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ON NEW NOTIONS OF ORTHOGONALITY IN NORMED
SPACES VIA THE 2-HH-NORMS

EDER KIKIANTY AND SEVER S. DRAGOMIR

ABSTRACT. Kikianty and Dragomir in 2008 introduced the p-HH-norms on
the Cartesian product of two copies of a normed space, which are equivalent
to the well-known p-norms. In this paper, notions of orthogonality in terms of
2-HH-norms are introduced. The main properties of these orthogonalities are
discussed. Several characterizations of inner product spaces are established,
as well as the characterization of strictly convex spaces.

1. INTRODUCTION

An real inner product space X is a real vector space equipped with a mapping
(-,-) : X x X — R which satisfies the following properties
(1) (z+y,2) = (z,2) + (y,2),
(2) {az,y) = afz,y),
(3) (z,y) = (y,z),
()(a:,>>0and( x) =0iff x =0,

forall z,y,z € X and a € R. A real normed space X is a real vector space equipped

with a mapping || - || : X — R which satisfies the following properties:
(1) |lz]| > 0 and ||z|| =0 iff z =0,
(2) [lezl| = |all],

(3) 1o+ yll < 12/l + Iyll (triangle inequality),
for all z,y € X and a € R. Every inner product induces a norm by the following
identity: ||lz|| = (z,2)? (z € X). This norm satisfies the parallelogram law

lz + yll* + llz = ylI* = 2([2]1* + y|*), for all =,y € X.

Every norm satisfying the parallelogram law is induced by the inner product
1
(x,y) = Z[||96 +yl? = lz —yl|!], forall =z,yeX.

Therefore an inner product space is a normed space, but not conversely. For ex-
ample, the space I := {(x,) : ©n, € R| Y |z,|P < 00}, for p # 2, is a normed space,
but not an inner product space.

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 (z,y) is zero. Since a normed space is not
necessarily an inner product space, we cannot define orthogonality in any normed
space, in the same manner to that of inner product space. Numerous notions of
orthogonality in normed spaces 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 these notions of orthogonality, their main
properties, and the implication as well as equivalent statements amongst them, we
refer to the survey papers by Alonso and Benitez [11[2].
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2 E. KIKIANTY AND S.S. DRAGOMIR

Any pair of vectors in a normed space (X, | - ||) can be viewed as an element of
the Cartesian product space X2. The space X2 is again a normed space, when it is
equipped with any of the well known p-norms. In 2008, Kikianty and Dragomir [6]
introduced the p-HH-norms (1 < p < 00) on the vector space X2 of pairs of elements
x and y in X as follows:

1@ ) lp-rm = (/01 (1 - t)ﬁc+ty|17dt>;

These norms are equivalent to the p-norms but, 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.

In particular, when X is an inner product space, the 2-HH-norm is induced by
an inner product in X2, and

(1.1) @3- rn = % (2l + G2, ) + llyl1?) -

Note that when « is orthogonal to y, the inner product (z,y) vanishes, and the
right-hand side of reduces to % ([|z[* + [|y[|?). This motivates us to consider
a notion of orthogonality in normed spaces, where x is said to be orthogonal to y,
when ||(z,9)|3_ gz = 3 (Il#]|* + [|y]|?). We discuss the properties of this orthog-
onality in Section [3] and establish some characterizations of inner product spaces.
However, we also note that this orthogonality is closely related to the Pythagorean
orthogonality (for references see [4]). In the same manner, we consider another no-
tion of orthogonality, which is closely related to James’ Isosceles orthogonality. The
definition and its main properties will be discussed in Section[d] We also establish
some characterizations of inner product spaces, as well as strictly convex spaces.

2. DEFINITIONS, NOTATION AND PRELIMINARY RESULTS

All definitions, notation and preliminary results regarding the orthogonality in
normed spaces are summarized in this section for references. Note that throughout
the paper, all linear spaces are considered over the field of real numbers.

2.1. Orthogonality in inner product spaces. The following are the main prop-
erties of orthogonality in inner product space (for references see [1,4,/7]). In the
study of orthogonality in normed space, these properties are investigated to see how
“close” the definition is to the usual one. In any inner product space (X, (-, -)), let
x,y,z € X. Then,

(1) Ifx Lz, thenx =0 (Nondegeneracy);

(2) f ¢ Ly, then Az L Ay for all A e R (Simplification);

(3) If (z4), (yn) C X such that z,, L y, for every n € N, x,, — = and y,, — y,
then z Ly  (Continuity);

(4) If z Ly, then Az L py for all \,p € R (Homogeneity);

(5) If ¢ L y then y L = (Symmetry);

(6) Ifx Lyand z L zthenz L (y+2) (Additivity);

(7) If x # 0, then there exists a € R such that 1 (ax +y) (Erxistence);

(8) The above « is unique  (Uniqueness);

