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Abstract: Let (X,d) be a metric linear space and acX. The point a divides the space into three sets:
H,;={x e X:d(0,x) <d(x,a)}, M, = {x € X:d(0,x) =d(x,a)} and L, = {x € X: d(0,x) > d(x,a)}. If the distance
is generated by a norm, H, is called the Leibnizian halfspace of a, M, is the perpendicular bisector of the
segment 0,a and L, is the remaining set L, = X\ (H; U M,). It is known that the perpendicular bisector
of the segment [0,4] is an affine subspace of X for all a € X if, and only if, X is an inner product space,
that is, if and only if the norm is generated by an inner product. In this case, it is also true that if
X,y € Ly UM,, then x +y € L, U M,. Otherwise written, the set L, U M, is a semi-group with respect to
addition. We investigate the problem: for what kind of norms in X the pair (L, U Mg,+) is a semi-group for
all a € X? In that case, we say that “(X, ||.||) has the semi-group property” or that “the norm ||.|| has the
semi-group property”. This is a threedimensional property, meaning that if all the three-dimensional
subspaces of X have it, then X also has it. We prove that for two-dimensional spaces, (L, +) is a
semi-group for any norm, that (X, ||.||) has the semi-group property if, and only if, the norm is strictly
convex, and, in higher dimensions, the property fails to be true even if the norm is strictly convex.
Moreover, studying the L” norms in higher dimensions, we prove that the semi-group property holds
if, and only if, p = 2. This fact leads us to the conjecture that in dimensions greater than three, the
semi-group property holds if, and only if, X is an inner-product space.

Keywords: normed space; perpendicular bisector; inner product

1. Introduction

Let (X, || ||) be a real normed space.

In [1], the authors were interested in the following property of X

For every x,y,z € X, the inequalities

(A) For every x,y,z € X, the inequalities

Il = lly + 2l Iyl = lly +=I, 121l > l1x + I, imply the equaities

Il = lly + =l 1yl = ly + 21l Nzl =[x+ vi

The typical examples of spaces with this property are the inner product spaces. Indeed,
if there is an inner product <-,-> such that ||x||?> = <x,x>, then the inequalities in (A) become
12 > (g1 + 2112 + 2<x5, [l > [1x]2+ 2]+ 2<x,25, [2]2 > Iyl + ] + 2<z 5 if
we add them, we obtain ||x + y + z|| <0 < x + y + z = 0. In this case, we obtain even more
than the simple equalities ||x|| = ||y + z||, [ly]| = ||z + x||, ||z]| = ||x + y||, namely, x = —(y + 2),
y=—(x+2),z=—Uy+x).

If we denote a = x + ¥ + z, we can write property (A) as

(A) For every x,y,a € X, the inequalities

Il = fla = xll, Iyl > la = yll, la —x = || > [lx + | imply the equalities

Il = lla = [, 1yl = lla =yl lla — x = yll = f1x +vi

Written in this form, the property (A) receives a geometric flavor.

Notation. Let a € X. Denote by L,, M,, H, the sets

Lo={x € XI|lx — af| < x|} M
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M, ={x e Xl||x —al = |x||} ()

H,={x e X!||x —al| > ||x||} (3)

Note that M, is the perpendicular bisector of the segment [0,4], L, is the set of points
closer to a and H, is the set of points from X closer to 0. Some authors [2] call the set H, the
Leibnizian halfspace of a. Horvath ([2,3]) writes H, instead of H, and H, o instead of M,

In the sequel, we always assume that a # 0, since a = 0 is nonsensical.

Using these notations, the property (A) becomes

(A) ForanyO#ae X, ifxeL, UM yeL, UMy x+y € H, UM, thenxyx+y M,
A weaker form of this property is
(B) ForanyO#ae X, ifxeL, UM, yeL, UMy x+y € H, UM,;thenx+y e M,

However, is it possible that x,y,x + ¥ € M,? In an inner-product space, this is not
possible. In this case,x € L, UM,y € L, UM, = x +y € L,.

In other words, in an inner-product space, (L, U M,,+) is a semigroup. Indeed, this
is obvious: squaring the inequalities ||x|| > |la — x||, ||ly|| > |l2 — y|/and adding them, we
obtain ||x +y||? > 2[|a|? — 2<ax + y> + ||x + y||? > ||x + y — a||?>, meaning that x + y is in L,.

