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Introduction

The notion of infinitely near points was initially part of the intuitive foundations
of differential calculus. In the simplest terms, two points which lie at an infinitesimal
distance apart are considered infinitely near [17]. Charles Ehresmann influenced by
language of Taylor polynomials (which precised the infinite nearness in calculus)
introduced the concept of r-jet in his paper [2] (1951). According to this, jets
of smooth mappings are defined as equivalence classes of mappings. Presumably
it was Ehresmann’s initiative which stimulated the paper of André Weil [16] in
which Weil, being experienced from his previous algebraic geometry research in the
use of methods of commutative algebra, introduced the concept of infinitely near
points on a smooth manifold as algebra homomorphisms from the algebra of smooth
real functions on the manifold into a local R-algebra (which is now called the Weil
algebra).

The Weil algebra is defined as local commutative (and associative) R-algebra A
with identity, the nilpotent ideal n4 of which has a finite dimension as a vector space
and A/ny = R. André Weil in [15] commented on non-semisimple finite dimensional
algebras that ”. .. on sait qu’on ne sait rien sur cette sorte d’algébre”; and Shafarevich
in [13] noted that Weil’s observation retains its validity up to this days. We remark
also that the ideas about Weil algebras enter into models for synthetic differential
geometry. Disentangling structures from geometric phenomena to their categorical
formulation was a long process and it is described in [11].

It is well known that the differential invariant is defined as a G} -equivariant
mapping f: Y — Z from a G -manifold Y into a GJ-manifold Z ( see [4]), where
Gy, = inv J§(R™,R")o (invertible r-th order jets from R™ into R™ with source and
target in 0 = (0,...,0)); G}, is a Lie group (called usually the jet group or the
differential group), Y and Z are manifolds endowed with the left action of G}, and
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f(gy) = gf(y). However, G} is (isomorphic to) the group of R-algebra automor-
phisms of the Weil algebra D" = R[X7, ..., X,]/m"! where m is the maximal ideal
in the algebra of real polynomials in n indeterminates. The group Gj, can be gen-
eralized to Autg A for an arbitrary Weil algebra A and Autg A is, of course, a Lie
group, too. The study of differential invariants has many applications: differential
invariants completely characterize invariants systems of differential equations as well
as invariant variational principles, see the monograph [12] of Peter J. Olver.

The study of the subalgebra SA = {a € A; ¢(a) = a for all ¢ € Autg A} of a Weil
algebra A, is motivated by some classifications problems in differential geometry, in
particular, in the classification of all natural operators lifting vector fields from m-
dimensional manifolds to bundles of Weil contact elements which was solved in [5].
Although in the known geometrically motivated examples is usually SA = R (such
SA is called trivial), there are some algebras for which SA 2 R and they call
attention to the geometry of corresponding bundles. Thus, the fundamental problem
is a classification of algebras having S A nontrivial. In this paper, we study only the
group of automorphisms of D] ; nevertheless we replace R by an arbitrary field F’ and
obtain new results — we come to a different situation in particular cases: for finite
fields the considered algebras are finite rings and there is the whole theory about this
topic. It is known the ring automorphism problem liying in a decision if a finite ring
has a non-identical automorphism or not. Results about fixed point subalgebras are
also qualitatively totally different from the real case and, for the finite fields, they
can have interesting applications in the coding theory and cryptography.

In the first section, we recall the real case and all definitions. The second section
is devoted to local algebras of the first order: so called dual numbers and their gener-
alizations plural numbers. Groups in question are general linear groups. The higher
order case is studied in the third section. Corresponding groups of automorphisms
are called (in the real case) jet groups. Possible applications are mentioned in the
last section.

1 The real field: Weil algebras and jet groups

We recall that the Weil algebra is a local commutative R-algebra A with identity,
the nilradical (nilpotent ideal) n4 of which has a finite dimension as a vector space
and A/ny = R. Then we call the order of A the minimum ord(A) of the integers r
satisfying n’;™" = 0 and the width w(A) of A the dimension dimg(n4/n?).

One can assume A is expressed as a finite dimensional quotient of the algebra
R[X7,..., X,] of real polynomials in several indeterminates. Thus, the main example

1S
D" = R[X,..., X,]/m T,

m = (Xy,...,X,) being the maximal ideal of R[X7,...,X,] and we observe that
ord(D}) = r and w(D) ) = n. Every other such algebra A of order r can be expressed
in a form

A=R[Xy,....,X,]/i =R[X1,...,X,]/i +m' T
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where the ideal i satisfies m"t! ;Cé i C m? and is generated by a finite number of
polynomials. The fact i C m? implies that the width of A is n as well. Clearly, A
can be expressed also as

A =Dy /i,

where i is an ideal in D .
As to the group of automorphisms Autg A of the algebra A, which is studied in
this paper, we recall the well known fact (see [3]) that

Autg D), = G,

the n-dimensional jet (differential) group of the order r.
By a fized point of A we mean every a € A satisfying ¢(a) = a for all ¢ € Autgr A.
Let

SA={a€ A;¢(a) =aforall p € Autg A}

be the set of all fixed points of A. It is clear, that SA is a subalgebra of A containing
constants (of couse, every automorphism sends 1 into 1), i.e. SA D R. If SA =R,
we say that SA is trivial. For some classification results, see [8] and [9].

We will use the same terminology below although we will not focus only on the
real field !.

2 Dual and plural numbers

2.1 Dwual numbers

Let F' be an arbitrary field and F[X] the ring of polynomials over F. Then
F[X] is an F-algebra thanks to the ring homomorphism mapping elements of F' to
constant polynomials in F[X]. The indeterminate X generates the maximal ideal
(X) in F[X]. The quotient

is also an F-algebra and it is usually called the algebra of dual numbers over F.
Then Dp has the unique maximal ideal generated by X (and so Dp is local). We
can express D by

Dp = {ap + a1 X; ag,a1 € F, X2 — 0}.
We will describe automorphisms of Dp. For every such an automorphism ¢

¢(1p) = 1p

n algebraic literature, there exists also the denotation A" 4 for our SA assuming A is an
F-algebra over a field F. Following [14], we can say that A is a Galois extension of F with Galois
group Autp A if F = AAWtFA, (This does not quite correspond with the definition in [14] where
the Galois group is considered finite.) Then the problem of a triviality of SA identifies with the
problem whether A is a Galois extension of F' (with Galois group Autr A) or not.
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is satisfied and thus
¢(ag) = ag for every ay € F.

Further, in general,
gb(X) =byg+ 01 X; by,b; € F.

We compute
0p = ¢(0F) = ¢(X?) = ¢(X)P(X) = b2 + boby X + b1bo X + b3 X> = by(by + 21 X),

thus, by a comparing of coefficients standing at 1 at X, by = 0, then, necessarily, by
must be invertible and thus non-zero for ¢ be a bijection.

Proposition 1. Let A =Dp. Then SA is nontrivial if and only if F = Fs.

Proof. We have derived that every automorphism ¢ acts by

gb(ao + CLlX) =ag+ba1X; by € F— {OF}.
Hence elements a1 X are fixed if and only if by = 1p: so we must have a field with
only two elements Or and 1p for it. O
2.2 Plural numbers

It is easy to generalize the concept of dual numbers to the quotient of the poly-
nomial F-algebra in n indeterminates. We take the F-algebra

(Dp), = FIX1,..., X, /(X1,..., X,)?

and call this F-algebra the algebra of plural numbers over F.
A general form of endomorphisms of (Dr),, is

p(1) = 1
O(X1) = bo+bnXi+bpXo+ -+ b1, X,
d(X2) = b +bnXi+bpXo+ -+ b2 X,
(b(Xn) - bnO + banl + bn2X2 +---+ bnan

However, we have

O0p = ¢(0p) = ¢(X3) = b3 + b3, X2 4+ - + b2, X2 + 2b10b11 X1 + -+ + 2b10b1, Xy =
bio(bio +2011X1 + - - + 201, X)),

bnl bn2 bnn
must be invertible for ¢ be a bijection. So, automorphisms of (Dr), form exactly

the group GL(n, F').

b11 bi2 bin
thus, byp = 0, and analogously bgg = - -+ = b,g = 0. Now, the matrix (?_2_1 bz ... ban >
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Remark 1. General linear groups are widely studied. Especially, for the finite case,
the order of GL(n,F,) (p a prime number, k € N) is

Proposition 2. Letn € N, n > 2, A= (Dp),. Then SA is always trivial.

Proof. We show that the element a = a1 X1 + - - - + a,X,, cannot be fixed. Of course,
we can assume that one of a;, say aj, is non-zero. Let us consider the (diagonal)
automorphism ¢

¢(lp) = 1p

o(X1) = bXy

#(X2) = Xy

o(X,) = X,, whereb#0p.

Let us first suppose that b # 1p. Then evidently ¢(a) # a. However, we have not
always a possibility to take b # 1p. It occurs in the case F = Fs.

So, in the rest of this proof, let FF = Fo. Let 4,5 € {1,...,n}, i # j. Then
(b(i,j): (]D)Q)n — (]D)Q)n given by

Cb(i,j)(l) =1
b5 (Xi) = Xi+ X
D) Xi) = Xpforall ke {l,...,n}k#i

belongs to Autr, (Dr,),, becasue it is clear that ¢(i,j) meets the general form above.
First, let us suppose that a; = --- = a, = 1 and prove that the element

Xi+Xo+--+ X,

is not fixed. For this, it suffices to take some automorphism ¢; ;), e.g. ¢(1,2) sends
Xi+Xo+--+X,onto Xy + Xo+Xo+ X3+ -+ X, = X1 +Xg+--- + X,
Second, let {ki,...,kp} be a (non-empty) proper subset of {1,...,n}, i.e. h < n.
We prove that the element

Xk1+Xk2“‘+th

is not fixed, too. We take i € {ky,...,kp} and j € {1,...,n} — {k1,...,kp} and
apply ¢(i7j): it sends Xy, + Xp, -+~ + Xy, onto Xy, + Xy, -+ + Xp, + X
So, SA = F is always trivial. O
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3 Higher order case

3.1 One indeterminate

Of course, the powers of the maximal ideal (X) represent notable class of ideals
in Dp. For r € N, r > 1, we will study the algebra

(D) = FIX)/(X)™.
Elements of (Dg)" have a form
ao+ e X +axX?+--+a,X"; ag,a1,as,...,a, € F, X" = 0.
We start with the following lemma.

Lemma 1. Automorphisms ¢: (Dp)" — (Dp)" have a form

(1) = 1
HX) = X +0X?+ - +b,X"; by € F—{0p}, bo,...,b. € F.

Proof. Tt suffices to describe ¢~!'. We have

V = ¢(X) =0 X+ X+ +b.X"

Y% = b2X?% 4 terms of degree > 2
YTl = p77 X! 4 A term of degree 7
YT = bXT

The last equation provides X" as b; 'Y, the last but one provides (after the substi-
tution) X"~! and so on.

On the other hand, we cannot allow any more general form of automorphisms:
it is evident if we consider an endomorphism

p(1) = 1
PX) = X +bX2+ - +b.X"

with b; = 0 that its kernel is nontrivial and hence does not represent an automor-
phism. O

For an F-algebra A in question and its nilradical ng4, if an element a € A has
the property au = 0 for all u € na, we call a the socle element of A. It is easy to
find that all socle elements constitute an ideal; this ideal is called the socle of A and
denoted by soc A.

Lemma 2. Let p be a prime number, k € N, F' = F. the finite field, | € N,
r=1(p¥ —1). Then for A= (Dr)" all elements in soc A belong to SA.
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Proof. Tt is well known that for every x € F', x # 0 the equality
A |
holds (the generalization of Little’s Fermat Theorem for finite fields). As X" € soc A

maps onto b} X", for r which is the I-multiple of p* — 1 is b} = 1. O

Example 1. Let us consider A = (Dg,)*. Then the element a = X2 + X belongs
to SA. We compute

P(X?+X3) = X2+ bo X2 + 0o X3+ X3 = X2 4 X3

and we see that a is fixed. Hence there exist elements of S A not belonging to soc A,
cf. [10], Proposition 2.

Proposition 3. Let A = (Dg)". For fields of characteristic 0, SA is trivial. For
finite fields, SA is nontrivial and contains soc A.

Proof. The proof follows directly from the previous two lemmas and their proofs. [

3.2 More indeterminates

Let us consider the n-dimensional (n > 1) case now. Elements of the algebra
A= (Dg) = F[X1,...,Xa]/(X1,..., Xn)"
have a form

ag +
ar X1+ aXo+ - +a, X, +
allX% + a10X71 X9+ -+ a,meL +

r—1 .
a; 1 X{ta pX] Xot...a, X
ap,ai,...,a, . €F.

v
On basis of previous results we can find out nature of this general case now.

Proposition 4. Forr € N,ne N, n > 1, let A= (Dp),. Then the subalgebra SA
of fized points of A is always trivial.

Proof. Obviously, elements of GL(n, F') represent automorphisms also for (Dg); .
Of course, not all automorphisms, however, these (linear) automorphisms suffice for
our following considerations. In the proof, we use formally partial derivations aixj
for an expressing whether elements of A contain X; in some non-zero power or not.
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Let u € A and let exist 4,5 € {1,...,n} such that ;—)Z # 0 and aa_)?j = 0.
Analogously with the case r = 1, n > 1, we apply ¢(; ;) for the demonstration that
u can not be fixed.

So, let v € A be not of such a type and let o be a permutation of n-tuple
(X1,...,Xy) for which o(v) # v. As permutations of (X7, ..., X)) are also elements
of GL(n, F'), we find again that v can not be fixed.

Therefore we take w € A such that g—;gi # 0 for all i € {1,...,n} and such
that does not exist any permutation of (Xi,...,X,) yielding a transformation of
w. Nevertheless, a "symmetry” of w will be again unbalanced by ¢(; j), €. g. ¢ 2)-
Hence we have an automorphism for which not even w is fixed.

Thus, only zero power elements of A remain fixed with respect to all automor-
phisms: SA is trivial. O

4 Comments to applications

We do not intend go into detail in this section and define at length every men-
tioned concept; just informative comments are here.

4.1 The real case: Welil contact elements

Now, let M be a smooth manifold and let the Weil algebra A have width w(A) =
k < m = dim M and order ord(A) = r. Every A-velocity V (see [3]) determines an
underlying ]D)}C—velocity V. We say V is regular if V is regular, i.e. having maximal
rank k (in its local coordinates). Let us denote reg TAM the open subbbundle of
TAM of regular velocities on M. The contact element of type A or briefly the Weil
contact element on M determined by X € reg TAM is the equivalence class

Autg AM(X) = {¢(X), ¢ € Autg A}
We denote by KAM the set of all contact elements of type A on M. Then
KAM = reg TAM/ Autg A

has a differentiable manifold structure and regTAM — KAM is a principal fiber
bundle with the structure group Autg A. Moreover, KM is a generalization of the
bundle of higher order contact elements K; M = reg T} M /G, introduced by Claude
Ehresmann. We remark that the local description of regular velocities and contact
elements is covered by the paper [6].
We have deduced in [5] and [7] the following results:

There is a one-to-one correspondence between all natural operators lifting vector
fields from m-manifolds to the bundle functor K* of Weil contact elements and the
subalgebra of fixed elements SA of A.

There is a one-to-one correspondence between all natural affinors on K4 and the
subalgebra of fixed elements SA of A.

All natural operators lifting 1-forms from m-dimensional manifolds to the bundle
functor K2 of Weil contact elements are classified for the case of dwindlable Weil
algebras: they represent constant multiples of the vertical lifting.
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4.2 The finite case: Cryptography, coding theory

Finite structures are extensively applied in cryptography. The problem of devel-
oping new public key cryptosystem had occupied the cryptographic research fields
for the last decades. So called multivariate cryptosystems use polynomial auto-
morphisms, in particular, there are known tame transformation methods using for
ciphering compositions of affine automorphisms and de Jonquiéres automorphisms.
The security of such systems is based on the difficulties in decomposition of a com-
posed polynomial automorphism.

So, the natural modification of these public key cryptosystems is a use of local
(finite) algebras instead polynomial. The role of automorphisms remains unchanged.
Surely, it is important to understand the subalgebra of fixed elements (which are
not transformed under any automorphism).

Example 2. As a toy exercise, we can consider A = (DF4)2 and take e.g. poly-
nomials in two indeterminates Y;, Y over A, ie. elements of (Dg,)* [Y1,Ys]. In
multivariate public key cryptosystems, the cipher procedure is based on composed
polynomial automorphisms, which are used as the public key. Let us imagine a
simple scheme based on the composition m = Ay o 7 0 A of affine (A\; and \y) and
de Jonquiéeres (7) Fy-automorphisms which play a role of a private key. Without a
decomposition of 7, it is not easy to find 7~ which is necessary for decryption. Of
course, a descryption of fixed elements is the substantial feature of such a system.

We only remark that local finite algebras are used also in the coding theory, for
detail see [1].
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Abstract. The lower and upper bounds on the stability radius are obtained in mul-
ticriteria Boolean Markowitz investment problem with criteria of extreme optimism
(MAXMAX) about portfolio return in the case when portfolio and financial mar-
ket states spaces are endowed with Hoélder metric, and criteria space of economical
efficiency of investment projects is endowed with Chebyshev metric.
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1 Introduction

In the papers [1,2], vector investment Boolean problems with Savage and Wald’s
criteria are formulated based on Markowitz portfolio theory [3]. Stability radius
bounds are obtained only for particular cases, when three-dimensional problem pa-
rameters space is equipped with different combinations of /1 and I, metric. In the
present paper, multicriteria portfolio problem with venturesome investor under the
same Markowitz model framework is considered. The investor maximizes various
portfolio efficiency types when financial market is in the most favorable state, i.e.
with criteria of extreme optimism (MAXMAX). We investigate such a kind of stabil-
ity of the problem which is a discrete analogue of the property to be semicontinuous
from above in Hausdorff’s sense of a point-set mapping which transforms any set of
parameters of the investment problem into the corresponding Pareto set. As a re-
sult of the conducted parametric analysis, power and upper bounds on the stability
radius of the problem are obtained in the case when portfolio space and financial
market spaces are endowed with Hélder metric [,,,1 < p < oo, and criteria space of
economical efficiency of investment projects is endowed with Chebyshev metric /.

2 Problem statement and definitions

Based on [2,4], consider multicriteria variant of Markowitz investment manage-
ment problem [3].

Let m be the number of possible financial market states (A1, Ag,...,A4y), n be
the number of alternative investment projects (B1, Be, ..., By,) and s be the number
of types (measures) of the project economical efficiency (Cy,Cs,...,Cs). Given

© Vladimir Emelichev, Olga Karelkina, 2015
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the expected evaluation of economical efficiency e;;r for an arbitrary investment
project B; of type Cj, in the case when market is in the state A;. We denote three-
dimensional matrix [e;;;] € R™*™*® by E and its k-th cut by E, € R™". Let
x = (z1,29,...,7,)] € E" be an investment portfolio where E = {0,1}, z; = 1
if the investor chooses the project B; and x; = 0 otherwise; X C E" be the set
of all possible investment portfolios, i.e. those realization of which does not exceed
investor’s initial budget and admissible level of risk.

Note that there are several approaches to evaluate efficiency of investment
projects (see e.g. the bibliography in [2]).

In the portfolio space X we introduce vector objective function

f(:Ev E) = (fl(x>E1)7 f2(x>E2)’ s afs(:pv ES))7

components of which are well known in the decision making theory criteria of extreme
optimism (MAXMAX)

n

z,F;) = max e;pr = max Ze-- r; > max, k&€ Ng=1{1,2,...,s
fk(a k) 1<i<m ik 1SiSm.1”k] xeX’ s {7) a}a
]:
where e;r = (€1, €2k, - - - €ink) 18 the i-th row of the cut Fy. Using this criteria

venturesome investor optimizes the efficiency e;px of the portfolio z under the as-
sumption that market is in the most favorable state for him. In other words when a
portfolio return is maximal. It is evident that the approach is based on the behavior
stereotype of reckless optimism ("make or mar”, "who does not risk cannot win”
etc.). It is worth to notice that such situations in economics when we have to behave
this way are common. Such dealing is inherent in not only optimist but investors
with his (her) back to the wall.

Under a multicriteria Boolean investment problem Z%(FE), s € N we understand
the problem of searching the Pareto set P*(E), i.e. the set of Pareto optimal invest-
ment portfolio

P(E)y={ze€ X : X(2,FE) =2},

where
X(2,B) = {«' € X : f(z.B) < f(«'.E) & f(x.E) # f(«', E)}.

It is obvious that P*(E) # @ for any matrix E € R"™*"*s,

For any natural number d in the real space R% we define Holder metric ly,p €
[1,00], i.e. under the norm of vector y = (y1,¥2,...,yq)’ € R? we understand the
number .

(3 lyalP)/Pif 1 < p < o0,
lylly =9 =1

: if p = oo.
gggd!yz! if p =00

It is well known that for any vectors a,b € R™ the Holder inequality holds

la”8l < llallplBllg, (1)
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and for numbers p and ¢ the following relation is true

1/p+1/qg=1.

Here ¢ = 1 if p = oo and ¢ = oo if p = 1. Thereby suppose 1/p = 0 for p = .
Further we assume that the domain of variation of p and ¢ is the segment [1, cc].

In the portfolio space R™ and financial market states space R™ define an arbi-
trary Holder metric [,,, p € [1,00], and in the criteria space of measures of project
economical efficiency R® define Chebyshev metric [, since under the norm of a
matrix E € R"™*™*% we understand the number

”Eproo = H(HEalm HE2”pp= AR ”Es”pp)Hom
where
1Ekllpp = [[(lexkllp, lleallps - - llemrllp)llp, k€ Ns.
Obviously,
leiklly < I Bkllpp < [[Ellppoos @ € Nim, k€ Ns. (2)

Therefore using Holder inequality (1), it is easy to see that for any portfolios
z,7" € X and matrix £ € R™*"*S the following inequalities are valid

1 .
et — eipt’ > —|| Ellppsollz + 2'|}/%, 0,7’ € Ny, k € N, (3)
Indeed
et — i’ > —([lellpllzllg + llewrllplla’lle) =
1
=l llps Newr i)l (2 llq, ”x/”q)”q > —||Ellppoollz + x/Hl/q-
Moreover, it is easy to see that for vector a = (ay,as,...,a,)’ € R™ with

conditions |a;| = «, i € N, for any number p € [1, o0] the following equality holds
lall, = an'/?. (4)

According to [1,2,5], with respect to the metrics defined, under the stability
radius of the problem Z*(F),s € N, we understand the number

supz, if = ,
pzp(m,n,s,p)z{o P if:ng
—p — <

where
E,={e>0: VE € Qu(e) (P°(E+E)CP(E)},

Qp(e) = {E" € R™™ || |lppoc < €}

be the set of perturbed matrices, P*(E+ E’) be the Pareto set of perturbed problem
Z5(E + E'). Thus the stability radius of problem Z*(E) is the limit level of pertur-
bations of matrix E elements in normed vector space R™*"*% which do not lead to
appearance of new Pareto optimal portfolios. It is obvious that for P*(E) = X the
stability radius of the problem is supposed to be infinite. The problem for which
P?(E) # X is called nontrivial.
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3 Bounds on the stability radius of the problem

For the nontrivial problem Z*(FE) put

( ) : V(2 z)
Y =pe(m,n,s,p) = min max —_—
¢ P*(E) «'€P(x.E) ||z’ + a:Hi/q

: v(2', x)
=y(m,n,s) = min max —————0,
v =y ) 2¢Ps(E) »'eP(x,E) ||’ — |1

where
v(z',2) = min{ fy(2', Ex) — fu(z, Ey) : k € N},
P(x,E) = X(z,E) N P*(E).
It is easy to see that ¢, 1 > 0.

Theorem 1. For any m,n,s € N and p € [1,00] for the stability radius p(m,n, s, p)
of the multicriteria nontrivial investment problem Z°(E) the following bounds are
valid

Proof. Let us first show that the inequality p > ¢ is valid. For ¢ = 0 it is evident.
Let ¢ > 0 and the perturbed matrix £’ € R"™*"** with cuts E}, k € N, belongs to

the set Q,(¢), i.e. [|E'||ppoo < ¢. According to the definition of number ¢ for any
portfolio x ¢ P*(E) there exists portfolio 2° € P(z, F) such that

1
Y(2%,2) 2 pla® + o],
i.e. the inequalities
0. By) — fulw, By) = ol|a® + z]}/%, ke N,
fe(2”, Ey) — fi(z, Bx) > @llz” +z[|;"", k€N,

hold.
Therefore, taking into account inequality (3), for any index k € Ny we obtain

fe(@®, By + Ey) — fu(e, By + Ep) = max (eq, + efp)a” — max (eg + €fy)z =
1<i<m 1<i<m

: 0 / 0 /
= min max (eyrT — €T + €T — €,.T) >
1§i§m1§i’§m(2k ik i'k ik )—

> i 0 o _ e 0 1/q _
2 mn 1£%Xm(€z’k$ €irt) = [ E |[ppoollz” + x|y

1 1
— f1(2, By) — fu(@, Ex) = | E'lppooll2® + 2|17 > (0 = | E'|[ppoo) |2 + 2}/ > 0,

where €/, is the i-th row of the cut Ej. Thus, any portfolio z, which is not in
P$(E), is not a Pareto optimal portfolio on the perturbed problem Z*%(E + E').
Therefore we conclude that for any perturbed matrix E' € ,(¢) the inclusion
P$(E+ E') C P%(F) is valid. Hence the inequality p > ¢ is true.
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Further we prove the inequality p < (mn)Y/P.
According to the definition of the number v there exists portfolio 2° ¢ P%(E)
such that for any portfolio z € P(z", E) there exists | = [(z) € N, for which

filz, B) — fi(a°, E) < ¢llz — 2°. (6)

Assuming ¢ > (mn)l/ Peh, we define the k-th cut E,g, k € Ny elements e?jk of the
perturbed matrix E° by the rule

§ if ieN,, 2¥=1
e%k:{ S

—4§ otherwise,

where ¢/(mn)'/? > § > 1). Then according to (4) we have
lefkllp = n'/78, | ERllpp = (mn)'/75, i € Nin, k€ N,

1E®|ppoc = (mn)'/P0.

This means that E° € Q,(g). Moreover, all rows e?k, 1 € Ny, of the cut E,g, k € Ng,
are the same and consist of the components § and —¢§. Therefore, assuming A = e?k,
1 € N, k € Ng, we have

Az —2?) = ~dl|lz — 2°||1. (7)

Hence, taking into account (6), we conclude that for any portfolio z € P(z°, E)
there exists [ € N, satisfying the relations

filz, B+ Ep) — fi(a°, By + Ef) = max (eq + €))r — max (e + )z’ =
1<i<m 1<i<m
= min max (e;r — ez’ + e?,la: - e?lxo) = fi(z, E}) — fl(xO,El) + Az — xo) <
1<i<m 1</ <m
< (¥ = 0)|lz — 2% < 0.
Thus the formula
Vz € P(:EO,E) (x ¢ X(:EO,E + EO)) (8)

is valid. If X (2%, E + E°) = () then 2° € P*(E + E°). Recall that 2° ¢ P*(E).
Now suppose that X (2%, E + E°) # ().
Then due to the external stability of the set P*(E + E°) (see e.g. [6,7]) there
exists portfolio #* € P(x°, E + E°). We show that z* ¢ P*(E).
We assume the contrary: z* € P*(E). According to (8) the inclusion

z* € PS(E)\ P(2°, E)

holds. Therefore only two following cases are possible.
Case 1. f(z*,F) = f(2° E). Then for any k € Ny from equality (7) it follows

fk(a:*,Ek + Eg) — fk(xO,Ek + Eg) = fk(x*, Ek) — fk(xO,Ek)-l-
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+A(z* — 2°) = =d||z* — 20|, < 0.

Case 2. There exists ¢ € Ny such that f,(a*, E,;) < f,(2° E,). Then again
using (7) we obtain

fo@* By + EQ) — f4(a%, Eq + EY) = fo(a*, Eq) — fo(2", Ey) + A(z* — 2°) < 0.

Consequently both cases contradict the inclusion 2* € P(2°, E + EY). Therefore
it is proved that z* ¢ P*(E). Recall that z* € P*(E + EV).

Thus for any number € > (mn)l/ Pqfy it is guaranteed that there exists a perturbing
matrix E° € ,(¢) such that there exists portfolio (z° or z*) which is not Pareto
optimal portfolio for Z*(FE) but becomes Pareto optimal in the perturbed problem
Z*(E + EY). Hence the formula

Ve > (mn)/Py 3EY € Q,(e) (P*(E + E°) ¢ P(E))

is valid.
Consequently, p < (mn)Y/Pqy. O

The well known result follows from Theorem 1.
Corollary 1 [8]. ¢(m,n,s,00) < p(m,n,s,00) < (m,n,s).

The following evident statement confirms attainability on these bounds
Corollary 2. If for any pair x ¢ P*(E) and ' € P(z, E) the equality

{jeN, : =0, =1} =0
holds then the formula
p(m7 n? s? CXJ) = (’D(m, n? s? CXJ) = ’llz)(m7 n? S)

s valid.
Attainability of the upper bound in (5) for m = 1 and p = oo follows from the
following known theorem.
Theorem 2 [9]. p(1,n,s,00) =9(1,n,s), n,s € N.
Remark 1. From theorem 1 it follows that the upper bound on the stability radius
of the problem p(m,n,s,p) decreases mn times with number p increasing from 1
to co. That is the upper bound decreases from mni(m,n, s) to ¥(m,n,s). At the
same time the lower bound also decreases from
: /
ol ) = iy 1
to
. v(2', x)
p(m,n,s,00) = min max ———.
2¢Ps(E) «'cP(x,E) ||2' + |1
As follows from Corollary 2, when its conditions hold the lower values of the
lower and upper bounds on the stability radius are identical:

(ID(m7 n? 87 OO) = ¢(m7 n? s)'

The present paper is prepared with partial support of the Belarusian republican
fund of fundamental research (Projects F11K-095, F13K-078).
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Abstract. Let R be a topological ring and E be a unitary topological R-module.
Denote by Cp(X, F) the class of all continuous mappings of X into F in the topology
of pointwise convergence. The spaces X and Y are called I, (F)-equivalent if the topo-
logical R-modules Cp(X, E) and Cp(Y, E) are topological isomorphisms. Some con-
ditions under which the topological property P is preserved by the I, (E)-equivalence
(Theorems 8 — 11) are given.
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1 Preliminaries

Let G be an Abelian group under addition operation and R be a ring. We call
G a left R-module or, simply, an R-module if on it the operation of multiplication
between an element of R and an element of G is defined, say ra € G, where r € R
and a € G, with the following properties: r(a + b) = ra +rb, (r + s)a = ra + sa,
r(sa) = (rs)a, for any r,s € R and a,b € G. In other words, an R-module is a
vector space where the base field is replaced by a base ring R. Usually the operation
of multiplication (r,a) — ra is called scalar multiplication. Obviously, any ring R
is a module over itself. An R-module is unitary [11] if R possesses a multiplicative
identity 1 and 1z = x for every z € G.

An additive topological group is an additive group G with a topology such that
the addition operation (x,y) — x + y and inverse operation x — —z are continu-
ous mappings [11]. A topological ring is a ring R with a topology making R into
an additive Abelian topological group such that the multiplication is a continuous
mapping [11].

Let R be a topological ring. A topological R-module is an R-module E together
with a topology such that E is an additive Abelian topological group and scalar
multiplication is a continuous mapping.

Let E and F' be R-modules. The mapping ¢ : E — F' is a linear mapping if it
satisfies the conditions:

(i) e(z +y) = o(z) + ¢(y), for any z,y € E;

(i) p(ax) = ap(x), for any =z € E and a € R.

© Mitrofan M. Choban, Radu N.Dumbraveanu, 2015
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Throughout this paper, by a ”space” we will mean a ”completely regular space”,
by a "topological ring” we will mean ”topological unitary ring” and by a ”topological
module” we will mean a ”topological unitary module”.

Fix a space X, a topological ring R and a topological R-module E. By
C (X, FE) we will denote the family of all E-valued continuous functions with the
domain X and by Cp,(X, E) we will denote the space C(X, E) endowed with the
topology of pointwise convergence. Recall that the family of sets of the form
W(x1,xo, ...y, U1, Us, ... U,) = {f : C(X,E) : f(x;) € U; for any i < n}, where
T1,%2, ..., Tn € X, Uy, Us, ..., U, are open sets of I/ and n € N, is an open base of the
space Cp(X, E).

Let E be a topological R-module. The spaces X and Y are called [,(E)-
equivalent if the spaces Cp(X, E) and Cp(Y, E) are linearly homeomorphic and we

denote X 2 V.
Recall that an embedding of X into Y is a mapping e : X — Y such that e is a
homeomorphism of X onto e(X) C Y.

Proposition 1. Fiz a topological R-module E. Then Cp(X,E) is a topological
R-module and E is embedded in a natural way in Cp(X, E) as a closed submodule
of Cp(X, E).

Proof. Cp(X, E) is a group under operation of pointwise addition and respectively
is unitary module over the ring R. We put ax(x) = a for any a € E and z € X, i.e.
ax is a constant function.

Let e : E — Cp(X, E), where e(a) = ax(x) for every a € E. The mapping e
is injective, since, if a,b € E, with a # b, then ax(x) = a # b = bx(x) for every
e X.

The sets W (x1,2z2,....,2n,U1,Us, ..., Up) = {f € Cp(X,E) : f(z;) € U;}, where
n €N, x1,x9,...,z, € X and Uy, Us, ..., U, are open subsets of F, form an open base
of the space Cp(X, E).

If x € X and U is open in E, then e(U) = {ax : a € U} = e(E)N
W(zy, 22, ..., 2n, U, U, ..., U) and e Y (W (x1,22,...,2n,U1,Us,....,Up)) = {a € E :
ax e Uy NnUzN..NU,} = Ui NU;N...NU,. Hence, e is an embedding of F
in Cp(X, E).

Fix g € Cp(X, E) such that g ¢ e(E). There exist two distinct points 1,z €
X such that g(z1) # g(z2). Now we fix two open sets U; and Uy from R such
that g(x1) € Uy, g(xe) € Uy and Uy N Uy = (. Then g € W(x1,2z2,U1,Us) and
W (x1,x9,U1,Us) Ne(R) = 0. Hence the set e(E) is closed. O

A space X is zero-dimensional if indX = 0 (small inductive dimension is zero),
i.e. X has a base of clopen (open and closed) subsets.

Proposition 2. If E is a zero-dimensional topological R-module, then Cp(X, E) is
a zero-dimensional topological R-module.

Proof. Since Cp(X, E) is a subspace of EX | the proof is complete. O
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2 The evaluation mapping

Let X be a space, R be a topological ring and E be a non-trivial topological
R-module. Fix x € X. Then the mapping &, : Cp(X, E) — E defined by &,(f) =
f(z) is called the evaluation mapping at x.

Proposition 3. The evaluation mapping & : Cp(X,E) — E is continuous and
linear for every point x € X.

