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Abstract

In this manuscript, we introduce and study the concept of semi P-functions and their some algebraic properties. Also,
we compare the results obtained with both Holder, Holder-Iscan inequalities and power-mean, improved-power-mean
integral inequalities and show that the result obtained with Holder-Iscan and improved power-mean inequalities give
a better approach than the others. Some applications to special means of real numbers are also given.
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1 Preliminaries and fundamentals

Let I C R be an interval. A function f: I C R — R is said to be convex if the inequality

[+ (1 =t)y) <tf(x)+ (1 —1)f(y)

is valid for all x,y € I and ¢ € [0,1]. If this inequality reverses, then f is said to be concave on interval I # {.
Convexity theory provides powerful principles and techniques to study a wide class of problems in both pure and
applied mathematics. See articles |4} [7, [12] 15, [16] and the references therein. Let f : I — R be a convex function.
Then the following inequalities hold

(%) <5t [ e < OO D

2 b—a 2

for all a,b € I with a < b. Both inequalities hold in the reversed direction if the function f is concave. This
double integral inequality is well known as the Hermite-Hadamard integral inequality [5]. Some refinements of the
Hermite-Hadamard integral inequality for convex functions have been obtained [3] 22].

In [4], Dragomir et al. gave the following definition and related Hermite-Hadamard integral inequalities as follow:
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Definition 1.1. A nonnegative function f: I CR — R is said to be P-function if the inequality

fltz+ A =t)y) < fx)+f(y)
holds for all x,y € I and t € (0,1).

Theorem 1.2. Let f € P(I), a,b €I with a <b and f € L[a,b]. Then

b
1(5) <52 [ @ <zir@ o (1.2

In [6], Iscan gave a refinement of the Holder integral inequality as follows:

Theorem 1.3 (Hﬁlder-i§can integral inequality [6]). Let p > 1 and 1% + % = 1. If f and g are real functions
defined on interval [a, b] and if |f|”, |g|? are integrable functions on [a,b] then

b b b %
| t@e@le < = ( / (b—x)lf(x)lpdx> ( / <b—x>|g<as>|qclx>
: e :
+< / (fva)f(x)l”dfv> ( / <xa>g<x>|qclsc> . (13)

For more information on the Hermite-Hadamard and H'c}lder—igcan integral inequalities, readers can refer to refer-
ences [17, [18, 19, 20] and the references within these references. An refinement of power-mean integral inequality as
a different version of the Holder-Iscan integral inequality can be given as follows:

=

Theorem 1.4 (Improved power-mean integral inequality [14]). Let ¢ > 1. If f and g are real functions defined
on interval [a,b] and if |f|, |f||g]|? are integrable functions on [a, b] then

b b 1_% b q
| @s@iar < ( / (b—m)lf(w)ldw> (/ (b—x>|f<x>|g<x>|qczx>

1—1 1

+< / (w—a)lf(w)ldw> ( / <x—a>|f<x>||g<m>qczw)q

2 The definition of semi P-function

The main purpose of this manuscript is to introduce the concept of semi P-function and establish some results
connected with the right-hand side of new inequalities similar to the Hermite-Hadamard integral inequality for semi
P-function.

In recent years, many function classes such as P-function, convex, quasi-convex, log-convex, AH-convex, s-convex
functions in the first and second sense and trigonometrically convex, etc. have been studied by many authors, and
integral inequalities belonging to these function classes have been studied in the literature (see [2] 4L [8), [9, [0, 1T, T3], [T5]
21]). There are many studies on the subject. In this section, a new function class, semi-P-function definition will be
given, and the relations of this function class with the above-mentioned function classes will also be given. Moreover,
we prove two Hermite-Hadamard type inequalities for the semi P-functions. Moreover, we obtain some refinements
of the Hermite-Hadamard inequality for functions whose first derivative in absolute value, raised to a certain power
which is greater than one, respectively at least one, is semi P-functions. Also, some applications to special means of
positive real numbers are also given.

Definition 2.1. A function f: I C R — R is called semi P-function if for all z,y € I, and t € [0, 1],

flte+ (1 =t)y) <tz + 1 =0)y) [f (2) + [ ()] (2.1)
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We will denote by SP (I) the class of all semi P-functions on interval I. We note that if the non-negative function
f: I CR— Rissemi P-function then f(z) = f (tz + (1 —t)x) < 2zf(z), for all z € I, i.e. (22 —1) f(z) > 0, for all
2 € I. In this case, we can say that either "o > 1/2 and f(z) > 0” or "z < 1/2 and f(x) <0”.

