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Abstract. We introduce some notions of density in an arbitrary semigroup S which
extend the usual notions in countable left amenable semigroups in which density is
based on Fglner sequences. The new notions are based on nets of finite sets. We show
that under certain conditions on the nets and on S these notions relate nicely to some
established notions of size in S such as central, syndetic, and piecewise syndetic. And
we investigate the conditions under which these notions have other desirable proper-
ties such as translation invariance. We obtain new information about the algebraic
structure of the Stone-Cech compactification 85 of S and derive generalizations of
some known Ramsey Theoretic results, including Bergelson’s density version of Schur’s
Theorem.

1. Introduction

Our starting point is various notions of size in the set N of positive integers. One of
the earliest of these (whose origin is lost in antiquity) is the notion of upper asymptotic
density which is defined by

- An{L,2,...
d(A):limsup’ N2, ,n}|

n— oo n
This notion has some nice properties. It is partition regular in the sense that if
d(AU B) > 0, then either d(4) > 0 or d(B) > 0. (More generally, a family of
subsets of a set S is partition regular for S if and only if whenever S is partitioned
into finitely many cells, one of these cells must contain a member of the given family.)
And it is translation invariant in the sense that d(z 4+ A) = d(A) = d(—x + A) for all
v € N (where —r+ A ={y € N:z+y € A}). And, while d is not additive, it is
for translations of a given set. That is if z,y € N and d((z + A) N (y + A)) = 0, then
d((z+A) U (y+A) =d(z+A) +dy+ A).

The related notion of lower asymptotic density, defined by
d(A) = lim inf IAN{1,2,...,n} 7

n— oo n
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is not as nicely behaved, although sets for which d(A) = d(A) are of considerable

interest.

Another notion of density for subsets of N was introduced by Polya [20] in 1929:
[AN{z+1,z+2,...,2+n} Za} ‘

d*(A) = sup {oz : (Vm € N)(3In > m)(Fz € N)(
n

This notion is also partition regular, translation invariant, and additive for translations.
Now let us consider several other notions of size, whose origins come from topolog-

ical dynamics. (Given a set X we write Py(X) for the set of finite nonempty subsets of
X.)

1.1 Definition. Let A C N.

(a) A is thick if and only if for every n € N there exists z € N such that
{z+1L,x+2,...,24+n} C A

(b) A is syndetic if and only if there exists n € N such that for every z € N,
{r+1,z4+2,...,24+n}NA#.

(c) A is piecewise syndetic if and only if there exists b € N such that U?:1(—t + A) is
thick.

(d) Aisa A-set if and only if there exists a sequence (x,,)2° ; in N such that {z,, —z,, :
n<m}CA.

(e) A is an IP-set if and only if there exists a sequence (z,)52; in N such that
PS((an)31) = {Ter o+ F € Pr(N)} C A

Another important notion of size was introduced by Furstenberg in [13], namely
that of central sets. These sets are most easily defined in terms of the algebraic structure
of the semigroup (AN, +) so we will postpone the definition until we have discussed that
structure.

Several of these notions have important applications in Ramsey Theory. For exam-
ple, any piecewise syndetic set contains arbitrarily long arithmetic progressions and any
central set in N contains a solution set for any partition regular system of homogeneous
linear equations. See [16, Part III] for details and many more examples.

Finally, given any notion of size, say P, there is the corresponding notion P*. A
set A is a P*-set if and only if it has nonempty intersection with every P-set. (Notice
that a thick set is the same as a syndetic* set.) We abbreviate (piecewise syndetic)* by
PS*.

One has then that the following relationships among these notions hold for subsets

of N and none of the missing implications is valid. Once we have introduced algebraic
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characterizations of these notions, most of the implications become trivial. Examples
establishing that none of the missing implications hold are provided in [6, p. 24] and
[4, Theorem 2.20], the latter being an old result of Ernst Straus.
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Figure 1

All of the notions above except the ones involving density make sense in any semi-
group. Here are the extensions of the notions defined in Definition 1.1. In a semigroup
(S,),if ACSandz € S, thenz ™ 1A={ye S:zyec A}

1.2 Definition. Let (5,-) be a semigroup and let A C S.

(a) A is thick if and only if for every F' € P;(S) there exists € S such that Fz C A.

(b) Ais syndetic if and only if there exists H € Py(S) such that S = (J,., t7A.

(c) Ais piecewise syndetic if and only if there exists H € P(S) such that (J,.; t 1A
is thick.

(d) Ais a A-set if and only if there exists a sequence (z,)5°; in S such that for all
n<m, T, €T, A

(e) A is an IP-set if and only if there exists a sequence (x,)52; in S such that
FP((wn)p2y) = {Ilher on + F € Py(N)} C A, where the products are taken

in increasing order of indices.

Since we are not assuming that S is commutative, the above notions all have left-

right switches.



Notice that “thick” is equivalent to an apparently stronger notion. That is, a subset
A of S is thick if and only if for each F' € P¢(S) there exists z € A such that Fo C A.
To see this, pick y € S such that F'y C A and pick z € S such that (FyU{y})z C A.

Given an infinite semigroup (5,-) there is an extension of the operation to the
Stone-Cech compactification 55 of S such that (8S, ) is a right topological semigroup
(meaning that for all p € 85, the function p, : 35S — (S defined by p,(¢) = ¢ - p is
continuous) with S contained in its topological center (meaning that for all z € S, the
function A\, : 8S — (S defined by A,(p) = x - p is continuous). We take the points of
(BS to be the ultrafilters on S, identifying the points of S with the principal ultrafilters.
Given A C S and p € 85, p € ¢/A if and only if A € p. Given p,q € 85 and A C S,
Acp-gifandonlyif {zr € S:a27 1A cq}ep.

Any compact Hausdorff right topological semigroup 7" has a smallest two sided
ideal K (T') which is the union of all minimal right ideals and is the union of all minimal
left ideals. The intersection of any minimal right ideal with any minimal left ideal is a
group. In particular, there are idempotents in K(7"). Such an idempotent is said to be
minimal. (An idempotent p in T is in K(7T') if and only if it is minimal with respect to
the ordering of idempotents which has p < ¢ if and only if p=p-q = ¢q-p.) See [16] for
proofs of the above assertions as well as any other unfamiliar algebraic facts mentioned
in this paper.

We can now provide the simple definition of central sets and simple algebraic char-
acterizations of most of the other notions defined above. (There are algebraic charac-

terizations of A-sets and A*-sets, but they are not particularly simple. See [6, Lemma
1.9].)

1.3 Definition. Let (S, ) be a semigroup and let A C S. Then A is central if and only
if there is a minimal idempotent p in 55 such that p € c/A.

1.4 Lemma. Let (S,-) be a semigroup and let A C S.

(a) A is an IP-set if and only if there is some idempotent of 3S in clA.

(b) A is piecewise syndetic if and only if /AN K(BS) # 0.

(c) A is syndetic if and only if for every left ideal L of 3S, L N clA # ().

(d) A is thick if and only if there is some left ideal of 3S contained in clA.

(e) A is a central*-set if and only if every minimal idempotent of 5S is in cfA.
(f) A is a PS*-set if and only if K(BS) C clA.

(9) A is an IP*-set if and only if every idempotent of 5S is in clA.
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Proof. Statement (a) is [16, Theorem 5.12]. Statement (b) is [16, Theorem 4.40].
Statement (c) is [7, Theorem 2.9(d)]. Statements (d), (f), and (g) follow from statements
(c), (b), and (a) respectively (using the fact that “thick” is syndetic*) and statement

(e) follows from the definition of central. O

All of the implications in Figure 1 among the notions of largeness that do not involve
density follow immediately from Lemma 1.4 and the fact that if FP((z,)s2;) C A and
yn = [[;_, zt, then whenever n < m, y,, € yn - A, so any IP-set is a A-set and any
A*-get is an [P*-set.

In (N,+) if n € N and for every x € N, {x + 1,z +2,...,2 +n} N A # 0, then
d(A) > L. That A is thick if and only if d*(A) = 1 is routine. It is also relatively easy
to establish that if A is piecewise syndetic, then d*(A) > 0. However that statement
also follows from the fact that the set D* defined below is a two sided ideal of (SN, +)
[16, Theorems 20.5 and 20.6]. By contrast, the sets D and SN\ (N U D) are both left
ideals of (OGN, +) [16, Theorems 6.79 and 6.80], so that D is far from being a right ideal.
(We customarily use the notations A* and A for D* and D, but do not wish to cause

confusion here with the notions of A*-set and A-set.)

