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THE TOPOLOGICAL DYNAMICS OF SEMIGROUP ACTIONS

DAVID B. ELLIS, ROBERT ELLIS, AND MAHESH NERURKAR

ABSTRACT. In these notes we explore the fine structure of recurrence for semi-
group actions, using the algebraic structure of compactifications of the acting
semigroup.

INTRODUCTION

This is a self-contained exposition of aspects of the theory of recurrence for flows
(X,T) where X is a compact Hausdorff space and T a semigroup. A good account
of the case when T' is Z or N is to be found in [F].

Contrary to what one might hope or expect, the passage from the group to the
semigroup case is not straightforward. Many theorems do not go over, and care
must be exercised in choosing the proper definitions.

Another difference between our account and Furstenberg’s is the emphasis we
place on the abstract or algebraic approach to the subject. The essence of this
approach is that the asymptotic properties of the trajectories are captured by the
algebraic properties of a suitable compactification of T'. (Here we consider two such
compactifications — the enveloping semigroup of the flow (X,T) and the Stone-
Cech compactification, 3T of T'.)

One of the most successful applications of this approach is the deep results
obtained by Furstenberg and Katznelson in their paper “Idempotents in compact
semigroups and Ramsey theory” [EK]. In Section 4 we develop and generalize the
algebraic machinery used in their paper (see Proposition 4.12). This proposition
is the backbone of the proof of 6.3, an abstract multi-recurrence theorem which is
the basis of a unified approach to a variety of multi-recurrence results occurring in
the literature (see Section 6).

A propos the algebraic approach it would be remiss on our part not to mention
the profound influence the paper “Product recurrence and distal points” [AFE] by
Auslander and Furstenberg has had on this endeavor. In particular the ordering of
the idempotents in £-semigroups (see 4.3), the role played by the maximal idempo-
tents and the notion of a cancellation semigroup originated with them. In Section
5 we generalize some of their results.

Besides studying semigroup as opposed to group flows we also wished to replace
the combinatorial approach by the abstract one, to eliminate all reliance on the
notion of IP sets, to replace them entirely by corresponding results about idem-
potents. As even a cursory glance will show, we were hardly successful in this
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endeavor. Indeed many results and constructions in Sections 3 and 5 are general-
izations of the standard ones. (A prime example is Galvin’s theorem 3.3.) These
were used to generalize some of the work of Auslander and Furstenberg mentioned
above.

We wish to thank Professor Joe Auslander, Professor Tomasz Dawnarowicz and
Mr. Bartosz Frej for reading an earlier draft. Their comments, corrections and
suggestions led to an improved revision.

1. DYNAMICAL SYSTEMS

1.1. Definition. Let X be a set and T be a semigroup. A (right) T-action on X
is a mapping
m: XxT — X
(x,t) — at

such that
(xt)s = x(ts), forall z € X, t,s € T.

When we have a T-action on X, we shall say that T' acts on X (via 7). If T has
an identity e, then we also require that xe = x for all x € X. The symbol 7 will
often be suppressed.

1.2. Definition. A dynamical system or flow is a triple (X,T,7) where X is a
compact, Hausdorff space, T' is a semigroup which acts on X, such that the action
7 is continuous. The mapping 7 will usually be supressed and the flow denoted
(X, 7).

1.3. Remark. In the literature T is usually equipped with some topology. However,
the topology on T is irrelevant for most of the problems with which we are con-
cerned. Consequently we ignore it, or what amounts to the same thing, provide T
with the discrete topology. In this case (X, T, 7) is a flow if for each ¢ € T the map

Tt L X —- X
r — xt

is continuous. Moreover to avoid uninteresting cases we assume that 7T is infinite.

1.4. Definition. Given a flow (or just an action) (X, T), the orbit of a point x in
X is the set

Orb(z) =aT ={azm =at |t € T}.

1.5. Remark. Note that when the semigroup 7' contains an identity, + € 7. In
general this need not be the case. We will examine some specific examples later,
but first we review some basic concepts from dynamical systems in the context of
semigroups.

1.6. Definition. Let (X, T, 7) be a flow.
(1) Let ) # A C X. We say that A is invariant if AT ={at |a€ A, t € T} C A.
(2) If @ # Ais both closed and invariant, then the restriction of m to A x T' defines
an action of T on A. The resulting flow (A,T) is called a subflow of the flow
(X,T).
(3) A point x € X is a transitive point if T = X. The flow (X, T) is said to be
point transitive if there exists a transitive point = in X.
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(4) The flow (X, T) is minimal if 2T = X for all z € X, i.e. if every point is a
transitive point.

(5) Let A be a non-empty, closed invariant subset of X. Then A is a minimal set
if the flow (A, T) is minimal.

1.7. Proposition. Let A be a non-empty, closed invariant subset of the flow (X,T).
Then A is a minimal set if and only if A is minimal with respect to the property of
being non-empty, closed, and invariant.

Proof. This is immediate from the definition. O
A simple application of Zorn’s lemma yields

1.8. Proposition. Let (X,T) be a flow. Then there exists a minimal subset A of
X.

1.9. Remark. In these notes we are considering actions by general semigroups. For
certain semigroups there are no non-trivial point transitive flows. One such example
is the following.

1.10. Example. Let T be an infinite set. Fix an element 0 in T and set ts = 0
for all t,s € T. This multiplication defines a semigroup structure on 7' called the
0-structure. We claim that in this case the one point flow is the only flow for which
(X,T) is point transitive.

Proof. Suppose that (X,T) is a transitive flow with transitive point z. Then since
x € zT, there exists a net {t,} € T with z = lim «t,. Hence zt = limat,t = 20
for all t € T. Therefore X = {z0} is a singleton set. O

1.11. Definition. Let (X,T) and (Y, T) be flows and f : X — Y be a mapping.
We say that f is a homomorphism if

(a) f is continuous, and

(b) f(zt) = f(x)tforallz € X andt € T.

The study of the structure and asymptotics of orbits is a central theme in the
theory of dynamical systems. It is often fruitful to identify the element ¢t of T" with
the map 7; (as defined in 1.3) from X to itself. The space X~ of all self-maps of
X is provided with the topology of pointwise convergence. By way of illustration,
note that y € 27 if and only if y = limat, = xlimn;, , where the last limit is the
limit of the net {m;, } in XX. Thus one is naturally led to consider the closure of
T in the topology of pointwise convergence on XX. We now proceed to examine
some elementary properties of this space. We will see in the later sections that this
study is an illustration of a more general principle mentioned earlier, namely “The
asymptotic properties of orbits under T' are captured in suitable compactifications
of T”.

1.12. Proposition. Let X be a compact Hausdorff space and XX the space of all
self-maps of X provided with the topology of pointwise convergence. Then

(1) XX is a compact Hausdorff semigroup under composition of maps.

(2) XX acts on X by evaluation of maps: (x,p) — xp.

(3) If a semigroup T acts on X, then the map t — m is a homomorphism of
semigroups T — XX. Moreover (X,T) is a dynamical system if and only if
the image of this homomorphism is contained in the set of continuous self-
mappings of X.
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(4) If (X,T) is a dynamical system, then E(X,T)=T = {m; |t € T} is a closed
subsemigroup of XX.

Proof. The first three statements are immediate from the definitions. To prove the
last statement let ¢ € E(X,T) and 7, — ¢. Then zt,, = xm;, — zq for all x € X.
Thus (zt,)m — (zq)m = x(gm) for all z € X. Hence my ; = m, m — qmy, and
qmy € .E()(7 T)

Now let p € E(X,T) and let 7, — p. Then

x(qm,) = (xq)m;, — (xq)p = x(gp), forall z € X.

Thus ¢qm;, — gp, and gp € E(X,T). This proves that F(X,T') is a subsemigroup
of X¥. O

1.13. Remark. (1) When T acts on X, the homomorphism ¢t — m; referred to in
Proposition 1.12 defines a right action of 7 on XX (as a subsemigroup) which
extends to an action of F(X,T) on XX when (X,T) is a dynamical system.

(2) It is important to note that the map ¢ — m; of Proposition 1.12 need not
be one-one. Indeed the image may be a singleton. Nevertheless for the study of
dynamical systems nothing is lost by viewing T" as a subset of F(X,T) (identifying
t with 7Tt).

(3) If (X, T) is a dynamical system and S is a subsemigroup of T, then E(X, S) C
E(X,T).

The space E(X,T) referred to in Proposition 1.12, is a compactification of the
semigroup 7'. This compactification is of historical as well as practical importance.
We emphasize this by

1.14. Definition. Let (X,7,7) be a flow and XX the space of all self-maps of
X provided with the topology of pointwise convergence. We define the enveloping
semigroup of the flow (X, T), denoted E(X,T), to be the closure of T' (as a subset
of X¥X).

We will also consider other compactifications of T', but before discussing them,
we examine the enveloping semigroup a bit more closely. In fact we shall see that

many of the other compactifications of T" have certain key properties in common
with E(X,T).

1.15. Proposition. Let E(X,T) be the enveloping semigroup of a dynamical sys-
tem (X, T). Then

(1) Ry: E(X,T) — E(X,T) is continuous for everyt € T,
P — pt

(2) L,: E(X,T) — E(X,T) is continuous for every p € E(X,T).
q - pq
(3) T has a natural action on E(X,T) by multiplication and this action defines
a flow (E(X,T),T).
(4) For each x € X the map E(X,T) — X given by p — xp is a homomorphism
of dynamical systems.

Proof. (1) This follows from the fact that each ¢ € T is continuous as a self-map of
X, and the definition of the topology of pointwise convergence on XX .



THE TOPOLOGICAL DYNAMICS OF SEMIGROUP ACTIONS 1283

(2) Let p,q,q0 € E(X,T) and ¢, — q. Then xq, — zq for all x € X. Thus
2(pga) = (2p)qa — (xp)q = x(pq) for each x € X, i.e. pgo — pg. Thus L, is
continuous.

(3) The T action is given by (p,t) — pt = pm. The fact that (E(X,T),T) is a
flow follows from (1) and (3) of 1.12.

(4) Continuity follows from the definition of the topology of pointwise conver-
gence. The fact that p — zp is a homomorphism follows from (2) of 1.12. O

1.16. Remark. (1) Since E(X) is a subsemigroup of X, it acts on X (on the
right). This action extends the action of T on X, but in general (X, E(X)) is not
a dynamical system (the action need not be continuous) even when (X,T) is a
dynamical system.

(2) When T has an identity e, it is a transitive point of the flow (E(X),T).

(3) If (X, T) is a dynamical system, then the map

¢: E(X.T) — EEXT)T)
p - Rp

is an epimorphism of flows, where R, : E(X,T) — E(X,T) takes ¢ to gp. When T'
has an identity, evaluation at the identity provides an inverse of ¢. More generally
if the flow (X,T) is point transitive, say X = xT, then R,, = R,, implies that
gp1 = qp2 for all ¢ € E(X,T). Hence for any x € X, zp1 = xogp1 = Togqp2 = Tpa,
s0 p1 = p2 and ¢ is one-one.

1.17. Definition. A set E is an E-semigroup if it satisfies the following three
conditions:

(i) The set E is a semigroup.

(ii) The set E has a compact, Hausdorff topology.

(iii) The left translation map L, : E — E, L,(q) = pq is continuous for every
peE.

This definition follows the terminology introduced by J. Auslander and H. Fur-
stenberg in [AF], and is motivated by Proposition 1.15 which shows that F(X,T) is
an E-semigroup. Indeed we will study various compactifications of T', all of which
turn out to be &-semigroups. First we provide further motivation for Definition
1.17 by proving that every £-semigroup contains idempotents.

1.18. Lemma. Let E be an E-semigroup. Then E contains an idempotent, i.e.
an element u with u? = u.

Proof. Consider the inductive family F = {# # N C E | N- N C N, N closed}.
Let M € F be minimal with respect to inclusion, and w € M. Then M D wM =
L., (M) € F, so by the minimality of M, wM = M. Thus

D#{ge M|wg=w}=L,'(w)NM=Q € F.
By minimality Q = M and since w € M, w? = w. |

In the next section we shall study in detail perhaps the most important example
of an E-semigroup namely the Stone-Cech compactification, ST of the semigroup
T. In Section 3 we shall use the properties of BT to derive versions of Galvin’s
and Hindman’s theorems. A structure theory for the set of idempotents in an
E-semigroup will be developed in Section 4, and exploited in Section 6 to obtain
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multiple recurrence results. In Section 5 we again use the properties of 8T to derive
characterizations of various types of recurrence.

2. THE BETA COMPACTIFICATION OF T’

Given a dynamical system with acting semigroup 7', one of the ways to capture
asymptotics and recurrence of the trajectories is to consider a suitable compactifi-
cation of T. We saw an example of this in the previous section. The Stone-Cech
compactification, BT is a particularly good compactification to use in view of its
universal properties. In this section we shall study ST in some detail. Indeed T is
another example of an £-semigroup. This algebraic structure on 571 plays a crucial
role throughout this exposition. We begin with a definition which characterizes
BT by its properties, and then show how its algebraic structure can be deduced
from these properties. For an alternate approach see Appendix A where we give a
detailed construction of 571 in terms of ultrafilters on 7', which leads to an explicit
description of the semigroup structure on g7

2.1. Definition. Let T be a set with the discrete topology. The Stone-Cech com-
pactification BT of T is determined up to homeomorphism by the following prop-
erties:

(1) T cpT,

(2) T = BT,
(3) BT is a compact Hausdorff space,
(4) if X is a compact Hausdorff space and f : T — X is any map, then f has a

unique extension to a continuous map f : 0T — X.

2.2. Remark. (1) {A| A C T} is a base for the topology on 37 .
(2) BT = AUT\A is a disjoint union for every A C T. Thus 4 is both open and
closed.
(3) p € BT\T if and only if every neighborhood of p contains infinitely many
elements of T'.
(4) The closure of every open subset of 8T is open.
(5) If  # H C T, then the extension of the inclusion to a map BH — BT is a

homeomorphism of SH with H C T. To see this consider the map
T=HWT\H — BH W {point};

it has a continuous extension to a map 1" — SH U {point}. The restriction
of this extension to H gives the inverse of the mapping above. We will often
identify SH with H in this case.

