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1. Introduction

Mathematical inequalities have been fundamental in mathematical research for many years,
and their importance has grown even more. In particular, integral inequalities are basic tools in
mathematical analysis because they enable us to compare the value of integrals accurately and
efficiently. These inequalities facilitate the study of elements in functional spaces and are essential
for obtaining bounds in optimization problems.

Many classical inequalities naturally extend to integral operators associated with various fractional
derivatives. Due to their extensive applications, these inequalities play a pivotal role in the theory
of differential equations and have significant implications in applied mathematics. Some examples
of these generalized inequalities are Chebyshev, Gronwall, Ostrowski-type, Hermite-Hadamard-type,
Gagliardo-Nirenberg-type, Hardy-type, Griiss-type, Holder, and Minkowski [12, 16,22-26,28,29].
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An important inequality that appears in this context is the well-known Jensen’s inequality. Jensen-
type inequalities play a crucial role in several fields: economics, statistics, and decision theory,
particularly involving concave and convex functions. The inequality asserts that the value of a convex
(or concave) function evaluated at the expected value of a random variable is less than (or greater than)
the expected value of the function evaluated at that random variable. This principle is fundamental
for understanding how nonlinear transformations of random variables affect expected outcomes, and it
has significant implications for risk assessment, optimization, and the behavior of economic agents. In
economics, for example, Jensen’s inequality helps explain why individuals’ risk preferences deviate
from the expected utility theory, demonstrating how people tend to over- or under-estimate risks
depending on the curvature of utility functions. Its applications extend to areas such as portfolio
theory, pricing models, and the analysis of income inequality, making it an indispensable tool for
both theoretical and applied research. Integral Jensen’s inequality [18] says that:

Q(fpdﬂ)Sf(QOP)dﬂ
X X

for any probability measure u defined on any measurable space X, for any u-integrable function p :
X — (a, b) and any convex function o on the interval (a, b). Equality in Jensen’s inequality holds if and
only if either o is affine on p(X) or p is constant u-a.e.

In our previous work [7], we provided several Jensen-type inequalities and used them to obtain
novel inequalities in the context of fractional integral operators. In [8], we presented two Jensen-type
inequalities involving harmonic convex functions, and applied them to Caputo-type fractional integrals.

Motivated by the results of [7,8,27], our contributions in this research move in two directions: In
the study of inequalities and in the study of fractional operators. First, we prove some refinements of
Jensen’s inequality. Moreover, we extend these results to obtain relevant inequalities in the context of
fractional integral operators.

Several improvements of Jensen’s inequality are known. In particular, in [27], Theorem 1 is shown,
which improves the discrete Jensen’s inequality with a double inequality. Our main result provides a
very general version of the inequalities in Theorem 1, which is the best possible: It holds any general
measurable space with any probability measure, and we characterize the case of equalities (Theorem 4).
Also, we obtain in Theorem 7 a version of Theorem 4 for harmonic convex functions.

Furthermore, we extend these inequalities to two different fractional integral operators, associated
with the generalized Caputo derivative and the generalized local fractional derivative.

2. Jensen-type inequalities
The discrete Jensen’s inequality says the following:

Consider an interval I C R, x; € I fori = 1,2,...,n, and w; positive numbers such that >, w; = 1.
If o : I — R s a convex function, then

0 [Zn: Wixi] < Zn: wio(x;).
i=1 i=1

Equality in the discrete Jensen’s inequality holds if and only if either o is affine on [min; x;, max; x;] or
X| == X,
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Fix an interval I Cc R. Let x; € I and w;, v; positive numbers such that 3}, w; = 1 and 0 < v; < 1 for
i=1,2,...,n. Also, let J be a proper subset of {1,2,...,n}and J* ={1,2,...,n}\J.Ifo: I - Risa

convex function, X = (X1, X2, ..., X,), W = (W, Wa, ..., W,), V= (V,Va,...,V,), let us define:
Zze] W;ViX; Zie] Wi(l - Vi)xi
Z(Q, W,V,X, J) :Q( wiv; + Wi(l _Vi)
Zze] W;V; ; Zie] Wi(l - Vi) ;
Dieje Wivi X:) (Ziejc wi(l - Vi)xi)
to wiv; + W,‘(l - V,').
( Diicse Wivi ; Dicse Wil = vi) ;

The following refinement of the discrete Jensen’s inequality is presented in [27].

