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Semigroups in which all strongly
summable ultrafilters are sparse

Neil Hindman, Juris Steprans and Dona Strauss

ABSTRACT. We show that if (S, +) is a commutative semigroup which
can be embedded in the circle group T, in particular if S = (N, +), then
all nonprincipal, strongly summable ultrafilters on S are sparse and can
be written as sums in 85 only trivially. We develop a simple condition
on a strongly summable ultrafilter which guarantees that it is sparse
and show that this holds for many ultrafilters on semigroups which are
embeddable in the direct sum of countably many copies of T.
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1. Introduction

In 1972 the first author of this paper became aware of a question of Fred
Galvin. This question was whether there exists an ultrafilter p on the set N of
positive integers such that, for any A € p, {r e N: —x+ A € p} € p. Galvin
called such an ultrafilter almost translation invariant. (One can appreciate
the terminology if one views an ultrafilter as a {0,1}-valued measure on
P(N).) Galvin wanted to know because he knew that the existence of such an
ultrafilter trivially implied the validity of what was then called the Graham-—
Rothschild conjecture. That is, if € N and N = (J;_; A;, then there exist
i€{1,2,...,7} and a sequence (x,)>> ; such that F.S((x,)52 ;) C A;, where
FS((xn)plq) = {2 tcp ot : F € Pr(N)} and given a set X, Py(X) is the set
of finite nonempty subsets of X. In [5] that author showed that, assuming
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the continuum hypothesis, the Graham—Rothschild conjecture implies the
existence of almost translation invariant ultrafilters. With the subsequent
proof [6] of the Graham—Rothschild conjecture, almost translation invariant
ultrafilters became a figment of the continuum hypothesis.

Of course Galvin wanted to know whether almost translation invariant
ultrafilters really existed. He subsequently ran into Steven Glazer who knew
of a result of Robert Ellis [3, Lemma 1] that a compact right topological
semigroup has an idempotent and who also knew that, given a discrete
semigroup (S,+), there is a natural extension of the operation on S to
its Stone-Cech compactification 3S making 85 a compact right topological
semigroup, where 85 is taken to be the set of ultrafilters on S. Further, an
idempotent p € PN is precisely an almost translation invariant ultrafilter.
We need to know very little about the operation on 45 in this paper, and
then only in the proof of Theorem 4.8. That is the fact that, given p,q €
S and A C S, A€ p+gqgifandonly if {x € S: —x+ A € ¢} € p,
where —z + A ={y € S:z+y € A}. For more background information,
the interested reader is referred to [7] for more information than she could
possibly want to know.

Consequently, there seemed to no longer be anything of interest in [5].
However, in 1985 Eric van Douwen pointed out in conversation that the
almost translation invariant ultrafilters produced there had a stronger prop-
erty. That is, they had a basis consisting of sets of the form F'S((z,)5 ;).

n=1
Definition 1.1. Let (S,+) be a commutative semigroup and let p be an

ultrafilter on S. Then p is strongly summable if and only if for every A € p
there exists (z,)72 ; such that F/S((z,)52 ;) C A and FS((z,) ;) € p.

Naturally, van Douwen wanted to know whether the existence of strongly
summable ultrafilters on N could be established in ZFC. In fact, their exis-
tence implies the existence of P-points in SN [2, Theorem 3], and so cannot
be established in ZFC. An important tool in the verification of this fact was
the notion of union ultrafilter introduced by Blass in [1].

Given a sequence (Fy,)>2; in P¢(N), we let

FU((Fo)y2y) = { U F,: H € Pf(N)} .
teH

Definition 1.2. A wunion ultrafilter is an ultrafilter & on Py(N) with the

property that for each A € U, there is a sequence (F},)2° ; of pairwise disjoint

members of P¢(N) such that FU((F,)5>,) € A and FU((F,)>2 ;) € U.

It was shown in [1] that Martin’s Axiom implies the existence of union
ultrafilters and in [2] that the existence of union ultrafilters is equivalent to
the existence of strongly summable ultrafilters on N.

An important fact about strongly summable ultrafilters on N is that, in
one sense at least, they are badly named. That is, [7, Theorem 12.42], if
p is a strongly summable ultrafilter and ¢, € N* = SN\ N are such that
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qg+1r =r-+q = p, then in fact ¢, € Z + p. So the largest subgroup of
BN with p as identity is just a copy of Z. In fact, some strongly summable
ultrafilters are even harder to write as sums.

Definition 1.3. Let (S, +) be a countable commutative semigroup and let p
be an ultrafilter on S. Then p is a sparse strongly summable ultrafilter if and
only if for every A € p, there exist a sequence (x,)5>; and a subsequence
(Yn)o2q of (xn)52 such that FS((zn)22;) € A, FS(yn)s>;) € p, and

{zp :n € N} \ {y, : n € N} is infinite.

