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RECENT RESULTS ON FRACTIONAL
LYAPUNOV-TYPE INEQUALITIES: A SURVEY

SoTIRIS K. NTOUYAS*, BASHIR AHMAD AND JESSADA TARIBOON

(Communicated by M. Andric)

Abstract. This survey paper complements to our previous review papers on Lyapunov-type in-
equalities and contains some of the most recent results on these inequalities for fractional bound-
ary value problems involving a variety of fractional derivative operators and boundary conditions.
In precise terms, we have included the results related to Riemann—Liouville, Caputo, mixed
Riemann-Liouville and Caputo, Riesz-Caputo, y -Caputo, Hadamard, Katugampola, Hilfer, y -
Hilfer, proportional, variable order Hadamard, partial, systems of Riemann-Liouville, bi-ordinal
Hilfer-Katugampola, and y -Hilfer fractional derivative operators. The Lyapunov-type inequal-
ities for discrete fractional boundary value problems are also presented.

1. Introduction

Inequalities are found to be a valuable tool in developing many branches of mathe-
matics and handling a variety of problems of applied nature. Among the well-known
inequalities, the Lyapunov’s inequality is of fundamental importance as it has been
successfully applied to establish the theoretical aspects of ordinary and partial differ-
ential equations, difference equations, dynamic equations on time scales, oscillation
theory, disconjugacy, Hamiltonian systems, etc.; for details, see the text [2] and the
references cited therein. Concerning the application of Lyapunov-type inequalities to
eigenvalue problems, we refer the reader to the monograph [37]. For application of
Lyapunov’s inequality in control systems and stability of switched systems, for exam-
ple, see [14, 6] and [18], respectively. The role of generalized Lyapunov inequalities in
studying stochastic linear systems can be found in [5].

Let us recall that Lyapunov’s inequality was firstly proposed and proved by Lya-
punov [30], in which the necessary condition for the problem

{z”(t) +r(t)z(t) =0, y; <t<ys,
z(y1) = z(y2) =0,

to have a nontrivial classical solution was
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During the last few decades, an overwhelming interest has been observed in devel-
oping the subject of fractional calculus. Numerous definitions of fractional derivatives
and integrals were introduced. Accordingly, initial and boundary value problems in-
volving different kinds of fractional differential operators were studied. This develop-
ment motivated many researchers to work on the Lyapunov-type inequalities for frac-
tional order boundary value problems. A fruitful technique for finding Lyapunov-type
inequality for the fractional differential equations is to convert the fractional boundary
value problem (FBVP for short) into an equivalent integral equation and then find the
maximum of the Green’s function involved in it.

Recently, in the survey [31], the Lyapunov-type inequalities for FBVP were dis-
cussed in detail. Here, it is imperative to mention that the survey in [31] is continuation
of the survey papers [32] and [33]. In the present survey, we continue our efforts to col-
lect the most recent results on Lyapunov-type inequalities for FBVP appearing in the
literature after the publication of the surveys [31, 32, 33]. Precisely, a comprehensive
and up-to-date review of Lyapunov-type inequalities for boundary value problems in-
volving different kinds of fractional derivative operators and boundary conditions will
be described.

The rest of the paper is organized as follows. We present Lyapunov-type inequal-
ities for the problems containing fractional derivative due to Riemann-Liouville in
Section 2, Caputo in Section 3, Riemann—Liouville and Caputo (mixed) in Section 4,
Riesz-Caputo in Section 5, y-Caputo in Section 6, Hadamard in Section 7, Katugam-
pola in Section 8, and Hilfer in Section 9. The Lyapunov-type inequalities for pro-
portional, variable order Hadamard type, and partial fractional derivative operators are
respectively discussed in Sections 10, 11 and 12. Section 13 deals with Lyapunov-type
inequalities for systems of Riemann-Liouville fractional differential equations, while
Lyapunov-type inequalities for bi-ordinal Hilfer-Katugampola and y -Hilfer fractional
derivative operators are described in Section 14. In Section 15, we present Lyapunov-
type inequalities for a discrete FBVP. We present all the results on Lyapunov-type in-
equalities without proofs. However, a complete reference for the details of each result
elaborated in this survey is mentioned for the convenience of the reader.

2. Lyapunov-type inequalities for FBVP involving
Riemann-Liouville fractional derivative

Let us first recall some basic definitions [22, 38].

DEFINITION 1. The left and right Riemann-Liouville fractional integrals Ifl . and

Iyi_ of order { > 0 for a function g € L;[y;,y] are respectively defined by

X

(1 9)(x) = % [0 tetnar,
0000 = gy [ 00 gty
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where I'({) is the Euler Gamma function given by I'({) = / 1" e'dr and
0

(Iy,-8)(x) = (1}, 4 8) (x) = g (x)-

DEFINITION 2. The left and right Riemann-Liouville fractional derivatives DyC1 .8

and Dycz_g of order { € (n— 1,n], where g,g" € Li[y1,y,], are respectively defined
by

dN\", d\", -
(D500 = () o)) and (D5 )0) = (- ) (1 S0 .
DEFINITION 3. The left and right Caputo fractional derivatives CDcl g and

CDyCz_g of order { € (n— 1,n] for a function g € AC"[y;,y2] are respectively given
by
(D5 18)(x) = (I D"9)(x) and (D, g)(x) = (~1)"(1, “D'g)(x).

In 2019, Y. Wang and Q. Wang [50] considered the following multi-point FBVP:

DS 2(t) +r(0)2(t) =0, yi <t <yy, 2< (<3

, ﬁ+1 m—2 8 (l)
1) =2Z(1)=0, D) z(y) =Y, 6D (&),
i=1

where DC \+ denotes the standard Riemann-Liouville fractional derivative operator of
order C, §>ﬁ+2 0<B<1 <& <& <. <Ea<ym 6,20 (i=

1,2,...,m—2), 0< 0;(&—y1)s P! (C—B—l)(yz—yl)c‘ﬁ‘2 and r: [y1,y2]
— R is a continuous functlon

LEMMA 1. A function z € C([y1,y2],R) is a solution of the FBVP (1) if and only
if z satisfies the integral equation

V2 vy ,m=2
)= [ Glt,5)r(s)z(s)ds + T (1) / ( S 6, H(z,s)r(s )z(s))ds,
Y1 1 i=1
where
v &1y, — )E-B-2
t s _
1 ( y(l) _ (y)zcﬁ)2 _(t_s)c la Y1<S<l‘<)’2a
G(I,S) = F(C) ( y)2§ 1')21 )C B 2
t—y1)° Yy —s)"F-
y(g;z_yly)ZC*sz ) Y1<I<S<)’2a
t—v )6 B-1(y, — s)6—B-2
1 ( yl() — ()C2ﬁ 2 (Z_S)C_B_17 VI <SSy,
H(Z,S) - 2 yll ,
') (t_yl)ifﬁ (y2 — )C B- PR
(yz—yl)c ) VSIS,
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—y)%!
T(t) = (t=y1) , 1>a.

(C=B=D—y) P2 26 e

LEMMA 2. The function G(t,s) defined in Lemma 1 satisfies the properties:
(i)  G(t,s) =0, forall (t,5) € [y1,y2] X [y1,y2];
(ii)  G(t,s) is non-decreasing with respect to the first variable;
(i) 0<G(31.5) < Glt.) € Gm) = s b2 =952 =)' -
02571, (1,9) € il < vl
(iv)  Forany s € [y1,y2],

B+1 (C B— 2) A n—y)E!
-1 IN(9
LEMMA 3. The function H(t,s) defined in Lemma 1 satisfies the properties:
(i) H(t,s) 20, forall (t,s) € [y1,y2] X [y1,y2]s

(i) H(t,s) is non-decreasing with respect to the first variable;

max G(yz,s) =
s€[yr.ya] 02,5) = C—l

1
(”l) 0 SH(yl,s) <H(t7s) gH(y%s) = —(y2_s)€7ﬁi2(s_yl)7 ([,S) € [ylayﬂ

I'(¢)
x [y, y2];
. _ o (E=B=2)F2 yy—y \EB-L
(ZV) sEm[y?,);z]H(y27S)_H(y27s )_ I‘*(C) (C_ﬁ_l) ’
where s* = g:g:?)’ﬁ- C—}i—lyz

Now, we are ready to give the Lyapunov-type inequality for the FBVP (1).

THEOREM 1. Ifa continuous nontrivial solution to the FBVP (1) exists, then

V2 m—2
/ (Y2—S)€7B72{(y2—>’1)ﬁ+1 — (2= )P Y 6T (v2) (s —y1) | [r(s)]ds = T(Q),
=1

Y1

and

where

Q:ﬁ‘Fl(C ﬁ 2) ﬁ+1(

o1\ 1

ol goaf Y2—y1 ¢ B!
+i=21 0T (»)({-B-2)"F 2<m> .
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In 2022, Dhar and Neugebauer [8] studied the FBVP:

DS, 2(1) + r()z(t) =0, yi <1<y,

B 2)
Z(yl) = 07 Dy1+Z(y2) = O,

where § € (1,2], B €[0,§—1], Dyg1 + Dfl -+ are Riemann-Liouville derivative opera-
tors of orders ¢ and f3, respectively, and r € C([y1,y2],R).
LEMMA 4. A function z € C([y1,y2],R) is a solution to the FBVP (2) if and only
if it satisfies the integral equation:
2
o) = / G(1,5)r(s)2(s)ds,
¥

1

where G(t,s) is the Green’s functions given by

(t—y1)* 'y —s)s 1P

_(t_s)éila Y1<S<I<)’27

1 (y2—y1)s 1B
G(t,s) = ——
L) ) t—y) (2 —s)c1 P
) MSESSKY
(Y2—y1)€7lfﬁ : ?

LEMMA 5. The Green’s function G(t,s), defined in Lemma 4, satisfies the prop-
erties:

(1) G(t,s) =0 forall (t,s) € [y1,y2] X [y1,y2];
(2) maxcly, y] G(t,5) < G(s,s) for s € [y1,y2];

(C—Dya+(E—1-B)y given by

(3) G(s,s) has a unique maximum at 5 =

20-2-P
R 2 s [ (e VA S A B AN S )
G(S’S)_F(C)( zc—lz—ﬁ ) (m) ;
" (-t ;
@ A Glt,s)ds < (g_ﬁ)cr(ﬁ+l)(y2—y1) )

Now, we present a Lyapunov-type inequality for the FBVP (2).

THEOREM 2. [fthe FBVP (2) has a nontrivial continuous solution z € C([y1,y2],R)
and z(t) #0 on (y1,y2), where q is a real and continuous function defined on [y1,y],

then

where ry(s) = max{r(s),0}.
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REMARK 1. The FBVP (2) has no nontrivial solution if

2 —2-B - —2 Py
/y1 r+(s)ds<F(C)(%> 1(%) o

In 2023, Eloe et al. considered in [10] the (n, p)-type nonlinear FBVP:

{ DS . 2(t) +L(1)F(t) =0, yi <1 <y, .

Y1) =0, i=0,1,....n=2, DI z(y) =0,

where y; >y, { € (n—1,n], n>2 is aninteger, p € [0, — 1] and D(')Jr denotes the
Riemann-Liouville derivative operator, £ € C([y;,y2],R) and F : [y1,y2] — [y1,¥2]-

LEMMA 6. Let x € C([y1,¥2],R), € € (n—1,n], where n > 2 denotes an integer,
and p € [0, —1]. Then, z € C([y1,y2],R) is a solution to the FBVP:

{D§+dﬂ+wﬁ)=0,y1<t<yL @)
Y1) =0, i=0,1,...,n—=2, DI z(y) =0,
if and only if
z2(t) = /y?z Ge(t,5)x(s)ds,
where
R R Gt T —(t=5)", yi<s<t<y,
Gé(l,s)zﬁ (yzgtyj3C7p71 -1
(2—5)>"""(t—=y1) , y1 <s <t <y,
(y2 —y1)é—r!

ifp<{—1,and

Golt.s) 1 [e—y) T ——5)" yi<s<i<
,S) =
: () (t—y)*", VISSSIS

fp=C0—1
Now, we find the bounds for the Green’s function G¢(t,s) for three cases:
M 1<{<2,and0<p<L—1;
) 2<f,and 0K p<1;
M 2<,and 1<p< 1.

LEMMA 7. Assumethat 1 < { <2 and 0 < p < {—1. Then, the Green’s function
defined in Lemma 6 has the properties:
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(i) Gc(twy) > 07forall I,s € [,V17)J2};

(i) max Ge(t,s) = Ge(s,s)

t€lyy,y2]
- (2 =) P (s —y1)¢!
1 5 VSE[,VIJQL lfp<C_17
N
o) - |
(S_yl) 5 VSE[,Vh)’ﬂ» lfp:C_l,

(iti) max Gg(s,s)

s€[y1.y2]
1 [ {—p—1&p1p (-1 &1
(C)[(C 1) — ] [m] . ifp<{-—1,
-t
. (yCl)) ' if p=C—1.

LEMMA 8. Assume that 2 < § and 0 < p < { — 1. Then, the Green’s function
defined in Lemma 6 has the properties:

(i) Gelt,s) >0, forall 1,5 € [y, ya):

-1

N ¢-p
and D = (—yz o ) R
Y2—n

—nD

(ii) max Gg(t,s) = Gg(s*,s), where s* =
2y Felhs) = Gelss)

—p— —p—1 _
(2 =y) P ey P (1= )5

(iti) max Gg(s*,s)= , where @ , is the uni-

s 1)\ 62
‘6[)’17}’2] F(C)<1_w§pp l)
que solution of the nonlinear equation:
2{—p-3
=5 p {-p-1
—(2- ) —0,
O¢p ( -1 @t -1

in the interval (0, [(2— gli l) (25’_;2_3)} Cgﬁl) c (0,1).