Example 2.2. The function f : [1,00) = R, f(z) = x is a semi P-function.

Example 2.3. The function f: (—00,0] = R, f(z) = x is a semi P-function.

Example 2.4. The function f:[1,00) = R, f(z) = e” is a semi P-function.

Example 2.5. For every ¢ € R (c > 0), the function f : [§,00) C R — R, f(z) = c is a semi P-function.

Remark 2.6. If f : [1,00) — [0, 00) is a convex function, then f is also semi P-function. Since t < ta+(1—1t)b, 1—t <
ta+ (1 —t)b, for all a,b € [1,00) and ¢ € [0,1], we get

flta+ (1 =1)b) <tf(a) + (1 —1)f(b) < (ta+ (1—1)b) [f(a) + f(D)].

Remark 2.7. If f: [1,00) — [0,00) is a P-function, then f is also a semi P-function. Since, 1 < ta + (1 — )b, for all
a,b € [1,00) and t € [0, 1], we obtain

flla+ (1 —=0)b) < fla)+ f(b) < (ta+ (1 -1)b)[f(a) + f(b)].

Remark 2.8. If f : [1,00) — [0,00) is a quasi convex function, then f is also a semi P-function. Since, f(a) <
(ta+ (1 —=t)b) f(a), f(b) < (ta+ (1 —1t)b) f(b), for all a,b € [1,00) and ¢ € [0,1], we write

flta+ (1 =0)b) < max{f(a),f(0)} < (ta+ (1 -1)b)[f(a)+ F(b)]
Remark 2.9. Let f : [1,00) — [0,00) be a nonnegative and s € (0,1]. If f is a s-convex function in the first sense,
then f is also a semi P-function. Since, t* <1 <ta+ (1—t)band 1 —¢* <1 <ta+ (1 —¢)b, for all a,b € [1,00) and
t €10,1], we get

flla+ (@ =0)b) < £°f(a)+ (1 =2°)f(b) = (ta+ (1= 1)b) [f(a) + F(b)].
Remark 2.10. Let f : [1,00) — [0,00) be a nonnegative and s € (0,1]. If f is a s-convex function in the second

sense, then f is also a semi P-function. Since, t* <1 <ta+(1—t)band (1 —)* <1 <ta+(1—1t)b, for all a,b € [1,00)
and ¢ € [0,1], we have

flta+ (1 =1b) < #f(a) + (1 —1)°f(b) = (ta+ (1 - 1)b) [f(a) + f(b)].

Remark 2.11. If f : [1,00) — (0,00] is a trigonometrically convex function, then f is also a semi P-function. Since,
sinZf <1, cosZ <1and 1<ta+ (1—1t)b, forall a,b € [1,00) and ¢ € [0, 1], we can write

Fltat (L) < sin T f(a)+cos T F(6) < (@) + f(b) = (ta+ (1= )b) [f(a) + F0)].

Remark 2.12. If f: [1,00) — (0, 0] is a log-convex (i.e. arithmetic geometric (AG) convex) function, then f is also
a semi P-function. Since, t < ta+ (1 —t)b, 1 —t <ta+ (1 —t)b, for a,b € [1,00) and ¢ € [0,1], we can write

f(ta+ (1= 0)b) < [f(@)]' [fO) " < (ta+ (1= )b) [f(a) + f(B)].

Remark 2.13. If f : [1,00) — (0,00] is an arithmetic harmonic (AH) convex function, then f is also a semi P-
function. Since, t <ta+ (1 —t)b, 1 —t <ta+ (1 —1t)b, for a,b € [1,00) and ¢ € [0,1], we can write

i F(@) ()
Fe 0= = 5y (- o f@)

< (ta+ (1= 6)b) [f(a) + £(b)]-
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Theorem 2.14. Let f,g: I C R — R. If f and g are semi P-functions, then f+g¢ is a semi P-function, ¢ € R (¢ > 0),
cf is a semi P-function.

Proof . Let f,g be semi P-functions, then

(f+g)(ta+(1=1)b) = (ta+(1-1)b)[f(a)+g(a)] + (ta+ (1 —1)b) [f(b) + g(b)]
= (ta+ (1 —=1)b) (f +9)(a) + (ta+ (1 =1)b) (f +9) (b),

for all a,b € I and t € [0,1]. Let f be semi P-function and ¢ € R (¢ > 0), then
(cf)(ta+ (1 =1)b) < (ta+(1=1)b)[(cf)(a)+ (cf) (D)],

forall a,be I and t € [0,1]. O

Theorem 2.15. Let f, : I C [0,00) — R be an arbitrary family of semi P-functions and let f(z) = sup, fo(z). If
J={u€l: f(u) < oo} is nonempty, then J is an interval and f is a semi P-function on J.

