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Introduction

The main topic treated in this memory is the study of some orthogonality types, with
emphasis mainly on the elements and linear operators in normed space. The theory of
Birkhoff-James orthogonality [6, 11] of elements in a normed linear space was introduced
by Birkhoff in [6], in order to generalize the concept of orthogonality in inner product
spaces. Over the years, Birkhoff-James orthogonality has been undoubtedly established
as an important concept in the study of geometry of normed linear spaces by virtue of
its rich connection with several geometric properties of the space, like strict convexity,
smoothness etc. [12, 11, 8]. Recently, a renewed interest has been generated towards
studying the Birkhoff-James orthogonality of elements in the space of bounded linear
operators between normed linear spaces [5, 20, 25]. While complete characterization
of Birkhoff-James orthogonality of bounded linear operators defined on a Hilbert space
[5, 18], or a finite dimensional real Banach space [24] has been obtained, the problem
of characterizing Birkhoff-James orthogonality of bounded linear operators on infinite

dimensional normed linear spaces remains unsolved.

This memory is organized as follows. In the preliminaries (Chapter 1) we establish
the swimming of the memory. We introduce basic notions in normed spaces, Hilbert
spaces, Banach spaces theory and we recall that main definition and properties of linear
operator that we will use later. In the second chapter of this memory we give some
orthogonality types in normed spaces, Birkhoff-James orthogonality Strongly Birkhoff-
James orthogonality and at last the isosceles orthogonality type. and we establish the
basics of the theory of this types of orthogonality. In the last chapter we called the

Birkhoff-James orthogonality of bounded linear operators, we mention the definition and
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properties of Birkhoff-James orthogonality of bounded linear operator, and we give the
important theorems with proof and different examples. At the end of the chapter, the

relation between the different types of orthogonality has been proven and revealed.
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Chapter 1

Preliminaries

1.1 Normed Spaces

Definition 1.1.1.
Let X be a linear space over the field K(K =R or C), Then a norm on X is a map

| . ||: X — RT such that for all x,y € X, \ € K, the following properties are satisfied:

i) ||z|| >0, for all x € X (Nonnegative),
i) [ Az|| =] X | ||z||, for allx € X and A € R ( or C) (Homogeneous),

i) ||+ yl| < ||zl + lyll, for all z,y € X (Triangle inequality).

A norm on X is a semi-norm which also satisfies:
i) ||z|| = 0 implies that x = 0 (strictly positive).

Definition 1.1.2.

Let ||-|| be a norm on X. Then the distance from x to y in X is d(x,y) = ||z — y||.
Example 1.1.1.
i) Let X =R, and ||z|| = |z|, the absolute value of .
ii) Let X = C, and ||z|| = |z|, the modulus of z.
iti) Let X = R"™ (or X = C™). There are three standard norm.
For every (x1,--- ,x,) € X, we have the 1-norm ||z||,, defined such that,
[elly = fa] + -+ |2l

3



1.1. NORMED SPACES Laoubi Saadia

the Euclidean norm ||z, , defined such that

1
2

lzlly = (J21[* + -+ |2al®)

and the sup-norm ||z|| , defined such that

More general, we define the l,-norm ( for p > 1) by has a norm given by:
1
lzll, = (" + -+ o+ Jaal") 7 .

Definition 1.1.3.
The pair (X,||-||) is called normed linear space where X is a linear space and ||-|| is a

norm on X.

Proposition 1.1.1.
Suppose that X is a normed linear space with respect to a norm ||-||; and ||-||,. Then we

say that these norms are equivalent if there exist constants Cy,Cy > 0, such that:
Ve e X; Gzl < |lzfly, < Colzl;- (1.1)
Observe that equation (1.1) can be rearranged to read:
1 1
VreXi llel <l < & ol

Definition 1.1.4.

Let X be a normed linear space.

i) The unit ball Bx is defined by

Bx ={ze X |z <1}.
it) The unit sphere is defined by

Sx ={z € X :|z] =1}

Example 1.1.2.
Let X = R"™ with the Euclidean metric. Then

B.(0) {:c €X: (é mﬁ)é < e} ,

simply a ball of radius € about the origin.

Univ BBA 4 2021/2022



CHAPTER 1. PRELIMINARIES Laoubi Saadia

Sequences provide a convenient tool for studying many properties of subsets of a

normed linear space X, including open and closed sets.

Definition 1.1.5.

Let X be a normed linear space.
i) A sequence {x,} in X converges to x € X if ||z, — x| — 0 as n — oo.

ii) A sequence {x,} in X is Cauchy if ||z, — xm| = 0 as n,m — oo.

1.2 Banach spaces

Definition 1.2.1.
A normed linear space X is complete if every Cauchy sequence in X converges to an

element of X. A complete normed linear space is called a Banach space.

Remark 1.2.1.

Every finite-dimensional normed linear space is complete and hence a Banach space.
Example 1.2.1.
i) X = R™ with the Euclidean norm ||-|| is a Banach space.

it) X = C([0,1]) is complete with the sup-norm |||, but it is not complete with the

p-norm for 1 < p < oo, then is a Banach space with the sup-norm |||, -

i) £, is a Banach space.

1.3 Hilbert spaces

Let H be a real vector space.

Definition 1.3.1.
An inner product (-,-) in H is a mapping (-,-) - H X H — R

with the following properties:

i) (z,z) >0 forallz € H and (z,x) =0 iff x =0,

Univ BBA 5 2021/2022



1.3. HILBERT SPACES Laoubi Saadia

ii) (x,y) = (y,x) for all x,y € H,

iii) (z+ Ay, 2) = (x,2) + || (y, 2) for all x,y,z € H and X € R.
A real pre-Hilbert space is a pair (H, (-,-)).