LEMMA 9. Assume that 2 < { and 1 < p < { — 1. Then, the Green’s function
defined in Lemma 6 has the properties:

(i) Ge(t,s) =0, forallt,s € [y,y2];
(”) Gc(tas) g Gé(yZaS) for I,s¢c [}’Ia}’ﬂ;

(2=1) ¢t
(iii) max Gg(y2,$) = ——=—.
B £ (4
We need the following assumptions to obtain Lyapunov-type inequalities for the

FBVP (3):
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(A1) F :Cly1,y2] — Cly1,y2] and there exists n > 0, independent of z such that, if
Y € Clyi,yal, then [[Fyllee < 7lylles;

(Az) le C([yl,yz]JR).

THEOREM 3. Assume that (A1) and (Az) hold. Then, for 1 < { <2 and 0 <
p < § — 1, the estimate

') {2(4—1)—pr—l’—1[2(§—1)—p]¢—1< 1 )C—l
ntf-p-1 - Y2 =1
implies that the FBVP (3) has only the trivial solution z(t) = 0.

V2
/ l6(s)|ds <
Y1

THEOREM 4. Let 2 < § and 0 < p < 1. If (Ay) and (A;) hold, then the estimate

{—p—1 -2
Q1 -a5” )

/ |0(s)|ds < C—7 -

" N2 —y)srtay P (1w ,)¢ !

implies that the FBVP (3) has only the trivial solution z(t) = 0, where @; , is the
unique solution of the nonlinear equation:

2ops ( p {—p—1_

o ——1) —0,
(0] + -1 w+ -1
(S

_ £ -
in the interval <O,[<2— Clil>(2c§_p2_3>} TP 1).

THEOREM 5. Suppose that (A}) and (Ay) holdand 1 < p < §—1 with 2 < §.
Then, the estimate
')

V2
Ks ds<7
A ) (Y2—}’1)€’171

implies that the FBVP (3) has only the trivial solution z(t) = 0.

In [42], Silva studied the following FBVP with (left) Riemann-Liouville fractional
derivative operator:

{<D§1+z><t> + (D r2)(1) =0, 1€ [y, )
z(y1) =z2(2) =0,

with 0 < y; <y, £ €(1,2), B€(0,—1) and r: [y1,y2] — R is a continuous func-
tion.

LEMMA 10. Let 1 < { <2, 0< B < {—1 and r € C([y1,y2],R). Then, the
integral solution z of FBVP (5) is

) = / " G, )r(s)2(s)ds,

Y1
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where the Green’s function G(t,s) is defined by

v )1y g CB-1
( yl()yz_(y?) 5) ’ v <t <s <y,
G(t,s) = ==~
) F _ _ g 1 _ ; B 1
C=B) ) yl)yz—(ﬁﬁs? — (=) P mi<s<e<n.

LEMMA 11. Forany (t,s) € [y1,y2] X [v1,y2], the maximum value of the Green’s

function defined in Lemma 10 is given by

mn 6031= 1z (s p3) (ropoa) e

I,SE[yl 7)72]
with £ € (1,2) and B € (0,§ —1).
In the following theorem, we give a Lyapunov-type inequality for the FBVP (5).

THEOREM 6. Let z be a nontrivial continuous solution to the FBVP (5), then

¥ T(§ =)y —y)' P4
|r(s)|ds > ~ —.
/yl <2C§:Blfz>§ 1<2C§1%112>§ -

3. Lyapunov-type inequalities for FBVP involving
Caputo fractional derivative operator

n [46], Toprakseven studied the Liouville-Caputo type FBVP:

{CDi+z<>+ H0)z(t) =0, 2< £ <3, y1 <t <y, ©
z(y1) = z2(y3) =z2(02) =0, y1 <y3 <2,

where CDC .+ 1s the Liouville-Caputo derivative and r € C([y1,y2], R).

LEMMA 12. Let { = B+ 1€ (2,3] with B € (1,2]. Then, z € C*[y1,y2] is a
solution to the FBVP (6) if and only if z is a solution of the integral equation

)= [ (] 6.5 plo)ztsds, i€ byl 2 € bayal

where the Green’s function G(t,s) is given by

l’_
all (2 —8)2—(t—5)°2 x; <s<r<x,

-2 X <t <s <.
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We now present Hartman-Wintner-type inequalities for the FBVP (6).

THEOREM 7. If the FBVP (6) has a solution z(t) Z 0 for t € (y1,y3)U (y3,2),
then one of the following Hartman-Wintner-type inequalities holds:

(4) /yz(s—m(yz—S)C’zr—(S)ds>F(C—1)(6—1)7

y1

B) [ =302 =9 i (s)ds > T = D(E - 1),

y1

(©) /yl”<s—y1><yz—s><*2rf<s>ds+ i

>T(E-D(E-1),
where r_(s) = max{—r(s),0} and ry(s) = max{r(s),0}.

V2

(s =y1)(v2 =) re(s)ds

As the first consequence of Theorem 7, we have the following Lyapunov-type
inequalities.

COROLLARY 1. Ifthe problem (6) has a nontrivial solution, then one of the fol-
lowing Lyapunov-type inequalities holds:

» M- D= (- 15!
N e v = =

ME 1 D(E 17!
(2) ‘/yl r+( )dS> (y2—y1)C 1(€ 2) )

» M- (- DE!
O f, s [ rovis > S e

Consequently, we get

2 N(E-D(-DE-—1!
/yl |r(s)|ds > T =T =

As a second consequence of Theorem 7, we find a lower bound for the eigenvalues
of the FBVP considered in the next corollary.
COROLLARY 2. If A is an eigenvalue of the FBVP:
D§,2(t) +A2(t) =0, t€[yl. € (2.3,
z(y1) =z2(y3) =2002) =0, y1<y3 <y2,

et ST
— D) I(C—1
M|> (yz—y1)§ '




FRACTIONAL LYAPUNOV-TYPE INEQUALITIES: A SURVEY 119

In [44], Srivastava et al. studied the FBVP:

CDE(t) +r(1)z(t)) =0, yi <t <y, 1<{<2,
z(y1) —did (y1) = e[z, @)
2(v2) — da? (v2) = e2®[2],

where

i = [ a0da), o = [ 0dB0),

Y1 Y1

are the Riemann-Stieltjes integrals, A, B are functions of bounded variations, and dj,
dy, ey, and e) are nonnegative real constants.

In the subsequent results, we use the notation: A = A;A4 + AxA3, where A =
1 —61‘{’[1} ,AM=d|+e; (‘P[f] —y2‘{’[1]) ,Az=1 —ezq)[l] , A=y —y1—d> —ez(CI)[f] —
y2®[1]), and

wi = [ aa@), \P[ﬂ:/”sz(z), @[1]:/”@(:), @[f]:/”tdg(t),

D) = [ =) daw), o) = [ (-9 apl).

LEMMA 13. The unique solution z € C(y1,y2) NL(y1,y2) of the FBVP (7) is given
by the integral equation

Z(r) = ylyz G(t,5)r(s)z(s)ds,

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

G(t,s) = Gi(1,5)+ Ga(t,s),

with
Gi(t,s) = /U“I(C) 61(—/14+/13(f—y1))fA(S)—62(/12+/11(l—y1))13(s)]7
Galt.9) = 7y 02— 2 (),

and

(A2t Ai(t—=y1)(y2—s—do(E— 1))
H(t,s) = —A(t—5)5" (y2 —5)> 75, y<s<t <y,
(At —y1)y2—s—da(E— 1)), »<t<s<y.

Next, we obtain the upper estimates on the Green’s function to obtain a Lyapunov-
type inequality for the FBVP (7).
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LEMMA 14. (i) Let ] € (o,ﬁ), e € (0,@) and ). > 0. Then

(y2—5)¢2
AT(E)
ex(y2 —y1)®[1](d1 +y2—y1)}, y1 <5t <y

Gi(t,5)] < max{e; (y2 —y1)¥[1](d1 +e2(y2 —y1)@[1]),

(ii) Let 1 —eW[1] >0, 1 —e;®[1] >0, A >0, Ay —y1 —d2(§—1)) > Ay. Then, for
yv1 < s,t < y2, we have

(y2—5)572 max{ M+ M2 —y1—da(—1)]* (A+Mdr(§—1))? }

t3) < 0 v ) 10

THEOREM 8. Let 1 —eP[1] >0, 1 —e;®[1] >0, A >0, A(y2—y —da(§ —
1)) = Ay. If a continuous nontrivial solution of the FBVP (7) exists, then

" —5)72|r(s)|ds LF(C)
[ =9l > £

where
Ar = max{(y2 —y1)e1¥[1](d2 +e2(y2 —y1)®[1]), (y2 — y1)e2®[1](d1 +y2 —y1) },

Path(y2—y1=da(§ = D) (A +hdar(E— 1))2}
47 ’ 47 '

Ay = max{

In [24], Laadjal and Ma discussed Lyapunov-type inequalities for the Langevin
type boundary value problems:

{ pf . <CD§1+ —|—)L>z(t) FrOz(t) =0, w1 <1<y,

®)
z(y1) =z(y2) =0,
and
CD€1+(CDyCﬁ*')L)Z(I)*'r(I)Z(I)=0a Y1 <t <y, ©)

Z(yl) =0= CD;/I+Z(y2)7

where (either 0 < <1 or 1<f<2),0<{, y<1, A €R, suchthat 1 < f3+
{<2and y<B, CDEI . CDyCI . and “D! . respectively denote the Liouville-Caputo
fractional derivative operators of order 3, { and y, and r: [y;,y2] — R is a continuous
function.

We consider two cases according to the values of f: i) 0<f <1 and (i) 1<
B < 2. Ineach case, we discuss the problems (8) and (9). By using the Green’s function
and its properties for each problem, we obtain the Lyapunov-type inequalities.
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3.1. Discussion of FBVP (8) for the case 0 < 3 < 1

LEMMA 15. Assume that 0 < 8 < 1. A function z € C([y1,y2],R) is a solution to
the FBVP (8) if and only if it satisfies the integral equation

o) = / " Gyt 5)s)ds + / " Gy pt,5)r(s)a(s)ds,

where
t—y1\p _ _
1 ( Y > ()’2_5)6 1—([—5‘)5 la Y1<S<I<)’27
G(S(t S)_ Y2 =1
re) (t_yl )B()Q—S)B*l VISISSS»
Y2 =i ' '

with 8 € {B,C +B).

LEMMA 16. For 0 < f <1, the functions Gg, 6 € {B,{+ P}, definedin Lemma
15, satisfy the properties:

; 2 _ (2—y)f
o [ 16ale.0)lds = 5

) (G4 B— 1) (ya—yn)|EHB18
(i) max Geep ) = g P Ir(C + )

In consequence, we express the Lyapunov-type inequality for the FBVP (8) as
follows.

THEOREM 9. Assume that 0 < 8 < 1. If a continuous nontrivial solution to the
FBVP (8) exists, then

»2 (B+2B-1PP-ID(+B+1) A (v2 —y1)P
[ rolas > e e (- g )

3.1.1. Discussion of FBVP (9) for the case 0 < < 1

LEMMA 17. Assume that 0 < 8 < 1. A function z € C([y1,y2],R) is a solution to
the FBVP (9) if and only if it satisfies the integral equation

Y2

w0y =[2G s)z(s)ds+ [ (2 — )BT 1G(1, 5)r(s)z(s)ds,

Y1 Y1

where

(B—7)(t—y)P
~ 1 (y2—y1)PY
FB+1 ) (B—y)(t—y)P

(y2—y1)PY

2 —s)P T = Br—s)P7L, yi<s<t <y,

()’2—5)[377/71, Vi<t <s<y2,
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and
T(B+1-y)(t—y)P
D(B+1D(E+B —y)(y2a—y1)PY
(t—s5)stP-1
D(E+B)(ya—s)sHhr-t
TB+1-y)(—y)’
LB+ 1D+ B —y) (2 —y1)P~7

G(t,s) = Y <s <<y,

VI STE<Ss< ).

LEMMA 18. For 0 < B < 1, the functions G and G defined in Lemma 17 satisfy
the properties:

. 2 = 2(y2—y1)P
(i) Foranyt € |y1,y2], / G(t,s)|ds < ——;
yeebiyl [ 160l < T
(ii) max |G(t,s)| =C, where
1.5€[y1.y2]

B F(B+1-y)
€ = Gz =y max{ e gy

(1-¢) <r(ﬁ+ 1 —y)F(§+B_y)> cop
Br(C+B) I(¢+B—y)T(B)

In relation to the FBVP (9), we have the following Lyapunov-type inequality.

,mmc<1} (10)

THEOREM 10. Assume that 0 < 8 < 1. If a continuous nontrivial solution to the
FBVP (9) exists, then

V2 o 1 2|14 (v2 —yl)B

where C is given in (10).

