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Abstract. In this paper by using the notion of homogeneity property of the
isosceles orthogonality, we derive some characterizations of inner product
spaces. We also prove that a weakened hypothesis of the homogeneity of
the isosceles orthogonality and a weakened reformulation of the Ficken
characterization can still characterize inner product spaces. Finally, we
present a characterization of inner product spaces related to an angular
distance equality.
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1. Introduction. There are a lot of significant natural geometric properties
which fail in general normed linear spaces, such as non Euclidean ones. Some
of these interesting properties hold just when the space is an inner product
one. This is the most important motivation for studying characterizations of
inner product spaces. The first norm characterization of inner product spaces
was given by Fréchet in 1935. Since then, the problem of finding necessary and
sufficient conditions for a normed linear space to be an inner product one has
been investigated by many mathematicians who considered some geometric
aspects of underlying spaces (see [4,5,16]).

We recall two orthogonality types introduced in normed linear spaces. In
1945 James [12] introduced the so-called isosceles orthogonality as follows:

z Ly if and only if |x+y|| = ||x =yl
Birkhoff [2] also introduced Birkhoff orthogonality in 1935 as follows:
x Lpy if and only if ||x|| < |x+ ty|| for all t € R.
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Some other known orthogonalities in normed linear spaces can be found
in [2,3,7] and references therein. One way to obtain characterizations of inner
product spaces is to force these orthogonalities to fulfill some properties of the
orthogonality. For instance James [12] proved that X is an inner product space
if and only if the isosceles orthogonality is homogeneous, i.e., if and only if for
all « € R, x 1Ly implies 1 ay. Characterizations of inner product spaces,
in which some properties of the orthogonality relations have been used, can
also be derived from [9, Theorem 2.2 and Corollary 3.2], [15, Theorem 16(a)]
and [6, Corollary 1].

In Section 2, we study homogeneity of the isosceles orthogonality in general
normed linear spaces. We prove that a weakened hypothesis of the homogene-
ity of the isosceles orthogonality and a weakened reformulation of the Ficken
characterization can still characterize inner product spaces. In Section 3, us-
ing the notion of the homogeneity of the isosceles orthogonality in Minkowski
planes, we derive some characterizations of Euclidean planes. Finally, in the
last section we present a characterization of inner product spaces related to an
angular distance equality. In this paper (X, ||.||) always denotes a real normed
linear space and Sx is the corresponding unit sphere.

2. Homogeneity of the isosceles orthogonality in normed linear spaces. Let
(X, ||.]l) be a normed linear space. It has been proved by Ficken that the norm
comes from an inner product if and only if ||z + ty|| = ||y + tz|| for all t € R
and z,y € X with ||z|| = ||y||. This characterization of inner product spaces is
well-known as the Ficken characterization. Using the Ficken characterization,
James showed that the isosceles orthogonality is homogeneous only in inner
product spaces [12]. The hypothesis of homogeneity of the isosceles orthogo-
nality has been weakened in different ways (see [5,10]). Amir in [5] shows that
a normed linear space X is an inner product space if and only if there exists
a € (0,1) such that forall z,y € X,z Ly y=x L ay.

In the sequel we improve the above result in such a way that the above «
depends on x and y. First we need the following lemma.

Lemma 1 [5]. Let (X, ||.||) be a normed linear space. The norm comes from an
inner product if and only if for all x,y € Sx,

rlry=—zlpy.

Theorem 2.1. Let (X, |.||) be a normed linear space and h € (0,1). Then the
norm comes from an inner product if and only if

Ve,ye X, Jac(0,h], 2 Lljy=axLlray.

Proof. If X is an inner product space, then the isosceles orthogonality is ho-
mogeneous and obviously the result holds.

Now let xo,y0 € X and xg L1 yo. Define A:={t € R, z¢ L tyo}. The set A
is nonempty, symmetric, and closed. We will show that inf{¢t > 0, ¢t € A} = 0.
By assumption, we know that there exists «; € (0, h] such that z¢ L; a1yo.
Applying the assumption again for zy and ajyo, there exists as € (0, h] such
that o L as(aiyo). We can proceed to obtain a sequence {a;,} such that
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zo L1 anap—1...a1y. Now define the sequence t,, := ajas...an, (n > 1).
Clearly for all n € N, t,, € A, t, < h™ and hence t,, — 0. So inf{t >0, t €
A} = 0. The function g(t) := ||xg + tyo| is convex. Since t,, € A, we obtain
that g(t,) = g(—t,). Therefore the line y = ||zo|| supports g(¢) at the point
(0, lxol]) and ||zo|| < ||zo + tyol|, for all t € R, i.e. z9 Lp yo and the result
holds by Lemma 1. O

