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On n-fractional polynomial P-functions

Selim Numan?
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Abstract. In this paper, we introduce and study the concept of n-fractional polynomial P-functions and
establish Hermite-Hadamard’s inequalities for this type of functions. In addition, we obtain some new
Hermite-Hadamard type inequalities for functions whose first derivative in absolute value is n-fractional
polynomial P-functions by using Holder and power-mean integral inequalities. We also extend our initial
results to functions of several variables. Next, we point out some applications of our results to give estimates
for the approximation error of the integral the function in the trapezoidal formula and for some inequalities
related to special means of real numbers.

1. Preliminaries

Let W : I - R be a convex function. Then the following inequalities hold

r+s 1 N W (r) + W(s)

for all ,s € I with r < s. Both inequalities hold in the reversed direction if the function ¥ is concave.
This double inequality is well known as the Hermite-Hadamard inequality [6]. Note that some of the
classical inequalities for means can be derived from Hermite-Hadamard integral inequalities for appropriate
particular selections of the mapping W.

In [5], Dragomir et al. gave the following definition and related Hermite-Hadamard integral inequalities
as follow:

Definition 1.1. A nonnegative function ¥ : I C R — R is said to be P-function if the inequality
WOr+(1-0)s)<W({) +W¥(s)

holds for all v,s € I and 6 € (0,1).

Theorem 1.2. Let W € P(I), r,s € Iwithr <sand WV € L[r,s]. Then

\y(r;r—s) < Szj f W(u)du < 2[W (1) + ¥(s)] . @)
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Definition 1.3. [14] Let h : | — R be a non-negative function, h # 0. We say that ¥ : I — R is an h-convex
function, or that \V belongs to the class SX (h, I), if ¥V is non-negative and for all u,v € I, 0 € (0, 1) we have

W (Or + (1 - 0)s) < h(OW () + h(1 — O)W (s).

If this inequality is reversed, then V is said to be h-concave, i.e. ¥ € SV (h,I). It is clear that, if we choose h(0) = O
and h(0) = 1, then the h-convexity reduces to convexity and definition of P-function, respectively.

Readers can look at [1, 14] for studies on h-convexity.
In [7], Iscan gave the following definition and related Hermite-Hadamard integral inequalities as follow:

Definition 1.4. Let n € IN. A non-negative function f : I ¢ R — R is called n-fractional polynomial convex
function if the inequality

1y 4 1v :
flta+(1-0b) <~ le i@+ Z;‘ (-0 £(0) ©)

holds for every a,b € I and t € [0, 1].

Remark 1.5. We especially note that; if we take n = 1 in the inequality (3), then the 1-polynomial convexity reduces
to the clasical convexity.

With the help of the following remark, we can give all non-negative convex functions as an example of
an n-fractional polynomial convex functions.

Remark 1.6. Every nonnegative convex function is also a n-fractional polynomial convex function. Indeed, since
t<t2 <P < <t

forall t € [0,1] and n € IN. We can write

n

1 1/i Iy 1/i
tsEZt andl—tSEZ(l—t)

i=1 i=1

forallt € [0,1] and n € IN. and thus

flta+(1—1b) < tf@) + (1 —t)fb) < %Z t/1f(a) + % Z; (1 -0 f(b).

i=1

Theorem 1.7 ([7]). Let n € N and ¥ : [r,s] — R be a n-fractional polynomial convex function. If r < s and
W € L{r,s], then the following Hermite-Hadamard type inequalities hold:

n

n r+s 1 s W(r) + W(s) i
22?:1(%)1/1'\11( 2 )SS_rIW(u)dus[ n ];u#l’ @

The main purpose of this paper is to introduce the concept of n-fractional polynomial P-function which
is connected with the concepts of P-function and n-fractional polynomial convex function and establish
some new Hermite-Hadamard type inequality for this class of functions. In recent years many authors
have studied error estimations of Hermite-Hadamard type inequalities; for refinements, counterparts,
generalizations, for some related papers see [2-5, 8-13].
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2. The definition of n-fractional polynomial P-function

In this section, we introduce a new concept, which is called n-fractional polynomial P-function and we
give by setting some algebraic properties for the n-fractional polynomial P-function, as follows:

Definition 2.1. Let n € IN. A non-negative function W : I ¢ R — R is called n-fractional polynomial P-function if
foreveryr,s € Iand 6 € [0,1],

W(Or+(1-0)s) < [% [Z oY + Z a- 9)1/1]] [W(r) + W(s)]. (5)
i=1 i=1

We will denote by nFPP (I) the class of all n-fractional polynomial P-functions on interval I.

