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ON JENSEN-TYPE INEQUALITIES FOR
HARMONIC CONVEX FUNCTIONS
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(Communicated by M. Krni¢)

Abstract. Inequalities play a main role in pure and applied mathematics. In particular, Jensen
inequality plays an important role in many fields of Mathematics. In this paper we prove two
new Jensen-type inequalities for harmonic convex functions via fractional calculus, and we apply
them to generalized Caputo-type fractional integrals.

1. Introduction

Integral inequalities are used in countless mathematical problems such as approx-
imation theory and spectral analysis, statistical analysis and the theory of distributions.
Studies involving integral inequalities play an important role in several areas of science
and engineering.

In recent years there has been a growing interest in the study of many classical
inequalities applied to integral operators associated with different types of fractional
derivatives, since integral inequalities and their applications play a vital role in the the-
ory of differential equations and applied mathematics. Some of the inequalities stud-
ied are Gronwall, Chebyshev, Hermite-Hadamard-type, Ostrowski-type, Opial-type,
Griiss-type, Hardy-type, Petrovi¢-type, Milne-type, Gagliardo-Nirenberg-type, reverse
Minkowski and reverse Holder inequalities (see, e.g., [6,7,11, 13,15, 16, 18-24]).

In particular, there are many generalizations of Jensen inequality. In this work we
prove two new Jensen-type inequalities for harmonic convex functions, and we apply
them to the generalized Caputo-type fractional integrals defined in [5], which include
most of known Caputo-type fractional integrals.

2. Generalized Caputo-type fractional derivatives

Michele Caputo proposes a new fractional derivative in [8]. 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. Multiple applications
of the so-called Caputo differential operator can be found in [9].

In [5], the authors present a generalized version of the Caputo fractional derivative.
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DEFINITION 1. We say that F is an admissible kernel for the interval [a,b] if
F:[0,b—a] x (0,1) — [0,0) is a non-negative continuous function such that

b—a ds
F(a):/o o) <=

foreach o € (0,1). F is an admissible kernel for [a,e) if it is admissible for [a,b] for
every b >a.

DEFINITION 2. Let n € Z", oo € (n—1,n), t € [a,b] and F be an admissible
kernel for [a,b]. For a n times differentiable function f : [a,b] — R, the generalized
Caputo derivative of f of order a at ¢ is

Co _ ! f(n)(s)
DFv“f(t)_/a F(t—s,a+1—n) ds. @)

The next interesting compositional property follows from Definition 2. This propo-
sition was proved in [5].

PROPOSITION 3. Let o € (0,1), n € Z*, and F be an admissible kernel for
[a,b]. If f is (n+ 1)-differentiable function on |a,b], then

DE1(1) = Dif (1),
forevery t € [a,b].

Note that the equality in Proposition 3 is interesting, since we write CD%;" as a
composition of a local operator and a non-local operator.

The following integral operator is associated to the generalized Caputo derivative
in a natural way.

DEFINITION 4. Let o € (0,1), F be an admissible kernel for [a,b], f :[a,b] = R
be a differentiable function and 7 € [a,b]. The generalized Caputo integral operator of
order a of the function f at the point 7 is

r
Cra f(s)
J t)y= | —————ds.
F,uf() L F([—S,OC) S
From this definition, we have
i. CD%af(t) = CJgaf’(t).

ii. The functional defined by % (f) = I, f(b) = [ F(ﬁ‘za) ds.

Next, some properties of the generalized Caputo derivative and its associated inte-
gral operator were presented (see [5]):
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PROPOSITION 5. Let o € (0,1), x € [a,b] and F be an admissible kernel for
[a,b]. If f is a differentiable function on |a,x] and F¢ = minyc(o g F (y, ) > 0, then

1
HCJI%HfHLw[a,x] < E ”fHLl[agc]’

1
HCD%afHLw[u?x] < E Hf/HLl[agc]'

By applying Proposition 5 to the function f — g, we obtain the following result
(see [5]).

