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Abstract: We study geometric properties of radial projections of bisectors in finite-
dimensional real Banach spaces (i.e., in Minkowski spaces), especially the relation between
the geometric structure of radial projections and Birkhoff orthogonality. As an application
of our results it is shown that for any Minkowski space there exists a number, which plays
somehow the role that /2 plays in Euclidean space. This number is referred to as the critical
number of any Minkowski space. Lower and upper bounds on the critical number are given,
and the cases when these bounds are attained are characterized. Some new characterizations
of inner product spaces are also derived.
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1. INTRODUCTION

It is well known that bisectors in finite-dimensional real Banach spaces
(i.e., Minkowski spaces) have, in general, a complicated topological and ge-
ometric structure. It is interesting to observe that, due to this, even their
radial projections (onto the unit sphere) still have a large variety of properties
yielding interesting results, such as new characterizations of inner product
spaces and basic relations to different orthogonality concepts.

Let X be a Minkowski space with norm ||-||, origin o, unit sphere Sx, and
unit ball Bx (basic references to the geometry of Minkowski spaces are [18],
[16], [17], and the monograph [19]). The bisector B(p, q) of the linear segment
with endpoints p # ¢ in X is defined by

Bp,q) :={ze X [lz—p|=lz—q}

The notion of bisector is closely related to the construction of Voronoi di-
agrams and has been intensively studied in computational geometry (where
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most of the results are obtained without the assumption that the unit ball is
centrally symmetric, cf. [6] and [7]) as well as in the geometry of Minkowski
spaces (Minkowski geometry). We refer to [16] and [18] for a survey on many
results about bisectors in the context of Minkowski geometry.

In the present paper, we study the structure of the radial projection P(x)
of B(—z,x) for any point z € X\{o}, which is defined by

P(z) = {ZH L ze B(—:L‘,:U)\{o}} .

Iz

It is evident that if X is the Euclidean plane, then P(z) contains precisely
two points for any x € X\{o}, and when X is an n-dimensional Euclidean
space (n > 3), then P(x) is the unit sphere of an (n—1)-dimensional subspace.
As we shall see, the geometric properties of P(x) in general Minkowski spaces
are much more complicated and worth studying.

Among the various types of orthogonalities defined for normed linear spaces
(cf. [3] and [4]), isosceles orthogonality and Birkhoff orthogonality are closely
related to geometric properties of bisectors. We say that x € X is isosceles
orthogonal to y € X, denoted by = L1y, if || + y|| = ||z — y|| (cf. [12]); = is
said to be Birkhoff orthogonal to y if ||z + ty|| > ||z|| holds for any real number
t, and in this case we write x Lp y (cf. [13]). We refer to [12], [13], [3], and
[4] for basic properties of Birkhoff orthogonality and isosceles orthogonality.

As shown in [5, p. 26], a point z belongs to B(p,q) if and only if z — pzﬁ
is isosceles orthogonal to 5%, which means that the geometric structure of

bisectors in Minkowski spaces is fully determined by geometric properties of
isosceles orthogonality. (We also have that B(—z,z) = {z : x L 2} and
P(z) = {Hi—” : x Ly z, z# o}.) Furthermore, it has been shown that in the
planar case the bisector B(—x, ) is fully contained in a bent strip determined
by x and those points on Sx which are Birkhoff orthogonal to x (see Lemma
2.5 below). We show that much more can be said about the relation between
Birkhoff orthogonality and the geometric structure of bisectors in Minkowski
spaces.

In Section 2, we study geometric properties of bisectors in Minkowski
planes and provide some detailed relation between Birkhoff orthogonality and
the geometric structure of bisectors. Moreover, the intersection of radial pro-
jections of two bisectors is discussed. We lay special emphasis on planar re-
sults, since many of the results in higher dimensions can be directly obtained
from their analogues in the planar case. One of the exceptions, namely the
connectivity of P(z) in higher dimensions, is presented in Section 5.



RADIAL PROJECTIONS OF BISECTORS IN MINKOWSKI SPACES 9

In Section 3 we prove the existence of a critical number ¢(X) for any
Minkowski space X, which plays the role that v/2 plays in Euclidean space.
Also, we derive lower and upper bounds on ¢(X) and characterize the situa-
tions when ¢(X) attains these bounds.

In the fourth section we derive a new characterization of Euclidean space,
which says that if the bisector of the segment between any two points u,
v € Sx (u # —v) intersects Sy in ﬁ, then X is Euclidean. This charac-
terization requires less information about properties of bisectors than other

related characterizations.

For z,y € X, with z # y, we denote by [z, y] the segment between z and v,
by (x,y) the line passing through = and y, and by [z,y) the ray with starting
point x passing through y. Also we write zy for the orientation from z to y,
and x for ﬁ (x # o) . The convex hull, closure, and interior of a set S are

denoted by convS, S, and intS, respectively. The distance from a point x to
a set S is denoted by d(z,S). Several times we also need the Monotonicity
Lemma (we refer to Proposition 31 in [18], which is a suitable generalization
of it): for p € Sx fixed and x € Sx variable in dimension two, the length
lp — z|| is non-decreasing as x moves on Sx from p to —p.

