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1. INTRODUCTION

We recall some definitions on diverse convex functions in the literature.

Definition 1. A function f : I ⊆ R = (−∞,∞)→ R is said to be convex if the
inequality

f (tx+(1− t)y)≤ t f (x)+(1− t) f (y)

holds for all x,y ∈ I and t ∈ [0,1].

Definition 2 ([2,11]). Let s∈ (0,1] be a real number. A function f :R0 = [0,∞)→
R0 is said to be s-convex in the second sense if the inequality

f (tx+(1− t)y)≤ ts f (x)+(1− t)s f (y)

holds for all x,y ∈ I and t ∈ [0,1].

Definition 3 ([25]). For f : [0,b]→ R, b > 0, and m ∈ (0,1], if the inequality

f (tx+m(1− t)y)≤ t f (x)+m(1− t) f (y)

is valid for all x,y ∈ [0,b] and t ∈ [0,1], then we say that f is an m-convex function
on [0,b].
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Definition 4 ([28]). A function f : I ⊆ R→ R is said to be extended s-convex if
the inequality

f (tx+(1− t)y)≤ ts f (x)+(1− t)s f (y)

holds for all x,y ∈ I and t ∈ (0,1) and for some fixed s ∈ [−1,1].

Definition 5 ([13]). Let I ⊆R\{0} be a real interval. A function I→R is said to
be harmonically convex if the inequality

f
(

xy
tx+(1− t)y

)
≤ t f (x)+(1− t) f (y) (1.1)

holds for all x,y ∈I and t ∈ [0,1]. If the inequality in (1.1) is reversed, then f is said
to be harmonically concave.

Definition 6 ([17, Definition 2.6]). A function I ⊆ R+ = (0,∞)→ R is said to be
harmonically s-convex if the inequality

f
(

xy
tx+(1− t)y

)
≤ ts f (x)+(1− t)s f (y)

is valid for x,y ∈ I, t ∈ (0,1), and s ∈ [−1,1].

Definition 7 ([29]). Let f : (0,b]→ R and let m ∈ (0,1] be a constant. If the
inequality

f

((
t
x
+m

1− t
y

)−1
)
≤ t f (x)+m(1− t) f (y)

is valid for all x,y ∈ (0,b] and t ∈ [0,1], then f is said to be an m-harmonic-arithmeti-
cally convex function or, simply speaking, an m-HA-convex function.

Definition 8 ([9]). Let f : (0,b]→ R and let α,m ∈ (0,1] be constants. If the
inequality

f

((
t
x
+m

1− t
y

)−1
)
≤ tα f (x)+m(1− tα) f (y)

is valid for all x,y ∈ (0,b] and t ∈ [0,1], then f is said to be an (α,m)-harmonic-
arithmetically convex function or, simply speaking, an (α,m)-HA-convex function.

In recent decades, establishing integral inequalities of the Hermite–Hadamard type
for diverse convex functions has been being an active direction in mathematics. Some
of these results can be reformulated as follows.

Theorem 1 ([5, Theorem 2.2]). Let f : I◦ ⊆ R→ R be a differentiable mapping
on I◦ and a,b ∈ I◦ with a < b. If | f ′| is convex on [a,b], then∣∣∣∣ f (a)+ f (b)

2
− 1

b−a

∫ b

a
f (x)dx

∣∣∣∣≤ (b−a)(| f ′(a)|+ | f ′(b)|)
8

.
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Theorem 2 ([20, Theorems 1 and 2]). Let f : I ⊆ R→ R be differentiable on I◦

and a,b ∈ I with a < b. If | f ′|q is convex on [a,b] and q≥ 1, then∣∣∣∣ f (a)+ f (b)
2

− 1
b−a

∫ b

a
f (x)dx

∣∣∣∣≤ b−a
4

[
| f ′(a)|q + | f ′(b)|q

2

]1/q

and ∣∣∣∣ f (a+b
2

)
− 1

b−a

∫ b

a
f (x)dx

∣∣∣∣≤ b−a
4

[
| f ′(a)|q + | f ′(b)|q

2

]1/q

.

