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at most n. We obtain a decomposition of n-Wright-convex functions which generalizes
and complements results of Maksa and Pales (2009) [13]. We define and study relative

ﬁeé\t/]v:rrisr.der convexity n-convexity of n-convex functions. We introduce a measure of n-convexity of f. We give
Higher-order Wright-convexity a characterization of relative n-convexity in terms of this measure, as well as in terms
Strong convexity of nth order distributional derivatives and Radon-Nikodym derivatives. We define, study
Relative convexity and give a characterization of strong n-convexity of an n-convex function f in terms of its
Multiple monotone function derivative f@+1(x) (which exists a.e.) without additional assumptions on differentiability
Support theorems of f. We prove that for any two n-convex functions f and g, such that f is n-convex with

respect to g, the function g is the support for the function f in the sense introduced by
Wasowicz (2007) [29], up to polynomial of degree at most n.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The notion of nth order convexity (or n-convexity) was defined in terms of divided differences by Popoviciu [22] (cf. also
[24,23,11]), however, we will not state it here. Instead we list some definitions of nth order convexity which are equivalent
to Popoviciu’s definition.

Proposition 1.1. A function f(x) is n-convex on (a, b) (n > 1) if and only if its derivative f @~V (x) exists and is convex on (a, b) (with
the convention f©@ (x) = f(x)).

This fact first was proved by Hopf [10, p. 24] and by Popoviciu [22, p. 38] (see also [12,24]). Many results on n-convex
functions one can found, among others, in [11,1,2,7,12,24,16,19,28-30,6].

Recall that convex functions satisfy various smoothness properties. A convex function defined on (a,b) is continuous
and has both right and left derivatives f(x) and f/(x) at each point of (a,b). In addition both these derivatives are non-
decreasing and satisfy inequality f](x) < ff(x) for all x € (a, b) (see [24,12]). Thus we have

Proposition 1.2. A function f(X) : (a, b) — R is nth order convex (n > 1) if and only if its right derivative f Ig") (x) (or left derivative

f") (x)) exists and is non-decreasing on (a, b).

If f(x) is sufficiently smooth on [a, b], then from Taylor’s Theorem we have
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n

b
k) _ k
f(x)= Z M + % /(X _ t)r_’,_f(”)(t) dt,

k!
k=0

where (x — )" = max{(x — )", 0}.
Now assume f(x) is nth order convex on (a,b) (n > 1). Then the left and right derivatives fL(") (x) and f,g") (x) exist on

(a, b). In addition, both these functions are non-decreasing. With each such f we associate the measure p defined on (a, b)
by

mw(ix 1) = P - £ ),
for a < x < y < b. This is a non-negative Borel measure on (a, b). If f,g") (a) is finite then w can be extended to a bounded
(finite) measure on the whole [a, c], for all ¢ < b. In this case f(x) has the representation

nrO k1 b
f(X)=ZW+E/(X—t)1dM(t),

k=0

for x € (a, b). If we cannot extend p to the endpoint a, then we will have this representation only on closed subintervals of
(a, b). The converse also holds. These results can be found in Popoviciu [22] (see also Karlin and Studden [11], Bullen [4],
Brown [3], Granata [7], Pinkus and Wulbert [19]). In other words, the above integral representation is valid for all x € (a, b)
if i is of bounded variation on (a, b), otherwise we have this representation only on closed subinterval of (a, b).

In this paper we give an analogue of the integral representation above in general case. The representation we obtain deals
with measures p with not necessarily bounded variations. Our characterization is constructive. We give explicit formulas
for n-spectral measures corresponding to an n-convex function in this representation (see Section 2).

The strength of the representation developed in Section 2 is exploited in the rest of the paper. It is used to further study
of n-convexity, and to obtain complete characterizations of strong n-convexity, n-Wright-convexity, and relative n-convexity
of functions, among other. Finally, the representation is employed to examine support-type properties of n-convex functions.

In Section 3 we prove that an n-convex function can be represented as a sum of two (n + 1)-times monotone functions
and a polynomial of degree at most n. This result generalizes the well-known theorem on representation of a convex
function as a sum of non-increasing and non-decreasing functions, and a polynomial of degree at most 1 (see Roberts and
Varberg [24]). Using our decomposition we obtain the decomposition of n-Wright-convex functions, which generalizes and
complements results of Maksa and Pales [13].

In Section 4 we define and study relative n-convexity of n-convex functions. Relative n-convexity induces the partial
ordering in the set of n-convex functions. We define a measure of n-convexity of an n-convex function f using n-spectral
measures in our representation. We give a characterization of relative n-convexity in terms of the measure of n-convexity, as
well as in terms of nth order distributional derivatives, and in terms of Radon-Nikodym derivatives. Using the Lebesgue de-
composition of n-spectral measures corresponding to an n-convex function f, we consider the corresponding decomposition
of the function f. This decomposition is applied to derive some useful characterizations of the relative n-convexity.

