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Abstract: In this study, we examine the existence and Hyers-Ulam stability of a coupled system of
generalized Liouville-Caputo fractional order differential equations with integral boundary condi-
tions and a connection to Katugampola integrals. In the first and third theorems, the Leray-Schauder
alternative and Krasnoselskii’s fixed point theorem are used to demonstrate the existence of a solution.
The Banach fixed point theorem’s concept of contraction mapping is used in the second theorem to
emphasise the analysis of uniqueness, and the results for Hyers-Ulam stability are established in
the next theorem. We establish the stability of Ulam—-Hyers using conventional functional analysis.
Finally, examples are used to support the results. When a generalized Liouville-Caputo (o) parameter
is modified, asymmetric results are obtained. This study presents novel results that significantly
contribute to the literature on this topic.

Keywords: generalized fractional derivatives; generalized fractional integrals; coupled system;
existence; fixed point

MSC: 34A08; 34B10; 34D10

1. Introduction

We consider the nonlinear coupled fractional differential equations with generalized
Liouville-Caputo derivatives

{éDSm(r) = f(z,p(1),4(1), T €G = 0,T], O
¢D5a(r) =g(Tp(r).q(r) T € Gi= [0, 7],
enhanced with boundary conditions which are defined by:
p(0) =0, 4(0)=0,
ol —1
p(T) = €PI§+ q9(@) ﬁ(g) fow (@pe_pgp)lfg q(6)de, )

T, 1-¢ -1
q(T) = ﬂpI§+p(U) = IP(Q) fOo- (gpﬁpep)lfg p(e)dgl
O<o<w<T,

where ED5+, '(O:Dg+ are the Liouville-Caputo-type generalized fractional derivative of order

1<¢,0<2, ‘(ojIgM QI& are the generalized fractional integral of order (Katugampola
type) 0,6 > 0,0 >0, f,g: G x R x R = R are continuous functions, €, 7 € R. The strip
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conditions states that the value of the unknown function at the right end point T = T of the
given interval is proportional to the values of the unknown function on the strips of varying
lengths. When p = 1, the generalized Liouville-Caputo equation is changed to the Caputo
sense, which leads to asymmetric results. In a similar way, when p = 1, the Katugampola
integrals are changed to Riemann-Liouville integrals, which leads to cases that are not
symmetric. To the best of our knowledge, the stability analysis of boundary value problems
(BVPs) is still in its early stages. This paper’s primary contribution is to study existence and
Ulam-Hyers stability analysis. In addition, we demonstrate the problem (1)—(2) employed
by Leray-Schauder, Banach and Krasnoselskii’s fixed point theorems to prove the existence
and uniqueness of solutions. The system (1) is the well-known fractional-order coupled
logistic system [1]:

{D"‘u(r) = ru(t) — gu(t)(u(r) +o(1)), T €L
DPo(1) = r0(1) — 72o(7) (v(7) +u(T1)),

and the Lotka—Volterra prey-predator system [1]:
D*u(t) = u(t)(a—u(t)E—yo(1)), T €I,
DFy(t) = v(7)(—b+ vEo(T) — BE).

We now provide some recent results related to our problem (1)-(2). In [2], the authors
discussed the existence results for coupled system of fractional differential equations
Riemann-Liouville derivatives

{Dgwéﬁx(t)) + f(t,x(),y(1),t € [0,1],
D2 (D2 y () + f(t,x(), y(1), £ € [0,1],

with the Riemann-Stieltjes integral boundary conditions:

®)

D1 x(0) = 0, x(0) = 0, DE2y(0)
x(1) = NI y(&)
y(1) = 12L2x(y)

0’ y(O) = 0/
+ X0 Jo y()dHi(T), )
+ 51 Jo x()dKi(T),

where a4 is in the interval (0,1), B1 is in the interval (1,2), a; is in the interval (0,1], B2
is in the interval (1,2], p,g € N, and 1, 72, 61,02 > 0,0 < &, < 1 ICj(t), i=1...,4q
H;i(t),i =1,...,p are bounded variation functions. Both function f and g are nonlinear.
They used several theorems from fixed point index theory to prove the main results. In [3],
the authors investigated existence of solutions for coupled system of fractional differential
equations with Hilfer derivatives

{(HDSr’*x)(t) MDY (1) = (1 x(0), RO Dx(e), y(), € 0T, o

(HDRB2y) (1) + A (HDS P2y (1) = £t x(8), y(t), RG—Ey(8)),t € [0,T],
with Riemann-Liouville and Hadamard-type iterated integral boundary conditions:

x(0) =0, y(0) =0,
x(T) = Xy eRWer=#0y () i € (0, T), )
y(T) = £, ;RO x(&) & € (0,T),

where #D%/P1 is the Hilfer fractional derivative operator of order a; with parameters f;,
le€1,2,1< a < 2,0<Z ,Bl <1, A],/\z,ei,gj S R\{O},i = 1,2,...,m,j =12,...,n,
f,.g : [0,T] x R x R x R — xR are nonlinear continuous functions and R(@erdpr)
¢r € {6, 0, mv}t, r € {qpplgppe € N}, involves the iterated Riemann-Liouville and
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Hadamard fractional integral operators. They used several theorems from fixed point index
theory to prove the main results. Numerous scientific and engineering phenomena are
mathematically modelled using fractional order differential and integral operators. The
main benefit of adopting these operators is their nonlocality, which enables the description
of the materials and processes involved in the history of the phenomenon. As a result,
compared to their integer-order counterparts, fractional-order models are more precise
and informative. As a result of the extensive use of fractional calculus techniques in a
range of real-world occurrences, such as those described in the texts cited [4-8] numerous
researchers developed this significant branch of mathematical study. In recent years, a
lot of research has been done on fractional differential equations with different boundary
conditions. Nonlocal nonlinear fractional-order boundary value problems, in particular,
have attracted a lot of attention (BVPs). The idea of nonlocal circumstances, which help
to describe physical processes occurring inside the confines of a specific domain, was
originally introduced in the work of Bitsadze and Samarski [9]. It is challenging to defend
the assumption of a circular cross-section in computational fluid dynamics investigations
of blood flow problems because to the changing shape of a blood vessel throughout the
vessel. To solve that problem, integral boundary conditions have been developed. In
addition, the ill-posed parabolic backward problems are solved under integral boundary
conditions. Integral boundary conditions are also essential in mathematical models of bac-
terial self-regularization, as shown in [10]. Fractional order differential equations, as well as
inclusions including Riemann-Liouville, Liouville-Caputo (Caputo), and Hadamard-type
derivatives, among others, have all been included in the literature on the topic recently.
For some recent works on the topic, we point the reader to several papers [11-15] and
the references listed therein. The use of fractional differential systems in mathematical
representations of physical and engineering processes has drawn considerable interest.
See [16-22] for additional details on the theoretical evolution of such systems. The fol-
lowing is the remainder of the article: Section 2 introduces some fundamental definitions,
lemmas, and theorems that support our main results. For the existence and uniqueness
of solutions to the given system (1) and (2), we use various conditions and some standard
fixed-point theorems in Section 3. Section 4 discusses the Ulam-Hyers stability of the
given system (1) and (2) under certain conditions. In Section 6, examples are provided
to demonstrate the main results. Finally, the consequences of existence, uniqueness, and
stability for the problem (1) and (75) are provided.

