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Abstract. Letus consider the extension functor F of ring of scalars, associated to a
surjectivemap f: 4 — A of commutative rings with 1. Let 14Ker f consist of invertible
elements. Then F induces an isomorphism of groups K(4) — K(A4). Moreover, we
investigate topological algebras, where the invertible elements form an open set, and

prove for them some analogues of theorems for Banach algebras.

1. Introduction

Let 4 > 1 be a commutative complex algebra. (In the whole paper algebras
are complex, and have 1(# 0)). Let P(4) be the category of all unitary projective,
finitely generated A-modules. Then P(4) is a (small) additive category and the
set pu(A) of all classes of isomorphisms of objects in P(4) is an abelian monoid.

Let us denote by K(A) the symmetrization of the monoid u(4) ([4, p. 53]).
For a compact Hausdorff topological space we denote by C(X) the algebra of all
continuous complex functions with domain X. Whenever no misunderstanding
arises, we shall write K(X) instead of K(C(X)).

A seminorm p on a topological algebra A4 is said to be submultiplicative if,
for any elements x, y in A, we have that

P(x-y) < p(x)-p(y).

A locally convex algebra 4 is locally multiplicatively convex if the topology
of A is defined by a separating and (upwards) directed family of submultiplica-
tive seminorms. We shall, for brevity, call such an algebra a locally m-convex
algebra and such base of seminorms an m-base.

AMS Subject Classification (2000): Primary: 19xx, Secondary: 46J99, 18G99
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Let A be a locally m-convex algebra. Let P be an m-base of seminorms of 4.
For each p € P we define the set N, by

N, ={x € 4: p(x) =0}.

Clearly, N, is a closed two sided ideal of A. Also, for each x in 4 and each p in P,
we denote by x,, the class of x in the quotient algebra 4, :== 4/N,,.
For each seminorm p € P we have that the function on 4, defined by

%l = p(x)
is a norm and
12 Il < Mlxp] - (1, II-

This norm is continuous with respect to the quotient topology and, consequently,
endowing 4, with this norm, the natural homomorphism

T A — Ay

is continuous and onto.

Let 64 be the set of invertible elements of the locally convex algebra4 > 1.
If 04 is openin 4 (i.e. 1 € int 64) then 4 is called a Q-algebra.

Let A" be the topological dual of the locally convex algebra 4 > 1. The
spectrum of 4 consists of all elements of A, which are algebra-homomorphisms
preserving 1. This spectrum with the weak topology induced by 4 will be denoted
by m(A). More precisely, this is the weak topology induced by the maps m(4) >
> f+ fl(a) € C, wherea € A.

It is well known that every Banach algebra is a Q-algebra (see [9, p. 16]). It
is also known that if the Banach algebra A is commutative then m(A4) is compact
Hausdorff ([9, p. 44)).

2. On the K-functor

Let us begin with some observations which are to be used in what follows.

Let A4 > 1 be a commutative ring, J an ideal of 4 and M a unitary A-module.
By A we mean the ring 4/J. The tensor product by M of the exact sequence of
A-modules

05J—>A4—4—0

gives us the exact sequence of 4-modules ([6, Ch. VI, §2])
MRy —>MRuA4A—>MxsA4A— 0.
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By JM = Im(M ®4 J — M) we denote the submodule of M spanned by
the elements of the form a - x with a € Jand x € M. Since M ®, A and M are
isomorphic, the sequence

0>JIM—>M—->Mx44—0

gf A-modules is exact. Therefore, M ®4 A and M /JM are isomorphic both as
A-modules and as A-modules.
_ The functor () ®4 4, from the category of A-modules to the category of
A-modules, is called the extension functor of the ring of scalars associated to the
map A — A (cf. [4,11. 1. 12]).

Letgb d hi fA" = A&®...®A4and letg = id:

et g be an endomorphism o @...0A4and letg = g®,id;
n

A"®4A — A" 24 A be the induced endomorphism. If we take the tensor product
of the exact sequence

0—Kerg—A4"—Img—0

by 4 we get the exact sequence ([6], above cited)

Kerg@y A4 — A" ®Azi>lmg®2—>0,

whence, Im(Kerg ®4 4 — A" ®4 A) = Kergand Img = Im g ®4 4.

THEOREM 2.1. Let A be a commutative ring with unit 1. Let J be an ideal of
A such that 1 + J is contained in 6 4. Then the extension functor of the ring of
scalars, associated to the quotient mapping from A into A := A/J induces an
isomorphism of groups between K(A4) and K(4).

Proor. The proof consists of two steps: the functor mentioned in the theorem
induces an injection, and also a surjection between K(4) and K(4).

We prove first that if M and N are objects in P(4) such that M ®4 A and
N ®,4 A are A-isomorphic then M and N are 4-isomorphic.

Let p, g be projections of 4” such that Imp = M and Im ¢ = N. For given
@: A" — A", we write G: A' — A" for the image of ¢ by the (-) ® 4 4 functor
(observe that A" @4 A = Zn). If M ®4 A is A-isomorphic to N ®4 A, then there
exist A-isomorphisms

f: Imp — Imy, g: Img — Imp
such that
f-g=id, g-f=id.
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We now extend f and g to endomorphisms f’, g’ of 4", letting /' (Kerp) =
g (Kerg) = {0}, as shown on the following commutative diagram,

0 - Keep - 4" — Imp — 0
) 4 Lf

0 - Kerg — A" — Img — 0
) g4 lg

0 - Keep - 4" — Imp — 0

(the left hand side vertical arrows are 0's, // = 0 @ f: Kerp @ Imp — Kerg @
@ Im g, and similarly for g’).
From this it follows that the following diagram is commutative:

n f ! —n 8 —n

A > A4 - A4
_ /! _ g _
p q P
A - A" - A
Vil g

and that gf' = p, ¢ =7¢. B
Let us choose endomorphisms f” and g” of 4” such that " = f', g’ = ¢,
and take f = gf"'p, & = pg”q. Then the following diagram is commutative

f g

A" - A" - A"
P f q g P
A" >~ A" > A"
f g

in particular

f(Imp) C Img, g(Img) C Imp.
Letf: Imp — Img and g: Im g — Imp be defined to be the restrictions
of f and g to Im p and Im ¢ respectively. Then we have that

i:fv §:g

whence,

f-gx) —xeJ -Img, forallx € Imgq
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and
g f(x)—xeJ-Imp, for all x € Imp.

It can now be easily deduced from Nakayama's Lemma ([1, Ch. IIL, Prop. (2.2)]),
that g - f and f - g are also isomorphisms. This, in turn, implies that f and g are
isomorphisms.

Now we prove that, if N is an object in P(4), then there exists an object M
in P(A) such that M ®, 4 is A-isomorphic to N. In fact, if N is an object of P(4),
then N is a direct summand of some finitely generated free A-module, therefore,
there exists a short and split exact sequence

0—>Kerp—>ZnLN%O

with p a projection of 4”.
Let g be an endomorphism of 4” such that g = p. From the fact that the
sequence

0— Kerg— A" -25Img — 0

is exact, the diagram

JA"

J-Img

A}’l

Img —0
g

is commutative, where the vertical arrows represent the corresponding inclusions
and j is the restriction of g to J - 4”, and the fact that g — g> = p — p*> = 0, we
deduce that g — g® maps A" onto J - Im g.

Since j is an epimorphism, there exists an 4-homomorphism, say o: 4" —
— J - A", such that

i3-jro=g-¢&,
or, equivalently,
ih-gi-o=g—¢&,
where i3: J-Im g — A" is the inclusion.
Let & = idy» —i; - o then gh = g2 and, for each x € 4" we have that

h(x) —x =1 - o(x)

is in J4". From this fact and Nakayama's Lemma we deduce that /4 is an isomor-
phism.
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Since (h — g)? — (h — g) = 0, then proceeding as before we deduce that
there exists an isomorphism & such that (h — g)k = (h — g)%, ie., (h — )k~ ! =
= (h—g)*k~2. Now, writing ¢ = (h—g)k™~! we have that ¢*> = ¢, and k(x) —x €
€ JA", that is, ¢q is a projection of 4" such that

g=li—2) =
=1—-p.

Finally, by taking M as the image of the projection 1 — g we deduce that M
is an object of P(4) and that

M®4A=N. |

A simple consequence is the following

CoROLLARY 2.2. Let A, B be commutative rings. Let j1: A — B be a ring epi-
morphism. If 1 + Ker o C 4, then

K(A) = K(B). |

CoroLLARY 2.3. Let A be a complex commutative locally m-convex Q-algebra
with identity 1. Then for each m-base P of seminorms of 4 there exists p, € P
such that

K(4) = K(4,), for eachp > p,.

ProOF. Let P be an m-base of seminorms in 4. Let I' be the family of all finite
subsets of P. For each H € I" and each £ > 0, let us define the set U(H, €) by

UH,e) ={x € A4: p(x) <e, forallp € H}.

This family is a basis of neighborhoods of zero in 4. If 4 is a Q-algebra, then
there exist H in I and € > 0 such that

1+ U(H, 8) C 0y.
Let p, be an upper bound of H, such that
1+ N, C14+U{po},e) C1+U(H,e) C 0.

Then we deduce from Theorem 2.1 that K(4) = K(A4,, ).
Moreover, if p > p, in P, then N, C N, and, consequently,
K(4,) = K(4). |
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3. The spectrum m(A4) of 4

Let us recall that for a commutative complex algebra 4 with identity 1 and
for each x € A4 the set ¥ 4(x) is defined by

Yux) ={r e C:x— Al & 04}.

This set, with the topology induced by that of C, i.e., the subspace topology, is
called the spectrum of x. If 4 is locally m-convex, then ¥4(x) # 0 ([7, p. 10]).

The following proposition may be known. We include it here for the sake
of completeness.

ProrosiTION 3.1. If A > 1 is a commutative complex locally m-convex Q-
algebra, then the set ¥ 4(x) is compact for eachx € A.

Proor. Let {)\,}>°, be a sequence in X4(x) which converges to the point A in
the closure of ¥ 4(x). Then the sequence {x — \,1}>°, converges to x — Al in
A\ 04 and, since 4 \ 04 is closed, x — A1 ¢ 04, that is, A € X 4(x).

The set ¥ 4(x) being closed, it remains to prove that it is bounded. There is a
convex, balanced, and absorbent neighborhood W of zero in 4 such that W—1 C
C 64. Consequently, there is \g € C* = C \ {0}, such that for any A € C* for
which |A| < |Ao| we have that \x € W. This in turn implies that Ax + 1 =
= AMx+ A7) € 0y, thatis —A7' ¢ B (x) and X 4(x) C Bc(0, |Ao| 7). 1

Let 04(x), x € 4 be the function defined by

o4(x) = sup{|A|: A € Z4(x)}.
Let 4(A4) be the set of all x € 4 such that o4(x) < 1. Then, since
{f(x): fem(d)} C Xyx),

we have that
()| < oa(x)
for each ' € m(A4) and
s(4)C ) {xed:|[flx)| <1}
fem(4)
ProrosiTION 3.2. Let A be a commutative complex locally m-convex Q-

algebra. Then s(A) is a neighborhood of zero in A.

Proor. Let Wbe a convex, balanced and absorbent neighborhood of 0 such that
W+ 1 C 04. If W is not contained in §(4), then there isanx € Wanda A € C
such that [A\| > 1 andx — A1 ¢ 0,4.
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From the fact that W is balanced and the obvious equality x — A\l =
= —A(=A"!x+1) we deduce that —A\~!x+ 1L isin W+ 1 and x — A1 € 4. This
is a contradiction. 1

THEOREM 3.3. Let A be a commutative complex locally m-convex Q-algebra.
Then the set m(A) is compact Hausdorff and equicontinuous.

Proor. Since, according to Proposition 3.2, the set 4(4) is a neighborhood of
zero and for each x € §(4),f € m(4) we have |f(x)| < 1, then we deduce that
m(A) is equicontinuous.

The set m(A) is closed in A" = ], Cx by equicontinuity. It follows from
Proposition 3.1 and Tychonoff's theorem that the space m(4) can be identified
with a compact subset of 4”. Thus m(4) is compact Hausdorff. |

The continuous homomorphism 7,: 4 — 4, induces a continuous map
s m(dy) — m(4).
THEOREM 3.4. Let A be a commutative complex locally m-convex Q-algebra.
Let P be an m-base of seminorms in A. Then, there exists an element g, in P
such that, for every p > q,, the mapping 7, is a homeomorphism from m(4,)

onto m(A4).

Proor. Since the space m(A4) is equicontinuous, it follows from the fact that P
is an m-base in A that there are an € > 0 and a finite subset H of P such that
for all x € U(H, ¢) (defined in the proof of Corollary 2.3), |f(x)| < 1 for each

fem(A).
Let g, be an upper hound of H. Then

U({40},¢) C UlH,¢)
and consequently, we have that for each x € Ny,
C-x C Ny, CU({4qp},¢).
Hence, for each f' € m(4),
)] = [Allfx)] <1
forall A € C, that is f(x) = 0 on Ng,. This in turn implies that 77 is onto, and
since it is injective, 77(’;0 is a homeomorphism.

Finally, if p > g, then p is an upper bound for / and proceeding as above,
we deduce that 7r; is a homeomorphism. |
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NON-FINITELY BASED VARIETIES
OF WEAKLY ASSOCIATIVE LATTICES*
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Abstract. A directed graph is called a Weakly Associative Lattice (WAL), if every
pair of elements a, b has a least common upper bound (a V b) and a greatest common
lower bound (a A b). This generalization of lattices includes a generalization of distribu-
tive lattices. Let U/ be the variety of WAL generated by the directed graphs in which every
pair of distinct elements have a unique upper and unique lower bound. The subdirectly
irreducible elements of variety I/ consist of all graphs such that every pair of elements
has a unique common upper bound and a unique common lower bound, as well. This
property is called UBP, as well as the graphs which satisfy UBP.

Let I be any set of integers greater than 2. Let U denote the subvariety of U generated
by those UBPs which do not contain cycles of length n € I. These varieties have finite
equational basis if and only if I is finite. An equational basis is presented for every 1.

As a “byproduct” it is shown that every finite UBP, except the two-element lattice
contain a “triangle” or a fourcycle. The problem regarding triangle, only, is still open.

0. Preliminaries

Tournaments are complete directed graphs. In a tournament one can define
two operations V and A, as follows: Both operations are idempotent, commuta-
tive and fora — bletaVb = band aAb = a. Either of these operations uniquely
determine the graph!. In [15] the authors proved that the variety generated by

AMS Subject Classification (2000): Primary: 08B99, secondary: 05C20
* Research was supported by OTKA grants T029525 and T023186 and FKFP grant 0877/1997.
The original manuscript was sent to Algebra Universalis in 2003, but it went astray and was
lost.
"More details about this connection and about the concepts used here will be given in the
introduction.
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tournaments with one binary operation is not finitely based. R. MCKENZzIE asked
whether the same holds when we consider both operations. Though this variety
is nicer, the problem seems to be more difficult.

For tournaments with a single operation the first step was, to have a close
look at the free algebra on three and four generators ([16]). The first one has 15
elements and the second one a few millions. The variety generated by the tour-
naments as type 2, 2 algebras is congruence distributive. However the problem
with this variety is, that the three-generated free algebra has 162 elements and the
four-generated has more than 10'!. Indeed, these algebras are weakly associa-
tive lattices. The free algebra is a subdirect product of four-generated subdirect
irreducible tournaments, considered as many times as many the number of es-
sentially different products of four-generated tournaments having neither least
nor greatest elements. Some of these are triangles. By [9] their subdirect product
is direct, moreover a direct factor of the free algebra.

We get as many triangles as many distinct onto-projection the generators
a, b, c,d have to the triangle 1,2, 3. Two of them — say a and b — must have the
same image —say 1. Then c is mapped either to 2 or to 3, which are distinct cases
because of 3 — 1 — 2. Hence, the number of triangles are (‘3‘) -3.2 = 36. Since
we have a direct product, the number of elements is 33® ~ 1,5 - 103 > 10'!.

In [3] tournaments with two operations was the natural starting point of
weakly associative lattices — a non-associative generalization of lattices —, with
the idea, that tournaments are the generalization of chains, i.e., they generate a
variety, a generalization of the class of distributive lattices.

It is natural to ask whether, if not the whole variety, at least a subvariety of
this variety is non-finitely based. There is an easy way, to check the existence
of such a subvariety. If a variety has a continuum of subvarieties, then “most
of them” must be non-finitely based, since the number of finitely based subva-
rieties is countable?. In [6] the following method was used for establishing a
continuum of subvarieties. Suppose, the subdirectly irreducible members of a
congruence distributive variety “behave nicely” so that we can find an infinite
set of finite ones such that no variety, generated by any subset of these algebras
contains the others. Then we can conclude the existence of a continuum of sub-
varieties. Certain aspects of this “nice behavior” hold for tournaments. Namely,
finite homomorphic images of subalgebras of ultraproducts of finite tournaments
are tournaments, again. Due to the well-known behavior of ultraproducts the ex-
istence of a continuum of subvarieties is equivalent to the following question:

2We speak about varieties having finitely many finitary operations.
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PrROBLEM. Does there exist an infinite set of finite tournaments such that none
of them is isomorphic to (a homomorphic image of) a subalgebra® of some
other one?

However, it is possible, that the variety of tournaments have countable many
subvarieties, only. It is not difficult to see that this is, basically, equivalent to the
following

ProBLEM. To each natural k does there exist a natural n, such that every finite
simple tournament of cardinality greater than n contains an isomorphic copy of
every tournament of cardinality at most k? (A tournament is simple if it contains
no proper convex subsets. A subset S of a tournament T is convex ifa,b € S,
a — x — b impliesx € §. S is proper if S # T and |S| # 1.)

In [10], [4], [5], [11], [12], [13], and [14] it became clear that the “appro-
priate” generalization of distributive lattices is the variety generated by those
weakly associative lattices which satisfy the unique bound property. Following
an other question of R. MCKENZIE, it was obvious to try to find subvarieties
of this variety which are not finitely based. Actually, in [6] the existence of a
continuum of such subvarieties of this variety was proved. We used the method
outlined above, thus each of these subvarieties was generated by finite algebras.
Of course, none of these subvarieties was “pointed out” to be non-finitely based.

In this paper, we shall produce a continuum of subvarieties of this variety,
such that their finite members are only the distributive lattices. Using the results
of [2] we shall be able to “point out” some of them. We shall give, as well, an
infinite system of equations which define one of these varieties.

1. Introduction

Let G = (G; <) be any directed graph, i.e., < is a reflexive and antisymmet-
ric relation on G. For a < b and a # b we shall use the notation ¢ — b. For any
a € GletU(a) = {x|la <x} and L(a) = {y|y < a} denote the set of upper and
lower bounds, respectively. If, for a, b € G, there exist a ¢ € U(a) N U(b) such
that for every x € U(a) N U(b) we have ¢ € L(x), then c is called the least upper
bound of a and b and it is denoted by a V b. The greatest lower bound a A b is
defined dually. If every pair of elements in G has least upper bound and greatest

3t is easy to see, that any homomorphic image of a tournament is isomorphic to a subalgebra
of the given tournament.
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lower bound, then G = (G, <) is called a Weakly Associative Lattice (WAL for
short). Obviously, a WAL is a lattice if and only if the relation < is transitive.

We can give an equational form of these operations. They are idempotent,
commutative, satisfy the absorption laws, just as in the case of lattices. But here
we only have a weaker form of associativity (this explains the name):

xVI[xAY)V(xAz)] = xA[(xVy)A(xVz)] = x

These equations imply that the relation x < y: x V y = y gives a WAL in the
above sense. Moreover, the WAL (G; <) and the algebra (G; V, A) uniquely de-
termine each other. Therefore, we may refer to these algebras as WALs, as well.
Obviously, tournaments are WALs. The variety of WALs will be denoted by W,
and the variety of lattices by L.

Asin L, the term m(x, y,z) = [(x Vy) A (xVz)] A (y V z) is a majority term,
hence, W is congruence distributive (CD for short).

Several attempts were made to find an “appropriate” generalization of the
variety D of distributive lattices within V. The idea, that they satisfy the Con-
gruence Extension Property (CEP for short), used in [10] turned out to be the
best. In [3], [4], [11] many properties were discussed, and it was proved that they
are equivalent to CEP.

In [10] a variety 7 was described, which covers D. T is generated by the
“triangle” T. It has three elements, satisfying a — b — ¢ — a. It is subdirectly
irreducible, just as the two-element lattice.

None of the subdirectly irreducible members of subvarieties of WV satisfy-
ing CEP contain a three-element chain, i.e., elements satisfying a — b — ¢ and
a — c. This property turned out to be equivalent to the Unique Bound Property
(UBP for short). UBP means, that for distinct a and b both U(a) N U(b) and
L(a) N L(b) have a single element. The WALSs satisfying UBP will be called
UBP, themselves. U will denote the class of all UBP and ¢/ will denote the
variety, generated by all UBP.

As UBP can be defined by a first order universal sentence, U is closed under
ultra-products and subalgebras. Since every UBP is simple, U is closed under
proper homomorphic images, as well. Thus, all Subdirectly Irreducible (SI for
short) members of U/ are in U.

It was shown in [5] that U consists of all SI members of W satisfying CEP.
It was proved in [12], that I/ is the largest subvariety of VV enjoying CEP. In the
same paper it was proved, as well, that I/ is the largest variety having Restricted
Equationally Definable Principal Congruences (REDPC for short). This means,
that there exists a (finite) set X(x,y,u,v) = {p;(x,y,u,v) = q;(x,y,u,v)} of
equations such that for a, b, ¢,d € 2 € U the congruence ¢ = d (@(a, b)) holds
if and only if ¥(a, b, ¢, d) is satisfied.
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One more very important feature of ¢/ was discovered in [13]. A ternary

function g(x, y, z) is called the dual discriminator on a set 4 if
a if a=5b
g(a,b,c)—{c it astb for a,b,c e A.

A variety V is called a dual discriminator variety if there exists a term ¢(x, y, z)
in the language of V which yields the dual discriminator on each SI member of
V. In this case g(x, y,z) is called a dual discriminator term. Dual discriminator
terms are always majority terms. Dual discriminator varieties have REDPC.

D is the maximal dual discriminator variety of £, with the majority term
m(x,y,z) as the dual discriminator term. 7 is a dual discriminator variety, as
well. Here both

tx,y,2) = {l(zAx) VY AXFV (2 A Y)
and its “dual”
£ (xy,2) ={lzVy) A VYA (z V)
are dual discriminator terms, yielding the dual discriminator on the two-element
lattice, as well as on the triangle (but not on other WALs).
U 1is, also, a dual discriminator variety, in fact the largest in V. Here the

construction of the dual discriminator term is more complicated. Let u(x,y,z) =
H(t(x,y,z),t*(x,y,z),z). Then

q(x’y’z) = t(u(x)xvyaz)au()/ax\/yuz))z)

is a dual discriminator term, yielding the dual discriminator function on
each UBP.

In [14] a graph-theoretic description of UBPs, with at least three elements
were given. Every UBP determines a projective plane, but distinct UBPs may
give the same plane. There are two kinds of “UBP-graphs”. Singular UBPs con-
sist of a set X and two more elements 0 and 1, such that 0 — 1 and for every
x € Xtherelations 1 — x — 0 hold. Regular UBPs have the following property:
There exists a cardinal A\, depending on the UBP only, such that for each element
a in the underlying set of the UBP, |U(a)| = |L(a)| = A is satisfied. ¥ is the
only UBP which is both singular and regular.

A directed graph G = (G, <) is called a partial UBP if, for each a,b € G
both U(a) N U(b) and L(a) N L(b) have at most one element. In [7] the following
procedure was given to produce a UBP from a partial UBP.

Let G = (G, <) be any partial UBP and consider all pairs a,b € G having
no common upper bounds. Then extend G by new elements [a, b, V], and for
each pair ¢, d € G having no common lower bounds extend G by new elements
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[c,d, A]. Then add the new relations a — [a,b, V], b — [a,b,V], [c,d,\] —
— ¢, and [¢,d, \] — d. This way we get a new partial UBP G’, where each
pair of elements in G has both (unique) upper bound and (unique) lower bound.
Starting with a given partial UBP Gy we can construct G,+1 = (G,)’ for each
n € {0,1,...}. G, will denote the underlying set of G,. Their union G* with
underlying set G* is, obviously, a UBP, called the UBP freely constructed from
G. (This is obviously not a free algebra.)

2. Patterns in U

We start by observing some patterns in elements of U, which will be needed
in the sequel. Consider the free extension of a graph Gy with underlying set Gy,
as defined in the previous section. The elements in Gy will be called elements of
rank 0 and the elements of G, \ G,— elements of rank n. r(a) will denote the
rank of a.

ProposITION 2.1. Suppose a € Gy1 \ Gy, then either U(a) N G, or L(a) N G,
is empty, and the other has exactly two elements.

Proor. The statement follows immediately from the construction of the freely
constructed UBP. |

DEFINITION 2.2. Let G be any directed graph and a,u,v,w € G. We shall say
that a is oppressed by the elements u, v, w, if eitheru — a, v - aand w — a or
a — u,a — vand a — w. We shall say that a is oppressed by u, vifu — a — v.
We shall say that a finite directed graph is oppressed if every element of the
graph is oppressed (in the graph).
We shall say that a directed graph is oppressed if it is the disjoint union of
finite oppressed subgraphs.

ProprosiTION 2.3. Suppose the element a € G* is oppressed by a set S. Then, at
least one of the elements in S has greater rank than a.

If a complete subgraph S is oppressed, then its underlying set S is con-
tained in Gy.

Proor. The first statement follows immediately from Proposition 2.1.

If S is finite, then it must contain at least one element of maximal rank. By
the first statement of our proposition this rank must be 0.

In the general case every component is contained in Gy, hence the last state-
ment follows. |
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DEFINITION 2.4. Let P be a finite set, =C P x P and AC P x P disjoint
subsets of P x P, such that none of them contains the diagonal. The relational
set P = (P| —, /) will be called a pattern and P = (P| —) will be called a
positive pattern.

A set P = {Pi|li € I} of positive patterns will be called disjoint if no
member of P is a subgraph of some other member.

A graph (G| —) contains pattern P if there exists an embedding ¢: P — G,
such that for a,b € P the relation a — b or the relation a 4 b implies that
w(a) — ¢(b) holds or p(a) — ¢(b) does not hold, respectively.

A graph (G| —) contains positive pattern P if there exists an embedding
@: P — G, such that for a, b € P the relation a — b implies that p(a) — ¢(b)
holds.

A graph G is free of the (positive) pattern P if it does not contain pattern P.

ProposiTiON 2.5. Let P; = {P;|i € 1} be a set of patterns. Let G be the ul-
traproduct of the graphs {G\|A € A}. If each G, is free of every P;, then so
isG.

If a UBP is free of the positive pattern in Py so is the homomorphic image
of every subalgebra.

Let {2\|\ € A} be a collection of UBP, free of the positive pattern in Py.
Then each subdirectly irreducible member in the variety generated by them is
free of these patterns, as well.

PrOOF. Any pattern can be formulated by a first order sentence. Hence, an ultra-
product contains a pattern if and only if almost all components have it, proving
our first statement for a single pattern. This, obviously, yields the statement for
any set of patterns.

If a UBP 2 < B contains a positive pattern, B comtaines it, as well*. As
every UBP is simple, i.e., every nontrivial homomorphic image is an isomorphic
copy of it, the second statement holds, too.

These, together with Jonsson's Lemma yield the last statement. ]

Observe, that the number of patterns is countable, so we may assume, that
I is a subset of positive integers.

DEFINITION 2.6. Let Py be any set of positive patterns. Let Up, denote the class
of all UBP, which are free of Pp. Up, denote the variety generated by Up,.

*We need, in general, that the pattern is positive, because a — b might be true in a graph, but
not in a subgraph.
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ProrosiTiON 2.7. Let Py be any given set of disjoint positive patterns. For any
distinct J, K C I the varieties Up, and Up, are different. If I is infinite, the
number of subvarieties of Up, is continuum.

Proor. The first statement follows immediately from the last statment of propo-
sition 2.5. The second stetement follows from the fact, that I is countable and
the number of subsets of a countable set is continuum. 1

For n > 1 a finite graph 3, = ({x0,x1,...,x,}| —)} of distinct elements
will be called a path of length n, provided xg — x; — ... = X,.

For n > 1 a finite graph &, = ({xo,x1,...,x,}| —)} of distinct elements
will be called a cycle of length n, provided xg — x; — ... — x, — Xp. Since
any cycle is oppressed, we get, immediately

COROLLARY 2.8. Any cycle in G* is contained in Gj. |

Consider the cycle €, of length 7 as a partial UBP. According to Corollary
2.8 we have:

ProposITION 2.9. i, = € contains a unique cycle, namely €,. |

Proposition 2.7 and Proposition 2.9 yield immediately:

CoRrOLLARY 2.10. Let T be any subset of the set N, of integers greater than 2.
Consider the set Cy of patterns consisting of all cycles of lengthn € I. Let Ug,
be the class of all UBP which are free of all cycles in Cy and U, be the variety
generated by Ug,. These varieties are all distinct for different subsets I and I,.
The number of these varieties are continuum. ]

Let us remark the following: If T = (), then no UBP is excluded, therefore
the variety Uc, = U. In case I = N, all UBPs are excluded, which contain a
cycle. If we have no relations in the starting graph, but it has two vertices, we get
an infinite UBP. It was shown in [6] that this UBP generates a variety Uy, < Uy,,
covering D.

THEOREM 2.11. Almost all Uc, are non-finitely based.
Proor. Since the number of finitely based subvarieties is countable our asser-
tion holds by Corollary 2.10. |

Observe, that the same argument holds if instead of N, we start with any
infinite subset of Nj.
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3. Non-finitely based varieties

We start this section with some results of GABOR BRAUN in [2]. His results
will be listed as B.1., B.2., and B.3.. Let A = (4| —) be any finite directed
graph. Let v = v(A) = |4]| denote the number of vertices of A and e = e(.A)
denote the number of edges in A (i.e., the number of pairs @, b € 4 such that
a — b hold). We shall call the number 1 = p(A) = 2v — e the weight of A.

