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known results.
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1 Introduction

For convex functions, the following double inequality has great significance in the literature and is known as
Hermite-Hadamard’s inequality [1,2]:
Letop:I R, #1C R, vy, v, €1 with vy < v, be a convex function, then

Vy

Vi + Vv, 1 o(v1) + o(v2)

— < — < —
52 = fooas s S0, @

the inequality (1.1) holds in reversed direction if ¢ is concave.
Fejér [3] established the following double inequality as a weighted generalization of (1.1):
vy 123 V2
v+ (v1) + o(vy)

<p[—1 . zljﬁ(f)df = Jo@@s s FEEE e, 12

2 ] Vi

where ¢ : I — R and @ # I C R, vy, v, € I with v; < v, is any convex function and & : [vy, V2] = R is non-
negative integrable and symmetric about & = %

Inequalities (1.1) and (1.2) have many extensions and generalizations. We refer the readers to [4,5], the
studies carried out by Ardic et al. which deal with the Ostrowski-type inequalities for GG-convex and
GA-convex functions and some other important inequalities for inequalities via GG-convexity and GA-con-
vexity, respectively. Dragomir and Latif discussed in their studies some important Fejér-type integral inequal-
ities related to the geometrically-arithmetically convex functions and their applications in [6-17]. In [18,19],
Kunt and Iscan have proven very interesting results of Hermite-Hadamard and Fejér-type inequalities for
GA-convex for GA-s-convex functions. The author has provided results of Hermite-Hadamard-type and
weighted Hermite-Hadamard-type using differentiable GA-convex, coordinated GA-convex, and geometri-
cally-quasi-convex mappings, and the notion of geometrically symmetric mappings in [20-22]. Further
research studies have been accomplished concomitant to the Hermite-Hadamard and Fejér-type results using
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the notions of geometrically-arithmetically, geometrically quasi convex functions, and a no-negative integr-
able geometrically symmetric function in [23-25]. Here we also mention the contributions of the mathemati-
cians, for instance, Noor et al. [26] who proved inequalities for geometrically-arithmetically h-convex func-
tions, Obeidat and Latif [27] obtained the results of weighted Hermite-Hadamard-type inequalities using
geometrically quasi-convex functions and a no-negative integrable geometrically symmetric function, Qi
and Xi [28] accomplished some new Hermite-Hadamard-type inequalities for geometrically quasi-convex
functions, and Zhang et al. [29] who proved Hermite-Hadamard-type inequalities for differentiable GA-convex
functions.

Many important results that characterize the properties of the mappings related to Inequalities (1.1) and
(1.2), and inequalities that provide refinements of Inequalities (1.1) and (1.2) are discussed by a number of
researchers. Dragomir et al. [30] considered inequalities of Hadamard’s type for Lipschitzian mappings. Dragomir
et al. [31] gave refinements of Hadamard’s inequalities. In another study, Dragomir [32] proved Hadamard’s
inequality for convex functions by defining some functionals. Dragomir and Agarwal complemented the study
carried out in [33] by defining new mappings associated with Hadamard’s inequalities for convex functions and
obtained some refinements of (1.1). Dragomir [34] further investigated mappings in connection to Hadamard’s
inequalities and obtained some more refinements to (1.1). Tseng et al. [35-37] generalized the results given in
[30-34] and acquired new inequalities of Hermite-Hadamard-Fejér-type involving convex functions and a weight
function that is non-negative integrable symmetric with respect to the mean of the closed interval. Yang and Hong
[38] also proved some refinements of (1.1) by considering the properties of some functionals. The interested readers
are referred to Yang and Tseng [39-42] for more results of properties of functionals in connection to (1.1) and (1.2),
and results which refine and generalize the inequalities (1.1) and (1.2) [43,44].

One of the generalizations of the convex functions is geometrically-arithmetically convex functions also
known as GA-convex functions which is stated as follows:

Definition 1. [45] A function ¢ : I € (0, ) — R is considered to be GA-convex, if

P(EA) < 09(§) + (1 - Q)p() 1.3)
forall¢,A €1 and o € [0, 1]. A function ¢ : I » R is concave if the inequality in (1.3) is reversed.

We state some important facts that relate GA-convex and convex functions and use them to prove the
main results.

Theorem 1. [45] If [v4, V4] C (0, ) and the function y : [Invy, Inv,] = R is convex (concave) on[Invy, Inv,], then
the function ¢ : [vi, v3] = R, ¢(0) = x(Inp) is GA-convex (concave) on [vy, v;].

Remark 1. It is obvious from Theorem 1 that if ¢ : [vy, v;] = R is GA-convex on[vy, V2] C (0, »), then @ ° expis
convex on [Invy, Inv,]. It follows that ¢ o exp has finite lateral derivatives on (Invy, Inv,) and by gradient
inequality for convex functions we have

@ ° exp(§) — ¢ ° exp(A)(& -~ A) 2 p(expA) exp(A),
where ¢p(expA) € [¢’(expA), ¢/(expA)] for any ¢, A € (Invy, Invy).

