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Abstract

In this paper higher-order convexity properties of real functions are
characterized in terms of a Dinghas-type derivative. The main tool used
is a mean value inequality for Dinghas-type derivatives.

1 Introduction

A real-valued function f : I — R defined on an interval I C R is called
Jensen-convez (c.f. [14]) if it satisfies the functional inequality

for z,y € I. (1)

f<x;y) < f(x);f(y)

Obviously, any convex function is Jensen-convex; however there are nonconvex
but Jensen-convex functions. (For a Hamel basis construction of nonconvex
but Jensen-convex functions, we refer to [8] and [9, Chapter V].) It is easy to
see that f: I — R is Jensen-convex if and only if

A f(x)>0forx €I, h >0 suchthat = +2h eI,
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where the difference operator A} is defined by the following recursion:

A} f(z) = f(x+h) — f(z) for v € I, h € R such that x +h € T
AT f(z) = AL AR f(2) for x € I, h € R such that z + (n+ 1)h € 1.

The notion of higher-order Jensen-convexity is due to T. Popoviciu (see [12],
[13]): A function f: I — R is called Jensen-convezx of order (n — 1) (where n
is a positive integer), if

nf(x) >0 for z € I, h >0 such that z +nh € I. (2)

For properties of functions satisfying the above inequality, see e.g. [13], [2],
[1], [9, Chapter XV], [14, VIIL.83], and the references therein. Generaliza-
tions of Jensen-convexity of order (n — 1) to higher-dimensional domains were
investigated by R. Ger [6], [7].

Clearly, first-order Jensen-convexity is equivalent to Jensen-convexity. The
substitution y = z + nh in (2) and a simple calculation yields that f satisfies
(2) if and only if

En:(—l)"”“ (Z)f((n_k);JFky) >0forz,yel, z<y. (3)

k=0

In the particular case n = 2, (3) reduces to (1).

Multiplying the left hand side of (3) by a suitable normalizing factor and
taking the liminf as z and y tend to a fixed point £ € I from the left and
right, respectively, we can define the so-called n'*-order lower Dinghas interval
derivative of f at & by

D'f(¢) = liminf (-~ )”g(—nn"“(;‘)f((”"”“ky). (4)

(z,y)— (&) \y — T d n
<<y ’

If the limit exists, then we speak about Dinghas’ interval derivative. This
notion was introduced by A. Dinghas [4] as a generalization of the classical
derivative. One can obtain that in the n-times differentiable setting, it coin-
cides with the n'® derivative of f at £. Concerning connections among this
interval derivative, other generalized derivatives and the derivative in the clas-
sical sense, we refer to the dissertations G. Friedel [5] and P. Volkmann [16].

By putting y = x + nh, the derivative D" f(§) can be expressed in the

following way
D"f(€) = liminf ALf(@)

(z,h)—(€,0)  h™
rz<&<xz+nh
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It is well-known that a function f : I — R which is continuous on I and
n-times differentiable in the interior of I is Jensen-convex of order (n — 1)
on I if and only if its n*® derivative is nonnegative in the interior of I. The
analogous problem formulated by C. E. Weil during the 16" Summer School
on Real Functions Theory (Liptovsky Jéan, Slovakia, 2000), is that whether
(n — 1)%*-order Jensen-convexity can be characterized by the nonnegativity of
the corresponding lower Dinghas interval derivative. The necessity of D" f > 0
is obvious. The proof of the sufficiency will be based on a Goursat-type method
due to A. Dinghas [4] and also used by A. Simon and P. Volkmann [15] in the
characterization of polynomial functions with the Dinghas derivative.

In this paper, we introduce a more general convexity notion called T-
convexity. The main results of the paper show that this general convexity can
be characterized in terms of the corresponding lower Dinghas-type interval
derivative. As a consequence, we obtain a local characterization of higher-
order Jensen-convexity, t-Wright-convexity, etc. Finally, we formulate two
open problems concerning t-Jensen-convexity.

2 T-Convex Functions

Let T' = (t1,...,t,) where t1,...,t, are fixed positive numbers. If f: I — R,
then define the operator A:}f by

AT f(x) = Agn -+ Ay nf(x) for € I,h € R such that z+(t+- - -+t,)h € I.