2. Preliminaries

For our research, we recall some preliminary definitions of generalized Liouville-
Caputo fractional derivatives and Katugampola fractional integrals.

The space of all complex-valued Lebesgue measurable functions ¢ on (c,d) equipped
with the norm is denoted by ZZ (c,d) :

1
od =
/ IZb<P(Z)|‘7iZ)q <oo,b€R,1<g< 0.

c

lellzg = (

Let L!(c,d) represent the space of all Lebesgue measurable functions ¢ on (c,d)
endowed with the norm:

d
lole = [ lp(z)ldz < oo

We further recall that AC"(,R) = {p: € = R:p,p,...,p" Y € C(§,R) and p"— 1)
is absolutely continuous. For 0 < e < 1, we define Cc,(E,R) = {f : £ = R : (7 —
a®)f(t) € C(€,R) endowed with the norm | fllc,, = [[(* — a®)f(7)|c. Moreover, we

define the class of functions f that have absolute continuous 6! derivative, denoted by
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ACZ(E,R), as follows: ACH(E,R) = {f: & = R: Y 1f e AC(E,R),y = Tl’f’%}, which
is equipped with the norm [|f|lcz . = Yo I flle + 17" flle.,, is defined by

- n _,d
CQIE(E’R) = {fE%R,)/n 1fGC<S,R),’)/ fECE,p(£/R>/’)/:T1 pdT}

Notice that C!} ; = C/j. We define space P = {p(7) : p(1) € C(£,R)} equipped with
the norm ||p|| = sup{|p(7)|, T € £}- this is a Banach space. Furthermore Q = {4(7) :
q(t) € C(€,R)} equipped with the norm is ||q|| = sup{|q(7)|, T € £} is a Banach space.
Then the product space (P x Q,||(p,q)]|) is also a Banach space with norm ||(p,q)|| =

[Pl + 114l

Definition 1 ([23]). The left and right-sided generalized fractional integrals (GFIs) of f € ZZ (c,d)
of order § > 0and p > 0 for —c0 < ¢ < T < d < oo, are defined as follows:

1-¢ 7 pr—1

(pI§+f>(T) = ?((—:) /c (TP — ep)lfgf(e)der 7)
1-¢ rd ge—1

CTLNE =5 | @y O ®)

Definition 2 ([24]). The generalized fractional derivatives (GFDs) which are associated with GFls
(7) and (8) for 0 < ¢ < T < d < 0o, are defined as follows:

¢ = (k) ez

T
pgfnJrl

_dN\" T go—1
T T(n—¢) (Tl pdr) /C W}‘(G)dﬁ )

025 o) =~k ) ez

B pg—i’l-i-l B d noo.4 QP—l
a r(n—é)(‘Tl Pdr) / o —goye—nri/ ()40, (10)

if the integrals exist.

Definition 3 ([25]). The above GFDs define the left and right-sided generalized Liouville—Caputo
type fractional derivatives of f € ACY[c,d] of order § > 0

O A e e R AR

n=1(_1\k~k — P\ k
ng—f(Z) _p Dg— [f('f) _ kz ( 1) IZ f(d) <dP . Tp) ] (Z),')’ _ Zlfp%, (12)
—0 :

when n = [¢] + 1.

Lemma1 ([25]). Let{ > 0,n =[]+ 1land f € ACZY‘ [c,d], where 0 < ¢ < d < co. Then,
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1. fE¢N
1 T — 0\ T (41 £)(0)do .
i =gy [ (F50) CROE e,
1 d/ge — P\ (1) (41 £)(0)dO P
o g | () e A e a9
2. if¢eN
(DL f=9"f, (DL f=(-1)""f. (15)
Lemma 2 ([25]). Let f € ACl[c,d] or CY[c,d] and { € R. Then,
P _ o\
1tk s - £ - L TH (T2,

In particular, for 0 < ¢ < 1, we have

PIELDE f(2) = f2) = flo),  PIS LDS f(2) = f(2) - f(d).

We introduce the following notations for computational ease:

@P(e+1) or(e+1) - TP
frnd e — — R l
b=y 2T (gt £ T a6)
G=E*-&& #0, (17)

é(t) =

)

Next, we are proving a lemma, which is vital in converting the given problem to a
fixed-point problem.

Lemma 3. Given the functionsf,$ € C(0,7)UL(0,T),p,q € AC2(E) and A # 0. Then the
solution of the coupled BVP:

(D§, p(r) = f(r), T € €:=[0,T],
D5, q(t) = §(1),T€ £:=[0,T], (19)
p(0) =0, q(0)=0, p(T)=efIq(@), q(T)=nPIg, plc) 0<o<@<T,

is given by

p(r) =¢ T5, £(0) +6(0)[E (P75 (@) —¢ T5, F(T)) + &1 (wPT5 flo) — 75.,8(T))] .

and

9(7) =F I5.8(v) + 6(0)[E(m P T4 f(0) =0 T5,2(T) ) + & (e PT5 2(@) = T3, (7)) |- e}
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Proof. When PIg S Ig . are applied to the FDEs in (19) and Lemma 2 is used, the solution
of the FDEs in (19) for T € £ is

R 0 1-¢ o1 " °
—r 7% T _ 0 " [ go-1(zp _go\é-17(9)do L@
PO = T f@) tmta = G [0 -0 00 b+ T, @)