2.3. Proposition. Let T be a semigroup. Then the semigroup structure on T
extends to a semigroup structure on BT,

BT x BT — BT
(r,q) — pq

which satisfies

(1) Ry: BT — BT is continuous for every t € T,
p — pt
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(2) L,: BT — pT is continuous for every p € 5T
q — Pq
In particular BT is an E-semigroup.
Proof. The map Ry is the unique continuous extension of right multiplication by ¢,
and L, is the unique continuous extension of the map ¢t — pt from T to S1. The
semigroup structure is then given by pq = L,(q) for all p,q € 5T

To see that (pq)r = p(qr) for all p,q,r € BT, first note that for any s,t € T, the
maps

6T — BT 6T — BT
and
p = (ps)t p = p(st)
are both continuous extensions of the map
T — 6T
' —  (t's)t =t (st).
Thus by the uniqueness of such extensions, p(st) = (ps)t. Similarly the maps
6T — BT 6T — BT
and
q — (pg)t ¢ — plat)
are both continuous extensions of the map
T — 6T
s —  (ps)t =p(st).
Therefore (pq)t = p(qt) for all p,q € ST and ¢t € T. Once again the maps
BT — BT BT — BT
r = (pg)r = plar)
are both continuous extensions of the map
T — 6T
t — (pa)t =p(qt).
([l

2.4. Corollary. Let X x T — X be a dynamical system and x € X. Then the
map
T — X
t — xt

has a unique continuous extension to a homomorphism of dynamical systems

T — X
p  — zp.

Proof. That the map p — xp exists and is continuous follows immediately from the
definition of ST. The fact that x(pq) = (zp)q for all p,q € BT (and in particular
that p — zp is a homomorphism of dynamical systems) follows from the fact that
the maps p — z(pt) and p — (xp)t are both continuous extensions of s — z(st) =
(xs)t. O
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2.5. Remark. (1) If the assumption that (X, T) is a dynamical system is weakened
to read that T acts on X, then the unique continuous map p — xzp referred to in
Corollary 2.4 will not necessarily respect the action of T'.

(2) If (X, T) is a dynamical system, then so is (XX, T). Applying Corollary 2.4
to the latter we obtain a homomorphism ¢ : 37 — XX. The homomorphism ¢
is an extension of the map ¢t — m, so that ¢(p) = limm, for any p = lim¢, €
BT. 1In this case ¢ is not only a homomorphism of dynamical systems, but it
is also a homomorphism of semigroups. It is immediate that the image of this
homomorphism is the enveloping semigroup E(X,T).

(3) If T has an identity e, then the dynamical system (87T, T) is point transitive
(the orbit of e is dense in ST'). In this case it follows from Corollary 2.4 that any
flow (X, T) which is pointed by = € X, (i.e. 2T = X) is a homomorphic image of
(BT, T). In this sense (8T, T') is universal for pointed flows with acting semigroup T'.
In particular it follows immediately that E(5T) = ST both as dynamical systems
and as semigroups. It is important to note that this need not be the case when T
does not contain an identity. One illustration of this is provided by Example 2.6
below.

2.6. Example. Let T be an infinite set. Define ts = ¢ for all ¢,s € T. This
multiplication defines a semigroup structure on 1" which we call the right-identity-
structure.

It follows as in the proof of 2.4 that with this semigroup structure, pq = p for all
p,q € BT. Note also that for every t € T, the map 7 : p — pt = p is the identity
map on (1. Therefore when T is given the right-identity-structure, the orbit of
each p € BT is {p}, and {id} = E(ST) # BT.

2.7. Example. Let T be an infinite set. Define ts = s for all ¢t,s € T. This
multiplication defines a semigroup structure on 1" which we call the left-identity-
structure.

With this structure pg = g for every p,q € BT, every p € BT has a dense orbit,
and E(pT) = (T.

2.8. Remark. In Example 2.6 every singleton point is a minimal subset of 5T, so
there are minimal sets in S7\T and in T'. In Example 2.7 the only minimal set is
BT itself, so there is a minimal set which intersects both T' and ST\T. When T is
commutative neither of these phenomena can occur. We will show in Proposition
6.9 that if T is commutative, either all the minimal sets in 8T lie in ST\T, or there
is only one minimal set in 87", and it is finite and lies in T'.

2.9. Remarks. (i) The following conditions serve as assumptions in many of the
results which follow.

(1) BT\T is a semigroup.

(2) BT\T contains an invariant set.

(3) BT\T is invariant.
Note that (3) implies (2) and (3) implies (1). It follows immediately from Proposi-
tion 2.3 and Lemma 1.18 that 87" always contains idempotents. Similarly assump-
tion (1) guarantees that ST\T contains an idempotent. Assumption (3) is easily
verified when T is a group. In the next proposition we give conditions on 7" which
are equivalent to (3).

(ii) It is important to note that condition (1) above does not hold in general.

We present an illustration of this in the following example.
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2.10. Example. Let T be an infinite set with the O-structure (as defined in 1.10).

We claim that with this semigroup structure, p¢g = 0 for all p,q € gT. In
particular 0 is the only idempotent in ST, so ST\T contains no idempotents, and
is not T-invariant.

To prove our claim we first note that for every s € T, Ry is the unique continuous
extension of the constant map T — {0}, thus ps = Rs(p) = 0 for all p € 8T. Tt
follows that for every p € 8T, L, is the constant map 7" — {0}. This shows that
pq =0 for all p,q € BT.

2.11. Proposition. Let T be an infinite semigroup. Then BT\T is invariant if
and only if Ry *{s} is finite for all t,s € T.

Proof. Assume that R; '{s} is finite for every s,¢ € T and suppose that ST\T is
not invariant. Let p € ST\T and ¢, s € T be such that pt = s. Then p € R; {5}, so
R; '{s} is a neighborhood of p. This contradicts the fact that every neighborhood
of p contains infinitely many elements of 7.

Conversely, assume that R, 1{5} is infinite. Let p € BT be a limit point of
R;'{s}. Then p ¢ T, and by the continuity of R;, pt = s. This shows that ST\T
is not T-invariant. |

3. GALVIN’S AND HINDMAN’S THEOREMS FOR SEMIGROUPS

In this section we derive the classical results of Galvin and Hindman by exploit-
ing the algebraic structure of 7. When T is a group, Galvin’s theorem can be
interpreted as saying that an open set V' C T contains an idempotent in ST\T if
and only if V' contains an infinite so-called IP-set (see the definition below). For a
general semigroup any neighborhood of an idempotent in ST\T (if such an idem-
potent exists) contains an infinite TP-set. On the other hand, given a subset V C T
containing an IP-set, there is no guarantee that V' contains an idempotent in 37\T.
This, however, is true under the additional assumption that ST\T is a semigroup.
We analyze and give elementary proofs of these statements using the properties
of BT which were deduced in the previous section. We then deduce Hindman’s
theorem on finite colorings.

3.1. Definition (IP-Sets). Let T be an infinite semigroup, and S : N — T, be
a map from the set of positive integers into T. We shall write S(n) = S,, for the
image of n under S, and

SF P— Slk . lk‘_l .. Sll
for any finite ordered set F' = {i; < iz < --- < i} C N. We denote by
w(S)={Sp | F € F},

where F is the set of all finite ordered subsets of N. The set m(S) is called the
IP-set generated by S. Sets of the form 7 (S) will be referred to as IP-sets. We set

S*: N — T
i — S"i)= S(n+i)= Sy

for all n € N, so that
w(S™) = {SF | F is an ordered subset of {n+ 1,n+2,...}}.



1288 DAVID B. ELLIS, ROBERT ELLIS, AND MAHESH NERURKAR

3.2. Remark. (1) From our point of view the most interesting IP-sets are the infinite
ones. Even when T is a group, however, it may contain many finite IP-sets. For
example, 7(.9) is finite when the image of S is contained in a finite subgroup of T'.
The simplest example occurs when S(n) = e for all n € N; clearly 7(S) = {e} in
this case. Similarly when T is an arbitrary semigroup the singleton {u} is an IP-set
for any idempotent u € T.

(2) We will often wish to either assume or conclude that an IP-set is infinite. It
is useful to observe that 7(S5) is infinite if and only if 7(S™) is infinite for all n.
This follows immediately from the fact that

n(s)=|J  Sr(r(s").
Fc{1,2,...,n}

(3) Tt is clear that if the map S is one to one, then the IP-set 7(S) is infinite. On
the other hand, if 7(S) is infinite, then there exists a one to one map S : N — T such
that 7(S) C 7(S). To construct S, set S; = S and assume that distinct elements
Sy,..., S, of T have been chosen so that Sy € w(S) for all FF C {1,2,...,k}. Now
there exists n € N such that

{S¢|Gc{1,2,...,k}}c{Sr| Fc{1,2,...,n—1}}

and we can choose Sy, 11 = Sg € m(S™) with Sy & {S1,..., Sk} (x(S™) is infinite
by the previous remark). Then for any G C {1,2,...,k}, Sx115¢ = SqSr € 7(S)
for some F' C {1,2,...,n— 1}. This completes the induction step.

The following theorem of Galvin has been proved many times over (see Lemma
2.1 of [BH], for example). However it is worth writing the proof in this generality.

3.3. Theorem (Galvin). Let T be an infinite semigroup.

(I) Let u> = u € BT\T be an idempotent, and let {V; | i € N} be a collection
of neighborhoods of w. Then there exists a one to one map S : N — T such that
w(S™) C V,, for all n € N. In particular any neighborhood of u contains an infinite
IP-set.

(ITa) The closure of any IP-set A C T contains an idempotent.

(ITb) Let H be a subsemigroup of T such that BH\H = H\H C BT is a non-
empty semigroup. Then for any infinite IP-set A C H, there exists an idempotent
u€ ANBH\H C BT\T.

3.4. Remark. (1) The proof of part (I) of this theorem involves constructing an IP-
set. This construction procedure is common to the earlier proofs of several multi-
recurrence theorems, cf. [F]. In fact this view of Galvin’s result is an abstract
unification of many such arguments.

(2) Notice that (ITa) does not guarantee that the idempotent lies in S7\T'; indeed
as we mentioned in 3.2, A = {u} is an IP-set when « € T is an idempotent. For
many of the applications we need the idempotent to be in ST\T'. Hence (IIb) and its
requirement that the IP-set w(S) be infinite. However this condition alone does not
guarantee the existence of an idempotent in ST\T. The O-structure on any infinite
set T provides a counterexample. We need to impose some additional conditions
on T'. Notice that if ST\T is a semigroup, then it contains an idempotent. In this
case we obtain the desired conclusion from (IIb) by taking H = T.

The following lemma is used in the proof of 3.3 (I) and will also be referred to
later.
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3.5. Lemma. Let u € ST\T be an idempotent. Assume that t1,... ,t, € T, and
Vo, Vi,..., Vi are subsets of T which satisfiy the following conditions:

(i) u € Vy and

(ii) ti,, -t ti € L7Y(VE) for all 1 <i<iy < - < i < k.

Then there exists t € Vo N L;1(Vy) such that tt;,, -+t t; € V; N LY (V;) for all
1<i<ig < <ty <k.

Tm

Proof. Condition (ii) implies that ut;, ---t;t; = utp € V; for all F = {i < i1 <
s < C{L1,2,...,k}. Equivalently u € Rt_F1 (V;). Combining this with assump-
tion (i) we obtain
k
ueVon ﬂ ﬂ R'(Vh) =W.

i=1 \ F={i<i1 <---<im}
Using the assumption that u? = u we get that L,(u) = u?> € W, in other words
u € LY W) N W. Now each of the sets Vg, Vi, ..., Vi are both open and closed in
BT. Thus it follows from the continuity of R;, and L,, that the set L, *(W)NW
is also open and closed in BT. But u & T, so there exists u #t € TN LY (W)NW.
We then have t € W and ut € W, which implies

teVy, ttp =tt;, --tyt; €Vi, and ut € Vy, uttp € V;,
forall F={i<iy < - <im} C{L,2,...,k} as desired. O

Proof of Theorem 3.3. (1) We may assume without loss of generality that each V;
is the closure of a subset of T and that the V; are a decreasing sequence of neigh-
borhoods of u. Since u? = u, Ly,(u) = u? € V4 so u € V43 N L (Vi) Since the
latter is both open and closed in 8T, and u ¢ T, we can choose S; € T with
S1 € VinL;Y(Vy). Assume that a one-one map S : {1,2,...,k} — T has been
defined so that

SFEV;QLgl(V;) forall F={i<ii <ia<-<ipn}C{l,2,...,k}

Now u & T, 80 Ly(u) = u € Vi11\{S1, 52, -+, Sk} = Vo. Hence u € VoN L, (Vo).
Using 3.5 we choose Sj+1 so that

Sk+1 eVon L;l(VO)

and Si+15F € V;ﬁL;l(V;) for all F = {Z <ip <idg < --- < Zm} C {1,2,... ,kj}.
Then S, Sa,- -+, Sk, Sky1 are distinet and Sp € V; NL~Y(V;) for all F = {i <i; <
io < -+ <im} C{L,2,...,k+1}. Induction on k now guarantees the existence of
a one-one map S : N — T such that 7(S™) C V,, for all n € N.

(ITa) Let 7(S) C A be an IP-set. Let

m(S™) = {SF | F an ordered subset of {n+1,n+2,...}},
as in Definition 3.1. Set

oo () = [ J{(w(5™)) | n € N}.

We claim that 7. (S) is a closed non-empty subsemigroup of 7. (We shall call
this semigroup the asymptotic semigroup of the IP set m(S).) Notice that since
w(S™) C w(S™) for n > m, the compactness of BT implies that 7. (S) is closed
and non-empty.

