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Abstract. In an inner product space, two vectors are orthogonal if their inner product is zero. In a
normed space, numerous notions of orthogonality have been introduced via equivalent propositions to the
usual orthogonality, e.g. orthogonal vectors satisfy the Pythagorean law. In 2010, Kikianty and Dragomir
[9] introduced the p-HH-norms (1 < p < ) on the Cartesian square of a normed space. Some notions
of orthogonality have been introduced by utilizing the 2-HH-norm [10]. These notions of orthogonality
are closely related to the classical Pythagorean orthogonality and Isosceles orthogonality. In this paper,
a Carlsson type orthogonality in terms of the 2-HH-norm is considered, which generalizes the previous
definitions. The main properties of this orthogonality are studied and some useful consequences are
obtained. These consequences include characterizations of inner product space.

1. Introduction

In an inner product space (X, (-, -)), a vector x € X is said to be orthogonal to y € X (denoted by x L y) if
the inner product (x, y) is zero. In the general setting of normed spaces, numerous notions of orthogonality
have been introduced via equivalent propositions to the usual orthogonality in inner product spaces, e.g.
orthogonal vectors satisfy the Pythagorean law. For more results on other notions of orthogonality, their
main properties, and the implications as well as equivalent statements amongst them, we refer to the survey
papers by Alonso and Benitez [1, 2].

The following are the main properties of orthogonality in inner product spaces (we refer to the works
by Alonso and Benitez [1], James [6], and Partington [12] for references). In the study of orthogonality
in normed spaces, these properties are investigated to see how “close” the definition is to the usual
orthogonality. Suppose that (X, (:, -)) is an inner product space and x, y,z € X. Then,

1. ifx Lx,thenx =0 (nondegeneracy);

ifx Ly thenAx L Ayforall A e R (simplification);

if (x4), (yn) € X such thatx, L y, foreveryn € N,x, - xand y, — y, thenx Ly (continuity);
ifx Ly thenAx L uyforall A,u e R (homogeneity);

ifx Ly theny Lx (symmetry);
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6. ifx L yand x L z, thenx L (y+z) (additivity);
7. if x # 0, then there exists A € Rsuch that x L (Ax +y) (existence);
8. the above A is unique  (uniqueness).

Any pair of vectors in a normed space (X, || - ||) can be viewed as an element of the Cartesian square X2
The space X? is again a normed space, when it is equipped with any of the well known p-norms. In 2008,
Kikianty and Dragomir [9] introduced the p-HH-norms (1 < p < o) on X as follows:

1
4

1
18, Y)ll-sars == ( f I = Hx + tylPdt |
0

for any (x, y) € X. These norms are equivalent to the p-norms. However, unlike the p-norms, they do not
depend only on the norms of the two elements in the pair, but also reflect the relative position of the two
elements within the original space X.

Some new notions of orthogonality have been introduced by using the 2-HH-norm [10]. These notions
of orthogonality are closely related to the Pythagorean and Isosceles orthogonalities (cf. James [6]). The
results are summarized as follows.

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

1. A vector x € X is HH-P-orthogonal to y € X (denoted by x Lyp_p y) iff

1
1
f (1= £)x + tyll* dt = g(llﬁfll2 +1IyIR); (1.1)
0

2. Avector x € X is HH-I-orthogonal to y € X (denoted by x Lypy_r y) iff

1 1
f 11— By + tylit = f 1L = B — tylid; (1.2)
0 0

3. The homogeneity (or additivity) of the HH-P-(and HH-I-) orthogonality characterizes inner product
space.

The Pythagorean and Isosceles orthogonalities have been generalized by Carlsson in 1962 [4]. In a
normed space, x is said to be C-orthogonal to y (denoted by x L y (C)) if and only if

Y i+ yiyl? =0,
i=1

where «;, B, yi are real numbers such that

m

y ai‘Bl.z = a,-yf =0 and y aifiyi=1
i=1 i=1

i= i=1

for some m € IN. Carlsson’s orthogonality satisfies the following properties (cf. Alonso and Benitez, [1];
and Carlsson [4]):

