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Abstract: Our fundamental purpose in the present manuscript is to explore existence and uniqueness criteria for a new
coupled Caputo conformable system of pantograph problems in which for the first time, the given boundary conditions
are formulated in the Riemann-Liouville conformable framework. To reach the mentioned aims, we utilize different
analytical techniques in which some fixed point results play a vital role. In the final part, a simulative example is
designed to cover the applicability aspects of theoretical findings available in this research manuscript from a numerical

point of view.
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1. Introduction

Investigation and analysis of different mathematical models for numerous natural dynamical processes are an
interesting and important branches of the applied mathematics in which the researchers focus on dynamics of
newly formulated systems by means of the existing computational tools. In such way, there exists a vast range
of classical and modern fractional operators which play a vital role to model different natural phenomena and
processes. Indeed during past decades, mathematicians have introduced various operators. But to describe
natural processes, fractional order modelings are more accurate than integer order ones, thus new fractional
operators have been provided.

In most published literatures, one can simply observe numerous structures of fractional modelings in
which one of the Riemann-Liouville and the Caputo fractional operators have been utilized (see for instance,
[5, 10-12, 16, 18, 22, 24, 31, 41, 43, 50, 52, 53, 63]). Besides, several applied generalizations of mentioned
operators such as the Hadamard, Caputo-Hadamard and Hilfer fractional operators are employed by other
mathematicians in the subsequent time periods and different fractional modelings are designed using these
extended operators (see for example, [2, 8, 19, 20, 26-28, 34, 44, 51, 57]).

On the other side, coupled systems of fractional differential equations and inclusions are another part
of the vast domain of mathematical modelings. These fractional coupled systems usually arise from different
areas of applied sciences and biological processes. The study of the existence, uniqueness, stability and other
dynamical behaviors of solutions related to such fractional systems plays a vital role in this regard. For example,

Jin and Sun [37] studied the existence of solutions for a coupled system of fractional compartmental biological
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models as differential inclusions. In [58], Wang, Shah and Ali investigated the existence and Hyers—Ulam stability
of solutions to fractional nonlinear impulsive switched coupled system of evolution equations. Recently, Xu,
Ma and Xing [59] studied the existence and asymptotic behavior of vector solutions for a new version of the
linearly coupled Choquard type system by means of variational methods. In this direction, one can see many
other works on the fractional coupled systems of boundary value problems such as ([3, 4, 13, 15, 36, 42, 62]).

Five years ago, Caputo and Fabrizio [29] formulated an extended normal structure of new fractional
differentiation operator in which the kernel function has no singularity in any point. This novel operator is
called the fractional Caputo—Fabrizio operator. Immediately after them, Losada and Nieto [40] focused on
some pure aspects of this new nonsingular operator. Some flexible properties of the Caputo—Fabrizio integro-
derivative operators led to publish research papers on the different fractional modelings in this subject (see for
instance, [7, 9, 21, 23, 25, 47)).

After Caputo—Fabrizio operator, Abdeljawad [1] generalized some concepts given in [39] and investigated
some pure and applied aspects of the well-behaved conformable differentiation operator of arbitrary order. After
that, Jarad, Ugurlu, Abdeljawad and Baleanu [35] generalized the well-known standard fractional Riemann—
Liouville integral provided that a unification to other differentiation operators including Riemann—Liouville,
Caputo, Hadamard, Caputo-Hadamard and other derivatives are obtained [38]. In this way, they tried to
derive two integration and differentiation operators of arbitrary order based on the conformable operators.
They first constructed new functional spaces and in the sequel, they proved some basic applied aspects of
two newly defined combined operators entitled the Reimann—Liouville conformable integral and the Caputo

conformable derivative.
The pantograph differential equation can be considered one of the most important class of differential

equations in the applied sciences. This type of differential equation is regarded as a kind of delay differential
equations and has many applications in both applied and pure mathematics. For the first time, Balachandran,
Kiruthika and Trujillo [14] introduced the pantograph equation of arbitrary order and established the existence
and also uniqueness criteria for the given problem. Next, they expressed neutral version of the fractional
pantograph equation and extracted existence criteria of its solutions [14]. After them, many other researchers
began to study fractional pantograph equations by the aid of various numerical techniques including the spectral
collocation method, Hermite wavelet method, the operational method and etc. (refer to [30, 48, 60, 61]). Besides,
other mathematicians worked on various classes of fractional pantograph equations with the help of analytical
methods (see for example, [54-56]).

In 2019, Rabiei and Ordokhani [46] derived some numerical results on the fractional pantograph delay

differential equations in any arbitrary interval as

l *
DY @(2) = a(x)m(2) + Y b;(2)°D w(g;2), (2 €[0,h], h<1)

j=1
@@ (0) = p4, (1=0,1,2,...,n—1, p; €R),

where n —1<n* <n, 0<n; <n"<n, 0<qg; <1, C@g) is the Caputo fractional derivative and functions
bj(z) and a(z) are known and determined in [0,h]. In that work, the authors introduced fractional order
Boubaker polynomials in relation to the Boubaker polynomials and then constructed pantograph operational
matrices and by means of these matrices, they implemented Newton’s iterative method to extract approximate

solutions [46]. In the same year, Igbal, Shah and Khan [33])established conditions for obtaining mild solutions to
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the coupled system of multipoint boundary value problems of nonlinear fractional hybrid pantograph differential

equations given by

DY [@(2) — ¢z, @(2))] = (2, 0(2), 0(M17)), (=€ 0,1]),

D7 [o(2) — p(2,0(2))] = (2, @(2), (A22)), (= € [0,1)),

CDpw(0) = mw(&), @ (0)=0, ... , @ 20)=0, “Dhw(l) = rw(&),
€D50(0) = k10(1), @(0)=0, ... ,0"%(0) =0, “Dfo(1) = r20(&2),

where n* € (n — 1,n], n € N, p,&,& € (0,1), A\, A2 € (0,1), k1,62 € R\ {0}, C@é') denotes the Caputo
fractional derivative and the nonlinear functions ¢ and v are continuous. In the mentioned paper, the authors
proved the existence results by using Burton and coupled type fixed point theorems ([33]).

