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GENERALISED TRAPEZOID TYPE INEQUALITIES FOR
VECTOR-VALUED FUNCTIONS AND APPLICATIONS

C. BUSE, S.S. DRAGOMIR, J. ROUMELIOTIS, AND A. SOFO

ABSTRACT. A generalisation of the trapezoid formula for vector-valued func-
tions and applications for operatorial inequalities and vector-valued integral
equations are given.

1. INTRODUCTION

Let X be a Banach space and —co < a < b < co. A function f : [a,b] — X is
called measurable if there exists a sequence of simple functions f,, : [a,b] — X which
converges punctually almost everywhere on [a, b] at f. We recall that a measurable
function f : [a,b] — X is Bochner integrable if and only if its norm function
(i.e., the function t — || f ()| : [a,b] — Ry) is Lebesgue integrable on [a,b]. The
Banach space X has the Radon-Nikodym’s property if every X —valued, absolutely
continuous function f defined on [a, b] is differentiable almost everywhere on [a, b].
For other details about the Radon-Nikodym spaces, see [2, pp. 217-219]. It is known
that if g : [a,b] — X (X being an arbitrary Banach space) is a Bochner integrable
function, then its primitive function (i.e., the function given by f (¢) = fat g (s)ds,
t € [a,b]) is differentiable almost everywhere and f’ () = g (t) almost everywhere
on [a,b].

In this paper we point out a generalized trapezoid formula for vector-valued
functions and Bochner integral and apply it for operatorial inequalities in Banach
spaces and for approximating the solutions of certain integral equations. Some
numerical experiments are also provided.

2. INTEGRAL INEQUALITIES
The following theorem holds.

Theorem 1. Let (X, ||-]|) be a Banach space with the Radon-Nikodym property and
f i la,b] — X be an absolutely continuous function on [a,b] with the property that
/'€ Lo ([a,0]; X)), i.e.,

11 Ma,),00 = €55 sup [If" (£)]| < oo.
tela,b]
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Then we have the inequalities:

(2.1)

=W OO 15 [y

1 b
< —/ 1t — | 1 (1)) dt

, 2
< 2( |:(8 - a) la,s],00 + (b o S) [s,b],ooj|
2
1 5 - LH) ’
< L — > ] 6= ) 1 M0
< 5 0= a) I a0

for any s € [a,b].
Proof. Using the integration by parts formula, we may write that

b b
(2.2) (B)/ (t*S)f'(t)dt:(b*S)f(b)Jr(S*a)f(a)*(B)/ f(t)dt

for any s € [a,b].
Taking the norm on (2.2), we get

b
(b—s)f(b)+(s—a)f(a)—(3)/ £ (t)dt

b b
(B) / (t—s) f ()] < / [t — 8| |f ()]l dt = B (s)

and the first inequality in (2.1) is proved.
We also have

B (s)

s b
/(s—t)llf’(t)Hdt+/ (t—s) |f ()]l dt

S

IN

s b
1 Wi [ 5= 000+ 11 Ny, [ (0= )

1
5 (6= @ N Mg e + 6= 9 1S Mo

which proves the second inequality in (2.1).
The third and fourth inequalities are obvious and we omit the details. i
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Corollary 1. With the assumptions of Theorem 1, we have the trapezoid inequality:

s @110 L) [
b a
< |- *b\w lat
< [ Mg gt e + 11 )
1 /
< 0= 11

Remark 1. We observe that for the scalar function B : [a,b] — R defined above,
we have

s b
(2.4) B (s) = / 1 @)l dt - / If )l dt, s € (a,b)
and
(2.5) B (s) = 2|/ ()| 2 0. s € (ad),

showing that B (-) is convezx on [a,b].
If sy € (a,b) is such that

Sm b
(2.6) / 1 (@) de = / I ()] dt,

m

then

inf B
selﬂz,b] (S)

b
B(sm) = g [ 1= sullf ()] de

b Sm
- bf[/ tl e [ tllf’(t)ldt]

b
= [ somte— s @) e

Consequently, for a s, € (a,b) satisfying (2.6), we have

Sm — Q a — Sm ’
G ORE( )f(b)_bia(B)/af(t)dt

2.7)

b

< h—a sgn (t — sm) ||fl ()|l dt.

The version in terms of the p—norms, p € [1,00) of the derivative f’ is embodied
in the following theorem.