Remark 1 (Existence and uniqueness). Alonso and Benitez in |1 p. 2] defined the
existence (and uniqueness) as follows: For every oriented plane P, every z € P\ {0}
and every p > 0, there exists (a unique) y € P such that the pair [z,y] is in the
given orientation, ||y|| = p and = L y. The definition for uniqueness as stated in this
paper is due to James [4, p. 292] (in the paper by Partington [7], this property is
referred to as resolvability). Alonso and Benitez noted that when the orthogonality
is non homogeneous, the existence in James’ sense is not equivalent to the one that
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they have stated. They also noted that, in the sense of their definition, the existence
implies that for any nonzero vector z, the set {o : © L ax + y} is a non empty
compact interval. Therefore, in investigating the uniqueness, for non homogeneous
orthogonalities, they refer to James’ result as the a-uniqueness property, where the
(above) interval is reduced to a point. However, in this paper, we will use James’
result as our definition of existence, and we refer to the a-uniqueness as uniqueness
as initially stated in this paper.

2.2. Orthogonality in normed spaces. In this section, we recall two definitions
of orthogonality, namely the Pythagorean and James’ Isosceles orthogonalities. For
other definitions of orthogonality, we refer to the work by Alonso and Benitez [1].
Definition 1. Let (X, || - ||) be a normed space and z,y € X.
(1) Pythagorean (1945), [7]:
z Ly (P) iff [z + [y = |z +y]*
(2) Isosceles (1945), |4]:
v Ly () it [z+yll=lz—yl
Remark 2. Pythagorean orthogonality is initially defined as follows (see |4]):
z Ly (P) iff [z +[ly]* = |z - y]*.

However, the results remain similar when we consider the definition as stated in
Definition [

Pythagorean orthogonality satisfies the following properties (see |1/4]):

(1) Nondegeneracy, simplification, continuity and symmetry.

(2) If x,y are elements of a normed space X, where x # 0, then there exists a
number « such that L ax 4+ y (P), i.e. P-orthogonality is existent;

(3) P-orthogonality is unique;

(4) If P-orthogonality is homogeneous (additive) in X, then X is an inner
product space;

Isosceles orthogonality satisfies the following properties (see |1/4]):

(1) Nondegeneracy, simplification, continuity and symmetry.

(2) If x,y are elements of a normed space X, where z # 0, then there exists a
number « such that L ax +y (I).

(3) Isosceles orthogonality is unique if and only if X is strictly convex;

(4) If I-orthogonality is homogeneous (additive), then X is an inner product
space;

2.3. The p-HH-norms on X?2. The Cartesian product space is defined by X2 =
X x X := {(z,y) : z,y € X}, where the addition and scalar multiplication are
defined in the usual way. This space is also a normed space together with any of
the well-known p-norms, which can be defined as follows:

1
P4 llP)E . 1<p <o
Il = { O]  1<p<oo
P maxel. Jol). p=oe.

for any (z,y) € X2.
Kikianty and Dragomir in [6] introduced a family of norms that can be defined
in this space, which is referred to as the p-HH-norms.

Definition 2. The p-HH-norm on X2 is defined by

1
P

1
(2.1) I llp—rm = (/0 11 —t)$+ty|pdt> ;

for any (z,y) € X2 and 1 < p < co.
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The p-HH-norm is symmetric, i.e., ||[(x,y)|lp—zz = ||(y; 2)||p—mr. All the p-norms
and the p-HH-norms are equivalent in X2.

Note that if the norm || - || on X is induced by an inner product (-, -), then the
2-HH-norm has the explicit form as follows:

(llll* + (2 y) + [lyl®) -

Wl =

1
22 @ )3 = / 11— t)a + ty|Pdt =

For fundamental properties of this family of norms, see [6].

3. HH-P-ORTHOGONALITY

Let (X, (-,-)) be an inner product space. For any z,y € X, we have
lz +yl* = [l + 2(z, ) + [lyll*,
and when z is orthogonal to y
(3.1) lz + )1 = ll2l* + Ily]I*.

This is the motivation to define orthogonality in any normed space, namely the
Pythagorean orthogonality (see Subsection .

If we consider z and y as pair of vectors in the space X2 equipped with the
2-HH-norm, and if X is an inner product space, then 2-HH-norm of pair of vectors
(z,y) in X2 is

1
1
)3 = /O 1=tz +ty]* dt = (2l + (@, 9) + [ly]*)-

If v Ly, ie., (z,y) =0, then

1
1
(3.2) /0 It =)z +ty]* dt = < (ll* + y]*),

Therefore, we can consider a notion of orthogonality as follows:
Definition 3. In any normed space (X, || - ||), a vector z € X is said to be HH-P-
orthogonal to y € X if and only if they satisfy (3.2]); and we denoteitby x Lyy_p y.

It is easy to check that the HH-P-orthogonality is equivalent to the usual or-
thogonality, if the space is equipped with an inner product.

The following lemma discusses some of the main properties of HH-P-orthogonality
and will be used to prove the other properties.

Lemma 1. The HH-P-orthogonality satisfies the nondegeneracy, simplification,
continuity and symmetry properties.