Consider a finite graph G and the graph G* defined in section 1. A finite
subgraph B < G* will be called a generating graph of G* if G* is the least UBP
in G*, containing B. A generating graph A freely generates G* if the natural
embedding A — G* has a unique extension to a graph-isomorphism A* — G*.

A generating graph Z < G* of size n will be called independent (of size n)
ife(Z) =0and v(Z) = n.

THEOREM B.1. Let A and B two generating graphs of G*. If A freely generates
G*, then pu(A) < u(B) (and equality holds if and only if B freely generates G*,
as well).

CoroLLARY B.2. If; for a cycle €, of length n, an independent T of size k is a
generating graph of €, then 2k > n.

THEOREM B.3. Let B, be a path of even length n > 3. Then P} has an inde-
pendent generating graph.

Now, we are going to prove a considerable generalization of Theorem 2.11:

TraeoreMm 3.1. For infinite I, U, is non-finitely based.

Proor. Consider any finite set ¥ = X(xy, ..., x;) of identities. Choose any n €
€ I such that n > 2k. The mapping of the & free generators into € can not
generate this algebra, by Corollary B.2, hence € does not satisfy 3. On the
other hand € € Uc,. Indeed, by Proposition 2.9, € does not contain &, for
n < m € 1. This means ¥ does not define this variety. |

COROLLARY 3.2. Uey, 1s non-finitely based. |

THEOREM 3.3. U, is non-finitely based.

Proor. Consider any finite set ¥ = X(x, ..., x;) of identities, satisfied in Us.
Choose any even n € Nj such that n > 2k. Let 20 < € be a proper subalgebra.
Then, €, £ 2. Hence, there is a path 93, < &, such that the subalgebra B
generated by 13, contains 2. By Theorem B.3., ‘B has an independent generating
graph.

It is easy to see, that in this case B* generates the variety Uso.

Thus, €, satisfies X, but it is not in the variety generated by U, |
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4. Patterns and terms

In this section we aim to give terms, to exclude given patterns. We shall use
a “peculiar” phenomenon of the dual discriminator, introduced in [8].

Suppose, we are given three terms f = f(x1,...,x,), & = g(x1,...,%,)
and & = h(xj,...,x,) in a dual discriminator variety V), and let g(x,y,z) de-
note the dual discriminator term. Consider any subdirectly irreducible member
S of the subvariety V' of V, defined by the identity ¢(f,g,#) = h. For any

sequence ay, ..., a, of elements in & letu = f(ay,...,a,),v = glay,...,ay)
and w = h(ay,...,ay).
Ifu = v, then u = q(u,v,w) = w yields u = w. Conversely, if S is

any subdirectly irreducible member of V), satisfying the condition: “whenever
u = v, we have u = w”, then the initial identity must hold, i.e., it belongs to the
subvariety.

Now, consider the variety U with the dual discriminator term g(x, y,z) and
define the following terms in variables xg, X1, ..., X;,...:

Let yy = xo, and for the integers i > 0, y;,; = x;+1 V ;. Consider the
identities:

q(x0,x0 Vy;,¥:) =¥ for i>1. #;

ProrosiTIiON 4.1. A UBP U satisfies the identity #; if and only if it is free of
n-cycles, forn < i+ 1.

ProoOF. Suppose, the UBP 2 satisfies #; and has elements ag < a1 < ...a; —
— ap. Substituting x; by a;, for 0 < j < i, we get, according to #;, that

aop = q(ao, ao, a;) = qlag, a0 V a;, a;) = a;,

a contradiction.

Conversely, for any ao, ..., a;, let by = ag, and for 0 < j < i, let b =
aj41 V b;. Then, we have ap < ... < a; and g(ag,ao V a;,a;) = a; implies
ag # ap V a;, i.e., A does not contain a cycle of length at most i + 1. ]

THEOREM 4.2. The identities #; define the (non-finitely based) subvariety of U
generated by all UBP, containing no cycles.

Proor. Using proposition 4.1, it is enough to show, that if a member of ¢/ does
not satisfy these identities, it is not in this subvariety. This, in turn follows from
the fact that in this case at least one subdirectly irreducible component does not
satisfy at least one of these identities. |
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REMARK. Observe, that if the identity #;,; is satisfied so is #;. Hence, this
system of identities is not independent.

If all the cycles are excluded, then, obviously, all finite UBPs are excluded,
as well. The following, still unsolved question was raised some 25 years ago:

PrOBLEM. Does there exist a finite UBP, containing no triangle?

This is obviously equivalent to the question, whether #, excludes all finite
UBPs. We are going to prove:

PRroPOSITION 4.3. #3 excludes all finite UBPs.

In fact, we prove more:

ProrosITION 4.4. Let a be any vertex of a finite UBP 2l (having more then two
elements). Then there are elementsa < b < ¢ — a in 2.
Fora — b in2A there are elements b < c < d<e<ain.

Proor. For singular UBPs (see the introduction) the statement is obvious. For
regular ones, by [14] there exists a natural number r, such that |U(x)| = |L(x)| =
r, for every x € 2. Since x U U(x) can be considered as the lines of the defined
projective plane, we have || = * + 7+ 1.

Let U?(x) be the set consisting of all z € 2, for which there exists an element
y € Ul(x), such that y — z. Since 2 contains no three-element chain, U?(x) is
disjoint to U(x). The intransitivity of — implies x ¢ U?(x).

Now, we are going to count the number of elements of U?(x). Let U(x) =
{»1,..,»,}. The number of upper bounds of y, is r. Counting the upper bounds
of y,, we get exactly » — 1 new elements, because we have already counted
¥1 V »,. Consider, recursively, the new elements in U(y;). This set itself has
elements. However, y, V y,, v, V y;, etc. were, already, counted. Since they need
not be distinct, we know, only, that the number of newly added elements is at
least 7 — i + 1. Hence, |U2(x)| > ("4"). Therefore, |U(x) U U2(x)| > 23
Similarly, for any x’, we get |L(x") UL?(x')| > # As 2 +3r > r* +r, we get
that [U(x) U U?(x)] N [L(x") U L?(x')] is never empty, and this gives the desired
result. |
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5. Identities for subvarieties excluding cycles

We have already, given an equational basis for the subvariety generated by
UBPs containing no cycles. For the cases, when infinitely many cycles are ex-
cluded, we proved that these varieties are not finitely based, however, we gave
no equational basis, yet.

The method used in the previous section is, obviously, not applicable. To
find a basis, however, it is sufficient to find a finite set of identities, excluding a
cycle of given length. Firstly, we shall start with any dual discriminator variety.

ProposiTION 5.1. Let Q be any dual discriminator variety with q(x,y,z) the
dual discriminator term. Then, Baker's Principal Intersection Property [1] holds,
in fact:

O(a,b) N O(c,d) = O(q(a,b,c),q(a,b,d)).

Moreover, for any natural n there exist terms ¢, = ¢, (U1, ..., Up, V1,5 -. . Vn),
andd, = d,(uy, ... ,uy,v1,...,v,) such that

ﬂ (@(ui7vi)) = @(Cn(ulv ceey Uny Ve 7vn)7dn(ula sy Uny Vi ,Vn)).

1<i<n

Proor. It is enough, to prove the first identity for subdirectly irreducible mem-
bers G of Q. If a = b, then we have the least congruence on both sides, since
in this case g(a, a,x) = a, for all x € &. Otherwise, O(a, b) is the greatest con-
gruence (2 is simple) and g(a, b,x) = x, for all x € &. Thus, we have O(c, d)
on both sides.

The second statement will be proved by induction on n. For n = 1, the
statement is trivial (¢; = u; and d; = v;). For n = 2 this is a restatement of
Baker's Theorem (¢ = ¢q(uz,v2,u1) and da = q(uz,va,v1)).

Suppose, the terms ¢, and d,, are, already, given.

Define ¢,,+1 = q(cp, dy, upy1) and dy 1 = q(cny dy, Vat1)- Using the case n = 2,
a routine calculation shows that ©(c,t1,dy+1) = O(cn,dy) N O(Upt1, Vit1)
holds. |

Let us remark, that the given congruence equation holds after any substitu-
tions u; — a; and v; — b;, due to Maltsev's Lemma.
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THEOREM 5.2. Let Q be a dual discriminator variety with a dual discriminator
q(x,y,z). Then, there are terms

Dy = Dn (X0, X153 X0 Y0, V15 -+ -3 Vn),

Pt = P (X0, X15 - X0, Y0, V15 -+ -5 V)
= Gn (0,215 5 2n),
pnt(xy,zl,...,zn)

fort € {1,2}, such that for every ay,ay,...,an,bo,bi,...,b, and for every
a,b,ey,...,e, in any subdirectly irreducible S € Q the equations

*
qn7[(a07a17‘ : '7an7b07b17'” 7bn) :p;t(a()aalv"‘7anab07b17' . '7bn)

hold if and only if the equality ay = by implies at least one of the equalities
a; = b; (0 < i < n), and the equations

an(a,b,Eh R en) :an(Cl,b,e], R en)

hold if and only if the equality a = b implies at least one of the equalities e; = e;
O<i<j<n).

Proor. First, we prove, that it is enough to deal with the terms ¢* and p*. Con-
sider ¢, and let k = (g) and choose g;. For each 1 < ¢ < k consider a pair i < j
(1 <1i,j < n). Choose x; = z; and y, = z;. Since the pairs xy,y, cover all the
pairs z;, z;, the statement follows.

In what follows, we shall need a result from [8].

If q(x,y,z) is a dual discriminator term of the variety Q, then for every
a,b,c,d € A € Q the congruence ¢ = d(O(a, b)) holds if and only if ¢ =
q(c,d,q(a,b,c)) and d = q(c,d, q(a,b,d)) are both satisfied.

By Maltsev's lemma, if the congruence holds then it holds in any subdirectly
irreducible member & of the variety. If ¢ = d, then the equalities hold, obviously.
Otherwise, ¢ # d implies a # b, and we get q(a,b,c) = c and q(a,b,d) = d,
yielding the desired equalities, as g is a majority term. Conversely, suppose the
equalities hold. Factor by the congruence ©(a, b). Then for the corresponding
images b* = a*, c*,d" we have ¢* = q(c*,d*, q(a*,a*,c*)) = q(c*,d",a*) and
d" = q(c*,d",q(a*,a*,d")) = q(c*,d",a*), i.e., ¢* = d* therefore the desired
congruence holds.

Now, we turn back to the proof of the theorem.

From the result above it follows that ¢, = d,(©(ao, bo)) holds for c,, d,
from Proposition 5.1. if and only if the equalities

¢n = q(cn, dy, q(ao, bo, cn)) and d, = q(cy, dyn, q(ao, bo, dy))
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are satisfied. Choose

p;,l = Cn, q:,l = q(cnvdn7q(a07b07cn))7
p;Z = dm 61:72 = l](Cn,de(aoabmdn))-

»

We have to prove, that from these equalities it follows that ag = bg implies
a; = b; for some 0 < i < n in any subdirectly irreducible algebra. If a; = b;
does not hold for any i > 0, then the congruence O(a;, b;) is never the least
congruence. Since every subdirectly irreducible member of a dual discriminator
variety is simple, these congruences must be equal to the greatest congruence.
Therefore, by proposition 5.1. ©(c,,d,) is the greatest congruence. As ¢, =
= dn(®(a0, bo)) holds, ©(ay, by) is the greatest congruence, i.e., ag # by, a
contradiction. |

THEOREM 5.3. LetU be the variety generated by all UBP and let § € U be the
algebra freely generated by the setxy, ..., Xy, . ... For eachn > 2 there exists a
pair of identities y, = v,(xo, . . .,x,) and 6, = ,(xo, . .. , X, ), which is satisfied
in a UBP & if and only if it does not contain an n-cycle.

For any sequence I C N\ {0,1,2} there is a system of identities
't ={v: | n € I} U{d, | n € I} which is satistied in a subvariety Uy if and only
if no subdirectly irreducible members of the variety contain an n-cycle forn € L.
These systems are finite if and only if I is finite. The elements of 't are inde-
pendent, i.e., omitting any of the pairs (v, 6,), the variety will be changed.

Proor. Consider the terms
ty =x0,t1 =tV X1,...,tik1 =LV Xig 1, g = ANV Xy, S=1) Vi,
and (for ¢t = 1, 2)

an :an(SOa t07 tla cee tms)a qn7z = an(SO?tOv t17 sty tms)'

Define the identities

Yn = V(X053 Xn): Pyy =gy a0d 8y = 6p(X0, .+, Xn): Ppa = Gup

Let & be subdirectly irreducible and 7: § — & any projection. Further, let
a; = 7(t;) and b = 7(s). Then, we have ap < a1 < ... < a, < bandag < b.
By theorem 5.2, ap = b implies at least one equality of the form a; = a; for
i # j. Hence, no cycle of the form ay — a1 — ... — a, — b = ay exists.
On the other hand, if such a cycle exists, then for the appropriate projection the
equality is not satisfied, i.e., 7,, d,, is not a pair of identities. |
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Abstract. In this paper circular quartics constructed as pedal curves of conics are
classified depending on their position with respect to the absolute figure. It is shown that
only 2, 3 and 4-circular quartics can be obtained by using this method.

1. Introduction

An isotropic plane I, is a real projective plane where the metric is induced up
to the constant by a real line f and a real point F, incidental with it, [6], [7]. The
ordered pair (f, F) is called the absolute figure of the isotropic plane.
In the affine model of the isotropic plane where the affine coordinates of the
points are given by
Xy X2
X=— y=—
X0 X0
where (xo,x1,x7) are the homogeneous coordinates such that the absolute line f
is determined by the equation xy = 0 and the absolute point F by the coordinates
(0,0,1).
Projective transformations that map the absolute figure into itself form a
5-parametric group Gs. They have the equations of the form

X=a+dx, y=b+cx+ey.

Gs is called the group of similarities of the isotropic plane, [1], [6]. Its subgroup
Gs consisting of the transformations of the form

X=a+x, y=b+cx+y,
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is called the group of motions of the isotropic plane. It preserves the quantities
such as the distance between two points or the angle between two lines. So, it
has been selected for the fundamental group of transformations.

The ordered pair (Z,, G3) is called the isotropic geometry.

All straight lines through the absolute point F are called isotropic lines and
all points incidental with f are called isotropic points.

There are seven types of regular conics classified depending on their posi-
tion with respect to the absolute figure, [1], [6]. An ellipse (imaginary or real) is
a conic that intersects the absolute line in a pair of conjugate imaginary points.
If a conic intersects the absolute line in two different real points, it is called a
hyperbola (of st or 2nd type, depending on whether the absolute point is outside
or inside the conic). A hyperbola passing through the absolute point is called a
special hyperbola and a conic touching the absolute line is called a parabola. If
a conic touches the absolute line at the absolute point, it is said to be a circle.

A curve in the isotropic plane is circular if it passes through the absolute
point F, [10]. Its degree of circularity is defined as the intersection multiplicity
of the curve and the absolute line f at the absolute point. If it does not share
any common point with the absolute line except the absolute point, it is entirely
circular, [5].
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Figure 1

A circular curve of order four can be 1, 2, 3 and 4-circular. The absolute
line can intersect it, touch it, osculate or hyperosculate it at the absolute point.
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The absolute point can be simple, double or triple point of the curve. Due to that
for each degree of circularity we distinguish several types of quartics. Just for
the illustration types of entirely circular quartics are shown in Figure 1. The first
column contains a quartic with a simple point at the absolute point F, the second
column contains the quartics with a double point at F, and the quartics having
a triple point at /' are shown in the third column. The cases of isolated double
points are also possible, but here they are not specially distinguished from the
nodes.

In the Euclidean plane bicircular quartics (entirely circular quartics with
double points in the absolute points of the plane) can be constructed as the pedal
curves of an ellipse and a hyperbola, [9]. The aim of this paper is to construct
circular quartics as pedal curves of conics and classify them with respect to the
absolute figure. As it includes all four possible types of the pedal transformation,
in that sense it is an extension of the paper [11] where only one of the types was
studied.

2. Pedal transformation in isotropic plane

2.1. Definition and properties of pedal transformation

DEerINITION 2.1. The pedal curve ky of a given curve k with respect to a fixed
conic ¢ is the locus of the foot of the perpendicular to the tangent of the given
curve k from the pole of the tangent with respect to the conic ¢, [10].

The conic ¢ is called the fundamental conic of the pedal transformation.
The polar line p of the absolute point F, called also the pedal point, with respect
to the fundamental conic ¢ intersects the conic in the points P; and P, (foci of
the conic q). Their polar lines p; and p, are isotropic lines. The points P = F,
Py and P, are called fundamental points and the lines p, p, and p, are called
fundamental lines of the pedal transformation, [10].

The construction of the pedal curve ky of the curve & should be done in the
following way: Let ¢ be a tangent of the curve & and let T be its pole with respect
to the fundamental conic ¢. The isotropic line » through 7 meets 7 in the point
Ty lying on the claimed curve, Figure 2.

It has been shown in the paper [10] that the pedal curve of a conic is a
quartic.

There are two tangents /1, [, of the conic k passing through the absolute
point F. Their poles L1, L, with respect to the fundamental conic lie on the line
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p. Isotropic lines through L1, L, intersect the tangents /;, /5 in the point F. There-
fore, the pedal point is double point of the quartic ky and the normal lines FL;
and F'L, are tangents of ky at the point F.

Two tangents ay, a; of the conic k£ can be drawn from the fundamental point
P;. Their poles lie on the fundamental line p, being at the same time the normal
of the tangents a;, a,. It follows that P; is a double point of the curve ky. The
same applies to P5.

The construction of the tangents at the double points can be adopted from [3]
where it has been done for the pedal transformation in the Euclidean plane. The
equalities (p, t,1,p1,a1) = —1, (P, ta2,py,a2) = —1 and (p, tp1,py,b1) = —1,
(P, ty2, P2, b2) = —1 hold, where 1,1, t,» and #p, 15 are the tangents of the curve
ky at the points P and P,, respectively, b, and b, are the tangents of k& from P;.

The quartic ky has a node, a cusp or an isolated double point in the funda-
mental point depending on whether P is outside, on or inside the conic k. In other
words, the type of the double point depends on the type of the tangents passing
through it.

The fourth order curve with three double points is a curve of the sixth class.
If some of the double points are cusps, the class is reduced and equals 6 — c,
where c is the number of cusps, [8], [9].

The poles Ty, T», T3, T4 of the common tangents of ¢ and k are also their
normal's pedals. So, they lie on the constructed quartic.
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The curve g of order four and the curve & of order two have eight common
points. Consequently, there are no other intersections beside those four points
and twice counted fundamental points Pi, P, (points with intersection multi-
plicity 2).

If a fundamental line is a tangent of the conic £, the constructed quartic will
split into the line and a cubic. In order to obtain an irreducible quartic, X must not
touch any of the fundamental lines. Let K be the locus of the pole of the tangent
of the conic & with respect to the conic ¢. The conic K should not contain any
fundamental points.

There are two tangents m1, m; of the conic & passing through the pole F), of
the absolute line 1 (the center of g). Their poles M, M, lie on the absolute line f
being therefore the normal line of the tangents. Pedal points My, M;y together
with the twice counted absolute point £ are all common points of the quartic ky
and the line /. If the point F}, is located in the interior of the conic k, M1y, Moy
form a pair of the conjugate imaginary points. If F, lies on £, those two points
coincide and form a contact point with the absolute line.

After connecting contact points of the tangents ¢ of & with their poles T € K
a curve of class four is obtained. Counting multiplicities, four tangent lines of
the curve pass through every point of the plane. In particular, this holds for the
pedal point P. One intersection of each of those four lines with the conic £ is the
contact point of the conic and the curve ky.

A quartic can also be obtained as a pedal curve of a curve k of order higher
than two. But in that case it is necessary for & to touch some of the fundamental
lines. For example, curve k of order three touching two fundamental lines is
transformed into a curve of order four. We will consider the quartics obtained as
conic pedal curves.

2.2. Circular quartics obtained by pedal transformation

Since the absolute point F is the pedal point and due to this fact a double point
of the pedal curve ky of the conic £, only quartics the degree of circularity of
which is at least 2 can be obtained by the derivation

It is necessary to determine the conditions that the fundamental elements
and the conic & have to fulfill in order to obtain a circular quartic of a certain
type.

Beside the pedal point P = F two fundamental points P, and P, are double
points of the curve ky. If the pedal point lies on the fundamental conic, three
fundamental points fall into one, being a singularity of higher order, [8], and
four times counted intersection of the fundamental line p = p; = p, and the
quartic ky.

We distinguish four types of pedal transformation:
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(1) The fundamental conic g is a O-circular ellipse or hyperbola.
Three fundamental points are different and tree fundamental lines are
different, too.
(2) The fundamental conic g is a 0-circular parabola.
Three fundamental points are different and three fundamental lines are
different, too. The absolute line is one of the fundamental lines.
(3) The fundamental conic g is a 1-circular special hyperbola.
Three fundamental points coincide with the pedal point F and three fun-
damental lines coincide with the line p different from the absolute line.
(4) The fundamental conic ¢ is 2-circular, i.e., a circle.
Three fundamental points coincide with the pedal point F and three fun-
damental lines coincide with the absolute line f.

Table 1 contains a complete list of circular quartics that could be generated
as a conic pedal curve in the isotropic plane. For example, the 2-circular quartics
that can be obtained by the pedal transformation of the type (1) are shown in the
first column and the first row. Two main types are possible, either the quartic has
a double point at F' and intersects f at two different further points, or the quartic
has a double point at F' and touches f at a further point. The double point can be
anode, an isolated double point or a cusp. In Table 1 only the cases of nodes and
cusps are presented.

The following theorem is valid:

’ p.t. ‘ 2-circular ‘ 3-circular ‘ 4-circular ‘

N

=
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’ p-t. ‘ 2-circular ‘ 3-circular 4-circular
/ ~N\F
A
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=

g
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N\

N

(

type 3

type 4

Table 1

THEOREM 2.1. A pedal transformation in the isotropic plane maps a conic k, not
touching any fundamental lines, into a circular quartic ky the degree of circular-
ity of which depends on the type of the pedal transformation and on the conic k
as follows:

e [fthe fundamental conic q is a hyperbola or an ellipse, ky is a 2-circular
quartic in general case, 3-circular if FF), is a tangent of the conic k or
4-circular if FF, is the tangent of the conic at the point F,,, where F is
the absolute point and F), is the pole of the absolute line f with respect
toq.

e [f the fundamental conic q is a parabola or a special hyperbola, ky is a
2-circular quartic.
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Figure 3

e [fthe fundamental conic q is a circle, ky is a 4-circular quartic.

Proor. We consider the above four types of pedal transformations separately.

Type (1)
A general case of this type of pedal transformation is shown in Figure 2. The
pedal curve ky of a conic £ is at least 2-circular since it has a double point in the
pedal point F. Two other intersections of quartic ky and the absolute line f are
the intersections My, M,y of f with tangents of k drawn from the pole F), of the
line f with respect to the fundamental conic q.

If the conic k touches the connecting line FF), at the point different from £,
then one of the points M1y, Myy falls into the absolute point. Consequently, the
constructed quartic is 3-circular, Figure 3. The pole of the tangent /; = FF), lies
on the line f which is therefore one of the quartic's tangents at the double point
F. 1f the line FF, touches the conic at the absolute point, both tangents at the
point F' coincide with the absolute line being the tangent at the cusp.

It is also possible to get entirely circular quartics by this type of pedal trans-
formation. If the conic & touches the line F'F), at the point F},, four common points
of the absolute line and the quartic fall into the absolute point ' = My = May.
Thus, the line f osculates ky at the double point F. The other tangent of the
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Figure 4

quartic at the point is the line joining F with the pole L, of the tangent /, of the
conic k, Figure 4.

Type (2)

A quartic derived as a conic image by this type of pedal transformation is nec-
essarily 2-circular. It intersects the absolute line at the fundamental points P and
P;. Each of them is a double point of the quartic.

Type (3)

Ifthe fundamental conic g passes through the pedal point P, all three fundamental
points coincide with P, and all three fundamental lines with the tangent p of g at
P, Figure 5. A conic ks transformed into a 2-circular quartic ky with a singularity
in P. Both tangents at the point P coincide with the polar p of the point. If £ is
a special hyperbola, the pedal point P is a cusp. The other two common points
of the absolute line f and the quartic ky are the intersections M}y, Moy of the
absolute line with tangents of the quartic passing through the pole F), of the line.
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Type (4)

If the fundamental conic g is a circle, three fundamental points coincide with
the pedal point F and three fundamental lines coincide with the absolute line
/. Since, in this case, the pole F), of the absolute line is the absolute point, all
intersections of the absolute line with the quartic fall into F. The constructed
quartic ky is entirely circular. The poles of the tangents drawn from F lie on the
line f so the absolute line is the two times counted tangent of the quartic at the
absolute point, which is a node (Figure 6), an isolated double point or a cusp
(Figure 7) depending on whether it is outside, inside or on the conic £.

Type (1) on affine model of isotropic plane
The facts about the pedal transformation have been proved by using the synthetic
method and have been illustrated on the projective model of an isotropic plane.
The same conclusions can also be carried out by using analytical method on the
affine (Euclidean) model of the plane. Since the approach is similar in all cases,
we will consider here only the case of the pedal transformation of type (1).

Let us first determine the equation of the fundamental conic ¢ which is in
this case an ellipse or a hyperbola.
Every conic is given by the equation of the form

2 2 2
apoxg + anxy + axnxs + 2ag1xox1 + 2apxexs + 2aipxix; = 0,
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or in the affine coordinates

ago + anx” + any” + 2ao1x + 2aey + 2aixy = 0.
Using the isotropic motion

_ aolax» — amndix  _ apxai] — ag1dn2

X=X YV 5

aj, —dapnax aj, —dapax
it is possible to get a simpler form of the equation
anx® + azzyz + 2a12xy +a = 0.
If we assume that the conic is an ellipse or a hyperbola intersecting the absolute
line in the points (0, 1, +n), it follows that @, = 0, a;; = —n? and the equation
becomes
bx* +y* +a = 0.
The polar line p of the pedal point F(0, 0, 1) has the equation y = 0, while

the polar lines p,, p, of two other fundamental points

NREEINEEE
3

F,(1,0,0) is the pole of the absolute line f [1, 0 O] and the line F,F joining
it W1th the absolute point has the equation x; = 0, i.e. x = 0.

According to [4], the pole T of the given line ¢ [fy, 1, £2], in the affine coor-
dinates ¢ [u, v], with respect to the conic ¢ is

have the equations

100 to ;70
At=10 ;0 n|=\1%
0 0 1 ) )

The coordinates of the pedal Tx(x, y) of the line perpendicular to ¢ can be deter-
mined by solving the system of the linear equations

Xo X1 X2
R
0 0 1
Xoto + x1t1 + x2tp = 0.
Thus,
b 2
(2.1) x:%, y=- +au

bv
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Let the conic k be given by point-coordinates
k ... by~ b11x* + bay* 4 2bo1x + 2bgyy + 2b1axy =0
and line-coordinates

(boobaa — by )u* + 2(borboa — boob12)uv + (boob11 — by )V +

+ 2(boab1a — borbaz)u + 2(bo1b1a — boabi1)v + bi11by — bty = 0.

Substituting # and v from (2.1) into the equation above, the equation of the quar-
tic kp is obtained

b [(boob11 — b3))x* + 2(boob12 — bo1bo2)x*y + (boobas — b3y )x*?] +
+ 2ab [(boab11 — bo1b12)x*y + (boabiz — bo1bx)xy*| +
+ 2ab(boob11 — b3)x* + 2ab(boobia — borboa)xy+
+a*(b11bay — biy)y* +
—2a*(bg1b12 — boab11)y + a*(boob11 — b3y) = 0.
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Let us now determine the intersection points of the absolute line /. . . xg = 0
with the quartic ky. Their coordinates satisty the equation

bzx% [(boob“ — b(z)l)x% + 2([)00[)12 — b()lboz)xl)Q + (boobzz — b(z)z)x%] =0.

It is obvious that x; = 0 is double solution of the equation. Therefore, the abso-
lute point (0, 0, 1) is a point with intersection multiplicity at least 2.

x1 = 01s at least a triple solution if and only if bggbrs — bgz = 0, thus if and
only if the line FF), [0, 1,0] is a tangent of the conic 4.

x1 = 0 is quadruple solution if and only if bggb2r — bgz = 0 and bgpb1y —
—bo1bgz = 0. This holds when FF), touches the conic k at the point £, Figure 8.

In the general case the other two intersection points are

Minon (0, boob2z — b3y, botboa — boob1a+

+ \/(501502 — boob12)? — (boobaa — by (boob11 — b&)) -

It can be checked easily that those are the intersections of the absolute line with
the tangents m, m, of the conic k& drawn from the point F),. The points My, Moy
fall into one point if F), lies on the conic £, in other words, if bog = 0.
Therefore, ky can be 2, 3 or 4-circular.
We compute the tangents of the quartic ky at the point F: Any line through
F different from the absolute one has the equation of the form x; = mxy. The
coordinates of its intersections with ky satisfy the equation

x% (a + bmz)z(boobn — b(z)l)x% + Z(a + bmz) (a(bOZbll — b01b12)+
+ bm(boob12 — bmboz))xoxz + (az(bnbzz — b))+

=+ 2abm<b02b12 — bo]bzz) + bzmz(boobzz — b%ﬁ)x% = 0.

Since xo = 0 is a double solution of the equation for each m, F(0, 0, 1) is a double
point of the curve. In order to determine the tangent at that point, it is necessary
to define the values of m for which xo = 0 is a triple solution. This is achieved
when az(b“bzz — b%z) + 2abm(b02b12 — b01b22) + bzmz(boobzz — b(2)2) =0.
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In the general case the equations of two tangents are

a(boibyy — borb1n) £ a\/(bozblz — borbn)? — (boobay — b3y) (b11by — bY)
X = )

b(boob2 — bg,)

The equations above represent perpendiculars PL;, PL; to the tangents /1, [,

bo1b2y — babip £ \/(bozblz — bo1b22)? — (boobaa — b3y (b11b2y — biy)

X = 2
b1, —biibx

of the conic £.
If boobay — b%z = 0, the conic k touches the line FF),. This implies that one
of the tangents of ky at F' coincides with the absolute line, while the other is

‘o a(bi1byy — b,)
2b(bo1b2y — boab12)

Ifb00b22 — b(2)2 = 0 and b01b22 — bozb]z = 0, it necessary holds b22 = 0, as
otherwise k£ would be a singular conic. The conic k now touches the line F'F), at
the point F and the quartic ky does not have any tangents at the absolute point
except the absolute line.