We view the circle group T as R/Z and represent its elements by points
in (—3,3]. (So when we say ¢t € T we really mean that t +Z € T.) By Sy

we mean the set S with the discrete topology.

Theorem 1.4. Let S be a countable subsemigroup of T, let G be the subgroup
of T generated by S, and let p be a sparse strongly summable ultrafilter on
S. If q,r € BG4 and g+ r = p, then q,7 € G + p.

Proof. It is routine to show that p is a sparse strongly summable ultrafilter
on G. (To be precise, the ultrafilter on G' generated by p is a sparse strongly
summable ultrafilter on G.) So [8, Theorem 4.5] applies. O

In [9] Peter Krautzberger established that all strongly summable ultrafil-
ters on N have a property that he called special. And in a personal com-
munication he easily showed that any special strongly summable ultrafilter
on N is sparse. (And, less easily, the two notions are equivalent for strongly
summable ultrafilters on N.) Had he been aware of [8, Theorem 4.5] he could
have included the following theorem.

Theorem 1.5 (Krautzberger). Let p be a strongly summable ultrafilter on
N and let q,r € BZ such that q+ 1 =p. Then q,r € Z + q.

Proof. Since all strongly summable ultrafilters on N are sparse, Theo-
rem 1.4 applies. (I

In Section 2 of this paper we will show that there does not exist a union
ultrafilter on Py(N) such that for all A € U, N\ |J.A is finite. In fact this
is a special case of [9, Theorem 4]. However, we believe our proof is much
simpler than the proof of that theorem.

In Section 3 we will show that any strongly summable ultrafilter on a
commutative semigroup (S, +) which satisfies a strong uniqueness of finite
sums condition is sparse.

In Section 4 we will show that if S is a countable subsemigroup of T and
p is a strongly summable ultrafilter on S, then p is sparse. Consequently,
by Theorem 1.4 any strongly summable ultrafilter on S can only be written
as a sum trivially. In this section we will also show that if S is a countable
subsemigroup of @7~ ; T, p is a strongly summable ultrafilter on S, and the
set of points whose first nonzero coordinate is % is not a member of p, then
p is sparse.
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The authors would like to thank the referee for some helpful comments
and suggestions. In particular we thank him or her for the suggestion that
we might be able to prove Corollary 4.7.

2. Nonexistence of certain union ultrafilters

In [9, Theorem 4], Krautzberger showed that if ¢/ is a union ultrafilter
and L is an infinite subset of N, then there is a member A of U such that
L\ |JA is infinite. We establish in this section the (at least superficially)
weaker assertion that for any union ultrafilter U, there is a member A of U
such that N\ JA is infinite. We do this because we believe our proof is
significantly simpler than the proof of [9, Theorem 4].

Definition 2.1. Let X € P;(N).

(a) A block of X is a maximal interval contained in X.
II(X) ={I:1is a block of X}.

b)
c) p(X) = [I(X)].
d) P:Ps(N) — {0,1} is defined by P(X) = ¢(X) (mod 2).
) C
and R(X,)Y)={reX:2+1eN\Y}

It is trivial that there is no pairwise disjoint sequence (F,)>2, with P
constantly equal to 1 on FU((F,)>2 ).

Lemma 2.2. Let A, B € P¢(N) with ANB = 0. Then
©(AUB)=¢(A)+¢(B)+|{zr € A: 2 — 1€ B}|
+{z e A:z+1 € B} (mod2).
Proof. Given I € II(AU B), let
TI)={J:Jell(A) and J CI}|+ |{J:J €Il(B) and J C I}|.
Suppose we have a counterexample and choose one with
k=max{7r(I): I € II(AUB)}

as small as possible and with [{I € TI(AU B) : 7(I) = k}| as small as
possible.
Assume first that &k = 1. Then (AU B) = ¢(A) + ¢(B) and

HreA:z—1eB}={r€A:z+1€ B} =0.