Theorem 1. Consider an interval | CR, x; € I, 0 <v; < 1 fori=1,2,...,n, and w; positive numbers
such that Y, w; = 1. Also, let J be a proper subset of {1,2,...,n} and J* = {1,2,...,n} \ J. If
o : I = Ris a convex function, then

o [Z} Wixi] < Z(o,w,v,x,J) < Z} wio(x;).

If 1 is an interval in R \ {0}, a function o : I — R is said to be harmonic convex on I if

xy
ggjgzﬁsa—wm+@w

holds for every x,y € I and ¢ € [0, 1].
Dragomir [13] established a Jensen-type inequality for harmonic convex functions as follows.

Theorem 2. Let I be an interval in (0, 00) and let o be a harmonic convex functionon I. If wy,...,w, >
Owith Yi_yw; = land x,...,x, € I, then

(nuj mem

l 1 X;
In [8], the following generalization of Theorem 2 is found:

Theorem 3. If i is a probability measure on space X, and I is an interval in R\ {0}, let p : X — I be
a measurable function and let 0 be a harmonic convex function on I such that o o p is a u-integrable

function. Then,
1
Q[ d#]Sf(QOP)du,
k) Jx

where 0(0) = lim,_,re; 0(1) szX %" = 400

In this work, we prove several refinements of Jensen’s inequality for convex and harmonic convex
functions.
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3. Major results

If i is a probability measure on space X, and I C R is an interval, suppose that p : X — [is a
u-integrable function. Also, let Xy C X be a measurable subset and Xj = X \ Xj.
We remark that the function g is (Xy, u)-compatible if g : X — R is a measurable function with

q(x) € [0, 1] for every x € X and
[ aduz0. [ a-gauso
Xo Xo

fqd,u>0, f(l—q)d,u>0.
X¢ X¢

0 0

Suppose that o : I — R is a convex function and ¢ is (X, )-compatible. Since p(x) € I for every
x € X, we establish

Z( X, 11) = Mfd-l_ M[(l—)d
O, P,4q, A0, 1) = 0 fXOC]d,U qu HTOo fXO(l—Q)d,U ” q)al

fgpqduf ) Jys P = ) di f(l y
+o| —2—r +o| 24— -~ .
¢ Jy. ad e (= ) Jx; v

Theorem 1 is an interesting improvement of the discrete Jensen’s inequality. We have the following
refinement of Jensen’s inequality, which generalizes Theorem 1 and an inequality in [21], for any
probability measure u and any measurable space X.

Theorem 4. Let u be a probability measure on space X, and let Xy C X be a measurable subset and
I C R be an interval. Also, let p : X — I be a u-integrable function, and let q be a (Xy, u)-compatible
Sfunction. If o : I — R is a convex function, then pq and p(1 — q) are u-integrable functions and

Q(fxpdﬂ) < Z(0, p,q, Xo, 1) < fX(QOP)dN- (3.1)

These inequalities reverse if o is a concave function.
Let us define the set

_ f padu f p(1—qydu fy padu [y p(1 =g dp
Jpadu " [ A -@du " foqdu " f.(1-q)du

The equality in the first inequality holds if and only if either o is affine on [min A, max A] or the set
A has a single point.
The equality in the second inequality holds if and only if the two following statements hold:

(a) o is affine on p(Xy) or p is constant u-a.e. on Xy,
(b) o is affine on p(XY) or p is constant u-a.e. on Xg.
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Proof. Note that since p € L'(X, ) and 0 < g < 1, then pq and p(1 — g) are u-integrable functions.