Figure 8 displays the conic k. ..x?> +)? —2x = 0 (Y — 2u — 1 = 0) and its
pedal curve ky . .. x* +2xy? — 2x> —»? +1 = 0 in the case when the fundamental
conic ¢ is given by the equation x> + y*> — 1 = 0. Beside the absolute point
the fundamental points are P; »(F1,0). The fundamental lines are y = 0 and
x = F1. The conic k touches FF), ...x = 0 at F,(0,0). Due to that ky possesses
a node in the absolute point at which one tangent coincides with the absolute

line while the other has the equation x = 5 The quartic is entirely circular. |

REMARK 2.1. Observing automorphic inversion, [2], and the pedal transforma-
tion in an isotropic plane, it can be noted that some of the circular quartics can
be obtained by both transformations, while some can be obtained by one of them
only. Moreover, the following statement is valid:

Let K be the reciprocal curve of a conic k with respect to a special hyperbola
or a circle g. The pedal curve ky of the conic k with respect to the conic ¢ is
identical to the inverse image of the conic K with respect to the fundamental
conic ¢ and the pole £, [10].
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Abstract. In this paper, the notions of rough closedness and rough continuity re-
lated to I,-closed sets in ideal topological spaces are introduced and studied. The re-
lationships between rough closedness, I,-closed sets and between rough continuity, /,-
closed sets are investigated. Various properties of rough closedness and rough continuity
are discussed.

1. Introduction and preliminaries

In 1999, Dontchev et al. [1] discussed the notion of generalized closed-
ness in ideal topological spaces and introduced /,-closed sets in ideal topological
spaces. In 2008, Navaneethakrishnan and Joseph [5] have studied properties of
I,-closed sets in ideal topological spaces. The main aim of this paper is to in-
troduce and study the notions of rough closedness and rough continuity related
to I,-closed sets in ideal topological spaces. The relationships between rough
closedness, I,-closed sets and between rough continuity, /,-closed sets and also
various properties of rough closedness and rough continuity are investigated. It
is shown in the present paper that the inverse image of any /,-closed set under
I-continuity and rough closedness is /,-closed and the image of any /,-closed
set under rough continuity and x-closedness is /,-closed.

In this paper, we consider a topological space (X, 7) with no separation
properties assumed by a space. For a subset U of a topological space (X, 1),
CI(U) and Int(U) will denote the closure and interior of U in (X, 7), respectively.

An ideal I on a topological space (X, 7) is a nonempty collection of subsets
of X which satisfies

AMS Subject Classification (2000): 54A05, 54C10, 54D15.
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(1) Ueland V C Uimplies V € I,

(2) Ueland V € [implies UU V € I [3].

For a topological space (X,7) with an ideal 7/ on X, a set operator
(.)*: P(X) — P(X) where P(X) is the set of all subsets of X, called a local
function [3] of U with respect to 7 and / is defined as follows:

for U C X, U*(I,7) = {x € X: VNU ¢ Iforevery V € 7(x)} where
T(x)={Ver:xeV}

A Kuratowski closure operator CI*(.) for a topology 7*(I, ), called the
*-topology and finer than 7, is defined by C/*(U) = U U U*(I, 7) [2]. We will
simply write U* for U*(/, 7) and 7* for 7* (1, 7). If I is an ideal on X, then (X, 7, )
is said to be an ideal topological space or simply an ideal space. A subset V' of
a topological space (X, 7) is called g-closed [4] if C/(V) C G whenever V C G
and G is open in (X, 7).

DEFINITION 1. A subset U of an ideal topological space (X, 7, 7) is called
(1) Ig-closed [1]if U* C ¥ whenever U C Vand Vis open in (X, 7, ).
(2) Ig-open [1]if X'\ U is I,-closed.

THEOREM 2. ([5]) For an ideal topological space (X, 7,I) and U C X, the fol-
lowing are equivalent:

(1) U isI4-closed,

(2) CI'(U) C V whenever U C V and V is open in (X, T,1).

THEOREM 3. ([5]) Let (X, 7, 1) be an ideal topological space and U C X. Then U
is Io-open if and only if K C Int*(U) whenever K is closed and K C U.

2. Rough closedness and /,-closed sets

DEerFINITION 4. A function f: (X, 7,1) — (Y,0,J) is called roughly closed if
f(K) C Int*(U) whenever K is a closed set in (X, 7, ) and U is an I,-open set in
(Y, 0,J) such that f(K) C U.

REMARK 5. Fora functionf: (X, 7,1) — (Y, 0,J),iffis closed, then it is roughly
closed but the reverse implication is not true in general as shown in the following
example:

ExampLE 6. Let X = {a,b,c,d}, 7 = {X,@, {a},{b,c}, {a,b,c}} and [ =

= {0,{a},{d},{a,d}}. Then the function /: (X,7,I) — (X,,I) defined by
fla) =a,f(b) = c, f(c) = b, f(d) = ais roughly closed but it is not closed.
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DEFINITION 7. A function f: (X, 7,1) — (Y,0,J) is said to be I,-continuous if
for every %-closed subset K of (Y, 7,J), f~ ' (K) is I;-closed.

THEOREM 8. Let f: (X, 7,I) — (Y, 0,J) be a function. Iff is I,-continuous and
roughly closed, then f~'(U) is an I,-closed set in (X, 7, 1) for each I,-closed set
Uin(Y,0,J).

PrOOF. Let U be an I,-closed set in (Y, o,.J). Suppose that f~!(U) C V for an
open set Vin (X, 7, 1). This implies that X\ ¥ C f~!(¥\ U) and then f(X\ V) C
C Y\ U. Since f is roughly closed, then /(X' \ V) C Int*(Y'\ U) = Y\ CI*(U).
This implies X \ ¥ € X\ f~!(CI*(U)) and then ' (CI*(U)) C V. Since f is
I,-continuous, then /! (CI*(U)) is an I,-closed set. Consequently,

cr(fH(u)) c cr(r(cru))) c V.
Thus, CI* (£~ (U)) C V and hence f~'(U) is an I,-closed set in (X, 7, 1). 1

COROLLARY 9. Let f: (X, 7,1) — (Y,0,J) be a function. If f" is I,-continuous
and roughly closed, thenf ' (U) is an I;-open set in (X, 7, ) for each I -open set
Uin(Y,0,J).
CoroLLARY 10. Let f: (X, 7,1) — (Y, 0,J) be a function. Iff is I,-continuous
and closed, then
(1) f~'(U) is an I,-closed set in (X, 7, 1) for each I -closed set U in (Y, 7, J).
(2) £~'(U) is an I -open set in (X, 7, 1) for each I,-open set U in (Y, a,J).

Proor. It follows from Theorem 8 and Remark 5. |

THEOREM 11. Let f: (X, 7,I) — (Y, 0,J) be a function. Iff(K) is a x-open set
in (Y, 0,J) for each closed set K in (X, T,1), thenf is a roughly closed function.

ProOF. Suppose that f(K) is a x-open set in (Y, o,J) for each closed set K in
(X, 7,I). Let f(V) C U for a closed set V in (X, 7,I) and an I,-open set U in
(Y, 0,J). This implies that Int*(f(V)) C Int*(U). Since f(V) is a x-open set in
(Y,0,J), then f(¥) C Int*(U). Hence, f is a roughly closed function. |

REMARK 12. The following example shows that the reverse of Theorem 11 is
not true in general.

ExampLE 13.Let X = {a,b,c,d}, 7 = {X,0,{a},{b,c},{a,b,c}} and
I = {0,{a},{d},{a,d}}. Then the identity function i: (X,7,I) — (X,7,I)
is roughly closed but f({a, d}) = {a, d} is not x-open.

DEerINITION 14. ([1]) Let (X, 7, 1) be an ideal topological space. Then (X, 7, 1) is
called a Tj-ideal space if each /,-closed set in (X, 7, 1) is x-closed.
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THEOREM 15. Let (Y, 0,J) be an ideal topological space. The following proper-
ties are equivalent:

(1) Each function f: (X, 7,I) — (Y, 0,J) is roughly closed for each ideal
topological space (X, 1,1),

(2) (Y,0,J) is a Tj-ideal space.

Proor. (1) = (2): Let U # 0 be an I,-closed set in (Y, 0,J). Suppose that
(X, 7,I) where X = Y and I = J is an ideal topological space with the topol-
ogy 7 = {X,0,U}. Letf: (X, 7,I) — (Y,0,J) be the identity function. Then
[ (X,7,1) = (Y,0,J) is roughly closed. Since Y\ U is Ig-open in (Y, 0, J) and
X\ Uis closed in (X, 7,1) and f(X \ U) C Y\ U, then we have f(X \ U) C
C Int*(Y'\ U). Since

fX\U) =Y\ UC Int*(Y\ U) = Y\ CI*(U),

then CI*(U) C U. Thus, U is a *-closed set in (Y, 0,J). Hence, (Y,0,J) is a
T-ideal space.

(2) = (1): Let ¥ be an Ig-open set in (Y, 0,J) and f(K) C V where K is a
closed set in (X, 7,1). Since (Y, 0,J) is a Tj-ideal space, then V is x-open. This
implies that f(K) C Int*(¥). Thus, f is a roughly closed function. |

THEOREM 16. ([5]) Each subset of an ideal topological space (X, 7, 1) is I;-closed
if and only if each open set of (X, 7, 1) is x-closed.

THEOREM 17. Let f: (X, 7,I) — (Y,0,J) be a function where c = 1 and 7
is the family of all x-closed sets of (Y, 0,J). Then the following properties are
equivalent:

(1) f is roughly closed,

(2) f(K) is x-open for each closed set K in (X, T,1).

Proor. (1) = (2): Letf: (X,7,I) — (Y,0,J) be a roughly closed function.
Suppose that K is a closed set in (X, 7, 7). This implies from Theorem 16 that
f(K) is an I,-open set in (Y, 0,J). Since f is a roughly closed function, then
f(K) C Int*(f(K)). Consequently, f(K) is a x-open set in (Y, 0,J).

(2) = (1): It follows from Theorem 11. |

REMARK 18. The following example shows that the composition of two roughly
closed functions is not roughly closed in general.

ExaMPLE 19.Let X = Y = {a,b,c,d}, 7 = {X, 0, {a}, {a,b}, {c,d},

{a,c,d}}, 1=J={0,{a},{d},{a,d}} ando = {Y,0, {a}, {b,c},{a,b,c}}.
Then for the functions f: (X, 7,1) — (Y, 0,J) defined by f(a) = d, f(b) = a,
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fle) =c,f(d)=dand g: (Y,0,J) — (Y, 0,J) defined by g(a) = a, g(b) = c,
g(c) = b, g(d) = a, gof isnot roughly closed but f/ and g are roughly closed.

THEOREM 20. Let f: (X,7,I) — (Y,0,J) and g: (Y,0,J) — (Z,n,¢) be two
functions. Iff is closed and g is roughly closed, theng o f: (X, 7,1) — (Z,n,{)
is a roughly closed function.

Proor. Let K be a closed set in (X, 7,7) and U be an /g-open set in (Z, 1, £) such
that (g o f)(K) C U. Since f is a closed function, then f(K) is a closed set in
(Y,0,J). Since g is a roughly closed function, then g(f(K)) C Int*(U). Thus,
(gof)(K) C Int*(U) and hence g o f'is roughly closed. 1

DEFINITION 21. A function f: (X, 7,1) — (Y, 0,J) is called

(1) x-open if f(K) is x-open for every x-open subset K of (X, 7, I).

(2) Ig-irresolute if f~ H(K) is I,-closed for every I,-closed subset K of
(Y,0,J).

THEOREM 22. Let f: (X,7,1) — (Y,0,J) and g: (Y,0,J) — (Z,n,{) be two
functions. If f is roughly closed and g: (Y,0,J) — (Z,n,{) is x-open and Io-
irresolute, then g o f: (X, 7,1) — (Z,n, ) is a roughly closed function.

Proor. Let K be a closed set in (X, 7,7) and U be an I,-open set in (Z,7,/)
such that (g o f)(K) C U. This implies that f(K) C g~'(U). Since g~!(U) is
an I,-open set and f is roughly closed, then f(K) C Int*(g~'(U)). We have
(g0 N(K) = glf(K)  glInt*(g"'(1))). Since In* (g~ (V) © g~} (U),
then g(Int*(g~'(U))) C g(g~'(U)) C U. Since g is a x-open function,
then g(Int*(g~!(U))) C Int*(U). Thus, (g o f)(K) C Int*(U) and hence,
gof: (X,7,I) — (Z,n,{) is a roughly closed function. 1

Recall that for an ideal topological space (X, 7,1) and V C X, (V,1y,Iy),
where 7y is the relative topology on V and Iy = {V'NJ:J € I} is an ideal
topological space [2].

THEOREM 23. Let f: (X, 7,I) — (Y, 0,J) be a function. If f is roughly closed
and V is a closed set in (X, 7, 1), then its restriction f |y: (V, Ty, Iy) — (¥, 0,J)
is a roughly closed function.

Proor. Let U be a closed set in (V, 7y, Iy) and G be an I,-open set in (Y, 0,J)
such that f | (U) C G. This implies that U is a closed set in (X, 7,7) and /" |y
(U) = f(U) C G. Since f"is roughly closed, then we have f | (U) = f(U) C
C Int*(G). Hence, f" | is a roughly closed function. |

REMARK 24. The following example shows that any restriction of a roughly
closed function is not roughly closed in general.
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EXAMPLE 25.Let X = Y = {a,b,c,d}, 7 = {X,0, {a}, {a,b}, {c,d},
{a,c,d}}, 1=J={0,{a},{d},{a,d}} and o = {Y,0, {a}, {b,c}, {a,b,c}}.
Then for the function f: (X, 7,1) — (Y, 0,J) defined by f(a) = ¢, f(b) = d,
fle) =a,f(d) =dand A = {a,c,d}, fis roughly closed but /" | 4: (4, 74,14) —
— (Y, 0,J) is not roughly closed.

3. Rough continuity and /,-closed sets

DEFINITION 26. A function f: (X, 7,1) — (Y, 0,J) is called roughly continuous
if 7* C f~!(U) whenever U is an open set in (Y, 0,J) and ¥ is an I,-closed set
in (X, 7,1) such that ¥ C f~1(U).

THEOREM 27. Letf: (X, ,I) — (Y, 0,J) be a function. The following are equiv-
alent:

(1) f is roughly continuous,

(2) Cr'(V) c f~Y(U) whenever U is an open set in (Y,,.J) and V is an
I,-closed set in (X, 7, 1) such that V C £~ (U).

Proor. (1) = (2): Suppose that f is roughly continuous. Let U be an open set
in (Y,0,J) and ¥ be an I,-closed set in (X, 7, 1) such that ¥ C f~'(U). By (1),
we have V* C f~!(U). This implies that V* U V = CI*(V)  f~'(U).

(2) = (1): Let U be an open set in (¥,0,J) and V' be an I,-closed set
in (X,7,1) such that ¥ C f~'(U). By (2), CI*(V) C f~'(U). Then, we have
Cr(v)y=V*uv cf Y (U). Thus, ¥ C f~!(U) and hence, f is roughly contin-
uous. [ |

REMARK 28. Let f: (X, 7,I) — (Y, 0,J) be a function. If f is continuous, then
f is roughly continuous. The following example shows that the reverse of this
implication is not true in general.

EXAMPLE 29. Let X = {a,b,c,d}, 7 = {X, 0, {a}, {b,c}, {a,b,c}} and I =
= {0, {a}, {d}, {a,d}}. Then the function f: (X, 7,I) — (X, 7,I) defined by
fla) = d,f(b) = ¢, f(c) = b, f(d) = a is roughly continuous but it is not
continuous.

THEeOREM 30. Letf: (X, 7,1) — (Y,0,J) be a bijective function. Then the fol-
lowing are equivalent:

(1) f is roughly closed,

(2) £~ is roughly continuous.
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ProOF. Suppose thatf: (X, 7,1) — (Y, 0,J) is a roughly closed function. Let U
be an open setin (X, 7, 1) and V'be an I,-closed setin (Y, o, J) such that " C f(U).
This implies that X'\ U is a closed set in (X, 7,7) and Y\ V' be an /g-open set in
(Y,0,J) such that Y\ f(U) = f(X\ U) C Y\ V. Since f is roughly closed, then
SX\U) C Int*(Y'\ V). We have f(X\ U) = Y\ f(U) C Y\ CI*(V) and then
CI*(V) C f(U). Thus, f~! is roughly continuous. The converse is similar. 1

DEerINITION 31. A function f: (X, 7,1) — (Y, 0,J) is called x-closed if f(K) is
*-closed for each x-closed set K in (X, 7,1).

THEOREM 32. Letf: (X, 7,I) — (Y, 0,J) be a function. Iff is roughly continu-
ous and x-closed, then f(V) is an I,-closed set in (Y, 0,J) for each I-closed set
Vin (X, T,1).

ProOF. Let 7 be an I,-closed set in (X, 7,7) and U be an open set in (Y, 0,J)
such that f(¥) C U. We have ¥ C f~!(U). Since f is roughly continuous, then

Cr'(v) c f~Y(U). This implies f(CI*(V)) C U. Since f is x-closed, then we
have

Crf(n) c cricr»)) =cry)) cu.

Consequently, CI*(f(V)) C U. Thus, f(V) is an Is-closed set in (Y, 0,J). |

CoroLLARY 33. Letf: (X, 7,I) — (Y, 0,J) be a function. Iff is continuous and
x-closed, then f(V) is an I,-closed set in (Y, 0,J) for each I,-closed set V in
(X, 7.1).

Proor. It follows from Theorem 32 and Remark 28. |

THEOREM 34. Let f: (X, 7,1) — (Y,0,J) be a function. Iff~!(U) is a x-closed
set in (X, ,I) for each open set U in (Y, 0,J), then f is a roughly continuous
function.

Proor. Let U be an open set in (Y, 0,J) and K be an I,-closed set in (X, 7, 1)
such that K C f~!(U). Then we have CI*(K) C CI*(f~'(U)) =f~'(U). Hence,
£ is a roughly continuous function. |

REMARK 35. The reverse of Theorem 34 is not true in general as shown in the
following example.

EXAMPLE 36. Let X = {a,b,c,d}, 7 = {X, 0, {a}, {b,c}, {a,b,c}} and I =
= {0, {a}, {d}, {a,d}}. Then the identity function i: (X,7,1) — (X, 7,]) is
roughly continuous but /! ({a, b, c}) = {a, b, ¢} is not x-closed.



54 ERDAL EKICI, SENA OZEN

THEOREM 37. Let (X, 7,1) be an ideal topological space and R C S C X. IfR
is an I-closed set relative to S and S is g-closed relative to (X, 7*), then R is
I,-closed relative to (X, 7,1).

ProOF. Let R be an I,-closed set relative to S and S be g-closed relative to
(X, 7*). Since S is g-closed relative to (X, 7*), then S is I,-closed in X. So, by
Theorem 2.8 of [1], R is ,-closed relative to (X, 7, /). |

THEOREM 38. Let f: (X, 7,I) — (Y,0,J) be a function. If f is roughly con-
tinuous and R is g-closed relative to (X,7*), then the restriction function
flr: (R, 7r,Ir) — (Y, 0,J) is roughly continuous.

ProoF. Let S be an I;-closed set in (R, 7, Iz) and U be an open set in (Y, 0,J)
such that S C (f'[z) "' (U). This implies that S C f~'(U)NR. Since S'is Io-closed
relative to (X, 7, ) by Theorem 37 and f is roughly continuous, then CI*(S) C
C £~ 1(U). We have CI*(S) N R C f~1(U) N R. Thus, CI4(S) C (f |z)~"(U) and
hence, f |g: (R, T8, Ir) — (Y, 0,J) is roughly continuous. ]

THEOREM 39. Let (X, 7, 1) be an ideal topological space. The following proper-
ties are equivalent:

(1) Each functionf: (X,7,I) — (Y,0,J) is roughly continuous for each
ideal topological space (Y, 0,J),

(2) (X,7,1) is a T;-ideal space.

ProoF. (1) = (2): Let U be a nonempty /-closed set in (X, 7, 7). Suppose that
Y=X,I=Jando = {Y,(), U} andf: X — Y is the identity function. Since f is
roughly continuous, U is an Iz-closed set in (X, 7,7) and an open set in (Y, 0,J)
such that U C f~(U), then CI*(U) C f~'(U) = U. Consequently, U is a
*-closed set in (X, 7, 7). Thus, (X, 7,1) is a Tj-ideal space.

(2) = (1): Let K be an I-closed set in (X, 7,7) and ¥ be an open set in
(Y,0,J) such that K C f~'(¥). Since (X, 7,1) is a Tj-ideal space, then K is a
x-closed set. Thus, CI*(K) C f~!(¥) and hence f is roughly continuous. 1

THEOREM 40. Let (X, 7, I) be an ideal topological space such that T and the fam-
ily of %-closed sets of (X, 7, ) coincide. Then a functionf: (X, 7,I) — (Y, 0,J)
is roughly continuous if and only if ! (U) is x-closed for each open set U in

(Y,0,J).

ProOF. (=): Letf: (X,7,I) — (Y, 0,J) be a roughly continuous function. Let
U be an open set in (Y,0,J). By Theorem 16, f~!(U) is an I,-closed set in
(X, 7,1). Since f is roughly continuous, CI*(f~1(U)) € f~(U). Hence, f~!(U)
is a x-closed set in (X, 7, 1).
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(«<=): 1t follows from Theorem 34. |

REMARK 41. The following example shows that any composition of two roughly
continuous functions is not roughly continuous in general.

ExaMPLE 42. Let X = Y = {a,b,c,d}, 7 = {X, 0, {a}, {b,c}, {a,b,c}},
I=J={0,{a},{d}, {a,d}} and 0 = {X, 0, {a}, {a, b}, {c,d}, {a,c,d}}.
Then for the functions f: (X, 7,1) — (X, 7,1) defined by f(a) = d, f(b) = b,
fle) =c,f(d) =aand g: (X,7,I) — (Y,0,J) defined by g(a) = a, g(b) = a,
g(c) = b, g(d) = b, g of is not roughly continuous but f and g are roughly
continuous.

THeorREM 43. If f: (X, 7,I) — (Y,0,J) is a roughly continuous function and
g: (Y,0,J) = (Z,n,¥) is a continuous function, thengo f: (X,7,1) — (Z,n,¥)
is roughly continuous.

ProOF. Let V be an I,-closed set in (X, 7,7) and U be an open set in (Z, 7, ¥)
such that ' C (g of)~!(U). Since g is continuous, then g~!(U) is an open set.
Since f is roughly continuous, then CI*(¥) C f~ (g~ '(U)) = (g o )~ (V).
Thus, CI*(V) C (g of)~!(U) and hence g o f is roughly continuous. 1
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Abstract. We characterize some properties of generalized compactness and gen-
eralized closedness of generalized topological spaces by using closure operator defined
on such a space. It is also shown that many results done in this area in some previous
papers can be considered as special cases of our results.

1. Introduction

In the past few years, several forms of open sets have been studied. Re-
cently, A. Csaszar found the theory of generalized topology in [8], studying the
extremely elementary character of these classes. Especially, the author defined
some basic operators on generalized topological spaces.

It is observed that a large number of papers is devoted to the study of
compactness and closedness of a space, containing the class of open sets and
possessing properties more or less similar to those of open sets. For exam-
ple, [13] has introduced semi-compact and s-closed [22], strongly compact [23]
and p-closed [12], J,-closed [26], -semi-compact [14], a-compact [21] and a-
closed [16], S-compact [3] and -closed [4] topological spaces. It is interesting
to mention that Ganster [15] has shown that infinite S-compact spaces do not
exist.

Owing to the fact that corresponding definitions have many features in com-
mon, it is quite natural to conjecture that they can be obtained and a considerable
part of the properties of generalized open sets can be deduced from suitable more
general definitions. The purpose of this paper is to show that this is possible and
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the generality obtained in this manner helps us to point out extremely elemen-
tary character of the proofs and to get many unknown results by special choice
of the GT.

We recall some notions defined in [8]. Let X be a non-empty set, exp X
denotes the power set of X. We call a class g C exp X a generalized topology [8],
(briefly, GT) if ) € g and union of elements of g belongs to g. A set with a GT is
said to be a generalized topological space (briefly, GTS). A generalized topology
gon Xis called strong [9] if X € g. We note that for any topological space (X, 7),
the collection of all open sets denoted by 7 (preopen sets [1] denoted by PO(X),
semi-open sets [20] denoted by SO(X), d-open sets [30] denoted by §O(X), J-
preopen [27, 26] sets denoted by §-PO(X), d-semiopen sets [25] denoted by 6-
SO(X), a-open sets [24] denoted by aO(X), B-open sets [2] denoted by SO(X))
form a GT.

For a GTS (X, g), the elements of g are called g-open sets and the comple-
ments of g-open sets are called g-closed sets. For 4 C X, we denote by c,(4) the
intersection of all g-closed sets containing 4, i.e., the smallest g-closed set con-
taining A4; and by iy(4) the union of all g-open sets contained in 4, i.e., the largest
g-open set contained in 4 (see [8, 10]). It is easy to observe that i, and ¢, are
idempotent and monotonic, where v: exp X — exp X is said to be idempotent
iff for each 4 C X, y(7(4)) = v(4), and monotonic iff y(4) C ~(B) whenever
A C B C X ltis also well known from [10, 11] thatif gisaGT on Xand 4 C X,
x€ X thenx € cg(d)iffxe Me g=MNA#Dand cg(X\ 4) =X\ ig(4).

In this paper we use the concepts of g-open sets to introduce g-compact
and g-closed spaces. It is shown that many results in previous papers can be
considered as special cases of our results.

2. g-compactness in generalized topological spaces

DEerINITION 2.1. Let (X, g) be a GTS. A non-empty subset 4 of X is called gen-
eralized compact relative to X or in short, g-compact relative to X if every cover
of A by g-open sets of X (such a cover will henceforth be called a g-open cover
of A) has a finite subfamily which covers A4. If, in addition, 4 = X then X is
called g-compact.

REMARK 2.1. Let (X, g;) and (X, g,) be two GTS's such that g, C g, and X €
€ g,.If (X, g,) is g,-compact then (X, g;) is g;-compact.

For any topological space (X, 7), since 7 C aO(X) C PO(X) C SO(X) and
7 C a0(X) C SO(X) C BO(X), it follows from the above theorem that
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[B-compact = semicompact = c-compact = compact

4

strongly compact or pre-compact = «a-compact = compact.

DEFINITION 2.2.[29] Let (X, g) be a GTS and x € X. A net {x4 }aep in X is
said to g-converge to x in X if for every g-open set U containing x there exists
ap € D such that x, € U, for each o > «.

DEerINITION 2.3. Let (X, g) be a GTS. Let {x, }aep be a net in X. Then,

(i) a point x € X is called a g-cluster point of {x, }aep iff {xq }aep is fre-
quently in every g-open set containing x. We denote the set of all g-cluster points
of {xa }aep by g-cp{xa}aen-

(if) {xq }aep is said to satisfy P(I) iff there exists y € g-cp{xa}aecp such
that {a € D: x,, = y} is cofinal in D.

(iii) {xq }aep is said to satisfy P(I]) iff there exists y € g-cp{x4 }aep such
thatif U,V € gandy € UNV, then (UN V) \ {y} # 0.

THEOREM 2.1. For a GTS (X, g), the following properties are equivalent:

(i) (X, g) is g-compact;

(ii) Every family of g-closed subsets of X with finite intersection property
has non-empty intersection;

(iii) g-cp{xa }acp # 0, for each net {x4 }acp in X.

Proor. The proof is straightforward. |

This theorem contains several results in literature. For example, in a topo-
logical space, (X, 7), if we take g = 7 then we get the Theorems 5.1 and 5.2 of
[18], if g = PO(X), we get the Theorem 2.1. of [23], if g = SO(X), we get the
Theorem 3.3 of [13].

THEOREM 2.2. Let (X, g) be a strong GTS in which no net satisty P(II). Then X
is singleton.

Proor. Let y € X. Then y is a g-cluster point of the constant net {y}.
Take U=V =X € g. Since no net in X has the property P(II), we have
(UNV)\{y} =0.Hence X =UNV = {y}. |

This theorem contains several results in literature. For example, in a topo-
logical space (X, 1), if g = PO(X), we get Theorem 2.8 of [23], if we take
g = SO(X), we get Proposition 3 of [28].

THEOREM 2.3. Let (X,g) be a GTS and {x,}acp be a net in X such that
g-cp{xa }aep is finite. Then {x, }nep satisties P(I) or P(II).
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Proor. We shall prove the Theorem by the method of induction. Let {x,, } n.ep be
anet in X such that g-cp{x, }acp = {x}. If possible, let {x,, }ncp does not satisfy
P(I) and P(II). Then there exist U, V € gsuch thatx € UNVand UNV\{x} = (.
Let B = {a € D: x, € U}, then it is cofinal in D. Then {x3}¢p is a net in X.
Since {x }acp does not satisfy P(1), {8 € B: xg = x} is residual in B and for
x € V € g, {xg}gep is not frequently in /" which implies that x & g-cp{xz}gcs.
Since g-cp{xg}sep € g-cp{xatacp = {x}, g-cp{xs}sep = 0-a contradiction.
Assume that the statement is true for all natural numbers less than &, where
k > 1. Let {xq}aep be a net in X such that g-cp{x, }aep has exactly & ele-
ments. We need to show that {x, }nep satisfy P(I) or P(II). For suppose not,
let x € g-cp{xa}acp. Then there exist U,V € g such that x € U N V and
UNV\{x} =0.Let B = {a € D: xo, € U}, then it is cofinal in D. Since
{Xa}aep does not satisfy P(I), then {# € B: xg = x} is residual in B and
V € g such that x € V and {xg}gep is not frequently in ¥ which implies that
x & g-cp{xs}pes. Since g-cp{xs}pes C g-cp{xatacn, X € g-cp{Xa}acp and
x & g-cp{xg}en, then g-cp{x3} s p has less than k elements, which implies that
{xs}sep satisfies P(I) or P(I)-a contradiction. |

This theorem contains several results in literature. For example, in a topo-
logical space (X,7), if g = PO(X), we get Theorem 2.2 of [23], if we take
g = SO(X), we get Theorem 3.5 of [13].