Theorem 2. (Jensen’s inequality for GA-convex functions) [45,46] Let ¢ : I C (0, ©) - R be a GA-convex func-
tion and [k, K] C I°. Assume also that h : Q — R is u-measurable, satisfying the bounds

0<k<h(Q<K<o foru-ae o€Q
and w = 0 y-a.e. on Q with fgwdy = 1. If o € 0¢ the subdifferential of ¢ and ¢ ° h,Inh € L,,(Q, u), then

¢ ° exp

[winhdu| < [(@ = mywdp. (14)
Q Q
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The following inequality of Hermite-Hadamard-type for GA-convex functions holds ([26] for an extension
for GA h-convex functions):

Theorem 3. [26] Let ¢ : I C (0, ©) » R be a GA-convex function and vy, v, € I with vy < vy. If ¢ € L([vy, v4)),
then the following inequalities hold:

J'(P(E) o) *+ o(vz)

o(Jvvy) < 3 (1.5)

Inv, - lnv1

The notion of geometrically symmetric functions was introduced in [23].

Definition 2. [23] A function & : [vq, v;] € (0, ©) —» R is geometrically symmetric with respect to \/vyv; if

9 =19

ViV ]

¢
holds for all £ € [vy, v;].

Fejér-type inequalities using GA-convex functions and the notion of geometric symmetric functions were
presented in Latif et al. [23].

Theorem 4. [23] Let ¢ : I € (0, ©) — R be a GA-convex function and vy, v, € I withv, < v,. If @ € L([vy, v5]) and
U : [v, 2] € R\{0} — R is non-negative, integrable, and geometrically symmetric with respect to /viv,, then

v vy 9 vy
(D(JW)Iaif)de Ifﬂ(f)f (E)dfs p(vy) + ¢(V2)J'0(E)df 16)

Suppose that ¢ : I € (0, ©) - R is GA-convex on I and vy, v, € I, let y, 7,V : [0,1] » R be defined by

11 )
1@ = mngqo(fe(\rlvz )4,

V2Vz

F(Q) = —mvﬂ oEUDEdL,
and
1 Vzl 1+0 1+Q 17Q
V(o) = m_v[g(%"/zz g7 + v 2 & ||dE.

Latif et al. [47] obtained the following refinements for Inequalities (1.5):

Theorem 5. [47] A function ¢ : I € (0, @) - R as above. Then,
(@ yx is GA-convex on (0, 1].
(ii) We have

inf x(e) = x(0) = o(\/Viv2)
0€[0,1]
and

COM
up (@) = x(D) - lnvl—[

(ifi) x increases monotonically on [0, 1].
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The following theorem holds:

Theorem 6. [47] Let ¢ : [v4, V5] € (0, ®) = R be as above. Then,
) F+3)=7FG -0 forallgin|0,3].

(i) F is GA-convex on (0, 1].

(iiiy We have

sup F(@) = F(0) = F(1) =

€[0,1]

I B

(Invy - lnv )2

and

Vsz

H E o(/F)dEdr.

inf 7(o) = T[l
0€[0,1] 2

(iv) The following inequality is valid:

lnvz - Inv;

p(Je) < f[%]

(v) F decreases monotonically on [0, %] and increases monotonically on E 1].

(vi) We have the inequality x(o) < F(o) for all o € [0, 1].

Theorem 7. [47] Let V : [0,1] » R and ¢ : [vy, V5] C (0, ®) = R be as defined above. Then,
(i) V is GA-convex on (0, 1].
(i)) The following hold:

. . 00) 1o
inf V(@) = V(0) - lnv j

and
o(v1) + o(v2) .

sup V(@) = V(D) = =

e€[0.1]

(iit) V increases monotonically on [0, 1].

Motivated by the studies conducted in [48,30-42], we define some new functionals involving GA-convex
functions and a non-negative integrable symmetric weight functions which is with respect to the geometric
mean of the end points of the closed interval in connection to Inequalities (1.5) and (1.6) to prove new Féjer-
type inequalities which indeed provide refinement inequalities as well.

2 Main results

Let us now define some mappings on [0, 1] related to (1.6) and prove some refinement inequalities.

1+Q 1Q 19 1+

1 A
x(@) = m!gw(@(\/vm)l'g)df,

X = 9

>
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Vy l?
Xo(@ = Jotem o e,

V1

v21
Zlp(riE ) + (v 91,

1
7O = 50y, - 1nv1)-v[ g

and

7i(@) = 3 [lowie + ptvierol T ae,

Vi

where ¢ : [vy, V3] = R is a GA-convex function and 9 : [vy, V2] — R is non-negative integrable and symmetric

about & = /vv,.
The following result is very important to establish the results of this section.
Lemma 1. [24] Let ¢ :[vy, v;] = R be a GA-convex function and let vy < i < § < & < A < vy with §&, = 4 Ay. Then,

P(6) + 9(52) < (k) + ().