Proof. Fix a point 2 € X. For every open set U of E we have ¢, 1(U) = {f €
Co(X,E): f(z) e U} = W(z,U). But W(x,U) is an element of the subbase of the
topology on Cp(X, E), i.e. £1(U) is open in C,(X, E) for every open U C E.
Obviously & (f +ag) = (f +ag)(z) = f(z) + ag(z) = &(f) + af.(g). Hence &,
is a linear continuous mapping. O

We now define the canonical evaluation mapping ex : X — Cp(Cp(X, E), E),
where ex (z) = &, for any =z € X.

Proposition 4. The canonical evaluation mapping ex : X — Cp(Cp(X, E), E) is
continuous. Moreover, the set ex (X) is closed in the space Cp(Cp(X, E), E).

Proof. Let U = W (f1, fa, .y f1, U1, U2, ..., Ux) Nex(X) be a standard open set in
Cp(Cp(X,E),E) Nex(X). Without loss of generality, we can assume that U C
ex(X),ie. U={& €ex(X) : &(fi) €Uz € X,i=1,k} ={& €ex(X): fi(x) €
Ui,z € X,i = 1,k}. On the other hand e (U) = {z € X : fi(z) € U;,i = 1,k} =
N{f 1(U;) :i =1,k}. Since for every i = 1,k and f; € C(X, E), the set e (U) is a
finite intersection of open sets, therefore it is open.

Fix ¢ € Cp(Cp(X,E), E) \ ex(X). There exist f € Cp(X, E) and b € X such
that o(f) # f(b) = &(f). Fix in E two open sets V and W such that ¢(f) € V,
f() e Wand VNW ={. The set U = {¢C,(C,(X,E),E) : ¢(f) € V} is open in
Cp(Cp(X,E), E) and U Nex(X) = (. The proof is complete. O

Let X and Y be spaces, ® a family of functions f : X — Y. We say that ®
separates points of X (or simply is separating [1]) if for any z,y € X, x # y, there
exists f € ® such that f(x) # f(y). We also say that ® separates points from closed
sets (or is regular [1]) if for any closed subset F' of X and any point € X \ F there

exists f € ® such that f(z) ¢ cly f(F).

Proposition 5. If C,(X, E) is a separating and regular family, then the canonical
evaluation mapping ex : X — Cp(Cp(X, E), E) is a homeomorphism from X to the
subspace ex(X) of Cp(Cp(X, E), E).

Proof. Since canonical evaluation mapping is continuous, it is clear that it is sur-
jective and we have only to prove that ey is injective and the inverse function is
continuous.

First, we show that ex is injective. Let z,y € X, z # y. By assumption,
Cp(X, E) is a separating collection, i.e., we can find a function f € Cp(X, E) such

that f(x) # f(y), hence &, # &,
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Now, we prove that e}l is continuous. Let F be a closed subset of X. By
assumption Cp(X, E) is a regular collection, i.e. for any ¢ F we can find f €
Cp(X, E) such that f(x) ¢ clpf(F). Therefore f(z) has a neighbourhood Uy, for

which Upy N f(F) = 0. Then W(f,Usy) is a neighbourhood of &, that is not

1

contained in ex (F), i.e. ex(F) is closed. Hence ey is continuous. O

A space X is called:

(i) R-completely regular if for any closed subset F' of X and any point a € X \ F’
there exists f € C'(X, R) such that f(a) ¢ clgf(F);

(ii) R-Tychonoffif for any closed subset F' of X, any point a € X \ F there exists
g € C(X, R) such that g(a) =0 and F C g~1(1).

The space R is R-completely regular. The Cartesian product of R-completely
regular spaces is R-completely regular and the Cartesian product of R-Tychonoff
spaces is an R-Tychonoff space. A subspace of an R-Tychonoff (R-completely reg-
ular) space is an R-Tychonoff (R-completely regular) space.

Remark 1. Let X be an R-Tychonoff space. Then:

(i) X is a Tychonoff space.

(ii) If E is a topological R-module, then for each closed set F' of X, any point
a € X \ F and any point b € E, there exists f € C(X, E) such that f(a) = 0 and
f(F)=b.

(iii) X is R-completely regular.

Remark 2. Let E be a topological R-module and X be an R-completely regular
space. Then:

(i) X is a Tychonoff space.

(ii) For any closed subset F' of X and any point a € X\ F there exists f € C(X, F)

such that f(a) ¢ clgf(F).
(iii) C(X, E) is a separating and regular family of continuous mappings.

Proposition 6. A space X is R-completely reqular if and only if the family C(X, E)
is separating and reqular for any non-trivial topological R-module E.

Proof. It is obvious. O
Proposition 7. If indX = 0, then the space X is R-Tychonoff.

Proof. If C is a clopen subset, then x¢ is continuous, where x¢(C) =1 and
xc(X \ C)=0. Fix a point z € X and closed subset F' of X such that z € X \ F.
Since indX = 0 we can find a clopen subset C' such that C C X \ F. Then X \ C
is also clopen and F' C clxF C X \ C. The characteristic function g = xx\¢ is
continuous, g(x) = 0 and F C g~!(1). Hence X is R-Tychonoff. O

Let R be a topological ring. A topological R-module FE is called:

(i) simple if it does not contain a non-trivial submodule over R;

(ii) locally simple if E is not trivial and there exists an open subset U of E such
that 0 € U and U does not contain non-trivial R-submodules of F;
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(iii) R-closed if there exists a continuous mapping ¢g : £ — R onto R such
that vp(z+y) = vr(x) + pe(y) and pg(tx) = teg(x) for any t € R and z,y € E.

Example 1. Let R be the field of real numbers and C be the field of complex
numbers. The rings R and C are simple rings.

Example 2. If R is the field of real numbers or of complex numbers, then any
locally convex linear space over R is an R-closed module.

Example 3. Let Q be the field of rational numbers. Then R and C are locally
simple, not simple and not Q-closed Q-modules.

Example 4. If R is a locally simple ring, then R" is a locally simple R-closed
R-module for any natural number n > 1.

Example 5. Let Z be the ring of integers. Relative to discrete topology Z is locally
simple non-simple ring. If p > 2 and Z, = p-Z, then Z, is an ideal and {nZ, : n € N}
is a base at 0 of the ring topology. In that topology Z is not a locally simple ring.

Let R be a ring and E be an R-module. For any a € E we put £, = Ra =
{ta : t € R}.

Lemma 1. Let R be a ring and E be an R-module. Then Ra is an R-module for
any a € E.

Proof. Fix a € E, a # 0. By definition, Ra = {za : z € R}. In the first we will
prove that Ra is an Abelian group.

Let z,y € Ra. Then there exist 1,91 € R such that x = x1a and y = yia.
Then z +y = z1a + y1a = (1 + y1)a € Ra. Also 0 + z1a = z1a + 0 = z1a and
x1a+ (—x1)a = (—x1)a + x1a = 0. Hence Ra is a group under addition operation.

Now we will prove that Ra is an R-module. Let o, € R and z,y € Ra.
By definition, * = z1a and y = yia for some z1,y; € R. Then a(ria + y1a) =
azia+ ayia € Ra, (a+ B)z1a = axia+ fria and ofz) = a(fria) = (af)z1a =
(af)x. O

Remark 3. It is obvious that, by Lemma 1, for any simple ring R and any a € R,
a # 0, we have Ra = R, i.e. R is a field. Moreover, for any simple R-module F and
any a € F, a # 0, we have Ra = F.

Proposition 8. Let E be a locally simple R-closed R-module, a € E and pg(a) = 1.
Then E, = {ta :t € R} is an R-submodule of E with the following properties:

1. vy = ¢p|Eq : E; — R is a topological isomorphism of the R-module E, onto
R-module R.

2. The mapping 1, : E — E,, where ,(z) = v, (¢r(x)) for each x € E, is an
open continuous homomorphism of the R-module E onto the R-module E,.

3. The space E is homeomorphic to the space 9051(0) X FEy.

4. The set E, is closed in E.
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Proof. The set ¢3'(1) is non-empty. Fix a € ¢3'(1). If t € R, then pg(ta) =
top(a) =t-1=t. Thus p(E,) = R and v, is a one-to-one continuous homomor-
phism of E, onto R. Since (t,x) + tz is a continuous mapping of R x E onto E, the
mapping v, is a homeomorphism, i.e. v;!: R — F, is continuous. Assertion 1 is
proved. Assertion 2 follows from the Assertion 1.

The mapping v : gprl(O) x B — E, where ¢¥)(x,y) = = + y for any x € 9051(0)
and y € F,, is a homeomorphism. O

Let X be a space, R be a topological ring and E be a topological R-module. We
will consider two subsets of C,(C, (X, E), E):

(i) Lp(X,E) ={aiz1 + aoxa + ... + apxp : o € R,z € ex(X),n € N}

(ii) M,(X, E) the subspace of all linear mappings from C,(X, E) into E.

(iii) If F' is a topological R-module, then L,(F,E) is the space of all linear
continuous mappings ¢ : F' — E as a subspace of the space Cp(F, E).

Proposition 9. Let R be a locally simple ring and X be an R-Tychonoff space.
Then M,(X,R) = Ly(X,R).

Proof. We will show that every continuous linear mapping u € My(X, R) can be
written as p = a1+ aoxa+ ...+ apx, for some concrete n € N, o; € R, x; € ex(X)
and 1 <7 <n.

Fix p € M,(X, R). Assume that p1 # 0. Let f € C(X,R), f = 0. Then p(f) =0,
since p is linear. Fix a neighbourhood U of 0 € R which does not contain R-
submodules. Since p is continuous, we can find n € N, distinct points x1, x2, ..., T, €
X,and V =V, =V, = ... =V, CU such that p(W(x1,za,...,2n, V1, Vo, ..., V3,)) C
U.

Let ¢ € Cp(X,R) and g(z1) = g(z2) = ... = g(z,,) = 0. Clearly, ag €
W(x1,x9,...xn, V1, Va,...., V) for any a« € R. Thus pu(ag) € U and, since p is a
linear functional, we have au(g) € U for every @ € R. From Lemma 1 it follows
that Ru(g) is an R-submodule of R and Ru(g) C U, a contradiction. Therefore
Ru(g) = {0} and u(g) = 0.

Fix g; € C(X, R) such that g;(z;) =1 and g;(z;) = 0 for j # i.

We put o; = u(g;). Consider ¢/ = a1 + aszs + ... + apx,. Then p/(g) =
a1g(z1) + agg(z2) + ... + ang(zy) for any g € C(X, R).

Let g € Cp(X,R) and ¢’ = g — g(x1)g1 — 9(x2)g2 — ... — 9(2n)gn. Obviously,
g € Cp(X,R) and ¢'(x;) = 0 for each i < n. Hence u(g’) = 0. Since p is a linear
mapping, 0 = p(g') = pu(g) — w(E{g(xi)gi : i < n}) and p(g) = p(E{g(z:)g; : i < n})
= X{g(xi)p(gi) i < n} = B{aig(xi) i <n}. Hence p = p/ O

Remark 4. Let E be a topological R-module and Hom(FE) be the set of all con-
tinuous homomorphisms ¢ : E — E. If p € My(X,E) and ¢ € Hom(E), then
pop€ My(X,E). As follows from the next example, there exist a topological ring
R, a topological R-module E, a space X, p € L,(X, E) and ¢ € Hom(FE) such that
pou€ Mpy(X,E)\ Ly(X, E).
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Example 6. Let R be a topological ring with the identity 1, A be a non-empty
set and £ = RA. Then F is an R-closed R-module and a topological ring. For any
subset B of A consider the point 1p = (t4(B) : @ € A) € E, where t,(B) =1 for
a € B, and t(B) = 0 for « € A\ B. The point 1 generate the homomorphism
vp € Hom(E), where pp(z) =x-1pforanyz € E. If Eg = {x-1p: 2 € E} =
¢p(E), then Ep is a a subring of £ and R-submodule of E. The homomorphism
pp is a retraction of E onto Ep.
Let X be a non-empty space. We consider two cases.

Case 1. | X| + |R| + Xy < |A|.

Fix a € X. We put ¥p(9) = ¢p(g(a)) for any g € Cp(X, E). We identify a =
ex(a). Hence ¢¥p = pp o a. We have ¢yp(C(X,E)) = Ep. Therefore |M, (X, E)| >
{yp : B € A} = 2141 > |A|, where |Y| is the cardinality of the set Y. Obviously,
|Ly(X, E)| < |X|+|R|+No. Hence, since | X|+|R|+No < |A|, we have |L,(X, E)| <
| My (X, E)| and My(X, E) \ Lp(X, E) # 0.

Case 2. R is a simple ring and 2 < |A|.

In this case R is a field and F is a locally simple R-module provided the set A
is finite. Fix a non-empty proper subset subset B of A and ¢ € L,(Cp(X, E), Ep),
where ¢ # 0. We affirm that ¢ € M,(X,E) \ L,(X, E). Suppose that we can find
n € N, distinct points 1, 2, ...,z € X and a, a9, ..,a, € R\ {0} such that ¥(g)
= a1g9(z1) + a2g(x2) + ... + ang(xy) for any g € C(X,R). Let C = A\ B. Fix a
function h € C(X, E) for which h(z1) = 1¢ and h(z;) = 0 for each i > n. Then 1(h)
= a1h(z1) € Ec\ E, a contradiction with the condition (B) C Ep. In particular,
we have op € Mp(X, E) \ Ly(X, E).

Proposition 10. Let R be a ring, E be a topological R-module and X be a space.
Then for any g € C(X, E) there exists a unique linear mappingg € L,((L,(X, E), E)
such that g = Goex, where ex : X — Ly(X, E) is the evaluation mapping.

Proof. Let Ey = E for any f € Cp(X,E). By definition, ex(X) C L,(X,E) C
ECXE) = T{E; : f € C(X,E)}. We consider the projection 7y : EC(X:F)
E; =E. Let f = nf|L,(X,E) : L,(X,E) — E. Then f and 7 are continuous
linear mappings. If z € X, then f(ex(x))) = f(x). Hence f = f|x and for any
f € C(X, E) there exists a linear mapping f € £,(L,(X, E), E) such that f = foex.
Since the subspace ex (X)) generates the linear space L,(X, E), the linear mapping
f is unique. ]

Theorem 1. Let R be a ring, E be a topological R-module and X be a space.
Consider the space ex(X), where ex : X — Ly(X,E) is the evaluation mapping.
Then the linear spaces Cp(X, E), Cplex(X),E) and L,(Ly(X,E),E) are linearly
homeomorphic.

Proof. Let Ey = E for any f € Cp(X,E). By definition, ex(X) C L,(X,E) C
EGXE) = TI{E; : f € C(X,E)}. We consider the projection 7y : ECE) —
E; =E. Let f = nf|L,(X,E) : L,(X,E) — E. Then f and 7 are continuous
linear mappings.
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If g : ex(X) — FE is a continuous mapping, then g o ex = f for a unique
f € C(X, E). Therefore, g = m¢|ex(X) and the correspondence f — m¢lex(X) is a
linear homeomorphism of Cp(X, E) onto Cp(ex(X), E).

Hence, without loss of generality, we can assume that X = ex(X) C L,(X, E).

By virtue of Proposition 10, the correspondence ¢ : C,(X, E) — L,(L,(X, E), E),
where 1(f) = f, is a one-to-one linear mapping of C(X, E) onto L,(L,(X, E), E).

For each y € L,(X,E) there exist the minimal n = n(y) € N, the unique
points z1(y),...,zn(y) € X and the unique points «o;(y),...,an(y) € R such that
y=a1(y)r1(y) + ... + an(y)x,(y). Hence, the correspondence ¢ is continuous and
linear.

Since 1(f)|X = f, the mapping ¢)~! is continuous. O

Remark 5. We say that ex (X) is the E-replica of the space X. If X is R-completely
regular, then X = ex(X).

Corollary 1. Let X, Y be spaces and R be a locally simple R-module. The spaces
Cp(X, R) and Cp(Y, R) are linearly homeomorphic if and only if the spaces L,(X, R)
and L, (Y, R) are linearly homeomorphic.

For n > 1, an R-module E and a space X we put L, (X, E) = {oqz1 + agzy +
ot oz, x; € ex(X),a; € R, 1 < n}. Obviously, Ly (X, E) C Ly n+1(X, E) for
each n and Ly(X, E) = J{Lpn(X,E) : n € N}.

Proposition 11. The mapping p, : R"™ x X" — L,,(X,E), where
Pr(Q1, g, .oy, 1,9y oy ) = rex (1) Fagex (x2)+...+anex (), is a continu-
ous mapping of R™ x X™ onto Ly, (X, E).

Proof. Follows from Proposition 1. U

Let E be an R-module. We say that the pair (F'(X, E), ix) is an E-free R-module
of a space X if it has the following properties:

1. F(X,FE) is a submodule of the topological R-module E7 for some cardinal
number 7;

2. ix : X — F(X, FE) is a continuous mapping and the set ix(X) algebraically
generates the R-module F\(X, E);

3. For any continuous mapping f : X — FE there exists a continuous homomor-
phism f : F(X,E) — FE such that f = foix.

From the property 2 it follows that the homomorphism f is unique and is called
the homomorphism generated by the mapping f.

Proposition 12. For any space X there exists a unique E-free R-module. The pair
(Lp(X, E),ex) is the E-free R-module of the space X.

Proof. The uniqueness of the E-free R-module of the space X is well known (see
[6,7]). From the method of construction of the object (L,(X,E),ex) and from
the definition of the E-free R-module it follows that (L,(X, E),ex) is the E-free
R-module of the space X. O
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Proposition 13. Let X be an R-Tychonoff space and E be an R-module. Then
L, (X, E) is a closed subset of L,(X,E) for any n € N.

Proof. We follow very closely the proof of Proposition 0.5.16 in [1].

Since ex is an embedding of X into L,(X, E), we can assume that X = ex (X) C
L,(X,E). In this case a point + € X as an element of EC(XE) has the form
z=(f(x): feC(X,E)).

Fixy € Ly(X,E)\Lp»(X, E). Theny = aqys +a2y2+...+ @ Yym, where m > n,
yi € X, oy € R and o;y; # 0 for any @ < m, y; # y; provided 7 # j. For any ¢ <m
there exists h; € C(X, E) such that a;h;(y;) # 0. We put b; = hi(y;).

Fix a family of pairwise disjoint open sets {V; : i < m} in X and the continuous
functions {f; € C(X, R)i < m} such that y; € V;, fi(y;) =1 and f;(X \ Vi) =0 for
any i < m. Let g;(z) = f;(x)b;. By virtue of Proposition 10, each g; extends to a
continuous and linear mapping g; : L,(X,E) — E. The subset U = {7 (£ \
{0})} of L,(X, E) is open.

We have gz(azyi) = a;g(yi) = a;ib; # 0. If j # 4, then gi(ajy;) = a;jg(y;) =
;0 = 0. Hence g;(y) = a;b; # 0 for any i < m. Therefore y € U.

We will show that U N L, ,(X,E) = 0. Fix z € U, ie. for some k € N,
21,29, 2k € X and (1, B2, ..., O € R we have z = B1z1 + Bozo + ... + Or 2k, Bizi 0
for any ¢ < k and z; # z; provided ¢ # j. Then g;(2) = B1gi(21) + fagi(x22) + ... +
Brgi(xzi) # 0 for each ¢ < k. Hence V; N {z1, 22,...,2,} = V/ # 0 for each i < k.
As the sets {V; : i < m} are pairwise disjoint, it follows that the sets {V/ : i < k}
are non-empty and pairwise disjoint too. Hence k > m > n, i.e. UNL,, = 0. The
proof is complete. O

Let L5, (X, E) = Lyn(X, E)\ Lpu-1(X, E) and Hyn(X, B) = p; (LS, (X, E))
for any n € N.

Proposition 14. Let X be an R-Tychonoff space, R be a simple ring and E be a
topological R-module. The following assertions are true:

1. The mapping qn = pula, . (x,E) : Hpn(X, E) — L5 (X, E) is one-to-one.

2. If R is a topological field and the module E is R-closed, then the mapping g,
= palt, . (x.B) : Hpn(X, E) — Lj (X, E) is a homeomorphism.

Proof. By virtue of Propositions 11 and 1, the mapping ¢, is continuous. Since ex
is an embedding of X into L,(X, E), we can assume that X = ex(X) C L,(X, E).
Since R is a simple ring, R is a field and for any A\ € R\ {0} there exists
the inverse element A~!. The ring R is a topological field provided the mapping
~1: R\ {0} — R is continuous.
We have ax # 0 for all @« € R\ {0} and = € E'\ {0}.

Claim 1. Letn € N, z1,29,...,2, € X, a1,0a2,...,ap, € R and x; # x; provided
i1 # 7. If aqxy + avxo + ... + apzy, =0, then a; =0 for each i < n.

Assume that o; # 0 for each i < n. A point € X as an element of EC¢(X:E) hag
the form x = (f(x) : f € C(X, E)). Hence, for any i < m there exists h; € C(X, F)
such that a;h;(z;) # 0. We put b; = h;(x;).
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Fix a family of pairwise disjoint open sets {V; : i < m} in X and the continuous

functions {f; € C(X, R)i < m} such that x; € V;, fi(x;) =1 and f;(X \ V;) =0 for
any ¢ < m. Let g;(z) = fi(z)b;. Then 0 = 0(g;) = (c1x1 + vz + ... + apxy)(g;) =
a1x1(g;) + aoxa(g;) + ... + anzn(g;) = aib; # 0, a contradiction.
Claim 2. Letn,m € N, £1,Zo, ..., T, Y1, Y2, -, Ym € X, a1, Q2, ..., O, 01, 02, -, Bm €
R, x; # xj provided © # j, and y; # yy, provided | # k. If a1z + aozo + ...+ apTy =
Biy1 + Bay2 + .. + BnYm, then m = n, {w1, 22, ..., 20} = {y1,%2, .-, Ym} and a; = G;
provided x; = ;.

Obviously, Claim 2 follows from Claim 1. From Claim 2 it follows that the
mapping g, is one-to-one.

Assume now that R is a topological field and E is an R-closed topological R-
module. Fix the continuous homomorphism ¢gr : E — R of the topological R-
module E onto the topological R-module R. Fix a € gprl(l). If E, = Ra, then the
mapping ¢p|FE, is a homeomorphism of E, onto R. Hence the mapping ¢g is open
and continuous as quotient homomorphism of the topological R-module F onto the
topological R-module R.

We can fix the non-empty open subsets Vi, Vs, ..., V,, of R and the non-empty
open subsets Wy, Ws, ..., W,, of X such that:

U=V xVax ..o x Vi x Wy x Wy x ... x Wy, € Hep ) (X, E);

- W; N W; = 0 provided i # j;

-0 &V, for each ¢ < n.

We affirm that the set ¢,(U) is open in L, (X, E).

Fix a point y € ¢, (U). By definition, y = a1y1 +aoya + ... + any, and g, ' (y)y =
(01,02, .. 0y Y1, Y2, s Yn ), Where o € V; € R\ {0}, y; € W; € X and y; # y;
for each i < m and j # i. Now we fix f; € C(X,FE), i < n, such that f;(y;) =
aj'a and fi(X \'V;) = 0. Then y(fi) = oqy1(fi) + aoya(fi) + - + anyn(fi) =
arfi(yr) + azfi(y2) + ... + anfi(yn) = aifi(ys) = a.

Since «; € Vj, there exist two open subsets D(1,7) and D(2,7) such that
1 € D(1,4), o' € D(2,i), 0 ¢ D(1,i) U D(2,4) and D(1,i)D(2,i)~* C V;. By con-
struction, pg(fi(v:)) € D(2,i). Hence, we can fix g; € C(X, E) for which ¢;(y;) = a
and g;(X \ W; N f7 (5" (D(2,7))) = 0. For each i < n there exists the unique
continuous linear mappings f;, gi € L£,((L,(X, E), E) such that f; = f;|X and g; =
7l X,

We put V = ﬁ{ﬁl(pgl(D(l,i))) Ngi Y(E\ {0}) : i < n}. By construction,
fily) = a and Gi(y) # 0. Hence, y € V. As in the proof of Proposition 12 we
establish that V' N L, 1(X, E) = 0. Hence, V N L, ,(X, E) C L, (X, E).

Fix some z € VNLy (X, E). Then z = 8121+ [222+...+Fn2n, where o; € R\{0}
and z; # z; for each i < n and j # i. Since f;(2) # 0 for all i < n, we can assume
that f;(z;) # 0 and z; € V;.

By construction, g;(z) = B;gi(z) and Gi(z) # 0. Since pg(fi(z)) € D(2,14),
pe(fi(z)) € D(1,i) and fi(2) = Bif(z), we have pp(fi(z)) € D(2,i) and
Bipe(fi(z)) € D(1,4). Therefore, Bipe(fi(2:)) - pe(fi(z:))~! € D(1,i)-D(2,i)~t C V;
and 3; € V;. Hence, z € ¢,(U) and V' C ¢,(U), i.e. ¢,(U) is an open subset of
L¢ (X, E) and the mapping p;,* is continuous. O
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Example 7. Let £ = R be the field of reals with the topology generated by the
Euclidian distance. Denote by R the topological space R x R with the following
operations:

— the additive operation (a, 8) + (0, ) = (a + 6,8 + p);

— the inverse operation —(«, 8) = (—a, —);

— the multiplicative operation (a, ) - (0, 1) = (a - 6, ap + 39).

Then R is a topological commutative ring with the unity (1,0). The ring R is
a locally simple R-module. The multiplicative operation - : R x £ — FE is defined
as follows (a,f) -t = at. In this case E is a simple R-module and a simple R-
module. Obviously, we have the same subspaces L, (X, E) when E is considered
an R-module or an R-module.

Since R is a topological field and F is an R-closed topological R-module, the
mapping gn = pula, . (x,5) : Hpn(X, E) — L; (X, E) is a homeomorphism if E is
considered as an R-module. Hence indLj, ,,(X, E) = n provided indX = 0.

Now we consider E as an R-module. In this case indHp (X, E) > indR"™ = 2n.
Hence the mapping g, is not one-to-one if E is considered as an R-module. Moreover,
the fibers g, !(y) have the dimension equal to n and are homeomorphic to the space
R"™. Hence the assumption that R is a simple ring in the conditions of Proposition
14 is essential.

Remark 6. For any topological ring ring R and a space X the mapping ¢, =
PulH, . (x,R) * Hpn(X, R) — Ly (X, R) is one-to-one.

Lemma 2. Let X be an R-Tychonoff space, Z be a closed subspace of X, E be
a topological R-module and g : X — E be a continuous mapping. For any finite
subset F' of X \ Z and any function f : F — E there exists a continuous function
¢: X — FE such that f = ¢|p and |z = glz.

Proof. Fix a family {U, : « € F'} of open subsets of X such that z € U, C X \ Z for
each z € F and U, N U, = () for each distinct points =,y € F. For each = € F fix a
continuous function f; : X — R such that f;(x) =1 and f(X \ Uz) = 0. We put
0r(y) = fz(y) - f(z) for each x € F and y € X. Let pp(y) = > {pz(y) : © € F}.
By construction, the function ¢p is continuous, pp|r = f and pp(Z) = 0. Let
9e(y) = 1 — fu(y) for any z € F and y € X. We put gr(y) = [[{g.(y) : = € F}
for each y € X. The function gr is continuous, gr(F) = 0 and gr(Z) = 1. Let
vz(y) = gr(y)-g(y) for each y € Y. By construction, the function ¢y is continuous,
vz(F) =0 and ¢z|z = g|z. Obviously, ¢ = ¢r + ¢z is the desired function. O

For any subspace Y of a space X we put Cp,(Y| X, E) ={f|ly : fe C(X,E)}.

A subspace Y of X is E-fullif C(Y|X,E) = C(Y, E).

A space X is called compactly E-full if C(Y|X,E) = C(Y, E) for any compact
subspace Y of X.

Lemma 3. Let X be a zero-dimensional space and E be a metrizable space. Then
X is a compactly E-full space. Moreover, for any compact subset Y of X and any
f € C(Y,E) there exists g € C(X, E) such that g(X) C f(Y) and f = g|y, i.e. X
is compactly E-full.
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Proof. Fix a metric d on E. Let Y be a non-empty compact subspace of the space
X. Fix f € C(Y,E). For each point y € Y and each n € N we fix a clopen subset
U,y of X such that y € U,y and d(f(y), f(2)) < 27" for each z € U,y NY.

There exists a sequence {Y,, : n € N} of finite subsets of ¥ and a sequence
{n ={Voy : y € Y,,} : n € N} of families of clopen subsets of the space X such
that:

- Y, CY,y for each n € N;

-y € Vyr1y C Vyy C Uy for any n € N and any y € Y),;

~Y CUWH{Vay:y €Yy} = Uy, for each n € N;

— for each n € N and each y € Y41 there exists a unique z(y) € Y, such that
Vat1y © Vnz(y);

—if y1,y2 € Yy, y1 # yo and n € N, then V,y1 N V,y9 = 0.

We put V,, = U{V,y 1 y € YV, }. Fix a € f(Y). We will construct a sequence
{gn : X — E : n € N} of continuous mappings with the next properties:

—d(gn(y), f(y)) <27 ™ for each n € N and any y € Y;

—d(gn(z), gnyr(x)) < 27" for each n,k € N and any = € X;

— gn(X) C f(Y) for each n € N.

We put fi(z) = a for each x € X \ Vi and f1(Viy) = f(y) for each y € Y7.

Assume that n > 1 and the function g, is constructed. We put gn+1\( X\Vns1) =
Inl(x\Vnyr) a0d Gnt1(Vay1y) = f(y) for each y € Y;,11. The sequence {g,, : n € N}
is constructed. Since {g, : n € N} is a fundamental sequence and (f(Y),d) is a
compact metric space, there exists the continuous limit g = lim g,,. By construction,
we have f = g|y. The proof is complete. O

3 About theorem of Nagata

Let R be a simple topological ring. We consider only R-Tychonoff spaces. Fix
n € N. A functional p : C(X,R) — R" is called multiplicative if it is linear and

u(fg) = u(f)u(g) for any f,g € C(X, R").
Denote by I, (X, R) = {n € Lp(X, R, R") : p # 0, 1 is multiplicative}.

Theorem 2. The spaces X™ and I, (X, R) are homeomorphic.

Proof. Let 1 = (1,1,...,1) be the unity of the ring R". For each i < n we put
R; = {(z1,22,...,2y) € R" : ; =0 forany j # i}. Then R; is a subring of R"
with the unity 1; = (0,0,...,1,0,...,0) € R;. The ring R and R; are topologically
isomorphic. The mapping p; : R" — R;, where p;(x1, 22, ..., xn) = 1;- (21,22, ..., Tp)
for each (z1,z2,...,x,) € R™ is open, continuous, linear and multiplicative. If
p € Ipn (X, R), then we put m;(u) = p;op;. Then m(u) € I (X, R) and
u(f) = (m(p)(f), m2(p) (), s m () (f)) for all f € C(X, R). Hence I, (X, R) =
Iy (X, R)".

Now is sufficient to prove that I,,(X, R) = I, 1)(X, R) and X are homeomorphic.

Obviously, &, € I,(X,R) for any x € X. Assume that p € I,(X,R). Then
there exists n > 1, x1,z9,...,2, € X and aj,a9,...,a, € R\ {0} such that u =
1€y + a2y, + ... + ap&y,. Since R is a simple ring, we have «o;3; = 1 for some
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Bi € R. For each i < n fix f; € C(X, R) such that f;(x;) = 8; and fi(xz;) = 0 for
each j # i. By construction, u(f;) = a;f(x;) = a;8; = 1 for each i < n. Assume
that n > 2. Then f;- fo =0 and 0 = u(0) = u(f1- f2) = u(fi)u(fa) =1-1=1, a
contradiction. Hence n =1 and p = 1€, .

Assume that a1 #1. Then 1 #1and 81 =161 = 16161 = a1(f1- f1)(z1) =
w(fr- f1) = p(f1) - p(fi) =1-1=1, a contradiction. Hence 81 = oy = 1 and pu =
&z,- The proof is complete. O

Corollary 2. If the rings Cp,(X, R) and C,(Y, R) are topologically isomorphic, then
the spaces X andY are homeomorphic.

The Corollary 2 for the ring R of reals was proved by Nagata (see [1], Theo-
rem 0.6.1).

4 Algebraical classes of spaces

Fix a topological ring R. Assume that R is an R-Tychonoff space. A class P of
topological spaces is called an algebraical R-class of spaces if:

(i) any space X € P is R-Tychonoff and Y € P for any closed subspace Y of X;

(ii) if f : X — Y is a continuous mapping of X onto Y, X € P and Y is an
R-Tychonoff space, then Y € P;

(iii) if {X,, € P : n € N} is a sequence of closed subspaces of an R-Tychonoff
space X and X = U{X,, : n € N}, then X € P;

(iv) if X, Y € P, then X xY € P;

(V) Re?.

Lemma 4. Let P be an algebraical R-class of spaces, {X,, : n € N} be a sequence
of subspaces of an R-Tychonoff space X, X = U{X, : n € N} and X,, € P for any
n € N. Then X € P.

Proof. Let Y,, = X,, x {n} and Y is the discrete sum of the spaces {Y;, : n € N}.
Obviously Y is an R-Tychonoff space, Y;, € P and Y,, is closed in Y for any n € N.
Hence Y € P and X is a continuous image of Y. ]

Theorem 3. Let P be an algebraical R-class of spaces, R be a topological ring
and E be a topological R-module. Assume that E is an R-Tychonoff space. For an
R-Tychonoff space X the following assertions are equivalent:

(i) X € P.

(i) Lp(X,E) € P.

Proof. Assume that X € P. We consider the mapping ¢, : X" x R" — L,(X, E)
where ¢, ((21, 2, ..., Tn), (a1, @2, ..., ) = 1€z +@2&s, + ... + @&y, . The mapping
¢p is continuous and we put L, ,(X, E) = ¢n (X" x R").

Since Ly(X,E) C EC(X.E) the space L,(X, E) is R-Tychonoff. Hence X" x R",
L, (X, E) € P for each n. From Proposition 13 we have L,(X,E) = U{L, (X, E) :
n € N}. Thus L,(X, E) € P.
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Assume now that L,(X, E) € P. Since X = L, ;(X, E), by virtue of Proposition
13, X is a closed subspace of the space L,(X, E). Then X € P. O

Corollary 3. Let P be an algebraical R-class of spaces, R be a topological ring and
E be a topological R-module. Assume that E is an R-Tychonoff space. If Cp(X, E)
and Cp(Y, E) are topologically homeomorphic and X € P, thenY € P.

Remark 7. For the ring R of reals and E = R the above assertion is proved in [1],
Proposition 0.5.13.

5 The support mapping

Fix a topological ring R and a non-trivial locally simple topological
R-module E.

Consider a space X and a functional p € My(X,E). We put 8(u) = {B C
X : if B C f71(0), then u(f) = 0}). Obviously, X € 8(u). Thus the set S(u) is
non-empty.

The set suppx (p) is the family of all points z € X such that for each neighbour-
hood U of z in X there exists f € C,(X, E) such that f(X \U) =0 and u(f) #0
(see [2,8] for E = R =R, and [3,10] for R = R).

