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DEFORMATIONS OF THE CHEBYSHEV HYPERGROUPS
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ABSTRACT. In the present paper we introduce g-deformations of the Chebyshev hy-
pergroups of the first kind and of the second kind as models of g-deformations of
countable discrete hypergroups. Moreover we study ¢-deformations of character hy-

pergroups K(G) of certain compact groups G.

1 Introduction

The notion of compact quantum groups is introduced in [14] and [15] by S. L. Woronowicz.
Especially, he studied the structure of SU,(2) which is obtained by a g-deformation of SU(2)
in the category of Hopf algebras. Compact quantum groups play an important role not only
in mathematics but also in theoretical physics.

Deformations of groups and hypergroups are investigated in [16] by K. A. Ross and D.
Xu and our previous paper [6] in the category of hypergroups. Many new hypergroups are
produced by deforming groups and hypergroups. The notion of g-deformations of groups
and hypergroups is one of the way to understand hypergroup structures.

The structure of countable discrete hypergroups arising from orthogonal polynomials
has been studied by many authors (for example [7], [8] and [9]). But there is no notion of
g-deformations of countable discrete hypergroups in the category of hypergroups. In the
present paper, we consider g-deformations of countable discrete commutative hypergroups,
mainly of the Chebyshev hypergroups 7 of the first kind and Fy(U) of the second kind. In
the present paper the g-deformation K, of a countable discrete hypergroup K is to deform
continuously structures of K by a parameter ¢ (0 < ¢ < 1) and K; = K in the category
of hypergroups. A notion of dimension functions of countable discrete hypergroups and of
fusion rule algebras plays an essential role in our discussions.

In section 3, we consider dimension functions of countable discrete hypergroups as well
as of fusion rule algebras. In section 4, we discuss g-deformations 7, of the Chebyshev

hypergroup 7 of the first kind. Moreover we consider ¢g-deformations KCy(G) of a character

hypergroup K(G) of the compact group G = T X, Zy as an application of ¢g-deformations
of 7. In section 5, we discuss g-deformations U, of the Chebyshev hypergroup Fy(U)
of the second kind which is obtained by normalization of the fusion rule algebra U by

the dimension function d of Y. Moreover we investigate g-deformations K4(SU(2)) of a

L —

character hypergroup K(SU(2)) of the compact Lie group SU(2).

2010 Mathematics Subject Classification. 20N20, 58H15.
Key words and phrases. Deformation, Hypergroup, Character hypergroup.
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2 Preliminary

For a countable discrete set K = {Xg, X7, Xo,---,X,, -} we denote the algebraic
complex linear space based on K by CK, namely

CK = {X = Zaka cap € C, [supp(X)| < +oo},
k=0

where |supp(X)] is the cardinal number of supp(X) and the support of X is

supp(X) :={k : ar # 0}.

A countable discrete hypergroup (K, CK, o, *) consists of the set K = {X¢, X1, , Xp, -}
together with a product (called convolution) o and an involution * in the complex linear
space CK satisfying the following conditions.

(1) For X,,, X,, € K, the convolution X,, o X,, belongs to CK and
XmoX,= Y ab, X
keS(m,n)
where

S(m,n) := supp(X,, 0 X,,), a¥, >0 and Z ak =1
keS(m,n)

(2) The space (CK, o, ) is an associative x-algebra with unit Xj.
(3) The map X,, — X} is a bijection on K. Moreover for all X,,, X, € K, X,, = X}, if
and only if 0 € supp(X,, o X,,).

We denote the hypergroup (K,CK,o,%) by K. A hypergroup K is called commutative if
the convolution o on CK is commutative and be called hermitian if X} = X,,.

If the given countable discrete hypergroup K is commutative, its dual K can be intro-
duced as the set of all bounded functions x # 0 on CK satisfying

X(Xm 0 Xn) = x(Xm)X(Xn),  x(X;) =x(Xn)

for all X;, X; € K. This set of characters K of K becomes a compact space with respect to
the topology of uniform convergence on compact sets, but generally fails to be a hypergroup.
If K is a hypergroup, then K is called a strong hypergroup or a hypergroup of strong type.

Let G be a compact group and G the set of all equivalence classes of irreducible repre-
sentations of G. Put
K(G) :={ch(m) : m € G},

where

chm)(g) == = —tr(n(g)) (9 €G).

Then IC(G) always becomes a discrete commutative hypergroup which is called the character
hypergroup of G. (Refer to [1] for details.)
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Let K = (K,CK,o,x*) be a countable discrete hypergroup where K = {Xg, X1, , X,
<} Forq (0 <¢<1),put K, ={Xo(q), X1(q), -, Xn(¢), -} anew basis in CK. Then
the convolution X, (q) and X,,(q) of CK is defined by

Xom(q) © Xn(q) =Y ap,(0) Xk(q)

k=0
where a¥, (q) is continuous with respect to g. The involution x of K, is given by
Xn(@)" = Xn(q)® when X =X,,.
For the hypergroup K, = (K,,CK, o, *) satisfies the following conditions
X,(1)=X,, and X,(¢) — X, as qg—1,

we call K, a g-deformation of K.

A fusion rule algebra (F,CF,o, ) consists of the set F' = {Yy, Y7, --,Y,, -} together
with a product (called convolution) ¢ and an involution ~ in the complex linear space CF
based on F' satisfying the following conditions.

(1) For Y,,,,Y,, € F, the convolution Y;, ¢Y,, belongs to CF and
YmoYo= > ab. Vi (a€Zi=1{012-}),
keS(m,n)
YooV, =Yo+ > ab,Y
keS(m,n)
k0
where S(m,n) := supp(Y,, ¢ Yy,).
(2) The space (CF,o, ) is an associative involutive algebra with unit Yj.

We denote the fusion rule algebra (F,CF,o, ) by F.

For the dual G of a compact group G, put
F(@) :={Ch(r) : w € G},
where

Ch(m)(g) == tr(n(g)) (9 € G).

Then F(G) always becomes a fusion rule algebra.

3 A dimension function

In this section, we discuss a dimension function of a countable discrete hypergroup and
a fusion rule algebra.

For a countable discrete hypergroup K, the mapping d from K to R} = {x € R: z > 0}

is called a dimension function of K if d is a homomorphism in the sense that

XmoXp= > ah,Xpg=dXn)dX,) = Y ab,dXy).
keS(m,n) keS(m,n)
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The dimension function d of K is uniquely extendable as a linear mapping from CK to C
and satisfies
d( X 0 Xp) = d(Xn)d(X,).

Proposition 3.1 Let K be a countable discrete hypergroup where K = {X¢, X1, -+, X, -+ }.
For the dimension function d of K, put

1
en = gy Xn and K= fep.eroven o

Then K, is a hypergroup.
Proof By the axiom (1) of a countable discrete hypergroup, the structure equation of K

is written by

Xmo X, = Z al:nnXk.
keS(m,n)

Hence, the structure equation of K is

Cm OCp =

Here we note that

keS(m,n)
by the fact
A Xp)d(Xp) = > af,d(X).
keS(m,n)
It is clear that the coefficients of the convolution ¢, o ¢, are non-negative. It is easy

to check other conditions of axiom of a countable discrete hypergroup. Hence, K, is a
countable discrete hypergroup. O

Remark If K is a finite hypergroup, the dimension function d of K is known to be unique
such that d(X}) =1 for all X}, € K.

For a fusion rule algebra F', the dimension function d of F is defined in a similar way to
the above.

Proposition 3.2 Let F be a fusion rule algebra where F' = {Yy, Y7, --,Y,,,---}. For the
dimension function d of a fusion rule algebra F', put

1

b= )

Y, and Fy:={bo,b1, - ,bn, - }.

Then F,; becomes a hypergroup.

Proof The desired assertion is obtained in a similar way to the proof of Proposition 3.1.
O
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4 (@-deformations of the Chebyshev hypergroup of the first kind

Let T,,(x) be the Chebyshev polynomial of the first kind of degree n, then T,,(z) (n =
0,1,2,---) satisfy the following equation.

T (@) T(2) = Tl (7) + 5T

Then, for the set 7 = {1y, T1, -+ ,Tn, -}, (T,CT, 0, %) is a countable discrete hypergroup
by the product
Ton 0 Ty = T ()T ().

The hypergroup 7 = (7,CT, o, %) is called the Chebyshev hypergroup of the first kind.

Next, we consider a mapping d, from 7 to R. For T,, € 7 the mapping d, defined by

—1 n —n
dq(Tn);zTn(q+q ):q T4y,

2 2 -

Proposition 4.1 The mapping d, from 7 to R} is a dimension function of 7.

Proof Put z(q) := % and dq(T,,) = T, (x(g)). Then

1

= T (£(0) + T (2(a))

1 1
= idq(TIm—nl) + idq(Tern)

Hence, d, is a dimension function of 7. O
Next, put

1
dy(T)

XH(Q) = T, and ,];1 = {Xo(q)7X1(q)v e ’Xn(q)7 o }

Then the following theorem holds.

Theorem 4.2 7, becomes a hypergroup which is a g-deformation of 7. The structure
equation is

Xo(@)o Xu(a) = D ah(9)Xk(a)
keS(m,n)

where S(m,n) = {|m — n|,m +n} and

¢ +q"
(@™ +q ™) (g +q ")

a'lrcrm (q) =

Proof By Proposition 3.1, 7, is a hypergroup. The convolution X,,(¢) and X, (g) is
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where S(m,n) = {|m — n|,m +n}. Then

K dy(Th) — _ ¢ +q*

(D) = S Ty @)~ @ e @ T )

Hence, we see that aF,, (g) is continuous with respect to g. The involution x of 7, is an
identity map by the fact that

1
X, (q) = ——T, and T =T,
W=gay™ =

When ¢ = 1, it is clear that X,,(1) = T;,. Since dy(T,) = qn+2q_n is continuous, X,,(q) — T),

as ¢ — 1. Hence, 7 is a g-deformation of 7. O

Let a be an action of Zs = {e, g} (9% =€) on the torus T = {z € C : |z| = 1} defined by
ag(z) =Z.

Then we have a compact group G = T x4 Zg in the form of a semi-direct product. We
consider g-deformations of the character hypergroup K(G) of G = T x,, Zs. The dual of T

of T and Z; of Zy are given by
T = {xn :n € Z}, where x,(2) = 2" for z €T,
Z; = {T(),Tl}, Where 7'12 = T0.

For Y € T and 7 € i;, the irreducible representations pg, p1 and 7, (n = 1,2,--) of
G =T %y Zy are written by

po((z,h) =7o(h) =1, p1((z,h)) = 71(h),
T =mdSy, (n=1,2,---).

Then the dual G of G is determined by G= {po, p1,T1, T2, , T, } by Mackey Machine.
For the irreducible representations 7, (n =1,2,---), put

Ch(my)(g) == tr(mn(g)) (9 € G)
and K
F(G) :=={po, p1,Ch(m),Ch(ms), - ,Ch(m,), - }.

Then F(G) becomes a fusion rule algebra with unit po. The structure equations are

pi = po, mCh(m,) = Ch(my),
Ch(mm)Ch(mn) = Ch(T|mm—p|) + CM(Tmqn) (M #n),
C(h(ﬂ-n)2 = po + p1+ Ch(ﬂ2n)~

Moreover, put
1

dim 7,

ch(my,) ==

Chir,) = %Ch(wn)

and A
IC(G) = {p07 Pl,Ch(W1)7ch(7T2), cee ’Ch(ﬂ'n)7 R }
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Then K(G) becomes a hypergroup with unit py by Proposition 3.2. This hypergroup K(G)
is the character hypergroup of G. The hypergroup structure of K(G) is the hypergroup join
of Zo by 7 which is written by

K(G)=1ZyVT.

Hence, we obtain a g¢-deformation ICq(G') of the countable discrete hypergroup IC(G’) as
follows.

Theorem 4.3 The hypergroup K,(G) = Zy V T, is a g-deformation of K(G).

The hypergroups 7 and IC(G’) are strong hypergroup. Since 7 = K*(T) and IC(G’) =
K(G) where K*(T) is the orbital hypergroup of the action « of Zy on T and K(G) is the
conjugacy class hypergroup of G.

Conjecture When ¢q # 1, the hypergroups 7, and qu(@) are not strong.

5 (-deformations of the Chebyshev hypergroup of the second kind
Let U, (x) be the Chebyshev polynomial of the second kind of degree n, then U, (z)
(n=0,1,2,---) satisfy the following equation.
U (2)Un(2) = Uppp—n| (@) + Uppp—p2(2) + - + Upgn ().

Hence, for the set U = {Up, Uy, ,Up,---}, (U, CU, o, ) has the structure of a fusion rule
algebra by the product
Up 0 Uy, := U (2)Up(2).

The canonical dimension function d of U is given by

d(U,) =n+1.
Put 1
n = ——U, and FyU):={co,c1, "+ ,Cny-}.
¢ T and Fy(U) :={co, 1 c }
Then Fy(U) becomes a hypergroup by the product
1 1
Cm O Cp 1= AT U,, ¢ 1) U,.

This hypergroup is called the Chebyshev hypergroup of the second kind. The structure
equation is

. e — m —n|+1 . N |m —n|+3 . .
T (m+1)(n+ 1) m=n| (m+1)(n+1) m—nl+2
m+n+1
(m+1)(n+1) ™™

where cg is the unit element and ¢}, = ¢,.
Next, we consider a mapping dy from U to R. For U,, € U, the mapping d, defined by

q+ qfl qn+1 _ qf(nJrl)
2 - q—q!

=" +q" 7+ g (0<g< D),

215
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Proposition 5.1 The mapping d, from U to Ri is a dimension function of U.
Proof The proof is obtained in a similar way to Proposition 4.1. O

Put
1

Xn(q) = ——=
dq(Un)
Then the following theorem holds.

Up, and Uy :={Xo(q), X1(q), -, Xn(q), -}

Theorem 5.2 U, becomes a hypergroup which is a ¢g-deformation of F;;({/). The structure
equation is

Xin(q) o Xn(q) = Z ay,, (9) X (q)
keS(m,n)

where S(m,n) = {lm —n|,|m —n|+2,--- ,m+n} and

Clk, (q) — ((1_‘]71)((116le _qi(lﬁkl)) )
mn (quz+1 _ q—(77l+1))(q7l+1 _ q—(n—i-l))

Proof By Proposition 3.1, U, is a hypergroup. The convolution X,,(¢) and X,,(q) is

Xm(q) © Xn(q) = ;Um <& Un = z d(ljlv(l()zkz[])‘xk((ﬁ
keS(m,n) EANLAEAN A

where S(m,n) = {|m —nl|,|m —n|+2,--- ,m +n}. Then,

k (q) _ dq(Uk) _ (q - q_l)(qk+1 - q_(k+1)) )
" dg(Um)dy(Un) (gmHt — g=(mH))(gn+1 — g=(n+D)

a

The coefficients ak,, (¢) can also write

(" +d" 2+ +qh)
(@ +q" 2+ ™)@+t )

af,(q) =

Hence, we see that a¥, (q) is continuous with respect to g. The involution of U, is an
identity map by the fact that

1
X,(q) = ———=U, and U} =U,.
dq(Un)
When ¢ = 1, it is clear that X, (1) = n%—lU”' Since dy(Up) = ¢" +¢" 2+ -+ ¢ " is
continuous, X,,(q) — n%—lU" as ¢ — 1. Hence, U, is a g-deformation of Fy(Uf). O
Next, we consider the relation with the dual 57](\2) = {mo, T, ,Tp, -}, where

dim m, =n+1 and 7, @ T = | D Tm—n|+2 B+ B Trmtn-

o —

The character p,, of m,, € SU(2) is given by

pn(g) = tr(mn(g)) (g9 € SU(2)).

Then,
PmPn = p|m7n\ + p\mfn\+2 + -+ Pm—+n
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— —

as a function on SU(2). Put F(SU(2)) = {po, p1, "+ s pn," - }. Then F(SU(2)) becomes a
fusion rule algebra and isomorphic to U.

cos) —sinf

For th tati 1 tg= = .
or the representative element g = gy ( sinf  cosf

class of SU(2),

> € SU(2) in the conjugacy

sin(n + 1)60
pnlg0) = % = U, (cos ).
Put 1
Xn =57 (0<g<1)
dq(Un)
and

—

,CQ(SU(2)) = {XOale"' axna"'}'

Then, K,(SU(2)) is a hypergroup which is isomorphic to Uj.

Remark The hypergroups F,;(U) and K(SU(2)) are strong hypergroups.

—_—

Conjecture The g-deformations U, of Fy(U) and K,(SU(2)) of K(SU(2)) are not strong
when g # 1.

Conjecture The character hypergroup IC(S’/(](]E)) of the quantum group SU,(2) is well
defined and

—_—

Kq(SU(2)) = K(SU,(2))-
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ABSTRACT. This paper considers a route optimization problem in advanced electri-
cal PCB inspections. By considering the constraint that “camera-based alignment of
position” needs to be conducted before electrical tests, the PCB inspection route op-
timization problem (PCBIRP) is modeled as a precedence-constrained traveling sales-
man problem (PCTSP), especially, as a pickup and delivery traveling salesman problem
(PDTSP). Two of mixed 0-1 integer programming problem formulations are proposed.
The computational times for the proposed formulations are compared by solving bench-
mark instances using some of well-known mathematical programming solvers.

1 Introduction Printed circuit boards (PCBs) have been used in almost all electric de-
vices. There are many of previous studies on optimization techniques for PCB manufactur-
ing processes such as assembly operations [1, 5, 11] and drilling processes [2]. On the other
hand, optimization techniques for PCB inspections have not been sufficiently developed so
far except for some studies on multi-chip module substrate testing [10, 14].

PCB inspections are quite important to enhance the reliability of manufactured PCBs.
In addition, since the number of PCBs to be inspected has been recently increasing, the
speedup of PCB inspections has become one of the most important issues in the field. In
production processes of PCBs, defect generation may arise due to some trouble, which
prevents PCBs from working properly. In electrical PCB inspections, all the PCBs arrayed
in a plain are visited and tested by an inspection jig in some sequence or order.

Since the inspection time is dependent on the length of traveling (visiting) route of an
inspection jig, it is worth finding the best inspection sequence or route in order to reduce
the inspection time. On the other hand, the procedure of the camera-based “alignment” of
position (hereafter we call it just an alignment operation) is additionally needed before elec-
trical tests in recently-developed PCB inspection machines. However, a route optimization
problem in such advanced inspections with alignment operations has not been discussed so
far, and there has been no article to model the problem using mathematical programming.

This paper is organized as follows: Section 2 reviews an advanced electrical PCB in-
spection method involving “alignment” operations, and discusses the necessity of route
optimization. In Section 3, we model the PCB inspection route optimization problem
(PCBIRP) as a class of pickup and delivery traveling salesman problems (PDTSPs) [3, 15]
and provide two of mixed 0-1 integer programming problem formulations. In Section 4,
numerical experiments are conducted by solving benchmark instances based on real PCB
wiring patterns, using some of well-known mathematical programming solvers. Finally, in
Section 5, we summarize this paper and discuss future works.

2010 Mathematics Subject Classification. Primary 90B30, 90C11; Secondary 90B25, 90B10.
Key words and phrases. Printed circuit board (PCB), inspection route optimization, pickup and delivery
traveling salesman problems, mixed 0-1 integer programming problem, exact solutions.
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2 Preliminaries In this section, we review an advanced electrical PCB inspection method
and explain the reason why the alignment operations via a camera have been recently nec-
essary in PCB inspections. In addition, we discuss the necessity of considering route opti-
mization problems in electrical PCB inspections with alignment operations.

2.1 Electrical test of PCB In production process of PCBs, various wiring patterns are
etched on PCBs. When some trouble happens in forming wiring patterns, PCBs may include
some defects such as open (disconnection) defects and/or short-circuit defects. PCBs have
bulged parts, called contact pads, as shown in Figure 1, which are used to electrically inspect
PCBs. In some cases, the number of pins is more than 1,000. The diameter of contact pads
is about 100 ~ 300 um.

| Contact pad: 100~300um ‘

PCB

Top view of a PCB Side view of a PCB

Figure 1: Contact pads in a PCB

In order to electrically test wiring patterns on PCBs, a test jig, called a probe jig, is
used, as shown on the left-hand side of Figure 2. A probe jig contains many sharp, thin
and conductive pins with a diameter of 20~130um. The number of pins is usually equal to
that of contact pads, and there is a one-to-one correspondence between contact pads and
pins.

Probe jig

YV \V4 V
l : >~ Pin: 20~130um
: i :
1 1 1
1 1 1
1 1 1
1 1 1
1

‘ Probe jig
\/

i Y Y X

Figure 2: Electrical test via a probe jig

Electrical tests are conducted by pressing a probe jig onto a PCB and by feeding electric
currents through pins into contact pads of PCB wirings, as shown on the right-hand side of
Figure 2. Electric currents are fed into wiring through pins in order to check if each wiring
has defects such as open or short circuits. Therefore, for valid tests, every pin of the probe
jig needs to have a contact with the corresponding contact pad.

To exactly conduct the electrical continuity test, each PCB has the so-called “test po-
sition.” For valid tests, it is necessary to make the reference point of a probe jig exactly
located at the test position of a PCB, as shown on the left-hand side of Figure 3.

To be more specific, when the reference point of a probe jig is precisely placed at the test
position of a PCB, each pin of the probe jig has a contact with its corresponding contact
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pad of the PCB, as shown on the right-hand side of Figure 3.

Q ® == Reference point |

i :.

| 5 - |

| ! v

| e || @
i Test position |

Side view Top view Side view Top view

Figure 3: Proper inspection

On the other hand, as shown in Figure 4, when the reference point is not placed at
the test position, inspection failures occur. In this case, because some of pins do not have
contacts with their corresponding contact pads, electric currents are not fed into wiring
lines through the pins, which causes the misjudgment of whether there is a defect or not.

—
| =)

Side view Top view Side view Top view

;

Figure 4: Failed inspection

2.2 Electrical PCB inspection with alignment operations Recently, inspection
failures tend to occur more frequently than before, because the miniaturization of electronic
devices makes it more difficult to exactly put the reference point of a probe jig onto the test
position of a PCB. Since PCB sheets are very thin like pieces of paper, they easily undergo
deflections. When there is a deflection in a PCB sheet, the position of the reference point
of a probe jig is changed from the regular position, which leads to the situation that some
pins of the probe jig do not have contacts with their corresponding contact pads.

In order to deal with such a change of the test position due to the deflection of PCB
sheets, the “alignment” operation has been introduced in advanced PCB inspection systems.
A camera is attached to the probe jig, and each PCB has one or two alignment marks, as
shown in Figure 5 (in this case, the PCB has two alignment marks). We call a probe jig
with a camera “a probe unit.” The camera is used to capture the images of alignment
marks, which acquires the information on the exact coordinate of the test position.

Thus, the advanced PCB inspection method involving alignment operations consists of
two steps, Alignment operation and Electrical test, as follows:

[Procedures of electrical PCB inspections with alignment operations]
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Probe unit

Figure 5: Alignment marks (captured by the camera of a probe unit)

Step 1 (Alignment operation):

Move the camera of the probe unit to the position of an alignment mark so that the
camera can capture the image of the alignment mark (cf. the left-hand side of Figure
6).

Step 2 (Electrical test):

Move the reference point of the probe unit to the test position of the PCB so that the
probe jig can properly press onto each wiring pattern of the PCB (cf. the right-hand
side of Figure 6).

] [ |
""""" lfB ) P @
° I [ e — il
_____________________________ r
[ ]
Step 1: Alignment Step 2: Electrical test

Figure 6: Electrical PCB inspection (alignment operation and electrical test)

2.3 Route optimization Route optimization in PCB inspections is considerably impor-
tant. Even if the reduced inspection time is several percent, it can bring a great effect on
cost reduction as well as on productive efficiency of PCBs. It is because there are a large
number of PCB sheets to be inspected in the field, and the number of PCB sheets to be
inspected by one machine per day is more than 1,000.

Each of PCB sheets consists of many PCBs with the same wiring patterns which are
arrayed in a plane. Figure 7 is a simple example of a PCB sheet which consists of only 4
(2x2) PCBs. In general, the number of the same wiring pattern arrayed in one PCB sheet
ranges from 4 to around 200.

Our interest is to find the shortest route for inspecting all the PCBs in the sheet. The
route length is dependent on the visiting sequence (order) of the probe jig. Figure 8 shows
a simple inspection sequence in which the test position for each PCB is visited immediately
after the corresponding alignment marks are visited in order. It should be noted here that
each test position does not need to be visited immediately after the corresponding alignment
marks are visited.
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b U U
o] | ° -
Initial position N O
U U
D D
0 0

Figure 7: PCB sheet

Initial position
Fe—1

Figure 8: Simple visiting sequence (order): Example 1

Figure 9 shows another simple inspection sequence in which test positions are visited
after all the alignment marks are visited. A probe unit firstly moves to the alignment mark
located at the upper left, and then visits only alignment marks in order. After all the
alignment marks are visited, the probe unit moves to the nearest test position from the
lastly visited alignment mark, and visits only test positions in the inverse sequence (order)
of alignment marks that were already visited.

Initial position

oL
—q ) /D @\D
D\E D\m‘
SOl T

Figure 9: Simple visiting sequence (order): Example 2

Apparently, the inspection routes based on the sequence shown in Figures 8 and 9 are
not optimal, and there may exist other shorter routes. This kind of optimization problem
for obtaining the shortest route in electrical PCB inspections with alignment operations has
not been discussed so far.

In the next section, we will address how to find an optimal inspection route in advanced
electrical PCB inspections.
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3 Modelling and problem formulation In this section, we show that the problem of
finding an optimal inspection route, namely, an inspection route with the minimum length
(an optimal route) can be modeled as a kind of PDTSPs, and that it is formulated as mixed
0-1 integer programming problems.

3.1 Pickup and delivery traveling salesman problem (PDTSP) A pickup and
delivery traveling salesman problem (PDTSP) [3, 15] is a kind of TSPs in which all vertices
are characterized as pickup and/or delivery vertices. PDTSPs can be roughly classified into
three groups [3] such as 1) one-to-one, 2) many-to-many, 3) one-to-many-to-one. In one-to-
one problems, each commodity has exactly one pickup vertex and one delivery vertex. In
many-to-many PDTSPs, several origins (pickup vertices) and destinations (delivery vertices)
are characterized for each commodity. In one-to-many-to-one PDTSPs, some commodities
(e.g., food or drinks) are delivered from the depot to customers while other commodities
(e.g., empty bottles) supplied by the customers are brought back to the depot.

As will be discussed in the next section, the PCB inspection route optimization prob-
lem (PCBIRP) can be modeled as a many-to-one or one-to-one problem in which each
commodity has several (or one) pickup vertices (vertex) but only one delivery vertex.

3.2 Modelling based on a PDTSP To illuminate the readers’ understanding of the
ideas of this paper, we give graphical explanations with the example shown in Figure 7. In
order for the camera of a probe unit to capture the images of alignment marks, the camera
must be moved to alignment mark A, as shown in Figure 10. This operation is equivalent
to moving the reference point of the probe unit (the center of the probe jig) to vertex A’.
Thus, we consider the graph in which the alignment mark A is moved to A’.

Figure 10: Image capturing of alignment mark A

In a similar manner, we transfer all the positions of alignment marks, and obtain a new
graph shown in Figure 11, which represents a set of vertices to be visited by the reference
point of a probe unit.

As described before, there are precedence constraints between alignment marks and their
corresponding test position for each PCB. In Figure 12, dotted lines represent precedence
relations, which means that for each PCB, two alignment marks must be visited before the
corresponding test position is visited.

In general, when the number of alignment marks is two, the PCBIRP can be modeled
as a two-to-one PDTSP; two alignment marks are regarded as pickup vertices, and the
corresponding one test position is regarded as a delivery vertex. It should be noted that
each vertex is characterized as either of pickup and delivery vertices. This is different from
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Figure 11: Vertices to be visited by the probe unit
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Figure 12: Precedence relationships between alignment marks and test positions
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the original many-to-many PDTSPs; the original many-to-many PDTSPs allow each vertex
to be both a pickup and a delivery vertex.

On the other hand, when the number of alignment marks is exactly one, the problem
can be regarded as a one-to-one PDTSP, because there exists a one-to-one correspondence
between each alignment mark and its corresponding test position.

