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ON A CLASS OF PUNCTUAL CONVEX FUNCTIONS

AURELIA FLOREA AND EUGEN PALTANEA

(Communicated by C. P. Niculescu)

Abstract. The aim of this paper is to show that the inequality of Jensen for real functions holds
under a weaker condition than the usual convexity on an interval. Thus, we introduce the concept
of convexity at a point. We present and discuss the basic properties of the class of functions
satisfying the punctual convexity. This concept is further extended to the lateral convexity at a
point. The interest in these notions is the extensions of some inequalities, as illustrated in this
paper. It should be noted that the usual convexity on intervals does not provide a direct answer
for these problems.

1. Introduction

Jensen’s inequality is usually stated in the context of convex functions but we can
find easily examples where this inequality still works for some nonconvex functions and
some convex combinations of points “well placed” in the interval of definition. Indeed,
let us consider the inequality

(llxl et ﬂ,nxn)bllxl+"'+}t"x" KX b5 + - A dpxnb™, (1)

where b > 1 and Ay,--- A4, € [0,1], such that i Ai=1.

i=1
Since the function f : R — R, f(x) = xb*, is convex only on the interval
[—Zlog_l b,oo), the inequality (1) holds for xi,---,x, > —2log~'b. However, we will
show that this inequality can be extended to all real numbers x;, such that their convex
n
combination ‘2 Aix; is at least equal to — log_l b (see Example 3, Section 4).

i=1
A second example illustrating this phenomenon is as follows. For n+ 1 positive

numbers ay,...,a, and p, let us consider the inequality
aj aj anp—1 ay n
+ 4+ + < . 2
\/a2+pa1 \/a3+pa2 \/an+pan1 \/a1 tpan S vir P
Letting x; = log ”;—*l_l, i=1,...,n, where a,+1 = a;, we are led to consider the
function .
[R-R, fx)=-

VeTtp
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where p > 0 is a fixed parameter. Then the inequality (2) is equivalent with

2% i f(x
f(0)=f< 1) o 2/l 3)
n n
for real numbers xp,---,x,, with 37 ,x; = 0. The function f is convex only on the

interval (—eo,log(2p)]. Then (3) results from the usual inequality of Jensen under the
assumptions x; < log(2p), for i = 1,---,n, such that ¥/ x; =0, where p > 1/2.
Hence (2) holds for p > 1/2 and 0 < a;+1/a; <2p, i=1,---,n (with a,41 = a;). But
we will show that the inequality (2) is also valid for p > 1/2 and 0 <a; <ap <--- < ay
(see Example 5, Section 4).

The two examples above illustrate a new concept of weak convexity (called by us
convexity at a point), which we will introduce and describe in this paper.

DEFINITION 1. Let / be an open interval and a € /. We say that a function f :
I — R is convex at the point « if, for all x,y € I, such that x < a <y, we have

fla)+ flx+y—a) < f(x)+ f()- ©)
A function f is called concave at the point a provided that —f is convex at that point.

Denote by Conv,(I) the set of all convex functions at a, defined on an open inter-
val I, such that a € I. Then every f € Conv,(I) verifies the inequality

2f(a) < fla+1)+ f(a—1t), forall r suchthata —r,a+1r€1. (5)

The class Conv,(I) may contain non-continuous (hence nonconvex) functions.
For example, the function f: R — R, defined by:

p,ifx<a

fx)=4¢ q,ifx=a,
r, ifx>a

is convex at the point a (i.e. f € Conv,(R)) if and only if ¢ < min{p,r}. Remark that,
if ¢ < min{p,r}, then f is convex only at the point a. Indeed, for b < a, we have
2f(b) =2p>p+q=f(2b—a)+ f(a), so f ¢ Conv,(R), and, for b > a, 2f(b) =
2r>r+q=f(2b—a)+ f(a),so f ¢ Convy(R).

Clearly, a convex function f defined on an open real interval [ is convex at each
a € I. One can show easily that a continuous function f : / — R which is convex at all
the points of a dense subset of I is convex on the whole interval 1.

In the next section we will show that for continuous functions in the class Conv, (1),
Jensen’s inequality holds (at the point @). A characterization of convexity at a point in
the presence of differentiability is provided by Theorem 2 below.

