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Abstract: In this paper, we study the existence and stability of solutions in connection to a non-local
multiterm boundary value problem (BVP) with differential equations equipped with the Riemann-
Liouville (RL) fractional derivative in the sense of Atangana-Baleanu of variable-order. The results
about the existence property are investigated and proved via Krasnoselskii’s fixed point theorem.
Note that all theorems in the present research are studied based on piece-wise constant functions
defined on generalized intervals. We shall convert our main BVP with the RL-fractional derivative
of the Atangana-Baleanu type of variable-order to an equivalent BVP of constant order of the RL-
Atangana-Baleanu derivative. In the next step, we examine the Ulam-Hyers stability for the supposed
variable-order RL-Atangana-Baleanu BVP. Finally, we provide some examples to validate that our
results are applicable.

Keywords: Atangana-Baleanu derivative; variable-order; differential equation; fixed point;
Ulam-Hyers stability

1. Introduction

The fundamental idea that led to the extension of the constant-order fractional calculus to the
variable-order fractional calculus is that we replace the constant 7 as a constant order of a given
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fractional differential equation (FDE) by a function 7(-) as the variable order. Maybe the mentioned
difference seems simple, but from the theoretical point of view, variable-order operators are strong
tools for explaining and modeling complex natural phenomena with respect to independent time or
space variables.

Recently, Souid et al. [1-5] have contributed in this field with many published papers that are
concerned with the study of the existence, uniqueness and stability of solutions to many different
problems of FDEs of variable order (implicit, multiterm, resonance, etc.) via different conditions
(initial, boundary, impulsive, finite delay, etc.). All the results obtained in these papers are based on
different techniques provided in fixed point theory, the theory of measure of non-compactness and
the upper-lower solutions method. Also, in these papers, the authors studied the stability of all the
proposed problems in the sense of Ulam-Hyers or Ulam-Hyers-Rassias stability. For more details,
refer to other studies [6-11].

In [12], Jeelani et al. extended their studies on the existence of solutions by considering nonlinear
ML-type integro-differential equation BVPs with variable order

MLD0(s) = (s, 0(s), M- I5.760(s), ™" D 6(s)), s € B := [0, B], x(s) €]1,2],

0(0) = 0,6(B) = ai(s)), s; €0, B],
I=1

where D}, ML are the derivative and integral operators of the ML-type with variable order u(s),

respectively, and ¢ : N X R?> — R is a given function.
In view of the above ML-type problem, in this paper, some properties such as the existence and
stability of solutions for variable order multiterm BVP with nonlocal conditions

ABRD6(s) = po(s), s € B:= [0, B,

0(0) = 0,0(B) = " afl(sp), s €10, B],

k=1

(1.1)

are studied, where gy(s) := ¢(s,0(s), FL;0(s5)), 0 < B < +00,2 < x(5s) <3, ¢ : BXR? > Risa
given function and ABRDS(;"), ABIg(f) are the RL-fractional derivative in the sense of Atangana-Baleanu
and the RL-fractional integral in the sense of Atangana-Baleanu of variable-order x(-), respectively.
These operators are generalizations of the introduced operators by Atangana-Baleanu [13]. Note that
the main difference of our technique is that the generalized intervals and piece-wise constant functions
will play a vital role in our study for converting the fractional Atangana-Baleanu problems of variable
order into equivalent standard Atangana-Baleanu fractional problems of constant order. In fact, we
are studying an abstract variable order boundary value problem, but consider the fact that for studying
real phenomena and processes from the mathematical point of view we first have to model them in the
framework of non-fractional or fractional initial-boundary value problems.

The paper will be organized as follows. In Section 2, basic definitions and relations which will be
applied throughout the next sections are recalled. In Section 3, Krasnoselskii’s fixed point theorem
(Theorem 10) is used for the first time. Also, the property of Ulam-Hyers stable solutions is analyzed.
An example is given in Section 4. Section 5 concludes the paper.
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2. Preliminaries

In this section, the basic definitions and relations which will be applied throughout the next sections
are recalled.
We denote by C(8,R) the space of R-valued continuous functions defined on 8 with the usual
supremum norm
16l = sup{l6(s)| : s € B}

forall 8 € C(B,R).

Definition 1. ( [13, 14]) For —c0 < ¢ < d < +0oo, we consider the mapping x : (c¢,d) — [0, 1]. Then,
the RL-fractional integral in the sense of Atangana-Baleanu of variable-order x(-) for the function

0(-) € L'(c,d) is defined by

x(1)—1
ABIx(v)g _ X(S) x(s) f (s—1) 0(1)dr, ’ 21
O AT A e R &b
where N(x(s)) is the normalization function:
L x(s)
N(x(s)) =1-x(s) + FGs))”

Definition 2. ( [13, 14]) For —c0 < ¢ < d < 400, we consider the mapping x : [c,d] — (0, 1). Then,
the RL-fractional derivative in the sense of Atangana-Baleanu of variable-order x(-) for the function
6 € L'(c,d) is defined by

ABR yx(s) _ N(X(S))ifs ~ (s — 7@
D.76(s) = 1—x(s)ds . 8x(r)( x(t )(1 ) 6(r)dr, s> c, 2.2)

where Ey)(+) denotes the Mittag-Leffler function.
Now, we extend Definition 2 to the arbitrary mapping x : (c,d) — (n,n + 1].

Definition 3. ( [13, 14]) For the same ¢ < d introduced above, consider x : (¢,d) — (n,n + 1] in
connection to the function 6(-) € L'(c,d). Setv = x —n : (c,d) — (0,1]. Then, the RL-fractional
integral in the sense of Atangana-Baleanu of variable-order x(-) is

ABPg(s) = I A1 6(s), s > c. (2.3)

Definition 4. ( [13, 14]) For the same ¢ < d introduced above, consider x : (¢,d) — (n,n + 1] and let
0(-) be such that §™(-) € L'(c,d). Set v = x —n : (c,d) — (0, 1]. Then, the RL-fractional derivative in
the sense of Atangana-Baleanu of variable-order x(-) is

ABRDYg(s) =Bk D"V (s), s> c. (2.4)

Remark 5. For the case 0 < x(s) < 1, we have

e V=X
° ABIfES)Q(s) —AB I;CES)@(S)
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° ABRD?ES)H(S) —ABR DfES)Q(S)
Lemma 6. ( [14]) For 6"(-) € L'(c,d) and o € (n,n + 1], we have

o ABRD? ABJE 6(5) = 6(s),
o ABJ, ABRDE (5) = 6(s) — Yiza LO(s - o).

