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Abstract

The purpose of this work is to introduce new generalizations of asymptotically equivalent double se-
quences which we call S(y ,)— equivalent, V() ,)— equivalent, C(y 1)— equivalent, through (VoA 1)—
summability, and obtain some relevant connections between these notions.
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1 The first section

Marouf [1] introduced notion of asymptotically equivalent sequences in order to com-
paring the rate of growth of two sequences. Later, the idea is applied on many problems
arising in the field of summability theory. In 2003, Patterson [2] presented statistical
analogue of asymptotically equivalent sequences and studied some of their properties via
statistical summability. Subsequently, many authors have shown their interest on asymp-
totically equivalent sequences in different directions (see [3], [4], [5], [6] and [7]). In
present work we extend the idea of asymptotically equivalent double sequences through
(V, \, u)— summability and obtain some results. We begin by recalling some definitions
and results which form the base for present study.
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4 Kavita, Archana Sharma, Vijay Kumar

Definition 1. [1] The two non-negative sequences = = () and y = (yx) are said to be
asymptotically equivalent to a number L (denoted by = ~ y) provided that

lim <“> -y
k—oo Yk

In case, L = 1 we simply say x is equivalent to y.

Definition 2. [8] A number sequence x = (zy) is said to be statistically convergent to
a number L provided that for every € > 0,

1
lim — {k <n:|zp— L| > e} =0;

n—o00 N

where [{A}| denotes the cardinality of a sets A, and |a| denotes the absolute value of a
number a. In this case, we write S — limy_, oo zp = L or x — L(5).
The next definition is a natural combination of Definition 1.1 and 1.2.

Definition 3. [2] The two non-negative sequences x = (zj) and y = (yx) are said to be
asymptotically statistically equivalent of multiple L provided that for every € > 0

fren|(2) 2o
Yk

(denoted by z ~° 5) and simply asymptotically statistical equivalent if L = 1.

o1
lim —
n—o00 M

Let A = (\,) be a non decreasing sequence of positive real numbers tending to oo
with Ap11 < A 4+ 1,A\1 = 1. The generalized de la Vallée Pousin mean of x = (xy) is
defined by

1
tn(z) = = Z Tk,
" kel,

where I, = [n — A\, + 1,n].

A sequence © = (zy) is said to be (V, A)-summable to a number L (see [9]) provided
that ¢,(z) — L as n — oo. It is being noted that if we take A, = n, then (V, A)-
summability reduces to (C, 1)- summability.

Definition 4. [10] Let A = (\,,) be a sequence as described above. A number sequence
x = (1) is said to be A-statistically convergent to a number L provided that for every
e>0

n—o00 \

1
lim — {kel,:|zx— L| >¢€}| =0.

In this case, we write Sy — limg_, 0o x = L or xx — L(S)).
The next definition is a natural combination of Definition 1.1 and 1.4.

Definition 5. [11] The two non-negative sequences z = (zj) and y = (y) are said to
be asymptotically A-statistically equivalent of multiple L provided that for everye > 0

fren ()]0
Yk

(denoted by z ~%* y ) and simply asymptotically A-statistical equivalent if L = 1.

1
lim —
n—oo n
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Definition 6. [11] Let A = (\,) be a non decreasing sequence as described above. The
two non-negative sequences x = (z) and y = (yx) are said to be strongly asymptotically
A-equivalent of multiple L provided that for every € > 0

(denoted by z ~(V:A) y) and simply strongly asymptotically A-equivalent if L = 1.

By convergence of a double sequence we mean convergence in the Pringsheim’s sense [12]
as given follow: A double sequence z = (z;;) of numbers is said to be convergent to a
number L (in the Pringsheim’s sense) provided for each ¢ > 0, there exists a positive
integer m such that

|zij — L| < ¢ whenever ¢,j > m.

In this case, the number L is called the Pringsheim’s limit of (z;;) and we write P —
lim; ;00 ;5 = L. Further, a double sequence x = (z;;) is said to be bounded if there
exists a positive number M such that |z;;| < M for all 4, j, i.e., if [|2[|(2,00) = sup; ; |i;| <
oo. It is remarkable that, in contrast to the case for single sequences, a convergent double
sequence need not be bounded. Let I5° denotes the space of all bounded sequences of
numbers. Mursaleen et al. [13] presented extension of Pringsheim’s limit in term of
statistical convergence for double sequences as follows:

Definition 7. [13] A double sequence x = (z;;) of numbers is said to be statistically
convergent to a number L provided for each € > 0

1
P— lim —|N{i<n,j<m:|z;;—L|>e}=0.
n,m—oo NI

In this case, the number L is called the statistical limit of = and we write S(P) —

Definition 8. [6] The two non-negative double sequences = (z;;) and y = (y;5) of
numbers are said to be asymptotically statistically equivalent of multiple L provided that
for every € > 0,

n,m—o00 MM

1
P— lim Hign,jgm:

ot
Yij

(denoted by z ~5(F) y ) and simply asymptotically statistical equivalent if L = 1.

Let S(P) denotes the set of all sequences = = (;;) and y = (y;;) such that z ~3(F) 4.
Let A = (A,) and g = () be two non decreasing sequences of positive real numbers
tending to co with
)\n+1 § )\n -+ 1,)\1 =1 and
g1 < o + 1,1 = 1.
The generalized de la Vallée Pousin mean of = (z;;) is defined by

tmn(z) = ! Z Tij,

Anfim (i§)€In X Im
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where I, = [n— A, + 1,n] and I, = [m — pm + 1, m).

A double sequence x = (z;;) is said to be (V, A, ) —summable to a number L provided
that t,,,(z) — L as m,n — co. As in case of single sequences, if we choose A, = n and
tm = m, then (V, A, u)—summability reduces to (C, 1, 1)—summability. Let,

' 1 m,n

[C1,1] =< @ = (x;;): 3L GR,me}érgoo%i:;ﬂ lzi; — L| =0 § and
1

V,\pul={ x=(zy):3L €R,P— lim > wiy—L=0

e Anbm T x

Definition 9. [14] Let A = (\,,) and g = (p,) as described above. A double sequence
x = (z;;) of numbers is said to be (A, u)—statistically convergent to a number L provided
for every € > 0,

1
P — lim

n,m—00 \p

|{(7’a.7) S In X Im : ‘Iij — L| Z €}| =0.

In this case, the number L is called (), 1) —statistical limit of the sequence x = (z;;)
and we write Sy ) (P) —lim; j 00 245 = L.

We now consider some new kind of asymptotically equivalent double sequences defined
through [V, A, u]—summability.

2 Main Results

Definition 10. The two double sequences © = (z;;) and y = (y;;) are said to be
asymptotically Cesaro equivalent of multiple L (denoted by z ~“@.0 ) provided that
m,n

. 1
P lim —

i=1,j=1

Ll?ij
Yij

~1|-o

In case L = 1, we simply say x is asymptotically Cesaro equivalent to y.
Let C(1,1y denotes the set of all sequences x = (;;) and y = (y;;) such that z ~“a.1) g,

Definition 11. Let p be a positive real number. The two double sequences x = (x;;)
and y = (y;;) are said to be strongly asymptotically p—Cesaro equivalent of multiple L

(denoted by x ~Chn y) provided that

m,n P
. 1 ’ Tii
P— lim — E 1l =o.
n,m—00 MM ;s
i=1,j=1 Yij

In case L = 1, we simply say x is strongly asymptotically p—Cesaro equivalent to y.

Let C?, |, denotes the set of all sequences = (z;;) and y = (y;;) such that = ~C Y.

(1,1)

Remark 12. If 0 < p < g < oo, then C'(ql,l) C 0?1,1) and

Chiy

Theorem 13. Let p be a positive real number such that p € (0,00), then C{LI) C S(P).

nige = C(lm) Nig° = Ca,1y NI,
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Proof. Let p € (0,00) and = (7;;) and y = (y;;) be two double sequences such that
P
z ~Cam y. For any € > 0, if we take
P
)

Yij _ 1
Yij

Kmn = {(Za])aZ < naj <m:

then we can write

m,n
1 ﬁ_LPZL Z W_L‘p_,_ Z @_LP
e, oy 1Y nm- . Yij o Yij

i=Lj=1 (i,§) €K mn (6,)) K mm
p
> L Z Lij L‘
T (1) R | Y1
1 T P
nm Yij
Since x ~Chn vy, it follows that x ST 1. O

Theorem 14. Let p be a positive real number such that p € (0,00), then S(P) NI C
Cliay-
Proof. Let p € (0,00) and = = (z4;), y = (yi;) € I$° such that x ~3(F) y. Since x = (z;;),
y = (yi5) € 13° so there is a real number M (say) such that for every ¢ and j we have

Lij

Yij

—L‘<M.

Since z ~3(P) y so for given € > 0 and enough large m and n we can write

m,n m,n m,n
1 : Tij P 1 : Tij P : Tij P
bk YA o [— Z /A ) Z o,
nm =11 Yij nm =11 Yij =11 Yij
vy ks Vi L |>e
MP [ _ Tij
<(eP+— Ri<n,j<m: |2 —L|>¢
nm yij
< 2€P
. CP
This shows that x ~~@.1 y. O

Definition 15. Let A = (\,,) and p = (i) be two non decreasing sequences of positive
real numbers such that each tending to oo with
Ang1 <Ay +1,A =1 and
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Pmt+1 < pm + 1,1 =1
The two non-negative double sequences z = (z;;) and y = (y;;) are said to be asymp-
totically (), u)—statistically equivalent of multiple L (denoted by z ~5» %) provided
that for every € > 0,

P— lim

n,m—00 /\n,um

%—LIZGHZO.

Yij

H(i,j) €L, x I

In case L = 1, we simply say x is asymptotically (A, u)—statistically equivalent to y.

Let S5 ) denotes the set of all sequences z = (z;;) and y = (y;;) such that z ~5w y.
For the choose A, = n and p,, = m, Definition 2.6 coincides with Definition 1.8.

Definition 16. Let A = ()\,;) and p = (i) be two sequences as in Definition 2.6. The
two double sequences z = (x;;) and y = (y;;) are said to be strongly asymptotically
(\, ) —equivalent of multiple L (denoted by x ~V*# %) provided that

{L‘ij

Yij

1
P— lim

n,m—00 An/”'m

- L’ 0.
(4,9) €Ly X Iy,

In case L = 1, we simply say « is strongly asymptotically (A, u)—equivalent to y.

Let V(5 ) denotes the set of all sequences & = (z;;) and y = (y;;) such that  ~V00 y.
Theorem 17. Let A = (\,) and pp = (um) be two sequences as describe above, then we
have following:

(i) x ~Vouw y implies x ~5w y and the inclusion Vo) € S s proper.

(i) If x = (wi5), vy = (yij) € I° such that x ~5w y, then ¥ ~VOw y and hence
x ~Can y provided x = (x;;) is not eventually constant.

(i) S(}H#)) NI = V()\’u) NIise.

Proof.

(i) Suppose z = (x;;) and y = (y;;) be two double sequences such that z ~Vx» y. For
any € > 0, we can write

NV e
(i,5)EIn X I, Yii (7)€L X Im Yij
|t —LI2e
o Tij
>elQ(4,f) €Iy X I : |—> — L| > €¢|.
Yij
Since x ~Yuw gy, 50 P — limy, m—y00 # {(i,j) el, xI,: Zj—f —L| > e} = 0. This
T i

shows that o ~Swm .
We next give an example that shows the containment V{ ,,) C Sz ) is proper. Define
sequences = = (z;;) and y = (y;;) as follows:

g, ifn—[VA]H+1<i<n and m = [/t +1 <5 <m
i =\ 0 otherwise
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and y;; = 1 for all 4 and j.
Then z = x;; ¢ 13° and for every €(0 < € < 1) we have

1 Tij
iy ] 1, I =0 >
O enen [ o] )
1 )
_ . . n—[VAn]+1<i<n and

At {(”) € In X I 1< <m H
< [V/\n\/.um]

 Aaltm

It follows that

P— lim H(i,j)gfnxlm x”O'ZeH-P TR AT/ )
n,m—00 Ay Yij nm=00  Apfim

This shows that z ~5.» 5. Also note that
Lij
Yij

1
P — lim

n,m— oo )\num

_ 0‘
(4,5)EIn X Im

does not exists. Thus the inclusion V{, ,) C Sz, is proper.

(ii) Let x = (2i;), y = (yi;) € I3 such that & ~5w y. Since x = (z5), y = (yi;) € I$°
so there is a real number M (say) such that for every ¢ and j we have

Tij

Yij

L‘gM.

Also for given € > 0 and enough large m and n we can write

1 %L‘ 1 %L‘+ 1 ffia'L’
Antim (i)l x I | V¥ Antin (i) €l x I | V¥ Anbtm (i)l x I | T
%—L‘ze :Z; —L’<e
< el,x1I,:|——L| >¢;|+e

Since x ~m g, it follows that the first part on right side of the above expression is
zero, which immediately gives x ~Vou .
Furthermore, using the fact ( +) < 1and (£=) <1, we have

n,m

1 &K | R LA P 1 x
4 = — A - Ly
I e R S e YD YA e
=1,j i i=1,j=1 v i=n—An+1lj=m—p,+1 ' 7Y
1 77/_/\7L7m_/"f7n oy oy
S 2 et X e
Antim i=1j=1 Yij Antim (i) Elnx I Yij
2 Tij ‘
< — —L|.
- >\n/14m Z yij

(4,0)ETn X Iy,

Since x ~Yum g, it follows that  ~Ca.n y.



10 Kavita, Archana Sharma, Vijay Kumar

(iii) This immediately follows from (i) and (ii). O

Theorem 18. Let A = (\,) and p = (um) be two sequences as describe above. Then
S(P) C S if and only if, liminf, % > 0 and liminf,, o &2 > 0.

Proof. For given € > 0, we have

{(ivj)EInXIm %—L‘Ze}.
Yij

Therefore,

%—L‘ze}g{ign,jgm:
Yij

ij 1 .
Ty _p, Ze}’Z H(z,])elnx[m
Yij Anbm Yij

1
:(AL) (b) H(i,j)e]nxlm I”—L’Ee}‘.
n m /) Anfim Yij

Taking limit as n,m — oo and using the assumption, we get S(P) C S ,)-
Conversely, suppose that © = (z;;), y = (y;;) be two double sequences such that
z ~S(P) y. Assume, either liminf,, ., % or liminf,, .. *in or both are zero. Then we

1 'u’mq 1
~and —<¢ =. Define
P mg < g ¢

21

Hign,jgm:
nm

can choose two subsequences (n,) and (mg) such that "p” <
double sequences = (z;;) and y = (y;;) as follows:

v 1 ifiel,, and je€I,, (p,g=1,2,3,...)
t 0 otherwise.

and y;; = 1 for all 4 and j. Then clearly x ~Ca1) y and therefore by Theorem 2.4,
z ~%F) 4 which implies z ~5» y as S(P) C Sia,uy- On the other hand the sequences
z = (z;;) and y = (y,;) do not satisfy x NVM w oy Which contradicts Theorem 2.8 (ii).
Hence, we have liminf,,_, oo 2 = m—soo o > 0. O]

Definition 19. Let p be a positive real number. The two double sequences x = (x;;)
and y = (y;;) are said to be strongly asymptotically V(I;\ #)—equivalent of multiple L

(denoted by = ~Voum y) provided that

) D
_L‘ 0.
Yij

1
P_nvlrlzrgoo /\an o Z
(4,) €Iy X I,

In case L = 1, we simply say x is strongly asymptotically V(Ij\ H)—equivalent to y.

Let Vp ) denotes the set of all sequences 2 = (x;5) and y = (yi;) such that = ~Voum Y.
Followmg Theorems are the analogue of Theorem 2.4 and 2.5, consequently their
proofs can be obtained similarly.

CcS?

Theorem 20. Let p be a positive real number such that p € (0,00), then VA o)’

(M)
Theorem 21. Let p be a positive real number such that p € (0,00), then S y N 15° C
P
V(A 1)
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Abstract

In this paper we establish certain multivalued coincidence point results of a family of multivalued map-
pings with a singlevalued mapping under the assumptions of certain almost contractive type inequalities.
Our results are derived in metric spaces with a partial ordering. The corresponding singled valued cases
are shown to extend a number of existing results. We have given one illustrative example. The method-
ology applied here is a blending of order theoretic and analytic methodologies.
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1 Introduction

In the fixed point theory of setvalued maps two types of distances are generally used.
One is the Hausdorff distance. Nadler [22] had proved a multivalued version of the
Banach’s contraction mapping principle by using the Hausdorff metric. There are many
other fixed point results using this Hausdorff metric, some instances of these works are
in [9, 17, 29, 30, 31]. The another distance is the ¢ - distance. This is not metric like
the Hausdorff distance, but shares most of the properties of a metric. It has been used
in many problem on fixed point theory like those in [1, 2, 19, 33].

In recent times, fixed point theory has developed rapidly in partially ordered metric
spaces; that is, metric spaces endowed with a partial ordering. References [10, 15, 23,
25, 27] are some recent instances of these works. A speciality of these problems is that
they use both analytic and order theoretic methods. It is also one of the main reasons
why they are considered interesting.

Khan et al. [21] initiated the use of a control function in metric fixed point theory
which they called Altering distance function. Several works on fixed point theory like
those noted in [12, 16, 26, 28] have utilized this control function.

*corresponding author

Copyright (© 2013 Matej Bel University
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The concept of almost contractions were introduced by Berinde [5, 6]. It was shown
in [5] that any strict contraction, the Kannan [20] and Zamfirescu [34] mappings, as well
as a large class of quasi-contractions, are all almost contractions. Almost contractions
and its generalizations were further considered in several works like [7, 11, 24].

