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Abstract

By a dynamical system we mean a pair (X, T'), where X is a compact metric
spaceand T : X — X is surjective and continuous. We study weak disjointness
in topological dynamics. (X, T) is scattering iff it is weakly disjoint from
all minimal systems and (X, T) is strongly scattering iff it is weakly disjoint
from all E-systems, i.e. transitive systems having invariant measures with full
support. It is clear that a weakly mixing system is strongly scattering and the
latter is scattering. An existential proof of scattering and a non-weakly mixing
example is obtained by Akin and Glasner (2001 J. Anal. Math. 84 243-86). In
this paper, we will give an explicit example which is strongly scattering and not
weakly mixing. We also define extreme scattering, weak scattering and study
the relationships of the various definitions.

For a dynamical property P stronger than transitivity, let P* be the
property such that a system has P* iff it is weakly disjoint from any
system having P. We show that P* = P***. Moreover, we prove that
(thickly syndetic-transitive)* = piecewise-syndetic-transitive and (piecewise-
syndetic-transitive)” = thickly syndetic-transitive.

Mathematics Subject Classification: 54H20

1. Introduction

Let (X, T) denote a given dynamical system on a compact metric space X induced by a
continuous surjective map 7 of X onto X. Recall that (X, T) is transitive if for each pair of
non-empty open subsets U and V, N(U,V) = {n € Z, : T"V N U # @} is infinite. Two
dynamical systems are weakly disjoint if their product is transitive. (X, T') is an E-system if
(X, T) is transitive and there is an invariant measure p with full support, i.e. supp(u) = X;
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(X, T) is topologically ergodic (TE, for short) if (X, T) is transitive and for each non-empty
open subset U of X, N(U, U) is syndetic, i.e. with bounded gaps. It is known that a minimal
system is an E-system and the latter is TE [GW2].

For a dynamical property P stronger than transitivity, let P* be the property such that
a system (X, T) has P* iff it is weakly disjoint from any system having P. It turns out that
P* = P***. The chaoticity of a system is an important aspect in the study of dynamical
systems and it is known that a weakly mixing system is chaotic in many aspects [HY,BGKM].
To study how the chaoticity of a system is related to open covers of the system, the notion of
scattering is introduced by Blanchard et al [BHM] (using the complexity of open covers) and
it can be interpreted as follows: (X, T) is scattering iff it is in minimality*. It is known that if
(X, T) is weakly mixing then it is scattering. Akin and Glasner [AG] give an example which
is scattering and not weakly mixing. The existential proof of the fact is based on the existence
of monothetic groups whose only minimal actions are trivial [G]. In this paper, we will give an
explicit, constructive example which is a subshift and can be verified directly. In the process
to construct the example, we naturally define a property which is called strong scattering.
A dynamical system is strongly scattering iff it is E-system”. Glasner and Weiss [GW2] show
that a weakly mixing system is weakly disjoint from an E-system. Thus a weakly mixing
system is strongly scattering, and the latter clearly implies scattering as a minimal system
is an E-system. Since our example is in fact strongly scattering and not weakly mixing,
strong scattering and weak mixing are different properties and at the same time it suggests
that scattering, non-weakly mixing systems are not so ‘rare’. This motivates us to define other
notions comparable to scattering and to study the relations among them.

A dynamical system (X, T) is extremely scattering iff it is in TE*. As a weakly mixing
system is weakly disjoint from any TE system [AG, GW2], weak mixing implies extreme
scattering!. Since an E-system is TE, extreme scattering implies strong scattering. We show
that if (X, T) is extremely scattering, then the access time N (U, V) is piecewise syndetic, i.e.
the intersection of a syndetic set with a thick set which by the definition contains arbitrary long
intervals. As N (U, V) cannot be piecewise syndetic for an almost equicontinuous system
(see [F2, AAB] for the definitions), an almost equicontinuous system cannot be extremely
scattering, and this fact implies that extreme scattering and scattering are different properties
as there is an almost equicontinuous scattering system [AG]. In fact, a close look at our example
shows that strong scattering and extreme scattering are different properties.

It is known that (X, T') is weakly mixing iff the access time N (U, V) is thick [F1].
Using some results in [F2, W], we show that a system is strongly scattering iff the access
time N (U, V) is a Poincaré set, and a system is scattering iff the access time N (U, V) is
a recurrence set. Though there exists a recurrence set which is not a Poincaré set [W], the
question if strongly scattering is equivalent to scattering remains open as here there are some
restrictions on those sets.

A dynamical system is weakly scattering iff it is in (minimal equicontinuity)”. Using
some result of [BHM] one easily gets that 2-scattering implies weak scattering. At the same
time a weakly scattering system is totally transitive, and for an E-system weakly scattering is
equivalent to scattering. If scattering and weakly scattering are different properties, then the
question of [W, p. 53] if a recurrence sequence for all group rotation is a recurrence set will
have a negative answer. To summarize, we have (note that any irrational rotation of the circle
is totally transitive and not weakly scattering)

weak mixing C extreme scattering C strong scattering

C scattering C weak scattering C total transitivity.

