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The object is to give an overview of the study of Schur-convexity of various means and
functions and to contribute to the subject with some new results. First, Schur-convexity of the
generalized integral and weighted integral quasiarithmetic mean is studied. Relation to some
already published results is established, and some applications of the extended result are given.
Furthermore, Schur-convexity of functions connected to the Hermite-Hadamard inequality is
investigated. Finally, some results on convexity and Schur-convexity involving divided difference
are considered.

1. Introduction

The property of Schur-convexity and Schur-concavity has invoked the interest of many
researchers and numerous papers have been dedicated to the investigation of it. The object
of this paper is to present an overview of the results related to the study of Schur-convexity
of various means and functions, in particular, those connected with the Hermite-Hadamard
inequality. Moreover, we contribute to the subject with some new results.

First, let us recall the definition of Schur-convexity. It generalizes the definition of the
convex and concave function via the notion of majorization.

Definition 1.1. Function F: A CR" — R is said to be Schur-convex on A if

F(x1,%2,...,%2) <F(Y1, Y2, -, Yn), (1.1)
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for every x = (x1,%2,...,%,), Y = (Y1, Y2, ..., Yn) € A such that x <y, that is, such that

k
.me < Zym, k=1,2,...,n—-1, ZX[i] = Zy[i], (1.2)

where x[; denotes the ith largest component in x.
Function F is said to be Schur-concave on A if —F is Schur-convex.

Note that every function that is convex and symmetric is also Schur-convex.

One of the references which will be of particular interest in this paper is [1]. The
authors were inspired by some inequalities concerning gamma and digamma function and
proved the following result for the integral arithmetic mean.

Theorem Al. Let f be a continuous function on an interval I with a nonempty interior. Then,

X f(t)‘li/ :(/9 EI/ '(3 9/
1 (x,y) = y X

f(x), x=y€el

(1.3)

is Schur-convex (Schur-concave) on I? if and only if f is convex (concave) on I.

Few years later, Wulbert, in [2], proved that the integral arithmetic mean F defined
in (1.3) is convex on I? if f is convex on I. Zhang and Chu, in [3], rediscovered (without
referring to and citing Wulbert’s result) that the necessary and sufficient condition for the
convexity of the integral arithmetic mean F is for f to be convex on I. Note that the necessity
is obvious. Namely, if F is convex, then it is also Schur-convex since it is symmetric. Theorem
Al then implies the convexity of function f.

Later, in [4], the Schur-convexity of the weighted integral arithmetic mean was proved.

Theorem A2. Let f be a continuous function on I C R and let p be a positive continuous weight on
I. Then, the function

1 y
- t)f(tH)dt, «x, I, ,
o) - gp(t)dtfxm f(dt, xyel, x7y -
f), x=y
is Schur-convex (Schur-concave) on I? if and only if the inequality
Y
Fpfdt _pafx) +py)fv) (15)

Ypityat ~—  p)+p(y)

holds (reverses) for all x, y in 1.

In the same reference, the authors left an open problem: under which conditions does
(1.5) hold?
The monotonicity of the function F, defined in (1.4) was studied in [5].
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Theorem A3. Let f be a continuous function on I C R and let p be a positive continuous weight
on 1. Then, the function Fy(x,y) defined in (1.4) is increasing (decreasing) on 1 if f is increasing
(decreasing) on I.

In the following sections, Schur-convexity of the generalized integral and weighted
integral quasiarithmetic mean is studied. Relation to some already published results is
established. Further, a new proof of sufficiency in Theorem A1, which is also a new proof
of Wulbert’s result from [2], that is, Zhang and Chu’s result from [3], is presented. Some
applications of this extended result are given. Furthermore, Schur-convexity of various
functions connected to the Hermite-Hadamard inequality is investigated. Finally, some
results on convexity and Schur-convexity involving divided difference are considered.

To complete the Introduction, we state three very interesting lemmas related to Schur-
convexity. They are needed later for the proofs of our results. All three can be found in both
[6, 7]. The first one gives a useful characterization of Schur-convexity.

Lemma Al. Let I C Randlet f : I" — R be a continuous symmetric function. If f is differentiable
on I", then f is Schur-convex on I" if and only if

0 0
(xi = xj) <a—£ —a—£> 20, (L.6)

forall x;,x; € I,i#j,i,j = 1,2,...,n. Function f is Schur concave if and only if the reversed
inequality sign holds.

Lemma A2. [et ® : R* — R g: I CR — Rand ¥ : I" — R be defined as ¥(x) =
D(g(x1),...,8(xn)), where x = (x1,...,%xy).

(1) If g is convex (concave) and @ is increasing and Schur-convex (Schur-concave), then ¥ is
Schur-convex (Schur-concave).

(2) If g is concave (convex) and @ is decreasing and Schur-convex (Schur-concave), then W is
Schur-convex (Schur-concave).

Lemma A3. Let ¥; : ACR* - R i=1,....,k, h: R* — Rand A : A — R be defined as
A(x) = h(P1(x),..., ¥r(x)), wherex = (x1,...,Xn)-

(1) If each of W; is Schur-convex and h is increasing (decreasing), then A is Schur-convex
(Schur-concave).