Example 1.3.1.

i) The Fuclidean space is in particular real pre-Hilbertian space.

i) The real pre-Hilbert space is in particular complex pre-Hilbert space.
The following inequality is fundamental.

Proposition 1.3.1.
(Cauchy-Schwarz) Let (H,(-,-)) be a pre—Hilbert space. Then

gy | < lzlllyl Yo,y en. (1.2)
Moreover, equality holds iff x and y are linearly dependent.

Proof. The conclusion is trivial if y = 0. So, we will suppose y # 0. In fact, to begin with,

let ||y|]| = 1. Then,

0 < fla = (z,9) yllI” = lal* - {z,y)" (1.3)
whence the conclusion follows. In the general case, it suffices to apply the above
inequality to HyTH
If x and y are linearly dependent, then it is clear that |{z,y)| = ||z ||y||-
Conversely, if (z,y) = £ ||z] ||y|| and y # 0, then (1.3) implies that x and y are linear

dependent. Il

Corollary 1.3.1.
Let (H, (-,-)) be a pre-Hilbert space. Then the function ||-|| defined by |(z,z)| = ||z||*. has

the following properties:
1- ||z|]| > 0 for all x € H and ||z|| =0 iff v =0,

2- || Az|| = |A| ||z for any x € H and X € R,

Univ BBA 6 2021/2022
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3- Triangle Inequality: ||z +yl| < ||z|| + |ly[| for all z,y € H.

If (.,.) is an inner product on H then ||.|| is a norm on H, which means that in addition

to (1) and (3) above, we also have:
4- ||z =0= 2z =0.

Proof. Let x € H then ||z|| > 0 and ||z|| = 0 if and only if x = 0 what’s more

NI

el = Qe An)t = (W) = (AP (2, 2)

D=

= A (@, 2))2 = AL« -

Finally
lz +yl* =z +y,2+y) = (2,2) + (z,9) + {y,2) + (2,9)

= [lzl* + 2, 9) + (& y) + Iyl

= Jlal* + 2Re (z,) + [y’

= Jlll* +2 {z, y)| + Iyl

<al®+2 0y Il +llyl®

=zl +1y*
Moreover

[z +yll <[z | +{lyl

The norm ||-|| thus defined is called the norm induced by inner product. O
Lemma 1.3.1.

If H is a pre-Hilbert space, its norm satisfies the equality of the parallelogram:

o+ ylI” + llz — ylI* = 2)|=[I* + 2[ly|]*, Y,y € H.
It’s a simple calculation:

Remark 1.3.1.

It is easy to see that, in a pre-Hilbert space (H,(-,-)), the function

d(z,y) = lle =yl VryeH (1.4)

s @ metric.

Univ BBA 7 2021/2022



1.4. BOUNDED LINEAR OPERATORS Laoubi Saadia

Definition 1.3.2.
A pre-Hilbert space (H, (-,-)) is called an Hilbert space if it is complete with respect to the
metric defined in (1.4).

Example 1.3.2.
1) R is a Hilbert, (x,y) = zy and ||z| =| = | .
2) C" equipped with the inner product: (x,y) = >." , x;7; is a Hilbert space.
3) RY is a Hilbert, ( (z,y) = >N, zy; and |z| = (X0, | = |2)2).

4) by = {(Tp)nen, 20 | Tn |°< 00} is a Hilbert.
We have

o

(@,y) = a7 and ||zll = O | = )2
0

0

5) L*(I) with I open is a Hilbert and
(f.9) = [ Fgt)dt.
6) The space C([0,1]) with one of the norms:

1
||f||1:/0 | @) [dt, |[flleo = sup [ f(2) ],
. te[0,1]

is not a Hilbert space because the equality of the parallelogram is not true for these

norms.

1.4 Bounded linear operators

Definition 1.4.1.
Let XY be a linear spaces. Let T : X — 'Y be a mapping between X intoY . Then T is

linear if for every x,y € X and A € K.
1— T(x+y) =Tz + Ty,
2— T(A\z) = \Tx.
The set of all linear maps T : X — Y is denoted by L(X,Y). When the domain and

range spaces are the same, we write L(X, X) = L(X).

Univ BBA 8 2021/2022
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If X.Y are normed spaces, then we can define the notion of a bounded linear map. As

we will see, the boundedness of a linear map is equivalent to its continuity.

Definition 1.4.2.
Let X and Y be two normed linear spaces. A linear map T : X — Y is bounded if there

1s a constant C' > 0 such that
| Tx ||<C. || x| forall x € X. (1.5)

If no such constant exists, then we say that T' is unbounded. We denote the set of all

bounded linear mapping between X into Y by B(X,Y).
- If X =Y then we write B(X) = B(X, X).

- If Y = K then we say that T is a functional. The set of all bounded linear functionals

on X is the dual space of X, and is denoted

X" =B(X,K)={T: X - K: T is bounded and linear} .

Definition 1.4.3.
If T : X — Y is a bounded linear map, then we define the operator norm or uniform

norm || T || of T by

| T ||= inf{C such that || Tz ||< C. ||z ||} forall X; x € C, (1.6)

Note that || Tx|| is the norm of Tx in'Y , while ||x|| is the norm of x in X.

The operator norm of T is | T ||= sup || Tx || is equivalent expressions for || T || are:
[lz]|=1
| T ||
I |[= sup [T = sup [T || . (1.7)
llzll#0 ||l =l<1

Note that since the norm on K is just absolute value, the operator norm of a linear

functional T € X* = B(X,K) is:

1T = sup [Tz

flzf|=1

Univ BBA 9 2021/2022



1.4. BOUNDED LINEAR OPERATORS Laoubi Saadia

The next theorem shows that B(X,Y) is a Banach space whenever Y is a Banach

space.

Theorem 1.4.1.

