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EXPONENTIALLY s—CONVEX FUNCTIONS IN THE SECOND SENSE
ON THE CO-ORDINATES AND SOME NOVEL INTEGRAL
INEQUALITIES

SINAN ASLAN! AND AHMET OCAK AKDEMIR?

ABSTRACT. This article describes new classes of convexity, namely exponentially s—convex
functions in the second sense on the co-ordinates. Then, some new integral inequalities
are proved by using some classical inequalities and properties of exponentially s—convex
functions in the second sense on the co-ordinates.

1. INTRODUCTION

The concept of convex function, which has an important place in inequality theory, is
a structure that stands out among the function classes known in mathematics with its
properties, geometric interpretation, wide usage areas and aesthetic structure. Because of
this feature, it has been used by many researchers and has been widely used, especially in
the field of inequality theory. Convex functions whose definition is given by an inequality
have a structure expressed with the help of the mean function. Moreover, the basic idea in
the definition of the convex function is to make a comparison between the appearance of
the linear combination of two points under the function and the linear combination of the
images of these points. Let’s start with the definition of this function class.

Definition 1.1. (See [18]) Let I be an interval in R. Then f: I — R is said to be convex, if

fllz+(1-t)y) <tf(z)+(1-1)f(y)
holds for all z,y € I and ¢ € [0,1].

The main purpose of the studies on different types of convexity is to optimize the bounds
and generalize some known classical inequalities. An important class of convex functions, the
definition of which has been given with the motivation of this main purpose, is exponentially
convex functions, and the definition is given as follows.
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Definition 1.2. (See [12]) A function f: I C R — R is said to be exponentially convex

function, if
F-Datm) <-4 10

forall z,y € [,ao € Rand t € [0,1].

If the above inequality holds in the reversed sense, then f is said to be exponentially
concave function. Note that if @ = 0, then the class of exponentially convex functions reduce
to class of classical convex function. However, the converse is not true.

In [11], Dragomir mentioned an expansion of the concept of convex function, which is
used in many inequalities in the field of inequality theory and has applications in different
fields of mathematics, especially convex programming.

Definition 1.3. (See [11]) Let us consider the bidimensional interval A = [a,b] X [¢,d] in
R? with a < b, ¢ < d. A function f : A — R will be called convex on the co-ordinates if
the partial mappings fy : [a,b] = R, fy(u) = f(u,y) and f; : [e,d] = R, fo(v) = f(z,v) are
convex where defined for all y € [¢,d] and x € [a, b]. Recall that the mapping f: A — R is
convex on A if the following inequality holds,

fOz+ 1 =Xz, y+ (1= Nw) < Af(z,y) + (1= N)f(z,w)
for all (z,y), (z,w) € A and X € [0,1].

Expressing convex functions in co-ordinates brought up the question that it is possible for
Hermite-Hadamard inequality to expand into co-ordinates. The answer to this motivating
question has been found in Dragomir’s paper (see [11]) and has taken its place in the
literature as the expansion of Hermite-Hadamard inequality to a rectangle from the plane
R? stated below.

Theorem 1.1. Suppose that f : A = [a,b] X [¢,d] = [0,00) is convex on the co-ordinates
on A. Then one has the inequalities;

a+b c+d 1 bord
(55 < goaaa [ [ fadzay
Flaye) + f(o,d) + (0,0) + £, d)

< .
- 4
The above inequalities are sharp.

In [13], W.W. Breckner defined the s-convex in the second sense class as follows

Definition 1.4. A function f : RT — R, is said to be s—convex in the second sense if

F (Brur + Baug) < BYF (u1) + B3F (us2)
for all 81,2 > 0, wui,us > 0 with 81 + f2 = 1 and for some fixed s € (0,1]. This class of
functions is denoted by K?2.

Aslan and Akdemir gave the definition of exponentially convex function in co-ordinates
in 2022 as follows.
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Definition 1.5. (See [%]) Let us consider the bidimensional interval A = [a, b] X [c, d] in R?
with ¢ < b and ¢ < d. The mapping f : A — R is exponentially convex on the co-ordinates
on A, if the following inequality holds,

f(z,y)

fltw+(1=t)zty+ (1 - t)w) < 220

for all (z,y), (z,w) € A,a € R and ¢ € [0, 1].

+(1—1)

In [3], Aslan and Akdemir gave a definition equivalent to the definition of the exponentially
convex function in co-ordinates as follows.

