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Abstract

The aim of this paper is to generalize the Hermite-Hadamard inequality for
functions convex on the coordinates. Our composite result generalizes the result
of Dragomir in [5]. Many other interesting inequalities can be derived from our
results by choosing different values of n € N. Furthermore, we add to the literature
a new result for positive functions convex on the coordinates.

1 Introduction

A function f: I — R, () # I C R, is said to be convex on the interval I if the inequality
fOz+ (1= Ny) < Mf(z) + (1= f(y),

holds for all z,y € I and A € [0, 1]. A well celebrated inequality for the class of convex

functions is the Hermite-Hadamard’s inequality. The inequality states that for any
convex function f : [a,b] — R we have

The above Hermite-Hadamard inequality on convex functions have been extensively
investigated by a number of authors, see for example the papers [9, 10, 4, 6] and the
references therein.

Now for functions convex on the coordinates, we have the following definition.

DEFINITION. A function f : R = [a,b] X [¢,d] — R is said to be convex on the
coordinates if the partial mappings

fy i la,b] = R, fy(u) = f(u,y) and f, : [c,d] = R, f(v):= f(z,v)

defined for all y € [¢,d] and z € [a,b], are convex.
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276 Generalized Hermite-Hadamard’s Inequality

Using (1), Dragomir [5] proved the following Hadamard’s type result for functions,
defined on a rectangle, that are convex on the coordinates.

THEOREM 1. Suppose that f : R = [a, b] X [¢c,d] — R is convex on the coordinates
on R. Then we have the following inequalities:

()
< 3t [ i [ ()l
<

1 b d
Taaa ), | (e s
1 b

< 4(b—a)/a {f(:c,c)+f(a:,d)}dx+4(dl_c) /cd {f(a,y)+f(b,y)]dy

fla,¢) + fla,d) + f(b,¢) + f(b,d)
4

<

The above inequalities are sharp.

Many generalizations, extensions, and improvements of the above result are bound
in the literature. We invite the interested reader to see the references [2, 7, 11, 12, 8].
We present here a recent improvement by Bakula [3]. Specifically, she obtained the
following result:

THEOREM 2. Suppose that f : R = [a,b] X [¢,d] — R is convex on the coordinates
on R. Then we have the following inequalities:

a+b c+d
f< et )

< i [ e gt [ (5]
S /: /cd fl@y) dedy
< 78(171*@) /: [f(m)+f(x7d)+2f(x7#)}dx
+8(d17 o) /Cd [f(a,y)—l—f(b,y)+2f(aT+b7y)]dy
< f(avc)+f(aad);gf(b70)+f(b7d)+if(aT+b,cJ2rd)
+f(“#’,c)+f(“7”,d)+f(a,#)+f(b,cgd)
- .

The above inequalities are sharp.
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In this present paper, we present a further generalization of Theorem 1. We also
obtain more results in this direction.

2 Main Results

In this section, we will present four theorems. The first three results are geared towards
the generalization of Theorem 1. The last result is, to the best of our knowledge,
completely new. For the proof of our results, we will need the following lemmas in [1].
The first lemma is a generalization of the inequalities in (1) above.

LEMMA 1. Let F : [a,b] — R be a convex function on [a,b]. Then the double
inequality

n b
hZF(W) g/ F(t)dtgg

k=1

n—1

F(a)+2)  F(xx) + F(b) (2)
k=

holds, where x; = a + kb_T“, k=0,1,2,--- ,n; with h = b_T“, n € N. The constant 1
in the left-hand side and 1/2 in the right-hand side are the best possible for all n € N.
If F' is concave, then the inequality is reversed.

LEMMA 2. Let F : [a,b] — Ry be a positive convex function on [a,b]. Then the
inequality

h
2

b n—1
/ F(z) dz— (b—a)F(t) < 5 | F(a) + F(b) +2 > F(ax) (3)

holds for all ¢ € [a,b], where 2, = a + kb;”’, k=0,1,2,--- ,n; with h = b;"’, n € N.
The constant 1/2 in the right-hand side is the best possible, in the sense that it cannot
be replaced by a smaller one for all n € N. If F' is concave, then the inequality is
reversed.