! Huang and Ye showed recently that they are different properties.
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Two dynamical properties Py and P, are symmetrically dual if P{* = P, and P> = Py. It
is clear that for a property P stronger than transitivity, P* and P** are symmetrically dual.
We prove that thickly syndetic-transitive and piecewise-syndetic-transitive are symmetrically
dual (see section 4 for the definitions). This is the first pair of symmetrically dual properties
(we know) which can be described explicitly using access times.

2. Preliminary

For a dynamical property P stronger than transitivity (write P > transitivity or P C
transitivity), we use P* to denote the property such that a dynamical system has P* iff it
is weakly disjoint from all systems satisfying P. Hence we have P* > transitivity. The
following fact is easy to prove.

Theorem 2.1. For a dynamical property P stronger than transitivity, we have P*** = P*,

Proof. Itis clear that P > P** and hence P* < P***. As P* is a dynamical property and
P* > transitivity, we have P* > P*** Thatis, PAA = P, O

For a dynamical system (X, T'), x € X and a pair of non-empty open subsets U, V of X,
let N(x,U)={neZ,:T"(x) € U} and

NU,V)={neZ,: TT"VNU # 9}.
Lemma 2.2. Let (X,S) be a transitive system with a transitive point x. If for any
neighbourhood U of x we have property (x),

() foranyr € Z, andany k € Nthereare py, ..., py > r suchthatforany 1 < iy < j; <k,
piij —r € NWU,U), where p;, j, = Y/L, pi,

then (X, S) is strongly scattering.

Proof. Let (Y, T) be any E-system and T be a homeomorphism. Then there is an invariant

measure u on Y with supp(u) =Y.

Let U;, U, be any non-empty open subsets of X and V;, V; be any non-empty open subsets
of Y. Then by the definition

NWU; xVi,Uy x Vp))={neZ,:(Sx T (U, x Vo) N (U x V) #* (}.

As (X, ) is transitive, there are ng, k € N such that U = S~ (U,) N S~*(U)) is a
non-empty neighbourhood of x. Thus,

NWU, x Vi,Uy x Vo) ={n € Zy: (S x T) "™, x Vo) N (S x T) XU, x V) # B}
={n € Z : (ST"P W) NSTHWU) x (T™" O (V) N TH(V))) # 0}
Snog+{meZ,: (STU)YNU) x (T"T~ "R v,y N T (W) # 3).

Since (Y, T) is transitive and T is a homeomorphism, there is an open ¥ £ V C T*(V))
and r € N such that 77" (V) ¢ T~®*)(V,). Thus

NWU x Vi,Uy x V) Dng+ N(U x V,U x T7"(V)).
As supp(u) = Y, we have u(V) > 1/q > 0 for some g € N. For U, r, g using the

assumption we get py, ..., pg > rsuchthatforany 1 <i; < ji <gq, pi,;, —r € NU, U),
where Pij = le]:h pr-
IfV, T=P(V), ..., T~P1++Pd) (V) are pairwise disjoint, then we have

w(VUT P (VYU---UT~PrEtpd(v)) > 1,
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This means that there are 1 < iy < j; < ¢ such that V.N T P (V) # (§. Hence
Diji —r€NWU xV,UxT7"(V)). Thus

Pi,jy —r+ng € N(Up x Vi, U x V).

Now assume that (Y, T) is an E-system, (Y7, T7) is the natural extension of (Y, T') and
m; + Y1 — Y is the projection to the ith coordinate. As

{m7'(V):i e Nand V is open in Y}

is a basis for the topology of Y7, itis easy to see that (¥}, T) is transitive. Let ¢ be an invariant
measure of T with full support. For each i, let v; be an invariant measure of 7} with 7;v; =
(see [DGS])and v = Z,oi (17 21)v;. For each non-empty open subset V; of Yy, there are i € N
and an open subset V of Y such that V| D nl-fl(V) and hence v(V;) > 0. That s, (Yy, T}) is
an E-system. Then by what we have proved, (X x Y;, S x Tp) is transitive. As (X x Y, Sx T)
isafactorof (X x Y7, 8 x T1), (X x Y, S x T) is transitive. This completes the proof. (]

3. The construction

The main purpose of this section is to construct a strongly scattering, not weakly mixing system.
To do so, we use lemma 2.2 and the characterization of weak mixing [F1], i.e. a system is
weakly mixing iff N (U, V) is thick. Recall that a subset of Z, is thick if it contains arbitrary
long intervals. Now we are going to show the following theorem.