The goal of the PCBIRP is to obtain an optimal (shortest) route. The length of the
inspection route is dependent on the visiting sequence (order), and there are many feasible
inspection routes. For example, Figure 13 shows the simple route constructed based on the
visiting sequence (order) shown in Figure 8. In this figure, firstly, all the alignment marks
are visited, and then all the test positions are visited. This is not an optimal (shortest)
route.

CP Path length: 766.0mm

s\\@

A
Nk

Figure 13: Simple inspection route

\

/

Figure 14 shows the optimal route, namely, the shortest route (cycle). In the next
section, we shall give mathematical programming formulations in order to obtain an optimal
route.

Q Path length: 733.8mm

%\m

/
b
o

Figure 14: Optimal inspection route

3.3 Integer programming-based problem formulation Here, we formulate the PCBIRP
as mixed 0-1 integer programming problems. In preparation for problem formulation, we
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use the following mathematical notation:

Vertex corresponding to the initial point of a probe unit
Set of PCBs to be tested, defined by {1,2,...,1}
»:  Set of vertices corresponding to alignment marks of p-th PCB (p € B)

N

t,:  Vertex corresponding to the test position of p-th PCB (p € B)

N:  Set of all the vertices to be visited by a probe unit defined by N = UL _, (4, U{t,})
ei;:  Edge between vertices ¢ and j (i,j € N U{0})

E:  Set of all the edges e;;, Vi,j € N U{0}

Cij: Length of €ij (eij € E)

For notational convenience, the test position for the p-th PCB is represented as a sin-
gleton {t,}, although there is only a single test position for each PCB. As for alignment
marks, since there are one or two alignment marks, the number of elements in A, is one
or two. Figure 15 shows an example of 4 PCBs where there are 13 numbered vertices
0UN = {0,1,...,12} in which B = {1,2,3,4} (1 = 4), A, = {1,2}, Ay = {3,4}, A3 = {5,6},
A4 = {7,8}, t] = 9, to = 10, t3 = 11, ty = 12 and N = {1,2,...,12}.

Y

1 @ 2/|° & s
9 0 11

O p=2 0 p=4

3 D 4 7 &) 3
10 [ 12

Figure 15: Number of vertices

In order to formulate PCBIRPs as mathematical programming problems, we introduce
decision variables x;;s as follows:

- 1 if j is visited immediately after 7 is visited
71 0 otherwise.

Decision variable x;; is used to represent inspection routes, namely, to construct a route
by connecting all edges with z;; = 1.

In this paper, we consider the well-known “polynomial formulations” where the number
of constraints and variables is a polynomial function of the number of vertices (cities). One
of the most well-known polynomial formulations of TSPs is given by Miller-Tucker-Zemlin
(MTZ) [13]. The PCBIRP cannot directly be modeled as the original MTZ formulation
because the original MTZ formulation does not take into consideration the precedence
relationship between vertices.

On the basis of MTZ formulation, we firstly provide the following new formulation,
called PCBIRP-MTZ, in which the precedence constraints with respect to alignment marks
and test positions are added to the original MTZ formulation:
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PCBIRP-MTZ:

(1) minimize Z Z Cij%ij

i€ NU{0} jeNU{0}

(3#1)
(2) subject to Z x5 =1, Vie NU{0}
jeNU{0}
(3#1)
Q > =1, ¥ e NU{0)
e NU{0}
(i)
(4) uqui—l—l—(n—l)(l—a:ij), Vi,j €N, i#j
(5) 1<u; <n-1,VjeN
(6) u; <u;—1, Vie A4, Vje{t,}, V/peB
(7) Lij S {Oa 1}7 VZ,] eNU {0}7 Z# ja

where (1) represents the route length. Constraints (2) and (3) impose that the out-degree
and in-degree of each vertex, respectively, is equal to one. Constraints (4) prevent subtours
not containing node 0 and imply u; > u; + 1 whenever x;; = 1, where u;, 7 € N is an
arbitrary real number representing the order of vertex i in the optimal tour. Together with
(2) and (3), constraints (4) guarantee that subtours containing node 0 are not allowed.
Constraints (6) guarantee that all the alignment marks i € A, of the p-th PCB are visited
before the corresponding test position j € {¢,} is visited.

We propose another formulation which is an extended version of PCBIRP-MTZ. Desrochers
and Laporte [6] proposed a formulation in which the MTZ constraints were lifted into facets
of the underlying TSP polytope. Along this line, we provide the following new formulation,
called PCBIRP-DL, which is obtained by replacing constraints (4) and (5) in PCBIRP-MTZ
with the lifted constraints (11)-(13):

PCBIRP-DL:

(8) minimize Z Z Ciji

1€ NU{0} je NU{0}

(3#1)
(9) subject to Z x;; =1, Vie NU{0}
JENU{0}
(7#1)
(10) > ay=1,VjeNu{o}
i€ NU{0}
(i#7)
(11) Uj >u;+1— (n—l)(l—x”)—i—(n—i’))xﬂ, V’L,j S N, Z?éj
(12) 1+(171:0j)+(n73)xj0 Su]'7 VJGN
(13) uj < (n—1) = (n—3)zg; — (1 —zj0), Vj EN,
(14) w <u;—1, Vie Ay, Vje{t,}, VpeB
(15) Tij € {Ov 1}a Vi,j € NU {0}7 i 7é Js

where constraints (11) are obtained by lifting (4), and constraints (12) and (13) are obtained
by lifting (5). By introducing lifted constraints (11)-(13), PCBIRP-DL is a tighter formu-
lation than PCBIRP-MTZ, which means that the formulation of PCBIRP-DL is expected
to solve PCBIRPs faster than the formulation of PCBIRP-MTZ.
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4 Numerical Experiments In order to compare the performances of the proposed two
formulations, we solved benchmark instances constructed based on real PCB wiring pat-
terns. In the benchmark instances, the numbers of wiring patterns on a PCB sheet are
between 1 and 21. For all instances, there are two alignment marks. Tables 1 and 2 show
the experimental results. We use a personal computer with Intel Core i5 Processor 2.5 GHz,
RAM:8GB, OS:Windows 7 (64bit), and the coding was done with Python 2.7 + PuL.P 1.6.0.
To solve benchmark instances, we used three mathematical programming solvers, CPLEX
[4], Gurobi [8] and SCIP [16], and compared their performances (computational times). Ta-
ble 1 shows the computational times for the different-size instances when two proposed
formulations are solved by using three well-known solvers, CPLEX 12.6.1.0, Gurobi 6.0
and SCIP 3.1.1.1. Each figure represents the computational time for obtaining an optimal
solution. Bold figures express the best one among three solvers. We started to solve the
minimum-size problem (the case of n = 1), and increment the sizes of problems to be solved
in such a manner as n = 1, n = 2, ...,. When the computational time for solving the
problem excessed one hour (3,600 seconds), we stopped solving larger-size problems.

Table 1: Computational time for solving different-size benchmark instances

n PCBIRP-MTZ PCBIRP-DL |
CPLEX Gurobi SCIP CPLEX | Gurobi SCIP
1 0.01 0.02 0.001 0.001 0.001 0.001
2 0.01 0.08 0.05 0.001 0.001 0.001
3 0.06 0.09 0.64 0.001 0.001 0.02
4 0.31 0.70 1.73 0.19 0.03 0.09
5 0.67 0.64 9.50 0.09 0.11 0.79
6 3.81 6.46 52.59 0.14 0.11 1.11
7 8.50 26.60 | 189.62 0.17 0.16 3.12
8 14.90 15.21 45.20 0.25 0.16 3.05
9 158.11 677.69 | 3989.33 0.98 0.78 9.58
10 149.14 143.06 0.69 0.50 7.72
11 947.63 1328.30 5.43 2.64 14.43
12 724.00 1079.55 5.51 8.01 31.76
13 || 4030.57 | 53046.92 30.05 40.39 119.07
14 101.24 65.57 | 1014.06
15 107.30 37.86 441.24
16 156.87 | 155.20 | 2684.08
17 326.53 | 174.30 | 12498.04
18 247.73 | 109.28
19 1687.96 | 4883.33
20 1467.39
21 6017.80

Figure 16 shows the results of Table 1 graphically. The vertical axis of the plot is
scaled logarithmically by taking logs to base 10, namely, log1o(z). When the formulation of
PCBIRP-MTZ was used, CPLEX was the fastest among three solvers, and SCIP was the
slowest one. On the other hand, when PCBIRP-DL was used, CPLEX and Gurobi were
competitive. In both formulations, the computational time increases exponentially. Since
the most typical number of PCBs in a sheet is from 9 to 16, the formulation of PCBIRP-DL
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can be considered practical when CPLEX or Gurobi is used because it takes less than 3
minutes to solve the problem with 16 PCBs in a sheet.
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Figure 16: Computational time for solving different-size benchmark instances

Table 2 shows the route length of the optimal solution obtained using mathematical
programming solvers. In this table, ”Simple route” represents the simple PCB inspection
route in which all the alignment marks are firstly visited and then all the test positions are
visited in a simple order, like the route as shown in Figure 13. It is observed from Table
2 that the PCB inspection routes obtained by the proposed formulations are averagely
around 50% shorter than simple routes that had been previously employed in the field of
PCB inspections with alignment operations.

5 Conclusion In this paper, we have newly modeled a route optimization problem in
advanced PCB electrical inspections, which had not been discussed so far. We have formu-
lated the PCB inspection route optimization problem (PCBIRP) as a class of PDTSPs, and
provided two types of mixed 0-1 integer programming problem formulations based on MTZ
formulation and its extension. Some experiments have been conducted using bench mark
instances based on real PCB wiring patterns. The proposed method can yield averagely
50% shorter inspection route than the previous method. Also, it has been shown that the
procedure of "lifting” is promising for solving the PCBIRP.

As a future study, we will address other alternative polynomial formulations (formu-
lations in which the number of constraints and variables is a polynomial function of the
number of vertices ) of PCBIRP using flow-based formulations [17]. In addition, it is in-
teresting to consider branch-and-cut methods by extending the polytope of PDTSPs [7].
Since the number of PCBs is 100 to 200 in some cases, it is also important to consider some
efficient heuristic algorithms. Hence, another future work is to consider novel heuristic
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Table 2: The lengths of PCB inspection routes

n || Simple route | Optimal route || Improvement rate (%)
1 647.1 647.1 0.0
2 1062.2 762.2 28.2
3 1478.2 895.3 394
4 1894.8 1057.4 44.2
5 2311.6 1198.8 48.1
6 2640.0 1380.4 47.7
7 2855.4 1459.4 48.9
8 3072.2 1531.2 50.2
9 3290.9 1693.7 48.5
10 3512.9 1808.0 48.5
11 3878.2 2050.0 47.1
12 4277.6 2114.4 50.6
13 4681.7 2225.7 52.5
14 5089.2 2322.7 54.3
15 5498.9 2383.6 56.7
16 5850.7 2570.7 56.1
17 6074.9 2644.2 56.4
18 6302.1 2715.9 56.9
19 6533.2 2883.2 55.9
20 6769.6 2992.8 55.8
21 7148.0 3241.9 54.6
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algorithms as some extensions of conventional efficient algorithms such as Lin-Kernighan
method [12] and its variants [9]. These extensions will be discussed elsewhere in near future.

[1]

(11]

[12]
[13]
[14]
[15]

(16]
(17]

REFERENCES

K. Altinkemer, B. Kazaz, M. Koksalan, H. Moskowitz, “Optimization of printed circuit board
manufacturing: Integrated modeling and algorithms,” Furopean Journal of Operational Re-
search, Vol. 124, No. 2, pp. 409-421, 2000.

M. Ancau, “The optimization of printed circuit board manufacturing by improving the drilling
process productivity,” Computers € Industrial Engineering, Vol. 55, No. 2, pp. 279-294, 2008.

G. Berbeglia, J.F. Cordeau, I. Grinbkovskaia, G. Laporte, “Static pickup and delivery prob-
lems: a classification scheme and survey,” Top, Vol. 15, No. 1, pp. 1-31, 2007.

IBM ILOG CPLEX Optimizer: http://www-01.ibm.com/software/commerce/optimization/cplex-

optimizer/

Y. Crama, J. van de Klundert, F.C.R. Spieksma, “Production planning problems in printed
circuit board assembly,” Discrete Applied Mathematics, Vol. 123, No. 1-3, pp. 339-361, 2002.

M. Desrochers, G. Laporte, “Improvements and extensions to the Miller-Tucker-Zemlin sub-
tour elimination constraints,” Operations Research Letters, Vol. 10, No. 1, pp. 27-36, 1991.

I. Dumitrescu, S. Ropke, J.-F. Cordeau, G. Laporte, “The traveling salesman problem with
pickup and delivery: polyhedral results and a branch-and-cut algorithm,” Mathematical Pro-
gramming, Vol. 121, No. 2, pp. 269-305, 2010.

Gurobi  Optimizer: http://www-01.ibm.com/software/commerce/optimization/cplex-
optimizer/
K. Helsgaun, “An effective implementation of the Lin-Kernighan traveling salesman heuristic,”

European Journal of Operational Research, Vol. 126, No. 1, pp. 106-130, 2000.

A.B. Kahng, G. Robins, E.A. Walkup, “Optimal algorithms for substrate testing in multi-chip
modules,” International Journal of High Speed Electronics and Systems, Vol. 6, No. 4, pp.
595-612, 1995.

R. Kumar, H. Li, “Integer programming approach to printed circuit board assembly time
optimization,” IEEE Transactions on Components, Packaging and Manufacturing Technology,
Part B: Advanced Packaging, Vol. 18, No. 4, pp. 720-727, 1995.

S. Lin, B.W. Kernighan, “An effective heuristic algorithm for the traveling-salesman program,”
Operations Research, Vol. 21, No. 2, pp. 498-516, 1973.

C.E. Miller, A. W. Tucker, R.A. Zemlin, “Integer programming formulation of traveling sales-
man problems,” Journal of the ACM, Vol. 7, No. 4, pp. 326-329, 1960.

K. Murakami, “Formulation and heuristic algorithms for multi-chip module substrate testing,”
Computers and Electrical Engineering, Vol. 39, No. 4, pp. 1049-1060, 2013.

S.N. Parragh, K.F. Doerner, R.F. Hartl, “A survey on pickup and delivery problems,” Journal
fir Betriebswirtschaft, Vol. 58, No. 1, pp. 21-51, 2008.
SCIP (Solving Constraint Integer Programs): http://scip.zib.de/

H.D. Sherali, S.C. Sarin, P.-F. Tsai, “A class of lifted path and flow-based formulation for the
asymmetric traveling salesman problem with and without precedence constraints,” Discrete
Optimization, Vol. 3, No. 1, pp. 20-32, 2006.

Communicated by Hiroaki Ishii



Scientiae Mathematicae Japonicae 80, No.3(2017) (233-245) 233

CONTRA-v-IRRESOLUTE MAPPINGS AND RELATED GROUPS *

H. MAKI AND A.I.LEL-MAGHRABI

Received January 8, 2016

ABSTRACT.The aim of the present paper is devoted to discuss some more properties
of ~-irresolute mappings and contra-y-irresolute mappings. Also, we introduce and
study two new weak homeomorphisms such as contra-yr-homeomorphisms and contra-
y-homeomorphisms. Further, we investigate some groups related to the mappings above
and some examples of them on digital lines.

1 Introduction and preliminaries D.Andrijevi¢ [6] (resp. A.A. EL-Atik [15] and
J. Dontchev and M. Przemski [13]) introduced independently the concept of b-open sets [6]
(resp. y-open sets [15] and sp-open sets [13]). A subset A of a topological space (X, 7) is
called a v-open set [15] (or b-open set [6], sp-open set [13]), if A C Cl(Int(A))U Int(Cl(A))
holds in (X, 7); and the complement of a y-open (or b-open, sp-open) set is called y-closed
(or b-closed, sp-closed). Throughout the present paper, we use the terminology due to [15]
for the naming of the above set, i.e., yv-open sets, v-closed sets. The ~v-closure of a subset
of (X, 7) is defined by vCI(E) := N{F|E C F, F is y-closed in (X, 7)}; and it is the smallest
~-closed set containing F (cf. Theorem 4.4(iii)); we recall some importante properties of
~v-open sets in Section 4 (Theorem 4.4).

In the present paper, we use the following notations (cf. [28] [19, p.2]):
~O(X,7) :={U|U is y-open in (X, 7)};
~O(X,7) :={F|F is y-closed in (X, 1), i.e., Int(CI(F)) N Cl(Int(F)) C F'}.

SO(X, ) :={U|U is semi-open in (X, 7), i.e., U C Cl(Int(U))} [25];

SC(X, ) :={F|F is semi-closed in (X, 7), i.e., Int(CI(F)) C F}.

7% :={V| V is a-open in (X, 7), i.e., V C Int(Cl(Int(V)))} [27].

BO(X,7) = SPO(X,7) := {W| W is f-open (or semi-preopen) in (X,7), ie., W C
Cl(Int(Cl(W)))} 12],[5]. Tt is well known that:

T C SO(X,7) C~vO(X,7) C BO(X,7) hold in general.

In Section 2, we mention some relations among +-irresoluteness [12], pre-y-closedness [15],
contra-y-irresoluteness ([16] [28]) and some mappings (cf. Definitions 2.1, 2.2).

In Section 3, after the work due to A.Keskin and T.Noiri [20], we study a new group,
say yr-h(X;7) U contra-yr-h(X; 1) (Theorem 3.4(i), Corollary 3.6(i)). By the article [20,
Definition 4.13, Theorem 4.14(ii)], the concept of the family yr-h(X;7) is introduced and it
is proved that yr-h(X; 7) forms a group. The family contra-yr-h(X;7) is one of all contra-y-
homeomorhpisms on (X, 7) (cf. Definition 3.2). The group yr-h(X; 7)Ucontra-yr-h(X;7) is
one of the group invariants of a topological space (X, 7) under a yr-homeomorphism between
topological spaces (Theorem 3.5(i)). By Theorem 3.4(iii)(cf. (iv)), it is shown that the group
h(X;7) of all homeomorphisms on (X, 7) is a subgroup of the group yr-h(X;7) U contra-
yr-h(X;T).

In Section 4, we introduce two subgroups of yr-h(X;7) (Definition 4.1) and so we can
investigate some group structure of yr-h(H; 7|H) for the subspace (H,7|H) of (X, 7) (The-
orems 4.2 and 4.9(iii)).

*2010 Mathematics Subject Classification. 54C08;64C40,54J05.
Key words and phrases. y-open sets, b-open set, v-irresolute mappings, contra-v-irresolute mappings, yr-
homeomorphisms, contra-yr-homeomorphisms, digital lines.
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In Section 5, we study some topological properties on related topics of transformations on
the digital line (Z, k) (so-called Khalimsky lines [21], [22, p.7, line —6], [23, p.905, p.908]),
and for a specific subset H of the digital line (Z, k), we determine the group structure
(Example 5.13) of yr-h(Z,Z \ H; k), yr-ho(Z,Z\ H; k) and yr-h(H; k|H).

Throughout the present paper, (X, 7), (Y,o) and (Z,n) (or simply X,Y and Z) represent
nonempty topological spaces on which no separation axioms are assumed, unless otherwise
mentioned.

2 Contra-y-irresolute mappings and ~v-irresolute mappings This section is de-
voted to discuss the relation among 7-irresolute mappings [15], contra-vy-irresolute mappings
[16][28], perfectly contra-y-irresolute mappings [16] and some mappings (cf. Definitions 2.1,
2.2).

Definition 2.1 A mapping f: (X,7) — (Y, 0) is said to be:

(i) b-continuous [12] (or y-continuous [15]), if f~1(V) is a b-closed (or y-closed) set of
(X, 7) for each closed set V of (Y, 0);

(ii) perfectly continuous [31], if f=1(V) is clopen in (X, 7) for each open set V of (Y, 0);

(iii) contra-continuous [11], if f=*(V) is closed in (X, 7) for each open set V of (Y,0);

(iv) contra-y-continuous [16] (or contra-b-continuous [28]) if f~1(V) € vC(X, ) for each
open set V of (Y, 0);

(iv)/ strongly contra-y-continuous (cf. (iv)), if f is a contra-y-continuous mapping such
that the inverse image of each open set of (Y, o) has an interior point;

(v) B-continuous [34], if f~1(V) is a B-set of (X, 7) for each nonempty open set V of
(Y, o), where the B-set is the intersection of an open set and a semi-closed set of (X, 7) (this
is defined by [34], cf. [10, Theorem 2.3]).

(v)" B*-continuous (cf. (v)), if f~1(V) contains a nonempty B-set of (X,7) for each
nonempty open set V of (Y, 0);

(vi) pre-b-closed [15] (or pre-y-closed), if f(G) is b-closed (or y-closed) in (Y, o) for each
b-closed (or y-closed) set G of (X, 7).

Definition 2.2 A mapping [ : (X, 7) — (Y, 0) is said to be:

(i) v-irresolute (or b-irresolute [15]) (resp. irresolute [8, Definition 1.1]), if f~1(U) €
yO(X, 1) (resp. f~1(U) € SO(X, 1)) for every set U € yO(Y, o) (resp. U € SO(Y,0));

(ii) contra-y-irresolute [16] (or contra-b-irresolute [28]) (resp.-
contra-irresolute), if f=2(U) € vC(X,7) (vesp. f~1(U) € SC(X,7)) for every set U &
YO(Y, ) (resp. U € SO(Y,0));

(iii) perfectly contra-y-irresolute [29] (resp. perfectly contra-irresolute), if f=1(V) is -
clopen (resp. semi-open and semi-closed) in (X, 7) for each set V € vO(Y,0) (resp. V €
SO(Y,0)).

Theorem 2.3 A mapping f : (X,7) — (Y,0) is B*-continuous, if one of the following
conditions is satisfied:

(1) f is a strongly contra-y-continuous mapping,

(2) f is an onto and B-continuous mapping. O

We have the following diagram among several mappings defined above, where p — q (resp.
p’ «» ') means that p implies q (resp. p’ and ¢’ are independent). The implications are not
reversible and the independence is explained (cf. Remark 2.4 below).

contra-continuous

7 N

contra-y-continuous < B-continuous « onto and B-continuous

T !

strongly contra-v-continuous — B*-contiuous.
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Remark 2.4 (i) Let (R,€) be the real line with the Euclidean topology e¢. The following
functions f, 1g : (R,€) — (R, €) of (i) below are seen in [12].

(i) (i-1) Let f : (R,e) — (R,€¢) be a mapping defined by f(x) = [z], where [z] is the
Gaussian symbol. Then, f is contra-y-continuous (cf. Definition 2.1(iv)). However, f is not
contra-continuous, because for an open interval (1/2,3/2), f~1((1/2,3/2)) = [1,2) is not
closed in (R, ¢).

(i-2) The identity mapping 1g : (R, €) — (R, €) is B-continuous (cf. Definition 2.1(v)) but
not contra-y-continuous, since the inverse image of each singleton is not y-open. Moreover,
1g is not contra-continuous.

(ii) The following mapping f : (X,7) — (X,7) is contra-y-continuous; but f is not
B-continuous. Let X := {a,b,c} and 7 := {0,{a,b},X}. Then, we have yCO(X,7) =
{0.{a},{b}.{c}, {b,c},{a,c},X} and SC(X,7) = {0,{c},X}. We define the mapping f by
fla):=a, f(b) :==c, f(c) :=h.

(iii) The converse of Theorem 2.3 under the assumption (1) is not reversible. Let X :=
{a,b,c} and 7 := {0,{a}, {b},{a, b}, X}. Let f: (X,7) — (X,7) be a mapping defined by
f(a):=0b, f(b) := ¢, f(c) := a. Then, since yC'(X,7) = SC(X,7) = P(X)\{{a,b}}, we show
f is B-continuous and onto. By Theorem 2.3 under the assumption (2), it is obtained that f
is B*-continuous. This mapping f is contra-y-continuous; but Int(f~1({a})) = Int({c}) =0
hold; and so f is not strongly contra-vy-continuous.

(iv) The converse of Theorem 2.3 under the assumption (2) is not reversible. The map-
ping f : (X,7) — (X,7) defined in (ii) above is not B-continuous (cf. (ii)). But, f is
B*-continuous, because {¢} and X are the nonempty B-sets.

(v) The contra~y-continuous mapping f : (X,7) — (X, 7) of (ii) above is not strongly
contra-y-continuous (cf. Definition 2.1(iv)"), because

Int(f " ({a,b})) = 0.

Remark 2.5 (i) Let X = {a,b},7 = {0, X,{a}} and 0 = {0, X, {b}}. Then the identity
mapping 1y : (X,7) — (X, 0) is a contra-y-continuous mapping but it is not y-continuous.

(ii) The identity mapping 1 : (R,e) — (R,€) of Remark 2.4(i)(i-2) is vy-continuous but
it is not contra-y-continuous.

Remark 2.6 The following properties are well known. (i) [4, Theorem 3.7(1)] if f : (X,7) —
(Y, 0) is contra-y-irresolute and g : (Y,0) — (Z,n) is y-continuous, then g o f is contra--
continuous.

(ii) Every homeomorphism is ~y-irresolute.

Remark 2.7 (i) By the following examples (i-1) and (i-2), it is shown that the contra-
~-irresoluteness and y-irresoluteness are independent notions: let X := {a,b,c} and 7 :=
{X,0,{a},{a,b}}.
(i-1) The identity mapping on (X, 7) above is y-irresolute; but it is not contra-vy-irresolute.
(i-2) Let f: (X,7) — (X, 7) be a mapping defined by f(a) := b, f(b) := b, f(c) := a. Then,
f is contra-y-irresolute; but f is not ~-irresolute.

(ii) In general, for any topological space (X, 7), the identity mapping 1x : (X,7) — (X, 7)
is contra-vy-irresolute if and only if yO(X,7) = vC(X,7) holds. And, 1x on any topological
space (X, ) is y-irresolute.

Remark 2.8 (i) Every contra~y-irresolute mapping is contra-y-continuous, but it is shown
that its converse is not true, by the following example. Let X = {a,b,c}, 7={0,{a},
{b},{a,b},X}. Let f:(X,7) — (X, 7) be a mapping defined by f(a) := ¢, f(b) :=a, f(c) :=
b.

(ii) For a mapping f : (X,7) — (Y,0), f is contra-y-irresolute if and only if the inverse
image f~1(F) of each y-closed set F of (Y, o) is y-open in (X, 7).
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Remark 2.9 (i) The following diagram of implications is well known:

- contra-irresolute «— perfectly contra-irresolute — irresolute.
We have the following diagram of implications:

- contra-y-irresolute «— perfectly contra-vy-irresolute — ~v-irresolute;
and they are not reversible (cf. Remark 2.7(i) above and Remark 2.10 below):

(ii) In the implications above, the irresoluteness (resp. contra-irresoluteness, perfectly
contra-irresoluteness) and the v-irresoluteness (resp. contra-y-irresoluteness, perfectly contra-
~-irresoluteness) are independent (cf. (a), (b), (c) below).

Let X = {a, b, c}. We consider the following topologieson X : 7 := {X, 0, {a}, {b}, {a, b}},
= {X,0,{a},{a,b}}, 72 := {X,0,{c},{a,b}} and 73 := {X,0}. We have the following
dates: SO(X,7) =~70(X,7) = P(X)\ {{c}}; SO(X, 1) =v0(X,m1)={0,{a},{a,b} {a,c},
X} SO(X, 12) = 12,70(X, 12) = P(X); SO(X,73) = {0, X},7O(X,73) = P(X).

(a) (a-1) Define a mapping f : (X,7) — (X, 72) as follows: f(a) = a, f(b) = ¢ and
f(c) =b. Then f is irresolute; f is not v-irresolute.

(a-2) Let f : (X,73) — (X,7) be the identity mapping. Then f is 7-irresolute; f is not
irresolute.

(b) (b-1) Let f : (X, 72) — (X, 71) be the identity mapping. Then f is contra-y-irresolute;
f is not contra-irresolute.

(b-2) Define a mapping f : (X,71) — (X, 72) as follows: f(a) := a, f(b) := a, f(c) := b.
Then f is contra-irresolute; f is not contra-vy-irresolute.

(c) (c-1) Let f: (X,73) — (X, 72) be the identity mapping. Then f is perfectly contra-
~-irresolute; f is not perfectly contra-irresolute.

(c-2) Define a mapping f : (X,7) — (X, 72) as follows: f(a) :=c¢, f(b) := a, f(¢) :=b. Then
f is perfectly contra-irresolute; f is not perfectly contra-y-irresolute.