1. C-orthogonality satisfies nondegeneracy, simplification, and continuity;

2. C-orthogonality is symmetric in some cases (e.g. Pythagorean and Isosceles orthogonalities) and not
symmetric in other cases (e.g., x L y (C) when |lx + 2y|| = [lx — 2yl);

3. C-orthogonality is either homogeneous or additive to the left iff the underlying normed space is an
inner product space;

4. C-orthogonality is existent to the right and to the left;

5. withregards to uniqueness, C-orthogonality is non-unique when the space is non-rotund; in particular,
P-orthogonality is unique, and I-orthogonality is unique iff the underlying normed space is rotund.
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In this paper, we consider a notion of Carlsson’s orthogonality in HH-sense (which will be called HH-C-
orthogonality), which also generalizes HH-I- and HH-P-orthogonalities. We discuss its main properties in
Section 3. Some characterizations of inner product spaces are provided in Section 3. Our approach follows
that of Carlsson’s [4], considering a condition which is weaker than homogeneity and additivity of the
orthogonality. It will be shown that this condition implies that the norm is induced by an inner product.
Consequently, the homogeneity (and additivity) of this orthogonality characterizes inner product spaces.

2. HH-C-orthogonality

Motivated by the relation between P-orthogonality and HH-P-orthogonality (also, those of I-orthogonality
and HH-I-orthogonality) as stated in Section 1, we consider a Carlsson type orthogonality in terms of the
2-HH-norm. Let x and y be two vectors in X and ¢ € [0, 1]. Suppose that (1 -t)x L ty (C), almost everywhere
on[0,1],i.e.

m
Y aill(1 =g+ byl = 0,
i=1

for some m € IN and real numbers a;, i, vi such that

Z (Xjﬁiz = Z 0(,")/12 =0 and Z O(iﬁj)/i =1. (2.1)
i=1 i=1 i=1

Then,

m 1
Y f (L = )Bix + tyyll? di = 0. (2.2)
0

i=1

Definition 2.1. In a normed space (X, | - ||), x € X is said to be HH-C-orthogonal to y € X (we denote it by
X Lpn-c y) iff x and y satisfy (2.2), with the conditions (2.1).

It can be shown that the HH-C-orthogonality is equivalent to the usual orthogonality in any inner
product space. The proof is omitted.

HH-P-orthogonality is a particular case of HH-C-orthogonality, which is obtained by choosing m = 3,
ar=-lLay=a3=1,p=p2=18=0,y1 =y3 =1, and y, = 0. Similarly, HH-I-orthogonality is also a
particular case of HH-C-orthogonality, which is obtained by choosing m = 2, a1 = %, ap = —%, Br=p =1,
y1=1and y, = -1.

We now discuss the main properties of HH-C-orthogonality. The following proposition follows by the
definition of HH-C-orthogonality; and we omit the proof.

Proposition 2.2. HH-C-orthogonality satisfies the nondegeneracy, simplification, and continuity.

With regards to symmetry, HH-C-orthogonality is symmetric in some cases, for example, HH-P- and
HH-I-orthogonalities are symmetric [10]. The following provides an example of a nonsymmetric HH-C-
orthogonality.

Example 2.3. HH-C-orthogonality is not symmetric.

Proof. Define x Lyp_c, y to be

1 1
f (1 = t)x + 2ty|I* dt = f (1 = t)x — 2ty|[* dt.
0 0

In R? with ¢!-norm, x = (2, 1) is HH-C,-orthogonal to y = (3, -1) but y Lyn—c, x. 0
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Therefore, it is important to distinguish the existence (as well as additivity) to the left and to the right.
Since HH-P- and HH-I-orthogonalities are neither additive nor homogeneous [10], we conclude that
HH-C-orthogonality is neither additive nor homogeneous. We will discuss these properties further in
Section 3 with regards to some characterizations of inner product spaces.
The following lemma is due to Carlsson [4, p. 299]; and it will be used in proving the existence of
HH-C-orthogonality.

Lemma 2.4. ([4]) Let x,y € X. Then,
lim A7 (1A + a)x + yI? = 1Ax + yI?] = 2alld.
Theorem 2.5. Let (X, || - ||) be a normed space. Then, HH-C-orthogonality is existent.

