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Abstract

In this thesis, after expressing concepts and prerequisites, we investigate Hermite-Hadamard
inequality for geometrically convex functions. Then, by introducing operator geometrically
convex functions, we extend the results and prove Hermite-Hadamard type inequality for
these kind of functions. In the following, by proving the log-convexity of some functions
which are based on the unitarily invariant norm and considering the relation between ge-
ometrically convex functions and log-convex functions, we present several refinements for
some well-known operator norm inequalities. We discuss about the numerical radius of an
operator which is equivalent with the operator norm and we state some related results, and
by obtaining some upper bounds for the Berezin number of an operator which is contained
in the numerical range of that operator, we finish this discussion. In the sequel, we prove
operator version of some numerical results, which were obtained for approximating a class
of convex functions, as an application, we refine Hermite-Hadamard inequality for a class of
operator convex functions.

Approximation of integrals of multivariate functions is a notoriously difficult tasks and satis-
factory error analysis is far less well studied than in the univariate case. We propose a method
to approximate the integral of all strongly convex function which are continuously differen-
tiable functions with Lipschitz continuous gradients by a family of multi-dimentional numer-
ical integration formulas (cubature formulas). We attempt to quantify their sharp approxima-
tion errors. Moreover, we show that how the Delaunay triangulation is used as a convenient
partition of the integration domain for constructing the best piecewise cubature formulas.
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Résumé

Dans cette thése, apres la présentation des notions et des introductions nécessaires, nous
étudierons linégalité Hermite-Hadamard pour quelques opérateurs linéaires. Ensuite, nous
développerons des résultats en introduisant la fonction convexe géométrique et nous confir-
merons des inégalités de type Hermite-Hadamard pour ce type de fonctions. Puis nous pro-
poserons des améliorations de certaines inégalités pour les opérateurs bien étudiés dans la
littérature, en montrant le réle convexe logarithmique de quelques fonctions. Nous conside-
rerons aussi le lien entre les fonctions convexes géométriques et les fonctions logarithmiques
et discuterons de quelques propriétés dimage et rayon numérique. Les bornes supérieures
du nombre Berezin dun opérateur seront également données. Dans ce qui suit, nous confir-
merons les résultats numériques obtenus pour approcher une classe de fonctions convexes
pour les fonctions dopérateur.

Les méthodes de quadrature multidimensionnelle jouent un réle important, voire fondamen-
tal, en analyse numérique. Nous proposerons une méthode dapproximation de lintégrale des
fonctions fortement convexes avec une famille de formules dintégration numérique multi-
dimensionnelles. Nous quantifierons leurs erreurs dapproximation. De plus, nous montre-
rons que la triangulation de Delaunay, utilisée comme partition du domaine dintégration,
génerent les meilleures formules dintégration.
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Notations

General notations

R
Rt ={xeR|x=0}
R

x=(x1,%,...,xq) € R?

llxll = \/xf+x§+...+xczi
[x,y]

Vix) = (%(x),%(x),...,%(x))
V2 f (%)

conv

ext

vert

a(’)

the set of real numbers
the set of all nonnegative real numbers

d-dimensional Euclidean space

element of R4

the Euclidean norm of x in R?

the line segment between x and y

the gradient of f at x

the Hessian matrix of f at x with the matrix elements given
[ . ;
by V2 f (x); = —6x,»aij x),i=1,...,d,j=1,...,d

the convex hull of a finite point set
the set of all extreme points of

the set of all vertices of

any affine function

ix



Notations

Del, Dt Delaunay triangulation

Q° the interior of Q

12 measure of Q

C(Q) all real-valued continuous functions on Q

all functions which are k times continuously

k
Ch@) differentiable, where k € N
L) all Lebesgue integrable functions

. the subclass of all functions which are continuously
o differentiable with Lipschitz continuous gradients
T the trapezoid rule
|A] the absolute value of operator A
[ A]ll the unitarily invariant norm of operator A
I All the opertor norm of A
Sj the singular value
Sp(A) the spectrum of operator A
M, (C) the algebra of all n x n complex matrices
A the Hilbert space
BLA) the‘set of all bounded linear operators from

J€ into S

x* the adjoint of x
B(A)* the set of all positive operators in B(A)



B(z]f)++

Bsa(A)

r(A)

fie

oc"!

diag(1;)

$1(A0)

S1(H)*

w(-)

the set of all strictly positive operators in B(#)

the set of all self-adjoint elements in B(#)

the spectral radius of A

the t-weighted geometric mean

the geometric mean

the subclass of all operator functions which are
continuously differentiable with Lipschitz
continuous gradients

the diagonal matrix with entries A;

the set of all trace class operators

the dual space of S; (H#)

the numerical radius






Introduction

Operator theory and matrix analysis are important research areas which are of interest to
many mathematicians and have many applications in various sciences including scientific
computing, operations research, mathematical physics, control and systems theory, statis-
tics, economics and engineering disciplines.

Many theorems in matrix analysis appear in the form of inequalities, and one of the funda-
mental fields of research in this area is matrix and operator inequality. In fact, it can be said
that matrix inequalities reflect matrix analysis from a quantitative perspective.

Inequalities can be traced in almost all areas of pure and applied mathematics. In some re-
lated fields such as differential equations theory, calculus of variations and geometry, efforts
have been made to extend and find more suitable forms than classical examples.

The concept of convex functions has indeed found an important place in Modern Mathemat-
ics as can be seen in a large number of research articles and books devoted to the field these
days. Also, the Hermite-Hadamard inequality, which, we can say, is the first fundamental
result for convex functions with a natural geometrical interpretation and many applications,
has attracted and continues to attract much interest in elementary mathematics. So, many
mathematicians have devoted their efforts to generalize, refine, counterpart and extend it for
different classes of functions.

What we are going to do in this thesis is to find an operator version of some numerical in-
equalities. It also attempts to introduce new inequalities that improve or generalize previous
results.

In applying inequalities for operators we should be careful extremely because the operator
version of an inequality is not necessarily established. For example, the following inequality
holds for any pair of positive integers a and b:

la—bl<a+b.
The operator version is expected to be as follows

|A-B|<A+B, (1)



Introduction (English)

where A and B are positive operators and | - | represents the second positive root of the oper-
ator.

Sy . 4 =2
But considering matrices such as A = ) 1 and B =

-2
A ) It can be shown that the

inequality (1) is not always true. Maybe if we use the singular value version (instead of the
matrix itself), we get the result:

sj(A-B)<sj(A+B), 1l<j=<n. 2)

But the above examples still violate the above inequality.
The weaker version of the inequality (2) can be stated as follows:

IIlA=BIl < IllA+ BIll,

where ||| - ||| is the unitarily invariant norm. The above inequality is established in (R. Bhatia,
E kittaneh, The matrix arithmetic-geometric mean inequality revisited, Linear Algebra Apple.
428 (2008) 2177-2191).

In the first chapter, the concepts, basic definitions and principles needed for the following
chapters are presented.

In the second chapter, we discuss Hermite-Hadamard inequality for geometrically convex
functions, then by providing a definition of the operator geometrically convex functions, we
prove the Hermite-Hadamard type inequality for such functions and by deriving some exam-
ples of operator geometrically convex functions and peresenting an application of the result
to the operator norm we will finish this chapter.

In Chapter 3, we first discuss the relationship between geometrically convex functions and
logarithmic convex functions, and present the Hermite-Hadamard type inequality for loga-
rithmic convex functions. Then, by proving the log-convexity of some functions which are
based on the unitarily invariant norm we present several refinements for some well-known
operator norm inequalities.

In Chapter 4, we consider the equivalent norm of the operator norm, i.e., the numerical ra-
dius norm, and study the numerical radius inequalities which are an extension of some uni-
tarily invariant norms inequalities to the context of numerical radius, and by giving contra-
dictory examples we show that due to weak unitary invariance of the numerical radius, these
extended inequalities will be weaker than the corresponding unitarily invariant norm ver-
sions. Whatsmore, we introduce the Berezin number of an operator, which is a subset of the
numerical range of that operator, and prove inequalities based on the Berezin number.

In Chapter 5, we prove operator version of some numerical results, which were obtained for
approximating a class of convex functions, as an application, we refine Hermite-Hadamard
inequality for a class of operator convex functions.

In Chapter 6, we provide a necessary and sufficient condition for the existence of the cuba-
ture formulas to approximate the integral of all strongly convex function which are contin-
uously differentiable functions with Lipschitz continuous gradients. We use the generalized
barycentric coordinates to construct a multivariate version of the classical trapezoidal rule in



arbitrary higher-dimensional polytopes. As a result, we get explicit lower and upper bounds
for the approximation error. Indeed, analogously to the one-dimensional estimates, we offer
sharp error estimates which only depend on the parameter of the strong convexity, the Lip-
schitz constants of the gradients and the error associated with using the quadratic function.
In the following, by using the Delaunay triangulation as a partition of a polytope, we present
an explicit construction of our sharp cubature schemes. Finally, we provide a numerical ex-
ample to illustrate the efficiency of this approach.

Contributions

The following articles are extracted from this thesis:

1- A. Taghavi, V. Darvish, T. Azimi Roushan, Hermite-Hadamard Type Inequalities For Opera-
tor Geometrically Convex Functions II, Kragujevac Journal of Mathematics, 45(2) (2021) 191-
202.

2- A. Taghavi, T. Azimi Roushan, V. Darvish, Some Refinements For The Arithmetic-Geometric
Mean and Cauchy-Schwarz Matrix Norm Interpolating Inequalities, Bulletin of the Iranian
Mathematical Society, 44(4) (2018) 927-936.

3- A. Taghavi, T. Azimi Roushan, V. Darvish, Some upper bounds for the Berezin number of
Hilbert space operators, Filomat, 33(14) (2019) 4353-4360.

4- A. Taghavi, T. Azimi Roushan, On a generalization of an approximation operator defined by
A. Guessab, Linear and Multilinear Algebra, 67(11) (2019) 1-13.

5- A. Guessab, T. Azimi Roushan, Generalized barycentric coordinates and sharp strongly nega-
tive definite multi-dimensional numerical integration, Accepted for publication in a Springer
volume, entitled: Approximation theory and analytic inequalities, (2019).






Introduction générale

La théorie des opérateurs et lanalyse des matrices sont des domaines importants de la recherche.
Attirantes pour pas mal de mathématiciens, elles ont de nombreux emplois dans les dif-
férentes sciences entre autres les calculs scientifiques, la recherche des opérations, la physique
mathématique, la théorie du systéme et le controle, la statique, léconomie et les génies.
Dans lanalyse matricielle, beaucoup de théories apparaissent dans le cadre des inégalités de
sorte que les inégalités fonctionnelles et matricielles constituent un des centres privilégiés de
recherche de ce domaine. A dire vrai, les inégalités matricielles refletent lanalyse matricielle
du point de vue quantitatif.

Les inégalités sont présentes dans la quasi-totalité des domaines des mathématiques pures
et appliquées. Cela est plus visible dans la théorie des équations différentielles, des calculs
des variations, de la géométrie pour trouver des exemples plus convenable que les exemples
classiques.

La théorie des fonctions convexes a pris une place de plus en plus importante dans les math-
ématiques modernes. On peut voir beaucoup de livres et darticles consacrés a ce sujet. De
plus, linégalité Hermite-Hadamard avec son interprétation géométrique naturelle et sa vaste
utilisation qui sont le résultat de lutilisation des fonctions convexes a attiré lattention des
chercheurs, ce qui est constant dans les mathématiques élémentaires. Ainsi, la plupart des
mathématiciens travaillent afin de développer, daméliorer et de généraliser cette notion pour
les autres catégories des fonctions.

Dans cette these, nous essayons de trouver lopération de certaines inégalités mathématiques
et de présenter de nouvelles inégalités qui aboutissent a lamélioration ou a la généralisation
des résultats précédents.

11 faut faire le maximum dattention dans lutilisation des inégalités pour les opérateurs car
lopération de chaque inégalité nexiste pas forcément. En guise dexemple, linégalité suivante
est correcte pour les deux nombres positifs a et b

la—bl<a+b.
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Alors on peut penser que son opération sera ainsi :
|A-B|<A+B, (3)

ol A et B des opérateurs positifs et | - | représentent la racine carrée positive de lopérateur.
-2

-2 1

que linégalité (3) nest pas toujours correcte. Les valeurs singuliéres pourraient nous con-

Mais en considérant les matrices comme A =

1 -2
) etB = ( 9 4 ) On peut montrer

duisent au résultat, cest-a-dire
sj(A-B)<sj(A+B), 1<js<n. @)

Mais les exemples ci-dessus confirment lexactitude de linégalité mentionnée.
Le cas plus faible que linégalité (4) est ainsi

IIIA=BIlll = llA+ BIll,

quiest|||-]|| de lanorme stable. Lexactitude de linégalité ci-dessus est confirmée dans (R. Bha-
tia, E kittaneh, la matrice arithméthique-géométrique veut dire linégalité revisée, lalgebre
linéaire dApple. 428 (2008) 2177-2191).

Dans le premier chapitre, il y a des définitions et des principes nécessaires pour les chapitres
suivants.

Le deuxiéme chapitre concerne létude de linégalité Hermite-Hadamard pour les fonctions
convexes géométriques puis en donnant une définition de la fonction convexe géométrique
opératrice, nous confirmons linégalité Hermite-Hadamard pour ces types de fonction, enfin
nous terminons le chapitre en donnant des exemples des fonctions convexes géométriques
et en présentant un de leurs emplois selon la norme opératrice.

Le chapitres 3 est commencé par la relation entre des fonctions convexes géométriques et
des fonctions convexes logarithmiques ; et la présentation de linégalité Hermite-Hadamard
pour les fonctions convexes logarithmiques. Ensuite, nous présentons lamélioration du cas
normatif de plusieurs inégalités opérationnelles célebres en confirmant le role convexe et
logarithmique de certaines fonctions classées selon la norme stable.

Dans le 4 chapitre, nous considérons la norme équivalente de la norme opérateur, cest-a-
dire la norme du rayon numérique et aussi le rayon numérique de plusieurs inégalités con-
firmées par la norme stable. En plus, en donnant des contre-exemples, nous montrons que
léquitation du rayon de ces inégalités nest pas toujours correcte. Ensuite, nous confirmons
la version faible a laide des théorémes. La derniere partie de ce chapitre est consacré a la
présentation du nombre Berezin dun opérateur et nous confirmons des inégalités selon ce
nombre.

Dans le chapitre 5, nous essayons détudier les résultats numériques pour approcher une caté-
gorie des fonctions convexes a la notion de la fonction réelle pour confirmer ensuite lopéra-
tion des résultats, enfin nous présentons un emploi des résultats afin daméliorer linégalité
Hermite-Hadamard.



Dans le chapitre 6, nous fournissons une condition nécessaire et suffisante pour I'existence
des formules cubiques pour se rapprocher de l'intégrale de toutes les fonctions fortement
convexes qui sont continuellement différentiables. fonctionne avec les gradients continus
de Lipschitz. Nous utilisons la méthode généralisée pour construire une version multivar-
iée de la regle trapézoidale classique en des polytopes arbitraires de dimensions supérieures.
Par conséquent, nous obtenons des limites inférieures et supérieures explicites pour 'erreur
d’approximation. En effet, comme pour les estimations unidimensionnelles, nous proposons
des estimations d’erreurs nettes qui ne dépendent que du parametre de la forte convexité,
le Constantes de Lipschitz des gradients et de I'erreur associée a l'utilisation de la fonction
quadratique. Dans ce qui suit, en utilisant la triangulation Delaunay comme partition d'un
polytope, nous présentons une construction explicite de nos schémas cubiques aiguisés. En-
fin, nous donnons un exemple numérique pour illustrer 'efficacité de cette approche.

Contributions de la these

Les articles suivants sont extraits de cette these :

1- A. Taghavi, V. Darvish, T. Azimi Roushan, Hermite-Hadamard Type Inequalities For Opera-
tor Geometrically Convex Functions II. Kragujevac Journal of Mathematics, 45(2) (2021) 191-
202.

2- A. Taghavi, T. Azimi Roushan, V. Darvish, Some Refinements For The Arithmetic-Geometric
Mean and Cauchy-Schwarz Matrix Norm Interpolating Inequalities. Bulletin of the Iranian
Mathematical Society, 44(4) (2018) 927-936.

3- A. Taghavi, T. Azimi Roushan, V. Darvish, Some upper bounds for the Berezin number of
Hilbert space operators, Filomat, 33(14) (2019) 4353-4360.

4- A. Taghavi, T. Azimi Roushan, On a generalization of an approximation operator defined by
A. Guessab, Linear and Multilinear Algebra 67(11) (2019) 1-13.

5- A. Guessab, T. Azimi Roushan, Generalized barycentric coordinates and sharp strongly neg-
ative definite multi-dimensional numerical integration, Accepté pour dans un volume de
Springer, intitulé: Approximation theory and analytic inequalities, (2019).






. Introductory concepts

In this chapter, we describe the concepts and definitions which are required for our results in
the forthcoming chapters. Also, some applicable theorems used to obtain the results of the
following chapters are presented just by refering to references without proof.

1.1 Convex functions and some related inequalities

Using the standard notation R for the set of real numbers, a real- valued function f on an
interval .# c R is said to be convex if

fAx+A - =AfxX)+A -V f), (1.1

for x,ye .# and A € [0, 1]. Also f is said to be concave if the inequality (1.1) be valid conversely,
or in other words, — f be convex function.

The functions f(x) = x> and exponential function g(x) = e are two familiar examples of
convex functions.

In the d-dimensional Euclidean space, R?, a set C c R is said to be convex if the inequality

1-M)x+AyeC,

holds for every x,y € C and A € [0, 1].
One of the simple characterizations of a convex set in R? is that it is closed under any convex
combinations of its elements, and this is proved in [14] by induction.

Definition 1.1.1 Let C c R? be a convex set. A point x € C is called an extreme point of C if
x=ty+(1-tzfory,ze Candte(0,1) impliesx =y = z.

Compact convex sets can be described via their extreme points as following.

Theorem 1.1.2 (Krein-Milman theorem)[2] Let C < R% be a compact convex set. Then the set

9



Introductory concepts

M)+ (1= f(y)

fOw + (1= A)y)

Figure 1.1 — Illustration of the inequality f(Ax+ (1-A)y) < Af(x)+ (1 —-A) f(3).

of extreme points of C is not empty. Furthermore, every x € C may be expressed as a convex

combination of finitely many extreme points of C.

A real-valued function f : C — R on a convex set C c R? is said to be convex if it satisfies on
inequality (1.1) for every x,y € C and A € [0, 1].

x Az +(1=Ny

Figure 1.2 — Convex function.

10
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Figure 1.3 — Convex function.

z Az +(1- Ny y

Figure 1.4 — Concave function.
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-Xz-y

Figure 1.5 — Concave function.

Figure 1.6 — Neither convex nor concave.

12



1.1. Convex functions and some related inequalities
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Figure 1.7 — Neither convex nor concave.
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Figure 1.8 — Convex and concave.

The function in Fig.1.2 is convex, Fig.1.4 is concave and Fig.1.6 is neither. The function in

Fig.1.8 is convex on the part where it is solid and concave on the part where it is dotted.
Continuity is an important property of a convex function:

13



Introductory concepts

Theorem 1.1.3 [16] Let C < R? be an open convex set. Let f : C — R be convex. Then f is
continuous on C.

For a continuously differentiable function f defined on an open convex set C < R, we denote
its gradiant at x € C, by

0 0 0
Vfx) = a—fl(x), a—){z(x),...,é(x) .
We say that that f is continuously differentiable on C if it is continuously differentiable on an
open set containing C.
Checking that a function is convex or not is not very easy, but fortunately several useful crite-

ria are available. Probably the simplest one is the following:

Theorem 1.1.4 [14] Let f : ¥ — R be a continuous function. Then f is convex if and only if
is midpoint convex, that is,

x,y €% implies f(x;y)sf(x);f(y)‘

The following theorem gives the first order characterization of convex functions.

Theorem 1.1.5 (The first-order condition for convexity: Gradient inequality)[5] Let C c R be
a nonempty open convex set and let f : C — R% be a continuously differentiable function. Then
f is convex if and only if for any x, y € C we have

fO = fx)+(Vf(x),y—x).

Figure 1.9 — The first order characteristic of a convex function f.

14



1.1. Convex functions and some related inequalities

Tangent hyperplane for convex function
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Figure 1.10 — The first order characteristic of a convex function f.
A mapping F : D c R? — R? is increasing on D if
(F(x)-F(y),x—y)=0, Vx,yeD. (1.2)

By letting F = Vf in the above definition, then we conclude the following theorem which
states that V f of a convex function f is an increasing mapping.

Theorem 1.1.6 [5] Suppose C < R? be a nonempty open convex set and let f : C — R? be a
continuously differentiable function. Then f is convex on C if and only if its gradiant V f is
increasingonC, i.e.,

(VFxX)-Vf(,x—y)=0, Vx,yeC.
We will now characterize convex functions in terms of their Hessian matrices.
Theorem 1.1.7 (The second-order condition for convexity) [5] Let C c R? be a nonempty open
convex set, and let f : C — R? be twice continuously differentiable in C. Then, f is convex on C

ifand only if V2 f (x) is positive semi-definite for all x € C.