Let ¢ € m(S™). Then there exists n > m such that 7(S™)t C 7(S™). Hence

Too(S)t C w(S™)t C 7(S™). Now let p,q € Too(S). Fix m € N, and let ¢, € 7(S™)
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with tq — ¢. Then pty € Too(S)ta C w(S™), and hence pg € w(S™). Since m was
arbitrary, pg € mo(5). This proves that 7 (S) is a semigroup. Thus by 1.18 there
exists an idempotent u € m(9) C A.

(ITb) Let 7(S) = A C H and construct mo(S) as in the proof of (IIa). Since
7(S8) and hence each 7(S™) is infinite (see 3.2), and w(S™) C A C BH, we see that
{m(S™) N (BH\H) | n € N} is a nested sequence of non-empty subsets of SH\H.
The compactness of 3H\H now guarantees that K = 7.,(S) N (BH\H) # 0. The
set K is a closed semigroup since it is the intersection of two closed semigroups.
Therefore K contains an idempotent by 1.18. O

Now we derive some consequences of Galvin’s theorem and its proof.

3.6. Corollary. Let T be an infinite semigroup such that ST\T is a subsemigroup
of BT. Then p € BT\T is in the closure of the set of idempotents in BT\T if and
only if every neighborhood of p contains an infinite IP-set.

Proof. This follows immediately from 3.3. O

3.7. Corollary. Let T be a semigroup (group). Let
C={pepT|p?>=peBH for some countable subsemigroup (group) H of T}.

Then C' is dense in the set J(BT) of all idempotents in BT. Furthermore if ST\T
is a semigroup, in particular if BT\T is invariant, then in the previous statement
BT can be replaced by ST\T.

Proof. Let p € J(BT) and A be a neighborhood of p where A C T. If p € T, then
{p} is a subsemigroup of T whence p € C. If p € ST\T, then by 3.3, A contains
an IP-set m(S). Let H be the subsemigroup (group) generated by the image of S.
Then H is countable and 7., (S) € BH N A. Since w4 (S) contains an idempotent
in BT, the set BH N AN J(BT) is non-empty. Thus p is in the closure of C.

If BT\T is a semigroup, the corresponding statement is proved by considering
Too(S) N (BT\T) instead of m(S). O

3.8. Proposition (Hindman). Let T be an infinite semigroup. Assume also that
J(BT)N(BT\T) is non-empty. Let f be a map of T into a finite set F'. Then there
exists an infinite IP-set A C T such that f is constant on A.

Thus in any finite coloring of N or Z there exists a monochromatic IP-set. This
is usually called Hindman’s theorem.

Proof. Since the finite set F' is a compact Hausdorff space, there is a unique con-
tinuous extension f, of f to BT. Let u?> = u € BT\T. Since f is continuous we
can find a neighborhood V' of u in AT such that f is constant on V. Now apply
Galvin’s theorem to obtain an infinite IP-set contained in V. |

3.9. Notation. Now we shall generalize this result of N. Hindman. To this end let
T be an infinite set provided with two binary operations + and x such that

(1) (T,+) and (T, *) are semigroups and

(2) (t1 +t2)*xs=1t1 xs+taxs, forall t1,ta,s €T.

As before these operations can be extended to ST to provide two semigroup
structures (8T, +) and (8T, %) on BT. Note that even though the first structure is
written additively, we do not assume that t + s = s+¢. Let J(8T,+) and J(BT, %)
denote the idempotents in (87, +) and (ST, %) respectively.
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3.10. Lemma. With the notation as in 3.9, we have
(1) (P1+P2)*t:}71*t+172*ta p17p2€ﬂT7 tET,
(i) J(BT,+)*T C J(BT,+),
(ili) J(BT, +)* T C J(BT,+),
(iv) If (BT\T)*T C (BT\T), then [J(ﬁT, —l—)ﬁ(ﬁT\T)]*T C J(BT,+)N(BT\T).

Proof. The map s — s*t: (T,4+) — (T,+) is a homomorphism, whence it extends
to a homomorphism of (87T, +) into (87, +). This implies (i). Then (ii), (iii), (iv)
follow immediately from (i) and the continuity properties of (5T, *). O

3.11. Proposition (Hindman). Let

(1) (T,+,*) be as in 3.9,

(2) J(BT,+)N(BT\T) be non-empty and (BT\T)xT C (BT\T),

(3) f be a map of T into a finite set F.
Then there exist Ay, A, C T such that Ay contains an IP-set with respect to the
operation k and f is constant on Ay U A,k € {+,%}.

It is easy to see that a ring without O-divisors satisfies the conditions of 3.11.
Thus a finite coloring of the integers will possess a monocromatic set which will
contain subsets A,, A, that are IP with respect to addition and multiplication
respectively.

Proof. Since J(BT,+) N (BT\T) is a non-empty subsemigroup of (5T,x), there
exists a ‘multiplicative’ idempotent g, x px = i € J(BT,+) N (BT\T). Now F is
finite, so there exists a neighborhood V of s, on which the extension f of f to T
is constant. Since p, € J(BT,+) N (BT\T), there exists an ‘additive’ idempotent
py = piy + py € V. Now the conclusion follows from Galvin’s theorem. O

4. THE STRUCTURE OF £-SEMIGROUPS

In sections 1 and 2 we studied some examples of compactifications of the act-
ing semigroup 7. As mentioned before, these compactifications are £-semigroups,
(recall Definition 1.17). In this section we shall develop a structure theory of such
semigroups. When F is an -semigroup we denote by J(E), the set of idempotents
in E. Note that J(FE) is non-empty by Lemma 1.18.

4.1. Definition. Let F be an £-semigroup. A non-empty subset I C F is a right
ideal if it is closed and ITE C I. A minimal right ideal is a right ideal that does
not contain any proper right ideal of E. Similarly one defines a left ideal and a
two-sided ideal.

The following proposition describes the structure of minimal right ideals in an
E-semigroup.
4.2. Proposition. Let
(1) E be an E-semigroup,
(2) I a minimal right ideal,
(3) J(I) ={v €I |v=1v?} the set of idempotents in I.
Then,
(i) J(I) is non-empty,
(ii) vp =p for allv e J(I) andp € 1,
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(iii) I = U{Iv | v € J(I)} where the union is a disjoint one and each set Iv is
a group with identity v,
(iv) ¢I is a minimal right ideal for all g € E.

Proof. (i) Since I itself is an E-semigroup, this follows from Lemma 1.18.
(ii) Let v € J(I) and p € I. Then vI is a right ideal and vI C I. Hence vl =1,
(I is minimal). Thus vq = p for some ¢ € I. Therefore, vp = v(vq) = v3q = vq = p.
(iii) We first show that Iv is a group with identity v. Since v = vv € Iv, (ii)
implies that v is a left identity. Let ¢ = pv € Iv with p € I. Then

qu = (pv)v = pv* = pv = q.

Thus v is a two-sided identity in [v.

Let g € Iv. Since ¢ € I and [ is minimal, g/ = I. Thus, gr = v for some r € [.
Therefore grv = vv = v. Hence rv € [v is a right inverse of ¢ with respect to v.
Applying this argument to rv, we obtain x € Iv such that (rv)z = v. Then using
(i) we get

q=qu = q(rvz) = (qgrv)x = v = x.

Therefore (rv)g = (rv)x = v, i.e. rv is both a left and a right inverse of g. Thus Iv
is a group with identity v.

We now show that {Iv | v € J(I)} forms a partition of I. Let p € I, then since
pl = I the set K = {q € I | pg = p} is a non-empty E-semigroup. Thus there
exists an idempotent v = v? € J(K) C J(I) such that pv = p. This shows that
I=U{Iv|veJI)}.

Now let p € IvNIu, (v,u € J(I)). Then since Iv is a group there exists a ¢ € Iv
such that gp = v. This implies that v € Ip C I(Iu) = Tu. But Iu is a group, so
the idempotent v must equal the identity u € Tu.

(iv) Let ¢ € E. Tt is clear that ¢I = Ly(I) is a right ideal. Furthermore L' (K)
is a right ideal for any right ideal K. The fact that g/ is minimal now follows from
the assumption that I is minimal. O

4.3. Definition. Following H. Furstenberg and J. Auslander, [AF] we introduce a
quasi-order (a reflexive, transitive relation) < on the set J(E) of idempotents of E
by defining v < u if and only if vu = v.

If v < wand u < v we say that v and v are equivalent and write u ~ v. It is easy
to verify that ~ is an equivalence relation on J(E).

An idempotent v € J(E) is mazimal if v € J(E) and v < v implies v < u. One
defines minimal idempotents similarly.

4.4. Lemma. Let u € J(E) and I be a right ideal. Then ul contains an idempo-
tent 0 such that 6 < u.

Proof. Note that ul is a right ideal and hence has an idempotent w. Let w = wwv
with v € I. Set § = wu = wvu € ul. Then,

2

02 = (uvu)(uvu) = wo(u?)vu = (uwv)(ww)u = wu = wu = 0.

2

Also fu = (wu)u = wu® = wu = 6. Hence 6 < u. O

4.5. Proposition. An idempotent is minimal if and only if it is contained in some
minimal right ideal.
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Proof. Let u be a minimal idempotent. Let I be any minimal right ideal. Then by

4.4, ul contains an idempotent 6 such that § < w. Since w is minimal, © < §. Thus
u=ub € u(ul) = vl = ul.

Now by 4.2, u! is a minimal right ideal.
Conversely, let I be a minimal right ideal and « = u? € I be an idempotent. Let
6 = 02 € E be an idempotent such that § < u. Then

(uf)(uf) = u(fu)f = ub? = u,

so uf is an idempotent. But [ is minimal so by 4.2, uf acts as a left identity on I.
In particular

u = (uf)u = u(fu) = ub
and u < 0 as desired. O

4.6. Proposition. Let I, M be minimal ideals in an E-semigroup E, and u € M
be an idempotent. Then there exists an idempotent u' € I with u ~ u'.

Proof. Note that ! is a non-empty right ideal contained in M. Thus ul = M and
the set

Q={pel|up=u}
is a closed non-empty subsemigroup of I. By 1.18 there exists an idempotent v’ € Q.
Then uu’ = u so u < u/. On the other hand v’ € I so it’s minimal by 4.5. It follows
that u ~ u'. O
4.7. Lemma. Let E be an E-semigroup and QQ C E such that:

(1) Q is closed and non-empty,

(2) Q is a subsemigroup of E,

(3) QpNQ #0 forp € E, implies p € Q,

(4) Q is minimal with respect to (1), (2) and (3).

Then every idempotent u € Q is maximal in E.

Proof. Let u € Q be an idempotent, and assume that v?> = v € E with uwv = u.
Then

ueEQuNQ#D sov € Q.
Now
D#L7'(0)NQ={peQ|vp=0}=WCQ;

but W satisfies (1), (2), and (3), so by minimality @ = W. In particular vu = v,
SO U ~ . g

The previous lemma motivates the following definition (see also [AF]).

4.8. Definition. Let E be an £-semigroup. We refer to a subset Q C F which
satisfies conditions (1), (2), and (3) of 4.7, as a cancellation subsemigroup of E.

4.9. Example. Let T" be a group and H be an infinite subgroup of 7. Then
BH\H = H\H C BT\T is a cancellation subsemigroup.
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Proof. Let p € H and t € T, and suppose that pt € H. Then st € H for some
s € H. Since H is a group this implies that ¢ € H. Now suppose that ¢ € ST\T
with pg € H. Then there exists a net t, — ¢ with pt, € H. The argument above
implies that ¢, € H for all . Thus ¢ € H\H. This completes the proof. |

We now state a proposition for maximal idempotents which is analogous to 4.5.

4.10. Proposition. Let E be an E-semigroup. Then u € J(E) is a mazimal
idempotent if and only if u is contained in a minimal cancellation subsemigroup of
E.

Proof. If u € @ for some minimal cancellation subsemigroup of F, then by 4.7 w is a
maximal idempotent. Conversely assume that u is maximal and set W = {p € F'|
up =wu} = L (u). Then u € W and W is a closed subsemigroup of E. Now suppose
that gp € WpNW with ¢ € W. Then u = u(gp) = (uq)p = up, whence p € W.
This shows that W is a cancellation subsemigroup of E. A straighforward Zorn’s
lemma argument shows that W contains a minimal closed non-empty cancellation
subsemigroup, say Q. Let v € @ C W be any idempotent. Then uv = u, so by the
maximality of u we have vu = v. Thus v € Qu N @ which implies that u € @ since
Q is cancellation. This completes the proof. O

The following corollary is an immediate consequence of Propositions 4.5 and
4.10.

4.11. Corollary. Letc € J(E). Then there are minimal and mazimal idempotents
u and m respectively, such that u < ¢ < m.

Proof. Let I be any minimal right ideal. By 4.4, c¢I contains an idempotent u such
that u < ¢. Since I is minimal, so is ¢/. Hence by 4.5 u is a minimal idempotent.
On the other hand L_!(c) is a cancellation subsemigroup of E. A Zorn’s lemma
argument produces a minimal cancellation subsemigroup @ C L;!(c). Now any
idempotent m € @ is maximal by 4.10, moreover cm = L.(m) = ¢ since m €
L:1(e). O

4.12. Proposition. Let

(1) uw=u? € E be an idempotent in E.
(2) I C E be a closed subsemigroup of E such that:
ulu C I and v? = v € I with v < u implies u < v.

(In other words no idempotent in I is strictly less than u.) Then u € 1.

Proof. Notice that

(ul)(ul) C (ulu)I CII C 1.
Thus

(ul)(ul) = (u*I)(ul) = w(ul)(ul) C ul.

Then ul is also a closed subsemigroup, whence it contains an idempotent p. Let
p = uq with ¢ € I. Then

up = u(uq) = uq = uqg = p.
Now let w = pu. Then

w® = (pu)(pu) = p(up)u = p2u =pu =W = WU.
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Thus w < u, and since w = pu = uqu € ulu C I, assumption (2) implies that
u < w. Hence,

u=uw = u(pu) € u(ul)u =ulu C I.
(|

4.13. Remarks. (i) It follows immediately from 4.12 that if I is a closed subsemi-
group of an £-semigroup F, and u is a minimal idempotent with wlu C I, then
uel.

