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NEW BOUNDS FOR HERMITE-HADAMARD TYPE
INEQUALITIES WITH APPLICATIONS

TAHIR ALI, M. ADIL KHAN AND M. Z. SARIKAYA

ABSTRACT. In the present article, first we have established two integral iden-
tities attached with the right hand side of the well-known Hermite-Hadamard
inequality. Second, by making use of these identities, we obtain some new
Hadamard’s type inequalities and these inequalities have natural applications
to some special means of real numbers. At the end, some error estimations for
the trapezoidal formula are also presented.

1. INTRODUCTION

The following class of functions is better known in the literature and is usually
defined in the following way: a function f : I — R, defined on the interval I in R,
is said to be convex on I if the inequality

fOz+ (1= Ny) <Af(z) + (1 =N f(y) (1)
holds for all 2,y € I and A € [0, 1]. Also we say that f is concave, if the inequality
in (1) holds in the reversed direction. The geometrical interpretation of convexity
is that, if there are any three distinct points R, S and T located on the graph of
function f with S lies between R and T, then the point S lies on or below the chord
joining the points R and T.

A number of important inequalities have been obtained for the class of convex
functions, when this idea was introduced for the first time more than a century
ago. But among those the most prominent is the so called Hermite-Hadamard’s
inequality (or Hadamard’s inequality). This double inequality is stated as (see for
example [13] ):

Let I be an interval in R and f: I C R — R be a convex function defined on [
such that a,b € I with a < b. Then the inequalities

(45) <5 [ s < L IO )

hold. If the function f is concave on I, then both the inequalities in (2) hold in
the reverse direction. It gives an estimate from both sides of the mean value of a
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convex function and also ensure the integrability of convex function. It is also a
matter of great interest and one has to note that some of the classical inequalities
for means can be obtained from Hadamard’s inequality under the utility of peculiar
convex functions f. These inequalities for convex functions play a crucial role in
analysis as well as in other areas of pure and applied mathematics.

For more recent results, generalizations, improvements and refinements related
to Hermite-Hadamard inequality see [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 20, 21,
14, 15, 16, 17, 18, 19, 22, 23, 24, 25] and the references given therein.

In 1998 Dragomir and Agarwal have proved the following important lemma:

Lemma 1.[10] Let f : I° C R — R be a differentiable mapping on I°, a,b € T
with a <b. If f' € L[a b], then the following identity holds:

1
f(a) ;rf - / fa Q-f (et (- tpd. (3)

Here I° denotes the interior of I.

The following two results are the ultimate consequences of Lemma 1, which have
been presented in [10].

Theorem 1. Under the assumptions of Lemma 1 and if |f’| is convex on [a, b],
then we have the following inequality:

fla) + f(b)
2 —a/f
and

Theorem 2. Suppose the conditions of Lemma 1 are satisfied and if the new
mapping |f’ |ﬁ (p > 1) is convex on [a, b], then the following inequality holds:

‘f()+f w/ Fa)da

(b —a)( /(@) + ] (B)])
g :

(4)

b—a
2(p+1)7

In [22] Pearce and Pecari¢ used the above Lemma 1 and proved the following
theorem.

Theorem 3. Suppose the conditions of Lemma 1 hold and if the mapping |f'|
(¢ > 1) is concave on [a, b], then the following inequality is valid:

gt [ ()

2

In this paper, first we give two general integral identities for differentiable and
twice differentiable functions in back to back sections (Lemma 2 and Lemma 3).
Then, we apply these identities to establish our main results (Theorems 4-7) and
discuss some cases of these results (Remark 1-2). Next by making use of some
particular functions, we obtained new inequalities related to some special means
of real numbers. Finally, we gave some applications for error estimates for the
trapezoidal formula.