(2) If each of W; is Schur-concave and h is increasing (decreasing), then A is Schur-concave
(Schur-convex).

2. Generalizations

Let p be a real positive Lebesgue integrable function on [a, b], k a real Lebesgue integrable
function on [a, b], and f a real continuous strictly monotone function defined on J, the range



4 Journal of Inequalities and Applications

of k. The generalized weighted quasiarithmetic mean of function k with respect to weight
function p is given by
> (2.1)

For a special choice of functions p, f, k, we can obtain various integral means. For
example,

S

(i) for p(x) = 1 on [a,b], we get the classical quasiarithmetic integral mean of a
function k

1 b
M;(1,k;a,b) = ! <m f f(k(t))dt>, (2.2)

(ii) for k(x) = x = id(x) on [a, b], we get the classical weighted quasiarithmetic integral

mean
> (2.3)

(iii) for f(x) = x = id(x) on J, we get the weighted arithmetic integral mean

My (p,id; a,b) = f~ <

Id (p/ k a/ b) (24)
(iv) for f(x) = x" on J, we obtain the weighted power integral mean of order r
( 1/r
fp(t)kra)dt 140,
(t)dt
M (p,k;a,b) = 4 (25)

exp p(t) Ink(t)dt r=0.
k <f p(t)dt f >

The next result discovers the property of Schur-convexity of the generalized integral
quasiarithmetic means.

Theorem 2.1. Let k be a real Lebesgue integrable function defined on the interval I C R, with range
J. Let f be a real continuous strictly monotone function on J. Then, for the generalized integral
quasiarithmetic mean of function k defined as

MiGxy) =1 (25 [ oo, et 6)
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the following hold:

(i) My (k; x,y) is Schur-convex on I?
if f ok is convex on I and f is increasing on J
orif f o k is concave on I and f is decreasing on J,

(ii) My (k; x,y) is Schur-concave on I 2
if f ok is convex on I and f is decreasing on |
or if f ok is concave on I and f is increasing on J.

Proof. Applying Theorem A1 for function f o k yields that
1 (v
D(x,y) = EJ‘ (f ok)(t)dt (2.7)

is Schur-convex (Schur-concave) if and only if f o k is convex (concave). Now, from Lemma
A3 applied for M¢(k; x,y) = f “1(®(x,y)), the statement follows. O

Remark 2.2. Applying this theorem for f(t) = t!'and k(t) = t = id(t) shows that the
generalized logarithmic mean defined for x,y > 0 as

( g 1/(r-1)
<y—> , reR\{0,1}, x#y,

r(y-x)
1/ x* 1/(x-y)
L(x,y) = 1 E(ﬁ) ' r=1 x#y, (2.8)
y—-Xx _
logy —log x’ r=0,x#y,
X, TE]R, xzy

is Schur-convex for r > 2 and Schur-concave for r < 2. This was also obtained in [1] as a
consequence of Theorem A1l.

Theorem 2.3. Let f be a real continuous strictly monotone function on I C R and g be a differentiable
and strictly increasing function on I. Then, for the generalized weighted integral quasiarithmetic mean

defined by

1

r.+ . _ 1
s (o

Yy
f gf (t)dt>, (x,y) € %, (2.9)

the following hold:

(i) M(g';id; x,y) is Schur-convex on I
if f is increasing, and g and f o g~! are convex
or if f is decreasing and g is convex and f o g7! is concave,
(i) My(g’;id; x,y) is Schur-concave on I?
if f is decreasing and g is concave and f o g~! is convex or
if f is increasing, and g and f o g™! are concave.
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Proof. Applying Theorem Al and Lemma A3 (for p = 1) for function f o g™}, we conclude that

D(x,y) = f ! (fog™)wdu (2.10)

Yy=-xJx

is increasing (decreasing) and Schur-convex (Schur-concave) on I? if f o ¢7! is increasing
(decreasing) and convex (concave) on I.
Using Lemma A2, we now deduce that

¥x) =05 0) = st [ (o wan @)

is
(a) Schur-convex if g is convex and fog™! is convex and f is increasing or if g is concave
and f o g7!is convex and f is decreasing,
(b) Schur-concave if g is concave and f o ¢! is concave and f is increasing or if g is

convex and f o g7! is concave and f is decreasing.

Using substitution u = g(t), we can rewrite

1 8y

¥(x, - -
(oy) = g(y) —8(x) Jgw

(o) - [[gorwa  eu

[K Y g/ (t)dt ’(t)dt
Finally, we apply Lemma A3 to M(g’;id; x,y) = f(¥(x,y)) in order to conclude
that M¢(g';id; x,y) is

(a') Schur-convex if ¥(x, y) is Schur-convex and f! is increasing or if ¥(x, y) is Schur-
concave and f! is decreasing,

(b') Schur-concave if ¥(x, y) is Schur-convex and f~! is decreasing or if ¥(x, y) is Schur-
concave and f! is increasing.

