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Abstract

Due to the importance of some physical systems, in this paper, we aim to investigate
a generalized impulsive p-Caputo differential equation equipped with a p-Laplacian
operator. In fact, our problem is a generalization of fractional differential equations
equipped with the integral boundary conditions, impulsive forms and p-Laplacian
operators under the Nemytskii operators. In this direction, we prove some theorems
on the existence property along with the uniqueness of solutions under the Nemytskii
operator. More precisely, we use the Schauder’s and Schaefer’s fixed point theorems,
along with the Banach contraction principle. In the sequel, two examples are provided
to show the validity of the obtained results in practical.
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1 Introduction

In this paper, our focus is on addressing the concept of existence and uniqueness
of solutions for a boundary value problem involving the following nonlinear non-
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symmetric p-Caputo fractional p-Laplacian impulsive differential equation

PCDR (&)Y, (7D, ) )+ (E) Yy (@(E)=f(E o) a<&<K,
Ao (gq))=1q1 (o (&)). AYp (Pl?ch;+w) (sq)=1q2 (0 (&)).q=1.2,....k,
(@) = uy +W%IV, (&) @) |12 DY w(K) = u,

(1.1

where p, p* > 1,0 < v,8,y < 1,v, is an operator of p-Laplacian type, i.e.,
V&) = E P72 &, 1,52, € C(a, KLRY), f € C(la, K] x R, R), wo, w1, » € R,
andforg =1,2,...,k,i = 1,2wetakeI(; eCR,R),a=§ <& <---<§ <

- < & < &1 = K. Moreover, Aw (§;) = o (g;) - (Sq‘) such that (E;) and
) <§q_> denote the right and left limits of w(§) at§ = &, (¢ = 1,2, ..., k), respec-

tively and Ay, (p“cg D;+w) (Sq) has the same meaning for v/, (/’1 ‘%D}a)) (Eq).

During the past decade, theory of differential equations involving fractional deriva-
tives of non-integer order has undergone significant development and found numerous
applications in many areas such as biology, physics, rheology, mechanics, electricity,
signal and image processing, control theory, aerodynamics. This field has attracted
the attention of many researchers constantly to study fractional differential equations.
Moreover, the fractional-order models are considered as powerful mathematical struc-
tures than the classical-order models. For more details and applications about fractional
calculus, see [1-3] and references therein.

Very recently, Almeida, in [4], gave a generalized version of the Caputo fractional
derivative with some interesting properties. For a special case of the increasing function
p, one can realize that the p—Caputo fractional derivative can be reduced to some
well-known classical kinds of the Caputo fractional operator [5—7]. Those models that
employ generalized fractional derivatives could potentially give the greater accuracy
than models that rely on classical derivatives.

As the operators of p-Laplacian type have natural applications in many areas of
science, and are commonly used in mathematical modeling of physical and natural
phenomena, such as turbulent filtration in porous media, blood flow problems, rheol-
ogy, and viscoelasticity, it is important to study the fractional p-Laplacian differential
equations. As it is well-known, the formulation of an ordinary operator of p-Laplacian
type was done by Leibenson in 1983 [8]. In the context of the p-Laplacian differential
equations, the p-Laplacian operator v, is often used to model the nonlinearity in a
differential equation, and the behavior of solutions of the given differential equation
is influenced by the specific value of the parameter p. More precisely, these operators
exhibit different behaviors depending on the value of the parameter p. Here are some
characteristics based on the range of p:

1. For p > 2:

e Superlinear Growth: As p increases, the function exhibits superlinear growth.
This means that the function grows faster than a linear function.
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e Dominance of | £ |”: The term | £ |” dominates the behavior contributing to
the superlinear growth.

2. Forl < p<2:

e Sublinear Growth: As p decreases but stays above 1, the operator exhibits
sublinear growth. This means that the opertor grows more slowly than a linear
function.

e Dominance of | £ |: In this range, the term | & | dominates the behavior
contributing to the sublinear growth.

3. For p = 2: Linear Growth: When p is exactly 2, the operator simplifies to ¥, (§) =
&, which shows a linear growth.

It’s important to note that these observations are based on the form of the operator
Yrp itself. There are various researches of fractional boundary value problems with
p-Laplacian operators published recently such as [9-19].

Numerous processes and phenomena in the real world undergo brief external influ-
ences during their evolution. However, these brief durations are insignificant when we
compare to the total duration of the processes and phenomena under study. As a result,
these external influences are often considered “instantaneous” in nature, manifesting
in the form of impulses. Moreover, differential equations that incorporate impulsive
effects are prevalent in various real-world phenomena and are utilized to model pro-
cesses thatinvolve sudden and discontinuous jumps. Many readers interested in gaining
a comprehensive understanding of the fundamental theory and practical applications
of impulsive differential equations are encouraged to refer to several references in
the literature such as [20-22]. In particular, the existence of solutions to impulsive
fractional differential equations and other types of fractional differential equations
has been examined using different tools and approaches, including topological degree
theory, fixed point theory, upper and lower solution methods, and monotone iterative
techniques. See, for example, [23-28] and the references therein.

In 2020, Linda et al. [29] studied the existence of weak solutions for the follow-
ing form of a p-Laplacian impulsive differential equation equipped with boundary
conditions, employing the variational technique and theory of critical point, given by

- (%(S)Kﬁp (w/))/ E)+tE)Yp (wE) = fE 0E) 0<& <K,
Ay (“)/) (Sq) =1 (a) (gq)) ; qg=1,2,...k,
w(0) = w(K) =0,

where p > 1, ¥, is an operator of p-Laplacian type, ¢, € L°°([0, K]), f €
C(a, K] xR,R),forg =1,2,...,k, I, c CR,R),0=6y <& <--- <& <

< & < E1 = K. Also, A (¥, (/&) = ¥y (w’ (5;)) — Y, (a)’ (gq—))
so that w (E(;r ) and w (éq’ ) denote the right and left limits of w(§) at§ = §, (g =
1,2,..., k), respectively.
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In [30], Liu, Lu and Szant6 considered the solvability of a new form of impulsive
fractional differential equation given by

D (v, (DY) &) = f(E 0 &) 0<t<1,
A(w(8)) =14 (@ (8)) . AV (%DYw) (8) = by g =1.2,....k,

®(0) = uo.“ Dy w(0) = uy,

where p > 1,0 < v, B,y < 1,1 <v+ B,y < 2,9, is an operator of p-Laplacian
type, f € C([0,1] x R,R), wp, w1, A € R, forg = 1,2,...,k,i =1,2,1, €
CR,R),0=%6 <& < -+ <& < - <& <&y = 1. Also, Aa)(Eq) =
1) (E; ) —w (5(; ) such that w (éj ) and w (5(; ) denote the right and left limits
of w(é) até = §&; (g = 1,2,...,k), respectively and A, (%D}w) (Sq) has a
similar meaning for ¥, (Cg D2+a)) (éq). By using the Banach contraction principle,
they obtained some results on the existence and uniqueness of solutions for the given
model.