DErINITION 2.4. A GTS (X, g) is said to be anti-g-compact if the only g-
compact subsets of X are those which have to be g-compact because of their
cardinality, i.e., the finite subsets.

THEOREM 2.4. A GTS (X, g) is anti-g-compact iff for each pointx € X and each
infinite subset A of X, there is a g-open set U containing x such that A \ U is not
g-compact relative to X.

Proor. Let (X, g) be anti-g-compact. Since A U {x} is not g-compact, there is a
cover U of 4 U {x} by g-open subsets of X which has no finite subcover. Then
there is some U € U such thatx € U. ThenU \ {U} is a cover of 4\ U by g-open
subsets of X which has no finite subcover. Thus 4 \ U is not g-compact.
Conversely, let 4 be a g-compact subset of X. If 4 is finite, then there is
nothing to show. Let 4 be infinite and x € 4. By hypothesis, there is a g-open
set U containing x such that 4 \ U is not g-compact. Hence there is a cover U of
A\ U by g-open subsets of X which has no finite subcover. Then &/ U {U} is a
cover of 4 by g-open subsets of X which has no finite subcover. Hence A4 is not
g-compact. |
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If we consider a topological space (X,7) with g = SO(X), then we get
Proposition 8 of [28].

THEOREM 2.5. A GTS (X,g) which is not g-compact has an infinite subset
which is anti-g-compact.

ProOF. LetU be a cover of X by g-open subsets, which has no finite subcover.
Let x; € X. Then there exists U; € U such that x; € Uj. Then there is a point
xy € X\Uj andaset U, € U suchthatx, € U,. Thereisapointxs € X\(U;UU,)
and so on, by induction for each positive integer n, there is a pointx, € U, € U
and x,4+1 € X'\ U, U;. Then {x,: n € N} is infinite and anti-g-compact. ]

This theorem contains several results in literature. For example, in a topo-
logical space (X, 7), if we take g = SO(X) it gives that any space (X, 7) which is
not semi-compact has an infinite subset which is anti-semi-compact, Proposition
9 of [28].

THEOREM 2.6. Let (X, g;) and (X, g,) be two GTS's such that g, C g, and
(X, g) is anti-g,-compact. Then (X, g,) is anti-g,-compact.

ProoOF. Suppose 4 is an infinite g,-compact subset of X. We claim that 4 is a
g,-compact subset of X. Let {V,: a € D} be a cover of 4 by g,-open subsets
of X. Since g, C g5, {Va: a € D} is a family of g,-open subsets of X. By
g,-compactness of 4, there must exist a finite subset Dy of D such that 4 C
C U{Va: a € Dg}. This shows that 4 is g;-compact — a contradiction. 1

DeriNITION 2.5.[8] Let (X,g;) and (Y,g,) be two GTS's. A mapping
f: (X,g) — (Y,g,) is said to be (g;, g,)-continuous iff /1 (G,) € g, for each
G2 € s

THEOREM 2.7. Let (X, g;) and (Y, g,) be two GTS's and f: (X,g,;) — (Y, g,)
be a (g,, g, )-continuous surjection. If (X, g,) is g,-compact, then (Y, g,) is g,-
compact.

Proor. Straightforward and hence omitted. |

THEOREM 2.8. Let f: (X,g,) — (Y,g,) be a (g,,g,)-continuous map. If
{Xa}taecp be a net in X which g,-converges to x, then the net {f(xo)}acD 25-
converges to f(x).

Proor. Straightforward and hence omitted. |
That the converse is false follows from the next example.

ExAMPLE 2.1. Let X = {a,b,c} and g, = {0, {a},{a,b},{a,c}, X} and g, =
= {0,{a}, {b},{c},{b,c},{a,c},{a, b}, X} be two GT's on X. Consider the
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function f: (X,g,) — (X, g,) defined by f(x) = x, for all x € X. Then for every
constant net {x,} in X g -converging to x, f({x,}) g,-converges to f(x), but
clearly, f is not (g, g,)-continuous.

3. gH-closedness in generalized topological spaces

DEFINITION 3.1. A non-void subset 4 of a generalized topological space (X, g)
is said to be g-closed relative to X if for every cover {U,: o € A} (A being
some index set) of 4 by g-open sets of X, there exists a finite subset Ag of A such
that 4 C U{cgUs: o € Ag}. If, in addition, 4 = X, then X is called a g-closed
space.

DEFINITION 3.2. A filter base F on a GTS (X, g) is said to be g-convergent to a
pointx € Xif for each V' € g containing x, there exists /' € F such that /' C ¢,V
and a filter base F is said to g-accumulate at x € X if ¢,/ N F # (), for each
x € Vegandeach F € F.

THEOREM 3.1. For a GTS (X, g) the followings are equivalent:

() (X, g) is g-closed;

(ii) Every maximal filter-base g-converges to some point of X;

(iii) Every filter-base accumulates at some point of X;

(iv) For every family {V,: o« € D} of g-closed subsets such that
N{Va: a € D} = 0, there exists a finite subset Dy of D such that N{igV,: a €
€ Do} = 0.

Proor. (i) = (ii): Let F be a maximal filter-base on X. Suppose F does not
g-converge to any point of X. Since F is maximal, F does not g-accumulate to
any point of X. Then for each x € X, there exist F, € F and V, € g containing
x such that ¢g ¥y N Fy = (). The family {Vy: x € X} is a cover of X by g-open
sets of X. Then by (i), there exist finite number of points x, x3, . . . , X, in X such
that X = U{c,Vy,: i = 1,2,...,n}. Since F is a filter-base on X, there exists
Fo € F such that Fy C N{F,: i = 1,2,...,n}. Therefore we obtain Fy = ()-a
contradiction.

(i1) = (iii): Let F be any filter-base on X. Then there exists a maximal filter-
base Fy such that 7 C Fy. By (ii), Fy g-converges to some point x € X. Then
for every FF € F and every V € g with x € V, there exists Fy € Fy such that
Fy C ¢4V, hence 0 #FyNFC ¢gV'N F. This shows that 7 accumulates at x.

(iii) = (i): Suppose X is not g-closed. Then there exists a g-open cover
{Va: a € D} of Xsuch that U{c,V,: @ € Do} # X for each finite subset Dy of
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D. Let G(D) denotes the ideal of all finite subsets of D. Since N{X\ ¢gVo: Do €
€ G(D)} # 0, the family F = {N(X\ ¢gVa): o € Do} is a filter- base on X.
By (iii), F accumulates at some point x € X. Since U{V,: o € D} is a cover
of X, x € V,, for some ay € D. Therefore we obtain V,,, € g withx € V,,,
X\ cgVa, € Fand cgVo, N (X\ cgVa,) = 0 —a contradiction.

(iii) = (iv): Let {V4: a € D} be a family of g-closed subsets of X such
that N{V,: a € D} = (). Let G(D) denotes the ideal of all finite subsets of D.
Assume N{igVy: o € Do} # 0 for each Dy € G(D). Then the family F =
= Npyec(p)ligVa: @ € Do} is a filter-base on X. By (iii), F accumulates at
some point x € X. Since {X\ V,: o € D} is a cover of X, x € X'\ V,, for some
ag € D. Therefore we obtainx € X\ Vo, € g, igVa, € F and cg(X \ V) N
NigVa, = 0-a contradiction.

(iv) = (i): Let {V,: a € D} be a cover of X by g-open subsets of X. Then
{X\ Vo: a € D} is a family of g-closed subsets of X such that N{X\ V,: a €
D} = (). By (iv), there exists a finite subset Dy of D such that N{iz(X\ V) : a €
€ Do} = 0, hence X = U{cgVa: a € Do}. This shows that X is g-closed. ]

This theorem unifies many results of topology. For example, in a topological
space (X, 1), if g = 7, we get Theorem 2.1 of [31], if g = 0O(X), we get
Theorem 5.10 of [19] if g = PO(X), we get Theorem 2.8 of [12], if g = §-
PO(X) we get Theorem 3.3 of [27], if g = BO(X), we get Theorem 3.5 of [4].

THEOREM 3.2. For a GTS (X, g) the followings are equivalent:

(i) A is g-closed relative to X;

(ii) Every maximal filter-base on X which meets A, g-converges to some
point of 4;

(iii) Every filter-base on X which meets A, g-accumulates at some point of 4;

(iv) For every family {V,: o € D} of g-closed subsets of (X,g), such
that \{Vo: o € D} N A = (), there exists a finite subset Dy of D such that
ﬂ{igVa: (RS D()} NA4=0.

Proor. The proof is similar to that of Theorem 3.3. |

THEOREM 3.3. Let (X, g;) and (X, g,) be two GTS's such thatg, C g,.If(X, g,)
is g,-closed, then (X, g,) is g,-closed.

Proor. Let{V,: a € D} beacover of X by g,-open subsets of X. Since g, C gy,
{Va: a € D} is a family of g,-open cover of X. By hypothesis, there exists a
finite subset Dy of D such that X = U{c, Vi: o € Do} C U{ce, Vit o € Do} 1

From this theorem we observe that for any topological space (X, 7), every
p-closed space is quasi H-closed [12] (by taking g, = 7 and g; = PO(X)),
every s-closed space is quasi H-closed [12] (by taking g, = SO(X) and g, = 7),



64 BISHWAMBHAR ROY, S. JAFARI

dp-closed space is quasi H-closed [27] (by taking g, = §-PO(X) and g, = 7),
every (-closed space is quasi H-closed [4] (by taking g, = 7 and g, = SO(X)),
dp-closed space is p-closed [12] (by taking g; = §-PO(X) and g, = PO(X)).

THEOREM 3.4. Letthe GTS (X, g) be ag-compact space. Then (X, g) is g-closed.

Proor. Let {V,: a € D} be a g-open cover of X. Then by g-compactness of
(X, g), there exists a finite subfamily D¢ of D such that X =U{V,: o € Dy} C
C U{cgVa: a € Dy}. This shows that (X, g) is g-closed. |

From this theorem we can conclude that in any topological space (X, 7),
every compact space is quasi H-closed [5] (by taking g = 1), every strongly
compact space is p-closed [12] (by taking g = PO(X)), every semi-compact
space is s-closed [6] (by taking g = SO(X)), every a-compact space is a-closed
(by taking g = aO(X)), every -compact space is S-closed (by taking g =
= BO(X)) [4].
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Abstract. We introduce the notion of mIT-structures determined by operators
mint and mCl on an m-space (X, my). By using mIT-structures, we introduce and in-
vestigate a function f: (X, mIT) — (Y, o) called mIT-continuous. As special cases of
mIT-continuity, we obtain m-semi-continuity [16] and m-precontinuity [18].

1. Introduction

Semi-open sets, preopen sets, a-open sets, 5-open sets and b-open sets play
an important role in the researches of generalizations of continuity in topologi-
cal spaces. By using these sets, several authors introduced and studied various
types of non-continuous functions. Certain of these non-continuous functions
have properties similar to those of continuous functions and they hold, in many
part, parallel to the theory of continuous functions.

In [20] and [21], the present authors introduced and studied the notions of
minimal structures, m-spaces, m-continuity and M-continuity. Quite recently, in
[14], [15], [16], [17], and [18], Min and Kim introduced the notions of m-semi-
open sets, m-preopen sets, m-a-open sets, m-3-open sets which generalize the
notions of m-open sets and m-semi-continuity, m-precontinuity, m-a-continuity,
m-{3-continuity generalizing the notions of m-continuity. In [6], [24] and [25],
the notions of m-semi-open sets, m-preopen sets, m-«-open sets and m-£-open
sets are also introduced and studied.

In the present paper, we introduce the notions of iterate m-structures and
mlIT-continuity and reduce the study of m-precontinuity and m-semi-continuity
to the study of m-continuity.

AMS Subject Classification (2000): 54C08
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2. Preliminaries

Let (X, 7) be a topological space and 4 a subset of X. The closure of 4 and
the interior of 4 are denoted by Cl(4) and Int(A4), respectively. We recall some
generalized open sets in topological spaces.

DErINITION 2.1. Let (X, 7) be a topological space. A subset 4 of X'is said to be
(1) a-open [19]if 4 C Int(Cl(Int(4))),
(2) semi-open [10]if A C Cl(Int(4)),
(3) preopen [12]if A C Int(Cl(4)),
(4) b-open [4]if A C Int(Cl(4)) U Cl(Int(A4)),
(5) (B-open [1] or semi-preopen [3]if A C Cl(Int(Cl(A4))).

The family of all a-open (resp. semi-open, preopen, b-open, 5-open) sets
in (X, 7) is denoted by «(X) (resp. SO(X), PO(X), BO(X), 8(X)).

DEerINITION 2.2. Let (X, 7) be a topological space. A subset A of X is said to be
a-closed [13] (resp. semi-closed [7], preclosed [12], b-closed [4], B-closed [1])
if the complement of 4 is a-open (resp. semi-open, preopen, b-open, 3-open).

DEerINITION 2.3. Let (X, 7) be a topological space and 4 a subset of X. The in-
tersection of all a-closed (resp. semi-closed, preclosed, b-closed, 5-closed) sets
of X containing 4 is called the a-closure [13] (resp. semi-closure [7], preclosure
[9], b-closure [4], B-closure [2]) of A and is denoted by e C1(4) (resp. sCl(A4),
pCl(4), bCl(4), g C1(4)).

DEFINITION 2.4. Let (X, 7) be a topological space and 4 a subset of X. The union
of all -open (resp. semi-open, preopen, b-open, 3-open) sets of X contained in
A is called the a-interior [13] (resp. semi-interior | 7], preinterior [9], b-interior
[4], B-interior [2]) of A and is denoted by « Int(A) (resp. sInt(4), pInt(A4),
bInt(4), 5 Int(4)).

DEFINITION 2.5. A function f: (X,7) — (Y,0) is said to be semi-continu-
ous [10] (resp. precontinuous [12], a-continuous [13], b-continuous [8], [5-
continuous [1]) at x € X if for each open set V containing f(x), there exists a
semi-open (resp. preopen, c-open, b-open, 5-open) set U of X containing x such
that f(U) C V. The function f is said to be semi-continuous (resp. precontinuous,
a-continuous, b-continuous, -continuous) if it has this property at each point
xeX
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3. Minimal structures and m-continuity

DEFINITION 3.1. Let X be a nonempty set and P(X) the power set of X. A sub-
family my of P(X) is called a minimal structure (briefly m-structure) on X [20],
[21]if ) € my and X € my.

By (X, my), we denote a nonempty set X with an m-structure my on X and
call it an m-space. Each member of my is said to be my-open (briefly m-open)
and the complement of an my-open set is said to be mx-closed (briefly m-closed).

REMARK 3.1. Let (X, 7) be a topological space. The families 7, a(X), SO(X),
PO(X), BO(X) and 3(X) are all minimal structures on X.

DEerFINITION 3.2. Let X be a nonempty set and my an m-structure on X. For a
subset 4 of X, the my-closure of A and the myx-interior of A are defined in [11]
as follows:

(1) mCl(4) =nN{F: 4 C F,X\F € my},

(2) mInt(4) = U{U: U C 4,U € my}.

REMARK 3.2. Let (X, 7) be a topological space and A a subset of X. If my = 7
(resp. SO(X), PO(X), a(X), BO(X), 8(X)), then we have
(1) mCl(4) = Cl(4) (resp. sCl(4), pCl(4), a Cl(4), bCl(4), g Cl(4)),
(2) mInt(4) = Int(4) (resp. sInt(4), pInt(4), alnt(4), blnt(4),
8 Int(4)).

Lemma 3.1 (Maki et al. [11]). Let X be a nonempty set and my a minimal struc-
ture on X. For subsets A and B of X, the following properties hold:

(1) mCl(X\ 4) = X\ mInt(4) and mInt(X'\ 4) = X'\ mCl(4)

(2) If(X\ A) € my, then mCl(4) = A and ifA € my,

then mInt(4) = 4,

(3) mC1(0) = 0, mCl(X) = X, mInt(@) () and mInt(X) = X,

(4) IfA C B, then mCl(4) C mCl(B) and mInt(4) C mInt(B),

(5) A C mCl(4) and mInt(4) C 4,

(6) mCl(mCl(4)) = mCl(4) and mInt(mInt(A)) = mlInt(4).
LemMmA 3.2 (Popa and Noiri [20]). Let (X, my) be an m-space and A a subset
of X. Then x € mCl(A4) ifand only if UN A # () for each U € my containing x.

DEeFINITION 3.3. A minimal structure my on a nonempty set X is said to have
property B [11] if the union of any family of subsets belonging to my belongs
to my.
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REMARK 3.3.If (X, 7) is a topological space, then SO(X), PO(X), a(X), BO(X)
and 3(X) have property 5.

LemmA 3.3 (Popa and Noiri [23]). Let X be a nonempty set and my an m-
structure on X satistying property B. For a subset A of X, the following properties
hold:

(1) A € my if and only if mInt(4) = A4,

(2) A is my-closed if and only if mCl(4) = A4,

(3) mInt(4) € my and mCl(A4) is my-closed.

DEerINITION 3.4. A function f: (X, mx) — (Y, 0) is said to be m-continuous at
x € X [21] if for each open set V' € o containing f(x), there exists U € my
containing x such that f(U) C V. The function f is said to be m-continuous if it
has this property at each x € X.

REMARK 3.4.Let (X, 7) be a topological space. If f: (X, my) — (Y,0) is m-
continuous and my = SO(X) (resp. PO(X), a(X), BO(X) and (X)), then we
obtain Definition 2.5.

THEOREM 3.1 (Popa and Noiri [21]). For a function f: (X,my) — (Y,0), the
following properties are equivalent:

(1) f is m-continuous;

2) f~1(V) = mInt(f~'(¥)) for every open set V of ¥;

(3) f~1(F) = mCl(f~'(F)) for every closed set F of Y;

(4) mC1(f~'(B)) c f~'(C1(B)) for every subset B of Y;

(5) f(mCl(4)) C CI(f(A)) for every subset A of X;

(6) f~1(Int(B)) C mInt(f~'(B)) for every subset B of Y.

CoroLLARY 3.1 (Popa and Noiri [21]). For a function f: (X,mx) —
— (Y, 0), where my has property BB, the following properties are equivalent:
(1) f is m-continuous;
@) 1! (V) is my-open in X for every open set V of ¥;
(3) f~1(F) is my-closed in X for every closed set F of .

For a function f: (X, my) — (Y, o), we define D,,(f) as follows:
Dy (f) = {x € X: f is not m-continuous at x}.

THEOREM 3.2 (Popa and Noiri [22]). For a function f: (X,my) — (Y,0), the
following properties hold:

Dy(f) = (J{(G)-mlnt(f1(6))} =

Geo
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U " (tnt(B)- mint (s~ (8))} =

BeP(Y)

= |J e '®) -r'(C18))} =

BeP(Y)

= |J {mCla) s (Clr)))} =

A€P(X)

= [J mC1 (7)) —/ 1)},

FeF

where F is the family of closed sets of (Y, o).

4. Iterate m-structures and iterate m-continuity

DEerFINITION 4.1. Let (X, my) be an m-space. A subset A of X is said to be
(1) m-a-open [15] if A C mInt(mCl(mlInt(4))),
(2) m-semi-open [14] if A C mCl(mInt(4)),
(3) m-preopen [17] if A C mInt(mCl(4)),
(4) m-B-open [5], [25] if 4 C mCl(mInt(mCl(4))),
(5) m-b-open if A C mInt(mCl(4)) UmCl(mInt(4)).

The family of all m-a-open (resp. m-semi-open, m-preopen, m-{3-open, m-
b-open) sets in (X, my) is denoted by ma.(X) (resp. mSO(X), mPO(X), m3(X),
mBO(X)).

REMARK 4.1. Similar definitions of m-semi-open sets, m-preopen sets, m-a-
open sets, m-[3-open sets are provided in [6], [24] and [25].

Let (X, myx) be an m-space. Then ma(X), mSO(X), mPO(X), mB(X) and
mBO(X) are determined by iterating operators mInt and mCl. Hence, they are
called m-iterate structures and are denoted by mIT(X) (briefly mIT).

REMARK 4.2.

(1) Iteasily follows from Lemma 3.1(3)(4) that ma/(X), mSO(X), mPO(X),
m3(X) and mBO(X) are minimal structures with property 5. They are
also shown in Theorem 3.5 of [14], Theorem 3.4 of [17] and Theorem
3.4 of [15].

(2) Let (X,myx) be an m-space and mIT(X) an iterate structure on X. If

mIT(X) = mSO(X) (resp. mPO(X), ma(X), mB(X), mBO(X)), then
we obtain the following definitions provided in [14] (resp. [17], [15],
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[18]): mIT Cl(4) = msCl(4) (resp. mpCl(4), ma Cl(4), mf3 Cl(4),
mbCl(4)); mITInt(4) = msInt(4) (resp. mplnt(4), maInt(4),
mf3 Int(4), mblnt(A4)).

REMARK 4.3.
(1) By Lemmas 3.1 and 3.3, we obtain Theorems 3.7 and 3.8 of [17] and
Theroems 3.8 and 3.9 of [15].
(2) By Lemma 3.2, we obtain Lemma 3.9 of [17] and Theorem 3.10 of [15].

DEerINITION 4.2. A function f: (X,my) — (Y,0) is said to be m-semi-
continuous [16] (resp. m-precontinuous [18]) at x € X if for each open set V'
containing f{(x), there exists m-semi-open set (resp. m-preopen) set U of X con-
taining x such that f(U) C V. The function f is said to be m-semi-continuous
(resp. m-precontinuous) if it has this property at each x € X.

REMARK 4.4. By Definition 4.2 and Remark 4.2, it follows that a function
f: (X,my) — (Y,0) is m-semi-continuous (resp. m-precontinuous) if the
function f: (X, mSO(X)) — (Y,0) (resp. /: (X, mPO(X)) — (Y,0)) is m-
continuous.

DEFINITION 4.3. A function f: (X, my) — (Y, o) is said to be mIT-continuous
atx € X (on X) if f: (X, mIT(X)) — (Y, o) is m-continuous at x € X (on X).

REMARK 4.5. Let (X,my) be a minimal space. If mIT(X) = mSO(X)
(resp. mPO(X), ma(X), mB(X), mBO(X)) and f: (X,mx) — (¥,0) is mIT-
continuous, then f is m-semi-continuous [16] (resp. m-precontinuous [18]), m-
a-continuous, m-3-continuous, m-b-continuous).

Since mIT(X) has property B3, by Theorems 3.1 and 3.2 and Corollary 3.1
we have the following theorems.

THEOREM 4.1. For a function f: (X,my) — (Y, o), the following properties are
equivalent:

(1) f is mIT-continuous;

(2) f~1(V) is mIT-open for every open set V of ¥

(3) f~'(F) is mIT-closed for every closed set F of Y;

(4) mITCI(f~'(B)) c f~!(CI(B)) for every subset B of Y;

(5) f(mITCl(4)) C CI(f(A4)) for every subset A of X;

(6) f~1(Int(B)) C mITInt(f~'(B)) for every subset B of .

REMARK 4.6. If mIT(X) = mSO(X) (resp. mPO(X)), then by Theorem 4.1
we obtain Theorem 3.3 of [16] (resp. Theorem 3.3 of [18]).
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For a function f: (X, my) — (Y, 0), we define D17 (f) as follows:
Dyir(f) = {x € X: fis not mIT-continuous at x}.

THEOREM 4.2. For a function f: (X,mx) — (Y,0), the following properties
hold:

Durr(f) = | J ' (G)-mITInt(f(G))} =

Geo

= |J {'(Int(B))-mITInt( " (B))} =

BeP(Y)

= | {mITcir(8)) - (C1(B))} =

BeP(Y)

= (J {mITCI(4) — /' (Cl(f(4)))} =

AEP(X)
= |J {mITCU (F)) — /N (F)),
FeF

where F is the family of closed sets of (Y, o).

5. Some properties of mIT-continuous functions

Since the study of mIT-continuity is reduced from the study of m-continuity,
the properties of mIT-continuous functions follow from the properties of m-
continuous functions in [21].

DEFINITION 5.1. An m-space (X, my) is said to be m-T, [21] if for each distinct
points x, y € X, there exist U, V € my containing x and y, respectively, such that
unv=0>0.
DEFINITION 5.2. An m-space (X,my) is said to be mIT -7, if the m-space
(X, mIT(X)) is m-T>.

Hence, an m-space (X, my) is mIT -7 if for each distinct points x,y € X,
there exist U, V € mIT(X) containing x and y, respectively, such that UN ¥ = ().

REMARK 5.1.Let (X,myx) be an m-space. If mIT(X) = mSO(X) (resp.
mPO(X)), then by Definition 5.2 we obtain the definition of m-semi-7> spaces
in [16] (resp. m-pre-T>-spaces in [18]).

LEmMA 5.1 (Popa and Noiri [21]). Iff: (X, mx) — (Y,0) is an m-continuous
injection and (Y, o) is a Hausdorff space, then (X, my) is m-T,.
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THEOREM 5.1. If f: (X,mx) — (Y,0) is an mIT-continuous injection and
(Y, o) is a Hausdorff space, then X is mIT-T5.

Proor. The proof follows from Definition 5.2 and Lemma 5.1. |

REMARK 5.2.Let (X,myx) be an m-space. If mIT(X) = mSO(X) (resp.
mPO(X)), then by Theorem 5.1 we obtain Theorem 3.12 in [16] (resp. The-
orem 3.10 in [18]).

DEFINITION 5.3. Anm-space (X, my) is said to be m-compact [21] if every cover
of X by my-open sets of X has a finite subcover.

A subset K of an m-space (X, my) is said to be m-compact [21] if every
cover of K by my-open sets of X has a finite subcover.

DEFINITION 5.4. An m-space (X, my) is said to be mIT-compact if the m-space
(X, mIT(X)) is m-compact.

A subset K of an m-space (X, my) is said to be mIT-compact if every cover
of K by mIT-open sets of X has a finite subcover.

REMARK 5.3.Let (X,myx) be an m-space. If mIT(X) = mSO(X) (resp.
mPO(X)), then by Definition 5.4 we obtain the definition of m-semicompact
spaces in [16] (resp. m-precompact spaces in [18]).

LEmMMA 5.2 (Popa and Noiri [21]). Letf: (X, mx) — (Y, o) be an m-continuous
function. If K is an m-compact set of X, then f(K) is compact.

THEOREM 5.2. Iff: (X,mx) — (Y, o) is an mIT-continuous function and K is
an mIT-compact set of X, then f(K) is compact.

Proor. The proof follows from Definition 5.4 and Lemma 5.2. |

REMARK 5.4.Let (X,my) be an m-space. If mIT(X) = mSO(X) (resp.
mPO(X)), then by Theorem 5.2 we obtain Theorem 3.16 of [16] (resp. Theorem
3.13in [18]).

DEerINITION 5.5. A function f: (X, my) — (Y, 0) is said to have a strongly m-
closed graph (resp. m-closed graph) [21] if for each (x,y) € (X x Y) — G(f),
there exist U € my containing x and an open set " of Y containing y such that
[Ux CI(V)] NG(f) =0 (resp. [U x V] NG(f) = 0).

DEFINITION 5.6. A functionf: (X, my) — (Y, o) is said to have a strongly mIT-
closed graph (resp. mIT-closed graph) if a function f: (X, mIT(X)) — (Y, 0)
has a strongly m-closed graph (resp. m-closed graph).
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Hence, a function f: (X,my) — (Y, o) has a strongly mIT-closed graph
(resp. mIT-closed graph) if for each (x,y) € (X x Y) — G(f), there exist
U € mlIT(X) containing x and an open set V of Y containing y such that
[Ux CI(M)] NG(f) =0 (resp. [U x V] NG(f) = 0).

REMARK 5.5.Let (X,myx) be an m-space. If mIT(X) = mSO(X) (resp.
mPO(X)), then by Definition 5.6 we obtain Definition 3.6 of [16] (resp. Defini-
tion 3.6 of [18]).

LEmMMA 5.3 (Popa and Noiri [21]). Iff: (X,myx) — (Y, 0) is an m-continuous
function and (Y, o) is a Hausdorff space, then f has a strongly m-closed graph.

THEOREM 5.3. Iff: (X,mx) — (Y, 0) isanmIT-continuous function and (Y, o)
is a Hausdorff space, then f has a strongly mI'T-closed graph.

Proor. The proof follows from Definition 5.6 and Lemma 5.3. |

REMARK 5.6.Let (X,myx) be an m-space. If mIT(X) = mSO(X) (resp.
mPO(X)), then by Theorem 5.3 we obtain Theorem 3.8 of [16] (resp. Theorem
3.8 in [18]).

LeEmMA 5.4 (Popa and Noiri [21)). Iff: (X, my) — (Y, 0) is a surjective func-
tion with a strongly m-closed graph, then (Y, o) is Hausdorff.

THEOREM 5.4.Iff: (X,my) — (Y, 0) is a surjective function with a strongly
mIT-closed graph, then (Y, o) is Hausdorff.

Proor. The proof follows from Definition 5.6 and Lemma 5.4. |

REMARK 5.7. Let (X, my) be an m-space. If mIT(X) = mSO(X), then by The-
orem 5.4 we obtain Theorem 3.10 of [16].

LemmA 5.5 (Popa and Noiri [21]). Let (X, my) be an m-space and my have prop-
erty B. If f: (X,mx) — (Y,0) is an injective m-continuous function with an
m-closed graph, then X is m-T5.

THEOREM 5.5. Iff: (X,myx) — (Y, 0) is an injective mIT-continuous function
with an mIT-closed graph, then X is mI'T-T5.

Proor. The proof follows from Definition 5.6 and Lemma 5.5. |

REMARK 5.8.Let (X,myx) be an m-space. If mIT(X) = mSO(X) (resp.
mPO(X)), then by Theorem 5.5 we obtain Theorem 3.13 of [16] (resp. Theorem
3.11 in [18]).