2. The Main Result

A norm space is strictly convex ([1-4]) if and only if the unity ball B; = {x € X: ||x|| < 1}
is a strict convex set or, equivalently, the equality

llx + y|| = ||x]| + ||y|| can hold if and only if x =0 or y = 0 or y = Ax for some A > 0. An
equivalent definition is that the norm is a strict convex function, i.e., for x # y, the equality

Il —N)x + Ayl = (1 — A)||x|| + Ally|| can hold if, and only if, A € {0,1}. Here A € [0,1].

Let us denote by h, : X — R the mapping h,(x) = ||x — a|| — ||x||. Then

Hy ={h; > 0}
Ma = {ha = 0}
L, =1{h, <0O}L

As the function h, is continuous, M, is a closed set and H,, L; are open.

Definition 1. Say that (X, ||.||) has the semigroup property (or that the norm has the semigroup
property) if it satisfies the condition

(M) (Ls U M,,+) is a semi-group for every a € X
or, equivalently,
M) (La U Mg) + (Lo U Ma) C (L U M,).
Explicitly, the semi group property means that
[} > [lx = all llyll = lly —all =[x +yll > |lx +y — al| or any x,y,a € X
We shall also consider the following similar property
(M°®) (Lg,+) is a semigroup
Proposition 1.
(i)  The property (M) implies the property (B).
(ii) A space X has the properties (A), (B), M) or (M®) if, and only if, all three-dimensional
subspaces of X have it.

Proof.

(i) Obvious. If L, U M, is a semigroup, thenx € L, UM,;, y € L, UM, = x+y €L,
UM,. Thus,ifxe L, UM, y €L, UM, x+y € H, UM, thenx +y € (H, U
M,) N (Hp U M) = M,.

(ii) For instance, if X has the property (A) and Y = span({x,y,z}), then it obviously has the
property (A) as well. Conversely, if we know that Y has the property (A), we know
that X also has it. O
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Remark 1. Thus, the semigroup property is geometric; it deals with the shape of the unity ball in a
three-dimensional subspace of X. In the case of inner product spaces, this is an ellipsoid. In fact, the
inner product spaces satisfy a stronger assumption, namely

© Il > llx —all, Iyl > ly - all, |+ vl =[x +y — all > a=0

Of course, (C) implies (A).

Any norm space has the following properties:

Proposition 2. Let X be any norm space and a € X, a # 0.

(@) If llx[| > [lx — all and 0 < t <1 then ||x|| > [|x — ta.

(i) IfxeLsandt>1thentx € L,.
Ifx € Myand 0 <t <1, then tx € M,U H,.
Ifx € My, t > 1thentx € M, U H,.

(iii) Ifx € Ly, there exists 0 < t <1 such that tx € M,

(iv) If, moreover, the function X is strictly convex, then x € My, tx € M, if, and only if, t = 1. In
other words, if x € M, and t > 1, then tx & M,.

(v) If X is strictly convex, the closures are CI(H,) = H, U M, and CI(L,) = L, U M,.

Proof.

(i) Letf: R — R be defined by f(t) = ||x|| — ||x — ta||. The function f is concave, f(0) = 0
and f(1) > 0. Thus t € [0,1] = f(t) > 0 or, explicitly, ||x|| > ||x — ta|

(i) Obvious if we write the inequality ||x|| > [lx — ta || as || 1x|| > ||ix —a ||. If t € (0,1], then
1> 1.1fx € My, thenf(0) = f(1) =0 = f(s) <0 Vs € (—00,0) U (L,o0) & ||x[| < [|x — ta |
vVt € (0,1). Thus ||tx|| < ||tx —a|| V ¢ € (0,1).

(iii) The function f from (i) has the property that f(co) = —co. As f(1) > 0, there must be
t>1suchthatf(t) =0« x| =[x —ta | < Ix €M,

(iv) If the norm is strictly convex, then the function f from 1 is strictly concave. Let s =%. As
x € M, < f(0) =f(1) = 0, the strict concavity implies s € (0,1) = f(s) > 0 < ||x|| > ||x — sa]|
or |tx|| > ||tx — a||.

(v)  The inclusion Cl(H,;) € H; U M, holds in any norm space. The problem is to check
that M, C CI(H,), and this is not true in general. However, if the norm ||.|| is strictly
convex, and x € Mj, then the points t,x belong to H, if £, > 1. Now, it is obvious that
if t; | 1, then t,x — x hence x € CI(H,). The equality CI(L,;) = L, U M, has the same
proof. O

The following result also holds in any norm space and simplifies the issue:

Proposition 3. If (X, ||-||) has the property (M) and T:X — X is a bijective linear operator then
(X, ||||) has the property (M), too, where the norm is defined by

X[l = I Tx|

Moreover, if (X, ||-]]) is strictly convex, then (X, ||-||) is strictly convex, too.

