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Abstract. The purpose of this paper is to introduce a weighted Hermite-Hadamard inequality which
generalizes the standard one. Some refinements and reverses of this weighted inequality are pointed out.

As application, some new weighted means are derived and their related inequalities are investigated as
well.

1. Introduction

Let C be a nonempty interval of R. A function f : C — R is called convex if the inequality

A1 = Da+Ab) < (1 - A)f(a) + Af(b)

1
holds for any a,b € C and A € [0, 1]. We say that f is concave if (1) is reversed.
The following double inequality
a+b ! f(a) + £(b)
f(T) < fo F((1 = tya + th)dt < —— )

holds for any a,b € C, whenever f : C — Ris convex. If f is concave then (2) are reversed. Inequality (2),
known in the literature as the Hermite-Hadamard inequality (HHI), is useful in mathematical analysis and
contributes as good tool for obtaining some interesting estimations. An enormous amount of efforts has
been devoted in the literature for extending (2) from the case where the variables are real numbers to the
case where the variables are bounded linear operators, see [1, 4-8] for instance.

The present manuscript contains four sections organized as follows: In Section 2, we collect some
weighted means from the literature that will be needed along the paper. Section 3 displays with the so-
called weighted Hermite-Hadamard inequality that refines (1) and generalizes (2). Some refinements and
reverses of this weighted inequality are investigated. As application, Section 4 is focused to derive some

new weighted means and so we study their elementary properties as well as their comparison with some
known weighted means.
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2. Standard weighted means

Recently, the mean-theory attracts many mathematicians by virtue of its nice properties and various
applications. As usual, we understand by (binary) mean a map m between positive numbers such that
min(a, b) < m(a,b) < max(a, b) for all a,b > 0. Among the standard means, we recall the following

7

a+b 2ab b-a 1/(b-a)
= — = h = —— = — =e Y /a"
aVvb > afb = Vab, a'b 7 L(a,b) logb—Toga’ I(a,b) = e (b Ja )

with L(a,a) = a and I(a,a) = a. These are known as the arithmetic mean, the geometric mean, the har-
monic mean, the logarithmic mean and the identric mean, respectively. These means satisfy the chain of
inequalities, a!b < affb < L(a, b) < I(a, b) < aVb, see [2].

Let m, be a family of binary maps indexed by A € [0, 1]. We recall the following, [10]

Definition 2.1. We say that m, is a weighted mean if the following assertions hold:
(i) mo(a, b) = a and my(a,b) = b,

(ii) my is a mean, for any A € [0, 1],

(iii) myyo =: m is a symmetric mean,

(iv) my(a, b) = my_p(b,a) for any a,b > 0 and A € [0, 1].

It is obvious that, (iv) implies (iii). We say that the mean m =: 1 is the associated symmetric mean of
my and m, is the weighted m-mean.
The standard weighted means are the following

aViab = (1= Da+Ab, afab = a6, alib = (1 - Dt +071) 7,

which are the weighted arithmetic mean, the weighted geometric mean and the weighted harmonic mean,
respectively. For A = 1/2 they coincide with aVb, afib and alb, respectively. These weighted means satisfy
the following inequalities, a! b < afi\b < aV,b.

Two other weighted means have been introduced in the literature [9], namely

_ 1 1-A 1=Apd )
Li(ab) = loga—logb( 2 (a-at ) + (a0 - b)), a b, 3)
(1-24)(@V 1 b) % ﬁ
I\(a,b) = %(av/\b) e ( bm‘)) ,a#b. ()
a x

One has Ly(a, b) := l}?ol Ly(a,b) =aand L(a,b) := lﬁ? Li(a,b) = b, with similar equalities for I,(a, b). One can
see that L, and I, satisfy the conditions (ii),(iii) and (iv). For A = 1/2, they coincide with L(a, b) and I(a, ),
respectively. Therefore, following Definition 2.1, Ly and I, can be called the weighted logarithmic mean
and the weighted identric mean, respectively.

It has been shown in [9] that the following inequalities hold true

aﬁ;\b < L)(a,b) <aV,b, aﬁ/\b <I)(a,b) <aV,b.