Thus k > 1. Pick L € II(A U B) such that 7(L) = k and let y = max L.
Case 1. y € A. Pick J € TI(A) such that y € J and let A’ = A\ J. Then,
since J # L, it follows that L\ J # () and either

max{7([): I e U(A UB)} <k or
HI eTW(AUB):7(I) =k} < |{I eT(AUB):7(I) = k}|.
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Therefore the minimality hypothesis implies that
$(AUB) = (A UB)
=p(A)+eB)+|{zre A :x—1¢€ B}
+|{z € A" : 2 +1 € B}| (mod2)
=p(A)—14+¢B)+{zrecAd: -1 B} -1
+{xreA:z+1€ B}|.
The second case is symmetric to the first. ([
We omit the routine proof of the following lemma.
Lemma 2.3. Let (F},)}l_; be a disjoint sequence in Py(N). Then
L(Fy, F1) = L(F1,Ui_; Fr) UUp_o{z € F1 : 2 — 1 € F}},
R(F1,F1) = R(F1,Uj_y Fr) UUp_of{z € F1 : x + 1 € Fi}.
Lemma 2.4. Let G,H,X € P¢(N) and assume that 1 € G C H, X =
{1,2,...,maxG+1}\H, and, if X # 0, then {1,2,..., max X +1}\ X C G.
Then:
(1) L(G,H) ={z € N: (3] € II(X))(z — 1 = max[)}.
(2) R(G,H)={z e N: (I € II(X))(x + 1 =minI)}.
(3) |L(G, H)| = |[R(G, H)| = ¢(X).
Proof. This is routine. The fact that |R(G, H)| = ¢(X) uses the fact that
1¢ X. O

Theorem 2.5. There does not exist a pairwise disjoint sequence (Fy,)0°
in Pp(N) such that N\ o7 | F, is finite and P is constantly equal to 0 on
FU((Fn)ply)-

n=1
Proof. Suppose we have such a sequence and order it so that for all n,
min F,, < min F,,1. We first note that we can assume that 1 € F;. To
see this, let @ = min F}, assume that a > 1, and pick I € II(F}) such that
a €l Let F{ = F1U{l,2,...,a — 1} and for each n > 1, let F] = F,.
Then TU{1,2,...,a— 1} € TII(F]) and for each H € P¢(N), o(U,er Fr) =
AUners o).
Let X = N\ U>2; F,. We claim that if X # (), then we can assume
that {1,2,...,max X + 1} \ X C F;. To see this, let m = max X, let
F| = U Fy and for n > 1, let F!, = Fyyip. Then for each H € Py(N),

where K = {1,2,....m+ 1} U{m+n:n € H\{1}} if 1 € H, while
K={m+n:neH}ifl¢H.

Now |L(Fi,F1)| = ¢(F1) — 1 is odd and |R(Fy, Fi)| = ¢(F1) is even.
Let » = maxF; and let H = ’,;ille We have that 1 € F; C H,
{1,2,...,max X + 1} \ X C F, and

X={L2,....maxF} + 1} \ H
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so by Lemma 2.4, |L(Fy, H)| = |R(F1, H)| = ¢(X). Also by Lemma 2.3,
L(F,F) = LR, H U {z e F 2 — 1€ F},
R(Fy,F) = R(FL,HYUU S ez e F:a+1€ Ry}
Therefore
|L(Fy, By)| + [R(Fy, F1)|
=20(X)+ Y h({zeFiia—1e R+ {zecAa+1e R}
= ({reFiiz—1e R} +{z € Fi:a+1€ F}) (mod 2)
sothat S5 ({z € Fi:x—1€ R} +|{z € Fi:x+1€ F}}|) is odd so we
may pick k € {2,3,...,r+ 1} such that |[{z € Fy :x —1 € Fi}|+ |{z € F :
x+ 1€ Fi}| is odd.
By Lemma 2.2
(F1U Fi) =p(F1) + ¢(Fi) +
’{Z‘GFl Z%‘—lEFk}‘—}—’{Z‘GFl Zaj‘—l-lEFkH (mod2)

But this is a contradiction, because ¢(Fy U Fy), ¢(F1), and ¢(F)) are all
even. i

Theorem 2.6. Let U be a union ultrafilter. Then there exists A € U such
that N\ |J A is infinite.

Proof. Suppose that U is a union ultrafilter such that for every A € U one
has N\ | J A is finite. Pick 7 € {0,1} such that

B={FeP;N): P(F)=i} €U

Pick a disjoint sequence (Fy)>2; in P¢(N) such that FU((F,)22,) € U
and FU((F,)>2,) € B. One cannot have i = 1 since we may choose
a subsequence (Gp)>2; with maxG, < minG,; for each n. But since
FU((F,)$%,) € U, we have N\ |J2 | F, is finite, so by Theorem 2.5, we
cannot have ¢ = 0 either. 0

3. Strong uniqueness of finite sums

We show in this section that any strongly summable ultrafilter which is
generated by sums of sequences satisfying a simple condition is sparse.

Definition 3.1. A sequence (z,,)°% in a commutative semigroup (S, +)
satisfles strong uniqueness of finite sums if and only if for all F, H € Pf(S5):

(1) If Y ycp ¢ = > ey ®t, then F = H.
(2) B cp 2t + D pem 2t € FS((xn)pey), then FNH = 0.