The purpose of this paper is to establish some coincidence point results of a family
of multivalued mappings with a single valued mapping under the assumptions of certain
almost contractive type inequalities in partially ordered metric spaces. We have also
utilized §-compatible pairs in our theorems. In another theorem we have replaced the
continuities of the functions with an order condition. We also give here the corresponding
singlevalued versions of the theorems which generalize a number of existing works. An
illustrative example for the multivalued case is given.

2 Mathematical Preliminaries

In the following we give some technical definitions which are used in our theorems.
Let (X, d) be a metric space. We denote the class of nonempty and bounded subsets of
X by B(X). For A, B € B(X), functions D(A, B) and 6(A4, B) are defined as follows:

D(A, B) = inf {d(a, b) :a € A, be B}
and
d(A, B) = sup {d(a, b):a € A, be B}.

If A = {a}, then we write D(A, B) = D(a, B) and §(4, B) = d(a, B). Also, in
addition, if B = {b}, then D(A, B) = d(a, b) and §(A, B) = d(a, b). Obviously,
D(A, B) < §(A, B). For all A, B, C € B(X), the definition of 6(A, B) yields the
following:

6(A, B) =4(B, A),

0(A, B) <d(A, C)+4(C, B),
0(A, B)=0iff A= B ={a},
d(A, A) = diam A. [13]
There are several works which have utilized § - distance [2, 4, 13, 14, 19, 33].

Definition 1. ([13]) A sequence {A,} of subsets of metric space (X, d) is said to be
convergent to subset A of X if

(i) given a € A, there is a sequence {a,} in X such that a,, € 4,, forn =1,2,3, ...,
and {a,} converges to a.

(ii) given € > 0, there exists a positive integer N such that A, C A, for all n > N,

where A, is the union of all open sphere with centers in A and radius e.

Lemma 2. ([13, 14]) If {A,} and {B,} are sequences in B(X), where (X,d) is a
complete metric space and {A,} — A and {B,} — B where A, B € B(X) then

0(An, Bn) — 6(A, B) as n — .

Lemma 3. ([14]) If {A,} is a sequence of bounded subsets of a complete metric space
(X,d) and if lim §(An,{y}) =0, for somey € X, then {A,} — {y} as n — oo.
n—oo
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Definition 4. ([14]) A set-valued mapping T : X — B(X), where (X, d) is a metric
space, is continuous at a point x € X if {z,} is a sequence in X converging to x, then
the sequence {Tz,} in B(X) converges to Tz. T is said to be continuous in X if it is
continuous at each point x € X.

Lemma 5. ([14]) If {A,} is a sequence of nonempty subsets of X and z € X such that

lim a, = z,
n—oo

where z is independent of the particular choice of each a, € A,. If a self map g of X is
continuous, {gz} is the limit of the sequence {gA,}.

Definition 6. ([18]) Two self maps g and T of a metric space (X,d) are said to be
compatible mappings if lim d(¢Tx,,Tgzx,) = 0 whenever {z,} is a sequence in X such
n—oo

that lim gx, = lim Tz, =t, for some t € X.
n—oo n—oo

Definition 7. ([19]) The mappings g : X — X and T': X — B(X), where (X, d) is
a metric space, are - compatible if li_}rn 0(Tgxn, gTx,) = 0 whenever {z,} is a sequence

in X such that g7z, € B(X) and Tz, — {t}, g, — t, for some ¢t in X.

Definition 8. Let (X, d) be a metric space and g : X — X and T : X — B(X).
Then u € X is called a coincidence point of g and T if {gu} = Tu.

Definition 9. ([4]) Let A and B be two nonempty subsets of a partially ordered set
(X, <). The relation between A and B is denoted and defined as follows:
A <3 B, if for every a € A there exists b € B such that a < b.

Definition 10. ([21]) A function 1 : [0,00) — [0, 00) is called an altering distance func-
tion if the following properties are satisfied:

(i) ¢ is monotone increasing and continuous,

(ii) ¢ (t) = 0 if and only if t = 0.

3 Main Results

Lemma 11. Let (X, d) be a metric space and let {x,,} be a sequence in X such that

lim d(zp41, zn) =0. (3.1)

n— oo

If {x,} is not a Cauchy sequence in (X, d), then there exists € > 0 and two sequences
{m(k)} and {n(k)} of positive integers such that n(k) > m(k) > k and the following four
sequences tend to € when k — oo :

A(@mk)s Tnk))s AZmk)s Tnk)+1)s ATnk), Tmk)+1)s ATm@r)+1, Tnk)+1)-  (3.2)

Proof. Suppose that {z,} is a sequence in (X, d) satisfying (3.1) which is not Cauchy.
Then there exists € > 0 and two sequences {m(k)} and {n(k)} of positive integers such
that for all positive integers k,

n(k) >m(k) >k, d(@mk); Tni)—1) <€ A Tmk)s Tnk)) = €.
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Now,

€ < d(Tmr)s Tnk)) < ATnw), Tnky—1) + ATnk)y—15 Tmp)) < ATnk)s To)—1) + €

Letting kK — oo in the above inequality and using (3.1), we have

li =e. .
e d(@mr)s Tnr) = € (3.3)
Again,

A(Zm(kys Tnk)) < ATp)ys Tn)+1) T ATp)y+1s Tnk))
and

A(Zm(k)s Tr)+1) < A @mk)s Tnk)) T ATnk), Toe)+1)-
Letting kK — oo in the above inequalities and using (3.1) and (3.3), we have
lim d =e. 3.4
i d(@m ), Tnw)+1) =€ (3.4)
That the remaining two sequences in (3.2) tend to € can be proved in a similar way. O
Theorem 12. Let 0 : [0, co) — [0, 1) be a continuous function and ) be an altering dis-
tance function. Let (X, <) be a partially ordered set and suppose that there exists a metric
d on X such that (X, d) is a complete metric space. Let {T, : X — B(X) : a € A}
be a family of multivalued mappings. Let g : X — X be a mapping such that g(X) is
closed in X. Suppose that there exists ag € A such that
(i) Ta, and g are continuous,
(i) Taox C g(X) and gTy,x € B(X), for every x € X,
(i) there exists xo € X such that {gxo} <1 TueTo,
() for x, y € X, gx = gy implies Toyx <1 Toyy,
(v) the pair (g, Ta,) is 0 - compatible,
(UZ) w(é(Taoxa Tay))

< 0(d(gz, gy)) maz {(d(gz, gy)), ¥(D(92, Ta,x)), Y(D(g9y, Tay)),

Vi (D(gz, Toy)) - »(D(gy, To,z)) }
+ L min {(D (g, Toex)), P(D(9y, Tay)), Y(D(gz, Tay)), ¥(D(9y, Taex))},
where x, y € X such that gx and gy are comparable and L > 0.

Then g and {T, : o € A} have a coincidence point.

Proof. First we establish that any coincidence point of ¢ and T,, is a coincidence point
of g and {T,, : @ € A} and conversely. Suppose that z € X be a coincidence point of g
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and T,,. Then {gz} = T,,2z. From (vi) and using the properties of 1, we have

¥(8(g2, Taz)) = ¥(0(Tag2, Taz))
< 0(d(gz, g2)) max {¥(d(gz, 92)), ¥(D(9z,Ta,2)), V(D(g2,Taz)),
Vi(D(gz,Taz)) - $(D(g2, Tay2)) }
+ L min {(D(gz, Ta,2)), ¥(D(gz, Taz)), ¥(D(g2, Taz)), v(D(g2, Tas2))}
= 0(d(gz,92)) max {1(d(gz, 92)), ¥(d(gz, 92)), ¥(D(gz, Taz)),
Vib(D(gz, Taz)) - 4(d(g2, 92)) }
+ L min {¢(d(gz, g2)), ¥(D(gz, Taz)), ¥(D(gz, Taz)), ¢(d(gz, g2))}
= 0(d(92,92))Y(D(9z,Taz))
< Y(D(gz,Tyz)), (since O(t) < 1, for all t € [0, 00)).

Again using the monotone property of i, we have
(g2, Taz) < D(gz, Tuz) < 0(gz, Taz),

which implies that §(gz, Toz) = 0, that is, {gz} = Tz, for all @« € A. Hence z is a
coincidence point of g and {7, : « € A}. Converse part is trivial.

Now it is sufficient to prove that ¢ and T,, have a coincidence point. Let zo € X
be such that {gzo} <1 Ta,®o. Then there exists u € T,z such that gxg < u. Since
TooZo C g(X) and u € T,, 2o, there exists z; € X such that gx; = u. So gzg = gx1.
Then by the assumption (iv), Tooxo <1 Tae®1. Since u = gzy € T, o, there exists
v € Ty, such that gry < v. As T,z C g(X) and v € Ty, 1, there exists x5 € X such
that gzo = v. So gx; = gxe. Continuing this process we construct a sequence {z,} in
X such that

9Znt1 € Tag¥n, forall n >0, (3.5)

and

gro = gr1 = gTo X ..ol 29Ty = 9Tpiq-... (3.6)

Let 7, = d(gmnagxn-‘rl)'
Since gx,, < gxn11, putting @ = ag, * = z, and y = x,,41 in (vi) and using the properties
of 1, we have

Y(Tnt1) S Y(O0(Tao@n, TagTn1))
< 0(7n) max {Y(70), V(D(9Tn; Tag®n)), Y(D(9ZTn+1; TagTni1)),
V(D(g2n, Tagns1))- ¥(D(g2ns1, Tagtn)) }

+ L min {¢(D(92n, Tay@n)), Y(D(9Zn11, TagTnt1)),

V(D(97n, TagTnt1)), Y(D(9Tnt1, TagTn))}
< 0(mn) max {Y(7), Y(d(9Tn, 9Tn+1)), Y(A(9Tnt1, gTnt2)),

V(d(gn, gTny2)). P(d(gTni1, grns1)) }

+ L min {4(d(gzn, gzni1)), P(d(gTni1, gTni2)),

Y(d(gTn, 9Tni2)), Y(d(9Tnt1, 9Tni1))}
= 0(7n) max {¢(7), Y(Tny1)}. (3.7)

Suppose that, max {¢(7,), ¥(Th+1)} = ¥(7n41). Then from (3.7), it follows that

Y(Tnt1) < 0(n) Y(Tnt1) < P(Tng1), (since 0(r,) < 1),
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which is a contradiction. Hence
P(Tnt1) < O(7a) Y(7a) < P(70), (since O(7n) < 1).
By the monotone property of ¢, it follows that
T+l < Tp, forall n >0,

that is, {7,,} is a monotone decreasing sequence of nonnegative real numbers. Hence
there exists a 7 > 0 such that

Tn —> T as n — 0.
Taking n — oo in (3.7), using the continuities of 6 and v, we have
P(1) < 0(7) ¢(7) < (1), (since O(r) <1),
which is a contradiction unless 7 = 0. Thus we have

nh—>12<>7-” = nh_}rréod(gxn, 9Tnt1) = 0. (3.8)
Next we show that {gz,} is a Cauchy sequence. If {gx,} is not a Cauchy sequence, then
following Lemma 11, there exists € > 0 and two sequences {m(k)} and {n(k)} of positive
integers such that for all positive integers k, n(k) > m(k) > k and

kh~>nolo d(gxm(k)a gxn(k)) =6 (39)
lerr;O d(9Zm(k), 9Tn(k)+1) = € (3.10)
i = 1
i d(ganey, 9Tmek)41) = € (3.11)
and
klijgo d(9T (k)41 9Tn(k)+1) = € (3.12)

For each positive integer k, gx,, ) and gz,) are comparable. Then putting a = ap,
T = Ty and y = 2,k in (vi) and using the monotone property of ¢, we have

w(d<gxm(k)+17g$n(k)+1>) < ¢(6<Taoxm(k)a Taoxn(k)))
< a(d(gxm(k)a gxn(k))) max {’l/)(d(gmm(k)v gxn(k))), w(D(gxm(k); Taoxm(k)))v
¢(D(gxn(k)’ Taozn(k)))v

\/w(D(gxm(k)v Taoxn(k)))' ¢(D(9$n(1«)a Taoxm(k))) }

+ L min {p(D(9Zm k), TaoTm(k))), Y (D(9Zn(k) Toao Tn(k))),
V(D(9Zm(k)s TooTn(k)))s V(D(9Zn(k)s Tao Tm(k))) }
< 0(d(9T (k) 9Tn(k))) Max {Y(A(GZ (k) 9Tn(k)))s V(A G (k) GTm(k)+1))s
V(9T (k)> 9Tn(k)+1)),

\/ﬂ/(d(gﬂﬂm(k), ITn(k)+1))- Y(A(GTn (k) 9Tm(k)+1)) }

+ L min {(d(gZmk)s 9Tmk)+1))s L(A(9Tnk)s 9Tnk)+1));
Y(A(9Tm(k)s 9Tnk)+1)), V(A(G9Tnk), 9Tm(k)+1))}-
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Letting k — oo in the above inequality, using (3.8), (3.9), (3.10), (3.11) and (3.12) and
using the properties of 6 and v, we have

P(e) < 0(e) P(e) < (e), (since O(e) < 1),

which is a contradiction. Hence {gz,,} is a Cauchy sequence in g(X). Since X is complete
and ¢g(X) is closed in X, there exists u € g(X) such that

gr, —u as n — oo.

Since u € g(X), there exists z € X such that u = gz. Then

gT, —u=gz as n—r oQ. (3.13)
Since {7,,} is monotone decreasing, from (3.7), we have

U(Tnt1) < P(0(Tagn, TagTns1)) < 0(70)0 ().
As 6(7,) < 1, it follows that
U(Tns1) S Y(6(Tao@ns TaeZnr1)) < ¥(n),

which, by the monotone property of v, implies that

T+l < 0(TaeZns TopTnt1) < Tn-
Taking n — oo in the above inequality, and using (3.8), we have

lim 6(TooZnt1, Tag®n) =0. (3.14)

n—roo

Now

0(Toon, {u}) <O0(Tagtn, 92n) +0(92n, {u}) <0(Tag®n, TugTn-1)+ d(gzn, u).
Taking n — oo in the above inequality, and using (3.13) and (3.14), we have
nli_{r;oé(Taoxn, {u}) =0,
which, by Lemma 3, implies that
TooZn — {u} as n— oco. (3.15)
Since the pair (g,T4,) is § - compatible, from (3.13) and (3.15), we have
nl;rgo 0(Tae9Tn, gTugTn) =0.

As g and T,, are continuous, it follows by Lemma 5 that 6(T,,u, gu) = 0, that is,
Toou = {gu}. Hence u € g(X) C X is a coincidence point of g and T,,. By what we
have already proved, u is a coincidence point of g and {7, : « € A}. O

In our next theorem we relax the continuity assumption on 7y, and g by imposing
an order condition. We also relax the § - compatibility assumption of the pairs (g, Th,,)
and the condition that ¢T,,z € B(X), for every z € X.
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Theorem 13. Let 0 : [0, co) — [0, 1) be a continuous function and ¢ be an altering
distance function. Let (X, X) be a partially ordered set and suppose that there exists a
metric d on X such that (X, d) is a complete metric space. Assume that if x, — x is
a nondecreasing sequence in X, then x, <z, for alln. Let {T, : X — B(X) : a € A}
be a family of multivalued mappings. Let g : X — X be a mapping such that g(X) is
closed in X . Suppose that there exists ag € A such that

(i) Tayx C g(X), for every x € X,

(i) there exists xo € X such that {gxo} <1 TayTo,

(iii) for x, y € X, gr < gy implies Toyx <1 Tayy,

(v) Y(6(Taoz, Tay))

< 0(d(gz, gy)) maz {p(d(gx, gy)), P(D(gz, Tayx)), b(D(gy, Tay)),

V(D(92,Toy)) - (D(gy, Taow)) }

+L min {t)(D(gx, To,x)), ¥(D(gy, Tay)), V(D(9z, Tay)), v(D(gy, Tayx))},

where x, y € X such that gx and gy are comparable and L > 0.

Then g and {T,, : « € A} have a coincidence point.

Proof. We take the same sequence {gx,} as in the proof of Theorem 12. Then we have
9Znt1 € Ty, for all n > 0, {gz,} is monotonic nondecreasing and gz, — gz as
n — oo. Then by the order condition of the metric space, we have gz, =< gz, for all n.
Using the monotone property of 1 and the condition (iv), we have

Y(0(92n+1, Taz)) < Y(6(Tag@n, Taz))
< 0(d(gan, 92)) max {¢(d(gzn, 92)), P(D(gn, Tag®n)), Y(D(g2, Taz)),
\/¢<D(9meaz))~ Y(D(92, TayTn)) }
+ L min W(D(gxm Toy®n)), Y(D(92, Taz)), Y(D(gTn, Taz)), ¥(D(gz, Taomn))}
< 0(d(gwn, g2)) max {¢(d(gn, 92)), Y (d(9zn, gTni1)), Y(D(92, Taz)),
VI (D(gn, Toz)). ¥(d(92, gni1)) }
+ L min {¢(d(g9n, gzn+1)), P(D(gz, Taz)), Y(D(g2n, Taz)), ¥(d(gz, grni1))}-

Letting n — oo in the above inequality and using the properties of # and ¢, we have
P(0(92, Taz)) < 0(0)P(D(g2, Taz)) < 0(0)9(3(92, Taz)) < ¢(0(gz, Taz)) (since 0(0) < 1),

which implies that §(gz, Thz) = 0, that is, {gz} = Tuz, for all @« € A. Hence z is a
coincidence point of g and {7, : a € A}. O

Considering {T,, : X — B(X) :a € A} = {T} in Theorem 12, we have the following
corollary.

