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ABSTRACT. In this paper, we consider classes of harmonic convex functions and give their special charac-
terizations. Furthermore, we consider Hermite Hadamard type inequalities related to these classes to give

some non-numeric estimates of well-known definite integrals.

1. Introduction

The classical or the usual convexity is defined as follows:

A function f: 0 # I CR — R, is said to be convex on I if inequality

flz+Q—t)y) <tf(x)+ (1 —1t) f(y)

holds for all z,y € I and t € [0, 1].
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A number of papers have been written on inequalities using the classical convexity and one of the most

fascinating inequalities in mathematical analysis is stated as follows

f(a+b) <1 jf(x)deM, (1.1)

2 b—a 2

where f: I CR — R be a convex mapping and a,b € I with a < b . Both the inequalities hold in reversed
direction if f is concave. The inequalities stated in (1.1) are known as Hermite-Hadamard inequalities.

For more results on (1.1) which provide new proof, significantly extensions, generalizations, refinements,
counterparts, new Hermite-Hadamard-type inequalities and numerous applications, we refer the interested
reader [1-4,14] and the references therein.

The usual notion of convex function have been generalized in diverse manners. Some of them are the so
called harmonically convex function, harmonically («, m)-convex function and p-convex function, which are

stated in the definitions below.
Definition 1.1. [9] A function f: I CR\{0} = R is said to be harmonically-convex function on I if

Yy
f<tw—|—(1—t)y) <tf(y)+(1—-1)f(z)

holds for all x,y € I and t € [0,1]. If the inequality is reversed, then f is said to be harmonically concave.

Definition 1.2. [10] A function f: I C R\{0} — R is said to be harmonically (o, m)-convez function on
I
mxy « a
— 7 1<t 1-—t
F(riegs ) <t f @m0 )
holds for all z,y € I and t € [0,1], where a € [0,1] and m € (0,1]. If the inequality is reversed, then f is

said to be harmonically (o, m)-concave.

Definition 1.3. [11,13] Let I C (0,00) be a real interval. A function f : I — R is p-convez, where
p € R/{0} if
1
7 (It + (1= Oy 1) <t () + (1= 1) f (@)

holds for all x,y € I and t € [0,1]. If the inequality is reversed, then f is said to be p-concave.

2. Main Results

The convexity of functions and their generalized forms, play an important role in many fields such as
Economic Science, Biology, Optimization. In recent years, several extensions, refinements, and generaliza-
tions have been considered for classical convexity. In [7], I. A. Baloch and I. Iscan defined a new class of

functions which is defined as follow:
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Definition 2.1. [6,7] A function f: I CR\{0} — R is said to be harmonically (s, m)-convex function on
Iif

maxy s s
P ) <o @ m -0 1)

holds for all x,y € I and t € [0,1], where s € (0,1] and m € (0,1]. If the inequality is reversed, then f is

said to be harmonically (s, m)-concave.

Definition 2.2. [5] A function f: I C R\{0} — R is said to be harmonically (p, (s, m))-convezx function,
where p € R/{0}, s,m € (0,1], if

mxy
f T
[t(my)? + (1 — t)aP]>
for all x,y € I with my € I and t € [0,1]. If the inequality is reversed, then f is said to be harmonically

) <t f(z) +m(1 —t)°f(y),

(p, (s, m))-concave.

Now, first of all, we give an example of harmonic convex function which is not a convex function.
Y

Here, some more examples of harmonic convex functions.
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Y

x
y
Lz ofo<a<l
fl@)=q 0 ifl<a<2
=2 ifx>2
x

Lemma 2.1. Let I CR/{0} be a real interval. Define ™' = {y € R,y =1 z e I}.