Proof. For A4; = A, the result is obvious. We observe that

Injg-Ing; Ingg-Inky

& = (Ap)mrink (Ag)inip-Tniy

and

Injg-Ingy Inéy-Injy

& = (A)mig-iy (Ay ) inzp-Iniy

are in the interval [vq, v3], and &&, = Ajh.
By applying the GA-convexity, we obtain

InA o ].I‘lfl
InA - Ini

=o(M) + o(A).

lnﬂz -1In EZ

h'lfl - ln)l1
11'1)(2 - 11'1/11

11'1/12 - ln/h

lnfz - ].I'lAl

P& + 9(&) < Ink, - Ink

(k) + (%) + o(h) + @)

O

We first prove a result similar to results proved in [39] for GA-convex functions which provide refinement
inequalities for (1.6).

Theorem 8. Let ¢ :[v,vy] C(0,0) >R be a GA-convex function, 0<a<1, 0<B<1, o=v9

——,——1 and let §: [v,v;] ~ R be non-negative and integrable and 8(co?) = 3(co'P),

ggl’ﬂ g Uglfﬁ
) 1- d I}
oo | Wup <178 [ oOID B[ 0@

¢ =7 o g ¢
21
ao'#
<[ap(vy) + (1 - o] [ %df
og®
Proof. For every o € [0, V], we have the identity
ool f aglf 0 0
19 9 9 (o P S(goP
.[ (f)df_ Iﬁd& J’ﬁd&ﬁj (g0 )df+(1-ﬁ)J (g0 )d
SR ARI WY ¢ A A
ol ol a (22)
3(ae#)
d
- [o e

0
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We now prove that the mapping ‘W : [0, vy] —» R defined by
W() = 1 - P)p(ae™®) + pp(ae'F)

is GA-convex (0, v5] and monotonically increasing on [0, vg].
Since the sum of two GA-convex functions is a GA-convex, hence ‘W is a GA-convex on (0, vg]. Let
0 € (0, vp), it follows from the GA-convexity of ¢ that

W(Q) = (1 - Pp(ae™?) + Bp(aa'F) 2 p(a' PaPI-Pabobl-P) = p(a) = p(viv, ). 2.3)
BIng Blng (1-p)Ing
We observe that0 < a < a + v, —tny; = ,0<(1-a)- vy~ Ty, = 1-a<1,0<a<a- nvy—Tny, = @ <1, and
0<1-a<(1-a)+ 4-plne 1. Thus, by Remark 1 ¢ ° exp is convex on [Invy, ) and hence we obtain

Invy - Invy

W« expng) =(1 - B¢ = exp(Ing - Bln@) + Bo(Ing + (1 - B)Ing)

o Blng B1ng
=1-Pye exp[ Invy; = Invy Invy; = Invy

lnvzy

a+ Inv,

Inv; + [(1 -a)-

(1-pne
Inv, - Inyy

, (1-pne

a-
Invy, = Invy

Inv; + [(l -a)

+ Bo

<s(1-pBa+ Ing|p ° exp(Invy)

Inv, — Invy 2.4)

B

Inv, - Invy

Inolp ° exp(Inv,)

+(1- B)[(l -a) -
1-B
Inv, - Invy

-B

Invy; - Invy

Ingjp ° exp(Inw)

+ﬁ[a—

Inglp o exp(Invy) = ap(vy) + (1 — a)p(vy).

+ Bl(l -a)+

From (2.3) and (2.4), we obtain
PV, ) < W(Q) < ap(v) + (1 - A)p(vy). 2.5)

Finally, for g, 0, € (0, Vo], such that0 < Ing, < Ing, < Invy, since W - exp(Ing) is convex, it follows from (2.3)
that

W o exp(lng,) - W - exp(lng,) _ W(e,) - W(o,) >0
Ing, - Ing, Ing, -lng;

This shows that ‘W is increasing on (0, vg].

Since ¥ is non-negative, multiplying (2.5) with ﬁ(ogﬁ), integrating the resulting inequalities over [0, @], and
using 3(a0?) = 9(g0'P), we have
0 0 0
o [8(00F) (g0#)3(00P) (a0 F)d(ae'P)
(v} a)ITQdf <(1- B)J’%df + Bj%dvf
0 0 0

0 S(60F (2.6)
smwm+a—wwmﬂi%L%a
0

By using Identity (2.2) in (2.6), we obtain (2.1). O
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Remark 2. If we choose a = %, B= 1, @ = A% in Theorem 8, then
q 2

9 _ Ao
it A J M ﬁﬁp LGLGI. I(/)(E)ﬁ(f) «
a g 2.7
< [ap(vy) + (1 - W(vy)] I 2@ g
g

Remark 3. If we choose a = 8 = % 0 = Vo = vy ! in Theorem 8, then we obtain (1.6).
Remark 4. If we choose a = § = % 0=V =VyVy 1 in Theorem 8, then we obtain (1.5).

