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ABSTRACT

The theory of geomtric mean is well established for positive matrices,with more then 40 years
old research heritage.In this thesis,we investigate this theory for accretive matrices,extending the
notion of geomtric mean from the context of positive matrices to that of accretive matrices.By
switching from positive to accretive matrices,it is possible to get new forms that are interest.The
main outcomes of this thesis include,but are not limited to,extening the concept of geomtric mean
to the context of accretive matrices,extending a number of well-known inequalities in a similar
manner,and investigating the numerical radius of accretive matrices.The latter topic is particularly
intriguing because it repreents a fresh approach to the discipline and is straightforward for positive
matrices.

Keywords: Geomtric mean, accretive matrices, numerical raduis, positive matrices, inequalities.

TRy

o @9 Comdl Jlme 8 K £ o i Olb sanaell il daw o3t Ay ydad fu sl 3 gay
e jadl O Olb gawaedl Awlyy I A g bW sls Bugig A gall Olb gawmsll 3 il Lgd s
> goll Old gaiasdl (po JIEDOYL punigl! daw gll p ggde pew gl podd oo G gl bt
43 9 yae LY miead cllacly JLEGY 0o — R ool @."27'“2""” R [N RYW - 'P-FP-0 { g
A ) AL 35 40 g A gol) OB gaiaed) Arddly dcas) JSAS ST @t T g Buua JISal g
S3 Old ghaell uwigll daw o3l 3 9gie pwsd e puasdt Y Jladl Jew e i g ¥ oigl
@atatl Hadll Camad dul ys 10 g Aadlal) SLoLaal! (e donall aew 93 9 (oo godl il 5 ondf
Lo 9> g0 43 95T B pio Aiodl 93 § gud gadl Ol HE U g o godl Al ¢ jadl DI Old ghasly
A god) Ol ghactl Al js B Limlaw

(Sanadt Hadl Caal icox gadl (adomd| & pondl Ofd OLB ghuaadl (unigd! da gied !t Lided| OLalSI
ul) W Wi [ e WSO S [ W - Y- PN |




RESUME

La théorie de la moyenne géométrique des matrices remonte a plus de 40 ans dans le domaine
de la recherche, ou les matrices positives ont été abordées. Cette thése vise a étudier les matrices
ayant une partie réelle positive, en élargissant le concept de la moyenne géométrique en passant des
matrices positives aux matrices ayant une partie réelle positive. Ce passage permet de généraliser
des résultats connus et de nouvelles formes qui n’étaient pas importantes pour les matrices positives.
Les résultats principaux de cette thése se concentrent, entre autres, sur I’élargissement du concept de
la moyenne géométrique des matrices aux matrices ayant une partie réelle positive, I'élargissement
de nombreuses inégalités courantes ainsi que I'étude du demi-rayon numérique des matrices ayant
une partie réelle positive. Il convient de noter que ce sujet revét une grande importance car il s’agit
d’un sujet superficiel dans I’étude des matrices positives.

Mots clés : Moyenne géométrique, matrices ayant une partie réelle positive, demi-rayon numérique,
matrices positives, inégalités.
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Introduction

Let M, stand for the algebra of all n x n complex matrices. Positive matrices
offer numerous desirable characteristics that are regarded extensions of the corresponding
characteristics of positive numbers. A matrix A € M,, is said to be positive if (Az,z) > 0
for all non-zero vectors x € C".

In this literature, numerous academics have expressed an interest in studying inequal-
ities among positive matrices. Due to its significance in the area of matrix theory and
its siblings, inequalities among geometric means in particular have drawn the attention
of many scholars.

A geometric means is a binary operation with a number of desirable qualities, as we

shall see later in this thesis. It is defined by

A4 B = A3 (A—%BA—

[SIe
N———
>
N
eI

where A, B € M,, are positive.
When discussing the geometric mean, we have to mention the arithmetic mean and

the harmonic mean, which are defined as follows:

AViB= (1= NA+AB, ALB = (1-NA"'+AB™ Y,

where 0 < \ < 1.

These three means are related via the relation

Al.B < Af,B< AV,B;0<r<1.



This inequality, also known as the arithmetic-geometric-harmonic mean inequality, is one
of the most fundamental in the theory of matrix means. The extension of the geometric
mean theory from the context of positive matrices to that of accretive matrices is the focus
of this thesis. Those matrices are the ones with positive real parts. That is, A € M,, is
said to be accretive if 38 A is positive. The first difficulty in this transition is that even if A
and B are accretive, then A"2BA™2 is not strictly accretive and is not positive. Because
the definition of geometric mean for positive matrices depends on the fact that A"2BA™z
is positive when both A, B are positive. this problem is extremely difficult.

The integral representation of a geometric mean is used to get around this problem. In
a manner similar to positive matrices, this detour enables the extension of the geometric
mean definition to the context of accretive matrices and enables the discovery of other
intriguing inequalities.

It is also important to point out that this thesis helps as a survey of results involving
positive matrices, since these results follow as special cases of the new results involving
accretive matrices. In the sequel, we shall remind the reader frequently of this fact: where
positive versions are revealed from the accretive ones.