2. RADIAL PROJECTIONS OF BISECTORS IN MINKOWSKI PLANES

Throughout this section, X is a Minkowski plane with a fixed orientation
w. For any z € X\{o}, let Hf and H, be the two open half-planes bounded
—

by (—x,x) such that (—z)z = zZ = w holds for any point z € H;f, and that
_ s

%z = z(—x) = w holds for any point z € H, . Set

P (z) = P(x)N H} and P~ (x) = P(x) N H,, .
It is evident that for any = € X\{o} and any number a > 0
P(azx) = P(z), P"(ar) = PT(z) = P~ (—ax)

and
P~ (ax) = P~ (z) = Pt (—ax).

Thus it suffices to study the geometric structure of P(z) = P(—x) for each
T € Sx.
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THEOREM 2.1. For any © € Sx, P*(z) and P~ (x) are two connected
subsets of Sx, and P(z) = P*(z) U P~ (x).

Proof. Tt is clear that P(x) = P*(x) U P~ (z), since B(—x,z) N (—z,x) =
{o}.
By P~ (z) = —P™(x) it suffices to show that P*(z) is connected. Let
y € Sx N H} be a point such that y Lp x. Then z and y are linearly
independent. Set
T: X — R
z=ax+ Py — pB.

It is clear that T' is continuous and T'(H;") = {¢ : t > 0}.

Now we show that B(—x,x)N H; is connected. Suppose the contrary, i.e.,
that B(—z,x) N H, can be partitioned into two disjoint nonempty subsets
A; and As which are open in the relative topology induced on B(—z,z) N
H;. Assume that there exists a number ¢y € T(A;) N T(A2). Then there
exist two points z1 = ayz + tgy € A and 25 = asx + toy € As. From
the convexity of B(—x,z) in the direction of x (i.e., if a line parallel to z
intersects B(—z,x) in two distinct points then the whole segment with these
points as endpoints is contained in B(—z, x), cf. [10, Lemma 1]) it follows that
[21,22] C B(—xz,z) N Hf. Thus [z1, 22] can be partitioned into two disjoint
nonempty sets [z1,22] N Ay and [21, 22] N Ay which are open in the subspace
topology of [z1, z2]. This is impossible. Thus T'(A1) NT(A2) = @. It is clear
that T'(A;) and T'(Az) are open sets, and that

T(A) UT(As) = T(B(—z,z) N HY) = {t: t > 0},

a contradiction to the fact that the set {¢:¢ > 0} is connected.
Then, as image of B(—z,z) N H; under the function R(X) = Z which is
continuous on X\{o}, PT(x) is connected. |

THEOREM 2.2. A Minkowski plane X is Euclidean if and only if for any
x € Sx the set P*(x) is a singleton.

Proof. The necessity is obvious. Conversely, for any x € Sx it follows from
the assumption of the theorem that B(—z,x) is contained in a line, which is
a characteristic property of Euclidean planes (cf. [5, (3.3)]). |1

Remark 2.3. R.C. James [12] provided an example to show that there
exists a normed plane X such that if x 1 ty holds for any ¢ € R, then either
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x = o or y = 0. In other words, there exists a Minkowski plane Xy such that
PT(z) contains more than one point for any z € Sx,.

LeMMA 2.4. (cf. [18, Corollary 16]) For any = € X\{o}, any line parallel
to (—xz, ) intersects B(—x,x) in exactly one point if and only if Sx does not
contain a non-trivial segment parallel to (—z, ).

For any = € Sx, we denote by [(z) and r(x) the two points such that
[r(x),l(z)] is a maximal segment parallel to (—z,z) on Sx N H and that
r(z) — I(x) is a positive multiple of x. When there is no non-trivial segment
on Sx parallel to (—z,z), the points [(x) and r(x) are chosen in such a way
that r(z) = l(z) € Sx N H} and l(z) L x (cf. Figure 1 and Figure 2 below).

The following lemma, basic for the discussion after it, refers to the shape
of bisectors in Minkowski planes.

LeMMA 2.5. (cf. [16, Proposition 22]) For any x € Sx, B(—x,x) is fully
contained in the bent strip bounded by the rays [x,x + r(x)), [z,z — l(x)),
[—z,—x + l(x)), and [—z, —z — r(x)).

THEOREM 2.6. For any z, y € Sx we have that y € P(x) whenever
ylpx.

Proof. Case I: Suppose that there exists a non-trivial maximal segment
[a,b] C Sx parallel to (—z,x). It is trivial that if y € S is a point such that
y Lp x, then either y € [a,b] or —y € [a,b]. Thus it suffices to show that
[a,b] C P(x).

For any A € (0,1), let @ be an arbitrary number in the open interval
(0, min{A,1 — A}). Then

Na+(1=XNb+ab—0a)|=|lA—a)a+ (1 -A+a)b]| =1
and

[Ada+ (1 —=XNb—ad—-a)|]|=|A+a)a+(1—-X—a)b|| =1.
Thus Aa + (1 — A\)b € P(a||b—a| z) = P(z), and therefore [a,b] C P(z).
Case II: If there exists a unique point y € Sx N H,f such that y Lp =,
then, by Lemma 2.5, B(—x,z) is bounded between the lines (z,z + y) and
(—x,—z +y). On the other hand, by Lemma 2.4, for any integer n > 0 there
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exists a unique number A, € [0, 1] such that A, (z+ny)+(1—-\,)(—z+ny) L1 z,
ie.,
=2\, — D)z +ny € B(—z,x).