Convex functions play an important role in the inequality theory. In the following, we present
two famous inequalities related to convex functions.

Theorem 1.1.8 (Jensen inequality)[2] Let C < R is a convex set and f : C — R be a convex
function. If A1, A2,..., A €10,1], Zle A; =1, and x1,x,,...,x; € C, then

k k
f(z Aix,-) < Z/lif(xi). (1.3)
i=1 i=1

15



Introductory concepts

In the above theorem, suppose f(x) = —Inx on the interval .# < R* which In is a logarithmic
function. Then we have

a’'b'V<va+1-v)b, (1.4)

for a,be ¥ and v € [0, 1], which is famous for Young inequality.
In the especial case v = %, we derive the following inequality which is known as arithmetic-
geometric mean inequality:

vVab< a;b‘

Theorem 1.1.9 (Hermite-Hadamard inequality)[16] If f : ¢ — R be a convex function and
a,be . # witha<b, then

a+b 1 b f(a)+ f(b)
f( ) )SEL f(X)dXST. (1.5)

We remark that the above inequalities have been studied deeply in the literature. And there
has been a great deal of efforts in refining and extending them, among which we can refer the
reader to [1, 4, 7, 5, 6, 8, 18] as a sample of recent work treating such inequalities.

Now we present the notion of strong convexity, which generalizes the classical definition of
convexity.

Definition 1.1.10 Let C c R% be nonempty convex set. A function f : C — R is y-strongly con-
vex with convexity parameter u > 0 if the strong Jensen inequality holds: for any x,y € C and
t€f0,1],

fx+Q-Dy) <tf@)+0-0f Q@) - gt(l ~0|x-y|* (1.6)

Obviously, every strongly convex function is convex, or in the other words, the set of strongly
convex functions is contained in the set of convex functions. Observe also that, for instance,
affine functions are not strongly convex and if y = 0, we can get the classical definition of
convexity.

Remark 1.1.11 For any positive real number u the following functions are p-strongly convex
functions:

L SN2, (usp).

2. Addition of a convex function to a strongly convex function gives a strongly convex func-
tion with the same modulus of strong convexity. Therefore, adding a convex function to
£11.1% does not affect pi-strong convexity.

16



1.1. Convex functions and some related inequalities

Throughout this thesis, for every point (vector) in d-dimensional Euclidean space,
X = (x1,X2,...,X4) € R4, || x| = \/x% +x§ +eoet xsi is the Euclidean norm. Also, for x,y € R4,

(X,¥) = X1 1 + X2 Y2 + -+ + X4 ¥4 is the usual scalar product on R¥.
Here we state a result concerning the Euclidean norm.

Lemma 1.1.12 [12] Let u,v be inR® and t € [0,1]. Then the following identity holds:

A-0lxl?+c|y|* - |a-x+ey|* =t -0 |x-y|>. 1.7)

According to Definition 1.1.10 and identity (1.7), we can conclude that u-strong convexity of
f is equivalent to the convexity of g := f — g III2. Indeed, if f is u-strongly convex, then by
identity (1.7) we get

gltx+(1-10y)

f(rx+(1—r)y)—§||tx+(1—r)y||2

IA

)+ (=0 f () - gru —llx—yI? - §||rx+ 1- 1)yl

= W +U-Df) - gtnxn2 - g(l —Olyl?

= tgx)+1-0gl),

which yields the convexity of g. Conversely, if g is a convex function, then again by Lemma
1.1.12 we have

fax+A-Dy)=gltx+1-0y)+ glltx+ 1- z‘)yII2
< tg(x) +(1- gy + g(rnxn2 (A= DIy -t - Dlx—yI?)
= t(g(x) + gnxnz) - DEgy) + guynz) - gtu —Dllx-yI?

—tf )+ (-0 f() _gm —0lx—yl%

which shows that f is strongly convex with convexity parameter (.

When the function is differentiable, an alternative characterization of strong convexity is in
terms of the gradient inequality as following.

Theorem 1.1.13 [12] Let fbe a continuously differentiable function defined on an open convex

set C < RY. Then f is strongly convex with parameter > 0 if and only if for any x,y € C we
have

f@)Z F+(VF0,y—x)+ 5 |x-y]".

The following result is a characterization of strongly convex functions via the strong mono-
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tonicity of the gradient.

Theorem 1.1.14 [5] Let f be a continuously differentiable function defined on an open convex
set C cRY . Then f is strongly convex with parameter i > 0 if and only if its gradient V f is
uniformly monotone i.e.,

(VfX) -V, x—yy=ulx-yl% x,yeC.

1.2 Concepts of operator theory and operator inequality

LetB(A) stand for algebra of all bounded linear operators on a complex Hilbert space # and
assume that operator multiplication corresponds to operator composition. Then by operator
norm

1T =sup{ll Tx|l : llxll <1},

B(A) is a Banach space.
Definition 1.2.1 [20] A Banach algebra is a algebra «f over the field of complex numbers C
such that

1. of be a Banach space with the norm | - ||,

2. foreveryxandying, |xyl < lxllyll.
Whatsmore, of is called unital if it has a unit e. In this case, it should be || e| = 1.
Example 1.2.2 [20]

1. If & is a compact Hausdorff space, then C(X') (the set of all continuous functions from
X toC) is a Banach algebra with the sup-norm and pointwise operations. The constant
funtion with value 1 is the multiplicative unit.

2. If ¥ be a Banach space, then B(X) (the set of all bounded linear operator from & into
&) with operator norm and operator multiplication (i.e., composition) is a Banach al-
gebra and the identity operator I is the multiplicative unit. As a result, B(A) is also a
Banach algebra.

Let of is a Banach algebra and x € «f . Spectrum of x denoted by o(x) (or Sp(x)), and defined
as follows:
o(x) ={AeC : Ae—x is notinvertible in </},

whatsmore, for x € of we let r(x) denote the spectral radius of it and defined as following:
r(x) =sup{|A] : Leo(x)}.

18
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Definition 1.2.3 [20] A C* -algebra is a Banach algebra </ together with a mapping x — x* on
of satisfying the following conditions:

(@) (x*)*=x forall xe o,

(b) (ax+by)" =ax*+ Z_Jy* forall x,ye o and a,beC,

(©) (xy)* =y*x* forall x,ye o,

@ \x*x|=lx|* forall xe«f.

Any mapping x — x* on an algebra satisfying (a), (b), and (c) is called an involution on the
algebra. The element x* is usually called the adjoint of x.

Example 1.2.4 of =C with z* = Z is the simplest C* -algebra.

Example 1.2.5 o = B(A) with the usual adjoint operation as involution is a C* -algebra. If
S is n-dimensional, then B(A) = M,,(C)is the algebra of all n x n complex matrices and the
adjoint of a matrix in My (C) is its conjugate transpose.

Definition 1.2.6 [20] Suppose of is a C* -algebra and x € o .

(a) We say that x is self-adjoint if x = x*.

(b) We say that x is normal if x* x = xx*.

(c) We say that x is unitary if x*x = xx* = 1.4, or equivalently x* = x™!.
(d) We say that x is contraction if x* x < 1.

(e) We say that x is positive if x = y* y for some y in .

It is clear that both self-adjoint and unitary elements are normal. It is also clear that positive
elements are self-adjoint.

According to part (e) of above definition, an operator A € B(A) is said to be positive (semi-
definite positive) and denoted by A = 0 if for all x € €, (Ax,x) = 0. Also, we say it is strictly
positive (definite positive) if for every non-zero x € # we have (Ax, x) > 0.

The positive operator A € B(A) is strictly positive (A € B(#)"™") ifand only if it is invertible.

Theorem 1.2.7 [20] If A € B(A) is normal, then r(A) = | All.
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Theorem 1.2.8 [15] If A € B(A) be a self-adjoint operator, then o(A) € R. Also, spectrum of a
positive operator included in the set of non-negative real numbers.

If A € B(A) is a positive operator, A? is the unique positive element B which B*> = A. We also
write | Al = v A* A be absolute value of operator A€ B(A). It is clear that | Al = 0 for all A.

The mapping ¢ : B(A) — B(AC) is called positive, if for any positive operator A € B(A), ¢p(A)
be positive operator in B(AC).

Definition 1.2.9 [15] Let & is a Banach space, we say T € B(Z) is finite rank, if it has a finite
dimensional range.

Eigenvalues of the self-adjoint operator A in My, (C) arearranged as A1(A) =2 1(A) = --- = 1,(A4)
and the singular values of an arbitrary operator A€ M, (C) as s1(A) = s2(A=--- = s, (A) are the
eigenvalues of the positive operator | A| .

Definition 1.2.10 [20] Suppose «f and 98 are C* -algebra. A mapping ® : o/ — 9B is said to be
a C* -homomorphism if

®(ax+by) = ad(x) +bd(y) foralla,beC and x,ye o,

O(xy) =0(x)D(y) forall x,ye <,

O(x*)=D(x)* forall xe o,

® maps the unit in of to the unit in 4.

If® is further one-to-one, we say that ® is a C* -isomorphism. Two C* -algebras are C* -isomorphic

if there exists a C* -isomorphism from one onto the other.

Let A be a self-adjoint operator on a Hilbert space /€. The Gelfand map [20] establishes a C* -
isometrically isomorphism ¢ between the set C(Sp(A)) of all continuous functions defined on
the spectrum of A and the C* -algebra C* (A), generated by A and the identity operator I, such
that forall f,g € C(Sp(A)) and a, § € C we have

o plaf+pg) =adp(f)+Pdg),
« P(fQ) =dp(NP(g) and $(f) =P(f*),
* PN =111:=supespa I f (DI,

e ¢(fo) =1z and ¢(fi) = A where fo(t) =1 and f1(t) =t, for te Sp(A).

With this notation we define

FA=¢(f), VY[feC(SpA),
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1.2. Concepts of operator theory and operator inequality

and we call it the continuous functional calculus for a self-adjoint operator A, [9].
Self-adjoint elements in B(A) form a real subspace which denoted by B,(A) and can be
considered by a partial order which for A, B € B, (H) we say that A < B if and only if B -
A=0. Also, A< B ifand only if B— A > 0. Especially, if m, M be two real numbers, then
m< A< M ifand only if m < (Ax,x) < M for every unit vector x € /€. This partial order
is called operator order and the inequality by this order is called as operator inequality. In
fact, in operator inequality both sides of the inequality deal with self-adjoint operators, hence
continuous functional calculus is a very useful tool for achieving these kind of inequalities.
However, it should be noted that many numerical inequalities are not extendable to operators
or their operator version are different from numerical form. For instance, triangular inequality
for two matrices A and B as |A+ B| < |A| +|B| is not always true.

If Ais a self-adjoint operator and f is a real-valued continuous function on Sp(A) then f(t) =0
for any t € Sp(A) implies that f(A) =0, i.e., f(A) is a positive operator. Moreover, if g(t) be a
real-valued continuous function on Sp(A) such that f(t) < g(t) for any t € Sp(A) implies that
f(A) < g(A).

Definition 1.2.11 [19] A real-valued continuous function on an interval .% is said to be opera-
tor convex if
fAA+(Q-AVB) = Af(A+1-Nf(B),

for A € [0,1] and self-adjoint operators A and B on the Hilbert space /€ with spectrum in .%.
Notice that a function f is operator concave if - f is operator convex.

Definition 1.2.12 [19] A real-valued continuous function on an interval .# is said to be op-
erator monotone with respect to the operator order, i.e., A < B with Sp(A),Sp(B) c .& imply
f(A) < f(B).

We notice that f : [0,00) — [0,00) is operator monotone if and only if it is operator concave, see
[11, Theorem 2.5.2].

Example 1.2.13 [9] The function f(t) = t" is operator monotone on (0,00) ifand only if0 < r <
1. In addition, the function f(t) = t" is operator convex on (0,00) ifand only ifr € [-1,0]U[1,2].
The logarithmic function f(t) =Int is operator monotone on (0,00). The exponential function
f (1) = e' is neither operator convex nor operator monotone.

Remark 1.2.14 It should be noted that every operator convex function is a convex function in
the sense of the real-valued function, but it does not hold vice versa. Moreover, every operator
monotone function is an increasing function in the sense of real-valued function, but it is not
valid conversely.

Example 1.2.15 The function f(t) = t> on [0,00) is convex, but it is not operator convex. Be-
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cause, by considering

10
» B=
3 3
A+B A+Bg_1(11 9

R I ICEE,

then

20

Whatsmore, by utilizing these two matrices A and B we can conclude that the increasing func-

tion f(t) = t2 on [0,00) is not operator monotone. Because, A= B =0 but A? ;é B2. Namely
4 3
A’-B%*= 0.

For the basic results on operator convex functions (operator concave) and operator monotone,
we can refer the reader to [9].

As we know, in the operator inequalities both sides of the inequality should be self-adjoint.
Therefore, we are not allowed to multiply both sides in a self-adjoint operator, because the self-
adjoint property may not be valid after multiplication. The following lemma shows how the
multiplication of an operator in the both sides can be done.

Lemma 1.2.16 [15] Let A,B € By, () and A < B. Then for C € B(A) we have

C*AC<C*BC.

1.3 Operator norms

One of the remarkable topics in the field of inequalities, are norm inequalities that deal with
operator norms. In this section, we introduce some operater norms.

As we know, in spaces with a finite dimension, all norms are equivalent. In the other words, for
every pair of norms || -lq and | - || g, there are some constants like ¢ and c, such that for every x

cillxlle = llxlig < c2llxllq-

Therefore in a finite dimension vector space all norms produce the same topology, hence upon
their properties they will be selected

The norm ||| - ||| on My (C) is said to be unitarily invariant if ||| UAV|| = || All| for every A and
unitaries U, V. The singular value decomposition theorem states that for every A € M,,(C) there
are unitary matrices U and V such that A = U(s1(4), $2(A),...,s,(A)V. As a result, unitarily
invariant norms are functions of singular values. In [13, 3], Von Neumann proved that these
are symetric guage functions, i.e., these norms correspond to the function ® on R", which have
the following properties.

e O(Px)=®(x) forall permutable matrices P and x € R".
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1.3. Operator norms

e Ifej==1, then ®(€1x1,€2X2,...,€pXy) = P(X1,X2..., Xn).

There is a one-to-one correspondence between unitarily invariant norm ||| - ||l and symetric
guage function ® which are related together as following:

[I[Allle = D(s1(A), $2(A), ..., sn(A)),

for every Ae M, (C).

In fact, this norm is closed in the topology generated by ||| - ||lo and is called the norm ideal
dependenton|||-|llp.

For1 < p < oo, Schatten p-norm of the matrix A is defined as following:

1AL, = (TrIAIP)? = (). (5 (D"},

n
j=1

where Tr is the trace functional. The Schatten p-norms are important examples of unitarily
invariant norms, where p = 1, p = 2, and p = oo correspond to the trace norm, the Hilbert-
Schmidt norm, and the spectral (usual operator) norm, respectively. Namely, based on Schat-
ten p-norms, operator norm defines as follows:

A= | Alloo = $1(A) = lim [l Af .
p—oo

Another kind of unitarily invariant norms, are Fan k-norms which are defined as

k
lAlg =Y sj(A), 1<k<n,
j=1

and by this notation, operator norm is given by:

A=l Alloo = 1 All ).

Lemma 1.3.1 (Fan dominance principle)[3] Let A and B be two matrices in My (C). If
I Al < 1Bl

fork=1,2,...,n, then
AN < IBIlI,

holds for all unitarily invariant norms.
For every three matrices A, B, and C we have
IHIABCII| < [IANIBIHICII.
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Now, we discuss about another norm on B(A) which is equivalent to the operator norm.
The numerical range of an operator A € B(/) denoted by W (A) is the subset of the complex
numbers C given by:

W(A) ={{(Ax,x) : xe A, ||x|l =1}.

Based on the definition of W (A) the following properties are immediate.

e W(al+pBA) =a+pW(A), forevery a,BeC.
e W(UAU")=W(A), forevery unitary operator U.

s W(A") =(W(A)".
The following interesting properties of numerical range are proved in [10].
Proposition 1.3.2 Suppose A€ B(A). Then

e W(A) isa convex subset of C.

o The spectrum of A is contained in the closure of its numerical range, i.e., 0(A) € W (A).

The numerical radius w(A) of an operator A in B(F) is defined by
w(A) =sup{|Al, L€ W(A)} =supil[{Ax,x)| :xe A, x| =1}. (1.8)
It is well-known that w(-) is a norm on the B(/f):
e Forevery A e B(#°) we have w(A) =0, and w(A) =0 ifand only if A=0,

o w(AA) =|Aw(A) forevery A € C and A € B(A),

* w(A+B) <w(A)+ w(B) for every A and B in B(F).
This norm is equivalent to the operator norm. In fact, we have the following exact result [10].

Theorem 1.3.3 For every A € B(A#) we have

w(A) = Al =2w(A). (1.9)

Both inequalities in (1.9) are sharp. The first inequality becomes an equality if A is a self-
adjoint operator. The second inequality becomes an equality if A> = 0.
Also, it is a basic fact that w(-) satisfies the power inequality

w(A™ < wA",
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for every A and every natural number n. Another basic property of the numerical radius, is
that it is weakly unitarily invariant, i.e.,

w(UAU™) = w(A),

for every unitary operator U. One of the interesting property of w(-) is that it is not submulti-
plicative, i.e.,

w(AB) < w(A)w(B)

does not hold in general, even if A and B commute to eact other.

Example 1.3.4 Supposethat A= . Then w(A) <1 and w(A%) = w(A3) = %, there-

S O o O
oS O O©O =
S O = O
S = O O

fore w(A3) £ w(A)w(A?).

In the following proposition submultiplicative property of the numeriacl radius is expressed
[10].

Proposition 1.3.5 Let A, B e B(A). Then

* w(AB) <4w(Aw(B).
e IfAB=BA, then w(AB) <2w(A)w(B).

* IfAB = BA and A be a normal operator, then w(AB) < w(A)w(B).
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- Hermite-Hadamard inequality for op-
erator geometrically convex functions

In this chapter, first we discuss Hermite-Hadamrad inequality for geometrically convex func-
tions and summarize the obtained results. Then we introduce operator geometrically convex
functions and present Hermite-Hadamard type inequality for this kind of functions. At the end,
as an application of the result which we proved, we refine a norm inequality.

2.1 Inequalities for geometrically convex functions

Definition 2.1.1 [11] A continuous function f : ¥ < R* = (0,00) — R* is said to be geometri-
cally convex if

f@b'™ < f@t ',
fora,be ¥ suchthata< b and A€ 0,1].

Every polynomial P(x) with non-negative coefficients is a geometrically convex function on
(0,00). More generally, every real analytic function f(x) = Y5, c,x" with non-negative coef-
ficients is geometrically convex function on (0, R) where R denotes the radius of convergence
[11].

The author of [5] proved the following Hermite-Hadamard type inequality for operator geo-
metrically convex funtions.

Theorem 2.1.2 Let f : ¢ < R* — R* be a geometrically convex function and a,b € ¢ which
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Hermite-Hadamard inequality for operator geometrically convex functions

a<b.Iff € L'a,bl, then

1 by | ab
f(\/%) < mﬁ; f(t)f(T)dt
1 b f
= lnb—lnaj; t dt
- fb)-fla)
~ Inf(b)-In f(a)
< f(a);—f(b)‘

By changing the variable t = a*b'~" in the above theorem, we have

b 1
1 f f(tt)dl:f f(a’lbl_’l)d/l.
a 0

Inb-Ina

Remark 2.1.3 For positive scalers a and b, we have

b b
mini{a, b} < G(a,b) = Vab < La,b) = ——% < Ata, b) = 222 < max{a, b}
Inb-Ina 2

The following lemma shows the relation between convex and geometrically convex functions.

Lemma2.1.4 [11] Let ¥ be an interval in R* and f : ¥ — (0,00) be a geometrically convex
function. Then
F =logofoexp:log(.#) =R

is convex function. Conversly, if ¢ be a subinterval inR* and F : ¢ — R be a convex function.
Then

f =expoFolog:exp(#) —R"

is a geometrically convex function.

On the other hand, in [12] the authors by considering Hermite-Hadamard inequality for con-
vex function f : [a, b] — R seperately on each intervals [a, “t2] and [%b, bl, and then by suma-

tion resulted inequalities, they presented a refinement of Hermite-Hadamard inequality for
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2.2. Operator geometrically convex functions

convex function f : [a, b] — R as following

f(a+b) - %(f(3a+b)+f(a+3b

|

2 4 4
b
< b—al, fx)dx
- l(f(a+b)+f(a)+f(b))
2 2 2
< M‘ @2.1)

2
Also, in [10] based on Lemma 2.1.4 and inequality (2.1) and by considering ¢ = [a, b] with

log.# = [loga,logbl, the following refinement of Hermite-Hadamard inequaity for geometri-
cally convex function is proved.