P 1-¢ 1 P

—0 7% 5 T_r / p-1(0 _ goyi-15 -
q(t) = I5.8(7) + b1 + by > T T o 0 (7 — 6°)° 7" ¢(0)db + by + by o (23)
respectively, for some ay,a,b1,bp € R. Making use of the boundary conditions
p(0) = g(0) = 0 in (22) and (23) respectively, we get a1 = b; = 0. Next, we obtain

by using the generalized integral operators TS p Ig , (22) and (23) respectively,

0+
P8 p(t) =° 75+e (1) + ™ + trletd) 24
0+p T) = o+ fT apoT(Q—i—l) a2p9+1r(g+2)/ ( )
(6+1)
PTE —p 7otes L ™
Io+‘7(T) IO+ g(T) + bl pgr(g 4 1) + b2p€+1r(€ + 2)/ (25)
which, when combined with the boundary conditions p(7) = € *Z;. q(@),
q(T) = nPZ3, p(0), gives the following results:
(6+1)
P78 7 TP _ ogtte,s e ewP
I H(T) + a1+ az i 15§ (@) +b1p€r(g+1) + 2T (e 5 2)" (26)
. TP o s ToPe oP(e+1)
] by + by— = nfT5® .7
0+g(7-)+ 1+ 2 p qs 0+ f(g)_'—alpgr(g‘l—l) +a2pg+1l—.(g+2) ( )
Next, we obtain
0,E — b&) = e PIEg(@) P I, f(T), (28)
br€ — a2&r = nPTSCf (o) —P T8, §(T 29
€ —m& = Ly " f(0) 0+:8(T), (29)

by employing the notations (16) in (26) and (27) respectively. We find that when we solve
the system of Equations (28) and (29) for a; and b,

n = [E(e" T Sg@) ~ T AT)) + 81 (n TS F) — 6T |, o)
by :é {6’2 (e Pzgjt:g(w) —P Ig+f(7')) + SA(n ngfgf(a) _p I@g(T))} ' @31)

Substituting the values of a1, a3, by, by in (22) and (23) respectively, we get the solution
for the BVP (19). O

3. Existence Results for the Problem (1) and (2)
As a result of Lemma 3, we define an operator A : P x Q — P x Q by

Alp,q)(t) = (da(p,9)(T), Da(p, 9)(T)), (32)

where
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A1(p.q)(t) =PT5, f (T, p(1),4(1) + (1) [é:“ (e#Z5 g (@, p(@), q(@)) = Z§, (T, p(T),q(T)))

+& (L5 (o, p(@),q(0)) I&g(rp(ﬂ,q(ﬂ))], (33)

B2(p,9) (%) = T5, g(x, p(x),4(7)) + 8(7) [é (7 P25 f (0, p(@),9(0)) = T8 g(T, p(T),4(T)))

+ & (e T5 8@, pl@), q(@)) - T3, <T,p<T>,q<T>>)]. (34)
For brevity’s sake, we'll use the following notations:

(TP§(1+\5||5|)) 1] |72 |1 |oP @)

N () R T %)
B |gl|7-p€ \§||€|wp(€+g)
fa =l (pgf(ﬁ DRI et ) )’ 0

TP & |7TH§|gp(é+@)
=10 , 37
. "(pér<¢+1>+pé+er<c+e+1> 7

(TP§(1+|5||§\)) 16]]€]|E2]@PE+¢)
PT(C+1) P+ e+ 1)

2 = (38)

@ = min{l — [y (J1 + J2) + 1 (K1 + K2)], 1 = [$2(J1 + F2) + (K1 + K2)]}. (39)

Theorem 1. Assume that f,g : £ x R x R — Rare continuous functions satisfying the condition:
(A1) there exists constants P, P > 0(m = 1,2) and o, Yo > 0 such that

|f(T,01,02) <o+ ¢1]o1]| + ¢2o2],
Ig(T,01,02)| < o + Pr|o1| + 2]02|, Yo € R,m = 1,2.

IfFy(J1+ Jo) + P1(K1 + K2) < 1L, po(T1 + To) + $2(K1 + Ka) < 1. Then 3 at least
one solution for the BVP (1) and (2) on €, where J1, K1, Jo, ICo are given by (35)—(38) respectively.

Proof. We define operator A : P x Q — P x Q as being completely continuous in the
first step. The continuity of the functions f and g implies that the operators A; and A are
continuous. As a result, the operator A is continuous. Let ¥ C P x Q be a bounded set to
demonstrate the uniformly bounded operator A. Then N} and N; are positive constants

such that | f(t, p(7),q(7))| < N1, (T, p(7),q(7))| < N3, ¥(p,q) € ¥. Then we have
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[81(p,0) ()| <PZE, £ (7, p(0),9(0)) | + [6(7)] [vﬂ (lel *Z5¥* 8@, p(@), q(@))| +° T, (T, p(T),a(T)) )

+ & (17l PZE 4 f (0, p(o), a(0))] +° I§+|g<7,p<7>,qm>)]

(&+o) TP (14 |8|E
SN{MH&W o, (T |>)}

pfTer(E+0+1) P°T(E+1)

. |§||e|@p(é+g) &, | TPE
ol ¢,
+N2{<p€+gr<a+g+1> T )

when taking the norm and using (35) and (36), that yields for (p,q) € ¥,

[1A1(p, )| < TiN7 + K1 NG (40)

Likewise, we obtain

18a(p, )| <A° { BllellEalp @+ (m(lﬂ&la))}
2 P, <N,

pSHer(C+¢+1) PST(C+1)

. |7t||E|oPEte) 7088,
+ ) +
Nl{' |<p€+er(§+g+1) PeT(E+1)

<PHNi + KN, (41)

using (37) and (38). Based on the inequalities (40) and (41), we can conclude that A; and A;
are uniformly bounded, which indicates that the operator A is uniformly bounded. Next,
we show that A is equicontinuous. Let 71, 7o € £ with Ty < 7,. Then we have

1A1(p,q)(12) — A(p,9)(T1)]
< P, f(1, (), 4(w)) — PIS. f(r, p(n),q(n1))]

+16(z2) = 5(m)| [5 (lel *Z+* 8@, p(@), q(@))| +* I8, | (T, p(T),(T))] )
+& (17 P T3 (0, p(0), a(0))| + I§+|g<’r,p<’r>,q<’r>>|)]