76 TAKASHI NOIRI, VALERIU POPA

DEFINITION 5.7. An m-space (X, my) is said to be m-connected [21] if X cannot
be written as the union of two nonempty sets of my.

DEFINITION 5.8. Anm-space (X, my) is said to be mIT-connected if an m-space
(X, mIT (X)) is m-connected.

Hence, an m-space (X, mIT (X)) is m-connected if X cannot be written as
the union of two nonempty sets of mIT(X).

LeEmMA 5.6. Letf: (X,mx) — (Y,0) be a function, where myx has property 5.
If f is an m-continuous surjection and (X, my) is m-connected, then (Y, o) is
connected.

THEOREM 5.6. Letf: (X, mx) — (Y, o) be a function. If fis an mIT-continuous
surjection and (X, my) is mIT-connected, then (Y, o) is connected.

Proor. The proof follows from Definition 5.8, Lemma 5.6 and the fact that
mIT(X) has property B. 1

6. mIT-open sets for my = SO(X), PO(X)

Let (X, 7) be atopological space. Among generalized open sets in Definition
2.1, the following implications are well-known:

DIAGRAM 1
open = «-open = semi-open
\ Y

preopen =  b-open = [-open

Let (X, my) be an m-space. Similarly, among mIT-open sets in Definition
4.1, the following implications hold:

DIAGRAM II
m-open = m-q-open = m-semi-open
4 Y

m-preopen =  m-b-open = m--open

In this section, we investigate the properties of inverse implications in Dia-
gram I for my = SO(X), PO(X).

LEMMA 6.1 (Andrijevi¢ [3], [4]). For a subset A of a topological space (X, ),
the following properties hold:
(1) sInt(4) = AN Cl(Int(4)), pInt(4) = A N Int(CL(4)) (Theorem 1.5 of

[3D
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(2) sInt(sCl(4)) = sCl(4) N Cl(Int(C1(A4))) (Theorem 3.1 of [3]),

(3) sCl(sInt(sCl(4))) = sInt(sCl(4)) (Corollary 3.2 of [3]),

(4) pCl(pInt(pCl(4))) = pCl(pInt(A4)) (Corollary 3.8 of [3]),

(5) A is b-open if and only if A C pCl(pInt(4)) (Proposition 2.1 of [4]).

THEOREM 6.1. Let (X, T) be a topological space and my = SO(X). Then the
following properties hold:

(1) m-open < m-a-open < m-semi-open,

(2) m-preopen < m-b-open < m-[3-open,

(3) m-preopen < [3-open.

Proor.
(1) Let A be an m-semi-open set. Then, by Lemma 6.1(1), we have 4 C
C mCl(mInt(4)) = sCl(slnt(4)) < Cl(sInt(4)) = Cl(4 N
NCl(Int(4))) C Cl(Int(4)). Therefore, A is semi-open, that is, m-open.
(2) Let A be an m-S-open set. Then, by Lemma 6.1(3), we have 4 C
C mCl(mInt(mCl(4))) = sCl(sInt(sCl(4))) = sInt(sCl(4))) =
= mInt(mCl(4))). Therefore, 4 is m-preopen.
(3) Let A be an m-preopen set. Then, by Lemma 6.1(2), we have 4 C
C mlnt(mCl(4)) = slnt(sCl(4)) = sCl(4) N Cl(Int(ClL(4))) C
C Cl(Int(Cl(A4))). Therefore, 4 is S-open.
Conversely, let 4 be a $-open set. Then, 4 C Cl(Int(Cl(4))) and hence

A C sCl(4) N Cl(Int(Cl(4))) = sInt(sCl(4)) = mInt(mCl(4)).
Therefore, A is m-preopen. |
CoRrROLLARY 6.1. Let (X, 7) be a topological space and my = SO(X). Then, a

function f: (X,7) — (Y,0) is semi-continuous if and only if f: (X,my) —
(Y, o) is m-semi-continuous.

Proor. This is an immediate consequence of Theorem 6.1. |

THEOREM 6.2. Let (X, T) be a topological space and my = PO(X). Then the
following properties hold:

(1) m-open < m-a-open < m-preopen,

(2) m-semi-open < m-b-open < m-3-open,

(3) m-semi-open < b-open.
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Proor.

(1) Let A be an m-preopen set. Then, by Lemma 6.1(1), we have 4 C
C mint(mCl(4)) = plnt(pCl(4)) C pInt(Cl(4)) = ClL4) N
N Int(CI(Cl(4))) = Int(Cl(4)). Therefore, 4 is preopen, that is, m-
open.

(2) Let A be an m-S-open set. Then, by Lemma 6.1(4), we have 4 C
C mCl(mInt(mCl(4))) = pCl(pInt(pCl(4))) = pCl(plnt(4)) =
= mCl(mInt(4))). Therefore, 4 is m-semi-open.

(3) By Lemma 6.1(5), the following properties are equivalent:

(a) A4 is m-semi-open,
(b) A € mCl(mlInt(4)) = pCl(pInt(4)),
(c) A is b-open.
1

CoRrOLLARY 6.2. Let (X, T) be a topological space and my = PO(X). Then,
a function f: (X,7) — (Y,0) is precontinuous if and only if f: (X,mx) —
— (Y, o) is m-precontinuous.

Proor. This is an immediate consequence of Theorem 6.2. |
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Abstract. The subject is the overview of the use of quasi-entropy in finite dimen-
sional spaces. Matrix monotone functions and relative modular operators are used. The
origin is the relative entropy and the f-divergence, monotone metrics, covariance and
the 2-divergence are the most important particular cases.

Quasi-entropy was introduced by Petz in 1985 as the quantum generaliza-
tion of Csiszar's f-divergence in the setting of matrices or von Neumann alge-
bras. The important special case was the relative entropy of Umegaki and Araki.
In this paper the applications are overviewed in the finite dimensional setting.
Quasi-entropy has some similarity to the monotone metrics, in both cases the
modular operator is included, but there is an essential difference: In the quasi-
entropy two density matrices are included and for the monotone metric on foot-
point density matrices. In this paper two density matrices are introduced in the
monotone metric style.

1. The concept of quasi-entropy

Let M denote the algebra of n x n matrices with complex entries. For pos-
itive definite matrices p1, po € M, for 4 € M and a function f: R™ — R, the
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AMS Subject Classification (2000): 81P45; 54C70
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quasi-entropy is defined as

SHolle2) = (Apy > f(A(pr/p2)(Apy )
= Tr p) (47 F(A(p1 /p2)) AP ),

where (B,C) := TrB*C is the so-called Hilbert-Schmidt inner product and
A(p1/p2): M — M is a linear mapping acting on matrices:

A(p1/p)B = p1Bp; .

This concept was introduced by Petz in 1985, see [19, 20], or Chapter 7 in [18].
(The relative modular operator A(p;/p2) was born in the context of von Neu-
mann algebras and the paper of Araki [1] had a big influence even in the matrix
case.) The quasi-entropy is the quantum generalization of the f-divergence of
Csiszar used in classical information theory (and statistics) [2, 16]. Therefore
the quantum f-divergence could be another terminology as in [10].

The definition of quasi-entropy can be formulated with mean. For a function
/ the corresponding mean is defined as my(x, y) = f(x/y)y for positive numbers,
or for commuting positive definite matrices. The linear mappings

L, X=pX and R, X=Xp,

(1)

are positive and commuting. The mean m; makes sense and

(2) S;!(pl”pﬁ = <A’mf(Lp17Rp2)A>'

Let ao: My — M be a mapping between two matrix algebras. The dual
o M — M, with respect to the Hilbert-Schmidt inner product is positive if
and only if «v is positive. Moreover, « is unital if and only if a* is trace preserv-
ing. a: My — M is called a Schwarz mapping if

3) o(B*B) > a(B*)a(B)

for every B € M.
The quasi-entropies are monotone and jointly convex [18, 20].

THEOREM 1. Assume that f: Rt — R is an operator monotone function with
f(0) > 0 and a: My — M is a unital Schwarz mapping. Then

@) St (o) o (p2)) = 57 (1] p2)

holds for A € M and for invertible density matrices p; and p, from the matrix
algebra M.

Proor. The proof is based on inequalities for operator monotone and operator
concave functions. First note that

Ste(a(p1)lla*(p2)) = SF (@ (p)l|a*(p2)) + ¢ Tr prax(4*4))



FROM QUASI-ENTROPY 83

and
A *
SiD (rllo2) = ST pillp) + ¢ Tr pr () a(4))
for a positive constant c¢. Due to the Schwarz inequality (3), we may assume that

f(0) =o0.
Let A := A(p1/p2) and Ay := A(a*(p1)/a*(p2)). The operator

(5) Xa*(p2)'? = a(X)py? (X € Mo)

1S a contraction:

la(X)py 2 ? = Tr pa(a(X)*a (X))
< Tr pa(a(X°X) = Tra* (p) XX = |Xa* (p2)'/2|?

since the Schwarz inequality is applicable to .. A similar simple computation
gives that

(6) VAV < Ag.

Since f is operator monotone, we have f(Ag) > f(V*AV). Recall that f is
operator concave, therefore f(V*AV) > V*f(A)V and we conclude

() J(Do) = VAV

1/2

Application to the vector A4a*(py)'/~ gives the statement. |

It is remarkable that for a multiplicative o« we do not need the condition
f(0) > 0. Moreover, V*AV = A and we do not need the matrix monotonicity of
the function f. In this case the only condition is the matrix concavity, analogously
to Theorem 1. If we apply the monotonicity (4) to the embedding a(X) = XX
of M into M @& M and to the densities p; = AE} @ (1 — A\)Fy, po = \E; ©
(1 — A)F», then we obtain the joint concavity of the quasi-entropy:

THEOREM 2. If f: R™ — R is an operator convex, then Sf(pl |lp2) is jointly
convex in the variables p; and p;.
If we consider the quasi-entropy in the terminology of means, then we can
have another proof. The joint convexity of the mean is the inequality
—1
f(L(Al+A2)/2R(31+Bz)/2)R(31+Bz )2 = Zf(LAl B )RBl %f(LAzRBz )Rp,

which can be simplified as

1
f(LA1+A2RB] +Bz>

1/2

1/2 1/2 1/2 1/2 ,1/2 1/2 1/2
< RBl+BzR /f<LA1R )R / RB]—{BZ +RB]4/-BQR /f(LAZ )R / RB]—l—Bz

< Cf(L4, Ry )C* + Df(Ly, Ry )D*.
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Here CC* 4+ DD* = [ and
C(LaR5")C* + D(L4,Ry )D* = Ly, 1 4,R5 " p -
So the joint convexity of the quasi-entropy has the form
f(CXC* + DYD*) < Cf(X)C* + Df(Y)D*

which is true for an operator convex function 1[5, 24].

If f is operator monotone function, then it is operator concave and we have
joint concavity in the previous theorem. The book [24] contains information
about operator monotone functions. The standard useful properties are integral
representations. The Lowner theorem is

769 =0+ o [ A .

An operator monotone function f: RT — R™ will be called standard if
xf(x~") = f(x) and f(1) = 1. A standard function f admits a canonical repre-
sentation

1 +1¢ : A1
® S0 =" e [0 )

where /4: [0, 1] — [0, 1] is a measurable function [6].
The concept of quasi-entropy includes many important special cases.

2. f-divergences

If pp and p; are different and 4 = I, then we have a kind of relative
entropy. For f(x) = xlogx we have Umegaki's relative entropy S(p1]|p2) =
Tr p; (log p1 —log p2). (If we want a matrix monotone function, then we can take
f(x) = logx and then we get S(p2||p1).) Umegaki's relative entropy is the most
important example, therefore the function f will be chosen to be matrix convex.
This makes the probabilistic and non-commutative situation compatible as one
can see in the next argument.

Let p; and p, be density matrices in M. If in certain basis they have diagonal
p = (py-py,---,p,) and g = (q;,45,---,9q,), then the monotonicity theorem
gives the inequality

) Dy(pllg) < S(p1llp2)

for a matrix convex function f. If p; and p, commute, them we can take the
common eigenbasis and in (9) the equality appears. It is not trivial that otherwise
the inequality is strict.
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If p; and p, are different, then there is a choice for p and ¢ such that they
are different as well. Then

0 < Dr(pllq) < Sr(p1llp2)-

Conversely, if S¢(p1]/p2) = 0, then p = g for every basis and this implies
p1 = p2. For the relative entropy, a deeper result is known. The Pinsker-Csiszar
inequality says that

(10) Ilp —ql} <2D(pllq).

This extends to the quantum case as

(11) o1 = p2lIT < 28(p1llp2),

see [8], or [24, Chap. 3].

ExampLE 1. The f-divergence with f(x) = xlogx is the relative entropy. It is
rather popular the modification of the logarithm as

loggx = (8€(0,1))
and the limit 8 — 0 is the log. If we take f3(x) = xlogs x, then

Trpl+ﬂp_ﬁ —1
S(pillp2) = %

Since f 5 is operator convex, this is a good generalized entropy. It appeared in
the paper [28], see also [18, Chap. 3], there -y is written instead of 5 and

S(prllp2) < Sa(pillp2) (B €(0,1))

is proven.
The relative entropies of degree

1 —«
Sa(p2llpr) = all—a) Tr(I = pi'py ) p2-

are essentially the same. |

The f-divergence is contained in details in the recent papers [26, 10].
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3. WYD information

In the paper [12] the functions
lﬁ(x —xr) ifp#1,

xlogx ifp=1

g,(x) =

are used, this is a small reparametrization of Example 1. (Note that g, is well-
defined for x > 0 and p # 0.) The considered case is p € [1/2,2], then g, is
operator concave.

For strictly positive 4 and B, JenCova and Ruskai define

Jp(K,4,B) = TrvVBK* g,(LsRy; ") (KVB)

which is the particular case of the quasi-entropy Sff (4]|B) with f = g,,.
The joint concavity of J,(K, 4, B) is stated in Theorem 2 in [12] and this is
a particular case of Theorem 2 above. For K = K*, we have

Jp(K,4,4) = Tr[K, 47)[K, 4' 7]

1
2p(1 —p)
which is the Wigner-Yanase-Dyson information (up to a constant) and extends
it to the range (0, 2].

4. Monotone metrics

Let M,, be the set of positive definite density matrices in M,,. This is a
manifold and the set of tangent vectors is {4 = A" € M,: Tr4 = 0}. A
Riemannian geometry is a set of real inner products yp(4, B) on the tangent
vectors [17]. By monotone metrics we mean inner product for all matrix spaces
such that

(12) Vo) (B(4), B(4)) < yp(4,4)

for every completely positive trace preserving mapping 3: M, — M,,.
Define J}';: M, —- M, as

(13) ¥, = f(LpR;" Rp = Lpm/ Ry,

where /: RT — R and my is the mean induced by the function f.
It was obtained in the paper [22] that monotone metrics with the property

(14) vp(4,4) = TrD'4> if AD = DA
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has the form
(15) (4, B) = Tr A(Jp,) ™ (B)

where f is a standard matrix monotone function. These monotone metrics are
abstract Fisher informations, the condition (14) tells that in the commutative
case the classical Fisher information is required. The popular case in physics
corresponds to f(x) = (1 + x)/2, this gives the SSA Fisher information.

Since

Tr ()~ (B) = (4D~")D'/2, }(A(D/D))(AD*)DI/%
we have 1
(4, 4) = ST (D||D).

So the monotone metric is a particular case of the quasi-entropy, but there is
another relation. The next example has been well-known.

ExampLE 2. The Boguliubov-Kubo-Mori Fisher information is induced by the

function
x—1 ! p
= = dt.
1) =T = [

Then
1 1
Yd = / (LpRy ) Rpd di = / D'AD' " dt
0 0
and computing the inverse we have
[e.e]
KWAMZ/ Te(D + t) ' AD + ) "' Adr.
0

A characterization is in the paper [4] and the relation with the relative entropy is
82

KM(4,B) = 2105

S(D + tA||D + sB).
N

Ruskai and Lesniewski discovered that all monotone Fisher informations
are obtained from an f-divergence by derivation [14]:

i
V1 (4,B) = 5105 S (D +14|ID + 5B)

The relation of the function F to the function f in this formula is
1 F@) 4R

(16) - -1
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If D runs on all positive definite matrices, conditions vp (4, 4) € R for self-
adjoint 4 and (14) are not required, but the monotonicity (12) is assumed, then
we have the generalized monotone metric characterized by Kumagai [13]. They
have the form

K,(4,B) = b(Tr p) Tr4* Tr B + c{4, (V)" (B)),
where /: RT — R is matrix monotone, /(1) = 1, b: RT — R and ¢ > 0.
Let 5: M, ® M, — M,, be defined as

[311 B>

— B11 + Ba.
By sz 1 22

This is completely positive and trace-preserving, it is a so-called partial trace.

For
b= [Af))l (1 —OA)Dz] A= P(;B (1 —OA)B]

the inequality (12) gives

YAD1+(1=\)D, (B B) < Yap, (AB, AB) + v(1—x)p, (1 = A)B, (1 — A\)B).
Since y,p(tA, tB) = tp(A4, B), we obtained the convexity.
THEOREM 3. For a standard matrix monotone function f and for a self-adjoint
matrix A the monotone metric vg(A, A) is a convex function of D.

This convexity relation can be reformulated from formula (15). We have the
convexity of the operator (J]’;)*l in the positive definite D.

5. Generalized covariance

If pp = p1 = pand 4, B € M are arbitrary, then one can approach to the
generalized covariance [23].

(17)  aCov},(4,B) := (4p'*,f(A(p/p))(Bp'/?)) — (Tx pA*)(Tr pB).

is a generalized covariance. The first term is (4, J’;B} and the covariance has
some similarity to the monotone metrics.

If p, 4 and B commute, then this becomes /(1) Tr p4*B — (Tt p4™*)(Tr pB).
This shows that the normalization /(1) = 1 is natural. The generalized covari-
ance quv’;(A,B) is a sesquilinear form and it is determined by quvJ:,(A,A)
when {4 € M: TrpAd = 0}. Formally, this is a quasi-entropy and Theo-
rem 1 applies if / is matrix monotone. If we require the symmetry condition
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quvf;(A,A) = quv‘;(A*,A*), then f should have the symmetry xf(x~!) =

J).
Assume that Tr p4 = Tr pB = 0 and p = Diag(A1, A2, ..., \y). Then

(18) qCov/,(4,B) ZAJ)\/A

The usual symmetrized covariance corresponds to the function f(f) =

=(t+1)/2:
Cov,(4,B) := %Tr(p(A*B—l—BA*)) — (Tr pA™)(Tr pB).

The interpretation of the covariances is not at all clear. In the next section
they will be called quadratic cost functions. It turns out that there is a one-to-one
correspondence between quadratic cost functions and Fisher informations.

THEOREM 4. For a standard matrix monotone function f the covariance
quvf (A4, A) is a concave function of p for a self-adjoint A.

Proor. The argument s1m11ar to the proof of Theorem 3. Instead of the inequal-
ity 5* (J]/ ) g < (j}f )~! we use the inequality ﬂJ}l B* < ,,]}flﬁ(D (see Theo-

rem 1.2 in [27] or [23]). This gives the concavity of (4, J,a). The convexity of
(Tr pA)? is obvious. |

6. x>-divergence

The x?-divergence

X(p.q) ZZW :Zi: (pi - 1>2%'

q;

was first introduced by Karl Pearson in 1900. Since
2 2
(Shal) = (S[21]a) =3 (2-1)a
i i
we have

(19) P —ql} <P, q)

pPi

4gi
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We also remark that the y>-divergence is an f-divergence of Csiszar with
f(x) = (x — 1) which is a (matrix) convex function. In the quantum case defi-
nition (1) gives

Si(pyo) =Trp*o ™! — 1.
Another quantum generalization was introduced very recently in [29]:
Valp, o) = Tt (p— 0)o*(p — 0)0*") = Tr popo” " — 1

where o € [0, 1]. If p and o commute, then this formula is independent of c.
In the general case the above Sy(p, o) comes for o = 0.
More generally, they defined

Xi(p,0) = <p — 0, Qh(p - 0)> ,

where QF = R'k(A(o/0)) and 1/k is a standard matrix monotone function.

In the present notation Qf = (J/%)~1

Xi(p,0) = (p, % p) — 1= (p, Y/HY " p) — 1 =7 (p,p) — 1.

Up to the additive constant this is a monotone metric. The monotonicity of the
x>-divergence follows from (12) and monotonicity is stated as Theorem 4 in the
paper [29], where the important function £ is
ko(x) = % (x+x*"") and X = X3

1 /kq is a standard matrix monotone function for « € [0, 1] and %, (x) is convex
in the variable a. The latter implies that x2 is convex in cv. The x2-divergence x2
is minimal if &« = 1/2. (It is interesting that this appeared in [27] as Example 4.)

When 1 /k(x) = (1+x)/2 is the largest standard matrix monotone function,
then the corresponding y>-divergence is the smallest and in the paper [29] the
notation x%,,..(p, ) is used. Actually,

and for density matrices we have

[oe)
Gur(:0) =2 [ Trpexp(-talpexp(—ww) e 1
0

see Example 1 in [27].
The monotonicity and the classical inequality (19) imply

lp— ot < x*(p,0)

(when the conditional expectation onto the commutative algebra generated by
p — o isused).



FROM QUASI-ENTROPY 91

References

[1] H. Araki, Relative entropy of state of von Neumann algebras, Publ. RIMS Kyoto
Univ., 9 (1976), 809-833.

[2] 1. CsiszARr, Information type measure of difference of probability distributions and
indirect observations, Studia Sci. Math. Hungar., 2 (1967), 299-318.

[3] P. GiBiLisco, F. Hiar and D. Perz, Quantum covariance, quantum Fisher in-
formation and the uncertainty principle, I[EEE Trans. Inform. Theory, 55 (2009),
439-443.

[4] M. GrasseLLI and R. F. STREATER, Uniqueness of the Chentsov metric in quan-
tum information theory, Infin. Dimens. Anal. Quantum Probab. Relat. Top., 4
(2001), 173-182.

[5] F. HanseN and G. K. PEDERSEN, Jensen's inequality for operators and Lowner's
theorem, Math. Ann., 258 (1982), 229-241.

[6] F. HaNSEN, Characterizations of symmetric monotone metrics on the state space
of quantum systems, Quantum Inf. Comput., 6 (2006), 597-605.

[7] F. HANSEN, Metric adjusted skew information, Proc. Natl. Acad. Sci. USA., 105
(2008), 9909-9916.

[8] F. Hia1l, M. Onya and M. TsukaDpa, Sufficiency, KMS condition and relative
entropy in von Neumann algebras, Pacific J. Math., 96 (1981), 99—-109.

[9] F. Hiar and D. PErZz, Riemannian geometry on positive definite matrices related
to means, Lin. Alg. Appl., 430 (2009), 3105-3130.

[10] F. Hiar, M. Mosonyi, D. PETz and C. BENy1, Quantum f-divergences and error
corrections, Rev. Math. Phys., 23 (2011), 691-747.

[11] A. S. HoLEvo, Probabilistic and statistical aspects of quantum theory, North-
Holland, Amsterdam, 1982.

[12] A.JEnCOVA and M. B. Ruskal, A unified treatment of convexity of relative en-
tropy and related trace functions, with conditions for equality, Rev. Math. Phys.,
22 (2010), 1099-1121.

[13] W. KuMAGAl, A characterization of extended monotone metrics, Linear Algebra
Appl., 434 (2011), 224-231.

[14] A. Lesniewskr and M. B. Ruskal, Monotone Riemannian metrics and rela-
tive entropy on noncommutative probability spaces, J. Math. Phys., 40 (1999),
5702-5724.

[15] E. H. LieB and M. B. Ruskal, Some operator inequalities of the Schwarz type,
Advances in Math., 12 (1974), 269-273.

[16] F. Liesk and I. VAIDA, On divergences and informations in statistics and infor-
mation theory, IEEE Trans. Inform. Theory, 52 (2006), 4394-4412.

[17] H. NAGAOKA, On Fisher information on quantum statistical models, in: Asymp-
totic Theory of Quantum Statistical Inference, 113—124, ed. M. Hayashi, World
Scientific, 2005.



92 DENES PETZ

[18] M. Onya and D. PETZ, Quantum Entropy and Its Use, Springer-Verlag, Heidel-
berg, 1993. Second edition 2004.

[19] D. PEerz, Quasi-entropies for states of a von Neumann algebra, Publ. RIMS. Kyoto
Univ., 21 (1985), 781-800.

[20] D. PEtz, Quasi-entropies for finite quantum systems, Rep. Math. Phys., 23 (1986),
57-65.

[21] D. Perz, Geometry of canonical correlation on the state space of a quantum sys-
tem, J. Math. Phys., 35 (1994), 780-795.

[22] D. Perz, Monotone metrics on matrix spaces, Linear Algebra Appl., 244 (1996),
81-96.

[23] D. Perz, Covariance and Fisher information in quantum mechanics, J. Phys. A.
Math. Gen., 35 (2003), 79-91.

[24] D. Perz, Quantum Information Theory and Quantum Statistics, Springer, Berlin,
Heidelberg, 2008.

[25] D. Perz and V. E. S. SzaB6, From quasi-entropy to skew information, Int. J.
Math., 20 (2009), 1421-1430.

[26] D. PEerz, From f-divergence to quantum quasi-entropies and their use, Entropy,
12 (2010), 304-325.

[27] D. Perz and C. GHINEA, Introduction to quantum Fisher information, QP—PQ:
Quantum Probab. White Noise Anal., vol. 27. (Eds: R. Rebolledo and M. Orszag),
World Scientific, 2011, 261-281.

[28] M. B. Ruskar and F. H. STILLINGER, Convexity inequalities for estimating free
energy and relative entropy, J. Phys., A 23 (1990), 2421-2437.

[29] K. TEMME, M. J. KastoryaNo, M. B. Ruskal, M. M. WoLF and F. VERSTRAETE,
The x2-divergence and mixing times of quantum Markov processes, J. Phys., A 23
(1990), 2421-2437.

[30] E. P. WIGNER, M. M. YANASE, Information content of distributions, Proc. Nat.
Acad. Sci. US4, 49 (1963), 910-918.

Dénes Petz

Alfréd Rényi Institute of Mathematics
H-1364 Budapest, POB 127, Hungary
petz@math.bme.hu



ANNALES UNIV. SCI. BUDAPEST., 55 (2012), 93—105

NONLINEAR TIME SERIES MODELS AND THEIR EXTREMES,
WITH HYDROLOGICAL APPLICATIONS
Abstract of Ph.D. Thesis

By
PETER ELEK
SUPERVISOR: ANDRAS ZEMPLENI
(Defended February 4, 2010)

1. Introduction

By combining the methods of time series analysis and extreme value theory
I investigate probabilistic properties, extremal behaviour and parameter estima-
tion of certain nonlinear time series models in this dissertation. My theoretical
contributions were initially motivated by an applied hydrological project that
— somewhat unusually in the hydrological literature — aimed to build models
to capture both the times series dynamics and the extremal behaviour of water
discharge data sets of Danube and Tisza. The coupling of the two theories may
lead to a more precise description of time series extremes than their separate
application would do. Purely time series models concentrate on the "typical" be-
haviour of the series and thus give too little weight to large observations, while
purely extreme value models tend to neglect the information in the dynamics of
the process, or make too general assumptions on it. The two methodologies are
combined quite often in mathematical finance, actuarial studies, telecommuni-
cations but less usually in hydrological models.

The thesis summary follows the structure of the dissertation. I review the
necessary preliminaries in section 2 and present my empirical findings on the
properties of water discharge series in section 3. I give my theoretical and applied
results on conditionally heteroscedastic models in section 4 and on Markov-
switching models in section 5. Finally, section 6 reveals the relationship between
the two model families and outlines directions of future research.

The results of section 4 are joint work with Laszl6 Markus, while those of
section 5 are joint work with my supervisor Andras Zempléni.
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2. Preliminaries

Although the dissertation uses preliminaries from both time series analysis
and extreme value theory (EVT), I only review the basic concepts and scope
of the latter field in the thesis summary. Time series analysis is a much more
traditional research area hence its classical results can be found in numerous
monographs.

Basically, EVT deals with two types of research problems.! First, the tail of
a distribution (i.e. the rate of decay of the F' (u) = 1 — F (u) survival function as
u — o0) can be examined, and second, the clustering of high observations in a
stationary series (i.e. to what extent they form groups) can also be analysed.

As far as the tail of a distribution is concerned, the theorem of Balkema-de
Haan-Pickands is a basic result in EVT (Balkema and de Haan, 1974; Pickands,
1975). For any random variable X satisfying some general conditions there ex-
ists a measurable function a(u) such that the distribution of normalised threshold
exceedances tends to the generalised Pareto distribution (GPD) with shape pa-
rameter £ as u tends to the upper end point of the support of the distribution:

(X—u)/a(u))|(X>u) = 4GPDs.

The shape parameter of the GPD obtained in the limit greatly determines
the extremal properties of the original distribution as well. If £ > 0 the survival
function is regularly varying with parameter 1/ (it follows that £ (X*)" = oo
for m > 1/¢ values),? while for & < 0 the support of the distribution is bounded
from above and the survival function (after a simple transformation) is regularly
varying around the upper end point. The & = 0 case — when the obtained GPD
is the exponential distribution — can be characterised with more difficulty. Al-
though the distributions in this group share the common feature that all of their
moments are finite one can find heavy and and also light tailed distributions
among them.? The exponential and the normal laws are examples for the light-
tailed case, while the Weibull distribution with exponent smaller than one for
the heavy-tailed case.*

'The book of Embrechts et al. (1997) is a basic monograph of EVT.

The notations x™ = max (x, 0) and x~ = max (—x, 0) are used.

3 A distribution is light-tailed if there exists an s > 0 such that the Ly (s) = E exp (sX) moment
generating function is finite. If such an s does not exist the distribution is heavy-tailed.