Proof . Let ¢t € [0,1] and a,b € J be arbitrary. Then
fta+ (1—-1t)b) = sup fo (ta+ (1 —1)b)
sup[(ta + (1 = 1)b) fa(a) + (ta + (1 = 1)b) fa(D)]
< (ta+ (1 —1)b) sup fala) + (ta+ (1 —t)b) sup Ja(b)
= (ta+ (1—=1)b)[f(a)+ f(b)] < oo.

IN

This shows simultaneously that J is an interval, since it contains every point between any two of its points, and that
f is a semi P-function on J. This completes the proof of theorem. [J

3 Hermite-Hadamard integral inequality for semi P-functions

The goal of this manuscript is to establish some inequalities of Hermite-Hadamard type integral inequality for semi
P-functions. In this section, we will denote by L [a, b] the space of (Lebesgue) integrable functions on interval [a, b] .

Theorem 3.1. Let f : I C R — R be a semi P-function. If a < b and f € L|a,b], then the following Hermite-
Hadamard type inequalities hold:

b b b
(Hl_bf(a; ><bia/af(x)dx<(a+b)f(a);—f(). (3.1)
Proof . From the property of the semi P-function of f, we obtain
f (a;b> = f (; [ta+(1—t)b]+;[(1—t)a+tb]> = a;b [f (ta+ (1 —)b) + f (1 — t)a + tb)].

By taking integral in the last inequality with respect to ¢t € [0, 1], we deduce that
a+b a+b ! ! a+b [°
f < flta+ 1 —t)b)dt+ [ f((1—t)a+tb)dt| = fz)dz.
2 2 0 0 b — a a

By using the property of the semi P-function f, if the variable is changed as = ta + (1 — )b, then

bia/af(x)dm = /0(ta-l—(l—t)b)[f(a)+f(b)]dt:(CH_b) [f(a)-l-f(b)]

2

This completes the proof of theorem. [J
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4 Some new inequalities for the semi P-functions

The main purpose of this section is to establish new estimates that refine Hermite-Hadamard integral inequality
for functions whose first derivative in absolute value, raised to a certain power which is greater than one, respectively
at least one, is semi P-function. In this section, for shortness, we will denote by A(a,b) the arithmetic mean of real
numbers a and b. Dragomir and Agarwal [I] used the following lemma:

Lemma 4.1. Let f : I° C R — R be differentiable mapping on I°, a,b € I° with a < b. If f' € L]a,b], then the
following equality holds:

b —a [}
fla)+ f(b) bia / Fa)dz =2 /0 (1= 20)f (ta+ (1 — £)b) dt

2 2

Theorem 4.2. Let f: I — R be a differentiable function on I°, a,b € I° with a < b and assume that f’ € L{a,b]. If
| /'] is a semi P-function on interval [a, b], then the following inequality holds

fl@+fo) 1 [
‘ 5 _bfa/a f(z)dx

<22 A @D A(F @] IF O (41)

Proof . Using Lemma [4.] and the inequality

[f (ta+ (1= 1)b)] < (ta+ (1= 6)0) [/ (a)| + (D],

we get

b
|f(a)+f(b) 1 /f(x)dx b;a
! — (Hf’<a>| +17/ ()] / 1= 2t] (ta+ (1 - t)b) dt)

_ b;aA(a,b)A(If'(aNa|f'(b)|)

IN

1
R [ =2+ - on (7@ + o)) a

IN

where fol |1 —2t| (ta+ (1 — t)b) dt = %2 and A is the arithmetic mean. This completes the proof of theorem. O

Theorem 4.3. Let f : I — R be a differentiable function on I°, a,b € I° with a < b, ¢ > 1, % + % = 1 and assume
that f’ € L[a,b]. If | f'|? is a semi P-function on interval [a,b], then the following inequality holds

fla+fo) 1
’ 5 7b—a/a f(x)dx

1

<0-a)(507) At @nat (F@r o) (42)