It is a consequence of [7, Lemmas 12.20 and 12.34] that if p is a strongly
summable ultrafilter on N, then p has a filter base consisting of sets of the
form F'S((z,)52 ;) where (z,)>°  satisfies strong uniqueness of finite sums.
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Theorem 3.2. Let (S,+) be a commutative semigroup and let p be an ul-
trafilter on S. If for every A € p there is a sequence (x,)02, in S sal-
isfying strong uniqueness of finite sums such that FS({xn)22,) € A and

FS((xn)22 ) € p, then p is a sparse strongly summable ultrafilter.

Proof. Trivially p is strongly summable. Suppose that p is not sparse. Pick
A € p such that for every sequence (x,)52; in S and every subsequence
(Yn)nz1 Of (@n)nZy, if FS((zn)5Z,) € A and FS((yn)pZ1) € p, then

{zy, :n € N}\{y, :n € N}

is finite. Pick a sequence (z,,)0° | satisfying strong uniqueness of finite sums
such that F/S((z,)52 ;) € Aand FS({xy)22 ) € p. Given B € p, let F(B) =
{F € Pr(N): > ,cp o € B} and let U = {F(B) : B € p}. It is routine to
establish that U/ is an ultrafilter on Ps(N).

We claim that I/ is a union ultrafilter. To see this, let B € p. We need to
show that there is a pairwise disjoint sequence (F},)0; in Pr(N) such that
FU((F)320) C F(B) and FU(F)Z,) € U.

Now B N FS((z,)52 ;) € p so pick a sequence (y,)5°; in S such that
FS((yn)o2y) € p and FS((yn)521) € BN FS({xy)22,). For each n € N,
pick I, € Py(N) such that y, = > ;. 7. Since ()52 satisfies strong
uniqueness of finite sums, we have that F, N F},, = ) when n # m.

We now claim that FU((F,)3 ) = F(FS((yn)52,)) so that

n=1
FU((Fa)pz) € F(B) and FU({(Fpn)pZy) €U
as required. To see this, first let H € P;(N) and let K = J,,cy F»r. Then

ZteK Tt = ZnEH Ztan Tt
= ZneH Yn € FS((yn)ply)

so K € F(FS({yn)22,)). For the other inclusion, let K € F(FS((yn)52,))
and pick H € Pg(N) such that >,z ¢ = > cp Yn- Let L = U, Fn
Then Y cre Tt = D ey Doter, Tt = Y _scr, Tt- By the uniqueness of finite
sums K = L.

Since U is a union ultrafilter, by Theorem 2.6 we may pick A € U such
that N\ (J A is infinite. Pick B € p such that A = F(B). As before pick a
sequence (y,)o2; in S such that

FS({yn)nz1) € p and FS((yn)pZ1) € BN FS((zn)ply)-

n=1
Also as before, pick F;, € Pr(N) such that y, = >, o @ Let L = 2, Fa.
Then (xt)ter, is a subsequence of (x,)0° ; and FS((yn)22 1) € FS({xt)ter)
so FS({xt)er) € p. But then N\ L is finite and L = |J FU ((F,,)22,) C U A,
so N\ JA C N\ L, a contradiction. O

4. Semigroups embedded in the direct sum of circle groups

We begin this section by showing that countable semigroups that are
embeddable in the circle group do not have any nonsparse strongly summable
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ultrafilters. As a consequence, any strongly summable ultrafilter on such a
semigroup can be written as a sum only trivially.

Recall that we view the circle group as R/Z and let ¢t € (—%, %] represent
the coset t + Z.

Lemma 4.1. Let S be a subsemigroup of T and let v : Sy — T be the
continuous extension of the inclusion map. If p is an ultrafilter on S with
the property that each member of p contains F'S({xn)o ) for some sequence

()2 1, in particular if p is strongly summable, then t(p) = 0.

Proof. Suppose that 7(p) = x # 0. Then (addition in T) we have x +x # z
so pick a neighborhood U of x such that (U +U)NU = (). Pick A € p such

that [ A] C U. Pick a sequence (z,,)°2; such that F'S({zy)2 ;) C A. Then
x1 + a2 € (U+U)NU, a contradiction. O

In view of Lemma 4.1, the following theorem follows from Theorem 4.5.
However, its proof is simpler.

Theorem 4.2. Let S be a countable subsemigroup of T and let p be a non-
principal, strongly summable ultrafilter on S. Then p has a basis of sets of
the form FS((xn)22 ) for a sequence which satisfies strong uniqueness of
finite sums. Consequently, p is sparse.