1.5 Definition.
(a) D*={p € BN : (VA € p)(d*(A) > 0)}.
(b) D= {pe fN: (VA€ p)(d(A)>0)}.

By way of contrast with the notions of thick, central, syndetic, piecewise syndetic,
IP, and A and their duals, the various notions of density appear to only have been
studied in a limited class of semigroups, namely those which contain a Faglner sequence,

a proper subclass of the left amenable semigroups.

A semigroup S is left amenable if and only if there exists a left invariant mean pu
on the space of bounded real (or complex) valued functions on S under the supremum
norm. That is y is a positive linear functional, the norm of p is 1, and for every bounded
f:S—Randevery x € S, u(f ods) = u(f). Right amenable semigroups are defined
similarly. For groups left and right amenability are equivalent and such groups are

called simply amenable.

In [11] Fglner showed that any amenable group S satisfies a condition which we de-
note (FC) (for Fglner Condition) and Frey [12] showed that any left amenable semigroup
satisfies (FC). (For a simplified proof see [18].)

(FC) (VH € Ps(S)) (Ve > 0) (3K € Ps(9)) (Vs € H)(|sK \ K| < e |K]).
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In [1] Argabright and Wilde introduced a Strong Fglner Condition and showed that any
semigroup satisfying (SFC) is left amenable. In particular, if S is left cancellative, then
left amenability, (FC), and (SFC) are equivalent. They also showed that all commutative
semigroups satisfy (SFC). In [17] Klawe showed that certain semidirect products of
semigroups satisfying (SFC) also satisfy (SFC). We shall have more to say about these
products in Section 4, including some details.

(SFC) (VH € P(S)) (Ve > 0)(IK € P(S)) (Vs € H) (| K \ sK| < e-|K]).

Notice that (using an argument borrowed from [19]) for any K € P;(S) and any
se S, |K\sK|=|K|—-|KNnsK|and |sK\K| = |sK|—|KNsK|so |K\sK|—-|sK\K| =
|K|—|sK|>0so |K\sK|>|sK\ K]|. Thus one has directly that (SFC) implies (FC)
and that (SFC) may be restated in the following apparently stronger form.

(SFC) (VH € P(S)) (Ve > 0) (3K € P£(5)) (Vs € H) (|K A sK| < e- |K]).

If S is countable, it is easy to see that (SFC) is equivalent to the existence of a left

Folner sequence in Py (S).

1.6 Definition. Let S be a semigroup. A left Folner sequence in P¢(S) is a sequence
F, N F,
(Fn)o2; in P¢(S) such that for each s € §, lim [sFh & Fu| = 0.

s |

Given a left Fglner sequence F = (F,,)$% ; in S, there is a natural notion of upper

density associated with F, namely

dr(A) = lim sup |40 Fu)
n—ooo | Fnl

The first specific mention of this density that we can find in the literature is in [10] by
P. Feit. (Folner sequences in Z" are defined by Furstenberg in [13].) This density shares
with the densities d and d* in (N, +) the property of partition regularity and, if S is
left cancellative, it is also left translation invariant and left inverse translation invariant
and additive for translates.

Of course, if S does not satisfy (SFC), in particular if S is not left amenable, then
one can not define density in this fashion. Also, if S is uncountable and satisfies a
very weak form of right cancellation, there do not exist any Fglner sequences in S.
(Specifically, assume that |S| = x > w and either (i) The cofinality of x is uncountable
and for each a,b € S, [{s € S: sa =0b}| < k or (ii) there exists § < k such that for each
a,be S, |{s € §:sa =0>} <6. Then given any sequence (F;,)>>; in P¢(S) one can
choose = € S such that F,, N F,, = () for all n € N.)

In Section 2 of this paper we define a notion of density determined by a net in

P¢(S) and derive conditions which guarantee that this density has some or all of the
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desirable properties that we have described above. In Section 3 we consider density
determined by a net of finite products of a set of generators of S, showing that it often
provides a reasonable notion of density even in some nonamenable semigroups such
as free semigroups. In Section 4 we introduce Fglner nets, the natural analogue for
uncountable semigroups of Fglner sequences. Such nets exist precisely in semigroups
satisfying (SFC). We show that such semigroups have a single naturally defined notion
of density which is very well behaved. In Section 5 we present some applications to
Ramsey Theory and the structure of 35.

Several of our results require a weak form of right or left cancellation, so we intro-

duce terminology for these.

1.7 Definition. Let S be a semigroup and let b € N. Then S is b-weakly left cancellative
(respectively b-weakly right cancellative) if and only if for all z,y € S, |[{s € S : zs =
y} < b (respectively [{s € S : sz =y}| <D).

Recall that weakly left cancellative means that for all x,y € S, {s € S : xs =y} is

finite, so the above is a stronger assumption.

2. Density determined by nets in Pf(S)

Given any net in Pf(S), there are corresponding natural notions of density for subsets
of S.

2.1 Definition. Let S be a semigroup, let 7 = (F},)nep be a net in P(S), and let
ACS.

(a) dz(A) =sup{a: (Im e D)(Yn>m)(|[ANE,| > a-|F,|)}.

(b) dr(A) =sup{a: (Ym € D)(3n >m)(|[ANE,| > a-|F,|)}.

(c) d(A) =sup{a: (Vm e D)(In>m)(3Fx € SU{1})(|ANFoz| > o |F,))}.

We are not assuming that S has an identity. When we write above that
(Jz € SU{I}(|AN(F, - z)| > «-|F,|) this is simply an abbreviation for “either
|ANFE,| > a-|F,|or (3z € S)(|AN(F,  -x)| > a-|F,]).”

Notice that if S is (N,+) and F = ({1,2,...,n}),cn then d z, dr, and d} are
respectively d, d, and d* as defined in the introduction.

We shall be concerned with two subsets of 35S determined by these upper densities.
Recall that in (SN, +), D* is a two sided ideal and D is a left ideal.
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2.2 Definition. Let S be a semigroup and let F be a net in Pf(S5).
(a) Dr = {p € BS : (VA € p)(dr(4) > 0)}.
(b) D = {p € 85 : (VA € p)(di(4) > O)}.

We easily see that no extra conditions on F are required for partition regularity of
C_l]: and d;_—

2.3 Lemma. Let S be a semigroup and let F be a net in P¢(S). If A and B are subsets
of S, then dp(AUB) < dr(A)+dx(B) and di-(AUB) < di(A) +d=(B). Consequently
if A C S and de(A) > 0, then clANDx # 0 and if A C S and di=(A) > 0, then
clAND% # 0.

Proof. The proofs of the first two assertions are routine exercises. For the third
assertion, let R = {4 C S : dr(A) > 0}. Then R is partition regular so by [16,
Theorem 3.11] there is some ultrafilter p on S with A € p C R. Then p € /AN Dx.

The proof of the fourth assertion is identical. U

A weak right cancellation assumption guarantees that D% is a right ideal of 3S.
(We do not expect D to be a right ideal of 35S because we know D is not a right ideal
of BN.)

2.4 Theorem. Let S be a semigroup and let F = (Fy,)nep be a net in Py(S). Assume
that there is some b € N such that S is b-weakly right cancellative. Then D% is a right
ideal of BS.

Proof. By Lemma 2.3, D% # (. Let p € D%, let ¢ € 85, and let A € p-q. Let
B={teS:t'A € q}. Then B € p so pick a such that d%(B) > a > 0. We claim
that d>(A) > ¢. Solet m € D be given. Pick n > m and # € S U {1} such that
|BNF,z| > a-|F,|. Pickye {t'A:te BN F,z}. (This set is in ¢ and is therefore
nonempty.) Then (BNF,z)y C Aso |ANF,zy| > [(BNF,z)y| > 1+ |[BNF,z| > $|F,|.

O

Other desirable properties for density are the implications of Figure 1.

2.5 Remark. Let S be a right cancellative semigroup and let F = (Fy,)nep be a net in
Ps(S). If A is a thick subset of S, then di(A) = 1.