Theorem 9. Let ¢, g, and v, be defined as in Theorem 8,0 <a<1,0<p<1,a+ <1, and let X be defined
on[0,1] as

a

@ _a
1-B. 71~
Vy TVp p

d
I [(1 - Bp(a&B) + B(p(o’f(l‘ﬁ)Q)]?E_ (2.8)

0

1-p

X = a(lnv, - Invy)

Then, X is GA-convex on (0, 1], monotonically increasing on [0, 1] and

(Vv ) < X(0) < X(1)

Vzl ﬁ\/ll ﬁ

1 —
s | - Pt « pocost-pola;
0

"~ a(invy - Invy)

<ap(vy) + (1 - @)p(vy).

Proof. Since ¢ is GA-conveX on [vl, V] this prove the GA-convexity of X on (0, vo]. By using the condition
—— vy L. Since the mapping ‘W : [0, vo] —» R defined by

W) =1 - Bp(aeP) + pp(ae'F) 2.9

has been proved to be monotonically increasing on [0, vo], thus the mapping X is also monotonically increasing
on [0, 1].

Inequality (2.8) follows from inequality (2.5) and the fact that X is monotonically increasing on [0, 1]. This
accomplished the proof of the theorem. O

a + B <1 implies that vy = B

The next theorem can be proved similarly.

Theorem 10. Let ¢, y, vy, a, and 8 be defined as in Theorem 9. Let X, be defined on [0, 1] as

- VR T @ ap a
_ - 7 “1-p -a,,a 4 (2.10)
= 1- B1-0) 1-pa-oy|==
X(© = i v { (= Bg|avi P, e | + Bo(ovyviga-PIi-D)
Then, X, is GA-convex monotonically increasing on [0, 1], and
1- By T
1-8) J’ o) a + J'(P(E)
af(Inv, - Invy) @ o ¢ a(lnvz - Invy)
viPy, P @11)

L 1_L

< X(Q) < Xi() = (1 - Bg|v * ] + Bo(v1) < ap(vy) + (1 - a)p(vy).
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Remark 5. Takinga = § = % in inequality (2.8) reduces to

x@ = I o Oz,

lnv
Remark 6. Takinga = f = % in inequality (2.10) reduces to

e o e o
W& +ov?E

Theorem 11. Let ¢, a, B, x, vy be defined as in Theorem 9 and let § be defined as in Theorem 8. Let Y be a
function defined on [0, 1] by

Vzl

1
2(nv; - Inv)d | dé. (2.12)

V(@ =

N

Y = _[[(1 - B)p(00EF)9(agP) + Po(at-P)9(ag!F)ldE 2.13)

0

for some s € [0, v,]. Then, Y is GA-convex and monotonically increasing on [0, 1] and

asi
PV, ) I (E)df Y =Y1)= 1P I (p(f)ﬁ(f) d I q)(f)g(f)df. 214

ash asP

Proof. Since ¢ is GA-convex and 9 is non-negative, we see that Y is GA-convex on (0, 1]. Next for each ¢ € [0, s],
where s € [0, v), it follows from Theorem 8 that h(£2) = (1 - B)p(agéPQ) + Bp(aE(-PR) is increasing for
0 € [0, 1]. Using the identity $(cof) = 3(go'F), we see that Y(g) is increasing on [0, 1]. Therefore, inequality
(2.14) follows immediately. O

Theorem 12. Let ¢, a, B, 0, vy be defined as in Theorem 11, and let 9 be defined as in Theorem 8. Let Y, be a
function defined on [0, 1] by

O %[(1 = P)p(os PEPI-0)(as PEP) + Bo(as'PEA-PA-)d(as'-PE0-P)]dg 215)
0

for some s € [0, vy]. Then, Y is GA-convex (0, 1] and monotonically increasing on [0, 1], and

1-5 <0(E)l9(<f) B "Tq)(f)ﬁ(f)

d
'B os7F ¢
< Y@ <YM =[(1 - Po(as?) + (1 - Bp(asF)] (2.16)
os1-B osl-B
9
[ Z8ae210- o) + apiw) | %dz
asP asP