The strategy in the proof of the first inequality is to apply the discrete Jensen’s inequality in an
appropriate way. Since p takes values on [ and ¢ is a (X, u)-compatible function, one can check that
all elements of set A belong to /,i.e., A C I. Since q is a (Xy, u)-compatible function, we have a convex
linear combination with four addends, and the discrete Jensen’s inequality implies

Q(IXpdu)

(1 -q)du

. padu [ p(1 = q)du
S adr Ix, S (=@ du Jx,
szqdu f ; fxcp(l q) d

fxchu ‘ fX((l—q)d/J X;

Jy, padu fi (1= gy dp
<o| d X || a-94d
<Q[f qdu foq e Ji, (1 = @) d fo( Dk
fcpqdu f fcp(l—q)du f( y
Xéqdu X5 Xc(l— [ —qydu v

= Z(0, p, q, Xo, 1),

(1 —Q)dﬂ]

and the first inequality in (3.1) holds.

The argument in the proof and the discrete Jensen’s inequality show that the equality in the first
inequality holds if and only if either o is affine on [min A, max A] or A has a single point.

The idea in the proof of the second inequality is to apply Jensen’s inequality four times in an
appropriate way. We have

pqdu p( —q)du
Z(o, p.q, Xo, 1) = Q[IXO—]I gdu + [f ]f( - q)du
Xo

Ji, adu Jo (1= @) lp

: P4t f . e P — @) dp (1o
+ —_— —_— —
¢ Jy. ad e Je U =ardu ) Jx; v

(0o p)qgd oop(1-¢qg)d
stquo‘) AL T
Xo Xo

Sy, adu Ji, (1 = @) du
Jy.(e o p)gdy . Jyleop) (1 - q)du o
" fxchu f}l e fxc(l— q) du fxs( e

f(@ozv)qdﬂ+f(9°p)(1 q)du+f(90p)qdu+ (0op)(1 —q)du
Xo

X;

(90p)du+f(Q°p)du

f(QOP)d,U
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The argument in the proof shows that the equality in the second inequality holds if and only if the

four following equalities hold:

Sy, padu) [ (@0 p)gdu
Q{fXquﬂ T fade
Q[fxop(l—q)du :fxo(Qop)(l—Q)dﬂ
Jy, (1 = @) du Jy, (1= @) du
. padp)  Jiloop)adu
Q(faqdﬂ ) feadu

[« P(L=@)dp) [0 p)(1 = g)dp
Q{ (=) d ) JeU=@ydu

Then, Jensen’s inequality show that the equality in the second inequality holds if and only if the
four following statements hold:

(1) o is affine on p(Xj) or p is constant gu-a.e. on X,

(2) o is affine on p(Xj) or p is constant (1 — g)u-a.e. on X,

(3) o 1s affine on p(X{) or p is constant gu-a.e. on X,

(4) o 1s affine on p(X{) or p is constant (1 — g)u-a.e. on X{.

Finally, this is equivalent to the two following statements:

(a) o is affine on p(Xj) or p is constant y-a.e. on X,

(b) o 1s affine on p(X{) or p is constant u-a.e. on X.

If we replace o by —p, we obtain reverse of inequalities if o is a concave function. O

Example 5. Let u be the Lebesgue measure on X = [0, 1], and X, = [0, %]. Consider also p(x)
x%,q(x) = x and o(x) = e*. Then,
-

()l )

371

W=

2

3
. N 1
du = Y dx = _— .
fx(gol’) H foe * ;n!(2n+l)
Also,
1 4 1
3 1 X2 i
'\, P4 ap 3 fozx dx| _ [4]0 L T
ol —— qgdu =o|=— xdx=p |7 =—e'°
Sy, adi ) Jxo [ xax ) o [2]:)12 o
1 ek
o PG dpt Ji ¥dx) [T]i 2] 3
0 _ 2 _ 2 _ 5/8
| T ad fch”‘g 1 Rkt Ioert [E]l‘ée !
(L)q M X J‘%Xd.x 2 [7]% 3
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S, (=) dp fo (1 - x)dx
X 4 1/2
=0 [?3 B 74]0 ][x _ _2]1/2 ées/n
2112 2 8 ’
[ - 7]0 0

[)C _ xz] 2 12 8
12
Therefore,
1 = 1
13 _ L 18 5/8 5/72 11/24
e <8(e + 3e’° + 3e +e )<Z:(;—n!(2n+1)'

By approximately calculating these numbers, we confirm the inequalities, i.e.,
1.3956 < 1.4419 < 1.4627.