Moreover,
1% ” 2\, — Dz +ny
Z. — =
n— Y Il( 2/\ —1x+ny|]
ny
< + — Y|l -
ez Humnmm |
Since
2\, — 1)z ~ lim i 2\, — 1)z _0
i |~ =
and
1— [[2n=1y 4
lim ny |l = e el
n—o0 || [|(2An — 1)z + ny|| n—00

|#5=tr 4y
we have

lim |15 — || = 0.

n—oo
It follows that y € P(x), which completes the proof. |

One may expect that those points in Sx, to which x is Birkhoff orthogonal,
are all in P(x). However, the following example shows that this is not true
(see also Remark 2.10).

EXAMPLE 1. Let X be the Minkowski plane on R? with the maximum
norm ||(«, )| = max{|«a|,|3|} and z = (1,1). Then B(—=z,z) = ((—1,1),
(1,-1)), and therefore P(x) = {(1,—1),(—1,1)}. It is clear that (0,1) & P(z)
and (1,0) ¢ P(x), while z L (0,1) and = Lp (1,0).

LEMMA 2.7. (Uniqueness property of isosceles orthogonality, cf. [1, Corol-
lary 4]) For any € Sx and 0 < a < 1, there exists a point y € aSx which
is unique up to the sign and satisfies x L y.

Let x € Sx. By the uniqueness property of isosceles orthogonality, for any
t € [0,1] there exists a unique point F,(¢) such that

Fy(t) € B(—z,z) NtSx N Hy .
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For any t € (0, 1], let
T, (t) = Fy(t).

LEMMA 2.8. Let {t,} C (0,1] be a sequence such that lim,,_,o t,, = 0 and
that {T,(t,)} is a Cauchy sequence. Then x L g lim,_o Ty (tn).

Proof. From the compactness of Sx and the fact that {T.,(¢,)} is a Cauchy
sequence it follows that there exists a point z € Sx such that

z = lim Ty(t,).

n—oo

We show that = Lp z, and it suffices to prove that infyegr ||z + Az|| = 1. In
fact,

= lim inf

A
oy AR x + TtnTx (tn)

n

inf )\:'fH A lim T, (¢
inf llo+ Azl = inf |z + A lim T (tn)

= lim inf [z + AF,(ty)|| = lim inf |z + AFy(tn)]| .
n—o0 AeR n—0oo \eg[—1,1]

where the last equality follows from the fact that ||x + F,(¢,)|| = ||x — Fi(tn)]]
By the triangle inequality, we have for any A € [—1,1]

L= Aty = [lz|| = [[AE(t)|| < [lz + AF:(t)|| < (2| + [[AE: ()] < 1+ [Altn,
and therefore

inf [z + Az|]| = lim inf |z 4+ AFy(t,)] = 1.
AER n—00 \e[—1,1]

This completes the proof. |

THEOREM 2.9. Let x € Sx. If there exists a unique point z € Sx (except
for the sign) such that © 1 p z, then z € P(x). And if there exists a point
z € P(x)\P(z), then either z Lpz orx Lp z.

Proof. To prove the first statement, let {s,} C (0,1] be an arbitrary se-
quence such that lim,,_, s, = 0. It is clear that {7, (s,)} is a bounded subset
of Sx, and therefore we can choose a convergent subsequence {1;(sy,)}. Let
ty = Sp,,. From Lemma 2.8 it follows that x Lp limy_ o Ty (tx). Thus either
limg o T (tr) = 2 or limg_, o0 T (tx) = —2. Since T,(t;) € P(x) for each k,

z € P(x).
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» Q\\x —(z)

Figure 1: The proof of Theorem 2.9, Case I.

For proving the second statement, let z € P(z)\P(z). We consider the
following two cases.

Case I: The line (—z, z) intersects one of the four rays
[.’E, z + T(%)), [‘T?‘T - l(:l:)>, [—.’E, —T + l(])», and [—JI, —T — T(.’IZ‘)>

Without loss of generality, we can suppose that [0, z) intersects [z, x + r(z))
in some point p; see Figure 1. Since z € P(x), there exists a sequence {z,} C
PT(z) such that z; # z; (i # j), lim, .o 2, = 2, and

({(—2zn, zn) N[z, z+7r(2))) € (p+ %BX).

By Lemma 2.5, for any number ¢ > ||p|| + 1 we have tz, ¢ B(—z,z). Thus,
for each z, there exists a number t, being the largest positive number such
that t,z, Lr . It is clear that {t,}>2; is bounded. Thus we can choose a
subsequence {t,, } such that

lim tnk = to.
k—o0

Hence

ltoz +zfl = Lim |[tn, zn, +2ll = Lim |[tn, 20, — 2l = lltoz — 2|,
—00 k—o0
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Figure 2: The proof of Theorem 2.9, Case II.

which means that tgz L; x. Since z € P(x)\P(x), we see that tyg = 0. Thus
we can suppose, without loss of generality, that {t,, }?°, C (0,1]. Hence
z= lim z,, = lim T,(t,,).
k—o00 k—o0

By Lemma 2.8, z 1 p 2.
Case II: The line (—z, z) intersects none of the four rays

[,z +7r(x)), [z, —(z)), [-z,—x + (z)), and [—z, —x — r(x));

see Figure 2. Then it is trivial that the line (—z, z) is fully contained in the
double cone
{\(x) + pr(z) : Au > 0}.