4 According to the terminology of the dissertation the survival function of the Weibull distri-
bution is F (1) = exp (—Au") where d is the exponent parameter. A distribution has Weibull-like
tail if there exist K; > 0, K2, A > 0 and d > 0 constants such that F' (1) ~ Kju*? exp (—)\ud) as

u — o0.
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During the commonly used threshold-based estimation method high quan-
tiles of a distribution are estimated from the parameters of a GPD fitted to ex-
ceedances above a high threshold. This is an appropriate procedure in the ab-
sence of other information but leads to highly variable or (if a relatively low
reference threshold was chosen) biased quantile estimates. If additional infor-
mation is available on the distribution (e.g. if we not only know that it belongs
to the domain of attraction of the GPD with & = 0 but know its decay more
accurately) then we can obtain more precise quantile estimates. Besides theoret-
ical interest, this gives the motivation to study the rate of decay of the stationary
distribution of certain theoretical time series models — a research area that has
reached deep results e.g. in mathematical finance.

Turning to the other direction of EVT, clustering of large observations in a
time series means more precisely the following. Let us examine a C, extremal
functional of a stationary process X; :

n—m-+1
C”l(u): Z g(‘XVt_uv"'vat+m71_u)a

t=1

where g is a R” — R function satisfying g(x) = 0 for all x ¢ R”. Let
us choose the {u,} sequence such that lim,, . nF (u,) — 7 > 0. Then under
general conditions the distribution of C,, (u,) tends to the distribution of C{+C5+
+- .-+ C}, where L is a Poisson-distributed random variable and C}, C3, . .. are
1.i.d. variables, independent of L as well (Smith et al., 1997). Heuristically this
means that large observations in a stationary time series occur in clusters, and
these clusters are asymptotically independent of each other. Thus the distribu-
tion of C; contains essential information about the time-dependence of extreme
observations of the process. For instance, if m = 1 and g(x) = X {0y then C}
corresponds to the size of an extremal cluster in the limit (e.g. to the duration of
a large flood in the hydrological context) and if m = 1 and g(x) = x* then the
aggregate excess during an extreme event (e.g. the flood volume in hydrology)
is obtained. In this case C* will be denoted by W*.

The simplest measure of extremal dependence is the extremal index (6),
which is obtained — under some assumptions — from the relationship £ (L) = 67
or as the reciprocal of the expectation of the limiting cluster size: = E (C7) ™" if
g(x) = X{x>0}- Apart from pathological cases 0 < 6 < 1 and a smaller extremal
index implies a stronger extremal dependence.

Since the extremal index and the other characteristics of extremal depen-
dence are asymptotic concepts they can be estimated from finite samples (simi-
larly to high quantiles) only with large uncertainty. Things are made even more
complicated because — contrary to the GPD in the estimation of high quantiles
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— the limiting cluster size and limiting aggregate excess distributions generally
cannot be described with parametric families. The problem is often tackled by
restricting the set of examined models, deriving theoretical extremal dependence
properties for the special models and then developing methods for estimating
cluster characteristics based on these results. If model specification is correct
these procedures are more accurate than the methods applicable for more general
series as well.

A good example for this research direction is the analysis of extremal de-
pendence of Markov chains. Under general conditions Smith et al. (1997) have
shown that a Markov chain with exponential tail behaves asymptotically (above
high thresholds) as a random walk. Based on this result, an estimation and sim-
ulation method has been developed for the analysis of the extremal clusters of
Markov chains.

3. Empirical features of water discharge data

In the dissertation I use daily water discharge data of three monitoring sta-
tions at river Danube (Komarom, Nagymaros, Budapest) and three at river Tisza
(Tivadar, Vasarosnamény, Zahony). My first results concern the empirical prop-
erties of the series. First I fit ARMA models with seasonal components to the
data and then generate synthetic water discharge series with the fitted models.
Following the hydrological literature (e.g. Montanari et al., 1997), the ARMA
innovations are not obtained from a parametric distribution but by the bootstrap
method, i.e. by resampling the fitted innovations. My results show that the simu-
lated processes substantially underestimate the high quantiles and do not repro-
duce the probability density of the observed data.

Since various heuristic estimators (correlogramm-based procedure, R/S
statistic etc.) point to the presence of long memory I also estimate a fractional
ARIMA model on the data. However, the fit of the high quantiles and the prob-
ability density improve only marginally. Hence, contrary to other rivers (e.g.
Montanari et al., 1997), linear models do not describe accurately the behaviour
of daily river flows of Danube and Tisza, which makes nonlinear modelling nec-
essary.

I also show in the chapter that — similarly to other rivers with medium or
large catchments — the data sets for Danube and Tisza tend to belong to the do-
main of attraction of the GPD with & = 0 (the £ = 0 hypothesis cannot be
rejected for most monitoring stations and thresholds). The extremal index esti-
mates reveal that observations above high thresholds are strongly clustering over
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time. These empirical results steer the modeler in the choice among the various
possible nonlinear model families.

4. Conditionally heteroscedastic models

First I examine ARMA-S-TARCH models in the dissertation from a theo-
retical point of view:

p q
(1) Xi=c+ Z ai(X;—i —c) + Z bigi—
i=1 i=1
(2) e = o(X-1)Z;,
(3) o? (x) = ao +ary (v —m) ") +ar ((x—m)7)™,

where [ make the following assumptions:

ASSUMPTION 4.1. Z; is an independent identically distributed random sequence
with zero mean and unit variance. The distribution of Z, is absolutely continuous
with respect to the Lebesgue-measure, and its support is the whole real line.

ASSUMPTION 4.2. For the characteristic polynomials

p q
O2)=1-> az #0 and V(z)=1+Y b #0 if |z <1,
i=1 i=1

and ®(z) and ¥ (z) have no common zeros.
AssumPTION 4.3.0 < 8 < 1.

ASSUMPTION 4.4. a9 > 0, a1+ > 0and aj— > 0.

Thus, in contrast to the usual (T)ARCH-type processes, the variance of the
€, innovation depends on X;_; and not on £,_1, and the function describing this
relationship tends to infinity in a slower than quadratic rate (since 5 < 1).

If 8 = 1 the model given by (1)—(3) does not have a stationary solution for
every aj4+ > 0 and aj— > 0, and the domain of stationarity depends not only
on the variance parameters but on the coefficients of the ARMA equation, too.
If the stationary solution exists its survival function is polynomially decaying
even for light-tailed (e.g. normally distributed) Z; noises, hence the distribution
belongs to the domain of attraction of a GPD with £ > 0 (see e.g. Embrechts et
al. (1997) in a special case).
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Using the drift condition for the stability of Markov chains (Meyn and
Tweedie, 1993) I prove that the 0 < 8 < 1 case is substantially different from
the quadratic case:’

THEOREM 1. If Assumptions 4.1-4.4 hold the X; process defined by (1)—(3) is
geometrically ergodic and has a unique stationary distribution. If, moreover,
E(|Z:]") < oo foranr > 2 real, then E (|X;|") < oo under the stationary distri-
bution.

It follows that if all moments of the generating noise are finite then the
stationary distribution of X; can only belong to the domain of attraction of the
GPD with ¢ = 0. In the case without ARMA-terms, if the generating noise has
Weibull-like tail with exponent parameter ~y then I prove a more accurate state-
ment: the tail of the stationary distribution can be approximated by Weibull-like
distributions with parameter v (1 — 3).

ASSUMPTION 4.5. Z; is an i.i.d. sequence and there existug > 0,y > 0,K; > 0
and K, such that its probability density satisfies

Sz, () = Kilul™ exp (=k[ul")
for every |u| > uy.

THEOREM 2. Assume a; = 0 andb; = 0 (i =1,...,max (p,q)), Assumption
45 a9 > 0, a1+ > 0, a1— > 0and 0 < B < 1. Then, using the notation

'™ = max (a4, a1-),

max\—7/2 *,i
exp (_ (al ) 5 fi')/ﬁ 1-8 u,y(lfﬁ) +0 (ufy(lﬁ)ﬂ)) < FXt (u)

max /2 "B~ T8
< exp (_ (™ + ap) " Ry Bu,y(l_g) L0 <u7(1—ﬂ)/2>> _
- 2

ProrosiTiON 3. If the assumptions of the previous theorem hold but acj— > 0
is replaced to avj— = 0, then for every § > 0 there exists a K > 0 such that
exp (—Ku1+07(1=8)) < Fy (u).

Finishing the probabilistic analysis, I illustrate the conjecture that — unlike
in the 5 = 1 case — the process has a unit extremal index thus asymptotically the
exceedances do not form clusters. (This does not rule out, however, clustering
above large but finite thresholds.)

SUnless stated otherwise, all probability statements in the sequel hold under the stationary
distribution.
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Turning to parameter estimation, let 8 = (al, cosap, by, bq) and
o = (ap, @14, ;). Denote the true ARMA parameter vector by 8° and the
true parameters of the variance equation by .

For given 8 and m I estimate the ARMA parameters by least squares and the
parameters of the variance equation by QML (quasi maximum likelihood, i.e. by
maximising the likelihood function obtained under the assumption of normally
distributed noise sequence). In the latter part of the estimation the £, innovations
calculated from the ARMA fit are used. I prove the consistency and asymptotic
normality of the procedure under the following assumptions.

ASSUMPTION 4.6. There exists a § > 0 such that 8° € ©; where
©5 = {6 € R”" : the roots of ® g (x) and ¥ g (x) have moduli > 1+ 6}.

Moreover, &’ € int(K), where K is a compact subset of R+ x Ry x Ry
AsSuMPTION 4.7. E(|Z;|*+2") < oo holds for some ) > 0.

THEOREM 4. Under Assumptions 4.1-4.3 and 4.6 the QML estimator is con-
sistent, i.e. &, — o as. If in addition Assumption 4.7 holds, the resulting
estimator is asymptotically normally distributed, i.e.

V(b — ) = N (0, H™ (o) V (@”) H ™ (a))

where

_ al(gt))(t—ha) 81(81‘7)(1—17a)T
Vie) = Ex ( fofe" Oa

2
H(a) = E, (—a e "‘)> |

The H(a®) and V (a) matrices can be consistently estimated by the empiri-
cal counterparts of H(&,) and V (&), with expectations replaced by sample
averages.

Finally I fit the ARMA-S-TARCH model (with 5 = 1/2) to the water dis-
charge data and obtain highly significant heteroscedasticity for all monitoring
stations. Synthetic river flow series are generated from the fitted model in such
a way that the noise sequences are obtained by resampling the {Z} calculated
noises. The simulated time series approximate the probability densitis and high
quantiles of observed water discharges much better than the simulations from
the linear models do.
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5. Markov-switching autoregressive models

In this chapter the Markov-switching (MS-) AR(1) model family is exam-
ined:

4) Xi=a1Xi—1+esha =1,
(%) Xi = apX;—1 +eo,ha I, =0.
Here I is a two-state discrete time Markov chain with p,=P(l;=1 — i|l;_1 =1)

transition probabilities (i = 0, 1), and {e,}, {€0,} are i.i.d. sequences, inde-
pendent of each other and from {/;} but not necessarily identically distributed
with each other. Let us also assume that |a;| > |ao.

The EVT literature had earlier dealt mainly with the |ag| < 1 < a case.
Under this assumption the stationary distribution — if it exists — is heavier tailed
than the generating €1 ; noise, moreover, the survival function is polynomially
decaying under general assumptions (Saporta, 2005). The extremal index of the
model is smaller than one. If, in contrast, |ag| < |a;| < I the stationary distri-
bution can take many forms but it is certainly light-tailed with a unit extremal
index in case of light-tailed &;; (i = 0, 1) noises.

I analyse the case not examined previously from an extremal point of view
where the first regime is a random walk and the second is a stationary autore-
gression (Assumption 5.1). I also assume that £ ; and €, are light-tailed.

ASSUMPTION 5.1.a; =1and0 <aqgg < 1.

ASSUMPTION 5.2. The distribution of €1 ; is absolutely continuous with respect
to the Lebesgue-measure and E|e| ;| < co. Moreover, there exists a & > 0 such
that (1 —py) L, , (k) = land L, (k) < oo.

AsSSUMPTION 5.3. The distribution of € ; is absolutely continuous with respect
to the Lebesgue-measure and its support is the whole real line. There exists an
so >  such that L. (s9) < o0.

If Assumption 5.1 holds the model always has a stationary solution. As-
sumption 5.2 plays a crucial role in examining the extremal behaviour. Let

So =0, S, =S,_1 +e, (n:1,2,...)

be a random walk where the distribution of {¢, } is the same as the distribution of
{e1,}. Furthermore, let 7'be a Geom (p, )-distributed random variable, indepen-
dent of {g, }. I prove a Cramer-Lundberg-type approximation for the maximum
of the random walk stopped at time 7 — 1 and then show the following:



NONLINEAR TIME SERIES MODELS AND THEIR EXTREMES 101

ProprosiTiON 5. Under Assumption 5.2 there exists a K > 0 such that
P (St > u) ~ Kexp (—ku) .

This statement, combined with the drift condition for Markov chains, even-
tually leads to the following theorem:

THEOREM 6. If Assumptions 5.1--5.3 hold there exists a K > 0 such that
P(X; > u) ~ Kexp (—ku) .

Let 7, denote the entrance time to (u,00) and define the B, = S, — u
overshoot on the (7, < 00) event. Assumption 5.2 ensures that B,| (1, < c0) —
— 4Boo as u — oo. Define the {S} } random walk as

Sy =Beo, Si=S_ +en (n=1,2,...),

n

where the B, variable is chosen independently of the {¢,,} sequence. With these
notations I prove the following proposition on the extremal clustering behaviour
of the MS-AR(1) model:

ProrosiTION 7. Let g(x) = 0 forx < 0 and g(x) = o (exp (kx)) asx — oo.
Then as n — oo C,(u,) converges to a Poisson sum of independent random
variables, distributed as C* where

-1
=) g(S).
k=0
The 0 extremal index is given by

0
0= / kexp (kx) Q(x)dx

—0o0

where Q(x) is the solution of the Wiener-Hopf-equation:

0W) =py+(1=p) [ QWL (v~

Hence, as far as extremes are concerned, this parameter choice lies between
the two previously mentioned cases (a; > 1 and |a;| < 1): the stationary dis-
tribution has an exponential tail but the extremal index is smaller than one. The
exponent x can be explicitly calculated in some special cases (e.g. for normally
or Gamma-distributed noise) and the extremal index in others (e.g. for nonneg-
ative or Laplace-distributed noise).

If, for instance, €1, > 0 a.s. the limiting cluster size distribution is geometric
with p, parameter and the extremal index is p;. In a more special, hydrologically
important case [ prove a theorem about the limiting aggregate excess distribution
using Laplace's method for sums:
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THEOREM 8. If Assumptions 5.1 and 5.3 hold and ¢, ; ~ Gamma (o, \) then
there exist K; > 0 (i = 1,2) constants such that

K exp (—23/2 (A" —aXo) ()\y)l/2> < Fpe (y) <
< Ky exp (—2 (A" = ao) ()\y)l/2> :
where )\ is the unique real number satisfying
A2 — 2alog A + log(1 — p;) — a(1 + log @) = 0.

The examined MS-AR(1) model is interesting not only on its own right but
in the analysis of extremal dependence of more general processes as well. Let
X, satisfy the following conditions:

ASSUMPTION 5.4. Let I; be a discrete time Markov chain as above. Let X; be a
stationary process whose conditional distribution, provided that I, is known, only
depends on the value of X;—; (i.e. X; is conditionally Markov in each regime).
Formally, for 4, C R Borel-sets andj, € {0, 1},

P (X € Al =) Xii € Aiiylii =i =1,2,...) =
=PX, € A|X; 1 €A 1,1 =)

Moreover, for eacht, conditionally on (I, I, . . ., I;), the set of random variables
(X1,Xa,...,X,) is independent of (1,112, ... ).

ASSUMPTION 5.5. The stationary distribution of X; is absolutely continuous with
repsect to the Lebesgue-measure and there exist 0 < a < 1, Ky > 0,K; > 0
constants such that Fy (u) ~ Kje™" and Fyy (u) ~ Koeru/a,

Let a; = 1 and a9 = a, and use the following notations forj = 0,1 :

F(z) =P (X < aqu+zX—y = u 1, =)).

If Assumptions 5.4 and 5.5 are satisfied and the (X;—1, X;) | (/; =) distribu-
tions (j = 0, 1) belong to the domain of attraction of a bivariate extreme value
law then (under further regularity conditions) F} (z) can be shown to have a
limit for all z as u — oo. Instead of stating the regularlty conditions precisely |
formulate this as an assumption.

ASSUMPTION 5.6. The joint distributions (X;—1,X;) | (I, =) (j = 0, 1) are ab-
solutely continuous with respect to the Lebesgue-measure. There exist (possi-
bly improper) distribution functions F; (z) such that F/ (z) — F} (z) asu —
— oo uniformly on all compact 1ntervals (j = 0,1). Moreover, 1f F} (—00) =
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= lim,, o £ (z) > 0 for aj, then

lim limsupsup P (X; > qu|X;—1 =u—y,I;,=i) =0
M—0oo  y—o00 y>M
is satisfied fori = 0, 1.

Let us define Y, as an MS-AR(1) process with a; = 1, ap = a and Fj-
distributed €;; noises. I prove that the behaviours of X; and Y, do not differ sub-
stantially from each other above high thresholds:

ProposITION 9. If Assumptions 5.4-5.6 hold then for all p, j, € {0,1} and y,
(t=1,...,p)
lim

‘
Jim P<Xt< (Hajl,)u—i—yt(t: L....p)|[Xo=ul,=j,(t= 1,...,p)> —
i=1

t
—P(Yt< <Haj,>“+%(t: L...,p)|/Yo=ul,=j,(t= 1,...,p)>‘:0.

i=1

Hence (under regularity conditions similar to those routinely applied in the
statistical practice) the high-level clustering of Markov-switching, conditionally
Markov processes with exponential tail can be approximated by the similar be-
haviour of MS-AR models. Therefore, if the aim is to estimate the extremal de-
pendence structure of a time series then it may be more effective to fit an MS-AR
model only to high-level exceedances rather than to the whole series. This way,
only the conditional Markov and not the conditional AR structure is assumed for
the process. In the dissertation I develop an approximate maximum likelihood
procedure for the threshold-based estimation of the MS-AR model, examine the
properties of the estimator by simulation and apply it to the water discharge data
at Tivadar. The flood maxima and flood volumes simulated from the estimated
model fit well to the corresponding characteristics of the observed series, im-
plying that the extremes of the river flow data can be adequately described by a
simple conditionally Markov model.

6. Conclusions

Among the models presented in the dissertation the ARMA-3-TARCH
model generalises the linear family in a statistically motivated way, while the



104 PETER ELEK

MS-AR process gives more "structural” insight into the behaviour of hydrolog-
ical time series. Due to this reason, and also because of its better fitting theoret-
ical extremal properties, the latter model is more appropriate for hydrological
purposes. It is not surprising, however, that a purely statistical fitting procedure
may easily lead to an ARCH-type process: the weak ARMA representation of
MS-AR models can be shown to be conditionally heteroscedastic, moreover, the
variance depends on the lagged value of the process approximately linearly in a
wide range. This relationship connects the two model families.

Journal articles of the author

The dissertation is based on the following four peer-reviewed journal arti-
cles and on one yet unpublished manuscript:

e P. ELEK, L. MARKUS, A long-range dependent model with nonlinear in-
novations for simulating river flows, Natural hazards and earth systems
sciences, 4 (2004), 277-283.

e P. ELEK, L. MARKUS, A light-tailed conditionally heteroscedastic model
with applications to river flows, Journal of Time Series Analysis, 29
(2008), 14-36.

e P.ELEK, A. ZEMPLENTI, Tail behaviour and extremes of two-state Markov-
switching autoregressive processes, Computers and Mathematics with
Applications, 55 (2008), 2839-2855.

e P. ELEK, A. ZEMPLENI, Modelling extremes of time-dependent data by
Markov-switching structures, Journal of Statistical Planning and Infer-
ence, 139 (2009), 1953-1967.

e P.ELEk, L. MARkuUS, Tail behaviour of 3-TARCH processes, Manuscript,
submitted.

The author has also published two conference proceedings and various con-
ference abstracts in the topic of the dissertation, and coauthors further three jour-
nal articles in applied mathematics or statistics, which are more or less connected
to the topic.

e M. AraTG, D. Bozso, P. ELEK, A. ZEMPLENT, Forecasting and simulat-
ing mortality tables, Mathematical and Computer Modelling, 49 (2008),
805-813.



NONLINEAR TIME SERIES MODELS AND THEIR EXTREMES 105

e A. BirG, P. ELEk, J. ViNnczg, Model-based sensitivity analysis of the
Hungarian economy to shocks and uncertainties, Acta Oeconomica, 58
(2008), 367-401.

e K. Vasas, P., ELEK, L. MARKUS, A two-state regime switching autore-
gressive model with application to river flow analysis, Journal of Statis-
tical Planning and Inference, 137 (2007), 3113-3126.

References

[11 A. A. BALKEMA, L. DE HaaN, Residual life time at great age, Ann. Probab., 2
(1974), 792-804.

[2] P. EmBRECHTS, C. KLUPPELBERG, T. MIKOSCH, Modelling extremal events for in-
surance and finance, Springer, Berlin.

[3] S.P.MEYN, R. L. TWEEDIE, Markov chains and stochastic stability, Springer, Lon-
don.

[4] A. MonNTANARI, R. Rosso, M. TaQqu, Fractionally differenced ARIMA models
applied to hydrologic time series: identification, estimation and simulation, Water
resour. res., 33 (1997), 1035-1044.

[5] J. PickaNDs, Statistical inference using extreme order statistics, Ann. statist., 3
(1975), 119-131.

[6] B. Saporta, Tail of the stationary solution of the stochastic equation Y,; =
= a,Y, + b, with Markovian coefficients, Stochastic process. appl., 115 (2005),
1954-1978.

[7] R. L. SmitH, J. A. TaAwN, S. G. CoLES, Markov chain models for threshold ex-
ceedances, Biometrika, 84 (1997), 249-268.






ANNALES UNIV. SCI. BUDAPEST,, 55 (2012), 107-116

DISCRETE METHODS IN GEOMETRIC MEASURE THEORY
Abstract of Ph.D. Thesis

By
VIKTOR HARANGI
SUPERVISOR: TAMAS KELETI

(Defended November 9, 2011)

1. Introduction

The thesis addresses problems from the field of geometric measure theory.
It turns out that discrete methods can be used efficiently to solve these problems.

In Chapter 2 we investigate the following question proposed by Tamas
Keleti. How large (in terms of Hausdorff dimension) can a compact set 4 C R”
be if it does not contain some given angle «, that is, it does not contain distinct
points P, O, R € A with ZPOR = «a? Or equivalently, how large dimension
guarantees that our set must contain a?

We also study an approximate version of this problem, where we only want
our set to contain angles close to « rather than contain the exact angle a. This
version turns out to be completely different from the original one, which is best
illustrated by the case a = 7 /2. If the dimension of our set is greater than 1, then
it must contain angles arbitrarily close to /2. However, if we want to make sure
that it contains the exact angle /2, then we need to assume that its dimension
is greater than n/2.

Another interesting phenomenon is that different angles show different be-
haviour. In the approximate version the angles 7/3, 7/2 and 27 /3 play special
roles, while in the original version 7 /2 seems to behave differently than other
angles.

The investigation of the above problems led us to the study of the so-called
acute sets. A finite set H in R” is called an acute set if any angle determined by
three points of  is acute. Chapter 3 of the thesis studies the maximal cardinality
a(n) of an n-dimensional acute set. The exact value of «(n) is known only for
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n < 3. For each n > 4 we improve on the best known lower bound for ().
We present different approaches. On one hand, we give a probabilistic proof
that a(n) > ¢ - 1.2". (This improves a random construction given by Erdés and
Fiiredi.) On the other hand, we give an almost exponential constructive exam-
ple which outdoes the random construction in low dimension (z < 250). Both
approaches use the small dimensional examples that we found partly by hand
(n = 4,5), partly by computer (6 < n < 10).

Finally, in Chapter 4 we show that the Koch curve is tube-null, that is, it can
be covered by strips of arbitrarily small total width.

Chapter 2 is based on [1] and [2]. The latter is a joint paper with Keleti,
Kiss, Maga, Mathé, Mattila and Strenner. Chapter 3 and 4 are based on [3] and
[4], respectively. (For the sake of completeness some constructions due to Mathé
are also included in the thesis.)

2. How large dimension guarantees a given angle?

An easy consequence of Lebesgue's density theorem claims that for any
Lebesgue measurable set A C R” with positive Lebesgue measure it holds that
a similar copy of any finite configuration of points can be found in 4.

What can be said about infinite configurations? Erdds asked whether there
is a sequence x,, — 0 such that a similar copy of this sequence can be found in
every measurable set 4 C R with \(4) > 0. This question is usually referred to
as Erdds similarity problem and still unsolved.

And what about finite configurations in null sets? The following problem
was also posed by Erdds. How large (in terms of Hausdorff dimension) can a set
A C R? be if there is no equilateral triangle with all three vertices in 4? Falconer
answered this question by showing that there exists a compact set 4 on the plane
with Hausdorff dimension 2 such that 4 does not contain three points that form
an equilateral triangle. In fact, it was shown in [9, 12, 13] that for any three
points in R or in R? there exists a compact set (in R or in R?) of full Hausdorff
dimension, which does not contain a similar copy of the three points. It is open
whether the analogous result holds in higher dimension.

It would be interesting to find patterns, which can be found in every full
dimensional set. In this chapter we investigate such a pattern. We say that a set
A C R”" contains the angle « if there exist distinct points P, O, R € A4 such that
ZPQOR = «. Keleti posed the following question: how large can a set 4 C R”
be if it does not contain o? If there is no restriction on A4, then for any given a €
€ [0, 7] one can use transfinite recursion to construct a full dimensional set not
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containing «, see Theorem 2.14. The problem is more interesting, though, if we
restrict ourselves to, for example, compact sets. What is the smallest s for which
dim(4) > s implies that 4 must contain « provided that A C R” is compact?
(Or equivalently, what is the maximal Hausdorff dimension s of a compact set
A C R” with the property that 4 does not contain the angle ?) This minimal
(maximal) value of s will be denoted by C(n,«). It is not hard to show that
C(n,«) < n— 1 for arbitrary «, in other words, if the Hausdorff dimension of a
compact set 4 C R” is greater than n — 1, then 4 contains every angle a € [0, 7].

As far as lower bounds are concerned, the line segment shows that
C(n,a) > 1 for any o € (0, 7). Our first goal is to improve on this obvious
lower bound by constructing a compact set of Hausdorff dimension greater than
1 which does not contain some angle o € (0, 7).

THEOREM 2.1. There is a §9 > 0 such that for any 0 < § < § there exists a
self-similar set in R" of dimension at least

csn = c6*log™1(1/6) - n

such that the angle determined by any three points of the set is in the J-
neighbourhood of the set {0, 7w/3,7/2,2m /3, m}.

The above theorem readily implies that C(n,«) > c(«)n given that o €
€ (0,7) and o # w/3,7/2,2mw/3. The construction uses the following result
due to Erdds and Fiiredi [8]. For any § > 0 there exist at least (1 + 052)n points
in R” such that the distance of any two is between 1 and 1 + §. (This result is
also related to the problems studied in Chapter 3.)

What about the exceptional angles /3, 7/2, 2w/3? Our next goal is to
prove that there exist self-similar sets in R” with large dimension that contain
neither 7 /3, nor 27 /3. We start with constructing a discrete set of points. We
need to find as many points P; as possible such that any angle determined by them
is in a small neighbourhood of 7r /3 but avoids an even smaller neighbourhood of
7 /3. We were inspired by the following r-colouring of the complete graph on 2"
vertices. Let Cy, ..., C, denote the colours and let us associate to each vertex a
0-1 sequence of length r. Consider the edge between the vertices corresponding
to the sequences iy, ..., i, and j,...,j.. We colour this edge with C; where k
denotes the first index where the sequences differ, thatis, i1 = |, ..., ix—1 =Jj;_,
ir # j- Let us denote this coloured graph by G,. This colouring has the property
that there is no monochromatic triangle in the graph. Moreover, every triangle
has two sides with the same colour and a third side with a different colour of
higher index. (This is a folklore graph colouring showing that the multicolour
Ramsey number R,(3) is greater than 2".)
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The idea is to realize G, geometrically in the following manner: the vertices
of the graph will be represented by points of a Euclidean space and edges with
the same colour will correspond to equal distances. The next lemma claims that
G, can be represented in the above sense.

LemmA 2.2.Letly > I, > ... > I, > 0 be a decreasing sequence of positive
reals. By I, we denote the set of 0-1 sequences of lengthr. Then2" points P;, ;..
(i1,...,iy) € Z, can be given in some Euclidean space in such a way that for
two distinct 0-1 sequences (iy, . ..,i) # (/.- ..J,) the distance of P;, . ; and
P . is equal to [;, where k denotes the first index where the sequences differ,
thatis, iy =ji, ..., 0k—1 = Jr_1, Ik # Jj-

The proof of the next theorem uses the above lemma as well as the well-
known Johnson-Lindenstrauss lemma [11].

THEOREM 2.3. There exist absolute constants ¢, C > 0 such that for any 0 <
<0 <e<1withe/d > C there exists a self-similar set of dimension
> /0
= log(1/0)
in a Euclidean space of dimension

such that any angle determined by three points of the set is inside the e-
neighbourhood of {0, 7 /3,7 /2,27 /3, 7} but outside the §-neighbourhood of

{m/3,2m/3}.
By fixing a small ¢ and setting § = ¢/+/n in the above theorem, we obtain
the following corollaries. As we will see, the second one is surprisingly sharp.

COROLLARY 2.4. A self-similar set K C R” can be given such that the dimension
of K is at least
cy/n
s > vn

~ logn’
and K does not contain the angle 7 /3 and 27 /3 (moreover, K does not contain
any angle in the c¢/~/n-neighbourhood of 7 /3 and 27 /3).

CoRrROLLARY 2.5. For any 0 < § < 1 there exists a self-similar set K of dimen-
sion at least § / log(%) in some Euclidean space such that K does not contain any
angle in (w/3 — 0, 7/3+6) U (2w/3 — 0,27/3 + 6).

The rest of this chapter is joint work with Keleti, Kiss, Maga, Math¢, Mattila
and Strenner. According to the following results large dimensional sets always
contain angles close to 7/3, 7/2 and 27 /3.
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THEOREM 2.6. Any set A in R" (n > 2) with Hausdorff dimension greater than
1 contains angles arbitrarily close to the right angle.