Combining (a), (b), (a'), and (b') completes the proof. O

In [8], a new symmetric mean was defined for two strictly monotone functions f and
gonlICRas

N(f g xy)=f" <f0 (fog™)(sg@) +(1- S)g(y))d5>/ (x,y) € I. (213)

If we change the variable u = sg(x) + (1 — 5)g(y), we have

N(f, &xy)=f" __ ™ fog™)(wdu ). (2.14)
g(y)—g(x) g(x)
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Further, by substitution u = g(t), we obtain

Yy
f j10) g’(t)dt>. (2.15)

X

N(f,gxy) :f1<w

Note that under an additional assumption that g is strictly increasing, we have
N(f,g;x,y) = Ms(g';id; x,y). Thus, using the same idea as in the proof of Theorem 2.3,
an analogous result can easily be given for the mean N (f, g;x,v).

Theorem 2.4. Let f and g be real continuous strictly monotone functions on I C R. Then, for the
mean defined in (2.13), the following hold:

(i) N(f, g x,v) is Schur-convex on I*
if f is increasing and g is increasing and convex and f o g7! is convex
or if f is increasing and g is decreasing and concave and f o g7t is convex
or if f is decreasing and g is decreasing and concave and f o g~ is concave
or if f is decreasing and g is increasing and convex and f o g~ is concave,
(i) N(f, g x,y) is Schur-concave on I
if f is decreasing and g is decreasing and convex and f o g7* is convex
or if f is decreasing and g is increasing and concave and f o g1 is convex
or if f is increasing and g is increasing and concave and f o g7* is concave
or if f is increasing and g is decreasing and convex and f o g™V is concave.

2.1. Application of Theorem A1 for the Extended Mean Values

For x,y > 0 and r, s € R, extended mean values were defined in [9] by Stolarsky as follows:

r S _ xS 1/(s-1)
<§'gr—x7> ,  rs(r-s)(x-y)#0,
1 yr_xr 1/r
(- ey ogs) + *70 g0
E(r,s;x,y) = 1 1/ \ V& (2.16)
W<F> , s=r, r(x—y)#0,
VXY, s=r=0, x#y,
X x=y.

As a special case, the identric mean I, of order r and the logarithmic mean L, of order
r are recaptured. Namely, I,(x,y) = E(r,7;x,y) and L,(x,y) = E(r, 1, x,y).

On the other hand, note that the generalized weighted quasiarithmetic mean defined
in (2.1) is a generalization of the extended means. Namely, E(7, s; a,b) = My (x™1,id; a,b) for
ft)=t7".

Many properties of extended mean values have been considered in [10]. It was shown
that E(r, s; x, y) are continuous on {(r,s;x,y) : r,s € R, x,y >0} and symmetric with respect
to both r and s, and x and y.
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Schur-convexity of the extended mean values E(r,s; x, y) with respect to (r,s) and
(x,y) was considered in [4, 5, 11].

Sandor in [12] (and also Qi et al. in [11]) proved the Schur-convexity of the
extended mean values E(r, s; x, y) with respect to (7, s), using Theorem A1l and the integral
representation In E(r, s; x,y) = (1/(s —r)) f: In I;(x, y)dt.

Shi et al. in [5], using Theorem Al and Lemma A3 obtained the following condition
for the Schur-convexity of the extended mean values E(r, s; x, y) with respect to (x, y).

Theorem A4. For fixed (r,s),
(i) if 2 < 2r < sor 2 < 2s < r, then the extended mean values E(r, s; x, y) are Schur-convex
with respect to (x,y) € (0, +o0) x (0, +00),
(i) if (r,s) e {r<s<2r, 0<r<1}U{s<r<2s,0<s<1ju{0<s<r<1ju{0<
r<s<1}U{s <2r <0} U {r <2s <0}, then the extended mean values E(r,s; x, y) are
Schur-concave with respect to (x,y) € (0, +o0) x (0, +00).

Remark 2.5. As a special case forf(t) = t57" and g(t) = t" in Theorem 2.3, we recapture the
result from Theorem A4 for the extended mean values
y 1/(s-r)
rt At

i)
[Zrer-1dt )

(= ey )

Chu and Zhang in [13] established the necessary and sufficient conditions for the
extended mean values E(7, s; x, ) to be Schur-convex (Schur-concave) with respect to (x, y),
for fixed (r, s).

E(r,s;x,y) = Ms(gid; x,y) = <

2.17
1/(s-r) ( )

Theorem A5. For fixed (r,s) € R?,

(i) the extended mean values E(r,s; x, y) are Schur-convex with respect to (x,y) € (0, 00) x
(0,0) ifand only if (r,s) € {s>1, r>1, s+r >3},

(ii) the extended mean values E(r, s; x, y) are Schur-concave with respect to (x,y) € (0, 00) x
(0,00) ifand only if (r,s) € {r <1, s+r<3}U{s<1, s+r <3}

We remark that the above result does not cover the case r = s, that is, the case of
the identric mean I, (x, y) of order r. Monotonicity and Schur-concavity of the identric mean
I, (x,y) with respect to (x,y) and for fixed r was discussed in [14], using the hyperbolic
composite function.

Theorem A6. For fixed r € R,
(i) I (x, y) is increasing with respect to (x,y) € (0, 00) x (0, 0),
(ii) if 0 < r <1, then I,(x,y) is Schur-concave with respect to (x,y) € (0, 00) x (0, o).