Remark 7. [15] For 6(-) € L'(c,d) and o € (0, 1], we have

ABP2 APRDE 6(s) = 6(s).
Remark 8. Generally, for functions x,(s) and x,(s), the semi-group property, i.e.,
ABI?(S) ABIﬁ(S)H(S) ¢AB Ifi(s)HZ(S)H(S)
does not hold.

The following theorems will be applied in the next section.

Theorem 9. ( [16]) Assume that C is a set in the Banach space X such that it is non-empty and closed.
Then, each contraction T on C admits a unique fixed point.

Theorem 10. ( [17]). Let E be a Banach space and let the set M be nonempty, bounded, convex and
closedin E. If A P, P, on M such that

1) PiE+Pré e Mforallé, ée M,
2) P, is a contraction,
3) P, is completely continuous,

then P + P, admits a fixed point in M.
3. Main results
This section includes some subsections along with main results.

3.1. Existence and uniqueness
Let us prepare some required hypotheses:

(HY1) Let n € N be an integer and the finite sequence of points {B;};_, be given such that 0 = By <
Bk—l < Bk < Bn = N,k = 2,...,1’1— 1.

Denote By := (By_1, Bil, k=1,...,n. ThenP = {B; : 1 = 1,2, ...,n} is a partition of the interval 5.

Let x : 8 — (2,3] be a piecewise constant function, w.r.t.,  as follows:

xi, if s € 8By,
X2, lf s € 827
x(s) = ) xdi(s) =
=1
Xn, Lf 5 € By,
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where the constants x; are such that 2 < x; < 3. Moreover, I, is an indicator of By, fork = 1,2, ..., n;
that is,

|1, forse 8,
li(s) = { 0, for elsewhere.

(HY2) Let ¢ : 8 xR? = R be continuous. There is K, > 0 such that

|90(S,)’1, Zl) - ‘10(5,}’2,22)| < K(,D (|Y1 _)’2| + |Zl _22|)9
Vyi,y2, 21,22 € Rand s € 8.

Then, for any s € By, k = 1,2, ...,n and by Definition 4, the RL-fractional derivative in the sense of
Atangana-Baleanu of variable order x(-) for 6 € C(8,R) can be considered as a sum of RL-fractional
derivatives in the sense of Atangana-Baleanu of constant-orders x; :

ABRDXOg(s) = ABRDYO ) (g)
O [ s
- R [ [
oy fB &, (_Vk((i—_rv)kv)k)gn(f)dr). 3.1)

Thus, according to (3.1), the equation of the RL-fractional variable order multiterm BVP (1.1) in
the sense of Atangana-Baleanu is rewritten in the form

B _ Vi
M i(f Syl ( (S T) )9(2)(T)dT
0

1= v(s) ds AT
+eeet fs &, (_Vk (s — T)Vk)9(2>(7-)dr) = @p($), (3.2)
By (1 -w)

for s € B;.
Now, we define the solution of the RL-fractional variable order multiterm BVP (1.1) in the sense of
Atangana-Baleanu, which is needed in this paper.

Definition 11. The RL-fractional variable order multiterm BVP (1.1) in the sense of Atangana-Baleanu
has a solution whenever there exist functions 6, € C(0, B;],R) fulfilling Eq (3.2) so that 6,(0) = 0 and
O(By) = X5e8, ai6(s1),

From our previous analysis above, for k € {1, 2, ...,n}, the RL-fractional variable order multiterm
BVP (1.1) in the sense of Atangana-Baleanu can be expressed with the help of Eq (3.2) on the
intervals B;.

For 0 < s < By_1, by taking 6(s) = 0, and by Eq (2.4), Eq (3.1) becomes
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ABRYyX(5) _ N(s) i fs _ (s —1)") )
D, 0(s) = s ds( - Sw( Vi T )9 (T)dT)

ABR 2
= D;"LIQ( )(s)

ABR +2
= D6,

So,
ABRDSES)Q(S) _ABR D;;k* Q(S)
k-1
Then, (3.2) is written as follows:

APRDT 0(s) = @(s,6(5)," P L. 6(s)), s € By
B B,

In this step, let us consider the RL-fractional constant order multiterm BVP in the sense of
Atangana-Baleanu

ABRITYY _ AB 1%
{ Dyt 6(s) = @(s.6(s). P I\, 6(s). s € By, (3.3)

0(Bi-1) =0,  0(Bi) = X5eq, @iO(s).

In what follows, we assume that ) g a;0(s;) # By — By_;. Set

1

A= .
(Bx = Bi-1) = Xges, ai(s1 — Bio1)

An auxiliary lemma is presented for beginning the main results in connection to the existence
property for the RL-fractional constant order multiterm BVP (3.3) in the sense of Atangana-Baleanu.