Proof. In view of Theorem 3.2, it suffices to show that p has a basis of sets
of the form F'S((xy,)2 ;) for a sequence which satisfies strong uniqueness of
finite sums. Let v : 8S; — T be the continuous extension of the inclusion
map. By Lemma 4.1 we know z(p) = 0 so there is some A € p such that
T[A] C (=1, 1) Since p is nonprincipal, {0} ¢ p so either

{xreS:ze(-10lep or {zeS:2€(0,1)}€p.

Essentially without loss of generality we assume that {z € S : z € (0,
p. For j € {0,1,2}, let X; = UOO [23m}>j+37 23m<lkj+2)' Then (Oa

m=0

Xo U X1 UXjy so pick j € {0,1,2} such that X; € p.

Let B € p. We need to show that there is a sequence (x,)22; in S
such that FS((z,)02 ) € p, FS({xy)22, C B, and (x,)02 satisfies strong
uniqueness of finite sums. Since p is strongly summable, pick a sequence
(xp)pe; in S such that F'S((z,)02,) € p and FS((z,)52, € X; N B. Note
thatifW§a§b<W,thenmga+b<mand
so a+b ¢ X;. Thus there is at most one z, in each interval of the
form [zgm}rjﬁ, 23m-1m'+2)- We may thus assume that the sequence (z,,)°
is strictly decreasing and thus for each n € N, 4z,,1 < z,. As a con-
sequence we have for each n € N that z,, > SZ;Z” 41 Tt From this we
conclude easily that if F, H € P¢(N), for each n € F, a,, € {1,2}, for each
ne H, b, € {1,2}, and Y cp an®pn = Y ,cpy bnTp, then FF = H and for
each n € F, a, = b,. We then have directly that (x,)°, satisfies the
first requirement of Definition 3.1. To verify the second requirement, let

)} €
) =

1
4
1
1
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F,H,K € P;(N) and assume that Y, p 2t + > ,cp Tt = D 4cx Tt~ Then
Yoieram T+ D ernm 2%t = Y ek T, 50 F'NH = () as required. O

If S is any discrete commutative semigroup contained in a discrete group
G, then S C BG. By [7, Theorem 4.23] if p is any idempotent in £S and
x € G, then (x +p) + (—z +p) =p.

Corollary 4.3. Let S be a countable subsemigroup of T, let G be the group
generated by S, and let p be a nonprincipal, strongly summable ultrafilter on
S. Ifx,y € BSq\ S and v +y = p, then x,y € G+ p.

Proof. By Theorem 4.2 p is sparse. But then it is routine to verify that p
is also sparse when viewed as an ultrafilter on G. (Precisely,

(ACG:ANSep)
is a sparse ultrafilter on G.) So [8, Theorem 4.5] applies. O

We will use the following simple lemma. Note however, that it is possible
that h(p) = 0 even when p is nonprincipal.

Lemma 4.4. Let S and T be discrete semigroups, let h : S — T be a
homomorphism, and let h : BS — BT be its_continuous extension. If p

is a strongly summable ultrafilter on S, then h(p) is a strongly summable
ultrafilter on T'.

Proof. Let A € h(p). Then m1[A] € p so pick a sequence (Tp)2, in S
such that FS({z,)% ) € p and FS({x,,)2> ) C h~![A]. Since h is a homo-
morphism, we have h[F'S((zn)521)] = FS((h(xn))5Z1) so FS((h(zn))nZ,) €

R(p) and FS((h(xa))32,) € A. 0

The proof of the following theorem is adapted from the proof of [8, Lemma
3.3]. Given z € (@,2,T) \ {0} we let supp(z) = {i € N : m;(z) # 0} and
min(z) = min supp(x).

Theorem 4.5. Let S be a countable subsemigroup of @, T and let p be
a nonprincipal, strongly summable ultrafilter on S. If

{33 €S: 7I-min(z)(x) 75 %} €p,
then there exists X € p such that any sequence (x,)5% 1 with F\S((x,)52 ;) C

n=1
X has the property that if F,H € P¢(N), a, € {1,2} for each n € F,
bn € {1,2} for eachn € H, and Y cpanTn = Y, cq bnTn, then F = H
and a, = by, for eachn € F. In particular each such (x,)7 | satisfies strong
uniqueness of finite sums. Consequently, p has a basis of sets of the form
FS((xn)02) for which (x,)0° satisfies strong uniqueness of finite sums

and p is sparse.

