integer part of «.

Definition 2.7 ([27]) The Caputo fractional q-derivative of order o € R, of a function
u:I — R is defined by (CDgu)(t) = u(t), and

(CD%u)(t) = (LD u) (1) tel
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Lemma 2.8 ([27]) Let a € R,. Then the following equality holds:

o o = tk
(I Dyu) (@) = (o) - kZ Fan PO

In particular, ifa € (0,1), then
(1;‘ CDgu)(t) = u(t) — u(0).

From the above lemma, and in order to define the solution for the problem (1)—(2), we
need the following lemma.

Lemma 2.9 Let f:I x R x R — R such that f(-,u,v) € C(I), for each u,v € R. Then the
problem (1)—(2) is equivalent to the problem of obtaining the solutions of the integral equa-
tion

g0 =f (& uo + (I;8) (), 2)), 3)

and if g(-) € C(I), is the solution of this equation, then
u(t) = uo + (I7g)(2).

Proof Let u be a solution of problem (1)—(2), and let g(¢) = (CDZM)(t); for t € I. We will
prove that u(t) = ug + (I;‘g)(t), and g satisfies Eq. (3). From Lemma 2.8, we have u(t) =
uo + (I7¢)(t), and it is easy to see that Eq. (1) implies (3). Reciprocally, if u satisfies the
integral equation u(f) = up + (I(‘I"g)(t), and if g satisfies Eq. (3), then « is a solution of the
problem (1)—(2). a

Now, we consider the Ulam stability for the problem (1)—(2). Let e >0 and @ : I — R,
be a continuous function. We consider the following inequalities:

|(D5u)(6) —f (t,ule), (‘Du)(®)| <& tel, (4)
|(Dgu) (@) £ (t,ult), (‘Diu)(®)| < @(2); tel, (5)
|(DSu) (@) £ (£, u(e), ((Diu) (1) | <ed(r); tel (6)

Definition 2.10 ([5, 30]) The problem (1)-(2) is Ulam—Hyers stable if there exists a real
number ¢ > 0 such that for each € > 0 and for each solution u € C(I) of the inequality (4)
there exists a solution v € C(I) of (1)—(2) with

’u(t) - v(t)| <ec; tel
Definition 2.11 ([5, 30]) The problem (1)—(2) is generalized Ulam—Hyers stable if there
exists ¢; : C(R,,R,) with ¢/(0) = 0 such that for each € > 0 and for each solution u € C(J)

of the inequality (4) there exists a solution v € C(I) of (1)—(2) with

’u(t) - v(t)| <crle); tel
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Definition 2.12 ([5, 30]) The problem (1)—(2) is Ulam—Hyers—Rassias stable with respect
to @ if there exists a real number ¢f,¢ > 0 such that for each € > 0 and for each solution
u € C(I) of the inequality (6) there exists a solution v € C(I) of (1)—(2) with

’u(t) - v(t)| <ecro®(t); tel.

Definition 2.13 ([5, 30]) The problem (1) is generalized Ulam—Hyers—Rassias stable with
respect to @ if there exists a real number cf¢ > 0 such that for each solution z € C, 1, of
the inequality (5) there exists a solution v € C, 1, of (1)—(2) with

lu(t) = v(t)| < cro@(t); tel

Remark 2.14 It is clear that
(i) Definition 2.10 = Definition 2.11,
(ii) Definition 2.12 = Definition 2.13,
(iii) Definition 2.12 for @(-) = 1 = Definition 2.10.

One can have similar remarks for the inequalities (4) and (6).

Definition 2.15 ([29]) A nondecreasing function ¢ : R, — R, is called a comparison
function if it satisfies one of the following conditions:
(1) For any ¢ > 0 we have

lim ¢"(¢) =0,

n— 00

where ¢ denotes the nth iteration of ¢.

(2) The function ¢ is right-continuous and satisfies
o)<t Vi>O0.

Remark 2.16 The choice ¢(£) = k¢t with 0 < k < 1 gives the classical Banach contraction
mapping principle.

For our purpose we will need the following fixed point theorems.

Theorem 2.17 ([14, 25]) Let (X, d) be a complete metric space and T : X — X be a map-
ping such that

d(T(x), T(y) < ¢(d(x,)),
where ¢ is a comparison function. Then T has a unique fixed point in X.

Theorem 2.18 (Schauder fixed point theorem [35]) Let X be a Banach space, D be a
bounded closed convex subset of X and T : D — D be a compact and continuous map.
Then T has at least one fixed point in D.
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3 Existence results
In this section, we are concerned with the existence and uniqueness of solutions of the
problem (1)—(2).