Section 3 is devoted to an extended concept, called the lateral convexity at a point.
In Section 4, we will illustrate by examples the usefulness of these notions and re-
sults. Also, a possible extension of the punctual convexity in real Banach spaces is
commented.
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It is worth noticing that there are many other works treating the existence of
Jensen’s type inequalities for nonconvex functions (but in a different manner). So is
the case of convex-concave symmetric functions studied for example by Czinder and
Pales [1] and Florea and Niculescu [2], and the case of left almost convex functions,
first considered by Niculescu and Spiridon in [5]. Also, Minutd [3] studies an alterna-
tive concept of punctual convexity, called x-convexity.

2. The class of punctual convex functions

We start by noticing that the set of convex functions at a point is closed under
addition and under multiplication by positive reals. Also, this class is closed under
translations. These closure properties and other characterizations are stated in the next
lemma.

LEMMA 1. Let I be an open interval and a € I. The following statements are
true:

1. the class Conv,(I) is a convex pointed cone;

2. feConvy(I) if and only if f, € Conv,(I+a), where 0 €I, [ +a={x+alxcI}
and f,(x)=f(x—a), x€l+a;

3. if f € Conv,(I) and g(x) = f(x) +bx+c, x €I, where b and c are real constants,
then g € Conv,(I);

4. for f:R—=R, if f(x+a)— f(a) is subadditive, then f € Conv,(R);
5. an even function f € Convy(R) has the origin as a global minimum point.

The following lemma states a special case of Jensen’s inequality under the pres-
ence of punctual convexity.

LEMMA 2. Assume f € Conv,(I), where I is an open interval, with a € I. Then,
Sforall xy,xp,---,x, €1, such that ¥} | x; = na, we have

nf(a) < fo)+ )+ + ). (6)

Proof. We will prove the lemma by induction. For n = 2, the inequality (6) be-
comes directly from the relation (5). Suppose that the inequality (6) holds for n > 2
numbers. Let us consider xj,xp,...,x,11 € I, with 2?:11 x; = (n+ 1)a. Without loss
of generality, we can assume x; < xj+1, i = 1,2,...,n. Then, clearly, x; < a < x,41.
Therefore,

fl@)+ f(x1+xps1 —a) < fxr) + f (ns1)-

But, from the induction assumption, we have

nf(a) < f(x1 +xp01—a) + f(x2) + -+ f(xn)-
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Summing these inequalities, we obtain (n+ 1) f(a) < 3] f(xx). So, we get the con-
clusion. 0O

A useful application is indicated by the following corollary.

COROLLARY 1. If f € Convy(R), then g = f olog satisfies the inequality:

ng(1) < guy)+g(up)+ -+ g(un), Vuy,up, - uy >0, Hu,- =1. 7
=1

The discrete case of Jensen’s inequality holds in full generality for continuous
functions belonging to the class Conv, (/).

LEMMA 3. Let f € Conv,(I) be a continuous function. For all positive real num-
n n

bers Ay, Ay, with Y A; = 1, and for all xy,---,x, € I, such that Y, Aix;i = a, we
i=1 i=1

have
f (Z li?Ci) < Y Aif (xi). ®)
i=1 i=1

Proof. Firstly, let us prove (8) for positive rational numbers Ai.
Assume A;,---, A, € Q, and xy,...,x, €1, such that 2 Ai=land ¥ | dixi=a.

There are n+1 positive integers pi,---,p, and g, such that 7L = % i=1,...,n. Then

2 pixi=aq=a 2 pi. Hence, Lemma 2 ensures

=1 =1

— (ipl) fla) < épif(xi)~

Therefore, the inequality (8) holds.
Now, let us treat the general case. Assume n positive numbers Aq,... An, with

n
Y A =1, and consider xi,...,x, € I, such that 3! Aix; =a. For 1 <i<n—1,
i=1

we choose a sequence of positive rational numbers (k,gl))@l, such that k,g < A; and
. 1
I}im JLk(’) = A;. Now, for each positive integer k, let us denote 7Lk("> Z 7L
a-3" 120, o 1) o n)
= % Then, for all positive integers k, we have ¥ A4, =1, with 7Lk >1—
i=1
Z A=A, >0, and 7Lk %+ Z 7L x; = a. In addition, hm?L =, and hm Tk =Xp.