Proof. The proof follows a similar idea to that of Carlsson [4, p. 301]. We only prove for the existence to the
right, since the other case follows analogously. Let g be a function on R defined by

m 1
g(A) = Z a; f (1 = H)Bix + tyi(Ax + y)II* dt,
=1 0

1

where «a;, f;, and y; are real numbers that satisfy (2.1). Note that our domain of integration is on (0, 1) (we
exclude the extremities) to ensure that we can employ Lemma 2.4. Therefore, for any A # 0,

m 1
Atg(d) = AT Z a f (1 = Hix + tyi(Ax + y)I* dt (2.3)
i=1 Y0

m

1
ATTY o fo 11 = Bix + tyi(Ax + IF = lltyiCAx + y)IP] dt.

i=1

Note the use of Y2, a7 = 0. Therefore, (2.3) becomes

Alg) = AT

1 1
Y ai [ 102+ (= 0y syl = e+ ywiP e Y a1 Dpia? dt]
0 0

7i#0 yi=0

1
_ _ 1
AT | IEA+ (U= DB Ty + yitylP = litAyac + byl dt + 2 ) iR
0 3 7i=0

yi#0

Note that
1
lim 5)\-1 a;BrlIx* = 0.

A—> =00

yi=0

By using Lemma 2.4, we obtain

1
1 1

. -1 _ . 2L 2 AF — = E BllxllZ = =1lxll?

Aln};o/\ g(A) = E Za,f t( =By llyixll dt = 3 aipiyillxll = 3||x|| P

7i#0 Yi#0

since Y., aifiyi = 1. It follows that g(A) is positive for sufficiently large positive number A, and negative
for sufficiently large negative number A. By the continuity of g, we conclude that there exists an Ay such
that g(A¢) = 0, as required. [
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3. Characterization of inner product spaces

The main result of this section is a characterization of inner product spaces via the homogeneity (or
additivity to the left) of HH-C-orthogonality.

Theorem 3.1. Let (X, || - ||) be a normed space in which HH-C-orthogonality is homogeneous (or additive to the left).
Then, X is an inner product space.

Our approach follows that of Carlsson [4]. The proof of this theorem is described in this section in two
separate cases: the case for normed spaces of dimension 3 and higher, and the 2-dimensional case. In both
cases, we consider a property introduced by Carlsson [4, p. 301], which is weaker than homogeneity and
additivity of the orthogonality. The following is a ‘modified’ definition of the property.

Definition 3.2. HH-C-orthogonality is said to have property (H) in a normed space X, if x Lpy_c y implies
that

n—oo

1 m
lim ! f Z aillni(1 = t)x + yity|* dt = 0. (3.1)
0 =

It is obvious that

1. If HH-C-orthogonality is homogeneous (or additive to the left) in X, then it has property (H);

2. If Xis an inner product space, then HH-C-orthogonality is homogeneous (or additive) and therefore,
it has property (H).

Thus, in order to prove Theorem 3.1, it is sufficient to show that if the HH-C-orthogonality has property
(H) in X, then X is an inner product space.

3.1. The case of dimension 3 and higher

Before stating the proof, recall that two vectors x, y in a normed space (X, || - ||) is said to be orthogonal in
the sense of Birkhoff (B-orthogonal) if and only if ||x]| < |lx + Ay|| for any A € R. Birkhoff’s orthogonality has
a close connection to the smoothness of the given normed space. Let us recall the definition of smoothness.
In any normed space X, the Gateaux lateral derivatives of the norm || - || at a point x € X'\ {0}, i.e. the following
limits

llx + tyll — 1l

T (x,y) == tli%l and 7_(x, y) := ltqu "

llx + tyll — llx]]
t

exist for all y € X [11, p. 483-485]. The norm || - || is Gdteaux differentiable at x € X \ {0} if and only if

T+(x,y) = 1_(x, y), for all y € X. A normed linear space (X, || - ||) is said to be smooth if and only if the norm

|| - || is Gateaux differentiable on X'\ {0}.

Lemma 3.3. ([8]) Let (X, || - |) be a normed space. If the norm || - || is Gateaux differentiable, then x is B-orthogonal
to y iff t(x, ) = 0.