Proof. Since ¢ is GA-convex and J is non-negative, we see that ' is GA-convex on (0, 1]. Next for each & € [0, o],
where o € [0, vo], it follows from Theorem 8 that h() = (1 - B)p(as™?) + Bp(as'™#) and k(o) = s¢- -9 are
increasing on [0, vo] and [0, 1], respectively. Hence

h(k(@) = (1 = B)p(as PEPA-D)3(asPEF) + Bo(astPE-A-PA-0)9(gs!-FE-A-F))

is increasing on [0, 1]. Using the identity 3(go?) = 9(g0'#), we see that Yy(p) is increasing on [0, 1]. Therefore,
Inequalities (2.16) follows from

(v~ < W(k(Q) < (1 - ®)p(vy) + ag(vy)
and (2.16). O



DE GRUYTER New extensions related to Fejér-type inequalities =——— 9

Remark 7. Choosea = 8 = % S=Vvy =V 1y, in Theorems 11 and 12. Then, Inequalities (2.14) and (2.16) reduce to

()9

Vy '9
(D(W)J'%df <Y =Y -= I ¢ dé
v vy ! o
< (@) < w1y = 2 . o) [90)
where
Y@ = lnv J¢(§Q(W)1 Q) )
and
1+ 1- Q
Yi(0) = _J'f [V1 5(\/?) + (P‘VZ v ]ﬁ(\/@) de 218)

Remark 8. Inequality (2.17) provides weighted generalizations of Theorems 5 and 7.

In the following results, we provide further refinements of Inequalities (1.5) and (1.6) for GA-convex
functions by using Lemma 1.

Theorem 13. Let ¢, 3, xy be defined as above. Then, the following Fejér-type inequalities hold:
(i) The following inequality holds:

3
VA
V2

2 1d
o( vz )j—dE<ZI 0(©)0 J%]?
v vz (2.19)

v 9
© J’fp(s‘) ©

".M_-

Im(g)de < qu)I de|.

(i) If ¢ is differentiable on [vy, V5] and § is bounded on [vy, v,], then for all o € [0, 1], the inequality holds:

(29
< | —5—=dé -
[F5 - p©
(2.20)
+ (v
(1 - |0y, - Invp) ZH2 2)] I‘”(E) (191,
where |9l = supgey, ,,1 7 ($).
(iit) If ¢ is differentiable on [vy, v;], then for all o € [0, 1], we have the inequality
+ V2 1 -1 ’ _ ’ V2
0< p(v1) + @(v2) Jﬁ(f) 0E - 1 (@) < (nvy an)(quZ (v2) = vi9’(1)) ﬁ(g‘) dé. @21
V1
Proof. (i) Using techniques of integration and the hypothesis of 3, we have the following identities:
o(ViVs )j P ag =4 I I«Wv 2

vi 0
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1 3 1
vitvg NZZY3
2 \d 11 , 33y
2 J’;o(f) [ f_]?‘c =2 _[ _O[<p[fzv14vz4] ¥ ¢[f-zv14v ]%d d¢, 2.23)
s 9&)
IXa(Q)dQ‘ [ [toreymmn + o wmn)-o) = dodg
nr 2.24)
e 9()
+ [ oy + oo mmyr o= 2 dods,
v 0
and
v} v}
(p( WU © 4, J'fp(f) @© g
. . (2.25)
e &) e 9§,
= [ Ji0© + o= odede + [ [lotvimn) + o 1= >dodé.

vi 0 v 0

By using Lemma 1, we observe that the following inequalities hold for all o € [0, %] and & € [vy, Jvvy |:
The inequality

11 33
4p(Jvvy) < 2 [Ezvl 24] [E §v4v24] (2.26)
11 33
holds for & = & = Jvvy, A = E%vl‘*vz‘*, do = Evivd,
The inequality
2§0[<f witv ] < @& (JViv2)®) + (8 Y)Y @.27)
holds for & = &, = 52V1 Vz A= E((vvg)], Ay = E(Jvvp)t e
The inequality
33
zw[s“%vaf] < QTN + 9§ O T)Y 228)
3
holds for & = & = & vz M= E( v, by = £ vy )Pl
The inequality
PE(vv2)?) + p(E(JViv2)'™) < 9(§) + p(YViv2) (2.29)

holds for & = £17(viv7)®, & = E( Vi)Y, Ay = &, A = Vv,
Finally, the inequality

P(E(JVVp)t) + (& O(Jvv3)20) < p(JVivz) + @(vveE ™). (2.30)

Multiplying Inequalities (2.26)-(2.30) with % and integrating them over @ on [0, %], over ¢ on vy, \/V1v; ], and
using identities (2.22)-(2.25), we derive (2.19).
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-_ 1"

(i) Since ¢ : [v1, 2] = R is GA-convex on [vy, V5], hence g : [Invy, Inv,;] » R defined by g(¢) = ¢ ° exp(§) is

convex on [Invy, Inv,]. Thus, by integration by parts, we obtain the following identity:

Invi+Inv,
2
Inv; + Inv
| - E][g'(lnw +Inv, - §) - g(@)]dé
Inwv;
lnv1+1nvz
anZ h'lVl

[g(Invy) + g(Invy)] - _[ [gnvy + Inv, = &) + g(&)]dS.