We now introduce three requirements on the net F that will guarantee certain

desirable properties of the densities determined by F.
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2.6 Definition. Let S be a semigroup and let F = (F,,)nep be a net in Py(S). Fol-
lowing are three properties that F might satisfy.
(x) (Ve > 0)(Vt € S)(Je € N)(Im € D)(¥n > m)(Ik > n)(3Fz € S U {1})
(|tF, \ Frz| < €-|F,| and |F| < c- |Fy,]).
(") (Ve > 0)(Vt € S)(3c € N)(Im € D)(Vn > m)(3k > n)(|tF, \ Fx| < €-|F,| and
Byl < - |Fal).
() (VH € Ps(S))(Fe € N)3Bm € D)(Yn > m)(|Fo| < ¢ |Naen o Fal)-

Note that (x) is automatically satisfied for any F if S is commutative. We see that

(x) and a weak form of left cancellation guarantee that D% is a left ideal of 55S.

2.7 Theorem. Let S be a semigroup and let F = (F,,)nep be a net in Py(S). Assume
that there is some b € N such that S is b-weakly left cancellative. If F satisfies (*),
BCS,tesS, and di=(t7'B) > 0, then d(B) > 0. In particular D% is a left ideal of
BS.

Proof. Pick a > 0 such that di-(t7'B) > o and let € = d%(t7'B) — a. Pick ¢ € N
and m € D as guaranteed by (x) for 5z and t. We claim that d%=(B) > . To
this end, let r € D. Pick n € D and z € S U {1} such that n > r, n > m, and
t"'BNF,z| > (a+5)-|Fy,|. Pick k > nand z € SU{1} such that [tF,\ Fyz| < 55| Fp|
and |Fy;| < ¢+ |F,|. Now A : t 7' BN F,z — BNtF,z so |[BNtF,z| > 1 - [t7'BN FLx|.
Also (tFyx\ Frzx) C (tF, \ Frpz)x so |tF,x \ Fyza| < |(tF, \ Frp2)z| < |tF, \ Frz|. Now
BntF,x C (BN Fzx)U (tF,x \ Frzzx) so
|BNtE,xz| < |BN Fyzx| + |tF,z \ Frzz
< |BN Fyzx| + [tF, \ Frz| so

|BN Fyzz| > |BNtE,x| — [tF, \ Fiz|

> 1 [tTIBNFx|— 5 - |Fy
Z%|Fn|
> g | Pl

To see that D% is a left ideal of 35, let p € D%, let ¢ € 35, and let B € ¢-p. Then
{t € S:¢t1B € p} € g so pick t such that ¢ ' B € p. Then d¥(¢t~'B) > 0so d%(B) > 0.
U

The proof of the following theorem is nearly identical, so we omit it.

2.8 Theorem. Let S be a semigroup and let F = (F,,)nep be a net in P¢(S). Assume
that there is some b € N such that S is b-weakly left cancellative. If F satisfies (¥'),
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BCS,te S, and dr(t~'B) > 0, then dr(B) > 0. In particular D is a left ideal of
BS.

The condition (x) along with weak right and left cancellation assumptions guaran-

tees another of the implications from Figure 1.

2.9 Theorem. Let S be a semigroup and let F = (Fy,)nep be a net in P¢(S). Assume
that there is some b € N such that S is b-weakly left cancellative and b-weakly right
cancellative. If F satisfies (x) and B is a piecewise syndetic subset of S, then d’=(B) > 0.

Proof. Pick H € Pf(S) such that |J,.,; t7'B is thick. Given m € D, pick 2 € S such
that F,z C J,ep ¢ B. Since |Fy,z| > 1 -|F,| we conclude that d%(U,cy t71B) > 7.
Thus by Lemma 2.3 there is some ¢ € H such that d-(t"'B) > 0 so by Theorem 2.7
d%(B) > 0. 0

Now we turn our attention to consequences of (xx), beginning with another of the

implications in Figure 1.

2.10 Theorem. Let S be a semigroup and let F = (F,,)necp be a net in P¢(S). Assume
that there is some b € N such that S is b-weakly left cancellative. If F satisfies (xx) and
B is syndetic, then d »(B) > 0.

Proof. Pick H € Ps(S) such that S = (J,cy ¢ 'B. Pick ¢ € Nand m € D as
guaranteed by (xx) for H. Let k = |H| and let n > m. We shall show that |BN F,| >
s+ |Fy| and thus d 7(B) > 3. Let G = (,cgy @ ' Fy, so that |F,| < ¢+ |G|. Define
7:G — (BN F,) x H as follows. For s € G pick t € H such that ts € B. Since s € G,
ts € F,,. Let 7(s) = (ts,t). Since S is b-weakly left cancellative we have that for any

(r,y) € (BNF,) x H, |77 {(z,9)}]| < bso |G| <b-|BNF,||H| as required. O

2.11 Theorem. Let S be a semigroup and let F = (F,,)necp be a net in P¢(S). Assume
that there is some b € N such that S is b-weakly left cancellative and b-weakly right
cancellative. If F satisfies (xx) and d%(B) = 1, then B is thick.

Proof. Suppose that B is not thick, so that S\ B is syndetic. Pick H € P;(S) such
that S = J,cy t1(S\ B) and pick ¢ € N and m € D as guaranteed by (xx) for H. Let
k = |H|. Since d(B) > 1 — 5 pick z € SU{1} and n > m such that [B N F,z| >
(1—32-) |Fnl|. Let G = (N,epr @ ' Fy and foreacht € H,let B, = {s € G : tsz € S\B}.
Then G = U,y E: and |G| > L1 - |F,| so pick ¢t € H such that |E;| > = - |F,|. Now
tEyx C (S\ B) N Fyx so |BN Fuz| < |Fuo| — [tEwx| < |F,| — =B < (1= 555) - | Fal,

a contradiction. O
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2.12 Corollary. Let S be a semigroup and let F = (Fy,)nep be a net in Py(S). As-
sume that S is right cancellative and there is some b € N such that S is b-weakly left
cancellative. If F satisfies (), then B is thick if and only if d%(B) = 1.

Proof. Remark 2.5 and Theorem 2.11. O

If the directed set D is countable and if F satisfies some very natural conditions,
then (xx) is exactly what is required for the conclusion of Theorem 2.11. (We do not
know whether the countability assumption is required.) In this proof we will use the
fact, noted earlier, that if a subset B of S is thick, then for any H € P;(S) there is
some x € B such that Hx C B.

2.13 Theorem. Let S be a semigroup and let F = (Fp,)nep be a net in P¢(S) such

that linllj |F| = o0 and F,,, C F,, whenever m < n in D. Assume that D is countable
ne

and that whenever B C S and d’z(B) = 1, one must have that B is thick. Then F

satisfies (xx).

Proof. Enumerate D as (y,)5e,. Suppose that (xx) fails and pick H € P(S) such
that for all ¢ € N and all m € D, there is some x > m such that |F,| > ¢ |E,]|,
where B, = (\,cgy @ *F,. We inductively choose a sequence ()72, in D. Choose
x1 € D such that 1 > y; and |E,,| < |Fy,|. Given n € N and x1,x9,...,z,, choose
Tpy1 € D such that xp,41 > T, Tng1 > Yngt, [y | = (n+1) - [Ujey HE,, |, and
|Fy, 0| > (n41)-|E,, ., |. (Choose z € D satisfying the first three of these requirements,
and they apply the choice of H with ¢ =n+ 1 and m = z to choose x,,+1.)

Inductively define B,, for n € N as follows. Let By = F,, \ E,,. Having defined
By, let Buyy = Fu, ., \ (Ea,,, UUI_, HBy). Let B =", B,.

We show that dz(B) = 1. Let m € N be given and let z € D. Pick r € N such that
z =y, and let n > max{m,r}. Then z, > z and [BNF, | > |B,NF,,| > (1-2)-|F,

Therefore B is thick so pick s € B such that Hs C B. Pick the least m € N such
that HsU{s} C |J;~, By. Since J,—, By C Fj,, , we have that s € E,_, so s ¢ B,, and
thus s € By, for some k < m. Since HBy N By, = (), we have that Hs U {s} C U;n:_ll By,

a contradiction. O

n"

We see that the conclusion of Theorem 2.9 follows also from (kx). (We shall see at

the end of this section that neither of (x) nor (#x) implies the other.)

2.14 Theorem. Let S be a semigroup and let F = (F,,)nep be a net in P¢(S). Assume
that there is some b € N such that S is b-weakly left cancellative and b-weakly right

11



cancellative. If F satisfies (¥x) and B is a piecewise syndetic subset of S, then d%(B) >
0.

