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ABSTRACT The main aim of this book is to present recent results con-
cerning inequalities for continuous functions of selfadjoint operators on
complex Hilbert spaces. It is intended for use by both researchers in various
fields of Linear Operator Theory and Mathematical Inequalities, domains
which have grown exponentially in the last decade, as well as by postgrad-
uate students and scientists applying inequalities in their specific areas.
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Preface

Linear Operator Theory in Hilbert spaces plays a central role in contempo-
rary mathematics with numerous applications for Partial Differential Equa-
tions, in Approximation Theory, Optimization Theory, Numerical Analysis,
Probability Theory & Statistics and other fields.

The main aim of this book is to present recent results concerning inequal-
ities for continuous functions of bounded selfadjoint operators on complex
Hilbert spaces.

The book is intended for use by both researchers in various fields of
Linear Operator Theory and Mathematical Inequalities, domains which
have grown exponentially in the last decade, as well as by postgraduate
students and scientists applying inequalities in their specific areas.

In the first chapter we recall some fundamental facts concerning bounded
selfadjoint operators on complex Hilbert spaces. The generalized Schwarz’s
inequality for positive selfadjoint operators as well as some results for the
spectrum of this class of operators are presented. Then we introduce and
explore the fundamental results for polynomials in a linear operator, con-
tinuous functions of selfadjoint operators as well as the step functions of
selfadjoint operators. By the use of these results we then introduce the
spectral decomposition of selfadjoint operators (the Spectral Representa-
tion Theorem) that will play a central role in the rest of the book. This
result is used as a key tool in obtaining various new inequalities for con-
tinuous functions of selfadjoint operators, functions which are of bounded
variation, Lipschitzian, monotonic or absolutely continuous. Another tool
that will greatly simplify the error bounds provided in the book is the Total
Variation Schwarz’s Inequality for which a simple proof is offered.

This is page ix
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The chapter is concluded with some well known operator inequalities
of Jensen’s type for convex and operator convex functions. Finally, some
Griiss’ type inequalities obtained in 1993 by Mond & Pecari¢ are also pre-
sented.

Jensen’s type inequalities in their various settings ranging from discrete
to continuous case play an important role in different branches of Modern
Mathematics. A simple search in the MathSciNet database of the American
Mathematical Society with the key words "jensen" and "inequality" in the
title reveals more than 300 items intimately devoted to this famous result.
However, the number of papers where this inequality is applied is a lot
larger and far more difficult to find.

In the second chapter we present some recent results obtained by the
author that deal with different aspects of this well research inequality than
those recently reported in the book [20]. They include but are not restricted
to the operator version of the Dragomir-Ionescu inequality, Slater’s type
inequalities for operators and its inverses, Jensen’s inequality for twice dif-
ferentiable functions whose second derivatives satisfy some upper and lower
bounds conditions, Jensen’s type inequalities for log-convex functions and
for differentiable log-convex functions and their applications to Ky Fan’s
inequality. Finally, some Hermite-Hadamard’s type inequalities for convex
functions and Hermite-Hadamard’s type inequalities for operator convex
functions are presented as well.

The third chapter is devoted to Cebysev and Griiss’ type inequalities.

The Cebysev, or in a different spelling - Chebyshev, inequality which com-
pares the integral/discrete mean of the product with the product of the
integral/discrete means is famous in the literature devoted to Mathemat-
ical Inequalities. It has been extended, generalized, refined etc...by many
authors during the last century. A simple search utilizing either spellings
and the key word "inequality" in the title in the comprehensive MathSciNet
database produces more than 200 research articles devoted to this result.

The sister inequality due to Griiss which provides error bounds for the
magnitude of the difference between the integral mean of the product and
the product of the integral means has also attracted much interest since
it has been discovered in 1935 with more than 180 papers published, as a
simple search in the same database reveals. Far more publications have been
devoted to the applications of these inequalities and an accurate picture of
the impacted results in various fields of Modern Mathematics is difficult to
provide.

In this chapter, however, we present only some recent results due to
the author for the corresponding operator versions of these two famous
inequalities. Applications for particular functions of selfadjoint operators
such as the power, logarithmic and exponential functions are provided as
well.

The next chapter is devoted to the Ostrowski’s type inequalities. They
provide sharp error estimates in approximating the value of a function
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by its integral mean and can be utilized to obtain a priory error bounds
for different quadrature rules in approximating the Riemann integral by
different Riemann sums. They also shows, in general, that the mid-point
rule provides the best approximation in the class of all Riemann sums
sampled in the interior points of a given partition.

As revealed by a simple search in MathSciNet with the key words "Os-
trowski" and "inequality" in the title, an exponential evolution of research
papers devoted to this result has been registered in the last decade. There
are now at least 280 papers that can be found by performing the above
search. Numerous extensions, generalizations in both the integral and dis-
crete case have been discovered. More general versions for n-time differ-
entiable functions, the corresponding versions on time scales, for vector
valued functions or multiple integrals have been established as well. Nu-
merous applications in Numerical Analysis, Probability Theory and other
fields have been also given.

In this chapter we present some recent results obtained by the author in
extending Ostrowski inequality in various directions for continuous func-
tions of selfadjoint operators in complex Hilbert spaces. Applications for
mid-point inequalities and some elementary functions of operators such as
the power function, the logarithmic and exponential functions are provided
as well.

From a complementary viewpoint to Ostrowski/mid-point inequalities,
trapezoidal type inequality provide a priory error bounds in approximating
the Riemann integral by a (generalized) trapezoidal formula.

Just like in the case of Ostrowski’s inequality the development of these
kind of results have registered a sharp growth in the last decade with more
than 50 papers published, as one can easily asses this by performing a
search with the key word "trapezoid" and "inequality" in the title of the
papers reviewed by MathSciNet.

Numerous extensions, generalizations in both the integral and discrete
case have been discovered. More general versions for n-time differentiable
functions, the corresponding versions on time scales, for vector valued func-
tions or multiple integrals have been established as well. Numerous appli-
cations in Numerical Analysis, Probability Theory and other fields have
been also given.

In chapter five we present some recent results obtained by the author in
extending trapezoidal type inequality in various directions for continuous
functions of selfadjoint operators in complex Hilbert spaces. Applications
for some elementary functions of operators are provided as well.

In approximating n-time differentiable functions around a point, perhaps
the classical Taylor’s expansion is one of the simplest and most convenient
and elegant methods that has been employed in the development of Math-
ematics for the last three centuries.

In the sixth and last chapter of the book, we present some error bounds
in approximating n-time differentiable functions of selfadjoint operators by
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the use of operator Taylor’s type expansions around a point or two points
from its spectrum for which the remainder is known in an integral form.
Some applications for elementary functions including the exponential and
logarithmic functions are provided as well.

For the sake of completeness, all the results presented are completely
proved and the original references where they have been firstly obtained are
mentioned. The chapters are followed by the list of references used therein
and therefore are relatively independent and can be read separately.

The Author*
1

1% This book is dedicated to my beloved children Sergiu & Camelia and granddaughter
Sienna Clarisse.
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1

Functions of Selfadjoint Operators in
Hilbert Spaces

1.1 Introduction

In this introductory chapter we recall some fundamental facts concerning
bounded selfadjoint operators on complex Hilbert spaces. Since all the op-
erators considered in this book are supposed to be bounded, we no longer
mention this but understand it implicitly.

The generalized Schwarz’s inequality for positive selfadjoint operators as
well as some results for the spectrum of this class of operators are presented.
Then we introduce and explore the fundamental results for polynomials in a
linear operator, continuous functions of selfadjoint operators as well as the
step functions of selfadjoint operators. By the use of these results we then
introduce the spectral decomposition of selfadjoint operators (the Spectral
Representation Theorem) that will play a central role in the rest of the
book. This result is used as a key tool in obtaining various new inequali-
ties for continuous functions of selfadjoint operators which are of bounded
variation, Lipschitzian, monotonic or absolutely continuous. Another tool
that will greatly simplify the error bounds provided in the book is the Total
Variation Schwarz’s Inequality for which a simple proof is offered.

The chapter is concluded with some well known operator inequalities of
Jensen’s type for convex and operator convex functions. More results in
this spirit can be found in the recent book [1].

Finally, some Griiss’ type inequalities obtained in 1993 by Mond &
Pecari¢ are also presented. They are developed extensively in a special
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chapter later in the book where some applications in relation with classical
power operator inequalities are provided as well.

1.2  Bounded Selfadjoint Operators

1.2.1  Operator Order

Let (H;(.,.)) be a Hilbert space over the complex numbers field C.
A bounded linear operator A defined on H is selfadjoint, i.e., A = A* if
and only if (Az,z) € R for all x € H and if A is selfadjoint, then

[All = sup [(Az,z)[ = sup [(Az,y)|. (1.1)
llzl|=1 lel=lyll=1

We assume in what follows that all operators are bounded on defined on
the whole Hilbert space H. We denote by B (H) the Banach algebra of all
bounded linear operators defined on H.

Definition 1 Let A and B be selfadjoint operators on H. Then A < B (A
is less or equal to B) or, equivalently, B > A if (Azx,z) < (Bz,x) for all
x € H. In particular, A is called positive if A > 0.

It is well known that for any operator A € B (H) the composite opera-
tors A*A and AA* are positive selfadjoint operators on H. However, the
operators A*A and AA* are not comparable with each other in general.

The following result concerning the operator order holds (see for instance
[2, p. 220]):

Theorem 2 Let A, B,C € B(H) be selfadjoint operators and let a, B € R.
Then

1. A< A;

2. If A< B and B<C, then A < C,

3. If A< B and B < A, then A= B;

4. If A< B and o > 0, then
A+C<B+C,aA<aB,—A>-B;

5 If a < B, then aA < BA.

The following generalization of Schwarz’s inequality for positive selfad-
joint operators A holds:

[(Az,)[* < (Az,z) (4y,y) (1.2)

for any z,y € H.
The following inequality is of interest as well, see [2, p. 221]
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Theorem 3 Let A be a positive selfadjoint operator on H. Then
[Az||* < | Al| (Az, ) (1.3)
for any x € H.

Theorem 4 Let A,,B € B(H) with n > 1 be selfadjoint operators with
the property that
Ay <Ay <..<A,<..<B.

Then there exists a bounded selfadjoint operator A defined on H such that
A, <A<B foralln>1

and
lim A,x = Ax for oll x € H.

n—oo

An analogous assertion holds if the sequence {4, }, -, is decreasing and
bounded below.

Definition 5 We say that a sequence {A,},. , C B(H) converges strongly
to an operator A € B(H), called the strong limit of the sequence {Ay} o,
and we denote this by (s)lim, .o A, = A, if lim, o Az = Az for all
x € H.

The convergence in norm, i.e. lim, . |4, — A|] = 0 will be called
the "uniform convergence” as opposed to strong convergence. We denote
lim,, A, = A for the convergence in norm. From the inequality

[Amz — Apz|| < [[Am — An| ||z

that holds for all n,m and x € H it follows that uniform convergence of
the sequence {A,} ~, to A implies strong convergence of {4, } —; to A.
However, the converse of this assertion is false.

It is also possible to introduce yet another concept of "weak convergence”
in B (H) by defining (w) lim,,_,oc A, = A if and only if lim,,_,o (Apz,y) =
(Az,y) for all x,y € H.

The following result holds (see [2, p. 225]):

Theorem 6 Let A be a bounded selfadjoint operator on H. Then

= inf (Az,z) =max{a € Rlal < A};

llzll=1
llzll=1

and
| All = max {|au [, [aal} .

Moreover, if Sp(A) denotes the spectrum of A, then ay,as € Sp(A) and
Sp(A) C lag, as].
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Remark 7 We remark that, if A, aq, o are as above, then obviously

ap = min{A|A € Sp(A)} = minSp(A4);
az = max{A|A € Sp(A)} =:maxSp(A);
[All = max {[A[[A e Sp(4)}.

We also observe that
1. A s positive iff oy > 0;
2. A is positive and invertible iff aq > 0;

3. Ifaq > 0, then A~ is a positive selfadjoint operator and min Sp (A’l) =

ay ' max Sp (A71) = a7

1.3 Continuous Functions of Selfadjoint Operators

1.8.1 Polynomials in a Bounded Operator

For two functions ¢, : C — C we adhere to the canonical notation:

(p+1)(s) =@ (s) + 1 (s),
(Ap) (s) = Ap (s),
() () == (s) 9 (s)

for sum, scalar multiple and product of these functions. We denote by @ (s)
the complex conjugate of ¢ (s).

As a first class of functions we consider the algebra P of all polynomials
in one variable with complex coefficients, namely

P = {go(s) = Zaksk In>0,ar, € CO< k< n}
k=0

Theorem 8 Let A € B(H) and for ¢(s) = Y ,_,ars” € P define

@(A) = Yo AF € B(H) (A°=1) and p(A) = Yy oan (A%)" €

B (H). Then the mapping ¢ (s) — ¢ (A) has the following properties

a) (p+v)(A)=¢(4) +v(A);
b) (Ap) (A) = Ap (4);

) (p) (A) = (A) Y (A);

)



1.3 Continuous Functions of Selfadjoint Operators 5

Note that ¢ (A) ¢ (A) = ¢ (A) ¢ (A) and the constant polynomial ¢ (s) =
g is mapped into the operator.

Recall that, a mapping a — a’ of an algebra U into an algebra U’ is
called a homomorphism if it has the properties

a) (a+0b) =d +V;

b) (A\p) = \a/;

c) (ab) =d'V.

With this terminology, Theorem 8 asserts that the mapping which asso-
ciates with any polynomial ¢ (s) the operator ¢ (A) is a homomorphism of
P into B (H) satisfying the additional property d).

The following result provides a connection between the spectrum of A
and the spectrum of the operator ¢ (A4).

Theorem 9 If A€ B(H) and ¢ € P, then Sp (¢ (A)) = ¢ (Sp(4)).

Corollary 10 If A € B(H) is selfadjoint and the polynomial ¢ (s) € P
has real coefficients, then ¢ (A) is selfadjoint and

e (A)]| = max {[p ()], A € Sp(A)}. (1.4)

Remark 11 If A€ B(H) and ¢ € P, then

1. ¢ (A) is invertible iff ¢ (X\) # 0 for all A € Sp(A);

2. If ¢ (A) is invertible, then Sp (<p (A)_l) = {ap()\)_l JAESP (A)} .

1.3.2  Continuous Functions of Selfadjoint Operators

Assume that A is a bounded selfadjoint operator on the Hilbert space H.
If ¢ is any function defined on R we define

lell 4 = sup{le ()], A € Sp(A)}.

If ¢ is continuous, in particular if ¢ is a polynomial, then the supremum
is actually assumed for some points in Sp (A) which is compact. Therefore
the supremum may then be written as a maximum and the formula (1.4)
can be written in the form [|p (A)|| = |l¢]| 4 -

Consider C (R) the algebra of all continuous complex valued functions
defined on R. The following fundamental result for continuous functional
calculus holds, see for instance [2, p. 232]:

Theorem 12 If A is a bounded selfadjoint operator on the Hilbert space
H and ¢ € C(R), then there exists a unique operator ¢ (A) € B(H) with
the property that whenever {¢,, },—; C P such that lim,_.« || — ¢, || 4 =0,
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then ¢ (A) = lim,, o0 @,, (A) . The mapping ¢ — ¢ (A) is a homomorphism
of the algebra C (R) into B(H) with the additional properties [p (A)]" =
@ (A) and || (A)| < 2||¢ll 4. Moreover, ¢ (A) is a normal operator, i.e.

[0 (A)]" 0 (A) = p(A)[p(A)]". If ¢ is real-valued, then o (A) is selfadjoint.

As examples we notice that, if A € B(H) is selfadjoint and ¢ (s) =
€', s € R then

| —

! (iA)F.

o

%)
67,14 — E
k=0

is a unitary operator and its inverse is the operator

" : —1
(elA) —e M = Z o (—zA)k .
k=0 "

Moreover, ¢4

Now, if A € C\ R, A € B(H) is selfadjoint and ¢ (s) = SiA € C(R),
then o (A) = (A—AI)"".

If the selfadjoint operator A € B (H) and the functions ¢, 9 € C (R) are
given, then we obtain the commutativity property ¢ (A) ¢ (A) =¥ (4) p (A).
This property can be extended for another operator as follows, see for in-
stance [2, p. 235]:

Theorem 13 Assume that A € B(H) and the function ¢ € C(R) are
given. If B € B(H) is such that AB = BA, then ¢ (A) B = By (A).

The next result extends Theorem 9 to the case of continuous functions,
see for instance [2, p. 235]:

Theorem 14 If A is abounded selfadjoint operator on the Hilbert space H
and ¢ is continuous, then Sp (v (A)) = ¢ (Sp(A)).

As a consequence of this result we have:

Corollary 15 With the assumptions in Theorem 14 we have:
a) The operator ¢ (A) is selfadjoint iff o (\) € R for all X € Sp(A);
b) The operator ¢ (A) is unitary iff |p (N\)| =1 for all A € Sp(A);
¢) The operator ¢ (A) is invertible iff ¢ (A\) # 0 for all A € Sp (4);
d) If ¢ (A) is selfadjoint, then |lp (A)] = [[¢] 4 -

In order to develop inequalities for functions of selfadjoint operators we
need the following result, see for instance [2, p. 240]:
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Theorem 16 Let A be a bounded selfadjoint operator on the Hilbert space
H. The homomorphism ¢ — ¢ (A) of C (R) into B(H) is order preserving,
meaning that, if p,v € C(R) are real valued on Sp(A) and ¢ (A) > 1 ()
for any A € Sp(A), then

p(A) > (A) in the operator order of B(H). (P)

The "square root” of a positive bounded selfadjoint operator on H can
be defined as follows, see for instance [2, p. 240]:

Theorem 17 If the operator A € B(H) is selfadjoint and positive, then
there exists a unique positive selfadjoint operator B := VA e B (H) such
that B? = A. If A is invertible, then so is B.

If A€ B(H), then the operator A*A is selfadjoint and positive. Define

the "absolute value" operator by |A| :== v A*A.
Analogously to the familiar factorization of a complex number

€= fel s

a bounded normal operator on H may be written as a commutative product
of a positive selfadjoint operator, representing its absolute value, and a
unitary operator, representing the factor of absolute value one.

In fact, the following more general result holds, see for instance [2, p.
241]:

Theorem 18 For every bounded linear operator A on H, there exists a
positive selfadjoint operator B = |A| € B(H) and an isometric operator C
with the domain Do = B (H) and range Re = C (D¢) = A(H) such that
A=CB.

In particular, we have:

Corollary 19 If the operator A € B(H) is normal, then there exists a
positive selfadjoint operator B = |A| € B(H) and a unitary operator C
such that A = BC' = CB. Moreover, if A is invertible, then B and C are
uniquely determined by these requirements.

Remark 20 Now, suppose that A = CB where B € B(H) is a positive
selfadjoint operator and C' is an isometric operator. Then

a) B = VA*A; consequently B is uniquely determined by the stated
requirements;

b) C is uniquely determined by the stated requirements iff A is one-to-
one.
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1.4 Step Functions of Selfadjoint Operators

Let A be a bonded selfadjoint operator on the Hilbert space H. We intend
to extend the order preserving homomorphism ¢ — ¢ (A) of the algebra
C (R) of continuous functions ¢ defined on R into B (H), restricted now to
real-valued functions, to a larger domain, namely an algebra of functions
containing the "step functions" ¢,, A € R, defined by

1, for —c0<s <A,

@i (8) =
0, for A < s < 4oc.

Observe that @, (s) = ¢, (s) and ¢3 (s) = ¢, (s) which will imply that
[0 (A)]" = ¢, (A) and [p, (A)]2 =@, (A), i.e. p, (4) will then be a pro-
jection. However, since the function ¢, cannot be approximated uniformly
by continuous functions on any interval containing A, then, in general,
there is no way to define an operator ¢, (A4) as a uniform limit of operators
90)\,71 (A) with 90)\,71 ecC (R) .

The uniform limit of operators can be relaxed to the concept of strong
limit of operators (see Definition 5) in order to define the operator ¢, (A).
In order to do that, observe that the function ¢, may be obtained as a
pointwise limit of a decreasing sequence of real-valued continuous functions
®,n defined by

1, for —c0o<s <A,
o (8):i=X 1=n(s=A), for \<s<A+1/n
0, for A < s < 4o0.

By Theorem 4 we observe that the sequence of corresponding selfadjoint
operators ¢, ,, (A) is nondecreasing and bounded below by zero in the
operator order of B (H). It therefore converges strongly to some bounded
selfadjoint operator ¢, (A) on H, see [2, p. 244].

To provide a formal presentation of the above, we need the following
definition.

Definition 21 A real-valued function ¢ on R is called upper semi-continuous
if it is a pointwise limit of a non-increasing sequence of continuous real-
valued functions on R.

We observe that it can be shown that a real-valued functions ¢ on R is
upper semi-continuous iff for every sg € R and for every € > 0 there exists
a 0 > 0 such that

v (s) < @(sg)+eforall se(sg—0,80+9).
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We can introduce now the operator ¢ (A) as follows, see for instance |2,
p. 245]:

Theorem 22 Let A be a bonded selfadjoint operator on the Hilbert space
H and let ¢ be a nonnegative upper semi-continuous function on R. Then
there exists a unique positive selfadjoint operator ¢ (A) such that whenever
{en}o2, is any non-increasing sequence of non-negative functions in C (R),
pointwise converging to ¢ on Sp(A), then ¢ (A) = (s)limyp,, (4).

If o is continuous, then the operator ¢ (A) defined by Theorem 12 coin-
cides with the one defined by Theorem 22.

Theorem 23 Let A € B(H) be selfadjoint, let ¢ and v be non-negative
upper semi-continuous functions on R, and let o > 0 be given. Then
the functions ¢ + ¥, ap and Y are non-negative upper semi-continuous
and (p+1) (A) = ¢ (A) + 1 (4), (ag) (A) = ap(4) and (pv) (4) =
¢ (A) Y (A). Moreover, if ¢ (s) < ¢ (s) for all s € Sp(A) then ¢ (A) <
b (4).

We enlarge the class of non-negative upper semi-continuous functions to
an algebra by defining R (R) as the set of all functions ¢ = ¢, — ¢, where
1, P, are nonnegative and upper semi-continuous functions defined on R.
It is easy to see that R (R) endowed with pointwise sum, scalar multiple
and product is an algebra.

The following result concerning functions of operators ¢ (4) with ¢ €
R (R) can be stated, see for instance [2, p. 249-p. 250]:

Theorem 24 Let A € B(H) be selfadjoint and let ¢ € R (R). Then there
exists a unique selfadjoint operator ¢ (A) € B(H) such that if ¢ = p; — s
where @1,y are nonnegative and upper semi-continuous functions defined
onR, then ¢ (A) = v, (A)—py (A). The mapping ¢ — ¢ (A) is a homomor-
phism of R (R) into B (H) which is order preserving in the following sense:
if o, € R(R) with the property that ¢ (s) < 9 (s) for any s € Sp(4),
then ¢ (A) < ¢ (A). Moreover, if B € B(H) satisfies the commutativity
condition AB = BA, then ¢ (A) B = By (A).

1.5 The Spectral Decomposition of Selfadjoint
Operators

Let A € B(H) be selfadjoint and let ¢, defined for all A € R as follows
1, for —c0o < s <A,

P (8) =
0, for A < s < 4o0.
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Then for every A € R the operator
E) :=¢, (A) (1.5)

is a projection which reduces A.

The properties of these projections are summed up in the following funda-
mental result concerning the spectral decomposition of bounded selfadjoint
operators in Hilbert spaces, see for instance [2, p. 256)

Theorem 25 (Spectral Representation Theorem) Let A be a bonded
selfadjoint operator on the Hilbert space H and let m = min {\ |A € Sp(A) } =:
min Sp (A) and M = max{A|\ € Sp(A)} =: maxSp(A). Then there ex-
ists a family of projections {Ex\},cp, called the spectral family of A, with
the following properties

a) Ex < Ey for A< X
b) Enuo=0,Ep =1 and Exyo = Ey for all A € R;
¢) We have the representation
M
A= /mw AdE. (1.6)

More generally, for every continuous complez-valued function ¢ defined
on R and for every € > 0 there exists a § > 0 such that

o (D) =3 o (M) [Ea — En ]| << w7

k=1

whenever
)\0<m:)\1<...<)\n,1<)\n:M,

A — A1 <6 for1 <k <mn, (1.8)

€Mk, \] for1<k<n
this means that

M
o (4) = / o (\) dEj, (1.9)

m—0
where the integral is of Riemann-Stieltjes type.
Corollary 26 With the assumptions of Theorem 25 for A, Ex and ¢ we

have the representations

M
w(A)z = / p(N)dE\x forallz e H (1.10)

m—0
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and

M
(p(A)z,y) = / (A d(Exz,y ) forallz,y e H. (1.11)

m—0

In particular,

M
(p(A)z,x) = / o (AN d(Exz,z ) forallz e H. (1.12)

m—0

Moreover, we have the equality

M
llp (A) |* = / e NP d || Exz||* for allw € H. (L.13)

m—0

The next result shows that it is legitimate to talk about "the" spectral
family of the bounded selfadjoint operator A since it is uniquely determined
by the requirements a), b) and c) in Theorem 25, see for instance [2, p. 258]:

Theorem 27 Let A be a bonded selfadjoint operator on the Hilbert space
H and let m = min Sp (A) and M = max Sp (A) . If {Fa},\cg is a family of
projections satisfying the requirements a), b) and c) in Theorem 25, then

Fy = E) for all A € R where E) is defined by (1.5).

By the above two theorems, the spectral family {E)},p uniquely de-
termines and in turn is uniquely determined by the bounded selfadjoint
operator A. The spectral family also reflects in a direct way the properties
of the operator A as follows, see [2, p. 263-p.266]

Theorem 28 Let {Ey}, g be the spectral family of the bounded selfadjoint
operator A. If B is a bounded linear operator on H, then AB = BA iff
E\B = BE), for all A € R. In particular ExA = AE), for all A € R.

Theorem 29 Let {E)}, g be the spectral family of the bounded selfadjoint
operator A and p € R. Then

a) p is a regular value of Aji.e., A — ul is invertible iff there exists a
6 > 0 such that E,_¢ = E,10;

b) peSp(A) iff B < E,to for all 6 > 0;
¢) pis an eigenvalue of A iff E,_o < E,.
The following result will play a key role in many results concerning in-

equalities for bounded selfadjoint operators in Hilbert spaces. Since we were
not able to locate it in the literature, we will provide here a complete proof:
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Theorem 30 (Total Variation Schwarz’s Inequality) Let {E\},cp be
the spectral family of the bounded selfadjoint operator A and let m =
min Sp (A) and M = maxSp(A). Then for any x,y € H the function
A — (Ehx,y) is of bounded variation on [m — s, M|, for any s > 0 and we
have the inequality

M
V (Boz,y) < lalllyl, (TVSI)
m—0
M M
where \/ (<E(_)x7y>) denotes the limit lims_,o4 \/ (<E(.)x,y>).
m—0 m—s

Proof. If P is a nonnegative selfadjoint operator on H, i.e., (Px,x) > 0 for
any x € H, then the following inequality is a generalization of the Schwarz
inequality in H

|(Pa,y)|* < (Pw,z) (Py,y), (1.14)

for any z,y € H.

Now,ifd:m—s=tg <t <..<tph_1<t, =DM, where s > 0 is an
arbitrary partition of the interval [m — s, M|, then we have by Schwarz’s
inequality for nonnegative operators (1.14) that

M

V (Boe.y)) (1.15)

m—s

—{ S8 - 22
< sup {nz [<(Eti+1 - Eti) x,x>1/2 <(Eti+1 - En) Y y>1/2} } =1

d i=o

By the Cauchy-Buniakovski-Schwarz inequality for sequences of real num-
bers we also have that

[n—1 11/2 1 1/2
I< sup ((By,yy — Ey) z,2) [Z {((Bv.y — Ev) v, y>1
Li=0 i i=0
(1.16)
fm—1 71/2 n—1 1/2
< Sgp Z <(Eti+1 - Eti) z, x> Slgllp lz <(Eti+1 - Eti) Ys y>‘|
Li=0 i i=0
M 172 ¢y 1/2
- [V @oma] [V o]

= (12l = B )] " (10l ~ B )]
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for any z,y € H.
On making use of (1.15) and (1.16) and letting s — 0+ we deduce the
desired result (TVSI). m

1.6 Jensen’s Type Inequalities

1.6.1 Jensen’s Inequality.

The following result that provides an operator version for the Jensen in-
equality is due to Mond & Pecari¢ [5] (see also [1, p. 5]):

Theorem 31 (Mond- Pecari¢, 1993, [5]) Let A be a selfadjoint oper-
ator on the Hilbert space H and assume that Sp (A) C [m, M] for some
scalars m, M with m < M. If f is a convex function on [m, M|, then

f((Az,2)) < (f (A) z,2) (MP)
for each x € H with ||z| = 1.

As a special case of Theorem 31 we have the following Holder-McCarthy
iequality:

Theorem 32 (Hélder-McCarthy, 1967, [3]) Let A be a selfadjoint pos-
itive operator on a Hilbert space H. Then

(i) (A"x,z) > (Az,z)" for allr > 1 and x € H with ||z|| = 1;

(ii) (ATz,z) < (Az,z)" for all0 <r <1 and x € H with |z| = 1;

(iii) If A is invertible, then (A"xz,z) > (Az,x)" for allr <0 and x € H
with ||z|| = 1.

The following theorem is a multiple operator version of Theorem 31 (see

for instance [1, p. 5]):

Theorem 33 (Furuta-Mic¢i¢-Pecari¢-Seo, 2005, [1]) Let A; be selfad-
joint operators with Sp(A;) C [m,M], j € {1,...,n} for some scalars
m < M and z; € H,j € {1,...,n} with }3;_, ||9ch2 =1. If f is a convex
function on [m, M), then

n

D (A, ;) SZ(f(Aj)ij’Jfﬁ- (1.17)

j=1
The following particular case is of interest.

Corollary 34 Let A; be selfadjoint operators with Sp (A;) C [m,M], j €
{1,...,n} for some scalars m < M. Ifp; >0, j € {1,...,n} with Z?lej =
1, then

f <ijAj$7$> < <ijf(Aj)xax>v (1.18)
j=1 j=1
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for any x € H with ||z|| = 1.

Proof. Follows from Theorem 33 by choosing z; = \/p; -z, j € {1,...,n}
where x € H with ||z =1. =

Remark 35 The above inequality can be used to produce some norm in-
equalities for the sum of positive operators in the case when the convex
function f is nonnegative and monotonic nondecreasing on [0, M]. Namely,
we have:

FUD s | <D mif (4] (1.19)
j=1 j=1

The inequality (1.19) reverses if the function is concave on [0, M].
As particular cases we can state the following inequalities:

P
n n
Sonid| < [Sonaz. (120)
j=1 j=1
forp>1 and
P n
j=1 j=1
forO<p< 1.

If A; are positive definite for each j € {1,...,n} then (1.20) also holds
forp <O.

If one uses the inequality (1.19) for the exponential function, that one
obtains the inequality

n n
exp ijAj < ij exp (4;)], (1.22)
j=1 j=1
where A; are positive operators for each j € {1,...,n}.

1.6.2 Reverses of Jensen’s Inequality

In Section 2.4 of the monograph [1] there are numerous interesting converses
of the Jensen’s type inequality (1.17) from which we would like to mention
only two of the simplest.

The following result is an operator version of the well known Lah-Ribari¢’s
reverse of the Jensen inequality for real functions of a real variable, see for
instance [1]:

Theorem 36 Let A; be selfadjoint operators with Sp (A;) C [m,M], j €
{1,...,n} for some scalars m < M and z; € H,j € {1,...,n} with
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Z;lzl ||acJ||2 = 1. If f is a continuous convex function defined on [m, M],
then

> (F(A)) ), m5) (1.23)

j=1

n

< e TN Y (A =) ) + £ 0m) S (T = A7), ,)

Jj=1 Jj=1

Theorem 37 (Mici¢-Seo-Takahasi-Tominaga, 1999, [4]) Let A; be self-
adjoint operators with Sp(A;) C [m,M], j € {1,...,n} for some scalars
m < M and x; € H,j € {1,...,n} with 377_, ;|| = 1. If f is a strictly
convex function twice differentiable on [m, M], then for any positive real
number a we have

S Az ) < af | Y (Ajzg,ag) | + 8, (1.24)
j=1 =1
where
B=pspto+vy—af(to),
_f@H—fm) _ Mf(m)—mf(M)
Hy = M—m ’ = M—-—m
and
PR s () <
to=4 M i M < p ()

m if f171 (%) <m.

The case of equality was also analyzed, see [1, p. 61] but will be not
stated in here.

1.6.3 Operator Monotone and Operator Convex Functions

We say that a real valued continuous function f defined on an interval I is
said to be operator monotone if it is monotone with respect to the operator
order, i.e. if A and B are bounded selfadjoint operators with A < B and
Sp(A),Sp(A) C I, then f(A) < f(B). The function is said to be operator
convex (operator concave) if for any A, B bounded selfadjoint operators
with Sp(A),Sp(A) C I, we have

FIL=A)A+ABI < (2)(1 =) f(A) +Af(B) (1.25)
for any A € [0,1].
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Example 38 The following examples are well know in the literature and
can be found for instance in [1, p. 7-p. 9] where simple proofs were also
provided.

1. The affine function f(t) = « + Bt is operator monotone on every
interval for alla € R and 8 > 0. It is operator convez for all a, f € R;

2. If f,g are operator monotone, and if a, 3 > 0 then the linear com-
bination af 4+ Bg is also operator monotone. If the functions f, are
operator monotone and f, (t) — f(t) as n — oo, then f is also
operator monotone;

3. The function f (t) =t is operator convex on every interval, however
it is not operator monotone on [0,00) even though it is monotonic
nondecreasing on this interval;

4. The function f (t) = t3 is not operator convex on [0,00) even though
it 18 a convex function on this interval;

5. The function f (t) = } is operator convex on (0,00) and f(t) = —1

is operator monotone on (0,00);

6. The function f (t) = Int is operator monotone and operator concave
on (0,00);

7. The entropy function f (t) = —tlnt is operator concave on (0,00);

8. The exponential function f(t) = e' is neither operator convexr nor

operator monotone on any interval of R.

The following monotonicity property for the function f(¢) = ¢" with
r € [0,1] is well known in the literature as the Léwner-Heinz inequality
and was established essentially in 1934:

Theorem 39 (Lowner-Heinz Inequality) Let A and B be positive op-
erators on a Hilbert space H. If A > B > 0, then A” > B" for allr € [0,1].

The following characterization of operator convexity holds, see [1, p. 10]

Theorem 40 (Jensen’s Operator Inequality) Let H and K be Hilbert
spaces. Let f be a real valued continuous function on an interval J. Let A
and A; be selfadjoint operators on H with spectra contained in J, for each
7 =1,2,...;k. Then the following conditions are mutually equivalent:

(i) f is operator convexr on J,;

(i) f(C*AC) < C*f(A)C for every selfadjoint operator A : H — H
and isometry C : K — H,i.e.,C*C = 1g;
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(iii) f(C*AC) < C*f(A)C for every selfadjoint operator A : H — H
and isometry C : H — H,

() f (Zle C’;‘AjCj) < Z?Zl Cif(Aj)Cj for every selfadjoint opera-
tor A; : H — H and bounded linear operators C; : K — H, with
S GG =1k (= 1o )

(v) f (Zle C’;‘AjCj) < Z?Zl C:f(Aj)Cj for every selfadjoint opera-
tor A; : H — H and bounded linear operators C; : H — H, with

(vi) f (Zle PjAij) < 2?21 P;f (A)) P; for every selfadjoint opera-
tor Aj : H — H and projection P; : H — H, with Z?:l pP; =
g (G=1,...k).

The following well known result due to Hansen & Pedersen also holds:

Theorem 41 (Hansen-Pedersen-Jensen’s Inequality) Let J be an in-
terval containing 0 and let f be a real valued continuous function defined
on J. Let A and A; be selfadjoint operators on H with spectra contained
i J, for each j = 1,2,....k. Then the following conditions are mutually
equivalent:

(i) f is operator convex on J and f(0) < 0;

(ii) f(C*AC) < C*f(A)C for every selfadjoint operator A : H — H
and contraction C : H — H,i.e.,C*C < 1y;

(iii) f (E?Zl C’;AjCj) < Z§:1 C:f(Aj)Cj for every selfadjoint opera-
tor A; : H — H and bounded linear operators C; : H — H, with

(iv) f(PAP) < Pf(A)P for every selfadjoint operator A : H — H and
projection P.

The case of continuous and negative functions is as follows, [1, p. 13]:

Theorem 42 Let f be continuous on [0,00). If f (t) <0 for allt € [0, c0),
then each of the conditions (i)-(vi) from Theorem 40 is equivalent with

(vii) —f is an operator monotone function.

Corollary 43 Let f be a real valued continuous function mapping the pos-
itive half line [0, 00) into itself. Then f is operator monotone if and only if
f is operator concave.

The following result may be stated as well [1, p. 14]:
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Theorem 44 Let [ be continuous on the interval [0,7) with r < co. Then
the following conditions are mutually equivalent:
(i) [ is operator convex and f(0) < 0;

(i) The function t — @ is operator monotone on (0,7).

As a particular case of interest, we can state that [1, p. 15]:

Corollary 45 Let f be continuous on [0,00) and taking positive values.
The function f is operator monotone if and only if the function t — ﬁ
18 operator momnotone.

Finally we recall the following result as well [1, p. 16]:

Theorem 46 Let f be a real valued continuous function on the interval
J = [, 00) and bounded below, i.e., there exists m € R such that m < f (t)
for allt € J. Then the following conditions are mutually equivalent:

(i) f is operator concave on J;
(i) f is operator monotone on J.

As a particular case of this result we note that, the function f (¢) = ¢"
is operator monotone on [0,00) if and only if 0 < r < 1. The function
f(t) = t" is operator convex on (0,00) if either 1 <r <2o0r -1 <r <0
and is operator concave on (0,00) if 0 <7 < 1.

1.7 Griiss’ Type Inequalities

The following operator version of the Griiss inequality was obtained by
Mond & Pecari¢ in [6]:

Theorem 47 (Mond-Pecari¢, 1993, [6]) Let C;, j € {1,...,n} be self-
adjoint operators on the Hilbert space (H,{.,.)) and such that m; - 1g <
C; < Mj-1g forje{l,...,n}, where 1y is the identity operator on H.
Further, let g;,h; : [m;, Mj] = R, j € {1,...,n} be functions such that

0-1lg <g;(C))<®-1y and ~-1g <h;(C;)<T-1p  (1.26)
for each j € {1,...,n}.
Ifz; € H, j € {1,...,n} are such that Z;;l ||:173||2 =1, then

n n n

> gi (Ci) hy (C)ajyag) = (g5 (Ci)wjoas) - Y (hy (C) mj, )

=1 =1 j=1
(1.27)
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If Cj,5 € {1,...,n} are selfadjoint operators such that Sp (C;) C [m, M]
for j € {1,...,n} and for some scalars m < M and if g,h : [m, M] — R
are continuous then by the Mond-Pecari¢ inequality we deduce the following
version of the Griiss inequality for operators

n

(g (CHR(Cmjms) = > (g (Ci)aj,ay) - Y (h(Cy)aj,a;)| (1.28)

j=1 j=1

M=

»Jk\)—lﬁt

where z; € H, j € {1,...,n} are such that > 7, ||:vj||2 =1and ¢ =
minsem ) g(t), ® = maxiem g (t), v = mingepm b (t) and I' =
maXye(m,m) h ().

In particular, if the selfadjoint operator C satisfy the condition Sp (C) C
[m, M] for some scalars m < M, then

(@ =) (T —7), (1.29)

{9 (YR ()2 ) — (g (C)a,a) - h(C) )| <

for any « € H with ||z| = 1.
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2

Inequalities for Convex Functions

2.1 Introduction

Jensen’s type inequalities in their various settings ranging from discrete
to continuous case play an important role in different branches of Modern
Mathematics. A simple search in the MathSciNet database of the American
Mathematical Society with the key words "jensen" and "inequality" in the
title reveals more than 300 items intimately devoted to this famous result.
However, the number of papers where this inequality is applied is a lot
larger and far more difficult to find. It can be a good project in itself for
someone to write a monograph devoted to Jensen’s inequality in its different
forms and its applications across Mathematics.

In the introductory chapter we have recalled a number of Jensen’s type
inequalities for convex and operator convex functions of selfadjoint opera-
tors in Hilbert spaces. In this chapter we present some recent results ob-
tained by the author that deal with different aspects of this well research in-
equality than those recently reported in the book [20]. They include but are
not restricted to the operator version of the Dragomir-Ionescu inequality,
Slater’s type inequalities for operators and its inverses, Jensen’s inequality
for twice differentiable functions whose second derivatives satisfy some up-
per and lower bounds conditions, Jensen’s type inequalities for log-convex
functions and for differentiable log-convex functions and their applications
to Ky Fan’s inequality.

This is page 23
Printer: Opaque this



24 2. Inequalities for Convex Functions

Finally, some Hermite-Hadamard’s type inequalities for convex functions
and Hermite-Hadamard’s type inequalities for operator convex functions
are presented as well.

All the above results are exemplified for some classes of elementary func-
tions of interest such as the power function and the logarithmic function.

2.2 Reverses of the Jensen Inequality

2.2.1 An Operator Version of the Dragomir-Ionescu
Inequality

The following result holds:

Theorem 48 (Dragomir, 2008, [9]) Let I be an interval and f : I —
R be a convexr and differentiable function on I (the interior of I) whose
derivative [’ is continuous on I . If A is a selfadjoint operators on the

Hilbert space H with Sp (A) C [m, M] C1, then
(0 <) (f (A) z, z)—f ((Az, ) < (f' (A) Az, 2)—(Az, 2)-(f' (A) 2, 2) (2.1)
for any x € H with ||z| = 1.
Proof. Since f is convex and differentiable, we have that
FO = f(s)<f (1) (t—s)
for any t,s € [m, M].

Now, if we chose in this inequality s = (Azx,x) € [m, M| for any x € H
with ||z|| = 1 since Sp (A) C [m, M], then we have

fF@) = f((Az, ) < f1(t) - (t = (A, ) (2.2)
for any ¢t € [m, M] any € H with ||z| = 1.

If we fix x € H with ||z|| = 1 in (2.2) and apply the property (P) then
we get

([f (A) = f ({Az,2)) 1g] 2, x) < (f' (A) - (A= (Az,2) 1) 2, 2)

for each x € H with ||z|| = 1, which is clearly equivalent to the desired
inequality (2.1). m

Corollary 49 (Dragomir, 2008, [9]) Assume that f is as in the The-
orem 48. If A; are selfadjoint operators with Sp(A;) C [m, M| CI, j €
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{L,...,n} and x; € H,j € {1,...,n} with 377_, z;||* = 1, then

Z i) xj,xi) — f Z (Ajzj, z;) (2.3)
j=1 j=1
Aj) Ajzj, m5) — Z (Ajzj, ) Z Aj) zj, ) -
_7:1 Jj=1 j=1
Proof. As in [20, p. 6], if we put

A - 0 T
A= oo and T = g

0 --- A, o,

then we have Sp (ﬁ) C [m,M], |z|| =1,

n

<f (Z) §5> - En: (f (Aj) p,25) | <£5,5> =" (4ya5,;)

j=1 =1

and so on. B
Applying Theorem 48 for A and Z we deduce the desired result (2.3). m

Corollary 50 (Dragomir, 2008, [9]) Assume that f is as in the The-
orem 48. If A; are selfadjoint operators with Sp(A;) C [m, M] cl, j €
{1,...,n} andp; >0, j€{1,...,n} wzthz _1pj =1, then

0<) <ijf(14j)l‘,$> - f <ijz4jx,x> (2.4)
<ij i) A :c> <ijAjm,x> . <ijf’ (Aj)x,x>.

for each x € H with ||z| = 1.

Remark 51 The inequality (2.4), in the scalar case, namely

(0<) ZPJ (z;) Zpa% (2.5)
< ijf/ () ;- ijl‘j ' ijf’ (x5)
j=1 j=1 J=1

where x; el je {1,...,n}, has been obtained by the first time in 1994 by
Dragomir & Ionescu, see [17].
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The following particular cases are of interest:

Example 52 a. Let A be a positive definite operator on the Hilbert space
H. Then we have the following inequality:

(0 <)In ((Az,2)) — (In(A) z,2) < (Az,z) - (A", 2) — 1, (2.6)

for each x € H with ||z|| = 1.
b. If A is a selfadjoint operator on H, then we have the inequality:

(0 <) (exp (A) z,x) — exp ((Az, x)) (2.7)
< (Aexp(A)z,x) — (Az,z) - (exp (A) z, ),

for each x € H with ||z|| = 1.
c. If p>1 and A is a positive operator on H, then

(0 <) (APz,2) — (Az,z)P < p [(APz,z) — (Az,z) - (AP 'z, 2)],  (2.8)
for each x € H with ||z|| = 1. If A is positive definite, then the inequality
(2.8) also holds for p < 0.

If 0 < p <1 and A is a positive definite operator then the reverse in-
equality also holds

(APz,x) — (Az, )’ > p [(APz,2) — (Az,z) - (AP 'z,2)] >0, (2.9)
for each x € H with ||z| = 1.

Similar results can be stated for sequences of operators, however the
details are omitted.

2.2.2 Further Reverses

In applications would be perhaps more useful to find upper bounds for the
quantity
(f(A)z,z) — f({Az,z)), ze€H with [azf =1,

that are in terms of the spectrum margins m, M and of the function f.
The following result may be stated:

Theorem 53 (Dragomir, 2008, [9]) Let I be an interval and f : I —
R be a convexr and differentiable function on I (the interior of I) whose
derivative [’ is continuous on 1. If A is a selfadjoint operator on the Hilbert
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space H with Sp (A) C [m, M] CI, then
, 9 , 9 1/2
S = m) [ (A) 2] = (f (4) 3,27

IN
N[—=

2 911/2
Lo () = 1 (m) 1 Aa]* — (Az,2)?]
<3 (M —m) (f (M) ~ f' (m)

for any x € H with ||z|| = 1.
We also have the inequality

(0<) (f (A)z,2) - [ ({Az, ) (2.11)
< 3 (M —m) (f/ (M) ~ f' (m))
[(Ma — Az, Ax — ma) (' (M) z — f' (A, f' (A)x — f' (m)a)]*,

|<Ax,x> . M—Q&-m{ <f/ (A) x,x) _f (M);rf (m)

< i (M —m) (f' (M) — f' (m)),

for any x € H with ||z| = 1.
Moreover, if m > 0 and f' (m) > 0, then we also have

0 <) {f(A)z,z) - [ ((Az,z)) (2.12)
1, M=) (A ) g o A
< 4 \/M'lnf/(M)f/(m) <A ) > <f (A) 9 > )

Nl

(VM = vim) (VITOD) = VT ) (A, @) (' (A) 2, 2]
for any x € H with ||z| = 1.

Proof. We use the following Griiss’ type result we obtained in [6]:

Let A be a selfadjoint operator on the Hilbert space (H; (., .)) and assume
that Sp (A) C [m, M] for some scalars m < M. If hand ¢ are continuous
on [m, M] and v := mingepm,a) b (t) and T’ := max;cm,ar) b (), then

(h(A)g(A)z,2) — (h(A)z,2) - (9(A)z, )] (2.13)

_1 1/2
<5 0= [lg(@al* - (g () z,2)*
(s1r-n@-9)
for each x € H with ||z|| = 1, where § := minyc, a9 (t) and A =

maXie[m,m] 9 (t) .
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Therefore, we can state that

(Af' (A)z,2) — (Az,z) - (f' (A) 2, z)

(2.14)
<L —m) [IF (@)l — i (A z2y]
< 3 (M —m) (7' (M)~ ' (m))
and
(Af' (A)z, @) — (Az,z) - (f (A) 2, ) (2.15)
<L 0 = 1 ) [l e - (Aw2?]
1

< 7 (M =m) (f' (M) = f" (m))

for each z € H with ||z|| = 1, which together with (2.1) provide the desired

result (2.10).
On making use of the inequality obtained in [7]:

[(h(A) g (A)z,z) = (h(A)z, ) (g (A) z, )|

2
<1 C=2)(a-0)

[(Tz — h(A)z, f (A) z — ) (Az — g (A) 2,9 (A) z — 62)] 7,

(h(A)3,3) — T2 (g (4) 2,0) - A5
for each x € H with ||z]| = 1, we can state that

<Af/ (A) :L‘7£L'> - <A:E7:L'> : <f/ (A) :C,$>
< O —m) (7 (M) = f' (1))

)

[(Mxz — Az, Ax — mx) (f’(M)m—f'(A)m,f/(A)ﬂf—fl(m)@]%7

(A, ) — M| |( 7 (A) 2, 2) — FODZLE ]

16)

for each © € H with ||z| = 1, which together with (2.1) provide the desired

result (2.11).

Further, in order to prove the third inequality, we make use of the fol-

lowing result of Griiss type obtained in [7]:
If v and ¢ are positive, then

[(h(A) g (A)z,z) = (h(A)z,z) (g (A) z, )]

%.%(h(%ﬁm,x) (g(A)z,z),

(VI= ) (VA= V8) [(h (4)z,2) (g (A) 2, 2)] .

IN

(2.17)
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for each © € H with ||z|| = 1.
Now, on making use of (2.17) we can state that

<Af/ (A) SC,$> - (Ama$> : <f/ (A) .T,l‘)

L Qw7 OD-r'm) |, ‘o4
4 \/Mmf’(M)f'(m) < 7$> <f( )$,$>,

IN

(VA1 = vim) (VI OD) = VT ) (A, ) (' (4) 2, 2)]*

for each x € H with ||z|| = 1, which together with (2.1) provide the desired
result (2.12). m

Corollary 54 (Dragomir, 2008, [9]) Assume that f is as in the The-
orem 53. If A; are selfadjoint operators with Sp(A;) C [m, M] cl, j €
{1,...,n}, then

IA

1/2
Lo (1 (M) = ' (m)) [z;f_l A1~ (25 <ijj,xj>)2] ,
<3 (M —m) (' (M) ~ ' (m)

forany z; € H,j € {1,...,n} with Z;;l ij|\2 =1.
We also have the inequality

(0 S)Z(f (Aj)zj,x;) (Z (Ajxj,x; ) (2.19)

Jj=1

< i (M —m) (f' (M) = f (m))

[N

Jj=1

lz <MZ‘J Aj&?,Ajﬂ?j —mmﬁ]

X

|
<
ir:

1/2
(f' (M )j—f/(Aj)xjaf'(Aj)l‘j—f/(m)l‘ﬁ] ,

(" (A7) 2y, ) — LD

j=1

(M —m) (f' (M) = f"(m)),

n
> (Ajy,ay) — Mg
j=1

<

-~ =
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forany x; € H,j € {1

. n 2
n}with 355 [T = 1.
Moreover, if m > 0 and f' (m) > 0, then we also have

Z i) @i, x;) f(
j=1

1 (M—m)(f'(

1

3

(Ajzj, xj>> (2.20)

/Mm§’ (M) "(m) > (A ) 35 (f(
(VA - vim) (/@) - /P ()
x (S (A g) Tho (7 (A 2.5)]

Jj=
f(nL)

Aj) xj, w5)

=

)

foranyxj € H,j € {1,...,n} with 377, |1 =

The following corollary also holds

Corollary 55 (Dragomir, 2008, [9]) Assume that f is as in the The-
orem 48. If A; are selfadjoint operators with Sp (A
{1,..

i) C [m, M] cl, je
.n}andp; >0, 5 €{1,...,n} with 2?21173‘ =1, then
(0 <) <ijf (Aj)ffax> —f <<ijijax>) (2.21)
j=1 =1
0 1/2
0= m) [;pj 15 (45) ol - <§1pjf’ <Aj>a:,x> ]
01 1/2
(f" (M) = f"(m)) [Z:lpj 14 ) - <Z:1pjz4j$,$> ]
1

N[

IN

D=

IN
I

for any x € H with ||z|| = 1.
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We also have the inequality

(0<) <ijf (4)) x,x> - f <ijij, ac> (2.22)
j=1 j=1

< i (M —m) (f (M) — £ (m))

2

lﬁ:lpj (Mz — Ajz, Ajx — mx)]
1/2
- ><[;Pj<f’(M)$—f’(Aj)w,f’(Aj)$—f’(m)@] :

n
<Z PjAjffvff> — AMm
=

(M —m) (f (M) = f"(m)),

< Z pif' (4;) xm> — LD+ )
Jj=1

<

W =

for any x € H with ||z|| = 1.
Moreover, if m >0 and f' (m) > 0, then we also have

(0 <) <ijf (Aj)$7$> —f <ZPjAjCC7$> (2.23)
j=1 j=1

L M=) (D= () /n n
4’ \/M"Lf/(M)f'(’m) <Z]=1pJAJx’z> <ZJ=1pJf/ (AJ)‘T7$>3

: (VA = vm) (VI O] = /77 (m)
% [<Z?:1 PjAjvax> <Z}Ll p;f’ (Aj)x,x>} :

for any x € H with ||z|| = 1.

(NI

Remark 56 Some of the inequalities in Corollary 55 can be used to pro-
duce reverse norm inequalities for the sum of positive operators in the case
when the convex function f is nonnegative and monotonic nondecreasing

on [0, M].

For instance, if we use the inequality (2.21), then we have

(M —m) (f' (M) = " (m)).

NG

0 <) |D pif (4) —f< > pid; ) <
Jj=1 j=1
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Moreover, if we use the inequality (2.23), then we obtain

n

ijf(Aj) - f ijAj (2.25)

j=1

(0<

~—

L (M=) (f(M) f<m>)

4 VMmf (M) f'(m

ij

j=1

(VAI—vm)(VF D) ~/7 <m>)l

)

1wy (4))
j=1

IN

2 DAl || 22 Pt (4)
j=1 j=1

2.2.8 Some Particular Inequalities of Interest

1. Consider the convex function f : (0,00) — R, f(z) = —Inz. On utilis-
ing the inequality (2.10), then for any positive definite operator A on the
Hilbert space H, we have the inequality

(0<)In((Az,x)) — (In (A) z, x) (2.26)
Lo —m) Al - (At a)?]

IN

[\

b [ el — Az, 2]
(<1.<M—m>>
! mM

for any « € H with ||z| = 1.

However, if we use the inequality (2.11), then we have the following result
as well

(0 <)In({(Az,z)) — (In(A) z, x) (2.27)

1 (M=—m)
4 mM
s

|(Az, z) — M5 | (A1, 2) — 5057
— 4 mM

for any « € H with ||z| = 1.
2. Now consider the convex function f : (0,00) = R, f(z) = 2Inz. On
utilising the inequality (2.10), then for any positive definite operator A on
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the Hilbert space H, we have the inequality

(0<)(Aln(A)z,x) — (Az,z) In ((Ax, x)) (2.28)

Lo (M = m) [ (eA) all” = (In (eA) 7, 2)’ v

In \/g [||Agc||2 - <Ax,x>2}1/z
(S ;(M—m)ln\/g>

for any « € H with ||z| = 1.
If we now apply the inequality (2.11), then we have the following result
as well

<

(0<)(Aln(A) z,z) — (Az,z) In ((Az, x)) (2.29)

Nl

(
1
2
{ [(Mx—Az, Az—mz) (In (M) z—In (A) z,In (A) —In (m) x)] 2,

|(Az, z) — MEm| ‘<ln (A)z,z) — InvmM
1 M
<< B (M—m)ln\/;>

for any « € H with ||z| = 1.
Moreover, if we assume that m > e~!, then, by utilising the inequality
(2.12) we can state the inequality

(0<)(Aln(A)z,z) — (Az,z) In ((Az, x)) (2.30)

1. (M—m)In \/g
2 \/Mm In(eM) In(em) <A{L’, LL'> <h’l (6A) T :I,’) ’

Nl=

(\/M - \/771,) (\/ln (eM) — y/In (em)) [(Az,z) (In(eA) z,x)]? ,

for any « € H with ||z| = 1.

3. Counsider now the following convex function f : R — (0,00), f(z) =
exp (ax) with a > 0. If we apply the inequalities (2.10), (2.11) and (2.12)
for f(z) = exp(ax) and for a selfadjoint operator A, then we get the
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following results

(0 <) (exp (@A) z, z) — exp (a (Ax, x)) (2.31)

ca(M —m) [||exp (aA) :CH2 — (exp (aA) z, x>2} v

IA
Nl

- (exp (ab) — exp (am)) [|l A — (4z,2)*]

(= 007 = m) (exp @) - exp (am))).
and
(0 <) {exp () z,x) — exp (a (Az, ) (2.32)
< 10 (M — m) (exp (aM) — exp (am))

[(Mz — Az, Az — mx>]1/2
X [(exp (M) x — exp (aA) z,exp (@A) x — exp (am) x)]? ,

N

|(Az, z) — Mim| ‘(exp(aA)%x) — oxp(aM)texp(am)

(= 001 = m) ex (@) ~ exp (am))
and

(0 <) {exp (A) z, ) — exp (a (Az, z)) (2.33)

b ool oplon) (s, o) (exp (ad) 2,1)

a X

<
=N (VAT V) (o () - o (o)
X [(Az, z) (exp (aA) z,x)]?

for any « € H with ||z|| = 1, respectively.

Now, consider the convex function f : R — (0,00), f (z) = exp (—fx)
with 8 > 0. If we apply the inequalities (2.10) and (2.11) for f(z) =
exp (—fz) and for a selfadjoint operator A, then we get the following results

(0 <) (exp (—BA) z,x) —exp (= (Az, z)) (2.34)

9 9 1/2
(M = m) [lexp (—BA) z]]* — (exp (~54) 2, 2)?]

N

< B x
9 9 1/2
L (exp (—Bm) — exp (—BM)) [||Az]* - (Az,2)?]

(g iﬂ (M —m) (exp (—Bm) — exp (ﬂM))>



2.2 Reverses of the Jensen Inequality 35

and
(0 <) (exp (—BA) z,z) — exp (=B (Az, z)) (2.35)
iﬁ m) (exp (—fm) — exp (—8M))

(Mz — Az, Az — ma)]"/?
X [(exp (=BM) & — exp (=S A) z, exp (=SA) & — exp (=fm) x)]*

N|=

’ Al‘ $ M+m|‘ eXp 614)1‘ l‘> exp(— ﬁM)+cxp( Bm)

< 2B (M —m) (exp (~ 5m)exp(BM))>

for any « € H with ||z|| = 1, respectively.

4. Finally, if we consider the convex function f : [0,00) — [0,00), f (z) =
aP with p > 1, then on applying the inequalities (2.10) and (2 11) for the
positive operator A we have the inequalities

(0.9) (A7,1) — (v, 23%)
1/2
e =) [l = ()]
<pX
1/2
Lo (MP=1 — mp1) [||A”3||2 3 <Aa:,a:>2} /
and
(0<) (A7z,2) — (Az, )" (2.37)
< iP(M —m) (Ml’*l _ mpfl)
[(Mz — Az, Az — ma) (MP~ o — AP~ 1z, AP~ g — mP*1x>]% |
-bp
(A, z) — 25| ’<Ap_1x,x> - M mr !

<§ ip (M —m) (MP~1 - mpl))

for any « € H with ||z]| = 1, respectively.
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If the operator A is positive definite (m > 0) then, by utilising the in-
equality (2.12), we have

(0 <) (APz,z) — (Az,z)? (2.38)

M—m)(MP~t—mP~1
L ) (A ) (4 ),

SpXx

1
2

(m _ \/@ (M@=D/2 — m@=D/2) [(Az, z) (AP=1z,2)]? |

for any « € H with ||z| = 1.

Now, if we consider the convex function f : [0,00) — [0,00), f (z) = —aP
with p € (0,1), then from the inequalities (2.10) and (2.11) and for the
positive definite operator A we have the inequalities

(0 <) (Az,x)! — (APz, z) (2.39)

(M —m) |:HAp—1xH2 _ <Ap_1x7x>2} 1/2

N

<px

N[ =

- (mp=t — MY [||Ax||2 — (Aa:,x}ﬂ 2

(S ip(M —m) (m"! = Mp_l))

and
(0 <) (Ax, z)! — (APz, x) (2.40)
< (M —m) (mr~! — MP )

[(Mz — Az, Az —ma) (MP~'a — AP~ g, AP~1p — =) ®
—-Dp
|(Az,z) — 2pon| (A7, z) — Mgt

(< byor -t )

for any « € H with ||z|| = 1, respectively.

Similar results may be stated for the convex function f : (0,00) —
(0,00), f () = xP with p < 0. However the details are left to the interested
reader.
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2.3 Some Slater Type Inequalities

2.83.1 Slater Type Inequalities for Functions of Real Variables

Suppose that  is an interval of real numbers with interior [ and f:I—-R
is a convex function on I. Then f is continuous on I and has finite left and
right derivatives at each point of L Moreover, if z,y €l and z < y, then
fr(z) < fi(z) < fL(y) < fi (y) which shows that both f/ and f/ are
nondecreasing function on L. It is also known that a convex function must
be differentiable except for at most countably many points.

For a convex function f : I — R, the subdifferential of f denoted by 0 f

is the set of all functions ¢ : I — [—00, 00| such that ¢ (I) C R and

fx)>f(a)+(x—a)p(a) forany z,ac€l.

It is also well known that if f is convex on I, then df is nonempty, f’,
fi. € 0f and if ¢ € Of, then

fl(z) <e(x) < fi(x) foranyze I

In particular, ¢ is a nondecreasing funoction.

If f is differentiable and convex on I, then 0f = {f'}.

The following result is well known in the literature as the Slater inequal-
ity:

Theorem 57 (Slater, 1981, [37]) If f: I — R is a nonincreasing (non-
decreasing) convex function, x; € I,p; > 0 with P, :== Y i p; > 0 and
Yo pip (wi) # 0, where p € Of, then

i1 PiTip (2:)
sz T <f( ST e (01) ) (2.41)

As pointed out in [5, p. 208], the monotonicity assumption for the deriv-
ative ¢ can be replaced with the condition

21:1 pip (i)

which is more general and can hold for suitable points in I and for not
necessarily monotonic functions.

2.3.2  Some Slater Type Inequalities for Operators
The following result holds:

Theorem 58 (Dragomir, 2008, [10]) Let I be an interval and f: 1 —
R be a conver and differentiable function on I (the interior of I) whose
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derivative f' is continuous on I If A is a selfadjoint operator on the Hilbert
space H with Sp (A) C [m, M| CI and f' (A) is a positive definite operator
on H then

AF Ara) o

o< s (TR < e (2.43)
/ <Af/(A):C,.'L‘> <AfI(A).’L‘,$>—<A.’E,.Z'><f/(A).’L‘,.’E>

=/ ( U (A)z.2) )[ (A z.) !

for any x € H with ||z| = 1.

Proof. Since f is convex and differentiable on I, then we have that

fils)-(t=s) < f@) = fs) < f(8)-(t—s) (2.44)

for any ¢, s € [m, M].
Now, if we fix t € [m, M] and apply the property (P) for the operator A,
then for any x € H with ||z|| = 1 we have

(f'(A)- (@t 1ag = A)z,z) <(f(t) -1 — f(A)] 2, z) (2.45)
< (') (t-1g — Az, )

for any ¢t € [m, M] and any x € H with ||z| = 1.
The inequality (2.45) is equivalent with

LU (A) ) — (' (A) Az, o) < £ (6) — (F (A)w,2) < ()t — F (8) (A, )
(2.46)
for any ¢t € [m, M] any « € H with ||z| = 1.

Now, since A is selfadjoint with mI < A < MI and f’(A) is posi-
tive definite, then mf’ (A) < Af' (A) < Mf'(A), ie., m{f (A)z,z) <
(Af' (A)z,z) < M (f' (A) z,z) for any € H with ||z|| = 1, which shows
that

(Af'(A)z, z)
(f" (A)z, )

Finally, if we put ¢t = t¢ in the equation (2.46), then we get the desired
result (2.43). m

to = €[m,M] foranyxe H with |z||=1

Remark 59 [t is important to observe that, the condition that f’(A) is
a positive definite operator on H can be replaced with the more general
assumption that

(Af'(A)z, z)
(/" (A)z, )

which may be easily verified for particular convex functions f.

el foranyzeH with |zf =1, (2.47)
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Remark 60 Now, if the functions is concave on I and the condition (2.47)
holds, then we have the inequality

0<(f(A)a,z) — f (W} (2.48)

(AF ()2, 2)\ [(Az,) (' (A) z.2) — (Af' (A)z,2)
=7 ( U (A) 2, ) )[ 7 (A)z.2) ’

for any x € H with ||z|| = 1.

The following examples are of interest:

Example 61 If A is a positive definite operator on H, then
(0 <){In Az, z) — In ((Ailm,@_l) <(Az,z)- (A'm,z) -1, (2.49)

for any x € H with ||z| = 1.

Indeed, we observe that if we consider the concave function f : (0,00) —
R, f(t) =Int, then
(Af" (A) =, x) 1 ,

= 0 f H th =1

O (A) o) AT 2) € (0,00), foranyze wi [l]|
and by the inequality (2.48) we deduce the desired result (2.49).

The following example concerning powers of operators is of interest as
well:

Example 62 If A is a positive definite operator on H, then for any x € H
with ||z|| =1 we have

0 < (APz, )P "' — (AP~ 1z, z)’ (2.50)
< p(APz, )P 72 [(APz, z) — (Az,x) (AP 12, z)]
forp>1,
0 < (AP 'z, 2)’ — (AP, z)P ™! (2.51)
< p (AP, x)P 2 [(Az, ) (AP 2, 2) — (AP, )]
for0<p<1, and
0 < (APz,2)P~! — (AP~ lg, )P (2.52)
< (—p) (APz,2)P " [(Az, z) (AP~ 'z, z) — (APz, z)]
Jor p < 0.

The proof follows from the inequalities (2.43) and (2.48) for the convex
(concave) function f (¢t) =tP,p € (—00,0) U[1,00) (p € (0,1)) by perform-
ing the required calculation. The details are omitted.
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2.8.8 Further Reverses

The following results that provide perhaps more useful upper bounds for
the nonnegative quantity

M - z,T r T wi z|| =
() e foreer v ol =1

can be stated:

Theorem 63 (Dragomir, 2008, [10]) Let I be an interval and f : I —
R be a convexr and differentiable function on I (the interior of I) whose
derivative f' is continuous on I Assume that A 15 a selfadjoint operator
on the Hilbert space H with Sp(A) C [m,M] CI and f' (A) is a positive
definite operator on H. If we define

L (AT (W)
B A= e 1 (st )
then
097 (LLEE) i (4)0.s) (253)
L1 —m) I (Wal® — (7 (W ax)?]
B(f', Ax) x iy
() = 1 (m) [ Az - (Az,2)?]
< § (L —m) (f (M) — f' (m)) B(f', A;)
and
AF W) o
097 (SLEEE) i (4)0.s) (254)

< B(f, Ax) [(me'(M)f'(m))
[(Mz — Az, Ax — mz) (f' (M)z — f' (A)x, f' (A)x — f' (m) >]%

A.’E CE M+m’ ‘ f/ )x,x) . f/(]\/I)-2|-f’(m)

—_

7 (M —m) (f' (M) = " (m)) B(f', A;2),

,p

for any x € H with ||z|| = 1, respectively.
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Moreover, if A is a positive definite operator, then

o7 (TR < e (2.59)
< B(f', A;z)
i . (M—””)(f/(M)—fl(m)) <A(L’,£L’> <f/ (A) CU,{L'> ,

VMmf(M)f' (m)

) (VAT —vim) (VT () =/ F () ) (A 2)( ' (A) &, )]

for any x € H with ||z| = 1.

