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Abstract. In 1985 Godunova and Levin have considered the following class of functions. A
function f: I — R is said to belong to the class Q(7) if it is nonnegative and for all x,y € I
and 1 € (0,1), satisfies the inequality:

Na

F(A=0)x+1y) < flﬁ + @

~

Here [ is an interval of R.

It is known that all nonnegative quasiconvex functions belong to this class and this class of
functions coincides with the class of Schur functions .#(I), that is, with the class of nonnegative
functions that satisfy the inequality

Y ) (x—y)(x—2) =0 forevery  x,y,z€l

The aim of this paper is to survey some important properties of functions belonging to these
classes of functions and to prove some new results concerning properties of functions from them.

1. Introduction

The following inequality is known as the Schur inequality.
Theorem. Let x,y,z be nonnegative real numbers. Then for every r > 0 the fol-
lowing inequality holds:

FV(x=y)(x=2)+yY —2)(y—x)+7 (z=x)(z—y) =0 (1.1)

Equality holds if and only if x =y = z or if two of x,y,z are equal and the third is zero.

In case the exponent r is an even number then inequality (1.1) holds for every
X,y,z real numbers.

One of the reasons for which Schur’s inequality is studied is related to its applica-
tions to geometric programming.

Geometric programming is a part of nonlinear programming where both the objec-
tive function and constraints are polynomials with positive coefficients (posynomials),
that is

P(x1,%0, .., Xp) = 2 aax?'xgz...xfl‘"
ot <m
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where o = (0,00, ...,0,) is a n-dimensional vector with components natural num-
bers, |a| = oy + o + .... + o, and all coefficients a, are nonnegative numbers. Ex-
panding terms in (1.1) we get

St pxyz () = Yty + ¥tz
Therefore Schur’s inequality is equivalent to an inequality between two posynomials.

DEFINITION 1.1. Let D be a subset of R containing at least two elements and
f:D — R be a map. Denote by S(f,x,y,z) the sum

fER)E=y)x=2)+f)G-2)0—x)+f(z)(z—x)(z—Y)

We shall say that a function f : D — R belongs to the class .’(D) of Schur functions
if the following inequality holds:

S(f,x,y,z) 20 forevery x,y,z€D (1.2)

One can easily see that all the functions from .%(D) are nonnegative.

In [7] E. M. Wright had generalized the Schur’s inequality, showing that the in-
equality (1.1) holds if the function f(x) =x" is replaced with a nonnegative convex
function or with a nonnegative monotone function.

Consequently nonnegative convex functions and nonnegative monotone functions
belong to the class of Schur functions defined on some interval D.

In [2] Godunova and Levin had introduced the following class of functions:

If D is an interval of R a function f: D — R is said to belong to the class Q(D)
if it is nonnegative and for all x,y € D and ¢ € (0, 1), the following inequality holds:

Pl =0ty < £ L0 (13)

Of course one can extend the definition of the Godunova and Levin class of func-
tions Q(D) in the case D is a subset of R containing at least two elements. Therefore
we shall say that a function f: D — R is said to belong to the class Q(D) if it is non-
negative and for all x,y € D and 7 € (0,1), such that (1 —¢)x+ty € D the inequality
(1.3) holds.

In [2] Godunova and Levin have shown that . (D), the class of all Schur functions
defined on D, coincides with the Godunova-Levin class of functions Q(D).

In the second paragraph we shall survey some important properties of the functions
belonging to the Godunova-Levin-Schur class of functions.

In the third paragraph we shall prove some new properties of Godunova-Levin-
Schur functions.
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2. A survey of the properties of the Godunova-Levin-Schur functions

In the present paragraph we shall denote by D a subset of R containing at least two
elements. We shall denote with .#(D) the class of Godunova-Levin-Schur functions
defined on D. The class of the Godunova-Levin-Schur functions was studied in a series
of papers [1], [3], [4, pp. 410-413], [5] and [6].