If f € Co(X,E) and U is an open neighbourhood of 0 in E, then we put
A(f,L,U) = {9 € Cp(X,E) : f(x) —g(x) € Uforany z € L}. The family
{A(f,L,U) : f € Cp(X,E), L is a finite subset of X,U is an open neighbourhood of
0 in E} is an open base of the space Cp(X, E).

Theorem 4. Let X be an R-Tychonoff space, E be a non-trivial locally simple
topological E-module, 1 € M,(X,E) and p # 0. Then:

1. There exists a finite set K € 8(u) such that suppx(n) C K.
2. suppx(p) € 8(u) and suppx (1) is a finite subset of X.

Proof. Fix an open subset Vj of E such that 0 € V) and Vjy does not contain non-
trivial R-submodules of E.

There exists a finite subset K of X such that u(f) € Vy for each f € A(0, K, Vj).
Let f € Cp(X,E) and f(K) = 0. Then af € A(0, K, Vp) for each o € R. Hence
plaf) € Wy for each o € R. Thus E - u(f) € Vp and E - p(f) is the trivial R-
submodule. Thus u(f) = 0 and K € 8(u). In this case suppx(u) € K. Hence
suppx (p) is a finite set and K is a finite set from 8(u).

Let L € 8(u) be a finite set and xg € L\ supp(p). Then Ly = L\ {xo} € S(u).
Really, since xg ¢ suppx(u), there exists an open subset H of X such that g € H
and p(f) = 0 provided f(X \ H) = 0. Fix h € C(X, R) such that h(zg) = 1 and
X\ H)=0. Let f € C,(X,E) and f(L1) =0. We put fi(z) = h(x)f(x) for any
x € X and fo = f — f1. Since f1(X \ H) = 0, we have u(f1) = 0. By construction,
f2(L) = 0 and p(fz2) = 0. Hence f = fi+ foand u(f) = p(fi+fo) = p(f1) +u(f2) =
0. Hence Ly € 8(p). Since K\ suppx () is a finite set, we have suppx () € S(un). O
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Proposition 15. If z € X and {(f) = f(z) for each f € C,(X,E), then &, €
Ly(X,E).

Proof. Obviously, &, = ax(f), where a € R and a = 1. Thus §; € L,(X, E). O

Remark 8. Let R be a locally simple ring, X be an R-Tychonoff space, p €
M,(X,R) and supp(p) = {x1,22,...,2,}. Then, by virtue of Proposition 9, there
exists aq, g, ..., an € R\ {0} such that p = {1, 1 i < n}.

As was mentioned in Remark 4 and Example 6, as a rule M,(X, E) # L,(X, E).
The following result specifies the form of linear functionals for locally simple
R-modules.

Theorem 5. Let X be an R-Tychonoff space, E be a non-trivial topological
E-module, i1 € My(X,E), pn # 0, suppx(p) € 8(u) and suppx(p) is a finite subset
of X. Then = @ on for some ¢ € Hom(E) and n € L,(X, E).

Proof. Assume that n > 1 and suppx (i) = {b1,b2,...,b,}, where b; # b; for i # j.
We put n; =b; € L,(X, E) and n = m +n2 + ... + 0. Obviously, n € L,(X, E) and
suppx(n) = {b1,b2,....,bn} = suppx(n).

We can fix the non-empty open subsets Vi, Vs, ...,V,, of X and the functions
f1, f2y ey fo € C(X, R) such that:

—ViNV; =0 provided i # j;

—b; €V, fi(b;) =1 and f;(X \V;) =0 for each i <n.

Fix ¢ < n. For each y € E we put ¢;(y) = u(fi - y), where (f; - y)(x) = fi(z)y
for each x € X. If g € C(X, E), then u;(g) = u(fi-g).
Claim 1. ¢; € Hom(E) for each i < n.

The mapping ¢; : E — C,(X, E), where ¢;(y) = f; -y for each y € E, is
continuous and linear. The equality ¢; = p o v; completes the proof of the Claim 1.

Claim 2. y; € Mp(X, E) and suppx (i) = {b;} for each i <n.
It is clear that pu; € My(X,FE). If g € C(X,E), then g(b;) = (fi - 9)(b;) and
(fi-g)(bj) = 0 provided i # j. Hence p;(g) = pi(fi-g) = p(fi-g). Claim 2 is proved.

Claim 3. p = p1 + po + ... + fin.

Let g € C(X,E) and h = fig+ fag + ... + fng. Then g|suppx () = hlsuppx ().
Hence u(g) = p(h) = p(fig + fog + . + fag) = p(f19) + u(fog) + ... + p(fag) =
pi(g) + pn2(g) + ... + pn(g). Claim 3 is proved.

Claim 4. py=ypon.

By construction, suppx () = suppx(pon). If g€ C(X,E) and h = fig+ fog+
-+ fng, then (@ on)(g) = (¢ on)(h). Since (pon)(fig) = ((¢1 + 2+ ... +¢n) 0
(m +m2+ .. +m))(fig) = Z{(pionj)(fig) : 3,5 < n} = (piom)(fig) = ¢i(n;(fig))
= i(g(bi)) = u(fig), we have (¢on)(g) = (won)(h) = (won)(frg+ fag+ ...+ fng)

=X{(pon)(fig) : i <n} = X{u(fig) : i <n} = (u(frg + fag + ... + fug) = p(g)-
Claim is proved. The proof is complete. O
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6 Topological properties of the mapping suppx

Fix a topological ring R, a non-trivial locally simple R-module E and an
R-Tychonoff space X.

Recall that a set-valued mapping f : X — 2Y is lower semicontinuous (1. s. ¢) if for
every open subset U of Y the inverse image of U, f~'(U) = {z € X : f(x)NU # 0}
is open in X.

Proposition 16. The set-valued mapping suppx : M,(X,E) — X is L s. c.

Proof. We follow very closely the proof of [3], Property 4.2, and [8], Lemma 6.8.2(4).

Let U be an open subset of X, and put V = supp;(l(U), ie, V= {u €
My(X,E,F) : suppx(pu) NU # 0}. Let pp € V, and take x € suppx(pu) NU. Fix an
open subset W of X such that x € W C clxW C U. The there exists f € C(X, F)
such that f(X \ W) = {0} and u(f) # 0.

Let H = {n € My(X,E,F) : n(f) # 0}. Since the set {0} is closed in E, H
is the prebasic open set W(f, E'\ {0}) = {n € My(X,E) : n(f) € E\ {0}} and
we W (f,E\ {0}).

We claim that H C V. By contradiction, suppose that n € H\ V,i.e. n(f) #0
and suppx(n) NU = (. Then X \ clxW is an open neighbourhood of suppx(n)
and since f(X \ clxW) = {0}, applying Theorem 4, we get that n(f) = 0. A
contradiction, hence V' is open in M, (X, E). O

A subset L of a space X is bounded if any continuous real-valued function
f: X — Ris bounded on L.

A subset L of a topological R-module F is called:

(i) precompact or totally a-bounded if for any neighbourhood U of 0 in E there
exists a finite subset A of FE such that L C A+ U =U + A;

(ii) a-bounded if for any neighbourhood U of the 0 in F there exists n € N such
that L C nU.

Any bounded set is precompact. In a topological vector space over field of reals
any precompact set is a-bounded.

A topological R-module E is called locally bounded if there exists an a-bounded
neighbourhood U of 0 in E such that £ = U{nU : n € N} and for any a € E, a # 0,
and any n € N there exists ¢ € R such that ta ¢ nU. In this case the set U does not
contain R-submodules of £ and FE is a locally simple R-module.

Example 8. Let E be a normed vector space over reals R. Then F is a locally
bounded R-module.

Example 9. Let E be a topological vector space over reals R and there exists a
number ¢ > 0 and a functional || - || : E — R such that:

L.0<g<l.

2. ||z|| > 0 for any x € E.

3. If ||z|| = 0, then z = 0.

4. |z +y|| < ||z|| + [|y|| for all z,y € E.
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5. [|[Az|] < |A\|]]z|| for all z € E and X € R.

6. If = # 0 then limy_ 1 oo||\z|| = +00.

The functional || - || is called a g-norm if the family {V(0,r) = {x : ||z|| < r} :
r > 0} is a base of E at 0. Any g-normed space is locally bounded.

Theorem 6. Let E be a non-trivial locally bounded topological R-module, X be an
R-Tychonoff space and for any non-bounded subset L of X there exists f € C(X, E)
such that the set f(L) is not a-bounded. Then:

(1) The set suppx (H) is bounded in X for any a-bounded subset H of My(X, E).

(i) The set suppx(H) is bounded in X for any totally a-bounded subset H of
M,(X, E).

(iit) The set suppx (H) is bounded in X for any bounded subset H of My(X, E).

Proof. Fix an a-bounded open neighbourhood Wi of 0 in E such that £ = [ J{nW; :
n € N} and for any a € FE, a # 0 and any n € N there exists ¢ € R such that
ta ¢ nWi.

Now fix two open neighbourhoods W and Wy of 0 in F such that Wy+Wy+ Wy C
W=-W - W1 and WO = —Wo.

By construction, Wy C kW, for some k € N.

Hence the sets W and Wy have the following properties:

— W and Wy are a-bounded subsets of F;

—E=U{nW:neN}={nW,:neN}

—if L is a bounded or a precompact subset of F/, then L C nWj for some n € N;

—ifa € E, a # 0, then for any n € N there exists ¢t € R such that ta ¢ nV.

Suppose that the set H is a-bounded or precompact in L,(X, E) and the set
suppx (H) is not bounded in X. Fix f € C(X, E) such that the set f(suppx(H)) is
not a-bounded in F.

By induction, we shall construct a sequence {u, : n € N} C H, a sequence
{Uy : k € N} of open subsets of X, a sequence {x,, € suppx(u,) : n € N} and a
sequence {h; € C(X, FE) : n € N} with properties:

x; € Ui, hi(X \U;) =0 for any i € N;

. {U, : n € N} is a discrete family of subsets of X;

pin(hn) & nW;

suppx {1, g2y s pin } Nl xUpiq = 0;

f(Un) C f(xn) + Wy and f(xps1) & U{f(zi) + W i < n} for each n € N.

Fix uy € H and 27 € suppx(p1). There exists an open subset U; of X and
g1 € C(X, E) such that f(U;) C Wy + f(z1), g1(X \U1) =0 and p1(g1) # 0. There
exists a1 € R such that aypui(g) € W. We put hy = a191.

Assume that n > 1 and the objects {h;,z;, U;, u; : i < n} are constructed. We
put M, = | J{suppx(;) : i <n}. The set M, is finite. Hence the set f(suppx(H))\
f(M,,) is not a-bounded in E. For some m,, € N we have f(M,) C m,W.

Fix pin4+1 € H and 41 € suppx (H) such that f(z,4+1) € E\m,W. There exists
an open subset U, of X and g,4+1 € C(X, E) such that 1 € Upy1, f(Unt1) C
f(@ng1) + Wo, gnt1(X \ Upy1) = 0, clxUp41 N M,, = 0 and Myy1(gnt1) #
There exists ap+1 € R such that a,iipn+1(gnt1) € (n + 1)W. We put h,yq =

[

oUW

o
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Qn+19n+1- That completes the inductive construction. The objects {@,, tin, fn, Un}
are constructed for all n € N. Let h = ¥{h,, : n € N. Since {U,, : n € N} is a discrete
family and h,(X \ U,) = 0 for any n € N, we have h € C(X, E). By construction
pn(h) = pn(hy) ¢ nWy for any n. Then {u,(h) : n € N} is not a-bounded subset
of E. Since the set H is a-bounded, the set u(h) : p € H} is a-bounded too, a
contradiction. The proof is complete. O

Remark 9. If R is the fields of real or complex numbers and F is a locally bounded
R-module, then:

— F is a metrizable linear space;

— F is a locally simple R-module;

— any precompact set is a-bounded in E.

Remark 10. Any normed space is a locally bounded R-module. If E is a non-
trivial normed space, then for any non-bounded subset L of the space X there exists
f € C(X,E) such that the set f(L) is not bounded in E. For a normed space E
Theorem 6 was proved by V. Valov in [10].

A space X is p-complete if any closed bounded subset of X is compact.

A space X is Dieudonné complete if the maximal uniformity on X is complete.
Any Dieudonné complete space is pu-complete.

Denote by PX the space X with the Gs-topology generated by the Gg-subsets of
X. The set d-clx H = clpx H is called the Gs-closure of the set H in X. If §-clx H
= H, then we say the set H is Gs-closed.

If the space X is pu-complete, then any Gs-closed subspace of X is pu-complete.

A tightness of a space X is the minimal cardinal number 7 for which for any
subset L C X and any point x € clxL there exists a subset L; C L such that
|Li| <7 and x € clx L.

We denote by ¢(X) and I(X) the tightness and the Lindel6f numbers respectively
of a space X.

The following assertion for £ = R was proved by A. V. Arhangel’skii and E. G.
Pytkeev (see [1], Theorem II.1.1).

Proposition 17. Assume that E is a metrizable space and (X™) < T for any
n € N. Then t(Cp(X, E)) <.

Proof. The proof is as in [1]. We show only the scheme of the proof.

Fix a metric d on E. Let A C C,(X,E) and f € clA. Let g, = 27". For
any ¢ = (x1,22,...,2,) € X" there exists g, € A such that d(g,(x;), f(x;)) < ep,
i < n. Since g, and f are continuous, there exists O, = II{Ox; : i < n} such that
d(9:(y), f(y)) < ey for all y € Op. The {O, : © € X"} is a cover of X". Fix
B, C X" |By| <7Tand | J{O,:z€ B,} =X". Let A, = {fy:x € B,} C A. Then
fed(U{A,:n e N}). O

Proposition 18. Let X and E be spaces and t(X) < Rg. Then Cp(X,E) is a
Gs-closed subspace of the space EX. Moreover, if E is u-complete, then the space
Cp(X, E) is p-complete too.
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Proof. Since the product of p-complete spaces is p-complete, the space EX is
p-complete provided the space F is p-complete.

Assume that ¢ € EX \ C(X,E). Then there exists a point 2y € X and an
open subset U of E such that g(z¢) € U and x¢ € clx{xr € X : g(z) ¢ U}. Since
t(X) < Wy there exists a countable subset L C {x € X : g(z) ¢ U} such that
xo € clx L. Fix an open subset V of E such that g(xg) € V C clgV CU.

For each y € L we put Hy, = {f € EX : f(x0) € V, f(y) = E\ clgV}. The set
H, is open in EX and g € H,. Let H = N{H, : y € L}. Then H is a Gs-subset
of EX.

Assume that f € C(X,E). If f(zo) ¢ V, then f ¢ H, for each y € L. Suppose
that f(xg) € V. There exists an open subset W of X and a point y € L such that
zo e W,ye LNW and f(W) C Vy. Then f ¢ H,. Hence HNC(X,E) = () and
g & 6-clpx C(X, E). Therefore C(X, E) is a Gs-closed subset of EX. Any Gs-closed
subset of a p-complete space is pu-complete. O

Proposition 19. Let F' and E be topological R-modules and L,(F, E) be the space
of all linear continuous mappings of F into E. Then L,(F,E) is a closed subspace
of the space Cp(F, E).

Proof. Fix g € Cp(F, E) \ L,(F, E). Then we have one of the following two cases.

Case 1. There exist a,b € F' such that g(a+b) # g(a) + g(b).

In this case there exist four open subsets Vi, Vo, V and W of E such that
gla) € Vi, g(b) € Vo, gla+b) € W, V1 + Vo C Vand VNW = (. The set
H={feCyFE): fla+b) € W, f(a) € Vi, f(b) € Va} is open in C,(F, E) and
HNL,(F,E)=0.

Case 2. There exist a € F and X\ € R such that g(aa) # ag(a).

In this case there exist three open subsets V;, V and W of E such that g(a) € V4,
glaa) e W, aVy CV and VNW = 0. Theset H = {f € Cp(F,E) : f(aa) €
W, f(a) € Vi } is open in C,(F, E) and HNL,(F, E) = . The proof is complete. [

Corollary 4. Let E and F' be topological R-modules and t(F') < Rg. Then L,(F, E)
is a Gg-closed subset of E¥'. In particular, if E is p-complete, then the space
L,(F,E) is p-complete too.

For any subspace Y of a space X we view Cp,(Y|X,E) = {fly : f € C(X,E)} as
a subspace of the space C,(Y, E).

Proposition 20 ([1], Proposition 0.4.1 for E = R). LetY be a subspace of the space
X, E be a non-trivial topological R-module, X be an R-Tychonoff space and py (f) =
fly for each f € Co(X,E). Then the mapping py : Cp(X, E) — Cp(Y|X, E) has
the following properties:

(i) py is a continuous mapping.

(ii) If the set'Y is closed in X, then the mapping py is open.

(iii) If Y is dense in X, then py is a one-to-one correspondence.

() The subspace Cp(Y|X, E) is dense in Cp(Y, E).
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Proof. Let x1,x2, ..., z, be a finite subset of X. The we can assume that there exists
k < n such that z1,29,....,25,_1 € Y and zg,..,z, € X \Y. Let f € C(X,E)
and Uy, Us, ...,U, be open subsets of E such that f(x;) € U; for each i < n. We
put W(f,z1,22,....,xn,U1,....,U,) = {g € C(X,E) : g(z;) € U, for each i < n}
and Wy (f,x1, ..., xp_1,U1,....Up—1) = {9gly : g € W(f,z1,...,xk-1,U1,..., Up—_1)}.
We have py (W (f,x1,x2, ..., pn, U1, ... Up)) € Wy (f, 21, ..., ®—1, U1, ..., Up—_1). Thus
the mapping py is continuous. If Y is closed in X, then from Lemma 2 it follows
that py (W (f, z1,x2, ..., n, U1, ..., Uy)) = Wy (f, 21, .., xp_1, U, ..., Ux_1). Hence the
mapping py is open.

Assertion (iii) is obvious. Assertion (iv) follows from Lemma 2. The proof is
complete. [l

Theorem 7. Let E be a locally bounded metrizable R-module, X be an R-Tychonoff
compactly E-full space and for any non-bounded subset L of X there exists f €
C(X,E) such that the set f(L) is not a-bounded in E. Then the space X is p-
complete if and only if the space M,(X, E) is u-complete.

Proof. By virtue of Proposition 5, we can assume that X = ex(X) is a subspace of
the space M, (X, E). From Proposition 4 it follows that the subspace X is closed in
M,(X, E).

Let M, (X, E) be a p-complete space. Since X is a closed subspace of M,(X, E),
the space X is p-complete too.

Assume that X is a p-complete space. Let ® be a closed bounded subset of
My,(X, E). Then the closure Y of the set U{suppx (i) : p € ®} is a compact subset
of X.

The restriction mapping py : Cp(X, E) — Cp(Y, E) is an open continuous linear
mapping of the R-module C,(X, E) onto the R-module C,(Y, E).

Claim 1. The dual mapping ¢ : ECYE) — ESDXE) s o linear embedding and
the set o(ECY-E)) is closed in EC€(X:E),

The proof of this fact is similar with the prof of Proposition 0.4.6 from [1].

By construction, we have ® C o(My,(Y, E)) C M, (X, E).
Claim 2. ¢(M,(Y, E)) is a closed subset of the subspaces My(X, E) and Cp(Cp(X, E), E)
of the space E€(XE),

Follows from Claim 1 and Proposition 19.
Claim 3. ¢(C,(C,(Y, E),E)) C Cp(Cp(X, E), E).

Follows from the continuity of the mapping py-.
Claim 4. The sets p(M,(X, E)) and ¢(Cy(C,(Y, E), E)) are Gs-closed in ECXE),

Since Y is compact, from Proposition 17 it follows that ¢(Cp(Y, E)) = Rg. Then,
from Proposition 18 it follows that C},(Cp(Y, E), E) is a Gs-closed subset of the space
ECYE) From Claim 1 it follows that o(C,(C,(Y, E), E)) is Gs-closed in ECE).
Corollary 4 completes the proof of the claim.
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Let G be the Gs-closure of the set C,(CH(X, E),E)) in ECXE) We have
M,(X,E) C G. Hence ® is a bounded subset of the space G.

Claim 5. The sets o(M,(X, E)) and ¢o(Cp(Cp(Y,E),E)) are closed in G.

Follows from Claim 4.

Since E is a metrizable space, F is a p-complete space. Thus ® is a closed
bounded subset of the u-complete space G. Therefore the set ® is compact. The
proof is complete. O

7 Relations between spaces generated by a linear homeomorphism

Let R be a topological ring and F be a non-trivial locally bounded topological
R-module. Then the R-module E is locally simple.

Fix two non-empty R-Tychonoff spaces X and Y with the properties:

— for any non-bounded subset L of X there exists f € C(X, F) such that the set
f(L) is not a-bounded in F;

— for any non-bounded subset L of Y there exists f € C(Y, E) such that the set
f(L) is not a-bounded in E.

Fix now a continuous linear homeomorphism u : C,(X, E) — Cp(Y, E). Then
the dual mapping v : M,(Y,E) — M,(X,E), where v(n) = n o u for each
n € My(Y,E), is a linear homeomorphism. For each x € X we put p(z) =
suppy (v (&) and for any y € Y put ¢(y) = suppx (v(&y))-

Property 1. ¢: X —Y andv¢ :Y — X are l.s.c. set-valued mappings and o(x),
Y(y) are finite sets for all points x € X, y € Y.

Proof. Follows from Proposition 16 and Theorem 4. O
Property 2. Letyy €Y, f € C(X,E) and f(¢(yo)) = 0. Then u(f)(yo) = 0.

Proof. For any n € M,(Y,FE) and g € C(X, E) we have v(n)(g) = n(u(g)). Since
u

)
f(suppx (v(€yo))) = f(¥(yo)) = 0, we have u(f)(yo) = &yo(u(f)) = v(€y)(f) =
f(suppx(v(&y,))) = 0. The proof is complete. O

Corollary 5. If f,g € C(X,E) and f|¢(y) = g|¢(y), then u(f)(y) = u(g)(y).

Property 3. x € clx¢(p(x)) for every point x € X and y € clyp((y)) for every
pointy €Y.

Proof. Assume that zo € X and zo ¢ clxy(¢(x0)) = F. Fix f € C(X, E) such that
f(xo) = b # 0 and f(F) = f(¢(p(20))) = 0. Since ¢(y) C F and f(F) = 0 for
any y € p(xzp) by virtue of Property 2, we have u(f)(y) = 0 for each y € o(xg).
Since u(f)(y) = 0 for each y € ¢(xg), by virtue of Property 2, we have f(zg) =
u™t(u(f))(zo) = 0. By construction, we have f(xq) # 0, a contradiction. O

Property 4. x € ¢(p(z)) for every point x € X.
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Proof. For every x € X, p(x) is finite set and 1 (¢(x)) is compact. Property 3
completes the proof. O

Property 5. If H is a dense subset of Y, then ¢(H) is a dense subset of X.

Proof. Assume that xo ¢ clxi(H). Then there exists f € C(X,FE) such that
f(xo) # 0 and f(¢(H)) = 0. Since f((H)) = 0 for any y € Y, by virtue of
Property 2, we have u(f)(y) = 0 for any y € Y. Thus u(f) = 0. Hence f = 0, a
contradiction. O

Corollary 6. The space X is separable if and only if the space Y is separable. In
general, d(X) =d(Y).

Property 6. ¢(F) is a bounded set of Y for each bounded set F' of X.

Proof. Let F be a bounded subset of X. Then F is a bounded subset of M,(X, E)
and respectively v~!(F) is a bounded subset of M,(Y, E). By Theorem 6 the set
suppy (v™1(F)) is a bounded subset of Y. The proof is complete. O

Property 7. Let E be a metrizable space, X and Y be compactly E-full spaces.
Then the space X is p-complete if and only if the space Y is pu-complete.

Proof. Let X be a p-complete space. Then M, (X, E) and M, (Y, E), by virtue of
Theorem 7, are p-complete spaces. By Theorem 7 the space Y is u-complete too.
The proof is complete. O

As in [3,4] we say that the pair of set-valued mappings 6 : X — Y and
m:Y — X is called lower-reflective if it satisfies the following conditions:

1. 6 and 7 are l.s.c.

2. O(x) and 7(z) are finite sets for all points z € X and y € Y.

3l. z € w(f(z)) and y € O(w(y)) for all points x € X and y € Y.

Also, as in [3,4] we say that the pair of set-valued mappings 6 : X — Y and
m:Y — X is called upper-reflective if it satisfies the following conditions:

lu. 6(F) is a bounded subset of Y for each bounded subset F' of X.

2u. w(®) is a bounded subset of X for each bounded subset ® of Y.

Bu. z € clxm(0(z)) and y € clyf(n(y)) for all points z € X and y € Y.

From the above properties follows

Corollary 7. The space X is separable if and only if the space Y is separable. In
general, d(X) =d(Y).

General conclusion: The set-valued mappings ¢ : X — Y and ¢ :Y — X
form an equivalence of X and Y in sense of articles [3,4]. Thus the general theorems
from [3] can be extended for the mappings in topological R-modules. In the following
sections we formulate the general theorems for that case.
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8 Application to perfect properties

We say that the property P is a perfect property if for any continuous perfect
mapping f: X — Y of X onto Y we have X € P if and only if Y € P. We say
that the property P is a strongly perfect property if it is perfect and any space with
property P is pu-complete.

Example 10. By virtue of Example 6.2 from [3] (see also [4]), the following prop-
erties are perfect:

1. To be a compact space.
2. To be a paracompact p-space.
3. To be a paracompact space.
4. To be a metacompact space.
5. To be a k-scattered space.
6. To be a monotonically p-space.
7. To be a monotonically Cech complete space.
8. To be a Cech complete space.
9. To be a Lindelof space.

10. To be a Lindelof YX-space.

11. To be a subparacompact space.

12. To be a locally compact space.
Example 11. The following properties are strongly perfect:

1. To be a compact space.

2. To be a paracompact p-space.

3. To be a paracompact space.

4. To be a p-complete metacompact space.

5. To be a k-scattered u-complete space.

6. To be a pu-complete monotonically p-space.

7. To be a p-complete monotonically Cech complete space.

8. To be a p-complete Cech complete space.
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9. To be a Lindeldf space.
10. To be a Lindelof Y-space.
11. To be a u-complete subparacompact space.

12. To be a p-complete locally compact space.

A space X is called a wq-space if for any point z € X there exists a sequence
{U, : n € N} of open subsets of X such that x € N{U,, : n € N} and each set
{z,, € Uy, : n € N} is bounded in X.

A space X is pseudocompact if the set X is bounded in the space X. A pseudo-
compact space is a u-complete space if and only if it is compact. Any pseudocompact
space is a wg-space.

Theorem 8. Let R be a topological ring and E be a non-trivial locally bounded
topological R-module. Fix two non-empty R-Tychonoff spaces X and Y with the
properties:

— for any non-bounded subset L of X there exists f € C(X, E) such that the set
f(L) is not a-bounded in E;

— for any non-bounded subset L of Y there exists f € C(Y, E) such that the set
f(L) is not a-bounded in E.

Assume that v : Cp(X, E) — Cp(Y, E) is a linear homeomorphism. Then:

1. X is a pseudocompact space if and only if Y is a pseudocompact space.

2. If P is a perfect property and X, Y are p-complete wq-spaces, then X € P if
and only if Y € P.

Proof. Consider the set-valued mappings ¢ : X — Y and ¥ : Y — X constructed
in Section 7.

Let X be a pseudocompact space. Then X is a bounded subset of the space
X. Hence Y = ¢(X) is a bounded subset of Y and Y is a pseudocompact space.
Assertion 1 is proved.

Assume that P is a perfect property and X, Y are u-complete wg-spaces. Suppose
that X € P. By virtue of Theorem 2.5 from [3], there exist a space Z and two perfect
single-valued mappings f : Z — X and g : Z — Y onto X and Y, respectively.
Hence, Y, Z € P. Assertion 2 is proved. The proof is complete. O

Theorem 9. Let R be a topological ring and E be a non-trivial metrizable locally
bounded topological R-module. Fix two non-empty R-Tychonoff compactly E-full
spaces X and Y with the properties:

— for any non-bounded subset L of X there exists f € C(X, E) such that the set
f(L) is not a-bounded in E;

— for any non-bounded subset L of Y there exists f € C(Y,E) such that the set
f(L) is not a-bounded in E.

Assume that u : Cp(X,E) — Co(Y, E) is a linear homeomorphism. Then:

1. The space X is p-complete if and only if the space Y is u-complete.
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2. X is a compact space if and only if Y is a compact space.
3. If P is a strongly perfect property and X, Y are wq-spaces, then X € P if and
only if Y € P.

Proof. Consider the set-valued mappings ¢ : X — Y and ¥ : Y — X constructed
in Section 7. Assertion 1 follows from Property 7.

Assume that P is a strongly perfect property and X, Y are wg-spaces. Suppose
that X € P. By definition of a strongly perfect property, X is a p-complete space.
From Assertion 1 it follows that Y is a u-complete space too. By virtue of Theorem
2.5 from [3], there exist a space Z and two perfect single-valued mappings f : Z —
Xandg: Z — Y onto X and Y, respectively. Hence, we have Y, Z € P. Assertion 3
is proved.

Let X be a compact space. By virtue of Theorem 8, Y is a pseudocompact
space. Hence X and Y are wg-spaces. Assertion 3 completes proof of Assertion 2.
The proof is complete. O

9 Application to open properties
We say that the property P is an of-property (open-finite property) if for any

continuous open finite-to-one mapping f : X — Y and any subspace Z of X we
have Z € P if and only if f(Z) € P.

Example 12. From the results from [3],[4] and [5] the following properties are
of-properties:

1. To be hereditarily Lindelof.
2. To be o-space.
3. To be hereditarily separable.
4. To be o-metrizable.
5. To be o-scattered.
6. To be o-discrete space.
Example 13. Let 7 be an infinite cardinal. Consider the properties:
1. X € e(r) if and only if e(X) < 7;
2. X e€d(r) if and only if d(X) < T;
3. X € hd(r) if and only if hd(X) < 7;

4. X € hi(7) if and only if hl(X) < 7.
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Then e(7),d(T), hd(T), hi(T) are of-properties.

Theorem 10. Let R be a topological ring and E be a non-trivial locally bounded
topological R-module. Fix two non-empty R-Tychonoff spaces X and Y with the
properties:

— for any non-bounded subset L of X there exists f € C(X, E) such that the set
f(L) is not a-bounded in E;

— for any non-bounded subset L of Y there exists f € C(Y, E) such that the set
f(L) is not a-bounded in E.

Assume that u : Cp(X, E) — Cp(Y, E) is a linear homeomorphism. If P is an
of -property, then X € P if and only if Y € P.

Proof. Consider the set-valued mappings ¢ : X — Y and ¥ : Y — X constructed
in the Section 7. As in [3] (see Theorem 2.1 from [3]) we put Z = U{{x} x p(x) : x €
X} and S = U{v(y) x {y} : y € Y} as subspaces of the spaces X XY, f(x,y) ==
and g(z,y) = y for any point (z,y) € X xY. Then f: Z — X and g: S — Y
are continuous open finite-to-one mappings. If D = Z N S, then from Property 4
it follows that f(D) = X and g(D) =Y. Hence X € P if and only if Y € P. The
proof is complete. O

10 [,(FE)-equivalence and metrizability

Theorem 11. Let R be a topological ring and E be a non-trivial metrizable locally
bounded topological R-module. Fix two non-empty R-Tychonoff compactly E-full
spaces X and Y with the properties:

— for any non-bounded subset L of X there exists f € C(X, E) such that the set
f(L) is not a-bounded in E;

— for any non-bounded subset L of Y there exists f € C(Y, E) such that the set
f(L) is not a-bounded in E.

Let X and Y be l,(E)-equivalent spaces. Then:

1. X is a compact metrizable space if and only if Y is a compact metrizable
space.

2. If X is a metrizable space, then the space Y is metrizable if and only if Y is
a wq-space.

Proof. Any metrizable space is a wg-space.

Let X be a metrizable space and Y be a wg-space. Since X is metrizable, by
virtue of Theorem 8, Y is a paracompact p-space. From Theorem 10 it follows that
Y is a o-space. If a paracompact space Y is a o-space and a p-space, then Y is
metrizable [9]. Assertion 2 is proved.

Assertion 1 follows from the Assertion 2 and Theorem 8. The proof is
complete. O
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11 Final remarks and examples

The requirements on spaces R, FY and X in the conditions of Theorems 8, 9 and
10 are essential.

First, the space X must have a sufficient number of continuous mappings into
R and E. Moreover, these mappings must determine the topology of the space X
and should feel certain properties of subsets relative to their position in the space
X. These are explained the requirements:

— the space X is a non-empty R-Tychonoff space;

— for any non-bounded subset L of X there exists f € C'(X, E) such that the set
f(L) is not a-bounded in E.

Obviously, the requirement ”.X is a non-empty R-Tychonoff space” may be
changed by the requirement ” X is a non-empty F-Tychonoff space”. A space X
is an E-Tychonoff space if for each closed set F' of X, any point a € X \ F' and any
point b € E, there exists f € C'(X, E) such that f(a) =0 and f(F) =b.

Second, the space E should have unbounded sets and some neighborhoods of
zero should be able to distinguish boundedness and unboundedness of sets from F.

Example 14. Let Z be the discrete ring of integers, E = {(z,y) € R? : 22 +4? = 1}
be the unit circle with the binary operation (z,y) + (u,v) = (zu — yv, 2v + yu).
Then any zero-dimensional space is Z-Tychonoff and FE is a locally simple compact
Z-module. Any Tychonoff space is an E-Tychonoff space. For any space X the
Z-modules Cp(X, E) and My,(X,E) are a-bounded. In this case the assertions (i)
and (ii) of Theorem 6 are not true.

Example 15. Let R be a finite ring, 0 # 1, and E = R4, where A is an infinite
discrete space. Then the ring R is locally simple and compact. The R-module
F is compact and not locally simple. Any zero-dimensional space is R-Tychonoff.
The spaces Cp(X, E), Cp(X x A, E), Cp(X, E)A, Cp(X, R)4, Cp(X, E)4, and Cp(X x
A, R) are linearly homeomorphic. The space X may be compact and the space X x A
is not pseudocompact. If the space A is countable, the module E is metrizable.

Example 16. Let E = R4, where A is an infinite discrete space. The ring of reals
R is a locally simple and locally compact topological field. The R-module E is not
locally simple and not locally a-bounded. Any Tychonoff space is an R-Tychonoff
space. The spaces C,(X, E), C,(X,R), Cp(X,E)*, Cp(X,R)4, C,(X,E)4, and
Cp(X x A,R) are linearly homeomorphic. The space X may be compact and the
space X X A is not pseudocompact. If the space A is countable, the module E is
metrizable.
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One subfamily of cubic systems with invariant lines
of total multiplicity eight and with two distinct real
infinite singularities

Cristina Bujac

Abstract. In this article we classify a subfamily of differential real cubic systems
possessing eight invariant straight lines, including the line at infinity and including
their multiplicities. This subfamily of systems is characterized by the existence of two
distinct infinite singularities, defined by the linear factors of the polynomial Cs(z,y) =
yp3(z,y) — xqs(x,y), where p3 and g3 are the cubic homogeneities of these systems.
Moreover we impose additional conditions related with the existence of triplets and /or
couples of parallel invariant lines. This classification, which is taken modulo the action
of the group of real affine transformations and time rescaling, is given in terms of affine
invariant polynomials. The invariant polynomials allow one to verify for any given real
cubic system whether or not it has invariant straight lines of total multiplicity eight,
and to specify its configuration of straight lines endowed with their corresponding real
singularities of this system. The calculations can be implemented on computer and
the results can therefore be applied for any family of cubic systems in this class, given
in any normal form.

