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In recent years, with developments of computer, high tech-
nique, and life science, more and more requirements were
proposed to functional analysis. There were a large number
of research articles published in the relative area and many
major discoveries have been obtained. At the present time the
ideas, terminology, and methods of functional analysis have
penetrated deeply, not only into natural sciences, but also into
applied disciplines. Many real world problems were analyzed
and solved by using the ideas and results of function analysis.
To fit the requirements, we edit this special issue.

The special issue represented the recent development in
geometric structure of Banach spaces, Bergman spaces, and
Minkowski spaces, random normed modules on function
space, linear and nonlinear operator theory, and the applica-
tions of modern analysis in related areas of mathematics, as
well as other disciplines, such as economics, finance and risk
management, dynamic systems, the natural and life sciences,
medicine, physics, and other real world problems.

The special issue consisted of twenty research articles con-
tributed by participants of the 4th International Conference
on Modern Analysis and Its Applications which was held at
the Tianjin University, China, from August 1 to 4, 2013. With
over 240 participants from different countries, the conference
proved highly successful in bringing together experts and
researchers and provided an opportunity to evaluate and
disseminate new ideas and methods in modern analysis.

Each paper has been peer-reviewed and the editors thank
the referees for their time and efforts to help ensure a high
standard for this special issue.

We hope that readers interested in function spaces and
operator theory will find in this special issue not only new
information about development of functional analysis, but
also important questions be resolved and directions for fur-
ther study. At same time, we hope that in the near future, we
can see new results to be published based on this special issue.
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The compact, invertible, Fredholm, and closed range composition operators are characterized. We also make an effort to compute
the essential norm of composition operators on the Cesaro function spaces.

1. Introduction and Preliminaries

Let (X, s, u) be a o-finite measure space and let L’ = 1%(X)
denote the set of all equivalence classes of complex valued
measurable functions defined on X, where X = [0,1] or
X =[0,00). Then, for 1 < p < 00, the Cesaro function space
is denoted by Ces, (X) and is defined as

Ces,, (X)

- {f e 1°(X) L(i j: |f(t)|du(t)>pd#(x) < oo}.
1)

The Cesaro function space Ces,(X) is a Banach space under
the norm

-(] L[ rolamo) aw) s o
see [1].

The Cesaro functions spaces Ces,[0,00) for 1 < p < c0
were considered by Shiue [2], Hassard and Hussein [3], and
Sy et al. [4]. The space Ces,, [0, 1] appeared already in 1948
and it is known as the Korenblyum, Krein, and Levin space
K (see [5, 6]). Recently, in [7], it is proved that, in contrast to
Cesaro sequence spaces, the Cesaro function spaces Ces ,(X)
on both X = [0,1] and X = [0,00) for 1 < p < oo are not
reflexive and they do not have the fixed point property. In [8],
Astashkin and Maligranda investigated Rademacher sums in
Ces,[0,1] for 1 < p < oo. The description is different for
l1<p<ooandp=o00.

Let T : X — X be a nonsingular measurable trans-
formation; that is, pLT_l(A) = //t(T_l(A)) = 0, for each
A € s, whenever u(A) = 0. This condition means that
the measure uT~" is absolutely continuous with respect to
. Let fy = duT™'/du be the Radon-Nikodym derivative.
In addition, we assume that f; is almost everywhere finite
valued or equivalently that (X, T7(s), @) is o-finite. An atom
of the measure y is an element A € s with u(A) > 0 such
that, for each F € s, if F C A, then either u(F) = 0 or
u(F) = u(A). Let A be an atom. Since y is o-finite, it follows
that (A) < oo. Also every s-measurable function f on X is
constant almost everywhere on A. It is a well-known fact that
every sigma finite measure space (X, s, 4) can be decomposed
into two disjoint sets X, and X, such that y is atomic over X,
and X, is a countable collection of disjoint atoms (see [9]).

Any nonsingular measurable transformation T induces
a linear operator Cr from Ces,(X) into the linear space of
equivalence classes of s-measurable functions on X defined
by Crf = foT, f € Ces,(X). Hence, the nonsingularity
of T guarantees that the operator C is well defined. If C;-
takes Ces,,(X) into itself, then we call that C; is a composition
operator on CesP(X). By B(CesP(X)), we denote the set of all
bounded linear operators from Ces,(X) into itself.

So far as we know, the earliest appearance of a composi-
tion transformation was in 1871 in a paper of Schrljeder [10],
where it is asked to find a function f and a number « such
that

(feT)(2) =af (2), (3)
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for every z, in an appropriate domain, whenever the function
T is given. If z varies in the open unit disk and T is an
analytic function, then a solution is obtained by Kdenigs
[11]. In 1925, these operators were employed in Littlewood’s
subordination theory [12]. In the early 1930s, the composition
operators were used to study problems in mathematical
physics and especially classical mechanics; see Koopman [13].
In those days, these operators were known as substitution
operators. The systematic study of composition operators has
relatively a very short history. It was started by Nordgren in
1968 in his paper [14]. After this, the study of composition
operators has been extended in several directions by several
mathematicians. For more details on composition operators,
see [15-27] and references therein.

Associated with each o-finite subalgebra s, < s, there
exists an operator E = E%, which is called conditional expec-
tation operator; on the set of all nonnegative measurable
functions f or for each f € L°(X,s,u), the operator E is
uniquely determined by the following conditions:

(i) E(f) is sy-measurable;
(ii) if A is any s;-measurable set for which _[ , Jdu exists,

we have _[A fdu = fA E(f)du.

The expectation operator E has the following properties:

(@) E(f-g°T)=E(f) (g°T)
(b) if f > g almost everywhere, then E(f) > E(g) almost
everywhere;

(0 E(1) =1
(d) E(f) has the form E(f) = g o T for exactly one o-

measurable function g, in particular, g = E(f) o T!
is a well-defined measurable function;

(e) |E(fg)|2 < (E|f|2)(E|g|2); this is a Cauchy-Schwartz
inequality for conditional expectation;

(f) for f > 0 almost everywhere, E(f) > 0 almost
everywhere.

For deeper study of properties of E, see [28].

Let & be a Banach space and let % be the set of all
compact operators on %B. For U € Z (%), the Banach algebra
of all bounded linear operators on & into itself, the essential
norm of U means the distance from U to % in the operator
norm; namely,

IUll, = inf {JU -S|l : S € #}. (4)

Clearly, U is compact if and only if [|U||, = 0. As seen in [29],
the essential norm plays an interesting role in the compact
problems of concrete operators. Many people have computed
the essential norm of various concrete operators. For the
study of essential norm of composition operators, see [30-33]
and reference therein.

The question of actually calculating the norm and essen-
tial norm of composition operators on Cesaro function
spaces is not a trivial one. In spite of the difficulties associated
with computing the essential norm exactly, it is often possible
to find upper and lower bound for the essential norm of
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Cr: Cesp(X ) — CesP(X ) under certain conditions on p
and X.

The main purpose of this paper is to characterize the
boundedness, compactness, closed range, and Fredholmness
of composition operators on Cesaro function spaces. We also
make an effort to compute the essential norm of composition
operators in Section 3 of this paper.

2. Composition Operators

In this section of the paper, we will investigate the necessary
and sufficient condition for a composition operator to be
bounded.

Theorem 1. Let (X, s, u) be a o-finite measure space and let
T : X — X be nonsingular measurable transformation. Then,
T induces a composition operator Cr. on Ces,(X) if and only if

there exists M > 0 such ﬂmt‘uT_1 (E) < Mu(E) foreveryE € s.

Moreover,

1/p

u(r @)Y
Cll = — ) (5)
Il 0<::;$<m<( h(®) )

Proof. Suppose that C; is a composition operator. If E € s
such that u(E) < oo, then i € CesP(X) and

W () = [Coxel? < IColPlel? = IClPue®). ©
Let M = [|Cy||?. Then,
uT™" (E) < Mu (E). 7)

Conversely, suppose that the condition is true. Then, uT ™" <
p and hence the Radon-Nikodym derivative f, of uT~" with
respect to p exists and f, < M a.e.

Let f € Cesp(X). Then,

et = [ (2 [l @ldn®) duo
<[ (L[ o) s

-[.(

< M? JX (i Lx |f ®)]du (U)Pdpl (x).

[ 171 o) et

R|=

Therefore, [|Cr f]| < M| f].

Now, Let N' = $Upy_,g)<0 ((T " (E)) Ju(E))?)"? Then,
((y(Tﬁl(E))/y(E))P)l/P < Nforall E € s and y(E) #0. Thus
(UT ' (E))? < NP(u(E))? forall E € s. By the first part of
the theorem, we have

ICrfl < N[f], VfeCes,(X). 9)
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Hence, |C| = supf¢0||CTf||/||f|| < N. Thus,

1 pN\ VP
wup (M) )
0<u(E)<oco u (E)

On the other hand, Let M = ||Cy| = supfthIICTfII/IIfII.
Thus, [CfI/IfIl < M for all f € Ces,(X), f #0. In parti-
cular, for f = yg,suchthat0 < u(E) < 0o, E € s,wehave f =

X € Ces,(X) and [Cryzl/lIxel = ((u(T™ (E))/u(E))'P <
M.

ICr] <

Therefore,

1/p
u(T(®)\
O<j(‘,§§’<oo<< (M(E) ))> <M=|C. @

From (10) and (11), we obtain

w(mr @)\
= sup ( _ ) ) (12)
0<u(E)<oco u (E)

O

|l

Theorem 2. If C; : CesP(X) — Cesp(X) is a linear trans-
formation, then Cr is continuous.

Proof. Let{f,}and{Cr f,} be sequences in Ces,(X) such that
fo— f Crf,— g for some f,g € Ces,(X). (13)
Then, we can find a subsequence {f,, } of {f,} such that
I fnk - f () — 0 for y-almost all t € X. (14)
From the nonsingularity of T,
(I -
Then, from (13) and (15), we conclude that Cf = g. This

proves that graph of C; is closed and hence, by closed graph
theorem, Cr is continuous.

T) (t) — 0 for p-almost all t € X.  (15)

3. Compactness and Essential Norm of
Composition Operators

This section is devoted to the study of compact composition
operators on Cesaro function spaces. A necessary and suffi-
cient condition for a composition operator to be compact is
reported in this section. The main aim of this section is to
compute the essential norm of the composition operators.

Theorem 3. Let C € B(CesP(X)). Then, Cr is compact if and

only szesP(Xe,nyl) is finite dimensional, for each € > 0,
where

-1

{ duT
X, ={xeX:
du

(x) = e} . (16)

3
Proof. For f € CesP(X), we have
1 x p 1/p
leefl = ([ (5] 1 eri0du) duw)
- (J (1.Jx|f|dy7*1(w)de(x>)up
x\x Jo
1(* -1 u -1 e W)
(LG vt o faar )
= "f“},tT’1
= 1f -
Then, Cy is compact if and only if I : CesP(Xe,ptT_l) —

Ces, (X uT™') is a compact operator if and only if
Cesp(Xe, ptT_l) is a finite dimensional, where I is the identity
operator. O

Corollary 4. If (X, s, u) is a nonatomic measure space. Then
no nonzero composition operator on CesP(X) is compact.

Let X = X; U X, be the decomposition of X into
nonatomic and atomic parts, respectively. If X, = ¢ or
u(X) = +o0o and X, consists of finitely many atoms, then,
by Theorem 3, Ces,(X) does not admit a nonzero compact
composition operator. Thus, in this case, # = {0} and hence
ICrI, = ICq.

Now, we present the main result of this section.

Theorem 5. Let X, consists of finitely many atoms. Suppose
that Ces,(Xe> uT™") is a finite dimensional; that is, X, = {x €
X (dyT"l/dy)(x) > ¢} is a finite dimensional. Let « =
infle >0: X, is a finite dimensional}. Then,

@) ICrl, = 0 iffa = 0;
(ii) ICrll, > o if0 < & < 1;
(i) ICyll, < @ ifa > 1.

Proof. (i) Theorem 3 implies that C; is compact if and only if
a = 0. So (i) is the direct consequence of Theorem 3.

(ii) Suppose that 0 < « < 1. Take 0 < € < 2« arbitrary.
The definition of & implies that F = x,,_/,) either contains a
nonatomic subset or has infinitely many atoms. If F contains
a nonatomic subset, then there are measurable sets E,,n € N
such that E,,, € E, € F,0 < u(E,) < 1/n. Define f, =
1/(‘1,t(En))1/PXE“. Then, || f,Il = 1, for all n € N. We claim that
f, — 0 weakly. For this, we show that jX f.gdu — 0, for
all g € (Ces,(X)). Let A € F with u(A) < coand g = y,4.
Then, we have

1
U anAdtu’ = ———;#(ANE,)
X (u

(En))

)
S(—) — 0 asn— oo.
n

(18)

Since simple functions are dense in Ces, (X)), thus f, is proved
to converge to zero weakly. Now, assume that F consists of



infinitely many atoms. Let {E,},’, be disjoint atoms in F.
Again, put f, as above. It is easy to see that, for A € F with
0 < u(A) < 0o, we have y(A N E,) = 0 for sufficiently large
n. So, in both cases, J-X f.gdu — 0. Now, we claim that
ICrfull = & — (€/2). Since 0 < & — (€/2) < 1, we see that

joasrd = ([ (4[] ternduco) auco) "

I\

Ifnl dy (t)) dy (x))l/P

NN

a—g)( ( Ifnldu(t)) du(x))l/p

o —

(I,
( (?ch |fn|f0(t)d[4(t)> dy(x)>l/p
(
(

[\SHNoY

(19)

Finally, take a compact operator S on Cesp(X ) such that |C—
Sl < ICrll, + (e/2). Then, we have

[ R CHAA
2lCfl-Istl -5 Qo)

2 (a-5)-Ishl - 5

for all » € N. Since a compact operator maps weakly
convergent sequences into norm convergent ones, it follows
ISf. — 0. Hence, |Crll, = « — €. Since € is arbitrary, we
obtain |Cr|, = «

(iii) Let « > 1 and take € > 0 arbitrary. Put K = X, .. The
definition of & implies that K consists of finitely many atoms.
So, we can write K = (E,,E,,...,E,,), where E,E,,...,E,,
are distinct. Since (LXKCTf)X =" xx(E) f(T(E)), for all
f € Ces p(X ), hence L XKCT has finite rank. Now, let F € X\ K
such that 0 < u(F) < oo. Then, we have

uT ™ (F) < (a+e€)u(F). (21)

It follows that || xz o T|| < (« + €)l x£ll. Since simple functions
are dense in Ces (X). We obtain

"ffup I f o Tl < fflllp D flsa+e (5

Finally, Since L 1 Cr 1s @ compact operator, we get

”CT - LXKCT" = sup |[(1- xx)Crf]
[l Fll<1

= sup |xxxCrfll (23)
l7ll<t

<«a+eE.

It follows that |C|l, < & + € and, consequently, [C|, < o

O
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Example 6. Let X = (-00,0] U N, where N is the set of
natural numbers. Let ¢ be the Lebesgue measure on (—00, 0]
and pu({n}) = 1/2"if n € N. DefineT : N — N as
T(1) =TR2) =T@3B) =1,T@4) = 2,T(5) = T(6) = 3,and
T(2n+1) =5, for n> 3.

Consider T(2n) = 2n — 2, forn > 4, and T(x) = 5x,
for all x € (—00,0]. Then, we can easily calculate |C|l, =
37YP on Ces,(X) for 1 < p < co.

4. Fredholm and Isometric
Composition Operators

In this section, we first establish a condition for the compo-
sition operators to have closed range and then we make the
use of it to characterize the Fredholm composition operators.
We also make an attempt to compute the adjoint of the
composition operators.

Holder’s inequality for Cesaro measurable function
spaces is that, if f € Cesp(X) and g € Cesq(X) such that
1/p+1/q =1, then

[ sadu < 151, (9

We find that every g € Ces,(X) gives rise to a bounded linear
functional Fg € (Cesp(X))* which is defined as

Fg(f)= Jfg du, for every f € Ces, (X). (25)

For each f € Cesp(X), there exists a unique T7(s) meas-
urable function E(f) such that Igf dy = IgE(f)dpt for
T~ (s) measurable function g for which the left integral exists.
The function E(f) is called conditional expectation of f with
respect to the o-algebra T~ (s). The operator Py : Ces,(X) —
Ces,(X) defined by Prf foE(f) o T is called the

Frobenius Perron operator where E(f) o T™' = g if and only
ifE(f)=g°T

Theorem 7. Let Cr € B(Ces,(X)). Then Cy has closed range
ifand only if there exists § > 0 such that f,(x) > & for y-almost

allx € suppf, = 8.

Proof. If f,(x)
min(8,1/8) < 1,

(1
e )d x)l/p (26)
|, % e e ) du o

(LG
(LG L e @) )

Hence, [[CrfIl > #lfl, for all f € Ces,(S), so that Cy has
closed range.

> § for p-almost all x € §, then, for 1 =

* [Cof] ) )“”
du(t) | d
L ”CTf” [’t( ) M(x)

R |~

—

—
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Conversely, suppose that C; has closed range. Then there
exists § > 0 such that

ICzf1= 8171, (27)

for every f € Ces,(S). Choose a positive integer n such that
I/n < 8. If theset E = {x € X : fy(x) < 1/n} has positive
measure, then, for a given measurable subset F C supp f,
such that 0 < u(F) < oo, we have

W™ (E) < () (28)

or equivalently

1
ICrxel < " Izl - (29)

This contradicts inequality (27). Hence, f, is bounded away
from zero on supp f. O

Theorem 8. Let C; € B(Ces,(X)). Then, ker Cy. is either
zero-dimensional or infinite dimensional.

Proof. Suppose 0+ g € ker Cy. Then E = supp g is a set of
nonzero measure. Now we can partition E into a sequence
{E,} of measurable sets, 0 < u(E,) < oo. We show that
9Xg,or € ker C1.. Consider

Ci (9x5,1) () = [ (915,) (Crf) s
(30)

= JE 9Cr (g, f) dp = 0.

Hence, if ker Cr is not zero-dimensional, it is infinite
dimensional. O

Corollary 9. Let C € B(Cesp(X)). Then, Cy is injective if
and only if T is surjective.

Theorem 10. Let C € B(Cesp(X)). Then, C has dense range
if and only if T™'(s) = s.

Proof. Suppose that C has dense range. Let E € s such that
Xg € Ces,(X). Then, there exists {f,} ¢ Ces,(X) such that
Crf, — Xg- Now, we can find a subsequence {f,, } of {f,}
such that Crf, — xpa.e. Now, each Cy f,, is measurable
with respect to T7'(s). Therefore, yj is measurable with
respect to T~ (s) so that yp = Xr-'(F)- Hence, T7'(s) =sae.
Conversely, suppose T™'(s) =sae IfE €50 < u(E) <
00, then there exists F € s such that pt(T_l(F)AE) = 0. Since
X is o-finite, we can find an increasing sequence {F,} of sets
of finite measure F, T F or TYF) \ Tfl(Fn) | 0. Hence,

for given € > 0, there exists a positive integer n, such that
‘u(T_l(F \ E,)) < € for every n > n,. Hence,

HCTXF - CTXFH - “CT (XF\Fn)
=
x » »
B (JX (i JO XT*I(F\F,,)d[" (f)> du (x))
<€,
(31)

for all n > ny. Then yr = x7-1() € ran Cr. This proves that
C has dense range. O

Theorem 11. Let C; € B(Ces,(X)). Then, Cr is Fredholm if
and only if Cr is invertible.

Proof. Assume that C; is Fredholm. In view of Theorem 8,
ker C; and ker C} are zero-dimensional so that Cr. is injective
and T7!(s) = s a.e. Therefore, by Theorem 10, C has dense
range. Since ran Cy is closed, so Cy is surjective. This proves
the invertibility of C;. The proof of the converse part is
obvious. O

Corollary 12. Let Cy € B(CesP(X)). Then, Cr is an isometry
if and only if T is measure preserving.

Proof. It T is measure preserving, then f, = 1 a.e. Therefore,

texrt= (], (5],
(LGS
(LG

=71

1/p
S o T ) dp (t)) au())

RI'—'

l/p
| folfldn (t)) du <x>)

kl'—‘

(32)

1/p
|f| du (t)> du (x)>

><|'—'

Hence, C; is an isometry. Conversely, if C; is an isometry,
then

ICrxel = |xel - (33)

This implies that M(T_I(E)) = u(E) for E €s.Hence, f, =
lae. O

Theorem 13. Let Cr € B(Ces,,(X)). Then, Cr=Pp.



Proof. Let A € ssuch that 0 < u(A) < co.Forg € Cesq(X),
(CrFg) (xa) = Fg (Crxa)
= J Crxagdu

= J Xa°Tgdy (34)

= JXAE (9)° T fodu

= Fygpor-15, (Xa)-

Hence, C;.Fg = Fpgyor-17,- After identifying g € Ces,(X)
with Fg € (Cesp(X))*, we can write C.g = E(g) o Tflfo =
Prg. O
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Two important techniques to achieve the Jackson type estimation by Kantorovich type positive linear operators in L? spaces are
introduced in the present paper, and three typical applications are given.

1. Introduction

It is well known that Kantorovich type operators are usually
used for approximation in L? spaces. Let f(x) € L1[70,1]’ the
class of all p power integrable functions on the interval [0, 1],
and #, ;(x) (j = 0,1,2,...,n,0r j = 1,2,...,n) be given
kernels satisfying

i‘%"xj (x)=1 <or i‘%nd (x) = 1) ,
j=1 @)

j=0
FHpj(x) 20, x€[0,1].

This paper discusses how well the function f(x) €
Lffo’l] can be approximated by the discrete Kantorovich-type
operators such as

n (j+1)/(n+1)
L) =0+ D) YT, [ T fod @
pars jln+1)
or
n ]/n
MUMFWZ%MWW f®at, (3)
s G-/n

and the L? approximation is characterized by

If =L (Ol < Colfse)po (4)

where ¢, a positive number depending on # only (such as

n 2w, is called Jackson order of LP approximation; and

C > 0, a constant depending sometimes upon p as well as the
kernels {%,, j(x)} (e.g., the kernels of the Shepard operators;
it contains a parameter A; see (10)), is called Jackson constant.
Since the kernel {#’ n,j(x)} can have two types, decided by
the summation indices, respectively (see (1)), the Kantorovich
type operators are therefore defined by (2) or (3). However,
with similar arguments, we can only investigate the positive
linear operators of the form of (3).

Sometimes, we need to write Q,(x,t) = %, j(x) for (j -
)/n <t < j/n, j=1,2,...,n; then the operators (3) can be
written as an integral form:

1
L, (f,x)=n L Q. (o0 f (t)dt: (5)

hence,

r@uﬁm=wﬁ (6)
0

This means, for Kantorovich type operators, there does not
exist any difference whether (3) or (5) is taken. In particular,
we give the following examples.

When the kernel function Q, (x, t) satisfies

90, (at) =

ax n(x’t) (t_x)> (7)

n
—=Q
¢ (x)
where ¢(x) > 0 satisfying ¢(0) = ¢(1) = 0 is a polynomial
with a degree at most 2, then the operators L,(f,x) have
exponential type, which have been studied deeply in [1-3],
for example.



When the kernel function %, j(x) in (3) is taken as
P, (x)
R (x) = =,
/ 22:1 Py (x)
k 1\ AN ()
ne-T1(2)
=1 \ 1

A
5.

where {x*, x*, ..., x*, .. } is a Miintz system satisfying that

AL, = A, - A,y = Mn (M is a given positive number), then
the operator L ,(f, x) becomes the rational Miintz operator:
n k/n
M,(fx) =nYR@ | f@ds )
P (k-1)/n

readers can refer to [4, 5].
When the kernel function %, j(x) of (2) is taken as
|x = j/n™

Yo lx—k/n ™

then the operator L, ( f, x) is the well-known Shepard opera-
tor

ri(x) = A>1), (10)

(k+1)/(n+1)
j f@wds )

n
Sua (fix)=(n+1) Zrk (x)
par Kk/(n+1)
one can check [6, 7], for example.
When the kernel %, ; (x) in (2) is taken as

P,;(x)= (’;) X (1 -x)", (12)

then we obtain the Kantorovich-Bernstein operator

J»(k+1)/(n+1)

B,(f,x)=(n+1) ) Py (x) f@6de, (3)
k=0

k/(n+1)

which has been studied most widely among the positive linear
operators of the form (2) (see [8-23]). Interested readers
could also refer to the related papers for the other similar
operators.

This paper will take the above three typical operators
(9), (11), and (13) as examples to illustrate two quantitative
methods on L? approximation. Over discussion, we find out
that the Jackson order in L? spaces to approximate f(x) €
L1[30,1] by the operators in (3) or (5) is decided completely by
the kernels {#, j(x)};.’zl, or by the kernel function Q,(x,t).
Therefore, on applying this idea, we need only to investigate
the properties of the kernels to obtain the magnitude of the
Jackson order of the corresponding operators, which seems
to be a different approach from the past L? approximating
methods.

2. Notations and Terminologies

In this section, we give all preliminary notations and termi-

nologies. For f(x) € Ll[jo’”, the usual L? norm is defined by

b 1/p
A, ={ [ roras) . Ul =1l 09
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and the L? modulus of continuity of f € Ll[jo,u is defined by
w(fs 6)LP = w(f; 6)]}[’0 1-6]

(15)
= sup ||f(x+t)—f(x)||Lp .
0<t<d (0.1-0]

To understand clearly L? approximation by the positive linear
operators, we need to make analysis of the kernels corre-
sponding to the operators. Hence, some new terminologies
on the kernels will be given and explained by some examples.
For convenience, C always indicates an absolute positive
constant and C, indicates a positive constant depending upon
at most x. C or C, may have different values at different
occurrences even at the same line. Sometimes we write %, =
H () = (K, (VL.

Definition 1. For any x € [0, 1], if there exists a real sequence
{O(k)}2, with 0 < O(k) < 1,k = 1,2,..., satisfying

Ky () <CO(|[nx] -r|+1), r=12,...,n, (16)

then {®(k)}2, is called a global domination of H,(x), or
we say #,(x) is globally dominated by {®(k)};2,, where [x]
indicates the greatest integer not exceeding x. In particular, if
(k) = qk, 0<gq<1k=12,...,then the kernel sequence
K ,(x) is called a globally dominated geometrical sequence, or
being dominated by a global geometrical sequence, or having
(global) geometrical order. If ®(k) = k™", p > 0,k = 1,2,...,
then the kernel sequence % ,(x) is called a globally dominated
arithmetic sequence with power p, or being dominated by a
global arithmetic sequence with power p, or having (global)
p-arithmetic order.

Definition 2. For any x € [0, 1], if there exist a sequence
{O(k)}p2, with 0 < ®(k) < 1,k = 1,2,... and an integer
subset N, ¢ {1,2,...,n} satisfying that

K, (%) <CO(|[nx] -r|+1), reN, (17)

then {®(k)}2, is called a local domination of F,(x). Like
in Definition 1, a locally dominated geometrical sequence of
K ,(x) and a locally dominated p-arithmetic sequence can be
defined similarly.

The conceptions of Definitions 1 and 2 will be illustrated
by the following examples.

Example 3. 'The kernel functions Ry (x) of the rational Miintz
operators defined by (9) satisfy
R, (x) < Cprexp (—Cy |[nx] —k|), k=0,1,2,...,n (18)

(see [4] or [5, Lemma 1]). The kernel functions Ry (x) then
have geometrical order.

Example 4. The kernels r(x) of the Shepard operators
S, (f;x) (A > 1) defined by (11) satisfy

2
[[(n+1) x]

A
rk(x)s< _k|+1>, k=0,1,2,...,n (19)
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(see [12, Lemma 1]). The kernels r;(x) have A-arithmetic
order.

Example 5. The kernels P, ;(x) of the Kantorovich-Bernstein
operators (13) satisfy
2
)

(20)

Py (%) = (2rnx(1 = %)) - exp (‘ﬁ(g B

where x € (0, 1), and k satisfies

——xl<n” (21)

n

for real number o« > 1/3 (see [15, Theorem 1.5.2]). That is
to say, if the set of all k satisfying (21) is written as N, then,
while k € N, P, (x) has asymptotic expression (20). Hence,
the kernels P, (x) of Bernstein operators, from Definition 2,
have local geometrical order.

Definition 6. Forr =0,1,...,and any x € [0, 1], denote

M (%,) = supZInx I H,; (%), (22)

nle:1
particularly,

M(%,) = M (),

(23)
D (%,) = M°(%,).
Definition 7. Forr = 1,2,..., write
DM" (#,,) = sup ) K'® (k), (24)

=3

where {®(k)};2, is the global domination of %,(x) in
Definition 1. In particular,

DM (%,) = DM" (%,). (25)

Example 8. For any € € (0, 1), from Example 3, we have

D (R (x)) < CMZ exp (—Cyek) < 00, (26)
k=0

where the kernels R.(x) (8), as well as ®(k) = e Ok from
Definitions 6 and 7, satisfy M" (%) < co and DM'(X},) <
oo forallr =1,2,...and any given 0 < € < 1.

Example 9. Propose that A > 1, write €, = (A + 1)/2. In view
of Example 4, we get

D (1’;’\ (x)) < 2A(A+l)/2 ik—)t()\ﬂ)/z < oo, 27)
k=1
Thus, from Definitions 6 and 7, the kernels r;(x) (10), as well
as O(k) = k™, satisfy M"(F%) < co and DM"(F%) < oo
for some r.

Remark 10. We make a brief discussion on the above defini-
tions.

(1) M"(X;) < 0o or DM' () < oo for some 0 < € < 1
obviously yields that M"(#,,) < co or DM' (%) <
00; the converse may not be true.

(2) The kernels having geometrical order satisty
M'(X;) < oo and DM"(#;) < oo for all r and
0<e<l.

(3) The kernels having p-arithmetic order satisty
D(X;) < oo for p > 1.

3. Elementary Approximation Technique (I)

This section gives one of the approximation techniques in
L? spaces by the Kantorovich type operators (3). We mainly
apply K-functional and maximum principle to obtain the
Jackson type estimation in L? spaces.

Theorem 11. Let {5,} be a positive null sequence. For any
f(x) € L}[701]’ 1 < p < oo, the Kantorovich operators defined

by (3) satisfy
(i) IL,,()ll;p which is uniformly bounded;
(i) L,,(It - xI, x) = O(3,).

Then, the estimate

1L, () = fll» < Cpw(f,8,)1p (28)
holds, where C,, is a positive constant depending upon p only.

p

(0.1’ from the definition of

Proof. For any function f(x) € L
the K-functional

Kk = (1f =gl +hld'],,). (29

inf
€ACyg,),9'€L?

where ACj;, indicates the set of all absolute continuous
functions on the interval [0, 1], we know that K(f, h);, and
w( f, h);» are equivalent (see [24, Theorem 2.1]); that is,

w(fsh)e = K(fh) (30)

where A, = B, we mean there is a constant C > 0
independent of h such that C"' A, < B, < CA,,.

For given f(x) € LI[’O,I], the Hardy-Littlewood maximum
function is defined by

5
M(f,x):supéj If (x + ) du, 31)
§>0 0

where if x + u ¢ [0, 1], we simply set f(x + u) = 0. It is well
known that (see [25])

"M(f)”LP < Cp"f”LP’ p>1L (32)

p
(0,17

124 = Flle < I2u(f = 9) = (F = 9
+L.(9) - gll»

Since for any g(x) € ACy 3, g (x)elL p > 1, we have

(33)



then the condition (i) of Theorem 11 induces that

124 = fller < ClF = gl + 20 (9) = gl 39

It is easy to deduce from definition (3) that
|Ln (g’ x) -9 (x)l

n ]/n
S”Z%n,j(x)j lg (t) - g (x)| dt
j=1 G=D/n

n jin t ,
= nZ‘%n,]’ (x)J J. g (u)du|dt (35)
=1 (j-1)/n 1Jx
I < il
SnM(g,x) Z%n)j(x)J |t — x| dt

s (-1
= M(g',x) L,(Jt-x|,x).
With the condition (ii) in Theorem 11, we obtain
L. (9.%) — g ()| < CM (g, x) &, (36)

Combining (32) and (36) leads to

“Ln(g) - g"LP < Cp8n“g’"]_p- (37)

Together with (34) and (37), we get

1L, = flue <CIf - gl +Coduld'],- 39

Finally, from the definition of the K-functional we achieve
that

“Ln(f) - f"LP s CpK(f> 8n)LP~ (39)

Therefore, in view of (30) and (39), we have completed
Theorem 11. O

4. Flementary Approximation Technique (II)

In Section 3, by applying the K-functional, we obtain the
Jackson type estimation in L? spaces for p > 1. However,
the Jackson constant in that case must depend upon p, and
thus we cannot establish corresponding result in L' space!
In this section, we will exhibit another efficient technique
in L? spaces which will be used to obtain Jackson constant
independent of p!
Theorem 12. Let f(x) € L1[70)1]’ 1 < p < 00, an € be given with
0 < € < 1 and the positive linear operators L, (f, x) defined
by (3). If the kernels # ,(x) with (1) are dominated globally
by {®(k)}2,, and for some 0 < € < 1 satisfy the following
conditions:

(i) D(F)) < o0,
(i) DM(X®) < oo,
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then, the estimate
L5 - fliy, <Colftfmy o)
holds, where C > 0 is an absolute constant.

To prove Theorem 12, we first give two lemmas.

Lemma 13. Given h with0 < h < 1 and f(x) € LI[JO)I], write
the Steklov function of f(x) as
h
S (x) = h! J f(x+u)du, (41)
0
where x + u € [0, 1]. Then, the following results hold:
h) —
() f}i (x) = M; (42)
@ Nf = fuler,, ,, < @i (43)

Proof. Equations (42) and (43) can be directly verified from
the definition of the Steklov function (41). O

Lemma 14. Propose that0 < a,b<1,0<d <L a+d <1,

and b + 6 < 1, then for any f(x) € LI[JO)I], one has

a+d b+d
[ ] 1r - s dxdy < 280 (fla- bl +0),.
(44)
Proof. This Lemma is proved in [7]; we give a sketch here for
self-completeness. Due to the symmetries on a and b, as well

as on x and y, we need only to prove the lemma under b > a.
By calculations,

La+6 J:+5 If (x) - f(}’)|pdx dy
? LM (E:ix [f - fOI dy) dx

a+d b+6-x
([ 1w sy a4
b-a

a

_, J-h—a+6 (Jma—y |f(x) TR y)|pdx> dy

b-a a
<200 (f,b—a+9),.
Lemma 14 is done. ]

Proof of Theorem 12. Take h = 1/n in the Steklov function
(41); check

IL.(5) - 1l

1-h,1]

) " rin P 1/p
= “1_}1<n;%n,, (x) L ” (fo-r (x))dt> dx]»

_ (46)
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by applying Minkowski inequality, we get

IL(H - fliy
n 1 r/n P 1/p
P _
< nZ?Hl_l/n FE(x) (L_l)/n |f () f(x)|dt> dx]> .
(47)
Then, apply Holder inequality:
LN~y
1/p S ! 4 i r v
<n ,_21“11 x (x)J - ) dtdx} .
(48)

When x € [1 - 1/n,1], [nx] = n— 1. From the definition of
the domination, we know

Ky () CO(|[nx] —r|+1)=CO(Jn—r—1]+1).

(49)
Then,
12.(F) = fllp

[1-h,1]

<CnPY o (n-r-1]+1)

r=1

1 r/n 1p
- p
§ 1J.l—l/n J-(r—l)/n |f ® f (x)| dt dx} .

(50)
Applying Lemma 14, we have
LH -l
! n—r+1
<CYD(ln—-r-1]+1 (, )
Zl (n-r=1+Deo(f——)
st< l) ZCD(|n—r—1|+1)(n—r+1)
n/srr.—
1 n
( —> Z(ln—r—1|+1)q)(|n—r—1|+1).
n :
(51)
Applying (ii), we see that
n
Yn-r=1+1D)®(n-r-1]+1)
r=1
(52)

n
<Y (In-r=1+ D)0 (n-r-1]+1)
r=1

= DM (X)) < 0o,

so that we obtain

12O = fle

[1-1/n,1]

< Cw< 1. l>m. (53)

n

Now we verify the case when x € [0,1 — 1/n]. It is
(r+l)/nf(t)dt _

fu(r/n). By the definition of Kantorovich type operators,
rewrite

Ln(f"x)_fh(x)

not difficult to see from Lemma 13 that nj

n r/n
_ nzl.% (x) L_W FOdt - f, ()

1>_fh(x)> ey

EMEIEAE
Z%m o J 1)/

r=1

" fh (u) du.

This leads to
"Ln (f) - fh“i)[’ -

1-1/n
_ L IL, (f,x) - f, (x)[Pdx

1-1/n P
[

n (r-1)/n ,
Ky (X) J fn (W) du| dx

r=1

1-1/n / n p
J (Z%pl /(p-1) (x))

Z%PE (x)

j=1

~1/n / n P
. J~01 1/ <Z%,1,;e (x))

r=1

Z% ()‘

-1

(55)
dx

(j-1)/n , p
J- (W) du

pfl

(j-D/n
J 'fh (u)' du|d

Since D(%i_e) < 00,

1L () = full2s
[0,1-n"1]

» 1-1/n n
]

j=1

p—l
T (x )‘

X

(j-D/n
JI TAGIETER




6
e (7 I-1\|j-1 |/
N (T L=
l;]; 0 -] n n
(j-D/n
X J |th (u)'Pdu dt
t+((1-1)/n)
n-1n
SCPnPY Yo (- j-1]+1)
1=1j=1
x(Jl-j-1]+1)""
(j-1/n
X J |f,; (u)|Pdu ,
(56)
where
-1
l—, for j > 1,
=4 " (57)
-, for j <1
” or j
Note that
n-1n 1
220 (= j- 1+ 1) (- -1+ )"
1=1j=1
(j=D/n
X J |f;'l (u)|pdu
= Z ®F (m) mP™
m=1 |l-j-1l+1=m
1515}171,15]‘57[ (58)
j-D/n
S AT
T
n 1-h p
< Z@pe(m)mpflﬂm-‘[ |f;:(u)| du
m=1 0
1-h p n P
SZJ 'fé(u)' dw(ZmCDe(m)) )
0 m=1
Furthermore, condition (ii) implies that
n
Zmd)e (m) < DM (X},) < oo. (59)
m=1
This means
B 1-1/n , p
1L, (f) - fhniﬁl-w < CPyP L |fy )| du.  (60)

However, from Lemma 13,

~1/n
[ o

0
1-1/n
_ P j
0
1

Snpwp<f,—> ,
e

n

f (e %) - f(u)‘pdu (61)
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which leads to

1

1w () = ullr < Cw(ﬁ ;)LP. (62)

,nfl]

Combining (62) with (43), we get

< Cw( 1 1) . (63)

n/rre

I, ()~ Al

)
This, with (53), finishes Theorem 12. ]

For L' space, we have the following result while condi-
tions of Theorem 12 can be loosed.

Theorem 15. Let f(x) € LI[O,H, L, (f,x) be defined by (3).
If the kernels with (1) are dominated globally by {®(k)} and
satisfy DM(¥ ) < 0o, then the estimate

£ (H) = Fl < Cof £7) (64)
holds.

Proof. The argument of proofis similar, and we can just repeat
the corresponding parts of the proof of Theorem 12. O

Remark 16. (1) If the kernels possess good properties, the
conditions of Theorem 12 can be easily verified on the
terminology of domination. For instance, if the kernels
have geometric order, then the corresponding conditions of
Theorem 12 are obviously satisfied (see the next section).

(2) There exists essential difference between Theorem 11
and Theorem 12. Theorem 11 requires weaker conditions than
Theorem 12 does, but the latter obtains stronger result (the
Jackson order is complete up to 1/n, and the Jackson constant
is independent of p!); we will make further illustrations in the
coming section.

5. Applications

This section illustrates how to apply Theorems 11 and 12
to estimate L? approximation. To check the efficiency of
two techniques on L? approximation by Kantorovich type
positive linear operators, three examples will be exhibited.
Those positive linear operators come from three different
categories: rational Miintz operators from rational Miintz
systems; the Shepard operators from general real rational
function systems; and Bernstein polynomials from the poly-
nomial system. Moreover, in our point of view, they represent
three different types: positive linear operators with kernels
of geometric order, positive linear operators of arithmetical
order, and positive linear operators of local geometric order.
It is because the kernels have different domination properties
or different speeds of {®(n)} that the L? approximations by
the corresponding positive linear operators possess different
Jackson orders.

To show the key role of the global (or local) domination
on the kernels, the condition (ii) of Theorem 11 will be further
explicated to the following lemma.
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Lemma 17. For any kernel # ,(x), one has
L,(t-x|,x)=0(n")(M(%,)+1). (65)
Especially, if the kernels % ,(x) are globally dominated, then
L,(t-x|,x)=0(n")DM(%,). (66)

Proof. From definition (3),

r/n

L,(t-x|,x)=n) K, (x) J |t —x|dt.  (67)

=1 (r-1)/n

For any x € [0, 1], there exists an integer m such that
(m=1)/n < x < mnsthen [, |t - x|dt will be calculated
according to the following three cases, respectively.

(@) When1 <r <m,

r/n r/n
I It—xldtzj (x-D)dt
(r-1)/n (r-1)/n (68)
Hwere3)
=n "|nx-r+-]J.
2
(b) Whenm+1<r<mn,
rin rin
J |t—x|dt:J (t—x)dt
(r-1)/n (r-1)/n (69)
Hromes)
=n"|r-nx-=].
2
(c) When r = m,
m/n m/n o 5
j |t—x|dtsj wldt=nt (70)
(m-1)/n (m=1)/n
Combining (a), (b), and (c), we obtain that
r/n ,
J- [t —x|dt <n " (|[nx] —r|+1). (71)
(r-1)/n

From Definition 6, (67) and (71) yield (65). At the same
time, since the kernels of L ,( f, x) are globally dominated, we
obtain by Definition 1 that

Ky () <CO(|[nx] —r|+1), r=12,....,n. (72)

Thus,

L,(t-x|,x) < Cn_li (Ilnx] = 7|+ 1) D (|[nx] — 7|+ 1);
r=1

(73)

that is, from Definition 7, (66) holds.
Lemma 17 is done. O

5.1. Rational Miintz Approximation. Rational Miintz Approx-
imation has been researched in [5], shows the application of
Theorem 12, and simplifies the proof of [5].

Write

A

An:{x’l‘,x’lz,...,x "}, (74)

where span{x*}, A, € A,, is the class of all linear
combinations of {xA"}ZZI. For f(x) € L define

(0.1
R,(f,A) = mi - .

n(fA) = min |f—r|, (75)
Corollary 18. Given f(x) € Lf[’o’l], 1 < p < oo, the
rational Miintz operators are defined by (9). If AL, > Mn,

n=1,2,3,..., where M > 0 is an absolute constant, one has

1

R,(f:0) <MD~ fly < Cuo(£i2) (0

where Cy, is an absolute constant depending only upon M
(independent of p!).

Proof. We verify that M, (f, x) satisfies all the requirements
of Theorem 12. Take ®(k) = e vk where C v > 0 is the
constant appeared in [4], or [5]; see the following inequality
(77). Given a fixed € with 0 < € < 1, we verify that

i) D(Ri’e(x)) < 00.

From [4], or [5],

Ry (x) < Cyrexp (—Cy |[nx] — k) . 77)
Then,

YR, (x) < Car Y, exp (~Colinx] = Kl (1 - )
Pt k=1
78)

< CMZ exp (—Cpk (1 —€)) < oo0.
k=0
(ii) DM (R (x)) < oo.
Due to Example 3, we have ®(k) = exp(—C,k). From
Definition 7,

DM (Ry) = suka exp (—C,ke)
n>1p_q

(79)
< Zk exp (—Cyke) < co.

k=0

Therefore, Corollary 18 can be deduced from Theorem12. [J

By the same argument of (ii), we obviously can obtain
DM(R;) < 00. From (66), we know M, (|t — x|, x) = on™).
Moreover, it is simple to verify | M,,()ll,, < co (see, e.g., [7]).
Hence, applying Theorem 11, we get

Corollary 19. For rational Miintz operator M,,(f, x) (9), one
has

R,(fiA),, < cM,pw< f %)LP, (80)

where Cy, ,, is depending on M and p.



Remark 20. Since the kernels Ry (x) (8) have geometrical
order (see Example 3), they certainly satisfy the conditions
of both Theorems 11 and 12. Hence, L? approximation by
these rational Miintz operators can always reach the Jackson
order by applying both techniques of Theorems 12 and 11.
However, for these operators, the conclusion of Corollary 18
surely contains Corollary 19 and makes the latter trivial.

5.2. The Shepard Operators. The approximation of the Shep-
ard operators in the continuous function space C ;; has been
studied very deeply (see [13, 26-32]). The L? approximation
by the Shepard operators is investigated in [6, 7].

Corollary 21. Proposed that f(x) € L¥

(0.1 P > L the Shepard
operators are defined by (11). Then,

”Sn,)t(f) - f"LP < Cp,/\w(f’ en)Lw (81)
where
nt, if A>2,
€, = 1n 'logn, if A=2, (82)
n', if 1<A<2.

Proof. By applying Theorem 11, we verify this result.

(@) 1S,2()l,, are uniformly bounded (see [6]).

(i) S, (It = x|, x) = €, (Lemma 17, Inequality (66)).

Due to Example 4, we know that the global dominated
sequence is ®(k) = k™. Then, from Definition 7,

DM (1, (x)) = sukad) (k) = sukal_)L. (83)

n>1 n>1j—q

When A > 2, ¥ k'™ < co.

When A =2, Y1 k' < 2logn.

When1 <A <2, Y k'™ <™.

By Theorem 11, Corollary 21 holds. O

Corollary 22. Propose that f(x) € L}[)o,u’ 1 < p < oo, the

Shepard operators are defined by (11). If A > 3, then

1
1S () = flr < C/\“’(f’ m)p’ (84)

where C, depends on A only.

Proof. Theorem 12 will be applied to prove this result. The
details can be referred in [7]. When A > 3,lete = (A +1)/2A,
then 0 < € < 1, Ae > 2 and A(1 —¢) > 1. Evidently, the
Shepard kernels have A-arithmetic order (see Example 4). We
check the corresponding conditions of Theorem 12:

i) D(r,ife(x)) < 00.
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From Definition 6 and Example 4,
n
AEY
k=1

< CA};)(”(” S KD o

(e}
<C, $K9 < oo
k=1
Then,
(i) DM(r(x)) < oo.
Note that the present dominated sequence ®(k) = k™*;
then from Definition 7

DM (r (x)) = sukaCD€ (k) < sukalf’\e <co. (86)
n>1p_q n>1 1

Corollary 22 is completed from Theorem 12 as (i) and (ii)

hold. O

Remark 23. The difference between L? approximation tech-
niques (I) and (II) with respect to Theorems 11 and 12 is fully
exhibited on the Shepard operators by Corollaries 21 and 22.
Stronger requirements by applying technique (II) than by
applying technique (I) are needed. However, if the conditions
are satisfied, the former can obtain essentially better result
(the Jackson constant is independent of p!). On this particular
case, we can obtain the Jackson type estimation by applying
technique (I) for A > 1, while achieve the corresponding
result by applying technique (II) only for A > 3. We still do
not know how to deal with the cases when 1 < A < 3 by
applying technique (II).

5.3. Bernstein Operators. There are many results on L?
approximation by Bernstein polynomials; interested readers
may refer to [8-23]. These results can be classified into the
following categories:

(1) uniform convergence; see [8, 12, 15, 18];
(2) quantitative estimations; see [10, 11, 14, 19];
(3) equivalence theorems; see [16, 17];

(4) saturation problems; see [9, 16, 20-23].

Here, we apply our technique (I) to test the corresponding
Jackson type estimation as an example. The following proof is
simpler than the past proof.

Corollary 24. Given f(x) € LJ[JO,I]’
following estimation:

1
18,09~ flly < Cpa %)U. 37)

p > 1, one has the

Proof. |B,(f)ll;» is uniformly bounded which is known from
[33]. We only need to evaluate B, (|t — x|, x) from Theorem 11.
It is known from [15, page 15] and Definition 6 that

M (P, (x)) = supz [nx — k| P, (x) < C/n. (88)

n=1 k=0
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From (65) of Lemma 17 and (88),

B,(It-x|,x)=0(n" )M (P (x)) =0(n?)  (89)

which, from Theorem 11, leads to Corollary 24. O

Remark 25. The approximation order of Corollary 24 is
sharp which shows that (88) cannot be improved. In other
words, M(P,,(x)) is unbounded. Hence, the approximation
technique (II) or Theorem 12 cannot be applied in this case.
That is to say, we can never obtain the Jackson constant
independent of p for Bernstein polynomials in L? spaces.
Furthermore, Corollary 24 also exhibits that Kantorovich
type operators (2) or (3) cannot reach Jackson type estimation
with the Jackson constant independent of p unless their
kernels possess good properties such as having globally
geometric domination (rational Miintz approximation case)
or having global p-arithmetic domination for sufficiently
large p (the Shepard operators with A > 3).

6. Conclusions

On the above discussions, the positive linear operators used
in L? approximation can be classified according to the prop-
erties of their kernels. We have three categories: kernels with
geometrical order (such as the rational Miintz operators),
kernels with arithmetic order (such as the Shepard operators),
and kernels with local arithmetic order (such as the Bernstein
operators). In another word, for characterizing the Jackson
type estimate in L¥ spaces by the Kantorovich type operators
(3) or (5), it always plays an essential role how well the kernels
of the operators under study behave.
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This paper considers a simple repairable system with a warning device and a repairman who can have delayed-multiple
vacations. By Markov renewal process theory and the probability analysis method, the system is first transformed into a group of
integrodifferential equations. Then, the existence and uniqueness as well as regularity of the system dynamic solution are discussed
with the functional analysis method. Further, the asymptotic stability, especially the exponential stability of the system dynamic
solution, is studied by using the strongly continuous semigroup theory or C, semigroup theory. The reliability indices and some
applications (such as the comparisons of indices and profit of systems with and without warning device), as well as numerical

examples, are presented at the end of the paper.

1. Introduction

A repairable system is a system which, after failing to perform
one or more of its functions satisfactorily, can be restored to
fully satisfactory performance by any method, rather than
the replacement of the entire system. With different repair
levels, repair can be broken down into three categories (see
[1]): perfect repair, normal repair, and minimal repair. A
perfect repair can restore a system to an “as good as new”
state, a normal repair is assumed to bring the system to any
condition, and a minimal repair, or imperfect repair, can
restore the system to the exact state it was before failure.

Repairable system is not only a kind of important system
discussed in reliability theory but also one of the main
objects studied in reliability mathematics. Since the 1960s,
various repairable system models have been established and
researched.

However, in traditional repairable systems, it is assumed
that the repairman or server remains idle until a failed
component presents. But as Mobley [2] pointed out, one-
third of all maintenance costs were wasted as the result of
unnecessary or improper maintenance activities. Today, the
role of maintenance tends to be a “profit contributor.” There-
fore, much more profit can be produced when the repairman
in a system might take a sequence of vacations in the idle time.

Repairman’s vacation may literally mean a lack of work or
repairman taking another assigned job. From the perspective
of rational use of human resources, the introduction of repair-
man’s vacation makes modeling of the repairable system more
realistic and flexible. This is due to the fact that in practice,
the vast majority of small-and medium-sized enterprises
(SMEs) cannot afford to hire a full-time repairman. So, the
repairman in SMEs usually plays two roles: one for looking
after the equipment and one for other duties. Under normal
circumstances, the repairman has to periodically check the
status of the system. If he finds that the system failed, he
repairs it immediately after the end of vacation; otherwise, he
will leave the system for other duties or for a vacation.
Vacation model originally arised in queueing theory and
has been well studied in the past three decades and success-
fully applied in many areas such as manufacturing/service
and computer/communication network systems. Excellent
surveys on the earlier works of vacation models have been
reported by Doshi [3], Takagi [4], and Tian and Zhang [5].
A number of works (e.g., please see [6-10] and references
therein) have recently appeared in the queueing literature
in which concepts of different control operating politics
along with vacations have been discussed. And Ke et al. [11]
provided a summary of the most recent research works on



vacation queueing systems in the past 10 years, in which a
wide class of vacation policies for governing the vacation
mechanism is presented.

In the past decade, inspired by the vacation queue-
ing theory, some researchers introduced vacation model
into repairable systems. The available references concerning
repairman vacation in repairable systems can be classified
into two categories: one is focused on the system indices and
the other is the optimization problems.

For the first category, Jain and Rakhee [12] considered
the bilevel control policy for a machining system having two
repairmen. One turns on when queue size of failed units
reaches a preassigned level. The other’s provision in case of
long queue of failed units may be helpful in reducing the
backlog. The steady state queue size distribution is obtained
by applying the recursive method. Hu et al. [13] studied the
steady-state availability and the mean up-time of a series-
parallel repairable system consisting of one master control
unit, two slave units, and a single repairman who operates
single vacation by using the supplementary variable method
and the vector Markov process theory. Q. T. Wu and S. M. Wu
[14] analyzed some reliability indices of a cold standby system
consisting of two repairable units, a switch and a repairman
who may not always be at the job site or take vacation. Yuan
[15] and Yuan and Cui [16] studied a k-out-of-n:G system
and a consecutive-k-out-of-n:F system, respectively, with R
repairmen who can take multiple vacations and by using
Markov model; the analytical solution of some reliability
indices was discussed. Yuan and Xu [17] studied a deteriorat-
ing system with a repairman who can have multiple vacations.
By means of the geometric process and the supplementary
variable techniques, a group of partial differential equations
of the system was presented, and some reliability indices were
derived. Ke and Wu [18] studied a multiserver machine repair
model with standbys and synchronous multiple vacations,
and the stationary probability vectors were obtained by using
the matrix-analytical approach and the technique of matrix
recursive.

For the second category, Ke and Wang [19] studied a
machine repair problem consisting of M operating machines
with two types of spare machines and R servers (repairmen)
who can take different vacation policies. The steady-state
probabilities of the number of failed machines in the system
as well as the performance measures were derived by using
the matrix geometric theory, and a direct search algorithm
was used to determine the optimal values of the number
of two types of spares and the number of servers while
maintaining a minimum specified level of system availability.
Jia and Wu [20] considered a replacement policy for a
repairable system that can not be repaired “as good as
new” with a repairman who can have multiple vacations.
By using geometric processes, the explicit expression of
the expected cost rate was derived, and the corresponding
optimal policy was determined analytically and numerically.
Yuan and Xu [21, 22] considered, respectively, a deteriorating
repairable system and a cold standby repairable system with
two different components of different priority in use, both
with one repairman who can take multiple vacations. The
explicit expression of the expected cost rate was given, and
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an optimal replacement policy was discussed. Yu et al. [23]
analyzed a phase-type geometric process repair model with
spare device procurement lead time and repairman’s multiple
vacations. Employing the theory of renewal reward process,
the explicit expression of the long-run average profit rate for
the system was derived, and the optimal maintenance policy
was also numerically determined.

However, to the best knowledge of the authors, whichever
the catalogue, the references above only concentrated on
the steady state (the steady-state indices or the steady-state
optimization problems) of the systems. It is because that
the transient behavior of a system is difficult to be studied.
Therefore, in reliability study researchers usually substitute
the steady-state solution for the instantaneous one of a
system, for the steady-state solution can be easily obtained
by Laplace transform and a limit theorem. Whereas, Laplace
transform should be based on the two hypotheses: (1) the
instantaneous solution of the interested system existed and
(2) the instantaneous solution of the system is stable. Whether
the hypotheses hold or not is still an open question and
should be justified. Moreover, the substitution of the steady-
state solution for the instantaneous one is not always rational.
For detailed information or explanations, please see [24, 25].

Warning systems emerge in the background of repairable
systems which are stepping into the times of requiring of
both advanced warning and real-time fault detection. The so-
called warning system is able to send emergency signals and
report dangerous situations prior to disasters, catastrophes
and/or other dangers need to watch out based on previ-
ous experiences and/or observed possible omens. Real-time
warning systems play an important role in fault management
in banking, telecommunications, securities, electric power,
and other industries. If the warning prompts during system
operation, operating staff can choose shut down the system,
operate carefully, or repair the system. Warning systems can
help users to achieve the 24-hour uninterrupted real-time
monitoring and alerting during running of various types of
network infrastructure sand application services. Therefore,
there is a need to study the repairable systems with warning
device.

This paper considers a simple repairable system with
a warning device and a repairman who can have delayed-
multiple vacations. The delayed-multiple vacations mean that
the repairman will not leave for a vacation immediately if
there is no component failed. However, there is a stochastic
vacation-preparing period in which if a failed component
appears he will stop the vacation preparing and serve it
immediately; otherwise, he will take a rest on the end of the
vacation-preparing period. When he returns from a vacation,
he will either deal with the failed components waiting in
the system or prepare for another vacation. In this paper,
we are devoted to studying the asymptotic behavior of the
system by strongly continuous semigroup theory and make
comparisons of indices (such as reliability, availability, and the
probability of the repairman’s vacation) and profit of the two
systems with and without warning device.

The paper is structured as follows. The coming section
introduces the system model specifically and expresses it
into a group of integrodifferential equations by Markov
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renewal process theory and the probability analysis method.
Section 3 discusses the existence and uniqueness as well as the
regularity of the system dynamic solution by the functional
analysis method. Section 4 studies the asymptotic behavior
of the system by strongly continuous semigroup theory or C,
semigroup theory. Section 5 presents some reliability indices
of the system, and the steady-state indices are discussed from
the viewpoint of eigenfunction of the system operator. In
Section 6, comparisons of indices and profit of systems with
and without warning device are made. And a brief conclusion
is offered in the last section.

2. System Formulation

The system model of interest is a simple repairable system
(i.e., a repairable system with a unit and a repairman) with
repairman vacation and a warning device. It is described
specifically as follows: at the initial time ¢t = 0, the unit is
new, the system begins to work, and the repairman starts
to prepare for the vacation. If the unit fails in the delayed-
vacation period, the repairman deals with it immediately,
and the delayed vacation is terminated. Otherwise, he leaves
for a vacation after the delayed-vacation period ends. If the
warning device sends alerts in the delayed-vacation period,
the repairman will stay in the system until the unit fails.
Whenever the repairman returns from a vacation, he either
prepares for the next vacation if the unit is working or deals
with the failed unit immediately or stays in the system if
the warning device has sent alerts. The repair facility neither
failed nor deteriorated. The unit is repaired as good as new.
Further, we assume the following.

(1) The distribution function of the working time of the
unitis F(f) = 1—e ™, t >0, Aisa positive constant,
and the distribution function of its repair time is

G(t) = [} gx)dx = 1 — e b and [* 1dG(r) =
1/b.

(2) The distribution function of the delayed-vacation
time of the repairman is D(t) = 1 —e ™, t > 0, e is
a positive constant, and the distribution function of
his vacation time is V(t) = 1 — e ", y, is a positive
constant.

(3) The distribution function of the time of the warning
device from its beginning to work to its first sending
alerts is U(t) = 1 — e ™' ¢t > 0; a, is a positive
constant.

(4) The above stochastic variables are independent of
each other.

Set N(t) to be the state in which the system is at time t,
and assume all the possible states as follows:

0: the system is working, and the repairman is preparing
for the vacation;

I: the system is working, and the repairman is on
vacation;

2: the system is warning, and the repairman is in the
system;

3: the system is warning, and the repairman is on
vacation;

4: the unit failed, and the repairman is on vacation;
5: the repairman is dealing with the failed unit.
Then, by using probability analysis method, the system

model can be described as the following group of integrodif-
ferential equations:

(i +s+0¢0)Po(t):‘uOP1 (t)+JOO//t(x)P5(t,x)dx,
dt 0
d P, (t) =eP, (t
<a+1/‘o+“0> ) (1) = ePy (1),

(£+/‘>Pz (1) = ay Py (1) + oy P5 (1),

dt
q 1
<a + Yo + /\) P, (t) = ayP, (1),
d
o )P0 = AP, (1),
0o 0
[a + I +‘u(x)] Py (t,x)=0.
The boundary condition is
P (t,0) = AP, (t) + o Py (t) . (2)
The initial conditions are
P, (0) = 1, the others equal to 0. (3)

Here, P;(t) represents the probability that the system is in
state i at time ¢,i = 0,1,...,4, and P;(¢, x)dx represents the
probability that the system is in state 5 with elapsed repair
time lying in [x, x + dx) at time ¢.

Concerning the practical background, we can assume that

u(x)=0, pu= sup p(x)<oo. (4)

x€[0,00)

3. Existence and Uniqueness of
System Solution

In this section, we will study the existence and uniqueness
as well as the regularity of the system solution. Firstly, we
will transform the system (1)-(3) into an equivalent integral
problem (P) by the method of characteristics. Secondly, the
existence and uniqueness of the local solution of problem
(P) are discussed by using the fixed point theory. Then, the
existence and uniqueness of the global solution of problem
(P) is further studied by a uniform priori estimate. Thus, the
existence and uniqueness of the solution of system (1)-(3) are
obtained. Moreover, the regularity or the C' continuity of the
system solution is also discussed.



3.1. Unique Existence of System Local Solution. For conve-
nience, we will give some notations. Let

L, =L'[0,00), V,=CI[0,T], v, =C([0,T],L,)
(5)
with norm
loll, = |, loGola
11, = mas 7 ). ©
loll, = max | g ()] dx.
Choose
M=1{g€V,1q(0)=1,920,|q] <2}. @)

Clearly, M is a closed subspace of V.

By the method of characteristics [26], the following
equivalent proposition can be easily obtained [27, 28].
Theorem 1. For a given constant T > 0, P(t) € V,, i =

0,1,...,4, Pi(t,x) € V, are the solution to (1)-(3) if and only
if they are the solution to the following integral problem (P):

t 00
P (t) = e et J-o [yOPl (s) + L p(x) Ps (s, x) dx

~ e—(s+o¢0)(t—s) dS,

t
Py (1) = J &P, (s) o (Hota)(t=s) ds,
0
t
P, (t) = J [Py () + piPs (s)] M) g
0
t
P (t) = J aP, (s)e otV g
0

t
P, (t) = j AP, () e o0 g,
0

P (1, x) 0, x>t
,X) = .
° [AP, (£ — %) + o P, (t — x)] e ot T <,
(P)

Clearly, to get the existence and uniqueness of the solution
of system (1)-(3), it is necessary to study the existence and
uniqueness of the solution of the above integral problem (P).
To this end, for any g € V;,, we define six operators as follows:

Ko(g) (6) = 7"

+ J [I/‘oKl (q) (s)
0
- (8)
+ J p (%) Ks (q) (s, x) dx
0

—(£+0c0)(t—s)d

xXe S
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Kl (q) (f) — Jt &q (S) e*(/‘o+0¢g)(l‘fs)ds’ (9)
0
K, (q) (t) = L (g (5) + oK (q) (5)] e ¥ ™9ds,  (10)
K;(q) () = Jt K, (q) (s) e M=) g (11)
0

Kila) )= [ MK (@@ e Tds, (12

K (q) (t.x) = [AK; (q) (t = ) + oK,y (q) (¢ = )]
13
w ¢ Jo HOIT 13)

It can be seen that for g € V,, if the operators K;,i = 1,2,...,5
are determined, it needs only to get the fixed point of the
operator K, in order to get the existence and uniqueness of
the solution of the integral problem (P).

From (9)-(13), the following two lemmas can be easily
obtained.

Lemma 2. Fora given constantT > 0 such thatt € [0,T], then
for any q € M, there exist unique and nonnegative K;(q) € V,
i=1,...,4and Ks(q) € V] satisfying (9)-(13).

Lemma 3. For a given constant T > 0 such that t € [0,T],
then for any q,q € M, the following estimations hold:

I, (q)] < 2¢T,
IK, (a) - K, (@) < eT |la -4,
IKs (9)] < 20T,
IK3 () - K5 (@] < «oeT* lg - ]l
|K2 (@) < 2067 (1 + poeT?),
IK; (q) = Ky (@) < T (1 + oeT?) g -l
1K, (q)]] < 2AageT?,
1Ky (@) = Ky @) < Atge T g -]

IKs (@)] < 22aoT> (1 + 2p0T?),

(14)

"Ks (Q) - K ((7)" < A“OTZ (1 + 2.“oeTz) "q - q" :

Theorem 4. There exists a T = T, > 0, such that K, has a
unique fixed point on M.

Proof. We prove the theorem in two steps. Firstly, we prove
that the operator K|, is a mapping from M to M. From the
definition of K,, we can know that if g € M, then K(g) € V,
and K;(q)(0) = 1. Choose 0 < T, < 1 satisfying

1
Té (o€ + phrog (1 + 2ppe)] < 3 (15)
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Then, from (8) and Lemmas 2 and 3, it can be derived that

— 2
1Ko (9)] = max Ky () ()] < 1+27

X [Ho€ + uday T (1 + Zﬂost)] (16)

<1+2T° [toe + phog (1 + 2pge)] < 2.

This implies that K,(g) € M.

Secondly, we prove that the operator K, is a strictly
compressed mapping on M. For any q,§ € M, from (8) and
Lemma 3, we have

”Ko (a) - K, (fj)”

<T? [ptos + ure T (1 + Z/AOSTZ)] ||q - Ej”
~ (17)
< T [uge + Ay (1+ 2p408)] [l -

1
<3la-al.

This means that K|, is strictly compressed. According to the
Banach contraction mapping principle combining the above
two steps, it can be deduced readily that K, has a unique fixed
point on M. The proof of Theorem 4 is completed. O

Theorems 1 and 4 combing Lemma 2 follows the existence
and uniqueness of the local solution of system (1)-(3).

Theorem 5 (existence and uniqueness of local solution).
There exists a T = T, > 0 such that the system (1)-(3) has a
unique nonnegative local solution (Py, Py, ..., Py, Ps) € Vg XV},

3.2. Unique Existence of System Global Solution. In this
section, we will prove the existence and uniqueness of the
global solution of system (1)-(3) by a uniform priori estimate
and extension theorem.

Lemma 6. For a given constant T > 0, if (P, P,,..., P, P5) €
Vi x V, is the nonnegative solution of system (1)~(3), then one
has:

E@®) <, vtelo,T], (18)

where E(t) = ?:0 P(t)+ IOOO P, (t,x) dx, Q = max{e+ay, yy +
Go» Yo + A, p} and p is defined in (4).
Proof. Because the solution of system (1)-(3) is the solution

of problem (P), the estimation of the system solution can be
obtained easily as follows:

t
Py (t) < e et 4 Jo UoP (s)ds

t
+J’
0

J'oo p(x) Ps (s, x) dx] ds
0

t
S1+yOJ. P, (s)ds
0

+u Jt UOOO P, (s, x) dx] ds,

0

t

P (t)<e L P,y (s)ds,

t t
P, (1) <« J Py (s)ds + J P; (s)ds,
0 0

t t
P () < a I P (s)ds,  P,(t) < AJ P, (s)ds,

0 0

J PS(t,x)de/\J P, (t—x)dx
0 0
+yoj P, (t—x)dx
0

=A Jt P, (s)ds + jtP4 (s)ds.

0 0
(19)

Thus,

4 o)
E@) = i:ZOPi ) + L P, (t,x) dx

£1+(s+oc0)JtPo(s)ds
0

+ (b + o) Lt P (s)ds+ A Lt P, (s)ds (20)

t
0

+u Jt UOOO P, (s, x) dx] ds.

0

+(P‘0+A)J- Ps(s)d5+[¢0L P, (s)ds

Let Q = max{e + o, pgy + &g, Yy + A, p}, then E(t) < 1 +
Q Jot E(s)ds. The Gronwall Inequality follows the estimation

immediately: E(f) < el forall t € [0,T]. The proof of
Lemma 6 is completed. O

From Theorem 5, Lemma 6, and extension theorem, the
existence and uniqueness of the system solution can be
derived readily as below.

Theorem 7 (existence and uniqueness of global solution).
For any T > 0, the system (1)-(3) has a unique nonnegative
solution (Py, Py, ..., Py, P;) € V5 x V.

3.3. Regularity of System Solution. In this section, we discuss
the regularity or the C' continuity of the solution of system
D-(3).

From Theorem 1 and the expressions in problem (P) and
noting the assumption (4), the following result is obvious.



Theorem 8. Forany T > 0, if (Py, P, ..., Py, P;) € Vg x V, is
the nonnegative solution of system (1)-(3), then P, € C[0,T],
i=0,1,...,4and P; € C([0,T] x [0, 00)).

Theorem 9. For any T > 0, assume u(x) is continuous on
[0,T]. If (Py, Py, ..., Py, Py) € V x V, is the nonnegative solu-
tion of system (1)-(3), then P, € C'[0,T],i = 0,1,...,4,P; €
CY(D), where D = {(t,x) |0 <t < T,0 < x < t}.

Proof. From Theorem 1 and the expressions in problem (P)
combing the assumption (4), it is not difficult to know that for
any T > 0,if (P, Py, ..., P, P5) € V7 x V, is the nonnegative
solution of system (1)-(3), then P;(t) is differentiable on [0, T']
and Pi'(t) € C[0,T] by Theorem 8,i = 0,1,...,4. That is,
P(t) € C'10,T],i = 0,1,...,4. And with the expression of
Ps(t, x) in problem (P), we have

0P; (t, x) e
Sa—t = [APZ' (t—x)+ yOP; = x)] e Jou@d ,
x <t
> x >t,
OP. (t, x) .
Sa—x = [_M)zl (t—x) = phoPy (t - x)] o~ Joudr
—u (x) [AP, (t = x) + yP, (t — x)] e Joumadr
x <t
> X >t
(21)
Then,
0P, (t, x) ~ [ o
ot x<t A(xoe >
x—t
OP(t, x) o
ot x>tt -
(22)
M — —AOCOE_ f: pt(r)dr’
ot x<t
x—t
oP.
QLY = 0.
ot x>tt

Therefore, by the continuity of PZ' (1), P; (t),and p(x) on [0, T,
it can be yielded that P;(¢, x) € CY(D),where D = {(t,x) | 0 <
t < T, 0 < x < t}. The proof of Theorem 9 is completed. [J

4. Stability of System Solution

In this section, we will study the asymptotic stability and
exponential stability of the solution of system (1)-(3). For
convenience, we will first translate the system equations into
an abstract Cauchy problem in a Banach space. Then, the
asymptotic stability of the system solution is discussed by
analyzing the spectral distributions of the system operator
and that of its adjoint operator. Further, the exponential
stability of the system solution is studied by analyzing the
essential spectrum bound of the system operator.
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4.1. System Transformation. In this section, we will translate
the system equations into an abstract Cauchy problem in a
suitable Banach space.

First, choose the state space X to be

X = {P:(PO,PI,...,P4,P5(x))T|R €R,i=0,1,...,4,

4
Py (x) € L' (R,), 1Pl = Y |P| + Pl sa, < 00} :
i=0

(23)

Here, R, denotes the set of nonnegative real numbers.
Obviously, X is a Banach space.
Next, define operator A as follows:

—(e+ay) Py + pyP, + I:Oy (x) P (x) dx
—(ag + ) Py + €Py
AP = —AP, + oy Py + pPs ’
~(A+ ) Py + Py
—HoPy + AP
—P; (%) = p (%) Py (x)
D(A)={P=(PyP,,.... P, Ps (x))"
eX|Pl(x)eL' (R,);
P, (x) is an absolutely continuous
function satisfying

P, (0) = AP, + pyP, } .
(24)

Then, the system (1)-(3) can be rewritten as an abstract
Cauchy problem in the Banach space X:

dt

P(t,) = (Py(t),.... Py (), Ps (£, %))

=AP(t,"), t=0

(25)
P(0,-) 2 P, = (1,0,...,0)".

4.2. Properties of System Operator A. In this section, we will
study some properties of the system operator A.

Lemma 10. The system operator A is a densely closed dissipa-
tive operator.

Proof. Firstly, we prove that A is a closed operator. Choose
P, = (P, Pys..., Py Ps(x))' € D(A), P, —» P = (P,

P,...,P,P(x))", AP, - Q = (QpQps-..,Qy Qs(x))’,
n — o0. By Proposition 1 ([29, I11.2.10]), we know that the
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differential operator 9 is the infinitesimal generator of a left
translation semigroup {T}(t)},5, with domain

D (2)

={f€L1(R+)|f

is absolutely continuous satisfying
flel' ®,)}.

Because D(9) is closed and P,; € D(D), then P; € D(9),
that is, Ps'(x) e LY(R +), and P5(x) is absolutely continuous.
Moreover, P5(0) = AP,, + yyPy, — AP, + yyPy, n — oo.
Thus, P € D(A). Therefore, it is not difficult to get that AP =
Q by noting the bounded measure of y(x). This implies that
A is a closed operator.

Next, we prove that D(A); the domain of A is dense in
X.Forany F = (Fy, F,,...,F, Fs(x))" € X,let P, = F,,i =
0,1,...,4. Because F5(x) € L'(R,), then for any & > 0, there
exist §; > 0 and G > 0 such that

(26)

[ 0
L |F5 (x)] dx < 2, JG |F5 (x)| dx < § (27)

Set & = min{d;, 1/6(1 + |AP, + yyP4|)}, and define

AP, + uyP,, 0<x<8
Py (x)=1g(x), §<x<G (28)
0, x> G.

Here, g(x) is continuously differentiable function on [§, G]
satistying g(8) = AP; + uP,, g(G) = 0 and

G €

J |P; (x) — g ()] dx < 3 (29)
B

Choose P = (P, P, ..., Py, P5(x))T, then P € D(A), and
s
IP=Fl = | [Py ()~ F; (0] dx
G
+ L |P; (x) = Fs (x)| dx

+ JG |P; (x) = Fs (x)| dx (30)

5 )
<J |P5(x)|dx+J IF; (x)] dx
0 0

e € e 2
+ -+ =< (AP, + ygP) 6+ -+ —
373 ( 2t Ho 4) 6 3

<E.

