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SOME INEQUALITIES FOR FUNCTIONS HAVING
AN s-CONVEX DERIVATIVE OF SUPERIOR ORDER
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(Communicated by S. Varosanec)

Abstract. Some Hermite-Hadamard type inequalities via fractional integration are derived for
superior order differentiable functions having one derivative with s-convexity of either first kind
or second kind. The n-th order cumulative behavior of the function in the neighborhood of the
frontier of the definition interval is studied in case of the s-convexity of second kind, by means
of fractional integration. The inequalities are as best as possible from the sharpness point of
view, meaning that a sharpness class of functions is identified, for each inequality, within the
functions that have one derivative that is s-affine either of first kind or of second kind.

1. Introduction

The concept of convexity was extended in a wide range of directions during the last
century (see [3]) due to its important applications in optimization (see [21]), geometry
(see [8]) and pattern recognition (see [3], [20]). Generally, a convexity of a set takes
into account some relationship between a class of geometric objects and the set itself
(see [3]). Also, the convexity of a function takes into account a relationship between
the graph of the function and some geometric objects of a given class (see [1], [18],
[19]). This relation is defined, many times, by some functional inequation. One of
the most general functional inequations, which generates a convexity concept, is in
[12]. In the framework of a real or complex topological vector space X, and with T a
nonempty set, if a,f,a,b: T — R, anonempty set D C X is said to be (o, 3)-convex
if a(r)x+B(r)y € D, whenever x,y € D and r € T. Considering D C X a nonempty
open (o, 8)-convex set, a function f: D — R, which verifies the functional inequality

fla(@)x+B@)y) <alt)f() +b()f(y), YxyeD, teT, (D

iscalled (a, B,a,b)-convex. The functions, which make sharp (1) are called (¢, 3,a,b)-
affine.

The most important particular case of (o, B,a,b)-convexity is the classical con-
vexity, defined as follows. Let R be the set of real numbers, I/ C R be an interval and
f:1— R. Function f is a convex function whether it satisfies the inequality

flex+(L=1)y) <tf(x)+(1—1)f() (2)
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whenever x,y € I and ¢ € [0,1]. The functions that fulfill the equality in (2) are called
affine functions and are polynomials of at most first degree. Let now a,b € I with
a < b. Then the following inequality is known as the Hermite-Hadamard inequality:

() et fromstiz

named after the first mathematicians publishing it, Ch. Hermite [10] and J. Hadamard
[9]. This inequality is equivalent to the convexity condition. Every affine function
makes it sharp.

In this paper we take into account two particular cases of (¢, 3,a,b)-convex func-
tions, called s-convexities of first and of second kinds. An interesting convexity prop-
erty for functions was introduced W. Orlicz in 1961 [15]. Let us denote, as usual, by
R the set of all real numbers, N the set of natural numbers, N* =N\ 0, Ry = [0, +oc0)
and if / is an interval then L;/ means the set of all Lebesque integrable functions on /.
This convexity concept is defined as follows:

DEFINITION 1.1. ([15]) Let f: Ry — R and s € [0,1]. The function f is said to
be Orlicz-convex provided that the inequality

flox+By) <o’ f(x)+ B f(y), 4)
holds for all x,y e Ry, o, €[0,1], with a*+ 3 =1.

The functions fulfilling (4), called in many papers Orlicz-convex functions, are
also often named s-convex of first kind [11] or s1-convex [17]. Obviously, the domain
R, is stable under the linear combination used in (4) and each subinterval of this set
has the same property. The functions that make (4) sharp are called Orlicz-affine or s-
affine of first kind. Itis provedin [12] thatif s # 1 then the only Orlicz-affine functions
are the constants.

REMARK 1.2. Let us suppose that s € [0,1]. The concept introduced by the in-
equality (4) is equivalent to the following one (see [17]), which will be used in the
second section of this paper. A function f:/ — R is said to be a s-convex function in
the first kind (also called Orlicz-convex), if

f (e (L=0)75) <7+ (L=1)10), 5)
whenever x,y € I, r € [0,1] and s € (0,1].

The convexity, in classical sense (2), is a particular case of Orlicz-convexity, ob-
tained from (4) for s = 1. The affine functions are in this case the at most first degree
polynomials.

