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a(x)-MONOTONIC FUNCTIONS AND THEIR INEQUALITIES

JosipP PECARIC AND KSENIJA SMOLJAK

(Communicated by N. Elezovic)

Abstract. In this paper a(x) -monotonic functions are defined and some inequalities for them are
derived. Related analogous of the Lagrange and the Cauchy mean value theorems are also de-
rived and means of the Cauchy type are generated. Furthermore, it is shown that the monotonicity
of the Stolarsky means can be proved using the notion of generalized monotonic functions.

1. Introduction

The following result is well known (it can be found in [2, p. 133-134]):
If the linear differential equation

u'(t) =a(t)u(t), u(0)=c, (L.1)
and the linear differential inequality
V(t) = a(t)v(t), v(0)=c, (1.2)
are both valid for 0 <t < T, then
v(t) Zu(t), 0<r<T. (1.3)

Differential inequality y'(x) — a(x)y(x) > 0 is sometimes used as a definition of gener-
alized increasing functions. In this paper we shall observe an analoguous generalization
which we will call a(x)-monotonic functions.

First, let us recall Stolarsky means:

s(yP —aP) }'l
POy —x)

WAME)
>
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where x and y are positive real numbers x # y, p and s are any real numbers. Stolarsky
introduced this means in 1975 (see [13]).

In the following theorem we state monotonicity of Stolarsky means first proved by
Stolarsky (see [13]).

THEOREM 1.1. Let r < s, | < p, then the following inequality is valid
E(x,y;rl) SE(x,y;s,p) (1.4)
that is, the mean E(x,y;s,p) is monotonic.

Another proof, using a definition of monotonic functions, is given in [5]. In this
paper we shall show that Theorem 1.1 can also be proved by using definitions of gen-
eralized monotonic functions.

REMARK 1.1. Necessary and sufficient conditions for (1.4) to be valid are given
in [9].

The paper is organised as follows. In Section 2 we define a(x)-monotonic func-
tions and give some inequalities for them. In Section 3 we derive analogues of the
Lagrange mean value theorem and the Cauchy mean value theorem. In Section 4 we
prove the exponential convexity of a function defined as the difference between the
left-hand and the right-hand side of the inequality which defines a(x)-monotonic func-
tions, give means of Cauchy type and prove Theorem 1.1 using generalized monotonic
functions.

2. Properties of a(x)-monotonic functions and their inequalities

DEFINITION 2.1. Let f, a be real functions defined on interval / C R such that
af isintegrabile. Function f is called a(x) -increasing on interval I if for every x,y € I

O=X)(0) = £) > 6—) [ alseds @.1)

holds.
Function f is called a(x)-decreasing if the inequality in (2.1) is reversed.
Function f is called a(x)-monotonic if it satisfies (2.1) or the reversed inequality.
If two functions are both a(x)-increasing, or both a(x)-decreasing, we say that
they are a(x)-monotonic in the same sense.

REMARK 2.1. Notice that for a(x) =0, f is monotonic.

REMARK 2.2. If x #y, (2.1) is equivallent to

f(yi:f(” > ! [ atsya. 2.2)

X y—x



a(x) -MONOTONIC FUNCTIONS AND THEIR INEQUALITIES 3

If f is a(x)-increasing, —f is a(x)-decreasing. So we will only give properties
of a(x)-increasing functions, because they are the same for a(x)-decreasing functions.
Properties of a(x)-increasing functions:

1) Let f and g be a(x)-increasing functions. Then f+ g is a(x)-increasing.
If f and g are a(x)-monotonic functions (withouth further specifications), we
can’t conclude that f+ g is a(x)-monotonic.

2) If f is a(x)-increasing function and A is non-negative real number, then A f is
a(x)-increasing function.

In applications we often use a(x)-monotonicity criteria given in the following
theorem.

THEOREM 2.1. If f' is a continuous function and af an integrabile function
on interval 1, f is a(x)-monotonic on interval 1 if and only if the function f'(x)—
a(x)f(x) is non-negative or non-positive on I. More precisely, f is a(x)-increasing
function if and only if f'(x) —a(x)f(x) > 0; f is a(x)-decreasing function if and only
if f'(x) —a(x)f(x) <O0.