Lemma 12. The function 6 € C([By_1,Bi],R) is a solution of the RL-fractional constant order
multiterm BVP (3.3) in the sense of Atangana-Baleanu if and only if 8 satisfies

0(s)=A E ar *PL @o(s) ="" I @o(BY)| (s — Bioy) +*P I @g(s). (3.4)
B k-1 k-1 k-1
S1 k

Proof. Let 6 € C([By_1, Bi],R) be a solution of the RL-fractional constant order multiterm BVP (3.3)

in the sense of Atangana-Baleanu. Let us employ the operator ABI;’; on both sides (3.3), and using
k-1

Lemma 6 we get
9(5‘) =T + T’Z(S - Bk—l) +AB Ig& ()OO(S)a AS Bka k € {1a 29 ceey n} (35)

k-1

By 6(By-1) = 0, we getn; = 0.
Let s = s5;1n (3.5). Then, we obtain

0(s1) = m(s; — Biey) +4° 122_1909(51)-

Thus, we have
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Z a0(sy)

Z a (772(S1 — B+ Ik %(Sz))

k-1

s1€By s1€By
AB
= 1 Z ai(s; — By-1) + Z a I’;} Pe(s)- (3.6)
S]G.Bk S]G.(Bk -

On the other hand, we have

m(By — Bioy) +4° I;\;}_ISOG(Bk) = 6(By)
= > afs). 3.7)
s1€By
Hence,
m(B — Bic1) +*P Ik @g(B) = ma Z ar(s;— Bi-1) + Z ar *PL o(s)), (3.8)
. S[EBk SlEBk “
which implies
— AByx AB x
m=A| ) aL eos) "L eu(Bo)|. (3.9)

5‘168k
Substitute (3.9) into (3.5). We obtain (3.4) immediately.
Now we prove the sufficiency. Let 6 € C([B_1, Bi], R) satisfies (3.4). Employing the operator
ABRD;’; on both sides of (3.4), it follows from Lemma 6 and

k-1

APRDY. (5= Bi1) = 0
Bk—l

that

Z 4?312271909(&) —AB I;(;]:)SDH(Bk)
k=1

ABR ABR AB
X D’l;"k+ l(s - B+ D;kf 1 I);"; 1gag(s)

A

ABRDJI;(;V) Q(S)

©o(5).

Let s = s;in (3.4). Then, we obtain

0(s) = A

DTy oo(s) <P wy(Bo)
k-1 k-1

51€ By

(s — Byy) +** Ig‘z_l%(sl)-

Then, we derive
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A

Z af(s;)

S]EBk

2, @B eu(s) =" L pu(Bo)
S]EBk - -
+ @ T gyls)

k-1
S]GBk

Z ay(s; — Bi-1)

S]EBk

= A D aLE g(s) =T @o(Bo)

k-1 k=1
S]EBk
AByXk
+ Z ar Ty @o(s1)

k-1
S]EBk

1
((Bk - Bi_1) - Z)

- A (Br — Bi-1)

Z a ABI;‘Z 1SOe)(Sz) A5 ngl I‘Pa(Bk)

$1€By B -

= > @ o) P (B
sleBk k-1 k-1

+ Z 0?312271%(51)

S]EBk

— AByXk _AB yxk
= A D, @™y g(s) "L pu(By)

s1€By
+ "L @p(By)
k-1
= &(By).
The proof is completed.

(B — Bi-1)

Lemma 13. If « is constant such that « € (n,n + 1], n € B and 8 = a — n, then

ABja _ 1B m B qa
1) ML, 0= B0 0+ 1y 0

2) For n =2, we obtain

S

ABjya _ 3-«a ’ _ a-—2 el
1 BZ_le(s) = Na—2) @=2) Bk_l(s T)éE(T)dT + Nia — L@ (@—2l@) Bk-l(s )7 6(T)dT.

Proof. By (2.3) and (2.1), we obtain

ABya _ gn  ABjf
IBZ_le(S) = IBL 13121 0(s)

= T, (?v;ﬁfe(” B fB %HW)
= i (}v;ﬁ/jf“) * Nfﬁ) T, Q(S))

= ;V‘_(ﬂfzgz_]e(swzviw)lgf 0(s)

— T 00+ st 0
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This completes the proof of the first part. Now, we continue the following computations:

ABya _ 1_18 2 i «
I 6( ) = NG) Iy 0(s) + N(ﬁ)IBHH(s) (3.10)
_ 3-a o -2 L e
= N—(a/ =5y (s —1)0(t)dT + Nia (o @— 2@ j; . (s =) 8(r)dr,

and the proof is completed.

Theorem 14. The function 6 € C([Bi_1, Bk],R) is a solution of the RL-fractional constant order
multiterm BVP (3.3) in the sense of Atangana-Baleanu. Then, it is given by

By
0(s) = qi(s - Br- o[z a [ (1= Deuar - f (Bk—rm(r)dr]
51€8; Bi—1 Bj-1
-B
+ C”(sr o ) [;k @ f (51 — 7% pp(r)dT — l(Bk - T)xk_l(Pe(T)dT]
+ g3 f (s = pg(T)dT + 1 (S - )% py(1)dr,
By r( k) Bi-1
where
_AG-x) Ak —2)
D= N -2 7 N -2y
3—x X —2
q3 ‘= =

Now=-2) "= Na =2y
Proof. We have

6(s) (s = Bioy) +° L. o(s)

A Z; a ABI;EAQD@(SI) A Ix+ QDO(Bk)
Lsi€Bx

S

3 3 — X . ~ X —2 e
= A Z al(—N(xk ) f (s; — D)O(t)dt + —N(xk o) BH(SZ T) H(T)dr)

Ls1€Bx Bi

_(ﬂ R e )d) (s = Ber)
N —2) Jp, et N(x = 2D(x) Js, T ol D
Bk N Bt S
+ (veg J, i s [ o)
= A3 - ( - Bi1) Z alf (s — T)QDH(T)dT—f (Bk—T)tpg(T)dT
NG = 2) s1ENK -1
A(x —2)(s — Biy) ! e By .
N(xe — 2)T(xp) [Z; “ fB“(s’ D" pp(t)dr - fB Be=) 1906(7')617)
_3 — Xk ' X —2 ’ x—1
N(x - 2) kal(s — T)p(T)dT + m Bkil(S -7) wo(T)dT
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= qi(s— By 1)[

By
S a f (51 = Dygutrydr - [ (Bk—rxog(r)dr)
By—i

Y[EBk

q2(s = Bi-1) K e B e
W[gg; alf (s1—17) ISDH(T)dT—f (By— 1) ISDG(T)dT)

By By
A

v og | enesdr s 2 [ (s— gy,
By F( k) Bi—1

This completes the proof.

We shall prove the existence results for the RL-fractional constant order multiterm BVP (3.3) in the
sense of Atangana-Baleanu. The following result is derived due to Krasnoselskii’s fixed point theorem.

