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STABILITY RESULTS AND EXISTENCE
THEOREMS FOR NONLINEAR
DELAY-FRACTIONAL DIFFERENTIAL
EQUATIONS WITH ¢3,-OPERATOR

Hasib Khan!, Cemil Tunc®' and Aziz Khan®

Abstract The study of delay-fractional differential equations (fractional DEs)
have recently attracted a lot of attention from scientists working on many dif-
ferent subjects dealing with mathematically modeling. In the study of frac-
tional DEs the first question one might raise is whether the problem has a
solution or not. Also, whether the problem is stable or not? In order to en-
sure the answer to these questions, we discuss the existence and uniqueness of
solutions (EUS) and Hyers-Ulam stability (HUS) for our proposed problem, a
nonlinear fractional DE with p-Laplacian operator and a non zero delay 7 > 0
of order n — 1 < v*, € < n, for n > 3 in Banach space A. We use the Caputo’s
definition for the fractional differential operators D”*, D¢. The assumed frac-
tional DE with p-Laplacian operator is more general and complex than that
studied by Khan et al. Eur Phys J Plus, (2018);1383:26.

Keywords Hybrid fractional differential equations, Hyers-Ulam stability,
Caputo’s fractional derivative, existence and uniqueness, topological degree
theory.
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1. Introduction

Recently, mathematical modeling with the help of fractional DEs have caught the at-
tention of researchers in several applied scientific fields in the previous two decades.
These models can be studied in real life in the fields like signals, biology, viscoelastic
theory, computer networking, control theory, set theory, fluid dynamics, hydrody-
namics, image processing, and many others [7,13,24,40,41].

Different research aspects of FDEs have been considered by scientists through
numerous mathematical procedures. Cabada et al. [3] studied EUS of nonlinear
fractional DEs and gave applications. Hu et al. [16] investigated a system of FDEs
involving nonlinear ¢y -operator at resonance for the existence theorems and gave
some applications. Zhang et al. [47] considered existence results for fractional DE
with ¢7-operator and multi points boundary conditions at resonance with the help of
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Mawhin’s theorem and provided application. Mahmudov and Unul [35] considered
a FDE where the order € € (2,3] having integral conditions for existence crite-
ria. They also studied existence theorems for an impulsive FDE [37] and nonlinear
FDE involving ¢ as a p-Laplacian operator [36]. Jiang et al. [21] studied exis-
tence theorems for fractional DEs with ¢}, operator at resonance by using Mawhin’s
coincidence theory and provided applications.

Recently, some scientists worked on fractional DEs with singularities for the
analysis of existence results and applications. For example, Zhang and Liu [4§]
studied existence theorems for fractional DEs with multi point boundary conditions
with the help of Mawhin’s theorems and present an application of their results. Liu
et al. [31] investigated EUS for a class of singular fractional DEs using index theory.
Guo et al. [11] proved uniqueness theorems for position solutions of a singular
fractional DE with nonlinear j-operator and Riemann-Stieltjes type boundary
conditions. Vong [45] used the upper lower solution method with fixed point theorem
for the study of a fractional DE with a singularity and integral boundary conditions.
For some more related results, we suggest the readers [26,28].

The study of fractional DEs with delay have also been studied by several scien-
tists. For instance, Zhang et al. [49] considered fractional order stochastic differen-
tial equations with multiple delays. Thanh et al. [43] investigated stability results
for fractional DE in Caputo’s sence with time-delay. Cong and Tuan [6] studied
global solutions, exponential boundedness, existence and uniqueness for a class of
fractional DEs with delay. Deng et al. [9] proved stability results for a system
of fractional DEs with delays and provided applications. Haristova and Tunc [14]
studied fractional order integro-differential equations with delays using the Caputo’s
definition of fractional derivative.