Definition 3.1 By a solution of the problem (1)—(2) we mean a continuous function u €
C(I) that satisfies Eq. (1) on I and the initial condition (2).

The following hypotheses will be used in the sequel.
(H1) The function f satisfies the generalized Lipschitz condition:

[f (& u1,v1) = f(t, 2, v2)| < 1 (Jur — w2]) + da (v = v2l),

for t € I and uy, uy,v1,vo € R, where ¢; and ¢, are comparison functions.
(H) There exist functions p,d, r € C(I, [0, 00)) with r(£) < 1 such that

[f(t, u, V)| <p(t) +d(t)|ul +r(t)|v|, foreachtelandu,velR.
Set

p* =supp(t), d* =supd(t), r* = supr(t).

tel tel tel

First, we prove an existence and uniqueness result for the problem (1)—(2).

Theorem 3.2 Assume that the hypothesis (H1) holds. Then there exists a unique solution
of problem (1)—(2) on 1.

Proof By using Lemma 2.9, we transform the problem (1)—(2) into a fixed point problem.
Consider the operator N : C(I) — C(I) defined by

(Nu)(t) =uo + (I;g) () teL (7)
where g € C(I) such that
gt) =f(t,u(0),g(t)), or gt)=f(tuo+ (I;g)(0),g(t)).

Let u,v € C(I). Then, for t € I, we have

t(4_ (a-1)
| (Nu)(2) - (Nv)(2)| S/ w|§($)—h(5)|dqs, ®)

0 Fq(a)
where g, 1 € C(I) such that

g(t) = £ (¢, u(t),g(t))
and

h(t) = £ (¢, v(2), h(¢)).
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From (H;), we obtain

8(6) = h(@®)| < o1 (|u@) - v(©)]) + D2(|(@) - h(D)]).

Thus

8(8) = h(®)| < Ud - ¢2)" ¢ (|u(e) - V(D))

where Id is the identity function.
Set

T (a-1)
(t —gs)
L:= Sllp‘/ov W qu,
q

tel

and ¢ := L(Id — ¢,) " ¢1. From (8), we get

|(Nu)(8) = (Nv)(B)| < o (|u(e) - v(2)|)
< ¢(d(u, v)).

Hence, we get
d(N(u),N(v)) < ¢(d(u, V)).

Consequently, from Theorem 2.17, the operator N has a unique fixed point, which is the

unique solution of the problem (1)—(2). a
Theorem 3.3 Assume that the hypothesis (H,) holds. If
r+Ld* <1,
then the problem (1)—(2) has at least one solution defined on I.
Proof Let N be the operator defined in (7). Set

*

Lp
R>———,
“1-r—Ld*

and consider the closed and convex ball B = {u € C(I) : || #t]|c0 < R}.

Let u € By. Then, for each ¢ € I, we have

t a—1
(t —gqs)*™
Nu)t)| < | —————|g(s)|d,s,
( )(>|_f0 P Ol
where g € C(I) such that

g(t) =f(t¢ M(t)¢g(t))



Abbas et al. Advances in Difference Equations (2019) 2019:480 Page 8 of 12

By using (H), for each ¢ € I we have

lg(®)] < p(®) +d(6)|u(®)| + r(2)|g(t)|
<p*+d*|ul +r*g®)]

<p*+d*R+r*|g(®)].

Thus
p +d*R
’g(t){ =< T
Hence
NG| L@+ dR)
00 1—pr*
which implies that
NG <

This proves that N maps the ball By into Bg. We shall show that the operator N : By — By
is continuous and compact. The proof will be given in three steps.
Step I: N is continuous.

Let {u,},en be a sequence such that u,, — u in Bg. Then, for each ¢ € I, we have

o) - @] = [ I ) a09) s
" Sl T Ty NETERIG
where g,,g € C(I) such that
gn(t) =f(t, Mn(t)7gn(t))
and
g(t) :f(ty M(t),g(t))«
Since u, — u as n — oo and f is continuous function, we get
gq(t) > g(t) asn— oo, foreacht el

Hence

p*+d*

R
1_~ lg:—gllo =0 asn— oco.

IN () -N@)| , <

Step 2: N(Bg) is bounded. This is clear since N(Br) C Bg and By, is bounded.