Remark 2.10 We have a decomposition of perfectly contra-vy-irresolute mappings. The
following conditions (1) and (2) are equivalent: (1) f: (X,7) — (Y, 0) is perfectly contra-
~-irresolute; (2) f: (X,7) — (Y, 0) is contra-y-irresolute and ~-irresolute.

3  Groups yr-h(X;7)Ucontra-yr-h(X; 1) and h(X;7)Ucontra-h(X;7) We have a new
homeomorphism invariant for topological spaces (cf. Theorems 3.4, 3.5, Corollary 3.6).

Definition 3.1 (i) A mapping f: (X,7) — (Y, 0) is said to be:

(i-1) ([20, Definiton 4.12]) a yr-homeomorphism if f is a ~-irresolute bijection and f~!
is y-irresolute;

(i-2) a contra-yr-homeomorphism if f is a contra-y-irresolute bijection and f~1! is contra-
~y-irresolute;

(ii) (ii-1) ([20, Definition 4.12]) a vy-homeomorphism if f is a y-continuous bijection and
f~!is y-continuous;

(ii-2) a contra-y-homeomorphism (resp. contra-homeomorphism) if f is a contra-y-continuous
(resp. contra-continuous) bijection and f~! is contra-y-continuous (resp. contra-continuous).

Definition 3.2 We recall and define the following families of mappings from (X, 7) onto
itself.

- ([20, Definition 4.13]) yr-h(X;7) := {f|f : (X,7) — (X, 7) is a yr-homeomorphism} (by
[20, Theorem 4.14(ii)], it is proved that yr-h(X;7) forms a group under the composition of
mappings);

- contra-yr-h(X;7) :={f|f : (X,7) — (X, 7) is a contra-yr-homeomorphism};

< h( X)) ={f|f:(X,7) = (X,7) is a homeomorphism};

- contra-h(X;7):={f|f : (X,7) — (X, 7) is a contra-homeomorphism};

- Gix,ry = r-h(X;7) U contra-yr-h(X; 7);

- Hix = h(X;7)Ucontra-h(X; 7).
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Proposition 3.3 Let f: (X,7) — (Y,0) and g : (Y,0) — (Z,n) be two mappings between
topological spaces.

(i) (i-1) ([20, Theorem 4.14(ii)]) If f and g are y-irresolute, then g o f is vy-irresolute.
(i-2) ([20, Theorem 4.14(ii)]) The identity mapping 1x : (X, 7) — (X, T) is y-irresolute.
(i-3) If f and g are contra-y-irresolute, then g o f is ~y-irresolute.

(ii) (ii-1) If f is contra-y-irresolute and g is y-irresolute, then go f is contra-y-irresolute.
(ii-2) If f is vy-irresolute and g is contra-y-irresolute, then go f is contra-y-irresolute. O

Theorem 3.4 Let G(x ) and H(x . be the families of mappings defned in Definition 3.2.

(i) G(x,7) forms a group under the composition of mappings.

(ii) yr-h(X;7) forms a subgroup of G (x ;) (cf. [20, Theorem 4.14(ii)]).

(iii) The group h(X;T) is a subgroup of yr-h(X;7) ([20, Theorem 4.14(iii)]) and h(X;T)
is also a subgroup of G(x ;).

(iv) H(x,r forms a group under the composition of mappings. The group h(X;T) is a
subgroup of H(x 7).

(v) If T =~yO(X,7) holds, then G(x,- = H(x 7). O

We note that the binary operation wg(x,r) : G(x,r) X G(x,r) — G(x,r) is well defined by
wg(xﬂ(a, b) := boa, where a,b € G(x,r) and boa denotes the composition of two mappings
a, b defined by (boa)(xz) = b(a(x)) for any 2z € X (cf. Proposition 3.3). And, the restriction
wa(x,7)[yr-h(X;7) x 4r-h(X; 7) is denoted shortly by wx.

Theorem 3.5 (i) If f : (X,7) — (Y, 0) is ayr-homeomorphism (resp. contra-yr-homeomorphism),
then the mapping f induces an isomorphism f. : G(x ) — G(y,s), where fi is defined by
f«(a) == foao f1 for any a € G(x ;). Moreover,

(a) (gof)s =gsofu: Gixr) — Gizy), whereg: (Y,0) — (Z,n) is a yr-homeomorphism
(resp. contra-yr-homeomorphism),

(b) (Ix)s« =1:G x5 — Gx,r is the identity isomorphism,

(e) felyr-h(X;7)) = r-h(Y;0), fo(R(X;7T)) Cyr-h(Y;0) and
fx(contra-yr-h(X; 1)) = contra-yr-h(Y; o) hold.

(ii) Especially, if [ : (X,7) — (Y,0) and g : (Y,0) — (Z,n) are homeomorphisms, then
the induced mappings f. : G(x ) — G(v,e) and g. : Gey,o) — Gz are isomorphisms (cf.
(1)). Moreover, they have the same property of (a),(b) and (c) in (i). We note that, in (c),
f«(h(X;7)) = h(Y;0) holds. O

Corollary 3.6 (cf. Definition 3.2, Theorem 3.5) (i) If G(x ;) % G(v,0) (i.e. G(x,r) is not
isomorphic to Gy ) as groups), then there does not exist any yr-homeomorphism between
two topological spaces (X, T) and (Y,0); and hence (X,7) % (Y,0) (i.e., (X,7) is not home-
omorphic to (Y,0)).

(ii) If yr-h(X;7) 2 ~yr-h(Y;0) (ie., yr-h(X;7) is not isomorphic to yr-h(Y;o) as
groups), then there does not exist any ~yr-homeomorphism between (X, 7) and (Y,0). a

Example 3.7 (i) In Section 5, we give a special example of group vr-h(H, k|H), where
(H,k|H) is a subspace of the digital line (Z, x)(cf. Example 5.13).

(ii) Let (X,7) and (Y,0) be two topological spaces, where X =Y := {a,b,c}, 7 :=
{0,{a},{b,c}, X} and o := {0,{a},{b},{a,b},Y}. Then, it is shown that G(x, = r-
h(X;7) = S3(=the symetric group of degree 3) and Gy, = yr-h(Y;0) = {1y, h.}, where
he : (Y,0) — (Y,0) is a bijection defined by h.(a) := b, h.(b) := a,h.(c) := ¢; and hence
Gx,r) 2 G(v,e). Thus, using Corollary 3.6(i), we can assure that there is never exists
any yr-homeomorphism between (X, 7) and (Y, o). We note that h(X;7) = {1x,hq} and
h(Y;o0) = {ly,h.} hold, where h, : (X,7) — (X,7) is a bijection defined by h,(a) :=
a, hq(b) := ¢, ha(c) :=b; and so h(X;7) = h(Y;0) holds.

(iii) Let (X, 7) be the topological space of (ii) above and let (Y7,01) be a topological
space such that Y7 := {a,b,c} and o1 := {0,{a},{b},{a,b},{a,c}
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,Y1}. Then, we have that G(x ;) 2 G(v, ,) and h(X;7) 2 h(Y1;01). Using Corollary 3.6,
there is never exist any yr-homeomorphism between (X, 7) and (Y7, 01).

(iv) Let (Y1,01) be the topological space of (iii) above and let (Y3, 02) be a topologi-
cal space such that Y5 := {a,b,c} and oy := {0, {a},Y2}. Then, we have that G(y, ,,) =
G (vy,00)> Vr-M(Y1,01) 2 yr-h(Ya,02) and h(Y1,01) 2 h(Y2,02) hold. We can apply Corol-
lary 3.6(ii) for this example (iii).

(v) For the digital line (Z, k), we have an example of a subgroup of H ) (cf. Exam-
ple 5.10(iv)).

4 Two subgroups of vr-h(X;7) and their properties The purpose of the present
section is to prove Theorem 4.9.

Definition 4.1 For a subset G of X, we define the following families of mappings:
(1) yr-h(X,G;7) :={a] a € yr-h(X;7) and a(G) = G};
(ii) yr-ho(X,G; 1) :={a|] a € yr-h(X; 7) and a(zr) = x for every point = € G}.

Theorem 4.2 Let H be a subset of a topological space (X, 7). The families yr-h(X, X \
H;7) and yr-ho(X, X \ H; ) form two subgroups of yr-h(X, ) and yr-h(X, X\ H;T) = ~r-
h(X,H;T) holds. O

For the group vr-h(X, X \ H;7), say A, (resp. yr-ho(X, X \ H;7), say Ag,) of Theorem 4.2,
we define the binary operation wx g : A x A — A (vesp. wx g, : Ao X Ag — Ag) by
wx,m7(a,b) = (wex,m|A x A)(a,b) = boa (resp. wx my(a,b) = (wg(x,r)|Ao0 x Ao)(a,b) =
boa) (cf. a few lines after Theorem 3.4).

In order to investigate precisely some structures of yr-h(H, X\ H; 7|H) (cf. Theorem 4.9),
we need the following definitions and properties.

Definition 4.3 Let H, K be subsets of X and Y, respectively. For a mapping f: X — Y
satisfying a property K = f(H), we define the following mapping rgy x(f) : H — K by
rax(f)(z) = f(z) for every x € H.

Then, we have the following properties:

(4.a) jxorugx(f) = fI[H : H — Y, where jxg : K — Y be the inclusion defined by
Jr(y) = y for every y € K and f|H : H — Y is the restriction of f to H defined by
(fIH)(z) = f(x) for every = € H.

(4.b) Especially, we consider the following case where X =Y, H = K C X. lf a(H) = H
and b(H) = H, then ry g (boa) = rg g (b)ory, m(a) holds, where a,b : X — X are mappings.

(4.c) If a mapping a : X — X is a bijection such that a(H) = H, then rg g (a) : H — H
is bijective and 7y g(a™!) = (ru p(a)) ™ .

In Theorem 4.4 below, we recall well known properties on y-open sets and they are
needed later. For a subset H of (X, 7) and a subset U C H, Inty(U) (resp. Cly(U)) is the
interior (resp. closure) of the set U in a subspace (H,7|H). The ~-interior of a subset A of
(X, 7) is defined by
cyInt(A) = {V|V C AV €70(X,7)}. Tt is well known that: for aset A C X,

- ([6, Proposition 2.5]) yInt(A) = AN (Int(CI(A)) UCI(Int(A))) and

-yCIl(A) = AU (Int(Cl(A))NCl(Int(A))) hold (e.g., [19, Lemma 2.6(iii)], [3, Lemma 3.2]).
And, by [6, Proposition 2.3(a)] (cf. Theorem 4.4(iii)), it is shown that

-yCIl(A) € vC(X, 1) and vInt(A) € yO(X, 1), where A is a subset of (X, 7).

-yO(H,7|H) :={U C H| U is y-open in (H,7|H)};

-yC(H,7|H) :={F C H| F is y-closed in (H,7|H)};
-AClg(U):=({F|UCF,Fe~C(H,7|H)}, where U C H C X.
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Theorem 4.4 (i) ([15],e.g.,[14, Lemma 2.2];[1, Proof of Theorem 2.3(3)]). Let H C X and
Ay C X. If H is a-open in (X, 7) and Ay is y-open in (X, 7), then Ay N H is y-open in
(H,7|H).

(ii) ([15];e.g.,[14, Lemma 2.4]) Let A C H C X. If A is vy-open in (H,7|H) and H is
a-open in (X, T), then A is y-open in (X, 7).

(iil) ([6, Proposition 2.3(a)]) Arbitrary union of y-open sets of (X, 1) is y-open in (X, 7).

(iv) ([6, Proposition 2.4(2)]) Let H C X and Ay C X. If H is a-open in (X, 7) and A,
is y-open in (X, 1), then Ay N H is y-open in (X, 7).

(v) If BC HC X and H is a-open in (X, 7), then yCl(B) N H = vCly(B) holds.

(vi) Let F € H C X. If H is a-open and ~y-closed in (X,7) and F is ~y-closed in
(H,7|H), then F is vy-closed in (X, ). O

Remark 4.5 It follows from the following example that one of the assumptions of Theo-
rem 4.4(vi) is not removed. Let X := {a,b,c} and 7 := {0, {a}, X} (cf. the space (Ya,03)
of Example 3.7(iv)). For a subset H := {a,c}, the set H is y-closed in (H,7|H) and it is
a-open in (X, 7), but H is not y-closed in (X, 7).

Proposition 4.6 (i) If f : (X,7) — (Y,0) is vy-irresolute and a subset H is c-open in
(X, 1), then f|H : (H,7|H) — (Y,0) is y-irresolute.

(ii) Let k : (X,7) — (K,0|K) be a mapping and jk : (K,0|K) — (Y, o) be the inclusion,
where K CY. Then, the following properties (1), (2) are equivalent, under the assumption
that K is c-open in (Y, 0):

(1) k: (X,7) — (K,0|K) is y-irresolute;
(2) jx ok : (X,7) — (Y,0) is y-irresolute.

(iii) If f : (X, 7) — (Y,0) is y-irresolute, H is a-open in (X,7) and f(H) is a-open in

(Y,0), then vy sy (f) : (H,7|H) — (f(H),o|f(H)) is y-irresolute (cf. Definition 4.3).

Proof. The properties (i) and (ii)(1)=(2) (resp. (ii)(2)=(1)) are proved by using Theo-
rem 4.4(i) (resp. Theorem 4.4(ii)). The property (iii) is proved by (i),(ii) above and (4.a)
after Definition 4.3. O

Definition 4.7 For an a-open subset H of (X, 7), the following mappings (rg). : y7-
MX, X\ H;7) — yr-h(H;7|H) and (rg).o : yr-ho(X, X \ H;7) — yr-h(H;7|H) are well
defined as follows (cf. Proposition 4.6(iii)), respectively:

(re)«(f) := 1o (f) for every f € yr-h(X, X \ H;T);

(re)«0(9) := rm.u(g) for every g € yr-ho(X, X \ H; 7).

Lemma 4.8 (A pasting lemma for 4-irresolute mappings) Let X = Uy U Us, where Uy
and Us are a-open sets in (X, 1), and f1 : (Uy,7|U1) — (Y,0) and fa : (Us, 7|Uz) — (Y, 0)
are ~y-irresolute mappings such that fi(x) = fa(x) for every point x € Uy NUs. Then its
combination fiVfo : (X,7) — (Y,0) is y-irresolute, where (f1V f2)(x) := f;(z) for every
z e U;(je{1,2}).

Proof. Let V € vO(Y,0). By Theorem 4.4 (ii) and (iii), it is proved that (f,Vf2)~1(V) €
YO(X, ), because f; (V) € yO(U;, 7|UL), f; H(V) €-
YO(X, ) for each i € {1,2} and (f1Vf2)~Y(V) = fr Y (V) U f5 (V) hold. O

Theorem 4.9 Let H be a subset of a topological space (X, T).

(i) (i-1) If H is a-open in (X, ), then the mappings (rg)s : yr-h(X, X \ H;7) — ~r-
hH;7|H) and (15)+0 2 yr-ho(X, X \ H;7) — vyr-h(H;7|H) are homomorphisms of groups
(cf. Definition 4.7). Moreover, (r)«|Bo = (r1)«,0 holds, where By := yr-ho(X, X \ H;T).

(i-2) If H is a-open and a-closed in (X, ), then the mappings (rg). : yr-h(X, X \
H;7) — ~vr-h(H;7|H) and (rg)so : yr-ho(X, X \ H;7) — ~r-h(H;7|H) are onto homo-
morphisms of groups.
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(ii) For an a-open subset H of (X, T), we have the following isomorphisms of groups:
(ii-1) yr-h(X, X \ H;7)/Ker(rm)« = Im(ry)s;

(ii-2) yr-ho(X, X\H; 7) = Im(rg)+,0, where Ker(rg).:={a € yr-h(X, X\H; 7)| (ra)«(a) =

1x} is a normal subgroup of yr-h(X, X\H;7); Im(rm)«:={(rm)«(a)| a € yr-h(X, X\H; 1)}
and Im(re)s0:={(ra)«o0)| b € yr-ho(X, X \ H;T)} are subgroups of yr-h(H;T).

(iil) For an a-open and a-closed subset H of (X, T), we have the following isomorphisms
of groups:

(iii-1) yr-h(H;7|H) =2 yr-h(X, X \ H;7)/Ker(rmg)«;

(iii-2) yr-h(H;7|H) = yr-ho(X, X \ H; 7).

Proof. (i) (i-1) Since H is a-open in (X, 7), the mappings (rg). and (rpg).o are well
defined (cf. Definition 4.7). Let a,b € yr-h(X, X \ H;7) and wx g : yr-h(X, X \ H; 7) X yr-
MX, X\ H;7)) — vr-h(X, X \ H;T) be the binary operation of the group yr-h(X, X \ H; )
(cf. a few lines after Theorem 4.2). Then, (rg).(wx g(a,b)) =(rg)«(boa) =rguboa) =
(ra,ua) o (ruu(a)) = wa((ra)s(a), (ra)«(b)) hold, where wy is the binary operation of
the group yr-h(H; 7|H) (cf. a few lines after Theorem 3.4). Thus, (rg). is a homomorphism
of group. Similarly, the mapping (rg).o @ yr-ho(X, X \ H;7) — ~r-h(H;7|H) is also a
homomorphism of groups. It is obviously shown that (rg).|yr-ho(X, X \ H;7) = (TH )0
holds (cf. Definition 4.1, Definition 4.7).

(i-2) Let h € yr-h(H; 7|H). We consider the combination hy := (jroh)V(jx\golx\a)
(X,7) — (X, 7). By Proposition 4.6 (ii) and the assumption of a-openness of H, it is shown
that the two mappings jg o h : (H,7|H) — (X,7) and jg o h™! : (H,7|H) — (X,7)
are y-irresolute. Moreover, under the assumption of a-openness of X \ H, jx\g o Ix\# :
(X \ H,7|(X \ H)) — (X,7) is y-irresolute. By using Lemma 4.8 for an a-open cover
{H,X \ H} of X, the combination above hy : (X,7) — (X,7) is y-irresolute and hq is
bijective and its inverse mapping hi! = (jg ohil)V(jX\Holx\H) is also ~-irresolute. Thus,
we have that h; € yr-h(X, 7). Since hy(x) = x for every point x € X \ H, we conclude that
h1 € yr-ho(X, X\ H; 7) and so hy € yr-h(X, X\ H; 7); moreover, (rg).«o(h1) = (ra)«(h1) =
ra,a(hi) = h.

(ii) By (i-1) above and the first isomorphism theorem of group theory, it is shown that
there are group isomorphisms below, under the assumption of the a-openness of H in (X, 7):
(4.d) yr-h(X, X \ H;7)/Ker(rg)« = Im(rg). and
(4d.e) yr-ho(X, X\ H;7)/Ker(ru)«o = Im(rg).o, where Ker(rg).o:={a € yr-ho(X, X \
H; )| (ri)eola) = 1k

It is shown that Ker(rg).o = {1x}. Indeed, let ug € Ker(rg).o C yr-ho(X, X \ H;7);
then (rg)+0(uo) = 1g, where 1y is the identity element of yr-h(H;7|H). By Definitions 4.7
and 4.3, we have that, for any point € H, ((rm)«0(uo))(z) = (rm m(uo))(x) = up(z) and
50, ug(z) = 1y (x); and, for any point x € X \ H,ug(x) = x (cf. Definition 4.1(ii)). Thus, we
conclude that up = 1x; and hence Ker(rg).o = {1x}. Therefore, by using the isomorphism
(4.e) above, we have the isomorphism (ii-2).

(iii) By (i-2) and (ii), the isomorphisms (iii-1) and (iii-2) are obtained. O

Example 4.10 (i) In Example 5.13 of Section 5, the groups in Theorem 4.9 above are given
for a special subspace (H, k|H) of the digital line (Z, k).

(ii) Let (X, 7) be the topological space of Example 3.7(ii) throughout the present Exam-
ple 4.10(ii).
(ii-1) Let H := {a}. Since H = {a} is a-open and a-closed in the topologica space (X, ),
then we apply Theorem 4.9(iii) to the present case; and so, we have the following result:
yr-h(H;7|H) 2 yr-h(X, X \ H;7)/Ker(rg). = yr-ho(X, X \ H; 7).
We can check directly the group isomorphisms as follows: we have the date: yr-h(X, X \
H;7)={lx,ho}, Ker(rg)s = {lx,ho}, YO(H,7|H) = {0, H}, yr-h(H;7|H) = {1} and
yr-ho(X, X \ H;7) = {1x}, where 7|H = {0, H}.
(ii-2) Let H := {b,c}. Then H is a-open and a-closed in (X, 7). Now, we apply Theorem 4.9
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(iii) to the present case; and we can also check directly the group isomorphisms: we have
the date as follows: yr-h(X, X\ H;7) = {1x,h.}, Ker(ry). = {1x}, yO(H,7|H) = P(H),
yr-h(H;7|H) = {1y, ho|H} and yr-ho(X, X \ H;7) = {1x,ha}, where 7|H = {0, H}.

Example 4.11 Even if a subset H of a topological space (X, 7) is not a-closed and it
is a-open (cf. Theorem 4.9(i)(i-2)), we have some examples such that the homomorphisms
(ru)« and (rg)«o are onto.

(i) For example, let (X, 7) be a topological space and (H, 7|H) a subspace of (X, 7), where
X :={a,b,c}, H=:{a,b} and 7 := {0,{a}, {b}, {a,b}, X}; and so, 7|H = {0, {a}, {b}, H}.
Then, we see that yO(X,7) = P(X) \ {{c}} and 7* = 7. The subset H is a-open and it is
not a-closed in (X, 7). Hence by Theorem 4.9(i)(i-1), the mappings (rg). and (rm). o are
homomorphisms of groups. Because of X \ H = {c}, we see that yr-ho(X, X \ H;7) = yr-
R(X, X\ H;7) and (rg0)« = (rm)«. And it is shown directly that yr-h(X, X \ H;7) =
{1x,he} 2 Zs, (he)? = 1x, and yr-h(H;7|H) = {1y,t4}, where h. : (X,7) — (X, 7) and
tap : (H,7|H) — (H,7|H) are the bijections defined by h.(a) = b, h.(b) = a, he(c) = ¢ and
tap(a) = b, tep(b) = a, respectively. Then, we prove that : (rg). : yr-h(X, X \ H; k) — yr-
h(H;7|H) is onto; Ker(rg). = {1x}. By using Theorem 4.9(i)(i-1) and (ii), we have that
yr-h(H;7|H) 2 ~yr-h(X, X \ H;7)/Ker(rg). = yr-h(X, X \ H;7) hold.

(ii) In Section 5, we give an example of an onto homomorphism (rg)., where H :=
{-=1,0,1} of the digital line (Z, x) (cf. Example 5.13(iv)).

5 Examples on the digital line (Z,x) We recall that the digital line is the set of the
integers, Z, equipped with the topology x having {{2s — 1,2s,2s + 1}| s € Z}, say G, as
a subbase (e.g., [24, p.175], [26, Section 3(I)], [23, p.905,p.908]). This topological space is
denoted by (Z, k). By the definition of topology &, every singleton {2u+ 1} is open in (Z, k)
and it is not closed in (Z, k), where u € Z. Every singleton {2s} is closed in (Z, ) and it is
not open in (Z, k), where s € Z. In the present paper, we denote: U(2s) := {2s—1,2s,2s+1}
and U(2u+1) := {2u+1} for each point 2s and 2u+1 of (Z, k), respectively; and U(2s) and
U(2u + 1) are two typical open sets of (Z, k). And, U(z) above is called the smallest open
set containing the point x of (Z,k), where x € Z. It is well known that: for a nonempty
open set U and a point z of (Z, k), if z € U, then U(z) C U holds (e.g., [26, Section 3]).

(I) Characterizations of v-open sets in the digital line (Z, k) (cf. Theorems 5.1
and 5.5 below). First, we recall some properties on the digital line (Z,x) : x = PO(Z, k)
and PO(Z,k) C SO(Z,k) = yO(Z,k) = BO(Z,k) (cf. [9], [17], [33]). Secondly, we need
some notations and properties (e.g., [18, Sections 1, 2|, [26, Sections 2, 3]): let A be a
nonempty subset of (Z,k), A, := {z € A| {z} is open in (Z,r)}; Ar = {x € A| {a} is
closed in (Z, k)}. It is easily shown that:

(i) A, ={2s+1€ Al s€Z}; Ap = {2m € A| m € Z}; and
(i) A=A, UAr (A, N A = 0), where A is any subset of (Z, k).

By Takigawa [32, Theorems 1, 2 and 3], some characterizations of any preopen sets,
semi-open sets and semi-preopen sets in the digital n-space (Z™, k™) are investigated, where
n > 1. The following property is obtained by a special case of [32, Theorem 2 or Theorem
3] for the digital line (i.e., n = 1).

Theorem 5.1 (A special case of Takigawa [32, Theorem 2 or Theorem 3]) A subset E is
~v-open in (Z, k) if and only if E C CI(E,) holds in (Z, k).

Remark 5.2 (i) If A, = ) for a subset A of (Z, k), then A is closed in (Z, k). The converse
of above implication is not true; a subset {2s,2s+1,2s+ 2} is closed in (Z, k), where s € Z;
and ({2s,25+ 1,25 +2}), ={2s+ 1} £ 0.

(ii) CI(A) = CI(A,) U A holds for a subset A of (Z, k).

Definition 5.3 ([7, Definition 5.3]) Let A be a subset of (Z, k).
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(i) For a point x € Z, the following set V4 (x) is defined: if z + 1 € A, then Vy(z) :=
{x,2 + 1} (sometimes it is denoted by VaT(x), or shortly V*(z)); if z +1 ¢ A, then
Va(x) :={z — 1,2} (sometimes it is denoted by V4~ (), or shortly V—(z)). Thus, we have
that Va(z) = Va™(x) or V4~ (z).

(ii Vy = U{VA(CL')| x € AF} if Ap 7é (Z); V= 0 if Ap = 0.

Example 5.4 (i) A subset {x,2 + 1} of Z is v-open and 7-closed in (Z, x) for any point
x € 2.

(ii) (cf. [7, Example 5.5]) For a point « € Z and a subset A C Z, the set V4(z) is both
~v-open and 7-closed in (Z, k) (cf. Definition 5.3).

Finally, the following characterization (Theorem 5.5) is obtained by using the equality
vO(Z, k) = BO(Z, k) and [7, Theorem 5.7]. We note that we are able to have directly an
alternative proof of Theorem 5.5 using the characterization of Theorem 5.1 above.

Theorem 5.5 ([7, Theorem 5.7]) Let B be a nonempty subset of (Z,k). Then the following
statements hold.

(i) Assume that By # ().

(i-1) If B is y-open in (Z, k), then B is expressible as the union: B = Vg U By, where
Vi := U{Vs(2)|r € Br} (cf. Definiton 5.3).

(i-2) If B satisfies a property that B = Vg U By, then B is v-open in (Z, k).

(ii) Assume that Bp = 0. Then, Vg =0 and B = B,; hold and B is open in (Z,r); and
so B is y-open in (Z, k). O

Example 5.6 Suppose that a singleton {z} is closed in (Z, k) (i.e., x is even in Z) and y
is any point with y # x. Then,

(i) {z,y} is y-closed in (Z, k);

(ii) {x,y} is y-openif and only if y =z +1lory=x — 1.

(IT) Some transformations on (Z, k).

Definition 5.7 Let tey o— : (Z,k) — (Z,K),t_ : (Z,k) — (Z,k) and fs : (Z,k) — (Z,K),
where s € Z, be the transformations defined by the following form, respectively: for every
point z € Z,

(i) teqo—(z):=o+1if zis even and tey o—(2) == — 1 if x is odd;

(ii) t—(x) := —ax; (iil) fs(z) :=2a+s.

Theorem 5.8 For any vy-open set A of (Z, k), we have the following properties:
(i) tes.o— L(A) is explessible as the union of arbitrary collection of y-closed sets of (Z,k);
(i) t_~1(A) is explessible as the union of arbitrary collection of y-closed sets of (Z,k);
(iii) ([7, Lemma 5.8(vii), Theorem 5.10(iii)]) foms1 ~(A) and fomi1(A) are explessible
as the union of arbitrary collection of y-closed sets of (Z, k), where m € Z.