Proof. We use the following Griiss’ type result we obtained in [6]:

Let A be a selfadjoint operator on the Hilbert space (H; (., .)) and assume
that Sp (A) C [m, M] for some scalars m < M. If h and g are continuous
on [m, M] and v := mingey, a1 b (t) and T' := max;c a0 2 (£) , then

[(h(A) g (A)z,2) — (h(A)z,2) - (9 (A) z, )] (2.56)

for each x € H with ||z|| = 1, where § := minsc,, a9 (t) and A =

maXie(m,M] 9 (t) .
Therefore, we can state that

N
-

(A)z,z) — (Az,z) - (f (A) z, z) (2.57)
2} 1/2

IN
=N =

(M —m) [|If (A)z))* ~ (f (A) z, )
(M —m) (f' (M) — f' (m))

and

N
~

"(A)z,z) — (Ax,x) - (f' (A) x, ) (2.58)

9 9 1/2
(f (M) = £ (m)) || Az|]” — (A, z)

(M —m) (f' (M) = " (m)),

IN

IN
e Rl

for each x € H with ||z|| = 1, which together with (2.43) provide the desired
result (2.53).



42 2. Inequalities for Convex Functions

On making use of the inequality obtained in [7]
[(h(A) g (A)z,z) — (h(A)z, ) (g (A)z,z)]

(2.59)
<3 -7 (B-9)

’

[Tz — h(A)x, f (A)z —yz) {Az — g (A) 2, g (A) z — 6x)]

(h (A) r+~/“ )

)

for each x € H with |z|| = 1, we can state that
(Af' (A)w,) — (Az,2) - (f (A) w,7)
< 3 (M —m) (f/ (M) — f' (m))
[(Mz — Az, Az — ma) (f' (M) z — [ (A)z, f (A)z — f (m) 2)]? ,

)

[(Az, ) — A [(p (4) 2, 2) — LD 0

for each x € H with ||z|| = 1, which together with (2.43) provide the desired
result (2.54).

Further, in order to prove the third inequality, we make use of the fol-
lowing result of Griiss type obtained in [7]:
If v and ¢ are positive, then
[(h(A)g(A)z,z) — (h(A)z,z) (g (A) z,z)| (2.60)

)g
L BB (h(A) @, ) (g (A) 3, 3),

IN

(VT = vA) (VA= 3) [th(A)z,2) (g (A) w2)]
for each z € H with ||z|| = 1.
Now, on making use of (2.60) we can state that
(Af (A)z,2) — (Az,z) - (f' (A) 2, 2)

(2.61)
1 (M—m)(f'(M)—f'(m))

!
i mpanpm An @ (A,

(VAT - i) (VFD - /T [{Av, ) (f (A) .2l

for each x € H with ||z|| = 1, which together with (2.43) provide the desired
result (2.55). m

IN

Remark 64 We observe, from the first inequality in (2.55), that

AF (A r,z) 1 (M —m) (7 (M) — f (m)
O @) S1 JampanFoy




which implies that

Jr ((Af’ <A>x,x>> _p ([1 (M —m) (f' (M) — ' (m))
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- +1
(f (A)z,z)

Ax,x) |,
4 VMmf' (M) f(m) < >>

for each x € H with ||z|| = 1, since f’ is monotonic nondecreasing and A
18 positive definite.
Now, the first inequality in (2.55) implies the following result

(Af' (A)w,a)
(' (A)z,2)

L (M —m) (' (M) = f' (m))

L /M (M) [ (m)

. Ql (M —m) (f’ M)) — J' (m))

097 ( ) - ¢ W) (2.62)

<

(
N ey T Ny A

(Az, ax)) (Azx,x),

for each x € H with ||z| = 1.
From the second inequality in (2.55) we also have

0<)f (m) (f (A) ) (2.63)

< (VM = vm) (VF (D) = /7 ()

" (ll (M —m) (f (M) — f' (m))
4 /MmO (m)

for each x € H with ||z|| = 1.

+1

) [ ]

Remark 65 If the condition that f' (A) is a positive definite operator on
H from the Theorem 63 is replaced by the condition (2.47), then the in-
equalities (2.583) and (2.56) will still hold. Similar inequalities for concave
functions can be stated. However, the details are not provided here.

2.8.4 Multivariate Versions

The following result for sequences of operators can be stated.

Theorem 66 (Dragomir, 2008, [10]) Let I be an interval and f: 1 —
R be a convexr and differentiable function on I (the interior of I) whose
derivative f' is continuous on I If A;,5 € {1,...,n} are selfadjoint oper-
ators on the Hilbert space H with Sp(A;) C [m, M] cland

Do (A (Ag) g, @)
i (1 (Ag) mj,m5)

(2.64)
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for each z; € H,j € {1,...,n} with 377_, |z ||* = 1, then

Yf_ Aj ! AJ‘ Tj,Tj "
(ZZJ:{E <f/f(£1j)ij ;) >> B Z<f (45) 3, 2;) (265)
(i (A (Ay) g, @)
=/ ( S (A w5.ay) )

y S (A (Ap) g @) — 3050 (Ajg, ) 305 (f (A)) 25, 35)
Sy (F(Ay) mj, ) ’

0<f

for each z; € H,j € {1,...,n} with 377_, [l ]|” = 1.

Proof. Follows from Theorem 58. The details are omitted. m
The following particular case is of interest

Corollary 67 (Dragomir, 2008, [10]) Let I be an interval and f : I —
R be a convex and differentiable function on I (the interior of I) whose
derivative f' is continuous on 1. If A;,j € {1,...,n} are selfadjoint opera-
tors on the Hilbert space H with Sp(A;) C [m, M] cl and for p; > 0 with
Z?:l p; =1 if we also assume that

<Z}l:1 piA;f (Aj) $>
(S pif (Aj).a)

for each x € H with ||z|| =1, then

el (2.66)

<Z?:1ij4jf’ (Aj)$a95> _< S >
= <Z?=1 pif’ (Aj)$v$> ;pjf e 200
) <E?:1ijjf’ (Aj)93,33>
<f

<Z?:1 pif’ (4;)z, 93>
y <Z?=1 piA;f" (Aj) $>*<Z}1=1 pjA;z, $> <Z?=1 pif' (4j)z, $>
<Z?:1 pif' (4;)z, 93>

for each x € H with ||z|| = 1.

7

Proof. Follows from Theorem 66 on choosing z; = \/p; -z, j € {1,...,n},
where p; > 0,5 € {1,...,n}, 37 p; = 1 and = € H, with [lz|| = 1. The
details are omitted. m

The following examples are interesting in themselves:
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Example 68 If A;, j € {1,...,n} are positive definite operators on H,
then

NE

0<)

1 j=1

<.
Il

-1
(InAjz;,z;) —In (Z <Aj1xj,xj>) (2.68)

3

n
< (Ajx;, ;) - E A x]7xj -1,
Jj=1 j=1

for each z; € H,j € {1,...,n} with 377_, ll;))* = 1.
If pj > 0,5 € {1,...,n} with Z;;lpj = 1, then we also have the in-

equality
-1
<ij InA;x x> (<ZpJA x x>) (2.69)
< <ijij,x> . <ijAj_1x,m> -1,
j=1 j=1

for each x € H with ||z| = 1.

2.4 Other Inequalities for Convex Functions

2.4.1 Some Inequalities for Two Operators
The following result holds:

Theorem 69 (Dragomir, 2008, [11]) Let I be an interval and f : I —
R be a convexr and differentiable function on I (the interior of I) whose
derivative f' is continuous on I If A and B are selfadjoint operators on

the Hilbert space H with Sp (A),Sp (B) C [m, M] C1, then

(f'(A)z,z) (By,y) — (f' (A) Az, z) < (f (B)y,y) — (f(A)z,z)  (2.70)
< (f'(B) By,y) — (Az,z) (f' (B) y,y)

for any x,y € H with ||z]| = |ly|]| = 1.

In particular, we have

(f' (A)z,z) (Ay,y) — (f' (A) Az,z) < (f (A y,y) — (f (A z,z) (2.7
< (f'(A) Ay,y) — (Az,z) (f (A) y,)

for any xz,y € H with ||z|| = ||y|| =1 and

(f'(A)z,z) (Bx,z) — (f' (A) Az,2) < (f (B),2) — (f (A z,z)  (2.72)
< (f/ (B> B.’L‘,.%‘) - <A.’E,$> <f/ (B) €, x)



46 2. Inequalities for Convex Functions

for any x € H with ||z|| = 1.

Proof. Since f is convex and differentiable on I, then we have that

fils)-(t=s)<f@) = f(s) < f(t)-(t—s) (2.73)

for any t,s € [m, M].
Now, if we fix t € [m, M] and apply the property (P) for the operator A,
then for any « € H with ||z|| = 1 we have

(f'(A)-(t 1y —A)z,z) <(f(t) 1 — f(A)]z,z) (2.74)
(f'@)-(t-1g — Az, x)

for any ¢ € [m, M| and any © € H with ||z|| = 1.
The inequality (2.74) is equivalent with

t{f (A a,x) = (f' (A) Az, z) < f (1) = (f (A a,z) < f({0)t— [ (t) (Az,z)
(2.75)

<
<

for any ¢t € [m, M] and any z € H with ||z| = 1.
If we fix x € H with ||z|| = 1 in (2.75) and apply the property (P) for
the operator B, then we get

(S (A)z,2) B = (' (A) Az, ) 1a]y,y) < ([f (B) = (f (A) =, 2) 1u]y,y)

([f"(B) B = (Az,z) f' (B)]y,y)

for each y € H with ||y|| = 1, which is clearly equivalent to the desired
inequality (2.70). m

<
<

Remark 70 If we fir x € H with ||z|| = 1 and choose B = (Az,z) - 1g,
then we obtain from the first inequality in (2.70) the reverse of the Mond-
Petari¢ inequality obtained by the author in [9]. The second inequality will
provide the Mond-Pecari¢ inequality for convex functions whose derivatives
are continuous.

The following corollary is of interest:

Corollary 71 Let I be an interval and f : I — R be a convex and differ-
entiable function on I whose derivative f' is continuous on I Also, sup-
pose that A is a selfadjoint operator on the Hilbert space H with Sp (4) C
[m, M) CI If g is nonincreasing and continuous on [m, M| and

f(A)[g(A)—A] >0 (2.76)
in the operator order of B(H), then
(fog)(A) > f(A) (2.77)

in the operator order of B (H).
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Proof. If we apply the first inequality from (2.72) for B = g (A) we have

<f/ (A) T, {B> <g (A) €, x> - <f/ (A) Az, x> < <f (g (A)) €, .T:) - <f (A) €, .%')
(2.78)

any ¢ € H with ||z|] = 1.

We use the following Cebysev type inequality for functions of operators
established by the author in [8]:

Let A be a selfadjoint operator with Sp(A4) C [m, M] for some real
numbers m < M. If h,g : [m, M] — R are continuous and synchronous
(asynchronous) on [m, M], then

(h(A)g(A)z,z) = (<) (h(A)z,z) (g (A) z, 7) (2.79)

for any x € H with ||z| = 1.
Now, since f’ and g are continuous and are asynchronous on [m, M],
then by (2.79) we have the inequality

(f'(A)g(A)z, ) < (f (A)z,2) - (9(A)z,2) (2.80)

for any « € H with ||z| = 1.

Subtracting from both sides of (2.80) the quantity (f’ (4)Az,z) and
taking into account, by (2.76), that (f’ (4)[g(A) — A]z,z) > 0 for any
x € H with ||z|| = 1, we then have

0<(f(A)[g(A) - Al z,z)
= (f"(A) g (A)z,2) - (/' (A) Az, z)
< (A a,2) - (g(A)z,z) — (' (A) Az, z)

which together with (2.78) will produce the desired result (2.77). m
We provide now some particular inequalities of interest that can be de-
rived from Theorem 69:

Example 72 a. Let A, B two positive definite operators on H. Then we
have the inequalities

1= (A7 2, z) (By,y) < (n Az, z) — (ln By,y) < (Az,z) (B 'y,y) — 1
(2.81)
for any x,y € H with ||z|| = |ly|]| = 1.
In particular, we have

1-— <A_1x, x> (Ay,y) < (In Az, z) — (In Ay, y) < (Az, ) <A_1y, y> -1
(2.82)
for any xz,y € H with ||z|| = ||y|| =1 and

1— (A 'z,2) (Bz,z) < (InAz,z) — (In Bz, z) < (Az,z) (B 'z,z) — 1
(2.83)
for any x € H with ||z|| = 1.
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b. With the same assumption for A and B we have the inequalities
(By,y) — (Az,z) < (BIn By,y) — (In Az, z) (By,y) (2.84)

for any x,y € H with ||z|| = |ly|| = 1.
In particular, we have

(Ay,y) — (Az,z) < (Aln Ay, y) — (In Az, z) (Ay, y) (2.85)
for any x,y € H with ||z|| = ||y|| =1 and
(Bx,z) — (Az,z) < (Bln Bz, z) — (In Az, z) (Bz, ) (2.86)
for any x € H with ||z|| = 1.

The proof of Example a follows from Theorem 69 for the convex function
f () = —Inzx while the proof of the second example follows by the same
theorem applied for the convex function f (z) = zlnz and performing the
required calculations. The details are omitted.

The following result may be stated as well:

Theorem 73 (Dragomir, 2008, [11]) Let I be an interval and f: 1 —
R be a convexr and differentiable function on I (the interior of I) whose
derivative [’ is continuous on I. If A and B are selfadjoint operators on
the Hilbert space H with Sp (A),Sp(B) C [m, M] C1, then

[ ((Az, z)) ((By,y) — (Az,z)) < (f (B)y,y) — f ({(Az, ) (2.87)
< (f"(B) By,y) — (Az,z) (f' (B) v, )

for any x,y € H with ||z|| = |ly|]| = 1.
In particular, we have

[ ((Az, z)) ((Ay,y) — (Az, x))

for any x,y € H with ||z|| = ||y]| =1 and

f' ((Az, z)) ((Bz, z) — (Az, x))

for any x € H with ||z|| = 1.

Proof. Since f is convex and differentiable on I, then we have that

fis)-t=s)<f@) = f(s) < f (1) (t—s) (2.90)

for any t,s € [m, M].
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If we choose s = (Ax,x) € [m, M], with a fix x € H with ||z| = 1, then
we have

f (A, 2))-(t = (Az,2)) < f ()= f ((Az,2)) < [ (1)-(t = (Az, 2)) (2.91)

for any t € [m, M].
Now, if we apply the property (P) to the inequality (2.91) and the oper-
ator B, then we get

(f' ((Az,2)) - (B — (Az,2) - 1) y,y) < ([f (B) — f ((Az,2)) - 1u]y,y)
(2.92)

< (f'(B)- (B~ (Az,z) - 1n) y,y)

for any x,y € H with ||z|| = ||y|| = 1, which is equivalent with the desired
result (2.87). m

Remark 74 We observe that if we choose B = A in (2.89) or y = x in
(2.88) then we recapture the Mond-Petari¢ inequality and its reverse from

(2.1).

The following particular case of interest follows from Theorem 73

Corollary 75 (Dragomir, 2008, [11]) Assume that f, A and B are as
in Theorem 73. If, either f is increasing on [m, M| and B > A in the
operator order of B (H) or f is decreasing and B < A, then we have the
Jensen’s type inequality

(f(B)z,z) = f ((Az,x)) (2.93)
for any x € H with ||z|| = 1.

The proof is obvious by the first inequality in (2.89) and the details are
omitted.

We provide now some particular inequalities of interest that can be de-
rived from Theorem 73:

Example 76 a. Let A, B be two positive definite operators on H. Then we
have the inequalities

1 — (Az,z)"" (By,y) < In((Az,z)) — (InBy,y) < (Az,z) (B~ 'y,y) — 1
(2.94)
for any x,y € H with ||z|| = |ly|| = 1.
In particular, we have

1= (Az,2)”" (Ay,y) < In((Az,2)) — (In Ay,y) < (Az,2) (A" 'y,y) 1
(2.95)
for any x,y € H with ||z|| = ||y]| =1 and

1— (Az,z) " (Bz,z) <In((Az,z)) — (In Bz, z) < (Az, z) (B™'z,z) -1
(2.96)
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for any x € H with ||z|| = 1.
b. With the same assumption for A and B, we have the inequalities

(By,y) — (Az,z) < (Bln By,y) — (By,y) In ((Az, x)) (2.97)

for any x,y € H with ||z|| = |ly|]| = 1.
In particular, we have

{(Ay,y) — (Az,z) < (Aln Ay, y) — (Ay,y) In ((Az, 7)) (2.98)
for any x,y € H with ||z|| = ||y|| =1 and
(Bx,x) — (Az,2) < (Bln Bx,x) — (Bz,z) In ((Az, z)) (2.99)

for any x € H with ||z| = 1.

2.4.2  Inequalities for Two Sequences of Operators
The following result may be stated:

Theorem 77 (Dragomir, 2008, [11]) Let I be an interval and f : I —
R be a convexr and differentiable function on I (the interior of I) whose
derivative f' is continuous on I If A; and B; are selfadjoint operators
on the Hilbert space H with Sp(A;), Sp( i) C [m, M] cl for any j €
{1,...,n}, then

Z zj,xﬂz By, y5) Z i) Ajzj, ;) (2.100)

j=1 j=1 j=1

<D By — Y (A zg,25)
j=1 j=1

§Z<f/( Bjyj, y;) Z (Ajzj, x;) Z<f/(Bj)yj>yj>
j=1 j=1 j=1

. . 2 2
forany x;,y; € H, j € {1,...,n} with 377, ||z;|” =30, ly;[I° =
In particular, we have

S (A zgx) Y (A — Y (A)) Ajay, ;) (2.101)
j=1 Jj=1 J=1
§Z<f(z4;)ijyj> Z<f(AJ)va$J>

j=1 Jj=1
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. , 2 2
for any xj,y; € H, j € {1,...,n} with 377 |lz;]|” = 375, [ly;]I” = 1 and

Z (f' (A))wj,25) > (Bjj, ;) — Z (f' (Aj) Ajaj, @) (2.102)

for any x; € H, j € {1,...,n} with Y7, ||z,||* =

Proof. Follows from Theorem 69 and the details are omitted. m
The following particular case may be of interest:

Corollary 78 (Dragomir, 2008, [11]) Let I be an interval and f : I —
R be a convexr and differentiable function on I (the interior of I) whose
derivative [’ is continuous on I If A; and B; are selfadjomt operators

on the Hilbert space H with Sp(A;),Sp(B;j) € [m,M] cl for any j €

{1,...,n}, then for any p;,q; > 0 with Z 1D = ZJ 145 = 1, we have
the mequalztzes

<Zn:pjf' (Aj)$’93> <i: Qijy7y> - <ij j) Ajz m> (2.103)
< <Zq7f(B])y’y> - <Zp7f(147).%‘,$>
<Zq7 By, y> <ijij,x> <qu‘f' (Bj)y,y>

for any x,y € H with ||z|| = |ly|| = 1.
In particular, we have

<§n:pjf’( ><qu Y, y> <Zp f(A)) Ajx a:> (2.104)

<i qu(Aj)y7y> - <ijf(Aj)fE,.’17>
<quf’ (4;) By, y> <ZpJA @ :c> <§n:qu’ (Aj)y7y>

IN

3

IA
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for any z,y € H with ||z|| = |ly|| =1 and

<]zj;pjf’( > <ijB @ x> <2j: ) Az a:> (2.105)
<ipjf(3j)xw> - <¥pjf >
<ij ) Bjz 33> <ZpJA x g;> < )xx>

for any x € H with ||z|| = 1.

IN

IN

Proof. Follows from Theorem 77 on choosing xz; = \/]TJ T, Y; = TG Y

j€{1,...,n}, where p;,q; > 0,5 € {1,...,n}, Zg D= Zg 1¢ =1
and z,y € H, with ||z|| = |ly|| = 1. The detallb are omitted. m

Example 79 a. Let A;,Bj, j € {1,...,n}, be two sequences of positive
definite operators on H. Then we have the inequalities

n

n n n
1_2 A Ly, Tj Z Jyj’yj>§Z<IHijj»xJ Z (In Bjy;,y;)
j=1 j=1 J=1 J=1

(2.106)

(Ajaj, ;) > (B yjs) —1

j=1

S

<
I
-

-

. , 2 2
for any xj,y; € H, j € {1,...,n} with 3770 |lasll” = 375, [ly; ]I = 1.
b. With the same assumption for A; and B; we have the inequalities

n n
D (Biysys) — Y (A, ;) (2.107)
Jj=1 j=1
n n n
< Z (BjIn Bjy;,y;) — Z (InAjz;, ;) Z Bjyj,y;)
Jj=1 j=1 j=1

. . 2 2
forany xj,y; € H, j € {1,....n} with 377 |la;lI” = 327 ly;ll” =
Finally, we have

Example 80 a. Let Aj,B;, j € {1,...,n}, be two sequences of positive
definite operators on H. Then for any pj,q; > 0 with Z?Zl p; = 2?21 g =
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1, we have the inequalities

1= <ZP7‘A§1$7$> <Z qujy,y> (2.108)
Jj=1 j=1

< <ij lnij,x> - <Z 4 1nBjy,y>
j=1

j=1
< <ij14jl‘,l‘> <Z Qijly7y> -1
j=1 =1

for any x,y € H with ||z|| = |ly|]| = 1.
b. With the same assumption for A;, B;, p; and q;, we have the inequal-
ities

<Z QJBjy>y> - <ijij,x> (2.109)
= ot
< <Z 4; B lnBjy,y> - <ij lnAjw7x> <Z qujy,y>

st et

Jj=1
for any x,y € H with ||z|| = |ly|]| = 1.
Remark 81 We observe that all the other inequalities for two operators

obtained in Subsection 3.1 can be extended for two sequences of operators
n a similar way. However, the details are left to the interested reader.

2.5 Some Jensen Type Inequalities for Twice
Differentiable Functions

2.5.1 Jensen’s Inequality for Twice Differentiable Functions
The following result may be stated:

Theorem 82 (Dragomir, 2008, [12]) Let A be a positive definite oper-
ator on the Hilbert space H and assume that Sp(A) C [m, M| for some

scalars m, M with 0 < m < M. If f is a twice differentiable function on
(m, M) and for p € (—o00,0) U (1,00) we have for some v <T' that

2P 7
”ygm-f t)<T forany te(m,M), (2.110)
then
v (APz, ) — (Az,2)") < (f (A) z,2) — f ((Az, 2)) (2.111)
<T ((APz,z) — (Ax,z)")
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for each x € H with ||z|| = 1.
If

2P "
5§m-f t) <A  forany te(m,M) (2.112)

and for some 6 < A, where p € (0,1), then

§(<Axvx>p - <Apx7x>) <f (A) 3371'> - f (<A$,£L‘>) (2'113)

<
< A ((Az, )" — (APz, x))
for each x € H with ||z|| = 1.

Proof. Consider the function g, , : (m, M) — R given by g, (t) = f (¢) —
~tP where p € (—00,0) U (1,00) . The function g, , is twice differentiable,

gy, ) =f" () —yp(p—1)tP?

for any ¢ € (m, M) and by (2.110) we deduce that g, , is convex on (m, M) .
Now, applying the Mond & Pecari¢ inequality for g, , we have

0<((f(4) =A%) z,2) - [f ((Az,2)) — 7 (Az, )"]
= (A z,2) - | (Az, ) — 7 [(AP2, 2) — (Az, 2)"]

which is equivalent with the first inequality in (2.111).
By defining the function gr p : (m, M) — R given by gr, (t) =T't? — f (¢)
and applying the same argument we deduce the second part of (2.111).
The rest goes likewise and the details are omitted. m

Remark 83 We observe that if f is a twice differentiable function on
(ma M) and ¢ := inftE(m,M) f// (t) , @ = SUP¢e (m, M) f/, (t) , then by (2111)
we get the inequality

%sﬂ [<A2w,m> — <Aw,x>2} < {f(A)z,z) — f((Az,z)) (2.114)

IN

%(b {<A2m,x> - (Am,x)ﬂ

for each x € H with ||z| = 1.
We observe that the inequality (2.114) holds for selfadjoint operators that
are not necessarily positive.

The following version for sequences of operators can be stated:
Corollary 84 (Dragomir, 2008, [11]) Let A; be positive definite oper-

ators with Sp(A;) € [m,M] C (0,00) j € {1,...,n}. If f is a twice
differentiable function on (m, M) and for p € (—o00,0)U (1, 00) we have the
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condition (2.110), then

Y [En: A :cj,:vj (2”: (Ajxj, x; ) ] (2.115)

for each x; € H,j € {1,...,n} with 3°7_, llz;]|* = 1.
If we have the condition (2.112) for p € (0,1), then
P

n

S (Ajaj,a) | -

j=1 J

-

(Al ;) (2.116)
1

n

Z D,z — f (Ajx;, ;)

j=1
<A Z<ijj»$j> Z (A7 xj,:r]
=1 =1

for each z; € H,j € {1,...,n} with 377_, |l ]| =
Proof. Follows from Theorem 82. m

Corollary 85 (Dragomir, 2008, [11]) Let A; be positive definite oper-
ators with Sp(A;) C [m,M] C (0,00) j € {l,....,n} andp; >0, j €
{1,...,n} with Z;.L:lpj = 1. If f is a twice differentiable function on
(m, M) and for p € (—00,0) U (1,00) we have the condition (2.110), then

n n p
<ijA§.’x,x> — <ijij,x> (2.117)
j=1 j=1

< <ijf (Aj)x,a:> —f <ijAj:1c,x>
j=1 j=1
n n P
<ijA§x,x> — <ijij7x>
j=1 j=1

for each x € H with ||z| = 1.
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If we have the condition (2.112) for p € (0,1), then

n p n
5 <ijij,x> - <ijA§w,x> (2.118)
j=1 j=1
< <ijf(Aj)xa$> —f <ZPjAjZE,$>
j=1 j=1
n p n
<A <ijAjz,z> — <ijA§z,x>
j=1 j=1

for each x € H with ||z| = 1.

Proof. Follows from Corollary 84 on choosing z; = /p; -z, j € {1,...,n},

where p; > 0,5 € {1,...,n}, 37 p; = 1 and @ € H, with [lz|| = 1. The
details are omitted. m

Remark 86 We observe that if f is a twice differentiable function on
(m, M) with —oo < m < M < oo, Sp(A;) C [m,M], j € {1,...,n}
and ¢ 1= nfie(m ) [ () s @ 1= SuPse (i an) £ (t) , then

2
n n

o | D (Afwjiay) — | D (Ajaj ) (2.119)

j=1 j=1

<D A g = | D (A, )
j=1

j=1
2
n n
<Oy (Afwjay) — | Y (A ag)
j=1 j=1

. . n 2
for each zj € H,j € {1,...,n} with 3°5_, [|z;||” = 1.
Also, ifp; >0, j € {1,...,n} with Z;'L:ﬂ’j =1, then

n n 2
¥ <ijA§x,x> - <ijAj$a$> (2.120)
Jj=1 Jj=1
< <ijf<Aj>x,m> —f <ijAjz,x>
Jj=1 j=1
n n 2
(0] <ZP;‘A§9§,$> - <ijAjm,z>
Jj=1 j=1

IN
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The next result provides some inequalities for the function f which re-
place the cases p =0 and p = 1 that were not allowed in Theorem 82:

Theorem 87 (Dragomir, 2008, [11]) Let A be a positive definite oper-
ator on the Hilbert space H and assume that Sp (A) C [m, M] for some

scalars m, M with 0 < m < M. If f is a twice differentiable function on
(m, M) and we have for some v < T that

y<f(t)<T  forany te (m,M), (2.121)
then

v(In((Az,z)) — (In Az, z)) < (f (A) z,z) — f ({Az, z)) (2.122)

<
< T (In((Az,2)) - (In Az, )

for each x € H with ||z| = 1.
If
§<t-f"t)<A forany te€(m,M) (2.123)

for some § < A, then

0 ((Aln Az, x) — (Az,z) In ((Az,z))) < (f (A) z,z) — [ ((Az,x)) (2.124)

<
<A((AlnAz,z) — (Az,z) In ((Azx, z)))
for each x € H with ||z| = 1.

Proof. Consider the function g : (m, M) — R given by g, (t) = f (t) +
vInt. The function g, is twice differentiable,

gy, ()= f"(t) =yt

for any ¢ € (m, M) and by (2.121) we deduce that g ¢ is convex on (m, M) .
Now, applying the Mond & Pecari¢ inequality for g, o we have

0<((f(A) +vInA)z,z) - [f ((Az,2)) +7In ((Az, 2))]
= (f (4)2,2) — f ({42, 2)) — 7 [In ({42, 2)) — (In Az, 2)]
which is equivalent with the first inequality in (2.122).
By defining the function gr o : (m, M) — R given by gr (t) = —T'lnt —

f (t) and applying the same argument we deduce the second part of (2.122).
The rest goes likewise for the functions

gs1 () =f()—dtlnt and gao(t) =Atlnt — f(¢)

and the details are omitted. m
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Corollary 88 (Dragomir, 2008, [11]) Let A; be positive definite oper-
ators with Sp(A;) € [m,M] C (0,00) j € {1,...,n}. If f is a twice
differentiable function on (m, M) and we have the condition (2.121), then

n n

~v | In Z(ijj,xj> —Z(lnij,xj> (2.125)

j=1 Jj=

n
<D (A ajy) — f

Jj=1 J

(ln (Ej:l (Ajz;, x; ) i(lnAjmj,xj))

for each z; € H,j € {1,...,n} with 377_, ll;))* =
If we have the condition (2.123), then

) (Z (AjInAjx;,x;) Z Ajxj,z;)In (Z (ijj,xj>>) (2.126)
j=1 j=1

(Ajz;, ;)

1
n
j=1

\ /\

Jj=1

<Z §) T, L) f(Z ij,x])

j=1

<A (Z (AjInAjz;,x;) — Z (Ajz;,z;)In (Z (Ajz;, x; ))
j=1 j=1 j=1

for each z; € H,j € {1,...,n} with 377_, ll;|)* =
The following particular case also holds:

Corollary 89 (Dragomir, 2008, [11]) Let A; be positive definite oper-
ators with Sp(A;) C [m,M] C (0,00) j € {l,....,n} andp; >0, j €
{1,...,n} with Z?lej = 1. If f is a twice differentiable function on
(m, M) and we have the condition (2.121), then

5 (ln (<iijjm,x>) — <ip]— lnAjz,:17>) (2.127)

< Z(f (Aj) zj, x5) f( <Ajl’jvxj>)

Jj=1
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for each x € H with ||z| = 1.
If we have the condition (2.123), then

§ <ijAj lnAjac,x> — <ijij7m> In <ijij,x>
j=1

j=1 j=1
(2.128)
< (f (A])xjvxj> f (Ajzj, xj)
j=1 j=1
<A <§:pJAj lnij,ac> <ijAJx7m> In <Zp]ij,x>
j=1 j=1 j=1

for each x € H with ||z| = 1.

2.5.2  Applications

It is clear that the results from the previous section can be applied for
various particular functions which are twice differentiable and the second
derivatives satisfy the boundedness conditions from the statements of the
Theorems 82, 87 and the Remark 83.

We point out here only some simple examples that are, in our opinion,
of large interest.

1. For a given a > 0, consider the function f (t) = exp (at),t € R. We
have f” (t) = a?exp (at) and for a selfadjoint operator A with Sp(A) C
[, M] (for some real numbers m < M) we also have

p:= inf f’(t)=a’exp(am) and ®:= sup f(t)=a’exp(aM).

t€(m,M) t€(m,M)
Utilising the inequality (2.114) we get

%oz2 exp (am) [<A2x, z)—(Az, x>2} <(exp (aA) z,x) — exp (e Az, z))

(2.129)
< %aQ exp (aM) [<A2x, z)—(Az, x>2] ,
for each z € H with ||z|| = 1.
Now, if 8 > 0, then we also have
1
587 exp(=BM) (A%, @)~ (Az,2)?] < (exp(~BA) 2, z) —exp (— (BAz,z)
(2.130)

<=B2 exp(-8m) {<A2x, :z:>f (Az, m)Z] ,

N |
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for each © € H with ||z|| = 1.

2. Now, assume that 0 < m < M and the operator A satisfies the
condition m - 1y < A < M - 1. If we consider the function f : (0,00) —
(0,00) defined by f(t) = t* with p € (—00,0) U (0,1) U (1,00). Then
J"(t) =p(p—1)tP~2 and if we consider ¢ := infe(m ) f (t) and ® :=
SUPte(m,ar) £ (t), then we have

p=plp—1)mP 2 ®=p(p—-1)MP"? forpe [2,x),
e=pp-1)MP 2 &=p(p—-1)m’? forpe(1,2),

=plp—-1)m’ 2, ®d=p(p-1)M"* forpe(0,1),
and

p=plp—-1)MP 2 &=p(p—-1)m’? forpe (—o00,0).

Utilising the inequality (2.114) we then get the following refinements an
reverses of Holder-McCarthy’s inequalities:

i

(p—1)mP~2 [<A2x,x> — <Ax,x>2] (2.131)
(APz z) — (Az, x)?

N DN | =

< %p (p—1)MP—2 {<A2x, 1:> — (Aa:,:c>2] for p € [2,00),
p—1)MP2 [<A2x,x> — (Az, x)ﬂ (2.132)
5P (1—p) MP—2 [<A2x, z) — (Az, z>2] (2.133)

and

%p (p—1) MP—2 [(A%c, z) — (Az, m>2] (2.134)
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for each © € H with ||z|| = 1.

3. Now, if we consider the function f : (0,00) — R, f(¢) = —Int,
then f” (t) = t~2 which gives that ¢ = M =2 and ® = m~2. Utilising the
inequality (2.114) we then deduce the bounds

1M_2 [<A2x,m> = (Ax,x)ﬂ (2.135)

<In({Az,z)) — (In Az, )
m=2 [<A2m,x> - (A:c,x)z}
for each z € H with ||z|| = 1.

Moreover, if we consider the function f : (0,00) — R, f(¢) = tlnt,
then f” (t) = t~! which gives that ¢ = M~ and ® = m~!. Utilising the
inequality (2.114) we then deduce the bounds

2 2
2 [<A z,z) — (Az, z) } (2.136)
< (AlnAz,z) — (Az,z) In ({Azx, x))
L ifig2 2
5 [<A z,z) — (Az, z) }

for each © € H with ||z|| = 1.

Remark 90 Utilising Theorem 82 for the particular value of p = —1 we
can state the inequality

20 ((4702) — (A ) ™) < (F (A) w2~ f(Az2)) (213)
%\Il (<A_1x,m> - <Ax,x)71>

IA

for each x € H with ||z| = 1, provided that f is twice differentiable on
(m, M) C (0,00) and

Y= inf f"(t) while V= sup t3f"(t)
te(m,M) te(m,M)

are assumed to be finite.

We observe that, by utilising the inequality (2.137) instead of the in-
equality (2.114) we may obtain similar results in terms of the quantity
(A7 z,z) — (Az, 2)"', & € H with ||z|| = 1. However the details are left to
the interested reader.
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2.6 Some Jensen’s Type Inequalities for
Log-convex Functions

2.6.1 Preliminary Results

The following result that provides an operator version for the Jensen in-
equality for convex functions is due to Mond and Pecari¢ [32] (see also [20,

p. 5)):

Theorem 91 (Mond-Pecari¢, 1993, [32]) Let A be a selfadjoint oper-
ator on the Hilbert space H and assume that Sp(A) C [m, M| for some
scalars m, M with m < M. If f is a convez function on [m, M], then

f(Az,z)) < (f (A)z,z) (MP)
for each x € H with ||z|| = 1.

Taking into account the above result and its applications for various con-
crete examples of convex functions, it is therefore natural to investigate the
corresponding results for the case of log-convex functions, namely functions
f: I — (0,00) for which In f is convex.

We observe that such functions satisfy the elementary inequality

F(U=t)a+tb) < [f (@] " [f @) (2.138)

for any a,b € I and t € [0,1]. Also, due to the fact that the weighted
geometric mean is less than the weighted arithmetic mean, it follows that
any log-convex function is a convex functions. However, obviously, there
are functions that are convex but not log-convex.

As an immediate consequence of the Mond-Pecari¢ inequality above we
can provide the following result:

Theorem 92 (Dragomir, 2010, [15]) Let A be a selfadjoint operator on
the Hilbert space H and assume that Sp(A) C [m, M] for some scalars
m, M with m < M. If g : [m, M] — (0, 00) is log-convex, then

g((Av, ) <exp(ng(A)a,o) < (g(A)z,z)  (2139)
for each x € H with ||z| = 1.

Proof. Consider the function f := In g, which is convex on [m, M]. Writing
(MP) for f we get In[g ((Az,z))] < (Ing(A)z,z), for each z € H with
lz|| = 1, which, by taking the exponential, produces the first inequality in
(2.139).

If we also use (MP) for the exponential function, we get

exp (lng (A)z,z) < (exp[lng (A)] z,z) = (9 (A) z, x)
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for each © € H with ||z|| = 1 and the proof is complete. m
The case of sequences of operators may be of interest and is embodied
in the following corollary:

Corollary 93 (Dragomir, 2010, [15]) Assume that g is as in the Theo-
rem 92. If A; are selfadjoint operators with Sp (A;) C [m, M], j € {1,...,n}

and x; € H,j € {1,...,n} with 337, |;]|* =1, then

g > (Ajzj,z) | <exp <Zlng(Aj)$j7$j> < <29(Aj)$j7$j>-
Jj=1 j=1 j=1

(2.140)

Proof. Follows from Theorem 92and we omit the details. m
In particular we have:

Corollary 94 (Dragomir, 2010, [15]) Assume that g is as in the The-
orem 92. If A; are selfadjoint operators with Sp(A;) C [m, M| CI, j €
{1,..,n} and p; >0, j € {1,...,n} with 377, pj =1, then

g <ZP;‘AJ%$> < <H g (A;)]" $$> < <ZPJ‘9(AJ‘)$7$>

(2.141)
for each x € H with ||z| = 1.

Proof. Follows from Corollary 93 by choosing z; = \/p; -, j € {1,...,n}
where © € H with [|z||=1. =

It is also important to observe that, as a special case of Theorem 91 we
have the following important inequality in Operator Theory that is well
known as the Holder-McCarthy inequality:

Theorem 95 (Holder-McCarthy, 1967, [26]) Let A be a selfadjoint pos-
itive operator on a Hilbert space H. Then

(i) (A"z,z) > (Az,z)" for allr > 1 and x € H with ||z|| = 1;

(ii) (ATz,z) < (Az,z)" for all0 <r <1 and x € H with ||z| = 1;

(iii) If A is invertible, then (A="z,x) > (Az,z)”" for all v > 0 and
x € H with ||z| = 1.

Since the function g (t) = t~" for » > 0 is log-convex, we can improve
the Holder-McCarthy inequality as follows:

Proposition 96 Let A be a selfadjoint positive operator on a Hilbert space
H. If A is invertible, then

(Az,z)"" <exp(ln(A™")z,z) < (A "z, x) (2.142)

for all v >0 and x € H with ||z|| = 1.
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The following reverse for the Mond-Pecari¢ inequality that generalizes
the scalar Lah-Ribari¢ inequality for convex functions is well known, see
for instance [20, p. 57]:

Theorem 97 Let A be a selfadjoint operator on the Hilbert space H and
assume that Sp (A) C [m, M] for some scalars m, M with m < M. If f is
a convex function on [m, M|, then

M — (Ax, z)
M—-—m

(Az,z) —m

(f (A)e,a) < .

S (m) + f (M) (2.143)

for each x € H with ||z|| = 1.
This result can be improved for log-convex functions as follows:

Theorem 98 (Dragomir, 2010, [15]) Let A be a selfadjoint operator on
the Hilbert space H and assume that Sp(A) C [m, M| for some scalars
m, M withm < M. If g : [m, M] — (0,00) is log-convez, then

(9 (4)z,2) < ([lg (m)] 7 g M) T ] 0, (2.144)
< S et G e
and
9 (Az,z)) < [g (m)] 7 [g (M) Fw (2.145)

Mlg—A A—mly
< ([tg (m1 = [g 0] = | 2,0 )
for each x € H with ||z|| = 1.
Proof. Observe that, by the log-convexity of g, we have

M —t t—m M-t t—m

90 = (1 e+ ) < g (] g ()
(2.146)

for any t € [m, M].
Applying the property (P) for the operator A, we have that

(9(A)z,z) < (¥ (A)z, )

for each = € H with ||z]| = 1, where U (£) := [g (m)]¥ = [g (M)]¥m
t € [m, M]. This proves the first inequality in (2.144).

Now, observe that, by the weighted arithmetic mean-geometric mean
inequality we have

g (m)H55 [g (M) < SE=L g ) =

g (M)
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for any t € [m, M].

Applying the property (P) for the operator A we deduce the second
inequality in (2.144).

Further on, if we use the inequality (2.146) for t = (Ax, z) € [m, M| then
we deduce the first part of (2.145).

Now, observe that the function ¥ introduced above can be rearranged
to read as

g (M)

W () = g (m) [Q(m)}mte fm, M]

showing that ¥ is a convex function on [m, M].

Applying Mond-Pecari¢’s inequality for ¥ we deduce the second part of
(2.145) and the proof is complete. m

The case of sequences of operators is as follows:

Corollary 99 (Dragomir, 2010, [15]) Assume that g is as in the Theo-
rem 92. If A; are selfadjoint operators with Sp (A;) C [m, M], j € {1,...,n}

and x; € H,j € {1,...,n} with 337, |z;)|* =1, then

> (g (A)) wj,z5) (2.147)

j=1
n Mig—Aj Aj—mly
< [lo o) = 00y
j=1
M —=5"  (Ajx, ;) S {Ajxg,ag) —m
< j=1 \ 5T, Tj) j=1 %5, T o
- M —m )+ M—m g(M)

and

g [ > (Ajzj,x)) (2.148)
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In particular we have:

Corollary 100 (Dragomir, 2010, [15]) Assume that g is as in the The-
orem 92. If A; are selfadjoint operators with Sp(A;) C [m, M| CI, j €
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{L,...,n} and p; >0, j € {1,...,n} with 337_, pj =1, then

<ijg (Aj)a:,m> (2.149)

n Ml —Aj Aj—mly
= <ij g (m)] = [ () i H>
j=1
< M - <Z?:1 pJ‘AJ-’E’f"> <Z?:1ijj$,w> —m A
= M—m g (m)+ " —m g (M)
and

g <ijAjm,x> (2.150)
j=1

M—(SFy pjAje.e) (Sp_ipjajea)-m

<lg(m)] N lg (M)] e

- <ij g (m)] T g () R, $> |

The above result from Theorem 98 can be utilized to produce the follow-
ing reverse inequality for negative powers of operators:

Proposition 101 Let A be a selfadjoint positive operator on a Hilbert
space H. If A is invertible and Sp (A) C [m, M](0 < m < M), then

(A7"w,z) < <[mMJ¥1{IijMAMT;H ] B a:,x> (2.151)
M- (Az,z) _,. (Az,z)—m M-
- M-m M —m

and

M—(Az,z) (Aa:‘m)—m:| -r

) < [glom 5 () 55

Mig—A  A-mig]=T
< <[m M—m— M “M=m } x,3:>

(2.152)

for allr >0 and x € H with ||z| = 1.

2.6.2 Jensen’s Inequality for Differentiable Log-convex
Functions

The following result provides a reverse for the Jensen type inequality (MP):
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Theorem 102 (Dragomir, 2008, [9]) Let J be an interval and f: J —
R be a convex and differentiable function on J (the interior of J) whose
derivative f' is continuous on J. If A is a selfadjoint operators on the
Hilbert space H with Sp (A) C [m, M] C J, then

(0 <) (f(A)w,z) — f ((Az, 2)) < (f' (A) Az, 2) — (A, 2) - (f' (A) 2, )
(2.153)
for any x € H with ||z|| = 1.

The following result may be stated:

Proposition 103 (Dragomir, 2010, [15]) Let J be an interval and g :
J — R be a differentiable log-convez function on J whose derivative g’ is

continuous on J. If A is a selfadjoint operator on the Hilbert space H with
Sp(A) C [m, M] C J, then

exp (Ing (4) 2, )
<) = o)

<exp [(g/ (Ao (A)] " Av,a) = (Az,2) - (' (A) [g(A) ' w,2)]

for each x € H with ||z|| = 1.

(2.154)

Proof. It follows by the inequality (2.153) written for the convex function
f =1Ing that

(Ing (4)z,2) < Ing ((4z,))
+ (g () [g ()] Az,w) — (Az,2) - (¢ (4) [g () w2

for each z € H with ||z|| = 1.
Now, taking the exponential and dividing by ¢ ((Az,z)) > 0 for each
xz € H with ||z|| = 1, we deduce the desired result (2.154). =

Corollary 104 (Dragomir, 2010, [15]) Assume that g is as in the Propo-
sition 103 and A; are selfadjoint operators with Sp(A;) C [m, M] cJ,
je{l,..,n}.

Ifand z; € H,j € {1, ...,n} with Z?Zl HIJHQ =1, then

exp <Z?:1 Ing (4;)z;, xj>
g (X5 (4m,2)))

(1<) (2.155)

<exp <Z g (A;) [g (AN Aﬂjal’j>

n n

(Aggag) > (g (4 [g (A o)

j=1 j=1
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Ifpj >0, j€{1,...,n} with 377, pj =1, then
(IT= lo (40" @, )
1 ((Zmpdse))

< exp <ij9' (4) [g (A7 ijal“>

j=1

(1<)

(2.156)

for each x € H with ||z|| = 1.

Remark 105 Let A be a selfadjoint positive operator on a Hilbert space
H. If A is invertible, then

(1 <) (Az,2)"exp(In (A7") z,z) <exp [r ((Az,z) - (A" 2, 2) — 1)]
(2.157)
for allr >0 and x € H with ||z| = 1.

The following result that provides both a refinement and a reverse of the
multiplicative version of Jensen’s inequality can be stated as well:

Theorem 106 (Dragomir, 2010, [15]) Let.J be an interval and g : J —
R be a log-convex differentiable function on J whose derivative ¢’ is con-

tinuous on J. If A is a selfadjoint operators on the Hilbert space H with
Sp(A) C [m, M] C J, then

1< <exp { ((<<;14;’$>>)) (A - (Az, z) 1H)] :c:c> (2.158)

(9(A)e.2) .
= < A)[g ()] (A - (Az,2) 1
= g((Az,z)) x)) < exp {g (A) g (A)] " ( (Az,z) H)] a:,a;>
for each x € H with ||z|| = 1, where 1y denotes the identity operator on

H.

Prqof. It is well known that if A : J — R is a convex differentiable function
on J, then the following gradient inequality holds

h(t) =h(s) = ' (s)(t - s)

for any ¢, s elJ.
Now, if we write this inequality for the convex function A = Ing, then

we get )
Ing(t) ~Ing(s) > Z (#)

g9(s)

(t—s) (2.159)
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which is equivalent with

g(t) = g(s)exp [ (t — s)} (2.160)

Q

—~
»

~—

for any ¢, s el. )
Further, if we take s := (Az,z) € [m,M] C J, for a fixed z € H with
|lz|]| = 1, in the inequality (2.160), then we get

g' ((Az, z))

g(t) = g({(Az,z))exp [g((Aac z))

(1~ (4z.2))
for any ¢ el.

Utilising the property (P) for the operator A and the Mond-Pecari¢ in-
equality for the exponential function, we can state the following inequality
that is of interest in itself as well:

(0 ()2.) 2 g (Az2)) (oo | ZEEEE (4 — (a2} 10)| o)
(2.161)
g ((42,2)

> g ((Az,)) exp [ ((Ay, ) — <Ax,x>>}

9 ({(Az, z))
for each z,y € H with ||z]| = |ly|| = 1.
Further, if we put y = « in (2.161), then we deduce the first and the
second inequality in (2.158).
Now, if we replace s with ¢ in (2.160) we can also write the inequality

s0ep |2 (- 0] <90
which is equivalent with
g(t) <g(s)exp {‘Z((tt)) (t— s)} (2.162)

for any ¢, s el. )
Further, if we take s := (Az,z) € [m, M] C J, for a fixed € H with
lz]| = 1, in the inequality (2.162), then we get

g (1)
g9(t)

4 (1) < g ({Az,2)) exp [ (i - <Ax,x>>}

for any ¢ el.
Utilising the property (P) for the operator A, then we can state the
following inequality that is of interest in itself as well:

(9 (A)y.) < g ((Az,2)) (exp [ 9 (4) [9 ()] (A= (Az,2) L) | 3.y
(2.163)
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for each z,y € H with ||z]| = |ly|| = 1.

Finally, if we put y = z in (2.163), then we deduce the last inequality in
(2.158). m

The case of operator sequences is embodied in the following corollary:

Corollary 107 (Dragomir, 2010, [15]) Assume that g is as in the Propo-
sition 103 and A; are selfadjoint operators with Sp(A;) C [m, M] CJ,
jed{l,..,n}.

If and xz; € H,j € {1,...,n} with Z;;l HCUJHQ =1, then

g (S5 ()
Q(ZJ 1 (4 xj,xj>>

1< <Zexp Aj—Z<AjLL'j7.’L'j> 1H .’Ej,l‘j>
j=1

(2.164)

§<Zexp g (A) [g (A" Aj*ZijjvaﬁlH %fﬁj>-

Ifp; > 0,7 € {1,..,n} with Z?lej = 1, then for each x € H with
] =1

- < n (<Z;;1ijjx,x>) (2.165)

< 110 j eXp (<Z?=1ijjx’x>>
Aj— ZpJAxa:> lg ||z,

(Sanatayes)
i)

<ijexp g (Aj) g (4] Aj_<ijAjmax>1H xas>

j=1

X

~_—

IN

Remark 108 Let A be a selfadjoint positive operator on a Hilbert space
H. If A is invertible, then

1< <exp [7" (1H - <A(E z) A)] x,m> (2.166)
< (A7"z,x) (Az,z)" < (exp [r (1g — (Az,z) A™")] 2, z)

for all T >0 and x € H with ||z|| = 1.



2.6 Some Jensen’s Type Inequalities for Log-convex Functions 71

The following reverse inequality may be proven as well:

Theorem 109 (Dragomir, 2010, [15]) Let J be an interval and g : J —
R be a log-convex differentiable function on J whose derivative g is con-
tinuous on J. If A is a selfadjoint operators on the Hilbert space H with
Sp(A) C [m, M] C J, then

lg (M) =" [g (m)] = 2,
{9 (A)z,z)
(e [C20510m2 (£48) — 5100,
{9(4)z,z)
g (M) g’(m)ﬂ

A-—mly Milg—A >

1o

(2.167)

<

g(M)  g(m)

1
< exp [4(Mm)<
for each x € H with ||z| = 1.

Proof. Utilising the inequality (2.159) we have successively

g((I=Nt+As) g (s)
g(s) g9(s)

> exp {(1 - (t — s)] (2.168)

and

g((L=A)t+As) g (1)
o) > exp [—)\ (t— s)] (2.169)

for any ¢, s €J and any A € [0, 1].
Now, if we take the power A in the inequality (2.168) and the power 1 — A
in (2.169) and multiply the obtained inequalities, we deduce

g1 g ()
g((L=X)t+ Xs)

< exp {(1 —A)A (i/((:)) - gg((ss))> - S)]

(2.170)

for any t,s €J and any A € [0,1].
Further on, if we choose in (2.170) t = M,s = m and A = ]\Al[::i’ then,
from (2.170) we get the inequality

u—m M—u

[g (M)]M=m [g (m)]M=m
g(u)
(M —u) (u—m) (g’(M) g’(m))}

M —m g(M)  g(m)

(2.171)

< exp

which, together with the inequality

(M—-u)(u—m) 1
M—-—m SE(M_m)
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produce

for any u € [m, M].
If we apply the property (P) to the inequality (2.172) and for the operator
A we deduce the desired result. m

Corollary 110 (Dragomir, 2010, [15]) Assume that g is as in the The-
orem 109 and A; are selfadjoint operators with Sp(A;) C [m, M] Cj,
je{1,...,n}.

Ifx; € Hyj€{1,...,n} with 377, |z ||* = 1, then

n Aj—mlpy Mig—Aj
S (o 05 g ) 0y, )
> (g (Ag) zj, 5)
M1 —A7‘ Aj—ml (M "(m
< E?:l <g (Aj)exp {( = M—(’m i) (%((M)) - Z((,,L))):| 'rjvxj>
- > (9 (Ay) gy, 25)

< exp [i (M —m) (S;/((AA;[; - Z/((Z))ﬂ '

(1<)

(2.173)

Ifp; > 0,7 € {1,..,n} with Z;’L:ﬂ’j = 1, then for each x € H with
]l =1

n Aj—'mlH IWleAj
(1 o OO g ()] )
(1<)
<Z7} p;g(A;)exp {(MlH*Aj)(Aj*mlH) (g'(M) _ g/(m)>] x £C>
j=17J J M-m gM)  g(m) ’
(Sioipig (4)) @)

< exp E (M —m) (gg’((]\f\;[)) a f;/((::)))] '

(2.174)

<
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Remark 111 Let A be a selfadjoint positive operator on a Hilbert space
H. If A is invertible and Sp (A) C [m, M](0 <m < M), then

(la ) 55 gy ()5 )

< 2.175
(1<) o (2175)
<A”” exp [T(MlH_f})éA_ml”)] z, x> 1 (M —m)?
< <exp | r—————
(A=rz, z) 4 mM

2.6.3 Applications for Ky Fan’s Inequality

Consider the function g : (0,1) — R, g(t) = (%)T ,7 > 0. Observe that

for the new function f: (0,1) = R, f (¢) =Ing (¢) we have

—-Tr

1
and f” (1) = 2r (3 tz for t € (0,1)

f/(t):t(l—t) £2(1—1t)

showing that the function g is log-convex on the interval (0, 2)

If p; > 0 for i € {1,...,n} with 37" ,p; = 1 and t; € (0,%) for i €
{1,...,n}, then by applymg the Jensen inequality for the convex function
f (with r = 1) on the interval (0, %) we get

lzzzlpw ﬁ(l—t )pi, (2.176)

1pz i i

which is the weighted version of the celebrated Ky Fan’s inequality, see [3,

p. 3].
This inequality is equivalent with

ﬁ <1 —ti>m S 1—>0 piti
ey t; a 22;1 Diti ’

where p; > 0 for i € {1,..,n} with > ' p; = 1 and ¢; € (0,3) for
ie{l,..,n}.

By the weighted arithmetic mean - geometric mean inequality we also

have that ‘
i v(l—t-)t_1>ﬁ 1—t\”
i=1 " s i=1 ti

giving the double inequality

n -1

> pil f[ 1—t;) p1>2pl (1—t) (im)
i1 i=1

i=1
(2.177)
The following operator inequalities generalizing (2.177) may be stated:
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Proposition 112 Let A be a selfadjoint positive operator on a Hilbert
space H. If A is invertible and Sp (A) C (07 %) , then

<(A71 (1g — A))T z,x> > exp <ln (A~ 1y — A))T x,$> (2.178)
> (1 - A)z,2) (Az,2) 1)

for each x € H with ||| =1 and r > 0.
In particular,

(A7 (g — A)z,z) > exp(ln (A~ (1g — A)) z,z) (2.179)
> ((lu — A)w,z) (Az,z)""
for each x € H with ||z| = 1.

The proof follows by Theorem 92 applied for the log-convex function
g = ()" ,r>0te(0,3).

Proposition 113 Let A be a selfadjoint positive operator on a Hilbert
space H. If A is invertible and Sp (A) C [m, M] C (O7 %) , then

<((1H —A) A*I)"':r,z> (2.180)

r(Mig—A) r(A-—m1

(™ ey )

Mt () e ()

IN

IN

and

1— (Az,z)\"

—anT) 2.181

(s (2181)
r(M—(Az,z)) r((Az,z)—m)

< -
- m M
7‘(]\41H—A) T(AfnllH)
_ 1—m\ ™= (1—M\ "=
- m M Ha

for each x € H with ||z|| =1 and r > 0.

The proof follows by Theorem 98 applied for the log-convex function
g(t) = (51) r>0,t e (0,1).
Finally we have:
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Proposition 114 Let A be a selfadjoint positive operator on a Hilbert
space H. If A is invertible and Sp (A) C (07 %) , then

exp(In ((1g — A) A_l)r x, f>
((1 — (Az, 1)) <Am,x)_1)
< exp [r ((Ax,x} . <A_1 (1g —A)~" x,x> — <(1H —A)™! x7$>)}

(1<)

(2.182)

and
1< <eXp [7« (1 — (Az,z)) " (1H — (Az,z) " A)} xw> (2.183)
(g —A)A™") z,2)
(- Az, 2 <Ax,x>*1)r
< <eXp [r (g — A) 7 (A, z) A~2 — 1H)} $z>

for each x € H with ||z|| =1 and r > 0.

The proof follows by Proposition 103 and Theorem 106 applied for the
log-convex function g (t) = (ﬁ)7 ,r>0,t € (0,3). The details are omit-

T
ted.

2.6.4 More Inequalities for Differentiable Log-convex
Functions

The following results providing companion inequalities for the Jensen in-
equality for differentiable log-convex functions obtained above hold:

Theorem 115 (Dragomir, 2010, [16]) Let A be a selfadjoint operator
on the Hilbert space H and assume that Sp (A) C [m, M] for some scalars
m, M withm < M. If g: J — (0,00) is a differentiable log-convex function
with the derivative continuous on J and [m,M] C J, then

(9" (A) Az, z)  (g9(A)Az,z) (¢ (A)z,z)
X . 2.184
e R Te e o e v e (2159
{g(A)Ing(A)z,x)
exp T {g(A)z,x) }
(9(A)Az,x) 21
9( (9(A)z,z) )
for each x € H with ||z| = 1.
If
(' (A4) Az, z) € J for each z € H with ||z| =1, (C)

(¢ (A)z,z)
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then

g

g (A)Az,x
RCIOATEON > <<g’ (A) Az,z) (Ag (A)x,a:)) (2.185)
> )

N ey _
((9 (A)Aw, w))
(¢

"(A)z,x Ax,x
roa) \ g (Aea) G
A)Ama:)
(g’ (A)z,x)

> 1,

= g(A)Ing(Aaa)) =
eXp( {(9(A)z,z) )

for each x € H with ||z| = 1.

g

9

Proof. By the gradient inequality for the convex function In g we have

(t—s)>Ing(t)—Ing(s) > (t—s) (2.186)

for any ¢,s € J.
Fix s € J and apply the property (P) to get that

(9" (A) Az, 2) — s (¢ (A)z,2) = (9 (A)Ing (A) z,2) — (9 (A) z,2) Ing (s)
(2.188)

9(s)
for any @ € H with ||z|| = 1, which is an inequality of interest in itself as
well.
Since
A)A
(9(4) Az, z) € [m, M] for any € H with |z|| =1
(g(A)z,z)
(g(A)Az,x)

then on choosing s := =55 in (2.188) we get

(9 (A) Az, z)
(9(A)z,x)

> (g(4)Ing (4)z, x><g<A)x,x>lng(

(9" (A) Az, z) — (g' (A)z,z)

>0

- i

(g (A) Az, z) >
(9 (A)z,z)
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which, by division with (g (A) z,z) > 0, produces

(¢ (A) Az, z)  (g(A) Az, z) (¢ (A)z, )
{gA)z,z) — (g(A)z,z) (9(A)z,z)
(g(A)Ing(A)z,z)  ~({g(4) Az z)
w9 (Ghes ) 20
for any « € H with ||z| = 1.

Taking the exponential in (2.189) we deduce the desired inequality (2.184).
Now, assuming that the condition (C) holds, then by choosing s :=

% in (2.188) we get

(2.189)

>

"(A) Az, x
0> (g(A)Ing(A)z,z) — (g(A)z,2)Ing <<9()>>
) [ {9 (A)Azz)
2 <<g<A>x>
- m
9 (g’ (A)z,x)

which, by dividing with (g (4) z,z) > 0 and rearranging, is equivalent with

(9 4)2.2) -

( g'(A)Az,z)
(@ (AJea] ( A) Az,z)  (Ag (A)l”?) (2.190)

(g’ (A) Az x) A T, T B Az, x
s () (e~

)
(o (4) Az,2)\  {g(A)Ing(A)z,2)
<<g'<A>x,x>> WAy 20

for any « € H with ||z] = 1.
Finally, on taking the exponential in (2.190) we deduce the desired in-
equality (2.185). m

Remark 116 We observe that a sufficient condition for (C) to hold is that
either g’ (A) or —g’ (A) is a positive definite operator on H.

Corollary 117 (Dragomir, 2010, [16]) Assume that A and g are as in
Theorem 115. If the condition (C) holds, then we have the double inequality

(W Ara)\  gAmg(Wax) (o (4) Av.)
1‘6’<<g<A>a:,ac>>Z (¢ (A)w. ) 2”’(<g<A>ac,ac>(21’91

for any x € H with ||z|| = 1.

Remark 118 Assume that A is a positive definite operator on H. Since
for r >0 the function g (t) =t~ is log-convex on (0,00) and
(9 (A) Az, z)  (A"z, )
(7 (A)z,a) (A Ta,a)

>0
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for any x € H with ||z|| = 1, then on applying the inequality (2.191) we
deduce the following interesting result

N (A~"z,x) (A="In Az, z) ) M
1 (<A_r_1x,$>> < (A—"z,7) <l ( (A—7z,2) ) (2.192)

for any x € H with ||z|| = 1.
The details of the proof are left to the interested reader.

The case of sequences of operators is embodied in the following corollary:

Corollary 119 (Dragomir, 2010, [16]) Let A;, j € {1,...,n} be selfad-
joint operators on the Hilbert space H and assume that Sp (A;) C [m, M]
for some scalars m, M with m < M and each j € {1,...n}. Ifg:J —
(0,00) is a differentiable log-convex function with the derivative continuous
on J and [m,M] C J, then

" g (A) Az, x;
23_711 (9" (4j) Ajzj, x5) (2.193)
>j—1 (9 (4)) ), ;)
e (g (A) Ajayomg) 300 (g (A)) wj, ;)
il (A xyy) 30 (g (Ay) 2y, 75)
G=1(9(A;) Ing(Aj)z;,3;)
N eXp [ ST (9(A )5 a5) } -1
= ( }L:MQ(AJ')AﬂfJ'Jﬂ) -
I\ A .25)
for each x; € H, j € {1,...,n} with Z;;l ||ar:J||2 =1.
If
T g (A) Az, x; .
23711 <9(/ i) Ajxs, ;) cj (2.194)
Zj:l (9" (Aj)zj,25)
for each x; € H,j € {1,...,n} with 377_, |;]|* =1, then
/ r_ (9 (A Ajmy ;)
g (A )
exp (2.195)

( 2ia1(9'(A)A z5,3;5) )
g T=1(9"(Aj)zj,25)

i (g (Aj) @y, ;) Y1 (g (Ay) wj,25)

I (9 (A A e a5)
g G=1(g’ (Aj)zj,25)

T (9(A,) m g (A;)75,75)
eXp( e ) )

y <2?1 (9 (Aj) Ajzj ) 3050 (A9 (A)) o, 25) )]

=1,

for each x; € H, j € {1,...;n} with 3°7_, ||sc]||2 =1
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The following particular case for sequences of operators also holds:

Corollary 120 (Dragomir, 2010, [16]) With the assumptions of Corol-
lary 119 and if p; > 0, j € {1,...,n} with Z?lej =1, then

<Z§-L=1 pig (4;) Az, fﬂ>
<Z§L:1pj9(Aj)$vx>
<Z?:1Pj9 (Aj)Aj$»$> <Z?:1Pj9' (Aj)xa$>
. <Z?=1Pj9(f4j)fca$> .<Z?:1Pj9(f4j)17aw>
exp {(z;;lp;-g(Aj)lng(Aj)x,@]
>1

exp

(2.196)

> <Z.;'L:1 pjg(Aj)z,x>
Z 9 ((E?l pjg(Aj)Ajw)$>> =z

(Xr_1 pig(Aj)z,z)

for each x € H, with ||z| = 1.
If

<Z?:1 pig (4;) Ajz, $>
<Z?:1 pig (4;) z, $>

for each x € H, with ||z|| = 1, then

g (<E}L=1 Pjg/(Aj)Aﬂvw>)

(o pig(Aj),e)

eJ (2.197)

exp 2.198
(Xr_ypjg'(A;)A;z,3) ( )
g (Xr_1 pig/ (Aj)z,z)
<Z?:1 pig’ (Aj)AjfEan> <Z;~L:1ij4j9 (Aj)x»$>
X

<Z§;1 pig (4j)z, x> <Z§":1 pjg (4;)z, :f:>
g <<Z?_1 Pjgl(Aj)Aj%w))
(71 pi9'(A))m,) > 1

= <Z;”:1 pjg(Aj)lng(Aj)x’m> Z 4
P ( <E;'L:1 Pjg(Aj)x,a:>

for each x € H, with ||z| = 1.

Proof. Follows from Corollary 119 by choosing z; = /p; -z, j € {1,...,n}
where z € H with [jz||=1. =

The following result providing different inequalities also holds:

Theorem 121 (Dragomir, 2010, [16]) Let A be a selfadjoint operator
on the Hilbert space H and assume that Sp (A) C [m, M| for some scalars
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m, M withm < M. If g: J — (0, ooD) is a differentiable log-convex function
with the derivative continuous on J and [m, M| C J, then

<exp [g’ (A) (A - mm)] x, sc> (2.199)
()

A)Ax,x

oo [P ) (e ann .

= \ €Xp ((g(A)Az,:E)) g <g (A) $,$> g r,r )=
I\ (g(A)zx)

for each x € H with ||z|| = 1.
If the condition (C) from Theorem 115 holds, then

o () 1 o
<exp , (<?/$E42;41’9§>> ( “(Zg, @ af’;; g(A) — Ag (A)) x,z> (2.200)
(o) o) )

for each x € H with ||z|| = 1.

Proof. By taking the exponential in (2.187) we have the following inequal-
ity

g(t) (s
explg’ (t) (t—s)] > (58) > exp {g () (tg (t) — sg (t))] (2.201)

for any ¢, s € J
If we fix s € J and apply the property (P) to the inequality (2.201), we

deduce
(A) g(A)
7(5) ) x,x> (2.202)

> (x| £ (49 (4) - sg ()] .z

Q

(exp g’ (A) (A= sly)|z,2) > < (

for each x € H with ||z|| = 1, where 15 is the identity operator on H.
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By Mond-Pecari¢’s inequality applied for the convex function exp we also
have

<eXp B' ((j)) (Ag (A) — sg (A))} xm> (2.203)
> e (20 (g (A)0) — s lg ()2.2) )

for each s € J and = € H with ||z|| = 1.

Now, if we choose s := % € [m,M] in (2.202) and (2.203) we

deduce the desired result (2.199).
Observe that, the inequality (2.201) is equivalent with

g’ (s) g (s) g(t) /
exp [g(s) (sg(t) —tg (t))} > <g(t)> >explg (t) (s —1t)] (2.204)

for any t,s € J. )
If we fix s € J and apply the property (P) to the inequality (2.204) we
deduce

(o0 [£ (59 ) - g ()] ) = (s ™))

(2.205)
> (exp g’ (A) (slg — A)] @, x)

for each z € H with ||z|| = 1.
By Mond-Pecari¢’s inequality we also have

(explg (A) (slg — Az, 2) = exp[s (¢’ (A) 2,2) — (¢’ (A) Az, z)] (2.206)
for each s € J and z € H with ||z]| = 1.

Taking into account that the condition (C) is valid, then we can choose

in (2.205) and (2.206) s := % to get the desired result (2.200). m

Remark 122 If we apply, for instance, the inequality (2.199) for the log-
conver function g (t) = t~1,t > 0, then, after simple calculations, we get
the inequality

A2 (A tx 2y AL -1 AT
<exp< A—2<— (A—lx?x) )x,x> >( (A7 e, ) A7) z,x>
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for each x € H with ||z|| = 1.
Other similar results can be obtained from the inequality (2.200), however
the details are left to the interested reader.