3. Convexity

The following result is an extension of Wulbert’s result from [2].
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Theorem 3.1. Let f be a continuous function on an interval I with a nonempty interior. If f is convex
on I, then the integral arithmetic mean F defined in (1.3) is convex on I%.

Furthermore, for x;,y; € 1,1 = 1,...,n and nonnegative real weights w;, i = 1,...,n such
that 31, w;i = 1, the following hold:

1 (v u 1 (v
=% L f(t)dt < ;wﬁ L f(Hat, (3.1)

n

[ — v n Yi i i

where X = 31 wix; and y = YL wiyi.

Proof. Using the discrete Jensen inequality for the convex function f, we have the following
conclusion:

n n 1
> wiF (xi,y:) = D w; fo f(yis+xi(1-5))ds
=1 i=1

1 n

=I Zwif(y,-s+xi(1—s))ds
0 =1
1

(3.3)

> f f<iwi(yis +x;(1 - s))>ds
0 i=1

= J‘l f<5iwiyi + (1 - s)iwixi>
0 i=1

i=1

= F(%, 7).

So, function F is convex on I2.

Using the Hermite-Hadamard inequality for the convex function f, we can extend
inequality (3.1) on the left and on the right hand side as follows:

X+7 1 (Y " 1 (¥ Lo fla)+ f(yi)
7(5) <[ rwars Sty | s R
(|

Corollary 3.2. Generalized logarithmic mean L,(x,y) defined by (2.16) is convex for r > 2 and
concave for r < 2.

Proof. Apply Theorem 3.1 for f(t) = t"1. O
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Remark 3.3. Theorem 3.1 is a generalization of the discrete Jensen inequality. For x; = y;, i =
1,...,n, the inequality

n
> wiF (xi,yi) > F(X,7) (3.5)
i=1
recaptures the Jensen inequality
n n
> wif (xi) > f<zwixi>. (3.6)
i=1 i=1

Remark 3.4. The inequality (3.1) is strict if f is a strictly convex function unless x| = x = --- =
xn:ylzyzz--~:yn'

3.1. Applications

We recall the following definitions and remarks (see, e.g., [15]).

Definition 3.5. A function f : (a,b) — R is exponentially convex if it is continuous and

D& f (xi+x) 20, (3.7)

ij=1

foreveryn € N andevery & € R, i=1,...,nsuch thatx; + x; € (a,b),1<i, j<n.

Definition 3.6. A function f : I — R*, where I is an interval in R, is said to be log convex
if log f is convex, or equivalently, if for all x,y € I and all a € [0, 1], we have

flax+(1-a)y) < f*x)f*(y). (3.8)

Remark 3.7. If f: (a,b) — R* is exponentially convex, then f is a log-convex function.

Consider a family of functions ¢, : R* — R, r € R from [15], defined as

tT
— 0,1
r(r-1)’ r#dd

¢r(t) = § —logt, r=0, (3.9)

tlogt, r=1

Now, we will give some applications of (3.1).
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Theorem 3.8. Let X = X\ wixi, Y = Dby wiyi, let wi, i = 1,...,n be nonnegative real weights
such that 3.1 w; = 1 and x;,y; € I. Let us define function

1
Yi—Xi

n Vi v
1) = S [ deat- == [ g, (310)
i=1 Xi x

where ¢, is given by (3.9). Then, the following hold:

(i) the function r — T(r) is continuous on R,

(ii) for each n € Nand r1,...,1r, € R matrix [T((r; + 77)/2)]?].:1 is positive semidefinite.
Particularly,

det [T(”E”)]n >0, (3.11)

i,j=1

(iii) the function r — T(r) is exponentially convex on R,
(iv) if T(r) > 0, the function r — T (r) is log-convex on R,

(v) forri, i =1,2,3 such that r; < r, < r3, one has

(T(r2))"™ < (T(r1))™ (T (rs))" . (3.12)

Proof. Analogous to the proof of Theorem 2.2 from [15]. O

Following the steps of the proofs of Theorems 2.4 and 2.5 given in [15], we can prove
the following two mean value theorems.

Theorem 3.9. Let I be any compact interval, X = X1 wixi, Y = D,ioq WiYi, wherew;, i =1,...,n

are nonnegative real weights such that 3%, w; = 1 and x;, y; € 1. If f € C*(I), then there exists ¢ € 1
such that

@ [gwi <x12 + Xiyi + }/12> - <§2 +XxY + §2>] - gwiﬁ J‘j ftdt - % JZf(t)dt.
(3.13)

Theorem 3.10. Let I be any compact interval and X,y as in Theorem 3.9. If f1, f» € C*(I) such that
5 (t) does not vanish for any value of t € I, then there exists ¢ € I such that

1@) _ Show(1/(yi-x) [ Aivdt - 1/ G -9) [ At
2@ S wi (1 (v - x)) [V fatydt - (/G -%)) [ faddt

(3.14)

provided that denominator on right-hand side is nonzero.



