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ABSTRACT. In the following text we introduce the notion of chaoticity modulo
an ideal in the sense of Li—Yorke in topological transformation semigroups and
bring some of its elementary properties. We continue our study by characteriz-
ing a class of abelian infinite Li—Yorke chaotic Fort transformation groups and
show all of the elements of the above class is co-decomposable to non—Li—Yorke
chaotic transformation groups.
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1. INTRODUCTION

Different senses of chaos in dynamical systems like Devaney chaos [5, 2, 21], Li-
Yorke chaos [14], distributional chaos [13], w—chaos [12], e-chaos [17], ... for dy-
namical systems have been studied in several texts, the main emphasis in these
researches are on (compact) metric dynamical systems. Moreover, recently have
been done researches on chaos in transformation groups [22], maps on transfor-
mation groups [18] and uniform phase spaces [3]. On the other hand different
compactifications (and amongst them one-point—compactification) have their sig-
nificant role in point set topology and topological dynamics [1, 10, 20]. In this text
we present a definition for Li—Yorke chaos in transformation semigroups (modulo
an ideal) with infinite phase semigroup and study this concept in the category of
transformation groups with one—point—compactification of a discrete space (i.e., a
Fort space) as phase space.

2. PRELIMINARIES

As it has been mentioned in Introduction in this text we deal with Li—Yorke chaos
in transformation semigroups with a uniform space as phase space, so we need
backgrounds on transformation semigroups, uniform spaces and Li—Yorke chaos,
also we bring backgrounds on Fort spaces too regarding our examples.

2.1. Background on uniform spaces. Suppose F is a collection of subsets of

X x X such that:

Vo € F (AX - Oz),

Va,B € F (anpeF),

Vae FVBCXxX (a«aCB=pB€eF),

Va € F (a7t e F),

VaeF IBE€F (BoB C a),

where Ay = {(z,2) 2z € X} and o™ ! = {(y,) : (z,y) € a} also a0 8 = {(x,2) :

Jy ((z,y) € BA(y,2) € a)} (for a,  C X x X), then we call F a uniform structure
1
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on X, also we call the elements of F entourages on X. For o« € F and z € X
let afz] ={y € X : (z,y) € a}, then {UC X :Vy € U 3 € F (Bly] CU)} is
a topology on X, we call it uniform topology on X induced by uniform structure
F and call (X, F) or briefly X a uniform space. We call the topological space Y’
uniformzable if there exists a uniform structure £ on Y such that uniform topology
induced by &£ coincides with original topology on Y, also in this case we say & is
a compatible uniform structure on Y. Compact Hausdorff spaces are uniformzable
and admit a unique compatible uniform structure. In particular compact metric
space in (X,d) {¢« € X x X : 3¢ > 0 (O. C «)} is unique compatible uniform
structure on X (where O, = {(z,w) € X x X : d(z,w) < e} for every € > 0). For
more details on uniform spaces see [0, 8].

2.2. Ideals and Fort spaces. Let’s recall that we say the nonempty collection 7
of subsets of W is an ideal on W if for all A, B € 7 and C with C' C A we have
AU B,C €7, in particular @ € Z. Although most of the authors in ideal Z on W
have supposed X ¢ 7 [11] we allow this condition too (so Z = P(W) is allowed in
this text, where P(W) = {A: A C W} is the collection of all subsets of W).
Suppose b € F and equip F with topology {U C F : b ¢ UV (F \ U is finite)},
then we say F' is a Fort space with particular point b (it’s evident that Fort space
F with particular point b is just one point compactification (or Alexandroff com-
pactification) of discrete space F'\ {b}) [19].

2.3. Background on Li—Yorke chaos in dynamical systems. By a dynamical
system (X, f) we mean a topological space X and continuous map f: X — X. In
dynamical system (X, f) with compact metric phase space (X, d) we say x,y € X
are

1. proximal if hm 1nf d(f™(x), f*(y)) =
2. asymptotic it hm d(f™(x), f*(y)) =0,
3. scrambled if lznigéfd(f"( x), f"(y)) = 0 and hmsupd(f"( ), f*(y)) > 0.

We say the dynamical system (X, f) is Li—Yorke chaotm if it has an uncountable
subset like A such that every distinct z,y € A are scrambled. So for unique
compatible uniform structure on X, F = {a« € X x X : J¢ > 0 (0. C a)},
which is introduced in subsection 2.1, we may use the following definitions too, we
say x,y € X are

1’. proximal if there exist z € X and net {nq}tacr in N with

1 Mo — — 1' Mo
lim f*(z) = 2z = lim f**(y),
2'. asymptotic if for every o € F the set {n € N: (f"(x), f"(y)) ¢ o} is finite,
3’. scrambled if they are proximal and non—asymptotic.