Theorem 4 enables us to obtain the following remark for Theorem 1.

Remark 6. Under the hypotheses in Theorem 1, let us define

B {Zie] wivixi ey Will =vixi Yieje WiviXi  iese wil — Vi)xi}
Yiewivi - Dieawill=vi) T Yicgewivi T Diege wil = vy)

The equality in the first inequality in Theorem 1 holds if and only if either o is affine on
[min B, max B] or B has a single point.

The equality in the second inequality in Theorem 1 holds if and only if the two following statements
hold:

(a) o is affine on Uicj{x;} or x; = xj for every i, j € J,

(b) o is affine on Ui je{x;} or x; = x; for every i, j € J.

Now, we prove the following refinements of Theorems 2 and 3.

Theorem 7. Let u be a probability measure on space X, let X, C X be a measurable subset, and let
I Cc R\ {0} be an interval. Also, let p : X — I be a measurable function such that % e L'(X,n), and
let g be a (X, u)-compatible function. If o : I — R is a harmonic convex function, then % and 1%‘1 are
u-integrable functions and

X

1
Q[f d_y] < Zy(0, P, 4, Xo, 1) < f(g o p)du, (3.2)
X P
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where

(1 -¢q)du
Zp(o, p,q, X0, 1) = © [f ]fq u+ Q[IX‘) Jf(l—q)du
Xo

f% J, 5+ d
(1 =¢q)du
qa’ﬂ 0 —f° - (1 -¢q)du.
fxch Joe Stdu ) Jxs

Proof. Since % € L'(X,u) and 0 < g < 1, then £ » and =4 > 1 are u-integrable functions. Since p takes
values on 7 and q is a (X, u)-compatible function, one can check that

fqd,u fXO(l—q)d,u fxaqdﬂ fXS(l—C])d/l

: : - el
o g f Shdn " fhdu [ St du

Since ¢ is a (Xp, u)-compatible function, Theorem 2 (the discrete Jensen’s inequality for harmonic
convex functions) implies

1 |
Q[fx d_ﬂ} - e fgadu  fi (-0 du fxé-qdu fxg(l—q)du

[fxoqd“] + fxo(l q)du + fX(C)qdu + sz(l—q)dy
fXO %dl‘ fXO - 9 du fX(‘) %d‘u fX(‘) 1—7(1‘1#

P

qdu (1 -¢q)du
% fx“ ]fqduw{fx“—J X(l—Q)dﬂ

S, &du Je, S du

fxf qdu Jye (1 = @) dp
quﬂ 0 lqd f(l—q)du

()

IA

Zh(@, 2%’ XO»#)»

and the first inequality in (3.2) holds.

We also have
S, (=@ dp
0 1-9)d
[ ) qu@[flqd fXO( q) dp

qdu Je (1 = @) dp
% quﬂw 1qd f(l—q)d/l

Zh(@9p9 (],XO,IJ) q
0P

e

du
1 1
=0 T a qdu+9 T i (1 -¢q)du
Xy P X0 ]7 Xo
Jyy g fxo(l 9)du
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1 1
to|l—— fqd/HQ —_— f(l—Q)d.U
S i [ Jxe R

Jyg adu Jee (1= du

SL(QOp)qdu+fx(goz))(l—q)du+fxc(90p)qdu+ ©op)(1-q)du

cr\

(Qop)dﬂ“‘f(Qop)dﬂ
f(wp)dﬂ

Theorem 7 directly implies the following result.

