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1. Introduction

Consider the following second-order differential equation with Dirichlet boundary conditions,

{x”(t) +q(O)x(®) = 0, t € (a,b),

1.1
x(a) = x(b) = 0, 1)

where ¢(t) € C([a, b],R). If there exists a nontrivial solution x(¢) of the boundary value problem (BVP
for short) given in Eq (1.1), then the inequality,

b 4
f lg(s)lds > P (1.2)

holds. The above inequality (1.2) is known as Lyapunov inequality, and it was first proved by
Lyapunov [1]. The inequality given in Eq (1.2) and its generalizations have been used successfully in
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various branches of mathematics, such as stability problems, oscillation theory, and eigenvalue bounds
for ordinary differential equations, see for instance [2, 3] and the references cited therein.

In recent years, with the successful development of fractional calculus theory, the Lyapunov
inequalities have been generalized to fractional BVPs, see [4-24] and the references cited therein.
Especially, in 2013, Ferreira [4] firstly proved the following result.

Theorem 1.1. If the fractional BVP

Dx)t) + g(t)x(t) =0, t € (a,b), 1 <a <2,
x(a) = x(b) =0,

has a nontrivial solution, where ,D% is the Riemann-Liouville fractional derivative of order a and
q(t) € C(la, b], R), then,

b
4 \a-
f a(s)lds > T(@)(;—) g (1.3)

Inequality expressed in Eq (1.3) is called Lyapunov-type inequality, and it is a generalization
of the inequality given by Eq (1.2) above in the sense of fractional derivative. Since then, many
scholars have been tremendously interested in developing Lyapunov-type inequalities, and based
on different definitions of fractional calculus, the inequality (1.2) has been generalized to various
forms. Examples include Lyapunov-type inequalities for BVPs involving Caputo fractional derivative,
Hilfer fractional derivative, Caputo-Fabrizio fractional derivative, Hadamard fractional derivative,
Katugampola fractional derivative, conformable fractional derivative, local fractional derivative, and
so on. For more details, we refer the interested reader to the survey [15] for a review of recent
developments in these problems.

In recent years, several papers have been published on the study of Lyapunov-type inequalities for
fractional differential equations with nonlocal boundary conditions, see for example [16-24]. However,
only a few considered similar inequalities for fractional m-point BVPs, see [20-24]. In 2018, Wang
et al. [20] derived a Lyapunov-type inequality for fractional differential equation involving Hilfer
fractional derivative subject to m-point boundary conditions,

DX x(t) + q)x(1) =0, t€ (a,b), 1 <a <2, 0<B<1,

m=2 (1.4)
x(a) =0, x(b)= ; Bix(&),

where Djf denotes the Hilfer fractional derivative of order a and type B; a<&;<&<---<&,-2<b,
Bi0 (i=1,2,---,m — 2), 0< Y72 Bi(¢ — a) "I P (b — q)'=®20-H) and ¢(t) € C([a,b],R). By
converting the BVP (1.4) into the equivalent integral equation with corresponding Green’s function
and using norm estimation method, the authors reached the following conclusion.

Theorem 1.2. If there exists a nontrivial continuous solution of the fractional BVP (1.4), then

b (@) 1
d ‘ ’
L lg(s)lds > b-a) 'L 1+ 3" 2BT(0)
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where
I (CZ _ 1)(1—1(a, -1+ 2[_3 _ aﬁ)(l—1+2ﬁ—afﬁ

(2& -2+ 2,8 _ aﬁ)Zoz—2+2,B—a,8
(b _ a)l—(2—(1)(1—,6’)

b

T(b)= oo S
(b _a)l Q-a)(1-p) _ Zi:]zﬁi(é:i _a)l 2-a)(1-B)

Later, Aouafi and Adjeroud [21], obtained Lyapunov-type inequality for the fractional differential
equation of higher order under m-point boundary conditions

aCD"‘x(t) +qg()x(t) =0, t€(a,b), 3 <a <4,

m=2 (1.5)
x(a) = x'(a) = x""(a) = 0, x"(b) = ; 1ix(&:),

where gD" is the Caputo fractional derivative of order a; a < n;,& < b, i = 1,2,--- ,m — 2, with
a<é <E <<€y <b 0< Y20 —a)’ <2 and () € C([a,b],R). By converting the
BVP (1.5) into the equivalent integral equation with corresponding Green’s function and using norm
estimation method, the authors obtained the following result.

Theorem 1.3. If there exists a nontrivial continuous solution of the fractional BVP (1.5), then
M-2),  (b-aP Il |-
f glds > =1+ ) -
(b~ a) 2 -3 niéi - a)

More recently, in [24], the authors analyzed Lyapunov-type inequality for the fractional BVP
involving Caputo-Hadamard fractional derivative supplemented with m-point boundary conditions

CD“ LX)+ q()x(@) = O, O<a<t<b, l<a<?2,

(1.6)
x(a) =0, x(b)= ; Bix(&),

where f,DZ . denotes the Caputo—Hadamard fractional derivative of order a; B; > 0, a < & < b,
(i=1,2,---,m-2),witha <& <& < <& <b,0< YT, 2B; < 1 and ¢(r) € C([a, b],R). By
converting the BVP (1.6) into the equivalent integral equation w1th corresponding Green’s function

and using norm estimation method, the authors given the following result.