Proof. Again by virtue of Theorem 3.2, to see that p is sparse, it suffices
to show that p has a basis of sets of the form FS({z,)>° ) for a sequence
which satisfies strong uniqueness of finite sums. And trivially any sequence
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()22, satisfies strong uniqueness of finite sums if it has the property that
whenever F, H € Pf(N), a, € {1,2} for each n € F, b, € {1,2} for each
n € H,and ) cpanty = >, cpbnTn, one has F = H and a, = b, for
each n € F. So it suffices to produce a set X € p as in the statement of
the theorem. Essentially without loss of generality, we may assume that
{2€5:0< Tyinm () <5} €p.

For j € {0,1,2}, let X; = U5_, [ssmt77z, gmi5r) and pick j € {0,1,2}
such that X = {z € S : Tyin(z)(z) € X;} € p. Let (z,);2; be a sequence
in S such that FS({(x,)s2,) € X. For each i € N, let M; = {n € N :
min(x,) = i}.

We first note that if n,t € M; and n # t, then min(x,, + ;) = i because
0 < mi(zy) < % and 0 < m(zy) < % so mi(xy + 2¢) # 0. Assume that
mi(zn) < mi(x¢). We cannot have some m such that W < mi(xy) <
mi(xy) < W and thus 4m;(x,) < m(x;). Consequently, if F' € Pr(M;),
then min(}_ . p2n) = 0.

We now claim that if y € S and y = > - a,x, where for each n € F,
an € {1,2}, then for each n € F, min(x,,) > min(y). Suppose instead that
i = min{min(z,) : n € F} <min(y). Let H = {n € FNM, : a,, = 2}. Since
for n € F\ M;, min(x,) > i we have

0 =m(y)
= ZneFmMi anmi(Tn)
= ZneFmMi mi(Tn) + ZnEH i (Tn)
= ﬂ-i(ZnEFﬂMi Tn) + Ti(D o pem Tn)-

But this is impossible since both m;(3,,c pras, Tn) and m(3 0,y Tn) are in
1

To complete the proof, suppose that (x,)>°; does not have the property

in the statement of the theorem and pick a counterexample with |F'| as small

as possible. Let y = pan2n =Y, cp bn®y and let i = min(y). Then

mi(y) = ZnEF anmi(Tn) = EnanMi anTi(Tn)

since m;(xy,) = 0 for i € F\M;. Alsom;(y) = >, c g, bnTi(2n). Essentially
as in the proof of Theorem 4.2 we conclude that FNM; = HNM; and a,, = b,
for n € F N M,;. And, of course, F'N M; # (0 since m;(y) # 0. If F' = F\ M;
and H' = H\ M;, we have that > anZn = Y, c g bnpn. Since |[F'| < |F|
we have that I/ = H' and a,, = b,, for all n € F’. O

Corollary 4.6. Let (S,+) be a countable, commutative, and cancellative
semigroup, and let q¢ be a nonprincipal, strongly summable ultrafilter on S.
If q is not sparse, then {x € S : (In € N)(o(z) = 2")} € q.

Proof. We may assume that there is a sequence of groups (G)22 such
that the group S — S C T = @, G, where each G,, is a subgroup of
T which is either isomorphic to @ or to Z[p™] for some prime p. (See for



STRONGLY SUMMABLE ULTRAFILTERS ARE SPARSE 845

example [10, Assertions 4.1.5 and 4.1.6].) Let M = {n € N: G,, # Z[2*]}
and let Ty = @,,cp; Gn- (If M = () then all elements of S are of order 2" for
some n.) Let m: T — T} be the natural surjection and let 7 : 5Ty — B(Tp)a
be its continuous extension.

Let qo = 7(¢q). By Lemma 4.4. gqp is strongly summable. No coordi-
nate of any member of Tj is % so by Theorem 4.5, if gg is nonprincipal,
then it is sparse. We shall show that this leads to a contradiction, and
consequently go must be principal, and thus ¢o = 0. So suppose that gg
is sparse and let X € g9 be as guaranteed by Theorem 4.5. We claim
that ¢ is sparse. To see this let A € ¢q. Then 7[A] € ¢p. Pick a se-
quence (z,)%° ; such that F'S({(x,,)22 ) € ¢ and FS({x,,)>> ;) C An7m~1[X].
Then FS((m(x,))52 ;) € X, and FS((m(xzn))e2,) € qo. Pick a sequence
(an)2%, and a subsequence (b,); of (a,)s%; such that F'S({(a,)52,) C
FS({(m(xn))02 ), FS((bn)o21) € qo, and {ay, : n € N} \ {b,, : n € N} is infi-
nite. For each n € N pick H,, € P¢(N) such that a, = ;. (7). Since
(m(zp))02 , satisfies strong uniqueness of finite sums, H, N Hy = 0 when
n # k. In particular (a,);2; is injective. Thus if b, = ay(,) for n € N, we
have N\ {k(n) : n € N} is infinite. Foreachn € N, let ¢, = >,y @, and let
dn = Ci(n)- Since m(c,) = an we have that (c,);2; is injective and therefore

{¢n, : m € N} \ {d,, : n € N} is infinite. Now F'S((c,)52 ;) C FS((zn)p2;) C
A. Also m[FS((dn)221)] = FS((bp)52 1) € qo so FS((dn)22) € q. thus q is
sparse as claimed.

