OSTROWSKI TYPE INEQUALITY FOR ABSOLUTELY
CONTINUOUS FUNCTIONS ON SEGMENTS IN LINEAR
SPACES

EDER KIKIANTY, S.S. DRAGOMIR, AND P. CERONE

ABSTRACT. An Ostrowski type inequality is developed for estimating the devi-
ation of the integral mean of an absolutely continuous function and the linear
combination of its values at k + 1 partition points on a segment in (real)
linear spaces. Some particular cases are provided which recapture earlier re-
sults along with the results for trapezoidal type inequalities and the classical
Ostrowski inequality. Inequalities are obtained by applying these results for
semi-inner products and some of these inequalities are proven to be sharp.

1. INTRODUCTION

In 1938, A. Ostrowski (see [25, p. 226]) considered the problem of estimating
the deviation of a function from its integral mean. For any continuous function f
on [a,b] C R which is differentiable on (a,b) and |f'(z)] < M for all z € (a,b), the

inequality
! ' f(x)d
b /a (x)dx

holds for every = € [a,b] (see [25, p. 226-227] for the complete proof). This is
then known as the Ostrowski inequality (see [24, p. 468]). The first factor on the
right hand side of (1.1) reaches the value of % at the midpoint and monotonically
increases to % which is attained at both endpoints [25, p. 226]. It implies that the
constant i is best possible, that is, it cannot be replaced by a smaller quantity (see
also [2, p. 3775-3776], for an alternative proof).

The Ostrowski inequality has been generalised for functions of bounded varia-
tions (see [15, p. 374] and [19, p. 3-4]). For this class of functions, the results have
been developed to estimate the absolute difference between the linear combination
of values of a function at k + 1 partition points (of a closed interval) from its inte-
gral mean (see [10]). A similar result has been obtained for the class of absolutely
continuous functions (see [11,12,15,18,19]). The classical Ostrowski inequality and
the trapezoidal type inequality were obtained by considering some particular cases
of the generalised Ostrowski type inequality (see [15, p. 378-381]).

Another possibility of generalising the Ostrowski inequality is to consider the case
of convex functions. Since any convex function is locally Lipschitzian (hence, it is
locally absolutely continuous), thus it can be connected to the previous mentioned
cases (see [15,17]). For other possible directions, we refer to the results in [4-9].
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An extension of the Ostrowski inequality to functions with values in Banach
spaces has been given in [3]. The result can be stated as follows:

Theorem 1. Let (X, | - ||) be a Banach space with the Radon-Nikodym property
and f : [a,b] — X an absolutely continuous function on [a,b]. Then we have the
inequalities,

b
’ f6) = 5= (B) [ s

1 s—atb 2 , e

{4"'( —a ) } (b—a)llf |||[a,b],ooa if [’ € Loo([a,b], X);
q+1 qg+1 % 1

()™ (2)™ ] 0= DI e

(q+1)5

if f/ € Ly([a,b],X), p>1, %Jr % —1;
1 _ atb ’
3+ |s = <) 11 Mw.r

for any s € [a,b], where

IN

1
b P
11N (a,01,00 = oss sup, IOl and [11f a0 = </ ||f’(t)|pdt> , p>1.
€la, a

A similar result has been established for functions defined on segments in general
linear space (see [18]). The result can be summarised as follows:

Theorem 2. Let X be a linear space, x,y € X, x #y and f : [z,y] C X — R
be a function defined on the segment [x,y] and such that the Gateauz differential
VI =)z + yl(y — z) exists a.e. on [0,1] and is Lebesque integrable on [0,1].
Then for any s € [0,1] we have

/0 FI0L = )+ tyldt — F1(1 — s)z + sy

(44 (= D719 = J + ) — 2) e
if Vf[(l — )z + y](y —x) € LOO[Ov 1];

(12 < 3 i (- A= ot (- )l
VL =Yz 4+ ylly —z) € Lp[0,1], p> 1, s 4+ ¢ = 1;

[3+ s =3[ IVAQ =)z + yly — 2)]1,

where || - || (r € [1,00]) are the usual Lebesgue norms on L[z, y].

An application of Theorem 2 for semi-inner products in any normed linear spaces
was also provided in [18, p. 95-99]. However, the sharpness for the constants of
these inequalities has not been considered.

In this paper, we develop an Ostrowski type inequality for estimating deviation of
the integral mean of an absolutely continuous function and the linear combination
of its values at k + 1 partition points on a segment in (real) linear spaces. We also
provide some particular cases which recapture the results in [18] along with the
results for trapezoidal type inequalities and the classical Ostrowski inequality. In a
normed linear spaces, we obtain inequalities for semi-inner products by applying the
obtained results and these inequalities are more general than those in [18]. Some
of these inequalities are proven to be sharp and the proof also covers the sharpness
of those in [18].
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2. DEFINITIONS

Let X be a linear space (in this paper, we assume that the linear space is over the
field of real numbers) and z,y € X. We consider the Gateaux lateral derivatives
for any z,y € X and any function f defined on X, as

(Vaf@)y) = lim LEFW =@

t—0+ t

)

if the above limits exist.

Let z,y € X,  # y and define the segment [z,y] := {(1 — t)z + ty, ¢t € [0,1]}.
Let f : [z,y] — R and the associated function h = g(z,y) : [0,1] — R, h(t) =
g(z,y)(t) == fl(1 —t)x + ty], t € [0,1]. It is well known that the function h is
absolutely continuous on [0, 1] if and only if h is differentiable almost everywhere,
the derivative h’ is Lebesgue integrable and h(t) = fot R (s)ds+h(0) (see [1, p. 263]
and [27, p. 106-107]).