Proof. Let H,\D = {x € X: ||x|7 > ||x — allt }, M,D = {x € X: ||x||7 = ||x — a|/t} and
LD ={x € X: ||x||r = ||x — al|}.

We claim that H,\D = T-1 (Hy,), M,\D = T-1 (M) and L,"D = T~ (Lp,).

Indeed, H,D) = {x € X: ||Tx|| < ||Tx — Ta||} & T(H, D) = {Tx: ||Tx|| < | Tx — Ta||} = {y €
X: ||yl < |ly — a||} = H, and the same holds for the other two sets. The property (M) says
that H, U M, is a semigroup for any a € X. Then Hy, U My, is also a semigroup. it is obvious
that if H C X is a semigroup and U:X — X is a linear operator, then U(H) is a semigroup,
too. Therefore H," U M,D) = T-1(Hy, U Mq,) is a semigroup.

The last assertion is obvious. [

Example 1. If %2 endowed with some norm that has the property (M), the same holds for R?
endowed with the norm ||(x1, x2)||* = ||(ax1 + bxy, cx1 + dxp)|| provided that det( Z Z ) # 0.
Now we can state our main result.

Theorem 1. Let X = R? endowed with some norm ||-||. Let a € X. Then
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(i) La+LiC L
(if) If X is strictly convex, then (L, U M,) + (Ly U M,) C L, UM,
(iii) Conversely, if the norm has the semi-group property, then it is strictly convex.

Thus, in the two-dimensional case, the semi-group property of a norm is equivalent with its
strict convexity.

Proof. For the sake of a better understanding, the proof is divided into several steps. []

Step 1. There is no restriction on considering a = (0,1).

Indeed, if a = (a1, a3), we can choose a linear operator T such that Tz = (0,1). Next, we
replace the norm ||.|| with the norm ||-||7 and use Proposition 3.

Step 2. The two-dimensional norms have the following useful property (although it
is well known, we prove it here since we did not find appropriate references to it in our
research and it can be used to construct many norms on the plane):

Lemma 1. For any norm on a two dimensional space there exists a convex function f: & — (0,00),
such that

pim 2 = tim Z = > 0and @
1)l = {‘x’f(Z) %f.x #ZO'PJOﬁCEthatﬂlzzH(Ofl)H (5)
m|y| ifx=0

Moreover, if X is strictly convex, then the function f is also strictly convex.

Conversely, for any convex function f satisfying (4), the equality (5) defines a norm.

All the norms in a two-dimensional space have this form. If f is strictly convex, then the norm
given by (5) is also strictly convex.

For the proof of the Lemma, see Appendix A.
Combine Step 1 and Step 2. Thus a = (0,1) and f is a function, as in the above Lemma.
Next, we drop the index a and write

= {(ey): x £0, f(4) >f(ﬂ) orx=0,mlyl >mly—11 &y e, o),
=Gy x#0, f(2 (

=y x #£0, f(%
Step 3. Describe the sets M H, L
6 ( )

)orx=0,m|y| =mly —11I @y:%}
=)

orx=0mlyl <mly—11I <:>y€(—00,%)}

f®)

= tlim —7 = m > 0, the convex function f behaves
——00

as follows: there exists 11 < uz 6 ?R such that

Due to the property that hm

f is decreasing on (—oo, u1) (6)
fis constant on (u1, 1) )
fis increasing on (i, ©0) (8)

Note that if f is strictly convex, then u; = uy. Let v = f(u1) = f(uy).
Lemma 2. Let f: R — R be a continuous function which satisfies the assumptions (6), (7), (8).
. f(t . t
Suppose further that tlgglo @ =my >0, tll}t_noog =m; >0
Let h(xy) =f(4) = f(Y51), b % x R — R, The sets M = {h = 0}, L = {h > 0}
and H = {h < 0} may then be characterized as follows:
There are exist two functions @1, @2: R* = R, @1 < @y such that

L ={(xy): e1(x)V2(x) <y} )

M ={(xy): e1(0)N@2(x) <y < @1(x)V@2(x)} (10)
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H= {(x,y): @1(0)A@1(x) > v} (11)
Moreover,
pi(—x)=1—@j(x)Vxe R, j=12 (12)
mi nia
(0+0)=———,0;/(0-0) = —=— 13
@;(0+0) my + my @il ) my + np 19
1 1
_ _ 14
P1(1) = 02(1)Vx € (— )\ (0] (19
Iff is strictly convex, then @1 = @3 (15)
if(x,y) € Mand(tx,ty) € M forsomet > 1, then either x > —t—orx < — 1. (16)

Uz—u Up—uq
For the proof, see Appendix A.
In our case, m; = m; allows us to extend the mapping of ¢; to 0, defining ¢;(0) = 5.
Recall our claim: we want to prove that

y>@1(0)Ve2(x), ¥ > e1(X )V (x) = y + 1 > @1(x + X )V (x + x') (17)

This implication would surely hold if we could prove that ¢; are sub-additive.