3.2. Discussion of FBVP (8) for the case 1 < 3 <2

LEMMA 19. Assume that 1 < 8 < 2. A function z € C*([y1,y2],R) is a solution
to the FBVP (8) if and only if it satisfies the integral equation

w0)= [ AGs(t,5)2(s)ds + vyz Gisp(t,)r(s)2(s)ds,

y1 1

where
I—y1 _ _
1 Y (y2_s)6 1—([—5‘)5 la Y1<S<I<)’27
Gg(t S): Y2—)1
@) | Lzn (y2—s)%71, y1 <t <s<ys,
»2—=V1

with 8 € {B,C + B}
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LEMMA 20. For 1 < <2, the functions Gg,8 € {B,{+ B}, defined in Lemma
19, satisfy the properties:

2 B
(l) Forany re [.))17)}2]7 we have /}:j |GB(Z,S)|dS: %;
i [(C+B—1)(y2—y1)]sP!
. (o)

The Lyapunov-type inequality for the FBVP (8) is given in the following result.

THEOREM 11. Assume that 1 < 3 < 2. If a continuous nontrivial solution to the
FBVP (8) exists, then

» CEBPCEB) 1 22—y
[ rolas> e e (- STy

3.2.1. Discussion of FBVP (9) for the case 1 < 3 <2

LEMMA 21. Assume that 1 < 8 <2. A function z € C*([y1,y2],R) is a solution
to the FBVP (9) if and only if

2(t) = . AG1(t,5)z(s)ds + / " (y2— )5 B11Go (1,5)r(5)z(s)ds,

N i
where
F2-y)@—x») YRR U
Gi(t,s) = F(ﬁ_m(”_yl)l_y(z ? F(B)(t 7 i Ss<t<y,
F(Z(E ;)}/J)’z(t—_yyll))” 02 =57, v <t <s <y,
and
F2—y)(—y) B (1 — )5 +B-1
Galt,s) = CC+B—7)2—y1)'" T(E+B)(yr—s)ctBr-1 yi<s<t <y,
’ rR-y)—y)
L(C+B 1) (2 —yi) 7 v <t <s<y

LEMMA 22. Let 1 < B < 2. The functions G| and G, defined in the previous
lemma, satisfy the properties:

(i) Foranyt € [y1,y2], we have

(ii) max |G2(t s)|=C,
1,5€[y1,)2]




124 S. K. NTOUYAS, B. AHMAD AND J. TARIBOON
where C = C (C is defined by (10) with 1 < B < 2).

Now, we state the Lyapunov-type inequality for the FBVP (9) as follows.

THEOREM 12. Assume that 1 < 3 < 2. If a nontrivial continuous solution to the
FBVP (9) on [y1,y2] exists, then

V2 By 1 r2-y) 1
[ 2= B s > G (11210030 (o + EE )

4. Lyapunov-type inequalities for FBVP involving mixed Riemann-Liouville
and Caputo fractional derivatives

In 2022, Liu and Li [26] studied the FBVP:

D D5 z(t) +r(0)z(t) =0, yi <1 <ya, 0
2y2) =0, pzlyr) =D, _z(n),

where 0< <P <L, 1<l+P <2, py<Oand p#0, CDﬁJr denotes the left Caputo

Vi
derivative operator of order f3, Dycz, denotes the right Riemann-Liouville derivative

operator of order § and r € C([y1,y2],R).

LEMMA 23. A function z € C([y1,y2],R) is a solution to the FBVP (11) if and

only if
2

() = /y G(t,5)r(s)z(s)ds,

1

where G(t,s) is the Green’s functions given by

_NE
[t
1 = [Ca-n -9 s, N <sSTSIS
G(t,s) = TOTE !
(Or(B) —n¢ o,
V2 ’
—/ (t—0)" (1t —s)Pldr, yi <s<tr < Ty,
. o ()’2—)’1)€ Y

LEMMA 24. The Green’s function G(t,s) given in Lemma 23 satisfies the prop-
erty:
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|G(t,s5)]

(BnT(14¢))¢+P-!
T(OTB)E+B—1)(E+B)5P (ya—y1)

(2 =y) P 1B+ ) — (C+B—1)(v2—y1)%)
LEOra+ora+p)(e+p—1n ’

fOV 1,5 € [)’17)’2] X [}’b}’z}-

(cfl)(§+ﬁ71)’ (y2_yl)c >_%BF(€)7

~

(2 —y1)¢ < —LBI(Q),

Now, we are ready to present the Lyapunov-type inequality for problem (11).

THEOREM 13. Ifthe FBVP (11) has a nontrivial solution z € C([y1,y2],R), where
r is a real and continuous function in [yy,y2|, then

/y Ir(s)lds

L(ET(B)(E +B —1)(E+B)HP(yy —y) e~ DEHA-D
(BnT(1+ )51
LOr(+Hra+p)(E+p-1n
(2 —)FF BT+ ) — (C 4B~ Dz —y)8)’

L 2-w)f > —LBT(),

WV

(2 =y1)¢ > —LBT(L).

5. Lyapunov-type inequalities for Riesz-Caputo fractional derivative

In this section, we present Lyapunov-type inequalities for the Riesz-Caputo type
FBVP. Unlike the other fractional operators, the salient feature of the Riesz-Caputo
fractional derivative operator is that it uses both left and right fractional derivatives
possessing nonlocal memory effects. This property of the Riesz-Caputo derivative is
important in the mathematical modeling of physical processes on a finite domain when
the present states depend both on the past and future memory effects.

DEFINITION 4. [22] The Riesz fractional integral of a function g € C([y1,y2],R)
of order { > 0 is defined as

15s0) = 5z [ =l s0ds = 5 (10 +u60). 1 € vl

where IyC1 and ,,/ ¢ are the left and right Riemann-Liouville fractional integral operators
of order § > 0.

DEFINITION 5. [22] The Riesz-Caputo fractional derivative of a function g €
C""([y1,y2],R) of order { € (n,n+1], n € N, is defined as

1 Y2 n_t (n
“Ds() = mrgy [, e s
1 n

= 3 (“D§ 8+ (—11 5,0 (0)),
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where CDyCI g(t) and yCzDC are respectively the left and right Riemann-Liouville frac-
tional derivative operators of order { > 0.
In [47], Toprakseven et al. studied the anti-periodic FBVP:

RCDE ,2(t) + r(t)z(t)
Zn)+2(y) =0=2z

0, Ce(L,2], yi<t<y,

/() +2(02), (12

where RCDQ .+ 18 the Riesz-Caputo fractional derivative operator of order ¢ >0 and
re C([)’l;)’Z] R).

LEMMA 25. Let 1 < <2 and r: [y1,y2] — R be a continuous function. Then,
z is a solution to the boundary value problem (12) if and only if z is the solution to the
integral equation
2
) = [ 02 =95 26(9)r(s)2(s)ds,
i

where G(t,s) is the Green’s function given by

1 - - Y2=MN
(t=5) =8 F = =, i <s<r<yy,
Gy — 4 TO A1)
b 1 _
AN DAY R S R ) i<
ZF(C)(S t) (y2 S) 4F(C_1)7 yl\t\s\y2~

LEMMA 26. The Green'’s function G(t,s) given in Lemma 25 is such that

B=8)2—y)
arg)

Now, we are ready to state the Lyapunov inequality for the FBVP (12).

|G(t,5)| < 1 <t,5 <y

THEOREM 14. Let 1 < { <2 and r: [y1,y2] — R be a continuous function. If
there exists a nonzero solution to the FBVP (12), then

" — )5 72|r(s)|ds —4F(§)
[, b o> gy

As an application of the above Lyapunov-type inequality, we find a bound on the
eigenvalues of a FBVP.

COROLLARY 3. Let § € (1,2]. If a nonzero solution exists for the fractional
boundary value problem:

RCDE (1) +Az(r) = 0, y1 <1<y,
2(y1) +z2(y2) =0=2"(y1) +7(»2),

4(€ - DI(S)

then the eigenvalue A € R is such that |A| > ———+—>"—.
(B=8)2—y)¢
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6. Lyapunov-type inequalities for FBVP involving y -Caputo
fractional derivative

Let [y1,y2], 0 <y} < yz < e, be an interval and y : [y,y2] — R be a function
such that y/(r) > 0 for every ¢ € [y1,y2].

DEFINITION 6. [22] The y-Riemann-Liouville fractional integral of order { >0
for an integrable function g : [y;,y2] — R with respect to the function y : [y;,y2] — R
is defined by

EYe) = g | W00~ W) e(0)ds

DEFINITION 7. [4] Let n € N and y,g € C"([y1,¥2],R). The y-Caputo frac-
tional derivative of order { for the function z is defined by

Cniw oty L dyn
Dy1+g(t)_1y1+ (W/(t) dl) g(S),

with n=[{]+1 for { ¢ N and n= ¢ for { € N, where [{] denotes the largest integer
less than or equal to (.

A Lyapunov-type inequality was obtained in 2022 by Rezapour el al. [40] for a
thermostat control model involving generalized y -operators given by

{CDwz(w +K(t,2(t)) =0, y1 <t <y, (13)

CDWz(y)) =0, z(&)+u DS We(y,) =0,

where ¢ € (1,2], & € (y1,y2), u >0 and D'V = W,l(t) %, which is the generalized v -

Caputo derivative of order one, K : [y1,y2] x R — R is a continuous function and €D":¥
denotes the generalized y-Caputo fractional derivative of order y € {1,{,{ —1}.

LEMMA 27. Let § € (1,2], & € (y1,y2), >0 and o € C([y1,y2],R). A function
z€ C([y1,y2],R) is a solution to the linear thermostat W -model:

(14)

DSV (1) + (1) =0, t € [y1,y2],
CDWz(y) =0, 2(&)+u D Wz(y;) =0,

if it satisfies the integral equation
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where

—wi(s)S1 —w(s)é!

(w() F(llg N (W(i)r(lg) ) Fi v <s<minfEr),
—wi(s)S1

Gylt,s) = (W(g)rlg)( ) +u, y<r<s<é,

—wi(s))S!

—%w, E<s<t<m,

u, max{&,r} <s <y

LEMMA 28. The Green’s function defined in the above lemma has the properties:

. . _ (W(yz)—w(é))g_l
(i) i Gylts)=- ()

+ U5

i max Gy(t,s) =u+ ;
(i) | max Gylt,s)=u (o)

2 - ¢
I R e e

(w(r2) —w(£)*
T(B+1)

A Lyapunov-type inequality for the thermostat control y-model (13) is now pre-
sented.

+u(y(y2) —win)),

— 1(wl2) =y (3)) }, for each 1 € yn.ya].

THEOREM 15. Assume that:

(A) There exist ¢ : [y1,y2] — R and a positive, concave and non-decreasing function
QR — R such that |K(t,z)| <|0(t)||Q(z)] for each t € [y1,y2] and z € R.

IFy' ()0 (-) € L'[y1,y2] and the fractional thermostat control y -model (13) has a non-
trivial solution z € C([y1,y2],R), then

W (5)]0(5)\ds
1

> min { re) re©) ) Ll
Z M T O T W(E) v W) - wE)E T ar 0] (]
s (‘I/(yz);(léf)(f))g_l7 then

S rl

[ veeolas> e S e

As an example we can state the existence and uniqueness result for thermostat
control y-model (13).
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THEOREM 16. Assume that:

(B) There exist ¢ : [y1,y2] — [0,00) such that |K(t,z) — K(t,x)| < ¢(t)|z— x|, for each
(t,), (t,x) € [y1,y2] x R.

If w € C'[y1,y2], ¢ € L'y1,y2] and

101121y, )

1
< —/mln
v

{ ') ') }
ML)+ (w(&) —wy)e ! |(w(y2) —w(&))s ! —ur(E) )

then the fractional thermostat control Y -model (13) has a unique solution.
In 2022, Long [27] studied the boundary value problem:

{CDny}{Z(t)+r(f)Z(’) =0, 1€y,
z(y1) =0, z(y2) =0,

15)

where 1 < ¢ <2, v € C'([y1,y2],R), CDycl’f is the y-Caputo fractional derivative
operator of order § and r: [y;,y2] — R is a continuous function.

LEMMA 29. A function z € C([y1,y2],R) is a solution to the FBVP (15) if and

only if
2(1) = ﬁ y;ZG(I,S)[w(yz) — ()] (5)r(s)z(s)ds,

where G(t,s) is the Green’s function given by

w(t) —w) _( v~ v(s) )H VISS<ESy
) s X ~X )

G(t,s) = w(2)—vw)  \wln)—w(s
R BOE s
v(y2) —w(n))’ VISISSS»M

Now, we present a Lyapunov-type inequality for the FBVP (15).

THEOREM 17. If 7 is a nontrivial solution to the FBVP (15), then

[ w62~ w0 ©)lrs)lds > T(E)

i
7. Lyapunov-type inequalities for Hadamard-type FBVP

Let z: (y1,y2) — R, where 0 <y; <y, < oo. Define the space AC§[y1,y>] as
/) n— d
AC3[y1,y2] = {z: v1,y2] = R|8"'2(r) € AC[y1,y2], & :tE}’

where AC[yi,y2] denotes the space of all absolutely continuous real valued functions
on [y1,y2].
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DEFINITION 8. ([22, 3]) The left-sided Hadamard fractional integral of order { >
0 for a function g : [y;,y2] — R is defined by

"1 o) = g [ (08 0

provided that the integral exists.

DEFINITION 9. ([22, 3]) Let { >0, n=[{]+ 1. The left-side Hadamard frac-
tional derivative of order § for a function g : [y;,y2] — R is defined by

HDyCIJrg(f) = ﬁ(f%yl/yi (1112)”7&;718(5)%7

provided that the integral exists.

In 2022, Zhang et al. [54] established Lyapunov-type inequalities for a fractional
Langevin-type equation involving Caputo-Hadamard fractional derivative subject to
mixed boundary conditions:

¢DP (GDE L+ p()2(t) + r{0)z(t) =0, 0 <y <1<y, »

21) = §D5, ,z) =0, z(y2) =0,

where § DY . denotes the Caputo-Hadamard fractional derivative of order k € {, B},
0<B<1<{<2 and p,r € C([y1,y2],R).