Theorem 2. Let (X, ||-]|) be a Banach space with the Radon-Nikodym property and
f i la,b] — X be an absolutely continuous function on [a,b] with the property that

f e Ly([a,b];X),pe(l,00), ie.,

b :
(2 IS ey = (/ ||f’(t)||pdt) <o
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Then we have the inequalities:

S—a a — S b
= @4 0910 L [y

I ,
< o= [ sl e

(2.9)

5 (5= N Mg + 6= ) 11N 1]
if f' € Li(la,b];X);
<
19 , 1.9 ,
e =@ Mg+ 6= ) 1 M
if feLly((a,b;X), p>1, s +2=1;
1 _GT-H) /
il - ]|||f|“[a,b],1
if f€L(la,b]; X);
<
1 s—a)it! b—s\it! 1,
(g+1)7 (b—a) +<b— ) ](b_a)qu la.p
if fely(fab);X),p>1, ;+,=L
for any s € (a,b).
Proof. We have
s b
Bes) = [ G-l @ldes [ -9l @)
s b
< <sfap/|u%wnﬁ+wasy/|v%wnﬁ
= (S_a)H|f|||[as]1+( )|HfH|sb]l
Using Holder’s integral inequality, we also have
B(s) < (/'w—t ) (/|u WdQ
b
+</ (tsth> (/ I (t |pdt>
(s—a)i' L)t
= — sy T ISl
Y q+Dq|Hnnm@

and the first inequality in (2.5) is proved.
Now, we observe that

(5= @) 117 g s + & = ) 117 M
< max(s = a,b—8) [ a1 + I s

1 a+b
|:2(ba)+‘5 H |||f|||[ab]1
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and, by the discrete Holder’s inequality
(5 = @) IS Mgy + 0= 9 UL
< [(G=a ™) (=97 x [ Mg+ 1171 )°

= =™ + 6= 9] 1 sy
and the last part of (2.5) is also proved. 1

The following trapezoid type inequality holds.

Corollary 2. With the assumptions of Theorem 2, we have the inequalities:

(2.10) Hf( >;f( — /f ) dt

1", a+b
< o [ oner

§Mﬂmml i 1€ Ly ([ab): X):
< b )1

OO 1 M gy 11 g

21+ ( +1) [ [a, } [ ],p

U P e (e X), p 1, b=,

S 117 M. i 1€ Ly ([ab): X).
< 1 )

2m+né®_@qwfm””}

if f'€Ly(la,b);X),p>1, 14+ 1=1

Remark 2. The above results both generalise and extend for vector-valued functions
the results in [1].

3. APPLICATIONS FOR THE OPERATOR INEQUALITY

Let X be an arbitrary Banach space and £ (X) the Banach space of all bounded
linear operators on X. We recall that if T € £ (X), then its operatorial norm is
defined by

1T = sup {||T| : x € X, [|=]] < 1}.
We denote by r(T), p(T), o (T) the spectral radius, the resolvent set and the
spectrum of T, respectively. It is well-known that p(T) is the set of all complex
numbers A such that A\I — T is an invertible operator in £ (X). Here T" := I is the
identity operator in £ (X). The spectrum of T'is o (T') := C\p(T) and the spectral
radius of T is given by the following formulae

r(T) =sup{]\|: A€ o (T)} = Tim |7 = inf |77
n>1
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It is clear that r (T)) < ||T|| .
If »(T) < 1, then the series (ano T”) converges absolutely and its sum is

(I —T)"". Indeed, if m is a strictly positive integer number such that |7 < 1
and p > 1, then:

Yol < (0 4+ ) Yo T
n=0 k=0
1
— T 4 - 4 |7t S
(| p——
and
I-T)I+T+T?+ - 4+T™ ) =I-T"™ — 1 when p— oo
because

TP < |IT™]|” — 0 when p— oo.
Now, let T € L(X)suchthat 0 < r(T) < landlet0 <a <b< TlT) It is clear that
r (tT) =tr (T) for all t > 0. In the following we will consider some operator-valued
functions defined on [a, b] and we write for them the inequalities from Theorem 1.

The series (ano (tT)n) converges absolutely and uniformly on [a,b] and its
sum is given by

o0

s(t):=Y ()" =[I— @) " =t'R(t1,T),

n=0
where
R\t =W\ -T)"", (Aep(T),
is the resolvent operator of 7.
1. Let 0<a<b<|T||"" < (r(T))"". Consider the function f defined by
T f (1) =52 (1) : [a,b] — L (X).
In order to apply Theorem 1 for f, we remark that:

(a)
£p(2)] - g bmme
= ma(fr)n(77)
= %RQ (I,T) =f(r), 7 € a,b]
(b)
=GR (L)« Zr (1) = 220 - s

Moreover,

Is (DI <> IrTI" = (1 =7 T~
n=0
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and

n —1
I =sOI <7IT)- > I=T)" = 7T (1= 7|T])
n=0

and thus
I (D < 2T (1= 7|T))~>, for all 7 € [a,b].