Theorem 15. Assume that both hypotheses (HY1) and (HY2) are satisfied and
LiK,(1+G) < 1. (3.11)

Then, the RL-fractional constant order multiterm BVP (3.3) in the sense of Atangana-Baleanu
possesses a solution 0y in C([Bi_1, Bi], R).

Proof. Transform the RL-fractional constant order multiterm BVP (3.3) in the sense of Atangana-
Baleanu into a fixed point problem. Define

P : C([Bi-1, Bi]l,R) = C([Bi-1, Bi], R),

by
By
PO(s) = qi(s— Bk—l)( azf (51 = Do(T)dT — (Br — T)‘Pe(T)dT]
S[GBA Bk_l
- B
+ QZ(S k1) Z a,f (sx — T Lpy(T)dT — f (Br — 7% Lpy(7)dT
F(xk) = By
+ ¢ (s — T)pe(T)dT + 4a A (s - T)xk_ltpg(T)dT. (3.12)
By F( k) Bi-1
Let .o
%
R, > i 3.13
TI1-LK,(1+6) .13)
(3= x)(Br — Bie1)*  (xx — 2)(Bi — Bio)™ .
where G := NGy —2) + N — DI, +11) and ¢* := sup,.glp(s,0,0)|. Let us consider

the following set:
Op, = {0 € C([Bi-1, Bel, R), [0l < Ry}

Clearly, ®g, # 0 is a closed convex set with the boundedness property.
The properties of fractional integrals and (HY?2) implies that the operator # defined in (3.12) is
well-defined.
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To show the fact that $ satisfies P(Dg,) C (Dg,), indeed, for 6 € Dg,, the condition (HY2) gives
(for s € B;) that

S| By
PO < qi(s = Bi1) [Z a f (st = Dlpp(DldT + | (B — T)|909(T)|d7)
5,1€8; Bi-1 Bi-1
- B, S1 By
—"Z(SF o ) [25; a fB =D gl | (B T)xk_l|§09(7')|dr]
g3 | (5= Dlpe(Dldr + rq (s =" gp(Dldr. (3.14)
Bi-1 ( k) By—1

Moreover, we have for every T € B;

ol = le(x 6@ T 6))

lp(z, 6(7),° Ly, 6(1) = ¢(7,0,0)] +l¢(7, 0, 0)

IA

K (100 + 11 0ol) + o, (3.15)

and

B S (P _ %22 7 e
| N(xi —2) Jp,., (s = D)O(T)dT + N(x = 2T(x) J, (s = 1) 0(7)d|
ﬂ ' _ Xk——z § el
< W o2 NH(S DE@ldr + G~ D0 BH(S )% o(r)dr
3-x (Bi—Biy)’ (X = 2)(Bi — Bi1)™
No-n 2 NG
( 3-x; (By—Bi1)? N (xx —2)(By — Bk_l)xk)llgll

N(x;, —2) 2 N = 2)(x + 1)

((3 — x)(Br — Bi-1)? N (xx = 2)(Br — By-1)™ ) 1ol
2N(x;, —2) N(x, —2I'(x + 1)

IABIX" O(s)l

gliell.

Hence,
llpall < K, (1 + &) 1161l + ¢*, (3.16)

and

By
S a f (s~ Dbl + [ (Bk—T)kpe(rndr]

1PO(s)l < qi(s — B 1)(

Y[GBk k 1
-B
qz(sr (xk)k ) (Z; a f (s = O pg(DldT + f (Bi- T)xk‘IIQOe(T)IdTJ

s gy [ -0 (K, 0+ G100+ ¢*)dr

By
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qa
[(x)

By

= (K, (1+ Q)60 +¢")

SlEBk By-1

+q3 (s —)dt +
By-1

4
()

IA

(K, (1+G)l16ll + ¢*)

q>(Bx — Bi_1)
(e + 1)

51681(
4
I'(x, +1)
= Li(K,(1+Q) 10l +¢)

+%(Bk — B +

CII(S_Bk—l)(Z a (81—

q>(s — Bi—y) ¥
+—F(Xk) [Z a; (Sl —

%4

(Bx

(5= (K, (L + )10l + 9% dr

S| By
T)dt +

Bi_ By

(B — T)d‘[')

s1€By

B-1

By
(By — T)xk_ldr]

S (s — T)xk_ld‘l']

By

%(Bk - Bk—l)(z a(s; — Bk—l)2 + (B — Bk—l)z]

S[GB/;

Z ai(s; — Br_1)™ + (B — Bk—l)xk]

- Bk—l)xk]

= LK, (1+@) 6l + Lyp*, (3.17)
where
L, = %(Bk - Bi-1) [Z a(s; — Bi-1)* + (By — Bk—l)z]
S[EBk
(B — By-1) X By
+ 6]2f(;(__|_f)1 [Z a(s; — Bi-1)™ + (By — Bi—1) k]
S/EBk
q3 2 q4 X,
—(By — Bi_ ————(By — Bi_1)™. 18
+ 2(k k1)+r(xk+1)(k k1) (3.18)
Thus, (3.13) and (3.17) imply that
POl < LiK,(1+@G) |6l + L™
< LkK(p (1 + g) R, + (1 - LkK‘p (1 + g))Rk
< Ry,
which means that P(Dg, ) C D, .
We define the operators #; and $, on O, by
By
@0 = as-Bn|Ya [ Gi-endr- [ B-Dedode (3.19)
51€8; Bie-1 Bj-1
q2(s = By—1) . B 4
(S — ) py(T)dT — (Br — )" py(T)dT |,
(o) [Z By-1 l ’ B ) '
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and

F? 5 ), @m0 e (3.20)

P20)(s) = g3 f (s = Dg(T)dT +
By
It follows that P = P; + P-.
We shall investigate that #; and $, include the conditions of Theorem 10 in several steps:
Step 1: P16 + P,0 € Oy, forall 6, § € Dy, .
For 0, 6 € Dp,, (HY2) and s € By, we have