In 2020, Alrabaiah, Ahmad, Shah and Rahman [6] developed a qualitative analysis to the class of nonlinear

coupled system of fractional pantograph delay differential equations with integral boundary conditions as follows:
p y p grap y q g y
Rggl w(z) =-h (27 ZU()\Z), Q(z>7 Rngl Q<Z))7 (Z € [0’ 1])7

RO 0(2) = — fo(z (2), 0(\2), RO (2)),

1
w(0) = 0, w(1) = / o(a)m(q) dg,

0(0) =0, 9(1)=/0 v(q)o(q) dg,

where nf,n5 € (1,2], A\, p1,p2 € (0,1) and R@E;) denotes the Riemann-Liouville fractional derivative. The
nonlinear functions f1, fo : [0,1] x R — R are continuous and ¢ : (0,1) — [0,00) is a bounded function. The
authors studied the existence and uniqueness of the solution related to this coupled system with the help of
Leray—Schauder and Banach fixed point theorem and then investigated a kind of stability of solution named
Ulam—Hyers for the system [6].

By taking into account aforementioned new operators introduced by Jarad et al. [35] and inspired by
some existing primitive ideas in above articles, in the current manuscript for the first time, we formulate the
following coupled system of the Caputo conformable fractional version of the pantograph differential equations

as follows:

COUN(z) = O (2, 0(2),0002), (2 € [20,T], 20 > 0)
(1.1)

DL 0(2) = Oz(2,@(2), w(\*2))
subject to three-point Riemann—Liouville conformable integral conditions
w(z) =0,  piw(T)+pusReIG" w(8) = ¢,
(1.2)
o(20) =0, o(T) + 13RI o(v) = &

so that €€D7" stands for the Caputo conformable derivatives of fractional order n; € (1,2) with o € (0,1]

for 7 = 1,2 and also RCI;’O’G* illustrates the Riemann-Liouville conformable integral of fractional order 6* > 0.
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Furthermore, &,v € (zo,T), pt, s, v, 75, 65,65 € R, \* € (0,1) and @j - [20,T] x R x R — R are supposed to
be continuous maps for j =1, 2.

It is notable that until now, limited researchers have been worked on the newly formulated Caputo
conformable and the Riemann—Liouville conformable operators. It is necessary that researchers pay attention
to this fact that this structure of a coupled system of pantograph boundary problem with respect to the Caputo
conformable operators is a new version and this type of construction has not been studied in any literature
yet. In fact, we extend the well-known pantograph differential equation to a coupled system by utilizing newly
defined conformable operators in both Caputo and Riemann-Liouville settings simultaneously for the first time.
The boundary integral conditions given in our coupled system involve a vast range of many simple boundary
conditions defined before by other researchers.

We demonstrate the contents of the current research manuscript as follows. In Section 2, we briefly
review some fundamental and auxiliary concepts and notions. Section 3 has two folds. First, we employ
some well-known analytical techniques to establish existence and uniqueness criteria corresponding to the given
pantograph coupled system problem (1.1)—(1.2). In the following of this section, some estimates for the solutions
of the mentioned pantograph coupled system are investigated. The last part of the present research is devoted

to propose a numerical example to demonstrates the applicability of our findings.

2. Preliminaries
In this moment, we are going to assemble some fundamental and basic concepts. It is well-known that the

Riemann-Liouville integral for a function w : [0, +00) — R of order n* > 0 is illustrated by

R’ _ [T q)" !
Iwz-/iwqdq 2.1
o= [ ET el (2.)
so that the existing integral is finite valued ([45], [49]). Now we assume that n* € (n—1,n) so that n = [n*]+1.
About the given function w € AC]%”)([O, +00)), the fractional Caputo derivative of order n* is formulated by

CO () — “(z —Q)”H'Llw(n)

such that the existing integral has the finite value [45, 49]. In this place, we can define the left conformable

derivative of a function w : [29,00) — R with ¢ € (0,1] at the initial point zp by the following relation

_ l1-0) _
D° w(2) = lim w(z4+v(z—20)7%) — w(2)
00 v

such that the limit exists [39]. It is necessary that you pay attention this interesting fact that an equality

D7 w(z) = lim,_, _+ D7 w(z) holds whenever D7 w(z) exists on the interval (zo,7) for 0 < 2o < r. Also,

clearly the relation D7 w(z) = (z — 29)* ™7

w’(2) is valid when w is a differentiable function. In this way, one

can indicate the definition of the left conformable integral about the function @w with o € (0,1] of the following
N d

form 77 w(z) = / w(q)ﬁ when the existing integral is finite valued [39]. In the sequel, Jarad et
20 q— 20 7

al. [35] extended aforementioned conformable operators to arbitrary real orders in both the Caputo and the

Riemann-Liouville settings as follows: Let n* € C be such that the real part of n* is nonnegative. In this case,
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the Riemann—Liouville conformable integral about a given function w of order n* with o € (0,1] is formulated
by

RCTon" (4 — 1 “((z—2)7 — (¢ — 20)° n*—lw dg
7" w(z) = T /ZO ( . ) (q)i(quo)l,(, (2.3)

whenever the value of integral is finite ([35]). Notice that if we take 29 = 0 and o = 1, then RCZZ" w(2)

defined by (2.3) is transformed into the standard fractional integral RIg*w(Z) given by (2.1). In the similar
manner, the Riemann-Liouville conformable derivative for a given function w of order n* with o € (0,1] is

introduced by
REDLT w(z) = DL (ROIL " w)(2)