DEFINITION 1.3. ([2]) A function f : I — (0,) is said to be an s-convex func-
tion in the second sense, if

Jlx+ (1 =0)y) <Efx)+ (1 =1)°f(v), Vxyelire[01] (6)
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The functions fulfilling (6), called in many papers Breckner-convex functions (or
s-Breckner-convex functions), are also often named s-convex of second kind [11] or
so-convex [17]. The functions that make (6) sharp are called Breckner-affine or s-affine
of second kind. It is proved in [12] that if s # 1 then the only Breckner-affine functions
are the constants.

DEFINITION 1.4. Let f € Li[a,b]. Then the Riemann-Liouville integrals J% f
and J ,‘)", f of order o > 0 with @ > 0 are defined by

IS0 = o [0, x>a )
| b
B0 = Fe / (t— )% L f(1)dr, x<b, ®)

X

where T'(a) = [5” e 'x*dx is the Gamma function.

The effort to prove similar inequalities to (1) accompanies every attempt to gener-
alize the convexity concept, with more or less refined versions (see [6]), including the
Orlicz-convexity and the Breckner-convexity (see [6], [13], [17] and [22]). Our aim
is also to obtain this type of inequalities, using the Riemann-Liouville fractional inte-
gration and taking into account functions having a superior order derivative with some
kind of s-convexity.

Section 2 of the present paper contains inequalities of Hermite-Hadamard type,
derived via fractional integrals, for k-th order differentiable functions having an Orlicz-
convex derivative of order k.

In section 3 we consider the case of k-th order differentiable functions having an
Breckner-convex derivative of order &, introducing the cumulative frontier gap of order
k of such a function and determining its upper bounds. The inequalities derived in this
section refer to the cumulative behavior of the function and its derivatives of order at
most k in around the extremities of the interval [a,b].

2. Fractional Hermite-Hadamard type inequalities for functions
having an Orlicz-convex derivative

Our coming results are Hermite-Hadamard inequalities for functions having s-

convexity type of first kind via fractional integration.
The following auxiliary results will be used in the sequel.

LEMMA 2.1. Let f:Ry =R, a,b e Ry, a<b and s € [0,1]. If f is differen-
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tiable of order k € N* and a > 0 then

Je Joc a (b— a)‘“‘f 1 WU o
a+f( + g a+] [(_ ) f ( )_f (a)
= ﬁ/ﬂh {(b—x)a+k71 +(_1)k(x_a)a+k71} f(k)(x)dx ©)

Proof. We compute the two fractional Riemann-Liouville integrals J% f(b) and
Ji f(a) by k successive integrations by parts, obtaining

a)a+j 1 1

T 1) i e PN+ s /b(b—x>“+k*1f<k><x>dx
at s CT(a+j) C(o+k) Ja ’
k
-2

j+l(b a)OH—j 1

f(j—l)(b)+ (_l)k)/b(x a)a+k lf ( )dx

T+ j) TNa+k

Computing the sum of these two fractional integrals, one gets

K (b—a)@+i-!

IS O)+ I f @)= Y, AUV @) + (1 )|

& T(o+))
b
b [0 ] f

which leads to the desired equality after minor transformation. [l

We denote, for simplicity, by

k b a)aJrJ 1

Te(eza,b)(f) =% f(b)+ I f 2

2 Fary (=D w) ~ @)

all over this paper. Also, if oo > 0 we define the functions u : [a,b] — R by
u(x) = (b—x) "4 (D (- ), (10)

and remark that, according to Lemma 2.1, one has

(orab)(f) = e [ s s, an

F(OC + k a
for each k € N*. The boundary properties of these functions are important in the proofs
of the main results from this paper and we include them in the next lemma.

LEMMA 2.2. Let o0 > 0.
(a) If k is even then

(b _ a)OCJrkfl

Sar < ue(x) < (b—a)*H 1, (12)
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(b) If k is odd then
—(b—a)* " < (x) < (b—a)* L (13)
Proof. Since function u; is twice differentiable for all £ then one can study its

monotony and its convexity or concavity by means of the sign of its derivatives.
(a) If k is even then uy(a) = ug(b) = (b —a)***! and

u(x) = (b —x)‘”k*l +(x— a)OH’k*l,
up(x) = (o+k—1) {(x— a)** 2 (b —x)‘”"‘z} ,
ug(x) = (o +k—1)(a+k—2) [(b_x)a+k—3 4 (x—a)o‘+k—3] .