Theorem 1.4. If there exists a nontrivial continuous solution of the Caputo-Hadamard fractional
BVP (1.6), then

f lg(s)lds aa’l(a) g -¥IPBin g
! [(a— D(nb—Ina)]*" Int +Zm12ﬁ, ln—

Notice the diversity of definitions for fractional derivative, and thus it is challenging to know
which definition is the most suitable to use in studying fractional differential equations. One
way to overcome such a problem is to work with more general fractional operators, see for
example [25, 26]. In particular, Oliveira et al. [26] applying the idea of the fractional derivative in
the Hilfer sense, proposed a new fractional derivative called Hilfer-Katugampola fractional derivative,
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which formulation interpolates the well-known fractional derivatives of Hilfer, Katugampola, Hilfer-
Hadamard, Riemann-Liouville, Hadamard, Caputo, Caputo-Hadamard, Weyl. Recently, many scholars
have been interested in Hilfer-Katugampola fractional derivative and have obtained many exciting
and essential results of the existence, uniqueness, and stability of solutions for fractional differential
equations using the Hilfer-Katugampola fractional derivative, such as [27, 28].

Motivated by the earlier papers, this study aims to establish new Lyapunov-type inequalities
for fractional BVPs involving Hilfer-Katugampola fractional derivative subject to m-point boundary
conditions. In precise terms, we consider here the following BVPs:

PDPx() + qx(1) =0, 0<a<t<b, 1 <a<?2, p>0,

m-2 (1.7)
x(@) =0, x(b)= §1 Yix(1:),

and
PDPx(t) + q)x(1) =0, 0<a<t<b, 1 <a <2, p>0,

o d m=2 (1.8)
x@) =0, t7P5x(@=p = ;1 oix(&),
where pDZ’f is Hilfer-Katugampola fractional derivative of order a and type 8 (0 < 8 < 1); ¢(t) €
C([a,b],R); vi,o: =2 0,a < n;,& < b, (i =1,2,---,m—=2),witha <n, <1 <+ < nua <b,
a<é& <& <o <€, <band they are subject to the following conditions:

(A) miz yi(nf’_ap)1—(2—a)(1—ﬁ)<(bp_ap)1—(2—a)(1—,8)_
=1

m—2

(Ay) Y i —ar) " E A< [1-2—a)(1-B) o —af)~ > 1P,
i=1

The main contributions to our results can be summarized as follows:

e We prove some new properties of Hilfer-Katugampola calculus and correct Lemma 2.11 in [28].

e We study the Lyapunov-type inequalities for the m-point fractional BVPs (1.7) and (1.8), which
generalize and complement some previous results. Indeed, in the limit case 8 = O or § = 1 and
p — 0% or p — 1, the conclusions of this paper can be reduced to the results presented in [6, 9,
20, 24].

¢ In the present work, we derive the Lyapunov-type inequalities for BVPs (1.7) and (1.8) by using
Banach’s contraction principle, which is quite different from the previous research work.

e To the best of our knowledge, the fractional BVPs involving Hilfer-Katugampola fractional
derivatives are rarely studied for Lyapunov-type inequalities. So, the results obtained in this
paper are new.

The rest of the paper is organized as follows: In Section 2, we recall some definitions on the
fractional integral and derivative, and related basic properties which will be used in the sequel. In
Section 3, we prove some new properties of Hilfer-Katugampola fractional calculus. Our main results
are given in Section 4. Finally, we summarize our results and specify new directions for the future
works in Section 5.

AIMS Mathematics Volume 7, Issue 1, 1074-1094.



1078

2. Preliminaries

In this section, we recall some definitions and lemmas about fractional integral and fractional
derivative which we used in this paper. For c€R, p>1, let X’ (a, b) denote the space of all complex-
valued Lebesgue measurable functions x on (a, b) with ||x|[x» <co, where the norm is defined by

b dt\p
ey = ( [ o)

Definition 2.1. [29, 30] The left-sided Katugampola fractional integral of order @ > 0 and p > 0 of
x € X(a,b)for0 < a <t < b < o,is defined by

I x)()— f(tp ) 7 Ix(s)ds, 1€ [a,b]. (2.1

['(a)

Definition 2.2. [29, 30] Let >0, n=[a]+1 and p>0. The left-side Katugampola fractional derivative,
associated with the Katugampola fractional integral (2.1), is defined, for 0<a<t<b<co, by

(DG, x)(1) =5Z(”IZI"X)(I)

pl—n+a f P lx(s)
= s,
I'(n - a/) (1 — 1 nta

where & = (¢'*d/dr)".

Definition 2.3. [26] Let @ > 0, n = [a] + 1 and p > 0. The left-side Hilfer-Katugampola fractional
derivative of order a and type 5 (0 < 8 < 1) of a function x is defined by

(D)0 = (Plffi”“”(tl‘f’%)"Plii‘ﬁ“"“”x)u).

