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Abstract

Many of the classical results of Ramsey Theory are naturally stated in terms of
image partition reqularity of matrices. Many characterizations are known of image
partition regularity over N and other subsemigroups of (R,+). We study several
notions of image partition reqularity near zero for both finite and infinite matrices,
and establish relationships which must hold among these notions.
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1 Introduction

One of the earliest results of Ramsey Theory is Schur’s Theorem [17] which
says that whenever the set N of positive integers is partitioned into finitely
many classes (or finitely colored) there exist x and y such that z, y, and = +y
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are contained in one cell of the partition (or are monochromatic). This theorem
can be viewed as saying that the matrix (1 1 —1) is kernel partition regular

over N.

Definition 1.1 Let S be a subsemigroup of (R, +), let u,v € N, and let A be
a u X v matrix with entries from Q. Then A is kernel partition reqular over S
(abbreviated KPR/S) if and only if, whenever S is finitely colored there exists
monochromatic Z € SV such that A7 = 0.

The terminology is due to Walter Deuber and refers to the fact that the vector
Z is in the kernel of the linear transformation defined by i — Ay.

Schur’s theorem may also be viewed as saying that the matrix

10
01
11

is image partition reqular over N.

Definition 1.2 Let S be a subsemigroup of (R, +), let u,v € N, and let A be
a u X v matrix with entries from Q. Then A is image partition reqular over S
(abbreviated IPR/S) if and only if, whenever S\ {0} is finitely colored there
exists ¥ € SY such that the entries of Ax are monochromatic.

Another of the earliest results of Ramsey Theory is van der Waerden’s The-
orem [19] which says that whenever N is finitely colored there must exist
arbitrarily long monochromatic arithmetic progressions. The length five ver-
sion of van der Waerden’s Theorem is clearly equivalent to the statement that
the matrix

10
11
12
13
14

is image partition regular. On the other hand while one can write matrices
whose kernel partition regularity imply any of the instances of van der Waer-
den’s Theorem, it is impossible to write a kernel partition regular matrix such
that any element of the kernel has entries constituting a nontrivial length five
arithmetic progression (or any other length greater than two). See [7, Theorem
2.6].



In 1933 R. Rado [15] characterized those finite matrices that are kernel par-
tition regular over N and later, in [16] those that are kernel partition regular
over other subsets of R. It was not until 1993 that characterizations of finite
matrices that are image partition regular over N were obtained in [8]. (See |7,
Theorem 4.8| for a list of 17 known equivalences to IPR/N.)

While there are several partial results, nothing near a characterization of either
kernel or image partition regularity of infinite matrices has been obtained.
(See [7, Section 6] for a summary of some of what is known about partition
regularity of infinite matrices.)

In [9], a paper primarily concerned with algebraic results in the Stone-Cech
compactification of various semigroups of (R, +) with the discrete topology, a
few results about image partition regularity near zero were obtained. In this
paper we are investigating this subject in greater detail.

Definition 1.3 Let S be a subsemigroup of (R, +) with 0 € ¢/S, let u,v € N,
and let A be a u x v matrix with entries from Q. Then A is image partition
reqular over S near zero (abbreviated IPR/Sy) if and only if, whenever S\ {0}
is finitely colored and 6 > 0, there exists ¥ € S¥ such that the entries of AZ
are monochromatic and lie in the interval (=, ).

In Section 2 we shall investigate those finite matrices which are IPR/S for
arbitrary dense subsemigroups of (R, +) and of ((0, 00), +), and determine the
precise relationships among these notions for the semigroups Q, Qt, D, D,
R, and R*, where ST = {z € S: s> 0} and D is the set of dyadic rationals.

Definitions 1.2 and 1.3 have obvious generalizations to w X w matrices with
finitely many nonzero entries in each row, where w = NU{0} is the first infinite
cardinal. There is also a new notion which makes sense only if the matrix is
infinite which we present in Definition 3.1. In Section 3 we investigate the
relationships among these notions for the same semigroups and almost succeed
in determining the precise relationships that hold among them.

Central sets in an arbitrary semigroup are known to have substantial combi-
natorial structure, and there is a natural extension of this notion to central
near zero which was introduced in [9]. Both of these notions involve the al-
gebraic structure of the Stone-Cech compactification of a discrete semigroup.
Since Sections 2 and 3 do not require any knowledge of this structure, we post-
pone a description of it until Section 4, where we will derive a new version of
the Central Sets Theorem near zero and get some combinatorial consequences
thereof.

In Section 5 we establish that Milliken- Taylor matrices (which we will define
there) are image partition regular near zero in the strong sense introduced in
Section 3.



The authors would like to thank the referee for a constructive and helpful
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2 Finite Matrices

We show in this section that there are precisely two distinct notions of image
partition regularity of S near zero, depending on whether S is dense in (0, 00)
or in R.

Lemma 2.1 Let u,v € N let A be a u X v matriz with entries from Q such
that A is IPR/N, and let S be a dense subsemigroup of ((0,00),+). Then A
is IPR/Sy.

Proof. Let r € N, let S = U_, C;, and let 6 > 0. By a standard compactness
argument (see [12, Section 5.5] or [6, Section 1.5]) pick & € N such that when-
ever {1,2,...,k} =Ul_, D;, there exist ¥ € {1,2,...,k}"and i € {1,2,...,7}
such that AZ € (D;)". Pick = € SN (0,2). For i € {1,2,...,r} let D; =
{te{1,2,... )k} :tz € C;}. Picki € {1,2,...,r} and ¥ € {1,2,...,k}" such
that AZ € (D;)" and let §f = zZ. Then Ay € ((C; N (0,9))*. O

Lemma 2.2 Let u,v € N, let A be a u X v matriz with entries from Q such
that A is IPR/Z, and let S be a dense subsemigroup of (R,+). Then A is
IPR/Sy.