There are three chapters in this thesis. We introduce the necessary definitions and
attributes in the first chapter so that the reader may understand the thesis with ease. The
second chapter, which is where the body of the thesis is found, defines the geometric mean
of accretive matrices and covers a wide range of related subjects and inequalities. This will
involve the expansion of numerous well-known positive matrices results. The third chapter
will discuss inequalities for the numerical radius of accretive matrices will be covered in
the third chapter as a novel approach to this area of study. This method is particularly

interesting because it studies such inequalities for positive matrices is straightforward



because the numerical radius of positive matrices is the same as their operator norm



CHAPTER 1

Basics on matrices



Throughout this chapter we introduce some basic concepts and results. That will be

used frequently in this thesis. We refer the reader to (Bhatia, 1997) and (Simon, 1979).

1.1 Basic definitions in matrix theory

In this section, we give some basic properties of matrices.

Definition 1.1.1. If A € M,,, then the matriz A* : M,, = M,, that satisfies

(Az,y) = (x, A*y) for all x,y € C"

18 called the adjoint Hermitian conjugate of A.

Definition 1.1.2. Let A € M,,.

(a) If A* = A, then A is called Hermitian matriz.
(b) If A*A = AA* = I, then A is called a unitary matriz.
(c) If (Ax,x) >0 for all x € H, then A is called a positive semi—definite matriz.

(d) If A is positive semi—definite matriz and is invertible, it is called a positive matriz.

(e) If A*A = AA*, then A is called a normal matriz.

Throughout this thesis, the notation A > 0 means that the matrix is positive semi—definite.
For two Hermition matrices A, B the notation B > A or A < B means B— A > 0. On
the other hand, the notation A > 0 is used to mean that A is positive. The notation M

is used to denote the class of all positive matrices.



Theorem 1.1.3. Let A € M,,. If A > 0, then there exists a unique matriz B € M,, such
that B > 0 and B*> = A. Here B is called the positive square root of A and is denoted by

A2 (or V/A).

The following is a basic property.

Theorem 1.1.4. If A € M,,, then A*A and AA* are positive semi—definite matrices.

Definition 1.1.5. If A € M,,, then the absolute value of A is the positive square root of

the positive matriz A*A, i.e.,|A| = (A*A)Y/2,

Definition 1.1.6. The Cartesian decomposition of matriz A € M, is given by

A+ A* A—A*

and SA = —
29

A=RA1iSA, withRA =

where RA is the real part of A and FA is the imaginary part of A.

Definition 1.1.7. The spectrum of a matrix A € M, is the set

o(A) ={\ e C: A— X is not invertible in M,},

where I is the identity matriz in M,,.

Theorem 1.1.8. (Spectral Mapping Theorem) Let A € M,, and let p be any poly-

nomial. Then

Remark 1.1.9. Let A € M,,. Then

o(A*)={\: A€ a(A)}.



where \ is the complex conjugate of .

Moreover, if A is invertible, then

oA ={\: Neo(A)}.

Definition 1.1.10. Let A\, Ao, ..., A, be the eigenvalues of matrix A. Then the trace of A

s given by
i=1
Definition 1.1.11. The singular values of a matric A € M,,, denoted by s; (A),s2(A), -+, s,(A),

are the eigenvalues of |A| arranged in decreasing order, and repeated according to multi-

plicity. That s, the singular values of A are the square roots of the eigenvalues of A*A.



1.2 Unitarily invariant norms

In this section, we study some classes of norms on M,, that have the unitary invariance
property. These classes proved to be useful in different areas of science such as geometry,

physics, analysis, and applied mathematics.

Definition 1.2.1. A real valued function N : X — R, where X is real (or complex) vector

space s said to be a norm if for every scalar o, and x,y € X we have:
(a) N(z) = 0.
(b) N(x) =0 if and only if z = 0.
(¢) N(ax) = |a| N(z).
(d) N(z+y) < N(x) + N(y).

Definition 1.2.2. A norm ||| - ||| on M,, is said to be unitarily invariant if

TAV[| = [IAlll,

for all unitary matrices U,V € M,, and all A € M,,.

Example 1.2.3. The usual operator (or the spectral) norm, which is denoted by || - || is

defined for any A € M,, by

IA]l = sup [[Az]| = = sup [(Az,y)| = s1(A).

[][=1 llzl1=llyl|=1



When A is Hermition, this norm is given by

1Al] = sup [(Az, z).

||| |=1

Example 1.2.4. The Schatten p-norm of matriz A , denoted by ||-|| , where 1 < p < o0

p?

1s defined by

J=1

1/p
1All, = (Z 8?(14)) :
It is clear that [|A]|, = (tr |A]")"/? = (tr [A*]")"/7.
Proposition 1.2.5. Let A € M,,. Then [|A|| = lim, ., || 4], = s1(A4).
Here ||A||, is called the Hilbert-Schmidt norm and ||A]|, is called the trace norm.

Proposition 1.2.6. Let A € M,,. Then
1/2
1A[l, = (tr |A]*)"" and ||A]l, = tr |A].

Example 1.2.7. The Ky Fan k-norm, denoted by ||-||(,€)7 are defined for any matriz

AeM,, by
k
1Ay =D si(A), k=12 n.