A function f : I — R is harmonically convez if and only if g : I — R is convex, where g is defined as

9(y) = f(3)-

Proof. Let f be harmonically convex function on I and consider a function g : I=! — R defined as g(y) =

f(%) Now, ¥V y1,y2 € I™, 321,29 € I such that y; = ;711 and yo = =—

gltyr + (1 —tyye) = f<(1>

< tf(z) + (1—75)( 2)

- o2 ro-o(h)

+ tg(y1) + (1 = t)g(y2).
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From above, we conclude the proof. O

Lemma 2.2. [12] Let f be a real function defined on an interval I CR. Then, f is convex if and only if

—_
IS
—
—~
N
~—
—
I
I

[\

1o f@)
1y fly)|=0 (2.1)
1o: f(2)

forallz <y<zinl.

Lemma 2.3. Let I C (0,00) and I~ has a similar definition as given in Lemma 2.1. A function f : I — R

is harmonically convex if and only if h : I — R is convex, where h is defined as h(z) = zf(z) .

Proof. From the Lemma 2.1, a function f is harmonically convex function on I if and only if g(y) = f(%) is

convex on I~! and by Lemma 2.2, a function g(y) is convex if and only if

1 yi g(n)
1 y2 gly2)| 20
1 ys g(ys)

for all yi,y2,y3 € 17! such that y; < yo < y3. Equivalently

Loy f(5)
Loy f(5)] 20
1oy f(5)
for all y1,y2,y3 € 17! such that y; < yo < y3.
Equivalently
vy 1 21f(m)
I2 1 xzf(aig) Z 0

€T3

1 x3f(xs)
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for all 1,29, x5 € I such that 1 > x2 > x3. Now, by interchanging the first and third row, first and second
column, and relabeling 3 = 21, £5 = 29 and x; = 23, we arrive at

1 2z zif(z1)

1 Z9 ZQf(ZQ) Z O

1 23 23f(23)

for all z1, 29, 23 € I such that z1 < 25 < z3, which is equivalent to the convexity of the function h(z) = zf(z)

on I.
O
Proposition 2.1. [9] Let I CR/{0} be a real interval and f : I — R is a function, then ;
1) If I C (0,00) and f is convex and nondecreasing function, then f is a harmonically convex function.
2) If I C (0,00) and f is a harmonically convex and nonincreasing function, then f is convex function.
3) If I C (—00,0) and f is a harmonically conver and nondecreasing function, then f is convex function.
4) If I C (—00,0) and f is conver and nonincreasing function, then f is a harmonically convez function.
Proof. The proof is immediate by following inequality
0<t(l—1t)(z—y)?
for all z,y € I. Equivalently,
zy
— <t 1—t
tsr:—l—(l—t)y_er( e
for all z,y € (0,00), and
Ty
— T >t 1—t
mr_py 2wt
for all z,y € (—00,0). O

Examples:
e Let f:(0,00) > R, f(x) =z and g : (—00,0) = R, g(x) = x, then f is a harmonically convex
function and ¢ is a harmonically concave function.
o Let f:(0,00) = R,
x, O<xr<?2
4-2 z>2

is harmonically convex function on (0, c0), since z f(x) is convex on (0, 00).

e Let f:(0,00) — R,
(x—1)%2+1
z

fx) =

is a harmonically convex function on (0,0), since z f(z) is convex on (0, 00).



Int. J. Anal. Appl. 17 (5) (2019) 728

e By the Proposition 2.1, increasing convex function is harmonically convex. This means that e* is

harmonically convex.

The following result of the Hermite-Hadamard type holds for class of harmonically convex functions.

Theorem 2.1. [9] Let f : I CR/{0} — R be harmonically convex and a,b € I with a <b. If f € L|a,b],

then following inequalities hold

a a " fla a
(28)< 2 e 1010

The above inequalities are sharp.

Remark 2.1. Since, f(x) = Inx is harmonic conver on (0,00), therefore by inequality (2.2) we have

b1 5=a
2 [

Now,using Lemma 2.3, we get following interesting result.