The main contribution and novelty of this paper is that we try to investigate the
existence results for a generalized fractional differential equation equipped with the
integral boundary conditions, impulsive forms and p-Laplacian operators under the
Nemytskii operators simultaneously. In this direction, we get help from the well-known
fixed point theorems.

The structure of this paper is as follows. Section 2 offers a comprehensive back-
ground on fractional calculus and fixed point theory. In Section 3, we establish some
theorems on the existence and uniqueness of solutions for the given p-Laplacian impul-
sive fractional boundary value problem (1.1) by using the Schauder’s and Schaefer’s
fixed point theorems, as well as the principle of the Banach contraction mapping.
Lastly, Section 4 presents two illustrative examples that highlight the validity and
significance of our main results.

2 Preliminaries

This section of the paper deals with some preliminaries on fractional calculus and
some definitions that are essential for the proofs presented later.

Throughout this paper, let Q = [a, K] C (0,00) and Q¢ = [a,&1],01 =
E1.&1,.... 01 = (x—1.8]. Ok = (&, K1, n = [v] + 1, where [v] is the
largest integer less than or equal to v.

1. The Banach space of continuous functions # on Q is denoted by C( Q) and is
equipped with the norm

IAllc = max [h(v)].
veQ

2. AC(Q) is the space of absolutely continuous functions on Q, and C"(Q) is the
set of all functions on Q with n continuous derivatives.
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3. The set of all Lebesgue integrable functions on (a, K) is denoted by L? (a, K).

2.1 Fractional Calculus that Involves a Function p

Here, we recall the fundamental definitions and lemmas from fractional calculus the-
ory, which involve an increasing function p. It is straightforward to observe that by
selecting appropriate functions p, we can obtain several commonly used fractional
operators, including the Riemann-Liouville (RL), Caputo, Hadamard, Katugampola,
and Erdélyi-Kober fractional derivatives. Several works in the literature, such as [31—
33], have studied and used these fractional operators.

Definition 2.1 (PC-Function space) Let PC(Q, R) = {w :0—->R:weC (Qq, R)

for g = 1,2,...,kandthereexista)(éj) andw(é;) até = g, withw(é;) =

w (Eq)}. Then PC(Q,R) is a Banach space equipped with the norm |w| =
SUPgcg [ (§)].

Definition 2.2 Let p be a strictly increasing and n-times differentiable function on Q.
mmﬂqx@z{w:QeR;mmyﬂweAaQysyﬂw=(ﬁ5%y4

denotes a Banach space of n-times absolutely continuous functions with respect to the
strictly increasing differentiable function p.

Definition 2.3 (Heaviside function H) The Heaviside function is given by

1 ifE>0

H(§) = {0 o 2.0

Proposition 2.4 Let w be a piecewise continuous function (w € PC(Q,R)), and let
1,1, ..., be the fixed moments of impulsive effect for ¢ = 1,2, ..., k. Denote
0! =w (t,j_) —w(t, ) as the magnitude and direction of the impulsive effect at t.. Then
w can be formulated as the sum of a continuous function g and a series of Heaviside
functions, i.e.,

q
o) =gE) + Y o/ HE —1)), 22)

J=0

such that 0° = 0.

Now, we recall the definitions of the p-Riemann-Liouville and p-Caputo fractional
integrals and derivatives [4, 34].

Definition 2.5 [4,34]Letv > Oand p : Q —> Rbeastrictly increasing differentiable
function with p’(§) # 0 for all & € Q. The left and right o—Riemann-Liouville (p-
RL) fractional integrals of order v for an integrable function w : Q —> R with respect
to another function p are defined by

1 3
p. TV _ / _ v—1
el (8) = o) /a p ) (pE) — p(1)" w(n)dr,
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K
Felg-wE) = %/g p' (D) (p(1) = p(E))’ w(1)dt,

where I' is the Gamma function.

Definition 2.6 [4, 34] Let p € C"(Q, R) be a function where p is strictly increasing
and p’ (&) # Oforallé € Q. Theleftand right p—Riemann-Liouville (p-RL) fractional
derivatives of order v € (n — 1, n) for a function w : O — R with respect to another
function p are defined by

1 d\"
p. TN—V
p,(g) dé_) éIu+ Q)(S),E >aa

-1 d\" n v
FayiE) @ <K

pED;+CU(5) = <

%Dy _w(f) = (

provided that the right-hand side integrals are defined on Q.
Definition 2.7 [4, 34] For each n € N, let p and w be two functions in C"(Q, R),
where p is an increasing function with p’(&) # 0 for all £ € Q. The left and right

p-Caputo (p-C) fractional derivatives of order v for the function w : Q — R with
respect to another function p are defined by

P %D;+w<5) =T 80w (E),

PCDy_w®) =Ty (—1)"sVw (),

where n = [v] 4+ 1 forv ¢ N,n = v forv € N, and 8,[,"]50(5) = (ﬁ%) w(&).

Lemma 2.8 The left and right p-Caputo fractional derivatives for the function @ €
C"(Q) of order v with respect to p can also be formulated as

1

PCDY () =%DY, | () — Z @)m(p@) pa)? |, 2.3)
= 5] (s)
PCDY_w(E) =Dy | wE) — Y (~DTL 22 % la (p(K) — pEN? | . (24)

q=0

Lemma 2.9 [35] Assume that ), : R — R is a p-Laplacian operator as ¥p(v) =
[ulP=2v for each v € R. Then <, (v) = (p — DIv|[P2(v # 0if 1 < p < 2). The
following items are some fundamental properties of this operator.

1. The p-Laplacian operator rp, is a homeomorphism from R to R and its inverse is

Y (V) = [V|P 720 with p* = .



On the p-Caputo Impulsive p-Laplacian Boundary Problem... Page70f33 133

2. Letl < p <2,vut>0,and|v|, || >k > 0. Then,

[¥p () — ¥ (O] < (p— DEP2|u — ¢|.

3. Let p > 2 and |v|, |¢| < M. Then,

[¥p() =¥, ()] < (p— DMP v —¢|.

Lemma 2.10 ([36], The Arzeld-Ascoli theorem of PC-type) Let ® C PC(Q, R).
Then

1. ©is a subset of PC(Q, R) that is uniformly bounded;
2. If © is equicontinuous in Qg4 for all q = 0,1,2,...,k, then ® is a subset of
PC(Q, R) and hence is relatively compact.

2.2 Fixed Point Theorems

Two important theorems in fixed-point theory are given below.

Definition 2.11 A completely continuous operator preserves continuity and maps
bounded sets to precompact sets.

Theorem 2.12 (The Schauder’s fixed point theorem) Let X' be a Banach space and
® C X be an open, bounded subset containing a point 6 € ©. Let L : ©® — X be a
completely continuous operator, where |Lw| < |w| for all o € 90. Then there exists

a fixed point of L in ©.

Theorem 2.13 (The Schaefer’s fixed point theorem) Consider a Banach space X and
a completely continuous operator L : X — X. If the set

EL)y={weX:w=0cLwforo €[0,1]},

is bounded, then L has at least a fixed point.

3 Main Results
This section of the paper deals with the investigation of the existence of solution and
uniqueness results for the p-Laplacian impulsive fractional boundary value problem

(1.1), which has an integral representation including the inverse of a given Nemytskii
operator.