Theorem 2.1.5 Let [ be a geometrically convex function on [a, b] such that0 < a < b. Then

f(Vab)

IA

\/(f(ai bi) f(at b%))

b1 f
= (logbllogaf = (t)dt)
Jrab.if .7
\ f(@f D). (2.2)

IA

IA

2.2 Operator geometrically convex functions

In [4] Dragomir investigated operator version of Hermite- Hadamard inequality for operator
convex functions and proved the following result.

Theorem 2.2.1 Let f : ¢ — R be an operator convex function defined on .#. Then for any self-
adjoint operators A and B with spectra in .#, the following inequalities hold:

A+ B 1 3A+B A+3B
f(Z)SEf(4)+f 4)
1
< ff((l—t)A+tB)dt
0
i A+B)+f(A)+f(B)
2 2 2
< [AHB) (A)+f B 2.3)
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Hermite-Hadamard inequality for operator geometrically convex functions

Proof Since the function f is continuous, the operator valued integral fol f(A-HA+tB)dt
exists for any selfadjoint operators A and B with spectra in .%.
According to the definition of an operator convex function, we have

f(C;D) < %[f((l—t)C+ tD)+ f(1-1)D+tC)]

IA

1
5 [F©+ 0], (24)

for t €(0,1] and selfadjoint operators A and B with spectra in .%.
Integrating the inequality (2.4) over [0, 1] and taking into account that

1 1
ff((l—t)C+tD)dt:f f(1-nD+tC)dt,
0 0

then we deduce the Hermite-Hadamard inequality for operator convex functions

C+D

=

f(©) erf(D), 2.5)

1
)sf fA-nC+tD)dt <
0

that holds for any C, D € B, (A) with spectrain .#.
Now, on making use of the change variable u = 2t we have

i 1
f f(A-nA+ tB)dtzlf fA-wA+ uA+B)du,
0 2Jo 2
and by the change of variable u =2t — 1 we get
1 1! A+B
f flA-nA+ tB)dt:—f f(1-u) + uB)du.
! 2Jo 2
Hence, by utilising inequality (2.5) we obtain
3A+B 1 A+B_ 1 A+B
f( 2 )Sj(; f(A-wA+u 2 )SE f(A)+f(T)],
and .
A+3B A+B 1 A+B
f( )Sf f(A-w +uB) =< - f(B)+f(—)],
4 0 2 2 2

which by sumation and division by two we get the desired result. |}

Dragomir in [4], presented another proof of above theorem. He proved that
e =(f(tA+ (1 - 1)B)x,x)

for all A, B € B, () with spectra in ¢ and x € A which ||x|| = 1, is a convex function on
[0,1]. Then by utilising Hermite-Hadamard inequality for real-valued convex function ¢ on
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2.2. Operator geometrically convex functions

each subintervals [0, %] and [%, 11, produced the desired result.

As we mentioned in chapter one, the function f(t) = t" is operator convex on (0,00) if either
—1<r<0orl<r<2. Dragomir in [4] by replacing this function as a sample of operator
convex function in inequality (2.3), obtained the following inequalities:

A+B, 1[3A+B_, A+3B_,
( ) = = |( +( )
2 2 4 4

1
< f((l—t)A+tB)rdt
0
1[{ A+B, A"+B’
= - |( )+
2 2 2
A" +B"
< > ) rel[-1,0]uU[l,?2]. (2.6)

Now we are going to introduce operator geometrically convex functions.
For any two strictly positive operators A and B in B(/C) and t € R, Af;B is defined as followng:

AfB=A2(A"2BA ?) Az, @2.7)

which is a strictly positive operator in B(A). In the case 0 < t < 1, the operator Af;B is called
the t- weighted geometric mean of A and B. In particular, for t = %, the operator A§B := Aff 1 B
is called the geometric mean of A and B.

In [8] the following properties of Al B is represented.

Lemma2.2.2 [8]IfA,BeB(A)"" and t€R. Then

(i) At;B=A"'B! for AB=BA.
(i) (aA)t;(bB) = a'~'b'(Af,B) fora,b>0.
(iii) Af;B=Bfi_,Aand (Af,B)"' = A~14,B71.

Proposition 2.2.3 [13] Let A,B € B(#)* such that Sp(A),Sp(B) € £ and t € [0,1]. Then
Sp(Af;B) c 4.

Proof Let.¥ = [m, M] for some positive real numbers m and M with m < M. Since Sp(A),Sp(B) <
&, we have

mlzy <A< Mlg, 2.8)
mlze < B < M. 2.9)
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Hermite-Hadamard inequality for operator geometrically convex functions

So according to Theorem 1.2.16 and by multiplying both sides of inequality (2.9) by A2, we
obtain

AT SmA P <A IBA I <AIMA:
= mA V<A IBA I <MA™L

Now by considering operator monotonicity property of function f(x) = x* on (0,00) for t € [0, 1]
we have
mfA™ < (AT2BA ) < MTA™, (2.10)
by multiplying inequality (2.10) in A2 from both sides, inequalities
m'A" < A B< MTAY,
hold, so according to inequality (2.8) we have
mm 1 <m! AV < Al B< MPAY T < MYMY T 1 g,

or
mlﬁSAﬁtBSMlﬁ,

which is equivalent to
o(A4;B) < ¥ =[m, M].

Now by considering Proposition (2.2.3), we represent the following definition.

Definition 2.2.4 [13] A continuous function f : ¥ <R* — R” is said to be operator geometri-
cally convex function if

f(A4:B) < f(ADt, f(B)
for A,BeB(A)"" such that Sp(A),Sp(B) €.# and t € [0,1].

Now the question is that, whether we can present Hermite-Hadamard inequality for operator
geometrically convex functions or not?
In the following we present some results which we derived in answering the above question.
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2.2. Operator geometrically convex functions

2.2.1 Inequalities for operator geometricallty convex functions
We need the following lemmas and theorem for proving our results.
Lemma2.2.5 [7,8] Let A,BeB(A)*" and t,s,u€R. Then

(AﬂtB)ﬁs(AﬁuB) = Au(lfs) t+suB.

Lemma 2.2.6 [7] Let A, B,C, D be operators inB(#)** and t € R. Then
AftB = Ci:D,

forA<CandB<D.

According to Lemma 2.2.6, we can prove Proposition 2.2.3 in a shorter way as following:

Proof Second proof of Proposition 2.2.3: By utilizing inequalities (2.8) and (2.9), since A <
M1 5 and B < M1 g, according to lemma 2.2.6 we obtain

AftB = (M1 z)8:(M1 7) = M. (2.11)
We also have m1 z < A and m1 z < B. By using lemma 2.2.6 again, we have
m = (ml )t (ml z) < A4;B. (2.12)

According to the inequalities (2.11) and (2.12), the proof will be completed. |}
The following characterization of operator convex functions holds.

Theorem 2.2.7 [4] (Operator Jensen inequality) Let /€ and & be Hilbert spaces. Let f be a
real valued continuous function on an interval .. Let A and A; be selfadjoint operators on A
with spectra contained in %, foreachi = 1,2,..., k. Then the following conditions are mutually
equivalent:

(i) f isoperator convex on #.
(i) f(C*AC) < C* f(A)C for every selfadjoint operator A : # — F and isometry C : X —
Jf, i.e., C*C= ljf.

Lemma 2.2.8 [13] Let A,BeEB(A)**. If f: % SR" — R" be a continuous function, then

folf(AﬂtB) 8f (Af1-B)dr < (folf(AﬂtB)dt)ﬁ(/olf(Aﬂl_tB)dt) (2.13)

which Sp(A),Sp(B) < .#.
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Hermite-Hadamard inequality for operator geometrically convex functions

. L1 .
Proof Since the function t2 is operator concave, we can write

([ s ([ s ([ s ame]

By change of variablev =1—-u

1

2

1

- (folf(Alin)dv)‘z1 (folf(AﬂuB)du) (folf(Aﬂ,,B)dV)_zl)z
: fol (f"lf(AuyB)dv)é JUARE) (folf(AliuB)dU)é du)2

1/ pl 3 1 » .
= fo (fo f(AﬁuB)dv) (f(Ath-uB))f((f(Aﬁl_uB))Tf(AﬁuB)(f(Aul_uB))T)

1
2

(L 3
x (f(Af1-uB))? (fo f(Ali,,B)dv) du)

By the operator Jensen inequality

2

§ fol (fol f(AlivB)dv)ZI (f(At1-uB)? (((f(Aﬁl‘”B))%f(AﬂuB)(f(Am_uB)))%)

-1
1 z
x (f(AﬁlfuB))% (fo f(Alij)dv) du

= (folf(AtiuB)dv);f(]l(f(Alil—uB))’ (

1 z
x (f(Am_uBn%du( fo f(Aﬁ,,B)dv)

1

_ =1\2
(F(A1-uB) 7 F(A8uB) (f (Af1-uB) ° )

o=

L —

By change of variableu=1-v

1

1 z
X (f(Aﬁl—uB))%du (fo f(Aﬁl_uB)du) .

So, we got

((folf(Aﬁl_uB)du)_Zl Uolf(Aﬁ”B)du) (j(;lf(Aﬁl—uB)du)_ZI);

> (fol f(Atn_uB)du)Z1 fol(f(Am_uB))% (((f(Aﬁl_uB))zlf(AuuB)(f(Aﬁl_uB)));)i

=1
2

1
x (f(Aul_uBn%du( fo f(Aljl_uB)du)

36



2.2. Operator geometrically convex functions

1
Multiplying both sides of above inequality by ( fol f(Afh_,B)d u) *, we concluded

(folf(AﬁuB)st)ﬁ(folf(Aﬁl—uB)du) Zfolf(AﬂuB)lif(Alh_uB)du.

Before giving our theorems in this section, we mention the following remark.

Remark 2.2.9 Let p(x) = x' and q(x) = x° on [1,00), where0 < t < s. If f(A) < f(B), then
Sp(f(A)‘%f(B)f(A)‘%) € [1,00). By functional calculus, we have

v(f(A)%l f(B)f(A)‘%) < q(f(A)%]f(B)f(A)%).

So, t s
(faz r@r@z) <(f? rermw?).

Now, we are ready to prove Hermite- Hadamard type inequality for operator geometrically con-
vex functions.

Theorem 2.2.10 [13] Let | be an operator geometrically convex function. Then, we have

1 1
f(AnB)sfo f(AﬁtB)dtst fA4:fB)dt. (2.14)

Moreover, if f(A) < f(B), then we have

1 1 1
/0 f(AﬁrB)dtSfo fA: fB)dr < E((f(A)tif(B)) + f(B)) (2.15)

for A,BeB(A)*".

Proof Let f be an operator geometrically convex function, then we have

f((At:B)#(Ath-B)) Bylemma?22.5
f(At:B)tf (At—+B) f is operator geometrically convex

f(A¢B)

IN
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Hermite-Hadamard inequality for operator geometrically convex functions

Taking integral of the both sides of the above inequalities on [0, 1] we obtain

IA

rla) = [ r(anB)es (an-B)ar

IA

(folf(AH[B)dt)H(folf(Aﬂl—tB)dl‘) By Lemma 2.13
folf(AtI[B)dt

flf(A)ﬂtf(B)dt.

0

IA

For the case f(A) < f(B), by applying Remark 2.2.9 for s = % we have

(f(A)‘%f(B)f(A)‘%)t < (f(A)_%f(B)f(A)_%)% .

By integrating the above inequality over t € [0, %], we obtain

1

[ (e tr@sat) ars g (st rmrart).
0

1
2

Multiplying both sides of the above inequality by f(A) 2, we have

% 1 1 1\! 1
fo f(A)E(f(A)‘if(B)f(A)‘E) FAdt

1 1 1 1)1 1
Si(f(A)Z(f(A)Zf(B)f(A)Z) f(A)z).

It follows that

FALf(B)

f " A FB) =
0 2

On the other hand, by considering Remark 2.2.9 for s = 1 we have

(ratr@ ) s fa e

Integrating the above inequality over t € [%, 1], we get

(ratrm ).

! -1 _nt 1
|, rartrmra ) a3
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2.2. Operator geometrically convex functions

By multiplying both side of above inequality by f(A) 2, we have

1 , . . 1 B
[t (rtrmpart) fatar< 12,
It follows that
! B
ﬁ FA:f(B) < % (2.17)

From inequalities (2.16) and (2.17) we obtain

IA

i 1 i 1
fo FAt B+ f F(AtB)dt fo FAfBYdr+ f FAf(B)AL

FMEf(B) +f(B)
2 2

It follows that

1 1 1
fo F(AtBYdt < fo FARFBIAL< S (FARFB)+ FBY).

By making use of inequalities (2.14) and (2.15), we have the following result.

Corollary 2.2.11 [13] Let f be an operator geometrically convex functions. Then, if f(A) <
f(B) we have

((f(Rf B+ f(B)) (2.18)

N =

1
f(AEB) < fo f(At;B)dt <

for A,BeB(A)".

Remark 2.2.12 It is interesting to note that we can not replace the last part of either inequal-
ities (2.15) or (2.18) with a smaller bound f(A){ f(B). Because, by considering f(t) =t, A=1
and B = el as an example, which e is the Euler constant, we have

1 1 1
f(f(A)]jtf(B))dt=f 11"><(e1)“dt=f eldt=e-1.
0 0 0

On the other hand
fARF(B) = If(el) = IZ x (el)? = ez.

So, it results
e—1=1.71+e? = 1.64.
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Theorem 2.2.13 [13] Let f be an operator geometrically convex function. Then, for A,B €
B(A)" we have

1
f(AﬁB)st f(At:B)tf (At1—¢B)dt < f(ALf(B). (2.19)

Proof In fact

f(A4B) f ((At:B)(At1-B)) ByLemma2.2.5
fA8:B)t f(Af1—:B) f is opertor geometrically convex function
(A fB)E(f(At1-:f(B)) ByLemma?2.2.6

FAYf(B).

IA

IA

It follows that
f(ALB) = f(A4: B f (A~ B) < f (AR f(B).

Integrating the above inequality over t € [0, 1] we obtain the desired result. |}

We divide the interval [0,1] to the interval [v,1 —v] whenv € [0, %) and to the interval [1 —v, V]
whenv e (%, 1]. Then we have the following inequalities.

Theorem 2.2.14 [13] Let A,B € B(#)"™" such that f(A) < f(B). Then we have

1. Forvel0,3)

1-v
FA4f(B) = oy [ f(B)dt < f(A-vf(B). (2.20)
2. Forve (3,1]
1 v
JAh-vf(B) = mfl FA:f(B)dt < f(A)y f(B). (2.21)

Proof Letve]|0, %), then by Remark 2.2.9 we have

(rw?rerw?) < (fw? reraw?)
(rw? rmrw?)”

IA
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forv<t<1l-v,and A B € B(AHA)*" such that Sp(A),Sp(B) < .#. By integrating the above
inequality over t € [v,1—v] we obtain

IA

1-v -1 -1\V -1 -1\!
[ (r? rmran?) ar FA? FBIFA?) drt

IA

1-v
J |
1-v = _iz1-v
L (Fz rerw=)  a.

It follows that

1-v

1 Bl -1\ !
| @7 rerwz) d

(rw? rerw?)

(ra?rerw?)

IA

IA

Multiplying the both sides of the above inequality by f (A)2 gives us

1-v

1—2v), FD fB)dt < f(Ah-vf(B).

fAE f(B) <
Also, we know that

1-v

1
lim —— F(AY f(B)dt

v—1 1-2vJ,
= lim f(Af1-vf(B)

lim (A f(B)

= fALf(B).

Similarily, forv e (%, 11, by a same proof as above we get

1
2v—1

FAh-vf(B) < fli FA:fB)dr < f(ALf(B).

Hence, the proof will be completed. |}

By definition of geometrically convex function and (2.20) we have

1 1-v

), f(At;B)dt

IA

f(AtvB)

1-v

1
T—2v), FAf(B)dt

f(Ah-vf(B),

I\

IA
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forvelo, %).
We should mention here that by Hopital’s rule we have

lim
v—1 1-2v

1-v
f f(Af:B)dt=lim f(AfyB) = f(A4B).

1
V—>2

On the other hand, by definition of geometrically convex function and (2.21) we have

1 v
f(Ah-vB) = Zv_lfl_vf(AﬁtB)dt
1 v
< 1 I_Vf(A)ﬂtf(B)dt
<= f(Af(B)

forve(%,l].

2.2.2 Examples of operator geometrically convex functions

In this section we represent some examples of operator geometrically convex functions. At the
end, we derive a refinement of an norm inequality.

Remark 2.2.15 For operators A, B € B(A#)"", Ando proved in [1] that if ¥ is a positive linear
map, then we have
V(A B) =Y (AWY(B), vel01].

The above inequality shows that we can find some examples of operator geometrically convex
functions f when they are linear.

Example 2.2.16 According to Lemma 2.2.2, part (iii), we can easily check that the function
f(t) = t7! is operator geometrically convex function on B(A) ™.

Theorem 2.2.17 [3] Let A and B be two strictly positive operators. Then the block-matrix
A

X*

X
B] is positive ifand only if A= XB™1 X*.

Definition 2.2.18 [1] Let ¢ be a map on C* -algebra B(A°). We say that ¢ is 2-positive if the
¢(A)  ¢$(B)
$(B*) ¢$(C)

>

2 x 2 operator matrix = 0 then we have

*

In [9], M. Lin gave an example of a 2-positive map over contraction operators (i.e., (|| All < 1)).
He proved that

Gt)=1-0"" (2.22)
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2.2. Operator geometrically convex functions

is 2-positive. In the following example, we show that this function is operator geometrically
convex function.

Example 2.2.19 [13] Let A and B be two contraction operators in B(#)**. Then
IABI* < IAIBI <1,
or in the other words, AfB is a contraction operator. Also, we have AfB = B A and
A= (A{B)B™' (AfB),
so, according to Theorem 2.2.17 we can conclude that the positivity of operator matrix

A AfB
AfB B

Hence, by (2.22) we obtain
(I-A7'  (I-(AB)!
(I-AB)Y™Y  (d-Bt

is positive.
On the other hand, by Ando’s characterization of the geometric mean if X is a Hermitian oper-
ator and
A X
=0.
X B
Then X < AfB.

So we conclude that (I — (AjjB)_l) <(I- A)_ljj(l -B)L Therefore, the function ¢(t) = (1— !
is operator geometrically convex function.

Also, Lin proved that the function
(1) = 1+1¢
vi=1=
is 2-positive over contractions. By the same argument as above example we can say the above

function is operator geometrically convex too.

Example 2.2.20 [13] In the proof of [6, Theorem 4.12], by applying Hélder-McCarthy inequal-
ity the authors showed the following inequalities

(At Bx, x) <(A'7‘BA‘71)“A%x,A%x>

l1-a

IA

(4% BA?) A%x,A%x>“ (Aix, Abx)
(Ax, x)1 "% (Bx, x)®
(Ax, x)o(Bx, x)
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forx € A and a € [0, 1]. By taking the supremum over unit vector x, we obtain that f (x) = || x|
is geometrically convex function for usual operator norms.

By the above example and Corollary 2.2.11, when || A|l < || B|| we have

1 1
IA§ Bl Sfo A Blldt < 5(\/ IAINBI + 1B

for A,BeB(A)"", which is a norm inequality with the operator norm.
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- Refinements for some inequalities
related to unitarily invariant norm

Another kind of convex functions, are log-convex functions. This chapter deals with these func-
tions. By utilizing the results which we derive, we give some refinements on interpolation be-
tween the arithmetic-geometric mean and Cauchy-Schwarz matrix norm inequalities.

3.1 Some inequalities for arithmetic-geometric convex functions

Definition 3.1.1 A continuous function f : ¢ < R — R* is said to be an AG-convex function
(arithmetic-geometrically orlog convex function) if

fla+1-Nb) < f@*fb)' ™, (3.1)

fora,be # and A €[0,1], i.e., log f is convex.

As an example, f(t) = e' is an arithmetic-geometric convex function.
According to Young inequality, we can write inequality (3.1) as following

fAa+1-0)b) < f@*f) < Af(@) + Q=) f(b),

it means that every arithmetic-geometric convex function is a convex function.
Remark 3.1.2 [7] The condition (3.1) can be written as following

folog(exp(Aa) exp((1 — A)b)) < (f olog(exp(a))* (f olog(exp(h))' 4, (3.2)

then we observe that f : ¥ — R* is AG-convex on . if and only if f olog is G-convex (geometri-
cally or multiplicative convex) on exp(.#) := {exp(x), x € Z}.
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If # = a, b], then exp(#) = [exp(a), exp(D)].

The authors of [10] represented Hermite-Hadamard type inequality for arithmetic-geometric
convex functions. To complete the discussion we bring the proof here in a short way.

