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QUASIFACTORS OF MINIMAL SYSTEMS

Evr1 GLASNER

ABSTRACT. The theory of quasifactors of minimal dynamical systems is
surveyed and several new examples based on ideas of H. Furstenberg are
introduced. In particular the open question whether a minimal quasifactor
of a minimal proximal system is necessarily proximal is answered in the
negative.

1. Introduction

In the ring of integers Z two integers m and n have no common factor if
whenever k|m and k|n then k = £1. They are disjoint if whenever m|k and
n|k, then also mn|k. Of course in Z these two notions coincide. In his seminal
paper of 1967 [9], H. Furstenberg introduced the same notions in the context
of dynamical systems, both measure preserving transformations and homeomor-
phisms of compact spaces, and asked whether in these categories as well the two
are equivalent. In 1979 D. Rudolph provided the first counter example in the
category of measure preserving transformations [32], and in [19] a topological
counter example consisting of two horocycle flows which have no nontrivial com-
mon factor but are nevertheless non-disjoint, is produced using the results of
M. Ratner concerning these kind of flows [31]. More recently an even more strik-
ing example was given by E. Lindenstraus, where two minimal dynamical systems
with no nontrivial factor share a common almost 1-1 extension ([29]). The no-
tion of joining was introduced in order to deal with the relationship of two not

2000 Mathematics Subject Classification. 28D15, 54H20.
Key words and phrases. Minimal dynamical systems, quasifactors, proximal systems.

(©2000 Juliusz Schauder Center for Nonlinear Studies

351



352 E. GLASNER

necessarily disjoint dynamical systems. Beginning with the pioneering works of
H. Furstenberg and D. J. Rudolph, the notion of joinings was exploited by many
authors; H. Furstenberg 1977 [10] and 1981 [11], W. A. Veech 1982 [36], H. Rat-
ner 1983 [31], A. del Junco and Rudolph 1987 [25], B. Host 1991 [22], J. King
1992 [26], E. Glasner, B. Host and D. J. Rudolph 1992 [16], J.-P. Thouvenot
1993 [34], V. V. Ryzhikov 1994 [33], A. del Junco, M. Lemanczyk and M. Mentzen
1995 [24], and M. Lemaiiczyk, F. Parreau and J.-P. Thouvenot 1999 [28], to men-
tion a few.

The abstract theory of minimal Z topological dynamical systems generalizes
easily to actions of a general group of transformations. Accordingly, when dealing
with topological dynamical systems, unless we say otherwise, the letter T stands
for a general (countable discrete) group (rather than a single transformation).
Thus a (topological) dynamical system consists of a compact metric space X
and a representation of T" as a group of homeomorphisms of X. We write (X, T)
to denote such a system and we denote by (x,t) — tz the action of the element
of H(X) corresponding to ¢ € T. (This is a slight abuse of notation as the
representation T — H(X) need not be 1-1). We let e be the identity element
of T and id will denote the identity homeomorphism of X; again we will often
identify the two. When Y C X is a closed and T-invariant subset of the system
(X,T) we say that the system (Y, T) is a subsystem of (X,T). We say that
the system (Y,T) is a factor of the system (X,T) if there exists a continuous
onto map 7 : X — Y such that n(tx) = tn(z) for every z € X and t € T. If
(X,T) and (Y, T) are two dynamical systems their product system is the system
(X xY,T), where t(x,y) = (tx, ty). The systems (X,T) and (Y,T) are disjoint
if whenever (X, T) and (Y, T) are factors of a system (Z,T), say ¢ : Z — X and
¥ Z — Y, then the map

()1 Z — X x Y

is onto, i.e. (X xY,T) is also a factor of (Z,T).

A joining of (X, T) and (Y, T) is any closed invariant subset (subsystem) W
of X x Y which projects onto both X and Y. It is easy to see that disjointness
of (X,T) and (Y,T) is equivalent to the requirement that X x Y is the only
joining of these systems. If a non-trivial system (Z,T) is the common factor of
two systems: ¢ : (X, T) — (Z,T) and ¢ : (Y,T) — (Z,T), then the relation

XxY DW= {(z,y): é(z) =v(y)}

is a subsystem of the product system (X x Y,T) and the non-triviality of (Z,T)
implies that W & X x Y, so that (X,T) and (Y,T') are not disjoint.

Mostly we will be interested in minimal systems. The dynamical system
(X,T) is minimal if each orbit, Tx = {tx : t € T} is dense. Zorn’s lemma
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implies the existence of a minimal subsystem in every compact system. For
minimal systems (X,T") and (Y,T) any non-empty closed T-invariant subset of
X x Y projects onto both X and Y. Thus for such systems disjointness is
equivalent to the condition that the product system (X x Y,T) be minimal.
Usually when dealing with minimal systems, unless we say otherwise all joinings
are assumed to be minimal joinings, i.e. minimal subsets of the product system.

Can one find the information about all the possible joinings of a system (X, T')
within the system itself? The key to this question is the notion of a quasifactor.

For a minimal dynamical system (X, T), a quasifactor of X is any minimal
subsystem of the system (2%,7T) induced by the action of T' on the compact
metric space of closed subsets of X with its Hausdorff metric.