This implies that D(A) is dense in X.
Thirdly, we prove that A is a dissipative operator. In

fact, for any P = (PO,Pl,...,P4,P5(x))T € D(A), choose
Q = (QpQp---»,QpQs(x))', where Q; = |P|sgn(P),

i=0,1,...,4,Qs(x) = |P|lsgn(Ps(x)). Clearly, Q € X*
R® x L®(R,), the dual space of X, and (P,Q) = [P|*
[QII>. Moreover, it is not difficult to know that (AP, Q) < 0.
This manifests that A is a dissipative operator. The proof of
Lemma 10 is completed. O

Lemmall. {y e C|Rey > 0ory =ia, a € R\ {0}} c p(A),
the resolvent set of the system operator A.

Proof. For any G = (G, Gy, ...,G,, Gs(x))T € X, consider
the operator equation (yI — A)P = G. That is,

(y+e+ay) Py =Gy + P, + Jo p(x)Ps (x)dx,  (31)

(y + g+ thy) P, = G, + P, (32)

(y +A) P, = G, + ayPy + P, (33)
(y+A+po) Py = Gy + oy Py, (34)

(y + o) Py = Gy + AP, (35)
Pi(x)+ (y+pu(0))Ps(x) =G5 (x),  (36)
P (0) = AP, + py P, (37)

Solving (36) with the help of (37) yields

P, (x) = P; (0) ¢ Jo (r##(eds

+ J Gs(1)e J7 s g (38)
0
= (AP, + pyPy) e Jo Gresteds Ys (%),

where Yz (x) = f: Gs(1)e” [ breuNds g By [30], there exists a
constant N, such that

() x
j e lor93q < N wes 0. (39)
t

Thus, Ps(x) € Ll(R+).
Substituting (38) into (31) derives

(y +e+a) Py = Gy + Py

+ J p(x)
0

x [P e fy treu(ds |y ()] dx (40)
= o P, + (AP, + iy Py)

0 . d
x J p(x)e [ oreudsqye 4 Yo,
0

where Y, = G, + .[OOO p(x)Y5(x)dx.



8 Journal of Function Spaces and Applications
Combing (40) and (32)-(35) follows the following matrix
equation:
yre+a, —to _/\jsoy (x) efz()”r#(s))dsdx _HOJ’:’# (x) e*JX(YJrM(s))dsdx P, Y,
—€ Y+ oy + 0 0 Py G,
—0tg 0 y+A —ty 0 P, G, (41)
0 - 0 y+A+ Y 0 P Gy
0 0 0 - Y+ Uy Py G,

ForRey > O ory = ia,a € R\ {0}, it is not difficult to get
the following estimation from the definition of modulus of
complex number:

U p(x) ¢ o rudsg | (42)
0

Thus, the coefficient matrix of the matrix equation (41) is
a strictly diagonally dominant matrix for column. So, it is
inverse, and the matric equation (41) has a unique solution
(Py, P,, Py, P;, P,)". Combing (38), it can be seen that (31)-
(37) have a unique solution P = (P,, P;, P,, P, P4,P5(x))T €

L ~to
—€ Y+ oy + ty
D (Y) = —060 0 y N A
0 o '
0 0 0
Here, g(y) = jooo o b ru)ds o g
F(y) = agttog (v) (A + pg) (& + g + o)

+ & (5!/‘3 +u+ //‘30‘0)
+ A (ag + ) [A (o + )
+o (g + &+ )]
+aghyg () (260 + 200041
+3[4§ + 2Apg + oco)t)
+y [ (Mg + Aoy + apg) (4 + 26+ A)
+ (W4 ) (1o + )
+2y0(x(2) + eApy + /\océ ]
+aghy’g (v) (B + g +A)
+ y2 (5/\//10 +2ed + A%+ oc(z, + 3y(2,

+e0y + 5pp0 + 3Aag + 28//10)

~A(1-yg(y)) 0
0

D(A). This means that pI — A is surjective. Because yI — A is
closed and D(A) is dense in X, then (yI - A)7! exists and is
bounded by Inverse Operator Theorem, for any Re y > 0 or
y =ia, a € R\ {0}. The proof of Lemma 11 is completed. [

Lemma 12. 0 is an eigenvalue of the system operator A with
algebraic multiplicity one.

Proof. Consider the operator equation (yI — A)P = 0. Let
D(y) be the determinant of coeflicient of the matrix equation
(41), then we have

~to (1-y9 (7))
0

~Ho 0 =yF(y). (43)
Y+ A+ U 0
-A Y+ th
+9 (2A + € + 20 + 3y + apAg (7))
+ y4.
(44)
Because

F(0) = apApiog (0) (A + ) (& + g + )
+ o (s‘ué + U+ y(z,oco) + A (0 + pg) (45)
X [A (1o +€) + g (g + &+ )] > 0.

This means y = 0 is an eigenvalue of the system operator
A with algebraic multiplicity one. The proof of Lemma 12 is
completed. O

4.3. Properties of Adjoint Operator A*. In this section, we will
study some properties of A*, the adjoint operator of system
operator A.

The dual space of X is

X*=R>x L™ (R,) (46)

with norm [|Q|| = sup{|Q;|, ||Q5||L00(R+),i =0,1,...,4}forQ =
(Qo,Qp- . -,Q4>Q5(x))T e X"
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Lemma 13. A", the adjoint operator of the system operator A
is as follows:

—(e+0ay) Qy +€Qy + 0y Q,
= (g + #9) Qq + Qo + Q5
-AQ, + AQ; (0)
= (A + po) Qs + o Q, + AQ,
—#o Q4 + Q5 (0)

Q4 (x) + p (%) [Qo — Qs ()]

A0~ 2 (C+D)Q
(47)
with domain
D(A")
= Q= (Q Q.- Qs Qs ()"

€ X" QL (x) € L (R,),Qs (x) (48)

is absolutely continuous satisfying
Q5 (00) < oo} .

Here,
CQ:diag<_(3+“0)’_(“0+P‘o))

d
A=A+ o) s o i M(x)) Q

0 o 00 O

(49)
W 0 0 a 0 O
0 00 0 0 AO()
DQ =
0 0w 0 A O
0 00 0 0 pb()
ux) 0 0 0 0 O

and () : L°(R,) — C, satisfying 0(f) = f(0).

Proof. For any P € D(A) and Q € X", A" and its domain
D(A™) can be readily derived by the equality (AP,Q) =
(P, A*Q). The proof of Lemma 13 is completed. O]

Lemma 14. S = {y € C | sup{(e + ap)/ly + € + apl, (1t +
o)/ |y + po + agls A/ly + AL (A + o) [y + A+ o, o/ 1y + phol,
M/[Rey + M)} < 1} C p(A®), the resolvent set of A*, where
M = sup, . u(x).

Proof. For any W = (Wo,W,,...,W,Wis(x))" € X%,
consider the equation (yI — C)Q = DW. That is,

(y +e+0ay)Qy = eW, + ayW,, (50)

(v + g + o) Q) = W, + W, (51)

9
(y+1)Q, = AW (0), (52)
(v + A+ 1y) Qs = upW, + AW, (53)
(v + Ho) Qu = W5 (0), (54)
d
B0 _ (s 4 ) Q00 -, 59)

Solving (50)-(54) yields

Q :sW1+ocoW2 Q :M0W0+060W3
T ytretay YT oyt
AW (0)
sz y-SkA > (56)
_ Wy + AW, _ W5 (0)
Q3_ > Q4— .
YA+ Y+ o

Solving (55) derives

Qs (x) = ol (ru(s)ds [Qs © - r W (e [F e g1
0
(57)

multiplying e” Jo s ¢4 the two sides of (57) and letting

x — 00 by noting Q;(c0) < oo follows
Qs (0) = J Wop (1) & b sy, (58)
0
Substituting (58) into (57) yields

Qs (x) = el (reu(ds J « W (1) e b rsgr (50)

X

Thus, we can get the following estimation:

1Qs1| 010,009
= sup |Q5 (x)|

x€[0,00)

e I (r+u(s)ds

sup
x€[0,00)

© T
8 J Wou(t)e [y r+u(sDds 3.

X

J;(Re y+u(s))ds

IN

W] sup e

x€[0,00)

* R * u(s)d
x J. —e ey‘rde— _[0 u(s)ds
x
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= Wil sup el (e
x€[0,00)
o [ o o Reyru(s)ds
“Rey J - 5 Reyu(s))ds dr]
= W] sup [1 —Re yeRe”x
x€[0,00)
[} T
% J e L (Re y+y(s))dsd_l_]
X
< W] sup [1 — Reye"?™
x€[0,00)
o . (60)
% J e J'X(Rey+M)dsdT:|
b
= |[W]| sup [1 —Re ye(Re”M)x
x€[0,00)
o0
% J e—(Rey+M)TdT]
X
= W[ sup [1 — RepelRevHx
x€[0,00)
e—(Rey+M)x
X —
Rey+M ]
M
= Revill Wi,
ey+M
where M = sup, . u(x).
Equation (56) derive the following estimations:
e+ a
Q| < WL Qs W
ly + &+ aq | +ay+ #ol
A+ g
W > 7T L~ bl
Qi < I AW Qs I
Ho M
< Wi, <—|W].
Q4] iy + ol W Qs Rep+ M W
(61)

Then, for y € S, we have

4
QI =) |Qif +[Qs]
i=0

Ssup{ EXG) _Hyta
ly +e+aq| |y+ag+ ol
A A+

ly+ A" [y + A+ |

Journal of Function Spaces and Applications

M
fo_ } Wi
v+ | Rey+M
UE
(62)
This implies that [|(yI — C) "' DJ| < 1. Thus, [I - (yI - C)"' D]

is invertible. Therefore, (yI — A*) is invertible and

(yI-A") " =hI-cC+D)]”
~[1-@1-0)'p] ‘pr-0)",  (63)
y €S.
The proof of Lemma 14 is completed. O

Lemma 15. 0 is an eigenvalue of operator A* with algebraic
multiplicity one.

Proof. We prove Lemma 15 in two steps. Firstly, we prove
that 0 is an eigenvalue of operator A*. For any Q € D(A"),
consider the operator equation A*Q = 0, that is,

(e+ ) Qp = €Q; + pQ,, (64)
(arg + o) Q) = poQp + Qs (65)
AQ, = Qs (0), (66)
(A + ) Qs = 4pQ; + AQy, (67)
#0Qu = HoQs (0), (68)
Q; (x) = p (%) Qs (x) = Qo (). (69)
Solving (69) yields

Qs = e 9% |0, 0) -y [ w(er e b9z (7o)

multiplying e” Iy 1995 44 the two sides of (70) and letting x —

00 by noting Q5(c0) < co derive

Q:(0)=Q, L p@e ht g g (@)

Combing (64)-(68) with (71) follows

Q0=Q1=Q2=Q3=Q4=Q5(0)~ (72)

Substituting (71) into (70) yields

Qs = Queb 195 [ 14 [ae ko] g,
0

This implies that #Q" (7+0) is the eigenfunction corre-
sponding to eigenvalue 0 of operator A*, where Q" =
(1,1,..., D%

Next, we prove that the algebraic multiplicity of 0 in X*
is one. From the above step, we can see that the geometric
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multiplicity of 0 in X* is one. Then, we only need to verify
the algebraic index of 0 in X* which is also one according
to [31]. We use the reduction to absurdity. Suppose that the
algebraic index of 0 in X™ is 2 without loss of generality, then
there exists Y € X", such that A*Y = Q™. It is obvious that

0= (APY)=(P,A"Y) =(P,Q"), (74)

where P is the positive eigenfunction corresponding to
eigenvalue 0 of A. However,

4 0

(P,Q") =) P+ J P;(x)dx >0 (75)
i=0 0

which contradicts (74). Thus, the algebraic index of 0 in X~

is one. Therefore, the algebraic multiplicity of 0 in X* is one.

The proof of Lemma 15 is completed. O

4.4. Asymptotic Stability of System Solution. In this section,
we will present the asymptotic stability of the system solution
by using C, semigroup theory.

Recalling Phillips Theorem (see [32]) together with Lem-
mas 10, 11, and 3, we can obtain the following results.

Theorem 16. The system operator A generates a positive C,
semigroup of contraction T(t).

Theorem 17. The system (25) has a unique nonnegative time-
dependent solution P(t,-) which satisfies

IP )l =1, Vi€ [0,00). (76)
Proof. From Theorem 16 and [32], it can be derived that the
system (25) has a unique nonnegative solution P(¢, ) which
can be expressed as

P(t,-)=T({)P), Vte[0,00). (77)

Because P(t, -) satisfies (1)-(3), it is not difficult to know that

dip@al _

dt 78)

Therefore,

IP@ =T @R =B =1 Vie[0,00). (79)
This just reflects the physical meaning of P(t, ). The proof of
Theorem 17 is completed. O

Remark 18. Because the initial value P, of the system (25)
belongs to the domain D(A) of the system operator A,
then the nonnegative time-dependent solution of the system
expressed in (77) is the strong solution of the system (25).

Noting that the C, semigroup T(t) generated by A is
contractive according to Theorem 16, it is uniformly bounded
certainly. Thus, recalling [33] combining Lemmas 11, 12, 14,
and 15, we can know that the time-dependent solution of the
system strongly converges to its steady-state solution. That is
the following result.

1

Theorem 19. Let P be the eigenfunction corresponding to
eigenvalue 0 of the system operator A satisfying||P|| = 1, and let
Q" be defined in Lemma 15, then the time-dependent solution
P(t,-) of the system (25) converges to the nonnegative steady-
state solution P. That is,

lim P(t,7) = (R, Q") P =P, (80)

where P, is the initial value of the system.

4.5. Exponential Stability of System Solution. In Section 4.4,
we have obtained the asymptotic stability of the system. In
other words, the dynamic solution of the system asymptot-
ically converges to its steady-state solution. However, there
are still two problems: first, the convergence rate is unknown;
second, the convergence is subject to some factors such
as failure rate and repair rate. Both can be well settled if
the system is exponentially stable. For this purpose, in this
section, we will discuss the exponential stability of the system.

For simplicity, we will divide the system operator A
into two operators. The one is a compact operator, and the
other generates a quasicompact semigroup. Then, by the
perturbation of compact operator, it is derived readily that the
system operator also generates a quasicompact C,, semigroup.
Therefore, the system solution is exponentially stable.

For convenience, we will introduce three operators first:

BP = <J U (x) Py (x) dx + po Py, €Py, oy Py
0

T
+4yPs, &y Py, AP;, 0> with D (B) = X,
A=A-Bwith D(A)=D

T
_ {Pz(PO,Pl,...,P4,P5(x)) exX| P;(x)eLl(IRJ,}
P, (x) is an absolutely continuous function

Ay=A with D(A,)={PeD|P;(0) =0}.
(81)
It is easy to know that A and A, are both closed operators

with dense domains in X. And with the perturbation of C,

semigroup, it is clear that A also generates a C,, semigroup
S(@).

Lemma 20. Assume that the mean of the repair rate exists and
greater than zero, that is,

1 X
0<p= lim —J u(s)ds. (82)
X =00 x 0
Then, A, generates a quasicompact semigroup T, (t).

Proof. Firstly, we will prove that A, generates a C, semigroup
T, (t). Consider the following abstract Cauchy problem:

dP (&) AP (t,), t=0,
dt (83)

P(0,) = ®,
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where @ = (@5, @15 - . Ppo 5(x))" € X. That is,
d
<E+5+%>Po(t):0> (84)
d P (t)=0 85
(a"’“o*’.“o) ) (1) =0, (85)
d
(a + /\) P, (t) =0, (86)
d A P(t) =0 87
(a“L +.“0> 5 () =0, (87)
d P, (t)=0 88
<E+M°> 4 () =0, (88)
[ +i+ ()]P(t ) = (89)
o ok YT
P, (,0) =0, (90)
P0)=g¢, i=0,1,...,4, (91)
P; (0, x) = @5 (x). (92)

Solving (84)-(88) with the help of (91) yields

PO (t) = ([)06_(8+a0)t, Pl (t) = (Ple_(ao"'ﬂo)t’
P, (1) = g, (93)
/\wo)t

Py (t) = P, (t) = g,e .

Solving (89) with the help of (90) and (92) by the method of
characteristics yields
P, (t — x,0) e Jopmar _ 0, t>x
Py (t,x) = {P;(0,x - t) ¢~ Joutx-tedr (94)

= @5 (x —1) e_Ixfr”(T)dT, t<x.

Therefore, it is easy to prove that A, generates a C, semigroup
T, (t) satistying

) . (\Pp O)T, x <t
(T, (1) @) (x) = (‘I’MPS (x—t)e f:_t”(f)dT)T, x>t
(95)

Here,

(S"o (e+ao)t (Ple*(“oﬂ‘o)t’ 90267)“, (Pse*()t*.uo)t, (P4e*."‘0t) .
(96)

Next, we will prove that T;(¢) is quasicompact. We only
need to prove that the essentlal growth bound W, (A,) is less
than zero.

The assumption condition (82) implies that for any € > 0,
there exists t, > 0 such that

%J’ p(s)ds>p—e x=>t=>t,. (97)

x—t
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With the help of (97), it is not difficult to deduce that

1T, () | = |go| € + |y | e ¥
+ |<p2|e + gy e (Mg )t
+ lgal e
j |5 (x — )] e [T g,
< |(p0|e‘(5+“o)f oy e (@)t
+ |‘P2|e +|ps] e Arpo)t
Floale (98)

+J lps (x —1)| e “Aet g

— |(P0| e—(s+a0)t + |(P1l e—(oc0+y0)t
+ |q)2|e +|os| e (et
+ |y €7

R o
+ e—(#—s)tJ |(P5 (x)l dx
0
<e min{e+o,06+pg,A A+ o, -}t ||(D" )

This manifests that

"To (t)" <e min{s+1xo,)t,yo,ﬁ—s}t. (99)
Then,
In||T, (¢
ess (AO) < W( ) lim M
tmoo (100)
< —min {e + &g, A, o, fi — €} < 0.
Therefore, A, generates a quasicompact C, semigroup T (t).
The proof of Lemma 20 is completed. O

Fory>0,P € X, let

@, (P) (x) = [diag (0,0,0,0,0,AP, + ¢4y P,)] - E, (), (101)
where E, (x) = (0,0,0,0,0,¢” Jﬂxh”'“(s)]dls)T € Ker(yl — A) and

®,, is a compact operator. Then, it is not difficult to obtain the

following result.
Lemma2l. I +®, isa bijection from D(A,) to D(A) and
[(YI-(A-B)](I+®,) =yl - A,. (102)

Lemma 22. S(t) — T(t) is a compact operator, for any t > 0.
Here S(t) is the C, semigroup generated by A.

Proof. From Lemma 21, we can see that R(y,A — B) >
R(y, A,), for any y > 0. Therefore S(t) > T,,(¢), for any t > 0.
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For P € D(A,), set

Y(s)P=S(t—s)(I+D,)T,(s) P, (103)

where 0 < s < t,9 > 0. Recalling the properties of C,-
semigroup and Lemma 21, we can obtain

¥ ()P ==-S(t-5s)(A-B) (I +®,) T, (s) P
+8(t—s)(I+®,) AT, (s) P
=S(t-s)[yI-(A-B)](I+®,) T, (s) P
+8(t—3)(I+®,) [~y + Ay] Ty (s)P  (104)
=S(t=9)[yI - Ag] Ty (s) P
+S(t=s)(I+®,)(~yI + Ag) Ty (s) P

=St -5, (~yl +Ay) Ty (s) P.

Since [¥(t) - ¥(0)]P = [, ¥'(s)Pds, then

t
[¥ () - ¥ (0)] P = L S(t — ) @, (~yI + Ag) T, (s) Pds.
(105)

That is,
t
SH)P-T,(t)P = _Jo S(t—s)CDy(—yI+A0)

x Ty (s) Pds + ®, T, (t) P~ S () O, P.
(106)

Therefore, S(t) — T, (t) (t > 0) is compact because the right-
hand side of the above equation is the sum of three compact
operators for the compactness of @, . The proof of Lemma 22
is completed. O

From the above preparations, we can present the main
results of this section.

Theorem 23. C, semigroup T(t) generated by the system
operator A is quasicompact.

Proof. According to Proposition 9.20 (see [34]) combing
Lemmas 22 and 20, we can deduce that
W (A) W (4)) <0. (107)
This shows that S(t), the C, semigroup generated by A
is quasicompact. Because B is a compact operator, then
according to [35], it is evident that
W, (A) = W (A-B) <0. (108)
This implies that T'(t) is quasicompact. The proof of
Theorem 23 is completed. O

13

Theorem 24. The time-dependent solution of the system (1)-
(3) strongly converges to its steady-state solution. That is,

Jlim P(t,) = P. (109)
Moreover, there exist C > 0 and & > 0 such that
||P (t,") - 13” <Ce ™. (110)
Here, P is defined in Theorem 19.
Proof. Recalling Theorem 210 (see [35]) combing

Theorem 23, we can derive that C, semigroup T(t)
generated by the system operator A can be decomposed as
T(t) = ﬁo + R(t), where ﬁo is the residue corresponding to
eigenvalue 0 and [|R(t)|| < Ce™ for suitable constants & > 0
and C > 0.

However, by Theorem 19, the nonnegative solution of the
system (1)-(3) can be expressed as P(t,-) = T'(t)P,, t € [0, 00).
Then, combing Theorem 12.3 in [36], we can derive that

P(t,)=T () Py=(P,+R(t)) P,

R N (111)
— (P,Q")P+R()Py = P+R(D) Py,
where Q" is defined in Lemma 15. Hence, we can get
|P)-P| <ce™. (112)
The proof of Theorem 24 is completed. O

5. Reliability Indices

In this section, we will discuss some reliability indices of
the system. Noting that the eigenfunction corresponding to
eigenvalue 0 of the system operator A is just the steady-state
solution of system (1)-(3), we are dedicated to studying some
primary steady-state indices of the system from the point of
eigenfunction.

We first analyze the eigenfunction corresponding to
eigenvalue 0 of the system operator A. In the proof process of
Lemma 11, solving (31)-(36) with the help of (37) by letting
y = 0and G = 0 derives

&

P = P,

1 o + o 0 (113)
X Ho % &l

P,=—P +—/P,=|— P,, (114
DR [A *A(Awo)(aowo)] o (1
Py= PP (s
’ /\+1401 (A + o) (g + pho) @ (115)

Aea
Py==P = > P, (116)

! Ho ’ to (A + po) (o9 + phg) ’
P (x) = a < 1+ — > Ppe b #9%  (qp7)
& + Uy

Let

PS:L Ps(x)dx=oco<1+

P,g(0), 118
0+0>09() (118)
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where g(0) = _[(fo e~ o #Ms g and

_H (A + o) (o + pg + €) (A + g + Aagg (0)) + Azsocop
Aty (et + i) (A + o) ’
(119)

Theorem 25. The steady-state availability of the system is
po (A + ) (A + o) (g + g + €)

" e A+ 1) (g + pho +€) (A + g + Aagg (0)) + A2eaxy
(120)

Proof. The instantaneous availability of the system at time ¢ is

3
A, (1) =) P®). (121)

i=0

Lett — o0, then the steady-state availability of the system is
obtained as follows:

A = Z?IO I)l
Y S
_ to (A + ag) (A + o) (et + g + &)
po (A + o) (g + pig + &) (A + g + Aergg (0)) + A2eax,
(122)
The proof of Theorem 25 is completed. O

Theorem 26. The steady-state probability of the repairman
vacation is

_ Ae (g + o) (A + py)
Tty (At ) (g + g + ) (A + g + Ay g (0)) + Ve
(123)

Proof. The instantaneous probability of the repairman vaca-

tion at time ¢ is
P,(t) =P, (t)+ P (t) + P, (t). (124)

Letting t — oo derives the steady-state probability of the
repairman vacation:

P +P+ P
- S
_ e (oo + pp) (A + o)
po (A + o) (g + po + €) (A + g + Aagg (0)) + A2eax,
(125)
The proof of Theorem 26 is completed. O

Theorem 27. The steady-state probability of the system in
warning state is

P - oy (A + o) (0o + g + €)
Yy A+ ) (g + pg + ) (A + g + Aagg (0)) + AVeax,
(126)
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FIGURE 1: Instantaneous probabilities of the system without warning
device in good state with different A.
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FIGURE 2: Instantaneous probabilities of the system with warning
device in good state with different A.

Proof. The instantaneous probability of the system in warn-
ing state at time £ is

P, (1) =P, (1) + P, (1). (127)
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FIGURE 3: Instantaneous probabilities of the system without warning
device in good state with different y.

Letting t — oo yields the steady-state probability of the
system in warning state:

p, - P, +P;
S
oty (A + o) (0 + g + €)

- o (A + po) (ot + g + €) (A + g + Aoy g (0)) + A2ery”
(128)

The proof of Theorem 27 is completed. O

Theorem 28. The steady-state failure frequency of the system
is

Wy = AP,. (129)

Proof. Let Ps(t) = IOOO Pi(t,x)dx and u(t) =
[ u(x)P5(t, x)dx/Ps(t). Then, the matrix of the transition

probability of the system (1)-(3) can be obtained by (1)-(2)
as follows:

-£— Ho 0 0 0 wu()
€ i 0 0 0
T o 0 A Y 0 0
0 & 0 -A-y, O 0
0 0 0 A -y O
0 0 A0 u -u®
(130)

Thus, by [37] the instantaneous failure frequency of the
system at time t can be derived as

W (t) = A[P, (1) + P (1)]. (131)
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FIGURE 4: Instantaneous probabilities of the system with warning
device in good state with different y.

Let t — 00, then the steady-state failure frequency is
immediate
W = AP+ P AP, (132)
S
The proof of Theorem 28 is completed. O

6. Applications and Numerical Examples

Reference [38] discussed the effects of the delayed vacation
and vacation policies on a system. That is, the shorter the
delayed vacation time, the larger the reliability and failure
frequency of a system; and the reliability of a system with
multiple vacations is smaller than that of a system with single
vacation, while the profit of a system with multiple vacations
is larger than that of a system with single vacation. Therefore,
in this section, we only concentrate on that how the warning
device will affect the system. Specifically, we will compare the
reliability, availability, and profit of the system with warning
device and those of the system without warning device and
present some numerical examples.

6.1. System without Warning Device. The simple repairable
system without warning device and with a repairman follow-
ing delayed-multiple vacations policy is as follows:

<i tet A) Py () = poPy (t) + ro u(x) Py (1, x) dx,
dr 0
(133)

(134)

d
<E+M0+/\>P1 (t) =Py (1),
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FIGURE 5: Instantaneous availabilities of the systems with and
without warning device.

<% + P‘o) Py (t) = AP (1), (135)
[%+%+y(x)]P5(t,x)=0 (136)
with boundary condition
Py (t,0) = AP, (t) + poPy (t) (137)
and initial conditions
Py(0) =1, the others equal to 0. (138)

Then, by the same method of Theorems 25, 26, and 28, the
corresponding reliability indices of the system (133)-(138) are
as follows.

Theorem 29. The steady-state availability of the system (133)-
(138) is

i - to (po + A + ¢)
" b (g + A+ ) (1+Ag (0) + Ae’

where g(0) is defined in Section 5.

(139)

Theorem 30. The steady-state probability of the repairman
vacation of the system (133)-(138) is

P = e +1)
"y (gt A+ E) (L +Ag(0) + Ae”

Theorem 31. The steady-state failure frequency of the system
(133)-(138) is

(140)

W; = 1A, (141)
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FIGURE 6: Instantaneous failure frequencies of the systems with and
without warning device with « = 0.01.

6.2. Numerical Examples. By comparing the two groups of
(120) and (139) and (129) and (141), it is not difficult to deduce
the following results.

(i) The steady-state availability of the system with warn-
ing device (i.e., system (1)-(3)) is larger than that of
the system without warning device (i.e., system (133)-
(138)). Thatis, A, > A,

(ii) If oy < A, then the steady-state failure frequency of
the system with warning device is less than that of the
system without warning device. That is, Wf < Wf.

While if &ty > A, the magnitude of W, and Wf cannot
be determined.

Let I and T be the total profit of the system with and
without warning device, respectively. That is,

I'=qA,-gWr+gP,
_ _ . B (142)
I'=qA,-oWr+gP,

Here, ¢, ¢,, and ¢; represent the income of the system for
working unit per unit time, the loss of the system for failed
unit per unit time, and the income of the system for the
repairman vacation per unit time, respectively. Given ¢ = 1,
ty = 0.5, a, =02,¢ =50,¢c, = 15,¢; = 30, let D = I - I.
Then, D is a function of A and y. From Figure 10, we can know
that the profit of the system with warning device is larger than
that of the system without warning device.

From the above discussions, we can deduce that because
both the availability and profit of a system with warning
device are larger than those of a system without warning
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FIGURE 7: Instantaneous failure frequencies of the systems with and
without warning device with « = 0.2.

device. Then, a system with warning device is better than a
system without warning device in practice.
In the following, we will present some numerical exam-
ples to illustrate the conclusions.
() Lete = 1,y = p = 05 a, = 02, A =
0.01,0.05,0.1, and 0.5, respectively. Figures 1 and 2 present the
instantaneous probabilities of the systems with and without
warning device in good state with different values of A. Let
e =1, A =01y = 05a = 02 4 = 0.1,03,0.5,
and 1, respectively. Figures 3 and 4 present the instantaneous
probabilities of the systems with and without warning device
in good state with different values of y. From the four figures,
we can see that the instantaneous probabilities of the system
without warning device in good state decrease with the
increasing of A, while the instantaneous probabilities of the
system with warning device in good state increase with the
increasing of A. But both the instantaneous probabilities of
the systems with and without warning device in good state
increase with the increasing of i in general.

(2)Lete =1,A =0.1, yy = 0.5, 4 = 0.2, ¢y = 0.2. Figure 5
presents the instantaneous availabilities of the systems with
and without warning device. From the figure, we can see that
the availability of the system with warning device is larger
than that of the system without warning device.

(B)Lete = 1, A = 0.1, 4, = 05 pu = 02 and
a, = 0.01,0.2,1, and 5, respectively. Figures 6, 7, 8, and 9
present the instantaneous failure frequencies of the systems
with and without warning device. It can be derived from the
four figures that when «, < A, the instantaneous failure
frequency of the system with warning device is less than
that of the system without warning device. But when «, >
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FIGURE 8: Instantaneous failure frequencies of the systems with and
without warning device with « = 1.
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FIGURE 9: Instantaneous failure frequencies of the systems with and
without warning device with & = 5.

1 » A, the instantaneous failure frequency of the system
with warning device is larger than that of the system without

warning device.
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FIGURE 10: Profit difference between the systems with and without
warning device.

(4) Lete =1, yy = 0.5, 0y = 0.2, ¢; = 50, ¢, = 15, ¢; = 30.
Figure 10 presents the profit difference between the systems
with and without warning device. From the figure, it can be
derived easily that the profit the system with warning device
is more than that of the system without warning device.

7. Conclusion

In this paper, we proposed a simple repairable system with
a warning device and a repairman who can have delayed-
multiple vacations. Because the two hypotheses used for
Laplace transform in order to obtain the steady-state solution
of a repairable system in traditional reliability research that
needs to be verified, and the substitution of steady-state solu-
tion for the dynamic one that should be based on some con-
ditions, the study of well-posedness of the time-dependent
solution of a system is in demand in terms of theory and
practice. In this paper, we first transformed the system model
into a group of operator equations and obtained the existence
and uniqueness as well as C' continuity of the system solution
by functional analysis method. Then to study the stability of
the system, we translated the system model into an abstract
Cauchy problem in a suitable Banach space. The asymptotic
stability and further the exponential stability of the system
solution were derived by using C, semigroup theory and
compact operator disturbance theorem. Because the stable
solution of the system is just the eigenfunction corresponding
to eigenvalue 0 of the system operator, we also presented
some reliability indices, such as reliability, failure frequency,
probabilities of repairman vacation, and system in warning
state of the system in the viewpoint of eigenfunction. At the
end of the paper, by the theoretical and numerical analyses,
we give the conclusion that the system with warning device is
better than the system without warning device in practice.
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We point out some equivalence between the results in (Sedghi et al., 2012) and (Khamsi, 2010). Then, we introduce the notion of a
general distance between three arbitrary points and study some of its properties. In the final section, some fixed point results are

proposed.

1. Introduction

The literature of a distance for any triple of points in a space
was first considered during the sixties by Géhler [1, 2]. It is
known as a 2-metric, the concept of which was later extended
by Dhage [3] into a D-metric. Both notions are in no easy
ways related to the classical concept of a metric. This led to the
G-metric due to Mustafa and Sims [4].

On the other hands, Sedghi et al. [5] had introduced the
notion of a D*-metric, which has later been generalized by
Sedghi et al. [6] into an S-metric.

These developments confirm that this kind of measure-
ment is recently of many mathematicians’ interests. One of
the area that exploited these establishments largely is the fixed
point theory, especially the ones involving some generalized
contractions; see, for example, Sedghi et al. [5], Sedghi et al.
[6], Mustafa et al. [7], Mustafa and Sims [8], Aydi et al. [9],
Alghamdi and Karapinar [10], Chandok et al. [11], and Abbas
et al. [12].

In this present paper, we divide our interests into three
parts. Firstly, we give a remark on the existing fixed point
result endowed in a S-metric space. Secondly, we propose
and study a very general principle in measuring the distance
between three arbitrary points called a g — 3 ps. Thirdly, we
construct some fixed point theorems by utilizing the g — 3 ps
and its properties.

2. Preliminaries

This section is devoted to the recollection of important defi-
nitions and lemmas. We start with a sequence of definitions
of G-, D*-, and S-metric spaces.

Definition 1 (see [4]). Let X be a nonempty set. A function
G: XxXxX — R, issaid to be a G-metric if the following
conditions are satisfied:

(1) forx, ¥,z € X, G(x,9,2) =0ifx =y =z;

(2) for x, y € X with x # y, G(x,x,y) > 0;

(3) for x, y,z € X with y #z, G(x,x,y) < G(x, y,2);

(4) for x,y,z € X, G(x,y,2) = G(n(x,y,z)), where
71(x, y,z) is any permutation of (x, ¥,z) € X x X x X;

(5) for x, y,z,v € X, G(x,y,2) < G(x,v,v) + G(v, y, 2).

The pair (X, G) is called a G-metric space. Moreover, if
G(x,x,y) = G(y, y,x) for all x, y € X, then G is said to be
symmetric.

Definition 2 (see [5]). Let X be a nonempty set. A function
D*: Xx XxX — R, is said to be a D*-metric if the fol-
lowing conditions are satisfied:

(1) forx, y,z € X, D*(x, y,2) = 0ifand only if x = y =
zZ;



(2) for x, ¥,z € X, D*(x, y,2z) = D*(n(x, y,z)), where
n1(x, y, z) is any permutation of (x, y,2z) € X x X x X;

(3) for x, y,z,v € X, D*(x,y,2) < D*(x, y,v) + D*(v,
z,2).

The pair (X, D*) is called a D*-metric space.

Definition 3 (see [6]). Let X be a nonempty set. A function
§: X xXxX — R, is said to be a S-metric if the following
conditions are satisfied:

(1) for x, y,z € X, S(x, y,z) =0ifand only if x = y = z;

(2) for x, y,z,v € X, S(x, y,2) < S(x,x,v) + S(y, y,v) +
S(z, z,v).

The pair (X, S) is called a S-metric space.

Lemma 4 (see [6]). Let (X,S) be a S-metric space, then
S(x,x, ) =S(y, y,x) forall x, y € X.

It can be seen that each symmetric G-metric is a D*-
metric and that each D* -metric is a S-metric. In case of non-
symmetric G-metric, the concepts of G-metric and S-metric
are independent.

Definition 5 (see [6]). Let (X, S) bea S-metric space. Forr > 0
and x € X we define the open ball Bg(x;r) as follows:

Bs(x;r)={y € X;S(x,x,y) <r}. (1)

As in [6], one may consider the topology 7 for X which is
generated from the base containing all open balls in X. Some
concepts are also introduced.

Definition 6 (see [6]). Let (X,S) be a S-metric space. A
sequence (x,,) in X is called

(i) Cauchy if for any € > 0, we may find N € N such that

neN, n>N = S(x,,X,,%,) <6 (2)

(ii) convergent if there is a point x € X in which

lim S (x,x,x,) = 0. (3)

Moreover, if every Cauchy sequence in X is also conver-
gent, X is said to be complete.

3. A S-Metric Space as a Metric Type Space

In this section, we shall be giving a small remark on a fixed
point theorem due to [6]. According to [6], a self-operator f
on a S-metric space (X, S) is called a contraction if it satisfies
the following inequality:

S(fx, fx, fy) < AS(x, %, y), (4)

for all x, y € X, where 0 < A < 1. The following result was
introduced subsequently.
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Theorem 7 (see [6]). Let (X,S) be a complete S-metric space
and let f be a contraction on X. Then, f has a unique fixed
point.

To expedite our remark, we shall first recall the notion of
a metric type space, which was introduced by Khamsi in [13].

Definition 8 (see [13]). Let X be a nonempty set and let
D : X xX — R, bea function satistying the following
conditions:

(1) for x, ¥y € X, D(x, y) = 0ifand only if x = y;
(2) for x, y € X, D(x, y) = D(y, x);

(3) there exists a constant K > 0 such that for x, y, z,,
Z55...52, € X,

D(x,y) <K[D(x,z,) + D(z;,2,) +---+ D(z,, y)].
(5)

The triple (X, D, K) is called a metric type space.

In particular, if K < 1, then (X, D) is a metric space. A
self-mapping operator f on a metric type space (X, D, K) is
called Lipschizian if there exists A > 0 such that

D(fx, fy) <AD(x, ), (6)

for all x, y € X. The smallest A > 0 satisfying such condition
is denoted by Lip(f). Moreover, the following fixed point
theorem was proposed.

Theorem 9 (see [13]). Let (X, D,K) be a complete metric
type space and let f : X — X be an operator such
that the composition f" is Lipschizian for each n € N and
Y enLip(f*) < 00. Then, f has a unique fixed point.

It follows that if f is a Lipschizian operator with Lip(f) <
1, then f has a unique fixed point.

Now, let (X, S) be a S-metric space. Suppose that a func-
tionD: X x X — R, is given by

Ds (x, ) =S (%, %, 7)),

for x, y € X, itis obvious that D(x, y) = Oifand only if x = y
and D(x, y) = D(y, x) for all x, y € X. Now, observe for each
Z1,25,---,2, € X that

Dg(x,y) = S(x,x,y)

<28(x,%,2,) +S(y, 3, 21)

Vx,y € X, (7)

=2Dg(x,2,) + D (2, y)
< 2Dg(x,2;) +2Dg (21, 2,) + Dg (25, ¥)
(8)
< 2Dg(x,7,) +2Ds (21, 2,)
+--+2Dg(2,.1,2,) + Ds (2, )
< 2[Dg(x,2,) + Dy (2,,2,)

+-+++ Dy (znfl,zn) + Dg (Zn’y)] :
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Thus, (X, Dg, 2) is a metric type space. Moreover, the balls
Bg(x; ) and B, (x;7) coincide.
Notice that we may rewrite the inequality (4) as follows:

Ds(fx, fy) < ADs(x,y), 9)

forallx, y € X with the same A. Also notice that the definition
of Cauchyness, convergence and completeness in a S-metric
space (X, S) may be rewriten in terms of metric type spaces.
So, these notions are transferred to the corresponding metric
type space (X, Dy, 2).

Now, if f is an operator satisfying (9), then each f",
where n € N, is Lipschizian with Lip(f”) = A". Therefore,
Theorem 7 is obtained via Theorem 9.

Even though we set a new condition for an operator f,
where 0 < A < 1, to be

S(fx, fy, fz) < AS(x, y,2), (10)

for each x,y,z € X, the unique fixed point can still be
obtained via Theorem 9, anyway. Note that not only the men-
tioned theorem, but also many theorems in the literature may
be proved via this concept in metric type spaces. We shall give
some results which seem more general than the setting of
Theorem 7 but however equivalent.

Beforehand, we give the following useful lemma without
proof since it is straight forward.

Lemma 10. Let (X,S) be a S-metric space and let x,y € X.
Then, the following inequalities hold:

(i) S(x, y, y) < S(x,x, ¥) = S(y, ¥, x);
(ii) S(x, y, x) < S(x, x, y) = S(y, y, x).
Theorem 11. Let (X, S) be a complete S-metric space and let

f: X — X be an operator such that there exists a sequence
(A,) of nonnegative reals satisfying the condition:

S(fx fy, f2) < Y A8 (m, (x,,2)), (1)

neN

forallx, y,z € X, where A := ), . A, < Land foreachn e N,

7, is a fixed permutation in X°. Then, f has a unique fixed
point.

Proof. We shall show that (11) implies that f is Lipschizian
with Lip(f) < 1 in metric type space (X, Dg,2). For each
x, y € X, it is easy to verify that S(mr,,(x, x, ¥)) < S(x, x, y) no
matter which permutations are defined. Thus, we obtain that

Ds (fx, fy) = S(fx, fx, fy)

< Y A4S (m, (%%, 7))
neN (12)

< AS(x,x,)
= ADg(x, ).

Apply Theorem 9 (or Theorem 7) to obtain the desired
result. O

4. A General Distance between
Three Arbitrary Points

In this section, we shall be dealing with a new concept of a
general distance between three arbitrary points (or g — 3ps).

To be able to define the g — 3ps, we first consider a
nonempty set X together with a function g : XxXxX — R,
for which g(x, y,z) = Oifand onlyifx = y = z. Given x € X
and r > 0, we define an open ball in the usual sense:

B, (1) :=1{y e X;g(x,x,y) <r}. (13)

To be natural, we say that a subset A < X is bounded
if sup, ,.cag(x,y,2) < oo Certainly, the assertion
“g(x, y,z) = 0ifand only if x = y = 2” is not enough to guar-
antee that open balls in X are bounded. We shall illustrate in
the following.

Example 12. Let X := [0,1] andletg: X x X x X — R, be
a function given by

0, itx=y=z,
(x;y>—z|, ifx,yeQnX
butze@EﬂX,
|(x42—y)_z|, ifx,ye@CﬂX
( ) X but ze QNnX,
X, ¥,2) =
g\ny v ) /2) =2 ifx,y,ze QNX
1 and [x#y or y#z],

if x,y,ze Q@ NX

and [x+#yor y#z],
| L otherwise.

(14)

It is clear that g(x, y,z) = Oifand only if x = y = z.
Let x € X and let r > 0. Note that if x € Q N X, then

@Cﬂ(x—r,x+r)ﬂXCBg(x;r). 15)

Let (z,,) be a sequence in @ N (x —r, x + 1) N X such that [x —
z,| < r/(1+nr) for eachn € N. Since |z, —z,,,,| < 2r/(1+nr),
we have g(z,,, z,,, 2,,,,) > (1/2r)+(n/2) for alln € N. The same
conclusion can be deduced also when x € Q. Therefore,
Bg(x; r) is not bounded at each x € X and r > 0.

This is not quite natural and does not meet the require-
ments we would like to have. So, we may add one more
assumption at this stage and define the g — 3ps space as
follows.

Definition 13. Let X be a nonempty set. A function g : X x X x
X — R, issaid to be a g—3psif the following conditions are
satisfied:
(gl) forx, y,z € X, g(x, y,z) =0ifand onlyif x = y = z;
(g2) there exists some r, > 0 such that the balls B, (x;r,)
are bounded for all x € X.

The pair (X, g) is called a g — 3 ps space.



Next, we shall give a characterization of a g — 3 ps space.

Lemma 14. Let X be a nonempty setandletg: X x X xX —
R, be a function satisfying (gl). Then, the following are equiva-
lent:

(i) g satisfies (g2);

(ii) there exist some constants 8,1 > 0 such that for any
x,u,v,w € X, one has

glox,u)+gxv)+gxxw) <d = gu,v,w)<n.
(16)

Proof. [(i) = (ii)] Assume that (i) holds. Set § = r/2
and let x,u,v,w € X arbitrarily. If g(x, x,u) + g(x, x,v) +
g, x,w) < 6, then u,v,w € Bg(x; r). Thus, setting # :=
1+ SUp, cxSUP, b cep () g(a,b,c) < oo and it follows that
g, v,w) < 1.

[(ii) = (i)] Assume that (ii) holds. Let x € X and suppose
that u,v,w € B g (x,8/3). Therefore, we have

g, x,u)+g(xxv)+g(xxw) <0 17)

From (ii), we obtain that g(u,v,w) < n. Thus,
SUPy b ceB, (X:0/3) gla,b,c) < n. Since x € X is arbitrary, the

balls Bg(x; 0/3) are bounded for every x € X. O

Remark 15. Suppose that (X,G) is a G-metric space and
x,u,v,w € X. Then, we have

G u,v,w) <GWu,x,x)+G(x,v,w)

=G, x,u)+G(v,x,w)
(18)
<G@x,u)+ G x,x) + G(x,x,w)

=G, xu)+G(xxv)+G(x,x,w).

Thus, we can choose any § > 0 and let # := § to fulfill the
assumptions in Lemma 14. Hence, every G-metric space is in
turn a g — 3ps space.

Remark 16. Suppose that (X,S) is a S-metric space and
x,u,v,w € X. Then, we have

S(u,v,w) < S, u,x)+S v, v,x) + S (w, w, x)
(19)
=S(x,xu)+S(xxv)+S(xxw).

The same argument is to be considered as in the previous
remark. So, a S-metric space is a g — 3 ps space. This imme-
diately implies that a D" -metric space is also a g — 3ps space.

Denoted by % the family of all open balls in X. Through-
out this paper, we shall assume that 7 := I (%) represents
the topology having % as its subbase. Also, we write %™ to
denote the base generated by %.

Remark 17. 'The topology here is defined using different idea
from those given in symmetric spaces or in semimetric spaces
(see e.g., [14-17]).
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Proposition 18. The topology T for a g — 3 ps space (X, g) is
T,-separable.

Proof. Let x, y € X with x # y. So, we have g(x,x,y) = r|
and g(y, y,x) = r,, for some r;,r, > 0. Observe that y ¢
Bg(x; r1/2) and x ¢ Bg(y; r,/2). The desired result is then
followed. O

We shall now explicate an example of a g — 3 ps space. In
particular, this next example will even show that a g — 3ps
space is no need to be T),-separable.

Example 19. Let X = [0, 1] and define a function g : X x X x
X — R, in the following:

0, fx=y=g,
g(x,y,2) =14z ifx=y+z z#0, (20)
1, otherwise.

It is clear that any subset in this space is always bounded.
Hence, (X, g) is a g — 3ps space. Observe that for x € X and
r > 0, we have

Xn[{xtu(,r)], ifr<i,

21
X, if r> 1. @)

B, (x;r):{

Therefore, any two balls intersect one another, implying that
X is not T,-separable.

We next introduce a new concept of convergence and
compare it with the classical topological ones.

Definition 20. Let (X, g) be a g — 3 ps space. A sequence (x,,)
in X is said to be

(1) Cauchy if for any € > 0, there exists N € N such that

mn>N = g (X, X X,) < € (22)

(2) g-convergent if we can find a point x € X in which for
any € > 0, there exists N € N satisfying

n>N= g(xx,x,)<e. (23)
In this case, we say that (x,,) g-converges to x and write
g
X, = X.

Remark 21. Given a g — 3ps space (X, g), a sequence (x,,) in
X g-converges to x € X if and only if for any set U € % with
U 5 x, there exists N € N such that

n>N = x, €U. (24)

Lemma 22. Let (X, g) be a g — 3ps space and let (x,,) be a
sequence in X. Then, the following are equivalent:

(i) (x,,) converges to x € X in the topology T ;

(ii) for any neighborhood V € I of x, on can find N € N
such that

n>N=x,¢€V, (25)
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(iii) for any set U € U™ containing x, we can find N € N
such that

n>N=x, c¢U. (26)

Proof. (i) & (ii) is by definition. So, we only need to show that
(ii) & (iii).

[(il) = (iii)] Since Z* € T, we again apply (ii) to obtain
our desired result.

[(iii) = (ii)] By the definition of 7, for everyz € F € 7,
we can find E € %" in which x € E C F. Suppose thatV € I
is a neighborhood of x, then we can find some U, € %~ such
that x € U, ¢ V. Applying (ii), we obtain that x,, € V for
everyn > N for some fixed N € N. O

We conclude the following lemma immediately from
Remark 21 and Lemma 22.

Lemma 23. Let (X, g) be a g — 3ps space and let (x,) be a
sequence in X. If (x,) converges to some point x € X in the
topology 7, then it also g-converges to x.

This lemma shows that the concept of g-convergence is
weaker than convergence in topology. However, in case when
(X, g) is a G-metric space or when (X, g) is a S-metric space,
the two concepts coincide. Along this paper, we shall deal
with this new kind of convergence, rather than those topo-
logical ones.

Definition 24. A g — 3ps space (X, g) is called
(i) g-Hausdorff if every g-convergent sequence g-

converges to at most one point;
(ii) Z-complete if every sequence (x,)
Y nen 9(X s X,y Xpp41) < 0O g-converges;
(iii) Cauchy-complete if every Cauchy sequence g-
converges.

satisfying

Remark 25. A g—-3psspace (X, g) is g-Hausdorff if and only
if for any two distinct points x, y € X, there exist two disjoint
setsU,V € % suchthatU > xand V' 5 y.

5. Some Fixed Point Theorems

Under this section, we propose some fixed point theorems in
the framework of a g — 3 ps space.

We first introduce alemma which will be used in our main
theorems.

Lemma 26. Let (X, g) be a g — 3ps space. Suppose that f :
X — X be an operator such that

g(fx, fy.z) < Ag(n(x, ,2)), (27)

forall x,y,z € X, where 0 < A < 1 and 7 is a fixed per-
mutation on X°. Then, the following hold for every x € X:

(©) oen 9(f"x, f"x, f*x) < 00;
(11) ZneN g(fn+1x’ fn+1x’ fnx) < 0.

Proof. Let x € X be arbitrary. We shall consider the permu-
tation 7 case-by-case.
(i) Case I: ni(x, y,z) == (x, y,2) or (x, ¥, 2) := (¥, X, 2).
Observe that

g(fnx’ fnx) fn+1x) < lg (fn—lx’ fn—lx) fnx)
< AZg (fn—Zx, fn—Zx, fn—lx)

(28)
<A'g(xx, fx).
(ii) Case II: n(x, y,z) := (x, 2, ¥).
Observe that
g(fnx,fnx’ fn+1x) < Ag (fn—lx’ fnx’ fn—lx)
< )ng (fn—Zx’ fn—Zx, fn—lx)
(29)

<A'Ty,

where co > I} > max{g(x, x, fx), g(x, fx, x)}.
(iii) Case III: n1(x, y,2) := (¥,2, X).
Observe that

g(fnx’fnx, fn+1x) < )Lg (fn—lx’ fnx’ fn—lx)
< AZg (fn—lx) fn—Zx’ fn—Zx)
< A?ag (fn73x’ fn—Sx’ fn—Zx) (30)

<AL,

where co > I, > max{g(x, x, fx), f(x, fx,x), f(fx, x, x)}.
(iv) Case IV: n(x, y,2) := (z,x,y) or n(x, y,2) :=

(z, ¥, x).
Observe that

g(fnx’ fnx, fn+1x) < /\g (fnx, fn—lx’ fn—lx)

< /\29 (fn—Zx’ fn—Zx) fn—lx)
(31

<A
In each case, we may conclude that
n n n+1 n
Zg(fx,fx,erx)stZ/\ < 00. (32)
neN neN
Similarly, we may prove that

Zg(f"“x,f"”x,f"x) < 1"32/\” < 00, (33)

neN neN

where co > T; > max{g(fx, fx,x), g(fx, x, fx), g(x, fx,
)} O



Now, we consider our fixed point results, which exploited
the above lemma.

Theorem 27. Let (X, g) be a g-Hausdorff X-complete g — 3 ps
space. Suppose that f: X — X is a g-sequentially continuous

. g g
operator (i.e, x, = x = fx, — fx, for every sequence (x,,)
in X) satisfying

g(fx, fy.z) < Ag(n(x, ,2)), (34)

forall x,y,z € X, where 0 < A < 1 and 7 is a fixed permu-
tation on X°. Then, f has exactly one fixed point.

Proof. Let x € X be arbitrary. By (i) in Lemma 26, we have

Zg(f"x, fx, f"“x) < 00. (35)

neN

Since X is Z-complete, (f"x)g-converges to some point
x, € X. Now, since f is g-sequentially continuous, ff"x =
fx ER fx,. Since X is g-Hausdorft, we have fx, = x,.

Assume that y, € X is also a fixed point of f. Observe
that

9 (X% 9.) = g(fxe o fr.) S Ag(xox00.).
(36)

The only possibility of the value of g(x,, x,, y,) allows us to
conclude that x, = y,. So, the theorem is proved. O

Theorem 28. Let (X, g) be a g-Hausdorff Cauchy-complete
g-3psspace. Supposethat f : X — X isa g-sequentially con-
tinuous operator satisfying

g(fx, fy, fz) < Ag(n (%, 3, 2)), (37)

forall x, y,z € X, where 0 < A < §/3n and 8,1 > 0 are given
as in Lemma 14. Then, f has exactly one fixed point.

Proof. Let x € X. From Lemma 26, we also have g(f"x, f"x,
f1x) — 0and g(f""'x, f*'x, f"x) — 0. So, we may
choose N € N such that

g(fo,fo,fN+1x) < g’
5 (38)
g(fNHx,fNHx,fo) < 5
Consequently, we obtain that
g (fo, fNx, fNHx) <. (39)

We will show that g(fNx, fNx, fN*"x) < 5 forall n € N via
the mathematical induction. Now, we assume that

g (fo, N, fNM"x) <, (40)
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for some n, € N. Then, observe that

zg (fNHx, fNHx, fo) +g(fN+1x) fNHx, fN+n0+1x)
< zg (fN+1x, fN+1x, fo) + Ag (fo) fo) fN+n0x)

< zg (fN+1x,fN+1x,fo) +A7’]

< 4.
(41)

Hence, from Lemma 14, we have g(fNx, fNx, fN70 " x) < 5.

Therefore, we have g( f~x, fNx, fN*"x) < yforalln € N.
Lete > O be given and let m, n € Nwith N < m < n. Thus,
we may write

m=N+{£€+p,
(42)
n=N+{+gq,

for some ¢, p,q € N. Note that p < g. It follows that
g(f"x f"x, f'x) =g (fN+€+Px, frEPy, fN+€+QX)

< Ag (fN+€+p—1x, fN+€+p—1x)

fN+£+q—1x)
(43)

< AN g (fNx, N, fNH7Px)

< XAy
Since A < 6/3n < 1,if M := N + € is chosen large enough so
that A’y < ¢, then we ended up with g(f™x, f™x, f"x) <

€. Therefore, (f"x) is Cauchy. By mean of the Cauchy-
completeness of X, it converges to some point x, € X. Since f

. . . g
is g-sequentially continuous, we have ff"x — fx,. More-
over, since X is g-Hausdorft, fx, = x,.

Assume that y, € X is also a fixed point of f. Observe
that

9 (%%, 9.) = g (fxe fxa f.) S Ag (%, %, 0.)

(44)
This implies that x, = y,. Therefore, the uniqueness is
proved. O

Example 29. Let X = [0, 1] and define a function g : X x X x
X — R, by

[0, ifx=y=z

1

3’ if x, y,z are not pairwise equal
and x, y,z € {0, 1},

glyz)=q1 o |

> i ¥,z are not pairwise equa
and {0,1} C {x, y,z} # {0, 1},

1 .

. otherwise.

(45)
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It is easy to verify that (X, g) is a g — 3ps space which is g-
Hausdorft and 2-complete. Note also that g is neither a G-
metric nor a S-metric.

Now, let us consider the map f: X — X given by

fx = {1’

0, otherwise.

ifx=0o0r x=1,
(46)

Obviously, f is g-sequentially continuous.
Our results (Theorems 27 and 28) then guarantee the
existence and uniqueness of the fixed point f1 = 1.

6. Conclusions

In this work, we pointed out that the results in [6] are obtain-
able through a metric type space. In addition, a S-metric
generalizes a G-metric only in the case when G is symmetric.
We then fill this gap by introducing a new space, namely,
a g — 3ps space, which covers a S-metric space and also a
G-metric space in which the symmetric is absent. We also
study the underlying topology for this new space in the new
direction, totally different from those studied in symmetric
and semimetric spaces. We lastly give the sufficient condi-
tions for a fixed point to exist and to be unique.
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We first prove the resonance theorem, closed graph theorem, inverse operator theorem, and open mapping theorem for module
homomorphisms between random normed modules by simultaneously considering the two kinds of topologies—the (€, 1)-
topology and the locally L°-convex topology for random normed modules. Then, for the future development of the theory of
module homomorphisms on complete random inner product modules, we give a proof with better readability of the known
orthogonal decomposition theorem and Riesz representation theorem in complete random inner product modules under two
kinds of topologies. Finally, to connect module homomorphism between random normed modules with linear operators between
ordinary normed spaces, we give a proof with better readability of the known result connecting random conjugate spaces with
classical conjugate spaces, namely, L1(S*) = (L?(S))', where p and q are a pair of Hlder conjugate numbers with 1 < p < +00,Sa
random normed module, S* the random conjugate space of S, L¥(S)(L9(S™)) the corresponding L? (resp., L?) space derived from S
(resp., S*), and (LF(S))' the ordinary conjugate space of L?(S).

1. Introduction

The theory of probabilistic metric spaces initiated by K.
Menger and subsequently developed by Schweizer and Sklar
begins the study of randomizing the traditional space theory
of functional analysis, where the randomness of “distance”
or “norm” is expressed by probability distribution functions;
compare [1]. The original notions of random metric spaces
and random normed spaces occur in the course of the devel-
opment of probabilistic metric and normed spaces, whereas
the random distance between two points in a random metric
space or the random norm of a vector in a random normed
space is described by nonnegative random variables on a
probability space; compare [1]. Probabilistic normed spaces
are often endowed with the (e, 1)-topology and not locally
convex in general; a serious obstacle to the deep development
of probabilistic normed spaces is that the taditional theory of
conjugate spaces does not universally apply to probabilistic
normed spaces. Although the traditional theory of conjugate
spaces does not universally apply to random normed spaces
either, the additional measure-theoretic structure and the
stronger geometric structure peculiar to a random normed
space enable us to introduce the notion of an almost surely

bounded random linear functional and establish its Hahn-
Banach extension theorem, which leads to the idea of the
theory of random conjugate spaces for random normed
spaces; compare [2-4].

The further development of the theory of random conju-
gate spaces motivates us to present the important notions of
random normed modules, random inner product modules,
and random locally convex modules; compare [3-5]. Inde-
pendent of Schweizer, Sklar, and Guo’s work, in [6] Haydon
et al. also introduced random normed modules as a tool
for the study of ultrapowers of Lebesgue-Bochner function
spaces. All the work before 2009 was carried out under the
(€, A)-topology.

In 2009, motivated by financial applications, in [7]
Filipovi¢ et al. independently presented random normed
modules and first applied them to the study of conditional
risk measures. In particular, they introduced another kind of
topology, namely, the locally L’-convex topology, for random
normed modules and random locally convex modules, and
began the study of random convex analysis.

Relations between some basic results derived from
the (e, 1)-topology and the locally L’-convex topology for



a random locally convex module were further studied in [8].
Following [8], the advantage and disadvantage of the two
kinds of topologies are gradually realized and the advantage
of one can complement the disadvantage of the other, which
also leads to a series of recent advances [9, 10] and in partic-
ular to a complete random convex analysis with applications
to conditional risk measures [11, 12].

Up to now, the results obtained in random metric theory
are of space-theoretical nature, whereas the study of module
homomorphisms between random normed modules has not
been fully carried out. With the development of random
metric theory, we unavoidably need a deep theory of module
homomorphisms; this paper gives some basic theorems of
continuous module homomorphisms. These basic theorems
are known under the (e, A)-topology, but their proofs were
given before the definitive notions of random normed and
inner product modules were presented in [3] so that these
proofs do not have a good readability; in this paper we give
better proofs and further give the versions of these basic
theorems under the locally L°-convex topology.

The remainder of this paper is organized as follows.
In Section 2, we introduce some basic notions together
with some simple facts subsequently used in this paper. In
Section 3, we prove the resonance theorem, closed graph
theorem, inverse operator theorem, and open mapping theo-
rem for module homomorphisms between random normed
modules endowed with the two kinds of topologies. In
Section 4, we give a better proof of the known orthogonal
decomposition theorem and Riesz representation theorem
in complete random inner product modules under the two
kinds of topologies for the future development of module
homomorphisms between complete random inner product
modules. Finally, Section 5 is devoted to a better proof of
the known result connecting random conjugate spaces and

ordinary conjugate spaces, namely, (L? ) = L4(s™).

2. Preliminaries

Throughout this paper, K denotes the scalar field, namely, the
field R of real numbers or the field C of complex numbers,
(Q, F,u) a o-finite measure space, L%F,K) the algebra
of equivalence classes of F-measurable K-valued func-
tions on (Q, F, u), EO(FJ) the set of equivalence classes of
extended real-valued & -measurable functions on (Q, %, u)
and L°(F) = L°(%, R).

IO(PI ) is partially ordered by & < # if and only if £ (w) <
7 (w) a.s., where &° and #° are arbitrarily chosen represen-
tatives of & and 7 in Io(g ), respectively. It is well known

from [13] that every subset H in IO(PI ) has a supremum and
infimum, denoted by VH and AH, respectively, and there are
countable subsets {a,,n € N} and {b,,n € N} of H such
that VH = V, .4, and AH = A, b,. Furthermore, if, in
addition, H is upward directed or downward directed, then
{a,,n € N} and {b,,n € N} can be chosen as nondecreasing
and nonincreasing, respectively. In particular, (L*(F), <) is
conditionally complete, namely, every subset with an upper
bound has a supremum.
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Following are the notation and terminology frequently
used in this paper:

L(F)={Ee ()| E20}
L(F)={el(F)|E=0}
L(F)={Eel%F)|E>0 on Q},

where “€ > 0 on Q” means that £w) > 0 a.s. for an
arbitrarily chosen representative &° of &.

Definition 1 (see [3]). An ordered pair (S,| - ||) is called a
random normed space (briefly, an RN space) over K with base
(Q, F, ) it S is a linear space over K and || - || is a mapping
from S to L% (F) such that the following three conditions are
satisfied:

(RN-1) ||lx|l = 0 implies x = 6 (the null in S),
(RN-2) |lax| = |«|||x]l, for all « € K and x € S,
(RN-3) [Ix + yll < lIxll + Iy, forall x, y € S,

where || x| is called the random norm of x. If || - | only satisfies
(RN-2) and (RN-3), then it is called a random seminorm.

Furthermore, if, in addition, S is a left module over
the algebra LY(F,K) (briefly, an L%(%, K)-module) and the
following additional condition is also satisfied:

(RNM-1) [[Ex]| = |&]l|x]l, for all € € L°(%,K) and x €
S)

then (S, | - |) is called a random normed module (briefly, an
RN module) over K with base (Q, #, y), at which time || - | is
called an L° norm on S. Similarly, if || - || only satisfies (RN-3)
and (RNM-1), then it is called an L°-seminorm on .

Remark 2. In [1], the original definition of an RN space was
given by only requiring (Q, %, u) to be a probability space
and defining |[x|| to be a nonnegative random variable; the
corresponding (RN-1) to (RN-3) are given in the following
way:

(RN-1) [lx[(w) = 0 a.s. implies x = 0,

(RN-2) [lax|(w) = |a|lx]l(w) a.s., for all « € K and
x €S,

(RN-3)' ||lx + yl(w) < lxl(w) + [yl(w) a.s., for all
x,y €S.

This definition is natural and intuitive from probability
theory, but (RN-1)" is difficult to satisfy when we construct
examples. Thus we essentially have employed Definition 1
since our work [2] by saying that measurable functions or
random variables that are equal a.s. are identified; in partic-
ular since 1999 we strictly distinguish between measurable
functions and their equivalence classes in writings; compare

[3].

Remark 3. At outset we consider both the real and complex
cases in the study of RN spaces, whereas they only consider
the real case in [6, 7] because of their special interests; an RN
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module over R is termed as a randomly normed L°-module
in [6] and an L°-normed module in [7]. We still would like to
continue to employ the terminology “an RN module over K
with base (Q, %, u)” in order to keep concordance with the
earliest terminology used in [1].

Definition 4 (see [3, 5,14]). Let (S, |- |I) and (S;, || - [I;) be two
RN spaces over K with base (Q, %, u). A linear operator T
from Sto S, is said to be a.s. bounded if there exists & € Lg (F)
such that |Tx[|, < &|x|, for all x € S, in which case T is
defined tobe A{€ € Li(g) | ITx]l, < &llx[l, Vx € S}, called the
random norm of T. Denote the linear space of a.s. bounded
linear operators from S to S; by B(S, S;); then (B(S, S;), Il - II)
still becomes an RN space over K with base (Q, &, i) when
[IT| is defined as above for every T' € B(S, S;). In particular,
when §; = L%%,K) and || - l; =1-1 (namely, the absolute
value mapping), S* := B(S, S,) is called the random conjugate
space of S and an element in S* is called an a.s. bounded
random linear functional on S.

Remark 5. When (S, || - [I;) in Definition 4 is an RN module,
B(S,S;) automatically becomes an RN module under the
module operation (§ - T)(x) = & - (T(x)), for all & €
LY(F,K), T € B(S,S;), and x € S. When S and S, are both
RN modules, in [6] B(S, S,) is used to stand for the LY(F, K)-
module of a.s. bounded module homomorphisms from S to
S;; we will show that in the special case an a.s. bounded linear
operator must be a module homomorphism. Therefore, the
two implications of B(S, S;) coincide in this case.

As in the classical functional analysis, we can similarly
define a conjugate operator T* : S — §; for an a.s.
bounded linear operator T from (S;, - [I;) to (S, |- I,) as
follows: (T* f)(x) = f(Tx), forall f € S},x € S,. From
the Hahn-Banach theorem for a.s. bounded random linear
functional established in [2] (also see [8]), one has that | T*| =
1]

For the sake of convenience, let us recall some notation
and terminology in the theory of probabilistic normed spaces.

Definition 6 (see [1]). A function T : [0,1] x [0,1] — [0, 1]
is called a weak ¢-norm if the following are satisfied:

(t-1) T(a,b) = T(b,a), for alla,b € [0, 1],

(t-2) T(a,b) < T(c,d), for all a,b,c,d € [0,1] with
a<c¢ b<d,

(t-3) T(1,0) =0,T(1,1) = 1.

A weak t-norm T : [0,1] x [0,1] — [0, 1] is called a t-norm
if the following two additional conditions are satisfied:

(t-4) T(a, T(b,c)) = T(T(a,b),c), for all a,b,c €
[0,1],

(t-5) T(1,a) = a, foralla € [0,1].

Although t-norms are widely used in the theory of
probabilistic metric spaces, weak t-norms have their own
advantages, for example, for a family {T,,,« € A} of weak t-
norms, T' defined by T(a,b) = sup{T,(a,b) : « € A}, for all
a,b € [0, 1], is still a weak t-norm, whereas this is not true for
t-norms.

Throughout this paper, A = {F : [-00,+0c0] — [0,1] |
F(-00) = 0,F(+00) = 1,F is nondecreasing and left
continuous on (-0, +00)}, D = {F € A | lim, _,_F(x) =0
and lim, _, , F(x) = 1}, A" ={F € A | F(0) = 0},and D" =
{F € D | F(0) = 0}. For extended real random variable £ on a
probability space (Q), &, P), its (left continuous) distribution
function N is defined by N¢(t) = P{w € Q | §(w) < t}, for all
t € [-00,+00) and Ng(+00) = 1.

In particular, ¢, stands for the distribution function
defined by €,(t) = 1 whent > 0 and ¢,(t) = 0 when ¢ < 0;
namely, ¢, is the distribution function of the constant 0.

Definition 7 (see [1]). A triple (S, #,T) is called a Menger
probabilistic normed space (briefly, an M-PN space) over K
if Sis a linear space over K, ./ is a mapping from S to D", and
T is a weak t-norm such that the following are satisfied:

(MPN-1) N, = ¢, if and only if x = 0 (the null
element in S),

(MPN-2) N,.(t) = N (t/lal), forallt > 0, « €K\
{0}and x € S,
(MPN-3) Nx+y(u+v) > T(N,(u), Ny(v)), forallu,v >
Oandx, y € S.

Here N, := 4 (x) is called the probabilistic norm of x.

For an M-PN space (S, 4, T),let T = (T | T is a weak ¢-
norm such that (S, #,T) is an M-PN space}, and define T:
[0,1] x [0,1] — [0,1] by T(a,b) = sup{T(a, b) | T € T},
for all a,b € [0,1]; then it is very easy to see that T € 7. T
is called the largest weak t-norm of (S, /") such that (S, /4) is
an M-PN space under T. From now on, for an M-PN space
(S, /', T), we always assume that T is the largest weak t-norm
of (S, /).

In [15], LaSalle introduced the notion of a pseudonormed
linear space: let S be a linear space over K and {p,},cn @
family of mappings from S to R" := [0, +00) and indexed by
a directed set A; then (S, {p,}4en) is called a pseudonormed
linear space if the following are satisfied:

(PNS-1) po(Bx) = |Blpy(x), forall B € K,x € S, and
o €N,

(PNS-2) Pa, (x) < Pa, (x), for all &}, ¢, € A such that
a <ay x €S,

(PNS-3) for any « € A, there exists o' € A such that
Pa(x+¥) < py(x)+ py(y), forall x, y € S.

Let (S, {p,}acn) be a pseudonormed linear space. For any
€ > 0and a € A let Ugla,e) = {x € S | pu(x) < €}
Then %y = {Ug(a,€) | & € A, € > 0} is a local base at the
null element 0 of some linear topology for S, called the linear
topology induced by {p,},c. Conversely any linear topology



for S can be induced by some {p,} ., such that (S, {p,},ecn) is
a pseudonormed linear space.

To connect an M-PN space (S, ./, T) to a pseudonormed
linear space, for each r € (0, 1), define p, : S — [0, +00) by
p,(x) = sup{t = 0 | N, (t) < r}, for all x € S. Then we have
the following.

Theorem 8 (see [16]). Let (S, ./, T) be an M-PN space. Then
one has the following statements.

(1) supy.a, T(a,a) = 1 if and only if (S,{p,},cqo,1)) is @
pseudonormed linear space; namely, for each r € (0,1)
there exists s € (0, 1) such that p,(x + y) < p.(x) +

ps(y), forallx, y €S.

(2) T > Min, namely, T(a,b) > min(a,b), for all a,b €
[0, 1], if and only if p, is a seminorm on S for each r €
(0, 1); namely, (S,{p,},e(0,1)) is @ By-type space.

(3) T(a,b) =1 foralla,b € [0,1] such thata-b > 0 ifand
only if there exists a norm || - | on S such that p, = || - |,
forallr € (0,1).

Theorem 8 was first studied in [17] in terms of isometric
metrization and first given and strictly proved in its present
form in [16].

Proposition 9 (see [1]). Let (S, ', T) be an M-PN space such
that sup,.,.,T(a,a) = 1. For any positive numbers € and A
with0 < A < 1, let Uy(e,A) = {x € S| N (€) > 1 — A}; then
Uy = {Ug(e,A) | € > 0,0 < A < 1} forms a local base at 0 of
some metrizable linear topology for S, called the (e, A)-topology
induced by N

From Theorem 8, one can easily see that the (e, A)-
topology for an M-PN space (S, /#, T) with sup,_,,T(a,a) =
1 is exactly the one induced by the family {p,},¢,;) of
pseudonorms. Therefore as far as the study of linear home-
omorphic invariants for a metrizable linear topological space
is concerned, the theory of an M-PN space (S, /,T) with
Supy.,<;T(a,a) = 1 and the theory of pseudonormed
linear space (S, {p,},¢(,1)) are equivalent to each other, and
hence either of them is also equivalent to the theory of a
quasinormed space (see [18] for a quasinormed space) since
a metrizable linear topology can be equivalently induced by
a quasinorm as well as a family of pseudonorms such as
{P:}re0,1)- We find that the three kinds of frameworks have
their own advantages and all will be used in this paper.

Definition 10 (see [1]). Let (S, #,T) be an M-PN space with
SUPyc,<;T(a,a) = 1 and A a subset of S. D : [-00,+00] —
[0, 1] is defined by D4(t) = sup,,(inf{N,(r) : x € A}), for
allt € (—00,+00), D4(—00) = 0, and D 4(+00) = 1, called the
probabilistic diameter of A. If D, € DY, then A is said to be
probabilistically bounded.

Proposition 11 below is a straightforward verification by
definition.

Proposition 11. Let (S, /,T) and A be the same as in
Definition 10. Then A is probabilistically bounded if and only
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if A is bounded with respect to the (€, A)-topology (namely, A
can be absorbed by every (e, A)-neighborhood of the null 0).

Let (Q, #, u) be a probability space and (S, - [|) an RN
space over K with base (Q, %, u). Define #/ : S — D" by
N.(t) = plw € Q| |xl(w) < t}forallt > 0and x € &
namely, N, is the distribution of |x|; then (S, #,T) is an
M-PN space with T' > W, where W(a,b) = max(a + b -
1,0), for all a,b € [0,1]. (S, #,T) is called the M-PN space
determined by (S, ||-|1); the (e, A)-topology for (S, /4, T) is also
called the (¢, A)-topology for (S, || - I|).