Theorem 3.1.3 [10] Let f be an AG-convex function defined on [a, b]. Then, we have

f a;—b) < \/f 3a;—b)}c a-;?)b
< flogof(u)du)
< / a+b \/]T\/f(T
=< f(a)f(b), 3.3)

Proof Let f : [a,b] — R* be an AG-convex function. Then by Remark 3.1.2, f olog is G-convex
on [exp(a),exp(b)]. By applying (2.2), we obtain

folog(v/exp(a)exp(b)) = \/folog (exp(a)% exp(b)i) folog(exp(aﬁ exp(b)%)

- ( 1 exp(b) Jogo f o log(t) )
- logexp(b) —logexp(a) exp(a) t
< \/fOIOg vexp(a) exp(b).{‘/fdogexp(a). {‘/fOIOgexp(b)

IA

\/fologexp(a)fOIOgexp(b).

Hence, we can write

petnfen( 57 = |[romsen( 57 (reosen(*57)
5 ( 1 exp(b) logofolog(t) )
- logexp(b) —logexp(a) Jexp(a t

IA

\/fologexp ) \/fOIOgexp(a) \/fOIOgexp(b)

IA

\/fologexp(a)fOIOgexp(b).

Then, we have the desired result. |}
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3.2. Inequalities related to unitaritly invariant norms of operators

3.2 Inequalities related to unitaritly invariant norms of operators
For a, b € C arithmetic-geometric mean inequality is as following.

2 b 2
\ab| < w (3.4)

The norm version of above inequality is
* 1 * *
lIIAB IIISEIIIA A+ B Bll| (3.5)

where A, B € M,,(C).
A generalization of the above inequality has been given in [4] that asserts that for A,B, X €
M, (C) we have

* 1 * *
[[|/AXB |||5§|||A AX+ XB™Bl||. (3.6)

On the other hand, the Cauchy-Schwarz inequality for a;, b; € R is
n

iéaibis (z

2
a;
i=1

A ETAY:
(;bf) : 3.7)

The norm version of the Cauchy-Schwarz inequality for A, B € M,,(C) is as follows.

IIAB*[II* < || A* Alll|l|B* Bl (3.8)
A generalization of the above inequality asserts that if A, B, X € M, (C), we have

AXB*|II> < [I|A* AX|III| XB*BI|l. (3.9)

We refer the readers to [3] for more results about the Cauchy-Schwarz inequality.
Recently, it has been proved in [2] that for all A, B € M,,(C) and allv € [0, 1], we have

IIIAB* ||| < [|IVA* A+ (1 —v)B*B|||l||(1-v)A* A+ vB*B||. (3.10)

The above inequality interpolates between arithmetic-geometric mean inequality (3.5) and
Cauchy-Schwarz inequality (3.8) by letting v = % and v = 1, respectively.

In [6], the author has proved inequality (3.10) in a different way.

A generalization of inequality (3.10) has been derived in [11] which asserts that if A,B,X €
M,,(C) we have

IIAXB*|||* < ||lvA* AX + (1 —=v)XB*BI|||l|(1 -v)A* AX + vXB*B|||. (3.11)

The above inequality interpolates between inequalities (3.6) and (3.9).
In the following, we give examples of arithmetic-geometric convex functions and then by using
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Refinements for some inequalities related to unitarily invariant norm

Hermite-Hadamard inequalities for them, we derive an interpolation between the arithmetic-
geometric mean and Cauchy-Schwarz matrix norm inequalities.

The author of [5] proved that if A, B, X € B(#) such that A and B are positive operators, then
for0<v =1 wehave

A XB™ Il < [IIAXII[V I XBIII*™Y. (3.12)

In the following we show the log-covexity of a function which the idea of proof comes from [8,
Lemma 2.1].

For T € B(#), when we consider ||| - |||, we are implicity assuming that the operator T belongs
to the norm ideal associated with ||| - |]].

Lemma 3.2.1 [9] Let A, B, X € B(A) such that A and B are positive operators. Then

fO=1A"XB™"||]

is AG-convex on [0, 1].

Proof We should prove that f(at+ (1 —a)s) < f(t)“f(s)l_“,fora €(0,1) ands, t€[0,1].

flat+(1-a)s) = |lav+i-osxpl-arizad

— |||Aa(t—s)ASXBl—tB(I—a)(t—s)|I|

< [NATSAXBHI*INASXB T BTN by (3.12)
= [A'XB™1*IIASXB |1

= fO*f(e)'

So, f(t) =|[|A*XB'~!||| is an AG-convex function. |

Applying inequalities (3.3) to the function f(t) = |||(A* A)! X (B*B)'~!||| on the interval [v,1-V]
whenv € [0, %) and on the interval [1 —v,v] whenv € (%, 11, we obtain the following theorem.

Theorem 3.2.2 [9] Let A,B, X € B(A) and v € [0,1]. Then

% 1 *py L * gy L2V * oy =2V 1 * gy 322V * oy X2 1
(A*A)2X(B*B)zlll < [II(A*A)" 4 X(B*B) 7 ||IZ|II(A*A)™7 X(B*B) 1 |||2
1 1-v
< exp(—f loglII(A* A)“X(B*B)'"“|||du
1-2vJy
PR SRR BN § % ANV T N, vy * V%
< |I(A* Az X(B*B)2|I12|II(A* A)Y X (B*B)' V||| [|(A* AV X (B*B) V||| 2
1 1
< A A XB*B) II1Z1I1(A* AV X (B*B)"|||=.
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3.2. Inequalities related to unitaritly invariant norms of operators

Proof Letve [0, %), then by inequalities (3.3) for operator AG-convex function f, we have

f v+1—v) 3 \/f(3v+1—v)f v+3(1—v))
2 = 4 4
< (;[vl VlogOf(u)du)
/ v+1 v \/]T /—f(l "
< f(v)f(l V).

Now by considering f(t) = |||(A* A)* X(B*B)'~!|||, since it is AG-convex according to Lemma
3.2.1, by replacing it in the above inequalities we conclude:

II(A* A)2 X (B*B)?||

IA

I1A*A) T X(B*B) T IIZ1I1(A*A) T X(B*B) T |||2

IA

1 1-v * u * 1-u
exp(mfv log|I1(A* A)“X(B* B)'™"|||du

11(A* A)2 X (B* B)Z|II12 ||I(A* A) X(B* B) ™ |lI3 [II(A* A X(B* B)"|l|
11(A* A)Y X(B* B [I12[II(A* A X (B*B)"|||2.

IA

IA

Similarly, forv e (%, 1] we have

I1(A* A)2 X (B* B)Z||

IA

A" A) X(B B) ||| (A" A) X(B B) |||2
1 * u * pyl—u
exp(—zv_lfl_vloglll(A AYXB*B) " Yldu

IA

II(A* A)2 X(B* B) 2|l |II(A* A)Y X (B B) [lI3]11(A* A X(B* B)"|||3
1 * — * 1
< [IIA* A X(B*B) 12 III(A* AV X(B*B)V|I|2.

IA

Since

1 1-v
11mexp(1—2vf log|[|(A* A)“X(B*B) “|||du| = |I|(A* A)2 X(B*B)?||l.
v

v—1

This completes the proof. |}
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Refinements for some inequalities related to unitarily invariant norm

Theorem 3.2.3 [9] Let A, B, X be operators in B(A#). Then

IA* A2XB*B)ZIIl < |II(A*A)iX(B*B)i|l12|lI(A* AT X(B*B)1|||2
1
< exp(f log|lI(A* A)“X(B*B)' “|lldu
0
< [II(A* A2 X(B*B)2|I12||(A* A XI5 X(B* B)|||+
< [IA* AXIIIZIIX(B*B)|||2. (3.13)

Proof By the use of inequalities (3.3) and Lemma 3.2.1 for a = 0 and b = 1 we get the result.

Remark 3.2.4 The authors of [1] proved the following inequality for A, B, X € M,,(C) and v €
[0,1]

AXB*|II? < [II(A* A X(B*B)IIIIII(A* A"V X (B*B)"Il, (3.14)

for every unitarily invariant norm.

Letv=%, then we have
* * 1 * 1 * 1 * 1
IIIAXB*|||* < [II(A* A)2 X(B*B)2 ||||||(A* A)2 X (B* B)? || (3.15)

By considering (3.15), the inequalities of Theorem 3.2.2 is a refinement of inequality (3.14) as
the following.

" w o li2v I T | P =11 ooy Lt2v 1
IAXB*lIl = [I(A*A) * X(B*B) + II2|II(A*A) "+ X(B*B) +"|||2
1 1-v
< exp|—— log||[(A* A“XB*B) " ¥|||du
w1y [ ol a X sl
< |II(A* A2 X(B*B)Z[I12||I(A* A X(B* B) |l |II(A* A X (B* B)"|||3
< [IIA* A XB*B) VIIIZ]II(A* AV X (B*B)||2. (3.16)

Remark 3.2.5 We recall inequality (3.10) which is due to K. Audernaert [2] and it states that
that for A, B € M,,(C) and v € [0,1], we have

IIIAB*|||? < [|lvA* A+ (1 —v)B*B||||l|(1 - v)A* A+ vB*B]|. (3.17)
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3.2. Inequalities related to unitaritly invariant norms of operators

By knowing that|||(A* A)Y(B*B)' V||| < |[|[vA* A+ (1 = v) B*B||| holds for all A, B andv € [0,1],
inequalities (3.16) for X = I gives a refinement for inequality (3.17) as following

" P T R = T | o 372 1y 1
NAB*|Il < [IA*A) 5 (B*B) + llI2II(A*A) % (B*B) & |||2
< exp(ﬁfv1 Vlog|||(A*A)”(B*B)1‘”|||du
< [II(A*A)2(B*B)ZIIIZ]II(A* A)¥(B* B)' Y |||7[[I(A* A)} ™V (B*B)"|||7
< [IA*AYB* B A" A Y (B B)I|2
< |IIVA*A+ 1 —v)B*BIIZ|II(1 =v)A* A+ vB*BJ||2.

From now on, we try to give a refinement of the following inequality
LAY XBY|Il < IX1II"IIIAX B (3.18)

for0<v<1andA,B, X eB(H) such that A and B are positive operators. This inequality has

been proved in [5]. Our refinement is a special case when v = +

3
Lemma 3.2.6 [9] Let A, B, X € B(A) such that A and B are positive operators. Then
f(s)=IA*XB*|||

is AG-convex on [0, 1].

Proof Similar to Lemma 3.2.1, we should prove that
flat+Q-a)s) < fF(O*f(s)i

forae(0,1) ands,t€[0,1].

f(at+ (1 _ a)S) |||Aat+(1—a)sXBat+(l—a)s|”

= IATYATX B BIC0)|

< [JATAXBYIYIAXB BN by (3.12)
= |IA'XB"||*|I|A*XB*|||'~¢

= fO*f

So, f(s) = |l|A*XB®||| is an AG-convex function. |}

By applying inequalities (3.3) to the function f(t) = |||A' XB'||| on the interval [v,1 — v] when
v e |0, %) and on the interval [1 —v,v] whenv € (%, 1], we obtain the following theorem.
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Refinements for some inequalities related to unitarily invariant norm

Theorem 3.2.7 [9] Let A, B, X € B(A#) such that A and B be positive operators. Then

1 1 1+2v 1+2v 1 3-2v 3-2v 1
IlAZ XB2 || AT XB % |||IZ[lA™F XB 7 |||

<
1 1-v
< exp(mfv logl|l|A¥XBY|||du
< [IAZXB3||Z|I|AXBY|I[4]]|A"Y XB"V|||3
< |IAYXBY|IIZ]I|A"Y XB V2.

Proof Utilizing inequalities (3.3) and Lemma 3.2.6, the proofis similiar to Theorem 3.2.2.
Letv =0 in the above theorem. Then, we have the following result.
Corollary 3.2.8 Let A, B, X be operators in B(A/) and A and B be positive operators. Then

IlAZ X Bz || IlAT X B1[||2||| AT XBi]||2

<
1
< exp([ log|||A“XB"|||du
0
1 11 1 1
= [lA2XB2||[2[[IX]I|* ]| AX BI|| 4
1 1
< IXINzIIAXBIlIZ,

1

which is a refinement for inequality (3.18) for the especial casev = 5.
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- Extension of some inequalities to the
numerical radius version

As we mentioned in Chapter 1, the numerical radius is a weakly unitarily invariant norm
which is equivalent to the operator norm. Actually

1
EIIAII s w(A) = || Al (4.1)

Improvements and generalizations of inequalities (4.1) have been presented in recent years. For
example, Kittaneh in [12] proved that if A € B(A), then

1 51
W(A)SE(IIAIHIIA 2),

and ) )
4_1|”A|2 +|A* 2| < w?(A) < 5|||A|2 + A

In [4] Dragomir also proved the inequality below, which in fact is a refinement for the second
inequality (4.1):
2 1 2 2
w(A) = 2(W(A )+ ILAI),

for every Ae B(A).

Among the objects in the field of numerical radius, which are very much considered, it is im-
portant to find an answer to questions such as, can one prove the unitarily invariant norm
inequalities for numerical radius and vice versa? The inequalities that have been proved for
the spectral radius have a numerical radius version or not? Or by reducing and weakening the
conditions whether the proved inequalities again hold or not. Also, such inequalities can be
generalized or improved?

In the next section, we will discuss some of these questions in more detail.
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Extension of some inequalities to the numerical radius version

4.1 Numerical radius inequalities via convexity

In this section, using the convexity of certain numerical radius functions we can extend some
unitarily invariant norms inequalities, such as Heinz and Young inequalities, to the context
of numerical radius. However, due to weak unitary invariance of the numerical radius, these
extensions will be weaker than the corresponding unitarily invariant norms versions.

In [3] it has been proved that for A, B, X € M,,(C) such that A and B are positive operators and
O<t=<l1

2|A2 XB2||| < [||A'XB"* + A" ' XBY||| < |||AX + XB|I. 4.2)

This pair of inequalities is usually referred to as Heinz inequality: in which the middle term
are the Heinz means which interpolate between the geometric and arithmetic means.

On the other hand, the following Holder-type inequality has been peresented for the same pa-
rameters in [14]:

WA XBHII < XN IAXBII. (4.3)
As an application of inequality (4.3), it was proved in [14] the following inequality

A XB" I < AXIIIFNX BN, (4.4)
which implies the following Young-type inequality

WA XB™ || < el AX|Il+ (1 = DI XBII. (4.5)
A stronger version than (4.5) would be

INA'XB™ || <[lItAX + (1 - D XBI||. (4.6)

Unfortunately, (4.6) does not hold for arbitrary unitarily invariant norm. However, it is true
for the Hilbert-Schmidt norm, see [7].

A weaker version of (4.6) by letting X = 1 is true, [2].

The main purpose of this section is to study inequalities similar to those in above, for the nu-
merical radius.

In [19], utilizing the following lemma, it was given an example as a counterexample showing
that the inequalities (4.2) and (4.5) are not exactly true for the numerical radius:

Lemma4.1.1 [8] Suppose A =

b
] € M, and ac is real. Then
c

w(A) = %(|a+cl+\/|b|2+|a—c|2).
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4.1. Numerical radius inequalities via convexity

1
3
Example4.1.2 Let A= 15, B = diag(%ﬁ,l), v=1and X = 4+(\)@ ] Then AXB =

2

2
and A2X + XB? = 0

O N

. Now by Lemma 4.1.1 we have

1
w(AXB) =~ 2.7025 > 2.6213 ~ 5 w(A’X + XB?).

2+V3

2

Also A2X = X and XB? = , hence

wW(AXB) ~2.702, w(A*X)=~2.77 and w(XB?) =2.514.

From these numbers and by easy computation one can easily see that

w(A%X) + w(XB?)

w(AXB) > 5

The entrywise product of two matrices A and B is called their Schur (or Hadamard) product
and denoted by Ao B. With this multiplication M,, becomes a commutative algebra and the
matrix ] with all entries equal to one is its unit.

Proposition 4.1.3 [6] Let A = (aij)?jzl is anx n positive matrix and B is arbitrary n x n matrix.

Then w(Ao B) < (max; a;;) w(B).
According to the above proposition, the following lemma is represented in [17].
Lemma4.1.4 Let A=0and X € M,,. Then

1
w(AXA) < 5 w(A’X + X A?).

Proof Suppose A=diag(A;) withA; =0. Then AXA= Yo(A*X+X A%), which Y = (Ai gz Aj)ij-
i
Itisclear Y = 0. By Proposition 4.1.3, we get

w(AXA) < maxy;;w(A*X + XA?)
l

1 2 2
2LU(A X+ XA%).

This complete the proof when A is diagonal. If A is not diagonal, then by using the spectral
decomposition A = Udiag(1;)U™* and considering weak unitary invariance of the numerical
radius, the result be implied. |}
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Now we are ready to present the main result.

Theorem 4.1.5 [17] For A> 0 and X € M, the function

f(t)=wA' XA + AT X AY

is convex on R, and attains its minimum at t = %

Proof Since f is continuous on R, it is suffices to show that f is mid-convex. So, let t,s € R.
Then

t+s e s s s
f(T) = wA?2 XA " 2 +A 2 XA7?)

= wWAT XA+ ATIXAS AT
1
s 3 WIATS(ASXAT 4+ ATTEXAS) + (AS XA+ ATTEX A AT

1
= 3 WAXAT L ATTSXAS+ ASX AV + AT X AY

1
= 3 (WA XA + ATEXAD + w(ASX AT + A5 X AY)]

F@+f(s)
2

’

which the first inequality implied by Lemma 4.1.4 and the second inequality is due to w(-) isa
norm. Hence, the convexity of f is proved.

Since f is convex and symmetric about t = %, it follows that it decreases on (—oo, %] and in-

creases on [%,oo), so it attains it minimum at t = % This completes the proof. |}

From the above theorem, w-version of Heinz inequality, however in the weaker form for the
case A = B, can be stated as follows:

Corollary 4.1.6 [17] Let A=0 and X € M,,. Then
1 1 1 t 1-t 1-t ¢
w(A2XA?) < Ew(A XA 7"+ AT XA) = w(AX + XA),

for0<t<1.

. . . .. I . 1 . . 1
Proof Since f attaines its minimum at t = 3, it is decreasing for t < 5 and increasing for t = 5

the result is immediate. |}

On the other hand, a reverse of the above inequality can be found as follows.
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4.1. Numerical radius inequalities via convexity

Corollary 4.1.7 [17] Let A= 0 and X € M,,. Then for t ¢ [0,1],

wWATXA" 4 ATEXAD = w(AX + X A).

Proof By the monotonicity property of f we have f(t) = f(1) = f(0) when t ¢ [0,1]. This im-
plies theresult. |}

Now we present another result which is a Young-Type inequality for numerical radius.

Theorem 4.1.8 [17] Let A>0 and X € M,,. Then
g(t) = wA XA

is a convex function on R.

Proof Again, it is suffices to show that f is a mid-convex function. If t,s € R, then by Lemma
4.1.4 we have

t+s I+s 1_ts
g(T) = wAz XA"7)
= w[AT (AXAITHAT
1
s 5 WIATS(ASXATH + (ASXATTH AT

1
< 5[w(AfXAl‘t) +w(AS XA

g(t)+g(s)
—

Corollary 4.1.9 [17] Suppose A>0and X € M,,. If0<t <1, then
w(A' XA < tw(AX) + (1 - Hw(XA).
On the other hand, ift ¢ [0, 1], then

wAT XA = tw(AX) + (1 - Hw(XA).

Proof For convex function g(t) = w(A'XA'™"), we have
g =g((1-D.0+11)<(1-DgO) +rg(l), 0<t=<I,

which implies the first inequality. We can also get the second inequality by knowing that for
t¢[0,1], wehaveg(t) =z (1-0g0) +tg(1). |

61



Extension of some inequalities to the numerical radius version

In [16], the following one-term refinement for a convex function y = y(t) on [0,1] is given by
the formula

y(8) +2min{t, 1 - £}(y(1) + y(0) —2y(%)) =(1-nHy0)+tyd);0=tr=1.

Applying this refinement to the function f(t) = w(A'XA™" + AL"' X AY) implies

WAL XA + AV X AN + 4min{r, 1 — 1 (w(AX + X A) — w(A? XA?))
<w(AX+XA), 0<r<I,

which refines the Heinz inequality.

It is notable that in dealing with unitarily invariant norms, we have the stronger result that
the function f(r) = |||A'XB!||| is convex for A,B > 0. But this is not true with the numer-
ical radius instead of unitarily invariant norm. In fact, mappings such as t — w(A'XB?),
t— w(A'XB"") and t — w(A'XB'~" + A'"'XB") are not convex, otherwise they are in con-
tradiction with Example 4.1.2.

The question posed by Sababheh in [17] is, in the inequality

wAXB Y < cwt(AX)w' I(XB), O0<r<l

where A, B =0 and X is an arbitrary matrix in M, (C), what is the smallest positive constant c?
Noting the inequalities (4.1) and applying Holder inequality, forO<t <1,

w(ATXB) < |ATXBY | < | AX 1P| XBIV < 2w (AX) w! I (X B).
In the other words
w(A'XB") <2w'(AX)w' ' (XB), 4.7)
on the other hand, by Example 4.1.2 we know that
w(A'XBY ) > w'(AX)w' " (XB). (4.8)

So, according to inequalities (4.7) and (4.8) we must have 1 < ¢ < 2. But the exact amount has
not been fixed yet.