Theorem 3.1. There is a strongly scattering, not weakly mixing system.

Proof. We will construct the system in the one-sided shift on two symbols (X, S) and the
system is the closure of the orbit of a recurrent point x = (xg, x,...) € 2. To do so, we
construct inductively infinitely many finite words C; such that C;;; begins with C; and x is
just the limit of C;.

To begin with, let {¢ (i)} be a sequence of Z.,. such that for eachi € Z,, there are infinitely
many j € Z, with ¢(j) =i and let

Co = (0), C; =(0,0,1,0,0) = (xg, ..., x4) and k =5.
Set

WY =2} ={i:x=1i<hk —1}

W ={0} ={j:xj...Xjk—1 = Ci},

BY = Wy — Wy = {0}, Bi = W — W = {0},

where A— B={a—b>0:a €A, be B}. Inductively we construct C;. If k; is the length
of C;, then we define

W={i:xi=1,i <k —1) for1 <i <1,
W; = {O<] gk[ —k; TXj e X1 = Ci}, 3.1
B =W/ —W,.

Moreover, Bl0 satisfies:

(1); 1 ¢ BY and there is no s € N such that s, s — 1 € B).
2); ¢ begins with C;_;.
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For/ =1, (1); and (2); are satisfied. Assume that we have constructed C,, for 1 <n </
with (1), and (2),. We build C; as follows. Assume that p', ph, ..., p!, pf.’j >k
(1 <i < j <I1+1)are positive integers to be defined later and set

gl =pi+-+phi +( =+ 1)k —pU+1) (3.2)
(which will be positive) for 1 <i < j <[+ 1. Let A?j = C;Oq!vfcl, 1<i<j<l+1,and

Ciy = A11,2Op’]'2A11,30p[1'3AZ],4OPII’4 . All,l+lop1”+l
1 ! 1 ! 1 !

A2q30/’2.3 A2q401’2.4 . Al,l+10p”+l .
By the construction of Cy,; and (3.1) we get
Wiy = WP U W+ (g] 5+ k) U (W + (g}, + k) + (pl, + k)

U UW + (g, + k) + Pyt k) + -+ (g 1y +K)).
Forl <i <l
Wiy =W UW + (g}, +k)UW +(qi,+k)+(pl,+k))

U U W + (gl + k) + (Pl + k) + -+ (g 1 +K)),
Wi = (o).

Denote

1 l 1 1 l l
(511,2 + ki, P12 + ki, 913 + ki, P13 +ki oo, q1.1+1 + ki, P+t +kp)
by
1 1 l 1 l
(@, a3, a3, -, a1 gay)- (3.3)

Then for 0 <i < I,

B, =W, — W), =BjU < " (3.4)

((d; +-.-+a§2)i3;)>

1< i< psld+) -1

Bili = {0).

We can take p!, pl, ..., pl, pf,j (1 <i < j <1+1)such that B, satisfies (1).41. We
do this at the end of the proof.

Let x = lim C; and X be the orbit closure of x under the shift S. We now prove that (X, )
is strongly scattering and not weakly mixing.

LetU ={y € X : yo = 1}. Then

o0 oo
N, Uy = Jw and Nw,U) =B
=1 =1

As B? C Bg C Bg ... and (1), is satisfied by all /, we know that N (U, U) is not thick, and
consequently that (X, S) is not weakly mixing.

We now check that (X, §) satisfies property (x), and then by lemma 2.2 (X, T) is strongly
scattering. For each neighbourhood V of x, thereis/ € Nsuch thatthe cylinder V; = [C;] C V.
It is easy to see that

o0 o0
N(x, V) = U w! and NV, V) = U B (3.5)
i=l i=l
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For r € Z, and k € N there are infinitely many s with ¢ (s + 1) = r (see lemma 2.2 for
the role of » and k). Thus we may take s > k + [ such that ¢ (s + 1) = r. Then by (3.5) and
(3.4)

N(Vi, Vi) D By,
> U g ++a) (as 0 € B)
1i<j<s(s+1)—1
D U {qf’j + ky} (as qij + ks = a; for some t (3.3)).
1<i<j<s+1
Recall that (see (3.2))
G =Pt AP A G =G+ Ik —ds+ 1) = pl 4 pl +( = G+ Dk — .
Let p; = pj +k,. Then

Y~+k =Pi+"'+17/'—l —r
forl <i<j<s+l. Setp;,;= Zz ;P 1 <i < j<s. Thenwehave p; j —r € N(V;, V))
and hence (X, §) is strongly scattering by lemma 2.2
To finish the proof we must choose pi, pb, ..., pj, pi ; (1 <i < j <I1+1)such that B},

satisfies (1);;+. There are many ways to do this; for example, we take pl =2k+2+¢p(+1)
and inductively we take pf. = Z’j_:ll ( pj + k) + 2k +2 for 2 < i < [. At the same time we let

ploz= ( > (q,{j+k1)) +2k; +2.