2.4. Background on transformation semigroup. By a transformation semi-
group (resp. transformation group) (X, S,7) or simply (X,S) we mean a compact
Hausdorff space X, discrete topological semigroup (resp. group) S with identity e
and continuous map 7 : X x S — X such that for all x € X and s,t € S we have

(z,s)—xs
xe = x, x(st) = (zs)t [7]. In particular, every dynamical system (X, f) may be
considered as the transformation semigroup (X, NU{0}, 7¢) where 7¢(z,n) = f™(x)
(x € X,n>0).
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We say (X, (Go;a € T)) is a multi—transformation semigroup (resp. multi—
transformation group) if for each a € T, (X,G,) is a transformation semigroup
(resp. transformation group), moreover for each distinct aq,...,a, € T and
r € X,81 € Gqy,...50 € Gq, we have

(- (@s1)s2) -+ )sn = (- (855(1))S0(2)) -+ )So(n)
for each permutation o : {1,...,n} = {1,...,n}.
For transformation semigroup (resp. transformation group) (X,G), we say the
multi-transformation semigroup (resp. multi—transformation group) (X, (G,;a €
T')) is a co-decomposition of (X, G) if G,s are distinct sub—semigroups (resp. sub-
groups) of G, and G is the semigroup (resp. group) generated by U Go [19].
acl

Definition 2.1. In transformation semigroup (X,S) with uniform phase space
(X, F) suppose Z is an ideal on semigroup S. We say z,y € X are:

7

e proximal if there exists z € X and a net {gq }aer in S with [7]
. BT
alé% Lha = % algll“ Y9a

e asymptotic modulo Z if for every o € F we have {s € S: (zs,ys) ¢ a} € Z,
e scrambled modulo Z if they are proximal and non—asymptotic modulo Z,
o stab(z) :={g € S : xg = x} is the stablizer of z.
We denote the collection of all proximal pairs of (X, S) with Prox(X,.S). Moreover
we have Prox(X,S) = ({aS™! : a € F} where for all a € F we have S~ =
{(z,w) € X x X : Is € S ((zs,ws) € a)} [9]. Also we denote the collection of all
asymptotic pairs (z,w) modulo ideal Z (i.e., z,w € X are asymptotic modulo ideal
) with Asymz(X,S5).
Also we say D C X with at least two elements is an scrambled set modulo Z if for
all distinct z,w € D we have (z,w) € Prox(X, S)\ Asymz(X,S). We say (X, 5) is
Li-Yorke chaotic modulo Z if it contains an uncountable scrambled subset modulo
7.

Definition 2.2. In transformation semigroup (X, S), Pan(S) := {D C S : Dis finite}
is an ideal on S, let

Asym(X, S) := Asymp, (5)(X, 5) .

We say (X, S) is Li-Yorke chaotic if it is Li—Yorke chaotic modulo Pg,(S). Also
we say ¢,y € X are asymptotic (resp. scrambled) if they are asymptotic modulo
Pen(S) (resp. scrambled modulo Pgy(S)).

Note 2.3. Consider dynamical system (X, f) with compact metric phase space X
and transformation semigroup (X, NU{0}) with zn := f™(z) (for all z € X, n > 0),
then (X, f) is a Li-Yorke chaotic dynamical system if and only if (X,NU {0}) is a
Li—Yorke chaotic transformation semigroup.

Note 2.4. For compact metric space X with compatible metric d, and infinite
countable semigroup S = {t1,t2,...} (with distinct ¢,s), in transformation semi-
group (X, S) the following statements are equivalent:
A. (X, S5) is Li-Yorke chaotic (according to Definition 2.2),
B. There exists an uncountable subset A of X such that for any distinct points
x,y € A we have (z,y) € Proz(X,S) (i.e. there exists a sequence {$p }n>1
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in S with lim,, o d(xsy,ys,) = 0), and there exists (r,)n>1 € [[ S\
n>1
{t1,...,tn} with lim d(zr,,yr,) > 0.
n—oo
C. for any increasing sequence § = {F,},>1 of compact subsets of S there
exists an uncountable subset Az of X such that for any distinct points

x,y € Az we have (z,y) € Proz(X, S), and there exists (r,)n>1 € [[ S\Fn
n>1
with lim d(zr,,yr,) > 0 (ie., (X,S) is Li-Yoke chaotic according to [,
n—roo

Definition 1.2]).