1
Proof. Ifx Lyp_p x, then ||z]? = [ [(1—t)a+tx|?dt = 5(|=]*+=]?) = Z|=|?,
which implies that ||z|| = 0, i.e., = 0, which proves the nondegeneracy property.
If x Lyy_py, then for any A € R,

1 1

/ [I(1 —t))\:z:+t)\y||2dt = |)\|2/ [[(1 —t)x+ty||2dt
0 0

A2
3

ie, At Lgg_p Ay, forany A€ R. If x L gy _p y, then

1
(Il +1yl?) = 3 (Al + 1Ay]1*),

1 1 1 1
/O |‘(1_t)y+t$||2dt:/0 1=tz +tyl*dt = (ll* +ly]1*) = 3 Nyl + |21,
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(since 2-HH-norm is symmetric) i.e. the HH-P-orthogonality is symmetric. If 2,, —
z, Y, — yand =, Lyg_p y, for any n € N, then by the continuity of norm,

1
/ lim ||(1 = )z, + ty,||2dt
0

n—oo

1
/ (1 = t)x + ty||?dt
0
1

= lim |
n—oo 0

(1 1
(G0l + Tl ) = 5Cel? + 117,

(1 —t)zy, + ty,||dt

which shows the continuity. O

Remark 3. In general, the HH-P-orthogonality is not right-additive nor homo-
geneous. For example, choose X = R? equipped with /*-norm, z = (0,—1) and
y=(1,v/2—1). Note that z Lgg_py, but © Lz _p 2y.

The next theorem shows that the HH-P-orthogonality is existent in any normed
linear space. This property is the most important, since it would keep the concept
of orthogonality from being vacuous |4, p. 292].

Theorem 1. Let (X,|| - ||) be a normed space. Then, the HH-P-orthogonality is
existent, i.e. for any x,y € X, there exists an a € R such that (ax +vy) Lyg_p .

Proof. We will prove this theorem by the similar continuity argument and the
intermediate value theorem, which was used by James in |4 p. 299-300]. Fix
x,y € X, where x # 0 (as the proof is trivial for the case of z = 0) and let
f:Rx(0,1) — R be a function defined by

(3.3) Flast) =11 = t)(az +)|* + [tz ]]* = (1 = t)(aw +y) + ta]%,

and F be a function on R defined by F(«) := f01 f(a,t) dt. We will show that the
continuous function F' has the value of zero for some « by using the intermediate
value theorem.

Since t # 1, we have the following identity

O 2(1—t)a + 12 t o\
= ()

Therefore, we may write

2t(1 — t)a + t2

tQHxH2 - (1 — t)gag

fla,t) 1(1 = t)(ez +y)|?

t 2 2 2
+ (1 e ) 100+ I = 0= e+t + (1= 0

= t2H$||2 _ [215(1 —t)a+t2] H-T-l- %HQ
—I[(1 = t)a + tlz + (1 — t)y|?

+H[(1—t)oz+t]$+ {(1_t)+ctj Yy
= £|z|I” = [2t(1 — ha + 7] H“ %HQ

+ H‘[(l — o+ tla + {(1 — 1)+ } yH — Il = o + ]z + (1 — t)y@

t
«
X[

’[(1 ~ta+fr+ {(1 — 0+ ﬂ yH L=t o+ (1— t)y@
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< 2z)? = [2t(1 = t)a + 7] Hx + %HQ + m [yl
«|Jia=na e [o -0+ Lo 1 - ot dos 0o
< fzf? - [2t(1 — ) + 7] Hm+ %Hz

t t t
2= |1 —t)a+t — (1=t + =+ (1t 2,
#2210 = gl + | £ [Ja -0+ £+ @ -] o)

Assume o > 0, then £ >0, (1—¢t)a+t >0, (1—t)+L >0, and 2¢(1 —t)a+1? > 0
and therefore

2
flont) < zf? = [2t(1 — ) + 7] Hx+ gH
o

2t2 2t(1—t) 2]
# (2004 2 ) el + |22 S e

IA

]2 - 2601 = o+ 2] (Jlal] - H%H)Q

2t2 2t(1—t) 2]
n (2t<1 S+ ) lelllgll + [ I
o' e o? |

= lal” - [2t(1 = ) + ] ||

#2211 00+ ol | 2] - P2~ -+ £

2t2 201 —t) 27, »
2t(1 — ¢t —_— —_—+ —
+ (204 20 ) et + | 2522
I 2t [2t(1 —t) 2 2
= —2t(1—t)allz|]® + [4t(1 —t) + 2= S S
R e L e e e R [
2t2 2t(1—t) 2]
# (2t -0+ 2 ) el + | e
« « o? |

4427
= —20(1 - tafle|* + |6t(1 — 1) + — | [l2] Iyl

Integrate the last inequality with respect to ¢ on (0, 1) to get

4¢?

Flo) = /01f<a,t>dt < /01{—2t<1—t>a||x||2+[6t<1—t>+a} el o

1 4
~gellol® + [1+ 22 ] el

By taking « sufficiently large, and since z is nonzero, we have

1
F(a)= / fla,t)dt < 0.
0
Now, consider

flat) = A =t)(—az+y)|* + [ltz]* = (1 - )(—az +y) + tz]*
11 = t)(az = )lI* + [lt]* = [I(1 = t)(az — y) — ta]|*.