Proof. Let f be a(x)-increasing function, then for x,y € I such that x # y we
have :
_ y
f(y) f(x) > / a(t)f(t)dt.
y—Xx y—XJx

Taking a limit when y — x we get f'(x) > a(x)f(x).
Conversely, let f'(x) > a(x)f(x). For x,y € I such that x < y we have that

y y
/x F)de > / a(t)f(t)dr. 2.3)

Since f’ is continuous, we have that for every [x,y] C I, [ f'()dt = f(y) — f(x).
Furthermore, since x < y we can multiply inequality (2.3) by y —x and get

y
(v —2) () — F() > (y—x) / a(t)f(1)dr.

Hence, f is a(x)-increasing function.
Using the same reasoning we get criteria for a(x)-decreasing functions. So the proof is
completed. [

REMARK 2.3. Note that for f differentiabile and a(x)-monotonic we have:
(i) for a(x) = %, @ is monotonic (this case is studied in [11]);

(ii) for a(x) = %7 where a is some constant, % 1S monotonic;

(iii) for a(x) = };:((j)) , jﬁc is monotonic (this case is studied in [6]).
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Proof of this remarks follows from «(x)-monotonicity criteria in Theorem 2.1. For

@, so for

example, for a(x) = 1 and a(x)-increasing function f, we have f'(x) >
/ v
x> 0 we have (@) = (X))Cz_ S = A (X)x_zf o) 0, hence @ is increasing function

for x > 0.

THEOREM 2.2. A function f is a(x)-increasing if and only if the function F de-
fined by

F) = £~ [ alo)f(e)dr Xy

is increasing.

Proof. Suppose that y > x. Then (2.1) is equivalent to

y
0) =10 > [ alos@ya

ie.
10 =10 > [ atf@d [ alsoad
ie.
y X
10~ [ alrwdr> @)~ [ a0
ie.

F(y) > F(x).
Since we have equivalence in each step, the proof is completed. [

We can apply the function F defined by (2.4) to inequalities for monotonic func-
tions and get inequalities for a(x)-monotonic functions.

Here we give Steffensen’s inequality for a(x)-monotonic functions.

COROLLARY 2.1. Suppose that f is a(x)-increasing and g is integrabile on
[b,c] with 0 < g <1 and A = [, g(x)dx. Then we have

bb+)t \dx /bm / i dx < /f B /c (g(x) /-x « )f(t)dt)dx
/ flx)dx— / / t)dt dx.

The inequalities are reversed for [ a(x)-decreasing.

(2.5)
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Proof. Let the function F be defined by (2.4). Since, F is increasing we can
apply Steffensen’s inequality, hence

h+7L
/ dx</F dx</ F(x

By elementary calculation we get (2.5). O

LEMMA 2.1. Let f be a positive, differentiabile and a(x)-increasing function.
Then functions G, H defined by

G(x) = f(x)- e Jaldx, (2.6)

H(x) = In f(x) — / a(x)dx 2.7

are increasing.

Proof. Function f is a(x)-increasing, so from Theorem 2.1 we have
f'(x) —a(x)f(x) > 0. Since f is positive, we get % —a(x) > 0. From (2.6) we get
G'(x) = f'(x) - e T —a(x) fx)e” I*0 > 0.
Hence, G is increasing. From (2.7) we get

f'x)
f(x)

H'(x) = —a(x) > 0.

Hence, H is increasing. [

REMARK 2.4. Using functions G and H defined by (2.6) and (2.7) we can get
new a(x)-monotonic inequalities.

THEOREM 2.3. Let u(t) = ce0@®dt for 0 < ¢
a(x) 20 for 0<x < T and let v(0) =c. Then v(x)
for 0 <x<T.