4.2 Some upper bounds for the Berezin number of an operator

In this section, we obtain some Berezin number inequalities based on the definition of Berezin
symbol.

Before presenting the results, we introduce the Berezin number.

A functional Hilbert space is the Hilbert space of complex-valued functions on some set Q) such
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4.2. Some upper bounds for the Berezin number of an operator

that the evaluation functional @) = f(A), A € Q are continuous on # . Then by the Riesz
representation theorem for each A € Q, there exists a unique function k) € A such that (1) =
(f,kp) forall f € #. The family {ky : A€ Q} is called the reproducing kernel of the space F.
For A a bounded linear operator on 7, the Berezin symbol of A is the function A on Q defined

by
A = (Akp(2), kr (2,

where lAc/l = ”,’zﬁ is the normalized reproducing kernel of the space /€ [9, 10, 11].
Berezin set and Berezin number of operator A are defined respectively by

Ber(A) :={A(1): 1 € Q} and ber(A) := sup{|A(1)|: 1 € Q}.

It is clear that the Berezin symbol A is the bounded function on Q whose value lies in the nu-
merical range of the operator A and hence for any A € B(A),

Ber(A) € W(A) and ber(A) < w(A).

The Berezin number of an operator A satisfies the following properties:

(i) ber(aA) = |a|ber(A) forall aeC,

(ii) ber(A+ B) <ber(A) + ber(B).

In the following we obtain some upper bounds for the Berezin number of the geometric mean
of A and B. Whatsmore, we establish some inequalities involving generalization of Berezin
number inequalities.

To prove our Berezin number inequalities, we need the following well-known results.
Fora,b>0and0 < v <1, the Young inequality says that

a’b"V <va+(1-v)b, 4.9)

which was mentioned in the first chapter.
Recently Kittaneh and Manasrah in [15] refined inequality (4.9) as following

a’'b"™ +ro(va-vVb?<va+1-v)b, (4.10)

where rg = min{v,1—v}.
Furthermore, in [1] they generalized inequality (4.10) in the following form.

(@b "+ rM"a? —b?)? < (va+(1-v)b)", (4.11)

form=1,2,3,---.
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Extension of some inequalities to the numerical radius version

From the spectral theorem for positive operators and Jensen inequality we have:

Lemma 4.2.1 [13] Let A be a positive operator in B(A) and let x be any unit vector in A .
Then

1. (Ax,x)" <(A"x,x) for r=1,

2. (A"x,x) < (Ax,x)" for r=<1.

Dragomir in [5] obtained an useful extension for four operators of the Schwarz inequality as
following.
Theorem 4.2.2 Let A, B,C, D e B(#). Then for x, y € /€ we have the inequality

KDCBAx, y)|> < (A*| B> Ax, x)(D|C*|>D* y, y). (4.12)
From now on, our means of ro and Ry, are min{v, 1 — v} and max{v, 1 — v}, respectively.

4.2.1 Main results

Now we are in a position to present our first result.

Theorem 4.2.3 [21] Let A,B,X € B(A#) such that A,B > 0 and v € [0,1]. Then for all r =
2m(m=1,2,3,..),anda =0

ber’ (At B)X) < ber (v(X*AX)ﬁ + (1= V) (Atpq B) T )m - ¢’ inf C(ky), (4.13)
€

A oA A~ m A ~ m 2
where( (ky) = (((X* AX) 25 ey, k) & = ((Atoa B2 Ky, ) 7079 )

Proof Let kj, be the normalized reproducing kernel of 76(Q)) , then

(At B)X Ky, k)| = (A2 (A"2 BA™2)" A2 XFy, k)"
By Theorem 4.2.2
< (X*AXky, k) E (A2 (A 2BA 229 A% |y, kep) 2
~ N r ~ A r m
= (X" AXey, kny 77 (Atoa By, Kn) 77

< (((X*AX) 2 oy, k) (Ao B) 7 Ky, im)m By Lemma 4.2.1(1).
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4.2. Some upper bounds for the Berezin number of an operator

Nouw, by refinement of Young inequality (4.11) we have

(((X*AX)ﬁ fer, k) ((Atia B) 77 Ky, fm)m
< (WOC AX) T Ky, ) ¥+ (1= V(Ata BY T ko, Ky 7 )
2

m

= (€O AX) T ke, kB = (Ataa BY 7 K, ep) 2

)
< (v((X*AX)ﬁIAcA,IAcA) T —v)((AumB)m@,i%))m
g (O AX) e K B~ (Ata BT R, k)T )” By Lemma 4.2.1 @)
- <(v(x*AX)ﬁ +(1 —v)(A]jZQB)WrI—v)) ks ic;t>m
g (4 AX) P e o) B — (At BB R, R T )
<ber (VX" AX) T + (1 - V) (Atoa B) 705 )

r oA ~ m r_ A A m 2
=t (€ AX) 7 ke, kB (Ataa B ki, epy 20

Now, by taking supremum over A € Q, we get the desired inequality. |}

Choosing m =1 in the proof of Theorem 4.2.3 we have:

Corollary 4.2.4 [21] Let A, B, X € B(/) such that A,B >0 andv € [0,1]. Then forallr = 2R,

ber” (A, B)X) < ber(v(X*AX)i +(1- v)(AﬁZQB)Wr—w) ~ro inf C(ky), (4.14)
where{(ky) = ((X* AX)kp, k) © — ((AtzaB)kp, k2) 70-9)2.

By letting a = % and m = 1 in the proof of Theorem 4.2.3, since AB = B{A we obtain the
following corollary which was proved earlier in [20] for the numerical radius in (p, q) -version.

Corollary 4.2.5 [21] Let A,B, X € B(A) such that A,B >0 andv € [0,1]. Then forallr = 2Ry

ber” (A#B)X) < ber(vAi +1-v) (X*BX)zT'—w) . }n{fll(fc;t), (4.15)

where{ (ky) = (Aky, k)& — (X* BXky, k) T09)2.

Remark 4.2.6 [21] Note that, ifweset X =1, r =2 andv = %, in (4.15), then we have

2+32

1 ~
2 s
ber-(AfB) < ber( ) > /{Iel(f;((k,l), (4.16)

where C(lAc,l) =({(A- B)I%A,I%A)z. Actually, (4.16) is an operator Berezin number version for
arithmetic-geometric mean.
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Extension of some inequalities to the numerical radius version

The next result reads as follows.

Theorem 4.2.7 [21] Let A, B be positive definite operators in B(A) and v € [0,1]. Then for
a€[0,1] andallr = Ry/ a

ber’ (A, B) < ber (vA@ +(1- v)B%) . /{n(f)((fc,l), 4.17)
€
where (k) = (Aky, k) "5 — (Bly, k) 709)2,

Proof Ifk, is the normalized reproducing kernel of 76(<), then

(AtaBVkr k)" = (A2 (A BAH) Ably, Ry
=(A BATH Abky, Atk
< AZky 12207 (A2 BA2)AZky, AZk)) By Lemma 4.2.1(2)
P S P SR S NN UUNS PSS (U
= (A2, AT k) "D (AT BAT ) Ay, AT Ry)
= (Akp, k)07 (Bky, k)
<v(Aky, k) + (- v)(BRy, k) 1
A A —Q)r A A~ ar 2
— 1o ((Akﬂ, k= (Bky, kmm] By inequality (4.10)
SV<A%/A€A,/A€;L>+(1—V)(B%/A%/A€A>

A A —Q)r A~ A~ ar 2
—ro((Ak,l,k,l)i(lzv) —(Bkl,kl)m) By Lemma 4.2.1(1)

= <(vA“7”" +Q —v)B%) ki iq>
~ A (-ar ~ A ar_\2
= ro (A, k) B — (Bky, kpy i)
< ber(vA% +( —v)B%)

(1-a)r

A~ A~ A~ A~ ar 2
_70(<Ak/1:k/1> 2v —<Bk/1,k/1)m) .

Now, by taking supremum over A € Q, we get the inequality. |}
Remark 4.2.8 If we put a = %, r=2andv= % in (4.17), we get the inequality in (4.16).

Finally, we end this section by the following results.

Theorem 4.2.9 [21] Let A, B € B(A) be positive definite operators and a € [0,1], then
ber (Ao B) < ber!~%(A)ber®(B).

In particular,

ber(A#B) < v/ber(A)ber(B).

66



4.2. Some upper bounds for the Berezin number of an operator

Proof let k) be the normalized reproducing kernel of 7#(Q), then

(AtaB)ky, kp) = (AR (A2 BA™2) Ay, o)
= (A"ZBAH) At ky, A ky)
_1 _1 14 I~ a1z s (-
<((A"ZBA 2)AZky, A2 k)% (AL Ry, A% Ry
= (Aky, k)™ - (Bky, kp)®.

Now, by taking supremum over A € Q, we get the first inequality. In particular, for a = % we

obtain the second one. |}

Corollary 4.2.10 [21] Let A, B € B(A) be positive definite operators which commute with each
other and a € [0,1], then
ber(A'"*B%) < ber'*(A)ber”(B).

. o1
In particular, if « = 3, then

ber(v AB) < v/ ber(A)ber(B).

4.2.2 Additional results

To prove our results in this section, the following basic lemmas are also required.

Lemma 4.2.11 [13] Let A be an operator inB(A), and f, g be nonnegative functions on [0, co0)
which are continuous and satisfy the relation f(t)g(t) = t forall t € [0,00). Then forall x,y in
I,

KAx, I = I FUADxINIgUA™ Dy (4.18)

Lemma 4.2.12 [18] Let a; be positive real numbers, (i =1,2,...,n). Then

n

.
n

(Z a,-) Snr_IZa; Vr=1. (4.19)
i=1

i=1

The following result is proved in [18], for the numerical radius.

Theorem 4.2.13 [21] Let A;,B;, X; € B(A) (i =1,2,...,n), and let f and g be nonnegative
continuous functions on [0,00) which satisfy the relation f(t)g(t) = t forall t € [0,00). Then

r-1

n
< ber
2

Y (A g2 UX DA +(B] f2UXiDBi1") (4.20)
i=1

ber’

ArX;B;
1

1

n

forallr=1.
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Extension of some inequalities to the numerical radius version

The proofis similiar to that in [18], but we bring here with more details. If k), is the normalized
reproducing kernel of #€(Q)), then

n
‘< Y A?XiBi) k, k)L>
i=1
n
K
i1

r

r

A} X;Biky, ky)

.
n
<) I(A;‘XiBik;L,kA)l)
i=1

.

n
=Y KXiBiky, Aikp)|
i=1

r

(F20XiDBiky, Bikn)2 (§2UXI ARy, Aiky)? | By (4.2.11)
1

=

n

1

n
<n'™1Y (B] f2(XiDBiky, ka) 2 (A} g2 X[ N Aiky, ka)? By (4.2.12)
i=1

n PO | N
<"1 Y BT FAUXDBY ka Ka)® (A7 g*UXTDAD ka Ka)® - By Lemma 4.2.1
i=1

-1 n R A

< ”2 ((B] f2UX:iNBi) ka, ko) + ([A; g2 (X N Ai) ka, ka)) By 4.9)
i=1

r—1 n A

= ”2 Y (B} f2UXihB:1" + [A;-*gz(|X;‘|)Ai]r)kA,kA>
i=1

r—1 n

< ”2 ber Z([A;‘gzux,f*nAi]w[B;‘fz(|X,-|)Bi1’))
i=1

Now, by taking supremum over A € Q, we get the desired inequality. |}

If we take f(t) = t* and g(t) = =% @ e(0,1), in inequality (4.20), we get the following in-
equality.

Corollary 4.2.14 [21] Let A;,B;, X; e B(A) (i=1,2,...,n),0<a<1. Then

nr—l
<

n
ber” ZA;.“XiBi)_ 5 ber
i=1

i (LA 1X] P9 A7 + (B 1 X% B;]") (4.21)
i=1

forr=1.

Inequality (4.21) includes some special cases as follows.

Corollary 4.2.15 [21] Let A,B, X € B(A). Then

e ber’ (A) <iber(Al" +|A*|") Vr=1,

e ber(A*B) < lber(A*A+ B*B),
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4.2. Some upper bounds for the Berezin number of an operator

* ber(A*XB) < iber(A*|X*|A+ B*|X|B).
Now, we want to generalize inequality (4.20) in the following form.
Theorem 4.2.16 [21] Let A;,B;, X; € B(A) (i =1,2,...,n), and let f and g be nonnegative

functions on [0,00) which are continuous and satisfy the relation f(t)g(t) =t for all t € [0,00).
Then forv e [0,1] andr = 2Ry

n
"[Y. AfXiBi| <
i=1

<n'" lber(Zv(B FRUXIDB) + (1 =) (AF g2 (IX] DA T |. (4.22)
i=1

Proof let k) be the normalized reproducing kernel of #(Q), then

(o)

n
= Z(A XiBi k/l; k/l)

r

r

IA

n r
Y I(A?XiBikA,k/l)I)
i=1

.

n
=| Y (XiBiky, Aikp)l
i=1

IA

n r
Z<f2(|Xi|)Bik)L,BikA>%(gz(|X;<|)Aik;L,Aik,1>%) By @.2.11)

i=1

IA

n r Nooa L
n"UY (B} fA1XiD)Bika, ka)? (A; g2 (X; N Aika, k2 )? By (4.2.12)
i=1
By inequality (4.9) and Lemma 4.2.1

n r A A r ~ A
1Y (v(B] PAUXDBAF Ky, )+ (=) (47 20X D AN T Koy, )
i=1
n r ~ ~
= <Z (veB; F20X:iDB)F + (1= v)(A; 820X DAY T ) Ky, k/l>
n r
n'" 1ber(Z (veB; F2UXiDBY % + 01 —v)(A;‘gzuxg‘nAi)zu—w))

Nouw, the result follows by taking the supremum over A€ Q. |]

Byletting Aj=B; =1 (i=1,2,...,n), and f(t) = t* and g(t) = t'~%, a € (0,1), in inequality
(4.22), we obtain the following inequalities.

Corollary 4.2.17 [21] Let X; e B(#) (i =1,2,...,n) and 0 < a < 1. Then forv € [0,1] and
r=Rya

n n -a
r’ (Z Xl-) < nr_lber(z VXY + 1 -vIXF (4.23)
i=1

i=1
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Extension of some inequalities to the numerical radius version

In particular, if X, = Xo =--- = X;, = X, then

ber’ (X) < ber (V|X|% +(1-v)|X* = ) )

As special cases of (4.22), (4.23) and (4.24), we present the following inequalities.

* ber’ (4) Sber(leﬁ +(1—v)|A*|2(17r—v>),
» ber’ (4" B) <ber (VIB|¥ + (1-v)| Al ),

* ber’ (4" XB) <ber (V(B*|X|B) + (1-v)(A*|X*|4)7 ).
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Approximation of differentiable con-
vex functions

We begin this chapter with giving two equivalent definitions of a polytope and then state some
well-known fundamental theorems and properties of such a geometric object. In the third
section, we define the notion of generalized barycentric coordinates with respect to an arbitrary
set of points in R%, or equivalently, with respect to a (convex) polytope. In the sequel, we deal
with the discussion of the approximation of differentiable convex functions in the concept of
real functions, and then we use the powerful tools of the Double Operator Integral (DOI) and
continuous functional calculus to extend the results into the operator differentiable convex
functions. Finally, we apply the obtained results for the Hermite-Hadamard inequality.

5.1 Convex polytopes

Convex polytopes are fundamental geometric objects. In the following, we give two different
versions of the definition of a polytope. The two versions are mathematically, but not algo-
rithmically, equivalent. The proof of equivalence between the two concepts is nontrivial, see
[25].

Definition 5.1.1 (polytope) A V -polytope is the convex hull of a finite set of points in some
RY. An H- polyhedron is an intersection of finitely many closed halfspaces in some R%. An
H-polytope is an H- polyhedron that is bounded in the sense that it does not contain a ray
{x+ty:t=0} foranyy #0.

Now we present a basic version of the representation theorem for polytopes.

Theorem 5.1.2 (Main theorem for polytopes)[25] A subset P < R? is the convex hull of a finite
point set (a V -polytope )
P = conv(V) for someV c RY

if and only if it is a bounded intersection of halfspaces (an H-polytope)
P=P(A z) ={xeR? : Ax<z}forsomeAcR™ % zeR™.
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Approximation of differentiable convex functions

Figure 5.1 — The left figure shows a pentagon constructed as a V-polytope as the convex
hull of five points; the right figure shows the same pentagon as an H-polytope.

In the above theorem, Ax < z is namely (a1, Xx) < z1,...,{Qm, X) < 2y, Where ay,...,any are the
rows of A, and zy, ..., z;, are the components of z.

A compact convex set C < R? is a polytope provided extC (the set of all extreme points of C)
is a finite set. From the results of [9, Section 2.4 and Theorem 2.3.4] it follows that polytopes
may equivalently be defined as convex hulls of finite sets. For a polytope C, it is customary to
call the points of extC as vertices. We denote them by vertC. The dimension of a polytope is
the dimension of its affine hull. A d-polytope is a polytope of dimension d in some R® (e =
d). For examples, zero-dimensional polytopes are points, one-dimensional polytopes are line
segments, two-dimensional polytopes are called polygons. A polygon with n vertices is called
an n-gon. Convexity here requires that the interior angles (at the vertices) are all smaller than
7. The following illustrations show a convex 6-gon, or hexagon, also, the tetrahedron which
is a familiar geometric object (a 3-dimensional polytope) in R3. Similarly, its d-dimensional
generalization forms the first (and simplest) infinite family of higher-dimensional polytopes
we want to consider.

Figure 5.2 — 6-gon or hexagon.
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5.2. Barycentric coordinates

Figure 5.3 — The tetrahedron in R3.

Theorem 5.1.3 [25] For any compact subset M of R4, the convex hull conv(M) is again com-
pact.

Since any finite set is compact, the following result is immediate.
Corollary 5.1.4 Any convex polytope P inR? is a compact set.

In the following proposition we give some simple but basic facts about polytopes and their
vertices, see [25, Proposition 2.2].

Proposition 5.1.5 The following statements hold:

(i) Every polytope P is the convex hull of its vertices: P = conv(vert(P)),

(i) Ifapolytope P can be written as the convex hull of a finite point set, then the set contains
all the vertices of the polytope: P = conv(V) implies that vert(P) < V.

5.2 Barycentric coordinates

One of the important concepts related to the concept of polytopes, is the notion of barycentric
coordinates, which were first introduced by August Ferdinand Mdbius (1790-1816) in his book
the barycentric calculus [12].These coordinates are useful for simply representing a point in a
triangle as a convex combination of its vertices, and frequently occur in computer graphics,
modelling geometry triangular meshes, terrain modelling and the finite element method.

For simplices, barycentric coordinates are very common tool in many computations. Basically,
they are defined as follows: let X 4 = {vg, v1,..., 4} be a set of d + 1 affinely independent points
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inR?, the simplex T with the set of vertices X 4 is the convex hull of X 4, (e.g., a triangle in 2D
or a tetrahedron in3D). Let A;(x) be the signed volume (or area) of the subsimplex of T created
with the vertex v; replaced by x. Then the barycentric coordinate functions {Ag, A1,..., 14} of
the simplex T with respect to its vertices are uniquely defined by

Ailx) = —— (5.1)
VO

wherevol(T) will mean the volume measure of T. It is easily seen that each point x of T has a
(unique) representation, that x = Z?:o Ai(x)v; and the barycentric coordinates {19, A1, ..., A4}
are nonnegative affine functions on T. The uniqueness of this representation allows the weights
A;i(x) to be interpreted as an alternative set of coordinates for point x, the so-called barycentric
coordinates. Note that a d -simplex is a special polytope given as the convex hull of d+1 vertices
in d dimensions, each pair of which is joined by an edge. For n > d, which is the case of interest
in this chapter, the linear constraints form an under-determined system.

In our study we need to deal with polytope in higher dimension too, thus we need to generalize
these coordinates to any polytope in R.