In general, B-orthogonality is homogeneous. However, it is not always symmetric. In normed spaces
of dimension 3 and higher, the symmetry of B-orthogonality characterize inner product spaces [1, p. 5].
Therefore, in proving Theorem 3.1, it is sufficient to show that the property (H) of HH-C-orthogonality
implies that this orthogonality is symmetric and equivalent to Birkhoff orthogonality in normed spaces of
dimension 3 and higher.

The following propositions will be used in proving the theorem (see Lemma 2.6. and Lemma 2.7. of
Carlsson [4] for the proof).
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Proposition 3.4. ([4]) Let (X, || - ||) be a normed space. Recall the following notation

b+ tyll = i
T y) = lim T

i.e. the right-(left-)Gateaux differentiable at x € X\ {0}. For Ay > 0 we have

T+(/\xr ,U]/) = |[~1|T+(xr y) and T_(/\xl ,Uy) = |,U|T—(xr y)/
and for Ay <0

To(Ax, py) = —lult-(x, y) and  T-(Ax, py) = —|plt.(x, y).
Proposition 3.5. ([4]) If (X, || - ||) is a normed linear space and there exist two real numbers A and y with A + u # 0,
such that At (x, y) + ut-(x,y) is a continuous function of x, y € X, then the norm || - || is Giteaux differentiable.

We will start with the following lemma, which also gives us the uniqueness of the HH-C-orthogonality.

Lemma 3.6. Let (X, || - ) be a normed space where HH-C-orthogonality has property (H). Suppose that for any
x,y € X, there exists A € R such that x Lyp_c (Ax +y). Then

A= —|lx|™ Z aifiyit+(x, y) + Z aifiyit-(x, y) |-

Biyi>0 Biyi<0

Proof. By assumption, we have

n—oo

1 m
lim n~* f Z aillnBi(1 = H)x + yit(Ax + y)|I* dt = 0. (3.2)
0 =t

Note that by Lemma 2.4, we have the following for any i, and ¢ € (0,1) (again, note that we exclude the
extremities to ensure that we can employ Lemma 2.4)

n nBi(1 = ) + yitAlx + yityl? = n~ i1 = Hx + yityll + 281 = Dyt Allxl? + ei(n), (3.3)

where ¢;(n) — 0 when n — 0. Now, we multiply (3.3) by a; and integrate it over (0, 1), to get
1
n_la,-f I[nBi(1 — 1) + yitAlx + yity|* dt (3.4)
0

1 1
= nlg f InBi(1 — H)x + yityl* dt + 2a;Biyill|x|? f (1= Dt dt + i(n).
0 0

Take the sum and let n — oo to get

n—oo

m 1
1
0=limn Y o f InBiCL — t)x + yity|Padt + = Allxl? (3.5)
i=1 0 3
(note the use of (3.4) and Y2, aif;yi = 1). Now, note that Y2, a;f? = 0, and therefore

m 1
nt aif [InB;(1 — t)x + y;t |[Pdt
;‘ ; p ity

1
1y, fo [BiCL = ) + yityl = Infa(l = HxlPIde
1

i=

Il
=

3

1
= @ j(; (81 = t)x + yityll = InBi(1 = Hxlln~ [InBi(1 = t)x + yityll + lInBi(1 — Hxl[]dr.

i=1
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Rewrite [[nfi(1 — )x + yityll — (1 — )2l as n (|i(1 = t)x + Lyityll - [|Bi(1 - £)x]l), to obtain

i (11— £+ Lyityll = 1.1 — ) = tim D02 DE T I I 2 ]

s—0* S

7+ (Bi(1 = Dx, yity).