*

s [ () 24)

n times

—YN—
such that n = [Re(n*)] + 1 and D" = D7 D7 ... D7 where D stands for the left conformable derivative

with o € (0,1] [35]. Again, it is notable that if we take zp = 0 and o = 1, then R¢D%" w(z) defined by (2.4)

is transformed into the standard Riemann-Liouville derivative R@g*w(s). In the next step, to introduce the

generalized notion of the conformable derivative in the Caputo settings, we construct
Lo(20) == {¢: [z0,7] = R: I p(2) exists for each z € [29,7] }
for o € (0,1] and we set
Ir([z0,7]) := {w@ : [20,7] = R: w@(2) =Z ¢(2) + w(z0), for some ¢ € L,(20)},

where Z7 ¢(z) indicates the same left conformable integral of the given function ¢ at zo ([1]). Also, we make
CL »([20,7]) = {w : [z0,7] = R : @‘z’én’lw € ]Ic,([zo,r])} for n = 1,2,3,.... In consequence, the Caputo

conformable derivative for a given function w € C7, ,([20,7]) of order n* with ¢ € (0,1] is formulated by

DL w(2) = RITT (D% ) (2)

1 / ((z —20)" — (¢~ zo)")"””@génw(q)@ (2.5)

L(n —n*) o (q—20)'~°

such that n = [Re(y*)]+1 ([35]). It is known that the operator “©%7 w(z) given by (2.5) equals to *D}] w(z)
given by (2.2) if we take zp = 0 and o = 1. In some lemmas, we assemble several applied properties of both

Caputo— and Riemann-Liouville fractional conformable operators which you can find it in the following.

Lemma 2.1 ([17, 35]) Let Re(n*) >0, Re(6*) >0 and Re(p*) > 0. Then for o € (0,1] and for any z > 2,

we have the following statements:

(L1) ReZgy (RCTg @) (=) = (RCT57 0 w) (2),
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. . 1 T(p*) * Lt —
RCTo, _ o \o(p*—=1) a(p"+n"—1)
(L2) " (2= 20)70 ) o™ T'(p* +n*) (5= =) ’

. . . T(p%) g
L3) RC@S,TI (z — Zo)a(p -1) s) = o (s — zo)a(p n 1))
( ’ ( Llp* —n*)

(L4) RC@Z&"* (RCIgde*w)(z) = (RCI;’O’G*’”*W)(Z), (Re(n*) < Re(@*)).

Lemma 2.2 ([17, 85]) Let n —1 < Re(n*) < n and w € C} ,([20,7]). Then for o € (0,1], the following
identity holds

n—1 ~g
-~ o D w(zp)
RCIZ(;n (chz(}n w)(z) =w(z) - Z 0alll
=0 ’

(z—20)". (2.6)

In the light of the identity (2.6), it is concluded that the series solution of the homogeneous equation
(chgén*w)(z) = 0 is obtained by

n—1
@(2) =Y bi(z—20)"" = b5 +bi(z = 20)7 + (2 = 20)*7 + -+ by (2 = 20) "7V,
=0

so that n —1 < Re(n*) < n and b§,b7,...,b5_; € R. We utilize both following theorems to conclude our main

results.

Theorem 2.3 [32] (Leray—Schauder degree theorem) The space M is supposed to be a Banach space. In
addition, let W be an open bounded subset of M with 0 € W and B : W — M be a an operator having
the complete continuity property. Also, let afBw —w # 0 for all w € OW and for any o« € [0,1]. Then
veg(I — B, W,0) =1 and P has a fized point in W .

3. Main results
After assembling required auxiliary notions in the previous section, we are ready to establish the desired existence
theorems. For this reason, we regard the Banach space MM = {w : w € Cr [zo,ﬂ} furnished with the norm

[@llom = sup,c(,, 7 |@(2)[. One can deduce that the product space 9 x M supplemented with the norm

(@, 0)|lsmxom = ||@|lon + [|o]lom for (oo, 0) € M x M is a Banach space. Further, for the sake of simplicity in

writing, we consider the following constants:

(6 — 29)7(1+07)

a? T(2 + 6%) 70,

O = ui (T — 20)7 + 13
(v — 29)70+0)

T 7 (3:-1)

Qow =7 (T — 20)” + 73

In the next lemma, we derive an equivalent integral structure for the solution of the three-point Caputo

conformable pantograph boundary problem given in the coupled system (1.1)—(1.2).
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Lemma 3.1 Let h, € 9 be an arbitrary function. Then the function w{ satisfies the given Caputo conformable

differential equation
COIMw(2) = ha(z), (2 € [20,T), 20 >0) (3.2)
furnished with three-point Riemann—Liouville conformable integral boundary conditions

@(20) =0, piw(T) + 315" w(8) = &, (3-3)

if and only if w( is a solution function for the Riemann—Liouville conformable integral equation

o) = L /z:((z—z())ﬂ—<q—zO>ﬂ>"f‘1h*(q)( dg

I'(n7) o q—20)'°

+<z~zO>alg_rur /j((fz@)”<qu>J>"f‘1,ul*(q)( g

Q1. (1) o q—20)177

M (0= 20)" —(g—2) " _dg
L(n; +6%) /zo ( o ) ha(q) : (3.4)

so that a nonzero constant Q. is illustrated by (3.1).

Proof In the first stage, the function w is supposed to be satisfied the Caputo conformable equation (3.2).