Thus (—z, z) intersects the segment [I(z), ()], and therefore z Lp z. 1

Remark 2.10. 1. The condition y € Sx together with y L x does not
imply that in general y € P(x). For example, take again the Minkowski plane
on R? with maximum norm, and let 2 = (1,0). Then y = (1,1) is a point
such that y € Sx and y L p . But for any £ > 0 we have

|z + ty|| — ||z — ty|]| = 1 + ¢t — max{|1 — t|,t} > 0,

which means that y & P(x).

2. In general, the condition that z € Sx is the unique point (except for
the sign) satisfying L g z does not imply z € P(z). Let X be the Minkowski
plane on R? with the norm ||-||, where for any point (o, 3)

2 2 . )
(e, B)] ::{ VaZ+ @ a0

max{|al, ||} : af8 <0.
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/
t— 7, the locus of mjdpoints

Figure 3: P(z) is not determined by points which are Birkhoff
orthogonal to  or to which z is Birkhoff orthogonal.

Take = = (1,0) and z = (0,1). Then z, z € Sy, and z is the unique point
(except for the sign) in Sx such that x Lp z. But for any ¢ > 0 we have

|z +tz|| — ||z — tz|| = V1 + t? — max{1,t} > 0,

which implies that z ¢ P(z).

3. P*(x) is an arc of Sx (possibly degenerate to a point) since P (x)
is connected. Theorem 2.9 says that if z is one of the endpoints of P+ (x)
and z ¢ Pt (x), then either x L g 2z or z L g #. We remark that, in general,
the endpoints of P*(z) have nothing to do with the points that are Birkhoff
orthogonal to x or with the points to which x is Birkhoff orthogonal. For
example, let X be a Minkowski plane on R? (cf. Figure 3 with z,y € Sx.
Then it can be seen that y is the unique point (except for the sign) in Sy
which is Birkhoff orthogonal to z, and it is also the unique point (except for
the sign) in Sy to which z is Birkhoff orthogonal. However, y is contained in
the arc between y; and ya, which is a subset of P*(x).

Now we study the distance d(x, P(z)) from a point x to P(x), and we have
to use the following lemma.
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LEMMA 2.11. (cf. [12]) If z and y are two points such that x Ly, then

(D) Nz + kyll < |kl |z £ yl| and [lz £ y[| < ||z + kyl|, if k] > 1.
2) Nz + kyll < llz £ yll and k| |z £ y|| < ||z + kyl], if [k] < 1.

A Minkowski plane X is said to be rectilinear if Sx is a parallelogram.
One can easily verify that a Minkowski plane is rectilinear if and only if there
exist two points z, y € Sx such that ||z + y|| = ||z — y|| = 2.

THEOREM 2.12. For any x € Sx we have
1 <d(z,P(x)) <2,

with equality on the right only if X is rectilinear, and with equality on the left
only if either there exists a segment parallel to (—x,x) on Sx whose length
is not less than 1, or there exists a point z € Sx such that ||z — z|| = 1 and
[,2] C Sx.

Proof. 1t is trivial that d(z, P(z)) < 2. If d(x, P(z)) = 2, then for any
z € P(x) we have ||z — z|| = 2. Let z9 € P(x) be a point such that zo L x.
Then
20 + 2] = llz0 — [l = 2,
which implies that X is rectilinear.
For any z € Sx and z € P(z) there exists a number ¢t > 0 such that
tz Lryx. Ift > 1, then 0 < % < 1. By Lemma 2.11, we have

1 1
2 1 lltz +all = 5 (ltz + 2] + Itz — =fl) = 1.

1
|z — x| = th —x
t
If0 <t <1, then % > 1. Again, by Lemma 2.11 we have

1
2 [tz +zfl = itz + 2| + [tz — 2[l) = 1.

1
|z — x| = th —x
t

Hence d(z, P(z)) = inf{||z — z|| : z € P(x)} > 1.

Suppose now that d(z, P(z)) = 1, and without loss of generality we can
assume that d(z, P*(z)) = 1.

Case I: If there exists a point z € P (z) such that ||z — z|| = 1, then there
exists a number ¢ > 0 such that ¢tz 1; x, which yields

1
max{t,1} < §(||tz +z|| + |tz — z||) = ||tz — =] . (2.1)
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If 0 < ¢t < 1, then it follows from the convexity of the function f(s) = ||z — sz||
and f(0) = f(1) =1 < f(—t) = f(t) that ||z — Az|| = 1 for any A\ € [, 1],
which implies that [x — 2, 2] C Sx.