Proof. Let’s consider the following two claims for every x,y € X:

Claim 1. If (z,y) ¢ Asym(X,S), then for any increasing sequence {F,},>1 of
finite subsets of S, there exists (rp)n>1 € [[ S\ F,, with le d(xry,,yry,) > 0.

n>1 n—oo

Proof of Claim 1. Suppose (z,y) ¢ Asym(X,S), then there exists § > 0 such
that D := {s € S : d(xs,ys) > 0}(= {s € S : (xs,ys) ¢ Os}) is infinite. Now
consider increasing sequence {F),},>1 of finite subsets of S, for all n > 1 there
exists p, € D\ F,, also we may suppose p,s are paiwise distinct, thus for all n > 1,
d(xpn, ypn) > § which leads to ¢ := linrr_l)i£f d(zpn, ypn) > 9, S0 {pn}n>1 has a sub-

sequence {pn, }r>1 with e = klim d(xpn,,, ypn, ) > 0, For all k > 1 we have ni > k
—00
and Fj, C F,,, hence p,, € S\ F,, C S\ Fj. Thus (pn,)k>1 € [[ S\ Fx which
k>1

completes the proof of Claim 1.

Claim 2. If there exists (r,)n>1 € [] S\ {t1,...,tn} with lim d(zr,,yr,) > 0,
- n>1 n—00

then (z,y) ¢ Asym(X,5).

Proof of Claim 2. For all n > 1 there exists s, € S\ {t1,...,t,} with ¢ :=

lim d(zsn,ysn) > 0, so there exists N > 1 with d(xs,,ys,) > ¢/2 for all n > N

n—oo

which leads to {s, : m > N} C {s € S : d(zs,ys) > ¢/2}. If {s, : n > N} is
finite, then there exists M > 1 with {s,, : n > N} C {t1,...,tn} in particular
sN+m € {t1,...,ty} which is in contradiction with syyay € S\ {t1,...,tnsar ),
hence {s, : n > N} is infinte. Therefore {s € S : d(zs,ys) > ¢/2}(= {s € S :
(ws,ys) ¢ O/2}) is infinite too and (z,y) ¢ Asym(X, S).

Now we are ready to prove the Note.

“(A) = (C)” Use Claim 1 and the fact that the collection of finite subsets of S is
equal to the collection of compact subsets of S (since S is finite).

“(C) = (B)” It is obvious, since {{t1,...,tn}}n>1 is an incresing sequence of com-
pact subsets of S.
“(B) = (A)” Use Claim 2. O

3. ASYMPTOTICITY AND LI-YORKE CHAOTICITY MODULO AN IDEAL

In this section we bring some elementary properties of Li—Yorke chaoticity modulo
an ideals in transformation semigroups, in topics like products, quotient,
co—decomposition, .... in transformation semigroups.

Theorem 3.1. In transformation semigroup (X, .S) suppose Z and J are ideals on
S with Z C J. We have:

o Asymz(X,S) C Asymy (X, S),

e if D C X is an scrambled set modulo 7, then it is an scrambled set modulo Z,
e if (X, 5) is Li-Yorke chaotic modulo J, then it is Li-Yorke chaotic modulo Z.
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Proof. Use the definition of asympoticity and Li-Yorke chaoticity modulo an ideal.
O

In the transformation semigroup (X, S) if T is a sub—semigroup of S, then we may
consider transformation semigroup (X,T) (with induced action of S on X) in a
natural way too, in the following Theorem we deal with this type of transformation
semigroups.

Theorem 3.2. In transformation semigroup (X, .S) suppose 7' is a sub—semigroup
of S and 7 is an ideals on T, then:

1. Asymz(X,S) C Asymz(X,T),

2. if D C X is an scrambled set modulo Z in (X, T'), then it is an scrambled
set modulo Z in (X, 5),

3. if (X,T) is Li-Yorke chaotic modulo Z, then (X,S) is Li-Yorke chaotic
modulo Z,

4. if (X, S) is co-decomposable to Li—Yorke chaotic modulo Z transformation
semigroups if and only if it is Li-Yorke chaotic modulo Z (so with phase
semigroups all of them containing (JZ).

Proof. First of all note that 7 is an ideal on S. Consider compatible uniform
structure F on X.
1) For x,y € X we have (use {s € T': (zs,ys) ¢ U} C {s € S: (xs,ys) ¢ U}):

(x,y) € Asymz(X,S) = (MU e F{se S:(xs,ys) ¢ U} eI)
= (WeF{seT: (zs,ys)¢ U} €I
= (z,y) € Asymz(X,T).

2) Use item (1) and Proxz(X,T) C Proxz(X,S).

3) Use item (2).

4) If (X,S) is Li-Yorke chaotic modulo Z, then (X,S) is a co-decomposition of
itself to Li—Yorke chaotic modulo Z transformation semigroups. On the other hand
if (X,(Sq : «a€T)) is co-decomposition of (X,S) to Li-Yorke chaotic modulo Z
transformation semigroups such that for all @ € T" we have |JZ C S, then choose
ap € T'. Since (X, Sq,) is Li-Yorke chaotic modulo Z, S,, is a subsemigroup of
S and Z is an ideal on S,, too, then (X,S) is Li-Yorke chaotic modulo Z by
item (2). O

In transformation semigroup (X, S) we say nonempty subset Y of X is invariant if
YS:={ys:ye€Y,se€ S} CY. Y is a closed invariant subset of X then we may
consider transformation semigroup (Y, .S) with induced action of S on X.