We define and study the notion of strong n-convexity that generalizes the strong convexity. It is well known that the
strong convexity of a function f can be characterized in terms of its second derivative f”(x) for twice differentiable f. We
give a characterization of the strong n-convexity of an n-convex function f in terms of only derivative f®*+D(x) (which
exists almost everywhere with respect to Lebesgue measure), without any additional assumptions on differentiability of f.

In Section 5 we obtain a generalization of Wasowicz [29] results. We prove, that for any two n-convex functions f
and g, such that f is n-convex with respect to g, the function g is the support for the function f in the sense introduced
by Wasowicz [29], up to a polynomial of degree at most n.

2. Integral representation

In this chapter we give an integral representation of an n-convex function f without additional assumptions on f.
We derive explicit formulas for n-spectral measures corresponding to f that can be applied to measures of not necessary
bounded variation on (a, b).

By A we denote the Lebesgue measure. Let IT, be the family of all polynomials of degree at most n. Let f : (a,b) > R
be an nth order convex function on the interval (a, b), where —oco <a<b<oo,n=1,2,.... Then f,g")(x) is non-decreasing

(n)
R

and right-continuous on (a, b). Henceforth f®™ (x) will be used to denote fy"(x). A function f™ (x) must satisfy one of the

following three conditions:

A. There exist x1, %, € (a, b) such that f™(x;) <0 and f® (xy) > 0,
B. f™(x) >0 for all x € (a, b),
C. f™(x) <0 for all xe (a,b).
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Theorem 2.1. For n > 1 each nth order convex function f : (a, b) — R satisfying the property A admits the representation of the form

fx) = / (- 1)"“[(,17)]+dgn> (u) + f (X_n#dgmmu)woc), (21)
(a,§] [€,b)

where & € (a, b), gm)— < 01is a non-decreasing right-continuous function on (a, b), g+ is a non-decreasing left-continuous function
on (a, b) such that gm)+(€) = gm—-(&) =0, and Q € I1,_1. Moreover, the functions gm)—, gm)+ and Q are determined uniquely,

St = fj_”) ae, gm- = f" ae.

Notation 2.2. The quantities

Y- (%) = Pm—(x; 0, &, dgm— () = /( 1)"“[("4)]4'61&:1)7(“), (2.2)
@] '
x—wh
Y+ (%) = Y4 (x; &, b, dgmy+ (W) = / - dgmy+ W) (2.3)

[£.,b)
appear frequently and hence from now we will be using the above notation.

Remark 2.3. A straightforward calculation shows that

o Y- (% 0.6, dg-) = / [~ X(-00.0)(x = )] dg(m)- W) = gm- (%) ae. (x€ (@, §)), (2.4)
(a.£]

o Yo+ (6 6D g+ (W) = f X(0.00 (X = W) dg(my+ (W) = g+ (X)  ae. (x€ (§,b)). (2.5)
[£.b)]

Proof of Theorem 2.1. Let f be an nth order convex function satisfying the property A. Then there exists & € (a, b) such that
f™E+) >0 and fF™(E—) <0. Let gm—(x) and gmy+(x) be right-continuous and left-continuous functions, respectively,
and such that

gm-0 =min{0, [P}, gw+0 =max{0, F P} ae. (2.6)
Then gm)—(§) = gmy+(§) = 0. From (2.4), (2.5) and (2.6) we obtain that the functions f(x) and ¥u)—(x) + ¥m)+(x) differ
on (a,b) by a polynomial of degree at most n — 1. Thus (2.1) is satisfied. Conversely, assume f is of the form (2.1). By
Remark 2.3, f™ (x) = g (x) and fi”)(x) = gm+ () a.e. Thus f™(x) is non-decreasing and right-continuous on (a, b). This
implies that f(x) is nth order convex on (a, b). The proof is completed. O

Remark 2.4. Note that since [—(x —u)]}. =0 for u <x, and (x —u)", =0 for u > x, the integral (2.2) is over [x,£] and the
integral (2.3) is over [&, x]. Since dgm)—(u) and dgm)+(u) are of bounded variations on (x,£) and (&, x), respectively, the
integrals in (2.2) and (2.3) are well defined.

Remark 2.5. If gm)—(b—) =0, then in (2.4) we set £ =b. Similarly if gu)+(a+) =0, then we put £ =a in (2.5).

Theorem 2.6. For n > 1 each n-convex function f : (a,b) — R satisfying the property B admits the representation

foo = f Gl +c1g<n><u>+q<x) 2.7)

where Q (x) = cpX" /n! + - -+ + co, cn > 0, and g (x) is a non-negative non-decreasing left-continuous function on (a, b) satisfying
g (a+) = 0. Moreover, Q(x) and g (x) are uniquely determined, c, = f™ (a+), gm®) = fF™ (x) — cn ae., and Q (x) = f(x) —
Y+ X: a, b, dgm) ().

