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LYAPUNOV INEQUALITIES FOR TWO KINDS OF HIGHER-ORDER
MULTI-POINT FRACTIONAL BOUNDARY VALUE PROBLEMS

DEXIANG MA

(Communicated by B. Samet)

Abstract. We obtain Lyapunov inequality and Hartman-Wintner-type inequality for two higher-
order multi-point fractional boundary value problems. The technique of order-reduction and
the properties of Green’s function are important to our results. As applications, we discuss the
eigenvalue problem and the real zeros for Mittag-Leffler function.

1. Introduction

In 1907, Lyapunov [1] established following result.

THEOREM 1.1. Ifthe boundary value problem (BVP for short)
{ Y'(t)+q(0)y(t) =0, a<t<b,
y(a@)=y(b)=0

has a nontrivial solution, where q is a real and continuous function, then

b 4
[ lats)ias > 5. 1)

Inequality (1) is known in literature as Lyapunov inequality. Later, Wintner [2] im-
proved (1) by replacing |g(s)| to g*(s) = max{g(s),0}, i.e., he obtained the following
inequality (known as Lyapunov-type inequality),

b 4
q+(5)d5 > m (2)

In [3], Hartman and Wintner obtained a more general inequality (known as Hartman-

Wintner-type inequality),

/ub(s—a)(b—s)cﬁ(s)ds >b—a. 3)
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Since (s—a)(b—s) < (b;”)z for any s € [a,b], (3) implies (2).

Since the Lyapunov inequality and its generalizations have been found many ap-
plications in the study of oscillation theory, asymptotic theory, estimates for intervals of
disconjugacy and bounds for eigenvalue, there have been many improvements and gen-
eralizations for integer-order (two-order as well as higher-order) BVP have appeared
in literature, and here we omit these detailed conclusions but only refer the reader to
a summary reference [4] given by Tiryaki in 2010, in which research results about
Lyapunov-type inequalities were summarized. Some more recent results about integer-
order BVP, we refer the reader to [5—7] and their references.

Recently, the study of Lyapunov inequality for fractional boundary value problem
(FBVP for short) has begun in which a fractional derivative (Riemann-Liouville deriva-
tive 2" or Caputo derivative 2") is used instead of the classical ordinary derivative
in differential equation. Such work was initiated by Ferreira in 2013 and he firstly ob-
tained a Lyapunov inequality for a FBVP in which the differential equation depends on
the Riemann-Liouville fractional derivative, the main result is as following.

THEOREM 1.2. [8] If a nontrivial continuous solution of FBVP
{ E2'y) (1) +q(t)y(t) =0, a<t<b, 1<v<2,
y(a) =y(b) =0

exists, where q is a real and continuous function, then

/“b l9(s)lds > T() (biayl .

Next in 2014, Ferreira obtained a Lyapunov inequality for a FBVP in which the
differential equation depends on the Caputo fractional derivative, the main result is as
following.

THEOREM 1.3. [9] If a nontrivial continuous solution of FBVP

{ GZ2'y)(1) +q(t)y(1) =0, a<r<b, 1<v<2, @
y(a) =y(b) =0
exists, where q is a real and continuous function, then
b wI(v)
s)|ds > . 5
[ lats)as > i e )

Following [8, 9], some results concerning Lyapunov-type inequalities for frac-
tional boundary value problems appeared, we refer the reader to Jleli and Samet [10]
for a Caputo fractional differential with mixed boundary condition, Jleli, Ragoub and
Samet [11] for a Caputo fractional differential with Robin boundary conditions, Rong
and Bai [12] for a Caputo fractional differential with Caputo fractional boundary con-
ditions, Wang, Liang and Xia [13] fora Caputo fractional differential equation with
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Sturm-liouville boundary conditions, Ferreira [14] for a sequential FBVP, Agarwal and
Ozbekler [15] for a FBVP with a half-linear term, Chidouh and Torresb [16] for a FBVP
with a nonlinear term.

In the above cited works [8—16], we can see that the results are all about lower-
order FBVP. As far as we known, few results appeared for higher-order FBVP. Then in
2015, O’Regan and Samet gave the following result for a higher-order two-point FBVP
with Riemann-Liouville derivative.