Proof. Pick H € Py(S) such that |J,., 7B is thick. Pick ¢ € N and m € D as
guaranteed for H by (xx). Let k = |H|. Let n > m and let G = (,cyy a ' F,. Pick
x € S such that Gx C |,y t7'B. Define 7 : G — (BN Fyx) x H as follows. Given
y € G, pick t € H such that tyxr € B. Let 7(y) = (tyx,t). Then |G| < b*-|BNF,z|-|H|
s0 [BNFox| > 57 - |Gl > g - | Fal- O
2.15 Theorem. Let S be a semigroup and let F = (F,,)nep be a net in Py(S). Assume
that there is some b € N such that S s b-weakly left cancellative. If B is a syndetic

subset of S and F satisfies (¥') or (xx), then dr(B) > 0.

Proof. If F satisfies (%), the conclusion follows immediately from Theorem 2.10 so
assume that F satisfies (+'). Pick H € Py(S) such that S = (J,cpy t7'B. Then
dr(U;eg t71B) =1 s0 by Lemma 2.3 there is some t € H such that dz(t"*B) > 0 and
thus by Theorem 2.8 d=(B) > 0. O

We close this section with a discussion of the relationships among the conditions
of Definition 2.6. Trivially (+') implies (%). In the semigroup (N, +), if for each n € N,
F, ={1,2,....n}u{2t : t € {n+1,n+2,....,n"}} and F = (F,),en, then F is
a sequence in (N, ) which satisfies (x), since (N,-) is commutative, but not (') with
€ = % and t = 2. If S is the free semigroup over the alphabet {a,b}, for each n € N,
F, ={w € S :4(w) < n?} (where {(w) is the length of w), and F = (F,),cN, then
F satisfies (x*) but not (). (To see that F satisfies (xx), let H € Py(S) be given
and let k = max{{(w) : w € H}. If n> > k+ 1, then |F,| < 2" |,y w1 F,|.
To see that F does not satisfy () let e = 1 and ¢t = a. Given ¢, if 2" > ¢, then
|Fry1] > ¢ |Fy| so if K > n is chosen to satisfy (%), then k& = n. But then for any
z € SU{1}, |aF, \ Fyz| > § - |F,|.) We shall see in Theorems 3.2 and 3.3 that there

are natural examples satifying (x") but not (sx).
3. Density determined by the FP-net

Throughout this section we shall be concerned with density defined in terms of a par-
ticular net in Py (.S) determined by a set of generators of S. In many of the semigroups

with which we deal there is a natural choice for such a set of generators.

3.1 Definition. Let S be a semigroup and let I' be a set of generators for S. Let Drp
be the set of finite sequences in I' and order Dr by agreeing that ¥ < ¢ if and only if

12



T is a subsequence of §. For Z = (z1,2,...,2,) € Dr, let Fz = FP(Z) = {[[,cp @ :
0#F C{1,2,...,n}}. Then (Fz)zep, is the FP-net determined by T

Note that the FP-net determined by I' has the property that Iz C Fy whenever

Z < gy in D and if S is infinite, then lir% |Fz = oo. Notice also that in the semigroup
ne

(N, +) with I = {1}, the FP-net determined by I is the same as ({1,2,...,n}),cn and

thus the densities determined by this net are just the ordinary ones.

3.2 Theorem. Let S be any infinite semigroup and let I be a set of generators of S.
Let F = (Fz)zep, be the FP-net determined by I'. Then F satisfies (x'), so also (*).

Proof. Let € > 0 and let t € S. Pick & = (x1,22,...,2,) € Dr such that ¢ = [["_, z;,
and let ¢ = |Fz| + 1. Let ¥ > 7 and let @ = £ 4. (That is, & is the sequence ¥
followed by the sequence ¢.) Then tFy C Fy (so [tFy \ Fg| < €-|Fz|) and Fg =
FzUFzU(Fz - Fy) = FyU (Fg- Fy). Also |Fz- Fg| < |Fz|-|Fy| so [Fg| < (1+[Fg[) - |Fyl.

O

On the other hand, even in a countable cancellative semigroup (**) need not hold.

3.3 Theorem. Let S be the free semigroup on the alphabet T' = {a,b} and let F =
(Fz)zepy be the FP-net determined by I'. Then F does not satisfy (xx ).

Proof. Let H = {a}. Suppose that we have ¢ € N and & € Dr such that whenever
> & |Fy| <c-latFgz. Let n = (¢c+ 1) |Fz| and let ¥ be the sequence consisting of
n occurrences of b followed by Z, then |Fy| > ¢+ |Fz| and a ' Fy C Fy. O

3.4 Theorem. Let S be an infinite commutative semigroup and let I' be a set of gen-
erators of S. Let F = (Fz)zep, be the FP-net determined by I'. Then F satisfies

Proof. Let H € P¢(S) and pick @ € Dr such that H C Fz. Let £ = @~ and let
¢ =1+4|Fg|. Let j > & We claim that |Fy| < ¢-|(,cy @ 'Fy|. Since S is commutative
we may presume that iy = & 2 for some 2 € Dp. Let ¥ = & 2. Then ¢y = &« ~¢ and
F5 CNuen @ "Fy. Also Fy C FzUFg- Fyso |Fyl < (1+|Fg|) - |Fsl < ¢ |Nperr @ Fyl.

O

As a consequence of Theorems 2.9, 2.10, 3.2, and 3.4 and Corollary 2.12 we know
that if S is commutative and cancellative, then all of the implications in Figure 1 are
valid for the densities determined by the FP-net.

We see now that weak cancellation assumptions guarantee that the density deter-

mined by the FP-net has several desirable properties.
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3.5 Theorem. Let S be an infinite semigroup and let I' be a set of generators of S.
Assume that there is some b € N such that S is b-weakly left cancellative and b—weak:ly
right cancellative and let F = (Fgz)zep, be the FP-net determined by I'. Then D%

a two sided ideal of 3S, Dx is a left ideal of 3S, and all of the implications in Fzgure
2 below hold, except the fact that if A is thick then d(A) = 1. That fact requires the

additional assumption that S is right cancellative.

Proof. The conclusions about D% and D follow from Theorems 2.4, 2.7, 2.8, and 3.2.
The implications in the diagram not involving density have already been established.
The implications involving density follow from Remark 2.5 and Theorems 2.9, 2.15, and
3.2. U

A*
l
Ip* pPS*

NS

central* thick

/l/\

syndetic central

and \

dr >0 piecewise
syndetic

dF>0 A
Figure 2
We have not indicated the trivial fact that if d%(A) = 1, then d’%=(A) > 0. We do
not know whether the fact that d’(A) = 1 implies that A has any or all of the properties

of being central, piecewise syndetic, an IP-set, or a A-set.
4. Fglner nets and density in uncountable semigroups

Recall that Fglner sequences provide quite satisfactory notions of density. We will
primarily be interested in this section in uncountable semigroups where we know Fglner
sequences do not exist.

The following is the obvious extension of the notion of a Fglner sequence. Fglner
nets have been used by various authors without being called such. (See for example [14,

p. 65].) They do not appear to have been used to define densities before.
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4.1 Definition. Let S be a semigroup and let F = (F},)nep be a net in P;(S). Then
F is a left Fglner net if and only if for each s € S, the net

<|3Fn A Fn|>
’Fn’ nebD

converges to 0. Also F is a right Fglner net if and only if for each s € S, the net

< |Frs A Fy| >
|Fn| neD

We shall be almost exclusively concerned with the left version and will write “Fglner

converges to 0.

net” rather than “left Fglner net”.

4.2 Theorem. Let S be a semigroup. There exists a Folner net in P¢(S) if and only
if S satisfies (SFC).

Proof. The necessity is trivial. For the sufficiency, let D = N x Py(S) and direct D by
agreeing that (n, H) < (n’, H') ifand only if n < n’and H C H'. Given (n, H) € D, pick
Fr.i € Py(S) such that for all s € H, |sF,, g A Fy | < - |Fy g]. Then (Fy g)n,myen
is a Fglner net in P¢(S). O

4.3 Lemma. Let S be a left cancellative semigroup and let F = (F,)nep be a Folner
net in P¢(S). Then for each s € S, the net

< |s1E, A F,| >
’Fn’ neD

Proof. Given s € Sand n € D, |s7'F, A F,| <|sF, /\ F,|. O

converges to 0.

4.4 Lemma. Let S be a left cancellative semigroup, let F' € P¢(S), and let t,x € S.
Then |[t7*AN Fz| — |[ANFa|| < [tF A F.