Proof. Assume f is n-convex function such that f™(x) >0 (x € (a,b)). Taking into account that f™(x) is non-negative
and non-decreasing on (a, b), f™ (a+) = ¢, exists and is finite. Let gm) (X) be a left-continuous function such that gu)(x) =
F™(x) —cp ae. (x € (a,b)). Then gm (X) is non-negative, non-decreasing, and satisfies g()(a+) = 0. In view of Remark 2.5,
by (2.5) with a in place of & and g (x) in place of gu)+(x), we have

n

WW(HH(X; a,b,dgmw)) =gm®) ae. (xe(a,b)).
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Consequently

dn
wl//(n)Jr(x; a,b,dgm@)) = fPx) —cn ae (xe(ab)).

Thus the functions )+ (x; a, b, dgm)(u)) and f(x) — cxx"/n! differ on (a, b) by a polynomial of degree at most (n — 1). The
theorem is proved. O

Theorem 2.7. For n > 1 each nth order convex function f : (a, b) — R satisfying the property C admits the representation of the form

b
f®) =/( 1)"“Mdg(n>(u)+ QX), (2.8)

where Q (x) = cpX"/n! + --- 4+ co, cn < 0, and g (x) is a non-positive non-decreasing right-continuous function on (a, b) such
that gam)(b—) = cn. Moreover, gy and Q are uniquely determined, ¢y = f™ (b—), gm)(*) = f™(x) — cp ae, and Q (x) = f(x) —
Y- (X a, b, dgm) ().

Proof. The proof is similar to the proof of Theorem 2.6 and hence it is omitted. O

Remark 2.8. The representations (2.1), (2.7) and (2.8) can be rewritten in equivalent forms using the following two measures
associated with the distribution functions gu)—(x) and g+ (x), defined as

Hm—(du) =dgm-W),  Hm+(du) =dgm+ ).

We will call - and pmy+ the n-spectral measures of an n-convex function f.
The following theorem summarizes Theorems 2.1, 2.6 and 2.7.
Theorem 2.9.

a) Forn > 1 each n-convex function f : (a, b) — R admits the representation

F) = / o w4 / KW (@) + Q (), (2.9)
(a,&] [£.b)

where & < [a, b]. Moreover, if f™ (x) satisfies the condition B (or C), then & = a, ft(— = 0 and pamy4(du) = d(f® ) —
F® @) (or& =b, Lmyr =0 and pmy—(du) =d(f ™ @) — f™ (b—))), and if f™ (x) satisfies the condition A, then & € (a, b),

FPE=) <O, FOE) >0, - (dw) = df " @), py+ (du) =df " ) and Q () € M.
b) If f™ (a+) = « exists and is finite, then f(x) can be rewritten in the form

fx )—/( M(n)a+(du)+ Qa(x),

where L (du) = d(f ™ ) — o)+, Qu(X) € [Ty
c) If f™ (b—) = B exists and is finite, then f(x) can be rewritten in the form

b
f(X)Zf( 1)"“%#@% (du) + Qp(x),

a

where pLgyp— (du) =d(f™ () — B)—, Qp(x) € [Ty

Denoting

Y (X) = Yoy (X) = f (—1)““[_("”;,”)]*mn>_(du>+ / (X_n—f')*mn>+(du),

(a.£] [§.b)

(2.9) can be rewritten in the form

F) =950+ QX).
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Note, that every function f(x) can be trivially written as f(x) = f(x) — cx"/n! + cx"/n! (c € R). Thus f(x) can be also
written in the form

FQ) =Y cxnm®) + Qe(x), (2.10)

where Q.(x) € IT,.
Another representation is given in the following theorem. This representation is important in applications of the theory
to study relative n-convexity.

Theorem 2.10. Let f : (a,b) — R be an n-convex function. For every & € (a, b) the function f (x) has the representation

f(x) = / (—1)"+1[_(Xn;,”)]+um>g7<du)+ / (X;—f’)*u<n>s+(du)+Qg(x), (211)
@£] ' [£.b) '
where

- (dw) =d[fP @) — FPEH)] .
e+ (du) =d[fP @) — FEH)],
Qs € IIn. (2.12)

Moreover, we have

Hme— + Rme+ = Um— + Lm)+» (213)

where (- and {44 are the n-spectral measures corresponding to f.