In [6] VaroSanec had introduced a very general class of functions known as the
class of h-convex functions. More precisely, let I be an interval of R and %: (0,1) —
R be a nonnegative function with the property that there exists 7y € (0,1) such that
h(tg) > 0. A function f : 1 — R is called a h-convex function if f is nonnegative and
forall x,y € I, € (0,1) we have

flox+(1—a)y) <h(a) f(x)+h(1—a)f(y) (2.1)

If inequality in (2.1) is reversed, then f is said to be h-concave. Denote by
SX (h,I) the class of all h-convex functions. The notion of %-convex function is of
course more general than the notion of Godunova-Levin-Schur function. The class of
h-convex functions contains in case that special selections are made for the function
h some important classess of functions. Obviously, if i (ct) = o, € (0,1) then all
nonnegative convex functions are k-convex functions. If & (o) = é,a € (0,1) then
SX (h,1)=(I). If h(a) =1,a € (0,1) then SX (h,I) contains the class P (I) of all
P—functions defined on /. By a P—function we understand a nonnegative function
f I — R with the property that

flax+(1—a)y) < f(x)+f(y) forall x,yel

The paper [6] contains many interesting properties of the 4 -convex functions.
In [3], was proved the following version of the famous Jensen inequality for con-
vex functions.

THEOREM 2.1. Let D be aninterval of R, n > 2, wi,wy,...,wy, be real numbers
and f € S (D). If v, =wi+wy+...+wy then for every x1,x3,....x, €I the following

inequality holds
1 n n f (xl)
— D WiXi | SV
(g 35

ni—1 w

Let I = [ao,b,) be an interval of the real line, a,b €I, a<b and f : I —R bea
convex function. The following inequality is known as the Hadamard’s inequality:

a+b 1 b f(a)+ f(b)
< EA AL
f( ! )\b_a/a f () dx !
In [1] were proved two sharp integral inequalities of Hadamard type for the Godunova-

Levin-Schur functions.

THEOREM 2.2. [1] Let I be an interval of R, a,b €1, a<b and f € S (I) a
function integrable on [a,b].Then the following inequalities hold:

b\ 4 b
f(a;’ )gb_a/a £(x)dx 22

N
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and
1

b—a

[ p) e OO 23)

where p(x) = %,xe I

The constant 4 in (2.2) is the best possible.

In [5] were proved the following properties of the Godunova-Levin-Schur func-
tions:

PROPOSITION 2.1. [5] The following assertions hold:

1°1f f € Z(D) then f >0.

20 If f € .7(D) and for some a,b € D,a < b, we have f(a) = f(b) =0 then
f(x) =0 forevery x € [a,b]ND.

30 Ifthere exists a,b € D, a < b, such that # €D and

(%52) > @2 )

then f ¢ /(D).

PROPOSITION 2.2. [5] Let f:D — R be a map. Suppose that there exist two
positive constants m, M such that:

O0<m< f(x) <M< 4m foreveryxe D

Then f is a Godunova-Levin-Schur map on D.

PROPOSITION 2.3. [5] Let f: D — R, be a map. Suppose that there exist two
positive constants m, M such that:

O<m< f(x) <M foreveryxeD

For every a >0 considerthe map f,:D — R, f,(x)=f(x)+a, x€D.

Then for every a > max (M_34m ,O) the map f, is a Godunova-Levin-Schur map

on D.

PROPOSITION 2.4. [5] Let f(x) = (x2 - 1)2, x € R. For every a > 0 consider
themap f :R— R, f,(x)= f(x)+a, x € R. Then the following assertions hold:

19 Forevery a€[0,3), fa ¢ /(R).

20 Forevery ac [1,%), f, € Z(R)

30 For every a € R, f, is not quasiconvex and is not the sum of two positive
monotone functions.

PROPOSITION 2.5. [5] Let ¢ : R — R be a map with the property that fo ¢ €
Z(R) for every f € .#(R). Then ¢ is monotone.
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PROPOSITION 2.6. [5] Let f:[0,3] =R, f(x) =x—x?, x€ [0,3]. Then
re7([0.3)).

3. Some new properties of the Godunova-Levin-Schur functions

In this paragraph we shall prove some new properties of Schur functions. We shall
denote by D a subset of R containing at least two elements.