Up to almost 1-1 extensions (see below) every factor is canonically isomorphic
to a quasifactor and to every minimal joining W C X X Y corresponds a quasi-
factor X of X, an almost 1-1 extension Y* of Y and a factor map Y* — X.
Moreover the quasifactor X is the trivial one point system if and only if X and Y
are disjoint. Thus if X and Y are not disjoint then a nontrivial quasifactor of X
is “almost” a factor of Y. (The quasifactor X which corresponds to the joining
W is the closure of the collection of sets {W[y] : y € Yy}, where for y € Y the set
Wly] is the set {x € X : (z,y) € W} and the set Yy C Y is the set of points of
continuity of the upper-semi-continuous map y — W/y] from Y to the space 2%).

Not every quasifactor arises from a joining and we call those that do “joining
quasifactors”. Even more special are the “group quasifactors”. Our main concern
in this work is to analyze these notions and to investigate the following question
of J. Auslander.

If (X,T) is a minimal system then a proper minimal quasifactor of X can
not be disjoint from X. Are there any further restrictions on a quasifactor?

The notion of a joining quasifactor in ergodic theory was investigated in [21]
and in the present paper I follow some of the ideas developed there.

The examples described in the last section are elaboration on ideas of H. Furs-
tenberg. I thank him and B. Weiss for many fruitful conversations on these
subjects.

2. A brief survey of abstract topological dynamics

We begin with a brief survey on the basic definitions and results of abstract
topological dynamics and Ellis’ algebraic theory of minimal systems (see e.g.
[3], [12], [1] and [15]). A topological dynamical system or briefly a system is
a pair (X,T), where X is a compact Hausdorff space and T an abstract group
which acts on X as a group of homeomorphisms. For a point x € X, we let
Or(z) = {tz : t € T}, and Or(z) = cls{tz : t € T}. These subsets of X
are called the orbit and orbit closure of x, respectively. We say that (X,T) is
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point transitive if there exists a point £ € X with a dense orbit. In that case
x is called a transitive point. If every point is transitive we say that (X,T)
is a minimal system. If (Y,T) is another system then a continuous onto map
m: X — Y satisfying tom = wot for every t € T is called a homomorphism
of dynamical systems. In this case we say that (Y,T) is a factor of (X,T) and
also that (X, T) is an extension of (Y, T). With the system (X, T) we associate
the induced action (the hyper system associated with (X,T)) on the compact
space 2% of closed subset of X. The system (X,T) can be considered as a sub-
system (i.e. a closed invariant subset) of the system (2%,7), by identifying x
with {x}. Recall that if (X,T) - (Y, T) is a homomorphism then in general
771 :Y — 2% is an upper-semi-continuous map and that 7 : X — Y is open if
and only if 771 : Y — 2% is continuous. When there is no room for confusion
we write X for the system (X,T).

We assume for simplicity that our acting group 7 is a countable discrete
group. AT will denote the Stone-Cech compactification of T. The universal
properties of 8T make it

(1) a compact semigroup with right continuous multiplication (for a fixed
p € BT the map q — gp, g € T is continuous), and right continuous
multiplication by elements of T', considered as elements of 3T (for a fixed
t € T the map q — tq, g € BT is continuous),

(2) a dynamical system (87, T") under left multiplication by elements of T'.

The system (8T, T) is universal point transitive T-system; i.e. for every point
transitive system (X,7T) and a point x € X with dense orbit, there exists a ho-
momorphism of systems (87,T) — (X,T) which sends e, the identity element
of T, onto z. For p € BT we let pr denote the image of p under this homo-
morphism. This defines an “action” of the semigroup 8T on every dynamical
system. When dealing with the hyper system (2%,T) we write p o A for the
image of the closed subset A C X under p € GT, to distinguish it from the
(usually non-closed) subset pA = {px : x € A}. We always have pA C po A. The
compact semigroup 7 has a rich algebraic structure. E.g. there are 2¢ minimal
left (necessarily closed) ideals in BT all isomorphic as systems and each serving
as a universal minimal system. Each such minimal ideal, say M, has a subset J
of 2¢ idempotents such that {Mwv : v € J} is a partition of M into disjoint iso-
morphic (non-closed) subgroups and M is the union of these groups. The group
of dynamical system automorphisms of (M, T), G = Aut (M, T) can be identified
with any one of the groups vM as follows: with o € vM we associate the auto-
morphism a : (M, T) — (M, T) given by right multiplication a(p) = pa, p € M.
The group G plays a central role in the algebraic theory. It carries a natural T
compact topology called by Ellis the 7-topology. The 7-closure of a subset A of
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G consists of those § € G for which the set graph (3) is a subset of the closure
in M x M of the set | J{graph (o) : a € A}.

It is convenient to fix a minimal left ideal M in 8T and an idempotent u € M;
we then identify G with wM. In this way we can consider the “action” of G on
every system (X,T) via the action of ST on X. With every minimal system
(X,T) and a point xg € X we associate a T-closed subgroup

G(X,z9) ={a € G:axy =m0},

the Ellis group of the pointed system (X, z¢). For a homomorphism with m(zg) =
1o we have

G(X,2z0) C G(Y,0).
For a 7-closed subgroup F of G the derived group F' is given by

F = ﬂ{T—closure V : V 7-open neighbourhood of w in F'}.

F’ is a 7-closed normal (in fact characteristic) subgroup of F' and it is charac-
terized as the smallest 7-closed subgroup H of F' such that F//H is a compact
Hausdorff topological group.