Proof. Let a < & <b. Put c = f®™(£+) and denote g.(x) = f(x) — cx"/n!. Then g™ (—) <0 and g™ (€+) >0, and con-
sequently the function g§">(x) satisfies the condition A. By Theorem 2.9 with g.(x) in place of f(x), and taking into
account (2.10), we obtain the representation (2.11) with the measures 1)z~ and ey satisfying (2.12). It implies that
f®x) — f™(&+) is the distribution function corresponding to the sum of measures (4(n)s— + (L~ By Theorem 2.9, the
distribution function corresponding to the sum of n-spectral measures (- + (m+ equals f M (x) up to a constant. Thus
the distribution functions of measures (ye— + (mye+ and wmy— + my+ differ on (a,b) by a constant. Consequently these
measures coincide, so (2.13) is proved. O

3. n-Convexity and multiple monotonicity

From Theorem 2.9 on the representation of an n-convex function f we obtain that f can be represented by the sum
of two (n + 1)-times monotone functions and a polynomial of degree at most n. Applying this we obtain a theorem on
decomposition of an n-Wright-convex function, which complements and generalizes results of Maksa and Pales [13].

By the standard definition (cf. Williamson [31]) a function f : (a,b) — R is called n-times monotone non-increasing (n > 2)
if (=1)¥f® (x) is non-negative, non-increasing, and convex for x € (a,b) and k=0,1,...,n —2. When n=1, f(x) is simply
non-negative and non-increasing. The well-known representation for n-times monotone non-increasing functions on (0, co)
states that

fx) = / 1 —u)'dw) (x> 0), (31)
0

with B(u) being non-decreasing (see Williamson [31]).

A function f is called n-times monotone non-decreasing (briefly n-times monotone) (n > 2) if f®(x) is non-negative, non-
decreasing, and convex for x € (a,b) and k=0,1,2,...,n—2. When n=1, f(x) is simply non-negative and non-decreasing.
From (3.1) we derive the following representations of functions f : (a,b) — R, which are (n + 1)-times monotone non-
increasing and (n + 1)-times monotone non-decreasing on (a, b), respectively:

f()—/(_ +dﬂ() (32)

fx )—/[ - )]+dﬁ( u), (3.3)

where S(u) is non-decreasing.
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We point out that the representation (3.2) has a short proof. Also, without loss of generality we may assume that
a=—o0 and b = oo.

Theorem 3.1. Let n > 1. A function f : R — R satisfying the condition f(—oo) = 0 is n-times monotone non-decreasing if and only if
it admits the representation

x—w!
/ s, (3.4)

where B(u) is non-decreasing and 8(—oo) = 0. Moreover, B(u) is unique at its points of continuity and f(u) = f™~D(u) a.e.

Proof. The sufficiency is evident by differentiating (3.4), for

® (x — )n 1-k
[P = /ﬁdﬁ(lﬂ

(k=0,1,...,n—1) is evidently non-negative and non-decreasing.
To see the necessity let us consider g(u) = f™ 1 (u) (with the convention f©@(x) = f(x)). Then (3.4) can be rewritten
as

fx) = / - df<" D). (3.5)

We prove it by induction.
Let n = 1. Since f(x) is non-decreasing and f(—oco0) =0, we have

f&x)= / df (u). (3.6)

This proves (3.5) for n=1.

Assume that (3.5) holds for some n > 1, i.e. n-times monotone non-decreasing functions f(x) such that f(—o0) =0
are of the form (3.5). Let f(x) (such that f(—oo0) =0) be an (n + 1)-times monotone non-decreasing, i.e. f(x) is n-times
monotone non-decreasing and f™ (x) is non-decreasing. It is not difficult to show that f™(—oco) = 0. By (3.5) and (3.6),
with f®™(x) in place of f(x), we have

K—w™ - / x=w" / *— / ™
fx) = / 1), f (u) = D —— [ Wwdu= 1), df ™ (v)du
B Pt (x—u)" . /(X o
_/ =D dudf™(v) = df*’ (v).

This proves (3.5), with n replaced by n + 1, so the induction is complete. O

Let Mp+((a,b)) (Mnu—((a,b))) be the class of all n-times monotone non-decreasing (non-increasing) functions on (a, b).
Taking into account (3.2) and (3.3), by Theorem 2.9 we obtain the following decomposition.

Theorem 3.2. Letn > 1 and f : (a,b) — R. Then f is nth order convex if and only if f is of the form

F@) =M1(x) + M%) + Q (%),
where (=)™ M1 (x) € Mpi1)- (@, §)), M2(x) € Mui1)+((€, b)), witha <& <b, Q(x) = cpx"/n! + - - - + co € IT,. Moreover, if
M1 =0and M, #0thenc, >0, if Mo =0 and M1 # 0 then ¢, <0, and if M1 %% 0 and M, # 0 then ¢, = Oand Mi(§—) = My (£4).

Remark 3.3. Note that if g(x) € Muy1)+((a, b)), then ¢(x) = g(—x) € M@uy1)—((=b, —a)). Thus M, (x) = g(x) is nth order
convex on (a, b) and M;(x) = (—1)""1@(x) is nth order convex on (—b, —a).