Proof. This is essentially identical to the previous proof. Given r € N, pick
k € N such that whenever {—k, -k + 1,...,k — 1,k} = Ul_, D;, there exist
re{-k,—k+1,...,k—1,k}"and i € {1,2,...,r} such that AZ € (D;)*. O

Theorem 2.3 Let u,v € N and let A be a u X v matriz with entries from Q
and let S be a dense subsemigroup of ((0,00),+). The following statements
are equivalent.

(a) A is IPR/N.
(b) A is IPR/S,.
(c) Ais IPR/S.
(d) A is IPR/R*.

Proof. That (a) implies (b) is Lemma 2.1. Trivially (b) implies (¢) and (c)
implies (d). That (d) implies (a) follows from [13, Theorem 2.4(I)]. O

Theorem 2.4 Let u,v € N and let A be a u X v matriz with entries from
Q and let S be a dense subsemigroup of (R,+). The following statements are



equivalent.

(a) A is IPR/Z.
(b) A is IPR/S,.
(¢c) Ais IPR/S.
(d) A is IPR/R.

Proof. That (a) implies (b) is Lemma 2.2. Trivially (b) implies (¢) and (c)
implies (d). That (d) implies (a) follows from [13, Theorem 2.4(II)]. O

33
Lemma 2.5 Let A = ( ) and for i € {0,1,2,3} let
12

C; = U?io[(%)#—&-i—l-l’ (%)41&4—1’) )
Then there do not exist i € {0,1,2,3} and T € (R™)? such that AT € (C;)%.
Thus A is not IPR/R{. On the other hand A is IPR/Z.

Proof. Suppose we have such ¢ and 7 and pick ¢ € w such that
(%)4t+i+1 < 24 2my < (%)4t+i'
Then
(2)4F = S(2)MHH < 35 43wy < By 43wy < 3 +6zy < 3(3)HH < (2)HF3
so 3z1 + 3zy ¢ C;, a contradiction.

On the other hand

so Ais IPR/Z. O

Theorem 2.6 Let u,v € N and let A be a u x v matrix with entries from Q.
The seven statements in (1) below are equivalent and are strictly stronger than
the seven equivalent statements in (11).

(1)
(a) A is IPR/N.
(b) Ais IPR/D*.
(¢c) A is IPR/QT.
(d) A is IPR/R*.
(e) A is IPR/D{.
(f) Ais IPR/Qg.



(9) A is IPR/R{.
(1)
(a) Ais IPR/Z.
(b) Ais IPR/D.
(¢c) Ais IPR/Q.
(d) A is IPR/R.
(e) Ais IPR/Dy.
(f) A is IPR/Qy.
(g) A is IPR/R,.

Proof. The equivalences in (I) and (II) follow from Theorems 2.3 and 2.4.
To see that the statements in (I) are strictly stronger than those in (II), let
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A:

By Lemma 2.5, A is not IPR/R{ and is IPR/Z. O

3 Infinite Matrices

We shall see in this section that the situation with respect to infinite matrices
is substantially different from that with respect to finite matrices. Recall that
w={0,1,2,...} = NU{0} is the first infinite ordinal (and also the first infinite
cardinal).

The notions defined in Definitions 1.2 and 1.3 both have obvious interpreta-
tions where u and v are both replaced by w. In addition there is the following
notion which only makes sense for infinite matrices.

Definition 3.1 Let S be a subsemigroup of (R, +) with 0 € ¢/S, and let A
be an w X w matrix with entries from Q and finitely many nonzero entries in
each row. Then A is image partition regular over S near zero in the strong
sense (abbreviated IPR/Sp;) if and only if, whenever S\ {0} is finitely colored
and & > 0, there exists £ € S such that nh_)rgo z, = 0 and the entries of AT

are monochromatic and lie in the interval (=, ).
Consider now the diagram of implications in Figure 1.

All of the implications in the diagram hold trivially. We shall show in the
remainder of the section that most of the missing implications do not hold in
general. If we had an example of a matrix which is IPR/N but not IPR /Ry,



IPR/D{,

SN

IPR/N IPR/Df  IPR/Dy,  IPR/Qg,

S X X PN

IPR/Z IPR/D*  IPR/D,  IPR/Q{ IPR/Qys  IPR/R{,

NP X XX X

IPR/D IPR/Q*  IPR/Q IPR/R§ IPR/Ry,

NP X s

IPR/Q IPR/R+ IPR/R,

Fig. 1. Diagram of Implications

we would know that the only implications that hold in general are those dia-
grammed and those that follow from them by transitivity.

Lemma 3.2 Let A be an w X w matriz having all possible rows with a single
1 and a single 2, and all other entries equal to 0. Then A is IPR/D§ and is
IPR/N, but is not IPR/Ry;.

Proof. Since constant vectors produce constant solutions, we have immedi-

ately that A is IPR/Dg and is IPR/N. We show that A is not IPR/Ry.

For x € (0,1) choose I(x) € N such that = Y,/ 27" and if there is
a finite /' C N such that = Y ,cp 277, then I(x) = F. (That is, choose
the terminating binary expansion of z if it has one.) For x € (0,1), define
o(x) = min I(x). Let

Co = {x € (=1,1)\ {0} : ¢(|z|) is even} and
Cy = {z € (=1,1)\ {0} : (|z]) is odd} U (R\ (—1,1)).