3.1 Fractional Functional Differential Equations and Integral Structure

Before starting and proving the main results, we shall provide the following lemmas.
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Lemma3.1 Letv € (0, 1) and w € C(Q, R). Then, the linear initial value problem

{”‘%%w@) =w@) a<i<K, A1)
w(a) = wy, a>a,
has a solution w € C(Q, R) given by the following integral equation
1 .
w(§) = wa — F_/ P (1) (p(@) — p1(1))" " h(t)dt
W) Ja
1 S / V—
i | AOGE© = Oy hrar, (32)

Lemma3.2 Let B € (0, 1) and @ € C(Q, R). Then, the linear initial value problem

p;C‘iDIﬁ;f{(E) =w(£) aA<§ <K, (3.3)
C(K)Zyl(’ K <K,

has a solution { € C(Q, R) given by the following integral equation

K
¢(E) = ok — %ﬁ) . o (@) (p1(t) — p(K)P ar (1)dt
1 K
TH /S o1 () (p1(t) — p1 (NP e (1)dr. (3.4)

Lemma 3.3 Suppose that v € (0,1] and h : Q — R is continuous. Then, w €
PC(Q, R) is a solution of the fractional integral equation

wo + A ‘#},) faK P50 (p3(K) = p3(0) "0 (t) lw(1)[P~ " dr p
w(§) = —{—ﬁ fa‘f ,0{ ) (p1(&) — p1 (t))u_l/’l(t)ds

+20 01 (0 (&) HE —1)), forVE€ Q,q=0,1,2,... .k
3.5)

if and only if w is a solution of the linear impulsive problem



On the p-Caputo Impulsive p-Laplacian Boundary Problem... Page90f33 133

PEEDY (€)= h(1) a<é<K,
A(w(&)) = Iql (o (&)). g=12,..., k

(@) = o + 1[I 0@ 0@ I
(3.6)

where H is the Heavside function and I(} =0.

Proof Leth € C(Q, R). Assume that w (&) is a solution of the linear impulsive problem
(3.6). If &£ € [a, &], then

PECDY, w(E) = h(E). 3.7

By applying Lemma 3.1, we get

1 &
o(§) =w(a)+ m/ P () (p1(E) — p1(1) " h(t)dt.
If £ € (11, 1], then

MDY () = h(E) with Aw (€1) = 1 (@ (1)) .

In this case, Lemma 3.1 implies that

t

1 1
wE) =wE) - o P4 (@) (p1(E) — p1 (1)) h(t)dt

1 L o
+ m/ﬂ P11 (p1(E) — p1(1)" " h(t)dt
1 gl
=w (gf) + I11 (w(&1)) — m/ o1 (1) (p1(§) — o1 ()" h(t)dt
1 £ o
T ﬁ/a P11 (p1(E) — p1(t)" T h(t)dt
1 5
=w(a)+ ]11 (w(§1) + m[ pi(t)(pl(é) _ pl(t))v_lh(t)dt,

If & € (&, &3], then by using Lemma 3.1 one more step, we get

T
o) = o) - 1= f L1 E) = pr () Rty
3

1 , o~
+ T/, P10 (p1(E) — p1 (1)~ h(r)de

1o
=w(&)+ 1 (@(E)) — o) / P1 @) (p1(E) — p1 (1)) h(t)dt
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3

+ % L (o1(E) — o1 h(r)d

1 3
=w(a) + I} (0 (&) + 1 (0 (&) + o / P} () (p1(E)—p1 (1) h(r)dr.

Ifé € Jyforqg =1,2,...,k, then from Lemma 3.1 again and noting the boundary
condition

w(a) = wy + A

03, TV st [P
L@ 0@

one can obtain

4q §
0 =@+ I} (o(&)) + / PO (P1(E) — pr(1)" " h(1)dz.

j=1

By a simple calculation, we get

*

1 K pr—1
w(a) = wo + A ‘TJ/)./ P51 (p3(K) — p3(1))” () |w ()P~ dt

hence from Proposition 2.1, we get (3.5).
Now, suppose that (3.5) holds for w. Then we have the following assumption: If

ge@an]mmw@o=am+ngqm@nw@nVH§§aMumgmeMamm

P1;C, ¢D!, is the left inverse of 7 Z" , we get 3.7). If § € Jx,q = 1,2,...,k and
using the fact that the (p-Caputo fractional derivative of a constant equals to zero,
we obtain p“CgD;Jra)(é) =h(),& € (t, &g+1] and A(w () = Iq1 (w(t)). So, the
proof is completed. O

Lemma 3.4 Assume that ¢(§) € C(Q,R),v, 8 € (0, 1]. Then the solution of the
fractional impulsive boundary value problem

PCDE (&), (PGDY ) () = 9(6), E€ Q.+
Aw(&) =1 (@(&))

AV (PEED 0 (&) = 120 (1), q=12....k

w(a) =wo+ A |P%I ) | 0@~ 1}”, PECDY, w(K) = i,

(3.8)

is equivalent to the following integral equation
o0+ |17 [ 25O (KD = p3) () lo 7t
0@ =1+ 5 p1O1E) = p1(1))" " e Fep(0))dr 3.9)
+30 0 (0 (&) HE—1) §€0,9=0,1,....k
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where

1 K

1 : IRV

FoE)=—— %(K)wp(ul)+r(ﬂ)/g Py ) (p2(u) —p2(6))" " @(u)du
O 4 PupHE —1), E€ 0.g=0.1,....k,

(3.10)

and H is the Heavside function and Ié =0fori=1,2.

Proof Letv € (0,1]and ¢ € C( Q,R). Let v(§) = ¥, (p';CgDZ+w(E)), then from
(3.8), we get the following linear impulsive problem

PCDR uEwE) =) a<E <K E#1 (3.11)
A (&) =bgqg=1,2,... k (3.12)
v(K) =, (u1), (3.13)

with by = [7(@ (), q = 1,2,...,k, by = 0.
Then by applying Lemma 3.2, (3.11)—(3.13) are equivalent to

2(K)Wrp ) + 15 fo- 05 @) (p2(1t) — p2(8)P~ p(u)du

xE)v(E) = +23:0bj(a)(tj)H(é _ tj)s Ee Q,g=1,...,k.

(3.14)

hence by v(§) = ¥, (%D w(§)) = F(pE).§ € Q.q=0,1,2,...,k onecan
find that the problem (3.8) has the equivalent form

PEGDY (€)= Ypr F(9(6)), a<&<KE+1,
Aw () =1] (0(&)) g=12k (35

_qpr-1
(@) = wo+ 1 |P%L) 0@ 0@ .
Then, by applying Lemma 3.1 again, we get the desired result. O

3.2 Existence and Uniqueness Results

Here, two main properties including the existence and uniqueness of solutions will be
investigated.