If X is a normed space and Y is a Banach space, then B(X,Y) is a Banach space.

Definition 1.4.4.

Let X, Y be normed linear spaces, and let T : X —'Y be a linear operator.
i) T is continuous at a point x € X if v, — x in X implies Tz, — Tx inY.

it) T is continuous if it is continuous at every point, i.e., if r, — x in X implies

Tx, = Tx inY for everyx € X.

For linear maps, boundedness is equivalent to continuity.

Theorem 1.4.2.
Let XY be normed linear spaces, andT : X — 'Y be a linear mapping. Then the following

statements are equivalent:
i) T is continuous at some x € X.
it) T is continuous at x = 0.
iti) T is continuous.
i) T is bounded.

Proof. (iii) = (iv). Suppose that T' is continuous but unbounded. Then ||T|| = 1, so
there must exist z,, € X with ||x,|| = 1 such that ||Tz,| > n. Set y, = x,/n . Then
|y — Ol = ||ynll = ||nl| /7 — 0, s0 y,, — 0. Since T is continuous and linear, this implies
Ty, — T0 = 0, and therefore || Ty,| — [|70]| = 0.
But

1

1
[Tyl = — | Tznll = —n =1,
n n

for all n, which is a contradiction. Hence T" must be bounded.
(iv) = (i77). Suppose that T is bounded, so ||T|| < 1. Let z € X and z,, — x. Then
Tz, —Tzx|| = ||T(x, —2)|| < ||T|| ||z — z|| — O,i.e., Tz, — Tx. Thus T is continuous.

]

Univ BBA 10 2021/2022
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Definition 1.4.5.

Let T : X — Y a linear operator

i) The kernel of T denoted by N (T),is the set defined by

N(T)={zeX:Tx=0}.

it) The range (image) of T denoted by R(T),is the set defined by

R(T) = {Tx:z € X}.

Now, we recall some definitions and propositions of matrix operators. Consider the

linear space M,, (K) (K =R or C) of square n X n matrices

Definition 1.4.6. A matriz norm ||| on the space of square nxn matrices in M,, (K) (K =R or C)

is a norm on the linear space M, (K) with the additional property that
IAB|| < [A[[IB, for all A, B € M, (K).
Since 1> =1, from |I|| = |I?|| < |I|*, we get ||I|| > 1.

Proposition 1.4.1. Let a matric A € M,, (K) (K =R orC), then for every x € K",

there is a real constant C's, such that
[Az|| < Cyllzll,

Definition 1.4.7. If ||-|| is any norm on K(K =R or C), we define the function ||-|| on

K by
Az
JAll = sup 55k = sup [|Aa]].
l|lzl|#0 [lzll=1

Proposition 1.4.2. For every square matriz A = (a;;) € M,, (K), we have

n
[All, = sup [[Az|, =max 3} |ay,
reK™ J =1
llzll,=1
n
[All = sup [[Az[l, =max X [ayl.
zek” voj=1
lzll =1

New, we give the definition of linear compact operator and the attain its norm.
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Definition 1.4.8.

A linear operator v : X — Y is said to be compact if u(B) is a precompact subset of Y for
every bounded subset B of X. An equivalent formulation is that u is compact if and only
if every bounded sequence (z;)32, in X has a subsequence (x;, )72, such that (u(z;,))72,

converges in Y .

We denote by KK(X,Y") the linear space of all compact linear operators from X into Y.

Proposition 1.4.3. [22/

The classes K is closed Banach space.

Definition 1.4.9. [26]
Let X be a normed linear space and let T € B(X,Y), T is said to attain its norm at
o € Sx if | Txoll = [IT1].

We let My denote the set of all unit vectors in Sx at which T attains norm, i.e.,

My = {x € Sx : ||T=|| = |T}.

Univ BBA 12 2021/2022



Chapter 2

Some orthogonality types

2.1 Orthogonality in Hilbert spaces

Definition 2.1.1.

Let H be a Hilbert space and let x,y € H. We say that x is orthogonal to y, written as
x Ly, if (z,y)=0.
Remark 2.1.1.

The orthogonality relation has the following properties:
i) 04 L x for any x € H.

ii) s Ly=y L

iii) z Lz =z = 0y.

iv) © L a,,neN, andnli_{alonn —z|=0=x, L x.

Definition 2.1.2.
Consider non-empty sets A and B of Hilbert space H. We say A is orthogonal to B,
denoted A 1. B, if for all x € A and for ally € B on x 1L y.

Theorem 2.1.1.

If A is non-empty sets of a Hilbert space H, then
At ={r,x € H, and z L A}

is a closed linear subspaces of H.

AL is called the orthogonal complement of A.

13
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Proof. First observe that A+ # (), because 0y € At. Let 1,25 € A, A\, Xy € K and

y € A, then

(M1 + Xaz2,y) = A1 (21, y) + A2 (22,y) =0,

SO MZ1 + A\azy € A+ and A* is a linear subspace of H.
Let 29 € AL then there is a sequence {z,;n € N} C At such as nhl& |z, — o]l = 0.

We have for everything
y € A (zo,y) = lim (zn,y) = 0.
So zo € At and A' is a closed linear subspace. O]

Definition 2.1.3.
A non-empty set A of a Hilbert space H is a orthogonal system if : for every x,y € A, x #

y, we have x L y.

Definition 2.1.4.

A set E = {e;;i € I} of a Hilbert space H is a orthonormal system if:

1, ifi=j
0, ifi # j.