<

2

If’(a)lfl;rlf’(b)lfl] i

2. RESULTS FOR DIFFERENTIABLE FUNCTIONS

In order to prove our main results, we begin with the following lemma.
Lemma 2. Let f: I° C R — R be a differentiable function on I°, a,b € I° with
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a < b. If f' € Lla,b], then the following identity holds:

fla+fo) 1
5 _b—a/a f(x)dx

(b—a)

1 1
N 2[/0 t (“’Hl—t)a)dt—/o tf (ta+(1—t)b)dt]. (7)

Proof. Integrating by parts
1
L = / tf'(ta+ (1 —t)b)dt
0

Flta+(1—0b)|

=t
a—>b

1 1
- a_b/o Flat+ (1 —t)b)dt

0

 fla 11 P
B a—b+b—a'b—a/af($)dx

—f@), 1 [
= 5= +(b—a)2/af($)dx’ (8)

and analogously we obtain the following,

1 b
I :/O tf (th+ (1 — t)a)dt = bfibi - (b_la)Q/ f(x)dz. (9)

The subtraction of (8) from (9) yields

f(b) + f(a) 2 ’
a0 (b—a)z/a f(z)dx.

Thus, the multiplication of both sides by b‘%, gives (7) and hence we have the
result.

Now using Lemma 2 we proceed to prove the following interesting results.
Theorem 4. Let f : I° C R — R be a differentiable function on I°, a,b € I°
with @ < b. If for ¢ > 1 the mapping |f’|? is concave on [a, b], then the following

inequality holds:
2b 2a+b
P2+ (5] a0
3 3
Proof. By power mean inequality, we have

fl@+fo) 1 [
_bfa/a f(z)dx
(tf (@) + @ =IO < tf' @]+ 1 -0)lf O
|

I -1, =

4

b—a[
<

2
< |f'(ta+ (1 —t)b)|9, ( by concavity of |f'|?)

that is B
|f'(ta+ (1 = 1)b)] > t|f'(a)] + (1L = t)| ' (b)],

this shows that |f’| is concave. Now using Lemma 2 we have

flay+fo) 1
| _b—a/a f(x)dx

2

<b_2>/0 [t1£/(tb+ (1 = t)a) | +t|f (ta+ (1= t)b)] |

<
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Accordingly by Jensen’s integral inequality we have

/Olt|f’(tb+(1—t)a)dt < (/Oltdt>

oy t(th+ (1 — t)a)dt
[ tdt

[ t(ta + (1 — t)b)dt
[ tt

and equivalently , we have
1 1
/ t|f'(ta+ (1 —t)b)|dt < (/ tdt>
0 0
1
2

This completes the proof.
Theorem 5. Let f : I° C R — R be a differentiable function on I°, a,b € I°
with a < b. If for ¢ > 1 the mapping |f’|? is convex on [a,b], then the following

inequality holds:
HOLIO) L [ el < €50 (;) l(zu'(bnq;v’(anq)i

2
"a)|9 + [ £/ (b)]2\ @
N <2|f (a) +f(b)|> ] 12)
3
Proof. Likewise in Theorem 4, again here we consider (11), that is

fla+f) 1 / ’

‘ 5 b—a) f(z)dx

(b—a)

<

5 /0 {t|f’(tb+ (1—=1t)a)| +t|f (ta+ (1 —t)b)|}dt

and by power mean integral inequality, we can write

/Oltlf/(m B </o tdt) % (/olt'f’“ﬂ a —t)a)|th>;
and
% (/Oltf/(ta—i—(l—t)b”th);.

/Otf’(ta+(1—t)b)|dt§</0 tdt)
1 1
/ HP b+ (1— Do) dt < / S B+ (1 - 1) ()7t

Since, |f’|? is convex, so we have
0
2f/(0)|" + [ (@)

3

1—

1—

IA

and equivalently, we have

2|f"(a)]? + [ f7(B)]
3 :

/1t|f’(ta+ (1—t)b)*dt <
0
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Also fol tdt = %, therefore all the above inequalities and the facts enable us to get
the required result.

Remark 1. Further more by using the fact: >, _;(a + Bk)* < D0 (ar)® +
Zzzl(ﬁk)s for (0 <s< ]-)7 Qp, (g, (A3, ..., Qp > 01 ﬂlaﬂ?aﬁ?ﬂ"wﬂn > 0 with 0 <
q%’l < 1, for ¢ > 1, on the right hand side of the inequality (12), we get

fla)+fo) 1 f°
‘ _bfa/a f(z)dz

2
(b—a) (1)1‘3 l(2|f’(b)l”+ If’(a)I‘J)‘l’ . (2|f’(a)lq+ f’(b)lq)ﬂ

IN

2 2 3 3

<40 (6 60))