Theorem 3 ([6]). Let m ∈ (0,1] and f : R0 = [0,∞)→ R be m-convex. If f ∈
L1([a,b]) for 0≤ a < b < ∞, then

1
b−a

∫ b

a
f (x)dx≤min

{
f (a)+m f (b/m)

2
,
m f (a/m)+ f (b)

2

}
.

Theorem 4 ([14]). Let f : I ⊆ R0 → R be differentiable on I◦ and a,b ∈ I with
a < b. If | f ′|q is s-convex on [a,b] for some fixed s ∈ (0,1] and q≥ 1, then∣∣∣∣ f (a)+ f (b)

2
− 1

b−a

∫ b

a
f (x)dx

∣∣∣∣
≤ b−a

2

(
1
2

)1−1/q[ 2+1/2s

(s+1)(s+2)

]1/q [
| f ′(a)|q + | f ′(b)|q

]1/q
.

Theorem 5 ([12]). Let f : I ⊆ R0→ R be differentiable on I◦, a,b ∈ I with a < b,
and f ′ ∈ L[a,b]. If | f ′|q is s-convex on [a,b] for some fixed s ∈ (0,1] and q > 1, then∣∣∣∣ f (a+b

2

)
− 1

b−a

∫ b

a
f (x)dx

∣∣∣∣≤ b−a
4

[
1

(s+1)(s+2)

]1/q(1
2

)1/p

×

{[
| f ′(a)|q +(s+1)

∣∣∣∣ f ′(a+b
2

)∣∣∣∣q]1/q

+

[
| f ′(b)|q +(s+1)

∣∣∣∣ f ′(a+b
2

)∣∣∣∣q]1/q
}
,

where 1
p +

1
q = 1.

Theorem 6 ([24]). Let f : I ⊆ R0→ R be differentiable on I◦, a,b ∈ I with a < b,
and f ′ ∈ L[a,b]. If | f ′| is s-convex on [a,b] for some s ∈ (0,1] and p > 1, then∣∣∣∣16

[
f (a)+4 f

(
a+b

2

)
+ f (b)

]
− 1

b−a

∫ b

a
f (x)dx

∣∣∣∣
≤ (s−4)6s+1 +2×5s+2−2×3s+2 +2

6s+2(s+1)(s+2)
(b−a)

(
| f ′(a)|+ | f ′(b)|

)
,

where 1
p +

1
q = 1.
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For more information developed in recent decades on this topic, please refer to the
papers [1, 3, 4, 7, 8, 10, 15, 16, 18, 19, 21–23, 26, 27, 30] and closely related references.

In this paper, we will introduce a new notion “extended harmonically (s,m)-convex
function” and establish some new integral inequalities of the Hermite–Hadamard type
for extended harmonically (s,m)-convex functions.

2. A DEFINITION AND A LEMMA

Now we introduce the notion “extended harmonically (s,m)-convex function”.

Definition 9. For m ∈ (0,1] and s ∈ [−1,1], a function f : (0,b]→ R is said to be
extended harmonically (s,m)-convex on (0,b] if the inequality

f

((
t
x
+m

1− t
y

)−1
)
≤ ts f (x)+m(1− t)s f (y)

holds for all x,y ∈ (0,b] and t ∈ (0,1).

Example 1. Let s ∈ [−1,1] and f (x) = 1
xr for x ∈ R+ and r ≥ 1. Since

f

((
t
x
+

m(1− t)
y

)−1
)
≤ tyr +(1− t)(mx)r

(xy)r ≤ ts f (x)+m(1− t)s f (y)

for all x,y∈R+ and t ∈ (0,1), the function f (x) = 1
xr is extended harmonically (s,m)-

convex on R+.

To establish some new integral inequalities of the Hermite–Hadamard type for
extended harmonically (s,m)-convex functions, we need the following lemma.

Lemma 1. Let f : I ⊆R+→R be a differentiable function on I◦ and a,b∈ I◦ with
a < b. If f ′ ∈ L1([a,b]) and 0≤ λ,µ≤ 1, then

λ f (a)+µ f (b)
2

+
2−λ−µ

2
f (H(a,b))− ab

b−a

∫ b

a

f (x)
x2 dx (2.1)

=
b−a
4ab

∫ 1

0

[
(1−λ− t)

(
t
a
+

1− t
H(a,b)

)−2

f ′
((

t
a
+

1− t
H(a,b)

)−1
)

+(µ−1+ t)
(

t
b
+

1− t
H(a,b)

)−2

f ′
((

t
b
+

1− t
H(a,b)

)−1
)]

dt.