(ii) If I is a two-sided ideal in E, then I contains every minimal idempotent of
E. (This follows immediately from the previous remark since ulu C I for every w.)

(iii) In [FK] (ii) above plays a crucial role in obtaining Ramsey-type theorems.
We will use the stronger result (i) above to obtain multi-recurrence results in sec-
tion 6 (see for example 6.3). Thus 4.12 extends the potential applicability of this
algebraic technique.

5. NOTIONS OF RECURRENCE

Now we introduce various notions of recurrence. We shall see, however, that
certain relationships which seem natural and intuitive, and are easily verified when
T is a group, fail to hold for general semigroups. In particular some of the notions
of ‘largeness’ for subsets of T', and of recurrence for actions of T', do not satisfy the
same relationships for a general semigroup that they do when T is a group. One can
define recurrent points either in terms of properties of elements of 51" that fix them,
or through the ‘largeness’ of the set of their return times to a given neighborhood.
We shall follow the latter approach and then prove results characterizing these
notions in terms of the former. In connection with this characterization we would
like to stress that the calculations are being carried out in the £-semigroup 7', not
in BT\T. In particular when we refer to a minimal idempotent we are speaking of
minimality in 57T

We begin by introducing and studying the relationships between various notions
of largeness of subsets of T'; then we turn to notions of recurrence.

5.1. Definitions. (i) Let P(T) be the collection of all subsets of T" and A C P(T).
Then the dual of A is defined by

A*={BCT|ANB#forall Ae A}.

(ii) Let IP denote the class of IP-sets contained in 7. A set B is called an IP*
set if it belongs to the class dual to IP.
(iii) The subset A of T' is syndetic if there exists a finite subset F' of T such that

R4 [teFt=T.

Let S denote the class of syndetic subsets of T'.

When T is a group, R; '(A) = At~'. So that in this case A is syndetic if and
only if there exists a finite subset F' of T' with AF' = T. Thus this definition reduces
to the usual definition of a discretely syndetic subset.

(iv) The subset A of T is replete if for every finite subset F' of T there exists
t € T with tF C A. Let R denote the class of replete subsets of T'.

When T = Z, replete sets are usually called thick.

(v) The subset A of T is large if there is a finitely additive, positive, left-invariant
measure g on T such that p(A) > 0 and p(T) = 1.
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When T = Z, a subset of positive lower (Banach) density is large. In general,
amenable groups admit a variety of finitely additive invariant measures with u(7") =
1.

5.2. Remark. Although the definition of a syndetic set given above reduces to the
usual one when T is a group, in a general semigroup syndetic subsets can be ‘small’.
For example, suppose T is a semigroup with the left identity structure. Then for

anyte€T,and ACT,
T ifteA
Ry =4S
0 iftegA,

so every non-empty subset is syndetic. On the other hand, in the semigroup with
the right identity structure, for any ¢t € T, and () # A C T, R; '(A) = A so the
only syndetic subset of T is T itself.

We shall see that in many of the following results, our usual intuition is correct
if BT\T is invariant. In this case syndetic sets must at least be infinite.

5.3. Proposition. Let ACT with A€ S. Then At €S forallteT.
Proof. Let t € T. Since A € S,

T=JR:MA

seEF

for some finite subset F C T. But R;'(A) C R;'(At) so T = U,ere By 1 (AL),

which implies that At is syndetic as desired. O

5.4. Remark. The converse of 5.3 is false. For example, if T is an infinite semigroup
with zero structure and A is any subset not containing 0, then A is not syndetic
but At = {0} is syndetic for every t € T'.

5.5. Proposition. Let A be a subset of the infinite semigroup, T. Then the fol-
lowing are equivalent:

(1) AeR,

(2) the family {R;*(A) |t € T} has the finite intersection property,

(3) AeS*.

Proof. (1) implies (2): Let A € R and F be a finite subset of 7. Then there exists
ate T with tF C A. Hence t € {R;1(A) |s€ F}.

(2) implies (3): Let B € S. Then there exists a finite subset F' of T with
T = U{R;"(B) | t € F}. By the assumption, there exists s € (\{R; *(A) | t € F}.
Since there exists t € F with s € R, '(B), i.e. st € AN B, A intersects every
member of S.

(3) implies (1): Let A € S&* and F be a finite subset of T. Let A’ denote
the complement of A in T, and assume that tF' N A’ # @ for all t € T. Thus
U{R;Y(A") | s € F} = T. Hence A’ € S, which implies AN A" # (. This
contradiction completes the proof. O

5.6. Corollary. For any infinite semigroup, the class S is dual to R, i.e. R* = S.

Proof. We have shown that R = §*, hence R* = §** O S. Let A € R* and assume
that (J{R; '(A) |t € F} # T for all finite subsets F of T. Then {R; *(A’) |t € T}
has the finite intersection property. Hence A’ € R. This contradicts the fact that
AeRx O
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5.7. Proposition. Let T be an infinite semigroup and A C T be a large subset.
Then the set A= {t €T | ANL;*(A) # 0} is an IP* set.

Proof. Let p be a finitely additive left invariant measure on T such that y(A4) > 0
and p(T) = 1. Consider an IP-set 7(S5), generated by the map S : N — T.
Let Z = {z, = SpSn—1---S1 | n € N} C 7w(S). If there exists m > n with
L71(A) = L;'(A), then

Zm Zn

0 < p(A) = (L7} (A) = w(LZ(A)N LT (A) = w(AN Ly, s

Zn mt n+1(

4))

and hence Sy, -+ S,41 € w(S)N A. On the other hand even if the family of sets
{L;'(A) | n € N} is distinct, the fact that each has (the same) positive measure
and p(T) = 1, implies that there exist m > n with u(L;(A) N L;1(A)) > 0. The
result then follows just as above. [l

We now define an action of 8T on the subsets of #T. This action allows us to
give a characterization of the syndetic subsets of T' (see 5.11 and 5.16). We use
this characterization in Proposition 5.12 to study replete subsets of T', and again
in Proposition 5.21 to help identify an almost periodic point by looking at the
elements of BT which leave it fixed.

One way to define this action involves viewing the elements of 5T as ultrafilters
on T'. For a brief exposition of this approach see Appendix A, in particular the last
remark. The following definition is equivalent but avoids making direct use of the
language of ultrafilters.

5.8. Definition. Let A C 8T and p € BT, we define
Axp= L;I(Z).
5.9. Lemma. Let A C BT and p,q € BT, then
(Axp)xq=Ax(pq).

Proof. (Axp)xq = Ly (Axp) = Ly (Ly'(A) = LY (L' (A) = L} (A) =
A= (pg).

5.10. Remark. Notice that the semigroup operation on 57 defines another and in
fact more natural action of ST on subsets of ST in the following way. Let A C ST
and p € BT, then we denote by

Ap ={ap | a € A}.
Note that if T is a group, A = {s}, s € T and t € T, then A xt = {t~'s} whereas
At = {st}.

5.11. Proposition. Let T be an infinite semigroup, and A CT. Then the follow-
ing statements are pairwise equivalent:

(1) Ae S,

(2) Axp# 0 for all p € BT,

(3) Axp+#D for all minimal idempotents p € 3T .

Proof. (1) implies (2): Let A € S and p € ST. Then there exists a finite set F' with
U{R;(A) | t € F} = T. Hence

peT=JR'A) =R 1A

tel teF
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and so there exists a ¢t € F' with pt € A. This implies that ¢ € L;l(Z) =Axp.

(2) implies (3): is clear.

(3) implies (1): Assume that A xu # @ for all minimal idempotents u € ST.
Assume that (J,p R;Y(A) # T for all finite subsets F' C T. Set

Br = (| R "(T\A) C pT.
teF
Then {Bp | F a finite subset of T'} is a collection of closed subsets of ST which
has the finite intersection property. Since 8T is compact, there exists p € §T with
pt € T\A = (BT)\A for all t € T. Thus pT C (BT)\A. Now pT is invariant, so
it contains a minimal set M; M in turn is a subsemigroup of BT, so it contains
a minimal idempotent wu. It follows that ut € ST\ A for all t € T and thus () =
L;'(A) = Axu, a contradiction. O

u

5.12. Proposition. Let A € R. Then for every t € T, R;'(A) contains an IP-
set.

Proof. Let Q = {p € BT | T C Axp} ={pe BT | T C L,*(A)} = {p € AT |
ptc Aforallte T} = {p € BT | p € R;*(A) for all t € T}. The assumption
implies that {R; *(A) | t € T} has the finite intersection property. Hence Q is
non-empty. We claim that @ is T-invariant. Let p € @Q and ¢ € T. Then for any

s € T, since ts € Axp, (pt)s = p(ts) € A. Thus T C A * (pt) and the claim is
proved. Note that @ is also closed.

Case (1). There exists s € TN Q. Then sT C ANT = A which implies that
sT C R;'(A) forallt € T. Let S: N — sT be any map. Then the IP-set 7(S)
(see 3.1) generated by S is contained in sT' and hence in R; '(A) for all t € T.

Case (2). Suppose Q C ST\T. The T-invariance of @) implies that it is a closed
subsemigroup and hence contains an idempotent p. Then for each t € T, p €
R;Y(A). Since R;'(A) is a neighborhood of p, an application of Galvin’s theorem
completes the proof. O

5.13. Proposition. Let T be an infinite semigroup and B C T be an IP* set.
Then Bt e R* =S forallteT.

Proof. Let A € R and t € T. Since R; '(A) contains an IP-set, BN R; (A) # 0.
Thus Bt N A # (. O

5.14. Remark. (i) We should emphasize that the IP-set produced in 5.12 need not
be infinite. If in the proof Case 2 holds, then Galvin’s theorem does produce an
infinite IP-set since p € ST\T. On the other hand, in Case 1, if sT is finite, then
any idempotent in sT' = sT must be in 7. Thus the condition: sT is infinite for all
s € T ensures that we can produce an infinite IP-set. For emphasis, we state this
result as a corollary below. Notice that this condition follows if T is infinite and
satisfies the left cancellation law.

(ii) Notice that if ST\T is invariant and has the property: sT' is infinite for all
s € T, then all of the minimal idempotents in ST are in ST\T. To prove this, let
uw € T be a minimal idempotent of 3T. Since uT is a minimal subset and by our
assumption ST\T is invariant, uT' C T. Thus uT is finite, which contradicts our
assumption. This fact allows us to prove an analog of 5.12, which we also state
below.
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5.15. Proposition. Let A € R and assume that sT is infinite for all s € T. Then
for every t € T, R;'(A) contains an infinite IP-set.

Proof. See 5.12 and 5.14. O

5.16. Proposition. Let T be an infinite semigroup, and A C T. Assume that
BT\T is invariant and sT is infinite for every s € T. Then the following statements
are pairwise equivalent:

(1) AeS,

(2) Axp#0D for allp € BT\T.
Proof. (1) implies (2) follows immediately from 5.11. On the other hand given the

assumptions above, we saw in 5.14 that every minimal idempotent in ST lies in
BT\T. Thus (2) implies (1) also follows from 5.11. O

Now we begin the study of recurrence properties.

5.17. Notation. Let (X,T) be a dynamical system, € X, and W be a neighbor-
hood of . Let Ay denote the set of return times of x to W, i.e.

Aw ={teT |zt e W}

5.18. Lemma. The following are equivalent.

(1) For every meighborhood W of x, the set Aw is infinite.
(2) There exists p € BT\T such that © = xp.

Proof. (1) implies (2): Assume that Ay is infinite for every neighborhood W of z.
Consider the collection

{Aw\T | W a neighborhood of 2} C BT.

Our assumption guarantees that this collection has the finite intersection property,
so we can choose p € (| Aw \T. By 2.4 the map x : 3T — X given by x(q) = xq is
continuous and therefore zp = x(p) € x(Aw) C W for all neighborhoods W of x.
This shows that zp = x.

(2) implies (1): Assume that p € fT\T and xp = x. For any neighborhood W of
x, x " 1(W) is a neighborhood of p in 3T. Thus by 2.2 x~*(W) contains infinitely
many elements of T', i.e. Ay is infinite. O

5.19. Definition. A point z is recurrent if either of the two equivalent conditions
in the lemma above holds.

5.20. Remark. If BT\T is a semigroup then the conditions above are equivalent to
2 = zu for some idempotent u € ST\T. This is because in this case the set

Q=A{pefT\T | xp =z}

is a non-empty closed subsemigroup of ST\T, and hence by 1.18, ) contains an
idempotent.

5.21. Proposition. Let (X,T) be a dynamical system and © € X. Then the
following statements are equivalent

(1) For any neighborhood W' of x, the set Aw is syndetic.

(2) 2T is a minimal set containing x.

(3) Every minimal set M C BT contains an idempotent u such that xu = x.
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Proof. (1) implies (2) : Let p € T and W be any compact neighborhood of x.
By the hypothesis Ay is syndetic. Hence there exists a finite set F' C T such that
T = U,ep R (Aw). Thus p € Ry'(Aw) = R;'(Aw) for some s € F. Now
z(ps) € W = W, (W is compact). This shows that xpT N W # () for all p € 3T
and all neighborhoods W of z. It follows that « € apT C 2T for all p € T. Thus
2T = yT for all y € 2T, so 2T is a minimal set containing x.

(2) implies (3) : Let M be any minimal subset of §T. Then the minimality
of T implies that T = a2M, and hence by our assumption x € M. Thus
L={pe€ M| xzp= =z} isnon-empty. Notice that MT C M implies that M BT C M.
In particular M, and hence L, is a subsemigroup of 8T. Therefore by 1.18 there
exists a minimal idempotent uw € L C M such that x = zu.

