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INEQUALITIES FOR THE RIEMANN-STIELTJES INTEGRAL OF
S-DOMINATED INTEGRATORS WITH APPLICATIONS (I)

S.S. DRAGOMIR 2

ABSTRACT. Assume that u,v : [a,b] — R are monotonic nondecreasing on
the interval [a,b]. We say that the complex-valued function h : [a,b] — C is
S-dominated by the pair (u,v) if

Ih(y) = (@) < [u(y) —u@)]vy) o @)
for any =,y € [a,b].
In this paper we show amongst other that

b 2 b b
/f(t)dh(t) s/ If(t)ldu(t)/ 1 (8)]do (1),

for any continuous function f : [a,b] — C.

Applications for the trapezoidal and midpoint inequalities are given. New
inequalities for some Cebysev and (CBS)-type functionals are presented. Nat-
ural applications for continuous functions of selfadjoint and unitary operators
on Hilbert spaces are provided as well.

1. INTRODUCTION

One of the most important properties of the Riemann-Stieltjes integral f; f(t)dg(t)
is the fact that this integral exists if one of the function is of bounded variation while
the other is continuous. The following sharp inequality holds

b
(1.1) < max I\ (9),

€la,

b
/ £ () dg (1)

provided that f : [a,b] — C is continuous on [a,b] and g : [a,b] — C is of bounded
b

variation on this interval. Here \/ (g9) denotes the total variation of g on [a,b] .

a
When g is Lipschitzian with the constant L > 0, i.e.,
lg(t) —g(s)| < L[t — s

for any ¢, s € [a,b], then we have

b b
(1.2) / f(tydg ()] <L / f (o)) dt

for any Riemann integrable function f : [a,b] — C.
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Moreover, if the integrator g is monotonic nondecreasing on the interval [a, ]
and f : [a,b] — C is continuous, then we have the modulus inequality

/f )dg (¢ /\f )l dg (¢

The above inequalities have been used by many authors to derive various integral
inequalities. We provide here some simple examples.

The following generalized trapezoidal inequality for the function of bounded vari-
ation f : [a,b] — C was obtained in 1999 by the author [21, Proposition 1]

(1.3)

b
(1.4) / f(tydt - (z—a) f (@) — (b—2) £ (D)

xajbu\b/(f),

a

g[;(baw

where x € [a,b] . The constant % cannot be replaced by a smaller quantity. See also
[19] for a different proof and other details.
The best inequality one can derive from (1.4) is the trapezoid inequality

b
(1.5 par- LX) < Lio—a) /).

Here the constant % is also best possible.

For related results, see [11]-[15], [17]-[20], [24]-[25], [29]-[32], [34], [40], [41], [43]-
[45] and [53]-[55].

In order to extend the classical Ostrowski’s inequality for differentiable functions
with bounded derivatives to the larger class of functions of bounded variation,
the author obtained in 1999 (see [21] or the RGMIA preprint version of [23]) the
following result

(1.6) S[;(b—a)—&-’x—a;bu\b/(f),

a

/f(t)dt—f(w)(b—a)

for any « € [a,b] and f : [a,b] — C a function of bounded variation on [a,b] . Here
\/Z (f) denotes the total variation of f on [a,b] and the constant 1 is best possible
in (1.6). The best inequality one can obtain from (1.6) is the midpoint inequality,

namely
£ dt — f (a;b) (b—a)

for which the constant % is also sharp.

For related results, see [1]-[11], [16]-[17], [21], [23], [25]-][27], [31], [35]-[39], [42],
[46]-[52] and [56]-[59].

Motivated by the above results, we establish in this paper a bound for the quan-
tity

(1.7)

1 b
Si(b*a)\/(f)

t)dg (t)
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in the case when the integrand f is continuous while the function of bounded vari-
ation g is S-dominated by a pair of monotonic functions in the sense presented at
the beginning of the next section. Applications for the trapezoidal and midpoint
inequalities are given. New inequalities for some Cebysev and (CBS)-type function-
als are presented. Natural applications for continuous functions of selfadjoint and
unitary operators on Hilbert spaces are provided as well.