Lemma3.5 If f € C( QO x R, R), then the function w(§) € PC( Q, R) is a solution
of the the p-Laplacian impulsive fractional boundary value problem (1.1) if and only
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if it satisfies the integral equation

@o + A }%y) FE 030 (p3(K) = p3(0) " (@) Iy P~ |
OE) =1 i [ A1 OEE) = pr ()" GNw(1))dt (3.16)
+20 01 (@(5)HE —1) €€ 0.g=0,1,... .k,

where

I { (K)p u)+ 155 [ 040 (p20) = p2(6) P~ N ) du
(&)

SNw(E)=—— N
+Y B upHE = 1), E€ Q,.q=1,... .k
(3.17)

and N is the Nemytskii operator associated to the p-Laplacian impulsive fractional
boundary value problem (1.1) definded by

N@&) = fE @) —tE)Y, (@), &€ 0.§ £,
g=12,....k,we PC(Q,R). (3.18)

Now, we consider the integral operator £ : PC(Q,R) — PC(Q, R) defined as

wo + A ‘%y) faK P4 (1) (p3(K) — p3(0)Y " (1) | ()17~ dt p
Lo@E) =1 +k5 5 p(01E) = p1(1)" Ypr GNw(0))de (3.19)

+Z} =0 j( ( ))H(S_tj) Ee 0,q=0,1,... k.

It is obvious that a solution of the p-Laplacian impulsive fractional boundary value
problem (1.1) will be the fixed point of the operator L.

Lemma 3.6 The operator L : PC(Q,R) — PC(Q, R) is completely continuous.

Proof Firstly, let us prove the continuity of the operator £ : PC(Q,R) — PC(Q, R).
Assume that {u,} € PC(Q, R) is a sequence so that u, — w in PC(Q, R). In view
of the continuity of f (&, w), I(; fori = 1,2 and the first item of Lemma (2.9), one
can write

w0+ | [ 5003 (K= pae)? ) g ()17~ dr|
hm £un(§)_ lim

no00 +m>f plm(m(s)—m(r))”‘lvfp«sNun(r))dt
+ 00 1] (un (8)) HE = 1)),

*

pr—1

1 K
=wy+ A ’/ P50 (p3(K) — p3(1) ' n(2) lun (1) [P~ dr
') Ja
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: : 4 v—1
"‘m/a 1O (P1(E) — p1()" ™ Y pe (FNu, (1)) dt

q
+ ) 1) (un (8))) HE = 1)) = Lo ()
j=0
uniformly for £ € Q,q = 0,1, ..., k. This shows the continuity of the operator

L:PC(Q,R) —> PC(Q,R).

Next, we show that £ is compact. Let ® = {w € PC(Q,R), | w ||[< R}. Then
from the continuity of f and [ I there exist the constants My, My, M, > 0 such that
| fE, w(&) |< Mg and | I(j(a)(tk) I<M;i(g=1,2,....k,i =1,2)forallé € Q
and each w € ®. We have

1
| SNw (@) | = POl #2(K)Yp (u1)
K
+— 05 (u) (P2 () — p2(ENP ™ f (u, w(u) — 1)y (0 (u)) du
') Je

q
+Y o)HE —1). £ € Q.q=1.....k (3.20)

Jj=0

1 K
= M3 | 2(K)Yp (lur )+ —/ P5 ) (p2(t) — p2ENPN(| flu ) |
I'(B) Je

k
H @Y (oW D) du+ Y | () |)

j=1
Moy + Ms'Rp_l

-1
§M3<%(K)|u1|p + FG+1)

(p2(K) — pa(a)P + mMz) =1L,

where M3 = Ms = maxgcq (1(§)), My and M, are given above. It

1
) } mingc g (2(§))°
implies that

pr-1

l K
| Lo(&) |<| wo |+] x| ‘m/ P51 (p3(K) — p3(1)) "' n(0) loo(1)|P" dt

k
1 &
+) (@) |+mf PLO(P1E) = p1 (1)) e (IFN @ (1)) dr
j=1 a
pr—1

RM;
<lwo | +1A] I+ 1)(/03(1() — p3(a@))” + kM,
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vyp*—1 ._ 7x
+m(,01(1<)—pl(a)) LP = 1L"

here M4 = maxgcg (n(§)).

Therefore, we find that | Lo |< L* for each @ € ©. Consequently, £L(®) is
uniformly bounded in PC(Q, R).

Now, we need to prove that £(®) C PC(Q, R) is equicontinuous in J; by the
Arzeld-Ascoli theorem of PC-typ. For this, let w € ® and 71, 12 € [a, #1] such that
a <7t <1 <t.Wehave

1o
|[/CU(T2)_£U)(TI)|='%/ 1) ((p1 ()= p1 (1) = (o1 (r1) — p1 (1)) ")
XY FNw(t)) dt
1, :
+ W})/ P11 (1) = p1()' ™ Ypr (FNw(1)) dt
13l

LP’*l 71
= Tw) (/ |01 ((o1(r2) = p1(1)"~" = (o1 (1) — pr(e)* )] dt
+/ P11 (1 (22) — ;Ol(t))”’ldt)
7|
pr—1
= F(l)) (2(IOI(TZ)_)OI(TI))V_(;01(1'2)—,01(a))v—}—(pl(fl)_pl(a))v).

In other words, we have

Lyt
| Lo(r) — Lo(t)) |< O

(2 (p1(2) = p1(11))” = (p1(m2) — p1(a@)” + (o1 (1) — p1(a))’ )

for Qr, where ty <11 <12 <é411,9=1,2,...,k.

As p1(£)Y is uniformly continuous on Q¢ and 75 — 71, the right-hand side of the
above inequality tends to zero. Therefore, K (®) is equicontinuous. Then, the Arzela-
Ascoli theorem of PC-typ implies that £(®) is relatively compact in PC(Q,R). O

To investigate the existence and uniqueness of solutions to the p-Laplacian impulsive
fractional boundary value problem (1.1), we consider some assumptions below.

(Hp) Let f : O x R — R be continuous with the following conditions: there exist
non-negative constants 7, e € Rand 0 < £ < p — 1 such that | f (£, w)| < r + e|w|*
forall§ € Q and w € R.

Hp) Forg = 1,2,...,k, i = 1,2, I; € C(R,R), and there exist constants

ri,e > 0,0 < ¢! <1land0 < ¢; < p — 1 such that |I} (w)| < r} +e;|w|€’k,w eR.
(Hz)Let f : O x R — R be a continuous function. Also, there exist non-negative
constants r,e,R1 € Rand 0 < £ < p — 1 such that |f(§,w)| < r + e|a)|l,
§e€ 0, wel0,R];
(Hy) Forg = 1,2,...,k, i = 1,2, I; € C(R,R), and there exist constants

ré, % R1>0,0<¢ <1land0 <€} < p—1suchthat |l (®)]| <7l +e;|w|€i,w €
[0, R1];
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(H3) f : O x R — R is continuous. Also, there exist non-negative constants
r,e,R1 € Rsuchthat | f(§,w)| <r+elo|P™1,& € 0, we[0,R];

(H))Forg =1,2,...,k,i =1,2, Ié € C(R, R), and also, there exist constants
ris€p, R1>0and 0 < £f < 1 such that | I} (w)| < r} + ¢l |0’ o € [0, Rq];

(Hs) f : O xR — Ris continuous. Also, there exist non-negative constant L € R
such that