Corollary 14. Let 0 : [0, oo) — [0, 1) be a continuous function and v be an altering
distance function. Let (X, <) be a partially ordered set and suppose that there exists a
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metric d on X such that (X, d) is a complete metric space. Let T : X — B(X) be a
multivalued mapping and g : X — X a mapping such that

(i) T and g are continuous,

(ii) Tx C g(X) and gTx € B(X), for every x € X, and g(X) is closed in X,
(i) there exists xg € X such that {gxo} <1 Txo,

(iv) for x, y € X, gx < gy implies Tx <1 Ty,

(v) the pair (g, T) is § - compatible,

(vi) P(6(Tz, Ty))

< 0(d(gx, gy)) maz {¢(d(gz, gy)),¥(D(gz, Tx)),(D(gy, Ty)),

VU(D(gx, Ty)) . ¥(D(gy, Tx)) }
+ L min {¢(D(gx, Tx)), »(D(gy, Ty)), ¥(D(gz, Ty)), ¥(D(gy, Tx))},

where x, y € X such that gx and gy are comparable and L > 0.

Then g and T have a coincidence point.

Considering {T,, : X — B(X) :a € A} = {T} in Theorem 13, we have the following
corollary.

Corollary 15. Let 0 : [0, co) — [0, 1) be a continuous function and v be an altering
distance function. Let (X, <) be a partially ordered set and suppose that there exists a
metric d on X such that (X, d) is a complete metric space. Assume that if x, — x
is a nondecreasing sequence in X, then x, < x, for alln. Let T : X — B(X) be a
multivalued mapping and g : X — X a mapping such that

(i) Tx C g(X), for every x € X, and g(X) is closed in X,
(i) there exists xg € X such that {gxo} <1 Txo,

(iii) for xz, y € X, gx < gy implies Tx <1 Ty,

(i) Y(6(Tz, Ty))

< 0(d(g, gy)) maz {y(d(gz, gy)), ¥(D(gz, Tx)),(D(gy, Ty)),

VU(D(gx, Ty)) . ¥(D(gy, Tx)) }
+ L min {y(D(gz, Tx)), »(D(gy, Ty)), ¥(D(gz, Ty)), »(D(gy, Tx))},

where x, y € X such that gx and gy are comparable and L > 0.

Then g and T have a coincidence point.
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The following theorems are single valued cases of the Theorems 12 and 13 respectively.

Here we treat T as a multivalued mapping in which case Tz is a singleton set for every
reX.

Theorem 16. Let 0 : [0, co) — [0, 1) be a continuous function and ¢ be an altering
distance function. Let (X, <) be a partially ordered set and suppose that there exists a
metric d on X such that (X, d) is a complete metric space. Let {T, : X — X : a € A}
be a family of mappings. Let g : X — X be a mapping such that g(X) is closed in X.
Suppose that there exists ag € A such that

(i) T, and g are continuous,

(ii) Toy (X) € 9(X),

(i) there exists xg € X such that gro = Ta,To,

() for x, y € X, gx =< gy implies Tpyx < Ta,y,

(v) the pair (g, Ta,) is compatible,

(vi) P(d(Toez, Tay))

< 0(d(gz, gy)) mazx {¢(d(gz, gy)), Y(d(gz, Tayr)), Y (d(gy, Tay)),

Vi(d(gz, Toy)) - ¥(d(gy, Ta,2)) }
+ L min {¢(d(gz, Ta,)), v(d(gy, Tay)), ¥(d(gz, Tay)), ¥(d(gy, Tayz))},
where x, y € X such that gx and gy are comparable and L > 0.

Then g and {T,, : o € A} have a coincidence point.

Theorem 17. Let 0 : [0, co) — [0, 1) be a continuous function and 1p be an altering
distance function. Let (X, <) be a partially ordered set and suppose that there exists a
metric d on X such that (X, d) is a complete metric space. Assume that if x,, — x is
a nondecreasing sequence in X, then x, <X xz, for alln. Let {T, : X — X : a € A}
be a family of mappings. Let g : X — X be a mapping such that g(X) is closed in X.
Suppose that there exists ag € A such that

(i) Ty (X) € 9(X),

(ii) there exists xg € X such that gxg = Ty, o,
(iii) for x, y € X, gr < gy implies Toyx = Tooy,
(iv) P(d(Toez, Tay))

< 0(d(gz, gy)) maz {(d(gz, gy)), ¥ (d(g9, Ta,z)), ¥ (d(9y, Tay)),

VU(d(gr, Toy)) - ¥(d(gy, Ta,)) }
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+ L min {4(d(gz, Tayz)), ¥(dlgy, Tay)), Y(d(gz, Tay)), ¥(d(gy, Ta,z))},
where x, y € X such that gx and gy are comparable and L > 0.

Then g and {T, : « € A} have a coincidence point.
Corollary 18. Letp, g, 7, s be four continuous functions from [0, oo) into [0, 1) which
satisfy the property p(t) + q(t) + r(t) + s(t) < 1, for all t € [0, o) and 1) be an altering
distance function. Let (X, <) be a partially ordered set and suppose that there exists
a metric d on X such that (X, d) is a complete metric space. Let T : X — X and
g: X — X be two mappings such that

(i) T and g are continuous,

(i) T(X) C g(X) and g(X) is closed in X,

(iii) there exists xog € X such that gxo = T,

(iv) for x, y € X, gx = gy implies Tx <X Ty,

(v) the pair (g, T) is compatible,

(i) ¥(d(Tz, Ty))

< p(d(gz, gy))¥(d(gz, gy)) + a(d(gz, gy))¥(d(gz, Tx)) + r(d(gz, gy))¢(d(gy, Ty))

+s(d(gz, gy)) /P (d(gz, Ty)) . ¥(d(gy, Tx)),

where x, y € X such that gx and gy are comparable.

Then g and T have a coincidence point.

Proof. Starting with the inequality (vi), we have

Y(d(Tx, Ty)) < p(d(gz, gy))¢(d(gz, gy)) + q(d(gz, gy))y(d(gz, Tx))
+ r(d(gz, gy))¢(d(gy, Ty)) + s(d(gz, gy)) v/ (d(gz, Ty)) . ¥(d(gy, Tx)),
< 0(d(gz, gy)) max{y(d(gz, gy)), ¥ (d(gz, Tx)), ¥ (d(gy, Ty))
V(d(gr, Ty)) . ¥(d(gy, Tx)) },
where 0(d(gz, gy)) = p(d(9z, gy)) + q(d(gz, gy)) + r(d(gz, gy)) + s(d(gz, gy)),

which is a special case of the inequality (vi) of Theorem 16 obtained by considering
{Th: X —X:aecA}={T}and L=0. O

Corollary 19. Letp, ¢, 7, s be four continuous functions from [0, oo) into [0, 1) which
satisfy the property p(t) + q(t) + r(t) + s(t) < 1, for all t € [0, 00) and ¥ be an altering
distance function. Let (X, <) be a partially ordered set and suppose that there exists a
metric d on X such that (X, d) is a complete metric space. Assume that if x, — = is a
nondecreasing sequence in X, then x, < x, foralln. LetT: X — X andg: X — X
be two mappings such that
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(i) T(X) C g(X) and g(X) is closed in X,
(@) there exists xog € X such that gxg = Tz,
(iii) for xz, y € X, gx < gy implies Tx < Ty,
(iv) $(d(Tz, Ty))
< pld(gz, 9y))¥(d(gr, 9y)) + q(d(gz, 9y))¢(d(gz, Tx)) + r(d(g, 9y))¢ (d(gy, Ty))

+s(d(gz, gy)) /U (d(gz, Ty)) . ¥(d(gy, Tx)),

where x, y € X such that gx and gy are comparable.

Then g and T have a coincidence point.

Proof. Like the proof of the Corollary 18, we can show that the inequality (iv) is a special
case of the inequality (iv) of Theorem 17 obtained by considering {T,, : X — X : a €
A} ={T} and L = 0. O

Example 20. Let X = [1, co) with usual order < be a partially ordered set.
Let d: X x X — R be given as

d(x7 y) = ‘Jf—y|, for €T, yEX

Then (X, d) is a complete metric space with the required properties mentioned in The-
orems 12 and 13.
Let g : X — X be defined as follows:

gr =22, for z € X.
Then g has the properties mentioned in Theorems 12 and 13.
Let A ={1, 2, 3, ...}. Let the family of mappings {T, : X — B(X) : a € A} be defined
as follows:
{1}, if1<a<4,
Tix={1}, for € X andfora>2 T,z (, o b if > 4.
a+1
For any sequence {z,} in X, Thx, — {t}, gx, — t, for some ¢ in X implies t = 1. Then
clearly, the pair (g, T1) is § - compatible. Also, g and T} satisfy required conditions
mentioned in Theorems 12 and 13.
Let ¢ : [0, o0) — [0, o0) be defined as follows:

P(t) =12, for t €0, c0).

Then 1 has the properties mentioned in Theorems 12 and 13.
Let 0 : [0, co) — [0, 1) be defined as follows:

1
0(t) = 3 for all t € [0, o).

Then 0 satisfies the required properties mentioned in Theorems 12 and 13.

The condition (vi) of Theorem 12 and the condition (iv) of Theorem 13 are satisfied for
any L > 0. Hence all the condition of Theorems 12 and 13 are satisfied and it is seen
that 1 is a coincidence point of g and {7, : o € A}.
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Note In the above example if one takes g : X — X to be function as follows:

L oit1<ae<a4,
gr = 2
200, if z > 4.

Then the above example is still applicable to Theorem 13 but not applicable to Theorem
12 because ¢ is not continuous and hence does not satisfy required properties mentioned
in Theorem 12.

Remark 21. Theorems 16 and 17 are generalizations of ordered versions of theorem
3.1 in [8] which generalizes the Banach contraction principle [3], theorem 2 of Khan et
al [21], the theorem of Skof [32], and the theorem of Kannan [20]. Also, Theorems 16
and 17 generalize the ordered versions of the main result of Berinde [5].
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Abstract

b
In this paper new Hadamard-type inequalities, which estimate the difference between ﬁ fa f(x)dx and

f(3a+b)+f(a+4b)

———— 5, are established for functions whose derivatives in absolute values are convex. Our
estabhshed results refine those results which have been established to estimate the difference between
the middle and the leftmost terms of the celebrated Hermite-Hadamard inequality. We also give some
applications of our obtained results to get some error bounds for the general quadrature formula. Finally,
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1 Introduction

The following definition for convex functions is well known in the mathematical literature:
A function f: I — R, @ # I C R, is said to be convex on I if inequality

[tz + (1 =t)y) <tf(x)+ 1 —-1)f(y),

holds for all z,y € I and ¢ € [0, 1].

Many inequalities have been established for convex functions but the most famous is
the Hermite-Hadamard’s inequality, due to its rich geometrical significance and applica-
tions, which is stated as follow:

Let f: I CR — R be a convex mapping and a,b € I with a < b. Then

f(a;b)ﬁ _M_ (1.1)

Copyright (© 2013 Matej Bel University
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Both the inequalities hold in reversed direction if f is concave. Since its discovery in
1883, Hermite-Hadamard’s inequality [4] has been considered the most useful inequality
in mathematical analysis. Some of the classical inequalities for means can be derived
from (1.1) for particular choices of the function f.

n [3], S. S. Dragomir and R. P. Agarwal obtained the following results which give
estimate between the middle and the rightmost terms in (1.1):

Theorem 1. [3] Let f : I CR — R be a differentiable function on I° such that f' €
Lla,b], where a,b € I with a <b. If |f’| is convex on [a,b], then the following inequality

holds:
‘f( );f ia/ il <

Theorem 2. [3] Let f : I C R — R be a differentiable function on I° such that ' €
Lla,b], where a,b € I with a <b. If |f'|" is convezx on [a,b] for some fized p > 1, then
the following inequality holds:

f@+f@ 1
‘ ! —b_a/afcr)dxg

In [11], C. E. M. Pearce and J. E. Pecari¢ gave an improvement and simplification of
the constant in Theorem 2 and consolidated this result with Theorem 1 as the following
Theorem:

) 1@+ ol 02

and

b—a lf/(a)|%+|f/(b)|ﬁ et -
2(p+1)é[ . 1 s

Theorem 3. [11] Let f : I C R — R be a differentiable function on I° such that
I € Lla,b], where a,b € I with a < b. If |f'|? is convezx on [a,b] for some fized ¢ > 1,
then the following inequality holds:

fl@+f@ 1 [ b—a [|f (@) + | (0)*]"
| ! —b_a/af(x)dx <2 { . L

In [11], C. E. M. Pearce and J. E. Pecari¢ also established the following result which
gives the estimate between the middle and the leftmost terms in (1.1):

Theorem 4. [11] Let f : I C R — R be a differentiable function on I° such that
f € Lla,b], where a,b € I with a < b. If |f'|? is convex on [a,b] for some fized ¢ > 1,
then the following inequality holds:

a+b
(5
In [7, 8], U. S. Kirmaci et al. proved the following results connected with the left part
of (1.1):

Theorem 5. [8] Let f : I C R — R be a differentiable function on I° such that f' €
Lla,b], where a,b € I with a <b. If | f'| is convex on [a,b], then the following inequality

holds:
bia/abf<x>dx—f(“;")| <(FH)r@siron

: (1.5)

[f’( a)l” + 11 (®)"]*
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Theorem 6. [7] Let f : I C R — R be a differentiable function on I° such that f' €
Lla,b], where a,b € I with a < b. If |f'|" is convex on [a,b] for some fivred p > 1, then
the following inequality holds:

1

bla[:fWVm_f(a;b)wi(38p>®—aﬂv%wk+f%®H~ (1.7)

Theorem 7. [7] Let f : I C R — R be a differentiable function on I° such that f' €
Lla,b], where a,b € T with a <b. If |f'|" is concave on [a,b] for p > 1 and |f'| is a linear
map, then the following inequality holds:

o [r@a- g (50

For more results on Hermite-Hadamard-type inequality providing new proofs, note-
worthy extensions, generalizations and numerous applications, see [1]-[16] and the refer-
ences therein.

< (551 (18)

In a recent paper [14], K. L. Tseng et al., established the following result which gives
a refinement of (1.1):

a-+b 3a+b a+3b b
f( +>§f( 4 )+f< 4 )Sbia/af(z)dx

T T R

where f : [a,b] = R, is a convex function (see [12, Remark 2.11, pageT.]).

The main aim of this paper is to establish some new Hermite-Hadamard type inequal-
a Sb)

" . . . 1 b P35+ (2 .
ities which give an estimate between = [ f(z)dx and =——5—=—— for functions
whose derivatives in absolute value are convex and as a consequence we will get refine-
ments of those results which have been established to estimate the difference between
the middle and the leftmost terms in (1.1).

In Section 3, we will propose some new error bounds for the general quadrature
formula based on our established results. Applications of our results to special means
are also given in Section 4.

