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On the Existence of Solutions for Hybrid Caputo-Type ¢-Fractional Differential Equations
in Banach Algebra

Khurshida Parvin and Bipan Hazarika

ABSTRACT: In this paper, we investigate the existence of solutions for g-fractional hybrid differential equations
in Caputo-type (¢-FHDEs

eDg [ L=gnb0)] = (i, o(n), n € T,

epg[EWalell)) — k(n, ¢(n), n€ J, q € (0,1),

#(0) =0, #(0)=0,

where “Dg' represents the fractional g-derivative in Caputo type with order 0 < a < 1, let g : J X R —
R—{0},h: T xR —= R, g(0,0) =0 and k : J X R — R be the functions that satisfy certain prescribed
conditions. The main results are established by employing a coupled fixed point theorem. An illustrative
example is presented to demonstrate the applicability of the theoretical findings.

Keywords: Fractional g-differential equations, Hybrid differential equations, coupled fixed point
theorem, Banach algebras.
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1. Introduction

Quantum calculus sometimes called calculus without limits, has attracted growing interest in recent
years. Its origins date back to 1908, stemming from the foundational work of Jackson [11]. Unlike
classical calculus, quantum calculus eliminates the reliance on limits, offering a broader mathematical
framework. A notable branch of this field is known as g-calculus.

It is important to highlight that perturbation methods play a significant role in nonlinear analysis,
particularly for examining the behavior of dynamical systems governed by nonlinear differential and
integral equations. For certain dynamical systems, the corresponding differential equations may not
admit exact analytical solutions; in such cases, applying perturbation methods can provide valuable
approximations. Perturbed differential equations can be classified into several categories, among which a
notable type is the hybrid differential equation, which combines continuous dynamics with discrete events
or structures.

In recent years, fractional hybrid differential equations have attracted considerable interest from re-
searchers. For fundamental contributions and previous studies in this area, see references [3,5,7,8,9,14].
The developments in the study of the existence results for FHDE’s have been addressed in [13,15,16].

In 2009, Gafiychuk et al. [10] studied the nonlinear reaction-diffusion process described by fractional
differential equations, while Su [17] examined the two-point boundary value problem associated with
a coupled system of fractional differential equations. In recent years, coupled systems of fractional
differential equations have garnered significant attention from mathematical scientists due to their wide
range of practical applications. A wide range of problems related to this topic has been explored in the
literature. For further details, the readers are referred to [2,8].
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Further generalization of the results to the coupled system in the following was carried out by A. Alj,
et al. in [3].
caz (als)—l(s,a(s),b
Do (UL — u(s, a(c), b(s)), a.e. s € K =10,1],

)
"DV (M i) = ls.als).b(s). a5 € K =[0.1]

a(0) = u, a(l) =wv, b0) =w, b(1) = z,

where ¢ € K = [0,1], and the fractional orders x,y lie in the interval (1,2]. The operator “© denotes
the Caputo fractional derivative. The constants u, v, w, z are real numbers, while the functions I;,m; :
KxRxR—R"—{0} and I,m,v,u: K x R x R — R are assumed to be continuous.

The study by T. Bashiri et. al. [5] in 2016 focused on proving the existence of solutions for certain
FHDE in Banach algebra:

96(%) = (&, b)),

O (M) = m(6.a(9)), § €K, € (0.1),

a(0) = 0, b(0) = 0.

Here, D% represents the RL-fractional derivative with order §, K = [0,1] and the functions f: K x R —
R — {0}, v: KxR — R with v(0,0) =0, u: K x R — R are assumed to satisfy specific conditions.
In [12], the authors studied the coupled systems of the following hybrid fractional differential equations

a(s)—z(s,a(s))) _
(oG e
s)—x(s,b(s _
Qﬁ(w> = p(s, a(9)),
with the boundary conditions a(s) = u, b(0) = v, ¢ € J = [0,1], where D7 is the Riemann-Liouville
fractional derivative with order 8 € (0,1), u,v € R.