IfGE o) = fEv)|<Llw—-v, &€ wvek;

(Hg) Forqg = 1,2,...,k, i = 1,2, Ié e C(R, R), and also, there exist constants
Li > 0 such that
k

(@) — I[(@)| < Ljlo—v], wveR

(H3) f : O x R — R is continuous. Also, there exist non-negative function
(&) € C( Q) and the constant L € R such that

0<fE o) —tE)Y) (@(§) =®6), §€Q,weR,
|f(‘§,a))—f(“§,v)|§L|a)—v|, EGQ,CU,UER
ug, up > 0, A >0;

(Hg) Forg =1,2,...,k,i = 1,2, I; € C(R, R). Also, there exist the positive
functions LIJ,’; € C(Q, R) and constants L};, e,l > 0 such that

0<L[ () <V E +ellloll, (o eRxR,
0 < I} (w) < WP (&), (¢, )€ QO xR,
(@) - [[(@] < Lilo—v], wveR;

(H*) f : O xR — R is a continuous function. Also, there exist non-negative
constants L € R and e such that

0<fG 0)—t@)Yp (@), &€ weR,
0<I[f( o) <elwP!, §€Q,weR,
|f(§,w)—f(§,v)|§L|w—v|, SEQ,C{),UER
ug > uy > 0, L >0;

Hg)Forg =1,2,...,k,i=1,2, I; € C(R, R), and also, there exist the positive
functions \IJ,: € C(Q, R) and constants L, e;; > ( such that

0<L(w) =W @ +ellloll, (o eRxR,
0 < If(®) < eflol’~", .0 e QxR
[I[(@) = I{(@)| < Lljo—v|, w,veR;
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(H™) f: O x R — Ris continuous. Also, there exist the non-negative function
I1(¢) € C(Q) and constant L € R such that

¢ < fE, 0) —tE)Y), (w(E)) <0, §e€Q,wekR,
[ f( 0)— fE,v)|<Llw—v|, &€Q,w,veR
ug,u; <0, A <0

Hg*) Forq = 1,2,...,k, i = 1,2, I; e C(R,R), and also, there exist the
positive functions x,i € C(R, R) and constants L, e,l > 0 such that

X% E —e o< ['0) <0, ¢ e 0xR,
X (§) < (@) <0, (6,w) € O xR,
I}(@) - Ii(@)| < Lilo—v], w,veR

Now, we prove the first existence theorem.

Theorem 3.7 Suppose that the assumptions (H\) and (H3) are satisfied. If

pr=1
| A My

-+ _ Y
T+ 1) (p3(K) — p3(a))” < 1, (3.21)

then the p-Laplacian impulsive fractional boundary value problem (1.1) has at least
one solution.

Proof Firstly, Lemma 3.6 implies that the integral operator £L( Q, R) — PC( Q,R)
is completely continuous. Next, suppose that (H;) and (H») hold. We show that the
set E(L) ={we PC(Q,R):w=o0Lw for some o € [0, 1]} is bounded.

Let w € E(L). Then we have w = o Lw foreach & € 0, g =0, 1,2, ...,k and

1 K
| SN () | < M3 (z(K)wp (lur )+ 6 /5 P (1) (p2(t) — pa(£))P~!

k
x[1 £ 0 |+, (0w D Jd+ Y 1 o) | )

j=1

1 K _
5M3<%(K)|u1 Lt ) S P5(1)(pa(t) — p2(£))P~!

k

x [+ elo @ + v, (o ) [dut+ Y rd + e§|w<rk>|‘f)
j=1

r+e ol +Ms | w|P!

— B
FB+ 1) (p2(K) = p2(a))

< M3(%(K) Luy P71+

k
02
+Y+dnon?).

j=1



On the p-Caputo Impulsive p-Laplacian Boundary Problem... Page 17 0f33 133

So, one can find a positive constant z such that || §N w || < @. Now, we have

lo@) =0 Lo@) |

K pr=1

wo + ‘ ,Oé(t)(m(K) — o3 @) lo®)|P7 dr

D)

1 , o
+m/a p1(@®)(p1(§) — p1 (1)) ‘¢p, FN o)) dt

1 K pr—1
<olw|+o 'mf P50 (p3(K) — p3(1) " 'n(t) lo ()P~ dt

tio )/ PHO(P1E) = p1 (1) e (|3Nw<r>|)dr+az | 1 () |

j=1

oot + 11 M

=1 T(y +1) -
1 k 1
*—1 1 1 L.
o —p@)w? +j§rj +elllol.
Consequently,
lw@) | <lwo |+l M(n (K) — p3(@))
Ty +1)

1 v
+ fo P —pi@) @ +Zr +ellllf,

foréeQ, g=12, ...,k

1
By taking into account that 0 < El < 1 and A |(y+l) (p3(K) — p3(a))’ < 1, we can
deduce that there exists a positive constant o@* such that || w || < @* for any solution
of the functional equation w = o Lw, 0 < o < 1. Therefore, by using Theorem 2.13,
we obtain the existence of a fixed point for £ implying the existence of at least one
solution for the p-Laplacian impulsive fractional boundary value problem (1.1). O

Before starting the second existence theorem, we consider the following notations
for the sake of convenience:

k
Cl= M | 3(K) | uy |”‘1+Zr}+m3 52 (K) = ;@) |
j=1
2 4e M, B _ MsM53 8
—m(ﬂzaf) p2(a)f, C3 m(ﬂz(K) ,(a))”,
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4M5e2k k M
Ct=—J_ (5= Lel=4n) —24—,
- e e e
k Cw+1)
CZ=4mZe§7A=4 ,fOrj=1, 2, ,k
: =i (p1(K) — p1(a))”

Now, we are ready to prove the second existence theorem.

Theorem 3.8 Assume that the assumptions (H3) and (Hy) are satisfied. If
c? <1, (3.22)
then the p-Laplacian impulsive fractional boundary value problem (1.1) has at least

one solution.

Proof We shall prove that the p-Laplacian impulsive fractional boundary value prob-
lem (1.1) has at least one solution. Suppose that (Hz) and (H4) hold and C 2 co satisfy
(3.21),and let Q| = {w € PC(Q,R), | w ||< R1}, where

4(chHr 1 1 1
Ri > max —( n ) <c3)”’”, (c;‘) R P Ter) (C;)H} :
forj=1, 2, ..., k,

for Vo € ©, & € 0. We have

K

1 / p—1
| SNw(©) | < M3<%(K)1ﬂp (ur D+ == | p20)(e20) = p2(8))
L(B) Je

k
<[ £ 0w |+, (0w ) |d+ Y | Bee) | )

j=1

1 K _
5M3<%<K>|u1 P! TH : P4 (1) (pa(t) — p2())P~!

k
x[r + el + @y (o D) Jdu+ erg + e§|w(rk>|‘i)
J=
rtellol+Ms ||
rg+1n

k
< M3<%<K> lug P74 T+
Jj=1

k
% (02(K) = p2@)f + 32 o 1| )

J=1

AP AP K oAr-l 2
1 254 3 p—1 4 5 p—15%
<C +— C*Ri+C T R! +,~§-1—4m CIAPTIR,



On the p-Caputo Impulsive p-Laplacian Boundary Problem... Page 190f33 133

p—1 p—1
_ (ARY) A
= 4 4

AP 102 ¢2
+Z kR, TIR,!