Invy

The equality (2.31) is equivalent to the following equality:
N7

I

Using substitution rules for integration and the hypothesis of 3, we have the following identities:

Invy + Invy

7 -In¢

[vival o' (vivd™) = &' (H)1dE = (Inv; - Invy)

o) + o) ] Fo()
2 ] -[Fw

N
d= [ [0 + o)

V1

9
¢

]%o(f)a(f)
£

and
Ny
1@ = | @I + pE e Tv;))]

V1

@)
7

(2.31)

(2.32)

(2.33)

(2.34)

Now, using the convexity of g(¢) = ¢ ° exp(§) on[Inv,, Inv,] and the hypothesis of 3, the following inequality

holds for allp € [0,1] and & € [lnvl,

1nv1+lnv2]

Inv; + Inv
‘g(f)—ge&(l—e)lfz 8 o exp(d)
+|gnvy + Inv, - §) - glo(nvy + Inv, - §) + (1 - )M 9 o exp(§)
Inv; + lnvz

1 +1
<Q- Q>[f - M]g @9 exp(€) + (1 - @)

Inv; + lnvz _ E]

E]g'(lnvl +1nv, - &)F ° exp($)

=1-0 [g'(nvy + Invy = &) - g7()] = exp(&),

which is equivalent to

In v1 Inv,

[(/) o exp(§) - ¢ ° explos + (1-0) J ° exp(¢)
+1¢ ° exp(Invy + Inv, = §) — ¢ ° exple(lnvy + In-&) + (1 - @) w J o exp($)
1 1
S (1 - 9 T - lexp(©)o(exp(©)
+ Vv, exp(EH(A - Q@' (viv,exp(E))]  sup 9 ° exp(d)l.

E€([Invy,Invy)

Invy +1nvy

Integrating the above inequalities over £ on [lnvl, ] we obtain

(2.35)

(2.36)
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Invy+Inv,
2
Inv; + Inv
| [(o > exp(§) - ¢  explof + (1~ @) — ||| ° exp(©)d¢
Invy
Invi+Inv,
1 Invy + Inv,
+ I [q) o exp(Inv; + Inv; - &) — ¢ ° explo(Ilnvy + In-¢) + (1 - 0) — g o exp(¢)dé 2.37)

Invy

Invi+Inv,

2
<-o swp |9° exp@ |

Inv; + Inv,y f]
E€[Invy,Invy]

2

Invy

x [vivy exp(§g’ (viv, exp(§™)-exp(§)e’ (exp(§))]d¢.
After making use of suitable substitution, inequality (2.37) takes the form:

NAZAZ

1
[ 310 - otcu a1
| ml 1+e
o | 4o - ofeecsmmn oo < 1o - o @39
Nz
[ [P - g o s - 0 @1

V1

Inequality (2.20) follows from (2.31), (2.32), (2.33), (2.34), and (2.38).
(iii) We use the fact that ¢ : [vy, v;] @ R is GA-convex on [v;, V5], hence g : [Invy, Inv,] > R defined by
g(&) = ¢  exp(§) is convex on [Invy, Inv,]. Thus,

Invy +1nv,

g(nvy) - g[ 2 - Inv; - Invy
2 - 4

g’(Invy)
and

_ Inv; +1Inv,
g(nvy) g[ 2 Inv, - Inv;
< 8
9 4

(Invy).

Adding the above inequalities

g(nvy) + g(lnvy) _ Inv; + Inv, < (Inv; - Invy)(g’(nvy) - g’(Invy)) 239)
2 2 - 4 ' )
Inequality (2.39) becomes
o(vy) *2' o(va) o(JViV7) < (Inv, - anl)(szz'(Vz) - V1(P'(V1))' (2.40)

Multiplying both right-hand side and left-hand side of (2.40) with % and integrating over [vy, v;], we obtain

o(vy) + p(v,) FO(E)
2 VJ £ d 4

£ - o(Jvivs) J’ﬁéf) dé < (nv, = Invy)(vo9'(vy) = vi9'(v1)) Iﬁ(g‘) dé. (2.41)

V1
From (2.17) and (2.41) we obtain (2.21). O

I
Invy - Invy’

Corollary 1. Suppose that the assumption of Theorem 13 is satisfied and 3(&) =
(D) The following inequalities hold:

¢ € [vy, vy, then
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1 3

0@ 1 EON
o(Jvivy) <2 J; JX(Q)dQ <5 o(Jvivy) + m_[ ] (2.42)
(ii) The following inequalities hold for all o € [0, 1]:
1 (e® P+ o) 1 te@d
— - 2.4
~ Inv, - lnvl;[ & €-y@=<0-9 2 Inv, - lnle & dgl. @43
(iii) The following inequalities are valid for all ¢ € [0, 1]:
0< o(v1) ; o(v2) @ < (Inv, - lnvl)(vZfz’(vZ) - vlw’(vl)). (2.44)