Proof.
t™'ANFz|=|ANtFx|
<|ANFz|+ |tFz\ Fx|
<|ANFz|+[tF \ F| and
|[ANFz| <|ANtFx|+ |Fx \ tFz|
<|ANtFz|+ |F\tF|
= [t7*AN Fx| + |F\tF|. O
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We see that density induced by Fglner nets behaves as nicely as that induced by

Fglner sequences.

4.5 Theorem. Let S be an infinite left cancellative semigroup and let F = (Fy,)nep be
a Folner net in Ps(S). Then for all AC S and all s € S,

(a) dr(A) =d r(sA) =d (s~ A),
(b) dr(A) =dr(sA) =dr(s~1A), and
(¢) di(A) = di(sA) = di(s™"A).

Proof. That the densities of A and s~'A are equal follows from Lemma 4.4. Then use
the fact that A = s71(sA4). O

The next two theorems are well known in the context of countable semigroups when

applied to Fglner sequences.

4.6 Theorem. Let S be an infinite left cancellative semigroup, let F = (Fy)nep be a
Folner net in Ps(S), and let A C S. There is a countably additive reqular measure p
on the set B of Borel subsets of 3S such that

(1) u(A) = di(4),

(2) for all BC S, u(B) < d%(B),

(3) for all Be B and allt € S, u(t™1B) = u(B) = u(tB), and

(4) W(BS) <1 and if b € N and S is b-weakly right cancellative, then p(B8S) > .

Proof. Let o = d%-(A). Let E = D x N and direct E by agreeing that (m, k) < (m/, k')
if and only if m <m’ and k < k. For (m, k) € E pick n(m,k) € D and x,,, € SU{1}
such that n(m, k) > m and |AN Fyn0@mi| > (@ = 1) - | Fumm |-

Let € denote the Banach space of continuous complex-valued functions defined
on (S with the uniform norm. For each (m,k) € E we define T, : € — C by
T k(f) = IFan o Ztan(m o f(txm,k). We observe that, for each A C S, Ty, x(X5) =
m | AN Fym k)Tmk|. For each f € C,let Cf = {z € C: [z] < ||f|[}. Let
T: € — C be a limit point of the net (I, x)(m k)er in the compact space [, Cr.

It is easy to establish each of the following statements:
(i) T is a continuous linear functional on €;
T(Xzx) = d*(A);
T(Xg) < d*(B) for every B C S.
T(X,_15) = T(Xg) for every B C S and every s € S.

)
ii)
(iii)
iv)
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By the Riesz Representation Theorem, 7' corresponds to a regular Borel measure
poon BS. By (iv), p is left invariant on the algebra of functions in € which take only
a finite number of values. It follows from the Stone-Weierstrass Theorem that p is left

invariant. O

By an identical proof, choosing in each case x,, ; = 1, one has also the following

theorem.

4.7 Theorem. Let S be an infinite left cancellative semigroup, let F = (Fy)nep be a
Folner net in P¢(S), and let A C S. There is a countably additive measure p on the
set B of Borel subsets of BS such that

(1) p(A) = dr(A),

(2) for all BC S, n(B) < dg(B),

(3) forall B€ B and allt € S, u(t~'B) = u(B) = u(tB), and

(4) n(BS) = 1.

4.8 Corollary. Let S be an infinite left cancellative semigroup and let F = (Fp,)nepD
be a Folner net in Py(S). Let A C S and let H € Ps(S).

(a) If for alla #bin H, dr(a P ANb™1A) =0, then dr(U,cy a™*A) = [H| - dr(A).
(b) If for alla # b in H, dr(aANbA) =0, then dr(U,c gy ad) = |H| - dr(A).

(¢) If for alla #bin H, di(a P ANb1A) =0, then d(U,cy a tA) = |H| - & (A).
(d) If for all a # b in H, dz(aANbA) =0, then dx(U,cy ad) = |H| - d%(A).

Proof. We do part (a) only. Pick p as guaranteed by Theorem 4.7 for A. Then for

a#bin H, p(a*ANb=1A)=0s0 pu(U,ey ¢ H) =3 ey n(atA) so
H-dr(A) = Yooy drlatA)
> Ej:(UaEH a_lA)
Z IU’( UaEH a’_lA)

= [H| - dr(A). O
We observe that if S is cancellative, F is a Fglner net in P¢(S), and A C S, one
can obtain a Fglner net with respect to which A has actual density equal to d’%(A).

4.9 Theorem. Let S be an infinite cancellative semigroup, let F = (Fp)nep be a
Folner net in Ps(S), and let A C S. There is a Folner net G in Ps(S) such that
dg(A) = dg(A) = d(A) and for all BC S, dg(B) < d(B).
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Proof. Let o = d’-(A). Let E = D x N and direct E by agreeing that (m, k) < (m/, k')
if and only if m <m’ and k < k’. For (m, k) € E pick n(m, k) € D and x,,, € SU{1}
such that n(m, k) > m and [A N Fy k) Tmk| > (@ — %) | Fy(m,ky|- For (m,k) € E let
Gk = Fomk)Tmk and let G = (G k) (m,k)ep- It is routine to verify the conclusions.

O

4.10 Remark. If S is a right cancellative semigroup, F = (Fp,)nep is a Folner net
in P¢(S), and for each n € D, x,, € SU{1}, then (Fpxn)nep s also a Folner net in
P¢(S). In particular, if there exists a Folner net in Py(S) and A is a thick subset of S,
then there is a Folner net G in Py(S) such that dg(A) = dg(A) = 1.

We see now that Fglner nets must satisfy the properties of Section 2.

4.11 Theorem. Let F = (F,)nep be a Folner net in a semigroup S. Then F satisfies
(xx) and ('), and therefore (x).
Proof. Tt is trivial that F satisfies (*'). Notice that, given any FF C S and any a € S,
we have that A, : ¢ 'F N FX8F N aF so
|F| =|FNnaF|+|F\ aF|

<l|a'FNF|+|F\aF|

= |F|—|F\a ' F| + |F \ aF|
and consequently |F'\ a 1F| < |F\ aF]|.

Now let H € P¢(S) be given. We shall show that there exists m € D such that for

all n >m, |F,| <2 |Nyey @ 'Ful. Let k= [H| and for a € H pick t, € D such that

for all n > tq, |[Fy, \ a™'F,| < 5= - |F,|. Pick m € D such that for all a € H, t, <m
and let n > m. Then

|Fol = 1Fn NV Noen @ Fal + [Fu\ Noeyr ¢ Fal
= FNNaer @ Fal + | Usen (Fa \ a7 F)|
< |E N Nen a ' Fp| + >acnm [Fn\ a” ' Fy|
<|En O Npem @ 2Eu| + 5 - Bl
S0 1+ |Fo| < |F M Nperr @ " Ful < | Naerr @ Fn| as required. 0

As a consequence we see that any cancellative semigroup satisfying (SFC) has

notions of density preserving all of the relationships of Figure 1.

4.12 Corollary. Let F be a Fglner net in a semigroup S and assume that S is right
cancellative and there is some b € N such that S is b-weakly left cancellative. Then with

dr replacing d, all of the implications of Figure 1 are valid.
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Proof. Remark 2.5 and Theorems 2.10, 2.11, 2.14, and 4.11. U

It is interesting to note that no cancellation assumptions are needed in the following

lemma.

4.13 Lemma. Let S be a semigroup and let F = (F,)nep be a net in Py(S). Let

s,teS. If

|sFy A Fy| tFy A By

_ and ( ——— converge to 0,
|Fn| neD |Fn| neD

tsk,, A\ F,,
then <|S—|

converges to 0.
|Fn| >n€D

Proof. We have that tsF,, AtF, C t(sF, A F,) so |tsF, AtF,| < |sF, A F,|. Also
tsF, A F, C (tsF, AtF,) U (tF, A F). 0

We see in particular that FP-nets on commutative and cancellative semigroups

induce these nice density notions.

4.14 Theorem. Let S be an infinite commutative and cancellative semigroup and let
[ be a set of generators of S. Let F = (Fz)zcpy be the FP-net determined by I'. Then
F is a Folner net.

Fz A Fz
Proof. By Lemma 4.13, it suffices to let s € I' and prove that <u>
TEDr

|Fz|
converges to 0. And, as we have already observed, for any K € Py(S5), [sK \ K| <

|K \ sK]|, so it suffices to show that <%‘9‘|

n € N and let i be the sequence consisting of n occurrences of s. Let & > ¥ be given.

