SOME RIEMANN-STIELTJES INTEGRAL INEQUALITIES FOR
o-TRAPEZOID RULE WITH APPLICATIONS

SILVESTRU SEVER DRAGOMIR

ABSTRACT. In this paper we provide some bounds for the error in approxi-
mating the Riemann-Stieltjes integral ff f (t) du (t) by the a-trapezoid rule

[(1—a) f )+ af(a)] [u®d) —u(a)]
under various assumptions for the integrand f and the integrator w for which
the above integral exists. Applications for continuous functions of selfadjoint
operators in Hilbert spaces are provided as well.

1. INTRODUCTION

The following theorem generalizing the classical trapezoid inequality to the Riemann-
Stieltjes integral for integrators of bounded variation and Hélder-continuous inte-
grands was obtained by the author in 2001, see [4]:

Theorem 1. Let f : [a,b] — C be a p-H-Hélder type function, that is, it satisfies
the condition
(1.1) |f (@)= fW| < Hlz—yl” forallz, yelab],

where H > 0 and p € (0,1] are given, and u : [a,b] — C is a function of bounded
variation on [a,b]. Then we have the inequality:

b
a2 (PO L) —w@i- [0

b
1 P
< 2—pH(b—a) \/(u)
a
The constant C' =1 on the right hand side of (1.2) cannot be replaced by a smaller
quantity.
The case when the integrator is Lipschitzian is as follows, [8]:

Theorem 2. Let f : [a,b] — C be a p-H-Hélder type mapping where H > 0 and
p € (0,1] are given, and u : [a,b] — C is a Lipschitzian function on [a,b], this
means that

(1.3) lu(xz) —u(y)| < Llz—y| foralz, y€Ela,b],
where L > 0 s given. Then we have the inequality:
fla)+ [ (b)

b
(14) T - w@) - [ o

1
< ——HL(b-a)’"".
p+1
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In the case when u is monotonic nondecreasing, we have the following result as
well, [8]:

Theorem 3. Let f : [a,b] — C be a p-H-Hélder type mapping where H > 0 and
p € (0,1] are given, and w : [a,b] — R a monotonic nondecreasing function on
[a,b]. Then we have the inequality:

fla)+f(b)
2

b 1-p —_g)l-r
;H{(b—a)p[u(b)—u(a)]—p/a l(b_t) (t=a) ]u(t)dt}

b
(1.5) w@—wm—/f@mm

IN

(b—1)'""P(t—a)-P

IN

1 p
2—pH (b—a)’ [u(b) —u(a)].
The inequalities in (1.5) are sharp.

For other similar results, see [2]-[8].
In this paper we provide some bounds for the error in approximating the Riemann-

Stieltjes integral fab f () du (t) by the a-trapezoid rule
[(1=a) f(b) +af (a)] [u(b) —u(a)]

under various assumptions for the integrand f and the integrator u for which the
above integral exists. Applications for continuous functions of selfadjoint operators
in Hilbert spaces are provided as well.

2. INEQUALITIES FOR INTEGRANDS OF BOUNDED VARIATION

Assume that u, f : [a,b] — C. If the Riemann-Stieltjes integral f:f(t) du (t)
exists, we write for simplicity, like in [1, p. 142] that f € R¢ (u,[a,b]), or R, (u)
when the interval is implicitly known. If the functions w, f are real valued, then
we write f € R (u, [a,b]), or R (u).

We start with the following identity of interest.

Lemma 1. Let f, u: [a,b] — C and x € [a,b] such that f € Re¢ (u,[a,b]). Then
for any v, p € C,

b
21 [u®) —plf @)+ —ula)]f(a)+ (=) f(z) —/ f(#)du(t)

T b
— [w-Ad @+ [ w® -,
In particular, for p =~ we have
b b
22) W)= O)+h-u@]f@- [ fOdu) = [ WO -0,
Proof. Using integration by parts rule for the Riemann-Stieltjes integral, we have

/w[U(t)*ﬂdf(t): [U(w)*v]f(x)*[U(a)*ﬂf(a)*/xf(t)dU(t)

and

b b
/[U(t)—u]df(t)=[u(b)—u]f(b)—[u(x)—u]f(x)—/f(t)du(t)
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for any x € [a,b].
If we add these two equalities, we get

T b
/ fu (8) — ) df (8) + /[u(t% W df (2)
—u () — ) O+ by — (@) £ (@) + [ —u(@)] f ()

/f t)du (¢ /f t)du (¢

= )~ ) f O+~ u (@] [ (@) + (=) S (@ —/ (1) du(®)
for any x € [a,b], which proves the desired equality (2.1). O
Now, if we take v = (1 — a) u (a) + au (b), a € [0,1] in (2.2), then we get

2.3) [u(b) —u(@)][(1=a)fb)+af (a /f £) du (¢

:/ [u (t) — (1 — @) u(a) — au (b)) df (1)

a

and in particular

b
20 o -u@ X2 g

Define the a-trapezoid error functional

T(f,us0bi0) = [(1-a) £ () + af (@ o~ [ s
where o € [0, 1] and for o = l the trapezoid error functional
T (f,u;a,b) ::f()%f / f@)du(t
provided the Riemann-Stieltjes integral exists.
We have:

Theorem 4. Assume that u, f € BVc[a,b] (of bounded variations) and f €
Cc [a,b]. Then the Riemann-Stieltjes integral f: f(t)du(t) exists and

(2.5)  |T(f,u;a,b; )|
co-a [(Voo)a{yo) o [ (V) e(Vir)
s [(Yo)a{ye) o [ (Vir)s(yo)
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for all « € [0,1].
In particular

b b
(26) 7 (fwsab) < 5\ @V (),

that was obtained in [8].