If t > 1, then we have

[t2]] = Itz — 2l + 2]l = lltz = 2l + [|z — 2] = [[tz — 2] -

From (2.1) it follows that the convex function g(s) = ||z — sx|| satisfies g(0) =
g(1) = g(—1) = g(3) = 1, and then ||z — Az|| = 1 for —1 < X\ < 1, which
implies that [z — x, 2] C Sx.

Case IL: If ||z’ — z|| > 1 for any 2’ € PT(x), then there exists a point
z € PT(x)\P*(x) such that ||z — z|| = 1. By Theorem 2.9, either z 1 g x or
x Lp z. It can be proved in a similar way as in Case I that either [z — z, 2] C
Sx or [z —z,z] C Sx. The proof is complete. |

COROLLARY 2.13. For any x € Sx there exist two points u, v € SX\((m—i—
d(z, P(z))intBx) U (—z + d(z, P(x))intBx)) such that

B(—z,z) C {au+ pv: of > 0}.

THEOREM 2.14. Let x € Sx. If there exists a segment [a,b] C Sx parallel
to (—x,z) and of length not less than 1, then d(z, P(x)) = 1.

Proof. From Theorem 2.6 it follows that [a,b] C P(x). Since ||b —al|| > 1,
we can assume, without loss of generality, that there exists a point z € [a, b]
such that z—a = z. Then ||z — z|| = ||a|| = 1, which implies that d(z, P(z)) =
1. 1§

Remark 2.15. The fact that there exists a point z with ||z — z|| = 1 and
[x,z] C Sx does in general not imply that d(z, P(z)) = 1. Namely, take again
the Minkowski plane on R? with maximum norm, and let = (1,1). Then x
is contained in the segment [(—1,1),z] whose length is 2. But it is clear that
d(z,P(z)) = 2.

Next, we examine properties of intersections of radial projections of bisec-
tors of two distinct segments, and we start with a characteristic property of
the Euclidean plane.
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THEOREM 2.16. A Minkowski plane X is FEuclidean if and only if for any
x,y € Sx with z # ty, P(x) N P(y) = @.

Proof. We only need to show sufficiency. Suppose that X is not Euclidean.
Then, by Theorem 2.2, there exists a point € Sx such that P (z) contains
more than one point. Let 2/ € Sx N H; be such that x 1Ly /. Then 2’ €
Pt (z). Assume that there exists a point 3/ € PT(x), 3y # 2/, and let y €
Sx\{xz} be such that y L; ¢/. Then /' € P(y) and P(z) N P(y) # @, a

contradiction.

It is possible that P(z) = P(y) holds for two points z, y € Sx with
x # ty; see the following example.

EXAMPLE 2. Let X be the Minkowski plane on R? with maximum norm,
and let z = (1, 3), and 2’ = (1, 3). We show that

P(z) = P(a') = [(=1,1),(0, D] U [(0,-1), (1, =1)\{(-1,1), (1, -1)}. (2.2)

On the one hand, we have

2

9

1

. H;(O,l)—x

2
and HS(O, 1)+

and therefore {(0,1),(0,—1)} C P(z) N P(z2) and
d(z, P(z)) = [[(0,1) — z| = [|(0,1) — &|| = d(2', P(a")) = 1.

On the other hand, it is evident that ||z —z| < 1 for any point z € Sx
strictly between (0,1) and x, and that ||z — /|| < 1 for any point z € Sx
strictly between (0,1) and a'.

Now we show that

{(=1,1), @, =1)} € (P(@)\P(2)) N (P(z")\P(a")). (2.3)

For any ¢t > 0 we have

[#(=1,1) +zf| = [[1(=1,1) =] = || (=t + Lt + )| = [[(=t = Lt = 5)|| #0
and

[t(=1,1) +2'|| = [[t(=1,1) = 2/|| = [[(-=t + 1,t + )| = [[(=t = 1,t = )|| #0.
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On the other hand, for any integer n > 0 we have

(1= nn—1) +a] = 2= nn)] = n=[[(-n,n—1)]

and

H(l—n,n— %)—f—a:’” =(2—-n,n)]|=n= H(—n,n— %)H

It is evident that

(1—n,n—1) (1—-n,n—z3

: 2 3
[l B )

Thus (2.3) holds, and therefore (2.2) holds.

Remark 2.17. This example shows also that d(z, P*(z)) is not necessarily
equal to d(—z, PT(x)).
Next, we derive a sufficient condition for the property that two radial

projections satisfy P(x) N P(y) = &.

LEMMA 2.18. Let z,y € Sx. If x 1Ly, then for any number t > 1 the
inequality

lz + tyl| > [lz + y|

holds.

Proof. Suppose the contrary, i.e., that there exists a number ¢35 > 1 such
that ||z + toy|| < || + y||. Then, since the function f(t) = ||z + ty|| is convex,

Iz +yll = llz = yll = [z + toy[| = f(0) = 1.

This implies that [z +toy, x — y] is a segment on Sx having length larger than
2, which is impossible. |



RADIAL PROJECTIONS OF BISECTORS IN MINKOWSKI SPACES 21

THEOREM 2.19. For any z, y € Sx withx Ly, P(x) N P(y) =

Proof. First we show that 7 +y ¢ P(z). Suppose that there exists a
number ¢ > 0 such that ||t(z +y) + z|| = ||t(x + y) — z||. Then

10+ Pz +yll = [0 =Dz +y].