RYTIIRE £ A (AR

2

< (A4R1)” L
This implies that

*

pr—1

A K
| Lo(&) | <| wo | + ‘m/ P51 (p3(K) — p3(1))Y (1) o ()P~ dr

+Z|1 O |+ 505 )/ PLO(P1E) = p1 (1) e (BN (1)]) dr

j=1

ol M) £

-4 Y i
<loo |+ 4] T =5 (03(K) = p3(@) +;rj+e lo |

1 v
- m(m(!@ — p1(@)" AR
R k .

<l | +Zr +1 —1)(p3(K)—p3(a))y+Ze;RJ

c® Locl oo
(P (K)=p1(@)" ARy = C+—-Ri+) | LRy + Ry
j=1

+ C(v+1)

k
R R
T+—+Z—Rl ’Rl +4R1<R1

Thus,
I Lo) II< Ri,

which implies that £(®) C O for every w € ;. Hence, from Lemma 3.6, the integral
operator L : ® — © is completely continuous. By applying the Schauder’s fixed point
theorem, we can say that the operator £ has a fixed point, which is also a solution to
the p-Laplacian impulsive fractional boundary value problem (1.1). O

Remark 3.9 Let the assumptions (H3) and (H}) be satisfied. If

k k
2 3 4 6 7
D O D DIk (3.23)
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then, by using a similar method given in the proof of Theorem 3.8, we can follow that
the p-Laplacian impulsive fractional boundary value problem (1.1) also has at least
one solution.

Theorem 3.10 Let f (&, w) be continuous on Q x R and I,i (w) be continuous on

. . I .
R. Assume that lim,,_ f(g’“))g = 0 and lim,,_ e Ofori =1,2,q =
r+elw| i il
rk+ek|w\ k
1,2,..., k, wherer,e, r,’c, e}c are nonegative constants and 0 < £, E,% < p-1,

0< E}{ < 1. Then the p-Laplacian impulsive fractional boundary value problem (1.1)
has at least one solution.

0 and limg,—o L)l
rlf,+e’k|w\ek
qg=1,2,..., k,thereexistsaconstant R; > 0 suchthat| f(§, w) |<€ (r +e|lw IZ)

and | I,i(a)) < e,i (r,’{ +e§( | w |4¢) for0 <] w |< Rl,wheree,e,i > 0.

fEo0)

relwlt T

Proof In view of lim,_.¢ =0, fori = 1,2,

As f(&, w) is continuous on Q x R and Ili (w)’s are continuous on R, we find
that the conditions (H3) and (Hy4) hold. The proof follows a similar process as in
Theorem 3.8. m]

Remark 3.11 Consider the continuous functions f(&,w) on Q x R and I,i (w) on

1
. _ ; fEw) . L0
Rfori =1,2,qg = 1,2,...,k. Let limy_0 FrelorT = 0, limg,_o Tielol =
. 12 P .
and lim,,_. ¢ % = 0, where r, e, r;, e} are non-negative constants. The same
ke

technique used in the proof of Theorem 3.10 can be applied to show that the p-
Laplacian impulsive fractional boundary value problem (1.1) has at least one solution.

In the rest of study, we will give the uniqueness results to the p-Laplacian impulsive

fractional boundary value problem (1.1). For this, let us use the principle of the Banach
contraction mapping. For ease of understanding, define

Fu =27, (n®) lo®ILk ) -

Theorem 3.12 Suppose that there exist the constants ©1, ©;, O3, B4, O5, Og > 0
such that

01 <[ FNw(§) |< 0y, (3.24)
03 <[l @ [|= B4, (3.25)
05 <[ Fu |< O, (3.26)

foreach & € Q,w € PC(Q, R). If the assumptions (Hs) and (Hg) hold, then the
p-Laplacian impulsive fractional boundary value problem (1.1) has a unique solution.

Proof Let the assumptions (Hs) and (Hg) be satisfied. We only consider the case
1 < p < 2; as the other case p > 2 is straigtforward. If 1 < p < 2, we have p* > 2
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by % + # = 1, and by applying (3.24)—(3.26) and Lemma 2.9 for every § € Q,
w € PC(Q, R), we obtain

[Vpr BN () — Yrpr (SNU(E))I < (p* = DO IFNwE) — FNvE)]

*—2

=(p*-1e} 0 / 05 w) (P2 () — p2(ENP ™ (f (u, (W) — f (u, v(w)) du

I%($)| ‘
1 K
G . P00 = Wy ) — ¥y @)
x 1 K
= (p*-DO3 2M3(7/ 05 @)(p2() — p2(ENPTV | flu, w) — f(u, v(u) | du
re J;
1 K
+ —/ P4 w) (p2() — p2(E))P () | Yy (@) — Y (@) | du
'B) Je

q
+Y 1 ) — o) | )

j=1

. L+(p—1er? K
<(p DO My | =L (py(K) — RN —v |,
< (p*— 16} 3( raT ) - paa)) ; AlCE
and
|| Fu 7=t — o 7|

K
B “m/ (P3O (p3(K) = p3 (1)~ In(@0) [ |77 dt‘p

e )/ PO (P3(K) = p30) (@) | 1771t 1'

=(p'-1ef / (A1) (03 (K) = p3 (1) ™ 1Oy (@) =y (1))

ol

ey [ My(p — HOP2
<(p* - 10} ? (%—+)1)3(p3(K) — Ps(d))y> lw—v].

So, forevery £ € O, w,v € PC(Q, R), we obtain

| Lo (§) — Lu(§) |

Ma(p — HOS ™

<lal(p*—ney ( (p3(K) — ps(a))y) [w—v]

Ly +1
. L+(p—1)Or™ a
+(p* =16} 2M3(%(ﬂ2(1<)—p2(a))5+2 L?) lo—v |
Jj=1
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k
+Y Lillo—v|
j=1

o [ My(p — 1)OL? k
=121 ("= 1O§ 2(%—+)lf<mu<> m(a))y) Z

L+(p—1)©L 7>

T | wo—v |
B+D

+Hpr 1Oy M (p2(K)— pz(a>>ﬂ+2 L

=Ao—v|.
Hence, for each w, v € PC(Q, R), we get
Lo — Lv[| < A* [|w—v [
otherwise,
Lo — Lol < A | o —v |,

for each w, v € PC( Q, R), where

Ma(p — DO

1
O ps(a)>V>+ZL

*k * *_2
A =||x]| (p*—1DOF (
j=1

L+(p—1ey?
rg+1

k
(02(K) — pr(@)P + ) L3

j=1

+(p* — DO M,

Since 0 < A*, A** < 1, we can follow that £ : PC(Q,R) - PC(Q,R) is a
contraction mapping. By applying the Banach contraction principle, we can say that £
has a unique fixed pointin PC (Q, R), which is a solution of the p-Laplacian impulsive
fractional boundary value problem (1.1). O

Theorem 3.13 Assume that the assumptions (HY) and (Hy) are satisfied. If

A%, C8 A < 1, (3.27)
where
O =: Msx(K)ul ™",
k
_ max, (&)
0 1= M | se(kul ™ DREQPED ) ey + 3 w2 |

LB+ =

*—1
w0+ Y5y WLt + ot (01 (K) — 1) ©F

1-C8

@3 =! Uo, @4 =



On the p-Caputo Impulsive p-Laplacian Boundary Problem... Page230f33 133

o _. Me®L ™! p ' o - M5! < y
5 =: m(p?,( )—,03(&)) 6 — 1_,(—_‘_1)(103( ) ,03((1)) 5
*—1
Ze +/\ o 7 ) — ps@)

then there exists a unique solution for the p-Laplacian impulsive fractional boundary
value problem (1.1).