Simply, we see that CC@;‘[;"fwg(z) = h.(z). Now, we integrate the last equality in the Riemann-Liouville

conformable settings of order 77 and so we obtain

oy L[ () )\ dg bt — )
()= 5 |, z ) g e, 69)

where we intend to find two unknown constants b, b} € R. On the other hand, we integrate from both sides of

Equation (3.5) in the Riemann—Liouville conformable settings of order 6* with respect to z. Then we get

. 1 2 (2= 20)" — (g —2)° \" T L d
RCIZO'O,G WO(Z) _ F( / <( 0) (q 0) > h*(q) q
20

ny +0%) o (q—20)'—7
4 b (z = 20)°" + b (2 — 29)7(1+07)
000 T(14+60%) ' o T(246%)

From the first boundary condition, we find that b5 = 0. Later, in the light of the second integral boundary

condition, we reach

b 1 [T— Ni;) /ZOT((T—ZO)U—(Q—ZO)U>UIlﬁ*(q)( dg

SO T o ¢— )7

om0 (g 2)7 T dg
L (i +07) /< o > " |
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In this position, we insert both obtained values b§ and b} into Equation (3.5) and hence we get

+(Z_ZO)U[* G /T((T—zo)"—(q—Zo)")nI1;2*((]) dg

YoT(ny)

o 50— 2)7 —(q— =)\ dg
L(n} + 0%) /zo ( o ) h(a) (g —20)t—°

Ql* g

which demonstrates that w is a solution for the Riemann-Liouville conformable integral equation (3.4). On

contrary, we can simply conclude that g is a solution for given three-point Caputo conformable boundary

problem (3.2)—(3.3) whenever wf is regarded as a solution for the Riemann-Liouville conformable integral

equation (3.4) and this ends the proof.
In the light of Lemma 3.1, we can define a new operator B* : 9T x 9 — 9 x M by

P (@, 0)(2) = (Brw(2), Bzo(2)),

where two operators Bj : T — M and P35 : M — M are given by follows:

Piw(s) = = /Z:((Z‘ZO)”‘(q‘ZO)“)W@@,g(qm(x*q)) da

o (¢ —20)'~7

g

=20 wi [T(@ =2 —(a—2)"\"" % . dg
§ 2 ll—r(nf)/zo( - . ) O1(g: 0(q), 6(X*q))

. s e e 7]1*+9*—1~
_ *,UQ *)/ ((6 0) (q 0) ) (’)l(qﬂg(q)’g()\*q))L )

o (q _ 20)170

and

Wot) = sy | (FEE2E) T Ot ) =5

B o (¢ —20)'7

-2 [ 95 [T(@—2)°—(g—2)\"" . dg
+ [2 F(’I’}*) LO < ) OQ(Q,W(Q),W()\ Q))

QQ* 2 g

_ 73 Y (v —20)7 — (¢ — 20)° Mmool e dg
1_‘(’175< + 9*) /20 ( o > 02(% w(Q)vw(/\ Q)) (q — 20)1_0 y

for each z € [29,T] and the nonzero constants €, and €, are illustrated by (3.1).

(g —z0)t=°

(q _ Zo)l—o
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In the subsequent, we shall discuss the existence criteria for the coupled system of the Caputo conformable
fractional pantograph boundary problems (1.1)—(1.2). It is an evident fact that the fixed point of the operator

P* is considered the same solution for such coupled system. In the sequel, we utilize the following notations:

A (L =z) (= z0) [l = 20)7 | [p3](6 = 20)7 %47 (3.9)
P oiTi+1) Q] | oD +1) oM 65+ 1) | '
and
Ay = (T —20) (T =20)7 | Wil(T = 20)7 | |y5|(v — 2)7 =+
2=~ = s 0Tt " . (3.10)
oI (n3 +1) Q2] o=T(n5 +1) o+ L(ny +0*+1)
The first existence criterion demonstrated below is deduced by means of the well-known result attributed
to Banach.

Theorem 3.2 Let (7)1, Oy : [ZO,T] X M x M — M be two continuous functions. Moreover, assume that

(PH1) The real constants my,mg > 0 exists so that

|(9j(z,u,v) — Oj(z,ﬂ,f))| < mj(|u—ﬂ| + v —f)|)

for any z € [20,T] and u,v, 4,0 € M and j =1,2.

Then the coupled system of the Caputo conformable pantograph fractional boundary problems (1.1)—=(1.2) has a

solution on [z, T] uniquely, whenever

2mA <1 such that m = max{m;,ma} and A =max{A, Az}
and also M; = SUP, ¢ [, 7] |(’~)J (2,0,0)|, (j = 1,2) and the constants Ay, Ay are dllustrated by (3.9) and (3.10).

Proof We regard the operator P* : M x M — M x M by P*(w, o) = (Pjw, Pso) so that both operators
P - M — M and P35 : M — M are formulated by (3.7) and (3.8). In addition to this, we regard an open
bounded ball

We = {(w,0) eMxM: |[(@(2), 0(2))amxom <€, 2 € [20,T1},

where

|14 €224

Now, we verify that B*(W.) C W,, by using hypothesis (PH1). For (w, ¢) € W, and z € [z, 1], we get

012, 0(2), 0(A"2))| < 101(2, 0(2), 0(A"2)) = O1(2,0,0)| + |O1(2,0,0)]
< ma (Je(2)] + [e(A"2)]) + My

< 2ma|lellon + M,
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and similarly |Oy(z, @(2), @w(\*2))| < 2ma||@||sn + Ma, which implies

i) < o [ (ST 0100t o)l 2

(7)) Jz, o (¢ —20)'77

* T — 20)° — _Zcrnf_1~
|ﬁumﬁ/(”’°) (4 “) 161 (a. 0la), o(N*)) | —

(z — 20)°
L) Jz o (q—20)'°

(oW

+

w3l 70— 20) = (g—20)7 " . dg
+ F(nf I 9*) /ZO ( p > |01<q7 Q(q):@()\ Q))‘ (q _ 20)175

2 + M) (T = 2)°" (T — 2)°

- o T(n; +1) Q1.