LEMMA 30. A function z € C([y1,y2],R) is a solution to the FBVP (16) if and
only if it satisfies the integral equation:

Z(t) = /y2 Gi(t,5)r(s)z(s)ds + /y2 G (t,s)p(s)z(s)ds,

Y1 Y1

where G| (t,s) and Gy(t,s) are Green’s functions given by

In(z B+E-1 1\B+E-1
M<ln2> —<1H—> ) O<y1<3<l<y2»
N

1 In(y2/y1) \ s
Gl(tvg):i
ST(B+Q) | In(t/y1) [, y2)B+é-1

Infe/yi) () v 0<yi<r<s<y,
ln(y2/y1)<ns> , <1 S Y2

and
| -1 ¢-1

Golt5) = y2/¥1

Q) | e/ (3261

0< | St <s< .
In(y2/y1) \ s TISESERY

LEMMA 31. The Green’s function G1(t,s) defined in Lemma 30 satisfies the prop-
erties:
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(i) G(t,s) is nonnegative continuous function in [y1,y2] X [y1,¥2]

B+¢-1
(ii) Gi(t,s) < % Sforany (t,s) € [y1,y2] X [y1,¥2].

In the following theorem, we present the Lyapunov-type inequality for the FBVP (16).

THEOREM 18. Ifthe FBVP (16) has a nontrivial continuous solution z € C([y1,y2],R),
where r is a real and continuous function in [y1,y2], then

(I7(s)| + |p(s)|)ds > |
1 p . (ln(yz/yl))ﬁ (€ 1)5*1

/y2 yi(In(y2/y1))' ¢
y

Zhang et al. [54] also established Lyapunov-type inequalities for the fractional p-
Laplacian Langevin-type equation involving Caputo-Hadamard fractional derivatives
subject to mixed boundary conditions:

{ Dy, Op[( D), 1+ u()z(0)] +r(1)9p(2()) = 0, 0<y1 <t <y, 0

2y) =§DY L z2(y1) =0, z(y2) =§DI  2(y2) =0,

where ISD;CI  denotes the Caputo-Hadamard fractional derivative of order x € {y,n},
I<y<l1,n<2,and u,r € C([y1,y2],R).

1 1
LEMMA 32. Let —+ — =1, then a function z € C([y1,y2],R) is a solution to the
P 4
FBVP (17) if and only if

V.

w0 = [ Gt s)uls)z(s)ds — / " Glt,9)0y /

Y1 Y1 Y1

Y2

H(s,7)r(1)0, (z(r))dr) ds,
where the kernel functions G(t,s) and H(t,s) are given by

nie/n) (1,2

! l— lll—t ! 0< <s<r <
b yl\s\ \y27
1 1 ) ( )
(Z,S) Il(yz/yl) N N

sU(y) | In@/y1) (1ny—2 )H

O<)’1<l<s<)’2»

In(y2/y1) s
and
1 n—1 n—1
| %(ln%2 ~(m2)", o<m<s<i<y,
H([,S): Y2/y1

tl'(n) M(]n”)"*l 0<y <t<s< .

In(y2/y1)\ s
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THEOREM 19. Ifthe FBVP (17) has a nontrivial continuous solution z € Clyy,y2],
where r is a real and continuous function in [yy,y2), then either

v y1y"I(y)
/y1 u(s)lds > [(y— 1) In(yz/y1)]"="

or

/y r(s)ds

- {YW’T(Y)—[(Y—l)ln()’z/)’l)]y L |u()\d5} yin"T(n)
- (2 =yD)[(€ = DIn(yz/y)]r! [(n = 1) In(yz/y1)]""!

8. Lyapunov-type inequalities for FBVP involving
Katugampola fractional derivative

Let us first define the Katugampola fractional integral and derivative operators.

DEFINITION 10. [21]Let £ >0, p > 0 and —e < y; < y, < o. The left-sided
and right-sided Katugampola integrals of fractional order { are respectively defined for

geLll(y1,y2), p>1,as

-8 pr p—1
1280 = Ty | et

3 B pl & m Tp_l
Iyzgg(t) - F(C) /[ (Tp _tp)l—Cg(T)dT'

DEFINITION 11. [21] Let £ >0, p >0, n=[{]+1, 0<y; <t <y; <oo. The

left-sided and right-sided Katugampola derivatives of fractional order { are respec-
tively defined for g € LP(y1,y2), p > 1, as

—p d\" -t
DAl = (1P ) L Pe(0),

—pd\" -,
DL (1) = (=12 ) 1 Pg).

In [29], Lupinska considered the boundary value problem:

{D§li<>+ H0)2(t) =0, y1 <t <y, 1<< .
) =2 (n) =

where Dyclﬁ denotes the Katugampola fractional derivative of order { and r: [y;,y2] —
R is a continuous function.
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LEMMA 33. The function z € C([y1,y2],R) is a solution to the FBVP (18) if and
only if
V2
Z(t) = G(t,5)r(s)z(s)ds,

Y1

where the Green’s function G(t,s) is given by

~¢
e (y2 yl) (1 =, n<I<s <,
1Y _ yz_sp
G(l7S):mSp 1 0 0 ¢
— 2—
(F=22) - = =), m<s<i<m
Yy =

LEMMA 34. The function G(t,s) defined in Lemma 33 satisfies the properties:

(l) G(I,S) 2 Oforall e [,Vld’ﬂ» NES [ylay2];

1=-{(P
(ii) max G(t,s) = G(s,s) < M

_ )62
e re o )

Now, we state the Lyapunov-type inequality for the FBVP (18).

THEOREM 20. If a continuous nontrivial solution to the FBVP (18) exists, where
r is a real and continuous function, then

V2
168 = s P)E R r(s)lds > ————+
/)’1 2 Pl‘c(yg—yl)

COROLLARY 4. The FBVP (18) has no nontrivial solution if

2 o - (9]
/};l Sp l(yg—sp)C 2|V(S)|ds<m.

COROLLARY 5. If A is an eigenvalue of the boundary value problem:

DA A(t) +Az(1) =0, yi <t <yy, 1<{<2
z(y1) =7 (y2) =0,

then

1> - r©)(52)"
2

1
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9. Lyapunov-type inequalities for FBVP involving Hilfer fractional derivative

DEFINITION 12. [13] Let y;,y2 € R, £ >0, 0< B <1 and choose n € N such
that n — 1 < § < n. The Hilfer-type fractional derivative of order { and type f8 of a
function g : [y;,y2] — R is defined by

(DSPg) (1) = ("D 1 =90-Pe) 1), > i,

dn
if the right-hand side exists. Here D" = yT denotes the classical n'-order differential

operator.

In [16], Jonnalagadda established the Lyapunov-type inequalities for the FBVPs
involving the Hilfer fractional differential operators:

(DS 2)(1) +r(0)z(t) =0, yi <t <ya,

190D (v) = m(DE O Py () =0, (19)
(1302 (32) + p(DED Py () =0,

and
(D52) (1) +r(0)z(t) =0, y1 <1 <,

IO )+ (20 ) = 0, (20)

DI P50 + (0P P2 () =0,

where I,m,n, p are constants such that > +m? >0 and n> +p*> >0, r: [y;,y2] — R is

a continuous function, Dgﬁ denotes the Hilfer fractional derivative operator of order
1 < <2andtype 0 < B <1 and D denotes the first order differential operator.

LEMMA 35. If mn+Ip+In(y, —y1) # 0, then the unique solution of the FBVP (19)
is given by

Z(r) = . G(t,5)r(s)z(s)ds, y1 <t <y,

y1

where
G (t <t ,
G(I,S): 1(7S)7 i <s <y
G2(t7s)7 y1<l<5<)’2»
with -1
(t—s)°"
G = Gy(t,s ,
and

Ga(t,s) = (1 —y1)~ @ 0=B) (5, — 5)7BC=0)
M —y)+m(E—14 B2~ C))]n(y2—5) +p(1 -2B+ )]
[mn+1p+In(y, —y)IT(2 -2+ EBT(2— (2-O)(1-B))
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LEMMA 36. The unique solution of the FBVP (20) is given by

V2 _

(1) = G(t,5)r(s)z(s)ds, y1 <t <y,
i
where
G(t 5) = Gl(t,s)7 yi<s<t <y,
e Gi(t,s), y1<t<s<y,
with ) B (t—s)c’l
Gl(l,S)ZGz(t,s)—Wa
and
e | {009
’ 20(1=2B+CA)I(1 - (2-5)(1-P))
_B(2— =y Y2—s y2—)
x(v2 =) P Q[1_(z_c)(1—ﬁ)_1—B(2—C)_ 2

LEMMA 37. Let I,m,n,p >0 with mn—+Ip+In(y,—y1) >0 and

H(t,s) = (t—y1)* 0P (3, —5)PE-OG(1,5)
=) O0B (3 —5)BC=OG (1,5), v <s <t <,
=V (=)@ 0B (3o — )BC-OGo(t,5), 31 <1 <5< yn.
Then

|H(z,s)| < maX{Q,y;(_g)))l }, (t,5) € v1,y2] X 1,y2],

where

[mn+1p+in(y:—y)][L2—-2B+EB)T2—-(2-0)(1-B))
LEMMA 38. Let
H(t,s) = (t —y1) >0 P (y, —5)PE=C)G(1,5)
=) O0B (3 —5)BC=OG (1,5), v <s <t <,
=V (=)@ 0B (3o — )BC-OGo(t,5), 31 <1 <5< yn.

Then
7 y2—y 1 1 1
L e e (o A e oo
(t,5) € [yhyﬂ X [yl,y2]7 where

A=20(1-2B+EB)C(1— 2= &)(1—-B)).

[z —y) +m(E— 1+ B2 C))ln(y2—y1) + p(1 2B+ CB)]

135
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Now, we are in a position to present the Lyapunov-type inequalities for the FBVPs
(19) and (20).

THEOREM 21. Assume that I,m,n,p > 0 and mn+1p+In(y, —y;) > 0. If the
FBVP (19) has a nontrivial solution, then

V2 1
[ =200 = 5P p(o)ls >
Y1

where

A:max{Q,yz_y1 }

(9

THEOREM 22. [fthe FBVP (20) has a nontrivial solution, then
Y 1
/ " (5= 1) EDB) (3, — BED) | p(5)|ds > —,
v S
where
Y2 =1 1 1 11 y2—y
©= + |+ :
A {1—(2—@(1—[3) 1-p(2-¢) 21 I(Z)

Next, we give the Lyapunov-type inequalities for boundary value problems involv-
ing y -Hilfer fractional derivatives.
For y; <y, let us define

HLy,y) ={w e Cy1,y]: ¥/ (t) > 0forallt € [y, 2]}

DEFINITION 13. [43] For { >0, w € H![y;,y2], and g € L'[y;,y»], the frac-
tional integral of a function g with respect to the function y is defined by

1 ! _

15Y80) = o5y [ W60 - w) gl
T

DEFINITION 14. [43] For n—1 < { < n, and g,y € C"[y1,y2] with w/'(t) >0

for all ¢ € [y1,ys], the left-sided y -Hilfer fractional derivative 7 Dycfﬁ’wg of order {
and type 0 < B < 1, is defined as

n—_), 1 d\" (1-B)n

Vit v/(1) dt

In [9], Dien and Nieto considered a nonlinear sequential FBVP in terms of the
generalized y -Hilfer fractional derivatives given by

{(HDC1 v ip2 ey z)(t +g(1,2(1)) =0, y1 <t <y, o

)
2n) =HD§3£3 Va(y2) =0,

where 0 < §<1,0<6<1 (i=1,2,3), {i+ &% > 1 and HDc“B“ stands for the
v -Hilfer fractlonal derivative operator of order ; and type 0 < B, <l1,i=1,2,3.
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LEMMA 39. Let 0< <1, 0< B <1 (i=1,23), si+&>1 and y €
Hl[y,y2]. Let z be a solution to the problem (21). If g(+,z(-)) € L'[y1,y2], then z
is a solution of the integral equation

2(t) = yyz G5, (5)(w(v2) = w(s) 725 g(s,2(s))ds,

where
C(y(r)— w(yl))CI‘H/l—l
G(s,t)=1 _¢ (w(t)— 1//(s))§1+§2—1 L
2(‘/’()’2)-1{/()11))51-5-@—43—1’ VMISSSITS ),
Ci(y(t) — yw(y))tn=1, S <i<s<m,
with y1 = & + Bi1(1 — &) and
F(&+n—5&) {

2= i A

O GG G- B0 —voEn &1 O TG+ 5)

Now, we state some properties of the Green’s function given in the preceding
lemma.

LEMMA 40. Let 0< <1, 0<B<1 (i=1,23), &+6L>1, n=4+
Bi(1—¢1) and w € Hl[yy,y2]. Then, the Green function G defined in Lemma 39
satisfies the properties:

(i) Forany yy <11 <t <y2, |G(s,11) — G(s,00)| < C(y(t2) —w(t1))®, where 6 =
min{{i+&— 1,5} and C=Ci(y(y2) —w(y)2 M 4 Co(w(y2) —w(3))®;

(ii) maxy, <sr<y, |G(5,1)| = Cmax , where

~ max &+ —G) B &
Cinax = ma {F(Cz+71)F(Cl+Cz—§3)(lp(y2) W(yl)) s

n-4 <w<yz>—w<y1>>€3(r@zm—l)r(cﬁcz—@))%
H+n—1 r&+& L& +6 -G +1 — ) ’

with y; > £ and

o (W(y2) —yw(1)®
max F(B"’Cz) I

with y; = Cl.