Mathematics subject classification: 34G20, 34A26, 14130, 34C14.
Keywords and phrases: Cubic differential system, configuration of invariant
straight lines, multiplicity of an invariant straight line, group action, affine invari-
ant polynomial.

1 Introduction and the statement of the Main Theorem

We consider here real polynomial differential systems

dx dy
E _P(‘Tay)7 E _Q(‘Tay)7 (1)
where P, () are polynomials in x, y with real coefficients, i.e. P, Q € R[x,y]. We
say that systems (1) are cubic if max(deg(P),deg(Q)) = 3.

Let

be the polynomial vector field associated to systems (1).
A straight line f(x,y) = uz + vy + w =0, (u,v) # (0,0) satisfies

X(f) = uP(z,y) +vQ(z,y) = (ux + vy + w)R(z,y)

© Cristina Bujac, 2015
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for some polynomial R(z,y) if and only if it is invariant under the flow of the
systems. If some of the coefficients u, v, w of an invariant straight line belong to
C\R, then we say that the straight line is complex; otherwise the straight line is real.
Note that, since systems (1) are real, if a system has a complex invariant straight
line ux + vy + w = 0, then it also has its conjugate complex invariant straight line
ur + vy +w = 0.

To a line f(z,y) = ux + vy +w = 0, (u,v) # (0,0) we associate its projective
completion F(X,Y,Z) = uX + vY +wZ = 0 under the embedding C? — P5(C),
(x,y) — [z : y : 1]. The line Z = 0 in Py(C) is called the line at infinity of
the affine plane C2. It follows from the work of Darboux (see, for instance [10])
that each system of differential equations of the form (1) over C yields a differential
equation on the complex projective plane Po(C) which is the compactification of the
differential equation Qdx — Pdy = 0 in C?. The line Z = 0 is an invariant manifold
of this complex differential equation.

Definition 1 (see [27]). We say that an invariant affine straight line f(z,y) =
uzx + vy + w = 0 (respectively the line at infinity Z = 0) for a cubic vector field X
has multiplicity m if there exists a sequence of real cubic vector fields X}, converging
to X, such that each X}, has m (respectively m — 1) distinct invariant affine straight
lines f] = wlz +viy+wl, =0, (ul,v]) # (0,0), (ul,vF,w)) e C3(j € {1,...m}),
converging to f = 0 as k — oo (with the topology of their coefficients), and this
does not occur for m + 1 (respectively m).

We mention here some references on polynomial differential systems possessing
invariant straight lines. For quadratic systems see [11,24,25,27-30] and [31]; for
cubic systems see [15-18,26,34] and [35]; for quartic systems see [33] and [36]; for
some more general systems see [13,21,22] and [23].

According to [2] the maximum number of invariant straight lines taking into
account their multiplicities for a polynomial differential system of degree m is 3m
when we also consider the infinite straight line. This bound is always reached if we
consider the real and the complex invariant straight lines, see [9].

So the maximum number of the invariant straight lines (including the line at
infinity Z = 0) for cubic systems is 9. A classification of all cubic systems possessing
the maximum number of invariant straight lines taking into account their multiplic-
ities have been made in [16]. We also remark that a subclass of the family of cubic
systems with eight invariant lines was discussed in [34] and [35].

It is well known that for a cubic system (1) with finite number of infinite sin-
gularities there exist at most 4 different slopes for invariant affine straight lines, for
more information about the slopes of invariant straight lines for polynomial vector
fields, see [1].

Definition 2 (see [31]). Consider a planar cubic system (1). We call configuration
of invariant straight lines of this system, the set of (complex) invariant straight
lines (which may have real coefficients) of the system, each endowed with its own
multiplicity and together with all the real singular points of this system located on
these invariant straight lines, each one endowed with its own multiplicity.
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Remark 1. In order to describe the various kinds of multiplicity for infinite singu-
lar points we use the concepts and notations introduced in [24]. Thus we denote
by ’(a,b)’ the maximum number a (respectively b) of infinite (respectively finite)
singularities which can be obtained by perturbation of the multiple point.

Suppose that a cubic system (1) possesses 8 distinct invariant straight lines
(including the line at infinity). We say that these lines form a configuration of type
(3,3,1) if there exist two triplets of parallel lines and one additional line, every
set with different slopes. And we say that these lines form a configuration of type
(3,2,1,1) if there exist one triplet and one couple of parallel lines and two additional
lines, every set with different slopes. Similarly configurations of types (3,2,2) and
(2,2,2,1) are defined and these four types of the configurations exhaust all possible
configurations formed by 8 invariant lines for a cubic system.

Note that in all configurations the invariant straight line which is omitted is the
infinite one.

Suppose a cubic system (1) possesses 8 invariant straight lines, including the
infinite one, and taking into account their multiplicities. We say that these lines form
a potential configuration of type (3,3,1) (respectively, (3,2,2); (3,2,1,1); (2,2,2,1))
if there exists a sequence of vector fields Xy as in Definition 1 having 8 distinct lines
of type (3,3,1) (respectively, (3,2,2); (3,2,1,1); (2,2,2,1)).

It is well known that the infinite singularities (real or complex) of cubic systems
are determined by the linear factors of the polynomial Cs(z,y) = yps(x, y)—zqs3(z,y)
where p3 and ¢3 are the cubic homogeneities of these systems.

In this paper we consider the family of cubic systems possessing two distinct
infinite singularities defined by one triple and one simple factors of the invariant
polynomial C5(z,y). This family univocally is determined by affine invariant criteria
(see Lemma 7). Moreover we impose some additional conditions related with the
existence of triplets and/or couples of parallel invariant lines of these systems (see
Theorem 1 and Main Theorem). As a result we investigate the obtained subfamily
of cubic systems and determine necessary and sufficient affine invariant conditions
for the existence of eight invariant straight lines, including the line at infinity and
taking into account their multiplicities.

Our results are stated in the following theorem.

Main Theorem. We consider here the family of cubic systems for which the con-
ditions D1 = D3 = Dy = 0, Dy # 0 hold, i.e. the infinite singularities of these
systems are determined by one triple and one simple factors of the invariant poly-
nomial C3(z,y). Moreover we assume in addition that for this family the condition
Vi = V3 =0 is satisfied. Then:

(A) This family of cubic systems could be brought via an affine transformation
and time rescaling to the systems

t=a+cr+dy+2hzy+ky*+23 g=b+ex+ fy+lax®+2may +ny?, (2)

which could possess one of the 16 possible configurations Config. 8.28 — Config. 8.38
of invariant lines given in Figure 1.
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(B) The condition K5 = N1 = 0 is necessary for a system (2) to have invariant
lines of total multiplicity 8, including the line at infinity. Assuming this condition
to be satisfied, a system (2) possesses the specific configuration Config. 8.5 (j €
{23,24,...,38}) if and only if the corresponding additional conditions included below
are fulfilled. Moreover this system can be brought via an affine transformation and
time rescaling to the canonical form, written below next to the configuration:

o Config.8.23 < NoN3 # 0, Ny=N5=Ng= N7=0: {z;iﬂi_yl—’)_:;(zl—:—;;)y,’
o Config. 8.24-827 & Ny#0,N3=0, Ny=Ng=Ng=0, Ny 0:
Config.8.24 < N11 <0 (r <0);
{x' = a;(r + 2 +x2)7 Config.8.25 < Nyp>0,N11>0 (0<7‘<1);
§= (r+22)y, r(9r —8) #0; | Config.8.26 & Nig=0 (r=1);
Config.8.27 < Nip <0 (r > 1);

o Config. 8.28-8.30 < Ny#0,N3=0, Ns =Ng= Nijo=0, N3 75 0:
i=x(r—2z+22),(9r—8)# 0 Config.8.28 < Ni5 <0 (r <0);
_ Config.8.29 < N14<0,N15>0 (0<r<1);
y=2y(x—r),r(r—1) #0; Config.8.30 < Niy >0 (r > 1);

° Conﬁg. 8.31, 8.32 <« N2 = N3 = 0, N17 = ng = 0, N10N16 75 0:

& =x(r +$2)7 { Config.8.31 < Niyg <0 (r=-1);
y=x—2ry, re{-1,1} Config.8.33 < Nig >0, (r=1);

&= a3,

° Conﬁg. 8.3 < N2:N3: O, N10:N17:N18:O,N16750: { 1
j=1+uz;

o C'onﬁg834 -838 < No=N3= 0, Nig = Nig = 0, Nig 75 0:
Config. 8.8/ < Noy <0 (r <0);
{i — LE(T +x +$2), Config. 8.35 <& Nog > 0,No1 >0 (0 <r< 1/4);
Config. 8.86 < Noy =0 (r =1/4);
y=1+ry, (9r=2)#0; Config. 8.837 < Nay <0 (r > 1/4);
Config. 8.38 < N2y =0 (r=0).

Remark 2. If in a configuration an invariant straight line has multiplicity & > 1,
then the number k appears near the corresponding straight line and this line is in
bold face. Real invariant straight lines are represented by continuous lines, whereas
complex invariant straight lines are represented by dashed lines. We indicate next
to the real singular points of the system, located on the invariant straight lines, their
corresponding multiplicities.
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Figure 1. The configurations of invariant straight lines of cubic systems (2)

2 Preliminaries

Consider real cubic systems, i.e. systems of the form:

& = po + p1(z,y) + p2(x,y) + p3(z,y) = p(x,y), 3)
v =qo+qry) + ey + gy =qy)

with real coefficients and variables z and y. The polynomials p; and ¢; (i = 0,1,2,3)
are homogeneous polynomials of degree ¢ in x and y:

po = aco, p3(x,y) = asox’ + 3az1x’y + 3araxy® + agsy’,

pi(®,y) = awr + any, p2(z,y) = asx® + 2anwy + apy’,

qo =boo, qs3(x,y) = bsox® + 3bo12”y + 3brawy® + bosy’,

q1(z,y) = bioz + bory,  ga(x,y) = baox® + 2br1zy + boay?.
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Let a = (ago, @10, @01, - - - , @03, boo, b10, bo1, - - - , bos) be the 20-tuple of the coefficients
of systems (3) and denote R[a, , y] = R[ago, @10, ao1, - - - , @03, boo, b10, bot, - - - , boz, z, y].

2.1 The main invariant polynomials associated to configurations
of invariant lines

It is known that on the set CS of all cubic differential systems (3) the group
Aff(2,R) of affine transformations acts on the plane [27]. For every subgroup
G C Aff(2,R) we have an induced action of G on CS. We can identify the set
CS of systems (3) with a subset of R?® via the map CS — R?" which associates
to each system (3) the 20-tuple a = (ago, a10, o1, - - - » @03, boo, b10, bo1, - - - , bo3) of its
coefficients.

For the definitions of an affine or G'L-comitant or invariant as well as for the
definition of a T-comitant and CT-comitant we refer the reader to [27]. Here we shall
only construct the necessary T'— and C'T'—comitants associated to configurations of
invariant lines for the family of cubic systems mentioned in the statement of Main
Theorem.

Let us consider the polynomials

Ci(aaxay) - ypz’(%%?]) - xqi(aaxay) € R[%%ZH]; 1= 07 172737

0 0 .
Di(a7$ay) = %pi(avljay) + a_yqi(a7x>y) € R[a,aj,y], 1= 172737

which in fact are G L-comitants, see [32]. Let f, g € Rla,z,y] and

k k k
DxF—hdyh drhdyr—h’

h:0

(f,9)®) € Ra,z,y] is called the transvectant of index k of (f,g) (cf. [12],[19])

We apply a translation * = 2’ + x9, ¥ = % + yo to the polynomials
p(a,z,y) and ¢(a,x,y) and we obtain p(a(a,xo,v0),2’,y") = pla, 2’ + x0,y" + o),
g(a(a,xo,90),2",y") = qla, 2’ +xo,y +yo). Let us construct the following polynomi-
als:

QZ’(CL, o, yO) = Res , (CZ (d(a7 Zo, y0)7 ) CO( (a’ o, yO) .Z'/, y/))/(y/)i+17
Gi(a,z,y) = Qi(a, 20, Y0) | {ro=s, yoy} € ]R[a,a;,y] (1=1,2,3).
Remark 3. We note that the constructed polynomials Gi(a,z,y), Ga(a,z,y) and

Gs(a,z,y) are affine comitants of systems (3) and are homogeneous polynomials in
the coefficients aqy, . . . , bp2 and non-homogeneous in z,y and

deg“ gl - 3’ dega g2 = 47 dega g3 =5
deg(xvy) gl = 8’ deg(x,y) g2 - 10, deg(x’y) g3 =12.
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Notation 1. Let Gi(a, X,Y, Z) (i = 1,2,3) be the homogenization of Gi(a,z,y), i.e
gl(a7X7 Y, Z) = ngl(aaX/Za Y/Z)7 QQ(CL,X, Y7 Z) = ZlOQQ(a7X/Z7Y/Z)7
g3(a>X7KZ) = Zl2g~3(a>X/Z> Y/Z)a

and  M(a,X,Y,Z) = ged (gl(a,X,Y,Z), Gola, XY, Z), gg(a,X,Y,Z)> in
Rla, X, Y, 7).

The geometrical meaning of the above defined affine comitants is given by the
two following lemmas (see [16]):

Lemma 1. The straight line f(x,y) = ur +vy +w =0, u,v,w € C, (u,v) # (0,0)
is an invariant line for a cubic system (3) if and only if the polynomial f(z,y) is a
common factor of the polynomials Gi(a,z,y), gg(a,x,y/)v(md Gs(a,z,y) over C, i.e.
Gi(a,z,y) = (ux + vy + w)W (x,y) (i =1,2,3), where W;(z,y) € Clx,y].
Lemma 2. Consider a cubic system (3) and let a € R?® be its 20-tuple of coefficients.
1) If f(z,y) = ur+vy+w = 0, u,v,w € C, (u,v) # (0,0) is an invariant straight
line of multiplicity k for this system then [f(x,y)]* | ged(Gi,Go,G3) in Clz,y], i.e.
there exist Wi(a,z,y) € Clx,y] (i =1,2,3) such that
Gi(a,z,y) = (ux + vy + w)Wi(a,z,y), i=1,2,3. (4)
2) If the line loo : Z = 0 is of multiplicity k > 1 then Z*~' | ged(G1, Ga, G3), i.e.
we have Z*~1 | H(a,X,Y, Z).

Consider the differential operator £ = x-Lg —y-L; constructed in [4] and acting
on R[a, z,y], where

L, =3a 0 + 2a +a i—kla i—kga 0 +a 0 +
1= 008 105, o0 01 Dag, | 3 02 das | 3 11 Day 20 Dasg
8 0 0 1 0 2 0 0
b 2b byl =—— b =b b
3boo 57— b1 + 2b105— g + 01 500 + 5bo2— g + 30 g, + boo— g’
Ly =3a i4—2& —+a i—l—la i—l—ga 8 +a 0 +
2 70000 8(101 01 ang 10 Oall 3 20 8(121 3 1 8(112 02 8(103
0 0 0 0 0 0
3b 2b b b b b
0 Dbor T Db 00 3" 0y 3" Dby T 2 0b0s

Using this operator and the affine invariant pg = Resultant, (pg(a, x,y),qs(a, z, y)) Jy°

we construct the following polynomials
1
wila,z,y) = q E()(uo) 1=1,..,9,

where £ (o) = L(LED (ug)) and £ (19) = po.

These polynomials are in fact comitants of systems (3) with respect to the group
GL(2,R) (see [4]). The polynomial u;(a,z,y), i € {0,1,...,9} is homogeneous
of degree 6 in the coefficients of systems (3) and homogeneous of degree i in the
variables x and y. The geometrical meaning of these polynomial is revealed in the
next lemma.
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Lemma 3 (see [3,4]). Assume that a cubic system (S) with coefficients a belongs
to the family (3). Then:
(i) The total multiplicity of all finite singularities of this system equals 9 — k if
and only if for every i € {0,1,...,k — 1} we have p;(a,x,y) = 0 in the ring Rz, y]
k

and pg(a,x,y) # 0. In this case the factorization pg(a,z,y) = H(sz —vy) #£0
i=1

over C indicates the coordinates [v; : u; : 0] of those finite singularities of the system
(S) which "have gone” to infinity. Moreover the number of distinct factors in this
factorization is less than or equal to four (the mazimum number of infinite singu-
larities of a cubic system) and the multiplicity of each one of the factors ujx — vy
gives us the number of the finite singularities of the system (S) which have collapsed
with the infinite singular point [v; : u; : 0].

(ii) The system (S) is degenerate (i.e. ged(P,Q) # const) if and only if
wi(a,z,y) =0 in Rlz,y] for everyi=0,1,...,9.

In order to define the needed invariant polynomials we first construct the follow-
ing comitants of second degree with respect to the coefficients of the initial system:

Sy = (Co, )Y, S0 = (C1,C3) W, Sig = (Ca, D3)V
So = (Cp, o)V, Si = (Cy,C3) @, Sag = (Ca, D3) @,
Sz = (Co, Do)V, Sio=(C1,D3), S = (Dy, C3)V,
Sy = (Co, C3)V Si3=(C1,D3)@ | Sy = (Dy, D)V,
S5 = (Co, D3)V | Sy = (Cy, Co)?, Soz = (C3, C3) P
Se = (C1,01)@, S5 = (Co, Do)V | Syy = (C3,C3)W
Sy = (Cy,Co) Y, Si6 = (Ca, C3) M, Sos = (C3, D3) 1,
Sg = (Cy,C) @, Sz = (Ca, C3) @, Sog = (C3, D3) @,
So=(C1, D), 815 = (Cp, C3)P Sor = (D3, D3)®).

We shall use here the following invariant polynomials constructed in [16] to char-
acterize the family of cubic systems possessing the maximal number of invariant
straight lines:

) = 655, — [(037523)(4)}27 Dy(a,x,y) = —Sas,

) = (Sa3, S23) — 6C5(Cs, S23)Y, Da(a,2,y) = (C3,D2)?,

) = Sa3 +2D3, Va(a,x,y) = Sog, V3(a,x,y) = 6525 — 3893 — 2D3,

)= Cy [(03,523)< )+ 36(D3,526)(2)] ,

) = 6T1(9A5 — TAg) + 2T5(4T16 — Ti7) — 3T5(3A1 + 5As) + 3A>Ty+
+ 3672 — 3T,

L1(a,z,y) = 9C5 (Sos + 24S57) — 12D (Sa0 + 8S522) — 12 (S16, D3)?

— 3 (823, C) P — 16 (S19, C5) @ + 12 (5850 + 24559, C5) V) |
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Lo(a,z,y) = 32 (1359 + 33921, Do) + 84 (951, — 2514, D3)M) +
+ 8Dy (128555 + 35515 — 73520) — 448 (S5, Ca) M) —
— 56 (S17,C2) P — 63 (Sa3, C1) @ + 756D5513 — 1944D1 Sog+
+ 112 (817, Do)V — 378 (Sa6, C1)W + 9C (48557 — 35524)
Uy(a) = T3 — 4T3y,
Us(a,z,y) = 6 (Tso — 3Ts2, Tss) V) — 3Th0 (Tsa + 8T57) —
— 24TZ + 2C5 (C3, Ts0)W + 24D5 (D5, Ty)Y + 24D3 T

Kala,z,y) = Tra, Ku(a,z,y) =T13 — 2111,

Ki(a,2,y) = (3223T3Ty40 + 2T18T Thao — 829T5 14, Tras) ' /2,
Ks(a,z,y) = 45T — ToTia + 2T5Ti5 + 12T36 + 45T57 — 45T35 + 30730,
Ko(a,2,y) = ATy Ts(2663T14 — 8161T}5) + 6T5(178Th + T0Toy + 555Tag )+

+ 18T9(30T2T8 — 488711111 — 119T21) + 5T2(25T136 + 16T137)—
— 15T, (25T140 — 11T141) — 1657140,
ICg(a, x, y) = 10447, — 315115 + 4T3 — 8T737.

However these invariant polynomials are not sufficient to characterize the cubic
systems with invariant lines of the total multiplicity 8. So we construct here the
following new invariant polynomials:

Ni(a,z,y) =S13, Na(a,z,y) = C2D3+ 3516, Ns(a,z,y) =Ty,
Ny(a,z,y) = — 53, — 2D3(3514 — 8515) — 12D5(S14, C1 )M+
+ Dy(—48D3Sy + 16(S17, C1) M),
Ns(a,z,y) =36D3D3(Ss — Sg) + D1(108D3 D3 — 54D3(S14 — 8S515))+
+2514(S14 — 22515) — 8D2(3S14 + Si5)—9Ds5(S14,C1 )M —16D3,
Ne(a,r,y) =40D3(15Ss — 453) — 480Dy D3Sg — 20D D3(S14 — 4S15)+
+160D3Sy5 — 35D3(S14, )M + 8((Sas, Co)™), Co) Y,
Ni(a,z,y) =18Cy Do (9D D3 — S14) — 201 D3(8D3 — 3514 — 74S15)—
— 432CyD3So1 + 4857(8D3 D3 + S17) — 51510514+
+6510(12D3 + 151815) — 162D1 D351 + 864D3(S16, Co) ™V,
Ng(a,z,y) = — 32D32S5 — 108D1 D3S1 + 108C3D1 Sy — 18C1 D3S11—
— 27510511 +4CoD3(9D2 D3 + 4S17) + 10854521,
No(a, z,y) =1152, — 2592D? S5 4 88Dy (S14, Cp) M) —
— 16D, D3(16D2 + 19514 — 152515) — 8D3(7S14 + 32515),
Nio(a, z,y) = — 24Dy D3 + 4D3 + Sy4 — 8545,
Nii(a,z,y) =S3, + 8Dy D3[2D3 — (S14 — 8S15)] — 2D3(5514 — 8S15)+
+ 8Dy (S14, Co)V,
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Nis(a,z,y) = 135D D3[8D3 — (S14 — 20S15)] — 5D3(39S14 — 32515)+
+ 552, — 160D} — 1620D32 S5 + 85D (S14, Co)V+
+81((Sa3, Co) M, o)V,
Nis(a,z,y) = 2(136D3 Sy — 126 D3 D35y 4+ 60D5D3S7 + 63S510511)—
—18C3 D1 (S14 — 28515) — 1201 D3(7S11 — 20S515)+
+ 4CyD3(21 D9 D3 + 17517)+3C5(S14, Co) M —192C5 D5 S5,
Niy(a,z,y) = — 6D D3 — 15519 + 2514 + 4515,
Nis(a,z,y) = 216Dy D3(63S1; — 104D3 — 136S15) + 4536 D2 Ss+
+ 4096 D5 + 12052, + 992Dy (S14, Co) M+
+ 135D3 [28(S17, Co) ) + 5(S14, C1) V],
Nig(a,z,y) = 201 D5 + 3510, Ni7(a,z,y) = 6Dy D3 — 2D% — (C5,C1)?,
Nig(a,z,y) = 2D3 — 6Dy Dy D3 — 12D3S5 + 3D3Ss,
Nig(a,z,y) = C1D3(18D? — Sg) — 3CoD3(4D1 Dy + 6S5 — 35g)+
+ 6C5D1532D9(9D5S; — 4D385) 4 2D; (12D355 — 9C3.56)+
+4CyD3 — 18D5(S4, Co) W,
Nog(a,z,y) =3D3 — 8Dy D3D3 — 8D3Ss — 16D D3S1; + 16Dy D35Sy,
Noi(a, x,y) =2D1D3Ds — 4D3Sg + Dy D3Ss 4 D1 (Sas, C1)Y

where

Aq 2524/288, Ay = 527/72, Az = (72D1A2 + (SQQ,DQ)(l)/24,
Ay :[9D1 (524—288A2) +4(9511 —28514, D3)(2) +8(3518 — S99—4599, DQ)(I)]/2733

are affine invariants, whereas the polynomials

Ty =C3, To= D3, T3= S93/18, Ty= S25/6, T5= S2/72,
Ts = [2C5(2D5 — S14 + 8S15) — 3C1 My — 205 M>] /2" /3%,
Ty = [5Dy(D3 + 27Ty — 18Ty) + 20D3S10+12(Sh6, D) —8D5817] /5/2° /32,
Ty = [9D, My + 2D5(DyDs — 3517 — S1g — 9591) + 18(Sh5, C5) Y —
— 6C2(2590 — 3522) + 18C1 526 + 2D3514] /2% /32,
Ty = [6(My, Dy) " = (My, Cy)® = 12(Sas, Co) Y + 12Dy 806+
+432(A; — 5A45)C5] /27 /3%,
Tz = [27(T3,C2)® — 18(Ty, C2)®) + 48D3809 — 216(Ty, Do) 4 36Dy Sa6—
— 129605 A1 — 7344Co Az + (D3, C2)P)] /27/31,
Tys = [(8S10 + 921, D)™ — Dy(8S20 + 3522) + 18Dy Sas + 1296C) Ag] /24 /33,

o7
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Tis = 8(9519+2521,D2)(1)+3(M1701)(2)—4(517,02)(2)4-
+4(514— 17515, Dg) @ —8(514+Sl5, Cg) @ +432C1 (5A1 —l—llAg)-l-
+36D152—4D2(S18 —|-4522)] /26/33,

+ CyM/(8D3 + 54D D3 — 27811 + 27512 — 4S14 + 32515)—

— 54D My S16 — 54C3 M1 (2D1 Doy — Ss + 2Sg) — 2932 T Mo ] /28 /3%,
Tisg =(Tr1,C3)Y,  Tisg = (T, 03)(2)/24, Tizr = (T, D3)(1)/67
Ti40 = (T74,D3)(2)/12, Tign = (T74,03)(3)/36, Tiy2 = ((T74,C3)(2),C3)(1)/72

where My = 973 — 18Ty — D3, My = 2D9D3— S17+2S519— 6591 and Ty, i = 1, ...,142
are T-comitants of cubic systems (3) (see for details [27]). We note that these
invariant polynomials are the elements of the polynomial basis of T-comitants up to
degree six constructed by Iu. Calin [8].

2.2 Preliminary results

In order to determine the degree of the common factor of the polynomials
gi(a,$,y) for i = 1,2,3, we shall use the notion of the k** subresultant of two
polynomials with respect to a given indeterminate (see for instance [14,19]).

Following [16] we consider two polynomials f(z) = apz"+a12" 14 - -+ an, g(2) =
bo2™ 4 b1 2™ 1 4 - - 4 by, in the variable z of degree n and m, respectively. Thus the
k—th subresultant with respect to variable z of the two polynomials f(z) and g(z)
will be denoted by B (f, ).

We say that the k—th subresultant with respect to variable z of the two polyno-
mials f(z) and g(2) is the (m +n — 2k) x (m + n — 2k) determinant

apd1  a9... ...Qmin—2k—1
Oap  ar... ...0min—2k—2 (m — k) — times
00 ag..- . -Qmin—2k—3
RO(fog)=1...c.. ..o (5)
00  by... ...bygn—2k—3
0B biee. . byinopo| (7 k)~ times
bob1  by... ...bymin_ok_1]|)
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in which there are m — k rows of a’s and n — k rows of b’s, and a; = 0 for i > n, and
b; =0 for j > m.

For k = 0 we obtain the standard resultant of two polynomials. In other words
we can say that the k—th subresultant with respect to the variable z of the two
polynomials f(z) and g(z) can be obtained by deleting the first and the last k rows
and the first and the last k& columns from its resultant written in the form (5) when
k=0.

The geometrical meaning of the subresultant is based on the following lemma.

Lemma 4 (see [14,19]). Polynomials f(z) and g(z) have precisely k roots in com-
mon (considering their multiplicities) if and only if the following conditions hold:

RO(f,9) = RV (f,9) = RP(f,9) = - = REV(f,9) = 0# RP(f,g).

For the polynomials in more than one variables it is easy to deduce from Lemma
4 the following result.

Lemma 5. Two polynomials f(xl,xg, ey Tp) and g(x1,x9,...,x,) have a common
factor of degree k with respect to the variable x; if and only if the following conditions
are satisfied:

RO(f,5) = RIU(f,9) = RO(f,5) = - = REI(F,9) = 0 # RE(f,3),
where Rgc?(f, G) =01 Rlzy,...2j-1,Tj41,..., %)

In paper [16] 23 configurations of invariant lines (one more configuration is con-
structed in [5]) are determined in the case, when the total multiplicity of these lines
(including the line at infinity) equals nine. For this purpose in [16] the authors
proved some lemmas concerning the number of triplets and/or couples of parallel
invariant straight lines which could have a cubic system. In [6] these results have
been completed.

Theorem 1 (see [6]). If a cubic system (3) possesses a given number of triplets
or/and couples of invariant parallel lines real or/and complex, then the following
conditions are satisfied, respectively:

(i) 2 triplets = Vi=Vo=U1=0;

(i) 1 triplet and 2 couples = V3 =V4=Us =0;

(iii) 1 triplet and 1 couple = Vy=V5=Uy =0;

(iv)  one triplet = Wy=Uy=0;
(v) 8 couples = V3 =0;
(vi) 2 couples = V;=0.

In papers [6] and [7] all the possible configurations of invariant straight lines
of total multiplicity 8, including the line at infinity with its own multiplicity are
determined for cubic systems with at least three distinct infinite singularities. In
particular the next result is obtained.
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Lemma 6 (see [6]). A cubic system with four distinct infinite singularities could not
possess configuration of invariant lines of type (3,2,2). And it possesses a configura-
tion or potential configuration of a given type if and only if the following conditions
are satisfied, respectively

(3,3,1) <~ V1=V2=£1=£2=IC1=0, ICQ#O;
(3,2,1,1) S Vs=Uy =Ky =K5=Kg=0, 'D4750;
(2,2,2,1) <~ V3=K4=]C2=]C8=0, D4750.

Let L(x,y) = Uz + Vy + W = 0 be an invariant straight line of the family of
cubic systems (3). Then, we have

UP(z,y) + VQ(z,y) = Uz + Vy + W)(A2? + 2Bxy + Cy* + Dz + Ey + F),
and this identity provides the following 10 relations:

Eq (ago — )U 4+ b3V =0, Eqs = (3a21 — QB)U + (3521 — A)V =0,
FEqs —(3a12 — YU + (3b12 —2B)V =0, Eqq = (ag3 — C)U + bp3V = 0,
Eqs (CL20 — )U + bogV — AW =0,

Eq6 :(2a11 — )U + (2b11 — D)V —2BW = O,

Eq7 =axU + (bys — E)V — CW =0, Eqs = (a1 — F)U 4+ byoV — DW =0,
Eq9 =aU + (bo1 — F)V — EW =0, Eqi0 = apU + bpoV — FW = 0.

(6)

As it was mentioned earlier, the infinite singularities (real or complex) of systems
(3) are determined by the linear factors of the polynomial C'3. So in the case of two
distinct infinite singularities they are determined either by one triple and one simple
real or two double real (or complex) factors of the polynomial Cs(x,y). We consider
here the first case.

Lemma 7 (see [20]). A cubic system (3) possesses the infinite singularities deter-
mined by one triple and one simple factors of the invariant polynomial Cs(z,y) if
and only if the conditions D1 = D3 = Dy = 0, Dy # 0 hold. Moreover the cu-
bic homogeneities of this system could be brought via a linear transformation to the
canonical form

2’ =(u+ 1)z + vy + ray?, 0

Y =uxy 4+ vzy? +ry,  with Cy = 23y.

3 The proof of the Main Theorem

Assume that a cubic system possesses two distinct infinite singularities which
are determined by one simple and one triple real factors of the polynomial C'5. Then
considering Lemma 7 we obtain that systems (3) via a linear transformation become:

x’' = po +pi(z,y) + pa(z,y) + (u+ 1)z + va?y + ray?,

8
Y =q +q(z,y) + ¢(z,y) + uz?y + vay® + ry? ®)
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with C5 = 23y. Hence, the infinite singular points are located at the “ends” of the
following straight lines: z =0 and y = 0.
The proof of the Main Theorem proceeds in 4 steps.

First we construct the cubic homogeneous parts (153, @3) of systems for which
the corresponding necessary conditions provided by Theorem 1 in order to have the
given number of triplets or/and couples of invariant parallel lines in the respective
directions are satisfied.

Secondly, taking cubic systems & = Py, Y= Q3 we add all quadratic, linear and
constant terms and using the equations (6) we determine these terms in order to get
the needed number of invariant lines in the needed configuration. Thus the second
step ends with the construction of the canonical systems possessing the needed
configuration.

The third step consists in the determination of the affine invariant conditions
necessary and sufficient for a cubic system to belong to the family of systems (con-
structed at the second step) which possess the corresponding configuration of invari-
ant lines.

And finally, in the case of the existence of multiply invariant lines in a potential
configuration we construct the corresponding perturbed systems possessing 8 distinct
invariant lines (including the line at infinity).

3.1 Construction of the corresponding cubic homogeneities
In what follows we construct the cubic homogeneous parts of systems (8) for
each one of the possible configurations mentioned in Lemma 6.

a) The case of the configuration (3,3,1). In this case we have two triplets of
parallel invariant straight lines and according to Theorem 1 the condition V; = Vo =
Uy = 0 is necessary for systems (8). A straightforward computation of the value of

4
V1 provides V; = 16 Z Vlja;4_j yj, where
§=0

Vio=u(2u+3), Vig=4ru+3r+ 202,
Vi1 = v(4u + 3), Vig =4dor, V4= 22,

Therefore from V; = 0 it results v = r = 0 and u(2u + 3) = 0, and we consider two

subcases: u =0 and u = —3/2. For u = 0 we get the cubic homogeneous system:
i=a% §=0 (9)
whereas for u = —3/2, after the time rescaling t — —2t, we have
i=a3 y=3z>y. (10)

It has to be underlined that for systems (9) and (10) the relation Vo, =U; = 0
holds.
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b) The case of the configuration (3,2,1,1). According to Theorem 1, if a cu-
bic system possesses 7 invariant straight lines in the configuration (3,2,1,1), then
necessarily the conditions V4 = V5 = Uy = 0 hold.

We consider again systems (8). A straightforward computation of the value of

4
) 9 L
Vs yields: V5 = 3 g . V5jx4 Ty where
J:

Vso = —u(3r + ru — vz), Vsg = 6124,
V51 =4druv, Vs3=0, Vs = 3,

Hence r = 0 which gives V4 = 0 and Uy = —12288v%x2(ux + vy)?. So the condition
Uy = 0 is equivalent to v = 0 and in this case we have V5 = V4 = Uy = 0. As a
result we get the family of systems

i=(u+1)z3, §=uay (11)

if u # 0, whereas if u = 0 we arrive at system (9).