Proof . Using Lemma Holder’s integral inequality and the following inequality
[f' (ta+ (1 =1)0)[" < (ta+ (1= 1)b) [|f'(a)]” + [ (0)|]

which is the semi P-function of |f/|?, we have

f(a) + f(b) 1 b b—a
‘ e R

- 2

b 1 > 1 s
< 2“(/0 |1—2tpdt> (/0 |f’(ta+(1—t)b)th>

1 Pl 1 ’ q / q
— (-a) (W) A% (a,) A% (IF @11 F B,

1
5 [ =21 ok - o ar

where fol 1 —2t]"dt = Til and A is the arithmetic mean. This completes the proof of theorem. [J
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Theorem 4.4. Let f : I — R be a differentiable function on I°, a,b € I° with a < b, ¢ > 1 and assume that
f' € L[a,b]. If |f'|? is a semi P-function on the interval [a, b], then the following inequality holds

fla+fo) 1 1
‘ _bfa/a f(z)dx

2_3 1 1
<(b—a) () A% (a,0) A% (1 @] 1 ). (4.3)

2 2

Proof . Assume first that ¢ > 1. From Lemma [£.1] Holder integral inequality and the property of the semi P-function

of the function |f’|?, we get
1t b—a ([ a i\
‘f<a)+f()—ba/(Lf(:c)dm 2“(/0 |1—2tdt) (/O 11— 24| | (ta+ (1 — )b)] dt)
b—a

2
2

IN

IN

(i) E /0 1= 2t] (ta + (1 = 1)b) [|f'(a)|* + | £(0)|"] at

~ (b—a) (;) AR () AT (1 @) 1 0],

1 1 . .
where [ |1 —2t|dt = 5. For ¢ = 1 we use the estimates from the proof of Theorem which also follow step by

step the above estimates. This completes the proof of theorem. [J

Corollary 4.5. Under the assumption of Theorem [£.4] with ¢ = 1, we get the conclusion of Theorem

@i 1
‘ e R

b—a ’ 1
5 < ——A@b) A(f (@], 1F ®))-

Now, we will prove the Theorem by using Hélder—kcan integral inequality. Then we will show that the result
we have obtained in this theorem gives a better approach than that obtained in the Theorem

Theorem 4.6. Let f : I — R be a differentiable function on I°; a,b € I° with a < b, ¢ > 1, 1% + % = 1 and assume
that f’ € L[a,b]. If | f'|? is a semi P-function on interval [a,b], then the following inequality holds

‘f(a)+f(b)_bla/(lbf(:c)dx (a—gzb>3+<2a;b>3

2
Proof . Using Lemma Holder-Tscan integral inequality and the following inequality |f’ (ta + (1 —t)b)|? <
(ta+ (1 =t)b) [|f'(a)]? + | (b)|?] which is the semi P-function of |f’|?, we obtain

‘f@*f(b) —bla/abf(x)dx S (/01(1—t)|1—2t|pdt>; (/01(1_t)|f'(ta+(1—zf)b)|‘fozt>é

2
b—a ! g ! ;
+— (/O t|1—2t|pdt> (/O t|f’(ta+(1—t)b)|th>

S (/01<1 —o)1 —2t|f’dt); </01(1 1) (ta+ (L= ) [|F' @ + 7' ®)[] dt)

(4.4)

b=a( 1 \T i g
<2 (sorm) A (r@ 7o)

1
a

+ b;“ </01t|1—2t|pdt>; (/Olt(ta+(1—t)b) [/ (@)% + | B dt>;
=3 (2@11));143 (5@ 17O (“*;)2"); + (2“3”)‘1’
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where,
1 1 1
/(17t)\172t|pdt:/ th—2tfPdt = ——,
0 0 2(p+1)
1
2

/(1—t)(ta+(1—t)b)dt:a+ b

0 6

2a+b

/Ot(ta—i—(l—t)b)dt: -

This completes the proof of theorem. [J

Remark 4.7. The inequality (4.4)) gives better results than the inequality (4.2)). Let us show that

a+2b% 2a+b%
(=) + ()
1

< G-a) (w) A% (a,b) AY (17 (@)1 F/(0)]7).

b—a 1 Pl / a4 N4
2(2(“1)) AL (I @I, 1 B)%)

Using concavity of the function h : [0,00) — R, h(x) = 2*,0 < A < 1 by sample calculation we get

1 1

a+2b\ ¢ n 2a+0b\ ¢
3 3

1 1

b—a 1 P 1 /a+2b 1 (2a+0b\]|¢

> - Aq / q /b q 212 -

2 (5om) A% (r@r oz |5 (S52) + 5 (%

1 , 1 ’ qa | prp\19) gL
T (M) A (P@[" 17 O]) A% (a,0)

b—a 1 C "9 L (b)]2
. (W) Aa ([f' (@), |f(0)])

IN

which is the required.