Note 3.3. In transformation semigroup (X,.S) suppose Y is a closed invariant
subset of X and 7 is an ideal on S, then

o Asymz(Y,S) C Asymz(X,S),

e if D C Y is an scrambled set modulo Z in (X, S), then it is an scrambled set
modulo Z in (Y, S5),

In the following Theorem we deal; with product of transformation semigroups.
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Theorem 3.4. Suppose {(X,,S) : @ € T'} is a nonempty set of transformation

semigroups and Z is an ideal on S. In transformation semigroup ( [ X4, S) with
acl

(xa)aeFS = (xas)ozef‘ ((‘TOZ)QEF € H Xo, s € S)
acl

we have:

1. Asymz( I;IF Xa, S) = {((Za)ozel“a (wa)aeF) Vo € F((Za, wa) € AsymI(XOH S))}v

2. if (za)aer, (Wa)aer are scrambled modulo Z (in transformation semigroup

(IT Xa,S)), then there exists 5 € T' such that z3,ws are scrambled modulo 7
acl’
(in transformation semigroup (Xg, S)),

3. for B € I" suppose p,q € X and for each a € I' choose z, € X,, let

_Jp a=8, _Ja a=8,
"”‘{z a#p, y‘{z a#p,

then (x4)acr, (Ya)aer are scrambled modulo Z (in transformation semigroup

(IT Xas I Sa)), if and only if p,q are scrambled modulo Z (in transformation
acl acl

semigroup (X3, S)),

4. if there exists 8 € T' such that (Xg,S) is Li-Yorke chaotic modulo Z, then

(TI Xa,S) is Li-Yorke chaotic modulo Z,
ael’

Proof. 1) For compact Hausdorfl topological space Y suppose Fy is the unique
compatible uniform structure on Y. For 3 € I' and U € Fx, let:

Mp(U) = {((2a)aer; (Wa)aer) € H Xo X H Xo: (z8,w5) €U}

Now suppose ((za)aer, (Wa)acr) € Asymz( ] Xa,S), thus for each § € T and
acl
Ue Fx, (use Mg(U) € F1 x.)) we have
ael’

{s€S:(z35,wps) ¢ U} ={s €S :((2a8)acr, (Was)aer) ¢ Mpg(U)} €T
which leads to (z3,wg) € Asymz(Xg,S). Therefore:

AsymI(H Xa,S) C{((za)aer, (Wa)aer) : Va €T ((2a, ws) € Asymz(Xa,S))} .
acl

Now suppose for each o € I' we have (pa, qa) € Asymz(Xa,S) and A € Fq x, -
ael

There exist aq,...,a, € I' and Uy € Fx ., Un € Fx,, with

(*) () Ma,(U;) C A.
1<i<n

For each i € {1,...,n} we have (pa,,qa,) € Asymz(X,,,S), thus {s € S :
(Pas s qa,;8) ¢ Ui} € L, so:

(**) U {s€9: (pa,s.a,s) ¢ Ui €T

1<i<n

thus:
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{s € S: ((Pas)acr; (qas)acr) ¢ A}

C (se 5 (Gasoer [@s)oer) ¢ (] Mo (U2}

~

1<i<n
= U {s € 5: ((pas)acr; (qas)acr) ¢ Mo, (Ui)}
1<i<n
*k)
— U e85 pasaus) ¢U) €T
1<i<n

which shows {s € S : ((pas)acr; (qasS)acr) &€ A} € T and ((pa$)acr, (qas)acr) €
Asymz( ][ Xa,S). Therefore:

acl

Asymz (][ Xa:8) 2 {((2a)aer; (Wa)acr) : Vo € T (20, wa) € Asymz(Xa, 5))} .
acl

2) Use Proz( [ Xa,S) C{((za)acr; (Wa)acr) : Va € T'((24, ws) € Proz(Xa,S))}

acl
and item (1).
3) If p,q are scrambled modulo Z in transformation semigroup (Xg,S), then by
item (2), then (4 )aer; (Ya)aer are scrambled modulo Z in transformation semi-

group ( [ Xa, [] Sa)-

ael’ acl
Now suppose (T4 )aer, (Ya)acr are scrambled modulo Z in transformation semi-

group ([] Xa, I Sa), then by item (2) there exists o € T' such that zq,ya
acl acl
are scrambled modulo Z in transformation semigroup (X,,S). If a # 3, then

(Ta,Ya) = (Zas2a) € Ax, C Asymz(X,,S) which is a contradiction to the fact
that x4, y, are scrambled modulo Z and hence non—-asymptotic modulo Z, therefore
a = and p(= zg),¢ = (yg) are scrambled modulo 7.