¢) The case of the configuration (2,2,2,1). According to Theorem 1 if a cubic
system possesses 7 invariant straight lines in the configuration (2, 2, 2, 1), then
necessarily the condition V3 = 0 holds.
So we shall consider the family of systems (8) and we force the condition V3 =0
to be satisfied. We have:

Vao=u(3+u), Vi =2uv, Vip=—3r+2ru+0v? Vi3 =2rv, Vgy=r>

4
where V3; are the elements of V3 = —32 Z V3j$4_j y’. So the condition Vigy = 0 is
j=0
equivalent to 7 = 0 and, in consequence, Vi3 = V34 = 0 and V35 = v2. Sov = 0
and the condition V3o = 0 gives u(u + 3) = 0. Therefore if u = —3 due to the time
rescaling ¢t — —t we arrive at the cubic homogeneities

i =223 §=32% (12)

whereas in the case u = 0 we get system (9).

So we get three specific systems (9), (10) and (12) and one-parameter family of
systems (11). As it can be observed, the first three systems belong to this family
for some values of the parameter u: system (9) for u = 0, system (10) for u = —3/2
(after the time rescaling ¢t — —2¢) and system (12) for u = —3 (after the time
rescaling t — —t).

On the other hand for systems (11) we have V; = 16u(3+2u)2?*, V3 = —32u(3+
u)z* and therefore we arrive at the next proposition.

Proposition 1. Assume that for a cubic homogeneous system the conditions D1 =
D3 = Dy = 0 and Dy # 0 hold. Then this system can be brought to one of the
canonical systems indicated below if and only if the corresponding conditions are
satisfied, respectively:
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(i) Vi=V3=0,= system (9), (i) V1 =0, V3#0 = system (10),
(iii) Vi #0, V3 =0 = system (12), (iw)V1 V3 # 0, Vs =Us =0 = system (11).

Thus for the further investigation four different homogeneous systems remain:
(9), (10), (11) and (12). However in this article, we will consider only the cubic
systems with cubic homogeneities of the form (9), as in the statement of the Main
Theorem we assume the additional condition V; = V3 = 0.

We observe that if for perturbed systems some condition K(x,y) = 0 holds,
where K(z,y) is an invariant polynomial, then this condition must hold also for
the initial (unperturbed) systems. So considering Lemma 6 we arrive at the next
remark.

Remark 4. Assume that a cubic system with two distinct infinite singularities pos-
sesses a potential configuration of a given type. Then for this system the following
conditions must be satisfied, respectively:

(1) (3,3,1) = Vi=WVo=L1=Ly=K;=0;
(a2) (3,2,1,1) = Vs=Uy =K4=K5 = K¢ =0;
(a3) (2,2,2,1) = V3=K;, =Ky =Kg=0.

3.2 Construction of the configurations and of the corresponding
normal forms

In this case, considering (8) and (9) via a translation of the origin of coordinates
we can consider ¢ = 0 and hence we get the cubic systems

i =a+cx+ 2>+ dy+2hxy + ky?, §=b+ex+I1z>+ fy+2may+ny? (13)

for which we have H(X,Y,Z) = Z (see Notation 1).

Now we force the necessary conditions given in Remark 4 which correspond to
each type of configuration. We claim that if any of the conditions (a1), (a2) or (as3)
are satisfied for a system (13) then £k = h = n = 0 and this condition is equivalent
to K5 = 0. We divide the proof of this claim in three subcases defined by (a1)—(as).

(a1). For systems (13) we calculate: £; =0 and

Coefficient[Ls, zy] = —20736(12h> + Tkm — 6hn + 3n?) = 0,
Coefficient[KC1, y%] = 3967 - 2'83%517319%° = 0.
Therefore we get k = 0 and as the discriminant of the binary form 4h? — 2hn + n?
is negative we obtain h = n = 0 (and this implies L5 = K1 = 0).

(az2). In the same manner in the case of the configuration (3,2, 1,1) we determine
Ki=Kg=0 and

Ks = —180m(h — n)x* + 60(4h* — 3km — 2hn + n?)z>y — 240k 2y>.
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From K5 = 0 it results & = 0 and we get the same binary form 4h? — 2hn 4 n? which
leads to h = n = 0. Consequently K5 = 0 if and only if k =h =n = 0.

(az). We calculate Ky = 0 and Coefficient[Lo, 2%y"] = 2k3 = 0, i.e. k =0. Then
calculations yield

Coefficient[KCy, z°y1] = —2n(h—n)? =0, Coefficient[Ks, z3y] = 2(4h* 4 14hn+n?)=0

and evidently we obtain h = n = 0 (then K9 = Kg = 0) and this completes the proof
of the claim.

Remark 5. Since infinite singularities of systems (8) are located on the "ends” of
the axis * = 0 and y = 0, the invariant affine lines must be either of the form
Uz +W =0 or Vy+ W = 0. Therefore we can assume U = 1 and V = 0 (for
the direction z = 0) and U = 0 and V = 1 (for the direction y = 0). In this case,
considering W as a parameter, six equations among (6) become linear with respect to
the parameters {A, B,C, D, E, F'} (with the corresponding non—zero determinant)
and we can determine their values, which annulate some of the equations (6). So
in what follows we will examine only the non-zero equations containing the last
parameter W.

Since for systems (8) the condition k£ = h = n = 0 is equivalent to K5 = 0 we
assume this condition to be fulfilled.

We begin with the examination of the direction x = 0 (U =1, V = 0). So,
considering (6) and Remark 5 for systems (13) we have: Eqg=d, Eqo=a—cW —W?3.
So in the direction = 0 we could have three invariant lines (which could coincide)
and this occurs if and only if d = 0. Thus we arrive at the family of systems

t=a+cr+2®, y=b+exr+Ilz®+ fy+2may (14)
for which we calculate

H(X,Z)=Z(X?+cXZ* 4+ aZ?). (15)

Remark 6. Any invariant line of the form x + o = 0 (i.e. in the direction x = 0) of
cubic systems (3) must be a factor of the polynomials P(x,y), i.e. (x+ «) | P(z,y).

Indeed, according to the definition, for an invariant line ux + vy + w = 0 we
have uP + vQ = (ux + vy + w)R(x,y), where the cofactor R(x,y) generically is a
polynomial of degree two. In our particular case (i.e. u = 1,v = 0,w = «) we obtain
P(z) = (x + a)R(z), which means that (x + «) divides P(z).

This remark could be applied for any cubic systems when we examine the direc-
tion & = 0. Similarly, for an invariant line y + 8 = 0 in the the direction y = 0 it is

necessary (y + 3 =0) | Q(z,y).
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Considering systems (14) we calculate
Gi/H =IX*+ X*[4mY +2(e —Im)Z)] + X2[(3f —4m*)Y Z + (3b —cl — If—
+ —2em)Z?] + X[ —4fmY Z% + (—2al — ef —2bm)Z%] + (cf — f*—
—2am)Y Z% 4 (be — ae — bf)Z* = F1(X,Y, Z),
Go/H =(X? 4+ cX 7% + az3){2zx3 + [X%(6mY + (3e —2lm)Z] + X [(3f—
—4m?®)Y Z + (3b — el — 2em) Z%] — 2fmY Z° + (—al — 2bm)23} =
= P"(X,2)F»,(X,Y, Z),
Gs/H =24(1X? +2mXY + eXZ + fYZ +bZ*)(X? + cXZ% + aZ%)? =
= 24Q*(X,Y, Z) [P*(X, 2)]?,
(16)
where P*(X,Z) and Q*(X,Y, Z) are the homogenization of the polynomials P(z)
and Q(z,y) of systems (14). It is clear that these systems are degenerate if and only
if the polynomials P(x) and Q(x,y) have a nonconstant common factor (depending
on z) and this implies the existence of such a common factor (depending on X and
Z) of the polynomials P*(X,Z) and Q*(X,Y,Z). So for non-degenerate systems

the condition .

RY (P*(X,2),Q"(X.Y. 2)) 0 (17)
must hold. We have the next lemma.
Lemma 8. For a non-degenerate system (14) the polynomial P*(X, Z) could not be
a factor of G1/H, i.e. P*(X,Z) does not divide F1(X,Y,Z).
Proof. Suppose the contrary that P*(X,Z) divides F1(X,Y,Z). Then considering
the form of the polynomial P*(X,Z) (which contains the term X 3) by Lemma 5
the following conditions are necessary and sufficient: Rg?) (Fy, P*) :Rg%) (Fy, P*)=
Rg?) (Fy, P*) = 0. We calculate Rg?) (F,P*) = [(3f —4m?)Y + (3b — 2cl — If —
2em)|Z = 0 and this implies f = 4m?/3 and b = 2(3cl + 3em + 2lm?)/9. Then we
obtain

Z4

Rg? (F1, P*) = 1 [12m(3c+4m*)Y + (27al + 18ce — 6clm + 24em? + 8Im*) Z] =0
and we consider two cases: m # 0 and m = 0.

1) If m # 0 then we may assume m = 1 and e = 0 due to the change (z,y,t) —
(ma,y—e/2m,t/m?) and in this case the above condition gives us ¢ = —4/3 and a =

—16/27. However in this case we have Rg?) (P*,Q*) =0, i.e. we get a contradiction
with the condition (17).

2) Assume now m = 0. In this case we obtain
Rg) (F1, P*) = (3al + 2ce)*Z° = 0,
Rg?) (Fy, P*) = (27a® + 4¢%) [27a%1> + 2Tae(cl* — €*) + 2c21(cl® + 9¢*)| 2'2 /27 = 0,
RO (P*, Q%) = [27a%P + 27ae(c® — €2) + 2¢21(cl? + 9¢2)] /27 # 0
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and this implies ¢ # 0, otherwise the second equality yields a = 0 and then
Rg?) (P*,Q*) = 0. So ¢ # 0 and the first equation gives e = —3al/(2c¢) and then we
arrive at the contradiction:

3712 376
(0) o "2 2 3\3 _ ©) (e ey 2 2 3)2
Ry (F1,P") = 1683 (27a” +4¢’)° =0, Ry (P*,Q%) = 1683 (27a* + 4¢°)” # 0.
This completes the proof of the lemma. O

Now we examine the direction y = 0. The following proposition holds.

Proposition 2. For the existence of an invariant line of systems (14) in the direc-
tion y = 0 it is necessary and sufficient

=0, ef—2bm=0, f2+m?>#£0. (18)
Proof. Indeed, considering the equations (6) for a system (14) we obtain
Eqs =1, Eqs=e—2mW, Eqo=0b— fW.

Clearly, Eq; = 0 is equivalent to I = 0. On the other hand in order to have a line in
the direction y = 0 the condition f2 4+ m? # 0 is necessary. Therefore the condition
Resw(Eqs, Eqio) = ef — 2bm = 0 is necessary and sufficient for the existence of a
common solution W = Wy of the equations Eqs = 0 and Eq19 = 0. This completes
the proof of the proposition. O

3.2.1 Thecase m #0, Il #0

By Proposition 2 we could not have invariant line in the direction y = 0. So after
the transformation (z,y,t) — (mz, —e/2m + ly,t/m?) we can consider [ = m = 1
and e = 0. As a result we arrive at the family of systems

t=a+cx+23=Px), §= b+a®+ fy+2zy=Q(x,y). (19)
Proposition 3. Systems (19) possess invariant lines of total multiplicity 8 if and
only if

4 4
=0 =c=—=, b=—. 20

Proof.  Sufficiency.  Assume that (20) are satisfied. Then for the system (19)
we calculate H(X,Y,Z) = —378X2(3X — 22)3Z(3X + 2Z) and hence, we have 8
invariant straight lines (including the line at infinity).

Necessity. Consider systems (19) for which the polynomial H has the form (15).
The degree of this polynomial equals four, but should be seven . Therefore we have
to find out the conditions to increase the degree of the polynomial H up to seven,
namely we have to find out additionally a common factor of degree three of the
polynomials G;, i =1,2,3 (see Lemma 2 and Notation 1).

Considering (16) for systems (19) we obtain G1 /H|z—q = X3(X +4Y"). Therefore
we conclude that all three polynomials could only have common factors of the form
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X + a = 0, which by Remark 6 must be factors of the polynomial P*(X,Z). We
observe that P*(X, Z) is a common factor of the polynomials Go/H and G3/H and,
moreover, in the last one this factor is of the second degree.

According to Lemma 8 the polynomial P*(X, Z) could not be a factor of G /H,
i.e. of the polynomial F;(X,Y,Z). Thus not all the factors of the polynomial
P*(X,Z) are also the factors in F}(X,Y,Z). This leads us to the conclusion that
the polynomial F»(X,Y,Z) must have a common factor with P*(X,Z7), i.e. the
condition

RY (Fy, P*) = (8 + 27a + 18¢) Z*RYY) (P*,Q*) = 0

has to be fulfilled. Due to (17) this gives ¢ = —(8 +27a)/18 and we obtain that the
polynomial ) = (3X — 2Z) is a common factor of the polynomials F5(X,Y, Z) and
P*(X,Z). On the other hand it must be a factor in F}(X,Y, Z). We calculate

RO (Fy,p) = — (8 +27a+ 18f)Z3(12Y + 9fY +4Z + 9bZ)/2 = 0,
RO (P*,Q*) =(12Y + 9fY +4Z + 92Z)W(Y, Z) #0,

where ¥U(Y, Z) is a polynomial. So the above conditions give us the equality a =
—2(4+9f)/27 and then we obtain f = c. In this case calculations yield

1
Gi/H =5-(3X —22) [9X? + 12X?(3Y — Z) + 3(9c — 4) XY Z+
1

+(27b — 18¢c — 8) X Z* — 2(4 + 90)Y 2% = ﬁ(3X —22)F(X,Y, 2),
1

Go/H :@(3X —22)?[18X? + 5AXY — 6XZ +27cY Z + (27b — 9¢c — 4) Z*] x

1 _
X (9X% 4+ 6XZ +4Z°% +9cZ?) = @(3)( —22)*Fy(X,Y, Z)P(X,Y, Z)

and we obtain
RY (F{, Fé) = —729Z%[36Y? — 3(4 + 90)Y Z + (4 — 27b + 9¢) 2*|T(Y, Z),
RY (F{, p) =729(4 + 9¢)Z'T(Y, 2),

1
@23(1% +9¢Y +4Z + B2)(Y, Z),

RO (P*, Q")

where I'(Y, Z) is a polynomial. Since Rg(()) (F{,Fé) # 0 due to Rg?) (P*,Q*) # 0,
we deduce that for the existence of a common factor of degree 3 of the polynomials
Gi/H and Gy/H the condition Rg?) <F1’, ]5> = 0 is necessary, i.e. ¢ =—4/9 and we
get ¢ = f = —4/9 and a = 0. In this case we obtain

1
Gi/H = 5X(3X — 27)(3X% +12XY —4XZ —8Y Z + 9bZ%) = ~ X (3X — 2Z)F/,

P*(X,Z) = X(3X — 22)(3X +22)/9

O =



68 CRISTINA BUJAC

and since X could not be a factor of F{'(X,Y,Z) and, moreover, as it was proved
earlier the polynomial P*(X,Z) could not divide G;/H, we deduce that the factor
of F{'(X,Y,Z) must be 3X —2Z. So the condition

RO (F),3X —27) = 3(27b — 4)2> = 0

is necessary and this implies b = 4/27, i.e. we arrive at the conditions (20) and this
completes the proof of Proposition 3. O

Considering the conditions (20) we obtain the family of systems which after the
suitable transformation (z,y,t) — (2z/3,y + 1/3,9t/4) becomes

i=(x—-Dzx(l+z), g=2—y+a°+3zy (21)

with H(X,Y,Z) = —X?(X — Z)3Z(X + Z). We observe that these systems possess
3 finite singularities: (0,0), (1,—1) and (—1,0). On the other hand considering
Lemma 3 for systems (21) we calculate:

fio = p1 = po = p3 = pig = p5 = 0, pg = 8a° # 0.

So by Lemma 3 all other 6 finite singular points have gone to infinity and collapsed
with the singular point [0, 1,0] located on the “end” of the invariant line 2 = 0.

Thus this system possesses 3 real distinct invariant affine lines (besides the double
infinite line) and namely: one triple, one double and one simple, all real and distinct.
Therefore we obtain the configuration Config. 8.25.

3.2.2 Thecase m #0, =0

As it was mentioned earlier we may assume m = 1 and e = 0 due to the change
(z,y,t) — (max,y —e/2m,t/m?). So we get the family of systems

i=a+cx+az3, y=b+ fy+ 2y (22)

which by Proposition 2 possess invariant line in the direction y = 0 if and only
itb=0.

1) The subcase b # 0. We claim that in this case the above systems could
not have invariant lines of total multiplicity 8. Indeed, due to the rescaling y — by
we can consider b = 1 and we obtain that for systems (22) the polynomial H of the
form (15) has the degree 4, but should be 7. Moreover we have Gi/H|z—o = 4X3Y
and hence the polynomials Gi,/H, k = 1,2,3 (see their values (16) for m =b =1
and [ = e = 0) could have only the common factors of the form X + aZ.

Considering Remark 6 and Lemma 8 we arrive again at the conclusion that the
polynomial F»(X,Y, Z) must have a common factor with P*(X,Z). We determine
that for systems (22) F»p(X,Y,Z) = (3X —22)P*(X, Z2)Q*(X,Y, Z) and hence due
to the condition (17) and according to Lemma 8 (which says that P*(X, Z) could not
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divide G1/H) we conclude that 3X — 27 must be a double factor in G;/H. However
we obtain
RV ((3X —22)2,G,/H) = 1622° # 0,

i.e. for systems (22) we could not increase the degree of H(X,Y,Z) up to 7 and
this completes the proof of our claim.

2) The subcase b = 0. We obtain the family of systems
F=aterta=P), §=y(f+22) =y0(). (23)

Proposition 4. Systems (23) possess invariant lines of total multiplicity 8 if and
only if one of the following sets of conditions holds:

f=c a= —2(427—;90), (4+3c)(4 4 9c) #0; (24)
f= w @— w, (4 4 3¢)(4 + 9¢) # 0. (25)

Proof. Sufficiency. Assume that (24) (respectively (25)) are satisfied. Then consid-
ering systems (23) we calculate H(X,Y,Z) =378V (3X -22)32(9X?+6XZ+42°+
9cZ?) (respectively H(X,Y,Z) = 3792Y Z(3X+22)(9X2—6X Z+4Z%+9cZ*)?) and
hence, we have 8 invariant straight lines, including the line at infinity. Moreover for
the corresponding systems we calculate Rg?) (Go/H,G1/H) = 3112(4+3¢)?(4+9¢) Z3
(respectively Rg?) (Go/H,G1/H) = —3'(4 + 3¢)%(4 + 9¢)Z3) and this leads to the
condition (4 + 3¢)(4 + 9¢) # 0 which does not allow us to have 9 invariant lines.
Necessity.  For systems (23) we have H(X,Y,Z) = YZ(X? + cXZ? + aZ3).
Thus according to Lemma 2 we conclude that we need additionally a non-constant
factor of the second degree of H. For systems (23) we calculate (see Notation 1)

Gi/H =4X3® — (4 —3f)X?*Z —4fX 7% — (2a — cf + f2)Z3,
Go/H =(3X —22)(2X + fZ2)(X3 + cXZ? +aZ%) = (3X - 22)Q* (X, Z)P*(X, Z),
Gs/H =24(2X + fZ)(X® + X Z% + aZ®)? = Q*(X, Z) [P*(X, 2))?,

where P*(X, Z) and Q*(X, Z) are the homogenization of the polynomial P(x) and
Q(x) from (23).

We observe that G1/H|z—o = 4X 3 and we conclude that all three polynomials
could not have as a common factor Z. On the other hand these polynomials do not
depend on Y. So common factors of the above polynomials could be only factors
of the form X + aZ, which by Remark 6 must be also factors in P*(X,Z). So
considering this remark and Lemma 8 we arrive at the two possibilities: the linear
form 3X — 2Z either is a common factor of the polynomials G;/H and P*(X,Z) or
it is not.

a) Assume first that 3X — 27 is a common factor of G;/H and P*(X, Z). Then
the following condition must be satisfied:

RO (3X — 27, P*) =(8 + 27a + 18¢)2° = 0
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and this implies a = —2(4 + 9¢)/27. Herein we have

RY (3X —22,G1/H,) =9(c — f)(4+3f)2° =0,
RO (P*(X,2),Q"(X, Z)) =(4 + 3f)(16 + 36c — 12f + 9f2) 2 /27 # 0

and hence the condition f = ¢ must hold, which leads to the first two conditions
(24).
b) Suppose now that 3X — 2Z is not a common factor of G;/H and P*(X, 7).

Then clearly these polynomials must have a common factor of the second degree.
So the conditions

RY (P*,G1/H)=(8a — dcf — f3)®1(a,c, £)2°=0, RY (P*,G1/H)=®s(a, ¢, [)* =0,
RY (P*, Q") =(def + f* — 8a) 2% £0

must hold, where ~®; = 8a+27a’+4c>+4c3+18af — f3—cf(44+3f), @y = 16c2+
2¢(8 + 6f + 3f2) + 3(6af — 8a + 4f% + f2). Due to Rg(()) (P*,Q*) # 0 we must have
®; = $3 = 0 and we calculate

RO (®), &) = 3(4 4 6¢ + 3f)(4c + 3f2)(16 4 16¢ + 3f2) = 0.

We claim that the condition 4 4+ 6¢ + 3f = 0 has to be satisfied for non-degenerate
systems (23). Indeed assuming ¢ = —3f2/4 (respectively ¢ = —(16 + 3f2)/16)) we
get that 4a + f3 (respectively 32a + 16f — f3) is a common factor of ®; and @,
however in this case the polynomial Rg?) (P*,Q*) gives the value —2(da+ f3)Z3 #0
(respectively —(32a + 16f — f3)Z3/4 # 0).

So4+6¢c+3f =0,i.e f =—2(243¢)/3 and in this case the common factor of ®;
and @4 is (8 —27a+ 18¢). Hence the condition &1 = ®9 = 0 implies a = 2(4+9c¢) /27
and this leads to the conditions (25). O

Next we construct the respective canonical forms of systems (23) when either
the conditions (24) or (25) of Proposition 4 are satisfied.

(i) Conditions (24). We observe that in this case due to a translation and an
additional notation, namely r = (4 + 3¢)/3, we arrive at the family of systems

i =x(r+2z4+2%), y= (r+2z)y (26)

for which we have H(X,Y,Z) = X3YZ(X? + 2XZ + rZ?). So the polynomial
H(X,Y,Z) has the degree 7 and by Lemma 2 the above systems possess invariant
lines of total multiplicity 8 (including the line at infinity, which is double). Now
we need an additional condition under the parameter r which conserves the degree
of the polynomial H(X,Y,Z). For systems (26) we calculate Rg?) (Gs/H,G1/H) =
48r3(8 — 9r)2Z> # 0. Consequently we get the condition r(8 — 9r) # 0 which for
systems (23) is equivalent to (4 + 3¢)(4 4 9¢) # 0 (see the last condition from (24)).
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Besides the infinite line Z = 0 (which is double) systems (26) possess six affine
invariant lines, namely:

Ligs =1, Ly=vy, Lsg =1+ 2z + 2%

We detect that the lines L5 g = 0 are either complex or real distinct or real coinciding,
depending on the sign of the discriminant of the polynomial 22 +2x +r, which equals
A = 4(1 —r). We also observe that systems (26) possess 3 finite singularities: (0,0)
and (—1 4 +/1 —r,0) which are located on the invariant line y = 0. On the other
hand considering Lemma 3 for systems (26) we calculate:

po=pu =po=pz=ps=ps =0, pg=ra’#£0.

So by Lemma 3 all other 6 finite singular points have gone to infinity and collapsed
with the singular point [0, 1,0] located on the “end” of the invariant line x = 0.
Moreover by this lemma systems (26) became degenerate only if » = 0, and we
observe that in this case the system indeed is degenerate.

We consider the three possibilities given by the value of the discriminant A.

a) The possibility A > 0. Then 1 —r > 0, i.e. 7 < 1. We set the notation
1—r=u?(i.e. r =1 —u?) which leads to the systems

i=1-ut+a)z(l+u+tz), §=1-u>+22)y

possessing one triple and three simple distinct real invariant lines. Comparing the
line © = Fu — 1 with z = 0 we conclude that if |u| > 1 (i.e. 7 < 0) then in the
direction & = 0 the triple invariant line is situated in the domain between two simple
ones, whereas in the case |u| < 1 (i.e. 0 < r < 1) the triple line is located outside
this domain. As a result we get Config. 8.24 in the case of r < 0 and Config. 8.25
in the case of 0 <r < 1.

b) The possibility A = 0. Then r = 1 and we obtain the configuration
Config. 8.26.

c) The possibility A < 0. In this case r > 1 and we get systems possessing two
complex, one simple and one triple real all distinct invariant lines and this leads to
the configuration Config. 8.27.

(i1) Conditions (25). In this case after the translation of the origin of coordinates
to the singular point (—2/3, —e/2) and setting a new parameter r = (4 + 3c¢)/3 we
obtain the systems

i=(r—2z+a2H)z, y= 2(z—r)y. (27)

For these systems we have H(X,Y,Z) = 2XY Z(X? — 2XZ + rZ?)?. Besides the
double infinite line systems (27) possess 4 affine invariant lines:

Li=z Ly=y, L374:x2—2a:+7’,
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where the lines L 4 = 0 are double ones. We denote by A = 4(1—7) the discriminant
of the polynomial 22 — 2z +r and we observe that for A = 0 (i.e. 7 = 1) the systems
become degenerate.

We also observe that systems (27) possess 3 finite singularities: (0,0) and
(1 £+/1—r,0) which are located on the invariant line y = 0. On the other hand
considering Lemma 3 for systems (26) we calculate:

po=p1=po=pis =g =ps =0, pg=8(1—r)rab.
If r(r — 1) # 0 by Lemma 3 all other 6 finite singular points have gone to infinity
and collapsed with the singular point [0, 1, 0] located on the “end” of the invariant
line z = 0. Moreover by this lemma systems (27) became degenerate only if either
r =0 or r =1 and in both cases we get degenerate systems.
Thus we have the following two possibilities:

a) The possibility A > 0. Then r < 1 and denoting 7 = 1 — v? we obtain the
systems
t=14+v—z)z(l-v—21), 7=20"—-1+2)y (28)

with H(X,Y,Z) = 2XY Z(X —Z—vZ)*(X — Z+vZ)?. Examining the lines r = 14+v
and z = 0 we conclude that if |v| > 1 then we get a simple invariant line between two
double real lines in the directions z = 0 and consequently we arrive at Config. 8.28.
In the case of |v] < 1 these two double real lines are located on the right-hand side
of the simple invariant line. So we get Config. 8.29.

b) The possibility A > 0. In this case » > 1 and systems (27) possess 2 real
simple, 2 complex double invariant lines, all distinct = Config. 8.30.

3.2.3 Thecase m =0, l #0

We claim that in this case systems (14) could not possess invariant lines of total
multiplicity 8.

Indeed, since I # 0 by Proposition 2 we could not have a line in the direction
y = 0. Via the rescaling (z — x,y — ly,t — t) we can consider [ = 1 and therefore
we arrive at the systems

i=a+cr+2°, §= btexr+a’+ fy (29)

for which the polynomial H has the form (15) and G;/H (i = 1,2, 3) are the polyno-
mials (16) for the particular case m = 0 and [ = 1. We observe that G, /H|z—¢ = X*
and hence Z could not be a common factor of these polynomials. Since we have no
invariant lines in the direction y = 0, in what follows we shall examine only the con-
ditions given by resultants with respect to X. According to (16) and condition (17)
the polynomial F1(X,Y, Z) must have a common factor of degree 3 with [P*(X,Y)]?.
For systems (29) we calculate Coefficient [Rg?) (F1, [P*]?),Y*Z%] = 81f*. Clearly the
condition f = 0 is necessarily to get a common factor of the degree 3. Then we have

RY (F, [P]?) = (27a®+4¢*)2[®(a, b, ¢, €)|* 2% =0, R (Q*, P*)=®(a,b, ¢, ) Z° £0
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where ®(a,b,c,e) is a polynomial. So the above conditions imply 27a? + 4¢® = 0.
First we examine the possibility a = 0 and we get ¢ = 0. Then we calculate

RY(Q, P =b°Z° £ 0, RY (K, [P*]?) =816'2° =0

and we arrive at the contradictory condition (0 # b = 0). So it remains to examine
the case when a # 0. Since in this case ¢ # 0 we denote a = 2a;c which implies
¢ = —27a3. We calculate

RO(Q*, P*) =(94% + b — 3are)*(36a3 + b+ 6a1e) Z° # 0,
RY (F, [P]?) =223} (943 + b — 3a1¢)(36a3 + b + 6a1¢)22" = 0

and we also get a contradiction which completes the proof of our claim.

3.24 Thecase m=0,1=0

We divide our examination in two subcases: e # 0 and e = 0.

1) The subcase e # 0. Then due to the rescaling (z,y,t) — (ex,y,t/e*) we
can consider e = 1 and therefore we arrive at the systems

t=a+cx+2®, yg=b+z+ fy. (30)

Proposition 5. Systems (30) possess invariant lines of total multiplicity 8 if and
only if the following conditions hold:

f=-2¢, a=0. (31)

Proof.  Sufficiency. Assume that (31) is satisfied. Then considering systems (30)
we calculate H(X,Y,Z) = XZ?*(X? + cZ?)? and hence, we have invariant straight
lines of total multiplicity 8 (including the line at infinity). On the other hand we
could not have 9 lines, because Rg?)(Gg/H, Gi1/H) = —27(2cY — bZ)? = 0 if and
only if b = ¢ = 0. However in this case we get a degenerate system.

Necessity. For systems (30) we have H(X,Y, Z) = Z?(X3+cX Z?+aZ?) and we
observe that the degree of the polynomial H is 5. So we have to increase the degree
of H up to 7. In other words we have to determine the conditions under which the
three polynomials G1/H, Ga/H and G3/H have a common factor of degree 2. For
these systems we calculate

Gi/H =2X3 +3fX?Y +3bX°Z — fXZ? + f(c— f)YZ? + (bc — a — bf)Z>,
Go/H =3X(X + fY +bZ)(X3 +cXZ? +aZ?) = 3XQ*P*,
Gs/H =24(X + fY +bZ)(X3 + cX Z% + aZ3)* = 24Q*[P*]2.

We observe that G1/H|z—g = 2X3 + 3fX?Y and hence Z could not be a com-

mon factor of these polynomials. For systems (30) we get R§9)(G3/H, G1/H) =
—24f(X3 + cXZ? + aZ?)? which vanishes if and only if f = 0 and since m = 0,
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considering Proposition 2, we conclude that in this case we could not have a line in
the direction y = 0. Thus all three mentioned polynomials could only have common
factors of the form X + o« = 0, which by Remark 6 must be factors of the poly-
nomial P*(X,Z). So considering this remark and Lemma 8 we arrive at the two
possibilities: the linear form X either is not a common factor of the polynomials
Gi/H = Fi(X.,Y,Z) and P*(X,Z) (i.e. a #0) or it is (i.e. a = 0).

a) Assume first that X is not a factor of P*(X,Z), i.e. we have to consider
a # 0. According to (16) and condition (17) the polynomial F;(X,Y, Z) must have
a common factor of degree 2 with P*(X,Y’). Then considering systems (30) the
following conditions must be satisfied:

RO(Fy, P*) = [27d + (c — f)(2c+ /)2 Z50(Y, Z) =0, RO(Q*, P*) = U(Y, Z) #£0

where ¥(Y, Z) is a polynomial. So the condition 27a® + (¢ — f)(2c + f)? = 0 is
necessary for the existence of a common factor of the polynomials F} and P*. Then
(c—f)2c+ f) # 0 (due to a # 0) and denoting u = 2c+ f # 0 (i.e. f =u—2c) we
obtain ¢ = u/3 — 9a?/u? and f = u — 2¢ = (54a® + u?)/(3u?). In this case we obtain

Fi=(uX+3a2)F}(X,Y,Z)/(3u?), P*=(uX+3aZ)(3uX?>—9aX Z+u?Z?)/(3u?)

where F}*(X,Y, Z) is a polynomial of the second degree. Assume first that uX +3aZ
is a factor in F}. In this case it must be a factor in 3uX2—9aX Z+u?Z? and therefore
the following condition must hold:

RO (uX + 302, 3uX? — 9aX Z + u2Z%) = u(54a® + u?)Z2 = 0.

Since u # 0 we can set a = aju and thus, we get u = —54a2. Then
RO(Fy uX +3a2) =180, (31 —b) 2> =0, RO (P*,Q*)=(b—3a1)?(6a1+b)Z>£0

and we arrive at the contradiction.

Now we consider that uX +3aZ is not a factor in F}". Then the polynomials F}
and 3uX? — 9aX Z +u2Z? must have a common factor, i.e. the following conditions
hold:

RO(Ff,3uX? — 90X Z +u?Z?) = 20 22 F* (Y, Z) = 0,

where F}*(Y, Z) is a polynomial of the second degree. Since ¢ # 0 in this case we

also arrive at the contradictory condition.

b) Assume now that X is a common factor of P*(X, Z), i.e. we have the condition
a = 0 which implies Go/H = 3X2(X? 4 ¢Z?)Q*. Therefore either X2 or X? + cZ>
must be a factor of F}. In order to have X? as a common factor of the mentioned
polynomial the condition Rg?) (X2, F) = Rg) (X2, Fy) = 0 must be satisfied. We
calculate

RYX2L R =—f22=0, RO(X2 ) = (c— £)2Z4(fY +b2)2 =0
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and Rg?)(P*, Q") lfe=f=0y= —b(b* 4+ ¢)Z*. It is evident that in order to have X? as
a factor of the polynomial F} it is necessary the conditions f = ¢ =0 and b # 0 to
be satisfied, i.e. we get a particular case of the conditions (31). Since b # 0, due to
the rescaling {z — bx,y — y/b,t — t/b*} we can consider b = 1. So we arrive at
the system

=13, y= l+z (32)

for which H(X,Z) = X°Z2. This system possesses the affine invariant line of the
multiplicity 5 in the direction x = 0 and the infinite invariant line is of the multi-
plicity 3. Considering Lemma 3 for these systems we get

[0 = iy = fip = i3 = fig = fi5 = fig = pi7 = pig = 0, pug = 92" # 0.

Therefore by Lemma 3 all 9 finite singular points have gone to infinity and collapsed
with the singular point [0, 1,0] located on the “end” of the invariant line x = 0.
Consequently we get the configuration Config. 8.33.

Now we assume that X2+ cZ? is a factor of the polynomial F}, i.e. the condition
Rg?) (X2+CZ2, 1 |{a=0) ) = Rg) (X2—|-CZ2, F1 |{a=0} ) = 0 must hold. We calculate

RY (X2 + 2%, Fi |fa—gy ) = —(2¢+ /)22 =0

from which it results f = —2¢ # 0 and we obtain the conditions (31). Since ¢ # 0
we may assume b = 0 (applying the translation of the origin of coordinates at the
point xg = 0, yo = b/2c). Therefore we arrive at non-degenerate systems depending
on the parameter ¢ = {—1,1} (applying a rescaling)

i=z(c+2?), y= z-— 2. (33)

For the above systems we have H(X, Z) = XZ?(X? + cZ?)2. Thus beside the triple
infinite invariant line systems (37) possess 5 invariant affine lines. More precisely,
we have one simple and two double, all real and distinct if ¢ = —1 and one simple
real and two double complex if ¢ = 1.