Indeed, in this case, y > ¢1(x), ¥’ > @1(X) = y + ¥ > @1(x) + @1(x') > @1(x + x’) and,
similarly, y + y' > @a(x + x').

Step 4. The functions ¢; are sub-additive

We shall use the following criterion for sub-additivity:

Lemma 3.

(i) Let g:3 — 3 be such that g(As) < Ag(s) VA > 1V s € . Next, g(s + 1) < g(s) + g(t) Vst
such that st > 0.
If, moreover, A > 1 = g(As) < Ag(s) V's € R, then g(s + t) < g(s) + g(t) V s,t such that st > 0.
(if) Let g be a function, as before. Suppose that g satisfies the following symmetry property:
(S) thereisa € R, b>0,such that gla — s) + g(s) = b.
Consequently, g is sub-additive: g(s + t) < g(s) + g(t).
If, moreover, A > 1 = g(As) < Ag(s) Vs € R, then g(s + t) < g(s) + g(t) Vst

The proof in Appendix A.

Proposition 4. For 1 < p < oo, the functions ; defined by Lemma 2 are sub-additive.
Moreover, if X is strictly convex, they coincide and are strictly sub-additive.

Proof. Because of the fact that m; = my, these two functions are defined on the whole
real line (¢;(0) = %) and they coincide on the interval [— 1 -, uzl m 1. The equality (12)

demonstrates that the symmetry property (S) is fulfilled with a = 0, b = 1. Thus, we only
need to prove that

@j(Ax) < Agj(x) for any x. (18)

Check that for ¢4. Indeed,

i __1
- ifx < i

- ifa> S, 01(0) = xup = @a(tn) = tea ().

- ifxe [—ﬁ,ﬁ], then y = @1(x) & (xy) € M. Then (tx,ty) € HUM due to Proposi-
tion 2(ii). However, (tx,ty) does not belong to M because of (16); hence, in this case,
(tx,ty) € H. According to (9) this means that ty > (@1V @2)(tx) = t@1(x) > @1(tx).

then @1(x) =1 + xuy, @1(tx) =1 + txup <t + txup = te1(x);

In the same way, one proves that @x(tx) < t@o(x) Vit > 1.

If X is strictly convex, then if (x,y) € M and t > 1, then (tx, ty) € M & @(tx) <ty = to(x);
hence, Lemma 3 points demonstrates that ¢ is strictly sub-additive.

This ends the proof. [J

The proof of Theorem 1 immediately follows due to Lemma 4.
Step 5. End of proof of Theorem 1
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(i)  According to (9), (xy) € L < y > ¢(x) with ¢ =¢1V¢,. The functions ¢; are sub-
additive; hence, @ is also sub-additive. Therefore y > @(x), ¥’ > o(x') =y +y' > o(x) +
e() > ex+x)=@x+x,y+y) L.

(ii) If the space X is strictly convex, CI(L) = L U M. However, obviously
L+LCL= CIL)+CIL) CCIL).

(ili) Suppose that X is not strictly convex. The unity sphere B = {z € X: ||z|| = 1} contains a
segment of line I = {(1 — A)zy + Azp: 0 < A < 1} for some z; # z; € B. We suppose these

two points to be extreme. Let T:R? — R? a linear operator such that Tz; = ( 1 ),

Tzp = ( _11 ) Suppose that (X, ||-||) has the semi-group property. Consequently,
(X, ||-]7) also has it. The new unity sphere By = {z € X: ||z||T = 1} contains the segment
(A1 -1 <t <1} Letf(t) = | ( 1 > || 7. This function is convex and f is decreasing on

(—00,—1), constant on (—1,1), and increasing on (1,00). Thus, #; and u, from Lemma 2
are u; = —1, up = 1. According to (10), z = (x,y) belongs to M if, and only if, (@1 A@2)(x)
<y < (p1Ve2)(x). Moreover, we see that x 6[%, 00) = @1(x) =x, Po(x) =1 — x and
X € (—oo, %] = @1(x) =1+ x, @a2(x) = —x. It follows that there are many pairs of z,2/,
such that z,z’ € Mbutz + z/ =0 € L (for instance, z = (1,0) and z’ = (—1,0) are both in
M). This contradicts the semi-group property: M + M should be included in L U M.