When (Q, #, ) is a o-finite measure space, let #, = {A €
F | 0 < u(A) < +00}; then the following definition is a slight
generalization of the case when (Q, %, u) is a probability
space.

Definition 12 (see [3]). Let (S, ||-]I) be an RN space over K with
base (Q, F,u).For A e F,,e >0and A > 0,letUy(A, €, 1) =
{x eS| plwe Al lxl(w) < €} > u(A) — A}. Then %y =
{Ug(A, e, M)A € F (A),e > 0,4 > 0} forms a local base at
0 of some metrizable linear topology for S, called the (¢, A)-
topology for S induced by | - |

Proposition 13 below is a straightforward verification by
definition.

Proposition 13. Let (S, || - ||) be an RN space over K with base
(Q,F,u) and {A, | n € N} a countable partition of Q to F
such that 0 < u(A,) < +oo. Then one has the following.

(1) A sequence {x,x € N} in S converges in the (e, A)-
topology to x in S if and only if {|x,, — x| | n € N}
converges to 0 locally in measure; namely, {||x, — x| |
n € N} converges to 0 in measure yon each A € F ..

(2) The (e, A)-topology for S is exactly the linear topology
induced by the quasinorm ||| - ||| defined by ||x|| =

Y (1/27) IAW(IIXII)/(I + |lx[)du for all x € S.

(3) Let P F — [0,1] be defined by P(A) =
Y2, (12" (u(AN A,)/u(A,)); then P is a probability
measure equivalent to y and (S, ||||) has the same (¢, A)-
topology whether (S, | - ||) is regarded as an RN space
with base (Q, #F, u) or (O, F, P).

Remark 14. When (Q, %, ) is a o-finite measure space,
the (e, A)-topology for the special RN space (LYF),| - D)
is exactly the topology of convergence locally in measure.
But the topology of convergence in measure is not a linear
topology in general, so we choose the (e, A)-topology since
not only is it a linear topology but also its convergence has
almost all the nice properties of convergence in measure
(see (1) of Proposition 13). (3) of Proposition 13 shows that
we can always assume the base space of an RN space to
be a probability space when only the linear homeomorphic
invariants or those independent of the special choice of y
and P are studied. Finally, independently of B Schweizer and
Sklar’s work [1], the (e, A)-topology is also introduced in [6],
called the L°-topology.
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Definition 15 (see [3, 5,14]). Let (S, || - [|) be an RN space over
K with base (Q, #, u) and A a subset of S. A is said to be a.s.
bounded if V{|a| : a € A} € L‘l(&«”).

In the sequel, the (e, A)-topology for every RN space
is always denoted by 7., and the quasinorm for every
RN space is always denoted by ||| - ||| defined as in (2) of
Proposition 13 when no confusion occurs.

Proposition 16 (see [3]). Let (S, - ) be an RN space with
base (O, F,u) and A a subset of S such that {|lal| : a €
A} is upward directed. Then A is a.s. bounded if and only if
it is T )-bounded, at which time and when (Q, %, ) is a
probability space, D, = Ng, where & = Vi{[al : a € A} and
Ny is the distribution function of €.

Proof. We can, without loss of generality, assume that
(Q, #, u) is a probability space. Necessity is clear. We prove
the sufficiency as follows.

Since there exists a sequence {x,,n € N} in A such that
{llx, I, n € N} converges a.s. to £ in a nondecreasing manner.
Let (S, #,T) be the M-PN space determined by (S, || - ||); then
{N, ,n € N} converges weakly to Np; it is easy to check that
Ng = Dy, yeny (namely, the probabilistic diameter of {x,,,n €

N}), and hence NE D,. But Ny < D, is clear, then Ny =
D,. Since A is T )-bounded, D, € D", which shows that

Ee ’(F). 0O

Proposition 17 below gives a very general condition for
{lall : a € A} to be upward directed or downward directed.

Proposition 17. Let (S,| - ||) be an RN module with base
(Q, F, u) and A a subset of S such that I, A+IpcA C A forany
D € &, where D€ = Q\ D and I, stands for the equivalence
class of the characteristic function of D. Then {|lal| : a € A} is
both upward and downward directed.

Proof. We only prove that {|la|| : a € A} is upward directed;
the case of being downward directed is similar. For any
a,a, € AletD = {w e Q| |a]° @) < |a]°(w)}, where
lla, 1° and ||a2||0 are arbitrarily chosen representatives of ||a, ||
and |\a,||, respectively. Then a; := Ina, + Ipca, is such that
llasll = TD||612||+TDC"611 | = lla, |l Vlla,ll. Since a; € A, the proof
is complete. O

It is easy to see that (L’(%,K),J,) is a topological
algebra over K and (S, 7 ,) is a topological module over
(L%(F,K), T ) when (S, || - [|) is an RN module over K with
base (Q, #, ). In 2009, another kind of topology for an RN
module was introduced in [7].

Definition 18 (see [7]). Let (S, || - ||) be an RN module over K
with base (Q, #, u). A subset G of S is called a I _-open set
if for each x € G there exists some € € L(l (F) such that
x + Uy(e) ¢ G,whereUy = {y € S | ||y|| < €}. Denote by
T . the family of 7 .-open sets; then I, forms a Hausdorft
topology for S, called the locally L°-convex topology induced

by |l - [I.

It is easy to check that the locally L°-convex topology
is much stronger than the (e, A)-topology for a given RN
module; (L%(F,K), T .) is, however, only a topological ring
since it is unnecessarlly a linear topological space (see [7]).
Furthermore, for an RN module (S, || - ||) over K with base
(Q, F, ), (S, T ,)isatopological module over the topological
r1ng (L%F,K), T ); compare [7]. From now on, the locally
L°-convex topology for every RN module is always denoted
by . when no confusion occurs.

Definition 19. Let S be an L°(F, K)-module. A subset G of S
is said to be L°-convex if Ex + (1 = &)y € G, forallx, y € G
and € € L°+(F/7) with 0 < & < 1. A subset G of S is said to be
L°-balanced if éx € Gforall x € Gand & € L%(%,K) with
[€] < 1. A subset G of S is said to be L°-absorbed by a subset H
of S if there exists some & € L(l +(F) such that nG ¢ H for all
ne L°(F, K) with Iyl < & Furthermore, if a subset G of S L°-
absorbs every element of S, then G is said to be L°-absorbent.

Definition 20 (see [12]). Let (S, | - ||) be an RN module and A
a subset of S. A is said to be 7 .-bounded if A is L°-absorbed
by every I .-neighborhood of the null element.

It is also very easy to see that a subset of an RN module is
T .-bounded if and only if it is a.s. bounded.

For the sake of convenience, I, always denotes the
characteristic function of A € % and I, the equivalence
class of I,. As usual, {B € &# | u(AAB) = 0} is called the
equivalence class of A € &, denoted by A; we sometimes also
use Iz for I,.

Theorem 21 below is a formal generalization of the
corresponding results given in [5, 19] for a random linear
functional; it was already frequently employed in [12, 14] but
does not have yet a better proof; here we give a better proof.
From now on, for convenience we always denote by (S, N) the
M-PN space determined by a given RN space (S, | - [|).

Theorem 21. Let (S, || - [|;) and (S,, || - l,) be two RN modules
over K with base (O, F,u) and T : S; — S, a linear operator.
Then one has the following:

(1) T isa.s. bounded if and only if T is a continuous module
homomorphism from (S, T ;) to (S, T )

(2) T is a.s. bounded if and only if T is a continuous
module homomorphism from (S,, T ;) to (S,, T ).

Proof.

(1) Necessity. Since T is a.s. bounded, T must be continuous
from (S,, 7, ) to (S,, 7 ,); it remains to prove that T is also
a module homomorphism; it suffices to prove that T(I,x) =
I,T(x), forall x € S, and A € &, since T is linear. Since
IT@a2), < IT1-axly = LAIT N -y, Lo - T(Tyx) = 6, for
allA e F.Then T(T,x) = (T, + L) - T(I,x) = IA T(T4x),
for all A € &. On the other hand, T,T(x) = I, - T(T,x +
Tyx) = I, - T(I,x), for all x € S, and for all A € F. So,
I,-T(x) = T(I,x).



Sufficiency. S;(1) := {x € §; | |x[l; < 1} is a.s. bounded, and
hence also 7 ;-bounded; further T(S,(1)) is 7 ; -bounded
since T is a continuous linear operator. Besides, I, -T(S; (1)) +
T, - T(S;(1)) ¢ T(S,;(1)) for all A € F since S,(1) has this
property and T is a module homomorphism. Then T'(S,(1))
is a.s. bounded; namely, & := V{[|T(x)], : x € S;(1)} € Lg(.‘}f“)
by Propositions 16 and 17. Since 1/(||lx[l; + (1/n)) - x € S;(1),
forall x € S; andn € N, |T(1/(Ixll, + (1/n)-x)l, < &,
which implies that [T(x)|, < & - ||x[|;, for all x € S;; that
is to say, T is a.s. bounded, at which time it is also clear that
ITI = VATl = x € §; (1)}

(2) Necessity. From the proof of necessity of (1), if T' is a.s.
bounded then T is a module homomorphism. The fact that
T is a.s. bounded also obviously implies that T' is continuous
from (8,, 7 .) to (S,, T ).

Sufficiency. Since S,(1) := {y € S, | lyll < 1}isa T .-
neighborhood of the null element of S, there exists some € €
LL(FF) such that T(Uy(e)) ¢ S,(1), where Uy(e) = {x € §; |
lxll, <e}. Thusforanyx € Sy, [T(1/(lIxll; + (1/n)) - x)l, < 1,
for all x € S, and n € N; namely, [|T(x)ll, < (1/e)(|x]l, +
(1/m)) by the fact that T is a module homomorphism, which
shows that |T(x)[, < (1/e)llxll;, for all x € S;; namely, T is
a.s. bounded. O

Remark 22. (1) of Theorem 21 was independently obtained
by Guo in [5] and Haydon et al. in [6] although it is stated
in a different way in [6, Proposition 5.6], one careful reader
can see that Proposition 5.6 of [6] exactly amounts to (1) of
Theorem 21. Our proof is different from Haydon et al’s in
that we make use of something from the theory of Menger-
PN spaces (see the proof of Proposition 16) and our method
may also be used in the proofs of some important results of
Section 3.

Remark 23. Let (S, || - II;) and (S,, || - I|,) be two RN modules
over K with base (Q, %, u); when T is a continuous module
homomorphism from (S,, 7 ;) to (S,, 7 ;) or from (S,, T )
to (S,, 7 ,), the process of proof of Theorem 21 has implied
that [T = V{IT()l, | x € S;(1)}; further we have N =
Dr(s,1y) by Proposition 16, where Ny is the probabilistic
norm of T, namely, the distribution function of ||T||, and
Dr(s, 1) is the probabilistic diameter of T (S, (1)).

The proof of Proposition 24 below is similar to that of
(1) of Theorem 21, so is omitted, but this proposition is very
useful in the proof of the resonance theorem in Section 3 of
this paper; we state it as follows.

Proposition 24 (see [14]). Let (S, | - ||) be an RN module over
K with base (O, F,y) and f : § — Li(?) such that the
following two conditions are satisfied:

(1) flax) = - f(x), for all x € S and all nonnegative
numbers «;

(2) fx+y) < f(x)+ f(y), forallx, y € 8.

Then f is a.s. bounded; namely, there is some & ¢ LO+(97)
such that f(x) < E&llx|, for all x € S, if and only if f
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is continuous from (S, T ;) to (LO(F}T),P/“E’)L) and f(nx) =
7 fx), forallx € Sandn € LOF), at which time
IfI = Vif(x) | x € S}, where lIfIl = A& € LYUF) |
f(x) < &llxll,Vx € S} furthermore if, in addition, (Q, F, y)
is a probability space, then N (the distribution function of
IF1D) = Desy-

It is well known that B(S;,S,) is a Banach space when
S, and S, are normed spaces and S, is complete. Similarly,
B(S,,S,) is T ) -complete when (S, || - [I,) and (S,, || - II,) are
RN modules and S, is 7 ) -complete, which is independently
pointed out by Guo in [5, 14] and Haydon et al. in [6]; in
particular §* is 7 , -complete for every RN module S. In fact,
a more general result is proved in [14], namely, the following.

Proposition 25 (see [14]). Let (S, || - I) and (S,, || - II,) be two
RN spaces over K with base (Q, &, u) such that S, is T ;-
complete; then B(S,, S,) is T y-complete.

When §; and S, are both RN modules, since [T =
VAITx)I, | x € S;(1)}, for any T € B(S;, B,), the proof
of Proposition 25 is similar to that of the classical case. But
when S, and S, are only RN spaces, its proof needs Lemma 26
below. To state it, let us recall the canonical embedding
mapping J from an RN space (S, || - ) to (§**, || - [I*), where
§*™ = (§")", J(x) is defined by (J(x))(f) = f(x), for all
f € §" and x € S. It is easy to see that J is random-norm
preserving. As usual, S is said to be random reflexive if J is
surjective. Generally, the 7 ,-closed submodule generated
by J(S) in §** is called the T ; -closed submodule generated
by S, denoted by M(S); it is, obviously, a ) -complete RN
module.

Lemma 26 below is given and proved in [14]; here we give
it a better proof.

Lemma 26 (see [14]). Let (Sy, |- Il;) and (S, 11 - |l,) be two
RN spaces over K with base (Q, F, ) such that S, is T _ -
complete. Then B(S,, B,) is isomorphic to a T -closed sub-
space of B(M(S,, M(S,)) in a random-norm-preserving way.

Proof. Define L : B(S, - S,) — B(M(S,;), M(S,)) by L(T) =
T |prs,)» where T™" is the random conjugate operator of T".

First, L is well defined, namely, L(T)(M(S;)) ¢ M(S,),
and isometric. Let J; : §; — S;"and ], : S, — S;" be
the corresponding canonical embedding mappings; it is easy
to check that T** o J; = ], o T, which not only shows that
T**(J1(S))) € J,(S,) but also shows that [T = ||T**|/1(sl)|| <
IL(DI < IT**|I. Since | T = IT* |, IL(T)| = IIT|. Further
by (1) of Theorem 21 one can easily see that L(T)(M(S,)) ¢
M(S,).

Second, L(B(S,,S,)) is a J,-closed subspace of
B(M(S,), M(S,)). Let {T,,,n € N} be a sequence in B(S,,S,)
such that {L(T,,),n € N} converges in the (e, A)-topology
to some T € B(M(S,), M(S,)). Then {T,,,n € N} is also
T . )-Cauchy in B(S;, S,). We can, without loss of generality,
assume that {|T, |, n € N} converges a.s. to some &. Define
T:S — S,byT(x) =T, —lim, , T,(x), for all x € S;;
then T is well defined since S, is 7 -complete, and T is a.s.
bounded since |T(x)ll, < &llx|, for all x € S,. Finally, it is

easy to check that L(T) = T. O]
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Remark 27. Since B(M(S,), M(S,)) is always I _ ;-complete,
sois B(S;,S,) when S, is 7 ; -complete by Lemma 26.

3. Some Basic Principles of Continuous
Module Homomorphisms between Random
Normed Modules

The main purpose of this section is to generalize some
classical basic principles such as the resonance theorem,
open mapping theorem, closed graph theorem, and inverse
operator theorem to the context of random normed modules.
It turns out that the counterparts under the (e, A)-topology
are consequences of the corresponding classical theorems
on ordinary operators between quasinormed spaces except
for the proof of the resonance theorem which is somewhat
complicated. However, the counterparts under the locally L°-
convex topology are another thing since the usual reasoning
fails to be valid; for example, the Baire category argument is
no longer valid. Owing to the relations established in [8], we
can prove them by converting their proofs to the case for the
(€, A)-topology.

The following surprisingly general uniform boundedness
theorem is known (see [18]). But for the sake of reader’s
convenience, we state it as follows.

Proposition 28 (see [18]). Let X be a linear topological space
over K of second category and (Y, ||| - ) a quasinormed linear
space. Let {T,, « € A} be a family of continuous mappings from
X to'Y such that the following three properties are satisfied:

(M) NTyCx + I < TN+ NT I, for all x, y € X
anda € N\;

2) T, (@)l = HaT,(ll, for all x € X, « € A, and
a>0;

(3) {T(x), € A} is bounded with respect to the linear
topology induced by || - ||| for each x € X.

Then lim, _, gT,(x) = 0 uniformly in o € A.

Theorem 29. Let (S,, || - II,) and (S,, || - II;) be two RN modules
over K with base (Q, F, u) such that S, is T ,-complete.
Let {T, a € AL be a family of continuous module
homomorphisms from (S, T ;) to (S,, T ). Then, one has
the following:

) AT, : « € AYis T )-bounded in B(S,,S,) if and only if
{T,(x) : x € A}is T y-bounded in S, for each x € S;;

(2) {T, : « € A} is a.s. bounded in B(S,,S,) if and only if

o

{T,(x) : « € A} is a.s. bounded in S, for each x € ;.

Proof. We can, without loss of generality, assume that
(Q, #, ) is a probability space.

(1) Necessity. Let {T, : « € A} be I ,-bounded in B(S,,S,);
namely, Dy 4en € D'. For each x € §,, since [T, (x)], <
ITMllxly, foralla € A, plo € Q| [T,(0)],(w) <
th 2 u(o € Q| IThw < 2V n{w € Q |
Ixll; (@) < (1/2)VE) = plw € Q | IT,l,(@) < 2VE +

wo € Q| lxl(w) < (1/2)Vt} = 1; namely, Ny () >
NTU‘(Z\/E) + N ((1/2)Vt) = 1, for all « € Aandt > 0.
Then, Dir (aen(t) = W(Dir qen (2VE), N ((1/2) V1)), for
all x € §; and t > 0, where W(a,b) = max(a + b - 1,0), for
alla,b € [0,1]. Since Dy 4ey € D" and N, € D" for any
x € Sy, then Dip (;y4eny € D5 namely, {T,(x) : & € A}is
T .,-bounded in S, for each x € §;.

Sufficiency. Let ||| - || : S, — [0, +00) be defined by || yll| =
IQ(IIyII/(l +1lyl))du for any y € S,; then (S,, ||| - lll) is a quasi-
normed linear space and || - ||| induces the (e, A)-topology
for S,. Since (S;, 7 ,) is a linear topological space of the
second category and it is also clear that {T,, : & € A} satisfies
all the three conditions of Proposition 28, lim, _, o7, (x) =
0 uniformly in « € A by Proposition 28, which certainly
implies that | J,, T, (A) is 7 y-bounded in S, for each 7 _ ;-
bounded set A in Sy, in particular | J,e, T,(S,(1)) is T »-
bounded. By Remark 23, Ny = Dr (g ), forall @ € A
Define F : [-00,+00] — [0,1] by F(t) = inf“E,\DTa(Sl(l))(t),
forall t € [-00,+00], and I'F : [-00, +00] by (I" F)(-00) =
0,(I'F)(+00) = 1, and (I’ F)(t) = sup{F(t') | < 8,
for all t € (00, +00); denote | J, . T, (S;(1)) by A; then one
can easily check that Dy = I'F = Dyy _qens then {T,, : & € A}
is 7 ,-bounded since D, € D".

(2) Necessity of (2) Is Clear. We prove sufficiency of (2) as
follows.

Denote the family of finite subsets of A by & (A). For any
F e F(A), define fr : S; — L°%(F) by fe(x) = V{IT,xll, |
o € F},forall x € S;; then f is continuous from (S, 7 ,) to
(LXF,K), T .,)and fr(Ex) = & fr(x), forall & € L (F)and
x € §,, and hence fp is a.s. bounded and | fzl| = V{fp(x) |
x € $;(D} = AT, Il : « € F}. It is obvious that {|| fzll | F €
F(N)} = Tl | « € A}, so we only need to prove that
{l fell | F € (M)} is a.s. bounded, which is equivalent to the
fact that {|| fzll | F € F(A)}is T ,-bounded in Li(g) by
Proposition 16. Since V{fp(x) | F € F(N)} = V{IT, ()l |
a € A foreach x € Sy, {fr(x) | F € (M)} is a.s. bounded
and hence also 7 ;-bounded for each x € S,. In the process
of proof of sufficiency of (1), by replacing S, with L%(%,K)
and the same reasoning we have that {| fz|| | F € F(A)} is
T - bounded since {fr | F € F(A)} still satisfies all the
three conditions of Proposition 28. O

Theorems 30, 31, and 32 below are essentially known since
they can be regarded as a special case of the classical closed
graph theorem, open mapping theorem, and inverse operator
theorem between Fréchét spaces only by noticing thata 7 , -
complete RN space is a Fréchét space, but we would like to
state them for the convenience of subsequent applications.

Theorem 30. Let (S, || - |I,) and (S, |l - |I,) be T 5-complete
RN modules over K with base (O, F,u) and T : S, — S, a
module homomorphism. Then T is continuous from (S, 7, )
to (S5, T .,) ifand only if T is T _ 5 -closed (namely, the graph
of T'is T )-closed in S x S,).



Theorem 31. Let (S, || - II,) and (Sy, | - l,) be T ,-complete
RN modules over K with base (Q, F,u) and T a surjective
continuous module homomorphism from (S,,T.,) to
(83, T 1) Then T is T 5-open; namely, T(G) is T ,-open
foreach T - open subset G of S,.

Theorem 32. Let (S, || - II;) and (S, || - Il,) be T -complete
RN modules over K with base (Q, #, ) and T a bijective con-
tinuous module homomorphism from (S, T ) to (S5, T . 5).
Then T~ is also a continuous module homomorphism from
(83, T ep) to (81, T ¢ ).

To give the versions of Theorems 29 up to 32 under the
locally L°-convex topology, let us first recall the notion of
countable concatenation property of a set or an L°(%, K)-
module. The introducing of the notion utterly results from
the study of the locally L°-convex topology, the reader will
see that this notion is ubiquitous in the theory of the locally
L°-convex topology; From now on, we always suppose that
all the L°(%, K)-modules E involved in this paper have the
property that for any x, y € E, if there is a countable partition
{A,,n € N} of Q to & such that TAnx = I~Any for each
n € N, then x = y. Guo already pointed out in [8] that all
random locally convex modules possess this property, so the
assumption is not too restrictive.

Definition 33 (see [8]). Let S be an L%, K)-module. A
subset G of S is said to have the countable concatenation
property if for each sequence {g,,n € N} in G and each
countable partition {A,,n € N} of Q to &, thereis g € G
such that TAng = fAngn, foralln € N.

Two propositions below are key in this paper.

Proposition 34 (see [8]). Let (S, ||-|) be an RN module and G a
subset with the countable concatenation property. Then G, =
G,, where Ge,,\ and G, stand for the closures of G under the
(e, A)-topology and the locally L°-convex topology, respectively.

Proposition 35 (see [8]). An RN module (S, - |I) is T -
complete if and only ifitis T .-complete and S has the countable
concatenation property.

Theorem 36 below has been used to establish random
convex analysis; compare [12].

Theorem 36. Let (S, || - [I,) and (S,, || - ||,) be two RN modules
over K with base (Q, F, ) such that S, is T .-complete and
has the countable concatenation property. Let {T,, : a € N} be
a family of continuous module homomorphism from (S, T )
to (S,, T .); then {T, : o € A} is T -bounded if and only if
{T(x): o € A} is T .-bounded for each x € §,.

Proof. By Proposition 35, it follows from (2) of Theorem 29.
O

Theorem 37. Let (S, | - ;) and (S, || - Il,) be two T .-comp-
lete RN modules over K with base (Q, #, u) such that S, and
S, have the countable concatenation property. Then, a module
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homomorphism T : S, — S, is continuous from (S,, T ) to
(S,, T ) ifand only if T is T .-closed (namely, the graph of T
is T ~-closed in S| x S,).

Proof. It is clear that the graph of T has the countable
concatenation property. By Theorem 21, T'is continuous from
(81, T ) to (S,,T ) if and only if it is continuous from
(S1,T ) to (S,, T ). So, the proof follows from Propositions
34 and 35 and Theorem 30. O

Theorem 38. Let (Si,Il-1,) and (S, |-1,) be two T -
complete RN modules over K with base (Q, F, u) such that
S, and S, have the countable concatenation property. If T :
S, — S, is a bijective continuous module homomorphism
from (S,,T,) to (S5, T ,), then T™" is also continuous module
homomorphism from (S,, T .) to (S}, T ).

Proof. 1t follows from Proposition 35 and Theorems 21 and
32. O

To give Theorem 40 below, we need Lemma 39 below.

Lemma 39. Let (S, | - ||) be a T .-complete RN module over K
with base (Q, F,p) and M a T .-closed submodule of S such
that both S and M have the countable concatenation property.
Then, (S/M, || - |5p) isstilla T .-complete RN module and S| M
has the countable concatenation property, where S/M is the
quotient module of S with respect to M and || - ||, : SIM —
L&(g) is defined by ||x + M|y = Myl | ¥y € x + M}.

Proof. By Proposition 35 both S and M are J  -complete;
then (S/M,| - |) is a T -complete RN module by the
theory of quotient spaces for Fréchét spaces. The proof again
follows from Proposition 35. O

Theorem 40. Let (Sy,|-1ly) and (S, 1 -1,) be two T .-
complete RN modules over K with base (Q, F, u) such that
S, and S, have the countable concatenation property. If T is
a surjective continuous module homomorphism from (S, T )
to (S,, T ), then T is T -open; namely, T(G) is T .-open for
each T .-open subset G of S;.

Proof. Let M = {x € S | T(x) = 0}; then M is T -
closed and has the countable concatenation property. Define
T : (/M) — S, by T(x+ M) = T(x), for all
x € §;, where (S;/M, | - |5 is the quotient space of (S, || - [I;)
with respect to M; it is clear that T is a bijective continuous
module homomorphism from (S,/M,7,) to (S,,T,). By
Theorem 38, T ' is a continuous module homomorphism
from (S,,7,) to (S;/M,T,). So, T(G) is a T .-open subset
in S, for each 7 .-open subset G of S,/M. Observing that
T =ToJ, where J : S; — §;/M is the canonical quotient
mapping, then T' is 7 .-open. O

Remark 41. Since a 7 .-complete RN module is not neces-
sarily of second category, we can not obtain Theorem 40 by
using the Baire category argument which is used in the proof
of the classical open mapping theorem. In fact, the proof
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of Theorem 40 also gives a new proof of the classical open
mapping theorem.

4. The Orthogonal Decomposition Theorem
and Riesz Representation Theorem in
Complete Random Inner Product Modules
under the Two Kinds of Topologies

The orthogonal decomposition theorem in complete random
inner product modules was already pointed out in [3, 20]
without a detailed proof since it can be indirectly and
similarly obtained from a best approximation result of [5, 21]
in a special complete random inner product module. Here,
we give it a detailed proof. The Riesz representation theorem
in complete random inner product modules was proved in
[20], but we did not strictly distinguish, by symbols, between
measurable functions and their equivalence classes, so the
readability of the proof given in [20] is not very good. Here,
we also give a new proof for the sake of convenience for
readers; the idea is, of course, due to [20].

Definition 42 (see [3]). An ordered pair (S, (-,-)) is called a
random inner product space (briefly, an RIP space) over K
with base (Q, #, p) if S is a linear space over K and (,-) isa
mapping from Sx S — L°(%, K) such that the following are
satisfied:

(RIP-1) (x,x) € L°(%) and (x, x) = 0 implies x = 0
(the null element of S);

(RIP-2) {ov-x, y) = a-{x, y),foralla € Kand x, y € §;

(RIP-3) (x, y) = (y,x), for all x, y € S, where (y, x)
stands for the complex conjugation of (y, x);

(RIP-4) (x + y,2) = (x,2) + (¥, z), forall x, y,z € §,

where (x, y) is called the random inner product of x and y in
S.

Furthermore, if, in addition, Sis an LO(97 , K)-module and
the following is satisfied:

(RIPM-1) (€ - x,y) =& - (x,y), forall & € L%, K)
andx,y €S,

then (S, (-,+)) is called a random inner product module
(briefly, an RIP module) over K with base (Q, %, u), at which
time (x, y) is called the LC-inner product of x and y in S;
namely, an L°-inner product is a random inner product with
the property (RIPM-1).

In an RIP space (S, (:,-)), x is orthogonal to y, denoted
by x L y,if {(x,y) = 0. For a subset M of S, M* := {y ¢
S| (x,y) = 0,Yx € M} is the orthogonal complement
of Min S. Define || - || : S — L‘l(g) by llxll = v{x,x),
for all x € S; then (S,] - |) is an RN space over K with
base (Q, #, u) by the following random Schwartz inequality
(namely, Lemma 43 below); | - || is the random norm derived
from (.,-). It is also clear that (S, | - ||) is an RN module if
(S, (-,-)) is an RIP module.

Lemma 43. Let (S, (-,-)) be an RIP space over K with base
(Q, F, ). Then [{x, y)| < x| - Iy, for all x, y € S.

Proof. Let x and y be fixed and then choose (x, y)o, lIx1°,
and || yII0 as given representatives of (x, y), |lx[, and [yl
respectively. Since (ax + y,ax + y) = lo*lx|I> + 2 Re(ex -
(6, ) +IyI* = 0, foralla € K. Let K(1) = {B € K | |B] = 1},
then taking « = ¢t witht € Rand 8 € K(1) yields that
2 x)? + 2t - Re(B - (x, y)) + ||y||2 > 0, forallt € Rand
B € K(1); namely, £ - (|x]°(w))* + 2t - Re(B - {x, ¥)°(w)) +
(||y||0(a)))2 > 0a.s., forall t € Rand 8 € K(1). Since R and
K(1) are separable, we can obtain an & -measurable Q, with
u(Q\ Q) = 0such that £2- ([ x]°(w))* +2¢-Re(B- {x, y)°(w)) +
(I71°(@))* = 0 on Q, forall t € Rand B € K(1).

For each w € ), we can always take 8 € K(1) such that
B-(x, )’ (w) = [{x, y)°(w)]; then we have that *- (|l x]°(w))* +
2t - {6, ()] + (Ilyl°(w))> = 0 on Q, forall t € R, so
16, (@) < [x]°(w) - [yI°(w), for all @ € Q4 namely,
[ < Dl - Dyl O

Remark 44. In the proof of Lemma 43, we use a technique,
namely, making use of separability of the scalar field K, which
was first used in the proof of extension theorem for complex
random linear functionals; compare [2, 8].

Lemma 45. Let (S, (-,-)) be an RIP space over K with base
(Q, F, 1), M a subspace of M, and x, € M. Then ||x — x| =
Nlx =yl : y € M} ifand only if x — x, L M.

Proof. Sufficiency is obvious. As for the necessity, since
lx = x> < llx—x,—ayl’ foralla € Kand y € M,
namely, 2Re(a(y, x — x,)) < |a|2||y||2, taking « = (1/n)a
yields that 2 Re(a(y, x — x,)) < (1/n)|al*[ly|*, which implies
that Re(a(y, x —x,)) < 0,foralla € K and y € M. Similar to
the proof of Lemma 43, one can have that (y, x — x,) = 0, for
all y e M. O

Remark 46. x, in Lemma 45 is called a best approximation
point of x in M; such a kind of idea was earlier used in
[5, 21-23] for the study of best approximation problems in
Lebesgue-Bochner function spaces.

Theorem 47. Let (S,(:,-)) be a T ,-complete RIP module
over K with base (Q, , y) and M a T _ ,-closed subspace of
S. Then S = M & M~ if and only if M is a submodule.

Proof.

Sufficiency. For each x € S,letd(x, M) = AMllx—y|l | y € M}.
By Proposition 17 there exists a sequence {y,,n € N} in M
such that {||x — y,l,n € N} converges a.s. to d(x, M) in a
nonincreasing manner. Similar to the classical case, one can
deduce that {y,, x € N}isa 7 ,-Cauchy sequence and hence
convergent to some x, € M such that [ x — x,|| = d(x, M). By
Lemma 45, x — x, L M. Hence, each x € S can be written as
X=X+ Xy €M @M.

Necessity. We only need to prove that I, x € M foreach A € F
and x € M. Let [,x = x; + x, with x, € M and x, € M*;
since x, 1 I,x implies x, = 0, [,x = x; € M. O
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Theorem 48. Let (S,(-,-)) be a T ,-complete RIP module
over K with base (Q, F, u). Then for each f € S* there exists
a unique y; € S such that f(x) = (x, yf),for all x € S, and

11 =yl

Before the proof of Theorem 48, let us first introduce
some notation and terminology as follows. Let & be in
L°(F, K) with a chosen representative £°. &1 - Kis
defined by &) Hw) = 1/E%w) if £(w) #0 and 0 otherwise.
Then the equivalence class determined by (£°) " is called the
generalized inverse of £, denoted by £', and |& |7'€ is called
the sign of &, denoted by sgn(&). It is obvious that £- &' = T,
where A = {w € Q | &%w) #0}, and sgn(&) - £ = |&|. Besides,
forany&and#in LYF),[E< n] denotes the equivalence class
of the #-measurable set {w € Q | &(w) < r)o(w)}, where &°
and 7 are any chosen representatives of £ and , respectively.
Similarly, one can understand the meaning of [§ > #].

We can now prove Theorem 48.

Proof of Theorem 48. Let Ran(f) = {f(x) | x € S} and
N(f) = {x € S| f(x) = 0}; then Ran(f) is a submodule
of L°(%,K) and N(f)a T ,-closed submodule of S.

By Proposition 17 {| f(x)| | x € S} is upward directed
and hence there exists a sequence {x,,n € N} in S such that
{lf(x,)|,n € N} converges a.s. to & := V{|f(x)| | x € S}ina
nondecreasing manner.

Denote &, = |f(x,)|, for all n € Nj; let £ and Eg be any
chosen representatives of £ and &, respectively, B = {w € Q |
&w) > 0},and B, = {w € Q | Eg(w) > 0}, forallm > 1.
We can, without loss of generality, assume that B, ¢ B,,,,,
foralln > 1, and |J,., B, = B. Further, let B, = @ and
A, =B,\B,j, foralln > 1;then A;NA; = &, wherei# j,
and B = |2, A,,. Since £ > 0 on A,,, we have f(z,) = TAn,
where z, = I, (f(x,))™" - x,, foralln > 1.

If u(B) = 0, then taking y; = 6 ends the proof. If u(B) > 0,
then f # 0, in which case we can assume that u(A,) > 0, forall
n € N. By Theorem 47 there exists a unique z,, € N(f)" such
thatz,-z, € N(f),andhence f(z,) = f(z,) = TA”,foralln €
N.Since T, x—I, f(x)Z, € N(f), (I x—1, f(x)Z,,Z,)
0, for all n:é Nandx €S. ! ’

Since I, = f(z,) = [fZ) < fllZ,l, Iz,Il >
on A, and I f(x) = (x,z,), forall x € S, where z,
TAn(HEnll)_lEn, forallnm e N.Lety, =Y., 2, forall neN.
By noticing that Iy f(x) = f(x), forall x € S, and Iy =
lim, _, oI5, = lim,_, Y I, f(x) =lim,_, (I f(x)) =
lim, (X7, TAif(x)) = lim,_, {x, ¥,) (where conver-
gence means the a.s. convergence). We can, without loss of
generality, assume that (Q, %, p) is a probability space; then
ww € Q| Ypim — Yull(@) > €} < ¥ u(A,), for any e > 0
and n,m € N, which implies that {y,,n € N} is 7, -Cauchy
and hence convergent to some y, € S, so f(x) = (x, y;), for
all x € S.

£l < ||yf|| is obvious. Now, let A = [||yf|| >0]and D =
Ufpol < ISy ells then (D) = 1and Il fIl = Lallygl,

where I, = I, with A° being any representative of A. On

o
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the other hand, (1 - IL)Ifl > 0 = (1 = L)llysll, so I fIl =

L fI+ Q=IO = Lally sl + (= L)ly sl = [yl Finally,
the uniqueness of y; is obvious. 0

The version of Theorem 48 under the locally L°-convex
topology, namely, Corollary 50 below, was given in [8].
Corollary 49 below is the version of Theorem 47 under the
locally L°-convex topology.

Corollary 49. Let (S, |- ||) be a T .-complete RIP module over
K with base (Q, F, u) and M a T .-closed submodule of S such
that both S and M have the countable concatenation property.
Then S = M & M™.

Proof. It follows from Propositions 34 and 35 and
Theorem 47. O

Corollary 50. Let (S,(--)) be a T .-complete RIP module
over K with base (Q, F,u) such that S has the countable
concatenation property. Then for each f € S* there exists a
unique y; € S such that f(x) = (x, ys), forall x € S, and

1£1 = Iyl
Proof. It follows from Proposition 35 and Theorem 48. [

Remark 51. Based on Theorem 48, we can establish the spec-
tral representation theorem for random self-adjoint operators
on complete complex random inner product modules, which
has been used to establish the Stone’s representation theorem
for a group of random unitary operators in [24].

5. (LP(S)) = L4(S*)

In this section, let (S, || - ||) be a given RN module over K with
base (Q, F, u) and S§* its random conjugate space. Further, let
1 < p<+ooand1 < g < +0o be a pair of Holder conjugate
numbers.

Let r be an extended nonnegative number with 1 < r <
+ooand (L' (%), | - |,) the Banach space of equivalence classes
of r-integrable (when r < +00) or essentially bounded (when
r = +00) real #-measurable functions on (Q, %, u) with the
usual L"-norm |- |,. Further, let L'(S) = {x € S | x| €
L'(F)} and let |-, : L'(S) — [0,+00) be defined by
lxll, = llxll,, for all x € L"(S); then (L"(S), || - I,) is a normed
space over K and 7 -dense in S; compare [22, 25]. Similarly,
one can understand the implication of L"(S*).

Theorem 52 below is proved in [25], a more general result
is proved in [6] with L' (%) replaced by a Kothe function
space, but the two proofs both only give the key idea of them.
Here, we give a detailed proof of Theorem 52. Since our aim
is to look for the tool for the development of the theory of
RN modules together with their random conjugate spaces,
Theorem 52 is enough for the aim.

Theorem 52. LI(S*) = (L?(S))’ under the canonical mapping
T, where (L? (S))’ denotes the classical conjugate space of LP(S)



Journal of Function Spaces and Applications

and for each f € L(S%), T (denoting T(f)): LP(S) — K is
defined by Tf(x) = _[Q f(x)du, for all x € LP(S).

We will divide the proof of Theorem 52 into the following
two Lemmas—Lemmas 53 and 54.

Lemma 53. T is isometric.

Proof. |T¢(x)| = | [, f(x)dul < [ 1f()ldu <
du < ||f||q||x||P, for all x € L?(S), so IT,ll < IIfIIq.

As for | f]| g < ||Tf||, we can, without loss of generality,
assume that (Q, #, y) is a probability space. Let {x,,n € N}
be a sequence in S(1) := {x € S | [x]| < 1} such that
{lf(x,)l,n € N} converges a.s. to || f|| in a nondecreasing
manner (such a sequence {x,,,n € N} does exist!).

When p = 1 and g = +00, for any positive number € let
Ae) = [IfIl > I fll, — €]; then u(A(e)) > 0, and hence there
exists somen, € Nsuch that B(e) == [|f(Xn0)| > || fll,—€] has
a positive measure. Let x, = 1/14(B(€))-IB(€)-sgn(f(xno))-xno;
then |x.|l, < 1 and ITf(xe)I > |l fll, — € which shows that

1T 2 111,
When p > 1,

[ 11 Tl

[ 1 Gl = [ 17 o)l 1f ()l d

f(x )7 sgn (f (x,)) - f () du

Il 1
t_, t_,

(If )™ - sgn (f (x,)) - x,) du
=T (|f (eI - sgn (F (5,)) - %)

< ([ 17 ot .
¢))

then || f(x,)ll, < ITyl, for alln € N. By the Levy theorem we
have that |, < IT}I. 0

Lemma 54. T is surjective.

Proof. For any fixed | € (LP(S))’ and x € L*(S), define the
scalar measure G, : & — K and the vector measure G :

F — (L°(S))" as follows:
G(E) = I(I - x), forall E € &
G(E)(y) =I(Iy - y), forall y € L°(S) and E € F

O

Since |GE)(»)| = (T - )| < W - g -yl < M- Dyl
IITEHP, forallE € &, y € L%(S), both G and G, are countably
additive. Now, for any finite partition {E,, E,, ..., E,} of Q to
F and finitely many points x;, X,, ..., x,,, in the closed unit
ball of L(S), we have | Y1 | G(E))(x;)| = [I(YL, TEi cx)| <

1

-1y, IEilp = |[Z]l. Similarly, we have that Y, |G,(E;)| =
Y1 580(GL(E)) - G(E)) = Y, G(E)(sgn(G(E)) - x) <
I0- llxlloo- SO 1GI(2) < [l and |G [(Q) < ]| - [lx]|oo; namely,
G and G, are both of bounded variation and they are both
absolutely continuous with respect to .

By the classical Radon-Nikodym theorem there exists a
unique g(x) € LI(EF, K) for each x € L*(S) such that
G.(E) = [, g(x)du, forall E € F,and |G, |(E) = [, |g(x)ldu,
for all E € %, so we can obtain a mapping g : L°(S) —
L! (4, K) such that

(1) glax + By) = ag(x) + Bg(y), for all a, B € K, and
x,y € L°(S);

(2) géx) = & - g(x) for each simple element & in
LY(F,K), x € L™(S).

We can now assert that g(§x) = &g(x), for all & €
L®(#,K) and x € L®(S). In fact, for any & € L*(F,K)
there are always a sequence {£,,,n € N} of simple elements in
L°(%,K) such that {||§, — &l € N} converges to 0; then
9(€x) — g€, )1, = 1Ge_g ), I(Q) < M- 1§ = &l - Ixll oo —
0(n — 00). On the other hand, [§g(x) - &,g(x)l;, <
IE-EdLlgl, — 0(m — o), s0 géx) = L' -
lim, , ,g(€,x) = L' —lim, _, ,,(§,9(x)) = &g(x).

We prove that {|g(x)||x € S(1)|} is upward directed as
follows: for any x and y € S(1),let E = [|g(x)| < |g(»)]]; then
lg()IVIg)I = Ilg+(1-Ip)lg(x)| = g(sgn(g(y))-Ig-y+
sgn(g(x))-(1-Ig)-x) = g(z) = |g(z)|, wherez = sgn(g(y))-I5
y+sgn(g(x))-(1-Ig)-x € S(1). Hence, there exists a sequence
{x,,n € N}in S(1) such that {|g(x,)|,n € N} converges a.s. to
& = V{lg(x)| | x € S(1)} in a nondecreasing manner. By the
Levy theorem [€]l; = lim,, _, ,lg(x)l; = limn_,OOIGxnl(Q) <
IGI(Q) < |l < +00, so & € L'(%,K). Since for any positive
number € and x € L*(S), it is clear that |g((1/(||lx] + €))x)| <
& namely, |g(x)| < &(lx|| + €), which implies that |g(x)| <
&llx|, for all x € L*™(S). By the Hahn-Banach theorem for
a.s. bounded random linear functionals (see [2, 8]) there is
an a.s. bounded random linear functional f € S* such that
fleo(s) = g; further f is unique since L™(S) is 7 ,-dense in
Sand | f|l < & we also have that || f|| € LYF,K).

By the definition of G, I(x) = G,(Q) = IQ glx)du =
jQ f(x), for all x € L*(S). We prove that f € L%(S") as
follows: let E,, = [||f]l < n] and f,, = Iy - f;then f, € L9(S¥)
and || f, Il =1 E, | f1l (here, we can assume that yis a probability
measure). Since IE f(x)du = l(IE,, - x), for all x € L*(S) and
n € N, then Ty | eo(s) = Iy, .10(5)- From the fact that L%(S) is
dense in (LX), | ), Ty luscs) = Iy, 2r(sp 50 I, 1 < Wl
letting n — +oo yields that |||f||| < limn_>00||fn||
lim nﬁoollT I < I < +oos namely, f € Li(S"). Further
we also have that I = T since they coincide on the dense
subspace L™(S) of LP(S).

Remark 55. Let (B,|| - ||) be a normed space over K and
L%, B) the L°(%, K)-module of equivalence classes of B-
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valued % -strongly measurable functions on (Q, &, u). Let B'
be the classical conjugate space of B and L°(%, B',w") the
L°(%, K)-module of w* -equivalence classes of B'-valued w* -
measurable functions on (Q, %, u). For any x € L°(%,B)
with a representative x°, the L°-norm of x is defined to
be the equivalence class of [x°], still denoted by [x|;; then
(L°(Z, B), || - ) is an RN module over K with base (Q, &, H).
For any y € L%(%,B',w*) with a representative yo, the
L°-norm of y is defined to be the equivalence class of
esssup{lyo(b)l | b € Band|bl| < 1} (namely, the
essential supremum of {{y°(b)] | b € Band |b] <
1}); then L°(%, B, w") is also an RN module over K with
base (Q,%,u). In [26] it is proved that (L°(%,B))* =
LYF, B, w"), so if we take S = L%, B) in Theorem 52
then L (#, B)' = L%, B',w"). Generally speaking, o-finite
measure spaces are enough for various kinds of problems in
analysis, but some more general measure spaces are some-
times necessary; for example, strictly localizable measure
spaces are considered in [6]. Even in [27] we introduced
the notion of an RN module with base being an arbitrary
measure space (), %, u) by defining it to be a projective limit
of a family of RN modules with base (A, A N &, plsnz)>
where A € & satisfies 0 < u(A) < +oco, and further
proved that Theorem 52 remains true for any measure space,
so Theorem 52 unifies all the representation theorems of the
dual spaces of Lebesgue-Bochner function spaces. As said
in [6, 25], it is more interesting that Theorem 52 establishes
the key connection between random conjugate spaces and
classical conjugate spaces, which has played a crucial role
in the subsequent development of random conjugate spaces;
compare [22, 28, 29].

Remark 56. Since the Lebesgue-Bochner function space
LP(#,B) (or is written as L?(u, B)) has the target space B,
the simple functions in L (&, B) always play an active role
in the study of the dual of L (¥, B), whereas we do not have
the counterparts of simple elements in L?(F, B) for abstract
spaces LP(S), so we are forced to replace simple elements in
LP(F, B) with elements in L*(S) in order to complete the
proof of Theorem 52. In [26] we prove that a Banach space
B is reflexive if and only if L%, B) is random reflexive;
the original motivation of Theorem 52 is to establish the
following characterization.

Theorem 57. Let (S, |- ||) be a T 5-complete RN module over
K with base (Q, &, u) and p any given positive number such
that1 < p < +co. Then S is random reflexive if and only if
LP(S) is reflexive.

Proof. Let ] : S — S**and j : LP(S) — (LP(S))" be the
corresponding canonical embedding mappings.

(1) Necessity. Since 1 < p < +00, its Holder conjugate number
q satisfies 1 < g < +oo; then (LF(S))" (L)) =
LP(8™) = LF(S).

(2) Sufficiency. Let f** be any given element in §** and E, =

[n—1 < [|f*|l < n] for any n € N. We can, without loss
of generality, assume that y is a probability measure; then
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Yoo w(E,) = L. Since Iy f** € LP(S™) = (LP(S))", there
exists x, € LP(S) such that j(x,) = Ip f*"; namely, for
each f* € L1(S"), we have that JQ f(x)du = jle,)(f) =
jQ Iy f**(f")dp. By replacing f* with I f* we can obtain
that [ f*(x,)du = [ Ig f**(f")du, for all E € F and
£ € LU(S"), which implies that f*(x,) = Iy f*"(f"), forall
f € LU(S").Since L(S*) is T  -densein S™, J (x,,) = I ™",
for all n e N.

Let y, = Yy, Iy, - X, for all n € N; then {y,,n € N} is
T . 2-Cauchy in S and hence convergent to some y € S, which
shows that J(y) = lim,, _, ,J(y,) = lim,,_, o, Yi_ Iy, - [ =
(Xnoi Iz ) - £ = f77; namely, J is surjective. O

Remark 58. Concerning Theorem 57, a similar and more
general result was given in [6] where LP(F) is replaced by
a reflexive Kothe function space.
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We show that the composition operator H, associated with & : [a,b] — R, maps the spaces Lip[a, b] on to the space BV ;[a, b]
of functions of bounded variation in Schramm-Korenblum’s sense if and only if h is locally Lipschitz. Also, verify that if the
composition operator generated by h : [a,b] x R — R maps this space into itself and is uniformly bounded, then regularization

of h is affine in the second variable.

1. Introduction

The composition operator problem (or COP, for short) refers
to determining the conditions on a function h : R —
R, such that the composition operator, associated with the
function h, maps a space X of functions u : [a,b] — R
into itself [1, 2]. There are several spaces where the COP has
been resolved. For example, in 1961, Babaev [3] showed that
the composition operator H, associated with the function
h : R — R, maps the space Lip[a,b] of the Lipschitz
functions into itself if and only if & is locally Lipschitz; in
1967, Mukhtarov [4] obtained the same result for the space
Lip, [a, b] of the Holder functions of order & (0 < & < 1).
The first work on the COP in the space of functions
of bounded variation BV[a,b] was made by Josephy in
1981 [5]. In 1986, Ciemnoczotowski and Orlicz [6] got the
same result for the space of the functions of bounded ¢-
variation in Wiener’s sense. In 1974, Chaika and Waterman [7]
reached a similar result for the space of functions of bounded
harmonic variation HBVJa,b]. In the years 1991 and 1995
Merentes showed a similar result for the spaces of absolutely
continuous functions AC[a, b] and the space of function of
bounded ¢-variation in Riesz’s sense RV(P[a, b] (see [8, 9]),
and in 1998 Merentes and Rivas achieved the same result
when the composition operator maps the space RV [a,b]
of the functions of bounded p-variation in Riesz’s sense
(I < p < 00) into the space BV[a,b] [10]. In 2003, Pierce

and Waterman solved the COP for the spaces ¢BV|[a,b]
and ABV[a, b] [11]. More recently, in 2011, Appell et al. [1]
conclude the same results verifying when the composition
operator maps Lip[a,b] into BV[a,b]. Finally, Appell and
Merentes verify the same result for the space of functions of
bounded x-variation [12].

There exist spaces X of real functions defined on an
interval [a,b], such that H maps X into itself and A is
not locally Lipschitz. For example, in the case the space
of continuous functions Cla, b] it follows from the Tietze-
Urysohn theorem that the composition operator H acts from
Cla, b] into itself and the function & must be continuous;
that is, 1 does not need to be Lipschitz. A similar result was
obtained in the space of regulated functions [13].

A first objective of this work is to demonstrate that the
composition operator, associated with the function h, maps
the space Lip[a, b] of the Lipschitz functions into the space
KBV¢[€!, b] of functions of bounded variation in Schramm-
Korenblum’s sense or into the space kBV[a,b] of functions
of bounded variation in Korenblum’s sense if and only if / is
locally Lipschitz. We also extend this result to function spaces
X, Y, such that Lip[a,b] ¢ X C Y, where Y c ¥BV{a, b] or
Y ¢ BVyla, b].

In a seminal article of 1982, Matkowski [14] showed that if
the composition operator H, associated with the function 4 :
[a,b] x R — R, maps the space Lip[a, b] of the Lipschitzian



functions into itself and is a globally Lipschitzian map, then
the function 4 has the form

hit,x)=a(t)x+p({), telab],xeR, 1)
for some «, 3 € Lip[a, b].

There are a variety of spaces besides Lip[a, b] that verify
this result [15]. The spaces of Banach (X, || - ||) that fulfill this
property are said to satisfy the Matkowski property [1].

In 1984, Matkowski and Mi$ [16] considered the same
hypotheses on the operator H for the space BV[a, b] of the
function of bounded variation and concluded that (1) is true
for the regularization ki~ of the function h with respect of the
first variable; that is,

h(t,x)=a(t)x+p({), telab],xeR, (2)
where «, 3 € BV [a, b]. Spaces that satisfy this conditions
said to be verified Weak Matkowski Property [1].

A second objective of this paper is to show that if function
h(t,-) is continuous in the second variable, for each t € [a, b],
and the composition operator H, associated with the function
h, is uniformly bounded, then # satisfies (2).

2. Preliminaries

Let [a, b] be a closed interval of the real line R (a,b € R, a <
b). From now on, for a function u : [a,b] — R denote by

Ll;(u) the Lipschitz constant of u; that is,

|u(t) —u(s)l

:t,se[a,b],s;kt}. (3)
s —t|

Ll; (u) = sup {

By Lip[a,b] = {u : [a,b] —» R : Li(u) < oo} we will
denote the space of the Lipschitz functions. It is well known
that the space Lip[a, b] is a Banach space endowed with the
norm

Il = lu (@) + L () (uelipla,bl).  (4)

Ever since the notion of a function of bounded variation
appeared, it has led to an incredible number of generaliza-
tions. In 1881, Jordan [17] introduced the definition of func-
tion of bounded variation for a function u : [a,b] — R and
showed that these kinds of function can be decomposed as
the difference of two monotone functions. As a consequence
of this result we have that those functions satisfy the Dirichlet
criterion, that is, the functions that have pointwise convergent
Fourier series.

Jordan defined such functions in the following way.

Definition 1. Letu: [a,b] - Randm:a<t <---<t,<b
be a partition of the interval [a, b]. Consider
n—-1
o(u,m) = Z |u (tj+1) —u(t]-)',
s=1 (5)

V (u;[a,b]) = sup o (u, ),
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where the supremum is taken over all partitions 7 of the
interval [a, b].

If V(u;[a,b]) < oo, then u has bounded variation on
the interval [a, b] and this number is called the variation in
Jordan’s sense on [a, b]. This space of function is denoted by
BV{a,b].

The concept of bounded variation has been the subject
of intensive research, and many applications, generalizations,
and improvements of them can be found in the literature
(see for instance [18-20]). Some generalizations have been
introduced by De La Vallée Poussin, E. Riesz, N. Wiener, L.
C. Young, Yu. T. Medvedev, D. Waterman, B. Korenblum and
M. Schramm.

In 1975, Korenblum in [21] considered a new kind of
variation, called x-variation, introducing a function x for
distorting the expression [t; — t; ;| in the partition itself
rather than the expression | f(tj) - f(tj—l)l in the range.
Subsequently, this class of functions has been studied in detail
by Cyphert and Kelingos [22]. One advantage of this alternate
approach is that a function of bounded x-variation may be
decomposed into the difference of two simpler functions
called x-decreasing functions (for the precise definition see
the following).

Definition 2. A function x : [0,1] — [0, 1] is said to be a
x-function or distortion function if it satisfies the following
properties:

(1) x is continuous with x(0) = 0 and (1) = 1,
(2) x is concave, increasing, and
(3) lim, _, o+ ((#)/t) = oo0.
Simple examples of distortion functions are
k) =t"0<a<l), k(t)=t(1-logt). (6)
From Definition 2 we can see that « is subadditive; that is,
k(s+t)<x(s)+x(@) (0<st<1), (7)

and since lim, , ,+(k(¢)/t) = o0, then without loss of

generality we can assume that
k)=t (te[0,1]). (8)

Furthermore Korenblum introduces the following con-
cept of variation.

Definition 3. Letx : [0,1] — [0, 1] be a distortion function
andu:[a,b] - Randm:a <t <---<t, <bapartition
of the interval [a, b]. Consider

Tt fu (t) - (1))
Tk ((t = 1)/ 0 -a)) 9)
kV (1) =V (u;[a, b]) := sup « (u, ),

K (u, ) ==

where the supremum is taken over all partitions 7 of the
interval [a, b], called the kx-variation of u on [a, b]. In the case,



Journal of Function Spaces and Applications

kV(u; [a,b]) < oo we say that u has k-variation on [a, b]
and we will denote by kBV[a, b] the space of functions of -
variation on [a, b].

In the case that [a, b] = [0, 1] the equality (9) becomes
it Jue (1) —ue (1))
Yt —t))

Some properties of the functions with bounded x-
variation are summarized in the following theorem.

K (u,71) = (10)

Theorem 4 (see [22]). Letx : [0,1] — [0, 1] be a distortion
function. Then

(1) BV [a, b] is a Banach space endowed with the norm

lull, = lu(a)l +«V (u;[a,b]) (u€xBV[a,b]). (1)
(2) If the function u is monotone, then xV(u;[a,b])
|u(b) - u(a)l.

(3) If u € xBVla,bl, then u is bounded and |ul.,
2 lull,.

(4) Lip[a,b] ¢ BV|[a,b] ¢ x¥BV[a,b] ¢ R[a,b], where
Rl[a, b] denotes the space of regulated functions.

(5)If u € xBVla,b], then u can be decomposed as
difference of two k-decreasing functions, that is, there
exist functions v : [a,b] — R such that sup,_,((v(t) -

v(s))/x((t = 5)/(b - a))) < co.

It is easy to show that if lim, ,(k(¢)/t) is finite, then
kBV]a,b] = BV]a,b]. In [1] it is shown that inclusions (4)
of Theorem 4 are strict.

Throughout this paper a ¢-function ¢ is a continuous
increasing function ¢ : [0,00) — R, such that ¢(0) = 0
and lim, _, () = co.

A ¢-sequence is a sequence of decreasing ¢ = {¢,},, of
convex ¢-function that satisfies ) .., ¢,(¢) diverge for t > 0.

We denote by Fy[a, b] the collection of finite or numer-
able family of nonoverlapping interval {[a,, b,]},..,, such that
Unzl [an’ bn] = [a’ b]

In 1985, Schramm [23] introduced a new concept of
variation as follows.

IN

Definition 5. Let ¢ = {@,},., be a ¢-sequence,
{I,=la,b,l},,, € Fyla,bl,and u : [a,b] — R. We
define

0 (1) = 3o ([ ()~ u(a,)]),
n=1 (12)

V‘P (u) = V¢ (u; [a) b]) = sup

op (u.1,).
I,,€Fy[a,b]

If Vi (us; [a, b]) < oo, we say that u has bounded ¢-variation
in the interval [a, b] and this number denotes the ¢-variation
of u in Schramm’s sense in [a, b]. The class of functions that
have bounded ¢-variation in the interval [a, b] is denoted by
Vg la, b]. The vectorial space generated by this class is denoted
by BV, [a,b].

The next lemma is useful for building the space generated
by several classes of functions.

Lemma 6. Let X be a vector space and A C X a nonempty
and symmetric set. Then

(1)0€ A

(2) The vector space generated for A is equal to

(A) = {x € X: AX > 0 such that Ax € A} = U)\A. (13)
A>0

Some properties of functions of bounded ¢-variation in
Schramm’s sense are given in the following theorem.

Theorem 7 (see [23]). Let ¢ = {¢,},., be ¢-sequence then

(1) BVyla, b] is a Banach space endowed with the norm
lully = |u (@)l +p@) (ueBVylabl), (14)

where pu(u) :=inf,,, {A >0: V¢(u//\) <1}

(2) If u is monotone, then V¢(u) = ¢, (lu(b) — u(a)|).

(3) Ifue Vyla, b], then u is bounded and |ull, < |u(a)| +
207 (Vy(w)).

(4) Vg [a,b] is a symmetrical and convex set.

(5) BV¢[a,b] ={u: [a,b] > R : 3JA > 0 such that
V¢(Au) < 0o}

(6) u € Vyla,b], then u has lateral limits at each point of
[a,b].

In 1986, S. K. Kim and J. Kim [24] combined the concepts
of k-variation and ¢-variation introduced by Korenblum and
Schramm to create the concept of x¢-variation or variation
in Schramm-Korenblum’s sense.

Definition 8. Letx : [0,1] — [0, 1] be a distortion function,

¢ = {9,},5; a ¢-sequence, {I,, = [a,,b,1},., € Fyla,b], and
u: [a,b] - R.We define

ZEZI (o (|u (bn) —u (an)l)
Yo k(b —a,) [ (b-a) (15)

KV, (u) = V(13 [a,b]) = sup; cp, ) K0y (w,1,).

Koy (u,I,) =

If KV¢(M; [a,b]) < o0, we say that u has bounded x¢-
variation in the interval [a, b] and this number denotes the
k¢-variation of u in Schramm-Korenblum’s sense in [a, b].
The class of functions that have bounded x¢-variation in the
interval [a,b] is denoted by xVj[a,b]. The vectorial space
generated by this class is denoted by BV [a, b].

A particular case of ¢-sequence is when all the functions
¢,, n € N are equal to a fixed ¢-function ¢. In this situation
the class kV,la, b] is the class of the functions that have
bounded «k¢-variation in Wiener-Korenblum’s sense. This
class of functions is denoted by KV(p[a, b] and the vectorial



space generated by this class of function is denoted by
xBV,la, b].

Some properties of functions of bounded x¢-variation
in Schramm-Korenblum’s sense are given in the following
theorem.

Theorem 9. Let k : [0,1] — [0, 1] be a distortion function
and ¢ = {@,},, a ¢-sequence, then

1) kBVyla, b] is a Banach space endowed with the norm
lallgp = 1 @)] + pty () (€ <BV,[ab]),  (16)

where pg(u) := inf,,, {A>0: KV¢(u/A) <1}

(2) If u is monotone, then KV¢(L{) = @, (lu(b) — u(a)|).

(3) Ifu e KV¢ [a, b], then u is bounded and ||u| o, < |u(a)|+
2(p1_1(1cV¢(u)).

(4) kVyla, b] is a symmetrical and convex set.

(5) KBV¢[a,b] ={u : [a,b] - R : 3IX > 0 such
that KV¢(Au) < 00}

(6) BV{a,b] c V¢[a, b] c kVg [a,b], and therefore
BV]a,b] c BV¢[a,b] C KBV¢[a, b].

(7) kBV]a,b] c kBV [a,b].

B)uce kVg [a, b], then u has lateral limits at each point of
[a,b].

Proof.
Part (1). See [24].

Part (2). We take {[a,,b,]},.; € Fyla,b], then since the
functions 0 <t — ¢, (t)/t are increasing, we obtain

L1 @ (|u (b)) — u(a,)])
Tiak((by—a,)/(b-a)

_ o (Pn(lu(bn)_u(an)l)
"2 o) -G

(Sx(=))

© @, ([u(b) — u(a)l) 17)
< Zm [u(8,) —u(a,)l

(3:(2))

(Ju ) —u(a)]) v
< %Z |u(b,) —u(a,)|

|L£ (bn) —u (an)|

-1

n=1
=@ (lud) -u@)),
from which is obtained

kVy (u) < @) (lu(b) —u(a)l). (18

~
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From the Definition of kV¢(u) we have the reciprocal
inequality.

Part (3). We consider a < t < b, then

@ (Ju(t) —u(a)])
k((t-a)/(b-a)+x((b-1t)/(b-a))

Then ¢, (Ju(t) —u(a)|) < 2KV¢(u) and from this inequality we
have the required relation.

<&V (u). (19)

Part (4). We get Part (4) by the convexity of functions ¢,,, n €
N and the definition of k¢-variation.

Part (5). It follows from part (4) and Lemma 6.

Part (6). Let u € BVl[a,b] and consider {[a,,b,]},., €
Fyla,b]. Define
A={neN:|u(b,)-u(a,)|<1}. (20)
Then
Z(Pn (|M (bn) —u (an)l)
n=1
<o (1) ) |u(b,)-u(a,)| (21)
neA
+ Zq)n (lu (bn) —u (an)|) .

n¢gA

The last sum has at most [V (u)] terms, where [x] =
max{n : n < x}. Because otherwise it has at least [V (u)] + 1
summands.

Accordingly

V)= ) |u(b,)-u(a,)|=[Vw]+1. (22)
n¢A

Which is a contradiction. Therefore
Zq)n (Iu (bn) —u (an)l)
n=1
<oV + Yo, (ju®,)-u,)) @
n¢A

<o (V@) + ¢y 2llulle) [V @)

This concludes that BV{a, b] C Vs [a,b].
Let us show that V [a,b] c xVyla, b]. In Fact let u €
Vyla, b] and {[a,, b,1},.2, € Fyla, b], then

iynuu(bn) “u(ay))

(24)

OOb _
£V¢(u)x(1)sV¢(u)K<Z Z_“”).

n=1 a
Hence, we get that KV¢(L£) < V¢(u).

Part (7). Let u € kBV[a,b], then by part (3) u is bounded
in [a,b]. Let us fix A > 0, such that [[Au,, < 1/2. Let
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{la,,b,1},=1 € Fyla,b], then from the convexity of the
functions ¢,,, n € N, we have

ZEZ] Pn (I/\M (bn) —Au (an)|)
22;)1 K ((bn - an) / (b - a))

- Zia @ (DA Ju(B,) —u(a,)| (25)
- 2221 K((bn - an) / (b - a))

<@ (1) AV (u).

Thus Lemma 6 concludes that u € kBVyla, b].

Part (8). Suppose that thereist* € (a, b] such that lim,y,. u(t)
does not exist.
By part (3) u is bounded then

o= 1t1Trtn inf u (t) < 1t1T1tn supu(t) =P, (wfeR). (20)

For each integer n (large enough) we can choose t,, ¢,
such that

« 1 *
th-=<t, <t <t
" 7)

|u (t,) - u(t;)' >B-a.

Using the definition of x¢-variation, we have

o1 (Ju (t,) = (1))

t,-a t—t, b-t'\\
X(K(b—a>+x(b—a>+x(b—a)> 29

<xVy (u).

Therefore,

gol(ﬂ—oc)SKV¢(u)<2+K<n(b1_a)>>. (29)

By taking limit when n — 00, we obtain ¢, ( — «) = 0,
which is absurd. From each it follows that

lim infu(t) = li t).
tlTItn inf u (t) tlTItn sup u (t) (30)

By a similar argument it follows that there exist
limtlt* u(t), t* € [a, b). D

Assuming that lim, _, ;(k(¢)/t) is finite, then Vyla, b] =
kVa,b]. For the last part of Theorem 9, we can give the
definition of left and right regularizations of the function
u € kVy[a, b].

Definition 10. Letu € kBVa, b], then

{lim u(s), te(ab]
u (t) =4 st
u(a), t=a,
(31)
{lim u(s), telab)
ut (t) slt
u(), t=b.

The function u™ is called the left regularization of the
function u and the function u™" the right regularization of the
function u.

Applying the previous definition and the last part of
Theorem 9, we can define

KBV, [a,b] = {u ruexBV,[a,bl}. (32)

Similarly, we defined KBV(;r [a,b].
Recently Castillo et al. [25] introduced the concept of kp-
variation in Riesz-Korenblum’s sense in the following way.

Definition 1. Let 1 < p < oo, : [0,1] — [0,1] bea

distortion function and u : [a,b] — Randnm :a < t; <
-+ < t, < bapartition of the interval [a, b]. We define

KV;,2 (u) = KV;z (u; [a,b]) := sup Ko, (u,m), (33)

n— . _ ' P
ko, (u, ) = <i|u (t1+1) Tp(tf)' >

where

and the supremum is taken on the set of all partitions of [a, b].
If KVﬁ(u; [a,b]) < 0o, we say that u has bounded xp-variation

in the interval [a, b]. The number KV;(L{; [a, b]) denoted the
kp-variation of u in Riesz-Korenblum’s sense in [a, b]. The
space of functions that have bounded xp-variation in the
interval [a, b] is denoted by xRV, [a,b].

Some properties of these functions are exposed in the
following theorem.

Theorem 12 (see [25]). Let 1 < p < co and letk : [0,1] —
[0, 1] be a distortion function, then

(1) RV [a, b] is a Banach space endowed with the norm
gy o= I @)] + (VR @)"" (u € xRV, [a,b]). (35)

(2) Lip[a,b] < RV,[a,b] ¢ xRV,[a,b] c xBV][a,b],
where RV, [a, b] denote the space of the functions u that
have bounded p-variation in Riesz’s sense [20].

3) KR\;,[C!, b] is an algebra.

This concept was generalized by Castillo et al. [26] as
stated in the following definition.

Definition 13. Let ¢ be a p-function, x : [0,1] — [0,1] bea

distortion function, and u : [a,b] — Randm:a <t <
-+ < t, < bapartition of the interval [a, b]. We define

KV; (u) = KV(f (us [a, b]) := 51711p ko, (U, 1), (36)



where
Ko, (u, 1)

_ 23211 4 (|u (tj+1) -u (tj)' / 'tj‘rl B tj|) 'tj+1 - tj|
(AR AVICE)

(37)

and the supremum is taken over all partitions of [a,b].
If KV(f(u; [a,b]) < o0, we say that u has bounded x¢-
variation in the interval [a, b] and this number denotes the
k@-variation of u in Riesz-Korenblum’s sense in [a, b]. The
class of functions that have bounded x¢-variation in the
interval [a,b] is denoted by «V,[a,b]. The vectorial space
generate by this class is denoted by xRV, [a, b].

The space of all functions that have bounded x¢-variation
on [a, b] is denoted by KRV(p[a, b]. Some properties of these
functions are exposed in the following theorem.

Theorem 14 (see [26]). Let ¢ be a convex ¢p-function and x :
[0,1] — [0, 1] a distortion function, then
(1) Lip[a,b] € kV,S[a,b] € BV [a,b].

(2) RV, [a,b] c KRV(P[(IL, b] c kBV|a,b], where RV, [a, b]
denote the space generated by the class of functions of
bounded @-variation in Riesz’s sense [20].

(3) Iflim, _, ., (¢(t)/t) < 00, then xvj[a, b] = xBV|a, b].
(4) Ifu e KV(f[a, b], then u is bounded.
(5) KV(f[a, b] is a convex and symmetric set.

(6) KRV(P[a, bl = {u : [a,b] — R : X > 0 such that
KV (Au) < oo}.

(7) KRV(P[CL, b] is a Banach space endowed with the norm

leallg == |t (@) + p () (u € xRV, [a,b]),  (38)
where p,(u) := infy,o (A > 0 1V (u/A) < 1}.

3. Composition Operator between Lip[a,b] and
kBV|a, b] or kBV,[a, b]

Given a function h : R — R, the composition operator H,
associated to the function h (case autonomous), maps each
function u : [a,b] — R into the composition function Hu :
[a,b] — R defined by

Hu(t) =hu(t)), (t€lab]). (39)

More generally, given h : [a,b] x R — R, we consider
operator H defined by
Hu(t) :==h(t,u(t)), (telab]). (40)

This operator is also called superposition operator or
substitution operator or Nemytskii operator. In what follows,
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will refer to (39) as the autonomous case and to (40) as the
nonautonomous case.

A problem related with this operator is to establish
necessary and sufficient conditions of function & so that the
operators H map the space X of real functions defined on
[a, b] into itself, that is, H(X) < X, or in more general way
that operator H maps the space X into space of functions
Y(H(X) ¢ Y). This problem is sometimes referred to as the
composition operator problem (or COP). The solution to this
problem for given X is sometimes very easy and sometimes
highly nontrivial. As we mentioned in the introduction of
this paper in a variety of spaces the required condition is that
function A is locally Lipschitz. Another interesting problem is
to determine the smallest space of functions X and the bigger
space Y such that H(X) c V.

In order to obtain the main result of this section, we will
use a function of the zig-zig type such as the employed by
Appell et al. in [1, 15]. In this section we will show that the
locally Lipschitz condition of the function /1 is a necessary and
sufficient condition such that H(Lip[a,b]) ¢ xBV[a, b] and
that in this situation H is bounded.

The following lemma will be useful in the proof of our
main theorem (Theorem 17).

Lemmal5. Letu: [a,b] — R,a<s<n<t<b,then

@ -u@l _fulm)-u@)|  |u@®-um)]

t—s n—s t—n 1)
Proof. Leta < s <n <t <b. Then
|u(t) —u(s)l
t—s
Ll —u@l | u) —u )
t—s t—s
_ Iu(n)—u(s)l<n—s>+lu(t)—u(f1)|<t—n> “
n—s t—s t—n t—s
L) —u@l | fu) —ulm]
n-s t-n
O

Lemma 16. Letx : [0,1] — [0, 1] be a distortion function,
¢ = {pu},51 a p-sequence, u € kBVyla,b], and A > 0. Then
y¢(u) < Aifand only zj‘KV¢(u/A) <1

Proof. Letu € KBV g[a, b]. Suppose that y, (1) < A; then, by
definition of phg (14) there exists k such thatﬁ > k> py(u) and
xV4(u/k) < 1. Hence, by the convexity of the functions ¢,
we have

u uk k u k
KV¢<X)=KV¢<%X>SxKV¢<E>SXSl. (43)

Conversely, assume KV¢(u/A) < 1l,thenA € {A > 0 :
KV¢(u/)x) < 1}; hence y¢(u) <A ]

Theorem 17. Let x : [0,1] — [0, 1] be a distortion function,
¢ ={@,},5, a¢p-sequence,h: R — R, and H the composition
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operator associated to h. H maps the space Lip[0,1] into
the space kBV[0,1] or kBV[0,1] if and only if h is locally
Lipschitz. Furthermore operator H is bounded.

Proof. Let u € Lip[0,1], r = |ull, and suppose that h is
locally Lipschitz, then there exist k = k(r), such that

lh(t)—h@s)| <k(r)|s—t], (s;steR,|s|<r |t|<Tr).

(44)
Let {[a,,b,]},5; € Fyla,b] and A > 0, such that 1 <
1/Qk(r)llullpllull o + 1), then
Yot @u (AR (u (b)) - (u(a,))])
220:1 K ((bn - an) / (b - a))

< 2221 Pn (Ak (7’) |L£ (bn) —u (an)l)
B x (1)

(45)

(o)
< Ak (1) gy (1) sy . (B, — ay) < co.
n=1

Then by Lemma 15 and Theorem 9, we have H(u) ¢
kBVj [a,b].