Since t # 1, we have the following identity

_2t(1—t)a — 12 t\?
e ()
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f(_aa t)

+H[(1t)at]x (1t;>y
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e + i [k

11—

*( o) 10— 0w =)l =0~ o~ — (1 -y

2
[t]|? + [2¢(1 — t)a — ¢t ‘%H

il

— Q= t)a —tlz — (1 - t)y?

nmw+puy%m—t‘p—fu

#[fia=ta-ae- (1-e- L) o] - a0 =t - - o

X [H[(l —ta—tlx — (1 —t— ;) yH +[[[(1 =) —t]lz — (1 — t)y||]

2
> WMF+mﬂfﬂa7ﬁfong—f
(6%
t
X [H[(l —t)a —tlx — (1 —t— a) yH + 1 =-t)a—tle—(1— t)y||]
2 2 Y2
> WM-+mﬂ—ﬂa—th——H
(6%
gl [21 = — et + [[1 == 2]+ 1= ¢] ol
_|E e — 1 __t _
« y L i (0% ] y ]
2 v?
:Hmu+muft‘pfﬁ] V**H
(0%
gl [210 = o= 1 il + |1 — 6= 2+ 1= 1yl
—|= —t)a — T —t— — — .
«Q y L L (6% ] y ]
Since t > 0, —t2 < 0 and by triangle inequality we get
2 2 Y2
Flat) > ltal? + 200~ el — L[ = (i + [ 2])
t? [t(1—t) 2 1=t o
—2|(1—t)t— — S | s
(L =t)t = —1 [z llyll I~ = +— | [yl
_ 2 2 2 2 Y 2| Y |12
= |ltz||* + 2t(1 — ) :c—— —t lz|I — 2t=||z|] o =
t? [t(1—1t) 2 A=t .o
—2|/1-t)t—— S | e S A
(A=)t = —1 =] llyll I~ = | [yl
2| 2t
- sa=gofe=2f - a2 2
¢ z i ol |l Iyl
t1—t) ¢t 1—-tt] ¢ )
Haf M'ﬂog+az”“-
Assume « > 0, then
2] 2t?
fat) = 20l 2"~ Jofa oS 2l
t(1—t) ¢ 1—t)t
-[[E2- 2+( L L e
Q Q [0
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2
> 26(1 - H)allz|? — 44(1 — t)a|z| H%H +2t(1 - t)a H%H

[ 2] 2t?
— 211 =t)t — —|+—

_ '( Jo——|+ a] ]l 1yl
t(1—t) 2| (11—t 2]
e e A &
« « « «

2

— %1 t)allz|? - {2 ‘(1 - %

t(1—t) ¢ (1—t)t+ 2]

22
+— (L —=t)| [zl [yl

(77

" @ e ta
Integrate on (0,1), to get
ad 4+ 3a +2 2

Py = [ fCana = Lo [CEREEL 2
Jo , -3 3a(a+1)7° 3o

2
- 3] I/l

ad+3a+2 1 1
——— - —+ | lyl*.
602 (a+1) 6o 3a

For « sufficiently large, and since = is nonzero, we have

F(—a)= /0 f(=a,t)dt > 0.

We have shown that there exist cr; > 0 such that F(a;) < 0 and as < 0 such
that F'(ag) > 0. Since F' is a continuous function in «, it follows that there must
be an ag € R such that F'(ag) =0, i.e.,

0 = Fla) = /0 11 = t)(aoz + y)II* + It ]|* = (1 = t)(coz +y) + t|*dt

1 1
3 (Ioz + 9)II” + ll2]?) —/O (1 = t)(aoz +y) + ta|*dt,

or equivalently,

1
/ (1 — ) (aox +y) + tz|>dt =
0

i.e., (040.’1? + y) lyg_px. O

(looz +yll* + llz[1?) ,

Wl =

The following lemma will be used to prove the uniqueness property of the HH-
P-orthogonality.

Lemma 2. Let (X,| - ||) be a normed space and x,y € X. Let g be a function on
R defined by

1
ak) = / 11— tyy + k(ta)|? dr.

Then, g is a convezx function on R, and furthermore, for any s € (0,1) and k1, ko €
R where g(k1) # g(k2), we have

glsk1 + (1 — s)ka] < sg(k1) + (1 — s)g(k2).
Proof. Let s € (0,1) and kq, ks € R, where k; # ko. Then,
glsk1 + (1 — s)ks]

1
- / 1L = )y + [sky + (1 — s)ka(ta) | dt

- /O||s[(1—t)y+k1tx]+(1—s)[(l—t)y+k2tx]||2 it
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1 1
< 52/ (1 —t)y + kytx|? dt+(1—s)2/ (1 =)y + kotx|? dt
0 0
1
+2s(1 — s)/ (1= )y + katal|[[(1 = )y + katal| dt
0
1 1
- s/ (L = t)y + krta? dt—i—(l—s)/ (L = t)y + kota|® dt
0 0
1 1
+(s% — s) </ (1= t)y + kitz|? dt+/ (1= t)y + kotz|? dt)
0 0
1
+2s(1 — 5)/ (1= )y + kata]|[[(1 — )y + kotal] dt
0
1 1
(34) = s/ (1 = )y + ka2 dt+(1—s)/ (1 = )y + kota|2 dt
0 0
1
~st=o) ([ =ty + date] = 10 = 0+ kot
0
1 1
< s/ (1 —t)y + kitx|? dt+(1—s)/ (1 —t)y + kota||? dt
0 0