4) Use (2). O

Corollary 3.5. Suppose {(X4,S,) : @ € T'} is a nonempty set of transformation
semigroups and for each a € T', Z,, is an ideal on S,. In transformation semigroup

(TI Xa, I Sa) with

acl ael
(IQ)QGF(SQ)QGF = (Iasa)ael" ((:COC)OLGF € H Xav (SQ)QEF € H Sa)
aecl ael’
for each § € I' and D € Zg let Hg(D) = {(Sa)aer € [[ Sa:sg € D} and suppose
ael
T is an ideal on [] S, generated by {H,(D):a € T',D € Z,}. Also suppose R is
aecl’

an ideal on [ S. Then we have:

acl’
1. Asymz( [] Xa, [I Sa) is the set

acl ael

{((za)aer; (Wa)aer) : Yo €T ((2a, wa) € Asymz, (Xa, Sa))}

2. if (za)aer, (Wa)aer are scrambled modulo Z (in transformation semigroup
(TI Xas I] Sa)), then there exists § € T' such that zg,wg are scrambled mod-
acl acl

ulo Z3 (in transformation semigroup (Xg, Sg)),
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3. with the same (4 )aer, (Ya)aer as in item (3) of Theorem 3.4, (24 )aer, (Yo )acr

are scrambled modulo Z (in transformation semigroup ( [[ Xa, ][ Sa)), if and
acl acl’

only if p, ¢ are scrambled modulo Zg (in transformation semigroup (Xg, S3)),

4. if there exists f € I" such that (Xg, Sg) is Li-Yorke chaotic modulo Zg, then

(IT Xa, II Sa) is Li-Yorke chaptic modulo Z,

aecl ael’

Proof. Use a similar method described in Theorem 3.4 and Proxz( [[ Xa, [] Sa) =
aecl ael’
{((2a)aer; (Wa)aer) : Yo € T ((24,wq) € Prox(Xa, Sa))}-

Note 3.6. In transformation semigroups (X, S), (Y, S) suppose ¢ : (X,S) — (Y, 5)
is a homomorphism and 7 is an ideal of S, then for ¢ x ¢ : X x X — Y x Y we have
(z,y)—(p(x),0(y))
© X o(Prox(X,S)) C Prox(Y,S) [7], and ¢ x p(Asymz(X,S)) C Asymz(Y,S),
suppose (x,y) € Asymz(X,S) and U is an entourage of Y, since ¢ : X — Y is
continuous and X, Y compact Hausdorff spaces, ¢ : X — Y is uniformly continuous
too. Thus there exists entourage V of X with ¢ x ¢(V) C U. Using (x,y) €
Asymz(X,S) and ¢(zs) = ¢(z)s for all z € X, s € S, we have:

{seS:(p@)s,ply)s) €U} = {s€S:(p(xs),0(ys)) ¢ U}
C {seS:(xs,ys) ¢V} e,

therefore {s € S : (p(x)s,p(y)s) ¢ U} € T and (¢(z), ¢(y)) € Asymz(Y,S).

In transformation semigroup (X, S) suppose R is a closed invariant relation on X,
then one may consider transformation semigroup (,5) [7, 16]. Using Note 3.6
and natural quotient homomorphism 75 : (X, ) — (5, S) we have the following
Corollary.

Corollary 3.7. In transformation semigroup (X, S) suppose R is a closed invariant
relation on X and Z is an ideal on S, then g x 75 (Asymz (X, S)) C Asymz(3, S).

Let’s recall that in transformation semigroup (X, S) with compatible uniform struc-
ture F on X for all @ € F let aS™!:={(z,w) € X x X : Is € S (2s,ws) = (x,y)},
then Proz(X,S) ={aS ' :a e F} 9.

Theorem 3.8. In transformation semigroup (X, S) with card(S) > 2 we have:
Prox(X,S) = J{Asymz(X,S) : Z is an ideal on S with Z # P(S)}.

Proof. For ideal Z on S with Z # P(S) suppose (z,y) € Asymz(X,S) and F is the
compatible uniform structure on X. For every a € F, we have {s € S : (xs,ys) ¢
a} € Z, thus {s € S : (zs,ys) ¢ a} # S and there exists s € S with (zs,ys) € «a,
so (z,y) € aS~t. Therefore (z,y) € ([ J{aS™! :a € F} = Proz(X, S).