2. SOME GENERAL INEQUALITIES

Assume that w,v : [a,b] — R are monotonic nondecreasing on the interval [a, b] .
We say that the complex-valued function h : [a,b] — C is S-dominated by the pair
(u,v) if

(S) B (y) = (@) < [u(y) —u(@)]v(y) —v(@)
for any x,y € [a, ] .

We observe that by the monotonicity of the functions v and v and by the sym-
metry of the inequality (S) over z and y we can assume that (S) is satisfied only
for y > x with z,y € [a,b].

We can give numerous examples of such functions.

For instance, if we take f,g € Ls[a,b] the Hilbert space of all complex-valued
functions that are square-Lebesgue integrable and denote

h= [ F0g@d w@)= [IF@Raad v @ = [ lo@)F

then we observe that v and v are monotonic nondecreasing on [a, b] and by Cauchy-
Bunyakovsky-Schwarz integral inequality we have for any y > x with z,y € [a, ]

that
2 y
/f(t)g(t)dt / f<t>|2dt[ g (1) dt

y y

</ |
[u(y) —u(@)][v(y) —v(z)].
Now, for p,q > 0 if we consider f (t) :=t? and g (¢) := t? for ¢ > 0, then

hpq (z) = / Cpragp o L eren
- 0 ptqg+1

A (y) = h (@) =
<

and
" 2p+1 o L ot
Uy, () := tPdt = ——— P v m:z/tthziajq .
p@)= [ o @)= | i
Taking into account the above comments we observe that the function h,, is S-
dominated by the pair (up,v,) on any subinterval of [0, 00).

Proposition 1. If h : [a,b] — C is S-dominated by the pair (u,v), then h is of
bounded variation on any subinterval [c,d] C [a,b] and
2

d
(2.1) [\/ (h)] < [u(d) —u(e)]lv(d) —v(e)]

Proof. Consider a division 0 of the interval [c, d] given by

d:ic=20< 21 < ee. < Tp_1 < xp =b.
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Since h : [a,b] — C is S-dominated by the pair (u,v) then we have

B (2ig1) = b (2:)] < Tu (i) —w(@)]? o (@) — v ()]

for any i € {0,...,n — 1}.
Summing this inequality over ¢ from 0 to n — 1 and utilizing the Cauchy-
Bunyakovsky-Schwarz discrete inequality we have

02) Y Ihi) b))
< 3 fu(@inn) — w @) o (@ie) — v ()]
=1
n—1 172 /.1 1/2
< [U(%H)—U(%)]) (Z[mm)—v(xi)])
=1 =1

Taking the supremum over § we deduce the desired result (2.1). (]

Corollary 1. Ifh : [a,b] — C is S-dominated by the pair (u,v) , then the cumulative
variation function V' : [a,b] — [0,00) defined by

V(z) = \/ (h)

is also S-dominated by the pair (u,v).

Theorem 1. Assume that u,v : [a,b] — R are monotonic nondecreasing on the
interval [a,b]. If h : [a,b] — C is S-dominated by the pair (u,v) and f : [a,b] — C
is a continuous function on [a,b], then the Riemann-Stieltjes integral ff f@)dn(t)
exists and

b 2 b b
(2.3) / Fydn)| < / 1 ()] du (1 / F@®)ldv (2).

Proof. Since the Riemann-Stieltjes integral f; f(t)dh (t) exists, then for any se-
quence of partitions

I g =t <M <<y
with the norm

() = CRETRE
v( " iefonomony Vil T )
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as n — oo, and for any intermediate points 51(7 [t("), tfi)l] i€{0,...,n—1} we
have:
(2.4) t)dh (t)

n—1
|t S ) ()

n—1

SR
< S () o (@) ) ()
1/2
< (Sl ) - @)
1/2
(Sl )
- / £ (®)ldu®) / 7 (©)dv ()

where for the last inequality we employed the Cauchy-Bunyakovsky-Schwarz weighted
discrete inequality

n n /2 o, 1/2
kaakbk < <Z mkai> (Z mkbi> ,
k=1 k=1 k=1
where my, ag, by, > 0 for k € {1,...,n}. O

3. TRAPEZOID AND MIDPOINT INEQUALITIES

We can use the inequality (2.3) to derive various inequalities of trapezoidal and
midpoint type as follows.