Jj=1

The following is an important property of unitarly invariant norm

Proposition 1.2.8. Let A € M,. We can easily prove the following properties for

unitarily invariant norms:

(a) [IIAl] = [[]AIT.



(o) 1Al = |||cas)™>[[| = 11 1ar 11
() A Alll = [1A4°] .
(@) AB NIl =11l 1A]1B] Il

Theorem 1.2.9. Let A € M,, be invertible . Then
[A[IT < A7 (1.2.1)
Theorem 1.2.10. Let A, B € M}. Then
1 2
| AB < {1 (A+BP . (122

For further results on unitarily invariant norms, we refer to (Bhatia, 1997) and (Simon,

1979).

1.3 Matrix monotone and matrix convex functions

In this part, we examine matrix monotone functions, a unique and significant class
of functions with a number of unique characteristics. These characteristics have a strong
connection to those of the matrix convex functions. We’ll study both courses.

First, we need to remind the reader of the meaning of f(A), when A is any matrix.

Let f : D — C be an analytic complex function on a complex domain D. The Cauchy

integral formula assures that for a € D,

fay= 1 [ 1&g

21 Jr 2 —a
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where I' is a simple closed curve in D that winds once around a. Extending this definition

to matrices is possible using the Dunford integral

£(A) = %/Ff(z)(zI—A)ldz, (1.3.1)

where I' is a simple closed curve in the definition of A that winds once around each
eigenvalue of A. Of course, I' must lie in D.

For example, letting f : C\(—o00,0] — C be f(z) = 2},0 < A < 1, we define

1
A= — [ 22T - A) 7z, (1.3.2)

2mi Jr

where I' is any closed curve avoiding (—oo, 0] in the resolvent of A, so that I" winds once
around each eigenvalue of A.
So, fractional powers are not only defined for positive matrices. They can be defined

for any matrix whose eigenvalues are not in (—oo, 0].

Definition 1.3.1. Let f : J — R be a function where J C R is an interval. Then f
18 called matriz monotone on J if for any two Hermition matrices A and B with spectra

contained in J, A < B implies that f(A) < f(B).

The following function is an example of a function that is not matrix monotone, but

it is monotone as a real function.

Example 1.3.2. Consider the function f(z) = x*, where x > 0. Let A and B be the 2 x 2

11 2 1 10
matrices defined as A= and B = . It is clear that B—A = >0
11 11 00
31
that is B > A. But B>~ A% = is not positive semi-definite, since it has a negative



11
eigenvalue, so B* %2 A%

Definition 1.3.3. Let f : J — R be a function where J C R is an interval. Then f is
called matrix convex if for any Hermition matrices A and B with spectra contained in J,

we have

flaA+ (1 —a)B) < af(A) + (1 —a)f(B)

for all a € 10, 1].

The following function is an example of a function that is not matrix convex, but it is

convex as a real function.

Example 1.3.4. Consider the function f(x) = 2°,x > 0. Let A and B be the 2 x 2

11 31
matrices defined as A = and B = . Then A and B are positive and

A+B (A+B\® |61
2 2

which is not positive since it has a negative eigenvalue. So ASJQFBS & (AJQFB):S, that is [ is

not matriz conver, on [0, 00).

Example 1.3.5. The function f(x) = ax+b where a,b € R and a > 0 is matriz monotone

function. It is matrix convex for every a,b € R.

Definition 1.3.6. Let f : J — R be a function where J C R is an interval. Then f is
called matriz concave if for any Hermition matrices A and B with spectra contained in

J, we have

flaA+(1—a)B) > af(A)+ (1 —a)f(B), (1.3.3)
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for all o« € [0, 1].
Remark 1.3.7. f is called matriz concave if and only if —f is matriz convex.

Although convex(concave) functions have no relations in generale with monotone func-
tions, the following proposition gives an interesting relation, when talking about matrix

convexity (concavity). See (Uchiyama, 2010) and (Ando and Hiai, 2011) for details.
Proposition 1.3.8. Let f: (0,00) — [0,00) be continuous. Then
(i) f is matriz monotone decreasing if and only if f is matriz convexr and f(o0) < 0o.

(ii) f is matriz monotone increasing if and only if f is matriz concave.

1.4 Numerical range and numerical radius

Definition 1.4.1. The numerical range of matrix A € M,, is the subset of the complex
plane C, given by

W(A) = {(Az,z) : 2 € C, ||z|| = 1}.

Notice that when A € M, then W(A) C (0, 00).

The following are basic properties of the numerical range.
Theorem 1.4.2. Let A, B € M, and let o, 5 € C. Then
(a) W(al 4+ BA) =a+ W (A).
(b) W(A+ B) CW(A) +W(B).
(c) W(A*) ={A: A e W(A)}.

(d) W(UAU*) = W (A) for all unitary matrices U € M,,.
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(e) The numerical range of matrix A € M,, is a compact set.

Theorem 1.4.3. (Toeplitz- Hausdorff) The numerical range of matrix A € M,, is a

convex subset of C.

Theorem 1.4.4. (Spectral Inclusion) The spectrum of matric A € M, is contained

i its numerical range. That is,

o(A) C W(A).