Lemma 2.1. [29,30] Leta,8>0, 1 < p <00, 0 <a<b <ooandp > 0. Then, for x € X’(a, b) the
semigroup property is valid. That is,

P18 L, X)) = CIS X))

Lemma 2.2. [31] Leta > 0,n =[] + 1, x € X’(a,b) and PI%, x € ACg‘p [a, b]. Then

n 6n_j pInJ:a 0 _ 4P amj
ek

J=1

where AC(’;p [a, b] is defined by
ACj [a,b] = {x : [a,b] = RI5)'x € ACla, b},

and ACla, b] denote the space of all absolutely continuous real valued function on [a, b].
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Lemma 2.3. [26,31] Leta >0,n=[a]+1,0>0,a> 0,6 >0and A > a — 1. Then

» t* —af \é-1 r‘(é‘:) P — aP \a+é-1
1 pa ) = F(a+§)( pa ). 2.2)
- T+ 1) P —af\ia
S| pa ) =t izal pa ) (2.3)
PDg+(tp_“p)“_j=0, j=12,.n 2.4)

i}

Lemma 2.4. [28] Let >0, then the homogeneous differential equation with Hilfer-Katugampola
fractional derivative
*Difx(t) = 0,

has a solution

—af \y-1 ' —aP \y+2B-2 P —aP \y+n(2p)—(n+1)
x(t):co( ) +cl( ) +- - ~+cn( 5 ) .
Remark 2.1. By Lemma 2.4, let O<a<1, then the homogeneous differential equation with Hilfer-
Katugampola fractional derivative

* D x(1)=0,

has a solution
' —a

)V—l+61 (tp -a’ )7+2/3—2'

x(t):co( 5

Remark 2.2. The conclusion of Remark 2.1 is incorrect, which means that Lemma 2.4 is not rigorous.
Therefore, it is necessary to correct the conclusion of Lemma 2.4. To this end, we will give some new
properties of Hilfer-Katugampola fractional calculus in the following section.

3. New properties of Hilfer-Katugampola fractional calculus

In this section, we will present some new properties of Hilfer-Katugampola fractional calculus and
give the modified results of Lemma 2.4.

Lemma3.1. Leta >0, n = [a]+], p>0, ceRand 1 < p < 0. If x € X’(a,b) and PI"" " Px ¢
ACg’p [a, b], then

“12,° DY X)) = x(1) -

N ) (1) W S e
2= t—at—p 1 5 ) |

Proof. According to the Definitions 2.2, 2.3, and Lemma 2.1, we have

10, DY x)(1) = 10, PO [P0 0y (1) = (1P DI ().

a+ “a+ p Tat

Letv=a+pB(n—a),thenn —1 < v < n. An argument similar to the one used in Lemma 2.2 ([31],
Theorem 2.7) shows that

(S CI 0N @) 1 — af -
“I.PD" x)(t) = 6, I}, x(t) — £ o :
g [ FZI [Na+2-)) ( p ) ]
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Let kK = n — j, then we can rewrite

n—1 k n—-v
(0,7 0))a) 1 — aP \v-n+k+1
v \ _ 1 14 at+
(LoD )(1) = 5P[p1“+x(t) - HT(v-—n+ k+ 2)( e, ) ]

Therefore, by using the Lemma 2.2, we finally have

& GCnoNa) (- e\
LT(y-n+k+D\ p ’

*L.,PD! x)(t) = x(t) -

which completes the proof. O

As a direct consequence of Lemma 3.1, we will have

Corollary 3.1. Leta > 0, n=[a] + 1, p > 0, 0 < B < 1, then the homogeneous fractional differential
equation
Dl x(t) = 0,
has a general solution of the form
' — a \-(n-a)(1-p) ' — aP\1-(n-a)(1-B)
) +o(——)
0
where c;€R (j=0, 1, ---,n—1) are arbitrary constants.

' — af \n-1-(n-a)(1-B)
o)

+~--+c,,_1(

x(t) = CO(

2

Lemma3.2. Leta>0,n=[a]+1,0<8<1,0>0,a>0and 1 > a — 1, then

ap( = al \A+Bn—a) [MA+1+8(n -« 1 — af \pin-a)+i-a
pDaf( ) + _ I B( )] ( ) e 3.1)
Jol [MA+1l-a+Bn-a)l' p
in particular,
wp( ' — AP \A-j+pn—a) .
D ()T =0, j=12, 32)
P
Proof. From the definition of Hilfer-Katugampola fractional derivative, we have
i ' — aP \A+Bp(n—a) 0 1B(n—a) cnp 7(1-B)(n—a) ' — aP \A+p(n—a)
D) L (=)
¥ — aP \1+pn-a) 3-3)
_p e DZ:ﬁ@—a)( ) ,
P
and
g/’ — al \a—j+Bn—a) ) eyt Bn—a) (L — AF \a+B—a)—j
Dy (——=)" T =y (——) (3.4)

p p
On the one hand, we obtain from the Eqs (2.2), (2.3) and (3.3) that
ap( —a’\a+pn-o) T[A+ 1+ B(n— a)] neay IF — a’ \1—a
o) s
IrA+1-a P
[MA+1+60n-a)] (tp —a° )/Hﬂ(nfa)—a
[MA+1-a+pn-a)]' p '
On the other hand, by using the Eqs (2.4) and (3.4), we obtain (3.2) immediately. The proof is
completed. O
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4. Main results

4.1. Green’s functions of BVPs (1.7) and (1.8)

In this subsection we discuss the Green’s functions of problems (1.7) and (1.8), and present some
of their properties.