THEOREM 1.4. [17] If a nontrivial continuous solution of FBVP

{ E2'y) (1) +q(t)y(1) =0, a<i<b, 3<v<4, ©

y(@)=y'(a)=y"(a) =y"(b) =0
exists, where q is a real and continuous function, then

b T(v)(v—2)"2
[ lawlas > o

The most difficulty in [17] is to prove the maximum value of the Green’s function
corresponding to (6).

Recently, Arifi et al. [18] studied a Lyapunov inequality for the following higher-
order two-point fractional p-Laplacian equation:

{ G270, (§2%)y)(1) +q(1)@p(y)(1) =0, a<1<b, 2<a<3,1<y<2, o

(@) =y'(a) =y (b) =0,(G2%)(a) = (G7y)(b) = 0.

Using the boundary value conditions, (7) is easily transformed to a lower-order problem
in [18].

In a recent paper [19], Cabrera, Sadarangani and Samet gave the following result
for a higher-order multi-point FBVP with Riemann-Liouville derivative.

THEOREM 1.5. [19] Ifthere exists nontrivial solution for
R () +qt)y(t) =0, a<t<b, 2<v<3,
{ y(a)=y'(a) =0,y'(b) = By(&),
where q is a real and continuous function, then

r(v)(v—1)-1!

b
[ lats)ias > .
a _YW-2(} — 4\v—1 B(b—a)~!
(V 2) (b a) (1 + (V—l)(b—a)"*z—ﬁ(é—a)vfl)

As far as we known, [19] is the first paper to get Lyapunov inequality for a higher-
order multi-point FBVP.

For other recent research results about Lyapunov inequality for differential equa-
tion, see [20] and [21].
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Motivated by [8—19], we will study Lyapunov inequality and Hartman-Wintner-
type inequality for

{ C2BY) (1) +q(t)y(r) =0, a<r<b, 2<B<3, )
Y(a)=y'(b) =y(c)=0, a<b, c€la,b]
and
{ CDBY) (1) +q1)y(t) =0, a<t<by, 2<B<3, o)
Y'(a) =y(b1) =y(b2) =0, a < by < by,

where ¢ is a real and continuous function.

Just as mentioned in [9], the classical strategy known so far in literature to get the
Lyapunov inequality for FBVP, which was also used in [§-16] for lower-order FBVP
as well as in [17-19] for higher-order FBVP, is to find the maximum value of a Green’s
function corresponding to the original FBVP. But the strategy is not necessarily valid for
our problem since the Green’s function corresponding to (8) or (9) is too complicated
owning to the higher-order and multi-point. In this paper, we will reform the classical
strategy and avoid getting a complicated Green’s function, but focus on a technique
by which the higher-order multi-point FBVP problem reduce to a low-order two-point
one. Accurate properties for the Green’s function corresponding to a low-order FBVP
are the basis of our paper. By the way, we give a more succinct proof of the result in
[9] as an extra result.

For convenience, we recall some basic concepts on fractional calculus and the
definitions can be found in literature such as [22] and [23].

DEFINITION 1.1. Let o0 > 0 and f be a real function defined on [a,b]. The
Riemann-Liouville fractional integral of order « for f is defined by

1 f; (t—s5)*"1f(s)ds, t € [a,b], o >0,

« _ ) T
720 = {f(t), t€la,b], 0 =0,

where T'(r) is the Gamma Function defined by T'(«t) = [5"t* le~'dt, o> 0.

DEFINITION 1.2. Let o > 0 and f be a real function defined on [a,b]. The
Caputo fractional derivative of order ¢ for f is defined by

(@™ (f"))(0), 1 € [a,b], >0,
G2°N() =
f@), t€la,b], a=0,
where m is the smallest integer greater or equal than o.
REMARK 1.1. For e € N with o > 0, we have $2%f = f(*) and (24P f =
7P £ forany B > 0.