Theorem 2. Assume that u,v : [a,b] — R are monotonic nondecreasing on the
interval [a,b]. If h: [a,b] — C is S-dominated by the pair (u,v), then
2

(3.1) W(b—a)—/abh(t)dt
< [;wa)[fu(b)u(a)}/absgn<t“§b) <t>dt]
xﬁ(bam(b)v(aﬂ/absgn<t“§b) <t>dt]
< (b0 ()~ u()] [0(5) ~ v ()]
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Proof. Integrating by parts in the Riemann-Stieltjes integral, we have that

(3.2) h(a);—h(b)(b—a)—/abh(t)dt:/:(t—a;b)dh(t).

Applying the inequality (2.3) we have

b a+b ’ b b
/a<t— : )dh(t) g/a du(t)/a

Integrating by parts in the Riemann-Stieltjes integral we also have

(3.4) / '

a+b a+b

an.

(3.3) t— t—

and a similar relation for v.
By the Cebysev inequality for monotonic nondecreasing functions F, G that
states that

bia/abF(t)G(t)dtz bia/abF(t)dt-b_la/abG(t)dt

we also have

(3.5) /ab sgn (t S ; b) u(t) dt

1 b a+b b
> _—_— =
N asgn(t 5 )dt/a u(t)dt =0

and a similar result for v.

Utilizing (3.2)-(3.2) we deduce the desired result (3.1). O
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Theorem 3. Assume that u,v : [a,b] — R are monotonic nondecreasing on the
interval [a,b]. If h : [a,b] — C is S-dominated by the pair (u,v), then

h(a;b> (b—a)—/abh(t)dt

b b
sgn (t— a;b>u(t)dt/ sgn (t—a;b)u(t)dt

(b—a)* [u(b) = u(a)] [ (b) = v (a)].

2

(3.6)

<

ﬂk\?—‘@\

<
Proof. Integrating by parts on the Riemann-Stieltjes integral we have

(3.7) h(a—;b>(b—a)—/abh(t)dt

a+b b

:/ ’ (t—a)dh(t)+/l+b (b—t)dh ().

2

Taking the modulus in (3.7) we have

h(“?’) (b—a)—/abh(t)dt

a+b
2

/a (t — a)dh (1)

(3.8)

< +

Applying the inequality (2.3) twice, we have

a+b

/a T (= a)dh (1)

a+b a+b

< (/ : (t—a)du(t)>1/2 (/ (t—a)dv(t)>1/2

and

b
/M (b—t)dh (%)

1/2 1/2
g(/:b(b—t)du(t)> (/:rb(b—t)dv(t)> .

2

Summing these inequalities and utilizing the elementary result

aB+ 20 < (a2 +N2) (87 4 6%) '
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where a, 5, \,d > 0, we have

(3.9)

a+b b

1/2
_|_</ (t—a)dv(t)—l—[Hb(b—t)dv<t)> :

2

Integrating by parts in the Riemann-Stieltjes integral we have

CSUNN T —gam+ / b (b—t)du (t)
= (t—a)u(t)],* —/aa;bw)dw (b= 1) ()]s +/a;u<t)dt
to-we () [T s
0-au(“50) [ ueya

and the last integral is nonnegative as shown in the proof of Theorem 2.
The same equality holds for v as well.
Utilising the Griiss integral inequality

(3.11) ‘b1a/bF(t)G(t)dt_bla/bp(t)dt.bla/bg(t)dt

(M —m) (N —n)

that holds for the Lebesgue integrable functions F' and G that satisfy the conditions

m<F{#)<Mandn<G(t) <N
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for almost every t € [a,b], we have

1 b a+b
< —
Ob—a/aSgn<t 5 >u(t)dt

b a
(3.12) / sgn (t— ;b>u(t)dt< %(b—a) [u(b) —u(a)].