PROPOSITION 6. Let a € (0,1), x € [a,b] and F be an admissible kernel for
[a,b]. If f,g are differentiable functions on [a,x] and

Fo= min F(y,o) >0,
ye[0x—a]

then |
HCJI%af_CJI%agHLm[a’X] < E ”f_gHLl[a,x]a

1
HCD%,uf_CD%,agHL‘”[a,x] S E Hf/ _g/HLl[mx]'

3. Jensen-type inequalities

Jensen inequality relates the value of a convex function of an integral to the integral
of the convex function. It was proved in 1906 [14], and it can be stated as follows:

Let 1 be a probability measure on the space X . If f: X — (a,b) is p-integrable
and ¢ is a convex function on (a,b), then

<p</xfdu) < [ooran.

In [17] appears the following inequality.

THEOREM 7. Let x; < xp < ... < x, and let wi (1 < k < n) be positive weights
whose sum is 1. If @ is a convex function on an interval containing [x|,xy], then

(x1—|—xn Zkak> O(x1) + @(x,) Ewk(p Xp).
n [4] appears the following continuous version of the above discrete inequality.

THEOREM 8. Let [ be a probability measure on the space X and m < M real
constants. If f: X — [m,M] is a measurable function and ¢ is a convex function on
[m,M], then f and Qo f are L -integrable functions and

<p(m+M—/deu) <<p(m)+<p(M)—/X<pofdu-



1402 P. BOSCH, J. M. RODRIGUEZ-GARCIA AND J. M. SIGARRETA

If 7 is an interval in R\ {0}, a function ¢ : I — R is said to be harmonic convex
on [ if
() <1 =10 +100)
A tx+(1—t)y/ =
holds for every x,y € I and ¢ € [0, 1].

Very recently, [12] established a Jensen-type inequality for harmonic convex func-
tions as follows.

THEOREM 9. Let I be an interval in (0,00) and @ be a harmonic convex function
on . If wi,...,w, 20 with 3} _,wy =1 and x1,...,x, €1, then

<Zk . ) Zqoxk

In [3] appears the following inequality.

THEOREM 10. Let I be an interval in (0,00) and ¢ be a harmonic convex func-
tion on I. If wi,...,w, 20 with 3] wy =1 and xi,...,x, €I is an increasing
sequence, then

n

1
P\ T 71T < wm @(x1) +@(xa)
(=) &

In this paper we prove the following generalizations of theorems 9 and 10.

THEOREM 11. Let i be a probability measure on the space X and I be an inter-
val in R\ {0}. If f : X — I is a measurable function, ¢ is a harmonic convex function
on Il and Qo f is a W-integrable function, then

0 (fx 4,1> [ ooran.

where @(0) = lim; o ;7 (1) lffX =

Proof. One can easily check that ¢(x) is harmonically convex on [ if and only if
¢@(—x) is harmonically convex on

—I={-x:x€el}.

If I is contained in (—eoo,0), then —f : X — —I is a measurable function. Since ¢(—x)
is harmonically convex on —I, it suffices to prove Theorem 11 if the interval I is
contained in (0,e0).

Assume first that 7 is a compact interval I = [a,b] and ¢ is a continuous function
onI. Then 0 <a< f<band f and 1/f are bounded functions. Hence, 1/f is a
U -integrable function, since  is a finite measure.
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Foreach n > 1 and 0 < k < 2", consider the intervals
Gui = la+k27"(b—a),a+ (k+1)27"(b—a)), Guon = {b}.
Foreach n > 1 and 0 < k < 2", define the sets
Fug=f""(Guy)

and the constants
fox=a+k27"(b—a).

Since f is a measurable function satisfying a < f < b, we have that {ka},%lo are
pairwise disjoint measurable sets and X = U%};an,k for each n.

Recall that the characteristic function of a set A is defined as ya(x) =1 if x€ A
and ya(x) =0 if x ¢ A. If we define

27!
fn = 2 fn7k%Fn‘k7
k=0

then y
[ fdn =3 fucn(Fu).
X k=0

It is clear that
a<fu<f<b, O0<f—f<27"(b—a).