2 Main Results

To prove our results we need the following lemma:

Lemma 8. Let f: 1 C R — R be a differentiable function on I° , the interior of I,
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where a,b € I with a <b. If f' € L[a,b], then the following equality holds:

F(Bob) g f(akab)
4 5 4 —b_a/af(x)da:
:b1_6“ [/1tf’<t3a:b+(l—t)a)dt
0
! ,{.a+b 3a+b
[ e-ns (a0 2w

1
+/ tf (ta+3b+(1—t)a;rb>dt
0

4
+/01 t-1)f <tb+(1—t) az?’b) dt} . (21)

. . . I _ 43a+4b
Proof. By integration by parts and by making use of the substitution » = 4= +
(1 —t)a, we have

b—a (' /[ 3a+b
T /Otf <t 1 +(1t)a)dt

_b-a [4tf’ (t342 + (1 —t)a)

16 b—a

1
4 ! 3a+0b
— t 1—
b—a/of< 1 +( t)a>dt]
0

:if (3“:b)bia/a flo)de. (2.2)

Analogously, we also have the following equalities:

b—a [! a+b 3a+b
t—1) (¢ 1—t t
o[-0 (v a- )

a+b

1 3a+b 1 N
_4f( 1 )b_a/?’a+bf(z)dx, (2.3)

4

b—a (! a—+3b a+b
tf' (¢t 1—t dt
16 /0 f( 7 TU-0—
1-2317

:lef(ang)_bia/m;rb f@)ds (2.4)

and

b—a (! , a+ 3b
= /O(t—l)f (tb+(1—t) : >dt

b b
:if(aZS )_bia/szf(m)dx. (2.5)

Adding (2.2)-(2.5), we get the desired equality. This completes the proof of the lemma.
O
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Using the Lemma 1 the following results can be obtained:

Theorem 9. Let f: I CR — R be a differentiable function on I° such that ' € L[a, ],
where a,b € I with a <b. If |f'| is convex on [a,b], then the following inequality holds:

< (%) @il (*52)
P ()l () s o] eo

Proof. Using Lemma 1 and taking the modulus, we have

3a+b a+3b b
‘f(f);f(i) [ s

+2

3a+b at3b b
‘f( e
r rl

2
,(,3a+0b
- _/Otf<t - +(1—t)a>
1
+/O 1-1) f’(ta;b—l—(l—t)?)a:b)‘dt
—l—/ltf’(tCH;l?’b—k(l—t)a;b)‘dt
0
! , a+ 3b
+/0 (1—t)f(tb+(1—t) I )M. (2.7)

Using the convexity of | f’| on [a, b], we observe that the following inequality holds:

/lt f <t3a;rb+(1t)a)‘dt
0

<y <3a:b>

IN
(=
|
S

dt

/()1t2dt+f’(a)|/01t(1—t)dt

sl ()| + i@l es)

Similarly, we also have that the following inequalities hold:

3

1

/0(1—t> f’(t“;b+(1—t)3a:b>’dt<éf’(“;b)‘+ f’(ga:b)
1
/0tf,(ta—z3b+(1_t)a—2&—b>‘dt<lf,(a23b>‘+éf,(a—2|—b>

3
/01 1-1) 7 (“z%)’. (2.11)

Utilizing the inequalities (2.8)-(2.11), we get (2.6).
This completes the proof of the theorem. O

1
3 . (2.9)

. (2.10)

and

a+ 3b
4

! 1 ! 1
r(mea-n ) < gir o
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Corollary 10. Suppose all the conditions of Theorem 9 are satisfied. Then

f(3a7+b)+f(L3b) 1 b
- 2 - 7b—a/f(x)dx

<("F) @i e e

Moreover, if |f' (x)] < M, for all x € [a,b], then we have also the following inequality:

FEFE) () 1 b—a
- < M. 2.1
5 b_a/f(x)dﬂ?_ 3 (2.13)
Proof. Tt follows from Theorem 9 and using the convexity of |f’|. O

Theorem 11. Let f : I CR — R be a differentiable function on I° such that f’ € L|a,b],
where a,b € I with a < b. If |f'|? is convex on [a,b] for some fived ¢ > 1, then the

following inequality holds:
f(w)+f(“+3b /f 1 \? (1\? (b—a
—a p+1 2 16
1 1
3a+b a ,(a+b\|? ,(3a+b\|"\*
{<<4)+'f<>)+<(2> i
1
b 36\ | q
() = (r (52 o)} e
where % + % =1.
Proof. From Lemma 1 and using the well-known Holder integral inequality, we have

3a+b at3b b
‘f( A L

2
f <t3a4+b +(1 —t)a) th>q

<o () ([
(fomra) ([l (252022
(o) ([l (25202
() ([ (a2

Since |f’|? is convex on [a, b], we have

1
/f’(t3a+b+(1—t)a>
0 4

, (3a+0b\|?
()

Q=

+

dt)é . (2.15)

q
dt

1 1
dt+1f (@) [ (1—t)d
[“war g (a)\/o(l £)dt

,(3a+b\|?
4

1

)
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Similarly,
1 q q q
, (., a+b 3a+0b 1|, (a+b 11, (3a+b
LIS < = -
/0 f (t 5 +(1-1) 1 dt 5 f 5 t3 f 1 ;
1 q q q
,(,a+3b a+b 1, (a+3b 11, (a+d
el _ < Z Z
/O f (t +(1—-1t) 5 dt 5 f 1 t3 f 5
and
! 1

dt < —

! b b
[l (-0 st (5

Using the last four inequalities in (2.15), we get the inequality (2.14), which completes
the proof of the theorem. O

! 1 / q
AT

Corollary 12. Suppose all the conditions of Theorem 11 are satisfied. Then

2

1
1)’
< -
“\p+l1

Proof. Tt follows from Theorem 11 using the convexity of |f/|? and the fact

3a+b a+3b b
‘f(j)”(“—bia/f(x)dx

(;) ’ [1 3% 454 +7%} (171—6a> 1 @]+ If O, (2.16)

Z(uk-i-vk)s SZ(uk)S+Z(U;€)S7uk,vk >0,1<k<n0<s<1.
k=1 k=1 k=1

Theorem 13. Let f : I CR — R be a differentiable function on I° such that f’ € Lla, b,
where a,b € I with a < b. If |f'|? is convex on [a,b] for some fivzed ¢ > 1, then the

following inequality holds:
)G (%)
<[z —
2 —\2 3 16
Alrrelr (52)) « (r (5] 2l (57
) Gl (52 ) ) e

+2
Proof. Suppose that ¢ > 1. From Lemma 1 and using the well-known power-mean

Q=

3a+b a+3b b
‘f( e

q

+ 2
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inequality, we have

3a+b M b

2 b—a
[(/Ozdg ([ )’
+( 1_tdt)”</ou_t> (s a3 )

([ t)”(/ol P ) )’
+</O (1—t)dt> q(/ol(l—t) “Z?’b)q

Since |f’|* is convex on [a, b], we have

1
|
0

3a+b
A

ti
( 4

+(1-0a)

-

dt)é . (2.18)

’(tb—i—(l—t)

q

dt

3a+b
!

t
(™

+(1-1) a)
3 b q 1 1
’<“+ ) t2dt+|f’(a)|q/t(1—t)dt
4 0 0
1], (3a+b\|?
sl (45)
Analogously, we also have that the following inequalities:

/Olu—t)

FLf @l

dt

,( a+b o 3a+b\ |
f(t 5 +(1-1) 1

71

3

, (3a+0b\|”
4

Y

,(a+b
(%)
Y., (a+3b a+b\|? , (a+3b ,(a+b\|?
forle (= remogm) s sl (5 sl ()
71
< Z

/01(1_t) ’<tb+(1—t) <3 '(“Z3b>q+é|f’(b)|q.

By making use of the last four inequalities in (2.18), we get (2.17). Hence the proof of
the theorem is complete. O

1 q

dt < =
-3

1
6

and

a+3b)

Corollary 14. Suppose all the conditions of Theorem 11 are satisfied. Then using similar
arguments as in Corollary 12, we get the following inequality:

3a+b a+3b b
‘f( R

2
Lob (;) T (;)] (") 17 @i+ 1@ 210

O
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Theorem 15. Let f : I CR — R be a differentiable function on I° such that f’ € Lla, b,
where a,b € T with a < b. If |f'|? is concave on [a,b] for some fived ¢ > 1, then the
following inequality holds:

3a+b a+3b b
‘f( alRSAL )—bia/ f (@) da

2
, (Ta+b , [ ba+ 3b
P ()] ()

(1) ()]
B3 em

1,01 _
where st = 1.
Proof. From Lemma 1 and using the well-known Hélder integral inequality for ¢ > 1 and
p= q%l, we have

B

1
N
dt)

1
a N7
dt)
a N\
dt)

f (tb+(1t)az?’b)qdzﬁ>é . (2.21)

f <t3a:b +(1—1) a)

f,<ta—2|—b+(1_t)3a+b>

4

q—1

1 . o 1

+</ (1-t)77 dt (/

0 0

! e +3b a+b
+(/ tqq—ldt> (/ f <ta +(1-1) )
1 . =1 1
+(/ (1t)q1dt> (/
0 0
Since |f’|? is concave on [a, b] so by using the inequality (1.1), we obtain:

YW [ 3a+b , [ 22 4 qi L[ Ta+b
/Of<t - +(1t)a> f<2 >|f< . >

Analogously, we have that the following inequalities:
1 a
,(.a+b 3a+b , [ 5a + 3b
t 1-1¢
[l (a0 (2
1
,(,a+3b a+b , { 3a + 5b
t 1—t
[l (2 va-0 (2
/1 (e + 70\ |
0 8
Using the last four inequalities in (2.21), we get (2.20). This completes the proof of the
theorem. 0

q
dt <

q

q
dt <

b

q
dt <

q

and
q

dt <

i (tb+ 1-1) atﬁ’)
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Corollary 16. Suppose all the assumptions of Theorem 15 are satisfied and assume that
|f'] is a linear map, then we get the following inequality:

—1

< (22T (50w

(2.22)

3a+b a+3b b
e N L

Proof. Tt is a direct consequence of Theorem 15 and using the linearity of |f’|. O

Remark 17. Since not all the convex functions are linear map, hence the inequality
(2.22) can be used when |f’|? is concave on [a,b] for some fixed ¢ > 1 and |f’| is a
linear map. Moreover, it can be observed that the error bound in (2.22) is more easier
to calculate as compared to calculate it in (2.20) when |f’| is a linear map.

Theorem 18. Let f : I CR — R be a differentiable function on I° such that f € L|a,b],
where a,b € T with a < b. If |f'|? is concave on [a,b] for some fived ¢ > 1, then the
following inequality holds:

3a+b a+3b b

, (13a+3b
f( 12

2 b—a
5a + 13b
, —_—
ol (52| +

b—a
<
- 32
Proof. First, by the concavity of |f/|? on [a,b] and the power-mean inequality, we note
that

, (11la+ 5b
ol (M

P o

[f Qz+ @ =X )" = Xf @)+ L= 1f W)
= (A Lf @)+ @ =N 1f @D

and hence

[f Oz + (1 =Ny)| = Alf @)+ A =N]f @),

for all A € [0,1] and =, y € [a,b]. This shows that |f’| is also concave on [a, b].
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Accordingly, using Lemma 1 and the Jensen’s integral inequality, we have

3a+b a+3b b
‘f( 1 )Jrf( 1 )_ ia/f(x)dx

2 a

b—a ! 3a+b

< "t—— -

_( - )[/Ot <t ha t)a)‘dt
1

+/ (1-1) f’(ta+b—|—(1—t)3a+b>’dt
o 2 4

I a+3b+(1_t)a+b>‘dt

)| f (tb—i— (1—1¢) az?’b)’dt}

f,(fo (13t 4 (1—t)a)dt>

I
Jan
w

|

f tdt
+</O (1t)dt> f,<f01 1t)(}:+jti1ﬁt)?ﬁ“)dt>|
+ (/Oltdt) f (folt (ttﬁfj};l(tldt o dt)
. (/01(1—t)dt> r (fol (1_t)f(ozlfb(j_(1t)—di)“2%)dt> |

which is equivalent to (2.23) and the proof of the theorem is complete. O

Corollary 19. Suppose all the assumptions of Theorem 18 are satisfied and assume that
|f'| is a linear map, then we have the following inequality:

f 3a+b 4 f a+3b
(4)2 (57 /f )dz| < | (a+1b)|. (2.24)
—a
Proof. Tt follows from Theorem 18 and using the linearity of |f’|. O

Remark 20. The error bound in (2.22) is more easier to calculate as compared to
calculate it in (2.20) when |f’|? is concave on [a,b] for some fixed ¢ > 1 and |f'| is a
linear map.

3 Application to the General Quadrature Formula

Let d:a=20 <21 <..<Zp-1 <z, =b be a division of the interval [a,b]. Consider
the general quadrature formula

b

f(x)dx = Q(f,d) + R(f,d), (3.1)

where

n—1
R e R
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and R(f,d) is the associated error. Here, we derive some estimates for the error R(f,d)
given in (3.1).

Proposition 21. Let f : I € R — R be a differentiable function on I° such that
f' € Lia,b], where a,b € I with a <b. If |f'| is convex on [a,b], then for every division

d of [a,b], we have:
3x; + Tyt
4

/ (331‘ +3Titq

(2501 — ;) [|f’ ()| +4|f

()

Proof. By applying Theorem 9 on the subinterval [z;,z;+1] (i =0,1,...,n — 1) of the
division d, we have

1 31’1 + Ti+1 x; + 3:131'_;,_1
ol () e ()

_1/36““ (@) da

Titl — Ti Jy,
3x; + Tiq1
4

< () [ @l +alr

p(EEE ) alr (B i ] 6

IR i
9

; >]+ Iz <xi+l>|} 62)

+2

2
Now
n—l o ewigy
R =Y [ S
i=0 vV Ti
n—1
1 31’i+$i 1 xl+3:cl 1
- 2 5 {f <4+> +f <4+)] (Tit1 — x4)
n—1
1 3x; + Tit1 T; + 3Tit1
< - — ek et ot bk e ot
= g (szrl xz) 9 [f( 4 ) +f< 4 >:|
1 o d 4
- x)dx|. (3.
vl AR LG RCE)
Using (3.3) in (3.4), we get (3.2). This completes the proof of the proposition. O
Corollary 22. Suppose all the assumptions of Proposition 21 are satisfied. Then
=
| R( <16 Z v — ) [|f (@) + | (@ip)]]- (3.5)
i=0
Proof. Tt follows from Proposition 21 and using the convexity of |f'|. O

Proposition 23. Let f : I C R — R be a differentiable function on I° such that
[ € Lla,b], where a,b € I with a < b. If |f'|? is convex on [a,b] for some fized q > 1,
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then for every division d of [a,b], we have

[R(f,d)]

<(532) (3) e { (e

(g <3@+%>\
2

(i + 3z |
fl—) +

o(fr (e

Proof. The proof is similar to that of Proposition 21 and using Theorem 11

Q=

St
N
N
N~
Q-
+
N
gl
L
—
&
JF
=

A
w
§
+
§
+
=

N—

+

q\

«r)

1,1 _
where;—&—a—l,

O
Corollary 24. Suppose all the conditions of Proposition 23 are satisfied. Then
1 \7 /1) L
1 T T E]
IR(f,d)| < <p+1> <2) (1437457 +7
n—1
x> (@i — ) (If (@) + [ (i) (3.7)
i=0

Proposition 25. Let f : I C R — R be a differentiable function on I° such that

[’ € Lla,b], where a,b € I with a < b. If | f'|? is convex on [a,b] for some fized ¢ > 1
then for every division d of [a,b], we have

R < () (;)Z<x+ ) { (1@ +2
i
i

1
f, 31'7 + Tit1 a\ «
4
, (3w 4w \|* g
4
, $i+3$i+1 1 %
4
1
x; + 3z ? g
! (4—H)‘ + |f/ (xi+1)|q> } . (38)

Proof. The proof is similar to that of Proposition 21 and using Theorem 13
Corollary 26.

q

O
Suppose all the conditions of Proposition 25 are satisfied. Then

rrai= ()" (%)

)+ )]

n—1

X Y (wier = 2)* [|f (@) + |f (i)l (3.9)

i=0

39
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Proposition 27. Let f : I C R — R be a differentiable function on I° such that
f' € Lla,b], where a,b € I with a <b. If |f'|? is concave on [a,b] for some fized q > 1,

then for every division d of [a,b], we have
Tr; + Tiq1
/ S
r ()

IR, d)l < <2qq__11> - (116> ni (Tit1 — -131‘)2 {
f <x+87x“) ‘} . (3.10)

=0

+ f, (53;‘1‘ + 3l‘i+1> ‘ " f, (3331‘ —|—85$i+1> ‘ n

8

1,1 _
where st = 1.
Proof. The proof is similar to that of Proposition 21 and it follows from Theorem 15. [

Corollary 28. Suppose all the conditions of Proposition 27 are satisfied. If |f'| is a
linear mapping, then we have the following inequality:

|R(f,d)| < ( a1 )_ (é) nf (ziv1 — ) |f (wigr + 1) - (3.11)

2g —1 =

Remark 29. It can be observed that the error bound in (3.11) for general quadrature
formula is more easier to calculate as compared to calculate it in (3.10) when |f’|? is
concave on [a, b] for some fixed ¢ > 1 and |f’| is a linear map.

Proposition 30. Let f : I C R — R be a differentiable function on I° such that
' € Lla,b], where a,b € I with a < b. If |f'|? is concave on [a,b] for some fived
q>1 and |f'|* is a linear mapping, then for every division d of [a,b], then the following
inequality holds:

1 — 2 !
R < (35) 30 (s = 0 1 G + 0] (3.12)
1=0

Proof. The proof is similar to that of Proposition 21 and it follows from Theorem 18. [J

4 Applications to Special Means

Now, we consider the applications of our Theorems to the special means. We consider
the means for arbitrary real numbers a, b € R. We take

1. The arithmetic mean:

A(a,b):aT—H);a,beR.

2. The harmonic mean:

H (a,b) =

;a,be R\ {0}.
o \{(0}

Q=

3. The logarithmic mean:

__In[b| —In|a|
o b—a

L (a,b) a,beR,a#b,a,b+#0.
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4. Generalized log-mean:

1

bn+1_an+1 n
] ;a,beR, neZ\{-1,0},a#b,a,b#0.

Ln (a,b) = {(n+1) b—a)

Now using the results of Section 2, we give some applications to special means of
real numbers.

Proposition 31. Leta, be R, a <b, 0 ¢ [a,b] andn € Z, |n| > 2. Then

‘A ((3“: b>n, (a Z?’b)n) e (a,b)‘ < In| (b < a) Al o) @

n

Proof. The assertion follows from Corollary 10 when applied to the function f(x) = 2™,
x € la,bl,n €Z, |n| > 2. O

Proposition 32. Leta, b€ R, a<b, 0 ¢ [a,b]. Then

_ 3a+b a+3b b—CL —92 —92
1

— < . .
o () e < () Al ) )
Proof. Tt is a direct consequence of Corollary 10 when applied to the function, f (z) = %,
x € [a,b]. O
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Abstract

The paper aims at contributing to a better understanding of the Dinitz Problem by dealing with the
number of “good choices" of representatives on a board of n x n cells. We conjecture that the number of
good choices on an arbitrary board of order n is at least the number of good choices on a homogeneous
board of order n, that is, at least the number #(n) of Latin squares of order n. The first steps towards
this conjecture are provided by proving that there are at least two good choices on an arbitrary board
of order 3. This is slightly improving the result of Pavel Hrnciar from 1991.
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1 Introduction

A simple-sounding problem introduced by Jeff Dinitz in 1978 asks whether on a board
of n x n cells with n numbers in each cell one can choose a representative from every
cell such that the selected numbers in each row and in each column are distinct (see e.g.
[1, Chapter 28]). For arbitrary n the problem had been unsolved until Fred Galvin [2]
presented his brilliant proof in 1995. But already in 1991 Pavel Hrnciar gave a positive
answer to the Dinitz Problem in the special case for n = 3. He showed that it is always
possible to find one “good choice" of representatives on a board of 3 x 3 cells. The aim
of our work is to present a conjecture on the number of “good choices" of representatives
on the board of n x n cells (Section 3) and to prove that there are always at least two
“good choices" of representatives on the board of 3 x 3 cells (Section 5).