Corollary 8. Consider an interval I C (0,00), x; € I, 0 < v; < 1 fori = 1,2,...,n, and w; positive
numbers such that Y,!_, w; = 1. Also, let J be a proper subset of {1,2,...,n} and J° = {1,2,...,n}\ J.
If o : I — R is a harmonic convex function, then

1 n
% nw; < Z/’l(g’ w,v, X, J) < Q(-xi)wia (33)
(Zi—l ;) ;
where
e ViWi ies(1 = vw;
Zi(o, w,v,x,J) = g(— v + 0| LN (- v,
Dies X ; Dlies M ;
ZieJU V,'W,') [ZzeJ‘(l V,)Wl]
+0 (—Vsz viw;i + 0 W (1 - Vl)wl-
Siese 1 Z, Siese ZJ
Proof. Let X = {1,...,n} and Xy, = J. Consider the measure u on X given by u({i}) = w; fori =
1,...,n. Theorem 7, w1th the functions p : X — I and ¢ : X — R, defined by p(i) = x; and g(i) = v;
fori=1,...,n, gives the desired inequalities. O

4. Generalized Caputo derivative

In [9], Michele Caputo introduced a new fractional derivative. This definition has an important
property associated with the resolution of differential equations, since it is not necessary to define the
initial conditions of fractional order. For multiple applications of the so-called Caputo differential
operator, the interested reader is encouraged to consult [10].

The Caputo derivative of a differentiable function g of order 0 < @ < 1 is defined as

40

Cha _ 1
Dig = = s ds. (4.1)

An extension of “D? is the so-called Caputo-Fabricio derivative (see [4,11]), given by:

N ! a(t—s
“Dsg = 1 [ e ds @2)
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such that N(0) = N(1) = 1 and N(«) is a normalization function.
A more recent extension is the Atangana-Baleanu derivative, defined in [3] by

MDgs(n) = —iv(a) f g (E( - M)ds, (4.3)
-a J, l-«a
where,
E©= 2 Tk

is the Mittag-Leffler function. Note that E(z) = €°.

Definition 9. We say that K is an admissible kernel for the interval [a,b] if K : [0,b — a] X (0,1) —
[0, o0) is a non-negative continuous function such that

K(a)—fb_a s o
~Jo K(s,e)

for each a € (0,1). K is an admissible kernel for [a, 00) if it is admissible for [a, b] for every b > a.
Next, we introduce the definition of the generalized Caputo derivative as provided in [5].

Definition 10. Let a € (0, 1), K be an admissible kernel for [a,b], g : [a,b] — R be a differentiable
function and t € [a, b]. The generalized Caputo derivative of order « of the function g at the point t is

D2 g(r) = f %d& (4.4)

Remark 11. If K(x,a) = I'(1 — a) x%, then we obtain the classical Caputo derivative. Similarly, we
can obtain the kernels for Caputo-Fabricio and Atangana-Baleanu extensions. Hence, each result for
CD%’a has as a consequence the same result for the classical Caputo derivative, Caputo-Fabricio, and
Atangana-Baleanu extensions. This shows that the generalized Caputo derivative is quite general and

unifying.
The following integral operator is associated with the generalized Caputo derivative in a natural

way.

Definition 12. Let @ € (0, 1), let K be an admissible kernel for [a,b] and let g : [a,b] — R be a
measurable function such that
8(s)
K(t-s,a)

The generalized Caputo integral operator of order «a of the function g at the point t € [a, b] is

€ L'([a, D), ds).

e g(t) = f %d& 4.5)

Hence, if g is differentiable, we have
D .&(1) = Vg .8 (0).

AIMS Mathematics Volume 10, Issue 3, 6574-6588.
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We also use the functional defined by

8(s)

b
U = Uus0) = [ A0

It is clear that the above operators are non-local linear operators.

Certain properties of the generalized Caputo derivative and its associated integral operator can be
found in [5].

Theorems 4 and 7 have the following implications for the general fractional integrals of Caputo-
type.

Proposition 13. Assume that K is an admissible kernel for the interval [a, b] with

b 1 b—a ds
K = — ds = ,
. f Ko-s0 ")y Ksa T

and consider the measure du(s) = m on [a,b]. Also, let I C R be an interval, let p : [a,b] — 1

be a u-integrable function, let Xy C [a, b] be a nonempty subinterval, and let q be a (X, u)-compatible
function. If o : I — R is a convex function, then pq, p(1 — q) € L' ([a, b, u) and

1 (" pl 1 (" olp(s)
Q(K(a) Kb-s,a) ds)sz(g’p’q’xo’”)sﬂ{(a)fa Kb —s.a)