Lemma 4.1. Assume that (A;) holds. Then, for x(#) € Cla, b] is a solution of the BVP (1.7) if and only
if x(#) satisfies the integral equation

b m=2 b
x(1) = f G(t, s)q(s)x(s)ds+Q(t)Z%~ f G(ni, $)q(s)x(s)ds, t € [a,b], 4.1)
a i=1 a

where Q(7) is defined by

(#* — ap)l—(Z—a)(l—b’)

0@ = 75 ![€labl
(bp _ ap)l—(z—d)(l—ﬁ) _ 2:1—12 ,yl(nlp _ ap)l 2-a)(1-p)
and G(¢, s) is the Green’s function given by
1= gp-1 hi(t, s), <s<t<bh,
G(t.s) = Jo, s1 _ 18, 8), a<s
T(@)(b° —a?)" @B Aot s), a<t<s<b,

with
e, 5) =(1=a) O (@ =) (=) P 50y

hy(t, s) :(tp_ap)l—@—a)(l—ﬁ)(bp_sp)a—l ‘

Proof. Using Lemma 3.1, the fractional differential equation in (1.7) can be transformed into an
equivalent integral equation

*—-a )—(2—0)(1—13) te (tp - ap)l—(Z—a)(l—ﬁ)
1

X(1) = =I5, q(0)x(0) + co p

b

where ¢, ¢; € R. From the first boundary condition x(a) = 0, we get ¢y = 0, then

- ap)l—(Z—a)(l—ﬁ)

x(t) = 12, q(Ox(0) + o1 4.2)

m—2
The second boundary condition x (b) = ), v;x(n;) yields
i=1

2
Yix(1:),

N B — aP\1-@-a)(1-B) O
x(b) = 15, g(Ox(B)l=p + 1 ) =
i=1

from which we obtain

PP — aP\-1+Q-a)(1-p) 3 .,
a=(=—-) (O vixmi) + P15 qOx(Dli=p)-
i=1
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Substituting the value of ¢; into (4.2), we have

m-2
10 == 050+ (5= 0) IS s+ 03012

bP —af —
) . tpt—l ) 4.3)
—a’\1-C-o)(1-p)
- [ ot atomtsnts + 2 (=) -
Then, we deduce
=2 m2 =2 S - P 1—e-aa-p)
Z yix(n;) = Z Yi f G(i, $)q(s)x(s)ds + Z ¥ix(1mi) Z Yi(b; - ap) ’
e =1 a i=1 i=1
which gives
m— b -2-a)(1+
SIS GO Da(s)xs)sly — ey NP @4
Z‘ YA = G gy s U |

Using Eq (4.4) in Eq (4.3), we obtain the solution (4.1). The converse follows by direct computation.
The proof is completed. O

Lemma 4.2. Assume that (A,) holds. Then, for x(#) € Cla, b] is a solution of the BVP (1.8) if and only
if x(¢) satisfies the integral equation

b m-2 b
x(1) = f K(t, $)q(s)x(s)ds + R(t) ) o f K(&, $)q(s)x(s)ds, 1€ [a,b], (4.5)
a i=1 a

where R(?) is defined by
#—gP) - 01-p)
R(t) = ( a ) 2 ’ re [a’ b]’
[1-Q2-a)(1-B)lpbr-ar) DY (g —ar) -0 P)

i=1

and K(z, s) is the Green’s function defined by

K(t.s) = b° - sp)a—2p1—asp—l {kl(t, s), a<s<t<b,

[1-Q2-a)1-PIl(@) |ky(t,s), a<t<s<bh,
with
2-a)(1- 1-2-a)(1- (t"—s")""!
i1, 9)=(a= D) —a) D@ —gf) =P [ - Q) (1)),
(bP—sP)*
ko (2, s):(a,_1)(bp_ap)(Z—a)(l—ﬁ)(tp_ap)l—(Z—w)(l—ﬂ)‘

Proof. As argued in Lemma 4.1, the solutions of fractional differential equation in (1.8) can be
written as

2

— al \-Q2-a)(1-p) ' — aP\1-2-a)(1-B)
) +o(——)

x() = L, q(Ox(@) + "O(tp p
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where ¢, c; € R. Using the first boundary condition x(a) = 0, we find that ¢y = 0, which gives

(4.6)

* — af \1-2-a0)(1-p)
() = = 13,q(0)x(0) + ¢ (——) :

Differentiating the equality (4.6) with respect to ¢, and then multiplying the both sides of the
equation by ', we get

(1= 2= a)(1 =PI —a) P
p—(2—tl)(1—ﬂ) ’

d
2 x(0) = 1 gx(e) + ¢

m-2
which, together with the boundary condition '™ 4 x(1)|,—, = g,l oix(&), yields

p—(Z—a)(l—ﬂ)

m—2
“Tlh-e-aa — BB — ap)" @ D1P [; oix(&i) + p13+_14(l)x(t)|;:b].