< T. Let v satisfy (1.2) with
—u(x) is an increasing function

Proof. Notice that u is the solution of the differential equation «’'(z) —a(¢)u(t) =0
with u(0) = ¢, so u satisfies (1.1). Hence (1.3) is valid. Since v satisfies (1.2), from
Theorem 2.1 we have that v is a(x)-monotonic function. So

(=2)00) ~v(0) > =) [ atpar 2.8)

For x,y € [0,T] such that x < y we can divide (2.8) by y—x and then apply (1.3). We
get
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Hence,
v(y) —u(y) = v(x) —u(x).
So the proof is completed. O
Now we give Steffensen’s inequality for function v(x) — u(x):
COROLLARY 2.2. Let functions u and v be such that conditions of Theorem 2.3

are satisfied. Let g be an integrabile function on [0,T] with 0 < g <1 and A =
i g(t)dr. Then we have

A T
Jotw) —uenar< [0 =)< [ ()~ u)ar. (2.10)
0 0

Lo~

T

Proof. From Theorem 2.3 we have that v(x) — u(x) is an increasing function, so
we can apply Steffensen’s inequality and get (2.10). O

3. Mean value theorems

LEMMA 3.1. Let I be an open interval. Let a be an integrabile and h € C'(I)
be such that W — ah is bounded by integrabile functions M and m, that is, m(x) <
I (x) —a(x)h(x) < M(x), for every x € I. Then functions ®,®, defined by

Dy (x) = Ry (x) — h(x),

®;(x) = h(x) = Ra(x),

where . .
Ri(x) = e-]“(x)d"/M(x) e~ JaWdxgy 3.1

Ry(x) = ef“(x)dx/m(x) e~ J e dx gy (3.2)

are a(x)-increasing.

Proof. Since h'(x) —a(x)h(x) < M(x) and R/ (x) —a(x)R;(x) = M(x) we have,
P (x) —a(x) @1 (x) = Ry (x) — a(x)Ri (x) — (A (x) — a(x)h(x)) > 0.

So @, is a(x)-increasing function. In the same way, since h'(x) —a(x)h(x) > m(x) we
have,
D) (x) —a(x)Da(x) = h'(x) — a(x)h(x) = (Ry(x) — a(x)Ra(x)) > 0.

So @, is a(x)-increasing function.

Now we will state and prove the Lagrange-type mean value theorem. This theorem
is a consequence of the Cauchy mean value theorem but we will prove it by using a(x) -
increasing functions from Lemma 3.1.
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THEOREM 3.1. Let a, h' be continuous and g be a positive and continuous func-
tion on [x,y] C R. Then there exists M € [x,y| such that

h(y) —h(x) _ 1 /xya(t)h(t)dtz h/(n)_‘:;;])h(n) .yix/xyg(t)dt. 3.3)

y—x  y—x 8(
Proof. Since h/;—“h is continuous on [x,y], there exists
! o ! _
m= min <7h ) a(t)h(t)) and M = max <7h 0) a(t)h(t)) .
tery] 8(1) tefy] g(r)

Applying (2.2) on functions ®; and ®, from Lemma 3.1, with M(x) = Mg(x),
m(x) = mg(x), the following inequalities hold:

PR L et

®a) Do) 1
y—x T y—x

y
/X a(t) s (1)dt.

It follows,

where

Therefore, there exists 17 € [x,y] such that

o) —hx) 1 /ya(t)h(t)dt

y—x y—XJx

_ W) —a(mh(n) (Rs(0)—Rs(x) 1 >
_ ) ( / (t)Rg(t)dt).

g(n y—x a y—x
holds. Since R5(x) —a(x)R3(x) = g(x), we have a(x)R3(x) = R(x) — g(x). So

R3(y) R3(x)_ 1
y—x y—x
- B L @ - e
_ Y e
=/ g(t)dr.

/ " ()R (1)t

Hence, there exists 1 € [x,y] such that (3.3) holds. O
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REMARK 3.1. For a(x) =0 Theorem 3.1 gives Cauchy mean value theorem, that
is,

Additionally, taking g = 1 we get Lagrange mean value theorem, that is,

REMARK 3.2. For a(x) = 1 Theorem 3.1 gives

h(y)—h(x) 1 vh(t) ——nh'(m)—h(mn) 1
y—x _y—x/x A= ng(n) y—x/xg(t)dt'

Furthermore, taking g =1 we get

1L )

X y—x t

REMARK 3.3. For a(x) = % Theorem 3.1 gives

h(y)—h(x) 1 [7K() _W(mk(m)—K(mhm) 1
y—x y—xJx k(1) h{e)dt = k(n)g(n) y—x/x s(e)dr.