The proof of the only if direction will be by contradiction,
that is, we assume H(Lip[0,1]) ¢ KBV¢[0, 1] and A is not
locally Lipschitz. Since the identity function I; : [0,1] —
[0,1] belongs to Lip[0,1], then h o I; € xBV4[0,1] and
therefore h is bounded in the interval [0, 1]. Without loss of
generality we may assume that

(46)

NNy

1ol <

Since h is not locally Lipschitz in R, there is a closed
interval I such that & does not satisfy any Lipschitz condition.
In order to simplify the proof we can assume that I = [0, 1]. In
this way for any increasing sequence of positive real numbers
{k,},»; that converge to infinite that we will define later, we
can choose sequences {a,},.,, {b,},,-;> such that

|h(b,) - h(a,)| >k, |b,—a,|, (meN). (47)
In addition we can choose a,,, b, such that

a,<b, meN). (48)

Considering subsequences if necessary, we can assume
that the sequence {a,},>; is monotone. We can assume
without loss of generality that sequence {a,},., is increasing.

Since [0, 1] is compact, from inequality (47) we have that
there exist subsequences of {a,},., and {b,},., that we will
denote in the same way, and that converge to a, € [0, 1].

Since the sequence {a,},., is a Cauchy sequence, we can
assume (taking subsequence if necessary) that

|am - anl < k_’ (m>n). (49)

n

Again considering subsequences if needed using the
properties of the function x we can assume that

max {x (b, — a,),x (a,, —a,)} < ki’ (neN,m=n).

(50)

7

Consider the new sequence {m,},., defined by
m,, = L (neN) 51
" kn(bn_an), . ( )

From inequalities (46) and (47) it follows that m,, > 2;
therefore
mﬂ

2 < [m,] <m,,

5 (neN). (52)

Consider the sequence defined recursively {¢,},., by

tl =0, tn+1 = tn +a,, —a,+ 2 [mn] (bn - an) >

(53)
(neN).

This sequence is strictly increasing and from the relations
(49) and (50), we get

ty =t = Z (tn+1 - tn)

= OZO: (an+1 - an) + ZOZO: [mn] (bn - an)

(54)
- 1
<3) —.

Then to ensure that ¢, € [0, 1], it is sufficient to suppose
that Y72 (1/k,) < 1/3.

We define the continuous zig-zag function u : [0,1] —
R, as shown in the following:
u(t)
a, t=t,+2i(b,—a,),i=0,...,[m,]
)b, t=t,+Qi+1)(b,-a,),i=0,...,[m,] -1
Tyt <t<1
affine, other case.
(55)
Put

tyi=t,+i(b,—a,), neN,i=0,...,2[m,]. (56)

We can write each interval I, = [¢t,,t,,1], n € N, as the
union of the family of nonoverlapping intervals

In,i = [tn.i’tn,i+1] > i= 0’ cee [mn] - 1’
(57)
In,Z[mn] = [tn,Z[mn]’tn+1] .
And function u is defined on I,;,i = 0,...,2[m,] as

follows:
u)y=t-(t,+2i(b,—a,) +a, (tely), (58
(t € In,2i+1) > (59)

(t € L) - (60)

u()=t-t,+Qi+1)(b,—a,) +b,
u(t)=t—t,, +a,

In all these situations, the slopes of the segments of lines
are equal to 1.



Hence, we have for n € N, the absolute value of the slope
of the line segments in these ranges are bounded by 1, as
shown below

b —
2‘”M <27k, (b,—a,) <1,
k! (bn - n)
(61)
2—(n+1) Apt1 ~ 9y <1.

tn a1 — 9y

We will show that u € Lip[0, 1].
Let 0 < s < t < 1, and then there are the following

possibilities for the location of s and ¢ on [0, 1].

Case 1. If s,t € I,, (n € N) and are in the same interval
L i=0,...,2[m,].

From relations (58), (59), and (60) it follows that |u(t) —
u(s)|/|t—s| = 1.

Case 2.1t s,t € I, (n € N) and are in two different intervals
L i=0,...,2[m,].
There are several possibilities.

(@) sel,;,tel,;i<j<2[m,].

(a,) j = i+ 1. By Lemma 15 and relations (58) and

(59) we have
|u (£) —u(s)|
|t —s]
(62)
< |” (tn,i+1) —u (S)l . |“ ) -u (tn,i+1)| <2
tn,i+1 —-S$ t— tn,i+1
(ay) j > i+ 1. Then
t) — b, —
®-ul_ b-a )
[t = | Lpiva = baiv
(b)sel,; tel,; i<j=2[m,].

If j =i+ 1, proceed as (a,).
If j > i+ 1, again using the Lemma 15 and
relations (58), (59), and (60) we obtain

|u(t) —u(s)l
|t - sl

o bans) 9] | o0 )

tn,Z[mn] =S

(64)
tn,Z[m,,] -t

bn —ay

IN

+1<2.
tn,Z[mn] - tn,2[mn]—1

Case3.Ifsel, tel,, nnmeN, n<m.
From Lemma 15 and Case 2, we conclude that

|u(t) —u(s)|

t—s

i) w | w0 -u ()
t

(65)
< 4.

ntl =S t_tm
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Case4. Ifsel, neN, t=t..
Then from Lemma 15

|u (too) —u (5)|
lo— S
< Iu (tn,iﬂ) —u (5)| " |aoo —u (tn,i+1)| (66)
tn,i+1 =S bn —a,
<14 Z0"% )
bn —a,

Case5.Ifs<t,, <t< 1.
From Lemma 15 and Case 4,

pO-u© _ |ult) 20| _,

67
t—s t S ©7)

o0

Case 6. Ift,, <s<t<1.
In this circumstance u(s) = u(t) = a,, and the situation
is trivial. Therefore we have that
lu(@)—u(s)| <|t-s, (stel0,1]). (68)

So u is Lipschitz in [0, 1]. Moreover, for each partition of
the interval [0, 1] of the form

0=t <t;+(by—a)<--<t;+2[m] (b —a)
<t,<t,+(by—ay) < <ty (69)

and ¢ > 0, using the inequality (47), convexity of the function
¢,, n = 1, and definition of m,,, n € N, we have

kVg (c (hou);[0,1])

Z:=1 2 [mn] Pn (C) |h (bn) —h (an)|
B Zl:lzl [2 [mn] K (bn - an) TK (an+1 - an)]

> 2[m,) 9, Ok, (b,~a,) (70)
Y 2[m) (B, - a,) + K (a,, - a,)]

> Zflzl 2 [mn] kn (bn B an) Pn (C)
ot (1K)

As the series Y 2| ¢, (c) diverge, chou ¢ KBV [0, 1], which is
a contradiction.

Let us see that 1o u ¢ kBV|[a, b]. In fact, as in the case of
K-variation we have

k
> Z(pn (o).
n=1

M=

Ve(hou;[0,1]) = ) 2 [m ]k, (b,—a,) > k. (71)

n=1

Therefore, h o u ¢ kBV|[0, 1].
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To prove that the operator H is bounded, let » > 0 and
u € Lip[0, 1], such that lully, < 7, then from the definition
of || - "Lip[O,l]’ we have

lulloo < [ (0)] + Ly (u) < 7. (72)

Without loss of generality assume that r = 1. As h is
locally Lipschitz, there exists k(1) > 0, such that

|h(x)=h(y)|<k) |x-y|,

As the identity function I; : [0,1] — [0, 1] belongs to
Lip[0, 1], then hoI; € KBV¢[0, 1]. By Theorem 9 we have that
e Il < co

Let {[a,,b,1},.;, € Fy[0,1] and choose A such that
k(1) KV¢(Id) < A, then

Yoo1 @n (1 (u (b)) = h (u(a,))| /A)
thzl K (bn - an)

2% (k(l) Iu(b,;L) —u(%)l)
i (k(l)(b n)) (74)

Ix| <1, |y|<1.  (73)

IA

IN

From Lemma 6 we have p(hou) < A(r). Thus we conclude
that

IH @)l = 1h u(@)] + p (heou)
+A(r).

(75)
< e ulo

And so operator H is bounded. In the case that
H(Lip[0,1]) c kBV|0, 1], proceed similarly. O

In the following result we give a Lemma of invariance.

Lemma 18. Let « be a distortion function, ¢ = {¢@,},., a ¢-
sequence, and v : [0,1] — [a,b] affine function that maps
[0,1] on [a,b] (v(t) := (b—a)t +a, t € [0,1]).

(1) u € kBVyla, bl if and only if u o v € k BVy[0, 1].
(2) u e kBVla,b] ifand only ifu v € KBV¢[0 1].

Proof. (1) Let u € KBV¢[€£ b] and {[a,,
then {[v(a,), v(b,)1},., € Fyla,b] and

Yot | (v(B,) —u(v(a,))l
2221 K (bn - an)

Yooy [u(v(B,)) —u(v(a,))] (76)
Yok ((v(B,) - v(a,) /(b -a))

<&V, (s [a,b]).

byl},s € Fyl0,1],

Henceuov € KBV¢[0, 1].
Reciprocally, let us suppose that u o v € x¥BV,[0, 1] and

let {[a,,b,]},, € Fyla,b] be a partition of the interval [a, b].
Define
L=[v"(b),v"(a,)] (meN). (77)
We have {I.},., € Fy[0,1] and
Y0 u(b,) —u(a,)]
Yoix((b,-a,)/(b-a)

_ (f lu (v (8, — a) / (b a))

u (o (- a) /(0 ) )

(78)
x (ZK((bn -a)/(b-a)
n=1
-1
~0-0)/0-a)
<&V (ue00,1]),
sou € BV, [a,b].

(2) The proof is similar from part (1). O

As consequence of Lemma 18 we have the following
results

Lemma 19. Let x be a distortion function, ¢ = {¢,},., a
¢-sequence, h : R — R, and H the composition operator
associated to the function h.

(1) H(Lipl[a, b)) ¢ kBV, [a, b] if and only if H(Lip[0, 1]) C
KBV¢[0, 1].

(2) H(Lip[a,b]) c kBV[a,b] if and only if H(Lip[0, 1]) C
xkBV][0, 1].

Corollary 20. Let x be a distortion function, ¢ = {p,},., a ¢-
sequence, and h : R — R. Then the composition operator
H, associated with function h, maps the space Lip[a,b] on
kBV4la,b] or on kBV[a, b] if and only if h is locally Lipschitz.

Corollary 21. Let k be a distortion function, ¢ = {@,},., a
¢-sequence, h : R — R, and X,Y normed spaces such that
Lip[a,b] c X C Y, whereY C KBV¢[a, bl orY c kBV]a,b].
Then the composition operator H associated with the function
h maps the space X in the space Y if and only if h is locally
Lipschitz.

Some particular cases of Corollary 21 are the following

(1) X =Y, where X is one of the following spaces
Lip[a, b] [3], H,[a,b] (0 < a < 1) [4], BV ola, ] [6],
BV(a,b] [5],HBV [7], AC [a,b] [8], R [a b] [9],
¢BV [23], ABV [11], and kBV [a, b] [12].
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2) X = RV(P[a, b], Y = BV]a,b]. See [10].
(3) X = Lipla, b], Y = BV|[a,b]. See [1].
From Corollary 21 we get the following new cases
(1) X is one of the following spaces: Lip[a,b], H, (0 <
a < 1), RV(P[a, b], ACla,b], BV|a,b], BV¢[a, bl,
and «RV j[a,b]; Y is one of the following spaces:
xBV]a,b], KBV¢[(1, b].
2) X = KRVP[a, bl,Y = KRVq[a,b], 1< p,g<oo.
(3) X =«BV[a,b], Y = kBV,[a, b],
More generally

(1) X =x,BV[a,b],Y = K2RV¢[a, bl;
(2) X = xRV, [a, bl,Y = RV, [a, bl;
(3) X = x;RVy[a,b], Y = k,RVy[a, b;

where x;, k, are distortion functions.

4. Uniformly Continuous Composition
Operator in the Space xBV,[a,b]

In many problems solving equation where the composition
operator appears to guarantee the existence of solution it is
necessary to apply a Fixed Point Theorem. To ensure the
application this type of results is necessary to request the
condition of global Lipschitz operator H. In several works
Matkowski and Mis have shown that this condition implies
that the function 4 has the form (1) or (2) (see, e.g., [16, 27]).
This means that we may apply the Banach contraction map-
ping principle only if the underlying problems are actually
linear and therefore are not interesting.

More recently, Matkowski and other researchers have
replaced the condition of global Lipschitz by uniform con-
tinuity conditions or uniform boundedness composition
operator (see e.g., [14]).

In this section we present results in this direction for the
space KBV, [a,b].

Theorem 22. Let« : [0,1] — [0, 1] be a distortion function,
¢ = {@,},5, a ¢-sequence, and h : [a,b] x R — R such that
the function h(t,-) : R — R is continuous with respect to the
second variable, for each t € (a, b]. If the composition operator
H, associated with h, maps kBV,[a, b] into itself and satisfies
the inequality

IH () = H 0l <y (I = vlg) »
(79)
(u,v € kBV, [a, b]) ,

then there exists o, § € KBV;[a, b], such that
h(t,x)=a()x+p({), (telab]l,xeR). (80)

Proof. Asforeach x € R fixed the function u(t) = x,t € [a, b]
isinkBVy [a,b], then H(u) = h(-, x) € KBV¢[a, b]. There is left

regularization of h™ (-, x).

Journal of Function Spaces and Applications

From inequality (79) and Lemma 16, we get

KV¢<H<u>—H(v>

) <1, (wvexBVylabl). (81
y (I = vileg)

Leta < r <a <b <a < -+ <a, <b, =
s < b, x,x, € R, x; #x, and put the zig-zag continuous
functions ;. : [a,b] — R, k=1,2,as

uy ()
Xt Xy _ .
———, ast<ag or t=a,i=1,...,m
=J xFx .
kTl b, <t<b or t=b,i=1,...,mk=1,2
affine,  other case.
(82)

The functions u;, k = 1,2 are Lipschitz and therefore
belongs to KBV [a, b]. Furthermore

(1, - 1) (t) = % (t € [a,b]). (83)

From inequality (81) and the definition of k¢-variation,
we have

(S0 (e ) -6 )

~h (an’ Uy (an)) +h (an’ U, (an))l)

m=1 -1
an+1_bn> (b_bm>
1.
+;K < b_a +K b_a <
By the construction of the u;, k = 1,2, we get
(S (20 e (1 552)
n=1 2
-h <an, ad ; % ) +h(a, x2)>

x(y (27 —le))_l)) (85)
<(+(5=) 2 (42)
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Let r tend to s in the above inequality; we obtain

i <|h (s %,) 2h‘(5,(x1+x2)/2)+h_(5)x2)|)

y(2™ le - le)

::) (s € (a,b]).
(86)

Passing the limitas m — oo,

Z <|h (8,%1) - 2h(s,(x1+x2)/2)+h(s,x2)|)

y(2™ |x1 —x2|)
<K<s—a>+K<b—s
h b-a b-a

As the series Y2 ¢,(x) is divergent for each x > 0,
necessarily

), (s € (a,b]).
(87)

lh_ (s, %) —2h" <5, %) +h (s,x,)[ =0,

(88)
(s € (a,b]).

So we conclude that 4™ (s, -) satisfies the Jensen equation
in R (see [28], page 315). The continuity of & with respect of
the second variable implies that for everyt € [a, b] there exist
«, f:[a,b] — R, such that

htx)=a(t)x+p(t), (telab],xeR). (89)

Since B(t) = h™(t,0), t € [a,b], a(t) = b (t,1) - B(t)
and h (-, x) € KBVJ) [a,b], for each x € R, we obtain that
o, pe KBV¢[a, b]. O

Corollary 23. Let« : [0,1] — [0, 1] be a distortion function,
¢ = {@,},5, a p-sequence, and h : [a,b] x R — R. If the
composition operator H, associated with h, maps kBVy[a, b] in
itself and satisfies the inequality

IH ) = H (0)llgg <y (It = vl
(90)
(u, vExBV,la, b]),

for any function y : [0,00) — [0,00), verifying y(t) —
p(0) = 0, when t | O, then there exists o, 3 € KBV;,[a, b],

such that
h(t,x)=a)x+p(#), (eclab],xecR). (91)

Proof. Letus fix x, y € R, x# y, and define u(t) := x, v(t) :=
y, t € [a,b]. Thenu,v € KBV¢[a, b] and |u - vII,«/> =|x -yl
Then from inequality (90) and Lemma 16, we have

<|h(t,x) ~h(t.y)-h(a,x) +h(a,y)|>
P
y (=)

() e (L
B b-a b-a

(92)

), (t € (ab]).

1

And therefore

|h(t,x)-h(t,y) - h(a,x)+h(ay)
-1 (93)
<o @ y(x-y).

Proceeding as in the proof of Theorem 22 we have that
there is left regularization of ™ (:, x), for each x € Randifa <
r<a, <b<a<---<a,<b,=s<b x,yeR, x#ywe

defined the zig-zag continuous functions u, v : [a,b] — R,
as show below
X, a<t<a ort=a,i=1,....,m
u)=14 b,<t<bort=b,i=1,...,m
affine, other case,
(94)
a<t<a ort=a,i=1,...,m

y)
u(t) , b,<t<bort=b,i=1,....,m
affine, other case,

then u,v € xBVy[a, bl, u—-v)(t) = x—y,t € [a,b] and for
s € (a,b]

(e

m 20 (s,x) = h™ (s, )] )
» (95)
o (R

IN

Hence,

q)m (2)

|h™ (s;x) = h" (s, )] < y(x=»)),

(s € (a,b]).

(96)

And so h™ (-, x) is continuous in (a, b]. Now the result is a
consequence of Theorem 22. O

Corollary 24. Letx : [0,1] — [0, 1] be a distortion function,
¢ = {@,},5; a ¢-sequence, h : [a,b] x R — R, and H the

composition operator associated with h. Suppose that H maps
xBV 4[a, b] into itself and is uniformly continuous, then there

exist o, 3 € KBV;[(Z, b], such that

h(t,x)=a®)x+ (), (telab]l,xecR), (97)
where h™ (-, x) is the left regularization of h(:, x) for all x € R.

Proof. Consider the modulus of continuity associated with H;
that is,

p(®) = sup {IH ) = H V)l : 1t = Vg
<t u,vexBVla, b]} , (98)

(t=0).
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Then y(t) > 0,9(0) = 0. Furthermore, if ¢+ > 0 and
llu = vlly < t, we obtain

IH )~ H @)l < 7 ().

Particularly, in the case where ¢ = [lu — v||K¢, we have

(99)

IH () = H Wl <y (lu=vlly)
(100)
(u,v € KBV [a, b]).

From Corollary 23 we obtain the conclusion. O

Matkowski [27] introduced the notion of a uniformly
bounded operator and proved that the generator of any
uniformly bounded composition operator acting between
general Lipschitz function normed spaces must be affine with
respect to the function variable.

Definition 25. Let Y and Z be two metric (or normed) spaces.
We say that a mapping F : Y — Z is uniformly bounded, if
foranyt > 0, there exists a nonnegative real number y(¢) such
that for any nonempty set B C Y we have

diam B <t = diam F (B) < y (t). (101)

Remark 26. Every uniformly continuous operator or Lips-
chitzian operator is uniformly bounded.

Corollary 27. Letk : [0,1] — [0, 1] be a distortion function,
¢ = {@,},5, a ¢-sequence, and h : [a,b] x R — R, such
that function h(t,-) : R — R is continuous in respect to the
second variable, for each t € (a, b]. If the composition operator
H, associated with h, maps kBVy[a, b] in itself and is uniformly

bounded, then exists «, 3 € KBV; [a, b], such that

h (t,x)=a()x+p(t), (telab],xeR). (102)

Proof. Take any t > 0 and u,v € xBVj[a,b] such that
lue — V||K¢ < t. Since diam {u, v} < t, by uniform boundedness
of H, we have diam H({u, v}) < y(t); that is,

IH (u) = H (v)llyg = diam H ({u, v}) <y (1 = vll5) - (103)

From Theorem 22 we have (102). O
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By using the techniques of convex-power condensing operators and fixed point theorems, we investigate the existence of mild
solutions to nonlocal impulsive semilinear differential equations. Two examples are also given to illustrate our main results.

1. Introduction

This paper is concerned with the existence of mild solutions
for the following impulsive semilinear differential equations
with nonlocal conditions

u () = Au(t) + f (Lu(t), tel0,T], t#t,
u(0) =g,
ey
Au(t) =TI (u(t)), i=12....p

0<t)<ty<---<t,<T,

where A : D(A) € X — X is the infinitesimal generator of
strongly continuous semigroup S(¢) for t > 0 in a real Banach
space X and Au(t;) = u(t;r) — u(t; ) constitutes an impulsive
condition. f and g are X-valued functions to be given later.

As far as we know, the first paper dealing with abstract
nonlocal initial value problems for semilinear differential
equations is due to [1]. Because nonlocal conditions have
better effect in the applications than the classical initial ones,
many authors have studied the following type of semilinear
differential equations under various conditions on S(t), f,
and g:

u' (1) = Au(t) + f (Lu(t),
u(0)=g(u.

For instance, Byszewski and Lakshmikantham [2] proved
the existence and uniqueness of mild solutions for nonlocal

te[0,T],
2

semilinear differential equations when f and g satisfy Lips-
chitz type conditions. In [3], Ntouyas and Tsamatos studied
the case with compactness conditions. Byszewski and Akca
[4] established the existence of solution to functionaldifferen-
tial equation when the semigroup is compact and g is convex
and compact on a given ball. Subsequently, Benchohra and
Ntouyas [5] discussed the second-order differential equation
under compact conditions. The fully nonlinear case was
considered by Aizicovici and McKibben [6], Aizicovici and
Lee [7], Aizicovici and Staicu [8], Garcia-Falset [9], Paicu and
Vrabie [10], Obukhovski and Zecca [11], and Xue [12, 13].

Recently, the theory of impulsive differential inclusions
has become an important object of investigation because of
its wide applicability in biology, medicine, mechanics, and
control theory and in more and more fields. Cardinali and
Rubbioni [14] studied the multivalued impulsive semilinear
differential equation by means of the Hausdorff measure of
noncompactness. Liang et al. [15] investigated the nonlocal
impulsive problems under the assumptions that g is compact,
Lipschitz, and g is not compact and not Lipschitz, respec-
tively. All these studies are motivated by the practical interests
of nonlocal impulsive Cauchy problems. For a more detailed
bibliography and exposition on this subject, we refer to [14-
18].

The present paper is motivated by the following facts.
Firstly, the approach used in [9, 12, 13, 19, 20] relies on the
assumption that the coefficient I of the function f about
the measure of noncompactness satisfies a strong inequality,
which is difficult to be verified in applications. Secondly, in



[21], it seems that authors have considered the inequality
restriction on coefficient function [(t) of f may be relaxed for
impulsive nonlocal differential equations. However, in fact,
they only solve the classical initial value problems u(0) = u,
rather than the nonlocal initial problems ©(0) = u, + g(u).
For more details, one can refer to the proof of Theorem 3.1
in [21] (see the inequalities (3.3) and (3.4) in page 5 and the
estimations of the measure of noncompactness in page 6 and
page 7 of [21]).

Therefore, we will continue to discuss the impulsive non-
local differential equations under more general assumptions.
Throughout this work, we mainly use the property of convex-
power condensing operators and fixed point theorems to
obtain the main result (Theorem 10). Indeed, the fixed point
theorem about the convex-power condensing operators is an
extension for Darbo-Sadovskii’s fixed point theorem. But the
former seems more effective than the latter at times for some
problems. For example, in [22] we ever applied the former
to study the nonlocal Cauchy problem and obtained more
general and interesting existence results. Based on the results
obtained, we discuss the impulsive nonlocal differential
equations. Fortunately, applying the techniques of convex-
power condensing operators and fixed point theorems solves
the difficulty involved by coeflicient restriction that is, the
constraint condition for the coefficient function I(t) of f is
unnecessary (see Theorem 10). Therefore, our results gener-
alize and improve many previous ones in this field, such as
9,12, 13, 19, 20].

The outline of this paper is as follows. In Section 2, we
recall some concepts and facts about the measure of non-
compactness, fixed point theorems, and impulsive semilinear
differential equations. In Section 3, we obtain the existence
results of (1) when g is compact in PC([0, T']; X). In Section 4,
we discuss the existence result of (1) when g is Lipschitz con-
tinuous, while Section 5 contains two illustrating examples.

2. Preliminaries

Let E be a real Banach space, we introduce the Hausdorft
measure of noncompactness « defined on each bounded
subset Q) of E by

a (Q) = inf <|r > 0; there are finite points

X1, Xps ... X, € E with Q € UB(xi,r)]» .
i=1
3)

Now we recall some basic properties of the Hausdorff
measure of noncompactness.

Lemma 1. For all bounded subsets Q, Q,, and Q, of E, the
following properties are satisfied:
(1) Q is precompact if and only if a(Q) = 0;

(2) a(Q) = a(Q) = alco Q), where Q and co Q mean the
closure and convex hull of Q, respectively;
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(3) a(Q)) < a(Q),) when O € Q,;
(4) a(Q; U Q,) < max{a(Q,), a(Q,)}
(5) a(AQ) = [Ma(Q), for any A € R;

(6) a(Qy + Q) < a(Qy) + x(Q,), where Oy + Q, = {x +
y;x € Qy,y € L)

(7) if AW, 'S is a decreasing sequence of nonempty
bounded closed subsets of E and lim,, _, ., «(W,) = 0,

then N} SIW,, is nonempty and compact in E.

Themap Q : D ¢ E — E is said to be a-condensing if
for every bounded and not relatively compact B C D, we have
«(QB) < «(B) (see [23]).

Lemma 2 (see [9]: Darbo-Sadovskii). If D C E is bounded
closed and convex, the continuous map Q : D — D is a-
condensing, then the map Q has at least one fixed point in D.

In the sequel, we will continue to generalize the definition
of condensing operator. First of all, we give some notations.

Let D ¢ E be bounded closed and convex, the map Q :
D — D, and x,, € D for every B C D, set

Q"™ (B) = Q(B),

(4)
Q(n,xo)B — Q(E {Q(nfl,xo)B’xO})’ n=2.3,...,
where co means the closure of the convex hull.
Now we give the definition of a kind of new operator.

Definition 3. Let D C E be bounded closed and convex, the
map Q : D — D is said to be a-convex-power condensing
if there exist x, € D, n, € N and for every bounded and not
relatively compact B ¢ D, we have

a(Q"™™) (B)) < a(B). (5)

From this definition, if «(Q"*?(B)) = a(B), one obtains B ¢
E as relatively compact.

Subsequently, we give the fixed point theorem about the
convex-power condensing operator.

Lemma 4 (see [23]). If D C E is bounded closed and convex,
the continuous map Q D — D is a-convex-power
condensing, then the map Q has at least one fixed point in D.

Throughout this paper, let (X, | - ||) be a real Banach
space. We denote by C([0,T]; X) the Banach space of all
continuous functions from [0, T'] to X with the norm |u|| =
sup {lu()l,t € [0,T]} and by LY([0, T]; X) the Banach space
of all X-valued Bochner integrable functions defined on
[0, T'] with the norm |[lul, = IOT lu(t)|dt. Let PC([0,T]; X) =
{u : wuis a function from [0,T] into X such that wu(t) is
continuous at t #¢; and the left continuous at t = ¢; and
the right limit u(t) exists fori = 1,2,.., p}. It is easy to
check that PC([0,T]; X) is a Banach space with the norm
lulpc = supflu@®)l,t € [0,T]} and C([0,T];X) <
PC([0,T]; X) < L'([0,T]; X). Moreover, we denote B by the
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Hausdorff measure of noncompactness of X, denote 3, by the
Hausdorft measure of noncompactness of C([0,77]; X) and
denote 3, by the Hausdorff measure of noncompactness of
pC((0, 71, ).

Throughout this work, we suppose the following

(H,) The linear operator A : D(A) ¢ X — X
generates an equicontinuous Cy-semigroup {S(t) : t > 0}.
Hence, there exists a positive number M such that ||S(¢)| <
M.

For further information about the theory of semigroup of
operators, we may refer to some classic books, such as [24-
26].

To discuss the problem (1), we also need the following
lemma.

Lemma 5. If W € PC([0, T[; X) is bounded, then one has

1%.% < w >
tes{l;g]ﬁ( (1)) < Bpe (W) (6)

where W (t) = {u(t);u e W} c X.

Lemma 6 (see [27]). If W € C([0, T]; X) is bounded, then for
allt € [0,T],

BW () < B.(W). (7)

Furthermore, if W is equicontinuous on [0, T], then B(W(t))
is continuous on [0, T] and

B (W) = sup {B(W (1)) : £ € [0,T]}. (®)

Since C,,-semigroup S(t) is said to be equicontinuous, the
following lemma is easily checked.

Lemma 7. If the semigroup S(t) is equicontinuous and w €
LY([0, T]; R, then the set {jot S(t = s)u(s)ds, lu(s)] < w(s)
fora.e. s € [0, T} is equicontinuous for t € [0,T].

Definition 8. A function u € PC([0, T]; X) is said to be a mild
solution of the nonlocal problem (1), if it satisfies

u(t)=S(t)g(”)+Ls(t—S)f(s,u(s))ds
9)
+ Y S(E-t) L (u(t)), 0<tsT.

0<t;<t

In addition, let r be a finite positive constant, and set B, :=
{x e X:|xll < rland W, = {u € C([0,T]; X) : u(t) €
B,, for allt € [0, T1]}.

3. g Is Compact

In this section, we state and prove the existence theorems
for the nonlocal impulsive problem (1). First, we give the
following hypotheses:

(H))

(1 f:[0,T] x X — X is a Carathéodory function; that
is, forall x € X, f(-,x):[0,T] — X is measurable
andfora.e.t € [0,T], f(t,-) : X — X iscontinuous;

(2) for finite positive constant r > 0, there exists a
function «, € L'(0, T; R) such that

If &%) <o () (10)

fora.e.t € [0,T] and x € B,;

(3) there exists a function I(f) € L'(0,T;R) such
that

B(f (D)) <1(t)B(D) (1)

fora.e.t € [0,T] and every bounded subset D ¢
B,;
(Hg) g : PC([0,T]; X) — X is a continuous and compact
mapping; furthermore, there exists a positive number
N, such that [|g(u)|| < Ny, forany u € W,;

(H;) I; : X — X isa continuous and compact mapping
foreveryi=1,2,...,p;

(H,) M(N, + llog Il + sup,eqy Y2, L)) < 7.

Remark 9. The mapping f is said to be L'-Carathéodory if
the assumption (H f)(l)(2) is satisfied.

Theorem 10. If the hypotheses (H,), (Hf)(l)(z)(3), (Hg),
(H;), and (H,) are satisfied, then the nonlocal problem (1) has
at least one mild solution on [0, T].

To prove the above theorem, we need the following
lemma.

Lemma 11. If the condition (H,) holds, then for arbitrary
bounded set B ¢ W,, we have

ﬁ(J:S(t—s)f(s,B(s))ds>
(12)

S4MJ:/3(f(s,B(S)))ds, te[0,T].

This proof is quite similar to that of Lemma 3.1in [20]; we
omit it.

Proof of Theorem 10. We consider the operator Q : PC(]0,
T]; X) — PC([0,T]; X) defined by

t
Q) (1) = S(t) g ) + L S(t—3) f (s, u(s))ds
13)
+ Y S(t-t)L(u(t)), 0<t<T.

0<t;<t

It is easy to see that the fixed points of Q are the
mild solutions of nonlocal impulsive semilinear differential
equation (1). Subsequently, we shall prove that Q has a fixed
point by using Lemma 4.

We shall first prove that Q is continuous on PC([0, T']; X).
In fact, let {u,}') ¢ PC([0,T]; X) be an arbitrary sequence

n=1



satisfying lim,, _, ,
Definition 8 that

u, = uin PC([0,T]; X). It follows from

lQus, - Qul sM< I G4) - 9 60|
T
[ 1 G 0) - F el

fi 12 (ua, (2)) = 1 (e (t,))“) :
i=1 (14)

According to the continuity of f in its second argument, for
each s € [0, T], we have the following:

m f(s,u,(5)) = f(s;u(s). (15)
In addition, g and I; are all continuous for eachi = 1,2, ..., p,

and hence, the Lebesgue dominated convergence theorem
implies

lim |Qu, - Qu| = (16)

n— +00

Namely, Q is continuous on PC([0, T']; X).
Subsequently, we claim that QW, € W,. Actually, by (H,),
we obtain

1@Qu) Ol < [ (1) g )] + L IS =) f (s usn]ds
YIS -t) ()]

0<t;<t

17)

<M (w + o], + supz I1; (u t))ll)

ueW, =1
<r,

for any u € W, € PC([0, T]; X). Thus, QW, € W,.

Now we demonstrate that QW, is equicontinuous for any
t > 0.Lett € (0,T], & > 0. Since g is compact, g(W,) is
relatively compact; that is, there is a finite family {x j};il C
g(W,) such that for any u € W,, there exists some j €
{1,2,...,m} such that

2M "g (u) —xj" < g (18)

On the other hand, as S(t) is equicontinuous at ¢ > 0, we can
choose §; € (0,t) such that

[(s(t+6") -s®) x| <,
< )
Y U(s(r+d'—)=s(-)) L) < 5
i=1
for each 8’ € R, |8'| < &), uniformly for u € W,, and j €

{1,2,...,m}. By (H f(2)), it can be obtained that there exists
8, € (0, 1) such that

M JH |f (s,u(s)ds < = (20)
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for each &' € R, |8'| < §,, uniformly for u € W,. Further-
more, by Lemma 7, we get that there exists §; € (0,¢) such
that

J” t+8—s S(t—s))f(su(s))|'ds<§ (21

for each 8 € R, |8'| < &5, uniformly for u € W,. Thus, there
exists h = min{d;, §,, 85} such that

|@Qu (t+1") - @Qu )|
<[(s(t+)-5@®) g

+Z||

t+h —t

=S(t-1;)) 1 (u (tz))“
+Lt|| S(t+h =s)=S(t-9)) f (su(s)|ds

t+h'
+ L "S (t +H - s) f (s,u(s))” ds

<|(s(t+H)-5®) (9@ -x;)]

H|(s(e+H)-s0) )
+ i “(S (t+n —t)=S(t-1)) L (u (t,.))“

+

o

“ t+h'—s)—S(t—s))f(s,u(s))“ds

J "S t+h —s)f(s,u(s))”ds

&€ & €
.AI“g(u) w|+'g + g + g
t+h
+ Mj ||f (ssu (s))” ds
t
&€ &€ &€ & &€
e e e e
5 5 5 5 5
= 8)

for each h' € R, |W'| < h, uniformly for u € W,. Therefore,
QW, is equicontinuous at t > 0.

Similarly, we can conclude that QW, is also equicontinu-
ous at t = 0. Thus, QW, is equicontinuous on [0, T].

Set W = co(QW,). It is obvious that W is equicontinuous
on [0, T] and Q maps W into itself.

Next, we shall prove that Q : W — W is a convex-
power condensing operator. Take x, € W; by the definition of
convex-power condensing operator, we shall show that there
exists a positive integral n, such that

By (Q"B) < B, (B) (23)
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if B ¢ W is not relatively compact. In fact, by using the
conditions (H ) and (H;), we get from Lemma 11 that

B((Q"™'B) (1)) = B((QB) (1))
<B(S(t)g(B))

+/3<Jt5(t—s)f(s,B(s))d5>

<i8(t t) I (B(t ))

(24)

:waﬁUS£@mds
< 4M Lt 1(s) B(B(s))ds

< 4M Lt () dsBye (B).

Since I(t) € L(0,T;R"), there exists a continuous function
w:[0,T] — R'such that for any0 < e < 1,

T

J [1(s) —w(s)|ds <e. (25)

0

Then
B((Q™B)®)
t t

_ 26
<4M (Jo [1(s) —w(s)|ds+ Jo |w ()] ds> [3PC (B) (26)
< 4AM (e + Nyt) By (B),

where N, = max{|w(t)| : t € [0, T]}. Hence,

B((Q*B) 1))
<B(s® g ({(QB),x}))

e[| 569 7 (1@ 8) 9.9 0]
(ZS (t-t,)1 (co{(Q(lx“ )(fi)»xo (E)}))

/3(J;)S(t s)f SCO{(Q(I’CO )(s),xo(s)})ds) (27)

IN

4M /3 s co 1’C")B) (s),xg (s)}))

o

IN

4MJ 1(5) B((Q"™'B) (s)) ds

(=}

~

4MJ (1(s) = w ()] + w (s)]) 4M (& + N,5) B, (B) ds

(=]

5
< £2M2 [8(8 +N,t) + N, (te + N2§>] By (B)
=M | & +Cle(Nyt) + (N, ) ] By (B).
(28)
Thus,
B((Q*'B)®)
<B(s0g(a{(Q™B).x}))
eB([ste-9 7 (s (Q5) )% 9] s )
p
(Z t—t;)1; (5{((2(2’%)3) (t:) %o (tl)})>
=B <L S(t=3) f (s {(Q*B) (9), % (9)}) dS)
<o [ A7 (0 {(@8) 9.5, 9])
<4 [ 168((QB) 9) s
S4Mj(uw—w@n+wum
0
2
x 4* M* |:s2 +Cye (Nys) + (NZZ'S) ] dsP,. (B)
(N,t)*
<M [s <sz +Che (N,t) + 22' )
2
+N, Jt <£2 +Che (Nys) + (NZZ'S) > ds] Bye (B)
0 !
= £2M° |:s3+C§s (N,t) + Cre (N>t)” )
(N2 ) ]ﬁpc (B)
(29)

and hence, by the method of mathematical induction, for any
positive integer nand t € [0, T], we obtain

B((Q"'B) (1))
<4"M" | "+ Cle" ™ (Nyt) (30)
2
ﬁcﬁmeﬁ)+ (Nf) B, (B).

2!



Therefore, for any positive integer n, we have

ﬁpc (Q(n,xo)B)
P— n 1 n-1
<4"M [s +C,e" (N,T) (31)
L (N,T) N,T)"
+Ci€n2( ;) ++( ;') ]ﬁPC(B)

Since lim,, _, , . [¢" 'n(n/(n - D)"Y = ¢ it follows from
the Stirling Formula (see [28]) that

1,X, 1 n n
ﬁPC(Q( ” ")B) So<%>4 M By (B), n-— 00, Vs> 1,
(32)

and hence, there exists sufficiently large positive integer #,
such that

By (Q™B) < B, (B), (33)

which shows that Q W — W is a convex-power
condensing operator. From Lemma 4, we get that Q has at
least one fixed point in W; that is, (1) has at least one mild
solution u € W. This completes the proof. O

Remark 12. The technique of constructing convex-power
condensing operator plays a key role in the proof of
Theorem 10, which enables us to get rid of the strict inequality
restriction on the coefficient function I(t) of f. However, in
many previous articles, such as [9, 12, 13, 19, 20], the authors
had to impose a strong inequality condition on the integrable
function I(t), as they used Darbo-Sadovskii’s fixed point
theorem only. Thus, our result extends and complements
those obtained in [9, 12, 13, 19, 20] and has more broad
applications.

Remark 13. If we use the following assumption instead of
(H,)3):
(H f)(3') there exists a constant [ > 0 such that

B(f (D)) <IB (D) (34)
fora.e. t € [0,T] and every bounded subset D ¢ B,,

we may use the same method to obtain

ﬁpc (Q(n,xg)B) < 4nMnln%ﬁpc (B), (35)

for any B ¢ W. Thus, there exists a large enough positive
integral n, such that

4”°M”°l”°T— <1 (36)
n,!
namely,
By (Q™*'B) < B, (B), BcW. (37)

Therefore, we can get the following consequence.
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Theorem 14. If the hypotheses (H,), (Hf)(l)(Z)(3'), (H,),
(H;), and (H,) are satisfied, then the nonlocal problem (1) has
at least one mild solution on [0,T].

4. g Is Lipschitz Continuous

In this section, by applying the proof of Theorem 10 and
Darbo-Sadovskii’s fixed point theorem, we give the existence
of mild solutions of the problem (1) when the nonlocal
condition g is Lipscitz continuous in PC([0, T']; X).

We give the following hypotheses:

(H;) there exists a constant k > 0 such that

for u,v € PC ([0,T];X);
(38)

lg @) —gW| <klu-vl,

(H;) I;: X — XisLipschitz continuous with Lipschitz
constant k;, fori = 1,2,..., p.

Theorem 15. If the hypotheses (H,), (Hf)(l)(Z)(3), (H;),
(HI'), and (H,) are satisfied, then the nonlocal problem (1) has

at least one mild solution on [0, T] provided thatM(k+Zf’=1 ki+
4ll) < 1.

Proof of Theorem 15. Given x € W, let’s first consider the
following Cauchy initial problem:

u () = Au(t) + f (tu(t)),

Au(t;) =1 (x (1)),

0<t) <ty<---<t,<T,

te[0,T], t#t,
i=1,2...,p,

g (39)
u(0) =g (x).

From the proof of Theorem 10, we can easily see that there
exists at least one mild solution to (39). DefineG: W — W
by that Gx is the mild solution to (39). Then

Gx) () =S gx)+ Y S(t—t)I (x(t))
0<t;<t

, (40)
+ J S(t—s) f(s,(Gx)(s))ds.
0

Now, we will show that G is ,,.-condensing on W. According
to Lemma 11, for any bounded subset B ¢ W, we deduce

B ((GB) (1))
<B(St) g(B)+ Z S(t-t)1(B(t))

0<t;<t

+p (Lt S(t-s) f (s, (GB) (s)) ds>

P
< Mk, (B) + MY kB, (B)

i=1

+4M Jo B(f (s,(GB)(s)))ds
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P
<M <k + Zk,) By (B)
i=1

t

+4M J 1(s) B((GB) (s)) ds

0

P
<M <k + Zk,.> By (B)

i=1
+4M[lll B, (GB).
(41)

which implies that

M(k+3YF k) )

Byc (GB) < TMW”LI&C (B).

In addition, since M (k + Zf:l k; + 4lllll;1) < 1, it follows that
the mapping K is a ﬁpc—condensing operator on W. In view
of Lemma 2, the mapping G has at least one fixed point in W,
which produces a mild solution for the nonlocal impulsive
problem (1). O

Remark 16. Similarly, one can show that the conclusion of
Theorem 15 remains valid provided that hypothesis (H f)(3)

is replaced by condition (H f)(3').

Remark 17. In Theorem 15, we do not assume the compact-
ness of nonlocal item g. Under the Lipschitz assumption, we
make full use of the conclusion of Theorem 10, the properties
of noncompact measure and the technique of fixed point to
deal with the solution operator G.

Remark 18. Recently, the existence results for fractional
differential equations have been widely studied in many
papers. For more details on this theory one can refer to
[29, 30] and references therein. It should be pointed out that
the techniques and ideas in this paper can also be used to
study fractional equations. In the future, we will also try to
investigate to nonlocal controllability of impulsive differential
equations by applying the similar techniques, methods, and
compactness conditions. Further discussions on this topic
will be in our consequent papers.

5. Examples

In this section, we shall give two examples to illustrate The-
orems 10 and 15.

Example 1. Consider the following semilinear parabolic sys-
tem:

%u (t,x)=-A(x,D)u(t,x) + F (t,u(t, x)),
te€[0,T], xe€Q, t#t;,

D*u(t,x) =0, te[0,T], x €0Q for |a| <m,

ut,x)—u(t;,x)=ILu(t,x), i=12...,p
(43)

u(0,x) = L LTF (t,x, x,u (t,x'))dtdx', x €,

where Q is a bounded domain in R” (n > 1) with smooth
boundary 0Q, A(x,D)u = X|,cm@(Xx)D*u is strongly
elliptic, F: [0,T] xR — R,andT': [0,T]xQxQXxR — R.

Let X = L*(Q)) and define the operator A : D(A) € X —
X by

D(A) = H (Q)nH' (Q),
(44)
Au=-A(x,D)u.

Then the operator A is an infinitesimal generator of an
equicontinuous C,-semigroup S(¢) on X (see [26]).

Suppose that the function T : [0,T] x Qx QxR — R
satisfies the following conditions:

(i) the Carathéodory condition, that is, T'(t, x, x',7), is a
continuous function about r fora.e. (t, x, x') € [0, T]x
Q x O;T(t, x, x', r) is measurable about (¢, x, x") for
each fixed r € R;

(i) T, x,x',r) = T(t, %, x',7r)| < it x, X, x') for all
(t,x,x',r), (t, % x',r) € [0,T] x Q x Q x R with
|r| < k, where g € L'([0,T] x Q x Q x R; R") satisfies

lim, _[Q JOT i (t, x, %, xdtdx' = 0, uniformly in
x € Q)
(iii) |T(t, x, x,7)] < (8/Tm(Q))|r| + O, x,x") for all r €
R, where ® € L*([0, T] x Qx Q;R") and § > 0.
We assume the following.

(1) f:[0,T] x X — X is defined by
ft2)(x)=F(tz(x),

Moreover, for given r > 0, there exist two integrable
functions ¢,, v : [0,T] — R such that || f(t,2)] <
¢.(t) and B(f(t,D)) < wy()B(D) for ae t €
[0,T], z € B, and every bounded subset D C B,;

(2) g : C([0,T]; X) — X is defined by

x € Q. (45)

T
gw)(x) = JQ JO F(t, x,x',u(t, x'))dtdx', x €.
(46)

From Theorem 4.2 in [31], we get directly that g is well
defined and is a completely continuous operator by
the above conditions about the function T’

(3) I, : X — X is a continuous and compact function
foreachi=1,2,..., p, defined by

I (u) (x) = I; (u (x)) . (47)

Let us observe that the problem (43) may be reformulated
as the abstract problem (1) under the above conditions. By
using Theorem 10, the problem (43) has at least one mild
solution u € C([0,T); L*(Q)) provided that the hypothesis
(H,) holds.



Example 2. Consider the following partial differential sys-
tem:

2u(t x) = iu(t x) + F (t,u(t, x)),
€[0,T], x € Q, t#t,
u(t,x) = €[0,T], x € 0Q,

(48)
ut,x)-u(t;,x)=ILu(t,x), i=12...,p

u(0,x) = Zq:cju (sj,x) ,
=1

where Q is a bounded domain in R" (n > 1) with smooth
boundary 0Q,F : [0,T] x R — R, and ¢ and S; both are
given real numbers for j = 1,2,...,4.

Let X = C(Q), and define the operator A: D(A) € X —
X by

D(A)={veX:V e X,v(x) =0,x €20},
(49)
Av=v.

As is known to all, the operator A is an infinitesimal
generator of the semigroup S(t) defined by S(t)x(s) = x(t +s)
for each x € X. Here, S(t) is equicontinuous but is not
compact.

We now suppose the following.

(1) f:[0,T] x X — X is defined by

f(ty)(x)=F(tyx),

Moreover, for given r > 0, there exist two integrable
functions ¢,,w : [0,T] — R such that || f(t, y)|| <
. (t) and B(f(t,D)) < @@)B(D) for ae t €
[0,T], y € B,, and every bounded subset D C B,;

(2) g: PC([0,T]; X) — X is defined by

q
g W) (x) = Y cu(s;x),
=

<sq<T,x€Q.

x € Q. (50)

(51)

0<s; <sy<eee

Then g is Lipschitz continuous with constant k
Z?:l lc;|; that is, the assumption H; is satisfied.

(3) I, : X — X is a continuous function for each i =
2,..., p, defined by

I; (u) (x) = I; (u (x)) . (52)

Here we take I;(u(x)) = (o;lu(x)| + t,-)fl, o >0,i=
L2,..,p0<t; <ty <.+ <ty <T,x € Q. Then
I; is Lipschitz continuous with constant k; = e;/t7,
i=1,2,..., p; that is, the assumption H, is satisfied.
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Let us observe that (48) may be rewritten as the abstract
problem (1) under the above conditions. If the following

inequality
< e |+ —2‘+4||@|IL1> (53)

holds, then according to Theorem 15, the impulsive problem
(48) has at least one mild solution in PC([0, T]; X).
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In this paper we study semilinear equations of the form Au + AF(u) = f, where A is a linear self-adjoint operator, satisfying a
strong positivity condition, and F is a nonlinear Lipschitz operator. As applications we develop Krasnoselskii and Ky Fan type
approximation results for certain pair of maps and to illustrate the usability of the obtained results, the existence of solution of an

integral equation is provided.

1. Introduction and Preliminaries

The study of abstract operator equations involving linear or
nonlinear operators has generated over time useful instru-
ments in the approach of some concrete equations. Therefore,
we consider as interesting to present some aspects regarding
the semilinear abstract operator equations in Hilbert spaces.

Let H be a real Hilbert space endowed with the inner
product (-, -) and the norm | - |.

In [1, 2] semilinear equations of the form Au — F(u) = 0
were studied, where A : D(A) ¢ H — H is a self-adjoint
linear operator with the resolvent set R(CA) and F: H — H
is a Gateaux differentiable gradient operator. If there exist real
numbers a < b such that [a,b] ¢ R(A) and

o< (F(u)—F(v)z,u—v) <
[l — v

) @

for all u,v € H, u#v (ie, F interacts suitably with the
spectrum of A), then it is proved in [2] that the equation
Au — F(u) = 0 has exactly one solution.

The author in [3] presented an existence and uniqueness
result for the semilinear equation Au + F(u) = f, where A :
D(A) ¢ H — H is a linear maximal monotone operator,
satisfying a strong positivity condition, and the nonlinearity
F:H — H isa Lipschitz operator.

Let X be a real Banach space, ordered by a cone K. A cone
K is a closed convex subset of X with AK € K (A > 0), and
Kn(-K)={0}. Asusualx < y © y—x € K.

Definition 1. Let M be a nonempty subset of an ordered
Banach space X with order <. Two mappings S,T: M — M
are said to be weakly isotone increasing if Sx < TSx and
Tx < STx hold for all x € M. Similarly, we say that S and
T are weakly isotone decreasing if Tx > STx and Sx > T'Sx
hold for all x € M. The mappings S and T are said to be weakly
isotone if they are either weakly isotone increasing or weakly
isotone decreasing.

In our considerations, the following definition will play
an important role. Let %B(X) denote the collection of all
nonempty bounded subsets of X and 7'(X) the subset of
PB(X) consisting of all weakly compact subsets of X. Also, let
B, denote the closed ball centered at 0 with radius 7.

Definition 2 (see [4]). A function v : B(X) — R, is said
to be a measure of weak noncompactness if it satisfies the
following conditions.

(1) The family ker(y) = {M € B(X) : y(M) = 0} is non-
empty, and ker(y) is contained in the set of relatively
weakly compact sets of X.



(2) M; < M, = v(M;) < y(M,).

(3) y(co(M)) = w(M), where co(M) is the closed convex
hull of M.

(4) y(AM, + (1 = M)M,) < Ay(M;) + (1 = M)y(M,) for
Ae[o,1].

(5) If (M,,),,», is a sequence of nonempty weakly closed
subsets of X with M, bounded and M; 2 M, 2 -2
M, 2 --- such thatlim, _, w(M,) = 0, then M, :
M2y M,, is nonempty.

The family ker y described in (1) is said to be the kernel
of the measure of weak noncompactness . Note that the
intersection set M, from (5) belongs to ker y since y/(M,) <
y(M,,) for every n, and lim,, _, . ,w(M,) = 0. Also, it can be
easily verified that the measure v satisfies

vy (M7) =y (M), 2)

where M¥ is the weak closure of M.

A measure of weak noncompactness y is said to be regular
if

Y (M) =0 iff M is relatively weakly compact, (3)

subadditive if
v (M, + M) <y (M) +y (M), (4)
homogeneous if

yAM) = Ay (M), 1€R, 5)

and set additive (or has the maximum property) if

¥ (M, UM,) = max (v (M,), v (M,)). (6)

The first important example of a measure of weak non-
compactness has been defined by de Blasi [5] as follows:

w (M) = inf {r > 0 : there exists W € %" (X)

)
with M € W + B,},

for each M € B(X).

Notice that w(-) is regular, homogeneous, subadditive,
and set additive (see [5]).

By a measure of noncompactness on a Banach space X,
we mean a map ¥ : B(X) — R, which satisfies conditions
(1)-(5) in Definition 2 relative to the strong topology instead
of the weak topology.

Definition 3. Let X be a Banach space and y a measure of
(weak) noncompactness on X. Let A : D(A) € X — X be
a mapping. If A(D(A)) is bounded and for every nonempty
bounded subset M of D(A) with (M) > 0, we have
Y(A(M)) < w(M); then A is called y-condensing. If there
existsk,0 < k < 1, such that A(D(A)) isbounded and for each
nonempty bounded subset M of D(A), we have y(A(M)) <
ky(M); then A is called k-y-contractive.
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Definition 4 (see [6]). Amap A : D(A) — X is said to be
ws-compact if it is continuous, and for any weakly convergent
sequence (x,),cy in D(A) the sequence (Ax,),y has a
strongly convergent subsequence in X.

Definition 5. A map A : D(A) — X is said to be ww-
compact if it is continuous, and for any weakly convergent
sequence (x,),cy in D(A) the sequence (Ax,,),, has a weakly
convergent subsequence in X.

Definition 6. Let X be a Banach space. A mapping T : D(T') €
X — X is called a nonlinear contraction if there exists a
continuous and nondecreasing function ¢ : R* — R" such
that

ITx-Ty| <o (|x-y]), (8)

for all x, y € D(T'), where ¢(r) < r forr > 0.

In this paper we consider the semilinear equation
Au+ AF (u) = f, )

where A : H — H isalinear self-adjoint operator, satisfying
a strong positivity condition, F : H — H isanonlinear Lips-
chitz operator, and A is a positive parameter. Using the Banach
fixed point theorem, we prove an existence and uniqueness
result about the considered equation. Thus, we obtain here
the same type of result as in [2], replacing the maximal
monotonicity of linear part A of the semilinear equation
with the hypothesis that A is self-adjoint. So, the principal
result of this paper can be applied in the study of nonlinear
Lipschitz perturbations of a linear integral operator with
symmetric kernel. Further a result of continuous dependence
on the free term and a fixed point theorem are presented. As
applications we present some common fixed point theorems
and approximation results for a pair of nonlinear mappings.
Finally, the existence of solution of an integral equation is
provided to illustrate the usability of the obtained results.

2. Results

Theorem 7. Let A: H — H be a linear self-adjoint operator
and F : H — H nonlinear, satisfying the following conditions:

(i) F is a Lipschitz operatot, that is, there is a constant M >
0 such that

IF(x)=F(y)] < M|x -y, (10)

forall x,y € H;

(ii) A is a strongly positive operator, that is, there is a
constant ¢ > 0 such that

(Ax,x) = c|x|?, (11)

forall x € H.

Then the equation Au + AF(u) = f has a unique solution
forall f € Hand A € (0;¢/M).
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Proof. Let us choose s in the spectrum of A. We have
s>inf {{(Ax,x) | x € H,|x| =1} > ¢, (12)

and we obtain that every real number w € (—00;c¢) is in the
resolvent set of the operator A. Consequently, we have

Rg(A-wl) = H, 13)

for all w < ¢, where I is the identity of H.
Let § < 0. We write (9) in the equivalent form

Agu+Fs(u) = f, (14)

where As = A— 61 and Fy = AF + 61. We have Rg(As5) = H
and

|Fs (x) = Fs ()] < AM +8]) |x - y], (15)

forall x, y € H.
Also

(Asx, x) = (Ax, x) — 8|

(16)
> (c- &) Ixl* = (c+ 18] IxI* Vx € H.
From (16) we obtain
|Asx]| = (c+18]) x| Vx e H. (17)

Consequently, there exists A;' : H — H which is linear
and continuous, that is Aj' € Z(H), the Banach space of
all linear and bounded operators from H to H. Moreover, we
have

» 1
HAS “y(H) = c+ 8| (18)
Now (14) can be equivalently written as
u+ Ay Fsu= Ay f. 19)
We consider the operator T : H — H defined by
Tu = —Aj' Fsu + A3 f. (20)
Therefore (19) becomes
u="Tu, (21)

and so, the problem of the solvability of (9) is reduced to the
study of fixed points of the operator T'. We have

ITx - Ty = |45 Eox - A3 Fsy|

= "Agl (F5x - F5y)“ < ||Ag1 HZ(H) ”st - Fs)’”
AM + |8
S%l(;l"x—y" VX,}/EH.
(22)

It results that T is a strict contraction from H to H
because AM < c¢. According to the Banach fixed point
theorem, T has a unique fixed point, and thus the proof of
Theorem 7 is complete. O

Let us consider now the dependence of solution of (9) on
the data f.

Theorem 8. Under the assumptions from the hypothesis of
Theorem 7, let i € {1,2}, and let u; be the unique solution of
the equation

Au+AF )= f, ie{l2}; fufycH.  (23)
Then
1
ey =] < M Ifi - £l (24)

Proof. According to the equivalent form (19) of (9), we have

||u1 - u, || = ”—AglFsul + Aglf1 + A:SIF(;u2 - Aglfzu

< || A5 Fsuy = A3 Fou| + | A5 fi = A5 o] 2

AM + 5]

1
. o oy = wo]| + T ol Ifi = f2]-

It results that
(€= AM) |uy —w,| < | f, = £o,

and thus our assertion is proved. O

(26)

In fact, Theorem 8 establishes the continuous dependence
of the solution of (9) on the free term and signifies the stabil-
ity of the solution.

3. Consequences of Principal Result

The previous results prove that, under the considered
assumptions, the operator A + AF is invertible for all A €
(0;¢/M) and the inverse C = (A+AF) ' is a Lipschitz
operator. From (24) it results that the operator C satisfies

lc(f)-Cl < — M= £l VA foeH @)

Suppose now thatc > land A € (0; (c—1)/M) c (0;¢c/M).
We obtain MA < ¢ —1or 1/(c - AM) < 1, and, consequently,
C is a strict contraction. It results that there exists an unique
element u* € H such that C(u") = u” which is equivalent to
(A+ AF)(u") = u". So we obtained the following fixed point
theorem.

Theorem 9. Let A: H — H be a linear self-adjoint operator
and F : H — H nonlinear, satisfying the following conditions:

(i) F is a Lipschitz operatot, that is, there is a constant M >
0 such that

IF = F()l < Mlx -], (28)

forallx,y € H;

(ii) A is a strongly positive operator, that is, there is a cons-
tant ¢ > 0 such that

(Ax,x) > c|x|?, (29)

forall x € H.



Ifc > 1and A € (0;(c — 1)/M), then the operator A + AF
has a unique fixed point.

The way used in obtaining Theorem 9 can be applied
in the study of the following problem: extracting operators
which have the unique fixed point property from a family of
operators {V;/A € R}.

Let E be a Banach space,and & = {V, : E — E/A € R},
V), satistying some constraints for any A € R. Our intention
is to extract a subfamily ¥ ¢ %, so that V) can have a unique
fixed point for all V), € &.Itis easy to observe, using the same
method as in obtaining Theorem 9, that the following result
holds.

Theorem 10. If

(i) there exists ] C R, J #¢, so that V) is invertible and

"V/{lx—V;ly" <gM|x-y|, xyeE g >0,
(30)

forall A € J;

(ii) there exists I C J, I # ¢, so that g(A) < 1 forall A € I,
then V), has a unique fixed point for all A € I.

As an application of the observations established above, we
develop here the Krasnoselskii and Ky Fan type approxima-
tion results for certain pair of maps.

Theorem11. Let A, F, A, M and c be as in Theorem 9, T = (A+
AF)™', and let H be an ordered Hilbert space. Let D be a
nonempty closed convex subset of H and y a set additive
measure of noncompactness on H. Let S : H — H be a map-
ping satisfying the following:

(i) T(D) € D and S(D) ¢ D,
(ii) S is continuous and y-condensing,

(iii) T and S are weakly isotone.

Then there exists a unique x* € D such that ASx™ +
AFSx* = x*.

Proof. By Theorem9, T = (A+ AF)™' : H — Hisa
contraction with contractive constant « = 1/(c — AM) < 1.
Thus T is a shrinking mapping. Now all of the conditions of
Corollary 1.18 [7] are satisfied so there exists an x* € D such
that Tx* = Sx™ = x* which implies that (A + AF)oSx"™ = x*,
and hence ASx™ + AFSx™ = x™. O

Theorem 12. Let A, F, A, M, and c be as in Theorem 9, T =
(A + AF)™Y, and let H be an ordered Hilbert space. Let D be
a nonempty closed convex subset of H and y a set additive
measure of noncompactness on H. Let S : H — H bea
mapping satisfying the following:

(i) T(D) <€ D and S(D) < D,

(ii) S is a nonlinear contraction,

(iii) T and S are weakly isotone.
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Then there exists a unique x* € D such that ASx™ +
AFSx* = x*.

Proof. By Theorem 9, T = (A + AF)™' : H — H is a con-
traction with contractive constant« = 1/(c—AM) < 1. Thus T
is a shrinking mapping. Now all of the conditions of Corollary
1.19 [7] are satisfied so there exists an x* € D such that Tx™ =
Sx* = x* which implies ASx™ + AFSx™ = x". O

As an application of Corollaries 1.24 or 1.25 and 1.30 or
1.31 [7], we obtain the following results, respectively

Theorem 13. Let A, F, A, M, and c be as in Theorem 9, T =
(A + AF)™Y, and let H be an ordered Hilbert space. Let
D be a nonempty closed convex subset of H and y a set
additive measure of weak noncompactness on H. Assume that
S,T : H — H are sequentially weakly continuous mappings
satisfying the following:

(i) T(D) € D and S(D) < D,
(ii) S is w-condensing or S is a nonlinear contraction,

(iii) T and S are weakly isotone.

Then there exists a unique point x* € D such that ASx™ +
AFSx™ = x".

Theorem 14. Let A, F, A, M, and c be as in Theorem 9, T =
(A + AF)™', and let H be an ordered Hilbert space. Let D be
a nonempty closed convex subset of H and v a set additive
measure of weak noncompactness on H. Assume that S, T
satisfy the following:

(i) T is a ww-compact mapping,
(ii) S is continuous ws-compact and y-condensing or S is
continuous ws-compact and nonlinear contraction,

(iii) T and S are weakly isotone,

(iv) T(D) € D and S(D) < D.

Then there exists a unique x* € D such that ASx™ +
AFSx™ = x™.

Theorem 15. Let H, A, F, A, M, and c be as in Theorem 9
and T = (A + AF)™" sequentially weakly continuous. Assume
that D is nonempty closed bounded convex subset of H and
S : D — H is sequentially weakly continuous mapping
satisfying the following:

(i) S(D) is relatively weakly compact,
(ii) (x =Tx+Sy; y € D) = x € D.

Then there exists a unique point x* € D such that (A +
AF)o(I - S)x™ = x".

Proof. By Theorem 9, T = (A + AF)™' : H — H is a strict
contraction with contractive constant « = 1/(c — AM) < 1.
Now Theorem 2.1 [6] implies that there exists an x* € D such
that Sx* + Tx" = x* which implies that (A + AF)o(I — S)x* =
x*. O
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Theorem 16. Let A, F, A, M, and c be as in Theorem 9, T =
(A + AF)™Y, and let H be an ordered Hilbert space. Let D be
a nonempty closed convex subset of H and v a set additive

measure of noncompactness on H. Let S : H — H bea
mapping satisfying the following:
(i) S(D) < D,
(ii) S is continuous and y-condensing or (S is a nonlinear
contraction),

(iii) PT and S are weakly isotone,

where P is the proximity map on D. Then there exists x, € D
such that

llxo = Toxol| =[S0 = Txo |
- (31)
=d(Tx,, D)=4d (TxO,ID (x0)> .
More precisely, either
(1) Sand T have a common fixed point x, € D, or
(2) there exists x, € 0D with
0 < | Txy = Sxo|| = || Txq — %o
(32)

= d(Txp, D) = d (T, I (o))

Proof. Let P be the proximity map on D; that is, for each x €
H, we have |Px—x|| = d(x, D). It is well known that P is non-
expansivein H. As T'is shrinking map,so PT : D — Disalso
shrinking mapping. By Theorem 4.1 (or 4.2), there exists x,, €
M such that x, = Sx, = PTx,.. Thus we obtain, as in Theorem
4.1 [8] the desired conclusion. O

Following the proof of Corollary 4.5 [8] and using
Theorem 16, we obtain the following common fixed point
theorem.

Theorem 17. Let A, F, A, M, and c be as in Theorem 9, T =
(A + AF)™Y, and let H be an ordered Hilbert space. Let D be
a nonempty closed convex subset of H and y a set additive
measure of noncompactness on H. Assume thatS: H — H is
a mapping satisfying the following:

(i) (D) < D,

(ii) S is continuous and y-condensing or (S is a nonlinear
contraction),

(iii) PT and S are weakly isotone,

where P is the proximity map on D. Suppose that T satisfies one
of the following conditions for each x € 0D, with x + Tx:

(i) ITx — yll < ITx — x|| for some y in m;

(ii) thereisay such that|y| < 1 and yx+(1-y)Tx € m;
(iii) Tx € I(x);
(iv) foreach y € (0,1), x # yTx;

(v) there exists an o € (1,00) such that, |Tx — x|* >

ITx|* - 7%
(vi) there exists 8 € (0,1) such that, | Tx — x|’ < |Tx|® -
B
re.

Then F(S) N F(T) +0.

4. An Application

Fixed point theorems for certain operators have found var-
ious applications in differential and integral equations (see
[7-10] and references therein). In this section, we present
an application of our Theorem 7 to establish a solution of a
nonlinear integral equation.

Let K : [0,1] x [0,1] — Rbe a continuous function, and
suppose that K is symmetric (i.e., K(x, ¥) = K(y, x) for all
x, y € [0, 1]). We consider the linear operator B : L3[0,1] —
Li[O,l] defined by Bu(t) = fol K(t, s)u(s)ds. It is easy
to observe that B is a self-adjoint operator. Now let A
1%[0,1] — L%[0,1] defined by Au(t) = u(t) + [[\K(t,s)
K(s,z)u(z) dz ds; that is, A = I + B> where I is the identity
of L3[0,1]. A is a self-adjoint strongly positive operator
satisfying (Au,u), = (u,u), + (Bu,u), = llul3((,-), and
| - Il, signify the inner product and the norm in L%[O, 1]).

Define f: [0,1] xR — R, (t,u) — f(t,u), having
partial derivative of first order in the second variable 1 and
[(Of [ou)(t,u)] < M for all (t,u) € [0,1] x R(M > 0).
F : L3[0,1] — L3%[0,1] defined by Fu(t) = f(t, u(t)) is a
Lipschitz operator of constant M from L%[O, 1] into Li{[O, 1].

Define nonlinear integral equation

u(t) + J: J: K (t,s)K (s,2)u(z)dzds+ Af (t,u(t)) =g(t),
geLy[0,1],
(33)

where A € (0;1/M). All of the conditions of Theorem 7
are satisfied, so the above-mentioned integral equation has a
unique solution for all A € (0; 1/M). Moreover, by Theorem 8
the solution depends continuously on the free term g.
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We generalize the well-known minimax theorems to L’ -valued functions on random normed modules. We first give some basic
properties of an L’-valued lower semicontinuous function on a random normed module under the two kinds of topologies, namely,
the (e, A)-topology and the locally L°-convex topology. Then, we introduce the definition of random saddle points. Conditions for
an L°-valued function to have a random saddle point are given. The most greatest difference between our results and the classical
minimax theorems is that we have to overcome the difficulty resulted from the lack of the condition of compactness. Finally, we,

—0
using relations between the two kinds of topologies, establish the minimax theorem of L -valued functions in the framework of

random normed modules and random conjugate spaces.

1. Introduction

The classical minimax theorem, which originated from game
theory, is an important content of nonlinear analysis. It
has been applied in many fields, such as optimization the-
ory, different equations, and fixed point theory. The first
mathematical formulation was established by Neumann in
1928 [1]. Since then, various generalizations of Neumann’s
minimax theorem have been given by several scholars; see
[2-7]. The classical minimax theorems for extended real-
valued functions L : A x B — R show that, under some
suitable conditions of compactness, convexity, and continuity,
the equality

infsup f (x.y) sup inf f (%) 0
holds. In 1980s, to meet the needs of vectorial optimization,
minimax problems in this more general setting have been
investigated; see [4-7]. In this paper, we generalize the well-

known minimax theorems to fo -valued functions on random
normed modules (briefly RN modules).

Random metric theory is based on the idea of random-
izing the classical space theory of functional analysis. All
the basic notions such as RN modules and random inner

product modules (briefly RIP modules) and random locally
convex modules (briefly RLC modules) together with their
random conjugate spaces were naturally presented by Guo in
the course of the development of random functional analysis,
(cf. [8-12]). In the last ten years, random metric theory and its
applications in the theory of conditional risk measures have
undergone a systematic and deep development. Especially
after 2009, in [13] Guo gives the relations between the
basic results currently available derived from the two kinds
of topologies, namely, the (e, A)-topology and the locally
L°-convex topology. In [14], Guo gives some basic results
on L’-convex analysis together with some applications to
conditional risk measures and studies the relations among
the three kinds of conditional convex risk measures. Fur-
thermore, in [15] Guo et al. establish a complete random
convex analysis over RN modules and RLC modules by
simultaneously considering the two kinds of topologies in
order to provide a solid analytic foundation for the module
approach to conditional risk measures. These results pave
the way for further research of the theory of random convex
analysis and conditional risk measures.

Motivated by the recent applications of random metric
theory to conditional risk measures [13, 16, 17], in this paper,



we establish a minimax theorem for L -valued functions
on random normed modules. Theorem 1, which is the main
result of this paper, can be seen as a natural extension of the
classical minimax theorems and has potential applications in
the further study of conditional risk measures.

To introduce the main result of this paper, let us first recall
some notation and terminology as follows:

K: the scalar field R of real numbers or C of complex
numbers;

(Q, &, P): a probability space;

L°(97 , K) = the algebra of equivalence classes of K-
valued #-measurable random variables on (Q, %, P);

LY%F) = L%F, R);

fo(g ) = the set of equivalence classes of extended
real-valued % -measurable random variables on ((},
F, P).

Theorem 1. Let (E,| - |I) be a random strictly convex and
random reflexive random normed module over R with base
(Q,F,P), Aand B T .~closed, LY(F)-convex subset with the

countable concatenation property of Eand L : EXE — fo(.ci).
If L satisfies the following:

(1) for any fixed p € B, L(-, p) : E — EO(FJT) is proper
L(F)-convex, T ,-lower semicontinuous function on
A and has the local property;

(2) for any fixedu € A, -L(u, -) : E — fo(g) is proper
LY(F)-convex, T ,-lower semicontinuous function on
B and has the local property;

(3) A and B are a.s. bounded,

then there exists a random saddle point (uy, p,) € AX BofL
with respect to A x B, namely,

/\ \/L(U,P) L (u4o, o)

uc€A peB

=V ALG@p).

pEBucA

Theorem 1 has the same shape as the classical minimax
theorems, and its proof follows a known pattern in [18], but
it is not trivial since the complicated stratification structure
in the random setting needs to be considered. Besides, the
most greatest difference between our results and the classical
minimax theorems is that we have to overcome the difficulty
resulted from the lack of the condition of compactness. In
order to overcome this obstacle, we make full use of the
respective advantages of the (e, A)-topology and the locally
L°-convex topology. In [13], Guo pointed out that these two
kinds of topologies can complement each other (see also
Propositions 14 and 15 in this paper), and we can consider
them simultaneously in some cases. Specifically, on one
hand, in Theorem 1 we require the functions to be 7 .-lower
semicontinuous; namely, the functions are lower semicon-
tinuous under the locally L°-convex topology, because we
need a very important inequality to establish this theorem;
see Definition 21 and Proposition 22 of this paper for details.
On the other hand, in the process of the proof of Theorem 1
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we must employ the (g, A)-topology also, because the (e, A)-
topology is very natural from the viewpoint of probability
theory, and under this type of topology we can use the
relations between random normed modules and classical
normed spaces to prove the main result; see the proof of
Theorem 1 in Section 4.

The remainder of this paper is organized as follows: in
Section 2 we will briefly collect some necessary known facts;

in Section 3 we will give some basic properties of an L’ -valued
lower semicontinuous function on a random normed module
under the two kinds of topologies, namely, Theorems 26 and
28; in Section 4 we will present the definition of random
saddle points and prove our main result.

2. Preliminaries

It is well known from [19] that EO(FJ ) is a complete lattice
under the ordering <: £ < # if and only if Ow) < no(w),
for almost all @ in Q (briefly, a.s.), where £° and #° are
arbitrarily chosen representatives of & and #, respectively.

Furthermore, every subset G of fo(g ) has a supremum,
denoted by \/ G, and an infimum, denoted by /\ G. Finally

—0
L°(F), asasublattice of L (F), is also a complete lattice in the
sense that every subset with upper bound has a supremum.

The pleasant properties of ZO(FF ) are summarized as follows.

Proposition 2 (see [19]). For every subset G offo(3‘7), there
exist countable subsets {a, | n € N} and {b, | n € N} of
G such that\| G = \/,,,a, and \G = )\,.,b,. Further, if G
is directed (dually directed) with respect to <, then the above
{a, | n € N} (accordingly, {b, | n € N}) can be chosen as
nondecreasing (correspondingly, nonincreasing) with respect to
<

Specially, L, = {§ € LY%F) | € > 0, L(i+ = {& ¢
L%F) | € > 0on Q}, where for A € &, “¢€ > n” on A
means £°(w) > #°(w) a.s. on A for any chosen representatives
&% and 1° of £ and #, respectively. As usual, & > 5y means & > 5
and & #7. For any A € &, A® denotes the complement of A,
and A = {B € & | P(AAB) = 0} denotes the equivalence
class of A, where A is the symmetric difference operation, I,
is the characteristic function of A, and I, is used to denote
the equivalence class of I,; given two & and 7 in L°(F), and
A ={w e Q| & #4°}, where £ and #° are arbitrarily chosen
representatives of & and 7 respectively, then we always write
[§#1] for the equivalence class of A and I, for 1,; one
can also understand the implication of such notation as Iz,
Tgeyy and Ijg—y).