To the best of our study in the field, no one considered delay fractional DEs of
higher order with singularity and p-Laplacian operator for the EUS and stability
analysis. Motivated by the above cited works, we use fixed point theorems for the
study of EUS and HU-stability of fractional DE with singularity and ¢ -operator
of the kind:

D’ [pp[Da(1)] = —Q)E (¢, 2(t — 1)),
(@3 D2(®)]) Vs =0, i =0,1,2,...,n— 1, (1.1)
2'(1) =0, z(1) = 2/(0), 29(0) =0, j=2,3,...,n—1,

where n — 1 < ¢,¢ < n, n > 3 and £*(¢,z(t — n*)), Q(t) are continuous while
singular at some points. The fractional derivatives D¢, D¢ are in the Caputo’s
sense, () = |r[P=?r is nonlinear @}-operator satisfying that 1/q +1/p = 1 and
cp;_l = ¢y The suggested fractional DE with ¢}, is more extended and complicated
than the problems considered in [34,42].

In literature, no valuable consideration has been given to the subject area of the
paper. Therefore, our results are based on the importance of the study, i.e., EUS
and stability of the problem (1.1). For these aims, we will convert the problem to an
alternate integral form of fractional order with the help of the corresponding Green
function G¢(¢, s) and the Green function will be examined to know its nature for the
increase or decrease of the function in the assumed interval (0, 1]. After these, with
the use of fixed point theorems the EUS will be proved and HUS will be derived.
For the application of the results, we give an illustrative example.
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Definition 1.1 ( [13,40,41]). For ¢ > 0 and a function ¢ : (0,+00) — R, the
integral of arbitrary order is defined as

Th(t) = ﬁ /O (t — n)* () dn,

provided that the integral is defined on interval (0, 400) and

+oo
I'(e) = / e *s lds.
0

Definition 1.2 ( [13,40,41]). Let %(t) : (0,400) — R, be a continuous function.
Then the fractional order Caputo’s derivative of order € > 0 is given by

DY(t) = | / (t — 551 (s)ds,

I(r—ce

for [e] + 1 = r, where [¢] represents the integeral part of €, such that, the integral is
defined on (0, 400).

Lemma 1.1 ( [13,40,41]). For andy € C"~ ', € € (n — 1,n], we have
TDY(t) = (t) +mo + mat +mot®> + ...+ my, 1",
formpeR for k=0,1,2,...n—1.

Theorem 1.2 ( [10]). Let A be a Banach space and assume QQ C A be a cone.
Suppose that Vi, Vs are two bounded subsets of A such that 0 € Vy, V1 C Vs, and
the operator F§ : QN (V2\V1) — Q is continuous and such that

MN) | FEz <zl if 2 € QN AVy and || FEz|| = ||z if = € Q N dVa, or

(N2) IF52oll = [I12]] if 2 € @NOV1 and [|[Fgz|| < [|z]| if 2 € QN OVa.
Then F§ has fized point in QN (V2\V1).

Lemma 1.3 ( [27]). For the ¢5;, we have
(1) If 772 >0, 1 < p <2, and |77], ]3] = p > 0, then

oy (1) — @ (13)] < (0 — DpP 2 1i — 3.
(2) If |vi 1, 3| < p*, p> 2, then

*p72(

lop(17) — wp(13) < p p— 1) =3l

2. Green function and properties
Theorem 2.1. The (1.1) is equivalent to

)= [ e (s [ - @) T UWE (@) dods, (2)

where G¢(t, s) is defined as

(=)t (1—s) ! | t(1—s)B
€ € + € + e— ’ s S t’
= {u_zge% g Y 22)
Tt =1 s>t
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Proof. Applying the fractional integral operator 7% to (1.1) and by the virtue of
Lemma 1.1, we have the alternate form of the problem (1.1) as below

p[Dx(t)] = -1 [QOE (2t —n%))] + 1+ cot + cst? . eat"h (2.3)
(4)
By (@;(Dfl’(t))) lt=o = 0, we imply ¢; = co = ... = ¢, = 0. Then (2.3), implies
ey (Dialt)) = =T [QDE" (L alt — )], (2.4)
With the help of (2.4), we have

Dea(t) = —¢] (IV* [Q)E" (¢, 2 (t — n*))dt]). (2.5)