On the other hand we observe that systems (33) possess 3 finite singularities:
(0,0) and (++/=¢, F1/(2y/=c)). Considering Lemma 3 for these systems we calcu-
late:

po=pun =pp=pz=pig=ps=0, pg=-82"#0.

Therefore by Lemma 3 all other 6 finite singular points have gone to infinity and
collapsed with the singular point [0, 1,0] located on the “end” of the invariant line
x = 0. Thus we get Config. 8.81 if c= —1 and Config. 8.32 if c = 1. O

2) The subcase e = 0. Then we get the family of systems

t=a+cx+az3, y= b+ fy (34)
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for which H(a, X,YZ) = Z?(fY + bZ)(X3 + c¢XZ? + aZ?). So the degree of H
is six but should be seven. Therefore we need an additional common factor of
G, 1=1,2,3. We calculate

Gi/H =3X* 4 cZ* — f7Z% Go/H =3X(X> 4+ cXZ* +aZ?),
Gs/H =24(X> + cX Z* + aZ?)?

and we observe that these polynomials could not have as a common factor neither
Z nor Y. So we examine their resultants with respect to X. We calculate

RO (G\/H, P*) =[27a® + (¢ — f)(2c + f)?) 25 = 0,
RO(P*, Q) =(fY +b2)® £ 0,

which implies 27a? + (¢ — f)(2c + f)? = 0. We observe that (¢ — f)(2c + f) #
0, otherwise we get a = 0 and this leads to systems with invariant lines of total
multiplicity 9.
Denoting u = 2c+ f # 0 (ie. f = u — 2¢) we obtain ¢ = u/3 — 9a%/u? and
f=u—2c=(54a® + u3)/(3u?). So we get the family of systems
. 54a® + u3
t =gl T
Without loss of generality we may assume b # 0, because in the case b = 0 we
must have 54a? + u® # 0 (otherwise we get degenerate systems) and then via a
translation y — y + yo (with yo # 0) we obtain b # 0. So applying the translation
of the origin of coordinates at the point (—3a/u,0), after the suitable rescaling
{x — —(9ax)/u,y — buy/(81a?),t — tu?/81a?} systems (35) become

3a 4+ ux)(u? — 9azx + 3uz?), §= b y. (35)

t=re+ai+25 g= 1+ry, (36)

where r = (54a® + u3)/(243a?). For these systems we calculate H = X?(rY +
Z2)ZX(X2 + XZ +rZ%) and RY (Go/H,G/H) = 3(9r — 2)Z% # 0 and this leads
to the condition 9r — 2 # 0 which guarantee the non-existence of nine invariant
lines. We observe that the infinite invariant line Z=0 is triple if r # 0 and it has
multiplicity four in the case r = 0.

a) The possibility r # 0. In this case the geometry of the configuration depends
on the sign of the discriminant A of the polynomial 2% + = + r, i.e. A =1 — 4r.
Accordingly we conclude that besides the double infinite invariant line the systems
(35) possess 5 affine lines which are as follows:

A>0 (ie. 0#7r<1/4) = 3 simple, 1 double, all real and distinct,
A=0 (ie. 7=1/4) = 1 simple, 2 double, all real and distinct,
A<0 (e r>1/4) = 2 real simple, 1 complex double.

On the other hand considering Lemma 3 we calculate:

fo = p1 = pa = pg = pug = p5 = 0, pg = r°2°%, pz = r?2%(3z — ry),
— ..609.2 3,2 QT (2 3,2
ps = rx’(3z® — 2rey + roy°), pe = 9’ (x° — ray + roy®).
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Since r # 0 by Lemma 3 only 6 finite singular points have gone to infinity and
collapsed with the singular point [0, 1,0] located on the “end” of the invariant line
z = 0. Other three finite points are (0, —1/r) and ((—14+v/1—4r)/2,—1/r) (located
on the invariant line ry + 1 = 0).

Moreover, in the case of A > 0, denoting 1 — 4r = v? (i.e. 7 = (1 —v?)/4 ) we
obtain the systems

i =(1—-v+22)z(l+v+2x)/4, y= 1+ (1—0)y/4

We compare the lines x = (—1 £+ v)/2 with = 0 and conclude that if [v| > 1, i.e.
r < 0 (respectively 0 < |v| < 1/4, i.e. 0 <r < 1/4) then the double real invariant
line is located (respectively is not located) between two simple ones and we arrive
at the configuration Config. 8.34 (respectively Config. 8.35.).

Additionally, we have the configuration Config. 8.36 in the case of A =0 ( i.e.
r=1/4) and Config. 8.37 in the case of A <0 (ie. r>1/4).

b) The possibility r = 0. In this case we get the system
i=a2*(r+1), y=1 (37)

with H(X,Z) = X3Z3(X + Z). Therefore besides the infinite line of the multiplicity
four this system possesses 2 distinct affine invariant lines (one of the multiplicity 3
and one simple), and namely: Ljo3 =2, Ls=az+1.

Since in this case we obtain y; = 0 (i = 0,1,...,8) and ug = 92° # 0, by
Lemma 3 all 9 finite singular points have gone to infinity and collapsed with the the
same singular point [0, 1,0]. As a result we get the configuration Config. 8.38 Thus
considering the above results we arrive at the following proposition.

Proposition 6. The systems (34) possess invariant lines of total multiplicity eight
if and only if
27a% + (¢ — f)(2c+ f)? =0, a#0. (38)

3.3 Invariant conditions for the configurations Config. 8.23—
Config. 8.38

By Lemma 7 the conditions Dy = D3 = Dy = 0, Dy # 0 are necessary and suffi-
cient for a cubic system to have two real distinct infinite singularities, and namely
they are determined by one triple and one simple factors of Cs(z,y). After a lin-
ear transformation a cubic system could be brought to the form (8). According to
Proposition 1, the condition V; = V3 = 0 gives systems (13) (via a linear transfor-
mation and time rescaling). At the beginning of Subsection 3.2 it was proved that
for these systems the condition K5 = 0 is equivalent to Kk = h = n = 0. Moreover,
for the existence of invariant lines in the direction x = 0 the additional condition
d = 0 has to be satisfied. So considering the condition K5 =0 (i.e. k=h=n =0)
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for systems (13) we calculate N; = 12d and evidently N; = 0 is equivalent to d =0
and we arrive at systems (14). For these systems we calculate

Ny = —m?zt, Ny = —12l2°.

We remark that in the previous subsections the examination of systems (14) was
divided in the cases determined by the parameters m and [. In addition it was
proved (see Subsection 3.2.3) that in the case m = 0 and [ # 0 (i.e. Ny = 0 and
N3 # 0) systems (14) could not have invariant lines of total multiplicity 8. So in
what follows we split our examination here in three cases, defined by the invariant
polynomials Ny and Nj:

(i) NaNs #0;  (ii) Ny # 0, N3 =0; (iii) Ny = N3 = 0.

3.3.1 The case NaoN3 # 0

Then [ - m # 0 and as it was shown earlier systems (14) could be brought via an
affine transformation to systems (19). According to Proposition 3 the last systems
possess invariant lines of total multiplicity 8 if and only if the conditions (3) are
satisfied. We prove that these conditions are equivalent to Ny = N5 = Ng = N7 = 0,
i.e.

4 4
a =0, f:c:—g, b:ﬁ < Ny=N;=Ng=N;=0.

Indeed, for systems (19) we calculate
Ny =5184(c — f)z* and N5 = 2592(4 + 6¢ + 3f)z*

and clearly the condition Ny = N5 = 0 is equivalent to f = ¢ = —4/9. Then
considering the last conditions we calculate Ng = 8640az* and hence Ng = 0 gives
a = 0. It remains to determine the invariant condition which governs the parameter b.
Considering the obtained conditions for systems (19) we calculate N7 = 288(27b —

4)x% = 0 which is equivalent to b = —. So if for systems (14) the conditions

NyN3 #0, Ny = N5 = Ng = N7 =0 are satisfied then we arrive at the system (21)
possessing the configuration Config. 8.25.

3.3.2 The case Ny #0, N3 =0

These conditions imply m # 0 and [ = 0, and as it was proved in Subsection
3.2.2 the condition ef — 2bm = 0 is necessary to be fulfilled for systems (17) in
order to have invariant lines of total multiplicity 8. On the other hand for these
systems we calculate Ng = 1296(ef — 2bm)x% and the last condition is equivalent to
Ng = 0. Due to a rescaling we may assume m = 1 and then we get b = ef/2 and
this leads to systems (23). By Proposition 4 these systems possess invariant lines of
total multiplicity 8 if and only if either the conditions (24) or (25) are satisfied.
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In what follows we consider each one of these sets of conditions and construct
the corresponding equivalent invariant conditions as well as the additional invariant
conditions for the realization of the respective configurations.

(a) Conditions (24). We clam that for a system (23) the following conditions
are equivalent:

2(4
f=ec a:—%, (4+3c)(449c) #0 < Nyg=Ng=0, Ng#D0.

Indeed, for systems (23) we calculate Ny = 5184(c— f)z* and therefore Ny = 0 gives
f = c. Then we have Ng = 320(27a + 18¢ + 8)2* and Ny = 2304(4 + 3¢)(4 + 9¢)z*

2449 ¢ Ny = 0 and (44 3c)(4 + 9¢c) # 0 if

which imply the condition ¢ = — o

Ny # 0.

Thus if the conditions Ny = Ng = 0 are satisfied then systems (23) via a transla-
tion and a suitable notation can be brought to systems (26), for which the condition
Ng = 6912r(9r — 8)z* # 0 holds. Now for these systems we need to determine the
invariant polynomials which govern the conditions under parameter r in order to
get different configurations of invariant straight lines.

We calculate Njp = 144(1 — r)a:2 and Ny = 3456rz*. Therefore, considering the
obtained earlier for systems (26) configurations (see page 70) we conclude that if
for a system (14) the conditions N3 = Ny = Ng = N3 = 0, NoNg # 0 are satisfied
then we get the configuration Config. 8.24 if N11 < 0; Config. 8.25 if Nip > 0 and
N1 > 0; Config. 8.26 if Nig = 0 and Config. 8.27 in the case Nig < 0.

(b) Conditions (25). We clam that for a system (23) the next conditions are
equivalent:

22+ 3 2(4+9
f= —%, @ — % (4136)(449¢) £0 &  Ns=Nip =0, Ny3 # 0.

Indeed, for (23) we calculate N5 = 2592(4+6¢+3f)x? and hence N5 = 0 implies
2(2
f= —ﬂ. Then we have Nijo = 3240(27a — 18¢ — 8)x4 and, clearly, Nio =0

2(4+4+9
gives a = u For N5 = Nia = 0 we calculate Ni3 = 1008(4 + 3¢)(4 + 9¢)z°y

and therefore ]Zflg #0< (44 3¢)(4+9c) #0.

So, considering the above relations among the parameters a,c and f of systems
(23) it was shown earlier that these systems can be brought (via a translation and
additional notation) to systems (27).

It remains to determine the invariant polynomial which gives the expression of
the discriminant A = 4(1 —r) . For these systems we calculate Ny4 = 288(r — 1)x?
and N15 = 2937T$4.

Therefore if for a system (14) the conditions N3 = N5 = Ng = N3 = 0, NoNy3 #
0 are satisfied then we get the configuration Config. 8.28 if N15 < 0; the configuration
Config. 8.29 if N14 <0, Ni5 > 0 and the configuration Config. 8.30 if N4 > 0.
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3.3.3 The case N = N3 =0

Then | = m = 0 and we get systems for which we calculate Nijg = —12ez?. In
what follows we split our examination here in two subcases, defined by the polyno-
mial N16.

1) The subcase N1g # 0. Then e # 0 and systems (14) could be brought via a
rescaling (i.e. assuming e = 1) to systems (30). According to Proposition 5 the
last systems possess invariant lines of total multiplicity 8 if and only if the
conditions (31) are satisfied. We prove that these conditions are equivalent to
N17 = ng = O, i.e.

f=-2¢, a=0 < Ni7=Nig=0.

Indeed, for the corresponding systems we calculate Ni7 = 12(2¢ + f)z2 = 0, Nig =
216ax® = 0 and evidently, the above equalities are equivalent to f = —2¢, a = 0.

It remains to determine the invariant condition which governs the value of c.
For the last systems we determine Nijg = 72c2?. Next we split our examinations
according to the parameter c.

a) The possibility N1g # 0. Then ¢ # 0 and assuming b = 0 after a translation
we arrive at the system (33). So, if for systems (14) the conditions Ny = N3 =
Ni7 = N1g =0, N1gN1g # 0 are satisfied then we get the configuration Config. 8.31
if N1g < 0 and Config. 8.32 if Nig > 0.

b) The possibility Nyg = 0. Then f = ¢ = 0 and after a rescaling we assume
b = 1 and we get the systems (32). So, if for systems (14) the conditions Ny =
N3 = Nijg = N7 = N1ig = 0, Nig # 0 are satisfied then we get the configuration
Config. 8.33.

2) The subcase Nig = 0. Then e = 0 and systems (14) became of the form (34).

According to Proposition 6 the last systems possess invariant lines of total mul-
tiplicity 8 if and only if the conditions (38) hold. We prove that these conditions
are equivalent to Nig =0, Nig # 0, i.e.

270> 4+ (c — f)(2c+ f)?* =0, a #0 < Nyg =0, Nig #0.

Indeed, for systems (34) we have Nig = 24[27a® + (c — f)(2¢ + f)?]23y and,

evidently, Nig = 0 implies 27a® + (¢ — f)(2c + f)? = 0. On the other hand we have
Nig = 216az? and thus, the condition Nig # 0 is equivalent to a # 0. Therefore if the
conditions Nig = 0, Nig # 0 are satisfied then systems (34) via a transformation
and a suitable notation (see page 76) can be brought to systems (36). For these
systems we calculate Nog = 48(1 — 4r)z?, Noy = 48ra*.
Therefore if for a system (14) the conditions No = N3 = Njg = Njg = 0 and
Nig # 0 hold then we obtain the configuration Config. 8.34 if Noy < 0; Config. 8.35
if Nog > 0, Noy > 0; Config. 8.36 if Nog = 0 and Config. 8.37 in the case Nog < 0.
Moreover if No; = 0, i.e. 7 = 0 we obtain Config. 8.38.
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3.3.4 Perturbations of normal forms

To finish the proof of the Main Theorem it remains to construct for the nor-
mal forms given in this theorem the corresponding perturbations, which prove that
the respective invariant straight lines have the indicated multiplicities. In this
section we construct such perturbations and for each configuration Configs. 8.j,
Jj = 23,24,...,38 we give: (i) the corresponding normal form and its invariant
straight lines; (i7) the respective perturbed normal form with its invariant straight
lines and (éi7) the configuration Configs. 8.jz, j = 23,24, ...,38 corresponding to
the perturbed system.

t=(zr—1z(1+z),
Config. 8.23
y=x—1y+z?+ 3wy;

Invariant lines: Lig =z, L3as=x—1, Ls=x+1, Ly: Z =0;

t=z(14z)(z+ 3ze — 1),

Config. 8.25:: {y = (14 3ey)(x + 2? — y + 3y — 3ey + 3ewy — bey? — 9e?y?);

Li=z, Ly=x—-3ey, Ly=x+3cx—1, Ly=x—3ey — 1,

I ) nes:
nvariant lines {L5 —r—3c—6ey—92y—1, Lg=1+x, L =1+ 3ey.

(3.6)

2
(‘ o £,

Config. 8.23 Config. 8. 23.
t=z(l-u+2z)(1+u+z), ul > 1 = Config. 8.24;
Config. 8.24-8.26 < ) lul <1 = Config. 8.25;
y=Q0-v"+2z)y, |ul #1, u=0 = Config. 8.26;

Invariant lines: Lipgz=x, Ly =x+1+wu, Ls=x+1—wu, Lg=y, L7: Z =0

i=x(l—u+e?+a)(l+u—e’+ua),
y=y(l+ey)[l—(u—e?)?+2x+ (e%(u—e?)? —&%)yl;
Li=z, Lo=z—¢c(u+1)y, Ly=z—¢c(u—1)y—ye,
Li=x+4+14+u—€® Ls=ac+1—u+e? Lg=y, Ly =1+¢y.

(3.6) (3.6)

3
3
NI o w &w .

Config. 8.24 Config. 8.24. Config. 8 25 Config. 8 25.

Config. 8.24.-8.26.: {

Invariant lines: {
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(36)

®-

Config.8. 26 Config. 8. 26.

i =z[(z+1)? +u?,
y=(1+u*+2z)y, u#0;
Invariant lines: Liss=x, Ly=x+1+1iu, Ly =x+1—1iu, L=y, Ly : Z =0;

Config. 8.27: {

) :i::x[(:z:+1)2+u2],
Config. 8.27%: {y = y(1 —ye) (1 + 2 + 22 + ye + uye);

Invariant lines: Ly=x, Lyz=x+eytiucy, Lys=x+1*1iu, Le=y, Ly=—1+ye.

(3.6)

4 N
.
m ( =§§\
VA I
[
| I
(1) 13 I I
> T i
|
N
N I
/4
N A7
A )

7
Config. 8.27 Config. 8.27.

t=1-z+uz(l—z—-u), { lu| >1 = Config. 8.28;
g =2w?+z— 1y, |ul #1, lul <1 = Config. 8.29,

Invariant lines: Ly =x, Log=1—-2+u, Lys=1—-x—wu, Lg=y, L7: Z =0

Config. 8.28, 8.29 {

t=(1—-z+uwz(l—x—u),

=yl +u—ecy)2u? + 22+ ey —uey — 2)/(1 + u);
Li=z, Io=1—2z+4u, Ls=1—-z+u—cy, Ly=1—1x—u,
Ly=x—14+u’+ur+ey—uey, Lg=vy, Ly =1+u—ey.

Config. 8.28., 8.29.: {

Invariant lines: {

(3.6) 36)

2 2
2
SR ) &) £ o Jo [©) S

Config. 8.28 Config. 8.28. Config. 8.29 Config. 8.29.

i =zl +u? -2z + 2?),
g=2yle—1-u?), u#0;

Invariant lines: Ly=x, Los=x—1—tu, Lys=x—1+41iu, Le=y, L7: Z=0;

Config. 8.30: {
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i =x(1+u® -2z + 2?)
Config. 8.50.: ) ’
onfig c {y =y(1 —ey)(2z — 2 — 2u? + ey + u?ey);
_ _ Li=z, Lo=x—1—1u, Ly=x — 1 —iu + ye + tuey
I t lines: P o , ’
nvariant tines {L4:$—1+Zu, L5:x—1+zu+€y—ZU€y, L6 =y, L7:6y—1

(3.6)

Config.8.30 Config.8.30.

&= x(z® + 1), {r:—l = Config. 8.31,

Config. 8.31, 8.32 { r=1 = Config. 832

j=x—2ry,
Invariant lines: Ly =z, Log=x—+/—r, Lys=x++/—r, Le=y, L¢7: Z=0;
i=(2r —e* + &%) (4r + 42? — 4re? — 3et + 6% — 3¢8)x
' (x — xe + 6rye + 2rye? — 3ye® — yeb + 3ye” + ye®) /(8r),
Config. 8.31c, 8.52%: y = (z —2ry + ety — yeb) (4r — dre? + 16r22y? — 3+
+6€5 — 1670y — 38 + 167y + 410y — 812y +-4ety?) / (4r);

(3.6) (3.6)

(&Y}

Config. 8.31 Config. 8.31. Config. 8.32 Config. 8.52.
Config. 8.33: {:t:x?’, y=14ux;

Invariant lines: L1345 =, Le7: Z = 0;
~ [i=2(97 — 62 + 4e?)(9z + 6 — 102 + 4£?) /81,
Config. 835 {y = (3—2e+ye?)(3—2e—ye?)(9+ 97— 15+ 622 — 2y +e3y) /81;
Li =, Ly =12 —6c+4e%, L3 =x + 6 — 102 + 4&3,
Invariant lines: Ly=1x—3c+2%+ 3y, Ly =x+3c—5e2+2e3—3y+ety,
Lg :3—2€+62y, L; = —3+2£+E2y.

(3.9

Config. 8.33 Config. 8.33.
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: 2 r<0 = Config. 8.84;
T =x(r+x+x%), 0<r<1/4 = Config. 8.35;
Config. 8.34-8.37 {y vy T A0, r=1/4 = Config. 8.30;

r>1/4 = Config. 8.37,

Invariant lines: Ligo =z, L3g=71+2x+ x2, Ls = v, Le¢7: Z=0;

b =a(r—e2+x+2?)
C . 8.84--8.37: . ’
oy 834837 {yzy(r—62—6y+62y2);
Li=xz, Ly=uz—e¢y, L374:7‘+x+x2—52,

Invariant lines:
{L576 = r—sy—€2 +€2y2, L7 =1v.

(3.6) (3.6)

v
lm
9
w
lm

(1) (1) (1)

Config.8.34 Config.8.54. Config. 8.35 Config. 8.35.

(36 36

VAN AN,

Config. 8.36 Config. 8.36. Config.8.37 Config. 8.37.

Config. 8.58: {:i::acz(ac+1), y=1;
Invariant lines: Lipgz=x, Ly =x+1, Lsg7: Z =0

t=z(x—e)(l+z+e—2ey),

y = (ey — 1)(2ey — 1)(1 — 2ey + 26%y);

Li=z, Lo=x—¢, Ly=x+4+e—2ye?, Ly=1+x—c—2ye+2ye?,
Ls=ye—1, Lg =2ye — 1, Ly =1 — 2ye + 2ye>.

Config. 8.38.: {

Invariant lines: {

(3,9

Config. 8.38 Config. 8. 38.
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Primary decomposition of general graded structures
Emil Ili¢-Georgijevi¢, Mirjana Vukovié

Abstract. In this paper we discuss the primary decomposition in the case of general
graded modules — moduloids, a generalization of already done work for general graded
rings — anneids. These structures, introduced by Marc Krasner are more general
than graded structures of Bourbaki since they do not require the associativity nor
the commutativity nor the unitarity in the set of grades. After proving the existence
and uniqueness of primary decomposition of moduloids, we breafly turn our attention
to Krull’s Theorem and to the existence of the primary decomposition of Krasner—
Vukovié paragraded rings.

Mathematics subject classification: 13A02, 16W50.
Keywords and phrases: Moduloid over an anneid, irreducible submoduloid,
quasianneid, primary decomposition.

1 Introduction

The graded primary decomposition of graded modules graded by torsion free
Abelian groups can be found in Bourbaki [1]. The more general case of grad-
uations by finitely generated Abelian groups is covered in papers of M. Perling,
S.D.Kummar [16], and S.D.Kummar, S. Behara [15]. However, M. Krasner in-
troduced the theory of general graded structures (groups, rings, modules) where
nothing is assumed for the set of grades except its nonemptiness, since, in his defini-
tions, additive graduation and structures of rings and modules will imply operations
(generally partial) in the set of grades. It all started when M. Krasner defined the no-
tion of a corpoid while he was studying valued division rings [4]. Corpoid is actually
the homogeneous part of a division ring, graded by an arbitrary set, with induced
operations among which the induced addition is, naturally, a partial operation, since
the sum of two homogeneous elements does not have to be homogeneous. As a gen-
eralization of a corpoid, we have the notion of an anneid — the homogeneous part
of a graded ring, and finally, the notion of a moduloid over an anneid. The general
graded theory continued to develop [2,3,5-9,14]. Particularly, M. Chadeyras con-
sidered the existence and uniqueness of the primary decomposition of commutative
anneids in [2]. Unlike the abstract case, an irreducible ideal of a Noetherian anneid
is not in general a primary ideal, but it is under certain assumptions. In this paper
we will extend these results to the case of moduloids. Since proofs of propositions in
the case of moduloids are similar to ones in the case of anneids discussed in [2], which
were inspired by those given by O. Zariski, P. Samuel in [19], we will give proofs only
of some results. Krull’s Theorem for moduloids is followed by the brief observation
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of the existence of primary decomposition of Noetherian paragraded rings, actually
of their homogeneous parts. Paragraduations were introduced by M. Krasner and
M. Vukovi¢ [11-14] and these structures are closed with respect to the direct sum
(direct product) in the sense that the homogeneous part of obtained structure is
the direct sum (direct product) of homogeneous parts of components (see [14,18]),
which is not necessarily true for their graded counterparts.

2 Preliminaries

According to the definition of Bourbaki-Krasner [10, 14], a graded group G,
with the neutral element e, is a group with graduation v : A — Sg(G), v(§) = Gs
(0 € A), such that G = @;scp G5, where A is a nonempty set, called the set of
grades, and Sg(G) the set of subgroups of G. We also say that G has graduation
(A,7). The set H = |Jscp Gs is called the homogeneous part of G and elements
from H are called homogeneous. The grade £ € A for which e # x € G¢ is called
the grade of a homogeneous element z and is denoted by d§(x). The neutral element
e does not have a grade but we may associate a grade to it from A\ A* where
A* = {0 € A | G5 # {e}}, and call it the zero grade and write d(e) = 0. If
A = A* U {0}, a graded group G = @Pscp Gs is called proper. We will assume
graduations throughout the paper to be proper. Multiplicative operation on G
induces the partial operation on H. If z,y € H, then xy is defined in H if and only
if zy € G is the element from H, and in that case the result is the same and we
write it in the same way. If this situation occurs, we say that the elements x,y
are composable or multipliable (addible in the case of an additive operation) and we
write z#y [10,14]. Elements x,y are composable if and only if they come from the
same subgroup G(a) ={x € H | ax € H}, a € H* = H \ {e}. In [10,14] it is proved
that when H with the operation induced from G is given, then we may reconstruct
G up to H-isomorphism, namely G = @ (q)ep- G(a), where D* = {G(a) [ a € H*}.
Also, from [10,14] we know that H is the homogeneous part of some graded group
G, with operation induced from that group, if and only if:

i) (Je € H)(Vx € H) x#e N xe = x;
it) (Vz € H) x#x;
iti) (Vx,y,z € H) x#y Ny#z Ny # e = x#z;
iv) for all a € H*, H(a) = {x € H | a#x} is a group.

The structure that satisfies formentioned axioms is called a homogroupoid [10].

If R is a ring whose additive group has a proper graduation (A,7), it is called a
graded ring if for all £, € A there exists ( € A such that R¢R,) C R [10]. Clearly,
this ¢ is unique if R¢R,) # {0}. According to Krasner’s Lemma [3], if (a,a’) and
(b,b") are two pairs of elements of the same grade and if ab # 0, a’b’ # 0, then ab
and a'b’ are of the same grade. Hence, we may define a multiplicative operation on
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A in the following manner [10,14]: if £,n € A we put

¢, {0} # ReR, C Re.

This multiplication does not have to be associative. However, if R¢R,R; # {0}, then
(&n)¢ = &€(n¢). Thus, this definition represents a generalization of the definition of
a graded ring given by Bourbaki [1]. If A = (Js;ca Rs — the homogeneous part of
R, then A, with respect to operations induced by R, satisfies the following axioms
(10, 14]:

i) A is a multiplicative semigroup with a biabsorbing element 0, i.e. with an
element 0 for which a0 = 0a = 0, for all a € A;

i) (Va,b,c € A) a#tb Abtc Ab# 0 = adic;
iii) (Va € A) a#0;

) (Ya,b € A) a#tb = bi#ta;

v) (VYa € A) a#ta;

vi) (Va € A\ {0}) the set A(a) = {z € A | x#a} is a group with respect to
addition;

vii) distributivity of multiplication with respect to addibility and additivity holds.

An anneid [10] is a nonempty set A which satisfies the axioms ¢) — vii). If A
is an anneid, then we put A = A* U {0}, where A* = {A(a) | a € A\ {0}}. Then
A= @A(a)EA* A(a) is a graded ring and is called an associated graded ring to an
anneid A or a linearization of A [2,3,10].

Let R be a graded ring with graduation (A,~), (M,+) a commutative graded
group with graduation (D,T"), and let M be an R-module with external multiplica-
tion (a,z) — ax (a € R, x € M). M is a graded R-module if (V¢ € A)(Vs € D)(3t €
D) ReM, C M, [10].

Let M be a commutative additive homogroupoid, A an anneid, and let the
external multiplication (a,z) — azx (a € A,x € M,ax € M) have the following
properties: i) a#b = ax#bxr and (a + b)z = ax + bx; i) x#y = ar#ay and
a(x +y) = ax + ay; iii) a(bx) = (ab)x. Then M is called an A-moduloid [10]. If A
is unitary, then M is unitary if lx = x, for all x € M. We will assume all moduloids
unitary. A graded A-module M = @ M(z), where M (z) runs through the set of
addibility groups of a homogroupoid M, is called an associated graded module to a
moduloid M. A nonempty subset N of an A-moduloid M is called a submoduloid if
x —y € N for all addible x,y € N, and ax € N for all a € A and z € N.
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3 Primary decomposition of submoduloids

Like in the abstract case, we begin with the definition of a primary submoduloid
of a moduloid. The notion of a primary decomposition of a submoduloid is clear
enough. Also, the notion of a Noetherian moduloid is analogous to the ungraded
case.

Definition 1. A submoduloid NV of a moduloid M over an anneid A is called primary
if N # M and whenever ¢ € A, x € M and ax € N implies z € N or a"M C N, for
some n € N.

The following result is straightforward.

Lemma 1. If N is a primary submoduloid of an A-moduloid M, then v N : M =
{a € A| (3n € N) a"M C N} is a prime ideal of A. If P = /N : M, then we say
that N is P-primary.

Before we proceed, we need to make few observations which are analogous to
what Krasner [10] and Chadeyras [2] did in the case of anneids. First, let X be a
subset of a moduloid M over an anneid A. Denote by X an additive homogroupoid
generated by X and if X and Y are subsets of M, let X + Y be the set {z +
ylre XANyeY ANax#y}. If AX C X and AY C Y, then it is easy to prove that
AX+Y) C X +Y. Also, if X and Y are additive subhomogroupoids of M, then
X 4Y is also an additive subhomogroupoid and so, if X and Y are submoduloids
of M, X +Y is also a submoduloid of a moduloid M. If AX C X, then AX, C X
and X, is a submoduloid of a moduloid M. We are particularly interested in the
case X = {m}. We denote (m) = (Am);+. Let M and M’ be two A-moduloids,
where A is an anneid. The mapping f : M — M’ is called a quasihomomorphism if
x#y = f(x)#f(y) and in that case f(z+y) = f(x)+ f(y), and also f(az) = af(x),
where 2,y € M and a € A (see [2,10, 14] for more details). In [2] M. Chadeyras
observed agglutinations M) = f~Y(M’'), where f : M — M, f = flu, is a
quasihomogeneous homomorphism of graded modules, that is, it is a homomorphism
of modules and f(M) C M’ [2]. In particular, for a € A, the mapping f, : M — M,
f(z) = ax (z € M) is a quasihomomorphism and let M (%) = ﬁ_l(M ). M. Krasner
in [10] proved that if M is Noetherian with every element from A being semiregular,
that is, if M is strong Noetherian, then the chain M @ c M (a®) C ... is stationary,
i.e. there exists n such that M) = M (“Ml); the smallest such n is called an
exponent of semiregularity. An element § € A is called semiregular if the sequence
(e(@™)) is finite, where €() is an equivalence of grades defined by d; ~ dy < §(a)d; =
d(a)ds, di,dy € D, where D is the set of grades of M.

Lemma 2. FEach submoduloid of a Noetherian moduloid is the intersection of finitely
many irreducible submoduloids.

Proof. This follows from Zorn’s Lemma. O
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The following lemma is crucial in our discussion, since an irreducible submoduloid
is not in general a primary submoduloid. The assumption of strongness imposed on
a Noetherian moduloid removes this issue.

Lemma 3. Let N be a submoduloid of a strong Noetherian A-moduloid M, where
A is an anneid. If N is irreducible, then it is primary.

Proof. Suppose N is not primary. Then there exist m € M \ N and a € A such
that am € N and a"M ¢ N, for every n € N. Then we have an ascending chain of
submoduloids (N : {a"}) = {z € M | ™z € N}. Since M is Noetherian, there exists
s € N such that (N : {a®*}) = (N : {a**t'}). Also, since M is strong Noetherian,
by M. Krasner [10] there exists r € N such that M©@) = M@ Let n = r + .
Submoduloids Ny = N+(m) and Ny = N+ (a") strictly contain N. Let 0 # x € N1N
Ns. Then there exist o, 3 € N, & € M(@") and n € A such that z = a+£&a" = B+nm.
All elements are mutually addible. Now, ax = a3+ nam and since am € N, we have
ax € N and so £€a"! € N. Let ( = &a”. Then ¢ € M and (a®t! = €a"t! € N and
from (N : {a®}) = (N : {a**'}) we have that £a" = Ca® € N. Hence, x € N. O

The notion of a reduced primary decomposition is defined as in the case of abstract
modules [19].

Corollary 1. Fach submoduloid of a strong Noetherian moduloid has a reduced
primary decomposition.

Corollary 2. A Noetherian module has a reduced primary decomposition.

Proof. Let M be a Noetherian R-module. Then R may be viewed as a graded ring
via trivial graduation, and as its homogeneous part coincides with R, it may be
regarded as an anneid. Analogously, M is a moduloid over an anneid R, if observed
as a graded module with trivial graduation. Hence, M is a strong Noetherian R-
moduloid with the exponent of semiregularity equal to 1 and it admits a primary
decomposition. O

Definition 2. Let M and M’ be two unitary moduloids over an anneid A,
f: M — M’ a quasihomomorphism, and N, N’ submoduloids of M, M’, respec-
tively. Then (N')¢ := f~}(N') is a submoduloid of M called a contraction of N’
and N€:= (f(N)) is a submoduloid of M’ called an extension of N.

It is easy to prove the following

Lemma 4. Let M and M’ be two unitary moduloids over an anneid A and f : M —
M’ a quasihomomorphism. If N' is a P'-primary submoduloid of M', then (P')¢ is
a prime ideal and (N')¢ is (P")¢-primary.

Corollary 3. Let M be an A-moduloid. If M is Noetherian, then M admits a
reduced primary decomposition.
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Proof. Let N be a submoduloid of M and let N be its linearization, that is a
homogeneous submodule of a graded module M. Then, since M is Noetherian, N

has a primary decomposition. The assertion now follows from the previous lemma
and the fact that N = NN M. O

Remark 1. It should be noted that if a moduloid admits a primary decomposition,
then this does not imply that its linearization has the same property.

Let us now give the uniqueness theorems.

Theorem 1. Let M be an A-moduloid and N a submoduloid with a reduced primary
decomposition N =, N; and let P; = \/(N; : M). Then P;’s are prime ideals P in
A for which there exists x € M, x ¢ N, such that (N : {x}) is a P-primary ideal.