1=CN T p—1 p—1 T o—1
<P M /1 6 _ 6 d9+/297d9
T@) o [(f—e0)-¢ (f —6r)1-¢ () —60)1-¢

) R N |e|@pé+e N TPE
+16(12) — 6(11)| [|5| <pC+GF(C+ c+1) T+ 1)

. Nifrlrére - NTet
+16(12) — é(m)| [|51| <p§+er(§+ 0+1) - PST(C+1)

—0as » — 1. (42)

independent of (p, q) with respect to | f (T, p(11),q(1))| < Niand |g(T, p(11),q(11))| < Na.
Similarly, we can express |Ax(p,9)(12) — A2(p,q)(11)| — 0as 7 — 71 independent of (p, q)
in terms of the boundedness of f and g. As a result of the equicontinuity of A; and A,
operator A is equicontinuous. As a result of the Arzela—Ascoli theorem, the operator
is compact. Finally, we demonstrate that the set II(A) = {(p,q) € P x Q : AA(p,q);
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0 < A <1} isbounded. Let (p,q) € II(A).Then (p,q) = AA(p,q) . For any T € £, we have
p(T) = AA1(p,q)(7),9(T) = AA2(p,q) (7). By utilizing (A;) in (33), we obtain

p(0)] <PT5, (o, 91 p()], alq (7))

+16(7) <|f| (1P T8 (o + $lp(@)| + falg(@) ) +° T5. (9o + Yol p(T) | + ala(T)]))

1E (171 T8 o + 9alp(@)] + 2lg(@)]) +° T, (o + alp(T)| +lﬁ2|4(7)|)>>r

which results when taking the norm for T € £,

Ipll < (o + wullpll + w2llall) T + (Yo + $allpll + 2l lg] DKy (43)
Similarly, we are capable of obtaining that

I < (o + $ullpll + $2llal DKz + (o + ¢ullpll + ¢2ll9l]) T2- (44)
From (43) and (44), we get

Pl + gl =¢o(T + T2) + Po(K1 + K2) + [|pl | [¢1 (T + T2) + ¢1(K1 + K2)]
+ gl [91(T1 + T2) + $1(K1 + K2)],

which results, with [|(p, g)|[ = [|pl| + l|4]l,

Po(J1 + J2) + o (K1 + K2)
(p, )l < S .

As a result, IT(A) is bounded. Thus, the nonlinear alternative of Leray—Schauder [26]
is valid and the operator A has at least one fixed point. It implies that the BVP (1) and (2)
contain at least one solutionon £. [

Theorem 2. Assume that f,g : £ x R x R — Rare continuous functions satisfying the condition:
(Ay) there exists constants ¢y, ¢ > 0(m = 1,2) such that

|f(T,01,02) = f(7,01,02)| <¢p1]o1 — 01| + Palo2 — 02|,

|g(T,01,00) — g(T,01,00)| <1]01 — 01| + P2|02 — 02|, Vo, 6, € R,m =1,2.

Furthermore, there exist S, Sy > 0 such that |f(1,0,0)] < S1,18(7,0,0)| < S, Then,
given that

(J1+ J2) (1 + ¢2) + (K1 + K2) (1 + ¢2) <1, (45)
the BVP (1) and (2) has a unique solution on £, where [J1, K1, Ja, Ko are given by (35)—(38) respectively.

(J1+T72)S1+ (K1 +K2) Sy
(Tt 7)o ton) + (G k) BT ) and demonstrate that AB, C B,

when operator A is given by (32) and By, = {(p,q9) € P x Q : ||(p.q)|| < ¢}. For
(pq) € By,TEE

Proof. Let us fix ¢ < -

(T, p(7),q()] < p1lp(T)| + $2lq(T)[ + S
< ¢1llpll + ¢21lql] + S1,
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and

18(T, p(1),q(T))| < G1lp(T)| + f2la(0) | + S2
< G1llpll + f2llqll + Sz (46)

This guides to

31(p,0) (0] <P TS, (I (T, p(1), (7)) = f(2,0,0)] + | (£,0,0)]
+16(v) <|f| (IelPZ5; sl(@, p(@),q(@)) - §(@,0,0)] + |3(@,0,0)]

T3, FIT, p(T),a(T)) = F(T,0,0)| +1£(T,0,0)]])
+ &l (17 A [f (0, p(e),a(e)) = £(0,0,0)| + |f(e,0,0)]]

+PZE [1g(T, p(T),q(T)) — &(T,0,0)| + |g<T,o,o>H)>

(TEA+11ED) 16111y v @+
peT(E+1) pEHer(g+o+1)

<(¢nllpll+ 2llaql| +51){

R R |&1|TPE |E]|e]@PEte)
+<¢>1||p||+4>2|q||+sz>{|s|<pgr(€+1) R cTT)
A1 (p, DI < (nllpll + ¢2llgll + S1)T1 + (f1llpll + F2llql| + S2) K. (47)

Similarly, we obtain

(TPEA+131ED)  1o]je]|Ealpe+0
pEr(C+1) pEHT(C+c+1)

|82(p, 9) (D)] <(¢1llpll + F2l]] +Sz){

THIE | [rl|E]erEr)
+<4>1p||+¢2||q||+sl>{|5|(WWD R g D)

A2(p, DI <(@1llpl] + follal] + S2) Ko + (allpl] + P2l lq]] + S1) To- (48)

As a result, (47) and (48) follow ||A(p,q)|| < ¢, and thus AB, C B,. Now, for
(p1,91), (p2,92) € P x Qand any T € £, we get

|A1(p1,91)(T) — A1(p2,92)(7)]
<PTS |f(7,p1(1),41(7)) — (T, p2(1),42(1))]

+16(7)l (Ifl (\el PI§ (@, pr (@), 41 (@) — 8(@, pa(@), 32(@)))|

I (T, p1(T),a1(T)) = F(T, pa(T),a2(T)) )
+ 181 (17 P ZE 81 £ (0, pr (@), 41(0) = F(0, pa(@), 42(0))

I3 (T, pu(T), (7)) = &(T, pzm,qz('rm))
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(TPEA+1811ED) (5] re] gy ool
§(¢1|P1—P2||+<P2Q1—112|){ AT 1) Ty