12 Journal of Inequalities and Applications

Remark 3.11. LetX = >, wixi, ¥ = D1y wiyi, where w;, i = 1,...,nare nonnegative real weights
such that 3iL w; = 1 and x;, y; in 1. If the inverse of f}/ f; exists, then various kinds of means can
be defined by (3.14). Namely,

5= <_1">1 <Z?:1 wi(1/(yi - x)) i it - (1/ (7 - 7)) fol(t)dt> (3.15)
2/ \Zhwi(1/(vi=x)) I faOydt = (1/ (7 -7)) [£ falt)dt
Moreover, we can define three-parameter means as in [15]
C oixs s .o\ "
M, (wi; x5, y55m) = <Ts (;) > , (3.16)

where, including all the limit cases,

S [ ATy (M) - (M, (v)
Ts(r) = r3 —rs? [ng x; -y} (M, (x:)" = (M, (v:))”

s/2
My, (xi) - M, (vi) g (xl w;/ (x;-y;)
Ts(—S)=log<( ) )\ v (y)l_[< ) . s#£0;

s s s i/ (v =x;)
. s (M3, (x:) xp\ T
To(0) = log | Cixt) (i)’ | M (x1) I7( & s#0;
N\ Mz, () M\

], r3—r52¢0, s#0;

s/2

o (o) M)/ D)
s )¢ s Nt X wi !
Ts(S) = lOg (Mwi("')) ’(Mwi@')) ! | | < >

M5, (y )(Mwl :))* =

==

l

M S 2s _ M-i; : n s _
_ ( w(x)) 4( (y)) Zl yz S#O,
_1s “y (ML) - (M ()
To(r) = r3 [Z log xi—logyi log(MY,(x:)) —log(MS (i) |’ r#0,

_ 1< _log3xi - 10g3y1 (log Mz, (xz)) (log Mg, (%‘))3
o0 =3 [ZM logxi—logy:  log(M5,(xi)) - log(M% (yi))
(3.17)

and the weighted power mean of x; is denoted as

n R 1/s
<Zi=1wixi> , 570,
now; _
| Ii=1xi , s=0.

M, (x;) = (3.18)
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All the limiting cases of (3.16) are given as follows:

M, (wi; x7,yiin)
/ (M3, (xi))™ log (M3, (%)) — (M, ()" log (M, (1)) "\
(M, (i) = (M3, (i)
L ylogyl - xlog x]
- Z Wi s s
s-=2r im1 Yi =%
=exp 2 + r+s r+s 4
re-rs (M3, ()" = (M3, (y:)) i vt ox
B A M -
(M3, ()" = (M3, ()" & ¥i—x

\ /

M, _(wi;x;,yi;m)

log” (M, (xi)) - log® (M5, (v1)) ~ z"; w'logfo ~log’y?
Cop| 3a Ml —(Mu @) & xow
25 log(M;, (xi)) —log(Mz, (vi)) Z 08 % —logy;
(M5, (x1))° = (M5, (y))° S x-y

Mg o (wi; x3, yi5m)

log® (M3, (xi)) —log (M3, (vi)) 3 yilog’y; - x}log’x;

1 (M5, (x:))° = (M3, (y:))° = ' y; —x;
=exp| -+
s log(Ms, (xi)) —log (M, (vi)) ~ i w_yis log y§ — x{ log x3
(M5, ()" = (M3, (v0))” & v - x;
MG (wi; x, yim)
[ (M2 ) log (M3, () — (M, (1) “log* (M3, (1)) \
(M, (x0)" = (M3, (1))
| g - o'
- wi —
1 i=1 Yi =%
=exp| ——+ /

S (M3, (x) " log (M3, (x:)) - (M3, (v))* log (M3, (vi))
(M3, (x:))" = (M3, (1))’
i*logy; - x;"log x;

y; - x; /

o~ Y
. 2@
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My, (wi;log(x;),1og (vi); n)

[ (Mg, (x1))" log(My, () — (Ma, (v:))" log (M, (1))
log (M, (xi) — log(Ma, (v:))
_i x; log x; — y; log y;

B 2 log x; — log
=exp - + MO v - ,
(M3, (xi)" = (M5, (i) Z Xy
log(My, (x:)) —log(M%, (yi)) & 10g x; — log y;

\ /

M (wi;log(xi), log (vi); n)
log® (M, (x)) = log® (MY, (1)) 3 1, (08 %)’ = (log ;)
1 log(MS, (i) ~log(M0, (v:)) & logxi-logy

3 Z (logxi)* -~ (log )’
= log x; — log v

log(Mg-’z (xi)) + log(M‘?lh (yl

(3.19)

Theorem 3.12. Let x = X/ wixi, Y = >, wiyi, where w;, i = 1,...,n are nonnegative real
weights such that >, w; = 1 and x;,y; € 1. If r,p,u,v € R are such that r < u, p < v, then the
following inequality is valid:

M, (wi; xi, yi;n) < M, (wi; xi, yi; n). (3.20)

Proof. It follows the steps of the proof of Theorem 4.2 given in [15]. O

Remark 3.13. As a special case for x; = y;,i=1,...,n, we recapture the discrete version of the results
obtained in [16].

4. Hermite-Hadamard Inequality

Let us recall the Hermite-Hadamard inequality: if f : I — R is a convex function on I and
a, b € I such that a < b, then the following double inequality holds:

a+b 1 f(a)+ f(b)
f( 2 )Smj‘af(t)dtsf. (4.1)

In [17], it was shown that f is convex if and only if at least one of the inequalities in (4.1) is
valid.