Note also that
r}g{}@ nlnBi(1 — t)x + yityll + Inpi(1 - t)xll] = ,}i_{lgo[llﬁi(l = Hx + n iyl + 1IBi(1 — )]

= 20,01 -
Thus,
m 1 m 1
it Yo [t = e yiiPdt=2) i [ w0 = 0yl - Dl
i=1 0 i=1 0
Therefore,
m 1
A= kY e f T (i1 - B, ity 21— byl d
. 0

i=1
m

1
—6|lx]I* Z ailﬁiljo‘ (1 =74 (Bi(1 = t)x, yity) dt.

i=1

By Proposition 3.4, (3.5) gives us

1
A —6) x| ™! Z aiBiyit+(x, y) + 2 aipiyit-(x, y)]f(; (1-ttdt

ﬁly,'>0 ﬁiy,‘<0

Biyi>0 Biyi<0

||| Z aifiyit(x, y) + Z aifiyit-(x, y)],

and the proof is completed. [

Now, we have a unique A for any x, y € X such that x Lyg_c Ax+y. As a function of xand y, A = A(x, v)
is a continuous function [4, p. 303]. Thus,

Z ifiyit+(x, y) + Z aifiyit-(x, y)

ﬁ,-)/,'>() ,31')/1'<0

is also a continuous function in x, y € X. By Proposition 3.5, the norm [|-|| is Gateaux differentiable. Together
with Lemma 3.3, we have the following consequence.

Corollary 3.7. If HH-C-orthogonality has property (H), then the norm of X is Giteaux differentiable and x Lyp_c y
holds if and only if ©(x,y) =0, i.e. x L y (B).

Remark 3.8. We note that the function (-, -) is also continuous as a function of x and y.

Let us assume that x is HH-C-anti-orthogonal to y if and only if ¥ Lyy_c x. We have shown that when
HH-C-orthogonality has property (H), then it is equivalent to B-orthogonality and therefore is homoge-
neous, since B-orthogonality is homogeneous (in any case). This fact implies that HH-C-anti-orthogonality
has property (H) as well. Therefore, the above results also hold for HH-C-anti-orthogonality. In partic-
ular, 7(x,y) = 0 implies that x Lyy—c vy, ie., y is HH-C-anti-orthogonal to x; hence 7(y,x) = 0. Thus,
B-orthogonality is symmetric, and we obtain the following consequence.

Corollary 3.9. If HH-C-orthogonality has property (H), then it is symmetric and equivalent to B-orthogonality.
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3.2. The 2-dimensional case
Previously, we have defined that x Lpy_c y, when x and y satisfy the following;:
i 1
o [ 1= opix + i i =0,
-1 0

1

where

aiﬁiz = oziyf =0 and aipiyi = 1.

1

m
=1 i

m m
=1 i=1

In this subsection, we use a slightly different notation, in order to resolve the 2-dimensional problem.
Note that

m 1
Y a f I = Bix + byl dt (3.6)
i=1 0
1 Vi 2 1 1 )
= Z a,-ﬁff H(l—t)x+t—yH dt+ 2 Z aiﬁf||x||2+§ Z aiyillyl. (3.7)
Bi#0,yi#0 0 ﬁl Bi#0,yi=0 Bi=0,yi#0

Since Y.I1; aif? = Y1 ajy? = 0, then we may rewrite (3.6) as

m 1 1 2
i 1
Za,-f 1= BB+ tyiylP dt = ) afﬁff H(l—t)x+t;—1yH dt—g[ Y afldP+ Y iyl
0 0

i=1 Bi#0,yi#0 Bi#0,yi#0 Bi#0,yi#0

We set p; = aiﬁf and ¢q; = y;/pi, and rearrange the indices,

m

1
a; f (1 = t)Bix + ty;yl| dt (3.8)
i=1 0
r

1 r r
= Yoo [ la-oes gl -3 Y pul - 3 Y pplvl
k=1 0 k=1 k=1

Assume that HH-C-orthogonality has property (H). Then, it is equivalent to B-orthogonality, and there-
fore is homogeneous. Denote Sx to be the unit circle of X and let x, y € Sx such that x Lyp_c y. Then, (3.8)
gives us

r 1
L "f -t + tgay|[ dt = €1 + Coe?,
k=1 0

where C1 = ¥, pr and C; = Y, prg;. We may conclude that the function

1
P(a) = BL ”(1 —bx+ tayH2 dt

is the solution of the functional equation
r
Y piF@ea) = Cr + Ga?, —c0 <a < oo, (3.9)
k=1

where

T

pe=Ci Y p=Co, Y pc=1,q#0, k=1, (3.10)
k=1

k=1 k=1
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We note that the function ¢ is continuously differentiable from Corollary 3.7 and Remark 3.8.
In the following results by Carlsson [4], it is shown that the behaviour of ¢ for large and small values of
|a| gives us an explicit formula for ¢.