N S |&1|TPE |€||e|cp(ete)
+ (¢1]lp1 — p2l| + d2llq1 42||){|5|<pgr(€+1) +pg+gr(§+g+1)

< (T(¢1+ ¢2) + Ki(d1 + 2)) (11 — p2ll + g1 — g21))-

Similarly, we obtain

|82(p1,q91)(T) — B2(p2,42)(T)]

A A (TPA+11ED)  (5je 1Sl p @)
§(<P1||P1—P2||+¢2||41—112||){ TC+1) (e

B B TP &, || |E|oPEte)
+ (¢1llp1 = pall + d2llm qzll){|5<pgr(§+1) P (E+o0+1)

< (291 + ¢2) + Ka(fr1 + 62)) ([ lp1 = p2ll + a1 — g211))-

Thus we obtain

[[A1(p1 1) (T) = B1(p2, @2) (D] < (J1(@1 + ¢2) + Ki(d1 + ¢2)) ([p1 — pa2l| + g1 — q21])- (49)

In a similar manner,

[[82(p1, 1) (T) = Ba(p2, 42) (D] < (F2(@1 + ¢2) + Kald1 + 2)) ([p1 — p2l| + g1 — q21])- (50)

Hence, using (49) and (50) we can get

1A (1, q1)(T) = Alp2,92) (D] < (T2 + T2) (¢1 + ¢2) + (K1 + K2) (61 + ¢2))
(Ilp1 = pall + g1 — g2l]).
As a consequence of condition ((J1 + J2)(¢1 + ¢2) + (K1 + K2) (1 +¢2)) <1, Als
a contraction operator. As an outcome of the Banach fixed point theorem, we can conclude

that operator has a unique fixed point, which is the unique solution of the problem (1),
and (2). O

For brevity’s sake, we'll use the following notations:

=g ik, (51)
PST(E+1)

()2 =T — Tipé + ICo. (52)
PT(+1)

Theorem 3. Assume that f,g: € x R x R — R are continuous functions satisfying the assump-
tion (Ay) in Theorem 2. Furthermore, there exist positive constants Uy, Uy such that VT € &€ and
rreR,i=1,2.

|f(t,r1,m2)| < Uy, Ig(T,11,12)| < Us. (53)
If

TP (g1 +2) | TP ($1 + $2)
FTE+1) | T+ ) < &)
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then the BVP (1), and (2) has at least one solution on &.

Proof. Let us define a closed ball B, = {(p,q) € P x Q : [|(p,q)|| < ¢} as follows and
split A1, A; as:

B () (7) =6(7) (E (751 5(@, p(@),q(@)) ~* T, £(T, p(T),q(T)))

+& (7P Z5 o, p(@),9(0) —PI§+g<T,p<T>,q<T>>)>, (55)

Ma(p,g)(T) = T3, f(T, p(2),q(1)), (56)

Daa(p,)(T) =6(7) (5(71 PI5F (0, p(0),(0)) = Z5. (T, p(T),4(T)))

+ & (e T5 I 3(@, pl(@), (@) = T, F(T, P(T),q(’f)))>, (57)

Do (p, ) (1) =T, g (T, p(T), q(1)). (58)

In the Banach space P x Q,A1(p,q)(t) = A11(p,q)(T) + A12(p,q)(T), and Ax(p, q)
(1) = A21(p,9)(T) + A22(p,q)(T) on B, are closed, bounded and convex subsets of P x Q.
Let us fix ¢ < max{J1U; + Kilhp, oty + Kolhr} and show that AB, C B, to verify
Krasnoselskii’s theorem [27] condition (i), If we choose p = (p1,p2),9 = (91,92) € By, and
utilizing condition (53), we obtain

|A11(p, ) (T) + A1p(p,q)(7)]
<PZ5 |f(7,p(1),9(1))]

+[6(7)] <|é (lel °Z57 3(@, p(), g(@))] +0 T§, | F(T, p(T),a(T))])

+ & (17 T8 (0, p(0), 4(0)) | 49 I§+|g<7,p<’r>,q<7>>|)>

T4+ 58] e+
<u1{( ) | bliriéile

p°T(E+1) pfTer(E+0+1)

|& | TPE |§||€|@p(§+g)
Ur< |6
i 2{' |<pé'r<€+1> T pRI(C+ g+ 1)

<UL T +U Ky < ¢.

In a similar manner, we can find that

182,1(p,9)(T) + B22(p, ) (T)| SULT2 + UKy < @.

Clearly the above two inequalities lead to the fact that A{(p, q) + A2(p,q) € By. Thus,
we define operator (A1, A7) as a contraction-satisfying condition (iii) of Krasnoselskii’s
theorem [27]. For (p1,4q1), (p2,q2) € By, we have
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1¢ 7 1
812(P1,41)(7) = B1,2(p2,42)(7)] S?(g) /0 (70 gpgp)lg
x |£(0,p1(0),91(0)) — £(6,p2(6),42(0))|d6

< T lp—pall+eallg—al)  59)
S Alle 1

and

1-¢ 1 1
s p10)(©) ~ Baa e ) (O] s [ s

x |(0, p1(0),41(0)) — &(6, p2(6), 42(6)) |46
Tre . R
Sm(‘h”ﬁl—P2||+<P2||41—42||)- (60)
As a result (59) and (60),

[(A1,2,822)(p1,31)(T) = (D12, 82,2) (P2,92) (T)]
<7-p§(¢1 +¢2) | TF(f1+ $2)
T PTG +1)  pir(C+1)

(Ilp1 = p2ll + [lg1 — a211),
is a contraction by (54). Therefore, condition (iii) of the Theorem is satisfied. Following
that, we can establish that the operator (A1, Ay 1) satisfies the Krasnoselskii theorem’s [27]

condition (ii). We can infer the continuous existence of the (A1 1, Ay 1) operator by examining
the continuity of the f, ¢ functions. For each (p,q) € B, we have

A1 (p,)(T)]

<[3(7) (|5| (lel Z§ < g (@, p(@), q(@))| +° I8, (T, p(T),a(T))])

1€ (17 P8 F o, plo), ao))] + I§+|g<7,p<’r>,q<7>>|)>

PPT(G+1) pSHer(&+o+1)

|E1|TPE |§||e|@p(é+g)
Ur< |6
y 2{' |<PCF(C+1) F AR o)