An interesting fact is that the original proof of Theorem Al was given using the second
Hermite-Hadamard inequality and the first one follows from the same theorem.
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A very interesting inequality closely connected with the Hermite-Hadamard inequal-
ity was given in [18]. Namely, it was shown by a simple geometric argument that for a convex
function f, the following is valid:

b b b b
0§ﬁfﬂf(t)dt-f<a; >Sf(a);'f( )_biaj‘af(t)dt‘ (4.2)

The same inequality was rediscovered later in [19] through an elementary analytic proof.

4.1. Application of Theorem A1 for a Function Connected with
Hadamard Inequality

Dragomir et al. in [20] (see also [21, page 108]) considered a function L : [0,1] — R,
connected to Hadamard’s inequality, given by

1

b
L(t) = 202 L [f(ta+ 1 -t)x) + f(tb+ (1 - t)x)]dx, (4.3)

where f : ] CR — Rand a,b € I with a < b, and showed convexity of L if f is convex
function on I.

Yang and Hong, in [22] (see also [21, page 147]) considered a similar function. Shi, in
[23], found a similar result as Theorem A1 for the function L.

Theorem A7. Let I C R be an interval with a nonempty interior and f be a continuous function on
L. For function Pr(a,b) defined on 1% as

{L(t), a,bel, a#b,
Pr(a,b) = (4.4)
f(a)/ a= b/

the following hold:
(i) for 1/2 <t <1, if f is convex on I, then Py, is Schur-convex on I 2
(ii) for 0 < t < 1/2, if f is concave on I, then Py is Schur-concave on 1%

In [24], we obtained Schur-convexity of the Cebigev functional. In note [25], our first
aim was to give another similar result to Theorem A1l.

Theorem A8. Let I C R be an interval with a nonempty interior. Let f be a continuous function on
I and a a continuous function on [0,1]. Let L, : [0,1] — R be a function defined by

b
Lo(t) = = | [F(a(ha+ (1= a(t)x) + fa®b-+ (1 - ()] dx. (45)
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For a function Py(a,b) defined on I as

La 7 /b 7 b/
ma,b):{ O abel a7 (46)
f(a), a=b,

the following hold:

(i) for a such that minyerar(t) = 1/2, maxeera(t) = 1, if f is convex on I, then Py is Schur-
convex on I?,

(ii) for a such that mingeja(t) = 0, maxeera(t) = 1/2, if f is concave on I, then Py is Schur-
concave on 1.

Another function defined by a double integral in connection with the Hermite-
Hadamard inequalities is considered in [26]

1

0=

ffbf(tx +(1-t)y)dxdy. 4.7)

Shi, in [23], found a similar result as Theorem A1 for this function G(f).

Theorem A9. Let I C R be an interval with a nonempty interior, f a continuous function on I, and
0 <t < 1. If f is convex (concave) on I, the function Q(a, b) defined on I? as

G(t), abel, a#b,
Q(a,b) = { (4.8)
f(a), a=b

is Schur-convex (Schur-concave) on I2.

4.2. Schur-Convexity of Hermite-Hadamard Differences

In [27], the property of Schur-convexity of the difference between the middle part and the
left-hand side of the Hermite-Hadamard inequality (4.1), and the difference between the
right-hand side and the middle part of the same inequality, was investigated. The following
theorems were proved.

Theorem A10. Suppose I is an open interval and f : I — R is a continuous function. Function

1 (Y x+y)
tydt—fl —— ), xye€l, )
L(xy) = y_xfxf() f( > xyel xty

0, x=yel

(4.9)

is Schur-convex (concave) on 1% if and only if f is convex (concave) on 1.
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Theorem Al11. Suppose 1 is an open interval and f : I — R is a continuous function. Function

fO+fy) 1 (7
Ry - T o yx) JOd myel sy (4.10)

0, x=yel
is Schur-convex (concave) on 1% if and only if f is convex (concave) on 1.

First, we state a simple consequence of Theorems A1, A10, and A11.

Corollary 4.1. Let f : I C R — R be a continuous function. Then, the following statements are
equivalent:

(i) f is convex (concave),
(ii) F is Schur-convex (Schur-concave),
(iii) L is Schur-convex (Schur-concave),

(iv) R is Schur-convex (Schur-concave),
where F is defined as in (1.4), L as in (4.9) and R as in (4.10).

Remark 4.2. 1t is not difficult to verify that

OF OF OL oL
a—@—a—@/ (4.11)
which, after applying Lemma Al, is another proof of (ii)&(iii) in Corollary 4.1.