Definition 1.6. The mapping f : A — R is exponentially convex on the co-ordinates on
A, if the following inequality holds,

Fltat (1 —1)bsct+(1—s)d)

f(a,c) f(a,d) f(b,0) f(b,d)
ts ec(atc) + t(l o S) ea(a+d) + (1 o t)sea(b-i-c) + (1 o t)(l o 8) ec(b+d)
for all (a,c), (a,d), (b,c),(b,d) € A, € R and t,s € [0,1].
In [8], Aslan and Akdemir proved a general result of exponentially convexity in co-

ordinates as follows.

Theorem 1.2. Let f : A = [a,b] X [¢,d] — R be partial differentiable mapping on A =
[a,b] x [c,d] and f € L(A), a € R. If f is exponentially convez function on the co-ordinates
on A, then the following inequality holds;

1 b rd L[ fla,e) | fla,d) = f(b,c) | f(bd)
EDICED) /a / f ($’y>dxdy§4|:ea(a+c)+ea(a+d)+€a(b+c)+ea(b+d) :

Theorem 1.3. (See [1]) Let F : A = [a,b] X [c,d] — R be a partial differentiable mapping on
A = [a,b] x [c,d] and O*F /0tds € L(A), a, B € (0,1], 1 € R. If |0*F /0tOs| is exponentially
convex function on the co-ordinates on A, then one has

‘F(a,c) +F(a,d)4+F(b,c)+F(b,d) +A’
(b—a)(d—c) 02 J0tds (a,c)  OPF Jotds (a,d)  O*F Jotds (b,c)  OF [Otds (b, d)
1ot )(B+) | em@ra T m@ra T T b T ca@rd)
where
1] 1 b 1 d
= 5 b—a/ [F(x,c) +F(.Z‘,d)]dl‘+ ﬁ [F(a,y) +F(b,y)]dy .

Theorem 1.4. (See [1]) Let F : A = [a,b] X [¢,d] = R be a partial differentiable mapping
on A = [a,b] x [¢,d] and 8°F J0tds € L(A), «, B € (0,1], a1 € R. If |0?F /OtOs|,q > 1, is
exponentially convex function on the co-ordinates on A, then one has

F (a,¢) + F (a,d) + F (byc) + F (b,d)

‘ 4 +A‘
(b—a)(d—rc)

- 4



EXPONENTIALLY s—CONVEX FUNCTIONS IN THE SECOND SENSE ON THE CO-ORDINATES 51

4 |0%F /0t0s (a,c)|? N |0%F Jotds (a,d)|?
pla+1)P(8 +1)P ger(ate) geerlatd)
|O%F /0tds (b,c)|? |0%F J0tds (b,d)|?
+ + ,
qea1 (b+c) qeal (b+d)

where p~! 4+ ¢~ 1 =1 and

b d
AZleia/a [F(g;,c)+F(x,d)]dx+dic/c [ (a,y) + F (b,y)ldy| .

For information on types of exponentially convexity in co-ordinates and s—convex func-
tions, we recommend readers the following articles ([1-3,5— — D).

b ) )
2. MAIN RESULT

In this study, exponentially s-convex function n the second sense on the co-ordinates
have been introduced and a fundamental integral inequality of Hadamard-type has been
proved for exponentially s-convex function in the second sense on the co-ordinates.

Definition 2.1. Let us consider the bidimensional interval A = [a,b] x [¢,d] in R? with
a < b and ¢ < d. The mapping f : A — R is exponentially s-convex in the second sense
on A, if the following inequality holds,

f(z,y)
ec(z+y)
for all (z,y),(z,w) € A,a € R,s € (0,1] and t € [0, 1].

f(z,w)

Fltz+ (1=t zty+(1—t)w) <t
ec(z+w)

+(1-1)°

A definition equivalent to the exponentially s— convex function definition in the second
sense can be made as follows.

Definition 2.2. Let us consider the bidimensional interval A = [a,b] x [c,d] in R? with
a < b and ¢ < d. The mapping f : A — R is exponentially s;—convex in the second sense
on the co-ordinates on A, if the following inequality holds,

fte+ (1 —=t)y,sz+ (1 —s)w)

f(x? z) f(a;,w) J (yaz)
81 o.S1 S1 S S
< ts 6a(:c+z) ¢ (1 8) lea(x-l—w) ea(y+z) (1 t) 1(1

for all (z, 2), (x,w), (y, 2), (y,w) € A,a € R,s1 € (0,1] and ¢, s € [0,1].

5" [y, w)

_ 81 oS1
+(A-1)%s (o)

Lemma 2.1. A function f : A — R will be called exponentially s-convex in the second
sense on the co-ordinates on A, if the partial mappings fy : [a,b] — R, fy(u) = e f(u,y)
and fy: [c,d] — R, fz(v) = e** f(z,v) are exponentially s-convex in the second sense on
the co-ordinates on A, where defined for all y € [c,d] and x € [a,b].