Thus go = 0 so 77 1[{0}] € ¢. And 7~ ![{0}] NS € ¢ and
{0y nS C{o}u{zeS: (InecN)(ofz)=2"}
and so {x € S: (In € N)(o(x) =2")} € q. O

Corollary 4.7. Let G be a countable abelian group with only finitely many
elements of order 2 and let p be a nonprincipal strongly summable ultrafilter
on G. Then p is sparse.

Proof. Suppose p is not sparse. Let H be the subgroup of G consisting of all
elements whose order is a power of 2. By Corollary 4.6, H € p. Pick k € N
such that if o(x) = 2, min(z) < k. Note that if z € H\{0}, then min(z) < k.
Indeed for such z, {z" : n € N} is a subgroup of H which has a member y
of order 2. Then k > min(y) > min(z). Thus we may pick ¢ € {1,2,...,k}
such that {x € H : min(z) = i} € p. Since there do not exist x; and x9
such that {z1, 22,71 + 22} C {r € H : min(x) = i and Tpn) = 3}, we
must have that {x € H : T, # %} € p. Therefore, by Theorem 4.5, p is
sparse. [l

Theorem 4.8. Let (S,+) be a commutative semigroup embedded in a group
G, let p be a nonprincipal strongly summable ultrafilter on S, and assume
that there is a sequence (xn)o2 such that F'S((x,)52 1) € p and whenever
F,H € P¢(N), a, € {1,2} for eachn € F, b, € {1,2} for each n € H, and
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Yoner AnTn = Y e butn, one has F = H and a, = b, for eachn € F. If
q,7 € BGq and g+ r = p, then q,r € G+ p.

Proof. Pick a sequence (x,)5° ; such that F'S({x,)22 ) € p and whenever
F,H € P¢(N), a, € {1,2} for each n € F, b, € {1,2} for each n € H, and
Y oner AnTn = Y ,cp bnTpn, one has F = H and a, = b, for each n € F.
Let X = FS((zn)52 ;). Notice that the sequence (3")0° ; shares the above
property with (x,)52;. That is, whenever F, H € P;(N), a, € {1,2} for
each n € F, b, € {1,2} for each n € H, and ) . an3" = >y bn3",
one has F' = H and a, = b, for each n € F. Consequently, the following
statements hold for any F, H, L, K € P;(N).

(1) Drer Tn+ D oner Tn = 2 nck Tn+ Doper Tn if and only if
Doner 3"+ 2nen 3" = Lner 3"+ 2per 3"

(2) Doner Tn = D oncH Tn = Y nek Tn — D ner Tn if and only if
Doner 3" = 2nen 3" = Lner 3" — Lper 3"

(3) Doncr Tn = D oner Tn+ Y onek Tn = D ner Tn if and only if
ZnGF 3" — ZnEH 3"+ ZnEK 3" = ZnEL 3"

Indeed, both statements in (1) hold if and only if ¥ A H = K A L and
FNH = KNL; both statements in (2) hold if and only if FAL = HAK and
FNL = HNK; and both statements in (3) hold if and only if FAK = HAL
and FNK=HnNL.

By virtue of statement (2) we can define ¢ : X — X — Z by

(X ner Tn = Xner Tn) = 2oner 3" — Xnen 3"
Note that ¢[X] C N. For y € G\ (X — X), define ¢(y) = 0 (or any other

value). Let qNﬁ : BG4 — BZ be the continuous extension of ¢.

We claim that g(p) is strongly summable on N. To see this, let A €
qg(p) Then X N ¢~ '[A] € p so pick a sequence (y,)°%; in S such that
FS({yn)221) € X N ¢~ [A] and FS({y,)2,) € p. For each n € N, pick
Fy € Py(N) such that y,, = > ;. @ Given n # k in N, we have y,, +y €
FS({zn)pzy) so Ztan Ty + ZteFk Ty = Y 4ep, Tt for some L € Py(N), so
F,, N F}, = (. Therefore we have that ¢[FS((yn)521)] = FS({(¢(yn))22 ;) so
FS({6(yn))321) € p and FS(($(yn)22) C A,

Assume now that we have ¢, r € G4 such that ¢g+r = p. We need to show
that ¢, € G + p. We claim that we can make the additional assumption
that X € r. To see this, since X € p, {b € G: —b+ X € r} € ¢ so pick
some b € G such that —b+ X € r. If ¥ = b+r and ¢ = —b + ¢, then
¢ +r' =pand X €. If we show that ¢/, € G + p it follows immediately
that ¢, € G 4+ p. So we assume that X € r.