A similar result holds for v.
Making use of the inequalities (3.8), (3.9) and (3.12) we deduce the desired result
(3.6). O

4. AppLICATIONS FOR CEBYSEV AND (CBS)-TYPE FUNCTIONALS

The following lemma is of interest in itself.

Lemma 1. Let F : [a,b] X [a,b] — C be continuous on the rectangle [a,b] X [a,b]
and h : [a,b] — C an S-dominated function by the pair (u,v) which are monotonic
nondecreasing on [a,b]. Then we have

/ab ( /abF (,y) dh (y)) dh (z) 2

(4.1)

Proof. Assume that z is fixed in [a, b] . If we apply Theorem 2.3 for the S-dominated
function h : [a,b] — C we have

/:F(xydh (/ |F (z,y)| du(y ) (/ |F ()| dv ( )) 2,

(4.2)
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Applying again Theorem 2.3 and utilizing (4.2) we have

/ab (/abF(ff»y) dh (y)) dh (z) 2
g/b

= /ab (/ab |F (z,y)] du (y)> " /b |F (z,y)| dv <y)> v du ()
/(/ IF (2,y)|du(y ) (/ T )) 2dv(x)'

On making use of the Cauchy-Bunyakovsky-Schwarz inequality for the Riemann-
Stieltjes integral of monotonic nondecreasing integrators we have for the integrator
U

(4.4) /(/ IF (2, )| du (y ) (/ F x/y|dv >> e
(/ (/ 1 () du( >> <>>

(4.3)

b

b
/ F (z,y) dh ()

b
/ F (2,) dh (y)| du (2) o (z)

(4.5) /(/ \F (2,1)] du (y ) (/ P (2,9)| do ( )) zdv(x)

Utilising (4.3)-(4.5) we deduce the desired result (4.1). O

When no confusion is possible, we write f: fdu instead of ff f(x)du(x).
For the complex-valued functions p, f, g and h, £ defined on the interval [a, ]
we define the following Cebysev type functionals

(4.6) C(p, f,g;h) /pdh/ pfgdh — / fdh/ pgdh
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(4.7) C(p, f.g:h,0) = / pit / pfodh+ / pdh / pfadt

/ pfdt / pgdh - / pfdh / pgde

provided that all the Riemann-Stieltjes integrals involved above exist.
We observe that

C(p, f.g;h, h) =2C (p, f,g;h)
and
C(p frg:h,0) =C(p, f,g:L,h).
Theorem 4. Let f, g: [a,b] — R be continuous and synchronous on [a,b], i.e.,

(4.8) (f@)=fW)(g(x)—g(y) =0

for any x,y € [a,b]. If h : [a,b] — C is an S-dominated function by the pair (u,v)
which are monotonic nondecreasing on [a,b], then for any continuous nonnegative
function p : [a,b] — [0,00) we have

1
(49) 0@ f.o: ) < SO0 fg0,0) [C 0 frg:0)] 2 [C 0, fog:0)] 2.
Proof. Define the function F': [a,b] X [a,b] — R by

(4.10) F(z,y) :=p@)py) (f () = f ) (9(z) -9 (y))
=pWp ) f(z)g (@) +p)p)f(Y)gy)
—p@) f@)py)gly) —p) fyp)g().

We observe that, since p is nonnegative and f, g are synchronous, then F' (z,y) > 0
for any x,y € [a,b] . The function F' is also continuous on the rectangle [a,b] x [a, ] .
By simple calculation with the Riemann-Stieltjes integral we have

/(/Fwydh ))dh(w)ZQC(p,f,g;h),
[/

b b
/ ( F(x,y>|dv<y>> do (2) = 2C (p, f,g0) > 0

b b b b
/ (/ |F<x,y>|du<y>> dv (@)= | (/ F(w,y>|dv<y>> du (x)

=C(p, f,9;u,v) > 0.

|F (z,y)| du (y )) du (x) = 2C (p, f,g;u) > 0,

and

Utilising the inequality (4.1) we have
2C (p, f.9; ) < [2C (p, £, g3 w)]/* 12C (p, . g3 0)]"/*

x[C (v, f,9:0, 0] [C 0, fog5,0)] 77,
which is clearly equivalent with (4.9). O
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For the complex-valued functions p, f, g and h, £ defined on the interval [a, ]
we define the following (CBS)-type functionals

b b b b
(411)  B(p.fgih0) = / plfP dh / plgl? de + / pll? dh / plfIde
b b b o b o
- / pfgdh / pfgde / pTgdh / pTgdt
and

(112)  B@.figh) = 3B fghh)

=/abp|f|2dh/abp|92dh
-5 [(/abpfgdh>2+ (/abpfgdh>2] .