Lemma 1. With the above notation, h is absolutely continuous if and only if f
satisfies the following properties

(1) V(I =)z + y](y — ) exists almost everywhere on [0,1];
(2) VSfI(1 =)z + y|(y — ) is Lebesgue integrable on [0,1];

(3) I =t)z+tyl = /0 VI = s)x+ syl(y — x)ds + f(x).

Definition 1. Let f be a real-valued function defined on a segment [z, y| of a linear
space X. We say that f is absolutely continuous on segment [z, y] if f satisfies the
conditions (1)-(3) of Lemma 1.

By Definition 1 and Lemma 1, we conclude that f is absolutely continuous on
segment [z, y] if and only if h is absolutely continuous on [0, 1].

Assume that (X, |- ||) is a normed linear space. The function fo(z) = 3|z|?
(x € X) is convex and the following limits

o e (R 2 e
<x7y>s(z) = (er(*)fO(y))(x) - t_}(l)lz}7> 2 5

exist for any x,y € X. They are called the superior (inferior) semi-inner products
associated to the norm || - || (see [16, p. 27-39] for further properties).

The function f.(z) = ||z]|” (r € X and 1 < r < c0) is also convex. Therefore,
the following limits, which are related to superior (inferior) semi-inner products,

@1) (Ve fi)@) = tm Ll =l

-2
t—0+(—) t =rllyll" <x’y>5(i)’

exist for all z,y € X whenever r > 2; otherwise, they exist for any x € X and
nonzero y € X. In particular, if » = 1, then the following limits

(Vi) fily)(@) = lim ”ym"””y”_<x y >(.)’

t—0+() t ’ m

exist for z,y € X and y # 0.



4 E. KIKIANTY, S.S. DRAGOMIR, AND P. CERONE

3. THE RESULTS

The following result is an Ostrowski type inequality for absolutely continuous
functions defined on a segment in a linear space.

Theorem 3. Let X be a linear space, I, : 0 = 5o < 81 < -+ < Sp—1 < 8§ = 1
be a division of the interval [0,1] and o; (i = 0,...,k + 1) be k + 2 points such
that ag = 0, a; € [$i-1,8:) (i =1,...,k) and agy1 = 1. If f : [z,y) C X — R is
absolutely continuous on segment [x,y], then

1 k
(3.1) ‘/O £ = B+ tyldt — 3 (@iss — as) FI(L = si) + 513]

=0

IV =)z + yl(y — 2)|oo,
Zf Vf[(l - )'T + y](y - l‘) € LOO[O’ 1];

k—1 k—1 s, + s 2
[ i+1
[;Zmz(am— L )
=0 =0

1
q

k—l
<
- (t1) — T az+1 —5;) b (Si41 — az‘+1)q+1]1 VA =)z + yl(y — CC)Hp,
(4 ! =0
PV = Yo+ 9l o) € Lol 1), p>1, L+ 1=
Si+Sit1
b+ e o = =558 19710 - 9+ 4 - ),

where v(h) := max{h;|i = 0,...,k — 1}, h; := s;41 —s8; (i = 0,...,k —1) and
Il -1lp (p € [1,00]) are the Lebesgue norms.

The constants %,

Y and % are sharp.
q+1)9

Proof. Under the assumptions, we have the Ostrowski type inequality for absolutely
continuous function h(-) that has been established in [10-12,15]

b k
/ h(t)dt = (g1 — a;)h(s;)
a i=0
1k—l ) k—1 s; + S5t 2 ,
1R+ 3 (a2
i=0 i=0

if W' € Loola, b);
k71 @
[(ig1 — $)T + (8541 — ai+1)q+1]] 1211,
0

if B € Lp[a,b], p>1

] I8

Consider the auxiliary function h(t) = g(x,y)(t) = f[(1 —t)x + ty] defined on [0, 1].
Since f is absolutely continuous on the segment [z, y], it follows that h = g(x,y)
is an absolutely continuous function and we may apply the above inequality. We
obtain the desired result by writing the above inequality for h(t) = g(x,y)(t).
The sharpness of the constants follows by the particular cases which are given in
Corollary 1 and Corollary 2. O

IN

1

(g+1) 4

7=

+ > =1

1,1

T p q
SitSit1

Qipq — %

1
[2 v(h) + ie{Or,I.l.?:)lg—l}
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Corollary 1. Let X be a linear space, v,y € X,  #y and f : [z,y] C X - R

be an absolutely continuous function on segment [x,y]. Then for any s € [0,1] we
have the inequalities

; (A =)z + tyldt — sf(x) — (1 —5)f(y)

[5+ (= DIV =)o+ 9] — @)oo
if V(1 =)z + yl(y — ) € Lo[0,1];

(32 < ¢ S [ (1) V0 = el = o)l
’Lfo[(l - )x + 'y](y - J}) € LP[O7 1];p > 1’% + % = 1;

3+ s = 3[JIVAQ =)z + yly — o)1,

where || - ||, (p € [1,00]) are the usual Lebesque norms on L,[0,1]. Particularly, we
have

‘W /f (1 —t)z + ty]dt
illVf (1 =)z + yl(y — @)oo

[
(33) < 2(q+ )% ||Vf[( )I+y](y—x)||p, p>1, %4_% =1;

SIVAQ =)z + lly = 2)]s.
The constants in (3.2) and (3.3) are sharp.