In thrs case, there is a positive 1nteger ko suchthat z; €1, V k >ko. Therefore the firstly
treated case ensures

fla) <A77 f(z) +HEA ), Vk = ko.
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As follows, by using the continuity of f at x,, we find

f@é?m@@ﬂ@+2%%@0=2hﬂm
- i=1 i=1
Thus, the lemma is proved. [
In particular, for n =2 and a = 0, we obtain a relevant consequence of above

lemma.

COROLLARY 2. For a continuous function f € Convy(I), we have
(y—x)f(0) < yf(x) —xf(y), for all x,y € I, such that x <0 < y. )

Remark that the reciprocal statement is not true (see Example 1, Section 4).

A continuous function on an open interval which is convex at a given point admits
a support line at that point. More details on this notion can be found, for example, in
the monograph of Niculescu and Persson [4].

LEMMA 4. If f € Convy(I) is a continouous function, then there exists A € R
such that

fx) = fla)+A(x—a), foreveryx €I
Proof. Let us consider x,y € I such that x < a <y. From Lemma 3 we obtain

y—a a—x

fla) 2=+ S0,
As follows,
fla) = f(x) < f0) = fla) , forall x,y € I,such that x < a < y. (10)
a—x y—a

Denote o0 = sup % and B = inf M, The relation (10) provides

xel; x<a yely>a Y74
o, € R and o < . More that, we have
M <a<B< M7 for all x,y € I,such that x < a < y.
a—x y—a

Then, for A € [a, B], the following inequality holds
f(x) > fla)+A(x—a), forallx €1,

i.e. f admits a support line at the point a. [

Now, let us derive the general form of Jensen’s inequality.
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THEOREM 1. Let f € Convy(I) be a continuous function on the open interval I.
Then, for every interval [a., B] C I including the point a, and for every Borel probability
measure L on o, 3] whose barycenter is a, we have

B
fla) < [ fedu).
o
Proof. We apply Lemma 3 and the approximation result on Borel probability mea-
sures established by Lemma 4.1.10 in Niculescu and Persson [4]. [
The functions f € Conv,(I) with lateral derivatives on I enjoy a specific property.
LEMMA 5. Assume a function f:1 — R having lateral derivatives on the open

interval 1. Suppose a € 1. If f € Conv,(I), then f'(x+0) < f'(a+0), forall x €1,
such that x < a, and f'(a—0) < f'(x—0), for all x € I, such that x > a.

Proof. Let f € Convg(I) be a function with lateral derivatives on I. Let us con-
sider x € IN (—oo,a). From (4), we have:

f(x+y—a)_f(x) < f(y)_f(a)7 Vyelﬂ(a,oo).
y—a y—a
Therefore,
vla y—a yla y—a
Similarly, for a fixed y € IN (a,°), we have
xTa a—Xx xTa a—Xx

So the lemma is proved. [J

Remark that the converse implication is not true (see Example 1, Section 4). Now,
let us characterize the differentiable functions of the class Conv, ().

THEOREM 2. Let f: I — R be a differentiable function, where I is an open in-
terval, with a € 1. The following statements are equivalent:

1. f€Conv,(I);

2. ) <fl@<f(), Yryel, x<a<y.

Proof. Suppose f € Conv,(I). From Lemma 5 we find f'(x) < f/(a) < f/(y),
for all x,y € I, such that x < a < y. Conversely, assume that the statement 2) is true.
Let us consider x,y € I, such that x < a <y. Suppose that x+y < 2a. From the
Mean Value Theorem, there are b,c € I, x <b <x+y—a < a<c <y, such that
flx+y—a)—f(x) = f(b)(y—a) and f(y) — f(a) = f'(c)(y —a). Hence, from the
hypothesis, we obtain f(x+y—a)— f(x) < f(v) — f(a). Similarly, if x+y > 2a, then
we find f(a) — f(x) < f(y) — f(x+y—a). As follows, f € Conv,(l). O

The above theorem can be the source of many interesting examples of nonconvex
functions which are still convex at a point.
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3. Lateral convexity at a point

We introduce now the concept of lateral convexity at a point. This notion is less
restrictive than the convexity at a point.

DEFINITION 2. Let/ be an open interval and a € [.