Proof. (i) By using Definition 5.3, Example 5.6(i) and Definition 5.7, it is shown that, for
any set B and any point @ € Z, teq o—'(Vp(z)) is y-closed in (Z, k) (cf. Definition 5.3(i),
Example 5.6(i), Definition 5.7); tey ., 1(B.) = U{{2s}| 2s +1 € B} holds, because
B. = U{{2s + 1}| 2s + 1 € B}). And, so tey,_ '(B,) is the union of the collection
{{2s}| 2s + 1 € B} of ~-closed sets. Let A € yO(Z,k). By Theorem 5.5(i-1) and (ii), it
is shown that tei o "'(A) = (U{ter,o— (Va(z))| @ € Ap})Uteq o 1 (Ax) (if Ap # 0)
and teq o H(A) = tey o 1(Ay) (if Ap = 0); and so, by the properties above respectively,
tet.o— 1(A) is the union of a collection of y-closed sets.

(ii) By an argument similar to that in (i), the statement (ii) is proved (cf. Definition 5.3,
Example 5.4).

(iii) This is shown by the property that YyO(Z,x) = SO(Z, ) (cf. (I) above) and the
corresponding property on [-openess version [7, Lemma 5.8(vii), Theorem 5.10(iii)]. a
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Remark 5.9 Let Aoy := {2k, 2k + 1} U{2(k+ 1) +1,2(k + 1) + 2}. Since Int(Cl(As)) N
Cl(Int(Ag)) = {2k +1,2(k +1),2(k+ 1) + 1} € Ay hold, Agy is not y-closed. But, Ay
is the union of two y-closed sets {2k,2k + 1} and {2(k + 1) + 1,2(k + 2)} of (Z,rk) (ct.
Example 5.4 (i)).

Example 5.10 (i) tet o— & yr-h(Z; k) and tey o— & contra-yr-h(Z; k) hold.

(ii) t— € h(Z, k) holds and so t_ € yr-h(Z; k).

(iii) (iii-1) fomy1 € yr-h(Z; k) and fop41 € contra-yr-h(Z; );
(111—2) f2m+1 g h(Z, H).

(iv) fom € h(Z;k) and fom41 € contra-h(Z;r) hold; and hence {fs|s € Z} forms a
subgroup of H(z, ).

(IIT) A group structure of yr-h(H;x|H), where H := {-1,0,1}.

Lemma 5.11 Let s,u € Z. If [ : (Z,5) — (Z,k) is a yr-homeomorphism (i.e., f € ~yr-
hZ,k)), then

(i) f(U(2s)) =U(2a) holds for some point 2a € Z;

(ii) f(UQ2u+1)) =U(2v + 1) holds for some point 2v+ 1 € Z. O

Notation Let H be the smallest open set containing 0, U(0) := {—1,0, +1}, which is used
in Example 5.13 below. A family of subsets of (Z, k), say {H,|j € Z with j > 1}, is defined
by : Hy := H = U(0) and H; := U(—(2i — 2)) U H;_1 UU(2i — 2) for each integer i > 2,
where U(2s) := {25 — 1,25,2s + 1}(s € Z).

It is easily shown that H; = | J{U(—(2j —2))UU(2j —2)| j € Z with 1 < j < i} holds
for each integer ¢ > 2; and if ¢ < j, then H; C H; and |J{H;| j € Z with j > 1} = Z.

Lemma 5.12 below is proved by an argument similar to that in [30, Claim in Proof of
Proposition 6.1]; we use induction on m € Z and Lemma 5.11; and so we omite the proof.

Lemma 5.12 Let f € yr-h(Z,Z\H; k) and {H;|j € Z with j > 1} be the family of subsets
defined by Notation above, where H = Hy = {—1,0,1}, i.e., H = U(0).

(i) If flH =t_|H, then f|H,, =t_|Hy, for any interger m with m > 2.

(i) If f|H = 1y, then f|Hy, = 1, for any integer m with m > 2. O

Using Lemma 5.11 and Lemma 5.12, we can examine the isomorphisms of Theorem 4.9(ii)
for the following a-open set H := U(0) which is not a-closed in (Z, k).

Example 5.13 Let (H, x|H) be a subspace of (Z, k), where H := {—1,0, 41} is the smallest
open set containing 0 € Z, i.e., H = U(0). Then, we have the following properties: (i) y7-
WZ 2\ Him) = (1,0 }; (i) Ar-ho(Z, 2\ H; w) = {1z}; (if) Ar-h(H: s\ H) = {1, 0|}
(iv) Im(rg)s = {lg,t_|H} and (rg)s : y-h(Z,Z \ H;k) — ~r-h(H,k|H) is onto; (v)
Ker(rg)s ={1z}.
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EXISTENCE OF UNBOUNDED SOLUTIONS TO A ONE DIMENSIONAL
ISENTROPIC PERIODIC FLOW OF A COMPRESSIBLE VISCOUS FLUID
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ABSTRACT. We consider a one dimensional isentropic periodic flow of a compressible
viscous fluid driven by a self-gravitation of the fluid. We show the existence of an
unbounded solution of a system describing the flow. A sufficient condition for the
unboundedness is given in terms of the initial values of an energy form.
1 Introduction Let us consider a one dimensional isentropic flow of a compressible vis-
cous fluid in the Lagrangian mass coordinates:

Oy — Opu = 0,

1.1
(L.1) Opu + 0z (av™7) — o, (623]“) =g,

where specific volume v, assumed to take positive values, and velocity u of the fluid are
unknown functions of the time and space variables ¢t > 0 and = € R, pressure av™ " a
function of v with constants a > 0 and v > 1, and g > 0 the viscosity constant. The second
member G is an external force specified below. We are mainly concerned with the so-called
isentropic flow, i.e., v > 1, though, we occasionally refer to the isothermal flow, i.e. v =1
for the sake of comparison.

The initial or initial-boundary value problem for (1.1) with a prescribed forcing term G
has been studied by several authors. Since the pioneering work of Kanel’ [3], showing the
existence of global bounded solutions to the system (1.1) on the whole line with G = 0, the
boundedness is one of the crucial keys to study the asymptotic behavior of the solutions.
Closely related with the present paper are the works of Matsumura and Nishida [4], and
Matsumura and Yanagi [5]. In [4] it is shown that the isothermal system on a finite interval
with a general bounded forcing term G has a unique global bounded solution for any smooth
initial data. In [5] a similar result was obtained for the isentropic system but on the
assumption of smallness of v — 1 depending on the data. Both the results fail to mention
whether an unbounded solution exists or not for the isentropic system with a bounded
forcing term.

This paper handles the system (1.1) under the L-periodic condition:

(1.2) v(t,z+ L) =v(t,z), wu(t,x+ L)=u(t )
with a rather special forcing term depending on the unknowns:

4G

v

L
(13) (t.2) = 0, [ Kulo.p)o(t.y) - o)y,
0
2010 Mathematics Subject Classification. T6E20, T6N15 .
Key words and phrases. one dimensional isentropic flow, compressible viscous fluid, self-gravitation,
unbounded solutions.
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where K (x,y) is the Green kernel of the operator —92 on the L-periodic functions with
average 0:

oo
2mn

L
Ki(z,y) = Z S22 CO8 T(x =),
n=1

or

o=yl @=y)?* L
2 oL 12

(14) Ky(a,y) = -

v the average of the specific volume:

1 L
v = Z/o u(t, z)dz,

and G > 0 the gravitational constant. This is the representation in the Lagrangian mass
coordinates of a force field that takes into account only the part of Newton’s gravitation
corresponding to the disturbance in an infinite homogeneous fluid, and is often adopted in
the classical theory of gravitational instability for the fluid. See Weinberg [7], Chapter 15.
Notice that the field is consistent with static equilibria of the fluid.

Since the average U as well as that of u is a constant of motion in view of (1.1), the
forcing term (1.3) is a bounded function of the variables ¢ and z. This enables us to show
the boundedness of any smooth solutions to the isothermal system just in the same manner
as in [4]. As for the isentropic system, however, the situation proves to be quite different.
Indeed, on the assumption 1 < v < 2 we show the existence of unbounded solutions in the
sense that

sup v(t, z) = oo.

t,x
To be precise we present an initial condition for unbounded solutions in terms of the form
for a state (v, u) given by

L
(1.5) E(v,u) = /0 %u(w)de + E&(v)
with
L v(x)—v  w(x)Y -l
(1.6) E(U):/ a<() - ()1_7 >dm

%G/‘/Iﬁxy v(w) — 0)(v(y) — )dady.

This form, called the energy form associated with the system (1.1)—(1.3), is decreasing and
bounded along the orbit of a solution to the system, which turns out to be the key to find
out the unboundedness condition.

The paper is organized as follows. In Section 2, after a brief comment on the class of
solutions concerned, we present two theorems. One refers to the structure of the whole
stationary solutions. The other constitutes the main part of the paper showing an initial
condition for unbounded solutions to the Cauchy problem. In Section 3 we study the
large time behavior of bounded solutions and show a reason why the stationary problem is
inevitably related to the unboundedness of solutions to the Cauchy problem. In Section 4
we study the structure of the whole stationary solutions with the comparison of the values of
energy form at the stationary solutions. From this together with the decreasing property of
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energy form we formulate an initial condition for unbounded solutions. Finally in Section 5,
focusing on the behavior of the energy form near the stationary solutions, we supplement
the condition for unboundedness to make it meaningful.

This paper completes the preceding one [6] with details of the unboundedness of solutions
to the isentropic system. By replacing (1.6) with

[Fa (0= 0

L L
_ G / / K1(z,9)(u(z) — ) (v(y) — 0)dady

v

E(v)

some results of the present paper are, with natural modifications, valid also for the isother-
mal system. See [6].

2 Notation and main results For a nonnegative integer m and a positive number L let
C™ be the space of m times continuously differentiable periodic real-valued functions on R
with period L, and H™ the Sobolev space of locally square integrable L-periodic real-valued
functions on R equipped with scalar product

m L
(R, ho) gm :Z/ D) hy (x) ho(z)dx
=070

and norm ||h||gm = \/(h, h)gm. We write HY = L? as usual. Let s be a nonnegative integer
and X a Banach space with norm || - ||. The space of s-times continuously differentiable
functions on [0, 0o) with values in X is denoted by C*([0,00); X). Hy (0, 00; X') denotes the
space of X-valued strongly measurable functions on [0, 00) whose distributional derivatives
up to order s are locally square integrable, i.e.,

T
/ |0Fu(t)||?dt < co for any k=0,...,s and T > 0.
0

Noting that the forcing term (1.3) is a bounded function of the variables ¢t and x on the
time interval of existence for a solution, we are allowed to consider a unique global solution
for the Cauchy problem of (1.1)-(1.3) having initial value (v, ug) € H* x H' with vy > 0
arbitrarily given at ¢ = 0, as for the initial-boundary value problem on a finite interval
supplemented by solid boundary condition with a general bounded forcing term. In what
follows the solution of the Cauchy problem is meant by a unique global solution having the
property

{ v e CH[0,00); L*) N CY([0,00); HY), w(t, -) >0,

u € Hioo (0,005 L*) N L, (0, 00; H?).

Without loss of generality we may assume that the average of u vanishes, taking (v, u — @)
as new unknown functions, if necessary.

In order to present an initial condition for unbounded solutions we first refer to the
structure of the stationary solutions to (1.1)—(1.3). Noting that the average © of v is
a constant of motion, we consider the stationary solutions on the following manifold in
H' x H' parametrized by a positive number V:

My ={(v,u) e H* x H; v >0, 9=V, 4 =0}.
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Clearly, the trivial solution (V,0) lies in My . A non-trivial stationary solution, if exists,
has the least period L/j for some positive integer j. Let us now introduce a function I, on
the interval (0, (y — 1)~/2) expressed as

1 1 1 1 1 1
L0 =0 [ A=y ST

where the functions f, (r), Fy(r) onr >0, and f_(r), F_(r) on 0 < r < 1 are given by

(2.1)

) =1- a0, R = [ s
===y e = [ feds

As shown by Lemma 4 below in Section 4, I, is a monotone increasing function with
I,(0) > /27 provided that 1 < v < 2. Moreover, I,(f) has a finite limit as § —
(y=1~V2—o0.

Theorem 1 Assume 1 < v < 2. For V > 0 let kyin and kpax, respectively, be the smallest
and the largest integers j satisfying

ayt\Y/2 L  L((y—1)"Y2-0) ;ayr \1/2
(2:2) (va) I N (GVv)

Then, for j = Emin, - - -, kmax there exists on My a stationary solution of (1.1)—(1.3) with
least period L/j. The whole stationary solutions lying in My except for the trivial one are
given by (09 (- —a),0), 0 < a < L/j, j = Emin, - - -, kmax, where (9\9),0) is one of the
stationary solutions with least period L/j.

Remark 1 When V < (817;)1/7, no integer satisfies the condition (2.2), and hence the

aym )1/’Y
GL?

o -1/2 1/~
(W) , (2.2) holds with j = 1, and hence ki, = 1, while when V' >

1y —1/2 2 1/~
(W) , kmin, if it makes sense, must be greater than or equal to 2.

<V <

stationary problem admits on My only the trivial solution. When (

Let us recall the energy form (1.5) with (1.6). By L-periodicity of v we have £(v( - —a)) =
E(v) for any o € R. The following theorem gives an initial condition for unbounded solutions
to the isentropic system (1.1)—(1.3) with 1 <~y < 2.

_)-1/2_ 1/~
Theorem 2 Assume 1 < v < 2. Let V > (W) and 9*min) bhe as in

Theorem 1.
(i) The subset of H* x H! given by

2.3 Ay =< (v,u) € M
(2:3) v {( ) v 0, otherwise

E(U,u)<{

E(oFmin)) i integers § with (2.2) exist, }

is nonempty.
(ii) Any solution of (1.1)—(1.3) with initial value from Ay is unbounded, i.e.,

sup v(t, z) = oco.
t,x
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Remark 2 In view of the decreasing property of the energy form shown by Lemma 1 in the
following section the statement of Theorem 2 suggests that &(o(*=)) if it makes sense or
else £(V) = 0 is minimal amongst the values of the energy form evaluated at the stationary

=172 qye2 N\ L/
solutions on My . This itself is true also for the case V < (W) as shown

by Proposition 1 in Section 4, however, in this case we fail to refer to the existence or
nonexistence of unbounded solutions for some technical reasons. See Remark 3 in the final
section.

3 Large time behavior of bounded solutions As a preliminary but vital step, we
devote this section to the study of the global behavior of a solution of (1.1)—(1.3) subject
to

(3.1) supv(t, x) < 0.

t,x

The results in the present section have already been given in [6] with rather detailed proofs,
however, we give them for the sake of completeness.

We first show that the energy form (1.5) with (1.6) is non-increasing along the orbits of
solutions. This is true for any v > 1 regardless of the boundedness of solutions.

Lemma 1 For a solution (v,u) of (1.1)-(1.3) put
(3.2) E(t)=Ew(t, -),ult, -)), t=>0.
Then we have

dE B /L Opult,z)?
0

(3.3) E(t) = ot 2) dx <0, irtlf E(t) = E(c0) > —o0.

Proof: Taking the derivative of E and then using the symmetry of the integral kernel K,
we obtain an expression for the derivative dE/dt as

L
/ {u(t, z)ou(t,z) + (av™7 — av(t,z) ™) Bpo(t, z)
0

4rG

v

/0 Kr(x,y)(v(t,y) — 0)dy do(t, x)} dx.

After substituting d,u for d;v, by integration by parts we get

L L
%(t) = /0 u(t, x) {&gu(t,x) + 0, (av(t,z)™7) + 47;0895/0 Ki(z,y)(v(t,y) — v)dy} dzx.

Using the second equation of (1.1), by integration by parts we obtain the desired equality
for dE/dt. The boundedness of E from below follows from

v—ov V7Y =gl
>0

)

v 1—7v
the positivity of v and the boundedness of the kernel K. [J

Integrating the equality (3.3) over (0, 00), we obtain the following,.

251
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Corollary of Lemma 1 We have

e L ou(t, z)?
(3.4) “/o (/O afv(i’f’x))dx) dt = B(0) — E(o0) < oc.

The following lemma shows that if 1 < v < 2, the upper bound of v controls the H!
norm as well as the lower bound of v of a solution. Notice that the same result holds true
of the isothermal system without any assumptions on a priori bounds of a solution. See
Matsumura and Nishida [4].

Lemma 2 Assume 1 < v < 2. For a solution (v,u) of (1.1)—(1.3) with @ = 0, if it is
bounded in the sense of (3.1), then we have

(3.5) sup [[v(t, )|l gr < oo, sup |lu(t, - )|lg < oo, i*nfv(t,x) > 0.
t t LT

Proof: We consider the forcing term (1.3) as a bounded function of the variables ¢ and x,
and make use of the equalities

36 4 OL {1u(t,x)2 ta (“(t’ i ] G ”1_7) } da

dt 2 oY 1—~
o Opu(t,x)? Dult,x
= ,u/o ot dx +/ G(t, v)u(t, z)dz,
d [F wOv(t, z)? 0,0 (t, x)
(3.7) dt <2 v(t,z)? — ult, ) v(t, ) >dm

B L ou(t, x)? L oult,z)? L 0v(t, x)
= [ Sapatet [, Syt [ St See

Combining the equalities as (3.6)+(u/2)x(3.7), we prove that the quantity

L ) Opv(t,x)  p? 0pv(t,z)?
(3.8) /0 {2u(t,l‘) —gu(t,$) o(t,z) +Z o(t, )2

u (v(t,ﬁ—v B v(t,x)i_j’y vl W)}daz

v

=

is bounded with respect to the variable ¢t. For this purpose we need to estimate the
il 1—y  1—
bounds of fo u(t, )?dz, fOL Osv(t, x) dx and fo (”(t’_x)_” - U(t’x)ljw_“ 7) dz in terms of

v(t,z)? oY

fOL afu( (1:2)° 72 and fL fgt”zt)ﬁQ dz. Since u = 0, choosing such an z; € [0,L) as u(t,x;) =0

for every t > 0, and then using Schwarz’ lemma, for x € [0, L] we have

x

lu(t, z)| =

dyult, y)dy‘

Tt

L
Oyu(t, y)|
< t 1/2| Yy ) d
_/O U( Jy) U(t,y)1/2 y

L 1/2 L ) 1/2
Iyu(t,y)
< o(t,y)dy / L =dy |,
</O 0 U<t7 y)
from which we obtain

L L 2

_ Oz u(t, x)
_ 20 < L? / ket L e Y
(3.9) /0 u(t,z)de < L o) dx
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As for the estimate of fL a”v(txf) dx and fo ( m)_ﬁ - v(t’z)lljw_alﬂ) dzx, we make use of

the assumption (3.1) noting that 1 < v < 2. It is clear that

L o,u(t, x)? Vb ot x)?
s < T ’ )
[ Gt < (o) [

For every t > 0 choosing z; € [0, L) so that v(¢,2¢) = ¥ holds, by Schwarz’ lemma we have
| et
e V(ty)Y
. 1/2 B ) 1/2
_ Oyv(t,y)
< t,y)>d A
< (/0 v(t,y) y) (/O oty Y

@02 (g g2 )
< L'/? (su v(t, ) / HOY)_g
- ppelty) o vty
for x € [0, L], and hence,

L -5 1—y _ gl—v
/ <U(t,$) v vt x) v ) i
0 oY -y

v(t,z)t=7 — ot
I—v

@/2 [ (L g 2\ "2
3/2 wv(t’ .%‘)
<L (sgfv(t, x)) (/0 ot 1)+ dx .

We thus obtain a differential inequality for (3.8) showing its boundedness. Since the first
three terms of the integrand of (3.8) constitute a positive quadratic form in two variables
u and 0,v/v, the boundedness of v as in (3.5) follows from that of (3.8) immediately. Once
the boundedness of v is obtained, that of v in H' follows just in the same manner as in [4].
We thus conclude (3.5). O

Let (v,u) be a solution of (1.1)—(1.3) with initial value (vg,ug). If (3.5) holds, then
the orbit of the solution is a precompact set of C° x C° by the Ascoli-Arzeld theorem. In
particular, the w-limit set of the orbit defined by

(v, o) ﬂ e iz

is nonempty. The following lemma shows that the large time behavior of a bounded solution
is under the control of the set of stationary solutions.

Lemma 3 Assume that 1 < v < 2. Let (v,u) be a bounded solution of (1.1)—(1.3) with
initial value (vg,up) and @ = 0. Then, for (vy,u,) € w(ve,up) we have v, € C*, v, > 0,
m:%a Uy :07 a‘nd

(3.10) O (avy(2)™7) = 47TG8 / Kp(z,y)(v,(y) — 0o)dy,

that is, (vw,uw) is a static and stationary solution of (1.1)-(1.3) having the average in
common with the initial value.
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Proof: By Lemma 2 we have inf, , v(¢,x) > 0, and hence v,, > 0. It is clear that 7, = Tp.

We show that u, = 0. Choose an increasing sequence {t,;n = 1,2,...,} of positive
numbers such that ¢, > n and lim, o (V(tn, * ), u(tn, ) = (Vw,uy) in C° x CY. Since E
given by (3.2) is decreasing, we have

lim E(t) = lim E(t,) = E(vy, uy)

t—o0 n—oo
and
tn+1
(3.11) lim E(t)dt = E(Vw, Uy)-
n—oo tn

Representing f:"“ E(t)dt as

tn+1 L 1 tn+1
/f </0 2u(t,x)2dx> dt +/t (E((t, ) —E(u(tn, -))) dt + E(v(tn, ),

20 n

we take the limit in (3.11) term by term. Since

tn+1 L 2
(3.12) lim / G
oo Sy, 0 o(t, z)
by (3.4), it follows from (3.9) that
tn+1 Ly
(3.13) lim / —u(t,z)*dx | dt = 0.
n—oo [, 0 2
We next take the limit of the second term using
tnt1 L
(3.14) lim / lo(t, ) — v(ty,x)|dz | dt = 0.
n—o0 th 0

This follows from estimating the integral with respect to the variable z in (3.14) with the use
of the equality v(t,z) — v(t,,x) = ftt Ozu(s,x)ds, t € [ty,t, + 1], due to the first equation
of (1.1), as

L
/ lo(t, z) — v(t,, z)|dx
0

tnt1 L
< / </ |8xu(s,x)dx> ds
t 0

n

L (L o {7 (1 )
=Ly {/:H (/OL de) ds}l/27

and then applying (3.12). From the expression

vt @) T vt 1) T = (1 - 7)/0 {€u(t,2) + (1 = v(tn, 2)} 7 dE (v(t, ) — v(tn, 7))
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we have

tn+1 L 1-vy _ 5l1—v L 11—y _ 51—v
/ / v(t, ) v _/ V(tp, x) LA
t 0 L=~ 0 -y

n

1 tn+1 L
:/0 {/t (/O {So(t,2) + (1 = Qv(tn, )} (v(t, 2) — v(tn,x))dg;> dt} de.

Since {&v(t,z) 4+ (1 — &)v(ty, )} 7 < (infy, v(t,2))” 7, 0 < £ < 1, we obtain

tnt1 L 1—y _ 5l—y L 1-vy _ 5l—y
lim / vt @) LA / Vtn, ) Y de ) dt=o.
=0 Ji, 0 1—v 0 1—xv

Similarly, it follows from

(vt 2) = 0)(v(t,y) = v) = (v(tn, 2) — V) (v(tn, y) — V)
= (v(t, ) = v(tn, 2))(v(t, y) — ) + (v(tn, 2) = V) (v(t,y) = v(tn,y))

and the boundedness of the kernel K, that

tn+1

lim (/ / K (z,y)(v(t,z) —0)(v(t,y) — v)dady

//Kny (tn, ) — ) (v(tn, )5)dxdy>dt0.

We thus obtain

tn+1
ILm (Ew(t, -)) —E((ty, -)))dt =0,
n—oo Ji
and hence,
tn+1
nh_)rrolo . E(t)dt = nh_)rr;O E((ty, -)) = E(vy).

Comparing this result with (3.11), we have fOL uy(x)?dr = 0, that is, u, = 0.

Finally we prove that v, is smooth and subject to (3.10). Let {t,;n = 1,2,...,} be
as above. Take a test function ¢ € H', and a smooth function @ of the real variable
with support contained in the interval (0,1), 6 > 0, and f01 O(t)dt = 1. Multiply the
second equation of (1.1) by (¢t — ¢,)¢(x) and integrate the both sides of the result over
[tn,tn + 1] x [0, L]. Integration by parts yields

/tt" "t 1) </¢ txdx)dt
_ /:“ ot — 1) < /0 ’ axqs(x)au(t,x)m) dt

tn+1 L U T
+“/t ot — ) (/O 8m¢(x)mdx> it
tat1 L - L
- / 0t — t,) ( / Du0(a) T / Ky () (vt ) — v)dydx> d.

n
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With the use of (3.14) we can handle the second term on the left-hand side and the term
on the right-hand side in the same manner as shown above:

tnt1
lim 0t —t,) (/ Oz 0(x)av(t,x)” 7dm> dt
n—oo t
/ 0 b(z)av, (x) Vdx,

bl - L
lim 0t —tn) (/0 81;(;5(:5)41)(;/0 K (x,y)(v(t,y) — 17)dyd:v> dt

n— 00
tn

L L
= [ 0@ E [ Kulwp)loaty) ~ o)y
0 0

As for the third term on the left-hand side we have the following estimate by Schwarz’
lemma:

tn+1 L wlt. z
[ o ([ 0o %)
tn+1 B ) L 6m¢(33)2 1/2 tn+1 L (9wu(t,33)2 1/2
< { [ oo ( [ 2ok dm) dt} { [ ( [Pt dx) dt}
1 1 , I ) 1/2 P L 8wu(t,x)2 1/2

which shows that the term tends to 0 as n — oo in view of (3.12). Similarly, the first term
on the left-hand side tends to 0 as n — oo from (3.13). Thus we obtain

L L
- / Do () av,(z)~dx = / D, () 2C / KL (2,9)(vu(y) — 73)dydz,
0 0

the equality (3.10) for v, in the distribution sense. Using the smoothing property of the
integral operator with kernel K, by bootstrap argument we can derive the smoothness of
v, from v, € C°. O

4 Structure of stationary solutions From the observation of the large time behavior
of bounded solutions to (1.1)-(1.3) we see that a solution is necessarily unbounded if it fails
to approach the set of stationary solutions. This together with Lemma 1, which claims
that the energy form is decreasing along the orbit of any solution, implies that, if there
exists a state on My at which the energy form takes a value smaller than those of the
energy form evaluated at the stationary solutions on My, then the orbit passing such a
state is apart from the set of the stationary solutions and must be unbounded. This gives
us the idea of providing, in terms of the energy form, an initial condition for unbounded
solutions in reference to the structure of stationary solutions. Based on this idea, we first
prove Theorem 1, and then examine at which stationary solution on My, the energy form
takes the minimal value.
Let us consider the stationary problem for (1.1)—(1.3):

Oyu(x) =0,

4.1 T
*1) 0z (av(z)™7) = 400/ Kp(z,y)(v(y) — v)dy.
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Our first task in the present section is to seek all the solutions of (4.1) lying in My for every
V > 0. Clearly we have v = 0. By the change of unknown functions r(z) = (v(z)/V)~7 -1,
we transform the problem into an equivalent one of finding L-periodic solutions to the
following differential equation:

(4.2) 9gr(x) + Af(r(z)) =0, r(z)> -1,

with GV
fry=1—(+r)", A=
a

An L-periodic solution 7 of (4.2) has a critical point zq, i.e., d,r(xz¢) = 0. Since both
r(z+x0) and r(—z + x0) satisfy (4.2) with coincidence of the Cauchy data at « = 0, by the
uniqueness of solutions to the Cauchy problem for (4.2) we have r(x + x¢) = r(—z + x9),
and therefore both are even functions. Thus, r is given by an appropriate shift of an even
solution. In view of this fact, we seek even L-periodic solutions of (4.2).

To this end we make use of the relation between the period of a solution and the first
integral. The first integral of (4.2), usually called the energy of the orbit, is given by

7- %@J(m)Q FAF(r(2)

with ,
F(r):/o flads =r— {4 <)L s

F is monotone decreasing on (—1,0] and monotone increasing on [0, c0), having the limit
at either end of the half line:

F(-1+40) = F(00) = oo.

y-1

We can therefore find a unique closed orbit with energy Z if and only if

A
O<I<71.