Proof. Choose so =0, sy =1and 0 =qp < a1 = s < ag = 1 in Theorem 3 to
obtain (3.2). The sharpness of the constants in (3.2) follows by the particular case
(that is, (3.3)). By choosing s =  in (3.2), we obtain (3.3). Now, we will prove
the sharpness of the constants in (3.3). Let « and 8 be real positive constants such
that

1 | VA =)z + 4y — 2)]| oo,
‘f“;f(y) / f[(lt)aerty]dt‘S ﬂ( )nvml—) 1y = )l

1 1 _ 1.
p>1,;+5—1,

(q+1)a

Take X = R, [z,y] = [a,b] C R (a # b) and f(z) = |xfb+7“|. Note that f is
a convex function on the closed interval [a, b], thus, it is an absolutely continuous
function (see [27, Proposition 5.16]). Therefore,

1 a(b—a),

From the first case, we obtain o > i since b — a # 0, which proves the sharpness
of 1 in the first case of (3.3). Now, let ¢ — 1 in the second case, we obtain
i(b —a) < %ﬁ(b —a), that is, 8 > %, since b — a # 0, which shows that % is sharp
in the second case of (3.3).

Now, suppose that
‘f )+ [y

1>(b—a>i, 0> 1

(g+1)a

/f B + tyldt| <AV =z + o)y — 2],
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for a real constant v > 0. By choosing X = R and the absolutely continuous

function f(z) = CZLW —tan™! (&) (C > 0) on the interval [0, 1] (the proof of this
part is due to Peachey, McAndrew and Dragomir [26, p. 99-100]), we obtain

iftan*1 1 + ¢ < L
20 c) T acrry =7 ez

Thus,
1 1 C?
> 2 S -1 = N —
v>(C*+1) [2 C'tan (C’)+2(C’2+1)}’

and by taking C — 0%, we obtain v > % and the proof for the sharpness of the
constants in (3.3) is complete. This implies that all constants in (3.1) and(3.2) are
sharp.

Remark 1. If we assume that the function f in (3.3) is convex, then the quantity
(M — fol fla =tz + ty]dt) is positive by the Hermite-Hadamard integral
inequality (see [14, p. 2]).

Corollary 2. Let X be a linear space, v,y € X, © #y and f : [z,y] C X - R

be an absolutely continuous function on segment [x,y]. Then for any s € [0,1] we
have the inequalities

/0 fl( =)z + tyldt — (1 — s)x + sy]

(54 (5= D] IV A= )2+ 9] = )
if V(A =)z +-yl(y — ) € Lo[0,1];

BH < 3 e (- A = et (- )l
q q
i VI = Yo+ vy —2) € Lolo, p > 11+ 1 = 1;

[3+[s = 3l IVAQ =)z + 9y — ),

where || - ||, (p € [1,00]) are the usual Lebesque norms on L,[0,1]. Particularly, we

have
1 I+y
/Of[(l—t)wrty]dt_f( . )‘
illvlf[(lg~)931+~y](y—$)\|oo,
(3.5) B Eemred A1 (Gt (]

p>1, % + % =1;
SIVAQ =)z + ylly — )]s
The constants in (3.4) and (3.5) are sharp.

Proof. Choose sp =0<s31=s<1=sand 0 < a; <s<ay <1 in Theorem 3,

then let a; = 0 and as = 1, to obtain the (3.4). The sharpness of the constants
in (3.4) would follow by the particular case (that is, (3.5)). By choosing s = % in
(3.4), we obtain (3.5). Now, we will prove the sharpness of the constants in (3.5).

Let ¢ and 7 be real positive constants such that

) CIVAIT =)z + yl(y — 2)lloo,
[ sta=erata—r (T2 < o) 19710 = e+ -l
0 (g+1) 9

1 1 _
p>1,5+a—1
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If we choose X =R, [z,y] = [a,b] (a #b) and f(z) = |z — bFa | then we obtain
C(b - a)a

i(b UE <<q+11>31> (b-a)

From the first case, we obtain { > i since b — a # 0, which proves the sharpness
of 1 in the first case of (3.5). Now, let ¢ — 1 in the second case, we obtain
1(b—a) < in(b—a), that is, n > %, since b — a # 0, which shows that 3 is sharp
in the second case of (3.5).

Now, suppose that

T IO [ i - -4 e < 019110 = 9z + ity - ).

for a real constant § > 0. By choosing X = R and the absolutely continuous
function f(z) = z2%5z — tan~! (&) (C > 0) on the interval [~1,1] (the proof of
this part is due to Peachey, McAndrew and Dragomir [26, p. 99-100]), we obtain

L tant (2
1l
c c

241 1
0> ¢ ; ‘—1+C’tan_1 (C)

and by taking C — 0%, we obtain 0 > % and the proof for the sharpness of the
constants in (3.5) is complete. This implies that all constants in (3.1) and (3.4) are
sharp.

Q=

, g>1.

<ol—2
- lecer+))
Thus,

)

Remark 2. If we assume that the function f in (3.5) is convex, then the quantity
( fol fll = t)x + ty)dt — f (%ﬂ)) is positive by the Hermite-Hadamard integral in-
equality (see [13, p. 2]).