Proof. From the definition of partial mapping f,, we can write
fotvi+ (1 —t)vy) = e f(x,tvr + (1 —t)vg)
= e™f(te+ (1 —t)x,tvg + (1 —t) vg)
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sf(xvl}Q)
+ (1 o t) ea(z+v2)

+(1— t)‘*f(:,;jvzz)

sfu’l?(U?)

eav2 :

0T | 45 f($, Ul)
ea(z+uv1)

f($7vl)

eaul

fx(vl)

IN

+(1—1)

Similarly,

fy(tur + (1 =t)ug) = e f(tur + (1 —1t)ug,y)
= eYf(tuy + (1 —t)ug, ty + (1 —t)y)

f(u17 y) f(u27 y)
ay |48 Y
e P ——= + (1 t) (it y)

ea(ui+y)
sf(ulay) f(UQ,y)
eQu2

_— (1—t)®
s fy(u2)

eou1
eou2 :

_ pdulw) (1-1)

eoul

Proof is completed. O

Theorem 2.1. Let f : A = [a,b] X [¢,d] — R be partial differentiable mapping on A =
[a,b] x [e,d] and f € L(A), « € R and s € (0,1]. If f is exponentially si-convex function
in the second sense on the co-ordinates on A, then the following inequality holds;

1 b rd
(b—a)(d—c)/a /c f(x,y)dady
1 [f(a,c) fla.d) | f00) | fb.d)

(81+1)2 ealatc) ec(a+d) ea(b+c) ea(b+d) |

Proof. By the definition of the exponentially s;-convex function in the second sense on the

co-ordinates on A, we can write

fta+ (1 —t)b,sc+ (1—s)d)
f(a,c) o) f(a,d)

ealato) colard)

f(b,¢)

ea(b+c)

< ot (1 - + (1 —t)%s% + (1=t (1—s)

By integrating both sides of the above inequality with respect to ¢, s on [0, 1]2, we have

1 41
/ / f(ta+ (1 =1)b,sc+ (1 = s)d) dtds

o Jo

1 41 f(a,c) 1 41 fla,d)

S1gS1 2 0 7 S1 _ S1 )
= /0 /O s ea(a+c)dtds+/0 /0 t (1 3) ea(a+d)dtds
1 41 £(b, ) 1,1 (b, d)
- 51651 ! — S1 _ S1 9

-1—_/0 /0 (1 —1t)%s ea(b+c)dtd8+‘/0 /0 (1=t (1—s) ea(b+d)dtd8‘

By computing the above integrals, we obtain the desired result. ]

Remark 2.1. If we choose @ = 0 and s; = 1 in Theorem (2.1), the result agrees with the
Hadamard-type inequality proved by Dragomir (See [11]).
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Remark 2.2. If we choose aw = 0 in Theorem (2.1), the result coincides with the Hadamard-
type inequality proved by Alomari and Darus (See [7]).

Remark 2.3. If we choose s; = 1 in Theorem (2.1), the result will match Theorem (1.2).

Theorem 2.2. Let f : A = [a,b] X [¢,d] — R be partial differentiable mapping on A =
[a,b] X [c,d] and f € L(A), o € R and s1 € (0,1]. If |f]| is exponentially s1-convex function
in the second sense on the co-ordinates on A, p > 1 then the following inequality holds;

)//fxydxdy

! @0 ad) |, 5Bl 17(b.d)
(( ) (el e dl WGAL | VDT

ps1 + 1) ea(atc) ea(a+d) ea(b+c) ea(b+d)

Proof. By the definition of the exponentially s;-convex function in the second sense on the
co-ordinates on A, we can write
fta+ (1 —1t)b,sc+ (1—s)d)

o flae) . fla,d o s flbicC s s f(0,d
< e L8 g LD e S8 e 0D

By using the property of absolute value in integrals, the both sides of inequality above are

integrated with respect to t, s on [0,1]? , we can write

1/1f(ta+ (1= )b, sc + (1 — s)d) dtds

// dtd3+//
oo oo 22

If we apply the Holder’s 1nequahty to the right-hand side of the inequality, we get

‘(b—a;(d—c)/ab [ 1t pazay
</1 /1tpslspsldtds>3’ </01 /01

tsl _ 81 ( d)

s1 s1
t ea(a+d)

dtds

ea(a-i—c

dtds.