(3) implies (1) : Assume that (3) holds and let W be any neighborhood of . By
5.11 it is enough to show that Ay x v # () for all minimal idempotents v € 3T. Let
v be any minimal idempotent, say v € M where M is a minimal ideal in 7. Then
by our assumption x = zu for some minimal idempotent v € M. Thus u € Ay, so
u € L7V (Aw) = Aw xu = Aw * (vu) = (Aw * v) * u, from which it follows that
AW * VU 75 (Z) O

5.22. Definition. Let (X,T) be a dynamical system. A point x € X is uniformly
recurrent or almost periodic if any of the three equivalent conditions in Proposition
5.21 hold.

5.23. Remark. (1) Condition (3) of 5.21 is equivalent to the statement that zu = x
for some minimal idempotent u. To see this recall that by 4.6 any minimal ideal
contains an idempotent «’ with u ~ v/. Then z = zu = z(uu’) = zu'.

(2) If BT\T contains an invariant subset, (in particular this will be the case if
BT\T is invariant) then x is an almost periodic point if and only if zu = x for some
minimal idempotent in ST\T.

(3) Thus when ST\T is invariant, uniformly recurrent points are recurrent. This
can be seen directly as well because in such semigroups syndetic sets are infinite.
However we have seen that for other semigroups this need not be true.

5.24. Lemma. Let (X,T) be a dynamical system and x,y € X. Then the following
statements are equivalent.

(1) There exists a net {to} C T such that limzt, = lim yt,.
(2) There exists an idempotent u € BT such that xu = yu.
(3) There exists a minimal idempotent v € BT such that zu = yu.

Proof. (1) implies (3). Assume that limxt, = limyt, for some net {t,} C T.
Since BT is compact, by passing to a subnet if necessary, we may assume that
to — p € BT. Thus zp = yp and

Q={q€ BT |zq=yq}

is a non-empty closed right ideal of ST and therefore contains a minimal right ideal
and consequently a minimal idempotent u. (To see that ) contains a minimal ideal,
take any minimal ideal I and consider ¢! for ¢ € ). Then cI is a minimal ideal and
eI € @Q.) The implications : (3) implies (2) and (2) implies (1) are immediate. O

5.25. Definition. (1) If any of the three equivalent conditions in the lemma above
hold, then the points x and y are said to be proximal.
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(2) A point z € X is a distal point if it is not proximal to any point in its orbit
closure other than itself.

5.26. Remark. The definition above corresponds to the usual notions of proximal
and distal when T is a group. It should be noted however that in a general semigroup
the elements need not act as one-one maps, indeed it may happen that xt = yt but
x # y. In this case x is proximal to y according to Definition 5.25.

5.27. Proposition. Let (X,T) be a dynamical system and x € X. Then the
following statements are equivalent:

(1) x is a distal point.

(2) zu =z for all minimal idempotents u € GT.

(3) zu =z for all idempotents u € BT

Proof. (1) implies (2) : Let u be any minimal idempotent in 8T. Then x and zu
are proximal, and zu € zT. Hence if z is a distal point, it follows that 2 = zu.

(2) implies (3) : Let u € BT be any idempotent. Then by 4.11 there exists a
minimal idempotent v < w. Assuming (2) it follows that zu = (xv)u = z(vu) =
v = .

(3) implies (1) : Assume that zu = x for all idempotents u. Let y € xT be
proximal to x, say xr = yr for some r € T. Then xq = yq for all ¢ in the right
ideal 7(8T). Choose a minimal right ideal M C r(8T). Since T is a minimal set,
2T = yT and y is an almost periodic point. By 5.21 there exists an idempotent
u € M with y = yu. Then y = yu = xu = x. This proves that z is a distal
point. ([l

5.28. Corollary. Let (X,T) be a dynamical system and x € X be a distal point.
Then for any neighborhood W of x, the set Aw is an IP* set.

Proof. Let W be any neighborhood of z, and 7(S) be the IP-set generated by S.
Then by Theorem 3.3, 7(S) contains an idempotent u. Since z is distal, it follows
from Proposition 5.27 that zu = 2. Thus u € Ay N 7(S) which implies that
Aw N7(S) # 0 (see Remark 2.2). This shows that Ay is an IP* set. O

5.29. Remark. (1) As in Remark 5.23 condition (2) of 5.27 is equivalent to the
statement that zu = x for all idempotents in some minimal ideal. Hence if ST\T
contains an invariant set, (in particular if ST\T is invariant), then x is a distal
point if and only if it is fixed by all the idempotents in ST\T'.

(2) Corollary 5.28 is a generalization of one implication of a characterization due
to Furstenberg, of a distal point in terms of its set of return times. In the following
corollary we show that the converse also holds when ST\T contains an invariant
set.

5.30. Corollary. Let T be an infinite semigroup such that ST\T contains an in-
variant set, (X,T) a dynamical system and x € X. Then x is a distal point if and
only if for any neighborhood W of x, the set Aw is an IP* set.

Proof. Necessity is just 5.28. Conversely, to show that z is a distal point, by Re-
mark 5.29 it is enough to show that zu = z for every idempotent v € BT\T.
Let w € BT\T be an idempotent and suppose that zu # x. Then there exists a
neighborhood W of z such that xu ¢ W, (since X is compact Hausdorff and hence
locally compact, we may assume without loss of generality that W is compact).
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Thus u ¢ Ay and hence u € T\ Ay by Remark 2.2. Applying 3.3 (Galvin’s theo-
rem) we conclude that T\ Ay contains an IP set. This contradicts the assumption
that Ay is an IP* set. Therefore xu = x and z is a distal point. O

5.31. Definition. A point z € X is product recurrent if given any other dynamical
system (Y, T) and a recurrent point y € Y, the point (z,y) is a recurrent point of
the product dynamical system X x Y.

5.32. Proposition. Assume
(1) (X,T) is a flow,
(2) z € X,
(3) BT\T is a semigroup.
Then the following statements are equivalent:
(a) x is product recurrent.
(b) zu = x for every mazimal idempotent w € ST\T.

Proof. (a) implies (b) : (Note that this implication does not require assumption
(3).) Assume that x is product recurrent. Let v € ST\T be a maximal idempotent.
Then u is a recurrent point for the dynamical system (87,T). Hence there exists
an idempotent v € BT\T with (z,u)v = (z,u) € X x BT. Thus, uv = u. The
maximality of w implies u ~ v, so zu = (zv)u = z(vu) = 2v = x.

(b) implies (a) : Assume that zu = x for every maximal idempotent v € ST\T.
Let y € Y be a recurrent point for the dynamical system (Y, 7). Then since ST\T
is a semigroup, there exists an idempotent v € BT\T with yv = y (see Remark
5.20). Let w be a maximal idempotent in ST\T such that v < w. Then,

(z,y)w = (2w, yw) = (z,yvw) = (z,yv) = (z,y) € X x Y.
Thus z is product recurrent. [l

The fact that when ST\T is a semigroup, every distal point is a product recurrent
point is an now an immediate consequence of Proposition 5.27 and Proposition 5.32.
We proceed to give conditions under which the two notions coincide. In particular
we will see that this is the case when T is a group. Our approach relies on the
following proposition which is of independent interest.

5.33. Proposition. Assume

(1) T is a countably infinite semigroup,
(2) BT\T is invariant,
(3) the left cancellation law holds in T.
Then the mazimal idempotents in the £-semigroup ST\T are dense in J(BT\T).

Proof. The proof relies on a modification of the argument used in the proof of
Galvin’s theorem (3.3). This modification is a generalization of the ‘rarification
procedure’ introduced in [AF].

Let u = u? € BT\T be an idempotent and V C T with u € V. We will show
that V' contains an IP-set 7(S) with the following additional property:

If g € T\w(S7) and g is not a left identity of T, then there exists n € N such
that 7(S™)g N w(S7) = 0.

This additional property guarantees that the asymptotic subsemigroup

7oe(S) = ((7(5™) | n € N} N (BT\T) € 7
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has the cancellation property, and so completes the proof since by 4.7, mo(S) then
contains a maximal idempotent.

Before going further it is worth mentioning two simple consequences of our as-
sumptions. First note that assumption (3) implies that any right-identity r € T is
also a left identity, indeed:

y(rz) = (yr)r = yxr and hence rxz ==z

for all ,y € T. The second consequence, this time of assumption (2), is that the
set of left-identities in T' (which we will denote by L) is finite: if f € L, then
LcC L;l(f) and the latter is finite by 2.11.

To see that 7o (S) is a cancellation subsemigroup (see Definition 4.8) of ST\T,
let p € m(9) and q € (BT\T)\7oo(S). Then there exists a net (go) C T\m(S7)
with g, — ¢. Since the set of left identities in T is finite we may assume that none
of the g, are left identities (otherwise ¢ € T'). Now applying the property above
to ga, there exists n € N such that 7(S™)go N7(S7) = 0. But p € 7o (S) so there
exist {rg} C 7(S™) such that rz3 — p. Thus pg, = 1ién raga € T\m(S7). It follows

that pg = lim pg, ¢ 7(S7) and hence pg ¢ T (5).

We now construct an IP-set 7(,S) which satisfies the desired property. First, order
the elements of T', say T' = {g1, g2, - - - }; this order will remain fixed throughout the
proof.

Now L,(u) = u?> € V sou € VN L (V). Since the latter is both open and
closed in AT, and u € T, we can begin by choosing S; € VN L, (V). In order to
choose an appropriate Sy we set

L = {e| eis a left identity of T'},
Q1= {51},
A =R (5) | t,5 € Qu},
Bi = J{R; " (s91) | 1,5 € Qu},

Cr=|J{R, (L) | t € @1} UR, (L),

R1:{51}UA1UBlUC1UL.

Let V4 = V\R;. Notice that it follows from assumption (2) and 2.11 that each
of the sets above (in particular R;) is finite. Thus, since u ¢ T', Ly(u) = u € i
and hence u € V; N L; (V7). Using 3.5 we choose Sy € T so that

S eVin L;l(vl)
and
S5 evn L;l(V)

Note that Sy, Se are distinct, Sy € V\Ry, and Sy, S, 9251 € VN L~Y(V).
In order to choose an appropriate S3 we set

QQ = {Slsta SQSl};

Ay = J{Righ, (9) [ 1,5 € Q2,1 <m < 2},
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U{R ng |t8€Q271<m<2}a
= J{Ri,L (L) [t € Qa1 <m <2} U{R; (L) |1 <m <2},

RQZ{Sl,SQ}UAQUBQUCQUL.

Let Vo = V\Rs. Again it follows from assumption (2) and 2.11 that each of the
sets above (in particular Rp) is finite. Thus, since u ¢ T, Ly(u) = u € V, and
hence u € Vo N L;1(V3). Using 3.5 we choose S5 € T so that

Sy € Van Ly, (Va)
and
{8351, 9355, 5359251} c VN L (V).
Note that Sy, 52, S3 are distinct, S5 € V\Rg, and
{81,852, 53,5251, 8351, 9352, 5935251} c VN L (V).

Continuing in this way, having defined a one-one map S : {1,2,...,k} — T such
that S;41 € V\R; for 1 <i<k—1, and

SpeVNL Y V)forall F={iy <ig<--<in}C{l,2,...,k},
in order to choose an appropriate Si41 we set

:{SF|FC{1,...,k}}7
Ak*U{Rtgm ) t,s € Qi1 <m<Ek},
Bk*U{R ng |tS€Qk,].<m<k}7

Cr = J{Righ (L) | t € Q1 <m < KYULR (L) [1 < m <k},

RkZ{Sl,SQ,... ,Sk}UAkUBkUCkUL.

Let Vi, = V\Rj. Again it follows from assumption (2) and 2.11 that each of the
sets above (in particular Ry) is finite. Thus as before u € Vj, N L, 1(V}). Using 3.5
we choose Siy1 € T so that

Sk+1 € Vi, N L;l(Vk)
and
{Syi1Sr | FC{1,2,... ,k}} cV L V).
Note that S1,S59, ... ,Sk+1 are distinct, Sky1 € V\Rg, and {Sp | F C {1,2,... ,k+
1}}cvnLYV).

Induction on k now guarantees the existence of a one-one map S : N — T
such that Siy1 € V\Ry for all k € N and such that Sp € V N L;Y(V) for all
F={i1<iza< - <im}CN

Now let g € T', say g = gn—1 for some n € N. Assume that g is not a left identity,

g ¢ m(57), and 7(S™)g N7(S7) # 0. (We will argue toward a contradiction.) Then
there exist n < a1 < ag < -+ <ag and j < by < bg < -+ < by, such that

SarSar_1 " Sar9 = Sby, Sy 1 =+ by -
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Assume that ag, > by, then S,, € R;(Ss, Sb,, 1 -+ Sp, ), where s = So, | -+ Sa, g
Since n — 1 < ag, Sq, € A4, C Rg,. This is in contradiction to our choice of
Sa.- On the other hand if ar < by, then S, € R;'(Sa, Sa,_, Sa,g) Where
5= Sp,_, - Sp,. Thus Sy, € By, C Ry, , again a contradiction. Hence ar =
bm. Now applying the left cancellation law and continuing this way, we end up
with the following two possibilities. For some r, either g = Sy Sp, , -+ Sy, or
SaTSa,v,l T Salg = Sa,,.~

In the first case g = Sy, Sp,_, --*Sp, € 7(S7)—a contradiction. In the second
case Sq,Sa, -+ Sa, 9T = Sg,.x for all x € T. Hence the left cancellation property
implies that either ¢ € L or S,, , ---S4, 9 € L depending on whether » = 1 or
r > 1. Since we have assumed that g ¢ L, r must be greater than 1.