It follows from the previous theorem that conv o(A) C W(A) holds for any matrix
A € M,,, where conv o(A) is the convex hull of the set o(A). The next theorem asserts

that this containment becomes an equality when A is normal.

Theorem 1.4.5. If A € M,, is normal, then

Among the important scalar quantities related to matrices, is the so called numerical

raduis, defined as follows.

Definition 1.4.6. The numerical radius of matriz A € M,, is given by

w(A)= sup [A[= sup [(Az,7)|.
AEW (A) zeCn, ||z||=1

It is well known that w(-) defines a norm on M,, that is equivalent to the operator

norm, via the relation see (Halmos, 1982).

1
SIA < w(A) < Al A € M. (1.4.1)
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It is easy to verify that w(-) defines a norm on M,,. This norm is weakly unitarily
invariant (i.e.,w(A) = w(UAU*) for all matrices A and all unitary matrices U in M,,(C)

and satisfies w(A) = w(A*) for all A € M,,.

The following useful theorem provides an alternative way to compute the numerical

radius of matrix.

Theorem 1.4.7. Let A € M,,. Then

w(A) = sup||R(e’A)||

feR

= sup “%(eieA)}}
[

Now we give some properties for the numerical radius.
Theorem 1.4.8. Let A, B € M,,. Then
(a) w(A+ B) <w(A)+w(B).
(b) w(AB) < dw(A)w(B).
(¢c) If AB = BA, then w(AB) < 2w(A)w(B).
(d) If A is normal, then w(A) = || A]l.
(e) If A, B are normal, then w(AB) < w(A)w(B).
(f) w(A) = w(UAU*) for all matrice A and all unitary matrice U in M,, .
(9) w(A) =w(A*) for all A € M,,.

Proposition 1.4.9. Let A, B € M,, be positive semi— definite. Then
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1
w = SlA+ Bl (1.4.2)

Proposition 1.4.10. Let A € M,,. Then
w(RA) < w(A). (1.4.3)

Proof :

1.5 Positive linear maps

In this section, we state some fundamental properties of possitive linear maps.

The definition of unital positive linear maps is as follows:

Definition 1.5.1. A map ® : M,, — M, is linear if it is additive and homogeneous, i.e.
O(ANA + uB) = AP(A) + p®(B) for any A\, € C and for any A, B € M,,.

A linear map ® : M,, — M., is positive if it preserves the matriz order >, i.e. A € M
implies P(A) € M.

A linear map ® : M,, — M, s called unital if it preserves the identity matriz, i.e. if

(1) =1

Proposition 1.5.2. Let ® : M,, — M, be a positive linear map. Then



16
A < B implies P(A) < ®(B).
D(A*) = P*(A).

The following two propositions are given in (Furuta et al, 2005), (Bhatia, 2007), re-

spectively.

Proposition 1.5.3. Let ® be a positive linear map. Then for any matrices A, B € M,

®(B)P(A)'®(B) < ®(BA'B). (1.5.1)

Proposition 1.5.4. Let A € M} and ® be a positive linear map. Then

(A > d7H(A). (1.5.2)

1.6 Geometric mean of positive matrices

In 1980, Kubo and Ando introduced the notion of a matrix means between two positive
matrices (kubo and Ando, 1980). A matrix mean o on M is a binary operation Ao B

satisfying the following requirements:
e A< (C and B < D imply AocB < CoD; for any A, B,C,D € M}.
e C*(AoB)C = (C*AC)o(C*BC); for any A, B € M and any invertible C € M,,.
o Ay lx Aand By |y B imply (Ao By) lx (Ao B); for any Ay, By, A, B € M.
o ol =1.
Standard examples of matrix means are given by (Pusz and Woronowicz, 1975).

e The weighted arithmetic mean AV B = (1 — \)A + AB,
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e The weighted Harmonic mean A!\B = ((1 — \)A~! + AB~ 1)~
A
e The weighted geometric mean AfyB = Az (A_%BA_%> A%,

where A, B € M and 0 < X < 1. When \ = %, we drop A from the above notations, and
we simply write V, ! and .

In particular, we have !, < iy < V,, see (Ando, 1978). That is, if A, B € M, then
ALZB < Af\B < AV,B, 0< A< 1.
Proposition 1.6.1. Let A, B € M,, be positive, then
HABBI[| < [[[All[2xl]BI1] (1.6.1)
Proposition 1.6.2. Let A, B € M, then for any unit vector z,
((Af\B)z,z) < (Az,x) t\ (Bx,x) . (1.6.2)

Proposition 1.6.3. (Ando’s inequality) Let A, B € M and ® be a positive unital

linear map. Then
O(AfNB) < (A)IP(B). (1.6.3)
Proposition 1.6.4. Let A, B € M. Then for any positive unital linear map ®, it holds
P(AfB) > P(A)P(B), A € (—1,0), (1.6.4)

providing a reversed version of (1.6.3).
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Proposition 1.6.5. Let A,B € M, be such that 0 < mlI < A, B < MI, for some

positive scalars m, M, and let f,g € m. Then for every unital positive linear map P,

A+ B

(1)2
(2

) < K(h)*®*(AfsB), (1.6.5)

where h =2 and k(h) = % is the well known Kantorovich constant.