Furthermore, taking g = h we get

h() —h(x) 1 yk/(t)h(t)dt:<h/(n> kl(n))/yh@dt.

y=x  y—xJ k() -

h(n)  k(n)

THEOREM 3.2. Let I be an interval in R and let x,y € I be such that x £ y. Let
f,h € CY(I) and let a be a continuous function such that

h(y) — h(x) - / " alyh(t)dr # 0. (3.4)

X

Then there exists M € [x,y] such that

fm)—a(m)fm) _ fO) = f(x) = [Falt)f(@)dt

W) —a(mh(n) — h(y)—h(x)— [Ja@h@)di” (3.5)
Proof. Let
€1 = h(yi:fz(x) - yix [ atntoydr,
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Now we apply (3.3) to the function c¢| f — cyh. The following equality holds:

o= /xya(t)f(t)dt}—cz[h(y):h(x)— ! /xya(t)h(t)dt}

y—x  y—x y—x y—x
el -l @) —al@)ef ) —eh@) [ 1 p
- 200) [y x/xg(”‘”]'

(3.6)

It is easy to see that the left-hand side of (3.6) is equal to O, so the right-hand side
should also be equal to 0. From (3.4) we get that the right-hand side in (3.3) is not
equal to 0, so the part in square brackets on the right-hand side of (3.6) is not equal to
0. For the right-hand side in (3.6) to be equal to O it follows that c1f' (&) — e’ (&) —
a(&) (e1f(&) —cah(€)) =0. After a short calculation, it is easy to see that (3.5) follows

from c1(f/(E)—a(&)f(E))—ca(W (&) —a(E)h(E)) =0, so the proof is completed. [

REMARK 3.4. Theorem 3.2 is equivalent to Cauchy mean value theorem.

4. Exponential convexity and means of Cauchy type

First we recall some basic facts about convexity, log-convexity and log-convexity
in the Jensen sense (see e.g. [4], [10], [12]).

DEFINITION 4.1. Let I C R be an interval. A function f:1 C R — R is convex
in the Jensen sense on an interval [ if for each a,b € 1

f<a42rb) < f(a);rf(b)

holds.

We recall that for a continuous function f, convexity and convexity in the Jensen
sense are equivalent properties.

DEFINITION 4.2. A positive function f : I — (0,%0) is said to be logarithmically
convex if log f is convex function on I. For such function f, we shortly say f is log-
convex. A positive function f : I — (0,0) is log-convex in the Jensen sense if for each

a,bel
2 (%52) < raso)

holds, i.e., if log f is convex in the Jensen sense.

The following result on log-convex functions is given in [12].
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LEMMA 4.1. Let positive function f :1 — (0,00) be log-convex and let aj,ay,
b1,by € I be such that ay < by, ay < by and a) # ay, by # by. Then the following
inequality is valid

[ﬂaz)] T _ [f(bz)]
flar) =LAy '
Next we recall some basic facts about exponential convexity (see e.g. [3], [8], [7]).

DEFINITION 4.3. A function 4 : (a,b) — R is exponentially convex if it is con-
tinuous and

n
Z titjh(xi—l—xj) >0,
ij=1

holds for all n € N and all choices f;,x; € R, i =1,...,n such that x; +x; € (a,b),
1<i,j<n.

The following lemma gives characterization of exponential convexity (see [1], [8]).
LEMMA 4.2. Let h: (a,b) — R. The following statements are equivalent:

(i) h is exponentially convex,

(ii) h is continuous and

> titjh (’“";x" ) >0, (@.1)

i,j=1

forevery ne N, t; € R and every x; € (a,b), 1 <i<n.

REMARK 4.1. Condition (4.1) is equivalent with positive semi-definitness of ma-

trices ;
[h (x—" X )] , (4.2)
2 ij=1

REMARK 4.2. Note that for n =2 from (4.2) we get

h(x1)h(x2) —h* (M> >0,

forall n € N.