We say that a function f:1 — R is left-convex at the point « if, for all x,y €1,
such that x <a <y and x+y < 2a, we have f(a)+ f(x+y—a) < f(x)+ f()-

We say that a function f : I — R is right-convex at the point « if, for all x,y €1,
such that x <a <y and x+y > 2a, we have f(a)+ f(x+y—a) < f(x)+ f()-

Clearly, f is convex at a point a if and only if it is left-convex and right-convex at
the point a. Since the properties of the right-convexity at points can easily be obtained
from that one of the left-convexity at points, we discuss here only this last one concept.
Also, note that the definition and the properties of the lateral concavity can be directly
obtained from that one of lateral convexity. The class of functions satisfying a lateral
convexity (or concavity) condition at a point enjoy a series of similar properties to those
presented in Section 2.

Let us denote by Conv, (1) the class of left-convex functions at the point a. Ob-
viously, Conv,(I) C Conv, (I). Now, let us show that Lemma 2 can be reformulated
for the class Conv,, (I).

LEMMA 6. Assume f € Conv, (I), where I is an open interval, with a € I. Then,
Sforall xi,x2,--- ,xy €1, suchthat xy < a, x, >a, x3 > a, -, x, >a and Y'_| x; =na,
we have

nf(a) < fu)+ )+ + ). (11)

Proof. The theorem will be proved by induction. For n = 2, the inequality (11)
becomes directly from the Definition 2. Suppose that the inequality (11) holds for
a positive integer n > 2. Let us consider xj,x2,---,x,4+1 € I, such that x; < a and
Xo=da,X3>d,, Xpy1 = d. Assume Z;’:llx,- = (n+1)a. Then we have x| +x,+] =
(n+1)a—Y!,x; < (n+1)a— (n—1)a=2a. Therefore,

fla)+ fx1+Xp41—a) < f(x1) +f (xar1)
But from our assumption of induction,
nf(a) < f(x1 +xn1 —a) + f(x2) + -4 f(xn).
By summing these inequalities, we obtain
(n+1)f(a) < flxr) + f(2) + -+ f () + (1)

So, we get the conclusion. [J

Now, let us formulate necessary and sufficient conditions, respectively, for the
left-convexity at points.
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THEOREM 3. Assume f:1— R, where I is an open interval, with a € I.

1. If f has right-derivatives on I N (—eo,a] and f € Conv, (I), then f'(x+0) <
f(a+0), forall x e IN(—ee,a).

2. If I is symmetrical with respect to the point a, f is convex on the interval 1N
(—oo,a] and

2f(a) < f()+f(a—y), Vyel, (12)
then f € Conv, (I).

Proof. For 1), we can use the same arguments as in the proof of Lemma 5. Now,
let us prove 2). Consider x,y € [ such that x <a <y and x+y < 2a. Since x+y—
a,2a—y € [x,a] CIN(—eo,a] and f is convex on I N (—eo,a|, we have

fxty—a)+f(2a—y) < f(x) + f(a). (13)

By summing the inequalities (12) and (13), we find f(a)+ f(x+y—a) < f(x)+ f(¥).
Hence, f € Conv, (I). O

Mention that Example 5 in Section 4 (also discussed in the introduction) is based
on above results.

4. Examples and comments

The first example show that Corollary 2 and Lemma 5 have not reciprocal state-
ments.

EXAMPLE 1. The nonnegative continuous function f: R — R,

x+2, xe[ 2,-1);
_ )kl xe[-1L1)
F@ =922 xxe[l,z],
0, eR\[-2,2],

satisfies (9), since (y—x)f(0)=0<yf(x) —xf(y), forall x,y € R, suchthat x <0< y.
Also, clearly, f/(x+0)<1=f"(040), Vx<0,and f(0—0)=—-1< f'(x—0), Vx>
0.But f(0)+ f(1)=1>0=f(—2)+ f(3)., hence f ¢ Convy(R).

The second example illustrates Lemma 3 and Lemma 5.

EXAMPLE 2. Let us consider the continuous periodic function f: R — R, with
the period P = 2, defined as f(x) = |x|, for x € [-1,1]. Let x <0 and y > 0 be
two real numbers. Denote s = [’%1] and t = [M} the integer parts of ”1 and
y; respectively. We have x € [2s— 1,25+ 1) and y € [2r — 1,2t 4+ 1). Therefore
u:=x—2se[—1,1) and v:=y—2t € [-1,1). From the periodicity of f, we obtain

fO)+ ) =)+ () = lu[+]v],
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and

lu—+vl, utve|—-1,1]
FO)+fx+y)=flutv)=q 2= (+v), u,y€(0,1), utve(1,2)
u+v+2, uv<0,utvel[-2,-1).