By
(PO + P2O)()| < qi(s — Bk—l)( azf (s1 = Dlpg(D)|dT + f (B — T)|S09(T)|d7']

S]EBk

9200~ Bict) (Z a [ (s Ngutoldr

() S5 B

By
+ (Bx — T)xk_II%(T)IdT)
Bi-1
+ ¢ f (s — Dlps(T)ldT + 4 (s — T)""_llgpé(T)IdT. (3.21)
Bi_1 F( k) Bi-1
By Eqs (3.16), (3.13) and 6, § € ®p,, we have
. S7 By
[(P10 + P2O)(s)| < llell |g1(s — Bi-1) Z a (s; —7)dr + (B —)dr
51€B; Bi-1 By
- B By
+ QZ(S k— 1) { a[f (Sl _ T)JCk ldT + (Bk _ T)Xk—ldT)
I'(xe) = Bj-1
+ gyl [Qz (s—odr+ L [ 5 r)x’f‘ldr.]
N Js T(x) Jg,.,
S|
= (K, (1+ O R+ ") |q1(s = Bi) [Z azf (s1— 1)t
s1€EB Bi
Bk 1 k
+ (By — T)dT)
Bi-1
s— B
4 qZ(r(Xk)k 1) [SEZBk alf (s)— 7)% ]dT+f I(B — )% ]dT)
’ q4 x—1
+ (s —7)dt + (s —T)* dr.]
“ ) T Ja,
< (K, (1+ QR +¢*) Ly
< R

Therefore,
P16 + P8l < Ry
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Thus, P16 + P10 € Dp,.
Step 2: P, is a contraction.

Let 0,60 € C([Bi_1, Bi],R) and s € B,. We have

[P20(s) — P0(s)|

IA

IA

+

%j\u—ﬂ%m—%mw-

By

r&)mp—wﬂmm—%mw.

MwﬂH{me‘m—ﬁ%m—%mw
=1 Bi-1

By
f (Br — Dlepa(T) — @y( )IdT)

Bi-1

g:(s = Biy) [ < 4 ¥
—_— !
I'(xx) —

By

(51— )% () — @a(Dldr

By

(m—wﬂmm—%wwj
Bi-1
q3 (s = Dlpy(T) — @g()ldT

By-1

F&)Mp—wﬂmw—%mm.

On the other side, for every 7 € B, we write

loo(7) = @5(7)|

and

2L (0= B)(s)]

IA

IA

Electronic Research Archive

NOx = 2I'(xq) Jp,,

lp(z, 6(0),° Ly, 6(0) - (T, b0, L 7C9)]

< K, (lom) - 01+ 1L o) = 1 A
= K(I0-D@l+ 1 ©0- 0@,
Y

NG =2 Jy. S—T 7)dt

\)

X —2 (5= %0 = B)()dr]

(xx = 2)(Bi — Bi—1)™

3—x S .
Neo—2) J,, 710~ O)(7)ldr
=2 (A
N(x = 2)I'(x) Bk_l(s OO - O)(DldT

3-x (B Bi) ~
N —2) 2 e — |

N(x, — 2)T(x; + 1) 6= 6l

(3.22)
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(N3 —xi (By— Biy)? N (xx = 2)(By — Bk—l)xk) 16— 4l

(x—2) 2 N, —2IN(x + 1)

((3 — x;)(By — Bi_1)? N (xx = 2)(Bi — By-)™ 10—
2N(x; —2) N(x, — 2N+ 1)

Gllo - a.

Hence,
llps = wall < K, (1 +G) 1160 = 6l. (3.23)
By replacing (3.23) in the inequality (3.22), we obtain

P20(s) — P0(s)] < K,(1+@G)16-all %(Bk - Bi-1) [Z ai(s; — Bi-1)* + (By — Bk—l)Z]
S[EBk
B, — B;_
+ 92Bi = Bi) [Z ai(s; — Bi)™ + (B — Bk—l)Xk]

I'(xg+ 1) =

44 X
m(Bk — Biy) ]

< LK,(1+G)6-8l. (3.24)

+ %(Bk — B ) +

Consequently by (3.11), P, is a contraction.

Step 3: P, is continuous.

The Continuity of ¢ implies that $; is continuous.

Step 4: P;(Dg,) is bounded in Dp,.

Similar to Step 1, we know that P,(®g, ) C Dg,. It implies that P,(Dg,) is a bounded set in Dy, .
Step 5: P (Dg,) is equicontinuous .

For arbitrary #;,1, € By, with 1] < 1, let & € Og,. We write

By
Z a f (s1 = Dpo(7)dT — f (Bx —T)soe(T)dT]

51€By Bi-1

PiOL) ~ PO = [q1(02 - Bic 1)(

G2ty = Biy) X X
+ ) [s;;‘ a f (51 = O g(r)dT - 1(Bk -7) ISDG(T)dT)
s By
- qi(ty = Bioy) [ Z a (s; — Dg(T)dT — (By — T)‘Pe(T)dT]
51EBy B Bi-1
B
- S [zﬁ; o [ w-mr e | 1<Nk - T)Xk—lsogmdr) |
By
< qi( =1l [Z azf (81 — Dg(T)dT — (By — T)‘Pe(T)dT)|
51€By By

— By
qZ(tz h) [Z a (sl — 1) pe(T)dT — (Bx — T)xk_IQDG(T)dT] ‘

I'(x) oeB By By
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Hence, |P,(0)(t2) — P1(0)(t1)| — 0 as 1, —t; — 0. It implies that P (D, ) is equicontinuous. Therefore,
all conditions of Theorem 10 hold and we deduce that # has a fixed point O € ®g,. Then the RL-
fractional constant order multiterm BVP (3.3) in the sense of Atangana-Baleanu has a solution =
C([Bx-1, Br], R).

Now, we can present the final theorem about the existence result in connection to the RL-fractional
variable order multiterm BVP (1.1) in the sense of Atangana-Baleanu.

Theorem 16. Assume that conditions (HY1), (HY2) and inequality (3.11) hold for all k € {1,...,n}.
Then, the RL-fractional variable order multiterm BVP (1.1) in the sense of Atangana-Baleanu
possesses a solution in C([0, B],R).