In [28], the following identity was derived: if f : I C R — R is such that ™V is

absolutely continuous for somen >2, a,b € I, a <band x € [a,b], then

(b _ x)i+2 _ ([1 _ x)i+2

1 b n-2 (i+1)
ba | Fwde= o0+ St B

, (4.12)
+ ﬁ <L (a-b"f™(t)dt + L (b—t)" ™ (t)dt>'

Applying identity (4.12) for n = 2, then choosing, respectively, x = a and x = b, adding
up two thus obtained identities, and finally dividing by two procures

) - )] = [ [t B2 £ (1) dt
PO -7@] = e [ [e-07+ @0 o

(4.13)

L fb foyde- 1@ ;f(b) L

Identity (4.13) enables us to give a new proof of sufficiency in Theorem A11.
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Proof of sufficiency in Theorem A11. We have

dR OR 2 (¥ 1 , ,
v-9(5 ~5) = 75 ). FOdt - @)+ @]+ 5= 01 (1) - £ )
(4.14)

Using (4.13), we see that in fact
OR OR _ 1 y _ 2 YA

Since by assumption f is convex (concave), Lemma A1 yields that R is Schur-convex (Schur-
concave). 0

Remark 4.3. Note that with an additional assumption that f € C?*(I), since(27)is valid for
all x,y € I, from (4.15) necessity in Theorem A1l follows as well.

Identity similar to (4.13) can be found in [29]:if f : [a,b] — R is twice differentiable,
then the following identity is valid:

(" f@+f) b-a, 1 (s asb\?,
mfaf(t)dt— AR LU [f(b)—f(a)]—mfa<t— : )f(t)dt,

(4.16)

With the help of identity (4.16), we can present the following.

Theorem 4.4. If f : I CR — R is a convex (concave) function, then the function

f)+f(ly) 1. /x+y 1 (v
P(x,y) = — +§f<T>_ﬁfxf(t)dt' x,yel, x#y, (4.17)

0, x=yel

is Schur-convex (Schur-concave).
If f € C?(I) and P is Schur-convex (Schur-concave), then f is convex (concave).

Proof. Using (4.16), we deduce

oP 8P>

-5 (5~ 55 ) = 7 | FOdt= 1)+ F] + L1 () - 7 )

- ! - fj (t - ¥>2f"(t)dt.

If f is convex (concave), from Lemma Al, it follows that P is Schur-convex (Schur-concave).

(4.18)
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Now, assume in addition that f € C?(I). Applying the integral mean value theorem
yields that there exists ¢ € (x, y) such that

G-o(L- Py op (Y - O e, e

and this is valid for all x, y € I. Since by assumption P is Schur-convex (Schur-concave), from
Lemma Al, it follows that f is convex (concave). O

Remark 4.5. If P(x,y) is Schur-convex, since ((x +y)/2,(x +y)/2) < (x,y), one has

P<x+y, x+y> SP(x,y)

2 2
(=>0§f(x)+f(y)+1f<x+y>—ﬁfyf(t)dt

4 2 2

g x+y\ _f+fy) 1 (7
= o [ roa-p(5E) L s

(4.20)

which is exactly (4.2). Since in Theorem 4.4 we have shown that P is Schur-convex if f is
convey, this is in fact a new proof of (4.2).

5. Convexity and Schur-Convexity of Divided Differences

In this final section, we turn our attention towards divided differences. Let us first recall the
definition.

Definition 5.1. Let f : [a,b] — R A nth-order divided difference of f at distinct
points xo,...,x, € [a,b] is defined recursively by

[xi]f:f(xi)/ i=0,...,1’l,

_ [xlr---/xn]f_ [x0/"'/xn*1]f
B Xy — X0 '

(5.1)

[x0,..., xa]f

Notion closely related to divided differences is n-convexity.

Definition 5.2. A function f : [a,b] — R is said to be n-convex on [a, b], n > 0, if and only if
for all choices of n + 1 distinct points in [a, b],

[x0,...,xn]f 2 0. (5.2)

If the inequality is reversed, then f is said to be n-concave on [a, b].

For more details on divided differences and n-convexity, see [7].
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In [30], Zwick proved the following theorem.

Theorem A12. Let f be (n + 2)-convex on (a,b). Then, the function

Glx) =[x, x+hi,...,.x+h,]f (5.3)

is a convex function of x for all x and all hy, ..., hy, such that x + h; € (a,b),i=1,...,n.
Therefore, for p; > 0and x; € 1,1 =1,...,m, where I is the domain of G, Jensen’s inequality
yields

1 & — — —
P—Zpi[xi,xi +hy,. .. xi+h)f 2[x,Xx+hi,...,.x+h,]f, (5.4)
m =1

wherex = 1/P, 31", pixi.

This theorem is a generalization of a result from [31], where only 3-convex functions
were considered. An additional generalization was given by Farwig and Zwick in [32].

Theorem A13. Let f be (n + 2)-convex on (a,b). Then,
G(x) = [x0,..., %] f (5.5)

is a convex function of the vector x = (xo, . .., x,). Consequently,

I:Za,-x’o,...,Za,-x;:If < Zai [x’o,...,x;l]f (5.6)
i=0 i=0 i=0

holds for all a; > 0 such that 3,y a; = 1, which is a generalization of (5.4).

Note that the divided difference is a permutation symmetric function. Thus, the
following theorem follows from Theorem A13 and a result on majorization inequalities. It
was obtained in [33] by Pecaric’ and Zwick.

Theorem Al14. Let f be an (n + 2)-convex function on (a,b). If (x,y) € (a, b)"™ and x > y, then
[xOI"'Ile]fZ [yOI"'/yn]f/ (57)

that is, function G defined in (5.5) is Schur-convex.

Many more results involving divided differences were obtained, among others the
multivariate analogues, all of which can be found in [7].
About a decade later, Merkle in [34] presented the following.