2.6.5 A Reverse Inequality

The following reverse inequality is also of interest:

Theorem 123 (Dragomir, 2010, [16]) Let A be a selfadjoint operator
on the Hilbert space H and assume that Sp (A) C [m, M| for some scalars
m, M withm < M. If g: J — (0, o<3) is a differentiable log-convex function
with the derivative continuous on J and [m, M) C J, then

M—(Az,z) (Am,f}':m
(1<) it exp <7111g [(gA()]\;[,)]x) (2.208)

- ;((MlH ~ A]\)4(il T—nmlH) x, ) (fg’((}f\\j)) B 5;’((2))”
< oxp |t} Zm) (TLED 9 ) )
con s (20021

for each x € H with ||z|| = 1.

Proof. Utilising the inequality (2.186) we have successively

Ing((1—A)t+Xs)—Ing(s) > (1—\) “;S; (t—s) (2.209)
and
g (@)
Ing((1—=XA)t+2As)—Ing(t) > -X o) (t—s) (2.210)

for any t,s €J and any A € [0,1].
Now, if we multiply (2.209) by A and (2.210) by 1 — A and sum the
obtained inequalities, we deduce

(I1—=XNIng(t)+Alng(s) —Ing((1 —X)t+ As) (2.211)
g'(t) g (s)
<=0 [($5 - 5 e

for any t, s €J and any A € [0,1].
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Now, if we choose \ := %:#1,5 :=m and ¢t := M in (2.211) then we get
the inequality

]\12_7:1 g9 (M) + Aj\j_:llng( ) —Ing(u) (2.212)
“u(umm) (4 00) g o
S[ (g(M) g(m))}

for any u € [m, M].
If we use the property (P) for the operator A we get
— M — (A
%mg(m* #mg(m) —(ng(A)z,z) (2213)

< |:<(M1H_A) (A—mlp)z ) (9’ M) ¢ (m)ﬂ

M —m g(M) — g(m)

for each z € H with ||z|| = 1.
Taking the exponential in (2.213) we deduce the first inequality in (2.208).

Now, consider the function h : [m,M] — R, h(t) = (M —1t)(t —m).
This function is concave in [m, M] and by Mond-Pec¢ari¢’s inequality we
have

(M1lg —A)(A—mly)x,x) < (M — (Ax,x)) ((Az,z) —m)
for each € H with ||z|| = 1, which proves the second inequality in (2.208).
For the last inequality, we observe that
(M — (Az, z)) ((Az,z) —m) <

and the proof is complete. m

Corollary 124 (Dragomir, 2010, [16]) Assume that g is as in Theo-
rem 123 and A; are selfadjoint operators with Sp(A;) C [m,M] cJ,
je{l,..,n}.

If and x; € H,j € {1,....,n} with 377_, z;||* = 1, then

) V1.0

exp(z <1ng<A>xJ,x]>)
<explz (M1 — Aj) (A —mlg) ), ;) (g/(M) g’(m))]

(1<) g (

M—m g(M)  g(m)
(M =2 <ijj»93j>) (2?21 (Ajwj,j) — m) (M) g (m)
=P M —m (Z(M) = om

<exp [i (M —m) (E;/((]]\\j)) a L(;/((TZL)))] '
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Ifp; >0, j€{1,..,n} with Z;-L:lpj =1, then

0o (g (m)] o (g (M) e (2.215)
<n o (4))” >

o [Ez M8 et (1)

c | TP A52)) %Z?_mx@m) (S~ S

o bor-m (2002

for each x € H with ||z| = 1.

Remark 125 Let A be a selfadjoint positive operator on a Hilbert space
H. If A is invertible, then

(Az,z)thMmf(Am.a:) _<(M1 A) (A 1 ) >
m M—m M—m H — —m H :ijx
1< <
(1<) exp(ln A=lx,xz) P | Mm }
(2.216)
[(M — (Az,z)) ((Az, z) —m)
<
=P L Mm
e [ LM =m)?
= %P 4 mM

for all x € H with ||z|| = 1.

2.7 Hermite-Hadamard’s Type Inequalities

2.7.1 Scalar Case

If f: I — R is a convex function on the interval I, then for any a,b € I
with a # b we have the following double inequality

b
f(“gb)sia/af@)dtsf(“);“b). (11m)

This remarkable result is well known in the literature as the Hermite-
Hadamard inequality [29].

For various generalizations, extensions, reverses and related inequalities,
see [1], [2], [19], [21], [24], [25], [27], [29] the monograph [18] and the refer-

ences therein.
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2.7.2  Some Inequalities for Convex Functions

The following inequality related to the Mond-Pecari¢ result also holds:

Theorem 126 (Dragomir, 2010, [14]) Let A be a selfadjoint operator
on the Hilbert space H and assume that Sp (A) C [m, M] for some scalars
m, M with m < M.

If f is a convex function on [m, M|, then

f(m)+f(M)><f(A)+f((m+M)1H_A)x x> (2.217)

2 - 2
_ J({Az,a) + £ (m+ M — (Aa,2))
- 2
m+ M
>
> (25
for each x € H with ||z|| = 1.
In addition, if v € H with ||z|| = 1 and (Az,z) # LM then also

f({Az,z))+ f (m+ M — (Ax,x))
2

92 /m+1\4—(Ax,z> <m+ M>
Z fwdu>f .
# - <A.’I},.’E> (Az,x) ( ) 2

(2.218)

Proof. Since f is convex on [m, M] then for each u € [m, M] we have the
inequalities

M—u u—m M —u u—m
T )+ 5 () 2 £ (3 e ) = f ()
(2.219)
and
M — - M — _
M_uf(M)+]Z_n;lf(m)>f<M_:?,M+;\;_n;m) (2.220)

=f(M+m-—u).
If we add these two inequalities we get
f(m)+ f(M) > f(u)+ f(M+m—u)

for any u € [m, M|, which, by the property (P) applied for the operator A,
produces the first inequality in (2.217).
By the Mond-Petari¢ inequality we have

(f((m+M)1H—A)x,x> 2f(m+M*<A$,LL‘>),

which together with the same inequality produces the second inequality in
(2.217).
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The third part follows by the convexity of f.

In order to prove (2.218), we use the Hermite-Hadamard inequality (HH)
for the convex functions f and the choices a = (Az,z) and b =m + M —
(Az, ) .

The proof is complete. m

Remark 127 We observe that, from the inequality (2.217) we have the
following inequality in the operator order of B (H)

HZ

1H7

(2.221)
where f is a convex function on [m, M| and A a selfadjoint operator on the
Hilbert space H with Sp (A) C [m, M| for some scalars m, M with m < M.

[f(m)+f<M)}1 f(A>+f((m+M)1H—A)>f<m+M
5 >

2 2

The case of log-convex functions may be of interest for applications and
therefore is stated in:

Corollary 128 (Dragomir, 2010, [14]) If g is a log-convex function on
[m, M], then

g(m)g(M) > exp <ln [g(A)g((m+ M)1g — A)]l/2 x7m> (2.222)
> Vg ((Az,z)) g (m + M — (Az, x))

m+ M
> (")

for each x € H with ||z|| = 1.
In addition, if x € H with ||z|| =1 and (Az,z) # M then also

) m+M—(Az,z)
> exp m—/ Ing (u)du
%M - <A.Z‘, $> (Az,x)
m+ M
> .
>0 ("5H)

The following result also holds

Theorem 129 (Dragomir, 2010, [14]) Let A and B selfadjoint opera-
tors on the Hilbert space H and assume that Sp (A),Sp(B) C [m, M] for
some scalars m, M with m < M.
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If f is a convex function on [m, M], then

f (<A;Bxx>> (2.224)

< [f((1=¢t)(Az,z) + t (Bzx,x)) + f (t (Az,z) + (1 — t) (Bz, x))]

<

P

;[f((l—t)A+tB)+f(tA+(1—t)B)]x,x>

- (4%, 2)
M—-—m

E

< A+B

21’1’> m

<
- M—-—m

f(m)+ f (M)

for any t € [0,1] and each x € H with ||z| = 1.
Moreover, we have the Hermite-Hadamard’s type inequalities:

f <<A;Ba¢,w>) (2.225)

/ (1 —1¢) (Az,z) + t (Bx,x)) dt

<[/ Fla=0 A+ 5] a.2)

(H52e.) (452
< )+

IN

IL’IL'> m
L )

each © € H with ||z| = 1.
In addition, if we assume that B — A is a positive definite operator, then

f (<A_|2—Bx,x>> (B — A)z,z) (2.226)
< /(<Bm> f(w)du < (B - A)z,z) <[/01f((1 —t)A+tB)dt} $x>

Az,z)

- (5 (o) -

M—m

:z:,:z:>

S0 ) +

< ((B-A)z,z) [M f(M)l-

Proof. It is obvious that for any ¢ € [0, 1] we have Sp ((1 —t) A+ tB),Sp(tA+ (1 —t)B) C

[m, M].
On making use of the Mond-Pecari¢ inequality we have

F((1=t)(Az,z) + t (Bzx,z)) < (f (1 —t) A+tB)z,z) (2.227)
and
[t (Az,z) + (1 —t) (Br,z)) < (f (tA+ (1 —t) B) z,x) (2.228)

for any ¢ € [0,1] and each x € H with ||z|| = 1.
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Adding (2.227) with (2.228) and utilising the convexity of f we deduce
the first two inequalities in (2.224).
By the Lah-Ribari¢ inequality (2.143) we also have

M —(1—1t){Az,z) — t (Bz,x)

(f(A=t)A+tB)z,x) < - f (m) (2.229)

M—-m
n (1-1) <Az,;4>ir:n<3x,x>fm F O

and
M —t(Az,z) — (1 —t) (Bz,z)

(ftA+ (1 —-¢t)B)z,z) < - f(m) (2.230)

M—m
+t<Am,x>+(‘]\14[it7)7z<Bx,m>—m CF M)

for any ¢ € [0,1] and each x € H with |z| = 1.

Now, if we add the inequalities (2.229) with (2.230) and divide by two,
we deduce the last part in (2.224).

Integrating the inequality over ¢ € [0, 1], utilising the continuity property
of the inner product and the properties of the integral of operator-valued
functions we have

f <<A;Bw,m>> (2.231)

[/0 f((1—=t)(Az,z) +t(Bzx,x))dt +/0 f(t(Az,x) + (1 —t) (Bx,x)) dt}
1
2

IN

IN
N N

Uolf((l—t)A+tB)dt+/Olf(tA+(1_t>B)dt} xx>

(HPa,z) —m

<
- M—-—m

f(M).

Since

/0f((l—t)(Ax,x)+t<B:z:,x>)dt:/0 F(t(Az,2) + (1 t) (Bx, 2)) dt
and ) )
/f((l—t)A+tB)dt:/f(tA+(1—t)B)dt
0 0

then, by (2.231), we deduce the inequality (2.225).
The inequality (2.226) follows from (2.225) by observing that for (Bz, x) >
(Az, ) we have

fa-t Bu, ) dt = ! P
J R R e e e IR ACLL

Az,z)

for each z € H with ||z|| =1. =
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Remark 130 We observe that, from the inequalities (2.224) and (2.225)
we have the following inequalities in the operator order of B (H)

%[f (1—-t)A+tB)+ f(tA+ (1 —1t)B)] (2.232)
Miy — 458 AE —mly
Sf(m)W-Ff(M)ﬂ,

where f is a convex function on [m, M| and A, B are selfadjoint operator on
the Hilbert space H with Sp(A),Sp(B) C [m, M] for some scalars m, M
with m < M.

The case of log-convex functions is as follows:

Corollary 131 (Dragomir, 2010, [14]) If g is a log-convex function on
[m, M], then

g <<A+B:c,x>> (2.233)

2
<Vg((1—1t)(Az,z) + t (Bx,z)) g (t (Az,z) + (1 — t) (Bz, )

geXp<;[1 g((l—t)A+tB)+lng(tA+(1—t)B)]a?,x>

(A4 (442 0a)-m

<gm) T gy

for any t € [0,1] and each x € H with ||z| = 1.
Moreover, we have the Hermite-Hadamard’s type inequalities:

g <<A+B:r,:r>> (2.234)

< exp [ Ing ((1—1)(Ax,z) + 1t (Bzx,x)) dt}

<[/011ng ((U=1)A+18)dr| .0

(43R0 ALB L o) m

Sg m M—m g(M) M—m

for each x € H with ||z|| = 1.
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In addition, if we assume that B — A is a positive definite operator, then

g <<A 42- Bx7$>)<(B—A>m,z> .

/{j:jlng(u)du]

Sexp[((B—A)x,x)<[/Ollng((1—t)A+tB)dt} xa:>]
(A ) (452, ] (B A2)

< [gon) g (M) ]

for each x € H with ||z|| = 1.
From a different perspective we have the following result as well:

Theorem 132 (Dragomir, 2010, [14]) Let A and B selfadjoint opera-
tors on the Hilbert space H and assume that Sp (A),Sp(B) C [m, M] for

some scalars m, M with m < M. If f is a convex function on [m, M], then

f (<A$7$> + <By,y>> (2.236)

2

< F((1=1t) (Az, z) + t (By,y)) dt

< <U01f((1_t)A+t<By,y> 1H)dt} :cac>
< S U7 (A)w2) + F (Byy)
< 3[4 (A)2,2) + {F (B)y.)
W; <<Ax,:z:> : <By,y>> - <f (W) xx> (2.237)

< <U01f((1t)A+t<By,y>1H)dt] ”>

for each x,y € H with ||z|| = ||y|| = 1.

Proof. For a convex function f and any u,v € [m,M] and t € [0,1] we
have the double inequality:

f<u+”> 1[f((l_t)u+tv)+f(tu+(1—t)v)] (2.238)

IA
Lo

2

IA
D=

[f (w) + f (v)].
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Utilising the second inequality in (2.238) we have

—_

S = Dutt(Byy) +fut (-0 By (2239)
< 3 1F )+ F (Byw))

for any u € [m, M|, t € [0,1] and y € H with ||y|| = 1.
Now, on applying the property (P) to the inequality (2.239) for the op-
erator A we have

SO =0 A+t (Byg)wa)+ (] (A+ (1= 0) (By,p) o, 2)] (2:200)
< U7 (A)a,2) + f (By, )

for any t € [0,1] and z,y € H with ||z]| = ||y|| = 1.
On applying the Mond-Pecari¢ inequality we also have

S (1= ) (Az,2) + £ (By,y)) + f (¢ (Az,2) + (1= 8) (By, )] (2:241)

< % [(F (A =t) A+t (By,y) 1u) z,x) + (f (tA+ (1 = 1) (By,y) 1u) z, )]

| =

for any ¢t € [0,1] and =,y € H with ||z|| = |ly|| = 1.
Now, integrating over ¢ on [0, 1] the inequalities (2.240) and (2.241) and
taking into account that

/ (F (1= 1) A+t (By,y) L) wz) dt

1
/ fA+ (1 —1t)(By,y)ly)x,x)dt
0

<U F((1—t)A+t(By, y)lH)dt}x x>
and

/0 (1= 1) (Az,2) + t (By,y)) di = / £ (t(Az,z) + (1 — 1) (By, ) dt,

we obtain the second and the third inequality in (2.236).
Further, on applying the Jensen integral inequality for the convex func-
tion f we also have

/0 (L= 1) (Az,z) + t (By,y)) dt

> f (/ [(1— ) (Az, ) + ¢ (By,p)] dt)

<<A$’w> + <By,y>)

=f 3
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for each z,y € H with ||z|| = ||y|| = 1, proving the first part of (2.236).
Now, on utilising the first part of (2.238) we can also state that

u+ (By,y 1
PG < S - 0wk B + £ (u+ (- 0) ()]
(2.242)
for any u € [m, M], t € [0,1] and y € H with [jy|| = 1.
Further, on applying the property (P) to the inequality (2.242) and for
the operator A we get

().

<S U =) A+t(By,y) 1u)z,x) + (f A+ (1 =) (By,y) 1u) z, z)]

N =

for each z,y € H with ||z| = ||y|| = 1, which, by integration over ¢ in [0, 1]
produces the second inequality in (2.237). The first inequality is obvious.
[

Remark 133 It is important to remark that, from the inequalities (2.236)
and (2.287) we have the following Hermite-Hadamard’s type results in the
operator order of B (H) and for the convex function f :[m,M] — R

f <A+<B§’y>1H> g/o fA=t)A+t(By,y)lg)dt  (2.243)

1

< 5 f (A +f((By,y)) 1]

for anyy € H with ||y|| = 1 and any selfadjoint operators A, B with spectra
in [m, M].
In particular, we have from (2.243)

f<A+<Ayy 1H) / (L=t A+t(Ay,y) 1) dt  (2.244)
< LIF(A)+ £ (Ay,9)) 1]

for any y € H with |ly|| =1 and

f (A+31H> / FO—t) At tsly)dt < %[f(A)Jrf(S)lH]
(2.245)
for any s € [m, M].

As a particular case of the above theorem we have the following refine-
ment of the Mond-Pecari¢ inequality:
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Corollary 134 (Dragomir, 2010, [14]) Let A be a selfadjoint operator
on the Hilbert space H and assume that Sp (A) C [m, M| for some scalars
m, M with m < M. If f is a convex function on [m, M], then

f((Az,z)) < <f <W> xaz> (2.246)

<[/01f((1t)A+t<Az,:p> 1H)dt] $x>

1

< s Uf(A)z,2) + f (Az,2)] < (f (A) 2, 2).

IA

Finally, the case of log-convex functions is as follows:

Corollary 135 (Dragomir, 2010, [14]) If g is a log-convex function on
[m, M], then

g <<Ax7x> -QF <By,y>) (2.247)

r rl
< exp

S~

g (1 1) (Ao,2) +1(By. )

gexp<[/011ng((1t)A+t<By,y> 1H)dt} xx>

< exp % [(Ing(A)z,z) +Ing ((By,y>)]]
< oxp 5 g (A)2.2) + (g (B) o)l
and
p <<Al”z> ; <By’y>> < exp <lng <A + <B§”y> 1H) 2, z> (2.248)
< exp<U011ng((1 — ) A+t (By,y) 1H)dt} ”>
and
9 ((Az,z)) < exp <lng (W) xx> (2.249)

IN

exp<{/ollng((1 —t)A+t(Az,z) lH)dt} xm>
< exp |5 g (4) 0] + Ing ((Ae.2))]| < exp (g ()2,

respectively, for each x € H with ||z|| = 1 and A, B selfadjoint operators
with spectra in [m, M].
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It is obvious that all the above inequalities can be applied for particular
convex or log-convex functions of interest. However, we will restrict our-
selves to only a few examples that are connected with famous results such
as the Holder-McCarthy inequality or the Ky Fan inequality.

2.7.8  Applications for Hélder-McCarthy’s Inequality

We can improve the Holder-McCarthy’s inequality above as follows:

Proposition 136 Let A be a selfadjoint positive operator on a Hilbert
space H.
If r > 1, then

(Ax,z)" <

<< Am i IH) a;x> (2.250)
<[ (1—t) A+t (Ax,z) 1g)" dt}x,m>
1
3 1l

IN

IN

[(A"z,x) + (Az,2)"] < (A"x, )

for any x € H with ||z|| = 1.
If 0 < r < 1, then the inequalities reverse in (2.250).
If A is invertible and r > 0, then

(Az,z)"" < <(A+<A;’x>lH)r z,w> (2.251)

<[ (1=t)A+t(Az,z)1g)” Tdt}x,a:>
5 [(A77w2) + (Aa, )] < (A72,)

IN

IN

for any x € H with ||z|| = 1.

Follows from the inequality (2.247) applied for the power function.

Since the function ¢ (t) = ¢t~" for r > 0 is log-convex, then by utilising
the inequality (2.249) we can improve the Holder-McCarthy inequality as
follows:
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Proposition 137 Let A be a selfadjoint positive operator on a Hilbert
space H. If A is invertible, then

(Az,z)"" < exp <1n (W) - x,x> (2.252)

gexp<ulln((1—t)A+t<Ax,x> 1H)rdt} :c,x>

< exp B [<1n A", :c> +In (Azx, m>_r]] < exp <ln A", 1:>

for allr >0 and x € H with ||z| = 1.

Now, from a different perspective, we can state the following operator
power inequalities:

Proposition 138 Let A be a selfadjoint operator with Sp (A) C [m, M] C
[0,00), then

Y

m’ + MT <AT + ((m + M) 1y — A)Tx’ $> (2253)

2 2
(Az,z)" 4+ (m+ M — (Az,z))" S <m+M>T
2 - 2

Y

for each x € H with ||z|| =1 and r > 1.
If 0 < r < 1 then the inequalities reverse in (2.253).
If A is positive definite and r > 0, then

(2.254)

m- ;M— Z<A— +((m+§4)1H_A) ”>

>

<Aw,x>’r+(mJ;M— (Az,2) " <m—|2—M)T

for each x € H with ||z|| = 1.

The proof follows by the inequality (2.217).
Finally we have:

Proposition 139 Assume that A and B are selfadjoint operators with
spectra in [m,M] C [0,00) and x € H with ||z|| = 1 and such that
(Az,z) # (Bz,x) .
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Ifr>1 orre(co,—1)U(—1,0) then we have

(7)) < Siitmn o

<U01 ((1t)A+tB)Tdt} T,

M — <ﬂxx>m+<ﬂmx> m

<
- M-m M—m

IN

If 0 < r < 1, then the inequalities reverse in (2.255).
If A and B are positive definite, then

=

([f @-oarimraes)

<M <A+—B:ca:> <A+Bxx —-m
- (M-m)m (M —-—m)M

IN

2.7.4  Applications for Ky Fan’s Inequality

The following results related to the Ky Fan inequality may be stated as
well:

Proposition 140 Let A be a selfadjoint positive operator on a Hilbert
space H. If A is invertible and Sp (A) C (0, %) , then

(40 = A)a,2) <Ag;,x>*1)r (2.257)
< exp (I ([1r = A+ ((Ly — A)2,2) L) (A + (Az,2) 1) ') w0

< <exp UOI (1= 8) (1g — A) +{(1g — A) ) 1)

(1 —1t) A+t (Az,z) 1H)*1]r at] 2,z

< exp B [<1n (1 — A) A7 xm> +In (<(1H — A)z,z) <Ax,x>1)rH
< exp <ln (g — A) A"z, :c>

for any x € H with ||z| = 1.

It follows from the inequality (2.249) applied for the log-convex function

9:(0,1) =R, gt) = ()" ,r>0.
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Proposition 141 Assume that A is a selfadjoint operator with Sp(A) C
(O, 2) and s € ( ) . Then we have the following inequality in the operator
order of B(H):

In [[(2 — ) 1g— Al (A + slH)—l} (2.258)

< /1111 ([(1 )1y — (1— 1) A]((1 —t)A+tslH)*1) dt

< % (ln [(1g —A) A7) +1n (1;5) 1H> .

If follows from the inequality (2.245) applied for the log-convex function

g:(0,1) =R, g(t) = ()" ,r>0.

2.8 Hermite-Hadamard’s Type Inequalities for
Operator Convex Functions

2.8.1 Introduction

The following inequality holds for any convex function f defined on R

(b—a)f (a+b> /f yiz < (b—a) LSO r - (2.950)

2 7

It was firstly discovered by Ch. Hermite in 1881 in the journal Mathesis (see
[29]). But this result was nowhere mentioned in the mathematical literature
and was not widely known as Hermite’s result [36].

E.F. Beckenbach, a leading expert on the history and the theory of con-
vex functions, wrote that this inequality was proven by J. Hadamard in
1893 [3]. In 1974, D.S. Mitrinovi¢ found Hermite’s note in Mathesis [29)].
Since (2.259) was known as Hadamard’s inequality, the inequality is now
commonly referred as the Hermite-Hadamard inequality [36].

Let X be a vector space, x,y € X, x # y. Define the segment

[z,y] ={1 —t)z +ty, t €[0,1]}.
We consider the function f : [z,y] — R and the associated function
9(z,y) : [0,1] = R, g(z,y)(t) := fI(1 = t)z + ty], £ € [0, 1].

Note that f is convex on [z,y] if and only if g(x,y) is convex on [0, 1].
For any convex function defined on a segment [z.y] C X, we have the
Hermite-Hadamard integral inequality (see [4, p. 2])

Tty f(@) + fy)
f( ) /f (1—t)x +ty}dt<f, (2.260)
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which can be derived from the classical Hermite-Hadamard inequality (2.259)
for the convex function g(z,y) : [0,1] — R.

Since f(z) = ||z||” (x € X and 1 < p < o0) is a convex function, we have
the following norm inequality from (2.260) (see [35, p. 106])

Tty
2

[l ]1” + [ly[”
2 )

p 1
< [ -t +uipar < (2.961)
0

for any z,y € X.

Motivated by the above results we investigate in this paper the operator
version of the Hermite-Hadamard inequality for operator convex functions.
The operator quasilinearity of some associated functionals are also pro-
vided.

A real valued continuous function f on an interval I is said to be operator
convex (operator concave) if

FA=XNA+AB) < (2)(1-A)f(A)+Af(B) (0C)

in the operator order, for all A € [0,1] and for every selfadjoint operator A
and B on a Hilbert space H whose spectra are contained in I. Notice that
a function f is operator concave if —f is operator convex.

A real valued continuous function f on an interval I is said to be operator
monotone if it is monotone with respect to the operator order, i.e., A < B
with Sp(A),Sp(B) C I imply f(A) < f(B).

For some fundamental results on operator convex (operator concave) and
operator monotone functions, see [20] and the references therein.

As examples of such functions, we note that f(t) = t" is operator
monotone on [0,00) if and only if 0 < r < 1. The function f(¢t) = ¢"
is operator convex on (0,00) if either 1 < r < 2 or =1 < r < 0 and
is operator concave on (0,00) if 0 < r < 1. The logarithmic function
f(t) =Int is operator monotone and operator concave on (0,00). The en-
tropy function f (t) = —tInt is operator concave on (0, 00). The exponential
functionf (¢) = e! is neither operator convex nor operator monotone.

2.8.2 Some Hermite-Hadamard’s Type Inequalities
We start with the following result:

Theorem 142 (Dragomir, 2010, [13]) Let f : I — R be an operator
convez function on the interval I. Then for any selfadjoint operators A
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and B with spectra in I we have the inequality
A+ B 1 3A+ B A+3B
< | = .
U(7) )l (7) = (5)]) e
1
< / f(A—-t)A+tB)dt
0
! HAH@) N f(A);rf(B)] (< f(A);f(B))_

2

Proof. First of all, since the function f is continuos, the operator valued
integral fol f((1—t) A+ tB)dt exists for any selfadjoint operators A and
B with spectra in I.

We give here two proofs, the first using only the definition of operator
convex functions and the second using the classical Hermite-Hadamard
inequality for real valued functions.

1. By the definition of operator convex functions we have the double
inequality:

f(C;D) <L -HC+D) 4 (1-HD+10)] (2269
1

<

<3 F(©)+1 (D)

for any ¢ € [0,1] and any selfadjoint operators C and D with the spectra
in 1.

Integrating the inequality (2.263) over ¢ € [0,1] and taking into account
that

/1f((1—t)C—i—tD)dt:/1f((1—t)D+tC)dt
0 0

then we deduce the Hermite-Hadamard inequality for operator convex func-
tions

f<C;D></Of((l—t)C+tD)dt<;[f(0)+f(D)] (HHO)

that holds for any selfadjoint operators C' and D with the spectra in 1.
Now, on making use of the change of variable u = 2t we have

1/2

f((l—t)A+tB)dt:;/01f<(1_u)A+uA—gB> "

0

and by the change of variable u = 2t — 1 we have

A+ B

f((l—t)A+tB)dt:%/O f<(1—u)

+ uB) du.
1/2
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Utilising the Hermite-Hadamard inequality (HHO) we can write

f<3AIB> §/01f<(1u)A+uA;B>du
s (222)

2

and

IN

A+3B
/()

/01f<(1—u)A;B+uB>du

<3l (258).

which by summation and division by two produces the desired result (2.262).
2. Consider now z € H, ||z|| = 1 and two selfadjoint operators A and B
with spectra in /. Define the real-valued function ¢, 4 5 : [0,1] — R given
by ¢, a5 () =(f((1-1)A+iB)z, ).
Since f is operator convex, then for any t1,t2 € [0,1] and «, 8 > 0 with
a+ B =1 we have

Y. ap (ot + Bta)

= (f((1 = (at1 + Bt2)) A+ (at1 + Bt2) B) z,z)
=(f(a[(l—t) A+ t:B]+B[(1—t2) A+ t2B])z,z)
<a({f([(A-t)A+tB)z,z)+ B (f([(1—12) A+ t2B])z,x)
=, 4 (t1) + Be, a5 (t2)

showing that ¢, 4 p is a convex function on [0, 1].
Now we use the Hermite-Hadamard inequality for real-valued convex

functions
atby_ 1 [ g(a) +g9(b)
< ds < LA T I
9(2)_b—a/ag(s) 5> )
to get that
1 Y2 QDxAB(O)—’_(lD:EAB 3
%AB(4><2/‘ o (0)dt < AT A (5)
0
and

3 ! Oonn(3)+0an)
Poan | sz/ Qpap(t)dt < An(3) *bra
4 1/2 2
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which by summation and division by two produces

(o2 e

1<f((1—t)A+tB)sc,x>dt
0

(b))

Finally, since by the continuity of the function f we have

<

S—

IN

/01 (f(1—t)A+tB)z,z)dt = </01f((1—t)A+tB)dtx,x>

for any x € H, ||z|| = 1 and any two selfadjoint operators A and B with
spectra in I, we deduce from (2.264) the desired result (2.262). m

A simple consequence of the above theorem is that the integral is closer
to the left bound than to the right, namely we can state:

Corollary 143 (Dragomir, 2010, [13]) With the assumptions in Theo-
rem 142 we have the inequality

(0 <)/01f((1—t)A+tB)dt—f( (2.265)

<JC<A);f(B)—/Olf((1—t)A+tB)dt.

A+ B
2

Remark 144 Utilising different examples of operator convexr or concave
functions, we can provide inequalities of interest.
Ifr € [-1,0]U[1, 2] then we have the inequalities for powers of operators

(52 NI ()]
< /01 (1—t)A+tB)"dt
<457 2545

for any two selfadjoint operators A and B with spectra in (0,00) .
If r € (0,1) the inequalities in (2.266) hold with > > instead of 7 < 7.
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We also have the following inequalities for logarithm
A+B 1 3A+ B A+3B
> = .
(ln< 5 ))2{ln< 1 )—l—ln( 1 )} (2.267)
1
> / In((1-t)A+tB)dt
0

> % |:h’l (A;B) N ln(A);Lln(B)} (Z ln(A)-;ln(B)>

for any two selfadjoint operators A and B with spectra in (0, 00) .

2.8.83 Some Operator Quasilinearity Properties

Consider an operator convex function f : I € R — R defined on the
interval I and two distinct selfadjoint operators A, B with the spectra in
I. We denote by [A, B] the closed operator segment defined by the family
of operators {(1 —t) A+ tB, t € [0,1]} . We also define the operator-valued
functional

Ap(ABit):=1—t)f(A)+tf(B)— f(1—t)A+tB) >0 (2.268)

in the operator order, for any ¢ € [0, 1].
The following result concerning an operator quasilinearity property for
the functional Ay (-, -;t) may be stated:

Theorem 145 (Dragomir, 2010, [13]) Let f : I C R — R be an op-
erator convex function on the interval I. Then for each A, B two distinct
selfadjoint operators A, B with the spectra in I and C' € [A, B] we have

(0 <) A (A, C5t) + Ap (C,Bit) < Ag (A, Bst) (2.269)

for each t € [0,1], i.e., the functional Ay (-,-;t) is operator superadditive
as a function of interval.
If [C,D] C [A, B], then

(0<)Af (C,Dit) < Ay (A, Bit) (2.270)

for each t € [0,1], i.e., the functional Ay (-,-;t) is operator nondecreasing
as a function of interval.

Proof. Let C = (1 —s) A+ sB with s € (0,1). For t € (0,1) we have
A (C,B;t)=(1—1t)f((1—s)A+sB)+tf(B)
—f(1=-t)[1-s)A+sB]+tB)
and
Ay (A CH=0-t)f(A)+tf((1—s)A+sB)
—f((1-t)A+t[(1—s)A+ sB])
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giving that

Ar (A, Cit)+ Af (C,B;t) — Ay (A, B;t) (2.271)

=f((1—s)A+sB)+ f((1—t)A+tB)

—f(l=-t)(1—-—s)A+[(1—t)s+t|B)— f((1 —ts) A+1tsB).
Now, for a convex function ¢ : I C R — R, where I is an interval,

and any real numbers ¢1, 2, s1 and sy from I and with the properties that
t1 < s1 and ta < s5 we have that

p(t) = (ta) _ p(s1) —p(s2) (2.272)
t1 —t2 B 517 82

Indeed, since ¢ is convex on I then for any a € I the function ¢ : I\ {a} —

R
¢ (t) —¢(a)
t—a

P (t) =

is monotonic nondecreasing where is defined. Utilising this property repeat-
edly we have

pt) —pt2) _ pls1) —¢(ta) _ @(t2) =@ (s1)

t1 —to - S1 — 1o to — S1
< 2Ga)—p(s) _ pls1) —p(s2)
- S9 — 81 S1 — 89

which proves the inequality (2.272).

For a vector z € H, with ||z|| = 1, consider the function ¢, : [0,1] — R
given by ¢, (t) := (f (1 —t) A+ ¢B)x,x). Since f is operator convex on
I it follows that ¢, is convex on [0,1]. Now, if we consider, for given
t,s €(0,1),

t1i=ts<s=:syand ty:=t <t+ (1 —1t)s=: sa,

then we have ¢, (t1) = (f (1 —ts) A+ tsB)x,x)and ¢, (t2) = (f (1 —t) A+ ¢B)x, x)
giving that

pu (1) = o (2) :<[f((l—ts)AthsB)—f((l—t)AthB)]x x>
t1 —ta t(s—1) Y

Alsop, (s1)=(f(1—s)A+sB)x,z)and @, (s2) = (f (1 —=t) (1 —s)A+[1—t)s+ ] B)z,x)
giving that

P (81)_<)0.’E (82)
B <f((1—s)A+sB)—f((l—t)(l—s)A—i—[(l—t)s—i—t]B)x x>
t(s—1) e
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Utilising the inequality (2.272) and multiplying with ¢ (s — 1) < 0 we de-
duce the following inequality in the operator order

F((1—ts)A+tsB) — f((1—t) A+tB) (2.273)
> f((1—8)A+sB)—f(1—t)(1—s)A+[1—t)s+1]B).

Finally, by (2.271) and (2.273) we get the desired result (2.269).
Applying repeatedly the superadditivity property we have for [C, D] C
[A, B] that
Af (A, Cit) + Ay (C,Dst) + Ap (D, Bst) < Ay (A, Bit)
giving that
0< Ay (A Cit)+Af(D,B;t) < Af (A, Bst) — Af (C, Dst)

which proves (2.270). ®
For t = % we consider the functional

Af (A, B) = Ay (A,B;é) - JW—JC(B)f(A-FB),

2 2

which obviously inherits the superadditivity and monotonicity properties
of the functional Ay (-,-;t) . We are able then to state the following

Corollary 146 (Dragomir, 2010, [13]) Let f : I C R — R be an op-
erator convex function on the interval I. Then for each A, B two distinct
selfadjoint operators A, B with the spectra in I we have the following bounds
in the operator order

1, D45 9(552) ] - (452) o

and

sup
C,D€e[A,B]

[ +f(D) L (CH+D\]_fA+F(B) (A+B\
[ : f< 2 >] 2 f< (22.27>5)

Proof. By the superadditivity of the functional Ay (-,-) we have for each
C € [A, B] that

f(A) + f(B) _f<A+B)
2 2
fW)+1(©) f<A;C>+f(C);f(B) f(c;B>

>
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which is equivalent with
A+C C+B A+ B
H(559)+ (58 -r@=1(452). e

Since the equality case in (2.276) is realized for either C = A or C' = B we
get the desired bound (2.274).

The bound (2.275) is obvious by the monotonicity of the functional
Ay (-,-) as a function of interval. m

Consider now the following functional

L (A, Bit) = f(A)+f(B) = f(1-t) A+1tB) - f((1 - 1) B+tA),

where, as above, f: C C X — R is a convex function on the convex set C'
and A, B € C while ¢t € [0,1].
We notice that

Ff (A,B;t) :Ff (B,A;t) :Ff (A,B;l 725)
and
Iy (A, B;t) = Ay (fLB;t)-‘rAf (A,B;1—t)>0

for any A,B e C and t € [0,1].
Therefore, we can state the following result as well

Corollary 147 (Dragomir, 2010, [13]) Let f : I C R — R be an op-
erator convex function on the interval I. Then for each A, B two distinct
selfadjoint operators A, B with the spectra in I, the functional Ty (-,-;t) is
operator superadditive and operator nondecreasing as a function of interval.

In particular, if C' € [A, B] then we have the inequality

%[f((l —t)A+tB)+ f((1—t) B +tA)] (2.277)
S%[f((l—t)A+tC)+f((1—t)C+tA)]

+%[f((l—t)C’+tB)+f((1ft)B+tC)]ff(C).

Also, if C, D € [A, B] then we have the inequality

FA) +F(B) = f((1—t)A+tB) — f((1—1t) B+tA) (2.278)
> fO)+F(D) = (A=) C+tD) = f((1 -1)C+1tD)

for any t € [0,1].
Perhaps the most interesting functional we can consider is the following
one:

f(A)+

O, (A,B) = 2f(B) —/Olf((l—t)A—i-tB)dt. (2.279)
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Notice that, by the second Hermite-Hadamard inequality for operator con-
vex functions we have that © (A, B) > 0 in the operator order.
We also observe that

1 1
o, (A,B):/ Ay (A,B;t)dt:/ Ay (A B;1—tydt.  (2.280)
0 0

Utilising this representation, we can state the following result as well:

Corollary 148 (Dragomir, 2010, [13]) Let f : I C R — R be an op-
erator convex function on the interval I. Then for each A, B two distinct
selfadjoint operators A, B with the spectra in I, the functional Oy (-,-) is
operator superadditive and operator nondecreasing as a function of interval.
Moreover, we have the bounds in the operator order

inf Ul (1=t A+tC)+ f((1 —t)C+tB)]dt—f(C)} (2.281)

C€[A,B]

_/lf((l—t)A+tB)dt

and
fO+fm [
C)L)sg[%B] [2 — /0 f((1—=t)C+1tD) dt} (2.282)
zif(A);f(B) —/Olf((l—t)A—i—tB)dt.

Remark 149 The above inequalities can be applied to various concrete
operator convex function of interest.

If we choose for instance the inequality (2.282), then we get the following
bounds in the operator order

T DT 1
sup [m_/ (1—1)C +tD)" dt (2.283)
C,De[A,B] 2 0
A4+ BT [t
= + _/ (1—t)A+1tB)" dt,
0

where r € [—1,0] U [1,2] and A, B are selfadjoint operators with spectra in
(0,00).
Ifr € (0,1) then

CT-I-DT

5 (2.284)

1

sup [/ (1—¢)C+tD)" dt —
c,pelA,B] Lo

1 AT. B,,.

:/ (1—t)A+tB) dt— 45
0

2 b
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and A, B are selfadjoint operators with spectra in (0,00) .
We also have the operator bound for the logarithm

! 1 In (D
sup [/ m((1—#)C +tD)dt — ) (D)
c,pe(A,B] LJo 2

/lln((lt)AthB)dt
0

(2.285)

In(A) +1n(B)
2 ?

where A, B are selfadjoint operators with spectra in (0,00) .
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3

Inequalities for the Cebysev
Functional

3.1 Introduction

The Cebysev, or in a different spelling, Chebyshev inequality which com-
pares the integral/discrete mean of the product with the product of the
integral/discrete means is famous in the literature devoted to Mathemat-
ical Inequalities. It has been extended, generalised, refined etc...by many
authors during the last century. A simple search utilising either spellings
and the key word "inequality" in the title in the comprehensive MathSciNet
database of the American Mathematical Society produces more than 200
research articles devoted to this result.

The sister result due to Griiss which provides error bounds for the mag-
nitude of the difference between the integral mean of the product and the
product of the integral means has also attracted much interest since it has
been discovered in 1935 with more than 180 papers published, as a simple
search in the same database reveals. Far more publications have been de-
voted to the applications of these inequalities and an accurate picture of
the impacted results in various fields of Modern Mathematics is difficult to
provide.

In this chapter, however, we present only some recent results due to
the author for the corresponding operator versions of these two famous
inequalities. Applications for particular functions of selfadjoint operators
such as the power, logarithmic and exponential functions are provided as
well.



114 3. Inequalities for the Cebysev Functional
3.2 Cebysev’s Inequality

3.2.1 Cebysev’s Inequality for Real Numbers

First of all, let us recall a number of classical results for sequences of real
numbers concerning the celebrated Cebysev inequality.

Consider the real sequences (n — tuples) a = (a1,...,a,),b = (b1,...,b,)
and the nonnegative sequence p = (P1s- .- pp) With P, == >0 p; > 0.
Define the weighted Cebysev’s functional

T, (p;a,b) = Pi Zpiaibi - % Zpiai : Pi Zpibi. (3.1)

In 1882 - 1883, Cebysev [7] and [8] proved that if a and b are monotonic
in the same (opposite) sense, then

T, (p:a,b) > (<)0. (3.2)

In the special case p = a > 0, it appears that the inequality (3.2) has
been obtained by Laplace long before Cebysev (see for example [51, p.
240)).

The inequality (3.2) was mentioned by Hardy, Littlewood and Pélya in
their book [46] in 1934 in the more general setting of synchronous sequences,
i.e., if a, b are synchronous (asynchronous), this means that

(a;i —aj) (b —b;) > (L)0 for any 4,5 € {1,...,n}, (3.3)

then (3.2) holds true as well.
A relaxation of the synchronicity condition was provided by M. Biernacki
in 1951, [5], which showed that, if a, b are monotonic in mean in the same

. k
sense, i.e., for P, :=>"" p;, k=1,...,n—1;

k k+1

1
— ia; < (2) —— i Qs ke{l,...,.n—1 3.4
7 op < () g S ke RGP
d
an 1 k 1 k+1
— ib; < () =— ibi, k€ 1,...,n—1}, 3.5
B oS (2) g3 i ke RCE

then (3.2) holds with “ > 7. If if a, b are monotonic in mean in the opposite
sense then (3.2) holds with “ < 7.

If one would like to drop the assumption of nonnegativity for the compo-
nents of p, then one may state the following inequality obtained by Mitri-
novi¢ and Pecari¢ in 1991, [50]: If 0 < P, < P, for each i € {1,...,n — 1},
then

T, (p;a,b) >0 (3.6)
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provided a and b are sequences with the same monotonicity.

If a and b are monotonic in the opposite sense, the sign of the inequality
(3.6) reverses.

Similar integral inequalities may be stated, however we do not present
them here.

For other recent results on the Cebysev inequality in either discrete or
integral form see [6], [19], [20], [26], [39], [40], [51], [49], [52], [57], [58], [59],
and the references therein.

The main aim of the present section is to provide operator versions for the
Cebysev inequality in different settings. Related results and some particular
cases of interest are also given.

3.2.2 A Version of the Cebysev Inequality for One Operator

We say that the functions f, g : [a,b] — R are synchronous (asynchronous)
on the interval [a, b] if they satisfy the following condition:

(f(t) = F(s)(g(t) —g(s)) =2 (£)0 for each t,s € [a,b].

It is obvious that, if f, g are monotonic and have the same monotonicity
on the interval [a, b], then they are synchronous on [a, b] while if they have
opposite monotonicity, they are asynchronous.

For some extensions of the discrete Cebysev inequality for synchronous
(asynchronous) sequences of vectors in an inner product space, see [42] and
[41].

The following result provides an inequality of Cebysev type for functions
of selfadjoint operators.

Theorem 150 (Dragomir, 2008, [30]) Let A be a selfadjoint operator
with Sp (A) C [m, M| for some real numbers m < M. If f,g : [m, M] — R
are continuous and synchronous (asynchronous) on [m, M|, then

(f(A)g(A)z,z) > (S)(f(A)z,2)- (g (A)z,z) (3.7)
for any x € H with ||z|| = 1.

Proof. We consider only the case of synchronous functions. In this case we
have then

fF@g®)+f(s)g(s)=f#)g(s)+f(s)g(®) (3.8)
for each t,s € [a, b] .
If we fix s € [a,b] and apply the property (P) for the inequality (3.8)
then we have for each x € H with ||z|| =1 that

(F(A)g(A) + [ () g(s)1m)w,x) > (9 (s) f(A) + [ (s) g (A)) x, ),

which is clearly equivalent with

(f(A)g(A)z,z)+ f(s)g(s) = g(s) (f (A)z,2) + [ (s) (g (A) z,2) (3.9)
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for each s € [a,b].
Now, if we apply again the property (P) for the inequality (3.9), then
we have for any y € H with |ly|| = 1 that

((f(A)g(A)z,2)1n+ f(A)g(A)yy)
> ((f (A)z,2) g (A) + (9 (A) z,z) f (A) y, ),

which is clearly equivalent with

(f(A)gA)z,z) +(f(A) g(A)y,y) (3.10)
> (f(A)z,z) (g (A) y,y) + (f (A y,y) (g (A)z,z)

for each z,y € H with ||z|| = ||y|| = 1. This is an inequality of interest in
itself.
Finally, on making y = z in (3.10) we deduce the desired result (3.7). m
Some particular cases are of interest for applications. In the first instance
we consider the case of power functions.

Example 151 Assume that A is a positive operator on the Hilbert space
H and p,q > 0. Then for each x € H with ||| = 1 we have the inequality

(APHg ) > (APx, z) - (A%, z) . (3.11)

If A is positive definite then the inequality (3.11) also holds for p,q < 0.
If A is positive definite and either p > 0,q < 0 or p < 0,q > 0, then the
reverse inequality holds in (3.11).

Another case of interest for applications is the exponential function.

Example 152 Assume that A is a selfadjoint operator on H. If o, 3 > 0
or a, <0, then

(exp[(a+p) Az, z) > (exp (ad) z,z) - (exp (BA) z, z) (3.12)

for each x € H with ||z|| = 1.
If either a > 0,8 < 0 or a < 0,8 > 0, then the reverse inequality holds

The following particular cases may be of interest as well:
Example 153 a. Assume that A is positive definite and p > 0. Then
(APlog Az, x) > (APz,z) - (log Az, z) (3.13)

for each x € H with ||z| = 1. If p < 0 then the reverse inequality holds in
(3.13).
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b. Assume that A is positive definite and Sp (A) C (0,1). Ifr,s > 0 or
r,s < 0 then

<(1H — AN 1y — A% mx> (3.14)
> <(1H —An7! z,x> . <(1H — 457! x,:c>

for each x € H with ||z|| = 1.
If either r > 0,5 < 0 orr < 0,s > 0, then the reverse inequality holds in

(3.14).

Remark 154 We observe, from the proof of the above theorem that, if A
and B are selfadjoint operators and Sp (A), Sp (B) C [m, M|, then for any
continuous synchronous (asynchronous) functions f,g : [m, M] — R we
have the more general result

(f(A)g(A)z,x)+(f (B)g(B)y,y) (3.15)
> (<) {f (A)2,3) (g (B) go9) + (f (B) ) {9 (4) 2, 2)
for each x,y € H with ||z|| = ||y|| = 1.
If f : [m,M] — (0,00) is continuous then the functions fP,f? are
synchronous in the case when p,q > 0 or p,q < 0 and asynchronous when

either p > 0,q <0 orp < 0,q > 0. In this situation if A and B are positive
definite operators then we have the inequality

(frr(A)z,z) + (fF7(B)y,y) (3.16)
= (f"(A)z,z) (f1(B)y,y) + (/Y (B)y,y) (f! (A) 2, z)

for each x,y € H with ||z|| = ||ly|| = 1 where either p,q > 0 or p,q < 0. If
p>0,9g<0o0rp<0,q>0 then the reverse inequality also holds in (3.16).

As particular cases, we should observe that for p =q =1 and f (t) = t,
we get from (8.16) the inequality

(A%z,2) + (B%y,y) > 2 (Az, z) (By,y) (3.17)

for each x,y € H with ||z| = ||y|| = 1.
Forp=1 and ¢ = —1 we have from (3.16)

(Az,z) (B"'y,y) + (By,y) (A" "a,z) <2 (3.18)

for each x,y € H with ||z|| = ||y|| = 1.

3.2.8 A Version of the Cebysev Inequality for n Operators

The following multiple operator version of Theorem 150 holds:
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Theorem 155 (Dragomir, 2008, [30]) Let A; be selfadjoint operators
with Sp (A;) C [m,M] for j € {1,...,n} and for some scalars m < M.

If f,g: [m,M] — R are continuous and synchronous (asynchronous) on
[m, M], then

n n n
Z xj,mj > ( Z acj,ccj Z xj,xj
j=1 j=1 j=1
(3.19)
for each z; € H,j € {1,...,n} with 377_, ll;])* =

Proof. As in [44, p. 6], if we put
Al e 0 T

0 - A, T

3
3

<f(ﬁ)%,%>zz<f(z4j)xj,xj> and <() > i), ;)

<
Il
—_

<.
—_

Applying Theorem 150 for A and # we deduce the desired result (3.19). m
The following particular cases may be of interest for applications.

Example 156 Assume that A;,j € {1,...,n} are positive operators on
the Hilbert space H and p,q > 0. Then for each x; € H,j € {1,...,n} with

Z?Zl ||1:]||2 =1 we have the inequality

n n n
<Z A§?+‘13;j7xj> > Z (Alaj, ;) Z (Alaj, ;) (3.20)
j=1 J=1 Jj=1

If A; are positive definite then the inequality (3.20) also holds for p,q < 0.
If A; are positive definite and either p > 0,q < 0 orp < 0,q > 0, then
the reverse inequality holds in (3.20).

Another case of interest for applications is the exponential function.
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Example 157 Assume that Aj,j € {1,...,n} are selfadjoint operators on
H. Ifa,8>0o0ra,B <0, then

<ZQXP [(a+5) Aj]$j7$j> (3.21)

n
Z exp (ad;) zj, ;) -

Jj=1 J

NE

(exp (BA;) xj, z;)

Il
-

for each z; € H,j € {1,...,n} with 377_, ||$j|| =1
If either a > 0,6 <0 or a < 0,8 > O then the reverse inequality holds

The following particular cases may be of interest as well:

Example 158 a. Assume that A;,j € {1,...,n} are positive definite op-
erators and p > 0. Then

<Z A? logijj7mj> > Z <A§$j,xj Z log Ajzj,x;) (3.22)
j=1 j=1

j=1

for each z; € H,j € {1,...,n} with Z;'L=1 H%HQ = 1. If p < 0 then the
reverse inequality holds in (3.22).

b. If Aj are positive definite and Sp (A;) C (0,1) for j € {1,...,n} then
forr,s >0 orr,s <0 we have the inequality

(

>

(1 — A (1g — A3 xj,zj> (3.23)

(= 45) " wya;) Zn: (- 45) " oy

for each x; € H,j € {1,...,n} with 3°7_, ||:c]||2 =1
If either r > 0,5 < 0 orr < 0,s > 0, then the reverse inequality holds in

j=1

3.2.4 Another Version of the Cebysev Inequality for n
Operators

The following different version of the Cebysev inequality for a sequence of
operators also holds:

Theorem 159 (Dragomir, 2008, [30]) Let A; be selfadjoint operators
with Sp (A;) C [m,M] for j € {1,...,n} and for some scalars m < M.
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If f,g9: [m,M] — R are continuous and synchronous (asynchronous) on
[m, M], then

<ijf (45) g (4;) wx> (3.24)

> (<) <ijf(z4j)$,$> : <ijg (Aj)wa$>,

foranyp; > 0,5 € {1,...,n} with Z?:M?j =1 and x € H with ||z|| = 1.
In particular

<; S (45 <Aj>x7x> (3.25)

for each x € H with ||z| = 1.

Proof. We provide here two proofs. The first is based on the inequality
(3.15) and generates as a by-product a more general result. The second is
derived from Theorem 155.

1. If we make use of the inequality (3.15), then we can write

(f(A45) g(4)) z,z) + (f (Bk) g (Bx) ¥, y) (3.26)
> () (f (Aj) z,2) (9 (Br) y,y) + (f (Br) y,9) (9 (45) =, 2) ,

which holds for any A; and By, selfadjoint operators with Sp (A4;), Sp (By) C
[m, M], j,k €{1,. n} and for each x,y € H with ||z| = Hy|| =1.

Now, if p; > O g > 0,5,k € {1,...,n} and 21:11‘71 Sheiar =1
then, by multiplying (3.26) with p; > 0, qr > 0 and summing over j and k
from 1 to n we deduce the following inequality that is of interest in its own
right:

<ijf(Aj)g( > <quf (Br) g Bk)y7> (3.27)

<) <ipjf (Aj)w,ff> <Z kg (Bk)y,y>
<quf (Br) v,y ><ijg >

for each z,y € H with [lz] = [ly[| = 1.
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Finally, the choice By = Ag,qr = pr and y = z in (3.27) produces the
desired result (3.24).

2. In we choose in Theorem 155 z; = \/p; - =, j € {1,...,n}, where
pj > 0,5 € {l,...;n}, 3% p; = 1and x € H, with ||| = 1 then a
simple calculation shows that the inequality (3.19) becomes (3.24). The
details are omitted. m

Remark 160 We remark that the case n = 1 in (8.24) produces the in-
equality (3.7).

The following particular cases are of interest:

Example 161 Assume that A;,j € {1,...,n} are positive operators on
the Hilbert space H, p; > 0,7 € {1,...,n} with Z?:ﬂ’j =1 and p,q > 0.
Then for each x € H with ||z|| = 1 we have the inequality

<ijA§?+qx,x> > <ijA§x,x> . <ijA§x,x> . (3.28)
j=1 j=1 j=1

If Aj,7 € {1,...,n} are positive definite then the inequality (3.28) also
holds for p,q < 0.

If Aj,j € {1,...,n} are positive definite and either p > 0,q < 0 or
p < 0,q >0, then the reverse inequality holds in (3.28).

Another case of interest for applications is the exponential function.

Example 162 Assume that A;,j € {1,...,n} are selfadjoint operators on
H and p; > 0,5 € {1,.. n}wzthz 1pj—1ffa[3>()0raﬁ<0
then

<Z iexp [(a + B) 4] a:,ax> (3.29)

< pjexp (ad;) > <ijexp (BA;) z, >

for each x € H with ||z| = 1.
If either a > 0,5 < 0 or a < 0,8 > 0, then the reverse inequality holds

The following particular cases may be of interest as well:

Example 163 a. Assume that A;,j € {1,...,n} are positive definite op-
erators on the Hilbert space H, p; > 0,7 € {1,...,n} with Z;L=1 p; =1
and p > 0. Then

<ijA§ logAjm,x> > <ijA§m,m> . <ij logij,x> . (3.30)
j=1

Jj=1 Jj=1
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If p < 0 then the reverse inequality holds in (3.30).

b. Assume that Aj,j € {1,...,n} are positive definite operators on the
Hilbert space H, Sp (A;) C (0,1) andp; > 0,5 € {1,...,n} with Z;‘L:ﬂ’j =
1. If r,s >0 orr,s <0 then

Z <ip] (1H — A;)_l CB,.’E> . <ipj (1H — A;)_l .’1,‘7,’L‘>

for each x € H with ||z| = 1.
If either r > 0,8 < 0 orr < 0,s > 0, then the reverse inequality holds in
(8.31).

We remark that the following operator norm inequality can be stated as
well:

Corollary 164 Let A; be selfadjoint operators with Sp (A;) C [m, M] for
j€{l,...,n} and for some scalars m < M. If f,g : [m, M] — R are
continuous, asynchronous on [m,M] and for p; > 0,5 € {1,...,n} with

> =1 pj = 1 the operator 37_ p; f (A;) g (A;j) is positive, then

D opif (A g (A|| < D opif (A - [Dopig (4] (3.32)
j=1 j=1 j=1
Proof. We have from (3.24) that

0< <ijf(Aj)g(Aj)x7$> < <ijf(f4j)$7$> - <ijg(Aj)x,x>

for each x € H with ||z|| = 1. Taking the supremum in this inequality over
x € H with ||z| = 1 we deduce the desired result (3.32). m

The above Corollary 164 provides some interesting norm inequalities for
sums of positive operators as follows:

Example 165 a. If A;,j € {1,...,n} are positive definite and either p >
0,g <0 orp<0,q>0, then forp; > 0,5 € {1,...,n} with Z;‘L:1pj =1
we have the norm inequality:

Dop AT <D ps AT D pi A (3.33)
Jj=1 j=1 j=1
In particular

1< > piAs| - D opid;T (3.34)
j=1 j=1
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for any r > 0.

b. Assume that A;,j € {1,...,n} are selfadjoint operators on H and
p; > 0,5 € {1,...,n} with Z?:ij = 1. If either a > 0,8 < 0 or a <
0,6 >0, then

Y opjexp(a+B) Al < | pjexp (ady)|[ - ||D pjexp (84;)

Jj=1 Jj=1 Jj=1

In particular

L<|[> pyexp (vA))|| - || D psexp (—7A;)

j=1 j=1

for any v > 0.

3.2.5 Related Results for One Operator
The following result that is related to the Cebysev inequality may be stated:

Theorem 166 (Dragomir, 2008, [30]) Let A be a selfadjoint operator

with Sp (A) C [m, M| for some real numbers m < M. If f,g : [m,M] — R

are continuous and synchronous on [m, M|, then
(f(A)g(A)z,z) = (f(A)z,z) - (g(A)z,z) (3.36)
= [(f (A)z,z) = f ((Az, z))] - [g (A, 2)) — (g (A) =, z)]

for any x € H with ||z| = 1.

If f, g are asynchronous, then

(f(A)z,z) (g (A)z,z) — (f(A)
> [(f(A)z,z) — | ((Az,x))] - [(g

for any x € H with ||z| = 1.

9(A)z,z) (3.37)
(A) z,z) — g ((Az, x))]

Proof. Since f,g are synchronous and m < (Az,z) < M for any x € H
with ||z|| = 1, then we have

[f (t) = f ((Az, 2))] [g () — g ((Az, z))] = 0 (3.38)

for any ¢ € [a,b] and x € H with ||z|| = 1.
On utilising the property (P) for the inequality (3.38) we have that

([f (B) = f ({Az,2))l [g (B) — g ((Az, 2))] y,y) > 0 (3.39)

for any B a bounded linear operator with Sp (B) C [m, M] and y € H with
Iyl = 1.
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Since

([f (B) = f ((Az,2))][9 (B) — g ({(Az, z))] v, y) (3.40)
=(f(B)g(B)y,y) + [ ((Az,z)) g ((Az, z))
—(fB)y,y) g (Az, ) — f ((Az,2)) (9 (B) y,v) ,

then from (3.39) we get

(f(B)g(B)y,y) + f ({(Az,z)) g ((Az, z))
> (f(B)y,y) g (Az,x)) + f ((Az,2)) (9 (B) y,y)

which is clearly equivalent with

(fB)g(B)y,y) — (f (A y,y) - {g(A)y,v) (3.41)
> [(f (B)yy) = f ({(Az, )] - [g ((Az, 2)) = (9 (B) y,y)]
for each z,y € H with ||z|| = |ly|| = 1. This inequality is of interest in its

own right.
Now, if we choose B = A and y = x in (3.41), then we deduce the desired
result (3.36). m

The following result which improves the CebySev inequality may be
stated:

Corollary 167 (Dragomir, 2008, [30]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If f,g: [m,M] — R
are continuous, synchronous and one is convexr while the other is concave
on [m, M|, then
(f(A)g(A)z,z) = (f(A)z,z) - (g(A)z,z) (3.42)
> [{f (A) 2,2) — f ({Az,2))] - [g ((Az,)) — (g (A) 2,2)] = O
for any x € H with ||z|| = 1.

If f,g are asynchronous and either both of them are convex or both of
them concave on [m, M|, then

(f (A)z,2) - (g (A)z,2) = (f (A)
> [(f (A)z,z) — | ((Az,2))] - [{g
for any x € H with ||z|| = 1.

g9(A)z,z) (3.43)
(A)z,z) — g ((Az,2))] > 0

Proof. The second inequality follows by making use of the result due to
Mond & Pecari¢, see [55], [54] or [44, p. 5]:

(h(A)z,2) > (<) h((Az, 7)) (MP)

for any x € H with ||z|| = 1 provided that A is a selfadjoint operator with
Sp(A) C [m, M] for some real numbers m < M and h is convex (concave)
on the given interval [m, M]. m

The above Corollary 167 offers the possibility to improve some of the
results established before for power function as follows:
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Example 168 a. Assume that A is a positive operator on the Hilbert space
H.Ifpe(0,1) and g € (1,00), then for each x € H with ||z|| = 1 we have
the inequality

(APHig, z) — (APz,z) - (A%, ) (3.44)
> (A2, x) — (Ax, z)?) [(Ax, z)’ — (APz,x)] > 0.

If A is positive definite and p > 1,q < 0, then

(APz,z) - (A2, 2) — (AP, z) (3.45)
> (A%, 2) — (Az,2)?] [(APx,z) — (Az,2)P] > 0

for each x € H with ||z|| = 1.
b. Assume that A is positive definite and p > 1. Then

(APlog Az, x) — (APx, ) - (log Az, ) (3.46)
> [(APx,z) — (Az,z)"] [log (Ax, z) — (log Az, x)] >0

for each x € H with ||z| = 1.

3.2.6 Related Results for n Operators

We can state now the following generalisation of Theorem 166 for n oper-
ators:

Theorem 169 (Dragomir, 2008, [30]) Let A; be selfadjoint operators
with Sp (A4;) C [m, M| for j € {1,...,n} and for some scalars m < M.

(i) If f,g : [m, M] — R are continuous and synchronous on [m, M],
then

Z xJ7ZJ> Z< xijg Z x],l'] (347)

j=1 j=1 Jj=1
n n
> Drja) = D (A,
J=1 =1

n

X |g Z(ij.j,%) = g (45) z;, ;)

Jj=1

for each z; € H,j € {1,...,n} with 2?21 ||:1cj||2 = 1. Moreover, if one
function is convex while the other is concave on [m,M], then the right
hand side of (3.47) is nonnegative.
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(i) If f,g are asynchronous on [m, M|, then

Yo F A g s) Y (g (A wg,a) =Y (f (A7) g (A))aya;) (3.48)
j=1 j=1 j=1
> i) Tj,xj) Z (Ajzj, )
J=1 j=1
X Z mjaxj —9g Z A .’Ej,l‘]
Jj=1 Jj=1

for each zj € H,j € {1,...,n} with 3°7_, ||acj||2 = 1. Moreover, if either
both of them are convex or both of them are concave on [m, M], then the
right hand side of (3.48) is nonnegative as well.

Proof. The argument is similar to the one from the proof of Theorem 155
on utilising the results from one operator obtained in Theorem 166.

The nonnegativity of the right hand sides of the inequalities (3.47) and
(3.48) follows by the use of the Jensen’s type result from [44, p. 5]

n

D (h(Ay) g a) = ()b Y (A, ag) (3.49)

j=1 j=1

for each z; € H,j € {1,...,n} with 337, ||;]|> = 1, which holds provided
that A; are selfadjoint operators with Sp(A4;) C [m, M] for j € {1,...,n}
and for some scalars m < M and h is convex (concave) on [m, M].

The details are omitted. m

Example 170 a. Assume that A;,j € {1,...,n} are positive operators on
the Hilbert space H. If p € (0 1) and g € (1,00), then for each x; € H,j €
{1, n} with 377, H%H =1 we have the inequality

D (A g ) =Y (A a) - Y (Aley,ay) (3.50)
j:l j=1 j=1
n a7
> Z A ac7,mj Z(A]wj,xj>
j=1 j=1

n

X Z(Ajwj,mj> Z A x]7mj
j=1 j=1
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If A; are positive definite and p > 1,q < 0, then

n n n

Y (Azjay) -y (Alwjag) = (AT ey, ;) (3.51)
Jj=1 Jj=1 j=1
i n n q97
E §:<A:%7xJ E: A>xpxj
_J:1 j=1 ]
[ n n P7
XD (Afwy ) — | D (Ajey,ay)
| 7=1 j=1 l
>0

for each x; € H,j € {1,...,n} with 377_, [l ] = 1.
b. Assume that A; are positive definite and p > 1. Then

n

Y (AVlog Awj, z;) Z<A ), ;) Zaogijj,xn (3.52)

j=1 j=1
n n p
= [Z (Abwj @) — Z (Ajzj, ;)
j=1 j=1

n

X [Zlog (Ajzj,xj) —log Z (Ajzj,zj)
j=1
0

j=1

Y

for each x; € H,j € {1,...,n} with 377_, ll;|)* =
The following result may be stated as well:

Theorem 171 (Dragomir, 2008, [30]) Let A; be selfadjoint operators
with Sp (A4;) C [m, M| for j € {1,...,n} and for some scalars m < M.

(i) If f,g : [m,M] — R are continuous and synchronous on [m, M],
then

<ijf(Aj)g(Aj)l’7x> - <ijf(f4j)$,x> : <ijg(z4j)$,$>

(3.53)
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for any p; > 0,5 € {1,...,n} with 3°7_ p; = 1 and x € H with ||z| = 1.
Moreover, if one is convex while the other is concave on [m, M|, then the
right hand side of (3.58) is nonnegative.

(i) If f, g are asynchronous on [m, M|, then

<ijf(Aj)$al”> ' <ijg (Aj)$7$> - <ijf(Aj)g(Aj)$7$>

(3.54)

> <Zij(Aj)$7x>—f <ZP;’AJ‘$J>
X <ijg(z4j)ﬂ%$>—g <ZPjAj$7$>

for any p; > 0,5 € {1,...,n} with Z;‘L=1pj =1 and x € H with ||z|| = 1.
Moreover, if either both of them are convex or both of them are concave on
[m, M|, then the right hand side of (3.54) is nonnegative as well.

Proof. Follows from Theorem 169 on choosing =; = /p;-z, j € {1,...,n},
where p; > 0,5 € {1,...,n}, Z?:ij =1and z € H, with ||z]| = 1.

Also, the positivity of the right hand term in (3.53) follows by the
Jensen’s type inequality from the inequality (3.49) for the same choices,
namely z; = /p; -z, j € {1,...,n}, where p; > 0,5 € {1,...,n},
> =1 pj=1and x € H, with |lz|| = 1. The details are omitted. m

Finally, we can list some particular inequalities that may be of interest
for applications. They improve some result obtained above:

Example 172 a. Assume that A;,j € {1,...,n} are positive operators
on the Hilbert space H and p; > 0,5 € {1,...,n} with Z?lej =1.1If

p € (0,1) and g € (1,00), then for each x € H with ||z|| = 1 we have the
1mequality

<ijA§+qx,a:> — <ijA§x,x> . <ijA?x,m> (3.55)
' j=1 j=1
n n q]
ijA?x,x> — <ijij7m>
=1 =1

i
. [<z> ] @W,x)

Jj=1
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If A;,5 € {1,...,n} are positive definite and p > 1,q < 0, then

<ZPJA§$,JJ> - <ijA?x,a:> — <ijA§+qx,x> (3.56)
Jj=1 j=1 j=1
n n q_
> <ijA§x,x> - <ijAjw7:c>
Jj=1 Jj=1

n n p
X <ijA§x,m> - <ijAj:c,x>

j=1 j=1 |
>0

for each x € H with ||z|| = 1.
b. Assume that A;, j € {1,...,n} are positive definite and p > 1. Then

<ijA§ logij,x> - <ijA§m7w> . <ij logij7x> (3.57)
j=1

Jj=1 Jj=1

n n p
> <ijA§x,a:> - <ijij,x>
| \i=1 j=1

[ n n
X |log <ijij,x> - <ij logAja:,x>

j=1 j=1
>0

for each x € H with ||z| = 1.