3. RESULTS FOR TWICE DIFFERENTIABLE FUNCTIONS

[ (@) + 1] (13)

In order to prove our main results for twice differentiable functions, first we prove
the following lemma.
Lemma 3. Let f: I° CR — R be a twice differentiable function on I°; a,b € I°
with @ < b. If f” € L[a,b], then the following identity holds:

flay+f) 1
5 —b_a/a f(x)dx

- G-of [ / (1= ) (ta + (1 )byt - / R (1 - t)a)dt] (14)

Proof. Integrating by parts
1
L = / (1—t3)f"(ta+ (1 —t)b)dt
0

Flta+1—0p|

= (1-1t% — aib/oltf’(at—i—(l—t)b)dt
') 2 | fla) 11
 a-—b _b—ala—b—i_b—a'b—a/a f(:c)d:c}

O I
= b—a  —ap (b—a)3/af( ) (15)

and in similar way we get,

1 / b
I :/0 27 (tb+ (1 —t)a)dt = Z_(bi - (5{(6))2 + (b_2a)3/ f(z)dz.  (16)

Subtracting (16) from (15), we have
W@ A
f-n= 2L o [ e

Thus, by multiplying both sides by %, we arrive at (14).
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Using this lemma, we are going to obtain our first main result of the section in
the next theorem.
Theorem 6. Let f: I° CR — R be a twice differentiable function on I°, a,b € I°
with a < b. If for ¢ > 1 the function |f”|? is concave on [a, b], then the following

inequality holds:
PR

fla)+f) 1
’ 5 32 f(z)dx
Proof. Since from Theorem 4 one can see that the concavity of |f”|? implies the
following inequality

[f"(ta+ (1 =8)b)] = t|f"(a)| + (1 = )£ (b)]

and so |f”| is concave. Now using Lemma 3 we have

fl@+fo) 1
— b—a/a f(x)dx

<(b—4a)2[

2

< wl® A:u_ﬂnfwa+u—www¢ﬂf%b+ﬂ—ﬂ@@“
<(MfyA?U%u—ﬂwer%m+ﬂw+ﬂ—ﬂ®W“
Ty PRAT R

_ —4&)2 /01 (167 (ato)) []

where, g(t) = (t + 1> —2t3)a + (1 —t — 12 + 2t3)b.

Using Jensen’s integral inequality for the concave function |f”|, we have
1 1
/ ([ atoar) | (18)
0 0

1 1
/ g(t)dt = / (t+12—2tHa+ (1 —t — >+ 26°)b)dt = % - %b (19)
0 0

1" (g(t)) |at <

Further, since

a combination of (18)-(19) immediately gives the required inequality (17).

Theorem 7. Let f : I° C R — R be a twice differentiable function on I°,
a,b € I° with a < b. If for ¢ > 1 the function |f”|? is concave on [a,b], then the
following inequality holds:

fla+fe) 1
‘ _bfa/a f(z)dx

2
(b—a)? ., [ 3a+ 5b ,(3a+0b
< Ol () e ()

(20)
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Proof. Since, from above we know that if | f"/|? is concave for ¢ > 1, then so is |f”|
and again from Lemma 3 we have

fla)+fo) 1
5 7b—a/a f(x)dx

< 5 | 0=+ = oni+215 0+ (1= o) e

Now by making use of Jensen’s integral inequality we have

/1(1—t2)|f”(ta+(1—t)b)|dt < (/1(1—t2)dt> f/(fo 1—t2)(ta+(1—t)b)dt>‘
0 0

f (1 —t2)dt
21.,,(3a+50b
(")
and similarly, we have

3
1
/1t2|f”(tb—|—(1—t)a)|dt < ( tht % (fOtth—l— (I1-1t)a )dt)‘
0 t2dt
1

// a+3b
3\

Hence, from the above inequalities the result in (20) is obvious.
Remark 2. It is also important to note that since |f”| is concave on the interval
[a, b], therefore we have

A

(b;;)j [2 ,,<3a;—5b>)+ ,,(3a2—b)H
_ (b—4a) E ,,<3a;5b>‘+; ,,<3a4:|—b>H
< (b—4a)2 ,,(a;b)"

4. APPLICATION TO SPECIAL MEANS

As in [10], we will consider the following particular means for any o, € R,
«a # 8 which are well known in the literature:

o+ p

A(O{,B) = 92 ’ O[,B €R7
_ _ ﬁ—a
L(O{,B) = m, OZ,B GR\{O},
B 6n+17 n+1 n
Ly(a,B8) = {(n—l—l)(ﬂ—a)] ) neN,n>1a,BeR a<p.