Proof. Tt is well known that, if p : [a,b] — C is continuous and v : [a,b] — C of

bounded variation, then

b b t b
[ rwave)|< [ |p<t>|d<\/<u>) < o Ip ()] (u).

By making use of the equality (2.3) we have

(2.7)

b
(2.8) [T (f u;0,b;a)] = / [u®) = (1 —a)u(a) - au(b)]df (¢)

b b
- (ka)/ [u(t)w(a)]df(twa/ fu (£) — u () df (1)

b b
s(l—oo/[u(t)— (@) df (1)] + /[u(t)—U(b)]df(t)

1—a/|u .y |d< >+a/ u (t) — u d(\t/ )

=: B(f,u;a).

Since u is of bounded variation, we have
t
u(t) = u(a)] < \/ (u) for t € [a,b]
and
b
lu(t) —u(b)| < \/(u) for t € [a,b],
t
which implies that

s ()i} = (o) (i)

where o € [0,1].
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Using integration by parts formula for Riemann-Stieltjes integral, we have

and

which prove the equality in (2.5).
Now, observe that

which proves the last part of (2.5).
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Corollary 1. Assume that u € BVc [a,b], f € M~ [a,b] (monotonic nondecreas-
ing) and f € Cc[a,b]. Then the Riemann-Stieltjes integral f; f(t)du(t) exists and

(2.9) [T (f u;a,b; )

t

b b b
<(-a) (\/m) &) +a | (\/(@) daf (1

a t
t

b b t
=<1—a>/ [f(b)—f(t)]d<\/(U)>+a/ [f(t)—f(a)]d<\/(U)>

a

for all a € [0,1].
In particular

(2.10) T (f,u50,0)] <

N |

b
[F &) = f @)V (@)

3. INEQUALITIES FOR LIPSCHITZIAN INTEGRANDS
The function f : [a,b] — C is called Lipschitzian with the constant L > 0 if
lf (@)= f(s)|<L|t—s| forallt, s€la,b].
For the case of Lipschitzian integrators, we have:

Theorem 5. Assume that uw € BV¢ [a,b] and f is Lipschitzian with the constant
L > 0. Then the Riemann-Stieltjes integral fab f(t)du(t) exists and

(3.1) |T(f,u;a,b;0)|
t

(1_04)/: (\/@)) dt+o</ab (\b/(u)> dt]

a t

for all « € [0,1].
In particular

(32) T (fusab)] < 5 (b—a) L\ (w).

Proof. Tt is well known that if p € R (u, [a,b]), where u € L, ¢ [a,b], namely u is
Lipschitzian with the constant u, then we have

(3.3)

b b
[rwao| <t [ ol
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By the inequality (2.8) we have

(34) |T(f,u;a,b;a)l

b
gu—a>/[ww—uwnwu>+a

b
[ w® - ulare

b b
§Ll(1—a)/ \u(t)—u(a)|dt—|—a/ |u(t)—u(b)|dt] = C(f,u;a).

1&/;(? )/ (V )4
)£

1o (
=L(1-a) [(\7@)) b—/abtd (\t/(u)ﬂ

a

_ (\b/(u)> a—/abtd (\b/(u)—\:/(U)ﬂ

a

Since u € BV¢ [a, b], hence

C(fua) <L

H~<c~
—~
£

~_
~

+ Lo

which proves the second part of (3.1).
The last part is obvious. ([

4. 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,
P (s) =
0, for A < s < 4o0.

Then for every A € R the operator
(4.1) Ey =, (4)

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 [9, p. 256]:
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Theorem 6 (Spectral Representation Theorem). Let A be a bounded selfadjoint
operator on the Hilbert space H and let a = min{\ A € Sp(A)} =: min Sp (4) and
b=max{A|A € Sp(A)} =: maxSp(A). Then there exists a family of projections
{Ex} \cr, called the spectral family of A, with the following properties

a) Ex < Ey for A<\
b) Eo0=0,E, =1 and Exyo = E) for all A e R;
c) We have the representation

b
A= / AE}.
a—0

More generally, for every continuous complex-valued function ¢ defined on R
there exists a unique operator v (A) € B(H) such that for every € > 0 there exists
a § > 0 satisfying the inequality
-3 e 00 o - <
k=

1

whenever
MM<a=A<..<A_1< A, =0

A —Ap—1 <0 for 1<k <n,

A € M1, M) for1<k<n

this means that

b
(42) e = [ pyam,
where the integral is of Riemann-Stieltjes type.