The following proposition gives a characterization of n-times monotone non-decreasing functions in terms of difference
operators (see McNeil [14]).
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Proposition 3.4. Letn > 1 and f : (a, b) — R. Then the following statements are equivalent.

(i) f is n-times monotone on (a, b).
(ii) f is non-negative and forany k=1, ...,n, any x € (a,b), and any h; > 0,i=1, ...,k such that x + h1 + --- + hy € (a, b) the
function f satisfies

Apy--- A, f(X) >0, (3.7)

where Ay, ... Ap, denote sequential applications of the first-order difference operator Ay given by Ay f(x) = f(x +h) — f(x)
whenever x, x + h € (a, b).
(iii) f is non-negative and satisfies, forany k =1, ....n, any x € (a, b), and any h > 0 such that x + kh € (a, b)

(A fx) >0, (3.8)
where (Ap)X denote the k-monotone sequential iterations of the operator Ay,

Note that in Gilanyi and Pales [6] functions satisfying (3.7) with k =n + 1 are called Wright-convex of order n (or simply
n-Wright-convex). As it is extensively discussed in [12] (n > 1), the functions satisfying (3.8) with k =n+1 are called Jensen-
convex of order n. It is well known that, under the assumption of continuity, the Jensen convexity of order n and nth order
convexity are equivalent. In the study of inequalities (3.7) and (3.8), functions that satisfy (3.7) and (3.8) with equality play
a crucial role. For n € N, a function P : R — R is called a polynomial function of degree at most n if it satisfies the Fréchet
equation, i.e. if

(A"'P(x)=0 (h,xeR).

Polynomials are exactly the continuous polynomial functions, however, in terms of Hamel bases, one can construct non-
continuous polynomial functions (see [12]). Maksa and Pales [13] proved that any n-Wright-convex function can be repre-
sented as the sum of a continuous n-convex function and a polynomial function.

Proposition 3.5. Letn > 1 and f : (a,b) — R. Then f is an n-Wright-convex function if and only if f is of the form

f@)=Cx+Px (xe(a,b)), (3.9)

where C : (a, b) — R is a continuous n-convex function and P : R — R is a polynomial function of degree at most n with P (Q) = {0}.
Furthermore, under the assumption P(Q) = 0, the decomposition (3.9) is unique.

From Theorem 3.2 and Proposition 3.5 we obtain the following decomposition of n-Wright-convex functions.
Theorem 3.6. Let n > 1 and f : (a,b) — R. Then f is an n-Wright-convex if and only if f is of the form

f@) =Mi(x) + M2(x) + Q (x) + P(x),

where (—1)"1M1 (x) is an (n + 1)-times monotone non-increasing on (a, £), Mz (x) is an (n + 1)-times monotone non-decreasing on
(&,b), a <& < b, M1(x) + M3(x) is continuous on (a, b), Q (x) is a polynomial of degree at most n (as in Theorem 3.2) and P(x) is a
polynomial function of degree at most n.

4. Relative n-convexity. Strong n-convexity

Let g: (a,b) — R be an n-convex function. We say that a function f : (a,b) — R is n-convex with respect to g if f — g is
n-convex, and denote it by f =, g.

Various other generalizations of convexity via related convexity properties have been proposed. The relative n-convexity
defined above is a generalization of the relative convexity (for n = 1) studied in Karlin and Studden [11] (cf. [5,8,17,18]).

Remark 4.1. If f is n-convex with respect to g, then both f — g and g are n-convex. Writing f = g + (f — g), we obtain
that f necessarily must be n-convex.

Functions f : (a,b) - R and g: (a,b) — R that are decreasing and increasing on the same intervals will be called
isotonic, and we say that they are members of the same isotonic class.

Theorem 4.2. Let f, g : (a, b) — R be n-convex functions with n-spectral measures (m)—, (my+ and Vpy—, Va4, respectively. Then
f is n-convex with respect to g if and only if
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KUm) Z V), 41

where
Kmy = K-+ Ko+, Vi) = Vio)— + Vy+-
Proof. Let f and g satisfy the assumptions of the theorem. Fix a < & < b. By Theorem 2.10, f(x) and g(x) can be written

in the form (2.11) with the measures pmys—, Ume+. Vmye— and Ve, and the polynomials Qg (x) and R (x), respectively.
In other words, the functions f(x) — Q¢ (x) and g(x) — R¢ (x) are isotonic. Moreover, by (2.13), we have

P~ + ha+ = Lmwe— + Rms+, V- + V+ = Vag— + Vs +- (4.2)

Therefore f(x) — g(x) is of the form (2.11), with the measures (my:— — Vmye— and (mye+ — Vmye+ in the place of gye—
and [me+, respectively, and Qg (x) — Rg (x) in the place of Qg (x). By Theorem 2.10, f — g is n-convex if and only if