Remark 1. In the proof of [11, Lemma 5], maybe there exists a strictly de-
creasing sequence {7, } of positive numbers which does not converge to 0. Let
e € (0,1), we define the following set

Hy(e):={z€Sx, YWweX, z LiyTaec(0,€, zL;ay}

By choosing H (¢) instead of H% in [11], the sequence {7,} in [11, Lemma
5] should be converged to 0 and by the same method as in [11, Theorem 6],
we obtain that H’% (¢) C Hx. Therefore, Theorem 2.1 is a special case of the
revised version of [11, Corollary 7] which is stated as follows:

Let X be a Banach space whose dimension is at least two. If the relative
interior of H% (€) in Sx is not empty, then X is a Hilbert space.

Now we state a formulation of the Ficken characterization which was proved
by Lorch [5] as follows: A normed linear space X is an inner product space if
and only if there exists ¢ > 1, such that for all u,v € Sx, ||u+cv|| = ||v+ cul|.
In the following theorem, we show that the above ¢ does not need to be a fixed
number.

Theorem 2.2. Let X be a normed linear space and M > 1 be a given number.
Then the norm comes from an inner product if and only if

Yu,v € Sx, Fce (1, M], |lu+cv] =|v+cul.

Proof. If X is an inner product space, then clearly for all u,v € Sx and ¢t € R,
we have |Ju + tv|| = ||Jv + tul|.

For the coverse, define the real function f(t) := 1*£. Since the function f(t)
is one to one, by taking h := f~*(M), we have h € (0,1). Let z,y € X and
2 L y. Without loss of generality, we assume that [z +y| = 1. Let u:=x—y,
v:=x+y,and a = % Then o < h and

-1 1
|2+ ay| = [lz+ Z—&—ily” = m”(fﬂ' Dz +(c— Dyl = et lev + ||
1 1
=1 Ju+cv|| = poret l(c+ Dz + (1 =)yl = ||z — ayl.
So by Theorem 2.1, the result holds. 0

Using the above Theorem, we have the following corollary.

Corollary 1. Let X be a normed linear space and 0 < m < 1 be a given number.
Then the norm comes from an inner product if and only if

Yu,v € Sx, 3ce€m,1), |u+cv||=]v+ecul.
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3. Homogeneity of the isosceles orthogonality in Minkowski planes. In order
to characterize inner product spaces, sometimes it is more convenient to con-
sider two-dimensional normed linear spaces, since there is a theorem which
implies that a normed linear space X is an inner product space if and only
if each two-dimensional subspace of X is an inner product space [5]. A two-
dimensional real normed linear space is called a Minkowski plane and a two-
dimensional real inner product space is called a Euclidean plane.

The concept of angular distance between nonzero elements z and y in a

normed linear space X was defined as afx,y] := Hﬁ - LI” There are inter-

esting characterizations of inner product spaces connecl‘lléld with the concept
of angular distance; see [5,8,14] and references therein. In 2009, Wu proved a
characterization of Minkowski planes which deals with the concept of angular
distance [17, Theorem 5.3.1]. In the following, we state some results which
improve the results due to Wu.

The following lemma deals with the uniqueness property of the isosceles
orthogonality in Minkowski planes. For more information about the uniqueness

property of the isosceles orthogonality, see [1,13].

Lemma 2 [1, Corollary 4]. Let (X, ||.||) be a Minkowski plane. For any x € Sx
and 0 < a < 1, there exists a point y € aSx which is unique up to the sign
and satisfies x Ly y.

Let (X, |.||) be a Minkowski plane with a fixed orientation w and z € Sx.
Let us H; and H, be the two open half-planes, bounded by the line passing
through « and —z, such that the orientation from (—z) to z and z to x are
given by w for any point 2z € H;, and the orientations from x to z and z to
(—x) are also given by w for any point z € H . By the uniqueness property of
the isosceles orthogonality (Lemma 2), for any ¢ € [0, 1] there exists a unique

point F,(t) such that = L; F,(t) and F,(t) € tSx () Hs . Also we denote the

unit vector % by Ty (t), for all t € (0,1].

Lemma 3 [17, Lemma 3.2.6]. Let (X, ||.||) be a Minkowski plane, {t,} C (0,1] be
a sequence such that lim, . t, =0, and that {T,(t,)} is a Cauchy sequence.
Then x Lp lim, o Ty (t,).