3.3 Griiss Inequality

3.3.1 Some Elementary Inequalities of Griiss Type

In 1935, G. Griiss [45] proved the following integral inequality which gives
an approximation of the integral of the product in terms of the product of
the integrals as follows:

o s@owa 2 [wae 2 [owa

<{@-9)T =),

(3.58)

where f, g : [a,b] — R are integrable on [a,b] and satisfy the condition

p<flx) <@, 4<g(z)<T (3.59)
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for each = € [a,b], where ¢, ®,v,T are given real constants.

Moreover, the constant % is sharp in the sense that it cannot be replaced
by a smaller one.

In 1950, M. Biernacki, H. Pidek and C. Ryll-Nardjewski [51, Chapter X]
established the following discrete version of Griiss’ inequality:

Let a = (a1,...,a,), b= (b1,...,b,) be two n—tuples of real numbers
such that r < a; < Rand s <b; < S fori=1,...,n. Then one has

22 @

(3.60)

1O 1 1

where [z] denotes the integer part of z, z € R.

For a simple proof of (3.58) as well as for some other integral inequalities
of Griiss type, see Chapter X of the recent book [51]. For other related
results see the papers [1]-[4], [11]-[9], [12]-[13], [15]-[37], [43], [56], [62] and
the references therein.

3.8.2  An Inequality of Griiss’ Type for One Operator
The following result may be stated:

Theorem 173 (Dragomir, 2008, [31]) Let A be a selfadjoint operator
on the Hilbert space (H;{.,.)) and assume that Sp (A) C [m, M] for some
scalars m < M. If f and g are continuous on [m, M] and vy := minyecpy, ar f (1)
and I' := maxc(m ) f (t) then

[(f(A) g (A)y.y) = (f(A)y.y) - (g(A)z,2) (3.61)
—% g (A)y,1) — {9 (4),2)]

=) [lg (Al + o () z.2)* ~ 20 (A z.2) (9 (W y)]

l\.')\»—l

for any xz,y € H with ||z|| = |ly|| = 1.

Proof. First of all, observe that, for each A € R and z,y € H, ||z|| = |ly|| =
1 we have the identity

(F(A) = A-1u) (9(A) = (g (A) z,2) - 1r) y, y) (3.62)
={f(AgA)y,y) = A-[g(A)y,y) - (g(4A)z,2)]
(g (A)z,z) (f (A)y,y).
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Taking the modulus in (3.62) we have

[(f(A)gA)y,y) —X-[(g(A)y,y) — (9(A)z,z)] (3.63)
( y

g (A)z,2) (F (4) y.9)]

— (g (A) — (g (A)z,2) - 1)y (f (A) — A~ 1))

<llg(A)y — (g (A)z,z)y|l | f (A)y — Ayl

= [l (Al + (9 (A) .2 — 249 (D)) (g (D))
< 1 (A)y —

< [lg (DI + o () 2.2 ~2 (g (D) 2.2) (9 (). 0)]
<1 (A) = A 14

for any z,y € H, |[z]| = [lyl| = L.

Now, since v = mine(m, a7 f () and I' = maxyecpm, ar) f (£) , then by the
property (P) we have that v < (f (4) y,y) < T for each y € H with [|y|]| =1
which is clearly equivalent with

§%(F—v)

((ra -5 ) w)| < )

for each y € H with ||y|| = 1.
Taking the supremum in this inequality we get

G W= 5 ol?

or with

1
-2 | < g0 -,
which together with the inequality (3.63) applied for A = % produces
the desired result (3.61). m
As a particular case of interest we can derive from the above theorem
the following result of Griiss’ type:

Corollary 174 (Dragomir, 2008, [31]) With the assumptions in Theo-
rem 173 we have

[(f(A)g(A)z,z) = (f (A)z,2) - (g (A) z, )| (3.64)
<5 [laal® - g ae?) (< - a-0)
for each x € H with ||z|| = 1, where § := minyepmy, a9 (t) and A :=

maX¢e[m,m] 9 (t) .
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Proof. The first inequality follows from (3.61) by putting y = «.
Now, if we write the first inequality in (3.64) for f = g we get

<2 @) [lo@el - (g ()e.2?)
which implies that
[lg ()l ~ (g ()2, 2%] " < L2 —o)

for each © € H with ||z|| = 1.

This together with the first part of (3.64) proves the desired bound. m
The following particular cases that hold for power function are of interest:

Example 175 Let A be a selfadjoint operator with Sp (A) C [m, M] for

some scalars m < M.
If A is positive (m > 0) and p,q > 0, then

(0 <) (APTIg o) — (AP, x) - (A2, 2)
1/2
(M7 — ) [[|A%2]* ~ (A1, 2)?]
M =) (017~ )
for each x € H with ||z|| = 1.
If A is positive definite (m > 0) and p,q < 0, then
(0 <) (APHig, z) — (APz, z) - (A%, x)

1 M—P—m—P 1/2
<3 Ty (4%l - (4a.a)’]

1 M= —m—» M~ m_q}
< —

=4 M-Pm—P M-am-

for each x € H with ||z| = 1.
If A is positive definite (m > 0) and p <0, ¢ > 0 then

(0 <) (APz,x) - (A%, 3) — (APH9z, z)
1 M-P—m->P 1/2
2w (147 - (41, 2°]
P _ P

<
(o1 )|

for each x € H with ||z|| = 1.

(3.65)

(3.66)

(3.67)
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If A is positive definite (m > 0) and p > 0, ¢ < 0 then
APz, x) - (Al ) — (AP Tz, x) (3.68)
1/2
(M7 — ) [[[4%2]]* ~ (A1, 2)]
1 M~ —m™1
Z(MP gy
<3 )
for each x € H with ||z| = 1.

We notice that the positivity of the quantities in the left hand side of
the above inequalities (3.65)-(3.68) follows from the Theorem 150.

The following particular cases when one function is a power while the
second is the logarithm are of interest as well:

Example 176 Let A be a positive definite operator with Sp (A) C [m, M]
for some scalars 0 <m < M.

If p > 0 then
(0<)(APIn Az, ) — (APx,x) - (In Az, x) (3.69)
1/2
Lo(MP — mp) [HlnAxHZ - <1nA:c,x>2]
<
1/2
In /2L - [||Are|® - (APz, )]
1 M
< = (MP —mP =
[ 5 (M? —mP)1In -
for each x € H with ||z|| = 1.
If p <0 then
(0 <) (APz,z) - (In Az, z) — (AP In Az, z) (3.70)
—P_ P 1/2
Lot i Ag|® — (In A, @)
<

1/2
In /2 - [||4°a)* - (42, 2)°|

m

1 M P—m™P M
<—orou--—""1In
2 M—Pm~—P m

for each x € H with ||z| = 1.

3.8.8  An Inequality of Griiss’ Type for n Operators

The following multiple operator version of Theorem 173 holds:
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Theorem 177 (Dragomir, 2008, [31]) Let A; be selfadjoint operators
with Sp (A;) C [m,M] for j € {1,...,n} and for some scalars m < M.
If f,g : [m, M] — R are continuous and v := minge(m a7 f () and T' :=
maXyeim, ) f (t) then

D (P A (A ysys) =Y (A yws) - > (g(A)) wj,25)  (3.71)
j=1 j=1 j=1
_T Z<9(A])yjayj>_z x]vxj

Jj=1 j=1

2

=

=2 (g(Aj) zjx;) > (g (A) y5,u5)

=1 =1

. . 2 2
for each xj,y; € H,j € {1,....n} with 377 ;]I = 377, [ly;[I” = 1

Proof. Follows from Theorem 173. m

The following particular case provides a refinement of the Mond-Pecari¢
result.

Corollary 178 (Dragomir, 2008, [31]) With the assumptions of Theo-
rem 177 we have

Z(f (A;) g (A5) x5, 25) Z ETN Z ) zi, x| (3.72)

Jj= Jj=1 Jj=1

—

97 1/2
n

=) Z llg (A x]|| Z j) T, ;)
(gi(F—ﬂ(A—&)

foreacha; € H,j € {1,....n} with 27, |la;|* = 1 where § := minyefan g (1)
and A := maxyepm ) 9 (t) -

l\)\'—‘

Example 179 Let Aj, j € {1,...,n} be a selfadjoint operators with Sp (A;) C
[m,M],j€{1,...,n} for some scalars m < M.
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If Aj are positive (m > 0) and p,q > 0, then

(0 §)Z< T, 3;) Z Avmj,xj>-Z<Ang7:rj> (3.73)
j=1 j=1

j=1
7 1/2
< 3 MP —mP) ZHA;’:E]H — Z (A1 xj,zj
j=1 j=1
PENTa
for each x; € H,j € {1,...,n} with 377_, ||:5J||2 =1
If A; are positive definite (m > 0) and p,q <0, then
n n
(0 S)Z<A§+qxj,xj> Z<A T, T5) Z<A Tj, ;) (3.74)
j=1 Jj=1 j=1
971/2
1 M™P
= 2 M-Pm—p ZHA%JH 221<A3‘xj’$j>
i=
M

for each z; € H,j € {1,...,n} with 377, [l ]” = 1.
If A; are positive definite (m > 0) and p <0, ¢ > 0 then

n

Z<A Tj, @) Z Al m],xj Z xj,mj (3.75)

Jj=1
57 1/2

ZHA%:JH Z A ajjva

Jj=1

for each x; € H,j € {1,...,n} with 377_, ll;))* =
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If Aj are positive definite (m > 0) and p >0, ¢ < 0 then

Z (AT xj,xj Z<A§xj,xj Z x]7xj> (3.76)
j=1 Jj=1 j=1
o7 1/2

1 n 9 n
Si.(MP_mP) ;HA;’%H — ; A:cj,zj

1 M1 —m™1
[<4'<M”‘mp>M—an—q}

for each x; € H,j € {1,...,n} with Z;;l ||a:J||2 =

We notice that the positivity of the quantities in the left hand side of
the above inequalities (3.73)-(3.76) follows from the Theorem 150.

The following particular cases when one function is a power while the
second is the logarithm are of interest as well:

Example 180 Let A; be positive definite operators with Sp (A;) C [m, M],
je{l,...,n} for some scalars 0 < m < M.

If p> 0 then
(0 <) Z (AP In Ajaj, ;) Z Alxj, @) Z (InAjz;,z;) (3.77)
j=1 j=1 j=1

1/2

Lo (AP — ) [z;%_l I Ages* = (2, (im Aﬂ'%"”ﬁﬂ

IN

In ;vnf{ g ) - (S m],m)}m
e

m

for each x; € H,j € {1,...,n} with 377_, ll;))* =
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If p < 0 then

0 S) Z <A§1‘J, .Tj> : Z <lnAja:j,xj> - Z <A§) lnijj,a:j> (378)
j=1 j=1 j=1

P 271/2
St [ S i AP — (S (n gy

911/2
1n\/W[ " faz ) - (2 1<A§xj,xj>)}

[ 1 MP—m>p M]

<

< .= " -
-2 M—Pm~—>P . m

for each x; € H,j € {1,...,n} with Z?Zl ||zj||2 =

3.8.4  Another Inequality of Griiss’ Type for n Operators
The following different result for n operators can be stated as well:

Theorem 181 (Dragomir, 2008, [31]) Let A; be selfadjoint operators
with Sp (A;) C [m,M] for j € {1,...,n} and for some scalars m < M.
If f and g are continuous on [m, M| and v := minepm an f (t) and T' :=

maXe(m, ) f () then for any p; > 0,7 € {1,...,n} with 2?21 pj =1 we
have

<szcf (Ar) g (Ax) y, y> (3.79)
- V;F <Zpkg (Ar)y, y> <ijg >

k=1

- <Zpkf (Ak)y7y> : <ijg (Aj)x,g;>

k=1

< % > oillg (Ar) yll* - <Zpkg (Ar)y, y> <Zpgg >
k=1

k=1
97 1/2

+<ijg(AJ)$ax> )

for each x,y € H with ||z|| = ||y|| = 1.

Proof. Follows from Theorem 177 on choosing z; = /p; - =, Y; = /Pj " ¥,
j€{1,...,n}, where p; > 0,5 € {1,...,n}, >/ p; = 1 and z,y € H,
with ||z]| = |ly|| = 1. The details are omitted. m
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Remark 182 The case n = 1 (therefore p = 1) in (3.79) provides the
result from Theorem 173.

As a particular case of interest we can derive from the above theorem
the following result of Griiss’ type:

Corollary 183 (Dragomir, 2008, [31]) With the assumptions of Theo-
rem 181 we have

<Zpkf (Ag) g (Ak) z £C> <Zpkf (Ag) >'<Xn:pkg(Ak)xv$>

(3.80)

1/2

<FT Zpng (Ap)zl® - <Zpkg Ap)w >
[gi-(r—wm—a]

for each x € H with ||z|]| = 1, where § := minygpm a9 (t) and A :=
MaXye(m, i) g (t).

Proof. It is similar with the proof from Corollary 174 and the details are
omitted. m
The following particular cases that hold for power function are of interest:

Example 184 Let A;, j € {1,...,n} be a selfadjoint operators with Sp (A;) C
[m,M],7 € {1,...,n} for some scalars m < M and p; > 0,j € {1,...,n}
with 377, pj = 1.

If Aj, je{l,...,n} are positive (m > 0) and p,q > 0, then

(0<) <ZpkAZ+qx,x> - <ZpkA£x,m> : <ZpkAZx,x> (3.81)
k=1 k=1 k=1
071/2

1 n 5 n
< 3 ) [l (St

< O =) (01 = )

for each x € H with ||z|| = 1.
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If Aj;, je{l,...,n} are positive definite (m > 0) and p,q < 0, then
0<) <ZpkA£+qx,:c> - <ZpkA£z,x> : <ZpkAZz,z> (3.82)
k=1 k=1 k=1

97 1/2

M~P—m 2
Ve ZpkHA o <ZpkAkx 33>
M

1 P _ P M1 —m—1
<z
{_ 4 M-Pm~P M-9m~9 }

for each x € H with ||z|| = 1.
If Aj;,je{l,...,n} are positive definite (m > 0) and p <0, ¢ > 0 then

0<) <ZpkAZx,x> . <ZpkAZx,x> - <ZpkAz+qac,x> (3.83)
071/2

1 M*
e (S

1 M™P—m™P
LR G V(R
{S 1 Moy MIom )]
for each x € H with ||z|| = 1.
If Aj,j€{1,...,n} are positive definite (m > 0) and p > 0, ¢ < 0 then

0<) <ZPkAZa?,$> : <Zpkz‘1zx,x> - <ZpkA§+qa?,x> (3.84)
k=1 k=1 k=1
0 1/2

1 n ) n
< 5 (MP—mP) kz_:lpk [Az|]” — <’;PkAZ$,SE>

M—9— mq]

1
. P _ P
{S M)

for each x € H with ||z|| = 1.

We notice that the positivity of the quantities in the left hand side of
the above inequalities (3.81)-(3.84) follows from the Theorem 150.

The following particular cases when one function is a power while the
second is the logarithm are of interest as well:

Example 185 Let A;, j € {1,...,n} be positive definite operators with
Sp(Aj) C [m,M], j € {1,...,n} for some scalars 0 < m < M and
pj > 0,5 €{1,...,n} with 3°7_ p; = 1.
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If p> 0 then
(0 <) <ZpkA£ lnAkx,x> - <ZpkAim,x> . <Zpk lnAkx,:c>
k=1 k=1 k=1
(3.85)
1 n 2 n 2 1/2
Lo (7 —m) - [ pi o g P = (S0, peln Avar,2)°)
<
M n P 2 n P 2 1/2
In Vm {Zkzl Pk HAk‘TH - <Zk:1 pkAk_:z:,x> }
1 M
[§2(Mp—mp)ln E
for each x € H with ||z|| = 1.
If p <0 then
(0<) <ZpkA£x,:c> . <Zpk lnAk:c,z> - <ZpkAz In Akx,:c>
k=1 k=1 k=1
(3.86)

1 M P—m~P n 2 n 211/2
3 M-Pm-7p_ [Zk:l P [ Agz||” — Q25— pr In Agz, x) }

IN

n 2 n 2 1/2
In /2 [0 g AR — (S predfe, )|
[ 1 M™P—m™P M}

<. " ] -
-2 M—pPm~—P . m

for each x € H with ||z| = 1.
The following norm inequalities may be stated as well:

Corollary 186 (Dragomir, 2008, [31]) Let A; be selfadjoint operators
with Sp (A;) C [m, M] for j € {1,...,n} and for some scalars m < M. If
f,g : [m,M] — R are continuous, then for each p; > 0,7 € {1,...,n}
with Z?Zl p; = 1 we have the norm inequality:

> pif (409 (4| < || S 0id ()| Sosg (49)+5 (=) (8- 5),
87)

where 7y 1= minyepm a f (), T' == maxiem ) f (1), 6 = mingepn a9 (2)
and A = mMaxXte(m,M] 9 (t)-
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Proof. Utilising the inequality (3.80) we deduce the inequality

SRS S [

iron@-g
for each « € H with ||| = 1. Taking the supremum over ||z|| = 1 we
deduce the desired inequality (3.87). m

Example 187 a. Let Aj, j € {1,...,n} be a selfadjoint operators with
Sp(4;) C[m,M],j €{1,...,n} for some scalars m < M and p; > 0,5 €

{1, on} with 377 pj = 1.
If A;, 5€{1,...,n} are positive (m > 0) and p,q > 0, then

Z pkAiJrq
k=1
(3.88)

If A;, j€{1,...,n} are positive definite (m > 0) and p,q < 0, then

LA LA MP — mP) (M — m9).

1 M7P-—mPM9—-—m~1
' M—Pm—>P M—9m—4

(3.89)

b. Let A;, j € {1,...,n} be positive definite operators with Sp(A;) C

[m,M], j € {1,. n} for some scalars 0 < m < M and p; > 0,j €
{1,...,n} with Z _pj =1

p+q
Ak

pr>0 then

ZpkA In Ay, +1~(Mp—mp)1n %

— 2 m
(3.90)

3.4 More Inequalities of Griiss Type

3.4.1 Some Vectorial Griiss’ Type Inequalities

The following lemmas, that are of interest in their own right, collect some
Griiss type inequalities for vectors in inner product spaces obtained earlier
by the author:

Lemma 188 (Dragomir, 2003 & 2004, [23], [28]) Let (H,(-,-)) be an
inner product space over the real or complex number field K, u,v,e € H,
llell =1, and «, 8,7,0 € K such that

Re (Be —u,u — ae) > 0, Re (de —v,v —ve) >0 (3.91)
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or equivalently,

o+ 1 +6 1
Hu QBEH < §|ﬂ704|, HU’YQGH §§|§*’Y‘- (3.92)
Then
[(u, v) — (u, e) (e, v)| (3.93)
<7 18-alls—s

[Re(ﬁe—u,u—ae)Re(de—v,v—’ye)]%,
(use) = =42 [(v, ) = 2.

The first inequality has been obtained in [23] (see also [27, p. 44]) while
the second result was established in [28] (see also [27, p. 90]). They provide
refinements of the earlier result from [16] where only the first part of the
bound, i.e., %|,B — a|d — 7| has been given. Notice that, as pointed out
in [28], the upper bounds for the Griiss functional incorporated in (3.93)
cannot be compared in general, meaning that one is better than the other
depending on appropriate choices of the vectors and scalars involved.

Another result of this type is the following one:

Lemma 189 (Dragomir, 2004 & 2006, [24], [29]) With the assump-
tions in Lemma 188 and if Re (Ba) > 0,Re (67) > 0 then
[{u, v) = (us €) (e, v)] (3.94)

1 _|p-alld—1]
5 ————= (u,e)(e,v)|,
¥ et ey 4 ()

<

W=
N

[(lac+ 81 = 2[Re (Ba)]*) (10 + 91 - 2[Re (57))* )
x [|(u,e) (e, )17

The first inequality has been established in [24] (see [27, p. 62]) while
the second one can be obtained in a canonical manner from the reverse of
the Schwarz inequality given in [29]. The details are omitted.

Finally, another inequality of Griiss type that has been obtained in [25]
(see also [27, p. 65]) can be stated as:

Lemma 190 (Dragomir, 2004, [25]) With the assumptions in Lemma
188 and if B # —«, § # —~ then

[{u, v) = (u, €) (e, v)] (3.95)

5= oW = + 1y ) el + 1w, )
B+ al]d + 7]

1
< .
_4[
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3.4.2 Some Inequalities of Griiss’ Type for One Operator

The following results incorporates some new inequalities of Griiss’ type for
two functions of a selfadjoint operator.

Theorem 191 (Dragomir, 2008, [32]) Let A be a selfadjoint operator
on the Hilbert space (H;(.,.)) and assume that Sp(A) C [m, M| for some
scalarsm < M. If f and g are continuous on [m, M] and y := mingep,, a1 f (1),
[ := max;epm,p f (), 0 := mingepm, a1 g (t) and A := maxc(m ) g (t) then

[(f(A) g (A)z,z) = (f (A)z,z) (g (A) =, 2)| (3.96)
<7 T =7 (A=9)

(Do — f(A)z, f (A)x —va) (Az — g (A) z, g (A) z — 62)]?

=~ =~

(f (4)2,2) - 52| [{g (A) 2, 0) - 259

for each x € H with ||z| = 1.
Moreover if v and 0 are positive, then we also have
(f(A)g(A —(f(A)z,z) (9 (A) z, z)| (3.97)

)
i “ }’52 D (f(A)a,x){g(A) ),

[N

) (VA= VB) [(f (A)2,2) (g (A) 2],

while for '+ v, A+ § # 0 we have

I(f(A) g (A)z,z) — (f (A)z,x) (g (A) z,z)] (3.98)
L T=7(A- 5)
=1 [T +]1A +4[]2

X [(11F (A) all + [(f (A) 2, 2)]) (llg (A) 2] + (g (A) 2, 2)])]2

for each x € H with ||z|| = 1.

Proof. Since v := minsepy,, a1y f (£), I' 1= maxyepm,ar) f (), 0 1= mingepm a9 (1)
and A := max;e[m,a 9 (t), the by the property (P) we have that

in the operator order, which imply that

[f (A) =v-U[T-1a = f(A)]
[A-1m —g(A)]lg(A) —6-1x]

in the operator order.

0 and (3.99)

AVARLY
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We then have from (3.99)
(f(A) =y 11y — f(A)]z,z) 20

and

(A-1g —g(A)][g(A) =0 1x]z,2) >0,
for each € H with ||z|| = 1, which, by the fact that the involved operators
are selfadjoint, are equivalent with the inequalities

Te—f(A)z, f(A)x—~vz) >0 and (Ax—g(A)z,g(A)z—dx) >0,
(3.100)
for each x € H with ||z| = 1.
Now, if we apply Lemma 188 for u = f (A) xz, v = g (A) z, e = z, and the
real scalars I', v, A and § defined in the statement of the theorem, then we
can state the inequality

I(f(A)z,g(A)z) = {f (A) ;) (z,9 (A) )| (3.101)

[Re (Tz — f (A)z, f (A)z — vz) Re (Az — g (A) z, g (A) z — 52)]? ,

(f (A)2,2) = 52| [(g (A) z,2) — 28],

for each € H with ||z|| = 1, which is clearly equivalent with the inequality
(3.96).

The inequalities (3.97) and (3.98) follow by Lemma 189 and Lemma 190
respectively and the details are omitted. m

Remark 192 The first inequality in (3.97) can be written in a more con-
venient way as

SHCIPIEEIC N P B e )
‘ (f(A)z,z) (g (A) z, z) < 4 JTYAS (3.102)

for each x € H with ||z|| = 1, while the second inequality has the following
equivalent form

(f(A)g(A)z, )
[(f(A)z,z) (g (A) 2,z
< (VI -v3) (VA-V5)
for each x € H with ||z|| = 1.

We know, from [30] that if f, g are synchronous (asynchronous) functions
on the interval [m, M|, i.e., we recall that

[F @) = F($)lg(t) =g ()] (=) <0 for each t,s € [m, M],

el [(f (A)z,2) (g (A)z,2)]?]  (3.103)
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then we have the inequality

(F(A) g (A)2,2) > () (F (A)2,2) (g (A)a,z)  (3.104)
for each x € H with ||z|| = 1,provided f,g are continuous on [m, M] and
A is a selfadjoint operator with Sp (A) C [m, M].

Therefore, if f,g are synchronous then we have from (8.102) and from
(8.103) the following results:

GA Aoz 1 =7 (A0
O Do @M 51 VA (3.105)

and
0< (f(A)g(A)z,x) 5~ [ (aa) (g (A)z, 272 (3.106)

- [{(f (A, 2) (g (A) 2, )]
< (Vi-\7) (Va-V5)

for each x € H with ||z|| = 1, respectively.
If f, g are asynchronous then

 U@WeWee) 1 (T (A-3)
O ey g (Awa 1 VA (3.107)
and
s ( (A) g (A) z,2)
0<[(f(A)z,2)(g(A)z,z)]"/? - > (3.108
e TIPS e

< (vT-\7) (VA - vs)
for each x € H with ||z|| = 1, respectively.

It is obvious that all the inequalities from Theorem 191 can be used to
obtain reverse inequalities of Griiss’ type for various particular instances of
operator functions, see for instance [31]. However we give here only a few
provided by the inequalities (3.105) and (3.106) above.

Example 193 Let A be a selfadjoint operator with Sp (A) C [m, M] for
some scalars m < M.
If A is positive (m > 0) and p,q > 0, then
(APHag, 1) 1 (MP —mP) (M9 —m9)

0< —-1< = 3.109
~ (Arx,x) - (Adz, x) 4 MEEm ( )

and
<A7’+q$,x>
" (@) (A, )
< (315 ) (31

— [(APz,z) - (A%z, z)]"/? (3.110)
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for each x € H with ||z|| = 1.
If A is positive definite (m > 0) and p,q < 0, then

<Ap-~-qg,37 x>

(M_p _ m_P) (M_(I _ m_fl)
= (drz, z) - (Aiz, z)

1
T Y — (3.111)

—-1<

and

<Ap+qac,x>
[(Arz, z) - (Avz, 2)]"/?
M_%—m_g M_%—m_%
( ) ( )
M-,

— (AP, z) - (A%, )]/ (3.112)

<

m

for each x € H with ||z|| = 1.

Similar inequalities may be stated for either p > 0,q < 0 or p < 0,q > 0.
The details are omitted.

Example 194 Let A be a positive definite operator with Sp (A) C [m, M]
for some scalars 1 <m < M. If p > 0 then

(AP In Az, x)
~ (Arz,z) - (In Az, )

1 —
P m 3.113
4 MimzvVInM -lnm ( )

-1<

and

(AP In Az, x)
[(APx, x) - (In Ax,x>]1/2
< (M% = m¥) [VIinM — Vinm],

0<

— [(APz, z) - (lnA$7x>]1/2 (3.114)

for each x € H with ||z| = 1.

3.4.8 Some Inequalities of Griiss’ Type for n Operators

The following extension for sequences of operators can be stated:

Theorem 195 (Dragomir, 2008, [32]) Let A; be selfadjoint operators
with Sp (A;) C [m, M] for j € {1,...,n} and for some scalars m < M.
If f and g are continuous on [m, M] and v := minep,an f(t), T' =
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maxycim, a) f (t), 0 1= mingepy, a9 () and A := maxicim g (t) then

(f(A;) g (A;) zj,25) Z i) T, %) Z j) T, ;)

j=1 j=1 j=1
(3.115)
1
<1 - @a-d)
lzl (Taj — [ (Aj)zj, [ (Aj)zj — yz))
i=
- X ZI<A$J_9(Aj)$]7g(A)x_é‘rJ> )
j=
Y (F (A ey = 557 | 20 (g (4)) 3y — 532
j= j=
for each x; € H,j € {1,...,n} with 22:1 ||:5J||2 =1.
Moreover if v and 0 are positive, then we also have
Z (f (A7) g(Aj) wj, ;) — (f(Aj) zj, ;) Z (9 (4j) ), @)
j=1 j=1 j=1
(3.116)
411 (F%é) Zl (f (4)) zj, ;) Zl (9 (A4j) zj, x5)
j= j=
<y (Vi-vA) (Va- o)
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while for T +~v, A+ # 0 we have
Z Aj)wj,x5) — Z< j) T, ;)

j=1 j=1 J

JZ‘J,.’EJ
1

(3.117)
I M-y (A-9)
Lr o116 + 4t

1/2
(Z 1 (45) %‘IIQ) Z i) s )

j=1

IN

X

1/2

1/2 .
X (Zg A ) + Z ) Tj, Tj) )

Jj=1

for each x; € H,j € {1,...,n} with 377_, ||z =
Proof. Follows from Theorem 191. The details are omitted. m

Remark 196 The first inequality in (3.116) can be written in a more con-
venient way as

S (F(A)) g (Ag) zj,25)
i (F(Ay)aj @) - 305 (9 (A)) @, )

JLr-)@-9)
4 VIvAS

(3.118)
for each z; € H,j € {1,...,n} with Z?Zl ||:1:J||2 = 1, while the second
inequality has the following equivalent form

i (F(A) g (Ag) zj,5)
(S0 () a0 (o (A )]

- [Z (f(4j) x5, 25) -

-1

(3.119)

IV

Il
—

Jj=1 J

1/2
(g (Aj) Ty, fb’j>]

<(VF-13) (39

for each x; € H,j € {1,...,n} wzthz 1||912J|| =1.
We know, from [30] that if f,g are synchmnaus (asynchronous) functions
on the interval [m, M|, then we have the inequality
Z<f(Aj)g(Aj)xjaxj>2(<)Z< i) 5, Tj) Z i) 5> T5)

j=1 j=1 j=1
(3.120)
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for each x; € H,j € {1,...,n} with Z;—;l ||517]||2 = 1,provided f,g are con-
tinuous on [m, M| and A; are selfadjoint operators with Sp (A;) C [m, M],
je{l,...,n}.

Therefore, if f,g are synchronous then we have from (3.118) and from
(3.119) the following results:

Do (f(A)) g (Ag) zj,25)

0< S (F (A g ag) - S0y (g (Ay) @), ) -1 (3.121)
L1 C-)@-9
— 4 VvIyAS
and
0< Z (F(A) g (Aj) g, 25) )

(S0 (A o) - i o <Aj>xj,xj>]”2

1/2
n

- Z< 3) @5, 25)

< (Vi -A) (\/E—\/S)

or each x; € H,j € {1,...,n} wi s || = 1, respectively.
ha;eH,je{l ith Y1 ||lz* =1 jvel
If f, g are asynchronous then

i (F(Ay) g (A)aj, @)

M:

$],CCJ

O ST U e S (9 (A e ay) (3123)
1 T-)(Aa-9)
4 VAR
and
n n 1/2
0< )T, x) Z )T, x) (3.124)

g _>g<Aj>xj7mj>
[y oA ape)]
<(Vi-vr) (va

for each z; € H,j € {1,...,n} with 377_, ||:c]||2 =1, respectively.

zj,5) - ZJ
- vd)

It is obvious that all the inequalities from Theorem 195 can be used to
obtain reverse inequalities of Griiss’ type for various particular instances of
operator functions, see for instance [31]. However we give here only a few
provided by the inequalities (3.121) and (3.122) above.
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Example 197 Let A; j € {1
[m,M], je{l,...

n} be selfadjoint operators with Sp (A;) C
n} for some scalars m < M.
If A; are positive (m > 0) and p,q > 0, then
n -+
0< Zj:l <A§ qxj’$j>
N Z]:l

-1
<A§xj>xj>'zj 1 <A xj,:L']>
J 1 (M7 — ) (M7 )

4 M p;—q m p;—q
and

(3.125)

PR >/ S C A

[Z] 1<A asj,xj> Z] 1<Aqxj’xj>}1/2 (3.126)
1/2
- |2

(AT xj,xj Z Aq-xj,xj>
j=1 j=1
< (5 ) ()

for each x; € H,j € {1 n} with 335, ll;))* = 1.
If A is positive definite (m > 0) and p,q < 0, then

n p+q,. . .
0< D T —1 (3.127)
Z; 1<A x37333> Z] 1<A xa»$J>
1 (M™P—m™P)(M~7—m™9)
= Z ’ M‘%m_%
and
. B 1/2
0< |> (AP ;) - > (Alzj, ;) (3.128)
=1 =1
Z?:l <A§+qm7 x>
- N N 1/2
[Zj:l <Ag37jv$j> Zg:l <A;1-xj,m7>}
0 ) ()
- M g

for each z; € H,j € {1,...,n} with 377_, |l |)* =

Similar inequalities may be stated for either p > 0,¢ <0 or p < 0, >0
The details are omitted
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Example 198 Let A be a positive definite operator with Sp (A) C [m, M]
for some scalars 1 <m < M. If p > 0 then

>y (A In Ay, @)

0< = = ~1 (3.129)
Sty (Afwj, ) - Y00 (In Ay, ;)
< 1 (MP—mP)ln
~4 Mim %VGHTWFTH;H
and
0< > (A In Ay, ;) (3.130)

- 1/2
[Zj=1 <Azj)zjvf’5j> : ZJ 1 (InAj zav%ﬁ

1/2
n n

— g Azj,xj g (InAjz;,x;)
=1 =1

A
|
3
%
=
%
=l

for each x; € H,j € {1,...,n} with Z?'zl ||zj||2 =

Similar inequalities may be stated for p < 0. The details are omitted.
The following result for n operators can be stated as well:

Corollary 199 Let A; be selfadjoint operators with Sp (A;) C [m, M] for
j € {l,...,n} and for some scalars m < M. If f and g are conlinu-
ous on [m,M] and v = mingep,a f (1), T' = maxyep, ) f (1), 6 =

Minse 1) 9 (t) and A := max,epm,ar g (t) then for anyp; > 0,5 € {1,...,n}
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with 375, pj = 1 we have

<Zij(Aj)9(Aj)$>$> - <Zij(Aj)l’7$> : <ij9(Aj)$7$>

(3.131)

[z p; (T — £ (A;) 3, f (Ag) & — 7a)

Nl

_ X ipj <Aw—g(A.i)wvg(Aj)x—5x>] ;

i=1

b

<§n: ij(Aj)x,fE> - Lsz

j=1

<Z 127/ (Aj)%fﬂ> - &g

Jj=1

for each = € H, with ||z||* = 1.
Moreover if v and 0 are positive, then we also have

<ijf<Aj)9(Aj)mvx> - <ijf(14j)xa$> : <ijg(14j)$’$>

Jj=1

INA
—
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while for T + v, A 4+ # 0 we have

() (Eosie) (Epmn

(3.133)

I M-y (A-3
4 [0 41|+ 4

i 1/2
X (ZM I.f (Aj)z]] > + <ijf(Aj)$,iL‘>

1/2
x (Zpgllg wII) +<ijg(z4j)x,x>

for each x € H, with ||z|* =

Proof. Follows from Theorem 195 on choosing =; = /p;-z, j € {1,...,n},
where p; > 0,5 € {1,...,n}, 37 p; = 1 and = € H, with [lz|| = 1. The
details are omitted. m

IN

1/2

Remark 200 The first inequality in (3.132) can be written in a more con-
venient way as

| (S5ipif (A7) g(4))e.)
(Siapf A)e,z) - (S mo (4)w.2)

(3.134)

for each x € H, with ||z||> = 1, while the second inequality has the following
equivalent form

<Z7 17sf >

[(Zhamf (4 > < v (a)ze)]

g (o)
< (VI-vA) (VA - V5)

for each x € H, with ||z|* =

(3.135)
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We know, from [30] that if f, g are synchronous (asynchronous) functions
on the interval [m, M|, then we have the inequality

<ijf(Aj)9(Aj)$,w> > () <ijf(f4j)3?7$> : <ijg (Aj)ﬂ%ﬂ?>

(3.136)
for each x € H, with ||z|* = 1, provided f,g are continuous on [m, M] and
A; are selfadjoint operators with Sp (A;) C [m,M], j € {1,...,n}.

Therefore, if f,qg are synchronous then we have from (38.134) and from
(3.185) the following results:

<2j mf(Ag) (4)2,)

0< -1 (3.137)
<Z;‘L:1p] y L < j= ]_p_]g )-73 $>
1 (- )(A 5)
<. D\=
! TyA$
and
<2J 1pif (A7) g(4)) 2, )
(3.138)

[< j=10if x,$> <Ej 1 P9 (45) z, $>}1/2

[ (s A

VT - f)(\f Vo)

for each x € H, with ||| = 1, respectively.
If f, g are asynchronous then

<zj 1pif (4) 9 (Aj) o)

<Z§L:1pj )T, @ < j= 1Pi9 (45) z, $>

1 D=y (A- 5)
1 JToBe

(3.139)
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and

i 1/2
0< <ijf (Aj)$,$> . <ijg (Aj)x,x>] (3.140)

(Spif (A)) g (A,
(Samd (A ey - (S (A 2,2)]

<(VFv3) (59

for each x € H, with ||| = 1, respectively.

The above inequalities (3.137) - (3.140) can be used to state various
particular inequalities as in the previous examples, however the details are
left to the interested reader.

3.5 More Inequalities for the Cebysev Functional

3.5.1 A Refinement and Some Related Results

The following result can be stated:

Theorem 201 (Dragomir, 2008, [33]) Let A be a selfadjoint operator
with Sp (A) C [m, M| for some real numbers m < M. If f,g: [m,M] — R
are continuous with ¢ := minyepy, a1 g (1) and A = max,ep, an g (), then

C(f. g Asa)| < 5 (A= 5) (£ (A) = (f (A)2) - Lul ) (3.141)
< %@-5) CV2 (. f: Asw),

for any x € H with ||z|| = 1.

Proof. Since § := minsep,, a1y 9 (t) and A := max;e[,,a1) g (t) , we have

1
< Z
-2

_ A+5‘ (A=), (3.142)

9055

for any t € [m, M| and for any « € H with ||z| = 1.
If we multiply the inequality (3.142) with |f (¢t) — (f (A) z, z)| we get

A+ A+6

F@g@) —(f(A)az,2)g(t) - ——fO) + —— (f(A)z,2)| (3.143)
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for any t € [m, M| and for any « € H with ||z| = 1.

Now, if we apply the property (P) for the inequality (3.143) and a selfad-
joint operator B with Sp (B) C [m, M|, then we get the following inequality
of interest in itself:

1 (B9 (B)w.v) — (F (A)2.2) (9 (B).3) (3,144
BBy + 2 @)
1

< 5 (A=) (f(B) = {f(A)z,2) - 1ulyy),

for any x,y € H with ||z|| = ||y|] = 1.
If we choose in (3.144) y = x and B = A, then we deduce the first
inequality in (3.141).
Now, by the Schwarz inequality in H we have
(If (A) = (f(A)z,2)  Lulz,x) <||[f (A) = (f (A) z,z) - 1u| 2|
—|If (4% — (f (A)z,2) -

= I () all” = (f (4) 2, 2)?]
=C'2 (1 fi &),

1/2

for any x € H with ||z|| = 1, and the second part of (3.141) is also proved.
]

Let U be a selfadjoint operator on the Hilbert space (H,(.,.)) with the
spectrum Sp (U) included in the interval [m, M] for some real numbers
m < M and let {Ex}, g be its spectral family. Then for any continuous
function f : [m,M] — R, it is well known that we have the following
representation in terms of the Riemann-Stieltjes integral:

GO = [ 0B, (3.145)

for any « € H with ||z|| = 1. The function g, (A) := (E\z,x) is monotonic
nondecreasing on the interval [m, M| and

ge(m—0)=0 and g, (M)=1 (3.146)

for any « € H with ||z| = 1.
The following result is of interest:

Theorem 202 (Dragomir, 2008, [33]) Let A and B be selfadjoint op-
erators with Sp (A),Sp(B) C [m, M] for some real numbers m < M. If
f i [m,M] — R is of r — L—Hélder type, i.e., for a given r € (0,1] and
L > 0 we have

[f(s)=F @I < Lls—t"  for any s,t € [m, M],
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then we have the Ostrowski type inequality for selfadjoint operators:

F6 @) <z [gor-m+fs- LM e
for any s € [m, M] and any x € H with ||z|| = 1.
Moreover, we have
B ) — (Al < (F (B)— (fF (A)s2) - Tulyy)  (3143)
<L|:;(M—m)+<B—m;M'lH’y7y>:|T=

for any x,y € H with ||z|| = |ly|| = 1.

Proof. We use the following Ostrowski type inequality for the Riemann-
Stieltjes integral obtained by the author in [22]:

(3.149)

b
'f () [u (b) — u(a)] - / £ (t) du (1)

y\b/w

a

a+b
2

gL[;(b—a)—i—‘s—

for any s € [a,b], provided that f is of r — L—Hoélder type on [a,b], u is of
b
bounded variation on [a,b] and \/ (u) denotes the total variation of u on
[a,b].
Now, applying this inequality for v (\) = g, (\) := (E\z,z) where x € H
with [|z]] = 1 we get

M
|f(8)— / _Of(A)d(<Eww>)‘ (3.150)
r M
S R AL

which, by (3.145) and (3.146) is equivalent with (3.147).
By applying the property (P) for the inequality (3.147) and the operator

B we have
17 (B = W 22) Ll < £ [ 01 = m) + |- | v)
§L<[1(M—m)+ B—m+M’~1H} yy>

L[l(Mm)+<Bm+M-1H‘y,y>]r

m+ M

Ay
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for any x,y € H with ||z|| = ||y|| = 1, which proves the second inequality
in (3.148).

Further, by the Jensen inequality for convex functions of selfadjoint op-
erators (see for instance [44, p. 5]) applied for the modulus, we can state
that

[(h (A) 2, 2)| < ([h(A)] @, ) (M)
for any « € H with ||z|| = 1, where h is a continuous function on [m, M].
Now, if we apply the inequality (M), then we have

KIf (B) = (f(A)z,2) - 1uly,y)| < {|f (B) = (f(A) z,z) - 1u|y, y)
which shows the first part of (3.148), and the proof is complete. m

Remark 203 With the above assumptions for f, A and B we have the
following particular inequalities of interest:

‘f (m;M> —{F Az, 2)| < %L(M —m)’ (3.151)
and
|f ({(Az,2)) — (f (A)z,z)| < L B (M —m) + ‘<Ax,x> - m+M } |
(3.152)

for any x € H with ||z| = 1.
We also have the inequalities:

(F(A)y,y) = (f(A)z, )] (3.153)
<{f(A) = {f(A)z,z) 1uly,y)

SL[;(M—m)+<A—m;M'lH‘yyy>:| ,
for any x,y € H with ||z|| = |ly|]| = 1,
KLf (B) = f(A]z,z)| < (|f(B) = (f(A)z,z) - 1u|z,z) (3.154)

1 M
SL{2(M—m)+< mt w,m>]
and, more particularly,

2
(If(4) = (f(A)z,z) 1g|z,z) (3.155)
m+ M . =’E>y

B —

gy

SL[;(Mm)+<‘A g

for any x € H with ||z|| = 1.
We also have the norm inequality

m+ M

I78) = 7 () < 2|5 01 = m) + | e
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The following corollary of the above Theorem 202 can be useful for ap-
plications:

Corollary 204 (Dragomir, 2008, [33]) Let A and B be selfadjoint op-
erators with Sp (A),Sp(B) C [m, M] for some real numbers m < M. If
f:[m, M] — R is absolutely continuous then we have the Ostrowski type
inequality for selfadjoint operators:

|f(s) = ([ (A) z,z)|
[3 (M —m) + |s = ZEE 1 f o pmonry 4 f" € Loo [m, M];

< .

- if f’eLlp[ml,M],

p7q>175+5217
(3.157)

(4 (M —m) 4 |s — mEM T gy

for any s € [m, M] and any x € H with ||z|| = 1, where |||, , rs are the
Lebesgue norms, i.e.,

1/l s, frm,ary := €55 sup[[R (D)
te[m,M]

M 1/p
”th,[m,M] = (/ |h(t)|p> , p=1.

Moreover, we have

I(f (B)y,y) — (f(A)z,z)| (3.158)
<{f(B)=(f(A)z,z) 1uly,y)
(252 (B = 2 1|y )] 1 oo mnry & f' € Loo [m, M];

and

= if f€Lym,M],

/
1f ||p,[m7M] p,q > 1, % + % =1,

Q=

(M52 4+ (|B - ™M 1|y, y))

for any x,y € H with ||z]| = |ly|]| = 1.

Now, on utilising Theorem 201 we can provide the following upper bound
for the Cebysev functional that may be more useful in applications:

Corollary 205 (Dragomir, 2008, [33]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If g : [m,M] — R
is continuous with 6 := mingepm a9 (t) and A := maxicim a9 (1), then
for any f:[m, M] — R of r — L—Holder type we have the inequality:

.

(3.159)

m+ M
2

O (i 452 < 5 (A= 0)2 [ 01 —m) + (| A

for any x € H with ||z|| = 1.
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Remark 206 With the assumptions from Corollary 205 for g and A and
if f is absolutely continuos on [m, M|, then we have the inequalities:

C (. 45)] < 5 (B =)

(3O —m)+ (|4 25 | 2, )] [ oy 3 S € Lo [m, M)

if '€ Lo |m,M],

m 1/
51 =)+ (1A= 25 L) U s S5

(3.160)
for any x € H with ||z|| = 1.
3.5.2  Some Inequalities for Sequences of Operators
Consider the sequence of selfadjoint operators A = (Ay,...,A,) with
Sp(A4;) C [m,M] for j € {1,...,n} and for some scalars m < M. If
x = (z1,...,2,) € H™ are such that Z?zl ||:cj||2 = 1, then we can con-
sider the following Cebysev type functional
C(frg:A%) =Y (f(A) g (A mj ;)= (f (Aj) mja5)-Y (g (A)) j,25)
j=1 j=1 j=1

As a particular case of the above functional and for a probability sequence

P=(p1,---,Pn), le., pj > 0 for j € {1,...,n} and 37, p; = 1, we can
also consider the functional

C(f g9;A,p,x):= <ijf(Aj)g(Aj)w,m>

- <ijf(14j)$7$> : <ZP;‘9(AJ)$7$>

where x € H, ||z|| = 1.

We know, from [30] that for the sequence of selfadjoint operators A =
(A1,...,A,) with Sp(A4;) C [m, M] for j € {1,...,n} and for the synchro-
nous (asynchronous) functions f, g : [m, M] — R we have the inequality

C(f,9:A,x) = ()0 (3.161)

for any x = (x1,...,2,) € H™ with 2?21 ||a:j||2 = 1. Also, for any proba-
bility distribution p = (p1,...,pn) and any x € H, ||| = 1 we have

C(f,g:A,p,x) > (<)0. (3.162)
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On the other hand, the following Griiss’ type inequality is valid as well
[31]:

C (g AR < 5 (=) [Clong AX]? (£ 12 (A0
(3.163)
for any x = (z1,...,2,) € H™ with 337, |z;]|> = 1, where f and g are
continuous on [m, M] and v := mingepm, a7 f(t), T' = maxsepm,an f (1),
§ = mingepm,ar g (t) and A 1= max,epm,ar 9 (1) -
Similarly, for any probability distribution p = (p1,...,p,) and any x €
H, |z|| = 1 we also have the inequality:

C (g Apa)| < 3+ (=) [Co.geApa) (< {07 (A=)

(3.164)

1
2
We can state now the following new result:

Theorem 207 (Dragomir, 2008, [33]) Consider the sequence of selfad-
joint operators A = (A, ..., Ayn) with Sp(A4;) C [m, M| for j € {1,...,n}
and for some scalars m < M. If f,g : [m, M] — R are continuous with
0 = mingepm, a1 9 (t) and A := maxepm, v 9 (1), then

Zj, .Tj>

(3.165)

IC(f,9:Asx)| < ;(A—5)2<|f(14j) = {f (Ap) zp, ) - 1m

k=1

j=1

< S (A=08)CYA(f, fiAsx),

DN | =

for any x = (x1,...,x,) € H™ such that Z;.Z:l ||:ch||2 =1.

Proof. Follows from Theorem 201 and the details are omitted. m
The following particular results is of interest for applications:

Corollary 208 (Dragomir, 2008, [33]) Consider the sequence of self-

adjoint operators A = (A, ..., An) with Sp (A;) C [m,M] forj € {1,...,n}
and for some scalars m < M. If f,g : [m, M] — R are continuous with

0 := mingepm, a1 9 () and A := maxepm v 9 (1), then for any p; > 0,5 €

{1,...,n} with Z?lej =1 and x € H with ||z|| = 1 we have

|C(f,9: A, p.2)| (3.166)
< % (A —0) <ij f(A)) - <Zpkf(Ak)x,x> 1y xm>

j=1 k=1
< S (A-5)CV (], f A p).
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Proof. In we choose in Theorem 207 z; = /p; -z, j € {1,...,n}, where
p; >0,5e{l,...,n}, Z?lej =1 and x € H, with ||z|| = 1 then a simple
calculation shows that the inequality (3.165) becomes (3.166). The details
are omitted. m

In a similar manner we can prove the following result as well:

Theorem 209 (Dragomir, 2008, [33]) Consider the sequences of self-
adjoint operators A = (A1, ..., A,), B = (By,...,By) with Sp(4;),Sp(B;) C
[m, M] forj € {1,...,n} and for some scalars m < M. If f : [m, M] — R
is of r — L—Hdolder type, then we have the Ostrowski type inequality for
sequences of selfadjoint operators:

- 1
Z DETN T <L[2(M—m)—|—‘s—

j=

]T . (3.167)

=

for any s € [m, M| and any x = (z1,...,x,) € H" such that )7, | ))* =
1.
Moreover, we have

Z ) Y5 Yi) Z f (Ag) zp, k) (3.168)

j=1 k=1
n n
< Z f(Ap)xp, k) - 1g yj,yj>
j= 1 k=1
.
n
(M —m +Z<‘ Ay ijyj> :
Jj=1

for any x = (@1, 20).y = (1. ya) € H" such that S, |la;* =
Ej:l ||Z/JH =1

Corollary 210 (Dragomir, 2008, [33]) Consider the sequences of self-
adjoint operators A = (Aq, ..., An), B = (By,...,By,) with Sp(A;),Sp(B;) C
[m, M] for j € {1,...,n} and for some scalars m < M. If f : [m, M] — R
is of r — L—Holder type, then for any p; > 0,5 € {1,...,n} with 2?21 pj =
1 and x € H with ||z|| = 1 we have the weighted Ostrowski type inequality
for sequences of selfadjoint operators:

_ <ijf(Aj)z,x> <L B (M —m)+
" (3.169)

S —

for any s € [m, M].
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Moreover, we have

<Z qu<Bj>y,y> - <Zpkf(Ak)x,x> (3.170)
j=1 k=1

for any g > 0,k € {1,...,n} with >} _, qx =1 and z,y € H with ||z| =
lyll = 1.

3.5.83 Some Reverses of Jensen’s Inequality

It is clear that all the above inequalities can be applied for various particular
instances of functions f and g. However, in the following we only consider
the inequalities

]r

(3.171)
for any © € H with||z| = 1, where the function f : [m,M] — R is of
r — L—Holder type, and

f ((Az, z)) = (f (A) z, z)]
[3 (M —m) + [(Az, @) = "EE] [ Nl pruary > 3 S € Lo [m, M]

m+ M

1 ({Ae)) = {7 (A) ) < L5 O = m) + [{A.) -

<

. if ¥/ € L, [m, M];
’p q
(3.172)

for any © € H with ||z|| = 1, where the function f : [m, M] — R is ab-
solutely continuous on [m, M], which are related to the Jensen’s inequality
for convex functions.

1. Now, if we consider the concave function f : [m, M] C [0,00) — R,
f(t) =t" with r € (0,1) and take into account that it is of » — L—Holder
type with the constant L = 1, then from (3.171) we derive the following
reverse for the Holder-McCarthy inequality [48]

m+ M

0 < (A2, 2) — (Az,2)" < [; (M —m) + '(Am,:c} - ] (3.173)

for any « € H with ||z| = 1.
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2. Now, if we consider the functions f : [m,M] C (0,00) — R with
f(t) =t and s € (—00,0) U (0,00), then they are absolutely continuous

and
sM*=t  for s € [1,00),

1 Wl oo .20y =
|s|m*=1  for s € (—o0,0) U (0,1).

If p > 1, then

M 1/p
1 = ( / tp“”dt)

MPG=D+1_ps—1)+1\ 1/P 11
p(s—1)+1 p

= |s] x
[In (24)]*/7 ifs=1-1.

On making use of the first inequality from (3.172) we deduce for a given
s € (—00,0) U (0,00) that

m +
2

<AJZ,$> -

(Az,2)® — (A%z, z)| < [;(A47n)+

MH (3.174)

sM*=t  for s € [1,00),

X

|s|m*=1 for s € (—o0,0) U (0,1).

for any « € H with ||z| = 1.
The second part of (3.172) will produce the following reverse of the
Holder-McCarthy inequality as well:

m+ M
2

P — D+ ps—1)+1 1/P s 41 L
p(s—1)+1 s T p

KAzgwsQfx¢w|§|ﬂ{;(ﬁfvn)+‘@&mm) }q (3.175)

[In (&2)]"/7 ifs=1-1
for any © € H with ||z|| = 1, where s € (—00,0) U (0,00), p > 1 and
SHi=1
3. Now, if we consider the function f (t) = Int defined on the interval
[m, M] C (0,00), then f is also absolutely continuous and

m~1 for p = o0,

/ p—1_, _ p—1 1/p
1 gy = (GMati=r)  forp>1,

In (M) for p = 1.

m
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Making use of the first inequality in (3.172) we deduce

m+ M

0 < In ((Az, 2)) — (In (A) 2, 2) < B(Mm)+‘<A$’I> : ‘ -
(3.176)

and
0 < In ((Az,2)) — {In (4) 2,2) (3.177)

m+ M
2

q Mpfl 7mp71 1/p
| (=)
for any x € H with ||z|| = 1, where p > 1 and 1% + % =1

Similar results can be stated for sequences of operators, however the
details are left to the interested reader.

< |5 O =)+ |4z

3.5.4 Some Particular Griiss’ Type Inequalities

In this last section we provide some particular cases that can be obtained
via the Griiss’ type inequalities established before. For this purpose we
select only two examples as follows.

Let A be a selfadjoint operator with Sp (A) C [m, M] for some real num-
bers m < M. If g : [m, M] — R is continuous with § := min;e[m,a g ()
and A := max;c[,,a 9 (t) , then for any f: [m, M] — R of r — L—Holder
type we have the inequality:

[(F(A)g(A)z,z) = (f(A)z,z) (g (A)z,2)| (3.178)

(Aé)LB(Mm)+<‘Am+M Hﬂ ,
for any « € H with ||z| = 1.

Moreover, if f is absolutely continuos on [m, M], then we have the in-
equalities:

Ay

[(f(A)g(A)z,z) — (f(A)z,z) (g(A)z,z)| < %(A—@
(3 (M —m)+ <|A— # . 1H|x,:c>} ||f’||oo’[m’M] if f'€ Lo[m,M];
if f'eLy,[m,M],
p,q > 1,%+ % =1
(3.179)

(3 (M —m) + (A~ "M 1|, )]

for any « € H with ||z| = 1.
1. If we consider the concave function f : [m, M] C [0,00) — R, f (¢t) =t"
with r € (0,1) and take into account that it is of r — L—Holder type with
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the constant L = 1, then from (3.178) we derive the following result:
[(A"g (A)z,2) — (A"z,z) - (9 (A) 2, 2)]| (3.180)

%m &[( —m+<M—m+M $mﬂd

for any © € H with ||z| = 1, where g : [m, M] — R is continuous with
d = mingepm, a1 9 (t) and A := max;epm,a 9 (t) -

Now, consider the function g : [m,M] C (0,00) — R, g(¢) = t? with
p € (—00,0) U (0, 00). Obviously,

MP —mP  ifp >0,

A—§=
MTom i p <0,
and by (3.180) we get for any x € H with ||z|| =1 that
0< (A™*Pz,z) — (A"z,z) - (AP, x) (3.181)

m+ M

g;(Mp—mp)B(M—m)+<‘A— Ay

x,x>} ,
when p > 0 and
0<(A"z,z) - (APm,z) — (A" Pz, 2) (3.182)
1 M™P—m™P m+ M >]T
z,z )|

1
<-.=—_ " = _ _
2 "M-Pm-r [2 (M —m) + <‘A
when p < 0.

If g : [m, M] C (0,00) = R, ¢g(¢) = Int, then by (3.180) we also get the
inequality for logarithm:

< (A"In Az, z) — (A" In Az, ) (3.183)

)+
B e (22 )

for any « € H with ||z| = 1.
2. Now consider the functions f, g : [m, M] C (0,00) — R, with f (¢) =
and g (t) = t* with s,w € (—00,0) U (0,00) . We have

sM*=1  for s € [1,00),

Ay

1 Wl .20y =
|s|m®=1 for s € (—00,0) U (0,1).

and, for p > 1,

MPG—D+1_p(s—1)+1 1/p i 7& 11
p(s—1)+1 P

||f/||p,[m,M] = ‘8‘ X
[In (24)]*/7 ifs=1-1.
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If w > 0, then by the first inequality in (3.179) we have

|(A*T g, 2) — (A%z, @) - (A%, )| (3.184)
1 1 M
§§(M“’—m“’) [Q(M—m)+<’A—m+ g x,x>}
sM*=t  for s € [1,00),
X

[s|ms=t for s € (—o0,0) U (0,1).

for any « € H with ||z| = 1.
If w < 0, then by the same inequality we also have

(A2, ) — (A2, 2) - (A2, )| (3.185)

1 M~ —-—m=" |1 m+ M
< - = (M — A—
- M~—wm~—w [2 ( m) + <‘ x,m>}
X

5
{ sM*=t  for s € [1,00),

Ay

|s|ms=t for s € (—o0,0) U (0,1),
for any « € H with ||z| = 1.

Finally, if we assume that p > 1 and w > 0, then by the second inequality
in (3.179) we have

‘<As+w33,a:> —(A’z, x) - <A“’a:,a:>} (3.186)

1/q

1 1 M
Slsl (MY —m®) | = (M —m) + (A=
2 2 2
MP(s=1+1_ p(s—1)+1 1/p . 1
{ ( FICEES) ) 1fs7é1—§
X

[In (A2)]"/7 ifs=1-1,

m

while for w < 0, we also have

|(A¥T g, 2) — (A%z, @) - (AVz, )| (3.187)
1 M —mv 1 m+ M Y

< — [ — — .

g |s] T — {2 (M —m)+ <‘A 1y z,x>}

(Mp(s—1>+1,mp(sfl)+1

1/p
p(s—1)+1 ) ifs#1- %
[ln (22)]1/7 fs=1-1,

where ¢ > 1 With%—i—%: 1 and =z € H with ||z| = 1.
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3.6 Bounds for the Cebysev Functional of
Lipschitzian Functions

3.6.1 The Case of Lipschitzian Functions

The following result can be stated:

Theorem 211 (Dragomir, 2008, [34]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If f : [m, M] — R
is Lipschitzian with the constant L > 0 and g : [m, M] — R is continuous
with 6 := minyepy, A g (t) and A = maxep, a9 (t) , then

1
C(frg; As2)| < 5 (A =0) L{las (A)zx) < (A=06)LC (e, ¢; A; )
(3.188)
for any x € H with ||z| = 1, where
lae (t) = ([t -1y — Alz,z)
is a continuous function on [m, M|, e(t) =t and
C (e e; Asz) = || Az|)® — (Az,2)* (> 0). (3.189)

Proof. First of all, by the Jensen inequality for convex functions of selfad-
joint operators (see for instance [44, p. 5]) applied for the modulus, we can
state that

[(h(A)z,2)| < (|1 (A)|z,z) (M)

for any « € H with ||z|| = 1, where h is a continuous function on [m, M].
Since f is Lipschitzian with the constant L > 0, then for any ¢, s € [m, M]
we have

@) = ()<Lt — s (3.190)

Now, if we fix ¢ € [m, M| and apply the property (P) for the inequality
(3.190) and the operator A we get

(Uf () - Li = £ (A)|2,2) < Lt - 1y — Ala,a), (3.191)

for any « € H with ||z| = 1.
Utilising the property (M) we get

1f (&) = {f Az, z)| = [f @) 1a = f(A)z,x) <{(f () 1 - [ (A)]z,z)
which together with (3.191) gives
1f () = (f(A)z,z)| < Llag (1) (3.192)

for any t € [m, M| and for any = € H with ||z| = 1.
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Since § := mingepm,, a9 (t) and A := max;epm, a1 g (t) , we also have

1
< Z
-2

(A —§) (3.193)

2

‘g(t)_A+5‘

for any t € [m, M| and for any z € H with ||z| = 1.
If we multiply the inequality (3.192) with (3.193) we get

F@080) - U @Waaha0 - 2700+ S50 Was)| oy
< (A= 0) Llaa (1) = 5 (A= 8) Lt 11y — Al,)
1

S(A- 6)L<\t- i — A|2x,x>1/2

2
= % (A=6)L ((A%z,z) — 2(Az,z)t + t2)1/2 ,

IN

for any ¢t € [m, M] and for any « € H with ||z| = 1.

Now, if we apply the property (P) for the inequality (3.194) and a selfad-
joint operator B with Sp (B) C [m, M|, then we get the following inequality
of interest in itself:

(f(B)g(B)y,y) — (f (A) z,z) (9 (B)y,y) (3.195)

(F (B)yo) + S32(f (A) 2,29

(A=0)L(las (B)y,y)

>
vo| 4
(=%
_|_
(=%

IN

IA

(A—é)L<(<A2$,x> 1y —2<Ax7x>B+BQ)1/2y,y>

IN
DN = N = DN =

(A —=06) L ((Ax,x) — 2 (Az,z) (By,y) + (B%y,y)) ,

for any x,y € H with ||z| = ||y| = 1.

Finally, if we choose in (3.195) y =  and B = A, then we deduce the
desired result (3.188). m

In the case of two Lipschitzian functions, the following result may be
stated as well:

Theorem 212 (Dragomir, 2008, [34]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If f,g: [m,M] — R
are Lipschitzian with the constants L, K > 0, then

C(f, 9 A;2)] < LKC (e, €5 A ), (3.196)

for any x € H with ||z|| = 1.
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Proof. Since f, g : [m, M] — R are Lipschitzian, then
1f (&) = f(s)| <Lt —s| and [g(t) —g(s)] < K[t — 5]
for any ¢, s € [m, M], which gives the inequality

F () gt)—ft)g(s)—f(s)gt)+ f(s)g(s)| < KL (t* —2ts + s°)

for any t,s € [m, M].
Now, fix ¢ € [m, M| and if we apply the properties (P) and (M) for the
operator A we get successively

1f @) g @) —(g(A)z,z) ft)—(f(A)z,z)g()+ (f(A) g (A) z,z)]
(3.197)
= lf@g) - 1a—f{t)g(A) - f(A)g{t)+f(A)g(AD)]z )|
S(f@®g@)-1a—ft)g(A)—f(A)g@)+ f(A)g(A)lz,z)
<KL{(t* 1y —2tA+ A*) z,2) = KL (t* — 2t (Az,z) + (A’z, 1))
for any « € H with ||z| = 1.
Further, fix € H with ||z|| = 1. On applying the same properties for

the inequality (3.197) and another selfadjoint operator B with Sp(B) C
[m, M], we have

[(f(B)g(B)y,y) — (9 (A)z,z) (f(B)y,y) (3.198)
—(f(A)z,z)(9(B)y,y) + {f (A) g (A) z,z)]

=Klf (B)g(B) —{g(A)z,z) f (B) = (f(A)z,2) g (B) + (f (A) g (A) z,x) L]y, y)]
<{If(B)g(B) = (g(A)z,z) f (B) = (f (A) z,2) g (B) + (f (A) g (A) z, ) Lu|y, )
< KL{(B*-2(Az,2) B+ (A%, 2) 1) y.y)

= KL ((B*y,y) — 2 (Az,z) (By,y) + (A%z,z))

for any x,y € H with ||z|| = |ly|| = 1, which is an inequality of interest in

its own right.

Finally, on making B = A and y = z in (3.198) we deduce the desired
result (3.196). m

3.6.2 Some Inequalities for Sequences of Operators

Consider the sequence of selfadjoint operators A = (Ay,...,A,) with
Sp(A;j) C [m,M] for j € {1,...,n} and for some scalars m < M. If
x = (z1,...,2,) € H™ are such that Z;L:1 ||x]||2 = 1, then we can con-
sider the following Cebysev type functional

n n n

C(frg M%) =Y (f (Ay) g (Aj) wjya) =Y (f (Ag) g i)Y (9 (A)) g5

j=1 j=1 j=1
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As a particular case of the above functional and for a probability sequence

p=(i,...,pn), le, pj > 0for j € {1,...,n} and Z?lej =1, we can
also consider the functional

(fvgaA pa . <Zp] )l’,l’>

j=1 j=1
where z € H, ||z|| = 1.

We know, from [30] that for the sequence of selfadjoint operators A =
(A1,...,A,) with Sp(4;) C [m, M] for j € {1,...,n} and for the synchro-
nous (asynchronous) functions f, g : [m, M] — R we have the inequality

C(f,9:A,x) > (<)0 (3.199)

for any x = (z1,...,2,) € H" with 337, ||a:j||2 = 1. Also, for any proba-
bility distribution p =(p1,...,p,) and any = € H, ||z|| = 1 we have

C(f,9:A,px) > (2)0. (3.200)

On the other hand, the following Griiss’ type inequality is valid as well
[30]:

1 1
C g AR < 3 0= [Clog A (<1023 -9))
(3.201)
for any x = (x1,...,2,) € H™ with 337, ijHz = 1, where f and g are
continuous on [m, M] and v := mingepm, ) f(t), T' = maxsepm,an f (1),

1= minye[m, 1) 9 (t) and A := maxe(m, ) g (t).
Similarly, for any probability distribution p = (p1,...,p,) and any x €
H, ||z|| = 1 we also have the inequality:

C (g Apa)| < 3+ (=) [ClagiApa)]? (< 1 (0= 7) (A=)

2
(3.202)
We can state now the following new result:

Theorem 213 (Dragomir, 2008, [34]) Let A = (A1,...,A,) be a se-
quence of selfadjoint operators with Sp (A;) C [m,M] for j € {1,...,n}
and for some scalars m < M. If f : [m, M] — R is Lipschitzian with the
constant L > 0 and g : [m, M] — R is continuous with § := mingcpm, a g ()
and A := maxXc(m, pm 9 (1), then

1C(f,9; A, %) s —0) LY (lax (Ar) Tk, zk) (3.203)
k=1

IN

—6) LC (e,e; A;x)
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for any x = (z1,...,2,) € H" with 377_, ||:c]||2 =1, where
n
Cax (8) ==Y (|t g — Aj|zj,z5)
j=1

is a continuous function on [m, M], e(t) =t and

C (e, e; A;x) ZHijH Z (Ajzj,z;) | (>0).

j=1

Proof. Follows from Theorem 211. The details are omitted. m
As a particular case we have:

Corollary 214 (Dragomir, 2008, [34]) Let A = (A;1,...,A,) be a se-
quence of selfadjoint operators with Sp (A;) C [m,M] for j € {1,...,n}
and for some scalars m < M. If f : [m, M] — R is Lipschitzian with the
constant L > 0 and g : [m, M] — R is continuous with § := minge[m, a1 g ()
and A = maxX,cm, m 9 (L), then for any p; > 0,5 € {1,...,n} with
> pj=1andx € H with ||z| =1 we have

IC(f,9:A,px)| < = (A 8) L <szJA p (Ar) 2, > (3.204)
k=1
§ (A - 5) LC (6,6;A,p,$)

where

lapa (t) = <ij |t-1g — Aja:,x>

Jj=1
is a continuous function on [m, M| and

n n 2
C’(e,e;A,p,x) :ij HAxJH2_ <ZPJAJ:E7$> (2 0)
j=1 j=1

Proof. In we choose in Theorem 213 x; = \/p; - =, j € {1,...,n}, where
pj >0,5€{1,...,n}, 37 p; =1and z € H, with ||z[| = 1 then a simple
calculation shows that the inequality (3.203) becomes (3.204). The details
are omitted. m

In a similar way we obtain the following results as well:

Theorem 215 (Dragomir, 2008, [34]) Let A = (A1,...,A4,) be a se-
quence of selfadjoint operators with Sp (A;) C [m,M] for j € {1,...,n}
and for some scalars m < M. If f,g : [m, M] — R are Lipschitzian with
the constants L, K > 0, then

|C(f,9;A,x)| < LKC (e,¢; A, %), (3.205)

for any x = (z1,...,2,) € H" with 377_, ||.Z'J||2 =
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Corollary 216 Let A = (Ay,...,A,) be a sequence of selfadjoint opera-
tors with Sp (A;) C [m, M] for j € {1,...,n} and for some scalars m < M.
If f,g : [m,M] — R are Lipschitzian with the constants L, K > 0, then
foranyp; > 0,5 € {1,...,n} with Z?lej =1 we have

|C(f,9;A,p,2)| < LKC (e,e; A, p,x), (3.206)

for any x € H with ||z|| = 1.

