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We establish new Lyapunov-type inequalities for the following conformable fractional boundary value problem (BVP): Tqu(t) +
qtu(t) =0, a <t <b, u(a) = u'(a) = u'(a) = u' (b) = 0, where T is the conformable fractional derivative of order a € (3, 4]
and q is a real-valued continuous function. Some applications to the corresponding eigenvalue problem are discussed.

1. Introduction

In [1], Lyapunov proved that if the boundary value problem
BVP

W' ) +qu)=0, a<t<b, "
1
u(a)=u®) =0,

where g : [a,b] — R, has a nontrivial continuous solution,
then

b 4 )
L |q(r)|dr>b_a. (2)
Moreover, the constant 4 in (2) is sharp (see [2]).

We emphasize that the above inequality has been proved
to be very useful in the study of various problems related
to differential equations; see, for instance, [2-5] and the
references therein.

Many researchers have studied generalizations and exten-
sions of Lyapunov’s inequality.

In [6], Wintner improved inequality (2) and obtained the
following version:

b 4
j 4 (dr> 2, 3)

where g*(r) = max{q(r), 0}.

In [2], Hartamn generalized inequality (2) as follows:
b
J (b-r)(r-a)q (r)dr>b-a. (4)

In the frame of fractional differential equations, Ferreira
(see [7]) proved a Lyapunov-type inequality for the Caputo
fractional BVP

“Dou®)+qt)u()=0, a<t<b l<as<? “
u(a)=u®)=0.

where g is a real and continuous function.
He showed that if a nontrivial continuous solution to the
above problem exists, then

bf—a)“_l . (6)

In [8], the same author investigated a Lyapunov-type inequal-
ity for the Riemann-Liouville fractional BVP

Lb |q (r)l dr > T'(«) <

Diu(t)+q)u(t)=0, a<t<b l<a<2

(7)
u(a)=u(®)=0.

He proved that if (7) has a nontrivial continuous solution,
then

(xa

[(a-1)(b-a)*"

b
J lg ()| dr >T () (8)
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For definitions and properties of Caputo fractional deriva-
tives and Riemann-Liouville fractional, we refer the reader to
[9,10].

Observe that inequalities (6) and (8) lead to Lyapunov’s
classical inequality (2) when a = 2.

Recently, Khalil et al. [11] introduced a new definition of a
fractional derivative called conformable fractional derivative
(see Definition 1). This derivative is much easier to handle, is
well-behaved, and obeys the Leibniz rule and chain rule [12].

In short time, this new fractional derivative definition
has attracted many researchers. In [13], Chung used the
conformable fractional derivative and integral to discuss
fractional Newtonian mechanics.

In [14], the authors proved a generalized Lyapunov-type
inequality for a conformable BVP of order 1 < « < 2. They
have established that if the BVP

Tou®)+qHu(t) =0, a<t<b l<a<2

)
u(@ =u®) =0,

where T} is the conformable derivative of order « € (1,2],
has a nontrivial continuous solution, then
fo

b
L la (@) dr> (a-1)(b-a))*"

For other generalizations and extensions of the classical
Lyapunov’s inequality, we refer the reader to [2, 5,15-23] and
the references therein.

In this paper, we establish new Hartman-type and Lya-
punov-type inequalities for the following conformable frac-
tional BVP:

Tou)+qHu(t) =0, a<t<b 3<a<4

(04

(10)

(11)
u@=u @=u"@=u"®=0

where T, is the conformable derivative starting at a of order
3 < « < 4and gisareal-valued continuous function on [a, b].
Some applications to the corresponding eigenvalue problem
are discussed. The obtained results are new in the context of
conformable fractional derivatives.

The outline of the paper is as follows. In Section 2, we
recall and collect basic properties on conformable derivatives.
This allows us to construct Greens function of the corre-
sponding linear problem. Some properties of this Green’s
function are established. In Section 3, we state and prove our
main results. Some applications are discussed.

2. Preliminaries on Conformable Derivatives

In this section, we recall some basic definitions and lemmas,
which will be very useful to state our results.