= sg(k1) + (1 —5)g(ks).
Note that when equality holds, we conclude from (3.4) that then the term
1
= g+ kata] = 0= 0y + Rt e =,
0

ie. [(1=t)y+kitx| — ||(1 =)y + katz|| = 0 almost everywhere on (0,1). It implies
that

1 1
o(ky) = / 01— )y + ko te]Pdt = / 11— t)y + hota] Pdt = g(ks).
0 0
Therefore, if g(k1) # g(k2), then the inequality is strict. O

Theorem 2. Let (X, ||-||) be a normed space. Then, HH-P-orthogonality is unique
on X.

Proof. The proof is inspired by that of Kapoor and Prasad in [5, p. 406]. Suppose
that HH-P-orthogonality is not unique. Then there exist z,y € X, x # 0 and
a > 0, such that

(3.5) Yy J—HH—P Z,
and
(3.6) ar+y Llpg_p .
Recall the convex function g as defined in Lemma [2] and observe that
1 2 2 2
Y x x
61 o= [ 10y a= 0 IRy ) T2
0
by 1) Set o (t) = (1?)0‘, and observe that
1
gla’(t) +1) = / (L =)y + (' () + L)tz||* dt
0
1
= / (1 —t)(ax +y) + tz||* dt
0
oz +yl* | [l _ [ElS

e et (R
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by (3.6). Now, suppose that 0 < &/(¢) < 1, and note that g(1) # g(0) (since x # 0)
and Lemma [2] gives us

(39) e/ (1)) < /(1) (1) + (1~ /(1) 0).
Also, gl (1) +1) # g(o/ (1)
o/ (1) e/ (1)) + (1~ (1) gle/(1) + 1)
(1) 9(e/ () + (1~ ') [ala ) + 2]
= () (o)) + (1 '(1) [o(a (1) + 9(1) — (0],
by and (3.8). Therefore (by rearranging the last inequality), we have
o (19(1) + (1~ o/ (1))g(0) < glol (1),

which contradicts (3.9)).
Now, consider the case that o/(¢) > 1. We have,

since z # 0), and Lemma [2| I gives us

<

~—~
=

=
A

ao(t)—1 1 ,
o) < T0(0) + Salal(0)
- 12 _ g1~ g(0) < = fg(e’ (1)) - 9(0).
3 ~ ()

Since & # 0, then, [g(c/(t)) — g(0)] # 0 and therefore, g(c/(t)) # ¢(0). Thus,
Lemma [2] gives us

(3.10) g(1) <

Also, g(1) # g(a’(t) + 1) (since g(e/(t)) # ¢(0)), and Lemma 2] gives us

a/lt) 0+ MO g + 1)

gl (t)) <

ey + L21]

=}
<
=
I
—_

! [9(c/ (1)) + g(1) — g(0)],

by (3.7) and . Therefore (by rearranging the last inequality), we have

SO+ S g0 < 901,

which contradicts (3.10]). For the case where o' (t) = 1, we have

/ _ (o) 2 2l _ 2]
gl () +1) = g(2) = 5= +9(1) = 9(0) + =57

Again, note that g(0) # g(2) since = # 0, and Lemma [2] gives us

(

1 )
o/(t) o (t
1 )

o'(

9(1) < 5 9(0) + 39(2) = 9(0) + 3]

which contradicts (3.7]). Therefore, HH-P-orthogonality must be unique. O
The following theorems give some characterisations of inner product spaces.

Theorem 3. Let X be a normed space. Then, X is an inner product space if and
only if HH-P-orthogonality is homogeneous.
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Proof. We use a similar argument to that of James in [4, p. 301]. If X is an inner
product space, then HH-P-orthogonality is equivalent to the usual orthogonality,
and therefore it is homogeneous. Conversely, assume that the homogeneity property
of HH-P-orthogonality holds, and let x,y € X. By existence, there exists an o € X,
such that

1
1
10 = 0w+ + talPat = 5 (o +1? + o)
Since the homogeneity property holds, we have the following for any k € R
1
1
(3.11) / (1 —t)(ax +y) + thz|*dt = 3 (llez + yl|* + ||kz|?) .
0
Assuming t € (0,1), we set k = W, and the left-hand side of l} becomes
1 1
1
[ 1= o+ 9+ (1= 01 - aalPde = o+l [ (1=t = g+
0 0

The right-hand side of (3.11)) becomes
1-t1-a) |7} 1 (1—1)2(1 — )2
| S0 ) = 5 (oo ol 4 SRR ).

t t2

1
3me+mﬁ+

Thus, by 7 we have

o+ 4l = law + )+ L= e
Since t # 0, we have

llz +yl* = oz +y[* + (1~ )*(1 - a)[l]*.
Integrate with respect to ¢ over (0, 1) to get
(3.12) 2+ ylI* = llaz + y[I* + (1 — a)?[|2|*.