3.6.83 The Case of (¢, ®) — Lipschitzian Functions

The following lemma may be stated.

Lemma 217 Let u : [a,b] — R and ¢, ® € R with ® > ¢. The following
statements are equivalent:

(i) The function u—#f, wheree (t) =t,t € [a,b], is 3 (® — @) — Lipschitzian;

(ii) We have the inequality:

u(t) —uls) <& foreach t,s€[a,b] witht#s; (3.207)

<
$= t—s

(iii) We have the inequality:

et—s)<u(t)—u(s) <®(t—s) foreach t,s¢€a,b] witht> s.
(3.208)

Following [47], we can introduce the concept:

Definition 218 The function u : [a,b] — R which satisfies one of the
equivalent conditions (i) — (iii) is said to be (¢, ®) — Lipschitzian on [a,b].

Notice that in [47], the definition was introduced on utilising the state-
ment (iii) and only the equivalence (i) < (iii) was considered.

Utilising Lagrange’s mean value theorem, we can state the following result
that provides practical examples of (p, ®) —Lipschitzian functions.

Proposition 219 Let u : [a,b] — R be continuous on [a,b] and differen-
tiable on (a,b). If

—oo < 7v:= inf o (t), sup v (t) =T < (3.209)
t€(a,b) te(a,b)

then u is (y,T') — Lipschitzian on [a,b)] .

The following result can be stated:
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Theorem 220 (Dragomir, 2008, [34]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If f : [m, M] — R
is (¢, ®) — Lipschitzian on [a,b] and g : [m, M] — R is continuous with
0 = mingepm, a1 9 (t) and A := maxepm, v g (1), then

o+

C(f,g:42) = —5—Cle,g; A7) < 7 (A =0) (2 —¢) (la (A) 2,2)

(3.210)

| =

(VAN
| =

(A=6)(®—¢)C (e e A x)

for any x € H with ||z| = 1.

The proof follows by Theorem 211 applied for the % (® — ) —Lipschitzian
function f — @ - e (see Lemma 217) and the details are omitted.

Theorem 221 (Dragomir, 2008, [34]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M and f, g : [m, M] —
R. If f is (p, ®) — Lipschitzian and g is (v, V) — Lipschitzian on [a,b], then

[}
C(f g;A;m)— %C(e,g;A;@") (3.211)

U+ )
_TC

Pty Y+9

(f.e; A ) + 5 5

C (e e; A5 x)

<7 (@—9) (¥ —9)Cle, e 45x),

RNy

for any x € H with ||z|| = 1.

The proof follows by Theorem 212 applied for the % (® — ) —Lipschitzian

function f — # -e and the % (U — 1)) —Lipschitzian function g — w “e.
The details are omitted.
Similar results can be derived for sequences of operators, however they

will not be presented here.

3.6.4 Some Applications

It is clear that all the inequalities obtained in the previous sections can be
applied to obtain particular inequalities of interest for different selections
of the functions f and ¢ involved. However we will present here only some
particular results that can be derived from the inequality

|IC(f,9;As )| < LKC (e, e; As ), (3.212)

that holds for the Lipschitzian functions f and g, the first with the constant
L > 0 and the second with the constant K > 0.
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1. Now, if we consider the functions f,g : [m,M] C (0,00) — R with
f{)=1tP,g(t) =t? and p,q € (—o0,0) U (0, 00) then they are Lipschitzian
with the constants L = || f'|| . and K = ||¢'|| - Since f' (t) = ptP~1, g (t) =
gt9~! hence

pMP~1  for p € [1,00),

1000 =
[plmP=1 for p € (—o0,0) U (0,1)

and
gM~t  for g € [1,00),
l9'loc =
gl mi= for g € (~00,0)U (0,1)

Therefore we can state the following inequalities for the powers of a
positive definite operator A with Sp(A) C [m, M] C (0,00).
If p,g > 1, then

(0 <) (AP, ) — (AP, ) - (ATz,z) < pgMP* 02 (|| Az|]® — (As,2)?)
(3.213)
for each x € H with ||z|| = 1.
If p>1and g € (—00,0)U(0,1), then

[(APH9g, 2) — (APz,2) - (A%, 2)| < plg| MP~'m~! (||A:)j||2 _ <Am,x>2)
(3.214)

for each x € H with ||z|| = 1.
If p € (—00,0)U(0,1) and g > 1, then

[(AP+1,2) — (P2, 2) - (AT, 2)| < [pl gM ! (| An]? — (As, 2)?)
(3.215)

for each = € H with ||z| = 1.
If p,g € (—0,0) U (0,1), then

[(AP¥i0,2) — (APa,z) - (A%a,2)] < pgl m? 12 (|| Az|* - (Az,2)?)
(3.216)
for each = € H with ||z| = 1.
Moreover, if we take p = 1 and ¢ = —1 in (3.214), then we get the
following result

(0 <) (Az,2) - (A e, w) — 1 < m~2 (||Ax||2 - <Ax,x)2) (3.217)
for each z € H with ||z| = 1.

2. Consider now the functions f, g : [m, M] C (0,00) — R with f () =
tP,p € (—00,0) U (0,00) and ¢ (¢t) = Int. Then g is also Lipschitzian with
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the constant K = ||¢’|| ., = m~'. Applying the inequality (3.212) we then
have for any « € H with ||z|| =1 that

(0 <) (AP In Az, z) — (APx, 2) - (In Az, x) < pMP~tm ! (||A.T||2 - (Am,x>2>
(3.218)
ifp>1,

(0 <) (APIn Az, z) — (APx,2) - (In Az, ) < pmP 2 (||A:EH2 - (Ax7:r>2)
(3.219)
if p€(0,1) and

(0 <) (A7, 2) - In Az, @) — (A In Az, z) < (—p) m? 2 (|| Az|* — (Az,2)°)
(3.220)
if p € (—00,0).
3. Now consider the functions f,g : [m, M] C R — R given by f (¢) =
exp (at) and g (t) = exp (Bt) with «, 8 nonzero real numbers. It is obvious
that

/ exp (aM) for a > 0,
1l oo = Tl X
exp (am) for a <0

and

exp (BM) for 8> 0,
19"l = 18] %
exp (fm) for <0

Finally, on applying the inequality (3.212) we get

(0 <) {exp [(a + B) Az, z) — (exp (@A) z, z) - {exp (BA) z, )
, , exp [(a+ B) M] for o, 8 > 0,

< lagl (I142]* - (Aw,2)*) x
exp[(a+ B)m] for o, 8 <0

and

(0 <) {exp (ad) z, z) - (exp (BA) z, x) — (exp [(a + B) A 2, )
exp (aM + fm) for o> 0,8 <0

< laf| (l4z|* - (42, 2)°) x {
exp (am + M) for a < 0,8 >0

for each x € H with ||z|| = 1.
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3.7 Quasi Griiss’ Type Inequalities

3.7.1 Introduction

In [16], in order to generalize the above result in abstract structures the
author has proved the following Griiss’ type inequality in real or complex
inner product spaces.

Theorem 222 (Dragomir, 1999, [16]) Let (H,{.,.)) be an inner prod-
uct space over K(K =R,C) and e € H,|le| = 1. If p,~,®,T" are real or
complex numbers and x,y are vectors in H such that the conditions

Re (Pe — z,2 — pe) > 0 and Re(Te—y,y —ve) >0 (3.221)

hold, then we have the inequality
1
{z,y) = {z,e) (e, y)l < 712 — @] [T =] (3.222)

The constant % is best possible in the sense that it can not be replaced by a
smaller constant.

For other results of this type, see the recent monograph [27] and the
references therein.

Let U be a selfadjoint operator on the complex Hilbert space (H, (.,.))
with the spectrum Sp (U) included in the interval [m, M] for some real
numbers m < M and let {E\}, be its spectral family. Then for any contin-
uous function f : [m, M] — C, it is well known that we have the following
spectral representation theorem in terms of the Riemann-Stieltjes integral:

M
f) = f(A) dE;, (3.223)

m—0

which in terms of vectors can be written as
M
(fU)z,y) = f (N d(Exz,y), (3.224)

m—0

for any =,y € H. The function g, , () := (Exz,y) is of bounded variation
on the interval [m, M] and

Gz (m—0) =0and g, , (M) = (2,y)

for any z,y € H. It is also well known that g, (A\) := (E\z, z) is monotonic
nondecreasing and right continuous on [m, M].
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3.7.2  Vector Inequalities

In this section we provide various bounds for the magnitude of the difference

(f (A z,y) = (z,y) (f (A) 2, )

under different assumptions on the continuous function, the selfadjoint op-
erator A : H — H and the vectors z,y € H with ||z| = 1.

Theorem 223 (Dragomir, 2010, [35]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {Ex}, be its spectral family. Assume that x,y €
H,||z|| =1 are such that there exists y,I' € C with either

Re(Tz —y,y —yx) >0 (3.225)

or, equivalently

y+T 1
< - |I'—+#~.
Hy 5| < 5 10—l

1. If f: [m,M] — C is a continuous function of bounded variation on
[m, M|, then we have the inequality

[(F (4)2.9) = @9) (F (4) 2, 2) (3.226)
M
< e (Biay) = (Bra.e) @)l V()
o M
< Aél[lrgfji\/l] (Exz,z) (1g — EA)CC,$>)1/2 (”yH ) \"{
<1 2 212\ <1 \/
<3 (7 = lwal) "V < giIe -1V o)

2. If f: [m,M] — C is a Lipschitzian function with the constant L > 0
on [m, M|, then we have the inequality

[(f (A)z,y) — (2,9) (f (A) z,7)] (3.227)

M
<L / (Ere,y) — (Exz, ) (2, y)| dA

1/2 M
<L (I = 1)) " [ (o) (1 - B ) i
< L (Il = o)) (M1 = 4 2,0)" (A= ml) 2,0) 2
< (M-m)L (Hyll wn)P) < Sy -m L.
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3. If f : [m, M] — R is a continuous monotonic nondecreasing function
on [m, M], then we have the inequality

(f (A)z,y) — (2,y) (f (A) 2, )] (3.228)
M

g/ (Exz,y) — (Bxz,a) (o, 5)] df (V)
m—0

1/2 M

< (W - 1a)®) ™ [ (B (0 = B )2 )
Own—|% ?)"
u<>m»f<»aw”ﬂwunfﬂmnmmﬂ”2

< 210 — £ o] (Il ~ 1.2)P) < 20 =10 a0 om).

-2
Proof. First of all, we notice that by the Schwarz inequality in H we have
for any u,v,e € H with ||e]| = 1 that

) — () feed] < (Il ~ o)) (ol = 1 e?)

(3.229)
Now on utilizing (3.229), we can state that

[(Exz,y) — (Exx, z) (z,y)] (3.230)

< (1Bl - Ba)P) " (Il - 1)

for any A € [m, M].
Since E) are projections and Ey > 0 then

|Exz||?> = |[(Baz, 2))* = (Baz, 2) — (B, )’ (3.231)

B~ =

= (Exz,z) (1p — EX) 7, 2) <

for any A € [m, M] and x € H with ||z| = 1.
Also, by making use of the Griiss’ type inequality in inner product spaces
obtained by the author in [16] we have

/2 1
(||y||2—|<y,fc>l2) <5t =l (3.232)

Combining the relations (3.230)-(3.232) we deduce the following inequality
that is of interest in itself

(Exz,y) — (Bxx, z) (z,y)] (3.233)
1/2 2 2 1/2
< (Baz, @) (i = Bx) ) (Il = iy, 2)1*)

/2 1
(loll® = 1w 2)*) < 710 =

IN
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for any A € [m, M].
It is well known that if p : [a,b] — C is a continuous function, v : [a,b] —

C is of bounded variation then the Riemann-Stieltjes integral fj p(t)dv (t)
exists and the following inequality holds

b
/ p(t)dv (1)] <

where \/ (v) denotes the total variation of v on [a,b] .

b

< max [p(t)] \/ (v). (3.234)

t€la,b]

a
Utilising this property of the Riemann-Stieltjes integral and the inequal-
ity (3.233) we have

M
| ) = (Baa) il df ) (3.235)
< s [(Bey) — (Bxe.a) e.0) V(0
/ M

\ ()

m

N

< max (B ) (L — B w.e))2 (il ~ (v ) )

1 2 2 2 M 1 M
5 (18P = 1w 2)F) "V () < 0=V ()

for  and y as in the assumptions of the theorem.
Now, integrating by parts in the Riemann-Stieltjes integral and making
use of the spectral representation theorem we have

M
/  Bey) - (B . 9))df () (3.236)
= [(BExz,y) — (Baz, @) (z,y)] F VI,

/ d[(Brz,y) — (Exz, ) (2,1)]

M
—(wy) [ FO)d(Brex) - / (N d (B, y)

m—0

= (z,9) ([ (A) z,2) = (f (A) =, y)
(

which together with (3.235) produces the desired result (3.226).
Now, recall that if p : [a,b] — C is a Riemann integrable function and
v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

|f(s)— f(@®)| < Ll|s—t| for any ¢, s € [a,b],
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then the Riemann-Stieltjes integral f; p(t)dv (t) exists and the following
inequality holds

b b
/p<t>dv<t> gL/ ip (8)] dt.

Now, on applying this property of the Riemann-Stieltjes integral we have
from (3.233) that

M
| W) = (Baa) ol df ) (3,297
M
<L B {Exz,y) — (Exx, z) (z,y)| d\
1 M
<L (ol = ) [ (B (L - B2 wa)) i

If we use the Cauchy-Bunyakovsky-Schwarz integral inequality and the
spectral representation theorem we have successively

/ (Bxz,z) (1 — Ex) z,2))"? dA (3.238)

m—0

/M (Exa, o) d)\] - l/M (L — By) 2, 7) d)\] -

m—0 m—0

M

1/2
Ad (Exz, a:>]

(E\x,x) /\|71\7/f7O — /

m—0
M

X |ﬁ(h] — E))z,1) )‘|%70 _/

m—0

M {((1g — E)) x, x}]
= ((M1g — Az, 2)? (A —mlg)z,2)/?.
On utilizing (3.238), (3.237) and (3.236) we deduce the first three inequal-

ities in (3.227).
The fourth inequality follows from the fact that

(M1yg — A)z,z) (A—mlpg)x,z)

< (M1 = A)z,z) + (A= mlg)a,2)]” = 7 (M —m)*.

] =

The last part follows from (3.232).

Further, from the theory of Riemann-Stieltjes integral it is also well
known that if p : [a,0] — C is of bounded variation and v : [a,b] — R
is continuous and monotonic nondecreasing, then the Riemann-Stieltjes in-
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tegrals f:p (t)dv (t) and f: Ip (t)| dv (t) exist and

b
/pwmw

Utilising this property and the inequality (3.233) we have successively

b
g/mwmww (3.239)

M
/’K&awﬂ&a@mM#u>

m—0

(3.240)

M
g/ (Eaz,y) — (Bxz, ) (2, 9] df (V)

m—0

12 M

2 2 1/2

< (1ol = V2)) ™ [ (B (= B ) V2 (3.
m—0

Applying the Cauchy-Bunyakovsky-Schwarz integral inequality for the Riemann-

Stieltjes integral with monotonic integrators and the spectral representation

theorem we have

/ (Exz, 2) (L — By) 2, 2)Y2 df (V) (3.241)

" 1/2 " 1/2
[/_«M—EU%@W@J

m—0

0

M
<U°<aam#m

m—0

7 1/2
<E/\37,$>f()‘)|7]\7{70_/ f(/\)d<Ew,w>]

X

Ny 1/2
(L — Ex)m,2) f (N)o_ — / f(N)d{(lg — Ey) 95795)]

_
i
=)

(f (M) 1 — f(A) 2, a) " ((f (A) — [ (m) 1g) 2, 2)"/
[f (M) — f (m)]

and the proof is complete. m

IN
N =

Remark 224 If we drop the conditions on x,y, we can obtain from the

inequalities (3.226)-(3.227) the following results that can be easily applied
for particular functions:

1. If f : [m,M] — C is a continuous function of bounded variation on
[m, M|, then we have the inequality
(F () z,y) 2l = (@,9) 4 (4) 2, 2)| (3.242)

/ M

()

m

<

Il (Il l2)® — [¢9.2) %)

DN =
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for any x,y € H,x # 0.

2. If f: [m,M] — C is a Lipschitzian function with the constant L > 0
on [m, M], then we have the inequality

2 2 2 2 1/2
(F(Aa,y) Nzl = (@,9) (F (W), a)| < L (Il o) = Ky o))

(3.243)
< [(M1g — A) z,2) (A — mly) z,2)]"?
/
< 5 O —m) Ll (Jol ol ~ 19, 2)°)
for any x,y € H,x # 0.

3. If f : [m, M] — R is a continuous monotonic nondecreasing function
on [m, M|, then we have the inequality

(F (Wz0) [ ~ (@.9) (F (2| < (Il Nl ~ |2 P)

(3.244)
< [{(f (M) 1 — f (A)) z,2) ((f (A) = f (m) 1)z, 2)]"/?
1
< —

< 21r @)~ f) el (Il e ~ 1w ) "

for any x,y € H,xz # 0.

The following lemma may be stated.

Lemma 225 Let u : [a,b] — R and ¢, ® € R with ® > ¢. The following
statements are equivalent:

(i) The function u— 232

=—-e, wheree (t) = t,t € [a,b], is % (D — @) — Lipschitzian;
(ii) We have the inequality:

o< w <® foreach t,s¢€ [a,b]

with t # s; (3.245)
(iii) We have the inequality:

et—s)<u(t)—u(s) <®(t—s) foreach t,s€a,b] witht> s.

(3.246)
Following [47], we can introduce the concept:
Definition 226 The function u

[a,b] — R which satisfies one of the
equivalent conditions (i) — (iii) is said to be (¢, ®) — Lipschitzian on [a,b].

Notice that in [47], the definition was introduced on utilizing the state-
ment (iii) and only the equivalence (i) < (iii) was considered.

Utilising Lagrange’s mean value theorem, we can state the following result
that provides practical examples of (p, ®) —Lipschitzian functions.
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Proposition 227 Let u : [a,b] — R be continuous on [a,b] and differen-
tiable on (a,b). If

—oo < ~v:= inf o (t), sup v (t) =T < (3.247)
t€(a,b) te(a,b)

then u is (v,T') — Lipschitzian on [a,b)] .
We are able now to provide the following corollary:

Corollary 228 (Dragomir, 2010, [35]) With the assumptions of Theo-
rem 223 and if f : [m,M] — R is a (¢, ®)-Lipschitzian function then we
have

[ (A)2,3) = (o) (F (4) 2,2 (3.248)
1 M
<3@-9) [ (B - (Byoo) )| an
12 M
<5 @0 (I = 1al) " [ (Baa) (1 - B an
<@ o) (Il - 1w.x)P)
X (Mg — A)z,2)"? (A= mlg)z,z)"/?
<tr-my@ ) (Il - 1w.o)?)”
< 10— (M —m) (@~ ).

The proof follows from the second part of Theorem 223 applied for the
%(@ — ¢)-Lipschitzian function f — % - e by performing the required

calculations in the first term of the inequality. The details are omitted.

3.7.8  Applications for Griiss’ Type Inequalities

The following result provides some Griiss’ type inequalities for two function
of two selfadjoint operators.

Proposition 229 (Dragomir, 2010, [35]) Let A, B be two selfadjoint
operators in the Hilbert space H with the spectra Sp (A),Sp(B) C [m, M]
for some real numbers m < M and let {E\}, be the spectral family of
A. Assume that g : [m,M] — R is a continuous function and denote

n = mingepm, v 9 () and N = max;epm,a 9 (t) -
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1. If f : [m,M] — C is a continuous function of bounded variation on
[m, M|, then we have the inequality

(F (A2 g (B)a) = {f (A)w.2) {g (B) w.) (3.219)
M
< s, (Bre.g (B)o) — (Bxas) (5.9 (B)2) V(1)

< max ((E,wx,a:)((lH—E,\)x,a:))l/Q

AE[m,M]
12 M
% (llg (B2l = g (Byw,a)*) "~ \/ (1)
1 ) A2 M 1 M
<5 (la®al =g B)z.2)*) "\ () < 7V =m) /()

for any x € H,||z|| = 1.
2. If f: [m,M] — C is a Lipschitzian function with the constant L > 0
on [m, M], then we have the inequality

[(f (A)z, g (B)x) — (f (A)z, ) (g (B) z, )] (3.250)

M
<L B (B)2) — (Br.a) (v, (B) )| dx
la (B)all* = ltg (Bya.)?) "

L
M
x/ (Bxa,a) (L — By) z,2))Y2 dA

<L (lg(B)xl - llg(B)z.2)) "

X (M1lg — A)x,x>1/2 (A mlH)a:,a:>1/2
(M =m) L (llg (B)«|* = |{g (B) z,)[*)

(N—n)(M—-m)L

1/2

IN

IN

1
2
1
4

for any x € H, ||z|| = 1.
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3. If f : [m, M] — R is a continuous monotonic nondecreasing function
on [m, M], then we have the inequality

[(f (A)z, g (B)z) — (f (A)z,z) (9 (B) z, )] (3.251)
M
S [(Exz, g (B)z) — (Exx, ) (x, g (B) z)| df (A)

M
< [ (B (1~ ) ()
m—0
< (la(B)al (g (B).2) )"
< {(f (M) 1 — f (A)) 2, 2)' " ((f (A) — f (m) 1g) 2, 2) "/
70— £ om) (g (B2l ~ g (B 2,7

IN

IN
I
B
E}
=
s
|
-
:

for any x € H,||z|| = 1.

Proof. We notice that, since n := min;em,ar) g (t) and N := maxye(m a1 9 (1) 5
thenn < (g (B) z,z) < N which implies that (g (B) x — nz, Mz — g (B) z) >
0 for any = € H, ||z|| = 1. On applying Theorem 223 for y = Bz, I' = N
and v = n we deduce the desired result. m

Remark 230 We observe that if the function f takes real values and is a
(¢, ®)-Lipschitzian function on [m, M|, then the inequality (3.250) can be
improved as follows

U ()29 (B)2) — (F (A),) g (B) ) (3.252)
M
<5@=9) [ [Bxag(B)) — (Bro.a) (o, (B) )] i

1/2

IN

X
S\I\D\H Do =
I8
o

(@) (lg (B)all” ~ (g (B) w,2) )

(Exz,z) (1g — Ex) z,2))% dA

1/2

IN
N =

@) (lg (B)2|* = (g (B)z,2))
My — Az, 2)"? (A= mlg)z,z)/?

2 9 1/2
(M =m) (@ =) (g (B)z]]* - (g (B)w,2))

(N =n) (M —m)(® - )

X
=

IA
=

3

IN
0| = x|
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for any x € H, ||z|| = 1.

3.7.4 Applications

By choosing different examples of elementary functions into the above in-
equalities, one can obtain various Griiss’ type inequalities of interest.

For instance, if we choose f, g : (0,00) — (0,00) with f (t) = tP, g (t) = t¢
and p, g > 0, then for any selfadjoint operators A, B with Sp (A),Sp(B) C
[m, M] C (0,00) we get from (3.251) the inequalities

[(APx, Blz) — (APx, ) (Biz, x)]| (3.253)
M
<p (I8l - (B2 2)*) - / (Bxz,z) (1 — Ex),))" /2 X~ tdX

m—0

1/2
< (IB%l® = (B, a)*) " (MP1y = A7) w,2) /2 (AP = mP 1), )2

2 2 1
< 5 7 =) (I1B%a]]* = [(B',)*) " < 7 (M = m) (M7 — moP)

N |

for any x € H with [|z|| = 1, where {E)}, is the spectral family of A.
The same choice of functions considered in the inequality (3.252) produce
the result

(APx, Biz) — (APz, x) (Blx, x)| (3.254)
1 1/2
< 58 (I1B%a]* - (B, 2)[*)
M

X

. (Exa,z) (1g — Ex)z,2))"% dA

9 9 1/2
A, (I1B%|* - (B2, )I*)

3

IN
N =

MP1y — AP) 2, 2) % (AP — mP1y) z, 2) /2

X
AN

IN

(01— m) &, (1B - |(Br.2))

IN
0| = x| =

(M7 —m?) (M —m) A,

where
MP=l_mplifp>1
Ap:i=px (3.255)

M~P_ml-P

for any « € H with ||z| = 1.
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Now, if we choose f (t) = Int,t > 0 and keep the same g then we have
the inequalities

[(In Az, Bix) — (In Az, z) (Blz, x)]| (3.256)
< (IB%l? - (B 2)?)
M
x / (Bxz,z) (1g — Ex) 2, z))> X" 1dA
< (1Bl - (B x)?)

X {(InMlyg —InA)x, )2 (In A —Inmly)z,2)/?

1/2 M
< (I1Bal® - (B, o)) W;
s%(M —m?)In %
and
[(In Az, Blx) — (In Az, z) (Blz, x)] (3.257)
<5 (M) (1l - )

></ (Bxz,z) (1g — Ex) z,z))"% dX

1 q q 2\'/?
<1 ( (1Bl ~ (572, 2)P)
x (M A)x,x>1/2 (A=mlg)az,z)'/?
—_m)? 1/2
< i(MmM) (187 - (B2 2))
Lo q (M —m)?
S Ay y

for any « € H with ||z| = 1.

3.8 Two Operators Griiss’ Type Inequalities

3.8.1 Some Representation Results

We start with the following representation result that will play a key role in
obtaining various bounds for different choices of functions including contin-
uous functions of bounded variation, Lipschitzian functions or monotonic
and continuous functions.
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Theorem 231 (Dragomir, 2010, [36]) Let A, B be two selfadjoint op-
erators in the Hilbert space H with the spectra Sp (A),Sp (B) C [m, M] for
some real numbers m < M and let {E\}, be the spectral family of A and
{FM}H the spectral family of B. If f,g : [m, M] — C are continuous, then
we have the representation

(f(A)z,9(B)z) = (f(A)z,2) (z,9 (B) x) (3.258)

M M
:/ . (/ . (Exz,z) (z, Fyx) — (Exz, Fux)] d (g (U))) d(f(\)

for any x € H with ||z|| = 1.

Proof. Integrating by parts in the Riemann-Stieltjes integral and making
use of the spectral representation theorem we have

M
/ (Exz,y) — (Bxz, o) (z, 9)] df () (3.259)
= [(Exz,y) — (Bxz,2) (z,9)] f (\)h_o

/ d[(Bxz,y) — (Bxz, o) (z, )]
" M

— () [ FO)d(Brrz) - / F N d(Ere,y)
y

m—0

= (z,y) (f(A) z,2) = (f(A) z,

for any x,y € H with ||z| = 1.
Now, if we chose y = g (B) z in (3.259) then we get that

[ (BsegB)a) - (Brna) (ng B ) (3:200)

m—0

= (z,9(B)z) (f (A)z,z) = (f (A) z,9 (B) z)

for any « € H with ||z| = 1.
Utilising the spectral representation theorem for B we also have for each
fixed A € [m, M] that

M M
- <EA337 | e dm> — (Byw,3) <x | e de>
M M
- / 0 (1) d((Brz, Fyu)) — (Exz, o) / g () d((z, Fuz))
m—0 m—0

for any « € H with ||z| = 1.
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Integrating by parts in the Riemann-Stieltjes integral we have

M M
| awiBeRa) = g BBl - [ (e Fa) ()
m M m
= g(M)(Brz,z) - / (Baz, Fy) d (g (1))
m—0
and
M M
[ st Ra) = g ool - [ @ Fa)dw)
m—0 m—0
M
= 900 [ @R dew).
therefore
M M
[ sl Fa)) - Baws) [ gl Fa) (320
m—0 m—0
M
=) (o) - [ (B B d(a ()

0

M
~{Bra, ) <g 0~ [ (e Bawde (u)))
M M

= (Baz,z) / (@) (o ) - / (Exz, Fy) d (g (1))

_ /  [Bx.a) (2, Fur) — (Bra, F)) (g (1)

for any x € H with ||z|| =1 and X\ € [m, M].
Utilising (3.260)-(3.262) we deduce the desired result (3.258). m

Remark 232 In particular, if we take B = A, then we get from (3.258)
the equality

( (A) 2,9 (A)2) — (f (4)2,2) (2,9 (4) 2) (3269
= / » (/ B (Exz,z) (z, E,z) — (Exx, B 2)]d (g (ﬂ))> d(f(\)

for any x € H with ||z|| = 1, which for g = [ produces the representation
result for the variance of the selfadjoint operator f (A),

If (A) al|* = (f (A) z,2)° (3.264)
= / » (/ B (Exz,z) (z, E,z) — (Exx, E )] d(f(u))> d(f(\)

for any x € H with ||z| = 1.



3.8 Two Operators Griiss’ Type Inequalities 191

3.8.2  Bounds for f of Bounded Variation

The first vectorial Griiss’ type inequality when one of the functions is of
bounded variation is as follows:

Theorem 233 (Dragomir, 2010, [36]) Let A, B be two selfadjoint op-
erators in the Hilbert space H with the spectra Sp(A),Sp(B) C [m, M]
for some real numbers m < M and let {E\}, be the spectral family of A
and {F.}, the spectral family of B. Also, assume that f : [m,M] — C is
continuous and of bounded variation on [m, M].

1. If g : [m, M] — C is continuous and of bounded variation on [m, M],
then we have the inequality

[(f (A)z, g (B)z) = (f (A)z, ) (z,9 (B) z)| (3.265)
M

M
< (A,/L)Hel[a;i{,M]z ‘<E)\.’L‘, JT) <x’ FM$> - <E>\JL‘, Fux>| \/ (9) \n{ (f)

< E ly—F 1/2
< Jhax [(Exz,z) (1g — Ex) z, z)]

nE[m, M)

M M 1 M M
x max [(Fue.o) (L = F)ea)]?\ @V () < Vo V)

for any x € H with ||z| = 1.
2. If g : [m, M| — C is Lipschitzian with the constant K > 0 on [m, M],
then we have the inequality

[(f(A)z,g(B)x) = (f(A)z,z) (2,9 (B)z)| (3.266)
M M

< KAen[anﬁ/[] /_0 (Exz,x) (z, Fya) — (Exx, Fo)| dp \,{

<K

\n{ (f) e [( [(Bxw,2) (La — B) z, )]/
M

[(Fuz,2) (1 — F) @, 2)]" du

X

m—0

< %K\/ (Mly — B)z,2)"* (B —mly)z,z)"/?
1 M
< ZK(M_m)\/(f)

m

for any x € H with ||z|| = 1.
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3. If g : [m,M] — R is continuous and monotonic nondecreasing on
[m, M), then we have the inequality

[ (A) 2,9 (B)2) — (f (4) 2,2) (2,9 (B) ) (3.267)
M M
< max [ [ o Fu) = (Bl dg )|/ (0

1/2
< \7,{ (f) )\éﬁg)}(\/f (Exz,z) {(1g — E)) z, )]

/ (o) (L — ), 2)] 2 dg (1)

M
< IV (@O 1 = g (B) 2.0 (g (B) - g (m) 1) ,2) 7
1 ) M
< ;Lo () —g(m)]\/ (£)

for any x € H with ||z|| = 1.

Proof. 1. It is well known that if p : [a,b] — C is a continuous function,
v : [a,b] — C is of bounded variation then the Riemann-Stieltjes integral

f; p(t) dv (t) exists and the following inequality holds

/ab (t) dv (1) <

b

max |p (8)] \/ (v), (3.268)

t€la,b]

where \/ (v) denotes the total variation of v on [a,b].

Now, on utilizing the property (3.268) and the identity (3.258) we have

(f (A) 2, (B) @) — (f (A) z,2) (z,9(B) )] (3.269)
M M
< mox, / [(Exz, ) {(z, Fux) — (Bxz, Fua)]d (g (1)) ¥<f>

for any = € [m, M].
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The same inequality (3.268) produces the bound

max

AE[m,M)] /m—o [(Exz, ) (z, F“$> — (Exw, Fux” d(g(p)) (3.270)

M
< 85 it 1) 2.5 = (v B |V )

M

= max Eyz,z) (v, F,x) — (E\z, F,x f
(A,u)e[m,M]2|< >< H > < H >|\n{( )

for any = € [m, M].
By making use of (3.269) and (3.270) we deduce the first part of (3.265).
Further, we notice that by the Schwarz inequality in H we have for any
u,v,e € H with ||e]| = 1 that

1/2 1/2
) = () (o) < (= ) (ol = [w.2)
(3.271)
Indeed, if we write Schwarz’s inequality for the vectors u — (u,e)e and
v — (v, e) e we have

[(u = (u,e)e;v = (v,e) e)f < flu—(u,e)ell [l = (v, e) ]|

which, by performing the calculations, is equivalent with (3.271).
Now, on utilizing (3.271), we can state that

{Exz,z) (z, Fyx) — (Exz, Fj,x)| (3.272)
1/2 1/2
< (I1Bxall® = 1(Bxz,)) " (I1Buall® ~ (B, )?)

for any A, u € [m, M].
Since Ey and F), are projections and E}, F}, > 0 then

|Exal® = [(Bxz, @) = (Exz, ) — (Baz, )’ (3.273)

= (Exz,z) (lg — Ex) z,z) <

o~ =

and

1Fz)® = [(Fuz,2)” = (Fuz,@) (1n = Fu) z,2) < (3.274)

N

for any A\, € [m, M| and z € H with ||z| = 1.

Now, if we use (3.272)-(3.274) then we get the second part of (3.265).

2. Further, recall that if p : [a,b] — C is a Riemann integrable function
and v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

|f(s)— f@®)| < Ll|s—t| for any ¢,s € [a,b],
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then the Riemann-Stieltjes integral f; p(t)dv (t) exists and the following
inequality holds

b b
/ p()dv(t)| < I / Ip (£)] dt. (3.275)

If we use the inequality (3.275), then we have in the case when g is
Lipschitzian with the constant K > 0 that

(3.276)

max

M
A€E[m,M] /77170 [({Exz,x) (2, Fuz) — (Exz, Fuz)] d (g (1))

M

<K ma BExz,z) (x, Fuz) — (Exz, Fuz)| d

<K max Vm [(Bxz,2) (@, Fya) — {Ex, Fua) u]

for any « € H with ||z|| = 1 and the first part of (3.266) is proved.
Further, by employing (3.272)-(3.274) we also get that

M
max / (Exz,x) (z, Fyx) — (Exx, Fa)| dp (3.277)
xelm,M] Jm_o

< E 1y —E 1/2
—Aél[lﬁ%K 2z, 2) (Lg — Ey) , 7))

M
<[ (R (U = B )] da

for any « € H with ||z| = 1.
If we use the Cauchy-Bunyakovsky-Schwarz integral inequality and the
spectral representation theorem, then we have successively

M
/ -0 (Fuz, @) (Ly — Fp) @) dp (3.278)
M V2 »
< [/777,0 <Fu$,$>d,u‘| [/mo <(1H—Fu)x,x>d#]
M 1/2
= | (Fuz,a) ), - /WF0 pd (Fz, z)

M
x [<(1H ~ Ry [ pd(n - F)e 4

= ((M1ly — B)z,2)"* (B —mly)z,z)"?,

for any « € H with ||z| = 1.
On employing now (3.276)-(3.278) we deduce the second part of (3.266).
The last part of (3.266) follows by the elementary inequality

af < i (a+8)%,a8>0 (3.279)
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for the choice @« = (M1g — B)z,z) and § = (B —mlyg)z,x) and the
details are omitted.

3. Further, from the theory of Riemann-Stieltjes integral it is also well
known that if p : [a,b] — C is of bounded variation and v : [a,b] — R
is continuous and monotonic nondecreasing, then the Riemann-Stieltjes
integrals f(fp (t)dv (t) and f; Ip ()| dv () exist and

b
/pwmm

Now, if we assume that g is monotonic nondecreasing on [m, M], then
by (3.280) we have that

b
< [, (3.280

M
max / (Exz,x) (x, Fyx) — (Exz, Fz)] d (g (1)) (3.281)
AE[m,M] 0
M
< E F,x) — (Ehx, F d
_,Agggh]tz;_oK \2,2) (2, Fyz) — (Exe, Fya) g<u{
for any « € H with ||z| = 1.
Further, by employing (3.272)-(3.274) we also get that
M
max / (Exz, o) (2, Fo) — (Exa, Eu)| dg (1) (3.282)
A€lm,M] S, o
< E 1y —E 1z
= AEIES,}J(M] [< AT, {E> <( H )\) :C,.’E>]
M 1/2
< [ B o) (= B, dg )
m—0

for any « € H with ||z|| = 1. These prove the first part of (3.267).

If we use the Cauchy-Bunyakovsky-Schwarz integral inequality for the
Riemann-Stieltjes integral with monotonic nondecreasing integrators and
the spectral representation theorem, then we have successively

M
[ ) (1 = ) g (3.259)
M 1/2 M 1/2
< Vmo (Fuz,z) dg (1) Vmo (g — F)z,z)dg (u)]
M 1/2
— |Faaa)gWlile~ [ 9B
m—0

o 1/2
X [<(1H—Fu)xvx>g(u)|%_o_/ g(ﬂ)d<(1H_Fu)xvx>]
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for any « € H with ||z| = 1.

Utilising (3.283) we then deduce the last part of (3.267). The details are
omitted. m

Now, in order to provide other results that are similar to the Griiss’ type
inequalities stated in the introduction, we can state the following corollary:

Corollary 234 (Dragomir, 2010, [36]) Let A be a selfadjoint operators
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {E\}, be the spectral family of A. Also, assume
that f : [m, M] — C is continuous and of bounded variation on [m, M].

1. If g : [m, M] — C is continuous and of bounded variation on [m, M],
then we have the inequality

[(f (A)z,g(A)z) = (f(A) z,z) (z,9 (A) )] (3.284)
M

M
< e (B ) (o Ber) — (B, Bl V (9 V ()

M M
< max [(Exz,z){((lg — E))x,x)) \/ (9) \/ (f) <

T AE[m,M]

for any x € H with ||z|| = 1.
2. If g : [m, M] — C is Lipschitzian with the constant K > 0 on [m, M],
then we have the inequality

[(f (A)z,g(A)z) = (f (A) z,2) (2,9 (A) z)] (3.285)

M M
<K max l /m Brz 0} o Bya) = (Byo, Byl | V(1)

IA

M
KN/ (f) e [(Bxe, ) (1 — B) )"
M

<[ (B (L = B .a)] T du

3

IN
N =

K\ (F)((M1g — A)z,2)"* (A —mlg)z,z)"/?

3=z

IN
—

M
K O=m V()

for any x € H with ||z|| = 1.
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3. If g : [m,M] — R is continuous and monotonic nondecreasing on
[m, M), then we have the inequality

[(f (A)z,g(A)z) - (f (A) z,2) (z,9 (A) z)] (3.286)

M M
< s [/m_o (Exz, ) (z, E,x) — (Exx, E,x)| dg (1) \n{(f)

M
<V (), max [(Bxe,a) (1 — ) )]

M
X

T

B 2) (L = B o, )] dg ()

(F) (g (M) 1 — g (A) z,2)"* (g (A) — g (m) 1) &, z) "/

IA
N
s <x

<

A~ =
=y
=
\
<«
&

3<lxz
=

for any x € H with ||z| = 1.

Remark 235 The following inequality for the variance of f (A) under the
assumptions that A is a selfadjoint operators in the Hilbert space H with
the spectrum Sp (A) C [m,M] for some real numbers m < M, {E\}, is
the spectral family of A and f : [m, M| — C is continuous and of bounded
variation on [m, M| can be stated

0 < [If (A)al* = (f (A) z,2)° (3.287)

< ma. EZ’,ZC x7E$_E$7E:)_’;
7(>\7u)€[7r)f,M]2|< 2T, @) (2, Epr) — (Exe, Ejx)|

AE[m,M]

< max [(Exz,z) ((1g — E))x,x)] [\/ (f)] <

for any x € H with ||z|| = 1.

3.8.83 Bounds for f Lipschitzian

The case when the first function is Lipschitzian is as follows:

Theorem 236 (Dragomir, 2010, [36]) Let A, B be two selfadjoint op-
erators in the Hilbert space H with the spectra Sp(A),Sp(B) C [m, M]
for some real numbers m < M and let {Ex}, be the spectral family of A
and {FH}M the spectral family of B. Also, assume that f : [m, M] — C is
Lipschitzian with the constant L > 0 on [m, M].
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1. If g : [m, M] — C is Lipschitzian with the constant K > 0 on [m, M],
then we have the inequality

[(f(A)z,g(B)x) = (f(A)z,z) (z,9 (B)z)| (3.288)

M M
<LK / / (Exa, ) (@, Fpt) — (Exa, For)| dpud
m—0Jm—0

< LK/ ) (L = By )] i

< [ ) (L~ B )] d

m—0

<LK [(Mly — A)z,z) (A—mly)z, z)]"/?

x [(M1g — B)z,2) (B —mlg)z,2)]"/* < =LK (M — m)?
for any x € H with ||z| = 1.

2. If g : [m,M] — R is continuous and monotonic nondecreasing on
[m, M), then we have the inequality

[(f (A)z,g(B)z) — (f (A)z,z) (x,g (B) )] (3.289)
M M
< L/ (Exz,x) (z, Fyz) — (Exx, F,x)| dg (1) dA
m—0Jm—0
M
<L y (Exa,z) (L — Ex) z,2)]"% dA
M
< | (B (n = B aa)) dg ()
< L[((Mly —A)z,z) (A —mly)z,z)">
X [((9 (M) 1y = g (B)) z,2) (9 (B) — g (m) 15) w,2)]"/*
< JL O = m)[g (M) — g (m)]

for any x € H with ||z| = 1.

Proof. 1. We observe that, on utilizing the property (3.275) and the iden-
tity (3.258) we have

(f (A) 2,9 (B) ) — (f (A) z,z) (z,9 (B) )| (3.290)

M
<L
m—0

for any « € H, ||z|| = 1.

M
[ Esw.0) (o, Fy) — (B Fyl] d g ()|

m—0
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By the same property (3.275) we also have

M
(B ) (o, Fy) = (Exa, B d g (1) (3.291)

< K/ [(Exz,x) (x, Fyx) — (Exx, Fo)| du

for any € H,||z|| =1 and X € [m, M].
Therefore, by (3.290) and (3.291) we get

[(f (A)z —{(f (A, ) (x, g (B)z)| (3.292)

< LK/ / [(Exz,x) (z, Fux) — (Exx, Fyx)| dudX

for any « € H, ||z|| = 1, which proves the first inequality in (3.288).
From (3.272)-(3.274) we have

|<E)\1‘, $> <$7 pr> - <E)\£Ca F,ux>| (3293)
< [(Baz, ) (1 — Bx) @, 2)]2 [(Fuz, o) (L — F) w,2)]?

for any € H, ||z|| =1 and A\, u € [m, M].
Integrating on [m, M]” the inequality (3.293) and utilizing the Cauchy-
Bunyakowsky-Schwarz integral inequality for the Riemann integral we have

M M
/ / [(Exz,x) (z, Fux) — (Exx, Fx)| dudX (3.294)

m—0 Jm—0

M
< [ (Bswo) (1 - B)w,a)) i

m—0

M
- / (Fua,) (L = Fy) @, )]/ dps

m—0
1/2
/ 1H7E>\)IE,QT> d);|

<|[ s dA]
X l/n]\i)(Fx x du} [/m (g — F, m,x)du]lm.

Integrating by parts and utilizing the spectral representation theorem we
have

M M
/ (Bxa,a)dh = (Bxz,a) \M_, — / A (Exa, 7)

m—0 m—0

— (Az,x) =((M1g — A)z,x),
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M
/ (1g — E))z,x)yd\ = ((A—mlyg)x,x)

m—0

and the similar equalities for B, providing the second part of (3.288).
The last part follows from (3.279) and we omit the details.
2. Utilising the inequality (3.280) we have

| (Bsw.2) (@ Fua) ~ (Ba, Fua) do (1) (3.205)

m—0

M
< [ I(Bsa.a) o, )~ (Bxs, Byl dy (o)

m—0
which, together with (3.290), produces the inequality

f(A)z,g9(B)x

I ) —
M M
< L/ [(Eax, x) (z, Fux) — (Exx, Fux)| dg (1) dX

m—0 Jm—0

(f(A)z,z) (z,9(B) )] (3.296)

for any x € H, ||z|| = 1.
Now, by utilizing (3.293) and a similar argument to the one outlined
above, we deduce the desired result (3.289) and the details are omitted. m
The case of one operator is incorporated in

Corollary 237 (Dragomir, 2010, [36]) Let A be a selfadjoint operators
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {Ex\}, be the spectral family of A. Also, assume
that f: [m, M] — C is Lipschitzian with the constant L > 0 on [m, M].

1. If g - [m, M] — C is Lipschitzian with the constant K > 0 on [m, M],
then we have the inequality

[(f (4) ) — (f (A)z,z) (2,9 (A) )| (3.297)

z,9(A)x
M M
< LK/ / Bz, z) (z, B x) — (Exz, B, x)| dud)
m—0Jm—0
M

<LK (/ . (Brz,z) (g — Ey) z, z)]"/? d>\>

<LK [(M1y — A)z,z) ((A—mly)z )] < ~LK (M —m)?

1
4

for any x € H with ||z|| = 1.
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2. If g : [m,M] — R is continuous and monotonic nondecreasing on
[m, M), then we have the inequality

fA)z,g(A)z) — (f(A)z,z) (z,9(A)z)| (3.298)
M M
< L/ (Exz,x) (x, Fyx) — (Exx, Fyx)| dg () dA
m—0Jm—0
M 1/2
<L (Exz,z) (1g — Ex)x,z)] " dA
m—0
M 1/2
X Eyz,x) (ln — Ey)z,2)]' " dg (k)
m— 0

< L{(Mlyg—A)z, x><(A—m1H)x,x>]1/2
(g (M) 15 — g (A)) 2, 7) (9 (A) — g (m) 1nr) z,2)]"/*

X

for any x € H with ||z|| = 1.

Remark 238 The following inequality for the variance of f (A) under the
assumptions that A is a selfadjoint operators in the Hilbert space H with
the spectrum Sp (A) C [m, M] for some real numbers m < M, {E\}, is the
spectral family of A and f : [m, M] — C is Lipschitzian with the constant
L >0 on [m,M] can be stated

0<|If (Wal*—(f (A)z,2)” (3.299)

M
<IL? / / (Exz,z) (z, E,x) — (Exx, E,2)| dud)
m—0 Jm—0

—0

M 2
<I? (/ (Exz,z) (1g — Ex) z, z)]"? dA)
<IL? ((Mlyg — A)z,z) {(A—mly)z, )]
1

<7 2(M —m)?

for any x € H with ||z|| = 1.

3.8.4 Bounds for f Monotonic Nondecreasing

Finally, for the case of two monotonic functions we have the following result
as well:

Theorem 239 (Dragomir, 2010, [36]) Let A, B be two selfadjoint op-
erators in the Hilbert space H with the spectra Sp (A),Sp (B) C [m, M] for
some real numbers m < M and let {E\}, be the spectral family of A and
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{FH}M the spectral family of B. If f,g : [m, M] — C are continuous and
monotonic nondecreasing on [m, M|, then

[(f (A)z, g (B)x) = (f (A)z,z) (x, 9 (B) )] (3.300)

<[] ) o Fua) — (B Fua) do 0 df )

O

< / (B, ) (L — Bx) 2 a)]Y df (A)
m—0

X

M
| (i) (1 = B ) dg ()

0
(f (M) 1y — f (A))2,2) ((f (A) = f (m) 1) 2, )]/

for any x € H,||z|| = 1.

The details of the proof are omitted.
In particular we have:

Corollary 240 (Dragomir, 2010, [36]) Let A be a selfadjoint operators
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {Ex\}, be the spectral family of A. If f,g

[m, M] — C are continuous and monotonic nondecreasing on [m, M|, then

(F (A) 2,9 (A)2) — {f (4) 2,3) {2, g (A) )] (3.301)
M
/ ) @ Ba) — (B B da 0 df )

[(Exz,a) (1 — By)a, )]/ 2 df (\)

m—0
X " (E,z,2)(1g — E,)x, x)]l/zdg( )
< [(f M> i — £ (A) z,2) ((f (A) — f (m) 1) @, 2)]"/?
x [{(g (M) 1y — g (A) z,z) (9 (A) — g (m) 1g) z,2)]"/?

g
[f (M) = f(m)] g (M) — g (m)]

for any x € H, ||z|| = 1.
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In particular, the following inequality for the variance of f (A) in the
case of monotonic nondecreasing functions f holds:

0<|If (A)al® = (f (A)z,2)° (3.302)

< [(Exz, x) (z, E,x) — (Exz, E,x)| df (1) df (A)

AN
=
s
&
—
T

|
—
=
&
o
i
—
S
~—

I
~
—~
3
S~—
—
=
8
K
>~

IN

for any x € H,||z|| = 1.

3.8.5 Applications

By choosing different examples of elementary functions into the above in-
equalities, one can obtain various Griiss’ type inequalities of interest.

For instance, if we choose f, g : (0,00) — (0,00) with f (t) =P, g (t) = t¢
and p, ¢ > 0, then for any selfadjoint operators A, B with Sp (A),Sp (B) C
[m, M] C (0,00) we get from (3.300) the inequalities:

|(APx, Blz) — (APx, ) (Blx, x)| (3.303)

M M
< pq/ / (Exz,x) (z, F,x) — (Exz, Fo)| p " NP~ dud\
m—0Jm—0

M
sW/ (Exe,z) (L — By) x,2)]Y2 W~ 1dx
m—0
M

X

[(Fua,2) (L — Fu) e, 2)]? w0 dp

m—0
< [((MP1y — AP) z,2) (AP — mP1y) @, z)] "/
(M1 — BY) z,3) (B — m"1 ) z, )]/

X

(M7 = m?) (M7 = m)

for any « € H with ||z|| = 1, where {E\}, is the spectral family of A and
{Fy.}, is the spectral family of B.



204 3. Inequalities for the Cebysev Functional

When B = A then by the Cebysev’s inequality for functions of same
monotonicity the inequality (3.303) becomes

0 < (APzx, Alz) — (APx,x) (A, x) (3.304)

M M
<o [ B o Bur) ~ (Bas, Byl 0N dpd
m—0Jm—0

< pq/ (B, 2) (L — By) @, 2)] /2 AP~ 1d

m—0
M 1/2 q—l
< [ {Buw,w) (i — B)a,a)? pidp

m—0
< [((MP1y — AP) z,2) (AP — mP1y) z, 2)]"/?
(M1 — BY) z,2) (BT — m91y) z, z)]*/?

X

(M7 =) (M7 = m)

for any « € H with ||z|| =1 and p,q > 0.
Now. define the coefficients

MP=l_mPlifp>1
A, =px (3.305)

MP_m!-

P .
W1f0<p<1

On utilizing the inequality (3.288) for the same power functions consid-
ered above, we can state the inequality

[(APx, Blz) — (APx, ) (Bix, x)| (3.306)
M M
< ApAq/ / [(Exz,x) (@, Fyx) — (Exx, Fyx)| dpd)
m—0Jm—0

M
< ApAq/ ) (L - By) o, 2)] 2 d

M
<[ URaa) (= Bz

< AN (Mg — A)z,2) (A= mlg)z,2)]'/

x [(M1yg — B)z,z) (B —mly)z,2))"/? < iApAq (M —m)?

for any « € H with ||z|| =1 and p,q > 0.
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In particular, for B = A we have
0 < (APx, Alx) — (APzx,x) (A, x) (3.307)

M M
< ApAq/ 0/ . (Exz,x) (z, E,x) — (Exx, B, z)| dpd)

< ALA, </M Bz, 2) (L — By, 2)]? dA)

m—0
< DA (M1 — A) e, 2) (A —mim)a,2)] < 20,0, (M —m)?
for any x € H with ||z|| = 1 and p,q > 0.

Similar results can be stated if p < 0 or ¢ < 0. However the details are
left to the interest reader.
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4
Inequalities of Ostrowski Type

4.1 Introduction

Ostrowski’s type inequalities provide sharp error estimates in approximat-
ing the value of a function by its integral mean. They can be utilized to
obtain a priory error bounds for different quadrature rules in approximating
the Riemann integral by different Riemann sums. They also shows, in gen-
eral, that the mid-point rule provides the best approximation in the class
of all Riemann sums sampled in the interior points of a given partition.

As revealed by a simple search in the data base MathSciNet of the Amer-
ican Mathematical Society with the key words "Ostrowski" and "inequal-
ity" in the title, an exponential evolution of research papers devoted to
this result has been registered in the last decade. There are now at least
280 papers that can be found by performing the above search. Numer-
ous extensions, generalisations in both the integral and discrete case have
been discovered. More general versions for n-time differentiable functions,
the corresponding versions on time scales, for vector valued functions or
multiple integrals have been established as well. Numerous applications in
Numerical Analysis, Probability Theory and other fields have been also
given.

In the present chapter we present some recent results obtained by the
author in extending Ostrowski inequality in various directions for continu-
ous functions of selfadjoint operators in complex Hilbert spaces. As far as
we know, the obtained results are new with no previous similar results ever
obtained in the literature.



214 4. Inequalities of Ostrowski Type

Applications for mid-point inequalities and some elementary functions
of operators such as the power function, the logarithmic and exponential
functions are provided as well.

4.2 Scalar Ostrowski’s Type Inequalities

In the scalar case, comparison between functions and integral means are
incorporated in Ostrowski type inequalities as mentioned below.

The first result in this direction is known in the literature as Ostrowski’s
inequality [44].

Theorem 241 Let f : [a,b] — R be a differentiable function on (a,b) with
the property that |f' (t)] < M for allt € (a,b). Then

b o _ atb 2
‘f(z)—bla/Qf@)dt < i+<b> (b-a)M (1)

for all x € [a,b]. The constant i s the best possible in the sense that it
cannot be replaced by a smaller quantity..

The following Ostrowski type result for absolutely continuous functions
holds (see [34] — [36]).

Theorem 242 Let f : [a,b] — R be absolutely continuous on [a,b]. Then,
for all x € [a,b], we have:

b
|f<x>bfa/ ()t

a
b

[i+ (5+) } (b-a) [l f I Loofabl;

IN

—L {(izs)w + (2:2)“1]; (b—a)b |7, i ' €Lylat],

(p1)7
ste=LlLp>1
a+b
2

S| 1771

1
i+

(4.2)

where ||-||,. (1 € [1,00]) are the usual Lebesgue norms on Ly [a,b], t.e.,

[9llo == ess sup |g(t)]

t€la,b

. |
I, = ( / |g<t>|"’dt> ,re[1,00).

and
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1
I
(p+1)P

respectively are sharp in the sense presented

The constants i, and %

in Theorem 241.

The above inequalities can also be obtained from the Fink result in [39]
on choosing n = 1 and performing some appropriate computations.

If one drops the condition of absolute continuity and assumes that f is

Holder continuous, then one may state the result (see for instance [32] and
the references therein for earlier contributions):

Theorem 243 Let f : [a,b] — R be of r — H—Hélder type, i.e.,
|f(l‘)—f(y)|§H‘.’17—y|T7f0’r' all x,ye[a,b], (43)

where r € (0,1] and H > 0 are fized. Then, for all x € [a,b], we have the
inequality:

b
‘ﬂx)—bfa/ 7 (0t (14)

()" (5=2) oo

s also sharp in the above sense.

H
“r+1

1

The constant ]

Note that if » = 1, i.e., f is Lipschitz continuous, then we get the following
version of Ostrowski’s inequality for Lipschitzian functions (with L instead
of H) (see for instance [24])

1 b
b_a/ F(b)dt

Here the constant i is also best.

Moreover, if one drops the condition of the continuity of the function,
and assumes that it is of bounded variation, then the following result may
be stated (see [23]).

—a

. Lo (2=,
f () <13+ (b—a)L.  (45)

Theorem 244 Assume that f : [a,b] — R is of bounded variation and

b
denote by \/ (f) its total variation. Then

b
bia/ ) dt

for all x € [a,b]. The constant % 18 the best possible.

|
— 12 b—a

_ atb
z 2'

b
‘f (z) - ] V() (4.6)
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If we assume more about f, i.e., f is monotonically increasing, then the
inequality (4.6) may be improved in the following manner [12] (see also the

monograph [33]).

Theorem 245 Let f : [a,b] — R be monotonic nondecreasing. Then for
all z € [a,b], we have the inequality:

b
|f<x>—bfa/ (o)

b
{2x— (a+0)]f(x )+/ sgn(t—:c)f(t)dt}

a

(4.7)

| A

<y e —a)f (@) = f@)]+ (b —2)[f(6) - f(2)]}

< |Z
_[2+

All the inequalities in (4.7) are sharp and the constant % 1s the best possible.

_ a+b

b—a

1[f(b)—f(a)}-

For other scalar Ostrowski’s type inequalities, see [2]-[4] and [25].

4.3 Ostrowski’s type Inequalities for Holder
Continuous Functions

4.3.1 Introduction

Let U be a selfadjoint operator on the Hilbert space (H,(.,.)) with the
spectrum Sp (U) included in the interval [m, M] for some real numbers
m < M and let {Ex},p be its spectral family. Then for any continuous
function f : [m, M] — C, it is well known that we have the following spectral
representation theorem in terms of the Riemann-Stieltjes integral:
M
(F(U)z,z) = fNd(Exz,z)), (4.8)

m—0

for any « € H with ||z|| = 1. The function g, (\) := (E\x,x) is monotonic
nondecreasing on the interval [m, M| and

gz (m—0)=0and g, (M) =1 (4.9)

for any « € H with ||z| = 1.
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Utilising the representation (4.8) and the following Ostrowski’s type in-
equality for the Riemann-Stieltjes integral obtained by the author in [28]:

(4.10)

'f () [ (8) — u ()] - / £ (t) du ()

y\b/uo

a

_a+b
2

SLB(b—a)+‘s

for any s € [a,b], provided that f is of r— L—Holder type on [a, b] (see (4.11)
below), u is of bounded variation on [a,b] and \/ (u) denotes the total
variation of u on [a,b], we obtained the following inequality of Ostrowski

type for selfadjoint operators:

Theorem 246 (Dragomir, 2008, [29]) Let A and B be selfadjoint op-
erators with Sp (A), Sp(B) C [m, M| for some real numbers m < M. If
f i [m,M] — R is of r — L—Hélder type, i.e., for a given r € (0,1] and
L > 0 we have

[f ()= f@)| < Lls—t|" for any s,t € [m, M], (4.11)
then we have the inequality:

m+ M
2

F6) — W)l <L [30r—m)+ s - Rt

for any s € [m, M] and any x € H with ||z| = 1.
Moreover, we have

[(f (B)y,y) = {f (A) z, )] (4.13)
<(If (B) = (f (A) z,z) - 1uly,y)

<L[;(M—m)+<B—mJ;MJH‘yVyHT,

for any x,y € H with ||z|| = |ly|]| = 1.

With the above assumptions for f, A and B we have the following par-
ticular inequalities of interest:

‘f <m;M> —{f(A)z,2)| < %L(M—m)r (4.14)
and
|f ({Az,2)) = (f (A) 2, 2)| < L B (M —m) + ’<Ax,x> -

(4.15)
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for any « € H with ||z| = 1.
We also have the inequalities:
[{f (A y,y) = (f(A)z, )| (4.16)
<{(f(A) = {f(A)z,z) 1uly,y)

1 M "
<o fbirmm (- mE )

for any x,y € H with ||z|| = ||y|| = 1,

I(Lf (B) = f (A)] z, z)| (4.17)
<{f(B) = (f(A)z,z) 1n|z,z) |
and, more particularly,

SL[;(M—m)+< mt+ M
(If (A) = (f(A)z,z) - 1p|z, z) (4.18)

<L[;(M—m)+<’A—m+M x,x>y7

B —

'1H

Ay

for any « € H with ||z| = 1.
We also have the norm inequality

m+ M

FB) - <L 300+ |5 "

y. (4.19)

For various generalizations, extensions and related Ostrowski type in-
equalities for functions of one or several variables see the monograph [31]
and the references therein.

4.8.2  More Inequalities of Ostrowski’s Type
The following result holds:

Theorem 247 (Dragomir, 2010, [30]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If f : [m, M] — R
is of r — L—Holder type with r € (0, 1], then we have the inequality:

|f(s) = (f(A)z,2)| < L{s-1g — Alz, )" (4.20)
<L [(s — (Am,$>)2 + D? (A; 33)} i ,

for any s € [m, M| and any x € H with ||z|| = 1, where D (A;x) is the
variance of the selfadjoint operator A in x and is defined by

D (4:2) = (s — Az, ?)
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where x € H with ||z|| = 1.

Proof. First of all, by the Jensen inequality for convex functions of selfad-
joint operators (see for instance [40, p. 5]) applied for the modulus, we can
state that

[(h(A) 2, 2)| < ([h(A)] @, ) (M)

for any « € H with ||z|| = 1, where h is a continuous function on [m, M].
Utilising the property (M) we then get

[f () = (F(A)z,z)| = [(f(s) - 1u = f(A)z,2)[ < (|f (s) - 1u — f(A)(| ww))
4.21
for any x € H with ||z|| = 1 and any s € [m, M].
Since f is of r — L—Holder type, then for any ¢, s € [m, M] we have

[f ()= f@OI<Lls—1". (4.22)

If we fix s € [m, M] and apply the property (P) for the inequality (4.22)
and the operator A we get

(If () 1m = f(A)|z,2) < L(ls 1p — Al"w,2) < L{|s- 1y — Al z,z)"
(4.23)
for any * € H with ||z|| = 1 and any s € [m, M], where, for the last
inequality we have used the fact that if P is a positive operator and r €
(0,1) then, by the Holder-McCarthy inequality [42],

(P"z,3) < (Pa,z)" (HM)

for any « € H with ||z|| = 1. This proves the fist inequality in (4.20).
Now, observe that for any bounded linear operator T' we have

(7)) = (T°1)" ) < (T°T) 2,2)'* = T
for any « € H with ||z|| = 1 which implies that
(|s - 1g — Alz,z)" < ||sz — Az||" (4.24)
r/2
= (32 —2s(Az, ) + ||Am||2)
2 2 2]"/?

= [(s = (A,2)) + || Aa]]* ~ (A, 2)?]

for any x € H with ||z|| = 1 and any s € [m, M].

Finally, on making use of (4.21), (4.23) and (4.24) we deduce the desired
result (4.20). m
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Remark 248 If we choose in (4.20) s = m'gM7 then we get the sequence
of inequalities

~

(4.25)

(") - v @)

M T
<L<‘m—; lg— A x,x>

M 9 r/2
<r (m; —(A:c,x)) +D? (A)
1 T
<L [4 (M —m)® + D? (A;x)} < 5 L (M —m)’
for any x € H with ||z|| = 1, since, obviously,
M !
MM Arz)) <~ (M —m)?
2 4
and i
D* (A;z) < 7 (M —m)’

for any x € H with ||z| = 1.
We notice that the inequality (4.25) provides a refinement for the result
(4.14) above.

The best inequality we can get from (4.20) is incorporated in the follow-
ing:

Corollary 249 (Dragomir, 2010, [30]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If f : [m, M] — R
is of r — L—Hélder type with r € (0,1], then we have the inequality

f ((Az,2)) = (f (A) z,2)| < L{{Az,2) - 1y — A|z,2)" < LD" (4;z),
(4.26)
for any x € H with ||z| = 1.

The inequality (4.20) may be used to obtain other inequalities for two
selfadjoint operators as follows:

Corollary 250 (Dragomir, 2010, [30]) Let A and B be selfadjoint op-
erators with Sp(A),Sp(B) C [m, M] for some real numbers m < M. If
f:[m,M] — R is of r — L—Hélder type with r € (0,1], then we have the
inequality

(f (B)y,y) = (f(A)z,z)| (4.27)
r/2
< L|({By,y) — {Az,))* + D* (4;2) + D* (B;y)

for any x,y € H with ||z|| = |ly|]| = 1.
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Proof. If we apply the property (P) to the inequality (4.20) and for the
operator B, then we get

(f (B) = (f(A)z,z) - 1uly,y) (4.28)

<L < (B~ (Az,2) - 14)* + D? (4;2) - 1] " ”>

for any x,y € H with ||z|| = ||y|]| = 1.
Utilising the inequality (M) we also have that

|f ((By,y)) = (F (A z, )| <{|f (B) = {f (A) z,2) - 1uly,y)  (4.29)

for any z,y € H with ||z|| = |ly|| = 1.
Now, by the Holder-McCarthy inequality (HM) we also have

<[U3—<Axww-1HV—+Lﬂ(Aw®'1H}N2%y> (4.30)
g<[u3_<Ax¢@-1Hf-+Lﬂ(Aﬂm.1H}%y>”2

= (B — (A2 + D () + 0 (By)

for any x,y € H with ||z|| = ||y|] = 1.
On making use of (4.28)-(4.30) we deduce the desired result (4.27). m

Remark 251 Since
1
D%&mgﬂM—mﬂ (4.31)

then we obtain from (4.27) the following vector inequalities

1 ()99 — {7 (A)a,) (1.32)
< L [((Ay.y) — (Az.2))* + D? (Asw) + D (Ay)]

) 1 ) r/2
< L |(Apa) -~ (Ama)? + O m?|

and

([f (B) = f (4)]z, z)| (4.33)
gLRw—AMJf+D%m@+D%&@ym

r/2
1
ng@-Aﬁwf+ﬂM_mﬂ .
In particular, we have the norm inequality

r/2
5 - fl <L |iB- AP+ g0r-m?| . s
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The following result provides convenient examples for applications:

Corollary 252 (Dragomir, 2010, [30]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If f : [m,M] — R
is absolutely continuous on [m, M|, then we have the inequality:

1£(8) = (F (D .a)] (435)

(s 1i = Alza) |l 3 ' € Low Im. ]
<
: i ' € Ly m, M),

s 1= A1) Uy 52 5452

/

(s — (A2, 2) 4 D2 (A42)] " 1 lyrgoe S € Lo [m. M),

<

2, a4 ] if f' € L, [m, M],
(5= (o)’ + D ()| " 1 Ny 512512,

for any s € [m, M] and any x € H with ||| = 1, where || f'||(,, rry,, are the
Lebesgue norms, i.e.,

€55 SUDy¢m, M| |f/ (t)| if £ =00

! [—
||f ”[m,M],Z . 1/p

(25 o)™ ipe=p>1.