<ei7 €j> =

Example 2.1.1.
(Cn:{<21a22,-.- 7277,):2]' 667]2172’ 7n}

<(217227"' 7Zn)7(w17w27'” 7Zn)> = szka
k=1
is a inner product
ei:<07"' 7051707"' aO)a 61:(17'“ 70707"' 7O>7 6n:(0>"' 70707'“ 71>7

{e;}; is an orthogonal system, effect

<eivej> = <(O7 7Oa1707"' a0)7(0>"' a0>1707"' 70)>

Univ BBA 14 2021/2022
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2.2 Birkhoff -Jamse orthogonality

The first orthogonality type that was defined for general normed linear spaces is probably

the one called Roberts orthogonality introduced by Roberts in 1934 see[23].

Definition 2.2.1. (Roberts)
Let X be a normed linear space, we say that a vector x is said to be Roberts orthogonal

to a vectory (x Lgy) if the equality || v + ay ||=|| x — ay || holds for any scalar c.

Later, in 1935, Birkhoff introduced Birkhoff orthogonality [6], which was revealed to
be the most important orthogonality defined for normed linear spaces.
In [10],[6],[12] James studied many important properties related to the notion of orthog-
onality. The notion of orthogonality has been studied by many mathematicians over the
time, a few of them are Alonso and Soriano [1], Benitez et. al. [4], Kapoor and Prasad

[15] and Partington [17].

Definition 2.2.2. (Birkhoff)
Let X be a normed linear space, we say that a vector x is said to be Birkhoff-James
orthogonal to a vector y (x Lp y) if the inequality || x + ay || >]| = || holds for any scalar

Q.

Example 2.2.1.
Concider in (3(R?) the vectors (1,0),(0,1) and (1,1) then (1,0)Lp(0,1) but (1,1) Lp
(0,1), whereas in l+(R?) the vectors (1,1),(1,0) and (0,1) then (1,1) Lg(1,0) and (1,1) Lg(0,1).

Proposition 2.2.1.
Let X be a normed linear space, x,y be a vectors in X and A\, be a scalars, then the

following holds

» Non-degeneracy: Az Lg px if and only if || Aux ||= 0.
» Homogeneity: If \x 1Lgy, then Ax Lg uy for any scalar \.

» Continuity: Let {x;}32, , {y:}32, be two sequences such that x = lim z; and y =
71— 00

lim y;. If x; Lgy;, for eachi € N then x Lgy.
71— 00
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Definition 2.2.3. /28]

For any two elements x,y in a real normed linear space X, let us say that y € x* if
|z + Xy|| > ||z|| for all A > 0. Accordingly, we say that y € x~ if ||x + Ay|| > ||z|| for all
A<0.

Proposition 2.2.2. [2/]

Let X be a real normed linear space and x,y € X. Then the following are true:
1- FEithery € x7 ory € x~.
2- xlpy if and only if y € x* and y € x~.

Characterizations. We start this section with the following important characteriza-

tion of Birkhoff orthogonality.

Theorem 2.2.1. [9, Corollary 2.2/
Let x and y two elements of a normed linear space X, then x L (ax +y) if and only if,

there exists f € X* satisfying | f(z) |=]| f ||| = || such that o = —%

=

The above theorem immediately yields the following corollary.

Corollary 2.2.1.
Let x and y two elements of a normed linear space X, then v L g (ax +y) if and only if

there existe a non-zero f € X* such that | f(x) |=| f |||l z || and f(y) = 0.

Homogeneity. The homogeneity of Birkhoff orthogonality follows from the absolute

homogeneity of the norm

Theorem 2.2.2.

Birkhoff orthogonality is homogeneous in any normed linear space.

Existence. Concerning existence properties of Birkhoff orthogonality we have the

following results.

Theorem 2.2.3. (Right existence)[9]
Let X be a normed linear space. For any x,y € X, there exists a real number o such that

rlp (ax+vy).

Moreover, for all number « satisfies o < Wl If 2 14 (ax +y) and x Lp (Bxr +y) we

flzll*

have x Lp (vx +y) for all number v lying between o and 3.
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A result similar to the one in Theorem 2.2.3 holds for the left existence.

Theorem 2.2.4. (Left existence)
Let X be a normed linear space and x,y € X. Then there exists a real number o such

that (ax +vy) L x. Moreover
| oz +y [|= inf{[| Bz +y [|: B € R}.

If (ax+y) Lp x and (Bx +y) Lp x then (yx +y) Lp x for any real number ~y lying

between o and (3

Additivity. Now, we give the definition of the right additivity and the left additivity

of Birkhoff-James orthogonality.

Definition 2.2.4. (Right additivity)
Let X be a normed linear space. We say that Birkhoff-James orthogonality is right additive

in X if for any x,y,z € X, v Ly, L gz implies that 1L g(y + 2).

Definition 2.2.5. (Left additivity)
Let X be a normed linear space. We say that Birkhoff-James orthogonality is left additive

in X if for any x,y,z € Xx Lg z,y L z implies that (x +y) Lp .

Remark 2.2.1.
In general Birkhoff-James orthogonality is not right additive, i.e., x 1l gy and x1gz may

not imply that x 1 g(y + 2)

Example 2.2.2.
Let (1,1),(1,0) and (1,0) in £+ (R?), then (1,1)Lp(1,0) and (1,1)Lg(0,1) but (1,1) Lp

(1,1).

Symmetry. Birkhoff-James orthogonality is not symmetric in general i.e.,  Lg y
does not imply y Lg x. In fact, we have the following theorem that characterizes inner
product spaces among normed linear spaces in terms of the symmetry of Birkhoff- James

orthogonality.

Theorem 2.2.5.
Let X be a normed linear space . X is an inner product space if and only if Birkhoff-James

orthogonality is symmetric in X i.e., for any x,y € X © Lg y implies that y L g z.
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The following theorem follows easily from the Hahn-Banach theorem.

Theorem 2.2.6.
Let X be a normed linear space, then for any vector x € X there exists a hy-perplane

H C X such that x1 gH i.e., x1lgy Yy € H.