=)y,

TeE(j]1E (&+0)
SL,l{( (1€D) | plimiéslonts+e

PT(C+1) Tl +g+1)

TEE] | |allElor
+i4 16 +
1{' <p¢r<¢+1> PERer(E ot 1)

= (),

[A21(p,7)(T)| < Z/lz{ (TPg(\(SHE‘D) 6] €| &2 @P(E+e) }

which leads to

(11, 821) (P, q)|] < O + Qo
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From the above inequalities, the set (A11, A1) By is uniformly bounded. The following
step will demonstrate that the set (A11,A;1)B, is equicontinuous. For 71, € £ with
71 < T2 and for any (p,q) € B, we get

|AL1(p,9)(12) — Dra(p,q) (7))

<16(r2) — 8(m1)| <|5 (lel *Z§* 8w, p(@), q(@))| +0 I8, | (T, p(T),(T))] )

+1&1 (17l P8 F o, plo), ao))] + I§+|g<T,p<T>,q<T>>|))

(TEASIIED) 1ol oo+
PT(E+1)  ptrer(f+o+ 1))

\51|7-p€ |§||€|wp(6+g) )
PTG +1)  ptter(f+¢+1)/ )

<[o(n2) —5(n1) (ul(

+u2|5|(

Likewise, we obtain

1821 (p,q)(T2) — D21 (p,q)(T1)]

(TP011ED)  5]je] Exfeor@+)
Slé(fz)_é(ﬁ)@z( peT(T+1) p§+gr(€2+€+1))

TSl |allEler
1) .
gl '<p¢r<¢+1> G i) )

Therefore |(A11,A21(12)) — (A11,A21(11))] — 0 as » — T independent of
(p,q) € By Thus the set (A11,A21)B, is equicontinuous. As an outcome, the Arzela-
Ascoli theorem implies that the operator (A11,A;;) is compact on B¢. Krasnoselskii’s
theorem [27] statement leads us to the conclusion that the problem (1) and (2) has at least
one solutionon £. [

4. Example
Consider the following Liouville-Caputo type generalized FDEs coupled system:
3 5
Do (1) = f(T.p(0),q(7) T € £:= (0], 1)
cPgta(r) = g(t,p(1),q(1)), T € E:=[0,1],

supplemented with boundary conditions:

{p(0) =0, 9(0) =0, p(1) = TR q(F), 91) = LiTHp(}), (62)
where ¢ = %/C: %/P = %,T: le= %,(D = %,7‘[ = %,0’: %,g = %/Q = % and
1 1
f(t,p(7),q9(7)) = ( ;;)T) (1 LPI(;()’LN + gcos(q(r)) —|—3T>, (63)
-t 1 1
(a0 = G5 (L + Geostpe + 2O, (64

With 9 = 35,91 = 2,2 = 95,0 = 15, 1 = 55, and ¢» = k5, the functions f
and g clearly satisfy the (A7) condition. Next, we find that (7;) = 2.5370237266984113,
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(K1) = 0.17111607453629377, J» = 0.0906406939922634, K, = 2.274156747108814, 7;, K;
(i =1,2) are respectively given by (35),(36),(37) and (38), based on the data available. Thus
Y1 (T + J2) + P1(K1 + ) = 0.18539972688882678 < 1,4 (1 + J2) + 2 (K1 + Ko) =
0.04549809015197488 < 1, all the conditions of Theorem 1 are satisfied, and there is at
least one solution for problem (61) and (62) on [0, 1] with f and g given by (63) and (64)
respectively.

In addition, we’ll use

AP = 3+ 516+ Tl * 75 oS00 (65
() = ) 4 cos(pe) + g AL (66

to demonstrate Theorem 2. It is simple to demonstrate that f and g are continuous and
satisfy the assumption (A;) with ¢1 = 2, ¢ = %, 1 = 455 and §» = g5 . All the
assumptions of Theorem 2 are also satisfied with (71 + J2)(¢1 + ¢2) + (K1 + K2) (1 +
$r) = 0.35014782699385444 < 1. As a result, Theorem 2 holds true, and the problem (61)
and (62) with f and g given by (65) and (66) respectively, has a unique solution on [0,1].

5. Ulam-Hyers Stability Results for the Problem (1) and (2)

The U-H stability of the solutions to the BVP (1) and (2) will be discussed in this
section using the integral representation of their solutions defined by

p(7) = 81(p,9)(7), 9(7) = B2(p,9)(T), (67)

where A and A; are given by (33) and (34). Consider the following definitions of nonlin-
ear operators

Ha, Ha € C(E,R) x C(E,R) — C(E,R),

{ED&p(r) — f(t,p(),q(1)) = Ha(p,q) (1), T € E,
v D5, q(7) — g(7, p(7),q(7)) = Ha(p,q)(7), T € E.

It considered the following inequalities for some A1, A, > 0
IH1(p, )l < A4, |[Ha(p, )| < K. (68)

Definition 4. The coupled system (1) and (2) is said to be U-H stable if V1,V, > 0 and there
exists a unique solution (p,q) € C(E,R) of a problem (1) and (2) with

1(p.q) = (p*, 41| < Viki + V2l
V(p,q) € C(€,R) of inequality (68).
Theorem 4. Assume that (A;) holds. Then the problem (1) and (2) is U-H stable.

Proof. Let (p,q) € C(E,R) x C(€,R) be the (1)—(2) solution of the problem that satisfies
(33) and (34). Let (p, q) be any solution that meets the condition (68):

{ED&p(r) — f(7,p(1),4(7)) + Ha(p,q) (1), T € &,
D5, q(7) = g(7, p(1),4(7)) + Halp,q)(7), T € E,
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SO,
pe(T) = Au(p",4°) (7) + 5, Ha(p,q) (7)
+6(7) (é (€755 Ha(p, ) (@) —° Z§, Ha (p, ) (7))
+ & [P (p,9) (0) = T, Ha(p,0)(T))] )
It follows that

|81(p",4) () = p*(0)] PTG, [Ha(p,q)(7)]

+16(7)| (|€| [lel PZ5 € 1Ha(p, ) (@) |+ Z§, [ #1 (p,0)(T) ]

&1 P T M (p,0) (0)] + I§+|H2(PIQ)(7)|D

[ (TR 611ED p(5+o)
) A1{( ) | bliriiéile

PET(E+1) P +0+1)

R |E1| T8 |§||€|@p(c+g)
Al |6
y 2{' '<p€r<g+1> Qs (g

§‘71/\A1 + ]C1)C2.