In particular, if λ = µ = 0, then

f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx (2.2)

=
b−a
4ab

∫ 1

0

[
(1− t)

(
t
a
+

1− t
H(a,b)

)−2

f ′
((

1+ t
2a

+
1− t
2b

)−1
)
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−(1− t)
(

t
b
+

1− t
H(a,b)

)−2

f ′
((

1+ t
2b

+
1− t
2a

)−1
)]

dt,

where H(a,b) = 2ab
a+b .

Proof. Putting x =
(
ta−1 +(1− t)[H(a,b)]−1

)−1 for t ∈ [0,1] gives∫ 1

0
(1−λ− t)

(
t
a
+

1− t
H(a,b)

)−2

f ′
((

t
a
+

1− t
H(a,b)

)−1
)

dt (2.3)

=
2ab

b−a
[λ f (a)+(1−λ) f (H(a,b))]−

(
2ab

b−a

)2 ∫ H(a,b)

a

f (x)
x2 dx.

Similarly, letting x =
(
tb−1 +(1− t)[H(a,b)]−1

)−1 for t ∈ [0,1] results in∫ 1

0
(µ−1+ t)

(
t
b
+

1− t
H(a,b)

)−2

f ′
((

t
b
+

1− t
H(a,b)

)−1
)

dt (2.4)

=
2ab

b−a
[µ f (b)+(1−µ) f ([H(a,b)])]−

(
2ab

b−a

)2 ∫ b

H(a,b)

f (x)
x2 dx.

Adding the equalities (2.3) and (2.4) leads to the equality (2.1). The proof of Lemma 1
is thus complete. �

3. INTEGRAL INEQUALITIES OF HERMITE–HADAMARD TYPE

Now we start out to establish some new integral inequalities of the Hermite–
Hadamard type for extended harmonically (s,m)-convex functions.

Theorem 7. Let f : (0,d]→ R be differentiable, a,b ∈ (0,d] with a < b, f ′ ∈
L1([a,b]), and 0≤ λ,µ≤ 1. If | f ′|q for q≥ 1 is extended harmonically (s,m)-convex
on (0,d] for some fixed m ∈ (0,1] and s ∈ [−1,1], then

(1) when −1 < s≤ 1,∣∣∣∣λ f (a)+µ f (b)
2

+
2−λ−µ

2
f (H(a,b))− ab

b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣ (3.1)

≤ (b−a)(2−q)/q

2(q+1)/q(ab)1/q

{
[T (a,b,λ)]1−1/q (mK(a,H(a,b),s,λ)| f ′(mH(a,b))|q

+K(H(a,b),a,s,1−λ)| f ′(a)|q
)1/q

+[T (b,a,µ)]1−1/q (mK(b,H(a,b),s,µ)

×| f ′(mH(a,b))|q +K(H(a,b),b,s,1−µ)| f ′(b)|q
)1/q

}
;

(2) when s =−1,∣∣∣∣ f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣≤ (ab)(q−2)/q(a+b)(1−q)/q

21/q(b−a)(q−2)/q
{[(a+b)(lna
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− lnH(a,b))+(b−a)]1−1/q [(2b2(ln(2a)− lnH(a,b))−bH(a,b)
)
| f ′(a)|q

+maH(a,b)| f ′(mb)|q
]1/q

+
[
m(2a2(ln(2b)− lnH(a,b))−aH(a,b))| f ′(mb)|q

+bH(a,b)| f ′(a)|q
]1/q

[(a+b)(lnb− lnH(a,b))− (b−a)]1−1/q
}
,

where

T (a,b,λ) = 2ab(lna+ lnH(a,b)

−2ln[(1−λ)H(a,b)+λa])+(b−a)[(1−λ)H(a,b)−λa]

and

K(a,u,s,λ) =
2λs+2a2

(s+1)(s+2)2F1

(
2,s+1,s+3,

λ(u−a)
u

)
− λa2

s+1 2F1

(
2,s+1,s+2,

u−a
u

)
+

a2

s+2 2F1

(
2,s+2,s+3,

u−a
u

)
with the hypergeometric function

2F1(c,d,e;z) =
Γ(e)

Γ(d)Γ(e−d)

∫ 1

0
td−1(1− t)e−d−1(1− zt)−cdt (3.2)

for e > d > 0, |z|< 1, c ∈ R, and u > 0.