Remark 3. The inequality (3.5) has been obtained in [18, Corollary 1]. We also
note that the bounds in (3.4) and (3.5) are the same as the ones in (3.2) and (3.3),
respectively. Cerone in [5, Remark 1] stated that there is a strong relationship
between the Ostrowski and trapezoidal functionals which is highlighted by the
symmetric transformations amongst their kernels. Particularly, the bounds in the
Ostrowski and trapezoidal type inequalities are the same [5, p. 317].

Example 1. Let (X, |- ||) be a normed linear space and consider the absolutely
continuous function f(z) = In(||z||), + € X \ {0}. Applying this to (3.3) and (3.5),
we obtain

ln(\/llﬂt‘l\llyll)—/0 1n(||(1—t)x+ty||)dt‘

<y*11(1*“)m+uy>s(i)
lA—u)z+uy|]?

1
7 sup

u€l0,1]
1 ( iy =, (1 —wz + uy),
2(q+1)T /o 11— w)z + uyl?
LMy 2 (- w)r )
5/o 11 = w)w + uyl|?

)

IN

NS
du) ,p>1,%+%:1;

)




and

/ In(|(1 = ) + ty|)dt — In (
0

(y—x,(l—u)x-‘ruy)s(i)
IQA—w)z+uy|?
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1
7 Sup

T+y
2
u€[0,1]

1 /1 (y—z, (1 —wz+uy),
2(g+1)a \ Jo (1 —w)z + uyl|?

1/1 (y—z, (1 —u)r +uy)
2
0

11— w)z + uyl?
for any linearly independent x,y € X. Using the Cauchy-Schwarz inequality for
superior (inferior) semi-inner products (see [16, p. 29]), we obtain

)

IN

du,

1
In( IIwHIIyII)—/0 1n(l(l—t)wﬂ%yll)dt‘

1 sup [|(1—wz +uy|
u€0,1]

1
P

< (1 —w)z + uyl| pdu) s p>1 o+ =1;

< -l o
|

%/|a—un+umrww

and

/01 (|1 —t)x+ty)dt—ln( ‘”;yHN

1 sup [|(1—wz +uy|~,
u€[0,1]

1
P

< (1 —w)z + uyl| pdu) s p>1 o+ =1;

< ly -2 T
(q+1)‘1
|

/ (1 =)z + uyl| " du,

for any linearly independent z,y € X.

4. APPLICATION FOR SEMI-INNER PRODUCTS

The following result holds in any normed linear space with the semi-inner prod-
ucts (-, ) s(i)-

Proposition 1. Let (X, | - ||) be a normed linear space, I, : 0 = sg < 81 < +++ <
Sp—1 < Sk = 1 be a division of the interval [0,1] and a; (i =0,...,k+1) be k + 2
points such that ag =0, a; € [s;-1,8;] (i=1,...,k) and a1 =1. If 1 <r < o0
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then
1 k
‘/ (1 = )z + tyl|"dt — > (g1 — i) |[(1 — s:)x + Siy||r|
0 i=0
k—1 k—1 5 4 5 2
liz h + Z (Oéi-i-l - 5 l+1) ]
i=0 i=0
x Sl[lopl] [rll(1 — w)x + uyl|"2[(y — 2, (1 — w)z + uy) s ],
ue|0,
k—1 :
. [(ai+1 —5) I+ (si41 — ai+1)q+1]
(e+1)9 |50
(41) < ,

1
| [0 = g gl =2y = 1 = e o )
0
p>1, s 4+o=1;

1
[ = w2y = . (1w g ldu,
0

Si+Sit1
ip1 — T

1
sv(h
[2”( ey

holds for any x,y € X, whenever r > 2, otherwise it holds for any linearly inde-
pendent x,y € X. Here, v(h) := max{h;|i = 0,...,k — 1}, h;y := s;41 —s; (i =
0,....,.k—1) and |- ||, (p € [1,00]) are the Lebesgue norms.

Proof. Let f(z) = ||z||", where z € X, and 1 < r < co. Since f is convex on
X then g(z,y)(:) = f((1 — )z + -y) is convex on [0,1] for any 1 < r < oo and
z,y € X. It follows that g(z,y)(-) = ||(1 — )z + -y||" is an absolutely continuous
function. Therefore, we may apply Theorem 3 for f (see (2.1)) and obtained the
desired result. (]

Remark 4. The result we obtain in Proposition 1 is ”complicated” in the sense
that the upper bound is not practical to apply. Here, we suggest a simpler, although
coarser, upper bound (see [18, p. 97-98]) using the Cauchy-Schwarz inequality for
semi-inner products. Under the assumptions of Proposition 1, and by Cauchy-
Schwarz type inequality for superior (inferior) semi-inner products (see [16, p. 29]),
we obtain

sup [r||(1 —w)a +uyl "y — 2, (1 — )z + uy))]
u€[0,1]
< rlly - Sl[lopl]II(1 —w)a +uy|["t = rlly — @l max{||z]|" |y,
ue|0,
for all z,y € X.