(T = 20)™ |p3|(6 — =)+ | (T — 20)°

oiT(ni +1) oD (nt + 6% +1) ||

* T—Z o
< A& @l + My) + ST =20
|14
Above inequalities yield that
|65 1(T = 20)°

[Brellom < Ar (2malloljon + M1) +

)

Q1.
where A; is illustrated by (3.9). In the similar manner, we have an inequality

N (T — 20)°

Wiollon < 8 (2malz o + o) + ST
2%

so that A, is illustrated by (3.10). Hence, in view of the above inequalities we realize that P*(W.) C W, since

we have

[P (@, o)l xom < [IF72lone + [[B2ellon

|3 1(T — 20)°

|5 1(T — 20) i
|24

< Ay (2mallollan + M) + s + Az (2ma||w@|om + Ma) +
1%

|5T|(7~j —20)° n |§§|(1~j — 20)°
€214 €224

< 2mA||(@, o)l xom + AM; + Ma) +

<2mA e + AMy + Ms) + ‘51|(1j ) " |§2|(1j— 20)
|Ql*| |Q2*|

< €.
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Next, to verify this fact that PB* is a contraction, for w,c € M and z € [29,T], we have

B (2) — Pas(2)] < ROIL |01z 02), 6 2)) — Ou(z, 8(2). 5(N*2))|

z—29)° ot A o ~ PO
i <|Q|) 15 [RETE O (F, oF), o\ T)) — O (T, 8(T), 5V T))|
1%

+ 3Rz 04(5, 0(6), 0(A*5)) — 04 (6, @(5),@(»5))!]

2my |0 = 8|y (T — 20)°™ (T — 20)° | 2malpil]|e — 8|y (T — 20)7™
- oL (nf + 1) 10, | o T (nf + 1)

. 2ma |3 ]| 0 = 0| gy (9 — 20) 7707
oI (nf + 0+ +1)

<m0~ 8y

Hence,

1R =By < 2m1 i [0 = |-

In the same way, we obtain

B30 = Bi0llgn < 2mzlaf|ew — ||y,
Consequently,
II‘W(W Q) - ‘/13*(@%, §)||Smxsm < 2m1A1||Q — @Hm + 2m2A2Hw - Fﬂ”m
<2mA ([le - é”zm +l@ =&l -

Since 2mA < 1, so P* is a contraction. Thus, by virtue of the Banach’s principle, the operator 3* has a
fixed point uniquely which is the unique solution of the coupled system of the Caputo conformable pantograph

fractional boundary problems (1.1)—(1.2) and the proof is finished. O

Lemma 3.3 Let @1, O : [zo,T] XM x DM — M be two continuous functions. Moreover, assume that

(PH2) there exist constants Ni,Na > 0 so that |O1(z, 0,8)| < N1 and |Os(z,w,%)| < Ny for any z € [20,T]
and each w, @, 0,0 € M.

Then the operator PB* : M x M — M x M illustrated in (3.6) has the complete continuity property.

Proof Consider P* : M x M — M x M formulated by (3.6). At first, with due attention to the continuity of

the functions O; and O, and by considering the Lebesgue’s dominated convergence theorem, we immediately
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find that B* has the continuity property. Now, let W C 91 x 9 be a bounded subset of the mentioned product

space. Then, for each z € [z, T] and (w(z),0(z)) € W and in view of hypothesis (PH2), we get

. L [ (=27 —a=2)"\""" ; . dg
[Piw(2) < ) /ZO ( . ) |01(q; 0(q), o(A Q))\W

(2 = 20)” I /T<<T—ZO>”—<q—zo>f'>"f‘1 - dg
+ |+ 5= 01(q,0(q), 0N Q)| ————
| €71 o) )., - |01(g, 0(q), of ))l(q_ZO)l,a
3| /5 ((6— 20)7 — (¢ - zor)”“@” - . dg
O4(q, ,0(A _—
F(T]T +0*) w0 P | 1(q Q(Q) Q( q))'(q_ 20)170
NU(T — 2)7" (T — 20)7 | | INL(T — 20)7™ |3 N7 (6 — 2)7 (1 +07) (T — 20)°
= o"T(n} +1) .| oD +1) oL () + 6% + 1) Q1.
< A, ¢ ST = 20)7
€214

|€f|(j: —20)°
|1.4]

61T — 20)7

224

which yields that | Biw|om < A1N7 + , where A is illustrated by (3.9). In the similar manner,

we have an inequality ||B5ollon < AN + so that Ay is illustrated by (3.10). Hence, in view of

the above inequalities we realize that the operator B* is uniformly bounded since we have

1" (@, 0)[lmxam < |Biwlan + B30l

(E1(T — 20)7 AN+ |§§‘|(T~—ZO)J.

< AN +
€21 Q2.