Proof. When−1< s≤ 1, by virtue of Lemma 1 and the extended harmonic (s,m)-
convexity of | f ′|q, we obtain∣∣∣∣λ f (a)+µ f (b)

2
+

2−λ−µ
2

f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣ (3.3)

≤ b−a
4ab

(∫ 1

0
|1−λ− t|

(
t
a
+

1− t
H(a,b)

)−2

dt

)1−1/q

×

(∫ 1

0
|1−λ− t|

(
t
a
+

1− t
H(a,b)

)−2
∣∣∣∣∣ f ′
((

t
a
+

1− t
H(a,b)

)−1
)∣∣∣∣∣

q

dt

)1/q

+

(∫ 1

0
|1−µ− t|

(
t
b
+

1− t
H(a,b)

)−2

dt

)1−1/q

×

(∫ 1

0
|1−µ− t|

(
t
b
+

1− t
H(a,b)

)−2
∣∣∣∣∣ f ′
((

t
b
+

1− t
H(a,b)

)−1
)∣∣∣∣∣

q

dt

)1/q


≤ b−a
4ab

(∫ 1

0
|1−λ− t|

(
t
a
+

1− t
H(a,b)

)−2

dt

)1−1/q(∫ 1

0
|1−λ− t|
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×
(

t
a
+

1− t
H(a,b)

)−2 [
ts| f ′(a)|q +m(1− t)s| f ′(mH(a,b))|q

]
dt

)1/q

+

(∫ 1

0
|1−µ− t|

(
t
b
+

1− t
H(a,b)

)−2

dt

)1−1/q(∫ 1

0
|1−µ− t|

×
(

t
b
+

1− t
H(a,b)

)−2 [
ts| f ′(b)|q +m(1− t)s| f ′(mH(a,b))|q

]
dt

)1/q
 ,

where we used the facts∫ 1

0
|1−λ− t|

(
t
a
+

1− t
H(a,b)

)−2

dt =
2ab

(b−a)2 T (a,b,λ),

∫ 1

0
|1−λ− t|ts

(
t
a
+

1− t
H(a,b)

)−2

dt = K(H(a,b),a,s,1−λ),

and ∫ 1

0
|1−λ− t|(1− t)s

[
t
a
+

1− t
H(a,b)

]−2

dt = K(a,H(a,b),s,λ).

The inequality (3.1) is thus proved.
When s =−1, by the identity (2.2) and the extended harmonic (s,m)-convexity of

| f ′|q, we have∣∣∣∣ f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣
≤ b−a

22−1/qab

(∫ 1

0
(1− t)

(
t
a
+

1− t
H(a,b)

)−2

dt

)1−1/q

×

(∫ 1

0
(1− t)

(
t
a
+

1− t
H(a,b)

)−2 [
(1+ t)−1| f ′(a)|q

+m(1− t)−1| f ′(mb)|q
]

dt
)1/q

+

(∫ 1

0
(1− t)

(
t
b
+

1− t
H(a,b)

)−2

dt

)1−1/q

×

(∫ 1

0
(1− t)

(
t
b
+

1− t
H(a,b)

)−2 [
(1− t)−1| f ′(a)|q

+m(1+ t)−1| f ′(mb)|q
]

dt
)1/q

]
(3.4)

=
(ab)(q−2)/q(a+b)(1−q)/q

21/q(b−a)(q−2)/q

{
[(a+b)(lna− lnH(a,b))+(b−a)]1−1/q
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×
[(

2b2(ln(2a)− lnH(a,b))−bH(a,b)
)
| f ′(a)|q +maH(a,b)| f ′(mb)|q

]1/q

+
[
m
(
2a2(ln(2b)− lnH(a,b))−aH(a,b)

)
| f ′(mb)|q +bH(a,b)| f ′(a)|q

]1/q

×[(a+b)(lnb− lnH(a,b))− (b−a)]1−1/q
}
.