Proof. The proof is similar to the classical case [19]. Namely, if x € (), ,; Nj, z € N,
then (N : {z}) contains the annihilator of M/N;, and hence it can be proved that
(N : {z}) is P-primary. The converse is easy as well. O

Theorem 2. If N is a submoduloid of an A-moduloid M which has a reduced pri-
mary decomposition N = (), N;, N; a Pj-primary, then the minimal elements of the
family of all prime ideals P; are also the minimal elements of the family of all prime
ideals P which contain the annihilator of M/N.

Proof. Let QQ; = ann(M/N;). Then Q; is a P-primary ideal and ann(M/N) =
(); Q:- Since [, Q; represents the primary decomposition of ann(M/N), the assertion
follows from the known result for anneids [2] which claims that a prime ideal of an
anneid A contains an ideal I, which has a reduced primary decomposition (); Q;, @;
a P;-primary, if and only if it contains one of the P;’s. O

Theorem 3. Let N be a submoduloid of an A-moduloid M which has a reduced
primary decomposition N = (), N;, N; a Pi-primary. The set N} of all elements
x € M for which there exists a ¢ P; such that ax € N is a submoduloid of M which
is contained in N;, and, if P; is a minimal element of the family {P;}, then N/ = N,.

Proof. Let z1,29 € N/ and x;#x9. Then there exist aj,as ¢ P; such that
a1z1,ax2 € N, and hence, ajas(z; — x2) € N while ajas ¢ P;, which proves that
N is a submoduloid of M. The inclusion N/ C N; is clear enough. If P; is a minimal

element of the family {P,}, then for all j # i, we have P; ¢ P;. Let a; € P; \ P,
n(j) € N be such that a?(])M C Njanda=1][,4, a;L(J). Then a ¢ P; and, if z € N;,
then ax € N, which means that z € N. O

4 Krull’s Theorem

The proof of the following result runs exactly as in the abstract case [19].

Lemma 5. If A is a strong Noetherian anneid and M a Noetherian A-moduloid,
then if Q is an ideal of A and N a submoduloid of M, then there exist an integer s
and a submoduloid N' of M such that QN = N NN’ and N' D Q°M.



PRIMARY DECOMPOSITION OF GENERAL GRADED STRUCTURES 93

Lemma 6. Let Q be an ideal of a unitary anneid A and let N be a submoduloid of
M. If N =QN and if N is finitely generated, then for all 0 # x € N, x € Qx.

Proof. Let {x1 = x,x9,...,2,} be the generators of N. From N = QN we have that
each z; can be written as a linear combination of x4, ...,x, over ). Thus, we have
n equations

ey — = (- Dy — - pday— =0 i=1..m,

where ,u;'» € Q. If we do the calculations in M, we will obtain a determinant of
coefficients equal to 1 — u, where p € @, such that (1 — p)z; = (1 — p)z = 0.
By regrouping the addible elements of M in the development of (1 — p)z, we get
(1—-a)r+pro+--+Bx=0,0a,B,...,3s € Q. Since M is the direct sum of groups
of addibility, we have that (1 — a)z = 0 which implies that o = >, ax € @, where
x and apx are mutually addible. O

Now we may formulate and prove Krull’s Theorem for moduloids.

Theorem 4 (Krull’s Theorem). Let A be a Noetherian strong anneid with unity,
and Q an ideal of A. If M is a Noetherian A-moduloid, then (2, Q"M = {0} if
and only if © ¢ Qx, for all 0 # x € M.

Proof. Let z # 0 and = € Qz. Then there exists o = >, a (ar € Q) such that ay
are mutually addible as well as a;x#a;x (i # j) and v = ax = ), apx. Hence,

T = Zak(z agx) = Zak(z ak/(z agrx)) = ...
k k' k k'

k//

and so x € Q"M for all n € N. Thus, ()2, Q"M # {0}. Conversely, let
N, Q"M = N # {0}. Then there exist an integer s and a submoduloid N’ such
that QN = NN N’ with N’ D Q*M. So, QN D NN Q*M = N, which means that
N=@QN,andsoforall0£x € N CQM, z € Qx. O

5 Primary decomposition of quasianneids

We start by giving less known notions introduced in [11-14]. The mapping
m: A — Sg(G), m(0) = Gs (§ € A), of partially ordered set (A, <), which is from
below a complete semi-lattice and from beyond inductively ordered, to the set Sg(G)
of subgroups of the group G, is called a paragraduation if it satisfies the following
six-axiom system:

i) 7(0) = Go = {e}, where 0 = inf A; § < &' = G5 C Gy;
Remark 2. H = |Jsop Gs is called the homogeneous part of G with respect
to 7.

Remark 3. If © € H, we say that 6(z) = inf{d € A | z € Gs} is the grade of
x. We have §(z) = 0 if and only if x = e. Elements d(x), € H, are called
principal grades and they form a set which we will denote by A,,.
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ii) 6 C A= 0569 Gs = Ginfg;

iii) If x,y € H and yx = zzy, then z € H and §(z) < inf{d(z),d(y)};

)
)
iv) Homogeneous part H is a generating set of G
v)

Let A C H be a subset such that for all z,y € A there exists an upper bound
for §(x),0(y). Then there exists an upper bound for all d(x), x € A;

vi) G is generated by H with the set of H-inner and left commutation relations:

1. xy = z (H-inner relations);

2. yr = z(x,y)xy (left commutation relations).

A group with paragraduation is called a paragraded group. A ring R is called
paragraded if its additive group is paragraded and if for all £,n € A there exists
¢ € A such that R¢R, C R¢. If R is a paragraded ring with homogeneous part
H, then we may observe restrictions of operations on R to H. Induced addition is
partial and we write z#y if and only if z+y € H. The obtained structure is called a
paraanneid [14]. If x € H, let H(z) = {y € H | x#y}. Paraanneid certainly satisfies
the following axioms:

i) There exists an element 0 € H such that H = H(0) and such that for all
r € H we have 0 + = = x;

it) If a € H, x + y is always defined on g(a) = {z € H | H(x) 2 H(a)} and
(g9(a),+) is an Abelian group;

iii) If A C H is such that for all z,y € A we have z#vy, then there exists g C H
such that = +y € g for all z,y € g, x € g implies g(x) C g and A C g;

iv) H? C H;
v) x#x’ and y#y' imply xy#a'y’.

Structure (H,+,-) which satisfies axioms i) — v) is called a quasianneid [14].
A quasianneid however does not have to be a paraanneid; it is under few more
assumptions [14]. Let us notice that iv) and v) imply

vi) If x#ty then z(x +y) = zx + zy and (z +y)z = vz + y=.

Let us now suppose that a paraanneid H is commutative, and let us consider
the mapping ¢, : * — az (x € H), where a € H. It is a quasiendomorphism [14] of
H (definition is analogous to the notion of a quasiendomorphism for anneids) and
let HY = o1 (H), where H = (¢4 (H)). The mapping ¢, defines the equivalence
€q on the set of grades A of H in the following manner: d; ~ d2 < 6(a)dy = d(a)ds.
Obviously, (H!®, +) = (H, +) implies discrete equivalence [z ~ y = = = 3|. Since
©ab = Papp, we have HW D HI and we write H®! > Hl. Also, the equivalence
€p 1s finer than ¢, and we write €, > ¢,. Hence H < H b < H [a?] < ... and
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0 < e, < €2 < ....If the sequence (H["1) resp. (eyn) is stationary, then we
say that a is a semiregular element resp. semiregular grade [14]. A paraanneid
H is called strong [14] if every a € H is semiregular. The notion of a Noetherian
paraanneid is clear. A nonempty subset () of a paraanneid H is called an ideal if
x—1y € Q for all addible 2,y € @, and if ax € Q for all a € H and = € Q. The
notion of a primary ideal is analogous to the abstract case. Now, as in the case of
anneids and moduloids, one can prove the following

Theorem 5. Fach ideal of a Noetherian paraanneid is the intersection of finitely
many irreducible ideals. If Q) be an irreducible ideal of a strong Noetherian paraan-
neid H, Q) is primary. A strong Noetherian paraanneid has a primary decomposition.

If a ring R is extragraded [13,14], that is, if (R, +) is an extragraded group, i.e.
if instead of the axiom vi) we have the following axiom:

vi') If 61,...,0s € A, are incomparable in pairs and if z;, 2, € H (i =1,...,s) are
such that 1+ -+ x5 =) +---+ 2} and x;, 2, € Rs, forall i = 1,..., s, then
(5(—xi + 1’;) < (52',

then the ascending chain condition on R implies the existence of a primary decom-
position in the corresponding homogeneous part, which we call an extraanneid.

Theorem 6. If R is an extragraded Noetherian ring, then its extraanneid has a
primary decomposition.

Proof. Let H be a homogeneous part of R. Since R is Noetherian, every ideal, and
particularly, every homogeneous ideal @), has a primary decomposition. Since R is
extragraded, Q N H is an ideal in an extraanneid H and (@) is generated exactly by
Q N H [14]. Also, if @ is a primary ideal in R, then @ N H is a primary ideal in H
and the claim follows. O
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On the distinction between one-dimensional Euclidean
and hyperbolic spaces

Alexandru Popa

Abstract. The difference between Euclidean and hyperbolic spaces is clear starting
with dimension two. However, the difference between elliptic space and both Euclidean
and hyperbolic ones can be described also for dimension one. Does it mean that
there is no difference between one-dimensional Euclidean and hyperbolic lines, or
it is necessary to better define the difference between them? This paper proposes
one possible way to draw clear distinction between one-dimensional Fuclidean and
hyperbolic lines.
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Keywords and phrases: Points connectability, angle measurability, strong and weak
separability.

1 Introduction

The difference between hyperbolic (named also Lobachevsky in Russian litera-
ture) and Euclidean spaces is space curvature — zero in Euclidean case and negative
in hyperbolic case. The space curvature is intrinsic space property starting with di-
mension two [1], it cannot be used to distinguish one-dimensional Euclidean and
hyperbolic spaces.

Another approach is to distinguish geometries. Hyperbolic geometry differs from
Euclidean one by Parallel axiom [2]:

Euclidean Parallel axiom: On the plane with given line [, through a point P & [
exactly one line a goes so that a Nl = @.

Hyperbolic Parallel axiom: On the plane with given line [, through a point P & [
at least two lines a,b go so that aNl =2, bNIl = 2.

These axioms, as well as all their equivalents, assume the existence of two parallel
lines, triangles or other figures, that are essentially two-dimensional.

On the other hand, there exists a clear distinction between one-dimensional ellip-
tic and both Euclidean and hyperbolic spaces. Define points of some line separable
if among any three different points A, B, C one (let it be B) divides the line into two
half-lines, and remaining two points A, C' lie on different half-lines. In this case we
can speak that B lies between A and C. Otherwise, we call points non-separable.

The elliptic points are non-separable, because no point devides elliptic line into
two half-lines and among any three points no one lies between two others [3]. Eu-
clidean and hyperbolic points are separable. In order to make the difference between
them, we refine the point separability property.

© Alexandru Popa, 2015
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2 Uniform model of elliptic, Euclidean and hyperbolic lines
Before we can speak about the tuning of points separability property, we need
one universal model for all three one-dimensional spaces constructed in spirit of [7].

Definition 1. Define a characteristic to be a number k € {1,0,—1}. The charac-
teristic is elliptic if k = 1, linear or parabolic if k = 0 and hyperbolic if k = —1.

Definition 2. For z,y € R? define * ® y = woyo + kz1y1. Define the metaplane
M2 = {R?,0}.
Definition 3. Define the line B' = {z e M? |z ©x = 1, —z = z} (Figure 1).

“xO k: —1

>

Figure 1. One-dimensional models of elliptic, Euclidean and hyperbolic spaces.

Definition 4. Define generalized by k cosine, sine and tangent functions as:

00 s2n cost, k=1,
n=0 n) — .
cosht, k= -1;
S(t) = i(—k:)"itznﬂ = fnt, 2 _ (1)
L 2n+1)! )7 -
n=0 sinht, k= —1;
S(t) tant, k=1,
T(t) = m = t) k= 07

tanht, k= -—1.

Definition 5. Define the translation by ¢ in B! to be the transformation with the

matrix
_ (C(p) —kS(p)
W‘(s«o) C(v) >
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In these definitions we obtain circle model of one-dimensional elliptic space when
k = 1. When k = 0, the model is identical to one-dimensional Euclidean space
identified by the equation xy = 1 in the metaspace M?. When & = —1 we have
hyperbola model of hyperbolic one-dimensional space. This model is equivalent to
Beltrami-Klein model of hyperbolic space if instead of coordinates xg, z; use one:

/ x

==,
oy

and is equivalent to Poincaré model in a disk if:

r_ "1
1—1—330'

x

It is important to mention that whatever model or coordonate system is used for
one-dimensional space it is always possible to reconstruct its metaplane M? by fixing
some point O as origin with homogeneous coordonates (1 : 0) and for some line point
X coordonates will be (C(z) : S(x)), where x is the signed distance |OX].

3 Point unconnectability and angle unmeasurability notions

Because a metaspace M? is not Euclidean unless k = 1, we need several more
important notions. These notions belong to geometry, not to space model construc-
tions. In order to see it, we obtain them from axioms of two-dimensional elliptic,
Euclidean and hyperbolic geometries using duality operation. We can generalize
Parallel axiom in the following way (Figure 2):

b) c)

Figure 2. Parallel axiom: a) elliptic, b) Euclidean and c¢) hyperbolic.

Generalized Parallel axiom: On the plane with given line [, through a point
P ¢ 1 0* lines {a;} go so that a; N1 = @.

Remark. The symbol 0F is not used in calculus. Its value is:
0, k=1,
0F={1, k=0,

oo, k=-1.
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Duality operation on a plane means exchanging the following relations:

Point P «— Line p,
Pel——p>31L,
Pél—pZL,

[l=AB+«— L=anb,

|AB| = ¢ «— Lab = ¢,

a || b+«— A, B have no common line.

The relation “A, B have no common line” is dual to line parallelism. Such geometries
were proposed in [4,5]. Several of them are described in [6-9].

Definition 6. Two points A, B are unconnectable if they have no common line.

In order to see different types of points unconnectability, we need new axiom.
Let formulate Connectability axiom, dual to Parallel axiom (Figure 3):
Connectability axiom: On the plane with given point L, in the line p # L 0F
points {A;} lie so that A;, L are unconnectable.

. D . P .p

*

Bl B2 3 Bl 'Al 2 A

a) b)

Figure 3. Connectability axiom: a) elliptic, b) parabolic and c¢) hyperbolic.

Remark. As in the case of hyperbolic Parallel axiom (Figure 2, c), the limit case
between non-intersected and intresected lines is two parallel lines (bold ones), for
hyperbolic Connectability axiom (Figure 3, c), the limit case between connectable
and unconnectable points is two unconnectable points (also marked with bold).

Remark. Elliptic variant of Connectability axiom is equivalent to the following state-
ment: “Any two different points can be connected by a line”, that holds for elliptic,
Euclidean and hyperbolic geometries.

Definition 7. Define some angle to be measurable if any point from its interior
(including the rays) is either connectable or unconnectable with the vertex. Define an
angle to be unmeasurable if its interior (including the rays) contains both connectable
and unconnectable points with the vertex.

4 Points separability in a line

In order to draw the difference between Euclidean and hyperbolic cases of sep-
arable points, give more precise definition [10]. This definition is based only on



DIFFERENT TYPES OF POINTS SEPARABILITY 101

points connectability notion. Although the Connectability axiom also assumes at
least two-dimensional plane, this plane is nothing more than extended space of one-
dimensional line — its metaplane. No geometric objects are involved other than
objects of an one-dimensional line with its structure.

Definition 8. We call points on a line non-separable if all points on this line are
connectable with any point on the metaplane. We call points on a line separable
if for any three points A, B,C on this line and some point D on the metaplane,
connectable with A, C' and unconnectable with B, the angle ZADC' is unmeasurable
(Figure 4).

Dc

Figure 4. Points separability on a line.

Remark. For separable points A, B,C only a single point (B) has the described
property. For other points (A, C') and some unconnectable with them points D 4, D¢,
the angles ZBDAC and ZAD¢B are measurable.

If points of some line are separable, then the point B devides the line into two
half-lines and points A and C lie on different half-lines defined by B. When points
of some line are non-separable, then no point devides the line into half-lines.

Definition 9. In the case of separable points we say that the point B lies between
points A and C.

Remark. In the case of non-separable points on a line, among any three points no
one divides the line into half-lines, and it is impossible to talk about the position of
some point between other two.

Definition 10. We call points on some line weak separable (Figure 5, left) if any
point D of the line metaplane, being unconnectable with point B (that lies between
A and C) and connectable with both A, C, is also connectable with all points from
some neighborhood of B. We call points on some line strong separable (Figure 5,
right) if in the same conditions any point D is unconnectable not only with B, but
also with all points from some its neighborhood.
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Figure 5. Points separability on a plane: weak (left) and strong (right).

In this definitions, points of elliptic line are non-separable, points of Euclidean
line are weak separable, and points of hyperbolic line are strong separable.
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On the number of ring topologies on countable rings
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Abstract. For any countable ring R and any non-discrete metrizable ring topology
7o, the lattice of all ring topologies admits:

— Continuum of non-discrete metrizable ring topologies stronger than the given topo-
logy 70 and such that sup{r1, 72} is the discrete topology for any different topologies;
— Continuum of non-discrete metrizable ring topologies stronger than 7o and such that
any two of these topologies are comparable;

— Two to the power of continuum of ring topologies stronger than 79, each of them
being a coatom in the lattice of all ring topologies.
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1 Introduction

The study of possibility to set a non-discrete Hausdorff topology on infinite
algebraic systems in which existing operations are continuous was begun in [1]. In
this article for any countable group a method of constructing such group topologies
was given.

For countable rings the problem of the possibility to set non-discrete Hausdorff
ring topologies was studied in [2, 3]. In these articles for any countable ring a
method of obtaining any ring metrizable topology was given and it was proved that
any countable ring admits such topology.

The present article is a continuation of research in this direction. The main result
of this paper is Theorem 3.1, in which for any countable ring R and any non-discrete
metrizable ring topology 79, the number of topologies which have some properties
in the lattice of all ring topologies is specified.

For countable groups similar result was obtained in [4, 5].

2 Notations and preliminaries

To present the main results we remind the following well-known result (see, for
example, [2], Proposition 1.2.2 and Theorem 1.2.5).

Theorem 2.1. A set Q of subsets of a ring R is a basis of filter of neighborhoods
of zero for some Hausdorff ring topology on the ring R if and only if the following
conditions are satisfied:

© V.I Arnautov, G.N.Ermakova, 2015
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1) N V=A{0}

VeQ
2) For any subsets Vi and V, € Q there exists a subset V3 € Q such that Vi C

VinVa;
3) For any subset Vi € Q there exists a subset Vo € Q such that Vo + Vo C Vi;
4) For any subset V1 € Q) there exists a subset Vo € Q such that —Vy C Vi;
5) For any subset Vi € Q and any element r € R there exists a subset Vo € Q
such that R- Vo C Vi and Vo -1 C V7
6) For any subset Vi € Q there exists a subset Vo € Q such that Va- Vo C V7.

Definition 2.2. A subset V of the ring R is called symmetric if =V = V.

Notation 2.3. If Vi, Vs,... and S1,55,... are non-empty symmetric subsets
of a ring R, then for any natural number k we define by induction the subset
Fk(Sl, ey SV, Vk) of the ring R:

We take F1(S1; Vi) =Vi+Vi+Vi-Vi+S-Vi+V;- 5 and

Fry1(S1,52, -, Skg1; Vi, Vo, oo, Vi) = FL(S1; VU Fi(Sa, -, Skt Vas oo Vi)

Proposition 2.4. If Vi, Vs,... and S51,S52,... are some sequences of non-empty
finite symmetric subsets of a ring R and 0 € V; for any natural numbers i, then for
any natural number k the following statements are true:

2.4.1. V1 +V; C Fl(Sl;Vl), Vi-Vp C Fl(Sl;Vl), S1-Vi C Fl(Sl;Vl) and
Vi-S1 C Fi(S1; W),

2.4.2. For any natural number k the set Fi(S1,...,S%;V1,..., Vi) is a finite
symmetric set;

2.4.3. Fy(S1,...,5;{0},...,{0}) = {0} for any natural number k;

2.4.4. If k is a natural number and U; C V; C R and T; C S; C R for any
natural number 1 <1 < k, then

Fk(Tl,...,Tk;Ul,...,Uk) QFk(Sl,...,Sk;Vl,...,Vk);

2.4.5. If k and p are natural numbers and Vi1 ; = {0} for any natural number
1 <j <p, then

Fk(SbaSkv‘/laaVk) :Fk-i-p(Sl)"'aSk-‘rp;‘/lv"'aVk-i-p);
2.4.6. For any natural number k > 2 the following equality is true
Fk(517"'>5k;vla-"avk) =

Fi(S1,... .S ViU Fi_1 (S2, ..., Sk Va, oo, Vie)s oo, Vs U F1(Sks Vi), Vie)s

2.4.7. V; C Fi(S1,..., 5 Vi, ..., Vi) for any natural numbers 1 <t < k;
2.4.8. Fk—i—l(ssy cee aSk-i-s; VYS) ceey Vk+8) - Fk+s—t+l(5t7 v aSk-i-s; V;fy cee aVk‘-i-s)
for any natural numbers k,s,t and t < s.
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Proof. For proof of Statements 2.4.1 — 2.4.7 see in [2] the proof of Proposition 5.3.2.
We prove Statement 2.4.8 by induction on the number s — t.
If s —t =0, then t = s, and then

Fk—l—l(SSa cety Sk—l—s; ‘/:97 cet Vk—l—s) = Fk+(s—t)+1 (St7 R 7Sk+s; ‘/ta cet Vk+s)~

Assume that the required inclusion is proved for the number s — ¢t = n and any
natural numbers k, s and let s — ¢ = n 4+ 1. Then, from the induction assumption
and Statement 4.7 it follows

Fk+1(537 s aSk-i-s; VYS) ceey Vk+8) - VYS U Fk—i—n—i—l(ssv s aSTH-S; VYQ) s aVk-‘rn-i-s) c

Fl(ss§ Vs U Fk+n(ss+1y s aSk—i-n—i-s; Vs+1y ce aVk-i-n-i-s)) =
Fk—l—n—l—l (557 oo 7Sk+n+s; ‘/87 oo 7Vk+n+s) = Fk—l—s—t—l—l (SS7 oo 7Sk+s—t; ‘/87 s 7Vk+s—t)

for any natural numbers s, k.
Thus Statement 2.4.8 is proved, and hence, Proposition 2.4 is proved. O

Definition 2.5. If R is a ring and x is some variable, then we denote by R[z] the
free ring generated by the set R|J{z}.

We call elements of the ring R[x] the generalized polynomials over the ring R in
variable x.

Definition 2.6. For any element a € R, we consider:

— The mapping ¢, : R|J{x} — R such that p,(z) = a and ¢4(b) = b for any
beR;

— The ring homomorphism ¢, : R[z] — R, which is an extension of the mapping
Yo : RU{z} — R;

—If f(z) € R[z], then we denote by f(a) the element @, (f(x)) of the ring R;

— We call the element f(0) of the ring R the free term of generalized polynomial
f(x) € R[z];

— An element b of the ring R is called a root of a generalized polynomial f(x) €

Rlz] if £(b) = 0.

Notation 2.7. If R = {0,%ry,+r9,...} is a countable ring, then for any natural
number k let Sy = {&ry, £ro, ..., £ri}.

Theorem 2.8. If 7 is a non-discrete Hausdorff ring topology on a countable ring
R = {0,£ry,£ry,...} and f(z) is a generalized polynomial over the ring R with
nonzero free term, then there exists a neighborhood W of zero such that each element
r € W is not a root of this polynomial.

Proof. Since (R,7p) is a Hausdorff space, then there exists a countable basis
{Vl, Vo, .. } of the filter neighborhoods of zero such that —Vj, = V;, and V;, NS, = 0
(definition of the set Sy see above) and

Fi1(Sk+1; Vi+1) = Vier1 + Vi1 + Visr - Vierr + Sk1 - Vi1 + Vi - Sk € Vi
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for any natural number k.

Using induction on k it is easy to prove that Fy(Si+1,...,Si+&; Vit1, -+, Vixr) C
V; for any natural numbers i, k.

Since f(0) # 0, then f(0) ¢ V}, for some natural number ¢.

If S is the set of all nonzero elements of the ring R which are included in the
expression of the polynomial f(x) — f(0), then the finiteness of the set S implies
that S C S;, for some natural number iy, and hence, S C S; for all natural numbers
1 > ig. Besides, if n is a natural number such that the ring operations include not
more than n times in the expression of the polynomial f(z)— f(0) and n > iy, then
from the definition of sets Fi(Sit1,-..,Si+k; Vit1,- -, Vitk) it follows that

f(@) = f(0) € Fu(Stot1s- - -, Ston: {0}, ..., {0}, {z,0, —z}).

Then
f(r) = f(0) € Fu(Sigt1s -+ Stgtn; {0}, ..., {0}, {r,0,—1}) C

F”(Sto-l—l? s ;St0+n; ‘/tto-l-lv SRR V;Eo-i-n) - ‘/to

for any r € Viy1y. And since F(0) ¢ Vj,, then f(r) # 0 for any r € Vi 4p.
The theorem is proved. O

Since the intersection of a finite number of neighborhoods of zero is a neighbor-
hood of zero, then from Theorem 8 follows

Corollary 2.9. If 7 is a non-discrete Hausdorff ring topology of a countable ring
R, then for any finite set of generalized polynomials over the ring R with nonzero
free terms there exists a neighborhood W of zero such that each element r € W is
not a root of each of these polynomials.

Proposition 2.10. The following statements are true:

2.10.1. There exists a set N of subsets of the set N of natural numbers such that
the cardinality of the set N is continuum and AN B is a finite set for any different
sets A and B (see. [6], the proof of example 3.6.18);

2.10.2. If (BN, 7) is the Stone-Cech compactification of the set N of natural
numbers with the discrete topology, then N is a dense subset of the Hausdorff space
(BN, 7) and the cardinality of the set BN is two to the power of continuum (see [6],
Corollary 3.6.12).

3 Basic results

Theorem 3.1. If R = {0, £r,,£70,.. } is a countable ring and 1o is a non-discrete
Hausdorff ring topology such that the topological ring (R, 7y) has a countable basis
of the filter of neighborhoods of zero, then the following statements are true:

3.1.1. For any infinite set A of natural numbers there is a metrizable Ting
topology T(A) such that 19 < 7(A);

3.1.2. sup{7(A),7(B)} is the discrete topology for any infinite sets A and B of
natural numbers such that AN B is a finite set;
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3.1.3. There are continuum of ring topologies stronger than 1y and such that
any two of them are comparable to each other;

3.1.4. There exist two to the power of continuum of ring topologies such that
sup{r1, T2} is the discrete topology for any two different topologies T1 and To;

3.1.5. There exist two to the power of continuum of coatoms in the lattice of
ring topologies of the ring R.

Proof. Since (R,7p) is a Hausdorff space, then there exists a countable basis
{V1, Vs, ...} of the filter of neighborhoods of zero such that —V;, = Vj and VNS, =0
and

Fi(Sk+15 Vi) = Vi1 + Vier1 + Vit - Vierr + Skt Vierr + Vi1 - Sit1 € Vi

for any natural number k.
Then by induction on n it is easy to prove that

Fo(Sivt, -5 Sivns Vigr -+, Vign) C Vi

for any natural numbers i and n.
Further the proof of Statement 3.1.1 will be realized in several steps.

Step I. By induction we construct a sequence ki, ko, . . . of natural numbers such
that k; > 4, for any positive integer number ¢ and a sequence hq, hs, ... of nonzero
elements of the ring R such that {—h;, h;} C Vj, and

Fn(Sly' .- aSk‘a UA,I)' . '7UA,n)ﬂFn(sla .. '7Sk;UB,17 .. 'aUB,n) - {0}

for all subsets A and B of the set of all natural numbers such that AN B = 0,
where Ug; = {h;,0,—h;} if i € C and Uc; = {0} if i ¢ C, for any set C' of natural
numbers.

We take k; = 2, and as h; we take an arbitrary element of the set V5\{0}.

If A and B are some sets of natural numbers such that A( B = (), then ky ¢ A
or k1 ¢ B, and hence, Ug 1 = {0} or U1 = {0}. Then F1(S1;Ua1)NF1(S1;UB1) =
{0} for any sets A and B of natural number such that AN B = 0.

Suppose that we defined natural numbers k1 < ky < ... < k,, such that k; > 4
and nonzero elements hy, ho, ..., hy, of the ring R such that {h;, —h;} C Vj, and

Fn(Sl,...,Sk;UA,l,...,UA,n) ﬂFn(Sl,...,Sk;UB,l,...,UBm) = {0}

for any sets A and B of natural numbers such that AN B = (.
For any subsets A’ C {1,...,n} and B’ C {1,...,n} we consider a finite set

Q(A’,B’) = Fn+1(51, cee ,Sn+1; UA’,I ey UA’,na {LE, O, —LE})—

(Fa(S1--  Sns1: Upra - Upr )\{0})

of generalized polynomials over the ring R in variable x.
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Since, according to Statement 4.5,
Fov1(S1, . Snt1;Uar 1., Unr 0, {0}) = Fou(S1, oy Sng1s U, -, Uar )
and, according to inductive assumption,
Fo(St,..0Sn;Unra, o, Uar ) NER(S1, ..., S U, .., Upr ) = {0}

then the free term of generalized polynomial from €4/ p/) is nonzero.
Since the set {1,...,n} has a finite number of subsets, then the set ®, =
Qar,pry is a finite set of generalized polynomials with nonzero
A B'C{1,..n}, A’ B'=0
free term.

Then, by Corollary 2.9, there exists a neighborhood W of zero in the topological
ring (R, 7p) such that any element r» € W is not a root of any polynomial of the set
q)n+1(11}‘).

Then there exists a natural number k1 such that k,11 > n+1and Vj
We take hy41, any element of the set Vi, \{0}.

We prove that

cCwW.

n+1

Foy1(S1, ... +1:Ua 1, -, Ud 1) N Fpg1(S1, -+, Snt1: U, - - U ng1) = {0}

for all sets A and B of natural numbers such that AN B = (.
Assume the contrary, and let

0#reFu1(St,-- - Snr1:Uat, - Usns 1)V g1 (S1, - St 13U 1 - -+, UB g1
Since AN B = () then from inductive assumption it follows that
Fn+1(51, ... ,Sn+1; UA,I, e UA,n, {0}) N Fn+1(51, ... ,Sn+1; UBJ, R UB,n, {0}) =

Fn(sla .. ->Sn+1§UA,17- . -aUA,n) an—I—l(Sl)' .. aSn—l—l;UB,la .. -)UB,n) = {0}7

and hence Ua pt1 = {hn+1,0, —hnt1} or Up i1 = {hnt1,0,—hpi1} and from the
definition of sets Uc; it follows that Ug 11 = {0} or Upn+1 = {0}.
Assume, for definiteness, that Ug 5,41 = {0} and Up n+1 = {hn+1,0, —hpi1}-
Then

O 7é e Fn(Sl7 sey Sna UA,17 ceey UAJ?,) an+1(Sl7 LR 7Sn+1; UB,la seey UB,n-i-l)a
and hence, r = f(hp41) for some generalized polynomial
f(l‘) S Fn+1(51, .. aSTL—I—l; UB71, ey UB,n, {:E, 0, —:E})

Since r ¢ F,(S1,...,5:;UB,1...,UBy), the free term of the generalized polynomial
f(z) — r is nonzero, and the element h,,1 is a root of the generalized polynomial

f(x) —r, and

f(‘r) —re Fn+1(Sl7 o 7Sn+1; UA,17 ey UA,na {.Z',O, —.Z'})—
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(Fn(Sts -, Sng1: U ..., U n)\{0}).

As Uci = Ucnqu,...ny,i for any natural number 1 < ¢ < n and any set C' of
natural numbers, then f(h) —r € Fp11(S1,...,Sn+1;Ua71, ..., Usr n, {h,0,—h})—
(Fo(S1,...,Snt1:Upr 1. ..., Up ,)\{0}) for some subsets A, B’ C {1,...,n}.

We have contradiction with the definition of the element h,41. Therefore

Fot1(S1, .-, Sn1:Ua1 - Ua 1) N Fa (S1, -, Sng1: U -+ -, U g1) = {0}

So, we defined the sequence ki, ko, ... of natural numbers such that k; > i for
any number ¢ and the sequence hq, hs,... of nonzero elements of the ring R such
that {—h;, h;} C Vi, for any natural number ¢ and

Fn(Sl,...,Sk;UAJ,...,UA’n) N F, (Sl,---,SMUB,l,---,UB,n) = {0}

for all sets A and B of natural numbers such that A N B = () and any natural
number n.

Step II. For any pair (i,j) of natural numbers we consider the set
Uijya = FijUit1,4, - Uigja; Siv1, -+ -5 Sitj),

where U; 4 = {0} if i ¢ A and U; 4 = {0, h;, —h;} if i € A.
We show that for the sets U(; jy o the following inclusions are true:
1. From Statement 2.4.3 it follows that 0 € Uy; j) 4 for any natural numbers i, j
and
Utin),a = Fn(Siv1, -5 Sitn; Uiv1,45 -, Uign,a) C

Fn(si-l-h' ooy Signi Viga, - -a‘/i-l-n) cV

for any natural numbers i, n and any set A of natural numbers.

2. From Statements 2.4.4 and 2.4.5 it follows that Uy, jy 4 C Uy 4 for any
natural numbers j < n.

3. From Statement 2.4.8 it follows that U; jy 4 C Uy 5),4 for any natural num-
bers k <14 and j.

4. From Statement 2.4.2 it follows that Uy jy 4 is a symmetric set, i.e.
=U1,4),4 = Ui j),a for any natural numbers 1, j.

5. Ugir14),4 “ U134 € Ui jya and Ugprjya + Ugirrj),4a € Ugjy,a for any
natural numbers ¢ and j > 1.

6. 7 Ulign,j),a C© Ugj),a and Ugyp ), a - mn C U j),4 for any natural numbers
1,7,n and any set A of natural numbers.

We prove the inclusion 5 by induction on the number j.