Proposition 1.6.6. Let A, B € M. Then for A € (—1,0),

(1= A\)A+ AB < A\ B. (1.6.6)

The theory of geometric mean for positive matrices has been well developed and stud-
ied in the literature. We refer the reader to (Ando, 1978), (kubo and Ando, 1980),
(Nishio and Ando, 1976), (Mathias, 1992), (Ando, 1979), (Furuta, 2002) and (Furuta and

Yanagide, 1998) as a sample of articles treating this topic.



CHAPTER 2

Some new inequalities for geometric mean
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2.1 Accretive matrices

Our goal in this section is about introducing means of a special class of matrices, that

is wider than that of positive ones. namely, accretive matrices.

Definition 2.1.1. A matrix A € M,, is said to be accretive if its real part is positive

(i.e., RA>0.)

When studying properties of accretive matrices, it is necessary to recall the definition

of sectorial matrices.

Definition 2.1.2. For 0 < a < 7, we define the sector

w=1{2€C:R(z) >0,3(2)| < tan(a)R(2)}.

A matriz A whose numerical range is a subset of a sector Sy, is called a sectorial matrix.
It is clear that a sectorial matriz is necessarily accretive, in this thesis, it will be implicitly

understood that the notions of S, is defined only when 0 < o < 3.

Remark 2.1.3. The numerical range W(A) of an accretive matriz A satisfies

W(A) := {(Ax,x) : x € C",||z|| = 1} C the right half complex plane.

In the following, we list some properties of accretive (sectorial) matrices.

Proposition 2.1.4. The class of accretive matrices is

(1) a convex cone of M.,,.

(2) invariant under inversion.
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It is well known that for any matrix A € M,, [||RA||| < [||A||], for any unitarily
invariant norm ||| - ||| on M,,. The following lemma presents a reversed version of this

inequality for sectorial matrices see (Zhang, 2015).

Proposition 2.1.5. Let A € M,, be accretive matriz such that W(A) C S, and let ||| - |||

be any unitarily invariant norm on M,. Then
cos o [[|Al[| < [[[R(A)[] < [[IA[]l

Other intersting needed properties of accretive matrices are given in (Lin, 2015),

(Drury, 2014), (Choi et al, 2019) and (Drury 2015) as follows.
Proposition 2.1.6. If A € M,, is accretive, then
R(AT) < (RA)™
This inquality can be reversed as follows.
Lemma 2.1.7. If A € M,, is accretive with W(A) C S,, then
sec?(a) R(A™H > (RA)™!

Lemma 2.1.8. Let A € M,, is accretive with W(A) C S, and t € (0,1). Then W(A") C
Sta-

Also note that W(A™) C Sy. This follows because W (A1) C S, when W(A) C S,.

2.2 Properties of geometric mean

In this section,we explore more properties of the geometric mean of accretive matrices.

Definition 2.2.1. let A,B € M, be accretive matrices, then

1
Aﬁ)\B :/ A'tB dU)\(t) ,0 <A<l
0
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sin(Ar) 1

G-t

Where vy, is a probability measure on [0,1] given by dvy(t) =

Corollary 2.2.2. Let A, B € M,, be accretive matrices. Then for A € (0, 1),

(ABB) ' = A B

Theorem 2.2.3. Let A, B € M,, be accretive matrices and 0 < A < 1, then

R(ALB) > (RA)L(RB)

Proof : Consider the matrix convex function f(A) = (R(A™'))~!, then

FIA=XNA+AB) < (1= N)f(A) +Af(B)
R(A=NA+AB)H <@ - NRA Y L ARBH
R(I-=NAT+ABH T <A = NRA) T+ ARB)!
R(L=NAT+ABTHT > (L= N RA) T+ ARB) )™

R(ALB) > (RA)L(RB),

this completes the proof. O]

Theorem 2.2.4. Let A,B € M, be accretive matrices such that W(A), W(B) C S,.
Then for 0 < A <1

R(ALB) < sec’(a)(RA)\(RB) (2.2.1)
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Proof : Let A, B be sectorial matrices, we have

R(ALB) = R((1 - NA 1B
< (1= ARA™ +ARB )™
< (cos?(@)(1 — A)(RA) ™! + cos*(a)A(RB) )~
< sec®(a) (1= A)(RA) ™ + ARB)™1)!

= sec’(a) (RA)\(RB),

which complete the proof m

Theorem 2.2.5. Let A, B € M,, be accrative matrices and let 0 < \ < 1,then
R(ALAB) = (RA)A(RB)
Proof : By Definition 2.2.1, we have

1
Af\B = / ALB dv(t)
0

R(At\B) = /0 1 R(ALB) du(t) > /0 1(9%/4)5(%3) du(t) > (RA)E\(RB)

which complete the proof m

Theorem 2.2.6. Let A, B € M,, be accretive matrices such that W(A), W (B) C S,.then
forO< A <1

R(Af\B) < sec’(a)(RA)EA(RB)
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Proof : we have
R(A8,\B) :/0 R(A!B)dv(t) §/0 sec? () (RA),(RB)dv(t) = sec*(a)(RA) A (RB).