If » = 2, then S,,g € L, and if » > 2, then S,,_, € R;'(L), where s =
Sa,_o - Sa;g- In either case, since g = ¢p—1, we have S,._, € Cp,_1 C Rp_1.
But R,—1 C R,, , because n < a; < a,—;. This again is in contradiction to our
choice of S, _,. It follows that 7(S) has the desired property, which completes the
proof. O

5.34. Corollary. Let T be a group. Then the mazimal idempotents in BT\T are
dense in J(BT\T).

Proof. Let w € J(BT\T) be any idempotent and V' C 8T be any neighborhood
of u. Then by 3.7 there exists a countable subgroup H of T and an idempotent
v e VN (H\H). Applying 5.33 to H\H, we obtain an idempotent m € V which
is maximal in H\H. We claim that m is also maximal in ST\7T. This follows
from the fact that H\H is a cancellation subsemigroup of ST\T (which was proven
in 4.9). To see this suppose w € J(BT\T) with m < w. Then mw = m, so
(H\H)wN(H\H) # (), which implies that w € H\ H. Since m is maximal in H\H,
it follows that m ~ w. This show that m is maximal in ST\T, which completes
the proof. O

5.35. Proposition. Assume
(1) (X,T) is a flow,
(2) z € X,
(3) T is countably infinite,
(4) BT\T is invariant,
(5) the left cancellation law holds in T.
Then the following statements are equivalent:
(a) x is a distal point.
(b) z is product recurrent.

Proof. Note that the assumption that ST\T is invariant guarantees that ST\T is
a semigroup. Thus Proposition 5.32 applies. As we remarked earlier the fact that
(a) implies (b) is an immediate consequence of Propositions 5.27 and 5.32.

(b) implies (a) : Assume that x is product recurrent. Then by Proposition 5.32,
zu = zx for every maximal idempotent v € ST\T. Let v be any idempotent in
BT\T. Then by 5.33, there exists a net u, of maximal idempotents in ST\T such
that ug, — v. Thus for any x € X,

zv = lim zu, = .

The fact that x is a distal point now follows from Remark 5.29 and Proposition
5.27. O
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5.36. Corollary. Assume
(1) (X,T) is a flow,
(2) reX,
(3) T is an infinite group.
Then the following statements are equivalent:
(a) = is a distal point.
(b) x is product recurrent.

Proof. Note that the assumption that T is a group guarantees that S7\T is invari-
ant and hence is a semigroup. Thus Proposition 5.32 applies and the fact that (a)
implies (b) is an immediate consequence of Propositions 5.27 and 5.32.

(b) implies (a) : Assume that z is product recurrent. Then by Proposition 5.32,
zu = zx for every maximal idempotent v € ST\T. Let v be any idempotent in
BT\T. Then by Corollary 5.34, there exists a net u, of maximal idempotents in
BT\T such that u, — v. Thus for any « € X

zv = lim zu, = .

The fact that x is a distal point now follows from Remark 5.29 and Proposition
5.27. O

6. ABSTRACT MULTIPLE BIRKHOFF RECURRENCE

Now we turn to multiple recurrence. Many interesting multi-recurrence results
can be proved by locating recurrent points in appropriate dynamical systems. First,
we shall describe the problem of locating recurrent points more precisely. Let X be
a compact Hausdorff space acted upon by two semi-groups 7' and S such that the
T and S actions commute (i.e. ts = st, t € T, s € S, where we view S and T as
subsets of XX). Let Y be a closed T-invariant subset of X such that the flow (Y, T)
has certain recurrence properties (for example minimality). The problem then is:
What can be said about the set R = {y € Y | y is S recurrent}? Notice that ¥’
need not be S invariant. When Y is metrizable, the goal is to show that R is a
residual subset of Y.

In the original proof of multiple Birkhoff recurrence (the so-called MBR theorem;
see Theorem 2.6 of [F]) Furstenberg first proved a result about locating recurrent
points in a “homogenous set” (Proposition 2.4 of [F]) and then used this result
along with a certain induction argument to prove the multi-recurrence theorem.
This approach to multi-recurrence will be discussed (and generalized) in Appendix
B.

The second (and entirely different) proof of multi-recurrence result appears in
the works of [FK]| and that uses the enveloping semigroup approach. (To be precise,
in [FK| Furstenberg and Katznelson prove the van der Waerden’s theorem and not
the MBR theorem itself.) In this section we take yet another algebraic approach.
We give a different set of conditions which do not involve any direct assumption
about how S acts on Y. Instead the key condition (see 6.1 (4) below) involves the
relationship between the idempotents in T and ST'. This approach also allows us to
give direct proofs of more general multi-recurrence results (see 6.10 and 6.12). We
shall deduce (see Remark 6.11) the “classical” multi-recurrence theorem (by “clas-
sical” we mean the multiple recurrence theorem for powers of a single continuous
transformation—to be precise—Theorem 2.1 of [F1]) from 6.10 and the the one for
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commuting transformations (Theorem 2.6 of [F]) from 6.12. Finally, we recall (iii)
of Remark 4.13 which points out the advantage of our approach over that of [FK].)

Unless specified to the contrary the following will be in force throughout this
section.

6.1. Standing assumptions. (1) Let S and T be infinite semigroups.

(2) Let X be a compact Hausdorff space on which both S and T act continuously
(on the right). That is (X,T) and (X,S) are both dynamical systems. We
shall view S and T as subsets of XX .

(3) Viewed as elements of XX, st =ts, for alls€ S, t € T.

(4) If u is a minimal idempotent in T and p is an idempotent in ST with p < u,
then u < p, (i.e. no idempotent in ST is strictly smaller than u). Note that
all closures are taken in XX,

6.2. Lemma. Let u be a minimal idempotent in T. Then,
(1) uw e ST and
(2) (u,u) is a minimal idempotent in T x ST.

Proof. (1) Notice that tST C ST, tSTr C ST (t,r € T). Hence uSTu C ST, and
sou € ST by (4) of 6.1 and 4.12.

(2) Now let (v,w) be an idempotent in T x ST with (v,w) < (u,u). Then
v < u, w < u, whence u < v since u is minimal in T and u < w by (4) of 6.1. Thus
(u,u) < (v,w). O

6.3. Abstract Multi-Recurrence Lemma. Let
(1) H be a collection of subsets of S such that
(a) H has the finite intersection property,
(b) given H € H and s € H there exists K € H with Ks C H,
(2) u be a minimal idempotent in T C XX,
(3) U be a neighborhood of u in T,
(4) H e H.
Then there existt € T, and s € H with t,ts € U.

Proof. For every H € H let H* = {(t,ts) |t € T,s € H}, and H* be the closure
of H* in XX x XX. By (1)(a) the family {H* | H € H} has the finite intersection
property. Thus I = (\{H* | H € H} is closed and non-empty. We now show that
I is a subsemigroup of T x ST.

Let He H,t € Tand s € H. Choose K € H with Ks C H. If (r,7k) € K*, then
(r,7k)(t,ts) = (rt,rtks) € H*. Thus K*(t,ts) C H*, whence I(t,ts) C K*(t,ts) C
H*. This implies that I(t,ts) C H* for all t € T and s € H. Hence IH* C H*.
Thus, I? C IH* C H* (H € H), and consequently I C I.

Now observe that (r,r)H*(t,t) C H* (r,t € T) implies that (u,uw)I(u,u) C I.
Hence (u,u) € I by (2) of 6.12 and 4.12. But U x U is a neighborhood of (u, u), so
0 #(UxU)NIcC (UxU)NH* which implies that (U x U) N H* # (). O

6.4. Proposition. Let
(1) p* =p e pS\S,
(2) V be a neighborhood of p in 3S,
(3) Y be a closed, metrizable, T-invariant subset of X such that the almost peri-
odic points of (Y, T) are dense in'Y .
Then Q ={y €Y | yqg =1y for some ¢> = q € V'} is a residual subset of Y.
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Proof. Let W be a closed neighborhood of p in 55 with W C V. There exists
H :N — S such that 7(H™) C W for all n € N. Let

1
Zn={yeY |dly,ys) < - for some s € w(H™)}.

Then Z,, is clearly an open subset of Y. We will show that it is dense in Y.

First recall that the family {w(H™) | m € N} satisfies (1) of 6.3. Now let U be
a non-empty open subset of Y. Then there exists an open subset N of X such that
NNY is a non-empty subset of Y of diameter 1/n which is contained in U. By (3)
there exists an almost periodic point z of (X,T) with z € NNY, whence zu = z
for some minimal idempotent u in T.

Now L = {r € BT | zr € N} is a neighborhood of « whence by 6.3 there exist
teT, sen(H™) with t,ts € L. Since Y is invariant under T, this implies that
zt € NNY. Consequently zt € U N Z,.

Finally let Z = (\{Z, | n € N}, and z € Z. Since z € Z,, there exists
sp € w(H™) with d(z,2zs,) < 1/n. Let r be a limit point of {s,} in 8S. Then
zr =z and r € Too (H). Since moo(H) is a closed non-empty semigroup, there exists
an idempotent ¢ € moo(H) with zg = z. Thus z € Q since 1 (H) CW C V. O

6.5. Remarks. (1) The assumption that the almost periodic points are dense in Y’
cannot be eliminated. To see this let T" be a countable group and Y be the one-
point compactification of T'. Then yp = w for every y € Y and p € fT\T, where w
denotes the point at infinity in Y. Hence in this case @ = {w}, in particular Q is
not residual in Y.

(2) Notice that Y need not be invariant under S.

(3) In general the set @) of Proposition 6.4 need not consist of recurrent points
because there may be idempotents ¢ € S. If we assume that S has only finitely
many idempotents, (such as when S is a group or subsemigroup of a group) then
we may as well assume that the neighborhood V' of p contains no idempotents in
S. Thus in this case the set Q) consists entirely of recurrent points.

(4) We will see that when we make the additional assumption that there exists
Yo € Y such that yot is a transitive point of Y for every ¢t € T', Proposition 6.4 does
allow us to conclude that the set of points in Y which are S-recurrent is a residual
subset of Y.

6.6. Lemma. Assume

(1) (Y,T) is a compact metric flow,

(2) there exists yo € Y such that yor is a transitive point for every r € T.
Then K ={y €Y |yT =Y} is a residual subset of Y.

Proof. Let W, U be non-empty open subsets of Y. There exist r,t € T with yor € U
and yort € W. Hence R; (W) N U # (). This implies that

(B W) [teT)=Y.

Now let {W; | i =1,2,...} be a base for the topology on Y,

yeP= ﬁ (B i) | te T},

and U C Y a non-empty open subset of Y. Choose W; C U. Then y € R, *(W;) C
R;Y(U). Thus yt € U and so the residual set P is contained in K. O
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6.7. Proposition. Assume
(1) p* =p e BS\S,
(2) V is a neighborhood of p in S,
(3) Y is a closed, metrizable, T-invariant subset of X such that the almost periodic
points of (Y, T) are dense inY,
(4) there exists yo € Y such that yor is a transitive point for every r € T.

Then R={y €Y | yqg =y for some ¢> = q € V\S} is a residual subset of Y. In
particular the set of S-recurrent points in'Y is a residual subset of Y.

Proof. Let K = {y € Y | yT =Y}, so by the previous lemma K is a residual subset
of Y. First suppose that there exists a neighborhood IV of p such that ys # y for all
y € K and s € NNS. We may assume that N is closed and that N C V. Applying
Proposition 6.4 to N, we see that Q = {y € Y | yq = y for some ¢> = ¢ € N} is a
residual subset of Y. Thus K NQ is also a residual subset of Y, but KN Q C R so
the proof is complete in this case.

Now suppose that for any neighborhood N of p, there exist yy € K, sy € NN.S,
with yysy = yn. Then ynytsy = ynsyt = ynt for all t € T so that ysy = y for
all y € Y. It follows that yp =y for all y € Y, and so in this case R =Y. |

6.8. Remark. Notice that if Y is metrizable minimal under 7', then assumptions
(3) and (4) of Proposition 6.7 are satisfied, so the set of points in Y which are
S-recurrent is a residual subset of Y.

We now wish to derive some multi-recurrence results from 6.7 in the case where
S is commutative. First we note that the first assumption of 6.7 is satisfied when S
is a group. In fact except in certain pathological examples, such as the 0-semigroup
example of 1.10, this assumption is also satisfied when S is a commutative semi-
group. This motivates the following digression.

6.9. Proposition. Let

(1) G be a commutative semigroup,
(2) I C BG be a minimal ideal,
(3) ING # 0.

Then I C G is a finite group and I is the only minimal subset of BG.

Proof. We begin by showing that I is a finite subgroup of SG. Let r € I NG and
suppose u,v € I are idempotents in I. Then r = ur = ru € Iu; similarly r € Tv.
Hence it follows from 4.2 that v = v and I = [u is a group. Now

I=rI=1Ir=|]JLyx).
pel

Since the left multiplication map L, : I — I is a homeomorphism, and r € G, Ly(r)
is open for every p € I. Thus [ is finite.

To see that I C G note that since rG C rG = I is finite, rG is finite. Thus
I=rG=rGCQaG.

Now suppose that K C G is any minimal ideal, and let v € K be an idempotent.
Then by 4.6 v ~ u where u is the unique idempotent in I. Thus v = uwv = vu = v
(here we are using that G is commutative and that © € G) and it follows that
K=1. O

Now we proceed to derive some multi-recurrence results.
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6.10. Multi-Recurrence Theorem I. Let
(1) G be an infinite commutative semigroup such that SG\G contains at least one
idempotent,
(2) Z be a compact metric space on which G acts,
(3) \i : G — G, i €N, be homomorphisms.
Let X = Z*°, T be the diagonal of G® and S = G. Forx = (2; |1 € N) € X,
t=(gi|i€eN)eT with g; =g for alli € N, and s € S, define (right) actions of
T and S on X by
xt = (z;9 | i € N) and
xs = (ziA\i(s) | 1 € N).
LetY C Z°° be a closed, non-empty T-invariant subset such that there exists yg € Y
such that yot is a transitive point of (Y, T) for all t € T. Assume further that the

almost periodic points of (Y,T) are dense in'Y. Then the set of S recurrent points
of Y is residual in'Y .