Proof. Follows from Theorem 247 and on tacking into account that if f :

[m, M] — R is absolutely continuous on [m, M|, then for any s,t € [m, M|
we have

[f (s) = [ (®)]

/ts 1 (u) du

|s —t]ess UD€ [1m, M] |f" ()] if f' € Log|m, M]

IN

1
=t (a1 @rar) " it e Ly M) p> 1 i+ =1

Remark 253 It is clear that all the inequalities from Corollaries 249, 250
and Remark 251 may be stated for absolutely continuous functions. How-
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ever, we mention here only one, namely

|f ((Az, z)) = (f (A) z, z)] (4.36)

({Az,z) -1 — Alz,2) | [l a0 4 ' € Loo [m, M]
< o
((Az,z) - 1z — Alz, )| Z’; 16 fﬂ?iﬂ]
DA 2) 1 F gm0 4 ' € Loo [m, M]
o T if ' € Ly [m, M,
(A;2) || f H[m,M],p P> 1)%4_1 = 1.

q

4.8.8 The Case of (¢, ®) — Lipschitzian Functions

The following lemma may be stated.

Lemma 254 Let u : [a,b] — R and ¢, ® € R be such that ® > ¢. The
following statements are equivalent:

(i) The function u—£E2.e wheree (t) =t,t € [a,b], is 2 (® — ) —Lipschitzian;

2

(ii) We have the inequality:

< w <& foreach t,s€ [a,b] witht#s; (4.37)

(iii) We have the inequality:

pt—s)<u(t)—u(s) <P(t—s) foreach t,s€la,b] witht> s.
(4.38)

We can introduce the following class of functions, see also [41]:

Definition 255 The function u : [a,b] — R which satisfies one of the
equivalent conditions (i) — (iii) is said to be (¢, ®) — Lipschitzian on [a,b].

Utilising Lagrange’s mean value theorem, we can state the following result
that provides practical examples of (¢, ®) —Lipschitzian functions.

Proposition 256 Let u : [a,b] — R be continuous on [a,b] and differen-
tiable on (a,b). If

—oo <v:= inf (1), sup v (t) =T < o0 (4.39)
t€(a,b) t€(a,b)

then u is (y,T') — Lipschitzian on [a,b)] .

The following result can be stated:
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Proposition 257 (Dragomir, 2010, [30]) Let A be a selfadjoint opera-
tor with Sp (A) C [m, M] for some real numbers m < M. If f: [m, M] —
R is (v,T') — Lipschitzian on [m, M|, then we have the inequality

17 (A2, 2)) = {f (A)2,2)| < 5 (T =) (42, 2) - 1 — Al ,2)  (4.40)
<3 (T=)D(4;0),

for any x € H with ||z| = 1.

Proof. Follows by Corollary 249 on taking into account that in this case
wehaver=1land L=3 (T —~v). =

We can use the result (4.40) for the particular case of convex functions
to provide an interesting reverse inequality for the Jensen’s type operator
inequality due to Mond and Pecari¢ [43] (see also [40, p. 5]):

Theorem 258 (Mond-Pecari¢, 1993, [43]) Let A be a selfadjoint op-
erator on the Hilbert space H and assume that Sp (A) C [m, M] for some
scalars m, M with m < M. If f is a convex function on [m, M], then

f({Az,z)) < (f (A) 2, z) (MP)
for each x € H with ||z| = 1.

Corollary 259 (Dragomir, 2010, [30]) With the assumptions of Theo-
rem 258 we have the inequality

(0<) (f (A)2.2) ~ f ((Ax,) (441)
< 5 (7 (M) = 71 (m) {I( Az, ) - 15 — Al 2,2)

< 5 (2 () = £ (m) D (Aiz) < 5 (72 (M) = £ (m) (M = m)
for each x € H with ||z| = 1.

Proof. Follows by Proposition 257 on taking into account that

fio(m) (t—s) < f ()= f(s) < fL (M) (t—s)

for each s,t with the property that M >t >s>m. ®
The following result may be stated as well:

Proposition 260 (Dragomir, 2010, [30]) Let A be a selfadjoint opera-
tor with Sp (A) C [m, M] for some real numbers m < M. If f: [m, M] —
R is (v,T') — Lipschitzian on [m, M|, then we have the inequality

|f ((Az, z)) = (f (A) z, z)] (4.42)

S%(F—ﬂ [;(M—m)+'<Am,x>_m;M]

for any x € H with ||z| = 1.
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The following particular case for convex functions holds:

Corollary 261 (Dragomir, 2010, [30]) With the assumptions of Theo-
rem 258 we have the inequality

(0<)(f (A)z,z) — f ((Az,x)) (443
<L 00~ £ o) [S0r - foan g - )

for each x € H with ||z| = 1.

4.8.4 Related Results

In the previous sections we have compared amongst other the following

quantities
PP ) and g (o))

with (f (4) z,z) for a selfadjoint operator A on the Hilbert space H with

Sp(A) C [m,M] for some real numbers m < M, f : [m,M] — R a

function of r — L—Holder type with r € (0, 1] and « € H with ||z| = 1.
Since, obviously,

1 M
mgM / f®)dt < M,
-m

m

then is also natural to compare +~— f,f\;[ f(t)dt with (f (A)z,z) under

the same assumptions for f, A and z.
The following result holds:

Theorem 262 (Dragomir, 2010, [30]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If f : [m,M] — R
is of r — L—Holder type with r € (0, 1], then we have the inequality:

‘Mlm/ff(S)dt%f(A)w,@ (4.44)
= rilL(M*m)r
() o)+ () )

= rilL(M_m)T’

for any x € H with ||z|| = 1.
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In particular, if f : [m, M] — R is Lipschitzian with a constant K, then

' 1 M

o | f @ (e (4.45)

1 1 2. _m+M\®
4+(Z\4—m)2<D (A,a:)—f—((Ax,w) 5 ))]

< K (M —m)

(VAN
N =

K (M —m)
for any x € H with ||z| = 1.

Proof. We use the following Ostrowski’s type result (see for instance [31,

p. 3]) written for the function f that is of »— L—Holder type on the interval
[m, M] :

(4.46)

M
‘Mimllﬂﬁﬁ—ﬂﬂ

<o | (i) )

for any ¢t € [m, M].
If we apply the properties (P) and (M) then we have successively

M
’Mim/ F($)dt~ {f (A) )

m

(4.47)

M
§<M£m/ Fs)dt — f(A) :r:r>

L r

- T+1(M—m)

% MleA T + A7m~1H T
T — T,T T —m T,T
which proves the first inequality in (4.44).
Utilising the Lah-Ribari¢ inequality version for selfadjoint operators A

with Sp (A) C [m, M] for some real numbers m < M and convex functions
g : [m, M] — R, namely (see for instance [40, p. 57]):

M — (Ax,x) n (Az,z) —m

(9(A)z,z) < M—m g(m) M—m

g(M)
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for any x € H with ||z| = 1, then we get for the convex function g (¢) :=

r+1
M-
()
M1 — A\ M — (Az, z)
s Ty < — 2l
M—-—m M—-m
and for the convex function g (t) := (

r+1
<<Am~1H> I7I>§<Am,x>m
M—-m M—-m

for any « € H with ||z| = 1.
Now, on making use of the last two inequalities, we deduce the second
part of (4.44).

Since
;<ZW1H— fxw>+<Cﬁ;ﬁ$Hfmw>
_ i+ s m) <D2 (A;2) + ((Ax,x) _ mJ;M>2>

for any x € H with ||z|| = 1, then on choosing » = 1 in (4.44) we deduce
the desired result (4.45). m

Remark 263 We should notice from the proof of the above theorem, we
also have the following inequalities in the operator order of B (H)

M
|ﬂm—<Mim/’f@ﬁ>4H

L r MlH—A s A—m-lH s
< M — A L A A
_r+1( m) [( M—-m ) i M—-m

1
T r+1

(4.48)

L(M—m)r-lH.

The following particular case is of interest:

Corollary 264 (Dragomir, 2010, [30]) Let A be a selfadjoint operator
with Sp (A) C [m, M] for some real numbers m < M. If f : [m, M] — R
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is (v,T") — Lipschitzian on [m, M|, then we have the inequality

F+v M T+~ m+M
‘(f(A)x,:w M p f Yt + —— ‘ (4.49)
s%(rmefm)
1 1 2 (Ao . _m+M 2
1

< 4 (0 =9) (M =m).

Proof. Follows by (4.45) applied for the %(F — 7y)-Lipshitzian function
f- F% ce. n

4.3.5 Applications for Some Particular Functions

1. We have the following important inequality in Operator Theory that is
well known as the Holder-McCarthy inequality:

Theorem 265 (Holder-McCarthy, 1967, [42]) Let A be a selfadjoint
positive operator on a Hilbert space H. Then

(i) (A"z,z) > (Az,z)" for allT > 1 and x € H with ||z|| = 1;

(ii) (ATz,z) < (Az,2)" for all0 <r <1 and x € H with ||z|| = 1;

(iii) If A is invertible, then (A="z,x) > (Az,z)”" for all v > 0 and
x € H with ||z| = 1.

We can provide the following reverse inequalities:

Proposition 266 Let A be a selfadjoint positive operator on a Hilbert
space H and 0 <1 < 1. Then

(0 <) {Az,x)" — (A"z,x) < ({Az,x) - 1y — A|z,2)" < D" (A;z) (4.50)
for all x € H with ||z|| = 1.
Proof. Follows from Corollary 249 by taking into account that the function
f () =1t"is of r — L—Holder type with L = 1 on any compact interval of
(0,00). m

On making use of Corollary 259 we can state the following result as well:

Proposition 267 Let A be a selfadjoint positive operator on a Hilbert
space H. Assume that Sp (A) C [m, M] C [0, 00).
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(i) We have
0<(A"z,z) — (Az,x)" (4.51)
1
gir(M’ Y—m ) ((Az,2) - 1y — Alz, )
1
< or(MTH=m™) D (Asz) < g (M7 =) (M —m)
forallr > 1 and x € H with ||z| = 1;
(i) We also have
0<(Az,z)" — (A"z,2) (4.52)
1 Ml—r _ ml—r
< 57‘ (7711—7’]\41—7”) ({Az,x) - 1g — Al z, )
1 M1—7 _ m1—7 1 Ml_,,. . ml_,r.
< — < = - _
— 2T< ml-rp1-T )D(A,LL’) - 4T< ml-rpL1-r ) (M m)

forall0 <r <1 and x € H with ||z|| = 1;
(iii) If A is invertible, then

0 (477rr) — (dne) 50
1 Mr+1 _ mr+1
<¥<lwwwwl)“M%@4H—mam

1 Mr+1 _ mr+1 1 Mr+1 _ mr+1
<y<lwﬂm”1)DMm) 4(zw%mw1>w“””

for allr >0 and x € H with ||z| = 1.

2. Consider the convex function f : (0,00) — R, f(z) = —Inz. On
utilizing the inequality (4.41), we can state the following result:

Proposition 268 For any positive definite operator A on the Hilbert space
H with Sp (A) C [m, M] C [0,00) we have the inequality

(0 <)In ((Az,z)) — (In(A) z, z) (4.54)
< % A{an ((Az,2) - 11 — Al 2, 2)

1 M-m_, 1 (M -m)’
S5 T PR s

for any x € H with ||z| = 1.

Finally, the following result for logarithms also holds:
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Proposition 269 Under the assumptions of Proposition 268 we have the
1mequality

(0<){(Aln(A) z,z) — (Az, z) In ((Az, z)) (4.55)

§ln\/%<|<Ax,x>-1H—A|x,x>
m
§ln\/%~D(A;x)gl(M—m)ln\/%
m 2 m

for any x € H with ||z| = 1.

Remark 270 On utilizing the results from the previous sections for other
convex functions of interest such as f(x) =In[(1 —z) /x|, z € (0,1/2) or
f(z)=In(l+expz),z € (—o0,00) we can get other interesting operator
inequalities. However, the details are left to the interested reader.

4.4 Other Ostrowski Inequalities for Continuous
Functions

4.4.1 Inequalities for Absolutely Continuous Functions of
Selfadjoint Operators

We start with the following scalar inequality that is of interest in itself
since it provides a generalization of the Ostrowski inequality when upper
and lower bounds for the derivative are provided:

Lemma 271 (Dragomir, 2010, [27]) Let f : [a,b] — R be an absolutely
continuous function whose derivative is bounded above and below on [a,b],
i.€., there exists the real constants v and ',y < T with the property that v <
1/ (s) <T for almost every s € [a,b]. Then we have the double inequality

1 T'—~ bl' — avy 2 b—a\’
2 b—aKs F—v) M(F—v) (4.56)

for any s € [a,b]. The inequalities are sharp.
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Proof. We start with Montgomery’s identity

a
s b

/ (t—a) ' (W) di+ —— [ (t—b)f () at

b—a J,

Fs)— bi / oL (4.57)
1

:b—a

that holds for any s € [a, b].
Since v < f/(t) < T for almost every t € [a,b], then

bja/:(ta)dtﬁbl /:(ta)f’(t)dtgbfa/as(ta)dt

—a

and

bEa/sb(b—t)del /Sb(b—t)f’(t)dt<bF /Sb(b—t)dt

—a —a
for any s € [a,b].
Now, due to the fact that

s b
/a(t—a)dt:%(s—a)2 and/S (b—t)dt:%(b—s)2

then by (4.57) we deduce the following inequality that is of interest in itself:
1

T 3h—a) [1" (b—s)* — (s — a)ﬂ (4.58)

b
<fs) -5 [ Fwa

gﬁ [F(s—a)z—y(b—s)z]

for any s € [a,b].
Further on, if we denote by

A=vy(s—a)’-T(b—-5)7° and B:=T(s—a)’ —~v(b—s)

then, after some elementary calculations, we derive that

A=) (stm)Z&(ba)Z

and

-7
which, together with (4.58), produces the desired result (4.56).

The sharpness of the inequalities follow from the sharpness of some par-
ticular cases outlined below. The details are omitted. m

B=( ) (s—“r‘b”)Q—F” (b a)?
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Corollary 272 With the assumptions of Lemma 271 we have the inequal-
1ties

T (b—a) (4.59)

w\H

b
10— <5 [ fi-fa<
and

57 (b—a) < f(b)

/f t)dt < I‘(b—a) (4.60)

b—a

a+b
’f< 2 > b—a/f et

respectively. The constant g is best possible in (4.61).

and

_1
sg@T=7(-a (4.61)

The proof is obvious from (4.56) on choosing s = a,s = b and s = 2F2,

2
respectively.

Corollary 273 (Dragomir, 2010, [27]) With the assumptions of Lemma
271 and if, in addition v = —«a and T' = 8 with o, 5 > 0 then

1 b bB + ax 1 b—a
- <5 4.62
b—a/af(t)dt f(ﬁ+a>—2 aﬂ(ﬁ—i—a) ( 6)
and
aﬂ-i—ba 1 b 1 b—a
- t)dt < = - . 4.
f(ﬁ+oz> b—a/af() =3 0‘5(5+a) (4.63)
The proof follows from (4.56) on choosing s = b[;j‘T‘(;a € [a,b] and s =
ag%za € [a, b] , respectively.

Remark 274 If f : [a,b] — R is absolutely continuous and

1l = ess sup |f' ()] < oo,
t€la,b]

then by choosing v = — || f'|| o, and T = ||f'|| . in (4.56) we deduce the clas-
sical Ostrowski’s inequality for absolutely continuous functions. The con-
stant i in Ostrowski’s inequality is best possible.

We are able now to state the following result providing upper and lower
bounds for absolutely convex functions of selfadjoint operators in Hilbert
spaces whose derivatives are bounded below and above:

Theorem 275 (Dragomir, 2010, [27]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M. If f : [m, M] — R is an absolutely continuous function
such that there exists the real constants v and I',y < T with the property



4.4 Other Ostrowski Inequalities for Continuous Functions 233

that v < f'(s) < T for almost every s € [m, M|, then we have the following
double inequality in the operator order of B (H) :

MT — myy 2 M —m\?
<A—F_W ~1H> —Fv(F_7> '1H] (4.64)

1T
2 M—m

- ml' — M~ 2 M—m\?
<L —_ - . .
=2 M m[(A r—y ! ) F”(r—y Lu

The proof follows by the property (P) applied for the inequality (4.56)
in Lemma 271.

Theorem 276 (Dragomir, 2010, [27]) With the assumptions in Theo-
rem 275 we have in the operator order the following inequalities

M
’ﬂ@—(Mim/ ﬂm@-m

m+M 2
i+ () | - m) I i € L b M

(4.65)

IN

p+1 p+1 1
L | ()™ + (M2) }uw—mw|ﬂu

(p+1)7
if frelymM], t+i=1p>1

m+M

A— 1
BERRES== Y

The proof is obvious by the scalar inequalities from Theorem 242 and
the property (P).

The third inequality in (4.65) can be naturally generalized for functions
of bounded variation as follows:

Theorem 277 (Dragomir, 2010, [27]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m,M] for some real
numbers m < M. If f : [m, M] — R is a continuous function of bounded
variation on [m, M], then we have the inequality

M
‘ﬂ@—(Mim/ ﬂm@-m

A mtMq M
MZmHHV”>

(4.66)

11-i-
o tH
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M
where \/ (f) denotes the total variation of f on [m, M]. The constant 3 is

best possible in (4.66).

Proof. Follows from the scalar inequality obtained by the author in [23],

namely
b
‘f(s)—b_la/ £(0)dt] <

for any s € [a,b], where f is a function of bounded variation on [a,b]. The
constant 1 is best possible in (4.67). m

a+b

2
b—a

b
] \ () (4.67)

4.4.2  Inequalities for Convex Functions of Selfadjoint
Operators

The case of convex functions is important for applications.
We need the following lemma.

Lemma 278 (Dragomir, 2010, [27]) Let f : [a,b] — R be a differen-
tiable convex function such that the derivative f' is continuous on (a,b)
and with the lateral derivative finite and f' (b) # f' (a). Then we have the
following double inequality

fL(b) = fi (a)
b—a

_ L
2
bf/ ) a‘fjr( ))2_f/ (b) /(a)( b—a )2
(b) = f4 (a) R J2(b) = 14 (a)
</

(s) 7a/f dt<f()( a;b>

for any s € [a, b].

Proof. Since f is convex, then by the fact that f’ is monotonic nonde-
creasing, we have

];;_(Z)/:(ta)dtgbia/:(ta)f’(t)dtg Z/(s) /:(ta)dt

—a

and

THONE 1
b_a/s bty <

/b(b— t)f ()dt<f/()/ (b—t)dt

a

for any s € [a,b], where f) (a) and f’ (b) are the lateral derivatives in a
and b respectively.
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Utilising the Montgomery identity (4.57) we then have

J;jr_(i)/:(t—a)dt—f/ ® )/S (b—t)dt

b—a
<15 [ rwa

gwa(i/:(t—a)dt—z/(cz/sb(b—t)dt

which is equivalent with the following inequality that is of interest in itself

ﬁ [f’+ (@) (s - a>2 70 (-] (469)

Bt < f'( )( a+b>

<f

for any s € [a, b].

A simple calculation reveals now that the left side of (4.69) coincides
with the same side of the desired inequality (4.68). m

We are able now to sate our result for convex functions of selfadjoint
operators:

Theorem 279 (Dragomir, 2010, [27]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M. If f : [m,M] — R is a differentiable convex function
such that the derivative f’ is continuous on (m, M) and with the lateral

derivative finite and f (M) # fi (m), then we have the double inequality
in the operator order of B (H)

The proof follows from the scalar case in Lemma 278.

Remark 280 We observe that one can drop the assumption of differentia-
bility of the convex function and will still have the first inequality in (4.70).
This follows from the fact that the class of differentiable convex functions
18 dense in the class of all convex functions defined on a given interval.
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A different lower bound for the quantity

ﬂ@—(Mlm/ ﬂm@-m

expressed only in terms of the operator A and not its second power as
above, also holds:

Theorem 281 (Dragomir, 2010, [27]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M. If f : [m, M] — R is a convex function on [m, M], then
we have the following inequality in the operator order of B (H)

M
ﬂ&—(Mim/ ﬂw@-m (@7)
( dng

_ﬂM>M1H A) £ (m) (A= m 1)
M—-—m '

Proof. It suffices to prove for the case of differentiable convex functions
defined on (m, M).
So, by the gradient inequality we have that

F@) = f(s)=(t—s)f ()

for any t,s € (m, M).
Now, if we integrate this inequality over s € [m, M] we get

M
(M —m) f(t)— f(s)ds (4.72)
M
> [ -9 rds
mM
=/ £ (s)ds — (M — ) f (M) — (t —m) f (m)

for each s € [m, M].
Finally, if we apply to the inequality (4.72) the property (P), we deduce
the desired result (4.71). m
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Corollary 282 (Dragomir, 2010, [27]) With the assumptions of Theo-
rem 281 we have the following double inequality in the operator order

f(m);f(M)_lH (4.73)
>;[f(AHf(M)(M-lH—]@)ji(m)(A—m-lH)

M
> (Ml_m/ f(t)dt) .

Proof. The second inequality is equivalent with (4.71).
For the first inequality, we observe, by the convexity of f we have that

FONE=M H IV OL=D) ;4

for any ¢t € [m, M], which produces the operator inequality

fM)(A=m-1g)+ f(m)(M-1g — A)
M—-—m

> f(4). (4.74)

Now, if in both sides of (4.74) we add the same quantity

FM)(M -1z —A)+ f(m)(A—m-1g)
M—-—m

and perform the calculations, then we obtain the first part of (4.73) and
the proof is complete. m

4.4.8 Some Vector Inequalities
The following result holds:

Theorem 283 (Dragomir, 2010, [27]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {E\}, be its spectral family. If f : [m, M] — R is
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an absolutely continuous function on [m, M|, then we have the inequalities

£ (s) (z, ) = (f (A) 2, 9)| (4.75)
M
<V (Eoz.y))
m—0
[5 (M —m) +|s — 2EX|] || ']l if f' € Loo [m, M]
X o
B0r—m oy, 7€l M
< =l Iyl
[5 (M —m) +|s = 2EX|] || ']l if /' € Loo [m, M]
X o
(3 = m) +|s - mgae Ve, T Lﬁm: e
for any z,y € H and s € [m, M].
Proof. Since f is absolutely continuous, then we have
[f(s) = f ()] (4.76)
t t
—|[ rwal<| [ 1f @ldu
[t = s {1/l if f' € Loo [m, M]

IN

it — [N, i F € Lylm, M), p> 1,4 =1,

for any s,t € [m, M].
It is well known that if p : [a,b] — C is a continuous functions and
v : [a,b] — C is of bounded variation, then the Riemann-Stieltjes integral

bp t) dv (t) exists and the following inequality holds
a g

b

< max |p (0] \/ (v),

 t€[a,b]

b
/ p(t) dv (1)

b
where \/ (v) denotes the total variation of v on [a,b].
a
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Now, by the above property of the Riemann-Stieltjes integral we have
from the representation (4.82) that

£ (s) (z, ) = (f (A) 2, 9)] (4.77)
M
= . [f (s) = f ()] d ((Erz,y))
M
< dnax, |f(s) = f ()] m\lo (Eoz,y))
M
<V (Eyz.y)
m—0
maxyeim, m) [t — 8 L] if f' € Log[m, M]
X .
if f"e€L,[m,M],p>1,
masecim £~ 517717, A
p ' a
=F
M
where \/ (<E(_)x,y>) denotes the total variation of <E(.)x,y> and z,y €
m—0

H.
Since, obviously, we have max; e[y, ar) [t — 5| = % (M —m)+ |s — W ,
then

F= \A; ((Eyz,y)) (4.78)

m—0
[5 (M —m)+ |s — 2EX ] [ f']] if ' € Loo [m, M]
% 1/ if f'eL,[m,M],p>1
[ (M = m) + [s — =52 ) 1 S R

for any z,y € H.

The last part follows by the Total Variation Schwarz’s inequality and the
details are omitted. m
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Corollary 284 (Dragomir, 2010, [27]) With the assumptions of Theo-
rem 283 we have the following inequalities

A
|f << ”;’|§>> e, 9) — (f (A),9) (4.79)
< llz] Iy
(3 =)+ |28 —msM g if £ € Lo [, M]
X
1/q if f e [
(30 —m)+ a2 gy, S I A
and
(") @ =t () (1.80)
< llz]l lly]
LM —m) | £l if ' € Lo [m, M]
X . /
211/q (M — m)l/q Hf/Hp if '€ lLi[T’: l,p>1,
p q ’

for any x,y € H.

Remark 285 In particular, we obtain from (4.63) the following inequali-
ties
|f ((Az, z)) — (f (A) z, )] (4.81)
[3 (M —m)+ [(Az,z) = "FM[] | f' o if f' € Lo [m, M]
<

Y-, SR
and
(M) - v (182
(M —m) || £l if f € Loo [m, M]

IN

1 fo’EL[m, ]7p>1a
L (M = m) | £, R

21/q 1 1
p + q

for any x € H with ||z|| = 1.

Theorem 286 (Dragomir, 2010, [27]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
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numbers m < M and let {E\}, be its spectral family. If f: [m, M] — R is
r — H-Hélder continuous on [m, M|, then we have the inequality

|f (s )< y) = (f (A z,y)l (4.83)

}T

<H\/ (E(yz,y) B(M—m)—%—‘s—

<H||x|||y||[ (01 = m) + |5 -

}T

for any xz,y € H and s € [m, M].
In particular, we have the inequalities

‘f (fjn?) (e,9) - (F (A) )

1
< H |lz[[ Iyl [2 (M —m) +

(4.84)

and

‘f (m;M> (z,y) = (f (A)x,y>‘ < %H\lel lyll (M —m)"  (4.85)
for any x,y € H.

Proof. Utilising the inequality (4.77) and the fact that f is r — H-Holder
continuous we have successively

1f () (2, ) — (f (A) 2, y)] (4.86)
_ / @)= SO (Biy))
M
< max 1f (s) = f ()] nyo (Enz,y))
M

< gl =t Y, (o)

1 m+ M"Y
:H[Q (M—m)—l—‘s— 5 ] V (Bozy))

m—0

for any z,y € H and s € [m, M].
The argument follows now as in the proof of Theorem 283 and the details
are omitted. m
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4.4.4  Logarithmic Inequalities

Consider the identric mean

I=1(ab):= L a,b > 0;

and observe that

b
bfa/a Intdt =1n [l (a,b)].

If we apply Theorem 279 for the convex function f (¢t) = —Int,t > 0,
then we can state:

Proposition 287 Let A be a positive selfadjoint operator in the Hilbert
space H with the spectrum Sp (A) C [m, M| for some positive numbers 0 <
m < M. Then we have the double inequality in the operator order of B (H)

1
2mM

m+ M

(A> —=mM) <Inl(m,M)-1y—InA < AT g, (4.87)

If we denote by G (a,b) := v ab the geometric mean of the positive num-
bers a, b, then we can state the following result as well:

Proposition 288 With the assumptions of Proposition 287, we have the
inequalities in the operator order of B (H)

InG(m,M) -1y (4.88)
InM-(M-1g—A)+Inm-(A—m-1g)
M—-—m

1
<InI(m,M)-1y.

The inequality follows by Corollary 282 applied for the convex function
f(@)=—Int,t>0.
Finally, the following vector inequality may be stated

Proposition 289 With the assumptions of Proposition 287, for any x,y €
H we have the inequalities

[{z,y)Ins — (In Az, y)| (4.89)
[ (M —m) + s — =52 ] 5,

<zl yl

1/q p—1_,p—1
3 (M —m) + s — 22| St

for any s € [m, M|, wherep>1,%+%:1.
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4.5 More Ostrowski’s Type Inequalities

4.5.1 Some Vector Inequalities for Functions of Bounded
Variation

The following result holds:

Theorem 290 (Dragomir, 2010, [16]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {E\}, be its spectral family. If f : [m, M] — R
is a continuous function of bounded variation on [m, M], then we have the
inequality

| (s) (z,y) = (f (A) z,9)| (4.90)

< (B, )" (B, )"\ (f)

(g — B, 2) " ((1g — By, ) *\/ (f)

S

1 M 1 s M M
< [lz| ]l <2\/(f) +5 VWO -V ) (S 2 Il \/(f))

for any x,y € H and for any s € [m, M].

Proof. We use the following identity for the Riemann-Stieltjes integral
established by the author in 2000 in [10] (see also [31, p. 452]):

b
w® - u@ - [ 1Ol (4.91)
s b
:/ [u(t)w(a)}df(tﬂ/ o () — w ()] df (),

for any s € [a,b], provided the Riemann-Stieltjes integral f; f (@) du(t)
exists.

A simple proof can be done by utilizing the integration by parts formula
and starting from the right hand side of (4.91).

If we choose in (4.91) a = m,b = M and u (t) = (E,x,y), then we have
the following identity of interest in itself

S

£5) ) = (F () = [

m—0

(B, ) df (1) + / (Be — 1) z) df (2)

(4.92)

for any x,y € H and for any s € [m, M].
It is well known that if p : [a,b] — C is a continuous function and
v : [a,b] — C is of bounded variation, then the Riemann-Stieltjes integral
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ff p(t) dv (t) exists and the following inequality holds

b
/ p () dv (t)

b

< max [p(t )\\/(U)

te(a,b]

where \/ (v) denotes the total variation of v on [a, b] .

Utilising this property we have from (4.92) that

£ (e.9) — (7 (A)2,0) (1.99
s M
<|[ wenao|t][ -
M
< max IEtny\/ )+ max [(B = 1)zl \/ () =T

S

for any x,y € H and for any s € [m, M].
If P is a nonnegative operator on H, i.e., (Px,z) > 0 for any = € H,

then the following inequality is a generalization of the Schwarz inequality
in H

|(Pa,y)[* < (Pz,x) (Py,y) (4.94)

for any z,y € H.
On applying the inequality (4.94) we have

(B, y)| < (B, z)? (B, )"/

and

(1 — Bz, y)| < (L — B w, )/ (1 — By, )

for any z,y € H and t € [m, M].
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Therefore

T < E (B, y)*? 4.95
< mox (B )* (B V () (4.95)

M
_ 1/2 1/2
+ o, (0 = B ) (s = B ) ]V 0)

< ma E:c,:c/ max (Fuy,y) 1/2
< oy o) e (B \/

M

Ly — )z, 2)'/? 1 — By,
+ e (= B ) o (= By V()

= (Box,2)"* (Eay,9)"*\/ (f)

M
+ (L = B 2,2)* (ln = B yy) "\ (F)
=V
for any z,y € H and for any s € [m, M], proving the first inequality in

(4.90).
Now, observe that

s M
VSmaX{\/(f),\/(f)}

X [(Esx,x>1/2 <Esy,y>1/2 +((lg — E) $79€>1/2 ((1g — Ey) y7y>1/2:| .
Since
s M 1 M 1
maX{\/(f) ,\/<f>} =; VW +

and by the Cauchy-Buniakovski-Schwarz inequality for positive real num-
bers a1, by, as, by

oo

m S

arby + ashy < (a2 +a3)""* (02 +03)"° (4.96)
we have
(Boa,z)"” (Egy, )" + (1 — Ey) w,2)"* (1 — Bs) y, )"/
< [(Bsz,2) + (g — By) 2, 2)]"? [(Bay,v) + (1 — By, )]/
= ||l lyll

for any 2,y € H and s € [m, M], then the last part of (4.90) is proven as
well. m
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Remark 291 For the continuous function with bounded variation f : [m, M| —

R if p € [m, M] is a point with the property that

V=V

then from (4.90) we get the interesting inequality

1f (p) (2, y) = (f(A) 2, y)| < 5 Hxll IIyII\/ (4.97)

for any x,y € H.

If the continuous function f : [m,M] — R is monotonic nondecreas-
ing and therefore of bounded variation, we get from (4.90) the following
inequality as well

1f () (2 y) — (f (A) 2, 9)] (4.98)
< (B >1/2 (Esy, )" ? (f (5) — f (m))
(L — By a,2) (L — Ey) y, )2 (f (M) — £ (5))

< el Iyl (5 1) = £ () + |1 6) = LELED
(< Il ol £ Q1) — £ (m)

for any xz,y € H and s € [m, M].
Moreover, if the continuous function f : [m, M] — R is nondecreasing
on [m, M], then the equation

has got at least a solution in [m,M]. In his case we get from (4.98) the
following trapezoidal type inequality

T TOD (0 ) — (5 ()| < 5 el il (F 1) — £ (m)) (499

for any x,y € H.

4.5.2  Some Vector Inequalities for Lipshitzian Functions

The following result that incorporates the case of Lipschitzian functions
also holds

Theorem 292 (Dragomir, 2010, [16]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
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numbers m < M and let {E\}, be its spectral family. If f: [m, M] — R is
Lipschitzian with the constant L > 0 on [m, M|, i.e.,

If(s)—f@)| < L|s—t| for any s,t € [m, M],
then we have the inequality

z,y) —(f (A)z, (4.100)

[/m (Brx,x) d )1/2</moEtyydt> "
(/ (1y — Etxm>dt> </SM((1H—Et)y,y)dt>

L{JA - sly] x,:c)l/2 (|A — slg]| y7y>1/2

<L [Dz (42) + (sl - (Ax,a:))z} v

| /\

1/2

xPwa+(ﬂw2<Mw01w

for any z,y € H and s € [m, M|, where D (A;z) is the variance of the
selfadjoint operator A in x and is defined by

D(A;z) = (||A£L“||2 l)* <A$’x>2)1/2'

Proof. It is well known that if p : [a,b] — C is a Riemann integrable
function and v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

[f () = f(O)] < Lls —t| for any ¢, s € [a, 8],

then the Riemann-Stieltjes integral f p () dv (t) exists and the following

inequality holds
b b
[rwaw| <t [ pea

Now, on applying this property of the Riemann-Stieltjes integral, we have
from the representation (4.92) that

| (s) (z,y) = (f (A) 2, 9)]

s M
= /m_o (Exz,y) df (t>‘+ / (B: — 1u) z,y) df (1)
s M
<L /_0\<Etm,y>|dt+/ (By — 1) z,y)| dt| == LW
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for any x,y € H and s € [m, M].

By utilizing the generalized Schwarz inequality for nonnegative operators
(4.94) and the Cauchy-Buniakovski-Schwarz inequality for the Riemann
integral we have

WS/ (Byx,2)'? (Byy,y) '/ dt (4.101)

m—0

M
/ (L — B a,2) " (1 — o) yoy) /2 dt

([ ) ([ )
+ (/M (g — Ey) z, $>dt>1/2 (/SM (1g —Et)y,y>dt>

=7

1/2

for any z,y € H and s € [m, M].
On the other hand, by making use of the elementary inequality (4.96)
we also have

s M 1/2
7 < (/ (Biwa) dt+/ (g - B) z,7) dt) (4.102)

s M 1/2
m—0 s

for any xz,y € H and s € [m, M].

Now, observe that, by the use of the representation (4.92) for the con-
tinuous function f : [m, M] — R, f (¢t) = |t — s| where s is fixed in [m, M]
we have the following identity that is of interest in itself

X

S

<Mesamaw=/'<aawm+[ (lg — Ey)z.y)dt (4.103)

1—0

for any z,y € H.

On utilizing (4.103) for 2 and then for y we deduce the second part of
(4.100).

Finally, by the well known inequality for the modulus of a bounded linear
operator

(T @,z) <|[Tz| ||z, = < H
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we have

(|A—s-1g|z,2)"? < | Az — sz||"/? |||

1/4
= (I4all” = 25 (4w, @) + 5 |laf*) * Jlal)*?

1/4

= (el ol = ()" + (sl = (0,2

o7 1/4
= [0% (i) + (s ol - (o)
and a similar relation for y. The proof is thus complete. m

Remark 293 Since A is a selfadjoint operator in the Hilbert space H with
the spectrum Sp (A) C [m, M], then

m+ M
2

M—-—m
2

‘A - : IH‘ < 1y
giving from (4.100) that

s <m+M) (w20} = (7 (A)2.0)| (1104)

m+M 1/2 m+M 1/2
(Byx, ) dt) (/ (Evy,y) dt)
N 1/2
(/ lH—EtZ‘ZE ) </ 1H_Et)yy>dt>
m+ M

1/2
<l ) (e )

L (M —m) 2] ]

for any x,y € H.

I /\

| /\

o \

The particular case of equal vectors is of interest:

Corollary 294 (Dragomir, 2010, [16]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real

numbers m < M. If f : [m, M] — R is Lipschitzian with the constant L > 0
on [m, M|, then we have the inequality

F &) el = (f (A)2,2)| < LA =5+ Lu| 2, ) (4.105)

<L {Dz (A;x) + (s =) — (Ax,x))1 v

for any x € H and s € [m, M].
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Remark 295 An important particular case that can be obtained from (4.105)

<f;\i§>v$ # 0, giving the inequality

|f<M%xvﬂFU@®%m>§L<

2
el
1
< LD (Asx) < 5 L(M —m)||a||”

is the one when s =

(Az,)

2
]

A—

Ay

x, :c> (4.106)

for any x € H,x # 0.
We are able now to provide the following corollary:

Corollary 296 (Dragomir, 2010, [16]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {E\}, be its spectral family. If f: [m, M] — R is
a (¢, ®) —Lipschitzian functions on [m, M| with ® > ¢, then we have the
1mequality

G W) = 52 () + T s ) = P )| (100

(®— ) [(/7:_0 (Ex, ) dt>1/2 (/ms_o (Evy,y) dt>1/2

IA

(@ — @) (|A — sly|z,a)? (|A — sly|y,y)"

1/4

IN

(@) [0 (i) + (sl - (A0.2)) |

D? (4; )+(slly2—<Ay,y>)2]l/4

X
—
b

<

for any x,y € H.

Remark 297 Various particular cases can be stated by utilizing the in-
equality (4.107), however the details are left to the interested reader.

4.6 Some Vector Inequalities for Monotonic
Functions

The case of monotonic functions is of interest as well. The corresponding
result is incorporated in the following
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Theorem 298 (Dragomir, 2010, [16]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {E\}, be its spectral family. If f : [m, M] — R is
a continuous monotonic nondecreasing function on [m, M|, then we have
the inequality

[ (s) (2,y) = (f (A) 2, 9)]| (4.108)

< ( [ weaa <t>) v ( [ Ewaa (t)) -
1/2 M 1/2
( (lg — Ep)x,x) df (t )) (/S (g — Ey)y,y)df (ﬂ)

_|_

< (f(A) = £(s) 1l a,2) (£ (A) = £ (s) 1|y, )"/
971/4

< [ )+ () el = ¢ (A)a)|

1/4

<D @+ (T = @) |

for any x,y € H and s € [m,M], where, as above D (f (A);x) is the
variance of the selfadjoint operator f (A) in .

Proof. From the theory of Riemann-Stieltjes integral is well known that
if p : [a,b] — C is of bounded variation and v : [a,b] — R is contin-
uous and monotonlc nondecreasing, then the Riemann-Stieltjes integrals
ffp(t) ) and f Ip (t)| dv (t) exist and

b b
/p<t>dv ) s/ ip (1) do (1)

On utilizing this property and the representation (4.92) we have succes-
sively

1) (@9) = U (). (4.109)
<|

(
/37 (Byx,y) df (t)' + /SM (B —Lu) @ y) df (t)

IN

M
/ (Ev, )l df (1) + / (B — 1) 2] df (8)
m—0 s

IA

/OEW 2 (B, )2 df (1)

M
+ [ (g - B)aa) (g — By df (1)

<
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for any x,y € H and s € [m, M].

We use now the following version of the Cauchy-Buniakovski-Schwarz
inequality for the Riemann-Stieltjes integral with monotonic nondecreasing
integrators

b 2 b b
( / p(t)q(t)dvm) < / P (1) do (1) / ¢ () dv (1)

to get that

[ meatwaptaws ([ mense) ([ Eeoso)

and

M
/ (g — By, 2y (1 — Eo) y,9) /2 df (2)

M 1/2 M 1/2
s(/ <<1H—Et>m,x>df<t>) (/ <<1H—Et>y,y>df<t>>

for any x,y € H and s € [m, M].
Therefore

r<([ Emnaw) v ([ tEwwan) 1/2
v 1/2 "
+ (/S (g — Ey) x, ) df (t)> (/S (lm — E)y,y) df (t)>

s M 1/2
< ( | Bagdr@ s [ (n - Byaadr (t))

0

B M 1/2
< ( / (Bvy,y) df (1) + / <<1H—Et>y,y>df<t>>

m—0

1/2

for any z,y € H and s € [m, M|, where, to get the last inequality we have
used the elementary inequality (4.96).

Now, since f is monotonic nondecreasing, on applying the representation
(4.92) for the function |f (-) — f (s)| with s fixed in [m, M] we deduce the
following identity that is of interest in itself as well:

s M
()= F @) = [ EBayar®+ [ (- Bz a @

(4.110)
for any z,y € H.
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The second part of (4.108) follows then by writing (4.110) for = then by
y and utilizing the relevant inequalities from above.

The last part is similar to the corresponding one from the proof of The-
orem 292 and the details are omitted. m

The following corollary is of interest:

Corollary 299 (Dragomir, 2010, [16]) With the assumption of Theo-
rem 298 we have the inequalities

’f(m)+f(M)
2

IN

1H1‘

(w.g) — U (A)x,y>1 (4.111)
‘ £ (m)+ £ (M)

< 2 7$>1/2
<' f(m)+ f (M) 1H‘y,y>“2
1
5

X

2

IA

f M) = f(m) =] [yl

for any x,y € H.

Proof. Since f is monotonic nondecreasing, then f(u) € [f (m), f (M)]
for any u € [m, M]. By the continuity of f it follows that there exists at
list one s € [m, M] such that

Now, on utilizing the inequality (4.108) for this s we deduce the first in-
equality in (4.111). The second part follows as above and the details are
omitted. m

4.6.1 Power Inequalities

We consider the power function f (t) := t? where p € R\ {0} and ¢ > 0.
The following mid-point inequalities hold:

Proposition 300 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M] for some real numbers with0 < m < M.
If p > 0, then for any x,y € H

’<m+M

) (2,y) — <A”w7y>‘ (4.112)

2
m+M 1/2 erM 1/2
<\ wr) (et o)

y

Ly
< 5By (M —m) |z ]Iyl
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where
Mpr—1 ifp>1
B, =px
mP~t if0<p<1l,m>0.
and
m+ M\ Y
5 (z,y) — (A7Pz,y) (4.113)
M 1/2 M 1/2
<\ ) (Ja- P )
1
< 2Cp (M —m) o] 1]
where

Cp =pm P~ and m > 0.

The proof follows from (4.104).
We can also state the following trapezoidal type inequalities:

Proposition 301 With the assumption of Proposition 300 and if p > 0
we have the inequalities

‘merMp (z,y) — (Apx7y>‘ (4.114)
< ([ ) M )
<3O =) ol g
and, for m > 0,
% (2,1 — <Ap$’y>' (4.115)
< <’A‘p — % 1y x,x>1/2 <‘A‘p - % ‘ 1H‘ y,y>1/2

< LM
L(MP—mry
) MPmp i

for any x,y € H.
The proof follows from Corollary 299.

4.6.2  Logarithmic Inequalities

Consider the function f(¢t) = Int,t > 0. Denote by A(a,b) := “E the

arithmetic mean of a,b > 0 and G (a,b) := Vab the geometric mean of
these numbers. We have the following result:
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Proposition 302 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M] for some real numbers with0 < m < M.
For any x,y € H we have

1/2 1/2
m

1 (/M
<-(=-1
<3 (5 -1) lellIs)

and

InG (m, M) - (x,y) — (In Az, y)| (4.117)
|1nA InG(m,M) - 1g|z, x>1/2(|lnA InG(m,M)-1g|y, y>1/2

< ln\/ Az [yl -

The proof follows by (4.104) and (4.111).

4.7 Ostrowski’s Type Vector Inequalities

4.7.1 Some Vector Inequalities
The following result holds:

Theorem 303 (Dragomir, 2010, [26]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {E\}, be its spectral family. If f : [m,M] — C
is a continuous function of bounded variation on [m, M], then we have the
inequality

s)ds — (f (A)z,y) (4.118)

m

1 1 1
= M—m\"{(f) telmM] {(M — ) (By,a)' " (Eyy,y)'/*
(=) (L = B w,2) (1 = By, )]

< el gl \/ (f)

for any x,y € H.
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Proof. Assume that f : [m, M] — C is a continuous function on [m, M].
Then under the assumptions of the theorem for A and {Ey}, , we have the
following representation

s)ds — (f (A) z,y) (4.119)

B 1
T M-m

((M —t) B+ (t —m) (B — 1u)] @, y) df (t)

m—0
for any z,y € H.

Indeed, integrating by parts in the Riemann-Stieltjes integral and using
the spectral representation theorem we have

1 M
7 (M —=1t) Ey + (t —m) (Er = 1u)] 2, y) df (t)
mM Jm—o
M t—m
= /’m—O <<Et$,y> M —m <x,y>> df ()
t—m M
- (B - g o) 10|

/mMOf (Em ) - AZ_’Z;@,w)

M M
F (0 d{Bvz,y) + (z,y) — /f(t)dt

m—0 M—m

:<z,y>M—_m/ (0 db = (f (A),)

for any x,y € H and the equality (4.119) is proved.
It is well known that if p : [a,b] — C is a continuous function and
v [a b] — (C is of bounded variation, then the Riemann-Stieltjes integral

f p(t ) exists and the following inequality holds

/ab () dv (1) <

where \/ (v) denotes the total variation of v on [a,d].

b

max [p (1)] \/ (v)

t€(a,b]

a
Utilising this property we have from (4.119) that

s)ds — (f (A) z,y)

1 M

T e, (M =) By + (= m) (Br = L)@, 9)| /()

(4.120)

<

m
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for any z,y € H.
Now observe that

(M =) B+ (t —m) (B — 1u)] 2, y)| (4.121)
= (M = t) (Eyz,y) + (t = m) (B — 1u) =, y)]
< (M =t) (B, y)| + (& —m) [(Ee — 11) z,y)]

for any x,y € H and t € [m, M].
If P is a nonnegative operator on H, i.e., (Pz,x) > 0 for any = € H,

then the following inequality is a generalization of the Schwarz inequality
in H

[(Pz,y)|> < (Pz,z) (Py,y) (4.122)

for any z,y € H.
On applying the inequality (4.122) we have

(M = t) [(Ew, )| + (t —m) [((Be — 1) z,y)] (4.123)
< (M —t) (Bez,z) " (Bey, )"/

+(t—m) (g — E)w,2)"* (1g — E)y,y)"°

<max{M —t,t —m}

% |(Bew ) (B, ) + {(ln = B w0 (1 — B o)
<max{M —t,t —m}

x [(Byw, @) + (L = Es) 2, 2)]" (Eoy, y) + (1w — Bo) y,9)]/?
= max {M —t,t —m}|lz| |y,

where for the last inequality we used the elementary fact

arby + azby < (a2 +a2)"? (b2 +62)"? (4.124)

that holds for aq, by, as, by positive real numbers.

Utilising the inequalities (4.120), (4.121) and (4.123) we deduce the de-
sired result (4.118). m

The case of Lipschitzian functions is embodied in the following result:

Theorem 304 (Dragomir, 2010, [26]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M and let {E\}, be its spectral family. If f : [m, M] — C is
a Lipschitzian function with the constant L > 0 on [m, M|, then we have
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the inequality

1
M —

M
(1) / £ (s)ds — (f (A)z,5) (4.125)

m m
< L /M [(M _t) <Et9€ x>1/2 (Ery y>1/2
_— M _ m m 9 b

=) (L = B a,a) 2 (1 — B ) de

3
< LM =m)lz]l Iyl

for any x,y € H.

Proof. It is well known that if p : [a,b] — C is a Riemann integrable
function and v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

|f(s)—f ()| < Ll|s—t| for any ¢,s € [a,b],

then the Riemann-Stieltjes integral ff p(t)dv (t) exists and the following
inequality holds

/p(t)dv(t) SL/ p (t)| dt.

Now, on applying this property of the Riemann-Stieltjes integral, we have
from the representation (4.119) that

M
@) g | TG ds = (f(A)ay) (1126)
M
< g [ O =0 Bt = m) (B = L) .
Since, from the proof of Theorem 303, we have
[([(M =) By + (t —m) (B¢ — 1u)] z,y)] (4.127)

< (M —t) (B, a)'* (B, y)'/°
+(t—m) (g — B) w,2)* (1 — Ey) y,y)'"/?
< max {M —t,t —m} |lz|| |y

1 m+ M
=[50 =+ = = o

for any z,y € H and t € [m, M], then integrating (4.127) and taking into

account that u
M 1
/ ‘t—m; ’dt:4(M—m)2

m
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we deduce the desired result (4.125). =
Finally for the section, we provide here the case of monotonic nonde-
creasing functions as well:

Theorem 305 (Dragomir, 2010, [26]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m,M] for some real
numbers m < M and let {E\}, be its spectral family. If f: [m, M] — R is
a continuous monotonic nondecreasing function on [m, M|, then we have
the inequality

M
T | T (W)

(2,y) (4.128)

Ml—m /mM {(M — 1) (B, 2) " (Eyy, y)'/?

+(t=m) (L = B2, 2)'/* (1 — B y,) %] af (1)

M
[ﬂMmew—Mim/ian—m;M)ﬂwﬂ|mmn
< [£ () ~ £ ()] ] L)

<

IN

for any x,y € H.

Proof. From the theory of Riemann-Stieltjes integral is well known that
if p : [a,b] — C is of bounded variation and v : [a,b] — R is contin-
uous and monotonic nondecreasing, then the Riemann-Stieltjes integrals
fabp (t)dv (t) and ff Ip (t)| dv (t) exist and

b
/p@mm

Now, on applying this property of the Riemann-Stieltjes integral, we have
from the representation (4.119) that

b
g/@mmm»

M
@) g | TG ds = (F(A)ay)

L

(4.129)

1 M
< 3= | =Bt (6= m) (Be= 1)) df (0.
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Further on, by utilizing the inequality (4.127) we also have that

M
/ (M =) By + (t —m) (B — 1u)] @, y)| df (t) (4.130)

m—0

</ 0 1) (B ) By )

+(t=m) (L — B2, a)'? (1 — By, ) ?] af (1)

m+M
]t - ] Il ]

Now, integrating by parts in the Riemann-Stieltjes integral we have
m —|— M

/M
<m+M_t)df(t)+/j2M <t—m—;M)df(t)
+ M

M

< l;(M—m)[f(M)—f(m)]JF/

m

t—

_<m2 t)f(t)‘;+~/;n2 f(t)dt
M
+(th;M>f(t)M/m]\;Wf(t)dt
1
2

=m0 = o) = [ son (1= "5 s @y

which together with (4.130) produces the second inequality in (4.128).
Since the functions sgn ( — #) and f (-) have the same monotonicity,

then by the Cebysev inequality we have

M
/ sgn(t—m—;M>f(t)dt

1 M m+ M M
> —_— =
_M_m/m sgn(t 5 )dt/m F)dt=0

and the last part of (4.128) is proved. m

4.7.2  Applications for Particular Functions

It is obvious that the above results can be applied for various particular
functions. However, we will restrict here only to the power and logarithmic
functions.

1. Counsider now the power function f : (0,00) — R, f (t) = tP with p > 0.
This function is monotonic increasing on (0, 00) and applying Theorem 305
we can state the following proposition:
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Proposition 306 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M| for some real numbers 0 < m < M
and let {Ex}, be its spectral family. Then for any x,y € H we have the
inequalities

MPTL _ gppt1

‘W’z’”( +1><M—m>

(z, y>‘ (4.131)

) (Byw,z)"? (Byy, y)"/”

- M m
- m) (1~ ) (1 — B0, w)"?) et

MPTL 4Pl 9P (M + m)P T

T =) ] 1yl

< [Mp_mp_

On applying now Theorem 304 to the same power function, then we can
state the following result as well:

Proposition 307 With the same assumptions from Proposition 306 we
have

» MPTL — gpptl
'<A T,y) — m <1’ay>‘ (4.132)

) (Evw, ) (Bey, )"

_M m
(- ><<1H—Et>x )P (g — By, )| dt

7 Bo (M —m) [lz] |yl

=~ W

for any x,y € H, where

MP—1 ifp>1
B, =px
mP~t if0<p<1l,m>0.
The case of negative powers except p = —1 goes likewise and we omit

the details.

Now, if we apply Theorem 305 and 304 for the increasing function f (¢) =
—% with ¢ > 0, then we can state the following proposition:

Proposition 308 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M| for some real numbers 0 < m < M
and let {Ex}, be its spectral family. Then for any x,y € H we have the
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iequalities
_ InM —Inm
<" (M =) (B, 2) " By )
=M _m . tdy tY, Y
+(t—m)((1g — E)z,2)* (1 — By)y,y)'?| £2dt
Mo | ]
- mM M—m iy
and
_ InM —1Inm

1 M 1/2 1/2
< mQ(JW—m)/m [(M —t) (B, x) / (Ery,y) /
+(t—m) ((ly — E)w,2) " (Ly = Ex)y, )" | dt

3SM—m
< -
!

2. Now, if we apply Theorems 305 and 304 to the function f : (0,00) —
R, f (t) = Int, then we can state

Proposition 309 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M| for some real numbers 0 < m < M

and let {Ex}, be its spectral family. Then for any x,y € H we have the
inequalities

|(In Az y> (x y) InT(m,M)] (4.135)

M m ) (B, $>1/2 (Ety,y>1/2

=) (1 - Et>x,x>1/2 (11 = By )] v

< [ln () _ln< W)

] Tyl
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and
[(In Az, y) — (z,y) In T (m, M)| (4.136)
< 1 M M- \(E 2 5 1/2
_m(M—m)/m [( —t) (B, )" (Evy, y)

F(t—m) Ly — Bz, 2) (L — Eo)y )| dt

3 (M
<2 (£ -1
<3 (5 - 1) Iellsl,

where I (m, M) is the identric mean of m and M and is defined by

L/ M M)
1 = (3 .

e \ mm

4.8 Bounds for the Difference Between Functions
and Integral Means

4.8.1 Vector Inequalities Via Ostrowski’s Type Bounds
The following result holds:

Theorem 310 (Dragomir, 2010, [22]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M] for some real
numbers m < M and let {E\}, be its spectral family. If f : [m, M] — R is
a continuous function on [m, M|, then we have the inequality

(4.137)

M
%ﬂmemwMim/ 7 (s)ds

1 M M

< —_

T ) M —m /m fls)ds m\lo ((Eyr.v)
1 M

< —

< max, 10 T f(s)ds|[lz[ [yl

for any x,y € H.

Proof. Utilising the spectral representation theorem we have the following
equality of interest

() w0) -~ @) g [ F()ds (1135)

=Ai¢ﬂﬂ—M1mLfﬂ$%

d((Erx,y))
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for any z,y € H.

It is well known that if p : [a,b] — C is a continuous function and
v [a b] — (C is of bounded variation, then the Riemann-Stieltjes integral

f p(t ) exists and the following inequality holds

b
/ p(t)dv (1)] <

where \/ (v) denotes the total variation of v on [a,b] .

b

max [p @)V (), (4.139)

a
Utilising these two facts we get the first part of (4.137).
The last part follows by the Total Variation Schwarz’s inequality and we
omit the details. m
For particular classes of continuous functions f : [m, M] — C we are able
to provide simpler bounds as incorporated in the following corollary:

Corollary 311 (Dragomir, 2010, [22]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M, {Ex\}, be its spectral family and f : [m,M] — C a
continuous function on [m, M].

1. If f is of bounded variation on [m, M], then

1 M
o | TG)ds

(Boreaw)) < Ll 1\ ()

<f (A) ‘Tay> - <{Z',y>

(4.140)

<

(f)

s<x
T<x

0
for any x,y € H.

2. If f : [m, M] — C is of r — H—Hélder type, i.e., for a given r € (0,1]
and H > 0 we have

If(s) = f@)| < H|s—t|" for any s,t € [m, M], (4.141)

then we have the inequality:

() a0) - @) 5 | F()ds (4142)

1
<
_7‘+1

1
)" (Euoz,y) < ——H(M —m)" |z
m\{O 0z.y) < —H( )" Nz Iyl

for any x,y € H.
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In particular, if f : [m, M] — C is Lipschitzian with the constant L > 0,
then

1 M
‘(f W)~ (o) 5 [ F(6)ds (4143)
1 v 1
< LM =m) \/ ((Boyw,y)) < 5L (M —m) || [ly]
m—0
for any x,y € H.
3. If f : [m, M] — C is absolutely continuous, then
M
'<f(A)w,y> —{z.y) 35— - f(s)ds (4.144)
M
< \/ (Eow:y))
n—0
3 (M =m)[[f'll if f' € Lo [m, M]
an e if f' € Ly [m, M]
X W(M—m)l/ Hf”p p>1’1/p+1/q:1;
114
< [l[[ 1yl
3 (M =m)[[f'll if f' € Loo [m, M]
q ! ff/ € L;D aM
X W(M m)l/ Hf || pZ> 1’1/p+[;7q :]1;
11

for any x,y € H, where | f'||, are the Lebesgue norms, i.e., we recall that

€55 SUPs¢m, M| |f/ (5)| pr = 0O0;
11, )
(2 reras)”  yp=1

Proof. We use the Ostrowski type inequalities in order to provide upper
bounds for the quantity

(Shax
t€[m,M]

M
O - 5 [ F)ds

m

where f : [m, M] — C is a continuous function.
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The following result may be stated (see [23]) for functions of bounded
variation:

Lemma 312 Assume that f : [m,M] — C is of bounded variation and

M
denote by \/ (f) its total variation. Then
m

M _ m+M M
|f(t)—Mim/ fs)ds| < %+ MH\/(f) (4.145)

for all t € [m, M]. The constant % 1s the best possible.

Now, taking the maximum over z € [m, M] in (4.145) we deduce (4.140).
If f is Holder continuous, then one may state the result:

Lemma 313 Let f : [m, M] — C be of r— H—Hélder type, where r € (0, 1]
and H > 0 are fized, then, for all x € [m, M|, we have the inequality:

(4.146)

‘f(t)—Mlm/ f () ds

H M—t\ t—m \"
< - M —m)".
=+l (M—m> +<M—m> (M —m)
The constant ?11 is also sharp in the above sense.

Note that if r = 1, i.e., f is Lipschitz continuous, then we get the following
version of Ostrowski’s inequality for Lipschitzian functions (with L instead
of H) (see for instance [17])

M—-—m

m

M _ mM 2
|f(t)M1_m/ F(s)ds| < i+<tz> (M —m)L,

(4.147)
for any x € [m, M]. Here the constant } is also best.
Taking the maximum over z € [m, M| in (4.146) we deduce (4.142) and
the second part of the corollary is proved.
The following Ostrowski type result for absolutely continuous functions
holds.
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Lemma 314 Let f : [a,b] — R be absolutely continuous on [a,b]. Then,
for all t € [a,b], we have:

|fM/f

1+ (5 ar-mir. § € Luolm, M)

()™ (%_;)q“rm—mﬁ 1P, i 7€ Lylm, M),

(g+1ya [\Mm
lti=Lp>1

IA

t—mtM
3+ 5= 10

(4.148)

1
1
(p+1)P

and L respectively are sharp in the sense presented

The constants i, 3

above.

The above inequalities can also be obtained from the Fink result in [39]
on choosing n = 1 and performing some appropriate computations.

Taking the maximum in these inequalities we deduce (4.144). m

For other scalar Ostrowski’s type inequalities, see [1] and [18].

4.8.2  Other Vector Inequalities

In [37], the authors have considered the following functional

) _/abf(s)du(s)—[U(b)—u(a)]~bia/abf(t)dt, (4.149)

provided that the Stieltjes integral f: f(s)du(s) exists.

This functional plays an important role in approximating the Stieltjes
integral f; f(s)du(s) in terms of the Riemann integral f: f(t)dt and the
divided difference of the integrator w.

n [37], the following result in estimating the above functional D (f;u)
has been obtained:

1D ()] < 5L —m) (b~ a), (4.150)

provided w is L—Lipschitzian and f is Riemann integrable and with the
property that there exists the constants m, M € R such that

m< f(t) <M forany tE€Ja,b. (4.151)
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The constant % is best possible in (4.150) in the sense that it cannot be
replaced by a smaller quantity.
If one assumes that u is of bounded variation and f is K— Lipschitzian,

then D (f,u) satisfies the inequality [38]

b
D (f;u)] < %K(b—a)\/(u). (4.152)

Here the constant % is also best possible.

Now, for the function u : [a,b] — C, consider the following auxiliary
mappings ¢, T" and A [19]:

_(t=a)u(b)+ (b—t)u(a)

D (t) = — —u(t), tela,b],
L)=0C—-a)fu®)—u@®)]-0-1)[ul)-ula)], telab],
A(t) := [u;b,t] — [u;t,a], t € (a,b),
where [u; a, §] is the divided difference of u in «, B, i.e.,
o u@—u(
wa,g) = =20

The following representation of D (f,u) may be stated, see [19] and [20].
Due to its importance in proving our new results we present here a short
proof as well.

Lemma 315 Let f,u : [a,b] — C be such that the Stieltjes integral f; f(t)du(t)
and the Riemann integral f; f(t)dt exist. Then
b

b
D%m=/¢@#®— L [rwarw (4.153)

S b—al,

b
— i [ t-at-nama o,

Proof. Since f: f (t) du (t) exists, hence f; ® (t) df (t) also exists, and the
integration by parts formula for Riemann-Stieltjes integrals gives that

<[¢@mﬂw‘LT@—@u@+@—ﬂﬂ@—uwyﬁm

b—a
b
_ [(ta)u(béirc(lbt)u(a) (t)}f(t)
b —a)u —tu(a

/abf(t) {u(bl))_z(a)dtdu(t)} =D (f,u),
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proving the required identity. m

For recent inequalities related to D (f;u) for various pairs of functions
(f,u), see [21].

The following representation for a continuous function of selfadjoint op-
erator may be stated:

Lemma 316 (Dragomir, 2010, [22]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {E\}, be its spectral family and f : [m, M| — C a continuous
function on [m, M]. If x,y € H, then we have the representation

M
(W) = (o) g [ £ (1154)
1

+

M
[ = m) (B~ (M~ ) By df (0.

M—m 1—0

Proof. Utilising Lemma 315 we have

M 1 M
[ 1®du® = n - wm)- o [ s (1155)
M —m)u — ulm
w [0 )] ar .

for any continuous function f : [m, M] — C and any function of bounded
variation u : [m, M] — C.

Now, if we write the equality (4.155) for u (t) = (Fyx,y) with x,y € H,
then we get

M 1 M
/miof(t)d@x,w = <:r,y>‘M_m/m f(s)ds (4.156)
Mt —m) (e y)
+ /n%o [M—m - <Et$,y>} daf (¢),

which, by the spectral representation theorem, produces the desired result
(4.154). m
The following result may be stated:

Theorem 317 (Dragomir, 2010, [22]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m, M| for some real
numbers m < M {E\}, be its spectral family and f : [m,M] — C a
continuous function on [m, M].
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1. If f is of bounded variation, then

1 M
%ﬂ@mewM_mllﬂ$@ (1157)
M
< [yl \/(f)
1/2
t—m M—t\*
M
<[l lyll \/ ()
for any x,y € H.
2. If f is Lipschitzian with the constant L > 0, then
1 M
(ﬂ@%w—@whw_mﬂlﬂﬂ% (1158)
L M 1/2
<52 [ Je- 0 1 - Bl + 0 = 0 1Bt ]
V2
<3 [1+ B2 m (Vae 1) | (0 —m) Lyl
for any x,y € H.
3. If f : [m, M] — R is monotonic nondecreasing, then
1 M
A - 4.1
(D) = ) g [ () (4.159)

M 1/2
<l [ [ - Bl 02 §Eat?] )

< ly[l ] [f (M) = £ (m)]

for any x,y € H.
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Proof. If we assume that f is of bounded variation, then on applying the
property (4.139) to the representation (4.154) we get

) w0) ~ @) g [ F(5)ds (1.160)

M
< M ol 10— m) (= B) = (M =0 Bl )V ().

Now, on utilizing the Schwarz inequality and the fact that F; is a pro-
jector for any t € [m, M], then we have

K[t —=m)(la — Ey) — (M — t) Et] z,y)]| (4.161)
<Nt —m) (g = Bp) — (M —t) E] 2|l ||yl

2 2 2 2 1/2

= [t =m)* (1 = B o)* + (M = | Eeal’] Iyl
9 9 1/2

< [=my*+ 1 =07 " 2l Iyl

for any =,y € H and for any ¢ € [m, M].
Taking the maximum in (4.161) we deduce the desired inequality (4.157).
It is well known that if p : [a,b] — C is a Riemann integrable function
and v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

|f(s)—f@®)| < Ll|s—t| for any ¢,s € [a,b],

then the Riemann-Stieltjes integral f; p () dv (t) exists and the following
inequality holds

b b
[roao| <t [ ol

Now, on applying this property of the Riemann-Stieltjes integral to the
representation (4.154), we get

M
%ﬂmemwMim/ 7 () ds (4.162)
M
<37 | = m) (1 = B = 01 =) By
M 1/2
s ]\ﬁL_yﬂn . [(t —m)* |1 — Bo) al|* + (M — 0)* | By "

M 9 9 1/2
t—m M-t
< Llol I | KM_m)+(M_m)] @

for any z,y € H.
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Now, if we change the variable in the integral by choosing v = J\t[ffn

then we get

LGy
- (Mm)/o1 [u2 +(1 fu)zr/Qdu

= 5 (M —m)

1+§1n(\@+1)

which together with (4.162) produces the desired result (4.158).
From the theory of Riemann-Stieltjes integral is well known that if p :
[a,b] — C is of bounded variation and v : [a,b] — R is continuous and

monotonic nondecreasing, then the Riemann-Stieltjes integrals f p(t)dv (t)

and f Ip (t)| dv (t) exist and
b
0 < [ ol

/abp(t)dv

Now, on applying this property of the Riemann-Stieltjes integral, we have
from the representation (4.154)

‘<f (A) z,y) — (z,y) Mim/ f(s)ds (4.163)

1 M
< g [ =) (= B — (0 1) B f 1)
|

m_
M
lll

2 2 2 2 1/2
= ian = el (r 0 B 0

<
—M-m
1/2

o) ||wu/ l( ") (ff_‘;)] @),

for any z,y € H and the proof of the first and second inequality in (4.159)
is completed.

For the last part we use the following Cauchy-Buniakowski-Schwarz in-
tegral inequality for the Riemann-Stieltjes integral with monotonic nonde-

creasing integrator v
Vuo 2o ] [/m o ( ]

IN

/abp(t) :

where p, ¢ : [a,b] — C are continuous on [a, b] .
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By applying this inequality we conclude that
1/2

/mM [(1\2—%)2 * (;&Q;)T df (t) (4.164)
< [/”jwdf(t)r/2 VM K&iﬁ;): <J\J4w__7;)21 df(t)] 1/2.