1<i<j<i+1
Forl1 <i<j<l+1let
1+1

Pz D Dk Y Pl vk > (gl k) + 2k + 2. (3.6)
1<iy<i ji=i+1 i<ji<j 1<i<j<I+1
The reason we take pl in the above form is that we hope (3.8) holds, i.e. if 1 < i} <
I+, 1 <ir < o <I(+1)and {iy, j1} # {i2, jo} then the four intervals
[(a4 +--+ a-):tBl] and [(a[2+-~- ajz):tBl]

are disjoint with the gaps > 2 (see (3.4)) as max B’ k;, where [A] is the convex hull of a
finite set A of Z, in Z,..

Now we check that By, satisfies (1)41.

By the choosing of pi, ..., pl, we know that if {i}, ji} # {i2, j»}, where i < j; and
< ]2

], i —q, ,zl = 2k +2. (3.7)
We claim thatif 1 <i; < j; <I(+1), 1< < I+ 1) and {i1, j1} # {i2, j»}, then

|(afl+---+ajl)—(ai2+ - +d )| 2k,+2 (3.8)
Proof of the claim: Set I} = {iy,..., ji}, L = {i2,..., pland I = ([1AL) N {2,4,...,

I+ 1D}
Case I (I # ). Let 2m = max [; then by (3.2), (3.3) and (3.6)

I I I l I I I
|(ail+--~+ajl)—(ai2+-~-+aj2)|Eazm—( Z ay; + Z a2j—l>

1<i<m 1< <+ /2

=ab — ( dYodi+ D @l +k,)) > 2k +2.

1<i<m 1<i<j<(+])
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Case2(I =0). LN {24, ..., 10+ 1)} =0, then I, = {i\}, I = {i»} and i, # i are odd.
From (3.7) we have |a! —af | > 2k +2.

LN (2,4 00+ 1) = {2/,2G +1),....25), then I, I, € {{2j — 1,2/,2j +
1,...,2s}, {27,...,2s}, {25 —1,...,2s + 1}, {2], ..., 2s + 1}}. Then

! ! ! ! 1 1 1 1
[(a; +---+a;) —(a, +---+a;)| =ay,, or lay,, —ay; 4| or ay; | =2k +2.
This ends the proof of the claim.

Assume that there is s such that {s, s — 1} C BJ,. By (1);, 5, s — 1 do not belong to B
simultaneously. As max Bl0 <k andaf 2 2k+2(1 <i <I(+1)),forl <i < j<I(+)—1

min{(a] + -+ +a}) = B} > ki +2 > max B +2,
we have (see (3.4))

ss—nc  |J  @+va)£B).
1Ii<j<I(+1)—1

By the claim there must exist i, j; such that
{s.s =1} C (a +---+d}) =B
From (1); there is no s with {s, s — 1} C B?; we get that
s€(a +---+d )+ B} and  s—1le(a +---+d})—B). (3.9

Since

min{(a +---+a’)+B)} =max{(a} +---+a}) - B)}=a +---+d’,
(3.9) is impossible as 1 ¢ By. That is, there is no s with {s, s — 1} C B},,. Hence 1 ¢ B},
since 0 € B} . O

4. The relation

In this section, we will introduce several other notions which are comparable to scattering, and
discuss the relationship among them. First we recall a result of Weiss, Akin and Glasner.

A subset F of 2%+ is called a family when it is hereditary upwards, i.e. F; C F>and F| € F
imply F, € F. We say F is proper if F is neither empty nor 2%+, If F is a family then its dual

kF ={F: FNF #@forall F| € F}

is a family and we have k(kF) = F. Fori € Z, let g’ : Z, — Z, be the translation map
defined by g’ (j) = i+ j. A family F is called translation invariant if forevery i € Z,, F € F
iff g‘i(F) € F. A family F is a thick family if for each F € F and iy, ..., i, € Z, we have
g " (F)N..-Ng " (F) € F. Finally we say a dynamical system (X, T) is F-transitive if
N (U, V) € F for each pair of non-empty open subsets U, V of X. For example if F is the
family of thick sets, then kF is the family of syndetic sets. So F-transitive is weakly mixing
and kF-transitive is TE.

The following theorem was first proved by Weiss in some special case (F is the family
of thick subsets) and was then generalized by Akin and Glasner [AG, theorem 4.15] in the
present form.

W-AG theorem. Let F be a proper, translation-invariant, thick family of subsets of Z..
A dynamical system (X, T) is kF-transitive iff it is weakly disjoint from any F-transitive
system.
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Before further discussions, we make several observations. Let WM and TE denote weakly
mixing and topologically ergodic, respectively. It is easy to see that the properties of extreme,
strong and weak scattering are preserved by factor maps. For the product we have the following
proposition.