Corollary 2. With the assumptions of Theorem 6 for A, Ex and ¢ we have the
representations

b
go(A)x:/ ©(A)dE\z forallz € H
a—0
and
b
(43) W)= [ oWd(Brey) foralls, yeH.
a—0
In particular,
b
(p(A)z,x) = / e (AN d{(Exz,x) forallz € H.
a—0
Moreover, we have the equality
b
@l = [ e d|Bxel® foralls e H
a—0

We need the following result that provides an upper bound for the total variation
of the function R 3 A — (E)z,y) € C on an interval [, 8], see [7].
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Lemma 2. Let {Ex\},cg be the spectral family of the bounded selfadjoint operator
A. Then for any x, y € H and a < B we have the inequality

8 2

\/ (<E(')$7y>)] < <(E5 - Ea) w,x> <(Eﬁ - Ea)yay> )

[0}

(4.4)

where \/ ()T, y denotes the total variation of the function <E(_)x, y> on [a, 5]

Remark 1. For a =a —c withe > 0 and § = b we get from (4.4) the inequality
b

(4.5) \ ((Eyz.) <t = Ba-e) 2,20 (g — Eaeo)y, )"

a—e
for any x, y € H.
This implies, for any x, y € H, that
b

(4.6) V (Bow,y) <=yl

a—0

b b
where \/ (<E(,)z,y>) denotes the limit lim, o4 l\/ (<E(,)z,y>)] .

a—0 a—¢e

We can state the following result for functions of selfadjoint operators:

Theorem 7. Let A be a bounded selfadjoint operator on the Hilbert space H
and let a = min{A A € Sp(4)} =: minSp(A4) and b = max{\ |\ € Sp(A)} =:
max Sp (A) . Also, assume that {Ex},cp is the spectral family of the bounded self-

adjoint operator A and assume that ¢ € BV [a,b] and ¢ € Cc [a,b] where [a,b] C I
(the interior of I). Then for all o € [0, 1]

4.7)  |[(1 =) p(b) +ap (a)] (z,y) — (¢ (A) z,y)
1 1 b b
[l mornorsfeef

o— =
2 a—0

for any x, y € H.

In particular,

- ;H Ja ||y||\i/<sa>

2O +2@) o (4)ay)

(4.8) :
b b b

<3 V (Boz) V) < 5 lzllvlV o)
a—0 a a

—_

for any x, y € H.
Proof. Using the inequality (2.5) we have for a € [0, 1] that

(1= a)p () +ap(a—e)][(Ebz,y) = (Ea-cz,y)]

b b
—/_ ¢ (t)d (B, y)| < } V (Eoe,m) V (e),
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for small € > 0 and for any z, y € H.
Taking the limit over ¢ — 0+ and using the continuity of ¢ and the Spectral
Representation Theorem, we deduce the desired result (4.7). g

We also have:

Theorem 8. Let A be a bounded selfadjoint operator on the Hilbert space H
and let a = min{A|A € Sp(A)} =: minSp(A4) and b = max{A|A € Sp(A)} =:
max Sp (A) . Also, assume that {Ex}ycp is the spectral family of the bounded self-
adjoint operator A and assume that ¢ is Lipschitzian with the constant L > 0 on
[a,b] € I. Then for all a € [0,1]

(4.9) ([T =a) @ (b) +ap(a)]{z,y) — (¢ (4) z,y)|

= B* O‘;H L(ba)a\i/o(@(‘)%w) < B+

o ;H L(b—a) ol Iyl

for any x, y € H.
In particular,

(4.10)

L(b—a) |yl

N =

< %L(b —a) \/ ((Boyz.y)) <
a—0

for any x, y € H.
The proof follows by the inequality (3.1).

Remark 2. The above results can provide particular inequalities of interest. For
instance, if we take ¢ : [a,b] C (0,00) — R, ¢(t) = Int and A is a bounded
selfadjoint operator on the Hilbert space H with a = min{\|\ € Sp(A)} and b =
max {A |\ € Sp(A)}, then by (4.7) we get for a € [0, 1] that

a3/ m (%) el 1

(4.11) |zx,y)InG, (a,b) — (In Az, y)]
b

- ;H n (Z) V (Eoz.y)) < E +

{1
< |5+
a—0

2

O |

for any x, y € H, where Gy, (a,b) := b'~%a®.
In particular,

(4.12) |x,y)InG (a,b) — (In Az, y)|

In (b) \ (Eoyen) < Jin (b) !l

a—0

<

DN | =

for any x, y € H, where Gy, (a,b) := v/ ab.
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The function ¢ : [a,b] C (0,00) — R, ¢ (t) = Int is Lipschitzian on [a,b] with

constant L = % > 0. Then by (4.9) we get
(413)  |(z,5)InGa (a,) — (In Az, p)|

<[l (E-1) V tmoman < [L+

a—0

a3/ (5-1) tetlo

for any x, y € H.

In particular,

(4.14)  [z,y)InG (a,b) — (In Az, y)|

ST V (Bge)) < & (2-1) talol

a—0

for any x, y € H.

(1]
2]

(3]

4]
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