The proof of Theorem 7 is thus complete. �

Corollary 1. Under conditions of Theorem 7, when q = 1,
(1) if −1 < s≤ 1, then∣∣∣∣λ f (a)+µ f (b)

2
+

2−λ−µ
2

f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣
≤ b−a

4ab

{
K(H(a,b),a,s,1−λ)| f ′(a)|+K(H(a,b),b,s,1−µ)| f ′(b)|

+m[K(a,H(a,b),s,λ)+K(b,H(a,b),s,µ)]| f ′(mH(a,b))|
}

;

(2) if s =−1, then∣∣∣∣ f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣
≤ b−a

ab

(
b2[ln(2a)− lnH(a,b)]| f ′(a)|+ma2[ln(2b)− lnH(a,b)]| f ′(mb)|

)
.

Corollary 2. Under conditions of Theorem 7, when q = s = 1 and λ = µ = 1
2 , we

have∣∣∣∣ f (a)+2 f (H(a,b))+ f (b)
4

− ab
b−a

∫ b

a

f (x)
x2 dt

∣∣∣∣≤ 1
4(b−a)2

×
{[

(20ab2 +12a2b)
(

ln
√

aH(a,b) − lnH(a,H(a,b))
)
−a(b−a)2

]
| f ′(a)|

+4mab
[
(7b+a)

(
lnH(a,H(a,b))− ln

√
aH(a,b)

)
+(7a+b)

(
ln
√

bH(a,b) − lnH(b,H(a,b))
)]
| f ′(mH(a,b))|

+
[(

20a2b+12ab2)(lnH(b,H(a,b))− ln
√

bH(a,b)
)
+b(b−a)2

]
| f ′(b)|

}
.

Theorem 8. Let f : (0,d]→ R be differentiable, a,b ∈ (0,d] with a < b, f ′ ∈
L1([a,b]), and 0≤ λ,µ≤ 1. If | f ′|q for q > 1 is extended harmonically (s,m)-convex
on (0,d] for some fixed s ∈ [−1,1] and 0 < m≤ 1, then

(1) when −1 < s≤ 1,∣∣∣∣λ f (a)+µ f (b)
2

+
2−λ−µ

2
f (H(a,b))− ab

b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣ (3.5)

≤ b−a
4ab[(s+1)(s+2)]1/q

{
Q1−1/q(a,H(a,b),λ)

[(
2(1−λ)s+2 +λ(s+2)
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−1) | f ′(a)|q +m
(
2λ

s+2 +(1−λ)(s+2)−1
)
| f ′(mH(a,b))|q

]1/q

+Q1−1/q(b,H(a,b),µ)
[(

2(1−µ)s+2 +µ(s+2)−1
)
| f ′(b)|q

+m
(
2µs+2 +(1−µ)(s+2)−1

)
| f ′(mH(a,b))|q

]1/q
}

;

(2) when s =−1,∣∣∣∣ f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣≤ b−a
2(2q−1)/qab

(3.6)

×
{[

(2ln2−1)| f ′(a)|q +m| f ′(mb)|q
]1/q Q1−1/q(a,H(a,b),0)

+
[
(2ln2−1)| f ′(b)|q +m| f ′(ma)|q

]1/qQ1−1/q(b,H(a,b),0)
}
,

where, for u > 0 and u 6= a

Q(a,u,λ) =
(q−1)(au)2q/(q−1)

(q+1)(u−a)

{
(1−λ)a−(q+1)/(q−1)−λu−(q+1)/(q−1)

− q−1
2(u−a)

[
a−2/(q−1)−2[(1−λ)(u−a)+a]−2/(q−1)+u−2/(q−1)

]}
.