The period [ of the orbit with energy Z is given by

Tmax d
1=2 S —

rein V2(Z — AF(r))’

where rpin < 0 and rpax > 0 are the minimum and the maximum of the solution r,
respectively. Notice that

(4.3) F(rmin) = F(rmax) = %

Dividing the integral into two parts, one over (rmin,0) and the other over (0,7y.x), and
changing the variables by y = (A\/Z)F(r), we get

(4.4) L= V2L (VI

where I, is a function on (0, (y — 1)7/2) given by (2.1). The following lemma shows that
the period of an orbit is a monotone increasing function of its energy provided 1 < v < 2.
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Lemma 4 Assume 1 <y < 2. Then, I’ (¢) > 0. Moreover we have
—Vom L -1V - 0) < oo

Proof: Put

0

= dy
o VI—y fe (Fe'(6%))
and express I, (6) as the sum of I, () and I, _(#). Since

0 1792, 1) — 20y
89 (F:I: (9 y)) fi (Fi_l(HQy))v

(4.5)

we have
9 ( : ) _ fa (P (0%)” — 262y, (Fu (6%))
f+ (FL7H(02%y)) f+ (Fifl(GQy))?)
J+ (Fi_1(92y))2 —2F; (FL~1(6%y)) i (Fe ' (6%y)) .
J+ (Fi71(92l/))3

Noting that
p 120 “2F(fA) 1 £10)
240 fx(2)? 3 f1.(0)*

we apply differentiation under the integral sign to (4.5) to obtain

L fe (P (0%)” = 2P (P ) (%)) [l (Fe ' (0%)

I ()= d
'Yd:( ) 0 \/t e (Fi_1(92y)>3 Y
and
1 /(0 d 2 (0
(+6) A T 0) = —5 7 (0))2 =3 ’f<(o>)2~

Similarly, we have

Kl (fi (Fe2(6%y))" — 2Fy (F1(6%)) fL (Fi1<02y>)>
90 f+ (Fi_1(92y))3
_ 209 (P21 (0%y))
f+ (Fi_1(923/))5
_2yFs (P (0%) 7 g (F ' (0%))
f+ (Fi—1<92y))5

with
9(2) = 2F¢(2) (3fL(2)? = f£(2) [1L(2)) = 3f£(2)? L (2).

Since

lim

Fe(2)29(z) _ | <Fi(z) )1/2 2F (2) (3f1(2)2 — fo(2)fL(2)) — 3f1(2)?f1(z)
240 \ f(2)? fe(2)*

z—+0 f+(2)®
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_ 5f1£(0)% = 3£L(0) 1 (0)
12v2f,(0)7/2 7

again by differentiation under the integral sign the second derivative of I, 4 is given by

L1 20yg (Fe(0%)) y
VIi—y f, (Fi71(92y))5 ’

(4.7) .(6) =

a continuous function on (0, (v — 1)~'/2). Now we put ¢ = (1 +2)~'/7 and express g(z) as

<1+27
9(2) = 42 h(¢)
with
1 2(1+7)(2 — 2v-2),. 20
e = Lt gy D@D 1y gy 2022 220)
Since
W(¢) = WCI‘” +214+7)2 -7 =2 - T + 2(17—_72)

and since

KO =7v1+N2=7)C7 =290 +7)@2 =TT+ 90+ )2 —7)¢>77
=y(1+7)2—-7)¢*7(¢-1)°

for 1 < v < 2, we have h(1) = B/(1) = 0 and therefore h({) > 0, ¢ # 1. The integrand

n (4.7) is positive, and so is I/ . (0) for & € (0,(y — 1)~%/2). This implies that I =
Iﬂ{ + I’ _ as well as I’ | is monotone increasing on (0, (v — 1)~1/2). Using f4(0) = 1/
and f7(0 ) F(1+1/7)/7, from (4.6) we obtain limg_, 1o I, (#) = 0, and hence I, is positive
on (0, (y — 1)7/2), as desired.

Since
0 _ 1 (F:i: (FL'(6%y)) )1/2
f+ (Fi_1(92y))2 7

fr (P71 0%) VI

and since the function z — Fi(2)/ f+(2)? is bounded on (0, Fy ' ((v — 1)~* = 0)), we can
take the limit of I, 4 (6) at either end of the interval (0, (y — 1)7*/2) under the integral sign
n (4.5). Thus we obtain

~ lim (Fim)”? YT (2) s
o5+40" " z2=+0 \ f1(2)? o VI—yyy (2fL(0))1/2 2

and

im Py (Fe™ ' ) ~
ot e = [ ¢T—¢< fu (Fe @/< »2> e

showing that I,(+0) = /2y and I,((y — 1)7%/2 = 0) < c0. O
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By Lemma 4, from the formula (4.4) we obtain a necessary and sufficient condition for
the existence and uniqueness of I-periodic orbits for (4.2):

(4.8) VA A <1< \/2/AL((y —1)"2 —0).
Recalling A = 471GV /a, we obtain the assertion of Theorem 1 immediately.

We proceed to another task of finding out the stationary solutions with minimal value
of the energy form. Assume that the stationary problem for (1.1)-(1.3) has a non-trivial

solution on My. For j = kumin,- .., kmax choose a stationary solution (17(7),0) € My with
least period L/j as in Theorem 1, and put
(4.9) Sy = {87,015 = kmin, -, kmax} U{(V, 0)}.

We compare the values £ (ﬂ(j ), = kmins - - - » kmax, and (V) = 0 with each other. To this
end we introduce the following function with respect to the periods of stationary solutions:

1) = /Ola (ﬁl(x) -V ﬁl(x)lii— vlw) .

QM;./mwy (2) = V)(# (y) — V)dady,

Where (9!,0) is the non-trivial solution of the stationary problem (4.1) parametrized by
=1 with ¥ having the average V, the least period [, and the maximum at 2 = 0. In view
of (4.8), o' as well as g(1) is well defined for [ with

aym \1/2 L((y =12~ 0) raym\1/2
(4.10) (ars)  <i< N (&)

With this function the value (V) is expressed as follows.

Lemma 5 For j = kyin, - - -, kmax we have
(4.11) E@Y)) = je(L/7).

Proof: Put I; = L/j. Notice that £(51)) = £(%). In the expression

”ﬂ /1gxy (@) — V(@Y (y) — V)dady

we divide every integral on the interval [0, L] into the integrals on the subintervals [ml;, (m+
1)l;], m=0,...,j—1, and rewrite every piece as an integral on [0, [;] by change of variables.
By periodicity of ©%9 we obtain

(4.12) E(HW) _]/lj a (f’lj(x) —V_ e )1117 VH) dz

_ G / / (2 +mly, y +nly) (3 (&) = V(5 () — V)dady.
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Notingthat0<x+mlj,y+nljSLforOSx,yglj and m,n =0,..., j— 1, we calculate
the sum Zmn o K1 (x +mlj,y + nl;) with the use of the expression (1.4) of Kp:
j—1
Z Kp (x +mlj,y + nlj)
m,n=0
1 1 & L
:_5m2n;0|$_y+(m_”)lj‘+ﬁmzn;0{z_y+( Y + 55°
1
o D OLEED TR B I FE ]
m=n m>n m<n
Jj—1 I
or 0 A=y 4 2m - — )+ (m— B + 15
m,n=0
1 1 L
=——(jlz—y|+2 —n)l; 2 + =52
s gien) e gt}
r—y l;
e L )}z+12]
‘] m>n

Here we have

> {M_(m_n)}

m>n J
j—1 m 2
k
E8)
m=1 k=1 J

(2m3+3m +m m +m>

| 67 2

0=+ G- =)+ G - D} = {6 - 12— 1) +3§( — 1)}]

Il
Sl=$M1

[

= 7(_.7'3 +])7

—_
[\

and hence,

J—1
. -yl |, (—y)* ] .
K P B + —+ =7K;. .
E L (z+mlj,y+nlj) ]{ D) 2; 12 J lj($7y)

m,n=0

This together with (4.12) gives (4.11). O

Since
LeL)9)
L/j
by (4.11), the j-dependence of £(#\)) would be known from the behavior of the function

I — €(l)/l on the interval (4.10). We first show the differentiability of the function. Put
r(z) = (¢'(z)/V)~" — 1. Notice that r! is a solution of (4.2) having the least period [ and

g(@(j)) —
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the minimum at x = 0. Let us denote the minimum by r!
(4.3) the energy of the orbit of r! is AF(r"

¢ .., negative for [ with (4.10). By
). Therefore, from (4.4) we obtain

rnrn

l=+/2/)\1, ( F(rfm)> .

By the monotonicity of I, due to Lemma 4,

(4.13) F () = (1,71 (1372))

holds. Since I, is continuously differentiable, so is the function [ + !, on (4.10). By
continuous dependence on initial data in the Cauchy problem for (4.2) the correspondence
I~ 7! defines a continuously differentiable function on (4.10) with values in the space of
continuous functions on R, and so does the correspondence | + ©'. From this together
with the expression (1.4) of the kernel K, with L = [ the differentiability of the function
I e(l) on (4.10) easily follows.

The following lemma shows that the function under consideration is monotonic and
negative.

Lemma 6 We have (£(1)/1)" < 0 and £(1) < 0.
Proof Put 9} = 9'(0 ) We take the derivative of £(1) and rewrite the result using ‘(1) = o),

fo 09t (z)dz = V — o} from fol o!(z)dz = V1, and the symmetry of the Green kernel K;(z,y).
After rearrangement of terms we obtain

~IN1—y _ y/ 11—
sl(l) — —q (UO) 14

1—7v
!
—/ av (z) 10 (x)dx — % / Ki(z,y)(0'(y) — V)dy 0,0" (z)dx
8 [ 6w - Vit - v)

—@//(mw Ua) — V(3 (y) — V)dady.

Here we notice that ¢ is subject to the following equation equivalent to the second one of
(4.1) with L =1:

!
(4.14) —av(z)™7 +%/ av!(x)™Y 47TG/ Ki(z,y)(0'(y) — V)dy = 0.
0

Then the sum of the second and the third terms on the right-hand side is

,7/ vdx/ it (2 /Ol o (2)~dx (5 — V).

Adding the forth term to this expression and using (4.14) with © = [, we see that the sum
of the above three terms turns out to be a(v} — V) /(7). Since ¢ is axially symmetric with

respect to = [/2, the last term on the right-hand side vanishes in view of
(z—y)3? 1

K (z,y) = e T
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1 12 1\? l l 1
=T \"3) Tmg) A\ )W) Ty Osmush

Summing up, we obtain

(1) =a {%)” AR V} .

1-7 ()7

From this expression the function [ — ¢(1) is twice continuously differentiable and

dyf (0 — V)
()

e’(l) = —ay

Since ¥ attains its maximum at * = 0, we have @) — V > 0. Moreover, from ¥} =

V(14 rh) "7 with ol

as above, we obtain

v
alf}é = _;(1 + Tfnin)il/vilalrl

min-

Thus, the sign of £”(l) coincides with that of d;r!; . Taking the derivatives of the both
sides of (4.13), we obtain

f(rll'nin)ﬁlrfnin = \/ﬁLfl (ZM) (1771)/ (lM) )

positive in view of Lemma 4. Since r
conclude that £”(1) < 0.

We next take the limit as | — (&3 )1/2 +0in (4.13). By Lemma 4 we have F(rl ) —
(I,”'(v/2ym +0))? = 0, and hence 7!, — 0. By continuous dependence on initial data
in the Cauchy problem for (4.2) we obtain the uniform convergence of both 7! and ¥ as
[ — (57/7;)1/2 +0, showing r!(x) — 0 and ¥!(z) — V on R. Thus, £(I) as well as £’(l) tends
to 0as | — (&5 /2 1 0. From these in combination with (e()/1)" = (Ie'(l) — (1)) /1? and
(le' (1) —e(l)) = 1" (1) < 0, we conclude that (¢(1)/1)) <0 and (1) < 0. O

l

: : ! l
! in is negative, so are f (rl ;) and Or We thus

min-*

As a consequence of Lemma 6 we obtain

Proposition 1 For ji,js = kmin, - - - kmax With 71 < jo, we have
E@Y)) < £0U2)) < £(V) = 0.
In particular, £ (ﬁ(k"‘i")) is minimal amongst the values of the energy form on Sy .

5 Initial condition for unbounded solutions Proposition 1 claims that the subset
Ay of H! x H! given by (2.3) consists of the states on My at which the energy form takes
values smaller than any values of the energy form evaluated at the stationary solutions
on My . As proved earlier, the orbit of a solution to (1.1)-(1.3) passing through Ay is
necessarily unbounded, i.e., sup, , v(t,z) = oc. In this way we obtain an initial condition
for unbounded solutions as presented by Theorem 2. The problem to be settled is to find
a condition that ensures the non-emptiness of Ay. The final section is devoted to a partial
answer to the problem, proving Theorem 2.

Our strategy is to find an element of Ay in a small neighborhood of a stationary solution
giving the minimal value of the energy form on Sy given by (4.9). In order to introduce the
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idea we begin by examining the behavior of the energy form near an arbitrary stationary
solution. Let (9,0) € My be a stationary solution of (1.1)—(1.3), and (v,u) € My a state
in a neighborhood of the stationary solution. We introduce the displacement from the
stationary solution as

o(x) =v(z) —0(x), P()=u(z).
Suppose the displacement is small enough in amplitude. Since

(0(2) + ()7 — o(x)'
L—vy

= () () — 570() T 6(a)? + O(l6() )
evaluating the form (1.6) at v = 0 + ¢, we obtain
E(U+9)
L 47G
= £(® —ai(z) T — K ~V)d d
<v>+/0<cw 26 [ e >y>¢<x>x

L 2 -
Pl [t g 20 / / Ko (2. 5)6(x)o(y)dady + O] =)o 32

with ||¢||Le the supremum norm of ¢. As in (4.14), ¢ satisfies the equation

L
(5.1) —av(x)”7 + %/ av(x) Vdx — ﬁ/ Kp(x,y)(o(y) — V)dy = 0.
0

Since the average of ¢ vanishes, this implies that

(52) £+ 6) = E@) + 5Q16] + 09l 1.

where @ is the quadratic form on the Hilbert space H = {¢ € L?; % = 0} defined by

L 2 T L L
Q[w]=/0 ag(i()flldx—élVG/o /0 Ki(z,y)p(x)p(y)drdy.

Now suppose the quadratic form @ admits a negative value, i.e., Q[pg] < 0 for some ¢ € H.
By approximation of functions we may assume that ¢ is smooth. Evaluating the energy
form (1.5) with (1.6) at (v,u) = (0 + e¢g, 0) for small ||, from (5.2) we obtain

£ +<0,0) = D) + 56°Qlgo] + O(IP).

This shows that the energy form takes a value smaller than its value at the stationary
solution in any small neighborhood of that stationary solution.
In order to examine the sign of ) we make use of the expression

Qlel = 57 (T, 9)ie,

where T is the self-adjoint operator on H given by

L
63 @) = e L[t [ Kue ey

with w = 0/V —1 and A = 447GV /a. We are concerned with the spectrum o(7") of T' since
the lower bound of o(T') gives inf) ), ,=1(T¢, )Lz
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In case v = V, that is, w = 0 the spectrum of T is easily obtained from that of the Green
operator of —d?/dxz? on H. The spectrum consists of double eigenvalues v — (AL?)/(47%52)
with two independent eigenvectors cos(2mj/L)x and sin(2wj/L)z, j = 1,2,..., and the
accumulation point v of them. Thus, we obtain

)

. L2
(5.4) info(T) =~ — o)
immediately.

In considering the spectrum of T' corresponding to a non-trivial stationary solution (7, 0)
some preliminary observations are in order. Since (T'p, p)r2 < fOL %dw for p € H,
we have inf o(T) < v(1+maxw) 7! In the region below v(1+maxw) ?~! the spectrum
in fact consists of eigenvalues of T'. This follows from rewriting an equation Tp — Ap = ¥
in H with parameter A < v(1 + max@w)™ 7! as Py — AK @ = 9 with

Y Lf ()
(Pap)(x) = {(l—i—w())wl - A} o(x) — Z/o de,
(Kre)(x / Ki(z,y)e(y)dy,

noting the positivity of Py and the compactness of K, and applying the the Riesz-Schauder
theory to the compact operator Py 'K on H. We next remark that (#(- — «),0) is also
a stationary solution of (1.1)—(1.3) for any o € R, and hence

bt [ 3 [ Kot - ayd

—_———+ = —_— — z,y)w(y — o
(+a@@—a) L)y Qraf—a) "J OOV

holds by (5.1). Differentiating this relation with respect to o and evaluating the result at

a = 0, we obtain

yirw) 1t @)
e L, waepe ) K=o

that is, 7w’ = 0. This shows that T has a non-trivial null space with an eigenvector
W' # 0. Let us define a self-adjoint operator on H corresponding to the stationary solution
(3(- —a),0) by (5.3):

. B Yo(x) 1t (@)
(T%¢)(x) = 0+ @z —a) L/o (1+w(z -«

L
I /\/0 Kr(z,y)e(y)dy.

Our last remark here is that the point spectrum of T“ coincides with that of T for any
a € R with the correspondence of associating eigenspaces given by the shift of functions
@+ @(- —a), for from the equation T'¢ = Ay we have

rew—a) 1 /”“ Yol — o)
(I+w(x —a)*tt L (1+w(z —a))rt!

L+«
—/\/ Kp(z —a,y—a)e(y — a)dy = Ap(x — ),

dx

and hence T%p(- — ) = Ap(- — @) in view of K (x — o,y — «) = Kp(x,y) and the L-
periodicity of @, ¢ and K (x, -). To sum up, we are allowed to study the lower bound of
T focusing on the nonpositive eigenvalues of T" after a favorable shift of .
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With the above considerations in mind we prove the following.

Lemma 7 Let k be an integer satisfying (2.2), and *) as in Theorem 1. Let T be the
self-adjoint operator on # that corresponds to the stationary solution (5(¥),0) by (5.3). If
k > 2, then the lower bound of T is a negative eigenvalue.

Proof: As shown just before the statement of the lemma, we may assume that 9(*) is even
and attains its maximum at x = 0. Such a stationary solution with least period L/k
is unique. Rewriting (2.2) with a parameter A = 47GV"”/a, we consider the stationary
solution as parametrized over the interval

(5.5) 7(221“>2<A<2<I” ((7121/20)]{) ,

and denote §(*) /V —1 by wy. We first notice that A\ — w, is a continuous function with
values in the space of continuously differentiable L-periodic functions on (5.5) with uniform
limit
lim wy(z) = 0.
A—v(27k/L)240
To show this put 7y = (1 4+ wy)~7 — 1 and notice that 7y is a solution of (4.2) attaining its
minimum 7y min, which is negative, at £ = 0. Since the energy of the orbit of 7y is given

by A (1;1 ((L/k)m))z, we have F(rymin) = (1{1 ((L/k)\/m))z. See (4.3) and
(4.4). This together with

lim I~
A—~v(27k/L)%+0

H@WmVAR) = 17 (Varr +0) = o,

coming from Lemma 4, implies that r) min depends continuously on A with 7\ min — 0
as A — v (2rk/L)*> + 0. The continuity of ry with respect to A as well as the uniform
convergence 7 (z) — 0 as A — 7 (27k/L)* + 0 follows from continuous dependence on
initial data in the Cauchy problem for (4.2). Thus, the map A\ — W, enjoys the continuity
as desired. Now put

L
Do) = 1 [ 2 e [ Kateeta

(14 wy(z))r+1 1+ wy(x)) ”f“

In view of Ki(—x,y) = Kr(x,—y) and the L-periodicity of wy and K (x, ~), T\ maps
an odd function into an odd one. The restriction of Ty onto the subspace H(®) = {p €
H;p(—x) = —p(x)} of H is denoted by Ty ’. As shown above, T( °) as well as Ty has the
eigenvalue 0 with eigenvector w} € ’H(O) Moreover the elgenvalue 0 is simple. This is
because the equation T’ ;O)go = 0 is equivalent to the second order linear differential equation
2 {y(1 + @ (x)) " Lp(x)} + Ap(x) = 0 and any odd solution of the differential equation
must be proportional to the solution @) by the uniqueness of solutions to the Cauchy
problem. Noting that info(7T)) < infa(T/{o)), we show that the lower bound of T)(\O) is
negative.

From the continuous dependence of w) on A we see that the correspondence A — T/(O) is
continuous on the interval (5.5) up to the left end ~ (27rk/L)2 with respect to the operator

norm. The limit T(E’; o is the restriction onto H(®) of the operator (5.3) with A =

v (27k/L)* and @ = 0, and 1ts lower bound is the eigenvalue v(1 — k%) with eigenvector
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sin(27/L)x, as shown by (5.4). Thus, the correspondence A — inf O'(T)(\O)) gives a continuous
function on (5.5) with

, , )y _; (0) g2
oy o) =it o (T o ) = (1=K,

which is negative by the assumption & > 2. Put ¢(\) = inf O'(T)(\O)) and suppose the function
A — ¢(\) admits a nonnegative value on (5.5). In view of the continuity of the function
and c(vy (2rk/L)? 4+ 0) < 0 as proved above, there does exist a zero of the function. The
smallest zero is denoted by A,. For v (27k/L)* < A < A,, since ¢(\) < 0, ¢()) is proved
to be an eigenvalue as the lower bound of T) is. Let ¢, be an eigenvector associated
with ¢()\) satisfying ||¢a|[zz = 1. By the boundedness of {¢x;7 (27k/L)* < A < A} in
H(©) we can choose a sequence {\,;n = 1,2,...} and an element ¢y, of H( so that
v (27k/L)* < An < Asy Ap — A, as n — 00, and the sequence {px,;n = 1,2,...} converges
to @y, weakly in H() as n — co. Noting that @x(1 + @y)~"?"! is an odd function, we

rewrite TA(O) ox = c(N)py as

(1 + ()7

pa(z) = 5

L

(A | Kuwertody + C(A)%(w)>

0
and then take the limit along the sequence. Since, as A\ — \,, w) converges uniformly
to wy, and ¢(\) = ¢(Ay) = 0, and since the integral operator with kernel K is compact
on H©) the sequence {pa,;m = 1,2,...,} converges strongly in L? and also in H).
Therefore, ||ox, ||z = 1 and Ti(:)gm\* = 0 hold. This shows that ¢, is an eigenvector of
T /{2) associated with the eigenvalue 0. Since @) and g, are orthogonal to each other for
¥ (27T]€/L)2 < A < Ay, soarewy and @y, by passage to the limit along the sequence and the
continuity of @) with respect to A. In particular, @} and @), are independent, however,
this contradicts the simplicity of the eigenvalue 0.

Thus, the lower bound of T)(\O) must be negative over the interval (5.5), as desired. [J

We are now in position to present a condition for Ay to be nonempty. Given Propo-
sition 1 and Lemma 7, we think it reasonable to pick up the cases in which the minimal
value of the energy form on Sy as in (4.9) is attained either at the stationary solution
(9Fmin) 0) with kpin > 2 or at the trivial solution (V,0) with info(T) < 0. In view of
Remark 1 and (5.4), the condition that we propose turns out to be

b o (Al ) o
- 2nG L2 ’

the assumption of Theorem 2. Now the proof of the theorem is completed.

Remark 3 In the proof of Lemma 7 we rely on the fact that the lower bound of the
operator Tio) is somewhere negative on the interval (5.5). Here we essentially make use of
the assumption & > 2. In case k = 1, however, the situation is subtle, and in fact the lower
bound of T" corresponding to the stationary solution (6(1), 0) proves the eigenvalue 0, which
is isolated and simple. An outline of the reasoning is given by [6], where the spectrum of the
restriction of T onto the space of even functions are considered with the use of Lemma 4
and the result of Crandall and Rabinowitz [2] on the perturbation of simple eigenvalues along
bifurcation curves of stationary solutions. The result shows, in some sense, the stability of
the set of stationary solutions having a profile in common, and in order to find an element
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- 1/~
of Ay for (&5 )1/7 <V< (M> we are forced to study the behavior of

GL? 2rGL?
the energy form beyond a small neighborhood of the set of stationary solutions, which is a
global and therefore difficult problem. The situation is quite similar in case V < (£%5 )1/V

since the trivial solution (V,0) is the unique stationary solution on My with stability in
some sense.
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ABSTRACT. B. Bongiorno, Di Piazza and Preiss gave a minimal constructive inte-
gration process of Riemann type, called the C-integral, which contains the Lebesgue
integral and the Newton integral. D. Bongiorno gave a minimal constructive inte-
gration process of Riemann type, called the C-integral, which contains the Lebesgue
integral and the improper Newton integral. On the other hand, Nakanishi gave cri-
teria for the restricted Denjoy integrability. Motivated by the results of Nakanishi,
Kawasaki and Suzuki gave criteria for the C-integrability, and Kawasaki gave criteria
for the C-integrability. In this paper, motivated by the results above, we give new
integrals between the Lebesgue integral and the restricted Denjoy integral. Moreover
we give criteria for the integrability of one of them in the style of Nakanishi.

1 Introduction Throughout this paper we denote by (L)(S), (L*)(S) and (D*)(S) the
class of all Lebesgue integrable functions, the class of all improper Lebesgue integrable
functions and the class of all restricted Denjoy integrable functions from a measurable
set S C R into R, respectively, and we denote by |A| the measure of a measurable set
A. We recall that a gauge 0 is a function from an interval [a,b] into (0,00) and a J-fine
McShane partition of an interval [a,b] C R is a collection {(Iy,zx) | k=1,...,ko} of non-
overlapping intervals Iy, C [a,b] and xy, € [a,b] satisfying It, C (z, — 0(zk), 2% + 6(xy)) and
E:O:l |[Ix| =b—a. If 220:1 || < b — a, then we say that the collection is a d-fine partial
McShane partition. Moreover, if zp € I for any k = 1,..., kg, then a d-fine McShane
partition and a d-fine partial McShane partition are called a d-fine Perron partition and
a 0-fine partial Perron partition, respectively. We say that a function f from an interval
[a,b] into R is Newton integrable if there exists a differentiable function F from [a,b] into
R such that F' = f on [a,b]. We denote by (IN)([a,d]) the class of all Newton integrable
functions from [a,b] into R. In [3] B. Bongiorno, Di Piazza and Preiss gave a minimal
constructive integration process of Riemann type, called the C-integral, which contains the
Lebesgue integral and the Newton integral. Furthermore in [1-3] B. Bongiorno et al. gave
some criteria for the C-integrability. We denote by (C)([a,b]) the class of all C-integrable
functions from [a,b] into R. We say that a function f from an interval [a,b] into R is
improper Newton integrable if there exist a countable subset N C [a,b] and a function F
from [a,b] into R such that F’ = f on [a,b] \ N. We denote by (N*)([a,b]) the class of all
improper Newton integrable functions from [a, b] into R. In [4] D. Bongiorno gave a minimal
constructive integration process of Riemann type, called the C’—integral, which contains the
Lebesgue integral and the improper Newton integral. Furthermore in [4] D. Bongiorno gave
some criteria for the C-integrability. We denote by (C)([a,b]) the class of all C-integrable
functions from [a,b] into R. The improper Lebesgue integral, the C-integral and the C-
integral are between the Lebesgue integral and the restricted Denjoy integral.

2010 Mathematics Subject Classification. Primary 26A36; Secondary 26A39.
Key words and phrases. C-integral, C-integral, Lebesgue integral, Improper Lebesgue integral, Denjoy
integral, McShane integral, Henstock-Kurzweil integral.
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On the other hand, in [11,14] Nakanishi gave criteria for the restricted Denjoy integra-
bility. Motivated by the results of Nakanishi, in [10] Kawasaki and Suzuki gave criteria for
the C-integrability, and in [9] Kawasaki gave criteria for the C-integrability.

In this paper, motivated by the results above, we give new integrals between the Lebesgue
integral and the restricted Denjoy integral. Moreover we give criteria for the integrability
of one of them in the style of Nakanishi.

2 Preliminaries We know that the Lebesgue integral and the restricted Denjoy integral
are equivalent to the McShane integral and the Henstock-Kurzweil integral, respectively.
The McShane integral and the Henstock-Kurzweil integral are Riemann type integrals and
these definitions are as follows.

Definition 2.1. A function f from an interval [a,b] into R is McShane integrable if there
exists a constant A such that for any positive number € there exists a gauge ¢ such that

ko

> Flaw)l Ik — A

k=1

<e

for any é-fine McShane partition {(I,zy) | k = 1,...,ko}. The constant A is the value of
the McShane integral of f and we denote by

A=8) [ f@)de = (L) / F(@)da.

[a,b] [a,b]
We denote by (MS)([a,b]) the class of all McShane integrable functions from [a, b] into R.