Then from the second estimate of (2.1) we obtain

() e (pr) e () ()|
< [(S_G)Q'GLW’+(6_S>2'G—|L>%"

If T is areal number, 0 < T <land 0 <a <s<b< %thenfrom
(3.1) we get the inequality

(3.1)

s—a b—s b—a T(s—a) T((b-s)?

_|_ S .
(1—aT)® (1-b7)? (@=al)A-bT)| " (1-sT)° (1-bT)°
2. Let a and b be two real numbers with a < b and U € £ (X) be a non-null

)"
n!

operator. We recall that the series (Zn>0 ) converges absolutely and

locally uniformly for ¢ € R with respect to the operatorial norm in £ (X).
From the third estimate of (2.9), it follows that

_ aU _ bU 1 b
(ET RN Er F

(3.2) T

1 |s—
- |1 ).
< gt |3z || 0@ pbl),
where
eI eallUll if a>0;
p(a7 b7 U) = e—CLHUH - e_bHU”’ if b S 0;

U e=alUl _ 3 if q<0<b.

If s = 22 and U is an invertible operator in £ (X), then from (3.2) we get
the following inequality
el 4 ¢bU etV — eal
2 a b—a
3. Let a,b € R with a < b and A, B two linear and bounded operators acting
on X such that ||A]| # || B]| - Then the following inequality holds:

1
< §(b—a)p(a,b,U).

€(b_“)A (B - A) + (B - A) e(b_a)B B |:e(b—a)B B e(b—a)A:|
2

(b=a)[Bll _ g(b=a)[|All

a e
B—A| - (Al +1B]) -
1B A1 (1A1+ 1B - =y

bh—
<
- 2
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In order to prove the inequality (3.3), we consider the function

filabl = £(X), f(t)=eb DA (B = A)et-B

: __ a+b
and we apply the first estimate of (2.1) for s = %£2.

We have that

’ ’ (b—t)Ad (t—a)B ’ d (b—t)A| (t—a)B
(3.4) /af(t)dt - /ae %[e }dt—&—/%{e }e dt

a

b
_ [e(b—a)B _ e(b—a)A] _/ () dt

and
IOl = lI=Af @)+ f () Bl
AT+ IBIDIB = Al -ty A ) a3l
< B = 4] e (Bl = [lAl) (B = A)e :

Using (3.4), it follows that

b
[ 1= sl @i

A+ 1B 1B = Al Lb-a)|BIl _ J-a)Al]
1B — (A

< max{b—s,s—a}

Now the inequality (3.3) can be easily obtained from the first estimate of
(2.1) if we put s = 2Fb.

4. A QUADRATURE FORMULA OF GENERALISED TRAPEZOID TYPE

Now,let I, ta=x9g < 1 < -+ < xp_1 < T, = b be a partitioning of the interval
[a,b] and defined h; = xiy1 — z;, v (k) := max {h;|i =0,...,n — 1}. Consider for
the mapping f : [a,b] — X, where X is a Banach space with the Radon-Nicodym
property, the following generalised trapezoid rule:

I
-

n

(4.1) To (f, 10y &) = ) [(§; — ) f (i) + (wig1 — &) f (i),

7

I
o

where & := (&y,...,&,_1) and & € [z, 41] (1=0,...,n— 1) are intermediate
(arbitrarily chosen) points.
The following theorem holds.

Theorem 3. Let f be as in Theorem 1. Then we have

b
(4.2) (B) / F() dt = T (£, &) + R (. I, ).
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where Ty, (f, I, €) is the generalised trapezoid rule defined in (4.1) and the remain-
der Ry, (f,1,,€) in (4.2) satisfies the bound

(4.3) R (f; I, €) |l
< Z/ t— &l @l de
1 <— 2 /
< 3 Z { I w000 T @ier = &7 e, 2s41),00
1=0
n—1 2
1 T, + 4
< 4@+@2+ﬁ [IE[—
=0
1 n—1
< 3 RN Mmoo < 5 1 M ZW
1=0
1
< 5 6=a) ) 1f .00

Proof. Apply the inequality (2.1) on the interval [x;, z;y1] to obtain

(4.4) H(fi — ;) f(xs) + (i1 — &) f(wig1) — (B)/vl f(t)at
< [Te-airola
.
< 5 (€ =20 I My g0 + @it1 = €07 117 i, o)
1 Ty + 4 ° /
< {30+ (6= 25 I Mo
1
S [V TS
forany i =0,...,n — 1.