The major part of our work deals with the concept of a kernel of a directed graph
(Section 4). It is a subset of vertices satisfying two special conditions and it is amaz-
ingly connected to “good choices" on a board via so-called square graphs corresponding
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TThe second author acknowledges support from Slovak grant VEGA 1/0212/13.
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to boards. We show that every nondiscrete induced subgraph of the square graph cor-
responding to some board of 3 x 3 cells possesses at least two different kernels for some
possible edge orientations.

We also introduce a new concept of so-called tame choices on a diagonal of a square
graph, which is also connected to the existence of “good choices" of representatives (Sec-
tion 5). In Section 6 we present various conjectures and counterexamples that arose in
the process of our investigation.

2 Preliminaries

2.1 Dinitz Problem

For n > 1 consider n? cells arranged in an (n x n)-square, let us call it a board of order
n, and let (i,7) denote the cell in row ¢ and column j. Suppose that for every cell (3, j)
we are given a set C(i,7) of n colours.

By a choice we mean that for each cell (4, j), exactly one colour is picked up from the
set C(i,7). Let a good choice be every choice in which the colours in each row and each
column are distinct.

Is it then always possible to find a good choice for any board?

This simple-sounding colouring problem was raised by Jeff Dinitz in 1978 and it defied
all attacks until its solution by Fred Galvin [2].

Let C:=J, ; C(i, j) be a set of all colours of a board and let |C| be size of the board.

It is worth to mention a particular case as presented in [1, p. 185]. If all colour sets
are the same, say {1,2,...,n}, then the Dinitz problem reduces to the following task:
fill in the (n x n)-square with the numbers 1,2,... n in such a way that the numbers in
any row and column are distinct. This means that size of the board is n and all choices
on it are precisely Latin squares. Since this is so easy, why would it be so much harder
in the general case when the size is greater than n? The difficulty derives from the fact
that not every colour of C' is available at each cell.

2.2 Galvin’s Proof
All definitions and results in this subsection are taken from [1, Chapter 28].

Definition 2.1. Let G = (V, E) be a graph. Let us assume that we are given a non-
empty set C(v) of colours for each vertex v € V. A list colouring is a colouring
c:V — Uyey C(v) where c(v) € C(v) for each v € V (a colouring is an assignment
of colors to each vertex such that no edge connects two identically coloured vertices). A
list chromatic number x;(G) is the smallest number k such that for any list of colour
sets C(v) with |C(v)| = k for all v € V there always exists a list colouring.

Consider the square graph S,, which has as a vertex set the n? cells of our board of

order n and two cells are adjacent if and only if they lie in the same row or column (see
Figure 1). The Dinitz problem can now be stated as

Xe(Sp) =n?

Definition 2.2. Let G = (V, E) be a directed graph (shortly, digraph), that is, a graph
where every edge e has an orientation. The notation e = (u,v) means that there is an
edge e, also denoted by u — v, whose initial vertex is u and whose terminal vertex is
v. Then outdegree d* (v) of a vertex v is the number of edges with v as initial vertex,
similarly for the indegree d~ (v).

Furthermore, d¥(v) + d~(v) = d(v), where d(v) is the degree of v.
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&)

Figure 1. The graph S3

Definition 2.3. For a graph G = (V| F) and a non-empty subset A C V we denote by
G[A] the subgraph which has A as vertex set and which contains all edges of G between
vertices of A. We call G[A] the subgraph induced by A, and say that H is an induced
subgraph of G if H = G[A] for some A.

Definition 2.4. Let G = (V, E) be a graph without loops and multiple edges. A set
A CV is called independent if there are no edges within A.

Definition 2.5. Let G = (V,E) be a directed graph. A kernel K C V is a subset of
vertices such that

(1) K is independent in G, and
(2) for every u ¢ K there exists a vertex v € K with an edge u — v.

For example, vertices of a kernel of the subgraph of a graph S5 shown in the Figure 2
are encircled. (We remark that here, and often elsewhere, we use the term “graph" for
“directed graph (digraph)" when no confusion arises.)

Figure 2. Kernel of the graph

In what follows, when we write G we mean the graph G without the orientations.

Lemma 2.6 ([1, Lemma 1]). Let G = (V, E) be a directed graph, and suppose that for
each vertex v € V we have a color set that is larger than the outdegree, |C(v)| > d* (v)+1.
If every induced subgraph of G possesses a kernel, then there exists a list colouring of G
with a colour from C(v) for each v.

Denote the vertices of S, by (¢,7), 1 < 4,7 < n. Thus (i,7) and (r,s) are adjacent
if and only if i = r or j = s. Take any Latin square L with letters from {1,2,...,n}
and denote by L(i,j) the entry in cell (4,j). Next make S,, into a directed graph S, by
orienting the horizontal edges (i,j) — (4,5") if L(4,7) < L(4,j’) and the vertical edges
(i,5) — (¢, 7) if L(4,5) > L(¢,j). Thus, horizontally we orient from the smaller to the
larger element, and vertically the other way round. We shall denote this digraph ST;IL to
emphasize that the orientation of edges is given by a Latin square L.
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Notice that we obtain d*(i,5) = n — 1 for all (, 7). In fact, if L(i,j) = k, then n — k
cells in row 4 contain an entry larger than k, and k£ — 1 cells in column j have an entry
smaller than k.

The next result amazingly follows from the fact that a stable matching of a bipartite
graph always exists (cf. [1, Lemma 2]).

Lemma 2.7 ([1, p. 189]). Every induced subgraph of S,, possesses a kernel.

Putting these two lemmas together with the fact that d*(i,7) = n — 1 for all (4, ),
we get Galvin’s solution [2] of the Dinitz Problem.

Theorem 2.8 ([1, p. 189]). We have x1(S,) = n for all n.

2.3 Colouring Algorithm
Galvin’s proof can tell us how to colour any board B of order n. We can use the following
algorithm:

(1) choose any Latin square L (of the same order n as the board B);

L
(2) assign a digraph S,, with edge orientations given by L;

(3) choose any colour ¢ € C, where C' = J, ; C(i, j);

- L
colour ¢ generates a subgraph S,, [A], where A={v e V,ce C(v)};

)

5) choose any kernel of this subgraph;
) colour the vertices of the kernel by a colour ¢;
)

repeat steps 3—6 with colours ¢ not previously used until the colouring is complete.

Galvin’s proof implicitly says that after a finite number of steps (not more than s
steps, where s is the size of the board) the colouring is complete and we obtain a good
choice.

Notice that in this case every Latin square combined with any sequence of colours
gives us a good choice according to the colouring algorithm. However, not all good choices
are obtainable by this algorithm. It can even happen that two distinct Latin squares or
two distinct sequences of colours can give us the same good choice (see Section 6).

3 Conjecture on the number of good choices

In this section we formulate a conjecture on the number of good choices on an arbitrary
board which we find quite important with respect to a good understanding of the Dinitz
Problem.

Let B,, be a board of order n. We shall denote o(B,,) the number of all distinct good
choices on B,,. Galvin has shown that o(B,,) > 1 for any board B,,.

By a homogeneous board of order n we shall mean a board of n x n cells with the
same set {1,2,...,n} of numbers in each cell. Hence the size of the homogeneous board
is equal to its order.

Let ¢(n) be the number of all Latin squares of order n. It is clear that ¢(n) is the
number of good choices on a homogeneous board of order n. So, o(By) = {(n) if the
board B,, is homogeneous.

The following conjecture says that £(n) is the optimal lower bound for the number of
good choices on an arbitrary board of order n.
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Conjecture. o(B,) > {(n) for any board B,,.

The following table lists the values of £(n), which are so far known for 1 <n < 11 [4].
Thus, for given n, these are our conjectured optimal lower bounds for the number of
good choices on an arbitrary board of order n.

n £(n)
1 1

2 2

3 12

4 576
) 161280
6 812851200
7
8
9
10
11

61479419904000
108776032459082956800
5524751496156892842531225600
9982437658213039871725064756920320000
776966836171770144107444346734230682311065600000

4 Graph Kernel

In the next definition we introduce a new concept regarding graph kernels of induced
subgraphs of a square graph.

Definition 4.1. Let S, [A] be a subgraph of a square graph S,, induced by some set
A of vertices. We say that the graph S,[A] is k-kerneled if for some Latin squares
- L - L o Lo
Ly,Ls,..., L, the digraphs S, 1[A], Sh 2[A],..., Sn [A] have together at least k

distinct kernels.

Lemma 4.2. Let S,,[4] be a discrete graph. Then it is 1-kerneled and it is not k-kerneled
for any k£ > 1.

Proof. 1t is easy to see that the only kernel in the discrete graph is the whole vertex
set. O

In Figure 3 (on the left) we draw the same digraph as in Figure 2 and present the
Latin square corresponding to its edge orientations. The kernel of this directed graph is
encircled. Now we focus on the vertex u. If we orient all edges towards u and make a new
digraph, then v must be in the kernel of this new digraph, because of the second condition
of the graph kernel. We want to find some Latin square such that it will correspond to
the orientation of this new graph. But it is easy, because we only need the entry in the
cell corresponding to the vertex u to be lower than the entries in the cells corresponding
to the vertices connected with u. So the entry in the cell corresponding to the vertex u
will be 1. One of the possible Latin squares is shown on the right side of the Figure 3.
The graph next to it is the graph with the new edge orientations and with a new kernel
encircled.

The method described above can be simply generalised. It suffices to have some edge
with end vertices whose degrees do not exceed 2, because in that case it is possible to
orient all edges into one of its end vertices. By the first kernel condition, two end vertices
of one edge cannot both belong to one kernel. We take the vertex which is not there and
construct a new orientation of the graph, where this taken vertex will already be in some
kernel.
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@—p—e

v 112]3 v 2(3]1
311[2 112(3
u 2(3]1 w 3[(1]2

Figure 3. Two kernels of the same graph with changed edge orientations

Lemma 4.3. If there exists an edge uv € S3[A] such that d(u) < 2 and d(v) < 2, then
S3[A] is 2-kerneled.

oLy
Proof. From Lemma 2.7 we know that Sz [A] has a kernel, given by some Latin square
Ly. We denote this kernel K;. We need to show that there exists a kernel Ko # K;. We

L
will do it the way that we change the orientations of edges in S5 [A] and obtain the

new kernel K5 of S_E;LQ [A], which will correspond to some Latin square L. Since a kernel
is a set of independent vertices and uv € S3[A], then u ¢ K; or v ¢ K;. Without loss of
generality we can assume that u ¢ K. As d(u) < 2, we can orient all edges in Si*[A] in
such a way that d~(u) = d(u) and d*(u) = 0. Note that a Latin square Ly which will
give such orientations always exists. Now d*(u) = 0 implies that u € K3, because from
the Definition 2.5 all vertices which are not in the kernel must be initial vertices of some
edge with terminal vertex in the kernel (and so their outdegree must be at least 1). Thus

K7 # K5 and the proof is complete. ]
Definition 4.4. Let S, [A] be an induced subgraph of S,, and let 1 <7 < n. Then the
r-th row R, of the graph S,,[A] is the set of vertices {(r,j) € S,[4], 1 < j < n}.

For the graph S, and for every i € {1,2,...,n} we have |R;| = n. For any induced
subgraph S, [A] we have |R;| < n.

Lemma 4.5. Let S3[A] be an induced subgraph such that |R;| = 3 and |R;| = 0 for
some 1 <14,j < 3,4 #j. Then S3[A4] is 2-kerneled.

Proof. Let 1 <k <3,k ¢ {i,j} (note that such k is unique). If | Rx| = 0 then by Lemma
4.3, Ss[A] is 2-kerneled. So let |Rj| > 1. We can choose any vertex w € Ry, (see Figure
4, in this case i = 1, j = 2 and k = 3). Then there exist vertices u,v € R; such that u,w
and v, w are independent. Now take any of these two pairs, for example take u,w and
construct a Latin square which has an entry 3 in the cells corresponding to the vertices
u,w. Since 3 is the biggest number in the Latin square of order 3, all vertices in the same
line will be directed into vertices u,w. But this already means that {u,w} is a kernel.
For the pair v, w it can be showed analogously. Thus {u,w} and {v,w} are two distinct
kernels of S3[A] and so Ss[A] is 2-kerneled. O

Definition 4.6. A diagonal of a graph S,[A4] is any set of n independent vertices.

Lemma 4.7. Every graph S, [A] containing k different diagonals is k-kerneled.

Proof. To a given diagonal we can take any Latin square of order n which has an entry n
in all the cells corresponding to the vertices of the diagonal. Then the edge from all the
other vertices will be oriented towards these vertices, so the diagonal will be a kernel. [
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N
,\}u (% u v
1[3]2 112]3
2113 2[3[1
w @ 3[2[1 w @ 3[1]2

Figure 4. Two kernels of the same graph with an empty row

Clearly, the graph S, has n! diagonals. Certainly it can happen that some of its
induced subgraphs contain no diagonals (for example the graph in Figure 4).

Lemma 4.8. Every graph Ss[A] in which |R;| = 3, for some ¢ € {1,2,3}, and which
contains exactly one pair of independent vertices not contained in R;, is 2-kerneled.

Proof. Note that such a graph always contains one diagonal, because the two independent
vertices can be supplemented by an independent vertex from the i-th row. So by Lemma
4.7, this diagonal is already a kernel. We will show that there always exists a kernel K
such that |K| =2 (i.e. different from the first one).

So take any of the two independent vertices v and v. Say we take u. Then we take
the vertex from the i-th row, which is independent with u, but not independent with v
(there is exactly one such vertex). Up to isomorphism we can assume that we have one
of the graphs in Figure 5. Let us first consider the graph on the left side. Its kernel
corresponding to the Latin square is encircled. One can notice that if we add a vertex
so that there will still be exactly one independent pair of vertices, up to isomorphism we
obtain the graph on the right side of Figure 5. Now we can use the same Latin square
as before to orient the edges, and the kernel will remain the same. O

—_
[\
\] fOV)

(% v

Figure 5. Graphs with one full row and one independent pair of vertices

Theorem 4.9. Every nondiscrete subgraph of Ss is 2-kerneled.

Proof. Let S3[A] be a nondiscrete subgraph of Ss;. If maximal degree of its vertices
A(S3[A]) < 2, then S5[A] has two different kernels by Lemma 4.3. So now let there exist
a vertex v with d(v) > 2. It is easy to see that then for the line R;, where v € R;, we
have |R;| = 3 and |R;| > 1 for some 1 < j < 3, i # j. Without loss of generality we can
assume that |R;| = 3 and |Rg| > 1. Now we have these possibilities:

1. |R3] = 0 — then the statement holds by Lemma 4.5.

2. |Rz| = 1 and |Rs| = 1 — if the two vertices in Ry and Rj3 are independent, the
statement holds by Lemma 4.8, otherwise by Lemma 4.3.

3. |Ra] = 2 and |R3| = 1 — if there is exactly one independent pair of vertices, the
statement holds by Lemma 4.8. Otherwise there are two or more independent pairs in
which case each of them can be completed to a diagonal with a vertex in R;, so the
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statement holds by Lemma 4.7.
4. |R2| > 2 and |R3| > 2 — the statement holds by Lemma 4.7.
The proof is complete. O

5 From Kernels to Good Choices

Theorem 5.1. Let ¢ be a colour of a board B of order n and let A be the set of all
vertices of the graph S,, corresponding to those cells which contain the colour c. If the
graph S, [A] is k-kerneled, then the board B has at least k distinct good choices.

Proof. Let S,[A] be a k-kerneled induced subgraph of the graph S, i.e. there exist

distinct kernels Ki, K, ..., Ky of the digraphs S_,;Li [A] with orientations given by some
Latin squares Lq, Lo, ..., L, respectively. According to the colouring algorithm from
Galvin’s proof (see Subsection 2.2), we take the Latin square L;. The Latin square gives
us an orientation of the graph S,, and in the first step we choose a colour ¢ (in the final
good choice the colour ¢ will remain precisely in those cells corresponding to the vertices
of the kernel K7). After this, we continue with an arbitrary sequence of colours (see
Subsection 2.3) until we obtain a good choice. We denote the obtained good choice by
D;. Similarly, when we choose in the first step the Latin square Lo and the same colour
¢, we obtain a good choice that we can denote Ds;. We do the same for all the other
kernels so that we have good choices Dy, D, ..., D;. Note that the sets of cells with a
colour ¢ are distinct in all these good choices, since all the kernels were distinct. Thus
we obtained k distinct good choices and the proof is complete. O

We recall that Galvin [2] has shown that o(B,) > 1 for any board B,, of order n.

Before Galvin, in 1991 Hrnéiar [3] showed that o(Bs) > 1 for any board of order 3.
We conjecture in Section 3 that o(Bs) > 12. Our following result is improving the lower
bound for o(Bs) and so can be understood as the first little step towards proving the
conjecture.

Theorem 5.2. ¢(B3) > 2 for any board of order 3.

Proof. Let Bs be a board of order 3 and let S3 be its assigned square graph. We will
distinguish two cases: (1) every colour of the board is only once in the same row or
column, (2) there is a colour ¢ such that it is at least twice in the same row or column.