Further, integrating by parts in the Riemann-Stieltjes integral we also have

that
/mM [(]\Z—Tny* <g\]\44_;>2] df (1) (4.165)

=100 fom - g [ (=25 roar
<7 ()~ £ (m)

where for the last part we used the fact that by the Cebysev integral in-
equality for monotonic functions with the same monotonicity we have that

/mM (t—m+M>f(t)dt

2

1 M m+ M M

> - =0.
“M—m) <t ) )dt/ f(t)dt 0

4.8.8 Some Applications for Particular Functions

1. Consider the function f : (0,00) — R given by f (t) = ¢" with r € (0, 1].
This function is r-Holder continuous with the constant H > 0. Then, by
applying Corollary 311 we can state the following result

Proposition 318 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M] for some real numbers 0 < m < M
and {Ex}, be its spectral family. Then for all v with r € (0, 1] we have the
iequality

r+1 _ mr+1
(A", y) — (z,y) (7,M+1)(M_m)‘ (4.166)
1 BN 1 .
S M=V (Fon)) S g O =m) el

for any x,y € H.
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The case of p > 1 is incorporated in the following proposition:

Proposition 319 With the same assumptions from Proposition 318 and
if p > 1, then we have

MPHL bl

APy y) — ————— (x,y ‘ 4.167
(W2,9) ~ G ) (4167)
1 M 1
< SpMPTH(M —m) V (Byzy)) < FPMPH (M —m) [l [y
m—0
for any x,y € H.
The case of negative powers except p = —1 goes likewise and we omit

the details.
Now, if we apply Corollary 311 for the function f (t) = —% with ¢ > 0,
then we can state the following proposition:

Proposition 320 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M| for some real numbers 0 < m < M
and let {Ey}, be its spectral family. Then for any x,y € H we have the
iequalities

’< A g, y) — M Zlm <x7y>‘ (4.168)
M —

<My g g) < B

=97 2 OLY)) =572 yi-

m—0

2. Now, if we apply Corollary 311 to the function f : (0,00) — R,
f (t) = Int, then we can state

Proposition 321 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M| for some real numbers 0 < m < M
and let {Ex}, be its spectral family. Then for any x,y € H we have the
inequalities

[(In Az, y) — (z,y)In T (m, M)| (4.169)
<3 (1) V Boman <3 (5 1) telml,

where I (m, M) is the identric mean of m and M and is defined by

M 1/(M—m)
I(m,M)1<M > .

e m’f)’L
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4.9 Ostrowski’s Type Inequalities for n-Time
Differentiable Functions

4.9.1 Some Identities
In [6], the authors have pointed out the following integral identity:

Lemma 322 ( Cerone-Dragomir-Roumeliotis, 1999, [6]) Let f : [a,b] —
R be a mapping such that the (n — 1)-derivative f*~1) (where n > 1) is
absolutely continuous on [a,b]. Then for all x € [a,b], we have the identity:

/ bf(t)dfnz[(b_x)kﬂﬂ_l)k(x_a)m F¥ (@) (@4170)
a k=0

(k+1)!
+(=1)" /b K, (z,t) f™) (t) dt

where the kernel K, : [a,b]* — R is given by

L g<t<a<b

K, (z,t) = (4.171)
=" 4 <z <t<hb.

n!

The identity (4.171) can be written in the following equivalent form as:

b
1e= bia/ (@) (4.172)
3 i a z_: (k i 1)! {(b - Z)k+1 + (—1)’f (2 — a)kﬂ} f(k-) (2)

k=1

(- / " ) /b n
o t— ") (t) dt t—b)" f™ (1) dt
st | [a-ar i @a [Ce-or o
for all z € [a, b)].

Note that for n = 1, the sum ZZ;% is empty and we obtain the well
known Montgomery’s identity (see for example [3])

b—a

b
f(z)= ! /f(t)dt (4.173)
z b
H_lal/ “*a)f‘”(t)d“/z (tb)f“)(t)dt],

for any z € [a, b].
In a slightly more general setting, by the use of the identity (4.172), we
can state the following result as well:
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Lemma 323 (Dragomir, 2010, [8]) Let f : [a,b] — R be a mapping
such that the n-derivative f™ (where n > 1) is of bounded variation on
[a,b]. Then for all X € [a,b], we have the identity:

= b_a/bf(t)dt (4.174)
1 < 1 ) 1
b-a ,; CES] (6= 0+ (-0F (= )] 10 ()
(=1"
T amr )

X V; (t—a)"*d (f<"> (t)) + /Ab (t—b)"*'d (f(”) (t))] .

Now we can state the following representation result for functions of
selfadjoint operators:

Theorem 324 (Dragomir, 2010, [8]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M] for some real num-
bers m < M, {E\}, be its spectral family, I be a closed subinterval on R
with [m, M] C I (the interior of I) and let n be an integer with n > 1. If
f: I — C is such that the n-th derivative f™ is of bounded variation on
the interval [m, M|, then we have the representation

M
f(A)_<M1_m/ f(t)dt>1HM_m (1175
x;(k—il—l)' [(MlH—A)k+1+( ) (A = ml )k+1 f()(A)
+ T (A,m, M)

where the remainder is given by
1 n
T, (A,m, M) := (=1 (4.176)

(M m) (n+ 1)!
m)" " d (£ (t)))dEA

/ - (AM ay (4 (t))) dEy

X
lﬁ
2
O
R
>4
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In particular, if the n-th derwative f(") is absolutely continuous on [m, M],

then the remainder can be represented as

T, (A,m, M) (4.177)

oy
(M —m)(n+1)!

M
x / (= m)™ (1 = Ba) + (A= M) B, £ (4) .
m—0
Proof. By Lemma 323 we have
(4.178)

Fx M _ / f@)d
X Z m {(M ) (=) (- m)k+1} £ ()

k=1
(="
(M —m)(n+1)!

x[ ,\ m)" ' d (f(n) (t))+//\

m

+
M

u—Mf“dUWan]

for any A € [m, M].
Integrating the identity (4.178) in the Riemann-Stieltjes sense with the

integrator F we get

[ff@mm

1 M M 1
= Ey —
el f(t)dt/m aBy —

n 1 ) /M {(M _ /\)k-i-l + (_1)k (A — m)k+1 f(k) (/\) dEy

x;(kﬂt

Tn (A,m,M).

(4.179)

Since, by the spectral representation theorem we have
M M
/ f()\)dE,\:f(A),/ dEy = 15
m—0 m—0

and

/MﬁM—Af“+¢—UWA—mf“}ﬂ“uwwA
m—0

= |1 = "+ (—)F (A1) 19 (4),
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then by (4.179) we deduce the representation (4.175).
Now, if the n-th derivative (") is absolutely continuous on [m, M], then

[ammrta (s @) = [ ammyt e gy a

m m

and

| = (o w) = [ e o gy a

where the integrals in the right hand side are taken in the Lebesgue sense.

Utilising the integration by parts formula for the Riemann-Stieltjes in-
tegral and the differentiation rule for the Stieltjes integral we have succes-
sively

M A
/ ( / (t—m)" " f D (1) dt) dE)
m—0 m

N M
(/ (t —m)™t F D () dt) E
m m—0

M M
( 71+1 f(n+1) (t) dt) 1y — / (A — m)n+1 f(n+1) () ExdA

M
—/ (A —m)" Tt D (X)) ExdA

m—0

m—0

M
- / m)" D (V) (1y = Ey) dA

m— 0

and
M
/ (/ M)n+1 f(7L+1) (t) dt) dE)\
m—0

M
( n+1 f(n+1) (t) dt) E\

= (A= M)™ T f0HD (X) ExdA

m—0

M

M
* / (A= M)™HE D (X) ExdA

m—0

m—0

§>\

and the representation (4.177) is thus obtained. m

Remark 325 Let A be a positive selfadjoint operator in the Hilbert space
H with the spectrum Sp (A) C [m, M| for some positive real numbers 0 <
m < M and {Ex}, be its spectral family. Then, for n > 1, we have the
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equality

lnA:[lnI(m7M)}1H+M_m (4.180)
«3 ﬁ (A= m1m)* 4 (1) (M1 — )] A
k=1
1

T = D

M
X V [()\ —m)"" 1y — E\) + (A — M) EA} ,\”%M] ,

m—0

where I (m, M) is the identric mean and is defined by

@ =

(Mim)l/(M*m)

mm

if M # m;
I(m,M)=

M if M =m.
Remark 326 If we introduce the exponential mean by

exeMoem i ) L
E(m,M) =
M if M =m

and applying the identity (4.175) for the exponential function, we have

n

1g + Mlm’; (kil)! [(MlH_A)k+1+(—1)k (A—mlH)kﬂH

(4.181)
xexpA—FE(m,M)1ly

n M
= (M —(77_1)1271 1) / [O\ - m)n+1 (Ig—E\)+ (M- M)nJrl E)\} erd\

m—0

where A is a selfadjoint operator in the Hilbert space H with the spectrum

Sp(A) C [m, M] for some real numbers m < M and {Ex}, is its spectral
family.



280 4. Inequalities of Ostrowski Type

4.9.2  Error Bounds for f™ of Bounded Variation
From the identity (4.175), we define for any z,y € H

Tn (A,m, M;z,y) (4.182)

1 n 1
=(f(A)z,y) + M_m; (k+1)!

< [((15 = MO W) + (D" (A= m1n) O ()a,y)]

—(Mimz;fwm>mw.

We have the following result concerning bounds for the absolute value of
T, (A, m, M;z,y) when the n-th derivative () is of bounded variation:

Theorem 327 (Dragomir, 2010, [8]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M) C I and let n be an integer with n > 1.

1. If f : I — C is such that the n-th deriwative f() is of bounded variation
on the interval [m, M|, then we have the inequalities

Ty (A,m, M3z, y)]| (4.183)
1 M
S Gr—m i) \/0(<E<‘>$7y>)

A M
Hme][ "V (7) £ Q=Y (o )]

n M M —m) M
R O =
m—0 m "

for any x,y € H.
2. If f : T — C is such that the n-th derivative f(") is Lipschitzian with
the constant L, > 0 on the interval [m, M|, then we have the inequalities

—-m n+l M
T, (A,m, M;z,y)| < % \V (BEoz,y)) (4.184)
m—0

Ly (M —m)"

< s el vl

for any x,y € H.
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3. If f : T — R is such that the n-th derivative f™ is monotonic nonde-
creasing on the interval [m, M|, then we have the inequalities

i) (4.185)
1 M
= O m) (1! m\fo ((Eoz,9))

X max [ £ () (()\ — )™ — (M - A)”“)

AE[m,M]
M A
/ ww4ﬁﬂmmﬁ—/<nwmﬂm@ﬁﬂ
A m

< a2t [0 [ 00— )]

+(n+1)

+ (M=) [f(" M) — ™) (/\)H (Eyz,v))

0

n M
\/ (E(yz,y)) [f(")(M)—f(")(m)}

<=z

Tl—|—1 m—0
—“ﬁ}?ﬁ[ﬂwma—fwumﬂ$MM|

for any x,y € H.
Proof. 1. By the identity (4.176) we have for any =,y € H that

n

Tn (A,m,M;z,y) = (= 12 (4.186)

(M — n+1)!

y l/mM0< 7: m)" g (f(n) (@)) d(Exz,y)
+:2</ My Qw<0>dwmmﬂ.

It is well known that if p : [a,b] — C is a continuous function, v : [a,b] —

C is of bounded variation then the Riemann-Stieltjes integral fab p(t)dv (t)
exists and the following inequality holds

[ i) <

where \/ (v) denotes the total variation of v on [a,b].

b

< max [p (1) \/ (v), (4.187)

t€la,b]
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Taking the modulus in (4.186) and utilizing the property (4.187), we
have successively that

1
(M —m)(n+1)!

M A M
I K | e=ma (s m) + ( | e=anra(g <t>)>>

M

‘Tn (Avva;x7y)| =

X d<E)\xay>

1
O —m) (1) V (EBozy))

m—0

<

M

/ Syt a (50 0) + | = ra(so )
(4.188)

X max
AE[m,M]

for any z,y € H.
By the same property (4.187) we have for A € (m, M) that

[ wmmrealsow)

m

< max (t—m)"H\/\/(f(”))

te[m,A]
)

and

M
| e=anra(so )

te[N,M]

n+1 \ (n)
< max (M —1) \)\/(f )
= _ )\t \A; (f(@)

(M —X) v

which produce the inequality

/7: (t=m)"d (1 1) + /A

<O (7) + - (100,
m A

M

(t— M)"d ( £ (t)) | (4.189)

Taking the maximum over A € [m, M] in (4.189) and utilizing (4.188) we
deduce the first inequality in (4.183).
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Now observe that

<x

()
(1) ()
V()
I"vi)

(A—m)"H! \7 (£07) + (a1 = 2+

< max {(/\ )"t (M — A)"“}

<st—7.

— max {(A )™t (M — A)"“}

m+ M
2

:B(M—m)—i—‘)\—

giving that
A M
)\GH[ITS?J(M] [()\ . m)n+1\n{ (f(n)) + (M _ )\)n+l\)\/ (f(n))‘|

()

and the second inequality in (4.183) is proved.

The last part of (4.183) follows by the Total Variation Schwarz’s inequal-
ity and we omit the details.

2. Now, recall that if p : [a,b] — C is a Riemann integrable function and
v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

3<xz

|f(s)—f ()| < Ll|s—t| for any ¢,s € [a,b],

then the Riemann-Stieltjes integral f; p(t)dv (t) exists and the following
inequality holds

b b
/ p®)dv ()| < L / Ip ()] dt. (4.190)

By the property (4.190) we have for A € (m, M) that

[ mmra(sow)

m

A
L
< . n+1 _ n o n+2
<L [ =mytam = = - m)

and

M ntl o ( on Ly
| e=aa(rmw)

M
< M — n+1 — " (M- n+2 )
Lo [ - = 2 0
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By the inequality (4.188) we then have
‘Tn (A,m,M,x,y)| (4191)

< 1 M -
(M -m)(n+1)! m\lo (Eoyz,y))

=
max
Ae[m,M] |n+ 2

7mn+1 M n 7mn+l
= 2V (Bom ) < 2 el

m—0

()\ _ m)n+2 + (M _ )\)n+2

n+2

for any x,y € H and the inequality (4.184) is proved.
3. Further, from the theory of Riemann-Stieltjes integral it is also well
known that if p : [a,b] — C is continuous and v : [a b] — R is monotonic

nondecreasing, then the Riemann-Stieltjes integrals f p(t) dv (t) and f |p (t)] dv (t)
exist and

/b
On making use of (4.192) we have

[emmrta(io ) < [eompta(som) @

m m

/Ip Jldv (t) < max |p(t)] [v(b) —v(a)]. (4.192)

€la,b]

IN

(A= m)" [0 () = 7 ()]

and
M
<[ oo ta(rom) e

< (M =A™ () = £ ()]

AMa— MY (£ (1))

for any A € (m,M).
Integrating by parts in the Riemann-Stieltjes integral, we also have

[ wmmrta(sow)

m

A

= =m0 = ) [ m) £ @)

M
| ar=orta(so )

M
= (1) [ =07 £ = (=

and
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for any A € (m, M).
Therefore, by adding (4.193) with (4.194) we get

[ emmrta (s )

M
i | e=anra(se <t>)|
< [rm o) (0 =my™t = (= x|

M A
/ (M — )" £ (£) dt / (t—m)" £ (1) dt]
A m

< =)™ £ ) = £ (m)| + (= X)"[£ (1) = £ ()]

+

+(n+1)

for any A € (m, M).
Now, on making use of the inequality (4.188) we deduce (4.185). m

Remark 328 If we use the inequality (4.183) for the function ln, then we
get the inequality

L (A,m, M;2,y)| (4.195)

1
= (M —m)n(n+1) \/ (<E(~)$ay>)

o LR
< Y v 1()]\]{;1 o 5;0 (B, y))
< QL ) o
for any x,y € H, where
L, (A,m,M;z,y) (4.196)
= (InAz,y) — [In 1 (m, M)] (z, y)

1 1

 M-—m —k(k+1)

X [ (A—mly k+1 A~ ’x,y> + (-1)* <(M1H - A)k"_1 A_kx,y>] .
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If we use the inequality (4.184) for the function ln we get the following
bound as well

‘Ln (A7m7M1$7y)|

1 M n+l M
< GrneEs 1)V (o)

(4.197)

1 M n+1
el Gt L

for any x,y € H.
Remark 329 If we define

En (A,m,M;x,y)

then by the inequality (4.183) we have
|E, (A,m, M;z,y)]|

1

lo+—— Z G i 01 [(MlH _ A (kA mlH)kH}
k=1 :

exp Aa:,y>

—E(m, M) (z,y), (4.198)

(4.199)
M
S(M n+1'\( (B )
s, [ my (e o) s (- (e )
n M —m)"
< (](\741:-717;)' \/ (<E(_)x,y>) (eM — em) < %_'_1)), (eM - em) N[l [yl
m—0

for any x,y € H.

If we use the inequality (4.184) for the function exp we get the following
bound as well

eM —m)tt M
|Ey, (A, m, M;z,y)]| (éwn—FZ)') \/ ((E(yz,y)) (4.200)

m—0
eM (M —m)"
< O el

for any x,y € H.

4.9.8  Error Bounds for f™ Absolutely Continuous
We consider the Lebesgue norms defined by

191l{4,6),00 = €55 sup |g(t)] if g € Lo [a, b]
t€la,b]
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and
b 1/10
190l 0,510 = (/ lg () dt) if g€ Lyla,b],p>1.

Theorem 330 (Dragomir, 2010, [8]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M] for some real num-
bers m < M, {E\}, be its spectral family, I be a closed subinterval on R
with [m, M] C I and let n be an integer with n > 1. If the n-th derivative
™) is absolutely continuous on [m, M|, then

1
(M —m) (n+1)!

x / N | =m)™ (1 = Bx) ) + (= M) (Baa, )| | £04D ()| ax.

m—0

SO —m)n+ 1)

By (A, M, 9) | £ e i £ € Lo [m, M],

X Bn,P (A,m,M;x,y) Hf(n)H[m,M]q fo(n) € Lq [va] D> 17%4_ % =1,

Byoo (A,m, Miz,y) || £V

|[m,M],1’

(4.201)

for any x,y € H, where

Bn,p (A7 m, Mv €, y)

M 1/])
n+1 n+1 p
m—0
and
By (A,m, M;z,y)

= swp [O=m)" (L — B y) + (= M) (Bray)|

te[m,M]

Proof. Follows from the representation

T, (A7 m, M;z, y)
(1"
(M —m) (n+ 1)
M
[ [y (= B )+ (= M) By ] 104D (3)

m—0
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for any x,y € H, by taking the modulus and utilizing the Holder integral
inequality.

The details are omitted. m

The bounds provided by By, , (A, m,M;x,y) are not useful for applica-
tions, therefore we will establish in the following some simpler, however
coarser bounds.

Proposition 331 (Dragomir, 2010, [8]) With the above notations, we

have
n+1
Byoo (A,m, Mz, y) < (M —m)™ ™ |z |1yl (4.202)
(2n+2 B 1) n+2
B (Aym, Miz,y) < M—m)"alllly]  (4.203)

(n+ 2)2n+! (
and forp>1

(2(n+1)p+1 _ 1)1/1’
2n+1 [(n+ 1) p+ 1]'/7

n+1+1
By (A,m, M;a,y) < (M —m)" P |z |yl

(4.204)
for any x,y € H.
Proof. Utilising the triangle inequality for the modulus we have
| = m)" (L = Ex) )+ (A= M) (Bxa,y) (4.205)

< A =m)" (L = B 2y) |+ (M = 0" [(Bxe, )
< max { (A= m)"™ (M = )" (L - B e,y + [(Bae, )]

for any z,y € H.
Utilising the generalization of Schwarz’s inequality for nonnegative self-
adjoint operators we have

(1 — Ex) z,9)| < {(1a — Bx) z,2)* (1a — Ex) y,y)'"/?

and
Bz, y)| < (Baa,z)"/ (Exy,y)"/”

for any z,y € H and X € [m, M].
Further, by making use of the elementary inequality

ac+ bd < (a2 + 132)1/2 (02 + d2)1/2,a,b7 c,d >0
we have
((1g — Ex)z,y)| + [(Exz, y)| (4.206)
< ((tr = Ex)z,2) ' (1 = Ex) yy)'"? + (Exa,2)' " (Bay,y) '/

< (((1g — Ex) @,2) + (Exa, )" ((1g — Ex) y,9) + (Bay.y)"/?
= ||l Iy
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for any x,y € H and X € [m, M].
Combining (4.205) with (4.206) we deduce that

| =m)™ ™ (1 = Bx) ) + (0= M) (Baa,y) (4.207)

< max { (A= m)™ (M = )"} ] [y

for any xz,y € H and X € [m, M].

Taking the supremum over A € [m, M] in (4.207) we deduce the inequal-
ity (4.202).

Now, if we take the power r > 1 in (4.207) and integrate, then we get

M s
/ O =m)"™ (L = B a) + (A= M) (Bazyy)| dx - (4.208)

m—0

. X M (n+1)r (n+1)r
< lz||" lyllI" / max{()\ — )T (g — )™ 7}d/\

M+m M

/ 3 (Mi)\)(n+l)rd/\+/ (/\m)(nﬂ)rd)\]
m M4m

2

= llz]" lyll"

(2(n+1)7~+1 _ 1)
T [+ )7+ 1204 Dr

n+1)r+1 r r
(M —m) " 1z |y |

for any x,y € H.

Utilizing (4.208) for r = 1 we deduce the bound (4.203). Also, by making
r = p and then taking the power 1/p, we deduce the last inequality (4.204).
]

The following result provides refinements of the inequalities in Proposi-
tion 331:

Proposition 332 (Dragomir, 2010, [8]) With the above notations, we
have

Bn,oo (A, m, M; xZ, y)

n n 1/2

<Nyl masc [ =m)* " (1 = By, ) + (M = )2 (Bya, )]
A€[m, M]

< (M —m)" "z [lyll . (4.209)

B"J (A7 m, M7 &€, y)
M 2(n+1) 2(n+1) 1/2
<l [ [ =m)* ™ (15 = B2 2) + (M = > (Bra, )|
m—0
(2n+2 _ 1)
SN CEE) P!

dX

(M —m)" ||zl |yl (4.210)
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and forp>1

Bn,p (A7 m, Ma z, y)

M /2 /p
<yl < [ o= mp e (= Bz + 01 = 02 (s, o) / dA)

m—0

- (2(n+1)p+1 _ 1)1/”

< (M —m)" TPz [ly] (4.211)
20+l [(n 4+ 1) p+ 1]Y/7

for any x,y € H.

Proof. Utilising the Schwarz inequality in H, we have
)<(A )" (1 — B o+ (A — M) By, y>‘ (4.212)
<l A= m)™ (1~ Ex o+ (0 M) Bal

for any xz,y € H.
Since E) are projectors for each A € [m, M], then we have

2
H()\ )" (g — By + (A — M)™H! EWH (4.213)
= A =m)* " (1 — By 2
+2A=—m)" T A= M) Re (1 — Ey) x, Exx)
+ (M = )"V | By ?
= A =m)? "V (1 = B al? + (M = NV || By
= A=—m)?*" TV ((1y — Bz, z) + (M — 2" (B, 2)
<l max { (A = m)> "D (2 = 220D
for any xz,y € H and X\ € [m, M].
On making use of (4.212) and (4.213) we obtain the following refinement
of (4.207)
K(/\ )" (g — By 2+ (A= M) By, y>‘ (4.214)

< ol [ =m0 (1 — B ) + (0 = 22O (B

< max { (A= m)"™, (M = 2" ] [y
for any xz,y € H and X € [m, M].

The proof now follows the lines of the proof from Proposition 331 and
we omit the details. m
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Remark 333 One can apply Theorem 330 and Proposition 331 for partic-
ular functions including the exponential and logarithmic function. However
the details are left to the interested reader.
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D
Inequalities of Trapezoidal Type

5.1 Introduction

From a complementary viewpoint to Ostrowski/mid-point inequalities, trape-
zoidal type inequality provide a priory error bounds in approximating the
Riemann integral by a (generalized) trapezoidal formula.

Just like in the case of Ostrowski’s inequality the development of these
kind of results have registered a sharp growth in the last decade with more
than 50 papers published, as one can easily asses this by performing a
search with the key word "trapezoid" and "inequality" in the title of the
papers reviewed by MathSciNet data base of the American Mathematical
Society.

Numerous extensions, generalisations in both the integral and discrete
case have been discovered. More general versions for n-time differentiable
functions, the corresponding versions on time scales, for vector valued func-
tions or multiple integrals have been established as well. Numerous appli-
cations in Numerical Analysis, Probability Theory and other fields have
been also given.

In the present chapter we present some recent results obtained by the
author in extending trapezoidal type inequality in various directions for
continuous functions of selfadjoint operators in complex Hilbert spaces. As
far as we know, the obtained results are new with no previous similar results
ever obtained in the literature.
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Applications for some elementary functions of operators such as the
power function, the logarithmic and exponential functions are provided
as well.

5.2 Scalar Trapezoidal Type Inequalities

In Classical Analysis a trapezoidal type inequality is an inequality that pro-
vides upper and/or lower bounds for the quantity

f();rf /f

that is the error in approximating the integral by a trapezoidal rule, for
various classes of integrable functions f defined on the compact interval
[a,b] .

In order to introduce the reader to some of the well known results and
prepare the background for considering a similar problem for functions of
selfadjoint operators in Hilbert spaces, we mention the following inequali-
ties.

The case of functions of bounded variation was obtained in [2] (see also

1, p. 68]):

Theorem 334 Let f : [a,b] — C be a function of bounded variation. We
have the inequality

t)dt —

where \/Z (f) denotes the total variation of f on the interval [a,b]. The
constant % 18 the best possible one.

This result may be improved if one assumes the monotonicity of f as
follows (see [1, p. 76]):

Theorem 335 Let f : [a,b] — R be a monotonic nondecreasing function
on [a,b]. Then we have the inequalities:

)+f()

(b— a)‘ (5.2)

IA
N =
—
S
|
S
N—
=
—
S
N—
|
&h
=
P
|

S%(b—a)[f(b)—f(a)]-

The above inequalities are sharp.
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If the mapping is Lipschitzian, then the following result holds as well [3]
(see also [1, p. 82]).

Theorem 336 Let f : [a,b] — C be an L— Lipschitzian function on [a,b],
i.e., [ satisfies the condition:

[f(s)—f@®)|<Lls—t| forany s,t€la,b] (L>0isgiven). (L)

Then we have the inequality:

g LOHI® ol

The constant § is best in (5.3).

If we would assume absolute continuity for the function f, then the fol-
lowing estimates in terms of the Lebesgue norms of the derivative f’ hold
[1, p. 93].

Theorem 337 Let f : [a,b] — C be an absolutely continuous function on
[a,b]. Then we have

£)dt — )+f()( b—a) (5.4)
Z(b—af 17 oo if f' € Loola,b];
<l —L -0, i e,
2(q+1)e
p>1, 2 +1=1,
1 p q
50—l

where ||-||,, (p € [1,00]) are the Lebesgue norms, i.e.,

1l = ess sup [f"(s)l

s€la,b

and

) :
= (/ If’(s)ds> p L

The case of convex functions is as follows [4]:
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Theorem 338 Let f : [a,b] — R be a convex function on [a,b]. Then we
have the inequalities

ot () ()]
<W(b—a)—/abf<t>dt

< g (b—a)® [f. (b) - £, (a)] .

The constant § is sharp in both sides of (5.5).

For other scalar trapezoidal type inequalities, see [1].

5.3 Trapezoidal Vector Inequalities

5.83.1 Some General Results

With the notations introduced above, we consider in this paper the problem
of bounding the error

w Az, y) — (f(A) 2, y)

in approximating (f (A) x,y) by the trapezoidal type formula w .
(x,y), where z,y are vectors in the Hilbert space H, f is a continuous
functions of the selfadjoint operator A with the spectrum in the compact
interval of real numbers [m, M]. Applications for some particular elemen-
tary functions are also provided. The following result holds:

Theorem 339 (Dragomir, 2010, [5]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — C is
a continuous function of bounded variation on [m, M|, then we have the
inequality

LOD LI o) = 47 ()] (5:6)

1 1/2 1/2
< = E E
_berr[igf][( \z, @) 7 (Ery, y)

M
(= Bz o) (L = Bx) o)\ ()

1 M
<5 =1yl (£)

m
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for any x,y € H.

Proof If f, : [m, M] — C are such that the Riemann-Stieltjes integral

f ft ) exists, then a simple integration by parts reveals the identity
_fa+f
[ 10w =200 w0 (5.7

—/ab [u(t)—W] df (t) .

If we write the identity (5.7) for u (\) = (Exz,y) , then we get

| tdtee =TI o)

_ /KO ((Eww - % (m,y}) df (\)

which gives the following identity of interest in itself

LA TOD 0y~ ()2 6.9

M
:1/ [(Exz,y) + (Bx — L) z,9)] df (V),

2 m—0

for any z,y € H.
It is well known that if p : [a,b] — C is a continuous function and
v [a b] — (C is of bounded variation, then the Riemann-Stieltjes integral

f p(t ) exists and the following inequality holds

b
/ p(t) dv (1)

where \/ (v) denotes the total variation of v on [a,b].

b

< max [p ()] \/ (v) (5.9)

t€la,b]

Utilising the property (5.9), we have from (5.8) that

LETOD . o) - 15 (2.0 (5.10)
1 M
< 5 s, 1B 0) + (B L))l V()

1 M
=3 [Aerﬂg,)f(w] [[(Exz, y)| + {(1m — Ex)%ym] \W{(f)-
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If P is a nonnegative operator on H, i.e., (Pz,z) > 0 for any z € H, then
the following inequality is a generalization of the Schwarz inequality in the
Hilbert space H

(Pz,y)|* < (Pz,x) (Py,y), (5.11)

for any z,y € H.
On applying the inequality (5.11) we have

(Bxa,y)| < (Bxa,a) '/ (Bay, )
and
(L = Bx)a,y)| < (L = Bx) &, (L = Ex) g,
which, together with the elementary inequality for a,b,c,d > 0
ab+cd < (a2 + 02)1/2 (b2 + d2)1/2
produce the inequalities

[(Exz, )| + ((1n — EX) 2, y)] (5.12)
< (Bxa, )" (BExy,)"? + (1 — Ex) 2, 2)* (1 — Ex) y, ) '/?

< (Baz,z) + (L — Ex) 2 2)) (Bayy) + (1 — Ex) 9. 9))

= ||z lyll

for any z,y € H.

On utilizing (5.10) and taking the maximum in (5.12) we deduce the
desired result (5.6). m

The case of Lipschitzian functions may be useful for applications:

Theorem 340 (Dragomir, 2010, [5]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — C is
Lipschitzian with the constant L > 0 on [m, M|, then we have the inequal-
ity

fM)+ f(m)
2
M

L Ew 22 (Byy, y)'?

m— 0

Aoy) — (f <A>x,y>| (5.13)

(1 = Bx),) (1 = Ex) ,9)%] d

(M —m) Lzl [[y]

w\'— N M\H

for any x,y € H.
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Proof. It is well known that if p : [a,b] — C is a Riemann integrable
function and v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

[f (s) = f(O)] < Lls —t| for any ¢, s € [a, 8],

then the Riemann-Stieltjes integral f: p(t) dv (t) exists and the following
inequality holds

b b
/p(t)dv(t> gL/ Ip (t)] dt.

Now, on applying this property of the Riemann-Stieltjes integral, we have
from the representation (5.8) that

‘f(m)+f(M)

LLOD )~ (£ (2 (5.14)

1 M
< §L/ [(Exz,y) + (Ex — 1g) z,y)| dA,
m—0

M
< %L/m—o [(Exz, )| + (1 — Ex) z,y)|] dA,

for any z,y € H.
Further, integrating (5.12) on [m, M| we have

M
/ Bz, )| + (Lt — Ex) 2, )] dA (5.15)

m—0

M 1/2 1/2
< (Exz,x)"" (Exy,y)
m—0

+ (L = Ex) z,0)'* (1 — En) y,y>1/2] A
< (M —m) [lz]| [yl

which together with (5.14) produces the desired result (5.13). m

5.8.2  Other Trapezoidal Vector Inequalities

The following result provides a different perspective in bounding the error
in the trapezoidal approximation:

Theorem 341 (Dragomir, 2010, [5]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bersm < M and let {E\}, be its spectral family. Assume that f : [m, M] —
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C is a continuous function on [m, M]. Then we have the inequalities

M)+ f(m
PRI o) = 45 (W) on) (5.16)
M
MAX ¢ [m, M] |<E>\m - %m,y>| \/ (f) if [ is of bounded variation
< M 1 o ) L
Lfm—o |<E)\x - ix,yﬂ dA if f is L Lipschitzian
ff_o |<E>\m — %m,yﬂ df (M) if f is nondecreasing
M
\/ (f) if f is of bounded variation
1 m
< 5 lal o) P
L(M—m) if f is L Lipschitzian
(f (M) — f(m)) iff is nondecreasing

for any x,y € H.

Proof. From (5.10) we have that
LEETED . o) - 15 (2 (5.17)

M
%Agﬂfm [(Exz,y) + (Bx — 1) 2,9 \/ ()

1 M
AEH[E%KEM 2x7y>‘\w{(f)

for any z,y € H.
Utilising the Schwarz inequality in H and the fact that E are projectors
we have successively

<

m

1 1
(Bro = go)| <[ xe 5 10 (518)

AL
— [1Bsa, Bre) — (B + el o

1
= 5 el Il

for any x,y € H, which proves the first branch in (5.16).

The second inequality follows from (5.14).

From the theory of Riemann-Stieltjes integral is well known that if p :
[a,b] — C is of bounded variation and v : [a,b] — R is continuous and
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monotonic nondecreasing, then the Riemann-Stieltjes integrals f: p(t)dv(t)
and fab Ip (t)| dv (t) exist and

b
/ p(t)do (t)

From the representation (5.8) we then have

b
< [ Ip@ldv o). (5.19)

HEETOD (o) - 15 (y2.0) (5.20
M
<5 [ HBws)+ (B =tz )

1—0
M
L
for any x,y € H, from which we obtain the last branch in (5.16). =

We recall that a function f : [a,b] — C is called » — H-Holder continuous
with fixed r € (0,1] and H > 0 if

<E>\x - ;xy>’ df ()

If(t)— f(s)| < H|t—s|" foranyt,s € [a,b].
We have the following result concerning this class of functions.

Theorem 342 (Dragomir, 2010, [5]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — C is
r — H-Holder continuous on [m, M|, then we have the inequality

M

LO2TOD o) ()2 < o HOL =)\ (Eiye.w)
m—0
(5.21)
< S HOM = m)” o] ]
for any x,y € H.
Proof. We start with the equality
w (z,y) — (f(A)z,y) (5.22)
M
-/ [“M)‘;f(m) — )] d({Ba.y)
m—0

for any x,y € H, that follows from the spectral representation theorem.
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Since the function <E(.)x, y> is of bounded variation for any vector z,y €
H, by applying the inequality (5.9) we conclude that

T2 TAD o)~ (f (A)2,y) (5.23)
M
< | Dax ‘f(M);rf(m) A nYo (Eoz.y))

for any z,y € H.
As f:[m,M] — Cis r — H-Holder continuous on [m, M], then we have

LOD LI

IN

S ON = F )+ 31O = Fm)] - (5:24)

IN

SHIO =) + (= m)'

for any A € [m, M].
Since, obviously, the function g, () := (M —X)" + (A —m)",7 € (0,1)
has the property that
m + M
X gr (A =g, ( 5
then by (5.23) we deduce the first part of (5.21).

The last part follows by the Total Variation Schwarz’s inequality and we
omit the details. m

) =2 -y

5.8.83  Applications for Some Particular Functions

It is obvious that the results established above can be applied for various
particular functions of selfadjoint operators. We restrict ourselves here to
only two examples, namely the logarithm and the power functions.

1. If we consider the logarithmic function f : (0,00) — R, f(¢t) = Int,
then we can state the following result:

Proposition 343 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M] for some real numbers with 0 < m < M
and let {E\}, be its spectral family. Then for any x,y € H we have

‘(z,y> InvVmM — <lnA;z:,y>‘ (5.25)

%max)\e[m,M] [<E)\JJ,$>1/2 <E>\y’y>1/2
<In (M) % + {1y — Bx)w,2)? (1 — Ex)y,wl/ﬂ

maxaepm, v [(Ere = 32.9))|

1 M
< g lellla (2
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and
‘(:z:,y) InvmM — (lnAm,y>' (5.26)
Lo [(Bazi2)? (Bay, )2
<L) = Bw ) (= By gy dA
m
Jono |{Exe = G, )] dA
1 M
< Z -
< g lallol (35 - 1)
and
M 1
(z,y) InvmM — (In Aamy)’ < / <EAx - 2x,y>’ A"1dX5.27)
m—0
1 M
< = -
< glelilin (5)
respectively.

The proof is obvious from Theorems 339, 340 and 341 applied for the
logarithmic function. The details are omitted.

2. Consider now the power function f : (0,00) — R, f(t) = ¢? with
p € (—00,0) U (0,00). In the case when p € (0,1), the function is p — H-
Holder continuous with H = 1 on any subinterval [m, M] of [0,00). By
making use of Theorem 342 we can state the following result:

Proposition 344 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M] for some real numbers with 0 < m < M
and let {E\}, be its spectral family. Then for p € (0,1) we have

M
mP + MP 1
) — APy < (M =m)P \) ((Be.y))  (5.28)
m—0
<Ltou P
< op (M =m)” |z iyl

for any x,y € H.
The case of powers p > 1 is embodied in the following;:
Proposition 345 Let A be a selfadjoint operator in the Hilbert space H

with the spectrum Sp (A) C [m, M] for some real numbers with 0 < m < M
and let {Ex}, be its spectral family. Then for p > 1 and for any x,y € H
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we have
mP 4+ MP

5 (%) - (A”x>y>' (5.29)

£ MaX )¢, M] {<Ew, o) (Bry, y)'?

< —mP)x { H{u =B z,a)? (ln = B\ yy)'?

maxie[m, M) |<EA:E - %LE, y>|

1
< 5 Izl liyll (M7 = m?)
and
P P
% z,y) - <A”w7y>‘ (5.30)
M
% m—0 [<E)\IL',.’L'>1/2 <E)\y,y>1/2

<omrt x ] (= B a2)? {(Ly — Ex)yy)' | dA

S | (Bxe = g, )] dA

1 _
< gpll=l iyl =

and
mP + MP » M 1 pe1
5 (z,y) — (APz,y)| < p . Eyz — 35 AP7HdN (5.31)
1
< 3 2l lyll (MP —mP)
respectively.

The proof is obvious from Theorems 339, 340 and 341 applied for the
power function f : (0,00) — R, f(t) = ¢ with p > 1. The details are
omitted.

The case of negative powers is similar. The details are left to the inter-
ested reader.

5.4 Generalised Trapezoidal Inequalities

5.4.1 Some Vector Inequalities
In the present section we are interested in providing error bounds for ap-
proximating (f (A) z,y) with the quantity

1
M—m

[f (m) (M (z,y) — (Az,y)) + [ (M) ((Az,y) —m(z,y))] (5.32)
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where x,y € H, which is a generalized trapezoid formula. Applications for
some particular functions are provided as well. The following representation
is of interest in itself and will be useful in deriving our inequalities later as
well:

Lemma 346 (Dragomir, 2010, [6]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — C is a
continuous function on [m, M], then we have the representation

<{f(m) O = 4+ 1) <A_m1H>] $y> ey G

M —flm) M
-/ <Etx,y>df<t>f% JRRCEY

m—0 - m—0

/M
m—0

for any x,y € H.

M

E
<t$y M—m

Exyds}df()

m—0

Proof. Integrating by parts and utilizing the spectral representation theo-
rem we have

M

/ (Euz,y) df (£) = £ (M) {z,9) — / f () d (B,

m—0 m—0
= f(M)(z,y) — (f(A)z,y)
and

M
/ <Etx7y> dt =M <$7y> - <A$7y>

for any z,y € H.
Therefore

/ Y B df () - /m (EBiz,y) d

m—0

= £ (o) — (] (A) )~ Aﬁ O (0t (o) — ()
= L ) (M (2,9) — (A1) + £ (D) () = m (o 3))
(W)

for any x,y € H, which proves the first equality in (5.33).

The second equality is obvious. m

The following result provides error bounds in approximating (f (4) z,y)
by the generalized trapezoidal rule (5.32):
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Theorem 347 (Dragomir, 2010, [6]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {Ex}, be its spectral family.

1. If f : [m, M] — C is of bounded variation on [m, M], then

K{f(m)(MlH—?\;J:J:n(M)(A—mlH)] x, >_<f(A)x,y>‘ (5.34)
t M M
= te?:vlsz] ]\Z__n:n m—0 (<E(.)x7y>) " ‘]3‘[4_ ;L \t/ (<E( " y>)] \n{ )
M M
< \/ (B, u) \/ () < el vl \ ()
m—0 m m

for any x,y € H.

2. If f : [m, M| — C is Lipschitzian with the constant L > 0 on [m, M],
then

‘<{f(m)(Mlﬂ—z?\;tf(M)(A—mlH)]

s} = (W) 639

<1 /m ! [ T () + A=V (Bgn)

m—0 t
M

m) \/ ((Eya,y)) < L(M —m) |z ||y

m—0
for any x,y € H.
3. If f : [m, M] — R is monotonic nondecreasing on [m, M|, then

(PR e o) -y ]| G0

l AZ__mm \[0 (Eowy)) + f\\f __; \/ (<E<.)x7y>)] df (t)

<[
<V (Boyz,y) If (M) = f (m)] < 2] 1yl [f (M) = f (m)]

for any x,y € H.

Proof. It is well known that if p : [a,b] — C is a bounded function,
v : [a,b] — C is of bounded variation and the Riemann-Stieltjes integral
f;) p(t) dv (t) exists, then the following inequality holds

[ v

b

< sup [p(t)\/ (v), (5.37)

t€la,b]
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where \/ (v) denotes the total variation of v on [a,b].

a
Applying this property to the equality (5.33), we have

‘<{f0M(M1H—§;thWHA—WﬂHW

s} = (W) (639

(f)

< sup
te[m,M]

3<xz

1 M
Eyx,y) — E,
(B, y) M_m%;wé%w%

for any x,y € H.
Now, a simple integration by parts in the Riemann-Stieltjes integral re-
veals the following equality of interest

M

1
(Bix,y) — M —m - (Esx,y) ds (5.39)
t M
:Mimt/ww_md@%w+[ @—MMEJM]

that holds for any ¢ € [m, M] and for any =,y € H.
Since the function v (s) := (Esz,y) is of bounded variation on [m, M| for
any x,y € H, then on applying the inequality (5.37) once more, we get

(Erz,y) —m/ (Esz,y) d (5.40)
t M
< Ml—m l/mo(sm)d<ES$’y>‘+ /t (sM)d(Es%ZD}
t M
= ;}-leg¢o(<Ebﬂ”y>)*‘jy;_;lX/(<E%o$ayﬂ

that holds for any ¢ € [m, M| and for any =,y € H.
Now, taking the supremum in (5.40) and taking into account that

t M

\/ (Eoe,v), \ (Bozy)) < \iﬁ<Ecﬂ%y»

— t

for any ¢t € [m, M] and for any x,y € H, we deduce the first and the second
inequality in (5.34).

The last part of (5.34) follows by the Total Variation Schwarz’s inequality
and we omit the details.

Now, recall that if p : [a,b] — C is a Riemann integrable function and
v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

|f(s)— f@®)| < Ll|s—t| for any ¢,s € [a,b],
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then the Riemann-Stieltjes integral f; p(t)dv (t) exists and the following

inequality holds
b b
[roam| <t [ pea
a a

Now, on applying this property of the Riemann-Stieltjes integral, we have
from the representation (5.33) that

‘<{f(m)(M1HA)Jrf(M)(AmlH)]

M—m $y> —(f(4) x,y)‘ (5.41)

M

<L (Erx,y) — / (Esx,y) ds| dt
M—m

m—0

for any z,y € H.
Further on, by utilizing (5.39) we can state that

[ | - " e
== m/m U/m Sm)d<E5x,y>‘+ /tM(SM)d<Es$,y>]dt
/m [ (Ey.v)) + Aj‘f__;\?(@(_w»] a

for any x,y € H, which proves the desired result (5.35).

From the theory of Riemann-Stieltjes integral it is also well known that
if p : [a,b] — C is of bounded variation and v : [a,b] — R is contin-
uous and monotonlc nondecreasing, then the Riemann-Stieltjes integrals
f:p(t) ) and f Ip (t)| dv (t) exist and

b b
/p<t>dv 1) s/ ip (1) do (1)

From the representation (5.33) we then have

‘<{f(m)(Mlﬂ—A)+f(M)(A—m1H)]

M—-—m
M
S /
m—0

s} = Aol (642

1 M
<Eth’,y> - Mi <E5$,y> ds

—MmM Jm—o

df (t)
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for any z,y € H.
Further on, by utilizing (5.39) we can state that

M
/_ M
M= m/m oU/m s_m)d<Est,y>'+

(Eyz,y)) + J\]}i__; \/ (<E(.)$7y>)] df (t)

t

M
() = 5= [ (B} a4 1)

IN

M
L‘@—me%m

|

IA

(Eyz,v))
for any x,y € H, which proves the desired result (5.36). m
A different approach for Lipschitzian functions is incorporated in:

Theorem 348 (Dragomir, 2010, [6]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M] for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — C is
Lipschitzian with the constant L > 0 on [m, M], then

(e e = )~ e 9

M 1 M
< L|\y||/ E,x — / E,xds
m—0 M—m m—0

for any x,y € H.

1
dt < 5L (M —m) |z |lyll

Proof. We will use the inequality (5.41) for which a different upper bound
will be provided.

By the Schwarz inequality in H we have that

M 1 M
E . Ez,y)d
| @ - g [ B as
M 1 M
- E,xds|
oo s ]
M
§||y||/ Etm—i/ Egxds
m—0

for any z,y € H.

dt (5.44)

dt
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On utilizing the Cauchy-Buniakovski-Schwarz integral inequality we may
state that

1 M
E‘t.’Lz — Mi/ ES.'L'dS

dt (5.45)
—MmM Jm—o
1/2
M
< (M —m)"? / Ex— ——— Eyxds| dt
m—0 — M Jm—o

for any z € H.

Observe that the following equalities of interest hold and they can be
easily proved by direct calculations

1 M M 2
Eix— ——— E xds|| dt 5.46
M —m /m,—() tw — M Jm—o0 e ( )
2
1 M 9 1 M
E dt — E,xd
M—m/mw” v ||M—m/mo e
and
1 M 1 M ’
/ | Ey||? dt — / E.xds (5.47)
M—-—m m—0 M—m m—0
1 M 1 M 1
= FE.x — Es d aE -5 dt
M—m/,,no< tL M_m/77170 xras +L 21’>
for any x € H.
By (5.45), (5.46) and (5.47) we get
M M
/ Eix— ——— Esxds|| dt (5.48)
m—0 — MM Jm—o

m—0 2

" M 1 M 1 1/2
S (M — m) / / . Etl‘ — m/ E3$d87Etx ——x )dt

for any z € H.
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On making use of the Schwarz inequality in H we also have

M 1 M 1
B — —— FEyxds, Byx — —x ) dt 5.49
/m—O ! M—m m—0 ! 2 ( )
M 1
< / FEix — 7/ F. xds HEtx — ix dt
m—0
1 M
i FEsxds||dt,
slel | B - g vds

where we used the fact that E; are projectors, and in this case we have

2 1 2
= [ Bexll” = (Eyz, ) + 7 |2l

1 2 1 2
= <Et2xa$> — (B, x) + 1 z]|” = 1 [Eal

for any t € [m, M] for any = € H.
From (5.48) and (5.49) we get

M 1 M
E:c—i/ Exds|| dt (5.50)
/m 0 ' M—m J, o

) Y 1/2
< (M — 1/2< |z ||/ Etx—i/ Ezds dt)
—m S0
which is clearly equivalent with the following inequality of interest in itself
M
[

for any x € H.
This proves the last part of (5.43). =

1 M
Etl' — Mi Es.'ljds

m—0

dt < Sl (M —m)  (551)

5.4.2  Applications for Particular Functions

It is obvious that the above results can be applied for various particular
functions. However, we will restrict here only to the power and logarithmic
functions.

1. Consider now the power function f : (0,00) — R, f(t) = ¥ with
p # 0. On applying Theorem 348 we can state the following proposition:

Proposition 349 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M| for some real numbers 0 < m < M
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and let {Ex}, be its spectral family. Then for any x,y € H we have the
inequalities

P(Mlg —A)+ MP(A—ml
‘qm WMln ]\;tm Azm H)]fv,y><z4”w,y>' (5.52)
M 1 M 1
< By |yl _ Ex — M—m) Esxds|| dt < §Bp (M —m) ||z ||yl
where
Mr—1L ifp>1
B,=px
mP~t if0<p<l,m>0
and

B, = (—p) mP~ifp<0,m>0.
2. The case of logarithmic function is as follows:

Proposition 350 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M| for some real numbers 0 < m < M
and let {Ex}, be its spectral family. Then for any x,y € H we have the
inequalities

‘< [(MlH — A) lnj\nz[—l_— (T: —mly) 1nM} xy> — (In Az, y)‘ (5.53)
<lw [

1 M 1 (M
B e [ Buads| < 3 (1) .
5.5 More Generalised Trapezoidal Inequalities

— M Jm—o

5.5.1 Other Vector Inequalities

The following result for general continuous functions holds:

Theorem 351 (Dragomir, 2010, [7]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M] for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — R is
continuous on [m, M|, then we have the inequalities:

‘<-f(m)(MlH_?\;'i'{n(M)(A_mlH)]

s) = W] (550

M
< £ — (E
—_téﬁi)&]f() terf?,i%f L}/O 175 9))

IN

[ max f(t)— min f(t)} lall 1yl

Lt€[m,M] te[m,M]
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for any x,y € H.

Proof. We observe that, by the spectral representation theorem, we have
the equality

<{f(m)(M1HA)+f(M)(Am1H)
M—-—m

o)~ e 655)

M
:/ Dy (t)d((Ez,y))

n—0
for any z,y € H, where ®¢ : [m, M| — R is given by

@y (1) = < (M ) £ (m) + (6 = m) f (V)] — £ (1)

It is well known that if p : [a,b] — C is a continuous function and
v : [a,b] — C is of bounded variation, then the Riemann-Stieltjes integral

ff p(t) dv (t) exists and the following inequality holds

b

< sup [p(t)]\/ (v), (5.56)

t€la,b]

b
/ p(t) dv (1)

b
where \/ (v) denotes the total variation of v on [a,b].

Now, if we denote by 7 := minge[m, a7 f (t) and by I' := max;em, ) f ()
then we have

and
—(M-m)I <—=(M-m)f(t) <—y(M-m)

for any ¢t € [m, M]. If we add these three inequalities, then we get
—(M=m) ([ —v) <(M—-m)®;(t) < (M —m) ([ —7)
for any ¢ € [m, M|, which shows that
|® (t)] <T —~ for any ¢ € [m, M]. (5.57)

On applying the inequality (5.56) for the representation (5.55) we have
from (5.57) that

M M
[ e wacEe|<@-n V (Bow)

m—0

m—0
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for any x,y € H, which proves the first part of (5.54).

The last part of (5.54) follows by the Total Variation Schwarz’s inequality
and we omit the details. m

When the generating function is of bounded variation, we have the fol-
lowing result.

Theorem 352 (Dragomir, 2010, [7]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — C is
continuous and of bounded variation on [m, M], then we have the inequal-
ities:

‘<{f(m)(M1H—z}i&tf(M)(A—mlH)]

s) = W) (559

TRV Y <f>] V (Eyen)

max
te[m,M] o
M M
<V (Eoyz )\ () < V(5 llzll 1y
m—0 m m

for any x,y € H.

Proof. First of all, observe that

(M =m) @y (t) = (t = M) [f () = f (m)] + (t —m) [f (M) = f ()] (5.59)

w—l/w t—m[M#@

for any t € [m, M].

Therefore
M—t t—
001 < 2| [ + M we) e
M-t t—m ¥
<
- M — m\w{ M — \t/

IN

s { Mt 1 m}w ]

[1 |t— m+M|

2+1w3n]¥”>
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for any ¢t € [m, M], which implies that

t

M
max [Py ()] < max [M_t V() + \/(f)} (5.61)

te[m,M] tefm,M] | M —m m

1 |t_m+M M M
2+M_27n]\/(f)—\/(f)-

On applying the inequality (5.56) for the representation (5.55) we have
from (5.61) that

< max
te[m,M]

for any x,y € H, which produces the desired result (5.58). m
The case of Lipschitzian functions is as follows:

Theorem 353 (Dragomir, 2010, [7]) Let A be a selfadjoint operator in

the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-

bers m < M and let {E\}, be its spectral family. If f : [m,M] — C is

Lipschitzian with the constant L > 0 on [m, M], then we have the inequal-

ities:

<{f () (M1y — A) + F (M) (A~ mig)
M—-m

Jo.0) =t an| 6o

1 M 1
<5 (M-m)L ((E(yz,y)) < 5 (M —m) L[yl
m—0

for any x,y € H.
Proof. We have from the first part of the equality (5.59) that

@5 (] < T |F (1)~ F ()| + S ) - f (0] (5:63)

2L
M—-—m

IN

(M—t)(t—m)ﬁ%(M—m)L
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for any ¢ € [m, M|, which, by a similar argument to the one from the above
Theorem 352, produces the desired result (5.62). The details are omitted.
]

The following corollary holds:

Corollary 354 (Dragomir, 2010, [7]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m,M] for some real
numbers m < M and let {Ex}, be its spectral family. If I, L € R are such
that L > 1 and f : [m,M] — R is (I, L) — Lipschitzian on [m, M], then we
have the inequalities:

(e o) G ]| o

1 M
<O —m) (L= \/ ((By,y)) < 7 (M = m) (L)l ]

m—0

—_

for any x,y € H.

Proof. Follows by applying the inequality (5.62) to the § (L — I)-Lipschitzian
function f — % (I + L) e, where e (t) = t, t € [m, M]. The details are omit-
ted. m

When the generating function is continuous convex, we can state the
following result as well:

Theorem 355 (Dragomir, 2010, [7]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — R
is continuous convex on [m, M| with finite lateral derivatives f’ (M) and
fi (m), then we have the inequalities:

‘<|:f(m)(M1H—fjl\;‘tf(M)(A_mlH)]

s} = (W) (669
1 M

T —m) [f. () = £ m)] \/ (B

i (M —m) [ (M) = £ (m)] | |ly]

IN

IN

for any x,y € H.

Proof. By the convexity of f on [m, M] we have

f@) = f (M) = f (M) (t— M)

for any t € [m, M]. If we multiply this inequality with ¢ —m > 0 we deduce

(t=m) f(t) = (t—m)f(M)=fL(M)(t—M)(t—m) (5.66)
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for any t € [m, M].
Similarly, we get

(M=) f(t) = (M —1t)f(m) > f (m)(M—1t)(t—m) (5.67)

for any t € [m, M].
Summing the above inequalities and dividing by M — m we deduce the
inequality

@) < ML= o gy g o) (5.68)

< 3 (M —m) [ (M) — 1 (m)]

for any ¢t € [m, M].
By the convexity of f we also have that

1
T 0 =0 )+ (=) £ )= £

(M —t)m+ (t—m)M
M—m >
(5.69)
= [ ()
giving that

@4 (t) > 0 for any t € [m, M]. (5.70)
Utilising (5.56) for the representation (5.55) we deduce from (5.68) and

(5.70) the desired result (5.65). m

5.5.2  Inequalities in the Operator Order

The following result providing some inequalities in the operator order may
be stated:

Theorem 356 (Dragomir, 2010, [7]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M.

1. If f : [m, M] — R is continuous on [m, M], then

’f () (Wl = A)+ 7 M) (A= k) _ g <A>‘ (5.71)

< t) — i
= Lémf“ e

Fo) 1

2. If f : [m, M] — C is continuous and of bounded variation on [m,M],
then

f (m) (M1 = 4) 4§ (M) (A= m1p)
| o )

(5.72)

Mig—A\" A—mig 1 |A—mEMy, 1M
<z\f_m\/<f>+w\/{<f)<lz+ww<f%

m
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A
where \/ (f) denotes the operator generated by the scalar function [m, M| >

t M
t— \/ (f) € R. The same notation applies for \/ (f)-

m A
3. If f: [m, M] — C is Lipschitzian with the constant L > 0 on [m, M],

then

‘f(m)(MlH—z?\;tj;(M)(A_mlH)_f(A)‘ (5.73)
< 2R — £y 1l + A f (a1 g ()

1
< i(M—m)LIH

4. If f: [m, M] — R is continuous convex on [m, M] with finite lateral
derivatives f' (M) and f' (m), then we have the inequalities:

f(m) (M1g —A)+ f(M)(A—mlg)
M—-m

< M = VA=) 1 (ag) — f1 (m)

3 (L = m) [ (M) = £ ()] 1

0<

- f(4) (5.74)

IN

Proof. Follows by applying the property (P) to the scalar inequalities
(5.57), (5.60), (5.63), (5.68) and (5.70). The details are omitted. m
The following particular case is perhaps more useful for applications:

Corollary 357 (Dragomir, 2010, [7]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bersm < M. Ifl,L e Rwith L > 1 and f : [m, M] — R is (I, L) — Lipschitzian
on [m, M|, then we have the inequalities:

f(m)(M1y —A)+ f(M)(A—mlg)
M—m

(M —m) (L —1)1p.
(5.75)

e

- f(A)] <

5.5.8 More Inequalities for Differentiable Functions
The following result holds:

Theorem 358 (Dragomir, 2010, [7]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M] for some real num-
bers m < M. Assume that the function f : I — C with [m, M] C I (the
interior of I) is differentiable on I.
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1. If the derivative f' is continuous and of bounded variation on [m, M],
then we have the inequality

(|Hm @ = D TINEZm o )~ i )| 679
M M M
<3 Or=m\ (1) V (Boyza) < 300 =m) () el Il
m m—0 m

for any x,y € H.
2. If the derivative f' is Lipschitzian with the constant K > 0 on [m, M],
then we have the inequality

\<[ M ﬁt{n( )<A_m1H)]‘”’y>—<f<A>x,y>\ (5.77)

1
2 (M —m)* K |||l |y

oo\)—l

(M —m) K\/ (B, y)) <

m—0

oo

for any x,y € H.

Proof. First of all we notice that if f : [m, M] — C is absolutely continuous
on [m, M] and such that the derivative f’ is Riemann integrable on [m, M],
then we have the following representation in terms of the Riemann-Stieltjes
integral:

M
Oy (t) = L / K (t,s)df' (s), te€[m,M], (5.78)

where the kernel K : [m, M]* — R is given by

K (t.5) .:{ (M—t)(s—m) if m<s<t (5.79)

t—m)(M—s) if t<s< M.

Indeed, since f’ is Riemann integrable on [m M ] it follows that the Riemann-

Stieltjes integrals fm( m) df' (s) and j; — s8)df’ (s) exist for each
t € [m, M]. Now, integrating by parts in the Rlemann-Stieltjes integral, we
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have:

/Ktsdf — (M t)/m(sm)df’(s)ﬂtm)/tM(Ms)df’(s)

for any t € [m, M], which provides the desired representation (5.78).
Now, utilizing the representation (5.78) and the property (5.56), we have

@y (2)] (5.80)

t M
<M1m[(M—t) /m(s—m)df’(s) —I—(t—m)/t (M—s)df’(s)]
< 1
~—M-m

t M
X [(M—t)\/(f’) es[upﬂ(s—m)Jr(t—m)\/(f) GS[I;IX/[](M—S)]
=) M=) [\ N
i v - [\r{(f)+\t/(f)1
(t —m) (M —t)

for any t € [m, M].

On making use of the representation (5.55) we deduce the desired result
(5.76).

Further, we utilize the fact that for an L—Lipschitzian function, p :
[, f] — C and a Riemann integrable function v : [@, 8] — C, the Riemann-

Stieltjes integral ff p(s)dv (s) exists and

/jm)dv(s) SL/j Ip () ds.
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Then, by utilizing (5.80) we have

[ ()] (5.81)

< :(M—t)‘/;(s—m)df’(S) +(t—m) /tM<M—s>df'<s>]

M—m (Mf)/;(sm)ds+(tm)/tM(Ms)ds]

IN

K (Mt)(tm)2+(tm)(Mt)2]
M—m_ 2 2
= S (M —m) (= m) (M~ 1) K < %(M m)? K

for any t € [m, M].

On making use of the representation (5.55) we deduce the desired result
(5.77). m

The following inequalities in the operator order are of interest as well:

Theorem 359 (Dragomir, 2010, [7]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M] for some real num-
bers m < M. Assume that the function f : I — C with [m,M] C I (the
interior of I) is differentiable on I.

1. If the derivative f' is continuous and of bounded variation on [m, M],
then we have the inequality

‘f(m) (M1 _i\l}t{n(M) (A—mly) f(A)‘ (5.82)
(A—mly)(Mly — A) 1 \/(
< o BV (1) < 0 =) V(1) 1

2. If the derivative [’ is Lipschitzian with the constant K > 0 on [m, M],
then we have the inequality

‘f(m)(MlH_"?\;t{n(M)(A_mlH)f(A)’ (5.83)
< 5 (M —m) (A= min) (Ml — A)K < ¢ (M~ m)* KLy,

5.5.4 Applications for Particular Functions

It is obvious that the above results can be applied for various particular
functions. However, we will restrict here only to the power and logarithmic
functions.

1. Consider now the power function f : (0,00) — R, f(t) = ¥ with
p # 0. On applying Theorem 355 we can state the following proposition:
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Proposition 360 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M] for some real numbers 0 < m < M .
Then for any x,y € H we have the inequalities

‘<[mp(M1H—,§;tJ\n;[P(A—m1H)]x’y><Apl,,y>' (5.84)

1
< 5 (M —m) Ay flz] 1yl
where
MP=t —mP=1 ifp € (—00,0) U[L,00)
Ap=px
S if0<p<l.

In particular,

‘<[M(M1Hm—]\;4()]\—i4- Tg—mlH)} my> _ <A—1m,y>‘ (5.85)
< JOI=m) O m) oy gy

for any x,y € H.
The following inequalities in the operator order also hold:
Proposition 361 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M| for some real numbers 0 <m < M .
If p € (—o00,0) U[l,00), then

mp(MlH—A)-i-Mp(A—mlH)

< — AP .
0< N —m A (5.86)
(MlH—A)(A—mlH) _ D—
<p YA (MP=1 —mP1)
< ip(Mfm) (MP~! —mP~ 1) 1.

Ifp € (0,1), then

0<Ap_mp(M1H—A)+Mp(A—m1H)
- M—-m
(MlH _]\144) (A_mlH) (mp—l _Mp—l)
—m

p(M —m) (mP~t — MP~1) 1y.

(5.87)

p
1
< Z
4
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In particular, we have the inequalities

< M (M1lg —A)+m(A—mly)

!

< A (L —m) A (5.88)
(MlH—A)(A—mlH) M2—m2

- M —m m2M?
1(M —m)* (M +m)

< —

-2 m2M?2

The proof follows from (5.74) and the details are omitted.
2. The case of logarithmic function is as follows:

Proposition 362 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp(A) C [m, M] for some real numbers 0 < m < M.
Then for any x,y € H we have the inequalities

'<{(M1H —A)lnm+ (A—mly)n M

M—m } z, y> - <lnAx,y>‘ (5.89)

1(M —m)?
< - .
< 15 el )
We also have the following inequality in the operator order

(Mlyg —A)lnm+ (A—mly)lnM

0<InA-— YA (5.90)
_ (Mlg —A)(A-mly) _ 1(M—m)21
>~ = H-
Mm 4 mM

Remark 363 Similar results can be obtained if ones uses the inequalities
from Theorem 358 and 359. However the details are left to the interested
reader.

5.6 Product Inequalities

5.6.1 Some Vector Inequalities

In this section we investigate the quantity

(I (M) 1 = f (VS (A) = [ (m) La]2,y)]

where x, y are vectors in the Hilbert space H and A is a selfadjoint operator
with Sp(A) C [m, M], and provide different bounds for some classes of
continuous functions f : [m,M] — C. Applications for some particular
cases including the power and logarithmic functions are provided as well.

The following representation in terms of the spectral family is of interest
in itself:
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Lemma 364 (Dragomir, 2010, [8]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — C is
a continuous function on [m, M| with f (M) # f(m) , then we have the
representation

M)1g = f(A][f(A) = f(m)1 5.91
e A0 F AL ()= £ )1 (.01)
1

 f(M)— f(m)

(5 [ ) (-

Proof. We observe that,

x (Et - ;1H> df (1)

M
- 2
~TO0D—f(m) /m Ecdr®)

1 1

M M
T o PV 75— L, B O
M M
—%/W Etdf(t)+%/WOEsdf(s)

0
2

-t M 2 B 1 M
_f(M)—f(m) /m—oEtdf(t) [f(M)—f(m) /m—oEtdf(t)‘|

which is an equality of interest in itself.
Since F; are projections, we have E? = E, for any ¢ € [m, M] and then
we can write that

1 M ) 1 M 2
f(]W)—f(m)/m EZdf (t) — []W /mfo E.df (t)‘| (5.93)

—0
1 M 1 M 2
=TT g B O - [f(mf(m) | par (t)]

1 M 1 M
~FO) = f(m) /m_oEtdf ) llH C O Fom) /m B (t)] .
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Integrating by parts in the Riemann-Stieltjes integral and utilizing the
spectral representation theorem we have

M
/ Eudf (1) = f (M) 14 — f (4)

m—0
and o
1 A)—f(m)1
1H_— Etdf(t):f() f( )H7
fM) = f(m) Jm—o f (M) — f(m)
which together with (5.93) and (5.92) produce the desired result (5.91). m
The following vector version may be stated as well:

Corollary 365 (Dragomir, 2010, [8]) With the assumptions of Lemma
864 we have the equality

([f (M) 1 = f(A]Lf(A) = f(m) 1u]z,y) (5.94)
= [f (M) = f (m)]

. << e oo <3)> o (5= 310) y> v

for any x,y € [m, M].

The following result that provides some bounds for continuous functions
of bounded variation may be stated as well:

Theorem 366 (Dragomir, 2010, [8]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — C is a
continuous function of bounded variation on [m, M| with f (M) # f(m),
then we have the inequality

{IF (M) T — £ (A1 (4) — £ (m) ] 23] (595)
< 3 Iyl 1f (31 = f (m)

<<=
=

X sup
te[m,M]

< 2 el [\/( )] ,

m

1 M
B SO oY

for any x,y € H.

Proof. It is well known that if p : [a,b] — C is a bounded function,
v [a b] — (C is of bounded variation and the Riemann-Stieltjes integral
f p(t ) exists, then the following inequality holds

[ v

b

< sup [p(t)\/ (v), (5.96)

t€la,b]
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where \/ (v) denotes the total variation of v on [a,b].

a
Utilising this property and the representation (5.94) we have by the
Schwarz inequality in Hilbert space H that

(L (M) 1 = f(A][f (A) = (m) 1a] z, y)| (5.97)

L <<Et_f(M)1f( [ m >> (2~ 5) y>
§f(M)—f(m)l\AZ(f)
< B = o LMoEsxdf %) HEZ’;‘”M

for any z,y € [m, M].
Since FE, are projections, and in this case we have

2
1
= |Bwll* — (Euy,y) + 1 lyII*

1
HEtZ/— SY

1 0 1.
= (Elyy) = (Bwy) + 7 Ivl” = 7 1yl

then from (5.97) we deduce the first part of (5.95).
Now, by the same property (5.96) for vector valued functions p with
values in Hilbert spaces, we also have that

M
” 7 (M) = f (m)] Eu — / Bl (s) (5.95)
M M
= (Eyx — Egx)df (s \/ sup ||Eix — Esz||
m—0 m s€[m,M]

for any ¢t € [m, M] and z € H.

Since 0 < E; < 1y in the operator order, then —15 < E;— E; < 1 which
gives that — [|z|* < (B, — By)@,2) < |la||”, ie., [(By - E) z,2)| < |||
for any x € H, which implies that |E} — Es|| < 1 for any t,s € [m, M].
Therefore sup ¢y, a1 |1 Erx — Esz|| < [|z]| which together with (5.98) prove
the last part of (5.95). m

The case of Lipschitzian functions is as follows:
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Theorem 367 (Dragomir, 2010, [8]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — C
is a Lipschitzian function with the constant L > 0 on [m, M] and with
f (M) # f(m), then we have the inequality

{1 (M) Ly = f (A1 (4) = f (m) L)) (5.99)
< Syl If (1) ~ £ (m)

M 1 M
. /m B = an - fm) / Bwdf (s)

m—0

1 M M
< SL? |yl / / | Byx — Eqz| dsdt
2 —0Jm—-0

V2
2

dt

V2
< 2Lyl (M —m) {Az — mar, Ma — A2)'/* < Y222yl | (M — m)?
for any x,y € H.