If t > 1, then |1 — 1| < 1. Thus, from Lemma 2.18 and the convexity of the
function A — ||[Az + y|| we get

[+ Dz +yl| > llz+yl > |1 =)z +y],

a contradiction. Hence 0 < t < % Then we have

=D+ oll =16 = D =]
= 50+ D+ 1= — ) =

On the other hand, we have
1 1
IG-Da—yll<s-1+1=-

and, therefore,
10+ Dz +yl =G x—yH—*

Then the convex function f(A) = ||z + Az +y)|| satisfies f(—1) = f(—t) =
f(0) = f(t) =1 with —1 < —t < 0 < t. Therefore f(A\) =1 for —1 < XA < ¢.
In particular, we have f(—%) =1 and then |z +y|| = ||z — y|| = 2.

This implies that Sy is a parallelogram with +x and 4y as vertices. Then
[z,y] C Sx, and therefore H(l + %)x + yH =2+ %, again a contradiction.

Since  and y are arbitrary, we also have  — y & P(x).

Without loss of generality, we can suppose that y € H, . Then, since
Pt(x), P (x), P"(y), and P~ (y) are all connected sets, Pt (x) lies strictly
between 7 + y and y — =, P~ (z) lies strictly between “z—yandz — vy, Pt (y)
lies strictly between 7= y and y/—\:v, and P~ (y) lies strictly between :1:/—1—\y
and 7 — y. Thus P(z) N P(y) = @, and this completes the proof. |

Remark 2.20. It is possible that there exist two points z, y € Sx with
x Ly y such that P(z) N P(y) # @. For example, let X be the Minkowski
plane on R? with maximum norm, and let = (1,0) and y = (0,1). Then
(1,1) € P(x) N P(y) (cf. [12, Example 4.1}).
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3. A CRITICAL NUMBER FOR MINKOWSKI SPACES

The discussion in this section arises from the following natural problem:
Determine the sign of the difference

lz +yll = llz =yl (3.1)

when only the directions of the vectors x and y are known. We exclude the
trivial case where one of the two vectors is 0. In Euclidean case, this problem
can be solved in different ways. For example, we know that the difference
(3.1) is positive if and only if the angle between z and y is less than /2.
Equivalently, (3.1) is positive if and only if

1@ -3l < V2. (3.2)

From the discussion in the foregoing sections it can be seen that in general
Minkowski spaces we cannot determine the sign of (3.1). The only thing
we can probably do in this direction is to provide a sufficient condition for
guaranteing that (3.1) is positive. As there is no natural definition of angular
measure in Minkowski spaces, we would like to find a number which plays a
role as the number /2 does in (3.2).

For the discussion in the sequel, we need to introduce the so called non-
square constants

J(X) = sup{min{||z +y||, [z —y[l} : z,y € Sx}

and
S(X) = inf{max{[|z + y||, [z -y} : =,y € Sx}.

Also we shall use the following equivalent representations of these two con-
stants, which were provided in [14]:

J(X) =sup{llx —yl - z,y € Sx, x Lry}

and
S(X)=inf{l]|lz —yll: z,y € Sx, » Lry}.

It has been shown (cf. [8], [9], and [11, Theorem 10]) that
1<S(X)<V2<J(X) <2

and
J(X)-S(X) =2
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Now we are going to define, for any Minkowski space, the so-called critical
number

¢(X) := inf d(z,P(x)).

TESx

Our first result on ¢(X) is given by
THEOREM 3.1. For any Minkowski space X we have
1<e(X) <V2,

with equality on the left if and only if there exists a segment contained in Sx
whose length is not less than 1, and with equality on the right if and only if
X is Euclidean.

Proof. By Theorem 2.12, for any x € Sx the inequality d(z, P(x)) > 1
holds. Thus it is trivial that ¢(X) > 1. When ¢(X) = 1, by the compactness
of the unit sphere there exists a point xp € Sx such that d(xg, P(z9)) = 1.
Then, by Theorem 2.12, there exists a segment in Sx having length not less
than 1.

Conversely, suppose that there exists a segment [a,b] C Sx with ||a — b|| >
1. Then it follows from Theorem 2.14 that d(a/;\b, P(a/—\b)) =1

On the other hand, for any x, y € Sx with = L; y we have

lz+yll = llz = yll = d(z, P(z)) = ¢(X).

Thus
V2> S(X)=inf{||z —y|: =, y€Sx, v Lry} > ¢(X).

If ¢(X) = v/2, then
sup{||z —y||: =, y € Sx, z Lry} =¢(X) = V2.

To prove that X is Euclidean, it suffices to show that each two-dimensional
subspace of X is Euclidean, and therefore we can assume, without loss of
generality, that dimX = 2. Then, by Theorem 2.2, we only have to show that
P(z) ={y,—y} for any x, y € Sx with x L7 y. Suppose the contrary, i.e., that
there exist some points z, y, z € Sx with L y such that z € P(z)\{y, —y}
and, without loss of generality, that z and y lie in the same half-plane bounded
by (—z,z). It is clear that

Iz — 2l = d(z, P(2)) > e(X) = V2 = ||y — ]|



24 H. MARTINI, S. WU

and
|z + 2|l > d(—z, P(—2)) > c(X) = V2 = |ly + 2| .