To best of our knowledge, no research has been conducted for the existence of solutions for Hybrid
Caputo ¢-FDEs in Banach Algebra. Also ¢-FHDESs are studied due to their ability to describe complex
dynamical behaviors that exhibit memory effects, discrete patterns, and sudden transitions. In this work,
we investigate the existence of solutions for a system of Caputo g-fractional hybrid differential equations

D [LHTIRE] = k(n, (), n € T,

k
epoeloslg)) — k(n, ¢(n)), n € J, q € (0,1), (1.1)
0

¢(0) =0,  ¢(0)=0,

This problem (1.1) represents a generalization of the problem discussed by T. Bashiri in [5].

This paper is organized as follows: Some fundamental definitions and notations about g-calculus are
presented in the first section. Afterward, the core result is derived using a couple fixed point approach.
To conclusion, an approach example is provided to illustrate the main result.

2. Preliminaries

In this section, we consider the space & = €(J,R), consisting of all continuous real valued functions
defined on the interval 7, endowed with the supremum norm. It is well known that 7, equipped with
point-wise addition and multiplication, constitute a Banach algebra.

Let & be a subset of €([0,1],R), and consider the norm defined by

6]l = sup{lé(n)| : n € [0,1]}.

Then, & endowed with pointwise operations and the norm ||.||, forms a Banach algebra. Specifically, for
any ¢, p € &, the operation ’.” is defined pointwise as follows

(0-0)(n) = ¢(n)-p(n), ¥ n € 0,1],

under which & remains a Banach algebra.
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The normed product space & = X x X is defined as

1@ o) = lloll + lll

is also a Banach space, whenever X is itself a Banach space.
Define addition and scalar multiplication in the product space X x X by the following rules

(61, 1) + (P2, 02) = (¢1 + b2, 01 + p2),
A, ) = (A, Ap), for A € R,

We present several precise definitions and lemmas that are essential for establishing the main results
in the following sections. For further details, the reader may refer to [1,4].
Let ¢ € (0,1) be a real parameter and o € R. The g-number of «, denoted by [a], is defined as

For n € N, the g-analogue of the expression (a — b)™ is defined as follows

(uiv)(O) = 13

and

n—1

(.CL' - y)(n) = H(.’IT - qjy)a Vn € N7$7y eR.

i=0

Again, if § € R, then
o z— ¢y
(x—y)? =2 H ac—q‘sﬂy

We can easily see that
[(a —)]® = 2%(a — b)®.

Moreover, note that if y = 0 then 2(9) = 9.

Definition 2.1 [11] The ¢-gamma function, denoted by I'y(w) is defined for w € R—{0,1,2,.....} and
0<qg<1by
(1—g

Ly(w) = W,

and it fulfills the recurrence relation
Dy(w +1) = [w]Dy (w).

The function z has a ¢-derivative at v denoted by D,x(v) and defined as

_ z(gqu) —z(w) u 2)(0) = lim (D,z
@) = L=y (9,0)(0) = Bm(@,)0)

and higher order g-derivatives are defined as

D x(u) = DD a(u)), m e N.

The integration of = with respect to the g-calculus over [0,7], for a € [0,7)] is defined as

<@mw>Afuo%ca1@§jxwfwfzaemmy

m=0
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Let y be a function defined in [0,7]. Then, its g-integral over the interval [£, 7] is given by

/;y(é)dqg“z/Ony(c)dqg_/jy(g)dqc_

Just as we define higher order g-derivatives, we can define the m-th order g-integral operator, denoted
I as follows

Iz (<) = x(s),
I72(s) = 1,(I7"'x(s)), m e N.

The fundamental result in g-calculus that establishes the relationship involving the g-derivative ©, and
the g-integral I, is
Dq(Lgz(C)) = 2(Q).