Proposition 4.1.

(1) For a TE system extreme scattering implies WM.

(2) For an E-system strong scattering implies WM.

(3) For a minimal system weak scattering implies WM.

(4) If (X, T)is WMand (Y, S) is WMNTE, thenT x Sis WM. If (X, T) is TE, and (Y, S) is
WM NTE, then T x S is TE. Thus, if both (X, T) and (Y, S) are WM NTE, sois T x S.

(5) If (X, T) is extremely scattering and (Y, S) is extremely scattering which is also TE, then
T x S is extremely scattering.

(6) If (X, T) is strongly scattering and (Y, S) is strongly scattering which is also an E-system,
then T x S is strongly scattering.

(7) If (X, T) is scattering and (Y, S) is scattering with dense set of minimal points, then T x S
is scattering.

Proof. (1) and (2) are obvious. Now we assume that (X, T') is a minimal weakly scattering
system and (Y, S) is the maximal equicontinuous factor of (X, 7). As T x S is transitive and
(Y, S) is a factor of (X, T'), we have that S x § is transitive. Thus (Y, S) is trivial. Hence T
is WM. This proves (3).

To prove (4) we suppose (X, T') is WM and (Y, §) is WM N TE.

First we note that § x S is WM N TE. As S is WM, § x S is transitive. Let U and V
be two non-empty open subsets of Y. Assume n > 0 such that V; = S7"U NV # (. Then
NV, V)) ¢ N(U,U). Thus, N(U x V,U x V) = N\U,U)YNNV,V) D N(V;, V) is
syndetic.

AsT x T is WM, § x S is TE we have that (T x T) x (§ x ) is transitive. That is,
T x §is WM.

Now assume (X, T) is TE, (¥, S) is WM N TE. We want to show that 7 x S has this
property. Let (X', T') be WM. Then T’ x (S x T) = (T’ x §) x T is transitive, as T’ X S is
WM and T is TE. By the W-AG theorem, S x T is TEand sois T x S.

(5) can be proved in the same fashion. (6) follows from the fact that (Y, S) is weakly
mixing, and its product with any E-system is also an E-system. To prove (7) we use the
following facts: (a)if (Y’, §’) and (Y, S) are two systems having a dense set of minimal points,
sois 8’ x S; (b) if a system is scattering, then it is weakly disjoint from any transitive system
with a dense set of minimal points (see [AG]). U

We do not know how to prove a similar result for a weakly scattering system. Note that
one can find (4) and (7) in [A] and [AG], respectively.

In the measure theoretical setting, the product of an ergodic system with a WM system is
ergodic and the product of a WM system with a WM system is WM. The facts are not valid in
topological setting. However, we have the following corollary.

Corollary 4.2. Let (Y, S) be a dynamical system. Then:

(a) The product of (Y, S) with any WM system is WM iff (Y, S) is WM N TE.
(b) The product of (Y, S) with any TE system is TE iff (Y, S) is WM N TE.
(¢) The product of (Y, S) with any WM N TE system is WM N TE iff (Y, S) is WM N TE.
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Proof. (a) follows from proposition 4.1(4) and the W-AG theorem. (b) follows from
proposition 4.1(4) and the fact that the topological ergodicity is preserved by factor maps.
(c) follows from proposition 4.1(4) and the fact that both TE and WM are preserved by
factor maps. ]

Motivated by the above corollary, we have the following definition. Let P be a dynamical
property stronger than transitivity and stable under factor maps. We use A(P) to denote the
property such that a dynamical system having A(P) iff its product with any system having P
has P. Let A>(P) = AA(P). We have the following theorem.

Theorem 4.3. Let P be a dynamical property stronger than transitivity and stable under factor
maps. Then:

(1) P < A(P) and A(P) is stable under factor maps.
(2) A(P) x A(P) C A(P). Particularly, .(P) > WM.
(3) A2(P) = AM(P).

Proof. (1) is obvious. To show (2) we note that P x (A(P) x A(P)) C P x A(P) C P. That
is, A(P) x A(P) C A(P). By (1), A2(P) > A(P), and by (2), A(P) C A*(P) (as (X, T) has
A2 (P)iff A(P) x (X, T) C A(P)),i.e. A*(P) < A(P). Thus, A>(P) = A(P) and (3) is proved.
O

A dynamical system is almost equicontinuous if it is transitive and there is a transitive point
x such that for each € > 0 there is § > 0 such that if d(y, x) < & then d(T?(y), T'(x)) < €
for each i € Z, (see [AAB]). Moreover, the set of almost equicontinuous points is the set of
transitive points. We first show that a dynamical system satisfying property (x) (see lemma 2.2)
cannot be almost equicontinuous. We start with the following lemma.