To conclude: if a = T~ ey, then one can find z € M, such that —z € M,, as well.
Furthermore, we can prove the following.

Theorem 2. The space X = R? endowed with a strict convex norm satisfies the assumption (C)

Proof. We have to prove that the relations
21>z — all, [Z'2]|2" = al, |z + 2'l|=]|z +2’ — a (19)

for some z, z/ € X can hold if, and only if, a = 0. Suppose, ad absurdum, that this is not
true. Leta = (a1, a) # 0. There is a one-to-one and onto linear operator T: X — X, such that
Ta=e;=(0,1). Letw =T~ 'z, w' = T~'Z/. Consequently, (19) becomes

[wlir = lw = eallr,lwllr > [[w" — eaflr, lw+w'|r = [lw+w" - ex||r (20)

where [|-]| is the norm defined at Proposition 3.
If X is strictly convex, the norm ||-||1 is also strictly convex. Let w = (x,y), w’ = (x',y/)
and ¢ the function defined by Lemma 2. Therefore, (20) becomes

y> 0@,y > o), y+y =@ +x) (21)

However, this is impossible, since y + 1/ > @(x) + ¢(x') > @(x + x/), as ¢ is strictly
sub-additive. [

3. Conjectures, Open Problems, and Counterexamples

At a first glance, a possible conjecture would be that a strict convex normed space should
have the mediator property. However, this not true: all the spaces L”({1,2,3}) with 1 <p < 00
are strictly convex and fail to have the property (M).
1
P

3
Proposition 5. Let X = R® endowed with P norm, ||x|| = ( Y |xj|p>
=1

(i) Ifp e (1,2) U (2,0:), then X does not have the mediator property.
(ii) However, all its proper subspaces have it (due to Theorem 1).
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Proof.
(i) Casel:p e (1,2). Wechoose x =(3,t,—t),y= (3, —t,t),a=(44,4). Then

x+y=0600),x —a=(-11t—-4 -t -4,y —a= (-1 —t -4t —4),
x+y—a=(2,—4, —4); hence, if t >4, ||x||P = ||y[|F =3P +2t7, |[x —a|f = |y —a||P =1+ (t —
4P + (t+4), ||x +y|P =6 and ||x + y — a|P =2F + 2-4”. We claim that for any 1 < p <2, we
can choose t >4, such that ||x|| > ||x — alland [ly|| > ||y —a|| but ||x+y || < ||x + y — a]|. Indeed,
this is an equivalent to 3V — 1> (t — 4)V + (t + 4)P — 2t¥ but 6/ < 27 + 2.47. The function
g(t) =(t — 4)F + (t + 4P — 2t¥ has the property that g(c0) = 0 for any 1 < p < 2; hence, for
any fixed p € [1,2), we can find a t = t(p), such that 3V — 1 > g(f). As with the second
condition, 67 < 2P + 247 & 37 <1 + 2.27, it holds for any such p € (1,2), since the function
h(p) =1 + 2.2 — 37 is decreasing on (1,2) and positive.

(if) Case2: p € (2,00). Now, we choose x =(1,—-1,2), y = (1,2,—1), a = (—t,t,t) for some t €
(0,1/2). Therefore, x +y=(2,1,1),x —a=(Q1+t-1—-t2—-t),y—a=(1+t2 —t—-1—
D, x+y—a=Q2+t1 -1~ b hence, |x|? = [yl = v+ ylI = @7 +2)|x — al}? =
ly —alf =20+t + 2 —t) and ||x +y — a||P = 2 + t)P + 2(1 — t)P. We claim that
for every p > 2, there is t € (0,1/2), such that ||x|| > ||[x — 4, ||y]| > |ly — a| but ||x +
y|| < |lx +y — al|. Indeed, let p > 2 be fixed and let f,¢ be defined by f(f) =2V + 2 — 2(1
TP — 2= 1P, g(t) = (2 + 1) +2(1 — 1) — 2P — 2. Note that f(0) = g(0) = 0 and that
F£(0)=¢'(0) =p(2P—1 — 2). If p > 2, then 2P~ ! > 2; hence, the derivatives are positive.
This means that for small ¢, we have f(t) > 0, g(t) > 0; this fact agrees with our claim.
For p = oo, it is even simpler, since now ||x|| = ||y|| =|lx + y|| =2,||[x —a|| = ||y — 4| =
2—tand |[x+y —t]| =2+t

Thus, the two-dimensional space R2 endowed with the norm ¥, 1 < p < o has the
mediator property, while R endowed with the same norm does not have it. [J

4. Open Problems

1.  The only three-dimensional spaces that satisfy the mediator property (B) are inner-
product spaces. Prove or disprove that if dim(X) > 3, then property (M) implies the
fact that X has an inner product. In other problems connected with perpendicular
bisectors, this was indeed the case [5-9].