We note that, every n-fractional polynomial P-function is a h-convex function with the function h(0) =
i [Z?:l ovi+ Y, (1- 6)1/']. Therefore, if ¥, ® € nFPP (I), then

i) W+ ® e nFPP(I)and for c € R (c > 0) ¢V € nFPP (I) (see [14], Proposition 9).

ii.) If W and g be a similarly ordered functions on I, then W.® € nFPP (I) .(see [14], Proposition 10).

Also, if ¥ : I — ] is a convex and ® € nFPP (]) and nondecreasing, then ® o W € nFPP (I) (see [14],
Theorem 15).

Proposition 2.2. Every n-fractional polynomial convex function is also an n-fractional polynomial P-function.

Proof. Let W : I ¢ R — R be an arbitrary n-fractional polynomial functions. Then V¥ is nonnegative and the
following inequality holds

W(Or+(1-0)s) < %; OViw(r) + %; 1 -0)" w(s)

foreveryr,s € land 0 € [0,1]. By W(r) < W(r) + W(s) and W(s) < W(r) + P (s), we obtain desired result. [
Proposition 2.3. Every P-function is also a n-fractional polynomial P-function.

Proof. The proof is clear from the following inequalities

n n
0 < 1291/"and1—95 1Zu—e)l/"
s "=
for all 6 € [0,1]. In this case, we can write
1 n ) n .
1<- ZQ”’+Z(1—6)”’ .
i = i=1
Therefore, the desired result is obtained. [

We can give the following corollary for every nonnegative convex function is also a P-function.
Corollary 2.4. Every nonnegative convex function is also an n-fractional polynomial P-function.
Theorem 2.5. If WV : [r,s] C R — R is an n-fractional polynomial P-function, then \V is bounded on [r,s] .

Proof. Let M = max {W(r), ¥(s)} . For any x € [r,s], there exists an 6 € [0, 1] such that x = Or+ (1 — 0) 5. Since
W is a n-fractional polynomial P-function on [r,s], we have

W(x) < % Z oV 4 Z 1 - 0)V | [W(r) + W(s)] < 2M(OV" + (1 — O)'/™).
i=1 i=1
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This shows that W is bounded from above. For any x € [r,s], there exists an 6 € [0, 1] such that either

x = 5% +0orx= 5%~ 0.Since it will lose nothing generality we can assume x = Z* + 6. Thus we can write

W(5) - vGlEelal5 )

R (o)
< iU [\If (x) + \y(% - 9)]

and from here we have

1 r+s r+s
L 21—1/n\y( 2 )_W( 2 _6)
1 r+s 1n Uny _
> m\II(T)—zM(e +A-0)"" = m.
This completes the proof. O

Theorem 2.6. Let s > r and WV, : [r,s] — R be an arbitrary family of n-fractional polynomial P-function and
let W(x) = sup, Wo(x). If ] = {u € [r,s] : W(u) < oo} is nonempty, then | is an interval and \V is an n-fractional
polynomial P-function on |.

Proof. Let 0 € [0,1] and 7,5 € | be arbitrary. Then

W(Or+(1-0)s)
sup W, (Or + (1 - 0)s)

< sup {% [Z oV + Z (1- G)W] [Wa(r) + \I’a(s)]}
@ i=1 i=1

Z ol 4 Z a- 9)1/1'] [sup W, (r) +sup ¥, (s)]
e~ o o

i=1

IN

1
n

i=1

= }l[g 61/i+i(1_6)1/il [\I](T’)-F\y(s)] < oo

This shows simultaneously that | is an interval, since it contains every point between any two of its points,
and that W is an n-fractional polynomial P-function on J. This completes the proof of theorem. O

3. Hermite-Hadamard’s inequality for n-fractional polynomial P-functions

The goal of this paper is to establish some inequalities of Hermite-Hadamard type for n-fractional
polynomial P-functions. In this section, we will denote by L[r,s] the space of (Lebesgue) integrable
functions on [r, s] .