Lemma 4.4. Suppose that (X,T) is almost equicontinuous (non-trivial) with an
equicontinuous point x. Assume for eachi, U; is an open neighbourhood of x with(); U; = {x}.
Then there is i such that for any p,q € N, N(U;,U;) D {p— 1,9 — 1, p+q — 1} does not
hold.

Proof. Assume that for each i there are p;, g; suchthat N(U;, U;) D {p;—1, qi—1, pi+q;i—1}.
Take an open neighbourhhod U of x such that diam(U) < €, diam(T (U)) < € and
4e < d(U,T(U)) for some ¢ > 0. As x is an equicontinuous point we can assume that
diam(T"(U)) < eforeachn € N. LetV = T(U). ThenT"(U)NU # Pand T"(U)NV #£ @
cannot hold at the same time.
It is easy to see that there is i such that N(x, U) D N(U;, U;). Thus

NU,U)=N(x,U)—-N(x,U)DNU;,U) — NWU;, Up) D {pi, pi — 1}.
This implies that TP(U) N U # @ and TP(U) NV > T(TPYU) N U) £ @,

a contradiction. O

Corollary 4.5. A dynamical system satisfying property (x) cannot be almost equicontinuous.

Let S be a subset of Z... The upper Banach density of S is

. ) |SNI|
BD*(S) = lim sup

Hl—+00 ]

3
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where I ranges over intervals of Z,. The upper density of S is

i ISN[0,n — 1]
D*(S) = limsuyp ———.
n—00 n
We say that the lower Banach density of S is one if for each a < 1 there is N such that for any
subinterval I of Z, with |I| > N we have |[SN I| > al|l|.

A dynamical system is D-transitive if the lower Banach density of N(U, V) is one for
each pair of non-empty open subsets U, V of X, and it is Banach-transitive if the upper Banach
density of N (U, V) is positive for each pair of non-empty open subsets U, V of X.

In [GW1, Y] the authors prove that an almost equicontinuous system satisfying that the
upper density of N(U, V) is positive should be minimal. In fact, we have the following
theorem.

Theorem 4.6. If (X, T) is almost equicontinuous and is Banach-transitive, then it is minimal.

Proof. As (X, T) is almost equicontinuous, there is an equicontinuous point p which
is a transitive point. For € > 0 let U = B.(p). Then, there is § > 0 such that
N(p,U) D N(Us, Us), where Us = Bs(p). For example, we take 0 < § < €/2 such
that diam(T"(Us)) < €/2 for n € Z,. At the same time, there is §; > 0 such that
N(p,Us) D N(Us,, Us,), where Us, = Bs,(p). Thus, we have

N(p,U) D N(Us, Us) D N(Us,, Us,) — N(Us,, Us,).

By [F2, proposition 3.19] N(p, U) is syndetic, and thus p is an almost periodic point. This
implies that (X, T') is minimal. 0

A subset S C Z, is thickly syndetic if g~ (S) N --- N g~ (S) is syndetic for each
il,...,Iy € Zy, and piecewise syndetic if it is the intersection of a thick set and a syndetic
set. We remark that S is thickly syndetic iff for each n € N there is a syndetic subset
S§*" = {s{ < 53 < ---} such that {s}?,s? + 1,...,5? +n} C S for each j. Recall that
two dynamical properties P; and P, are symmetrically dual if P/* = P, and P;* = P;. By
theorem 2.1 for a property P stronger than transitivity P* and P** are symmetrically dual. In
the following theorem, we determine a property for which both P* and P** can be described
explicitly using family notion (this is the first property we know). We remark that (1)—(3) are
due to Glasner by personal communications.

Theorem 4.7.

(1) The class WM N TE = F-transitive, with F being the family of thickly syndetic subsets of
L.

(2) kF-transitive = piecewise-syndetic-transitive = (F-transitive)* = (WM N TE)*.

(3) Extremely scattering system is piecewise-syndetic-transitive.

(4) (piecewise-syndetic-transitive)* = WM N TE.

Consequently there is no non-trivial almost equicontinuous extremely scattering system.

Proof. (1) F-transitive implies WM N TE by definition. For the other direction, observe
that for (X, T) € WM N TE, by (4) of proposition 4.1, it follows that for each n € N,
(X", T) e WMNTE. This implies that N (U, V) is thickly syndetic for each non-empty open
set U,V of X.

(2) It is easy to see that F is a translation-invariant, thick family. Thus by the W-AG
theorem, the result follows.
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(3) By definition extremely scattering = (TE)*. According to (2), (TE)* c (WM N
TE)* = piecewise-syndetic-transitive.
(4) Let P = piecewise-syndetic-transitive. As WM C P, we have (by the W-AG theorem)

(P)Y* ¢ WM)* =TE C P.

This implies that if (X, T) € P*, then (X, T) is TE and (X x X, T x T) is transitive. Thus,
(X, T) e WMNTE.