Substituting the value of ¢; into (4.6), we obtain the solution

[ S5 o@D+ 187 g0 x(0) = | (20 — @) =00

[1- 2 =)l - Plp( - ar)y >1F

x(1) = =I5, q(0)x(1) +

4.7)
= j; b K(1, s)q(s)x(s)ds + T CSZ1__a;))1]::;)(i_2,)—(2—a)<1—ﬁ) SO' iX(&i)
it follows that
ey iy b 3 o —af) e B Y2 (&)
2,7%6= 2, “fa K Xt 2 o -piptr—an @i Y
Solving Eq (4.8), we get
"2‘2 i [1-Q-a)(1-B)lp(B¥—a)y @D 312 o [ K (&, g(s)x(s)ds “o)
[1-Q2-a)(1-B)p(B* — ar) > NP = 52 (g —ar) ™

i=1

By substituting (4.9) into (4.7), we obtain (4.5). Conversely, by direct computation, it can be
established that (4.5) satisfies the problem (1.8). This completes the proof. O

Lemma 4.3. [5] If 1 < v < 2, then

_ _ v-1
o e
(v-1)v2 v

Lemma 4.4. The Green’s functions G(¢, s) and K(t, s) given by Lemmas 4.1 and 4.2, respectively,
satisfy the following properties:

(1) G(t, s) and K(¢, 5) are two continuous functions in [a, b]X[a, b];

AIMS Mathematics Volume 7, Issue 1, 1074-1094.
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(-1 a—1+BQ2—a)]* 2D
2(a—1)+A2-a) P VP (q)

(bp_sp)a—Zpl—asp—l
(b’—a”)max {B(2—a), a—1} for any (¢, s)€[a, b]1X[a, b].
[1-C-a)(1-BIT@) 1 Y
Proof. Clearly, (i) is true. Let’s now prove that properties (ii) and (iii). Firstly, we show that (ii) holds.
In fact, by the expression for the function A,(¢, s), we can easily obtain that

(i) |G(t, s)| < ' s (B —a”)*! for any (1, s)€[a, b]x[a, b];

(111) |K(2, s)|<

0 < hy(t,s) < hy(s,s), (1,5 €la,b]X]a,b].

Now, we turn our attention to the function A, (z, s). Differentiating &,(¢, s) with respect to s for every
fixed € [a, b], we get

oh(t, s) P —sP )2—a ( t°—a” )1—<2—a>(1—ﬁ)]>

bP—gP bP—qaP 20.

=(a-Dps™ (W —a) D0y 1

This means that A;(¢, s) is increasing with respect to s € [a,t] for any fixed ¢ € [a,b]. Hence,
we have
hi(t,a) < hi(t,s) < h (t,1).

Note that
hl (t, Cl) :(tp _ ap)l—(Z—(t)(l—ﬂ)(bp _ ap)a—l _ (bp _ ap)l—(2—w)(l—ﬁ)(tp _ ap)w—l
b’ — aP \2p-op
_ _ \1-C-a)(1-p) _ o\e-1f1
=(t" - &) ® -a) 1 (W_w) | <o
we obtain
IM@MSthmﬂMMLmM—MQM}
t€la,b] tela,b]
Denote

gi(t) = h(t,1) = (@ — )" P@ -9, 1€ ]a,bl.
Then, differentiating g,(¢) on (a, b), we get
g0 =pt” (= @y P~y
X{[1 -2 -a)1 =PI - 1°) = (@ - D - a")}.
Observe that g () = 0 has a unique zero on (a, b), attained at the point
LBC-a)+(a- DI® - a”)}i
2@-1D)+p2-a)

(@D -d") \;
_wp ma—n+ﬁ@—aﬂ'

t=1¢ :{ap

Since gi(a) = g1(b) = 0 and g,(¢#) > 0 on (a, b), we conclude that g;(7) reaches the maximum at
t = t*, that is,

[BR-a)+(a—1)](D’—a”) }1—(2—01)(1 —ﬁ)[ (a—1)(p’—a”) ]a—l
2(a-1)+p2-a) 2(a-1)+p2-a)

_ (2ﬁ_a’ﬁ+a’— 1 )2ﬂ—(1,8+a/—1 (bp_ap)2,8+2(t—a/,8—2(a/_ 1 )a—l

- (20_2+2ﬁ_a’,8)20_2+2'8_aﬁ '

max g1(1) =g (")={
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Denote

gr(==h (1, )=\ =a") P =gy (¢ =) " F P (B )

:(bp_ap)1—(2—&)(1—,3)(t,0_ap)a—1[1_( *—af ),6(2—0/)]’ rela.bl.

bP—ar

We claim that

max g2(0) < max g1(0). (4.10)
te

In fact, if B(2 — @) = 0, then (4.10) holds obviously. If S(2 — @) # 0, differentiating g,(¢) on (a, b),
we have

& (N=pt” (B =a) (=) P [(a- 1) (B~ PPV ~(a+2B—af- 1)t ~a" PO .