In the sequel, we intend to check the equi-continuity of P*(w, o) = (Piw, Pio). To reach this goal, for any
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22" € [2,T] with 2’ < 2", we have

1"

1 /z: <(2H e zO)o)nI_lél(q, (@), o(X* ) —22

[Piw(z") — Piw()] <

T(n;) o (¢ —20)'"7
2 Z/ — 2)0 — — 24)° ny—1 _
o [ (B Gt e
(" = 20) = (2 = 20)7 [ oy il [T (T =20)7 = (g = 20)7 )"
' o 51t ( o )

x |01 (g, Q(Q)»Q()\*Q))(q_iz)l_a}

W NLU(T — 20)°™
ol l(n; +1)

(Z// _ ZO)O’ _ (Z, _ Zo)a'

< Ni(2" = z9)7™ M - 20)7™M
Q1]

omT(ny +1) o l(n; +1)

€11+

We find that the right-hand side of the obtained inequality is not dependent of w and also approaches to 0
when 2z’ tends to z”. In consequence, B} is equi-continuous and hence it is confirmed the complete continuity
of P71 by the Arzeld—Ascoli theorem. Analogously, by similar reason, we realize that B3 is equi-continuous and
hence completely continuous too. Therefore it is conclude that PB* = (PB7,P5) is an operator with complete
continuity property and the proof is finished. O

In this position, the next existence criterion depends on the Leray—Schauder degree theory indicated in
Theorem 2.3.

Theorem 3.4 Assume that (’517(7)2 : [ZO,T] X M x M — M are continuous functions and there exist
K;(2),Li(2) € Crtl20,T] so that we have |O;(z,u,v)| < K;(2)(Ju| + |[v]) + L;(2) for j = 1,2. Then the

coupled system of the Caputo conformable pantograph fractional boundary problems (1.1)—(1.2) has at least one

solution on [z, T] whenever
1
0<AK* < 3 such that K* = max{K],K;} and A = max{A;,As},

where K5 = sup ¢, 7 [K;(2)], L =sup,cp,, 71£;(2)| and the constants Ay, Az are illustrated by (3.9) and
(3.10).

Proof To begin the proof, we regard the fixed point problem x = P*x where x = (w, ) and P* = (BT, B35)
is formulated by (3.6). Then we need to check that there exists at least one solution x = (z, ) € 9 x M which
satisfies x = P*x. In this direction, we construct the following ball

We={xeMxM: |x(2)|lmxm <& VE>0, z€ [2,T]}.

our target in this moment is to confirm that * : W; — 9 x 9 satisfies the condition

X 7 oPx (3.12)
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for all x € OW; and for any « € [0,1]. Set H(a, x) = oP*x for all x € M x M and « € [0,1]. By taking into
account Lemma 3.3, it is well known that the operator 3* is continuous, uniformly bounded and equi-continuous.
Hence, by invoking the Arzela—Ascoli theorem, we realize that a continuous map b, : 9 x DM — M x M
formulated by ho(x) = x — H(a, x) = x —aP*x is an operator with the complete continuity property. If (3.12)
is valid, then Leray—Schauder degrees are well defined and in the light of the homotopy invariance of topological

degree, we may write

aeg(h@’wé" 6) = Deg(i - Oé&p*,Wa 6) = aeg([)leg)())
= Deg(h07W€ao) = Deg(j7W€76) = i 75 6

so that I = I x I and I stands for the unit operator and 1 = (1,1) and 0= (0,0) € W¢. The nonzero property
of Leray—Schauder degree implies that we have bh1(x) = x — P*x = 0 for at least one y € W:. Now, to show

that (3.12) holds, we assume that x = af3*x for some « € [0,1]. Then for each z € [2g,T], we get

w(z) = a(Piw)(z) and o(z) = a(P30)(2).
Hence one can write

[@w(2)] = a(Bi=)(2)|

B O Y AN e T
1 /ZU ((Z S ) 101(g. 0(a). 2(X* )| —2

=T o (¢ —=0)'~7
(z=20) [y, Il [T((@ =207 = (g—2)°\" " A , dg
e / ( - ) 014 2(0). X D) =5
* 3 — )7 — — 2)° ni+0"—1 B
F(n[{uil 6) /ZO ((6 o) pu ¢ ) > |O1(q, Q(Q)»Q()\*Q))\#

- (@Killellon + LT — 20)7 (T —z0)7 [ |pil(2KT lellon + £1)(T — 20) 7"
- o T (nf +1) 101, | o (n; + 1)
IR llellon + £5)(3 — 20) 7 ] |(T — 20)°
oM T(nt +0*+1) Q|
T — 20)°
< M@K flollon + ) + (LT = 20)”
|1
Thus
" N (T — 20)°
lwllon < A2 Kilollon + £1) + 'fl|<|Q|0>
1%

509



THABET et al./Turk J Math

By similar calculations, we get

61T — 20)°

l[ellon < A2(2K;5 || llon + £3) + o
2%

Hence, we reach the following inequalities:

1@ o)l xam = [l + lleflan

|§§|(7~: — 20)°
|Q24]

1E1(T — 20)°

B + Ao (255 [|w||on + £3) +
€214

< A2k |lollom + £7) +

* T_ o * T_ o
< 2Kt ollon + 280KE [llon + ArLE + AoLh + |€1|(|Q |Z°) n |§2|(|52 20)
1% 2%

(T —20)7 | GI(T — 20)°
€214 €20

< 20K (lollon + 1o llan) + A1 + AoLs +

€T = 20)7 |, &I(T = 20)7

< 2AK|(w, 0) mxom + A1 L] + Mgl + L 4
| N

This yields

€117 = 20)7  |&3I(T — Zo>“) oy

1
<(———— * : _ .
(@, 0)llonxam < (172AK*)<A1£1+A2£2+ | ]

By setting € = T + 1, we observe that 3.12 holds. Since 0 < AK* < %, thus by Theorem 2.3, we find that the
coupled system of the Caputo conformable pantograph fractional boundary problems (1.1)—(1.2) has at least
one solution on [z, 7] and this ends the proof. O

Here, some estimates for solutions of the given pantograph coupled system are investigated in two folds.

The first estimate for solutions of the coupled system of the Caputo conformable pantograph fractional boundary
problems (1.1)—(1.2) is established due to small changes occurred in the right-hand side of equations (1.1).