Proof. Recall that if p : [a,b] — C is a Riemann integrable function and
v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

|f(s)— f@®)| < Ll|s—t| for any ¢,s € [a,b],

then the Riemann-Stieltjes integral f; p(t)dv (t) exists and the following
inequality holds

b
/ p(t)do (£)

< L/b Ip (£)] dt. (5.100)

Now, on applying this property of the Riemann-Stieltjes integral, then
we have from the representation (5.94) that

([ (M) 1a = f (AN S (A) = f(m) 1a]z,y)] (5.101)
< |[f (M) = £ (m)]

B (CE—— N Y
m—0 f(M) = f(m) Jm—o

< L|f(M) = f(m)]

M 1 M 1
X/m—o Etm_—f(M)ff(m)/ OEsxdf(s) HEty—2det

= Syl 1 (M) ~ £ ()

M 1 M
X/m_o Etm_m/m_of?sxdf (s)|| dt

df (),
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for any x,y € H and the first inequality in (5.99) is proved.
Further, observe that

M 1 M
£ (M) = £ (m)] /m Ee - e /m B ()] e (5.102)
M M
= / . [f (M) — f(m)] Bz — OEgmdf(s) dt
M M
=/ / (Erx — Esz) df (s)|| dt
m—0 m—0

for any z € H.
If we use the vector valued version of the property (5.100), then we have

M
/77170

for any « € H and the second part of (5.99) is proved.
Further on, by applying the double integral version of the Cauchy-Buniakowski-
Schwarz inequality we have

M
/ (Buz — Eoz) df ()

m—0

M M
it < L/ / Bz — By dsdt
m—0 Jm—0

(5.103)

M M
/ / |Evz — Eoz|| dsdt (5.104)
m—0 Jm—0

M M 1/2
< (M —m) (/ / ||Etm—ESx||2dsdt>
m—0 Jm—0

for any x € H.
Now, by utilizing the fact that E; are projections for each s € [m, M],
then we have

M M
/ / Bz — Eaz||? dsdt (5.105)
m—0Jm—0
[ M M 2
=2 | (M- m)/ | Bz dt — / Eyadt
m—0 m—0
M M
=2 (M- m)/ (Byx, x) dt — Eixdt
m—0 m—0

for any z € H.

If we integrate by parts and use the spectral representation theorem,
then we get

M M
/ (B, z)dt = (Mxz — Az, z) and / Eixdt = Mz — Ax

m—0 m—0
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and by (5.105) we then obtain the following equality of interest
M
/ / | By — Eyx|® dsdt = 2 (Az — ma, Mz — Az) (5.106)
m—0

for any € H.

On making use of (5.106) and (5.104) we then deduce the third part of
(5.99).

Finally, by utilizing the elementary inequality in inner product spaces

1
Re {a,b) < 7 [la+ b|*, abe H, (5.107)
we also have that

(Az — ma, Mz — Az) < = (M —m)? ||z|?

1=

for any x € H, which proves the last inequality in (5.99). m
The case of nondecreasing monotonic functions is as follows:

Theorem 368 (Dragomir, 2010, [8]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M and let {E\}, be its spectral family. If f : [m,M] — R is a
monotonic nondecreasing function on [m, M|, then we have the inequality

([ (M) 1 = £ (A S (A) = f (m) 1u] 2, )] (5.108)

< 3 Il 1 (1) — £ (m)]
1 M
/m B T oy O

< 3 Il 1 (1) — £ (m)]
<[ (M) 1i = f(A)][f (A) = f (m) Ly) 2, 2)"?
< 3 Iyl el [F 1) = 7 (m)f?

df (t)

for any x,y € H.

Proof. From the theory of Riemann-Stieltjes integral it is also well known
that if p : [a,b] — C is of bounded variation and v : [a,b] — R is contin-
uous and monotomc nondecreasing, then the Riemann-Stieltjes integrals
ffp(t) ) and f Ip (t)| dv (t) exist and

b b
/p<t>dv 1) s/ Ip ()] dv (2
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Now, on applying this property of the Riemann-Stieltjes integral, we have

from the representation (5.94) that

<7 (M) — £ (m)
A e LG | CEREY TN
1

M 1 M
X/mm Etzf(M)—f(m)/ . sedf (s)]| df (¢)

m—

for any x,y € H, which proves the first inequality in (5.108).

On utilizing the Cauchy-Buniakowski-Schwarz type inequality for the
Riemann-Stieltjes integral of monotonic nondecreasing integrators, we have

1 M

B = san—fm /B d

9 1/2
o

for any z,y € H.
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Observe that

df (t) (5.111)

M M
N e

M 5 1 M
:/mio | Bz 2Re<Etx, o0 /mOEsmdf(s)>

+ ] df (¢)

1 M )
=[f (M) — f(m)] [f(]\/[)—f(m) /mio | Ev||” df (¢)

|

1 M

FOD) = F(m) Sy 2" )

1 M
- H PTG o B ©

and, integrating by parts in the Riemann-Stieltjes integral, we have

M
/7;1—0

and

M M
Bl df (0= [ (B Bahar ()= [ (Bahaf 0

m

(5.112)
M
= £ 0 el = [ (B
= O ol = {f (A)z,2) = ([ (M) 1 = ] (A)} 2,2

M
/ OES:L’df (s)=f(M)z— f(A)x (5.113)

for any z € H.
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On making use of the equalities (5.112) and (5.113) we have

1 M 2 1 M ?
P70 J, 1Bl 0~ ”f(M)—f(m) B

(5.114)
1

[F (M) = £ (m)]?
x (£ (M) = £ @) ([ (M) g = £ (A)] ) = If (M) & = f (4) )]
(M)w — f (4w, f (M)z — f (4)z)

_ ) — F ) (M) 1y — f (A)] @) —
[f (M) = f (m)]?
_ @0 = Fm)(f (M) 1y — f (A)z,2) = (f (M) z — f(A)z, f (M)z — [ (A)z)
[f (M) — f (m)]?
(f M)z — f(A)z, f(A)z— f(m)a)

for any = € H.
Therefore, we obtain the following equality of interest in itself as well

1 M 1 M ?
O T s | T fo B @ 40
(5.115)
U (M)e— f(A)a, (A - (m)2)
1) — f ()P
(0 (M) Lt — £ (A [F (A) = £ () L] ,)
() — f ()

for any x € H

On making use of the inequality (5.110) we deduce the second inequality
in (5.108).

The last part follows by (5.107) and the details are omitted. m

5.6.2 Applications

We consider the power function f (t) := t? where p € R\ {0} and ¢ > 0.
The following power inequalities hold:

Proposition 369 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M] for some real numbers with0 < m < M.
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If p> 0, then for any x,y € H

(MP1y — AP) (AP — mP1y) )] (5.116)
V2

< B2 |yl (M —m) (Aq:—ma:,Ma:—Ax>l/2

2
V2 2
< Y2 B2y )] (M — m)

where
Mr—1L ifp>1
B, =px
mP~t f0<p<l,m>0

and

(AP = M P1y) (mPlg — A7P) z,y)| (5.117)

1/2
Cy |yl (M —m) (Az — mz, Mz — Az)
Cy llyll Nl (M —m)?,

where
Cp, = pm P~ and m > 0.

The proof follows from Theorem 367 applied for the power function.

Proposition 370 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M] for some real numbers with0 < m < M.
If p> 0, then for any x,y € H

(MP1lg — AP) (AP — mPly) 2,y)| (5.118)
< 5 Il (M7 =) (M 1y — A7) (A" — L), )2

1 , 2
< 7 Iyl [l (AP = mP)

and

(A" = M~P1g) (m "1y — A7) z,y)| (5.119)

% lyll (m™ = M7P) (A7 = M~Ply) (m Pl — A7) z,2)"/”

1 _ N2
< 7 Iyl (m™? —M7P)".

The proof follows from Theorem 368.
Now, consider the logarithmic function f (t) =Int,t > 0. We have
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Proposition 371 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp (A) C [m, M] for some real numbers with0 < m < M.
Then we have the inequalities

{([(InM)1yg —InA][In A — (Inm) 1]z, y)| (5.120)
< % Iyl (M —m) (Az — ma, Mz — Az)"/?
V2 M
el (5 -1)
and
{(InM)1lg —InA)[ln A — (Inm) 1g]z,y)| (5.121)

IN

3 ol (0 A0) i = 4] A~ () ], ()

< ol [ ()]

The proof follows from Theorem 367 and 368 applied for the logarithmic
function.

A
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6
Inequalities of Taylor Type

6.1 Introduction

In approximating n-time differentiable functions around a point, perhaps
the classical Taylor’s expansion is one of the simplest and most convenient
and elegant methods that has been employed in the development of Math-
ematics for the last three centuries. There is probably no field of Science
where Mathematical Modelling is used not to contain in a form or another
Taylor’s expansion for functions that are differentiable in a certain sense.

In the present chapter, that is intended to be developed to a later stage,
we present some error bounds in approximating n-time differentiable func-
tions of selfadjoint operators by the use of operator Taylor’s type expansions
around a point or two points from its spectrum for which the remainder is
known in an integral form.

Some applications for elementary functions including the exponential and
logarithmic functions are provided as well.

6.2 Taylor’s Type Inequalities

6.2.1 Some Identities

In this section, by utilizing the spectral representation theorem of self-
adjoint operators in Hilbert spaces, some error bounds in approximating
n-time differentiable functions of selfadjoint operators in Hilbert Spaces
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via a Taylor’s type expansion are given. Applications for some elementary
functions of interest including the exponential and logarithmic functions
are also provided.

The following result provides a Taylor’s type representation for a function
of selfadjoint operators in Hilbert spaces with integral remainder.

Theorem 372 (Dragomir, 2010, [5]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M] C I (the interior of I) and let n be an integer with n > 1. If
f: I — C is such that the n-th derivative f is of bounded variation on
the interval [m, M|, then for any c € [m, M| we have the equalities

A) = Z%f(’” (¢) (A—cly)® + Ry (f,e,m, M) (6.1)
k=0

where

Ry (f,c,m, M) = ;/mMU (/A (Aft)"d(f(") (t))) dEy.  (6.2)

Proof. We utilize the Taylor formula for a function f : I — C whose n-th
derivative f(") is locally of bounded variation on the interval I to write the
equality

=Y IOt / C- (rmw®) (63

k=

(=)

for any A, ¢ € [m, M], where the integral is taken in the Riemann-Stieltjes
sense.

If we integrate the equality on [m, M| in the Riemann-Stieltjes sense with
the integrator E) we get

M

M n 1 } .
/ f(A)dEA:ny“)(c)/ (A — )" dE,

m—0 k=0 m—0

+% MO (/A (A—t)”d(f(") (t))) dE

which, by the spectral representation theorem, produces the equality (6.1)
with the representation of the remainder from (6.2). m
The following particular instances are of interest for applications:

Corollary 373 (Dragomir, 2010, [5]) With the assumptions of the above
Theorem 372, we have the equalities

Z %f ) (A —mlp)" + Ly (f,¢,m, M) (6.4)
k=0
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where
M A
Lo (f,c.m, M) = %/m_o (/m (0 d (s (t))) dE)
and
n k
P =Y g (M5 (a2 ) e (e
= (6.5)

where

M, (f,c,m, M) = 71!/1\: (/:JrM ()\—t)”d(f(") (t))> dEy

m

2

and
n k
FA) =Y %f““) (M) (M1g — A + U, (f.e;m, M) (6.6)
k=0 ’
where
c.m — ﬂ M M W\ (n)
Un (f.c,m, M) = *— /m_o <A (t—N\) d(f (t)) dEx, (6.7)
respectively.

Remark 374 We remark that, if the n-th derivative of the function f
considered above is absolutely continuous on the interval [m, M|, then we
have the representation (6.1) with the remainder

n! Jm—o

R (f, com, M) = - / " ( / e (p) dt) dEy.  (6.8)

Here the integral fc’\ (A —=t)" fOF) () dt is considered in the Lebesgue sense.

Similar representations hold true when c is taken the particular values m, M
or MM

Now, if we consider the exponential function, then for any selfadjoint
operator A in the Hilbert space H with the spectrum Sp (A) C [m, M] and
with the spectral family {£)}, we have the representation

A—cly . 1 k 1 M A n t—c
e :ZH(A—CIH) + A (A —=t)"el=cdt | dEy, (6.9)

k=0 m=

where c is any real number.
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Further, if we consider the logarithmic function, then for any positive
definite operator A with Sp(A) C [m, M] C (0,00) and with the spectral
family {F\}, we have

(A — C].H)k
kck

Moy
+(=1)" /mio </C ()\tn-‘r? dt) dEx

InA=(nc)ly+ En: i (6.10)
k=1

for any ¢ > 0.

6.2.2 Some Error Bounds

We start with the following result that provides an approximation for an
n-time differentiable function of selfadjoint operators in Hilbert spaces:

Theorem 375 (Dragomir, 2010, [5]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M] for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M] C I (the interior of I) and let n be an integer with n > 1. If
f: I — C is such that the n-th derivative f™ is of bounded variation on
the interval [m, M], then for any ¢ € [m, M| we have the inequality

[(Rn (f, ¢;m, M) z,y)| (6.11)

<3 (500 -m o= )V () V coma

for any x,y € H.
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Proof. From the identities (6.1) and (6.2) we have
(Ry (f,c;m, M)z, y) (6.12)

= (f(A)z,y) - Xn: %f(’“ () <(A —clu)a, y>
k=0

— % mﬂio </A A—t)"d (f(”) (t))) d(Exz,y)

- % ' </A (A —t)"d(f(") (t))> d(Exz,y)

m—0

+% CM (/A (A-t)"d (f<") (t))> d{Exz,y)

for any z,y € H.
It is well known that if p : [a,b] — C is a continuous function, v : [a,b] —

C is of bounded variation then the Riemann-Stieltjes integral f; p(t)dv (t)
exists and the following inequality holds

b
/pwwm

where \/ (v) denotes the total variation of v on [a,b] .

b

< max [p(t)]\/ (v), (6.13)

tela,b]

a
Taking the modulus in (6.12) and utilizing the inequality (6.13) we have

(B (f, c;m, M) 2, y)| (6.14)
1

ks /m . ( / o )" d (o (t))> d(Exz,y)

—n!

1

n!

+

1
< — max
n! xefm,c]

[ o-ora(sow)|
/%(A—tﬁd(f 1)
for any xz,y € H.

By the same property (6.13) we have

LV RIGRIO)E

1
+ — ma
n! Aele, M]

max
AE€[m,c]

(c—m)" v(ﬂ") (6.15)
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and
M

o™\ (f(”)) . (6.16)

c

max
A€Ele,M]

[ o-vra(i o) <

Now, on making use of (6.14)-(6.16) we deduce

|<Rn (f7c7m7M):I:7y>|

< amax{(c—m)n

n.

» [ V (B +V <<E<.>x,y>>]

m—0 c

1 M M
< Smax{(c—m)", (M ="} \/ (£7) \/ ((Epz.y))

:1<1(M—m)+ >n\]\;(f(")) \]V} (Eoz,v))

n! \ 2
m—0

m+ M
2

c—

for any x,y € H and the proof is complete. m
The following particular cases are of interest for applications

Corollary 376 (Dragomir, 2010, [5]) With the assumption of Theorem
375 we have the inequalities

(6.17)
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‘<f(A)w7y> Sy EV w0 any (0ra - A eg)| (618)
1 T A
< g A =mV (1) V (Boew)
1 An; )
< = =m)"\/ () lle]l Il
and
L1 g (mAM m+M_ \*
(f(A)x,y)—kzz;)Hf(k) <2><<A— 5 1H> xy>‘ (6.19)
- inn! (M — m)" max \N;M (f(n))’ \7 (f(n)) \]70(<E
1 y
< 3o (M —m)" max{ \/ (f<">) ( @) bl

m+M
2

respectively, for any x,y € H.

Proof. The first part in the inequalities follow from (6.11) by choosing
c=m,c=M and ¢ = "EM respectively.

The last part follows by the Total Variation Schwarz’s inequality and we
omit the details. m

The following result also holds:

Theorem 377 (Dragomir, 2010, [5]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M) C I (the interior of I) and let n be an integer with n > 1.
If f : I — C is such that the n-th derivative f™ is Lipschitzian with the
constant L, > 0 on the interval [m, M], then for any ¢ € [m, M] we have
the inequality

(R (f, c;m, M) z,y) (6.20)
c M
< G [“ —m)" T\ (Boww)) + (=" ((Boy))
m—0 c
1 1 m+M n+l M
Syt (2 (M —m) + ‘C_ 5 ) WYO (Eoyz:y))
n+1
= (nil)an (;(Mm)+‘0m;M) ] {1l
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for any x,y € H.

Proof. First of all, recall that if p : [a,b] — C is a Riemann integrable
function and v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

|f(s)—f@®)| < Ll|s—t| for any ¢,s € [a,b],

then the Riemann-Stieltjes integral fab p(t)dv (t) exists and the following

inequality holds
b b
[roaw|<t [ pea
a a

Now, on applying this property of the Riemann-Stieltjes integral we have

Ct—)\”d ™) (1))] < Ln/ct—)\"dt 6.21
e | [ =y <>)]_Ag}g;d[ - ] (6.21)
_ Ln n+1
_n+1(c m)
and
A () A
AL n < L —t)" .22
s / (A= a(f ) _Ag[%[ . / (A—1) dt] (6.22)
L
_ n M — n+1.
n+1( c)

Now, on utilizing the inequality (6.14), then we have from (6.21) and (6.22)
that
(R (f, c;m, M)z, y)| (6.23)

1 )
< il e m™ \/O (Biyz,y)

+

1 M
n+1
i M- V (Boyz.v))

M

L,, max {(c —m)" (M - c)n+1} \/ ((E(yz,y))

m—0

= ﬁL" (; (M —m) + ‘C m;MDnH \Z (Eoy)),

1

S CES]

and the proof is complete. m
The following particular cases are of interest for applications:
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Corollary 378 (Dragomir, 2010, [5]) With the assumption of Theorem

377 we have the inequalities

(F () ) = D22 F ) (A = mi) )

k=0

!( - n+1L \/ E(xy

(6.24)

n+1
S —m)™ Ly ]

and

(6.25)

k
= 0 iy {1y - )ty

M
(M —m)" ™ Ly \[ (B, y))

m—0

n+1
(M —m)"™" L ||| [yl

n

(f(A)ay) =Y %f(’” (sz) <<A - m;M1H>kx,y>| (6.26)

k=0
1 M
<— (M —-m)""! Ln (B,

1 n+1
< m(M_m) Lo |l [yl

respectively, for any x,y € H.

The following corollary that provides a perturbed version of Taylor’s
expansion holds:

Corollary 379 (Dragomir, 2010, [5]) Let A be a selfadjoint operator
in the Hilbert space H with the spectrum Sp(A) C [m,M] for some real
numbers m < M, {Ex}, be its spectral family, I be a closed subinterval on
R with [m, M] C I (the interior of I) and let n be an integer with n > 1. If
g : I — R is such that the n-th derivative g™ is (,,, L,,) — Lipschitzian with
the constant L, > 1, > 0 on the interval [m, M|, then for any c € [m, M]
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we have the inequality

- L, + L,
<g (A) SU,y> kg (k) < _ClH)k $’y> - 2

= \

(6.27)

% ;<An+ll’ y>7”7+1<$ y>
(n+1)! ’ (n+1)! Y7
n o k+1

S (=)

< g
¢ M

% l m)" N ((Eoyz,v)) (M_C)n+1\/(<E(.)x7y>)]

m—0 c

1 1 m o+ M\ M
< gy Ut (307 -+ \ - ) V ((Eom)
n+1

= ﬁ@n—m (; (M = m) + [ 02 ) ol lly

for any x,y € H.
Proof. Consider the function f: I — R defined by

1 Ln +ln .t’ﬂ-‘rl.

Observe that

F® (1) = g" (1) -

n—k+1)! 2

for any Kk =0,...,n
Since g™ is (I, L) —Lipschitzian it follows that

: Ly +1n
£ (1) = g (1) - 22

is %(Ln — 1,)-Lipschitzian and applying Theorem 377 for the function f,
we deduce after required calculations the desired result (6.11). m
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Remark 380 In particular, we can state from (6.27) the following inequal-
1ties

{g(A)z,y) —g(m) (z,y) - ]; %g(k) (m) <(A — mlH)k l‘,y> - fn J;Ln
(6.28)
1 n+1 7nn+1
x {M (A", y) - m@,w
n 7nn7k+1
) 1 L M
< gy L I =m0 (Boy))
m—0
< gy Lo =) O =)™ i o

and

n k
(o)) — g (M) (o)~ S0 g () (1 — ) )
= (6.29)
ln+ Ly 1 . Mt
B {(n—&-l)! (47 a,y) - CESARA
n Mr—k+1
_ kzz‘; (—1)F FTCEyERw <(M1H — A, y>] ‘
1 n+1 M
< s e~ ) (M —m) nyo (Beyz,y))
< m (Ln — 1) (M =)™ 2] 1y
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and

@a) -9 (") @ (6.30)

2

"1 k) m+ M m+ M k
2 <2)<(A‘ 7 1H> %,y
=1

L+ Ly, 1 _ 1 m+ M\

2 |(n+1)
_;:1 (n—kl—i— 1)1k (m;M>n k+1<<A m+M1H)kx’y>H

1
<
— 272 (n4+1)!
< 1
— 22 (n 4 1)!

M
(Lo — b)) (M —m)"™ \/ ((E(yz,y))

m—0

(Ln - ln) (M - m)n+1 ”'TH ”y”

respectively, for any x,y € H.

6.2.83 Applications

By utilizing Theorem 375 and 377 for the exponential function, we can
state the following result:

Proposition 381 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp(A) C [m, M] for some real numbers m < M and
{E\}, be its spectral family, then for any ¢ € [m, M] we have the inequality

<eAx,y> —ef Z % <(A —cly)” x,y> (6.31)
k=0
Si!l(c— (e —e™ \/ (Eyz,y))
M

+(M —)" (M —e) \/ (B y>)]

1 c M
< — max {(M —c) (eM — ec) (c—m)" (e“ —e )} \/ (<E( )T y>)

m—0
M

_;|<;( —m)+ C—m—’z_M> —e )7>(0(<E(.):L'y>)
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and
<6A$,y> —GCZ% <(A—clH)k z,y> (6.32)
k=0
c M
= (nil)!eM l(c_ m)" ™\ ((Bozy)) + (M = o) \/ ((Eyz,y))
m—0 c

)"V o)

m—0

n+1
) lall 1yl

m+ M

for any x,y € H.

Remark 382 We observe that the best inequalities we can get from (6.81)
and (6.52) are

n k
<eAx,y>—em+2MZ;'<<A—m—;MlH> x,y>‘ (6.33)

k=0
1 M
< G (M —m)" (M —e™) \] ((Bpya,y))
m—0
1 . .
< o (O = )" (M — ™) )

and

n k
(eha,y) — ™5 Y ;' <<A— m“;M1H> xy>| (6.34)

k=0
1 M
n+1
< S L (1) (n n 1)!eM (M — m) nyo (<E(.)$,y>)
1

+1
< meM (M —=m)" ]| |yl

for any x,y € H.

The same Theorems 375 and 377 applied for the logarithmic function
produce:

Proposition 383 Let A be a positive definite operator in the Hilbert space
H with the spectrum Sp(A) C [m, M] C (0,00) and {E\}, be its spectral
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family, then for any c € [m, M| we have the inequalities

n —1)k_1 <(A - clH)k a:,y>

(In Az,y) — (z,y) Inc — Z o (6.35)
k=1
Az § g,
M=) (M™ —c) M
NUAL G, >\c/<<E<.>m7y>>]
1 (c—m)" (" —m™) (M —c)" (M"—c) )
< — max s Bz,
1/1 m+ M\ (M" v
<n<2(M—m)+‘c— 5 D Mmmm \( (), Y))
< 2 (G0r—my+|e— T M) OO oy gy
and
(DT ((A-el) e
<1nAx,y>f<x,y>lncfZ < o " y> (6.36)

k=1
c M
<0y+$mﬁH[@_"WH1VI«EM%W)+U4—QM1V(@M$W»]

m—0

1 1 m+ M\
< (n+1) 1 (2 (M—m) + ‘C— 5 D \/ (<E(.)x,y>)
m—0
1 1 m+ M\
< et ) mtt (2 (M —=m)+ |c— 5 D !l |yl

for any x,y € H.
Remark 384 The best inequalities we can get from (6.35) and (6.36) are

m+M)_ w (DA M) )
k

(In Az,y) — (z,y) In (

, k
2 —1 k(rn-{Q—M)
(6.37)
M

1 n (M™—
< oy M =m) W \[ (Eoya.y))

1 n (M™ —m™)
= onp, (M —m) W [yl
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and

n k=1 _ m+M -
<1nAx,y>—<x,y>1n<m+M> > Y <(:(m§M) 1) @)

(6.38)

1 M n+l M
GO <m_1> \/ (Eey2.9))

1 M n+1
< s (2= 1) el

for any x,y € H.

6.3 Perturbed Version

6.3.1 Some Identities

The following result provides a perturbed Taylor’s type representation for
a function of selfadjoint operators in Hilbert spaces.

Theorem 385 (Dragomir, 2010, [4]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M] C I (the interior of I) and let n be an integer with n > 1. If
f: I — C is such that the n-th derivative f™ is of bounded variation on
the interval [m, M], then for any ¢ € [m, M| we have the equalities

FA) =3 5 () (A~ cln)® (6.39)
k=0
+ o) - Z%ﬂk) () (M = &) | 154 + Vi, (f,¢;m, M)
k=0
where
o (_1)” M A n—1 n
Vi (f,c,m, M) = (n—l)!/m_o (/ (t—N\) d(f( )(t)>> Exd).

(6.40)

Proof. We utilize the Taylor’s formula for functions f : I — C whose n-th
derivative (") is locally of bounded variation on the interval I to write the
equality

n A
=Y @ @0-d o [Camona(f0w) ey
k=0 nUe
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for any A, ¢ € [m, M|, where the integral is taken in the Riemann-Stieltjes
sense.

If we integrate the equality on [m, M] in the Riemann-Stieltjes sense with
the integrator E\ we get

M n 1 M
/ FOVAEN =" o % () / (A= )" dEy
k=0

m—0 m—0
+ % " (/A A—1)"d <f<"> (t))> dE\

m—0

which, by the spectral representation theorem, produces the equality

n 1 M A n .
P =3 Y @@=t / ( JCST d(f<><t>)>dEA

‘ k! ' Sz
(6.42)
that is of interest in itself as well.
Now, integrating by parts in the Riemann-Stieltjes integral and using the
Leibnitz formula for integrals with parameters, we have

M A

/ (/ A—1)"d (f(") (t))) dE) (6.43)
m—0 c
A M

_ o (

o) ( | o—ora(s (t)))
_ /m]‘io E\d (/C/\ A=t)"d (f(n) (ﬂ))
= < / Ly (£ (t))) 1y
- n/mMO (/A A —t)""'d (f<"> (t))) ExdA

and, since by the Taylor’s formula (6.41) we have

1 M

(O =1y (£ (1)) = F ) = 32 LD (@) (M — )", (649
k=0

n! /.

then, by (6.42) and (6.44), we deduce the equality (6.39) with the integral
representation for the remainder provided by (6.40). m
The following particular instances are of interest for applications:
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Corollary 386 (Dragomir, 2010, [4]) With the assumptions of the above
Theorem 385, we have the equalities

Z%f ) (A—mip)* (6.45)
k=0
G|
+ f kgoyf 7m)k 1H+Tn(facamaM)
where
M A
b [ o)
(6.46)
and
n k
f(A) = Z%f(’“ (mJ;M) (A m;M1H> (6.47)
k=0
N Lo (m MY (M —m
+[ron kz_o,dfk( 20 (M5 ”11{
+ W, (f,e,m, M)
where

and

n k
Fa) =3 T 50 () (1 - A 4 Y, (Fem M) (6.49)

— k!
where
_qyntl M M o
Y, (f.m, M) :=((n_)1)!/0 (A (t— ) 1d(f<”> (t))) Exd),
(6.50)
respectively.

Remark 387 In order to give some examples we use the simplest repre-
sentation, namely (6.49) for the exponential and the logarithmic functions.

Let A be a selfadjoint operator in the Hilbert space H with the spectrum
Sp(A) C [m,M] for some real numbers m < M and let {E\}, be its
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spectral family. Then we have the representation

(M1y — A)F (6.51)

In the case when A is positive definite, i.e., m > 0, then we have the
representation

" (M1y — A)F

InA=(InM)1lyg — CMIF

(6.52)
k=1

M M n—1
t—A
-n ﬁdt EydA.
m—0 A ¢+l

6.3.2 Error Bounds for f™ of Bounded Variation

We start with the following result that provides an approximation for an
n-time differentiable function of selfadjoint operators in Hilbert spaces:

Theorem 388 (Dragomir, 2010, [4]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M] for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M] C I (the interior of I) and let n be an integer with n > 1. If
f: I — C is such that the n-th derivative f™ is of bounded variation on
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the interval [m, M), then for any ¢ € [m, M| we have the inequalities

[(Vi (f, e;m, M) 2, ) (6.53)
1 ¢ n—1 ¢ n
<y [ e Y () Kl i

m—0

c

+

(1) [ =0 By ax

() | = Bl

c M

< (nimm““{\n{ (r).V (f(”))} / MO A " [{Bxz, )] A

I

S | =

5

i
——
<<
—

[

5
N
n<§
N
-}
=
——
sy

3
5}
3
g
8
S

for any x,y € H, where

(M = ¢)" + (¢ =m)"] =] lyll;

Cn(c7 m’ M’ $7 y);
Bn(cvmv vavy) =

n[L (M —m)+|c— mEM|"!
X (M1 = A)z,2) (Mg — A)y,y)]""

(6.54)
and

Cp(c,m, M,z,y) (6.55)
= [([(M — ¢)" 151 — sgn (A — cly) |A — clg|") 2, )]/
< [([(M — )" 1 — sgn (A — cly) |A — clg["]y, 90"

Here the operator function sgn (A —cly)|A —cly|™ is generated by the
continuous function sgn (- — c) |- — c|" defined on the interval [m, M] .
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Proof. From the identities (6.39) and (6.40) we have

(Ve (f,c;m, M) 2, y)| (6.56)

[t [ ([ et ) e
/7:0</:(t—/\ ( )) (Exz,y) d)
/CM</:(t f<" )) (Exz,y) dX
s(nil)!/;o /j(t—x a (s )‘ (Exa, )| d)

ﬁ /CM /CA (t—X\"""d <f(n> (t))

for any z,y € H.
It is well known that if p : [a, ] — C is a continuous function, v : [a,b] —

C is of bounded variation, then the Riemann-Stieltjes integral f; p(t)dv (t)
exists and the following inequality holds

b
/ p(t) do (t)

where \/ (v) denotes the total variation of v on [a,b].

1

= (n—1)!

1
(n—1)!

+

[(Exz,y)| dA

+

b

< sup [p(t)]\/ (v), (6.57)

t€la,b] a

a
By the same property (6.57) we have

c

/ A (k=" a(FP )| < =NV (1) (6.58)
¢ A
for A € [m, c] and
A A
[e=nTa(om) o=tV () e

for A € [¢, M].
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Now, on making use of (6.56) and (6.58)-(6.59) we deduce

[(Va (f, ¢;m, M) 2, y)|

<ot [ A \{ (£) (s, )] dn
)

m—0

' <n—11>'/M (A \7 (#09) 1(Bra. )

for any x,y € H which proves the first part of (6.53).

The second and the third inequalities follow by the properties of the
integral.

For the last part we observe that

M M
/ |)\—c|n*1 [(Exz,y)|d\ < max \(E)\m,y>|/ \)\—c|n71 d\
A€E[m, M] m

m—0

< — 2l Iyl (M = )" + (¢ = m)"]

1
n
for any z,y € H,and the proof for the first branch of B(c,m,M,z,y) is
complete.

Now, to prove the inequality for the second branch of B(e, m, M, z,y) we
use the fact that if P is a nonnegative operator on H, i.e., (Pz,z) > 0 for
any x € H, then the following inequality that provides a generalization of
the Schwarz inequality in H can be stated

|(Pz,y)|* < (Pz.z) (Py,y) (6.60)

for any z,y € H.
If we use (6.60) and the Cauchy-Buniakowski-Schwarz weighted integral
inequality we can write that

M
[ = B ax (6.61)

m—0

M
< / A — " Bz, 2) 2 (Exy, y) 2 dA

m—0

M 1/2 M 1/2
< (/ A =" " Bz, x) dA) </ A —c]"  (Exy,y) dA)
m—0 m—0

for any z,y € H.
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Integrating by parts in the Riemann-Stieltjes integral, we have

M
/ A =" (Exz, x) dA (6.62)
0

m—

— / (c—N)""" (Baz, ) d)\ + /M (A —o)" " (Bxz, ) dA

m—0

1 ¢ n, (M n
= l—/mO<E>\x,a:>d(c—)\) —l—/c (Exz,z)d (A —c) ]
= % [ (c=N"(Bxz,z)|;, o+ /CO (c— )\)nd<EA:c,m>]

B M
+% (Erz, o) (A—c)"|§“—/ (A—c)"d(E,wc,x)]
_ i/c_o (c= N"d (Exe, z)

1, M
et or o - [ (A—c)"dww,m]
= el (M — o)

1 [ e M
o / =N B - / (A—c)”d(E,\x,w]

m—0

lllﬂCII2 (M —c)" —/ sgn (A —¢)[A = CI"d<Ewm>]

S|= 3=

[([(M —c)" 1y — sgn (A —clp) |A = clul|"] z, )]

for any « € H, and a similar relation for y, namely

M
/ A =" (Ery, y) dA (6.63)

m—0

(M — )" 15 —sgn (A —cly) |A —clu["]y, y)]

S

for any y € H.
The inequality (6.61) and the equalities (6.62) and (6.63) produce the
second bound in (6.54).
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Finally, observe also that

M
/ A — o™ (Brz, o) dA (6.64)

m—0

c M
:/ (c—= N (Brz,2) d>\+/ (A= )" (Bra, ) dX

m—0

c M
<(c—m)y" / (Exa, o) d\+ (M — ¢)") / (Bxz, o) d)
m—0 c

M

< max (e —m)" " (M — ") / (Baz, ) d\

m—0

1 m+ M|
M
X | (Exx,x) /\|T]\f70 - / Ad (E,wt,ac)]
m—0

1 M n—1

_ [Q(M—m)—i— ‘c— mt } (M1 — A)z, )
for any x € H and similarly,
M
/ A =" N (Exz, z) dA (6.65)
m—0
m+ M

2

L o - Ay

< [1(M—m)+‘c—

for any y € H.

On making use of (6.61), (6.64) and (6.65) we deduce the last bound
provided in (6.54). m

The following particular cases are of interest for applications

Corollary 389 (Dragomir, 2010, [4]) With the assumption of Theorem
388 we have the inequalities

(T (f,m, M) 2, y)| (6.66)

<ot/ Uy \W{ (£) (Bxz,y) | ax

m—0

M

1)'\1‘? () [ = m (Bl i

m—0

|

£
|

—_

IA
\
—
-
=
oy
3
3
=
&
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for any x,y € H, where

(M —m)" [|lz[| ly]l
= Cn(m, M, z,y);

n(M—m)" " [(Mlg — A)z,2) (M1g — A)y,y)]"?

and

Crlm, M, z,y) == [([(M —m)" 1y — (A —mlg)"]z,z)]"> (6.68)
< [([(M —m)" 1 — (A= mlg)"|y. )]

The proof follows from Theorem 388 by choosing ¢ = m and performing
the corresponding calculations.

Corollary 390 (Dragomir, 2010, [4]) With the assumption of Theorem
388 we have the inequalities

< ﬁ /M (M — )" \A; (f<">) (Exz, y)| dA

m—0 A

M

mflﬂ@(ﬂ”)/ (M = N)""H[(Bxa, )] dX

m—0

IN

n(m7M7$7y)a

IA
S|
s<xz
/N
=
N
o3

for any x,y € H, where

Bpn(m, M, z,y) (6.70)

(M —m)" ||z lyll;

=< Cn(m, M, z,vy);

n(M—m)" " [(Mlg — A)z,2) (M1g — A)y,y)]"?

and

Cr(m, M, a,y) = (M1 — A)" 2, 2)]" [(M1g — A"y, )] (6.71)
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The proof follows from Theorem 388 by choosing ¢ = M and performing
the corresponding calculations.
The best bound we can get is incorporated in

Corollary 391 (Dragomir, 2010, [4]) With the assumption of Theorem
388 we have the inequalities

|<Wn(f,m,M)Jf,y>| (672)
1 m12»1\/1 m + M n—1 m;JVI (n)
<ol (5 V() 1l

A

o o ()T V() e

m+ M

+

IA
=
|
=
5
i
+ ——
3<w~§
N
it
N
<x
N
-
3
N———

IN
\
=
I
"~

1 M Ny
! \/ (f(n))» \/ (f(n)) B, (m,M,z,y),

for any x,y € H, where

v

-
e PR

v

=< C(m,M,x,y)

s (M —m)" (M1 — A)z,a) (M1 — A) y,y)]"/
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and
Cv’n(m’M7x’y)
n n 1/2
M — M M
= [<[( m) 1H—sgn(A—m+ 1H> ’A—m+ 1y }x,xﬂ
AL 2 2
(M —m)" m—+ M m+M_|" 1/2
X {< [2n 1y — sgn (A— 5 IH) ‘A— 5 1y }y,y>} .

(6.74)

6.3.3 Error Bounds for f™ Lipschitzian

The case when the n-th derivative is Lipschitzian is incorporated in the
following result:

Theorem 392 (Dragomir, 2010, [4]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M) C I (the interior of I) and let n be an integer with n > 1.
If f : I — C is such that the n-th derivative f) is Lipschitzian with the
constant L, > 0 on the interval [m, M), then for any ¢ € [m, M] we have
the inequalities

‘<Vn (fa C,m7M) $,y>| (675)
1 M
< Lo [ A= dl (Bl
n: m—0
1
< L
= (’ﬂ—‘r].)' n
(A = &)™ (e =m)™ | el
1/2
<[(M — )" M 1y —sgn(A—cly)|A - clH|n+1} z, x>}
X " " 1/2
X { {(M —¢)" "1y — sgn (A —clg) |A - cly| H} y,y>] ;

(n+1) [ (M —m)+ |c— =M1 |
X [<(M1H—A)LL',$> <(M1H—A)

]

oy

for any x,y € H.
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Proof. From the inequality (6.56) in the proof of Theorem 388 we have
|<Vn (f7 CamaM) x,y>| (676)

<o | e (0 o) | el o

for any z,y € H.

Further, we utilize the fact that for an L—Lipschitzian function, p :
[, f] — C and a Riemann integrable function v : [, 8] — C, the Riemann-
Stieltjes integral ffp (s) dv (s) exists and

+

/CA t—XN"""d (f(”) (t)) | [(Exz,y)| dA

/fp<s>dv<s> SL/j Ip (5)] ds.

On making use of this property we have for A € [m, | that

‘ n—1 n ¢ n-1, 1 n
/A(th) d(f()(t))‘gLn//\(tA) dt = ~Ly (=)

and for A € [c, M] that

/ St ()

which, by (6.76) produces the inequality

A
_ 1
gLn/ A=0)"""dt ==L, (A—¢)"
c n

[(Va (f,esm, M)z, y)| (6.77)
1 ¢ n 1 M n

<=L, (c—=N)"{Exz,y)|d\+ =Ly, (A=¢)" {Exz,y)| dX
n' m—0 n' c

1 M
= —Ln A =" [(Exz,y)| dA,
n! 0

m—

for any x,y € H, and the first part of (6.75) is proved.

Finally, we observe that the bounds for the integral fi{o A —c|" [{Exz, y)| dX
can be obtained in a similar manner to the ones from the proof of Theorem
388 and the details are omitted. m

The following result contains error bounds for the particular expansions
considered in Corollary 386:
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Corollary 393 (Dragomir, 2010, [4]) With the assumptions in Theo-
rem 392 we have the inequalities

(T (f,m, M) 2, y)| (6.78)

1 M
< oko [ = m)" [(Esw, )i
n: m—0
1
<— I,
(n+ 1!

n+1
(M —m)™ ||| |yl

[< [(M —m)" My - (A- mlH)nH} T, x>] i

X 1/2
[0 =y 1y = (A1) )]
(n+ 1) (M = m)" (M1 — A)z,2) (ML — 4) )]
and
[(Yo (fsm, M) @, )| (6.79)
M
S I[P
1
RV
(3 = m)"™** ey
X

([t = ar =) ([ - )]

(n+ 1) [(M —m)]" (M1 — A)z,z) (Mg — A) y, )]

)
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M n
m+ M
< —L A= E dX < L
nl n/mio 2 |< ,\:r,y>| ( 1)' n
M—m n+1
I ||yl

([ 1 g (4 - 2201) | — 1] 0,2)]
1/2

o ([ 0 g (4 221 4 201 )]

nEL (M —m)" [(M1g — A)z,z) (M1 — A)y,y)]"?;

(6.80)

for any x,y € H, respectively.

6.3.4 Applications

In order to obtain various vectorial operator inequalities one can use the
above results for particular elementary functions. We restrict ourself to
only two examples of functions, namely the exponential and the logarithmic
functions.

If we apply Corollary 390 for the exponential function, we can state the
following result:

Proposition 394 Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp(A) C [m, M] for some real numbers m < M and
{E\}, be its spectral family. Then we have

n k
<6A$,y> —eM Z % <(M1H — A)k :c,y>
k=0

M
<ot T =) (Bl iy

M
e : i (<" —e’")/ (M = X)""" [(Exz, y)| dA

m—0

(6.81)

eM em

X

i
"l Iyl
[ (Mg — A"z, 2)]" [(M1g — A)"y, )]

(M =m)" " [(M1y — A)z,2) (Mlg — A)y,y)]"/?
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for any x,y € H.
If we use Corollary 393 then we can provide other bounds as follows:

Proposition 395 With the assumptions of Proposition 394 we have

(6.82)

A - (D" .
<e ac,y>—e Z o <(M1H—A) x,y>
k=0

1 M
< e [ =N (Bl A
: m—0

1 oM
~ (n+1)!
n+1
(M —m)" | [yl

([t = ar o) ([ - o)

(n+1) [(M = m)]" (M1 — A) z,2) (M1 — A)y,y)]"*;

X

Finally, the Corollaries 390 and 393 produce the following results for the
logarithmic function:

Proposition 396 Let A be a positive definite operator in the Hilbert space
H with the spectrum Sp(A) C [m, M] C (0,00) and {E\}, be its spectral
family, then

" <(M1H - A xay>
(InAz,y) — (z,y) In M + Z I
k=1

(6.83)

M n
M™— A
< M—-\"—|(E
—/70( )‘) MrA" |< )\ZL‘,de)\

m

M= (M net
_ M — X Eyx,y)| d\
S | =N (B )
M" —mn
- nMmrmn

(M —m)"™ ||z Iyl
x & [(M1g — A" z,)] 2 (Mg — A" y.y)]"°

n(M—m)" " [(Mlg — A)z,2) (M1g — A)y,y)]"?
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and

n M1 —Akx7
(InAz,y) — (z,y) lnM—i—Z <( " ) y>

(6.84)

k
Pt kM
1 M
< [ =N By
1
~ (n+1)mntt

n+1
(M =m)™" [l lyll;

1/2

<3 [0 — e )] (0 - 4]

(n+ 1) [(M —m)]" (M1 — A)z,z) (Mg — A) y,y)]"*;

6.4 'Two Points Taylor’s Type Inequalities

6.4.1 Representation Results

We start with the following identity that has been obtained in [2]. For the
sake of completeness we give here a short proof as well.

Lemma 397 (Dragomir, 2010, [2]) Let I be a closed subinterval on R,
let a,b € I with a < b and let n be a nonnegative integer. If f : I — R is
such that the n-th derivative f) is of bounded variation on the interval
[a,b], then, for any x € [a,b] we have the representation

F@) =72 1b—2) f @) + (= a) £ (0] (655)
g

xg;;{@—aflfW«w+«4fw—xflf“Mw}

it [swmna (i o),

where the kernel Sy, : [a,b]”> — R is given by

(x —t)" (b— ) if a <t <ux;
x (6.86)

Sy (z,t) = »
()" (t—2)"(z—a) ifz<t<b

1
n!

and the integral in the remainder is taken in the Riemann-Stieltjes sense.
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Proof. We utilize the following Taylor’s representation formula for func-
tions f : I — R such that the n-th derivatives f(™ are of locally bounded
variation on the interval I,

F@ =Y gle-a W@+ 5 [Cw-vma(f0w), 681

where  and c¢ are in I and the integral in the remainder is taken in the
Riemann-Stieltjes sense.
Choosing ¢ = a and then ¢ = b in (6.87) we can write that

= Z% a)* f® () + — / Qe (Fmw).  (689)
k=0 o
and
no Nk _1\n+1 b
Fa) =S ;') (b—a)* 7O @)+ TN 173, / (t—=z)"d (f(") (t)) :
k=0 ) *

(6.89)
for any x € [a,b].
Now, by multiplying (6.88) with (b — z) and (6.89) with (z — a) we get

b—z)f(@)=0—-—2)f(a)+ (b x_“Z% klf(k)()
- (6.90)
b0-0) [ e-0ra(rm )
and

n k
(@—a)f@)= (= a) f )+ (b 2)(a—a) 3 (b )t 0 o
- (6.91)

_1\n+1 b
+ e (e e (s )

respectively.
Finally, by adding the equalities (6.90) and (6.91) and dividing the sum
with (b — a), we obtain the desired representation (6.86). m

Remark 398 The case n = 0 provides the representation

f@)= 2 b= @+ @-a) fO)+ ;= [ S@d(®)
‘ (6.92)
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for any x € [a,b], where
b—x ifa<t<uzx,
S (x,t) =
a—x ifx<t<b,

and f is of bounded variation on [a,b]. This result was obtained by a dif-
ferent approach in [1].
The case n =1 provides the representation

f@) = b-2) @+ @0 f O]+ ;= [ Q@nd(r ®),

(6.93)

a—t)(b—x ifa<t<ux,
Q(x’t):{< Jb-1) ifasts

t—=0)(r—a) ifx<t<b.
Notice that the representation (6.93) was obtained by a different approach
in [1].

Theorem 399 (Dragomir, 2010, [3]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M] C I and let n be an integer withn > 1. If f : I — C is such
that the n-th derivative f is of bounded variation on the interval [m, M],
then we have the representation

F(A) = 55— 1 (m) (M1 = A)+ f (M) (A~ m1y) (6.94)
M—-—m

30 5 (P ) (A=) (20 £ ) (11— 27
k=1""
+ Tn (f, m, M) ,

where the remainder T, (f, m, M) is given by

1 M
T (f,m, M) == m/ OKn (m, M, f; \) dEx (6.95)

(

and the kernel K,, (m, M, f;-) has the representation

m

M
) (- m) < JRGRRIE (t)))

A
K, (m, M, f; ) = (M — \) (/ A —t)"d (f(”) (t))) (6.96)

for A € [m, M].
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Proof. Utilising Lemma 397 we have the representation

FO) = 2 [(M = 2) £ (m) + (A = m) f (M) (6.97)

for any A € [m, M].
If we integrate (6.97) in the Riemann-Stieltjes sense on the interval
[, M] with the integrator F), then we get

M
/ F(\) dEy (6.98)

m—0

1 M
— e [ 0= )+ (= ) £ (01)] B

M _ - m n 1
N L TR

m—0 k=1

FEDT M =N D P

X VmMO (M — ) (/7: ()\ft)"d(f(") (t))) dE)
s [ e ( [ arase (t))) 4By

Now, on making use of the spectral representation theorem we deduce from
(6.98) the equality (6.85) with the remainder representation (6.86). m

Remark 400 Let A be a selfadjoint operator in the Hilbert space H with
the spectrum Sp (A) C [m, M] for some real numbers m < M, {Ex\}, be
its spectral family. In the case when the function f is continuous and of
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bounded variation on [m, M|, then we get the representation

FA) = g~ [f (m) (M1y — A) + f (M) (A = mlp)] (6.99)

1 M
+(Mm)[/ (M = N) [ (A) — f (m)) dEy

n—0

[ a-miran - solae,

m—0

Also, if the derivative f' is of bounded variation, then we have the repre-
sentation

1

FOA) = G £ o) (Mg = A) + £ (M) (A= m1u)] (6100
1 M A /
L e ML_JM‘A)(/,,L (- 0d(s <t>>>dEA

M M
+/m—0 (A —m) </A (t =) d(f (t))> dE

Example 401 a. Let A be a selfadjoint operator in the Hilbert space H
with the spectrum Sp(A) C [m, M] for some real numbers m < M and
{E\}, be its spectral family. If we consider the exponential function, then
we get from (6.94) and (6.95) that

et = Ml_m [e™ (M1y — A) +e™ (A—mly)] (6.101)

y ; % {em (A= m1)" 4 (-1)F M (15— 4))

1 M A .
*mx Vmo(M/\) (/m A—1) edt)dEA

+ (=)™ /M (A —m) </M (t—A\)" etdt> dEy
m—0 A

b. If A is a positive definite selfadjoint operator with the spectrum Sp (A) C
[m, M] C (0,00) and {Ex}, is its spectral family, then we have the repre-

—




376 6. Inequalities of Taylor Type

sentation
A= Mim (M1 — A)Inm + (A — mlg)ln M| (6.102)
(M1yg — A)(A—mly)
+ M —-—m
o i 1 {(_1)k—1 (A-—mig)"™"  (M1g— A" }
Pt k mk MFk

M A o\
+ W%m) [(_1)n /m—O (M - )‘) (/m ()\t"'"'? dt) dE)‘

7/n170(>\7m) (/}\ (tn-‘rl) dt) dE)‘

The case of functions for which the n-th derivative f(™ is absolutely
continuous is of interest for applications. In this case the remainder can be
represented as follows:

Theorem 402 (Dragomir, 2010, [3]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M] C I and let n be an integer withmn > 1. If f : I — C is such
that the n-th derivative f(™) is absolutely continuous on the interval [m, M],
then we have the representation (6.94) where the remainder T, (f, m, M)
18 given by

1 M

Tn (fym, M) := m

W, (m, M, f;\) Exd\  (6.103)

m—0
and the kernel W,, (m, M, f;-) has the representation
A

W, (m, M, f; ) := (4)”/ A=0)""" M+t — (n+ DA FOHY (1) dt
" (6.104)

— /M (t=N)"""[t+nm— (n+ 1)\ O (2) dt

for A € [m, M].
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Proof. Observe that, by Leibnitz’s rule for differentiation under the inte-
gral sign, we have

% [(M =) (/7: (A=t)" fH (1) dt)] (6.105)

A

_ )\/\ n p(n+1) d M — )\ d A n p(n+41) d
== [o—or e ma 0r-n g ([ o-0t e ga
A

m

= /A A=8)" fO O dt+n(M-=X) [ A=) FOFD (@) dt

= /A A=8)"" M+t — (n+ )N FOD () dt

for any A € [m, M].
Integrating by parts in the Riemann-Stieltjes integral we have

/ A:) (M — 2) ( / Yo D () dt) 1o (6.106)

A M
= (M- )) ( / (A—t)"d (f<”> (t))) E)
m m—0

M A
—/ (/ A=8)"""[nM +t — (n+1) A fFFD (1) dt) Ex\d\
0 m

m—

M A
7/ (/ A=8)""" M+t — (n+1) A FOFD (@) dt) E\dA.
m—0 m

By Leibnitz’s rule we also have

% l(x —m) ( A " (t—\)" fD (1) dt)] (6.107)

_ M A" (n+1) d A d M A" (n+1) d
= [ =t @@ 0-m g ([ e-at e ga
M

M
. / (= N D (1) dt —n (A — m) / (£ — N1 FOD (1) gt
A

A

= /M (t=N"""t+nm— (n+1) N fOFD (8) dt
A

for any A € [m, M].
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Utilising the integration by parts and (6.108) we get

M M
/ (A —m) (/ (t=A)" " (1) dt) dEx (6.108)
m—0 by
M
=A-m) (/M t— )" fr+Y (1) dt) E,\
A m—0

m—0

M M
- / (/ t=N""t+nm— (n+ 1) N O (@) dt) Ex\dA
A

1—0

M M
= _/ </ t—MN""" [t +nm — (n+ 1) A fFY (1) dt) Exd,
m A

Finally, on utilizing the representation (6.95) for the remainder T;, (f, m, M)
and the equalities (6.106) and (6.108) we deduce (6.103). The details are
omitted. m

Remark 403 The case n =1 provides the following equality

1

F(A) = = 1f (m) (M1 — A) + f (M) (A —mlp)] (6.109)
M
+ ﬁ " Wy (m, M, f; A) ExdX,
where
A M
Wi (m, M, f; \) ::/ (QA—Mft)f”(t)dtJr/ (2N —t—m) f" (t)dt
m A
(6.110)
for X € [m, M].

6.4.2 Error Bounds for f™ of Bonded Variation

The following result that provides bounds for the absolute value of the
kernel K,, (m, M, f;-) holds:

Lemma 404 (Dragomir, 2010, [3]) Let I be a closed subinterval on R
with [m, M| C I, let n be an integer with n > 1 and assume that f : I — C
is such that the n-th derivative f(™) exists on the interval [m, M.
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1. If ™ is of bounded variation on [m, M], then

|Kn (m, M, f; N)] (6.111)
A M
<M= =m)"\ (FO) + 0 =m) (1 = 0"\ (1)
m A
1 2 -1 A —1 M
< ; (M —m) [(A—m)” V(#0) + 1= \A/(f‘"))]
< i(M m)> J,, (m, M; \)
where
Jn (m, M3 \) (6.112)
1A4
[5 (M —m) + [A = =5[]/ (£0)
[+ ar = ap0]
A q M qq1/q
=4 (o) (Vo) ]
z’fp>ni%+§:1; ’
M A M
[; V() 3V 6 =V () ]
m m A
x [(=m)" ™+ (=
and A € [m, M].

2. If X € (m, M) and f™ is L, 1 x-Lipschitzian on [m,\] and Ly x-
Lipschitzian on [\, M], then

| (m, M, f; 0)] (6.113)

1 n+1 n+1
< _ _ _ _
< g [Loan = ) A= m)™ 4 g (A= m) (M = 0"
1
<— L —m)" 4+ Ly (M = \)"
— 4(TL+1)[ n,1,A (A m) + 7’L72;>\( )\) }
1
4 (n+1)

(Al A)]me{LnJAaLnQA}
1/
+ =2 (L + )
zfp > 1, 1 st =1
(M —m +{A MM (L + L2
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and X € [m, M].
In particular, if f™ is L, -Lipschitzian on [m, M|, then
|Kn (m, M, f3 )] (6.114)
Ln n+1 n+1
< _ _ _ _
< 2 M=) = m)" = m) (= 0
Ly (M - m)2 n n
<z - M—
< B (=m0 =)
and A € [m, M].
3. If the function f™) is monotonic nondecreasing on [m, M|, then
| Ky (my, M, f; \)] (6.115)
A
[ — )" () dt — (A —m)" f (m)]
m

M
+u—wwa—AWﬂ”uﬂ—nA @—Awlﬂwamﬁ

X [ =m) [ () = £ (m)] (g = )" [0 () = £ ()]
< O —m)?

o (=m0 ) = ) m)] (= 0T[5 () = £ )
< 3 (M —m)* T, (m, M; )

where

T, (m, M; \) (6.116)
[3 (M = m) + [ A — =524 |]" 7 [£00 (01) — £ (m)] 5

1/
[(A —m)P ) (M — /\)p(m)] P

L X[ @an = 5 )7+ (£ () = 50 (m)*

}1/11
. 1 1 _ 1.
pr>17;+5*1a

[ [ (1) = £ (m)] +
x [()\ —m)" T (M — /\)”*1} .

() ™) (1
F(\) — %H

Proof. 1. It is well known that if p : [a,b] — C is a continuous function,
v : [a,b] — C is of bounded variation then the Riemann-Stieltjes integral
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ff p(t) dv (t) exists and the following inequality holds

[ v

where \/ (v) denotes the total variation of v on [a,b] .

< max |p(t )|\/(v)7 (6.117)

t€la,b]

a

a
Utilising the representation (6.96) and the property (6.117) we have suc-
cessively

[ K (m, M, f; A)] (6.118)
/m a(fo @) A h (t=N"a(f @)

< (M=XNA=-m)" \/ (f(")) +(A—m) (M—/\)"\A? (f("))
A

m

+(A—m)

A M
m A

£l
(M —m)? [(/\m)”_l\/\/(f(”)) +(M - ]

< = (M —m)?* I, (m,M;)\)

N qk\H

for any A € [m, M].
By Hoélder’s inequality we also have

I, (m, M \) (6.119)

[4 (M —m) + | — ZEM "N/ ()

3<x

m)P Y (M — AP 1)}1/’7

R T 4 1/a
< flg\"{ >}1) (Vi) ]
[2\Z(f(7l)) 5 \7{ f(”) \]:[/ f("l) ]

x [(=m) ™t (=

for any A € [m, M].
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On making use of (6.118) and (6.119) we deduce (6.111).
2. We recall that if p : [a,b] — C is a Riemann integrable function and
v : [a,b] — C is Lipschitzian with the constant L > 0, i.e.,

|f(s)—f@®)| < L|s—t| for any ¢, s € [a,b],

then the Riemann-Stieltjes integral f; p(t)dv (t) exists and the following

inequality holds
b b
[rwam| <t [ pea
a a

Now, on applying this property of the Riemann-Stieltjes integral we have

o oA 1 (6.120)
<( / (n) (t)> +(A—m) //\ (t—\"d (f(n) (t))
< n_I'_ 1 [Ln,l,,\ (M = 2) (= m)™ 4+ Lo r (A —m) (M — )\)n+1:|
= (M —n)\:—()l\ —m) [Lnix (A — m)" + Ly (M = \)"]

(M —m)? . )
= 4(n+1) [Lnax(A=m)" + Lyp2x (M —N)"]

1 =m)’
~ 4(n+1)

[(A=m)" 4+ (M — \)"|max {Ly 1,5, Ln2x}
pn pnil/p (14 /4
(O =m) (= AP (L + 2,
ifp>1,2+21=1;
[% (M - m) + |)‘ - wun (Ln,l,)\ + Ln,2,)\)

which prove the desired result (6.114).
3. From the theory of Riemann-Stieltjes integral is well known that if
p : [a,b] — C is continuous and v : [a,b] — R is monotonic nondecreasing,

then the Riemann-Stieltjes integrals f; p(t)dv (t) and f [p ()| dv (t) exist

and
/b

/|p o (8) < oo [ ()] [0 (8) 0 (@) (6:121)

t€la,b]
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By utilizing this property, we have

Ko (m, M, f5 0] (6.122)

A Ny e
M
/m DO)+0=m) [ =N (1)

+(A=—m)

Hy (m

By the second part of (6.121) we also have that

H, ( (6.123)

g(M N A =m)" £ () = £ (m)]

(A= m) (M = X)" [ (31) = £ ()]

= (M=) (A—m)

(=)™ [0 () = 70 ()] + (= 2 [0 () = 100 ()]

E
?
=

+

X

1 2
Z( —m)

[ m)" [ ) = £ (m)] + (=" [£ () = £ ]|

1
T4

—~

(M —m)? L, (m, M; \)
with

L, (m, M;\) (6.124)
[4 (M —m) + |\ — 5L |]" 0 [0 (M) — £ (m)] 4

1/
{()\ — m)p(n_l) + (M - )\)p("_l)} .
q]t/e

X [ (0 () = £ ()" + (£ () = £ (m))]
ifp>1,+0=1

IN

%UWWM%ﬁ“Wmﬂ+fWMM—ﬂmwiwme

x“A—mW*+4M—AW4]
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Integrating by parts we have
H,, (m, M;\) (6.125)

— (M- / =0 d (£ 1) + (A —m) A Se-wra (i o)

N A
= (M- ) [(A — )" f™ (t)(m +n/ A —8)""" ™ (1) dt]

M
+(A=m) [(t— N" £ (1)

A

M
- n/ t—N""" (@) dt]
A

A
— (M- ) [n / A=) F) (1) dt — (A — m)" 5 <m>]

m

M
+ (A —m) [(M - N (M) - n/A t—N""" (@) dt] .

On making use of (6.122)-(6.125) we deduce the desired result (6.115). =

On making use of the bounds for the kernel K, (m, M, f;-) provided
above, we can establish the following error estimates for the remainder
T, (f,m, M) in the representation formula (6.94).

Theorem 405 (Dragomir, 2010, [3]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on R
with [m, M] C I and let n be an integer withn > 1. If f : I — C is such
that the n-th derivative f™ is of bounded variation on the interval [m, M),
then we have the representation

(F (A)2,9) = T ] (m) (Mg — A),3) + (M) (A — i), )]

(6.126)

Mm

{ 12}“(") <(M1H—A)(A—m1H)k;v7y>

n

+Z% )E £ )<(A—m1H)(M1H—A)’“x,y>}

=1
n(fvvavxay)a

where the remainder T,, (f,m, M;x,y) is given by

1 M
Tn(f,m,M;x,y) = ) |/70Kn(maMaf’>‘)d<E)\$ay> (6127)

(M —m)n! J,
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and the kernel K, (m, M, f;-) has the representation (6.96).
Moreover, we have the error estimate

T (f,m, M2, y)| (6.128)
1 M
_4n'(M m) \/ E( my>)
m—0

X\ dhax [(A —m)" \7 (f“”) + (M=) \A; (fw))]
7 m A

1 M M

< g M =m)"V (1) \ ((Boyw.v)
1 ]\n; m—0

< o M =m)"\/ (£7) 12l Iyl

for any x,y € H.

Proof. The identity (6.126) with the remainder representation (6.127) fol-
lows from (6.94) and (6.95).

Now, on utilizing the property (6.117) for the Riemann-Stieltjes integral
we deduce from (6.127) that

M
1
M, _— K M, f; E
T (fym, M@,y < sy maxe Ko (m, ,f,A)InYO (B¢, )
(6.129)
for any z,y € H.
Further, by (6.111) and (6.112) we have the bounds
K (m, M, f; N)] (6.130)

IN

0= 0=V (1) 0= (1)
}_\AZ(J‘(”));

IN
=

(M —m)? B(M—mﬂ—‘)\—

for any A € [m, M].
Taking the maximum over A € [m, M] in (6.130) we deduce the first and
the second inequalities in (6.128).

The last part follows by the Total Variation Schwarz’s inequality and we
omit the details. ®
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Corollary 406 (Dragomir, 2010, [3]) With the assumptions from The-

orem 405 and if f™ is L, -Lipschitzian on [m, M], then

T (f,m, M 2, y)]|

1 M
< rorar—me Y, (Fors)
<m0 )™ () (= 0™
< g e V()
< m (M —m)"" Ly, [l [ly]

for any x,y € H.

6.4.3 Error Bounds for f™ Absolutely Continuous

(6.131)

The following result that provides bounds for the absolute value of the

kernel W, (m, M, f;-) holds:

Lemma 407 (Dragomir, 2010, [3]) Let I be a closed subinterval on R
with [m, M] C I, let n be an integer with n > 1 and assume that f : I — C
is such that the n-th derivative f™ is absolutely continuous on the interval

[m, M]. Then we have the bound

I

W (m, M, f5 )] Z (m, M, f; )

where
BY (m, M, f; \)
A
—n (M=) / (= 0" |70 ()] dt < (01 - 3)

m

w A =m)" [

if fY € Loo [m, A]5

[m,A],00

1 _ o\ 1+1/p n+1)
X [(n—1)py+1]1/P1 (A —m) ' ”f( H[
if O € Ly, [m, Al,p1 > 1,0 4 L

m,\],q1

7171

(A= m)rk1 Hf(nH) H[m,A],l ’

(6.132)

(6.133)
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B (m, M, f; \) (6.134)
A
= [ o[ @@
%H (A — m)n+1 Hf(n+1) ||[m7k]7oo if D € Lo [m, N
n+1 .
< W< m)" PR ([ fOAD| i SO € Ly [ A
p2 > 1, P + = =1;
(A —m)" ||f("+” [~
B (m, M, f; \) (6.135)

::/AM(t—)\)"

) (t)‘ dt

i (M = N FOAD| i ST € Lo [N M
> (TLP3+11)1/"3 (M )\ e Hf () || [\, M],q3 Zf f(n+1) € LQB [)\,M],
P3 > ].7 PTi + - = ].
(M —\)" Hf("H) H[,\,M],l
and
B (m, M, f; ) (6.136)
M
=n(A —m)/ (t—n"" )f("“) (t)| dt < n (X —m)
A

RO =N SOy gy o 37 SO € Lo A, M),

1 _ o 1+1/p (n+1)
X T Dpu 177 A ' Hf" H[
if O € Ly, [\ M],pa > 1, g + - =15

(M = )"

for any X € [m, M], where the Lebesgue norms |||, , are defined by

1/p
(Sg@ra) ™ igeLyfab),p>1
19001 =

ess SuPyef,p) |9 (8)] 4 9 € Loo [a, 8]
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Proof. From (6.104) we have
(W (m, M, f; M) (6.137)

< /A(/\— " M+t — (n+ 1) A £ (1) dt

m

M
- / (t= X" [t 4 nm — (n+ 1) A fOD (8) dt
A

A
< / A =0)"" M+t — (n+1) A ‘f(”“) (t)‘ dt

m

M
- / (t=N"""t+nm—(n+1)) ’f(”“) (t)‘ dt
A

<

T

=0 [ (M = X) + (A= 0| £ (1) e

=T =N e = m)] |7 (1) e

4>>\
=

BY (m, M, f; \)
1

i

for any A € [m, M|, which proves (6.132).
The other bounds follows by Hoélder’s integral inequality and the details
are omitted. m

Remark 408 It is obvious that the inequalities (6.132)-(6.136) can pro-
duce 12 different bounds for |W, (m, M, f; \)|. However, we mention here
only the case when ftY € Lo [\, M], namely

(Wi (m, M, f; A)] (6.138)

<00 o
ot e oomor e,
<M =2)A=m)" + (A —=m)(M=N)"
TR | LS W

for any A € [m, M].
Finally, we can state the following result as well:

Theorem 409 (Dragomir, 2010, [3]) Let A be a selfadjoint operator in
the Hilbert space H with the spectrum Sp (A) C [m, M| for some real num-
bers m < M, {Ex}, be its spectral family, I be a closed subinterval on
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R with [m,M] C I and let n be an integer withn > 1. If f + I — C
is such that the n-th deriwative f() is absolutely continuous on the inter-
val [m, M], then we have the representation (6.126) where the remainder
T, (f,m,M;z,y) is given by

1 M
T (f,m, M z,y) == m/ OWn (m, M, f; A) (Exz,y) dA

(6.139)
and the kernel Wy, (m, M, f;-) has the representation (6.104).
We also have the error bounds
T (f,m, Mz, y)| (6.140)
1 M
< — Wy, (m, M, £; N)| [{Exz, y)| dA
< G | W m M F (B )

1 M
< G | W lm M P (Baa) 7 (Byy.) 2
*Jm—-0

1 M
< WWHHZJH/ [Wy, (m, M, f; A)] dA

for any x,y € H.

Remark 410 On making use of Lemma 407 one can produce further bounds.
However, the details are left to the interested reader.
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