Note: Consider the function f(t) = ||(1 —t)z + ty||"~! on [0,1]. Since it is contin-
uous and convex on [0, 1], then the supremum of f on [0, 1] is exactly its maximum,
and it is attained at one of the endpoints. In other words,

sup [[(1 — )z +uy|" " = max{[lz|"", [y}
u€l0,1]
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We also have the following for any x,y € X

1 P
( (1= w4+ uyl "y — 2, (1 —u>z+uy>s<i>|pdu)
0

1 1
B » z||Pr=1) o ||y|[pr=D\ P
<yl ([ 10wt w0 Va) " < oy - o (I Y
0

2

by the Hermite-Hadamard inequality for the norm (see [21, p. 3] and [28, p. 106]),
and

1
(00w a2 = (= w2+ o
0
! 1
< ol —al (00w anl=tan) < oy = al (el + Lol ),

by the refined triangle inequality for the norm (see [21, p. 4] and [28, p. 106]).
Therefore, we have the following inequalities

1 k
‘/ (1= )z + ty["dt = Y (is1 —ai)|(1 = si)z + siyl”
0

=0
(4.2)
1k_1 2 — 8i + Sit1 ? r—1
Do+ (i - sup [|(1—w)z +uy|"",
i=0 i=0 2 u€0,1]
k—1 q
1[§: (i1 = 8) 77+ (i1 — igr) ]
< rly-al = 1 ,
A “<1—u>x+uy|p<’"”d“] ,
0
p>1, 5+
|:éI/(h +i€{01?}?:)]§71} iyl — 51+51+1 ]/ H 17u)x+uy”r 1du
(4.3)
k—1 k—1 s+ s 2
it Sit1 e .
[ihﬂz (am - ) ]max{nw LIl
=0 1=0
k—1 q
(+i)i l [(ai+1—'80q+1'+(8i+1'—€%+1)Q+1]1
gt | =
< rly -z =0

1
. [Hxnpw - ||y||P<”>] ’
2 )

p>1, L+ =1

] (™= + ™),

which holds for any z,y € X. The constants in the first and second cases of (4.2)
and (4.3) are sharp. The proof follows by its particular cases which are mentioned
in Remark 5 and Remark 6.

Si +51,+1

Q41 —

: {%V(h) T ey
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Corollary 3. Let X be a normed linear space, s € [0,1] and 1 < r < oo. Then,
we have the inequality

1
‘/O (1 = t)z + ty[|"dt — sf|z]" — (1 = s)|y[|"

(4.4)
2 __
(54 (5= 3)*] sup (11— w)z + gl
u€[0,1] )
1 1 >
—L o [T 4 (1 - s)atl] e 1— p(r=1) g
e i e (et
p>1, s +.=1
1
(3 Js =40 [ 10w+ uyl
(4.5)
2 . T_
[3+ (= )] max{llz|7", Iy,
1
1 p(r—1) p(r—1)7%
L [ gt [P0 + g
< - —L o [s9H + (1 — s)att] ,
<yl il ae ]| !

p>1, % + % =1,
3Lz s =3l Al + Nyl

which holds for any x,y € X. The constants in the first and second cases of (4.4)
and (4.5) are sharp.

Proof. Choose sg =0, sy =1and 0 =ap < a1 = s < az =1 in (4.2) and (4.3).
The sharpness of the constants follows by the particular case which is pointed out
in Remark 5. (]

Remark 5. Particularly,

1
\ [ 10 e P sl - (- )l

(4.6)
2
[+ (= )] sup 11— w)z +uy),
u€[0,1] )
1 v
L s+ (1- 8)q+1]% (/ (1 —w)x+ uy||”du> ,
0

< 2||y—.’L'|| (q+1)%
p>1, % + % =1;

1
[%Hs—%u/o 11— we + uy|du,

(4.7)
2
[4+ (s = )] max{la, Iyl
1
s (Ll + ol *
_ 1 atl 4 (1 — g)atl]s Hi
< oo { =l e o (B

3 [z +[s =3l dzll + Nyl
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holds for any z,y € X. The constants in the first and second cases of (4.6) and (4.7)
are sharp. This implies that the constants in the first and second cases of (4.2),
(4.3), (4.4) and (4.5) are also sharp (the proof follows by considering a particular
case which is presented in Remark 8).

We also have

1
’/O 11 = t)z + tylldt — sllz]| — (1 = )]yl

2
L+ (s )7, 1
(4.8) <y -zl L [0 (1= ) 0T 7 g > 1
q+1)4 L
2+‘S_§|’

for any x,y € X. Note that for all 1 < g < oo and s € [0, 1],

1
(1) i+(s—%)2=$=/ |t — s|dt,
0

(2) —L=[s7+(1- s)q“]é = (/01|t— sth>;,

(g+1)9

(3) &+ |s— 3| =max{s,1—s} = sup [t —s|,
t€[0,1]

1
1 1 7
and / [t — s|dt < (/ |t — sth> < sup [t — s| by the Holder inequality. Thus,
0 0 te(0,1]
2

1 1 1 1
(49 4 (s—=) < ——[s"T (1 —s)"]T < -+
4 2) " (a+ D)7 2

We conclude that the constant i is best possible among the constants in all cases

of (4.8) and rewrite (4.8) as
! . 2 | |
1 + (s 5 y—x|.

The constant % in (4.10) is sharp (the proof follows by considering a particular case
which is given in Remark ).

(4.10) \ [ = e e sl - 1 - s>||y] <

Corollary 4. Let X be a normed linear space, s € [0,1] and 1 < r < co. Then,
we have the inequality

1
(=) +syll = | ||(1_t>m+ty||rdt‘
0

(4.11)
[+ (s=2)?] sup [[(1—w)z+uy|""'},
u€l0,1]
1
1 P
%Sq+1+ 15q+1(1,(/ lfueruy p("'l)du> ,
R R A ARV

1 1 _ 1.
p>1’;+5—17

(34 |s— 3] (/01||(1 —u)z +uyll”dU> :
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(4.12)
[3+ (s = 3)? max{[l=]"~, flylI™*}, 1
(r—1) p(r—1)\ »
Lttt oo - oyaend (12IPCTY Al
< rly—al{ Gt AT ( 2 :
p>1, o4+ o=1;

35+ 15 =30 Al + Ny,

13

for any x,y € X. The constants in the first and second cases of (4.11) and (4.12)

are sharp.