If one of ||z +z| and ||z — x| is /2 then, since J(X) = S(X) = V2, it
follows from [2, Proposition 1] that ||z + z|| = ||z — ||, which contradicts the
uniqueness property of isosceles orthogonality (see Lemma 2.7). Thus we have
min{||z + 2|, |z — ||} > v/2, which contradicts the fact that J(X) = S(X) =
V/2. This completes the proof. 1

THEOREM 3.2. For any Minkowski space X we have that
o(X)=sup{c>0: z,yc X\{o}, ||Z—7| <cimplies ||z —y|| < ||z +yl }.

Proof. Let x and y be arbitrary points from X\{o} and ||z — 7| < ¢(X).
We show that ||z — y|| < ||z + y||. Suppose the contrary, i.e., that ||z — y|| >
|z + yl|. Let

f@) =tz +y) + | — [[(tz + y) — .
Then f(0) <0 and, by [12, Lemma 4.4],

lim f(t)= lim (||(tz+y)+ 2| — [tz + ) — 2| )

t——+o0 t——+o0

= Jim ([t =1) +2)z+y| = (¢t = Dae+yl) =2]z].
——+00
Thus, by the continuity of ||-||, there exists a number to > 0 such that f(to) =
0, and therefore tgz + y € P(x). It is clear that tgz + y lies between ¥ and .
From the Monotonicity Lemma it follows that

o(X) < d(@, P@) < ||tor +y - 3 < 17— 7] < e(x),

which is impossible.

It is then sufficient to show that ¢(X) is the largest number having the
required properties. Suppose the contrary, i.e., that there exists a number
ap > ¢(X) having the required properties. By the compactness of Sx, there
exists a point zg € Sx such that d(zo, P(x0)) = ¢(X). Since P(x() is not
empty, there exists a number ¢ > 0 such that € + ¢(X) < «ap and that there
exists a point y € P(xg) with ||y — 20| = € + ¢(X). Then there exists a
number ¢ > 0 such that ||ty 4+ zo|| = ||ty — xol|, which is in contradiction to
the assumption that ag > ¢(X) is a number having the required properties. |
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4. A CHARACTERIZATION OF THE EUCLIDEAN PLANE
The following result is well known.

LeMMA 4.1. (cf. [15] and [5, 10.9]) A Minkowski plane X is Euclidean if
and only if the implication

zrlry = xlpy

holds for any x, y € Sx.

The next theorem strengthens some characterizations of inner product
spaces collected in [5].

THEOREM 4.2. A Minkowski plane X is Fuclidean if for any u,v € Sx
with u # —v
u+v—u u+v—uv

i = = 7 =

Proof. For any x € Sx and z € B(—xz,x)\{o}, let

_ et el = l=]l
&l

G.(2)

We show first that x L7 G(2). Let

Then
— 1 1 1
oo = |5 - e = |G - o)~ el @
21l + 2| Izl llz + =] [z + 2|
— — 1 1 1
Hu—i—v—vH:'z— S— ‘zH(— )z—i— z||. (4.2)
2l e+ 2]l 121l + =] [z + 2|
By the assumption of the theorem, U+v— uH = Hu/+\v — UH Hence
ool )l el
2]l 2]l

which means that z 1L; G(z). It is clear that

1G=(2)| = llz + z[| = [|2]| < [l=f] = 1.
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Let y € Sx be a point such that x 1;y. Next we show that z L p y.

Let {s,} C (0,1] be an arbitrary sequence such that lim, . s, = 0. It is
clear that {T;(s,)} is a bounded subset of Sx, and therefore we can choose
a convergent subsequence {T3(sn,)}. Let ty = sp,. Then limy ot = 0,
and {T(t;)} is a Cauchy sequence. From Lemma 2.8 it follows that = Lp
limg o0 T (tg)-

On the other hand, we have

: e+ T ()l — (18T ()]
lim G, (tpT,:(tx)) = lim
g, ColthTelte)) = i, [ Te ()]

k—o0 k—o0

th e (t)

Then limg oo Ty (tx) L1 x, since Gy(tgTy(tx)) L; x for each t;. From the
uniqueness property of isosceles orthogonality it follows that either
limg o0 T (tr) = y or limg_,oo T (tx) = —y. Thus x Lp y and, by Lemma 4.1,
X is Euclidean. 1

In particular, Theorem 4.2 strengthens the following statement, which is
used to derive many characterizations of inner product spaces in Chapter 3,
Chapter 4, and Chapter 5 of the book [5].

COROLLARY. (cf. [12, Theorem 4.7]) A Minkowski plane X is Fuclidean
if and only if the implication

zlry = zlray (VYaeR)

holds for any x,y € X.

Proof. For any u, v € Sx with u # —v it is clear that (v +v) L (u—v).
Then, by the assumption of the theorem, we have

;u—m¢4<wjﬂw—;)w+v)

which implies that

H;u—m+(|l lyu+m

lu+ol| 2

A

or, equivalently,
|0 —uf = [[eFo -]

This completes the proof. |
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5. HIGHER DIMENSIONS

In this short section one important property of radial projections of bisec-
tors in dimensions d > 3 is proved.