A pair of points (z,2’) € X x X for a system (X,T) is called prozimal if
there exists a net t; € T and a point z € X such that lim¢;z = limt;z’ = 2
(if and only if there exists p € St with pz = pz’). We denote by P the set of
proximal pairs in X x X. A system (X,T) is called prozimal when P = X x X
and distal when P = A, the diagonal in X x X. A minimal system (X,T) is
called point distal if there exists a point x € X such that if x, 2’ is a proximal
pair then z = /.

More generally, an extension (X,T) — (Y, T) of minimal systems is called
a proximal extension if the relation R, = {(z,2') : 7(x) = w(z)} satisfies R, C
P and a distal extension when R, NP = A. One can show that every distal
extension is open. 7 is an almost 1-1 extension if there is a point y € Y with
77 1(y) = {z} a single point of X. It is easy to see that an almost 1-1 extension
is proximal. 7 is called (in the metrizable case) an isometric extension if there
exists a continuous function d : R, — RT whose restriction, for each y € Y, to
77 (y) x 77 1(y) is a metric and is t x t-invariant for every ¢ € T. The extension
m is called weakly mizing when R, is topologically transitive

The algebraic language is particularly suitable for dealing with such notions.
For example an extension (X,7T) — (Y,T) of minimal systems is a proximal
extension if and only if the Ellis groups G(X, z¢) = A and G(Y, yo) = F coincide.
It is distal if and only if for every y € Y, and = € 7~ (y), 7 1(y) = G(Y,y)x;
if and only if for every y = pyo € Y, p an element of M, 7= 1(y) = pr—(yo) =
pFxg, where F = G(Y, yo). In particular (X, T) is distal if and only if Gx = X for
some (hence every) z € X. 7 is an isometric extension if and only if it is a distal
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extension and, denoting G(X,z¢) = A and G(Y,yo) = F, F/ C A in which case
the compact group F/F’ is the group of the group extension associated with the
isometric extension 7 (see [12]).

A minimal system (X,T) is called incontractible if the union of minimal
subsets is dense in every product system (X x ... x X,T). This is the case if
and only if p o Gz = X for some (hence every) z € X, if and only if (X,T) is
disjoint from every minimal proximal system. We say that 7 is a RIC (relatively
incontractible) extension if for every y = pyo € Y, p an element of M, 7—1(y) =
poun~t(yg) = po Fxg, where F = G(Y, o). It is not hard to see that every RIC
extension is open. Every distal extension is RIC and it follows that every distal
extension is open.

We say that a minimal system (X,T) is a strictly PI system if there is
a (countable) ordinal n and a family of systems {(W,,w,)}.,<, such that (i)
Wy is the trivial system, (ii) for every ¢ < 7 there exists a homomorphism
¢, : W11 — W, which is either proximal or isometric, (iii) for a limit ordi-
nal v < n the system W, is the inverse limit of the systems {W,},<,, and (iv)
W, = X. We say that (X,T) is a PI-system if there exists a strictly PI system
X and a proximal homomorphism 6 : X - X.

If in the definition of PI-systems we replace proximal extensions by almost
1-1 extensions we get the notion of Al-systems. If we replace the proximal
extensions by trivial extensions (i.e. we do not allow proximal extensions at all)
we have I-systems. In this terminology the Furstenberg structure theorem for
distal systems ([8]) can be stated as follows

THEOREM 2.1. A minimal system is distal if and only if it is an I-system.
And the Veech-Ellis structure theorem for point distal systems ([35] and [4])

THEOREM 2.2. A minimal dynamical system is point distal if and only if it
is an Al-system.

Finally, we have the structure theorem for minimal systems ([6] and [30]).

THEOREM 2.3. Given a metric minimal system (X, T, there exists a count-
able ordinal n and a canonically defined commutative diagram (the canonical
PI-tower)

0o 01 0u+1

X Xo X, - X, Xpp1 - Xp=Xu
I T T A
™ o T Ty Tyv+1 T oo
pt % YO o Z1 o Yl Yl, ol v+1 ot Yy+1 Yﬂ = YOO

where for each v < n, 7, is RIC, p, is isometric, 6,, 5,, are proximal and s
is RIC and weakly mizing. For a limit ordinal v , X,,, Y,, m, etc. are the
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inverse limits (or joins) of X,, Y,, m, etc. for . < v. Thus X is a prozimal
extension of X and a RIC weakly mizing extension of the stictly Pl-system Y.
The homomorphism T s an isomorphism (so that X = Yoo) if and only if X
is a PI-system.

3. Joining quasifactors in topological dynamics

We are now ready to develop a theory of joining quasifactors analogous to
the measure theoretical one developed in [21]. As usual the topological analogue
of a measure theoretical construction is complicated by the necessity to pass
to almost 1-1 or even proximal extensions. Some of the statements (and their
proofs) of this section can be found in [14] (Section 5). The examples whose
existence is claimed in Proposition 3.10 will be constructed in Section 5 below.

If (X, T) is a minimal metrizable dynamical system, then a quasifactor of X
is any minimal subsystem of the system (2%, 7T) induced by the action of T on
the compact metric space of closed subsets of X with its Hausdorff metric.

Let (X,T) and (Y, T) be minimal metric systems, W C X x Y a minimal
subset of the product system (a minimal joining).