Theorem 2.2. Let I C (0,00) be a real interval. If function f: I — R is harmonically convex and a,b € I

with a < b such that f € Lla,b], then the following inequalities hold

<a+b)f(a+b>< 1 /abxf(x)dng- (2.3)

2 2 “b—-a 2

Proof. Since, f(x) is harmonically convex on I, therefore by Lemma 2.3 zf(z) is convex on I. Hence, by

the use of inequality (1.1), we get required result. ]

Remark 2.2. Since, f(x) = lnx is harmonic convezx on (0,00), therefore by inequality (2.3) we have

b\ e
()7 s ] o

2 a®’

Theorem 2.3. [8] Let I C R be a real interval. If function f : I — R is p-convex, where p € R/{0} and

a,b € I with a < b such that f € L[a,b], then following inequalities hold

f([ap+bp};>< P bf(x)dx<f(a);f(b). (2.4)

2 — o —ap f, 1P

Lemma 2.4. Let I C R/{0} be a real interval and I~ has similar definition as given in Lemma 2.1. A

function f: T — R is harmonically p-convex if and only if g(y) = f(%) is p-conver.
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Proof. Let f be a function on I and consider a function g : I=! — R defined as g(y) = f(%), is p-convex

function. Now, ¥ y1,y2 € I%, 321,20 € I such that y; = m% and yo = z%

12 _ 1
f([mgw—t)xﬂ%) B f([ty’f+<1—t>lf§’]'l’>
= ([t + (1 — )7

< tg(yr) + (1 —t)g(y2)

- uf2)eo-u3)

= tf(@n) + (1 - 0 f(2)

From above, we conclude the proof. O

Lemma 2.5. Let I C R be a real interval. A function f: 1 — R is a p-convex function if and only if

1 2 f(x)
Ly f(y)|=0
1 f(2)

for all x,y,z € I such that x <y < z.

Lemma 2.6. Let I C (0,00) be a real interval and I=' has similar definition as given in Lemma 2.1. A

function f: I — R is harmonically p-convex if and only if h : I — R defined by h(z) = 2P f(z) is convex.

Proof. From the Lemma 2.4, a function f is a harmonically p-convex function on I if and only if g(y) = f( i)

is p-convex and by Lemma 2.5, a function g(x) is p-convex if and only if

Loyl g(y)
1 yh g(yz)| 20
L oys g(ys)

1 fla)

1 % f (xz) >0

1 % f(z3)
for allzq, x1, 21 € I such that 1 > x5 > x3. Now, by the multiplying the ith row of the determinant by xf ,
interchanging the first and third row, first and second column, and relabeling x3 = 21, 2 = 22 and =1 = 23,

we arrive at
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L2y 2 f(=1)
1 2z 2 f(z)| 20
1 22 2P f(2)
for all z1, 22,23 € I such that z; < zo < z3, which is equivalent to the convexity of the function h(z) =

2P f(2). O

Proposition 2.2. Let I CR/{0} be a real interval, p € R/{0} and f: I — R is a function, then;

e If p > 1 and harmonically convex and mondecreasing function, then f is harmonically p-convex
Sfunction.

e If p > 1 and harmonically p-conver and monincreasing function, then f is harmonically convex
function.

e If p > 1 and harmonically p-concave and nondecreasing function, then f is harmonically concave
Sfunction.

e If p > 1 and harmonically concave and nonincreasing function, then f is harmonically p-concave
function.

e If p < 1 and harmonically p-conver and nondecreasing function, then f is harmonically convex
Sfunction.

e If p < 1 and harmonically conver and nonincreasing function, then f is harmonically p-convex
Sfunction.

e If p < 1 and harmonically concave and nondecreasing function, then f is harmonically p-concave
function.

e If p < 1 and harmonically p-concave and nonincreasing function, then f is harmonically concave

Sfunction.