2.3 Strongly Birkhoff-James orthogonality

Definition 2.3.1. [19, 27]
Let X be a normed linear space and let x,y € X. We say that x is strongly orthogonal to

y in the sense of Birkhoff-James, written as v Lgg vy, if || + Ay|| > ||z|| for all X # 0.

Remark 2.3.1.

If x Lspy then x Lgy but the converse is not true.

Example 2.3.1.
In (o (R?) the element (1,0) is orthogonal to (0,1) in the sense of Birkhoff-James but not

strongly orthogonal.

Definition 2.3.2.
A finite set of elements {x1, o, ..., x,} in a normed linear space X is said to be a strongly

orthogonal set in the sense of Birkhoff-James iff for each i € {1,2,...,n},

=1,
whenever not all \;’s are 0.
In addition if ||z;|| = 1, for each i, then the set is called strongly orthonormal set in the

sense of Birkhoff-James.

Recall that a normed linear space X is said to be uniformly convex iff given € > 0

there exists > 0 such that whenever z,y € Sx and ||z — y|| > € then %erH <1-0o.

T+y

The number d(e) = inf{l — || %5

H cx,y € Sx, ||z — y|| > €} is called the modulus of
convexity of X. A space X is strictly convex iff §(2) = 1.

The concept of strictly convex and uniformly convex spaces have been extremely useful
in the studies of the geometry of Banach Spaces. One may go through [3],[16],[14],[10],[11],[21],[29],

for more information related to strictly convex spaces.
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In this theorem given the characterization of strictly convex spaces and strongly or-

thogonality of th sense of Birkhoff-James.

Theorem 2.3.1.

Let X be a real normed linear space. If for xz,y € X — {0}, x Ly implies x Lgp y then

X is strictly convex.

Proof. Let the unit sphere Sx contains a straight line segment i.e., there exists ||u| =
|lvll = 1 with [[tu+ (1 —t)v|| =1Vt e [0,1].

Let xz = %u + %v, y = v — u. Consider x + \y.

If -1 < X< 1then |lz+ Ayl = [[tu+ (1 —¢)v]| =1 where t =  — A\ If A < —1 then

1 — X >1 and so we can write  — A\ = ta for some ¢ € (0,1) and o > 1. In this case

|z + Ayl = |[tau + (1 — ta)v||
= |[tau + (o — ta)v + (1 — a)v||
> |[[tau + (@ — ta)v|| — [[(a = T)v]|]
= ||a] = |a — 1|

=1

If A > I then £ + A > 1 and so we can write 3 + A = ta for some ¢ € (0,1) and @ > 1. In

this case

|l + Ayl = |[(1 — ta)u + tav|
= [[(a = ta)u + tav + (1 — a)ul|
> [[[(a = te)u + tav| — [[(or = )ul|
= |l = Jor = 1]]

=1

Thus |z + Ay < ||lz]| VA but ||z 4+ Xoy|| = ||z||, for Ao € [—3,3]. This is a contradiction

to our hypothesis and so X is strictly convex.

Conversely we have the following theorem
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Theorem 2.3.2. [27]
Let X a normed linear space. Suppose X is a strictly convex space and z,y € X — {0}

with x 1Lgy, thenx Lspy.

Proof. Without loss of generality we assume that there exists z,y € X, ||z|| = 1 such that
|z + Ay|| > 1 VYA but ||z 4+ \y|| = 1 for some Ay # 0.

Let 0 <t <1, then
1=tz + @ =t) ]|+ Xyl = [[tz+ (1=1)(@+ Aoy)ll
I 2tz+ (1=t (@+ry)|  =lz+ Tyl =1

Thus ||tz + (1 — t) (z + Aoy)|| = 1, which contradicts the fact that X is strictly convex.
[

Characterization of a real strictly convex space.

Theorem 2.3.3. [27] A real normed linear space X is strictly convez iff x,y € Sx and

xJ_By:>xJ_SBy.

2.4 Isosceles orthogonality

In 1945, James. introduced in [10] the definition of isosceles orthogonality in normed

linear spaces.

Definition 2.4.1. [10]
Let X be a normed linear space, we say that a vector x s said to be isosceles orthogonal

to a vector y (x Ljy) if the inequality ||z + y|| = ||x — y|| holds.

Homogeneity.
One of the most important properties of isosceles orthogonality is that it is homogenous

only in inner product spaces. We see now the origin of this result.

Theorem 2.4.1.
A normed linear space X is an inner product space if and only if, for any x,y € Sx and

any number «, the identity ||ax + y|| = ||z + ay|| holds.

Univ BBA 20 2021/2022



CHAPTER 2. SOME ORTHOGONALITY TYPES Laoubi Saadia

Assume that isosceles orthogonality is homogeneous.
Let x,y € Sx and « € R . Since x +y L; x — vy, then (1 +a)(z+y) L; (1 —a)(z —vy),

i, laz+yl| = [z + ay|.

Theorem 2.4.2.
Isosceles orthogonality is homogeneous in a normed linear space if and only if this space

is an inner product space.

Theorem 2.4.3.
A normed linear space X is an inner product space if and only if there exists a number

a # {0,—1,1} such that the implication
rwyeXeliy=xlray
holds.

Additivity.
From the continuity of the norm it follows easily that if isosceles orthogonality is addi-
tive then it is also homogeneous. Thus, the next theorem follows directly from Theorem

2.4.2.

Theorem 2.4.4.
The Isosceles orthogonality is additive in a normed linear space if and only if this space is

an inner product space.

New, we give the differences between Birkhoff orthogonality and isosceles orthogonal-

ity.