Proof. With T and S as above, we shall now verify the hypothesis 6.1. Assumptions
(1) and (2) are clear and (3) follows from the fact that G is commutative. With
regard to (4) let u be a minimal idempotent in 7 and p? = p € ST with p < u.
Then u = (v; |7 € N) with v; = v for all i € N, and p = (p; | ¢ € N) where v is a
minimal idempotent in G and p? =p; € G, for all i € N. Now p < u implies p; < v
whence v < p;, for all i € N and so u < p. Now an application of 6.7 completes
the proof. (Here is where the assumption that SG\G contains an idempotent is
used.) O

6.11. Remark. If we assume (Z,N) has a dense set of almost periodic points and
for some zg € Z, zgn is a transitive point for all n € N, then letting Y equal the
diagonal, 6.10 gives us the “classical” multiple Birkhoff recurrence theorem with a
hypothesis weaker than minimality of (Z,N).

The following formulation of the multi-recurrence result (see [BH]) generalizes
the MBR theorem (Theorem 2.6 of [E]).

6.12. Multi-Recurrence Theorem II. Let

(1) S be an infinite commutative semigroup such that BS\S contains at least one
idempotent,

(2) Z be a compact metric space and (Z,S,m;), (1 <1i < k) be flows on Z, with
@i S — ZZ the corresponding homomorphisms (as in 1.12),

(3) wi(s1)pj(s2) = pj(s2)pi(s1) for all1 <i,5 <k and s1,52 € S,

(4) G =p1(S)p2(9) - - er(S),

(5) Y C Z with (Y,G) minimal.

Then the set

{x €Y | there exists p* = p € BS\S such that vp;(p) = x for all 1 <i < k}

of points of Y that are simultaneously S-recurrent under all of the S-actions, is a
residual subset of Y.

Proof. Let X = Y* T be the diagonal of G* and define actions of 7" and S on X
by

xt = (z19,... ,2kg) and

Ls = (7‘(‘1 (Zlv 5)7 e 77Tk(zk7 5)) = (21@1(5)7 R aZkSOk(S))v
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where z = (21,...,2,). Let Y = {(21,... ,21) | 21 = 2o = --- = 2z, € Y}. Then
(V,T) is minimal so the assumptions of 6.7 are satisfied; note that (4) of 6.1 is
satisfied because ST = T in this case. Now the proof proceeds exactly as in 6.10
and the details are left to the reader. O

When G is an abelian group, yet another multi-recurrence result is given by the
following.

6.13. Theorem (Dynamical van der Waerden). Let
(1) G be an infinite abelian group,
(2) (Z,G) be a minimal metrizable flow,
(3) V be a non-empty open subset of Z,
(4) g1,--- 5,9k eq.
Then there exists n € N with VN Vgyn---NVglk # 0.

Proof. In this case we set X = Z*, T = the diagonal of G*, S = {(¢;",....,9;.") |
n € N} and Y = the diagonal of Zk. If S is finite, then there exists n € N with
g = g5 = -+ = g = e in which case the result clearly holds. On the other
hand if S is infinite, then 8S \ S is isomorphic to SN \ N and hence contains an
idempotent. Thus we can apply 6.7 to obtain y = (z,---,2) € V¥ which is S-
recurrent. Hence there exists n € N with (z,...,2)(¢7",... ,9; ") € V¥. Thus
z€Vand zg; "€V (1 <i<k), whence ze VNVgin---NVgp. O

‘We now eliminate the condition that Z be metrizable in 6.13.

6.14. Theorem. Let
(1) G be an infinite abelian group.
(2) (Z,G) a minimal flow.
(3) V a non-empty open subset of Z.
(4) gi,---, 9k € G.
Then there exists n € N with VN Vgyn---NVglk # 0.

Proof. Let W be a non-empty open subset of Z with W C V, and f : Z —
[0,1] be such that f(zr) = 1 for all z € W and f(z) = 0 for all z € Z\V. Let
d(z,y) = |f(z) = f(y)| for all z,y € Z. Then d is a continuous psuedo-metric on Z.
Hence by Proposition 1.6 of [E1], there exists a countable subgroup K of G with
{91,--., 9k} C K, such that the flow (Z/R, K) is a compact metric minimal flow,
where

R ={(z,y) | d(zk,yk) =0 for all k € K}.
The metric o on Z/R is given by

o(a,b) = Z 27 d(xty, yt;)
1

where w(x) = a, w(y) = b, K = {e = t1,t2,...}, and 7 is the canonical map
Z — Z/R.

Let 2 € W, a = 7(z), and P = {b | o(a,b) < 1}. Then P is a non-empty open
subset of Z/R, whence by 6.13 there exist n € N and b € Z/R with

be PNPgiN---NPgp.
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Let m(y) = b. Then n(yg; ") = n(y)g; " = bg; " € P, and hence
1 =~ . 1
1> olabg ") = 21: 27 d(wti, yg; ") > d(z,y9;").

Thus |f(z) — f(yg; ")| < 3, and so yg; " € V, i.e. y € Vgl
A similar argument shows that y € V', completing the proof. O

Now we shall indicate how to derive coloring results from our setup. First we
will apply 6.14 to a minimal subset of 3G where G is an infinite abelian group, to
obtain a version of the classical van der Waerden theorem on finite colorings (see
[BPT]). Then we will apply 6.3 to obtain an IP generalization to the case where
BG\G contains an invariant set. We refer to this generalization as the combinatorial
van der Waerden theorem.

6.15. Classical van der Waerden Theorem. Let

(1) (G,+) be an infinite abelian group (for example G = Z or 7" ),
(2) Uy,...,U; be a finite partition of G.

Then there exists some m, with 1 < m < [ such that given any finite subset F' of
G, there exists n € N and b € U, such that

b+na €U, forallaéc€ekF,
(where na = a +---+a, n times).

Proof. Let M be a minimal subset of $G. Then M Cc U, U---UU; = BG so there
exists m with V = U,, " M # (. Now for any finite subset F = {ay,... ,ax} we
apply 6.14 to the minimal flow (M, G), open set V, and elements {—a4, ... ,—axr} C
G obtaining an element

beVNV—-nainN---NV—=na, CU,NU,, —narN---NU,, — nag.

Since U,, is both open and closed in GG, it follows that U, NU,, —nayN---NU,, —
nay # 0, which completes the proof. O

6.16. Combinatorial van der Waerden Theorem. Let

(1) (G,+) be an infinite commutative semigroup,
(2) BG\G contain an invariant set (for example G =N or N"),
(3) Un,...,U, be a finite partition of G.

Then there exists some m, with 1 < m < p such that given any finite subset F' of
G and any injective map L : N — N, there exists n € n(L) and b € U, such that

b4+na €U, forallaé€ekF,

(where na = a +---+a, n times).
We remark that in this theorem G is not assumed to be countable and the integer
m is independent of the IP-set w(L).

Proof. Let u? =u € BG\G be a minimal idempotent (here we are using assumption
(2)). Now G =U  U---UU, so u € Uy, for some m. Write V = U, and note
that V is a neighborhood of u.
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Now let F = {ai,...,ax} C G be any finite set. Set X = (BG)*, T =
{(g,-.-,9) | g € G} and let S = N. Define right S and T actions on X by
setting

an = (z1,...,26)n = (21 +an, -+, 26 + agn),
xt = (Zla"' 7Z/€) g,.-- ?g) = (Zl +ga azk+g)
Consider the idempotent @ = (u,...,u). By exactly the same reasoning used in

6.10 one verifies the hypothesis 6.1. Now apply 6.3 with H = {x(L") | n € N} and
the neighborhood V¥ = V x --- x V of . Hence there exist n € (L) and b € V
such that (b+ ain,... b+ agn) € V*. O

APPENDIX A

In this appendix we give an explicit construction of a Stone-Cech compactifi-
cation of the semigroup T when it is given the discrete topology. The underlying
space, 8T of this construction will be the collection of all ultra-filters on T". The set
BT will be provided with a compact Hausdorff topology such that the properties
stated in Definition 2.1 are satisfied when T is identified with the set of principal
ultra-filters on T'. In addition a semigroup structure on BT will be defined and
it will be shown that it has the properties deduced abstractly in section 2. We
hope thereby to provide more insight into what is going on. (A good reference for
the material on filters and ultra-filters is Bourbaki: FEléments de Mathématique,
Topologie Générale, Livre III, Chapitre I [B].)

A.1. Definition. Let X be a set and F C PX, the collection of subsets of X.
Then:
(1) Fis a filter on X if
(a) 0 ¢ F,
(b) A,B € F implies ANB € F,
(¢c) A€ F and A C B implies B € F;
(2) Fis a filter base on X if
(a) 0 ¢ F,
(b) given A, B € F there exists C € F with C C AN B;
(3) F is an wltra-filter on X if F is a maximal filter on X; i.e if G is a filter on X
with F C G, then F = G.

A.2. Remarks. (1) Let F C PX have the finite intersection property (F.LP.), i.e.
any finite collection of elements of F has a non-empty intersection. Then the
collection of all these finite intersections forms a filter base on X.

(2) Let F be a filter base on X. Then H = {H | FF C H for some F € F} is a
filter on X. It is the “smallest” filter on X containing F, and is called the
filter generated by F (Notation: H = F©)

(3) A filter base is called an wltra-filter base if the filter it generates is an ultra-
filter.

A characterization of ultra-filters is given by (see [B]):

A.3. Proposition. Let F be a filter on X. Then the following are pairwise equiv-
alent:

(1) F is an ultrafilter,

(2) Ae ForA eF forall AC X,

(3) if AyU---UA, €F, then A; € F for some i.
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A.4. Definition. (1) The set of all ultra-filters on T is denoted by ST
(2) For ) # A C T, h(A) will denote the set of ultra-filters containing A. We
write h(t) instead of h({t}) for t € T.
(3) Let ' € BT. Then I € T if given p € T there exists A € p with h(A) C T.

A.5. Proposition. The collection T defines a compact Hausdorff topology on BT .

Proof. We first show that 7 is a topology on 3T. Clearly () and 3T are in 7. Let
I',T2 € T and p € T'; NTy. Then there exist A; € p with h(A;) C T; (i = 1,2).
Then A; N As € p and h(A; N As) € T'1 NT. Hence 7 is closed under finite
intersections. Now let I'; € 7 (i € I) and p € I' = JT';. Then p € T'; for some 1,
and so h(A) C T'; C T for some A € p.

To see that 7 is Hausdorff, let p,q € BT with p # g. There exists A C T with
A € pand A" € q. Then h(A) and h(A’) are in 7 with p € h(A),q € h(A4’) and
h(A) N h(A") = 0.

Finally we show that 7 is compact. Let (I'; | i« € I) be a family of open sets
whose union is 7. Without loss of generality we may assume that I'; = h(A;)
with ) # A; C T for all 1 € I. Let Z be the collection of finite subsets of I and
assume Ap # [T where Ap = |J{h(A4;) | i € F} for all F € Z. Then the family
(A;' | i € I) has the finite intersection property and so there exists p € 3T with
A;" € pfor all i € I. But this contradicts the fact that T = J{h(A;) | i € I}. O

A.6. Proposition. Let ¢: T — [T be such that ¢(t) = h({t}) = the principal
ultra-filter generated by t (t € T'). Then ¢(A) = h(A) (ACT).

Proof. If A =0, then ¢(A) =0 =0 = h(A).

Let A # (0,p € $(A) and U € p. Then there exists t € A with ¢(t) € h(U). Thus
ANU #0 (U €p) and so A € p and p € h(A).

Now let p € h(A) and T be a neighborhood of p. Then there exists U € p with
MU)CT. Then UNA#Qand U € ¢(t) (t € ANU) and so ¢(A) NT # (. O

A.7. Remarks. (1) The map ¢ defined above is one-one;
(2) B(T) = h(T) = AT;
(3) h(A') = (h(A));
(4) BT = h(T)=h(AUA") = h(A)Uh(A") = h(A) U (h(A))". Thus every set of
the form h(A) is both open and closed;
(5) ¢(t) is both open and closed for all ¢ € T}
(6) ¢(T) is an open dense subset of 5T

A.8. Proposition. Let I' be an open subset of BT and A= {t | ¢(t) € I'}. Then
T' = h(A). Thus the closure of every open set is both open and closed. (Spaces
having this property are called extremely disconnected.)

Proof. Since T is open and ¢(T) = 8T, T = ¢(T) NT = ¢(A) = h(A). O

A.9. Lemma. Let
(1) f:T— X,
(2) p€pT,
(3) flp) ={f(A4) | Aep}.
Then f(p) is an ultrafilter base on X.



THE TOPOLOGICAL DYNAMICS OF SEMIGROUP ACTIONS 1315

Proof. Let A,B € p. Then ANB € p, f(ANB) C f(A)Nf(B) and f(ANB) € f(p)
shows that f(p) is a filter base on X.

Nowlet Y € X. Then T = f~1(X) = f~Y(Y)Uf~1(Y') € p implies that f~1(Y)
or f=HY") = (f~1(Y)) € p. Since f(f~ (Y))CYand (Y cy, Yory’
isin f(p)“. O

A.10. Definition. Let F be a filter base on the topological space, X. Then F
converges to x € X (F — x) if F< contains the neighborhood filter N, of .

The following characterization of compact Hausdorff spaces is standard.

A.11. Proposition. The space X is compact Hausdorff if and only if every ultra-
filter base on X converges to a unique point of X.

A.12. Proposition. Let X be compact Hausdorff and f: T — X. Then there
exists a continuous funtion f BT — X such that f(t) = f(6(t)) (t € T). (Thus
the pair (BT, ¢) is a Stone-Cech compactification of T'.)

Proof. By A.9 and A.11 for every p € BT there is a unique point f(p) =xin X

such that f(p) — x. Clearly f(¢(t)) — f(t) whence f(¢(t)) = f(t) (t € T).

Let f(p) =z and let U be a closed neighborhood of z. Then there exists A € p
with f(A) C U.

Now let g € h(A),y = f( ), and V a neighborhood of y. Since f(q) converges
to y, f71(V) € q and so there exists a € AN f~1(V). Then f(a) € UNV whence
y € U = U. Consequently f (h(A)) C U, and so f is continuous. O

A.13. Remarks. (1) Since ¢ is one-one, we usually identify ¢(t) with ¢ (t € T').
(2) The properties stated in 2.2 follow immediately from A.7 and A.8.