We now state and prove our first result.

THEOREM 3. Let f: R = [a,b] X [¢,d] — R be convex on the coordinates on R.
Then the following inequalities hold

d2_nci:/abf< Yr— 1+yk>d +7Z/ <37k 1+$k7y)dy
//fmydmdy

/ (a0)+ £ Ao+ =2 [ e + Fb]dy

C

IN

IN

4n

Z f T, Yk) d$+LZ f @k, y) dy,

k=172 k=1"¢
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where x;, = a—|—kb*Ta, Y = c—|—kd;‘3, k=0,1,2,--- ,n; and n € N. These inequalities
are sharp for each n.

PROOF. From the assumption, we have that g, : [¢,d] = R, g,(y) = f(z,y) is
convex on [c¢,d] for all z € [a,b]. Applying Lemma 1 to the function g,, we obtain

d—c Ye—1 + Yk d d—c n—1
n ;91 (f) < /c 9z(y) dy < o {QI(C) + 2};%(%) + gm(d)]
This implies that
— n d
T () < s o
k=1 c
n—1
= d2_nc[f(”3’c)+f(”3ad>+22f(w,yk)] (4)
k=1

Integrating all sides of (4) over the interval [a,b], we get

—Cz/ yk 1+yk>dx

/a / f(a,y) dudy

e b b
< d2n [/a f(:z:,c)da:—l—/a f(z,d) dx—|—2z fmyk ] (5)

k=172

IN

Following a similar fashion as outlined above, we have, for the mapping g, : [a,b] —
R, gy(z) = f(z,y) for all y € [c, d], the following inequalities

b—a — :ck_lJrzk
S (e )< [ s @

—a

[f(ay>+fby+22f:ck, ) ©

<
- 2n

Integrating over [c, d], gives
b—a~~ [*  /zp_1+
- d
S ()

/a b / " fay) dady

b2—na[/c fla,y) dy-i-/c f(b,y) dy—i-ZZ ka, ] (7)

k=1v¢

IN

IN
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Adding (5) and (7), one gets

( Yie— 1+yk)
//fxydzdy

_ d
< [ 5.0+ o)+ 64— [F(a.) + £(b.v)] dy

Tp—1+ Tk
< y) dy

IN

IN

4n
d—c
* 2n ];/a f(:v

That completes the proof.

c

Z f T,y

k=1v¢

COROLLARY 1. Let f:[0,1] x [0,1] — R be convex on the coordinates. Then the
following inequalities hold

L oY )]
//fmy dzdy

g/o {f(x 0) + f(z, )} dm+;/01 [f(O,y)—kf(l,y)} dy
%/O f(a:%) dm—#i/o f(%,;,) dy.

PROOF. The desired inequalities are obtained by taking n = 2 in Theorem 3 and
observing that xop =y9 =0, z1 =y1 = 5, and 22 =y = 1.

IN

IN

EXAMPLE. Consider the following function f : [0,1] x [0,1] — R defined by
f(z,y) = xy. The function f is convex on each coordinate. To see this, we have
that for X € [0, 1], F(Ax+ (1— N, y) = £(z, Ay -+ (1— \)g) = Af(z,9) + (1— A) f(z, ).
It is easy to see that f satisfies the conclusion of Corollary 1. In fact, equality is
attained.

THEOREM 4. Under the assumptions of Theorem 3, we have

n

a+b yr_1+yk Tp—1+xp c+d
S () ey (e

=1 k=1

n a+b n c+d
d_c/c f<2 7y)dy+b_a/(lf<x,2 )dw-

This inequality is sharp for each n.
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PROOF. From the first part of (4) and (6), we obtain the following inequalities

éf(a;bvykl;yk) < dic/cdf<a"2|'b’y> "

and

" Tr_1+ Xk c+d) n b ( c+d>
< .
Zf( 2 2 _b—a/afw’ 5 )
k=1
The desired inequality follows by adding the above two inequalities.