This completes the proof. n

Theorem 2.2.7. Let A, B € M,, be accretive matrices such that W(A),W(B) C S,
then for 0 < A <1

IIALBI|| < sec®(a) [[|All1£]I1B]]]

Proof : Let A, B € M,, be sectorial matrices, then

I[ALBI[| < sec(a) [[IR(ALB)]]] < sec’(a) [[[(RA)6A(RB)]]

< sec’(a) |[[RA]||EAIRBII] < sec(a) [||Alllgll|B]]]-
Finally we have,
I[AGABII| < sec’(a) ||| A1 B]]]

O

Theorem 2.2.8. Let A,B € M, be accretive matrices such that W(A),W(B) C S,.

Then for 0 < A <1

cos?()R(AZB) < R(Af\B) < sec*(a)R(AV,LB). (2.2.2)
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Proof : First,

R(AB) < sec’(a)(RAHRB) < sec?(a)R(A)VAR(B) = sec?(a)R(AV,\B).

Thus, we have shown the first inequality. To show the second inequality, we have

R(AB) > R(A)HR(B) > RA)LR(B) > cos?(a) R(ALB).

This shows the second desired inequality, and the proof is complete. O

Lemma 2.2.9. Let A, B € M,, be accretive matrices. Then for X € (0,1),

sec® o

2

cos” a [[|[ALB|] < [[[HA(A, B)]|| < I|A+ B[, (2.2.3)

for any unitarily invariant norm on M,,.

2.3 Geometric mean with negative power

In this part, we discuss geometric mean, for A € (—1,0).

Definition 2.3.1. Let A, B € M,, be accretive and let A € (—1,0). Then

Af\B = /01 [é =125 4,y du(s)

S S

— /1 (1= s)AT'BA™ + sA7Y) " du(s),

for some probability mesure v(s) on [0, 1]

Now we have the reversed version of Theorem 2.2.5.
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Theorem 2.3.2. Let A, B € M,, be accretive and let A € (—1,0). Then

R(Af\B) < RALRB. (2.3.1)
Proof : We have
'TA 1-s e
R(ALB) =R / P (AlsB)| dv(s) (by Definition 2.3.1)
0
1 J—
- / [% ! 8%(/1!53)] dv(s)
o LS s
1 J—
< / [@ ! S(?RA!SERB)} dv(s) (by Theorem 2.2.3)
o L s s
= RALHRB, (by Definiition 2.3.1)
completing the proof. O

Proposition 2.3.3. Let A, B € M,, be accretive matrices. Then for —1 < A <0

AfzB = A(A'_,B HA (2.3.2)

Theorem 2.3.4. Let B € M,, be accretive matriz such that W(B) C S, and A € M.

Then for —1 < A <0

cos®™ a (RAHRB) < R(A4B). (2.3.3)
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Proof : For A\ € (—1,0), we have for any vector x € C",

(R(A8\B)z,z) = R (A(A™_ BV Az, z)
= (R(A™'4_\B™") Az, Az)
> ((R(A™DER(B™)) Az, Ax) (by Theorem 2.2.5)
> ((RA)"t_xcos®a (RB) 1) Az, Ax) (by Proposition 2.1.6)
— cos™ o ((RA((RA)_\(RB)"RA)z, z) (since A = RA)

=cos™ a ((RAIHRB)z, 7).

This completes the proof. n
Next, we present an accretive verision of (1.6.6).

Theorem 2.3.5. Let B € M,, be accretive matriz such that W(B) C S, and A € M.

Then for —1 < A <0

cos™ a R((1 — \)A + AB) < R(Af,B). (2.3.4)

Proof : By (1.6.6) and Theorem 2.3.4, we have

cos™ a R((1 — M)A+ AB) = cos™ a ((1 = M)RA + ARB) < cos® o (RAGRB) < R(Af,B),

completing the proof. O
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2.4 geometric mean and positive linear maps

In this section, we present some inequalities related to the geometric mean and positive
linear maps of accretive matrices. For this purpose, we notice that if ® is a unital positive

linear map and A is any matrix, then

RD(A) = D(RA). (2.4.1)

Now we state the sectorial version of (1.6.3).

Theorem 2.4.1. Let A, B € M,, be accretive matrices such that W(A), W(B) C S,. and

let ® be a unital positive linear map. Then for 0 < A <1

RP(Af\B) < sec’ a R (P(A)1,®(B)) . (2.4.2)

Proof : Using the definition of AfiyB, we get

cos’a RP(AfyB) = ®(cos’a R(Af\B)) (by (2.4.1))

IN

O(RALRDB) (by Theorem 2.2.6)

IN

B(RAD(RB)  (by (1.6.3))

= RO(A)HRD(B) (by (2.4.1))

IN

R(P(A)EADP(B)) (by Theorem 2.2.5),

which completes the proof. O

As an application of Theorem 2.4.1, we present the following accretive version of

Proposition 1.6.2.
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Corollary 2.4.2. Let A, B € M, be accretive matrices such that W(A), W(B) C Sa,

then for any unit vector x, we have

R ((Afr\B)z, 7) < sec’ a R ((Az, x) iy (B, x)). (2.4.3)

Proof : Letting ®(A) = (Az,z) in Theorem 2.4.1. Then & is a unital positive linear

map and

cos? a RO(Af\B) < R (P(A)1r®(B)) = cos® a R ((AfzB)z,z) < R ((Az, ) #) (Bz, 7)),

which completes the proof O

Theorem 2.4.3. Let A, B € M,, be accretive matrices with W(A), W (B) C S, such that

0<mlI <RARB < MI. Then for every unital positive linear map ®,

| ®(R(AVAB)®H(R(AfLB)) ||< sec* a K (h), (2.4.4)

(M + m)?

where K(h) = i

and || - || denote the usual operator norm.