The paper is organized as following. In Section 2, we give some key preliminary
conclusions. Main results are given in Section 3 and we give some applications of our
results in Section 4.
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2. Preliminaries

LEMMA 2.1. [9] y € Cla,b] is a solution of FBVP (4) if and only if y satisfies

the integral equation
b
= [ Gles)ge)y(s)as,

where G(t,s) which is named as the Green’s function of FBVP (4) is continuous on
[a,b] x [a,D] and defined as

t—a v—1 1
1 —2(b—s) (t—s)""", a<s<t<

Gt,5) = e » (10)

TO) | =2 —s) 1, a<t<s<b

LEMMA 2.2. Let
_ g1

1 I—a _ (=) s <t < b,

H(Z,S) _ b—a (hfs) (11)
T(v) | i=e, a<t<s<b

ie., G(t,s) = (b—s)""'H(t,s). Then H(t,s) is continuous on [a,b) x [a,b]; Further-
more, we have
1.

' H(t,s)| = :
2 (t,s)elﬁll,%?x [a,h}‘ ( 7S)| I'(v)

.. b o 2y v% l 2 2 )
i) [, SEI[%HH(HS)WI— ) { S22 2} (denote 2 2|V b= 11151 277 =0);
G ! (V_l)v:l(b a)v—l :

W orcitanFO) 0

v) [P _ (b=a) [y 85 (1=s0)’ _ (1=so)"*! .

) [, SIEII[%HG(I,S)WI = r(j) {70—704—% Vi%}, where sq is the

unique solution of 1 — s> —s>7V(1 —5)""' =0 on (0,1) when v # 2 and sy =0
when v = 2.

Proof. Ttis easy to see H(z,s) is continuous on [a,b) X [a,b].
We prove i). Clearly,

max |H(t,s)| = F(lv) max{(})%“)vfl — =, b;} Vt € [a,b)]. (12)

s€(a,b) @

By (12), we know

max  |H(t,s)| = max max |H(t,s)|
(t,5)€la, ] [a,b] t€la, b]\el[u b - .
= max iy max {(55)"" ~ 55, 5=a )

1 1—a\V=1  1—a t—a | _ 1
_F()max tgl[s)g]{(b—a) —a}’ tgl[i);] b—a}_r(v)'
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For ii), by (12), we have

b . ol
fasfél[%]lH(t,s)ldtz%) max{(f}:)v — }[,Ta}dt

1
= (?(_V‘;) ( 02V : (s 1 —s)ds—|—f21vi2 sds)
_(b=a) (2-vH 25 | 1

0 (Tzv’z +§>~

Next, we prove iii). Firstly, we prove

_ 1 v—1 (t—a) (t—a)(b—1)""!
max 1G(e,5)| = el max { (1)~ - G, I vielabl a3)

For given ¢ € [a,b],

_ 1 _ t—a
P ILED L [~ et > 0 a<s <,
T | - e t<s<b
(b—a)(b—s)>" ’ ’

which means
max [G(4,5)| = ey max {|G(0.)l, G0, 1G(.0)]}
= g max{|G(t,a)|, |G(t,1)|}

_a —a)(b— v—1
= ﬁmax{(i _a)v_l - (b(ia)z)*‘” ([ )}E}iut) }

For convenience, we define two nonnegative and continuous functions g and f as

following,
¢ (t—a)(b—1)"!

g)="—p—— 1 € [a,b];
y— (t_a)
h(t) = (t —a) 1_(b_a)2—w 1 € a,b]
Then,
0 vb—1)2[(a+=9) 1] <0, 1=a+55"
g =
b—a >0, t<at+ 4
S = S S <0, 1>a+(b-a)(v—1)77,
(t—a)* (b—a)y™ <0, t<a+(b—a)(v—l)21_v

Since a+ 24 € [402, b), we get

_ _ 1\l
max g(t)zg(u—i—bva) = =1 (b—a) (14)

t€la,b]
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Since a+ (b —a)(v— l)ﬁ € (a, b], we get
maxh(t):h(aﬂb—a)(v—l)ﬁ):(v—1)%(z—v)(b—a)v4. (15)

t€la,b]

From (14) and (15), we get

max \G(t s)| = max max |G(t,s)|
(t,5)€la,b]x[a,b t€la,b] s€la,b]
1 v—1_ _(=a)  (=a)(b—1)""!
= ma e { (=) gl )
_ 1
= ] 0. )

v—

= iymac{ (=D @ —v)(b-a)!, LD (p—a)'}

v— v— 2
:%max{(v—l) 2, 1}.