ProrosiTION 3.1.

(1) The subset cls{W{y] : y € Y} of the system (2X,T) contains a unique
minimal subset X; a quasifactor of (X,T).

(2) Wly] € X when y is in the residual subset Y. of Y which consists of the
continuity points of the upper-semi-continuous map W[-] : y — W]y]
and X =cls{Wyl:y €Y.} ={poWlyo] : p € M}, for every yo € Y.

(3) For everyy €Y, and everyz € Wly| =€ € X,

E={pr:pe M, py=y}

PROOF. By the upper-semi-continuity of the map y — W{y], it follows that
poW(y] C Wipy] for every y € Y and p € 3Z. Now for a continuity point yo € Y,
po Wlyo] = Wlpyo] and it follows that for any such yg, X = {poWiyo] : p € M}
is the unique minimal subset of cls {W[y] : y € Y} C 2%. This proves assertions
(1) and (2). For part (3), Wy] D {pz : p € M, py = y} is clear and if we pick
any x € W{y| then (z,y) € W and, since W is a minimal set, there exists p € M
with p(z,y) = (z,y). O

Fix yo € Y, and x¢ € W]yo] = & as above, and put
Y* ZX\/Y=6T(§0,@/0) CXXY

and
W=XVY*= 6’]‘(370,&07:’-/0)'
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Then we have the following commutative diagram:

W*

*

VAR RN
w
7 N\

P — >
e

PROPOSITION 3.2. In the above diagram

(1) Wr={(z,{y):zefe X ({y) €Y}

(2) Y* and W* are minimal systems and they are independent of the choice
of points yo € Y. and xo € Wyo].

(3) The extension W* — Y™ is an open map.

(4) The extensions Y* — Y and W* — W are almost 1-1 extensions. They
are both isomorphisms if and only if the map y — Wy], from Y to 2%,
1S a continuous map.

PRrooF. Given z € W{yo] = &, from part (3) of the previous proposition we
can choose p € M with p(zo,y0) = (z,yo). The fact that yo is a continuity point
implies: p(zo, &0, Y0) = (2, &0, yo) € W*. In particular for x = xg, p(zo,&0,vy0) =
(z0,&0,Y0) so that (xo,&o,y0) is an almost periodic point. This shows that W*
and hence also Y* are minimal. If we let W' = {(z,{,y) : z € £ € X,(&,y) €
Y*}, then clearly W* C W’. On the other hand if (z,£,y) is in W’ then there
exists p € M with p(&o,y0) = (&,y); i.e. pyo = y and p o W(yg] = £. Since
we have already shown that W{yo] x {(&,x0)} C W*, it follows that (z,£,y) €
po (Wlyo] x {(&,x0)}) C W*. The independence of X, Y* and W* on the choice
of generating points is now clear.

Denoting by ¢ the projection map from W* to Y*, we now see that

¢ (&) =Ex{(& )}

(where in the last expression £ appears first as a subset of X then as a point
of X). This clearly implies that ¢—1 : Y* — 2" is a continuous set-valued map,
which is equivalent to the fact that ¢ is an open map.

Finally the assertions of part (4) are easy consequences of the continuity of
W{-] at the points of Y. O

Thus starting from a minimal joining W of two minimal metric systems
X and Y, replacing Y by an almost 1-1 extension Y*, we can always obtain
a “nicer” minimal joining W* of X and Y*, where now in the diagram
W
7N\
X Y*

9
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the map y* — W*[y*] is a continuous homomorphism of Y* onto X C 2%, and
the map W* — Y™ is open.
Now put
X*=XVvX={(x,§):x €l CcXxX,

and
W =X"vY? =X x ¥V ={((%,§),(&y)) v €€ X, (§,y) €Y7}

Then we have the following commutative diagram:
W**
7N
X* Y
SN SN
X X Y.

and the proof of next proposition follows easily from that of Proposition 3.2.

ProrosITION 3.3. In the above diagram

(1) X* is a minimal system.

(2) The system W** is canonically isomorphic to the system W* and in
particular W** is a minimal system; i.e. the systems X* and Y* are
relatively disjoint over their common factor X.

(3) The extensions X* — X and W** — Y™ are open maps.

PROPOSITION 3.4. Let (X,T) be a minimal metric system, X a minimal
quasifactor of X. The following conditions on X are equivalent:

(1) There exists a minimal system (Y, T) and a minimal set W C X xY
(i.e. @ minimal joining) such that X is the unique minimal subset of the
closed invariant set cls {W{y] : y € Y} in 2%.

(2) There exists a minimal system (Y, T), a point yo € Y and a point & € X
such that for every xy € &

§o = {pro:p € M, pyo=1yo}-
(3) There exists a point & € X such that for every xg € &
§o={pro:pe M, poo ==&}

(4) The set X* = {(x,€) : x € £ € X}, is a minimal subset of X x X.

DEFINITION. A quasifactor satisfying the equivalent conditions (1)—(4) of
Proposition 3.4 will be called a joining quasifactor.

Without proofs we state the following propositions (refer to [7] and [14]).
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PROPOSITION 3.5. Let (X,T) be a minimal metric system and X any min-
imal quasifactor of X. Then there exists a minimal joining quasifactor Z of X
with the following properties.