Next, a generalized Lyapunov-type inequality for the FBVP (21) is presented.

THEOREM 23. Let 0< <1, 0< B <1 (i=1,23), i+ & > 1 and vy =
i+ Bi(1—&)). Assume that:

(A) There exist ¢ : (y1,y2) — R and a positive, nondecreasing and concave function
h:R — R such that

8(t.2)| <[9(1)[h(2)], forany t € (y1,y2) and z€R.
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If w € H [y1,y2] and y'(-)(w(y2) — v()st2-%=1p() € L'(y1,y;) and the FBVP
(21) has a nontrivial solution, then

Y2

/ s _ s [SERCEISE s)|ds ! ”Z”
" v (s)(w(y2) —wl(s)) [6(s)lds > =— h(llzl)”

COROLLARY 6. Let 0 < §; <1, 0< <1 (i=1,2,3) and y € H![y,y2).
Suppose that A is an eigenvalue of the FBVP

{(HDQ ﬁlWHDCZﬁL )(t) Az(t), yi <t <y,
) HD%f“ 2(y2) = 0.

Then

> Cmax (W(y2) —w(y))ote-6"

In [39], the authors studied the y -Hilfer fractional boundary value problem:

{HDyélﬁw (1) +r(n)z(t) =0, y <t <y, (22)

z(y1) = z(y2) =0,

where 1 < §,8 <2, { <B, reC(|y1,y],R), and HDygﬁ’W denotes the y -Hilfer
derivative operator of order { and type 8. Let y =+ (2 — ().

LEMMA 41. Let 1 < { < B <2, r€C([y1,y2),R), and y'(t) >0, t € [y1,y2].
Then, the solution of the problem (22) is given by

Z(t)zﬁ in(z,s)( s + oo / G(t,5)2(s)r(s)ds,

where G(t,s) is defined by

(w(t) —w() " () (M)H

w(y2)—wn
L(E)G(t,5) = { —w () (w(r) — w(s) <, R
—1,.7 Vy2) —ylis -1
(w(t) —w(y)" lllf(yz)<m> , I<s<y.

LEMMA 42. The Green function G(t,s) given in (23) satisfies the properties:
(i) G(t,s) is positive for all (t,s) € [y1,y2] X [y1,y2];
(ii) G(t,s) < G(s,s), where

W(s) = W) \r! . .
6= (o —wo) PO W) s€ tun)
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(iii)

max_ G(s,s) = G((Y— DyO)+6 - Dyh2) (r=Dwl)+ (6~ 1)w(yz)>.
sefyiva) y—¢-2 y—¢-2
Now, we state the Lyapunov-type inequalities for the problem (22).

THEOREM 24. Assume that r € C([y1,y2],R) and 1 < §{ < < 2. Ifthe FBVP (22)
has a nontrivial solution, then

[ () W) = v Wl (9lds > Q).

COROLLARY 7. Assume that r € C([y1,y2),R) and 1 < { < B <2. Ifthe FBVP (22)
has a nontrivial solution, then

(LR VO P ) (s > T(Q).

10. Lyapunov-type inequalities for Katugampola-Hilfer type FBVPs

In this section, we present Lyapunov-type inequalities for Katugampola-Hilfer
type FBVPs.
In 2023, Thabet and Kedim [45] considered the Katugampola-Hilfer type FBVPs:

PHDE L)+ r(1)(r) = 0, i<t <y, o
2
z(y1) =g(), =)= [ (hz)(u)du,
v
and
pﬂDﬁﬁz(z) +r(t)z(t) =0, y; <t <y,
1pd 2 (25)
21) =80, POy = [ ) )
i
where PH Dyélﬁ denotes the Katugampola-Hilfer derivative operator of fractional order
¢ € (1,2] and type B € [0,1] with p > 0 (see Definition 18). Furthermore, z,7,k :
[v1,y2] — R are continuous functions, and the nonlocal function g € C([y1,y2],R) such
that there exists a constant K > 0 so that |g(z)| < K, Vz€ R.

LEMMA 43. Let p >0, { € (1,2], B [0,1], y=C+B2-0), Ly e (12,
z,h € C((y1,¥2),R) and r: [y1,y2] — R. Then, the solution of Katugampola-Hilfer type
FBVP (24) is

(P =y

V2 ;
z2(t) = [ H(t,s)r(s)z(s)ds + (1 W)g(z)

N1
(P =yt ( (a? =y
(s =yt 0y, (¥ =yt
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where H(t,s) = H\(t,s) + H(t,s) with

P =y Oh —sP)67 <t <s <,

0
1-¢ p—1
Hl(lvs)ZW (P =y —sP )t
Y (=P =), i <s <<y,
and -
(tp_yl)y— | R
Hy(t,s) = —/ H,(o,s)h(o)do,
=G ig ), eI
vy (P — Pyl
Q:l—/z(p y})) ch(t)dr > 0.
1 (yz_yl)y_

LEMMA 44. Let p >0, C€ (1,2, Be0,1], y=C+B(2-0), {ye(1,2],
z,h € C((y1,¥2),R) and r: [y1,y2] — R. Then, the solution of Katugampola-Hilfer type
FBVP (25) is

e 1 (zp—yp)7*11 V2
)= [ G )ds 8@+ o s | s@merdo, @

where G(t,s) = G (t,s) + Ga(t,s) with

Gl(t,s)
(C=1) =) 105 =) 7Y, n<r<s<y,
1=Cgp—1(\P _ p)E=2
S s Tt K A U
- p ¢
_(y_l)((;p S,,))g ) YISSSIES )y,
and
1 t”—y1 1/
Gy(t,s) = = o)do,
2( ) p()/—l) yl Y 1S

'y 1 P — y—1
S:l—/2 (p y})) Sh(r)dt > 0.
w p(y—1) Oy =)

In the next lemma, for the functions H (¢,s) and G(z,s) defined in Lemmas 43 and

44, respectively, we give some properties.

LEMMA 45. Let p >0, £ € (1,2], Be[0,1], y=C+B(2-0), {ve(1,2].
Then, the Green’s functions H(t,s) and G(t,s) given in Lemmas 43 and 44, respec-
tively satisfy the properties:

(i) H(t,s) and G(t,s) are continuous functions for all (t,s) € [y1,y2] X [y1,¥2];
(ii) |H(z,s)|

< (%)71<(y5 ;i’fc)(fz— 1)>§1pl;§2§_1 [1+$/yly2|h(c)ld0};
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(iii) |G(z,s)|
08 =y 8 —sP)s 2
(= DI(C)pS 1517

Y2—)1 2
nwﬂY—QC—1ﬂ1+EGjB§AIm@ﬂuﬂ.

10.1. Lyapunov-type inequalities for the FBVP (24)

In this section, we present Lyapunov-type inequalities for the FBVP (24).

THEOREM 25. Assume that the Katugampola-Hilfer type FBVP (24) possesses a
nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:

1
1+ é 2 |h(o)ldo

Y_l )/—1 (yp_yp)(c_l) C_lmax{yp_l’yp_l} V2
y+§—2> (2”1(:_2 ) pgilr(é /y|r(s)\ds.

Using the above theorem, we present a condition on the nonexistence of nontrivial
solutions to the FBVP (24).

<2K—|—(

1

COROLLARY 8. The Katugampola-Hilfer type FBVP (24) has no nontrivial solu-
tion if

1
1 —i—é 2 h(o)|do

y—1 A\l 05 =)@ - Dy Etmax(y T

>2K+(

1

COROLLARY 9. Assume that the Hadamard-Hilfer FBVP:

H’HDyC;ﬁz(t) +r()z(t) =0, 0<y <t<ys,
201) =), 202)= [ () w)d

i
possesses a nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:

1
1+ ﬁ 2 |h(o)|do

y=1 v\ (ny—lny)(E—DNE-1 1 o
<%®+(7) (e ) ylr<c>/yl Ir(s)lds,

v (Int —Iny;)¥~!
where Qp =1 —/ (In —Iny,) h(r)dt > 0.

v (Iny; —Inyp)r—1
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COROLLARY 10. Assume that the Hilfer FBVP:

HDS R 2(t) +r(t)2(r) =0, y1 <1<y,
2(y1) =8(2), z02) = /y (hz)(u)du,

possesses a nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:
1
1+ Q% i |h(o)|do

<ok (AT (RSN P sas,

y+{-2 y+{-2 (&) Jn
V2 _ —1
where Q) = 1—/” %h(r)dt>0.

COROLLARY 11. Assume that the Katugampola-Riemann FBVP:

PRDE L 2(t)+r(1)z(t) =0, yi <1<y,
V:
) =38(2), z(v2)= | (hz)(w)du,

Y1

N

possesses a nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:

- -1 _p-1
! < 2K+ ((yg_ylf)f_lpl Tmax(y ;) yz\r(s)|ds
L+ g [;2 h(o)|do 4 I'(¢) i
) (1P — Pyy—1
where Oy =1 —/ %h(r)dt > 0.
w2 —y)Y

COROLLARY 12. Assume that the Katugampola-Caputo type FBVP:

y

) =g2), 22)= | (hz)(u)du,

PEDE (1) +r(1)z(t) = 0, m<i<w,
2

possesses a nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:

1
1+ Q% yyf |h(o)|ldo

1 max P~ 21 )
<2+ () (OA oD - L ) e

v2 (tP — P
where Q3 — 1—/ =) iyar > o,

v (2 —y1)
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10.2. Lyapunov-type inequalities for the FBVP (25)
Now, we describe the Lyapunov-type inequalities for the FBVP (25).

THEOREM 26. Assume that the Katugampola-Hilfer type FBVP (25) possesses a
nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:

1
1+ 2220 12 (o) |do
() =y )p ¢ 2 ¢-
<K g ey L1 [0 ) ol

COROLLARY 13. The Katugampola-Hilfer type FBVP (25) has no nontrivial so-
lution if

1+ 220 12 (o) do

(5~ )p1 ¢
>K+Wmax{y (.- 1}/ 7102 — )2 (s)|ds.

COROLLARY 14. Assume that the Hadamard-Hilfer type FBVP:
D)+ =0, i<t <32
2
201) =80, 1Pz Oss = [ (2) )
! v
possess a nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:

1
1+ SLO (2 h(o)|do

(Iny; —Iny;) max{y—¢{,{ — 1} -
= e / (Inys — Ins)5 2| r(s)|ds,

< K+

1 y2 (lnt—lnyl)y_1
h - — 1 ~ 1 .
where So Iny; —Iny; /yl (Iny, —Iny; )71 ht)dt > 0

COROLLARY 15. Assume that the Hilfer FBVP:
DG ) +r(t)2() =0, yi <1<y,

£(00) = #(0). 1170 G0y = [ ()

possesses a nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:
1
14 222 |h( )ldo

(r=DS$,
max{y—¢.C =1} (2 =9) 2 r(s)lds,
Y1

(—)

<Ko ooro



144 S. K. NTOUYAS, B. AHMAD AND J. TARIBOON

2ol (t—y)'!
where S| =1 —/ (£ =) 1
v Y=1 (=)

h(r)dt > 0.

COROLLARY 16. Assume that the Katugampola-Riemann FBVP:
PRDS L 2(1) +r(1)2() =0, 3 <t <y,
o .d V2
) =82, 1P 22Oy, :/ (hz)(u)du,

Y1

possesses a nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:

1 P (h ) -1 -2
<K+ / PR — )72 r(s)|ds,
ST, Jir [h(o)ldo F(C) " 02 =57 Ir(s)

1+

S N
where S2:1—/
w P(E—1) () —y))e!

COROLLARY 17. Assume that the Katugampola-Caputo type FBVP:

h(t)dt > 0.

<00) =80, 170 G0, = [ ()

possesses a nontrivial solution z € C((y1,y2),R). Then, the following inequality holds:

! k2 yl)max{z gg—l}/ ”7%2\ (s)|ds,

1+ 55 [ h(o)ldo =" piIT(E)

V2
where S3=1— / (tP —y{)h(t)dt > 0.
Y1

11. Lyapunov-type inequalities for FBVP involving
proportional fractional derivative

DEFINITION 15. [15] Let p € [0,1]. The local fractional proportional integral of
order p for the function g is defined by (,,1%)(¢) = g(t) and

1 T p-1 s
(glzlg)(t):E/ 7 g(s)ds, for p € (0,1], 1€ [y1,ya].
y

1

In [23], Zaadjal et al. studied the sequential local fractional proportional boundary
value problem:

(28)
2(y1) =0, z(»2)=0,
where ,, 0D° denotes the local fractional proportional differential operator of order

o €{p1,p2} with0<py, p2 <1, 1<p1+02<2, p1#p2, and r:[y;,yo] ~Risa
continuous function.