Remark 2.2. When a weighted mean my, is given, its associated symmetric mean is of course unique. However, it is
possible to have more one weighted mean whose the associated symmetric mean is the same. Section 4 below explains
more this latter situation where we will define a weighted logarithmic mean and a weighted identric mean that are
different from the previous ones.
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3. Weighted Hermite-Hadamard inequality
The following result gives a refinement of (1) and a generalization of (2).

Theorem 3.1. Let f : C — R be convex. For any A €]0,1[ and a,b € C the following inequalities hold

A= Da+Ab) < fo 1 £ = ya+ th)dva(t) < (1= A)f(@) + A£(D), )
where v, is the probability measure defined on [0,1] by

dva(h) = (1= DA -HT + A7 )de, (6)
If f : C = Ris concave then (5) are reversed.

Proof. Applying the Jensen integral and discrete inequalities, we obtain

f( fo 1 ((l—t)a+tb)dv,\(t))s fo 1 A= ta+ th)dva(t) < fo 1 (=B f@ +tf®)dva®. @)

Using (6) and computing the involved integrals by elementary topics of real-integration, we get the desired
inequalities. The details are simple and therefore omitted here. [

Remark 3.2. (i) In what follows, (5) will be called the weighted Hermite-Hadamard inequality, (WHHI) is short. If
A =1/2 then (5) coincides with (2), i.e. dvi,2(t) = dt. Further, dvi_y(1 —t) = dv,(t) for any A €]0, 1[.
(ii) For the sake of simplicity, we extend the weighted arithmetic mean from positive numbers to any real numbers by
setting throughout the following

Vay=1Q-Ax+ Ay, foranyx,y € Rand A €[0,1].

With this notation, (5) can be shortly written as

1
F(avab) < fo F(aVib)dva(t) < f@Vaf(D). (8)

(iii) Setting x = (1 — t)a + tb, with a < b, (5) and (8) are equivalent to

b
fwvst) < 5= [ Fotuno < f@Vi ),

where we set

R R =

The previous weighted Hermite-Hadamard inequality has many consequences. In particular, we have
the following result which gives a refinement of the standard Hermite-Hadamard inequality.

Corollary 3.3. If f : C — R is convex then for any a,b € C, there holds

1
F(avb) < fo F(aVib)dt < Jp(a,b) < f@VF(b), )

where we set

1 1
J¢(a,b) = fo fo F(aVib) dva(t)dA.
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If f is concave then (9) are reversed.
Proof. Integrating (8) with respect to A €]0, 1[ and using the left hand-side of (2) we get (9). O

For the sake of simplicity we set, fora,b € C and A €]0, 1],

1
Ma(f;a,b) = fo F((1 = t)a + th)dva(b). (10)

The following corollary justifies that the map A — M,(f;a,b) can be extended on the whole interval
[0,1].

Corollary 3.4. Let f : C — R be convex (resp. concave). For any a, b € C there holds
lim My(f;a,b) = f(a), lim Ma(f;a,b) = f().

Proof. Follows from (5) by using the fact that if f : C — R is convex then it is continuous on [4,b] c C.
Proposition 3.5. Foranya,b € Cand A € [0, 1] there holds

Mia(fa,b) = Ma(f;b,a) (11)
Proof. By (6) and (10) we have

1
Mi_a(f;a,b) = fo F((1 = t)a + th)dvi_a(b).

Making the change of variable f = 1 — 1 and using the relationship dvi_)(1 — t) = dv,(t), with (10) again, we
get the desired result. [

To state another result, we need the following lemma, see [3].

Lemma 3.6. If f : C — Ris convex, the following inequalities

r(s, ) f@V<f(b) - f(aVeb)) < f@Vif(B) - F(aVib) < R(s, H)(f@)Vsf(b) - f(aVeb)), (12)

hold for any a,b € C and s, t €]0, 1], where we set

[t 1t _ t1-t
r(s, t) := mm(g, E)' R(s, t) := max(s, = s)' (13)
If f is concave then (12) are reversed.

It is clear that (12) refines and reverses (1). For s = t, (12) are equalities. We also need the following
lemma.