Observe that g/ (r) = 0 has a unique zero on (a, b), attained at the point

t=f=|a+ (—a+2g:;ﬁ_l)ml“”(bﬂ — @)’

It follows from g-(a) = g.(b) = 0 and g>(¢) > 0 on (a, b) that g,(¢) has maximum at point , that is,

B2 -a) a-1 B0 1o ova-C-a)1-H)
a/+2,3—a/ﬂ—1(0/+2:8_a’:8_1) &= .

max g,(f) = g(f) =
t€la,b]

We now show that g,(7) < g;(¢*). Letv = % then by Lemma 4.3, we obtain
gg(f) _ B2 -a) ( -1 )B(l;ij”(bp _ ap)a—(Z—a)(l—,B)
a+2B-af -1 a+28-af -1

<{(a/— D e =1+ BQ2 - a)]* D
U R@- 1D+ B2 - a) e
la- D e -1+ B2 - a)]* e
T [2(a =1+ B2 - a)He- b
=g1(t"),

which completes the proof of the claim. So we have

}n 1+ﬁ(2 @) (bp ap)a—(Z—a/)(l—,B)

> - aﬂ)d—(Z—a)(l —B)

1, )| < max {max f (1, 1), max ~h(z, @)}

= max {max g1(f), max gz(t)}

tela,b] tela,b]
a—1 a-1+p(2-a)
= max g, (¢ )_( ~Da - 142 - o)) (b — aPy-C00B),
rela,b] 2@ -1)+pQ2 - @)@ Do)
Thus we have derived that
pl—a p—1
|G(z, 5)| < B — a°)F01-A-1 max hi(t,1)
I'(@) telab
_(a, _ 1)(1—1[0, -1 +ﬁ(2 _ a/) a/ l+ﬂ(2 ) pl—asp—l(bp _ ap)a’—l
T [Ra-1)+ B2 - @) b I(a)
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Therefore, (ii) is true. Finally, we have to prove that (iii) is also holds. In fact, for any (¢, s) €

[a, b] X [a, b], it is easy to see that

0<k(t,s) <k (s,s) =ki(s,s).

We now consider the function & (¢, s). Differentiating it with respect to z, we get

6k1§§’ D (o= D1-@-0) (1)t (=t Py 01D
-1 (z_p_sp)a—Z
~e= D=1l T
b—sP\2-a  bP—aP \C-o)i-
~(@-Dl1-C-1-plor (=) (7)o,

This means that for fixed s € [a, b], k(¢, s) is a decreasing function of ¢ € [s, b], it follows
ki(b, s) < ki(t, 5) < ki(s, 5) = ka(s, ).
Thus we have

lk.(z, s)| < max {max k(b )|, max |k, (s, s)|}.
s€la,b] s€la,b]

Note that
ki (s, 8) =(@ — DB — @) (s _ gp)l-C-21H)
<ki(b,b)=(a — 1)(b" - d°).
ki(b, s)=(a — (@ —a") = [1 = 2 - a)(1 = I - 5°).

It can easily be seen that k;(b, s) is an increasing function with respect to s € [a, b]. Thus,
ki(b,a) < ki(D, s) < ki(b, D).

Since
ki(b,a) = - B2 - a)(¥’ -a") <0,

ki(b,b) =(a — )P’ —a") > 0,

then we have

|ki(b, s)| < max {k(b, b), —ki(b,a)} = (b’ — a’) max {2 — a),a — 1}.
Combined with (4.11)—(4.13), we get
lki(t, 5)] < (B —a”)max {B2 — a),a — 1}.

Thus we are led to the conclusion that

(bp _ sp)a/—zpl—a'sp—l

K(2, 5)] < [1-Q2-a)(1-pBI(a)

The proof of the Lemma 4.4 is now completed.

P —d’)max {2 — a),a — 1}.

4.11)

(4.12)

(4.13)

O
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4.2. Lyapunov-type inequality for BVP (1.7)

In this subsection we present the Lyapunov-type inequality for problem (1.7). To show this, we
define X = Cla, b] be the Banach space endowed with norm ||x||,, = maXe(qz)|x(?)|.

Theorem 4.1. Suppose that (A;) holds. If the BVP (1.7) has a nontrivial continuous solution x(¢) € X,
where ¢(¢) is a real and continuous function in [a, b], then

b _ _ )R- a1
flq(s)ldsz[z(a D +BQ2 - a)] ['(a)p ’ @.14)

A1+ Q(b) 32 y;] max {1, be~1}

where
Ap=(a-D"a—1+p2 - ) W —a’) .

Proof. By Lemma 4.1, we define the linear operator 7 : X — X as follow:

b m=2 b
Tx(t)= f G(t, 5)q(s)x(s)ds+Q(t) Z Vi f G(;, $)g(s)x(s)ds, x(t)eCla,b], tela, b].
a i=1 a

Then x(¢#)eX is a solution of BVP (1.7) if and only if x(¢) is a fixed point of the operator 7 on X.
Using Lemma 4.4 (ii), for any x;, x,€X with r€[a, b], we have

b m-2 b
ITx1()-Tx:(8)|< f IG(t, $)q()llx1(5)=xa(5)lds+0(0) > v f IGGnir )q(s)llx1(5)=x2(s)ldls
a i=1 a
b m=2 b
<| f G(t, $)q(s)lds+Q(1) )" ¥ f IGGnir )q(s)lds|llx1=xalle
a i=1 a

Ap'rs! = .fb _
S[z(a_1)+ﬁ<z_a)]zw—mﬁ@-wr(a)[”Q(b),._217’] - la(dsllan—all

Ap' max{a®!, b1} = b
|1+ e Z} ¥ f g(s)ldsllr—xle.