Suppose that we have i € {0,1} and a sequence (x,)>°, in R such that
nh_}rgo x, = 0 and all entries of AZ are in C;. If all but finitely many terms of

(@), are negative, replace Z by —#. We can thus assume that infinitely many
terms of (x,)0, are positive. Pick j such that 0 < z; < 1. Pick k > ¢(z;)
such that k ¢ I(x;). (Such k exists by the second requirement in the definition
of I(x).) Pick [ such that z; > 0 and ¢(x;) > k + 1. When the sum z; + 2z,
is computed there is no carrying past position £&. When the sum 2z; + 2; is
computed there is no carrying past position £ — 1. Thus ¢(z; + 22;) = ¢(z;)
and p(2z; + x;) = ¢(z;) — 1. This contradiction completes the proof. O



Lemma 3.3 Let
330000...

120000 ...
003300 ...
A=1001200...
000033...
000012...

Then A is IPR/Dys but is not IPR/R*.

Proof. By Lemma 2.5, A is not IPR/R*. To see that A is IPR/Dy; let
re N let D\ {0} = Ui_, Ci, let § > 0, and pick i € {1,2,...,7} such that
0 € ¢l C;N3D, and pick a sequence (y,,)>2 , in C;N3DN(—4,d) which converges
to 0. For n < w let x5, = —%yn and let x9,11 = %yn Since y, € 3D, x4, and
Zont1 are in . Then

Yo
Yo

A1

|

We need some preliminary results in order to prove Lemma 3.6. We are grateful
to Fred Galvin for supplying us with the proof of the following theorem which
was stated without proof as [5, Theorem 9(3)]. According to Galvin this proof
is “a straightforward generalization of the Erdds-Rado proof of the partition
relation wy — (w + 1)}, which is stated on [3, page 472, line 6].”

For a set X and a cardinal k we let [X]* = {A C X : |A] = k}.

Theorem 3.4 (Galvin) Let (P, <) be a partially ordered set with the prop-
erty that whenever P is colored with countably many colors, there is a mono-
chromatic subset of order type w. Let r € N. If the set of length r chains in P
18 finitely colored, there exists a chain in P of order type w + 1 all of whose
length r subchains are monochromatic.

Proof. Notice that the » = 1 case follows immediately from the r = 2 case.
(If ke Nand v : P — {1,2,...,k}, define ¢ taking the 2-element chains in P
to {1,2,...,k} so that if z,y € P and x < y, then v ({z,y}) =v(y). If X is a



subset of P of order type w+ 1 such that ¢ is constant on the set of 2-element
chains, and z = min X, then X \ {z} is a subset of P of order type w + 1 on
which v is constant.) Thus we shall assume that r > 2.

Let C be the set of r-element chains in P, let £ € N, and let ¢ : C —
{1,2,...,k}.

Call a subset X of P end-homogeneous if and only if X is a chain in P and
whenever y1, s, ... 441 € X and y; < y2 < ... < Y,41, one has

w({yla Y2y ... 73/7"*17:%“}) = w({ylvy% e Yr—1, yTJrl}) .

We claim that it suffices to show that there is an end-homogeneous subset
X of P such that the order type of X is w + 1. So assume we have such X,
let v = max X, and let Y = X \ {u}. Pick by Ramsey’s Theorem an infinite
subset Y’ of Y and i € {1,2,...,k} such that for all B € [Y']", ¥(B) = i.
Then Y'U{u} has order type w+1 and whenever B € [Y'U{u}|", ¥(B) = i. (If
u € B, pick z € Y' with z > max B\{u}. Then ¢)(B) = ¢ ((B\{u})U{z}) = i.)

So suppose that there is no end-homogeneous subset of P with order type
w + 1. Fix a well ordering W of P and for nonempty A C P write miny, (A)
for the smallest element of A with respect to this well ordering. Given u € P
and X C P write X < u if and only if for all x € X, z < u. Given v € P and
X C P such that X U {u} is end-homogeneous and X < u, let

S(X,u)={ye P: X <y <wuand X U{y,u} is end-homogeneous} .
Observe that for any u € P, S(0,u) ={y € P :y < u}.

We claim that for each u € P for which S(0,u) # 0, there exist n(u) < w and
z1(u), x2(u), ..., Tnw)(u) € P such that

(1) 21(u) = minyy (S(0,u)),
(2) fordi € {2,3,...,n(w)}, zi(u) = ming (S{z1(u), 22(u), ..., zi-1(u)},u)),

(3) S({z1(u), z2(u), ..., Tpw(u)},u) =0.

To see this, note that otherwise one may inductively define a sequence (x,,)2
by 21 = miny (S(0,u)) and for n € N, 2,1 = miny (S{z1, 22, ..., 20}, u)).
Then {z, : n € N} U {u} is an end-homogeneous subset of P of order type
w+ 1.

Given u € P such that S(0,u) # 0, let X(u) = {z1(u), z2(uw), ..., Tnw)(w)}.
Define an equivalence relation ~ on P by u ~ v if and only if either S(0,u) =

S(@,v) =0 or

(a) n(u) =n(v) and



(b) whenever 1 <i; < iy <...< i1 <n(u),

¢<{ZL’“ (u)7 Liy (u)v R L (u>’ u}> = Qﬁ({l’“ (U>’ Liy (U)v s 71‘71}71(”)’ U})

There are only countably many equivalence classes mod ~, so by the hypoth-
esis on P we may choose an increasing sequence (u;)$°; in P such that u; ~ u;
for all 7, 7 € N. There do not exist two comparable elements of the equivalence
class determined by S(0,u) = (), so we may pick n such that n = n(u;) for all
1€ N.

We show now by induction on j € {1,2,...,n} that there are some I(j) € N
and z; € P such that for all ¢ € N, if ¢ > I(j), then x;(u;) = z;. Assume first
that j = 1. Then for each i € N, z1(u;) = miny (S(0,u;)) and S(0,u;) C
S0, uir1) so x1(uiv1) <w x1(w;). Since W is a well ordering, the sequence
(x1(u;))$2, is eventually constant as required.