Summing over ¢ from 0 to n — 1 and using the generalised triangle inequality for
sums, we obtain (4.3). 1

If we consider the trapezoid formula given by
Iz + f(xz+1)
(4.5) Z h; { ,

then we may state the following corollary.

Corollary 3. With the assumptions in Theorem 1, we have

b
(4.6) (m/f®ﬂ=ﬂmhﬂﬂﬂﬂm,
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where Ty, (f, I,,) is the vector-valued trapezoid quadrature rule given in (4.5) and
the remainder W, (f, I,) satisfies the estimate

T + i1

t
2

anw. ol < > [ 1f (6l dt

i=0 v ¥i,

IN

1 = 2 / /
§20 1, s+ I s ]

2
1 n—1
< IR
i=0

Loigr
< g MMl e0 v (R) -

Remark 3. It is obvious that |W, (f,I.)]] — 0 as v(h) — 0, showing that

T, (f,I,) is an approzimation for the Bochner integral (B) f:f(t) dt with order
one accuracy.

Remark 4. Similar bounds for the remainders Ry, (f,I,,&) and Wy, (f, I,) may be
obtained in terms of the p—norm (p € [1,00)), but we omit the details.

1 n—1
[i,2i41],00 < Z H ‘f/‘ H[a,b],oo Z h12
=0

5. APPLICATIONS FOR VECTOR-VALUED INTEGRAL EQUATIONS

We consider the Voltera integral equation:

(A, f) U(t):f(t)+/0 K (t—7) Au(r)dr, t>0,

where A is a closed linear operator on a Banach space X, f is a X —valued, contin-
uous function defined on Ry := [0,00) and K (-) is a locally integrable and non-null
scalar kernel on Ry. A strongly continuous family {U (¢) : t > 0} C £ (X) (that is,
for any « € X the maps t — U (t)z : Ry — X are continuous) is said to be a
solution family for (A, f) if

(5.1) AU (t)x = U(t)Azx forall x € D(A), t>0, and
¢

(5.2) Ult)yx = :UJrA/K(t—T)U(T)ach7 xeX,t>0.
0

For example, if A is the infinitesimal generator of the strongly continuous semi-
group T = {T'(¢t) : t > 0} C L(X), then the family T is a solution family for (A4, f),
ie., (5.1) and (5.2) hold, see [4], [5].

Also, if B is the generator of the strongly continuous cosine function C =
{C(t):teR} C L(X) then the family {C(¢):¢> 0} is a solution family for
(B, f), see for example (7], [3].

Let h > 0. An X —valued, continuous function v (-) defined on [0, ] is called a
mild solution of (A, f) if,

(5.3) ’U(t)f(t)+A/0tK(tT)’U(T)dT, for all t € [0,h].

We denote by W11 ([0, ], X) the space of all functions f € L' ([0, k], X) for which
there exists g € L' ([0, ], X) such that

(5.4) F@)=r(0) +/0 g (s)ds, forallte[0,h].
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Lemma 1. Let f € WHL([0,h],X), K () a function of bounded variation on [0, h]
and A a closed, densely defined linear operator acting on X. In these conditions
the integral equation (A, f) has a unique solution v (-). Moreover, there exists a
solution family {V (¢) : t > 0} C L(X) such that

(5.5) v(t):V(t)f(0)+/0 V(t—7)f (r)dr, t€]0,h].

Here, we only prove the fact that the map given in (5.5) is a solution for the
equation (4, f), i.e., it verifies the relation (5.3). For more details, we refer the
reader to [6, Proposition 1.2]. Using (5.5) and (5.2) we have that:

. OK(t—T)V(T)f(o)dTJF/O [K(t—T)A/O V(T—T)f’(T)dr]dT
= v OO+ [ ([0 0K @E-nAV @0 £ ar)ar

(
t(/:K(t—T)AV(T—r)f'(T)dT)dr
(

/Ot_TK(tr —0) AV (o) ' (1) da) dr

Y

- V(t)f(O)—f(0)+/0V(t—r)f’(T)dr—f(tHf(O)
= w1 ),

i.e., (5.3) holds. Here 1y ;] is the characteristic function of the interval [0, 7].