Similarly, we obtain

82, 0) () =0 (O S8 e e

(TS |l
X416
i 1{' |<95F(€+1)+p¢*QF(§+Q+1)

<PA1+ KAy,

X { (TP + J911€D)) , JolleliEalar+o }

where 71, K1, J2, and K, are defined in (35)-(38), respectively. As an outcome, we deduce
from operator A’s fixed-point property, which is defined by (33) and (34),

lp(t) = p*(0)| =[p(7) = B1(p", q7)(T) + A1 (p™, q7)(T) — p*(7)|
<|A1(p,q)(T) = Ma(p*,9") ()| + |M(p*,9")(T) — p* ()]
(D1 + Kadr) + (T2 + Kao) || (. q) — (p*,q%)||
+ JiAt + KiAs. (69)

19(7) — q*(T)] =q(7) = B2(p™, 47)(T) + D2(p", 47)(T) — 97 (7)|
<[B2(p, q)(T) — Da(p™, 7°) (D) + |B2(p", 47)(T) — 47 (7)|
<((Ta21 + Kapr) + (Fa2 + Ka2))1(p,9) — (0™, q7)|
+ JoA1 + KAy (70)
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From the above Equations (69) and (70) it follows that

1(p,q) — (p*,q)|| <(Th+ To)A1 + (K1 + K2) Ay
+ ((J1 + T2) (1 + ¢2) + (K1 + K2) (d1 + &) (p, ) — (p%, 97|

(1 + Ja)A1 + (K1 + Ka) Xy
T+ ) (@1 + ¢2) + (K1 + K2) (d1 + 62))
<AL+ Wady,

(pa) = (P )l <= ((

with
V= T+ T
— (N1 +172) (1 + d2) + (K1 + [KC2) (1 +2))”
V, = K14+ Ky

— (1 + ) (1 + ¢2) + (K + K2) (b1 + 62))
Hence, the problem (1)—(2) is U-H stable. O

6. Example
Consider the following Liouville-Caputo type generalized FDEs coupled system:

19 5
(j:z DG;TP(T) = g + 5(7125) 1J|rp|(pT(¥)\ + g cos(q(1)), T € [0,1], 1)
EDE (1) = § + 4 cos(p(1)) + Ay T € [0,1],
supplemented with boundary conditions:
19 43 19 47
{p(© =0, 40) =0, p(1) = 5 7Hq(3), (1) = §9THp(33), 72

Whereé:%,g 20,p—20,7-_1€—%(D:zo,n’:g,az

£ (2, 01(0) = £ (0 p2(0),02(7) | = %mm P20 + g (@)~ ()], (73)
18(T, p1(7),41(7)) = (1, p2(7), 42(7))| = 300"71( T) - PZ(T)|+7LO\Q1(T)*0]2(T)|- (74)

With ¢1 = 2s,¢2 = 5,61 = 2, and § = -, the functions f and g clearly
satisfy the (A) condition. Next, we find that (J;) = 1.9529307397739033, (K1) =
0.21135021378560123, 7, = 0.42682560046779994, K, = 1.6225052940838325, J;, K;(i =
1,2) are respectively given by (35),(36),(37) and (38), based on the data available. Thus
((J1 + J2) (1 + ¢2) + (K1 4+ K2) (1 + ¢2)) = 0.2383953280869716 < 1, all the conditions
of Theorem 5.2 are satisfied, and there is a unique solution for problem (71) and (72) on
[0,1], which is stable for Ulam-Hyers, with f and g given by (73) and (74) respectively.

7. Existence Results for the Problem (1) and (75)

Furthermore, we are investigating the system (1) under the following conditions:

p(0) = 0, q(O) =0,
€06 1
P(T) +q = ,0 fo (Dpepgpl cq( )d@,

q(T) = 7Tp10+}7( ) 7TP - fo wpg_pepl)l—g P(Q)dQ,
0<o<T.

(75)
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Bear in mind that the conditions (2) contain strips of varying lengths, whereas the
one in (75) contains only one strip of the same length (0, @). We introduce the following
notations for computational ease:

oP(c+1) orlet1) s T
N e T "
G=E*-&& #0, (77)

P
5(t) = <pg> (78)

Lemma 4. Given the functionsf,§ € C(0,T)NL(0,T),p,q € AC2(&) and A # 0. Then the
solution of the coupled BVP:

ng+p(T) f(r),te&:=[0,7T],

D5, q(t) = g(r) Te&:=[0,T] (79)
p(0) =0, 9(0) = 0, p(T) = e*Z5, (@), 9(T) = 7L, p(@), 0 < @ < T,
is given by
p(v) = Ig, f(v) +(x >([e PI§Eg(@) = IEA(T)| + [P T flw >—Pz+g<T>}> (80)
and
9(r) =I5, §(7) +8(7) ({npzéfﬂ ) =P I8 8(T)| + [ePZE  g(@) Igjm}). (81)

Proof. When PIg P I are applied to the FDEs in (79) and Lemma 4 is used the solution

of the FDEs in (79) for T €fis

A 0 1-¢ ,t R 4
= 1§ T [ g1 — o0)E 1 £(0)d6 =, o®
P = T f0) +m = K [0 (x0T 00 b T, (3

(1) =" T 8(0) by T = B [T o) gy by, 60)
0+ o T Jo P’

respectively, for some ay,a,,b1,b, € R. Making use of the boundary conditions p(0) =
g(0) = 0in (82) and (83) respectively, we get 1y = b; = 0. We obtain by using the
generalized integral operators PIO L F Ig  (82) and (83) respectively,

(e+1)

o0 _p Fitep TPe 0

ForP(0) =1 o (0 0 G (o ) T 2 e g 1 2) e
(¢+1)

o6 _p T4ca ™5 ™°

T5,4(7) = I5,°8(7) + by ey + 02y (85)

which, when combined with the boundary conditions p(7)=€e?Zj, q(@), q(T) = Py Lp(®@),
gives the following results:

e@PSs cor(etl)
T +1)  2periT(c12)’