Hence, f; uniformly convergesto f and, since u is a finite measure,
fim fndu:/fdu.
n—ee Jx X

Since {F,}7, are pairwise disjoint sets and X = U?"(F, x, we have

on

(Pofn = Z (P(fn,k)an,k’

on

oo sudu= 0t o)

Since ¢ is a continuous function on [a, b], there exists a constant M such that |¢| < M
on [a,b] and so, |@o f| <M and |po f,| <M on X forevery n>1. Since u is a finite
measure, M is a [ -integrable function and dominated convergence theorem gives

lim <p0fndu=/xq00fdu~

n—oo

Theorem 9 gives

1
?\ o amg 2<ank Fu) /‘Pofndll 2
Zk 0 fnk
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We are going to check that

2" F
fim S AUEnk) i
= =0 fn,k x f

Since {F,}7_, are pairwise disjoint sets and X = UZ"(F, x, we have

1 1 gil p
Ry T Foio
f" Zizofn,kXFnA -0 fn7 g
d_‘LL _ Z .u(Fnk)
X fn k=0 fn,k

Note that
fl =Sl _27"(b—a)

2

gl s it 2

and so, 1/f, uniformly converges to 1/f. Since y is a finite measure,

27!
lim /
Nn—o0 =0 n—boo

Since 0 < a < f, < b and U is a probability measure, we have

2"
oLl Ll g Sut) 1
b fn a fn =0 fn,k a
1 1 <b.

fX fo Zl%n 0 fnk !

Since ¢ is a continuous function on [a,b], the left hand side of (2) has limit

(t,(;)
k%)

This fact finishes the proof of Theorem 11 when I is a compact interval and ¢ is
continuous on /.

We are going to remove the continuity hypothesis on ¢.

Note that harmonic convex functions share with convex functions the following
useful property:

(P1) ¢ is a continuous function on (a,b), there exist lim,_,+ @(¢) and
lim,_,,- @(¢); and, since a > 0, there exists a continuous harmonic convex function
@o on [a,b] and non-negative constants A, B > 0 such that

©=@o+AX{a)+BYy-
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Since ¢y is continuous on [a,b], we know that

1
%(@) Q/X(Poofd%

Let us assume that f =a p-ae.or f=> p-ae. If f=a u-ae., then

1
qo(fxd“) /(Pofd.u

If f=0 u-ae., then

1
qo(f)(—d_“) :Qo(b):/X(Pofdﬂ~

f

In other case, the sets

1 l }
f (X)

1 < 1 }
<7 (x) “af’

have positive measure. Thus, 1/b < [ydu/f <1/aand a<1/(fydu/f) <b. Hence,

(p(;):%(;)
k% k%)

O =@ +AX[a)+ By,
pof=@oof+Ax =y +BXir=p}

(xeX:a<f()<b}— {

@‘IH @‘IH

{xeX:a<f(x)<b}= { €X:

Since

we have

| oosau= [ mordu+Au((f=a)+Bu(ir=5}) > [ qvofdu

1
(355}

Consider now the general case for /, with infje; =a > 0 and sup,c; = b < oo.
We can assume that I = (a,b), since the cases I = [a,b) and I = (a,b] are similar and
simpler.

and so,
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Case (A): Assume first that b = co.
For each positive integer n, let us consider the function g, : X — [a+ 1/n,n] given
by
a+1/n, fa<f<a+l1/n,
en = f, ifa+1/n<f<n,
n, if f>n.

Thus, {g,} is a converging sequence to f. We have proved that

pogudu 3
(fX 2n ) /

since g, : X — [a+ 1/n,n] and @ is harmonic convex on [a+ 1/n,n] C I.
Note that harmonic convex functions share with convex functions the following
useful property:

(P2) ¢ satisfies either:
e (0 is a non-decreasing function on /,
e ( is a non-increasing function on 7,

o there exists 7y € I such that ¢ is non-increasingon (a,f|, and @ is non-decreasing
on [fy,0).

By property (P2), there exists a positive integer Ny such that ¢ is a monotonous
function on (a,a+ 1/Np] and on [Np,e). Thus, |@| also satisfies this property for
some N > Nj. Since |g,| < max{|f],|gn|} forevery n >N, we have for every n > N

[pogal <max{|pof|,|pogn|} <|pofl+]|pognl|

Since gy : X — [a+ 1/N,N] and ¢ is continuous on [a+ 1/N,N], pogy is a
bounded function; since U is a finite measure, ¢ o gy is U -integrable. Since ¢ o f is
U -integrable by hypothesis, and |@ o g,| is bounded by a u -integrable function which
does not depend on n > N, dominated convergence theorem gives

lim qoogndu=/<pofdu. 4)
n—eo Jx X
Note that
hy, =min{f, n} < f <max{f,a+1/n}=H,,
hy =min{f, n} < g, <max{f,a+1/n}=H,.