K- 2 Ve —» K+ 2 Vne+-

From (4.2) we conclude (4.1). The theorem is proved. O
Theorem 4.2 suggests that we can define a measure of nth order convexity of an n-convex function by the operator
K:f— M{n) = Um = Hm- + L+
In the sequel we will call u(fn) the measure of n-convexity of f, or shortly the n-convexity measure. From Theorem 4.2 we have
Theorem 4.3.
frng ifandonlyif wl > pé,.
We shall say that functions f, g: (a,b) — R are of modulo IT,, or that they are members of the same modulo IT, class,
if they differ by a polynomial Q € IT,. The relation modulo 7, is an equivalence relation and hence it defines equivalence

classes. For n-convex f and g: (a,b) — R that are members of the same modulo [T, class we therefore have that f® (x)
and g™ (x) differ on (a, b) by a constant. Consequently, by Theorem 2.10, we have the following theorem.

Theorem 4.4.
f=g (mod,) ifandonlyif /’L{n) = M(gn).
We now show that this relation induces a partial ordering.
Theorem 4.5. The relative n-convexity relation induces a partial ordering on modulo IT,, equivalence classes of n-convex functions.

Proof. We will show that the relation is reflective, antisymmetric, and transitive.

Reflectivity. For all f we have f — f =0¢ IT,. Thus f >, f.

Antisymmetry. Suppose f »=n g and g =, f. Then f — g and g — f are n-convex. Thus, both functions (f — g)™(x)
and [—(f — g)]™(x) are non-decreasing. Consequently, (f — )™ (x) =0 (x € (a, b)). This implies that f — g € IT,, that is
f =g (mod ITy).

Transitivity. Suppose f =, g and g =, h. Then both f — g and g — h are n-convex. Writing f — h in the form f —h=
(f —g) + (g —h), we obtain that f —h is n-convex as the sum of the n-convex functions. The theorem is proved. O

As a simple example of the use of Theorem 2.10 we prove the following theorem. We denote by du/dv = ¢ the Radon-
Nikodym derivative of a measure p with respect to a measure v (see [25]).

Theorem 4.6. Let f, g : (a, b) — R be n-convex. Then

a) there exists an n-convex function fpax such that

Smax =n [, Smax =n &,

and for every n-convex function h

(hizn fandh'=n g) = hi=n fina,
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b) there exists an n-convex function fumi, such that

[ =n fmin, g =n fmin,

and for every n-convex function h

(f=nhandg=nh) = fmin=nh,
c) if f =n g and f # g (mod IT), then there exists an n-convex function w such that f # w (mod IT,), g # w (mod IT,) and

frEnwizn g

Proof. Let f and g be n-convex. By Theorem 2.10 we may assume that f and g admit representations given by (2.11)
with the same & € (a, b), the measures M{n)é—' u(fn)ﬂ, M‘(gn)g,, M‘(gn)§+, and with the polynomials Qéf and Qf, respectively.
Consider the Radon-Nikodym derivatives '

1= d“{nﬁ—/d(“{ms— + W)
v =duGe/ d(“{ms + i)
@2 =ity (e s+ 1es):
Va2 =difye, [d(iyes + W)

It is not difficult to see that it suffices to take the functions fpngx and fmin of the form (2.11) with the measures

max

f g
M(n)g_ = max(eg1, wl)(ﬂ(n)g + M(n)g )

min

(e ).
Wi = max(@r, Y1) (e + Hipe_).
M(n)§+ = max(goz, 1/’2)(“(”)54,_ + /»‘L(n)§+)a

to prove parts a) and b).
To prove c) assume f =, g and f # g (mod I1,). Then f — g is n-convex and f — g # 0 (mod IT,). Thus it suffices to
take w = g+ 1(f — g). The theorem is proved. O

As usual we denote distributional derivatives by f’ (see [26,27]), pointwise derivatives by f’(x), nth order distributional
derivatives by f, and nth order pointwise derivatives by f (x). Theorem 4.2 suggests that we can use distributional
derivatives and the Radon-Nikodym derivatives to derive simple criteria for the relative n-convexity f =, g.

Theorem 4.7. Let f, g : (a,b) — R be n-convex functions with the n-convexity measures ,u{n) and ,ufn), respectively. Then the follow-
ing conditions are equivalent:

a) f?n &

b) pfy, > iy,

C) f(n+1) > g(n+1)
)

d) dufy /dpgy, <
Via Lebesgue’s decomposition theorem and the decomposition of a singular measure, every o -finite measure p can be
decomposed into a sum of an absolutely continuous measure (with respect to the Lebesgue measure), a singular continuous
measure, and a discrete measure, i.e.
M = Wcont + Using + Mpp,
where ficone is the absolutely continuous part, (ising is the singular continuous part and wpp is the pure point part (a discrete

measure) (see Royden [25]). These three measures are uniquely determined.