For an arbitrarily chosen representative £ of & ¢
L°(%, K), define the two random variables (£°)™ and |&°| by
) (w) = 1/8%(w) if & (w) #0,and (£°) ' (w) = 0 otherwise,
and by 1E%(w) = [E%w)], for all w € Q. Then the equivalent
class &7 of (£%)7! is called the generalized inverse of £, and
the equivalent class || of |£°| is called the absolute value of &.

Now, we introduce the definition of a random normed
module, which is a random generalization of an ordinary
normed space, and give some important examples.



Journal of Function Spaces and Applications

Definition 3 (see [11, 20]). An ordered pair (E, || - ||) is called a
random normed space (briefly, an RN space) over K with base
(Q, #, P) if E is a linear space over K, and | - || is a mapping
from E to L° (%) such that the following are satisfied:

(RN-1) [lax]|l = ||llx]|, for all « € K and x € E;
(RN-2) |||l = 0 implies x = 6 (the null element of E);

(RN-3) [lx + yll < x| + Iyl for all x, y € E.

Here |- || is called the random norm on E and || x| the random
norm of x € E (if || - || only satisfies (RN-1) and (RN-3) above,
it is called a random seminorm on E).

Furthermore, if, in addition, E is a left module over the
algebra L%F,K) (briefly, an L%, K)-module) such that

(RNM-1) [|Ex| = [€]lIx], for all £ € L°(F,K) and x €
E)

then (E, || - ||) is called a random normed module (briefly, an
RN module) over K with base (Q, %, P), and the random
norm || - || with the property (RNM-1) is also called an L°-
norm on E (a mapping only satisfying (RN-3) and (RNM-1)
above is called an L°-seminorm on E).

Example 4. Let LY%(F, B) be the L°(%, K)-module of equiv-
alence classes of F-random variables (or strongly -
measurable functions) from (Q, %, P) to a normed space
(B, | - II) over K. || - || induces an L°-norm (still denoted by
I - 1) on L°(%,B) by llx|| := the equivalence class of B0
forall x € L°(%, B), where x°(-) isa representative of x. Then
(L°(%, B), || - ||) is an RN module over K with base (Q, &, P).
Specially, L°(%,K) is an RN module, and the L°-norm | - |
on L°(&F, K) is still denoted by | - |.

The next example of RN modules Lg(%)(l < p < +00) is
constructed by Filipovi¢ et al. in [16].

Example 5. Let (Q), &, P) be a probability space and # a o-

subalgebra of &. Define || - [ll, : L%(8) — (%) by

E[leplg]l/", when 1< p < oo,
I, =

—0
/\{56L+C7)|Mlsf}, when p = +00,

(3)

forall x € L°(®).

Denote L{;(%) = {x € LO(%)IIIxIIIP € L‘l(g)}, then
(Lf;(%), I+ 1ll,) isan RN module over R with base (Q, %, P)
and L2 (&) = L%F) - LP(&) = {x | & € LY(F) and
x € LP(8)}.

To put some important classes of stochastic processes
into the framework of RN modules, Guo constructed a more
general RN module LI;(S) in [13] for each p € [1,+00] as
follows.

Example 6. Let (E, || - ||) be an RN module over K with base
(Q, &, P)and F ao-subalgebra. Define ||| - My,:E — EZ(S‘T)
by

E[Ix]? | )7, when 1< p < oo,
I, = .
N gL, @) 1 Ixl <&}, when p=-+co,
4)

forall x € E.

Denote LE.(E) = {x € S | lllxlll, € L5(F)} then
(L2(E), 1| - IIl,) is an RN module over K with base (Q2, &, P).
When E = L%(&), Lpg(E) is exactly Lpg(%).

Remark 7. For a given RN module (E, | - ||) over K with base
(Q, F, P) and a given real or extended real number p such that

1 < p < +00, define || - ”P :E — [0,+00] by

1/p
bl - (J, aabr)

if 1 <p<+oo,

the P-essential supremum, if p = +oo.
(5)
Let LP(E) = {g € E : lgll, < +oco}. As mentioned in [13],
(LP(E), || - I,) is a normed space over K and is further a

Banach space if (E, | - ||) is complete.

For each RN module (E, | - ||) over K with base (Q, %, P),
[l - | can induce two kinds of topologies, namely, the (e, A)-
topology and the locally L°-convex topology.

Definition 8 (see [12-14]). Let (E, || - ||) be an RN module over
K with base (Q, &, P). For any positive real numbers ¢ and
Asuch that 0 < A < 1,let Ny(e,A) = {x € E | Plw € Q |
xll(w) < €} > 1 — A}; then {Ny(e,A) | € > 0,0 < A < 1}is
easily verified to be a local base at the null vector 0 of some
Hausdorft linear topology. The linear topology is called the
(&, A)-topology for E induced by | - |.

From now on, the (g, A)-topology for each RN module is
always denoted by 7, ; when no confusion occurs.

Proposition 9 (see [12-14]). Let (E, | - ||) be an RN module
over K with base (Q,%,P). Then one has the following
statements.

(1) The (e, A)-topology for L°(F, K) is exactly the topology
of convergence in probability P, and (L°(%,K), T er)
is a topological algebra over K.

(2) If (E, || - Il) is an RN modules, then (E, T ) is a topo-
logical module over the topological algebra L°(F, K).

(3) A net {x5,0 € T} converges in the (g, A)-topology to
some x in E if and only if {|x5 — x|, 8 € T} converges
in probability P to 0.

The following locally L°-convex topology is easily seen
to be much stronger than the (e, A)-topology and was first
introduced by Filipovi¢ et al. in [16].



Definition 10 (see [14, 16]). Let (E, || - ||) be an RN module
over K with base (Q, %, P). For any ¢ ¢ L‘Lr, let Ny(e) =
{x e E| x|l < &}. Asubset G of E is called  .-open if for
each x € G there exists some Ny(¢) such that x + Ny(¢) € G,
and 7 denotes the family of 7 .-open subsets of E. Then it is
easy to see that (E, 7 ) is a Hausdorft topological group with
respect to the addition on E. 7 is called the locally L°-convex
topology for E induced by || - |I.

From now on, the locally L°-convex topology for each
random locally convex space is always denoted by . when
no confusion occurs.

Proposition 11 (see [13,14,16]). Let (E, ||-|) be an RN module
over K with base (Q, %, P). Then

(1) L°(%, K) is a topological ring endowed with its locally
L°-convex topology;

(2) E is a topological module over the topological ring
L°(F,K) when E and L°(%,K) are endowed with
their respective locally L°-convex topologies;

(3) a net {x, | « € T} in E converges in the locally L°-
convex topology to x € Eifand only if{||x,—x| | & € T}
converges in the locally L°-convex topology of L°(%, K)
to 0.

T, is called locally L°-convex because it has a striking

local base %, = {B(e) | € € L‘L}, each member U of which is
as follows:

(i) L°-convex: & - x + (1 —&)-yeUforanyx,y € Uand
£e L’ suchthat0<&<1;

(ii) L°-absorbent: there is & € L(l , for each x € E such
thatx € £-U;

(iii) L°-balanced: £ - x € U for any x € U and any & ¢
L°(F, K) such that |&] < 1.

Remark 12. Let (E,| - ||) be an RN module over K with base
(Q, , P) endowed with the locally L°-convex topology ..
Although E can be viewed as a linear space over K with scalar
multiplication & - x := (a-1)-xfora € K, 1 € L and
x € E, (E, T ) is not a topological linear space since the map
K — (E,7.),a — «a-x,isnot necessarily continuous for
x # 0; see [16] for details.

In the sequel of this paper, for a subset G of an RN module
(E, | - s Gs, ) denotes the 7, ) -closure of G, and GC denotes
the I .-closure of G.

For giving the relations of the two kinds of topologies,
which Guo has studied the [13], we need to introduce the
definition of the countable concatenation property.

Definition 13 (see [13]). Let E be aleft module over the algebra
L°(#,K). A formal sum X,.,T, x, for some countable
partition {A,,n € N} of Q to % and some sequence {x,, |
n € N}in E is called a countable concatenation of {x, | n €
N} with respect to {A,,n € N}. Furthermore a countable
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concatenation %, T, A, %, is well defined or %ol A, X, € Eif

there is x € E such that TAnx = TAnxn, foralln € N. A subset
G of E is said to have the countable concatenation property
if every countable concatenation %, T A, %, with x,, € G for

L, 1s well

each n € N still belongs to G; namely, ,.;T a,x
defined and there exists x € G such that x = %, T, A, Xy

Proposition 14 (see [13]). Let (E, || - ||) be an RN module over
K with base (Q, &, P). Then E is T ) -complete if and only if E
is T .-complete and has the countable concatenation property.

Proposition 15 (see [13]). Let (E, | - ||) be an RN module over
K with base (Q, %, P) and G C E a subset with the countable
concatenation property. Then G, = G..

Now, we introduce the definition of random conjugate
spaces of RN modules.

Definition 16 (see [7, 10, 11, 13]). Let (E,| - ||) be an RN
module over K with base (Q), %, P). A linear operator f from
E to L°(#,K) is said to be an a.s. bounded random linear
functional on E if there exists some & in Lg(? , R) such that
|f(x)] < & - |lx|, for all x € E. Denote by E* the linear
space of a.s. bounded random linear functionals on E with
the pointwise addition and scalar multiplication on linear
operators; define || - |* : E* — L’(F,R) by llflI" = \E €
Li(g) | 1f(x)| < &l|x|,for all x € E} for all f € E* and
define-: L%(%,K)xE* — E* by (- f)(x) = n(f(x)) for all
n € L%(F,K), f € E*,and x € E; then it is easy to check that
(E*, || - II") is also an RN module over K with base (Q, &%, P),
called the random conjugate space of (E, || - [|).

Guo et al. gave the topological characterizations of an
a.s. bounded random linear functional in [10, 11, 16] as
follows: let (E,| - ||) be an RN module over K with base
(Q, %, P), E:’/1 the L°(%, K)-module of continuous module
homomorphisms from (E, 7 ;) to (L°(F,K), T e2)»and E;
the L°(F, K)-module of continuous module homomorphisms
from (E, 7,) to (L°(F, K), 7 ), then it was proved that E, =
E!. In fact, Guo et al. also proved in [10, 11, 13] || f|I" =
Vilf(x)| | x € E and |x| < 1} forany f € E.

Let (E, | - ) be an RN module, E** denotes (E*)*, and
the canonical embedding mapping /] : E — E** defined
by Jx)(f) = f(x), forall x € E and for all f € E*,
is random-norm preserving. If J is subjective, then E is
called random reflexive. In [13] Guo proved that the random
reflexivity is independent of a special choice of 7 ) and 7.
The following propositions are very essential relations, which
are established by Guo in [12, 21], between classical reflexive
spaces and random reflexive RN modules.

Proposition 17 (see [21]). L°(F, B) is random reflexive if and
only if B is a reflexive Banach space.

Proposition 18 (see [12]). Let (E, | - ||) be an RN module over
K with base (Q, &, P). Then E is random reflexive if and only
if (LP(E), || - 1|,)) is reflexive, where 1 < p < +00.
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Proposition 19 (see [12]). Let (E,| - ||) be an RN module
over K with base (O, %,P), 1 < p < 4c0and1 < q <
+00 a pair of Holder conjugate numbers. Then (LY(E™), || - ll,)
is isometrically isomorphic with the classical conjugate space
of (LP(E), || - |I), denoted by (LP(E))', under the canonical
mapping T : L1(E*) — (LP(E))' defined as follows. For each
f e LYE), T (denoting T(f)): LP(E) — K is defined by

Ti(g) = [, f(9)dP forall g € LF(E).

—0
3. Some Basic Properties of L -Valued Lower
Semicontinuous Functions

—0
In this section, we give some basic properties of L -valued
lower semicontinuous functions. First, we recall the defini-

tion of L' -valued lower semicontinuous functions under two
kinds of topologies, which was presented by Guo in [14] for
the first time.

Let E be a left module over the algebra LY(F). The
effective domain of function f : E — IO(F/T ) is denoted by
dom(f) := {x € E | f(x) € L°(F)}. The epigraph of f is
denoted by epi(f) = {(x,y) € E x LYF) | f(x) < y}. The
function f is called proper if f(x) > —coonQ foreveryx € E
and dom(f) #0.

Definition 20 (see [14]). Let E be a left module over the alge-
bra L%(%F)and f: E — L (F).

1) fis L°(F)-convex if f(Ex + (1 -&)y) < &f(x) + (1 -
Ef(y)forall xand yin E and & € L(l such that 0 <
& < 1 (here we make the convention that 0 - (+00) = 0
and 0o — 00 = 00).

(2) f has the local property if T, f(x) = I, f(I,x) for all
xeEand A € #.

(3) f is regular if TAf(x) = f(TAx) for all x € E and
Ae&F.

Definition 21 (see [14]). Let (E,| - |) be an RN module
over R with base (Q, %, P). A function f : E — IO(F/T)
is called 7 -lower semicontinuous if epi(f) is closed in
(E,T.) x (L%(%), T ). Afunction f: E — fo(g) is called
T ) -lower semicontinuous if epi(f) is closed in (E, 7, ) x
(LU(F), T )

Proposition 22 (see [14]). Let (E,| - ||) be an RN module
over R with base (Q, %, P) such that E has the countable

concatenation property and f : E — 10(97 ) a function with
the local property. Then the following are equivalent to each
other:

(1) fis T .-lower semicontinuous;

(2) {x € E| f(x) <r}is T ~closed for each r € LYF);

(3) lim, f(x,) = f(x,) for each x, € E and each net
{x,, a € I} in E such that {x,, « € T} is T .-convergent
to xo, where lim, f(xo) = Vaer(Apsaf ().

Remark 23. Proposition 22 first occurred in [16] where the
countable concatenation property of E was not assumed, but
this condition should be added (see [14] for details).

For 7, ,-lower semicontinuous functions, we only have
the following proposition.

Proposition 24 (see [14]). Let (E, | -||) be an RN module over

R with base (Q, #,P) and f : E — fo(?) a function. Then
one has the following statements:

(D) f is T ) -lower semicontinuous if lim  f(x,) = f(x,)
for each x, € E and each net {x,, x € I'} in E such that
{x,, o € T}is T -convergent to x;

(2) {x € E| f(x) <r}is T )-closed for each r € LY%F) if
[ is T -lower semicontinuous.

If we define f to be lower semicontinuous via
“lim, f(x,) = f(x) for all net {x,,&« € A} in E such
that it converges in the (¢, 1)-topology to some x € E’, the
notion is, however, meaningless in the random setting, since
we can construct an RN module E and a 7 ;-continuous
L°-convex function f from E to L°(F), whereas f is not a
T ) -lower semicontinuous function. Hence, we cannot use
this inequality for J,-lower semicontinuous functions.
Since this inequality is very important for the proof of
Theorem 1 (see Section 4 for details), we can only establish

+0 . . .
L -valued minimax theorems for & .-lower semicontinuous
functions.

Proposition 25 (see [14]). Let (E,| - ||) be an RN module
over K with base (Q, %, P) such that E has the countable
concatenation property and f : E — ZO(.‘}'“ ) a function with
the local property. Then f is T ,-lower semicontinuous if and
only if f is T .-lower semicontinuous, specially this is true for
an LY (F)-convex function f.

Now, we give some important properties of I’ -valued
lower semicontinuous functions on RN modules. To pave
the way for Theorem 26, we first introduce some notation:
if (E,|| - |I) is an RN module over K with base (Q, %, P),
IT denotes the set of all probability measures equivalent to
Pon (Q,%), I(E) = {x € E | [ IxI?dQ < +oo},
where Q € IT, and || - ”1? denotes the norm on LPQ(E), namely,

lxlF = ([, I1x17dQ)"? for any x € L{y(E).

Theorem 26. Let (E, | - ||) be a random reflexive RN module
over Rwith base (Q, ,P),G C Ea T .~closed, L°(F)-convex,
and a.s. bounded set with the countable concatenation property
and f : E — ZO(PF) a I .-lower semicontinuous function
with the local property. If flg is proper, then f is bounded from
below on G.



Proof. Let 1 = V{|x|l : x € G}; then it is easy to see that
nellIf f is not bounded from below on G, then there
exists B € % such that P(B) > 0 and

/\{f(x)|xeG}:—oo (6)

on B. Since G is L°(%)-convex and f has the local property,
it is easy to see that {f(x) | x € G} is directed. Hence
there exists a sequence {x,,n € N} such that {f(x,),n €
N} N Alf(x) | x € GhL Let G, ={er|
f(x) £ f(x,)}(G; then it is clear that G, is T .-closed by
Definition 21. Since f has the local property and G has the
countable concatenation property, foranyn € N, we have that
G, has the countable concatenation property and G, is 7 ;-
closed by Proposition 15. By the fact that G is a.s. bounded, we
can define a probability measure Q on (Q, ¥) by dQ/dP =
1/c(1 + 17)2, where ¢ = E[1/(1 + 17)2]. Then Q is equivalent
to Pand [ IxI’dQ < [ (7*/c(1 + 7)*)dP < +oo, for any

x € G, which means that G is bounded in (LZQ(E), II - II§).
Noting that replacing the probability measure P of the base
space (QQ, &, P) with a probability measure Q does not change
the (e, A)-topology of E, for any given n € N, we can obtain
that G,, is norm-closed and convex in (LZQ(E), II - II§). Since
(E -1 is a random reflexive RN module, we have that
(L (E), |l - || ) is reflexive normed space from Proposition 18.
Hence G,, is compact under the weak topology of the normed
space LZQ(E). Let O = {G, | n € N}, then one can obtain
that O has the finite intersection property and () © #0. Let
x* € () O; then

f(x*)=-o00 (7)
on B, which it contradicts to the fact that f| is proper. [

For giving Theorem 28, we need to introduce the follow-
ing Proposition 27, which was established by Guo and Yang in

[22] for studying Ekeland’s variational principle for I’ -valued
functions on RN modules.

Proposition 27 (see [22]). Let (E, ||-||) be an RN module over
R with base (O, %,P), G C Ea subset with the countable
concatenation property and f : E — I’ (F) have the local
property. If f| is proper and bounded from below on G (resp.,
bounded from above on G), then for each € € L(_)H(f%”), there
exists x, € G such that f(x,) < N f(G) + ¢ (accordingly,
fx) =2V f(G)-e).

Theorem 28. Let (E, | - ||) be a random reflexive RN module
over R with base (O, #,P), G C E a T .~closed, LY(F)-convex
and a.s. bounded set with the countable concatenation property
and f: E — L (F) a T -lower semicontinuous and LY(F)-

convex function with the local property. If flg is proper, then
there exists x* € G such that f(x*) = \ f(G).

Proof. Let& = \/{llx|| | x € Gtand = A\ f(G). Itis clear that
& e Lz and # € LY(%F) by Theorem 26. Take B; = [[-1<
§ < jlforall j € N, then {B; | j = 1,2,...} is a countable
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partition of ( to &%. For any j € N; define a function f; :

TB]- -E — fo(i’?) as follows:

fi(lx) =Ty f(x), VxeE. (8)

Since f has the local property, for any j € N, we have that
f](IB].x) = Iij(IBjx) and IBj . /\f(G) = /\fJ(IBj . G)
Because f|; is proper and f is I -lower semicontinuous

and L°(%)-convex, it is clear that f f is proper, 7 .-lower

o
semicontinuous, and L°(%)-convex. Next, we prove that f]-
has the local property. We need only to prove that

Lf;(Thx) = Lf; (Tox), vAeF (B, O

In fact, since f has the local property, forany A € (] B;, we
have that

Tof; (Tox) =TTy £ (0) = T f (T x)
= LTy f (TuTi %) (10)
= Tf; (Talg x).
Let n; = I

TG c (L*(E), | - I, ) is a bounded and convex set. Since TB G

is L°(%)-convex, .-closed, and a.s. bounded in E and has
the countable concatenatlon, we can obtain that I BjG isT -

-y for any j € N. It is easy to see that

closed in E by Proposition 15. It is easy to see that TBjG is
convex and || - [|,-closed in (L*(E), | - |I,) from the fact that
the topology induced by || - ||, is stronger than the (e, A)-
topology. Since (E, | - ||) is random reflexive, (L*(E), || - )
is reflexive normed space, and TB G is compact in L*(E)
under the weak topology of L*(E). For any ¢ € L°, define
GJ(s) = {IBjx | f](IBjx) < IB]n +&x € G} It is clear

that G;(e) # 0 by Proposition 27. Since fjl~ T lower

semicontinuous, we have that G; (¢) is T -closed. Thus, we

have that G](s) is L°(%)-convex and I 1l,- closed in L*(E) by
the fact that f; has the local property and Proposition 15. By
Hahn-Banach theorem, we have that G j(s) is closed under the

weak topology of L*(E). Take
={G;(e) | e L}, (11)

it is easy to prove that O has the finite intersection property.
Since T, p,G is compact under the weak topology of L*(E), we
have that ()0 #0. Let x; € (] O for any j € N and

MS

Iy, - x;. (12)
1

-
1l

We have that f;(x;) = #; and

FE)=\f@). (13)
This completes the proof. O
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Definition 29. Let (E,| - ||) be an RN module over R with
base (Q, %, P), and G a L°(%)-convex subset in E. f:G —

fo(g ) is called strictly L%(F)-convex if
flax+(1-a)y)<af(x)+(1-a) f(y), (14)
foranyx,y € G,x#yand0 < a < 1onQ.

Corollary 30. Let (E, || - ||) be a random reflexive RN module
over R with base (Q, #,P), G C E a I .~closed, LY(F)-convex
and a.s. bounded set with the countable concatenation property,

and f 1 E — ZO(FZ) a I .-lower semicontinuous and strictly
LY(F)-convex function with the local property. If f| is proper,
then there exists an unique x* € G such that f(x*) = \ f(G).

4. Main Results

Now, we give the definition of random saddle points.

Definition 31. Let A and B be any two nonempty sets,

(g po) € AxBand L : Ax B — L'(F). Then (uq, po)
is called a random saddle point of f with respect to A x B if

L (g, p) < L (t4g5 po) < L (s py)»

Remark 32. Let A and B be any two nonempty sets, L : A X

Yue A, peB. (15)

—0
B — L (¥).ltis easy to see that the following statements are
equivalent:

(1) (ug, py) € A x Bis arandom saddle point of f with
respect to A x B;

) /\uGA\/peBL(u’ p) < \/peB/\ueAL(”’ p);
(3) AucaVpesL(t, p) = L(ug, po) =V pep/\ueaL(®; p)-

Before giving the proof of main result in this paper,
we first recall the definition of random strictly convex RN
module, which is presented by Guo and Zeng in [23] for the
first time.

Definition 33 (see [23]). An RN module (E, || - ||) is said to be
random strictly convex if for any x and y € E \ {0} such that
lx + yll = lxll + [l yll, then there exist A € F and £ € L0+ such
that P(A) > 0,& >0on Aand I,x = (I, y).

Definition 34 (see [24]). Let (E, || - ) be an RN module over
R with base (Q, #,P), x,y € Eand F € %. Then x and y

are called L°-independent on F if €I, = nl; = 0 whenever
&,n € L°(F) such that ETx + nlpy = 6.

By Definitions 33 and 34, we can obtain the following
lemma easily.

Lemma 35. Let (E,| - ) be a random strictly convex RN
module over R with base (Q0, #, P). Then the mapping f : E —
LY(F)

fx) =« (16)

is strictly LY(F)-convex.

For giving the proof of Theorem 1, we need the following
lemma and remark.

Lemma 36 (Mazur lemma). Let (X, || - ||) be a normed space,
{u, € X,n € N} converge to u under the weak topology on
X. Then there exists a sequence {v,, € X,n € N} such that it
converges to u in norm, where

Vn = ZAkuk,
k=n
(17)
Nn
YAh=1 420
k=n

Remark 37 Let {§, € L%(F),n e N} converge to & uniformly.
Then we can obtain a net {, € LY(F) | ee L(_)H,s < 1} such
that it converges to & under the locally L°-convex topology of
(L°(%,R),| - ). In fact, for any ¢ € L(1+ let A, =[e>1],A; =
[1/G+1) < e < 1/i],foralli € N. Then{A,,n € N}isa
countable partition of Q to &. Since the sequence {{,,n € N}
converges to & uniformly, thus for any number k > 0, there
exists N(k) € N such that

6 -8 <2 18)

for any n > N(k). Let
&= ZTA,-EN(i)H; (19)
i1

then it is easy to see that |§, —&| < e.Set A = {e € L?H le< 1)
then A is directed with respect to <, and one can easy to see
that the net {£,,e € A} converges to & under the locally L°-
convex topology of (LY(F), |- D).

With the above preparations, we now give the proof of
Theorem 1.

Proof of Theorem 1. First, let us assume that for any p € B,
L(:, p) is strictly L°(%)-convex on A. Set F(u) = \/peBL(u, p)
and G(p) = N, caL(, p). We show that the functional F
has the local property and F is L°(%)-convex and T -lower
semicontinuous on A. By conditions (1) and (2), it is clear that
F has the local property. For any x,,x, € A, & € L, we have
that

F(ax, +(1-a)x,) = \/L(ocx1 +(1-a)x, p)

peB
< \/ [aL (x;, p) + (1 — ) L (x5, p)]
PEB
< oc\/L(xl,p) +(1-a) \/L(xz’P)
pEB peB

=aF (x;)+ (1 -a)F(x,).
(20)



Thus, F is L°(F)-convex on A. For anyr € L%F,R), let A, =
{u € A | F(u) < r}. Since F has the local property, we have
that A, has the countable concatenation property. Let {x,, o €
A} C A, converge to x, under the locally L°-convex topology
of E. By F(x,) < r, we can obtain that

L(x,p)<r, VpeB. (21)

Since L(-, p) is 7 .-lower semicontinuous, it is easy to see that

L(xp.p)<r, VpeB. (22)

Hence, F(x,) < r and x, € A,. So we have that F is 7 -
lower semicontinuous. Similarly, replacing L with —L, we see
that —G has the local property and -G is L°(%)-convex and
I .-lower semicontinuous on B.

By Theorems 26 and 28, we have that \/PGBG(p) e L%%),
and there exists p, € B such that

G(po) = \/G (p). (23)

pEB

Since for all p € B, L(:, p) is strictly LY(F)-convex on A,
according to Corollary 30 there exists an unique u, € A such
that

G(p)= N\L(wp)=L(u,p), (24)

ucA

for any p € B. Let u, = u, , we need only to prove that

Po’
G (po) = L(ug, p),

For every p € B,let p, = (1-n"")p,+n 'pandu, = u
for all n € N. It is clear that

G(po) 2G(p,) = Lty pr)- (26)

By condition (2), we have that
G (pO) >L (un’ pn) = (1 - n_l) L (un’ pO) + n_lL (un’ p) >
G(po) = (1 - ”_1) G(py)+n'L (U )

Vp € B. (25)

P‘Vl,

(27)

namely, G(p,) = L(u,, p). Lety = \/{lxl | x € A}and C, =
fweQ|ln-1<n<mn}foraln € N, according to the
condition that A is a.s. bounded in E, and it is easy to see that
{C,,,n € N}is a countable partition of Q) to F.

For any fixed i € N, we have that I, - u, € L*(E), for all
n € N. It is easy to see that TC,_ - A is a bounded and closed
subset of (L*(E), | - I,). Thus, there exists a subsequence {TC,- .
u,,k € N}and w; € Tci - A such that {Tci U,k € N}
converges to w; under the weak topology of L*(E). Without
loss of generality, denote this subsequence by {TC,- ‘u,,n € N}
By Lemma 36, there exists a sequence {v,, € TC,» -A,n € N}
such that it converges to w; in norm, where

N,
v, = Zkkuk, (28)
k=n
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ZkN:”n A = LA, = 0. Since |v, —w;ll, — 0, we have that
{llv,, — w;ll, n € N} converges in probability P to 6. By Egoroft
theorem, for any number § > 0, there exists Cs € & such that
P(Cs) < 8 and {llv, — w;l,n € N} converges uniformly to 0
on C§. Then there is a net

{Ive — @il e € A} (29)

as in Remark 37, which converges 0 on Cj5 under the locally
L°-convex topology of (LYF),] - ]). By the construction of
{lv,. — w;ll, € € A} as in Remark 37, we have that

lim L (v,, p) = limL (v, p). (30)
EN

n— oo £

Since L(, p) is LY(F)-convex for any p € B, we have that

Nn
I 16G(po) 2 I I, lim Y AL ()
n— oo —

> Tcgfc,. lim L (v,, p) (31

n— o0

> TcgfciliTn:L (Ve p) 2 Tcgfc,-L (w;> p)-
&

Hence, one can obtain that TCE Tc,.G(Po) > chs TCiL(wi, D).
Because § is an arbitrary nonnegative number and L(:, p) has
the local property, we have that

IG(po) 2 I, L (w; p), (32)

for any p € B.
Now, we prove that w;, = Tc,.”o for any i € N. By the
definition of u,,, it is clear that
L(u,p,) <L(up,), VYucA. (33)

By condition (2), we have that

(1-n")L(w,py) +n ' L(u,p) <L(u,p,), VpeB.
(34)

Hence, we can obtainthat
Tim (1-n7")L(u, po) < Tim L(w, p,), Vpe€B. (35)

Since L(u,,, p) = G(p), we can obtain that (1 — n_l)L(un, Do) +
nilG(p) < L(u, p,,) and (1 — nil)L(vn,pO) + nilG(p) < Tci .
ﬁn_)m((l - n_l)L(un, Do) + n_lL(un,p)). According to

li_m L(Vn’Po) = h_m (1 _n_l)L(Vn’pO)

NVI
< lim (1 - n_l) ZML )

n—00 k=n (36)
< n@go(l - n_l)L(un,pO)

< E%OL (w, p,) >

n—
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where ZkN:”n A, = 1, it is obvious that

Ie,L(w; po) < lim I L(v,, py) < lim I, L (u,, po)
i 11— 00 i n—oo i (37)

< lim Ic L (u, p,).

Since {|p, — poll,n € N} converges in probability to 0, by
Egoroff theorem, we can obtain that for any o > 0, there exists
C, € Fsuchthat P(C,) < oand {||p,—p,l, n € N} converges
to 0 uniformly on C;. By Remark 37, we can construct a net
{p, € B,a € A} asin Remark 37 such that |p, — pll — 0
under the locally L°-convex topology of E. Hence, by (2) we
can obtain that

quc,.L (w5 po) < Tcgfcigtn,}L(”x Pa) < Tcgfc,.L (14, po) -
(38)

Since o is an arbitrary nonnegative number, it is clear that
I L (w; po) < Ig L (us po).- (39)

Therefore, for anyi € N, w; = I uy and G(p,) = L(u, p), for
all p € B; namely, (1, p,) is a random saddle point of L with
respect to A X B.

If there is p € B such that L(-, p) is not strictly L°(F)-
convex on A, define

L, (u,p)=L(up)+n"|ul’>, VneN. (40)
Since E is random strictly convex RN module, we can obtain
that L, is strictly L°(%)-convex from Lemma 35. By the
similar method, we have that for any n € N, there exists
(u,, p,) € AxBsuch thatitisasaddle point of L, with respect
to A x B.

Let { = \/{lyl | ¥y € B} and D,, be any representation
element of [m — 1 < < m], for all m € N, according to the
condition that B is a.s. bounded in E, and it is easy to see that
{D,,,m € N} is a countable partition of () to &. It is easy to
see that {C; (| D;,i, j € N} is also a countable partition of Q)
to . Foranyi,j € N, let H,-j~= C; ﬂDj. We can suppose
that, without loss of generality, I H, U € L*(E) converge to Ui

under the weak topology of L*(E). Then we have that there
exists a net {1 H,Uo € E | a € A} such that it converges to y;

under the locally L°-convex topology of E. Thus, we have that

Ty, L (45> p) < limIyy I (T o )

< lim THUL (THijun’ P) + n_l"un"2 (41)

n—00

< (1 (T ) )

forallu € A, p € B. Similarly, for any i, j € N, one can have
a net {T, P € E | B € I'} such that it converges to v;; under

the locally L°-convex topology of E and

- ~ = -1 2
Jim, (T 2 (0T )+ )
_— = ~ P | 2

< nll»ngo IHijL (u, IHijp") + nango -l
(42)
P ~ .- -1 2
= 1lgrr1 II_IijL (u, IHfipﬁ) + nlg%on lul

< TH,_J_L (u, vi]-) .

Letuy = 2, jen Iy and py = YijeN Iy, vyj5 it is easy to
check that

L (g, p) < L (t4» po) < L (s, py) (43)

forall u € A, p € B; namely, (1, p,) is a random saddle
point of L with respect to A x B.
This completes the proof. O
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We study the sequence spaces and the spaces of functions defined on interval [0, 1] in this paper. By a new summation method of
sequences, we find out some new sequence spaces that are interpolating into spaces between ¢¥ and £ and function spaces that
are interpolating into the spaces between the polynomial space P[0, 1] and C™[0, 1]. We prove that these spaces of sequences and

functions are Banach spaces.

1. Introduction

With development of sciences and technologies, more and
more information are obtaining and need to be reserved
and transmitted in the form of data sequence, such as DNA
sequence, protein structure [1], brain imaging data, optic
spectral analysis, text retrieval, financial data, and climate
data. These data have common features: (1) there are at
most finite many nonzero elements in the sequence; (2) their
dimensions have not bounded from above; (3) the sample
size is relatively small. In particular, some elements in the
sequence repeat many times, for instance, there are only four
different elements in DNA sequence: T, A, C, and G. When
the data have much greater dimension, their record and
reserve also become a serious problem. On the other hand, we
usually use the data to obtain some information, such as the
image reconstruction, sequence comparison in medicine, and
plant classification in biology. From application point view,
the basic requirement is that one can draw easily information
from the reservoir; the is to use this data to handle some
things. When the data have lower dimension and the samples
have larger size, the statistics method such as the covariance
matrix can give a good treatment; for instance, see [2] for the
semiparameter estimation, [3] for the sparse data estimation,
and [4, 5] for the threshold sparse sample covariance matrix
method. However, when the data have higher dimensional

and the sample size is smaller, the statistics method shall lead
to great errors. So, we need new methods to treat them.

Let us consider a simple example from a classification
problem. Set S as a set of some class samples and a as
a given data. Is a close to someone of S or a new class?
A simpler approach is to consider problem inf glla - s||,,
where p denotes the norm in £° space. In most cases, there
is at least one s, € S such that |la - sOIII7 = infglla - sllp.
We denote by F(a) the feasible set. Can we say that a is close
to some s, € F(a)? To see disadvantage, we divide sequence
s € S into three segments (s, s,, S;); the first segment s, is
composed of the first n; elements, the second segment s, is
made of the next , elements, and the third is composed of the
others. Similarly, we also divide a into corresponding three
parts (a,, a,,a;). Now, we reconsider

i?lf"al =51, igf"az =55, igf"as —sl, o

Perhaps we would find that F(a,) N F(a,) N F(a;) = 0. Can
one say that a is a new class? From the above example, we see
that we need a new definition of the norm to fit application.
Motivated by these questions, we revisit the sequence
spaces and function spaces defined on [0,1] in this paper.
We have observed recent studies on the sequence spaces, for
instants, [6-8] for different requirements. Here, the sequence
spaces we work on are different from the existing spaces, this



is because the spaces are aimed to solve our problem. Now,
let us introduce our idea and the resulted sequence space and
function spaces.

Let a = (44,45,05,...,4,,...) be a DNA sequence.
Obviously, there are at most finite many nonzero terms and
a, € {A,C,T,G}. To shorten the representation, we can
embed a into a polynomial. In this way, we can write a as

a(x) = Ap, (x) + Tp, (x) + Cp; (x) + Gp, (x) . 2)

For a different DNA sequence, we have different polynomial
pj(x). Obviously, it is a simpler reserve form.

How do we extract original sequence from the polyno-
mial? By the classical mathematics, we know that

1 d®a(x)
ak = —

_n‘7|x20, k=0,1,2,..., 3)

so we recover the sequence.

To extend this form into a sequence of infinite many
nonzero terms, we usually take x € [0,1]; a(x) is called
the generation function in the classical queuing theory. Note
that the generation function is not a continuous function
defined on [0, 1]. So, the differential operation is not fitting
to such a function, although the formal differential is always
feasible. To find out a feasible form of a(x), let us consider
the operations of integral and derivative. We denote by L the
integral operation. Operating for the constant 1 leads to

L' (1) (x) = Jx ldx = x,

0
2

12 (1) (x) = L"Ll (1) x dx = % (4)
x 3
L} (1) (x) = L L% (1) (x) dx = %
Generally, we have
n xn
L"(1) (x) = L Vn e N. (5)

For any polynomial of n-order, p,(x), it can be written as

x2 xn
pn(x)=a01+a1x+a2§+...+an_

n!
= [ZakLk] (1) (x).
k=0

Next, let us consider the differential operation D(f) =
f '(x). Taking deferential for function x"/n! leads to

D<x—n)=—xn_1 , D2<x—n)= <" )
n! (n-1)! n! (n-2)!

In general, for any 1 < k < n, it holds that

n n—k
kX _ X
%) oo @

(6)
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Obviously, using D, we get once again the coefficients in

(6):

ag = p, (0), a, =Dp,(0),...,
)

a =Dp, (0),...,  a,=D"p,(0).

Therefore, the coeflicient sequence is given by

(ag-ay,...,a,) = (DO,DI,...,D") Polico- (10)

Clearly, we should take functions x"/n! as the basis functions.
Moreover, we note that in the polynomial space over
[0, 1], denoted by P[0, 1], if the norm is defined as

Iy = sup {ID" P} (1)

where || fll,, = maxy..,|f(x)|, then it is a normed linear
space. In this space, the integral and differential operations
are bounded linear operators. To extend to an infinite
sequence, we should choose such a function space in which
the integral and differential operations are bounded linear
operators. What is such a function space?

Consider a subset of C*°[0, 1] defined as

Cy [0,1] = {f e C®[0,1] | sug"D"f“oo < oo} . (12)

The set is in fact a linear space. We define a norm on it by
= D" ,
171, = supl" 1, )

then it becomes a Banach space. Now, for the function spaces
over interval [0, 1], there are the following inclusion relations

P[0,1] cCY[0,1] c C®[0,1] c C*[0,1] c C[0,1]
(14)
cL®[0,1] c LP[0,1] c L' [0,1].

But the completion of (P[0,1],] - ||¢) is not the space
(Ct[0, 11,11~ ll4)- Let Cy0[0,1] be the completion space of
(P[0, 11,1 - ||¢). Clearly,

P[0,1] € Cy[0,1]  Cyf [0,1]. (15)

And the integral and differential operations are bounded
operators.

For space C [0, 1], we have the following representation
theorem.

Theorem 1. The set C[0, 1] has the following representation:

Cgo[0,1] = {f (x) = Zoa% | lim a, = 0} . 6)

Moreover, the space Cy,[0,1] is isomorphic to the sequence
space ¢, and the isomorphism mapping is given by

Tlab=f)=Yacn Viabea @)
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Motivated by above result, for p > 1, we define a new

norm on the space P[0, 1] by

11, = (ZHD i ) ®)

The completion of space P[0, 1] under this norm is denoted
by Cy ,. Similarly, we have the following result.

Theorem 2. The space Cy [0, 1] has a representation:

Cyp [0,1] { (x) = Za = | Z]a |P < oo} 19)

Furthermore, C [0, 1] is isomorphic to the space €7, and the
isomorphism operator is given by

T{a,} = f(x) = Za Leef. (0

Theorem 3. The space Cy ., [0, 1] has a representation:

Cy,00 [0,1] {f(x) = Za | sup|a | < oo} (21)

Moreover, Cy [0, 1] = C3110, 1] is isomorphic to €, and the
isomorphism operator is given by

Tla,}=f(x)= Za , Via,} ) (22)

By now, we have gotten a series spaces in which both the
differential operator and integral operator are bounded linear
operators. Obviously, these sets have the following inclusion
relations:

P[0,1] € Cy,[0,1] € Cy, [0,1] € Cy 4 [0, 1]
(23)
€ Cy 0 [0,1]

=C2[0,1], 1<p<oco.

We observe that for p > 1, in definition of these spaces, the
term

o0
YD £, < oo, (24)
n=0

means that the terms ZZ=1 | D"* f II§0 are small as # is large
enough.

To insert a new space between Cs, [0,1] and Cso [0,1],let
us consider the sequence formed by f € Cy [0, 1],

FE) @ @) fP ), (25)

the norm ||f||¢ = sup,.ollD" fl
function sequence under space C[0,1]. To define a new
normed space, in Section 2, we shall study new summation
approach for a sequence. Based on such a new summation
approach, we shall define some new sequence spaces. In
Section 3, we shall define some function spaces and discuss
their completeness. Furthermore, we compare these spaces
and give some inclusion relations.

is maximum of the

2. New Summation Method

2.1. Summation of Absolutely Dominant Operator. Let {a,} be
asequence (real or complex number) and satisfy lim,, _, . a, =
0. We define an operator o by

o{a,} = {a,pk = 0}, (26)

where |a;| 2 |d,(sp) - It is called the absolutely dominant
queuing operator.

Removing the first n terms, the remainder sequence
{a,,1; k > 0} has a new queuing:

0 {1} = {Gpioys k = 0} (27)

Using the queuing operator, for a sequence {a,} of zero
limit (this is only used to ensure that we can take the maximal
value for such a sequence), we define a positive number by

Sp = Sup |“n| = |%(0)|- (28)
n=0

By removing the first term a, from {a,},_,, we define the
second number s, that is, the absolute summation of the first
two terms in o{a,,,,}, that is,

S = ZG {aun’” 2 0} = |a1+¢7(0)| + |(71+a(1)| > (29)
2

where the number in subscription of summation is the
number of the terms ¢ denotes the absolutely dominant
queuing operator.

After removing the first two terms a, and g, from {a,},°,

we define the third positive number s,, that is, the absolute
summation of the first three terms in o{{a,,,}}, that is,

= 1000 + [B240)| + |10 -

(30)

s, = Zo {ay, >0}
3

Generally, we define positive number s, as

Sk = ZU {ak+n,n20} = |ak+o(0)| + |ak+a(1)|
k+1 (31)
+ lak+a(2)| Tt |ak+a(k)| .

According to this rule, we get a new nonnegative sequence
{s>3k > 0}.

Example 4. Let {a;} = {1,2, 3,4, 5, 6}. Then, we have

So =6, s =6+5,
s =6+5+4, S$3=6+5+4, (32)
$4=6+5, S5 = 6.

2.2. Relationship between Summation and Order of Sequence.
To explain the thing we concerned about, let us see an
example.



Example 5. Let scalar group be {b} = {6,5,4,3,2, 1}. Then,
we have

Sy =6, 5, =544,
5, =4+3+2, 535=3+2+1, (33)
S, =2+1, S = 1.

Comparing this with Example 4, we see that the summa-
tion of a sequence has a relationship with its order.

From Examples 4 and 5, we see that the sequences {5}
and {s,,} generated by a new summation method have relation
of order of a sequence. In the sequel, we mainly discuss the
infinite sequence. If a sequence has only finite many terms, we
shall complement zero after the last term so that it becomes
an infinite sequence.

2.3. Distribution of s-Sequence. In this subsection, we shall
consider the distribution of the sequence {s;,k > 0}. We
discuss it according to the different cases.

(1) Let {a;} be a positive and increasing sequence, that is,

O<ay<a <ay<ay<---<an,<ay. (34)

According to the absolutely dominant summation, we
have

So = an»
S =ay tayn-1»
Sy =ay t+ayn_ tan_y
(35)
N
E)

k
Sk = Zaij, k <
=0

when N = 2m+ 1, the sequence has even terms 2(rm+ 1); then

m—1
Sm-1 = Z“ija
Jj=0
m
S = ZaN_j,
j=0

m
Sm1 = ZaN—j>
j=0

m—1 (36)
5m+2 = Zaij,. e
j=0
m+1-k
Smik = Z an-j
j=0

SN-1 = an tan-1

SN = aN.
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In this case, the s-sequence has a U-type distribution shown
as follows:

So
51 SN (37)

SN-2

S, S

m  “m+l

If N = 2m, the sequence has odd terms (2m + 1); then

m—1
Sm-1 = ZQN—]'»
Jj=0

m
Sm = Zaij,
Jj=0
m—1
Spe1 = Zaijw-’ (38)
Jj=0

m—k
5m+k = ZaN_j,...
Jj=0

SN-1 = an AN

Sy = ay-

In this case, the s-sequence has V-type distribution as follows:

So SN
S1 SN-1
S SN-2 (39)
sm—l Sm+1

Sm+1

If {a,} is an increasing sequence, then {s;} has a symmet-
rical form; the s-data at the medial term is its maximal value.
(2) {a,} is a positive and decreasing sequence

aN>aN71 >aN72 >“'>aN/2 >a(N/2)71 >"'>a1 >a0.
(40)

According to the absolutely dominant summation, we
have

SO = aN,
S1 = an-1 T an-2
S = AN tan3 T an-g (41)

k

N

Sk = Zakafj, 0< k < ?
j=0
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If N = 2m + 1, the sequence has an even term 2(m + 1);
then

m—1

Sm-1 = ZaN—(m—l)—j’
j=0
m
Sm = ZaN—m—j’
j=0
m
Smil = Zaij (42)
Jj=0

m—1
St = ZaN_j,. ces
j=0

k
SN-k = Za-, SN = do-
j=0

If N = 2m, the sequence has odd terms (2m + 1), then

m—1
Sm-1 = Z“ij’
j=0

m
S = Za,
=0

= (43)
Spal = Za~,...,
=
k
SN_k = Za~,
j=0
SN = ao.
So, s-sequence has distribution as
Sk
Sk+1
s
' ' (44)
So Sm

SN

In this case, the s-sequence has a character that the initial
original data is the absolute largest; at the first several steps, s-
sequence arrives at its maximum value; after then, s-sequence
decreases until it arrives at its minimum value. The final value
is minimal.

(3) Let {a,} be an arbitrary sequence.

In this case, it is difficult to give a general distribution.
Although so, we have the following relation

So = skuloa || = agy|>  s¢ < si < v VK, (45)
>

where s} denotes the value in decreasing queuing, s denotes
the value in increasing queuing.

From above, we see that s-sequence undergoes a great
contortion due to different queuing order of a sequence.
Denote by J(a,) the maximum change of s-sequence for {a, }
under different queuing order; then

M
max {Sk }

J(a,) =

For the sequence {a,} = {1,2,3,4,5,6}, it is easy to see that
J(a,) = 15/9.

2.4. Generalized p-Summation. From the absolutely domi-
nant summation, we get a new sequence {s;}. Now, we define
anew p-summation for {a,} sequence:

So.p = So = Sup |a,| = |as)| - (47)
n=0
Removing the first term a,, we define the second value
Sip by
)"

S1p = 220 {apn =0} = (|a1+a(o)|P + |a1+a(1)|P
P

(48)

Again, removing the second term a,, we define the summa-
tion of the first three absolute maximum value as s, ,, that is,

Sop = ZO- {aa+n>” 2 0}

* (49)
= (|a2+a(0)|P + o + |a2+o(2)|P)l/P'
In general, we define
Skp = Z o {agn 2 0}
k+1p
(50)

= (lak+o(0)|P + |ak+a(1)|P + |ak+o(2)|P

toot |ak+o(k)|p)l/p'
According to this definition, we get a new nonnegative
sequence {sk’p, sk > 0}.

Obviously, when p = 1, we recover the above summation
sequence s, = s 1, for all k > 0. For the sequence {a,}, we
define a positive number [|[{a,} |5 " by

Ha e, = SUP Sy, py (51)

where G denotes the generalized summation and p denotes
the p-norm in finite-dimensional space.
In particular, when {a,} € €7, Skp — Oask — oo,and
1/
hence [l{a,}lg, < o la, PP < 0.
Now, we define the sequence spaces by
CGpM = {{an} | sup s, < oo} ,
k>0
(52)

CGp = {{an} | klirréosk)P = O}.

We can prove the following result.



Theorem 6. (cgprp Il - llp) and (cgp Il - llp) are Banach
spaces.
3. Cg,,[0, 1]-Type Spaces

3.1 Definition of Spaces Cg,, [0, 1]. Let p > 1. For each f €
Cs0 [0, 1], we define positive number:

Sip (f) = Zo {Dk+"ﬂn > 0}

k,p

= ([ I+ I (Al
n ||Dk+0(2) (f)"fo’o U ||Dk+cr(k) (f)“p )I/P'

" (53)

Example 7. To show the computation method, let us consider
the case that p = 1 and discuss the function e, (x) = x"/n!.

By computing various derivative functions

||D0€n oo m’
1
"Dlen I m,
1
[P*e] = G

1
el = o

(54)
e - 4
[t =1,
D%, =1
D", =0,
e, =o.

We calculate s, (e,,) as follows:

so(en) = sup| ey, = 1.

si(e,) = Yo {D'" e, k>0}=1+1,
2
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s, (e,) = 23:0 {D2+ken,k > 0} =1+1+ %,

si(e,) = %a {Dj+ken,k > 0}

Surn (&) = Yo D e k= 0} = 3

S(n/2)+1

Stm)2)+2 =

1
Sn_2=1+1+5,

n/2

n/2

1
-y

k=0
(n/2)-1 4

_')
o K

S, =141,
s, =1,
5n+j:0’ jz1

k=0""

(55)

According to the definition of 5. ,(f), it has the following

properties:

(1) forany k > 0,
So,p (f) = Su§||D”f||oo’
n=

sep () 2 D] 2 0
(2) for each @ € C,
Sk,p (‘xf) = o] Sk,p (f) , Vfe C¢,0 [0,1];

(3) forany g, f € Cy,0l0,1],

Sk,p (f + g) < Sk,p (f) + Sk,p (9) :

This can be obtained from the Minkovwski inequality.

(56)

(57)

(58)

These properties show that s, ,(f) satisfies the norm
axiom, and hence it is a norm on space Cy, [0, 1]. But for k >
1, s ,(f) only is a seminorm (or prenorm), it is continuous
in the topology of Cy [0, 1].

For each f € Cy [0, 1], we define the following:

"f“G,p = Snl;gsn,p (f) :

We define the following functions spaces:

Copan (0,11 = {f € Cyo 10,11 1|l < o0},

(59)

(60)

Capl0.11 = {F € Cyol0.11] lim s, (f) =0} (6D



Journal of Function Spaces and Applications

Theorem 8. For f ¢ C¢’0[0, 1], the scalar ||f||G)p is defined
as above. Then, ||f||G)p is a norm on CG)P,M[O, 1], and hence
(Ce,pml0, 1111+ ||G)p) is a normed linear space. Moreover,
(CG,P,M[O, 1L - IIG)p) is a Banach space, which is isomorphic
to the sequence space CG.p. M-

Proof. Here, we only prove the second assertion.
Let f, € Cgpml0,1] be a Cauchy sequence, that is, for
any ¢ > 0, there exists N(e) such that

I£. - fm“G,p <& Vn,m>N(e). (62)

For any k > 0, it holds that

||D fm)" < Skp (fn fm "fn - fm"G,p' (63)

This shows that { f,,} also is a Cauchy sequence in C [0, 1]. By
the completeness of space C;4[0, 1], thereis a f, € Cg [0, 1]
such that [| f,, - foll, — 0.

For each k > 0, by the continuity of s; ,(f), we can get

10" (f = o)l < sip (fu— fo) <& (69)

Thus, we find that

-fi)<e

£ - f0||GP = supskp( Vn>N(e). (g5)

This means that the sequence converges to f, in the sense of
norm on Cg ,, 5[0, 1]. Since s ,( f) is a seminorm, it holds
that

Sk.p (fo) < Sk.p (fu—fo) + Sk.p (fa)
for n > N (¢g).

(66)
<é+ Sk,p (fn)’

Therefore, f, € CG’P’M[O, 1], which implies that C¢’P’M[O, 1]
is a Banach space.
Foreach f € Cg ,, 5[0, 1],

(o) xl’l
fx) = nzoanﬁ’

lai| = s ©)] < [P/,

< esup lak+n| .
. n=>0

i 1
< r;) |an+kl E

(67)
Clearly,
|ak+a(0)| S “ka(o)f “00 e |ak+a(0)|’
. (68)
o] < [P 1], < elarsos| -
Thus, we have
Skp Skp (f) e Sk,p- (69)

This implies that

lHaudlo, < 1716, < elantlc, (70)

Therefore, the mapping

T(f)={f" O}, (71)

is a bounded invertible linear operator from Cg ,, 5[0, 1] to
CG,P,M'
Theorem 9. Let CG,P[O, 1] be defined as (61). Then, CG’P[O, 1]
is the completion of space (P[0, 1], - IIG)P), and

Cy,p[0,1] € Cg, [0,1] € Cy g [0, 1]. (72)

Moreover, space Cg, , [0, 1] is isomorphic to c,.

The proof of Theorem 9 is similar to that of Theorem 8;
we omit the details.

3.2. Comparison of Spaces. So far, we have introduced some
Banach spaces. The question is whether there is an inclusion
relation Cy,[0,1] < Cg,[0,1] for ¢ > p. In general, the
answer is negative.

Example 10. Letq > p > 1. Then, Cy [0, 1] ¢ Cgp, 5[0, 1]

Take p’ € (p, q). Define a function by

(o) 1/p'  k
fo=Y(z) & 73)

k=1

Obviously, f € Cy,[0,1], but f ¢ C, ,[0,1]. Furthermore,
we also have f ¢ Cg, 5[0, 1].
In fact, forany n € N,

" _ 1 I/P/
pfo=() (74)
Clearly,
e3) a/p’
q
Z]D FOI = 2(2) < oo, (75)
Due to
. ~ ® /1 1/p Xk 00 l/p
Df(x)_kz1<z) (k—n)! r;)<n+r>
(76)
. S 11
1P floo < 2o i V20
it holds that
oo [ o0 /v’ 1
q_ q
,;'D EOTE ZnD Al < Z(,;)(,Hk) )
< 00.

(77)



Foranyn € N,

" n1 \PIP 1 & 1
o =Y (—5) = 2
kz 10l kz n+k nP’Pk;(H(k/n))P/P
(78)
while
n 1
lim 1 ! - =j dx -, (79)
"R (14 (k)PP Jo (14 x)P/P

this shows that sup,., ¥1_, ID"™* f(0)IP = oo, and hence
SUP>o Sn,p(f) =00. S0, f ¢ CG,p,M[O, 1].

Example 11. It holds that Cy,p[0,1] #C [0, 1].

Define a function as

(x) = Z<;>I/p"—” (30)
Sl (I+n)In(l+n) n!’
Obviously,
f ~ 1 1/p
D= <(1+k)1n(1+k)) ’
< 1
rrof =Y @
I 1
anZ(l TR +k)
So, f ¢ Cy,,[0,1].
Furthermore,
ID"f 0] <[D"fl
St
CE\NQ+n+k)In(l+n+k) k!
<e|D"f(0)],
2lrtrof
g(n+k)ln(n+k)

1 i 1
~ nlnnf& (1+(k/n) (1 + (In (1+(k/n)) /Inn))’

(82)

Notice the identity

i 15 ! [
noeon £ (1+ (k/m) (1 + (In (1 + (k/m) /Tnm)  Jo T+
(83)

andso f € Cg,pl0,1].
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Example 12. It holds that Cap [0,1] c CG,P’M[O, 1].

Let us consider the following function:

(o) 1 xﬂ
fx)= ;mﬁ (84)
Since
1
D'f(0)= ———,
f 1+ n)l/P (85)
ID"f (0)] < |D"fl, < e|D"f (0],
we have
e 1 B U dx
nlglgok;(l+k+n) _Jo 1+x (86)

this means that f € Cg (, [0, 1], but f ¢ Cg,[0,1].

A new question is whether there is a 1nc1u31on relation
between Cg,0[0,1] and Cg,4[0,1] for any g > p? The
following result gives a positive answer.

Theorem 13. Forany q > p > 1, the inclusion Cg,, [0, 1] C
Cg410, 1] holds true.

Proof. Set f € Cgp, [0, 1]. Then,
[ee] xn
f)=Ya, (87)
=" n!
and for anyn € N,

ID"f O < 10" flog < 3. ]
k=0

1
Rl

(88)
= ea,.00)] -
From above, we get that
'Dn+o(0)f (0)| < |Dn+(r(0)f||00 <e |an+g(0)| ) (89)
Similarly, for k € {1,2,...,n},
'Dn+<7(k)f (0)' < ||Dn+¢7(k)f"oO <e |an+a(k)| ) (90)
Since f € Cg [0, 1], it holds that
n
kz”D("“f“‘” f]]f; <|flg, VneN. (91)
=1
Letg > p>1.Setg= p+4,then
n
prrok) 9
Sl
_ i“ plr+ok) f||6 " prrati) f“P (92)
=1 [ee] (o]

<[or@ g | fE, vneN.
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Since
Jim [D"f], =0, (93)
it holds that
R R
F) Y T
This gives that f € Cg,[0,1]. O

3.3. Cy 4110, 1]-Type Space. In the previous discussion, we
insert the some spaces between C¢,P[O, 1] and C(M[O, 1]. The
questions is can one insert a Banach space between P[0, 1]
and Co1 [0,1]?

For each f € Coa [0, 1], whose norm is

116 = 200" floos (95)
n=0

the corresponding s-sequence is

k
5 (f) _ ZG {Dk+nf,n > 0} _ Z”Dkw(j)f"oo’ vk > 0.
k i=0
J (96)

Define a positive number
[e¢)
HFEDXAGE (97)
k=0

where (g,1) denotes the €' sum after the generalized 1-
summation.
Define the function space by

Cpgr (0,11 ={f €Cy, [0,1] | 171, < oo} . (98)
Then, we have the following result.

Theorem 14. Let || fl,, be defined as before. Then, for any f €
C¢,g,1 [0) 1])

(1) the following inequality holds
1 lgs = 1 f N VS € Cogr 10,115 (99)

@) Iflly, is a norm on  Cggy[0,1].
(Cg,g.1[0, 11,11 1,1) is @ Banach space;
(3) P[0,1] c Cy.0.1 [0, 1] is a dense subspace.

Further,

Proof. Forany f € Cy [0, 1], we have

so(f) 2 | flleor
This leads to

se(f) = |D"f|, Vk=1. (100)

PRAGEDY i e (1on)
k=0 k=0

Obviously, when f € C.0.1 [0, 1], itholds that ||f||¢)1 < ||f||g,1-

Since s (f) is a seminorm, the above relation shows
that || f|| gl is a norm. In what follows, we shall prove that
Cs,4.1[0, 1] is a Banach space.

Let f,, € Cy 4,110, 1] be a Cauchy sequence, that is,

m,lligoo"f“ - fm”g,l =0. (102)
Since
"fn - fn"¢,1 < ”fn - fm“g,l’ (103)

this implies that {f,,} Cy.1 [0,1] also is a Cauchy sequence,
so there exists a f, € Cy, [0, 1] such that

lim [ £, = folly, = 0- (104)

m— 00

For any k € N, when N is large enough, we have

k
>5ifa=fu) < fu=fllyy <& Vmm >N (105)
j=0

Using the continuity of s,(f) with respect to [ f1;, and
taking m — 0o, we get that

k
Zsj(fn—f0)££, Vn > N. (106)
=0
Again taking k — 00, we get that
Ifu=folyy <& ¥n>N. (107)
So, fo € Cy 4,110, 1], and
lim [I£, = foll,, =0 (108)
The completeness of the space follows.
Let p(x) be a n-order polynomial. Then,
so(p) zsup|p(x)], s (p) < ”P"¢,1’
k=0 (109)
55 () = ID"Plloy  Suur (P) =0, k=1
Therefore,
n
lel,, = X sk (p) < co. (110)
k=0
Forany f € Cy ,,[0,1],
00 .X'j
fe)=Ya=, (111)
.

for € > 0, there exists a N such that

[ee)
Esup |aj+k|+Zsk(f)<e, Vn> N. (112)
2j2n+1 k=n
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Taking a polynomial
n xj
Pn(x) = Zaj7 (113)
A

and noticing

(k)
j-pa"], = S ol
(114)
conlo|$ L ke
and (f - p,)® = f® for k > n, we have
e o0
1f = Pallgs < 5 50p g + Ysi(f) <& ()
j=zn+l k=n
This means that P[0, 1] is dense in Cy.01 [0,1]. O

3.4. Some Open Questions. From the previous discussion we
see that

Cp1 [0.1] € Cy, [0,1] € Cyt 0,1]

CC¢,M[O,1], Vi< p<g
(116)
Cs.p [0,1] Cap [0,1] c Copm [0,1] c Cayq [0,1]
CCqqm[0,1], V1<p<gq.
Note that the first relation
Coq [0,1] C Coq [0,1] Coaqm [0,1], 117)

and the relation C(M[O, 1] ¢ CG,P’M[O, 1] (see, Example 10).
These spaces are based on the new summation approach.

Now, we propose some open questions in mathematics
aspect.

Question 1. Does the inclusion CG,P’M[O, 1] c CM[O, 1] hold?
yes or no.

Question 2. What is the dual space of CG,P[O,I]? Is it a
reflexive space?

Question 3. Can one find out a Banach space (P[0,1],] - |.),
that is, the least in the following sense: P[0, 1] is the com-
pletion of P[0, 1] under the norm | - ||, such that, for every
Banach space X of functions, P[0, 1] embeds densely and
continuously into X?
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We completely characterize the finite rank semicommutators, commutators, and zero product of block Toeplitz operators Ty and

T, with F,G € h™ ® M,

nxn

1. Introduction

Let D be the open unit disk in the complex plane C, and let
dA be the normalized Lebesgue area measure on D. Denote
by L*(D, dA) and L*(D, dA) the space of essential bounded
measurable functions and the space of square integral func-
tions with respect to dA, respectively. The Bergman space L*
consists of all analytic functions in L*(D,dA).Let L*(D,C") =
L*(D,dA) ® C" and Li([D, ch = Li ® C", where ® means
the Hilbert space tensor product. Let M, , be the set of all
n x n complex matrixes in the complex plane C, and let
L®(D,dA) ® M,,, be the space of matrix valued essential
bounded Lebesgue measurable functions on D.

Given a matrix valued function ®(z) = [¢;;(2)],x, €
L®(D,dA) ® M,,,,,, the Toeplitz operator Ty, and the Hankel
operator Hy, on L:(D,C") with symbol @ are defined by
Toh = P(®h) and Hy,h = (I — P)(®h), respectively, where P
is the orthogonal projection from L*(D,C") onto LZH(ID, c").
Then the operators Ty, and Hg, have the following matrix
representations:

T‘Pn o TfPln H‘Pn o H‘Pln
To=1| : o He=| o @
T(Pnl o T(prm H(Pnl o H(Pnn

The problem of the finite rank semicommutator of two
Toeplitz operators on the Hardy space has been completely
solved in [1, 2]. The analogous problems on the Bergman

on the vector valued Bergman space LZE(ID, c").

space have been characterized in [3-5]. In the case of vector
valued Hardy space, Gu and Zheng [6] have studied the
problems of compact semicommutators and commutators of
two block Toeplitz operators.

In this paper, we study the related problems of the two
block Toeplitz operators T and Tg; with F,G € h™ ® M,,,,,
on the vector valued Bergman space L (D, C"), where h*™
denotes the space of all bounded harmonic functions on D.
Our main idea here is to reduce the problems on Li([D, ch
to the problems of the finite sum of some Toeplitz operator
products or some Hankel operator products on the Bergman
space L2. In the following, we recall two useful theorems. For
every f € h*, denoteby f, (or f_ = f - f,) the analytic part
(or the coanalytic part) of f.

Theorem 1 (see [7]). Suppose that f; and g; are bounded

harmonic functions on D for j = 1,..., k. Then the following
are equivalent:

@) Z§:1 HgHy, has finite rank,
(2) Zﬁ:l H%Hfj = 0,
3) o(fys--

-)fk;gl)-~-:gk) EO:

where 6(fis-..» fis G- g0) = AYE (f)_(g),] = (1 -
1272 Y, () (g



Theorem 2 (see [8]). Let uy,...u,,Vy,...,v, be bounded
harmonic ﬁmctions on D, and Xi,..., %, Y15y, € L.

Then Z] TT,, = Z] 1 X; ® y; if and only 1fthefollowmg
two condztzons hold:
(@) Xy uyv; =
(b) X, [P, -

(1= 12’ X, %775
uj(O)][ij - vj(O)] =0.

2. Semicommutators of Block
Toeplitz Operators

In this section, we discuss the finite rank semicommutators
and commutators of the block Toeplitz operators T, T on
L*(D,C") with F,G € h™ ® M,,. In the following part of

this paper, E; denote the matrix unit with (j, j) th entry equal
to one and all others equal to zero.

Theorem 3. Let F(z)
G_(z) € h™ ® M,,,,, such that F,(0)
following statements are equivalent:
(1) Trg — TTg has finite rank;
(2) T}G = T%]}ﬁ
(3) foreach 1 < j < n, there exist a matrix M; € M, and

a permutation matrix Q;, such that M;Q;G_E; = 0,,,,
and F,Q;(I + M;) = 0,,,.

= F,(2)+F_(z), and let G(z) = G, (2) +
= G_(0) = 0,,,, Then the

Proof. (1) = (2) Note that Tpg — TpTg = Hp.Hg. If Hi. Hg
has a finite rank, then Z;=1 H;—H 9 has a finite rank for 1 <
ip
i, j < n. By Theorem 1, we have that 22:1 H;—H 9 = 0 for
ip
1 <i,j<n Hence, Tpg = TpTg.

] ) *:> B) U Tpo—Tx T = H;*H(.; =0, then [Hp. Hgl; ; =
I HEHng = 0, for1 < 4j < n By Theoreml,
we get (1 — |z|})? Zgzl[(fip):_(gpj),_] = 0 on D. Therefore,
Z;zl[(ﬁp):(gm)’_] =0onDforl<ij<n

It is known that if H(z,w) is holomorphic in D x D
and H(z,z) = 0, then H(z,w) = 0 for (z,w) € D x D
in several complex variables. So we can “complexificate” the
above identity and have Z;Zl[(ﬁp):(z)(gpj)i(w)] = 0 for
1<i,j<n, (z,w) € D x D. Therefore,

[(£), 60 (g,) )]

Zn: [(flp) (“)(gp]) (V)]du

0 p=1

||
M=

1

]
Il

z

Il
S

I
M=

(fi), @ (95)_ 0] @)

1

a3
Il

w

Il
M=

[(£), @ (957)" 03] v

p=1

[(fzp) (=) (9pj)_ (w)] ’

which means that F, (z)G_(w) = 0,,,,, on D x D.

Il
?M: (=)
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Note that det F, (z) is the analytic function of z and
det G_(w) is the coanalytic function of w. If det F, (z) is not
identically zero, then G_ = 0,,,; that is, G is analytic. If
det G_(w) is not identically zero, then F, = 0,,,; that is, F
is coanalytic.

In the following, we deal with the case that det F, = 0
and det G_ = 0. Suppose G_E; = (g{,...,gi)T forl <j<n
Since det G_ = 0, G_E; is linearly dependent. Let Q; be a
permutation matrix such that

‘ CN\T
j j
Q;G_E; <gg(1),...,g( ),...,gg(n)> , 3)
where { g] (1) gi (k) i maximally linearly independent of
{ga ...,ga(n} And
J —ag +-+a g
Io(kyr1) ~ NYo1) ko9 (ky)’
(4)
j _ n-ky j n—ky _j
oy =N oyt A G,y
with the matrix representation
[ o o O 0 ] 9501)
0 0 /
. 0 0 ga(ko) — 0 > (5)
a G, -1 -+ 0 . e
: J
) Ion-1)
n—ko =k, 0o --- -1 j
K a I

thatis, M;Q;G_E; = 0,,,.
Since F+(z)[G_(u))Ej] = 0, we have [F+(z)Qj][QjG_
X(w)E;] = 0,,. Denote F, = [ f;;],,x,- It follows that

nxn*

fka(1)g(],(1) 4o+ fkg(ko)gi(ko) ot fko(n)g(];(,,) =0 (6)

for 1 < k < n. Note that gi(kOH) =a
1 <1< n—k,. Therefore

I, I
190y T U oiy)

J J
fka(l)gg(l) toeot fka(ko)gg(kn)

n—k,

I _Jj
+ <a1ga(1) +

=1

I @)
ot akogo(k0)> Srotey+1) = 05
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nky 1 j nky 1
and hence, (fio1) + X1y " @1 frotky 1) 950y + Tro2) + 21y %
j n-ky 1 j _
X frothg+1)Tp2) + 7+ kot + Zicr Py Srotky 1)) Ty = O-
Since {957(1)’ e g‘]y(ko)} is linearly independent, we have

n—k,

!
Jroy + Z a4 frotky 1) = 0>
i=1

8)
n—ky
I
Jrothky) + Z A, frotkyst) = 05
=1
with the matrix representation
[ fio) Frotey) Srom T
f20(1) U fZJ(kO) e fZJ(n)
fn—la(l) U fn—la(k(,) e fn—la(n)
L fna(l) fna(ko) fna(n) g
- - )
1 ... 0 O0---0
0 1 0---0
x a} a}io 0 - 0| = Ousmo
_a’fiko e a:(:ko 0 e 0-
that is F+Q](I + M]) = Onxn'
In the following, we prove (3) = (1).
Note that
TFTG - TFG = T(F++F,)T(G++G,) - T(F++F,)(G++G,)
=T,6,+r.6.4r.6,) + Tr6.
(10)

~Tig,6,+r 6. +k.G,) ~ TrG.
=Ty T ~ T -
By the hypothesis, we have

TRTG,Ej = TF+Qj(1+Mj—Mj)QjTG,Ej

= Tr,q,u+m)Q, Te E, = Tr,qm,0, TG,

= Tr,q,usmpQ Te E; = Tr,q,Tm,QGE; = Onsns
F,G_E;=F,Q;[I+M;-M;|QG_E;

= [F,Q;(I+M;)] QG E,

- F,Q; [M;Q;G_E;] = 0.
(11)

Hence, we obtain the desired result. O

Remark 4. If the assumption F,(0) = G_(0) = 0,,, is
removed and F,, G_ are replaced by Ffr, G’ in statement (3),
respectively, then the above theorem still holds.

Corollary 5. Let F(z) = F,(z) + F.(z), and let G(z) =
G,(z) + G_(z) € h*™ ® M,,,,, such that F,(0) = G_(0) = 0,,,,-

Suppose that | det F,| + | det G_| is not identically zero. Then
the following are equivalent:

(1) Tpg — TTg has finite rank;
(2) Trg = TpTg;

(3) if det F. is not identically zero, then G is analytic; if
det G_ is not identically zero, then F is coanalytic.

Proof. The proof is obvious. O
Let
F -G GO
S S B 12)

Asin [6], the commutator TT — T Ty can be reduced to the
semicommutator Tgy — T Ty.
It is easy to check that

TCD‘I’ - TCD T‘I’

_ [TFG_GF 0] ~ [TF —TG] [TG 0]

0 0 0 0 |[|[T:0 (13)

_|Trecr O| _ [TeT =TT 0
0 0 0 of"

If TpTg = TgTy, Theorem 2 implies that FG = GF. Therefore,
TeTy = Tye. Combining Theorem 3, we get the following
explicit theorem.

Theorem 6. Suppose that F = F, + F. € h® ® M,,, and

G =G, +G_ € h® ®M,,,,. Then TgT; = T5T if and only if
F and G satisfy the following two conditions:

(1) FG = GF;
(2) for each 1 < j < n, there exist permutation matrixes
P =[G
Qjand M; € M,,,,, such that M;Q; [ o ] E; = O
)
and [F:_ - G+]Qj(1 + Mj) = Oy

3. Zero Product of Two Block
Toeplitz Operators

In this section, we discuss the zero product of two block
Toeplitz operators Ty and Tg with F,G € h™ ® M,,, on

L*(D,C").



Theorem 7. Let F(z) = F,(z) + F_(z) and G(z) = G,(z) +
G_(z) € h* ® M,,,, such that F,(0) = G_(0) = F_(0) =
G,(0) = 0,,x,,. Then Ty T = 0,,,, if and only if

() FG=0
(2) for each 1 < j < n, there exist a matrix N; € M,,,,, and

. . 1 1 -
a permutation matrix Q;, such that N;Q,G_E; = 0,,,,,
and F,Q;(I + N;) = 0,,,,

nxmn’

Proof. By 'Theorem2, it is easy to know that
Yot [ip(2)gpi(2) = 0 for 1 < i, j < m; thatis, FG = 0,
Since TpTg = TpTg — Tpg = 0, We obtain the desired
result by Theorem 3. O

N

Corollary 8. Let F(z) = F, (z2) +F_(z) and let G(z) = G, (z) +
G_(z) € h® ® M,,,, such that F,(0) = G_(0) = F_(0) =
G,(0) = 0,y

(1) If neither det G, nor det G_ is identically zero, then
TrTg =0ifand only if F = 0,,,,

(2) If neither det F, nor det F_ is identically zero, then
TeTg = 0ifand only if G = 0,

Proof. (1) We only need to prove the necessity. By the proof
of Theorem 3, we have F (z)G_(w) = 0,,, on D x D. By the
theorem given above, we know that FG = [F,+F_][G,+G_] =
0,,- Taking Laplace transform, it follows that F'G, = 0,,,,.
As in Theorem 3, we can prove that F_(w)G,(z) = 0,,, on
D x D. “Complexificate” the identity FG = 0,,,,, and then
[F,(2)+F_(w)][G,.(2) +G_(w)] = 0,,,,. Hence, F, ()G, (z) =
—-F_ (w)G_(w) on D xD. Since F,(0) = G_(0) = 0,,,,,, we have
F.G,=FG_=0,,,

It is clear that det G, (2) is the analytic function of z and
det G_(w) is the coanalytic function of w. If det G, (2) is not
identically zero, then F_ = 0, and F, = 0,,,,. Therefore,
F =0,,,. If det G_(w) is not identically zero, then F_ = 0
and F, = 0,,,,,. Therefore, F = 0,,,,,.