Definition 2.2 [1] Consider a function x defined on the interval [0,7], with 8 > 0. The g-fractional
integral of order 3, denoted by I2x(¢), is defined by

q
1
(C - qs)ﬂilx(s)dq& C € [Oa 77];
(8) 0/

173(0) =
q

with the special case IJz(¢) = x(¢), where T'y(3) denotes the ¢-Gamma function.
Definition 2.3 [4] The Caputo g-fractional derivative of order 8 > 0 is defined as
Craa _ rm]—« m
Dea(c) = IM~oDIma(0),
where [m] is the smallest integer such that [m] > a.

Lemma 2.1 [/] Let o > 0 and let ¢ be a function defined on the interval [0,n]. Then, the following
properties of the q-fractional integral and derivative hold:

1IgISo(n) = I2%0(n);

2. DGIgo(n) = o(n).
Definition 2.4 [6] We say that (1, s) € Xx X is said to be a coupled fized point of the mapping F — X x X
if it satisfies F(r,s) =1 and F(r,s) = s.

Let w represent the collection of all functions Q, : RT — RT such that €,(0) = 0 and Q,(p) < p for
p > 0.

A function (z,y) € AC(J,R x R) is called a solution to the ¢-FHDE system (1.1) if it satisfies the
system in the interval J

d(m)—g(m,9(n))

Wt 1S absolutely continuous.

(i) For every ¢ € R, the mapping n —
(ii) Equation (1.1) admits (¢, ) as a solution.
We denote by AC(J,R x R) the collection of functions that are absolutely continuous on J into R x R.

Definition 2.5 [5] The mapping P : X — X is said to be a §-contraction when 3 a constant 6 € (0,1)
along with a function Yp € Q, fulfills the required condition

[P —Po|| = 6We(ll¢ = #ll), Vo, € X,

where Up is a nonlinear function associated with X.
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Lemma 2.2 [5] Consider a subset & of the Banach algebra X that is non-empty, convex and bounded.
Define the cartesian product set: o

G=6x6.
Consider the operators P, R : X — X, and Q : & — X satisfying the following conditions:

(H1) The operator P is assumed to be a d-nonlinear contraction associated with a nonlinear contrac-
tion function Wp, while the operator Q is a T-nonlinear contraction corresponding to a nonlinear
contraction function Uq.

(H2) The mapping R possesses continuity.
(H3) ¢ =PpQp+Rp = ¢ €6, VpeG,
(H4) Suppose the inequality 46||QS|| + 7 < 1 holds, where ||Q&|| = sup{|Q(¢)

i€ Gl
Then, the operator §(¢,v) = PoQp + R¢ possesses at least one coupled fred point in &.

Lemma 2.3 Let k € €[0,1], with 0 < a < 1, and suppose that g, h € €([0,1] x R, R), where g € (0,0) =0
and h(0,0) # 0. Then, the unique solution to the following system is given by

h(n,6(n))

cqpyarem—gn,é(m)y _
{ DM ™) = k(). 1 € (0.1), 21
6(0) =0,

18

_hom) [ Ks)
¢(77) - Fq(a) 0/ (77 —qs)l_o‘dq +g(77a¢)(77))7 n € [0’1]

Proof: Applying the operator [ to equation CD(‘;[W] = k(n), n € (0,1) and utilizing the
boundary conditions, we have
¢(n) = h(n, ¢(n))(Igk(n) + a + bn),

where a and b are arbitrary constants. Now, we use the boundary conditions and substitute the value of

constants, we get
o) —glmom) _ 1 [ ks
") / CErDi

h(n, o(n))
This implies

_hnom) [ k)
o(n) = ) O/(n—qs)l‘adq +9(n,9(n)).