2. The only examples of spaces possessing the mediator property also satisfy the property
C. Prove or disprove that (M) < (C).

3. Prove or disprove that if M + M C M U L, then X has the property (M).
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Appendix A

Proof of Lemma 1. Let f(t) = ||(1,t)||. Obviously f is convex,tlim@ = lim {8 =
—00

t——o0 ~t
[(0,1)]| := m > 0and if x # 0 we can write ||(x,y)||=1x1]/(1,£)||. If x = 0 then ||(0,y)||=

Iy 11O =mlyl.

[ f _

Conversely, let f: i — (0,00) be a convex function, such that tlim - = tlim Ll
—00 ——c0
m > 0. We claim that the equality
x|f(Y) ifx#0
mly| ifx=0
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defines a norm: it is sub-additive, p(x,y) =0 < x =y = 0 and p(tx,ty) = |t p(x,y). As the last
two assertions are obvious, we shall focus on the sub-additivity. One must prove that

fx+x’|f<ZIZ)§‘x’f(Z)+x’ (Z;) ifx,x andx +x' # 0 (A2)
||f(y+y)<Hf( )+ mly|ifx # 0,5 =0 (A3)
]"f(y—i_y) < ) ' ifx’ #0,x=0 (A4)

x(f(Z)Jrf( 3>>1fx+x’:0,x7é0 (A5)

Of course, the most important is (A2). If both x and x' are positive, this is easy. Indeed,
+ / ! !
pa+ sy + 1) = () (S )= ) f (o b+ - 5) < I+ (%)
due to convexity. However, if one of them is negative, this argument no longer holds. We

shall use another.

We shall prove that any convex function f: 8 — (0,00), such that tlim Ltt) =, lim
—00 ——00

m‘yﬂ/

X

f) _

—t
m > 0 admits the following representation

f) :a+/|t—c|d1/(c) (A6)

where v is a measure on the real line, such that v(R) = m and py:= [|c|dv(c) < oo
It is well known (see, for instance, in [7], pg 96, formula (3.3)) that any convex function
g:[0,00) — R that is differentiable at 0 admits a representation of the form

g(t) =a+bt+ / (t—c) dv(c) (A7)

where v is a Stieltjes measure concentrated on (0,00). If b > 0, we can replace v with v + b
(here, 8y is the Dirac measure concentrated at 0) to obtain a simpler relation

g(t) =a+ [ (t=c).dv(c), Supp(v) < [0,0) (A8)

Now, let us observe our function f: & — (0,00). It is convex and non-increasing on
some intervals (—oco,u) and non-decreasing on (u,00). Suppose that u = 0. There are, then,
two Stieltjes measures, v and v;, Supp(vi) € (—0,0), Supp(vz) C (0,00) such that

a4 [(—t+c),dn(c) ift<0
f(t)_{a—l—f (t—c),dwa(c) ift>0 (A9)

As lim f(t) = lim [ (1—¢),dva(t) = v2([0,00))= v2(R) (We applied Beppo Levi’s

t—>o0 t——o0
theorem) and tgrzl 4? = tl;mf (T+¢),dvi(t) = vi((—00,0])= v1(R), we obtained
v1(R) = v2(R):=

Now, use the relation 2x, = I x| + x. Consequently, (A9) becomes

J 1t —cld(c) —tm+ [cdni(c) ift<O0

[t —c|dva(c) +tm — [cdvy(c) ift>0 (A10)

2f(f) —2a = {
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Write (A10) as
| [t —cldvi(c)+|t|m— [[c]dvi(c) ift<0
2 —2a =
f(t) —2a {f|t—c|dvz(c)—|—|t|m—f|c|d1/2(c) ift>0 (A11)
fi(t) ift<0
fHo(t) ift>0

Now, note thatt > 0 = f1(t) =0 and t < 0 = f,(¢) = 0 (this should be obvious if we
look at (A9)). It means that we can write
2(t) — 2a=f1 +fr = [|t —cldv(c) +2m|t|— [|c|dv(c)

Therefore, we arrived at a representation of the form

£1) _a+m’t’+/t—c|dy(c) (A12)

that holds for any convex function non-increasing on (—o0,0) and non-decreasing on (0,00),

—00

such that tli_>m f(t ) = hm @ =m > 0. If we replace the measure = v/2 by p + mdg, we

arrive at the formula (A6) Subsequently, we can replace our assumption that f is decreasing
on (—o0,0) and increasing on (0,00) by “non-increasing on (—oo,u), non-decreasing on (u,00)”
for some u € R; the proof remains the same.