THEOREM 2.7. There exists an absolute constant C such that whenever
dim(4) > %log(%) for some set A C R" and § > 0 the following holds: A
contains three points that form a §-almost regular triangle, that is, the ratio of
the longest and shortest side is at most 1 + .

As an immediate consequence, we can find angles close to /3.

COROLLARY 2.8. Suppose that dim(4) > & log(3) for some setA C R" and
d > 0. Then A contains angles from the interval (7 /3 — 0,7/3] and also from
[7/3,7/3 +0).

REMARK 2.9. The above theorem and even the corollary is essentially sharp, see
Corollary 2.5.

We mention that the above results remain valid even under some-
what weaker conditions (when Hausdorff dimension is replaced with upper
Minkowski dimension).

To sum up the results we introduce the following function C depending on
an angle « € [0, 7] and a small positive 4.

C(a, 6) = sup{dim(4) : 4 C R" for some n; 4 is analytic;
A does not contain any angle from (o — d, v + 9) }.

It is shown in the thesis that C satisfies the symmetry property
Cla,8) = C(r — o, 6).

The above constructions and results give essentially all the values of C(a,d),
see Table 1.

Table 1. Smallest dimensions that guarantee angle in (o — §, « + §)

e Cla, 8)

0,m =0

/2 =1

7/3,2w/3 |~ 1/6 | apart from a multiplicative error C - log(1/0)
other angles | = oo provided that ¢ is sufficiently small

Let us now return to estimates on C(#, ). First we give a precise definition.
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DEFINITION 2.10. If 7 > 2 is an integer and « € [0, 7], then let

C(n, o) = sup{s : 34 C R" compact such that

dim(4) = s and 4 does not contain the angle a'}.

We mention that we get the same definition if we consider analytic sets instead
of compact sets.

The next theorem says that if we have an analytic set in R” of Hausdorff
dimension greater than n — 1, then it must contain every angle o € [0, 7].

THEOREM 2.11. Ifn > 2 and « € [0, 7], then C(n,a) < n — 1.
We can prove a better upper bound for C(n, 7/2).

THEOREM 2.12. If n is even, then C(n,7/2) < n/2. If n is odd, then
Cn,m/2) < (n+1)/2.

For the sake of completeness we mention a construction due to Andras
Mathé. Both constructions that we have seen so far (the one for general angles
and the one for /3, 27 /3) have the property that they avoid not only the given
angle « but also a small neighbourhood of a.. The following construction does
not have this property: even though the constructed set contains angles arbitrarily
close to /2, it succeeds to avoid 7r/2. It is based on number theoretic methods.

THEOREM 2.13 (Mathé, [14]). There exists a compact set K C R" such that
dim(K) = n/2 and K does not contain the angle 7 /2.

It follows from Theorem 2.12 that this result is sharp given that » is even.
We gathered the best known bounds for C(n, «v) in Table 2.

Table 2. Best known bounds for C(n, «)

oY ‘ lower bound ‘ upper bound

0,7 n—1 n—1
€0,m); a#7/2 | cn n—1

/2 n/2 [n/2]

Finally, the next theorem shows that if there was no restriction on 4 in Defi-
nition 2.10, then C(n, o) would be n for any «.

THEOREM 2.14. Letn > 2. For any o € [0, 7] there exists H C R” such that
H does not contain the angle «, and H has positive Lebesgue outer measure. In
particular, dim(H) = n.
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3. Acute sets in Euclidean spaces

Around 1950 Erdés conjectured that given more than 29 points in R? there
must be three of them determining an obtuse angle. The vertices of the d-
dimensional cube show that 2¢ points exist such that the angle determined by
any three of them is at most 7/2.

In 1962 Danzer and Griinbaum proved this conjecture [7]. They posed the
following question in the same paper: what is the maximal number of points in
R such that all angles determined are acute (in other words, this time we want
to exclude right angles as well as obtuse angles). A set of such points will be
called an acute set or acute d-set in the sequel.

The exclusion of right angles seemed to decrease the maximal number of
points dramatically: they could only give 2d — 1 points, and they conjectured
that this is the best possible. However, this was only proved for d = 2,3 [10].

Then in 1983 Erdés and Fiiredi disproved the conjecture of Danzer and
Griinbaum. They used the probabilistic method to show the existence of an acute
d-set of cardinality exponential in d. Their idea was to choose random points
from the vertex set of the d-dimensional unit cube, that is {0, 1}. Actually they
even proved the following result: for any fixed § > 0 there exist exponentially
many points in R? with the property that the angle determined by any three points
is less than /3 4+ ¢. We used this result in the previous chapter to construct large
dimensional sets such that each angle contained by the sets is close to one of the
angles 0, /3, /2, 2m/3, .

We denote the maximal size of acute sets in R and in {0, 1} by a(d) and
k(d), respectively; clearly a(d) > k(d). Our goal in this chapter is to give good
bounds for a(d) and k(d). The random construction of Erdés and Fiiredi implied
the following lower bound for x(d) (thus for a(d) as well)

(1) r(d) > ! <2>d > 0.5-1.154¢.
2\V3

The best known lower bound both for «(d) and for x(d) (for large values of d) is
due to Ackerman and Ben-Zwi from 2009 [5]. They improved (1) with a factor

V-

) a(d) > k(d) > eVd <\2@)d

We modify the random construction of Erdds and Fiiredi to obtain the fol-
lowing theorem.
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d
[144
a(d) > c ( \ 23) >c- 129

that is, there exist at least ¢ - 1.2¢ points in R? such that any angle determined by
three of these points is acute. (If d is divisible by 5, then ¢ can be chosen to be
1/2, for general d we need to use a somewhat smaller c.)

THEOREM 3.1.

We present another approach where we recursively construct acute sets.
These constructions outdo Theorem 3.1 up to dimension 250. We show that this
constructive lower bound is a/most exponential in the following sense. Given
any positive integer r, for infinitely many values of d we have an acute d-set of
cardinality at least

exp(d/loglog - - -log(d)).

I

Both the probabilistic and the constructive approach use small dimensional
acute sets as building blocks. So it is crucial for us to construct small dimensional
acute sets of large cardinality. In the thesis we present an acute set of 8 points in
R* and an acute set of 12 points in R> (disproving the conjecture of Danzer and
Griinbaum for d > 4 already). We used computer to find acute sets in dimension
6 <d<10.

As far as k(d) is concerned, in large dimension (2) is still the best known
lower bound. Bevan used computer to determine the exact values of x(d) for
d < 9 [6]. He also gave a recursive construction improving upon the random
constructions in low dimension. Our constructive approach yields a lower bound
not only for a(d) but also for x(d), which further improves the bounds of Bevan
in low dimension.

The following notion plays an important role in both approaches.

DEFINITION 3.2. A triple 4, B, C of three points in R? will be called bad if for
each integer 1 < i < d the i-th coordinate of B equals the i-th coordinate of 4
or C.

We denote by «,(d) the maximal size of a set S C {0,1,...,n — 1} that
contains no bad triples. It is easy to see that k3 (d) = x(d) but our main motiva-
tion to investigate ,(d) is that we can use sets without bad triples to construct

acute sets recursively. We give an upper bound and two different lower bounds
for k,(d).

THEOREM 3.3. For even d
kn(d) < an/z,
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and for odd d
Hn(d) < n(d+l)/2 _i_n(dfl)/Z_
THEOREM 3.4.
d d+2
1 n \? 1 /n\$ 1\ 2 «
Fald) > 5 <2n— 1) >5() = <2) o

THEOREM 3.5. Ifd > 2 is an integer and n > d is a prime power, then

Kn(d) > n Hb

Setting n = 2 and using that k1 (d) = k(d) the next corollary readily follows
from Theorem 3.3.

COROLLARY 3.6. For even d

d
k(d) < 2@+D/2 — o (ﬁ) ,
and for odd d

3 d
< Ald+1)/2 | Hd-1)/2 _ 3 '
k(d) <2 +2 > (v2)

This corollary improves the upper bound v/2(1/3)? given by Erdds and
Fiiredi in [8].

4. The Koch curve is tube-null

Theorem 4.1 answers the following question posed by, among others, Mar-
ianna Csornyei: is the Koch snowflake curve tube-null?

THEOREM 4.1. The Koch curve K is tube-null, that is, it can be covered by strips
of arbitrarily small total width.

Moreover, there exists a decomposition K = Ky U K; U K, and projec-
tions g, w1, m such that the Hausdorff dimension of 7;(K;) is less than 1 for
i=0,1,2.

The proof contains geometric, combinatorial, algebraic and probabilistic ar-
guments.
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The thesis is based on the following papers

[H1] V. Haranal, Large dimensional sets not containing a given angle, Cent. Eur. J.
Math., to appear.

[H2] V.Haranar, T. KeLETI, G. Kiss, P. MAGA, A. MATHE, P. MATTILA, B. STREN-
NER, How large dimension guarantees a given angle?, arXiv:1101.1426.

[H3] V.HArANGI, Acute sets in Euclidean spaces, submitted.

[H4] V. Haranai, The Koch snowflake curve is tube-null, Proc. Amer. Math. Soc.,
139 (2011), 1375-1381.
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Abstract. Let A be an infinite sequence of positive integers and let £ > 2 be a
fixed integer. Let Ry (.A,n, k) the number of solutions of a; +a; + -+ -+ a = n, a; €
€ Aa, € A,...a; € A. Inaseries of papers P. Erdds, A. Sarkozy and V. T. Sos studied
the regularity properties and the monotonicity of the representation function R; (A,n, 2).
In some of my papers I extended and generalized their results to any £ > 2. The aim of
this paper is to survey these results. In the last part of the paper I study the connection
between Sidon sets and asymptotic bases.

1. Introduction

Let N denote the set of positive integers, and let £ > 2 be a fixed integer.
Let A be an infinite sequence of positive integers. For any positive integer 7 let
Ri(A.n, k), Ry(A,n, k), R3(A,n, k) denote the number of solutions of the equa-
tions
ait+a+-t+a=n a€A,... a €A,
ar+ar+---+ar=n ar€A ... ,q€A a<a<.. <a,
and

art+ar+---+ar=n ar€A ... ;qt€A a<a<.. <a,
respectively. If F(n) = O(G(n)) then we write F(n) << G(n). We put

Am)=> 1.

ac A
a<n

The research of the additive representation functions began in the 1950's. Start-
ing from a problem of Sidon, P. Erdés proved that there exists a sequence A C N
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so that there are two constans ¢; and ¢, for which for every n
cilogn < Ri(A,n,2) < ¢c;logn.

On the other hand an old conjecture of Erdds states that for no sequence A can
we have

Ri(An,2)

log n

There are some related questions in [3], [12] and [22]. These problems led P.
Erdds, A. Sarkdzy and V. T. Soés to study the regularity property and the mono-
tonicity of the function R} (A,n,2) see in [6], [7], [8], [9]. In this paper I survey
my results about the regularity properties and the monotonicity of the represen-
tation function R;(.A,n, k) for k > 2 integer. I extended and generalized some
result of P. Erdds, A. Sarkézy and V. T. Sos by using the generator function
method and the probabilistic method.

—c¢ (0<c¢<+00).

2. The methods

In my papers I used the generating function method. We start out from the
generating function of the sequence A:

fe) =3

acA
It is easy to see that

f(2) =) Ri(An k)"
n=1

We used the generating function method to prove the results about the mono-
tonicity. We also used the Holder — inequality, the Cauchy — inequality and the
Parseval — formula. In the next step I tell a few words about the probabilistic
method [26]. An important problem in additive number theory is to prove that
a sequene with certain properties exists. One of the essential ways to obtain an
affirmative answer for such a problem is to use the probabilistic method due
to Erdds and Rényi [3]. There is an excellent summary of this method in the
Halberstam — Roth book [12]. To show that a sequence with a property P exists,
it sufficies to show that a properly defined random sequence satisfies P with pos-
itive probability. Usually the property P requires that for all sufficiently large
n € N, some relation P (n) holds. The general strategy to handle this situation
is the following. For each n one first shows that 7P(n) fails with a small proba-
bility, say p,. If p, is sufficiently small so that Z:’:O‘f p,, converges, then by the
Borel — Cantelli lemma, P (n) holds for all sufficiently large n with probability 1.
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Note that in my proofs the additive representation function is the sum of random
variables. However for k£ > 2 these variables are not independent. To overcome
this problems in my thesis I apply the theorems of J. H. Kim and V. H. Vu, [15],
[25], [26], [27], the Janson inequality [14] and the method of Erdés and Tetali
(2], [10].

3. The Results

Starting from a problem of Sidon, P. Erdés proved that there exists a se-
quence A C N so that there are two constans ¢; and ¢, for which for every n

cilogn < Ri(A,n,2) < c;logn.

In one of their paper [5] Erd6s and Sarkdzy extended the above problem by
estimating |R;(A,n,2) — F(n)| for nice arithmetic functions F(n). In [13] G.
Horvath extended their theorem to any k£ > 2 integer by estimating |R; (.A,n, k) —
F(n)|. Later Erd6s and Sarkozy proved in [7] that if F(n) is a nice arithmetic
function, then there exists a sequence A such that

IRy (A, 2) — F(n)| << (F(n) log n)) 2

In [19] I generalized their theorem by using the probabilistic method:

THEOREM 1. Ifk > 2 is a positive integer, cg is a constant large enough in terms
k, F(n) is an arithmetic function satisfying

F(n) > cglogn for n > no

and there exists a real function g(x), defined for 0 < x < 400, and real numbers
xo,n1 and c¢7,c9 costants such that
1
(i) 0 < g(x) < BT <1 for x > x,
K2

(i) |[F(n) — K'Y onsingen gx1)g(x2) ... glx)| < c7(F(n)logn)'/?
1<x <0 <...<x,<n
for n > ny,

then there exists a sequence A such that
IR\(An, k) — F(n)| < co(F(n)logn)'/?>  for n>ny,

Let / > 1 be a fixed integer. If 59 5152 ... is a given sequence of real num-
bers, then let A;s,, denote the /-th difference of the sequence 59 5155 . . . defined
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by Aysy, = Spt1 — sy and Ays, = A (Aj_ys,). Itis well-known and it is easy to
see by induction that

Ay = ZI:(— 1) (f) Sneti.

i=0
Let B(.A,N) denote the number of blocks formed by consecutive integers in A
up to NV, i.e.,
BAN) = > L

a<N

a—l$:4,a€A
P. Erdés, A. Sarkdzy and V. T. So6s studied the following problem: what condition
is needed to ensure
limsup [Ri(An+1,2) — Ri(A,n,2)| = +0o0?

n——+00

They proved in [8] that if limy_ o BAN) _ 00, then the above holds. They also

proved that their result is nearly best possible.
In [16] I extended their Theorem to any £ > 2 :
B(AN)
VN

THEOREM 2. If k > 2 is an integer and limy_,
|AR (A,n, k)| cannot be bounded.

I also proved in [20] that the above result is nearly best possible:

= 00, and | < k, then

THEOREM 3. For all € > 0, there exists an infinite sequence A such that

(i) B(A,N) > N'/k==,
(ii) Ri(A,n, k) is bounded so that also AR (A,n, k) is bounded if [ < k.

In the case / > k I have only a partial result [17]:

THEOREM 4. If] > 2 an integer and limy_, » % =00, then |A;(R;(A,n,2))|

cannot be bounded.
For i = 1,2,3 we say R;(A,n, k) is monotonous increasing in » from a
certain point on, if there exists an integer ng with

Ri(An+ 1,k) > Ri(Amn k) for n> ny,

In a series of papers P. Erdds, A. Sarkdzy and V. T. Sos studied the mono-
tonicity properties of the three representation functions R (A,n,2), R2(A,n,2),
R3(A,n,2). A. Sarkozy proposed the study of the monotonicity of the functions
Ri(A,n, k) for k > 2 [24, Problem 5]. He conjectured [23, p. 337] that for any
k > 2 integer, if R;(A,n, k) (i = 1,2,3) is monotonous increasing in » from a
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certain point on, then 4(n) = O(n*/¥~¢) cannot hold. I proved in [18] and Min
Tang proved independently the following slightly stronger result on Ry (A,n, k):

THEOREM 5. Ifk € N,k > 2, A C N and R, (A,n, k) is monotonous increasing
in n from a certain point on, then

We say a set A of positive integers is an asymptotic basis of order /4 if every
large enough positive integer can be represented as the sum of 4 terms from A.
In other words A is an asymptotic bases of order / if there exists an ng positive
integer such that R3(A,n,2) > 0 for n > ng. A set of positive integers A is
called Sidon set if all the sums a + b witha € A, b € A, a < b are distinct.
In other words A is a Sidon set if R3(.A,n,2) < 1. In [4] and [5] P. Erdds, A.
Sarkozy and V. T. Sos asked if there exists a Sidon set which is an asymptotic
basis of order 3. The problem also appears in [24] (with a typo in it: order 2 is
written instead of order 3). In [11] G. Grekos, L. Haddad, C. Helou and J. Pihko
proved that a Sidon set cannot be an asymptotic basis of order 2. Recently J. M.
Deshouillers and A. Plagne in [1] constructed a Sidon set which is an asymptotic
basis of order at most 7. In [21] I improve on this result by proving:

cannot hold.

THEOREM 6. There exists an asymptotic basis of order 5 which is a Sidon set.

ACKNOWLEDGEMENT: I would like to thank my supervisor Andras Sarkoézy for
the helpful discussions about the additive representation functions. I would like
to thank Imre Z. Ruzsa for the helpful and valuable discussions about Sidon sets.
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1. Introduction

The numerical solution of linear elliptic partial differential equations con-
sists of two main steps: discretization and iteration, where generally some con-
jugate gradient method is used for solving the finite element discretization of
the problem. However, when for elliptic problems the discretization parameter
tends to zero, the required number of iterations for a prescribed tolerance tends to
infinity. The remedy is suitable preconditioning. This can rely on the functional
analytic background of the corresponding elliptic operators, which means that
the preconditioning process takes place on the operator level. That is, we look
for a suitable preconditioning operator for the operator equation, which is close
to the original one in some sense, and use its discretization as a preconditioning
matrix. Here we use the generalized conjugate gradient, least square methods
(GCG-LS(s)) and the conjugate gradient normal (CGN) algorithm. These al-
gorithms, the coincidence of the full GCG-LS and the truncated GCG-LS(0)
methods and the related convergence theorems are discussed in [1, 2, 3, 4].

2. Preliminaries and short summary of the results

A general theory has been developed for such preconditioning using the
notion of equivalent operators, which has been introduced and investigated in
the aspect of linear convergence in [6]. As a further step, mesh independent
superlinear convergence has been proved for the GCG-LS method for elliptic
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equations with homogeneous Dirichlet and mixed boundary conditions under
FEM discretization, with severe restrictions on the coefficients (see [3, 7]). In [4]
the notion of compact-equivalence has been introduced, summarized in [5], and
superlinear mesh independence has been proved for the CGN algorithm with-
out any restrictions (with the exception of the usual smoothness and coercivity
conditions).

Based on these papers, we have compared the relation between the known
theoretical convergence estimate and the numerical results and we have shown
that the convergence rate remains valid even in cases not covered by the theory
(cf. [14, 15]). Then we have extended the scope of the theoretical results to cases
that have not been considered before: first we have dealt with symmetric precon-
ditioning for elliptic systems using the compact normal operator framework and
the GCG-LS algorithms (see [9, 12]). Then we have considered equations with
nonhomogeneous mixed boundary conditions using operator pairs and the notion
of compact-equivalence with the CGN method (cf. [13]). In contrast with finite
element discretizations which fits in naturally with the Hilbert space background,
there is no such abstract background for finite difference discretization, only a
case-by-case study is possible. We have investigated a special model problem
(see [11]) and we have derived a convergence estimate analogous to the finite
element case. In [10] we have shown that the use of nonsymmetric precondi-
tioners is more advantageous for singularly perturbed problems than symmetric
preconditioning. Finally we have applied these results to nonlinear elliptic and
time-dependent problems (cf. [8, 13]).

3. Summary of the applied methods

3.1. Compact-equivalence and the convergence of the CGN algorithm

Let H be a real Hilbert space and consider the operator equation

(1) Lu=g

with a linear unbounded operator L in H, where g € H is given. We would like to
consider its preconditioned form in weak sense in an energy space of a suitable
symmetric operator S. The set of S-bounded and S-coercive operators is denoted
by BCs(H) (see [4]).

DEerINITION 1. (cf. [4]) For a given operator L € BCs(H), we call u € Hg the
weak solution of equation (1) if

(2) (Lsu,v)s = (g, V) Vv € Hs,
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where Lg € B(Hs) represents the unique extension of the bounded bilinear form
(u,v) — (Lu,v) from D(L) to Hs.

DEFINITION 2. (cf. [4]) The operators L, K € BCs(H) are compact-equivalent
in Hyg if Ly = pKs + Qg for some constant 1+ > 0 and compact operator Qg €
€EB (Hs)

As an important special case, we can consider compact-equivalence with
w =1 for the operators S and L € BCs(H). Then

(3) Ls =1+ 0;

holds with some compact operator Q.
Let us consider the operator equation (1) where L € BCs(H), g € H and
u € Hy is the weak solution defined in (2). To solve it numerically, let Vj, =

= span{gi,...,os} C Hs be a finite dimensional subspace of dimension n
and L, = {(Lsy;, 90j>5}2/:1’ g = {(g g0j>};.l:1. Then the discrete solution
up € Vyisuy = > cipi, where ¢ = (c1,...,c,) € R” is the solution of

the linear system Lj,c = g, which is the discretized form of (2). Now assume
that L and S are compact-equivalent with 1 = 1, i.e. relation (3) holds. If S is
used as a preconditioner, then the discretized form of the operator decomposition
(3) becomes L, = S; + Q, and the corresponding preconditioned form of
L;c = gy, has the form

(4) I, +S,'Qu) c =S, g,
where S = {(¢i, )5}, Qn = {0501 0i) )i,

THEOREM 3. (cf. [4, Thm. 4.1]) Assume that L € BCs(H), L and S are compact-
equivalent with ;v = 1, i.e. (3) holds. Then the CGN algorithm for system (4)
yields

1/k .
(5) (llrkHs,,) < % (llc > (IM(0% + 05)| + /\,-(Q§QS))) koo, .

rolls,

where ry, is the residual vector, m > 0 comes from the S-coercivity of L and the
right-hand side is independent of the subspace V.

3.2. The compact normal operator approach and the convergence of the
GCG-LS algorithm

Let H be a complex Hilbert space and consider the operator equation (1)
with an unbounded linear operator L : D C H — H defined on a dense domain
D, and with some g € H. Equation (1) is assumed to satisfy the following
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ASSUMPTIONS 4.

(i) The operator L is decomposed in L. = S+ Q on its domain D where S is
a self-adjoint operator in H;
(ii) S is a strongly positive operator, i.e. 3 p > 0 such that (Su,u) >
>plul? VueD;
(iii) there exists o > 0 such that Re (Lu,u) > o (Su,u) Y u € D;
(iv) the operator Q can be extended to the energy space Hs, and then S~'Q
is assumed to be a compact normal operator on H.

Now we replace equation (1) by its preconditioned form

(6) S'u=f=8"'g &= (I+5'Qu=,=S5""g

THEOREM 5. (cf. [3, Thm. 3]) Let Assumptions 4 hold. Then the GCG-LS algo-
rithm applied for equation (6) in Hg yields for all k € N

o () < p ) =

where e, = uy, — u* is the error vector, \j (S_lQ) (k € N) are the ordered
eigenvalues of the compact normal operator S~' Q.

Equation (1) can be solved numerically by using Galerkin discretization.
Let us consider the finite dimensional subspace V), = span{gol, coont C

C Hjy of dimension n and S; = {(i,¢j) }ZJ L Q= {<Qg01,<p]>}” »
g = {(g <pj>} . Then the discrete solution uy, € Vj is uy = > oy citpss

where ¢ = (cy,...,¢,) € R" is the solution of the linear system L,c = g,
where L, = S, + Q. If the operator S is used as a preconditioner, then the
discretized form of the preconditioned operator equation (6) becomes

(8) (I, +8S,'Qu) c=S; g

THEOREM 6. (cf. [3, Cor. 4]) Suppose that H is a complex separable Hilbert
space, Assumptions 4 are satisfied and the matrix S;lQh is Sy-normal. Then
the GCG-LS algorithm for system (8) yields

lecl, o) o,
9 I A(S! 0,
©) (neoHLh) ( 2 )

where the right-hand side is independent of the subspace V7.
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4. Main results

4.1. Equations with homogeneous boundary conditions

Using the theoretical background of Subsection 3.2 for elliptic convection-
diffusion problems with homogeneous Dirichlet and mixed boundary conditions,
first we have investigated the relation between the known theoretical conver-
gence estimate and the numerical results. We have confirmed the mesh inde-
pendent superlinear convergence property of the GCG-LS(0) when symmetric
part preconditioning has been applied to the FEM discretization of the boundary
value problem. We have shown that the convergence rate remains valid even in
cases not covered by the theory, i.e. when another symmetric operator is used
as a preconditioner, not only the symmetric part of the operator. The numerical
computations have also yielded better results than the theoretical estimate (9).

4.2. Equations with nonhomogeneous mixed boundary conditions
Let us consider the elliptic boundary value problem
—div(4 Vu) +b - Vu + cu :g}
_ 0 _
u‘FD =0, ﬁ+au’FN =7

(10)

satisfying the following assumptions:
ASSUMPTIONS 7.

(i) Q C R? is a bounded piecewise C' domain; I'p, Ty are disjoint open
measurable subparts of OS2 such that 9Q) = T'p UTy;
(ii)) A € L®(Q,R99) and for all x € Q the matrix A(x) is symmetric;
further, b € Wh*°(Q)9, ¢ € L®(Q), a € L>®(Ty);
(iii) we have the coercivity properties

(11) Ip>0suchthat Ax)E-E>plef*  VxeQ, EeRY,
1 1
(12) &::c—idiVbEOinQ, &::a—ki(b-l/)ZOonFN;

(iv) eitherT'p # (0, or ¢ or & has a positive lower bound.

The definition of the operator L which corresponds to equation (10) has to
be understood as a pair of operators: one acts on {2 and the other one acts on the
Neumann boundary. Formally we have

—div(4 Vu) +b-Vu+
(13) L= <M> oL <”> — (M”> = < v 677u) ! Cu) :
P n Pn m—i—an‘m
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Let us define a symmetric elliptic operator on the same domain in an analogous
way:

_ (N w\  (Nu\ _ [(—div(GVu)+ou
a - s= () s()= G- Clal”)

satisfying similar assumptions as of L:

ASSUMPTIONS 8.

(i) substituting G for 4, 2, I'p, I'y and G satisfy Assumptions 7;
(i) 0 € L®(Q), 0 > 0,8 € L>°(Ty), B > 0; further, if T'p # (), then o or
B has a positive lower bound.

Let us consider the differential equation (10) with given functions g €
€ L*(Q),~ € L*(I'y). We are interested in solving the analogous operator equa-
tion

@ (o) = ()

which is the appropriately modified version of the operator equation (1). Here
the Hilbert space H is defined as the product space H = L*(Q) x L*(T'y).

THEOREM 9. If Assumptions 7-8 hold, then the operator L is S-bounded and S-
coercive in H, i.e. L € BCs (L*(2) x L*(T'y)).

Consider again the differential equation (10) with the corresponding opera-
tor L in (13) and preconditioner S in (14) and assume that 4 = G, then it follows
from [4] that L and S are compact-equivalent with p = 1, thus (3) holds. On the
discrete level — with the notations of Subsection 3.1 — the finite element solution
uy, € Vj is obtained by solving the linear system L;c = dj, where

(L) = /Q (A Vi Vo + (b- V) @i + coip) +/ apip;,

Ty
(dh)jz/gwﬂr/ V-
Q Ty

Let us take the symmetric operator S and introduce its stiffness matrix in Hg as

(Sn)j = (pipi)g = /Q (G Vi -V + 0pig)) +/F Beiw;,
N
and consider the preconditioned equation

(16) (I, +S;'Qu) c =S, 'dy,
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where L, and S;, come from the elliptic operators L and S and Q; = L, — Sy,
In this case the operator Qg is defined as

(17) <QS (u’”r),<V|VFN)>S=/ﬂ((b.Vu)er(c—a)uv)+/FN(a—5)uv.

THEOREM 10. With Assumptions 7-8 and A = G, the CGN algorithm for sys-
tem (16) yields

1/k k
) 1 —00
(HVkHsh) < = (k E (|/\,-(Q§ + 0g)| + Ai(Q;‘QS))) koo, 0,
i=1

Irolls,

where m > 0 comes from the S-coercivity of L in Theorem 9.

4.3. Finite difference discretization for a model problem

Let us consider a special model problem which has been analysed in [16] in
the context of linear convergence. The convection-diffusion problem

Lu=—-Au+b-Vu+cu =g
(1o i 25
I'p
is posed on the unit square Q := [0,1]> C R? with constant coefficients

b = (b1,b;) € R? and ¢ € R. We assume ¢ > 0, then the usual coercivity
condition ¢ — % divb > 0 holds. The FDM discretization of (18) on a given grid
wy, leads to a linear algebraic system Lju, = g;,. Our goal is to solve this equa-
tion by iteration, applying the preconditioned GCG-LS method. The proposed
preconditioner is obtained via a symmetric preconditioning operator

(19) Su:=—Au+ou for u‘m =0,

where 0 € R, o > 0: namely, the matrix S, is defined as the FDM discretization
of the operator S on the same grid wy,. The preconditioned form of the discretized
system is S;thuh =f = S;l g;,- Here we are interested in the superlinear
convergence property of the preconditioned GCG-LS, where the operators L, S
are replaced by the matrices Ly, Sy, respectively.

Let wy, be a uniform grid on [0, 1]2, b1,b; > 0 and let us define upwind or
centered differencing for the first order and centered differencing for the second
order derivatives, respectively. Denote by »n the number of interior gridpoints
in each direction, and by # = 1/(n + 1) the grid parameter. Let L, S; and Q,
denote the matrices corresponding to the discretizations of L, Sand Q = L — S,
respectively.

