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ON LINEAR AND NONLINEAR FRACTIONAL
HADAMARD BOUNDARY VALUE PROBLEMS
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(Communicated by Lingju Kong)

Abstract. We establish new Lyapunov-type inequalities for linear Hadamard fractional differ-
ential equations with pointwise boundary conditions. Furthermore, we employ the contraction
mapping principle to obtain the criterion of the existence of a unique solution for a nonlinear
fractional Hadamard type boundary value problem.

1. Introduction
For the second-order linear differential equation
X" +q(t)x=0 on (a,b) (1.1)

with ¢ € C([a,b],R), the following result is known as the Lyapunov inequality, see
[15,2].

THEOREM 1.1. Assume Eq. (1.1) has a nontrivial solution x(t) satisfying x(a) =
x(b) =0 and x(t) # 0 for t € (a,b). Then

b 4
/a g (@O)dr > —. (1.2)

It was first noticed by Wintner [18] and later by several other authors that inequal-
ity (1.2) can be improved by replacing |g(¢)| by g+ (z) :=max{q(z),0}, the nonnegative
part of ¢(¢), to become

b
t)dt > . 1.3
| aar> = (13
The Lyapunov inequality was extended by Hartman [1 1, Chapter XI] to the more gen-
eral equation

(r(t)x') +q(t)x=0, (1.4)
where ¢,r € C([a,b],R) such that r(¢) > 0 for ¢ € [a,b], as follows:
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THEOREM 1.2. Assume Eq. (1.4) has a nontrivial solution x(t) satisfying x(a) =
x(b) =0 and x(t) # 0 for t € (a,b). Then

b 4
/u q (t)dt > 7&? SLdi

These Lyapunov inequalities have been used as an important tool in oscillation,
disconjugacy, control theory, eigenvalue problems, and many other areas of differential
equations. Due to their importance in applications, they have been extended in various
directions by many authors. For more on Lyapunov-type inequalities, we refer the
reader to [5, 6] for the higher order linear case, and [3, 4] for higher order half-linear
case and the references cited therein.

Recently, the fractional differential equations have gained considerable importance
and attention for their applications in many engineering and scientific disciplines as the
mathematical modeling of systems and processes in the fields of physical, mechanics,
chemistry, aerodynamics etc. Due to its useful applications in the boundary value prob-
lems (BVPs), a subsequent search for the Lyapunov-type inequalities has also began in
the direction of fractional calculus. Ferreira first obtained Lyapunov-type inequalities
for fractional differential equations with pointwise boundary conditions (BCs) in [9, 8].
The former is with Riemann-Liouville fractional derivative and the latter is with Ca-
puto fractional derivative. In this paper, without further mention, we let 1 < o <2 and
denote RLDZ&)@ CDZ&x and 7 DY x as the Riemann-Liouville, Caputo and Hadamard
fractional derivative of a function x(z), respectively. We summarize the main results
from [9, &] in the following theorem.

THEOREM 1.3. (a) Consider
Rpe x4 q(1)x=0. (1.5)

Assume q € C([a,b],R) and Eq. (1.5) has a nontrivial solution x(t) satisfying x(a) =
x(b) =0. Then

/ub|q(t)|dt >r(a)(bia)“_l. (1.6)

(b) Consider
D% x+q(t)x=0. (1.7)

Assume q € C([a,b],R) and Eq. (1.7) has a nontrivial solution x(t) satisfying x(a) =
x(b) =0. Then
b Io)a®
t)|dt . 1.8
[ la0lar > o (19)

In [7, Theorem 2.3], the authors improved (1.6) by replacing g(¢) with g (r). Itis
clear when o = 2, the results lead to the classical Lyapunov inequality (1.2). For more
on Lyapunov-type inequalities in the fractional setting, we refer the reader to [7, 12, 17]
and the references cited therein.

It is to be noted that most of the work in the literature regarding Lyapunov-type
inequalities, in the sense of fractional derivative, involves either the Riemann-Liouville
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or the Caputo definition. To the best of our knowledge, there is only one reference
[16], where the authors studied the problem with Hadamard fractional derivative. We
summarize the main results from [16] in the following theorem.

THEOREM 1.4. Consider
Hpe x—q(t)x=0. (1.9)

Assume g € C([a,b],R) and (1.9) has a nontrivial solution x(t) satisfying x(1) =
x(e) =0. Then
¢ [(a)e
— 1.1
[ a0l > e (110)

where A = $[2a—1—\/4(a—1)2+1].