Let 0 =g < A1 < -+ < A1 < A = 1, u; € P\ia)‘i—i-l]a i € {0,1,...,7’L—1}
and T > 0. We preserve all hypothesis about f, K (-) and A from Lemma 1.
In addition, we consider that the functions V' (-) and ¢ () (for g see (5.4)) are
continuously differentiable on [0, T] . Then the solution v (+) of (4, f) given by (5.5),
can be represented as

v(t) =V () f(0)+Tn (A pt)+ Ro (A p,t), t€[0,T],
where

(5:6) T (Ap.t)
n—1
= > {(m = A VIEQ =) g (Nit) + Nig1 — ) V[E(L = Aig1)] g (A t) }
i=0
and the remainder R, (A, p,t) satisfies the estimate

(5.7) 1B 0o, D)) < 582 () -0 (1),

Here
p(t) = ||VI||[0,t],oo ) HgH[o,t],oo + ||V||[o,t],oo ) Hg/H[O,t],oo'
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Indeed, for a fixed ¢ > 0, consider the function

s— G(s):=
Then G is differentiable on [0, ¢] and
dG (s) ,
ds V-
for each s € [0,t]. Moreover,
dG (s) /
< — 9 -
e N TR T
< p(),

V(it—s)g(s), s€[0,¢.

5)g(s)+V(t—s)g (s)

W+ IV(E=s)l- g ()l

for all s€[0,¢].

Now it is easy to see that (5.7) follows by the later estimate of (4.3) if we put

LA

Using Corollary 3, the solution v (-) of (A, f) can be represented as

(5.8)

v (t)

where [|[W,|| < & - p(t).
For the proof of (‘5.8), it is sufficient to apply Corollary 3, with f replaced by G
and z; replaced by %

(6.1)

Uy =
Ug =
u1 (0)
If we let A = (
Vi)=et=(°

e (2

6. NUMERICAL EXAMPLES

1. Let X =R% 2 = (£,1) € X, ||z], = V& +n2. We consider the linear,

2-dimensional, inhomogeneous differential system

-1

0

—t

0

—uq

u (0)

0
-2
0

e—2t

+e~t

—2uy  +sint (t>0).

=0

n

); w(t) = (ur (6),uz (0): (t)

7

K(t)=1and f (¢ fo

+1)t}}+Wn,

= (e7!,sint),

T)dr = (1 —e7t 1 —cost),

then the above system can be expressed by the mtegral equation

u(t) =

The exact solution of (6.1) or

u (t)

t)+A/tK(t—T)u(T)dT, t>0.

(%

dr

\
l
<
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From (5.8) we obtain the following approximating formula for w (-):

—1

3

t —t(n—1 —ti —t(n—i—1 —t(i+1
Uq (t) = % [e% cen +e 1 n ) .e (n+ ):| _|_W7§1)’
i=0
n—1 . .
t —2t(n—i t —2t(n—i— t 1
us (t) = — [e“n) - sin (l) —l—e% - sin <(2+ )>} +W£2),
2n = n n

where the remainder W,, = ( 7(11), 7(12)) satisfies the estimate

Wl = \/(Wé”)2 + (W,Sz))2 < ﬁ p(t).

The Figure 1 contains the behaviour of the error e, (t) := |[Wy]|, .

1.Be-05
1.4e.05]
120051
16057
-5
-6
405
2605

D - T

14005
12005
1e-05]
Bie-05
Ge-05
4E—EIE'E

2e-067

S D - T
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2. Let X, A and u be as in 1., B = —A2?,

o] 2n
n
_ ,_ (tA)™ [ cost 0 .
U = (170)7 up = (07 1) and f (t) = ug + tug.
Consider the system:
1.1.,1 = —UuU1
U = —4'LL2

ur (0)=1; w2 (0)=0

iy (0) =0; i (0) = 1.

The above differential system can be written as the following integral equa-
tion

u(t):f(t)—FB/O (t—7)u(r)dr, t>0.

The exact solution of the above integral equation is

(6.4) u (t)

C’(t)u0+/0 C(t—7)udr

1
(cost,0) + (0, 3 sin 2t>

1
(cos t, — sin 2t> .
2

From (5.8) and (6.4) we also obtain the following approximating formula

for u (+):
up (t) = cost+ RY
n—1 . .
2 - 2 —1—1
w(t) = {COS [t(”ﬂ +cos [t(”Z)] } L RO
2n = n n

where the remainder R,, = (Rg} ), Rg)) satisfies the estimate

IRl = (B) + (B2) < Lo,

The Figure 2 contains the behaviour of the error

en (t) == HRnHQ
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