Using integral operator of fractional order Z¢ to (2.5) and using Lemma 1.1 again,
we have

z(t) = -I¢ (%’;(p* [Q(t)g*(t,x(tfn*)))]) +my+mat+mst>+. . Fm,t" L. (2.6)

By ) (0) = 0forj = 2,3,...,n—1in (2.6), we get m; = mg = my = ... = m, = 0.
From condition 2’(1) = 0, we have
ke = T (0T [200€" (8 2(1)] ) i1 (2.7)

Now with the help of the boundary condition z(1) = 2/(0), we have m; = Z¢1 ((p,’;
(I [Qt)E (¢, x(t — n*)))])\tzl. Thus, using the values of m; (i = 1,2,...,n) in
(2.6), we obtain

2(t) =T (3T [ (t,a(t = ))]) +T7 (3@ [ (Ll = )] iz

AN (SDZ (2 [ (t2(t — 77*))]> =

R
_[ /(JF(F) +/0 T +t/0 O } (2.8)
il | (5@ [AUE (GoslGo = )] ) s

1 s
- / g%t,s)wZ(ﬁ / (s — Co)” M [AUDE (Gora(Co — ™)) dCo) d,

where G¢(¢, s) is well defined by (2.2). O

Lemma 2.2. The function G(t,s) defined by the equation (2.2) satisfies the fol-
lowing relations:

(M) 0 < GE(t,s) for all s,t € (0,1);
(N2) the function G¢(t, s) is increasing in t and G(1,s) = maxyc(o1) G°(t, 5);
(N3) Ge(t,s) >ttt maxyc(o,1] G<(t, 5) for s,t € (0,1).
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Proof. In order to prove (N7), we consider two cases.
Case 1: For s < t, consider

(t—s)t (1—-s)t (1—s)3

G°(t8) = =7 T(e) T(c—2)
e A= st (L)
=t e + N +t o) (2.9)
e—1 (1 — 8)6_1 e—1 (1 — 8)6_1 € (1 — 5)6_2
e R B N Y
> 0.
Case 2: For 0 < t < s, we have
— s e—1 — 3 e—3
Ge(t,s) = C F(e)) H(lr(e—)z) > 0. (2.10)

With (2.9) and (2.10), it is proved that G¢(¢,s) > 0 for all 0 < s,t < 1.
For (N3), we consider the following cases.
Case 1: For s <t,

20 s = - I L
> —t€—2<1r( i);)z + 172 %(_ 8)1_)2 (2.11)
> o e L g
Case 2: For 0 <t < s < 1, we obtain
%gf(t,s) = (1r(_€i)1)2 > 0. (2.12)

By (2.11) and (2.12), we have 2G(t,s) > 0 for s,t € (0,1) which implies the
G¢(t, s) is increasing with respect to t. Therefore, for t > s, we get

€ (1 B 8)671
t8) =~
e G°(88) = "5

Similarly, for s > t, we have

=G(1,s). (2.13)

(1—s)t (1—-s5)2

€ = == € 1 . 214
S T 1
For (N3), we presume the following two cases.
Case 1: For t > s, we have
N e N ) G L
G =T T T T Te-9
> e DT T ey T g ()
- I'(e) I'(e) I'(e—2) '
B 1— 8)6—1 B (1 _ S)e—l B (1 _ 8)6—3
> € 1( t€ 1 t€ 1
= T T ' T(e—2)
_ e—3
e Gk S R G(t,s) = t1G(1, 5).

T(e—2) t€[0,1]
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Case 2: Consider s > t. Then

(1—s)c 1 (1—s)3

€ t —
Gt ) T(e) T(e—2)
e M )
>t 2 et L 2.1
= T() ' T(e-2) (2.16)
_ pe—1 € _ pe—1e 1 )
1 max GF(1 ) = 17651 5)
By (2.15) and (2.16), the proof of (N3) is completed. O

3. Existence results

We assume the space A = C[0, 1] with a norm [|z|| = max;c[o17{|z(t)| : € A} and a

cone P of non-negative functions of A, where P = {x € A: z(t) > t¢||z||, t € [0,1]}.