Definition 2.2. A function f from an interval [a, b] into R is Henstock-Kurzweil integrable
if there exists a constant A such that for any positive number ¢ there exists a gauge § such
that

ko

Y flan)lI| - A

k=1

<e

for any J-fine McShane partition {(Ix,zr) | k = 1,...,ko} with zx € I, that is, d-fine
Perron partition. The constant A is the value of the Henstock-Kurzweil integral of f and
we denote by

A= (HK) f(z)dx = (D) f(z)dz.
[a,b] [a,b]

We denote by (HK)([a, b]) the class of all Henstock-Kurzweil integrable functions from [a, b]
into R.

In [5] D. Bongiorno showed a criterion for the improper Lebesgue integral as follows.

Theorem 2.1. A function f from an interval [a,b] into R is improper Lebesgue integrable if
and only if there exist a constant A and a finite subset N C [a,b] such that for any positive
number € there exists a gauge 6 such that

ko

> Flaw)l Ik — A

k=1

<e
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for any §-fine McShane partition {(Ir,xy) | k = 1,...,ko} satisfying xp € I whenever
rr € N. Moreover

A= (L") f(z)dx.
[a,b]

The theorem above gives a Riemann type definition for the improper Lebesgue integral.
In [1], see also [2,3], B. Bongiorno gave the C-integral, which is also a Riemann type integral,
as follows.

Definition 2.3. A function f from an interval [a,b] into R is C-integrable if there exists a
constant A such that for any positive number e there exists a gauge § such that

ko

D ) Ik - A

k=1

<e€

for any o0-fine McShane partition {(I,2zx) | k = 1,...,ko} satisfying 211:0:1 d(I, z) < 1,
where d(I,x) = infyer |y — z|. The constant A is the value of the C-integral of f and we
denote by

A=(C) f(x)dx.
[a,0]
We denote by (C)([a,b]) the class of all C-integrable functions from [a, b] into R.
In [4] D. Bongiorno gave the C-integral, which is also a Riemann type integral, as follows.

Definition 2.4. A function f from an interval [a,b] into R is C-integrable if there exist
a constant A and a countable subset N C [a, b] such that for any positive number e there
exists a gauge 0 such that

ko

> flan)Il - A

k=1

<e

for any J-fine McShane partition {(Ix,zx) | k =1,...,ko} satisfying
(1) X2y de ) < 1
(2) € Iy whenever x € N.

The constant A is the value of the C-integral of f and we denote by

A= (&) /[ S

We denote by (C)([a,b]) the class of all C-integrable functions from [a, b] into R.

Throughout this paper, we say that a function defined on the class of all intervals in
[a,b] is an interval function on [a,b]. If an interval function F' on [a, b] satisfies F'(I; U I2) =
F(I,) + F(I) for any intervals Iy, I C [a,b] with I;" N I;" = @, where I' is the interior
of I, then it is said to be additive. In [11,14] Nakanishi gave the following criteria for the
restricted Denjoy integrability. Firstly Nakanishi considered the following four criteria for
the pair of a function f from [a,b] into R and an additive interval function F on [a, b].
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For any decreasing sequence {e,} tending to 0 there exists an increasing sequence
{F,} of closed sets such that

(1) U'rozozl F, = [CL, b]v
(2) f e (L)(F) for any n;

i(ﬂm—m/

fla)ds
k=1 Ikan
{I; | k=1,...,ko} of non-overlapping intervals in [a, b] with I} N F,, # (.

(3)

< gp for any n and for any finite family

For any decreasing sequence {g,} tending to 0 there exist increasing sequences { M, }
of non-empty measurable sets and {F,,} of closed sets such that

(1) Uvozozl Mn = [CL, b]a
(2) F, C M, for any n and |[a,b] \ U,—; Fu| = 0;
() f e (L)(Fy) for any n;

i(ﬂm—m/

fais)
k=1 I,NF,
{It | k=1,...,ko} of non-overlapping intervals in [a,b] with I, N M,, # 0.

< gy for any n and for any finite family

There exists an increasing sequence {F),} of closed sets such that
(1) UpZi o= [a,8];
(2)  f e (L)(Fy) for any n;

(3) for any n and for any positive number e there exists a positive number 7 such

that

ko

Y F(I)| <e

k=1
for any finite family {I; | k = 1,...,ko} of non-overlapping intervals in [a, b]
satisfying

(3.1) IpyNF, #0 for any k;

(32) Sp, 1kl <.
(4) for any n and for any interval I C [a, b|

ﬂnzmzwme+ZF@x

where I’ is the interior of I, {J, | p € N} is the sequence of all connected
components of I' \ F,, and J, is the closure of .J,.

There exist increasing sequences {M,,} of non-empty measurable sets and {F,} of
closed sets such that

(1) Uff:l M, = [a, b];
(2) F, C M, for any n and |[a,b] \ U;—, F,.| = 0;
(3) fe€ (L)(F,) for any n;
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(4) for any n and for any positive number € there exists a positive number 7 such

that

ko

N P <e

k=1
for any finite family {I; | k = 1,...,ko} of non-overlapping intervals in [a, ]
satisfying

(4.1) Iy N M, # 0 for any k;

(42) X el <.
(5) for any n and for any interval I C [a, b

HD=@¢FfwM+ZF@%
nF, o

where I" is the interior of I, {J, | p € N} is the sequence of all connected
components of I* \ F,, and J, is the closure of .J,.

Next Nakanishi gave the following theorem for the restricted Denjoy integrability.

Theorem 2.2. A function f from an interval [a,b] into R is restricted Denjoy integrable if
and only if there exists an additive interval function F on [a,b] such that the pair of f and
F satisfies one of (A), (B), (C) and (D). Moreover, if the pair of f and F satisfies one of
(A), (B), (C) and (D), then

Hnﬂﬁwﬂwx

holds for any interval I C [a,b].

Motivated by the results of Nakanishi, in [10] Kawasaki and Suzuki gave similar criteria
and theorems for the C-integrability, and in [9] Kawasaki give similar criteria and theorems
for the C-integrability.

3 Definitions of new integrals In this section firstly we define new integrals. By ob-
serving the definitions of the McShane, the improper Lebesgue in the sense of Theorem 2.1,
the Henstock-Kurzweil integrals, C-integral and C-integral, we become aware of the follow-
ing two integrals.

Definition 3.1. A function f from an interval [a, b] into R is C*-integrable if there exist a
constant A and a finite subset N C [a, b] such that for any positive number ¢ there exists a
gauge 0 such that

ko

D fla)l] - A

k=1

<e

for any 0-fine McShane partition {(I, zr) | k= 1,..., ko} satisfying
(1) :0:1 d(Ikaxk) < %;

(2) xp € I, whenever z;, € N.
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The constant A is the value of the C*-integral of f and we denote by

A= (C) f(z)dz.
[a,b]

We denote by (C*)([a,b]) the class of all C*-integrable functions from [a, b] into R.

Definition 3.2. A function f from an interval [a,b] into R is L-integrable if there exist
a constant A and a countable subset N C [a,b] such that for any positive number & there
exists a gauge 0 such that

ko

> Flaw) Ik — A

k=1

<e

for any d-fine McShane partition {(Ig, z) | k= 1,...,ko} satisfying xp € I whenever
xp € N. The constant A is the value of the L-integral of f and we denote by

A= (f))/[ ) f(z)dx.

We denote by (L)([a,b]) the class of all L-integrable functions from [a, b] into R.

By the definitions of these integrals we obtain the following relations.

(N) - (N¥) (D)
N N
(©) c (¢ c (O I
Y §
(MS) U U (HK)

I
L)y c L) < (@D

The above relations of inclusion are proper. We give some examples to check these. To
show these, we provide the Saks-Henstock type lemmas. The following is the Saks-Henstock
type lemma for the C*-integral.

Theorem 3.1. If f € (C*)([a,b]), then there exists a finite subset N C [a,b] such that for
any positive number € there exists a gauge § such that

ko
<e€

f(@e) I = (C7) ; f(z)dx

k=1

for any §-fine partial McShane partition {(Ix,xx) | k=1,...,ko} satisfying

(1) SR, dIi o) <
(2) xx € Iy, whenever xy € N.

Proof. Since f € (C*)([a,b]), there exists a finite subset N C [a, b] such that for any positive
number € there exists a gauge § such that

k1

S F@oltl - () [ fa)de

<&
— (a,b] 4
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for any 0-fine McShane partition {(I, zr) | k= 1,..., k1 } satisfying

k1

2
> d(Iy,wy) < -

k=1

and zj € I, whenever x; € N. Let {(Iy,xr) | k = 1,...,ko} be a d-fine partial McShane
partition satisfying

ko 1
Z d(Ik, ZL’k) < -
k=1 <
and xy, € I}, whenever x;, € N, and let {I} | k = ko+1,..., k1 } be the sequence of intervals
satisfying
k1
U Ik = [av b]
k=1

and I,iz N I,i3 = () if ko # k3. Since f is C*-integrable on each I}, (k =ko+1,...,k1), there

exists a gauge 0 such that
€
< N —
/ f ) 10k — ko)

(k)
) (f(
for any d-fine McShane partition {(Ix ¢, 1) | £ =1,...,0(k)} satisfying

(=1

(k) )
Z AL, xre) < EETS)

£=1

and z,, € I ¢ whenever z,, € N. Without loss of generality, it may be assumed that
O <0 forany k= ko +1,...,k;. Note that

kg k'l K(k)

2
S d(Tz)+ > Y ATk whe) < = + Z 1*ko =2
k=1 k=ko+1 (=1 ko1 =
Therefore we obtain
ko
Z( 2l - (©) [ fayas)
k= I
k1
<D )] = (C7) f(x)dx
b—1 [a,b]
B ek
+ ) Z(f(xk,é)|fk,é|—(0*) f(ﬂc)df)
k=ko+1 |£=1 Ik,e
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Moreover we obtain

ko

D

k=1

)Tl — (C7) / f(@)de

= > (#wini =) [ syir)

F@oII|=(C*) [, f(@)dz>0

+ > (rewimi - ) ) o)

F@IIR=(C) [, f(@)dz<0

<5+5_
;s t5=¢
O

The following is the Saks-Henstock type lemma for the L-integral. The proof is similar
to Theorem 3.1.

Theorem 3.2. If f € (L)([a,b]), then there exists a countable subset N C [a,b] such that
for any positive number e there exists a gauge § such that

ko
<e€

F )] = (L) . f(x)de

k=1

for any d-fine partial McShane partition {(Ig,xi) | k= 1,...,ko} satisfying x) € I, when-
ever xp € N.

The Saks-Henstock type lemma for the improper Lebesgue integral also holds, see [5].

Theorem 3.3. If f € (L*)([a,b]), then there exists a finite subset N C [a,b] such that for
any positive number € there exists a gauge § such that

ko

>

k=1

<e€

flar)| L] = (L) ; f(x)da

for any d-fine partial McShane partition {(Iy,x) | k= 1,...,ko} satisfying x) € I, when-
ever x € N.

We show that the above relations of inclusion are proper.
Theorem 3.4. There exists a function [ such that f € (C*)([0,1]) but f & (C)([0,1]).

Proof. Let f1 be a function from [0, 1] into R defined by

fl ((Ij) e (1 - 2%) (Sil’l z(ll—x) - z(ll—r) cos x(ll—m)) ’ ifze (0’ 1)’
0, if x € {0,1},

and let F} be a function defined by

r(1—z)sin ——, ifx € (0,1)
r _ z(1—x)’ y L)y
1) { 0, if z € {0,1}.



SOME INTEGRALS BETWEEN THE LEBESGUE INTEGRAL

AND THE DENJOY INTEGRAL 271

Since f; is continuous on (0,1) and

lim (L de = lim (Fy(B) — F =0,
ot () [o.58] h@de = lim (F1(8) - Fila)

we obtain f1 € (L*)([0,1]) and hence f; € (C*)([0,1]). However f; ¢ (C)([0,1]). Indeed,
assume that f; € (C)([0,1]). Then by [2, Lemma 6] for any positive number ¢ with ¢ < 1
there exists a gauge d such that

ko
D 1fi@n) bk — ax) — (Fi(by) — Fi(ax))| < e
k=1

for any o0-fine partial McShane partition {([ax, bx],zx) | k =1,...,ko} satisfying

k?g 1
Z d([aka bk‘]7 Ik) < g
k=1
For any natural number n let
4
“ . 1- 1 %Tr+2n7r
n - 2 I
— _ 4
bn _ 1 1 %+2n7r
2

Note that {[an,b,]} is mutually disjoint and
1

T+ 2nw’

Fi(an) = —an(l—a,)=—5
2
1

2

Since the sequence {b,(1—by,)+a,(1—ay,) | n € N} is a strictly decreasing sequence tending
to 0 and

0 <bp(l—=0by)+an(l—ay),

(oo}

> (bn(1 = by) + an(1 - a,)) = o,

n=1

we can take a strictly increasing finite sequence {n(k) | k = 1,..., ko} satisfying b, (1) < 0(0)
and

ko

1
£ <Y (bugy (1= bur)) + Gngy (1 = aniy)) < -
k=1

Then {([@n(k), bn],0) [ k= 1,...,ko} is a é-fine partial McShane partition and satisfies

k}o k[]

ko
> d([any ba;0) = D ngey < OBy (1 = bury) + Gagy (1 = anry)) <
k=1

1
k=1 k=1 €
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However
ko
D 1A0) (bagry = angiy) = (Fi(bagiy) = Filanay))l
k=1
ko
= Fi(bagry) — Filanm)]
k=1
ko
=D (bngiy (1= bugiy) + @y (1 = angry)
k=1
> ¢
and hence it is a contradiction. ]

Theorem 3.5. There exists a function f such that f € (C)([0,1]) but f & (C*)([0,1]).
Proof. Let fo be a function from [0, 1] into R defined by
Folz) = nn+1)filn(n+1ax—n), ifxe (%H,%),neN,
5(1) =
0, ifeell|neN)uo),
and let F5 be a function defined by
Filn(n+ 1)z —n), ifze (L, l) ,neN,
Fg(l‘) — n+1’n
0, ifze{l|neN}u{o},

where f; and Fj are the functions in Theorem 3.4. Since Fi(x) = fo(x) for any = €
1 1) n € N, we obtain fo € (N*)([0,1]) and hence fo € (C)([0,1]). However fo &

n+tl>n )’
(C*)([0,1]). Indeed, assume that fo € (C*)([0,1]). Then by Theorem 3.1 there exists a
finite subset N C [0, 1] such that for any positive number ¢ with e < 1 there exists a gauge
0 such that

ko

> I fa(wk) (b — ax) — (Fa(bk) — Falax))| < ¢

k=1
for any o-fine partial McShane partition {([ag, bk], xx) | K =1,..., ko} satisfying
(1) 5Ly dl{an, bil,zr) < L

(2) xp € [ak, bg] whenever zj, € N.

p+17

/ 4
1 1- 1 - %71'-}-27171’

Since N is finite, there exists a natural number p such that {# %] NN = (. For any

natural number n let

a, = +
p+1 2p(p+1)
4
b _ 1 I—y/1- Z+2nm

_|_
p+1 2p(p+1)
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Note that {[an,b,]} is mutually disjoint and

Fy(a,) = —@p+1a,—p)(p+1—-plp+1)ay,)
= —pp+)((p+a, — 1)(1 - pay)
1
- %w +2n7’
Fy(bn) = (pp+ )by —p)(p+1—pp+1)by)

(
= plp+1((p+1)b, —1)(1 - pby)
1

%—I—er

Since the sequence {p(p + 1)(((p + 1)by, — 1)(1 — pb,) + ((p + V)a, — 1)(1 — pay,)) | n € N}
is a strictly decreasing sequence tending to 0 and

0<plp+1)(((p+1)by = 1)(1 = pbn) + ((p + Van — 1)(1 = pay)),

> o+ D(((p+ Dby = 1)(1 = pby) + ((p+ Dan — 1)(1 = pan)) = oo,

we can take a strictly increasing finite sequence {n(k) | k = 1,...,ko} satisfying b,y <
m +0 (p+1) and

e< Zp(p + (P + Dbny — (1 = pbpiy) + (P + Danpy — 1)(1 = panm)) < é

Then { ([an(k), b (k) )5 p+1) ‘ k=1,. ko} is a d-fine partial McShane partition and

1
Zd <[an(k)7 bn(k)]a P+ 1)

k=1
1
_Z< il ~ p+1)

< Zp(p + 1)(((p+ Dbniy — V(1 = pbpry) + (0 + Dany — 1)(1 — pank)))

=1
1
< .
19
However
ko .
; f2 <p+1> (bn(k) = an@r)) — (F2(bnr)) — Falank)))
ko
k=1
= Zp(p + 1)(((p+ Dbnay — V(1 = pbpry) + (0 + Dany — 1)(1 — panw)))
> e

and hence it is a contradiction. O]

279
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Theorem 3.6. There exists a function f such that f € (L)([0,1]) but f & (L*)([0,1]).

Proof. Let f3 be a function from [0, 1] into R defined by

fg(:c):{ fHiln(n+ Dz —n), - ifwe (%,%),neNa
0, ifze{l|neN}u{o},

and let F3 be a function defined by

1 1
Fy(z) = mFl(n(n—i—l)x—n), if x € (n+1’ ~),neN,
0, if v € {1|neN}u{o},

where f; and F) are the functions in Theorem 3.4. Then f3 € (L)([0,1]) but f3 ¢

(L*)(]0,1]). Indeed, since f3 is improper Lebesgue integrable on each [n+17 f] and
(L) fs(x)dr =0,
(7477
by Theorem 2.1 there exists a finite subset N,, C {%—l—l’ %] such that for any positive number

¢ there exists a gauge §,, such that

kn
Z Sa(@n ) [ In k]| <
k=1

S
2n+1

for any 0,,-fine McShane partition {(1,, k, Tn k) | K =1,...,kn} of [T l} satisfying x, 1 €

I, whenever z, ; € N,. It is obvious that N,, = {n+1’ n} Let

) )
r€ |——,~| 5.
n+1'n

M, = max {|F3(:z:)|

It holds that M, = e +1) M;. Without loss of generality, it may be assumed that
(x — op(x),x + dn(x)) C (n%_l, 7> for any x € (n%rl,%) Let N = {1|neN}u{o},
0(x) = 0n(x) for any z € (m,%) 5(%) = min{én (%),(Ll_l (%)} for any n € N

with n > 2 and 6(0) < 1; with M, < 5. Let {(Ix,zx) | & = 1,...,ko} be a d-fine

McShane partition {(I,x) | k 1,...,ko} satisfying xp € I whenever x; € N. Let
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g=min{n |1 N[, 4) #0}. Then

) k|

oLy Y f(xkrk|+22f3()|fk|

n=lrc[2.2] n=2ler,
< [f3(0)[1]|
1 1
+ Y B+ Y (=) k0 | — =
h q+1 ¢q
Il i€l
q—1
1 1 1
* Js (n+1) F [n—kl’n}
n=2| A5 €k
+ Z fa(@r) |1k
Ikc[nil’%]
1 1 1
)7 -
- Z o) [l
€I,
1 1
Y g (2) fkm[2,1H+ S feln
%GI)C Ikc[%,l]

1 1 1] Y e«
<0 ) - n|l—,=- —
=0T (xk|k+zf3<Q) h Lﬁl’qHJrZ?”“Jr?Q

Ikc[ﬁ,%] 1€Ik n=2

By Theorem 3.3 we obtain

1 1
I
km[ +1’ q”

DR CRIAEDS A (3)

I’“C[q+1’ ] 3 €l

fs(@| Il — (L7) / fa(w)da

<
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Therefore

q—1
€ 3 €
< 2a+1 +Mq+222n+1 +§2

ko
> falwn)| ]
k=1

> e
< Mp + Z on+1
n=1
< €

and hence f3 € (L)([0,1]). However, since it can be shown similarly to Theorem 3.5 that
fs & (C*)([0,1]), we obtain f3 & (L*)([0, 1]). H

Theorem 3.7. There exists a function f such that f € (C*)([0,1]) but f & (L*)([0,1]).

Proof. Let C' be the Cantor set in [0,1], let {(cp,3,) | p € N} be the sequence of all
connected components of [0,1]\ C, let f4 be a function from [0, 1] into R defined by

20y +0,=20) ((@=0p)(Bp=s) 1 (Bp=ay)? (5p—a)?
i (Crells sin st — cos (I*;p)(?pp*w)) !
fa(z) = if z € (ap, Bp),p €N,
0,
ifzxedC,

and let Fy be a function defined by

(Bp—op) (z—ap)(Bp—2)’
0, ifxedC.

— Oy 2 —T 2 . p— 2 .
F4(SU) = { T (Bp4 | o T if v e (apvﬂp)ap €N,
Since Fy(z) = f4(x) for any = € [0, 1], we obtain f; € (N)([0, 1]) and hence f; € (C*)([0, 1]).
However f4 ¢ (L)([0,1]) and hence fy ¢ (L*)([0,1]). We show fy ¢ (L)([0,1]). Assume
that f4 € (L)([0,1]). Then by Theorem 3.2 there exists a countable subset N C [0, 1] such
that for any positive number ¢ there exists a gauge ¢ such that

ko
> falwk) bk — ax) — (Fa(bk) — Falax))| <
k=1

for any J-fine partial McShane partition {([ag,bx],zr) | & = 1,...,ko} satisfying xp €
[ak, bg] whenever x, € N. Since N is countable and C' is perfect, there exist z € C' and

{(Cp(es Bot)) | 4 € N} € {0, B) | p € N} such that = ¢ N and (ay(q), 20570 ) ¢

[z, 2z + d(z)) for any ¢. For any natural numbers ¢ and n let

(/BP(‘Z) - aP(Q)) (1 - 1- gﬂ'f2’ﬂﬂ')
2 )

(B(a) = () (1 —/1- g+42mr)
pa) T 5 :

agn = Qpg) t

«
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Note that {[ag.n,bqn]} is mutually disjoint and

B (ag.n — p(q))* (Bp() — Bq.n)

Fi(agn) =
! (Bp(a) — Op(g))*
1
-
(§7r + 2n7r)

. (bg,n — ap(q))z(ﬁp(q) - bq,n)z

F4(bf],n) - o 4
(Bp(a) — ()
_ 1
= —.
(5 + 2n7r)

Since {([ag,n:bg,n], %) | ¢,n € N} is a d-fine partial McShane partition and

ZZ\ﬂ; m — gn) = (Fi(bgn) — Fi(agn |—ZZ|F4 gn) = Fi(agn)| = o0,

g=1n=1

there exists {([ax, b, 2) | k=1,...,ko} C {([agn,bgnl,2) | ¢,n € N} such that

ko
Z |f4(z)(bk - ak) - (F4(bk) - F4(ak))| > €.
k=1

It is a contradiction. O
Theorem 3.8. There exists a function f such that f € (C)([0,1]) but f & (L)([0,1]).

Proof. We show in the proof of Theorem 3.7 that f, € (N)([0, 1]) and hence f, € (&) ([0,1])
but fy & (L)([0,1]). a

Theorem 3.9. There exists a function f such that f € (C*)([0,1]) but f ¢ (L)([0,1]).

Proof. We show in the proof of Theorem 3.7 that f4 € (IN)([0, 1]) and hence f4 € (C*)([0,1])
but fy & (L)([0,1]). a

Theorem 3.10. There exists a function f such that f € (L)([0,1]) but f & (C*)([0,1]).
Proof. We show in the proof of Theorem 3.6 that f3 € (L)([0,1]) but f3 ¢ (C*)([0,1]). O
4 Properties of the C*-integral In this section we give a criterion for the C*-integrability.

Definition 4.1. Let F be an interval function on [a,b] and let N be a finite subset of [a, b].
Then F is said to be C*-absolutely continuous on E C [a,b] with respect to N if for any
positive number ¢ there exist a gauge § and a positive number 7 such that

ko

S IFI)| <«

k=1
for any d0-fine partial McShane partition {(Iy,zr) | k = 1,..., ko} satisfying
(1) xp € E for any k;

2) S dy,ar) < L
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(3)  xy € I, whenever z, € N;

@) r Ik <.

We denote by ACc+(E, N) the class of all C*-absolutely continuous interval functions on
FE with respect to N. Moreover F' is said to be C*-generalized absolutely continuous on
[a,b] if there exist a finite subset N and a sequence {E,,} of measurable sets such that
Ur_ En = [a,b] and F € ACc+(Epm, N) for any m. We denote by ACGc+([a,b]) the

m=1"—"m
class of all C*-generalized absolutely continuous interval functions on [a, b].

Lemma 4.1. If F € ACG¢-([a,b]) and E C [a,b] with |E| = 0, then there exists a finite
subset N C [a,b] such that for any positive number € there exists a gauge 6 such that

ko

S IFI)| <«

k=1
for any d-fine partial McShane partition {(Ix,zx) | k =1,...,ko} satisfying
(1) =z € E for any k;
k
(2) kozl d(I]ka‘) < %;
(3)  xx € Iy, whenever xp € N.

Proof. Since F' € ACGc+([a,b]), there exist a finite subset N C [a,b] and a sequence
{E,,} of measurable sets such that |J-_, E,, = [a,b] and F € ACc=(E,,, N) for any m.
Therefore for any positive number ¢ and for any natural number m there exist a gauge 0.,
and a positive number 7,, such that

ko

€
Z|F(Ik)| < gmi1

k=1
for any 0,,-fine partial McShane partition {(Iy,2%) | k = 1,..., ko} satisfying
(1) € B, for any k;

2) SR d(Ik, ) < L

(3) xy € I, whenever z, € N;

k
(4) 2k Mkl < nm.
Since |E N E,,| = 0, there exists an open set O,, D E N E,, such that |O,,| < n,,. Define
0F () = min{d,, (x),d(0%,, )}, where OF, is the complement of O,,. Then we obtain

m?

ko
15

Z|F(Ik)| < Smi1

k=1

for any §% -fine partial McShane partition {(Ix,xx) | kK = 1,...,ko} satisfying (1), (2), (3)
and (4). Define 6(z) = §},(z) for any © € EN E,, (m € N). Then we obtain

ko oo oo
STIF@) =Y Y IFU) <) ﬁ=%<s
k=1 n=lzrEbEn, m=1

for any d-fine partial McShane partition {(Iy,xr) | k = 1,...,ko} satisfying
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(1) xx € E for any k;
(2) SRy Ik, @) < L
(3) xp € I, whenever z;, € N.
O

Lemma 4.2. If F is differentiable at x € [a,b], then for any positive number ¢ there exists
a positive number § such that

|F(t) — F(s) — F'(z)(t — s)| < e(2d([s,t],z) +t —s)
for any interval [s,t] C (z — 6,2 + ) N [a, b].

Proof. Since F is differentiable at a € [a, ], there exists a positive number § such that

[F(§) = Fa) — F'(2)(§ — )| < el — ]
for any £ € (z — 0,2z + &) N [a, b]. Therefore for any interval [s,t] C (z — d,z + §) N [a, b] we
obtain
[F(t) = F(s) = F'()(t — s)|

<|F(t) = F(x) = F'(2)(t — 2)| + [F(x) = F(s) = F'()(x — s)|

<elt—az|+els —

= e(2d([s,t],z) +t — s).

O

Theorem 4.1. For any F € ACG ¢ ([a,b]) there exists L F([a,z]) for almost every x €
[a,b], and there ezists f € (C*)([a,b]) such that f(z) = -LF([a,z]) for almost every x €
[a,b] and

FU%dcﬂzf@Mx

for any interval I C [a,b].
Conversely the interval function F defined above for any f € (C*)([a,b]) satisfies F' €
ACG - ([a, b]).

Proof. Note that, if F' € ACGc-([a,b]), then ' € ACGs([a,b]), see [7, Definition 9.14].
By [7, Theorem 9.17] there exists -+ F([a, z]) for almost every z € [a,b]. Let

dx
E:{m

Then |E| = 0, and by Lemma 4.1 there exists a finite subset N C [a,b] such that for any
positive number £ with € < ﬁ there exists a gauge d; such that

d
d—F([a,x]) does not exist at x € [a, b] } .
T

ko

SO IF()I < 5

k=1

for any 0;-fine partial McShane partition {(Iy,x%) | k =1,...,ko} satisfying

285
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(1) xx € E for any k;
(2) 2021 d(I, z) < L
(3) xp € I, whenever z € N.