In fact, if j = 2, then, from the definition of sets Uy ;) 4, Statements 2.4.1 and
2.4.4, it follows:

Uiiv1,2),4 " Ugir1,2),4 = F1(Sit2;Uig2,4) - F1(Sito;Uir2,4) C

F1(Sit1; Fi(Sig2: Uir,a)) C F1(Sig1; Uig1,4 U F1(Siv2; Uiro,4)) =



110 V.I.ARNAUTOV, G.N.ERMAKOVA

Fy(Siv1, Siv2; Uir1,4,Uira,a) = Ui 0y, 4

and
Uii1,2),4 + Uit1,2),4 = F1(Siv2; Uiv2 4) + F1(Si2; Ui2,4) C

F1(Sis1;Uiv1,4 U Fi(Siga; Uiga,4)) = Fi (Sig1; F1(Sit2; Uiga,4)) C
Fy(Sit1, Sit2; Uir1,4,Uir2,4) = Ui )4

for any natural number ¢ and any set A of natural numbers.
Assume that the required inclusion is proved for natural number 7 =n > 2 and
any natural number i. Then

Utirtitnt1),4 " Ut titns1),a = Fu(Sit2, - Sitnt1;

Uit2,4, - Uitni1,4) - Fa(Sit2, -+, Sitnt1;Uis2,4, - - -, Uigny1,4) C
Fi(Sit1;Ui1 U Ey(Sig2, -5 Signt 13 Uig2,4, -+ Uigny1,4)) C
F1(Sis1;Uis1,4 U Fo(Sia ..., Sivnt1; Ui2,4, - Uigni1,4)) =
Fov1(Siv1 -5 Sitnt1;Uir1,45 - Uigna1,4) = U ng),4

and
Ulit1,i4n+1),4 T Ui1,i4nt1),4 =

Fo(Sit2, -, Sient1:Uit2,.4, - -, Uigng1,4)+
Fn(Si+2, .. ,Si+n+1§ Ui+2,A, ceey Ui+n+1,A) -
Fi(Si41:Uig1 U Fy(Sig2, -5 Signs1:Uiv2,4, - - Uigny1,4)) €
Fi(Sit1;Uiv1,4 U Fy(Sita, - -, Sivnt1: Uit2,45 - - -, Uigng1,4)) =
For1(Siv1 - Sitnt1:Uiv1,45 - Uiiny1,4) = Uingn),A-

Proof of inclusion 6. In fact,
Tr - Ulitn,j),A © Sitn - Fugiri(Sntitts - Snpivgi Unvir1,4, - -+, Ungigga) C
Fi(Sn+ii Ungi,a U Frgit i (Sntitts - - > Sntitss Unvit1,4y - s Ungirja)) =
Ulitn-1),4 & Ui j),a and
Uling), A Tn © Foyii(Sntit1s- - Sntivgs Untit1,4, - -+ Untitja) - Sivn C

Fi(Sn+ii Ungi,a U Frgit i (Sntitts - - Sntitss Unvit1,4 - s Ungitja)) =

Ulitn-14),4 € Uij),a for any natural numbers i, j,n, and any set A of natural
numbers.

Step III. For every infinite set A of natural numbers and any natural number

i we take U;j(4) = | Uij),a and show that the set {Ui(A)|i € N} satisfies the
j=1
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conditions of Theorem 2.1, and hence, this set is a basis of the filter of neighborhoods
of zero for a ring topology 7(A) on the ring R.
In fact, since

Uing1),4 = Fny1(Siv1s -5 Sivnt1;Uir1,45 -, Uigny1,4) C
Fr1(Siv1 - Sitnt1; Vigts -y Vigns1) C V5

for any natural numbers ¢ and n, then U;(A) = | Uij),a € Vi. Then
j=1
{0} € N Ui(A) C ﬂ V; = {0}, and hence, the condition 1 of Theorem 2.1 is satis-
i=1

=1
fied.
From inclusions 2 and 3 (see Step II), it follows

(A) () Uk(4 G (Utig).a) ﬂ(fj Uthy,a) =

U(m‘),A N Utkw.a) = | Uegpa = Ui(A),

o0
where t = max{i, k}, and hence, the condition 2 of Theorem 2.1 is satisfied.
From inclusions 2 and 5 (see Step II) it follows

IIC::8

Ui(A) + Us(A) = (U Ugjy.a) + (U Una) =
=1

j=1j=1 =1
and -
0i(4) - On(4) = ({J Uy U Uti.a
7j=1
U U@Wispa- Vi UUZ 1.4 = Uima(4)
j=1j5=1

for any natural number ¢ > 1, and hence, the conditions 3 and 6 of Theorem 2.1 are
satisfied.
From inclusion 3 (see Step II) it follows

~0i(A) = ~(JUuga) = U (Uapa) = JUja =10
. -

for any natural number i, and hence, the condition 4 of Theorem 2.1 is satisfied.
Now, let r € R.
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If r = 0, then r - U;(A) = {0} C Ui(A) and U;(A) - r = {0} C U;(A) for any
natural number ¢ and any set A of natural numbers.

If r # 0, then r = r,, or r = —r, for some natural number n. Then, from the
inclusion of 6, it follows r,, - Uisn(A) € Ui(A) and Uiyn(A) - 7, C Ui(A) for any
natural number 4, and hence, the condition 5 of Theorem 2.1 is satisfied.

Thus, we have shown that the set {U;(A)|i € N} satisfies conditions 1 — 6 of
Theorem 2.1, and hence, this set is a basis of the filter neighborhoods of zero for a
ring topology 7(A) on the ring R.

Since U;(4) = U Ui jy,a © V; for any natural number 4, then 7o < 7(A).

7j=1
Thus Statement 3.1.1 is proved.

Proof of Statement 3.1.2.

For any subset A € N (definition of the set N see in Statement 2.10.1) we consider
the ring topology 7(A), constructed in the proof of Step III of Statement 3.1.1.

Since the set N has cardinality of continuum, then to finish the proof of this
Statement, it remains to verify that sup{7(A),7(B)} is the discrete topology for
different sets A, B € N.

Let A, B € N. Then there exists a natural number n such that

(A\{1,....n})((B\{L,...,n}) =0.

If A= A\{1,...,n} and B’ = B\{1,...,n}, then (see proof of Step I of State-
ment 3.1.1)

Fk(Sl, N ,Sk; UA/71, ey UA/’]@) ﬂ Fk(Sl, e ,Sk; UB/71, ceey UB’,k) = {0}

for any natural number k.

Since U; 4 = U; ar and U; p = U; pr for any natural number ¢ > n, then U; ;) 4 =
Ui j),ar and U 5y g = U jy,pr for any natural numbers ¢,j such that ¢ > n, and
hence, U; j) 4 U j),8 = UG j),a U ), = {0} for any natural numbers i, j such
that ¢ > n. Then, from the inclusion of 2 (see step II), it follows that

Uni1(A) ﬂ Un1(B) = U (Utnt1,),4 ﬂ Utn+1,5),8) = {0}
j=1

Since Uy, 11(A) and U,,i(B) are neighborhoods of zero in topological rings
(R,7(A)) and (R,7(B)), respectively, then {0} is a neighborhood of zero in the
topological ring (R,sup{7(A),7(B)}), and hence, sup{7(A),7(B)} is the discrete
topology.

Statement 3.1.2 is proved.

Proof of Statement 3.1.3. If Q is the set of all rational numbers and N is the
set of all natural numbers, then there is a bijection £ : Q — N.
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For each real number r we consider the infinite set A, = {£(q)|lq € Q,r < ¢} of
natural numbers and let 7(A,) be the ring topology on the ring R, constructed in
the proof of step III of Statement 3.1.1.

We show that the set {7(A,)|r is a real number} of ring topologies is as required.

Since the set {U;(A,)|i € N} is a basis of the filter of neighborhoods of zero for
the ring topology 7(A,), then the topological ring (R, 7(A,)) has a countable basis
of filter of neighborhoods of zero.

We show that for any two distinct real numbers 7, r’ topologies 7(A,) and 7(A4,)
are different and comparable.

In fact, if » < 7/, then A, \ A,s is an infinite set, and then for any natural number
n there exists a natural number k € A,\A,s such that & > n. Then hy, € Ug1y.4, €
Un,),4, and hy & Ug ) 4, for any natural number s, and hence, hy € U'n(AT) and
hi ¢ Ui(A,/). The arbitrariness of the number n implies that 7(A,) # 7(A,), and
hence, the set {T(A,)|r € R} has the cardinality of continuum.

In addition, since A,v = £({qlg € Q,. < q} C £€({qlq € Q,r < ¢} = A,, then
(see the definition of the sets Uy ;) 4 in the proof of Step II of Statement 3.1.1)
Uiijya,, € Uggjy,a, for any natural numbers ¢,j. Then UnvAT/ - Un,Ar for any
natural number n, and since the sets of {U, 4 ,|n € N} and {U, a,|n € N} are basis
of the filters of neighborhoods of zero in topological rings (R, 7(A,/)) and (R, 7(4,)),
respectively, then 7(A,) < 7(A,/).

Statement 3.1.3 is proved.

Proof of Statement 3.1.4. If (see Statement 2.10.2) & € SN\N, then U N
is an infinite set of natural numbers for any neighborhood U of the element @ in the
topological space (0N, 7).

Let T(ﬁ (N) be the ring topology, defined according to Statement 3.1.1, and
let 75 = Sup{T(UﬂN )|U is a neighborhood of element @ in the topological space

(BN, 7) }
Since the cardinality of the set SN\N is equal to two to the power of the contin-
uum, then it suffices to prove that sup{7;,7;} is a discrete topology for any deferent

clements a, b € SN\N.

So, let a, b e BN\N and a # b. Since the space (BN, 1) is a Hausdorff space,
then there exist neighborhoods U and V of elements @ and b in the topological
space (SN, 7), respectively, such that U ﬂV = (). Then, according to Statement
11.2, sup{7(NN ), 7(NNV)} is the discrete topology, and hence, sup{7s, 7y} is the
discrete topology.

Statement 3.1.4 is proved.

Proof of Statement 3.1.5. If T is the set of all non-discrete, ring topologies
on the ring R, then by the theorem of Kuratowski-Zorn, for any non-discrete ring
topology 7, constructed in Statement 3.1.4, there is a maximal element 77 such that
7% > 75. Then the set {7} |a € BN\N} is as required.

The theorem is proved. O
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Determining the Optimal Evolution Time
for Markov Processes with Final Sequence of States

Alexandru Lazari

Abstract. This paper describes a class of dynamical stochastic systems that re-
presents an extension of classical Markov decision processes. The Markov stochastic
systems with given final sequence of states and unitary transition time, over a finite or
infinite state space, are studied. Such dynamical system stops its evolution as soon as
given sequence of states in given order is reached. The evolution time of the stochastic
system with fixed final sequence of states depends on initial distribution of the states
and probability transition matrix. The considered class of processes represents a ge-
neralization of zero-order Markov processes, studied in [3]. We are seeking for the
optimal initial distribution and optimal probability transition matrix that provide the
minimal evolution time for the dynamical system. We show that this problem can be
solved using the signomial and geometric programming approaches.

Mathematics subject classification: 65C40, 60J22, 90C39, 90C40.
Keywords and phrases: Markov Process, Final Sequence of States, Evolution Time,
Geometric Programming, Signomial Programming, Posynomial Function.

1 Introduction and Problem Formulation

Let L be a stochastic discrete system with finite set of states V, |V| = w. At
every discrete moment of time ¢ € N the state of the system is v(¢) € V. The system
L starts its evolution from the state v with the probability p*(v), for all v € V,

where > p*(v) = 1. Also, the transition from one state u to another state v is
veV
performed according to given probability p(u,v) for every u € V and v € V', where

> plu,v) = 1, Vu € V and p(u,v) > 0, Vu,v € V. Additionally we assume that
veV
a sequence of states x1,xs,..., %, € V is given and the stochastic system stops

transitions as soon as the sequence of states x1,xo, ..., x,, is reached in given order.
The time T when the system stops is called evolution time of the stochastic system
L with given final sequence of states z1,xo,...,Tn.

Various classes of such systems have been studied in [1] and [5], where polyno-
mial algorithms for determining the main probabilistic characteristics (expectation,
variance, mean square deviation, n-order moments) of evolution time of the given
stochastic systems were proposed. Another interpretations of these Markov pro-
cesses were analyzed in 1981 by Leo J. Guibas and Andrew M. Odlyzko in [9] and
by G.Zbaganu in 1992 in [8]. First article considers the evolution of these stochas-
tic systems as a string, composed from the states of the systems, and studies the

© Alexandru Lazari, 2015
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periods in this string. In the second paper the author considers that the evolution
of Markov process is similar with a poem written by an ape. The evolution time of
the system is associated with the time that needs for the ape to write that poem
(the final sequence of states of the system).

Next, we consider that the distributions p and p* are not fixed. So, we have the
Markov process L(p*, p) with final sequence of states X, distribution of the states p*
and transition matrix p, for every parameters p and p*. The problem is to determine
the optimal distribution p* = p* and optimal transition matrix p = p that minimize
the expectation of the evolution time T'(p*,p) of the stochastic system L(p*,p).

Based on the results mentioned above, efficient methods for minimizing the ex-
pectation of the evolution time of zero-order Markov processes with final sequence of
states and unitary transition time were obtained in [3]. The main idea was that the
expectation of the evolution time can be written as a posynomial minus one unit.
The geometric programming approach was applied and the problem was reduced to
the case of convex optimization and solved using the interior-point methods.

In this paper we consider a generalization of this problem where the evolution
time is minimized for Markov processes of order 1.

2 Preliminary Results

In order to determine the minimal evolution time for Markov processes with
final sequence of states we will use the geometric and signomial programming
approaches [6].

2.1 Geometric Programming

The geometric programming was introduced in 1967 by Duffin, Peterson, and
Zener. Wilde and Beightler in 1967 and Zener in 1971 contributed with several
results referred to many extensions and sensitivity analysis. A geometric program
represents a type of optimization problem, described by objective and constraint
functions that have a special form. A good tutorial on geometric programming was
presented in [6].

First numerical methods, based on solving a sequence of linear programs, were
elaborated by Avriel et al., Duffin, Rajpogal and Bricker. Nesterov and Nemirovsky
in 1994 described the first interior-point method for geometric programs and proved
the polynomial time complexity. Recent numerical approaches were presented by
Andersen and Ye, Boyd and Vandenberghe, Kortanek.

In the context of geometric programming, a monomial represents a function

[ :R® — Rof the form f(z1,z2,...,25) = cx{z5* ... 2%, where ¢ > 0 and «; € R,
K

i = 1,s. An arbitrary sum of monomials, f(z1,22,...,25) = Y cgryFag? .. adsk,
k=1

where ¢, > 0, k = 1,K and o € R, i = 1,5, k = 1, K, represents a posynomial.
Posynomials are closed under addition, multiplication, and nonnegative scaling. A
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geometric program is an optimization problem of the form

fo(:El,:Eg, e ,l's) — min,

I
—_
<

Y

fi(ilﬁl,llﬁg,...,l's) 1, 7
gj($17$27---7375) 17 j
z; > 0, l

I IA

I
3

9
, S

I
—

where fi(21,22,...,2,), i = 0,7, are posynomials and g;(x1,22,...,%s), j = 1,m
are monomials.

9

In order to efficiently solve a geometric program we need to convert it to a convex
optimization problem. The conversion is based on a logarithmic change of variables
y; = Inz;, | = 1,5 and a logarithmic transformation of the objective and constraint
functions. The obtained convex optimization problem has the form

In fo(e¥',e¥?,...,eY*) — min,

In fi(e¥',e¥2,...,e¥%) <0, i=1,r
Ing;(e¥t,e¥?,...,e¥) =0, j=1,m

and can be efficiently solved using standard interior-point methods (see [6] and [7]).

2.2 Signomial Programming

In the context of signomial programming, a signomial monomial represents a

function f : R® — R of the form f(x1,z2,...,25) = ca'z5? ... x$*, where ce€R

and a; € R, i = 1,5. An arbitrary sum of signomial monomials of the form
K __

f(x1,20, ... x5) = > cpa{ag? ... a2+, where ¢ € R, k = 1,K and oy, € R,
k=1

i = 1,5, k = 1, K, represents a signomial. Signomials are closed under addition,
substraction, multiplication, and scaling. A signomial program is an optimization
problem of the form:

fo(z1,29,...,25) — min,
fi(xlawa'wa)Sla izlur
gj($1,$2,---,1'3):1, ]:17m 5
z; > 0, l=1,s
where f;(z1,x2,...,2s), i = 0,7 and g;(z1,%2,...,2s), j = 1,m, are signomials.

So, a signomial has the same form as a posynomial, but the coefficients are
allowed to be also negative. There is a huge difference between a geometric program
and a signomial program. The global optimal solution of a geometric program can
always be determined, but only a local solution of a signomial program can be
calculated efficiently.
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2.3 Geometric Programs with Posynomial Equality Constraints

In several particular cases the signomial programs can be handled as geometric
programs. In [6] it was shown that the geometric programs with posynomial equa-
lity constraints represent such particular case, i.e. can be solved using geometric
programming method. A geometric program with posynomial equality constraints
is a signomial program of the form:

f(](:El,:Eg, e ,xs) — min,
fi($1,$2,...,$s)§1, ZZl,T‘
gi(z1,22,...,25) =1, j=1m
hi(z1,z2,...,25) =1, k=1n "~
x; > 0, l=1,s
where f;(z1,72,...,25), i = 0,7 and hy(z1,72,...,25), k = 1,n, are posynomials
and g;j(x1,22,...,%s), j = 1,m, are monomials.
Suppose that for each posynomial equality constraint hg(x1, x2,...,xs), k= 1,n,

we can find a different variable z;(;) with the following properties:

e The variable z;(;) does not appear in any of the monomial equality constraint
functions;

e The posynomial hy(x1,x2,...,2s) is monotone strictly

— increasing in (), case in which we denote )\(xl(k)) =—1or
L

— decreasing in ), case in which we denote A(z;())

e The functions f;(x1,z9,...,2s), i = 0,7, are all

— monotone decreasing in Ty (k) if )\(ﬂfl(k)) =—1;

— monotone increasing in ;) if A(zp)) = 1.

We first form the geometric program relaxation:

f(](:El,:EQ,...,xs) —>min,
fi($1,$2,...,$s)§1, ZZl,T‘
gi(z1,22,...,25) =1, j=1m
hi(z1,z2,...,25) <1, k=1,n
z; > 0, l=1,s

If f* is the optimal value of the relaxed problem, then any optimal solution of the
auxiliary problem

T (@)1 — min,
k=1
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fi(ilﬁl,llﬁg,...,l's) § 1, 1= 1,7‘
gj(x1,22,...,25) =1, j=1,m
hi(z1,z2,...,25) <1, k=1,n ,
Jo(x1,w2,...,2s) < f*

z; > 0, l=1,s

is an optimal solution of the original problem.

3 The Main Results

3.1 Stochastic Systems with Final Sequence of States
Independent States

In this subsection we briefly describe the main results referred to the problem
of optimization of the evolution time of stochastic systems with final sequence of
states and independent states. These systems are also called zero order Markov
processes with final sequence of states or strong memoryless stochastic systems with
final sequence of states and are analyzed and studied in [2] and [3]. This problem was
reduced to a geometric program using the main properties of homogeneous recurrent
linear sequences and generating function, presented in [3-5] and [1].

The zero order Markov processes with final sequence of states represent a par-
ticular case of stochastic systems with final sequence of states studied in this paper.
In this case the states of the system are independent, so, the rows of the transition
matrix p are equal to initial distribution p*. The expectation of the evolution time
can be determined using the following theorem.

Theorem 1. The expectation of the evolution time T(p*) of zero-order Markov

1 m—-1
process L(p*) is E(T(p*)) = =1+ (m + w;,') + — 3 (k + 1) 2k, where m is the
Wm k=0
S
length of final sequence of states X = (x1,x2,...,Tm), Ts = p*(xs), ws = [] 7,

j=1
t(s) =min({t € {2,3,...,s + 1} | x4y—14j =25, j=1,s+1—1t}), s=1,m and for

each s =1,m and k = 0,s — 1 the following relation holds:

0 if 0<k<t(s)—3
—Wy(s)—1 if k=t(s)—2
Zsk = Wy(g)—1 (1 — 1) if t(s—t(s)+1)=2and k=1t(s)—1
Wy(s)—1 if t(s—t(s)+1)>3and k=t(s)—1
Wy(s)—1Zs—t(s)+1, k—t(s)+1 of t(s) <k <s—1

The following theorem shows how the problem of optimization of the evolution
time can be reduced to the geometric program

E(T(p*)) + 1 — min,

{ > pi(r) <1

zeY
p*(x) >0, Vz e Y |
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where Y = {z1,z9,...,zpn}. If 7 = (7"(2))zey represents the optimal solution of
this geometric program, then p* = (p*(x)),cy represents the optimal solution of the
initial problem, where

{ pi(x) =7"(z), z€Y
p*(x) =0, zeV\Y .

Theorem 2. The expression E(T(p*)) 4+ 1 represents a posynomial in the variables
1, T2 «evy Tm-

Also, several particular cases were analyzed and presented in [3] and the explicit
optimal solutions were obtained.

Theorem 3. If t(m) = 2, then the optimal solution is p* = (P*(x))zev, where
P (x1) = 1 and p*(y) = 0, for all y € V\{x1}, and the minimal value of the
expectation of evolution time is E(T(p*)) =m — 1.

Theorem 4. If t(m) = m + 1, then the components p*(y), y € V, of the optimal
solution D* are direct by proportional to the multiplicities m(y), y € V, of the res-
pective states in final sequence of states X and the minimal value of the expectation

m(y)
m
of evolution time is E(T(p*)) = —1 + — .
)= 1 <m<y>>

3.2 Stochastic Systems with Final Sequence of States and
Interdependent States

In this subsection we study the problem of optimization of the evolution time of
stochastic systems with final sequence of states and interdependent states. The opti-
mal initial distribution and optimal transition matrix are obtained, using signomial
and geometric programming approaches.

Theorem 5 offers us the way for determining the optimal initial distribution of
the system.

Theorem 5. The optimal initial distribution of the states is p*, where p*(x1) = 1
and p*(z) =0, Vo € V\{x1}.

Proof. For finishing the evolution of the system it is necessary to pass consecutively
through the final states 1, x2, ..., T;m. S0, the evolution time will be minimal when
the state z1 will be reached as soon as possible. For this reason, it is optimal to start

the evolution of the system from the state z1, i.e. p*(x1) = 1. Since > p*(x) =1,
zeV
we have p*(z) =0, Vo € V\{z1}. O

Theorem 6 describes several important properties of the optimal transit matrix.

Theorem 6. We consider the set of active final states X = {x1,x2,..., 2y 1}, the
set of final transitions Y = {(z1,72), (v2,23),..., (Zm_1,7m)} and the set of branch
states Z = {y € X\{z1} | Ix € X,z € X U{zn}, 2 #y: (v,y) €Y,(x,2) €Y}
The optimal transition matriz D has the following properties:
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1. p(z,x1) =1 if (w,21) €Y and (x,2) €Y, Vz # x1;

2. p(z,21) =1, Vo & X;

3. p(z,x1) >0,Vr € Z and p(x,z1) =0 if (z,21) €Y, z € X\Z;
4. plx,y) =0 if (x,y) €Y and y # x1;

5 p(x,y) >0, Y(z,y) €Y;

6. > p(z,y) =1, Vo € X.
(z,y)EY U{(x,x1)}

Proof. Let X = {x1,2,...,Tm_1} be the set of the states from which it is possible
to perform an optimal transition, Y = {(z1,22), (x2,23), ..., (Tm—1,2m)} — the set
of the optimal transitions (that follow optimal realization of the final sequence of
states), Z = {y € X\{z1} | Ir € X, Iz € XU{apn},2 #y: (z,y) €Y, (2,2) €Y} -
the set of branch states, in which the stochastic system, having as goal the realization
of the final sequence of states, can make a mistake and need to have a chance to
return in the state x7.

1. If (x,21) €Y and (z,2) € Y, V2 # z1, then x € X and the transition (z,z1)
is the unique possible transition from the state 2 that belongs to the set Y.
For ensuring the realization of this transition when the system is in the state
x € X, it is necessary to have Pz, x1) = 1.

2. For finishing the evolution of the system it is necessary to pass consecutively
through the final states 1, x2, ..., Z,. So, for minimizing the evolution
time of the system it is necessary that the state x1 to be reached as soon as
possible. So, if the system is in the state z ¢ X, we need to have p(x,z1) = 1.

3. Since Z represents the set of branch states, in which the stochastic system,
having as goal the realization of the final sequence of states, can make a mis-
take, we need to give as soon as possible a chance to return in the state x; for
retrying from the beginning the realization of the final sequence of states. So,
we can assume that p(z,71) > 0, Vo € Z and p(z,z1) = 0 if (v,21) ¢ Y and
r € X\Z;

4. If the state z € X, then Jy1,y2,...,yx € X U {2y} such that (z,y;) € Y,
j = 1,k, where k > 1. For ensuring the realization of one of these transitions
when the system is in the state € X or return to the initial state z; when
it is necessary, we need the nonexistence of another transition (z,y) € Y
with y # x1, i.e. need to have p(z,y) = 0. If x € X, from Property 2 of this
Theorem, since Y p(x,y) =1 and p(x,y) > 0, Vo,y € V, we have p(x,y) = 0,

yev
Vy 75 xq-
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5. We have p(z,y) > 0, V(x,y) € Y, because, otherwise we have p(x,z) = 0 for
at least one transition (x,z) € Y, i.e. this transition is not realizable, which
implies that the evolution time is infinite (non optimal), contradiction with
our minimization goal.

6. The relation > p(z,y) = 1, Vz € X is obtained from the formula
(zy)eY U{(zx1)}

3 p(z,y) = 1, Vo € X and the Property 4 from this Theorem.
yev

Such we proved these six properties of the optimal transition matrix p. O

Theorem 7 offers us the way for determining the optimal transition matrix of
the system.

Theorem 7. If 6; j(p) £ 0, 4,5 = 1,2, then the optimal transition matriz can be
determined by solving the following geometric programs with posynomial equality
constraints:

E(T(p)) = dydy* — min, (1)
(2a) : > plr,y) =1, Vo e X
(z.y) €Y U{(, 1‘1)}
(2b) :  dyqdy +df 1d1 p=1
(2¢) : d2 id2+d2 1doo =1
(2d) : dy, 151 1(p) =1
(26) : dl_é(h,g(p) =1 (2)
(2f):  dy1621(p) =1
(29) :  dy3020(p) =1
(2n): d;>0,1=1,2
(Qi) : d@j > 0, ’i,j = 1,—2
(27): plz,y) >0, V(z,y) €Y
(2k): p(z,z1) >0, Ve € Z
and (1) subject to
( (3a): > p(z,y) =1, Vr e X
(z,y)€YU{(z,21)}
(3b) : d;}dl + dﬁdm =1
(3c) : d_ d2—|—d2_1d22:1
(3d) : d1 151 2(p) = 1
(3e):  dy, 251 1(p) = (3)
(3f) : d2 152 2(p) =
(39) : dy, 252 1(p) =
(3h): di>0,221,2
(3i): di;>0,i,5=1,2
(37): plz,y) >0, V(z,y) €Y
| 3k): Plz,z1) >0, Ve e Z
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according to the properties described by Theorems 5 and 6, where 6; ;(p), i,j = 1,2,
are the posynomials from the decomposition

E(T(p)) = (61,1(p) — 61,2(p))(62,1(p) — S2.2(p)) ™" (4)

which follows from the algorithm developed in [1]. The signomial programs (1) — (2)
and (1) — (3) can be handled as geometric programs using the way followed in [6] and
described in Section 2.3. If p' is the optimal solution of the problem (1) —(2) and p?
is the optimal solution of the problem (1) — (3), then the optimal transition matriz
is p € {p',p*} for which E(T(Pp)) is minimal. If there exists at least one posynomial
di= j=(p) = 0, then in (2) and (3) the corresponding posynomial equality constraints
just disappear and the corresponding substitution d; j« = 0 is performed in (2) and
substitution dg 3_j» = 0 is performed in (3).

Proof. From Theorem 5 and theoretical argumentation of the algorithm developed
and presented in [1], which determines the generating vector of the distribution of
the evolution time, we can observe that the components of generating vector ¢(p)
of the distribution a = rep(T(p)) of the evolution time T'(p) represent signomials
in the variables p(z,v), z,y € V. Since E(T(p)) = Gl?(1), we obtain that E(T(p))
represents a fraction with signomial numerator and denominator. Because every
signomial can be written as a difference between two posynomials, we have the
relation (4), where 6; ;(p), 4,7 = 1,2, are posynomials.

If we denote d; 1 = max{d; 1(p),di2(p)}, di2 = min{d;1(p),di2(p)}, i = 1,2 and
di = diy —dip > 0, i = 1,2, we obtain 0 < E(T(p)) = didy ", d;}di + d | di2 = 1,

i = 1,2 and di_j&i,j(p) =1 or d;;di,g_j(p) =1, i,j = 1,2. The relations
> p(x,y) =1, Vz € X and p(z,y) > 0, Y(x,y) € Y, follow from Theo-
(z,y)€YU{(z,z1)}

rem 6.

Also, applying the same Theorem 6, we can eliminate the variables p(x,y) for
which p(z,y) = 0 or p(z,y) = 1 performing the corresponding substitutions. In
such way, we obtain the signomial programs (1) — (2) and (1) — (3). Because all
constraints (2a) — (2¢g) and (3a) — (3g) are posynomial equality constraints, these
signomial programs are geometric programs with posynomial equality constraints.

Next we will illustrate how these geometric programs with posynomial equality
constraints can be handled as geometric programs using the way described in Section
2.3. We will consider only the problem (1) — (2), the argumentation for the problem
(1) — (3) can be performed in similar way.

So, if the posynomials d; ;(p), i,j = 1,2, are not monomials, we can fix the
variable dj ; for constraint (2b), dy for (2¢), d; 2 for (2e), da;1 for (2f), da 2 for (2g),
an arbitrary variable p(z*,y*) that appears in the posynomial d; ;(p) for constraint
(2d) and an arbitrary variable p(z,y*(z)) # p(z*, y*) that appears in the posynomial
from (2a) for every x € X for the constraints (2a). These selected variables verify
the properties described in Section 2.3, i.e. the problem (1) — (2) can be handled as
geometric programs.
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If the posynomial d1 2(p), d2,1(p) or d22(p) is a monomial, then the respective
constraint (2e), (2f) or (2g) just disappears and the respective substitution d;« j+ =
;= j=(p) is performed in the signomial program (1) — (2). The selected variables for
the rest of constraints are not changed. So, the problem (1) — (2) can be handled as
geometric programs.

If the posynomial d;,;(p) is a non-constant monomial, then the corresponding
constraint (2d) just disappears and the corresponding substitution di; = 61,1(p)
is performed in the signomial program (1) — (2). The selected variables for the
constraints (2a), (2¢), (2e), (2f) and (2¢g) are not changed. Additionally, the variable
p(z*,y*) that appears in the posynomial d; 1 (p) is selected for constraint (2b). These
selected variables verify the properties described in Section 2.3, i.e. the problem
(1) = (2) can be handled as geometric programs.

If the posynomials 1 1(p) and 01 2(p) are two constants, then also d; is a constant.
In this case the constraints (2b), (2d) and (2e) just are eliminated. The selected
variables for the rest of constraints are not changed. So, in this way, the problem
(1) = (2) can be handled as geometric programs.

If the posynomial 1 1(p) is a constant and ¢ 2(p) is not a constant, then the
constraint (2d) is eliminated and substitution di; = d1,1(p) is performed in the
signomial program (1) — (2). We can fix the variable d; o for constraint (2b), an ar-
bitrary variable p(z**,y**) that appears in the posynomial 01 2(p) for constraint (2e)
and an arbitrary variable p(z,y**(x)) # p(x™*,y**) that appears in the posynomial
from (2a) for every x € X for the constraints (2a). The selected variables for the
rest of constraints are not changed. These selected variables verify the properties
described in Section 2.3, i.e. the problem (1) — (2) can be handled as geometric
programs.

In this way, we analyzed all the possible cases. So, the problems (1) — (2) and
(1) — (3) can be handled as geometric programs. O

4 Particular cases and generalizations

In the previous section a method for determining the optimal evolution time of
stochastic systems with final sequence of states, based on geometric and signomial
programming approaches, was theoretically grounded. Theorems 5 and 6 present
the main properties of the optimal distribution and optimal transition matrix. From
these theorems we can easy remark several particular cases and generalizations.

We consider the particular case xr1 = 9 = ... = x,,. From Theorem 6 the
optimal transition matrix is obtained. The following formula holds:

_ 1 aif y=m:
p($7y)_{0 ’Lf y?’éxl ,Vx,yGV.

So, the expectation of the evolution time is minimal (equal to m — 1) when the
stochastic system starts the evolution from the state x1 and remains with probability
1 at every moment of time in this state.
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Also, in the case x; # xj, Vi,j, 1 <1i < j < m, we have

1 if z&{x1,29,...,Zm-1} and y =1
Plx,y)=1< 1 if Fi, 1 <i<m, such that x = x; and y = x;41 , Ya,y € V.
0 otherwise

The expectation of the evolution time is minimal (equal to m—1) when the stochastic
system starts the evolution from the state x1, passes with probability 1 in the state
T9, next, in similar way, passes in the state x3, ..., until it reaches the state x,,.
Another particular case is when Vi,7, 1 <i < j < m, if ; = z; then j = m or
Ziy1 = ;j41. This case is an extension of the previous particular case. We consider
the minimal values 7* and j*, ¢* < j*, for which x;+ = xj+. We have x;« 1}, = x4,

k=0,m— j*. So, {z1,22,...,Zm} = {x1,22,...,2j+_1}, which implies
1 if z¢{x1,29,...,051} and y = 21
_ )1 oaf 34, 1<i<j" =1, such that x = x; and y = x;41
p(:Evy)_ 1 Zf x:xj*—l andy:xl* ,V:E,yEV

0 otherwise

The expectation of the evolution time is minimal (equal to m — 1) when the stochas-
tic system starts the evolution from the state x1, passes with probability 1 in the
state xo, next, in similar way, passes in the state xs, ..., until it reaches the state
T € {21,22,..., 1}

Next we present a generalization of the problem studied in this paper for the
case in which the number of the states of the system is not finite, i.e. we have
w = |V| = co. This case cannot be handled in the same way as finite case, because
it is not known any formula and any algorithm for determining the expectation of the
evolution time of stochastic system with final sequence of states and interdependent
states when the number of the states is not finite and the transition matrix and
initial distribution are fixed and given. Nevertheless, the optimal distribution and
optimal transition matrix can be determined using the result obtained above.

Indeed, we observed above that the given stochastic system, with finite or infinite
number of states, can be reduced to a new stochastic system with maximum m states,
T1,T2,...,Tm, preserving the optimal solution. This reduction is possible thanks
to Theorems 5 and 6, from which, in optimal case, the excluded states cannot be
reached by system at any moment of time. So, if 7 is the optimal transition matrix for
the stochastic system with infinite number of states and p, is the optimal transition
matrix for the reduced stochastic system, then

Pr(z,y) if xy€{x,zo,..., 20}
ﬁ(ﬂj‘,y): 1 Zf x%{xl,xg,...,xm}andy:a:l 7V:E7y€V
0 otherwise

5 Conclusions

In this paper the following results related to stochastic systems with final se-
quence of states and unitary transition time were established:
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e The given stochastic system, with finite or infinite number of states, can be

reduced to a new stochastic system with maximum m states, x1,x2,..., Ty,
preserving the optimal solution;

e The evolution time of the stochastic system with fixed final sequence of states

depends on initial distribution of the states and probability transition matrix;

e In the case when the states of the system are independent, the expectation

of the evolution time represents a posynomial minus one unit, that offers the
possibility to minimize it using geometric programming approach;

e In the case when the states of the system are interdependent, the expectation

of the evolution time can be minimized by solving two geometric programs with
posynomial equality constraints, that represents signomial programs which can
be handled as geometric programs using the models developed in this paper;

e In several particular cases, which were described in Section 4, the optimal

initial distribution and optimal probability transition matrix are trivial.
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