Lemma 3.7. Foranys, A €]0, 1], the following equalities hold

1
f r(s, t) dva(t) = a1_s0 + Xsp-2 (14)
0
and
1
A 1-A
f R(s, ) dvi(t) = =+ —— —a1-s0 — As1-2, (15)
0 S 1-s

where, for a,b > 0, we set
1-a%
1-a

Agp = b2
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Proof. 1t is easy to see that { < =L if and only if 0 < t < s. Therefore, we write

1 1 S 1 1
fo rls, ) dva(t) = fo Fdva(t) + 7 fs (1 = B dvy(b). (16)

By using (6), we have
vy = (1= - H'F ~ 1= )A-HT + a5,

Using dv,(t) = dvi_a(1 — t) and some elementary computations we get

fs tdvy(t) = =A(1-5) T + A1 = )[A-5)T +577] + A2
0

and
1 1
f (1= ) dva(h) = f (1= Hdvr(1—b)
1-s

_ f v (B)
0

=-(1-A)s™ + A1 =) [ =5)F +577 ]+ (1 - A2
Substituting in (16), we obtain (14) after some algebraic manipulations.

For proving (15), it is sufficient to notice that

1 Jr1—25
1-s5 s(1-s)"’

R(s,t) + (s, t) =

and then we have

1 1 1 1 1-25 !
LR(S’t)dVA(t)+fo r(s,t)dvA(t)zl—_SfO dm(t)-i-s(l—s)‘fo tdv,(t)

1 1-2s
a 1—s+s(1—s)/\'

Hence, the desired result is obtained. [

Now, we are in the position to state the following result which gives a refinement and a reverse of the
right inequality in (5).

Theorem 3.8. Let f : C — R be convex. Forany s, A € (0,1) and a,b € C the following inequalities hold

1
m(s, N F@Vsf®) = f(aVsb)) < f@Vaf(b) - fo FaVib)dva(t) < MG, D)(f@Vsfb) - f(aV.b)), (17)

where we set

A 1-A
et 1-(1-g)t
ms, A) ::(1—/\)211_55\ ppplzd=9r

s
1-A A
M(S, A) = 1—_5 + g - m(s, A)
If f is concave then (17) are reversed.

Proof. Multiplying all sides of (12) by dv,(t) and then integrating with respect to t € [0, 1], we obtain the
desired inequalities by the use of (14) and (15). The details are simple and therefore omitted here for the
reader. [
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Taking s = 1/2 in Theorem 3.8, we get after some reductions the following result.

Corollary 3.9. For f : C = R convex, A € (0,1) and a,b € C, there holds

IN(f@VF(b) - f(aVb)) < f@Vaf(b) - fo F(aVib)dva(t) < uA)(F@VF(®) - f(aVb)), (18)

where we set
1A =2[(1= A2 (1-277) + A2 (1-27)] and u(d) := 2= 1(A).

If f is concave then (18) are reversed.

For the sake of convenience, we consider the function x = N, ,5(x) defined on [0, 1] by

1
Nipap(x) = fo F(@Vi bV @V, b))dva(t). (19)

The following result concerns a refinement of the left inequality in (5).

Theorem 3.10. Lef f : C — R be convex, a,b € C and A € [0, 1], there holds

1 1
f(@av,b) < j; F(@Va bV, @V b))dva(t) < fo Ma(f;aV b, aV; b)dv(t)

1
< f(aVab)Va Ma(f;a,b) < fo F(aVib)dva(r). (20)

If f is concave then (20) are reversed.

Proof. By using the Jensen integral inequality, we get

1
Nrpap(x) 2 f(f (aVa b)Vy (aV; b)dv,\(t)) = f(aV, b).
0
By the convexity of f and the fact that f(aV,b) < M,(f;a,b), we get
1
Nipap(x) < f F(aVab) Ve f(aVib)dva(t) = f(aVab)V M(f;a,b)
0
< Ma(f;a,b).
Thus,
F@VAb) < Nipaap(®) < f(aVa )V Ma(f;a,b) < Ma(f3a,b). (21)
Noticing that x = N 4(x) is a convex function, we can apply (8) for obtaining
1
Niaas) 5 [ N @026 < (0= DNj.500 + ANjaas(0).
Then,
1 1
Nrpap(A) < f M (f;aVab,aVib)dvy(t) < (1 —A)f(aVab) + /\f f@Vib)dva(t). (22)
0 0

By combining (21) and (22) we get (20), so completing the proof. [
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We have also the following result.