Analogously, we set k = —U=t4a) g4 any t € (0,1), and the left-hand side of

t
(3.11) becomes
1 1 1
|10 =00 +) = (0 =00+ el = o =yl [ (=02 = gl -y

The right-hand side of (3.11)) becomes
(1-t)*(1+a)?
s =l? ),

1 2
3 <||a:c+y|| + o)

and thus
(1- t)2(1 + a)2

ol

lz = ylI* = llaz +ylI* +
Since t # 0, we have
)|z — ylI* = *llaz + y[* + (1 = 1)*(1 + a)?||=|*.

Integrate with respect to ¢ over (0,1) to get

(3.13) =yl = [laz + y[I* + (1 + a)?||z]*.
By adding (3.12)) and (3.13]), we get
(314) oz +yl> +llz—yl* = 2az+yl*+[(1 - )+ (1 + )’z

= 2llaz +ylI* + 2+ 207 |l2]|*.
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Now, we note that by homogeneity, we also have ax +y Lgy_p @ax for all

te(0,1), ie.

1
Iyl / (1— 1)t

1 2
= 5lul

= 3 (1tea e+ =)

/o (1= t)(ax +y) + (1 — t)ax|*dt

Since t # 0, we have
yl* = £llaz + y|* + (1 - )|,
and integrate it over (0,1) to get
Iy = laz + yl* + a?||z|]?,

or equivalently,
laz +yl* = ly* — o[>

Therefore, (3.14) gives us
lz +yl* + llz = yl* = 2y = @®[ll|*) + (2 + 20°)l|z]|* = 2[|=]|* + 2|y,

and the proof is completed. O

Theorem 4. The property of homogeneity and additivity of HH-P-orthogonality
are equivalent.

Proof. The proof is inspired by that of James [4, p. 301-302]. If the HH-P-
orthogonality is homogeneous, then the underlying space is an inner product space
and therefore is additive. Assume that the additivity property holds, and that
z Lyg_py. Consider z and —y, the existing property gives us an a € R such that
r gy p axr —y. By additivity, we conclude that 1 az. Therefore, « = 0 when
x # 0. Thus, x L —y. By symmetry and additivity, we conclude that nz L my for
all integers n and m. In particular, when n # 0,

! m 2 1 ,  m2 o
[ = e (2ol ar = 5 (ol + 1)

which implies that * Lgy_p ky for any £ € Q. By the continuity of norm,
z Llyy_p ky for any k € R, and the proof is completed by the symmetry of
HH-P-orthogonality. O

Corollary 1. If HH-P-orthogonality is additive in X, then X is an inner product
space.

Remark 4. (1) If z,y € X such that (1 —¢)xz L ty (P) for almost every
t e [O, 1], then, T lygg-py.

(2) Note also that if z,y € X such that (1 —t)x L ty (P) for almost every
t € [0,1], then by the continuity of P-orthogonality, (1 —t)z L ty (P) for
every t € [0, 1]; and furthermore, ax L By (P) for any «, 3 € R.

(3) If x L y (P) implies that (1 —¢)z L ty (P), then the P-orthogonality is
homogeneous, and therefore the underlying space is an inner product space.
Thus, x J_HH_p Y.

(4) Note that L y (P) does not imply * Lgg_p y. For example, in R?
equipped with ['-norm, z = (—3,6) is P-orthogonal to y = (8,4), but
T Py
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(5) Note that © Lypy_p y does not imply z L y (P) . For example, in R?
equipped with [!-norm, z = (2, 1) is HH-P-orthogonal to y = (Q v 1245, 1),
but z £y (P).

4. HH-I-ORTHOGONALITY

Note that in any normed space (X, | -||), if z,y € X such that (1 —t)z L ty (P)
for almost every t € [0,1], then,  Lyy_p y. Using the same idea, we investigate
that if z,y € X such that (1 —t)xz L ty (I) for almost every ¢ € [0,1], i.e

(1 =tz +tyl| = [|(1 — )z —tyl|, ae. [0,1],
then

1 1
(4.1) /O||(1—t)a:+ty||2dt:/0 (1 = t)z — ty||dt.

This gives us a motivation to define a type of isosceles orthogonality, i.e. x and y
is said to be HH-I-orthogonal if and only if they satisfy (4.1)), and we denote it by
r Lgg_1y. The HH-T-orthogonality is equivalent to the usual orthogonality, if the
space is equipped with an inner product (and we omit the proof).

Lemma 3. The HH-I-orthogonality satisfies the nondegeneracy, simplification,
continuity and symmetry properties.