{ (1 DY D)e(t) +r(1)z(r) = 0, 1 € [y1,y2],
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LEMMA 46. The unique integral solution of the FBVP (28) is given by

)= [ Glt,5)r(s)2(s)ds,

i
where
[en(t=31) — e (t=y1)] [N 02=5) _ gha(2=9)]
Slen (2—y1) — eYz()’z—yl)]
1 ' :
G(t,s) = _3[671(17.\) _ eh(’*”}, v <s<t <y,
[N (t=y1) — eYz(t—m)] [en (2—s) _ eYz()’z—S)]
5[eY1(Y2—Y1) — eYz()’z—yl)] » MISESSS,

with v = p;)—:l, V2= pi)—;l and 8 = p1p2(1 —12)-

LEMMA 47. The Green’s function defined in Lemma 46 satisfies the properties:

(i) G(t,s) =20 forall t,s € [y1,y2];

glen02=5) — gha(2-9)] forall t,s € [y1,ya];

(i) G(t,s) < |8[[e7102-71) — eha (23]

82

Slen 2=y1) — eYz(Yz—M)}

(iii) G(t,s) < forall t,s € [y1,y2], where

. max { ’eﬂé — e8|, ‘eﬂ(m—m) — er2(v2=y1) }, E<yr—yi,
B ’67’1()’2*)’1) _eifz(yz*yn)’7 E>vr—y1,
with £ = In E;
Nn—-" n
. 2 1
e ol /yl G = o D=1

Now, we present the Hartman-Wintner-type inequality for the FBVP (28).

THEOREM 27. If a continuous nontrivial solution to the problem (28) exists, then
V2 : 5
/ sign(8)[e" 0279 — e20279)] () |ds = =[N 0271) — 120270,
Y1 €

I, 62>0,

where sign(8§) = { L §-0

We have the following Lyapunov-type inequality for the problem (28).
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THEOREM 28. If a continuous nontrivial solution to the FBVP (28) exists, then

/yz r(s)|ds > %[6Y1(y2—y1) _ eYz()’z—m)].
g €

Consider the local fractional proportional boundary value problem:
{ (5 D*)z(1) +r(1)z(t) =0, 1 € [y1, 2],
zv1) =0, z(y2) =0,

where , DP denotes the local fractional proportional derivative operator of order p
with0<p <1, I <a<2andr:[y,y,] — R is a continuous function.

(29)

-2
LEMMA 48. Let 0 = % Then, the FBVP (29) has a unique solution given by

)= [ G, 5)r(s)2(s)ds,

V1
where
1—e 1 —e° (y2—s B
5 b [ l—eC]TEVZ y1) ! [l_ec(t S)L VISSSIL Yy,
G(I,S):Z—p [l—e o(r— )][1 o(yr— s]
— e00n— J’1) ’ VMSESS< .

LEMMA 49. The Green’s function defined in Lemma 48 satisfies the properties:
(i) G(t,s) =0 forall t,s € [y1,y2];
(ii) nLlax |G(t,s5)| = G(s,s) forall s € [y1,y];

(iii) max |G(s,s)| =G

~(y1+y2 y1+y2> - (1—@(@))2

sebyrya] 2 2 2 p)[1 otz
(2=y1) —
2 1 ri1 _ 1 e° 1
(iv) max / |G(z,s)|ds = —[——7” 1 ——ln—< >}
t€[y1.32] y; 2—plo ebzy)—1 o o(y2—y1)

Next, we present the Hartman-Wintner-type inequality for the FBVP (29).

THEOREM 29. If a continuous nontrivial solution to the problem (29) exists, then

[ et = ) ds > 2= p)l1 - €702,

y1

We have the following Lyapunov-type inequality for the FBVP (29).

THEOREM 30. If a continuous nontrivial solution to the FBVP (29) exists, then

2 (s (2—p)[1 —eob21)]
/yl Ir(s)lds > i
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12. Lyapunov-type inequality for a pantograph FBVP involving a variable order
Hadamard fractional derivative

DEFINITION 16. [41] Let 1 <y <y; < and ¥ : [y;,y2] — (0,00). The left-
sided Hadamard fractional integral of variable order o () for a function g is given

by
1 tror\e-Tg(s)
H o0 :7/ i)"Yy, .
0= gy ), (m5) s o

DEFINITION 17. [41] Let n € N and o : [y,y2] — (n—1,n). The left-sided
Hadamard derivative of variable order ¢(¢) for a function g is given by

Hypo, 1" d" /’ r\rtme g(s)
Do 8(t) = F(n—oc(t))dt”{ .\ <lns) s Oy 1>

In 2023, Graef et al. [12] studied the nonlinear pantograph FBVP containing a
Hadamard fractional derivative operator of variable order:

{HDf‘Pz(t) = g(t.2(t),z(A1)), t€[1,T],
2(1) =z(T) =0,

where 1 < a(t) <2, 0<A <1, g:[I,T] xR xR — R is a continuous function
and 7 D;XJ(:) is the left-sided Hadamard fractional derivative operator of variable order
o(t). Let P=[1,11],(t1,5], (t2,13],..., (ta, T] be a partition of the interval [1,T], and
let oc(¢) : [1,T] — (1,2) be the piecewise constant function with respect to P given by
o(t) =YY", ai(t)xi(t), t € [1,T], where 1 < 04 <2, i=1,2,...,n are constants, and
xi denote the characteristic function for the interval [r;_1,#], i = 1,2,...,n, thatis,

xit) = {l’ 1€ [timi,til,

0, otherwise.

(30)

Then, the FBVP can be written as

. 2 2 1 1—0(r)
chw_fd_/i I6) 4] = or.5().9
D0 = —yranl ) (n5) s =es.500),
(2, A1) € [ti_1,ti],
I(ti-1) =9(t) = 0.
(31
LEMMA 50. The Green’s function for the FBVP (31) is given by

®i(5,1) = Dy i(s,1), tiog <s<r<u,
o D, i(s,1), tiog <t <5<,

where

ot =g () () o) ().
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and

CI>27i(S,t):_—l)<ln f )““’(m ! )a"_l(ln%)a"_l, ie{1,2,....n).

SF(OC,' tiq i1

LEMMA 51. Let ®@;, i € {1,2,...,n}, be the Green’s function defined in Lemma
50. Then, we have

max | ®;(s,1)] < 1 <ln ti )1_O‘i[(“-—lnt' )(lnl'—l«l')}a"_lexp(—“-)
1€fti1 1] e F(Oli) ti—1 ! i-1 ! g i)

where

1
wi = E [2OCi —24+1Int;tig — \/(206,‘ -2+ lnlili,1)2 — 4[(Oti — 1) Inz;it;_1 + Int; lnt,-,l]] .
The Lyapunov inequality for the FBVP (30) is given in the following result.

THEOREM 3 1. Suppose that there exists h € C([1,T],R") such that
18(2,2(1), 2(A0)) | < (@) 2(0)[ + [2(A7)], 1<z <T.

If the FBVP (30) has a nontrivial solution, then

[ syas> 21 FE (102 = ) s — )]~ exp).

13. Lyapunov-type inequalities for partial fractional
differential equations

This section is devoted to the Lyapunov-type inequalities for problems involving
partial fractional derivatives studied by Odzijewicz [34] in 2023.

13.1. Partial differential equation of the first type

In this subsection, we present a Lyapunov-type inequality for problems involving
right Caputo and the left Riemann-Liouville partial fractional derivatives.
Suppose that , € (0,1), {+B e (1,2], y=6/2, 6 €(0,2], KER, and w €
C([y1,y2],R). We consider the following equation
CDC

ya—it

(D5 u(t,3)) = (1=2)"(14+x)7 DI (K DY\ u(1,2)) = wlr)u(t,x) (32)
for (¢,x) € (y1,y2) X (—1,1), subject to boundary conditions
u(t,—1) =0, 1,_"(K°D" |, u(t,x)) (=0, 1€ (), (33)

xX=

u(yr,x) = Dflﬂu(yz,x) =0, xe(—1,1). (34)
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LEMMA 52. Let us consider the following FBVP with mixed fractional deriva-
tives

D5, (Dl v(0) +ka)w() =0, 1€ (v1,32), (35)
v(y1) =D 1 v(y2) =0, (36)
where £, € (0,1), {+ B € (1,2], and
k()= = () + =), re bl

If u is a solution to the problem (32)—(34) which is not identically equal to zero,
then the function

W(t) = /_ 11(1 — ) (e, x)dx

is a solution to the problem (35)—(36).

THEOREM 32. If u is a positive solution to the problem (32)—(34), which is not
identically equal to zero, then the following Lyapunov-type inequality is satisfied

yz KT(1+7) (C+B-DI(OT(B)
J e+ Ty = S =

13.2. Partial differential equation of the second type

Let us consider a partial differential equation with mixed fractional derivatives
defined on the set (0,1) x (—1,1):
DS

5, (CDiJu(t,x)> — (1042 DY (KCDP |, ult,x)) = wit)ult,x),(37)

X

with boundary conditions

ut,~1) =0, LA(K DY, u(x)| =0, 1e(0D), (38)
u(0,x) =u(l,x) =0, xe(—1,1), (39)

where { € (%,1), B=35/2¢(0,1], € (0,2], KRy, and w e C[0, 1].

LEMMA 53. If u is a solution to the problem (37)—(39) such that u # 0, then the
function

1
W(t) = / (1—x)PBu(t,x)dx, 1 €[0,1]
-1
is a solution to the FBVP with mixed fractional derivatives:
D§, (Df_v()) ~ k(r)v(r) =0), 1€ (0,1), (40)
v(0) =v(1) =0, (41)
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where
KI(1+48)

k(t):—(w(t)+ X0

), t€1[0,1].

THEOREM 33. Let { € (%, 1), B=05/2¢€(0,1], 6 €(0,2] and w be continuous
on [0,1]. If u is a positive solution to the problem (37)—(39), such that u # 0, then

(28 -1r*(g)

/‘ Krl+ﬁ) L 7

o) >

where
= sup {(1 —x)zg_l—(l—ng_l)z].

O<x<1

13.3. Lyapunov-type inequalities for fractional elliptic boundary value problem

Let Q C RV, N > 2, be an open bounded domain with smooth boundary and
(y1,y2), —o° < y1 < ¥z < +oo, be an interval. In cylindrical domain D = (y,y;) x Q,
we consider the boundary value problem

DS, . 5, u(x,y) + (—A)u(x,y) = r(x)u(x,y), (x,y) €D,
(y17y)_u(y27y)207 yEQ» (42)
u(x,y) =0, ye RVM\ {Q},

u(x,y) and 25 _ u(x,y) =

2 -
Iy2 éx (x,y) are respectively the left Riemann-Liouville and right Caputo fractional
derivatives of order 0 < { < I and (—A)* is the fractional Laplacian of order s € (0, 1)

defined by

where 1/2 < { <1, s€ (0,1), DS u(x,y) = o I Sou

(-t =Cn [ T g, yery,

Cy,s 1s some normalization constant and r is a real-valued continuous function.

Now, we present a Lyapunov type inequality for the elliptic FBVP (42) studied in
[20] by Kassymov.

We first consider the problem:

{DC Dy () = () = 0, (1) € (1.32), )
1) = u(y2) =0.

LEMMA 54. Assume that { € (%, 1} and u is a solution to the problem (43).
Then, u satisfies the integral equation:
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where
K(y1,1)K(x,y1)

Glat) = Kixt) = K(y1,y2)

and

K(x1) = thg) /::x{m (s— )5 (s — 1) ar.

LEMMA 55. Let { € (%,1} , then

sup G(x,1) = G(x,x), y; <t <x<y.
Y1<x<y2

Next, let us consider the elliptic FBVP:

D, 75, ) = r(x)u(x.y), (x,y) €D,
(M»)’)—M(yz»y):& y697 (44)
u(x,y) =0, y e RV\ {Q}.

‘We now present the Lyapunov-type inequality for the fractional elliptic FBVP (44).

THEOREM 34. Let { € (%,1}, s€(0,1) and r € C([y1,y2],R). Then, for (44),

we have that

/yyz\r(x)—)tl(Qﬂde( sup G(x,x)>_1,

1 Y1<X<y2
where Ai(Q) is the first eigenvalue of the problem:

(=A)01(y) = 4 (Q)¢n(y), yeQ,
91(y) =0, y e R¥\{Q}.

14. Lyapunov-type inequalities for systems of Riemann-Liouville fractional
differential equations with multi-point coupled boundary conditions

In 2023, Zhou and Cui [57] established some Lyapunov-type inequalities for a
system of Riemann-Liouville fractional differential equations equipped with multipoint

coupled boundary conditions given by

DP' u(e) + g1(t,ult),v(1) =0, 1 € (y1,y2),
ﬁwo+&m<m<m 0. 1€ (n.32)

u( ) 0, 14_)’2 Zalz 51 +2a2j T);, (45)

v(y1) =0, v(y2) 2a3l (&) +2a41 771
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where yj,m €R, 0<y; <y, i <& <&HE < <<y, m<m<m<... <
My <y, a;j 20 (i=1,234j=12,....n), 1 <Bi<2(i=1,2), Dfi+ (i=1,2)
is the Riemann-Liouville fractional derivative of order 5; and g1, g2 : [v1,y2] X R2 SR
are continuous functions.

The following assumptions are used in the subsequent results.

(HO) a;; >0 (i=1,2,3,4; j=1,2,...,n), ;20 (i,j =1,2) and Kk = K1 K2 —
Ki12K21 > 0, where

2": ayi(& —yz)B”l Ky — 2": aj(n; —yz)ﬁrl

Ki1 = 1— ) )
i=1 (y2—y1)Pi-1 i=1 (y2—y1)P2~1
2”: asi(& —y)P1 ! Ko — 1_2": a4ij(77j—}’2)ﬁrl.
i=1 y2_yl Bl o i=1 (y2_y1)ﬁ2_1

(H1) g1,82: [y1,y2] x R? — R are continuous.
(H2) There exist positive functions pi1, pi2 € C([y1,y2],R) such that

|gl(t7x7y)| <P11(t)‘x‘+Pl2‘y‘a re [y17y2]7 x7y€R'

(H3) There exist positive functions pai, p22 € C([y1,y2],R) such that

|82(f»x7y)| <P21(I)‘x‘ +P22‘y‘» re [y17y2]7 X,y eR.