If p is nonnegative and h is real-valued, then

b 2 b 2
( / pfgdh) - ( / pfgdh> ,
which implies that

b b b 2
B(p7f7g;h>=/ p|f|2dh/ plol? dh — Re (/ pfgdh>

Also, if p is nonnegative and f, g are real-valued, then

b b b 2
B(p,f,g;h)=/a pf2dh/a pg°dh — (/a pfgdh)

The following result also holds.

Theorem 5. Let f, g : [a,b] — C be continuous on [a,b]. If h : [a,b] — C is
an S-dominated function by the pair (u,v), which are monotonic nondecreasing on
[a,b], then for any continuos nonnegative function p : [a,b] — [0, 00) we have

(413)  |B(p. figi ) < %B (. f.g:u,0) [B (p, £ 9;w)]" 2 [B (p, £, g50)] ">
Proof. Define the function F : [a,b] x [a,b] — R by
(@14) Py =p@p) |f @0 - 9@ Tw|
=2 p @ [IF @ lg @ +1f W) g @)
—f(@)g@)f W) gy)—f(x)g @) f(y)g (y)] :

We observe that, since p is nonnegative, then F (z,y) > 0 for any z,y € [a,b] . The
function F is also continuous on the rectangle [a, b] X [a, b] .
By simple calculation with the Riemann-Stieltjes integral we have

b b
/ (/ F(%y)dh(y)> dh(z) =2B(p, f,9;h),
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b b
/“(/|Fuwnmuw>mum=2B@Jyszm

b b
/’</’wwaynmwm>dv@>2B@xﬂgm>zo

/ab </ab|F(1:,y)|du(y)> dv (x) /ab (/abF(x’y”dv (y)) du ()

:B(pvfag;u7v) 20

and

Utilising the inequality (4.1) we have

2B (p, f,9;0)]° < 2B (0, f,9;w)]""* 2B (p, f, g;0)]"/
x [B (p, f,g:u,0)]"* [B (p, f. g;u,0)]"/?,

which is clearly equivalent with (4.13). O

5. APPLICATIONS FOR SELFADJOINT OPERATORS

We denote by B(H) the Banach algebra of all bounded linear operators on
a complex Hilbert space (H;(-,-)). Let A € B(H) be selfadjoint and let ¢, be
defined for all A € R as follows
1, for —oc0<s <A,
px(s) =
0, for A < s < 4o0.

Then for every A € R the operator
(5.1) E):= ¢, (A)

is a projection which reduces A.

The properties of these projections are collected in the following fundamental
result concerning the spectral representation of bounded selfadjoint operators in
Hilbert spaces, see for instance [33, p. 256]:

Let A be a bonded selfadjoint operator on the Hilbert space H and let m =
min {A A € Sp(A)} = min Sp(A) and M = max{A | € Sp(A)} =: max Sp(A).
Then there exists a family of projections {E\}, g, called the spectral family of A,
with the following properties:

a) Ex < Ey for A <\
b) En_o=0,Ey =1 and Ey g = E) for all A € R;

We have the representation

(5.2) A:/M AdE,.

m—0

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

(53) @ (A) - Z ® ()\;c) [EAk - E)\kfl}

k=1

<e

n
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whenever
M<m=A<..< 1<\, =M,

(5.4) A — A1 <O forl <k<n,

N, € [Mo1,Ax] for 1<k <n
this means that
M
(5.5) e = [ e(yap,

where the integral is of Riemann-Stieltjes type.
With the above assumptions for A, E) and ¢ we have the representations