We note that the authors in [16] choose the interval [1,e] instead of a general [a, D]
with a < b in order to avoid some complicated calculations in their proof. In this paper,
we remove the restriction and provide some variation of Lyapunov-type inequalities.
Furthermore, we consider a nonlinear fractional BVP in the form

D% x+ f(1,x(t)) =0, x(a) =0, x(b) =k (1.11)

where f : [a,b] x R — R satisfies a uniform Lipschitz condition with respect to the
second variable, i.e.,
|f(t’x) _f(t’y)| < K‘x_y‘

forall (7,x), (¢,y) € [a,b] xR and K > 0 is the Lipschitz constant. We use the contrac-
tion mapping theorem to establish the existence of a unique solution for BVP (1.11) for
a class of functions f. This result is an extension of Kelly and Peterson [14, Theorem
7.7]. Similar extensions were done by Ferreira [10] for the Riemann-Liouville frac-
tional derivative operator and Ahmed [1] for the Caputo fractional derivative operator.
We believe that our results are new and provide useful supplemental tools in the study
of this type of problems.

This paper is organized as follows. After this introduction, we recall some basic
definitions of fractional calculus and prove some auxiliary lemmas in Section 2. Section
3 contains the main results regarding the Lyapunov-type inequalities and the existence
of a unique solution of the nonlinear BVP (1.11).

2. Background materials and preliminaries

For the convenience of the reader, here we present the necessary definitions and
lemmas from fractional calculus theory in the sense of Hadamard. These results can be
found in the monograph [13].

DEFINITION 2.1. The Hadamard fractional integral of order o > O of a function
x(t) forall # > a > 0 is defined by

1 tro\e 1 x(s)
Hya

Iix=—— In- —=d
att F(a)/a (“s> s O
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where T'(ot) = [57t* 'e~"dt is the gamma function, provided the right side is pointwise
defined on R*.

DEFINITION 2.2. The Hadamard fractional derivative of order o« > 0 of a func-
tion x(z) for all > a > 0 is defined by

1 d\" [t/ t\"oLx(s)
H o

D% x=———|t— In-— d
at” I'(n—o) (tdt> /a<ns> s O

where n = [ o] + 1 with | o] is the integer part of «.

REMARK 2.1. As a basic example, we show for A > —1,
A I 1 n n+A—o
a a F'n+A+1—o) \ dt a

o—m

In particular, HDZ‘+ (lnﬁ) =0, m=1,2,...,n, where n is the smallest integer

greater than or equal to .
In fact, for A > —1,

e (mg)* _ ﬁ (di) [ (M) () L

Introducing the change of variable as u = (In2)/In(%), we obtain from (2.1) that

A n n+iA—o rl
H o 5 _ 1 i i / A1, \n—a—1
Dy (lna> CT(n—a) (tdt) <lna> 0 u(1—u) du

B T(A+1) (ti>"<ln£)n+z_a'

CTn4+A+1—a)\ ar
Hence,
Hog (o I\ T(a+1—m) [ d\"/ t\"™
D (1 —) N LN Pl (1 —) —0 form=1,2,...,n.
a\Mg In+1—m) \ dt 2 orm "

From Definition 2.2 and Remark 2.1, we obtain the following lemma.

LEMMA 2.1. Assume that x € C(a,b) and o > 0. Then the equality (HD;ﬁx) (1)
=0 is valid if and only if

x(r) = ZC,' (lné) _.,

where n= || + 1 with | o] is the integer part of o0 and ¢; €R for i=1,2,...,n are
arbitrary constants.

The proof is straightforward hence omited.
It is well known that for all x(z) € C(a,b), we have <HD2‘+ <Hllf‘+x>> (1) = x(1).
Then using Lemma 2.1, we derive the following law of composition.
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LEMMA 2.2. Assume that x(t) € C(a,b) and o > 0. Then

oa—i

<H1u+ (HDa+x>> (t) = x(1) +i§1 i (lna) )

where n = |a| +1 with |a] is the integer part of o and ¢; € R for i=1,2,...,n are
arbitrary constants.

In the following, we present the Green’s function of fractional BVP in the sense
of Hadamard fractional derivative.

LEMMA 2.3. Assume that h € C(a,b) and 1 < o < 2. Then the unique solution

the BVP
of the u

DY x+h(t)=0, x(a)=x(b)=0 (2.2)
s Y
(1) = / G(1,5)h(s)ds, 2.3)
a
where
l (lnﬁ)ail(ln%)ail (lnz)a 1 a<s<t<b
O~ s ) VXX O,
Glt.s) = (o) 2.4)
9= @) | ) wn s
(lng)a—l ) X X X

Proof. We apply Lemma 2.2 to reduce equation of (2.2) to an equivalent integral
equation

x(1) = —ﬁ/ut <ln§>a_l @ds—i—cl (lné)a_l +c2 (lné)a_z,

for some cy,cr € R. Using the BCs, we have ¢; =0 and

1 b/ b\ h(s)
Cl:W/a <ln;> Tds.