Let Z(r) = {z € P : ||z|| < r} and having boundary 0Z(r) = {z € P : ||z|| = r}.
By Theorem 2.1, the system (1.1) is equivalent to

a(t) = /0 95<t,s)w;‘(ré*) /0 (5= @) T AWE CoralGo - )] dGods). (3.1)

Let F§ : P\{0} — A by

Foalt) = / G<(t, )i / GV (5, o) [2C0)E" (o 2o — 1)) dCo) s, (3.2)

With the Theorem 2.1, a solution z(t) of (1.1), is equivalent to fixed point of Fo:
x(t) = Foa(t). (3.3)
We assume the following conditions:

o (Py) & :((0,1) X (0,400)) — [0,400) is continuous;

e (P2) : (0,1) — [0,400) is continuous on (0,1) and non vanishing and
192]] = max;ejo,11 [2()] < +00;

s (P3) For of a1, M. positive constants and k; € [0, 1], the function £* satisfies
€% (¢, 2(t — )| < @ (arla ()™ + M. );
o (P4) For a constant A¢« > 0 and all u,v € A,
€7t w(t —n7) = € (& vt —n")] < Ae-[2(t) — v(t)].

Theorem 3.1. Assume that conditions (P1) — (P3) are fulfilled. Then the operator
Fi is completely continuous operator.

Proof. Let z € Z(ry)\Z(r1), then by Lemma 2.2 and (3.2), we have

1 s
Foa(t)= [ 09025 | (=6 U0 CoaCo—n )] o)

1 ) (3.4)
1 *—1 * *
S/O 95(1,5)¢Z(F(V*)/0 (s—=C0)” ~H[(C0)E" (Cos x(Co—n"))]dCo) ds,
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<s —G0)” TH[QC0)E (Cos x(Co — 1)) dCo) ds

Foxz(t) /Qtsgoq

>t ; 96(1,8)¢Z(F(1V*)/0 (s = C0)” H[QUC0)E™ (Co, 2(Co—n"))] do) ds
(3.5)
From (3.4) and (3.5)
Fox(t) >t Foull, t€[0,1]. (3.6)

r2)\Z(r1) — P. Now, we show that F is continuous, for this

This implies F§ : Z(r2)
5 (u)|| = 0 as n — oo, to see this, consider

we need || Fg (un) —

[ Foun(t) — Foa(t)]

S(S — o)t [Q(¢0)€* (Cos un(Co — n%))]do)ds

/ G°(t. )¢ (s / (s — Q)" [RUWE (Cor 2(Go — 7)) dco)ds)|  (3.7)

<

“(t, s)‘

Lpq(r(ll/*) / (5 = €0 " [2(C0)E" (Cos un(Co — %)) do) ds
_@g(ﬁ/o (5 = G0)"" M [Q¢0)E" (Cos (<o —n*))]dg“o)‘ds.

With the help of (3.7) and the continuity of £*, we have |Fiu, (t)—Fgz(t)| =0 as
n — +oo, which shows that Fg is continuous.
Now, for the uniformly boundedness of F, by (3.2) and (£21), we get

| Fox(t)| = |/O gﬁ(t,sw;(ﬁ /Os(s—co)”*-l[sz(go)g*(go,x(go—n*))}dgo)ds|

= [ 10t s)en (e | = 0 T IRGE (a0 — o) ds

1 s
* 1 v*— * 1 *
< [ 1009l (s [ (6= @ Il ool + 1z )aco)ds

2 1 1
SR velive:

+
= AR (el + Mg,

1" el (el + b )

* 1 . S
where A} = (24 (e+1) + F(e)) [ﬁ]q . By (3.8), the operator Fg : Z(r2)\Z(r1)
is uniformly bounded.