Theorem 3.1. Let WV : [r,s] — R be an n-fractional polynomial P-function. If r < s and ¥ € L{r,s], then the
following Hermite-Hadamard type inequalities hold:

n

n r+s 1 s W(r) + W(s) 2i
427:1(%)1/i\y( 2 )Ss_rj;\l/(u)dus[ n ];i+1' ©)
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Proof. Since W is an n-fractional polynomial P-function, we get

(%)

= \I’(%[Qr+(1—9)s]+%[85+(1—9)r])

2 n 1/1
< = ( ) [W(Or + (1 0)s)+ W (Os +(1—60)7r)].
i=1

By taking integral in the last inequality with respect to 0 € [0, 1], we deduce that

r+s 4 1/’
\IJ(T) < E f \I/(u)du

By using the property of the n-fractional polynomial P-function of W, if the variable is changed as u =
Or+ (1 —0)s, then

1 s
: fr ‘I’(u)du

1
f W (Or+(1-0)s)do

< [‘I’(I’)Z\I’(S)]f I:Z‘Ql/z_'_z 6)1/1‘ 46

W(r) + W(s) 2i
[ n ]Z i+1

i=1

This completes the proof of theorem. []

4. Some new inequalities for n-fractional polynomial P-functions
The main purpose of this section is to establish new estimates that refine Hermite-Hadamard inequality
for functions whose first derivative in absolute value is n-fractional polynomial P-function. Dragomir and

Agarwal [4] used the following lemma:

Lemma 4.1. Let f : I° C R — R be a differentiable mapping on I°, v,s € I° with r < s.If f* € L{r,s], then

s 3 1
f(”)*z‘f(s)_sirfr‘f(x)dxzSZJL(l—Zt)f’(tr+(1—t)S)dt.

Theorem 4.2. Let f : I — R be a differentiable mapping on I°, v,s € I° with r < s and assume that f’ € L[r,s]. If

‘f )+ f(s) ff(x)dx ) ?)

where A is the arithmetic mean.

<6-ng Z[ 12+3z+1} ( ’

Proof. Using Lemma 4.1 and the inequality

Zf”l +Z<l ”l} (Il +

f(tr+ (1 - t)s)| <=
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we get
‘f(r);rf(s) . f s
< ;;LmM+fﬁM%g;fu—mww+a—Nﬂm
- (s—r)%g % Al ol lr o)
where

i=1

1 . 4 1<h (2i(1+27i
E;fo |l—2t|(t1/’+(1—t)1/’)dt:E [2ZS+—3’+1)J

This completes the proof of theorem. [

Theorem 4.3. Let f : I — IR be a differentiable mapping on 1°, v,s € I° with r < s and assume that f’ € L[r,s]. If
f/

T q > 1, is an n-fractional polynomial P-function on interval [r,s], then the following inequality holds

1 S
LG LRI

1

s—r( 1\ 1ji 4i )’
2 \p+1) |n i+1

(®)

q

fOf,

A%(

Fel),

i=1

where % + % = 1 and A is the arithmetic mean.

Proof. Using Lemma 4.1, Holder’s integral inequality and the following inequality

’ 1 - i - i ’ ’
f(tr+ (1 - t)s)| <= [Z Fi Z(l - t)l/}[f (r)) +|f (s)”
i=1 i=1
which is the n-fractional polynomial P-function of |f’ 1, we get

1 S
LGRS LIy P

_ 1 ,l, 1 %
= STr(fo '1—2””0”) (fo f’(tr+(1—t>s)!‘7dt)
S—r 1 % , q , q 1 n 1 ” » %
: 2 (p+1) [f(r)| +f(5)|]EZj; (t +(1-1) )dt
i=1

q

fOf,

A%(

el

1
Cos—r( 1} 1ji 4\’
2 \p+1) |nk=i+1

i=1

This completes the proof of theorem. [
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Theorem 4.4. Let f : I C R — R be a differentiable mapping on I°, v,s € I° with r < s and assume that f’ € L[r,s].
|, q > 1, is an n-fractional polynomial P-function on the interval [r,s], then the following inequality holds

e T L
s—r(1 & [2i(1+27) ' i
o [zz;[m] a1 (

Proof. From Lemma 4.1, well known power-mean integral inequality and the property of n-fractional
q .
’I", we obtain

‘f(r);rf(s) f s
([l (-
52__7[ f(s))q f = 2t|—Zf tl/’ “’)m]
= D olE e

This completes the proof of theorem. [

©)

LIF o).