Definition 3.10. Given a functional equation
r
ZPkF(ﬁlkOC) =C +C?, —c0o<a<oo,
k=1

for some real numbers C;, Cy, px and gx. We say that the equation is symmetrical if it can be written in the
form

Z myiF(nyar) — Z miF(—na) = Cy + Coa?
k=1 k=1

for some real numbers C;, Cy, m; and ny; otherwise, it is non-symmetrical.

Lemma 3.11. ([4]) Let ¢(«v) be a continuously differentiable solution of the functional equation (3.9) satisfying (3.10)
and

dla@) = 1+0(a*) whena— 0
Pla) = a® + O(a) when o — *oo.

If (3.9) is non-symmetrical, then ¢(a) = 1+ a? for —o0 < a < oo. If (3.9) is (non-trivially) symmetrical, then

P(a) = p(—a) for —co < a < oo0.

A 2-dimensional normed space has certain properties that enable us to work on a smaller subset. One
of the useful properties is stated in Lemma 3.12. Before stating the lemma, let us recall that the norm
I : X = Ris said to be Fréchet differentiable at x € X if and only if there exists a continuous linear functional
@5 on X such that

b + 211 = [l = @) _

0.
llzl—0 Izl

It is said to be twice (Fréchet) differentiable at x € X if and only if there exists a continuous bilinear functional
@Y% on X? such that

[llx + 2l = llxll = %(z) — @'z, 2)] _

0.
Izl—0 [IzII?

Lemma 3.12. ([3]) If (X, |I-]I) is a 2-dimensional normed space, then the norm is twice differentiable almost everywhere
in the unit circle Sx = {u € X : |lu|]| = 1}.

This result follows by the fact that the direction of the left-side tangent is a monotone function, and therefore,
by Lebesgue’s theorem, is differentiable almost everywhere [3, p. 22].

For us to prove Theorem 3.1 for the 2-dimensional normed spaces, we work on the assumption that the
normed space has property (H). Thus, we only need to consider the unit vectors, as the results will hold for
all vectors due to homogeneity. Furthermore, the previous proposition enables us to consider the vectors
in a dense subset of the unit circle.

The following lemma will be employed in the proof of Theorem 3.1.

Lemma 3.13. ([2]) Let (X, || - |l) be a normed space. If an existing orthogonality implies Roberts orthogonality, that
is, x € X is R-orthogonal to y € X iff

llx + Ayll = llx — Ayll, forall A € R,

then X is an inner product space.
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Proof of Theorem 3.1 for 2-dimensional case

Since HH-C-orthogonality has property (H), it is equivalent to B-orthogonality, and therefore is homo-
geneous. Since dim(X) = 2, the norm || - || is twice differentiable for almost every u € Sx. Let D be the
subset of Sx consists of all points where the norm || - || is twice differentiable. Let x € D and x Lyn—c y (o1,
equivalently x L y (B)) with ||y|| = 1. Then, the function

1
o(a) = Bf ”(1 - x+ tayHZ dt
0
is a continuously differentiable solution of the functional equation (3.9) satisfying (3.10).

Claim 3.14. The function ¢ satisfies

Pla) = 1+ O(a?) whena — 0

Pla) = a® +O(a) when a — +oo.
The proof of claim will be stated in the end of this section as Lemmas 3.15 and 3.16.
Case 1: Equation (3.10) is non-symmetrical. It follows from Lemma 3.11 that ¢(a) = 1 + a?. If we choose x
and y as the unit vectors of a coordinate system in the plane X and write w = ax + fy, we see that |lw|| = 1 iff
a? + f? = 1. This means that the unit circle has the equation a® + % = 1, i.e. an Euclidean circle. Therefore,

Xis an inner product space.
Case 2: Equation (3.10) is symmetrical. It follows from Lemma 3.11 that ¢(a) = ¢(—a) for all @, i.e.