(1) Let every colour be only once in the same row or column. We take any cell of
the board, denote it by E. It contains 3 colours, say a,b,c. Note that in this case the
induced subgraph of S3 generated by any colour is discrete and so its kernel is the whole
subgraph. Now according to the colouring algorithm we can take any Latin square and
in the first step we take colour a. As the whole subgraph belongs to the kernel, we colour
the cell F by the colour a. Then we continue with an arbitrary colour sequence to obtain
a good choice. Similarly, when we take a colour b in the first step, we obtain a good
choice with b in the cell E. So we constructed two distinct good choices.

(2) Let ¢ be a colour of B such that it is at least twice in the same row or column.
Then the subgraph generated by this colour is nondiscrete, and, by Theorem 4.9, it is
2-kerneled. Now by Theorem 5.1, it has two distinct good choices. O

In the last part of this section we introduce some concepts corresponding to a board
and present our final result.

Definition 5.3. Let B be a board of order n and let a diagonal of a board B be a
set of any n cells such that none of them lie in the same row or column. Then any set of
n colours from distinct cells of a diagonal will be called the choice on a diagonal.
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Let B be a board and let D be a choice on some diagonal. We denote every colour
in D as d(,) to express that this colour was chosen from the cell (a,b). Now for every
cell (i,7) of B and for every colour d(; ;) of D we delete this colour from the cell (4, j) if
1=k or j=1,ie. we delete every colour of the choice on a diagonal from all cells which
lie in the same row or column.

Definition 5.4. We shall call the choice D tame if a reduced board obtained by the
process above has at least n — 1 remaining colours in every cell.

For example, the choice {1,2,5} on the diagonal (1,1),(2,2),(3,3) in the board on
the left below is tame, because the reduced board on the right has at least 2 colours
remaining in every cell.

{1,2,3} [ {3,4,5} | {2,3,5} (2,3} [{3.4,5} | {23}
{4,5,6} | {2,3,4} | {1,4,6} {4,5,6} | {3,4} | {1,4,6}
{2,3,5} | {1,2,6} | {4,5,6} (2,3} | {1,6} | {46}

As we shall see, the existence of tame choices guarantees the existence of good choices.

Theorem 5.5. Let B be a board. If there exist k& tame choices on some diagonal of B,
then o(B) > k.

Proof. Denote this diagonal by D. We take any Latin square L such that it has an entry
n in all cells corresponding to the diagonal D, where n is the order of L. We consider the

- L
square digraph S,, with edge orientations given by the Latin square L. The outdegree
of every vertex will then be n — 1. Now we can delete all the vertices corresponding to

D from S_;,L. Since in every row there was an edge oriented from every vertex to the
diagonal, now after we deleted it, the outdegree of every vertex will be n — 2.

For every tame choice we can now also delete all colours of a choice from all lists
of colours for every vertex. By the definition, every vertex will still have at least n — 1
colours. So |C(v)| > n —1 for every v. Now by Lemma 2.6, the subgraph with deleted
diagonals can be list coloured with colours from C(v) for every v. The deleted vertices
can be coloured with colours of a choice on a diagonal and we obtain a good choice.

We can do the same for all tame choices and we obtain k distinct good choices on
B. O

6 Misguided Conjectures and Counterexamples

In this section we present various conjectures arising in the process of our investigation
and the counterexamples to these conjectures which we later found using (in almost all
cases) self-developed computer programs. The aim of this section is to give a helpful
hand to those who would follow similar steps as we did and come up with possibly the
same conjectures in the process of their investigation.

Misguided conjecture 6.1. Let B be a board of order n. Then there exists a diagonal
of B which has at least n tame choices.

Counterexample 6.1. The following board has exactly one tame choice in every diag-
onal:

(1,2,3} [ {1,2,3} [ {1,2,3}
{1,2,4} | {1,2,4} | {1,2,4}
{1,3,4} | {1,3,4} | {2,3,4}
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Misguided conjecture 6.2. Let B be a board of order n. Then every diagonal of B
has at least one tame choice.

Counterexample 6.2. The following board has no tame choices on the diagonal (1,1),
(2,2), (3,3):

{(1,2,3) [ {1,3,4} [ {3,4,6}
{2,3,4} | {3,4,5} | {2,3,4}
{1,2,4} | {2,5,6} | {2,4,6}

Colours of a board can be in general any natural numbers, but note that if a board has
size s then we can replace all numbers greater than s with numbers smaller than or equal
to s. So we can always obtain the board with colours {1,2,...,s}. We shall call this
process a board normalisation and the board obtained this way we shall call a normalised
board.

Misguided conjecture 6.3. Let B be a normalised board of size s. Let Ly, Ly be
distinct Latin squares and let S be a sequence of colours from {1,2,...,s}. Let Dy, D
be the good choices obtained from the Latin squares Ly, Ly, respectively, combined with
the colour sequence S. Then Dy and D, are distinct.

Counterexample 6.3. Consider the following board:

{1,2,3} | {2,3,4} | {3,4,5}
{2,3,5} | {1,3,4} | {1,3,4}
{1,4,5} | {1,2,3} | {1,3,5}

Now if we take the following two Latin squares

11213 11312
112 2
2131 3121

—
w

and we use the sequence of colours 1,2, 3,4, 5, we will obtain the same good choice:

112
21311
411

Misguided conjecture 6.4. Let B be a normalised board of size s. Let L be a Latin
square and let S7, S be distinct sequences of colours from {1,2,...,s}. Let Dy, Dy be
the good choices obtained from the Latin square L combined with the colour sequences
S1, 52, respectively. Then Dy and D are distinct.

Counterexample 6.4. Take the same board as in Counterexample 6.3, the Latin square

1123
21311
3|12
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and the sequences 2, 3,4,1,5 and 4, 3,2,5, 1. Then for both sequences we obtain the same
good choice:

213 |4
3141
412

Misguided conjecture 6.5. Let B be a normalised board of size s. Let L1, Lo be
distinct Latin squares and let S1, .52 be distinct sequences of colours from {1,2,...,s}.
Let Dy, Dy be the good choices obtained from the Latin squares Lq, Lo combined with
the colour sequences S7, So, respectively. Then D; and D are distinct.

Counterexample 6.5. Consider the same board as in Counterexample 6.3, the Latin
squares

—_
w
W
DO
w

and for these Latin squares take sequences of colours 1,2,4,5,3 and 4, 2,5, 1, 3, respec-
tively. In both cases we obtain the same good choice:

11214
2141
41115

Misguided conjecture 6.6. Every good choice on a board can be obtained via the
colouring algorithm (from Subsection 2.3) using some Latin square and some sequence
of colours.

Counterexample 6.6. We can take the same board as in Counterexample 6.3. Then
the following good choice can not be obtained via the colouring algorithm for any Latin
square and sequence of colours:

31415
21113
4121
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1 Introduction

Let A denote the class of functions f of the form
f(z) :erZanz”, (1.1)
n=2

which are analytic in the open unit disk U = {z : z € C and |z] < 1} and satisfy the
normalization condition f(0) = f/(0) — 1 = 0. Further, we denote by S the subclass of
A consisting of functions of the form 1.1 which are also univalent in U and T be the
subclass of S consisting of functions of the form

f(2) :z—Z|an|z". (1.2)

Let T(X, «) be the subclass of T consisting of functions which satisfy the condition

2F1(2)
fe { N ) (- A)f(Z)} =& (13)

for some (0 < a < 1), A(0 < A< 1) and for all z € U.
Copyright © 2013 Matej Bel University
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Also, we let C(\, «) denote the subclass of T' consisting of functions which satisfy the

condition 72) 2)
z)+zf" (2
Req 1.4
AP e )
for some a(0 < a < 1), \(0 <A< 1)andforal z€U.
From 1.3 and 1.4 it is easy to verify that

f(z) eC\a)e 2f'(z) e T\ ).

The classes T'(\, o) and C(\, o) were extensively studied by Altintas and Owa [1] and
certain conditions for hypergeometric functions for these classes were studied by Mostafa
[11].

It is worthy to note that T'(0,«) = T*(«a), the class of starlike functions of order
a(0 < a < 1) and C(0,a) = C(a), the class of convex functions of order a(0 < o < 1)
(see [13)]).

We recall that the generalized Bessel function of the first kind w = wp . is defined
as the particular solution of the second-order linear homogenous differential equation

22W" (2) + b2 (2) + [022 —pP+(1— b)p| w(z) = 0, (1.5)

where b,p,c € C, which is a natural generalization of Bessel’s equation. This function
has the familiar representation

w@):wnwg)zii (~1)me (gf””7 sec. (1.6)

n(p+n+ 2£1)

n=0

The differential equation 1.5 permits the study of Bessel function, modified Bessel
function, spherical Bessel function and modified spherical Bessel functions all together.
Solutions of 1.5 are referred to as the generalized Bessel function of order p. The par-
ticular solution given by 1.6 is called the generalized Bessel function of the first kind of
order p. Although the series defined above is convergent everywhere, the function wpp  is
generally not univalent in U. It is worth mentioning that, in particular, when b =c =1,
we reobtain the Bessel function wy 1,1 = Jp, and for ¢ = —1,b = 1 the function wy 1,1
becomes the modified Bessel function I,. Now, consider the function u,p . defined by
the transformation

b+1
Upp,e(z) = 2°T <P + ;) z*”/pr,b,c(zl/Z).
By using the well-known Pochhammer (or Appell) symbol, defined in terms of the Euler

Gamma function for a # 0, —1, -2, ... by

(a) _T(a+n) 1, ifn=0
D= P T Lala+1)(atn—1) ifn=1,23.., °

we obtain for the function uy . the following representation

(1.7)

(e 2
Uppe(2) = Z% (p+ (b+1)) nl’
n= P}

where p + (b +1)/2 # 0,—1,—2,.... This function is analytic on C and satisfies the
second-order linear differential equation

4220 (2) + 2 (2p + b+ 1) 20/ (2) + czu(z) = 0.
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The convolution (or Hadamard product) of two series f(z) =Y - ;a,z" and g(z) =
oo o bnz™ is defined as the power series

(f*g)( Z anbp 2"
Now, we considered a linear operator I(k,c): A — A defined by
I(k,c)f = zupp.c(2) * f(2)
4 n—1
=z+ Z (=¢/4) N n?

n 17?,71

where k = p + b;—l. The generalized Bessel function is a recent topic of study in Geo-
metric Function Theory (e.g. see the work of [2], [3], [4], [5] and [10]). Motivated by
results on connections between various subclasses of analytic univalent functions by using
hypergeometric functions (see [6], [7], [9], [12], [14], [15]) and by work of Baricz [2]-[5],
we obtain sufficient condition for function z(2 — u,(2)) belonging to the classes T'(\, @),
C(\, @) and connections between R™(A, B) and C(\, «). Finally, we give a condition for
an integral operator G(k, ¢, z) belonging to the class C'(A, «).
For convenience throughout in the sequel, we use the following notations:

b+1
Uppe=Up, k=p-+ —

2 Main Results

To establish our main results, we shall require the following lemmas due to Dixit and Pal
[8], Altintas and Owa [1] and Baricz [4].

Lemma 1. ([8]) If f € R"(A, B) is of the form 1.1 then

anl < AP e v ), )

The bounds given in 2.1 is sharp.
Lemma 2. ([1]) A function f(z) defined by 1.2 is in the class T(\, ), if and only if

Z[n—/\an—a+)\a}|an|§1—a.

Lemma 3. ([1]) A function f(z) defined by 1.2 is in the class C(\, «), if and only if
Zn[n—)\an—a—l—)\a] lan] <1 —a.
n=2

Lemma 4. ([4]) If b,p,c € C and k # 0,—1,-2,... then the function u, satisfies the
recursive relation 4kuy,(z) = —cuyy1(2) for all z € C.

Theorem 5. Ifc <0, k > 0(k # 0,—1,-2,...), then z(2 — up(z)) is in T(\, &) if and

only if
(1 = aX)u, (1) + (1 — a)uy(l) < 2(1 — ), (2.2)
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Proof. Since

0 0/4 rL 1 n
z2 (2 —up(z ; R
according to Lemma 2, we must show that
S (—c/9)" !
;[n(l—)\a)—a(l—)\)]m <1-oa.
Now
S (=c/9)"!
nz::z [n(1 —aX) —a(l —\)] R
YT R YA
= n;)[( +2)(1 —aX) —a(l = A)] P 1)
. 0 C/4 n+1 . s (_0/4)n+1
1 )\ 7;) rL+1n' (1 ) z::o (k‘)n_H(n + 1)'

= (1 —aNu,(1) +

But this last expression is bounded above by 1 — « if and only if 2.2 holds.

proof of Theorem 5 is established.

Remark 6. In particular when ¢ = —1 and b = 1, the condition 2.2 becomes

(1 —a)[upy(1) = 1]

Saurabh Porwal, K. K. Dizit

27720 (p + 1) [(1 = aMpia(1) +2(1 = a)p(1)] <1 - a,

which is a necessary and sufficient condition for z (2 —

Cp(zlm) =2"T(p+ 1)Z_p/2jp(zl/2)'

Theorem 7. Ifc <0, k > 0(k #0,—1,-2
only if

(1 —aX)uy (1) +

Proof. Since

z2 (2 —up(2)

according to Lemma 3, we must show that

o}

Z nn(l —Aa) —a(l — )]

n=2

(3 = 20\ — a)uy (1) +

=3 g

n:2

(F)n—1(n—1)! =

sor), then 2 (2 —uy(2)) ds in C (N, «) if and

C/4n1
n 1TL—1)

n
b

(—c/49"

<1l-oa.

(p(21/%)) to be in T(\, ), where

(1 = a)uy(1) <2(1 - a),
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Now

S (—c/a)" "

;n (1 —aX) —a(l = N)] Fnoan =1
Re (—c/H"""
=) {0-aNn-1)n-2)+@B-2ar—a)(n—1)+(1 —a)}m

" (—c/4)" ! 2L (=4t < (_o/a)n—t
- 3 G 2 =) 3 gy - Y

[e o] —c n+1 0 —c n+1 o] —c n+1
:(1—@)\)2%4_(3_20»\_06)2( /4) '_i_(l_a)z%

=(1—an) ](; S C +(;)i/_41);;7 oy + (3201~ 0) SESS (2_6/4)71. +(1—a) {up(1

(1= aN) (1) + 3= 208 = @) S (1) 4 (1 @) Ly () - 1)
=(1 - aNuy (1) + (3 — 20X — @)u, (1) + (1 — a) {up(1) — 1}

But this last expression is bounded above by 1—« if and only if 2.5 holds. This completes

the proof of Theorem 7. O
Theorem 8. Let ¢ <0, k> 0(k#0,-1,-2,...). If f € R"(A, B) and the inequality
(A=B)|r| [(1 = aN)u,(1) + (1 — o) {up(1) = 1}] <1 —a, (2.6)

is satisfied then I(k,c)f € C(\, «).
Proof. By Lemma 3, it suffices to show that

oo
P1:Zn[n—/\om—o¢+)\a]|an|Sl—oz.
n=2

Since f € R7(A, B) then by Lemma 1 we have
(A-B)r|

la,| <
n

Hence

<(A - B)|7| Z (I—aX) —a(l=N)] (/4"

(kK)n-r(n —1)!
3 (—c/4)"
=(A — B)|7| HZ:; [(n+2)(1—a)) —a(l — )] (CRCES]
N P P S 7 el
= (=B |1 —a) 3 TP+ (-0 3 Ty

[ —c/4) <~ (—c/4)"
= (- B |- o) =Y > G (1= ) {ap1) - 1}]

= (A— B)|7| _(1 —a)) (_2/4) Upi1(1) + (1 — @) {u,(1) — 1}}
= (A-B)|r| [(1 - aMu,(1) + (1 — a) {u,(1) — 1}] .
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But this last expression is bounded above by 1 — « if and only if 2.6 holds. O

3 An Integral Operator

In the following theorem, we obtain similar results in connection with a particular integral
operator G(k, ¢, z) as follows

Glk,c,z) :/OZ (2 — uy(t)) dt (3.1)

Theorem 9. If ¢ < 0, k > 0(k # 0,—1,-2,...), then G(k,c,z) defined by 3.1 is in
C(\ @) if and only if

(1 —aXu,(1) + (1 —a)uy(1) =1] < (1 — ). (3.2)

Proof. Since

e n—1
G(k,c,z) =2z — Z » (=c/4)

zZ"
71:2 nln_l) n

_ i 0/4 n 1,

n=2

by Lemma 3, we need only to show that

in[n(l—)\a)—a(l—)\)]ﬂ<l—a.

o (k)n_ln' -
Now
> (—c/ym!
nn(l—Aa) —a(l —A)| ——~—7—
D R Ut mer
S (=c/4)"!
= n(l—Aa)—a(l =N)] ———F———
;[ ( ) —a(l=X)] s =1
oo
(—c/4)"*
= n+2)(1—-xa)—a(l = N)] ———F"—
3 [+ 2)(1 - 3) —a(1 - A) <k>n+1<n+ o
x© 4 n+1 e 4 n+1
0 (k)n+1n' n:O k)ns1(n + 1)
=(1 = aMuy(1) + (1 = a) [up(1) — 1]
which is bounded above by 1 — «, if and only if 3.2 holds. O
Remark 10. If we put ¢ = —1 and b = 1 in Theorem 7-9 we obtain analogues results of
2.3.
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1 Introduction

In the connection to some known results about functions preserving Z-convergence and
Z-continuity (see [1, 2, 3, 4]) we introduce the Z-derivative of a real function, i.e. the
derivative based on the notion of Z-convergence.