Proof. Choose sp =0 <s31=s<1=sand 0 < a; <s < ay <1, then let
a1 = 0 and az = 1 in (4.2) and (4.3). The sharpness of the constants follows by

the particular case which is pointed out in Remark 6.

Remark 6. Particularly, we have

—8)x + sy||* — ' — )z 2
1=y syl = [0 t)s + 1) dt\
(4.13)

[+ (s — 392 max{lz]l [y}, ;
41bﬁ4+(1—sw+qé<l|KL_W$+umeQP7

1
< 2ly—af{ @b

b= 40 ([ 10 - e+ wlan).

1 1 _ 1.
p>1,5+5—1,

(4.14)
2
(5 + (s = 3)°] max{lz] ]},
1
1 [eq+1 _ gyatlla x”p+|y||p>p
< 2|y - st 4+ (1—s ( ,
< 2ly—al ] oy b ()] :
p>1 o+ =1
L[5+ Is— 1) (el + o),
and

@15) |l -9+ sl - [ ||<1—t>x+ty||dt\ <

LAY RS N
17 \" 73 y—z

O

for any z,y € X. The constants in the first and second cases of (4.13) and (4.14)
are sharp as well as the one in (4.15) (the proof follows by considering a particular
case which is pointed out in Remark 10). It implies the sharpness of the constants

in the first and second cases of (4.2), (4.3), (4.11) and (4.12).

Remark 7. Again, we note that the bounds in (4.11), (4.12), (4.13), (4.14) and
(4.15) are the same as the ones in (4.4), (4.5), (4.6), (4.7) and (4.10), respectively

(see Remark 3).
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5. SOME PARTICULAR CASES OF INTEREST

Proposition 2. Let X be a normed linear space and 1 < r < oo. Then

0 < M / (1 — ) + ty]|"dt

(5.1)
i sup ||(1 —w)z + uyl|" 1,
u€(0,1] )

< rlly—al (/nl—um+umMr1mQ psLiaioy

(q+1)
1=+

(5.2)

max{ [l [yl

1
p(r—1) p(r=1)\ »
< rlly -z 1 1<||:r:|| + [yl ) P>l lplo;
MY L )
Ul 4+ llylI™),
holds for any x,y € X. The constants in the first and second cases of (5.1) and
(5.1) are sharp.

Proof. Choose s = 3 in (4.4) and (4.5). The sharpness of the constants follows by
the particular case which is presented in Remark 8. (]

Remark 8. Particularly,

2 2
o < EEWE [y,
3 sup (1 —w)z +uyl,
u€l0,1]
1
(53) < lly—=l " || L—wz+uy|Pdu) , p>1, 5+ =1
(q+11 )4
/nu—um+ummu
0
3 max{|lz[, [y}, 1
p P\ p
6a) < Jwoald o (Ll el
gq+1)q 2 P a
3l + [yl

holds for any z,y € X. The constant % is sharp in the first case of (5.3) and (5.4).
The proof is as follows: suppose that the inequality holds for the constant A > 0
instead of l, that is,

lll* + llyll* + lyll*
|| t)z + ty|*dt < Ally — 2| max{|l«[, [ly[}.

Note that it is sufficient for us to prove the sharpness of the constant in the first
case of (5.4), since both quantities are equal.
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Choose (X, | -|) = (R, || 1), z = (£,n), and y = (=1, n) for n € N, then we

n’
have

2 2
3n® + 2 <4 2n° 4+ 2 .
3n2 - n?

Taking n — oo, we obtain 1 < 2A, that is, A > % This implies that the constants
in the first case of (4.6), (4.7), (5.1) and (5.2) are also sharp.

Note that the constants in the second case of (5.3) and (5.4) are also sharp.
Suppose that the inequality holds for the constants B,C' > 0 instead of the multi-
plicative constant 1, that is,

T 2_|_ 2
2l + [l / 10— 0+ byl

B—l </ 1U)£C+uy||pdu> <c (||x||p+||yp>P
(Q+ q (q 1) 2

Choose (X, || []) = (R, - 1), z = (£,n), and y = (—2,n) for n € N, then we have

3n2—52 <25 ((n2(n2 F1)P 4+ (n2 +1)P — 2p+2)p> “c ( 2(n? + 1)1>
3n n2(g+1)7(p+1)% n*(q+ 1)«

b~
—_

Q=

Taking ¢ — 1 and n — oo, we obtain B > 1 and C' > 1. Therefore, the constants
in the second case of (4.6), (4.7), (5.1) and (5.2) are also sharp.
We also have

illy — =l

y—zl, ¢>1
(q+1)

(5.5) 0<”x||+Hy|| /|| t)x + ty||dt <
slly =l

for any x,y € X. Note that for any 1 < ¢ < 0o, we have ; < L <1 (the
2(g+1)9

proof follows by choosing s = % in (4.9)). Therefore, i is the best possible among

the constants of all cases in (5.5) and now we have

x| + |y
(5.6) o<”“||” /H x+wmh<*M*xH

The constant § in (5.6) is the best possible constant.
The proof is as follows: suppose that the inequality holds for any constant D > 0
instead of i, that is,

T —|— Y
llzll + gl /n He + tyldt < Dlly — .