ProrosiTiON 11. Let us consider problem (18) with a convection term b =
(b,b), where b € R™ is arbitrary, and let o := c in (19), i.e. S is the symmetric
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part of L. Then, using either centered or backward differencing, the eigenvalues
Nim (S, 10,,) satisty

20) L Z (S, 0p) 2” Z
Jsm

]ml

=1,...,n),
\/a+4m2+4j

where the sequence on the right-hand side is independent of h and tends to 0 as

k — oo.

1/k
el \

lleoll,
can be estimated in a mesh uniform superlinear way, analogously to estimate (9)
for the finite element case.

Inequality (20) shows that the sequence of the error quotients

4.4. Extension of the theory to systems

Let us consider systems of the form

4
—div K; Vui + b,‘ . Vui + Vijuj = 8i .
A AR LV R S

] 5
satisfying the following assumptions.
ASSUMPTIONS 12.

(i) The bounded domain © C R¢ is C>-diffeomorphic to a convex domain;
(ii) foralli,j = 1,..., ¢ the functions K; € C'(Q), V;; € L>(2) and b; €
c Cl(Q)4;
(iii) there exists m > 0 such that K; > m holds foralli =1,... ¢;
(iv) letting V = {V,-j}e \» the coercivity property Amin(V + V') —

— 1H<1a<X£ divb; > 0 holds p01ntW1se on (), where A\, denotes the small-
1

est eigenvalue;
(v) g € L*(Q) foralli=1,... 1L

For brevity, we write (21) — using vector notations — as

22) Lu=—div(KVu)+b-Vu+/u =g }

uly, =0.
For the numerical solution of system (22), one usually considers its FEM dis-
cretization, which leads to a linear algebraic system Ljc = gj. This can be
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solved by the CGM using some suitable preconditioner. Here we consider pre-
conditioners based on the following preconditioning operator. Letting o; €
€ L>®(R2), 0; > 0 be suitable functions and

(23) Siuj = — diV(Kl' Vu,-) + oju; (i =1,... ,E)

for u,-‘ 5o = 0, and define the (-tuple of independent elliptic operators
Siup

24 Su = :

( :
Sputp

We have proved mesh independent superlinear convergence of the precondi-
tioned CGM in the framework of compact normal operators in Hilbert space.
This has been achieved in two steps: on the theoretical level, the preconditioned
form of system (22)

(25) Slu=f=5"'g

has been considered and we have proved that the CGM converges superlinearly
in the Sobolev space H(l)(Q)z . Based on this, on the practically relevant discrete
level we have considered the preconditioned form

(26) S, 'Lyic=1£,=8,"'g,

of the algebraic system L,c = gy, where S; denotes the discretization of S
in the same FEM subspace as for Lj, and we have proved that the superlinear
convergence of the CGM is mesh independent, i.e. independent of the considered
FEM subspace. On both levels the full GCG-LS and the truncated GCG-LS(0)
algorithms has been considered, and the results have been proved under certain
special assumptions that ensure the normality of the preconditioned operator
in the corresponding Sobolev space. First we have considered symmetric part
preconditioning. The symmetric part of L falls into the type (23) coordinatewise
if and only if

1
(27) Vij=—V; (i #J), and 0;in (23)is chosen as o; = Vj; — 5 (divb;).

THEOREM 13. Under Assumptions 12 and condition (27), the preconditioned
truncated GCG-LS(0) algorithm for system (21) with the preconditioning op-
erator (23)-(24) converges superlinearly in the space H},(Q)Z according to the
estimate (7).

ASSUMPTIONS 14.
(i) Foralli=1,... /,K;=KcR,0;, =0 c¢ Randb; =b € R’;
(i) V € R is a normal matrix.
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THEOREM 15. Under Assumptions 12 and 14, the preconditioned full GCG-LS
algorithm for system (21) with the preconditioning operator (23)—(24) converges
superlinearly in the space H(l)(Q)Z according to the estimate (7).

COROLLARY 16. Let Assumptions 12 hold. Consider the FEM discretization of
system (21), using the stiffness matrix of (24) as preconditioner, under one of
the following conditions:

(a) the requirements in (27) hold, V; C H(l)(Q)é is an arbitrary FEM sub-
space and the truncated GCG-LS(0) algorithm is used (here the Sj-
normality of S; ' Qj, automatically holds);

(b) Assumptions 14 hold, V;, C H}(Q)? is a FEM subspace for which the
matrix S, ' Q, is Sy-normal, and the full GCG-LS is used.

Then the mesh independent superlinear convergence estimate (9) is valid.

4.5. Systems with nonhomogeneous mixed boundary conditions

We have applied the operator pair approach for elliptic systems of the form

4
—div(4; Vu;) + b; - Vu; + Viup = g
(28) ( ) ]; 7

. _ u; o o~
ul‘FD =0, v, +azul‘pN =i

satisfying the combination of Assumptions 7 and 12, where the corresponding
operator L and the preconditioner S are defined as an /-tuple of operator pairs:

L=(Li,...,L) = ((A;[:)"“’(AIZZZ))’
S=(S),...,8) = <<]1Z:>7’<]1\2[ﬁ>)’

satisfying similar conditions as in Assumptions 7-8 and the operator pairs are
defined analogously to (13)-(14). As in (15) for a single equation, we look for
the weak solution of the operator equation

()-)

Extending the results for equations to systems, it is easy to verify that for G; = 4;
(i = 1,...,¢) the operators L and S are compact-equivalent with 1 = 1, i.e.
Ls = I+ Qg holds in Hg with some compact operator QOg. Now let us consider
the discrete equation Lc = dj, and its preconditioned form

(30) S; 'Lyc = (I, + S, 'Q)) c = S; 'dy,
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where L, and S; come from the elliptic operators L and S, Q; = L; — Sy.
Symmetric part preconditioning can also be considered, analogously to the pre-
vious subsection. When S is not the symmetric part of L, then Qg € B (Hy)
can be defined as the sum of similar operators corresponding to (17). Now the
conditions of Theorem 3 are satisfied, thus the CGN algorithm provides a mesh
independent superlinear convergence result.

CoRroOLLARY 17. With suitable combination of Assumptions 7-8 and A; = G;
(i=1,...,0), the CGN algorithm for the system (30) yields

rolls, 1

J

1k k
) 1 —00
(\rkHsh> < 2 [ (vtas + 00l + vigsoy) | =0
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1. Introduction

The thesis came about as a cooperation between the advisor, the author and
Andras Gacs. The author wishes to thank Tamas Sz6nyi for insights into prob-
lems in finite geometry that could actually be solved, and Andras Gacs for guid-
ing him through the process all the way from research to publication. Without the
help received from Tamas Szényi and Andras Gacs this thesis would not have
gone to completion. Below we sum the main results of the thesis.

In finite projective geometry several methods both from geometry and al-
gebra can be used to attain new results. The geometric methods we discuss are
embedding, partitioning, random choice, adding and deleting points and use of
subsets [15]. We also consider algebraic tools in solving such problems, like
Weil's estimate and its variants [22], a lemma of Turan and a lemma on bipartite
graphs [11]. In the thesis, that is based on four articles of the author, we concen-
trate on using these methods in the construction of minimal blocking sets and a
closely related notion, strong representative systems.

A blocking set in a projective plane is a set of points which intersects ev-
ery line. A blocking set is said to be minimal, when no proper subset of it is a
blocking set. A flag of PG(2, q) is an incident point-line pair (P,r). A set of
flags B = {(P1,71), ..., (Pk,rx)} is a strong representative system if and only if
P; € rymeans i = j. B is maximal if it is maximal subject to inclusion [16, 7].

Firstly, an important question is on the existence of minimal blocking sets
of given size (the spectrum problem), in particular lower and upper bounds on
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the sizes. For ¢ = 2 we have the Fano plane, and as Neumann and Morgenstern
already observed in the 1940's there are no minimal blocking sets in this case.
Therefore, we always consider ¢ to be greater than 2 when considering minimal
blocking sets. A lower bound for the size of minimal blocking sets was given
by BRUEN [8] and PELIKAN, proving that non-trivial minimal blocking sets of
PG(2, q) contain at least g+ /q+ 1 points. If there is equality, then the minimal
blocking set is a Baer subplane. Improvements on this bound were obtained by
several authors, for example Blokhuis has given improvements for the case when
q is prime [6], Sz6NYI for minimal blocking sets of the Desarguesian plane [19].
Looking at the other end of the spectrum, an upper bound for the size of minimal
blocking sets was given by BRUEN and THAS [9]: If B is a minimal blocking set
ofPG(2, q) then |B| < ¢q,/q+1. In case of equality B is a unital (and q is square).
An improvement on the Bruen-Thas upper bound is possible, as we show.

THEOREM 1.1. (Sz6NYI, COSSIDENTE, GACS, MENGYAN, SICILIANO, WEINER,
[4]) Suppose B is a minimal blocking set in PG(2,q), ¢ # 5, and denote by s
the fractional part of \/g. Then |B| < q/g + 1 — 3s(1 — s)g.

Note that this always implies at least a 1/8,/g improvement on the
Bruen—Thas upper bound. On the other hand, it is easy to see that if ¢ is not too
close to a square, then this implies a c¢g improvement. The proof uses a lemma
that was also used in the proof of Turan's theorem on graphs containing no K,
and it is purely combinatorial, so the result is true for any projective plane (except
possibly for g = 26).

2. Constructions in space

In relation to graphs ANDRAS GYARFAS asked for the chromatic index of
the bipartite graph corresponding to PG(2, ¢) in [10]. Recall that a strong colour
class in a graph G is a set of independent edges with the extra property that this
set of edges is an induced subgraph of G. For the point-line incidence graph
G of PG(2, q) a strong colour class is just a strong representative system. The
strong chromatic index of a graph G is the minimum number of colours in an
edge-colouring with the property that the edges having the same colour form a
strong colour class. Geometrically, for G this is the minimum number of strong
representative systems covering the flags of PG(2, ¢). In [16] it is implicitly
proved that (trivially) for a general ¢ this number is at most g* + 2g.

ILLEs, Sz6NYI and WETTL [16] extended the Bruen—Thas upper bound and
proved that the maximal size of a strong representative system is /¢ + 1. From
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this it follows that at least roughly ¢, /g strong representative systems are needed
to partition all flags. They proved that this is indeed the case for ¢ an odd square:
the flags of PG(2,q), q an odd square, can be partitioned into (¢ — 1),/q +
+3q strong representative systems. It is straightforward to show that substituting
Hermitian curves for the parabolas in their proof (in [16]) can be used for ¢ an
even square, too.

We investigate the more general case when ¢” is not a prime. For this, we
consider the generalized Buekenhout construction from [4] which produces min-
imal blocking sets of size ¢"*! + 1 in PG(2, ¢"). Hoping that we can repeat the
trick of partitioning the affine plane with copies of the affine part of this block-
ing set, from this size (and since the number of flags is approximately ¢*") it
is natural to expect that something of order ¢*"~! + E(g) holds in PG(2,4")
with E(q)o(g*"~"). To show that this is the case, we use the embedding method
connected to the generalized Buekenhout construction.

THEOREM 2.1. (MENGYAN, [3]) The flags of PG(2,¢"), h > 2, can be parti-
tioned into ¢*"~! 4 24" strong representative systems.

Theorem 2.1. gives approximately a factor of ¢ improvement on the trivial
estimate. When 4 = 2 and q is a square, it is also sligthly better than the result
obtained from the ILLES, Sz6NYI and WETTL method.

In graph theoretic terminology we thus answered the question of GYARFAS
[10] on the strong chromatic index of the point-line incidence graph of PG(2, ),
for ¢ not a prime.

3. Constructions in the plane

Connected to the spectrum of minimal blocking sets is the problem of
determining the number of minimal blocking sets of a given size. In particu-
lar, GYORGY TURAN asked whether for any given size k the number of non-
isomorphic minimal blocking sets of size & is more than polynomial.

The term more than polynomial (or superpolynomial) refers to a function
that grows faster than any polynomial of the variable, i.e. a function of the form
f(g) = ¢59, where lim, o, g(q) = <.

The answer is clearly negative for the low end of the spectrum: for k = g+ 1
we only have the lines as blocking sets and they are all equivalent; for k = g +
+ /g + 1 we only have Baer subplanes, which are all equivalent, too. For the
largest possible value the question is open: the number of isomorphism classes
for the known unitals in PG(2, ¢), ¢ odd, is polynomial (see BAKER and EBERT
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[5]) and some people conjecture that there are no more examples. On the other
hand, the situation might turn out to be similar to the situation of maximal arcs,
where recently some new examples were constructed by MATHON [18] giving
more than polynomial of them for some sizes, see [14].

The main results in this direction are the following.

THEOREM 3.1. (MENGYAN, [2]) Let log denote the natural base logarithm.

0) There are constants ¢ and C such that for ¢ = 1(4), the number of
non-isomorphic minimal blocking sets in PG(2,q) of size from the interval
[cq log g, Cqlog q] is more than polynomial.

1) In PG(2,q) there are more than polynomial non-isomorphic minimal
blocking sets for any size in the interval [Sqlogq,q./q — 2q] whenever q is a
square.

2) In PG(2,q) there are more than polynomial non-isomorphic minimal
blocking sets for any size in the interval [2q — 1,3q — 4] whenever q is odd or q
is even and g — 1 is not a prime.

3) Let d be an arbitrary integer, 2 < d < ,/q,d | ¢ — 1. The number of
minimal blocking sets M of size 2q + 1 — d is more than polynomial.

The proofs are given in four sections. The idea behind the four results is
similar: take a well-known construction (or density result) for minimal blocking
sets and modify/generalize it in such a way that one has a lot of choices at a cer-
tain step of the construction. However, the techniques are different (depending
on the original construction): for part 2) we use the method of subsets, for 3) we
use Megyesi's construction (a subgroup and its cosets), for 1) we use random
choice together with geometric arguments, while in the proof of part 0) besides
random choice and geometric arguments we will also need an algebraic lemma
based on Weil's estimate on the number of GF(g)-rational points of an algebraic
curve.

In all constructions we will try to find more than polynomial number of
non-equivalent minimal blocking sets for a given size, that is, two blocking sets
for which there is a collineation of PG(2, ¢) taking one to the other are counted
once. On the other hand, since the order of the collineation group of PG(2, q)
is definitely smaller than ¢°, finding more than polynomial different minimal
blocking sets will automatically imply the existence of more than polynomial
non-equivalent examples.
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4. A generalization of Megyesi's construction

A different example than Megyesi's construction, contained in the union of
four lines, was constructed by GAcs [12] giving an infinite series of examples
determining 7¢/9 directions approximately, thus yielding a minimal blocking
set of approximate size 2¢ — 2¢/9: Let 3 be a divisor of ¢ — 1, and let 1, o, o
be coset represenatives of the multiplicative subgroup G of index 3. Let

Ui = {(0,0)} U{(x,0) : x € o'G} U {(x,x) : x € G} U{(0,x) : x € o'G}.

Denote by |D;| the number of directions determined by U;. Then |D;| +
+ |D2| + |Ds| = 3q + 1 —2(q — 1)/3, and |Di| = 7q/9 + O(,/q).

In both the Megyesi and the Gacs constructions a subgroup and its cosets
were placed on lines. A natural question is whether a generalization would be
possible when the number of cosets is larger than three, or when the number of
lines from which points are taken is increased. We show that this problem can be
reformulated using some trivial equations and solved by Weil's estimate. In some
sense the technique we use here is similar to techniques used by KORCHMAROS
in [17] and Sz&NYI in [20], though our method seems distinct from theirs. Here
again we suppose that g is large enough, as the remainder term in Weil's estimate
may be too large for small values.

We also describe a simple embedding method connected to the minimal
blocking sets obtainable from the generalization of Megyesi's construction that
can give under some light conditions non-Rédei minimal blocking sets; these are
blocking sets B for which there is no line / such that |B \ /| = g. The following
result is found in [1]: Letx > 1 be an integer. If there is a minimal blocking set
of size 2q — x in PG(2, ) then there are minimal blocking sets of size 2¢" — x
and2q" —x + 1 in PG(2,¢").

Our results indicate the existence of a large number of minimal blocking
sets slightly under the size of 2¢ that are non-Rédei minimal blocking sets.

References

[1] N. V. HARrrAcCH, C. MENGYAN, Minimal blocking sets in PG(2, ¢) arising from
a generalized construction of Megyesi, Innov. Incidence Geometry, 6/7 (2009),
211-226.

[2] C. MENGYAN, On the number of pairwise non-isomorphic minimal blocking sets
in PG(2,q), Des. Codes Cryptogr., 45 (2007), 259-267.



140 CSABA MENGYAN

[3] C. MENGYAN, Partitioning the flags of PG(2, ¢) into strong representative sys-
tems, Contr. Discr. Math. (special issue dedicated to Ferenc Karteszi), 3 (2008).

[4] T.Sz6Ny1, A. CoSSIDENTE, A. GAcs, C. MENGYAN, A. SICILIANO, ZS. WEINER,
On large minimal blocking sets in PG(2,q), J. of Comb. Designs, 13 (2005),
25-41.

[5] R.D.BaAKERr, G. L. EBERT, On Buekenhout-Metz unitals of odd order, J. Combin.
Theory Ser. A., 25 (2004), 215-421.

[6] A. BLokHUIS, On the size of a blocking set in PG(2,p), Combinatorica, 14
(1994), 273-276.

[7] A. BrokHuis, K. METsCH, Large minimal blocking sets, strong representative
systems, and partial unitals, Finite Geometries, (F. De Clerck et al. eds.), Cam-
bridge Univ., (1993), 37-51.

[8] A.A.BRrUEN,Baersubplanes and blocking sets, Bull. Amer. Math. Soc., 76 (1970),
342-344.

[91 A. A. BRUEN, J. A. THAS, Blocking sets, Geom. Dedicata, 6 (1977), 193-203.

[10] R.J. FAUDREE, R. H. ScHELP, A. GYARFAS, Zs. Tuza, The strong chromatic
index of graphs, Ars Combinatoria, 29B (1990), 205-211.

[11] Z. FURrebI, Matchings and covers in hypergraphs, Graphs and Combin., 4 (1988),
115-206.

[12] A. GAcs, On the number of directions determined by a point set in AG(2,p),
Discrete Mathematics, 208/209 (1999), 299-309.

[13] A.GAcs, T. Sz6NYI1, Random constructions and density results, Des. Codes Cryp-
togr., 47 (2008), 267-287.

[14] N. HamiLtoN, R. MATHON On the spectrum of non-Denniston maximal arcs in
PG(2,2"), European Journal of Combinatorics, 25 (2004), 415-421.

[15] J. W. P. HIRSCHFELD, Projective geometries over finite fields, Clarendon Press,
Oxford, 1979, 2nd edition, 1998.

[16] T.ILLEs, T. Sz6NyI, F. WETTL, Blocking sets and maximal strong representative
systems in finite projective planes, Mitt. Math. Sem. Giessen, 201 (1991), 97-107.

[17] G. KorcHMAROS, New Examples of k-arcs in PG(2, g), Eur. J. Comb., 4 (1983),
329-334.

[18] R. MATHON, New maximal arcs in Desarguesian planes, J. Combin. Theory Ser.
A., 97 (2002), 353-368.

[19] T. Sz6nyr1, Blocking sets in Desarguesian affine and projective planes, Finite
Fields Appl., 3 (1997), 187-202.

[20] T. Sz6Ny1, Combinatorial problems for Abelian groups arising from geometry,
Periodica Polytechnica, 19 1991, 91-100.

[21] T. Sz6Ny1, Note on the existence of large minimal blocking sets in Galois planes,
Combinatorica, 12 (1992), 227-235.

[22] T. Sz6Ny1, Some applications of algebraic curves in finite geometry and combi-
natorics, Surveys in Combinatorics, Proc. British Comb. Conf., (ed. R. A. Bailey),
197-236, 1997.



ANNALES UNIV. SCI. BUDAPEST., 55 (2012), 141-147

COBORDISM OF SINGULAR MAPS
Abstract of Ph.D. Thesis

By
TAMAS TERPAI
ADVISOR: ANDRAS szUCS

(Defended July 7, 2010)

1. Introduction

Local singularity theory studies the properties of smooth (R”,0) —
— (R"* 0) mapping germs. Two germs are called .A-equivalent if a smooth
reparametrization of the source and the target space takes one to the other. The
resulting equivalence classes are called (mono)singularities. Complete classifi-
cation of singularities is currently a hopeless problem, here we will only inves-
tigate cases where the classification is already known.

Global singularity theory focuses on singular loci of mappings between
smooth manifolds. From this point of view it becomes important to consider
the local behaviour of a mapping on the full preimage of a point in the target
space. Such a description, consisting of multiple monosingularities, is called a
multisingularity.

The set of points at which a given sufficiently generic map has a certain
monosingularity or multisingularity often carries information about other prop-
erties of the mapping itself as well as the source and target manifolds. The initial
question of this thesis is the following problem: given a mapping, what is the
obstruction to the existence of a mapping that is equivalent to it in some sense,
but only has certain (multi)singularities?

In the study of mappings between manifolds we aim for classifications up
to so-called singular bordism and singular cobordism. That is, we consider two
mappings equivalent, if together they form the boundary of a mapping between
manifolds with boundary that only has singularities from a set fixed in advance.
The reason for this choice is that while the manifolds are well understood up to
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abstract cobordism (without restrictions on the involved mappings) thanks to the
works of Thom and Wall, there is no such practically applicable classification
for a finer equivalence relation, hence the investigation of mappings would have
to be cumbersome.

2. Methods and results

The primary tool for investigation of bordism and cobordism groups is the
generalized Pontryagin-Thom construction [9], which transforms the calculation
of cobordism groups into a purely homotopy theoretical question. The investiga-
tion of this construction and the classifying spaces that play a fundamental role
in it is the main goal of this thesis.

2.1. Cobordism groups

The general construction of classifying spaces [9] glues these spaces to-
gether from blocks corresponding to the allowed multisingularities. As a conse-
quence, the homotopy groups of the resulting space are very hard to compute.
Sziics [16] proved that when the set of allowed multisingularities consists of
all multisingularities composed from a fixed set of monosingularies (there are
no global restrictions), there exists a so-called “key fibration” [16, Definition
109] between the classifying spaces that makes the calculation of their homo-
topy groups more approachable. We give a new, more geometric proof of the
existence of the key fibration, which stays valid under more general conditions
than the original one. For example, we can prove singularity removal theorems
in the case of negative codimensional mappings analogous to the positive codi-
mensional ones:

THEOREM 1. If M is a closed 4-manifold and P is a closed 3-manifold, then
any smooth generic mapping f : M — P is cobordant to a generic mapping
without definite or indefinite swallowtail singularities. Should M and P be given
orientations, the source manifold of the cobordism can be chosen to be oriented
as well.

As another extension, we can handle a case with a global restriction (gen-
eralizing [16, Proposition 108]):

THEOREM 2. Let n be a monosingularity of k > 0 codimensional mappings, let
7' be the set of all multisingularities composed from a fixed set of monosingu-
larities, and assume that while On C 7/, n € 7. Furthermore let 7, for r > 0 be
the set of all multisingularities composed from a singularity in 7 and at most r
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points with 1) singularity, and denote by I, the classifying space of immersions
with a normal &, -structure and at most r-tuple self-intersection points. Then the
natural forgetful mapping X, — L', is a Serre fibration with fiber X,.

CoROLLARY 3. Under the assumptions of the previous theorem a 7,-mapping is
T,-cobordant to a 7'-mapping exactly when its singular set of n-points is null-

cobordant as an immersion with a normal &, -structure and at most r-tuple self-
intersection points.

With the help of the key fibration we compute the cobordism groups of fold
maps (which may only have the simplest monosingularity apart from the regular
point) in the first two cases when they cannot be trivially identified with the
abstract cobordism groups.

THEOREM 4 ([20]). Denote by 7 the set of all multisingularities composed from
regular and fold monosingularities.
(a) Forallk > 1Cob;(2k + 1,k) = Mopr1;
(b1) Cob30(5,2) =2 Qs @ Zy =2 7y @ Zs;
(bs) Forallm >2 Cob3%(4m + 1,2m) = Qupy1;
(c) Forallm > 1 Cob3%(4m — 1,2m — 1) = Qup_| @ Zy, where t =
= min{j | a3(2m +j) < 3/} and a3(x) denotes the sum of digits of the

natural number x in base 3.
THEOREM 5.

a) Cob,(2k+2,k) is the kernel of the characteristic number w? 1T Wr2 W,
an index 2 subgroup of Noj42;

by) Cob39(6,2) = 0;
b.) for all even k > 4 the group Cob>°(2k + 2, k) is the kernel of the char-
acteristic number v’v,zc 1+ Wit2Wi, an index 2 subgroup of Moga2;
¢) forall odd k the group Cob3°(2k+2, k) is the kernel of the characteristic
number p ;1) », @ nontrivial subgroup of 5.

In the first case a small modification of the argument gives the bordism
groups of fold maps in relation to the bordism groups of all (oriented) maps [13].

THEOREM 6.
(a) Forallk > 0 Bord;(2k + 1,k) = N(2k+ 1,k);
(b) Forallm > 1 BordS?(4m + 1,2m) = Q(4m + 1,2m);
(c) Forallm > 1 the following sequence is exact:
0 — Zsu — Bord>°(4m — 1,2m — 1) — Q(4m — 1,2m — 1) — 0;
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here u satisfies the inequality 0 < u < t, t = min{j | as(2m +j) < 3j},
using the notation of Theorem 4.

In the course of the proof we give new examples of mappings that have a
null-homologous cusp locus both in source and target (hence the Thom poly-
nomial [17] cannot detect the cusp singularity), but no fold mapping is even
abstractly cobordant to it.

Similar results can be proven in the case when 7 is the set of all multi-
singularities composed from regular, fold and cusp points, and the goal is the
elimination from the cobordisms of the so-called /1, > singularity, which is the
simplest corank 2 monosingularity.

If the dimension of the singularity to avoid is more than 1, the geometric
methods employed in the proofs of the theorems above fail. For relatively small
dimensions, however, we can still assign geometric meaning to the obstructions
that need to be computed. These obstructions are elements of the homotopy
groups of the form 7, (I'T 5 ), where é denotes the universal target bundle [9]
of the singularity; it describes the global behaviour of the singular points in the
target manifold. For a fixed r denote by C the Serre class of finite abelian groups
of odd order divisible only by primes dividing » + 1 and let C* be the class of
finite abelian groups of order divisible only by primes dividing 2(r+ 1). Isomor-
phism up to groups in C and C™ will be denoted by = and =+ respectively.

THEOREM 7. Leté be the universal target bundle of the Morin singularity ¥.'r°
in either the unoriented or the oriented case. For a given mapping r : S —
— T¢, setM = M(k) = k! (0g) the transverse preimage of the zero section of

¢ (with the induced orientation when £ is orientable). Then for all 0 < m < k
the following statements hold.

e If¢ is not orientable, 7y i irr(TTE) € CT.

o If¢€ is orientable, Ty pirirr(DTE) ot Q. The isomorphism is given
by the abstract oriented bordism class of M.

e Ifriseven and £ is not orientable, Ty yiiisr(DTE) = M,y (RP™). The

isomorphism is given by the cobordism class of M decorated with the
kernel bundle of the mapping f classitied by k.

e Ifris even and € is orientable, Ty rissir(TTE) e Q,(RP™). The
isomorphism is given by the oriented cobordism class of M decorated
with the kernel bundle.
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2.2. Bordism groups

The singular bordism groups are somewhat easier to compute than the sin-
gular cobordism groups, since the generalized Pontryagin-Thom construction
identifies the former groups with the abstract bordism groups of the correspond-
ing classifying spaces, and these can be handled even with the original block-
construction. Additionally, when looking for cohomological obstructions, inves-
tigating the so-called Kazarian space instead of the much more complicated clas-
sifying space already gives results. For example, with the help of the Kazarian
space we can determine the avoiding ideal of the cusp singularity. The avoiding
ideal [4] (with Z; coefficients) of the monosingularity 7 is the set of those Stiefel-
Whitney characteristic classes that vanish on the virtual normal bundle of any
smooth, fiberwise polynomial bundle mapping between vector bundles.

THEOREM 8. The avoiding ideal of the singularity ! is generated as an
H*(BO; Z,) ideal by the set
{WkttWitm + WiggWitr|l,m, g, r > 0 and I+ m = q +r > 2}.

COROLLARY 9. The avoiding ideal of the singularity ©1'! consists exactly of the
classes of the form ez Wi such that

S, M _
E cwy wp =0,
ez

where T contains only index sets I with max [ > k, I'* denotes the subsequence
U{J CIlminJ >k} and S = ).+ (i — k).

As an application of this result we can obtain nearly optimal bounds on the
existence of fold mappings of real projective spaces into Euclidean spaces:

THEOREM 10. Let n = 2° + ¢ with s and t < 2° nonnegative integers. If there
exists a fold mapping from RP" to R"*, then

o if 325 <n <2t thenk > 2t —n—2.
e If2°<n< %2‘2 then

o forn = 2%(8a+3)+bwith0 < b < 2" and maximalu, k > 2" 2a+
+2"—b—2.

o if[z”—uj % 3mod4 forallu > 0, then
x k> % for odd n and

* k> 75— 27~ for n = 2Pm with an odd m.
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Using a deep result of [16], the so-called Kazarian conjecture, we compute
the unoriented bordism groups of fold mappings from the homology groups of
the Kazarian space of the fold mappings.

Finally we investigate the classifying space to obtain singular bordism
groups in the case when allowed mappings have only single fold points and
regular points with bounded multiplicity. For a fixed codimension £ > 0 denote
by I, the set containing the fold and the regular points with multiplicity at most
2; let g,, be the number of partitions of the nonnegative integer m that contain
no elements greater than &, and set d,, = dimz, 91,,,.

THEOREM 11.

ntk |7 bk n—k—s—1
dim Bord, (n Z Z 4i9n—k—s—jds + Z Z q,ds+
s=0  j=0 sOr:"nété"
n+k
+ Z qn—st + dn+k
s=0

We get a similar explicit formula for the /-bordism group of cooriented
mappings, and from these we determine the rest of the unoriented, respectively
cooriented /-bordism groups for all such sets / that contain only single fold points
and regular points with bounded multiplicity. In the case of mappings between
oriented manifolds we compute the /-bordism groups rationally.
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