Theorem 2.4.5. [2, Chapter 4 and Chapter 10]
Let X be a normed linear space with unit sphere Sx. Then the following properties are

equivalent:
i) r,ye X,z Lijy=21lpuy,
ii) v,ye X,z Lpy=2x Ly,

iii) z,y € Sx,x Liy=1x Llpy,
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iv) z,ye Sx,x Lpy=1x Ly,
v) t,y € Sx,x Liyy=z+y lpx—y,

vi) X is an inner product space.
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Chapter 3

Characterization of orthogonality of bounded

linear operators

3.1 Birkhoff-James orthogonality of linear operators

Definition 3.1.1.
Let X be a finite dimensional real normed space , for any two element T, A € L(X) , T is
said to be orthogonal to A in the sense of Birkhoff-James , written as T 1 gA if and only
if

T < ||T+ M| YAeR

Example 3.1.1.

In B(l5(R?)) Consider two operators T such that T(0,1) = (0,0), and the identity operator
I.

Then I LgT because: I+ XT = (1,0) then, || + AT|| =1 and ||I|| = 1. Moreover,

1T+ XT|| > |I|| for all A € R.

Proposition 3.1.1.
Let X is a finite dimensional normed linear space and Ty A € L(X) is such that T Lg A
then there exists v € X with ||z|| = 1 such that |Tz|| = ||T|| and Tx Lp Ax.

Example 3.1.2. 1- Let T, A: (R3,|.]|.) — (R*,|l.|l..) be given by
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1 4 -2 3 2 5
T=131 0 and A=111 1 0
2 2 2 0 8 3

Then T Ll A and there exists x = (1,1,—1) € R® with ||z||,, = 1 such that
Tzl =T, and Tx L Ax.

2- Let T,A: (R3|l.|.) — (R3,|I.l.) be given by

0O 1 2 3 00
T = 1 0 1 and A=11 0 1
-2 0 0 1 1 1

Then T L A and there exists x = (0,1,1) € R® with ||z|| = 1 such that |Tz| =
T, and Tx L Ax.

In this theorem we give Birkhoff-James orthogonality of linear operators defined on a

finite dimensional real Banach space.

Theorem 3.1.1. [2//
Let X be a finite dimensional real Banach space. Let T, A € L(X). Then T LgA if and

only if there exists x,y € My such that Ax € Tx™ and Ay € Ty~ .

Now we give the Birkhoff-James orthogonality of compact linear operators defined on

a reflexive Banach spaces.

Theorem 3.1.2. [28]

Let X be a reflexive Banach space and Y be any normed linear space. Then for any
T,A e K(X,Y), TLgA if and only if there exists x,y € My such that Az € (Tx)" and
Ay € (Ty)™.

Proof. Let us first prove the easier sufficient part.

Since A € (Tx)", |T + MNA|| > || Tx + NAz|| > ||Tz|| = ||T] for all A > 0.

Similarly Ay € (Ty)~ implies that |7+ MA|| > [|Ty + AAy|| > || Ty|| = ||T|| for all A < 0.
This completes the proof of the sufficient part.

Let us now prove the necessary part.
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Since T" and A are compact linear operators, (7" + %A) is also a compact linear operator
for each n € N. Since X is reflexive, (T’ + +A) attains norm for each n € N.

Therefore, for each n € N, there exists z,, € Sx such that H(T + %A)an = HT + %AH :
Since X is reflexive, Bx is weakly compact. Therefore {z,} has a weakly convergent
subsequence. Without loss of generality we may assume that {x,} weakly converges to x.
Since T and A are compact linear operators, Tr,, — T'x and Ax,, — Aw.

Since T L g A we have HT+ %AH > ||T|| for all n € N.

Therefore,

H(T+ Ly HT+ AH > ||| > [T for all n € N.
Letting n — oo, we see that, | Tx| > ||T|| > ||Tz|| . This proves that ||Tz| = || T, i-e.,
S MT'

Know,we show that Az € (Tx)".
For any A > L | we claim that [Tz, + Az, | > [|Tz,]|.

Otherwise, T'x,, + %Axn =(1- ﬁ)T:vn + %(Tmn + AAz,) gives that,

|7+ 24| =|Ta,+ LAz,
> (1= 5x) M1Tall + 35 (Tan + AAz,) |
> (1= 25) 1Tzl + o5 [T
= [[Tnll = IT1},

a contradiction.

This completes the proof of our claim.

Now for any A > 0, there exists ny € N such that A > nio . So for all n > ny,
| Tz, + MNAzx,|| > ||Tz,||. Therefore, letting n — oo, we have, ||Tx + NAzx| > ||Tx|| .
This completes the proof of the fact that Ax € (Tx)*.

Similarly, considering the compact operators 17" — %A, it is now easy to see that there

exists y € My such that Ay € (Ty)".

This completes the proof. n

For bounded linear operators defined on a normed linear space, the situation is far more
complicated since in this case the norm attainment set exemple. In the next proposition,

we give a sufficient condition for Birkhoff-James orthogonality of bounded linear operators.
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Proposition 3.1.2. /28]

Let X and Y be normed linear spaces. Let T, A € B(X,Y). Suppose there exists two

sequences {x,} and {y,} in Sx satisfying the following two conditions:
(i) |Txnl| — T and [|Tyn|| — |T|, as n — oo
(i) Az, € (Tx,)" and Ay, € (Ty,)~ for alln € N.
Then T 1 gA.
Proof. Since Ax, € (Tx,)", for any A > 0 we have,
1T+ AA[| = [Tz + AAzn|| = [T |

for all n € N. Therefore letting n — oo, we have, ||T 4+ AA|| > ||T]|, since | Tz, || — ||T||
as n —» oo.