Journal of Inequalities and Applications 21

Theorem A15. Let f be differentiable on I C R and f' continuous on 1. Define

fy) -
D(x,y) = y-x wy el x#y, (5.8)
f'(x), x=y€l

Then, the conditions (A)—(E) are equivalent and the conditions (A)—( E') are equivalent, where

(A) f' is convex on I,
(B) f'((x +y)/2) < D(x,y) forall x,y € I,
(C) D(x,y) < (f'(x) + f'(y))/2 forall x,y €1,
(D) D is convex on 12,

(E) D is Schur-convex on I?
and

(A') f'is concave on I,

(B) f'((x+y)/2) > D(x,y) forall x,y € I,
(C) D(x,y) 2 (f'(x) + f'(y)) /2 forall x,y € I,
(D) D is concave on I?,

(E') D is Schur-concave on I2.

First, note that function D defined in (5.8) is the 1st-order divided difference of
function f. Also,

1 v,
D(x,y) = vx L f'(t)dt. (5.9)

Thus, it becomes clear that the statements (A)<(E) and (A')&(E) are in fact an alternative
statement of Theorem Al. Furthermore, implications (A)=(E) and (A)=(E) are a special
case of Theorem A14, while (A)=(D) and (A")=(D') are a special case of Theorem A13.

Moreover, note that (B) and (C), that is, (B) and (C), are in fact the Hermite-
Hadamard inequalities and we have already commented on their relation with Theorem
Al—one side is used in the proof and the other is a consequence of the theorem.

Implications (D)=(E) and (D)=(E) are trivial, since D is symmetric.

Furthermore, the statements (A)e(D) and (A')<(D') are an alternative statement of
Zhang and Chu’s result from [3] and the necessity part recaptures Wulbert’s result from [2]
and the result from our Theorem 3.1.
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5.1. Applications of Schur-Convexity of Divided Differences

In [35], Yang introduced the following mean: let f : R* x R* — R be a symmetric and
positively homogeneous function (i.e., such that for A > 0, f(\x, A\y) = Af(x,vy)), satisfying
f(1,1) =1. For p,q € R, the two-parameter family generated by f is defined as

( <f(x”, ) >”<’“” .
f(x,y7)
Hi(p,q:x,y) = 1 d 5.10
05D ep( g, pegso, O
VXY, p=q=0.
Note that the extended mean vales E(r, s; x, y) and the Gini means
"+ 1y 1/(r-s)
(xs+ys) : r#s,
G(r,s;x,y) = gl - (5.11)
exp(x ng+y 0gy>, r=s
x"+y"

are obtained as special cases of this new mean. In [36], necessary conditions under which
Gini means (5.11) are Schur-convex and Schur-concave were given. In the short note [37],
Witkowski completed this result with the proof of sufficiency of those conditions.

In a series of papers, Yang investigated various properties of the mean #j, such
as monotonicity and logarithmic convexity. In [38], Witkowski continued his research
by extending his results, giving simplified proofs and other conditions equivalent to
monotonicity and convexity of Hy. In order to do this, he introduced the function: f t) =
log f (exp(t), 1), so as to present H in the form

f(plog(x/y)) —f(qlog(x/y))' (5.12)

Hi(p,g;x,y) =yexp s

Using this form and Theorem A15, he proved the following.
Theorem A16. The following conditions are equivalent:
(a) forallp,q > 0and all x,y > 0, log K is convex (concave) in p and q,
(b) forallp,q > 0and all x,y > 0, log H s is Schur-convex (Schur-concave) in p and gq,
(c) f’ (t) is convex (concave) for t > 0,
(d) forallp,q <0andall x,y >0, log Ky is concave (convex) in p and q,
(e) forallp,q < 0andall x,y >0, log Ky is Schur-concave (Schur-convex) in p and g,

(f) f'(t) is concave (convex) for t < 0.
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If f is positively homogeneous, then so are #; for every (r,s) and so the four-
parameter family can be created by

Fr(p gt s;x,y) = HKaos) (P4 %, Y). (5.13)
Since
5 = LD IED, (5.14)

Witkowski was able to apply all the results obtained for the two-parameter means, in
particular Theorem A16, for this new family of means. The one of special interest to us is
the following.

Theorem A17. If r + s > 0, the following conditions are equivalent:

(a) forallp,q > 0and all x,y > 0, log ¥ is convex (concave) in p and q,
(b) forallp,q > 0and all x,y > 0, log ¥ is Schur-convex (Schur-concave) in p and q,

(c) £ f’"(t) increases (decreases) for t > 0,
(d) forallp,q < 0and all x,y >0, log ¥ is concave (convex) in p and q,
(e) forallp,q < 0andall x,y > 0, log ¥ ¢ is Schur-concave (Schur-convex) in p and q,

(f) £ f’”(t) decreases (increases) for t < 0.

Ifr + s <0, then the conditions (c) and (f) reverse.

Note that the same four-parameter family of means was the object of interest to Yang
in [39]. He gave conditions under which ¥ are increasing (decreasing) and logarithmically
convex (logarithmically concave). Necessary and sufficient conditions for ¥ to be increasing
(decreasing) were, however, given in [38].
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