M
(5.6) p(A)x = / w(A)dE\z forallz € H
m—0
and
M
(5.7) (p(A)z,y) = / e (N d{(Exz,y) forall xz,y € H.
m—0
In particular,
M
(5.8) (p(A)z,x) = e (N d{Exz,z) forall z € H.
m—0
Moreover, we have the equality
M
(5.9) o (A)z]? = / o (VP || Exz|? forall z € H.
-0

Utilising Theorem 1 we can prove easily the following Schwarz type inequality:

Proposition 2. Let A be a bonded selfadjoint operator on the Hilbert space H
and let m = min{\ |\ € Sp(A)} =: minSp(A) and M = max{A|A € Sp(4)}
=:max Sp(A4). If f : R — C is a continuous function on [m, M), then we have the
inequality

(5.10) [(f (A a,)* < (1 (D] 22) (| (A)]y,y)
for any x,y € H.

Proof. Let e > 0 and for fixed z,y € H define the functions h,u,v : [m —e, M] — C
given by
h (t) = <Etz7y> , U (t) = <Etxam> and v (t) = <Ety7y>

where {E\},p is the spectral family of the bounded selfadjoint operator A.

For t,s € [m — e, M| with ¢ > s by utilizing the Schwarz inequality for nonneg-
ative operators P

(Pa,y)* < (Pz,) (Py,y),
we have
(&) = h(s)* = (B - Bz’ < (B — By)z,2) (B — Bs)y,y)
= (u(®) —u(s)) (v(t) —v(s)),

which shows that h is S-dominated by the monotonic nondecreasing functions (u, v)
on [m—e, M].
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Applying Theorem 1 for f, h, w and v on [m — &, M| we have

M 2
e | [ F@d(Eay)

M M
< / 1 ®)ld((Bez, ) / 1 &) d(Bey. )

m—e m—e

for any z,y € H.
Letting ¢ — 0+ in (5.11) and utilizing the representation of continuous functions
of selfadjoint operators, we deduce the desired result (5.10). (]

For continuous functions p, f, g the selfadjoint operator A and x,y € H we
define the functionals

(5.12) C(p f,9:A,7,y) = (p(A) z,y) (p(A) f (A) g (A) z,y)
—(p(A) f(A)z,y) (p(A) g(A)z,y)

)

(5.13) C(p f,9:4,2)

Cp f.g:4,2,2)
(p(A)z,z)(p(A) f(A)g(A)z, )
(p(A) f(A)z,z)(p(A)g(A)=z,z),
and
(5.14) D (p, f,9: Az, y)
=(p(A)z,z)(p(A) f(A)g(A)y,y) + (A y,y) (p(A) f(A) g (A) z, )
—(p(A)g(A)z,z) (p(A) f(A)y,y) — (P(A) g (A)y,y) (p(A) f (A) z, 7).
The following result holds:
Proposition 3. Let A be a bonded selfadjoint operator on the Hilbert space H
and let m = min{A |\ € Sp(4)} =: minSp(A) and M = max{A|A € Sp(A)}
=: max Sp (A). Assume that f,g : R — R are continuous and synchronous on

[m, M] and p : R — R is a nonnegative continuous function on [m,M]. Then for
any x,y € H we have

(5.15) C (p, f,9; A, w,y)|”
< D010 AT Y O fg A D] [C b, f: A y)] 2.

The proof is similar to the one from Proposition 2 by utilizing the integral in-
equality from Theorem 4. The details are omitted.
A simpler version of the above inequality (5.15) is as follows:

Corollary 2. With the assumptions of Proposition 8 for A, f and g, then for any
x,y € H with ||z|| = |ly|| = 1 we have

(5.16) [z, ) (f (A) g (A) 2, y) — (f (A) 2,y) (g (A) 2, 9)]?
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Remark 1. If we take, as an example, f(t) = tP and g (t) = t4 for p,q > 0 then
for any positive operator A we have from (5.16) the inequality

(5.17) |(w,y) (AP 9z, y) — (APx,y) (A%, y)|’