Theorem 3.5 Let hypothesis of Theorem 3.2 are hold. In addition, assume that (w, ¢) and (@, ) are solutions

of the proposed Caputo conformable pantograph coupled system (1.1)—(1.2) and

CRL G (2) = 01 (2, 8(2), 8(A*2)) + e Fi(2, 8(2), (A 2)),

CCDTM 5(2) = Oy(z, E(2), (N°2)) + eFa(z, &(2), (N*2)), a1

@(z0) = 0, Wi (T) + psReI30 %(0) = &,

0(z0) = 0, Yo(T) + RIS 6(v) = &.

for e > 0, respectively. Then the following inequality

- e Aq||F + e Aq||F
(. 0) — (@, )l < ST n 22 SallZallm
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s valid provided that mA < %, where m = max{my,mao} and A = max{Aj,As} so that Ay and As are

illustrated by (3.9) and (3.10) and also we have || Fjllom = sup,c(,, 7|Fj(z u,v)| for j=1,2.

Proof First of all, in view of Lemma 3.1, we have

B(2) = RIG | O1(2,6(2), 8N 2)) + & Fi(2,6(2), 6(A"2)

(z — 20)°

Ql*

& — ui™TE [ O1 (T, 6(1), 6 T)) + 2 Fi(T,6(1), 6N T))

_ ppReTe i) [@1(5’ 6(6),8(\*8)) + & Fi(6, 6(5), @()\*5))”

and

5(z) = ReI™ [@2(2, &(2), B(\2)) + & Falz, o(2), 7%()\*2))]

g [55 — i RCILE | Oo(T, & (T), &(N'T)) + & Fo(T, &(T), 5(N'T))
2%

_ ﬁRch‘;(nSJrW) {@2(57@(5)7@(/\*5)) +e .7:'2(57@(5)7@0\*5))”

for any z € [0, T] where both nonzero constants Q. and Q. are illustrated by (3.1). Now, we obtain the

511



THABET et al./Turk J Math

following estimates for |w — | as follows:

|@(2) — @(2)| < RETE™ |01 (2, 0(2), 0N 2)) — Or (2, 8(2), 6(X"2))|

(z — 20)°

+ —=
|Ql*‘

[|MT |RCIZUJ7r |(7)1 (T7 Q(T)a Q()‘*T)) - 01 (T> é(T)v @()‘*T))|

+ |5 RETZ DBy (8, 0(6), 0(AN)) — O (8, 8(5), 6(A*0))| | + eRCTL | B (2, 8(2), 8(A"2)))|

(Z — ZQ)U

+
|Ql*‘

lw’{IRCIZ;"I |FL(T, 8(T), 8 T))| + el [REZ5 | 15, 0(6), 819)|

< 2ma|jo — @H£m<T —20)7™ (T = 2)7 | 2ma 5] || o — 3] m(T — 20)7™
- oL (nt + 1) Q14| oL (nt + 1)

e)| Fillan(T = 20)7™
ol l(n; +1)

N 2m|p3]] 0 — 8|y (5 — 20)7 i+

ol T(nf +60*+1) +

(T —20)7 el N Fullon(T — 20)°™ | e |ubll|F1llam (5 — 20)7 M +07)
11| omT(nf +1) oL (nf + 0 + 1)

< 2m1A1HQ — §||SUZ + EA1H—7:1||99?

Hence, this yields
| — @y < 2madi|l0 = 8lgy + A1 F1 llon- (3.14)

In the same manner, we get
By both inequalities (3.14) and (3.15), we deduce that

- eAL[|F1lom + eAs || Follon
_ <
[(w, 0) — (@, 0) lamxom < oA

and the proof is completed. O

The second estimate for solutions of the given coupled system of the Caputo conformable pantograph

fractional boundary problem (1.1)—(1.2) is established due to small changes occurred in the boundary conditions

(1.2). Specifically, the time interval [29,T] changes to [z9,T + €] for € > 0.

Theorem 3.6 Assume that all hypotheses of Theorem 3.5 are valid. Moreover, let (w,p) and (@,0) be
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solutions of the pantograph coupled system (1.1)—(1.2) and

CCDIM&(2) = Or(2,8(2), 6(A*2)), 2 € [20,T +¢l,
DL 5(2) = Oz, 3 (2), (X*2)),
) (3.16)
@(20) =0, piw(T +e) + ps I w(6) = &,
6(z0) =0, Vo(T +e) + 13RI o(v) = &

for € > 0, respectively. Then the following inequality

— — e < =

holds provided that mA < %, where m = max{mi,ma}, A = max{A1, Az} so that Ay and Ay are illustrated

by (3.9) and (3.10) and ||O;]lsm = supze[fjﬁ]ﬂoj(z,u,v)|} for j=1,2 and

= (T —z)7 il [Ollyy €7 (T —20)7 il [|O2l]gy €7
T Q] T+ 1) Qo]  oT(n3+1)
Proof first of all, with due attention to Lemma 3.1, we have
& (2) = RCIL" 01 (2, 8(2), 5(A2))
- (zs%i%) & — RIS ONT + 2, 0(T + €), s\ (T + ¢)))
1%
— p3RETG 0 (6,6(8), 6(A9))
and
8(2) = RCIE™ Oy (2, 5(2), B(A"2))
+ (Z_ZO)U f* . *RCIUW;@ T ~ T =(\* T
3 2N 20 2( +5,w( +€)aw( ( +5)))
2%