Now for the equicontinuity of the operator F, by (P3), Theorem 2.1 and (3.2),
for any t1,t2 € [0, 1], we have

[Fox(tr) — Fox(ta)|

1 s
| [ oty [ 6= S Golo — 7] )

- /0 95<t2,s)wz(r(1y*) /0 (s = G0)”" 7 [2AG)E" (o, w(Co — ™)) do)ds|  (3.9)
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1

<

E(tlv 5)_ge(t27 S)

1 s «
(s | =60 10 anllel + 0z ) o)

(lti—tél 1 — 13| 1

“\Tle+r1) " T(e) )[F(V*_|_1)]Q71||Q||q_1(a1”$||k1+MZ*).

As t; — t2, we have that (3.9) tends to zero. Hence, the operator F§(Z(r2)\Z(r1))

is an equicontinuous and with Arzela’-Ascoli theorem, we have Fi(Z(r2)\Z(r1))

is compact. This implies F§ is compact in Z(r2)\Z(r1) and consequently; F :

Z(r9)\Z(r1) — P is completely continuous. O
Here, we define height for £*(¢, z(t)) for r > 0, and

(prnax(tvr) max {5 (t m(t — 77*)) . t6717" S X S 7“}7
te(0,1)

(p:ﬂin(tv’r) min {g (t ZC(t - 77*)) . te_lr <z< 7"} .
te(0,1)

(3.10)

Theorem 3.2. Assume that (P1) — (Ps3) hold and there exist a,b € RY such that

(21) a < fo (1, 8)p ( ) fo s—Co)” 1<pfnin(§0,a)d(:0)ds < +oo and
fol Ge(1,s)p; (p fo 5= ()" THQC0)Phax (Co, b)]dCo)ds < b or
(22) fy G°(1,9)03 (17 Sy (5 = o) 1 [QUC0)#hax (G0, @)] dCo) ds < @ and
b < f g (17 S) Z(F(,lj*) f()s(s - CO)V*_l [Q(CO)(pfnin(COa b)] dCO)dS < +00.

Then, the fractional DE with y,-operator (1.1) has a positive solution x € P and
a< |zl <b.

Proof. We consider (Z).
For x € 0Z(a), then we have ||z|| = a and t*"'a < z(t) < a, t € [0,1]. Then by

(3.10), we have ¢}, (t,u) < £*(¢,u), where 0 < t < 1. Hence, we can get

| Fs(t) | = max / Gt = / (5—C0)” U [UG)E (Cor 2o —*)] o) ds

t€[0,1]

2 | QE“’S)@Z(r(;)/ﬂs—c > RAG)E (o x(Go — )] dCo) ds

1 s
> [ 01,963 (g [ (5= 1) G )] o) ds = o=l
0 L) Jo
(3.11)
If z(t) € OZ(b), then ||z|| = b and t*"1b < u < b, for 0 <t < 1. By (3.10), we get
OF o (tyu) > E*(t,u). This implies

[Foz(®)ll = maX/ g ( F( )/OS(S—CO)V*1[Q(Co)ﬁ*(CmI(Co—??*))]dCo)dS

€[0,1]

<yt / Ge(l,S)sDZ(ﬁ / (5=Go)” T [RAGE (Gor (6o —17))] o) ds

/ 0°(1.9} (5775 / (5= C0)”" [ 2Co) e (Cor D)] dCo) ds <b= |
(3.12)
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By Lemma 1.2, 7 (z) = z € Z(b)\Z(a), which means a < ||z*|| < b, and by Lemma
2.2, Theorem 2.1, we have z*(t) > t<~!||z*|| > at*~! > 0, for t € (0,1). Therefore,
z* is an increasing positive solution. Furthermore, we derive that

J . 3
(1) = o Falt)

1

0 € * 3 v — * * *
[ 5 [ =@ T RGIE o (G = )] o) ds
> 0. (3.13)

O

4. Stability

In this section, we discuss the HUS of the singular fractional DE with ¢y-operator
(1.1) with the help of our results in [23,29] and the related references therein.