Remark 4.8. The following decomposition yields an analogous decomposition of an n-convex function. Namely, any n-convex
function f with the n-spectral measures jt()— and ()4 can be represented as a sum

f=fcont+fsing+fppa (4-3)
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where feont, fsing and fpp correspond to the absolutely continuous parts the singular continuous parts, and the pure point

parts of the n-spectral measures (- and 4, respectively ((my— = m)—cont + M m)—sing + Hm)—pp» M)+ = M(m)+cont +
M (n)+sing + Mm+pp)- Note, that feone, fsing and fpp are n-convex. Moreover, they are unique, up to a polynomial of degree at
most n.

It is not difficult to prove the following lemma.

Lemma 4.9. Let n and v be two o -finite measures having the following decompositions into a sum of an absolutely continuous
measure, a singular continuous measure and a discrete measure

W = Meont + Msing + pp and v = Veont + Vsing + Vpp.

Then p > v if and only if ieont > Veont, Msing = Vsing and fpp = Vpp.

Taking into account the decomposition (4.3) of an n-convex function, by Lemma 4.9 we immediately obtain the following
three theorems useful in studying relative n-convexity.

Theorem 4.10. Let f and g : (a, b) — R be n-convex functions having the decompositions f = feont + fsing + fop, & = cont + Zsing +
8pp (see (4.3)). Then f =, g if and only if feont =n &cont and fsing 7n 8sing and fpp Zn 8pp-

Theorem 4.11.

. 1 1
feont *=n cont  Iff fc(gnjg )(X) 2 génglrt )(X)'

Theorem 4.12.

. 1
fpp =n 8pp iff f1§3+ )

+1 +1
where fp(g )= Y Wby, gg; ) =Y, bidy,.

1
> gty

The notion of convexity can be extended not only to the case when the order of convexity is of higher dimension,
but also in several other ways. One of the most important generalizations is the notion of strong convexity. A function
f:(a,b) — R is called strongly convex with modulus c > 0 if

flex+ A =0y) <tf )+ A =0 f(y) —ct(1 =) (x— y)?

for all x,y € (a,b) and t € [0, 1]. Strongly convex functions were introduced by Polyak [21]. Some properties of them can
be found, among other, in [24,9,20] and [15]. Not attempting to be complete, we just recall here two results concerning
strong convexity which play crucial roles in further investigations (see [24]). The first one characterizes strong convexity in
terms of convexity, while the second one characterizes twice differentiable strongly convex function in terms of its second
derivative f”(x).

Proposition 4.13. A function f : (a, b) — R is strongly convex with modulus ¢ > 0 if and only if the function f(x) — cx? is convex.

Proposition 4.14. Assume that f : (a, b) — R is twice differentiable and ¢ > 0. Then f is strongly convex with modulus c if and only
if f7(x) > 2c (x € (a,b)).

As a generalization of strong convexity with modulus ¢, we define strong n-convexity with modulus c. We say that a
function f is strongly n-convex with modulus ¢ (n > 1, ¢ > 0) if f is n-convex with respect to the function g(x) = cx("*1/
(n+ 1)!. By Proposition 4.13 the strong convexity with modulus 2c (cf. Roberts and Varberg [24]) coincides with our strong
1-convexity with modulus c. Writing f (x) = (f(x) —cx™ 1 /(n+1)!) +cx™t1/(n+1)!, we obtain that if f is strongly n-convex
with modulus ¢ > 0, then f is n-convex.

The following theorem gives a characterization of a strongly n-convex function f with modulus ¢ without additional
assumptions on differentiability of f. This generalizes Proposition 4.14.

Theorem 4.15. Let f : (a, b) — R be an n-convex function and ¢ > 0. Then f is strongly n-convex with modulus c if and only if

D x)y>c forxe(a,b)rae.
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Proof. Note that the function g(x) = cx"*1/(n + 1)! is n-convex with the n-convexity measure /lf(gn) (dx) = dg™ (x) = cdx,
where g™ (x) = cx. Writing g(x) in the form (4.3), we have g = gcont, gsing =0 and gpp =0. As f is n-convex, we look at its
integral representation given by (2.7), with the n-convexity measure u{n) (dx) = df ™ (x). Since f™(x) is non-decreasing its
derivative f®*+D(x) exists for x € (a, b) A a.e. By Remark 4.8 f(x) can be represented as the sum

f = fcont+ fsing + fpp-

From Lemma 4.9, and taking into account that gcont = £, Zsing = gpp = 0, wWe obtain that

f=ng it feont =n Econt-

. 1 1 . 1 1
By Theorem 4.10, feont =n Zeont iff fH D (x) > g™tV (x). Since gtV (x) =c, and IV (x) = F@+D(x) for x € (a,b) A ae.,
the theorem is proved. O

Corollary 4.16. Letc > 0,n € Nand f : (a,b) — R be a function. Then f is strongly n-convex with modulus c if and only if f is of the
form

f@®) = feone®) +RX) (x€(a,b)),

where feone @ (a,b) — R is an (n 4+ 1)-times differentiable strongly n-convex function with modulus c, and R : (a,b) — R is an
n-convex function such that R®*+D (x) = 0 for x € (a, b) A a.e.