Choose (X, |- ]) = (R2, |- 1l1), z=(2,1), and y = (2, —1) to obtain 3 < 2D, that
is, D > 1. Thus, the constant 1 is sharp (this implies that the constant % in (4.10)
is sharp).

Remark 9 (The case of inner product space). If X is an inner product space, the
constant in the first case of (5.4) is not sharp, since

T —I- Y
I 0ty gl = gl - ol
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and the fact that

1
lly = (il + vl = 5lly — 2l max{llz], llyll}-

| =

1 2
Ay — <
Sy — o <

The sharpness of the constant in the second case of (5.4) is not preserved in this
case, since we have the fact that

1

1 1
gl =izl + 1yl < glly =l l” + llyl*) 7,

*Ily*fcl\Q

and that % < +. The constant in the third case of (5.4) is not sharp, since
q

l

27 (q+1)
1 1
Uy —al* < Zly—allal + ).

The constant % in (5.6) remains sharp in this case. The proof follows by choosing
(X,||~||)=(R,|-D,l‘=l, and y = —1.

Proposition 3. Let X be a normed linear space and 1 < r < oo. Then

1
0 < /||(1—t)x+ty||’"dt—
O 2

(5.7)

=

1 sup [|(1—w)z +uyl|"",
u€(0,1]

Q=

1
1(/n1—wx+ww“1m0 Pty
(q+1) a
|

/ (1 = w)x + uy||" " du,

1 max{flz]|" [lyl" 1
< rly -z 1 <||5Up(r1)+||yp(r1)

2atn)s \ ~
U™+ llyllm=),

1 1 _ 9.
) ,p>1,;+5—1,

holds for any x,y € X. The constants in the first and second cases of (5.7) and
(5.8) are sharp.

Proof. Choose s = 3 in (4.11) and (4.12). The sharpness of the constants follows
by the particular case which is pointed out in Remark 10. (]
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Remark 10. Particularly,

1 2
T
0 2
Lsup (1w + uyl,
u€[0,1]
1 :

6:9) < y-al{ = ([I0-werwlan) oo iei-n
(Q-Ol-l)q 0 p ' q
10w+ uyla
0
Swax{ ol [},

z||? + P\ »pr

(5.10) < lly—al “11)1(“ PEWITY oy =
q q
Ll + ),

holds for any z,y € X. The constant 3 is sharp in the first case of (5.9) and (5.10).
The proof is as follows: suppose that the inequality holds for the constant £ > 0
instead of %, that is,

Tty

1
/ (1 —t)x + ty||*dt —
0 2

Again, it is sufficient for us to prove the sharpness of the constant in the first case
of (5.10).

Choose (X, |- [) = (R, [| - [l1), = = (5,
have ) )

3n°+1 <E(2n +2>.
3n2 - 2

Taking n — oo, we obtain 1 < 2E, that is, E > %. This implies that the constants
in the first case of (4.13), (4.14), (5.7) and (5.8) are also sharp.

Note that the constants in the second case of (5.9) and (5.10) are also sharp.
Suppose that the inequality holds for the constants F, G > 0 instead of the multi-
plicative constant 1, that is,

1
/ (1 — )z + ty||2dt — Hx;y
0

1 1 1 P P\ ¥
< F——— (/ ||(1—u)x+uy||pdu> <G ; (”xH * Iyl ) .
(a+1)7 \Jo (q+1)7 2

Choose (X, || [)) = (R, || - 1), z = (£,n), and y = (—2,n) for n € N, then we have

2 20,2 P 2 P _ 2p+2\5 2
3n ;r1§2F (n*(n® +1) +(nl+1) ln ) <a 2(n Jrl)l

3n n?(q+ 1) (p+1)7 n2(g+1)7
Taking ¢ — 1 and n — oo, we obtain F' > 1 and G > 1. Therefore, the constants

in the second case of (4.13), (4.14), (5.7) and (5.8) are also sharp.
We also have

1
(5.11) og/ (1= t)a + tydt —
0

2
< Elly — af| max{{[z, [ly[[}

n), and y = (—%,n) for n € N, then we

n

2

=

Tty
2

1
< 7lly ==

The constant i in (5.11) is the best possible constant.
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The proof is as follows: suppose that the inequality holds for any constant H > 0
instead of %, that is,

1
T+y
[ = oe syl |52 <ty - ol
0

Choose (X, |- [|) = (R%,|| - [l1), z = (2,1), and y = (2, —1) to obtain { < 2H, that
is, H > i. Thus, the constant % is sharp (this implies that the constant % in (4.15)
is sharp).

Remark 11. Again, we note that the bounds in (5.7), (5.8), (5.9), (5.10) and
(5.11) are the same as the ones in (5.1), (5.2), (5.3), (5.4) and (5.6), respectively
(see Remark 3).