Theorem 3.11. Let f : C — R be convex and differentiable. For all a,b € C with a < b, the following inequalities

1 1
0< f F@Vy bydva(t) = N ap(u) < (b —a)(1 - u) f (A = ) f'(aV; b)dva(t) (23)
0 0

hold for any u € [0, 1].

Proof. The left inequality is a straightforward deduction from (21). For the right inequality, we use the fact
that f is a differentiable convex function to write f(a) — f(B) = (@ — B)f’(B), with a = (aV,b) V,, (aV,b) and
B =aV:b. Hence,

f(@Vab)V, (aVib)) — f (aVib) = (1 —u)(b — a)(A — £)f" (aVib) . (24)

Multiplying both sides of (24) by dv,(t) and integrating with respect to ¢ € [0, 1], we find the right inequality
in(23). O

If we take u = 0 in (23), we get the following result which gives a refinement and a reverse of the left
inequality in (5).

Corollary 3.12. With the same assumptions as in Theorem 3.11, we have
1 1
0< f f(@Vib)dva(t) — f(@Vab) < (b— a)f (A =) f'(@Vib)dva(t). (25)
0 0

4. Application: some new weighted means

As already stated, our aim in the ongoing section is to derive some new weighted means. We begin by
stating the following.

Proposition 4.1. Fora,b > 0and A € [0, 1], we set

1

Lr@b): ( f a iﬁ;;c(ztl tb) ‘ (26)
1
I)(a,b) :=exp (f log ((1 —t)a+ tb)dv/\(t)). (27)
0

Then L, is a weighted logarithmic mean and I ) is a weighted identric mean.

Proof. Take C = (0,00) and f(x) = 1/x. Using the definition of a!)b and aV,b, (8) with (26) implies that
min(a, b) < alb < Li(a,b) < aV,b < max(a,b). We then deduce that £, is a mean for any A € [0,1] and
Lo(a,b) = a, Ly1(a,b) = b. Since dvy>(t) = dt then a simple computation of integral gives L1/(a, b) = L(a, b) the
standard logarithmic mean. Finally, the relationship Li_1(a,b) = L;(b, a) follows from (11). Summarizing,
L, satisfies all the conditions of Definition 2.1, with Ly, = L. So, £, is a weighted logarithmic mean.

For I, we choose f(x) = log(x) which is concave on (0, o). The details are similar to those of £, and
we left them here. [

The following result gives a chain of inequalities concerning a comparison between some of the previous
weighted means.

Theorem 4.2. For anya,b > 0and A € [0, 1] there holds

alab < Ly(a,b) < Ta(a,b) <aV,b.
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Proof. The inequalities al3b < Ly(a,b) and 1,(a,b) < aV,b were proved out before. We have to show
La(a,b) < I,(ab). Since the real function x — —log(x) is convex on (0,c0) then the Jensen integral

inequality gives
_ _dna(t) f ~
logf A+ =), o8 ((1 = t)a + th)dva(t).

This, with (26) and (27), is equivalent to log L1(a,b) < log I ,(a,b), which concludes the proof. [

Proposition 4.3. Iffora,b > 0and A € [0, 1], we set

1
Li(a,b) = f altdv, (1),
0
then 1L, is also a weighted logarithmic mean that satisfies
affab < La(a,b) < aV,b. (28)
Proof. 1If we multiply the weighted arithmetic-geometric mean inequality, namely a'~'b* < (1 — #)a + tb, by

dv,(t) and we integrate over ¢t € [0,1] we obtain the right inequality in (28). Now, using the fact that
x = log(x) is concave on (0, ), the Jensen integral inequality implies that

1 1
log f a bt dv () > f ((1-t)log a+tlog b)dv(t) = (1- A)log a+ Alog b,
0 0
which yields the left inequality in (28). O

Now, we will justify that the previous weighted means £, (resp. IL;) and 1, are different from L, and
I defined by (3) and (4) respectively. For this, we consider the following example

Example 4.4. Let us take A = 1/3 and a = 1,b = 2. Using real integration tools, we find