We next show max< (v — 1) = v) W(2—v), 1 =1.Infact, let k(t) =1 (2—1), t €
[1,2], it is easy to prove k'(r) < 0 which means that k(#) < k(1) =1 for any 7 € [1,2],
and then we have V(2 —v) <1 since v € (1,2]. Combining (v — 1) lv)z <1, we get
max{(v— 1) 2 lv)zv "(2—v), 1} = 1. Therefore

v—1)""1b—a)!
max Gl(t,s)| =
mgemmxm@‘ (5:9) wI(v)

In the end, we prove iv). When v # 2, by (13), we know

f max G(t,s)|dt = (lv) ff max {(t —a) - ( (t—a) (t—a)lgb—t)V—l }dt

E[ b_a)Z—va —a

= (1;—(3))" fol max{s" ! —s, s(1 —s)""'}ds

= (li__(f))v Jo s P max{1 — s, s>V (1 —s)"" ' }ds.

Let
Ps)=1—-5"=5"(1—-5)""1 se(o,1].

We conclude that @(s) has only one zero point sy on (0,1). In fact, from ¢(0) = 1

and qo(i) = 1 (%)2 " <0, we know the existence of the zero point. The uniqueness
is obvious from 0(0)=1,9(1)=0 and

'(5)=2—v)(v=1)s [+ (1—s)""+25(1 —s)" 2 +s*(1—s)" 3] >0, s€(0,1).
Considering ¢(0) = 1, we have
P max [G(r,5) di = m;”{fo T2 )ds+ [ sl "(l—s)"‘l}ds}

b

s€la,b
—a)’ [ s 53 1—s9)¥ 1—s0)"t!
(v)) { \? 20 : vO) : v+0)l } ’

(16)
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where s is the unique solution of 1 — s>~ —s?"V(1 —s)""! =0 on (0,1).
When v =2, G(z,s) reduces to

Ll a<s <1<

(t—a)(b—s)
b—a

G(t,s) =

and thus [” max |G(t,s)|dr = %, which can be unified in (16) if we choose sy =

s€la,b]
0. O

REMARK 2.1. iii) was already proved in [9]. But our proof is more brief and clear
than that in [9].

3. Main results

THEOREM 3.1. If FBVP (4) has a nontrivial solution, then Lyapunov inequality

b wWI(v)
ds > 17
[ laas > o an
and Hartman-Wintner-type inequality
b
[ =5y gls)ias =) as)

hold.

Proof. Let E = Cla,b] be the Banach space endowed with norm ||y|| = m[a);] [y (2)]-
t€la,
It follows from Lemma 2.1 that a nontrivial solution y to FBVP (4) satisfies the integral

equation
W)= [ G35, 1< ab]
where G(t,s), and the following H (¢,s) are defined as in (10) and (11). Then,
b
()] < /a G(t,5)llq(s)ly(s)|ds, € [a,b]. (19)

On one hand, an application of iii) in Lemma 2.2 for (19) yields

b (v_l)vfl(b_a)vfl b
< G s d = d7
< [, max 1669 llg)ldsly| o lats)ias

which means
VT'(v)

b
/a (s > Z— =1 —ap T
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On the other hand, an application of i) in Lemma 2.2 for (19) yields

Il < [ 1H (@) (0= s)" g (o)l ly(s)ds

< ub max H(t,s)|(b—s5)"""q(s)|ds||y
2, max V)| lg(olas]]

= J2(0—s5)""q(s)lds|lyl,
which means

b
L(b—s)v—1|q(s)|ds>r(v). 0

REMARK 3.1. Lyapunov inequality (17) for FBVP (4) was the main result in [9],
we still state it here only to show that our proof is so brief comparing with the compli-
cate proof in [9]. Most of all, we get a Hartman-Wintner-type inequality (18) for FBVP
(4) which is not in [9].