Similarly, Ay, € (T'y,)” implies that, for any A <0,
1T+ AA[| = | Tyn + Myl = (| Tyl

for all n € N. Therefore letting n — oo, we have, ||T"+ AA| > |||, since [|[Ty,| —

|T|| as n — oo. This completes the proof of the fact that T Lz A. O

3.2 Strongly Birkhoff-James orthogonality of linear
operators

Definition 3.2.1.
Let X be a finite dimensional real normed space , for any two element T, A € L(X) , T is
said to be orthogonal to A in the sense of Birkhoff-James , written as T 1 gA if and only
if

T[] < [IT+ XAl VA eR
Theorem 3.2.1. [13]
Let X be a real reflexive strictly conver Banach space and A € K(X) be injective. Then
for any T € K(X),

T1lg A=—T lgg A.
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Theorem 3.2.2. [13]

Let X be a real reflexive strictly convexr Banach space. Then for any T, A € K(X),
T1lg A= T Llsg A or Ax =0 for some x € Mr.

Proof. Let T, A € K(X) such that T LgA. If Az =0 for some € My then we are done.
Assuming Ax = 0 for any z € My we show that T LggA.

We consider the following two cases:

Case 1. There exists x € My such that Tx L gAx.
Since X is strictly convex, by Theorem 1.3.20 of Sain et al [27]. we get Tz LgpAx.

Then for all real scalar A # 0, we have
1T+ A = [Tz + AAz|| > [[Tx| = [T
which implies T' 1L sgA.

Case 2. There exists no x € My such that Tax 1l gAzx.

For any x € My , we first show that either

1Tz + ANAz|| > ||Tz|| VA >0or ||[Tx + MNAz|| > ||Tz|| YA <0

If possible let there exist Ay > 0 and Ay < 0 such that

| Tz + M Az|| < ||T|| and [|[Tx + A Az| < ||T| .

Now Tax = (1 —t)(Tx + M Ax) + t(Tx + M\yAz) where t = /\1’\_1/\2 € (0,1).

This shows that
|Tz|| < [|(1 = )(Tz + MAz) || + [[H(Tx + A Az) || < [|T|

a contradiction to the fact that x € Mp .

Thus for each © € My either
Tz + MNAzx| > ||T|| YA >0, or ||[Tz+ MNzx| > ||T|] VA<O.
Conversely, suppose that there exists xy, 9 € M such that

IT21 + Az > |7 YA > 0and [|[Tas + M| > |T]| VYA < 0.
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If not, without loss of generality we may assume that
Vo € My, ||Tx + Mz|| > |T| YA <0.

For each n € N, the operator (T + %A), being compact on a reflexive normed space
attains its norm. So there exists z,, € Sx such that HT+ %AH = H(T+ %A)an
Using reflexivity of X and we can find a subsequence {z,;} of {z,} such that
T, — To (say) in Bx weakly. Without loss of generality we assume that =, — zg
weakly. Then T, A being compact, Tz, — Tz, Ax,, — Axg. As T 1A we have
HT + %AH > ||T|| Vn € N and so

Letting n — oo we get ||Txo|| > ||T|| > [[Tzo||. So zg € My . For any A > L we

1
Tz, + —Ax,
n

> |IT)| 2 ||Tz, ]| Vn €N,

claim that || Tz, + Az, || > || Tz,

Otherwise

1
— H)Txn + H(Txn + NAz,,)

1 1
< (1 - — _—
< (1= =) [Tzall + — T + My |

1
Tz, + —Ax, = (1
n

1
== ‘ Tx, + —Az,
n

1
:>‘Txn+Axn
n

< |Tz,|| , a contradiction.

Choose A > 0. Then there exists ng € N such that A > n—lo and so for all n > ny we get,
170 + AAaa]) 2 [T

Letting n — oo we get ||[Txg + AAxg|| > ||Txo|| which holds for any A > 0. This along
with shows that TxglgAzy, which violates hypothesis of Case 2. Hence there exists
x1,x2 € My such that ||Tzy + AAxq|| > ||T]| VA >0 and ||Txe + MNAxs|| > ||T)|| YA <0.

As X is strictly convex, we have
|ITz1 + Nxy|| > |T|| YA >0 and ||Txs + ANAxs|| > [|T|| YA <O.

For A > 0,
[T+ AA[| = [(T + AA)z || > || T

and for \ < 0,
1T+ AA[| = [[(T'+ AA)zs | > || T
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So TJ_SBA.

This completes the proof.

Theorem 3.2.3. [13]
Let X be a real normed linear space and for any T, A € K(X), T Lp A= T lgg A or

Ax =0 for some x € My . Then X is strictly convex.
Combining Theorem 3.2.2 and Theorem 3.2.3, we get the following result:

Theorem 3.2.4. [15]
Let X be a real reflexive Banach space. Then X 1is strictly convex if and only if for any

T Ae K(X), T Lp A= T Lsp A or Ax =0 for some x € Mry.

Corollary 3.2.1. [13]
Let X be a real finite dimensional normed linear space. Then X is strictly convex if and

only if for any T)A € B(X),T Lp A= T Lgg A or Az =0 for some x € Mr.

3.3 Orthogonality in B(H)

As discussed earlier, for any two bounded linear operators T, A on a Hilbert space H,
A 1 g T may not imply T" L g A and conversely. We begin with finite dimensional Hilbert
space and characterize those T € B(#H) for which A L T =T 15 Aforall A € B(H).

Theorem 3.3.1. [13]
Let H be a finite dimensional real inner-product space and T € B(H). Then for all
A€ BH),ALlpgT =T Lg A if and only if My = Sy.

Corollary 3.3.1. [7]
Let H be a real finite dimensional inner-product space and T € L(H).
Then for all A€ B(H), T Lpg A= A LT if and only if T is the zero operator.

Theorem 3.3.2. [13]
Let H be a real infinite dimensional Hilbert space and T € IC(H). Then for all A €
BH),Alp T =T L A if and only if T is the zero operator.
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Likewise of isosceles orthogonality of two element we give the definition of isosceles

orthogonality of two operators.