Step 3: N maps bounded sets into equicontinuous sets in Bg.
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Let t1, % € I, such that #; < £, and let # € Bg. Then, we have

M |(ty - g9) @™ — (t — gs)@ V)|
Fq(a)

2 |(t, — gs)*)
o 22 N lds,
/t; Fq(Ol) |g | q

(te) - (e < | 1665)| dgs

where g € C(I) such that g(¢) = f(¢, u(t),g(t)). Hence

|(Nu)(t1) - (Nu)(8)| <

ﬁ+ﬁR/M®—wW”—m—wW”u
qS

1-—r* I (@)

dygs.

+ﬁ+fR/Wm—wW”|
1-r Jy (@)

As t; — t, and since G is continuous, the right-hand side of the above inequality tends to
zero.

As a consequence of the above three steps with the Arzeld—Ascoli theorem, we can con-
clude that N : Br — By is continuous and compact.

From an application of Theorem 2.18, we deduce that N has at least a fixed point which
is a solution of problem (1)—(2). a

4 Ulam stability results
In this section, we are concerned with the generalized Ulam—Hyers—Rassias stability re-
sults of the problem (1)—(2).

The following hypotheses will be used in the sequel.

(Hs) There exist functions py, pa, p3 € C(1, [0, 00)) with p3(£) < 1 such that

(L +lul + V) |f (& u,v)|
<p1(O)P(t) + p2 ()P (t)|u] + p3(t)|v], foreachtelandu,velR.

(Hy) There exists Ag > 0 such that for each ¢ € I, we have
(I; @) () < Ao @ (t).
Set @* = sup,; @(t) and

p;k = SUP[Ji(t)» l € {1; 21 3}'
tel

Theorem 4.1 Assume that the hypotheses (H3) and (Hy) hold. If
ps+Lpid* <1,

then the problem (1)—(2) has at least one solution and it is generalized Ulam—Hyers—
Rassias stable.

Proof Consider the operator N defined in (7). We can see that hypothesis (H3) implies
(Hy) withp=p1®,d =p,® and r = ps.



Page 10 of 12

Abbas et al. Advances in Difference Equations (2019) 2019:480

Let u be a solution of the inequality (5), and let us assume that v is a solution of the

problem (1)—(2). Thus, we have
v(t) = uo + (I(‘;h)(t),

where /1 € C(I) such that k(¢) = f(t, v(t), h(2)).
From the inequality (5) for each t € I, we have

|ut) - uo — (I38) (1)] < (15 @) (),

where g € C(I) such that g(¢) = f(¢, u(t), g(¢)).
From the hypotheses (H3) and (Hy), for each ¢ € I, we get

|u(t) = ()| < |ule) —uo — (I3g)(8) + (I3 (g — 1) (2))|

t _ (@-1)
C=8 (149 + [)]) dys

< (o)) + @

< (o)) + 22 (1 2)0

* 4 opE
< 2p®(0) +2,\¢pll_;2qb(t)
3

*

* *
< [1 + ZM}M@(L‘)
1-p
3

= Cf,q:,(p(t).

Hence, the problem (1)—(2) is generalized Ulam—Hyers—Rassias stable.

5 Examples
Example 1 Consider the following problem of implicit fractional }L—difference equations:

(CDiu)(t) ) (CDiu)(t)); te 0,1, o
u(0) =1,
where
1 £ 1
f(t, u(t), (CDi u)(t)) = : (e’7 + = )u(t); te[0,1].
! 1+ |u(®)] + [<D3 u(?)| ¢

The hypothesis (H;) is satisfied with

$1(8) = pa(t) = 2 (e’7 + 35 )t.
e +

Hence, Theorem 3.2 implies that our problem (9) has a unique solution defined on [0, 1].
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Example 2 Consider now the following problem of implicit fractional i-difference equa-
tions:

(CDiu)(t) ~ f6,u(®), DIu)(©);  te01],

u(0) =2,

FSTEYCTN

(10)

where
f65,9) = i (e7 + )@ +at? +y); te(01],
f(0,%,9) =0.

The hypothesis (H3) is satisfied with @ (¢) = £ and p;(¢) = (¢ + ﬁ)t; i €{1,2,3}. Hence,
Theorem 3.3 implies that our problem (10) has at least a solution defined on [0, 1].

Also, the hypothesis (H,) is satisfied. Indeed, for each ¢ € (0, 1], there exists a real number
O<e<1lsuchthate <t <1,and

tZ

Ui2)0 = o gv )

A

1
S00)

ApD(2).

Consequently, Theorem 4.1 implies that the problem (10) is generalized Ulam—Hyers—
Rassias stable.
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