Therefore, any convex function, as in Lemma 1, can be represented by a finite Stieltjes
measure by formula (A6).

Let C = {f: )& — [0,00): f satisfies conditions (A2)—(A5))

Consequently, C contains all the positive constants (for them m = 0) and all the
functions f(x) = Ix — al (indeed, now m = 1: |x + x’|f(y+y:) =y —ax)+(y —ax)l,

x+x
|x|f(%) = ly —ax], |x' (Z—:) = |y’ — ax'|, the inequality ]x\f(@)g |x|f(%)+m 1y
becomes |y +y' —ax| < |y —ax| + |y’ | hence Cis a cone: f,g € C = af + bg €
CV a,b> 0. Moreover, it is closed with respect to pointwise convergence. As any integral is

a limit of finite sums, C contains all the functions of the form (A6). This ends the proof. [

Proof of Lemma 2. Let f(R)=(v,00), and f~1({v}) = (uy, uo).
Let f1: (—oo,u1) — (v,00) and fo: (u2,00) — (v,00) be defined by f;(x) = f(x). These

functions are invertible. We know that M = {(x,y) | f (%) =f (%) }. There are two
possibilities

- Casel. x>0. Now 1 < ¥ and the equality f(¥) = f(ﬂ) is possible only if

X
u1<ﬂ<z<u20rifﬂ<u1<%<u2.
In the first case x >u2 o and 1+ xuy <y < xup.

In the second case, f(£) = f,(%) and f (y)c;l) = fi (y—> hence, (x,y) € M means
that f1($) = fo(%). Lett >0, t =f(%). Therefore, y = xf, 1(t) and y — 1 = xf; " 1(¢).

Consequently, the set M can be described by the parametric curve

! 0 o
RO e InRA A T e T T (A13)

This is the graph of the function {,: (0

x(t) =

— It with the property that

7 Uup— ul]

1 Uus mq
= and (0+0) = —— .
wz(uz_m) Rs— ¢(0+0) e ——

(Al14)

0] L/t
Indeed, i 7Ty 10 s B T/ h T
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RN 1 AT 1
However, hm = }CTOO BE) = and 1t1TI£ = T
It follows that P(0+0) = 5 /mlz/ J:”f/ml = i, and we obtain

- Case 2. x <0. Now, %1 > Y and the equality f(%) = f (y—_l) is possible only if

X

1 . 1
um <L <= <uporifd <uy < L= <.

1
ﬁand1+xu2§y§xu1.

In the second case, (v,y) € M = f1(¥) = fz(ﬂ>= t for some t > v. Thus,

X

In the first case, x < —

y=1+xf,"1(t) = xf;~!(t) and its parametric description is

1 NI a0 N
N Oy O L e DR DA

Comparing this to (A13), we see that the curve (x*(t),(y*(t)); > » is the graph of the
function \q:[— 0) — R which is the symmetric of the graph of {, with respect to the

uz uy’

point (0, 7).

1
Pi(—x)=1—Pr(x)Vx € <O, } (A16)
Uy — Uy
Add all these facts together. Let @;: #t* — % be defined by
1+ xup if x < -t xuq zfx <~
1—1p(—x) = ]§x<0 1 —1pr(—x) = 1§x<0
— M u , — ll u . A17
<91(x) wz(x) 1f0<x< - ul (pZ(x) 1,[]2(3() zf0<x7 ﬁ ( )
1+ xuq zfx>u2 m 1+ xuy lfx>”2 o

We know that M = {1 = 0} = {(x;y) € R* x R: ¢1()A@2() <y < @10V 2(2))
Note that if f uq = up, then @1 = ;. This happens, for instance, if f is strictly convex.

Now, let us determine the set L = {h > 0} = {(x,y): f(£) > f (%) }. If x > 0, this set

surely contains all the points from {(x,y) € (0,00) x : % > % > up} since on the interval
(1,00), the function f is increasing. Thus, H includes the set {(x,y) € (0,00) x $: y > 1 + xup}.
If x < 0, it contains the set {(x,y) € (—0,0) x R: % < % < uq} since on (—oo,u7), the
function f is decreasing. To conclude, L D {(x,y) € R* x R: y > max(1+ xuy, 1 + xup)}.