Proof Assume that the assumptions (H ) and (Hf) are satisfiedandletw € PC(Q, R).
Then for every & € [a, t1], we obtain

1 K
0 < FNw(E) < Ms (x(lowp (u1) + ) L P4 (1) (pa(t) — p2(£))P~!

k
x [ £ 0w = 1@y, @) [de+ Y I;w(rk))

j=1

K k
< Ms [ (Kl ™" + 5 (1) (p2(1) — p2(E))P T D (ydu + Y WH(r))

T(B) p
1, maxgeg {®(5)) ‘ .
< M3 | #(K)uf W(m(@—pz(anhgu}f(m = 0,
and so,
K pr-=1
0 <. omega(§) <wo+x‘r( ) P51 (p3(K) — p3(1) " n(0) ()P~ dr
+,le jot) + 1o )/ PLO(p1(E) — p1(0) ™ Ypr BN (1)) dt
oMy /33(11))”+Z‘11 i) +el ol
- Ly +1) pr /
_ v -1
T 1) —p1@)'©;
k
1 e
=ug+C* o] +;\If}(tj)+m(p1(1<)—m(a)) ey .

As C3 < 1, then

1
w0+ X5 W) + w1 (K) — pi(a))* ©F
o< e =: 04,
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and

1 K
Fu=|rs / (PO (03K = p3(0) ~ () (1) dr
p 1

P S — Y —
< e +l)(p3( ) — p3(a))’ =: Og.

On the other hand, from the positivity of FNw (&), A, ug and I,i fori =1,2,q =
1,2,...,k,foreach & € [a, 1], w € PC(Q, R), we have

w (&) > up =: O3,
SNw (&) = M3(K)Yp (ur) =: Oy,
M@@pi1

u = m(ﬂ%(l() p3(a))’ =: Og.

By using the same process above, we get

O <|FNw(E) |< Oy,
O3 <|| @ [|< Oy,
Os <| Fu |< Og,

forany & € Ji,w € PC(Q,R), g =1, 2, ..., k.Hence, by applying Theorem 3.12,
one can deduce that the p-Laplacian impulsive fractional boundary value problem (1.1)
has a unique solution. O

Theorem 3.14 Suppose that the assumptions (H3*) and (Hg*) are satisfied. If

A%, CY A <1, (3.28)

. B
M7 =: M5 | (K )+F(ﬂ+1)(pz(K) p2(a)) +/§%e(r, :

O =: M3s(K)ul™", 0y := M70L7",
S wo + Zl;:l “I’Jl (tj)

O3 =:ug, O4 =

1-¢C? ’
O« —: M@@p_l Y O — M5®p_1 y
5 = m(p:;( ) — p3((1)) 6 — W(PS( ) - ,03(51))
k p—1 pr—1

9 _. M (p*—1)y M _ v
c —-;e Ay ) = pa(@) Y e (01 (K) = pr@)'
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then a unique solution exists for the p-Laplacian impulsive fractional boundary value
problem (1.1).

Proof Assume that the assumptions (HZ*) and (HF*) are satisfied and let w €
PC(Q, R). Then for every & € [a, t1], we obtain

pr—1

1 K
0<wy<wE) <wy+Ar ‘W)/ 051)(p3(K)—p3(0)Y () lw(e) P~ dr

k
1 § ’ b—
+Zf}w(fj)+m/a P11 (p1(E)—p1(1)" " Ve GNo(1)) dr

j=1

o | M .
<o+ A—————(p3(K) = p3(@) + D> Wit +ef o]

= L(y +1) P

1 §
+ ﬁ / P11 (p1(8) — ,Ol(l))uflwp* FENw(@))dt (3.29)

K

1 I p—1
0 <FNw@) =< M3(%(K)1ﬂp (u1) + RO P2 () (p2(2) — p2(§))

k
x [1f 0] + 1609 (0@ Jdu+ Zﬁmm)
j=1

1
1, lol?

K
< Ms (%(K)ug_ + / P5(1) (p2(1) — p2(£))P~!

L Je

k
x (1+t@)du + | o |77 Ze?(tj))

j=1

FB+D =

k
1+ M
<l P~ M; (x(K) + 5 (pa(K) - o) + Ze?(r,-))

=Mo", (3.30)
From(3.29) and (3.30), we have

1 k
lw | My

<@ <o+ MY k)~ @y + W el o
up <) < wo NOES) 03 p3(a < jUjre;llw
*—1
ol MY

W(Pl (K) — p1(a))
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k
=up+C’ ol +) i),

j=1
as C° < 1, then
0+Z, 1 l(tj
lwl< ey 4
and
K
- )Ty) (P31 (p3(K) — p3(1))Y "' ()Y ((1)) dt
M50

- Y .
< e +1)(p3(K) p3(a))’ =: Bg.

On the other hand, from the positivity of N w (&), A, up and I,i fori =1,2,q =
1,2,...,k,foreach & € [a, 1], w € PC(Q, R), we have

w(&) > up =: O3,
SNw (&) = M3(K)Yp (ur) =: Oy,
P!
Fu > Me©s

263 _ Y _.
> F(y+1)(/03(K) p3(a))’ =: Os.

By using the same process above, we get

01 <| FNw(E) |< 0,
O3 <|| w ||< Oy,
Os <| Fu |< Og,

foreach & € Jy, w € PC(Q,R), g =1, 2, ..., k. Hence, by applying Theo-
rem 3.12, one can deduce that the p-Laplacian impulsive fractional boundary value
problem (1.1) has a unique solution. O

Theorem 3.15 Suppose that the assumptions (H5™) and (Hg*™) are satisfied. If

A C0 A <1, (3.31)
where
O =1 =M3x(K){,(u1),

maxge o (IT((§))

O 1= M3 | —(K)Yp(ur) + NTE)

k
(02(K) = p2(@)f + Y x7 () |

J=1
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*—1
—w0+ Y52y x4 + rat (1 (K) — pi(a)) ©F

O3 =: —ug, O4 =: [ — 10 )
—1 p—1

M5®f: Me®5

By = ——— K) — a)), Qg = ——— K) — a))Y,

5 F(y+1)(p3( ) — p3(a)) 6 F(y+1)(p3( ) — p3(a))

k Mp"fl

ClO= Yl a2 (p3(K) — p3(a) P D)7,
; } =AM 3D ) — (@)

then the p-Laplacian impulsive fractional boundary value problem (1.1) has a unique
solution.