Now assume that (X, T') is extremely scattering. If (X, 7) is minimal, then it is WM
by proposition 4.1(3). If it is also almost equicontinuous, then it is equicontinuous [AAB], a
contradiction as it is well known that the maximal equicontinuous factor of a minimal WM
system is trivial.

If (X, T) is not minimal, then it cannot be almost equicontinuous as there is no non-
minimal almost equicontinuous system which is Banach transitive by what we just proved and
lemma 4.6. ]

Corollary 4.8. There is a strongly scattering and not extremely scattering system.

Proof. In the construction of theorem 3.1, it is clear that we can choose N (U, V) to have
zero upper Banach density for some non-empty open sets U, V. By theorem 4.7 (X, T) is not
extremely scattering. O

Definition. W C Z, is called a Poincaré sequence if for any m.p.s. (X,B,u,T)and A € B
with w(A) > 0, we have u(ANT"(A)) > 0 for somen € W, n # 0.

A subset W C Z, is called a recurrence set if for any dynamical system (Y, p, T) and any
€ > 0thereare yo € Y andd € W (d # 0) with p(T? (), Yo) < €.

The following facts are known [F1, W].

Facts. (X, T) is WM iff N(U, V)N S # @ for each syndetic S C Z,.

W is a Poincaré sequence iff for each S C Z, with positive upper Banach density,
WnN(S—S) #0.

W is a recurrence set iff for each syndetic S C Z., W N (S — S) # 0.

Theorem 4.9. (X, T) is strongly scattering iff N(U, V)N (S —S) # O for each S with positive
upper Banach density and each pair of non-empty open subsets U and V of X iff N(U, V) is
a Poincaré set.

Proof. Assume that N(U, V) N (S — S) # @ for each S with positive upper Banach density
and each pair of non-empty open subsets U and V of X. It is clear that N (U, V) is infinite
and thus (X, T) is transitive.

Let (Y, W) be an E-system and Uj, V| be non-empty open subsets of Y. Assume that
y is a transitive point in V;. Then there is ny € N such that y € V; and W™ (y) € Uj.
Thus there is an open neighbourhood Q of y contained in V; with W (Q) C U;. This
implies that N(V;,U;) D N(Q, Q) +ng and N(Q, Q) = N(y, Q) — N(y, Q). We show
now that N (y, Q) has positive upper Banach density. Let i be an invariant measure with full
support. Then w(Q) > 0 and thus there is an ergodic measure v with v(Q) > 0. As yisa
quasi-generic point for v [F2, proposition 3.9], we see easily that N (y, Q) has positive upper
Banach density. Thus we have N(U, T~ (V))NN(Q, Q) # @ by our assumption, and hence
o+ NWU, T (V) N (no+ N(Q, Q)) # A. Since N(U, T~ (V)) C N(U, V) — ny, we
have N(U, V) N NU;, Vi) #@. Then N(U x Uy, V x Vi) = N(U, V)N NU,, Vi) £ 0.
That is, (X, T) is strongly scattering.
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Now assume that (X, T) is strongly scattering. Then if (Y, W) is an E-system, we have
N(U x B,V x B)=N(U,V)NN(B, B) # {, where U, V are non-empty open subsets of
X and B is a non-empty open subset of Y.

For a given S with positive upper Banach density, define a sequence x € ¥ = {0, 1}V
such that x; = 1 iff i € S. Let Y; be the orbit closure of x under the shift o and
A(l) = {y € Y7 : y(0) = 1}. Then by lemma 3.17 of [F2], there is an invariant measure i
with £ (A(1)) > 0. By the ergodic decomposition we know that there is an ergodic measure v
such that v(A(1)) > 0. Let Y be the support of v and B = Y N A(1). Note that B is open in
Y. We have

S—S>{neZ,:vic™"(B)NB) >0} >DN(B,B).

As (Y,0) is an E-system, we have N(U,V) N N(B, B) # {4, and hence N (U, V)N
S—39) #0. O

Similarly to theorem 4.9 we have the following result which gives another characterization
of scattering.

Theorem 4.10. For a dynamical system (X, T) the following statements are equivalent:

(1) (X, T) is scattering.

(2) N(U, V)N (S —S) # @ for any syndetic subset S and each pair of non-empty open subsets
UandV of X.

(3) N(U, V) is a recurrence set.

(4) For any finite open cover U by non-dense open subsets N (\/:’;01 T~U) — oo, where
N (a) is the minimal cardinality of subcovers of a.

Proof. (1) and (4) are equivalent by [BHM], and (2) and (3) are equivalent by the facts stated
before.

Assume N (U, V)N (S—S) # @ for any syndetic subset S of N and each pair of non-empty
open subsets U and V of X.