PROPOSITION 3.1. Suppose that infD = —eo. Let a € D, f € .7 (D) be such that
f(x) =0 for every x € (—oo,a|ND. Then f is increasing on D

Proof. Let x,y,z € D be such that x < a <y < z. Since f € ¥ (D) we have
0<S(fx32) =f)(y—2)(y—x)+/(2) (z—x) ()

hence
f@)(z—x)—f(y)(y—x) >0 forevery x € (—oo,a]ND

thus

x(f(y)=f(2)+2zf(2) —=yf(y) =0 forevery x € (—eo,a] N D

Letting x — —oo in the preceding inequality we obtain f (y) < f (z) . Consequently
we proved that f isincreasing. [

PROPOSITION 3.2. Suppose that supD = 4. Let a € D, [ € #(D) be such
that f (x) =0 for every x € [a,+o0) ND. Then f is decreasing on D.

Proof. Let x,y,z € D be such that x > a >y > z. Since f € ¥ (D) we have

0<S(f,x,2) =f() =2 —x)+f(2)(z—x)(z—y)

hence
f@)(z—x)—f(y)(y—x) <0 forevery x € [a,+)ND

thus

x(fO)=f(@)+zf () —yf(y) <0 forevery x € [a,+o)ND

Letting x — oo in the preceding inequality we obtain f (y) < f (z) . Consequently
we proved that f is decreasing. [

PROPOSITION 3.3. Suppose that infD = —oo and supD = +oo. Let ¢ : D — R
be a map with the property that @ - f € S (D) for every f € /(D). Then @ isa
nonnegative constant map.
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Proof. For every a € D consider the maps f,:D —R and g,:D—R

[ 1 if xela,+e)ND
f“(x)_{o if x € (—e0,a)ND

ga(x) =1 — f,(x) for every x € D. Note that f, is increasing and g, is decreas-
ing. Consequently f,,g, € (D). Hence ¢- f, € /(D) and ¢- g, € (D). By
proposition 3.1. it follows that the map ¢- f, is monotone increasing for every a € D,
hence the map ¢ is increasing. By proposition 3.2. it follows that the map ¢- g, is
monotone decreasing for every a € D, hence the map ¢ is decreasing. Hence ¢ is a
constant map. [

PROPOSITION 3.4. Let f € S (R) be a map with the property

lim f(x) = lim f(x)=0 (3.1)

X——oo X—roeo
Then f=0.
Proof. Let z € R, a=b = %. By (1.3) we have

f(z+x) +f(z—X)

fR)=flalztx)+b(z—x) < — 5

=2f(z+x)+2f(z—x)
hence

f(2) ZXEIEN[Zf(z+x)+2f(Z—x)} = ZXETmf(x)+2 lim f(x)=0 O

xX——od

PROPOSITION 3.5. Let f € #(D) and xo € D. Suppose that there exists a se-
quence (xp),~, in D such that limx, = +oo and limx, f(x,) =0. Then f =0 on
= n—o0 n—oo

[x0,+o°) N D.

Proof. Let xo < x. Then there exists a natural number n, such that x < x, for
every n 2 n,. Denote

Xp—X X — X0
a, = , b= , for every n > n,.
Xn — X0 Xn — X0

Note that a,, b, € (0,1) , a,+ b, =1 and x = a,xo + bx, for every n > n,. Since
f €. (D) we have

£09 = e o) < 04 L) = TR = g 2
whence |
fx) <xnf(xn)x(i€70x/0xn)

Letting n — oo in the preceding inequality we obtain f (x) =0. O
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PROPOSITION 3.6. Let f € 7 (D). Then the following assertions are equivalent:
19 f is a quasiconvex map.
20 There exists a sequence (o) k=1 Of positive numbers such that klim O = +o°

and f % € (D) forevery k > 1.

Proof. To prove that 1° implies 2° suppose that f is a quasiconvex map. This
implies that f * is quasiconvex for every a > 0.Hence for every sequence (%), of
positive numbers such that lim oy = +eo we have that f % is quasiconvex. Conse-

—00

quently f % € (D) forevery k > 1.

To prove that 2° implies 1° suppose that there exists a sequence (o) k=1 Of posi-
tive numbers such that ]}1_{1010 0y =+oo and f % € (D) forevery k > 1. Let x,y € D
be such that 0 < f (x) < f (v) . We shall prove that f is a quasiconvex map on [x,y|ND.
We shall study two cases: the case f(y) =0 and the case f(y) > 0.

If £ (y) =0 then f(t) =0 for every ¢ € [x,y]ND.