Now assume that j € {2,3,...,n}, m € N, and 21, 22,..., 21 € P such that
forall i > m and all t € {1,2,...,7 — 1}, x4(u;) = 2. Then given i € N with
1 >m,

S({x1(w), wa(wi), ..., xjo1(wi) }u) = S{z1, 22, - -+, 2j—1 |, wi)

C S({z1, 22, 2j—1 ) wi1) = Sz (wign), w2 (i), - 251 (Uig1) }, Uigr)

so that z;(u;11) <w x;j(u;). (The inclusion uses the fact that u; ~ u;4;.) Thus
the sequence (x;(u;))2, is eventually constant.

We therefore have some i such that X (u;) = X (u;41). But then

u; € S({x1<ui+l)7 I2(ui+1)7 e ,SL’n(qu)(UHl)}’ Ui+1) )
a contradiction. O
Galvin also provided the proof of the following corollary.

Corollary 3.5 Let S be an uncountable subset of R, let k € N, and let
o [S)2 = {1,2,...,k}. There exists an increasing sequence (Yn)n<wi1 Such
that ¢ is constant on {{y,y} : k <l <w+1} andy, = dim g,

Proof. We first show that S satisfies the hypothesis of Theorem 3.4. That is
whenever S is colored with countably many colors, there is a monochromatic
subset of order type w. Since whenever .S is colored with countably many colors
there must exist an uncountable monochromatic subset, it suffices to show that
S contains a subset of order type w. Trivially any nonempty subset which does
not have a largest element contains a subset of order type w. So if S contains
no subset of order type w, then every nonempty subset has a largest element.
But this means that —S is well ordered, while R trivially does not contain

10



any uncountable well ordered subset. (One could pick a rational between any
element of such a subset and its successor.)

We may presume that S is bounded since it must contain an uncountable
bounded subset. Define ¢ : [S]* — {1,2} as follows. Given z < y < z in
S, let v({x,y,z}) = 1if o({z,y}) = ¢({z,2}) and y — x > z — y and let
v({x,y,z}) = 2 otherwise. Pick by Theorem 3.4 a set B C S of order type
w + 1 such that ¢ is constant on [B]3. We claim that the constant value is
1. So suppose instead it is 2. By Ramsey’s Theorem pick C' € [B]¥ such that
¢ is constant on [C]?. We can choose an increasing sequence (z,,)%°; in C.
Given any n we have that o({z,, zn11}) = ©({n, Tnia}) so it must be that
Tnail — Tn < Tpaog — Tpap. Since S is bounded, this is impossible.

Consequently the constant value of ¢ is 1. Let z = max B. By the pigeon
hole principle, we may presume that ¢ is constant on {{z,z} : © € B\ {z}}.
Therefore, ¢ is constant on [B]?. Again choose an increasing sequence ()%,
in B. Since {x, : n € N} is bounded, there must exist arbitrarily small values
of xp11 — x,, and thus z — x,,.; must be arbitrarily small since z — z,,1 <

Tptl — L. O

Lemma 3.6 Let

10 0 0
1-10 0
01 0 0
A=101 -1 0
00 1 0
00 1 —1...

Then A is IPR/R{, but A is not IPR/Q.

Proof. It is shown in the proof of [13, Theorem 2.6] that A is not IPR/Q.
To see that A is IPR/R,, let k € N, let 6 > 0 and let 7: Rt — {1,2,... k}.
Note that for £ € R“, the entries of Ax are

{zp :n<wlU{z, — 2,01 :n<w}.

Define
o: R = {1,2,...,k}

by ¢({z,y}) = 7(]xr — y|). Pick by Corollary 3.5 an increasing sequence
(Yn)n<w+1 in (0,8) such that ¢ is constant on {{y,yi} : k <1 <w+1} and
Yo = lim y,.

n—o0

11



For each n < w, let x,, = vy, — y». Then 1i_>m x, = 0 and 7 is constant on the
n o
entries of Ax. O

Lemma 3.7 Let

1 =10 0 0
1/3 0 =1 0 0
A=11/50 0 -1 0
/70 0 0 —1...

Then A is IPR/Qg, but is not IPR/D.

Proof. To see that A is not IPR/D we show that there is no & € D* such
that ¥ = AZ € D“. Indeed, suppose one has such 7 and pick n € N such that
xo/(2n+1) ¢ D. Then y,, = zo/(2n+ 1) — 2,41 ¢ D.

To see that A is IPR/Qg, let r € N, let 6 > 0, let (0,00) N Q = Ul_, C;,
pick i € {1,2,...,r} such that 0 € ¢/C};, and pick a sequence (y,)r°, in C;
which converges to 0. We may also assume that for each n, y, < 1/(2n + 1)
and y, < §. Let xy = 1 and for n € N, let z,, = 1/(2n — 1) — y,_1. Then
Af — 3]6 (Cl)w |

Lemma 3.8 Let

1 0 0 0

1/2-10 0
A=11/4 0 -1 0

1/8 0 0 —1...

Then A is IPR/D{, but is not IPR/Z.

Proof. To see that A is IPR/Dyg,, let § > 0 be given and let (0,00) ND =

", Ci. Pick i such that 0 € ¢/C; and choose a sequence (y,,)5°, € C; such
that for each n € N, y,, < y9/2™ Let g = yo and for n € N, let x,, = yo/2" — yp.
Then AZ =y

To see that A is not IPR/Z, suppose one has & € Z“ such that all entries of
AZ arein Z \ {0}. Pick n € N such that z¢/2" ¢ Z. Then x¢/2" —x,, ¢ Z. O

12



Lemma 3.9 Let

Then A is IPR/N but is not IPR/R{ .