Z-convergence was introduced in [1] as a generalization of statistical convergence (see
[5, 6])-

In this paper we will elucidate the relationship of Z-derivative to usual derivative with
respect to the choice of ideals used in the definition of Z-derivative.

Definition 1. (see [7, p. 6]) A non-void family Z of subsets of a given set X is called
an ideal on X if it is hereditary and additive, i.e.

(1) AcZTand BC A= BeTI,
(2) AcZTand BeZI = AUBE€eLTL.

An ideal 7 is called a proper ideal if X ¢ T.

A proper ideal 7 is said to be admissible (see [1]) if Z contains every singleton.
The dual notion to the notion of an ideal is the notion of a filter.

Definition 2. (see [7, p. 6]) A non-void family F of subsets of a given set X is called a
filter on X if

(1) Ac Fand ACB = BeF,
(2) AcFand Be F = ANBeF.

A filter F is proper if 0 ¢ F.
Copyright (© 2013 Matej Bel University
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Obviously, for each ideal Z the system
FIZ)={X\A:AecTI}
is a filter on X.

Definition 3. (see [1]) Let Z be a proper ideal on the set N. A sequence (2, )nen of real
numbers is said to be Z-convergent to £ € R (Z-limz,, = &) if and only if for each € > 0
the set

Ale) ={neN: |z, — ¢ > €}

belongs to Z. The element ¢ is called Z-limit of the sequence (2, )nen.

In what follows we recall some basic properties of Z-convergence and of the notions
Z-limit inferior and Z-limit superior(see [8, 9]).

Theorem 4. (see [9]) Let (n)neN, (Un)nen be sequences of real numbers such that
I-limx, =¢, Z-limy, =n. Then

(a) T-lim(xy, - yn) =& - 1,
(b) I'hm(mn + yn) =+

Let t € R and (z,)nen be a sequence of real numbers. Put
M, ={n:z, >t} M'={n:x, <t}
Definition 5. (see [9])
(a) If there is a t € R such that M; ¢ Z, we put
Z-limsupxz, =sup{t e R: M; ¢ T}.

If M; € T for each t € R, then Z-limsup z,, = —o0.
(b) If there is a t € R such that M* ¢ Z, we put

Z-liminfz,, = inf{t e R: M"* ¢ T}.
If Mt € T for each t € R, then Z-lim inf x,, = +o0.
Theorem 6. (see [9]) The inequality
Z-liminf z, < Z-limsup z,
holds for every sequence (xy)nen of real numbers.

Theorem 7. (see [9]) The sequence (xy)nen of real numbers is I-convergent if and only
if

Z-liminf x,, = Z-lim sup z,,.
If this equality holds, then

Z-lim x, = Z-liminf x,, = Z-lim sup x,,.
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We use various types of convergences in the article. We also often use sequences of real
numbers with restrictions on their members. In order to keep the text comprehensible
we introduce following notations.

Let RY denote the set of all sequences of real numbers. Let x = (z,)nen. We put

S={zecR":z, #0,ncN},
Sz ={x: Z-limx, = 0,2, # 0,n € N}

and
Sf={reSr:2,>0,neN}, S ={zre€Sr:2, <0,neN}.

Note that Sz,, where Z; is the Fréchet ideal, contains only sequences convergent in the
usual sense.

2 Z-derivative
Definition 8. Let Z be an admissible ideal on the set N. A function f: R — R has an
Z-derivative d € R at a point xg, i.e. Z-f'(x¢) = d, if and only if

Tn

holds for each sequence (x,,)nen € Sz.

In [2, Theorem 1] it is showed that if a function f : R — R is Z-continuous at a point
o, ie.
Z-lim z, = xo = Z-lim f(z,) = f(z0) (2.2)

holds for each sequence (x,,)nen, then it is continuous at the point .

Proposition 9. Let a function f : R — R have an Z-derivative d € R at a point zg
where T is an admissible ideal on the set N. Then f is continuous at the point x.

Proof. Let (z,)nen € Sz. Obviously

F(0 + 2n) — flao) = LT T T = Jl20)

Tn

holds for each n € N. Thus

I—lim(f(a:o + xn) _ f(ﬂﬁo)) — 7-lim f(fL'O + SCn) — f(ﬂfo) T

z7l

According to the assumption and Theorem 4 we have
Z-lim f(zo + zn) = f(20)

what means that (2.2) holds for each sequence of real numbers and so f is continuous at
the point zg. O

For f: R — R and zy € R put

D* f(wo) = lim sup fzo +h) — flxo)
h—0+ h
Dguwngﬁﬂ%+2—ﬂmy

—0+

7
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The numbers DT f(xg), Dy f(z0), D™ f(x0), D— f(x0) are called Dini’s derivatives (see
e.g. [10, p. 27]) and it is well known that all Dini’s derivatives at the point z( are equal
to d € R if and only if f'(xo) = d.

For each x € SI+ we put

f(@o +an) — f(w0)

D7 f(x0) = Z-limsup ,
T,

D® f(zo) = Z-lim inf 120 ﬂ;) — fao)

and for each y € S

Dy f(w0) = I-limsup L 170 ¥n) = f(20)

Yn

DY f(wg) = Z-Tim inf L0+ ¥n) = /(w0).

Yn

Lemma 10. Let f : R — R and 29 € R. Let (zp)nen be an arbitrary sequence of real
numbers such that Z-lim z,, = xg, x,, # xg for each n € N where I is an admissible ideal
on the set N. Then

lirginff(x) < Z-liminf f(z,), (2.3)
Z-limsup f(z,) < limsup f(x). (2.4)

Proof. We will prove (2.3), the proof of (2.4) is quite similar.

Let A > 0. Put Oy = {f(z) : 0 < |z — 20| < A}. Because (2, )nen is Z-convergent,
the set {n : |z, — xo] > A} belongs to Z what implies {n : f(z,) € R\ O,} € T.
Let s = infO,. Case s = —oo is trivial so suppose that s € R. It is obvious that
{f(xn) : flxn) < s} € R\ Oy and so {n : f(z,) < s} belongs to Z what implies
s¢{teR:{n: f(z,) <t} ¢Z}. From the arbitrariness of the choice of A we have

it;}()){infOA} <inf{teR:{n: f(z,) <t} ¢ 7}

and the statement holds. O

Theorem 11. Let T be an admissible ideal on the set N. A function f: R — R has a
derivative d € R at a point xo if and only if Z-f'(zo) = d.

Proof. Let f'(x¢) = d. According to Theorem 6, Theorem 7 and Lemma 10 for each
S Sl+- we have
Dy f(x0) < DY f(zo) < D f(z0) < D f(0)

and for each y € S

D_ f(xo) < DY f(x0) < D, f(z0) < D™ f(0).
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Therefore (2.1) holds for each sequence from SF US; . It is sufficient to show, that (2.1)
holds for each z € Sz \ (S5 US;). By contradiction. Let there exists z € Sz \ (S UST)
such that (2.1) does not hold. For n > 0 we put

K,,_{n: f(@o + 2n) — f(20)

Zn

¢ Bld.w) )

where B(d,n) is open ball with center d and radius n. There is 7y such that K, ¢ T.
Hence at least one of sets

A={n:ne K, ,z, <0}, B={n:necK,,,z, >0}

does not belong to Z and it is infinite. Let it be the set B. Define the sequence s = (8, )nen
as follows. For n € B put s,, = z, and s, = % if n € N\ B. Obviously s € Sf US;,a
contradiction. If the set A does not belong to Z for n € A we put s, = 2z, and s,, = —%
ifne N\ A

Suppose now, that f does not have the derivative at the point xg. This implication
follows immediately from the fact, that if one of Dini’s derivatives is equal to s € R,
there is a sequence (x,,),en convergent to g such that the sequence (yy,)nen of numbers

fxo + xn) — f(l‘o)

Tn

n =

converges to s or if s = +o00(—00) there is a sequence (z,,)nen convergent to z such that
the sequence (yn)nen is increasing (decreasing) with limit +oo(—oc). Hence for each
admissible ideal Z the function f does not have Z-derivative at the point xg. O

In Definition 8 we have used the same ideal Z for Z-convergence in Sz and in (2.1).
It is quite natural to ask what (if any) difference in our results will be reached by using
various ideals.

Definition 12. Let Z;, Z> be admissible ideals on the set N. A function f: R — R has
a (Z1,Zy)-derivative d € R at a point xg, i.e. (Z1,Z2)-f'(z0) = d, if and only if

flxo+ zn) — f(z0)

Tn

Ti-limz, = 0 = Zs-lim

=d (2.5)

holds for each sequence (x,)nen € S.

Remark 13. Studying the proof of Theorem 11 we find that in case Z; C Zy we get
the same results for (Z,Z;)-derivative as well. The difference is reached if Z; \ Zy # 0.
The following theorem says that in this case (Zy,Zs)-derivative is no longer only local
property of a real function at a point.

Theorem 14. Let T;, Iy be admissible ideals on the set N such that Iy \ Zs # 0. Then
a function f: R — R has a (Z1,Zs)-derivative d € R at a point xg if and only if f is a
linear function.

Proof. The case if f is a linear function is trivial.
Supposse that f is not linear and (Zy,Z3)-f'(29) = d. So there exists z € R\ {0} such

that
f(zo+2) — f(=o)
z

=d #d. (2.6)



68 Vladislav Banas

Because 71, Iy are both admissible, there is an infinite set A € Z; \ Z,. Define sequence
(zn)nen as follows. If n € A put =, = z else z,, = % Obviously Z;-limz, = 0. Let
1 > 0 be such that d’ ¢ B(d,n). Then

{n: f(xo +2n) — f(20)

Tn

¢ Bld.n) ¢ o

That is a contradiction because for the sequence (z,)necn the implication (2.5) does not
hold. ]

Simultaneously with Z-convergence another closely related kind of convergence called
T*-convergence was introduced and investigated in [1, 9, 3], later generalized as Z"-
convergence in [11].

Let Z be an ideal on a set S and X be a topological space. A function f: S — X is
said to be Z-convergent to z € X if

fHU)={s€S: f(s)eU} e F(T)
holds for each neighborhood of =x.

Definition 15. (see [11]) Let Z, K be ideals on a set S. Let X be a topological space
and z € X. A function f: S — X is said to be ZX-convergent to x if there exists a set
M € F(Z) such that the function g : S — X given by

o(s) = {f(s), ifseM

x, otherwise

is KC-convergent to .

Proposition 16. Let 7 be an arbitrary and K an admissible ideal on the set N. Let
(Yn)nen € RN, lim Yyn = x. Then a real sequence (Tp)nen S I’C-convergent to x if and
only if there is a set M € F(I) such that the sequence (zp)neN, 2n = Tn forn € M
otherwise z, = yy, is K-convergent to x.

Proof. Let (x,)nen be T"-convergent to z, n > 0. Let M be the corresponding set
belonging to F(Z). Then U = {n : z, ¢ B(x,n) An € M} belongs to . The set
V={n:z, ¢ B(z,n) A\n ¢ M} is always finite or empty and since K is admissible the
union U UV belongs to K as well.

The converse implication can be proved using similar consideration. O

In [11] it is showed that Z*-convergence implies Z-convergence if X C Z. The con-
verse implication holds (assuming that X is a first countable topological space) if Z has
additive property with respect to K, or more briefly that the condition AP(Z, K) holds.
The condition AP(Z,K) holds, if for every sequence of mutually disjoint sets (A, )nen
belonging to Z there is a sequence (B, ),en of sets belonging to Z such that A, AB,, € K

forn € Nand B = J,,cyy Bn € T.

Definition 17. Let Z, K be admissible ideals on the set N.
A function f : R — R has an Z¥-derivative d € R at a point zg, i.e. Z"f'(zo) = d, if

and only if
f(xo +xy) — fl2n)

Tn

¢ lim z,, = 0 = Z"-lim =d

holds for each sequence (z,,)nen € S.
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Theorem 18. Let Z, KC be admissible ideals on the set N and f : R — R.
(a) If f'(x0) = d, then TF-f'(z0) = d.
(b) If T fulfils condition AP(Z,K), K C I and I®-f'(z¢) = d, then f'(zo) = d.
Proof. (a) Let (zy)nen € Szx, (Yn)nen € Sz,. Thus there is a set M € F(I) such that

the sequence (2, )nen, 2n = @y if n € M else z, = y,, is K-convergent to the point 0.
According to assumption, Proposition 16 and Theorem 11 we have

f(zO + xn) - f(l'n)

Tn

75 1lim =d.

(b) Let (xn)nen € Sz. Because 7 fulfils condition AP(Z,K) and K C Z the implica-
tions
Z-limz, = 0 = Z"limz, = 0,
f(xO + -Tn) — f(xn) = d = T-lim f(ifo + xn) - f(-rn)
Tn In

hold. Therefore Z-f'(xo) = d what is equivalent (Theorem 11) with f'(z¢) = d. O

7% lim =d

According to Definition 12 we can introduce next definition.

Definition 19. Let 77, Zo, K1, K2 be admissible ideals on the set N.
A function f: R — R has a (I, IX?)-derivative d € R at a point zq, i.e. (ZF',I5?)-
f'(zo) = d, if and only if

fxo + xn) — f(mn)

P -limx, = 0 = Z)>-lim
T

=d

holds for each sequence (z,,)nen € S.

Theorem 20. Let f: R — R and Iy, I, K1, Ko be admissible ideals on the set N. Let
Ty, Iy possess conditions AP(Z1,K1), AP(Z2,Ks) and K1 C Iy, Ky C Is.

(a) If T, C Ty then (TN, IX2)-f' (o) = d if and only if f'(xo) = d.
(b) If Ty \ To # 0 then (TN, IX2)-f'(x0) = d if and only if f is a linear function.

Proof. According to assumption the following equivalences
Ii-limz, =0« I{Cl—lim z, =0,

f(zo+,) — f(2n) f(@o+zn) — f(z0)

Zo-lim = d & Th2-lim =d
In Tn
hold. The statement of Theorem 20 follows from Remark 13 and Theorem 14. O
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Abstract

Let (X, ||-,--- ,-||) be a real n-normed space, as introduced by S. Géhler in 1969. We shall be interested
in bounded linear functionals on X, using the n-norm as our main tool. We study the duality properties
and show that the space X’ of bounded linear functionals on X also forms an n-normed space. We shall
present more results on bounded multilinear n-functionals on the space of p-summable sequences being
equipped with an n-norm. Open problems are also posed.
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1 Introduction

Let n be a nonnegative integer and X be a real vector space of dimension d > n.

A real-valued function ||-,..., || on X™ satisfying the following four properties:
N.1 ||z1,...,z,|| = 0 if and only if x4, ..., x, are linearly dependent,
N.2 ||z1,...,2zy]| is invariant under permutation,
N3 a1, ..., x.|| = | |21, .., 2| for any a € R,
NA ||z + 2}, 22, .., 2| < 21, 22, .- 20l + |27, 22, - - -, 20|,
is called an n-norm on X, and the pair (X, ||-,...,-||) is called an n-normed space.
In an n-normed space (X, ||-,...,||), one may observe that ||z1,...,2,|| > 0 and
lo1 + aoxo + -+ + @pp, oy .. X0 || = |21, 22, . ., ] (1.1)
for every z1,...,z, € X and ag,...,a, € R.

*corresponding author
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If (X,||-]|) is a normed space and X’ is its dual (consisting of bounded linear func-
tionals on X), the following function defines an n-norm on X:

filz) - falz)
lz1,...,z0]|¢ = sup < . (1.2)
Jiext =t fl(xn) fn(xn)

Note that the determinant on the right hand side may be negative for certain f;’s, but
in such a case we may replace one of the f;’s by its negative, so that the supremum of
these determinants is always nonnegative.

For another example, if (X (-, )) is an inner product space, we can define the standard
n-norm on X by

1/2
(wm1) - (onaa)) |
21, ...,z = : : . (1.3)
<.’En,.’E1> <xn7‘rn>

The determinant above is known as Gram’s determinant, whose value is always nonnega-
tive. Geometrically, the value of |1, ..., x| ¥ represents the volume of the n-dimensional
parallelepiped spanned by 1, ..., 2, (see [5]).

The concept of n-normed spaces was initially introduced by Géhler [1, 2, 3, 4] in the
1960’s. Recent results and related topics may be found in [8, 9, 10, 7, 11].

In this paper, we shall be interested in studying bounded linear functionals on X,
using the n-norm as our main tool. We prove an analog of the Riesz-Fréchet Theorem
and show that the dual space X', consisting of all bounded linear functionals on X,
also forms an n-normed space. We shall present more results when X is the space of
p-summable sequences being equipped with an n-norm. In addition, some open problems
will be posed.

2 Bounded Linear Functionals

Let (X, ,...,-]|) be a real n-normed space and f: X — R be a linear functional on X.
We may define bounded linear functionals on X by using the n-norm in several ways as
follows.

2.1 Bounded linear functionals (of 1st index)
Fix a linearly independent set Y := {y1,...,yn} in X. We say that f is bounded with
respect to Y if and only if there exists K > 0 such that

If($)| < KZHJ’"yizw'wyin

for all x € X, where the sum is taken over {io,...,i,} C {1,...,n} with is < -+ < i,.
[One might ask why we do not just take a linearly independent set {ya,...,y,} in X
and put |f(x)] < K||2,y2,...,yn| for all x € X. The drawback with this is that for
a nonzero vector z in the linear span of {ya,...,yn}, we have ||z, ya,...,yn|| = 0 while
f(x) # 0. This problem is overcome by taking a set of n linearly independent vectors
and form the sum as in (2.1). Indeed, one might observe that the sum is equal to 0 if
and only if x = 0.