. P
PIg+f(7') +a + 6127; = GPIHQS( @) + by (86)
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X TP o @0 ore+1)
p7é by 4+ by— — PToTC ) 87
O+g(T)+ l+ 2 0 7T 0+ f(w)+alpgr(g+1) +a2pg+11"(g+2) ( )
Next, we obtain
1€ — &) = epIgfﬁ(w) — IngJ?(T)r (88)
b€ — a6y = nPIE T f (@) —P T, & (T 89
€ —m& = I, " f(@) 0.:8(T), (89)

by employing the notations (76)—(78) in (86) and (87) respectively. We find that when we
solve the system of Equations (88) and (89) for a; and by,

0 = [E(T % 8(0) 0 T AT + & (T (@) ¢ TE(T)], o0)
by :é [52 (eﬂzéigg(w) —p Ig+f(T)) + g(”ngigf(w) _p I§+§(T))} . 1)

Substituting the values of a1, ay, by, by in (82) and (83) respectively, we get the solution
for (79). O

For brevity’s sake, we'll use the following notations:

(T95(1+\5llfl)) 10]|77] | €1 | 0P E+Q)

p— 2
S FTE+1) TG torl) ©2)
_ |64 T*% |€]|e|crE+e)
v <p€F(€+ ) eI ter 1) ) %

TPE|&| |7'(HE|L’DP(5+Q)
=5 , 94
72 "<p€r<c+1>+p¢+@r<c+e+n o4

(TP +1611ED)) , ollellExlare+
peT(C+1) pEHI(C+g+1)

2= (95)

To finish up, we will go over the results of existence, uniqueness, and Ulam-Hyers
stability for problems (1) and (75), respectively. For reasons that are similar to those in
Sections 3-6, we are not providing the proof.

Corollary 1. Assume that f,g: £ x R x R — R are continuous functions satisfying the condi-
tion: (Ay) there exists constants Py, P, < 0(m = 1,2) and 1y, Yo > 0 such that

|f(T,01,02)| < o+ 10| + ¥2fo2,
|g(T,01,02)| < o+ ¢1]01| + 20|, Vo € R,m =1,2.

(T +T) + 1K1+ Ky) < 1, l[Jz(jl + ﬁg) —111/32(/@1 + K5) < 1. Then at least one
solution for the BVP (1) and (75) on £, where J1, K1, J2, Ko are given by (92)—(95) respectively.
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Corollary 2. Assume that f,g: £ x R x R — R are continuous functions satisfying the condi-
tion: (Ay) there exists constants ¢, ¢ < 0(m = 1,2) such that

|f(T,01,02) — f(7,01,02) <¢p1]o1 — 01] + ¢2]0o2 — 62/,
|g(T,01,00) — g(T,01,00)| <1]01 — 01| + P2|02 — 02|, Vo, 6, € R,m =1,2.

Moreover, there exist S1,S; > 0 such that |f(7,0,0)] < S1,[f(7,0,0)] < Sy, Then,
given that

(T + J2) (P14 d2) + (K1 + K2) (d1 + 62) <1, (96)

the BVP (1) and (75) has a unique solution on &£, where jl,ICAl, jz, ICZ are given by (92)—(95)
respectively.

Corollary 3. Assume that f,g: £ x R x R — R are continuous functions satisfying the assump-
tion (Ayp) in Theorem 2. Further more, there exist positive constants Uy, Uy such that VT € € and
rieR,i=1,2.

|f(T,r1,1m2)| < U, lg(T,71,12)| < Uy. (97)
If

TP (p1+¢2) | TP (1 + $2) .
PT(E+1) PT(+1) '

then the BVP (1), and (75) has at least one solution on E.

(98)

Corollary 4. Assume that (A2) holds. Then the problem (1) and (75) is Ulam—Hyers stable.

8. Asymmetric Cases

Remark 1. If p = 1, the problem (1) generalized Liouville—Caputo type reduces to the classical
Caputo form.

{CDM(T) = f(z,p(7),4(1)), T € G =10, T], %)
DS, q(1) = (7, p(7),9(1)), T € G := [0, T].

Remark 2. If p = 1 in the boundary conditions (2) and (75) generalized Riemann—Liouville
integral boundary conditions reduces to the Riemann—Liouville integral conditions respectively.

p(0)=0, q(0)=0,
p(T) =eI5q(@) = 5 o (@ — 0)s71q(6)as,

q(T) = nIngP(‘T) = Tn@) fOU(U —0)21p(6)do, (100)
O<o<wo<T,
and
p(0) =0, ¢(0)=0,
P(T) = eT5eq(@) = g o' (@ = )< (0)do, (101)

q(T) = nZy p(@) = o Iy (@ —0)°~1p(6)do,
O<wo<T.



Symmetry 2022, 14, 2273 21 of 22

Remark 3. If p = 1 and ¢ = 0 = 1 in the boundary conditions (2) and (75) generalized Riemann—
Liouville integral boundary conditions reduces to the classical integral conditions respectively.

{p(0) =0, 9(0) =0, p(T) =€ [ 4(0)d6, q(T) =7 J§ p(O)d0O <o <@ <T  (102)
and
{p(0)=0,9(0) =0, p(T) =€ [ 4(0)d0, 9(T) = 7 [y p(0)do0 <@ < T.  (103)

9. Conclusions

This paper employs coupled nonlinear generalized Liouville-Caputo fractional dif-
ferential equations and Katugampola fractional integral operators to solve a novel class
of boundary value problems. Applying the techniques of fixed-point theory to discover
the existence criterion for solutions is efficient. While the second outcome provides a
sufficient criterion to establish the problem’s unique solution, the first and third results
define various criteria for the presence of solutions to the given problem. In the fourth
section, the Hyers—Ulam stability of the solution was determined. In the remarks, we have
shown the asymmetric cases of the assigned problem. Moreover, the form of the solution
in these kinds of remarks can be used to study the positive solution and its asymmetry in
more depth. We conclude that our results are novel and can be viewed as an expansion
of the qualitative analysis of fractional differential equations. Our results are novel in this
configuration and add to the literature on nonlinear coupled generalized Liouville-Caputo
fractional differential equations with nonlocal boundary conditions utilizing Katugampola-
type integral operators. Future research could focus on various conceptions of stability and
existence in relation to a Lotka—Volterra prey-predator system/coupled logistic system.
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