Using the notion of homogeneity property of the isosceles orthogonality,
we state the following theorem which provides some characterizations of inner
product spaces.

Theorem 3.1. A Minkowski plane X is Euclidean if for any x € Sx and any
n € N, we have © Ly B,(n)T,(1/n) for some sequence {B5(n)}o>, such that
lim,, o0 Bz(n) = 1.

Proof. Let z € Sx, and let y € Sx be a vector such that x 1; y. Since
{T,(1/n)}52 is a bounded sequence in Sx, there exists a convergent subse-
quence {T,(1/ny)}72, in Sx and by Theorem 3, z L g limy_. o Ty (1/ny). Now
let ap = Bz (nk)Tx(1/ny), we have

klim ay = klim B ()T (1/ng) = klirn T.(1/ng).
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Using the hypothesis, we have  L; B,(ng)T:(1/ng) for any k € N. So for
any k € N, x L ap and therefore = L; limy_ o0 ar = limg—,o0 T (1/ng). But
since x 1 y, the uniqueness property of the isosceles orthogonality implies
that either limy oo T (1/ng) = y or limg_,o0 T (1/nk) = —y. So z Lp y and
by Lemma 1, X is Euclidean. O

The results in the following corollaries are derived from the above theorem
as its special cases.

Corollary 2. A Minkowski plane X is Euclidean if and only if for all u,v € Sx
with u # v, alu —v,v] = afv — u,u).
Proof. If X is Euclidean plane, then clearly afu — v,v] = afv — u,u] for all

u,v € Sx with u # v. Conversely, let x € Sx. By Lemma 2 for any n € N,

x+F.(1/n x—F,(1/n
x Ly Fp(1/n). Let u = m and v = m, we have

( ! + L ) Fo(1/n) + _ xH
[F=(1/n)]| |z + Fa(1/n)|| lz + Fa(1/n)|
= [lz + Fo(1/n)|lafv — u,u] = [z — Fe(1/n)|lofu — v, 0]

= [lz + Fuo (1/n)]

1 1 1
(HFw(l/n)H - ufox(l/n)n) Fo(1/m) = ||foz<1/n>|\xH
=[|(lz = Fx(1/n)|| + || Fa(1/n)||) T=(1/n) — .

Taking G, (n) = || + Fx(1/n)|| + ||Fx(1/n)||, we have x L; B,(n)T.(1/n) and

= [lz — Fo (1/n)]|

lim,, o Bz(n) = 1. So by Theorem 3.1, X is Euclidean. O
. Fo(1 Fo(1/n)—
By taking u = ppe iy, v = Ry Baln) = o — Fo(1/n)]| +

| Fi(1/n)|| and using Theorem 3.1, we have the following corollary which was
proved by Wu.

Corollary 3 [17, Theorem 5.3.1]. A Minkowski plane X is Euclidean if and
only if for all u,v € Sx with u # v, afu+v,v] = afv + u,u.

In a normed linear space X, a vector x is said to be orthogonal to y in the
sense of Singer [2] (z Lg y) if either ||z]|||y|]| = 0 or ’ Tt ﬁH = ’ Tal — ﬁH

We know that for all n € N, z L1 F,(1/n). So by taking 5,(n) =1 and using
Theorem 3.1, we have the following corollary, which was proved by Alonso.

Corollary 4 [2]. A Minkowski plane X is Euclidean if and only if for all nonzero
z,y € X, x Lry impliesx Lgy.

4. An angular distance equality. The results in Corollary 2 and 3 in the pre-
vious section have been based on satisfying the following angular distance
equality

alu + tv,v] = afv + tu, ul (4.1)

for t = —1 and t = 1 respectively. In this section we present a new characteri-
zation of inner product spaces involving the equality (4.1).
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Our basic tools in this section are norm derivatives. In a normed linear space
(X, ||.l), the norm derivatives are given for fixed z,y € X by the following
expression

2 + Ayl? — |||
lim .
A—£0 2

Some characterizations of inner product spaces given in terms of norm deriva-
tives were reported in [4,5]. The next two theorems describe several properties
of p/y and p’ .

pl(@,y) == (42)

Theorem 4.1 [4]. Let (X, |.||) be a normed linear space and p’, and p_ be given
by (4.2). Then

i) p/L(0,y) = p(2,0) =0 for all x,y € X,

(11) p’i(x,x) = ||z||? for allz € X,
i) pl(az,y) = pl (2, ay) = ap(z,y) for allz,y € X and a > 0,
iv) pl(ax,y) = pl(x, ay) = ap’(z,y) for all v,y € X and a < 0.