> converges to 0. To this end let
ZE€Dr

We shall show that |Fiz\ sFz| < n+r1 -|Fz|4+ 1. Since S is commutative, we may presume
that we have some Z' € Dr such that ¥ = 2. Let k be the length of Z.

Let E = Fz\ U[_, s'"Fz. We claim that Fz \ sFz C E U {s}. So assume that
a € g\ sFgz. Pick nonempty H C {1,2,...,k} such that a = [[,.; ;. If H C {1, 2,
...,n}, then a € {s,s%,...,s"}. Since {s?,s3,...,5"} C sFz, we have then that a = s.
So assume that H\{1,2,...,n} #0. f HN{1,2,...,n} # 0 pick j € HN{1,2,...,n}.
Then a = s [[;cp\jy 21 € sFz. So we have H N{1,2,...,n} = () and thus a € F}.
Since |J;_, s'Fz C sFz we have that a € E.

We have established that |Fz \ sFz| < |E|+ 1. Notice that if 0 < ¢t < j < n, then
s'ENs’E = (). (We are not assuming that S has an identity. By s"E we mean simply E.)
Since Jj_y s’ E C Fz, we have that (n+1)-|E| < |Fg|. Thus |Fz\ sFz| < 5 - |Fg| +1,
as required. 0J
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Recall from the introduction the statement of the Strong Falner Condition:
(SFC) (VH € Pf(S)) (Ve > O) (EIK € Pf(S)) (Vs € H) (]K AsK|<e- ]K\)
This suggests a natural definition of density in any semigroup satisfying (SFC):

4.15 Definition. If S satisifies (SFC) and A C S, then
dpg(A) = sup {a : (VH € P(S)) (Ve > 0) (3K € Pr(S)) (|A NK| > «a-|K| and
(Vs € H)(|K A sK| < e |K|))} .

4.16 Theorem. Let S be a semigroup which satsifies (SFC) and let A C S. Then
dps(A) = sup{dz(A) : F is a Folner net in Ps(S)} and there is a Folner net F such
that dpy(A) = dr(A). If S is countable, then dpy(A) = sup{dr(A) : F is a Folner
sequence in Py(S)} and there is a Folner sequence F such that dps(A) = dz(A).

Proof. Let v = dpy(A). Let D = P;(S) x N and for (H,n) and (K,m) in D, agree
that (H,n) < (K,m) if and only if H C K and n < m. For d = (H,n) € D, pick
Kq € Ps(S) such that [ANKg4| > (v — L) - |[Kq4| and (Vs € H)(|Kq A sKa| < 1 -|Kq).
Then K = (Kg)aep is a Fglner net in S and v < di(A). To complete the proof of
the first assertion, it suffices to show that sup{dz(A) : F is a Fglner net in S} <+, so
suppose instead that we have a with v < o < sup{ds(A) : F is a Fglner net in S}. Pick
F € Ps(S) and € > 0 such that (VK € Ps(S)) (JANK| > a-|K| = (3s € F)(|[KAsK| >
e-|K])). Pick a Folner net F = (F,),ep in Py(S) such that dr(A) > a. Since F is
a Fglner net, pick b € D such that for all @ > b and all s € F, |F, A sF,| < € |Fy|.
Since dr(A) > a pick a > b such that |[AN F,| > a - |F,|. Then pick s € F such that
|Fy A sF,| > €-|F,|. This contradiction completes the proof.

oo

o_; enumerate S. Since each Fglner

Now assume that S is countable and let (s,,)

sequence is a Fglner net, it suffices to show that there is a Fglner sequence K = (K,,)22 ;
such that dxc(A4) > 7. For each n € N pick K,, € Py(S) such that [ANK,| > (y—21):|K,|
and for all t € {1,2,...,n}, | K, A st K| < %-[Kn|. O

In [3] Bergelson established that multiplicatively large subsets of N have substantial
additive and multiplicative structure. He defined a multiplicatively large set A as one
for which there is some Fglner sequence F in (N,-) such that dz(A) > 0. By virtue of
the above theorem we see that multiplicatively large subsets of N are exactly those for
which dpg4(A) > 0.

In left cancellative semigroups Fglner density is left translation invariant and left

inverse translation invariant.
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4.17 Theorem. If S satisfies (SFC) and is left cancellative, then for all A C S and all
a €S, dpy(A) = dpy(ad) = dps(atA).

Proof. Pick by Theorem 4.16 Fglner nets F, G, and H such that dpy(A4) = dr(A),
dpg(ad) = dg(aA), and dps(a=tA) = dy(a=tA). By Theorem 4.5, dr(A) = dr(aA) =
dr(a=tA), dg(A) = dg(aA) = dg(a™'A), and dy(A) = dy(aA) = dy(a"tA). Thus,

invoking Theorem 4.16 again we have
dro(A) = dr(ad) < dpg(ad) = dg(a™" A) < dpg(a™' A) = dy(A) < dpy(A).

We see that in an infinite left cancellative semigroup S with minimal right cancel-
lation assumptions, Fglner density understands that sets with lower cardinality than S
are small. Notice that they hypotheses of the following theorem hold if S is not equal
to the union of A sets of the form {s € S : b = sc} with b,c € S, and in particular if S

is weakly right cancellative.

4.18 Theorem. Let S be an infinite left cancellative semigroup of cardinality k which
satisfies (SFC). Let A be an infinite subset of S with |A| = X < k. Assume that for all
m € N there exists H C S with |H| = m such that sANtA = () whenever s and t are
distinct members of H. Then dps(A) = 0.

Proof. Suppose that dp4(A4) > 0 and pick m € N such that dp,(4) > 2. Pick H C S
with |[H| = m such that sANtA = () whenever s and ¢ are distinct members of H and let
e = L. Pick K € Ps(S) such that |[ANK| > 2.|K|and forall s € H, |[KAsK| < e|K|.

Given s € H,
IANK| <|ANsK|+ |K \ sK|

< |AﬂsK|+# | K|
so that [ANsK| > [ANK| -+ - |K|. Now .y (sSANK) C K so
K] > [Uyeq (sANK)|
= ZSGH |SA n K|
> Sen (AN K|~ & - |K])
=m-|ANK|—|K|
so 2. |K| >|AN K|, a contradiction. O
We conclude this section by showing that there are plentiful examples of uncount-
able, noncommutative, and cancellative semigroups satisfying (SFC). By Corollary 4.12

and Theorems 4.16, 4.17, and 4.18, dpy is a very satisfactory notion of density for such

semigroups.
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4.19 Definition. Let U and T be semigroups, let End(U) be the group of endomor-
phisms of U and let o : T — End(U) be a homomorphism. The semidirect product
of U by T with respect to o, denoted by U x, T, is the set U x T with operation

(a,b)(c,d) = (a-o(b)(c),bd).

See [8] for a considerable amount of information about semidirect products. It is
routine to verify that semidirect products are semigroups and that, if U and T are right
cancellative, then U x, T is right cancellative. Further, if U and T are left cancellative

and o(b) is injective for each b € T, then U x, T is left cancellative.

4.20 Theorem (Klawe). Let U and T be semigroups, let Aut(U) be the group of
automorphisms of U and let o : T — Aut(U) be a homomorphism. If U and T both
satisfy (SFC), then so does U x, T.

Proof. [17, Proposition 4.6]. 0

Now consider the semigroups (R,+) and (R%,.). Define 0 : RT — Aut(R) as
follows. Given b € Rt and ¢ € R, o(b)(c) = b-c. The operation in R x, RT is then
given by (a,b)(c,d) = (a + bc,bd). Since (R,+) and (RT,-) are both commutative,
they satisfy (SFC) and thus by Theorem 4.20, so does R x, RT. Thus R x, R" is an
uncountable, noncommutative, and cancellative semigroup satisfying (SFC).

The semidirect product is a one-sided notion. We shall see in Theorem 4.22 that
a stronger version of the left-right switch of Theorem 4.20 holds. For this we need to

state the left-right switch of (SFC):
(RSFC) (VH € Ps(9)) (Ve > 0) (3K € Ps(9)) (Vs € H) (K \ Ks| < e- |K]).

4.21 Lemma. LetU andT be semigroups and let o : T — End(U) be a homomorphism.
Let (c,d) €e U x, T, let F € P¢(U), and let G € P¢(T). Then

(FxG)\ (FxG)-(c,d) C (Fx(G\Gd) U{(z,bd):be G and z € F\ F-o(b)(c)}.