LEMMA 56. Let ¢1,¢2 € C([y1,¥2],R). Then, (u,v) is a solution of the system

DI () +91(0) = o, re (1.2),
foﬂ(l) +¢a(t) =0, 1€ (y1,y2),

u(yr) =0, u(y) Zau (&) +Za2,v n), (46)

V( ) 0, vy2 Za3l 51 +Za41 nj

if and only if (u,v) is a solution of the system of integral equations

u(r) =/yy2G11(t7s)¢1(s)ds+/yy2G12¢2(S)ds

b b
v(t) = G (t,5)01(s)ds+ Gy (s)ds
v v
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where

(r—y)h ! 3 (knpai+ K12a30) G, (& 5)
. A 1 2241 1243 P99 )5
K(y2 _yl)ﬁl_1 i=1 l B

_yl)ﬁl—l n

Gll(t,s) = Gﬁl (I,S)+

(
G t,§) = —————— Kypar i+ Kppag ;)G ni,s),
5) K(Y2_)’1)B171j=§:1( ! )Ge: (1)
(t—y)P !
Ga(t,s) = ————F— ) (k1a1i+ k11a3;)Gg, (&, ),
09) = Gy et ki) G (8)
(t—y)P !t &

Gx(t,s) = Gﬁz (t,s)+ Z (Kzlazj + K11a4j)G52(nj,s),

K(y2 —y1)Po-t =1

and
_ v )Bi—1
t _ _
1 ((y _);))ﬁi—_l(yZ_s)Bl = (—s)P yi<s<i<n,
Gﬁi(tvs) = F(ﬁi) (tz_yll)ﬁifl Bi-1
W(D—S)' ; VISTSSS2

LEMMA 57. The Green functions Gg,(t,s) defined in Lemma 56 satisfies the prop-
erties:

(1) Gg,(t,s) >0 forall t,s € [y1,y2]:

(2) max.\'e[yl,yz] Gﬁi(S,S) = Gﬁi(S,S),S S [)’h}’z};

yit+b y1+b> 1 (yz—yl>ﬁ,-—1;

2 T2 )~ 4

(3) Gg(s,5) = Gm( - T(B)

1 (r—y)P!
(Bi) (2 —y1)Pi~!

(4) Gplts) < ¢ (2= )P foral 1,5 € [y, o).

LEMMA 58. For y; < & <y,, we have

y)Bi-l
max Gg,(&,s) = Gg,(&,8) = 1 (&—y)

_ENBi-1
s€viyal T(B) (v, —y1)Pi 1 (2 =&)" .

LEMMA 59. The functions Gjj (i,j=1,2) defined in Lemma 56 satisfy the prop-
erties:

(i) Gij(t,s) < Aij forall y; <t,s <yo;
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(i) Gij(t,s) < wij(t —y1)P (2 — )" forall yy <t,s < ya, where Aij, i (i,j =
1,2) are given by

_ L =y Bl L& (kpaiitkpas) (&G —y)P ! gy
i )" w2 b2-&)P ",

TR\ 4 (2 —y1)hi-1
Az = KF(ﬁZ)(YZI_yl)ﬁFl é“l(’(zzaZﬁKlza4j)(nj—yz)ﬁ2l(yz—n,-)ﬁz17
doy = KF(ﬁl)(ygl—yl)ﬁrl g(K21a1i+K1la3i)(§i—Y2)B‘71(Y2—§i)B‘717
b= g () i £ G
Ui = 2 M2 = :

KD(B1)(y2 —y1)Bi=1” KD(B2) (y2 —y1)Bi =1
1 K11

2 = T By (v =y )P 1

Har = KT(B1) (v — 1)1’

Now we present our main results on Lyapunov-type inequalities for the system
(45).
For p;j € C([y1,y2],R) (i,j=1,2), let

V2 V2
Jij(p1j.p2j) = /11'1/ Plj(S)dS-F?Liz/ p2j(s)ds, i,j=12.
N1 N1

THEOREM 35. Suppose that (HO)—(H3) are satisfied. If there exists a nontrivial
solution to the problem (45), then

Ji(piispa) +J02(pi2, p22)
+\/[111 (p11,P21) —J22(p12, P22))? + 4J12(p12, p22) 21 (P11, P21 = 2.

For Pij S C([)’l;)’Z]aR) (Z7J: 1,2), let

” Bi-1 Bi—1
Lij(p1j;p2j) = Wit | p1j(s)(y2— )" (s —y2)™ ds
N1
V2
i [ paj(s) =) (s—ya)P s, i j=12.

Y1

THEOREM 36. Suppose that (HO)—(H3) are satisfied. If the problem (45) has a
nontrivial solution, then

Li(pii,p21) +ba(pi2, p22)
+\/[111 (p11,P21) — ha(pi2, p22))? + 412 (p12, p22) i (P11, paa = 2.
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15. Lyapunov-type inequalities for FBVP involving bi-ordinal
Hilfer fractional derivative

In this section, we present Lyapunov-type inequalities for FBVP with multi-point
boundary conditions in the framework of bi-ordinal Hilfer-Katugampola and v -Hilfer
fractional derivatives.

15.1. Lyapunov-type inequalities for bi-ordinal Hilfer-Katugampola
fractional derivative
DEFINITION 18. [36] Let £ >0, n=[{]+1 and p > 0. The left-sided Hilfer-

Katugampola fractional derivative pDCﬁ /g of order { and type B, 0< B <1, of a
function g is defined by

_ _,d 1-B)(n—
(DR g) ) = L 2y PP g o).
DEFINITION 19. [19] Let £ >0, n—1< {,f <n and p > 0. The bi-ordinal

Hilfer-Katugampola fractional derivative pD(Cﬁ u g oforder £, andtype u, 0 < u <

1, of a function g is defined by

od () (e
D)) = (L O e Sy Py o).

In[7], Chen et al. established Lyapunov-type inequalities for the multipoint bound-
ary value problems:

PDEPM (1) 4 r()2(t) =0, 1< B<2,p>0, yi<i<y,

m2 47
1) =0, 00)= Y (@), @7
=1

and
prf”dﬁ+dﬁdﬂ:O,]«:Cﬁ<2 p>0, y1<t<ys,

o d (48)
Z(y1>:0a tl pdl ‘t Y2 — Z)LIZ 771

where r € C([y1,y2],R), P D;lg f M is bi-ordinal Hilfer-Katugampola fractional deriva-
tiveof order §,f andtype u (0< u<1), 0,4 =0, yi <@i,ni <y2, i=1,2,....m—
2, <P <Ppm<...<Ppo<yy,andy <N <Mm<...<Nyo2<y. Lety=
B+u(2—p)and & =p+u(l—p).

In the sequel, we assume the following hypotheses:

(A) Zwl of =)< (o =y
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" 1 2
B) X Au(nf =) <(y=1Dph -y
i=1

LEMMA 60. Assume that (A) holds. A function z € C[(y1,y2],R) is a solution to
the FBVP (47) if and only if it satisfies the integral equation

V2 m—2 V2
W)= [ Glts)r(s)e(s)ds + M) S o / G(91,5)r(s)2(s)ds, 1 € [yn,val,
Vi i—1 Vi
(tp -yt
(y2 ) Zinl wl(q),‘p_yll))y_l’

and the Green’s function G(t,s) is given by

M(1) =

re [,Vld’ﬂ»

G(t7S): p1—5sp—1 {gl(t7s)7 V1 <S<t<y2,

F(a)(yg _yll))y_l gz(l,S), Y1 gt Ss <y27
with

g1(t,8) = (1P — Y)Y 71 —sP)2 7 — (55 — )P —sP)° T,
g(t,s) = (P = )15 —sP)2 L.

LEMMA 61. Assume that (B) holds. A function z € C[(y1,y2],R) is a solution to
the FBVP (48) if and only if

z@w:L”zoa>< $)ds+L(t) 2:&/" (Mi,8)r(s)2(s)ds, 1 € [y1,ya],

1

where

L1 @A) (€ Dy
= e 1 Y1,y2],
(y—1DpOh =) 2=3m 2 a(nf —y)r!

and the Green’s function Y (t,s) is given by

Y(t,s) = ) —sP)0 210, [y (2,5), ¥ <s<t<y,
' (y_ I)F(C) h2(tas)a Y1 gt gS <y2a
with
_ _ (1P —sP)0-1
hi(,s) = (8 = 1)(5 =) 77 (P =) = (v~ 1)W7

ho(t,5) = (8 = 1) (5 =) 7P =)
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LEMMA 62. The Green’s functions G(t,s) and Y (t,s) defined in Lemmas 60 and
61, respectively, satisfy the properties:

(i) G(t,s) and Y (t,s) are two continuous functions for any (t,s) € [y1,y2] X [y1,¥2];
(ii) for any (t,s) € [y1,y2] X [v1,¥2],

(=1 (5= 1>

1-§ p—1 5—1.
‘G(t’s)l < F(C)(5+'}/_2)5+y_2p sP (yg _yll)) ’
(iii) for any (t,s) € [y1,¥2] X [v1,¥2],
1-8 p—1(,P _ p\O6—2
Y (t,s)] < psh 0y = 87) max{y—0,0 —1}.

L) -1

We are now in a position to state the Lyapunov-type inequalities for the boundary
value problems (47) and (48).

THEOREM 37. Let (A) hold and r € C([y1,y2],R). If z is a nontrivial continuous
solution to the FBVP (47), then

Vo r 5-1 S+vy—2 O+y-2
sy > e (G2 L
Vi A1[1+M(y2)2i=1 wi]max{yl ) }

)

where
Ar=(y=1)"1 (=118 =)0
Theorem 37 with { =, y =B+ u(2—¢) and 6 = { reduces to the following
corollary (see [55, Theorem 4.1]).

COROLLARY 18. Consider the following Hilfer-Katugampola fractional m-point
boundary value problem

PDSHZ(1) +r()z() =0, 1< <2, p>0, y <1<y,

m=2 49
) =0, 2n) =Y wz(@y), )
i=1

where r € C([y1,y2],R) and prCl”  denotes the Hilfer-Katugampola fractional deriva-
tive of order § and type u,0 < u < 1. If the problem (49) has a nontrivial continuous
solution, then

[ roas > E VRO DRV Sgpit
yi ~ A1[1+M(y2)zl(rl:12wi]max{y ’yg 1}

Theorem 37 with { = 3 and p — 1 can be expressed in the form of the following
corollary ([51, Theorem 3.1]).
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COROLLARY 19. Consider the following Hilfer fractional m-point boundary value
problem

DS a(t) +r(t)e(t) =0, yi <t <y, 1<{<2, 0<u<l,

m—2 50
z(y1) =0, z(n) = Zwlz% 0

where r € C([y1,y2],R) and DyCl’fr denotes the Hilfer fractional derivative of order
and type W. If the problem (50) has a nontrivial continuous solution, then

Y.

[ —

yi A P

L+ Y, oT ()
i=1
where
A= & DE1(E — 14 2p— ) 1H2CR(yy —y )01
| (28 =24 2u— fu)rerzm-cu ;
T(y2) = (Y2—y1)1—<2—C)(1—u)

(y, —y1)1 =001 sz . — -2=-0)(1-p)

The next corollary is obtained from Theorem 37 by taking { = f3, u =0 and
w; =0 ([28, Theorem 5]).

COROLLARY 20. Consider the following Katugampola fractional Dirichlet bound-
ary value problem:

{pr€1+Z(f)+r(l)Z(f)=07 N<t<y, 1<{<2

(51)
z(y1) =0, z(»2) =0,

where r € C([y1,2],R) and prCl . denotes the Katugampola fractional derivative of
order . If the problem (51) has a nontrivial continuous solution, then

/y2|r(s)|ds> FEC) ( 4p )C—l.

I p-1 p_p
! max{y]" 35}y — ¥

Theorem 37 with { =3, u =1 and p — 0" reduces to the subsequent corollary
([52, Theorem 3.7]).

COROLLARY 21. Consider the following Caputo-Hadamard fractional m-point
boundary value problem:

GD5, 1 2(1) +r(1)z (t) 0 yi<t<y, l<{<2,

52
z(y1) =0, z(y2) szzqz (52)
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where r € C([y1,y2],R) and CDg |+ denotes the Caputo-Hadamard fractional deriva-
tive of order §. If the problem (52) has a nontrivial continuous solution, then

72 y186T(8) — X" wiln
[ 1ol > s S 1ny2+z'"1 oln

Finally, Theorem 37 with { = 8, u =0, w; =0 and p — 07 takes the form of
the following corollary ([25, Theorem 2]).

COROLLARY 22. Consider the following Hadamard fractional Dirichlet bound-
ary value problem:

{HD§1+z< )+ r(0)z(t

1 2
0, yy<t<y, 1<{<2, (53)

)=
z(1) =0, z(32) =0,

where r € C([y1,y2],R) and 1 Dyé1 + denotes the Hadamard fractional derivative of
order . If the problem (53) has a nontrivial continuous solution, then

[ irolas > 4 ) (1n2) "

Y1 1

THEOREM 38. Let (B) hold and r € C([y1,y2],R). If z is a nontrivial continuous
solution to the FBVP (48), then

/y2 (yfz) —Sp)5_2|r(s)|ds > (v— 1)p5—lr(c)

Vi m—2

Aol +L(y2) Y, Al
i=1

)

where
Ao = () —y))ymax{y— 6,8 — lymax{y) ', »5 7"}

Theorem 38 with { = 3 and u = 0 reduces to the following corollaries ([56,
Theorem 4.2] and [56, Theorem 4.5] respectively).