Theorem 4.8. Let f : I — R be a differentiable function on I°, a,b € I° with a < b, ¢ > 1 and assume that
f' € L[a,b]. If |f'|? is a semi P-function on the interval [a, b], then the following inequality holds

‘f(a)Jrf(b) _ bla/abf@)dw cggb)é ) (sa;b)é

2
Proof . Assume first that ¢ > 1. Using the Lemma [4.1] improved power-mean inequality and the property of the

3-2
< 0-afz) AN 5)

semi P-function of |f’|?, we get
b B 1 1-1 1 H
’f@;f(b) —bia/a f(@)dz gbza (/0 (1—t)|1—2tdt> (/0 (1—t)|1—2t|f’(ta+(1—t)b)|th)

1—

B 1 s 1 :
+b2a</tl—2t|dt) (/t|1—2t|(ta+(1—t)b)dt>
0 0

(Irar+ 17 | 1

1
q

(1—t)|1 - 2| (ta+ (1 — t)b) dt)

|~

1
q

)1q ([|f’(a)|q + £ ()] /01 t|1 = 2¢| (ta + (1 — £)b) dt>

a+3b\7  [3a+b\7
(57) + (*5)

)
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where

1 1
/(1—t)\1—2t|dt:/ £1— 2t dt = -
0 0

1
/ (1= ) |1 2¢| (ta + (1 — £)b) dt = “16317,
0

3a+b

1
/ £11— 2] (ta + (1 — £)b) dt =
) 16

For ¢ = 1 we use the estimates from the proof of Theorem which also follow step by step the above estimates.
This completes the proof of theorem. [J

Remark 4.9. The inequality (4.5]) gives better result than the inequality (4.3]). Let us show that

a+3b l+ 3a+b\ 7
8 8

< (b-a) (2> A @B AY (I @11 0] -

3-2 .
o-a(3) At (r@riron

Q

If we use the concavity of the function h : [0,00) — R, h(z) = 2*,0 < A < 1, we get
1\>75 +3b\7  (3a+b
¢ 1 a a a
(b_a’) (2> Aq (|f/(a)|qv|fl(b)‘q) < 8 ) + < 8 > ]

o) worron 3(252) 152
(b-a) (é)A (7@, 17 ®)) B (”‘;bﬂ

9 1
- 50(5) Tatanal(r@r o,

Q=

IA

which completes the proof of remark.

5 Applications for special means

Throughout this section, for shortness, the following notations will be used for special means of two nonnegative
numbers a, b with b > a:

1. The arithmetic mean
a+b

2 )

A= Aa,b) = a,b>0,

2. The geometric mean

G :=G(a,b) = Vab, a,b>0

3. The harmonic mean
2ab

H:=H(a,b) = — b>0
(a’7 ) a+b’ a‘? > )
4. The logarithmic mean
_b=a £b
L::L(a,b):{ Inb=Ina’ 7 a,b>0
a, a=b
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5. The p-logarithmic mean

1
pPtl_gr+t1\ P
L, := L,(a,b) = (<p+1>(b—a>) c aFbp eRV{-L0} g5,
a, a=15b

6. The identric mean

1
1 b b—a
I::I(a,b)z(b) . a,b>0,

e \ a®

These means are often used in numerical approximation and in other areas. However, the following simple rela-
tionships are known in the literature: H < G < L < I < A. It is also known that L, is monotonically increasing over
p € R, denoting Lo = I and L_; = L.

Proposition 5.1. Let a,b € [1,00) with a < b and n € (—00,0) U[1,00)\ {—1}. Then, the following inequalities are

obtained: A% (a.b)
"(a

) < n < n 7 .

2A(a) = L7 (a,b) <2A(a,b)A(a”,b")

Proof . The assertion follows from the inequalities (3.1]) for the function
flx)=2a", ze€[l,00).

O

Proposition 5.2. Let a,b € [1,00) with a < b . Then, the following inequalities are obtained:

AMad) o 3
2A(a,b) < L '(a,b) < 2A(a,b)H *(a,b).

Proof . The assertion follows from the inequalities (3.1)) for the function f(z) = 27!, € [1,00) O
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