Proof. Let (z,y) € (F x G)\ (F x G) - (¢,d). If y ¢ Gd, then we are done, so assume
we have b € G such that y = bd. We claim that = ¢ F - o(b)(c) so suppose instead we
have some a € F' such that z = a-o(b)(c). Then (z,y) = (a,b) - (¢,d), a contradiction.[]

4.22 Theorem. Let U and T be semigroups and let o : T — End(U) be a homomor-
phism. If U and T both satisfy (RSFC), then so does U x, T.

Proof. By the left-right switch of Theorem 4.2 pick right Fglner nets (F,)nep in Pf(U)
and (Gr,)mer in Pr(T). To see that U x, T satisfies (RSFC), let H € Pf(U x,T) and
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€ > 0 be given. Pick m € E such that |G,,\Gy,-d| < §-|Gy,|. Forb € G, and (c,d) € H,
pick tp,..a € D such that for all n € D, if n > 1y 4, then |F,, \ F,, - o(b)(c)| < 5 - |Fal.
Pick n € D such that n > t; . 4 for each b € G,,, and each (¢, d) € H.

We claim that F,, x G,, is as required for (RSFC). So let (¢,d) € H be given. By
Lemma 4.21 it suffices to observe that |F, x (G, \ Gy - d)| < 5 - |Fy| - |G| by the
choice of m and that [{(z,bd) : b € G, and x € F,, \ Fy, - o(b)(c)}| < § - |Fu| - |Gm| by
the choice of n. O

5. Applications

We begin by recording in Theorem 5.3 an extension of a result about density in N. In
[2] Bergelson showed that whenever N is partitioned into finitely many cells, one cell C
satisfies d({n € C : d(C' N (—n+ C)) > 0}) > 0. This was a generalization of Schur’s
Theorem (which says that whenever N is partitioned into finitely many cells one of them
contains n, m, and n + m for some n and m). This result says that there are many
n € C with the property that for many m, both m and n + m are in C'. We shall show
that a corresponding statement is valid in any left cancellative semigroup which has a
Fglner net.

5.1 Lemma. Let S be an infinite left cancellative semigroup and let F = (Fp,)nep be
a Folner net in Ps(S). Let (2,)%, be a sequence in S and let B C S. If dx(B) > 0,
then there exist k < m in N such that dr(B N ([T}, ) 'B) > 0.

Proof. For each m € N, let s,,, = [[", 2. Pick n € N such that dz(B) > 1. We claim
that there exist k < m € N such that dz(spB N s, B) > 0. By Theorem 4.5, for each
t€{1,2,...,n}, dr(s;:B) = dx(B). If some k < m in {1,2,...,n} have s, = s,,, then
our claim is satisfied, so we may assume that s; # s, whenever k < m in {1,2,...,n}.
By Corollary 4.8(b), if each dz(siB N sy B) = 0, then dx(J;_, s:B) > n-dx(B) > 1,
so there exist k < m € N such that dz(sxB N s, B) > 0 as claimed.

Now by Theorem 4.5 again, E}-((sm)_l(skB N smB)) = dr(s1B N s, B). Since
(5m) ' (skBNsyuB) = BN ([[,~),1 ) ' B, we are done. O

The proof of the following lemma is nearly identical, so we omit it.

5.2 Lemma. Let S be an infinite left cancellative semigroup and let F = (Fy,)nep be
a Folner net in Ps(S). Let (x,)52, be a sequence in S and let B C S. If d%(B) > 0,
then there exist k < m in N such that d%(B N ([];~,., )" B) > 0.
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The following theorem extends Bergelson’s result cited above to uncountable semi-

groups, using essentially the original proof.

5.3 Theorem. Let S be an infinite left cancellative semigroup and let F = (F,)nep be
a Folner net in P¢(S). If r € N and S = |J,_, C;, then there exists i € {1,2,...,r}
such that E]:({S e, E]:(CZ N 8_107;) > 0}) > 0.

Proof. We may assume that we have k € {1,2,...,7} such that for each ¢ € {1,2,...,
kY, dr(C;) > 0 and for each i € {k+ 1,k +2,...,r}, if any, d=(C;) = 0. For each
i € {1,2,...,k}, let R; = {s € C; : dr(C; N s71C;) > 0} and suppose that for each
i € {1,2,...,k}, dr(R;) = 0. Then by Lemma 2.3 3]:(Uf:1 Ri UU;—p11 Ci) = 0 s0
Dy C Ule(C’Z- \ R;). By Theorem 4.11 F satisfies (x’) so by Theorem 2.8, Dx is a
left ideal of S so by [9, Corollary 2.10] pick an idempotent p € Dx. Pick i € {1,2,
..., k} such that C; \ R; € p and pick by [16, Theorem 5.8] a sequence (x,)>° ; such

n=1
that FP((x,)%%,) € C; \ R;. Pick by Lemma 5.1 £ < m in N such that dz(C; N
(ITi%yy1 ¢)~'Cs) > 0. Then [}, ., z: € R, a contradiction. O

We remark that hypotheses that guarantee that Dz or D% are left ideals of 35
(or even subsemigroups) guarantee that if S = J._; C; there will exist ¢ € {1,2,...,r}
and the ability to chose a sequence (x,,)2° ; with FP((z,)52 ;) C C;, and having a set
of positive density (dz or di) from which to make the choice of each x,,. For a precise
description of this phenomenon, see [16, p. 292].

We shall have need of the following deep result of Furstenberg. Recall that a
measure space is a triple (X, B, u), where X is a set, B is a o-algebra of subsets of X,
and p is a countably additive measure on B such that 0 < pu(X) < oo. Recall also
that T : X — X is measure preserving provided that for each B € B, T~![B] € B and

u(T~1[B]) = u(B).
5.4 Theorem. Let (X,B,u) be a measure space, let k € N, let Ty, To, ..., T be

commuting measure preserving transformations of (X, B, u), and let B € B such that
w(B) > 0. Then there exists d € N such that

w((@)~41B] N (T2)[B) .0 (L) ~[B]) > 0,
Proof. [13, Theorem 7.15]. g

5.5 Theorem. Let b € N and let S be an infinite left cancellative and b-weakly right
cancellative semigroup. Let F = (Fy,)nep be a Folner net in P¢(S), let s € S, and
let A C S such that d%(A) > 0. Then for each k € N there is some d € N such that
di({b e S: {s%,s*,...,s"b} C A}) > 0.
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Proof. Let B be the set of Borel subsets of 3S. Pick by Theorem 4.6 a countably
additive measure on B such that
(1) u(A) =dx(4),
(2) for all BC S, u(B) < d%(B),
(3) for all B € Band allt € S, u(t"1B) = pu(B), and
(4)  <u(pBS) <1
Let k € N be given. For t € {1,2,...,k}, let T} = As. Since each A4 is continuous
one has that (T;)"![B] € B whenever B € B and thus T1,T5,...,T) are commuting

measure preserving transformations of the measure space (35,8, ). Since pu(A) =
d(A) > 0, pick by Theorem 5.4 some d € N such that

(1) AN (o) [A]N...n (Tx) " Y[A]) > 0.

Now (T1) " A]N(Ty)~[A]N...N0 (Tx) 4 A] = (s9)"1AN (s24)"LAN...N(skd)-1A
so by (2) d5((sT)™tAN(s*)~tANn...n(s*)7LA) > 0. O

The same proof, using Theorem 4.7 instead of Theorem 4.6 yields the following
theorem. (We no longer need the b-weakly right cancellative assumption which was

only used to guarantee that p(3S) > 0.)

5.6 Theorem. Let S be an infinite left cancellative semigroup. Let F = (Fy,)nep be
a Folner net in P;(S), let s € S, and let A C S such that dg(A) > 0. Then for each
k € N there is some d € N such that dr({b € S : {s%b, s?,...,s"b} C A}) > 0.

We obtain as a consequence of Theorem 5.5 a new result about piecewise syndetic

sets in left amenable semigroups.

5.7 Theorem. Let S be an infinite left amenable left cancellative semigroup and assume
that there is some b € N such that S is b-weakly right cancellative. Let A be a piecewise
syndetic subset of S and let s € S. For each k € N there exist b € S and d € N such
that {b, sb?, 5%, ..., s} C A.