/
+

Theorem 4.2 [4,5]. Let (X,].]) be a normed linear space. Then the following
statements are equivalent:

(i) Py (z,y) = ply (y, ) for allz,y € X,
(i) p(z,y) = p"(y,z) for all z,y € X,
(iii) (X, |I|]) is an inner product space.

In the following proposition, we state a necessary condition for our charac-
terization.

Proposition 1. Let (X,|.]|) be an inner product space and x,y be two lin-
early independent vectors such that ||z|| = |lyl|. Then alx + ty,y] = aly +
te,z] for all t € R.

Proof. Let (-,-) be the inner product on X, z,y € X be linearly independent
vectors with the same norm, and ¢ € R. Then

oLt 1y y}_‘“ty_yHg_<w+ty_y th_y>
’ [z +tyll [yl lz+tyll Nyl ll=+tyll -yl
2

- ((z,9) + tyl*) - (4.3)

2+ tyllllyll ( )

Similarly we get
2
2 2

t =2 - — t . 4.4
o’y + tx, 2] T ((z,y) + tl]?) (4.4)

From (4.3), (4.4) and the Ficken characterization, we deduce that a[z+ty,y] =
aly + tx, x). O

By Corollary 2 or 3, the reverse of Proposition 1 holds. The next result also
provides a reverse of Proposition 1. The proof has been based on the concept
of norm derivatives.
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Theorem 4.3. Let (X,||.||) be a normed linear space. If for any linearly inde-
pendent vectors x and y with the same norm, there exists a real number h € R
such that

|z + hyl| = [ly + ha| and afz +ty,y] = aly +tz,z] (¢ <h), (4.5)
then (X, ||.||) is an inner product space.
Proof. Assume that a and b are two arbitrary linearly independent vectors in
X. We want to show that p’ (a,b) = p’ (b,a). Let z := ||b|la and y := ||al|b.
Since ||z|| = |ly||, by assumption there exists h € R such that (4.5) holds.
Define H := {t e R: ||z + ty|| = |ly + tz|}. If t € H N (—o00, h], then

Tttty H H Y+t x
llz+tyll Tyl Iy +ta| =]

x+t x+t
“( : E |yH)yH:Hy+(t‘ | ||x||y|>$

In fact, we showed that

afr +ty, y] = aly + tz, 2] =

llz +tyll

If te HN(—o0,h], then t— el

€ H N (—oo,hl. (4.6)

We define the real sequence {c,} as follows:

T+ (c1+--+cpo
cri=h, ¢, :=—H (e Tz n-1)y] (n>2).

We will show that lim, .. ¢, # 0, and hence 220:1 ¢, is a divergent series.
First we define a real valued function f as f(t) := ||z + ty||. It is clear that
lim; 4 f(t) = 00, so there exists M > 0 such that f(t) > 1 for all ¢ satisfying
[t| > M. Putting I = [-M, M| one can observe that the continuous function
f takes a minimum at some point to € I. Therefore f(¢) > min{1, f(to)} for
all t € R. But due to the linearly independence of x and y, min{1, f(tg)} > 0.
So for all n > 2, |c,| > % this shows that lim,, ., ¢, # 0.

Let {s,} be the sequence of partial sums of the series Y 7, ¢,. Clearly
{sn} is decreasing. We may assume that {s,} is a sequence of negative real
numbers and so s,, — —o0 as n — oo. Applying (4.6) to

o+ (h — Lyl
[l + hyl| |l + Ry EI
22N g = — —
] ]

PICIR

frequently, we deduce that s, € H (n = 1,2,...). Putting t,, = s;! (n =

1,2,...) and the simple fact that H is closed under inversion we have {t,}
is a sequence of negative real numbers in H such that lim,, .., ¢, = 0. Since
t, € H (n=1,2,...) and ||z|]| = ||y|l, we have
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1
o' (a,b) = mp’_ (z,v) (by Theorem 4.1)
a
D ST 0 7] et
= im
llalll[oll t—o0~ 2t
R S [ o 7 e
= im
llalll[b]| n=o 2,
1y + ezl =yl
- lim (ta € H and || = [yl
llall[[b]| n—o 2t !
byt — )
= im
l[alll[ol] t—o0- 2t
1
= Talllel o (y,z) = p_(b,a). (by Theorem 4.1)
a
If a and b are linearly dependent, then clearly p’ (a,b) = p’ (b,a) and by
Theorem 4.2, X is an inner product space. 0
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