— 5T 04 (5,5(6), H(A9))

for all z € [zo, T+ ¢] and both nonzero constants Ql* and QQ* are illustrated by

(6 — 20)7 (1407

Ql* :MI(T“!‘E—ZO) +M2m 7&0,

i . (v — 2)7 0+
O, = (T 46— 29)7 4439~ 4,
2 =it e = 20) gy 7O
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It is obvious that min{le*, Ql*} = ;. and min{flg*, Qg*} = Oy, , where both nonzero constants Q;, and Qo

are illustrated by (3.1). Now, we have the following estimate

[ (2) — (2)] < RCTZ (B (2. 0(2), 0(A*2)) — On (2, 8(2). 6N 2))|

z—20)° TNy | A (T T * ] 2 ~ ~ )k
+ C S [REZz 164 (. o), oV T) = O 6T, 5 D))|
1%

+mezﬂﬁw“mm&mﬁwuwn—@m&m&auwnﬂ

+ WRCI;WT |O1(T +2,0(T + £), oA (T +)))|
1%

ol g (7 — )7
ol l(n; +1)

2mlo = ollon (T = 20)™ (T — 20)7
oL (i 4 1) [N

(T — 20)7 1131 [|O1] gy &

2o = 8]y (6 = 20)707

oM (nf 4 6%+ 1) (oW om0 +1)
(T =20)7 1] |01y =
< 2miAsje — 0|y + Q.| ol (nf +1)

Therefore,we obtain

(T = 20)7 il [|O1]lgn 7™

- <2m;A -0 = = 3.17
| — @y < 2malille = &l + 00| oL (n; +1) (3.17)
In similar manner, we obtain
; iy (T =20)7 il [|Oalay =™

- < 2moA - = = 3.18
o= 2llgn < 2malallm — &), + 0. oT(ng + 1) (3.18)

Hence, according to both inequalities (3.17) and (3.18), we conclude that

— (. 0 < =

||(w7 Q) (’CU, Q)mem — 1_2mA7

and this ends the proof. O

4. Examples

In this part of the current research, we examine our obtained results by proposing an example to confirm the

validity of the findings from a numerical point of view.
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Example 4.1 According to general structure (1.1)—(1.2), we design the following fractional coupled system of

the Caputo conformable pantograph boundary problems
CCDp™ H(2) = O1(z, 0(2), 0(0242)), (2 €[0,1)),
CCD8'5’1'09g(z) = 0y(z,w(2), @(0.242))

w(0) =0, 0.1120(1) 4 0.08R€Z) >0 (0.2) = 1,

0(0) =0, 0.150(1) 4 0.04RCZI>%(0.7) = 1.5,
so that o = 0.5, nt = 1.27, 3 = 1.09, 6* = 0.6, puf = 0.11, 5 = 0.08, v = 0.15, 75 = 0.04 \* = 0.24,

0=02,v=07,& =1,¢& =15, 20 =0 and T = 1. On the other hand, we formulate two continuous
functions O (z, 0(2), 0(0.242)) and Oy(z,w(z),w(0.242)) by follows

~ - 0.0001
01(Z7Q79) = Z+].

[sin(o) + arcsin(g)] + g (4.2)

and

~ B 0.0008 5 0.522
w) = + .

P [arctan(w) + @] 3 (4.3)

then one can write

~ 0.0001
<
— z4+1

[|sin(o)| + | arcsin(g)| ] + %

0.0001

- z
<< 1i [lol+1al] + =

2

< Ki(2)[lol +1al] + £1(z)

for any z € [0,1]. In the similar manner, we have

~ 0.0008 N 0.522
0n(z, . @) <~ | |arctan(w) |+ [&]] +

< 0.0008 [|w| n |zb|] n 0.522
242 8

< Ka(2)[ @] + [@] ] + La(2)

.0001
for any z € [0,1]. In view of above estimates, we define functions K;(z), L;(z) : [0,1] = R by Ki(z) = %,
z

0.0008 z 0.5z2

—m, El(Z)—§ and EQ(Z)—

Ki = sup |Ki(z)| =0.0001, K3 = sup |Ka(z)| = 0.0004,
2€[0,1] 2€[0,1]

. In this case, we have

ICQ(Z)

L7 = sup |L£1(z)| = 0.5, L5 = sup |La2(z)| = 0.0625.
26[071] 26[0,1]
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In consequence, K* = max{K], K5} = max{0.0001,0.0004} = 0.0004. On the other hand, by considering

the existing parameters, we obtain the value of constants Q. = 0.13325, O 0.18228, Ay = 4.1147 and
Ay = 4.0678 and so A = max{Aj,As} = 4.1147. Hence since 0 < AK* = 0.0016459 < 0.5, thus we find
that all hypotheses of Theorem 3.4 are valid. This causes that the fractional coupled system of the Caputo

conformable pantograph boundary problems (4.1) along with two continuous functions O1 and Oy formulated
by (4.2) and (4.3) has at least one solution on z € [0,1].

5. Conclusion

Over the decades, the human beings need to be familiar with structures and behaviors of different natural
phenomena more and more. One of the possible ways to reach this goal is to apply techniques and existing
tools in mathematics along with newly defined mathematical operators in modeling of various processes. In
this paper, we used one of these newly introduced operators named as the Caputo conformable derivative
to model a coupled system of pantograph equations. Further, the boundary value conditions of this coupled
system are equipped with the Riemann—Liouville conformable integrals. After recalling some properties of these
new fractional operators in Section 2, we applied the well-known Leray—Schauder degree theorem to obtain
sufficient conditions for proving the existence result of solutions for the proposed coupled system of pantograph
boundary value problems. Also, the uniqueness result is verified by applying the Banach fixed point theorem. By
implementing small changes in the boundary conditions and the right-hand side of the equations, we estimated
solutions of two existing coupled systems. Finally, we provided an example to check theoretical findings by a
numerical point of view. The outcomes expressed in the current paper are unique and new and also will mainly

contribute to the existing materials on the pantograph boundary value problems.
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