(a,c)
ea(a+c)

b
dtds)

e q :
( / / #91(1 psldtds) ( : dtds)q
0o Jo
A (b, ) |4 3
ps gPs ’
( / / : 1dtds> ( / / e dtds)
1
q
(/ / )P ( pldtds) (/ / eab+d dtds) :
By computing the above integrals, we obtain the desired result. O

Theorem 2.3. Let f : A = [a,b] X [¢,d] — R be partial differentiable mapping on A =
[a,b] X [c,d] and f € L(A), o € R and s1 € (0,1]. If |f]| is exponentially s1-convex function
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in the second sense on the co-ordinates on A, p,q > 1, %—i—% =1, then the following inequality

holds;
1 b d
|(b—a)(d—c) / / [z, y)dzdy

<1> 1 (|f<a, I, @l G I, d)\q> |
( q

p(psi +1)2 eq(a+c) eaq(a+d) eq(b+c) eq(b+d)

Proof. By the definition of the exponentially s;-convex function in the second sense on the
co-ordinates on A, we can write

Fta+ (1 —8)b,sc+ (1—s)d)
f(a,d)

eclatd)

o f(0,d)

ea(b+d)”

s1 g £(0:€)

S S fa S
< tlsli( ) g S

- a(a+c)

(-7 —s)

+(1—-1)

By using the property of absolute value in integrals, the both sides of inequality above are
integrated with respect to t,s on [0, 1]? , we can write

1/1f(ta+ (1= t)b, s+ (1 — s)d) dtds

S S S S f( d)
/ / %1%t ol dtd8+/ / t1(1 ! ca(atd) dtds
)i s fbc ¢ s S0 d
Lg%t ((b+c)) (I—=1)"1(1—s)™ ((b+d)) dtds

If we apply the Young s inequality to the rlght—hand side of the inequality, we get

|(b—a)1(d—c/b/df(l‘,y)dxdy

1 1,1 1 q
< ( / tpslspsldtds) - ( / / fla, ) dtds)
D o Jo ec(a+c)
1 1 r1 1 1 rl AR
+- ( | [ema PSldtds) - ( I ACL) d,tds>
p \Jo Jo q \Jo Jo |ealatd)
1 1 rl 1 1 1 b q
+- ( / / p81sP51dtd5> - < / / / ((bf)) dtds>
p \Jo Jo g \Jo Jo |exT¢
1 1 r1 1 1 rl f(b d) q
)Pt ( PLdtd - / / : dtd >
" (/0 /o ) s) Ty ( 0 Jo |exb+d) °
By computing the above integrals, we obtain the desired result. O

The property of the sum of two functions related to exponentially s-convexity in the
second sense on the co-ordinates and the multiplication of a function with a constant is
proven below.

Proposition 2.1. If f,g : A — R are two exponentially si-convexr function in the second
sense on the co-ordinates on A, then f+g are exponentially s1-convex function in the second
sense on the co-ordinates on A.
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Proof. By the definition of the exponentially s;-convex function in the second sense on the
co-ordinates on A, we can write

fta+ (1 —t)b,sc+ (1 —s)d)+g(ta+ (1 —t)b,sc+ (1 — s)d)
s ( 00 9060 gy (L0 sl

a(atc ea(a+c) ec(a+d) ec(a+d)

)
prov (2809 4 560 4 gy gy (£08) ab)

b+c) ea (b+c) ec(b+d) ec(b+d)

Namely,

(f+9) (ta+ (1 —t)b,sc+ (1 — s)d)

g1 g (S 9) (a,0) (f +9)(a,d)

S ec(a+c) ec(a+d)

(1 — 5

f+9) (e

(1= o U +9)(b.d)

+1- (-

Therefore (f + g) is exponentially sj-convex in the second sense on the co-ordinates on

A. 0

Proposition 2.2. If f : A — R is exponentially s1-convex function in the second sense on
the co-ordinates on A and k > 0 then kf is exponentially s1-convex function in the second
sense on the co-ordinates on A.

Proof. By the definition of the exponentially sj-convex function in the second sense on the
co-ordinates on A, we can write

Fta+ (1 —8)b,sc+ (1—s)d)

< $51 g51 fOt((C(LI+C)) tsl(l o ) f((l, d)

_ S1 oS1
c4a+d)4’(1 t)*s ca(bro)

If both sides are multiplied by &, we have,

(kf) (ta+ (1 —t)b,sc+ (1 —s)d)
s s, (Kf)(a,c s (Kf)(a,d
o (k) (b,d)

S1 .51 (kf) (b,C) S1

+t°1(1 -

Therefore (kf) is exponentially sj-convex function in the second sense on the co-ordinates
on A. O
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