Following, we denote

sy 52 1— v 1 1+1
o= {d-galtopl oty
(20)

where sy is the unique solution of 1—s># —s3~B(1—5)B~2=00n (0,1) when B #3
and so =0 when § = 3.

THEOREM 3.2. If FBVP (8) has a nontrivial solution, then Lyapunov inequality

/\q Ids/% @21)

and Hartman-Wintner-type inequality

(22)

hold.

Proof. Let E = Cla,b] be the Banach space endowed with norm ||y|| = m[ax] [y (7).

b
Assume that y(¢) is a nontrivial solution to FBVP (8), then we have
{ (EDPy)(1) +q()y(1) =0, a<i<b, 2<P<3

(23)
Y(a)=y(b) =y(c) =0, a<b, c€lab].

By the definition of Caputo fractional derivative, we know (SDBy)(r) = (SDB=1(y)) (1),
thus we rewrite (23) as

{(CDﬁ YN +q@)y(t) =0, a<t<b 1<B—-1<2,

24
()(@) = ()(b) =0. e
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Then from Lemma 2.1 we know
/Gts s)ds, t € [a,b], (25)

where G(t,s), and the following H(z,s) are defined as in (10) and (11) with parameter
v changingto (f —1).
For any 7 € [a,b], since ¢ € [a,b] and y(c) = 0, so integrating (25) from ¢ to 7,

we get
/[/Gus )ds]d

Taking the absolute value of above equality, we get

()] = JL [ Glu,)a()y(s)ds| du

(26)
< J2 [ 121G w,s)lla(s) ds] du .

Now, exchanging integral order for (26), and then an application of iv) in Lemma
2.2, we have

(1) < J2 [ 121G, ) du] |q(s) ds]|
< 2 [ 12 ma 6] sl
_aBIa
= L= I2 la(s) sy,

[ lats)ias> 8 s @7

Exchanging integral order for (26), and then an application of ii) in Lemma 2.2 ,
we have

and thus,

()] < S22 [ 12 1 u,9)] (b = 5)P 2| q(s) ds] |

= 12 [12 1 s)lau] (6~ P2l g(o) sl
12 ma [0 (698 2l
= oo (307 1) 20— 9P 2lg(o)lds

and thus,

(28)

THEOREM 3.3. If FBVP (9) has a nontrivial solution, then Lyapunov inequality

by _
[ lats)as > % 29)
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and Hartman-Wintner-type inequality

(30)

hold.
Proof. Let E = Cla,b;] be the Banach space endowed with norm ||y|| = n[lazg] [y (7).
te|a,by
Assume that y(¢) is a nontrivial solution to FBVP (9), then we have
{(SDﬁy)(t)+q(t)y(t)=0, a<t<by, 2<B<3 an
Y'(a) =y(b1) =y(b2) =0, a < by < by.

From Rolle’s Theorem, there exists b € (by,b,) such that y'(b) = 0. By the definition
of Caputo fractional derivative, we know (SDPy)(r) = (SDB—1(y'))(z), thus we rewrite
(31) as

{ CDPI ) (@) +4a(0)y(t) =0, a<t<b 1<f-1<2, )
()(a) = (/) (b) =0.
Then from Lemma 2.1 we know

/ G(t,5)q(s)y(s)ds, 7 € [a,b)]. (33)

where G(t,s), and the following H (¢,s) are defined as in (10) and (1 1) with parameters
v changing to (8 —1).
For any ¢ € [a,b], since b € [a,b] and y(b;) = 0, so integrating (33) from b; to

t, we get
/ [/ G(u,s)q )ds] du.
by

Taking the absolute value of above equality, we get
()] =1, [ Glu,s)als)v(s)ds] du
b[ b
< I [1216w,s)llg(s) ds] du v

Next, just similar to the proof in Theorem 3.2, we exchange integral order for (34).
Then we firstly apply iv) of Lemma 2.2 to get

/\q (ﬂgl) ; (35)

we secondly apply ii) of Lemma 2.2 to get

(34)

[0 9P lgts)jas > 36)
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Considering a < by < b < by, inequality (35) and (36) still hold if we substitute b
with b, which means we have