We say that f: I — R is T-(Wright-)convez if AT f(z) > 0forx €I, h >0
such that « 4 (t1 + -+ + t,)h € I. Clearly, T-convexity and ¢T-convexity are
equivalent for ¢ > 0. In the case t; = -+ = t,, = 1 the notion of T-convexity is
obviously the same as Jensen-convexity of order (n — 1). Another interesting
particular case is the (¢, 1—t)-convexity, where 0 < ¢ < 1is fixed. By definition,
fis (t,1 — t)-convex if

flx+th)+ flz+ (1 —=0)h) < f(x)+ f(z+h)
forx €I, h > 0suchthat x + h e 1.

which is equivalent to

(A =tz +ty) + flte+ (1= t)y) < f(z) + f(y) for 2,y € 1.

Functions satisfying the above inequality are called ¢- Wright-convex (see [17]
for the origin of this notion). Thus T-convexity can be considered as a gener-
alization of ¢t-Wright-convexity to the higher-order setting. For the connection
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between t-Wright-convexity and Jensen-convexity, Gy. Maksa, K. Nikodem,
and Zs. Péles obtained results in [11].
The lower T-Dinghas interval derivative of f : I — R is defined by

AT f(z)

DT = lim inf __ThI

D /© i TRy )
w<E<at (b1t

for £ € 1. (5)

In the n-times differentiable setting, one can see that D f(&) = f(")(¢); that
is, DT can be considered as a generalized derivative.

The operator A} admits the following well-known decomposition in terms
of the operator AZ/Q of half step size.

n

At = 3 () apad o + (/200

k=0

A similar decomposition is valid for A;; by the following result.

Lemma. Let T = (t1,...,t,) where ty,...,t, > 0. Then there exist positive
integers cg,C1y...,Cm With cg +c1 + - + ¢ = 2™ and
ty+o ot
0:80<51<"'<st% (6)

such that, for all functions f: 1 — R,

Af f(z) = Z cildy o f (2 + sih)
i=0
forzel, h>0withx+ (t1+--+t,)h el
PROOF. Introduce the translation operator 7, for functions f : I — R by
hf(z) := f(x+ h) for x € I, h € R such that h+x € I.

Then, obviously, A, = 7, — 70 = (Thy2 — 70)(Thy2 + T0) = Apj2(Th/2 + T0).
Therefore,
AL =App-Apn
= [Ans2(Teiny2 +70)] - [Atny2(Te,n/2 + 70)]
=Apns Doy [(Tens2 +70) - (e, 02 + 70)]
= Ag/z [(Ttlh/Z +70) - (Teuny2 + 7'0)]-
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Now, it is easy to see that there exist positive integers cg,c1,...,Cn with
co+c1+-+em=2"and s, 81, - ., Sm such that (6) and

m
(Teany2 +70) =+ (Te,n/2 + T0) = Z CiTsih
i=0

hold. Thus AT = A, {ZZ’L . cirsih} = Y7 AT )7 n, which yields (7)
immediately. O

3 Main Results

Our first main result offers a mean value theorem for the operator Ag in terms
of the corresponding Dinghas-type derivative.

Theorem. (Mean Value Inequality) Let I C R be an interval, f : I — R,
T=(t1,...,ty) where t1,...,t, >0, and let x € I, h > 0 with x4+ (¢; +--- +
tn)h € I. Then there exists a point £ € [z, z + (t1 + -+ - + t,)h] such that

AY f(x) > (trh) -+ (tah)DT £(©). (8)
PrROOF. Let « € I, and h > 0 such that @ + (¢ + -+ + t,)h € I. Let

A= AT f(z), 2o := 2 and yo := x + (t1 + - - + t,,)h. Using induction, we are
going to construct sequences (zx) and (yx) such that, for all k£ > 0,

Tk < Th+1, Yk+1 < Yk, 9)
tit ot tn
Yk — T = leh (10)
and
T A

Clearly, xg and yo satisfy (10) and (11). Assume that we have constructed
2o <z <---<zxpandyp >y > - >y, such that (10) and (11) hold.