A.14. Definition. We should now like to define the product pg of two elements
p,q of BT in terms of the ultrafilters p and ¢. To this end for A C T and p € 8T
set Ap = {t € T | there exists B € p with Bt C A}.

A.15. Lemma. Let ACT andt € T. Then Ah(t) = {r |tr € A}. Thus if T is a
group, Ah(t) =t tA.

Proof. Note that r € Ah(t) if and only if there exists B € h(t) with Br C A if and
only if tr € A. |

A.16. Proposition. Letp € 8T, A,B CT. Then
YO0p=0, Tp=T,
2) A C B implies Ap C Bp,
3) (AN B)p = Apn Bp,
4) (AUB)p = ApU Bp,
(5) (Ap)" = A'p.
Proof. (1) and (2) are clear.

(3) By (2) (AN B)p C ApN Bp. Now let t € Ap N Bp. There exist C1,Cs € p

with C1t € A, Cot C B. Then C; NCy € p and (C1 N Ca)t € AN B, whence
€ (An B)p.

(4) Again by (2), ApU Bp C (AU B)p. Let t € (AU B)p. There exists C € p
with Ct C AUB. Set C; = {s € C | st € A} and Cy = {s € C | st € B}.
Then C' = Cy U Cy whence one of them, say C; is in p. Hence Cit C A whence
t € Ap C ApU Bp.

(1
(
(
(
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(5) By (4) and (1) ApUA'p = (AUA)Dp=Tp=T. By3and 1 Apn A'p =

(ANA")p=0p=10. Thus A'p = (Ap)'. O
A.17. Lemma. Let p,q € 8T and setr ={ACT | Ap € q}. Thenr € T.
Proof. This follows immediately from A.16. O

Lemma A.17 now allows us to define the product of two ultra-filters. Thus:
A.18. Definition. Let p,q € ST. Then pg ={A C T | Ap € q}.

A.19. Lemma. Let 0 #A ACT, and p € BT. Then
(1) t € Ap iff A € ph(t),
(2) hits) = h(t)h(s).

Proof. (1) Notice that ¢t € Ap iff Ap € h(t) iff A € ph(?).
(2) Let § # A C T. Then by A.15, Ah(t) = {r | tr € A} and so s € Ah(t) iff
ts e Aiff A€ h(ts). But s € Ah(t) iff Ah(t) € h(s) ift A € h(t)h(s). O

A.20. Proposition. Let t € T, p € T. Then the maps Ly, R;: BT — BT are
continuous, where L,(q) = pq and Ri(q) = qh(t) (¢ € 5T).

Proof. Since the set {h(s) | s € T'} is dense in BT (A.7), it suffices to show that
if (h(sq)) is a net converging to ¢, then ph(s,) converges to pg and h(sq)h(t)
converges to gh(t).

Now let N be a neighborhood of pg. Then there exists A C T with pg € h(A) C
N. Then A € pg whence Ap € q and so h(Ap) is a neighborhood of q. Therefore
there exists 3 with h(s) € h(Ap) (o > (). Thus Ap € h(so) whence by (1) of
A.19 A € ph(sq) so that ph(ss) € h(A) C N (a > 3).

To see that R, is continuous let L be a neighborhood of gh(t). Then there a
subset B of T with ¢h(t) € h(B) C L. Then B € gh(t) and so by A.19 t € Bg.
Consequently, Ct C B for some C' € ¢q. This implies that h(C) is a neighborhood
of ¢ whence there exists 8 with h(sq) € h(C) (o > 3). Thus s, € C and sot €
B (a > ). Finally h(sq)h(t) = h(sat) € h(B) C L (a > 3). O

A.21. Proposition. Let p,q,r € 8T, and A CT. Then

(1) (pg)r = p(qr),
(2) (Ap)g = A(pq).

Proof. (1) Let p = h(t1),q = h(t2), and r = h(ts). Then it follows immediately
from A.19 that (pq)r = p(gr) in this case. The general case now follows from A.20.

(2) Notice that : ¢ € (Ap)q iff (Ap)g € h(t) iff (by A.18) Ap € qh(t) iff (by
A18) A € p(qh(t)) iff (by 1 above) A € (pq)h(t) iff (by A.18) A(pg) € h(t) iff
t € A(pq). O

A.22. Remarks. (1) Although it is natural to identify ¢(t) = h(t) with ¢, one
should be careful not to equate At = {st | s € T} with Ah(t) = {s | ts € A}
(= t71A when T is a group) nor to equate ¢(A) = {¢(t) | t € A} with
h(A) = ¢(A) for arbitrary subsets A of T'.

(2) However, let p € gT,t € T and set pt = {At | A € p}. Then pt is the
image of the ultrafilter p under the map R,: T — T, whence by A.9 pt is
an ultrafilter base on 7. Now if we identify s with ¢(s) (s € T'), pt becomes
an ultrafilter base on 87T and so by A.11 it converges to some point g € 8T

Claim g = ph(t). To see this, let T be a closed neighborhood of ¢q. Then there
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exists A € p with At = ¢(At) C T and so h(At) = ¢(At) C T'. Since A € p,
ptel.

(3) Proposition A.16 shows that the maps A — Ap: P(T) — P(T) are Boolean
algebra homomorphisms (p € 5T), and Proposition A.17 states that the prod-
uct in BT corresponds to composition of maps.

(4) Let T be a group, A C T,t € T, and p € 8T. Then (At)p = (Ap)t.

To see this note that s € (At)p iff Bs C At for some B € p iff B C Ats™!
for some B € p iff Ats~! € p.

On the other hand s € (Ap)t iff st=! € Ap iff Bst~! C A for some B € p
iff B C Ats—! for some B € p iff Ats™! € p.

(5) The preceding remark does not hold for arbitrary semigroups. The 0-semi-
group of Section 1 provides a counter-example. In that case it is easy to
check that Ap =0 and {0}p =T if0¢ AC T and p € ST. Then if A is a
non-empty subset of 7' with 0 ¢ A, (At)p = {0}p =T, but (Ap)t = 0t = () for
allt € T and p € BT.

(6) Let AC T, p,q € BT. Then Ap C T and so by A.6, A = h(A) and Ap =
h(Ap). Thus q € Ap iff ¢ € h(Ap) iff Ap € ¢ iff (by A.18) A € pq iff pq € A iff
q € L;*(A). Hence in this case Ap = L' (A) = Axp (see 5.8).

APPENDIX B

In this appendix we shall extend and also obtain the IP version of Furstenberg’s
theorem on locating recurrent points (see Proposition 2.4 of [F]). To compare it
with the approach taken in Section 6, here we replace (4) of 6.1 by an assumption
on the subset Y of the flow (X, .5). Furstenberg’s result basically says that if YV is
“homogenous” and has a certain “weak recurrence property” (see Proposition 2.4
in [E] for details) then it contains S recurrent points. The following Corollary B.6
generalizes this result. To describe our assumption we begin with the following.

B.1. Definition. Let (X,S) be a flow and 2% be the collection of non-empty
closed subsets of X. Then S acts on 2% via the map (A,s) — Aos = {as|a € A}.
Then as usual this action may be extended to an action of 3S on 2%. The image
of A € 2% under the element p of 35 will be denoted by A o p.

The recurrence condition we impose on the set A € 2X is: A C A o p for some
idempotent p = p? € 8S\S. This condition is weaker than demanding that A € 2%
be a recurrent point of the flow (2%, ). This follows at once because by Definition
5.19 A being a recurrent point in 2% amounts to saying that A = Aop for some p €
BS\S. We shall see that Furstenberg’s hypothesis implies our recurrence condition
(see Remark B.7). In fact we shall obtain an IP version of the above-mentioned
result of Furstenberg (Proposition B.4). We begin by recalling the assumptions
which will remain in force throughout this appendix.

B.2. Standing Assumptions. (1) Let S and T be infinite semigroups.
(2) Let X be a compact Hausdorff space on which both S and T act continuously
(on the right). That is (X,T) and (X,S) are both dynamical systems. We
shall view S and T as subsets of XX .
(3) Viewed as elements of XX, st =ts, foralls€ S, t€T.

Notice that B.2 is the same as 6.1 except that (4) has been omitted.
We begin with the following lemma.
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B.3. Lemma. Let
(1) X be metrizable with metric d,
(2) J:N— S be one-one,
(3) Ae€2X with AC AJ"(N) C X for alln € N (this holds in particular if A is
recurrent under the sequence {J1, Jo,...}),
(4) e>0.
Then for every n € N there exists an x € A and s € w(J™) such that d(z,zs) < e.

Proof. Let n € N. First we construct a sequence (a;) C A and a subsequence (sy)
of (JI") = (Jn+s) such that

d(arr(k,0),ar) < 3.
where 7(k,1) = sp_1---s5, € m(J") for 1 <1 < k.

We proceed by induction. Choose a; € A. Now A C (AJ"(N)), so there exists
az € A and sy € J"(N) with d(azs1,a1) < §. Then r(2,1) = s; and thus a;, az and
s1 satisfy the required conditions.

Now assume that ai,...,am € A, and {s1,...,Sm-1} = {Ji;,Jias--- s J1,, 1}
withn <l; <ly < -+ < l,,—1 andm > 1 have been defined so that d(axr(k,!), a;) <
§,forall 1 <1<k <m. Set p=max{d(arr(k,l),a;) |1 <1<k <m}. Let 6 >0
be such that

if d(a,am) < 0, then d(ar(m,l), amr(m,l)) < % —pforalll <l <m.
Choose [ > l,,_1. Since A C (AJ!(N)) there exist a1 € A and s, = J;,, with
I > 1 and d(@m415m, @m) < min(§, o).
Now

d(ams1r(m + 1,1),a1) < d(amqrr(m + 1,1), amr(m, 1)) + d(amr(m, 1), a;)
€ €
for all 1 <1 < m. Hence d(arr(k,l),a;) < 5, forall 1 <l <k <m+1.
Having constructed the sequence above, the proof is completed by observing that
the compactness of X implies that there exist k,! € N with & > [ and d(ax, a;) < §.
Then d(agr(k,1),ar) < d(agr(k, 1), a;) + d(ar, ar) < €. O

B.4. Proposition. Let
(1) X be metrizable,
(2) A be a closed, non-empty T-invariant subset of X such that the flow (A,T)
s minimal,
(3) J:N— S be one-one,
(4) A€ 2X with AcC AJ*(N) C X for alln € N (this holds in particular if A is
recurrent under the sequence {Jy, Jo,...}).
Then Q = {a € A | aq = a for some ¢*> = q € Too(J)} is a residual subset of A,
(compare with 6.4).

Proof. For every n € N set

1
Zn ={a€ A|d(a,as) < —, for some s € w(J")}.
n
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Then Z, is a non-empty open subset of A by B.3. Assume that ) # U C A is any
open subset of A. Since (A, T) is minimal, there exists a finite subset F' of T such
that

H{Rr'W) |te F}=A

Since F is finite we can choose § > 0 such that d(a,b) < & implies that d(at, bt) < 1
for all ¢ € F. By B.3 we can find a € A, s € w(J") with d(a,as) < §. Now there
exists t € F with at € U. But d(at,ats) = d(at,ast) < , so at € UN Z,. This
implies that Z,, is dense in A. Thus Z = () Z,, is a residual subset of A.

To see that Z C ) we proceed as in the last paragraph of the proof of 6.4. Let
z € Z. Since z € Z,, there exists s, € w(J") with d(z,zs,) < 1/n. Let r be a
limit point of {s,} in 8S. Then zr = z and r € oo (J). Since moo(J) is a closed
non-empty semigroup, there exists an idempotent g € mo(J) with zg = z. Thus
z € Q. O

B.5. Remark. The set @ of Proposition B.4 may not contain any S-recurrent points.
Indeed 7o (J) may intersect S or even be entirely contained in S. Of course if
Too(J) NS =, then @ consists entirely of recurrent points.

B.6. Corollary. Let

(1) X be metrizable,
(2) A be a closed, non-empty T-invariant subset of X such that the flow (A, T)
s minimal,
(3) p* =p € BS\S with AC Aop,
(4) V be a neighborhood of p.
Then R = {a € A | aq = a for some ¢> = q € V\S} is a residual subset of A,
(compare with 6.4).

Proof. First suppose that for any neighborhood N of p, there exist ay € A, sy €
NNS, withayxsy = an. Then aytsy = aysyt = anyt for allt € T so that asy = a
for all a € A. Tt follows that ap = a for all a € A, and so in this case R = A.

Now suppose that there exists a neighborhood N of p such that as # a for
alla € A and s € NN S. We may assume that N is closed and that N C V.
For each n € N we choose a neighborhood V,, of p with V,, C N NV such that
d(Aop, As) < % for all s € V,, N S. Here dy is the Hausdorff metric on 2%
induced by the metric d on X. By 3.3 we can find J : N — S with 7(J") C V,, for
all n € N. Then for any n € N, J,, € V}, so d(a, AJ,) < % forallae AC Aop. It

follows that A C AJ?(N). Thus we can apply B.4 to conclude that the set

Ry ={a € A|aq=a for some ¢*> = q € 100 (J)}

is a residual subset of A. But 7 (J) is contained in the closed neighborhood VNN
of p, so Ry C R and the proof is complete. O

B.7. Remark. As mentioned above, Furstenberg’s hypothesis (in Proposition 2.4,
IE]) implies assumption (3) of Corollary B.6. To see this, first we remark that in this
case S = N. Next, writing the map S on the right, recall Furstenberg’s hypothesis:
for every € > 0, there are z,y € A and n > 1 such that d(yS™,x) < e. From this it
follows easily that z € Ao p for some z € A and p € 5S\S. Since the action of the
group 7" commutes with S and A is T-invariant, we have

2T C ATop=Aop
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and since T acts minimally on A, it follows that A C A op. Moreover, since the set
{p| A C Aop}is a closed subsemigroup, without loss of generality such a p can
be taken to be an idempotent.
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