Next we show that:

(%) If u,v,w € BGy, u+v=w, and v,w € X, then X — X € u.
(f) fu,v € BGg, u+v=p, X — X €u, and X € v, then

() + 6(v) = $(p).
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To verify (%), let B={a € G: —a+ X € v}. Since X € w, we have that
B € u. We claim that BC X — X. Solet a € B. Then (—a+X)NX €v

0 (—a+ X)NX # 0 and thus a € X — X.

To verify (1), let A € ¢(p). We shall show that A € ¢(u) + ¢(v). Let
B=XnNo¢lA. Then BEp=u+vso{s€G:—s+B¢cuv}eEu
Let C ={se€ X -—X:—-s+ B € v}. Since X —X € u, C € u and so
¢[C] € ¢(u). We claim that ¢[C] C {k € Z : —k + ¢[B] € ¢(v)}, so that
¢[B] € ¢(u)+¢(v) and therefore A € ¢(u)+@(v) as required. Let s € C. We
need to show that —@(s) 4+ ¢[B] € ¢(v). Now X N (—s+ B) € v so it suffices
to show that ¢[X N (—s + B)] € —¢(s) + ¢[B]. Solet w € X N (—s+ B).
Then s+w € B C X so by statement (3), ¢(s) + ¢(w) = ¢(s +w) and thus
8(w) € ~6(s) + o[B]. o

By (%), X — X € g and by (1), ¢(q) + o(r) = qb( ) so by Theorem 1.5 pick
m € Z such that ¢(r) = m + ¢(p). Now ¢[X] € ¢(r) and ¢[X] € ¢(p) so
m € ¢[X] — ¢[X] = ¢[X — X]. Pick ¢ € X — X such that m = ¢(c). We
claim that r = ¢+ p. To show this we let A € r and show that —c+ A € p,
for which it suffices that —c + (AN X) € p. Now ¢[AN X] € ¢(r) =
d(c) + d(p) so —¢(c) + p[AN X] € ¢(p). Pick B € p with B C X such that
¢[B] € —¢(c) + p[A N X]. We claim that B C —c+ A so let d € B. Then
d(c)+¢(d) € p[ANX] so pick h € ANX such that ¢(c)+¢(d) = ¢(h). Then
by statement (2), c+d=hsod € —c+A as required. Thusr = c+p € G+p.

Finally, let ¢ = ¢+ q. By [7, Theorem 6.54], the center of G4 is G so
q —I—p—c+q+( )—i—r—q—i—r—p Thus by (%), X — XEq and so by

(1), &(¢') +6(p) = 6(p). So &(¢') = $(p). (By Theorem 1.5 ¢(¢') = n+ g(p)
for some n € Z. but then ¢(p) = ¢(¢') + d(p) = n+ d(p) + d(p ) = n+o(p),
and thus n = 0.) By statement (2), ¢ is injective on X — X so ¢ is injective
on X — X and thus ¢ = p. That is, ¢ = —c + p. O

Corollary 4.9. Let S be a countable subsemigroup of @, T, let p be a
nonprincipal, strongly summable ultrafilter on S, and let G = S — S. If
{z €5 Mpin() () # 5} €p, ¢,v € BGy, and q +r =p, then q,7 € G + p.

Proof. Theorems 4.5 and 4.8. O

Question 4.10. Can it be shown in ZFC that there is an infinite group G
and an idempotent in G* which can only be expressed trivially as a product
in G*?

Question 4.11. Does every strongly summable ultrafilter on a countable
abelian group G have the property that it can only be expressed trivially as
a product in G*?

Let G = @, | Zs. Then any strongly summable ultrafilter on G fails to
satisfy the hypotheses of Theorem 4.5. And, in fact, there does not exist
a sequence in G satisfying strong uniqueness of finite sums. On the other
hand by [8, Theorem 2.8] Martin’s Axiom does imply the existence of sparse
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strongly summable ultrafilters on G. (And [8, Theorem 3.6] establishes that
one cannot prove in ZFC the existence of strongly summable ultrafilters on
G.) In the originally submitted version of this paper we asked whether it is
consistent with ZFC that there is a nonsparse strongly summable ultrafilter
on G7 This question has now been answered in the negative by David
FernandezBretén [4] who showed that every strongly summable ultrafilter
on (G is sparse.

Question 4.12. Is every strongly summable ultrafilter on a countable abelian
group sparse?
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