Proof. For each k € {1,...,n} and based on Theorem 15, we know that the RL-fractional constant
order multiterm BVP (3.3) in the sense of Atangana-Baleanu possesses a solution 0, €C ([Bk-1, Bi], R).
We define

61(s) = 61(s), s€ By,

and for any k € {2, ..., n},
09 s € [05 Bk—l]9
gk(S) = —
O:(s), s¢€ By.

Thus, 6, € C(]0, Bk],_R) solves the integral Eq (3.2) for s € B with 6,(0) = 0 and 6,(By) =

2sies, (81 = X em, @iOk(S).
Then, the function

Ql(s)a AlS Bl’
_ 0, NS B],
6:(s) = { B(s), s€ B,

0(s) =

_ 0’ s € [0’ Bn—l]v
6u(s) = { Gu(s), s€ B,

gives the solution for the RL-fractional variable order multiterm BVP (1.1) in the sense of Atangana-
Baleanu.

3.2. Ulam-Hyers stability with respect to partition P

For the implicit RL-fractional variable order multiterm BVP (1.1) in the sense of Atangana-Baleanu,
we adopt a definition in [18] in connection to the Ulam-Hyers stability.
LetP ={8B;:1=1,2,...,n} be a partition of the interval 5.

Definition 17. ( [18, 19]) The RL-fractional variable order multiterm BVP (1.1) in the sense of
Atangana-Baleanu is Ulam-Hyers stable if for all k € {1,2,...,n}, dc, > 0, s.t., ¥V € > 0 and for each
solution y € C([By-1, Bc], R) of the inequality

|D);(£)1y(s) —@(s) <€ s€ By = (B, Bil, (3.25)
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d a solution 8 € C([Bi_1, Bi], R) of (3.3) with
Iy(s) = 0(s)| < cy€, s € [Bi1, Bl

Remark 18. y € C([By_1, Bi], R) is a solution of (3.25) iff there exists h € C([By_1, Bx], R) (depending
ony), s.t.,

(i) |h(S)| < €, v s € [Bk—l’BkL
(ii) D’C“) () = @y(s) + h(s), ¥ s € By.
Lemma 19. Ify € C([Bi_1, Bil, R) is a solution of (3.25), then y satisfies

W) —Ay—as | (s=Dp@dr - =2 | (5= )% gy(1)dr] < €L, (3.26)
Bi () Bi-1
where

By
Ay = qi(s— Bi1) [Z a (Sz — Dy (T)dT - (Bx — T)‘Py(T)dT] (3.27)

$1€By By Bi-1

_B
qZ(?(Xk)k 1) [SEZB “ f (Sl - T)x}‘ lwy(T)dT - By— 1(Bk B T)Xk_lgoy(T)dT) .

Proof. By Remark 18, we have that

MEDY y(s) = @(s. () T (9)) + h(s) = @y (s) + h(s),

and
{ ABR])x+ y(s) @y(s) + h(s), se€ By, (3.28)
)’(Bk—l) =0, Y(B) = Xges, ay(s).
Then, by Theorem 14, we get
By
y) = qi(s—Bi1) ( Z a f (51 = )(y(7) + h(1))dT — ’ (B — T)(y(7) + h(1))dT
S1€By k-1
- By
+ —““rm)k ) (Zﬁ; a f (51 = )" py() + h(7))dT

By
- f (Bk—T>Xk-1<¢y<r)+h(1>>d1)

Bi-1

+ g3 f (s = D)(@y(7) + h(T))dT + o f e )% (1) + h(1))dr.
Net F(xi) Jsy

S| By

= qi(s = By1) ( Z a (s; — Dy(T)dT — (By — T)%(T)dT)

51€By By-1 By

2Bl S et mdr— [ B0 gy e
F(xk) 518y Bi-1 y By ’
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S| By
+ qi(s— Bi-1) ( Z azf (s; — Dh(T)dt - (B — T)h(T)dT]
$1€BL By-1 By-1
_ B _ S| Bk
+ —QZ(S 1) Z a (s, — ) 'h(t)dr — f B, — ) 'h(t)dr
() v Bi_1 Bi-1
\) q4

v g [ (=@ + h)dr + (5= 0" gy (1) + h(D))dT.
Bi-1 F(xk) B

= A +q3 f (s = Dpy(T)dt + 44 (s - T)Xk_l(py(T)dT
Bi-i I'(x) Js,,

Bx

S,

+ qi(s— Bk—l)(z a (s; — Dh(t)dr —

51€8; Bi-1 By

q2(s — Bi_1) K X—
—F(xk) (WGZB/{ a; j;k_l (Sl — T) 1h(T)dT —

+ g3 fs (s —Dh(t)dr +
By

(By — T)h(T)dT]
By

By

(B — T)x"_lh(‘r)d‘r]

q4 * oyl
Fx) ka-l(s ) h(t)dT. (3.29)

It follows that

ly(s) — Ay — g3 f (s — Dey(r)dr — 1 (s — )" o, (r)d7]
Bi1 () Bi
< € %(Bk - Bk—l)(z ai(s;— Bi_1)* + (B — Bk—l)z)
s1€By,
q>(Bx — Bi_1) . x
_ — B )% B, — B,_{)*
+ Tt 1) S;k ai(s; — Br-1)™ + (Bx — By—1)
@ _ 2 q4 _ Xk
+ > (Bi — Bi—1)” + T+ D) 1)(Bk Bi_1) }

< 6Lk.

Now, the proof is complete.

Theorem 20. Suppose that (HY1), (HY2) and (3.11) hold. Then, the RL-fractional variable order
multiterm BVP (1.1) in the sense of Atangana-Baleanu is Ulam-Hyers stable.