Iy(a

3. Main Results

We formulate the subsequent hypothesis to support our existence results

(E1) Assume h: J xR — R—{0}, g : 7 xR — R are continuous functions with ¢(0,0) = 0. We consider
two non-negative functions €, and x,, bounded by |24l and ||x,||, such that for all ¢, € X and
neJ, we get

[h(n, ¢(n)) = h(n, ()| < Qe (n)|d(n) = (n)],

lg(n, (1) — g(n, o) < xq(M)|B(n) — ©(N)]-

(E2) Let ¥ € €(J,R) be a continuous function such that for all n € J and for every e € R, the inequality

I(n,e) < 9(n).
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(E3) We define the Banach space X = €(J,R) comprises all continuous functions from J to R, with the
supremum norm as its norm structure. Define

S={peX: |4l <M},

where M, is mathematically represented by:

M, — U,V+VY, ’

1= {121V = [lxqll
ith th tants defined as U, = h(n,0)], V, = 0)| and V = 2
wi e constants defined as U, r?eag(\ (n,0)|, V, I?é;g(m(m )| an D)

Theorem 3.1 Assume that hypothesis (E1), (E2) and (E3) are satisfied. Then, the system of q-FHDEs
(1.1) has at least one solution on the interval J, providing that the following condition holds

4

—|Q]|[|Y 1.
Fq(a—|—1) | q”” ||+HXqH <

Proof: We make use of a coupled fixed point result to show the operator § has a coupled fixed point.
Since X is a closed, convex and bounded subset of the Banach algebra &. A function ¢(7) is a solution of
the system of ¢-FHDEs given by (1.1) if and only if ¢(n) holds the associated system of integral equations
of the form

Bln) = Bpet) f e fDdys + g(n, 6(n)),

% (3.1)
p) = MEES | i das + 9. (), € J.
Next, we construct the operators P, R : X — X and Q : & — X, given by:
Po(n) = h(n, ¢(n)),
n
Qo) = 1ty J (01— a5)* " k(s, 6(s))dgs,
0
Ro(n) = ( o), neJ.
Thus, system (3.1) is thereby reduced to an equivalent formulation in terms of operator equations
o(n) =Po(n)Qp(n) + Re(n), (3.2)
e(n) =Po(n)Qp(n) + Re(n), ne€ J.

We now verify that the operators P, Q and R meet all the conditions outlined in Lemma 2.2 by proceeding
through the steps below
Step-I: From the assumption (E1), let ¢, ¢ € X, we get

[Pé(n) —Pw(n)I = Ih(n o(n)) — h(n, p(n))]
Qq(mle(n) — )l

Now, we take the supremum overall 7,

[Pp(n) — Po(n)[| < [|Qlé(m) — el

Hence, the operator P is Lipschitz continuous on X with a Lipschitz constant given by ||€,]|. In a similar
manner, the operator § is also Lipschitz continuous on X, possessing ||x,4|| as its Lipschitz constant.
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Step-II: To establish that Q is a continuous and compact operator on &, we proceed as follows. Let
{®m} be any sequence in & which is converges to a point ¢ € &, and by Lebesgue dominated convergence
(LDC) theorem, we have

(1= qs)* 7 9(s — ¢(5))dgs

im Qb (n) =

ye—t hm U(s, dm(5))dys

(@) )* (s, (s s))dqs

0
/17
0
/n
0
= Qo(n), for everyne J.
As m — 00 50, Q¢ (n) — Qe(n) uniformly on R and it follows that Q is continuous on 7.

Next, we demonstrate that B(s) is a uniformly bounded subset of &. Consider ¢ € & by using
assumption (E2), it follows Vn € J that

1000 = g [ (1= 45)° 0G0, 0(s)e
0
< iy [ 0 997 100, 000
0
< o J 00990
0
19 -
< (n—qs)* dys
Iy(a) 0/
1)
Fy(a+1)

If we take supremum, we get for all p € &

1]l

|\_ﬁ:v.

1Qa(n)

Therefore, Q is uniformly bounded on &.