(2) The proof is similar to the proof of (1). O

nxn
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Let A and B be ordered algebras over R, where A has a generating positive cone and B satisfies the property that b* > 0if 0 #b € B.
We give some conditions for a map T : A — B which is supra-additive and supra-multiplicative for all positive and negative
elements to be linear and multiplicative; that is, T is a homomorphism of algebras. Our results generalize some known results on
supra-additive and supra-multiplicative maps between spaces of real functions.

Let X be a compact Hausdorff space. Riddulescu [1] proved
that whenever amap 7' : C(X) — C(X) satisfies the condi-
tions T(f + g) = T(f) + T(g) (supra-additive) and T(fg) >
T(f)T(g) (supra-multiplicative) for all f, g € C(X), then T is
linear and multiplicative. Ercan [2] generalized this result to
arbitrary topological spaces. For arbitrary topological spaces
X, Y, a supra-additive and supra-multiplicative map T
C(X) — C(Y) is both linear and multiplicative if and only if
lim, T(f"An—- f~ An)(y) = T(f)(y) for each f € C(X) and
y €Y [2, Theorem 2]. Similar results were obtained for rings
(see [3, 4]). In [3] Dhombres showed that if A is a ring and R
is an ordered ring in which nonzero elements have nonzero
positive squares, the supra-additive and supra-multiplicative
map T : A — R is both additive and multiplicative, that is,
a homomorphism of rings. Recently, Gusi¢ [5] consid-
ered supra-additive and supra-multiplicative maps between
ordered fields. It was proved that on ordered fields every
supra-additive and supra-multiplicative nonzero map is an
injective homomorphism of fields.

Let A and B be ordered algebras over R, where A has a
generating positive cone and B satisfies the property that b* >
0if 0#b € B. In this short paper, we prove that if a positive
map T : A — B is supra-additive and supra-multiplicative
for all positive and negative elements in A, then T is indeed
linear and multiplicative. In particular, if A is squareroot
closed, then every map which is supra-additive and supra-
multiplicative for all positive and negative elements is both

linear and multiplicative. From our result, it follows that for
arbitrary topological spaces X, Y, a supra-additive and supra-
multiplicative map T : C(X) — C(Y) is indeed both linear
and multiplicative. This generalizes the results of Radulescu
[1] and Ercan [2]. As a special case we consider the supra-
additive and supra-multiplicative maps on C,(X) and obtain
a Banach-Stone type result.

Recall that an ordered real vector space A under a
multiplication is said to be an ordered algebra whenever the
multiplication makes A an algebra, and in addition it satisfies
the following property: if a;,a, > 0, then gja, > 0. A is
called Archimedean if x,y € Aandnx < yforallm € N
implies that x < 0. The set A* = {a € A : a > 0} is called the
positive cone of A. The positive cone of A is said to be gen-
erating (or A is positively generated) if A = A" — A". A map
T : A — B between two ordered algebras is called positive
whenever T(A*) C B . Let A" .= —A" and A* .= AT UA".

Theorem 1. Let A be an ordered algebra which has a generat-
ing positive cone. Let B be an Archimedean ordered algebra sat-
isfying the property that b> > 0if0 b € B. Ifa positivemap T :
A — B satisfies the following inequalities:

1) T(a, + ay) = T(a,) + T(a,) (supra-additive),

(2) T(aya,) = T(a,)T(a,) (supra-multiplicative),

foralla,,a, € A*, then T is both linear and multiplicative.



Proof. From the inequality T'(0) = T'(0 + 0) > T'(0) + T(0), it
follows that T'(0) < 0. On the other hand, T'(0) > T(0 - 0) >
T(0)T(0) > 0. Therefore, T(0) = 0. It should be noted that
a’> > 0 for every a € A*. By the supra-additivity of T, we have

O:T(O):T(az—az)2T(a2)+T(—a2), )

for every a € A*. Thus, for every a € A*, from the following
inequalities:

0<[T@)+T(-a))*=T@*+T )T (-a)
+T(-a)T (a) + T(-a)*
<T (az) +T (—az) +T (—az) + T(az)

=2[T(a®)+T(-a")] 0,

2)

it follows that [T(a) + T(-a)]* = 0 for everya € A*. By our
hypothesis on B, we have T(—a) = ~T(a) for alla € A*. Now,
for all a;,a, € A*, we have

T(a,+ay) 2T (a;)+ T (ay)
=-T (_41) -T (‘“2)
= [T (-a)) + T (-a,)] (3)

> -T(~a, - ay)

Thatis, T(a, +a,) = T(a,)+T(a,) foralla,,a, € A*. Similarly,
foralla;,a, € A*, from

T(aya,) 2T (a)) T (a,) = =T (a)) T (-a,)

>-T (—01‘12) = T(“laz)’

(4)

it follows that T(a,a,) = T(a,)T(a,) for all a;,a, € A*.

Next, because A is positively generated and B is
Archimedean, by the positive additivity of T on A" and the
Kantorovich theorem (cf. [6, Proposition 1, page 150] or [7,
Theorem 1.7]) there exists a unique positive linear map S :
A — Bsuch that S = T on A", where S is defined by S(a, —
a,) = T(a;) — T(a,) for all a;,a, € A". For everya € A,
there exist u, v € A" satisfying a = u — v since A is positively
generated. From

T@=Twu-v)=Tw)+T(-v)
=T (u)-T(v) €)

=Su-v)=S(a),

it follows that T' = S on A. This implies that T'is linear. On the
other hand, let a, and a, be arbitrary elements in A. Since A*
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is positively generated, there exist u;, v; € A" (i = 1,2), such
thata, = u; — v, and a, = u, — v,. We have

T(aa;) = T [(u = v1) (uy = v,)]
=T (1) =T (yv;) = T (i) + T (v1v2)

=T ()T (uy) = T (1) T (v,)

(6)
=T (v))T (uy) + T (v;) T (v,)
= [T (w) =T ()T () = T (v,)]
=T(a,) T (a,).
That is, T is multiplicative, as desired. O

Remark 2. Let A and B be as in the above theorem. It may be
asked whether the positivemap T : A — Bislinear and mul-
tiplicative whenever T: A — B is supra-additive and supra-
multiplicative only on A" or only on A™. Indeed, this is not the
case. For instance, the positive nonlinear map f : R — R
defined by f(x) = |x| is additive and multiplicative on R" (or
R™, resp.).

Recall that an ordered algebra A is said to be squareroot
closed and that whenever for any a € A™ there exists x € A",
such that @ = x 2. When A is square-root closed, we have the
following corollary.

Corollary 3. Let A be a square-root closed ordered algebra
with a generating positive cone. Let B be an Archimedean
ordered algebra satisfying the property that b* > 0 if 0#b €
B. IfamapT : A — B is supra-additive and supra-multi-
plicative on A*, then T is both linear and multiplicative on A.

Proof. By the above Theorem, to complete the proof, we need
only to verify that T is positive. Since A is square-root closed
for each a > 0in A there exists x € A", such thata = x*.
Hence, by our hypothesis on B, we have

T(a)=T(x*)2T(x)*>0. (7)
This implies that T is positive. O

Remark 4. 1t should be noted that the space of all real func-
tions (all real continuous functions) on a nonempty set (a
topological space, resp.), with the pointwise algebraic oper-
ations and the pointwise ordering, is a square-root closed
Archimedean lattice-ordered algebra with the property men-
tioned in Corollary 3. Thus, the results on supra-additive and
supra-multiplicative maps between spaces of real functions
obtained by Radulescu [1], Volkmann [4], and Ercan [2]
can now follow from Corollary 3. In their earlier proofs, the
constant function or the multiplicative unit element plays an
essential role.

Let X be alocally compact Hausdorff space, and let C,(X)
be the Banach lattice of all continuous real functions defined
on X and vanishing at infinity. Note that Cy(X) does not
necessarily contain the constant function or a unit element
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unless X is compact. The following result is an immediate
consequence of Corollary 3.

Corollary 5. Let X and Y be locally compact Hausdorff
spaces. If T : Co(X) — Cy(Y) is supra-additive and supra-
multiplicative for all elements in Co(X)*, then T is an algebra
and lattice homomorphism.

Recall that T': Cy(X) — C,(Y) for any f, g is said to be
separating or disjointness preserving if, for any f, g € Cy(X),
fg = 0 implies that TfTg = 0. Clearly, every multiplicative
map is disjointness preserving. Combining Corollary 5 with
Theorem 2 of [8] or Theorem 8 in [9], we obtain the following
Banach-Stone type result.

Corollary 6. Let X, Y be locally compact Hausdor(f spaces.
If there exists a bijection from Cy(X) onto Cy(Y) which is
supra-additive and supra-multiplicative on Co(X)*, then X is
topologically homeomorphicto Y.
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This paper generalizes T. M. Rassias’ results in 1993 to n-normed spaces. If X and Y are two real n-normed spaces and Y is n-strictly
convex, a surjective mapping f : X — Y preserving unit distance in both directions and preserving any integer distance is an

n-isometry.

1. Introduction

Let X and Y be two metric spaces. A mapping f: X — Yis
called an isometry if f satisfies dy(f(x), f(y)) = dx(x, y) for
all x, y € X, where dx(-,-) and dy(:,-) denote the metrics in
the spaces X and Y, respectively. For some fixed number » >
0, suppose that f preserves distance r, thatis, forall x, y € X
withdy(x, y) = r,wehavedy (f(x), f(y)) = r,thenris called
a conservative (or preserved) distance for the mapping f. In
particular, we denote DOPP as f preserving the one distance
property and SDOPP as f preserving the strong one distance
property and also for f7'.

In 1970 [1], Aleksandrov posed the following problem.
Examine whether the existence of a single conservative distance
for some mapping T implies that T is an isometry. This
question is of great significance for the Mazur-Ulam Theorem
[2].

In 1993, T. M. Rassias and P. Semrl proved the following.

Theorem 1 (see [3]). Let X and Y be two real normed linear
spaces such that one of them has a dimension greater than one.
Assume also that one of them is strictly convex. Suppose that
f: X — Y isasurjective mapping that satisfies SDOPP. Then,
f is an affine isometry (a linear isometry up to translation).

Theorem 2 (see [3]). Let X and Y be two real normed linear
spaces such that one of them has a dimension greater than one.
Suppose that f : X — Y is a Lipschitz mapping. Assume also

that f is a surjective mapping satisfying (SDOPP). Then, f is
an isometry.

Since 2004, the Aleksandrov problem in n-normed spaces
(n > 2) has been discussed, and some results are obtained [4-
8].

Definition 3 (see [7]). Let X be a real linear space with

dimX > nand |,...,:] : X" — R, a function, then
(XI5l is called alinear n-normed space if forany « € R
andall x, y,x,...,x, € X
nNy: x,....x,l = 0 © x,,...,x, are linearly
dependent,
nN,: |xy, ..., x,l = IIle,...,xjnII for every permuta-
tion (f, ..., j,) of (1,...,n),
nN;: llax, ..., x, 0 = lalllx, ..., %,

AN lx + v, %5, .5, < e xg,cx,ll + Ly, x5,
..> X, |l. The function |-, . .., -|| is called the #n-norm on
X.

Definition 4 (see [8]). Let X and Y be two real linear n-
normed spaces.

(i) Amapping f: X — Y is defined to be an n-isometry

ifforall x;,..., %, ¥1,-. 5 ¥, € X,
If ) = £ O)seees £(x0) = £ () o
=l =y X = 2l



(ii) A mapping f : X — Y is called the n-distance
one preserving property (n-DOPP) if for x,,...,x,,
ViseoVn € X % = yi5- 005X, — ¥l = 1, it follows
that | f(x;) = f(y1)s-- 5 fx) = fF)ll = 1.

(iii) A mapping f : X — Y is called the n-strong
distance one preserving property (n-SDOPP) if for
Xpreor X Voo s YV € Xy = y15 o x, — vl = 1,
it follows that || f(x;) — f(y1),..., f(x,) = fy )l =1

and conversely.

(iv) A mapping f: X — Y is called an n-Lipschitz if for

all X, .. x, Y150 ¥V, € X,
If e = £ On)seees £(30) = £ i)l @)
S TR |

Definition 5 (see [7]). The points x,, x,, ..., x,, of X are called
n-collinear if for every i, {x; — x; : 0 < j#i < n} is linearly
dependent.

Definition 6. X is said to be n-strictly convex normed spaces
iffor any x,, x1, X5, ..., X, € X, %5,...,%, ¢ span{x,, x;},and
llxg + %1, %5, .. 5 x5, 0l = %%, .. 5 2,0l + 1%, x5, . . ., x| imply
that x, and x, are linearly dependent.

C. Park and T. M. Rassias obtained the following.

Theorem 7 (see [8]). Let X and Y be real linear n-normed
spaces. If a mapping f : X — Y satisfies the following con-
ditions:

(i) f has the n-DOPPR,

(ii) f is n-Lipschitz,
(iil) f preserves the 2-collinearity,
(iv) f preserves the n-collinearity,

then f is an n-isometry.

In 2009, Gao [6] researched another n-isometry and gave
the 2-strictly convex concept [6].

In this paper, we generalize T. M. Rassias Theorems 1 and
7 on n-strictly convex normed spaces (n > 1).

2. Main Results

The proof of the following lemma was presented in [9], to
be published; the proof is given again for the convenience of
readers.

Lemma 8. Let X be an n-normed space such that X has
dimension greater than n and r > 0. Suppose that 0 < |x; —

Vs Xy = Varee s Xy — Vol < 21 for xp5..0,%,, ¥15. 5 ¥, € X
Then, there exists w € X such that
||x1 — W, Xy = Yy s Xy —yn|| =7,
(3)

"w_yl)xz_yz,...,xn—yn“ =7.

Proof. Since x; — ¥, %, = ¥5,..., %, — ¥, are linearly indepen-
dent and dim X > n, then there exists z, € X \ span{x; —
Viseor Xy — Yy With |29, x5 = y5, .. x, = vl = 1.
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Set y, = y; — x,. For any « € R, we have

20 + o, x5 = ¥25- s X, = ]| #0. (4)
Let us define h(«) by
h ((X) _ r (ZO + ocyo) , (5)
“ZO T Y, Xy = Vose e Xy — ;Vn"
then, we obtain
[ (), %, =y s, =y = 7 (6)
Set
_ —-r ()’1 _xl)
zZ, = ,
||x1 VX T Yo Xy — )’n"
(7)
_ r(y —x)
z, = .
"xl VX T Yo Xy J’n"
Clearly, z, # z,, z,. And we have
||z1,x2—y2,...,xn—yn|| =7, ®)
2202, = y2o s % =yl = 1
On the other hand,
alir{lmh () = 24, aleooh (0) = z,. (9)
Thus,
h(-00) = z;, h(+00) = z,. (10)
Define g : h(R) — R by
9@ =z =% = Y22 Xy = Y- (1
It follows that
9(z1) = |21 = Yo X2 = Yoo 5 X = 1|
S
"xl VX T Yo Xy T )’n”
X ||x1 = V1 Xy = Voo e r Xy —yn” >,
9(2,)
| r
(1— - - )”xl—yl,...,xn—yn",
“'xl yl""’xn yn"
] if o= yi %=yl >7
,,
( - - —1)||x1—y1,...,xn—yn||,
“xl yl""’xn yn”
if [y =1 2=yl <
(12)

Thus, g(z,) <.
Obviously, g(h(«)) is continuous on R. Using the mean
value theorem, there exists o, € R such that g(h(«,)) = r.
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Set wy = h(«a), w = w, + x,, we have

”‘Uo Yo Xo = Yareer Xy — J’n" =r. (13)

And from [|h(e), x, — ¥5,..., %, — ¥, = 1, we have

||w—x1,x2—)/2>---’xn_)’n" =T

||w VX T Vo Xy _)’n"
(14)

= ||a)0+x1 _Yl’xz_)’z’-~->xn_)’n"

= ||wo—y0,x2—yz,...,xn—yn" =7

O

Lemma 9. Let X and Y be two real linear n-normed spaces
whose dimensions are greater than n, and let Y be n-strictly
convex normed space. Suppose that f: X — Y is a surjective
mapping satisfying (n-SDOPP) with preserving distance k for
any k € N. Then, f preserves distance 1/k for any k € N.

Proof. Firstly, f is injective. Suppose, on the contrary, that
there are x5, x; € X, x5 #x,, such that f(x,) = f(x;). As
dim X > n, it follows that there exist vectors x,,...,x, € X
such that x; — x,, ..., x,, — x, are linearly independent. Then,

lxy = x5 ... x,, — Xl #0.
Set
X2~ %o
Z, = Xo + . 15
S R N A (15
Clearly,
1 = X0, 25 = Xg> X3 = Xg» -+ X, — X = 1. (16)
Then
If (1) = £ (x0) . £ (22) = £ (x0)» )

F )= £ (o) f (1) = £ (xo)] = 1.

This implies that f(x,)# f(x;), which is a contradiction.
Therefore, f is a bijective mapping.
Let xy,...,%, ¥15--.» ¥, € X and (k € N\ {1}) satisfying

1
"xl_yl’xZ_yZ""’xn_yn":E' (18)
By Lemma 8, we can find w; € X with

[y —wi x5 = yas s x, =y = 1,

19)
P
Set
= wy +k(y - wy), v =w +k(x, —w;). (20)
Clearly, we have

”xl VL Xy T Ve Xy _J’n"

= ”(k_ 1)(x1 _wl)’xZ_yZ""’xn_yn"

=k-1

(21)

lwy = Vi3 = 00 x = ] = K

It follows from the hypothesis of f preserving any integer k;
then,

"f(xl)_f(wl)’f(xz_yz)"-'>f(xn)_f(yn)||= L,
“f(xl)_f(vl)>f(x2)_f(y2)>""f(xn)_f(yn)":k_ 1,
”f(wl)_f(vl)’f(xz)_f(y2)>""f(xn) _f(yn)" = k.

(22)
Clearly, we have

If (wi) = f () f(2) = £ (52)sevs £ (x0) = £ ()l
= "f(xl)_f(vl)’f(xZ)_f(yZ)""’f(xn)_f(yn)"

+ "f(xl) = f(w), flx=9)500s f(x,) _f(J’n)||~
(23)

We conclude that
f('xZ)_f(yZ)""’f(xn)_f(yn)
¢ span {f (x;) = f (v1), f (x1) = f (w1)}

Otherwise, if for some f(x;) — f(y;), we have y;, A; € R with
¢; #0 or A; #0 such that

)= f ) = (f (1) = f () +4 (f (x1) = f (wy).

(24)

(25)
Suppose that A, # 0. Then,
k=1=|f(x)=f(v)s.... f(x)
~F)seeon f(30) = F ) 06

= |/\i| "(xl)_f(vl)""’f(xl)
~fw)seoos f(x) = £l
Assume that

If )= fF()ses f0) = f (w1)s-os f (3) = f ()]
#0.

(27)
Set
si=1(x))
()1 () "
X(|f () = f () seees f(30) = f(wi)5ees
fE)=FOID G=2).
Then, for j#1,
"f(xl)_f(vl)""’sj_f(xj)""’f(xl) (29)

—f (), f () = f )] = 1.



Since f is bijective and preserves n-SDOPP on both direc-
tions. Then, there exists ¢ jeX with f(t D= which satisfies
that

—y|=1. G0

”xl TVRE T XX T W5 X,

However, by (20), x, —v; = (1 -k)(x,
x, —w, are linear dependent. Then,

—w, ), and thus x; —v,,

||x1—V1>t- Xisee s Xy =Wy, X, — Yyl = (31)

P
This contradiction implies that

"f(xl)_f(vl)""’f(xl)_f(w1)>"~’

=0.

f )= F Ol

(32)

This also contradicts with (26). Since Y is n-strictly convex,
then there exists & > 0 such that

f) = f ) =a(f (x) - f(w)). (33)

Then,
1 o
fx)= mf("l)‘F 1+‘xf(w1)- (34)
Since
”f (x)=f ) f )= f ()5 f(x0)—f ()’n)“:k
”f(xl) —f(w), f(x3=92)5 0 f () _f()’n)“ =1
(35)
then « = k — 1. Thus,
1 k-1
fx)= %f (v) + Tf (w1), (36)
Similarly,
fn)= (”1) + f(w). (37)
Hence,

I (o) = £ () f Gea) = £ (52)soenf (i) = F )] = 1

(38)
O

Lemma 10. Let X and Y be real n-normed spaces such that
dim X > n. If a mapping f : X — Y preserves the distance
1/k for each k € N, then f preserves the distance zero.

Proof. Choose x1,...,X, ¥1>---» ¥, € X such that |x; —
Viseer X, — Yl = 0; that is, x; — y,...,x, — y, are
linearly dependent. Assume that {x,,,,; = ¥,s15- - > X, — V,} isa
maximum linearly independent group of {x, - y;,..., x,,— ¥,}
(m < n). As dimX > n, we can find a finite sequence
of vectors w;,w,,...,w,, € X such that x; - w,,...,
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Xy = Wy Xppi1 — Ymals - - > X — ¥, are linearly independent.

Hence, it holds that

1 = @153 Xy = > X1 = Vi1 -+ > X — Vul| £0. (39)
We will prove that

1

If Ger) = fF )5 f(e2) = f (02)seeen ) = f )l < ©

(40)

for every k € N. Let m = 1. We can find a vector w; € X such

that x; —w;, X, — ¥,, ..., x,, — ¥, are linearly independent. Set
V=X + B (41)
! ! 2k||x1—wl,xz—yz,...,xn—yn”’
for arbitrarily fixed k € N. Then,
1
”'xl VX T Ve Xy _yn" = 2%
"”1 TXpXy T Yo Xy T }’n"
_"xl_yl’xz_yZ""’xn_yn" (42)
< "(’/1 =x1)+ (X1 = 7). x, _}’2’--->xn_)’n"
<= x5 =y x, = 2
+ "xl “ Yo Xy T Ve Xy _J’n" .
Since [lx; = ¥1, X5 = Va5 .. > X, — ¥l = 0, we get
1
"”1 VX T Vo Xy _J’n“ T ok (43)

Since f preserves the distance 1/(2k), we see that
If Ger) = £ ) £ (Gea) = £ (32) 5o £ () = £ ()]
<[ f )= F ) ) = f(n)seeos £ () = £ ()
+F D= 1) f ()= £ (32) 5o f ()= £ ()]

1, 1
2k Tk
(44)
For m > 2, we set
v = x4 (% —w)
X (27k||x) = @y Xy = Wy Xy (45)
-1
_ym+1""’xn_yn“) >

,m}. Then, we have

vi=y; = (x—w)+ (% - y), (47)

foreachi € {2,3,...,m}. Since X; - ¥;, X1 = Vins1> - -
are linearly dependent, we get

foranyi € {2,3,...
xi_vi =wl~—xi,

5> X = Vn

[ s % = Yoo s Xt = Yimsto -2 %0 = Yl = 0, (48)
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and hence,

"---,x,‘—wi)--- _ym+1""’xn_yn"

’xm+1
—ll...,xl‘_yi,... —)’m+1)'--’xn_yn"
<o (= @) + (= 3

“Vmt> Xy T yn"

> X1

s xm+1

< ”...,xi —Wp e s X1 = Vs« - > X —yn”
T P A |
(49)
which together with (48) implies that
"""vi_yi""’xrrﬁl _ym+1""’xn_yn||
(50)

= xi - w,. .. = Vs %0 = V>

> Xma1

for all i € {2,3,...,m}. By a similar argument, we further

obtain that
””1 Vo Xl T Ym0 Xy _)’n”
(51)
= ”1/1 T XXl T Ym0 Xy _yn" .
In view of (45), (50), and (51), we conclude that
“VI Yool B X1 T Va1 oo Xy _yn"
= ||x1 =V Xy — Wy oo s Xy — Wiy Xy
52
_ym+1""’xn_yn|| ( )
_ 1
o omk’

where y; denotes either v; — y; or x; — v, fori € {2,3,...,m}.
Since f preserves the distance 1 /(2"k) for any k € N, it
follows from (52) that

If Ger) = F () f () = f (32) f (3)
~F ) f ) = F )l
<[ CGer) = f(m),
f)=f ) f
I () = f ()
f i) = f D)5

(xmfl) - f (mel) >

f )= fF Ol

5
+1f () = f (),
() = F ) oo £ (%t) = f (Wit
)= F )
f Ger) = f D) 5o £ () = £ ()]
+|f (1) = f (),
F) = F )i f Onct) = f Gt)»
f () = f ()
f Gner) = f G5 os £ (x) = £ ()]
+1f () = f (),
F) = F ) seeis f Omct) = f Gnt)»
)= F )
F Ger) = f Gt s n £ () = F )
+f ) =)
FO)=F3) s f Omat) = f Q) »
FOm) = F )
F Goper) = f D)oo os £ (x) = £ ()
_ Lo 1
27k k
(53)

where k is an arbitrary positive integer. Hence, we conclude
that

"f(xl)_f(yl)’f(xz)_f(yZ)""’f(xn)_f(yn)” =0,
(54

which implies that f preserves the distance zero. O

Remark 11. In ([9], Lemma 2.2 to be published), we give the
same method under the condition of f preserving 2-colinear.

Theorem 12. Let X and Y be real n-normed spaces such that
dim X > nandY is n-strictly convex. If a surjective mapping
f:X — Y has the n-SDOPP and preserves the distance k for
any k € N, then f is an affine n-isometry.

Proof. Assume that [|x; — ¥, x5 — ¥5,...,%
Xisee s Xy Viseoos Yy € X,
Take positive integers k, m such that

= Yol > 0 for

m-—1 m
<%= yixs = Yoo X, =y < o (55)
Set
! Y1—x
i =Xt > 56
B e el Y



fori=0,1,...,m-2,and

pm =) (57)

Clearly, fori=1,...,m -2,

1
1pi = Picis X2 = Yas oo s X = Y| = o

0 < [P = Prn-2r X2 = Va2 % = Y
I G m]:2 e —yl,xzyi;;-l--,xn—ynll’
Xy = Ypreer Xy — P
m-—2 1

= 1—
( ’xn_yn">

ko “xl_}’pxz_)’zw”

.||x1_yl,xz_yz,...,xn—yn“
-2
:||X1—)/1,x2—y2,...,xn—yn| _mT
m m-—2
< ——— =

(58)
According to Lemma 8, there exists p,,_; € X such that
1
||pm71 T Pm2 X2 Varee s Xy yn” = E’
(59)

1
"pm—l VX = Ve Xy _yﬂ" = E
It follows from Lemma 9 that we have
1
1 ()= f (i) f (e2)=f (32)sos £ ()= f Gl = 0
(60)

fori=0,1,2,...,m.
On the other hand,

ILf o) = FOn) s f (x2) = £ (02) s £ (3) = £ ()|
< S () £ () = £ ) )

m
_f (yn)“ = z
(61)
Hence

"f(xl)_f()ﬁ))f(xz)_f()’2)’---»f(xn)_f()’n)”

< ||x1 _)’1>x2_)’2’--~’xn_)’n“-

(62)
Suppose that

"f(xl)_f()ﬁ))f(xz)_f()’z))---»f(xn)_f()’n)”

< ||x1 _)’1>x2_)’2>---’xn_)/n“-

(63)
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For any xy, y;, X5, ¥35.--> X, ¥, € X, with

1 = 125 = 200 = yul] #0, (64)
find a positive integer k satisfying |lxx; — ¥, %, — ¥, ..., X, —
vl < k.

Setz; =x; +ko(yy —x)/1I%; — ¥1, %5 = Voo oo 5 %, = Vall.

Clearly, ||z, —x1, X3 = V35 .. > X, = Yl = kg, and ||z, — v, x5 —
Vas-oosXp = Yull = ko = 1% = 31, % = 500, %, = Pl

It follows that || f(z;) — f(x1), f(55) = f(2), ..., f(x,) -
FOl = kyand

ko= |f(z0) = £ (x1)5 f () = £ (2) -0 f (30 = f ()]
<|f (=)= F O f () = f(a)sn f(30) = £ (]
+1f Ce)=f )5 £ Gea)=F () s f ()= f (]

<kg- “xl —}’1’x2—)’2"‘->xn_}’n"

+ "xl _yl’xZ_yZ"">xn_yn|| = ko.

(65)
Then (63) is not valid. Hence,

If Ger) = £ () £ Gea) = £ (32) 5o £ () = f ()]

= ”xl _)’1>x2_)’2’-~’xn_)’n”'

(66)
O

Corollary13. Let X andY be two real linear n-normed spaces.
Suppose that mapping f : X — Y preserves any positive
integer k-distance and Lipschitz condition. Then, f is an n-
isometry.
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We construct a sequence {¢;(-—j) | j € Z, i = 1,...,r} which constitutes a p-frame for the weighted shift-invariant space VI(CD) =
>, Z].Ez c(NG:C =) Ha(D}ez € 1‘,’5, i=1,...,r}, p € [1,00], and generates a closed shift-invariant subspace ofLi(R). The

first construction is obtained by choosing functions ¢;, i
The second construction, with compactly supported ¢, i

1. Introduction and Preliminaries

The shift-invariant spaces Vf (D), p € [1,00], quoted in the
abstract, are used in the wavelet analysis, approximation the-
ory, sampling theory, and so forth. They have been extensively
studied by many authors [1-18]. The aim of this paper is to
construct Vi (D), p € [1,00], spaces with specially chosen
functions ¢;, i = 1,...,r, which generate its p-frame. These
results extend and correct the construction obtained in [19].
For the first construction, we take functions ¢;,i = 1,...,7,s0
that the Fourier transforms are compactly supported smooth
functions. Also, we derive conditions for the collection {¢;(- —
f)1jez, i=1,...,r}toform a Riesz basis for V:((I)). We
note that the properties of the constructed frame guarantee
the feasibility of a stable and continuous reconstruction
algorithm in Vf (D) [20]. We generalize these results for a

shift-invariant subspace of Li(le). The second construction
is obtained by choosing compactly supported functions ¢,
i =1,...,r. In this way, we obtain the Riesz basis.

This paper is organized as follows. In Section 2 we quote
some basic properties of certain subspaces of the weighted L?
and €7 spaces. In Section 3 we derive conditions for functions

=1,...
=1,..

, 7, with compactly supported Fourier transforms ¢, i = 1,...,7.
., 1, gives the Riesz basis.

of the form §,(-) = O(- + k1), k; € Z,i = 1,2,...,r,1 € N,
to form a Riesz basis for V’f (®). We also show that using
functions of the form (Zi(-) = 0(-+im),i = 1,...,r, where
0 is compactly supported smooth function whose length of
support is less than or equal to 277, we cannot construct a
p-frame for the shift-invariant space V; (®). In Section 4 we
constructasequence {¢;,(-—j) | j € Z, i =0,...,r},wherer €
2N or r € 3N, which constitutes a p-frame for the weighted
shift-invariant space V[f (®). Our construction shows that the
sampling and reconstruction problem in the shift-invariant
spaces is robust in the sense of [1]. In Section 5 we construct
p-Riesz basis by using compactly supported functions ¢;,, i =
1,...,r.

2. Basic Spaces

Let a function w be nonnegative, continuous, symmetric, and
submultiplicative; that is, w(x + y) < w(x)w(y), x, y € R let
a function y be w-moderate; that is, u(x + ¥) < Cw(x)u(y),
x, y € R?. Functions y and w are called weights. We consider
the weighted function spaces L‘Z and the weighted sequence



spaces L’ﬁ (Z%) with w-moderate weights y (see [19]). Let p €
[1, 00). Then (with obvious modification for p = co)

Lo= 1 Ul

P 1/p
= <JW (Zd |f(x+j)|w(x+j)> dx)

<400 ¢,

We = L e

1/p
) < +00

o)

=<Z sup |f (x+ j)[Pw(j)”

jezd xe[0,1]?

In what follows, we use the notation ® = (¢,,...,¢,)"
Define [|®]l5 = Y!_, ll¢ll;> where Z = L, #P or WE, p €
[1,c0]. With % ¢ = ¢ we denote the Fourier transform of the
function ¢; that is, {5(5) = .[[Rd qb(x)e_""x'f dx, £ € R%.

Letc = {cliy € €F and f,g € Lf, p € [1,00]. We
define, as in [1], the semiconvolution f+'c as (f*'c)(x) =
Zjezd cif(x—j)xce R% and (frg) = -[[R"’ f(x)g(x) dx.

The concept of a p-frame is introduced in [1].

It is said that a collection {¢,(- — j) | j € Z%, i=1,...,7}
is a p-frame for V/f (D) if there exists a positive constant C
(dependent upon @, p, and w) such that

-1
171,
< cufuL;,

Recall [21] that the shift-invariant spaces are defined by

[, a7 axf @

i€z || pp
jeztlles

fevi(@).

V:((D):= {f€Li|f(')=Zr:ZC; ¢ (- =)

i=ljezd

(3)

{C;'}jezd € t’ﬁ, i= 1,...,1’}.
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Remark 1 (see [22]). Let @ € Wal, and let 4 be w-moderate.
Then V[f (D) is a subspace (not necessarily closed) of Lfl and

p i i p P
Wy for any p € [1, 00]. Clearly (2) implies that €M and v, (D)
are isomorphic Banach spaces.

Let ® = (¢y,...,¢,)". Let

ERIGE l Y & (€ + 2km) §; (& + 2km) ,

kezd

(4)
where we assume that (};(E)(/A)j(ﬁ) is integrable for any 1 < i,
j<r.Let A= [a(j)]jezd be an r x 0o matrix and AAT =

(X jez¢ @;(7)ar ()] 1< Then rank A = rank AAT.
We recall results from [1, 19] which are needed in the
sequel.

Lemma 2 (see [1]). The following statements are equivalent.
(1) rank[D(¢ + 2jn)]jezd is a constant function on R

(2) rank[®, D] (&) is a constant function on R,

(3) There exists a positive constant C independent of & such
that

C3,0]®) < [3,3] @) [0,0]®)"
Eel-m, ﬂ]d.

e (5)
<C[®, @] ®),

The next theorem [19] derives necessary and sufficient
conditions for an indexed family {¢,(- — j) | j € Z% i =
1,...,r} to constitute a p-frame for Vj (®), which is equiva-
lent with the closedness of this space in L. Thus, it is shown

that under appropriate conditions on the frame vectors, there
is an equivalence between the concept of p-frames, Banach
frames, and the closedness of the space they generate.

Theorem 3 (see [19]). Let ® = (¢y,...,¢,)" € (W), p, €
[1,00], and let u be w-moderate. The following statements are
equivalent.

(i) V}f‘)(q)) is closed in Lff.

(i) (- —j) | je 2% i=1,...
VEo(®).

(iii) There exists a positive constant C such that

, 1} is a py-frame for

' [3,0]© <[0.0]©)[3.0]©)"

<C[®,0]©®, &el-mn”

(iv) There exist positive constants C; and C, (depending on
O and w) such that

r

Cilflep = f=Zm£; 16 e o )
<Gl flps  f eV (@),
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(v) There exists ¥ = (v, ..., 1//,)T € (Wul))r, such that

F=3 S (G- -))

i=1 jez?

Y AShC=Nw(=)), fevl(@).

i=1 jezd

r

(8)

Corollary 4 (see [19]). Let ® = ($,,...,¢,)" € (W)Y, p, €
[1, c0], and let y be w-moderate.

Q) If{g(-—j) | j € 2% i=1,...,r}is a p,-frame for
V,f°((D), then the collection {¢,(- — j) | j € 7%, i =
1,...,r}is a p-frame for V[f(d))for any p € [1,00].

(i) IfV}f0 (D) is closed in L‘Z" and W;O’ then Vlf(CD) is closed
in 1P p
in Ly, and W/ for any p € [1, 00].

(iii) If (7) holds for p,, then it holds for any p € [1, c0].

3. Construction of Frames Using
a Band-Limited Function

Considering the length of the support of a function 6, we have
different cases for the rank of matrix [D(¢ + 2 jm)] jez-

First, we consider the next claim.

Let 6 € C;°(R) be a nonnegative function such that
0(x) > 0, x € (—m,m), and supp 0 C -7, ]. Moreover, let

b (6) =0 (& +km),

and @ = (¢, Pyaps-- > Piny) i€ Z, 7 €N,

Then the rank of matrix [®( + 2 jm)] jez is not a constant
function on R and it depends on & € R.

As a matter of fact, by the Paley-Wiener theorem, ¢; €

SR) ¢ W;([R{), i € Z Foranyi € Z, matrix [¢;, $;](§) =
Z]«Ez |6 +im + 2j7'r)|2, & € R, has the rank 0 or 1, depending
on &. Moreover, we have [¢,;, ¢,;] () = OAand [b21> $,;,1(0) > 0.
Because of that, the rank of the matrix [®(§ + 2j7)] jez is not
a constant function on R and it depends on & € R.

keZ, 9)

Theorem 5. Let 6 € C°(R) be a non-negative function such
that0(x) > 0, x € (-m—¢,m+e), andsupp 0 = [-m—¢, T +¢],
where 0 < & < 1/4. Moreover, let

;&) =0E+km), kezZ i=12,...,r, (10)

and ®© = (¢, ¢, ..., ¢,) .
1 gllk2 — k| =2and|k; - ij > 2 for different i, j < r,
en

rank [5 &+ 2j7'r)] =T,

jez EeR. (1)

(2) If Ik, —ky| = 2 and, at least for k; and k; , it holds that
|k; — k| =1, where 1 < iy, i, <, then rank[®D(£ +
2jm)] jez is not a constant function on R.

Proof. By the Paley-Wiener theorem, ¢; € S(R) ¢ W;(R),

i=1,...,r. All possible cases are described in the following
lemmas.

Lemma 6. Let ® = ((/)kl,(/)kz)T, ky—k, =2 k,k, € Z The

rank of matrix [D(E+ Zjﬂ)]jez is a constant function on R and
equals 2.

Proof. We have the next two cases.
(I IfE e (—m-e—kym+28m,—nm+e—km+2¢m), L € Z,
for matrix [D(£ + 2j7r)]jEZ we obtain 2 X 0o matrix

1 1
SETLEE
for some a’,b' > 0,i = 1,2. It is obvious that rank[®(£ +
2jmjez = 2,8 € (-m—e—kymw + 20m, - + & — kym + 28m),
tel.

(2°) For & € [-m+¢e—kym+26m,m — e -k, + 2€m),
¢ € Z, there are only two nonzero values a' and a* which are
in different columns of matrix [O(£ + 2 jm)] jez- Since

— ) _-'-00a10-~-
[CD(£+217T)]]'EZ_[... 042 00 THN ’ (13)
X000
ithastherank 2 forallé € [-m+e—k,m+28m, m—e—k,m+2¢€m],

te”.

We conclude that the rank of matrix [®(£ +2 Jm)]jez> @ =
(¢, » ¢k2)T, ky, —k, =2,k k, € Z, is a constant function on
R and equals 2. O

Lemma?7. Therank of matrix [6(£+2jﬂ)]jez is not a constant
function on R if © = (¢k1,¢k2)T, ky—ky =1k, k, € Z

Proof. We have four different cases for matrix [D(E+2 Jm]jez-
Suppose, without losing generality, that k, € 2Z.
(1) Ifé € (~-m—e+28m,—m + &+ 26m), £ € Z, then

(14)

and rank[D(£ + Zjn)]jez =2,forallé € (-m—e+20m, -1+
e+20m), L e”Z.

(2°)For& € [-m+e+2€m, —e+2€7m), £ € Z, nonzero values
a' and a? are in the same column of matrix [D(¢ + 2j7T)]jez-
For any choice of a 2 x 2 matrix, we get that the determinant
equals 0. So we obtain

v 0ad 0 -
k =1, 15
ran [ 0 a® 0 ] (15)

forallé € [-m + e+ 26m,—e +26m], € € Z.
(3°) If & € (—e + 26m, e + 2¢m), € € Z, then

e 1 e
E2m] =0 g mg ]



for some a', a®,b* > 0, has therank 2, for all & € (—e+26m, e+
20m), ¢ € Z.

(4°) For& € [e+26m, m—e+28r], £ € Z,there are two non-
zero values a' and b? in different columns of matrix [O(& +
2jm)]jez and the block with these elements determines the
rank 2 for all§ € [-e+ 2¢m,m — e+ 26n), £ € Z.

Considering possible cases, we conclude that rank[®( +
2jm)] jezr @ = (g, ¢x,)"> ky — Ky = 1, ky, k, € Z, depends on
¢ € R and equals 1 or 2. This rank is a nonconstant function
on R. O

Proof of Theorem 5. (1) Using Lemmas 6 and 7, it is obvious
that if |k, — k;| = 2 and |k; - kjl > 2 for different i, j < r,
then the position of the first non-zero element in each row of
matrix [D(£ + 2 jm)] jez is unique for each row. So the rank of

matrix [D(E +2 )] jez is a constant function on R and equals
rforall& € R.

(2) I |ky — k| = 2 and, at least for k; and k; , it holds that
lk; —k; | =1,1<1i,,i, <r,then, in the row with the index i,
(suppose, without losing generality, that i, € 2Z + 1), we will
have a new column with a non-zero element for £ € (-m—¢+
20m, -1+ &+ 26m), £ € Z,butfor & € [e + 28m,m — & + 207],
¢ € Z, the positions of all non-zero elements in that row will
appear in the previous columns. It is obvious that the rank of
the matrix [O(¢ + 2jm)] ;e depends on & € R and is not the
same for all £ € R. O

As a consequence of Theorems 3 and 5(1), we have the
following result.

Theorem 8. Let the functions 0 and © satisfy all the conditions
of Theorem 5(1). Then space V[ (®) is closed in L, for any p €
[1, 00], and the family {¢;(-—j) | j € Z, 1 <i <r}isa p-Riesz
basis for V,f(CD)for any p € [1,00].

The following theorem is a generalisation of Theorem 5
and can be proved in the same way, so we omit the proof.

Theorem 9. Let 6 € C°(R) be a positive function such that
0(x) > 0, x € (a,b), b > a, and supported by [a,b] where
b —a > 2m. Moreover, let

6, &) =0E+km), keZ i=1,2,...,r reN,

17)

and ®© = (¢, ¢y ..., ) .
(D) Iflky — k| = 2 and |k; - kjl > 2 for different i, j < r,
then
rank [d) &+ 2j7't)]jEZ =r,
(2) If Ik, = ky| = 2 and, at least for k; and k; , it holds that
|k; — ki | =1, where 1 < iy, i) <, then rank[®D(£ +
2jm)] jez is not a constant function on R.

¢EeR. (18)

4. Construction of Frames Using
Several Band-Limited Functions

Firstly, we consider two smooth functions with proper com-
pact supports.
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Lemma10. Let 6 € C;°(R), v € C°(R) be positive functions
such that

0(x)>0, xe€(-¢2m+e),
v(x)>0, xe(g2m—¢),
supp 0 = [~¢,27 + €], (19)

1
suppy = [g,2m—¢], 0<e< T
Moreover, let $1(E) = 6(¢), ‘/A’z(f) =y(é),& e R and ® =
(b1 b,)". Then rank[®(E +2jm)] ey = 1, E € R.

Proof. Note that ¢; € S(R) ¢ W;(R), i=1,2.
We have the following two cases.
(1°) If &€ € (& + 26m, & + 2€m), € € Z, then matrix

(20)

has a constant rank equal to 1.
(2°) For & € (e + 28m,2m — € + 26m), € € Z, the rank of
matrix

e2m),, -0 g0 ] @

where ¢, d are non-zero values, is equal to 1. An equivalent
matrix is obtained for & = € + 2w and & = —¢ + 2¢m, so we
conclude that rank[®(€ + 2jm))jez = 1,for & € [e+2€m,2m
e+20r), e ”Z.

Considering these two cases, the rank of matrix [D( +
2jrr)]jez isa constant functionon R, rank[(1A>(£+2j7'r)]jGZ =1,
EeR. O

Using functions 0 and y from Lemma 10, in the next
lemma we construct the p-frame with four functions.

Lemma 11. Let the functions 0 and y satisfy all the conditions
of Lemma 10. Moreover, let

Prrz (6) = v (£ + 2km),
k=01,

b (§) = 0 (& +2kn),

and © = (¢0,¢1,¢2,¢3)T. Then rank[D(¢ + 2j7'r)]jGZ = 2,
EeR.

Proof. The proof is similar to the proof of Lemma 10.
(1°) If & € (—e + 28m, & + 26m), £ € Z, then matrix

-0 0 a b o -
~ . -0a2 bt oo -
[CD(E+2]7T)]],62= 000001 @
00 0 00 -

where a',b’ > 0,i = 1,2, has a constant rank equal to 2.
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(2°) For & € [e+28m,2m — & + 267, £ € Z, we have

.00 Lo .-
d

o @

rank [6 &+ Zjﬂ)] =2,

0
j€z | ... 0
0

o O O

0
20

QU o

(24)

where ', d' > 0,i=1,2. _
We conclude that the rank of matrix [®(& + 2jm)] jez isa
constant function on R equal to 2. O

Lemma 10 can be easily generalised for an even number
of functions ¢;, i = 0,...,2r — 1, with compactly supported

¢;»i = 0,...,2r — 1. The proof of the next theorem is similar
to the previous proofs.

Theorem 12. Let the functions 0 and y satisfy all the condi-
tions of Lemma 10. Moreover, let

G &) =0E+2km), Gy, (§) =y (E+2km),
k=0,....,r—1, reN,

and © = (¢y, ¢y ... ’¢2r—1)T'
The following statements hold.

(1°) rank[®D(& + 2jm)jez = rforall € R.
(2°) VI(®) is closed in LY, for any p € [1,00].

G){(-=j) 1 jeZ 0<i<2r—1}isa p-frame for
VI(®) for any p € [1,00].

25)

Now we consider three functions with compact supports.

Lemma 13. Let the function 0 satisfies all the conditions of
Lemma 10, and let T € C°(R) and w € C;°(R) be positive
functions such that

T(x)>0, xe(em—e)U(m+¢&2m—¢),

w(x)>0, xe(-3m—-¢-m+e),

suppT = [e,m— €] U [m+¢2m —¢], (26)

1
suppw =[-3m—¢,-m+e], 0<e< 1
Moreover, let ¢, (£) = 0(E), ¢, () = 1(5), $;(8) = w(@), E € R,
and ® = (¢1,¢2,¢3)T. Then rank[D(& + 2j7'r)]jGZ =2,¢eR.

Proof. We have four different forms for matrix [D(E+2 jm)] jez
and in all we show that the rank of matrix is equal to 2.
Now we will show all possible cases. Denote with a,i=
1,2,3,and V', i = 1,2, some positive values.
(1°) Consider

Lyl 0 0 ---
0 a> 0 |,
0 00 - (27)

Ee(—e+20me+20m).

O O O
Q

B 2jm], - [:::

o O

(2°) Consider

o oo

o S
o |, o
o oo

Q
w

} (28)

Eele+20m,m—e+26m].

B 2], - [:::

(3°) Consider

N .0 0 00 -
R R e

Ee(m—e+2bmm+e+20m).

'::]’ (30)

Eem+e+20m2m—e+20n].

(4°) Consider

o O O

<
o O O
o o
oS O O

s,

Dwo

O

Remark 14. In Lemma 13 the support of the function w must
have an empty intersection with the supports of 6 and 7. In
the opposite case, that is, supp & N supp T N supp w # @, the
rank of the matrix [®(£ +2 jm)] jez is anon-constant function
on R.

Lemma 13 can be easily generalised for functions ¢;, i =
0,...,3r — 1, with compactly supported ggi, i=0,..,3-
1. The proof of the next theorem is similar to the previous
proofs.

Theorem 15. Let the functions 0, T, and w satisfy all the
conditions of Lemma 13. Moreover, let

¢ (§) = 0 (& +2km),
brir (6) = 7 (€ + 2km), (31)
Berar () = @ (€ + 2k7),

k=0,...,r=1LreN, and ® = (¢y, Pp>...»b5_1) .
The following statements hold.

(1°) rank[D(¢ + 2jm)]jez = 2r for allé € R.
(2°) Vlf(CD) is closed in L‘Zfor any p € [1,00].

B){(-=j) |1 jeZ 0<i<3r—1}isa p-frame for
VE(®) for any p € [1,00].

5. Construction of Frames of Functions with
Finite Regularities and Compact Supports

We will recall the well-known construction of the B-spline
functions in order to justify the rank properties of the corre-
sponding matrices.



Let H(x), x € R, be the characteristic function of the
semiaxis x > 0; thatis, H(x) = 0if x < 0 and H(x) = 1 if
x > 0 (Heaviside’s function). We construct a sequence {¢,,},,cn
in the following way. Let ¢, (x) := (H(x) - H(x—a))/a,a > 0,

¢y = ¢y * py 3 = ¢y * Py ¢y, .. that s,
=P x k- x Py, neN, (32)
n—1 times
where * denotes the convolution of the functions.
We obtain
$2) = — (6H () - 2(x -~ @) H (v~ a)
+(x —2a)H (x - 2a)),
¢, (x) = 2'—1613 (x*H (x) = 3(x —a)’H (x — a) + 3(x - 2a)°
xH (x —2a) — (x — 3a)2H (x— 3a)) ,
¢y (x) = 3'—1614 (xX’H (x) - 4(x - a)’H (x - a)
+6(x —2a)’H (x - 2a) — 4(x - 3a)’
X H (x—3a)+ (x— 4a)3H (x - 4a)) .
(33)

Continuing in this manner, for all n € N, we have

1
$n (%) = a*(n-1)!

x ( <’;> X"H (x) - (;’) (x —a)"!

x H(x —a)+ (;) (x —2a)""!

x H (x —2a) - (Z) (x —3a)""H (x - 3a)

n
n—1

+ok (1) < )(x - (n-1a)""

xH(x—-m-1)a)+(-1)" (Z)

x (x —na)" "H (x - na) > )
(34)

Calculating the Fourier transform of functions ¢,,, n € N, we
get

¢ (§) = _;iv-p-G)(emf_ 1),

_.2 .
0= (7)) o9

a2

(—i)’
a

¢; (§) = : v.p.<é>(61a5_1)3.
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Continuing in this manner, we obtain @n(f) = (=i)"/a"v-p-
(1 /E”)(e"“E - 1)",n € N, where v - p- denotes the principal
value.

Let ® = (¢}, ¢y,...,¢,)", r € N. matrix [D(E + 2jm)] ;c;
has for all £ € R the same rank as matrix

R(&)

C O grPsn CanPan %Py %P CunPun o
2 2 2 2 202 2 2 2 2

Bl s Pan 4By %nPon KunPin
3 53 3 03 303 3 p3 3 3

0y Bl 00 Plan %Py %Pon KanPin

4 4 4 4 4 4 4 4 4 4
' “—471/3—471 ‘x—Znﬁ—Zn “oﬁo (XZmBZTr “471[3471

L “:471[;1471 “1271[;1271 agﬁg agnﬁ;n aflnﬁin Tl
(36)

where o)’ =v-p-(1/(§-k))" and B = (€ _ 1) Since
rank R(&) = r, & € R, we have the next result.

Theorem 16. Let ® = (gbk,cpkﬂ,...,¢k+(,,1))T,fork €Zre
N. Then VI (®) is closed in LY, for any p € [1, co] and {¢.,(- -
)1 jeZ, 0<s<r—1}isa p-Riesz basis for V[f((b)for any
pe[l,00]

Remark 17. Let k be a positive integer. We refer to [23] for the
LP-approximation order k. Shift-invariant spaces generated
by a finite number of compactly supported functions in
LP(R), 1 < p < oo, were studied in [23] by Jia, who gave
a characterization of the approximation order providing such
shift-invariant spaces. Theorem 3 in [23] shows that the shift-
invariant space generated with the family of splines, which we
constructed in Section 5, provides L -approximation order k.

Remark 18. (1) We refer to [3, 20] for the y-dense set X =
{x; | j € J} Let ¢(x) = FO( - kn)(x), x € R.
Following the notation of [20], we put Ve, = </>xj, where

{x; | j € J}is y-dense set determined by f € Vi(p) =

V2(F1(0)). Theorems 3.1, 3.2, and 4.1in [20] give conditions
and explicit form of C,, > 0 and ¢, > 0 such that inequality

Sl < (s Iy Y1) < £l holds. This

inequality guarantees the feasibility of a stable and continuous
reconstruction algorithm in the signal spaces V}f (@) [20].

(2) Since the spectrum of the Gram matrix (D, D](£),
where ® is defined in Theorem 16, is bounded and bounded
away from zero (see [7]), it follows that the family {®(- - j) |
j € Z} forms a p-Riesz basis for VMP((D).

(3) Frames of the above sections may be useful in
applications since they satisfy assumptions of Theorems 3.1
and 3.2 in [4]. They show that error analysis for sampling
and reconstruction can be tolerated or that the sampling and
reconstruction problem in shift-invariant space is robust with
respect to appropriate set of functions ¢ , ..., ¢ .
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We demonstrate a fundamental lemma for the convergence of sequences in metric-like spaces, and by using it we prove some
Suzuki-type fixed point results in the setup of metric-like spaces. As an immediate consequence of our results we obtain certain
recent results in partial metric spaces as corollaries. Finally, three examples are presented to verify the effectiveness and applicability

of our main results.

1. Introduction

There are a lot of generalizations of Banach fixed-point prin-
ciple in the literature. So far several authors have studied
the problem of existence and uniqueness of a fixed point for
mappings satisfying different contractive conditions (e.g., [1-
20]). In 2008, Suzuki introduced an interesting generalization
of Banach fixed-point principle. This interesting fixed-point
result is as follows.

Theorem 1 (see [19]). Let (X, d) be a complete metric space,
and let T be a mapping on X. Define a nonincreasing function
0 from [0, 1] into [1/2, 1] by

-1
1, Osrs\/g
2
oy ={lor V5ol 1 &)
r? 2 \2
! ! <r<l
L+r A2~

Assume that there exists r € [0, 1], such that
O(r)d(x,Tx) <d(x,y) = d(Tx,Ty) <rd(x,y), (2)

for all x, y € X, then there exists a unique fixed-point z of T'.

. n_
Moreover, lim,, , ., T"x = z for all x € X.

Suzuki proved also the following version of Edelstein’s
fixed point theorem.

Theorem 2. Let (X, d) be a compact metric space. LetT : X —
X be a self-map, satisfying for all x, y € X, x # y the condition

%d (x,Tx)<d(x,y) = d(Tx,Ty) <d(x,y). (3)

Then T has a unique fixed point in X.

This theorem was generalized in [3].

In addition to the above results, Kikkawa and Suzuki [8]
provided a Kannan type version of the theorems mentioned
before. In [14], Chatterjea type version is provided. Popescu
[15] presented a Ciri¢ type version. Recently, Kikkawa and
Suzuki also provided multivalued versions which can be
found in [9, 10].

Very recently Hussain et al. [4] have extended Suzuki’s
Theorems 1and 2, as well as Popescu’s results from [15] to the
case of metric type spaces and cone metric type spaces (see
also [5-7,11]).

The aim of this paper is to generalize the above-men-
tioned results. Indeed we prove a fixed point theorem in the
set up of metric-like spaces and derive certain new results as
corollaries. Finally, three examples are presented to verify the
effectiveness and applicability of our main results.



In the rest of this section, we recall some definitions
and facts which will be used throughout the paper. First, we
present some known definitions and propositions in partial
metric and metric-like spaces.

A partial metric on a nonempty set X is a mapping p :
X x X — R" such that forall x, y, z € X,

(py) x = yifand only if p(x, x) = p(x, y) = p(y, ¥),
(p,) p(x, x) < p(x, y),

(p3) p(x, y) = p(y, x),

(py) p(x, y) < p(x,2) + p(z, ) — p(z,2).

A partial metric space is a pair (X, p) such that X is a
nonempty set and p is a partial metric on X. It is clear that
if p(x, y) = 0, then from (p,) and (p,) x = y. Butif x = y,
p(x, y) may not be 0. A basic example of a partial metric
space is the pair (R", p), where p(x, y) = max{x, y} for all
x,y € R,

Lemma 3 (see [17]). Let (X,d) and (X, p) be a metric space
and partial metric space, respectively. Then

(i) the function p : X x X — R defined by p(x,y) =
d(x, y) + p(x, y) is a partial metric;

(ii) let p : X x X — R" be defined by p(x, y) = d(x, y) +
max{w(x), w(y)}; then p is a partial metric on X, where
w: X — R isan arbitrary function;

(iii) Let p : R x R — R be defined by p(x, y) = max{2”,
2”}; then p is a partial metric on R;

(iv) Letp : XxX — R" bedefined by p(x, y) = d(x, y)+a;
then p is a partial metric on X, where a > 0.

Other examples of the partial metric spaces which are
interesting from a computational point of view may be found
in [7,11, 12, 18].

Each partial metric p on X generates a T, topology 7, on
X which has as a base the family of open p-balls {B,,(x,¢) :
x € X, € > 0}, where Bp(x,s) ={y e X:plx,y) < p(x,x) +
elforall x € Xande > 0.

Let (X, p) be a partial metric.

A sequence {x,} in a partial metric space (X, p) converges
to a point x € X if and only if p(x, x) = lim,,_, . p(x, x,,).

A sequence {x,} in a partial metric space (X, p) is
called a Cauchy sequence if there exists (and is finite)
liInn,m—» oop(xn’ xm)'

A partial metric space (X, p) is said to be complete if every
Cauchy sequence {x,,} in X converges, with respect to 7, to a
point x € X such that p(x, x) = lim,,,,, _, ., p(x,, X,,,).

Suppose that {x,} is a sequence in partial metric space
(X, p); then we define L(x,) = {x | x,, — x}.

The following example shows that every convergent
sequence {x,} in a partial metric space (X, p) may not be a
Cauchy sequence. In particular, it shows that the limit is not
unique.
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Example 4 (see [17]). Let X =
max{x, y}. Let

[0,00) and p(x,y) =

0, n=2k,
= 4
n {1, n=2k+1. @

Then clearly it is a convergent sequence, and for every x > 1
we have lim,, _, . p(x,,x) = p(x,x), hence L(x,) = [1,00).
But lim,,, ., p(x,, x,,) does not exist; that is, it is not a
Cauchy sequence.

Definition 5 (see [2]). A metric-like on a nonempty set X isa
mapping 0 : X x X — R* such that forall x, y,z € X,

(0l) o(x,y) =0= x =y,

(02) o(x, y) = a(y, x),
(03) a(x, y) < 0o(x,2) + 0(z, ).

The pair (X,0) is called a metric-like space. Then a
metric-like on X satisfies all of the conditions of a metric
except that o(x, x) may be positive for x € X. Each metric-
like 0 on X generates a topology 7, on X whose base is the
family of open o-ball, {B,(x,¢) : x € X, & > 0}, where
B,(x,e) = {y € X :|o(x,y) —o(x,x)| < g} forallx € X
and e > 0.

A sequence {x,} in a metric-like space (X, o) converges to
apoint x € X ifand only if lim,,_, o (x, x,,) = o(x, x).

A sequence {x,} in a metric-like space (X,o) is
called a o-Cauchy sequence if there exists (and is finite)
lim,, ., _, 000 (X5 X,,)-

A metric-like space (X, 0) is said to be complete if every
o-Cauchy sequence {x,} in X converges, with respect to 7,
to a point x € X such that

Jim o (x,,, x) = 0 (x, %) = im0 (% Xn) . (5)

Every partial metric space is a metric-like space. Below
we give some examples of a metric-like space.

Example 6. Let X = [0, 1]; then mapping o, : X x X — R"
defined by o, (x, y) = x + y — xy is a metric-like on X.

Example 7. Let X = R; then mappingso; : XxX — R" (i €
{2,3,4}) defined by

o, (x,y) = Ixl +|y| + a,
o3 (%, ) = |lx bl +|y -], (6)
o,(x,y)=x*+y°
are metric-like space on X, wherea > 0 and b € R.

2. Main Results

We start our work by proving the following crucial lemma.

Lemma 8. Let (X, 0) be a metric-like space, and suppose that
{x,} is o-convergent to x. Then for every y € X, one has

o(x,y)—0(xx) < lim info (%, )
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< lim supo (x,,, y)
n— 00

<o(x,y)+0(xx).

7)

In particular, if 0(x, x) = 0, then one has lim, _, o(x,, y) =
o(x, y).

Proof. Using the triangle inequality in a metric-like space, it
is easy to see that

0 (%, y) <0 (%, %) +0(x,y),
(8)

o(xy)<o(xx,)+0(x,y).

Taking the upper limit as n — 0o in the first inequality
and the lower limit as # — 00 in the second inequality, we
obtain the desired result. O

Theorem 9. Let (X, o) be a complete metric-like space. Let T :
X — X be a self-map, and let 0 =: [0,1) — (1/2,1] be
defined by

1, OSrS\/g_l,
2
9(7‘): < u’ \/g_l _T’SL, (9)
r2 2 \2
1 <r<l
, — <r .
l+r 2

If there exists r € [0, 1) such that for each x, y € X
O(r)o(x,Tx) <o (x,y) = o (Tx,Ty) <ro(x,y). (10)

Then T has a unique fixed point z € X, and for each x € X,
the sequence {T"x} converges to z.

Proof. Putting y = Tx in (10), hence from

0(r)o(x,Tx) <o (x,Tx), (11)
it follows

o (Tx, sz) <ro(x,Tx), (12)
for every x € X. Let x, € X be arbitrary and form the

sequence {x,} by x; = Tx, and x,,,; = Tx, forn € N U {0}.
By (12), we have

o (xn’ xn+1) =0 (Txn—1> szn—l)
<ro (xn—l’Txn—l)

=ro (xn—l’ xn) (13)

< 1o (xg,x;)-

Also, by the condition 03 of the definition of metric-like
space, for all m > n, we have

o (xn’xm) =0 (xn’xnﬂ)
+o (xn+1’xn+2)
+o 0 (X1 X,)

< 7" (x90 ;) + 7" 0 (%00 1)

(14)
-1
o+ o (xg, %)
n m
r—r
= o (x> x
o (o)
rﬂ
<7 o (x,x;) — 0 asn— oo.
-r
Hence, {x,} is a 0-Cauchy sequence.
Since X is o-complete, there exists z € X such that
Jim o (x,,2) = 0(2,2) = L (%,%,) =0.  (15)
Thatis, lim,, _, x,,, =lim,_, Tx, = z. We prove that Tz =

z. Putting x = T" 'z in (12), we get that
o (T”z, T”“z) <ro (T”’lz, T”z) (16)

holds for each n € N (where Tz = z). It follows by induction
that

o (T"z, T"“z) <o (z,Tz). (17)
Let us prove now that
0(z,Tx) <ro(z,x) (18)

holds for each x+#z. Since o(x,,Tx,) — 0 and by
Lemma 8 d(x,,x) — 0o(z,x)#0, it follows that there exists
ny € N such that

0 (r)o(x,,Tx,) <o (x,,x) (19)

holds for every n > n;. Assumption (10) implies that for such
no(Tx,, Tx) < ro(x,, x), thusasn — o0, we get that

0(z,Tx) <ro(z,x). (20)
We will prove that
0(T"z,z) <0 (Tz,z), (21)

for each n € N. For n = 1, this relation is obvious. Suppose
that it holds for some m € N.If T"z = z, then T™"'z =
Tz and 0(T™z,2) = 0(Tz,2) < 0(Tz,z). If T™z # z, then
applying (18) and the induction hypothesis; we get that

o (T""'z,2) < ro (T"z,2) o
<ro(Tz,z)<o(Tzz),

and (21) is proved by induction.



In order to prove that Tz = z, we consider two possible
cases.

Case .0 < r < 1/4/2 (and hence 0(r) < (1 - r)/r*). We will
prove first that

0(T"z,Tz) < ro (Tz,z) (23)

for n > 2. For n = 2, it follows from (16). Suppose that (23)
holds for some n > 2. Then

0(Tz,z) <0 (2,T"z) +0(T"z,Tz)
(24)
<0(z,T"z) +ro(z,Tz),

which implies (1 - r)o(z,Tz) < o(z,T"z). Using (17) we
obtain

! —an (T”z, T"”z)

0(r)o (T"z, T”“z) <

< lr—nr 10 (2,Tz) (25)
=(1-1ro(zT2) <0 (z,T"z).
Assumption (10) and relation (21) imply that
o (Tz,T"™'z) < ro (2, T"z)
(26)

<ro(z,Tz).

So relation (23) is proved by induction.
Now Tz # z and (23) implies that T"z # z for each n € N.
Hence, (18) imply that

0(z,T"'z) <ro(z,T"z)
<r’o(z,T"'z) (27)

<r'"o(z,Tz).

Hence lim, , 0(z,T"'z) = 0 = o(z,2), thus T"z — z
and; using Lemma 8 in (23), we have 0(z,Tz) < ro(T'z, z) as
n — oo which implies that 0(z, Tz) = 0, a contradiction.

CaseIl.1/V2 <r < 1(andso8(r) = 1/(1+7)). We will prove
that there exists a subsequence {xnk} of {x,} such that

0(r)o (xnk,Txnk) =0(r)o (xnk,xnkH) <o (xnk,z) (28)

holds for each k € N. From (12) we know that o(x,,, x,,,;) <
ro(x,_;,x,) holds for each n € N. Suppose that

1
1+-° (Xp-1> %) > 0 (%,1,2) 5
(29)

1
ma ('xn’ xn+1) >0 ('xn’ Z)
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hold for some n € N. Then

o (xn—1>xn) <0 (xn—1>Z) +0o (Z> xn)

1

< ma (xn—l’xn) +o ('xn’ Z)
1 1

< EO' (xn_l,xn) + ma (xn’ xn+1) (30)
1 r

< I_-H’O (xn_pxn) + 1_+T’G (xn—l’xn)

=0 (xn—l’xn) >

which is impossible. Hence one of the following holds for each
n:

0(r)o (x,_1,x,) <0 (x,_1,2), (31)
or
0(r) o (x Xp41) < 0 (x,2). (32)
In particular,
0(r) o (X3_1>X2) < 0 (X9_152) (33)
or
0 (r) o (X3 Xaps1) < 0 (%5, 2) - (34)

In other words, there is a subsequence {xnk} of {x,} such that
(28) holds for each k € N. But then assumption (10) implies
that

o (Txnk, Tz) <ro (xnk, z) , (35)
or
o (Txnkfl, Tz) <ro (xnkfl,z) . (36)

Passing to the limit when k — o0, we get that 0(z,Tz) < 0,
which is possible only if Tz = z.

Thus, we have proved that z is a fixed point of T. The
uniqueness of the fixed point follows easily from (10). Indeed,
if y and z are two fixed points of T such that y # z, then from
(18) we have

o(y.2)=0(y.Tz) -
<ro(y.2),

which is a contradiction. O

According to Theorem 9, we get the following result.

Corollary 10 (see [19]). Let (X, d) be a complete metric space,
and let T be a mapping on X. Define a nonincreasing function
0 from [0, 1] into [1/2,1] by

5-1
1, Osrs\/_ ,
2
o= {l-r V5-1_ _ 1 (38)
r? 2 \2
! 1 <r<l1
L1+7 2~
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Assume that there exists r € [0, 1], such that
O(r)d(x,Tx) <d(x,y) = d(Tx,Ty) <rd(x,y), (39)

for all x, y € X; then there exists a unique fixed-point z of T.
Moreover, lim,, _, . ,T"x = z forall x € X.

Proof. Using a similar argument given in Theorem 9 for
o(x, y) = d(x, y), the desired result is obtained. O]

Now, in order to support the useability of our results, let
us introduce the following example.

Example 11. Let X = [0, 00). Defineo: X x X — R" by
o(x,y)=x+y (40)

for all x, y € X. Then (X, 0) is a complete metric-like space.
DefineamapT: X — Xby

T(x)=In (1 + %x) (41)

for x € X. Then for each x, y € X, we have

ﬁa(x,Tx)z %(x+ln<l+%x)>
<i(x+ix>:x (42)
V241 V2
<x+y=0(xy).

On the other hand, we have

o (Tx,Ty) = 1n<1 ¥ %") +ln<1 " %y>

<—x+—y (43)

= %a(x,y).

Thus T satisfies all the hypotheses of Theorem 9, and hence T
has a unique fixed point. Indeed, r = 1//2, 8(r) = 1/(1 + ),
and 0 is the unique fixed point of T'.

Theorem 12. Let (X, o) be a complete metric-like space. Let S,
T : X — X be two self-mappings. Suppose that there exists
r € [0, 1) such that

max {0 (S(x),TS(x)),0 (T (x),ST (x))}

44)
<rmin{o (x,S(x)),0(x,T (x))}
for every x € X and that
a(y) = inf{o(x, y) + min{o (x,S (x)),0 (x, T (x))} :
x€X}>0
(45)

for every y € X with y that is not a common fixed point of S
and T. Then there exists z € X such that z = S(z) = T(z).
Moreover, if v = S(v) = T'(v), then a(v,v) = 0.

Proof. Let x, € X be arbitrary, and define a sequence {x,,} by
x, =S(x,,), ifnisodd
=T (xnfl) >

Then if n € N is odd, we have

(46)
if n is even.

7 (X Xp41)
=0 (S(x,1), T (x,))
0 (S (%51)> TS (%1))
max {0 (8 (x,-1), TS (x,1))
0 (T (%-1)» ST (%,-1))}
rmin {0 (x,1,8 (%,1)) > 0 (%1 T (%,-1))}
1o (%158 (%,1))

ro (xn—l’ xn) .

IN

(47)

IN

IN

If nis even, then by (44), we have
0 (X Xp41)
=0 (T (x,-1),S(x,))
=0 (T (%,_,),ST (x,,))
< max {o (T (x,_,),ST (x,_,)),
o (S (%,-1), TS (x,1))}
<rmin o (x, 1, T (x,-1)) >0 (%, (x,-1))}

<ro(x, ,T(x,,))

(48)

=10 (X1, %)
Thus for any positive integer #, it must be the case that
0 (%> X,11) S 70 (%1, %,).- (49)
Repeating (49), we obtain
0 (X Xp1) <70 (%0, x7) (50)
So, if m > n, then
T (% %) < 0 (X, X01)

+o (xn+1’xn+2) t-to (xm—l’xm)

(51)

IN

[r" + +--~+rm_1] o (xg, %)

n

IN

o (x9, %) -
o (xm)
Thus lim,,,,, , ,,0(x,,, x,,) = 0.
That is, {x,} is a o-Cauchy sequence in the metric-like
space (X, 0). Since (X, 0) is o-complete, there exist z € X
such that

0(z,2) = lim 0 (x,,2) = im0 (% %,) = 0. (52)



Assume that z is not a common fixed point of S and T.
Then by hypothesis

0 < inf {o (x,z) + min{o (x,S(x)),0 (x, T (x))} : x € X}
<inf{o(x,,2) + min{o (x,,S(x,)),0 (x,, T (x,))} :

n € N}

0 (xg,x1) +0(x,,%,,1) 11 € N}
,

n
< inf{lr 0 (xg, ;) +1"0 (x0,x;) 11 € N} =0
-r

(53)
which is a contradiction. Therefore, z = S(z) = T'(z).
If v = S(v) = T'(v) for some v € X, then
o, v)=max{oc (SW»), TS()),o (T (v),ST (v))}
<rmin{oc (v,S¥)),oc (v, T (v))}
(54)
=rmin{o (v,v),0 (v,v)}
=ro(v,v)
which gives that o(v,v) = 0. O

Example 13. Let (X,0) be a metric-like space where X =
{1/n}2, U {0} and o(x, y) = x + y. Define S : X — X by
S(0) = 0,5(1/2n) = 1/(4n + 3), and S(1/(2n - 1)) = 0 and
T0)=0,T(1/2n—-1)) = 1/(4n + 4), and T(1/2n) = 0. Then
for x = 1/2n, we have

max {o (S (x), TS (x)),0 (T (x),ST (x))}
-maxfo (s(5;)7(s(3,))):
o(r(3)s(r G}

Lot } 1
n+3 8n+12° )  4n+3  8n+12
<rmin{o (x,S(x)),0(x,T (x))}

. {1 1 1 } 1
=rmin{— + ,— +0t =r—.
2n 4n+3 2n 2n

= max{

(55)

It is easy to see that the above inequality is true for x = 1/(2n—
1) and for 3/4 < r < 1. Also,

a(y) = inf {o (x, y) + min{o (x,S(x)),0 (x, T (x))} :

xeX}>0
(56)

for every y € X with y is not a common fixed point of S and
T. This shows that all conditions of Theorem 12 are satisfied
and 0 is a common fixed point for S and T
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Corollary 14. Let (X, o) be a complete metric-like space, and
let T : X — X be a mapping. Suppose that there exists r €
[0, 1) such that

o (T (x),T? (x)) < ro (x, T (x)) (57)
for every x € X and that
a(y)=inf{o(x,y)+0o(x,T(x):x€X}>0  (58)

for every y € X with y+T(y). Then there exists z € X such
that z = T(z). Moreover, if v = T(v), then o(v,v) = 0.