Proof. If −1 < s ≤ 1, by the inequality (3.3) and the extended harmonic (s,m)-
convexity of | f ′|q, we derive∣∣∣∣λ f (a)+µ f (b)

2
+

2−λ−µ
2

f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣ (3.7)

≤ b−a
4ab

(∫ 1

0
|1−λ− t|

(
t
a
+

1− t
H(a,b)

)−2q/(q−1)

dt

)1−1/q

×
(∫ 1

0
|1−λ− t|

[
ts| f ′(a)|q +m(1− t)s| f ′(mH(a,b))|q

]
dt
)1/q

+

(∫ 1

0
|1−µ− t|

(
t
b
+

1− t
H(a,b)

)−2q/(q−1)

dt

)1−1/q

×
(∫ 1

0
|1−µ− t|

[
ts| f ′(b)|q +m(1− t)s| f ′(mH(a,b))|q

]
dt
)1/q

]
,

where ∫ 1

0
|1−λ− t|

(
t
a
+

1− t
H(a,b)

)−2q/(q−1)

dt = Q(a,H(a,b),λ),

∫ 1

0
|1−λ− t|tsdt =

2(1−λ)s+2 +λ(s+2)−1
(s+1)(s+2)

,
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and ∫ 1

0
|1−λ− t|(1− t)sdt =

2λs+2 +(1−λ)(s+2)−1
(s+1)(s+2)

. (3.8)

Combining (3.7) with (3.8) gives the required inequality (3.5).
Similarly, by the inequality (3.4), we can prove the inequality (3.6). The proof of

Theorem 8 is complete. �

Corollary 3. Under assumptions of Theorem 8,
(1) if −1 < s≤ 1, then∣∣∣∣λ f (a)+µ f (b)

2
+

2−λ−µ
2

f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣
≤ b−a

24ab

[
6

(s+1)(s+2)

]1/q{[(
2(1−λ)s+2 +λ(s+2)−1

)
| f ′(a)|q

+m
(
2λ

s+2 +(1−λ)(s+2)−1
)
| f ′(mH(a,b))|q

]1/q [(
2(1−λ)3

+3λ−1)a2q/(q−1)+(2λ
3−3λ+2)H2q/(q−1)(a,b)

]1−1/q
+
[
(2 (1−µ)s+2

+ µ(s+2)−1) | f ′(b)|q +m
(
2µs+2 +(1−µ)(s+2)−1

)
| f ′(mH(a,b))|q

]1/q

×
[
(2(1−µ)3 +3µ−1)b2q/(q−1)+

(
2µ3−3µ+2

)
H2q/(q−1)(a,b)

]1−1/q
}

;

(2) if s =−1, then∣∣∣∣ f (H(a,b))− ab
b−a

∫ b

a

f (x)
x2 dx

∣∣∣∣≤ b−a
2×12(q−1)/qab

{[
(2ln2−1)| f ′(a)|q

+m| f ′(mb)|q
]1/q

[
a2q/(q−1)+2H2q/(q−1)(a,b)

]1−1/q
+
[
| f ′(a)|q

+m(2ln2−1)| f ′(mb)|q
]1/q

[
b2q/(q−1)+2H2q/(q−1)(a,b)

]1−1/q
}
.

Proof. Substituting

Q(a,H(a,b),λ)≤ 2(1−λ)3 +3λ−1
6

a2q/(q−1)+
2λ3−3λ+2

6
H2q/(q−1)(a,b)

into (3.7) yields Corollary 3. �

Theorem 9. Let f : (0,d]→ R is extended harmonically (s,m)-convex for some
fixed m ∈ (0,1], s ∈ (−1,1], and a,b ∈ (0,d] with a < b. If f ∈ L1([a,b]), then

2s f (H(a,b))≤ ab
b−a

∫ b

a

f (x)+m f (mx)
x2 dx (3.9)

and
ab

b−a

∫ b

a

f (x)
x2 dx≤min

{
f (a)+m f (mb)

s+1
,
m f (ma)+ f (b)

s+1

}
.
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In particular, when m = 1, we have

2s−1 f (H(a,b))≤ ab
b−a

∫ b

a

f (x)
x2 dx≤ f (a)+ f (b)

s+1
. (3.10)

Remark 1. The inequality (3.10) appeared in [17].