Proof. To see that A is IPR/N;, let N be finitely colored and pick a monochro-
matic sequence (y,)5°, such that for each n € N, y,, > 2"yy. Let o = yo and
for each n € N| let =, = y,, — 2"yo. Then AZ = .

Now suppose one has & € (R*)“ such that § = AZ € ((0,1))“. Then 2o = yo >
0. Pick k € N such that 2*z, > 1. Then y;, = 2*x¢+z; > 1, a contradiction. O

Now consider the table in Figure 2. In this table, the entry in row S and column
T is labeled as follows. If the fact that any matrix which is IPR/S is also IPR /T
follows from the implications in Figure 1, then a “+” is entered. An entry of
“n.k” means that an example of a matrix which is IPR/S but is not IPR/T" is
given in Lemma n.k. (Only one lemma is cited when multiple lemmas provide

examples.) If we cannot determine whether every matrix which is IPR/S is
also IPR/T, a “?” is entered.

If we knew that there is a matrix which is IPR/N but is not IPR/R, we would
know that none of the missing implications in Figure 1 are valid.

Question 3.10 Is there an w X w matriz with rational entries which is IPR/N
but is not IPR/Ry.

13
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Lemma 3.11 Let
10000000 ...

01000000 ...
21000000 ...
00110000 ...
40100000 ...
40010000 ...
00001111...
80001000 ...
80000100 ...
80000010 ...
80000001 ...

Then A is not IPR/R,.

Proof. Let C; = (0,00) and let Cy = (—00,0). Suppose one has i € {1,2}
and ¥ € R¥ such that Ax € (C’i N (-1, 1))“. We may assume without loss of
generality that ¢ = 1. Then zy > 0. Pick k& € N such that 2¥z, > 1. Then
Zfigkl_l x; > 0 so pick some ¢t € {281 2k 4+ 1 ... 2¥ — 1} such that z; > 0.
Then 2¥zy + z, is an entry of AF which is bigger than 1. O

Question 3.12 Is the matriz A of Lemma 3.11 IPR/N?

Of course an affirmative answer to Question 3.12 would provide an affirmative
answer to Question 3.10.

4 Central Sets Near Zero

Central subsets of a semigroup are intimately related with structures that are
partition regular over that semigroup. In this section we will deal with sets
that are central near zero and show that similar relationships hold with respect
to partition regularity near zero. In order to do this, we need to discuss the
algebra of the Stone-Cech compactification of a discrete semigroup.

If S is a discrete space, we take the points of the Stone-Cech compactification
BS of S to be the ultrafilters on S, identifying the principal ultrafilters with
the points of S (and thus pretending that S C S5). Given a set A C 5,
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A={pepS:Aecp} Thesets {A: A C S} form a basis for the open sets of
S as well as a basis for the closed sets of S.

Given a discrete semigroup (S, +) the operation extends to 55 making (55, +)
a right topological semigroup (meaning that for each p € £S, the function
pp : BS — BS defined by p,(q) = ¢ + p is continuous) with S contained in its
topological center (meaning that for each z € S, the function A\, : §S — S
defined by A.(¢) = = + ¢ is continuous). Given p,q € S and A C S, we
have that A € p+ ¢ if and only if {x € S : —z + A € ¢} € p, where
—cx+A={yeS:x+yec A}l

Note that, even if S is commutative, 55 is not likely to be commutative. In
particular, in the cases with which we are concerned, namely dense subsemi-
groups of (R, +) or ((O,oo), —i—), (8S,+) is not commutative.

A subset I of a semigroup (7', +) is a right ideal provided I # () and I+7T C I,
a left ideal provided I # () and T+ I C I, and a two sided ideal provided it
is both a left and right ideal. Any compact right topological semigroup (7', +)
has a smallest two sided ideal K(7) which is the union of all minimal right
ideals and is the union of all minimal left ideals. If L is a minimal left ideal
and R is a minimal right ideal, then L N R is a group. In particular K (7") has
idempotents. An idempotent in 7' is minimal if and only if it is a member of
K(T). See [12] for an introduction to the algebraic structure of 55, as well as
any unfamiliar algebraic statements encountered here.

Central sets were introduced by H. Furstenberg in [4] and were defined in
terms of topological dynamics. The following algebraic definition is simpler.

Definition 4.1 Let (S, +) be a discrete semigroup. A set C' C S is central if
and only if there is an idempotent p € C' N K(39).

Central sets have substantial combinatorial properties which are consequences
of the Central Sets Theorem. The original Central Sets Theorem [4, Proposi-
tion 8.21] applied to (N, +). See [12, Part III] for a more general version and
a presentation of many of these combinatorial properties.

We have been considering semigroups which are dense in (R, +) or ((O7 00), +).
Here, of course, “dense” means with respect to the usual topology on R. When
passing to the Stone-Cech compactification of such a semigroup S, we deal
with Sy, which is the set S with the discrete topolgogy.

Definition 4.2 Let S be a dense subsemigroup of (R,+) or of ((0,00),+).
Then 01(S5) = {p € 8Sq: (Ve > O)((O,e) ns e p)} If S is a dense subsemi-
group of (R, +), then 07(S) = {p € 5S4 : (Ve > 0)((—e,0) NS €p)}.

It was shown in [9, Lemma 2.5] that 07(S) is a subsemigroup of (854, +).

16



And it was noted that 07(S) N K(8S4) = 0, so one does not obtain any
information about K (07(S)) based on knowledge of K (55). But as a compact
right topological semigroup, K (O*(S )) does exist, and has idempotents.

Definition 4.3 Let S be a dense subsemigroup of (R,+) or of ((0,00),+).
A set C C S is central near zero if and only if there is an idempotent

pe CNK(0H(S)).