Similarly, L 2 {(x,y) € ®* x R: y < min(xuq, xup)}.

We found that some points from L are above the graph of @1V ¢, and some points
from L are below it. This means that all the points from L are in the set {(x,y)€ R* x R: y
> @1(x)V2(x)} and all the points from H are in the set {(x,y) € R* x R: y < @1(x)V P2 (x)}.
Suppose ad absurdum that L contains a point (xg, o) such that 1y < (@1 A@2)(xg). There are
some instances of ¢ > 0 such that yy — c < min(xuy, xuz) = (xp, yo — ¢) € L. According to the
Darboux theorem, on the segment joining the points (xo, 19) and (xo, yo — ¢), there must be
at least one, let us say, (xg, 11), such that h(xg n) = 0 < (xg, ) € M, contradicting the fact
that (xn) € M < @1(x0)A@2(x0) <1 < @1(x0)V @2(xp).

To conclude, L = {(x,y): y > (91V2) (x)} and H = {(x,y): y < (@1 A@p2) (x)}.

The situation simplifies significantly if 17 = u; (for instance, if f is strictly convex): in
this case, @1 = @2 = ¢, M is the graph of ¢, L is the points above the graph, and H is the
points below it.

Now, prove the claim (A16). Suppose that (x,y) € M and (tx, ty) € M for some t > 1.

Thus f(4) = f (E) =f ( -l ) However, the only way in which the equation f(x) =

X tx
can have more than two solutions 1s if t = v; hence, these solutions are included in (u1, uy).

It follows either that x > 0 and -1 < ty L« 4, meaning < x > W’ or that x <0 and
y-1 o ty—1 1
o > ;,hence, X< = O

Proof of Lemma 3. This proof uses the following inequality, which is interesting in itself.
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Lemma 4. (An elementary inequality)
Let a,b,s,t € R such that st > 0. Consequently, min[a(1 + $), b(1 + é)] <a+b.

Proof. Let A = § > 0. Wewanttocheckthata(1+7\)§a+b0rb(1+%)§a+b<:>u7\§bor
%g a < a\ < borb < aA. This is obvious. [J

The proof of Lemma 3 is as follows:

(i) Note that g(0) = g(A0) < Ag(0) V A > 1; hence, g(0) > 0, and if g satisfies the stronger
condition A > 1 = g(Ax) > Ag(x), then g(0) > 0.

Lets,t € &, such that st > 0. If s = 0, the claim becomes g(t) < g(t) + g(0) < g(0) > 0,
true.

If g satisfies the stronger condition g(As) <Ag(s) V A > 1, then this implies g(0) > 0, true.
Therefore, if s = 0 we have proven that g(s+f) < g(s) + g(t). If t = 0, the proof is the same.
Suppose now that st > 0.

Consequently, g(s + 1) = g((1+L)s) < (14 L)g(s) and g(s + ) = g((1+ $)t) < (1 +
S
$)8(t).

Thus, by (i), g(s + ) < min((1+ £)g(s), (14 £)g(t)) < g(s) + g(t).

Obviously, the stronger condition A > 1 = g(As) < Ag(s) V s implies the strict inequality
8(s +1) <g(s) +g(1).

(if) Itis obvious that if g is a sub-additive function, then the function h(s) = ag(As) + 3 is
again sub-additive for any A € R, o, 3 > 0. If we write s = ax, the symmetry condition

(S) becomes

gax) +g(a(l —x) =b < @4—@ =1.

It follows that the function g is sub-additive if, and only if, the function ¢(x) = g (Zx) is
sub-additive. This means that we can include the condition (S)a =b=1.

If st > 0, the sub-additivity has been already proven at (ii).

Suppose s and t have opposite signs, for example, s > 0 and t < 0. We shall use the
symmetry property (S).

Write t =1 — v. Consequently, v > 1. The claimed inequality becomes

P+l -0 <)+ 9(l-v)=1— 0@ -5 <o) +1— @) < @) <)+ @@ —3).

This is true if v — s > 0, since v =5 + (v — s) and s and v-s are positive. This holds if s +
t<1.Ifs+t>1, wewrites =1 — u; note that u — t <0 and write the claimed inequality as
el-—u+h) <ol —u)+o(t) =1 — o —1)<l— o)+ o)< ol —1)+ o) > o),
which is true again according to Lemma 1. This ends the proof. [
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