Proof. For each € > 0, let y € C([Bi-1, Br],R) be a solution of (3.25). According to Theorem 16, the
RL-fractional variable order multiterm BVP (1.1) in the sense of Atangana-Baleanu admits a solution
0 € C([0, B],R) as 6(s) = 6i(s) for s € [0, B;], k = 1,2, ...,n, in which

01(s) = 0i(s), s€ B, (3.30)
and for any k € {2, ..., n}

09 S [O’ Bk—l]’

Gu(s), s€ By, (3-31)

O(s) = {
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and 6, € C([Bi_1, Bi], R) is a solution of the RL-fractional constant order multiterm BVP in the sense
of Atangana-Baleanu

(3.32)
O(Bi-1) = y(Bi-1) =0, 0(By) = y(Bi) = X, ai0(s) = X 5em, ay(S).

Then, by Theorem 14, the solution of constant order BVP (3.32) takes the form

ABRDYE 0(s) = @(s,0(8),*P L% (s)), s € By,
Bk—l Bk—l

FZ] k) Bk—l(s ~ O

On the other hand, since 6(Bi_;) = y(Br-1) = 0 and g, @0(s;)) = X e, ay(s), then A, = Ag.
Then we have

Hk(s) =A;+q3 f (s — Dpg(r)dt +

S

ék(s) =A +q3 (s — Dg(r)dt + 4 s (s — T)x"_lgog(r)dt (3.33)
Biy I'(x) Js,

Let s € By, where k € {1,2,...,n}. According to Lemma 19 and (3.23), (3.30), (3.31) and (3.33),
we get

(s) = B5)] = Iy(s) = O] = () — ék(s>|
V(s) = A, - gs f (s - Dgy(r)dr -

IA

y(s) = Ay —q3 f (s = Dy(n)dT + (S—T)x"_lsoy(T)dT

1“( k) Bio

(s — )% (pyT) — pz(Dldr

+ q3f (s = Dlpy(T) = "09(T)|dT+r( x) Jp,
q4

eLi + K, (1+G)lly -4l (613 3:1(S - 7)dt + T j;:l(s - T)x"_ldr)

q3 2 q4 Xk
L+ K,(1 —(By — Bi_ ———(By — Bi)™ -0
€L + K, ( +§)(2(k kl)+r(xk+1)(k k-1) )lly Il

IA

IA

IA

€Ly + K, (1 +G) Lilly — 6l
eL; +vlly -4,

IA

where
v=LK,(1+G).

Then
lly = 0ll(1 —v) < €Ly,

L

and so by assuming ¢, := o

lly = 6l < cye,

i.e.,
ly(s) — 6(s)| < cp€, s € [Bi1, Byl

Finally, Definition 17 implies that the RL-fractional variable order multiterm BVP (1.1) in the sense
of Atangana-Baleanu is Ulam-Hyers stable.
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4. Example

In this section, we investigate some examples.

Example 21. Consider the RL-fractional variable order multiterm BVP in the sense of Atangana-
Baleanu as

ABR y*(s) _ 1 .
DO* 0(s) = 100(1+|9(s)|+|ABlg<j)9(s))|’ s€8:=10,2], 4.1)
0(0)=0, 6(2)=16)+36003),
where
| T seBE=0L w2
x(s) = .
8 seB =112l
Let

1
100(1 + [y| + [z}’
Let y1,¥2,21,22 € Rand s € B. Then, we have

@(s,y,2) = (s,v,2) € [0,2] x R x R.

1 1
loCs, y1,21) = (8, y2,22)] = '(100(1 + il + |z1]) B 100(1 + |y,| + |Zz|))|

Iyl + |22l = [yil = Izl
100(1 + |yi| + |z D(L + [y2] + [z2])

1
< —(lyy = ol + 121 = 22]).
< 100(|}’1 2l + 121 = 22)

Hence, condition (HY2) holds with K, = ﬁ.

By (4.2), according to (3.3) we design two auxiliary RL-fractional constant order multiterm BVPs
in the sense of Atangana-Baleanu as follows:

A
ABRD8+9(S) = 1 7 s s € Bla
L00(1+E()I+API S, £(s)) 4.3)

0(0) = 0, &(1) = 36(3),

and
ABRD1%+9(S) = 1 8 , S€ BZ’
100(1+|€(S)|+|ABII3+§(S)|) “4.4)

(1) = 0, 6(2) = 3£G3).
Next, we prove that condition (3.11) is fulfilled for k = 1. Indeed, we calculate the following values:

7

1 4 7 1
A= — ==, Nx;-2)=1-(3-2)+ == =0.79109,
(1-0)-1d-0) 3 ER E
4 3-1 41-2)
=2 7 3 112361, qp = 22— = 056180,
1= 3N - 2) 2= NGy —2)
_7 7_
3 3
=~ 3 084271, gy 1= —— = 0.42135,
B= N —2) U= N —2)
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_G-Ha-0?  G-20-0)7

— =02
G 2N(x; —2) +N(x1—2)r(§+1) 029353,
and
L= 2a-o(id —opsa-op
! 2 22
g(1-0) (11 7 1
= " |—(=-=0)3 1-0)3
+ ey (2(2 0)3 + ( 0))
3.0 e 94 —0) =
+ 2(1 0) +r(§+1)(1 0)3 = 1.42733. 4.5)
Hence,

LiK,(1+G)=~0.018462 < 1.

Condition (3.11) is achieved. =~ From Theorem 15, the problem (4.3) admits a solution
6, € C([0, 1],R), where
01(s) = 0:(s), se€ By.

In the next step, we investigate the satisfication of condition (3.11) for k = 2. First, we calculate the
following values:

1 32
A= — _3 N, —=2)=1- (§ ~2)+ =% = 0.8256587410811,
2-D-23-1 2 3 reé-
3629 0.302788534246790, ¢, := 2G-2 0.60557706849359
M= aNm -2 P N -2 ’
_s 8 _
3 3
= ——2 = 0.40371804566239, g4 := ———— = 0.80743609132479,
T = N -2) “= N -2 ’
3-H2-1r  E-2@2-1)f
LO-JE- G- 2X - " 0.33885494976913,
2N(x;=2)  N(x -2)I¢ + 1)
and
_ Do (23 1oy
L, = 2(2 1)(3(2 D"+@2-1)
2 -1) (2 3 s s)
+ L (ZE -+ @2 - 1)
rE+1) 3(2 )3 +( )
qs 2 qa 8
+ Z@2-1+ ———(2- 1)} = 0.44418362357126. (4.6)
Hence,

LK, (1 +G) =~ 0.00594697443025 < 1.
Thus, condition (3.11) is satisfied.
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The conclusion of Theorem 15 follows that the auxiliary RL-fractional constant order multiterm
BVP (4.4) in the sense of Atangana-Baleanu possesses a solution 6, € C([0, 2], R), where

(0, sefo.1],
QZ(S) B { 52(5), s € .Bz.