Since A, increases to f and H, decreases to f, we have that 1/h, decreasesto 1/f
and 1/H, increasesto 1/f, and

[ [ e pd [
XHn X &n th XHn Xf x h
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Note that
d 11 d d d 1
/ e / /max{—,—}du</—”+/_”< _”+_
xmm{f,n} X fn x f Jxon x f n
and so,
du / du / . au du
— —|— — lim [ —= [ —.
L5 LY
Also, monotone convergence theorem gives
lim d—'u = d—'u
n—eJx Hy  Jx f
Consequently,
lim u = d—“ (5)
n—oeJx o Jx f
(A.1) If a> 0, then f > a implies
! < ! = du < = ! >a
S S Tdu
f a x [ a Jx 7“
Since ¢ is a continuous function on (a,ee),
IR =
n%oc - d
fX 8n fX T’J
and this fact, (3) and (4) give the desired inequality.
(A.2) Assumethat a=0.1If [y, du/f < o, then
1
——>0
d
I F
and the previous argument also gives the inequality. If [, dp/f = oo, then (5)
gives
1

lim =—

—eo [ d d

" fx g_ff Jx Tu
Since property (P1) guarantees that there exists ¢(0) = lim,_,o+ @(z) < oo, we

conclude that
. 1 .
}}gg(ﬂ( d_u> = lim ¢(r) = ¢(0)

X gn

and so, (3) and (4) give

1
(P<fxdﬂ> /(Pofd.u

In this case, since @ o f is a ( -integrable function, we conclude that ¢(0) < eo.
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Case (B): Assume now that b < .
In this case, for each positive integer n > ﬁ, let us consider the function g, :
X — [a+1/n,b—1/n] given by
a+1/n, if a<f<a+1/n,
&n = f, if a+1/n<f<b—1/n,
b—1/n, if b—1/n<f<b.

Now, the argument in the proof of the case (A) (b = ) gives the result. [J

THEOREM 12. Let U be a probability measure on the space X and [a,b] be a
compact interval in R\{0}. If f:X — [a,b] is a measurable function and ¢ is a
harmonic convex function on [a,b], then 1/f and @o f are [ -integrable functions
and

1
(0 ————ﬁr><ww+wm—/¢qmu
( T Jx & X
First of all, we need the following version of Theorem 10, without the hypotheses
on the order of xi,...,x,.

LEMMA 13. Let 0 <a < b and ¢ be a continuous harmonic convex function on
la,b]. If wi,...,w, =0 with ¥}_,wy =1 and xi,...,x, € [a,b], then

¢<———L———><M®+Mw—i¢QWw
k=1

I, 1_yn  w
a+b 2k=lxk

Proof. Let ¢ be a permutation of xj,...,x, such that xs1),...,Xs(,) 18 an in-
creasing sequence. Fix 0 < € < 1 and define

0=4a, 2 =Xg(1)---1%n = Xo(n) Znt1 =D,
wy =¢€/2, wi=(1—&wp,...,w; = (1—¢&)w, wh =¢€/2.
Since z9,z1,---,2Zn+1 € [a,b] is an increasing sequence and ZZLI) wy =1, Theorem 10
gives
0 1
2 2 n
%4‘%—%—%—(1—3)21{71%
a 1,1 1w
a T 2ilo
n+1
< oa)+ob) — Y, o(z)w;
k=0

= 9(a) + 0(b) ~ & 9la)~ S ()~ (1-£) 3, o(wuws.
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Since ¢ is a continuous function on [a,b], we obtain the desired result by taking the
limit as € — O™ in the previous inequality. [

Let us start the proof of Theorem 12.

Proof. The argument at the beginning of the proof of Theorem 11 gives that it
suffices to prove Theorem 12 if the compact interval [a,b] is contained in (0,).