Therefore, the unique solution of BVP (2.2) is

. a1 py(s Int o—1 b oa—1 s
x(1) :_ﬁé (ln§> @ds—!—W/a <ln§) @ds

[ )T my) T et hG)
-y | { e ()

ryo—1 o
L[y ) @4
r () ’

= hG(t,s)h(s)ds.

The proof is complete. []
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LEMMA 2.4. Let G(t,s) be given by (2.4). Then

/ Gtsds\Wa)Jr:)(lng)a. 2.5)

Proof. Using the expression of G(¢,s) in (2.4), it follows that

LbG(t7s)ds: ﬁ lgzzi;zj/b (m%)al%—/ut (mé)al%l. 2.6)

A simple calculation lead to
Int)* ' b a-1 1 a-1
(07)1/ (1n9> ds _ 1 <ln 5) in2. 2.7)
(ln 11) =1 Ja s S o a a

troNelds 1 I\

L) S=glng) @8)
Substituting (2.7) and (2.8) in (2.6) we see that
1 t\o 1 b
/Gts o +1)<ln ) ln?
1 t\e-1 b

<—— In— In—|. 2.9
r(a+1>:‘£§’é][(“a) “t] 29

Define g(r) := (Int )ailln?. Clearly g(a) =g(b) =0 and g(¢) > 0 on (a,b).
By Rolle’s Theorem, there exists t* € (a,b) such that g(+*) = maxg(t) for ¢ € (a,b),
i.e., g(t*) = 0. Note that

and

a—2

%{(a—l)ln?—lni}.

a

o
<
—
-~
=
Il
S~

Using the facts that 1 <o <2and 0<a<s<b,itiseasy to see that g’(r) = 0 only
atr =t* = (ab*~ 1) . Hence g(7) has a unique maximum at ¢* given by

PN e R A
ma g(1) =g )—T(ln5> . (2.10)

Using (2.10) in (2.9) we see that (2.5) holds. O

We define H(z,s) = sG(t,s). Here we prove three properties of the function H
which will be essential to prove our main theorems.

LEMMA 2.5. The function H(t,s) defined above satisfies the following condi-
tions:
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1. H(t,s) >0 on [a,b] X [a,b].
2. maxy(qp H(t,s) = H(s,s).

3. H(s,s) has a unique maximum given by

(n2)*™
SIél[Zl?}g]H(&S) <\/_ \/_> 27 1T (a)

Proof. (1) We define two functions as

t o—1 }l o—1 1
hi(t,s) = (in) (ln_‘) ~ (4" , a<s<t<b;
o—1
(Inf) s

and

It is clear that hy(z,s) > 0. Now, regarding the function /;(z,s), we observe that

ey = B 8Ty

O
a

() mt)e! s\

e (Inb — Ins) * 7 — ~ {lnb— <lna+ 5 )}

(Ing) Ing) a

Note that . Y
Iniln2 Inalnt +Iniln2
Ina+ ”,“>lns(:>—a ”+, 4 2 >Ins
lnz ln;

& lnsln? > lnaln?

Ss>a

and hence £ (¢,s) > 0. This concludes the proof of (1).

(2) To prove max,c(q H(,5) = H(s,s), we only need to differentiate 4 (z,s5) with
respect to ¢ for every fixed s. Then, a similar analysis as discussed in the proof of (1)
shows that 4 (z,s) is a decreasing function of 7 and &, (z,s) is an increasing function
of . We leave the details to the reader.

(3) Let 1
1 [mem2]™
H(s,s) ::h(s):m [ n}i;S] , SElab].

Clearly h(a) = h(b) =0 and h(s) > 0 on (a,b). By Rolle’s Theorem, there exists
s* € (a,b) such that h(s*) = maxh(s) on (a,b), i.e., i'(s*) = 0. Note that

-2
Wi~ & 227" [nab — Ins?
~ sT(a) In® In? '
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Using the facts that 1 < a <2 and 0 < a < s < b, it is easy to see that h'(s) =0 only
at s = s* = vab. Hence h(s) has a unique maximum at s* given by

()"
max h(s) = h(s") = 35= gy

The proof is now complete. [

REMARK 2.2. Recall that G(t,s) = 1H(t,s). Since H(t,s) >0 and s € [a,b] C
R*, we conclude that G(¢,s) > 0 on [a,b] X [a,b].

3. Main results
In this section, we consider the following fractional differential equations
D+x+tq() =0, 0<a<t<hb, 3.1

and
Da+x+q( )x=0, 0<a<t<b, (3.2)

where g € C(a,b); with the Dirichilet BC
x(a) =x(b)=0. (3.3)
We first present a Lyapunov-type inequality for BVP (3.1), (3.3).