In [1] a new stronger version of the Central Sets Theorem for arbitrary semi-
groups was proved. In Theorem 4.6 we shall show that analogues of this theo-
rem hold for dense subsemigroups of ((O, 00), +) and for dense subsemigroups
of (R,+).

Definition 4.4 Let S be a dense subsemigroup of (R,+) or of ((0,00),+).
A set C C S is piecewise syndetic near zero if and only C N K(0+(S)) # (.

Notice that any set which is central near zero is also piecewise syndetic near
zero. In [9] a mildly complicated elementary characterization of sets central
near zero was given.

Given a set X, we let P;(X) be the set of finite nonempty subsets of X.

Lemma 4.5 Let S be a dense subsemigroup of ((0,00),+), let | € N, and
let C" C S be piecewise syndetic near zero. If there is a dense subsemigroup
T of (R,4) such that S = T N (0,00), then for each i € {1,2,...,1}, let
(Yin)o2y be a sequence in T'U {0} such that lim y;, = 0. Otherwise, for each
ie{1,2,...,1}, let (yin)s, be a sequence in SU{0} such that dim g, = 0.
For each m € N there exist a € SN (0,1/m) and H € Pr(N) such that
min H > m and for each i € {1,2,... 1}, a+ > ey vir € CN(0,1/m).

Proof. LetY = ><§:10+(S) and let Z = XizlﬁSd. By [12, Theorem 2.22], Y
and Z are right topological semigroups, and if ¥ € XézlS ,then A\ : 7 —» 7
is continuous.

For k € Nlet Iy, = {(a+ Xicn Y1.:0+ Dicr Yots---0+ Diery Yit)  a €5,
H e Py(N), min H >k, and (Vi € {1,2,...,1})(a+ien yip € SN(0,1/k))}
and let By, = I U{(a,a,...,a) :a € SN(0,1/k)}. Let E = N3, clzE), and
let I = ﬂzozl sz]k.

Since 07(S) = M2, (8S2N(0,1/k)) and each E;, € SN (0,1/k) we have that
E CY. Trivially I C E. We claim that F is a subsemigroup of Y and [ is an
ideal of E. To see that I # (), it suffices to let k& € N and show that I}, # 0. So
let k € N be given. Pick n > k such that for each i € {1,2,...,1}, |[yin| < i,
and pick a € SN (i, %) Then (a + Y1p, 0+ Yo, -0+ Yin) € Ig.
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Now let p,¢ € E. We show that p+ ¢ € E and if either p € I or ¢ € I,
then p4+ ¢ € I. Let U be an open neighborhood of p'+ ¢ and let & € N.
Since pg is continuous, pick a neighborhood V' of p'such that V' 4+ ¢ C U. Pick
T € By NV with @ € I, if pe I. If ¥ € Iy, pick a € S and H € Ps(N) such
that min A > 2k and a+ Yy yip € SN (0,1/(2k)) for each i € {1,2,...,1}.
In this case, let j = max H. If & ¢ Iy, pick a € SN (0,1/(2k)) such that
7= (a,a,...,a) and let j = 2k.

Since ¥ + ¢ € U and Az is continuous, pick a neighborhood W of ¢ such that
T+W CU.Pickye E;NW withy e I;if g€ I. Then ¥+ y € UN E;, and
if either p€ [ or ¢ € I, then £+ € UN I.

By [12, Theorem 2.23] K(Y) = Xile(O+(S)). Since C'is piecewise syndetic
near zero, pick p € K(07(5)) N C. Then p = (p,p,...,p) € K(Y). We claim
that p € E. To see this, let k € N, let U be a neighborhood of p in Z, and for
i€ {1,2,...,1} pick A; € psuch that X'_,4; C U. Pick a € (0, 1/k)N(—, A
Then (a,a,...,a) € UN Ey. Thus p € EN K(Y) so by [12, Theorem 1.65],
K(E) = ENK(Y). Since I is an ideal of E, K(F) C I and consequently
pel.

Now let m € N be given. Then p € clz1,, so Xizléﬂ I, #0. O

The original Central Sets Theorem [4, Proposition 8.21] dealt with finitely
many sequences at a time. The versions in [12] dealt with countably many
sequences at a time. The version in [1] dealt with all sequences in the semigroup
S. The following theorem deals with the set of all sequences whose terms go
to zero.

Theorem 4.6 Let S be a dense subsemigroup of ((0,00),+). If there is a
dense subsemigroup T of (R,+) such that S = T N (0,00), let T be the set
of sequences (y,)s, in T U {0} such that lim g, = 0. Otherwise let T be

the set of sequences (y,)o>, in S U {0} such that lim y, = 0. Let C be a

subset of S which is central near zero. Then there exist o : Pr(T) — S and
H :Py(T) — Py(N) such that

(1) for each F' € P¢(T), a(F) € (0, ﬁ),
(2) if F,G € P¢(T) and F C G, then max H(F) < min H(G); and

(3) if m e N, G1,Gs,...,Gn, € Pp(T), Gt € Gy C ... € G, and for each
ie{l,2,...,m}, (yi1)2y € G;, then 3%, (a(Gi) + Xien(cy) ym) eC.

Proof. Pick p=p+p¢€ K(O*(S)) such that C € p. Let
C*={zeS:—x+Cep}.

By [12, Lemma 4.14] C* € p and whenever x € C*, —z + C* € p. We define
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a(F) and H(F) for F' € Py(T) by induction on |F| satisfying the following
induction hypotheses:

(1) a(F) < .

(2) If 0 # G C F, then max H(G) < min H(F).

B)ImeN0#£G CG C...C G, =Fand (f)*, € X°,G;, then
i (O‘<Gi> + Xten ) fz(t)) SO

1

Assume first that 7 = {f}. (It is more convenient here to write a sequence
as a function.) Pick by Lemma 4.5, a € SN (0,1) and L € P;(N) such that
a+Yier, f(t) € C*. Let «(F) = aand H(F) = L. The hypotheses are satisfied,
the second vacuously.