Assume first that @ is a continuous function on [a,b] and let’s consider the se-
quence of functions {f,} defined in the proof of Theorem 11.

Since f,x =a+k27"(b—a) € [a,b] foreach n>1 and 0< k< 2", {F1}7" isa
partition of X foreach n > 1, u is a probability measure on X, and ¢ is a continuous
harmonic convex function on [a,b], Lemmal3 gives

1 2"
< @(a)+ () = Y, o(fu)t(Fp).
n F, s 5
a5~ ko ”.(fn‘,;k) k=0

We know, by the argument in the proof of Theorem 11, that

on on

[ dean=3 fuenBn). [ @ofidu= Y olhn(Fi),
X k=0 X k=0

du _ Z K (Fk)
X fn k=0 fn,k ’

and so,
1
¢ <ﬁ> < @(a)+o(b) —/ po fudu
a T T X
forevery n > 1.
We also know, by the argument in the proof of Theorem 11, that

lim/fndu:/fdu, lim/goofndu:/(pofdu,
n—oo Jx X n—oo Jx X

. du du

fim [ [ 4R

”E}‘l’ X fn X f

Since ¢ is a continuous function on [a, b], these facts finish the proof in this case.

Finally, let @ be a (not necessarily continuous) harmonic convex function on
[a,b].

Property (P1) in the proof of Theorem 11 gives that there exists a continuous
harmonic convex function @y on [a,b] and non-negative constants A, B > 0 such that

¢®=@o+AX{a} +BXp)-

We have proved above

o (ﬁ) < gola) + o(b) = [ oo fudp
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Assume that f =a p-ae.or f=>b p-ae. If f=a p-ae.,then
1 1
ol =0T 7| =00
() ()

If f=b pu-ae.,then

o ——— )=o) =0
Cw) I\

1 1 du
and
ol —1 Vg —1
- Z) PR
The equality
O =00 +AXy+BXn
implies
Qof=@of+Axir=a) T BX{fr=b}-
Thus,
/X<pofdu =/X<poofdu+Au({f=a})+Bu({f=b})
and so,

¢ (ﬁ) =@ (W) S(Po(a)Jr(Po(b)—/Xfpoofdu
—9@)—A+p(b)~B~ [ pofdu+Au({f =a})+Bu({f =)

= 0(@)+0(b) = [ pofdu—A(1=p({f = a})) ~B(1-n({s =b}))
<o(@+9(b)~ | poran.

This finishes the proof of Theorem 12. [J

Theorem 12 has the following consequence, improving Lemma 13.
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COROLLARY 14. Let ¢ be a harmonic convex function on a compact interval
[a,b] CR\{O}. If wi,...,w, =0 with ¥} _wy =1 and x,...,x, € [a,D], then

1 n
T, 1 ~n w X b)—
o(rermg) v o0 Fowm

4. Inequalities for general fractional integrals of Caputo type

Theorems 11 and 12 have the following direct consequences for general fractional
integrals of Caputo type.

PROPOSITION 15. Let o € (0,1). If f: [a,b] — I is a measurable function where
I is an interval in R\ {0}, F is an admissible kernel for the interval |a,b] with

b 1 4 b—a (g
— _— — <z>o,
/aF(b—s,(x) y /o F(s, )

@ is a harmonic convex function on I, and ¢(f(s))/F(b—s,a) € L'[a,b], then

F
(p<fh (ad‘) ) /F b—s, ) s,

a fs)F(b-s0)

ie.,

Fl@) \_ 1 cp
*(em) < wa o)

PROPOSITION 16. Let o € (0,1). If f: [a,b] — [A,B] is a measurable function
where [A, B is a compact interval in R\ {0}, F is an admissible kernel for the interval

[a,b] with
b 1 b—a ds
= 761 = <°°,
*) /C,F(b—s,(x) s /o Fs,0)

and @ is a harmonic convex function on [A,B], then

1

e <L e U _ ¢y,

F(b—s,a)

L2 o(f(s)
< 9(A)+p(B)— ds,
¢<%+%—ﬁff,f@w7ﬁ> pTo F(O‘)/a Flo—s.0)"
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