Definition 3.3.1.
Let X be a normed space , for any two element T, A € L(X) , T is said to be isosceles

orthogonal to A , written as T LA if and only if
1T+ All = [T - A

The study of orthogonality of bounded linear operators is also related to the following

notion of operators having disjoint support.

Definition 3.3.2.
Let H be a real Hilbert space. Two operators A, B € B(H) have disjoint support if and
only if AB* = B*A = 0.

We give the relation between disjoint support, Birkhoff-James orthogonality and isosce-

les orthogonality in the context of bounded linear operators on a Hilbert space,

Proposition 3.3.1. [7/
Let A, B € B(H), where H is a real or complex Hilbert space, such that AB* = B*A =0

( disjoint support), then the following holds:
1. AJ_BB and BJ_BA
2. AL;B.

Proof. 1. Consider h € Sy. Then for any € K

I(A +AB)R* = || AR|” + [|ABAI|* + 2|A*Re(B" Ah, h) = | Ah|* + [ABR|*,

where Re(z) denotes the usual real part of z € K. Therefore,

IA+AB[* > [[(A+ AB)R|* > || AR|*
for all h € Sy,

which implies that ||[A 4+ AB|| > || A|| for any A € K.

Interchanging the roles of A and B, we can obtain in a similar way that B1 gA.
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2. If A, B € B(H) satisty B*A = 0, then for any A € K, we have,

IA+AB|* = sup {|I(A+ AB)h||* : h € Sy}
= sup {||Ah|* + [|ABR® : h € Sy}
— A-ABJP.
This completes the proof of the second part of the proposition and establishes it

completely. O]

However, not every pair of operators A, B € B(H), such that ALgB or ALl;B, have

disjoint support. This idea can be illustrated in the next example.

Example 3.3.1.

4 0
Let H be the two-dimensional real Hilbert space. We consider Let A = ( ) and
0 3

0 0
B = Then,
0 1

1- |A+B||=||A—B| =4 and

0 0
2- A*B =
0 3

which implies that A, B do not have disjoint support.

Theorem 3.3.3. [7]
Let A, B € B(H) and suppose that there exists hg, ko € H such that hg € Ma,p and

ko € Ma_p . Then the following assertions are true.
(1) [f <Ah0, Bh0> <0 and <Ak'0, Bko> > O, then AJ_[B

Proof. 1. Assume that all the conditions of the statement are satisfied. Let f,g: H — R
be given by
f(h) = I(A+ B)A|* = | A + | BR|* + 2{Ah, Bh) and

g(h) = [|(AB)A||* = | AR* + || BR||” — 2{Ah, Bh).
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Then, f(h) — g(h) = 4(Ah, Bh). Suppose that

g(k0) = | A = B|* < [|A+ B|* = f(h0) = g(ho) < g(ko) < f(ho).
Thus, 0< f(ho) — g(ho) = 4(Ahg, Bho), which is a contradiction. Hence, g(ko) > f(ho).
Analogously, it can be proved that f(ho) > g(ko). Finally,

1A+ BI* = f(ho) = g(ko) = | ABII”,

which implies A1 ;B.
2. We only prove the first inequality, the other can be obtained with a similar argument.

By the real polarization formula we get

(Aho, Bho) = Z[II(A+ B)ho||”* — [I(A — B)ho|’

S =

> [lA+B|” ~ | AB|*] = 0.

Remark 3.3.1.

Suppose that in Theorem 3.3.3, hg and ko also satisfy
<Ah0, Bh0> = <A/{Z0, Bk0> == O

Then, there exists hy € Sy such that ||(A+ B)hi|| = ||(A — B)hq||.

It can be easily proved using polarization formula and hypothesis,
1
0= (Aho, Bho) = [I(A+ B)ho[* [|(A = B)hol"

and this implies ||(A — B)ho|| = |[(A + B)hol|| = [|[(A — B)ko||, where last equality is due
to isosceles orthogonality between A and B previously proved.
By a similar argument, it can be proved that ||(A + B)ko|| = [[(A + B)ho||-

The proof is completed by taking hy € {ho; ko}.
The following result combines Theorem 3.2.2 and last remark.

Corollary 3.3.2. [7]
Let A, B € B(H) and suppose that there exists hy € M, gNMa_p such that (Ahy, Bhy) =
0. Then AL1;B,

11>+ 1BI* < |A+ B> + | AB|* < 2() | AII” + |BI*) ,
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and if hy ¢ N(A) U N(B) then ||[A+ B||> = |A— B|* = 2.

Proof. Tt was proved in Theorem 3.3.3 that, under these hypothesis, A1 ;B. Moreover,

1A+ BII* = |(A+ B)hall” = | Aha|I* + | Bha||* > [|AII” + || B]|* and

1A= B|* = (A= B)l* = | Ab||* + || Bha|* = [|AII* + || BI*

Then
|A+ B|+|A-B|* > 2 (<Hz‘1||2 + IIBIIQ) :

On the other hand,
IAI* + [|BI| 2 > 2max (|| A[I*; || BII*) > |4+ B|* + || A = B,

(A + B)ha | | Bha|I” [ AP |* | Bal|* = [{(A + B)ha, Bhu) P*|{Ahy, Bha) .

If we assume that h; # N(A) U N(B), then ||A + B||> = 1+ ||Ah4||>. By symmetry we
obtain that ||A + B||> = 1+ || Bh|>.

Now, by the Parallelogram law we get
1A+ BII* + |14 = BII* = (A + B)lu|* + [(AB)u |* = 2(| Aha[* + | BRu |1*).

It follows that |[Bhs|| = 1 and ||A + B||* = 2. O
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