For simplicity, we shall say ‘bounded’ instead of ‘bounded with respect to Y. Clearly
the set X7 of all linear functionals which are bounded on X forms a vector space. Now,
for f € X1, we define

(2.1)

If]l1 :==inf{K >0 : (2.1) holds}. (2.2)
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It is easy to see that

1flle = sup{|f(@)] = 2l gins ooyl < 13

Moreover, the formula (2.2) defines a norm on Xj.

To give an example, we invoke the notion of n-inner product spaces [11]. Assume
that X is of dimension d > n + 1. A real-valued function (-,-|-,...,-) on X" satisfying
the following properties:

L1 (x1,21|z2,...,2,) > 0 and it is equal to 0 if and only if x1,...,2, are linearly
dependent,
L2 (2, @i, |Tigy -, T4, ) = (X1, 21|22, . .., x,) for any permutation {iy,...,i,} of {1,...,n},

L3 (x,ylza, ..., zn) = (y,x|22, ..., Tpn),
L4 (ax,y|ze,...,xm) = alz,y|za,...,2,) for any a € R,

L5 (z+ 2 ylwe, ..., zn) = (z,ylze, ..., 20) + (&, y|z2, . ., T0),

is called an m-inner product on X, and the pair (X, (-,-|-,...,-)) is called an n-inner
product space.
Note that if (X, {(-,|-,...,-)) is an n-inner product space, then we can define an n-
norm ||-,...,-]| on X by
lx1, 2,y xnl := (x1, 1|22, . .. ,xn>1/2.

Here we have the Cauchy-Schwarz inequality:

|<$,y|5€27. .. ,Z‘n>| < ||1'7I27. e 7$n|| ||y,1'2, v a'rTLH
Now we give an example of bounded linear functionals on X. Let (X, (-,-|-,...,)) be
an n-inner product space, and [|-,...,|| := (-,-|-,...,-)}/? be the induced n-norm on X.
With respect to the set Y = {y1,...,yn}, define f : X - R by
f(ZL’) = Z<x7yi1|yiz,"'ayin>’ (23)
where the sum is taken over {is,...,i,} C {1,...,n} with i < .-+ < i, and i; €
{1,...,n}\ {ia,...,in}. Clearly f is linear. Furthermore, we have:

Fact 1. The linear functional f defined by (2.3) is bounded with || f|l1 = l|y1,-- - Ynl|-

Proof. We observe that for every x € X, we have

(@) < 22K yis [Yias - -5 v
< ZH"T?yigv"'vyinH Hyinyiz""ayin”
= Hylﬂ"'aynHZ”z7y127"'ﬂyin”

where the sum is taken over {is,...,in} C {1,...,n} with i < --- < i,. Thus f is
bounded with [|f]l1 < |ly1,.- -, Ynll-
To show that || f|l1 = ||y1,-- -, ¥nll, just take z := ||y1, ..., yn||"Ly1. Then we see that

Yo lz,viys -5y, =1 and
f@)] = llyrs- -yl )
= llyss - unll ™ s i [Yins - - 9i)
=Ny unll ™ Wy valy2, - yn)
= lly1,- vl Y- unll?
=ly1, -, Ynll-
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[Note that when i1 # 1 and {i2,...,i,} = {1,...,n} \ {i1}, we have
|<y15yi1|yi2a vee ayin>‘ < ||y17yi27 v ?yinH ||yi1ayi27 v vyin” =0

because one of y;,,...,y;, must be equal to y;.] O

2.2 Bounded linear functionals of p-th index
Fix a linearly independent set Y := {y1,...,¥,} in X and 1 < p < oco. We say that f is
bounded of p-th index (with respect to Y) if and only if there exists K > 0 such that

1
@I < K (Sl v -0, 17) (24)
where the sum is taken over {ig,...,i,} C{1,...,n} with is < --- < iy. [If p = 00, then
the sum is the maximum of all possible values of ||z, yi,, ..., ¥, ||.]

As in the case where p = 1, the set X;, of all linear functionals which are bounded of
p-index on X forms a vector space. Now, for f € XZ’)7 we define

1]l = inf{K >0 : (2.4) holds}. (2.5)

One then has
I fllp =sup{[f(@)] + oMz, Yo - -, 05, IP < 1}

Moreover, the formula (2.5) defines a norm on X

Fact 2. The linear functional f defined by (2.3) is bounded of p-th index with || f||, =
nl/?’ lly1,- .-, yn|l, where p’ is the dual exponent of p (that is, % + 1% =1).

Proof. For every x € X, it follows from Hoélder’s inequality that

/ 1
|f($)‘ < Z”xayiz""ayin” ||Z/1,~--7Z/n|| < nl/p ||Z/17~--7Z/n|| (ZHxvyizw"vyian) /;D,

whence || f[l, < 07 [ly1, ... yn]-
To obtain the equality, take = := n~P|ly1, ..., 4, " (y1 + -+ + yn). Then, using
(1.1), one may verify that >_ ||z, ¥i,, - - -, ¥s, ||’ = 1. Moreover, we have
F@)=n"Pllys, syl T A A Y Y Y 0
- nil/pHyl, o ﬂyn||712<yi17yi1 |yi23 v ayin,>

="yl T s gl
=n"" |y, .yl
This convinces us that || f||, = nt/v 515+ ynll- .

The following theorem tells us that X and X, are identical as a set.

Theorem 3. Let f be a linear functional on X. If f is bounded of 1st index, then f is
bounded of p-th index; and vice versa. In other words, X| = X

Proof. Suppose that f is bounded of p-index (with respect to Y = {y1,...,yn}). If x sat-
isfies > ||, Yiys - - -, Ui, || < 1, then each term of the sum is less than 1, i.e., ||, yiy, ..., ¥i, || <
1. Hence ||z, Yiyy - - - Y, |I” < 1%y Yigs - - - ¥4, ||, and so

Z||1'7yi27~-~7yian < E Hxayizv"'vyin” <1l
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Consequently, |f(z)| < | fllp, and thus f is bounded of 1st index with || f|j1 < || fll,-
Conversely, suppose that f is bounded of 1st index. If x satisfies > ||z, ¥iy, - - -, ¥i, ||
<1, then Y ||@, ¥iy, - - -, i, || < n'/P", where p’ is the dual exponent of p. Hence

Z”ﬁ’yiQ?"'?yin” S ]-7

and so ‘f(ﬁ)} < Ifllx or |f(x)] < n'/?'||f|. We therefore conclude that f is bounded
of p-th index with |||, < n'/*"|| f|. O

Remark 4. Unless we need to specify the index explicitly, we may simply use the word
‘bounded’ instead of ‘bounded of p-th index’. We also denote by X’ the set of all bounded
linear functionals on X and call it the dual space of X (with respect to V). Theorem 3
states further that, on X', the norms || - ||, are all equivalent to || - ||1, with

£l < 1fllp < 2/ (£,
for every f € X'.

2.3 Duality properties for p = 2

Let us now discuss another example of bounded linear functionals on the n-inner product
space X, using the linearly independent set Y = {y1,...,y,}. Lety £y, fori=1,...,n
Define f, : X — R by

fy(x) = Z<l’7y‘yi2,---7yi">, (2'6)

where the sum is taken over {ig,...,i,} C {1,...,n} with i < --- < 4,,. Then f, is
linear. Moreover, we have:

Fact 5. The linear functional f, defined by (2.6) is bounded of 2nd index with || fy|l2 =
1/2
(Z ||y7yi23"'ayin||2) .

Proof. For every x € X, it follows from Cauchy-Schwarz inequalities that

S ZHxvyZév' .. 7yinH ||y7yi27' .. 7yinH

< (Sl v 12 (Sl vins w0 12) 2

1/2

whence || fylla < (3 19, Yin» - -5 i, |1?)

Now, if we take z := (Z Yy Yins -y ¥i, 2)71/2 y, we get

9 —1/2

(ZHy7yi27"'7yz,L )

(ZHyayi’zv"'ayzn ) Z yay|y12ﬂ"'ayin>
(Sl 6,12 Sl v, 2
( )

| 2

1 2
Sy i v, [12)"

We must therefore have || fyll2 = (3 |, Yiss - - - Yin H2)1/2. O

It is desirable to have an analog of the Riesz-Fréchet Theorem for linear functionals
which are bounded of 2nd index on an n-inner product space. For that, we import the
following theorem from [9].
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Theorem 6 ([9]). Let (X,(:,:|-,...,-)) be an n-inner product space and ||-,...,:|| =

(..., )2 be the induced n-norm on X. With respect to the linearly independent set
Y ={y1,...,yn}, the mapping (-,-) : X x X — R given by

(x,y) = Z<xvy‘yi27"'vyin> (27)

defines an inner product on X, and its induced norm || - |2 : X — R is given by

1/2

lzllz = (Xl yias - wia1?) (2.8)

Corollary 7. If (X, (-,|-,...,")) is complete with respect to the norm ||-||2 in (2.8), then

for every linear functional f which is bounded of 2nd index on X there exists a unique
y € X such that

f@)=(z,y), zelX,

where (-,-) is the inner product in (2.7). Moreover, we have ||y|l2 = || f]|2-
Theorem 8. Let (X,|-,...,-||) be an n-normed space, X' be the dual space of X (with
respect to Y ), and || - ||2 be the derived norm on X given by

2)1/2.

l2ll2 = (X2, yis - - - i
Then, the function ||-,..., | : (X')* = R given by

fi(z) oo falz)
||f17~-~7fn||l:: sup . . .

;€X, lel‘zfl

defines an n-norm on X'.
Proof. Similar to the proof of Fact 2 in [6]. O

3 Bounded Multilinear n-Functionals on ¢?

In this section, we shall focus on the space of p-summable sequences of real numbers,

denoted by 7 = ({(R), where 1 < p < co. Recall that a sequence u := {uy}72, (of real
numbers) belongs ¢ space if |Jul, := (3 e, |uk|p)1/p < 0o. It is known that the dual
1

space of /P is 2" where % + = 1.

3.1 Several n-norms on ¢?
Using the formula (1.2), ¢? may be equipped with the following n-norm:

Sore i TYik D opeq T1kYnk
||x1,...,anf = sup : : , (3.1)

yi€l?', |lyilly<1| oo o
i Dbl TnkYlk D opeq TnkYnk

where p’ denotes the dual exponent of p. But there is another formula of n-norm that
we can define on /P, namely

1
P 5
Tik, - Tik, P

ol o= | ST , (3.2)

ki1=1 kn=1 Tpky Tk,
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where z; = {x;}72,, 9 =1,...,n. As shown in [12], the two n-norms are equivalent:
(n!)(l/p)_lel, ... ,xn||f < |z, ... ,anf < (n!)l/pHxl, . ,mn||f.

On ¢2, both n-norms coincide with the standard n-norm given by (1.3) [6].

Next, one may observe that, by taking the sums and like terms out of the determinant
and knowing that there are n! possible ways to do so (see [7]), the determinant on the
right hand side of (3.1) can be rewritten as

1 oo %) Tiky L1k, Yk, - Y1k,
=1 =1
ka kn xnkl et (Enk‘n ynkl e ynkn

By Holder’s inequality, we find that this sum is dominated by

1, @ally YL, ynlly-

This inspires us to define another n-norm on /P, namely

S he i TEYLE D opeq T1kYnk
lor ol = sup ; ; (33
i E€P |y, w2 <1
vie o, “p Zzozl TnkY1k - leil LTnkYnk
Theorem 9. The three n-norms on (7, namely ||-,...,-|1, |-,....- I}, and |-,..., o||§,
are equivalent.
Proof. By the observation above, we have [|z1,...,z,[) < |l21,..., 2. By Theorem
2.3 of [12], we have |[z1,... 2, | < ()P ||z, ..., zn . Now, using the inequality
lyss - yally < DYPlyally - lyally

(see Fact 3.1 of [7]), we see that if [jy[l,y < 1 for i = 1,...,n, then [jys,...,yall}} <
(n!)'/P. Hence we obtain

21, zallS < ()P |2y, 2l
The chain of these inequalities shows that the three n-norms are equivalent. O

3.2 Muiltilinear n-functionals on ¢?
By a multilinear n-functional on a real vector space X we mean a mapping F': X" — R
which is linear in each variable. A multilinear n-functional F' is bounded on an n-normed

space (X, ||, ...,-]|) if and only if there exists K > 0 such that

|F(z1,. . xn)| < K ||21,. .., Zs] (3.4)
for every z1,...,x, € X. Note that for a bounded multilinear n-functional F' on an
n-normed space (X, |-,...,||), we have F(z1,...,2,) = 0 when x1,...,z, are linearly

dependent. Moreover, we have the following proposition.

Proposition 10. If F is a bounded multilinear n-functional on an n-normed space
(X, ||+ -s°]l), then F is antisymmetric, that is

Fay, .. ) = sgn(0) F(2o(1), - To(n))

for any 1, ..., x, € X and any permutation o of (1,...,n). [Heresgn(c) =1 if o is an
even permutation and sgn(o) = —1 if o is an odd permutation.]
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Proof. We give the proof for the case where n = 2 and leave the other case to the reader.
Here, F' is antisymmetric if and only if F(z1,22) = —F(x9,x1) for every x1,z2 € X. To
see this, we observe that

F(331 + x9,T1 + 332) = F(J;l,xl) + F(l‘l,l‘g) + F(Z‘Q,Jil) + F(.IQ,JZQ).
But F(z,z) = 0 for every 2 € X, and so we are done. O]

We note that the set X* of all bounded multilinear n-functionals on (X, |-,...,-||)
forms a vector space. Next, for a bounded multilinear n-functional F', we may define

|F|| := inf{K >0 : (3.4) holds},

or equivalently
IF]| »= sup{|F(z1, ..., 2n)| ¢ [lz1, ... 2l < 1}

This formula defines a norm on X*.
We shall now discuss some multilinear n-functionals on ¢7 (where 1 < p < 00). Let
Y :={y1,...,yn} in 7, where p’ is the dual exponent of p. We define

Tik, - Tik, Yk, - Yik,

1 oo o0
FY(xl”mn):ﬁZZ ,  (3.5)
k=1 kn=1 Tnky *°°  Tnk, Ynk: °° Ynk,
for xy1,...,x, € £P. Clearly Fy is linear in each variable. Further, we have
By (1, zn)| < llans s @nlly Iy yallyhs

and so Fy is bounded on (€7, [|-,...,-[|21) with [|Fy[| < [[y1,. .., ynll}-

For p = 2, we have the following fact.
Fact 11 ([6]). Consider the n-normed space (¢2, ]|, ...,||4). For fixed linearly indepen-
dent Y := {y1,...,yn} in £2, let Fy be the multilinear n-functional defined as in (3.5).
Then Fy is bounded on (€2, |-,...,-||4) with

1By = Ny, -yl
Proof. From the inequality
|Fy(l‘1, s 7‘7:71)‘ < ||$1, s ’xnllg ||y17 s ,yn||§7

we see that Fy is bounded with ||Fy|| < ||ly1,- .., ynll2. Next, if we take

Yi .
.’I/‘z::”—H’ Z:17...7n’
Y1, .- 7yn||2
then ||z1,...,2,]|2 =1 and Fy(z1,...,2,) = ||[y1,. .., yal|t’. Hence we conclude that
IFv I = Ny, - ymllE H
Regarding the n-functional Fy on (¢, ]|-,...,-||[f'), we have an open problem.

Problem 1. Compute the exact norm of Fy in (3.5), especially for p # 2.

Problem 2. Can every bounded multilinear n-functional on P be identified by (Y1, - - -, Yn)
where y; € P, i=1,...,n?
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Note that the multilinear n-functional Fy may be reformulated as
Zzozl TikYik - Ezil T1kYnk
Fy(z1,...,2,) = : ) :
S TakYik D opet TnkYnk

From this expression, we get the following result.

Fact 12. Let e; := (0,...,0,1,0,...) where the k-th term is the only term with value
1. Then, for kq,...,k, € N, we have

Yk 0 Yk,
Fy(ex,...,ek,) = .
Ynk, e Ynk,,
Accordingly, the multiindex sequence {Fy (ek,;--.,€k, )} ky.... k, 1S p/-summable, in the
sense that .
Iy
1 o0 [ee) ylkl e ylk'n,
IOSES <

Ynky Ynk,

Proof. The first part is straightforward, while the second part follows from the fact that
Y1y .-, Yn € P and that the sum is actually equal to ||y, . .. ,yn||g. O

The following problem is still open.

Problem 3. Let F be a bounded multilinear n-functional on ¢P. Must the multiindex
sequence {F(eky,---, €k, ) b, .k, D€ D -summable?

In general, the converse of Fact 11 holds, as follows. (We leave the proof to the
reader.)

Proposition 13. Let ¢ := {ck, ...k, ty....k, be a multiindex sequence which is antisym-
metric and p’-summable. Then, the n-functional F,. given by

Fc({,Cl, . ,LL'n> = Z s Z L1k """ Tnk,Cky-kpns (36)

ki1=1 kn=1

where x; = (zik,)7o—y € P (i = 1,...,n), is linear in each variable, and is bounded on
(P ..., ||f) with

1/p’

1 & > )
A = DR DR

T ki=1 kn=1

Remark 14. Similar to Problem 1, we do not know the exact norm of the n-functional
F. in (3.6)
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