Since o0 >0 and k > 2, then u}/(x) > 0 for all x € [a,b] C [0,+e0). It means that
function u is convex and the root of the first derivative is a minimum point of u. The

first derivative vanishes in x = # and
a—l—b B (b_a)a+k—l
Uk 2 T potk—2

which is the minimum value of this function. The maximum values are taken on the
frontier of the interval [a,b] and, as consequence, the desired inequality holds.
(b) If k is odd then u(a) = (b—a)* ™ 1, uy(b) = — (b —a)* =1 and

ug(x) = (b —)c)"‘”‘*1 —(x— a)OH’k*l,

up(x) = —(a+k—1) (x_a)a+k—2+(b_x)a+k—2] <0,

for all x € [a,b], which means that function u; is decreasing. Now the required in-
equality is obvious. [J

THEOREM 2.3. Let f: Ry — R be a non-negative function, and the numbers
s € (0,1] and a > 0. Suppose that |a,b] C Ry is an interval such that there is a
number k € N* with the property that the derivative f*) exists, is s-convex of first kind
on [a,b] and f®) € Ly[a,b]. Then the following inequality holds:

a(b _ a)a+k—1

Ji(osa,b)(f) < 25T (o +k)

[1P@)+ O )] (14)
The inequality (14) is sharp.

Proof. In order to prove (14) we change the variable x = tsa+ (1— t)%b. Then
x(0)=b, x(1)=a and dx =1 [z?a— (1 —z)'T"‘b} dt, which leads to

N

Je(aa,b)(f) = ! )/Oluk(t%a+(1—t)%b)f(k>(z%a+(1—t)%b)v(t)dz,

sT(o+k
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with v:[0,1] — R defined by

—s

vt)=tFa—(1—1)Fb.
Function v is differentiable on (0, 1) and

1_ —z5 —z8
V() = — S [t‘fa+(1—z)1s2 b} >0

forall 7 € (0,1), which means that v is increasing on [0,1]. As consequence,
v(0)=—b<v(t) <v(l) =a, (15)

forall # € (0,1). This implies that

ﬁ/@luk (rrat=00) 9 (rFat (1=1)7) an

<Jileza,b)(f)

o [ (s ) £ (ar - t)a )

N

X

for all k. Now we analyze the upper bound of (11) in both cases, k£ even and k odd.
We realize, due to Lemma 2.2, that in both cases one has u(x) < (b —a)***~1, which
implies

( b— a oc+k 1

Ji(oza,b)(f) < ESYCE N

1
/ r® tva+(1 —t)?b>d
Since f* is Orlicz-convex, this is upper bounded by

a(b _ a)OCJrkfl

Ji(oza,b)(f) < sT(o+k)

1
| (trP@+1=00)) .
and computing the integral one gets the required result.

In order to prove the sharpness of (14), we consider the particular case k = 1. The
functions that make sharp (14) are supposed to be among the differentiable functions
having an s-affine of first kind first derivative. According to Corollary 3.3 from [12],
|f/| should be constant. Let us suppose that |f’| = 0, which means that function f is
constant, i.e. f = c, for some ¢ € R. In this case, by direct computation one obtains

c(b—a)®

JEF(B) = IS @) = T

and as consequence Jy(c;a,b)(f) = 0. The right side of (14) also vanishes in this case,
which completely proves the sharpness. [

THEOREM 2.4. Let f: R, — R be a non-negative function, and the numbers
€ (0,1] and a > 0. Suppose that [a,b] C Ry is an interval such that there is a
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number k € N* with the property that the derivative f*) exists, is s-convex of first kind
on |a,b] and f®¥) € Ly[a,b]. Then the following inequality holds:
(a) If k is even then

(b —a)*** w (atb

2042 (o + k) 74
(b) If k is odd then
—a(b _ a)OCJrkfl
2040k=15 (o + k)

Both inequalities are sharp.