Definition 1 (see [11, 12]). For a given function A : [a,00) —
R, the conformable fractional derivative of h of order a €
(0, 1] is defined by
h(t+e(t-a)'™)-h()
a _1:
Toh(®) = lim, " ’ (12)

forall t > a.
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If a = 0, we write T,. If Tyh(t) exists on (a,b), then
define T h(a) = lim,__,+Toh(t). The geometric and physical
interpretation of the conformable fractional derivatives was
given in Zhao [24].

Remark 2. (i) Let 0 < « < 1 and h be differentiable function
att > a, and then

Teh(t) = (t—a) *H (t). 13)

(ii) For h(t) = 2Vt - a, we have T} ,h(t) = 1, forall t > a.
Therefore T' ,h(a) = 1, but h is not differentiable at a.

Some important properties for the conformable frac-
tional derivative given in [11, 12] are as follows.

Theorem 3. Let o € (0,1] and f, g be a-differentiable at a
point t, and then

(i) To(Af + ug) = AT (f) + uTa(g), forall A, y € R.

(ii) Ty ((s — a)!)(t) = u(t — a)*™*, for allt > a and y € R.

(iii) To(f9) = fTo(9) + gTL(f).

(i) T*(f/g) = (FT*(9) - gT(F)/ "

(v) Assume further that the function g is defined in the
range of f, and then for all t witht # a and g(t) # 0, one
has the following Chain Rule:

TS (fog) ) =Tif (g() Teg®).(g®)*"  (14)

The following conformable fractional derivatives of cer-
tain functions [11] are worth noting:

@) Te((1/a)(t - a)*) = 1.

(i) Ty (sin(1/a)(t — a)*) = cos(1/x)(t — a)™.
(iii) T (cos(1/a)(t — a)*) = —sin(1/a)(t — a)®.
(iv) Tg(e(l/a)(t—u)“) = =)

Definition 4 (see [11,12]). Letn < « < n+landh: [a,00) —
R be a function such that 4™ (¢) exists. The conformable
fractional derivative of h of order « is defined by

Teh(t) = (T;h(")) (t), for whichy=a-n. (15)

Definition 5 (see [11, 12]). Letn < o < n + 1. The fractional
integral of a function 4 : [a,00) — R of order « is defined
by

(I°h) (t) = % Jt (t-9)"(s-a) " hi(s)ds. (16)
Lemma 6 (see [11,12]). Let & € (n,n + 1].

(i) If h is continuous on [a, 00), then

Ty (I;h) (t) = h(t), forallt>a. 17)

(ii) Toh(t) = 0 if and only if h(t) = ZZ:O Gt - a)k,
where ¢, € R, fork=10,1,...,n.

(iii) If Ty h is continuous on [a, 00), then, for t > a,
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L(Teh) () =h®) +cq+c(t—a)+-+¢,(t-a)", (18)

where ¢, € R, fork =0,1,...,n.
Lemma 7. Let o € (3,4] and h € C([a, b]). Then the BVP

Tou(t)=-h(t), a<t<b,

(19)
u@=u @=u"@=u"®=0,
admits a solution u € C ([a,b],R) if and only if
b
u(t) = J G (t,s) h(s)ds, (20)

where G(t, s) is Green’s function defined as

Gmgzé@—m*4

3
%(b_s)—(t—sf, a<s<t<b, (D)
—a
— 3 —
%(bs), a<t<s<b.
—a

Proof. Using Lemma 6 and Definition 5, we deduce that u €
C([a, b],R) is a solution of problem (19) if and only if

u(t)=¢ +¢ (t—a)+ca(t—a)2+c3(t—a)3
1 t 3 ad (22)
—gL(t—s) (s—a)" " h(s)ds,

where (¢, ¢, 6, ¢3) € R*.
This, together with the boundary conditions, implies ¢, =
¢ =¢ =0and

1 Jb -
b-s)(s—a)" " h(s)ds. (23)

ST 6-a) .

Hence

u@)=———L——Jba—af(b—sﬂs—af%h(ﬂds
6(b-a)la
—é_E(t—sf(s—ay*4h@)dg (24)
b
= J G (t,s)h(s)ds,
where G(t, s) is given in (21). O

Lemma 8. Let o € (3,4]. The following property is satisfied by
Green’s function (21): For any (t, s) in [a, b] x [a,b],

0<G(t,s) <G(b,s)

1 ., (25)
= g(s—a)“ b-s)2b-a-s).