Proposition 14. Assume that K is an admissible kernel for the interval [a, b] with

b b—a
1 ds
K@) = | ———ds= :
@ f Ko-s0 ")y Ksao T

m on [a,b]. Also, let I C R\ {0} be an interval, let
p : la,b] — I be a measurable function such that % € L' ([a,b],p), let Xy C [a,b] be a nonempty

subinterval, and let q be a (X, w)-compatible function. If o : I — R is a harmonic convex function,
then %, % € L' ([a, b], p) and

and consider the measure du(s) =

K(a) L[ _op(s)
Q[fb—ds] < Zn(0, P> q> Xo, 1) < K@) j; Kb —s.a) ds.

a p(s)K(b—s,@)

5. Generalized local fractional derivative

The definition of the generalized local fractional derivative, as stated in [2, 6, 14, 15], is as follows.

Definition 15. Given an interval  C R, p : [ - R, @ € R* and a positive continuous function H(t, @)
on I X (0, 00), the derivative Gy, p of p of order «a at the point t € I is defined by

[a]
G2, p(1) = lim —— (—1)k(m
d k

h—0 hfa"l )p(t - th(t’ a’)) (51)
k=

AIMS Mathematics Volume 10, Issue 3, 6574-6588.
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If a = inf{r € I} (respectively, b = sup{r € I}), then G}, p(a) (respectively, G}, p(b)) is defined with
h — 0~ (respectively, h — 0%) instead of 4 — 0 in the limit.

The reader is referred to [1, 17, 19] for further information on conformable fractional derivatives.

Let I be an interval I € R, a,7 € I and @ € R. The generalized local fractional integral Jy , is
defined as

i

p(s)
Jy 1) = ,
1a(P)D) o) s
for every locally integrable function p on 1.
The following results in [2, 6, 14, 15, 20] contain some basic properties of this integral operator.

Theorems 4 and 7 have the following implications for the operator J , .

(5.2)

Proposition 16. Let I C R be an interval and du(s) = on [a, b] with

ds
H(a)H(s, @)

b1
H(a) = fa HG.a) ds < oo,

Also, let p : [a,b] — I be a u-integrable function, let X, C [a, b] be a nonempty subinterval, and let
g be a (Xo, u)-compatible function. If o : I — R is a convex function, then pq, p(1 — q) € L' ([a, b], 1)

and , ,
1 p(s) 1 o(p(s))
ds|<Zo, p,q,Xo, 1) < ds.
€ (H(a) . H(s,a) s) stereXom <y | Hea®
d
Proposition 17. Let I C R\ {0} be an interval and du(s) = Y on [a, b] with
H(a)H(s, @)
b
H(a) = £ He.) ds < .

Also, let p : [a,b] — I be a measurable function such that % € L' ([a,b), ), let Xy C [a,b] be a
nonempty subinterval, and let q be a (X, i)-compatible function. If o : I — R is a harmonic convex
function, then %, % € L' ([a, b], ) and

" op(s)
.
H(a) Jo H(s,a)

ds
a p(s)H(s,a)

H
Q[%] < Zy(0,p,q, Xo, 1) <

6. Conclusions

Our contributions to this research focus on two interrelated domains: the theory of inequalities and
the theory of fractional operators.

On the theoretical side, we establish novel refinements of Jensen-type inequalities. Notably, while
several advancements in Jensen’s inequality already exist, such as the discrete Jensen’s inequality with
a double inequality discussed in Theorem 1 of [22], our primary results go further by:

(1) Extending these inequalities in the best possible way: It holds on any general measurable space
with any probability measure, with a detailed characterization of the equality conditions (see
Theorem 4).

AIMS Mathematics Volume 10, Issue 3, 6574-6588.
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(2) Developing a specialized version of these inequalities for harmonic convex functions (see
Theorem 7).

On the applied side, we expand the applicability of these inequalities in the realm of fractional
integral operators. Specifically, we adapt and extend the results to two classes of fractional operators:

(1) Fractional integral operators associated with the generalized Caputo derivative.
(2) Fractional integral operators tied to the generalized local fractional derivative.

Through these extensions, our findings not only broaden the theoretical scope of Jensen-type
inequalities but also provide deeper insights and tools for fractional calculus.
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