If © ¢ E, then by Lemma 4.2 there exists a positive number d9(x) such that

2

F(t) - F(s) — %F([a,w])(t —s)| < %(Qd([s,t},x) +t—s)

for any interval [s,t] C (z — d2(x), x + d2(z)) N [a, b]. Let

| 61(z), fzxek,
5(9”)—{5;(:5), ited B,

and let
0, ifx e F,
flw) = { 4 p(aa)), ifzgE.
Then we obtain
ko
Zf(ﬂfk)|fk|*F(I) < Z F(Iy Z f(@e) L] = F (1)
k=1 L EE T ZE
< S IF@m)+ X 1@l - FI)]
NI r€FE

< *+ Z 2d Ik,xk +|Ik|)

wk€E
2 2
€ € 1
< — — . 2. = — (b —
4+8 E+ (b—a)
< ELE8.°¢
4 4 2
= ¢

for any interval I C [a,b] and for any d-fine McShane partition {(Iy,zx) | £k =1,...,

I satisfying

(1) R dle,x) < &

(2) xf € I, whenever z;, € N.
Conversely let f € (C*)([a,b]) and let

=€) [ ra)ds

k‘o} of

for any interval I C [a,b]. For any natural number m let E,, = {z | z € [a,b],|f(z)| < m}.
Then |J,°_, E;n = [a,b]. We show that F € AC¢-(E,,, N), where N is an excepting finite
subset of [a,b] in the definition of the C*-integral of f. Let ¢ be a positive number. By

Theorem 3.1 there exists a gauge § such that

ko
SOl = FI)| < 5
k=1

for any o0-fine partial McShane partition {(Iy,xr) | k = 1,...,ko} satisfying
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1) S ddy,ar) < L

(2) ay € I whenever z € N.

Let n = 5=. If 23, € E,, for any k and 211:0:1 || < n, then we obtain

2m”’

ko ko ko
Z|F(Ik)| < Z|f($k)||fk|+2|f($k)|fk|—F(Ik)|
k=1 k=1 k=1
ko
< md I+
k=1
< €.

5 Criteria for the C*-integrability We consider the following four criteria for the pair

of a function f from [a,b] into R and an additive interval function F' on [a, b].

(A)c+ For any decreasing sequence {¢,} tending to 0 there exists an increasing sequence

{F,} of closed sets such that

(1) Unzi Fn=a,b];
(2)  f e (L)(Fy) for any n;

(3) there exists a finite subset N C [a, b] independent of {e,} such that for any n

there exists a gauge d such that

> (ru0 - |

k=1 IxNFy,

< éEp

fais)

for any finite family {Ix | k¥ = 1,... ko, ko + 1,..., k1, 0 < kg < ki} of
non-overlapping intervals in [a, b] which consists of a finite family {I | k =
1,...,ko} with Iy N F,, # 0 and a d-fine partial McShane partition {(Ix, xy) |

k=ko+1,...,k} satisfying
(3.1) ap € F, forany k=Fko+1,... ki;

(32) Ehhpyrr Al z) < 243
(3.3) x € I whenever x € N.

(B)c+  For any decreasing sequence {e,} tending to 0 there exist increasing sequences

{M,} of non-empty measurable sets and {F},} of closed sets such that

(1) Unzi My = [a, b];

(2) F, C M, for any n and |[a,b] \ U;—, F,| = 0;

(3) fe (L)(F,) for any n;

(4)  there exists a finite subset N C [a, b] independent of {e,,} such that for any n

there exists a gauge J such that

5 (F(Iw -~ |

k=1 IxNF,

< Ep

f(m)dx)

287
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for any finite family {I | ¥ = 1,...,ko,ko + 1,...,k1, 0 < kg < k1} of
non-overlapping intervals in [a, b] which consists of a finite family {Ij | k =

., ko} with I, N M,, # () and a d-fine partial McShane partition {(Iy, xx) |
k=ko+1,..., k1} satisfying

(4.1) x € M, for any k =ko+1,...,ky;
(42) YRy Ak, mr) < &5
(4.3) xy € I, whenever z € N.

There exists an increasing sequence {F),} of closed sets such that
(1) Unzi Fo = la,b];
(2) fe (L)(F,) for any n;

(3) there exists a finite subset N C [a, b] such that for any n and for any positive
number € there exist a positive number 7 and a gauge § such that

ko

Y F(Iy)| <«

k=1

for any J-fine partial McShane partition {(Ix,zx) | & = 1,...,ko} in [a,b]
satisfying

(3.1) =z, € F, for any k;

(3.2) Zk ko+1 d(Iy,zy) < i%
(3.3) xy € I, whenever z € N;

(3:4) Xy, Ikl <
(4) for any n and for any interval I C [a, b

PO =) [ fa)ia+ Y F()

where I" is the interior of I, {J, | p € N} is the sequence of all connected
components of I* \ F,, and J, is the closure of Jj,.

There exist increasing sequences {M,,} of non-empty measurable sets and {F,} of
closed sets such that

(1) Unzy My = [a, b];

(2) F, C M, for any n and |[a,b] \ Us—, F,| = 0;

(3) fe (L)(F,) for any n;
(4)

—_

4)  there exists a finite subset N C [a, b] such that for any n and for any positive

number € there exist a positive number 7 and a gauge § such that

ko

Y F(Iy)| <e

k=1

for any J-fine partial McShane partition {(Ix,zr) | & = 1,...,ko} in [a,b]
satisfying

(4.1) xy € M, for any k;
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k
(4.2) ZklzkoJrl d(Iy,zy) < EL’
(4.3) x € I whenever x € N;

(44) 33 Ml <
(5) for any n and for any interval I C [a, b]

F(I) = (L) / S+ YO F(T)

where I' is the interior of I, {J, | p € N} is the sequence of all connected
components of I* \ F,, and J, is the closure of .J,,.

It is clear that (A)c~ implies (B)c+ and (C)¢~ implies (D)¢-. Now we give the following
theorems for the C*-integral.

Theorem 5.1. Let f € (C*)([a,b]) and let F be an additive interval function on [a,b]
defined by

F(I) = (C7) / f(z)da

for any interval I C [a,b]. Then the pair of f and F satisfies (A)c.

Proof. Since f € (C*)([a,b]), we obtain f € (D*)([a,b]). Let {e,,} be a decreasing sequence
tending to 0. Since by Theorem 2.2 the pair of f and F satisfies (A), for {%"} there exists
an increasing sequence {F),} of closed sets such that (1) and (2) hold. Moreover

5° (Fa - |

k=1 I.NF,

En
< =
2

f(x)dx)

for any finite family {Ix | k = 1,..., ko} of non-overlapping intervals in [a, b] with I, NF,, # (.
By Theorem 3.1 there exists a finite subset N C [a,b] independent of {e,} such that for
any n there exists a gauge 0 such that

k1

Y (fla)lIn] = F(I)

k=ko+1

En
< —
4

for any o-fine partial McShane partition {(Ix,x) | k = ko + 1,...,k1} in [a,]] satisfying
(3.2) and (3.3). Since fxr, € (L)([a,b]), where xF, means the characteristic function of
F,,, by the Saks-Henstock lemma for the McShane integral, for instance see [7, Lemma 10.6],
for any n there exists a gauge J such that

i (f(zk)an(mk)uk - (L)/

k=ko+1 Ix.NF,

< En

f(x)dac)

for any d-fine partial McShane partition {(Iy,zr) | kK = ko + 1,...,k1} in [a,b]. Since
f = fxr, on F,, for any n there exists a gauge ¢ such that

k1
> (F(Iw - [ . f<:c>da:)
k1 k1
= F(I.) — f(xz)|I €T )|l — (L x)dx
k:%:ﬂ( (1) — fan)T)| + gﬂ;ﬂ <f( e ()] = ( )/Ianf() )
_En L _n

4 4 2
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for any o-fine partial McShane partition {(I,zx) | K = ko + 1,...,k1} in [a,b] satisfying
(3.1), (3.2) and (3.3). Therefore

k; (F-@ | . fla)ds
< ; (F(fm o f<x>dx) " k_:z:ﬂ (F(Iw ~wf f(ar)dx)
< % + %L =én

for any finite family {I} | k = 1,...,ko, ko + 1,...,k1, 0 < ko < k1} of non-overlapping
intervals in [a,b] which consists of a finite family {I |k =1,..., ko} with I N F,, # 0 and
a 0-fine partial McShane partition {(Ix,zx) | k = ko + 1,..., k1 } satisfying (3.1), (3.2) and
(3.3), that is, (3) holds. O

Theorem 5.2. If the pair of a function f from an inteval [a,b] into R and an additive inter-
val function F on [a,b] satisfies (A)c+, then the pair of f and F satisfies (C)c=. Similarly,
if the pair of a function f from an inteval [a,b] into R and an additive interval function F
on [a,b] satisfies (B)c+, then the pair of f and F satisfies (D)c~.

Proof. Let {e,} be a decreasing sequence tending to 0. Then there exists an increasing
sequence {F,} of closed sets such that (1) and (2) of (C)c- hold. We show (3) of (C)c-.
Let n be a natural number and let € be a positive number. Since f € (L)(F),), there exists
a positive number p(n,e) such that, if |E| < p(n,e), then

\(L) [t

Take a natural number m(n,e) such that e,y < § and m(n,e) > n, and put n =
p(m(n,e),e). By (3) of (A)c there exists a subset N C [a,b] independent of {e,} such
that for m(n,e) there exists a gauge 0,,(n o). Let {(Ix, ) [k =1,...,ko} be a d,,(, -)-fine
partial McShane partition in [a, b] satisfying (3.1), (3.2), (3.3) and (3.4) of (C)c+. Then we
obtain

<<
5"

ko
€
Z <F(Ik) - (L)/ f(x)dx> < €m(n,s) < 5
k=1 TN E o (ne)
Moreover, since 2112021 || < n=p(m(n,e),e), we obtain
ko e
Z(L)/ Fla)da| < 5.
k=1 TN Fom ()
Therefore
ko kU
< F(I) - / @z )|+ 3 () / F(w)da
k=1 Tk F i (ne) k=1 Ik (ne)
< t4i=¢
2 2 '

Next we show (4) of (C)c+. Let I be a subinterval of [a,b]. In the case of INF,, =0 (4) of
(C)g is clear. Consider the case of INF,, # (. Let {J, | p=1,2,...} be the sequence of all
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connected components of I* \ F,,. Since I N F,, # () holds for any m > n, by (3) of (A)c+
we obtain

< Em-

]F(I) SCY R

INF,,

Since J, N F,, # 0 holds for any p, by (3) of (A)s we obtain

> (-0 |

p=1 TPmFm

<ém

f(x)dm)

for any m > n. On the other hand, we obtain

" /mF Jlade = (L) /mF,L floyte s ;(L) /* f(@)dw

TpN\F,

for any m > n. Therefore we obtain

F(I) - ((L) /| f(x)dx+ZF(Jp)>’
NF, =1

INF,
@ [ - ((L) | swaesdm [ f(rc)dw>’
+-3 PO+ 30 /MFM f(@)da

<eém+0+4+e, =2,

for any m > n and hence
FU) =) [ fade+ > F(T).
INF, el

Similarly, we can prove that, if the pair of f and F satisfies (B)c+, then the pair of f
and F satisfies (D)c-. O

Theorem 5.3. If the pair of a function f from an inteval [a,b] into R and an additive
interval function F on [a,b] satisfies (D)=, then f € (C*)([a,b]) and

F(I) = (C7) / f(x)dz

holds for any interval I C [a,].

Proof. By (1) and (4) there exist a finite subset N C [a,b] and a increasing sequence {M,, }
of non-empty measurable sets such that | J7—; M,, = [a,b] and for any n and for any positive
number ¢ there exist a positive number 7 and a gauge ¢ such that

ko

> F(I)

k=1

<

N ™
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for any d-fine partial McShane partition {(Ix,zx) | K =1,...,ko} in [a,b] satisfying (4.1),
(4.2), (4.3) and (4.4). Therefore we obtain

ko

SR = | Y. FUn|+| > F(I)
F(xz)<0

k=1 F(2,)>0
< Syt
22
and hence F' € ACGc-([a,b]). By Theorem 4.1 there exists -+ F([a,z]) for almost every
x € [a, b], and there exists g € (C*)([a, b]) such that
F(1) =(€) [ g(a)da

I

for any interval I C [a,b]. We show that ¢ = f almost everywhere. To show this, we
consider a function

| flz), ifxekF,,
9"(96)_{ if 2 & F,.
By [16, Theorem (5.1)] g, € (D*)(I) for any interval I C [a,b] and by (3)

(D*) / gu(z)dz = (D) /F F(e)de +3(D) /Tm)dx

p

0 [ s il(c*) [ storia

_— /  fa)da+ YR,

where {J, | p = 1,2,...} is the sequence of all connected components of I’ \ F,. By
comparing the equation above with (5), we obtain

F(I) = (D*)/Ign(x)dx.

Therefore we obtain L F([a, z]) = g,(z) = f(z) for almost every z € F,. By (2) we obtain

9(z) = L F([a,z]) = f(z) for almost every = € [a,b]. O

By Theorems 5.1, 5.2 and 5.3 we obtain the following criteria for the C*-integrability.

Theorem 5.4. A function f from an interval [a,b] into R is C*-integrable if and only if
there exists an additive interval function F on [a,b] such that the pair of f and F satisfies
one of (A)c=, (B)c-, (C)o= and (D)c+. Moreover, if the pair of f and F satisfies one of
(A)c+, (B)c+, (C)e+ and (D)c-, then

F(I) = (C7) / f(@)dz

holds for any interval I C [a,].
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Abstract

We prove that an ordered hypersemigroup H is left (resp. right) reg-
ular if and only if every left (resp. right) ideal of H is semiprime and it is
intra-regular if and only if every ideal of H is semiprime. Then we prove
that an ordered hypersemigroup H is left (resp. right) regular if and only
if every fuzzy left (resp. right) ideal of H is fuzzy semiprime and it is
intra-regular if and only if every fuzzy ideal of H is fuzzy semiprime.

1 Introduction and prerequisites

A semigroup (S,-) is left (resp. right) regular if and only if every left (resp.
right) ideal of S is semiprime, it is intra-regular if and only if every ideal of S is
semiprime (cf. [1; Theorems 4.2, 4.4]). For an ordered semigroup (5, -, <) and
a subset A of S, we denote by (A] the subset of S defined by (A]={te€ S|t <
a for some a € A}. An ordered semigroup (S, -, <) is called left regular if for
every a € S there exists x € S such that a < za?. This is equivalent to saying
that a € (Sa?] for every a € S or A C (SA?] for every A C S. It is called right
reqular if for every a € S there exists x € S such that a < a%x, equivalently if
a € (a?S] for every a € S or A C (A%S] for every A C S. An ordered semigroup
(S,+, <) is called intra-regular if for every a € S there exist z,y € S such that
a < wa’y. This is equivalent to saying that a € (Sa?S] for every a € S or
A C (SA2S] for every A C S. We have seen in [10] that an ordered semigroup

02010 Mathematics Subject Classification. Primary: 06F99; 08A72.
Key words and Phrases. Hypergroupoid, ordered hypersemigroup, left (right) regular,
intra-regular, left (right) ideal, fuzzy left (right) ideal, semiprime, fuzzy semiprime.
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S is left (resp. right) regular if and only if the left (resp. right) ideals of S are
semiprime and it is intra-regular if and only if the ideals of S' are semiprime. We
have also seen that an ordered semigroup S is left (resp. right) regular if and
only if the fuzzy left (resp. fuzzy right) ideals of S are semiprime and it is intra-
regular if and only if the fuzzy ideals of S are semiprime. In the present paper
we examine these results for an hypersemigroup. For the sake of completeness,
let us first give some definitions-remarks already given in [7, 8].
An hypergroupoid is a nonempty set H with an hyperoperation

o:Hx H—P*(H)| (a,b) >aob
on H and an operation
x:P*(H)x P (H)—P*(H)|(A,B)— AxB
on P*(H) (induced by the operation of H) such that

A«B= ] (aob)
(a,b)e AxB

for every A, B € P*(H) (P*(H) is the set of nonempty subsets of H). As
the operation “x” depends on the hyperoperation “o”, an hypergroupoid can
be denoted by (H,o) (instead of (H,o,x*)). If (H, o) is an hypergroupoid and
A,B,C,D € P*(H), then
A C B, implies A« C C BxC and C x* A C C * B. Equivalently,
ACBand CC D implies AxC CBx+«Dand CxACD=xB.
We also have H « H C H.

If H is an hypergroupoid then, for every x,y € H, we have
{z}+{y} =z oy
Indeed, {z} * {y} = U (uov)=zoy.
ue{z},ve{y}
The following proposition, though clear, plays an essential role in the theory

of hypergroupoids.

Proposition 1.1. Let (H,o) be an hypergroupoid, x € H and A, B € P*(H).
Then we have the following:

1. x€AxB <= x€aob for somea€ A, be B.
2. Ifa€e Aandb € B, thenaobC Ax B.

Lemma 1.2. [7] Let (H,o) be an hypergroupoid and A;,B € P*(H), i € I.
Then we have the following:

(1) (U 4)* B= U (4 = B).

icl el

(2) Bx(U Ai) = U (B*Ai).

i€l i€l
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An hypergroupoid H is called hypersemigroup if, for every z,y,z € H, we

have

{z}* (yoz) = (zoy)*{z}
which is equivalent to saying that {z} * ({y} * {z}) = ({x} * {y}) « {z} for
every x,y,z € H. If we like, we can identify the {} by = and the {z} by 2z and
write x * (y o z) instead of {z} * (y 0 z) and (x o y) * z instead of (x o y) * {z}.
So the associativity relation of an hypergroupoid can be also given, for short,
as * (yoz)=(roy)*z.

Lemma 1.3 [7] If (H,o) is an hypersemigroup and A, B,C € P*(H), then we
have

(AxB)xC = U (@on+{d)

(a,b,c)eAXBXC

U ({abs0o0)=4xBx0)

(a,b,c)eAxBxC

U ({ah (o} {e}).
(a,b,c)eAXBXC
Thus we can write (A* B)*xC = A% (B*C) = AxBxC. As a consequence, for
any product Ap * Ag*.....x A, of elements of P*(H) we can put the parentheses
in any place beginning with some A; and ending in some A; (1 < 4,5 < n).
In addition, using induction, we have the following which gives the form of the
elements of the set Ay * Ay % ... x A,

Lemma 1.4. For any finite family Ay, As, ..., A, of elements of P*(H ), we have
Ay x Ag koo x Ay = U ({al}*{ag}*...*{an}).
(a17a2...an)€A1 XAaX...XApn
For an hypergroupoid H, we denote by (A] the subset of H defined by
(Al :={te H |t <a for some a € A}.

Exactly as in ordered semigroups, we have (H] = H and ((A]] = (4] for any
nonempty subset A of H.

The results of the present paper hold not only for the elements but for the
subsets of H as well which shows the pointless character of the results.

2 A characterization of left regular (resp. intra-
regular) ordered hypersemigroups in terms of
semiprime left ideals (resp. ideals)

Notation 2.1. Let (H,o) be an hypergroupoid and “<” an order relation on
H. Denote by “<” the relation on P*(H) defined by

<:={(A,B) |VYa € A3be B such that (a,b) €<}.
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So, for A,B € P*(H), we write A < B if for every a € A there exists b € B
such that a < b. This is a reflexive and transitive relation on P*(H), that is, a
preorder on P*(H).

A semigroup (.5, ) is called an ordered semigroup if there exists an order
relation “<” on S such that (a,b) €< implies (ac,bc) €< and (ca,cb) €< for
every ¢ € S. Using the notation a < b instead of (a,b) €<, we write a < b
implies ac < bc and ca < ¢b for every ¢ € S. The definition of the ordered
semigroup can be naturally transferred to hypersemigroups as follows:

Definition 2.2. (cf. also [13]) Let (H, o) be an hypergroupoid and “<” an order
relation on H. Then H is called an ordered hypergroupoid, denoted by (H, o, <),
if given an element (x,y) €<, we have (xoz,yoz) €< and (zox,zoy) €= for
every z € H. In other words,

x <yimplieszoz Syozand zox X zoy forall z € H.

The concept of right regular ordered semigroups introduced by Kehayopulu
in [4] is as follows: An ordered semigroup (S5,-,<) is called right regular if
for every a € S there exists € S such that a < a?z. Later, in an analogous
manner she defined and studied the left regular ordered semigroups: An ordered
semigroup S is called left regular if for every a € S there exists x € S such that
a < za®. The concept of left regular ordered semigroups is naturally transferred
to an ordered hypersemigroup H as follows: for every a € H, there exists x € H
such that {a} < {z}x(aca). (Clearly {a}*(aca) = (xoa)x{a} = {a}*{a}*{a}).
This leads to the following definition.

Definition 2.3. An ordered hypersemigroup H is called left regular if for every
a € H there exist z,t € H such that t € {z} x (a0a) and a < .

It is called right regular if for every a € H there exist x,¢ € H such that
te(aoa)*{z} and a < t.

Proposition 2.4. Let H be an ordered hypersemigroup. The following are
equivalent:

1. H is left reqular.
2. a¢€ (H* (aoa)} for every a € H.

3. AC (H*xAx A] for every A € P*(H).

(
Proof. (1) = (2). Let a € H. Since H is left regular, there exist z,t € H
tt e {x}*(aoa)and a <t. We have

a<te{z}x(aoa)C Hx*(aoa),

S0 a € (H*(aoa)]
(2) = (3). Let A€ P*(H) and a € A. Since a € H, by (2), we have

a€ (H*(aoa)} = (H*{a}*{a}} C (H* Ax A,
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thus we get a € (H x A A], and (3) holds.
(3) = (1). Let a € H. Since {a} € P*(H), by (3), we have

ae{a}g(H*{a}*{a}.

Then a < t for some t € (H * {a}) « {a}. By Proposition 1.1, there exists

y € H * {a} such that t € yoa. Since y € H = {a}, again by Proposition 1.1,
there exists x € H such that y € x o a. We have

teyoaC (zoa)x{a}={z}*(aoa).
Since z,t € H such that ¢t € {z} *x (a0 a) and a < t, H is left regular. O
In a similar way we prove the following:

Proposition 2.5. Let H be an ordered hypersemigroup. The following are
equivalent:

1. H is right reqular.
2. a¢€ ((aoa)*H} for every a € H.

3. AC (A« Ax H]| for every A € P*(H).

A subset A of a groupoid or an ordered groupoid S is called semiprime if
2?2 € A (x € S) implies x € A [1, 2, 5]. This concept is naturally transferred in
case of hypergroupoids in the definition below:

Definition 2.6. Let H be an hypergroupoid. A nonempty subset A of H is
called semiprime if for every t € H such that tot C A, we have t € A.

Proposition 2.7. Let (H, o) be an hypergroupoid and A € P*(H). The follow-
ing are equivalent:

1. A is semiprime.
2. For every T € P*(H) such that T« T C A, we have T C A.

Proof. (1) = (2). Let T € P*(H), T*T C Aand ¢t € T. Since t € H and
tot CTx*T C A, by (1), we have t € A.
(2) = (1). Let t € H such that t ot C A. Since {t} € P*(H) and {t} * {t} =

tot C A, by (2), we have {t} C A, sot € A, and T is semiprime. O
Lemma 2.8. Let H be an ordered hypergroupoid and A, B € P*(H). Then we
have

(A] % (B] C (A B].

Proof. Let t € (A] * (B]. Then t € z oy for some z € (4], y € (B]. Since
x € (A], we have x < a for some a € A. Since y € (B], we get y < b for some
be B. Sincez < aandy <b, we have t € x oy = aob. Then, there exists
z € aobsuch that t < z. Wegett <z € aob,sot € (aob]. On the other
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hand, since a € A and b € B, we have aob C A+ B. Then (a0 b] C (A * B,
and t € (Ax* B]. O

The concepts of left and right ideals of ordered groupoids introduced by
Kehayopulu in [3] are naturally transferred in case of ordered hypergroupoids
as follows: A nonempty subset A of an ordered hypergroupoid H is called a left
(vesp. right) ideal of H if

1. Hx AC A (resp. AxH C A) and
2. ifae Aand H 5b < a, then b € A, that is if (4] = A.

It is called an ideal of H if it is both a left and a right ideal of H.

Theorem 2.9. An ordered hypersemigroup H is left reqular if and only if every
left ideal of H is semiprime.

Proof. =. Let A be a left ideal of H and a € H such that aoa C A. Since
H is left regular and a € H, there exist x,t € H such that ¢t € {z} * (a0 a) and
a<t. Wehavet € {z}*(aoca) CH+xACA Thena<te€ A, and a € A.
<=. Let a € H. We have

(aca)x(aoa) C Hx(aoa) C (H*(aoa)}.

The set (H * (ao a)} is a left ideal of H. Indeed, it is a nonempty subset of H

and we have
<H* (H* (aoa))]

= ((H+H)+(@oa)] € (H+(aoa),

(1 woo]] = 11+ o)

(as ((A4]] = (4] for any subset A of S). Since (H* (aoa)} is semiprime, we have

N

H*(H*(aoa)} = (H]*(H*(aoa)}

and

(aoa) C (H x (ao a)}, and a € (H * (a o a)}. Then, by Proposition 2.4, H is
left regular.

Now we will give a second proof of the Theorem using only sets: =>. Let A be
a left ideal of H and T € P*(H) such that T« T C A. Since H is left regular,
by Proposition 2.4, we have T C (H «T xT] C (H % A] C (A] = A. <. Let
A € P*(H). We have

(AxA)x (AxA)C(HxH)xAx ACHxAxAC (H=xAxA|.

Since (HxAxA] is a left ideal of H, it is semiprime, and we have AxA C (HxAxA]
and A C (H « Ax A]. Thus H is left regular. O
In a similar way we prove the following:
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Theorem 2.10. An ordered hypersemigroup H is right reqular if and only if
every right ideal of H is semiprime.

Our aim now is to characterize the intra-regular ordered hypersemigroups in
terms of semiprime ideals. The concept of an intra-regular ordered semigroup
introduced by Kehayopulu in [6] is as follows: An ordered semigroup (.5, -, <) is
called intra-regular if for every a € S there exist z,y € S such that a < xa?y.
This concept is naturally transferred to an ordered hypersemigroup as follows:
For every a € H, {a} < {z}*(aoca)=*{y}. This leads to the following definition

Definition 2.11. An ordered hypersemigroup (H, o, <) is called intra-regular
if for every a € H there exist z,y,t € H such that ¢t € {a} * (a0 a) * {y} and
a<t.

Clearly, {z} * (aca) * {y} = (xoa)* (aoy) = {z} *{a} * {a} * {y}.
Proposition 2.12. Let (H,*,<) be an ordered hypersemigroup. The following
are equivalent:

1. H is intra-reqular.
2. a¢€ (H*(aoa)*H} for every a € H.

3. AC (Hx*AxAxH] for every A € P*(H).

Proof. (1) = (2). Let a € H. Since H is intra-regular, there exist x,y,t € H
such that ¢t € {z} % (a0 a) x {y} and a < t. We have

a<te{z}x(aca)*x{y} CHx*(aoca)*H,

S0 a € (H*(aoa)*H]
(2) = (3). Let A€ P*(H) and a € A. By (2), we have

ac (H*(aoa)*H] = (H*{a}*{a}*H] C(H+AxAx H],

soa € (HxAx Ax H| and (3) is satisfied.
(3) = (1). Let a € H. Since {a} € P*(H), by (3), we have

aG{a}Q(H*{a}*{a}*H]

Then a < t for some t € H *{a}*{a}+H = (H* (aoa)) * H. Then there exist

u € Hx*(aoa)and y € H such that ¢t € uoy. Since u € H * (a 0 a), there exist
x € H and w € (aoa) such that u € z o w. We have

teuoy C (vow)*{yt={z}*x{w}=*{y} C{z}*(aoca)={y}.

For the elements x,y,t € H, we have t € {a} % (aoca)*{y} and a <'t, so H is
intra-regular. O
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Theorem 2.13. An ordered hypersemigroup H is intra-regular if and only if
every ideal of H is semiprime.

—. Let A be an ideal of H and a € H such that aoa C A. Since a € H and
H is intra-regular, there exist z,y,t € H such that ¢t € H * (a o a) x {y} and
a<t Thente€ Hx(aoa)x{y} CH+*AxH C A. Sincea € Hand a <t € A,
we have a € A. Thus H is semiprime.

<. Let a € H. We have

(aoa)*(aoca) C Hx{a}*x{a}xHC (H*{a}*{a}*H].

The set (H x{a} x{a}xH } is an ideal of H, so it is semiprime. Hence we have
aoaC (H*{a}*{a}*H}, and a € (H*{a}*{a}*H} = (H*(aoa)*H]
By Proposition 2.12, H is intra-regular.