- 1s)|’ dt) ,1

IA

IA

Fof +

7 7 (S)‘q)'

Corollary 4.5. Under the assumption of Theorem 4.4, If we take q = 1 in the inequality (9), then we get the following
inequality:

211+2
f@ +f(s) ff(x)dX<(S_") Z[ 12+31+1} <,

This inequality coincides with the inequality (7).

).

5. An extention of Theorem 4.2

In this section we will denote by K an open and convex set of R" (1 > 1).
We say that a function f : K — R is n-fractional polynomial P-function on K if

fltx+(1=ty) < % {Z i+ Z (1- M [f(@) + f(w)]

i=1

forall x,y € Kand f € [0, 1].

Lemma 5.1. Let f : K — R be a function. Then f is n-fractional polynomial P-function on K if and only if for all
X,y € K the function ® : [0,1] » R, ®(t) = f (tx + (1 — t)y) is n-fractional polynomial P-function on [0,1].

Proof. "<="Let x,y € K be fixed. Assume that ® : [0,1] —» R, O(t) = f(tx+ (1 —t)y) is n-fractional
polynomial P-function on [0, 1].
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Let t € [0, 1] be arbitrary, but fixed. Clearly, ¢ = (1 —£).0 + .1 and thus,

Fltx+(1-1y) D(F) = O(t.1 + (1 - £).0)

IS I
= %[Zt””f.ﬂ—t)”"l[f(x)+f(y)]‘
=1 =1

It follows that f is n-fractional polynomial P-function on K.
"=" Assume that f is n-fractional polynomial P-function on K. Let x,y € K be fixed and define
D:[0,1] » R, O(f) = f (tx + (1 — t)y) . We must show that P is n-fractional polynomial P-function on [0, 1] .
Letuy,u; € [0,1] and ¢t € [0,1]. Then

IA

[ [(0) + D(1)]

O(tur + (1 —Hup) = f((fug + (1 = Hup)x + (1 — tug — (1 — Huz)y)
= f(tumx+ 1 —u)y + (1= t)(u2x + (1 = uz)y)

< {Z £+ Z (1- t)“ll [funx + (1= m)y) + fluzx + (1 = w2)y)]

i=1

1 ) .

= E{Ztl/#Z(l—t)”l
i=1 i=1

We deduce that @ is n-fractional polynomial P-function on [0, 1].
The proof of Lemma 5.1 is complete. [

[P(u1) + P(u2)] -

Using the above lemma we will prove an extension of Theorem 4.2 to functions of several variables.

Proposition 5.2. Assume f : K € R" — R* is a n-fractional polynomial P-function on K. Then for any x,y € K
and any u,v € (0,1) with u < v the following inequality holds

‘%]O‘f(sx+(1—s)y)ds+%f(;f(sx+(1—s)y)ds

0 0
(f fsx+(1-5s)y) ds) d@‘ (10)

1+2:z

< - u)—z[%%l A(f (ux+ (1= wy), f (@x-+ (1= 0)y)).

Proof. We fix x,y € Kand u,v € (0,1) with u < v. Since f is n-fractional polynomial P-function, by Lemma
5.1 it follows that the function

©:[0,1] = R,@(t) = f (tx + (1 - 1)),

is n-fractional polynomial P-function on [0, 1].
Define W : [0,1] - R,

¢ ¢
W(t) = j; D(s)ds = fo f(sx+(1—-5s)y)ds.

Obviously, W'(t) = ®(t) forall t € (0,1).
Since f(K) € R* it results that @ > 0 on [0, 1] and thus, ¥ > 0on (0,1).
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Applying Theorem 4.2 to the function W we obtain

W(u) + V(o) 1 v 1 & 2i(1+2_7‘1i)
- 2 - _v—uj; W(G)de's(v_u)ﬁg[2i2+3i+l

AW (), ¥ (),

and we deduce that relation (10) holds true. O

Remark 5.3. We point out that a similar result as those of Proposition 5.2 can be stated by using Theorem 4.3 and
Theorem 4.4 .

6. Applications to the trapezoidal formula
Assume g is a division of the interval [r, s] such that
P r=x0<X1<..<Xp1<Xy;=8.