(1) 2= X (i.e. for every ¢ € Z there exists £ € X with { C&) and Z =X
if and only if X is joining quasifactor.

(2) There exist (o € Z,& € X such that o C &, XV Z = Or(&,¢o) =
X* is a minimal system and the extension X* — X is an almost 1-1
extension. Thus an almost 1-1 extension of X has Z as a factor. Since

i particular an almost 1-1 extension is a proximal extension, denoting
B =G(X,&) and C = G(Z,(p), we have

g(szv(é-OvCO)) :BQCZB,

and therefore B C C.

Let X be a joining quasifactor of the minimal system (X,7T). Choose xg €
& € X with uzg = zg and uwo &y = &. As usual we let A = G(X,zg) and let
B = G(X,&). Then for § € B we have fzy € B¢ C uo &y = &. Conversely,
if yxg € & then the joining quasifactor property of X implies that there exists
p € M with po&y = & and vz = pxo. If we write = up then clearly o0&y = &g
i.e. § € B, and dxg = Y20, hence 'y € A and v € BA. We have shown that
for a joining quasifactor u€y = Bxg. Warning: this of course does not mean that
ACB.

DEFINITION. A joining quasifactor X with Ellis group B = G(X, &) is called
a group quasifactor, if £ = u o Bxg = u o u&p.

PROPOSITION 3.6. Let (X,T) be a minimal metric system, X a minimal
quasifactor of X with A =G(X,x0) and B = G(X,&) (uxg =x0 € uo&y = &).
Then the following conditions are equivalent.

(1) X is a group quasifactor.

(2) For every £ € X and v = v2 € M withvo & =&, vové = &; in other
words for every p € M, po &y = pouép.

(3) The extension X* — X is a RIC-extension.

Note that from Proposition 3.6(3) it follows that every group quasifactor is
a joining quasifactor.

PROPOSITION 3.7. Let (X, T) be a minimal metric system with A = G(X, xo),
X a group quasifactor of X with B = G(X,&) (v9 € &). Then AB =
({BAB~L : B € B} C B and B is a mazimal T-closed subgroup of BA. In
particular, if AB is a group then A C B, ([7], see also [2]).
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PROPOSITION 3.8. Let (X, T) be a minimal metric system with A = G(X, xg),

X a joining quasifactor of X with B = G(X,&) (z¢ € &). Put (o = uouy =
wo Bxg and let Z = {po (o, p € M}. Then the quasifactor Z of X has the
following properties.

(1) Z is a group quasifactor.

(2) Z= X and Z = X if and only if X is a group quasifactor.

(3) BC G(Z,¢) C AB and G(Z,(p) is the largest T-closed subgroup satis-

fying these inclusions, ([7]). In particular

G(Z,G0) > A% = (1) pAs~".

BEB

(4) Put X = XV Z = Op(&,¢o) and X = X* V Z = Or(x0, &, Co) then
the diagram

is the RIC-shadow diagram of the map X* — X.

PROPOSITION 3.9. Notations as in the previous proposition. If (X,T) is
a point distal system then every joining quasifactor of X is a group quasifactor

and in particular AB C B for every joining quasifactor X of X.

PROOF. Use Lemma 5.2 in [14] to conclude that u&p is dense in &y for some
& € X, whence u o u&y = &. O

ProprosiTION 3.10. Notations as in Proposition 3.7.

(1) There exists a minimal prozimal system (X, T) with A = G(X,x9) =
G that admits a non-proximal joining quasifactor X, hence with B =
G(X, &) 2 G= AP = A%, In particular X is not a group quasifactor.

(2) There exists a minimal Z-action (X,Z) with normal Ellis group A =
G(X,zo) < G and a joining quasifactor X of X for which

B=G(X,&) 3 A= A" = AC.

In paticular X is not a group quasifactor.

4. How far can a quasifactor of a system be from the system?

If (X,T) is a minimal system then a proper minimal quasifactor of X can
not be disjoint from X. Are there any further restrictions on a quasifactor?
Of course this question is meaningful in both the measure and the topological
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categories. Here are some cases where results restricting the variety and size of
quasifactors can be proven. We mainly discuss the topological category and in
parentheses comment on the measure case.

(1) A quasifactor of a minimal equicontinuous system is isomorphic to a factor
of the system, when the acting group 7T is abelian. In particular it is itself
equicontinuous. (This is also true for discrete spectrum).

(2) A minimal quasifactor of a minimal distal system X is a factor of the
enveloping group of X. In particular it is itself distal, [27]. (The latter statement
applies also to measure distal systems, see [20]).

(3) By Proposition 3.9 above, every minimal joining quasifactor X" of a point
distal minimal system X is a group quasifactor. In particular A® C B, where A
and B are the Ellis groups of X and X, respectively.

(4) A quasifactor of a uniformly rigid system is uniformly rigid. (The same
holds for rigidity in the ergodic theoretical sense).

(5) Take X to be Chacon’s system. By [23] there exists a subset X, whose
complement is the union of two orbits (hence X§ is a countable set) such that for
every = (r1,...,2x) with x; € X and belonging to & different orbits, the orbit
closure of z in X* is X*. It is now clear that for every closed uncountable subset
A of X, its orbit closure in 2% contains the fixed point {X}. Thus the only
non-trivial minimal quasifactors are those whose elements are finite or countable
subsets of X, and every such quasifactor is isomorphic to X. (The quasifactors
of minimal-self-joinings systems or more generally of simple systems are treated
in [13], see also [25] and [16]).