& rg-1
[ s> Gt
CREVE rB-1
(b2 =5 2g(s)lds > - O
/a ’ ! (b2~ a) (35275 +1)

REMARK 3.2. If we take ¢ = a in (8), by Theorem 3.2, we can get Lyapunov
inequality and Hartman-Wintner-type inequality for the following higher-order two-
point FBVP,

{(S@ﬁy)(t)Jrq(t)y(t):O, a<t<b, 2<B<3, a7

y(a)=Y'(a) =Y (b) =0.
REMARK 3.3. If we take b; = a in (9), by Theorem 3.3, we can get Lyapunov

inequality and Hartman-Wintner-type inequality for the following higher-order two-
point FBVP,

(38)

{ C2BY) (1) +q(t)y(r) =0, a<r<b, 2<B<3,
y(a@) =y'(a) =y(b) =0.
4. Applications

In this section, we will discuss the eigenvalue problem and the real zeros for
Mittag-Leffler function as applications of our main results.

4.1. Eigenvalue problem

COROLLARY 4.1. If A is an eigenvalue of

{(5@ﬁy)(t)+xy(z)=0, a<t<b, 2<B<3, 39)
Y(a)=y'(b)=y(c) =0, a<b, c€la,b],
then
-1 1 —1
|7L|>%xmax ~N <3_li[;3—23_|_%> ; 40)
If A is an eigenvalue of
{(S@ﬁy)(t)+ly(t):0, a<t<by, 2<B<3, an
Y(a)=y(b1) =y(b2) =0, a < by < by,
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then

M|>Mxmax 1 L ] (42)

(b2 —a)P A (g%ﬁlzﬁjt%)

Proof. Let A be an eigenvalue of FBVP (39) and y, be the eigenfunction corre-
sponding to A. By (21) and (22) in Theoren 3.2, we get

(- 1) (B—Dr(B-1)
Az 2P 2> .,
b—afs (b-aP (52 +4)

which means that (40) holds. Similarly, (42) can be obtained from (29) and (30) in
Theoren 3.3. [

4.2. Real zeros for Mittag-Leffler function

In order to discuss Mittag-Leffler function problem, we first let @ = b; = 0 and
b, =1 in (41), and then we get the following corollary by Corollary 4.1.

COROLLARY 4.2. If A is an eigenvalue of

{(g@ﬁy)(t)my(z):o, 0<r<1, 2<B<3 @)
¥(0) =y'(0) =y(1) =0,
then
| 2| > max F(ﬂA— D (_/3 2[3)4_1) . (44)
B 2
Consider now the two parameter Mittag-Leffler function
o &
Ep,(z) = Em B>0,7>0,z€R. (45)

Obviously, Eg ,(z) > 0 for all z > 0. Hence, the real zeros of Eg,(z), if they exist,
must be negative real numbers. In the following, we will use Corollary 4.2 to obtain an
interval in which the Mittag-Leffler function (45) with 2 < 8 < 3, y = 3 has no real
Zeros.

COROLLARY 4.3. Let 2 < B < 3. Then, the Mittag-Leffler function Eg3(z) has

no real zeros for z € | —max F(ﬁA— b ( (l; | feo
e ,)
i 2
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Proof. We firstly recall some elementary knowledges for eigenvalue problem (43).
By Theorem 1 in [24], the general solution y(r) satisfying the fractional differential
equation in (43) is

¥(t) =AEp (—At") + BtEg o(—At") + C*Eg 5(—At"),
combining the boundary conditions in (43), we get
A=0, B=0, CEg3(—4)=0.

Thus, if there exists a real number A satisfying Eg3(—4) = 0, then 4 must be an
eigenvalue of (43) and the corresponding eigenfunction is given by

y(t) =17Ep 5(—At").

(-1 I'(B)
Now, we suppose Ay € | —max (A ) (3/32(2

,3+

, +oo | satisfying
sy
Eg 3(A0) =0. Then Ay must be negative. From Eg 3(—(—2A0)) =0, we know —249 >0
must be an eigenvalue of (43), thus from Corollary 4.2, we know

rg-1) I'(B)
_AO = max ) 2 ’
= e
hence
o T T(B)

which is a contradiction, and we end the proof. [
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