) <J(aa,b)(f). (17)

9@+ 9 ®)] < Ulezab)(1). as)

Proof. We begin by taking into account (11) and we analyze each case.
(a) If k is even then according to Lemma 2.2 one has

( b— a)a+k—1
Do+k—2
Then, by (11) and the inequality of Theorem 181 from [6] pp. 281 (first proved in [5]),
a-+b
f < 2 s ) b—a / f
which is valid without the monotony condition from [6], one obtains

b oc+k 1
J(OC ab)(f) 20£+k ;ll" a+k / f

(b—a)*** 4y (ath
7 202 (o + k) 25 )

up =

which is the desired inequality.
(b) If k is odd then u; > —(b —a)*™*~1 and

b Oc+k 1
(osab)(f) > s [ (19)

On another hand, since f (%) is s-convex of first kind, one can compute, substituting in
the same manner as in the proof of the previous theorem and using the properties of the
same function v:

/bf<k)(x /f (tra+ (1=1)7b) vio)ar
/f (Fa+ (1=1)ib)ar
<fﬂﬁﬂk>uw#WMm

== M@+ rPw).

Introducing this evaluation in (3) one obtains the required result. The sharpness con-
clusion is provided by the same example as in the proof of the previous theorem. [
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3. Cumulative k-th order frontier gap of functions having
an s-Breckner-convex derivative

In this section we prove our main results within the class of Breckner’s s-convex
functions. They are sharp inequalities for superior order differentiable function on an
interval [a,b] C I C R, which have at least one derivative belonging to the class of
s-convex functions of second kind.

First of all let us remind that for the real or complex numbers a,b,c, other than
0,—1,—2,..., the hypergeometric series is defined by

2F1[abcz}—l+——+

ab z a(a+l)b(b+l) i m m 7"
1! clc+1) 2' =

Here (¢),, is the Pochhammer symbol, which is defined by

(@)= 1 "=
T o(0+1)...(0+m—1),m>0.
The integral form of the hypergeometric function is

1

. i_b) /tb_l t)c b— 1( ) N

2Fi(a,b;c;z) = B
’ 0

for |z <1, ¢>b>0. Here

1
B(a,b)z/za—l(l—z)b—ldzz
0

is the beta function.
All over this section we suppose that o > 0.

LEMMA 3.1. Let us suppose that k € N*, the function f: 1 — R is of k-th order
differentiable, a,b €1, a < b and n € N*, Then

H(k,n,ot,a,b)(f)
- O£+k 1 (k) n—+t 1—1¢ (k) 1—1 n—+t
/ [f <n+la+n+lb +f n+1a+n+lb ar, (20)

where

H(k,n,o,a,b)(f)

:<Zj>kw (‘Hk)[ma e )+ (DNE, 'b>f(“)}




INEQUALITIES FOR FUNCTIONS HAVING AN s-CONVEX 901
(o4 k) n+1\’
INo+k—j+1)\b—a
. 1 n . ; n 1
(k*J)( _C ) _1)J (k*1)<_ —b) ) 21
x[f a1 ) TV et @D

Proof. Let us compute

1
o+k—1 () n—+t 1—1¢ (k) 1—1¢ n-l—tb d
/(1 2 [f <n+1a+n+1b T ) |

|
”M*‘

_/ a+k1() n—|—t l—tb dr
+l n+l
1—t¢ n—+t
1)kt bldi=1+1.
+/ 7 <n+1a+n+1) 142

Compute I, . Integrating by parts k times successively one obtains:

k " (n+1 =l
(k=J) —
; +k <b a) / ( 1 +1b)£[0(°‘+k P)
¥ (n+1 o1 n+t 1—1
+oc+k (b—a> 2 (k- p] f( n+1b>dt

j—1

i _ ”H) Fl=d) at—r b) [T(e+k—p)
4 +k b—a n+1 n+1 P

j=1 p:O

(—1)’(% (Z:)k/ol(l —0)*7f ("i; +—b) dr

k J
i +1 I'(o+k) s n 1
N () (R (k=) b
j:l( ) (b—a) Floatk—j+1) 1 g

o+k
H0 @) (F0) Iy 1

n+1 n+l

_|_

—a

Compute I,. Again integrating by parts k times successively one gets:

H olo+k=p) fn1\’ - 1 n
I = (k=J) — b
2 J:El otk (b—a) f <n+1a+n+l )
I _o(o+k—p) (n+1\* f1 l—t  n+t
1= ——a+——b)ar
- o+k (b—a) /0( 2 f<n+la+n+l )
S\b—a) T(a+k—j+1) n+1  n+l1

D(a+k) (n+1\* 1 ol (1=t  n+t
- I'a) (b—a) /o(l_t) f(n—ﬂa+n+lb>dt
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L .
__y n+1\’ I"(OH—k.) k=) 1 ar b
~“\b—a) T(oo+k—j+1) n+1  n+l1

o+k
+F(a+k)<Zi_;> T e o)

Now, by computing the sum of I} and I, one gets:
k j
Ia+k) n+1Y: (ki n 1
L+L= —1)/= L ple=d) —b
R ;r(a+k—j+1) (b—a) [( A e Sy

; 1 n
_ (k=)
/ <n+1a+n+lb)}

r <a+k>(”“)a+k[f1 o T I ).

b— (n+la+n+1 (n+la+n+l

After conveniently arranging this sum one obtains the required result. []

REMARK 3.2. The number S (k,n,a,a,b)(f) is called the cumulative k-th or-
der frontier gap of function f. For n =1 and k =2 Lemma 3.1 becomes Lemma 3.1
[13]. For k =2 the Lemma 3.1 becomes Lemma 1.3 [14].

THEOREM 3.3. Let us suppose that k € N* and f: 1 — R is of k-th order differ-
entiable, a,b €1, a < b and n € N*. If |f(k)\ is s-Breckner convex function, then

s < 1w (k)
(n+1)*|7 (k,n, o,a,0)(f)] < é”(a7k7s7t)+k+s+a |f Y (@) +1f (b)I]»
(22)
where
1 SHF[1,—s,1 k-1
éo((x,k,s,t):/ (1= )1 (g sy = 2L =S L@tk =]
0 oa+k

The inequality (22) is sharp.

Proof. By Lemma 3.1 and the fact that |f*)| is s-Breckner convex function, one

has
|72 (k,n,o,a,b)(f)]
( n—|—tb)] ,
n+1

ekt | ) n+t 1_
‘/ {f (n—l—l n+1 )
‘/ OH-k lf (:Ii b)d

‘/ et (k)( —, )
n+
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() @i+ (,ﬁ%)"'f<"><b>|]dt

(Gp) @i+ (25) 1 ()]

1
k+s+ o

1
< / (1 _t)oc+k—l
0

+/ 1)k

E (o k,s,1) +

S (n+1y

79 @)+ f(“(b)ll -

This completes the proof of inequality (22).

For proving the sharpness we analyze the proof of inequality (22) and realize that
the main inequality used in order to get the required upper bound is (6). This is sharp
for s-affine functions of second kind, that are constants if s # 1 and at most first degree
polynomials whether s = 1. Let us consider the case s # 1 and k =2. Let us suppose
that |f”| is a s-convex function of second kind. Then, according to Corollary 3.3 from

21, |f"| should be constant and that implies that f”(x) = +c, with ¢ € R. But f”
is a derivative, which means that it has Darboux property, transforming an interval into
another interval. As consequence, f” = c. Let us consider, for simplicity, f”/ = 0. It
implies that " = p and f(x) = px+q for all x € [a,b], with p,q € R. In this case,

1 b—a\%( na+b bh—a\ !
Ja _ = | — _
(ot )@ = Tt <n+1> (pn+l +q) p<n+1) ’

1 b—a\” a-+nb b—a o+l
J¢ )= — | —— -~
(et i)™ O = Far D (n+1> ( +1+")+”<n+1) ’

which implies, by direct computation, that

A (k,n,o,a,b)(f) =0.