Proof. Fix s in [a, b]. By differentiating G(t, s) with respect to
t, we obtain

@G@Q:%@—m*4

(t-a)’(b-5s)

) —(t—s)z, a<s<t<b, (26)
-a
— 2 —
%’ a<t£s<b
-a

Hencea <t < s < b, and we have

vt (t=0a)’ (b-5) S

- 0, (27

0,G(t,s) = % (s—a)

and fora < s <t < b, we have

2
@G@Q:%@—mw%gl%%glﬂ—a—gﬁ

2 b-a (28)

(=) (maeay]

Using the fact that ((b—s)/(b—a)) and (b—a)(t-s)/(b—s)(t—a)
are in [0, 1], we deduce that

a
=1“_mmdbwf®—ﬂb

0,G(t,s) >0, fora<s<t<bh. (29)
So, the function t — G(¢, s) is nondecreasing on [a, b]. This
implies that

0=G(a,s) <G(t,s) <G(bs),
(30)
(t,s) € [a,b] X [a,b].

The proof is completed. O

3. Main Results

Theorem 9 (Hartman-type inequality). Assume that the BVP
(11) has a nontrivial continuous solution; then

b
J (s—a)* (b-s)2b-a-s) lg(s)|ds=6. (D)

Proof. Let « € (3,4], a,b ¢ Rwitha < band g ¢
C ([a,b],R).

Consider the Banach space C([a,b],R), equipped with
the uniform norm |Jull, = SUP;¢[ap] [u(t)].

Assume that problem (11) has a nontrivial solution u €
C([a,b], R).

By (20), we have

b
u(t) = J G(t,s)q(s)u(s)ds, telab]. (32)

a



Note that since u is nontrivial, then g cannot be the zero
function on [a,b]. This, with Lemma 8, implies, for all ¢ €

[a,b],

b
()] < j G(t,9) |q ()| lu(s)] ds
(33)

b
< o (j G(.9)]q0) ds) .

Therefore
b
lulloo < llutll oo (J G (b,9)|q(s)] d5>- (34)

Now, since [u| o, # 0, then we deduce that

b
1< (J G(b,s) |q(s)|ds> , (35)
where

G(b,s) = é(s—a)“_3 (b-s)2b-a-s), o)

for s € [a,b].
The proof is completed. O

Corollary 10. Assume that the BVP (11) has a nontrivial
continuous solution; then

(37)

b 3
J (s—a)* 2 (b-ys) g (s)|ds > T
Proof. The property follows from Theorem 9 and the fact

2b-a-s)<2(b-a), forselab]. (38)
O

Theorem 11 (Lyapunov-type inequality). Assume that the
BVP (11) has a nontrivial continuous solution; then

3(a—2)*2
(“ _ 3)a—3 (b _ a)oc—l .

b
J lq(s)|ds > (39)

Proof. From Corollary 10, we have

(40)

>

b
L @(s)|g(s)|ds > -

where ¢(s) = (s —a)* (b -s), s € [a,b].
By simple computation, one can check that

max ¢ (s) = <M>
canf=e a-2

- (41)
= (a-3)"7 <b_—“) :

oa—2

This fact with (40) gives the required result. O
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Corollary 12. If A is an eigenvalue to the fractional BVP

Tu®)+Au(t)=0, 0<t<l1,
(42)
u@=u 0 =u"0=4"1)=0,
then
N zed@-D@-2) (43)
o +2
Proof. By using Theorem 9, we obtain
1
Al I S“P1-5)@2-s)ds>6. (44)
0
Now, by simple computation, we have
1
a3 oa+2
1-s5)2-s)ds= ———. 45
J, < a-9@-9ds= Lt @
This gives inequality (43). O

Corollary13. Let 3 < a < 4 and q € C ([0, 1], R), such that

! 3(a—2)*"2
r)|dr < —————. 46
L laldr < = — (46)
Then the fractional BVP
Tau()+q)u(t)=0, 0<t<]1,
(47)
u(0) =u'(0)=u"(0)=u" (1) =0,
has no nontrivial solution.
Proof. The assertion follows from Theorem 11. O
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