2

hence, exponentially convex function is log-convex in the Jensen sense, and, being
continuous, it is also log-convex function.

LEMMA 4.3. Let p € R. Then the function @, defined by
0y (x) = eJaax / Wl fadxg 4.3)

is a(x)-increasing for x > 0.
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Proof. Since @),(x) — a(x)@,(x) = x*~1 > 0, x > 0, therefore @p(x) is a(x)-
increasing function for x > 0. [

LEMMA 4.4. Let p € R. Then the function Y, defined by
Y, (x) = eJalx)dx /e’”‘e— Ja@)dx g (4.4)
is a(x)-increasing function for x € R.

Proof. Since y,(x) — a(x)y,(x) = eP* > 0, therefore ) (x) is a(x)-increasing
functionforx e R. [

LEMMA 4.5. Let p € R and let the function @, be defined by (4.3) for x,y >0,
x#y. Then

1 yl’,xp .

(Pp(Y)_(Pp(x) 1 /y — I p#0;
— HE,)dt =<4 Y 1,4 4.5
V_x y—x /e a(t)ep(?) lniiinx, —0 (4.5)

Proof. Since @),(x) — a(x)@,(x) = x"~", we have a(x)@,(x) = @),(x) —x"~", s0

GO0 L aeygyar = 20 L [l ) prtyay

y—x y—xJx y—x y=xJx 7

1 y”—xl’
:{y X #0

lnylnx
o p=0. O

Let us define the right-hand side in (4.5) as

L yl’ xl’ # O
&(p) = { o Iny—Inx lnx p=0. (4.6)
y=x

Obviously, we have that £(p) > 0 for all p € R.
In the following theorem we explore some properties of the mapping p — &(p).

THEOREM 4.1. Let p € R and let the function & be defined by (4.6) for x,y >0,
x#y. Then

(i) the function p — &(p) is continuous on R,

P1+P . pi+pri\1"
(ii) foreveryne€Nand p; € R, p;j= L, i, j=1,...,n, the matrix {5 <Tj>]ij:1
is a positive semi-definite matrix. In partlcular

(23] o
ij=1



12 J. PECARIC AND K. SMOLJAK

(iii) the function p — E(p) is exponentially convex,

(iv) the function p — E(p) is log-convex.

Proof.

(i) In order to prove that the function p — &(p) is continuous on R, we only need
to verify that lim,_o&(p) = £(0) which is obtained by a simple calculation.

Hence, & is continuous on R.
(i) LetneN, ; €R, p; R, i=1,2,...,n. Denote p;j = 2321
Let ¢, be defined by (4.3). Consider the function f: RT — R,

x) = 2 titjQp;; (x)

ij=1
Then
f(x)—alx)f(x) = Z tltj(pp” Z tltj(pp”
i,j=1 i,j=1
= 2 titj((p;i,‘( (pplj 2 tltlxpl] !
i,j=1 ' i,j=1

2
_ (Ztix(Pij_l)/2> >0
i=1

Hence, f is a(x)-increasing function.
Now we can apply (2.2) to the function f defined above, and obtain

2”: b, (‘Ppi_/ ) = @py(x) 1 /ya(t)(ppij(t)dt> >0

ij=1 y—Xx y—XxJx

Now, from (4.5) it follows that
n
Y, titi&(pij) =0
ij=1

. . qn
Therefore, the matrix [5 (p’;—pf)} - is positive semi-definite.
ihj=

(iii) Follows form (i), (i) and Lemma 4.2.

(iv) Follows from (iii) and Remark 4.2. [J

LEMMA 4.6. Let p € R and let the function y, be defined by (4.4) for x #y.

Then o) © .
vp) —wplx) 1Y = 750
)L [ atwptnar={ 5 Y
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Proof. Similar to the proof of Lemma 4.5. [
Let us define the right-hand side in (4.7) as

1 ePY—eP
y—x ) O’
C(p)z{y—x a Zﬁo (4.8)

Obviously, we have that {(p) > 0 for all p € R.
In the following theorem we explore some properties of the mapping p — §(p).