Proof. Taking S = T in Theorem 12, the conclusion of the cor-
ollary follows. O

Theorem 15. Let (X,0) be a complete metric-like space. Let
S, T be mappings from X onto itself. Suppose that there exists
r > 1 such that

min {o (TS (x),S (x)),0 (ST (x), T (x))}

59)
> rmax {0 (Sx, x),0 (Tx, x)}
for every x € X and that
a(y) = inf{o (x, y) + min{o (x,S (x)),0 (x, T (x))} :
x€X}>0
(60)

for every y € X with y that is not a common fixed point of S
and T. Then there exists z € X such that z = S(z) = T(2).
Moreover, if v = S(v) = T'(v), then a(v,v) = 0.

Proof. Let x, € X be arbitrary. Since S is onto, there is an
element x, satisfying x, € S (x,). Since T is also onto, there
is an element x, satisfying x, € T"'(x,). Proceeding in the
same way, we can find that x,,,, € S '(x,,) and x,,,, €
T (xy,4,) for n = 1,2,3,... . Therefore, x,, = Sx,,,, and
Xope1 = TXppy, forn=0,1,2,.... If n = 2m, then using (59)

0 (%15 %)
=0 (Xp_1> X2m)
= 0 (T > SXns1)
0 (TSXym1> SXami1)
> min {o (TS (%241) S (X2ms1)) »
0 (ST (x2ms1) T (X3me1))}

2 1 max {O' (Sx2m+1’ x2m+1) O (Tx2m+1> x2m+1)}

(61)

> 10 (SX 41> Xoma1)
=10 (Xom> Xgme1)

=ro (xn’ xn+1) .
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If n = 2m + 1, then using (59)
0 (%15 %,)
= 0 (X3 Xome1)
= 0 (Sxpms1> TXom2)

= 0 (STXpm2 TXpm2)

> min {0 (TS (X342) > S (X242)) »

(62)
0 (ST (xams2) > T (X3m42))}
> rmax {0 (Sx542> Xams2) > T (TXams2> Xomra)}
2 10 (TXpm120 Xoms2)
=170 (X341 Xome2)
=10 (X Xpy1) -
Thus for any positive integer #, it must be the case that
7 (X1 %) 2 70 (% X001 (63)

which implies that

< (1) o () (60

Leta = 1/r;then 0 < a < 1 sincer > 1.
Now, (64) becomes

1
G(Xn’ xn+1) S ;a(xnfl’xn) S

0 (X X)) < &0 (x5 ). (65)
So, if m > n, then

o (xn’ xm) =0 (xn’ xn+1)
+0 (xn+1>xn+2) tto (xm—l’xm)
(66)

A

< [(x" +a™ ocm_l] o (x> %)

(xﬂ

<
1l-«

o (xg,x;) -

Thus lim,, ,,, , ,,0(x,, x,,) = 0. That is, {x,} is a 0-Cauchy
sequence in the metric-like space (X, o). Since (X, 0) is o-
complete, there exists z € X such that

0(z,2) = lim 0 (x,,2) = lim o (x,,x,)=0.  (67)

Assume that z is not a common fixed point of S and T'. Then
by hypothesis
0 < inf{o (x,z) + min{o (x,S(x)),0 (x, T (x))} : x € X}
<inf {o (x,,2) + min{o (x,,S(x,)),0 (x,, T (x,))} :
n € N}

< inf { 1“ 0 (xg,x1) +0(x,_1,%,) :ne€ N}

n
< inf{la 0 (x00 %)) + &0 (x50, 2,) i € N} =0
-
(68)

which is a contradiction. Therefore, z = S(z) = T'(2).

7
If v = S(v) = T(v) for some v € X, then
o(,v)=min{o (TS (v),S(¥)),o (ST (v), T (v))}
>rmax{oc (S(»),v),o (T (v),v)}
(69)
=rmax{o (v,v),o (v,v)}
=ro (v,v)
which gives that o(v,v) = 0. O

Corollary 16. Let (X, 0) be a complete metric-like space, and
letT: X — X bean onto mapping. Suppose that there exists
r € [0, 1) such that

o (T* (x),T (x)) 2 ro (T (x), x) (70)
for every x € X and that
a(y) =inf{o(x,y)+0 (T (x),x):x€ X} >0  (71)

for every y € X with y+T(y). Then there exists z € X such
that z = T(z). Moreover, if v = T(v), then a(v,v) = 0.

Proof. TakingS = T in Theorem 15, we have the desired result.
O

Definition 17. Let (X, o) and (Y, ) be metric-like spaces. Then
f + X — Y is said to be a continuous mapping, if

lim, _, . x, = x implies that lim,, _, ., f(x,) = f(x).

Corollary 18. Let (X, 0) be a complete metric-like space, and
let T be a mapping of X into itself. If there is a real number r
with r > 1 satisfying

o (T* (x),T (x)) 2 ro (T (x),x) (72)

for every x € X and T is onto and continuous, then T has a

fixed point.
Proof. Assume that there exists y € X with y # T(y) and
inf{o(x,y)+0(T(x),x):x€X}=0. (73)
Then there exists a sequence {x,} such that
Tim {0 (5, 0) +0 (T(5)x)l =0, (7a)

So,we have o(x,, y) — 0ando(T(x,),x,) — Oasn — oo.
Since, o(y, ) < o(y,x,) + 0(x,, ¥), hence o(y,y) — 0 as
n — 00. Now,

o (T (x,),y) <0 (T(x,),x,) +0(x,,y) — 0

as n — 0.

(75)

Since T is continuous, we have

T(y)=T (nangoxn) = lim T (x,) = ». (76)
This is a contradiction. Hence if y # T(y), then

inf {0 (x, y) + 0 (T (x),x) : x € X} >0, (77)

which is condition (71) of Corollary 16. By Corollary 16, there
exists z € X such that z = T(2). ]



Now we give an example to support our result.

Example 19. Let X = [0,00) and o(x, y) = x + y. Define T":
X — X by T(x) = 2x.

Obviously T is onto and continuous. Also for each x, y €
X, we have

o (sz, Tx) =4x+2x=6x21r3x =ro (Tx,x), (78)

where r = 2. Thus T satisfies the conditions given in
Corollary 18, and 0 is the fixed point of T

Corollary 20. Let (X, 0) be a complete metric-like space, and
T be a mapping of X into itself. I there is a real number r with
r > 1 satisfying

(T (x),T(y)) 2 rmin{o (x,T (x)),0 (T (y),y) ,O(X,(y)i
79

for every x, y € X and T is onto and continuous, then T has a
fixed point.

Proof. Replacing y by T(x) in (79), we obtain
o (T (x),T? (x))
> rmin{o (x, T (x)),0 (T* (x),T (x)),0 (x,T (x))}
(80)

forall x € X.

Without loss of generality, we may assume that T'(x) #
T?(x). Otherwise T has a fixed point. Since r > 1, it follows
from (80) that

o (T (x),T (x)) 2 ro (T (x), x) (81)

for every x € X. By the argument similar to that used in
Corollary 18, we can prove that if y # T(y), then

inf {o (x,y)+0(T(x),x):x € X} >0, (82)

which is condition (71) of Corollary 16. So, Corollary 16
applies to obtain a fixed point of T O

According to Theorem 12, we get the following result.

Corollary 21 (see [17, Theorem 1]). Let (X, p) be a complete
partial metric space. Let S, T : X — X be two self-mappings.
Suppose that there exists r € [0, 1) such that

max {p (S (x), TS (x)), p (T (x), ST (x))}
< rmin{p (x,S(x)), p (x, T (x))}
for every x € X and that
a(y) = inf{p(x, y) + min{p (x,S(x)), p (x, T (x))} :

x€X}>0
(84)

for every y € X with y that is not a common fixed point of S
and T. Then there exists z € X such that z = S(z) = T(z).
Moreover, if v = S(v) = T'(v), then p(v,v) = 0.
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Proof. Using a similar argument given in the Theorem 12 for
o(x, y) = p(x, ), the desired result is obtained, where p is a
partial metric on X. O

Also, according to Theorem 15, we get Theorem 2 from
(17].
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We present maximal and area integral characterizations of Bergman spaces in the unit ball of C". The characterizations are in terms
of maximal functions and area integral functions on Bergman balls involving the radial derivative, the complex gradient, and the
invariant gradient. As an application, we obtain new maximal and area integral characterizations of Besov spaces. Moreover, we

give an atomic decomposition of real-variable type with respect to Carleson tubes for Bergman spaces.

1. Introduction and Main Results

Let C denote the set of complex numbers. Throughout the
paper we fix a positive integer 1, and let

C'"=Cx---xC 1)

denote the Euclidean space of complex dimension #n. Addi-
tion, scalar multiplication, and conjugation are defined on C"
component wise. For z = (z,...,z,) and w = (w;,...,w,)
in C", we write

(z,w) =z, + -+ + z,W,, (2)

where wy is the complex conjugate of wy. We also write

2l = \|zi |+ + |z 3)
The open unit ball in C" is the set
B,={zeC":|z| <1}. (4)

The boundary of B,, will be denoted by S, and is called the
unit sphere in C", that is,

S,={z€eC":|z| = 1}. (5)

Also, we denote by B,, the closed unit ball, that is,
B,={zeC":|z|<1}=B,US,. (6)

The automorphism group of B”, denoted by Aut(B"), consists
of all biholomorphic mappings of B". Traditionally, bi-
holomorphic mappings are also called automorphisms.

For o € R, the weighted Lebesgue measure dv, on B, is
defined by

dvy (2) = ¢, (1~ [21°) "dv (2), )

where¢, = 1fora < -land¢, = '(n+ o+ 1)/[n!T(a + 1)]
if « > -1, which is a normalizing constant so that dv, is a
probability measure on B,. In the case of & = —(n + 1), we
denote the resulting measure by

dv

dr(2) = ———
T(Z (1 ~ |z|2)n 1 (8)

and call it the invariant measure on B", since d7 = d7 o ¢ for
any automorphism ¢ of B".



For a > -1 and p > 0, the (weighted) Bergman space o/2
consists of holomorphic functions f in B, with

1/p
171 = (JB lf(z)lpdva<z>) <co, 9

where the weighted Lebesgue measure dv, on B,, is defined
by

dvy (2) = ¢, (1~ |21°) "dv (2), (10)

andc¢, =T'(n+ o + 1)/[n!T'(« + 1)] is a normalizing constant
so that dv, is a probability measure on B,,. Thus,

d? =9 (B,)nLF (B, dv,), (1)

where #(B,,) is the space of all holomorphic functions in B,,.
When « = 0, we simply write o/? for o/f. These are the usual
Bergman spaces. Note that for 1 < p < co, &/” is a Banach
space under the norm || [|,4. If0 < p < 1, the space AFisa

quasi-Banach space with p-norm | f ||§’ o
Recall that D(z, y) denotes the Bergman metric ball at z

D(z,y) ={weB,: p(z,w) <y}, (12)

with y > 0, where f3 is the Bergman metric on B,,. It is known
that

1+ g, (w)|

, zZ,weB, (13)
1- |§Dz (w)|

n

Bz, w) = %log

whereafter ¢, is the bijective holomorphic mapping in B,,
which satisfies ¢,(0) = z, ¢,(z) = 0,and ¢, o ¢, = id.

As is well known, maximal functions play a crucial role in
the real-variable theory of Hardy spaces (cf. [1]). In this paper,
we first establish a maximal-function characterization for the
Bergman spaces. To this end, we define for each y > 0 and
f e (B,):

sup |f (w)|,

weD(z,y)

(M, f)(2) = Vz € B,

(14)

Then we have the following result.

Theorem 1. Supposey > 0 and a > —1. Let 0 < p < co. Then
forany f € #(B,), f € % ifandonlyif M, f € LF(B,,dv,).
Moreover,

110 = [0, 1], (15)

«_»

where “<” depends only on y, «, p, and n.

The norm appearing on the right-hand side of (15) can
be viewed as an analogue of the so-called nontangential
maximal function in Hardy spaces. The proof of Theorem 11is
fairly elementary (see Section 2), using some basic facts and
estimates on the Bergman balls.
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In order to state the area integral characterizations of the
Bergman spaces, we require some more notation. For any f €
Z(B,) and z = (zy,...,%,) € B,, we define

- Of (2)
B -
f (@ k;zk oz

(16)

and call it the radial derivative of f at z. The complex and
invariant gradients of f at z are, respectively, defined as

of (z) of (Z)>
aZl e aZn ’ (17)

Vf(2)=V(fe9.)0).

Now, for fixed 1 < g < co and y > 0, we define for each
fe¥B,andz € B,:

Vf(Z)=(

(1) the radial area integral function

5 1/q
Az?(mz):(jD T )%f(w)lqdr(w)) . (18)

(z,y

(2) the complex gradient area integral function

2 l/q
Ayv’q(f)(z>=(jD( - )Vf(w)lqdr(w)) . )
Y

Z,

(3) the invariant gradient area integral function

B 1/q
Ag(f)(z)qu )|Vf(w)|%zf<w)) o)

(z,y
We state the second main result of this paper as follows.

Theorem 2. Suppose 1 < q < co, y > 0, and « > —1. Let
0 < p < co. Then, forany f € ' (B,), the following conditions
are equivalent:

(a) f € P,

(b) AVA(f) is in LP(B,,, dv,),

(c) AYA(f) isin LP(B,, dv,),

(d) A’gq(f) isin LP(B,, dv,).

Moreover, the quantities

4w 185Dl 45, @
are all comparable to || f —f(0)||p’“, where the comparable
constants depend only on q, y, o, p, andn.

For 0 < p < coand —00 < & < 00, we fix a nonnegative
integer k with pk + « > -1 and define the generalized
Bergman space /¥ as introduced in [2] to be the space of all
f € #(B,) such that (1-|z)* % f € LP(B,,dv,). One then
easily observes that &/? is independent of the choice of k and
consistent with the traditional definition when o > —1. Let N
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be the smallest nonnegative integer such that pN + « > —1.
Put

1/p
Ul = lr @1+ ([ (11| p@ o)

fed?
(22)

Equipped with (22), &/% becomes a Banach space when p > 1
and a quasi-Banach space for 0 < p < 1.

It is known that the family of the generalized Bergman
spaces o/f covers most of the spaces of holomorphic func-
tions in the unit ball of C", such as the classical diagonal
Besov space B; and the Sobolev space W]f » which has been

extensively studied before in the literature under different
names (see e.g., [2] for an overview).

There are various characterizations for B; or W,f 5
involving complex-variable quantities in terms of radical
derivatives, complex and invariant gradients, and fractional
differential operators (for a review and details see [2] and
references therein). However, as an application of Theorems 1
and 2, we obtain new maximal and area integral characteriza-
tions of the Besov spaces as follows, which can be considered
as a unified characterization for such spaces involving real-
variable quantities.

Corollary 3. Suppose y > 0 and « € R. Let 0 < p < 00
and k a positive integer such that pk + o« > —1. Then for any
fex®,), fedifandonlyif MIO(f) € L(B,,dv,),
where

MP(f)@) = sup |(1—|w|2)k9‘2kf(w)|, zeB,

weD(z.y)
(23)
Moreover,
1S = fO), = [M,#" D, (24)
where “=” depends only ony, «, p, k, and n.

Corollary 4. Suppose 1 < g < 00, y > 0, and « € R. Let
0 < p < oo and k a nonnegative integer such that pk + o > —1.
Then for any f € #(B,), f € A° if and only zngZk“(f) is
in L¥(B,,, dv,), where

A" (f)(2)

= (JD(”) .(1 - |w|2)k+19§fk+1f (w)‘qdr (w))

Moreover,

1/ (25)

1f = O, = A% D], 0 (26)
where “=” depends only on q, y, «, p, k, andn.

To prove Corollaries 3 and 4, one merely notices that f €
of? ifand onlyif Z* f € LP(B,, vy, p) and applies Theorems
1and 2, respectively, to %" f with the help of Lemma 5 below.

The paper is organized as follows. In Section 2 we will
prove Theorems 1 and 2. An atomic decomposition of real-
variable type with respect to Carleson tubes for Bergman
spaces will be presented in Section 3 via duality method.
Finally, in Section 4, we will prove Theorem 2 through using
the real-variable atomic decomposition of Bergman spaces
established in the preceding section.

In what follows, C always denotes a constant depending
(possibly) on n, g, p, y, or « but not on f, which may be
different in different places. For two nonnegative (possibly
infinite) quantities X and Y, by X < Y we mean that there
exists a constant C > O suchthat X < CY andby X = Y
that X < Y and Y < X. Any notation and terminology
not otherwise explained are as used in [3] for spaces of
holomorphic functions in the unit ball of C".

2. Proofs of Theorems 1 and 2
For the sake of convenience, we collect some elementary facts
on the Bergman metric and holomorphic functions in the

unit ball of C" as follows.

Lemma 5 (cf. [3, Lemma 2.20]). For eachy > 0,
l—laf=1-|z)* = 1 -(a2)|, (27)

for all a and z in B, with (a,z) < y.

Lemma 6 (cf. [3, Lemma 2.24]). Supposey > 0, p > 0, and
a > —1. Then there exists a constant C > 0 such that for any
fex®,),

C
@ < — j lfw)fdv, (), VzeB,.
(1-12) D(zy)
(28)
Lemma 7 (cf. [3, Lemma 2.27]). For eachy > 0,
1-A(z,u)| = [1-(z,v)], (29)

for all z in B, and u, v in B, with B(u,v) < y.

2.1. Proof of Theorem 1. One needs the following result (cf. [4,
Lemma 5]).

Lemma 8. For fixed y > 0, there exist a positive integer N and
a sequence {a,} in B, such that

(1) Bn = Uk D(ak’ Y)) and

(2) each z € B,, belongs to at most N of the sets D(ay, 3y).



Proof of Theorem 1. Let p > 0. By Lemmas 8, 6, and 5, one has

|, p@lav, @
<5, it

-y J sup |f(w)|Pdv, (2)
k ?D(ay) weD(z,y)

1
< J Sup 7
P D(ay.y) weD(z,y) (1 — |w|2)n+ +o

x J |f @) vy () dv, (2)
D(w,y)

1
< %JD(%}’) < (1 _ |ak|2)n+1+oc

X J |f (u)|pdva (u) > dv, (z)
D(a;,3y)

N

p
Z 0

N

NJB If @] dv, ),
' (30)

where N is the constant in Lemma 8 depending only on y and
n.

2.2. Proof of Theorem 2. Recall that ZB(B,,) is defined as the
space of all f € #(B,,) so that

||f||% = sup Wf (z)| < 00. (31)

z€B,
9%B(B,,) with the norm || f|| = [ f(0)| + Il f|l s is a Banach space
and called the Bloch space. Then, the following interpolation

result holds.

Lemma 9 (cf. [3, Theorem 3.25]). Let 1 < p < oo. Suppose
a > -1and

1 1-6
- = (32)
p o r
for0<0<1land1<p' < oco. Then
ot (B,) = [f (B,).%(8,)], (33)

with equivalent norms.

Moreover, to prove Theorem 2 for the case 0 < p < 1,
one will use atom decomposition for Bergman spaces due to
Coifman and Rochberg [5] (see also [3, Theorem 2.30]) as
follows.
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Proposition 10. Suppose p > 0, « > -1, and b >
nmax{l,1/p} + (« + 1)/ p. Then there exists a sequence {a.}
in B,, such that o¥ consists exactly of functions of the form

00 (1 _ |ak|2)(Pb*”*1*“)/P

(z)=)c
f k;" (1-(za))

, zeB, (34)

n

where {c,} belongs to the sequence space €f and the series
converges in the norm topology of A. Moreover,

J |f(@)|fdv, (2) = inf {Zlc,ﬁ } , (35)
B, k

where the infimum runs over all the above decompositions.
Also, we need a characterization of Carleson type mea-

sures for Bergman spaces as follows, which can be found in
[2, Theorem 45].

Proposition 11. Supposen+1+a > 0 and y is a positive Borel
measure on B,,. Then, there exists a constant C > 0 such that

w(Q, () <crr™ ™ wes,, r>0,  (36)

if and only if for each s > 0, there exists a constant C > 0 such
that

du(w) <C, (37)

(Z w) |n+1+tx+s
>

forallz € B,.

We are now ready to prove Theorem 2. Note that for any
fex®,),

(1-12P) |2 f (2)| < (1 - [21*) |Vf (2)]

<|Vf@)|, vzeB,

(38)

(cf. [3, Lemma 2.14]). We have that (d) implies (c) and (c)
implies (b) in Theorem 2. Then, it remains to prove that (b)
implies (a) and (a) implies (d).

Proof of (b) = (a). Since
Lemma 6 we have

Rf(z) 1is holomorphic, by

C

Rf@|' s ————
| le (1_|Z|2)n1

|, lzr@iarw)
D(z,y)
(39)

<C, Lm |% f (w)| dr (w).
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Then,
(1-121°)|2f @)

1/q
_ 1z q
o[, st

2 q Y4
< cy“ (1 - W) fw) dT(w))
D(zy)

= CyAyg’g (f) (2).

Hence, for any p > 0, if AVI(f) € LP(B,,dv,) then (1 -
1z|*)|% f(2)| is in LP(B,, dv,), which implies that f € o/*
(cf. [3, Theorem 2.16]). O

The proof of (a) = (d) is divided into two steps. We first
prove the case 0 < p < 1 using the atomic decomposition and
then the remaining case via complex interpolation.

Proof of (a) = (d) for 0 < p < 1. To this end, we write

(1 _ |akl2)(pb—n—1—oc)/p

fi(z2) = (41)
" (1-(@a)’
An immediate computation yields that
(=)
ka b+1
(1-<(za))
(pb-n-1-a)/p (42
bz a)(1 - |a|”
R fi (2) = - ( i ) ey
(1-Az,a))
Then we have
= 2
|V fi(2)]
= (1 - |Z|2) ('ka (Z)|2 - | % fi (Z)|2)
wb-n-1-a/p |a|* = [(z @)
=" (1= 1) (1~ ) PR— T
|1 _ <Z, Clk>|2(b+1)
(43)
By Lemmas 5 and 7, one has
_ l/q
A2 @ = (] (7w )
D(z,y)
b1 fa )"
] 1/9
X J —bdr (w)
Dezy) |1 = (w, g )|*
Cyb(l B |ak|2)(Pb_”_1_0‘)/P
s b
1~ <z, a)]
(44)

where we have used a the fact v(D(z,y)) = (1 - |z,
Note that v, (Q,) =~ r*™1* (cf. [3, Corollary 5.24]); by
Proposition 11 we have

| a2 () @f av, @

1— 2\ (pb—n—1-a)
(1-la) PRI

< CbPJ =
B, |1 - <Z’ak>|

< Cpae

Hence, for 0 < p < 1, we have for f = Y2, g f, with
Yxlal? < oo,

[ Wetere

< Y lad” JB 1A% (£) @) v, (46)

(o]
< CP;"‘Z |Ck|P.
k=1
This concludes that

jBn |47 () @[ dv,
< C,, inf {im"} (47)
k=1

<Cpa | If @, @),
The proof is complete. O

Proof of (a) = (d) for p > 1. Set E = LU(B,, xp(,,)d7; C").
Consider the operator

T(f)(zw) =(Vf)(p, W), fe#x(B,). (48)

Note that ¢,(D(0,y)) = D(z,y) and the measure dt is

invariant under any automorphism of B,, (cf. [3, Proposition
1.13]); we have

"T (f) (Z)"E

~ q 1/q
- (JB '(Vf) (9. (w))' Xp(oy) (W) dT (w)>
" (49)

1/q
<J 'Vf | XD (z y) )dT(w)>
=AY (f) (2).



On the other hand,
AT (f) (@

e 1/2
< [e,(1- 1) " voten] "Il < Al
(50)

This follows that T is bounded from % into L, (B,,, E). Notice
that we have proved that T is bounded from .Qf; to LL([EBH, E).
Thus, by Lemma 9 and the well known fact that

1

L, (B, E) = (L B, E),L (B, E)), with6=1- >

(51)

we conclude that T is bounded from &% into L?(B,, E) for
any 1 < p < oo; that is,

|45 <CUf e Y el (D)

where C depends only on g, y, n, p, and «. The proof is
complete. O

Remark 12. From the proofs of that (b) = (a) and that (a) =
(d) for p > 1, we find that Theorem 2 still holds true for the
Bloch space. That is, for any f € #Z(B,), f € % if and only
if one (or equivalently, all) of Ag?( 1) A’gq( f),and A’%q( f)is

(or, are) in L*°(B,,). Moreover,
1z = 1A% (Dl o,

~ AT ()o@, (53)

= |45l

L°(B,)’

where “=” depends only on g, y, and n.

3. Atomic Decomposition for Bergman Spaces
We let

d(zw) =1-(zw)|"?, zweB,. (54)

It is known that d satisfies the triangle inequality and the
restriction of d to S, is a metric. As usual, d is called the
nonisotropic metric.

Forany{ € S, and r > 0, the set

Q () ={zeB,:d(z <r} (55)

is called a Carleson tube with respect to the nonisotropic
metric d. We usually write Q = Q,({) in short.

As usual, we define the atoms with respect to the Carleson
tube as follows: for 1 < g < 0o, a € L1(B,,dv,) is said to be
a (1, q),-atom if there is a Carleson tube Q such that

(1) a is supported in Q;
(2) ”a”Lq(Bn,dva) < V‘X(Q)(I/‘Z)*l;
(3) [y, a(2) dvy(2) = 0.
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The constant function (1) is also considered to be a (1, q),-
atom. Note that for any (1, g),,-atom a,

lall, o = JQ lal dv, < (@' Vlal, <1 (56)

Recall that P, is the orthogonal projection from
L*(B,,dv,) onto o>, which can be expressed as
n (2% (04 p

Pf@ = | K aw) f@dv, W),
5, (57)

Vfel (B,dv,),a> -1,
where

1

By

z,we B, (58)

P, extends to a bounded projection from Lf(B,,,dv,) onto
AP (1< p <o)
We have the following useful estimates.

Lemmal3. Fora > —land 1 < q < 00, there exists a constant
Coan > 0 such that

[Pe@],0 < Coam (59)

for any (1, q) -atom a.
To prove Lemma 13, we need first to show an inequality
for reproducing kernel K associated with d, which is

essentially borrowed from [6, Proposition 2.13].

Lemma 14. For « > —1, there exists a constant & > 0 such that
forallz,w € B, { €S, satisfying d(z,{) > dd(w, (), we have

d(w,{)

|K* (z,w) - K* (2,0)] < CW

(60)

Proof. Note that

K‘x (Z, w) - K[x (Z) C)

. X (61)
:J d_( n+1+a)dt'
0o dt\ (1-(z,{)-t{z,w-{))

We have

|K* (z,w) = K* (2, )

§ Jl (n+1+a)[{z,w-{) (62)
@)t mw -

Write z = z; + z, and w = w; + w,, where z, and w, are
parallel to {, while z, and w, are perpendicular to {. Then

<Z’ w) - (Z) C) = <22)w2> - (Zl’wl - C) (63)
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and so
[(z,w) = (2, 0)] < |za] |, + [wy = ¢
Since [w; - ¢l =1 - (w, ()1,
[eof” = 121 = |a, [
<1-|zf

<(1+|z]) (1 +|z])

<|1-(z, 0] =2[1-(z0)|,
and similarly
lw,|” < 2|1 - (w,¢)],
we have
|(z,w) ~ (2,0)|
<21 - (2. O = (w, )] + 1= (w, Q)|
=2d (w> C) [d (Z’ () +d (w’ C)]
N1,
This concludes that there is § > 1 such that

1
[{(z,w-1{)| < 3 1-(z,0)|], Vz,weB, (€S,

whenever d(z, () > 8d(w, {). Then, we have

[1-(2.0) —t(z,w-0)|
> 1= (20| - t[(z.¢ - w)|

> 2= (0.
Therefore,

|Ka (Z’ IU) - Ka (Z’ C)|

< 2 1+ a) (1+1/8)d (w, () d (2,0)
< |1 B (Z, (>|n+2+o¢

d(w,?)
d(Z, 02(n+1+a)+1 >

<C

- o,n

and the lemma is proved.

Proof of Lemma 13. When a is the constant function 1, the
result is clear. Thus we may suppose that a is a (1, q),-atom.

(64)  Letabe supported in a Carleson tuber Q,({) and ér < V2,
where § is the constant in Lemma 14. Since P, is a bounded
operator on L(B,,, dv,), we have

J |P, (a)| dv, (2)
Q&r
65 < ) p
(65) Va(QSr) ” o (a)“q,tx (71)
< [Pullisva(@sr) ™ Nl
< 1Pl a-
(66) Next, if d(z,{) > ér then
a(w)
———dv, (w
«[Bn (1 (zw)™ ol )’
1
Il aw [—
j ,.(C) (1 _ (Z, w>)n+1+zx
(67) 1 :| dv. (W)
| dv, (W
1- : n+l+a o
(1= (@2) -
d(w,
< CJ la (w) %d% (w)
Q) d(z,0)
< CrJ la (w)|dv, (W) ——————
Q) d(Z, c)z(n+1+oc)+1
(68)
Cr
S —————
d(z, c)z(n+1+<x)+1
Then
@ [ R@lde
d(z,0)>6r
< CTJ S dv, (z)
- d(20)>0r d(z, C)Z(n+1+a)+1 a
1
=Cr J‘ —————dv, (2
];) 2 Sr<d(z,0)<2kH or d(Z, 5)2(n+1+oc)+1 ( )
(73)
cory 2@
(70) k=0(2"07)
. (2k+16r)2(n+1+0£)
<Cr k 2(n+1+a)+1
k=0 (2 81‘)
D S C:



2(n+1+a)

where we have used the fact that v,(Q,) = r in the

third inequality (cf. [3, Corollary 5.24]). Thus, we get

J |P, (a)| dv, (2)
Bﬂ

- J IP, (a)] dv, () + J P, ()| dv, (z) 74
Qsr d(z,0)>6r

<C,
where C depends only on g, n, and a. O

Now we turn to the atomic decomposition of &/} (oc >
—1) with respect to the Carleson tubes. Recall that ||a||1 o <

for any (1, q),-atom a. Then, we define &/17 as the space of all
f € o} which admits a decomposition

= Z/\ipaai’ Z il < Coll fll e (75)

where for each i, g; is an (1, g),-atom and A; € C so that
Y 1A;] < co. We equip this space with the norm

Il =t { Sl = Sakal. o0

where the infimum is taken over all decompositions of f
described above.

It is easy to see that o/ is a Banach space. By Lemma 13,
we have the contractive inclusion & i’q ¢ . We will prove in
what follows that these two spaces coincide. That establishes
the “real-variable” atomic decomposition of the Bergman
space &/, In fact, we will show the remaining inclusion &/, c
o1 by duality.

Theorem 15. Let 1 < g < co and a > —1. For every f € o,
there exist a sequence {a;} of (1, q) ,-atoms and a sequence {A;}
of complex numbers such that

Z/\z a%i> Z |All < Cq"f”l,oc' (77)

Moreover,

£, = € 3 A 9

where the infimum is taken over all decompositions of f

described above and “~” depends only on «, n, and q.

Recall that the dual space of .Qf; is the Bloch space &
(we refer to [3] for details). The Banach dual of &7; can be
identified with & (with equivalent norms) under the integral
pairing

(f.a), = hmj F02)g@dv,(2), fed ge®.
" (79)

(cf. [3, Theorem 3.17].)
In order to prove Theorem 15, we need the following
result, which can be found in [4] (see also [3, Theorem 5.25]).
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Lemma 16. Suppose « > -1 and 1 < p < co. Then, for any
f e ,), f isin B if and only if there exists a constant
C > 0 depending only on o and p such that

1
(Q (( J'Qr(() |f f“Q,(()' dv, <C, (80)

forallr >0andall{ € S,, where

1
1120 = 5@ oo @@ @)
Moreover,
1/p
_ P > :
171 = 0.8 ces(V(Q ©) Jmo'f focl @
(82)

3

where “=” depends only on «, p, and n.

As noted above, we will prove Theorem 15 via duality. To
this end, we first prove the following duality theorem.

Proposition 17. For any 1 < q < co and o > —1, one has
(M) = B isometrically. More precisely,

(i) every g € 9B defines a continuous linear functional ¢,
on X by

0y (N = lim | F2 @@, Vf e, @)

(ii) conversely, each ¢ € (d;’q)* is given as (83) by some
geR.

Moreover, we have

lo] = 19 @] + gl Vg € B. (84)

Proof. Let p be the conjugate index of g, thatis, 1/p+1/q = 1.
We first show % ¢ (szillx’q)*. Let g € . For any (1, q),-atom
a, by Lemma 16 one has

jB Poa(z) g (2)dv, (z)
= [(Pu(a)).9) |

I agdv,
B

n

(85)

JB ‘1(9 - gQ)dVa

n

1/q 1/p
< (J |a|qu¢x> <J |g - 9Q|pdvoc>
Q Q

< L Pq v
= (va Q JQL”"gQ' ”“)

< Clgls-
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On the other hand, for the constant function (1), we have
P,1 =1andso

=1g(0)].
(86)

l JB P,1(z) %dv“ (2)

= lj g(z)dv, (z)
BVI

Thus, we deduce that

J, fav =Clflps lg @1 +lgll). 7

for any finite linear combination f of (1, q),-atoms. Hence, g
defines a continuous linear functional ¢, on a dense subspace

of /29, and ¢4 extends to a continuous linear functional on
o2 such that

[og (N)] < Clg )] + lgll2) 1.1

forall f € /1.
Next let ¢ be a bounded linear functional on &/19. Note
that

d;ﬂa (88)

(B, dv,) =% (B,) L (B, dv,) c A9 (89)

Then, ¢ is a bounded linear functional on #“(B,,dv,). By
duality there exists g € #?(B,, dv,) such that

()= | fadve Vf e Budu).  ©0)

Let Q = Q,({) be a Carleson tube. For any f € L1(B,,dv,)
supported in Q, it is easy to check that

(f_fQ)XQ

ar = 151 (91)
! [”f"Lan(Q)l/p]

isa (1, q)-atom. Then, |<p(P“af)| < [lell and so

o (P [(f = fo) xaD)| < lol | flava(@?. (92)

Hence, for any f € L1(B,, dv,), we have

|, o= gca.

= |J, - f) 7,

= JB (f_fQ) XQ9AVe,

S RACEIAPSES

n

o (P [(f = fo) xa))l

S "(P" "(f - fQ) XQ”Lq([Bn,dVa)Va(Q)I/P

< 2ol 1 s,y @
(93)

This concludes that

! ran ) <o (94)
- <
(V“(Q) JQ lg gQ| Va) = ||(P|| :

By Lemma 16, we have that g € 2 and |gl, < Clel.
Therefore, ¢ is given as (83) by g with [g(0)| + llgll, <
Cliel. O

Now we are ready to prove Theorem 15.

Proof of Theorem 15. By Lemma 13 we know that o/>7 ¢ o
On the other hand, by Proposition 17 we have (ﬂ;)* =
(d;’q)*. Hence, by duality we have ||f||1)q = [ fll ja. ]

Remark 18. (1) One would like to expect that when 0 <
p < 1, o* also admits an atomic decomposition in terms
of atoms with respect to Carleson tubes. However, the proof
of Theorem 15 via duality cannot be extended to the case
0 < p < 1. At the time of this writing, this problem is entirely
open.

(2) The real-variable atomic decomposition of Bergman
spaces should be known to specialists in the case p =
1. Indeed, based on their theory of harmonic analysis on
homogeneous spaces, Coifman and Weiss [7] claimed that the
Bergman space & ! admits an atomic decomposition in terms
of atoms with respect to (B,,, g, dv), where

0(z,w)

(z,wy|, ifz,weB,\{0},

1
|z] [w|

otherwise.
(95)

This also applies to o/}, because (B,,, o, dv,) is a homogeneous
space for « > —1 (see e.g. [6]). However, the approach of
Coifman and Weiss is again based on duality and therefore
not constructive and cannot be applied to the case 0 < p < 1.
Recently, the present authors [8] extend this result to the case
0 < p < 1 through using a constructive method.

4. Area Integral Inequalities:
Real-Variable Methods

In this section, we will prove the area integral inequality for
the Bergman space &/, via atomic decomposition established
in Section 3.
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Theorem 19. Suppose 1 < g < 00, y > 0, and « > —1. Then,

||A)$q(f)|'l,a

S| flie YfeZ(B,). (96)

This is the assertion (a) = (d) of Theorem 2 in the case
p = 1. The novelty of the proof here is to involve a real-
variable method.

The following lemma is elementary.

Lemma 20. Suppose 1 < q < 0o, y > Oand a > —1. If
f e dl, then

JB |A%(f)(2)|"dv,, = JB |f(2) - fO)'dv,,  (97)

where “=” depends only on q, y, «, and n.

Proof. Note that v, (D(z,y)) = (1 — |z[*)"""**. Then

J, g )@ fav,

SRR
B, JD(z,y)

= |, @@ (1-wr)”

n

TN )y (w) dv, (2)

TV f)| v (w)

J A1 (Pa)dv,
eV

) J(ZQ)“ (JD( ) |§P“a(w)|qdf(w))l/qd% (2)
2y

(ZQ)C <
< lall, j
foor(]

(ZQ)C

D(z, y)

supV K (w,u) — K*
D(zy ueQ

where 2Q)° = B, \ 2Q.
An immediate computation yields that

Vo [K* (w,u) = K* (w, ()]
) i B ¢
=n+1+a«) (1-(w, u))“*”“ a1 - (w, O)n+2+vc
n+2+o n+2+o
=(n+1+a) Bl {w. b)) 0 ) ’

(1 - (w, u))n+2+o¢( _ <w, ())"+2+0‘

V [K* (w,u) - K* (w, {)]a(w)dv,(u)
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- JB £ (w)|"dv,, (w)

II

JB (W)~ £O)dvy (w).
(98)
In the last step, we have used [3, Theorem 2.16(b)]. O

Proof of (96). By Theorem 15, it suffices to show that for 1 <
q < 00, y > 0,and « > —1, there exists C > 0 such that

[47"®ea],,, < C (99)

for all (1, q),,-atoms a. Given an (1, q),-atom a supported in
Q = Q,({), by Lemma 20, we have

j A1 (P,a)dv
w Vv

1/
< v, (2Q)" 9 (LQ [} (Paa)]qdva) '

< Cr(Q' 1"1(] IPaa(z)—Paa(mlqdva)l/q 1o
Bn

< Cr(Q "l
<C,

where 2Q = Q,,({). On the other hand,

1/q
dr(w)> dv, (z) (101)

- 1/q
(J <J Ww [K* (w,u) - K" (w, C)]|q/(q_1)dva(u)>q 1d‘r(w)) dv, (z)
D(z,y)

1/q
'qd‘r ) dv, (z),

Ry [K* (w,u) — K* (w, )]
- (w, u) 3 (w.{)
=n+1+«) [(1 ~(w, u))"+2+a (1- (w)Q)MZM
=mn+1l+a)

(w1 - (w, Oy~

(1 _ <w u>)n+2+(x

(w, (1 — (w, u))"”*“'

_ (w) c> )n+2+zx
(102)
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Moreover,

|9, [K*(w, u) - K*(w, )]}
=(n+1+a)

{wu W, OF" 411 = (w,u)]
11— (w, u>|2(n+2+zx)|1 < c>|2(n+2+¢x)

2(n+2+a)

(= (w, O = w)) P )

11— (w, )" 1 - (w, C)|2("+2m)

JhwwWWM—meM%Q}
1= {w, u>|2(n+2+4x)|1 _ <w’c>|2(n+2+o¢)
9 [ () = K (0]

=(n+1+a)

Fth_<Qmemem (w2
11— (w u)| n+2+0¢)|1 < 4v>|2(n+2+oc)

() w) (1= w0 - ()"
1 - {(w, u)|2(n+2+a)|1 _ <w)c>|2(n+2+a)

_WQMwﬂ4um“Wv«wwm?.

11— (w, u>|2(n+2+tx)|1 _ <w,()|2("+2m)
(103)

Then, we have

IV, [K® (w, 1) = K (w, Q)]|” = | %, [K* (w, u) = K* (w, O)]|*

3 n+1+a)?
11— (w, u>|2(n+2+oc)|1 _ <w,c>|2(n+2+oc)

X {(|u|2 - Nw, u>|2) |1 _ (w)c>|2(n+2+¢x)

+(1- w1
+ (w, u) (G w) — (> u))

_ <w, u) |2(n+2+0c)

x (1 _ <LU, ())n+2+oc(1 _ <u, w))n+2+¢x
+ ((w’ () <u3 w) - <M, C))
(1 - (w, u))n+2+¢x(1 e w))n+2+a} )
(104)
Note that for any f € Z(B,),
Fr@| = (1-1P) (v @ - |12f @f). zeB,
(105)

1
(cf. [3, Lemma 2.13]). It is concluded that
|V, [K* (w,u) - K* (w, {)]|

(e 1+ (1= w?)”

s |1 _ (w’ u>|n+2+tx|1 _ <w,(>|n+2+zx

% {(1 — [(w,w)?) 1 = (w, Y
+ (1 N |<w>c>l2) 1 - {w, u>|2(n+2+oc)

H((wu=0) Qw) + ([ O -1) +

x (1 - (w, )" (1

(1-(Gw)]
_ <u’ w>)n+2+o¢
+ [((w,(—u)(u,w) + (l(w,u)|2 - 1) +(1- (u,())]

x(1 - (w, u))n+2+oc(1 _ ((,w>)n+2+a}1/2

1/2

(n+1+a)(1- |w|2)1/2(M1 + M, + M, + M,)
<
1= )21 = ¢, O

(106)
where
M, = 1= (W, O = w) "
X |<w)u - C)<C>w> + (1 - (C)u>)| >
M, = |1 = (w,u)" |1 = ({,w)["**
X [(w, ¢ - u)(u,w) + (1 - (u,{))|,
(107)

M3 _ (1 _ |<w’u>|2) |1 _ <()w>|n+2+¢x
« '(1 B (w’ {>)n+2+o¢ _ (1 _ (w, u>)n+2+rx| ,
M= (1= [w OF) 11 - (w,w)"

x '(1 _ <w) u))n+2+zx 1 _ ( C>)n+2+tx|

forw € D(z,y), u € Q,({),andz € B,, { €S,,.
Hence,

V‘i
vV,
va(a)a

/a
SI <J’ supr [K* (w,u) - K* (w,{) |qd-r w)> dvy (z)
(2Q° \ID(z,y) ueQ

<(m+l+a J(ZQ)‘ (L+L+IL+1)dv, (2),
(108)
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where
a2 " 1/q
( = |w| ) M? dr(w)
q(n2+a) q(n+2+a) Tw ’
Dzy)ueQ|1—(w u)| 1= (w,0)
N2 ol 1/q
( — wl ) M, dr (w)
q(n+2+a) qn+2+a) '
Dzy)ueQ|l—<w u)| |1 (w, C>|
(1 - Jwl ) *mi? "
(n+2+0) aln2+e) drlw) )
Dzy)ueQ|1—(w uy| 7" a|1 w,§)
e
I 5 (n+2+a) dT (1U) '
Dzy)uEQ|l—<w u>|qn+ H)‘)|1 < C>|q

We first estimate I;. Note that
M, < ({w,u-)|+|1- (¢ u)))

% |1 _ <w’ (>|n+2+o¢|1

(2= @O (1= @ D" + 1= . 0)]")
H1- @G wl)

|1 = (w, O = (w,u

(211 - @ O™ (G, - @O+ 5= 0l")
+- (@)l )

x|1- (w,()|n+2“x|1 —{w,u

(Cyr|1 &0 + r2)

x| 1= (w, O 1 = (w, uy ",

_ <w) u) |n+2+0c

IN

>|n+2+¢x

IN

>|n+2+oc

IN

(110)

where the second inequality is the consequence of the
following fact which has appeared in the proof of Lemma 14:

(w1 -0

(11)
<21 = w O (|1 - .0 + 1

- w[");s

the third inequality is obtained by Lemma 7, and the fact
- <r<sfi-@o )

foru € Qand z € (2Q)°. Since

-]

@O )

1= (zwl"? > 1- (0" -1
1
> |1—<Z>C>|1/2—§|1

> %ll—(z,C)Il/z,
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by Lemmas 5 and 7, one has

2 l/q
(1-1wl)"*[cri1= (a0 42] Y
L < J u dr (w)
D(z.y) ueQ|1—(w, M)|(q/2)(n+2+a)|l—(w, ()l(q/Z)(n+2+a)

2\4/2 12, 2\9/2
- - b
y(J . (1 |z ) ((7r|1 (z, O +r )

1/q
p 7 (w)
(29) ueQ |1 (z, u)| WD || (7, £y| @D 200 >

2 1/q
. rz)'l/ >

_12)42 _ 1/2
cc, (1-1=1)""(rl0 <z,cz|
11— (, )02

(rl1 = @01 +42)
<C

=7 |1 _ (Z C>|n+(3/2)+(x

71/2 r
< Cy<d(z, £ 17D + d(z, X )
(114)

Hence,

J Ldv, (2)
(2Q)"

r1/2
SJ dv_(z) (115)
Q) d(z,c)z(n+1+oc)+(1/2) «

r
’ J(zQ)f dea (2).

The second term on the right hand side has been estimated
in the proof of Lemma 13. The first term can be estimated as
follows:

F1/2
dv, (z)
Jd(z,()>2r d(z, C)Z("+1+a)+(1/2) o

1
_1)2
-7 Lkr«i(z,()szkm d(z, AR )

k=0
Q2k+1

1/2
Z 2(n+1+tx )+(1/2)
k>0

o (2k+1 )2(n+1+(x)

<Cr 1/22

<C,

2(n+1+oc)+(1/2)

(116)

2(n+1+a)

where we have used the fact that v,(Q,) = r in the
third inequality (cf. [3, Corollary 5.24]).
By the same argument we can estimate I, and omit the

details.
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Next, we estimate I,. Note that

My < (1= Kw)l?) |1 - w, 0"
y |(1 B <w) (>)n+2+o¢ _ (1 _ (w’ u))n+2+¢x|
<211 - (w,u)| 1 - w, O

X Ll %(1 —(w, 1 + (1 - t)u))" ™t

=2(n+2+a)|l - (w,u)| |1 - <w’c>|n+2m

X

(w,{ —u) J: (1= (w, 1+ (1 - ) u))" " dt

< Cy 11— (w,u)| |1 _ (w’c>ln+2+(xrl1 _ <Z,c>|n+3/2+o¢’
(117)

where the last inequality is achieved by the following esti-
mates:

1= (w,t{+ (1 =) u)|
<C 1= (2t +(1-t)u)
<Gyl =zl + (2.0 - u)| (118)

< Cyll - <Z’C>|’
(w,{ —u)| < Cyr|1 —{z, C)|l/2,
for any w € D(z,y) and u € Q,({). Thus, by Lemmas 5 and 7

2 1/q
(pr)q/ P21z, Oy @D 0 G/2)4a)
I < CV J‘D(z,y) ilelg |1~(w, u) |q(n+1+a)+(q/2) 1~(w, O I(q/z)(n+2+a) dr (w)

(1= J2P) 7211 — g2, (420021 "
<C I sup d dr (w)
Y\ ID(zy) weQ |1 — (z, uy |4+ @/2 | _ ¢, ()l(q/z)(n+2+a)

(- |zP)??e2 \"
<G, 11— (2, 0 [ T Glg

rl/z
SCV 2 1 1/2) °
d(Z,() (n+1+a)+(1/2)

(119)

Hence,

rl/Z
J Ldv, (2) <C, J
Q)

dv,(z) <C,,
QY d(z’c)Z(n+1+o¢)+(1/2) a Y

(120)
as shown above.

Similarly, we can estimate I, and omit the details. There-
fore, combining the above estimates we conclude that

A, (VPa)dv, <C, (121)
[

where C depends only on g, y, 1, and «. O
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Remark 21. We remark that whenever ¢/? has an atomic
decomposition in terms of atoms with respect to Carleson
tubes for 0 < p < 1, the argument of Theorem 2 works as well
in this case. However, as noted in Remark 18(1), the problem
of the atomic decomposition of &/? with respect to Carleson
tubesin 0 < p < 1 is entirely open.

Remark 22. The area integral inequality in case 1 < p <
00 can be also proved through using the method of vector-
valued Calderén-Zygmund operators for Bergman spaces.
This has been done in [9].
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Based on truncation technique and priori estimates, we prove the existence and uniqueness of weak solution for a class of anisotropic

—
nonlinear elliptic equations with variable exponent p(x) growth. Furthermore, we also obtain that the weak solution is locally

bounded and regular; that is, the weak solution is L‘f;’c

1. Introduction

Since the variable exponent spaces have reflected into a
various range of applications such as non-Newtonian fluids,
plasticity, image processing, and nonlinear elasticity [1-4],
some authors began to study the various properties of variable
exponent space and some nonlinear problems with variable
exponent growth. Edmunds et al. [5], Fan and Zhao [6]
obtained that the variable exponent space L ®)(Q) and
W™PX Q) are reflexive Banach spaces under suitable condi-
tions on p(x). Later, Edmunds and Rékosnik [7], Fan et al. [8]
proved some continuous and compact Sobolev embedding
theorems for the variable exponent spaces W*™)(Q)). For the
anisotropic variable exponents spaces, in 2008, Mihdilescu
et al. [9] studied the eigenvalue problems for a class of
anisotropic quasilinear elliptic equations with variable expo-
nents. In 2011, Boureanu et al. [10] proved the existence of
multiple solutions for a class of anisotropic elliptic equations
with variable exponents. Recently, Stancu-Dumitru [11, 12]
has studied the existence of nontrivial solutions for a class
of nonhomogeneous anisotropic problem. In particular, Fan
[13] established some embedding theorems for anisotropic
variable exponent Sobolev spaces.

(Q) and C*™(Q).

In this paper, we investigate the following anisotropic
nonlinear elliptic equation:

N
= 0y,a; (x,u, Vu) + ZTi (e, Vu) = f =0, hy, x€Q,
i=1
u=0, xe€oQ,

)

where Q ¢ RY (N > 2) with Lipschitz conditions boundary,
a;and T; (i = 1,2,...,N) are Carathéodory functions,
h; and f satisty suitable conditions, and 0, a;(x,u, Vu)
and 0, h;(x) are Einstein Sum; that is, d, a;(x,u, Vu) =
Y (0a;(x, 1, Vu)[0x,), O hy(x) = Y (9h;(x)/dx,). We
usually use critical theory to obtain the existence of weak
solutions. However, since the problem (1) has no variational
structure, we cannot define the energy functional for the
problem (1). Therefore, based on truncation technique and
priori estimates, we prove the existence and uniqueness of

weak solutions for the problem (1) in WOl P (x)(Q). Further-
more, we obtain that the weak solution for the problem (1)
is locally bounded.



In particular, for the special case

= 0,0 (x,Vu) = f -9, h, x€Q,

2)

u=0, xe€oQ,

we obtain that the weak solution is C**(Q). To our knowl-
edge, the above two problems have not been deeply studied
in the anisotropic variable exponent Sobolev spaces.

The paper is organized as follows. In Section 2, we
recall some results on anisotropic variable exponent Sobolev
spaces and state our main results. In Section 3, we prove the
existence, uniqueness and locally bounded of weak solution
for the problem (1). In Section 4, the regularity of weak
solutions for the problem (2) is proved.

2. Preliminary and Main Results

This section is dedicated to a general overview on the

WhP(Q) and LPX(Q); for a deeper treatment on these
spaces, see [5, 7, 8,13, 14].
Let

C,(Q):={h:heC(Q),h(x)>1VxeQ}. ()
Set
h" =suph(x) and b~ = infh(x), (4)

xeQ x€Q

for any p(x) € C,(Q), and we define the variable exponent
Lebesgue space

= {u : a measurable real

— valued function such thatj |u (x)lp(x)dx<oo} .
Q
(5)
We define the norm of LP®(Q):

u (x) [P

Q

From [6], we have the following:
O (LP2Q), || - | »(x)) 18 a Banach space;

(2) LPX(Q) is reflexive, if and only if 1 < p~ < p* < c0;
(3) Holder inequality.

1

Forall u, v € LF®(Q),
1

wvdx| < | — + —— ) |ull;pee Y oy eans 7

I (P_ (ﬁy)uuyummnmu@) %

where 1/p(x) + 1/p'(x) = 1, LP/(x)(Q) is the conjugate space
of LFY(Q).
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Now, we recall some results on anisotropic variable expo-
nent Sobolev space WhPE () [13]; set
LT (Q)

(8)

={pel™(Q) :p(x)>1 forae xe€Q}.

Denote p(—xs = (py(x), py(x),..., pn(x)) € (ch(Q))N and
define

Vx € Q),
p-(x) =min{p; (x), p, (x),...,pxy ()}, (9)
p. (x) = max{p; (x), p, (x),..., py (%)}
The anisotropic variable exponent Sobolev space
W ()

={u e (Q): Du e 1P (Q) fori=1,2,...,N}

(10)
is a Banach space with respect to the norm
N
14l 55 0y = 1l + 21Dt - (1)
i=1

If p;(x) € LO(Q), fori = 1,2,...,N, p; > 1, then W™ (Q)

is reflexive. We define WO1 P (x)(Q) as the closure of C;°(2)
with respect to the norm

N\ ou
- = — 12
MW%);%WW, (12)
and Wol’p(x)(Q) is a reflexive Banach space (see [9]).
Let
_ N
PX)= 7"
Zf\; (1/p; (x))
Np(x) . ._
. i AU , 13
W= Nep TPWN (13)
+00 if p(x) =N,

Poo (x) = max {p” (x), p, (x)}.
Hence, we have the following embedding theorem for
W, P9 (Q).
—
Let O ¢ RY be a bounded domain and pC) = (p(),
— N

Theorem 1 (see [13, Theorem 2.5]).

(i) Ifq € C2(Q) and

q(x) < poy (%) Vx € Q, (14)
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then WOI’P(')(Q) s LIOQ). The embedding is
compact.

(ii) If p(x) > N for all x € Q, then there exists 3 € (0,1)
such that Wol’p(')(Q) —— CY(Q).

The embedding is also compact.

o

[13, Theorem 2.6]). Let Q ¢ RY be a bounded
) = (O PO b)) € (€@

Theorem 2 (se

!

—~

domain and p
Suppose that

Py (x) <P (x) VxeQ. (15)

Then one has

0 P!
e vue WP (@),  (16)
ox; LPO(Q)

N
el oo (q) < CZ
i=1

—

where C is a positive constant independent of u € WO1 PO(Q).

Remark 3. From [13], we know that if p, (x) < p"(x), for all

u € Wol’P(')(Q), for everyi = 1,2,..., N, then |[ul| nw(q) <
C IIE)xiuII 1ri9(q)» Where C is a positive constant independent
ofu e Wol’p(')(Q).

Assume thata, : QxRxRY — RandT;: QxRN — R
are Carathéodory functions and satisfy the following:

(Al) fora.e. x € Q, forall & € RY, s € R, we have

N N
A& < Na, (x50 (17)
=1 =1
and la;(x,5,§)| < BlIs|PotP) 4 g1, where
A B> 0;
(A2) for a.e. x € Q, for all Eiqktf;, y >0ande > 0, q
satisfies

[a,» (x,5,8 -aq (x, S, f’)] (fi - Ezl)
> y(s N |E1| + |E;|)P,-(x)—2|€i a E;lz;

(A3) forae. x € Q, forall £ € RY, ¢ ¢ RY, ij =
1,2,...,N,

N

N N
altl <Y Yal (s <c (1 ¥ Z|si|"f"‘”> I

i=1j=1 i=1
(19)

where a (x,s,£) = 9a,(x, 5,§)/0E 3
(A4) for ae. x € Q,i = 1,2,...,N, for some k ¢

{1,2,...,N}, forall{ e RN, s € R,

2 N i 2
sl < Y, (6588 < (X +1s117),  (20)

i=1

where a5 = 0a;(x, s,€)/0x;

(T1) for ae. x € Q, for all€ € RN s e R,

N N
N IT; (6, 8)] < 6ls"2 < Ymifg PO, @

i=1 i=1
where m; € L%9(Q) with 1/b(x) = 1/p. (x) -
1/ pi'(x), .- -»C5 are positive constants.
We enumerate the hypotheses concerning f and h;,

(F1) f € LP=@(Q);

(F2) for ae. x € Q, s € R, for some k € {1,2,...
|fi] < cols"2, where f, = 3f/0x;;

(H1) fori=1,2,...,N, h, € LA®(Q);

(H2) for ae. x € Q,i = 1,2,...,N, for some k ¢
{1,2,...,NL{ e RN s e R,

» N},

N
ol < YH G < (K] +1s11), (22)
i=1

where h;k = 0h;/0xy, ¢, ¢;, g are positive constants.

Remark 4. Now, we give a simple example. Let k = 1, x, =
(3,0), x = (x;,%,) € Q = B(xy,1) ¢ R?, u(x) = x% + x%,

(= x?/2+x;/2,h1(x) = xf+2x1x2,h2(x) = (1/2)xf+x1x2+x§,

Ty(x,8) = x; + %, + Yy & Ty(6,8) = xyx, + 2, f(x) =
(1/2)x} + x,x,. By a simple calculation, we obtain that T;
satisfies (T1), f satisfies (F2), and h; satisfies (H2), where
i=1,2.

Now, we define the weak solution of the problem (1). A

—

function u € Wol’p =

(1), if for all ¢ € W, ?™(q),

)(Q) is a weak solution of the problem

N

N
l; L [a; (6,1, Vu) @, + T, (x, Vi) @] = JQ [f¢ + ;hi(pxi] ,
(23)

where ¢, = 0¢p/0x;.

Theorem 5. Let QO ¢ RY (N > 2) be a bounded open subset,
foreveryi=1,2,...,N, x € Q, assume p(x) < N, q € C*(Q)
and q(x) < po, = P (x), p;(x) satisfies

2Nr; (x)
Nr; (x) —2r; (x) - 2N

2<pi(x) < (24)
and Zf\:]l(l/pi(x)) < 2, where r;(x) > max{N, p.,(x)p;(x)/
(Poo(x) = pi(x))}. a; satisfies the hypotheses (Al), (A2), the
hypotheses (F1) and (HI) hold, and T; satisfies (T1) and the
following Lipschitz condition:

IT; (0 ®) - T (x.8)] < ks (o) (JE] + 8] Je - &
(25)
where k;(x) € L"(Q), 0 < 8,(x) < p;(x)/N — p;(x)/r(x) +

(pi(x) — 2)/2. Then there exists a unique weak solution u for
the problem (1). Furthermore, u € L, (Q).



Theorem 6. Let QO ¢ RY (N > 2) be a bounded open subset.
Suppose (A3), (A4) and (F2), (H2) hold, fori = 1,2,...,N,
2 < pi(x) <2N/(N-2),q ¢ CE(Q) and q(x) < p"(x). Ifu
is a weak solution of the problem (2), then u € Cl’“(Q),for all
O<a<l

3. The Proof of Theorem 5

We consider the following problem:

N
—0,.a; (%, v, V) + ZT; (6, Vv,)=f-0.h x€Q,
i1

u=0, xe€oQ,

(26)

where T,’;(x, Vv) is the truncation at levels +n of T;. Due
o [15], we obtain that there exists a weak solution v, €

WO1 P (x)(Q) for the problem (26).

Lemma 7. If p(x) < N, (Al), (A2), (T1), (Fl), and (H1) hold.
Assumev, € WJ’P(X)(Q) is a weak solution of the problem (26);
then one has

<C. (27)

Proof. Let K € R"; K will be chosen later. There exist
m measurable subsets Q;,...,Q,, of Q and m functions
Vis oo Yy suchthatifi# j, Q, (1 Q; = @.Fort € {1,2,...,m~

1}, Q] = K, ift =m, [Q,] < K. Let {x € Q : |Vv,|#0} C Q,,
Vv = Vy,ae in Q, Viv; + v, + -+ )y, = (Vv
VitV t+o+v, =vin Q. Fort e {1,2,...,m}, if v, #0,

sign(v) = sign(v,).
Choose v, as test function of the problem (26) and fix t €
{1,2,...,m}. Using Young inequality, Holder inequality, the

embedding theorem of the WO1 P0()), and the hypotheses
(A1), (F1), and (H1), we have

N
j 0, v
i=1
N .
<o (o™ X [ el o
i=1

< pix)
R,
DN )

where ¢, > 0is a constant, A, = []Y, 10y, Vel o) By (T1),
Young inequality and Holder inequality, we obtain, for ¢, > 0,

N

Z J T (x, Vv) v,

i1
J '8 |PX(X) 1 ||

t —_
[ Bl

1 s=1

<

[\/]z

1

Mz

i
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N t
i=1s=1

P;(x)|Q |1/p1 —l/pm

[, oo

s

. Af“N|Q$|”P*”P3°]

N
< GZZKI/p’ 71/poo
i=1

« |:J' 'axivt|17,-(x)
Q

t—1
2], o
s=1 Q

(%) N
it +Aff*/N

(29)

where p; =

SUP, 5 Pro():
Combining (28) with (29), we have

nfxeﬁpi(x)’ PI Supxeﬁer(x)) P:o =

N U
e { It 3 [ I
i=1

N
Y S (30)
i=1

XH’@%W”
Q

Zij |8v

’ AP+

Let K satisfy c,c, Y, K'/Pi"VPs < 1; then we have

> o™
Pt a x; 't

N !
o { Ut 3 [ 1™
i=1
(3D

-1 N B p,)
P33 (3 o)

s=1li=1 j=1

N +

i=1
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where ¢; > 0 is a constant. Let t = 1; we obtain

J |aXiV1|Pi(x)
Q
ZJ |a V1|
N U
<o WAl 3 [
i1

(32)

N +
+ ZKl/pi —l/pooAzlh/N
i=1

Now, we recall the following classical inequality, for
a, a,, ..., ady are positive numbers,
N o 13X
1
a'" < =)a. 33
H 24 (33)

i=1

From (33), we have

N LN N
A= [T = (2Rl ) - 69
i= i=

Combining (32) with (34), there exists a constant ¢, such that

N
J|ah|)3q. (35)

i=1

Furthermore, put (35) in (31) and iterate on ¢; we have

> o™
i=1 7 e

N !
oo™ X [P o

i=1

N +
+1+ Y K!P Vb g2 IN
i=1

Therefore, we obtain

N e
ZJ|%WT <q (37)
i=1 7€

for some constant ¢ > 0. O

Lemma 8. If p(x) < N, and a; satisfies the hypotheses (Al),
(A2), the hypotheses (T1), (F1), and (HI) hold. Then there exists
at least a weak solution for the problem (1).

Proof. By (27), we obtain that there exists a sequence 9, u,
which is bounded in L#®(Q); we have fori = 1,2,...,N,
d, u, — O, u weakly in L”™(Q) and u, — u strongly in
LP9)(Q). We argue as in [16] to prove

O u, — 0 u aeinQfori=12,...,N. (38)

5
From (38), we obtain
a; (x,u,,Vu,) — a; (x,u,Vu) a.e. in Q,
. . (39)
T, (x,Vu,) — T, (x,Vu) ae. in Q.

By the hypotheses (Al) and (T1), for x;(x) € [, p{ (x)] and
¢ > 0, we have

i (x)
j |ai (x’ un’ VMn)|
Q
()mmMm
<[ (] )
Q
o\ Ki(2)/ Pl (%) o
N <I |axl4pxx>> ]IglﬁpixiVPi, (40)
Q 1

j 'T; (x, i ()
Q

!
) SO ey i
CH |ax_u|P x] |Q|P e
0%

By Vitali Theorem, we have

a; (x,u,,Vu,) — a; (x,u, Vu)  strongly in L% (Q),

T! (x,Vu,) — T; (x,Vu) strongly in L%* (Q),

(41)

for any x;(x) € [1, p;(x)]. Hence, we complete the proof of
Lemma 8. O

Lemma 9. If p(x) < N, p(x) = P (x), a; satisfies the
hypotheses (Al), (A2), the hypotheses (F1) and (HI) hold, for
i=12,...,N, x € Q, p;j(x) satisfies

2Nr; (x)
Nr; (x) = 2r; (x) -

2<pi(x) < (42)
where r;(x) = max{N, p.(x) p;(x)/(poo(x) — p;(x))}, T; satis-
fies (T1) and (25). Then there exists a unique weak solution for
the problem (1).

Proof. Suppose that there exist two distinct weak solutions u
and v for the problem (1). Denote ¢ = max{u — v, 0}, and for
t e[l sup ¢],let Q, = {x € Q:t < ¢ < sup ¢}. Otherwise, if
t € [0,1), wechoosem = 1/tandletQ,, ={x e Q:m< @<
sup ¢}. We choose

-t @>t,
= 43
i {0, otherwise, (43)
as test function. From (A2) and (25), we have
N
p,(x)72
j 10,0, (e + [0, + o o))
- (44)

;121: J k; (x) (|ax,-u' + |axiv|)8i(x)|axi(pt'¢t



when §,(x) > (p;(x) — 2)/2. By Young inequality, for ¢
independent on ¢, we obtain

N (
j 10,0, (e + [0, + o )"
i=1

(45)
N
< CZ L ki(x)z('axiu| + |axiv')26*(x)‘1’i(x)+2(pf.
i=1 t

Then we have

fa)"
<T1([ Purl) "

i=1
(J 'ax§0t| s+|a u' |a v| p,(x)_2>1/N

268, (x)-pi(x)+2 5

L k(0% (|0, ] + [0,,¥]) P;

\2/2
2
j Py )
Q
2/

(L i)™ (0] + |axiv|)(28*(’“)*Pf<X>+2><N/2)> v

(46)

=

Scl

I
—_

IN
»—-ﬁ
™M=

Il
—_

<q

/N

X

9=

I
—

1

where ¢, is a constant independent on t. Hence, we have

y 2/N
é = Z(J ki(x)N('axiu| + |aXiV')(25+(X)—p,-(x)+z)(N/2)) '
i=1 Q
(47)

Since N/r;(x) + ((25;(x) — p;(x) +2)/ p;(x))(N/2) < 1, we
have

lim J k(x) |a u| |a |(26 (x)- P,(x)+2)(N/2)

t —sup @
(48)

Therefore, (48) leads to a contradiction.

On the other hand, if 8, (x) < (p;(x) — 2)/2, from (44),
and Young inequality, for some constant ¢, (independent on
t), we have

N
L ERAREESY JQ k(0] + )" Pg2. (49)
t i=1 t

Argue as in (46), for some constant ¢; (independent on ),
we have

/
égﬁ(] ki(x)N(lax,v”|+|ax,.V|)N5*(X)>2 Lo
i=1 Q

Since N/r;(x) + N&;(x)/p;(x) < 1, we obtain a contradic-
tion. ]
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Lemma 10. If (Al), (T1), (Fl), and (H1) hold, fori = 1,2,...,
N, 2 < pi(x) and Y X, (1/pi(x)) < 2, q € C°(Q) and q(x) <
Poo = P (%), and u is a weak solution of the problem (1), then
ue Ly (Q).

Proof. We denote E = Wol’p(x)(Q). Lett > 0, ¢ = max{u —
t, 0}, and choose ¢ as test function to the problem (1). We have

N

Z J;Z [ai (x, u, Vi) o +T; (x, Vu) (p]

i=1

=J [ <P+Zh<px,

i=1

(51)

Let x, € Q, fix k > 1, B(xy, R) be aball, and let § € (0, 1),
OR < s <t <R,and Ay, = {x € B(xy,t), u(x) > k}. Using
(51), (A1), (F1), (H1), and Holder inequality, we obtain

ij Ia u|Pi(x) - ij |a u|P,~(x)
i=1 Y Aks " =g 5

<o [nf||,,pgomk,t)uu lca,
(52)

N
+ZJ |T; (x, Vu)| |u — kI
i=1 YAk

N
h0 )
+i; JAM 0

For 2 < p;(x) and (T1), by Young inequality, we have

N

>[Ik

i=1
N
SZ 1 J lu —k|2+l J |T; (x,Vu)|2
i 2 Ak,t 2 Ak,t l
N
< lz J lu - klP,(x)+ Z J |u|‘1(x)
2] i=1 YAkt

At

N

N 1Y , 1 2
y J s > LM B3 Lk‘t 10,4

i=1

IA
N | =
M=z
=
=
il S
+
N | =
M=z
S
P
o
%

(53)

As 2 < p;(x) and Zfil(l/pi(x)) <2, ifm < N, there exists
e=1/2- M/m* > 0 such that

1/2 P,
([ ) 1l < T
Apt
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If p(x) > N, a similar estimate is true; just only choose a
suitable p(x)*.
Duetoq € CE(Q) and q(x) < po(x) = p(x)*, we have

“f”m’x, v = Kl preo < CJ |u|q(x), (55)
k.t

From

[ = [tk
Ak A

kit

<c J | — k|9 4 ck? |Ar| (56)
kit
EpATIEN .
SCJ “ +ck? |Ag,l,
Ay t—s ’
and (52)-(55), we obtain
N
Z j 'axiu|Pi(X)
i=1 ks
N )
1 ' u—-k|f 57
< —ZJ |Bx_u'p(x) + CJ (57)
21’:1 Apy ' Apy t—s

+ck? |Ak,t| + C|Ak,t|m/ ﬁ*ﬂ'

Using Lemma 3.11n [17], and (57), we have

N
>, ™
i=1 Y Akor '
u—k PO (58)
<c JAk,R R—3R +ck? |Agg]

el P

By Lemma 2.4 in [18], (58), we obtain that u is bounded
from above on B(x,, R/2). Note that —u is also a weak solution
of the problem (1), where a;(x,u, Vu) = a;(x,—u,—Vu) and

T;(x,Vu) = T;(x,—Vu). Hence, —u is also bounded from
above on B(x,,R/2), and u € L®(B(x,, R/2)). This implies
thatu € L}, (Q). O

Proof of Theorem 5. From Lemmas 8, 9, and 10, we obtain that

there exists a uniqueness weak solution u € WO1 P (X)(Q) for

the problem (1), and what is more, u € L{,.(Q). Hence we

complete the proof of Theorem 5. O

4. The Proof of Theorem 6

In this section, we prove the regularity of weak solutions for
the problem (2).

Proof of Theorem 6. We denote E = WO1 PX(Q)). For under-
standing, we write a'(u, Du) = a;(u,Vu),and ' = h,. If g is

any function with compact support in Q, for 1 < k < N, for
small enough m, we define

A'ing () = g (x+me,) - g(x), (59)
m

where ¢, = (0,0,..., 11’ ...,0). Hence, if for any ¢ € E, ¢ has

compact support in Q and |m| < (1/2) dist(supp ¢, 0Q); from
the definition of weak solution for the problem (1), we have

N N
Y J A* d' (x,Du) ¢, — J INITEDY J AF K¢ =o.
=170 "o = Ja i
(60)
For the definition of A’;n and [19], we have
Aljnai (x, Du)
_ 1 Jl 4 [ai (x + tmey, Du + tmA* Du)] dt
m Jo dt m
[ o~ (61)
= J a;k + Zaéij (A]inu) dt
0 j=1
=e+ 91’ij (Al;nu),
Pl 1N
where ¢’ = Jo a, dt, g = _[0 Yici aéjdt, and
1 ('d
A f = - L Ef(x+tmek)dt
1
~ | fode=F,
0
. (62)
i1 d i
A K = —~ L ah (x + tmey) dt
1 . .
- J Wodt = H.
0 k
Then, combining (60) with (61)-(62), we obtain
N ' N )
ZJ etDi¢+ Z J gi].D]- (Amu)Digb
i=1 7 ij=179Q
(63)

- L F¢p - 2 L H'D;¢ = 0.

Due to (A4), (F2), (H2), (63), Young inequality, we have

N
> | a5 (&) Dig

ij=1

N

- Jﬂ F+) L H'D,¢ - g L ¢Dp

i=1

(64)

IN

cJIDw2+cj|m“”+cj|uW”“¢
Q Q Q

CJ |D¢|2+CJ |u|‘1"‘>+cj ¢
Q Q Q

IN



that is,

S k
Z L giij (Am”) D;¢
b=l (65)

CJ |D¢|2+CJ Iulq(x)+cI ¢
Q Q Q

Choose ¢ = sz’;nu, where y € C(l)(ﬁ), ly| <1, and (65), we
obtain

N
Zl jﬁ g,9°D; (8 ,0) D, (A% )
i,j=

N
—ZZJ yug;;D;yD; (A u +CJ |D1// A u'

ij=1

2
+c J [u]1® 4 ¢ J (szﬁnu) )
Q Q

(66)

From (66), (A3), Cauchy inequality and Young inequality, we
have

3 [ faywp: (850 D, ()

i,j=1

N
<2y IQ lyug,DiyD; (A, u)|

i,j=1

+CJ |D1{/2Alinu|2+cj |u|‘?(")+cj |1,U|4|A]§nu'2
Q Q Q

<23 [[ awpi(atu) 0, (850)]

<23 [£([ oD ()2 (840) + 5

€
x(J g5 (A" u)ZD.V,D.V,)] +cj Jua] 1)
o ij m i j o
2 koA
+c JQV/ 'D (Amu)'
+c J |Al;nu'2|D1//|2 +c J 'Aljnur.
Q Q

(67)
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By (A3), we obtain
2 k|2
RIS
& pi(x)-2
<c JQ [1 + Z (|D,~u (x)|

i=1

(68)
+|Dju (x + mek)|P"(x)_2)
X |A};nu'2|D1//|2 + cj |1,
0
Assume py = p; = sup,_ g P, (x);wehavefori =1,2,...,N,

Pi(x) < pn- Forg(x) < p (x),letk = N and take m — 0;
then we have

N

IQ v?|D (Dyu)[* < ¢ L} (1 + Z|D,.u|f’f‘x>-2> |Dy [ [Dyul’.
i=1

(69)

Hence, Dyu € W(Q). If we take ¢ = > (AN u — r)*, where

loc
r>0, |yl <1, (AI;; -r)" = max{AIr\Tnu —r,0}. Since Dyu €

Wo2(Q), Dy € Lﬁi/(N_z)(Q), we have
2 2
[REECNE
N
< CJ <1 + ZlDiulpi(")’z
Q =1
5 pi(x)-2 2 12
<c JQ 1+ Z |D;u| |Dy| '(DNu -r) |
i=1

ve [ Dl Dyl |(Dyu - )|
Q

> IDy[|(Dyu - 1)'[}

<c J '(DNu - 1’)+|‘DN|D1//|2 +crPn? j .(DNu - r)+'2
Q Q

r X [ (D= P Ty

(N-2)/N

o ANJ2\2N
x(J (1 + |D,-u|P’(x) 2) > .
{Dyu>k} [ supp y

(70)

For 2 < p;(x) < 2N/(N - 2), we have

N2\ 2N
(J (1 + Dyl 2) )

{Dyu>k}(\supp y (71)

< c|{DNu > k} ﬂ supp 1//|2/N72/p}1.
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If we fix B(x,, R), supp ¥ C B(x,, R), where R < 1;letr > 1,
0 < 8 < 1,and take ¥ € C}(B(x,,R)), ¥ = 1 on B(x,, 5R);
0 <y < 1,|Dyl| < ¢/(R-68R), then we have

JAr,ﬁR |D(DNu - r)+'2

3 J |DNL£ _ T| 2N/(N-2)
<C e —
Ar R-06R

_2)y (
J |DNL£—T'| 2N/(N-2)
+C e —
Ar,R R - 8R

X |Ar’R|2/N_2/p:+1 +cr?N/(N=D) |A, &l

(72)
N-2)/N

(00

Hence, (72) implies that Dyu is in Li;.(Q2). So we obtain
u € Wr®(Q)NW2(Q). By De Giorgi-Moser regularity
theorem, for any w cc Q and 0 < « < 1, we have Dyu €

C*(w); then u € C**(Q), for 0 < & < 1. O
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Let H, be the set of n x n complex Hermitian matrices and &, (resp., 7,,) be the set of all idempotent (resp., tripotent) matrices in

H,. In I-partite quantum system H,,

oy

= ®Z1Hm,~> ! Py, (resp., & ;) denotes the set of all decomposable elements ® A, such

that A; € 2, (resp,, A; € 7, ). In this paper, linear maps ¢ from H,, ..,,, to H, with n < m;, ---m, such that ¢(®llg’mi) € P, are
characterized. As its application, the structure of linear maps ¢ from H,, ..., to H, with n <m, ---m, such that (p(®l1 T o) €T, 18

also obtained.