On the other hand suppose (x,y) € Proz(X,S), thus (z,y) € ({aS™! : a € F}
and for every a € F, there exists s € S with (zs,ys) € aso J, :={t € S: (zt,yt) ¢
a} #8. LetT:={ACS:3ae F(AC Jy)}. Foreacha, € F wehave ang € F
and Jo U Jg = Jang, thus 7 is an ideal on S and (z,y) € Asymz(X, S). Moreover
for all @« € F we have J, # S thus S ¢ 7 and Z # P(S). O

Note 3.9. In transformation semigroup (X, S) suppose Z is an ideal on S, being
asymptotic modulo 7 is an equivalence relation on X, since if x,y are asymptotic
modulo Z and y, z are asymptotic modulo Z, then for each o € Fx there exists
B € Fx with Bo8 C o and we have {t € S: (zt,yt) ¢ B}, {t € S: (yt,2t) ¢ Bt €T



ON LI-YORKE CHAOTIC TRANSFORMATION GROUPS MODULO AN IDEAL 9

thus {t € S: (xt,zt) ¢ a} C{t € S: (at,yt) ¢ SYU{t € S : (yt, zt) ¢ B} € T which
leads to {t € S : (xt, 2t) ¢ a} € Z. Hence x, z are asymptotic modulo Z too.

4. LI-YORKE CHAOTIC FORT TRANSFORMATION GROUPS

In this section suppose F' is an infinite Fort space with particular point b. For each
D C F let:
ap:=((F\D)x (F\D))U{(z,2):z€ D},
then
K :={U C F x F: there exists finite subset D C F'\ {b} with ap C U}
is the unique compatible uniform structure of F.
Lemma 4.1. In infinite Fort transformation group (F, G) we have:
1) {(b,2) : «G is infinite} U {(x,b) : G is infinite} C Proz(F,G).
2) For
P = {(x,x):x€F}U
{(b,x) : G isinfinite} U {(x, b) : G is infinite} U
{(z,y) : G and yG are infinite}

we have Prox(F,G) C P.
3) Moreover if G is abelian too, then Prox(F,G) = P.

Proof. First note that in the transformation group (F,G) we have bG = {b} and
for all z € X:

prel xG xG is finite,

T 26U {b} G isinfinite,
also for x # b, b ¢ G. 1) For x € F we have:

(x,b) € Prox(F,G) < Hgataer CG lig% T = lig% bgo = b

& beaG

< b€ zGV (G is infinite)
&z € bG V (zG is infinite)
&z =0bV (G is infinite)

=

Thus if G is infinite then (z,
2) Suppose (z,y) € Prox(F,G
e Case A. x = bVy = b. Without any loss of generality we may suppose y = b
and (z,y) = (x,b). Using the proof of item (1), and (z,b) € Prox(F,G) we
have “x = bV (zG is infinite)” which leads to (z,y) = (z,b) € P.
e Case B. zG and yG are infinite. In this case it is clear that (z,y) € P.
e Case C. x £ b Ay #bA (G is finite or yG is finite). In this case we may
suppose = # b and xG is finite. Since (x,y) € Proxz(F,G), there exists a
net {gao }acr in G such that (lllgll TGo = (lllgrl‘ Yga =: z thus z € 2G = 2G F b

) € Proxz(F,G) which completes the proof of (1).
we have the following cases:

~—

so z # b and {z} is an open neighbourhood of z (since b is the unique limit
point of F') and there exists « € T with 2¢, = z = yg, which shows x =y
and (z,y) = (z,x) € P

Using the above items we have (z,y) € P and Prox(F,G) C P.

3) Using (1) and (2) we have:
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{(b,x) : xG isinfinite} U {(x,b) : G is infinite} C Prox(F,G) C
{(z,2) : 2 € F} U{(b,x) : G is infinite} U {(z, b) : G is infinite} U {(x, y) :
G and yG are infinite} = P

Suppose G is abelian, in order to prove Prox(F,G) = P we should prove for z,y € F
with infinite G, yG we have (z,y) € Prox(F,G). So consider z,y € F with infinte
xG,yG. We have the following cases:

e Case I. There exists sequence {gn}n>1 in G such that both sequences
{zgn}tn>1 and {ygn}n>1 are one-to—one. In this case If U is an open neigh-
bourhood of b, then F'\ U is finite and there exists N > 1 such that
for all n > N we have zg,,yg, € U. Thus }zlgi Tg, = b = 7139% ygn and

(x,y) € Prox(F,G).

e Case II. For each sequence {gn}n>1 in G at least one of the sequences
{zgn}tn>1 or {Ygn}n>1 is not one-to-one. In this case using infiniteness
of zG there exists sequence {gn}n>1 in G with infinite and one-to—one
{zgn}n>1- I {yg, : n > 1} is infinite, then there exists a subsequence
{gn, }i>1 with one—to—one {ygy, }i>1, therefore both sequences {zgy,}i>1
and {ygn, }i>1 are one-to—one which is in contradiction with our assump-
tion. Thus {yg, : n > 1} is finite, therefore {yg,}n>1 has a constant
subsequence {ygn, }i>1. Let ki := gn, g, (m >1). Then for all p,g > 1
we have:

1

zky, =k = xgnpggll = T9n,9n,
= ngnngllgm = xgnqg;119n1
= XGn, = Tgn,
=

ny = ng (since {xgn tn>11s a one — to — one sequence)

= pP=q
moreover since {ygn, };>1 is a constant sequence, we have yg,,, = ygn, thus
Y = Y91 Gny = Y9, 90, = Ykp-
So {xky}n>1 is a one-to—one sequence and for all n > 1 we have yk,, = y.
Similarly there exists a sequence {¢,},,>1 in G such that {yt,},>1 is a one—
to—one sequence and xt, = x (n > 1).
For all n > 1 we have zk,t,, = xt, k, = xk, and yk,t, = yt,, therefore
both sequences:

{whntntn>1(= {zknfn>1) and {zkntn}n>1(= {ytntn>1)

are one—to—one and infinite sequences which is in contradiction with our
assumption on z,y, hence this case would have not been occured.

Using the above discussion for abelian G we have (z,y) € Prox(F,G) which com-
pletes the proof of (3). O

Lemma 4.2. In infinite Fort transformation group (F,G) for z,y € F and ideal 7
on G, the following statements are equivalent:

L. ('rvy) € AsymI(Fv G)v

2. for all finite subset D of F'\ {b}, we have {g € G : (zg,y9) ¢ ap} € Z,

3. for all z € '\ {b} we have {g € G : (zg,y9) & a3} € L.
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Proof. “(1)<(2)” Use definition.
“(2)<(3)” Use the fact that for all nonempty finite subset D of F'\ {b} we have
O

ap = ﬂ a{z}.
zeD

Theorem 4.3. In infinite Fort transformation group (F,G) with ideal Z on G we
have:
Asymz(F,G) = {(z,x):xz€ F}U
x,y) € F X F:YheG stab(z)h Ustab(y)h € T} U
(x,b) e FX F:VYhe G stab(x)h € T} U
)

€FXxF:VheG stably)heI}.

Proof. First note that:

(®) forwe F\{b} and z € F\ wG we have {g € G:wg=2} =0 €T
also b ¢ w@.

For z,y € F\ {b} with = # y we have:

(0.0) € Asymz(F,G) & (v2€ P\ {b} ({g€ G (ag,bg) ¢ agey} €))
Va e F\ (b} ({g € G (vg,b) ¢ aey} €T)
Vze F\{b} {g€G:ag=12} €I))

VzeaxzG({geG:ag=2}€1))

3

¥

~
®
=

—~ =~~~

& (VheG({geG:xg=uah}el))
& (VheG({geG:gh™t e stab(x)} € 1))
& (Vh € G (stab(x)h € T))
Also:
(z,y) € Asymz(F,G)
& (Ve FA\{b} ({9 € G: (z9,y9) ¢ a1} € 1))
& (VzeF\{b} {9eG:ag=2zNyg# 2} U{geG:ag#2ANyg==z} €1))
& (Vze F\{b} {geG:ag=2}U{ge G :yg==z} €1))
& (VzeF\{b}{9eG:ag=2}€IN{geG:yg==z2}€I))
& (VzeFP\{b}{geG:ag=2e)ANNze F\{b} {g € G:yg =z} €1))
& (VzeaxG{geG:azg=2} €eI)ANNVzeyG{g e G:yg==z} €1))
< (VheG{geG:xg=ah} €eI)AN(Vhe G{g € G:yg=yh}e€I))
< ((Yh € G stab(x)h € Z) A (Yh € G stab(y)h € T))
< (Vh € G stab(x)h U stab(y)h € T)

O

In semigroup S we say ideal Z on S is S—invariant, if for all A € Z and s € S we
have As € Z. So in semigroup S, Py, (S) is an S—invariant ideal on S (however
for nontrivial S with identity e, ideal {{e}, @} on S is not S—invariant).

Corollary 4.4. In infinite Fort transformation group (F, G) with G—invariant ideal
7 on G. Then
Asymz(F,G) = {(z,z) :x € F} U{(x,y) € F x F : stab(x) U stab(y) € Z}U

{(z,b) € F x F: stab(z) € Z} U {(b,y) € F x F : stab(y) € T} .



12 M. POURATTAR, F. AYATOLLAH ZADEH SHIRAZI

And:
Asym(F,G) = {(z,z):z € F}U
{(z,y) € F x F : stab(z) U stab(y) is finite} U
{(z,b) € F x F : stab(z) is finite} U
{(b,y) € F x F : stab(y) is finite} .
Proof. Use Theorem 4.3, O

Theorem 4.5. In infinite Fort transformation group (F, G) suppose Z is an ideal
on S, then:
Prox(F,G) \ Asymz(F,G)
C {(x,b) € F x F : zG is infinite and exists h € G with stab(z)h ¢ T} U
{(b,z) € F x F: G is infinite and exists h € G with stab(x)h ¢ T} U
{(z,y) € F x F: G, yG are infinite and exists h € G with stab(x)h U stab(y)h ¢ I} .