Proof. Pick a Fglner net F in P;(S). By Theorems 2.4, 2.7, and 4.11, D% is a
two sided ideal of 3S so K(3S) C D%. Since AN K(BS) # ) we have that A N
D% # () and so d’-(A) > 0. Pick by Theorem 5.5 some d € N such that d%({b € S :
{s%b, s2b,...,s*HDdp}l C A}) > 0 and pick b’ € S such that {s?/, s2%W/, ..., s(k+Ddp'}
C A. Let b= s . O

Geometric progressions are commonly written in the form bs?,bs??, ... bs*? and

one naturally wonders whether any or all of Theorems 5.5, 5.6, or 5.7 hold in that form.
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We see now that they do not. (By Remark 4.10, if A and S are as in the following
theorem, there is a Fglner net G in Py (S) with respect to which dg(A) = 1.)

5.8 Theorem. There exist a countable cancellative semigroup S with identity, a Folner
sequence F = (F,)2 in Ps(S), and a subset A of S such that A is thick (and therefore
central and piecewise syndetic) and there is some s € S such that {bs™ : n € N and
be S}NA=0.

Proof. Let S = w x N with the operation defined by (a,b) - (¢,d) = (¢ + ad, bd).
(This is the left-right switch of the semidirect product of the semigroup (w, +) with the
semigroup (N, ) determined by o where o(d)(a) = da.)

Let (G,,)%; be any Fglner sequence in (N,-). Given n € N, let k(n) = n? - maxG,,
and let F,, = {0,1,...,k(n)} x G,. Then (F,), is a Fglner sequence in S. (Given
(a,b) € Sand € > 0, if n > a, |G, \ bG,| < £, and L < £, then one sees as in the proof
of Theorem 4.22 that |F}, \ (a,b) - F,| < €-|Fy|.)

Let A= (2-w) x N. Then trivially dz(A) = dr(A) = 1. Also S-(2,2) C Aso A is
thick. Let s = (1,2). Then for each n € N, s = (2" — 1,2") and so for any (a,b) € S,
(a,b) - s™ = (2" — 1+ 2"a,2™b) ¢ A. g

It was proved in [5, Lemma 2.3] that if A is a piecewise syndetic subset of an
arbitrary semigroup S and H is a partition regular family of finite subsets of S, then
there must exist t,z € S and H € 'H such that tHx C A. It was also shown by example
that both translates may be needed. (Although, of course, if S is left amenable and
left cancellative, then by Theorem 5.7 one only needs the right translate, and it may be
chosen in A.) We see now in Theorem 5.9 that in general one may require one or the
other of the translates to be in A, and in Theorem 5.10 that one cannot require both

of the translates to be in A.

5.9 Theorem. Let (S,-) be a semigroup, let H be a partition reqular family of finite
subsets of S, and let A be a piecewise syndetic subset of S. Let IC be a family of finite
sets with the property that any piecewise syndetic set contains a member of IC and let L
be a family of sets (finite or infinite) with the property that any piecewise syndetic set
contains a member of L. Then there exist K € K, L € L, H € 'H, and x,t € S such
that K C A, KHx C A, L C A, and tHL C A. Also there exist K € K, H H € 'H,
and x,t € S such that K C A, tHK C A, and KH'x C A.

Proof. Pick g € 55 such that for each B € ¢ there is some H € H such that H C B.

(Such ¢ exists because H is partition regular. See for example [16, Theorem 3.11].) Pick
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by Lemma 1.4 some p € ¢/A N K(BS). Then there exist a minimal right ideal R and
a minimal left ideal L such that p € RN L = RL and RL is a group by [16, Theorems
1.51]. Also by [16, Theorem 1.31] R = p3S and L = 3Sp so RL = p3SpSp C pBSp C
RNL = RL so pBSp is a group to which p belongs. Now pgp is a member of this group,
so there exist u,v € pB3Sp such that p = pgpu = vpgp. Let v’ = pu and v’ = vp.

Now A € pgu’ =v'gpso {s€ S:s'Acqu'} €pand {t€ S :t71Acqp} €.
Pick ¢t € S such that t71A4 € gp. Then {s € S : s7}(t71A) € p} € ¢. Pick K € K
such that K C {s € A: s7'A € qu'} and let B = (),o s~ 'A. Then B € qu’ so
{seS:s'Beu'} €q. Pick H € H such that

HC{seS:s'(t7tA)epin{secS:s'Beu}.

Pick L € £ such that L C AN(,cy s 1(t71A). Pickaz € (e s~ 'B. Then KHx C A
and tHL C A.

Now, as above, pick t € S such that t 714 € gp. Then {s € S:s1(t71A) € p} €q
so pick H € H such that H C {s € S : s7}(t71A) € p}. Pick K € K such that
KC{secA:s'Aequ}NN,ey s (t71A). Let C =[x s 'A. Then

{yeS:y 'Ceu'}eq

so pick H' € H such that H' C {y € S : y~1C € '} and pick = € Nyen y~1C. Then
KH'x CAand tHK C A. O

Notice that if S is any semigroup, s € S, and n € N, and H = {{s”}} then H is
a partition regular family of finite subsets of S, so the following result shows that one

cannot extend Theorem 5.9 by requiring in any of the conclusions that either x € A or
t e A

5.10 Theorem. Let S be the free semigroup on the set of generators {a,b}. There exist
a central subset A of S and s € S such that there do not exist u and v in A and n € N
with us"v € A.

Proof. Let A = {bwb : w € S and w has an even number of blocks of a’s}. We have
that cf(bS) is a right ideal of £S5 and c¢f(Sb) is a left ideal of 35 by [16, Theorem 4.17]
so there is a minimal idempotent p € ¢£(bS) N ¢f(Sb). Since p = pp, {bwb : w € S and
w has an odd number of blocks of a’s} ¢ p so A € p. That is A is central. Let s = a.
Given any u,v € A and any n € N, us"v ¢ A. O

We know from Theorem 3.5 that it is common for D% to be a two sided ideal of
BS. However, this fact may well be trivial. For example, if D = P¢(S) and for H € D,
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Fg = H, then F = (Fu)mep is a net in Py(S). However for B C S, d%(B) > 0 if and
only if B is infinite (in which case dz(B) = 1) and so D% = 35\ S, which is an ideal
of 45 if and only if S is both weakly left cancellative and weakly right cancellative by
[16, Theorem 4.36]. The following theorem, which has not been noted before even for

N, shows that D% can indeed be quite small.

5.11 Theorem. Let S be an infinite cancellative semigroup, let F = (Fy)nep be a
Folner net in P¢(S), and let E={p € S :p-p=p}. Then D% C cl(E-D%). In fact,
given any B C S with d%(B) > 0, {p € E: BNp-D% # 0} is dense in E. Consequently
D% = cl/(E - D¥%).

Proof. Let B C S with d%(B) > 0, let » € E, and let C' € r. We need to show
that CN{p € E: BNnp-D% # 0} # 0. Pick by [16, Theorem 5.8] a sequence
()22, with FP((z,)52,) € C. Let By = B. Pick by Lemma 5.2 k&; < my in N
such that d’-(Bo N ([T, 2¢)"'Bo) > 0. Let 1 =[]~ 2, and let By = BoNy;~ ' Bo.
Inductively, given B,,_1 and k,_1 < m,,_1 pick k, < m,, in N with k,, > m,,_1 such that
d(Bn_1 N1 . 2¢) " 1B,_1) > 0. Let y,, = H?:"kn xy and let B, = B,,_1 Ny, ' Bh_1.

Note that FP((yn)e>;) € FP((x,)02;). We claim that for each H € Ps(S), if
n = max H, then B, C ([[;cy wi) 'B. We establish this by induction on |H|. If
H = {n} we have B,, Cy, B, _1 Cy, 'B. So assume |H| > 1, let K = H \ {n} and
let v = max K. Then B, C ([T,ex 41) 'B 50 By € yn "By C yn "([Lieie 1) 'B =
(HleH yl)_lB'

Pick by [16, Lemma 5.11] some p € E such that FP((y,)>2;) € p and pick by
Lemma 2.3 and [16, Theorem 3.11] some ¢ € D% such that {B,, : n € N} C ¢q. Then as
we have shown in the paragraph above, FP((y,)>2,) C{z€ S:2"'Beq}soBep-q
as required.

For the final conclusion note that by Theorem 4.11 F satisfies (x) so by Theorem
2.7 D% is a left ideal of 35S and so E - D% C D’ and the latter set is closed. U
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