1 1
fo‘”(l—t)x+tay||2 dt:fo (1 = Bx — tay|[* a (3.11)

holds for any a € R, x,y € X where x € D and x Lyy-c y. Since D is a dense subset of C and HH-C-
orthogonality is homogeneous, we conclude that (3.11) also holds for any x € X where x Lyp_c v.

Let t € (0,1), and choose a = a—;t)ﬁ, then (3.11) gives us

1 1
fo [0 =t + (1 - )| at = fo (1 = t)x = (1 = e)y|[" at,
or equivalently

llx + Byll = [lx = Byll,

i.e. x L y (R). We conclude that HH-C-orthogonality implies R-orthogonality. Since HH-C-orthogonality is
existent, X is an inner product space.
The proof of claim is stated as the following lemmas:

Lemma 3.15. Let (X, || - ||) be a 2-dimensional normed space, and denote its unit circle by Sx. Let u,v € Sx. Then,
the function

1
P(ar) = 3[0 (1 = B + taw|* dt

satisfies the condition

P(a) = a® + O(a) when o — +oo.
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Proof. For any u,v € Sx and o € R, we have

1
3(f 1 = b + taw|* dt — laz)
0 3

p(er) — o]

1
< 3f 11 = t)u + tao|* — ||tav|?| dt
0
1
- 3f ||(1—t)u+tav||—||tcw||(Il(l—t)u+tozv||+||tav||)dt
0
1
< 3 f (1= Ol (1 = Ol + 2ol )
0

1
3[ (1 =12 +2t1 = Dlal) dt =1 + |al.
0
Thus, ¢(a) — a® = O(e), when a = +oo0. [J

Lemma 3.16. Let (X, || - ||) be a 2-dimensional normed space and denote its unit circle by Sx. Then, there is a dense
subset D of Sx such that if u € D and u L v (B), the function

1
o) = 3f 1 = t)u + taw|* dt
0

satisfies

d(a) =1+ 0(@?) whena — 0. (3.12)
Proof. Since dim(X) = 2, then the norm || - || is twice differentiable for almost every u € Sx by Lemma 3.12
[3, p. 22]. Let D be the subset of Sx consists of all points where the norm || - || is twice differentiable. We

conclude that D is a dense subset of Sx. Denote ¢(x) = ||x||, then for any u € D, the derivative ¢/, is a linear
functional and the second derivative ¢, is a bilinear functional. Furthermore, we have the following

llu + zll = llull = ¢5,(2) — ¢/(z,2)
=45

lim

llzll—0

=0. (3.13)

Letu € Dand u L v (B), where ||[v|]| = 1. Set z = ﬁm} (t € (0,1)), therefore, when a — 0, ||z|]| — 0. Since
u 1 v (B), ,(v) =0,and (3.13) gives us

i+ () o] = il = (s51)” 910, 0)

0 2
o (i5a) Il

7

i.e., for any € > 0, there exists 6p > 0, such that for any |a| < &9

||u + (ﬁa) v” -1
()

Furthermore,

— @)/ (v,0)| <e.

”u + ﬁav” -1
——— | <e+lp;/(w,v) =M.

_2_ 2

a-mn?
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Equivalently, we have,

M+L0(Z) 1 <ML0¢2
1-t 1-12" "

Note that for any ¢ € (0,1),
any |a| < 01, we have

(u + %av“ +1 — 2when a — 0. Set € = 1, then there exists 6; such that for

<1,

t
u+—av‘+1—2
1-t

ie.,

t
U+ ——av

+1<1+2=23.
1-t¢

Now, for any |a| < min{dy, 61}, we have

1
3([ (1 - Ou + tao|* dt — 1)‘
0 3

lp(e) =1

1
< 3f 1 = Hu + tawl® — |1 — Bul?| dt
0
1 ¢ 2
= 3f(1—t)2 u+ ——aol|| — |jull?| dt
0 1—t
1 t t
= 3](;(1—1‘)2( u+1—_tav +1) u+1—_tav —1'dt

1 2
t
1-t)>°’M———a?dt = 2
< 9f0( )M(l_t)za 3Md?,
ie, Pp(@)—1=0(?),whena - 0. [

The last two results conclude that the homogeneity (also, the right-additivity) of HH-C-orthogonality is
a necessary and sufficient condition for the normed space to be an inner product space.
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