In the following theorems, we discuss inequalities for the functions y, x,, ¥, 7 and 7y as considered
above:

Theorem 14. Let ¢, 3, y;, ¥y be defined as above. Then, we have the following Fejér-type inequalities:
(i) The following inequality holds for all ¢ € [0, 1]:

Xs(Q) < Xl(e)fﬁdf (2.45)

(ii) The following inequalities hold:

209 1 (13 9
2 J (p(E)a[%]%df <5 (p[vl4vz4] + ¢[v1 1% ] J’ (EE) as
- 2.46
< (nvz - Invp) [l @0 e 40
0
vzl9
< 2lotvm) + Pl) - el | Ef)df.

V1

(iit) If ¢ is differentiable on vy, v;] and & is bounded on [vy, v,), then, for all g € [0, 1], we have the following
inequality:

V) ,9
0 % 25(@ - o) Z 245 = tnve = Wl @) - X@1Ile .47

where |9l = supgey, ,,19(E).

Proof. (i) Using techniques of integration and the hypothesis of 3, we have that the following identity holds on

[0, 1]:
VZ(? ViV 1+0 7@ 1-0 1+Q 19
M(Q)I%df = I qo[vl v, ? ’ (p[v1 2 if) dé. (2.48)
By Lemma 1, the following inequality
1+g 1-0 1-0 1+
PEAJVIV2)70) + p(E((iv2)*) < 1 v’ ¢[V1 n ’ (2.49)

holds for all ¢ € [vy, \/V1v, ] with
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& = ()™, & = E(Jvpvp)t*e,
1+Q 1- Q 1- Q 1+Q
A=v?v,2 and A=v%v,?2

Multiplying both right-hand side and left-hand side of (2.49) with %, integrating over [vy, \/V1V; ], and using
(2.34) and (2.49), we obtain (2.45).
(ii) We can observe that

1 (13 © P A | LG9
E (p[v14v24] [Vl Vs, y‘[—df v 24] + (plvl‘lvz ] I Tdf (2.50)
V1
By using GA-symmetric assumption on J, we obtain
13
vivi N2
& 19 [“s] [“ ]ﬁ(E)
2 HN—=—|—2-d¢ = vitviEz| + olvitvst (2.51)
J—I(P(E)WEEJ‘Plzf PV vy E2 fE
vitvy !
We can also see that the following identity holds:
(Inv, - 1nv1)_[)(1(g)3( o8)dg
1
1 o 1o 2 ( e 1-e
= (nv; - Inv)| [ [ 7 19 vp)do + I«p‘vl vt 90 e
1 0
) : 2.52)
2 ( 1o 1+ 1 1e 1+e
+ Iso[vlz v, (90! u)dg + jqo[vl v, 2 |9 D)o
0 2
1 ©
= 2 f o) + w[vlvzf H+ o(Em) + w[vzvlf H £ e
Vi
Finally, we also have
V2
1 V1) + o(v V] + o(v b}
_l(p(m) L o) + o z)J' (f)dE: {‘P(W) L oD + o(vy) J’ €9, aé. 2.53)
2 2 ¢ 2 £
1
By Lemma 1, the following inequalities hold for all £ € [vy, \/viv; |:
The inequality
11 33 13 31
(P[V14V245 Z] + (P[V14V24f_2 S (P[V14V24 + (P[V14V24] (2.59)
11 33 31 13
holds with the choices of & = vi*v€z2, & = viAvtE2, A = vitvs, and A, = vitvgt,
The inequality
13 1
‘P[V14V24] Py (P[VWZZE_Z] + o(vi§) (2.55)
13 1
holds with the choices of & = & = vivst, 4 = &, and A, = vvEa.
The inequality
31
(olvl“vz“] [vzvl & 2] + o(&vy) (2.56)

31 1
holds with the choices of & = & = vitvt, 4 = Jévy, Ay = vzvlzf‘%.
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The inequality

l 1
(p[vlvzzf‘z] + o(Jvi€) < (1) + p(YVivy) (2.57)

1
holds with the choices of & = v, & = vlvzzf‘%, M =W, A = SV,
The inequality

Vo + &

3 et 2v2¢
ovEvEe[ + @ < o(Jviva) + 9o(v2) (2.58)

1
holds with the choices of El = \/EV , Ez = V12V26_%, /\1 = JV1Va, Az = V.
Multiplying (2.54)-(2.58) with =>> ‘9(5) , integrating them over [vy, \/v1v; ], and using (2.50)-(2.53), we obtain (2.46).
(iii) By integration by parts, we obtain

Invy+lnv,
2
Inv; + Inv Invy + Inv
o | |- Z]g[s‘+(1- )
Invy
1 1 1 1
. w gc]g ol + Inv, - £) + (1 - )w a
Inv, (2-59)
Invy + Inv Invy + Inv
= o [[e- o+ - of M2 g

In 1%1

V2

- I%w(é@(ﬁvz -0)dE

%1

1+ 1- 1-
Inv, —Invy| | 5% e
9 vt vy [+ ovi? v,

= (Inv; - Invy)[x,(0) - x(@)].