On another hand, the right side of inequality (22) also equals to zero, which proves the
sharpness of this inequality. The integral &(o.,k,s,t) is computed by Maple. [

THEOREM 3.4. Let us suppose that k € N* and f: 1 — R is of k-th order differ-
entiable, a,b €I, a <b and n € N*. If \f(k)|’1 is s-Breckner convex function where

1 1 _
;+a—1,q>1,then

(n+ 1) [p(a+k— 1)+ 1]7 (s+1)7 | (k,n, o, a,b) (f)|

< ({4 1y =YD @)+ 1O )])
+ (Y @I+ 1) =y O )] )

e,

(24)

The inequality (24) is sharp.
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Proof. By Lemma 3.1, the s-Breckner convexity of |f ) | and Holder’s inequality,
one gets

| (k,n,0,a,b)(f)]

<([amores ) ([ (s i) )
0

(o) ([ :iibwdrf
0

<([ammerna ([
0

([ ([ <a>q+<::ii>|f<>q}dr)"
/

:(n+11)5< a+k—l+1> <s+l)

({(n + 1).\'+1 _n.v+l}|f(k) (a)| 4 |f(k) (b)|>

Q=

X

+ (IF9 @]+ {1+ —mety <>|)5]

This completes the proof of inequality (24). This inequality is sharp for first degree
polynomials. The proof is similar to the proof of the sharpness of (22). [

THEOREM 3.5. Let us suppose that k € N* and f: 1 — R is of k-th order differ-
entiable, a,b €1, a <b and n € N*. If \f(k)|q is s-Breckner convex function where
%—I—é:l, q>1, then

(n+1)7 | (k,n, a,a,b)(f)|

1 1
< (&(ok (k) CINE
(SleksanrO@l+ oY)
1 1
*) E(ok ©)[)* 25
e @ ks Owl) e
where
1
. SF1[17_S72+(1_a+k)q7_l}
k O(+k 1 .\d :n 2 n .
é(ak.5,q.1) O/ (n-+1)'dr I+ (—1+a+k)g

(26)
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| is a s-Breckner convex function and

1

The inequality (25) is sharp
1—1 ‘
+—b) )qdz>

Proof. Using Lemma 3.1, the fact that |f

the Holder’s inequality, we have

A (k,n, 0, a,b)(f)]
() (fa-me o (s
+ /Oldt (0/1 jotersin)| pk (;;iwz;fib)‘th)a
1
et Dl (LY )@+ (1) 10 o)l }a )
+i)sf(k)(b)|q}dt>q

<<0/<1—r><
() e
: oy

1

Ao

! (g(aksq,)lf (@)l + glatk—1)+s+1
)|

Tt 1)
: 79 @)+ (e ks, ()])"
O

< (a+k—1)+s+1
This completes the proof of inequality (25). The sharpness is obtained for the first

degree polynomials as in the proof of the sharpness of (22)
THEOREM 3.6. Let us suppose that k € N* and f: 1 — R is of k-th order differ-
|7 is s-Breckner convex function where

L9 w))

_—=

)

+k+s+(x
(27)

entiable, a,b €1, a<b and n e N*. If |f

qg> 1, then
(n+ 1) | (k.m0 a,0) ()] < (& (e k50O (@)
+ (g M @1+ Sk s, )

| is s-Breckner convex function and

where & (ot,k,s,t) is given by (26)
The inequality (27) is sharp

Proof. Using Lemma 3.1, the fact that |f
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the power-mean inequality, we have

| (k,n,ct,a,b)(f)]
1 . n+t 1—t \ 4 g
< 1 _ o+k—1 q / 1 _ 06+k71‘ (k) - ‘
(/0( ) d’) 0( ) ! <n+1a+n+lb> dr

+ (/01(1 —t)“k*‘dt)l_% 0/1(1 St Tl 1=t ”_J“’b) ar

q

n+1 n+1
1-1 1 !
)| Jamoe R @l (1) 10 e
0
: ;
+ !0—4W“‘%(n+1)U'()W+(Zij)U'<>w}m
=E;fTﬁ-(f«mh&ﬂU“N®++;;%;aj“NwD%

+ (@) + ks 9 )

k+s+ o

This completes the proof of inequality (27). The sharpness is obtained for the polyno-
mials of at most first degree, as in the proof of the sharpness of (22). [

REMARK 3.7. The set of functions, which was identified as the sharpness class of
each inequality may not be maximal. The identification of the maximal sharpness class
remains open. To derive better inequalities means, in this case, to obtain inequalities
having a larger sharpness class.
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