Applying the Lemma of the previous section and (11), we have the existence
of positive integers cg, c1, ..., ¢y With co+c1+- - -+ ¢, = 2™ and sg, s1, .-+, Sm
satisfying (6) such that (7) is valid. Then

- h A
ZCiAz/2k+1f<fEk + 8127> = A{/2kf($k) < ZW

=0
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The sum of the coeflicients on the left hand side being 2", there exists an
integer 0 < j < m such that

hy _ A
2 AT s f (o1 + 5157 ) < 5 (12)

. h h ti+4- 4t
Writing x4 1= xk—i—SjQ—k and yg41 = xk—&-sz—k-l—lzT

that (12) reduces to (11) with k£ + 1 instead of k, (10) for k + 1 follows from

the above definition of z;y1 and yg11. The inequality xx < xk41 is obvious
by s; > 0. On the other hand, (7) and (10) yield that

h, we can see

h ty+---+t
Yk+1 Sxk+5m27+Tnh
ti1+---+t, h t1+-+1t,
S
bt
SR e i iy N,

2k

Therefore, we also have yi+1 < yr and we have proved the existence of the
sequences (xy) and (yi) satisfying (9), (10), and (11).
Denote by ¢ the (unique) element of the intersection [y, [zk, yx] and let
Yk — Tk h

A Ty
can be rewritten as %(k) < %. Therefore, we have
AT
DT f(¢) = lim inf n ()

(@,h)—(£,0) (t1h) -+ (tnh)
w<E<a+(ti+ )b

AT (l‘k) A
< liminf & < .
T k—oo (t1hi) - (tnhk) T (t1h)--- (tah)
Thus the proof of (8) is complete. O

If one replaces f by —f, then a mean value inequality for the upper
Dinghas-type derivative can be deduced which is defined via (5) with “lim sup”
instead of “lim inf”.

If the theorem is applied to the special case t; = --- = t,, = 1, then we
get a mean value theorem for the A} operator in terms of the lower Dinghas
interval derivative D™ defined in (4).

As an immediate consequence of the above theorem, we get the following
characterization of T-convexity.
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Corollary 1. Let T = (t1,...,t,) with t1,...,t, > 0. A function f: I — R
is T-convez on I if and only if DT f(€) >0 for £ € I.

PROOF. If f is T-convex, then, clearly DT f > 0. Conversely, if DT f is
nonnegative on I, then, by our Theorem, AT f(z) > 0 for all x € I and h > 0
with  + (t1 +--- +t,)h € I. O

In the special case t; = --- = t, = 1, the above corollary yields that f is
Jensen-convex of order (n—1) if and only if the lower Dinghas interval deriva-
tive D" f is nonnegative on I. Thus the problem of C. E. Weil is answered in
the affirmative. A similar result can be derived for t-Wright-convexity when
we apply our Theorem to the (¢,1 — t)-convexity setting.

Another obvious but interesting consequence of Corollary 1 is that the
T-convexity property is localizable in the following sense.

Corollary 2. A function f: I — R is T-convex on I if and only if, for each
point £ € I, there exists a neighborhood U of € such that [ is T-convex on
InvU.

Thus, Jensen-convexity of order (n — 1), and also t-Wright-convexity are
localizable properties of functions. There are convexity properties, however,
that may not have this localization property. A function f : I — R is called
t-Jensen-convex on I (where 0 < ¢ < 1 is fixed), if

[+ (1 =t)y) <tf(z) + (1 -)f(y) for z,y € .

Clearly, t-Jensen-convexity implies t-Wright-convexity, but the converse is not
true in general (see [11]). We can formulate two open problems concerning
t-Jensen-convexity.

Problem 1. Let 0 < ¢ < 1 be fixed. Is t-Jensen-convexity equivalent to the
property

2pien oo @)+ (=) f(y) = flte + (1 —t)y)
5 f(8) = (xl,gf?l;f,f) (y —x)?
TXCXY

>0for el

for all functions f: I — R?

Of course, for t = 1/2, the answer is affirmative, because the (1/2)-Jensen
and the (1/2)-Wright convexities are equivalent.

Problem 2. Let 0 < t < 1 be fixed. Is the t-Jensen-convexity property
localizable?
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If the first problem has a positive answer, then the second problem can also
be answered positively, but the converse may not be true. If ¢ is rational, then
the (local) t-Jensen-convexity is equivalent to the (local) Jensen-convexity by
the results of N. Kuhn [10] and Z. Dardczy and Zs. Pales [3]. Thus, for rational
t, the t-Jensen-convexity property is localizable. However, for irrational ¢,
Jensen-convexity does not imply t-Jensen-convexity. Therefore, in this case,
Problem 2 cannot be solved or disproved in such an easy way.
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