So if J is a G—invariant ideal on G, then:
Prox(F,G) \ Asym s (F, Q)
C {(z,b) € F x F : zG is infinite and stab(x) ¢ J} U
{(b,z) € F x F : 2G is infinite and stab(z) ¢ J} U
{(z,y) € F x F : 2G,yG are infinite and stab(z) U stab(y) ¢ J} .
In particular:
Prox(F,G)\ Asym(F,G) C {(z,b) € F x F : xG, stab(x) are infinite} U
{(b,z) € F x F : G, stab(x) are infinite} U
{(z,y) € F x F : 2G,yG, stab(x) U stab(y) are infinite} .

If G is abelian too, we have equality in all of the above relations.
Proof. Use Lemmas 4.1, 4.3 and Corollary 4.4. O

Corollary 4.6. In infinite Fort transformation group (F, G), for S C F we have:
1. if S is an scrambled subset of F' module ideal Z on G, then

S\ ({z € F : G is infinite and there exists h € G with stab(x)h ¢ Z} U {b})

has at most one element.
2. if S is an scrambled subset of F' modulo ideal 7 on G and J is G—invariant,
then
S\ ({x € F: 2G is infinite and stab(z) ¢ T} U {b})
has at most one element.
3. if S is an scrambled subset of F', then

S\ ({z € F : 2G, stab(x) are infinite } U {b})
has at most one element.

Proof. Use Lemma 4.5. O

Theorem 4.7. Abelian infinite Fort transformation group (F, G) is

1. Li-Yorke chaotic modulo ideal Z on G if and only if H := {z € F': zG is infinite
and there exists h € G with stab(z)h ¢ I} is uncountable.

2. Li-Yorke chaotic modulo G—invariant ideal 7 on G if and ounly if H := {x € F :
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2G is infinite and stab(z) ¢ J} is uncountable.
3. Li-Yorke chaotic if and only if H := {x € F : zG, stab(x) are infinite} is
uncountable.

Proof. If (F,G) is Li-Yorke chaotic, then it has an uncountable scrambled subset
say S, by Corollary 4.6, S\ H is finite, so H is uncountable.

For infinite H and abelian GG, H is an scrambled subset of F' by Lemma 4.5. So if
H is uncountable, then (F,G) is Li-Yorke chaotic. (]

Co—decompositions of (F,G) and Li—Yorke chaos. Now in our final notes in
this section for infinite abelian group G, we pay attention to co-decompasability of
(F,G) to Li-Yorke chatic transformation groups and co-decompasability of (F, G)
to non-Li—Yorke chatic transformation groups.

Corollary 4.8. In infinite abelian Fort transformation group (F,G), is Li-Yorke
chaotic (modulo ideal Z (on G)) if and only if it is co-decomposible to Li-Yorke
chaotic (modulo ideal Z) transformation groups.

Proof. Use Theorem 4.7. O

Note 4.9. Every infinite abelian Fort transformation group (F, G), is co-decomposible
to non—Li—Yorke chaotic transformation groups.

Proof. Suppose (F,G) is an abelian Fort transformation group, then for {G, :
aeTl} ={{¢":neZ}:ge G} with distinct G,s, (F,(Gy : a € T)) is a
co—decomposition of (F, &) to non-Li—Yorke chaotic transformation groups. O

Example 4.10. For uncountable G let Peoun:(G) = {A C G : A is countable}.
Now for G = Z x R and Fort space F := RU{oo} with particular point co, in trans-
formation groug (F, G) with co(n,r) := oo and z(n,r) := z+r (z € R, (n,r) € ZxR
we have:

1. zG=Rforall z € F\ {oo},

2. stab(x) = Z x {0} for all z € F \ {o0}.

So by Theorem 4.7, (F,G) is Li-Yorke chaotic (modulo Py, (G)) however it is not
Li-Yorke chaotic modulo Peouni(G).

As a matter of fact for transfinite cardinal numbers «, 8 if there exists abelian
group K with f < card(K) < «, in group G := K X R consider two ideals
Z:={ACG:card(4) <} and J := {A C G : card(A) < a}, then Z C J.
Consider Fort space F' := R U {00} with particular point oo, in transformation
group (F,G) with co(k,r) := oo and z(k,r) :=x+7r (v € R, (k,r) € K xR we have
e G =R forall z € F\ {o0},

o stab(z) = K x {0} for all z € F \ {o0}.

So by Theorem 4.7, (F, G) is Li-Yorke chaotic (modulo Z) however it is not Li—Yorke
chaotic modulo J.
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