Therefore, by Theorem 16, the RL-fractional variable order multiterm BVP (4.1) in the sense of
Atangana-Baleanu has a solution

01(s), s€ By,
0(s) = 0, seB,
GQ(S) = —
HZ(S)’ s € 827

Moreover, according to Theorem 20, the RL-fractional variable order multiterm BVP (4.1) in the
sense of Atangana-Baleanu is Ulam-Hyers stable.

Example 22. Consider the RL-fractional variable order multiterm BVP in the sense of Atangana-
Baleanu as

"D 0(s) = (s+4><1+|e(s)|1+|ABIgf’e<s>|>’ s €5:=10.2], 4.7)
000)=0, 62) =10h)+16d)+260), |
where
M”:{%,seﬁu:mJL “5)
%, s € B, :=]1,2].
Let

1
(s + DL+ [yl + 12D’

Let y1,¥2,21,22 € Rand s € B. Then, we have

o(s,y,2) = (5,v,2) €[0,2] xR x R.

|()0(S, )’1’ Zl) - SD(S’ )’2, Z2)|

1 1
((S+4)(1 + il +lzi)  (s+DHA +[y] + |Zz|))'
yal + |22l = [y1] = |z1]]

<
(s + (L + [yl + 1D + 2| + [z2])

1
< Z(lyl — Yol + |21 — 220).

Hence, condition (HY2) holds with K, = i.
By (4.8) and according to (3.3), we obtain two auxiliary RL-fractional constant order multiterm
BVPs in the sense of Atangana-Baleanu as follows:

7
ABRD8+9(S) = ! 7 ’ s € 817
(s+)(1+HESHABL S, £(s)D) (4.9)

0(0) = 0, 6(1) = 30(3) + 36(3),
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and

8
ABRD13+9(S) = . 8 , SE€ BZ’
(s+HAHESHAPL E(s))) (4.10)

(1) = 0, 6(2) = 3£(3).
Next, we prove that condition (3.11) is fulfilled for k = 1. Indeed, we calculate the following values:
1 16 I-2

_ _ 20 2_1———2
(1-0-id-0-1d-o 1 N =2) ( )+F(3—2)

= 0.79109,

4 G-D e )
=2 2753 1032982, 35377 0612886,
U= 3N - 2) ERl N(x1

7 7

= ——— =0.84271, =0.42135,
B= N -2) “E N

_3-DHU -0y . ( -2)(1 -0
© 2N -2) N -2TG+1)

= 0.29353,

and

11 11
L= (- 0)(1(1 07+ (5 =0+ (1 - 0>2)

e=0 (L1 o0 L1000 o
+ r(l )(( 0)3 + ( 03+ O))

+ ( -0)° +

(1 -0)% = 1.406810. (4.11)
(3 +1)

Hence,
LK, (1+G)~0.49989239 < 1.

Condition (3.11) is achieved. From Theorem 15, problem (4.9) admits a solution 6, € C([0, 1],R),
where _
01(3’) = 0](.8'), S € B].

In the next step, we investigate the fullfilment of condition (3.11) for k = 2. First, we calculate the
following values:

1 3 -2
=2, Nx-2)=1- (— —2)+ = = 0.8256587410811,
(2—1)—--—1) 2 r¢é -2
= §(3;%0 302788534246790, ¢, := G- 0.60557706849359
M= oNw -2 T Nm-2 ’
3-8 L)
= — 3 =0.40371804566239, ¢4 := ———— = 0.80743609132479,
= N, - 2) U= N, -2
3-H2-12 E-22-1)3
_8-xE-D G-2-18 0.33885494976913,

ING-2)  Neo-2TC+1)
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and
- Do (22 iy
L, = 2(2 1)(3(2 D*+@2-1)
612(2—1)(2 3 8 s)
c LT (2 piio-)
ré+1 3(2 )+ )
+ By B0 1)} = 0.44418362357126. 4.12)
2 ré+1
Hence,

L,K,(1+G)~0.148674 < 1.

Thus, condition (3.11) is satisfied.
The conclusion of Theorem 15 follows that the auxiliary RL-fractional constant order multiterm
BVP (4.10) in the sense of Atangana-Baleanu possesses a solution 6, € C([0,2],R), where

[0, sel0,1],
QZ(S) B { 52(5), s € 82.

Therefore, by Theorem 16, the RL-fractional variable order multiterm BVP (4.7) in the sense of
Atangana-Baleanu has a solution

GI(S), s € Bb
Q(S) = 0, seB,
02(5) = —
0,(s), s€ By,

Moreover, according to Theorem 20, the RL-fractional variable order multiterm BVP (4.7) in the
sense of Atangana-Baleanu is Ulam-Hyers stable.

5. Conclusions

This research introduced an RL-fractional variable order multiterm BVP of order 2 < x(s) < 3 in
the sense of Atangana-Baleanu. The analytical solutions were successfully studied from three points
of view: uniqueness via the Banach’s fixed point theorem, existence via Krasnoselskii’s fixed point
theorem and Ulam-Hyers stability. The newly obtained results generalized some existing theorems for
the delayed RL-FDEs of constant order by extending the order of derivatives as the variable order.
Finally two examples were given to examine the potential our theorems. Further investigation on this
open research subject is warranted. In fact, our proposed BVP may possibly be extended to other
fractional models. We can study different types of real mathematical models such as pantograph
systems, Langevin equations or hybrid systems in the context of fractional variable order structures,
and then, by using some numerical algorithms, one can analyze numerical solutions.
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