5.3 Generalized barycentric coordinates on polytopes

For a (convex) polytope P < R? we will use generalized barycentric coordinates (they are often
called generalized barycentric coordinates to distinguish them from the original barycentric
coordinates, which were only defined with respect to simplices). While barycentric coordinates
are unique for simplices, there are many possible solutions for polygons with more sides. Usual
Barycentric coordinates are natural coordinates for meshes, and have many useful applica-
tions, ranging from Gouraud and Phong shading, rendering of quadrilaterals, image warping,
mesh deformation and finite element applications, see, e.g., [13, 23]. From now on, letQ c R4
be a compact convex polytope of positive measure, and let X := {xg, X1, ..., X5} be a finite subset
that includes the vertices of Q. Thus, the convex hull of X must be equal to Q). We wish to
construct one coordinate function A;(x) per point x; for all x € Q and we will consider it in the
next chapter. These functions are called barycentric coordinates with respect to xy, X1, ..., X, (0or
Q) if they satisfy three properties. First, the coordinate functions are nonnegative on (,

Ai(x) =0, forallx e Q. (5.2)

Secondly, the functions form a partition of unity, which means that the equation

n
Y 2ix) =1, forallx e Q. (5.3)
i=0
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Finally, the functions act as coordinates in that, given a value of x, weighting each point x; by
Ai(x) returns back x i.e.,

x=) Aix)x; forallx Q. (5.4)

n
i=0

The last property is also sometimes referred to as linear precision since the coordinate functions
can reproduce linear functions. For most potential applications, it is also preferable that these
coordinate functions are as smooth as possible. Constructing the barycentric coordinates of a
point x with respect to some given points in a polytope Q) is often not a trivial task. The first

result on the existence of barycentric coordinates for more general types of polytopes was due
to Kalman:

Theorem 5.3.1 [10] Let P be a polytope in R4, {x9,Xx1,...,x,} its vertices. Then there exist non-
negative real-valued continuous functions on P,

A= {/10, Al) (L) An}

such that

n n
x=) Aix)x; and Y Ai(x) =1 foreach x € P. (5.5)
i=0 i=0

Note also that Equations (5.5) can be rewritten in the following general way:

Ai(x)(x—x;)=0, (5.6)

n
=0

1

which obviously implies

Z[ Ai(x) (x—x;) dx =0. (5.7)
i=0JP

5.4 Approximation of a class of convex functions

In this section, after expressing the definitions and necessary preconditions, we investigate
some of the results which derived by Guessab in [7].

Suppose that X, = {x;}}_, is a finite set of pairwise distinct points in RY, and P = conv(X,,) be
a polytope of the points in X,,. In [7] the author approximated an unknown scaler-valued con-
tinuous convex function f : P — R from given function values f(xo), f (x1),..., f(x,) sampled
at X,,, by considering a weighted average of the function values at data points of the following
form

Bulf1(x) =Y Ai(x) f(xy), (5.8)
i=0
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which the function A; : P — R, i =0,1,...,n are barycentric coordinates and By, is referred as
barycentric approximation.

By decreasing the dimension to d = 1 we can simplify P := {xo, x1,..., X,} as a partition of an
interval % := [a, b] such that a = xo < x1 < --- < X, = b, and approximate f : ¥ — R in the

following form
n
Bulf1(x) =Y Ai(0)f(x), (x€la,b))
i=0
where
Tt ifxisisxsxg;
/ll-(x)z ﬁ, ifxi SX=Xi41,
0, for all other x.

Here, it was considered x_1 := a and x,+1 := b.

Definition 5.4.1 Let C is an open subset of R%. A differentiable function f : C — R has a
Lipschitz-continuous gradient with costant | = 0 if and only if

IVFx) -V i <llx-yl, VxyeC.

Definition 5.4.2 The mapping F : R* — R? is said to be co-coercive with constant c if for all
X, y€ R4
(F(x) = F(y), x~y) = c| F(x) = F()I°.

The following theorem offers simple ways to characterize differentiable convex function with
Lipschitz-continuous gradient.

Theorem 5.4.3 [14] Let f be a differentiable convex function defined onR%. Then the following
properties are equivalent.

1. Vf is Lipschitz-continuous with constant l.

2. The function f satisfies for all x, y € R

l
FX)+(VFX),y—x) < f() < fx)+(Vf(x),y—x)+ Elly—xllz-

3. The function f satisfies for all x, y € R

1
TAACEY TP+ f)+(Vf(x),y—x) < f().
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. . . . 1 .
4. V[ is co-coercive mapping with constant ;. That is

1
Vfx)-Vfy,x-y = 7I|Vf(x) —VfWI?  Vx,yeR%

We know from Theorem 5.4.3 part (4), that if f € CVY(P) with 1 r >0 and, in addition, f be
convex. ThenV f satisfies the following property

1
" IVFO) =V <(Vf()-Vfx),y—-x), Vx,yeP (5.9)

where CY1(P) denote the subclass of all functions f which continuously differentiable on P
with Lipschitz-continuous gradient, i.e., there exists a constant | f which can not be replaced
by smaller one, such that

IVfx) =V DI <lelx=yl,  (Vx,yeP).

For a convex function f € CV1(P), the exclusive symbol

Enlf1(x) := Enlf,A1(0) = )~ Ai(x) f(x) = f(x) (5.10)

i=0

was reserved to show the error which is imposed by barycentric approximation of f.
By inequality (5.9) we have the following result (see [6, Proposition 2.2]).

Proposition 5.4.4 If f € CY1(P) with Lipschitz constant | >0, then the functions

l
gei= LI 175 f

are both convex and belong to chl(p). Ifin addition f is convex, then lg_ < lf.

Proof The proofis similiar to that in [7], but we bring here with more details.
We need to show that the function g. also belong to CY'(P). Indeed, they are obviously differ-
entiable and it is easy to check that

IVg+ (1) = Vg =l (y—x) £ (V) =V,
which by triangle inequality it implies
IVg+() = Vg = lplly—xIl+ IV =Vl <2y —x,
Hence, we have lg, <21¢. Moreover, since f € Cl1(P), then by the Cauchy-Schwartz inequality
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we obtain

+(Vf)-Vf(x),y—-x) = KVf()-Vf(x),y—x)l
< IV -=Vi@Ily—xl
<

Lelly = xllly = xII,

then
H(Vf()-Vf(x),y-x)<Iflly-x|?

and so
Lelly = xI? £(VF() - VF(x),y—x) = 0.

From this, it is immediate
(Vgs(y) = Vgs(x),y—x)y = Lelly = xI* £(VF(y) =V f(x),y—x) =0,

which according to theorem 1.1.6 means that g, are convex.
What remains to be shown is that if f is in addition convex, we have lg_ < ly. Since function
g- has a Lipschitz-continuous gradient, then due to convexity of f and inequality (5.9) we get

IVg-(3)-Vg-)I* = Iz (Vg_(y)—Vg-(x),y—x)
= lg {y(y-0-(Vf()-Vf(x),y-x)
= g lplly—xI* =g (V) - Vf(x),y—x)
< g - lelly—xI?

So,
IVg-()—Vg-)ll <y/lg_ -Illy—xIl.

Since lg_ is the smallest possible Lipschitz constant, we have
lg ly—xll=y/lg -lelly—xl,

this allows us to conclude that lg_ < 7, and this completes the proof. |

Utilizing Proposition (5.4.4), in [7] Guessab stated and proved an elegant characterization of
all upper approximation operators, which we bring here with more details.

Theorem 5.4.5 [7] Let T : C'(P) — C(P) be a linear operator. The following statements are
equivalent:
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(i) For every convex function g € CV'(P), we have

gx)=T[glx), ((xeP). (5.11)

(i) Forevery f € CYY(P) witha Lipschitz constant lf, we have

ly 2 2
If(x)—T[f](x)ISE(T[II-II 106) = 1 x[1). (5.12)
Equality is attained for all functions of the form
f0) =a) +clxl?, (5.13)

where c € R and a(-) is any affine function.

Proof Let f € CY\(P) with a Lipschitz constant | t and suppose that (i) holds. Define the two
following functions

l
g :=3f||.||zif.

Due to Proposition (5.4.4), we know that both of these functions are convex and belonge to
clip). Therefore, since T is linear, statement (i) implies

lf 2 lf 2
T[Eu-u sf| = Z1IPS
lf 2 lf 2
='T[5||~II £TUf) = LIPf
) )
=>5fT[II~||2]iT[f] > Efu-nzif,

which gives the error estimate in statement (ii). Let x € P, so there exists y € R? and a real
constant c¢ such that a(x) = (x, y) + c. Hence, the case of equality is easily verified.

Conversely, let g € CYY(P) be a convex function, and suppose that statement (ii) holds. Let the
function f is given by

I
f:=§||-||2—g.

And set E := T — 1, where I is the identity on C1\ (P). Utilizing Proposition 5.4.4 again. we have
f € CH1(P) with Iy < lg. Now, the error estimate (ii), applied to f, implies that

Iy !
E <LEN-121<2E10-17,
<2 [l ||]<2 {11

lg 2
SI-1°-g

therefore

lg 2 lg 2
EE[II~II 1-Elgl= EE[IHI .
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This shows that E[g] = 0, and the proof be completed. |}

According to Jensen inequality and Theorem 5.4.5, the following result has been derived.

Corollary 5.4.6 [7] Let By, is barycentric approximation (5.8). Then for all f € clY(P) with
Lipschitz constant ly we have

. Y Bt 12100 - 112
| f(x) = Balf1(x)] = 2(Bn[ll 171() = xl1%). (5.14)

Equality is attained for all functions of the form (5.13).

According to (5.14), error estimate of convex function f in clY(P) isas follows.

)
0< Enlf1(0) < EfEn[n-nz](x), (xeP). (5.15)

For deriving a practical error estimate which led to computationally attractive barycentric ap-
proximation, in [7], it was derived a novel upper bound which is somewhat poorer than (5.15)
and is formulated in terms of the smallest enclosing ball SEB(P) containing P

SEB(P):=f{xe PcR? : | x—cP| < r’¢P}.

Actually by this formulation, the error will be as follows.
l
0= Byl f100) = o (@) - Jx =), (5.16)

for x € P and convex function f € CV1(P).

5.5 On ageneralization of an approximation operator defined by A.
Guessab

As mentioned at the beginning of this chapter, in this section we prove the numerical results of
the previous section in a completely different way for the operator version.
Suppose {e;}ic1 is the orthonormal basis for the complex Hilbert space A, we say A € B(A) is
a trace class operator if

Al :=) (Alej, e;) < co.

iel

The definition of || All, does not depend on the choice of the orthonormal basis {e;} ic;.
We denote by S1(F€) the set of all trace class operators in B(F).

Theorem 5.5.1 The following properties hold.
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e Forevery A€ §;(A)
Al =A™ 1.

e 51(A0) isan ideal in B(AC), i.e.,

B(A)S1 (FO)B(A) < S1(A).

(S1(A), |- II1) is a Banach space.

The following isometry property holds.
$1(A)" = B(A),

where S| (A)* is the dual space of Sy (H).
For function f on R the following equivalence is well-known:

(a) There exists a positive number C such that
If(A-fBI=ClA-BI,
for all bounded self-adjoint operators A and B;
(b) There exists a positive number C such that
I f(A) - f(B)ll1=CIA-BIq,

for all bounded self-adjoint operators A and B with A— B belongs to trace class Sy (FE).

Note that the minimal value of the constant C is the same in (a) and (b). For more information
see [13].

Functions satisfying (a) are called operator Lipschitz functions. We denote by OL(R) the space
of operator Lipschitz function onR. For f € OL(R), we define || f |loLw) as following:

A)—-f(B
Ifllotmy = sup { w : A and B are self-adjoint, A— B is bounded}
A)—- f(B
up { W : A and B are self-adjoint, A- B€ S; } .
—bih

We consider the notation OCY () for the subclass of all functions which are operator contin-
uously differentiable on an interval ¢ with operator Lipschitz continuous gradiants, i.e., there
exist constant || f || or such that

IVF(B)-VfAI =l fllocllB - Al,
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forall A, B € B, (A) with spectra in £ .

Double Operator Integral (DOI) is an useful tool in many problems of spectral theory of self-
adjoint and unitary operators in the Hilbert space. To prove the main results of this section this
tool is required.

In formal expression, DOI are objects of the form

= f fY d, dEA) TAF (w),
X

where (x,E(:)) and (Y, F(-)) are two spaces with spectral measure. The values of the measure
E(:) are orthogonal projections in a separable Hilbert space§, and similiar for the measure F(-)
in the Hilbert space B. The scaler- valued function ¢(A, 1) (the symbol of the DOI) is defined
on y x Y. Finally, T is a linear bounded operator acting from ‘B to § (notation T € B(B,§)).

It is clear that under any reasonable definition, the result ® of integration is also an operator
acting from*B to §. If

f fY dA, WAEQA)TAF () € S
X

for every T € §,(A€), we say that ¢ is a Schur multiplier of Sy associated with the spectral
measures E and F. We denote by m(E, F) the space of all Schur multipliers of S1 with respect to
E and F. The norm ||}pllm,F) of ¢ in the space m(E, F) is, by definition, the norm of the linear
transformer

T — f fY $A, dEA) TAF (1)
X

on the class S1(F).
If ¢ e m(E, F), one can define by duality Double Operator Integrals of the form

f f ¢\, WdEA) TAF (),
xJY

for an arbitrary bounded linear operator T. For more information we can refer the reader to
the fruitful and valuble papers [2, 11].
We also remind here that according to [1, Section 3.3], we know that a continuous function f on
R is operator Lipschitz if and only if it is differentiable every where and the divided difference

fX)-fy)

Df(x,y):=——, x,VER,
fxy) =y y

be a Schur multiplier.
Consider x € /€, || x|| = 1 and arbitrary self-adjoint operators A and Bwith spectra in .#. For
t € [0,1], define the function ¢x ap :10,1] = R as @, ap(t) = (f(1 -A+tB)x,x). In [4],
Dragomir proved that if f be an operator convex function, then ¢ 4 g is a convex function:
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Since f is operator convex, then for any t, t; € [0,1] and A € [0, 1], we have

PxaBA0+ (1 —A)t2)
={(f(A-Aan+A-VE)A+An+(1 - 1)B)x, x)
=(fAlQ-t)A+uBl+ (1 -1 -5)A+6B])x, x)
< MfUA-n)A+nBDx,x)+(1-Af((Q-1)A+nB)x,x)
= Apx,48(0) + (1 =Ny a5(1),

which yields the convexity of function ¢ 4 g on [0,1].
Now, suppose that f € OCY (.#), we show that ¢ € CV1([0,1]).
By considering DOI with the symbol
) =fy)
Vrlx,y) = x—y
as following:

Ty,(A-B) = f v r(x, y)AEA(x)(A-B)dE® (),
o(A) Jo(B)

Daletskii-Krien formula [3], yields Ty, . (A— B) = f(A) - f(B). So, the property of being operator
gradiant Lipschitz is equivalent to the boundedness of the corresponding DOI on B(A). By du-
ality, this boundedness implies the boundedness of the same DOI on the predual, the trace class
S1(A). As we are concerning the behavior of the DOI on rank one operators, the boundedness
of DOI on the trace class gets the result.

Now, by utilizing Theorem 5.4.5 for ¢, 4 p instead of f and g, we can extend it to the operator
version as following:

Theorem 5.5.2 [15] Let T : C'(.¥) — C(#) be a linear operator. The following statements are
equivalent:

(i) For every operator convex function g € OCY' (%), we have

g(A) = TIgl(A), (for AeBs,(H) with spectrain %).

(ii) Forevery f € OCY'(.#), with a Lipschitz constant || f || or, we have

I1f(A) = TIfIA) < ”f%m(-)zux) -x%), (x€[0,1])
Equality occurs for all functions in the form of

fA) = (@) +cx?)], (5.17)
where c € R and a(') is any affine function.
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Proof Suppose that statement (i) holds, so for # = [0,1] and all operator convex functions
g€ 0C"1([0,1]) we have

g(A) =TIgl(A), (for AeBs,(A) with spectrain . ¥).

As a result
gxn =T[glxD), (xeo(A),

for all operator convex functions g € oCl1([0,11). So, it is also valid for all convex functions
gechl([o,1)).
Now by Theorem 5.4.5, we have

)
If(x) = TIf1(x)] < Ef(T[(-)ZMx) - x?),

forall f e crL(o,1)). Since for all A, B € By, (A) with spectra in ., and f € och(.#) the
function @ =@y ap€ CcL([0,1]), we have

Ifllor

lop(t) — Tlpl(£)| < T(T[(-F]m —1?), (tel0,1]).

By definition of ¢, we get

Kf(A-0DA+tB)x,x) - T(f((QA-1)A+tB)x, )|

< ||f||OL(T[

> O1EB -1, (telo,1]),

by the continuity of T, it follows

KF(A-0A+tB) -TIf(QA-1)A+B)])x,x)|

- I fllor

5 (T2 -2, (tel0,1]).

Now by taking supremum over x € A with | x| = 1, and by considering A:= (1 —-t)A+ tB we
get
If

I f(A)-TIfIAI = %(T[(-)Z](t) -1, (r€[0,1),

which yields the error estimate in statement (ii). For the equality case, from (22) we know that

for

o =alt)+ct?, tel0,1],

equality in Theorem (5.4.5) part (ii) will also be valid. Hence, by definition of ¢ we have

(flA-DA+tB)x,x) = a(t)+ct?
(a(d+ct?x,x), (lxll =1).
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Now, by letting A:= (1 —t)A+ tB we get (5.25).
Conversely, suppose that (ii) holds. So it is also be valid for % = [0,1] and all f € CV'([0,1]), as
follows:

lf 2 2
If(X)—T[f](X)ISE(T[(-) 1(x)=-x7), xe€l0,1].

By Theorem (5.4.5), we have
gx)=T(glx),

for all convex function g € C'1([0,1]). By replacing ¢ := @ A p instead of g, we obtain
p() =Tlel(n), (te[0,1]),
which results
(f(A-DA+tB)x,x) < TKf(Q1-A+tB)x,x)],

where A, B € B, () with spectrain #. By letting A:=(1—-t)A+tB
(f(Ax,x) < TKf(Ax, 0],

since T is linear, we have

(flA)x, x) =(T[f(A)]x, x),

which yields that for all operator convex functions in OC"! (%)
f(A) = TIf1(A),

and this completes the proof. |}

Corollary 5.5.3 Let B, be the barycentric approximation. Then for every function f € OCY! (%)
with a Lipschitz constant | f | o, we have

Ifllor

I f(A) - Bplfl(A)|l < T(Bn[(-)zl(x) - x?),

for A € Bs,(A) with spectra in ¥ and x € [0, 1].

Proof Since f € ochl(.#), we can consider inequality (5.14) for function @y 4 p on [0,1] as
following:
I fllor

|0, 4,8(1) = Bplgyap](0)] < T(Bn[(')zl(t) —1%), telo,1].

By definition of ¢ 4, we have

(A= DA+ B)x,x)— Y L f (L~ t) A+ £;B)x, )|
i=0
Iflloz
2

=

A -1, (5.18)
i=0
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fort, t; €10,11, and A; as barycentric coordinates.
Inequality (5.18) yields

(f(A=DA+1B) =) A;i(0)f(A- ;) A+ 1;B))x, x)]|

i=0
- I flloL

Az -1,
2 i=0

by letting A:= (1—-t)A+tB and A; := (1 — t;) A+ t; B, and taking supremum over x € /€ with
lxll =1, we get

£ (A) - ZA (O f (Al < "f”OL(ZA 02 -13,

i=0 i=0

which is equivalent to

1f(A) = B,If1(A)] < "f loz

(Bal()1(1) - £).

Nouw, by considering the inequality (5.15) for function ¢ 4 p with the operator convex function
f in OCY' (.#) we deduce the following result.

Theorem 5.5.4 [15] For every operator convex function f € OCY(#) with Lipschitz constant
I fllor, we have

0=<Enlfl(A) = (”f”OLEn[(-)zl(X))I, (5.19)

for A€ B, () witho(A) c . and x € [0,1].

Proof As the proof of previous result, by using inequality (5.15) for ¢ a.p we obtain

0< Eplgrapl(t) < "f”OLEn[() (1), tel0,1].

By definition of E,[-], we have

L £l
0= Ai(O@xap(t:) —Qxap(0) < fZOL
i=0

Z/l (e -t ] rel0,1],

which results

0= Z Ai(OfA-t)A+t;B)x, x)—(f(1—-1)A+tB)x, x)
i=0

< Ifllor
2

Y A -2, (5.20)
i=0
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by letting A:= (1-t)A+ tB and A; := (1 - t;) A+ t; B, we obtain

Ifllor
2

0= Enlf1(A) = ( Enl(?1)I,  t€[0,1],

which yields the result. |}

Utilizing the continuous functional calculus we can state the operator version of (5.16) as fol-
lows.

Theorem 5.5.5 For every operator convex function f € OCY'(#) with a constant || fll o1, we
have

1
||f||OL(__|

0= EnlfI(A)= =

1 2
x— =M1, 5.21
2I) (6.21)

for Ae By, () witho(A) < £ and x €10,1].

Proof let f be an operator convex function belongs to OCY' (%), by replacing ¢ A p in (5.16),
we have

I fllor 1 1,
0<E n< ——lt—=171, 0,1],
< Enlol(0) < 5 (4 I 2I) t€[0,1]
equivalently
1 1 1
0= Y Li(De(t) — (1) < "ﬂ%(z —|t— 5|2)1, relo,1]. (5.22)
i=0

Now by definition of ¢ and using the methods which used in the proof of the previous theorem,
we get the result. |}

It is notable that the bound which is represented in (5.21) for error of barycentric approxima-
tion does not depend on the choice of barycentric coordinates.