If one takes n = 2 in the above inequality (in Theorem 4), one gets

COROLLARY 2.
()16 (D))
[ e [ o)

where f :[0,1] x [0,1] — R is convex on the coordinates.

THEOREM 5. Under the assumptions of Theorem 3, we obtain the following
inequality

n

d b
d—c / flary)+ T ) dy + 5= / f(@,0) + f(x,d)) du

b
n—1

< f(a7c)+f(a>d)+f(bac)+f(b7d)+Z[f(a>yk)+f(b)yk)+f(xkvc)+f(xkad)]'

k=1

This inequality is sharp for each n.

PROOF. Now using the second part of (4) and (6), we get

n—1

2n d
[ Haw dy < fe0) + fad) +2 Y Flam)

k=1

d

n—1

d
T [ 0w dy < £, 5 ) £ 23 (b,
N k=1

2n b ity
2 [ 1o < swo 0.0+ 23 o),

b

and
n—1

b
[ Hond) do < flad)+ £0.0) 42 S d),
@ k=1

b—a
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which, by addition, gives the desired result.

REMARK 1. By taking n = 1 in Theorems 3, 4 and 5, and combining the resultant
inequalities, we recapture Theorem 1 due to Dragomir.

THEOREM 6. Let f : R = [a,b] X [¢,d] — R4 be convex on the coordinates on R.
Then we have the following inequality

//fxy dxdy

n—|— /fay dy+ (n+1 /fby dy+2z fDCk7 }

klc

d—
+

in n+1/f:cc ) dx + ( n+1/f:cd d:z:+2z fzyk d:c]

k=179

where z; and y; are defined as in Theorem 3. This inequality is sharp for each n.

PROOF. Applying the inequality of Lemma 2 to the function g, : [a,b] — R, g,(z) =
flz,y) at x =0,

/abgy(x) dz — (b —a)gy(b) < Wa[gy( + gy(b "‘QZQy (wr ]

This implies that

n—1

b —-a
[ @) do— - ase) < 732 [fan) + Fbn) + 23 S| ©
a k=1
Integrating (8) over [c, d], we get
b pd

/ / [z, y) dedy
b—ar 4 d

< ) [ o) 25 [ &) ©

C k=1 C

Applying again Lemma 2 to the mapping g, at © = a and integrating over [c,d], we

have
b pd
//f(af,y) dzdy

< b_a[(1+2n)/cdf(a7y) dy+/cdf(b7y dy+22 f:ck, } (10)

2n k=1v¢
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Using (9) and (10), one obtains

//fxy dzdy

n+1/faydy+n+ /fby

2n

+QZ f z0y) dy]. (11)

k=1v¢

Following a similar fashion for the mapping ¢, : [¢,d] — R, g.(y) = f(z,y) at y = ¢,
and y = d, and then integrating over [a, b], we get

//f:cy dxdy

n+1/fxcdm+n+ /fxd

<
- 2
+2§j z.y0) da]. (12)

The desired inequality is achieved by adding (11) and (12).
REMARK 2.

1. For n =1, we get

//fzy dxdy

/ [F.0) + () dm+—/ (0.9) + F(b.9)] dy.

a

- 2

2. For n = 2, we obtain

/ab /Cdf(x,y) dzdy

< d_c/ab {3f(a:,c)+2f(:c,c—gd)+3f(x,d)} dz

8
b—a

3

[ e+ 2 (S50 0) 350 v

3 Conclusion

A generalization of the Hermite-Hadamard’s inequality for functions convex on the
coordinates has been obtained. For different values of n € N, one obtains loads of new
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inequalities. In particular, if we take n = 1 in Theorems 3, 4 and 5, and combine the
resultant inequalities, then we recapture Theorem 1 due to Dragomir. Furthermore, we
added to the literature a new result for positive functions convex on the coordinates.

Acknowledgment. Many thanks to the anonymous referee for his/her valuable
comments.
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