A second proof of the theorem using only sets is as follows: =>. Let A be an
ideal of H and T' € P*(H) such that 7'« T C A. Since H is intra-regular, by
Proposition 2.12, we have

TCH«T«T+«H| C(HxAxH|]C (A=A

)

so A is semiprime. <=. Let A be a nonempty subset of H. Since (A x A) x (A x
A) C (HxAxAxH] and (H*AxAxH| is semiprime, we have AxA C (HxAxAxH]|,
and AC (H* Ax Ax H]. O

3 A characterization of left regular and intra-
regular ordered hypersemigroups in terms of
fuzzy semiprime subsets

Following Zadeh, any mapping f : H — [0,1] of a ordered hypergroupoid H
into the closed interval [0, 1] of real numbers is called a fuzzy subset of H (or a
fuzzy setin H) and fa (: the characteristic function of A) is the mapping

fA:H—>{0,1}|x—>fA(x):{ é 1?;;:

The concepts of fuzzy right and fuzzy left ideals of an ordered groupoid due to
Kehayopulu-Tsingelis [9] are naturally transferred to an ordered hypersemigroup
as follows:

Definition 3.1. Let H be an ordered hypergroupoid. A fuzzy subset f of H is
called a fuzzy left ideal of H if

1. f(xoy) > f(y) for all x,y € H, in the sense that if x,y € H and u € zovy,
then f(u) > f(y) and

2. x <y implies f(z) > f(y).
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A fuzzy subset f of H is called a fuzzy right ideal of H if

1. f(xoy) > f(x) for all z,y € H, meaning that if x,y € H and u € z oy,
then f(u) > f(z) and

2. x <y implies f(z) > f(y).

A fuzzy subset of H is called a fuzzy ideal of H it is both a fuzzy left and a
fuzzy right ideal of H. As one can easily see, a fuzzy subset f of H is a fuzzy
ideal of H if and only if

L if f(zoy) > max{f(x), f(y)} for all z,y € H, in the sense that if x,y € H
and u € x oy, then f(u) > max{f(z), f(y)} and

2. if x <y, then f(x) > f(y).

The concept of fuzzy semiprime subsets of groupoids introduced by Kuroki
n [12] is as follows: A fuzzy subset f of a groupoid S is called semiprime if
f(a) > f(a®) for every a € S, and remains the same in case of ordered groupoids
as well [11]. This concept is naturally transferred in case of an hypergroupoid
as follows:

Definition 3.2. Let (H,o) be an hypergroupoid. A fuzzy subset f of H is
called fuzzy semiprime if

fla) > f(aoa) for every a € H,

in the sense that if u € a o a, then f(a) > f(u).

Remark 3.3. Let (H, o) be an hypergroupoid and f a semiprime fuzzy left ideal
(or fuzzy right ideal) of H. Then, for every a € H, we have f(a) = f(a o a),
meaning that if u € a o a, then f(a) = f(u). Indeed: Let u € a o a. Since f is
a fuzzy left (or right) ideal of H, we have f(aoa) > f(a), then f(u) > f(a).
Since f is semiprime, we have f(a) > f(aoca), then f(a) > f(u). Thus we have
Fa) = Flu).

Lemma 3.4. Let (H,o0,<) be an ordered hypergroupoid. If A is a left (resp.
right) ideal of H, then the characteristic function fa is a fuzzy left (resp. fuzzy
right) ideal of H. “Conversely”, if A is a nonempty subset of H such that f4 is
a fuzzy left (resp. fuzzy right) ideal of H, then A is a left (resp. right) ideal of
H.

Proof. For the hypergroupoid (H, o) the lemma is satisfied (cf. [8; Proposition
7]). It remains to prove that the following are equivalent:
(l)yeAand Hozx <y = z € A and
(2) z <y = fa(z) > faly).
(1) = (2). Let # < y. If y € A then, by (1), we have z € A. Then
fa(@) =12 fa(y). fy ¢ A, then fa(y) =0 < fa().
(2) = (1). Let y € Aand H 5 « < y. Since z < y, by (2), we have
fa(x) > faly) = 1. Then fa(x) =1, and = € A. O
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Lemma 3.5. Let H be an ordered hypergroupoid. A nonempty subset A of H is
an ideal of H if and only if the characteristic function fa is a fuzzy ideal of H.

Lemma 3.6. Let (H,o,<) be an ordered hypergroupoid. If I is a subset of H
such that fr is fuzzy semiprime, then I is semiprime. “Conversely”, let I be a
subset of H such that, for every a € H, either aoa C I or (aca)NI=0. If I
is semiprime, then fr is fuzzy semiprime.

Proof. —. Let a € H such that aoca C I. Then a € I. In fact: Since aoa C I,
we have fr(aoa) = 1. This is because if u € a o a, then u € I, so fr(u) = 1.
Since f7 is fuzzy semiprime, we have fr(a) > fr(aoa) = 1. Since f; is a fuzzy
subset of H, we have fr(a) < 1. Thus we have f;(a) =1, and a € I, so [ is
semiprime.

<. Let I be semiprime. Then fr(a) > fr(aoa). Indeed: If aoa C I then,
since I is semiprime, we have a € I, then fr(a) =1 > fi(aca). faca & I
then, by hypothesis, we have (aoa) NI = (), then f;(aoa) = 0. This is because
ifu€aoa, thena¢ I, so fr(a) =0. Hence we obtain fr(aoca) =0 < fr(a). O

Lemma 3.7. Let H be an ordered hypergroupoid. A monempty subset A of
H is a semiprime subset of H if and only if the fuzzy subset fa of H is fuzzy
semiprime.

Theorem 3.8. An ordered hypersemigroup (H, <) is left reqular if and only if
the fuzzy left ideals of H are fuzzy semiprime.

Proof. =>. Let f be a fuzzy left ideal of H and a € H. Then f(a) > f(aoca).
In fact: Let u € aoa. Then f(a) > f(u). Indeed: Since u € H and H is
left regular, there exist z,¢t € H such that ¢t € (x ou) * {u} and a < t. Since
t € (xou)x{u}, we have t € wou for some w € x ou. Since f is a fuzzy left
ideal of H, we have f(wou) > f(u). Since t € wowu, we have f(t) > f(u). Since
a <t, we have f(a) > f(t). Thus we have f(a) > f(u).

<. By Theorem 2.9, it is enough to prove that every left ideal of H is
semiprime. Let now A be a left ideal of H. By Lemma 3.4, f, is a fuzzy
left ideal of H. By hypothesis, f4 is semiprime. Then, by Lemma 3.6, A is
semiprime. 0
The right analogue of the above theorem also holds, and we have

Theorem 3.9. An ordered hypersemigroup H is right regular if and only if
every fuzzy right ideal of H is fuzzy semiprime.

Theorem 3.10. An ordered hypersemigroup (H,o,<) is intra-reqular if and
only if every fuzzy ideal of H is fuzzy semiprime.

Proof. =. Let f be a fuzzy ideal of H and @ € H. Then f(a) > f(aoa).
In fact: Let u € aoa. Then f(a) > f(u). Indeed: Since u € H and H is
intra-regular, there exist x,y,t € H such that ¢ € {z} % (vou)* {y} and a < t.
Since t € (x ou)* (uoy), there exist v € xow and w € woy such that t € vow.
Since f is a fuzzy left ideal of H, we have f(vow) > f(w). Since t € vow, we
have f(t) > f(w). Since f is a fuzzy right ideal of H, we have f(uoy) > f(u).
Since w € w oy, we have f(w) > f(u). Since a < t, we have f(a) > f(t). Thus

we get f(a) > f(u).
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<=. By Theorem 2.13, it is enough to prove that every ideal of H is semiprime.
Let now A be an ideal of H. By Lemma 3.5, the characteristic function f4 is a
fuzzy ideal of H. By hypothesis, f4 is fuzzy semiprime. Then, by Lemma 3.6,
A is semiprime. U

I would like to thank Professor Klaus Denecke for his interst in my work
and his prompt reply.
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Abstract

This paper serves as an example to show the way we pass from ordered
groupoids (ordered semigroups) to ordered hypergroupoids (ordered hy-
persemigroups), from groupoids (semigroups) to hypergroupoids (hyper-
semigroups). The results on semigroups (or on ordered semigroups) can
be transferred to hypersemigroups (or to ordered hypersemigroups) in the
way indicated in the present paper.

1 Introduction and prerequisites

An ordered groupoid (: po-groupoid) is a nonempty set S endowed with an
order “<” and a multiplication “” such that a < b implies ca < ¢b and ac < be
for every ¢ € S. Given a set S, a fuzzy subset of S (or a fuzzy set in S) is,
by definition, an arbitrary mapping of S into the closed interval [0, 1] of real
numbers (Zadeh). Fuzzy sets in ordered groupoids have been first considered in
2002 in Semigroup Forum [7], where the following concepts have been introduced
and studied: A fuzzy subset f of an ordered groupoid (5, -, <) is called a fuzzy
left (vesp. fuzzy right) ideal of S if (1) x < y implies f(z) > f(y) and (2) if
flzy) > f(y) (resp. f(ay) > f(x)) for every z,y € S. Tt is called a fuzzy ideal
of S if it is both a fuzzy left ideal and a fuzzy right ideal of S. A fuzzy subset
f of a groupoid (or an ordered groupoid) S is called a fuzzy subgroupoid of S
if f(zy) > min{f(z), f(y)} for all z,y € S. A fuzzy subset f of an ordered
groupoid S is called a fuzzy filter of S if (1) @ < y implies f(z) < f(y) and
(2) if f(zy) = min{f(z), f(y)} for all x,y € S. A fuzzy subset f of a groupoid
S is called fuzzy prime if f(xy) < max{f(z), f(y)} for all z,y € S. For a
groupoid S and a fuzzy subset f of S, the complement of f is the fuzzy subset
f': 8 —0,1] of S defined by f'(zx) =1— f(z) for all x € S. We have seen in

02010 Mathematics Subject Classification. Primary 20N99, 06F99, 08A72;

Secondary 06F05.

Key words and Phrases. Hypergroupoid, fuzzy subset, left ideal, fuzzy left ideal, filter,
fuzzy filter, fuzzy prime ideal.
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[7] that a nonempty subset A of an ordered groupoid S is a left (resp. right)
ideal of S if and only if its characteristic function f4 is a fuzzy left (resp. fuzzy
right) ideal of S. A nonempty subset F' of an ordered groupoid S is a filter of
S if and only if the fuzzy subset fr is a fuzzy filter of S. A fuzzy subset f of an
ordered groupoid S is a fuzzy filter of S if and only if the complement f’ of f
is a fuzzy prime ideal of S. Later, fuzzy ordered semigroups have been widely
studied by many authors.

In the present paper we examine the results of ordered groupoids given in
[7] in case of some hypergroupoids. We deal with an hypergroupoid (H, o) en-
dowed with a relation “<” (not order relation, and so not compatible with the
hyperoperation “o” in general). Though we could call o that relation and o—
hypergroupoid the hypergroupoid endowed with the relation o, we will show
by “<” the relation and use the term <-hypergroupoid, to emphasize the fact
that our results hold for ordered hypergroupoids as well. As a consequence,
the results in [7] also hold in groupoids endowed with a relation “<” which is
not an order in general and so no compatible with the multiplication in gen-
eral. Our aim is to show the way we pass from ordered groupoids to ordered
hypergroupoids.

For a groupoid (S, -) we have one operation corresponding to each (a,b) €
S x S the unique element ab of S. For an hypergroupoid H we have two
“operations”. One of them is the “operation” between the elements of H which
is called “hyperoperation” as it maps the set H x H into the set of nonempty
subsets of H and the other is the operation between the nonempty subsets of
H. We use the terms left (right) ideal, bi-ideal, quasi-ideal instead of left (right)
hyperideal, bi-hyperideal, quasi-hyperideal and so on, and this is because in this
structure there are no two kind of left ideals, for example, to distinguish them
as left ideal and left hyperideal. The left ideal in this structure is that one which
corresponds to the left ideal of groupoids.

2 Main results

An hypergroupoid is a nonempty set H with an hyperoperation

o:Hx H—P*(H)| (a,b) > aobon H
and an operation

x: P*(H)x P*(H) — P*(H) | (A4,B) - A*x B on P*(H)
(induced by the operation of H) such that

AxB= U (aobd)

(a,b)e AXB

for every A, B € P*(H), P*(H) being the set of (all) nonempty subsets of H.
As the operation “x” depends on the hyperoperation “o”, an hypergroupoid can
be also denoted by (H, o) (instead of (H,o,x)). If H is an hypergroupoid then,
for every x,y € H, we have {a} x{y} =z oy.

By the definition of the hypergroupoid we have the following proposition
which, though clear, plays an essential role in the theory of hypersemigroups.

Proposition 1. [4, 5] Let (H, o) be an hypergroupoid, x € H and A, B € P*(H).
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Then we have the following:

() x€e AxB <= x€aob forsomeac A, be B.

(2) Ifac Aandbe B, thenaobC Ax B.

It is well known that a nonempty subset A of a groupoid (S, ) is called a
left (right) ideal of S if SA C A (resp. AS C A). It is called a subgroupoid of
S if A%2 C A (cf., for example [1]). These concepts are naturally transferred in
case of hypergroupoids as follows: A nonempty subset A of an hypergroupoid
(H,o) is called a left (resp. right) ideal of H it H+ A C A (resp. Ax H C A).
A subset of H which is both a left ideal and a right ideal of H is called an ideal
of H. A nonempty subset A of H is called a subgroupoid of H if Ax A C A.
Clearly, every left ideal, right ideal or ideal of H is a subgroupoid of H.
Lemma 2. [5] Let (H,o) be an hypergroupoid. If A is a left (resp. right)
ideal of H then, for every h € H and every a € A, we have hoa C A (resp.
aoh C A). “Conversely”, if A is a nonempty subset of H such that hoa C A
(resp. aoh C A) for every h € H and every a € A, then the set A is a left
(resp. right) ideal of H.

Lemma 3. Let (H, o) be an hypergroupoid. If A is a subgroupoid of H then, for
every a,b € A, we have aob C A. “Conversely”, if A is a nonempty subset of
H such that aob C A for every a,b € A, then A is a subgroupoid of H.

Definition 4. By a <-hypergroupoid we mean an hypergroupoid H endowed
with a relation denoted by “<”.
We write b > a if a < b (i.e. if (a,b) belongs to the relation <).

The concepts of fuzzy left (right) ideals of ordered groupoids introduced by
Kehayopulu and Tsingelis in [7] are naturally transferred to <-hypergroupoids
in the following definition:

Definition 5. (cf. also [5]) Let H be a <-hypergroupoid. A fuzzy subset f of
H is called a fuzzy left ideal of H if

L o <y= f(z) > f(y) and

2. if f(xoy) > f(y) for all z,y € H, meaning that x,y € H and u € zoy
implies f(u) > £(y).

A fuzzy subset f of H is called a fuzzy right ideal of H if
1. 2 <y= f(z) > f(y) and

2.if f(xoy) > f(x) for all 2,y € H, in the sense that if 2,y € H and
u € x oy, then f(u) > f(z).

A fuzzy subset f of H is called a fuzzy ideal of H it is both a fuzzy left and a
fuzzy right ideal of H. As one can easily see, a fuzzy subset f of H is a fuzzy
ideal of H if and only if

1. x <y implies f(z) > f(y) and

)
2. if f(xoy) > max{f(x), f(y)} for all z,y € H, in the sense that z,y €
H and u € z oy implies f(u) > max{f(z), f(y)}.
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Following Zadeh, any mapping f : H — [0,1] of a <-hypergroupoid H into
the closed interval [0, 1] of real numbers is called a fuzzy subset of H (or a fuzzy
set in H) and fa (: the characteristic function of A) is the mapping

fA:H—>{O,1}x—>fA(a:)={ (1) iiff j;f

The concepts of left and right ideals of ordered groupoids introduced by
Kehayopulu in [3] are as follows: If (S, -, <) is an ordered groupoid, a nonempty
subset A of S is called a left (resp. right) ideal of S if (1) SA C A (resp.
AS C A) (that is, if A is a left (resp. right) ideal of the groupoid (.5,-)) and
(2)ifae Aand S 3 b < a, then b € A. If A is both a left and right ideal of
(S, -, <), then it is called an ideal of S. These concepts are naturally transferred
in case of an <-hypergroupoid as follows:

Definition 6. [5] Let H be a <-hypergroupoid. A nonempty subset A of H is
called a left (resp. right) ideal of H if

(1) H* AC A (resp. AxH C A) and

(2)ifaec Aand H>b<a,thenbe A.
Proposition 7. (cf. also [5]) Let H be a <-hypergroupoid. If L is a left ideal of
H, then fr, is a fuzzy left ideal of H. “Conversely”, if L is a nonemply subset
of H such that f1, is a fuzzy left ideal of H, then L is a left ideal of H.

Proof. =—>. Let L be a left ideal of H. By definition, fr is a fuzzy subset
of H. Let « < y. Ify & L, then fr(y) = 0, so fr(x) > fr(y). Ify € L,
then H 5 x < y € L and, since L is a left ideal of H, we have z € L. Then
fo(x) = frly) = 1, so fro(z) > fr(y). Let now x,y € H and u € z o y.
Then fr(u) > fr(y). Indeed: If y € L then, by by Proposition 1, we have
zoy CH*LCL,soué€ L, then fr(y) = fr(u) =1, so fr(u) > fr(y). If
y & L, then fr(y) =0 < fr(u).

<. Let z € Hand y € L. Then zoy C L. Indeed: Let x oy € L. Then
there exists u € z oy such that v ¢ L. Since u € z oy, by hypothesis, we
have fr(u) > fr(y). Since u ¢ L, we have fr(u) = 0. Since y € L, we have
fr(y) = 1, then 0 > 1 which is impossible. Let now € L and H > y < .
Then y € L. Indeed: Since fr, is a fuzzy left ideal of H and y < x, we have
frly) > fo(x). Since x € L, we have fr(x) = 1. Then we have fr(y) > 1. On
the other hand, f7(y) < 1, so we have f(y) = 1, then y € L, and the proof is
complete. O
In a similar way we prove the following:

Proposition 8. Let H be a <-hypergroupoid. If R is a right ideal of H, then
fr is a fuzzy right ideal of H. “Conversely”, if R is a nonempty subset of H
such that fr is a fuzzy right ideal of H, then R is a right ideal of H.
Proposition 9. If H is a <-hypergroupoid, a nonempty subset I of H is an
ideal of H if and only if f1 is a fuzzy ideal of H.

The concept of a filter of an ordered groupoid introduced by Kehayopulu in
1987 [2] is as follows: If (S, -, <) is an ordered groupoid, a nonempty subset F
of S is called a filter of S'if (1) if a,b € F, then ab € F. (2) if a,b € F such that
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ab e F,thena € Fandbe F. (3)ifa € F and S 3 b > a, then b € F (that
is, if F' is a subgroupoid of the groupoid (S, -) satisfying the properties (2) and
(3)). This concept is naturally transferred to <—hypergroupoids in Definition
10 below. It might be noted that the properties (1) and (2) of Definition 10
correspond to the properties (1) and (2) of filters of ordered groupoids but, in
contrast to the case of ordered groupoids, they are not enough to prove basic
results on ordered hypergroupoids. To overcome this difficulty, the property (3)
in Definition 10 has been added. Our aim now is to characterize the filters of
<-hypergroupoids in terms of fuzzy filters.

Definition 10. Let H be a <-hypergroupoid. A nonempty subset F' of H is
called a filter of H if

(1)ifz,y € F, thenzoy C F.

(2)ifz,y€ Hand xroy C F,then x € F and y € F.

(3)if v,y € H, then zoy C For (zoy)NF ={.

(4)ifx € Fand H>y > x, then y € F.
So a filter of H is a subgroupoid of H satisfying the conditions (2)—(4).

Remark 11. Let H be a <-hypergroupoid, F' a filter of H and x,y € H. The
following are equivalent:

(1) xzoyC For(xoy)NF =0.

(2)ifx ¢ Fory¢F, then (xoy)NF = 0.
Indeed: (1) = (2). Let e ¢ Fory ¢ F. If xoy C F then, since F is a filter
of H, we have z € F and y € F which is impossible. Thus we have z oy ¢ F.
Then, by (1), we get (zoy) N F = () and (2) is satisfied.
(2) = (1). Let zoy € F. If z,y € F then, since F is a filter of H, we have
x oy C F which is impossible. Thus we have © ¢ F or y ¢ F. Then, by (2), we
have (zoy) N F =, and (1) holds true.

The concept of a fuzzy filter of an ordered groupoid introduced by Kehay-
opulu and Tsingelis in [7] is naturally transferred to a <-hypergroupoid in the
following definition:

Definition 12. Let H be a <-hypergroupoid. A fuzzy subset f of H is called
a fuzzy filter of H if

1. if z <y implies f(z) < f(y) and

2. if f(x oy) = min{f(x), f(y)} for every z,y € H, in the sense that if
x,y € H and u € x oy, then f(u) = min{f(z), f(y)}.

Proposition 13. Let H be a <-hypergroupoid. If F is a filter of H, then the
fuzzy subset fr is a fuzzy filter of H. “Conversely”, if F' is a nonempty subset
of H such that fr is a fuzzy filter of H, then F is a filter of H.

Proof. =. Let z < y. If x ¢ F, then fr(z) =0, so fr(z) < fr(y). If
x € F, then fr(x) = 1. Since y € H and y > = € F, we have y € F. Then
frly) = 1, and fr(z) < fr(y). Let now x,y € H and u € x oy. Then
fr(u) = min{fr(x), fr(y)}. Indeed: (a) If zoy C F, then x € F and y € F.
Alsou € F. Then fp(z) = fr(y) = fr(u) =1, so fr(u) = min{fr(z), fr(y)}.
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(b) Let zoy ¢ F. Then z ¢ F or y ¢ F (since z,y € F implies z oy C F
which is impossible), then fr(z) =0 or fr(y) = 0, and min{ fr(z), fr(y)} = 0.
On the other hand, since x oy € F, we have (x oy) N F = (). Since u € x oy,
we have u ¢ F. Then fr(u) =0, so fr(u) = min{fr(z), fr(y)}.
<. Let z,y € F. Then x oy C F. Indeed: Let u € x oy. By hypothesis, we
have fp(u) = min{fr(z), fr(y)}. Since z,y € F, we have fp(x) = fr(y) =1
Then fp(u) =1, and u € F, so F is a subgroupoid of H. Let x,y € H such
that xoy C F. Then z € F and y € F. Indeed: Let x ¢ F or y ¢ F. Then
fr(z) =0 or fr(y) = 0, hence min{fr(z), fr(y)} = 0. Since z oy € P*(H),
the set x o y is nonempty. Take an element u € x oy. Since fr is a fuzzy filter
of H, we have fp(u) = min{fr(z), fr(y)}, so fr(u) = 0. On the other hand,
since u € x oy C F, we have fp(u) = 1. We get a contradiction. Let z,y € H
such that zoy € F. Then (zoy)NF = . Indeed: Let u € (xoy) N F. Since
u € x oy, by hypothesis, we have fr(u) = min{fr(z), fr(y)}. If z ¢ F, then
fr(xz) =0, thus frp(u) = 0. On the other site, since u € F, we have fp(u) = 1.
We get a contadiction, so we have z € F. In a similar way we prove that y € F'
and, since F' is a subgroupoid of H, we have x oy C F, which is impossible.
Finally, let x € F and H > y > x. Since fr is a fuzzy filter of H, we have
1> frly) > fr(xz) =1, then fr(y) =1,80 y € F. Thus F is a filter of H. O

In what follows, for a fuzzy subset f of an <-hypergroupoid H we introduce
the concept of the complement [’ of f (which again is analogous to that one
defined for ordered groupoids in [6]) and we prove that a fuzzy subset f of a
<-hypergroupoid H is a fuzzy filter of H if and only if the complement [’ of H
is a fuzzy prime ideal of H.

Definition 14. Let H be an hypergroupoid or <-hypergoupoid and f a fuzzy
subset of H. The fuzzy subset

'S —[0,1] defined by f'(z) =1 — f(x)

is called the complement of f in H.

We remark the following:
(a) Ifx € H, then (f')(x) = 1—f'(x) = f(x). Thus we have f" := (f') = f.
(b) f(z) < f(y) <= ['(z) = ['(y) (2,y € H).
(c) f(z) = fly) <= ['(z) = ['(y) (z,y € H).
Lemma 15. (cf. also [6]) Let H be an hypergroupoid, f a fuzzy subset of H and
x,y € H. Then we have

1 —min{f(z), f(y)} = max{f'(z), f'(y)} (%)
Proof. Let f(z) < f(y). Thenmin{f(z), /(y)} = /(z), thus 1-min{f(z), f(5)}
1— f(z) = f'(z). On the other hand, f(x f(y) implies f'(x) > f'(y), so

) <
we have max{f"(z), f'(y)} = f'(z) and (x) is satisfied. If f(y) < f(z), b
symmetry, the relation (x) also holds. O

Lemma 16. Let H be an hypergroupoid, f a fuzzy subset of H and x,y € H.
The following are equivalent:
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(1) f(z oy) = min{f(z), f(y)}-

(2) f(woy) = max{f'(x), f'(y)}-
Proof. (1) = (2). Let u € z oy. By (1), we have f(u) = min{f(z), f(v)}.
Then, by Lemma 15, we have

f(uw) =1—f(u) =1 -min{f(2), f(y)} = max{f'(x), f'(y)},
and (2) holds true.
(2) = (1). Let u € zoy. By (2) and Lemma 15, we have

f'(u) = max{f'(z), f'(y)} = 1 —min{f(x), f(y)}.
Then f(u) =1— f'(u) = min{f(z), f(y)}, and (1) is satisfied. O

The concept of fuzzy prime subsets of groupoids or of ordered groupoids [7]
is naturally transferred to hypergroupoids and to ordered hypergroupoids in the
following definition.

Definition 17. [5] A fuzzy subset f of a groupoid (or a <-hypergroupoid) H is
called a fuzzy prime subset of H if f(z oy) < max{f(z), f(y)} for all x,y € H.
That is, if z,y € H and u € z oy, then f(u) < max{f(z), f(y)}.

If H is a <-hypergroupoid, by a fuzzy prime ideal of H we clearly mean a
fuzzy prime subset of H which is at the same time a fuzzy ideal of S. So a fuzzy
subset of H is a fuzzy prime ideal of H if and only if the following assertions
are satisfied:

1. 2 <y= f(z) > f(y) and

2. if f(xoy) = max{f(x), f(y)} for all z,y € H, in the sense that if z,y € H
and u € x oy, then f(u) = max{f(z), f(v)}.

Proposition 18. Let H be a <-hypergroupoid and f a fuzzy subset of H. Then f
is a fuzzy filter of H if and only if the complement f' of fis a fuzzy prime ideal
of H.

Proof. —. Let & < y. Since f is a fuzzy filter of H, we have f(z) < f(y),
then f'(z) > f'(y). Let now x,y € H. Since f is a fuzzy filter of H, we have
f(zoy) =min{f(z), f(y)}. Then, by Lemma 16, f'(zoy) = max{f’(z), f'(y)},
thus f’ is a fuzzy prime ideal of H.

<. Let x < y. Since f’ is a fuzzy ideal of H, we have f'(z) > f’(y). Then
flx)=f"(x) < f"(y) = f(y). Let now x,y € H. Since f’ is a fuzzy prime ideal
of H, we have f'(x oy) = max{f'(z), f/(y)} then, by Lemma 16, f(z oy) =
min{ f(z), f(y)}, thus f is a fuzzy filter of H. O
Let us finish with an example.

Example. We consider the <-hypergroupoid H = {a,b,c,d, e} defined by the
hyperoperation given in the table and the relation “<” below.

a b c d e
{a} {a} {a,b,c} | {a,bd} {a}
{a} {a} {a,b,c} | {a,b.d} {a, b}
{a} {a} {a,b,c} {a,b,d} {a,b,c}
{a} {a} {a,b,c} {a,b,d} {a,b,c}
{a} {a,b} {a,b,c} {a,b,d} {a,b,e}

O[O || O
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<= {(a7a)’ (CL, b)’ (b7 b)v (bv d)}

One can easily check that the set A = {a,b,d} is a left ideal of (H,o,<) and
that the characteristic function f4 of A, that is, the mapping

fA:HH{O,1}|foA(x){ : iiffjgf

is a fuzzy left ideal of H (the latest being also a consequence of Proposition 7).

With my best thanks to Professor Klaus Denecke for editing and communi-
cating the paper and his useful comments.
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