Proof By following the similar steps as in the proof of Theorem 3.12, we can complete
the proof of this theorem. O

4 Applications

In this section, we provide two examples to validate the applicability of the theorems
proved in the previous section.

Example 4.1 Consider the following boundary value problem of impulsive differential
equation

c-hipt (ﬁx/fp <C‘HD:1+w>> &) +In@E)vp (@)
sin(€) + w(€)

- 10 (elw($)|+ | w (&) |)
A (o ) =| o u) |'/? sin (W), (4.1)

el <& <e?,

Ay (C_HDS‘Hw) () =] @ () |/ cos (@) ,

amd)=1F‘Hngmé)=0.

here u € (e!, e2) and

p1(§) = pp(E) =1(5) =In(®), (&) =VE v=B=3, 1=0,
ue (el e?), p =3, p*:%, u; =0,
uo =1, n=u, k=1.

3 3
Also, “~HD? , and “~#D? _ are the left and right Caputo-Hadamard fractional deriva-
tives. ‘ ‘
It is easy to show that (4.1) is a special form of the p-Laplacian impulsive fractional
boundary value problem (1.1).
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Set
[ 0@) = ﬁﬁ?irﬁgw,(&wﬂﬂéxﬁxR
|f@w@nsm+—wma|<awewxﬁxk
Set
M@ = o @) | sin(@&), PE) =|oE) ] cos@&).
Also,

| I w@) 1<l 0 @) V2, | @) |<lo@) |? ¢ o) ele, ] xR

e Itis straightforward to show that the assumptions in Theorem 3.7 hold. Therefore,
it follows that the p-Laplacian impulsive fractional boundary value problem (4.1)
has a solution in PC([e!, €], R).

e It is straightforward to show that all the conditions of Theorem 3.8 satisfy the
p-Laplacian impulsive fractional boundary value problem (4.1). Therefore, we
can conclude that there is one solution for the p-Laplacian impulsive fractional
boundary value problem (4.1) in the space of piecewise continuous functions on
the interval [e!, €] with values in the set of real numbers.

Example 4.2 Consider the following boundary value problem of impulsive differential
equation

sin(v/2);C 'DS <(18 + 265)1#3 <1H(U+1) CS )) &)
= f(&, (&) - Em@mw (&) 0<¢<1,
(()NUmwwH%w(Mﬁm% (4.2)

(MUH) ©Dh.0) (1) = fhexe (-4 o ()

w(0) = i 4+ |@rD? Iy 3 +1\/T‘ ’ 1"(“+1);CD§+a)(1) _ %
where
_ o’ | sin(w) | &2
JE @)= (19 + €5) (1 + w?) 10
e ol £2sin(& + 1)
(18 + 2e~6) (w2 + 1) 0 V3@,

INw) = : (| sin (w (u)) | +exp( ! ’w <%>D>
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v ()
10 2 2

here
=l +1), p=sin(), p3 = (U+1)?
2
(€)= 184265, 1(5) = TIEED ) = £
v:ﬂ:%" p_jvp*=37 t1=l5k=17
w =1 = 1. _ /5.

It is easy to show that (4.2) is a special form of the p-Laplacian impulsive fractional
boundary value problem (1.1). Moreover, there exists a function ®(§)(§) =

2
& + 5 such that | f (&, o(£)) — 1EWY3 (@ @) | = (&)
One can see that the solution w (§) of the p-Laplacian impulsive fractional boundary
value problem (4.2), which is given by the integral equation (3.16), is well-defined
and satisfies

1
19+4¢% +

01 <[ FNw(§) |< 0y,
03 <|| @ ||< B4,
Os <| Fu |< Og,

where

1 ) (19 4 2¢)/7 + 8sin(})?
TAn | 2 =

5\ 100 2007 ’
oLl o 77440032 o 6k
T YT T2z -c® 0 T 25n
1 [30; 2 [30,
Os= -/ 2 @g=2,/ 2%
5 5 T

It is straightforward to show that f (&, w), I1(w) and I(w) satisfy

£ @) = FE V)
1 w? v? 52 : i
z‘ ( - )+Emmwhmmwb

19+ \14+w? 1422
5 | o | |o | £2sin(£ + 1)
e w w
T84 28 (v2+1_v2+1)+ 10 (‘/’%(‘“)_wi(“)>‘
1 wz U2 . .
= %'l—f—aﬂ R +—|sm(a))—s1n(v)|
o |2 - meﬂw<) v; 0
AN - w v
20 [v24+1  v2+1 3
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P + 26 [sin(@) — sin(o)
—_— | — — — (SIn — SIn(v
“20(14+w? 1402 @
N 1 w w sm(2) ‘1// (@) — 1/f )
—_— — w v
0l2+1  2r1| 3 5
1 1 1 /2sin(2)
_lolw—v|~l—ﬁlw—v|+ﬁla)— |+T|w—v|
6+ /2 sin(2
- % w—vl. &el0,1], w,ve PC(O, 1], R),

| I (@) — 1'(v) |

1 1 1 1
20 <| sin (w) | — | sin (w) ‘+exp (—% | w (§>D — exp <_§

1
=ple-vl G o) el llxR,

)

and

| 12(w) — I%(v) |

(b)) (-

(2)))

10
1
§_|CL)_U|, (S’a))e[o’l]XR
10
Also, we have
1
| I'0®E) |< —, [FPE)|<— Eo)el0,1]xR
10’ 10
Consequently, the conditions (H%) and (H{) hold, where L! = L? = {5, L =

6+ﬁsm(2) . By some calculations, we get A* &~ 0.1134991 < 1.

Obv10usly, the p-Laplacian impulsive fractional boundary value problem (4.2) sat-
isfies all the conditions of Theorem 3.13. Hence, the p-Laplacian impulsive fractional
boundary value problem (4.2) has a unique solution.

5 Conclusion

Throughout this study, we explored the boundary value problem of impulsive differen-
tial equations with a nonlinear non-symmetric p—Caputo fractional derivative and an
operator of p-Laplacian type. By utilizing the Schauder’s and Schaefer’s fixed point
theorems, together with the Banach contraction principle, we established the existence
and uniqueness of solutions for the impulsive p-Laplacian boundary value problem
given by (1.1). Moreover, we provided two examples to show the applicability and
significance of our main results. Furthermore, we derived a new representation for-
mula for the integral solution of the p-Laplacian impulsive fractional boundary value
problem (1.1) using the Heaviside function. Additionally, we established the existence
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and uniqueness of solutions under different conditions. These results shed light on the
importance and relevance of the study of impulsive differential equations with non-
linear generalized fractional and p-Laplacian operators. Future work can be extended
and delved deeper into the underlying mechanisms, potentially employing specific
methodologies or techniques of functional analysis for generic p-Laplacian boundary
value problems with (¥, k)-Hilfer fractional derivatives to gain a more nuanced under-
standing. Additionally, investigating the long-term effects of the specific conditions
on related outcomes can provide valuable insights into the persistence of the observed
patterns during the time.
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