Corollary 4.17. Let c > 0,n € N and let f : (a,b) — R be an (n + 1)-times differentiable function. Then f is strongly n-convex with
modulus c if and only if

f™ @) >c, xe(a.b).
5. Interpolation of functions by n-convex functions

It is well known that every convex function f :I — R admits an affine support at every interior point of I (i.e. for any
Xo € Int I there exists an affine function a: I — R such that a(xg) = f(xo) and a < f on I). Convex functions of higher orders
(precisely of an odd orders) have similar property; they are supported by polynomials of degree no greater than the order
of convexity.

The following important property of convex functions of higher order (cf. Kuczma [12], Popoviciu [22], Roberts and
Varberg [24]) is well known: a function f :I — R is n-convex (I C R is an interval) if and only if for any x1,...,Xxp41 €1
with X1 < --- < xp41 the graph of an interpolating polynomial p := P(x1, ..., Xy+1; f) passing through the points (x;, f(;)),
i=1,...,n+1, changes successively from one side of the graph of f to another (always p(x) < f(x) for x € I such that x >
X1 if such points exist). More precisely, (—1)"T1(f(x) — p(x)) >0, x <x1, x|, (=D (f(x) = p(x)) =0, % <x < Xit1,
i=1,...,n f(x) —p®x) >0, x> x,41, x € I. It is not difficult to observe that the n-convexity reduces to convexity in the
usual sense if n=1.

In the Wasowicz paper [29] certain attaching method is developed. The method is applied in Theorem 5.1 to obtain a
general result, from which the mentioned above support theorem and some related properties of convex functions of higher
order are derived.

Theorem 5.1. Let n € Nand f : | — R be an n-convex function. Let us fixk € N, k <n, and take x1, ..., xx € I suchthatx; < --- < xy.
To each point x; (j =1, ..., k) assign the multiplicity I; € N such that l; 4 --- +1; = n + 1. Additionally assume that if x; = inf1,
then ly =1, and if x, = sup, then I, = 1. Denote Iy = (—00,X1), Ij = (xj, Xj11), j=1,...,k — 1, and Iy = (x, 0o). Under these

assumptions there exists a polynomial p € I, such that p(xj) = f(x;), j=1,...,k, and such that (=D (f(x) — p(x)) >0 for
xelgNI, (=) 1=G+H+) (f(x) — p(x)) =0forxelj, j=1,....k—1, f(X) — p(x) =0 forx e [y N L.

The numbers Iq, ..., can be interpreted as multiplicities of the points x1, ..., Xy, respectively. The polynomial p(x) in
the above theorem will be called the supportof (11, ..., l)-type.

Remark 5.2. This fact is shown by Wasowicz [30] in a more general setting, i.e. for functions convex with respect to
Chebyshev systems (for Chebyshev’s polynomial system (1, x, ..., x") such convexity reduces to n-convexity).

Observation 5.3. The polynomial p(x) described in Theorem 5.1 has the following properties:
() px¥) < fX), x>x, x €,

(i) if I; (i.e. the multiplicity of x;) is even, then the graph of p(x) passing through x; remains on the same side of the
graph of f, while it changes the side, if [; is odd.
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We apply Theorem 5.1 to obtain a general result, that for any two n-convex functions f and g, such that f is n-convex
with respect to g, the function g is a support of (I1,...,I)-type for function f, up to some polynomial p € IT,.

Theorem 5.4. Letn € N and let f and g : I — R be two n-convex functions such that f is n-convex with respectto g. Fixk e N, k <n,
and let X1, ..., Xc € I be such that X1 < --- < X. Suppose that I;, 1; satisfy conditions of Theorem 5.1. Then there exists a polynomial
p € Iy, such that

fxj)=gxj) +pxj), j=1,....k, (5.1)
and additionally

D" — (g0 +p)] >0 forxelonl,

()= UHH ) — (g0 + p(0)] =0 forxelj, j=1,....k—1,

f@) — (8 +px) =0 forxelNI. (5.2)
The function g(x) + p(x) will be called the support of (I1, ..., ly)-type for the function f.

Proof. Since f(x) is n-convex with respect to g, f(x) — g(x) is n-convex. Applying Theorem 5.1 with the function f(x)—g(x)
in place of f(x), we obtain that there exists a polynomial p € I, such that

f&j)—gkp)=px), j=1,....k
D™H(f0 —g@) —p@] >0 forxelonl,
()= EHI[(Fx) —g(0)) —p0)] >0 forxelj, j=1,....k—1,
(f—g®)—px) =20 forxelNl.
Thus (5.1) and (5.2) are satisfied. This completes the proof. O
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