THEOREM 4.2. Let p € R and let the function { be defined by (4.8) for x #y.
Then

(i) the function p — {(p) is continuous on R,

(ii) foreveryne€Nand p; € R, p;j= pi;pj, i,j=1,...,n, the matrix [C <#>]ij:1

is a positive semi-definite matrix. In particular

. B n
det [g (M)] > 0:
2 i,j=1

(iii) the function p — {(p) is exponentially convex,
(iv) the function p — {(p) is log-convex.

Proof. Similar to the proof of Theorem 4.1. [

Theorem 3.2 enables us to define various types of means, because if the function
I =4I has inverse, from (3.5) we have

h —ah
(' maf\ T fO) = ) = [al)f(t)de
= (h’—ah) (h(Y)—h(x)—j;;va(t)h(t)dt)’ n &yl

which means that 1) is a mean of numbers x and y.
First, let us observe differential equations f'(n) —a(n)f(n) =n?~! and #'(n) —
a(n)h(n) =n*"! for ps(p —s) #0. Then from (3.5) we get

n= (f()’) —f) —fxya(t)f(t)dt> P
h(y) —h(x) — [ a(t)h(t)dt :

From f/() ~ a(t) (1) = 7" we have a(1) f(1) = f'(1) ~ 7", s0

10 =10~ [ altf0)ds =

yp_xp
p .

In the same way we get,
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- {)”

Moreover, we have Stolarsky mean

Hence,

1
S(y”—xp)}”

E(x,y;s,p) = {p(y.y )

where x and y are positive real numbers x # y, s # p, s, p # 0. All continuos exten-
sions of Stolarsky means are known and given in the Introduction.
Furthermore,

5<p>>v'-v

s = (5

where & is defined by (4.6).

REMARK 4.3. Now we can give another proof of Theorem 1.1 by using definition
of a(x)-monotonic functions. Since & defined by (4.6) is a log-convex function, we

can apply Lemma 4.1 and get
(cn) = (55)" “

Now, let us observe differential equations f'(n) —a(n)f(n) =eP" and K'(n) —
a(n)h(n) = €. Then from (3.5) we get

PN _ (f(Y) — f(x) — fxya(t)f(t)dt>
— \h(y) —h(x)— [l a(t)h(t)dt

From f'(¢t) —a(t) f(t) = e we have a(t)f(t) = f'(t) — e, so

hence, we get (1.4).

ePY — oPx

Y
£0) =)= [ alo) e =

In the same way we get,

&Y — %X

)~ )~ [ aloyh(r)dr =

n=In { s(er —er) } s

p (e.\'y _ e.\'x)

N

So,

i.e.
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. . . (VP —xP (VP —xP
Making substitutions ¢’ — y, ¢* — x and then In SGP=a?) _, slyP =)

‘ ) =) 7 ph )
following expression

we consider the

1
sy —x0) | 7
E(x,y;&p):{ — :
Py —x)
Hence, again we get Stolarsky mean.

REMARK 4.4. From Remark 2.3 (iii) we have that for a(x) = ];:((—;)), function f/h
is monotonic. Special case, when f/h is an increasing function is studied in [6]. Using
generalization of Steffensen’s inequality for f/h increasing given in [12, p. 192] linear
functional L is defined as the difference between the left-hand and the right-hand side

of Steffensen’s inequality by
b a+A
L) = [ rsar— [ f.

Let a(x) = %, g(x) = k(x), m(x) = mk(x) and M(x) = Mk(x). Then R, defined by
(3.1) is equal to Mxk(x) and R, defined by (3.2) is equal to mxk(x). Hence functions

®; and P, defined in Lemma 3.1 are
@) = Mxk(x) —h(x), @ =h(x)—mxk(x)

which are exactly the functions used in the proof of the Lagrange-type mean value
theorem given in [6]. Moreover, using linear functional L instead of the difference
between the left-hand and the right-hand side of inequality (2.2), from Theorem 3.1
we can obtain Lagrange-type mean value theorem given in [6]. In the same way, from
Theorem 3.2, we can obtain the Cauchy-type mean value theorem given in [6].
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