Combining this with the Banach’s contraction principle, it follows that x(#)€X is a nontrivial solution
of BVP (1.7) iff the inequality given in Eq (4.14) holds. Otherwise, (1.7) has a uniqueness solution
x(t)=0. Thus, Theorem 4.1 is proved. m|

Notice that the fractional derivative pDZf is an interpolator of the following fractional derivatives:
Caputo-Hadamard (=1, p—0%), Katugampola (8=0), Hadamard (8=0, p—0%), Hilfer (0o—1). As
special cases of Theorem 4.1, we have the following corollaries:

Corollary 4.1. Consider the following Caputo-Hadamard fractional m-point BVP

lengx(t) +qgt)x(t)=0,0<a<t<b, 1 <a<?2,

m—2 (415)
x(a)=0, x(b)= ; Yix(1:),
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where g(t) € C([a, b],R), ng . denotes the Caputo-Hadamard fractional derivative of order «, and v;,
n; are defined as (1.7). If (4.15) has a nontrivial continuous solution, then

aaT(a) In2 - ZT]Z yilnZ
Iq(S)I -

= v (4.16)
[(a— D(nb —Ina)] Int +Z, i lnE

Proof. If we put =1 and let p—0" in the right-hand side of inequality (4.14), we have

R DHBR-a) PP T (a)p!
p=1o=0" A[1+Q(b) £ yi] max @, b,H}

aa’l'(@) p*! —a’ )= 3L 12 %(np_ap )
= — lim — lim
" (a=1)* =0t (br—ar) p=0" (bP— ap)(1+2 1 2y)- X il —a)
ac"T(a) In2- Y 2yin

L’Hospital’s rule

[@=1)(Inb-Ina)]"" Int+ X772y In

Therefore, we obtain form (4.14) that (4.16) holds. Obviously, our results matches the results of
Theorem 3.7 in [24]. O

Corollary 4.2. Consider the following Katugampola fractional Dirichlet problem

{pDZ+X(I)+Q(t)X(1):O, O<a<t<b l<a<?, (4.17)

x(a) =0, x(b)=

where ¢q(t) € C([a, b],R), D¢, denotes the Katugampola fractional derivative of order . If (4.17) has
a nontrivial continuous solution, then

b —
f a(lds > — L& ___(_%_y! (4.18)
a max {

ar~, b~ \bP — aP

Proof. Apply Theorem 4.1 for 8 = 0,y; = 0, we derive (4.18) immediately. Clearly, our results matches
the results of Theorem 5 in [6]. O

Corollary 4.3. Consider the following Hadamard fractional Dirichlet problem

ADe x(H) + q(Ox(t) =0, 0 <a<t<b, 1 <a<2,
{ x() q()x() a @ 4.19)

x(@) =0, x(b)=

where g(t) € C([a, b],R), *Dg, denotes the Hadamard fractional derivative of order . If (4.19) has a
nontrivial continuous solution, then

b -
f lg(s)lds = 4~ al(@)(In g)l . (4.20)

Proof. 1f we take =0, ;=0 and let p—0" in the right-hand side of inequality (4.14), we obtain

AIMS Mathematics Volume 7, Issue 1, 1074-1094.
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LR - 1) +B2 - PPN
B=0,-0" Aj[1 + Q(b) Y02y, max {ae-!, b1}

a—1
= 4@ VaI(@) lim ———
=0 (b0 — Py

b 1-a
L’Hospital’s rule(ln —) 49 Vg (a).
a

So we conclude from (4.14) that inequality (4.20) is valid. Evidently, our results matches the results
of Theorem 2 in [9]. m|

Corollary 4.4. Consider the following Hilfer fractional m-point BVP

DYPx(1) + q)x(1) =0, 0<a<t<b, l <a<2,

m—2 4.21)
x(a)=0, x(b)= gl Yix(m,),

where ¢(t) € C([a, b],R), Dgf denotes the Hilfer fractional derivative of order a and type 8 (0<8<1),
and vy;, n; are defined as (1.15). If (4.21) has a nontrivial continuous solution, then

b () 1
ds > — - — 4.22
fa 4O = R 60 “2
where
A _ hm [2(0_1) +B(2_a)]2((1—1)+ﬂ(2—w) _ [z(a,_1)+ﬂ(2_a)]2(w—1)+ﬁ(2—a)
sl A (@—1)"a—1482-a)]* B2 (h—a)* "

b—aq)! " 1)
0b)=lim 0(b)= o)

(b_a)l—(Z—a/)(l—ﬁ)_ Z;Z_[z ,yi(ni_a)l—&—a)(l—ﬁ) '

Proof. Taking p—1 in the right-hand side of inequality (4.14), it follows

lim 2(a - 1)+ B2 - )" PO (@)p!
=1 A1+ 3752 :0(b) max {ar~, b1
RG] 1
A 1+ 3 00)
Then, by Theorem 4.1, we derive (4.22) from (4.14). Apparently, for a > 0, our results matches the
results of Theorem 3.1 in [20]. O