Proof. If & Lyp—r @, then |[z]|? = [} [|(1 — t)x + tz||2dt = [ ||(1 — t)z — ta|?dt =
£||z[|?, which implies that [|z|| = 0, i.e., # = 0, which proves the nondegeneracy
property. If x L gy y, then for any A 6 R,

1 1
/|\(1—t))\x+t)\y||2dt = |/\|2/ (1 — t)a + ty|*dt
0 0
1
= WP [0 - e - e
0

1
= / (1 —t)Az — thy||dt,
0

ie, Ax Lgg_5 Ay, forany A€ R. If ¢ Lgpy_1y, then

1
/ (1 —t)y + tx||®dt
0

1
/ (1 —t)x + ty||*dt
0

1 1
| =00 - tipar= [ 100y - toPa,
0 0

i.e., the HH-I-orthogonality is symmetric. If x, — x, ¥y, — vy and x,, Lggy_s y, for
any n € N, then by the continuity of norm,

1
/ (1 = t)z + ty||®dt
0

1
/ lim [[(1—¢)z, + tyn||2dt
0 n—oo
1
= lim (1 =), + ty,|*dt

n—00

1

lim I
n—oo 0

1
(1= t)an — tyalPdt = / 11— t) — ty| P,
0
which shows the continuity. O

Remark 5. In general, the HH-I-orthogonality is not right-additive nor homo-
geneous. For example, in R?, with /*-norm, z = (2,1) is HH-I-orthogonal to
Y= (17 _2)a but lHHfl 2y
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The following lemma will be used in proving the existence of HH-I-orthogonality,
and we refer to |4] for the proof.
Lemma 4 (James [4]). Let z,y € X. Then
lim |[(a+a)z +y| — ez +yll = allz|.
a— 00
Theorem 5. Let (X, || - ||) be a normed space. Then, the HH-I-orthogonality is
existent, i.e. for any x,y € X, there exists an « € R such that (ax +y) Lyn—5 x.

Proof. We will prove this theorem by the similar continuity argument and the
intermediate value theorem to that of James’ in |4, 296-297]. Let xz,y € X, where
x # 0 (as the proof is trivial for x = 0), h : R x (0,1) — R be a function defined by

ha,t) = ||(1=t)(ax +y) +tz| - (1 —t)(ax +y) -tz
= A=t +tz+ 1 =)yl = [[[(1 - ) =t + (1 = )yl|,
and associated to h, a function H : R — R defined by

- /O oty

Note that, for any ¢ € (0, 1),

lim h(a,t) = lim [J[(1=ta+tae+ (1= Oyl = [|[(1 —t)a — o+ (1 - )y]]
= =0 [(or g5 e <[ (o 7)o
= a-gam [|(ar 25) e+ o] - as+ul]
= (=g lel = 2l

by Lemma 4 and that
1 1
lim H(a) = lim h(a,t) dt :/ lim h(a,t) dt,
by the continuity of h. Therefore,

1
lim H(a) :/ 2tz dt = ]| > 0.
0

a—00

We also note that for any ¢ € (0,1)

g M=)
= Jim [0 = 0)(=a) + e+ (=gl = (1= 1))~z + (1~ Dy
= Jlim (1~ e~ tle = (1= )yl = (1~ o+t — (1= 1)y]]

= (1-¢t)1 —— |z - — |z -
o || (+=5=) 7o | (o +7=2) ]
= (1—1¢) lim H’(a—)x—y” — ||ax—y||]

= (=0 (=2 ) ol = =2l

again by Lemma [d] and by the continuity of h,

1 1
lim H(—a) = lim h(—a,t) dt z/ lim h(—a,t) dt.
0 0

a— 00 a— 00 a— 00
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Therefore,

a— 00

1
lim H(—a) :/ (=20)||| dt = — ||| < 0.
0

Now, we have shown that there exist a7 > 0 such that H(c;) > 0 and as < 0 such
that H(a1) < 0. By continuity of H, we conclude that there exists an ag such that
H(ap) =0, and therefore

1 1
/ 11— ) (a0 + ) + o] 2dt = / 1L = #)(ao + y) — to|2dt,
0 0
as required. O

The following lemma will be used to prove the uniqueness property of the HH-
T-orthogonality.

Lemma 5. Let (X, |- ||) be a strictly convex normed space, x,y € X and t € (0,1).
Let g be a function on R defined by

1
= [ 1=ty + kit P .
0
Then, g is a strictly convex function on R.

The proof follows readily from the fact that X is strictly convex and the details are
left to the reader.

Theorem 6. Let (X, | -||) be a normed space. Then, HH-I-orthogonality is unique
if and only if X is strictly convex.

Proof. The proof is inspired by that of Kapoor and Prasad in [5, p. 405]. Suppose
that X is strictly convex and HH-I-orthogonality is not unique. Then, there exist
x,y € X, where x # 0, and « > 0 such that

(42) Yy J—HH—I xZ,
and
(4.3) ar+vy Lgg_r .