We begin by showing that the set Q(&) is equicontinuous. To do this, we first establish that the
operator Q is uniformly bounded.
Consider n1, 7o € J and ¢ € &,

2

Q60m) - Qo(m)] = 0. (5))ds = [ (= 45)° (5,60

1
Iy(a)

IN

| / (11— g5)* 105, $(3))dys — / (n2 — g5)* 105, B(5))dys
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72

+|/hn—q@w*m&¢@»%s—/bn—q@w*wa¢u»%ﬂ
0

0

< I‘|(|;(9‘!4) (| 0/{(771 - QS)a—1 —(n2 — qs)a,1}dq5\ + |/(772 _ QS)Q*qus|

m

< V(m" =gl + 2 —m)*)).
Given that n® is uniformly continuous on 7, for every € > 0, 3 an ¢ > 0 such that whenever |n; —ns| < 4,
we get
75 8] < g
771 Up) V

Setting
1

5= min{al, (Wv)i},

if [n2 —m| <0, we get

wm>@wm<vgﬁ+gge

This confirms that Q(&) is an equicontinuous set. Consequently, @ is a completely continuous operator
on G.

Step-I1I: To verify condition (H3) of Lemma 2.2, consider ¢ € P and ¢ € & be s.t., according to
assumption (E1), we get:

[6(n)] = [Pp(n)Qp(n) + R (n)]
< [Po(m|Qe(n)] + [Re(n)|

< rqﬁ) (|h(n,¢(n))— h(n,0)| + (1,0 |)/ ) Hdgs + (lg(n, ¢(m) — g(n,0)] + |g(n, 0)])

= %(Qq(n)(lﬂn) +12(n,0)]) + (xq(m(Ie()]) +g(n, 0)])

< (1281 + Ug + (Ixali 101 + V).

Now, taking the supremum over n € J and utilizing (E3). Then, we have

[ = VI = [Ixql)) < VUG + Vg,

VU, +V,
0] <
ol < T =<, = Tl

AN

=M

q-

This implies that ¢ € &.
Step-IV: Finally, we establish that 40||Q&|| + 7 < 1, thereby confirming that condition (H4) of
Lemma 2.2 is satisfied.

Since [|Q&|| = sup{|Q(¢)(n)|} < T, - Also
45)|Q&|| + 7 < 4[| II(ﬂ) +lIxall < 412V + lIxqll <1
=T a1 1) ol = o
where § = [|Q], V = rq‘(lﬂl)’ 7= Ixall

Thus, assumption (E3) of Lemma 2.2 has been verified. Consequently, as all its assumptions of Lemma
2.2 are satisfied. It follows that the operator §(¢, ) = P¢Qy + R¢ admits a coupled fixed point in P.
Therefore, the g-fractional hybrid differential equation g—FHDEs given in (1.1) possesses a solution in
the interval 7. This completes the proof. O

This section illustrates the correctness of the results by presenting one example.



ON THE EXISTENCE OF SOLUTIONS FOR HYBRID CAPUTO-TYPE... 9

Example 3.1 Suppose the following q-FHDEs

5 om—gmo)y _ _ n*lom)l
33%( et ) = CEAEOE J
5 (em—gmem) _ n-le(n) .
DL (et ™) = mretetmn €T (3.3)
$(0) =0, ©(0) =0,
uhere 2(1) + |o(n)
1 1 n) + n
h = — — _—
(n,6(n)) 1477<15 cos (1) + T cos o(n) )
1,.(1 4{o(n)|
— _pN| = P A S
a0, 0) = 767 G oso(n) + 1 1) ).

For any elements ¢, € J and any n € [0,1], it holds that

|h(n, ¢(n)) — h(n, p(n))| < %5|¢>(77) — ()],

1
lg(n, ¢(n) — g(n, ()| < ge"lfb(n,w(n))l,
,’72
9 — 9 <
[9(n.6(m) = (. o)l < 5755
This implies that
1 e’
Qu(n) = 5 Xq(n) = = |€2]] = 0.0667, [|xql ~ 0.3883, U, =0,
9
V, =0.3523, V = _ i 0.0647.
Fy(a+1)

It follows that
412,V + ||xqll & 0.4056 < 1.

Through Theorem 3.1, the existence of a solution to problem (3.1) is demonstrated.
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