Proof. From the extended harmonic (s,m)-convexity f , it follows that

f (H(a,b)) =
∫ 1

0
f
(

2
ta−1 +(1− t)b−1 + tb−1 +(1− t)a−1

)
dt

≤ 1
2s

∫ 1

0

[
f

((
t
a
+

1− t
b

)−1
)
+m f

(
m
(

t
b
+

1− t
a

)−1
)]

dt.

Let x =
( t

a +
1−t

b

)−1 for t ∈ [0,1]. Then∫ 1

0
f

((
t
a
+

1− t
b

)−1
)

dt =
ab

b−a

∫ b

a

f (x)
x2 dx. (3.11)

Similarly, we have∫ 1

0
f

(
m
(

t
b
+

1− t
a

)−1
)

dt =
ab

b−a

∫ b

a

f (mx)
x2 dx. (3.12)

From (3.11) and (3.12), the inequality (3.9) follows immediately.
Let x =

( t
a +

1−t
b

)−1 for t ∈ [0,1]. Then

ab
b−a

∫ b

a

f (x)
x2 dx =

∫ 1

0
f

((
t
a
+

1− t
b

)−1
)

dt

≤
∫ 1

0
[ts f (a)+m(1− t)s f (mb)]dt =

f (a)+m f (mb)
s+1

.

The proof of Theorem 9 is complete. �

Corollary 4. Under assumptions of Theorem 9, if s = m = 1, then

f (H(a,b))≤ ab
b−a

∫ b

a

f (x)
x2 dx≤ f (a)+ f (b)

2
.

Theorem 10. For m ∈ (0,1] and s ∈ (−1,1], let f : (0,d]→ R is extended har-
monically (s,m)-convex and a,b ∈ (0,d] with a < b. If f ∈ L1([a,b]), then

2s−2H2(a,b) f (H(a,b))≤ ab
b−a

∫ b

a
[ f (x)+m f (mx)]dx

and
ab

b−a

∫ b

a
f (x)dx≤ a2

s+1
[
m× 2F1

(
2,1,s+2,1−ab−1) f (ma)
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+2F1
(
2,s+1,s+2,1−ab−1) f (b)

]
.

where 2F1(a,b;c;z) is the hypergeometric function defined by (3.2).

Proof. By the extended harmonic (s,m)-convexity of f , we have

H(a,b)]2 f (H(a,b))≤ 22−s
∫ 1

0

[(
t
a
+

1− t
b

)−2
]

f

((
t
a
+

1− t
b

)−1
)

dt

+22−sm
∫ 1

0

[( t
b +

1−t
a

)−2
]

f
(

m
( t

b +
1−t

a

)−1
)

dt

≤ ab
b−a

∫ b

a

f (x)+m f (mx)
2s−2 dx

and

ab
b−a

∫ b

a
f (x)dx =

∫ 1

0

(
1− t

a
+

t
b

)−2

f

((
1− t

a
+

t
b

)−1
)

dt

≤
∫ 1

0

(
1− t

a
+

t
b

)−2

[m(1− t)s f (ma)+ ts f (b)]dt

=
a2

s+1
[
m× 2F1(2,1,s+2,1−ab−1) f (ma)

+2F1(2,s+1,s+2,1−ab−1) f (b)
]
.

The proof of Theorem 10 is thus complete. �

Corollary 5. Under assumptions of Theorem 10, if s = m = 1, then

[H(a,b)]2 f (H(a,b))
4

≤ ab
b−a

∫ b

a
f (x)dx

≤ a2b[b ln(a−1b)− (b−a)]
(b−a)2 f (a)+

ab2[(b−a)−a ln(a−1b)]
(b−a)2 f (b).
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[7] A. Házy, “Bernstein-Doetsch type results for h-convex functions,” Math. Inequal. Appl., vol. 14,
no. 3, pp. 499–508, 2011, doi: 10.7153/mia-14-42.
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[20] C. E. M. Pearce and J. Pečarić, “Inequalities for differentiable mappings with application to spe-
cial means and quadrature formulæ,” Appl. Math. Lett., vol. 13, no. 2, pp. 51–55, 2000, doi:
10.1016/S0893-9659(99)00164-0.

[21] B. T. Polyak, “Existence theorems and convergence of minimizing sequences in extremum prob-
lems with restictions,” Soviet Math. Dokl., vol. 35, no. 7, pp. 72–75, 1966.