16 12 \7!
2-2t+t 6
1,2) = T ) =
L1, 3(f0 1+t ) 8log2 +m—4’

3

41og2(2)D ( +/log(2)) +2 - log 4

L13(1,2) = f(z 2t + V224t = & ( fi ) g ;
310g%(2)

X
where D refers to the Dawson’s integral defined by D(x) = exp(—x?) f exp(t?)dt.
0

3V2-2
L13(1,2) = m,
1
2 2 1 13 n
T1s(1,2) = ex U (———t+—t—1/2)1o (1+t)dt]=4ex (——+—);
13 Pl 37373 J PI"% 3
32
L5(1,2) =

Numerical computations lead to

L1/5(1,2) = 1.28019934; 1Ly 5(1,2) = 1.28460020; L1 /5(1,2) =~ 1.28382773,
T1/5(1,2) = 1.30581223; I15(1,2) =~ 1.30801579.

So, our claim is confirmed. See also Remark 2.2 which is in connection with this example.
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Theorem 4.5. Foranys, A € [0,1] and a,b > 0, there holds

ﬂ’l(S,A) aﬁs b llﬁ/\ b (S,A) aﬁs b
R N Rk ®)

In particular,
eMANGY b < Ti(a,b) <e™MVaV, b <aV, b. (30)

Proof. By applying (17) for the concave function f(x) = logx on C = (0, +o0), we find (29). Taking s = A in
(29) we get (30). O

Now we can state the following result which concerns some refinements of the inequalities in Theorem
4.2.

Theorem 4.6. Foranys, A € [0,1] and a,b > 0, the following inequalities hold

m(s,A) ((@sb) ™" = (@Vsb)™!) < (@1 b)) = £;'(a, b) < M(s, 1) ((alsb) ! = (Vs b) ).
Proof. We apply (17) to the convex function f(x) =1/x on C = (0, +oc0). O
Corollary 4.7. Forany A € [0,1] and a,b > 0, we have the following inequalities,

(1= M@, D)@ta b)™ + M, )@V b) ™! < L£3(a,b) < (@1 5) 7 Vi) @V )7
Proof. We take s = A in Theorem 4.6. Noticing that

m(A,A)=1-[1- VAT +A(1-1)T] <1,

we find the desired result. [

Theorem 4.8. Forany A € [0,1] and a,b > 0, the following inequalities hold
1
T)(a,b) < @Vab)§y Ta(a,b) <exp [f log (IA(aVA b,aV. b))dv;\(x)]
0

< exp [ f 1 log ((aV, b)V, (aVi b))dvA(x)] <av,b.
0

Proof. We apply (20) for the concave function f(x) = logx on (0, +00). [
Theorem 4.9. Forany A € [0, 1] and any a,b > 0, we have

La(a,b) < (@Vab)y La(a,b) < [f] L'(aV,b,aV,b) dvA(x)] 1
0 1 |
< [ fo (@VAb)Va (aVi b)) " dva(x)| < aVyb.
Proof. We apply (20) for the convex function f(x) = 1/x on (0, +c0). O
Theorem 4.10. Foranys,A € [0,1] and a,b > 0, it holds
m(s, A)(aVs b — a b) < aVi b — La(a,b) < M(s, A)(aVs b — afi b). (31)
In particular, we have

(1 - M(A, A))(llv,\ b) + M(A, A)(ﬂﬂ)\ b) <1L(a,b) < (aV, b)Vm(,\,/\) (tlﬂ)\ b)<aV,b (32)
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Proof. To get the desired result, we apply (17) to the convex function f(x) = exp(x) on C = (0, +o0) and we
replace a and b respectively by log(a) and log(b). Taking s = A in (31) and noticing that

@V b)Viua,z iy b) < @V b))V (aVab) =aVy b,
we get (32) after simple manipulation. [

Finally, the following result provides a refinement of (28).

Theorem 4.11. Forany A € [0,1] and a,b > 0, there hold

1 1
afr b < fo (aths D) (athe b)dva(x) < fo L (a2 b, afi b)dv, (v) < (a2 DL, b) < ILa(a, b).

Proof. We apply (20) to the convex function f(x) = exp(x) on C = (0, +o0) and we replace a and b by log(a)
and log(b) respectively. [
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