Now assume that F' € P(T), |F| > 1, and «(G) and H(G) have been defined
for all nonempty G C F. Let K = U{H(G) : 0 # G € F} and let m = max K.
Let M = {¥i_ (a(Gs) + Siena) filt) :0#G1 S G2 € ... C G, C F and
(fi)i_y € X[_1G;}. Then M is a finite subset of C*. Let

B =C*Nyens (—2 +C*).

Then B € p so in particular B is piecewise syndetic near zero. Pick by Lemma
4.5,a€ SN (0, %) and L € P;(N) such that min L > m and for each f € F,

*IF]

a+ > f(t) € B. Let a(F) =a and let H(F) = L.

Hypotheses (1) and (2) are satisfied directly. To verify hypothesis (3), let
m € N and assume that ) # G; C Gy € ... € Gy, = F and (f))7, € X", G;.
If m =1, then f,, € F and a(F) + Xiepp) fm(t) € B € C*. So assume that
m > 1 and let = Y70 (a(Gi) + Siema,) fi(t)). Then € M so

a(F) + Xienwr) fm(t) € B C (=2 +C¥)
and thus X7 ((Gi) + Yiemay fi(t)) € C* as required. O
The following corollary resembles the original Central Sets Theorem.

Corollary 4.7 Let S be a dense subsemigroup of ((0,00),+). If there is a
dense subsemigroup T of (R,+) such that S =T N (0,00), let T be the set of
sequences (Yn)o, in T U{0} such that Aim y, = 0. Otherwise let T be the set
of sequences (y,)2>, in S U{0} such that lim y, = 0. Let C' be a subset of S
which is central near zero and let F' € Py(T). There exist a sequence (),

in S such that Y07 | a, converges and a sequence (H,)> | in Ps(N) such that
for each n € N, max H,, < min H,,.; and for each L € Py(N) and each f € F,

2 onel (an + > ien, f(t)) e C.

Proof. Choose a sequence (g,,)5%, of distinct members of 7 \ F and for
each n € N, let G,, = FU{g1,92,...,9n}. For n € N, let a,, = a(G,) and
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let H, = H(G,). By thinning the sequences, we may presume that >°° , a,
converges. [0

We will show in Theorem 4.10 that for certain semigroups S, central sets
characterize image partition regularity of finite matrices. We shall follow the
custom of denoting the entries of a matrix by the lower case letter correspond-
ing to the upper case name of the matrix.

Definition 4.8 Let u,v € N and let A be a u x v matrix with entries from
Q. Then A is a first entries matriz if and only if no row of A is 0, and for each
j€{1,2,...,v} there exists ¢ > 0 such that for each i € {1,2,...,u}, if the
first nonzero entry of row 7 of A is in column j, then a;; = c. If ¢ is the first
nonzero entry of a row of A, then c is a first entry of A.

In the following lemma, note that we are demanding of 7" that it be a subgroup
of (R,+), not just a dense subsemigroup.

Lemma 4.9 Let u,v € N and let A be a ux v first entries matrixz. Let S be a
dense subsemigroup of ((O, 00), +). If there is a subgroup T of (R, +) such that
S =TnN(0,00), assume that the entries of A come from Z. Otherwise, assume
that the entries of A come from w. Let C' C S be central near zero. Assume
that for each first entry c of A, CNeS is central near zero. Then there exist for
each j € {1,2,...,v} a sequence (x;4)72, in S such that >.i°, x;; converges

and for each F' € P¢(N), Axp € C* where

>oter Tig
o ZteF Lot
Tp =

doter Tt

Proof. We proceed by induction on v. Assume first that v = 1. We may
presume that A has no repeated rows, so there is some ¢ € N such that
A = (c¢). Pick a sequence (w,)>, in S such that > 7°, w, converges. Pick
by Corollary 4.7 sequences (a,)5°, in S such that >°°, a, converges and
(Hpn)o2y in Py(N) such that for each n € N, max H,, < min H,, 1, and for each
L ePiN), Yer (ant+ien, w) € CNeS. Forn € N, let yy, = an+Y e, wi.
Let 1, = yn/c for each n € N.

Now let v € N and assume the result holds for v. Let A be a u x (v+1) matrix
with entries from Z or w as appropriate. We may assume that we have ¢ € N
and k € {1,2,...,u— 1} such that a;; =01ifi € {1,2,...,k} and a;; = c if
ie{k+1L,kE+2,... u}.
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Let B be the k x v matrix defined by b; ; = a; ;41 fori € {1,2,... .k} and j €
{1,2,...,v}. Pick a sequence ()52, for each j € {1,2,...,v} as guaranteed
by the induction hypothesis for the matrix B and C. For i € {k+1,k+2, ..., u}
and t € N, let y;;, = Z;Z; a; jxj_14. If there is a subgroup 7' of (R, +) such
that S = TN (0,00), then each y;; € T" and otherwise (since the entries of A
are in w) each y;; € SU{0}. In any event for each i € {k+ 1,k +2,...,u},
>ioq yir converges. For each ¢t € N, let ¢, 114 =0

Pick by Corollary 4.7 a sequence (d,,)o° ; in S such that >°° , d,, converges and
a sequence (H,)>, in P¢(N) such that for each n € N, max H,, < min H,
and for each L € P;(N) and each i € {k+1,k+2,...,u+ 1},

Yoner(dn + Xiem, Yir) € CNeS.

For each n € N, let z;,, = d,/c and for j € {2,3,...,v + 1} let z;,, =
Yoten, Tj—1¢- oince d, = dp + Yiey, Yur1,e € ¢S, we have that d, € S.