COROLLARY 23. Consider the Hilfer-Katugampola fractional m-point boundary
value problem:

ygliz()qtr(t)() 0, y1<t<y2, 1<{<2 p>0,

. d (54)
Z(yl):Oa t! Pd_ |t =y, = 2/’{11 Th

where r € C([y1,y2],R) and prgl’i denotes the Hilfer-Katugampola fractional deriva-
tive of order § and type u. If the problem (54) has a nontrivial continuous solution,
then

=

! M[L+RO2) I A]

/yz(yg _SP)C—2|V(S)|dS > [l -2-0( _H)]pg_lr(C)
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where

By = (8 =) max{u(2 =), ¢ — 1hmax{yy 51,
(2 —yP)1-C=D1-n)

m—2

[1- 2= —wp(s—y) -0 — 3 Ai(nf —yh)t-C=00=w)]

i=1

R(y2) =

COROLLARY 24. Consider the Katugampola fractional m-point boundary value
problem:

PDE 2(t) + r(1)z(r) = 0, i< 1<€<2, p>0,

. d (55)
Z(yl):Oa ! pE ‘t =y, = ZALZ le

where r € C([y1,y2],R) and prC1 . denotes the Katugampola fractional derivative of
order §. If the problem (55) has a nontrivial continuous solution, then

V2 <
[ 08 =) 2 rlas > —2 ((:,,3,2
" s(1+H(n) Y A)
i=1
where
Ay = (5 ) max{y 51
0h =) !
H(y;) = e

(C=DpOh—yE2= Y A(nf — )& !
i=1

15.2. Lyapunov-type inequalities for FBVP involving bi-ordinal y -Hilfer
fractional derivative

DEFINITION 20. ([53]) Let n—1<{, <n with n € N, I = [y;,y,] be the in-
terval such that —eo <y <y <o and x, ¥ € C"([y1,¥2],R), where y is an increasing
function such that y’'(r) # 0, for all ¢ € I. The bi-ordinal y -Hilfer fractional derivative

(left-sided) HD gﬁ)“ ¥x of order (£,B) and type u (0 < u < 1) is defined by

s s n—_), 1 d\n 1—w)(n—pP),
(HD}()le).U- Wx)(t) _ (I)/:tl(-&- 9] W(W/(t) E) I)EH-M)( B) Wx)(t).

In 2023, Wang et al. [53] considered the bi-ordinal y -Hilfer boundary value prob-
lems with m-point boundary conditions:

<HD§§:F>“"”z><> Hr(020) =0, yr<r <y

(56)
z2(y1) =0, 2 oiz(mi),
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and
HDEPY2) @)+ r(1)2(t) =0, 31 <1<y,
1 d m—2 (57)
pr— A’l l
Z(yl) 5 _l[//(l‘)d |t =y2 = 2 Zg

where 7 € C([y1,y2],R), w € C*([y1,y2],R), w'(t) >0, HD(C PRV is bi-ordinal V-
Hilfer fractional derivative operator of order (£, B), 1 < ¢ < 2 0 < B <1 and type
w,0<u<l, 6,420, yi<n,& <y, i=1,2,.. m—2fory1 <N<m<...<
M2 <y2, 1 <& <& <&pa <y

LEMMA 63. Assume that:

m—2

(€1) (W) —w)) > Y ailw(m)—wn)® "
i=1

The function z € C([y1,y2],R) is the solution of the FBVP (56) if and only if it satisfies
the integral equation

) = [ HESW $)r)s)ds + R 2 / (M s)W (5)r(s)2(s)ds,  (58)

y1

(w(t) —w(y))”
m—2
(w(y2)— Z, wiy)® !

)

and the Green’s function H(t,s) is given by

(w(t) —w) N w(2) —w(y))° !
| —(w(2) —wr) () —wiy)) !,
w—1
m(ll/(yz)—ll/(w)) ViSs<t<yy, 1

(w(t)—wO) Hw2) —wn))°
y1 <t < s <y,

H(t,s) =

with 6 =B+ u(g—p).
LEMMA 64. Assume that:
() (@=1)(w(2)—w()* > 2/1 w(n)) .

The function z € C([y1,y2],R) is the solution of the FBVP (57) if and only if it satisfies
the integral equation

z(1) :/y2 G(t,s)y' (s)r(s)z(s)ds + Q(t) 2 /l/ (&)W (s)r(s)z(s)ds,  (59)

y1
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Q(l) _ (W( ) W(yl))w71 ,

(0—=1)(y(n2)—v 2/1 w(y))®!

and the Green’s function G(t,s) is given by
(6 =D (w(2) —wy))* (w(n) —wx))*

o 1) 0~ v(s)
Glt,s) = w(y2) —w(n))° > (w(y2) —w(s))o~2
’ I(8)(w—1) YISSSE<y,

(6 = D(w2) —wy)* w) —y(m)° !,
v <1< s <y,

with 6 =B+ u(g—p).

LEMMA 65. The Green’s functions H(t,s) and G(t,s) defined in Lemmas 63 and
64 respectively, satisfy the properties:

(i) H(t,s) and G(t,s) are continuous functions in [y1,y2] X [y1,y2];

(ii) Forany (t,s) € [y1,y2] X [y1,)2], we have

(61N o—-1)""(yl) —y)° "
T(8)(w+0—2)0+o-2 ’

[H(t,5)] <

(iii) Forany (t,s) € [y1,y2] X [y1,¥2], we have

(W (2) = w($))> (W (r2) —wn))
2 (w—l)F(5)2 V) max{w— 68,8 —1}.

Now, we present the Lyapunov-type inequalities for problems (56) and (57).

G(2,5)] <

THEOREM 39. If the FBVP (56) has a nontrivial solution in C([y1,y2],R) and
r € C([y1,y2],R) is a real and continuous function, then

_ 9\0+w—2
RLOLE __ @)@ +e-2)

N [14R(2) Y 0] (5= 17 (o= 1) (w() — wi)*!

i=1

THEOREM 40. If the FBVP (57) has a nontrivial solution in C([y,y2],R) and
r € C([y1,y2],R) is a real and continuous function, then

[ W) = w)? 2w 5) () s

. (0= 1r(E)

m—2

(W(2) —wly) max{o — 8,8 1} [14+0(y2) 3, A
i=1



FRACTIONAL LYAPUNOV-TYPE INEQUALITIES: A SURVEY 163

16. Lyapunov-type inequalities for discrete FBVP
In this section, we present Lyapunov-type inequalities for a discrete FBVP. We
start this section with some basic definitions. The falling factorial function is defined as
L I(t+1) ’
re+1-7)
for any ¢ and ¢ for which the right hand side is defined. Conventionally, if 7+ 1 — ¢ is

pole of the Gamma function and ¢+ 1 is not a pole, then £ =0.

DEFINITION 21. [11] The {-th order fractional sum of a function g defined on
Ny, :={yvi.yi+1,y1+2,...}, y1 € R and for { > 0, is defined as

1=
A Fg(r) = ﬁg‘ (t—s—1)lg(s), 1N, .

In [1], the authors studied the discrete FBVP of fractional difference equations:

{—ACZm = Ah(t+ &= Dgele+ = 1), 1€ 0wl .

2(8—-2)=0, Az({-2)=Az(B+y2—1),

where g : [0,00) — [0,0) is continuous and non-decreasing, i : [{ — 1,8 +ny, —
[0,00), 1 < { <2, and A is a positive parameter.

LEMMA 66. The function z is a solution to the FBVP (60) if and only if

ZGts (s+C—1)glz(s+ & —1)),

where

7y oy — s —2)672

_ F@ )= (B+y—1)2
G(I,S) - 1(y1+y2_§2_2)_2

TEET—

LEMMA 67. The Green’s function G(t,s) given in Lemma 66 satisfies the prop-
erties:

(1) G(t,s) >0 forallt €[ —2,B —|—b]N§72 and s € [0,y2]n,;

F—s—1L 0<s<t—¢ <y,

0<t—¢<s<y.

(2) MaXee[g 2B +wly, G(t,s) =G(s+{—2,s), s€0,y]ny:
(3) The function G(s+ & —2,s) has a unique maximum given by

Pl 4 £~ DI(L— )2 +2)
ey O+ E =29 = TN NE T (0, +2) N(C ty2)]
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The Lyapunov-type inequality for the discrete FBVP (60) is given in the following
result.

THEOREM 41. Let h:[{—1,p +y2]N§71 — [0,00) be a nontrivial function. As-
sume that g € C(R™,R™) is a nondecreasing function. If the discrete FBVP (60) has a
nontrivial solution, then

2 O — DOa+2) T 4yl
D ¥ Ty i ¥ gy po e

where 1 = Max( 1,84y, | 2(s+C—1).
In [35], Oguz et al. considered the higher-order discrete FBVP

AL () +r()zt+C—1), reNEFT™

§—np™
Aiz(£ —ng) =0, ie NP2 ©1)
A (yamo+L—B) =0,

$—no

where r is a real valued continuous function defined on Ngﬁmo, yo,n0,my € N, ng—
1<8<ny, my—1<P<mpand 1 <P < when{>2and f=1whenl<{<2.

LEMMA 68. If g is defined on Nip ™™, then the solution of the discrete FBVP

—AL 20 = g(0), reNgtm,
Aiz({ —ng) =0, i€ Ngo_z,
Ar 202 +mo+{—B) =0,

can be represented by

Ya+mgp

_ y2+mo+¢
Z(Z) - ZZ) G(l,S)g(S)7 teNC—no ’

where

atmo+{—B—s—1EP1 |
(y2+mo+C—ﬁ)ﬂ
0<r—B+1<s<y2+m,
_ _B_s_ q)iB
G(t,s) ) 2tmo+C—B Sg_ll]z—l el —s— 162
(2 +mo+C—B)>—F—
0<s<t—¢ < yr+my,

0, C—np<t<{—2,0<s<y2+my.
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LEMMA 69. The Green’s function G(t,s) given in Lemma 68 satisfies the in-
equality:
1
I'(¢)

+my+ +
for (t,s) € Nygin'zo ¢ x Ny ™.

Glt,5) < g batmo+ L= B—s— 1L (atmo+0)P — o mo+ ¢ —s =]},

Now, we state the Lyapunov-type inequality for the discrete FBVP (61).

THEOREM 42. Let z be a nontrivial solution to the discrete FBVP (61). If z(t +
C—1)#0fort e Néﬁmo, then the following inequality holds:

y2+my L B (y2+mO+C)Y2+mo—1 B —1
NG ﬁ)[(y2+m()+§_ S ]

where

C(y2+mo+{—B)

My = max {1" —p), }
COROLLARY 25. Let { =ng € Ny and B = 1. If z is a nontrivial solution to the
discrete FBVP (61) and z(t + no — 1) #0 for t € N(ny, then the following inequality

holds: | |
e (no— 1)1 "2
r(s)| =2 ——— +y) L.
3, 11> S T

In 2023, Vianny et al. [49] discussed the discrete fractional order boundary value

problem:
RL _ (
Az(t)+r(t+C—1D)z(t+C—1)=0, t €N}, ©2)
2(€—=3)=0, Az({—3)=0, z(B+)=0,
B+L-2

N [
ator of order § € (2,3] and ¢ € N;. An integral inequality of Lyapunov-type is obtained
for the problem (62).

where 7 : [0,00), REAS is the Riemann-Liouville fractional differential oper-

LEMMA 70. Let 2 < { < 3. Then the discrete FBVP (70) has a unique solution
1 4
2t) = w7 2 Gt s)r(s+{ = Da(s+ L - 1),
') 5

where G(t,s) : Ngfg x Nf — R is defined by

_g—1)et
(B+L=s g}z = (r—s— 1)L 0<s<i—B+1<{,
Glrs)={ (B+O=—

_g—1)et
(BTBZ;)“) <y 0<t—B+1<s<L.
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LEMMA 71. The Green’s function G(t,s) given in Lemma 70 satisfies the prop-
erties:

(1) G(t,s) >0 forall t GNgfg and s € N§;

(2) max_ g, G(t,5) =G(s+C—1,s), seN;;
tEN§73
(3) The function G(s+ § —1,s) has a unique maximum given by

o BQre+y
Gl e ) = L B s T

Now, we present the Lyapunov-type inequality for the discrete FBVP (62).

THEOREM 43. Let r: Ngj?z — [0,00) be a nonzero function. If the discrete

FBVP (62) has a nontrivial solution, then

4

s+ > pet )

‘-1
P T )(B+€)7.

17. Conclusions

In this paper, we presented an extensive review of the most recent results on
Lyapunov-type inequalities for FBVP involving a variety of fractional derivative op-
erators and boundary conditions. Fractional derivative operators include Riemann—
Liouville, Caputo, mixed Riemann—Liouville and Caputo, Riesz-Caputo, y -Caputo,
Hadamard, Katugampola, Hilfer, v -Hilfer, proportional, variable order Hadamard,
partial, systems of Riemann-Liouville, bi-ordinal Hilfer-Katugampola and y -Hilfer.
In each section/subsection of the present paper, we first described the fractional integral
operators, related to the results collected for Lyapunov-type fractional integral inequal-
ities. We provided comprehensive details (without proof), for the convenience of the
reader, of all Lyapunov-type inequalities presented in this survey. This survey paper
together with the published survey papers [31]-[33] serves as an excellent platform for
the researchers who wish to initiate/develop new work on such inequalities.
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