Remark 12 (The case of inner product space). If X is an inner product space,
the constant in the first case of (5.10) is not sharp, since

1
/ 11 = t)z + tydt — || 222
0

2

1 2
| = 35l

and the fact that
ES | 12 < =S | [ ([l [ + Iyl 1H | max{]|z|, |yl }
— — = — —_ m. .
B y—zxl|* < B y — || (||« y 5 y — x|| max{||z||, ||y

The sharpness of the constant in the second case of (5.10) is not preserved in this
case, since we have the fact that
1 1 1 1
Sy ==l < Glly = 2lll=l + lyl) < Zlly = 2l + ly”)>,
and that % < —1 1. The constant in the third case of (5.10) is not sharp, since
27 (q+1)9
1 9 1
—ly — < |y — .
v =2l = ly —aliliz] +llyll)

The constant % in (5.11) remains sharp in this case. The proof follows by choosing
X1 =®,[-]); z=1,and y = —1.

6. COMPARISON ANALYSIS

In [21, p. 11, 15], we considered an Ostrowski type inequality for convex functions
on linear spaces and obtained the following result in any normed linear space (X, ||-

iy
1"+ llyll” ro o L r— r—
— 1 =)z +tyl"dt < or((y = yllyl™)s = (v — @ 2l ")s),

1 r
| = oo vwirae- |2 <5
0 2 8
for any =,y € X whenever r > 2; otherwise they hold for nonzero =,y € X, and
(*;)s(s) is the superior (inferior) semi-inner product with respect to the norm || - ||.
In this paper, we have considered the Ostrowski type inequality for absolutely
continuous functions, which is more general than [21] and have obtained the fol-
lowing bounds for the left-hand side of the inequalities above (see (5.1), (5.2), (5.7)

and (5.8)). The bound that we have obtained is,

r({y =2, yllyll"™) — (y — @, 2ll2]"72).),

_ 1 _ _
Sup 11— wz +uyl|"™" = rlly — el max{{lzl", "}

u€l0,1

Loy —
—rlly —x
4 )
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Note: Since the last two bounds in (5.1), (5.2), (5.7) and (5.8) are not significant
for the case of r = 1 (see Remark 8 and Remark 10), we consider only the first
bound for this section.

We want to compare the two bounds §r((y — =, y|lyll"2): — (y — @, z[|z]|" 7))
and 1rlly — || max{[|z]|"~*, ly|""'}. The bound that we obtained in this paper
is simpler in the sense that it only involves the given norm, while the other one
involves not only the given norm, but also the superior (inferior) semi-inner product
associated to the norm. However, the bounds in [21] are proven better for the case
of inner product spaces. The verification is as follows:

In an inner product space (X, (-,-)), consider the particular case of r = 2, we
want to compare 3(y —z,y —z) = 1|y — z||? and 1|y — || max{||z|, |y||}. For all
z,y € X, we have

1 1 1
2y ==l < Zlly =2l + llylD) < 5lly = @llmax{]l]l, [y}

We conclude that the bounds in [21] are better.
Next, we consider the particular case of r = 1, that is, we wish to compare

X

iy — =, Tor — o) and 1lly — || (for nonzero z,y € X). We recall the Dunkl-
Williams inequality (see [20, p. 53], [22, p. 890] and [23, p. 448])

z oy 2)|z —yll

(51 i 771 | 1 o 77

which holds for nonzero x and y in an inner product space X. Now, for z,y € X
where z,y # 0, we have

(6.1)

y—z,——=) < =ly—zl|— - —
8 Iyl [l 8 Iyl [l
1 |z —yll _1 |l + 1yl 1
< y—z2llim—r < Sy =zl = <y — =
4 Nzl +llyll — 4 lzll +lyll 4

We conclude that the bounds in [21] are better.

For general 1 < r < oo, we conjecture that
Conjecture 1. In an inner product space (X, (-, -)), the following inequality
1 _ _
3"y =z ylyll” 2 —afe)"?)

holds for any x,y € X whenever r > 2; otherwise it holds for any nonzero z,y € X.

1 _ _
< rlly = allmax{]jzl"= ly ")

We observe that the above statement is true in some cases. Taking X = R and
multiplication as its inner product and utilizing Maple for the following functions

1 r— r—
—r(y — ) (yly|" % — zlz|"?),

1 e
®x,y) = 7rly —wlmax{lz Lyl 1}*8

for z,y € R, we observe that for several values of r, we have ®(z,y) > 0 for any
x,y € X (see Figure 1 for the plot of ® with the choice of r = 3). However, we
have no analytical proof for this statement.

Conjecture 2. In a normed linear space (X, || - ||), the following inequality

1 r— r— 1 r— r—
5w = yllyl"2)i = (v — @ 2llzl|"7%)s) < Jrlly — @ max{]l=]" )"
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A
i

FIGURE 1. Plot of ® for r = 3.

holds for any x,y € X whenever r > 2; otherwise it holds for any nonzero z,y € X
(here, (-, -)4(i) is the superior (inferior) semi-inner product respect to the norm ||-]).

We observe that the above statement is true in some cases. Taking (X, || - ||) =
(R%,|| - ||1) and consider the case of r = 1, we have the functions
1 Yi z;
flzy) = 3 Z | _|(yz‘—fﬁi)— Z ly; — x| — Z x‘|(yi_xi)_ Z lyi — @il |
Y70 Yi yi=0 x40 z;=0
1
g(l',y) = Z”:yfl’”la

for x,y € R%. We observe that f(x,y) < g(x,y) for some z,y € X (We choose
z = (1,0) and y = (a,b) (a,b # 0) and plot the non negative function ¥(a,b) :=

gla,y) = flayy) = Fa =1+ ) = & (62 + 47 = (a=1) = [bl) in Figure 2).

lal

However, we do not have an analytical proof for this statement.
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