Example 5.5.6 Let f € OC"'(.%) be an operator convex function, A and B be two self-adjoint
operators with spectra in %, and consider ty =0, t; = i, = % and t3 = 1 as a partition of
interval [0,1]. For t = %, we obtain barycentric coordinates as following:

1 1

1 1 1 1
A(=)=0, AL(=)==, A(=)==, As(=)=0.
0(2) 1(2) > 2(2) 5 3(2)
By replacing the quantities of t, t; and A;(t) (i =0,1,2,3) in (5.20), and by easy computations
we obtain

1 3A+B A+3B A+B I fllor

Ef( 1 )+ f( 2 )—f(z)S 32

0< I. (5.23)
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In the other hand, according to (5.22), by using the same barycentric coordinates as above, we
get

1 3A+B A+3B A+B
0 = S |fCIH ) =)
S VAT S U N VA [ (5.24)
2 4 2 2 8

as we mentioned before, this estimation is not in terms of barycentric coordinates, but it is
poorer than upper bound in (5.23), (% > slz)'

In [8, Section 7.1] has been proved a theorem which is a characterization of any integration
formula inRY, which admits an upper or a lower Hermite-Hadamard inequality. For d = 1 we
can state it as follows.

Theorem 5.5.7 Let f : [a, b] — R is a convex function, a; (i =0,1,..., n) are positive real num-
bers and x; as a partition of [a, b]. Define the integration formula via

b n
f fdx=) a;f(x)+E(f),
a i=0
andleto € {-1,1}.

(i) For every operator convex function g € OCY'(.#), we have

oE[g] =0,
(ii) Forevery f € och (.9, with a Lipschitz constant lf, we have

l
IELf1I = GBI -
Equality occurs for all functions in the form of
[0 =a(x) +cx?, (5.25)

where c € R and a(-) is any affine function.
According to above theorem and Theorem 5.5.2 we can state:

Theorem 5.5.8 Let A and B be two self-adjoint operators with spectra in .#. Define the inte-
gration formula via

a; f(1-t)A+t;B)+E[f],

1
f f(AQ-DA+tB)dt=
0 0

n

1
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where a;, i =0,1,...,n are positive real numbers and fori =0,1,...,n, t; € [0,1] is a partition
of interval [0,1], and let o € {—1,1}. Then, the following two statements are equivalent:

(i) For every operator convex function g € OCY' (%), we have

oE[g] =0.

(i) Forevery f € OCV(.#), we have

IELf1] < 0EI() ]”f”OL

Equality valids for all functions in the form of
f(A-DA+1tB) = (a(t) +ct?),
where ¢ € R and a(') is any affine function.

According to Theorem 2.3, we have the refinement of Hermite-Hadamard inequality for opera-
tor convex function f : ¢ — R as following:

A+ B 3A+B A+3B

S ) ) = [f( )+ f( 2 )
< ff((l—t)A+tB)dt
< w, (5.26)

where A, B € B, (/) with spectrain & .
Now consider f € OC L1(#) bean operator convex function, so we have

3A+B A+3B
f( 4+)+f( il )

f f(a-nA+ tB)dt—— Elfl,

by inequalities (5.26) we know that E[ f] = 0, so by Theorem (5.5.8) statement (ii) and Example
(5.5.6), we get

3A+B A+SB
+ f( 2

- _ Ifllor I

32 (5.27)

o<f f(A=DA+tB)dt—= [f(

Namely, by inequalities (5.27) we obtained a bound according to barycentric coordinates, for
the difference between the left and right hand side of the second inequality in (5.26).

As an example, we can refer the function f(t) = t" on (0,00) which is operator convex function
ifeither1 < r <2 or—1<r <0. This function belongs to OCY!(R), so, for positive operators A
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and B with spectra in % = [0, 1], according to inequalities (5.27) we have

L[ 3A+B,, A+3B,

1
osfo((l—t)A+tB) dt_i ( 2 ) 2
Sr(r—l)l‘

32
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Generalized barycentric coordinates
and sharp strongly negative definite
multidimensional numerical integra-
tion

This chapter is based on our paper [9], which constitutes the progression of recent works [6,
7, 8, 11] where focused on the study of some classes of multi-dimensional numerical integra-
tion in the context of the classical notion of convexity. Here, our objective is to extend the re-
sults given there for strongly convex functions. Indeed, we study and construct a family of
multi-dimensional numerical integration formulas (cubature formulas), which approximate
all strongly convex functions from above. We call them strongly negative definite cubature
formulas (or for brevity snd-formulas). We attempt to quantify their sharp approximation
errors when using continuously differentiable functions with Lipschitz continuous gradients.
We show that the error estimates based on such cubature formulas are always controlled by the
Lipschitz constants of the gradients and the error associated with using the quadratic function.
Moreover, assuming the integrand is itself strongly convex, we establish sharp upper as well
as lower refined bounds for their error estimates. Based on the concepts of barycentric coordi-
nates with respect to an arbitrary polytope P, we provide a necessary and sufficient condition
for the existence of a class of snd-formulas on P: It consists of checking that such coordinates
exist on P. Then, the Delaunay triangulation is used as a convenient partition of the integra-
tion domain for constructing the best piecewise snd-formulas in L' metric. Finally, we present
numerical examples illustrating the proposed method.

6.1 Introduction, motivation and terminology

To describe our problem of integration from a numerical standpoint more precisely, let Q c R?
be a nonempty compact convex set and let f : QO — R be a given function. We sometimes know
beforehand that the function f satisfies various known structural and regularity properties.
For example, it may be known that f has some additional kind of convexity, therefore we would
wish to use this information in order to get most appropriate methods for numerical integra-
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tion of f. To get a better approximation of the integral of our function, we try to approximate it
using cubature formulas, which approximate the integral of all strongly convex functions from
above. The strongly convex functions are widely applied in economic theory (see [24]), and are
also central to optimization theory (see [18]). Indeed, in the framework of function minimiza-
tion, this convexity notion has important and well-known implications. As we will see, the key
advantage of using cubature formulas of such kind is that their associated approximation er-
rors can always be controlled by the error associated with using the quadratic function. Hence,
if we want a more accurate approximation of the integral of our function, we need to find a
better approximation of the integral of the quadratic function.

To appreciate the problem more clearly, let us start by describing briefly a specific one-dimensional
example, since its simplicity helps us better understand all the necessary steps through very
simple explicit computations. Assume that | is a fixed nonnegative real number. In one-
dimensional numerical integration, say on an interval [a, b], a simple way of approximating
the integral of a given real p-strongly convex function f : [a,b] — R is first to choose a parti-
tion P := {xg, x1,..., Xn} Of the interval [a, b], such that a = xo < X1 <...< X, = b, and then to

M on each subinterval

apply the classical local trapezoidal quadrature rule T;(f) =
I; :=[x;_1,xi],i = 1,2,..., n, and summing up the results. Among its many important proper-
ties, this rule satisfies the well-known Hermite-Hadamard inequality, which ensures an upper

estimate for the exact value of the integral of any convex function:

Xi
(nde<Ti(f), i=1,2,...,n), (6.1)
it ot s
where the sign of equality being achieved if f is an affine function. Recall that the local trape-
zoidal rule T;(f) could be obtained by integrating the barycentric approximation operator:

Bi[f1(x) := Ai—1 () f(xi-1) + A; (%) f (x3), (x € L)),

where A;_1(x) and A;(x) are the barycentric coordinates of x with respect to I;, that are defined
as:
X—X; X—Xj_
st ()= ————, L) 1= =, (xe ]y,

Xi-1—Xj Xi— Xi-1
Observe that B; is a first order barycentric polynomial interpolating f at two points, x;_; and
x; and that the weights A;_1,A; can expressed as

1
length(1;)

1
B length(/;)

1 x 1 x;_
Aic1(x) = , Ai(x) -l

1 x; 1 X

Rearranging terms, it is clear that these weights are nonnegative on I; and moreover they satisfy

Aici()+Ai(x0) =1, x=A;i1(X0)xi—1 +A;(X)x;, (x€ ;). (6.2)
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The trapezoidal rule is the simplest, most well-known and widely used quadrature rule. The
reason for this popularity lies in the large number of useful theoretical and computational
properties of this rule. It actually served as basic ingredients for constructing more accurate and
adaptive formulas. For this reason, this rule together with its fundamental inequality (6.1) has
been an effective starting point for several subsequent investigations, see [4, 10]. Furthermore,
in the local error analysis of the rule T; (f) :

1 i
ETi(f) := Ti(f)_—x fnadt,

i —Ai—-1Jx

estimate of (6.1), is a very useful tool. Indeed, let (.)* denote the square function t — t?, and
assume that the first derivative of f is a Lipschitz function with a Lipschitz constant L(f) in
la,b] (or f € CY[a, b)), then Hermite-Hadamard inequality implies the following upper local

estimation:
|ET; (] = %OZ)LU’) 6.3)
) Ti((.—:%mf)w,) o
_ Wuﬂ), (6.5)

where equality is attained for all quadratic functions. In addition, if f is u-strongly convex
then the following lower local estimation also holds foralli =1,2,...,n,

ET; (()?
ET;(f) = +)/J (6.6)
Xi1+x;)2
Ti(('_ 2+ ) )
_ - u 6.7)
. 2
_ (x; 13;1—1) . (6.8)

We did not find any reference to such result. However, the above mentioned estimates can be
derived as an immediate consequence of our multivariate general results, see Remark 6.4.5.
Estimates (6.3) and (6.6) say that for the trapezoidal rule, we can always control its approx-
imation error by the Lipschitz constants of the first derivative, the parameter (of the strong
convexity) and the error associated with using the quadratic function. It should also be noted
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that equalities in (6.3) and (6.6) are satisfied for all u-strongly convex functions of the form

f(x)=a(x) + gxz, 6.9)

where a(-) is any affine function. Therefore, in this sense, the error estimates (6.3) and (6.6) are
sharp for the class of u-strongly convex functions having Lipschitz continuous first derivatives.
This provides the starting point of this chapter study. Indeed, the contributions of this chap-
ter are two-fold: first, we would like to consider the general multivariate variable case. More
precisely, we deal with the problem of approximation of the integral of multivariate functions
by snd-formulas, that is, those which approximate from above all strongly convex functions
with Lipschitz-continuous gradients. Geometrically, if a function f belongs to such class, then
its gradient V f cannot change too quickly and it cannot change too slowly either. Functions
satisfying these conditions are widely used in the optimization literature, we refer to Nesterov's
book [18].

Secondly, under the assumption of strong convexity and the standard Lipschitz continuity of
the gradient, we prove some results that pertain to sharp estimates of the error arising from
such approximations.

Hence, the questions that arise, as a natural consequence of the estimates (6.3) and (6.6), are
the following:

o Can we extend the one-dimensional approach to construct a natural multivariate ver-
sion of the trapezoidal quadrature rule in any polytope?

o Can the approximation errors for such cubature formulas satisfy similar lower and up-
per bounds in the multi-dimensional case?

We will answer these questions positively by defining and studying a class of snd-formulas on
an arbitrary polytope to approximate the integral of a function by piecewise cubature formulas.
Our extensions are derived in a natural way by using the generalized barycentric coordinates,
which turn out to be appropriate to the more general multivariate setting. In particular, we will
show how the Delaunay triangulation can be used as a convenient partition of the integration
domain for constructing the best piecewise snd-formulas in L' metric.

Now, we present a very useful tool in our study which is triangulations of a point set and the
Delaunay triangulation.

Definition 6.1.1 (triangulation of a point set) Let S be a finite set of points in the plane. A
triangulation of S is a simplicial complex T such that S is the set of vertices in T, and the union
of all the simplices in T is the convex hull of S, that is | T| = conv(S).

Assimplicial complex is a collection of simplices that intersect only in mutual faces (The convex
hull of any nonempty subset of the n+ 1 points that define an n-simplex is called a face of the
simplex). i.e., any face of a simplex from simplicial complex T is also in T and the intersection
of any two simplices 01,02 € T is either @ or a face of both 01 and 0.
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Definition 6.1.2 (triangulation of a point set inR% ) The definition (6.1.1) defines a triangula-
tion of a set of points to be simplicical complex whose vertices are the points and whose union
is the convex hull of the points. With no change, the definition holds in any finite dimension
d, i.e, a simplex in R? is a d-dimensional simplex (d-simplex), which is defined by its (d + 1)
vertices, and a triangulation of a set of points inR% is a simplicial decomposition of the convex
hull of the point set where the vertices of the triangles are contained in the point set.

Every finite point set inR? has a triangulation, see [21, Section 2.1]. One of the famous and op-
timal triangulation is the Delaunay triangulation which is a geometric structure that engineers
have used for meshes since mesh generation was in its infancy. The Delaunay triangulation of
a point set S, introduced by Boris Nikolavich Delaunay in 1934, is characterized by the empty
circumdisk property: no point in S lies in the interior of any triangles circumscribing disk; see
[21, Definition 1.17].

Delaunay triangulations can be generalized easily to higher dimensions R?).

Definition 6.1.3 (The Delaunay triangulation in R?) Let S be a finite point set in R%, and let
k be the dimension of its affine hull. A Delaunay triangulation of S, Del(S) is a triangulation
of S in which every k-simplex is Delaunay and therefore, every simplex is Delaunay. i.e., the
Delaunay triangulation of a set of points in R? is defined to be the triangulation such that the
circumsphere of every triangle in the triangulation contains no point from the set in its interior.

Figure 6.1 — Every triangle in a Delaunay triangulation has an empty open circumdisk.

Such a triangulation exists for every point set in R%, see[21, Section 2.2].

In the forthcoming sections of this chapter, first we establish two general characterization re-
sults (see Lemma 6.2.1 and Lemma 6.2.2). These general results provide two equivalent condi-
tions for a linear functional to be negative in the set of convex functions. We then use them to es-
tablish a first characterization of the approximation error of our class of cubature formulas. In
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the sequel, we provide a necessary and sufficient condition for the existence of the snd-formulas.
It consists of checking the existence of a set of these coordinates. Section 6.4 uses the generalized
barycentric coordinates to construct a multivariate version of the classical trapezoidal rule in
arbitrary higher-dimensional polytopes. As a result we get explicit lower and upper bounds
for the approximation error when using continuously differentiable functions with Lipschitz
continuous gradients. Indeed, analogously to the one-dimensional estimates (6.3) and (6.6),
we offer sharp error estimates which only depend on the parameter of the strong convexity, the
Lipschitz constants of the gradients and the error associated with using the quadratic function.
In the following, by using the Delaunay triangulation as a partition of a polytope, we present
an explicit construction of our sharp cubature schemes. Finally, we provide a numerical exam-
ple to illustrate the efficiency of this approach.

6.2 General setting

Our main results in this section first concern two characterization results of any negative lin-
ear functional in the set of convex functions, which hold in a general framework and will be
repeatedly applied in the sequel.

Let Q) be a subset of R%. As usual, we mean by Q° the interior of Q. We say that Q is measurable
if it has a finite Lebesgue measure, which we denote by |Q)|. For measurable Q, the class LY(Q)
comprises all Lebesgue integrable functions f : Q — R. A property holds almost everywhere (ab-
breviated by a.e.) on Q if it holds on Q except for a set of measure zero. Furthermore, we denote
by C(Q) the class of all real-valued continuous functions on Q and by C*(Q), where k € N, the
subclass of all functions which are k times continuously differentiable. It is convenient to agree
that C°(Q) = C(Q).

Now we state a first characterization result of linear functionals, which are negative in the set
of convex functions. It is shown that in order to prove such property for the given functional E,
it suffices to check that E is negative in a subset of strongly convex functions with a given fixed
strong convexity parameter.

Lemma 6.2.1 Let Q2 c R% be a compact convex set. Let ji be a positive fixed real number and
let E be a linear functional defined on C(Q)). Then, the following conditions are equivalent:

(i) For every convex function f € C(Q)), we have

E(f) <0.

(ii) For every u-strongly convex function f € C(Q), we have

E(f) <0.

Proof (i) implies (ii) is the trivial part of the proof. Indeed, assume that (i) holds. Let f be

u-strongly convex function. Set g := f — %II-IIZ- By definition, g is therefore convex. Hence,
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applying property (i), it follows, by linearity of E
E(f) = SEQLIP).

Since |.||? is convex, then again by (i) we have E(||. I2) < 0. This shows that (ii) holds.
Now, assume that (ii) holds. Let € be a positive real number and let f be a convex function.
Define the function g by

gi=f+ §||.||2.

Noting that
B B, Eig2
af . 2||-||

. u . .. PR .
and since z [ is convex, then by the definition of strong convexity c8is u-strongly convex.
Hence, by (ii) we can conclude that

u
E(=g)<0.
( . g)

Thus it follows that
E(g) =0,

or equivalently, by virtue of the linearity of E,
E(f) = =S EQLID).
In view of the fact that this inequality holds for all € > 0, then by letting € | 0, it follows that
E(f) =<o0.
Hence, the desired statement (i) is valid and thus means that these two statements are equiva-

lent. |

Ifin addition, the functions belong to C L(Q), then our second characterization result is given
in the following:

Lemma6.2.2 Let Q < R be a compact convex set. Let E : Cck(Q) — R, where k € {0,1}, be
a linear functional and let i a positive real number. Then, the two following statements are
equivalent:

(i) For every u-strongly convex function g € C1'(Q), we have

E[g] =o. (6.10)

(i) Forevery f € CVY(Q) with L(V f)-Lipschitz gradient, we have

|ELﬂ|s—EUHFL£%¥3. 6.11)
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Equality is attained for all functions of the form
f@) = ax) +cll.I%, (6.12)

where c € R and a(-) is any affine function.

Proof First we prove (i) implies (ii). Let f be any function from CY1(Q) with L(V f)-Lipschitz
gradient. Define the following two functions

2LWﬂ

+ =L tf.

Then, according to Proposition 5.4.4, we know that both of these functions belong to C1''(Q)
and are also convex. Hence, by (i) and Lemma 6.2.1, it follows that the functions g_ and g
satisfy

E[g:] =0.

Then, by linearity of E and a simple manipulation we find that

LWﬂ LWﬂ

E[II1?]| —— <E[f] = -E[II*] ——

This is equivalent to (6.11) and shows that property (ii) also holds.

Now, let us assume that (ii) holds. Then, we deduce that
E[IlI%] =0, (6.13)

Let g € CV'1(Q) be any u-strongly convex function and set

Then, according to Proposition 5.4.4, we have

feC" Q) and LIVf) < L(Vg). (6.14)

Since LVe)
=—E§ww—ﬁ

it can be written as follows

UVL(ﬂ f)nn(Lf@ Liﬂ}
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we therefore obtain

LVf) L(Vg) L(Vf)
Elg]=E [||.||2—f —f] +E[I1.17] (—g ——f).
2 2 2
Finally, by combining (ii), (6.13) and (6.14) we can conclude that (i) is valid. For the statement
on the occurrence of equality, it is enough to note that a linear functional E satisfying (6.10) for

all convex functions must vanish for affine functions. |}

Lemma 6.2.2 extends the result given in Theorem5.4.5 for convex functions to the case of strongly
convex functions.
We now define our new general class of cubature formulas, which we formulate as follows:

Definition 6.2.3 Let Q. c RY be a compact set and let j1 be a positive real number. For n points
X1,%2,...,%X, € Q, called nodes, and associated positive numbers Ay, Ay, ..., Ay, we say that

{(Ai,x)):i=1,2,...,n}, (6.15)

defines the u-strongly negative definite cubature formula

/Qf(x)dx: Y Aif(x)+E[f], (6.16)
i=1

if the approximation error E satisfies
E[f] =0, (6.17)

for all u-strongly convex functions f € C(Q).

We say that (6.16) is a u snd-formula for short. We also call (6.15) a u snd-system, which is
said to be of length n if the points x1,X,..., X, are distinct. Let us mention that any y snd-
cubature formula approximates the exact value of the integral of a u-strongly convex function
from above. This means that the approximation error for such cubature formulas is negative
on the set of u-strongly convex functions.

Remark 6.2.4 Note that a u snd-cubature formula as specified in Definition 6.2.3 is always
of order two. In fact, by Lemma 6.2.2 inequality (6.11) the functional E vanishes for affine
functions and so the order is at least two. However, if the order were greater than two, then
(6.11) would imply that E [f] = 0 for all f € CV1(Q). Recall that, in the univariate case, a
quadrature rule is snd-formula if and only if its second Peano kernel is greater than zero or less
than zero, respectively; see [1, Chap.Il.4] or [3, Chap. 4.3].

In the theory of inequalities, inequality (6.17), with E defined by (6.16) and valid for all -
strongly convex functions, has also been called upper Hermite-Hadamard inequality.
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Remark 6.2.5 Let f € C'1(Q) be p-strongly convex function, then by Theorem 1.1.14 we have

(VX)) =V, x—y)=ulx—yl? (6.18)
IVF(x)=VFI<LVHIx-yl. (6.19)

Using Cauchy-Schwarz inequality on the first term of (6.18), ullx -yl < IVf(x) =V f (), then
according to (6.19) we conclude that i < L(V f). Hence, i should be less than or equal to L(V f)
if the function is both -strongly convex and its gradient is L(V f)-Lipschitz continuous.