Definition 4.1. We say that (3.1) is HUS if for every A > 0, there exists a constant
D* > 0 such that:
If

/ G(t,s goq D) / (s — C0)” "1 [QUC0)E" (Cos x(Co —n*))]déo)ds| < A,

(4.1)
then there exists y(t) satisfying

/ 7't 9%, (7775 / (5 — o)~ [ACIE (Cory(Go — )] dCo)ds, (4.2)

such that
() — y(B)] < D", (4.3)

Theorem 4.1. The problem (1.1), is HUS provided that (P1), (P2) and (P4) are
satisfied.

Proof. With the help of Definition 4.1 and Theorem 3.2, we assume that x(t)
is a positive solution of the Singular fractional DE (3.1) and y(¢) is an another
approximate solution which is satisfying (4.2). Then

|(t) — y(1)] (4.4)

G(t, s)es ( /OS<S — C0)” Q)€ (Coy x(Co — 17))] dCo) ds

1
I'(v*)
[ [0 T 0 GouGo - )| (@9

0 TUTT(vr) Jo ’

‘0

*(F<];*)/OESCO)V*l[Q(CO)f*(Cb?x(COn*))]dC())dS

1
<=1 12 Jo°(e5)

e | 6= [P oo — ) o) s
1 1 1

<(p =)o Ae (F(e+ D r(e)) [F(V* i 1)]

e e - ]|



Hybrid fractional differential equations with p-Laplacian operator 593

where D* = p?~2(p—)e- (7257 + 1) [rrmy) 12019 Hence (4.4) is Hyers-

Ulam stable. Consequently, the HUS of (1.1) is proved. O

5. Example

In this section, an example is presented to illustrate the results in Sections 3 and 4.

Example 5.1. For ¢ (t,z(t — n*)) = 23(t) + \1/;%, te0,1],p =3, v =€=
* 2 N _ .3 1

35,7’ - 3 Q Vi-t’ 'd]l(tvx(t)) €z (t) + 3m,

singular fractional DE with ¢7-operator:

we consider the following

D [epDea ()] + [2°(t) +
“ e i (5.1)
(plD(H)]) =0 = 0.
2'(1) =0, 29(0) =0, 2'(0) = (1),
where ¢ = 0,1,2 and j = 2,3. Clearly Q € C((0,1),[0,+00)), & € C((0,1) x
(0, +0), [0, +00). We consider the following cases:
x

1 5 1
of o (tr) = max{z® + ctir <z <r} <4 gt%r%,

S

*

]_ _
Phin (t,7) = min{a® + —
X

=

rs

as height functions. Then, we have

/ G(1,5)¢i (= ( 5 / (5 — )" L [O2Co) Bl (G0 B)] o) s
/ G°(1, )i (= ( 5 / (5 — C0)” 1 [AC)haan(Con D] dCo)ds  (5.2)

< [ Gl [0 e (14 oz )

= 0.0626232 < 1,

/lg%t ey (e | (6= @ UG G )] o) s
0 ’ @q F(U* 0)%min(C0, @ 0
1 1 s
= [ e [ =@ U in (G g JA)ds (53)
v L1 e 1 RS | 10005
2/O G°(L8) (¢ u*)/ (s =) 1[\/1—7@@0 1000° 3 Ndco)ds
—00040495>W100

By the help of Theorem 3.2, (5.1) has a solution z* and satisfying 1505 < [lz*[| < 1.
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6. Conclusion

This paper is related to the study of EUS and Hyers-Ulam stability of (1.1). In the
literature, there is no any relative paper which may cover the subject area of the
paper. Therefore, our results were based on the importance of study. For the EUS
and HUS of (1.1), we have converted the problem to fractional integral form with
the help of Green function G¢(t, s). For our suggested problem, it was proved that
G¢(t, s) is an increasing positive function in ¢ on the interval [0,1]. Then, by the
help of fixed point theorems, theorems for the EUS were obtained and Hyers-Ulam
stability was also examined. For the application of the results, we have suggested an
example. For our problem, the readers may work on multiplicity results considering
different fractional order derivatives.
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