4.3. Lyapunov-type inequality for BVP (1.8)

In this subsection we will prove a Lyapunov-type inequality for problem (1.8). To state our result,
we set £ = Cla, b] be the Banach space endowed with norm || x|, = maXefqp|x(?)|.
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Theorem 4.2. Suppose that (A,) holds. If the BVP (1.8) has a nontrivial continuous solution x(¢)eE,
where ¢(¢) is a real and continuous function in [a, b], then

[1-Q2-a)1-p)p* 'T(a)
As[1 + R(b) 2057 o]

=

b
f (B — ") g(s)lds > (4.23)

where
Ay = (b — @) max {B(2 — @), @ — 1} max{a”", b}

Proof. By Lemma 4.2, we define the linear operator 7 : E — E as follow:
_ b m=2 b
Tx()= f K(t, )q()x()ds+R (1) ), o f K(&, 9)q(s)x(s)ds, x(D)eCla, ], rela, ],
a i=1 a

thus x(¢)€E is a solution of BVP (1.8) iff x(¢) is a fixed point of the operator 7 on E. Applying
Lemma 4.4 (iii), for any x;, x,€E with t€[a, b], we get

T3, ()~T x(0)]

b m=2 b
< f |K(taS)Q(S)”XI(S)_XZ(S)ldS"‘R(t)ZO'i f IK (&, $)g(s)||lx1(s)—xa(s)lds
a i=1 a

b m=2 b
<[ f K (1, $)g(s)lds+R (D) ) i f IK (&, 9)g(s)lds |l =xalle
a i=1 a

<(bp—a"’) max{B2 — a),a — 1}p' s~
B [1-C-a)(1-p)](a)

Azpl_“ m=2 ’ a-2
i@l RO 2 7l f =) 2lg()ldsllxri 2l

Thus, combined with the Banach’s contraction principle, we deduce that x(¢)€E is a nontrivial
solution of BVP (1.8) iff the inequality expressed in Eq (4.23) holds. Otherwise, (1.8) has a uniqueness
solution x(#)=0. Therefore, we finish the proof of Theorem 4.2. m|

! . b
vt Y] [ @ ateasin-nl

As special cases of Theorem 4.2, we have the following corollaries:
Corollary 4.5. Consider the following Katugampola fractional m-point BVP

PDG x(t) +q(t)x(t) =0, 0 <a<t<b, 1 <a<?2,

m=2 4.24
x(a)=0, 1" PLxOp = ; oix(&), (424

where ¢(7) € C([a, b],R), DS, denotes the Katugampola fractional derivative of order «, and o7, &; are
defined as (1.8). If (4.24) has a nontrivial continuous solution, then

b a—1
[ @ =g > L0

— , (4.25)
M1 +R(b) 3757 0]
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where
A, = (W — &) max{d’, b"},
_ (b - ap)“_l
R(b) = — > —.
(@ — Dp(b? — a)** = T3P (& — a)
Proof. Substituting the value of 8 = 0 in (4.23), we get (4.25) immediately. O

Corollary 4.6. Consider the following Hilfer fractional m-point BVP

DYPx(1) + q)x(1) =0, 0<a<t<b, 1 <a <2,
m-2 (4.26)
x(a)=0, x'(b)= ; oix(&),

where g(t) € C([a, b],R), D denotes the Hilfer fractional derivative of order @ and type 8 (0<8<1),
and o, &; are defined as (1.8). If (4.26) has a nontrivial continuous solution, then

b i [1 -2 -a)1-pB)I()
b— )2 ds > , 4.27
fa 0= gtods > =l .27)

where
Ar= limA; = (b - a) max{f2 - a),a - 1},
p—
A . (b_a)l—(Z—a)(l—/s’)
R(b)=1im R(b)= .
O a1 B0y D= 5 (a0
Proof. Taking p—1 in the both sides of inequality (4.23) gives the desired result (4.27). O

5. Conclusions

In the last decades, the study of Lyapunov-type inequalities of fractional BVPs has received
significant attention from researchers. This increasing interest is motivated by essential applications
of the Lyapunov inequality and the development of the fractional calculus theory. In this study, we
obtained Lyapunov-type inequalities for fractional m-point BVPs in the frame of Hilfer-Katugampola
fractional derivative. In addition, we showed some new properties of the Hilfer-Katugampola fractional
derivative, which play a crucial role in the study of BVPs (1.7) and (1.8). Differing from previous work,
we established that new Lyapunov-type inequalities are based on a more general fractional derivative,
especially in the limit case 8 = Oor 8 = 1 and p — 0" or p — 1, our results can be reduced to
some known results in the literature. Finally, we point out that there is still some work to be done
in the future, such as: discussing the Lyapunov-type inequalities for a nonlinear fractional hybrid
boundary value problems involving Hilfer-Katugampola fractional derivative; studying Lyapunov-type
inequalities for Hilfer-Katugampola fractional p-Laplacian equations, considering the Lyapunov-type
inequalities for fractional Langevin equations, and so on.
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