Clearly, f(u+v) < |u|+|v|=f(u)+ f(v). Then f € Convy(I). Since f(¢) >0, Vr €
R, we have

S

f0)=0< ) Aif(xi),

1

for 2; > 0, x; € R, such that Z Ai=1 and ¥ | Aix; = 0. On the other hand, f has

lateral derivatives on R, such that f(x+0)<1=f(0+0),Vx<0,and f'(0—-0) =
—1<f/(x—0), Vx=>0.

EXAMPLE 3. Assume b > 1 and x1,---,x, € R, such that Z Aixi = —1/logb,

i=1
Then
()lel et ﬂ,nxn)blller"'Jrl”x” <Ax b+ -+ )Lnxnbx",

where Ay, A, € [0,1], such that Zl =1.

Let us consider the function f R — R, f(x) =xb*. We have f'(x) =b"(1+
xlogb) and f”(x) = b*logh(2+xlogh). Since limy—,_o f'(x) =0, f'(—1/logh) =0
and f’ is increasing on the interval [—2/logb, ) (i.e. f is convex on [—2/logh,)),
we obtain

fx)<fla) <o),

forall @ > —1/logb and x < a <y. Then, from Theorem 2, f € Conv,(I), for all @ in
the interval [—1/logb,). The conclusion follows from Lemma 3.

EXAMPLE 4. The following inequality holds:
eﬂcz —I—efyz <1 —|—ef(x+y)27 Vx<0<y

Consider the function f: R — R, f(x) = —e=, x€R. Since flx) = 2xe , we have
f1(x) < f(0) < f/(y), for x <0< y. Then f € Convp(R) and the inequality is proved.

i L
Note that f is convex on 75

).

The last example prove the utility of the concept left-convexity at the origin.

and concave on the intervals (—oo’ _%} and

S
LS}
e

EXAMPLE 5. Let n > 2 be an integer number, and let a; < ay < --- < a, ben
positive numbers. Then, for p > 2 , the following inequality holds

aq T ay T 4 ap—1 T ay < n
a + pay as+ pas an+ pan—i ar+pa,  JT+p
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Let us denote x; = log“%H i=1,---,n, where a,.1 =a;. Let f: R — R be the
function defined by f(x) = — \/e}—ﬂ?, where p > 1/2 is a fixed parameter. Then we
have to show .

> fxi) = nf(0),

i=1
under the conditions x; >0, fori=1,---,n—1, x, <0 and ¥, x; = 0. From Lemma

6, it is sufficient to verify that f is left-convex at the origin. Firstly, we show that
2f(0) < f(x)+ f(—x), VxeR, ie.

g(t): 1 1

2

= + < ,Vit>0. (14)

t+ 1 1+
VIED iy VIFP

We easily state that sgn{g'(1)} = sgn{(1 —2)[p*(*+1)+:(3p*—1)]}, for 1 > 0.
But we have

PP+ 1) +tGBp = 1) =t2p* +3p° — 1) =t2p—1)(p+1)*>=0, V> 0.

Therefore, g'(t) > 0, for 7 € (0,1), and g'(¢) <0, for € (1,00). As follows, we
have g(r) < g(l), V¢ >0, i.e. (14) holds. Secondly, we verify the convexity of f on
(—e0,0]. We have

f(x) = 4_lex(e" —|—p)_5/2(2p —e'), xeR.

Since 2p > 1, we find f”(x) > 0, V x < 0. Therefore, f is convex on the interval
(—<e,0]. By applying Theorem 3 (for a = 0), we obtain f € Conv,, (/). Thus, the
given inequality is proved.

We think that the concept of punctual convexity can be of interest in more general
frames. Thus, let E be a real Banach space and let C C E be an open convex set. A
function f: C — R will be called convex at the point a € C if, for every vector v # 0
of E,

F(@)+ fla+ (x+y)v) < flat+x) + flatyw),

for all x,y € R, such that xy < 0 and a+xv,a+yv € C. Clearly, this definition ex-
tends the concept developed in this paper for the real case. The study of the punctual
convexity can lead to interesting applications in Banach spaces.
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