Using the convexity of g and the hypothesis of J, the following inequality holds for all ¢ € [0, 1]

1nv1+lnv2]

and ¢ € [Invl,

HE+(1— o U g I I g e
Invy + lnvz Inv; + Inv,
+[glednv; +1Inv, - &) + (1 - ) 5 J o exp($)
Inv; + Inv Inv; + Inv
. e[f—%]g[&a— O T2l exp(®)
Invy + Inv, i Inv; + Inv,
o5 - &fgenvi+ v, - ) + (A - =219 = exp(©)
Inv; +1 1 1 (260
nv; + Inv nvy + Inv
= o= —|glednyy + v, - ) + (1 - Q)
i Invy + Inv,
- QE+(1‘Q)72 J ° exp(¢)
Invy + Inv Inv; + Inv
— 5 —{|gletav+ nv, - H + A -

Invy + Inv,

Voo
[

- g’[ef +(1-0)

Integrating (2.60), using (2.59) and (2.17), we obtain (2.47). O



16 =—— Muhammad Amer Latif DE GRUYTER

_ 1
Invy, - Invy’

Corollary 2. According to the assumptions of Theorem 14 with §(¢) =
inequalities hold:
(i) The following inequality holds for all ¢ € [0, 1]:

x(@ = 3 (0).
(i)) The following inequality holds:

V-

2

2% 13 3 1
%“)ds < Slofutod |« oo

H
Mw‘ e

1
v
1%}

(77 + o(v1) *2' o(vy) .

1

1

< Ju@de < 7
0

(iii) The inequality
0 < x(@) - p(Jvv2) < (@) - x(@)
holds for all o € [0, 1].
Theorem 15. Let ¢, 9, x;, Xy, To be defined as above. Then, we have the following results:

(i) Ty is GA-convex on (0,1].
(i) The following inequalities hold for all ¢ € [0, 1]:

o) + (va) 29(8)

Vzﬁ vy 9
K@ g < 7o) = (1 - ) T g o KT [*yg

L 90 + p(v) Ta@ &z

Xo(1 - @) < T(0),
and

Xo(@ + x,(1-0)

5 < Ty(0).

(iii) The following bound is true:

sup 7y(Q) =
0€[0,1]

o(vy) + p(vy) ()
R v

Proof. (i) Since ¢ is GA-convex and ¢ is non-negative, we see that 7 is GA-convex on (0, 1].
(ii) We observe that the following identity holds on [0, 1]:

1 16

To@ = 5 [ [00FE0) + om0 + g0 + prE g D] s

V1
By Lemma 1, the following inequalities hold for all £ € [vy, \/viv; |:
20 (JViv2)'0) < p(vEQ) + p(v(Vived )
with
&=&=vi((vm)'Y, = v, and A = vi(vEHe

¢ € [vy, vy), the following

(2.61)

(2.62)

(2.63)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)



DE GRUYTER New extensions related to Fejér-type inequalities == 17

203 (V) < p(vE) + p(vi (Vv ™Y (2.69)
with
&G=&=v; (), A =9Et) and A =vi(vivg e
Multiplying Inequalities (2.68) and (2.69) with ?, integrating them over ¢ on [vy, \/V1v2], and using identities

(2.48) and (2.67), we derive the first inequality of (2.63). Using the GA-convexity of ¢ and inequality (2.17), the
last part of (2.63) holds. Using again the GA-convexity of ¢, we obtain

v
Jo - 0= I<p(él ()

Iw[ fzvzf ]'9?6 (2.70)

< I €70 + 951 2EE = T

From (2.45), (2.63), and (2.70), we obtain (2.65).
(iii) (2.66) holds due to inequality (2.63). The theorem is thus accomplished. O

3 Conclusion

The topic of mathematical inequalities has become an emerging topic since the past four decades and lot of
research has been produced by a number of mathematicians with novel results. This topic has lot of applica-
tions in applied mathematics, pure mathematics, and other applied sciences. A number of novel results have
been established using convexity and its generalizations with applications in numerical analysis, fixed point
theory, differential equations, and optimization. In this study, we have used the GA-convexity as a general-
ization of convexity to obtain new Fejér-type inequalities with the help of some mappings defined over the
interval [0, 1]. We have discussed some very interesting properties of those mappings and as a consequence,
we obtain refinements of number of results previously obtained in this topic.
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