We now present a characterization of our class of cubature formulas in terms of their associated
error functionals. Indeed, we show that for functions in C1'(Q), the error estimates based on
such cubature formulas are always controlled by the Lipschitz constants of the gradients, the
strong convexity parameter and the error associated with using the quadratic function. This
result is a direct consequence of Lemmas 6.2.1 and 6.2.2.

Theorem 6.2.6 Let Q. c RY be a compact convex set. A cubature formula (6.16) is y-strongly
snd-formula if and only if for all u-strongly convex functions f € CV1(Q), its error functional
satisfies

%ﬂE[II.IIZ] <E[f] < gE[II.IIZ]. (6.20)

In (6.20), equality is attained for all functions of the form
f&):=atx+ E1L12,

where a(-) is any affine function.

Proof The error lower bound is a direct consequence of Lemma 6.2.2. So it remains to check
that the upper bound holds, too. Assume that cubature formula (6.16) be a snd-formula. So,
for every strongly convex function f with fixed parameter u, E[f] < 0. Hence, by Lemma 6.2.1
for every convex function g, E[g] <0. Letg = f — gll.llz, since g is convex so

Elgl=E|[f-S11%| 0.

By the linearity of E we have
Elf1-SE[117) <0,

which yields
Elf1= SE[1L1].

Conversely, if the error functional satisfies in the inequalities (6.20), since for all u-strongly
convex functions f € C*1(Q) we have u < 1(Vf), so according to Lemma 6.2.2 we conclude that
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E[f] = 0. It means that cubature formula (6.16) is a snd-formula. The equality case can be
verified easely.

6.3 Characterization of snd-cubature formulas in terms of the exis-
tence of a set of barycentric coordinates

LetQcRY bea compact convex polytope of positive measure, and let X := {x1,%>,...,x,} be a
finite subset that includes the vertices of Q. Thus, the convex hull of X must be equal to Q).
The cubature formulae considered in [11] is introduced as follows:

Definition 6.3.1 For n points X := {x1,%>,...,X,} € Q, called nodes, and associated positive
numbers Ay, Az, ..., An, we say that

{(Aj,x):i=1,2,...,n}, (6.21)

defines the definite cubature formula
n
fﬂf(x) dx=Y Aif(x)+Ry[f], (6.22)
i=1
if there exists ao € {—1,1} such that o R, [f] = 0 for all convex functions f € C(Q).
Then it was characterized the definite cubature formula as follows:

Theorem 6.3.2 [11] Aset{(A;,x;):i=1,2,...,n} defines a negative definite cubature formula
on Q if and only if there exists a partition of unity {p1,p2,...,¢n} onQ such that

x=) @ix)x; (a.e.onQ), (6.23)

n
i=1

and

A; :f pix)dx (i=1,2,...,n). (6.24)
Q

Now, we utilize the above theorem to provide a necessary and sufficient condition for the ex-
istence of the snd-formulas. It consists of checking the existence of a set of barycentric coordi-
nates.

Theorem 6.3.3 Aseta={(A;,x;):i=1,2,...,n} defines a u snd-cubature formula on Q if and
only if there exists a set of barycentric coordinates {11, Ay,...,A,} on Q such that

x=) Aix)x; (a.e.onQ), (6.25)

n
i=1
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and

m:fMWMxﬁzLme. (6.26)
Q

Proof Let{(A;,x;):1=1,2,...,n} defines a u snd-cubature formula on Q. Then, according to
the definition the error functional E satisfies

E[f] =0, (6.27)

for any u-strongly convex function f. We deduce then by Lemma 6.2.1 that, for every convex
function g € C(Q)), we have

E[g] =o. (6.28)

This means that the estimate

A;g(x;),
1

f gx)dx <
Q i

n

holds for every convex function g € C(Q). Hence by Theorem 6.3.2, there exists a set of barycen-
tric coordinates {11, A2, ..., Ay} on Q, which satisfies the required conditions (6.25) and (6.26).
Conversely, assume that there exists a set of barycentric coordinates {11, A2,..., A} on Q, such
that conditions (6.25) and (6.26) hold. Let f be convex on Q). Then, since f is convex, by Jensen’s
inequality it follows from (6.25) that

f@ =) i@ f(x).

i=1

Integrating both sides over Q and using (6.26), we obtain the inequality

E[f] ::fo(x)dx—iiAif(x,-) <0.

Since the above inequality holds for every convex function, then according to Lemma 6.2.1 we
also have, for every u-strongly convex function,

E[f]=o0. (6.29)

This shows that {(A;,x;) :i=1,2,...,n} defines a u snd-cubature formulaonQ. |

6.4 Integral Approximation using barycentric coordinates

Many of useful properties of the classical trapezoidal quadrature rule (6.1) on the interval [a, b]
can be carried over directly to the d-dimensional hypercube ]'[?:1 [a;, b;] by using tensor prod-
ucts of d copies of this latter. Non-tensorial constructions of the trapezoidal curbature formula
are rare in the case of an arbitrary polytope. In general, leaving the tensor-product setting
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causes a lot of difficulties in theoretical as well as in computational aspects. From the theoreti-
cal point of view it gets harder to find a suitable set of barycentric coordinates needed for their
constructions as we did for the one-dimensional case. An example of a non-tensorial construc-
tion on surplices with the derivation of an efficient computational scheme for the trapezoidal
cubature formulas can be found in [10]. Using generalized barycentric coordinates, this section
shows how the simple univariate trapezoidal rule (6.1) can be extended to arbitrary higher-
dimensional polytopes. To this end, let X, = {x;}]" | be a given finite set of pairwise distinct
points in Q < R, with Q = conv(X,,,) denoting the convex hull of the point set X,,. We are in-
terested in approximating the integral of an unknown function f : Q — R from given function
values f(y,), f(¥1),..., f(y,) where Y, := {yi}?zo < Q. In order to obtain a simple and stable
global approximation of the integral of f on Q, we may consider a p snd-cubature formula of
the following form:

Lf1:= ) Aif(y)). (6.30)
i=0

Theorem 6.3.3 tells us that there exists a set of barycentric coordinates {11, A2, ..., A} onQ such
that

x=) Aixy; (a.e.onQ), (6.31)

n
i=0

and

Aizf Aix)dx (i=0,1,...,n). (6.32)
Q
For any function f € CVY(Q), the functional

Enlf] := Enlfo Al = Inlf] - fQ £ do, (6.33)

will be reserved exclusively to denote the incurred approximation error between the integral of
f and its approximation I, f].

We now give a simple expression of the error Ej, [I.II2] in terms of the barycentric coordinates
{A/Or .. ,//t}’l}

Lemma 6.4.1 The error E,[||.|%] when approximating the integral of the quadratic function
.12 by I,[1I.1%] can be expressed as:

E 2 = ) Q/li(x)||x—y,-||2 dx. (6.34)
i=0
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Proof For f(x) = ||x||?, we find by a simple calculation that

@ +(Vf@,y-x) =y > = |x- ]

Hence, multiplying on each side by A;, summing up with respect to i from 0 to n, using the
linear precision property of barycentric coordinates and rearranging, we get the desired result
and completes the proof of the Lemma. |}

The following Lemma shows that if the cubature formula I, approximates every strongly con-
vex function from above, then it generates a sharp lower bound for the error of any strongly
convex function.

Lemma 6.4.2 Let u be a positive real number. If the parycentric coordinate approximation
functional I,, approximates every p-strongly convex function from above then for every p-
strongly convex function f, it holds

EZ[ 1@ | x— ;| dxs[n[f]—f F(x) dx. (6.35)
2 i%pJ0 Q

Equality in (6.35) is attained for all functions of the form
£ = a0 + S, (6.36)

where a(:) is any affine function.

Proof Let us fix f as a u-strongly convex function on C, then forany x,y € C
fy+Q-Dx)<tfN+A-0f(x) - gt(l —)llx-yl?

Hence
tf+A-0f)=fay+1-0x)+ gt(l— t)llx—yllz,

which yields
tfM+fX)—tf(x)= fty+(Q—-1Dx) +gt(1— Hllx—yl?.

This can be expressed as
t(fM-fN=zfy+Q-nx) - fx)+ gt(l - nlx-yl

Dividing the above inequality by t gives

fy+1Q-0x)- f(x) +E

1-0lx—yl>
, 2( Mx =yl

f-fx)=

108



6.4. Integral Approximation using barycentric coordinates

Therefore, letting t — 0 yields
)= F0+ (G, y-x)+ 5 -y,
By letting y; instead of y we have
9= F0) +(Vf @),y -x)+ & -yl

Multiplying on each side by A;, summing up with respect to i from0 to n and integrating each
term, we get the desired result and completes the proof of the Lemma. The case of equality is
easily verified. |}

The following Lemma gives an upper bound for the absolute value of the error of any function
possessing Lipschitz continuous gradient:

Lemma 6.4.3 The following error estimate holds for every function f € C1(Q) :

LIVf) &
In[f]—ff(x) dx| < = f)Zf)Li(x) |x—y;°. (6.37)
Q N 8 [0}
Equality in (6.37) is attained for all functions of the form
f&)= a0 + S, (6.38)

where a(:) is any affine function.

Proof This Lemma is an immediate consequence of Theorem 6.2.6 and Lemma 6.4.1. The case
of equality is easily verified. |}

Now everything is set for giving an upper bound and a lower bound for the approximation
error estimate Ey [ f] = In[f1- [, f(x) dx of any u-strongly convex function f, having Lipschitz
continuous gradient.

Theorem 6.4.4 Let u be a positive real number. Then, for every u-strongly convex function
fe CctY(Q) and any x € Q, it holds:

j A x= vl < i1 [ foo ax< =L 1Dy > [ awlepl. 63
Equality in (6.39) is attained for all functions of the form
) =ax)+ gllxllz, (6.40)
where a(-) is any affine function.
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Proof This is an immediate consequence of Lemmas 6.4.1, 6.4.2, 6.4.3 and Theorem 6.2.6. The
case of equality is easily verified. |}

Remark 6.4.5 In the univariate case, a simple inspection of the error estimates (6.39) reveals
that (6.39) is nicely reduced to the simple form given in (6.3) and (6.6).

6.5 Practical Construction of snd-Cubature Formulas

We now turn to a practical construction of snd-cubature formulas. To this end, let us first
consider the case where Q is a non-degenerate simplex in R® with x;,i = 1,2,...,d + 1, being
the set of its vertices. Then each x € Q) has a unique representation as a convex combination

d+1
X = Ai(x)x;, (6.41)
i=1
where A; is the restriction to Q of the affine function that attains the value 1 at x; and is zero
at all the other vertices of Q. The value A;(x) is the barycentric coordinate of x with respect to
x;. Then, if f is convex, by Jensen’s inequality it follows from (6.41) that

d+1

fxX) =) Aix) f(x).
i=1

Integrating both sides over Q) and using the fact that fQ)Li(x) dx = %, i=12,....,d+1, (itis

well-known that the integral of an affine function f over a simplex Q) is the arithmetic mean
of the values of f at the vertices of Q) times |Q)|), we deduce that

fQ fx)dx < Q™R(f), (6.42)
TraR dxl |Q|
Q™ ()= l:ZI A (6.43)

Consequently, by Lemma 6.2.1, the set of barycentric coordinates A1, Ay, ..., Aq+1 produces the

1| .
{(m,xi)ll: 1,2,...,d+1}.

It is the only snd-system on Q which has no other nodes than the vertices.

snd-system

Now let X = {x; € RYi=1,2,..., n} be an arbitrary set of points of R?. The previous approach
can be generalized when Q = conv(X) is an arbitrary polytope in R%. A triangulation I of
Q with respect to X is a decomposition of Q into d-dimensional simplices such that X is the
set of all their vertices, and the intersection of any two simplices consists of a common lower-
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dimensional simplex or is empty. As we mentioned in section 6.1, triangulations of compact
convex polytopes exist . Indeed, given any finite set X of points that do not all lie on a hyper-
plane, Chen and Xu [2, p. 301] describe a lifting-and-projection procedure which results in a
triangulation of the convex hull of X with respect to X. For an explicit statement on the exis-
tence of triangulations with a proof based on an algorithmic method, see [12, Theorem 3, part
al.

Now let $1,8S»,...,S; be the simplices of T, and let N; be the set of all integers j such that x; is
a vertex of S;. Ifx €S and j € N;, then we denote by A;j(x) the barycentric coordinate of x
with respect to x; for the simplexS;. It is easily verified that if x € S (S, then A;j(x) = Ak (x)
ifj,ke NjandA;j(x) =0 if j € N;. Therefore, setting

Aij(x) ifx€S; and jeN;

0 otherwise

¢i(x) =

fori=1,2,...,n, weobtain a well-defined barycentric coordinates 1, ¢z, ..., . This obviously
produces the snd-formula

fﬂ F®dx = Q™(f)+ELf), (6.44)

where

n

IS;|
tra _ J .
Q™ (N =), (jENi T 1) fx). (6.45)

i=1

Let T(Q) be any triangulation of the point set X,,. Then ATV := {AI.T(Q) }n

1=
barycentric coordinates associated with each x; of X,. Now we list the basic properties of AT?

o denotes the set of

which are particularly relevant to us:

(1) They are well-defined, piecewise linear and nonnegative real-valued continuous func-
tions.

(2) The function Al.T(Q) satisfies the delta property, which equals 1 at x; and 0 at all other
pointsin X, \ {x;}, that is, )LI.T(Q) (xj)=0;j (6 is the Kronecker delta).

We denote by

n

EfVf10 = 3 ATV 0 f(xi) - fx). (6.46)

i=0

As regard the error estimates (6.46), in [6] it was established that every set of barycentric co-
ordinates generated by a Delaunay triangulation is optimal, in the sense that for all possible

11t seems that in dimension d = 3 the existence was already known to mathematicians like Euler and Dirichlet.
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barycentric coordinates, Delaunay triangulation provides the minimal barycentric approxi-
mation error E,[|| - |2]:

Theorem 6.5.1 Let T (Q) be a triangulation of the point set X ,,. Then the following statements
are equivalent.

(i) T(Q) is a Delaunay triangulation.

(ii) For any set of barycentric coordinates A = {/li};?zo and for all x € Q, there holds

0= E Ll 171(x) < Eplll- 117, A1 ().

This optimality condition also characterizes Delaunay triangulation.

6.6 Numerical experiments in 3D

In this section we provide numerical test, which we perform in order to validate our theoretical
predictions. We have considered the following function of three variables as test function

g(x,y,2) =exp(ax+by+cz),

and the domain of integration is the pyramid Pyr given in the Cartesian coordinate system
(x, ¥, z) by the inequalities:

Pyr={(x,y;2) € R3:03z<x<1 -0.3z,03z<y<1-03z 0<z<1}. (6.47)

The algorithm for computing the approximate values of the integral is as follows:

1. Pyramid should be decomposed into tetrahedra, see Figure 6.2, a.
2. Each of tetrahedra should be mapped onto the reference one, see Figure 6.2, b.

3. For integration of function g over the reference tetrahedron the method, Q™® (g) should
be applied, where Q™R (g) is defined by the formula (6.43).

4. The results are the sums of approximate values of integrals over all tetrahedra in the
decomposition of the pyramid.
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Figure 6.2 — Domain of the pyramid and its decomposition into tetrahedra generated by
DistMesh (a). The characteristic linear size of tetrahedra is 1/21. Reference tetrahedron

(b)

Let us give more details about these steps.

For decomposition of the domain P yr the DistMesh package was used that is a simple triangu-

lar mesh generator in MATLAB based on Delaunay triangulation. A detailed description of the
program is provided in [19, 20] or http://persson.berkeley.edu/distmesh. Specifically, we used
the code of the Problem #3 from the webpage available at the address :

https://people.sc.fsu.edu/ ~jburkardt/m_src/distmesh_3d/distmesh_3d.html

For computing the errors of our methods we need to compute the exact value of integral of
function g(x, y, z) over the pyramid Pyr, assuming that Pyr is given by its H-representation

(6.47) or, alternatively, in its corresponding V-representation. We should mention that some

useful methods for computing such integrals are discussed in [15, Section 2]. The exact value

of this integral is

Ipyr(g) = K(Aa3 +Ba’b+Ca’c+Db’a+ Eb*c+ Fb® + G® +H02a+102b+]abc),

where K =

10

A=27(eb—e“+e“+b+a+ﬁ—y—0—1),

B=27(e’—e%—e P —q+B-y+0+1),

C=90(e* P —e?—el—a+B+y-0+1),

D=27(e"—el —e* P —q-B+y+6+1),

E=90(-e®—el +e* P —q+B+y—-0+1),

F=27("—el+e“Pya—-B+y-0-1),

G=1000(e?+el el ra—f-y+6-1),

ab(Ba-3b—-10c)(3a+3b—-10c)3a-3b+10c)(3a+3b+10¢)’
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N 4 8 16 32 64 128
E]T\{a(g) 3.441E-01 | 6.520E-02 | 1.478E-02 | 3.420E-03 | 8.312E-04 | 2.074E-04

Table 6.1 — Errors obtained while integrating g with a =1, b =2, ¢ = 3 over pyramid Pyr

N 8 16 32 64
E]T\fa(g) 2.46763 | 2.14976 | 2.13358 | 2.05323

Table 6.2 — Orders of convergence obtained while integrating g with a=1, b=2, ¢ = 3 over
the pyramid Pyr

H=300(e*—el —e*—a-B+y+0+1),
1=300(e" —e*—e™P —q+p—y+0+1),

J=180(—e%—el — el 1 a+f+y+0-1),

— 60.3a+0.3b+c, ﬁ — eO.7a+0.3b+c, — eO.3a+0.7b+c, 0= eO.7a+O.7b+c‘

a Y

After applying the above algorithm we got the asymptotics of the relative errors of our formulas
for the case of function g with a =1, b = 2, ¢ = 3. The expression of the relative error for Q3
cubature formula is as follows:

Qtra(g) —Ipyr(8)
Ipyr(g)

EN2(g) =

)

where Q" (g) is defined by the formula (6.45). In Table 6.1, the values of the relative errors of
integration are given for the case of test with a =1, b =2, ¢ = 3. Table 6.2 shows the orders of
convergence obtained for the test witha=1, b =2, ¢ = 3. The orders are close to 2.
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Conclusion and final remarks

As our main results are appeared in chapters two to five, we are going to discuss about these
chapters briefly and separately to mention the main results and final remarks of each chapter
as follows:

In extending the definition of convex function to operator convex function, since we deal only
with the sum of the operators with respect to continuous functional calculus it can be easily
done but in defining the operator geometrically convex functions as we are dealing with the
multiplication of operators and since the multiplication of operators are not commutable one
must be cautious. In chapter two, by the definition of weighted geometric mean, using some
lemmas and theorems, we defined operator geometrically convex functions, and we tried to
prove the Hermite-Hadamard types inequality for these functions. At the beginning of the dis-
cussion we sought to prove the exact inequality of Hermite-Hadamard for operator geometri-
cally convex functions, but we found that there would be a contradiction if established, because,
the mid term and the last one are the log-mean and the geometric mean, respectively, and it
is known that the log-mean is greater than the geometric mean. By giving some samples we
finished this chapter:

Audenaert obtained inequality (3.17) for unitarily invariant norms that interpolates between
the arithmetic-geometric mean inequality and the Cauchy-Schwarz inequality for matrices.
A refined version of this inequality was given in [1] of chapter three for the Hilbert-Schmidt
norm by applying kth antisymetric tensor powers of the matrices and their properties. In this
chapter, we refined the mentioned inequality for general case, that is for all unitarily invariant
norms, not just for Hilbert-Schmidt norm and by completely different approach. In this regard,
we refined two other well-known inequalities too.

In chapter four, the main goal was to present numerical radius inequalities for matrices and
extend some unitarily invariant norms inequality, such as Heinz and Young inequalities, to
the context of numerical radius, but it is notable that due to weak unitary invariant of the nu-
merical radius, one can not expect the exact form holds true. Actually, the obtained inequality
maybe is weaker than the corresponding version. In the sequel, we obtained some Berezin num-
ber inequalities based on the definition of Berezin symbol and we established some inequalities
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involving generalization of Berezin number inequalities.

In chapter five, first we discussed about approximation a class of convex functions. Namely, it
was provided by Guessab a simple and elegant characterization of upper approximation oper-
ators then it was showed that it is possible to apply the given error estimate to a differentiable
convex function with Hélder continuous gradient. In this chapter, we tried to extend the result
to operator version, and apply the obtained result to refining the Hermite-Hadamard inequal-
ity.

In chapter six, we established a new and efficient way of approximating a given function of
multiple variables by linear operators, which approximate integral of all strongly convex func-
tions from above. We also assumed that these functions are continuously differentiable func-
tions with Lipschitz continuous gradients. This additional information is used to characterize
sharp error estimates which are always controlled by the Lipschitz constants of the gradients,
the strong convexity parameter and the error associated with using the quadratic function.
Then, we turned to a practical construction of snd-cubature formulas. Finally, we provided
some numerical tests, which we performed in order to validate our theoretical predictions.
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