Proof. Since f(x) = 2P, p € (—o00,0) U[1,00), is convex function on (0,00) and f(z) = 2P, p € (0,1], is a

concave function on (0, 00), therefore the proof is obvious from the following power mean inequalities

[ta? + (1—t)yP]7 > te+ (1 —ty, p>1

which is equivalent to

xry < Ty
[tar + (1 —t)yp]s ~ te+(1—t)y" =~
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and

ta? + (1= t)y")7 <te+(1—t)y, p<1

which is equivalent to

xy - xy
twr+(1L=1)y = [tap + (1 — t)yr]>
for all z,y € (0,00) and t € [0, 1]. O

, p=1,

Similar to inequality given in Theorem 2.1, we proved the result for harmonically p-convex functions as

given below
Theorem 2.4. [5] Let I C R/{0} be a real interval and f : I — R be harmonically p-convez, a,b € I with
a <b. If f € Lla,bl], then following inequalities hold

f<[ 27 ab >< plab)? [ f(x)

aP—f—bP]% — b —ar [, aptl

dz <

f(a) ;f(b)_ (2.5)

Also, by using Lemma 2.6 and Theorem 3, we have another interesting result as

Theorem 2.5. Let I C (0,00) be a real interval and I=* has similar definition as given in Lemma 2.1. If
function f: I — R is harmonically p-convez, where p € R/{0} and a,b € I with a < b such that f € L|a,b],
then following inequalities hold

<ap+bp>f<[ap+bpr>< p [0 f@) , anfla) +0°f(b)

2 2 — o —aP f, x172% T 2

3. Applications

e we have relation between Harmonic, Logarithmic and Arithmetic means as follow

2ab ab a+b
< Inb—1 < ——(HLA it
PR b—a(nb na) < 5 ( inequality)

whose proof is a direct consequence of the inequality of Theorem 2.1 for f(z) = z,Vx € (0,00).

Furthermore, we have following consequence of the inequality of Theorem 2 for f(x) = x,Vz € (0, 00).

a+b\> _1,, o _ a?+b?
< — < —.
< 5 > 73(a +ab+b°) < 5

Even in more general setting for p € R/{0,1}, we have

2% ab < p(ab)? bi=P —ql=P < a+b
[ap +b0]p — DP —a? 1-p -2
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which is a direct consequence of inequality of Theorem 2.4 and we have

p+1
al +bP\ P - P . p2p+1 _ g2p—1 - aPt1! _’_bp-i-l.
2 P —aP 2p+1 - 2

which is a direct consequence of inequality of Theorem 5 for f(z) =z , Va € (0,00).

e For a,b € (0,00) and a # b, we have

2ap et +eb
+ < —d <
_bfa/ v 2

whose proof is a direct consequence of inequality of Theorem 2.1 and we have

—_ a _ b a b
(a—&—b).ea;b < (1—a)e*+ (b—1)e < ae® + be .
2 b—a 2

which is a direct consequence of inequality of Theorem 2 for f(z) = e” which is not only a harmonic
convex function, even it is a harmonic p-convex function too. Therefore, for p > 1, we have

1
2P ab

b 3 b
e[aPerP]% < p(ab)p e’ dx < ete
—br—ap f, axptl T T 2

From above discussion, it is easy to conclude that we have a good estimate of f e dx VneN

e Since f(x) = 22¢*” is non-decreasing convex function on (0,1), so it is harmonic convex function.

Therefore, by using inequality of Theorem 2.1 for a,b € (0,00) and a # b, we have

2 b 2 a2 2 b2
2ab e(%%)z < ab exzdx< a2e® + b2e
a+b “b—al/, - 2

for all a,b € (0, ).

e Since, f(x) = sin(—x) is convex and non-decreasing function in (0, §), therefore it is harmonic convex

Va € (0, Z). Therefore, by using inequality of Theorem 2.1 for a,b € (0, 00), we have

s
2

sina+sinb< ab /bsmx

2ab
< dz < sin( a
2 b—a a+

x2

Similarly, we can estimate f SN2y and f €82 dx for all n € N such that a,b € (0,00).

4. Conclusion

The harmonic convexity of a function is the basis for many inequalities in mathematics as you may see
in this research paper. Furthermore, harmonic convexity provide an analytic tool to estimate several known

< da, f e’ dr, f SNz Jg: and fj B2 dr Yn € N, where a,b € (0,00). We have

a x™

definite integral like f

a x™

discussed several important aspect of harmonic p-convex functions and encourage the interested researcher

to explore more interesting results for this class of functions.
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