If f(y) >0and a,b e (0,1), a+b=1 and ax+by € D then

f % (ax + by) < fa;(x)+ fOZ(Y)

If we divide the preceding inequality by f % (y) we obtain

X
a

o <2 e

70) »Sath

hence

Thus f(ax+by) < f(y) =max(f(x), f(v)). O

PROPOSITION 3.7. Let f:R — R be a periodic map. Then the following asser-
tions are equivalent:

1° fe Z(R)
20 0 <supf <4inff

Proof. To prove that 1° implies 2° suppose that f € .%(R) and x,y € R. Denote
by T the period of f, nyg = [@] + 1. By [c] we denoted the greatest integer less or

equal to c. Consider the sequences (a,),»; and (by),>, an= X_zy:T”T , by=1—a,,
n > 1. Note that a,, b, € (0,1) for every n > ny and lima, = limb, = % Letting
n—oo n—oo

n — o= in the following inequality
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f () = flan(x=nT)+by(x+nT))

_Sa=nl) | flanT) £, f0) S
ay, b, a, b, anb,

we obtain f(y) <4f (x). Since x and y were chosen arbitrarily it follows that sup f <
4inf f

To prove that 20 implies 1° suppose that 0 < sup f < 4inff.

Let x,y € R, a,b € (0,1), a+ b = 1. From the inequalities
fx) , f()

a+b

1 1
flax+by) <supf <4inff < (54—5) inf f <
it follows that f € #(R). O

THEOREM 3.8. Let f:R — R be a function of class C' with the following prop-
erties:
lim f'(x) = —coand lim f'(x)= +oo (3.2)

X——00 X—>—foo

For every a € R consider the map f; :R — R, fu(x) = f(x)+a, x€R. Then
there exists a € R such that f, € ./ (R).

Proof. If t € R denote 1 = # and 7_ = MT_t Then f'=(f"), —(f')_.
Let g,h: R — R be functions of class C! suchthat g’ = (f'), and h'=—(f')_,
8(0)=h(0).

From (3.2) it follows that there exists ¢ > 0 such that (f'), =0 on (—oo,—]
and (f')_ =0 on (c,+e°). Consequently g =constant on (—oo, —c| and h =constant
on (c¢,+e0). Since g is monotone increasing and 4 is monotone decreasing it follows
that g and & are bounded from below. Consequently there exists a € R such that g+ 5
and h+ & are nonnegative, hence they belong to .#'(R). Since

e 8) 49
it follows that f, € /(R). O

THEOREM 3.9. Let f: R — R be a rational function of the following type

where P and Q are polynomial functions generated by monic polynomials and Q (x)
> 0 for every x € R. Denote m =degP, n=degQ. For every a € R consider the map
fa:R—=R, fy(x)=f(x)+a, xeR.

Then the following assertions hold:

19 If 0 < m < n, there exists xo € R such that f(xq) >0 and f is nonnegative
then f ¢ . (R).
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20 If m = n then there exists a € R such that f, € (R).
3% If m > n and m —n is even then there exists a € R such that f, € Z(R).
49 If m > n and m— n is odd then for every a € R we have that f, ¢ .7 (R).

Proof. To prove 1° note that 0 < m < n implies that (3.1) holds. By proposition
3.4. it results that f ¢ . (R). Suppose now that m = n. Since
lim f(x) = lirJrr1 flx)=1

it follows that f is bounded on R. Let M| and M, be such that M; < f(x) < M, for
every x € R. We shall prove that

1
a > max |M1‘7§(M2—4M1) (33)

implies that f, € . (R). Note that (3.3) implies 0 < M; +a < f(x) +a < My+a <
4 (M) + a). From proposition 2.2. f, is a Godunova-Levin-Schur map on R. Thus
assertion 2 is proved.
To prove 3"note that m > n and m — n is even implies that
P
fO) o PW)

. / _ . S\ —
xl—lglwf (x) N xl—l>IP°° X x——x(Q) (X)

e S0 PE
Jim () = Jim == = lim e =+

By theorem 3.8. there exists a € R such that f, € . (R).
If m > n and m —n is odd then for every a € R we have lim f, (x) = —oo.This

X——00

implies that f, fails to be nonnegative, hence f, ¢ . (R). O
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