1. Introduction

Let M,, be the vector space of n x n complex matrices and
H, < M, be the vector space of n x n complex Hermitian
matrices. In quantum information theory, a [-partite system

can be represented as the tensor product space H,, .., =

®11 H,, , where ® is the usual Kronecker product of matrices;
a quantum state is represented as a positive semidefinite with
trace one in H,, see [1]. In quantum information science and
quantum computing, it is important to understand, charac-
terize, and construct different classes of maps on quantum
states [2]. For example, entanglement is one of the main
concepts in quantum information theory, and entangled state
involves at least bipartite system or multipartite system [3];
to study entangled states, one should construct entanglement
witnesses, which are special types of positive maps, see [4].
On this background, the research on the characterizations of
maps leaving invariant, some important subsets or quantum
properties attracted more and more researchers attention,
see ([1, 3, 5]). Especially, in [5], Lim characterized the linear
and additive maps on tensor products of spaces of Hermitian
matrices that carry the set of tensor product of rank one
matrices into itself.

Preserver problem is a hot area in Banach algebra; there
are many results about this area, see ([6-11]). Specially, the
idempotent preservers and the rank one preservers play
an important role; therefore, it is meaningful to study the
two preservers. Chan et al. [12] first characterized linear
transformations on M, preserving idempotent matrices. In
[13], the authors obtained the following result: linear map
T : H, — H,, withn < m satisfies T(%,) ¢ P, if and
onlyif T'= 0 or

T(X)=QXQ "' or T(X)=QX'Q™,

where Q is unitary matrix.

Since the study of linear transformations, preserving
idempotents is important in many aspects of mathematics
and physics, see [14-17], and inspired by the above, the
purpose of this paper is to study linear maps from [-partite
system to the space of Hermitian matrices that carry the
set of tensor product of idempotent matrices into the set of
idempotent matrices in the space of Hermitian matrices, that
is,¢: H, .,,, & H,withn <m,---m satistying

VX e H,, (1)

m

¢ (8P, ) € P, )



where 2, is the set of all idempotent matrices in H,, that
is, #, = {A € H,|A* = A} and ®1195mi denotes the set
of all decomposable elements ®11A,- such that A; € &, . As
application, the forms of linear maps from [-partite system
to the space of Hermitian matrices that carry the set of tensor
product of tripotent matrices into the set of tripotent matrices
in the space of Hermitian matrices are obtained, that is, ¢ :

H,, ..,y = H,withn <m, ---mj satisfying

$ (81T ) € T o (3)

where 7 ,is the set of all tripotent matrices in H,, that is,
T, ={A € HJA® = A} and & 7,, denotes the set of all

decomposable elements ®11A,- such that A; € 7, .
Throughout this paper, we always assume integers [ > 1
and n,m,, ..., m; > 2. Let I; be the k x k identity matrix, 0 be
the zero matrix which order is omitted in different matrices
just for simplicity, and X” (resp., X*, rank X) be the transpose
(resp., conjugate transpose, rank) of X. EI(J") (1 <i,j <n
stands for the n x n matrix with 1 at the (i, j)th entry and 0
otherwise. Dg’) = El(]”) + EZ’) and Kfj”) = \/—_IEI(J”) - \/—_IEZ’),
where 1 < i# j < n. For real numbers a and b with a < b, let
[a, b] be the set of all integers between a and b. & is the usual
direct sum of matrices. A linear map 7 = ®1171i e

H,, ..,n, is canonical if 77 satisfies 7'[(®11A,~) = ®117T,~(Ai), where

m; + H, — H,, satisfies m;(A;) = A; or my(A;) = AT for all
A;€H,.

2. Main Results

Lemma 1 (see [18]). Suppose P,,..., P, € P, such that P, +
Py e P, V1 <i< j<k Letr; = rank P, Then, there exists a
unitary matrix U € M,, such that

P, =Udiag(0,...,0,1,...,1,0,...,0)U", (4)

where diag(0, ...,0,1,...,1,0,...,0) is the diagonal matrix in
which all diagonal entries are zero except those in the (r| +-- -+
1,y + L)st to the (r) + - -+ + r;)th rows.

Lemma 2. Let P € &P,. Suppose X, 0, & P®0,_,_ —X € P,.
Then, there exists X, € P, suchthat X = 0, & X, @0
where0 < r,s < n.

n—r—s>

Proof. Let T € M, be a unitary matrix satisfying P = T'(I, ®
0)T*. Set

I, 0 0 I 0 0 Xy X, X5
0T 0 [Xx|0oT o0 |[=[X, X, Xy,
0 0 In—r—s 00 In—r—s X31 X32 X33

©)
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where X, € H, X,, € H,. Then,

Xy X X3
Xy Xy Xp3| €2,
X5 X3 Xj3
(6)
0, 00 X Xy Xp3
0 I, 0f-|X, X5 Xp3| €2,
0 00 X3 X5 Xj3
A straightforward computation shows that X = 0, & [T'(X,, ®
0,_)T*] ®0,,_,_,; therefore, the result holds. O
Lemma3. Let A=P, 0,80, ,  and B=0,0P,&0,_,_
with P, € P,, P, € P If
1
oA+ BB+yX € P, for any real y with 0# |y| < > @)

where X € M,,, a and 3 are all roots of x* — x + y* = 0, then,
X? = AB, and X is of the form

Or X12
[Xn 0, ®0urs ®

where X1, € My, X5, € Mgy,

Proof. Ttis clear that A, B € &, and AB = BA = 0. By a direct
computation, one can obtain that

X =a(AX +XA)+B(BX +XB)+y(X*-A-B). (9

Replacing y by —y, we have X* = A + Band
X = a(AX + XA) + B(BX + XB). (10)

Choosingy = 2/5,thena =1/5,3 =4/50r« = 4/5,3=1/5,
this yields that

1 4
X=§(AX+XA)+§(BX+XB),
(11)
4 1
X=§(AX+XA)+§(BX+XB).

Thus, X = AX+XA and X = BX+XB. This, together with the
form of A and B, implies that X has the form [ ;();1 )512 ]EBO,H,S,

where X, € M, , X5, € M,,.

rXs?>

Lemma4. Let ] = PP @ —Pq ®0,_,, with Pp € 91, and Pq €
Py Suppose X € T, satisfying] - X € T, and ] -2X € T,
Then, X = X, ®-X,®0,_,  withX, € P, and X, € P,.

Proof. By a direct computation, we have

3X = P X + JXJ + XJ, (12)

3X = JX* + XJX + XJ. (13)
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LetU € M, and V € M, be unitary matrices satisfying P, =
U(l, ®0,_,)U" and P, = V(I,®0,_,)V", respectively. Then,

U* 0 0 U 0 0
0o Vv* 0 J1o VvV 0
0 0 L,,] L0 0 L,,
(14)
L®0,, 0 0
-| 0o  -Leo., 0
0 0 0, ,,
By (12), one can assume that
U* 0 0 U 0 0
0 Vv”* 0 X0V 0
0 0 L,,] [001,,
(15)
X, ®0,, 0 0
- 0 -X,®0,, 0 |,
0 0 O p g

where X, € H, and X, € H,. This, together with (13), implies
that X, € &, and X, € . Thus,

X=[U(x,00,,)U"e-[V(X,®0,,)V']e0, , .,

(16)

as desired. O

Lemma5. Lety,, y, be canonical maps on H,, ...,,, and U, V
are invertible matrices of order m, - - - my. If y; (X)U = Vy,(X)
forall X € Hy, ..,,, theny, =y, andU =V = AL, ., for
some A #0.

Proof. Let us first point out a simple observation which will
be used in our proof. If a matrix U € M,,, commutes with
I, ® S for all real symmetric S € M,, then U has the form
We®I, withWeM,.

. Since yy, y, are canonical maps on H,, .., , we assume
that

V=119 -0®71, V=M@, (17)

where 7; and #; are the identity maps X +— X or the
transposition maps X — X' fori € [1,1].

Clearly, y;(, ...n,) = Lyn,.c i = 1,2, hence U = V.

We proveU = Al .., by induction onl. The case of | = 1
is the well-known fact. We assume that the statement holds
true for [ — 1. We will prove it for I. For any real symmetric
S € Mml, since 1//,-(1,,114,,,,”71 ®S) = Iml--Am,,l ®S,i =1,2,it
follows thatU = W ® I,,, for some matrix W € M,,, ..,,, . We
define linear maps

P1=7,8 BTy, pp=m®--®n. (18)

Itis easy to see that ¢, and ¢, are canonical mapson H,, ..,,, -
ForanyY € H, , since

((pl (Y) W) ® Im, =9 (Y ® Im,) U
=Uy,(Yel,) 19)

- (We, (V) ®1,,,

we have ¢, (Y)W = We,(Y), thus, by induction hypothesis,
W = AL, ., - SinceU is invertible, we have A # 0. Thus, U =
My, a0d y3(X) = (1/A)y (U = (1)U (X) = ()
forall X € H, O

my-my*

Theorem 6. Suppose ¢ is a linear map from H,,, ...,, to H, with
n <m ---my. Then, ¢(®119’m1,) C P, ifand only if either ¢ = 0
orn = my ---my, there exists a unitary matrix U € M, and a

canonical map i on H,, ..., such that

¢(X)=Un(X)U", VX €H, .. (20)

Proof. The sufficiency part is obvious. We prove the necessity
part by induction on I. When [ = 1, it is the result in [13],
which has been given in the above introduction. We assume
now that the result holds true for I — 1 and give the proof of
the case I by the following five steps.

Step 1. Suppose P € &, and ¢(P® I,
Then,

¢(P®X) = Os €BW(X) eaon—r—s’

m) =001, &0

n—r—s*

VX €H, . (20)

where y is a linear map from H,, ., to H, satisfying
y(@,2,) C P,

Proof of Step 1. Set
L= {L,®&l,},

n=1{Pe&l,. ,.:Pe?,},

L= {PheoPel,. , PecP,. ic(23]}, (22)

L,={Pe ®P,:PeP,, ic[2]]}.

We prove by induction on k that (P ® X) = 0, @ w(X) @
0, ,_s» VX € I}k € [0,] — 1]. Assume for a moment that
we have already proved this. Then, when ¢ is linear, we can
complete the proof of Step 1.

Now, we prove the assertion. The case of k = 0 is just the
assumption. Then, we assume that our statement holds true
for k — 1, and we consider the image of P® P, ® --- ® P,; ®
I for P, € &#,,,i € [2,k + 1]. Because

Myeype1y

1
PeP,®---®@P®I, ®I, ..,

!
PP, ® ®P ®P ®l, .y €®P,, (23)
!
PeP,® - ®P® (I, —Pi)®L, . €8\P,,
we obtain using the property of ¢ that
¢(PeP® -®P®l, ®IL, )P,
¢(PeP,®  ®@P &P, ®L, _.)€P,
(24)
¢ (P ®P,® -9h® Imk+1 ® I’"k+z“‘mz) >
~¢(P®P,® ®P, ®1L, _.)€P,



We obtain by induction hypothesis and Lemma 2 that
pPOP,® - ®F,®lL, ., =0,0X 0,, ,where
X, € &,, as desired.

Step 2. 1f m, ---m; > n. Then, ¢ = 0.

Proof of Step 2. Since Efiml) ®Ly ..om € ®119’m1_, Vi € [1,m;] and
(B + Ez."‘)) ® Ly, .y € ® P, Vit j € [1,m,], we obtain
using the property of ¢ that

m

(my)
$(E"el,,

¢(E ®1, ml)+¢( E™ g

mz) €P, Viel[l,m],

Ly o) € P (25)
Vitje[lm].
Denote by r; = rank ¢(E™ ® Ly .n), Vi € [1,m,]. Using

Lemma 1and composing ¢ by a s1m11ar1ty transformation, we
may obtain that

¢(E(m1 ®1 ,1,0,..-,0); (26)

My -1y

) = diag (0,...,0,1,...

where diag(0,...,0,1,...,1,0,...,0) is the diagonal matrix
in which all diagonal entries are zero except those in the (1, +
-+ 1;_ + 1)st to the (r; +--- + ;)th rows.
Since n < my ---my, there exists some r; < m,---m;.
Without loss of generality, we may assume r; < m,---m;.
(my)

ThllS, (p(ElTl m,) = Irl ® On—r
there exists a linear map v from H,, .
2

- By Step 1, we see that
.m, to H, satistying
1//(®29> ) € P, such that p(E\7 ® X) = y(X) ®0,,_, forall
X eH,, We obtain by induction hypothesis ¢ = 0. Thus,

¢ (EY{“) ®X)=0, VXeH (27)

mymy*
Forany j € [2,m,],P € ®12 m, and realywitth& lyl < 1/2,
we have (ocEgT‘ + BE;; m) D(m1 )® P € & 1 P> Where

and f are all roots of x* — x + y* = 0. We obtain using the
property of ¢, (27), and Lemma 3 that (/)(E;;"‘) ® P) = 0 and

(p(D(ml) ® P) = 0. By using the similar argument, we see that
¢(D§]’?“l> ®P) = 0,$(K;"™ & P) = 0,Vi# j € [1,m,]. Thus,
$(A®P)=0, VAc H,, . (28)
By the arbitrariness of P € ®129’mi, we have
P(A®X) =0,

Therefore, ¢ = 0.
We next always assume 1, - - -

VAeH, , X€H, .. (29)

my =nand ¢ #0.
Step 3. Suppose Fi,..., F,, € &, are of rank one with F; +
F; € P,,,Vi# j € [1,m;]. Then, there exists a unitary matrix
U of order m, - - - m; such that

¢(FoX)=U[E} em (X)|U
(30)
VX € H,

My--my?

kell,m],

where ;. is a canonical map on H,,, .., Yk € [1,m,].
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Proof of Step 3. Using the similar approach as in the proof of
Step 2, we may show that rank (/)(Fk Lypm) = My -y,
Vk € [1,m]. In fact, if rank §(F ® I,,, ml) > m, ---m; for
some k, then, by Lemma 1, there exists rank QF® L, ) <
m, - --my; for some i. Then, using the similar approach as in
the proof of Step 2, we have ¢ = 0, which is a contradiction,
and there exist a unitary matrix Q such that ¢(F, ® I,,, ..,,,,) =

Q[EI(:I:“) ® I, ...n, Q" Thus, applying Step 1, we obtain that

$(F®X)=Q[ER ey, (X)|Q", VX e€H,, . (31

where linear map v, : H,
1//k(®129’mi) C Py, for any k € [1,m;]. We obtain by
induction hypothesis that there exists unitary matrices U}, €

M ,...n, and canonical maps ;. on H,, ..,,, such that

e, Hyy oy, satistying

¥ (X)

SetU = Qdiag(Uy,...,U,, ), we complete the proof of Step 3.
By Step 3, we may assume that

=Um (X)U;, VX €H,, .. ke[Lm]. (32)

¢ (EW @ X) = EfY @ m (X),
(33)
VX €H,, ., ke[l,m],

where 7 is canonical map on H,, ..., Yk € [1,m,].

Step 4. For Vi# j € [1,m;], m; = 7; and there exists A, y;;
with IAijI = Iyijl = 1 such that

¢ (DI © X) = (AES + NES ) @, (X),

U 1] 1] Jt
VX € Hyy o
(34)
) (Kfjf”l) ® X) (MJE(”’1 + yIJE("’l)) e m (X),
VX € Hyp o

Proof of Step 4. Without loss of generality, we only prove the
caseofi=1,j=2.

Set F, = (1/2)E"™ + (1/2)E% + (1/2)D\™, F, =
(1 /2)E<’"1 +(1/2)ES ~(1/2)D%, F, = EX fork € [3,m,]
(if m; > 3). By Step 3, there exists a umtary matrix V and
canonical maps #; on H,, .., such that

¢ (FeoX) =V [EZ en (X)] V"

(35)
VX € Hyy . k€ [1,my].
This, together with (33), implies that
(m,) ( *
EWV®l, . =V[EW L, .|V Vke[3m].

(36)

Thus, we may set

_ Vi Vi :
V= [ v o diag (Vg -> Vi, ) (37)
where Vi € M,,, ...,k € [1,m;].
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On one hand, noting that

D% = 2F, — E7 — ESY

2 >
(m,y) (m,) (m,) (38)
D" = E\[" + By - 25,
we obtain using (33) and (35) that forall X € H,,, ..,,,.»
¢(D)}" @ X)
_ [2V11’71 X))V, - T (X) 2V ()f) Vai ] ®0
2Vym (X) Vi 2V (X) Vyp = 711, (X) '
(39)
¢(Di}" @ X)
_ [771 (X) = 2Vppn, (X;) Vi, =2Vt (X) Vi . ] ®0
—2V,m, (X) Vi, 7y (X) = 2V, (X) Vi, '
(40)

On the other hand, for any P € ®129’m1_ and real y with
0#1yl < 1/2, we have (aE{7" + BES" +yD7) 0P c 6! 2, ,

where « and 8 are all roots of x* — x +y* = 0. We obtain using
the property of ¢, (33), and Lemma 3 that

[6(D53 @ 8]

(41)
(m)) (m))
= (P (EITI ® Imz-"m,) + ¢ (E2r2n1 ® Imz---m,) >
(my) 0, Yo
¢ (D @ X) = [YTZ o ] ®0, VXeH, ,, (42
1

where Y;, € M,, . Choosing X = I, ..,,,, we get using (39),
(40), and (42) that 2V, V% = 2V,, V5, = 2V, V3: = 2V, V) =
Ly, ...m,- Hence, by (39), (40), and (42) again, one can obtain

that
s\~ Ly %
my (X) (Vll) Vi

=2V (X) V2*1 = =2Vpn, (X) Vz*z = _V12V2_217T2 (X).
(43)

By Lemma 5, we have 7, = 7, and (V;})"'V;, = Al
with A,, # 0. Hence,

oy

¢ (DY @ X) = (AL,ES + ALES ) @ my (X)),
(44)
VX € Hy s A1y #0.

This, together with (41), implies that |A,| = 1. Similarly,
KO © X) = (p, B + i, ESY X
‘/’( 2 ® )— (.”12 12 THEn )®7T1( )»
(45)
VX € Hyy s || = 1.

This completes the proof of Step 4.

Step 5. There exists ¢ € {-1,1} such that y;; = 8\/—_1Aij,
Vi#j € [Lm]. If m; > 3, then A;;A; = Ay, for distinct
i, j,k € [1,m].

Proof of Step 5. Since

<1EW J Lpem V2o \/—EK.(.’”I))
2 11 2 ]] 4 l] 4 l]

(46)
® Ly €O\ P,
we obtain using the property of ¢, (33), and Step 4 that
1 2
2 AL (i + 1)
2 4 € P, (47)
V2 3em) L
4 i T H 2

Hence, (Aijw,.j)(i,.ﬁpij) = 2. It follows from I/Xijl = |l =1
that A?j = —/Afj. Thus, there exists ¢; € {-1, 1} such that ¢;; =

s,-j\/—l)tij.

If m, > 3, since

Lmm) | plmy) | plmy) ) sy my) | ymy)
3 (B + BV + B+ D)+ D + DY)
1
® Ly, € &1 P05
L(om) | plmy) | pm) | grlmy) | my)  y(my)
3 (B + B+ QY+ K™+ K+ DY) "
!
® Ly .o, € &1 P
Lm) | plmy) | pm) ) | prmy) g my)
S (B + B+ R+ D+ K+ K
1
® Ly, € 1P
we obtain using the property of ¢, (33), and Step 4 that
1 Aij A
Aik )tjk 1
_1 81-in]' \/—1 ‘Sik/\ik \/—1
—gAy V=11 A e P, (50)
—sikkik \/—1 A’]k 1
1 _1 /\ij ExAi V-1
5 A 1 ejkAjk \/—1 € @3. (51)

2 _
—sik)tik \/—1 —Sjk)tjk \/—1 1

It follows from (49) that 4,4 ;. = A;. This, together with (50),
implies that ¢; = ;. Similarly, (51) implies that & = &.
Thus, all numbers ¢; have to be the same for any i#j €
[1,m,]. This completes the proof of this step.



By Steps 3-5, we set Q = diag(1,1,5,...,
unitary such that

Alml), then Q is

o (B o X) = [QB'Q e m (X0,

VX €H,, .. ke[l,m],
¢ (Dg”l) ®X)= [QDE;””Q*] &, (X),

VX € Hypopys i#j € [1my],

(52)

(K™ 0) = [kQ o, 00,

VX € Hypopys i#j € [1my].

Thus, setU = Q®I,, ..., » we have
Pp(A®X)=U[A®m (X)|U
(53)
VAeH, , X€H,, .,

or

p(AeX)=U[A"em (X)|U
(54)
VAeH,, , X€H,, .

This completes the proof of Theorem 6. O

Remark 7. When I > 2, the linear transformation that
maps the set of tensor product of idempotent matrices
into idempotent matrix set does not necessarily preserve
idempotent matrices. For example, let

¢(A,8A, 8 -®A4)=AT0A,® -®A,
VA, €, i€[L]],
1 (55)
C=- (B e B + B o B3 + B
E + KT 0 B 01,
1
Then ¢(®,%,,) € P,y .y, and C € £, ., but
1
$(C) =3 (B o EyY + B @ By + By
®EY + B @ ES ) ® Ly s ¢ Py
(56)

As the application of Theorem 6, we give the following
theorem.

Theorem 8. Suppose ¢ is a linear map from H,, ..., to H, with

n<m - ml Then, ¢(® T m) €T ,ifand only 1fezther¢> 0
orn = m,---my, there exzst a unitary matrixU € M,, € €
{-1,1} and a canonical map r on H,, ...,, such that

¢(X)=eUn(X)U", VX €H, (57)

my-my
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Proof. The sufficiency part is clear. We give the proof of the
necessity part.

Set
L= {I, & &l,},
I={p e, ., PeP,},
L,={pePrel,. ., Pec?,, ic[L,2]}, (58)
L={P® &P, :PeP,, ic[Ll]}.

It is obvious that I} = ® P, and I} C ® L Vk e [0,1].

Since I, ..., € ®ll.°7 » we have ¢(1,, . m) € 7 ,. Without
loss of generahty, we may assume that (/S(I m) = I o-I,®
0,._p_q- We next prove by induction on k that

¢ (X) = v, X)® -, X)e® 0, pgp VXE€EI, (59)
where y,(X) € 2, and v, (X) e £,

We assume that our statement holds true for k — 1 and
prove it for k. Forany X = P, ® ---® B, ® I,, ... € I},
choosingY =P, ®---®P_, ®1, ®Imk Ly € [y we have
by induction hypothesis that

p() =y, ()@ —y, (V) &0, ,, (60)

L,Y-X €

Us1ng the property of ¢ We have
7, and () - 26(X) € 7. By

with v,(Y) € P andy, (Y) € &_.Since X € ®

l oandY — 2X € ®19
(/)(X) €T w ) — (/S(X) e

Lemma 4, we have
¢ (X)

with u/p(X) € ‘@P and 1//q(X) € @q. This implies that (59)
holds.
As ¢ is linear, we can expend y, to be a linear map from

= V’p (X) & _V/q (X) ® On—p—q’ (61)

H,, .., to H, and y,, to be a linear map from H,), .., to H,
then
$(X) =y, (X)® Y, (X)00, , VX €H, . (62

with 1//;,(®l1 Ppp) € P,pand l//q(®ll Prn,) C Py we obtain using
Theorem 6 that
(a)ifn <m, -

-my, then p,q <my---m, y, =0,y, =0,

thus, ¢ = 0, and
(b) if ¢ #0, thenn = m; ---m;and p = nor q = n, thus
d=y,ord=-y,
This completes the proof of Theorem 8. O
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We consider a linear distributed parameter bioprocess with boundary control input possessing a time delay. Using a simple
boundary feedback law, we show that the closed-loop system generates a uniformly bounded C,-semigroup of linear operators
under a certain condition with respect to the feedback gain. After analyzing the spectrum configuration of closed-loop system
and verifying the spectrum determined growth assumption, we show that the closed-loop system is exponentially stable. Thus, we
demonstrate that the linear distributed parameter bioprocess preserves the exponential stability for arbitrary time delays.

1. Introduction

In a practical control system, there is often a time delay
between the controller to be implemented and the informa-
tion via the observation of the system. These hereditary effects
are sometime unavoidable because they might turn a well-
behaved system into a wild one. A simple example can be
found in Gumowski and Mira [1], where they demonstrated
that the occurrence of delays could destroy the stability
and cause periodic oscillations in a system governed by
differential equation. Datko [2, 3] illustrated that an arbitrary
small time delay in the control could destabilize a boundary
feedback hyperbolic control system as well. On the other
side, the inclusion of an appropriate time delay effect can
sometime improve the performance of the system (e.g.,
see [3-7]). When the time delay appears, redesigning a
stabilizing controller becomes thereby sometimes necessary
because the stabilization by the PI output feedback becomes
defective or the stabilization is not robust to time delay.
The stabilization with time delay in observation or control
represents difficult mathematical challenges in the control of
distributed parameter systems. However, this does not mean
that there is no stabilizing controller in the presence of time
delay. You can refer to [8-12] for some successful examples.

Motivated by these works, we will introduce time delays
to a linear distributed parameter bioprocess and investigate
the effect of time delays on exponential stability of the system.
The linear distributed parameter bioprocess treated here was
firstly discussed by Bourrel and Dochain in [13]. They showed
that the system with zero boundary input is exponentially
stable. Following [13], Sano considered the linear distributed
parameter bioprocess from the feedback control point of view
in [14]. Namely, the control input and the measured output
were imposed on the boundaries, and a simply proportional
feedback controller was designed. By using Huang’s result in
[15], He showed that the closed-loop system is exponentially
stable under a certain condition with respect to the feedback
gain and further that the exponential decay rate of the system
with zero input was derived by letting the feedback gain tend
to zero. However, if time delays in the boundary input arise
in this linear distributed parameter bioprocess, we want to
pose a question. Is the stabilization robust to time delays for
the proportional feedback controller? The present paper is
devoted to answering this question.

The content of this paper is organized as follows. In
Section 2 we will introduce the linear distributed parameter
bioprocess mentioned previously and formulate our problem
in a suitable Hilbert space. We show that the closed-loop



system generates a uniformly bounded C,-semigroup of
linear operators and obtain the wellposedness of the system as
well. In Section 3, we carry out a spectral analysis and obtain
the spectrum configuration of the closed-loop system. From
verifying the spectrum determined growth assumption, we
show that the closed-loop system is exponentially stable. In
the last section, a concise conclusion is given.

2. System Description and Wellposedness of
the System

We will consider the following type of linear distributed
parameter bioprocess model in which time delays occur in
boundary control input:

0 19)
% (t,x) = —v% (t,x) —a,z; (t, x) —ayz, (t, %),
(t,x) € (0,00) x (0,1),
% (t,x) = a3z, (t,x) —auz, (t, %), "
(t, x) € (0,00) x (0,1),
zy(t,0)=u(t—-1), te(0,00),
z;(0,x) =z,0(x), 2,(0,x) =255(x), x€(0,1),
y(t):zl(t’l)r tE(0,00),

where z,(t, x), z,(t, x) € R are the deviations of substrate and
biomass concentrations from steady-state values at the time
t and at the point x € (0, 1), respectively. And u(t) € R is
the control input, y(t) € R is the measured output, v > 0
is the fluid superficial velocity, a,, a,, a5, and g, are positive
constants, and 7 > 0 is the length of time delay.

As usual, we adopt the simple feedback control law u(t) =
—ky(t) with k > 0 which results in the following closed-loop
system:

%z

0z
> (t,x) = —va—xl (t,x) — ayz, (t, x) — a2, (t, x),

(t,x) € (0,00) x (0, 1),

% (t,x) = a3z, (t, x) — ay2, (£, %), (2)

(t, x) € (0,00) x (0,1),
z, (£,0) = —kz, (t - 1,1), t€(0,00),
2 (0,x) =z5(x), 2,(0,x) =2,5(x), x¢€(0,1).

Setting z,(t, x) = z,(t — x7, 1), (2) is equivalent to

%

0z
> (t,x) = —va—xl (t,x) - a,z, (t, x) — a,z, (£, x),

(t,x) € (0,00) x (0,1),
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% (t,x) = 32, (t,x) - az, (t, x),

(t,x) € (0,00) x (0,1),

92
ot

z3 (t> 0) = Zl (t, 1) >

(t,x) = —T_1% (t,x), (tx) € (0,00)x%(0,1),

zy (t,0) = —kz; (t,1), t € (0,00),

21 (0,x) =215 (%), 2, (0,x) = 255 (x),

23 (0,x) = 235 (-1x), x€(0,1).
©)
We take the state Hilbert space 7,
% =1210,1] x I*[0,1] x L [0,1] = (1*[0,1])’,  (4)
equipped with inner product
adw = [ Ao x| £ s ;
5

1
+ L f3(x) g5 (x)dx, f,ged.

Define the operator A : D(A) c # —  as

d
—va—al —a, 0 ;
a -a 0 !
Af= ’ i fz >
L d f.
0 A 3
’ dx

f= (.7(1’f2»f3)L €D(A),
D(A) = {f e H' (0,1) x L*[0,1]
xH' (0,1) | f1(0) = ~kf; (1), f (1) = f3 (0)}.
(6)

Then the system (3) can be written as

d (% (t) z, (t) z,(0) 210
a0 |=Al 50 |L.{£0) =] 2 |, )
z5 (t) z5 (t) z3(0) 230

where z,g, 2y 239 € L*[0,1]. Therefore, if the operator A
generates a C-semigroup T'(t) on &, then a unique solution
of (7) is expressed as

z, () Z10
<22 (t)> =T(t)<zzo>, vVt >0, (8)
z; (t) Z30

which means that the unique solution to (2) or (3) exists.
Let us define the operator M € L(¥’) as

N
M=<0 \/a_30> 9)
0 0 1
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and consider the properties of a semigroup generated by the
operator M “'AM. The operator M TAM is expressed as

M AMS
_VE —a; —+\/a,a; 0
Vha; —ay 0 h
= L)
4 d f
0 0 e S 3
! dx

f=(fifof) € D(M_IAM),

D(M™"AM) ={f e H' (0,1) x L*[0,1] x H' (0,1)

| £1(0) = =kf; (1), f; (1) = £5(0) }.
(10)

Firstly, we have the following result.

Theorem 1. Suppose that the feedback gain k is chosen such
that 0 < k < 1. Then, the operator A defined by (6) generates a
uniformly bounded C-semigroup T(t) on ¥ .

Proof. In order to prove that A generates a uniformly

bounded C,-semigroup, we introduce a new equivalent inner
product in 7%

(fr9)y = j £ () gl(x>dx+—j £, (%) 9200

. D
T L f3(x) gs(x)dx, f,ge.

From the domain of the operator M~* AM it follows that the
identities

Re <M71AMf’f>%1
a a,
=~ Aleon ~ 2 halzan

~(1A P =1AOF) = (10 -1 o)

a a
= _71“f1 ”LZ(O,I) - 74”](2"1‘2(0)1) - (1 - kz) |f3 (1)|2
(12)

hold for all f € D(M ™' AM). If the feedback gain k satisfies
0 < k < 1, then it is easy to see

Re (M™'AMf, f)_ <0, VfeD(M'AM). (13)

Next, for all f € DIM'AM) and g € %, we have

(M AMF, g) -

1 —
B % L (_Vflr (x) —a fo (x)) g,(x)dx

S

J > (x) g, (x)dx — £, (x) g, (x)dx

v 1 —
2 J fi (%) g,(x)dx — J f1 (%) gs(x)dx

1 —
= l J fi (%) (Vg{(x) —a;g,(x) + \/aza3gz(x)) dx

v Jo

1 (! — —
) L f2(x) (‘1492(95) + Va2a3g1(x)) dx

1 (! —
S NACrIETE

—1 1 S
-[f @] - [A @@,
(14)

From the definition of the adjoint operator and the conditions
in the domain of the M~' AM, we know that

d
va —a; \a,as 0 fi
—Vha; 4y 0 I

d
0 0o 12 fs
’ dx

f= (oS f3)" € D((M7aM)"),

(M7'AM) f =

D ((M‘IAM)*) ={feH' (0, 1)xI*[0,1] x H' (0,1)

= —kf1(0), f5(0) = f; (1)}
(15)

| f3(1)

because it is easily verified that M™'AM is a closed and
densely defined linear operator. Thus, by similar arguments
as previously, we obtain that, for all f € D(M~'AM)"),

Re (M~ AM)"f, f>%1
= _a_vl”fl "LZ(O,I) - a_:"fZHLZ(o,n
+(IA P =1AOF) + (1@ -1 Of)
= _a_vl”fl "1,2(0,1) - a_;"f2||L2(0,1) - (1 - k2> |f1 (0)|2 <0.

(16)

0 and
0 that the operators M ' AM

It follows from Re (MflAMf,f)%,1 <
Re((M'AM)"f, f) g <
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and (M'AM)* are dissipative. According to Proposition  where u(k,T) is defined by
3.L11 of [16], the closed operator M™7AM is m-dissipative.

Therefore, Lumer-Philips theorem implies that M'AM

generates contraction semigroups S(¢) on state space # . u(k, 1)

For all t > 0, if we define T'(¢) by T(t) = MS(@#)M™!, then

the semigroups T'(t) and S(t) are similar. This means that

the C,-semigroups T'(¢) are uniformly bounded (i.e., a C,-
semigroup with the operator norm bound || T'(¢)[| 7)) <M,

for some M > 0 and Vt > 0) and their generator is A. Thus,

the proof of the theorem is complete since the new inner ]
product is equivalent to the original one. O

( a, —vlogk
max {—614, _I‘VT—-I-lg’ ﬂl (k; T) )ﬁz (k> T)}

(a, +a, - vlogk)’
i > 4 [a,a; + a, (a, —vlogk)],

17+ 1
a, —vlogk (a, +a, - vlogk)z}

max —a > T >
{ * 7+ 1 2(vt+1)

3. Exponential Stability of the System (7)

_(a, +a, - vlogk)’
i =4 [aya; + a, (a; — vlogk)],

In order to show the exponential stability of the system (7), ‘ 7+ 1
we will verify that the operator A satisfies the conditions of —a +vlosk
Theorem 1.1 of [14], which is a summarized edition of Huang’s y (k,T) == max {—a4, Zoh T VoBR }
result on the spectrum determined growth assumption in T+l
[15]. To this end, we should analyze the spectrum configura-

tion of the operator A and show that the norm of the resolvent if
is uniformly bounded in any given right half-plane. All these 7+ 1
results are collected in the following two lemmas.

(a, + a, — vlogk)’

< 4|aya; +a,(a, —vlogk)],
Lemma 2. Suppose that the assumption of Theorem 1 is (18)
satisfied. Then, the following inequality holds:

sup {Re (M) : A € 0 (A)} < p(k,7), (17) with f8,(k, 1) and f,(k, T) being

—(a; +a, —vlogk) + \/(a; +a, —vlo k2—4(vr+1) a,a; +ay (a; —vlogk
g g 3 g

Pre7) = 207+ 1) ’
(19)
—(a, +a, —vlogk) - \/(a1 +a, —vlogk) — 4 (vt + 1) [ayas + a, (a, — vogk)]
By (k1) = 2 .
(vr+1)
Proof. First, let us calculate the eigenvalues of the operator A.  Set
It is easy to see that, for A € Cand f = (f;(x), f,(x), f5(x)) € 1 e
D(A), Af = Af is equivalent to a(l)=—-—- ()L+a1+ 253 ), BA)=1A-a(R).
Y A+ay
! (26)
-vf1 (x) —a, f, (x) —a, [, (x) = Af; (x), (20)
Substituting (24) to (20), we have
(x) (x) - (x) = Afy (%), (21)
as f1 (x) (x) —ay f, (x fo (x £,(x) = £, (0) ress (27)
T () =M (0, 22) " 1t follows from (23), (25), and (27) that
f1(0) =-kf; (1), £3(0) = f; (1). (23) PN = k. (28)

In order to solve (28) with respectto A, letus set A = x+iy,

By using similar argument of the appendix of [14], it is easy
x,y €R,and

to know that A = —g, belongs to the continuous spectrum

0c(A) of A. When A # — a,, solving (21) and (22), we have aas (x + a,)
u(x,y)=0r+)x+a + ————=,

a, (x+a,) +y

fra(x) = mfl (x), (24) (29)

a3

o viey)=y|l+rvmr- ———o|.

f5 (%) = £ (0) ™™, (25) (x+ a4)2 + 92



Journal of Function Spaces and Applications

Then, (28) becomes

eB(A) _ e(l/v)[u(x,y)+iv(x,y)] =k, (30)
which is equivalent to

1
VM) o5 —v (x, y) = —k,
v
(31)

sin Ly (x,y) =0.
v

Thus, it follows from the previous equations that

u(x,y)=vlogk, v(x,y)=Qn+1)wr, nez (32)

which are equivalent to

v+ D)x+a, + =vlogk, (33)

y|ll+vr— %% =(2n+1)vm. (34)

(x+ a4)2 + y?
Combining (33) with (34), we get

2n+1 +
n+ 1) vr(x+a,) ez

4 2(vt+ ) x+a; +a, (v +1)—vlogk’

(35)

On the other hand, solving (33) with respect to y, we have

. aas (x +ay)
== viogk- (v +1)x — g

~(x+a,). (36)

As a result, introducing two sets

n+ 1) v (x+ay)
20t + 1) x+a; +a, (vr +1) —vlogk’

81:{x+iy:y:

x,y€eR,x#a,nc¢ Z},

S, = <|x+iy:y

oy aa; (x +ay)
~ " \vlogk - (vt +1)x —a,

—(x+ a4)2,

X,y € R,x¢a4} ,
(37)

we see that the point spectrum 0,(A) of A is given by 0,,(A) =
S$,NS,. But we remark that the resolvent set p(A) of A is (S]U
$5) \ {-a,} (see the Appendix). This means that

a(A)=(5,nS,)U{-a}. (38)

When A = x +iy € GP(A), from the definition of the set
S,, x must satisty the inequality

a0 (x + a,) —(x+ a4)2 >0, (39)

viogk - (vt +1)x —q

which is equivalent to

vlogk—a1>
(x+ay) (x —
x(x2+

a,a; +a, (a, —vlogk
i 4(1 g)>§0_
o+ 1

a, —vlogk +a,
T+ 1 (40)

From the inequality and the definition of the u(k, 1), it is
obvious that

sup{Re(A): A e c (A)} < u(k, 7). (41)
O

Lemma 3. Suppose that the assumption of Theorem 1 is
satisfied. Then, for any & > 0, the following holds:

sup{"()tI—A)_1 :A € C and Rex\Zy(k,T)+£}<oo,

(42)

“3’(%)

in which u(k, T) is the number defined in Lemma 2.

Proof. In Theorem 1, it is shown that the operator A generates
a uniformly bounded Cj-semigroup T(t) on # when the
feedback gain k is chosen such that k* < 1/(v1) < 1. Then
it follows from Theorem 5.3 and Remark 5.4 of [17] that, for
any € > 0, there exists some constant M such that

M__M (43)

JAr-27,,,, < T

holds for all A € C with Re(A) > «.
Now, let the subset E, of the complex domain C be given
by

E,={leC:u(k,t)+e<Re(A) <¢}. (44)

In order to apply Theorem 1.1 of [14], it must be shown that

sup {"(M - A)” tAe El} < 00. (45)

1 “y(%)

First, for each A € E; and each g = (g,, 5> g5)" € %, we
consider the resolvent equation (AI — A)f = g, which is
equivalent to

1’f1l X)+A+a) fi(X)+a,f, (x) =g, (x), (46)
—ay f1 (x) (x) + (A +ay) f, (%) = g, (x), (47)
3 (%) + TAf; (%) = 795 (x) - (48)



Solving (47) and (48), we have

fz (x) =

(x) + Ara 2 (%), (49)

fi (%) = f5 (0)e ™ + Jo e ™M g (5) ds. (50)

Substituting (49) with (46) and solving it, we have

£L(x) = f, (0) "™ 4 J' 76 Nx=9)
0
(51)
1 a,
- -— d
N AP
Since f = (f, fo> f3)" belongs to the domain D(A) of A,
f1(x) and f;(x) should satisfy the relations

f1(0) =-kf; (1), f1 (1) = £5(0). (52)
Putting x = 1 in (50) and (51), respectively, we obtain
-7
e
L=
X Jl M=) 1 (s) - B (s) )ds
0 9 v(A+ay) 92
(53)
1
+ L €™ g5 (s) ds] ,
A Yoo
f00)=€"f5(1) - J-o 7"’ g5 (s) ds.
If substitute them into (50) and (51), then we have
_ke—TAeoc(/\)x
S = 1 + ke P
1
a)(i-s) (1 1 d
X“oe (vgl(s) v(A+a4)g2(S)) s
1
+J €™ g, (s) ds]
0
T s | 1 4 J
+,[o e [vgl ©) v()t+a4)g2 (S)] >
TAX
e

)gz (S)>

y |:J-1 elx()t)(lfs) ( -g (5)
0 ' (

1
+ J ‘re—ﬂ(l_s)% (s) ds]
0

1
- J 7o ME9 g (s) ds.
(54)
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Also, f,(x) can be obtained from the previous equations and
(49).

Next, we will estimate a bound of # norm of f
(f1> f» f5)" - Tt follows from

e<ulk,m)+e+a,
(55)
=|uk,7)+e+a, ] <Redl+a, =|1+ay
that
'e—(l/v)(aga3/(/\+a4))x|

— ¢~ UMmas(Redvay)x/(Re A+ay)*+(ImA)%) (56)

< e—(l/v)%asex/((ReA+a4)2+(1m)t)2) <1

Noting that
viogk+(1+v)e<a +(1+v7) [uk 1) +e]
<a +(1+vr)Re), (57)
vlogk +e < vlogk+e+vr(e-Red) <a +Re),
we have
|e—ﬁ()t)x|
_ UM+ Re My e—(l/v)(a2a3/()t+a4))x|
(58)
< o~ (U logh+(1+v)elx
=kl WMemex g1

|ea()t)x|

= o (I/M[ReMay]

e—(l/V)(azas/(/l+a4))x| (59)

< e—(l/v)[vlogk+s]x k— —(1/v)ex < k—

for all x € [0, 1]. Putting x = 1 in (58), we have

e P < e (60)
Moreover, the continuous function h(x, y) := e ™ defined
on the compact set [0,1] x [u(k,T) + & €] has absolute

maximum and absolute minimum, which are denoted by L
and J, respectively. Thus, we have

k |e—-r)t' |ea()t)x|

| fi ()] < Tt ke PO

1
y “0 |eo<()»)(1—s)|< lg, ()] + |

1
+ L T 'en\s' lgs ()] ds]

+J 'e (1) (x—s)
0

| |gz (5)|>
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1 a,
X [v |9, ()] + A+ lg, ()| | ds
e*‘rRe/\
< —
1 - |ke PN
X[Jlil (S)|+&| (S)|d5
o kv i ke |72
1
+ J Te‘rsRe/\ |g3 (S)| ds
0

1 T Ta,
- L o |9 O+ =219, (9] ds

L
= 1 e Umome

x Ulilg (5)] + 2 |g, (5)| ds
o kv ! kve 192
1
o] gy s
0

1 T TOLZ
+ JO o |9, ()] + e |9, (s)| ds

‘ : [ oo
*\ % [1 _ e—(l/V)(lH/‘r)g] + E ,[() |g1 (S)l X
a,L T
! kve [1 — e~ (/M +rne] \jL |9, ()] "dx

7L 1a,
" I [1 — e—(l/v)(l-wr)s] + E

T
j |95 (5)|2dx.

0
(61)

The Cauchy-Schwarz inequality is applied in the last step. This
means that

|fi )| < Mygllz or |fi (x)||L2[0’1] < Mgl (62)
in which

L T
kv [1 — e (/M 0e] e

>

M, = max{

a,L
kve [1 — e~ (/M 0+m)e] ’

(63)

7L Ta,
l[l — e—(l/v)(l+v-r)s] + kve .

Similarly, we have

' e‘r/\x |

|f3 (X)| < m

1
[J e
0

1 a,
X (v 19, ()] + T+ e A (s)|)ds

1
+ L T |e—T)L(1—s)| |g3 (S)I ds]

1
+J 7| |gs (5)] ds

™ Re A

S T
8 Ul<l|g ©)|+2g (5)|>ds
0 Vv 1 Ve 2
1
] e g, ) as|
0

1
+ J re T Re Alx=s) |g3 (S)| ds
x

1
< I [1 — e*(l/v)(lwr)s]

e
X [Jo <; lgy ()] + % |9, (s)|>ds
VL
+| g o as|

1
L
+ J TT |93 (5)| ds
0

1 o
= Iv [1 — e—(l/V)(1+vr)s] \/L |gl (5)| dx

—
a, 5
" Ive [1 - e*(l/v)(lJrW)s] \/JO |g2 (S)| dx

7L L
\r [1 - e~ (/e T

This means that

P
Jo |g3 (5)|2dx.
(64)

< Malaly o 1 @l < Molgl (69



8
in which
B 1 a,
M; = max { I [1 = e UMaHe]” Iye [1 — e MTr0e]”
L L
121 — e~ (/)(+0e] T
(66)
It follows from (49) and (62) that
a 1 a, M 1
1Ll < 2 1A g 0] < =gl + - lg: @)
(67)
This implies that
1> G20y < Mgl (68)
in which
M= ML (69)
3 €

Therefore, by using (62), (65), and (68), we can estimate a
bound of # norm of f = (f}, fy, f5)" as follows:

2 2 2 2
I£15 = A (x)"LZ[O,l] +|£2 (x)”LZ[O,I] + 15 (x)“Lz[O,l] (70
< (M7 + M3+ M3) gl

which is equivalent to

|AL -2y, < \M2+ M2+ M2 (71)

L)

Since the inequality holds for all g € # and forall A € E,, we

have
jug"()\[ - A)_I“L(%) S \M}+Mj +M; <o (72)
€k,

This shows that (45) holds. In this way, we finally obtain

sup {“(M - A)*"g(%) :AeCandRed > u(k,1)+ g}

< Q.
(73)

O
Theorem 4. Suppose that the assumption of Theorem 1 is
satisfied. Then, for any € > 0, there exists a constant M, . such
that
IT Ol < M e (74)
in which u(k, 7) is defined in Lemma 2.

Proof. According to Theorem 1.1 of [14], Theorem 4 is direct
consequence of Lemmas 2 and 3. O
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4, Conclusion

In the present paper, we have considered a linear distributed
parameter bioprocess with boundary control input possess-
ing a time delay. Using a simple boundary feedback law,
we have shown that the closed-loop system generates a
uniformly bounded C,-semigroup of linear operators if the
feedback gain k satisfies 0 < k < 1. After analyzing
the spectrum configuration of the closed-loop system and
verifying the spectrum determined growth assumption, we
have demonstrated that the closed-loop system becomes
exponentially stable. Our main result implies that the linear
distributed parameter bioprocess preserves the exponential
stability for arbitrary time delay. This means that the answer
to the question posed in Section 1 is positive.

Appendix

Let S, and S, be the sets defined in the proof of Lemma 2. To
show that the resolvent set p(A) of A is (S] U S5) \ {—a,}, we
have to prove that the operator AI — A is bijective for each
A € (8] U8\ {-ay}. Thus, for each A € (S§] U S)) \ {-a,}
and each g = (g,, 95 g5)" € %, we consider the resolvent
equation (AI — A) f = g, which is equivalent to

v () + (A +a) fi (%) +ay f, (%) = gy (%),
_a3f1 (%) (x) + ()L + 614) fz (x) = g5 (%),
f3 (%) + TAf; (%) = 795 (%) .

(A1)

It follows from the proof of Lemma 3 that

fi (%) = f, (0) P>

T s | 1 4 J
i .[o e [vgl (©) v(A+ a4)g2 ()| ds.

L) = T h@ ().

1
)L+a4g2

0= f(0)e™ 4 L w9 g (5) ds,

(1+ke ™) f,(1)

1
) aMy-s) [ 1 a,
= - - ——— d
¢ [L ¢ (vgl (s) v()t+a4)g2 (S)) s

+ Il TeT’\Sg3 (s) ds] )
0
(A2)

It is easy to see that AI — A is bijective if and only if 1 +

ke PM £0. From the proof of Lemma 3, we know that PN =
—k for A € §; n'S,. This implies that p(A) = (S] U S5) \ {-a4}.
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By studying the Gauss map G and Laplace operator A" of the second fundamental form h, we will classify surfaces of revolution with
a lightlike axis in 3-dimensional Minkowski space and also obtain the surface of Enneper of the 2nd kind, the surface of Enneper
of the 3rd kind, the de Sitter pseudosphere, and the hyperbolic pseudosphere that satisfy condition A"G = AG, A being a 3 x 3 real

matrix.

1. Introduction

The Gauss map is a useful tool for studying surfaces in
Euclidean space and pseudo-Euclidean space.

Suppose that M is a connected surface in R? and G is the
Gauss map on M. According to a theorem proved by Ruh and
Vilms [1], M has constant mean curvature if and only if

AG = |ldGI’G, )

where A is the Laplace operator on M that corresponds to the
metric induced on M from R>. A special case of (1) is given

by
AG = AG, (2)
where the Gauss map G is an eigenfunction of the Laplacian

Aon M. As amore general form of (1), Dillen et al. [2] proved
that a surface of revolution M in R? satisfies the condition

AG = AG, A e€Mat(3,R), (3)

if and only if M is a plane, sphere, or cylinder. Baikoussis
and Blair [3] proved that a ruled surface M in R satisfies
condition (3) if and only if M is a plane, helicoidal surface,
or spiral surface in R®. Additionally, Choi and Alfas et al.

[4-6] completely classified the surfaces of revolution and
ruled surfaces in 3-dimensional Minkowski space that satisfy
condition (3). Kim and Yoon [7] studied ruled surfaces in RY*
such that

AG=AG, AeMat(N,R), N= (”;) (4)

Recently, an interesting question was raised: what sur-

faces of revolution without parabolic points in Euclidean or
pseudo-Euclidean space satisty the following condition?

A"G = AG, A € Mat(3,R), (5)

where A" is the Laplace operator with respect to the second
fundamental form h of the surface. This operator is formally

defined by

2
w1 9 i 0
A" = N i’jz:lﬁ <\/|%|h @> (6)

for the components h; (i, j = 1,2) of the second fundamental

form h on M, and we denote by (W) (resp., ') the inverse
matrix (resp., the determinant) of the matrix (hi]-).

In [8], the authors studied surfaces of revolution without
parabolic points in Euclidean 3-space R’ and presented



some classification theorems. In this paper, we will consider
surfaces of revolution with lightlike axis in R} and present
some classification results.

2. Preliminaries

Let R} be a 3-dimensional Minkowski space with the scalar
product and Lorentz cross-product defined as

(x,y) = —xé + xf + x%,
(7)

XXy= (Xz)’l X1V X2 V0 — X0 V2> X0 V1 ~ xl;Vo)

for every vector x = (xg, X1, %,) and y = (yp, ¥, ¥,) in R3.

A vector x of IRT is said to be spacelike if (x,x) > 0 or
x = 0, timelike if (x,x) < 0 and lightlike or null if (x,x) = 0
and x#0. A timelike or lightlike vector in R; is said to be
causal. Lety : I — R; beasmooth curve in R}, where I is an
interval in R. We call y spacelike, timelike, or lightlike curve
if the tangent vector y' at any point is spacelike, timelike, or
lightlike, respectively.

Let I be an open interval and y : I — II a plane curve
lying in a plane IT of Ri and [ a straight line in IT which
does not intersect with the curve y. A surface of revolution
M with axis [ in R} is defined to be invariant under the group
of motions in [Ri, which fixes each point of the line I [9].
Because the present paper discusses the case of lightlike axis,
without loss of generality, we may assume that the axis is the
line spanned by vector (1, 1, 0) in the plane Oxx;.

So, we choose the line spanned by the vector (1, 1,0) as
axis and express the suppose curve y as follows:

y (@) = (f W), g w),0), (8)

where f(u) is a smooth positive function and g(u) is a smooth
function such that h(u) = f(u) — g(u) # 0. Then, the surface
of revolution M with such axis may be given by

2 2
x (1, v) = (f(u)+ %h(u),g(u)+ %h(u),h(u)v).
9)

Now, let us consider the Gauss map G on a surface M in
Rf. ThemapG: M — Q*e) ¢ Ri’, which sends each point
of M to the unit normal vector to M at that point, is called
the Gauss map of surface M. Here, e(= £1) denotes the sign
of the vector field G and Q?(¢) is a 2-dimensional space form
as follows:

$i(1) inRjife=1,

10
H*(-1) inR]ife=-1. (10)

Q (e) = {

Asurface M ¢ R] is called minimal if and only if its mean
curvature H is zero. As de Woestijne ([10]) proved, we have
the following theorems.

Theorem 1 (see [10]). Every minimal, spacelike surface of
revolution M ¢ R? is congruent to a part of one of the following
surfaces:
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(1) a spacelike plane;

(2) the catenoid of the Ist kind;

(3) the catenoid of the 2nd kind;

(4) the surface of Enneper of the 2nd kind.

Theorem 2 (see [10]). Every minimal, timelike surface of
revolution M C R is congruent to a part of one of the following
surfaces:

(1) a Lorentzian plane;

(2) the catenoid of the 3rd kind;

(3) the catenoid of the 4th kind;

(4) the catenoid of the 5th kind;

(5) the surface of Enneper of the 3rd kind.

Now, we consider some examples of surfaces of revolution
which are mentioned in our theorems.

Example 1 (The surface of Enneper of the 2nd kind is shown
in Figure 1). The surface of Enneper of the 2nd kind is
parameterized by

x(u,v) = (u3 —u—Vuu’ +u-u, —2uv) (1)

for u < 0. Then, the components of the first and the second
fundamental forms are given by

2 2
gn =127, J2=9n =0, G =407,
241 8u’
hn =17 . h12 = h21 =0, hzz =1 o
|, x x| |, x x|
(12)

So, the mean curvature H on the surface is

_ (—24u2) (4u2) + (8u2) (12142) o 13)
2 (12u2) (4u?) |x, x x|

Therefore, the surface of Enneper of the 2nd kind is minimal.

Example 2 (The surface of Enneper of the 3rd kind is shown
in Figure 2). The surface of Enneper of the 3rd kind is
parameterized by

x(u,v) = (—u3 —u—vu, v’ +u—u, —2uv) (14)

for u < 0. Then, the components of the first and the second
fundamental forms are given by

2 2
gu = —12u7, J2=91 =0, G =417,
24u° 81’

hu =17 . h12 = h21 =0, hzz =T

lxu X xvl |xu X xv|

(15)
So, the mean curvature H on the surface is

(2402) (40 + (802) (-1207)
= 2 (-12u2) (4u?) |x, x x| =0 (19

Therefore, the surface of Enneper of the 3rd kind is minimal.
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F1GURE 1: The surface of Enneper of the 2nd kind.

FIGURE 2: The surface of Enneper of the 3rd kind.

Example 3 (The de Sitter pseudosphere is shown in Figure 3).
The de Sitter pseudosphere with radius 1 can be expressed as

x (u, v) = (sinh u, cosh u cos v, cosh u sin v) . 17)
Then, its Gauss map G and Laplacian are given by

G = (- sinh u, — cosh u cos v, — cosh usin v) ,

(18)

w0 1 0* sinhu 0

ou?  cosh’u ov?

coshu ou’
By a straight computation, we get
A"G = (-2 sinhu, -2 coshu cos v, =2 cosh usinv),  (19)

which means

200

AG={020]G (20)
002

that is, the de Sitter pseudosphere satisfies condition (1).

Example 4 (The hyperbolic pseudosphere is shown in Fig-

ure 4). The hyperbolic pseudosphere with radius 1 is param-

eterized by

x (u,v) = (coshu, sinh u cos v, sinh u sin v) . (21)

FIGURE 3: The de Sitter pseudosphere.

FIGURE 4: The future hyperbolic pseudosphere.

Then, its Gauss map G and Laplacian are given by

G = (- coshu, — sinh u cos v, — sinh u sinv),

o 1 o* coshu o (22)

Ah = - —- - _
ou?  sinh%y 0v*  sinhu ou’

By a straight computation, we get

A'G = (2 coshu, 2 sinhu cos v, 2sinhusinv). (23)

2 0 0
A'G=(0 -2 0 |G; (24)
0 0 -2

So, we have

that is, the hyperbolic pseudosphere satisfies condition (1).

3. The Surface of Revolution with
Lightlike Axis

In this section, we will classify the surfaces of revolution with
lightlike axis in R? that satisfy condition (5).



Theorem 3. The only surfaces of revolution with lightlike axis
in R}, whose Gauss map G satisfies

A"G = AG, A e Mat(3,R), (25)

are locally the surface of Enneper of the 2nd kind, the surface
of Enneper of the 3rd kind, the de Sitter pseudosphere, and the
hyperbolic pseudosphere.

Proof. Let M be a surface of revolution with lightlike axis as
(9); then we may assume that the profile curve y is of unit
speed; thus

(Y)Y =-f"w+g"” W) =e(21). (26)

Without lost of generality, we assume thath = f(u)—g(u) > 0
and give a detailed proof just for the case & = 1.
Then, we may put

f'(u)=sinht, g (u) = cosht 27)

for the smooth function ¢ = t(u). Using the natural frame
{x,, x,} of M defined by

2 2
Xy = (fl + %h,a g’ + %h”hlv) > Xy = (Vh’ Vh’ h)’
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we obtain the components of the first and the second
fundamental forms of the surface as follows:

g = (xx,) =1,
912 = 9 = (X, %,) = 0,
I = (X, %,) = W,
hy =({x,, Gy = f"g' - fg" =t
hyy = hyy = (x,,,G) =0,

(29)

h22 = <xw’G> = _hh”

where Gauss map G is defined by (x,, x x,)/|x, X x,| = (=g +
(12K, —f"+ (P [2)H, vi).

So, the matrix (h;;) is composed by second fundamental
form h as follows:

hy hyp\_ (0
hy hy) " \O -hH' )"
Since # = hy,h,, — h, = 0 makes Laplacian A" degenerate,

so we can assume that # #0 for every t. Then, the mean
curvature H on M is given by

e -nwh' 1(, W
H=———"=-[¢{-=.
20 2<t 2

By a straightforward computation, the Laplacian A" of the
second fundamental form & on M with the help of (2), (27),
and (29) turns out to be

(30)

(31)

o 19 19
X = f” + V_Zh// "y V_zhn W'y t' ou*  hh' 0v?
- 2 g 2 ’ " ] " (32)
. <f_ _ h_) 9
12 ! el °
X, = (Vh’, W, 0) ) x,, = (hh,0), 2t 2ht"  2RH't" ) ou
(28) Accordingly, we get
_ﬂ . t”h” ~ hlhll ~ h”2 5 . l ~ t”g" hlg” h”g” . l
w T ar T wn ww )V T 2t 2t'h - 2t'HW  h
AhG _ _ﬂ . t”h” - hlhll ~ hIIZ VZ . L’I ~ t”f” . hlfll . h”f” ) l (33)
21 4t 4t'h 4t'H t! 22 2tk 2t'HW  h
t”h” hlhll

hIII
(e

By the assumption (25) and the above equation, we get the
following system of differential equations:

2t’2

hIII . tl/hll hlhll hIIZ all + 6112 h, Vz
2t 4’2 4At'h 4R 2
n n_n rn n_n
-a h'v+g——tg hg Mg
13 t 22 2tk 2K

hlIZ
T2 W ) !

1 ! !
+z+a11g +a,f =0,

_ﬂ . t”h” ~ hlhll ~ h”z ~ a21 +a22h’ Vz
28 4t 4’k 4K 2
n n cn I pn n cn
-a h'v+f——tf +hf +hf
23 t 2t " 2tk 2t'H



Journal of Function Spaces and Applications

1 ! !
+E+a21g +ayf =0,

ay; +a 2
M1 32]11/

h’”
+ (—? +

! !
t+ayg +anf =0,

t”h” hlh/l hI’Z h’
T A

(34)

where a;; (i, j = 1,2,3) denote the components of the matrix
A given by (25).

In order to prove the theorem, we have to solve the above
system of ordinary differential equations. So, we get three
systems of ODE, equivalently:

h”l t”h” hlhll h/IZ ~ all + alz h’ o

—_—— + — —
2t 42 At'h 4R 2
—a;;h =0,
n non ron non
t'g h'g h'g ’ !
o Ty o TR Td tanf =0,

~ i’! tIIhH hlhll

W?* ay +
20 4 - 0

Cat'h Al 2
—a,h =0,
fl/l t”f” hlfll hl/fl/ 1 , ,
T T orn o T g tanf =0

a3t aazhl -0
- bl

hlll tllhll hlhll hll2
[E— + — p—
t! 22 2tk 2t'H

—ay,h =0,
! !
439 +agf =0.
(35)
From (35), we easily deduce thata,;; = a,; = a3, = a5, = 0

andasy; = (a;; +ay,)/2 = ay; +ay, = a,, +a,,. Weputa,; = A
and a,, = p. Therefore, the matrix A satisfies

A %@—M 0
A—p) u 0 ) (36)
S0+

Then, three systems (35) now reduce to the following equa-
tions:

1
2
0 0

n t”g” h’g” h”g” 1 , [/l _ A ,
T T T TR M o G7)
f’” t”f” h’f” hllf’l 1 , A, _ [,l ,
Tt ey s 9 Y

n "1 1.1 112
AV RS SRR

— 4 — — =
t! 212 2 2t'H 2

By the computation (37) x cosh t— (38) x sinh t and using
= sinht, =1t cosht, =t"sinht + 1t cosht, =
! . h " ! h n 12 . h " h gl
cosht, g" = t'sinht,and g"" = t"* cosht +¢" sinh t, we easily
get

!

t' — — = —Acosh’t + usinh®t + (A — u) sinh t cosh .

(40)

| =

On the other hand, substituting 4" = —h't and W' = h'(t"* -
t"") into (39) equivalently, we get the following equation:

!
t" - 3" + %t' =(A+u)t. (41)

Now, we discuss five cases according to the constants A and
.

Case I(A = u = 0). In this case, we easily get t' —
(H'/h) = 0, which implies that the mean curvature H vanishes
identically because of (31). Therefore, the surface is minimal;
from Theorem 1 it is the surface of Enneper of the 2nd kind.
Furthermore, a surface of Enneper of the 2nd kind satisfies
the condition (25).

Case2 (A = u+0). By (40), we get

hl
t=—-A (42)
h
Differentiating (42) with respect to u, we have
W n\’
t=——t' - —). 43
! ( ! ) ()
Substituting (42) and (43) into (41), we get
1\ 2 ]
4(%) +4A%+A2=0 (44)
from which
WA
k_A (45)
h 2

Furthermore, (45) together with (42) becomes t = —(1/2);
that is,
A
t(u) = —Eu +k, keR. (46)

On the other hand, by (27), (45), and (46), we have

2 A
fu= 3 cosh <—Eu + k> +c,

(47)
gw) = —% sinh<—%u +k> +¢, ceR.
Then, the surface M has the following expression:
2 A v
> = -3 h - - s
x (u,v) ( Acos ( 2u+k>+ 2h+c
(48)

2
—E sinh (—& + k) + v—h + c,hv),
A 2 2



whereh = f —g = —2/M)eMPE ¢ k € R. From this, we
easily get

(x(u,v)—C,x(u,v)—C):—(%)2, C=(c,c0). (49)

This equation means that the surface M is contained
in the hyperbolic pseudosphere H2(=(2/|A])) centered at C
with radius 2/|A| . Also, the hyperbolic pseudosphere satisfies
condition (25).

Case 3 (A#0, u = 0). In this case, (40) becomes — (h'/h) =
—Acosh?t + Asinh t cosh £; that is,
!
!

t = % — Acosh’t + A sinh t cosh ¢ (50)

and thus

" I\ 2
¢ = % - (%) —2At' sinh £ cosh t

(51)
+ At'sinh®t + At' cosh’t.
Substituting (50) and (51) into (41), we get
O, 0 + Db+ Dy =0, (52)
where we put
o, =\’ (—3 cosh®t + 8 sinh ¢ cosh’t
~7sinh’t cosh’t + 2 sinh’t cosh t) ,
D=2 (—6 cosh®t + 14 sinh t cosh’t (53)
—10sinh’t cosh ¢ + 2 sinh3t) ,
®, = —4sinh’t + 8sinh t cosh ¢ — 4 cosh’t.
Differentiating (52) and using (50), we find
¥ P+, f + s =0, (54)

where

¥ =\ (—4 sinh®t cosh ¢ + 40 sinh’t cosh®t
— 182 sinh®t cosh’t + 474 sinh’t cosh*t
— 760 sinh*tcosh’t
+ 764 sinh’t cosh®t — 470 sinh®t cosh”t

+162 sinh t cosh®t — 24 cosh9t) ,
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¥, =21 (—4 sinh®t + 44 sinh’t cosh ¢
—220sinh®t cosh®t + 612 sinh’t cosh’t
— 1020 sinh*t cosh®t + 1044 sinh’ cosh’t
— 644 sinh®t cosh®t + 220 sinh f cosh”t
-32 coshst) ,
¥, = 8sinh’t — 64 sinh’t cosht
+ 208 sinh’tcosh’t — 360 sinh*t cosh’t
+ 360 sinh’f cosh®t — 208 sinh*t cosh’t
+ 64 sinh t cosh® — 8 cosh’¢.
(55)

Combining (52) and (54), we show that

xf+x=0 (56)

where x; = O,¥, - OV, x, = D3V, — O, ¥;.
Differentiating once again this equation and using the

same algebraic techniques above, we find the following

trigonometric polynomial in sinh # and cosh ¢ satistying

31
W (quinh“’t cosh5+’t> =0, (57)
i=1
where ¢, = 1024, ¢, = -24064,..., and ¢;; = 170496

are nonzero coefficients of the function sinh®'~tcosh>*'.
Since this polynomial is equal to zero for every t, all its
coefficients must be zero. Thus, we have ¢ = 0, which
is a contradiction. Consequently, there are no surfaces of
revolution with lightlike axis in this case.

Case 4 (A = 0, u#0). In this case, (40) becomes t— (W' /h) =
psinh®t — ysinh t cosh t; that is,

!

t' = % + usinh’t — ysinh ¢ cosh ¢ (58)
and thus
B 1\ 2
"= - (—) +2ut’ sinh t cosh ¢
h h (59)
— ut'sinh’t — pt' cosh’t.
Substituting (58) and (59) into (41), we get
nh +Lh+15=0, (60)
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where we put
0=y (—3 sinh*t + 8 sinh’t cosh t
~7 sinh’t cosh’t + 2 sinh t cosh3t) ,
L= (—6 sinh®t + 14 sinh®t cosht (61)
— 10 sinh ¢ cosh’t + 2 coshst) ,
13 = —4sinh’t + 8 sinht cosht — 4 cosh’t.
Differentiating (60) and using (58), we find
K [ f +K; =0, (62)
where
K, = W (108 sinh’t — 246 sinh® cosh ¢
+ 106 sinh”tcosh’t — 64 sinh®t cosh’t
+ 424 sinh’tcosh*t — 530 sinh*t cosh’t
+ 238 sinh’t cosh®t — 40 sinh®t cosh’t
+4 sinht cosh8t) ,
K, = (1 16 sinh®t — 220sinh’ ¢ cosh ¢
— 28 sinh®t cosh’f + 76 sinh’f cosh’t
(63)
+ 432 sinhf cosh®t — 612 sinh®t cosh’t
+ 276 sinh’f cosh®t
—44 sinht cosh’t + 4 coshgt) s
«; = 8sinh’t — 64 sinh®t cosh t
+208 sinh’t cosh®t — 360 sinh*t cosh’t
+ 360 sinh’t cosh*t — 208 sinh’t cosh’t
+ 64 sinh t cosh®t — 8 cosh”t.
Combining (60) and (62), we show that
w, f+w,=0, (64)
where w;, = LK, — 11K,, W, = 13K — 1 K5.
Differentiating once again this equation and using the

same method above, we find the following trigonometric
polynomial in sinh t and cosh t satisfying

31
W (Zcisinh37_’t cosh’_1t> =0, (65)
i=1

where ¢; = 86420736, ¢, = —4471635456, ..., and ¢3; = —8192
are nonzero coefficients of the function sinh®” “tcosh’™'t.
Since this polynomial is equal to zero for every ¢, all its

coefficients must be zero. Thus, we have y = 0, which
is a contradiction. Consequently, there are no surfaces of
revolution with lightlike axis.

Case 5 (A+0, p+#0,1# p). In this case, (40) is unchanged;
that is,

!
!

t = % — Acosh’t + sinh®t + (A — ) sinht cosht  (66)

and thus

" 1\ 2
¢ = h —(PL) —2(A—p)t'sinhtcosht

h h (67)
+ (A=) t'sinh’t + (A — u) t'cosh’t.
Substituting (66) and (67) into (41), we get
PW* + P,h+ Py =0, (68)
where we put
P = (2){14 - 5[42) sinh*t
+ (2/\2 - 12 A+ 10/42) sinh®t cosht
+ (—7)&2 + 18— 5;42) sinh’t cosht
+ (8/\2 - 8/\;4) sinh £ cosh’t — 31%cosh’t,
(69)
P, = (—4A -2u) sinh’t
+ (—4A + 10y) sinh’t cosh t
+ (141 - 8) sinh t cosh’t — 6Acosh’t
P, = —4sinh’t + 8sinh ¢ cosh t — 4 cosh’t.
Differentiating (68) and using (66), we find
Qf +Q,f+Q; =0, (70)

where
Q = (8% —44X°y® + 16047 + 204" sinh’t
+ (81" = 100A°y + 1440°
+118A4° — 170" ) sinh®t cosh t
+ooo (481" + 4807 + 42077

24087 - 18;44) cosh’t,



Q, = (817 =520 %u + 4\y® - 2047 ) sinh®t
+ (6417 + 180A%u — 28\4% - 4044°)
x sinh’t cosh t + - - -
+ (-80A° + 804y + 48)y” - 244/°)
x cosh®t,
Q; = (8% - 32Au) sinh”t
+ (—64/\2 + 176Au — 40y2) sinh®t cosh ¢
+ 4+ (=320% + 3244 + 24p% ) cosh .
(71)
Combining (68) and (70), we show that
R f+R,=0, (72)

where R, = P,Q, — P,Q,, R, = P,Q, — P,Q;.

Differentiating once again this equation and using the
same algebraic techniques above, we find the following
trigonometric polynomial in sinh # and cosh ¢ satisfying

37
Zc,- (A, ) sinh® ¢ cosh™™'t = 0, (73)

i=1
where

o (Au) = —331776A" 1 + 68198401 u*

+--— 43520004,
(74)

¢y (A, p) = — 188743681 + 542638081" 1"

+--o+ 29859844,

where ¢;(A, p) (i = 1,...,37) are the known polynomials in
A and p. Since this polynomial is equal to zero for every
t, all its coeflicients must be zero. Therefore, A = y = 0,
which is a contradiction. Consequently, there are no surfaces
of revolution with lightlike axis in this case.

When ¢ = —1, we can assume that f’(u) = cosht and
g'(u) = sinht. Using the same algebraic techniques as for
e = 1, we easily prove from theorem (9) that the surfaces of
Enneper of the 3rd kind and the de Sitter pseudosphere satisfy
condition (25). This completes the proof. O
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