Proof : Since 0 <mlI < RA< MI,
we have

(MI —RA)(mI —RA)(RA)™! <0,

which is equivalent to

RA+ Mm(RA)™ < (M +m)I,
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since (RA)™! > RA™!, we have

(1—=NRA+ (1= ANMmRA™ < (1 - \)(M+m)l. (2.4.5)

Similarly

ARB + AMmRB™ < A(M +m)I. (2.4.6)

Adding (2.4.5) and (2.4.6), we get

R(AVB) + MmR(ALB)™ < (M + m)I. (2.4.7)

By computation, we have

| sec* & Mm®(R(AV\B))® H(R(A1,B)) ||

< lsecta QORAVAB)) + Mt (R(ABE)) | (by Theorem 1.2.10)
< 1 llsec @ ®R(AVAB)) + M (R(A2.B)) ) | (by (1.5.2))
< i | sect a ®(R(AVLB)) + sec? (o) MmP((R(ANB)) ™) |2 (by (2.2.2))

< i | sect @ D(R(AVAB)) + sec* @ Mm®R(ALB) ™) |
< i | sect a ®(R(AVAB) + MmR(ALB) ™) ||?

< isec8 o (M +m)?. (by(2.4.7))

That is

I 2(R(AVLB)) 2 (R(AGDB)) || < sec’ o K (h),

which completes the proof.
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Now we can present the accretive version of (1.6.4).

Theorem 2.4.4. Let B be accretive matrices such that W(B) C S, and A > 0 and let ®

be a positive unital linear map. Then for A € (—1,0),

cosa R(P(A)IP(B)) < RO(ALB). (2.4.8)

Proof : By Theorem 2.3.4 and then (1.6.4), we have

RO(Af\B) = P(R(Af\B)) > cos™ a ®(RAHRB) > cos™ a®(RA)HP(RB).

This, with Theorem 2.3.2, yield

RO(Af\B) > cos? aR(P(A)E\P(B)),

completing the proof.
When B € M, then « can be taken as a = 0, which then retrieves (1.6.4) as a special

case of Theorem 2.4.4. O



CHAPTER 3

The numerical radii of accretive matrices
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In this chapter, we present many new inequalities for the numerical radius of accretive
matrices. The importance of this study is the presence of a new approach that treats a
specific class of matrices, namely the accretive ones. While some of these inequalities can
be considered as refinements of other existing ones, others present new insights to some

known results for positive matrices.

3.1 Accretive versions of some known

numerical radius inequalities

First, we have the simple sectorial version of (1.4.1).

Proposition 3.1.1. Let A be accretive matrices such that W(A) C S,. Then
cosa [|All <w(A) < A (3.1.1)
Proof : Noting that w(RA) = ||RA]|, since RA > 0, Proposition 2.1.5 implies
cosa [|A]l < [[RA] = w(RA) < w(A) < [A].

This completes the proof. O

Remark 3.1.2. Notice that when 0 < o < 3, cosa > % This means that, for such a,
1
Sl Al <cosa Al < w(4) < [|A]]

providing a considerable refinement of the left inequality in (1.4.1).

While w(RA) < w(A) for any matrix A, a reversed version can be found via sectorial
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matrices, as follows.

Corollary 3.1.3. Let A be accretive matrices such that W(A) C S,. Then

w(A) < seca w(RA). (3.1.2)

Proof : Let A be accretive matrices such that W(A) C S,. Then w(RA) = ||[RA||, since

RA > 0. Proposition 3.1.1 implies

w(A) < ||A]| < seca [|RA| = sec o w(RA).

]

Notice that when A is positive, then o = 0 and the above inequality becomes w(A) <

w(RA), which then implies w(A) = w(RA), as well known for positive matrices.

In the following result, we present a new submultiplicative inequality for the numerical
radius. Recall that for general A, B € M, one has w(AB) < 4w(A)w(B). When A and
B commute, the factor 4 can be reduced to 2, while it can be reduced to 1 when A and
B are normal, see (Halmos, 1982). The following result presents a bound when A and B

are sectorial with 0 < a < %

Theorem 3.1.4. Let A, B € M,, be accretive matrices such that W(A),W(B) C S,.

Then

w(AB) < sec® a w(A)w(B). (3.1.3)
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Proof : We have

w(AB) < ||AB| (by (1.4.1))
< [[A[llIBll
<sec’a | RA|[|RB]| (by Proposition 2.1.5)
= sec’ a w(RA)w(RB)
< sec? a w(A)w(B) (by Proposition 1.4.10),

which completes the proof.
When A, B are positive, then o = 0, and we obtain the well known inequality w(AB) <

w(A)w(B). O

Proposition 3.1.5. Let A, B € M,, be accretive matrices such that W(A),W(B) C S,.