Let (Y, W) be a minimal system. It is well known that if y € Y and Q is an open
neighbourhood of y, then N(y, Q) is syndetic. Thus following the proof of the first part of
theorem 4.9, we have that N(U x U;, V x V;) # @ for any pair of non-empty open subsets
U, V of X and any pair of non-empty open subsets U;, V; of Y. That is, (X, T') is scattering.

Now assume that (X, T) is scattering. Then if (¥, W) is a minimal system, we have
NWU x B,V x B)=N(U, V)NN(B, B) # (J, where U, V are non-empty open subsets of
X and B is a non-empty open subset of Y.

Let S be a syndetic subset of N and let x denote the indicator function of S in {0, 1}, then
if Y is any minimal set in the orbit closure of x under the shifto,and B ={y € Y : y(0) = 1},
the fact that S is syndetic implies that B is not empty and N(B,B) C S — S. As (Y,0) is
minimal, we have N(U, V) N N(B, B) # @, and hence N(U, V) N (S — S) # @. O

We know that any weakly scattering system is totally transitive as it is weakly disjoint
from any periodic system. Two dynamical systems (X, T') and (Y, §) are disjoint if the only
non-empty closed invariant subset of X x Y which projects onto both X and Y is X x Y.
Moreover, we have the following theorem.

Theorem 4.11. For an E-system weak scattering is equivalent to scattering.

Proof. Let (X, T) be a weakly scattering E-system. By [AG, theorem 3.7] (X, T) is disjoint
from each minimal equicontinuous system. Then following proposition A.1 of [BHM], (X, T)
is scattering. g

For weak scattering we have the following theorem.
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Theorem 4.12. (X, T) is weakly scattering iff N(U, V) N (S} — S1) # @, where U,V are
non-empty open sets of X and S| has the form of N(yo, B), where (Y, S) is minimal and
equicontinuous, yo € Y and B C Y is open.

Proof. A direct consequence of the definition. g

It is an open problem if for each syndetic set S, S — S contains S| — S; for some S,
which has the form of N(yp, B) in some minimal equicontinuous system. If this problem
has an affirmative answer, then by theorems 4.10 and 4.12, weak scattering and scattering are
the same properties. Thus, if weak scattering and scattering are different properties, then the
above problem will have a negative answer.

Remark 4.13. It is known that there is a recurrence set which is not a Poincaré set [W]. This
fact implies that there is S C Z having positive upper Banach density and there is no syndetic
set Rwith R— R C S—S. Asubset S C Z is adynamical Poincaré set (resp. recurrence set) if
it has the form N (U, V), where U, V are non-empty open sets of some system (X, 7). Thus
if strong scattering and scattering are different properties, then there is a dynamical recurrence
set which is not a Poincaré set.

Before stating some open questions we summarize the results obtained in this paper
using figure 1. The entries in the diagram appear as names of classes with their £-transitive
characterization below (when one is available). A* denotes the class of systems which are
weakly disjoint from the class A, —C is just C, and — means taking * of a class. The k
above an arrow means that in addition passage is to a dual family (by the W-AG theorem).

The following questions remain open:

Question 1. Is there an almost equicontinuous system which is strongly scattering?

Remark. We know that extreme scattering cannot be almost equicontinuous. If (X, T) is
strongly scattering and almost equicontinuous (not minimal), then every invariant measure is
supported on a minimal set which is a fixed point. The proof is almost the same as the proof
that almost equicontinuous scattering system implies that each minimal set is trivial [BHM,
remark 4.5]. If the above question has a negative answer, then strongly scattering and scattering
are different properties.

Question 2. We know that strong scattering, extreme scattering and weak mixing are different
properties. What about weak scattering, scattering and strong scattering?

Question 3. Is it true that (X, T') is extremely scattering iff (S — S) N N (U, V) # @ for each
S with § — S syndetic?

cWM

th1d\ e)tr scat\
/ ;

WMNTE k w A[ NTE)" DA

D
Bl © thick- -Syn \ / pw SYIL pqu
\ N /

sy nd( tic

Figure 1. Results of this paper.
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Question 4. Is it true that weak scattering implies that the regionally proximal relation is the
Cartesian square?

Remark. If (X, T') is 2-scattering (see [BHM]), then (X, T) is disjoint from all equicontinuous
minimal systems. Thus 2-scattering implies weak scattering. It is known [HY] that if (X, T')
is 2-scattering then the regionally proximal relation is the Cartesian square.

Let (X, T') be a weakly scattering system and (Y, S) be its maximal equicontinuous factor.
Then (Y, S) is weakly disjoint from any equicontinuous system and hence is trivial. That is,
the smallest closed invariant equivalence relation generated by the regionally proximal relation
is the Cartesian square. If question 4 has a positive answer then the weakly scattering system
will be chaotic in many senses; see [HY, theorem 3.5] and [BGKM, theorem 2.1].
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