[22] F. Qi, T.-Y. Zhang, and B.-Y. Xi, “Hermite-Hadamard-type integral inequalities for functions
whose first derivatives are convex,” Ukrainian Math. J., vol. 67, no. 4, pp. 625–640, 2015, re-
print of Ukraı̈n. Mat. Zh. 67 (2015), no. 4, 555–567, doi: 10.1007/s11253-015-1103-3.

[23] F. Qi and B.-Y. Xi, “Some Hermite-Hadamard type inequalities for geometrically quasi-convex
functions,” Proc. Indian Acad. Sci. Math. Sci., vol. 124, no. 3, pp. 333–342, 2014, doi:
10.1007/s12044-014-0182-7.

[24] M. Z. Sarikaya, E. Set, and M. E. Ozdemir, “On new inequalities of Simpson’s type
for s-convex functions,” Comput. Math. Appl., vol. 60, no. 8, pp. 2191–2199, 2010, doi:
10.1016/j.camwa.2010.07.033.

[25] G. Toader, “Some generalizations of the convexity,” in Proceedings of the colloquium on approx-
imation and optimization (Cluj-Napoca, 1985). Univ. Cluj-Napoca, Cluj-Napoca, 1985, pp.
329–338.

[26] B.-Y. Xi, R.-F. Bai, and F. Qi, “Hermite-Hadamard type inequalities for the m- and (α,m)-
geometrically convex functions,” Aequationes Math., vol. 84, no. 3, pp. 261–269, 2012, doi:
10.1007/s00010-011-0114-x.

[27] B.-Y. Xi and F. Qi, “Hermite-Hadamard type inequalities for geometrically r-convex
functions,” Studia Sci. Math. Hungar., vol. 51, no. 4, pp. 530–546, 2014, doi:
10.1556/SScMath.51.2014.4.1294.

[28] B.-Y. Xi and F. Qi, “Inequalities of Hermite-Hadamard type for extended s-convex functions and
applications to means,” J. Nonlinear Convex Anal., vol. 16, no. 5, pp. 873–890, 2015.

[29] B.-Y. Xi, F. Qi, and T.-Y. Zhang, “Some inequalities of Hermite–Hadamard type for m-
harmonic-arithmetically convex functions,” ScienceAsia, vol. 41, no. 5, pp. 357–361, 2015, doi:
10.2306/scienceasia1513-1874.2015.41.357.

[30] B.-Y. Xi, S.-H. Wang, and F. Qi, “Some inequalities for (h,m)-convex functions,” J. Inequal.
Appl., pp. 2014:100, 12, 2014, doi: 10.1186/1029-242X-2014-100.

Authors’ addresses

Chun-Ying He
College of Mathematics and Statistics, Hulunbuir University, Hailaer 021008, Inner Mongolia,

China
College of Mathematics and Physics, Inner Mongolia University for Nationalities, Tongliao 028043,

Inner Mongolia, China
E-mail address: hechunying9209@qq.com

Bo-Yan Xi*
College of Mathematics and Physics, Inner Mongolia University for Nationalities, Tongliao 028043,

Inner Mongolia, China
E-mail address: baoyintu78@qq.com, baoyintu78@imun.edu.cn

Bai-Ni Guo*
School of Mathematics and Informatics, Henan Polytechnic University, Jiaozuo 454010, Henan,

China
E-mail address: bai.ni.guo@gmail.com, bai.ni.guo@hotmail.com

http://dx.doi.org/10.1016/S0893-9659(99)00164-0
http://dx.doi.org/10.1007/s11253-015-1103-3
http://dx.doi.org/10.1007/s12044-014-0182-7
http://dx.doi.org/10.1016/j.camwa.2010.07.033
http://dx.doi.org/10.1007/s00010-011-0114-x
http://dx.doi.org/10.1556/SScMath.51.2014.4.1294
http://dx.doi.org/10.2306/scienceasia1513-1874.2015.41.357
http://dx.doi.org/10.1186/1029-242X-2014-100

	1. Introduction
	2. A definition and a lemma
	3. Integral inequalities of Hermite–Hadamard type
	4. Funding
	5. Acknowledgements
	References