(6) For almost simple (AS) systems it is shown in [14] that every minimal
joining quasifactor is, up to almost 1-1 extension, a quasifactor corresponding
to a group factor.

(7) As was shown above (Proposition 3.7), for every minimal system X (say
with Ellis group A), for any group quasifactor X, the Ellis group B = G(X) must
contain the 7-closed group AP = N{BAB~! : 3 € B}. In particular when A4 is
a normal subgroup of G, it follows that B O A. Thus in that case every group
quasifactor of X is proximally equivalent to a factor of X.

(8) A quasifactor of a metrizable system is metrizable (separable in the mea-
sure category).

(9) Call a 7-closed group A metrizable if there exists a metric minimal pointed
system (X, zg) with G(X,z9) = A. Otherwise we say that A is nonmetrizable.
Thus A is nonmetrizable if whenever A = G(X, ) then the system X is neces-
sarily nonmetrizable. Here are few examples of nonmetrizable groups:

(a) A = {u} is nonmetrizable.
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ProoOF. If G(X) = {u} for a minimal T-system then the extension M — X
is a proximal extension. Now we have M — K, where K is the Bohr compact-
ification of T'. Since K is distal we also have X — K, hence for groups T with
nonmetrizable K, also X is nonmetrizable. Il

(b) One can construct uncountably many Chacon-like minimal systems {X, :
¢ € I'} such that any finite collection of them is disjoint. Let {4, : ¢ € I'} be the
corresponding collection of Ellis groups and let X = [[X,. Then G(X) = A =
(N A., is nonmetrizable.

Proor. If G(Y) = A for some minimal system Y, then for each ¢, 4, D A,
implies that Y extends X,; whence Y extends X which is nonmetrizable. O

(c) In [5] (Proposition 4.2 and Lemma 4.3) it is shown that the Ellis groups
A; of the maximal weakly mixing minimal systems, are all nonmetrizable groups.

CrAM. If A is a nonmetrizable T-closed group and X is a metrizable mini-

mal system then A can not appear as Ellis group of a minimal quasifactor of X.

PROOF. A quasifactor of a metrizable system is metrizable. O

On the other hand the following results show that a quasifactor can some-
times be surprisingly “remote” from the system itself.

(1) There are minimal weakly mixing systems with minimal non weakly mix-
ing quasifactors In [13] and [25] there is a construction of a (measure) weakly
mixing group extension of a simple system (hence with zero entropy), which
admits an ergodic joining quasifactor having —1 as an eigenvalue. The same
construction yields a minimal topologically weakly mixing system with a mini-
mal, joining quasifactor having the two point system as a factor.

(2) It is shown in [21] that each ergodic system of positive entropy admits
every ergodic system of positive entropy as a quasifactor.

(3) For the (non-minimal) system X = Z U {oo}, the one point compactifi-
cation of Z with the shift, the system 2% is isomorphic to the Bernoulli system
{0,1}%.

(4) In [20] a minimal metric system of zero topological entropy is constructed
possessing a minimal joining quasifactor of positive topological entropy. (This is
in contrast to the situation for ergodic measure preserving systems here a quasi-
factor of a zero entropy system has zero entropy as well, [20]).

(5) The systems of Proposition 3.10 above provide examples of a minimal
nonproximal quasifactor of a metric minimal proximal system. And for Z-actions,
an example of a minimal metric X with normal Ellis group A < G and a joining
quasifactor X of X with Ellis group B that does not contain A.
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PROBLEMS. Does there exist a minimal metric Z-system (X,T") with any of
the following properties?

(1) Every minimal metrizable system Y which is not disjoint from X ap-
pears as a quasifactor of X.

(2) For every minimal metrizable system Y which is not disjoint from X
there is a quasifactor Y* of X which is almost 1-1 equivalent to Y (i.e. Y
and Y* have a common almost 1-1 extension).

(3) For every minimal metrizable system Y which is not disjoint from X
there is a quasifactor Y* of X which is proximally equivalent to Y.
In other words, denoting A = G(X, o) we want for every metrizable
7-closed subgroup B C G with AB # G, a quasifactor Y of X with
G(Y)=B.

One can ask the same questions about joining quasifactors or group quasi-
factors instead of quasifactors.

5. The examples of Proposition 3.10

Our first example will present a minimal action (X, G) of a discrete countable
group G with the following properties

(1) (X,G) is non-proximal and moreover does not admit a nontrivial prox-
imal factor.

(2) (X,G) does not admit a nontrivial incontractible factor.

(3) (X,G) admits a nontrivial minimal proximal quasifactor X.

(4) The minimal proximal system X admits the nonproximal system X as
a quasifactor.

We let X = {0,1,2}? and o will denote the shift on X. The symmetric
group S3 acts on X by permuting values of the zero coordinate of a point = € X.
For every pair of integers n and m we let 7 = 7, ,, be the homeomorphism of
X defined by (72),, = @, (72)m = x, and (72), = z, for p & {n,m}. We
let G = (0,Tn,m,Ss : n,m € Z) be the subgroup of homeomorphisms of X
generated by o, S3 and the various 7, ,,. Notice that the group generated by the
homeomorphisms 7, , is the group of homeomorphisms given by permutations
of Z with finite support. We call elements of this subgroup 7-permutations.