< % [(AP*y y) + (APT9z,0) — (Alz, ) (APy,y) — (A%y,y) (APz, )]
x [(AP*a, 2 — (APa, @) (Atw, )] [(APay, ) — (APy,y) (A%y, )] 2,

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

6. APPLICATIONS FOR UNITARY OPERATORS

Let (H,{(-,-)) be a complex Hilbert space. We recall that the bounded linear
operator U : H — H on the Hilbert space H is unitary iff U* = U~
It is well known that (see for instance [33, p. 275-p. 276]), if U is a unitary
operator, then there exists a family of projections {EA}AG[O,%W called the spectral
family of U with the following properties:
a) Ex < E, for 0 < X< p < 2m;
b) Eg =0 and Ea, = 1y (the identity operator on H);
¢) Exyo=FE) for 0 <\ < 2m;
d) U= fo% e dFE), where the integral is of Riemann-Stieltjes type.

Moreover, if {Fy} A€[0,27] is a family of projections satisfying the requirements
a)-d) above for the operator U, then Fy = E) for all A € [0, 27].

Also, for every continuous complex-valued function f : C(0,1) — C on the
complex unit circle C (0,1), we have

27
(6.1) (HW=A £ () dE,

where the integral is taken in the Riemann-Stieltjes sense.
In particular, we have the equalities

(6.2) fO)x = /0 i f (™) dEy,
(6.3) GOz = [ ) diEsa)
and

(6.4 el = [T 1N almal?,

for any z,y € H.

Proposition 4. Let U be a unitary operator on the Hilbert space H. Then for
every continuous complex-valued function f : C(0,1) — C on the complex unit
circle C (0,1), we have

(6.5) [(F W)z, y)* < (F )|z, 2) (| (V)] y9)
for any x,y € H.
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Proof. Let {E\} Ae[0,2n] be the spectral family of the unitary operator U. For fixed
x,y € H define the functions h,u, v : [0,27] — C given by
h(t) = (Ex,y), u(t) := (Ex,z) and v (t) := (Eyy,y) .

For t,s € [0,2x] with ¢ > s by utilizing the Schwarz inequality for nonnegative

operators P
(Pz,y)|* < (Px,x) (Py,y),
we have
() =R ()" = [(B:—Eo),y)|* < (B — By)a,x) (B — Es) y,y)

(u(t) —u(s)) (v(t) —v(s)),
which shows that h is S-dominated by the monotonic nondecreasing functions (u, v)
on [0, 27] .

Applying Theorem 1 for f (e”), h, u and v on [0, 27] we have
2

2

AWHWMWMM)<AﬁU@Wﬂ@%MA £ (%) d((Euy,v)

for any z,y € H.
Utilising the representation of continuous functions of unitary operators, we
deduce the desired result (6.5). O

For the complex-valued functions f, g defined on the complex unit circle C (0, 1)
and the unitary operator U on the Hilbert space H we define the following func-
tionals:

(6.6) D(f g:U,z,y)
= (I @)P 2,2} (g ) g.y) + (lg @) z.2) (If O p.y)
— ()W) w,2) (F ()G W)y w) — (FO) g () 2) (F(U) g (V) 9,).

67 B(f.gUy) = (If O)Fzy) (g 0)2.y)
5 [ @3+ F g ©)2)]

and

(6.8)  B(f,9;U,x):= B(f,g;U,z,x)

= (If @)Pz.z) (|l (V) e,2) = Re(f ()T (V) z,2)*
where z,y € H.

Proposition 5. Let U be a unitary operator on the Hilbert space H. Then for every
continuous complex-valued functions f,g : C(0,1) — C on the complex unit circle

C(0,1), we have

6.9  |B(f,0;U,2,9)] < =D (f,9:U,z,y) [B(f,9;U, )" [B(f,9;U,9)]"*

1
2
for any x,y € H.

The proof follows by Theorem 5 applied for the functions f (¢'*) , g (¢*) , p(t) =
L h(t) == (B, y) , u(t) == (B, x) and v () := (Eyy,y) where {Ex}yc(goq I8 the
spectral family of the unitary operator U and ¢ € [0, 27| . The details are omitted.
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