THEOREM 3.1. Assume Eq. (3.1) has a nontrivial solution x(t) satisfying (3.3)
and x(t) # 0 on (a,b). Then

4oc lr( )
/q T (3.4)

Proof. 1t follows from Lemma 2.3 with A(t) = tq(r)x(¢) that a solution to the
fractional BVP (3.1), (3.3) satisfies the integral equation

b
x(t):/sG(ts ds—/Hts x(s)ds.
Without any loss of generaity we may assume x(z) > 0 on (a,b).

Define m = max;e, 5 x(¢). Using Lemma 2.5 and the facts that 0 < x(t) <m and
x(t) Zm on [a,b] and ¢g(t) < g+ (1), we have

b b
m<m [ H(5)g (s)ds <m [ H(s9g4(5)ds < i lr / g (s

Cancelling m from both sides we see that (3.4) holds. [J
Next we present another Lyapunov-type inequality for BVP (3.2), (3.3).
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THEOREM 3.2. Assume Eq. (3.2) has a nontrivial solution x(t) satisfying (3.3)
and x(t) # 0 on (a,b). Then

q+(t 4a 'T(a)
/ (in b)a T (3.5
() :
Proof. We define p(t) = for 0 <a <t <b. Then p(t) € C([a,b],R) and is

well-defined. Hence BVP (3.2), (3 3) becomes
Hp Y x+q(t)x=0, x(a)=x(b)=0. (3.6)

Applying Theorem 3.1 for BVP (3.6) we have

4T
/p lb)al

Substituting p(r) we see that the conclusion follows. [

REMARK 3.1. We note that, for o0 = 2, RLDZ&x = CDS@x = x". This is why in-
equalities (1.6) and (1.7) reduces to the classical Lyapunov-type inequality (1.2). How-
ever, the same does not hold for H D2‘+x. In fact, From Definition 2.2, it is clear that

o =2 implies D‘ﬁx = 12x" . Hence equations (3.1) and (3.2) becomes
!
txX'+qt)x=0, 0<a<rtr<b,

and
2 +q(t)x=0, 0<a<r<b,

respectively. In this case, we obtain a variation of the classical case from (3.4) and
(3.9).

The following corollary is immediate from Theorems 3.1 and 3.2.

COROLLARY 3.1. (a) Assume

4(1 11"( )
/ I+ 1 b)a AN
Then BVP (3.1), (3.3) has only the trivial solution.
(b) Assume
q+(t 4a 'T(a)
/ 1 b)a 1°

Then BVP (3.2), (3.3) has only the trivial solution.
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Now we extend the result of [14, Theorem 7.7] to the fractional Hadamard case.
We consider the following nonlinear BVP
Do x+ f(1,x(t)) =0, x(a) =0, x(b) =k, (3.7)

for some k € R.

THEOREM 3.3. Assume f : [a,b] x R — R is continuous and satisfies a uniform
Lipschitz condition with respect to the second variable on [a,b] x R with Lipschitz
constant K ; that is

|f(2,x1) = f(t,x2)] < K|xy — xa], (3.8)
forall (t,x1),(t,x2) € [a,b] xR. If
b 0OT(o+1)]@
ln(a> < [71((&_ l)al} (3.9)

then BVP (3.7) has a unique solution on [a,b).

Proof. Let 2 be the Banach space of continuous functions defined on [a,b] with
norm
[x[l = max [x(z)].
t€la.b]

[

By Lemma 2.3, x(¢) is a solution of BVP (3.7) if and only if x(r) satisfies the
following integral equation

C(mE\
0=k ) / G(t,5)f(s,x(s))ds.

Define the operator T :  — A by

_ (0@
Tx(t)=k <ln(§)

Then T is completely continuous. We claim that 7 has a unique fixed point in %. In
fact, for any xj,x; € %, we have

a—1
) + /  Glt,5) £ (5.x(5))ds.

b
|Tx1 (1) = T (1) < /u G(2,5)|1f (5,1 (5) = £ (5,22(5)))|ds.

Since, G(t,s) > 0 on [a,b] x [a,b] and f satisfies (3.8), we have

b b
|Tx1(t)—Tx2(t)\<K/a G(t,s)|x1(s)—xz(s)|ds<K||x1—x2|\/a G(t,5)ds.

From Lemma 2.4 it follows that

( o— l)a—l

o*T(a+1)
where we have used (3.9). Hence T is a contraction mapping on % . By the contraction
mapping theorem we get the desired result. []

b\ o
ITx1(t) = Txo(1)| < K (n2) T —xall <[ x|l
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