Clearly every homeomorphism g € G has the property
(%) Ve, y € X [xn # Yn Yn €Z = (92)n # (9Y)n Yn € Z].

It can be shown that in fact G is the group of all homeomorphisms of X satisfying
this property.
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To facilitate our description we introduce the following terminology. Call
a pair of points z,y € X an edge if x,, # y, for every n € Z. If z,, # y, for
infinitely many n € Z we say that x and y are opposed.

CLamM 1. (X, G) is minimal.

PRrROOF. This is clear already when one considers the action of the subgroup
H = <U’, 53> O

CLAIM 2. FEuvery edge is an edge of a unique triangle.

PRrROOF. Clearly an edge{z, y} determines a unique point z such that{z,y, z}
is a triangle; i.e. {z,y}, {z, 2z} and {z,y} are edges. O

Let 0, 1 and 2 denote the points of X whose coordinates are constantly 0, 1
and 2, respectively.

CLAIM 3. Given four points {x° x', 22 23} in X, there exists a sequence

gn € G with lim g,27 € {0,1,2} for j =0,1,2,3.

PROOF. By minimality we can assume that x° = 0. If there exists j with 27
opposed to 0 (i.e. 27 has infinitely many coordinates different from zero) we can
apply a sequence of T-permutations, elements of S35 and various powers of o to
the pair {0,27} to get in the limit the pair {0,1}. Otherwise 0 = 2} = 22 = 23
for all but finitely many n, and then limy_,o, o*27 = 0 for j = 0, 1,2, 3. In either
case passing to a further subsequence we now have:

{Jim_ga2'} < {01,474}

for some y?, 3% € X. If either 32 or y3 has infinitely many coordinates with the
value 2, we can similarly pass to a limit which is a subset of {0, 1,2, 23} for some
2% € X. Otherwise we can pass to a subset of {0,1}. Finally, from {0,1,2, 23}
we can get into {0, 1,2}. O

Recall that a subset A of the dynamical system (X, G) is called an almost
periodic set if for every finite subset {x1,...,2,} C A, the point (x1,...,2,) is
an almost periodic point of the n-fold product system X™; i.e the orbit closure

of (x1,...,x,) in X™ is minimal.

CLAIM 4. The maximal almost periodic subsets of X are exactly the triangles.
In particular (X, G) is not prozimal.

PROOF. Clear from the previous claim and the property (%) of homeomor-
phisms in G. O
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CLAIM 5. The collection of triangles X is a minimal proximal quasifactor of

(X,G).

PrOOF. Clearly the set X of triangles in X is a closed invariant subset
of 2%X. From the previous claims it is clear that the triangle {0,1,2} is in the
orbit closure of any other triangle. On the other hand it is also easy to see
that conversely, every triangle is in the orbit closure of {0,1,2}. Thus X is
a minimal quasifactor. Finally if {°, 2!, 22} is an arbitrary triangle then the

1

set {20, 21,22, 0,1,2} can be squeezed into {0,1,2}, whence X is a proximal

system. O
CLAIM 6. The system (X, G) admits no nontrivial prozimal factors.

PROOF. Suppose 7 : X — Y is a homomorphism with (Y, G) proximal. First
note that for any triangle {z°, 21, 2%} we have 7(2°) = 7(a!) = 7(2?). Next let
x,2’ be distinct points in X. There is a point z € X such that {z, z} is an edge
and z is free of say, zeroes. Likewise there is a point 2z’ € X such that {2/, 2’}
is an edge and 2’ is free of ones. Then the chain: {z,z}, {z,0}, {0,1}, {1,2},
{#/, 2’} shows that w(z) = 7(z’), so that Y is a one point system. O

Recall that a minimal system (X, G) is called incontractible if for every ¢ > 0
there exists an e-dense almost periodic subset of X. An equivalent condition is
that (X, @) admits no nontrivial minimal proximal quasifactor.

CLAIM 7. The system (X, G) admits no nontrivial incontractible factors.

PROOF. Suppose 7 : X — Y is a homomorphism with (Y, G) incontractible.
Then 7({0,1,2}) =Y. Since clearly P[0], the proximal cell of 0, is dense in X,
it follows that {w(0)} =Y. O

CLAM 8. Let X be the quasifactor of triangles. Then X is isomorphic to
a quasifactor of X.

PROOF. Set, for v € X, A, = {£ € X : z € &}. Clearly {A, : v € X} is
a quasifactor of X' which is isomorphic to X via the map z — A, with inverse

Ay = (HE: 6 € Aa} = {a}. M

Our next example is of a similar nature, but with a Lie group as the acting
group. Let G be the closed subgroup of the Lie group GL(4,R) consisting of all
4 x 4 matrices of the form

A 0 . 0 A
0 B an B o)’

with A, B € GL(2,R). We let G act on the subspace Y of the projective space P3
consisting of the disjoint union of the two one dimensional projective spaces P!,
which are naturally embedded in P23, where P? is considered as the quotient
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space of R* = R? x R2. Call these two copies Y; and Y3, respectively. There is a
natural projection from (Y, G) onto the two points G-system ({Y1,Y>},G) and
it is easy to see that the system (Y, &) is a minimal proximal extension of this
two points system. It is also easy to see that the maximal almost periodic sets
of (Y, G) are the sets of the form {y;,y2} with y; € Y;, i = 1,2. It is now easy
to establish the remaining assertion of the following:

CLAM 9. The G-system (Y, G) is a minimal non-proximal system, admitting
the isometric factor which is the “flip” on two points. The system (Y,G) admits
no nontrivial proximal system as a factor.