Then W (A \B) C S,.

Proof : Let A, B € M,, be accretive matrices such that W (A), W(B) C S,. and notice

that Definition 2.2.1

Aﬁ/\B:/O (A'SB)CZI/)\(S)

for some positive measure v, (s) on [0, 1]. Then for any unit vector = € C, we have

(At\Bz, ) :/0 ((AlyB)x, z) dvy(s)
= /0 h(s)dvy(s) (where h(s) = ((AlsB)z, z))

=c+1d,
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where

¢ = 3%/01 h(s)dua(s), d = %/01 h(s)dus (s).

We notice that for each s € [0, 1], W(h(s)) C S, since W(A), W (B) C S,. This is due to
the fact that S, is invariant under inversion and addition. To show that W(Af\B) C S,,

we need to show that ((Af\B)x,x) C S,, or |d| < tan(a)c. In fact, we have

d| = ’%/01 h(s)d (s)

< [ 1))
< /0 tan(@)Rh(s)dux(s) (since W(h(s)) C Sa)

= tan(a)c.

This shows that Af,B is sectorial and completes the proof. n

3.2 The numerical radius and geometric means

Now we present another new type of numerical radius inequalities, where the numerical

radius of geometric mean is discussed. When A, B € M,, are positive, then
AiB > 0= w(A4B) = || AtB]|.

This makes the study of numerical radius inequalities of means of positive matrices trivial.

Theorem 3.2.1. Let A,B € M, be accretive matrices such that W(A), W(B) C S,.
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Then for 0 < A < 1

w(Af\B) < sec® a w(A) 7 w(B)*. (3.2.1)

Proof : Noting Proposition 3.1.5, we have

w(AfB) < || Af\B]|

<seca ||[R(AfB)|| (by Proposition 2.1.5)
<sec® a [|[R(AHLR(B)|| (by Theorem 2.2.6)
<sec’a (|R(A)] tx IR(B)|) (by Proposition 1.6.1)

= sec’ a (w(RA) £y w(RB))
<sec’ a (w(A) #y w(B)) (by Proposition 1.4.10)

= sec® a w(A) " w(B),

which completes the proof. O]

Theorem 3.2.2. Let B € M,, be accretive matriz such that W(B) C S, and A € M.

Then for —1 < A <0

cos® o w T (A™Hw™ MY (A)wN(B) < w(Af\B). (3.2.2)
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Proof : Let x € C" be a unit vector. Then

w (A B) < sec® a w((AfzB) ™) = sec® a w(A™ B ™)

= sec’ |}rnHaL_X1 (A" 3B ")z, )|

= sec® o ”rnua_xl |<A’1(A’1ﬂ,>\B’1)’1A’1x, :U>|

= sec® & max [(A™ (A§_\B)A "z, z)|

flz(|=1

= sec’ @ max {||A_1zzc||2
flzf|=1

<(Aﬁ_AB) A7y A7l >

| A= ]| || A= | }

Ay Ay
gt )
<( BT T

< sec® o max <A’2x, $> max
ll=[=1 ll=l|=1

= sec® a w(A ) w(Af_\B)

< sec® a w(A"Hw ™ (A)w A (B),

which completes the proof. O]

In a similar way, the Heinz mean satisfies similar property, as follows.

First, we define the Heinz mean of accretive matrices A, B by

Af\B + Ah-\B

Hi(A, B) = 5

0<A<l1 (3.2.3)

Theorem 3.2.3. Let A, B € M,, be accretive matrices. Then for X € (0,1),

w(Hx(A, B)) < sec® a Hy(w(A), w(B)). (3.2.4)
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Proof : Compute

w(HA(A, B)) = w (A”B +2Aﬂ“3 ) (by (3.2.3))
S w(Afb\B) —i—2w(Ajj1_,\B)
< ? (w' (A (B) + w(A)w' A (B)) (by (3.2.1))

= sec® a Hy(w(A), w(B)).

The proof is complete.

]

A Heinz-type inequality for the numerical radii of accretive matrices may be stated as

follows.
Theorem 3.2.4. Let A, B € M,, be accretive matrices. Then for X € (0,1),

4

cos* a w(A1B) < w(Ha(A, B)) < e a w(A+ B). (3.2.5)
Proof : We prove the first inequality.
w(AfB) < ||AtB]| (by Proposition 3.1.1)
<sec’a [|[Ha(A, B)| (by Lemma 2.2.9)

< sec* a w(Hr(A, B)). (by Proposition 3.1.1)



38

We now prove the second inequality.

w(Ma(A, B)) < [HA(A, B

A+ B
<sec o || i

sect o

<
-2

w(A+ B).

The proof is complete.

(by Proposition 3.1.1)
(by Lemma 2.2.9)

(by Proposition 3.1.1)

Corollary 3.2.5. Let A, B € M,, be accretive matrices. Then for A € (0,1),

cosa w? (AB) < Ha(w(A), w(B)).

Proof : By Theorem 3.1.4, we get

(3.2.6)

cos o w?(AB) < /w(A)w(B) < Hi(w(A), w(B)).
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