For a given function f : [r,s] = R we consider the trapezoidal formula

n_l . .
T(f,9)= Z f) + fGt) +2f(xl+1) (ip1 — x7) .
i=0

It is well known that if f is twice differentiable on (r,s) and M = sup, , | f ”(x)| < oo then

[ s =1(10) +E G0,

where E (f, p) is the approximation error of the integral fr ’ f(x)dx by the trapezoidal formula and satisfies,

-1
E(f,9)| < Z xie — %) (11)

i=0

Clearly, if the function f is not twice differentiable or the second derivative is not bounded on (7, s), then (11)
does not hold true. In that context, the following results are important in order to obtain some estimates of

E(f, 9).

Proposition 6.1. Assume r,s € R with r < sand f : [r,s] — R is a differentiable function on (r,s).
n-fractional polynomial P-function on [r,s] then for each division ¢ of the interval [r, s] we have,
2i 1 +27

E [Z[ZIZ+3I+1D<Z( Poadr ol Lo Y o -2, (12)
i=0

Proof. We apply Theorem 4.2 on the sub-intervals [x;, x;+1],7 = 0,1, ...,n — 1 given by the division . Adding
fromi=0toi=n—1wededuce

21 1+211

2[212+31+1} i =) A (1

On the other hand, for each x; € [r, s] there exists t; € [0, 1] such that x; = t;7+ (1 —¢;)s. Since
polynomial P-function and 1 [Z;‘:l iy (1 - t)l/i] <2 [2,” 1 ( ) ]for all t € [0,1], we deduce

Z“”*Z“ t)“‘}[f )+ f9)] < (Z(%)

i=1

f (xi+1)|) . (13)

()~ f feodd <

1

(14)

foreachi =0,1,...,,n — 1. Relations (13) and (14) imply that relation (12) holds true. Thus, Proposition 7.1 is
completely proved. O
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A similar method as that used in the proof of Proposition 6.1 but based on Theorem 4.3 and Theorem
4.4 shows that the following results are valid.

Proposition 6.2. Assumer,s € Rwithr <sand f : [r,s] = R is a differentiable function on (r,s). 1 ,q9>1,
is a n-fractional polynomial P-function on interval [r,s], then for each division g of the interval [r, s] we have,

oo

=1

1
q n—1

A (lf ) (i1 — %)%,

1 1
= + = .

Proposition 6.3. Assumer,s € Rwithr <sand f : [r,s] = R is a differentiable function on (r,s). 1 g>1,
is a n-fractional polynomial P—function on interval [r,s], then for each division g of the interval [r, s] we have,

; 2i(1+27 n-1
|E(f )| ( [2[2112+31+1 ZO(JQH —X1

A

7. Applications for special means

Throughout this section, for shortness, the following notations will be used for special means of two
nonnegative numbers 7,s with s > r:
1. The arithmetic mean

+
A= AQr,s )_rz—s rs> 0.

2. The geometric mean
G :=G(r,s) = \rs, rs>0.
3. The harmonic mean
2
H :=H(r,s) = ﬁ, r,s > 0.
r+s
4. The logarithmic mean

L:=L(rs) = { e [#S

. r—s ; 1,8 >0.
3 =

5. The p-logarithmic mean
1
p+l_p+l \ p
Ly :=Ly(r,8) = { (fers)  r#speR-10) ; 1,5>0.
7, r=Ss

6.The identric mean

1
1/(s°\+
I::I(r,s):z(i—r) , 1,s>0.

These means are often used in numerical approximation and in other areas. However, the following
simple relationships are known in the literature:

H<G<L<LI<A

It is also known that L, is monotonically increasing over p € R, denoting Lo =Iand L_; = L.
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Proposition 7.1. Let 1,5 € [0, 00) with r < s and n € (—o0,0) U [1, 00) \ {=1}. Then, the following inequalities are
obtained:
1y 4i
— —A"r,8) <Lr,s) < = E — A", s").
1 n
4% (%) ' =R

Proof. The assertion follows from the inequalities (6) for the function

n

W(x) =x", x€[0,00).
0
Proposition 7.2. Let 1,5 € (0, c0) with r <'s . Then, the following inequalities are obtained:
S 4i
——— AT ) <L) < ) —=H(9).
430", (%) i=1

Proof. The assertion follows from the inequalities (6) for the function

n

Wx)=x"1, xe(0,00).
O

Proposition 7.3. Let v,s € (0, 1] with r < s. Then, the following inequalities are obtained:

= 4

E — InG(r,s) <Inl(r,s) £ ————
+1 n 1/i

P 421-:1(%)

Proof. The assertion follows from the inequalities (6) for the function

InAGs).

Y(x)=-Inx, x€(0,1].

O
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