Recall the strictly convex function g as defined in Lemma [5] for the given z,y and
€ (0,1):

1
= [ 1=y + ko) P .
0
Note that (4.2]) gives us

— [l =ty talP dt = [0 0y - t2)]? de = g(-1).
0 0
Set a’(t):@,t € (0,1), then
sl -1) - /nmw 0) = V(e
= [ 100t - f?
= / II( 1—t)(owc+y)+tx|\2 dt

- /||1—ty+ (o (8) + 1)(t2)||? dt = g () + 1),
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from (4.3)). Consider the case where 0 < o/(t) < 2. We have

se-1 = o] (1-“2) v+ Py

< (1 - 6“2“)) g(-1)+ 20 g

= g(1) 2
— g [a;(t) (o/(t) — 1) + (1 - O‘;(t)) (o (t) + 1)}
o' (t) o' (1)

2 a0 -1+ (1- 592 )o@ (0 + 1) = gta’e) - .

which leads us to a contradiction. Now consider the case where o/(t) > 2. The
intervals [—1,1] and [o/(t) — 1,&/(t) + 1] are disjoint, and therefore, we have two
distinct local minimum, one on each of these intervals. But, g is strictly convex,
and thus can only have one (global) minimum, which yields a contradiction.

Conversely, let us assume that X is not strictly convex. Let z,y € X, = # y,
such that ||z| = [ly|| = [|£52|| = 1. Then, the quantities

/

x + xr — 2
1-1) y+t< ty>H dt = 4||z|)%,

Tty
1-—¢

2
(1-1 H dt = | + vl

/

1—-1t
and
/01 (-5 (20 = alyl?,
are all equal by our assumption. Set 2’ = % and 3y’ = 7, so we have

1 1 1
(4.4) / 11 = ' dt:/ (1 =)'t + 3|2 dt:/ (1= D2 — 1|2 dt.
0 0 0

Note that by the first equality in (4.4)), we have

/01 (1-1) (x’+2(fy/t))+t(y;> i dt
- /01||(1—t)1:’+ty’||2 dt
_ /01||(1—t)x'||2 dt
= /01 (1-1) <x’+2(1ty_/t))t(g> 2 dt,

that is,

(4.5) [x’ + % (‘UQI)] Lom_r (g) .
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Also, by the second equality in (4.4)), we have

1 / / 2
t
/ Q-t)(a'— L )¢ (L)]| at
21— t) 2
= / (1 =) —ty|| dt
= [io-oer w
0
1 / ’ 2
ty Yy
= 1—t) (2 — t| = dt
[la-o(z-z5) +(5)]
that is,
t (Y y
4. = g1 (= ).
40 o ()] e (5
By (4.5) and (4.6, we conclude that the HH-I-orthogonality is not unique. O

The following lemma is due to Ficken [3], in characterizing an inner product
space.

Lemma 6 (Ficken [3]). A normed space (X,||-|) is an inner product space, if and
only if

Iz +yll = lle + kyll,
for any k € R and z,y € X, with ||z|| = ||y||.

Theorem 7. If HH-I-orthogonality is homogeneous in X, then X is an inner prod-
uct space.

Proof. The proof is inspired by that of James [4, p. 298]. Assume that the homo-
geneity property of HH-orthogonality holds, and let x,y € X, where ||z|| = ||y]|-
For any t € (0,1), set

Alt) = “?Z and B(t) =",

Note that
/||17t t) +tB(t)|*dt = /||a:+y+xfyIIthﬂLIIIII2
and
/Hl—t £) — tB(1)|%dt = /\u+y (e — y)|%dt = 4]y
Since Jl2]) = 1yl
/Hl—t 1) + B |2dt = /Wu—t<>—mew

ie, A(t) Lgm—1 B(t), for all t € (0,1). Since we are assuming the homogeneity of
HH-I-orthogonality, then for any k € R, we have %A(t) Lyp_g %B(t),

/01 (1—1) <]H2_1> At)+t <k;1> B(t) th = |lkz + yl|%,
/01 (1—1) (T) At) —t <1€21> B(t)

[kz +yll = [z + kyll,
for all k € R; and by Lemma [f] we conclude that X is an inner product space. [

and
2

= |l + kyl|*.

Thus,
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Theorem 8. The property of homogeneity and additivity of HH-I-orthogonality are
equivalent.

The proof is similar to that of Theorem [] and the details are omitted.

Corollary 2. If HH-I-orthogonality is additive in X, then X is an inner product
space.

Remark 6. (1) Note that if z,y € X such that (1 — t)x L ty (I) for almost
every t € [0, 1], then by the continuity of I-orthogonality, (1 —t)x L ty (I)
for every t € [0, 1]; and furthermore, ax L By (I) for any «, 8 € R.
(2) If z L y () implies that (1 — t)z L ty (I), then the I-orthogonality is
homogeneous, and therefore the underlying space is an inner product space.
Thus, ¢ Lyg_1y.
(3) Note that z L y (I) does not imply * Lyy_; y. For example, in R?
equipped with [!-norm, x = (2,—1) is I-orthogonal to y = (1,1), but
T LaH-1Y
(4) Note that  Lgg_ 1 y does not imply L y (I) . For example, in R?
equipped with /'-norm, z = (-3 + @, 1) is HH-T-orthogonal to y =
(-3 + @, —2), but z Ly (P).
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