Proposition 1. Let 0 < a < b and n € N, n > 2, then for all ¢ > 1 the following
inequality holds:

[A(a”,b") = Ly (a,0)] (21)

_ nlb—a) (1 =3 [ /2pp|(m=D4 4 |q| (=D %JF 2)a| (=11 4 [p|(n-Da\ @
= 2 2 3 3 '
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Proof. Using the convex function f(z) = 2™, x > 0 in Theorem 5, one can easily
obtained the result.
Proposition 2. Let 0 < a < b, then for all ¢ > 1 the following inequality holds:

|A(a™!, 671 = L7 (a, b)| (22)

n(b—a) (1\'77 [ (2b]720 4 a| 20\ 7 (2[a]720 + [p| 2\ ¥
< ——=z — ) + () |
- 2 2 3 3

Proof. The result follows directly from Theorem 5 under the utility of convex
function f(z) =1, > 0.

5. APPLICATIONS TO TRAPEZOIDAL FORMULA

Let p = {x1, 29, ..,2, } be a partition of the points z; € [a, b], with a = xg, , = b
and x; < x;41 for i = 1,n. Then the well known Trapezoidal formula for the
partition p is given by:

b
/ f@)dz = 7(f.p) +e(f.),

where

n—1
DY w (w001 — 22)
1=0
denotes the trapezoidal formula and e(f, p) represents the error approximation as-
sociated to it.
Proposition 3. Let f: I° C R — R be a differentiable function on 1°, a,b € I°
with a < b. If for ¢ > 1 the function |f’|? is concave on [a, b], then for every partition

p of [a,b], the following inequality holds:
le(f,d))]
() sl () ) e

n—1
1
< 1 ;(%H - ffi)g{

Proof. Utilizing Theorem 4 on the subinterval [x;, 2;11] (i = 0,...,n — 1) of the
partition p, we get

L) 10 )= [ sl

o (P

()

Summing over 4 from 0 to n — 1 and by the triangle inequality, we have

b
r(f,d)) - / f(z)dz

()

IN

N

(Tig1 — xi)Q{

(2% + T
()]

s
I
o
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Proposition 4. Let f: I° C R — R be a differentiable function on I°, a,b € I°
with @ < b. If for ¢ > 1 the function |f’|? is convex on [a, b], then for every partition
p of [a,b], the following inequality is valid:

el7,)| |
: (i) i;u )’ l <Q'f {2 |f’<xi>q) i

o (2 |f’<“+”'q)q]- (21)

3

Proof. The proof utilizes Theorem 5 and is parallel to that of Proposition 3 but
here we consider the convexity of function instead of concavity.

Proposition 5. Let f : I° C R — R be a twice differentiable function on I°,
a,b € I° with a < b. If for ¢ > 1 the function |f”|? is concave on [a,b], then for
every partition p of [a, b], we have the following inequality :

P

Proof. Applying Theorem 6 on the subinterval [z;, z;11] (¢ = 0,...,n — 1) of the
partition p, we get

1n—1 5
KR SSCREE

‘W(mi+1 —x;) — A - f(x)dz

(zig1 — ) o + 2741
3

; |

Summing over 4 from 0 to n — 1 and by the triangle inequality, we have

<

b
7(f.d) — / f(@)de

n—1
< Z;(ﬂci+1*xi)3 {f” <3 ~ >H .

Proposition 6. Let f : I° C R — R be a twice differentiable function on I°,
a,b € I° with a < b. If for ¢ > 1 the function |f”|? is concave on [a,b], then for
every partition p of [a, ], the following inequality holds:

le(f,d)]
1 iy [ 3% +dxip [ 3% + Tig
1 ;(miﬂ - z;)? [2 f (8)' +|f (4> ' ] (26)

Proof. The proof uses Theorem 7 and is similar to that of Proposition 5.
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