THEOREM 5.1. Let X be a Minkowski space with dimX > 3. Then for
any x € Sx, P(z) is a connected subset of Sx.

Proof. For any x € Sx, let H, be a hyperplane through o such that z L
H,. We show first that B(—=z,z)\{o} is connected. Let

T: X — H,
z=ax+ Py — Py.

It is clear that T is continuous, 7'(z) = o if and only if z € (—z,z), and
T(B(—z,z)\{o}) € H;\{o}. On the other hand, from [12, Theorem 4.4] it
follows that for any y € H,\{o} there exists a number a such that az +y €
B(—z,z)\{o}. Thus T'(B(—z,z)\{o}) = H,\{o}.

Suppose that B(—z,z)\{o} can be partitioned into two disjoint nonempty
subsets A; and Ag, which are open in the relative topology induced on B(—zx, z)
\{o}. We show that T'(A;)NT(A3) = &. Suppose the contrary, i.e., that there
exists a point y € T(A1) NT(Az). Then it is evident that y # o. Let a1 # ao
be two numbers such that ayxz +y € A; and asx +y € As. Then, from
the convexity of B(—x,z) in the direction of = (cf. [10, Lemma 1]) it fol-
lows that [a1z 4y, asz +y] C B(—=z,x)\{o}, and therefore [a1x + y, asz + Y]
can be partitioned into two disjoint nonempty sets [z + y, aox + y] N Ay
and [z + y,asz + y] N Ag which are open in the subspace topology of
[aax 4+ y,asx + y]. This is impossible. Thus T(A;) N T(A2) = @ and
T(A1) UT(A2) = H,\{o}, which contradicts the fact that H,\{o} is con-
nected. Thus B(—=z,z)\{o} is connected.

Then, as image of B(—xz,z)\{o} under the continuous function R(z) =z
on X\{o}, P(z) is connected. |

REFERENCES

[1] J. ALONSO, Uniqueness properties of isosceles orthogonality in normed linear
spaces, Ann. Sci. Math. Québec 18 (1994), 25-38.

[2] J. ALonso, C. BENITEZ, Some characteristic and non-characteristic properties
of inner product spaces, J. Approx. Theory 55 (1988), 318 —325.



28

3]

[4]

H. MARTINI, S. WU

J. ALoNSo, C. BENITEz, Orthogonality in normed linear spaces: a survey. Part
I: main properties, Extracta Math. 3 (1988), 1-15.

J. ALonso, C. BENITEZ, Orthogonality in normed linear spaces: a survey.
Part II: relations between main orthogonalities, Extracta Math. 4 (1989),
121-131.

D. AMIR, Characterizations of Inner Product Spaces, Birkhauser, Basel, 1986.

F. AURENHAMMER, Voronoi diagrams - a survey of a fundamental geometric
data structure, ACM Computing Surveys 23 (1991), 345—405.

F. AURENHAMMER, R. KLEIN, Voronoi Diagrams, Handbook of Computational
Geometry, Chapter 5, Eds. J.-R. Sack and J. Urrutia, North-Holland, Ams-
terdam, 2000, pp. 201-290.

E. CAsINI, About some parameters of normed linear spaces, Atti Accad. Naz.
Lincei Rend. Cl. Sci. Fis. Mat. Natur. VIII 80 (1986), 11—-15.

J. Gao, K.S. LAu, On the geometry of spheres in normed linear spaces, J.
Austral. Math. Soc. (Ser. A) 48 (1990), 101-112.

A. G. HOrRVATH, On bisectors in Minkowski normed spaces, Acta Math. Hungar.
89 (2000), 233 —-246.

CHAN HE, YuNnaN Cul, Some properties concerning Milman’s moduli, J. Math.
Anal. Appl. 329 (2007), 1260—1272.

R. C. JAMES, Orthogonality in normed linear spaces, Duke Math. J. 12 (1945),
291 -301.

R.C. JAMES, Orthogonality and linear functionals in normed linear spaces,
Trans. Amer. Math. Soc. 61 (1947), 265—292.

DONGHAI Ji, DAPENG ZHAN, Some equivalent representations of nonsquare
constants and its applications, Northeast. Math. J. 15 (1999), 439 —444.
O.P. KAPOOR, S. B. MATHUR, Some geometric characterizations of inner prod-

uct spaces, Bull. Austral. Math. Soc. 24 (1981), 239 —246.

H. MaRrTINI, K. J. SWANEPOEL, The geometry of Minkowski spaces - a survey.
Part II, Expositiones Math. 22 (2004), 93 —144.

H. MarTINT, K.J. SWANEPOEL, Antinorms and Radon curves, Aequationes
Math. 72 (2006), 110—-138.

H. MARTINI, K. J. SWANEPOEL, G. WEISS, The geometry of Minkowski spaces
- a survey. Part I, Ezpositiones Math. 19 (2001), 97— 142.

A. C. THOMPSON, Minkowski Geometry, Encyclopedia of Mathematics and Its
Applications, Vol. 63, Cambridge University Press, Cambridge, 1996.