Let Y be the quasifactor of (Y, @) defined by
y = {{ylayQ} Y S }/:ia 1= 172}

Again it is easy to check that the system (), G) is a minimal and proximal G-
system. Next consider the quasifactor Y of the system (), G) which consists of
all closed subsets of Y of the form

Fy={{ynyteY:ye{y,p}}, yeY

We clearly have an isomorphism of G-systems between Y and Y given by y — F,
(the inverse of this map is given by F,, — () F, = {y}). We have thus established
the following

CrAamMm 10. The prozimal minimal G-system (¥, G) admits a non-prozimal
minimal quasifactor (?, @G), isomorphic to the original system (Y, G).

Next we take up the setup of [18] and consider a minimal infinite system
(Z,0) with Z zero dimensional and o a homeomorphism of Z. Thus we let
X = Z x Y and consider the subset S¢(X) of the Polish group H(X), of self
homeomorphisms of X, given by

Sc(X) = {ho(oxid)oh™' + h € H(X) & ¥z € Z, h({z}xY) = {z}xY,h. € G},

where for such h we write h, for the element of H(Y") defined by the restriction of
h to the set {z} x Y. Theorems 1 and 3 of [18] assert that under certain assump-
tions on the action of G on Y, there exists a residual subset R of cls Sg(X), such
that for each member T' € R, the system (X,T) is minimal and the extension
m:(X,T) — (Z,0) is a proximal extension. The requirements on the G-action
on Y are as follows:
(1) (Y,G) is minimal.
(2) For every pair of points y1,ys € Y there exist neighbourhoods U and V
of y1 and w9, respectively, such that for every € > 0, there exits g € G
with diam (g(U U V)) < e.
(3) G is pathwise connected.
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We would like to apply these results to the G-actions (Y, G) and (Y, G) above.
Since these actions are minimal and the action (), G) is proximal in the strong
sense stated in (2), we have the requirements (1) and (2) satisfied. However
the requirement (3) is not satisfied, as the topological group G has two path
components. In order to overcome this difficulty, let us go back to the proof
of, say Theorem 1 in [18]. The point where one uses the connectivity of G is
in Lemma 2.1, where the map t — hy, from the finite set {0,1/n,... ,n —1/n}
into G, is extended to a continuous map of I = [0,1] into G.

Now instead of dealing with one interval I we work here with two disjoint
closed intervals, say I = [0,1] and J = [2,3]. The set {ho,h1/pn,... ,h1_1/n} is
then replaced by two sets, {ho, b1/, ... ,hi—1/n} and {ha, hot1/n, .- h3_1/n},
where the first is contained in the identity path component of G and the second
in the other component. The map ¢t — h; can now be extended to a continuous
map from I U J into G. The proof proceeds as before and we only have to
notice that, since Z is zero dimensional, the map 6 : Uﬁgl o'K — ITUJ can be
extended continuously to a map 6 : Z — I U.J. Lemma 4.1 in [18], needed for
the proof of Theorem 3, is treated similarly.

We first apply our modified Theorem 1 of [18], to obtain a residual subset R
of cls S¢(X), such that for each member T' € R, the Z-system (X, T’) is minimal.
Next consider for any T € cls S¢ the corresponding quasifactor (X,T) of the
system (X, T), consisting of all subsets of X of the form

X={{z} x{ny,y2}:2€Z, y, €Y, i =12} CZx ).

Applying the modified Theorems 1 and 3 of [18], we obtain a residual subset
of R with the property that for every T in this subset, (X, T) is minimal and
the extension (X,T) — (Z,0) is a proximal extension. Since an extension of
minimal systems preserves Ellis groups if and only if it is a proximal extension,
it follows that A = G(X,&) = G(Z,2p). On the other hand, since (Y,G) is
not proximal, it follows that the extension (X,T) — (Z,0) is not a proximal
extension, whence B = G(X, zg) g A=G(Z, ).

Finally we form the quasifactor X of the system (X', T) which consists of all
closed subsets of X of the form:

F(z,y) = {{Z} X {ylayQ} S X Y € {ylay2}}7 (Z,y) € X

There is an isomorphism of G-systems between X and X given by (z,y) — Fi.
(the inverse of this map is given by F. ,y — () F(.,,) = {(2,¥)}), and we have
thus proved the following:

CLAIM 11. There ezists a residual subset R of cls Sq(X), such that for each
member T € R, the Z-systems (X, T) and (X,T) are minimal, and the extension
(X,T) — (Z,0) is a proxzimal extension while the extension (X,T) — (Z,0) is
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Each of these two systems is a quasifactor of the other. In particular,

for the quasifactor (X,T) of (X,G), denoting A = G(Z,z0) = G(X,&) and
B = G(X,x¢), we have B & A, hence B 7 AP = A. If we choose Z to
be a normal system (i.e. a minimal system whose Ellis group is normal; every

regular system is normal, see e.g. [17]), say the dyadic adding machine, we have

B2 A% = A.
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