One has immediately that for each j € {1,2,..., v+ 1}, >7°, z;,, converges.
Now let L € P¢(N) and i € {1,2,...,u} be given. If i <k, let K = U,c;, Hn.
Then Z;l—% Qi j ZnEL Zjn = ;:1 bi,j ZtEK Tjp € C. So assume that i > k.

Then Z;Ji% Uij Donel Zjn = ZneL(dn + 2 ten, yi,t) eC. O

We now see that for certain semigroups, sets central near zero contain solutions
to all image partition regular matrices. A subset D of S is central* near zero if
and only if for every subset C' of S which is central near zero, C'N D is central
near zero. (Equivalently, D is a member of every idempotent in K (07(S5)).)

Theorem 4.10 Let u,v € N and let A be a uxv first entries matrixz. Let S be
a dense subsemigroup of ((O, 00), —I—). If there is a subgroup T of (R,+) such
that S = T N (0,00), assume that the entries of A come from Z. Otherwise,
assume that the entries of A come from w. Assume that for every first entry c
of A, ¢S is central® near zero. Then A is IPR/Sy if and only if for every set
C which is central near zero there exists ¥ € SU such that Ax € C*.

Proof. Sufficiency. Let » € N and let S = U;_; C;. Pick an idempotent
p € K(O*(S)) and pick i € {1,2,...,r} such that C; € p. Then for each
5 >0,C;N(0,9) is central near zero.

Necessity. We have by Theorem 2.3 that A is IPR/R, so by Theorem 2.6, A
is IPR/N. By [10, Theorem 2.10], choose some m € N and a u x m first entries
matrix B such that for each § € N™ there exists © € N such that A7 = By.
Let C' be a subset of S which is central near zero. Pick by Lemma 4.9 some
i € N such that By € C*. Pick ¥ € N such that A7 = By. O

Notice that if for some ¢ € N, ¢S is not central* near zero, then C' = S\ ¢S is
central near zero and (c) is a first entries matrix all of whose images miss C'
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so that requirement is needed in Theorem 4.10. We do not have an example
of a dense subgroup S of (R, +) for which some ¢S is not central* near zero.
But we do have the following.

Theorem 4.11 Let k be an infinite cardinal with k < ¢. There is a dense
subsemigroup S of ((0, oo),+) such that |S| = k and for every ¢ € N\ {1},
¢S is not central near zero.

Proof. Choose a subset I of (0, 00) such that || = &, I is linearly independent
over Q, and 0 € ¢/I. Let

S ={>icr my-t: F € P(I) and for each t € F', m; € N}.

Let c e N\{1} andlet B = {}>;cp myt: F' € Py(I) and foreacht € F,m; € N
and some m; = 1 (mod ¢)}. Then B N ¢S = (. We show that B is central*
near zero (and thus ¢S is not central near zero) by showing that B N 07(S) is
an ideal of 07(S) and so K (07(S)) € B. To this end, let p € 07(S) N B and
let ¢ € 07(S). We show that B € p+ ¢ and B € g+ p. To see that B € p+ g,
we show that B C {y € S: —y+ B € ¢q}. So let y € B and pick F' € Ps(I)
and (mg)zer in N such that y = ¥ cp m, -  and some m, = 1 (mod ¢). Let
d =min F. Then (0,6) NS € g and (0,0) NS C —y+ B.

To see that B € ¢+ p we show that S C {y € S : —y+ B € p}. So let
y € S and pick F' € Pg(I) and (m,).er in N such that y = > cp m, - . Let
d =min F. Then (0,0)N B €pand (0,0)NBC —y+B. O

5 Milliken-Taylor Matrices

K. Milliken [14, Theorem 2.2] and A. Taylor [18, Lemma 2.2] independently
proved a theorem which implies that certain matrices, which we now introduce,
are image partition regular over N.

Definition 5.1 Let m € w, let @ = (a;)I", be a sequence in Z \ {0}, and let
T = (x,)5°, be a sequence in R. The Milliken-Taylor system determined by @
and 2 is defined by MT(d@,Z) = {>j2ga;i - Xser, @ : each F; € Py(w) and if
i < m, then max F; < min F;,}

Notice that if @ has adjacent repeated entries and ¢ is obtained from a by
deleting such repetitions, then for any infinite sequence Z, one has MT'(d@, z) C
MT(C Z), so it suffices to consider sequences ¢ without adjacent repeated
entries.

Definition 5.2 Let @ be a finite or infinite sequence in Z with only finitely
many nonzero entries. Then ¢(@) is the sequence obtained from @ by deleting
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all zeroes and then deleting all adjacent repeated entries. The sequence ¢(a)
is the compressed form of a. If @ = ¢(d), then a is a compressed sequence.

For example, If @ = (0,1,0,0,1,2,0,0,2,2,0,0,...), then ¢(a) = (1,2).

Definition 5.3 Let @ be a compressed sequence in Z\ {0}. A Milliken-Taylor
matrix determined by d is an w X w matrix A such that the rows of A are all
possible rows with finitely many nonzero entries and compressed form equal
to d.

Notice that if A is a Milliken-Taylor matrix whose rows all have compressed
form @ and 7 is an infinite sequence in R, then the set of entries of AZ is
precisely MT(d, Z).

When the partition regularity of Milliken-Taylor systems was first considered
in [2] the sequence @ was required to have entries from N. Later it was shown
that as long as the last entry was positive, the sequence could have negative
entries as well.

Theorem 5.4 Let m € w, let @ = (a;)1™, be a compressed sequence in Z\ {0},
and let A be a Milliken-Taylor matriz determined by a. If a,, > 0, then A is

IPR/N.

Proof. [11, Corollary 3.6]. O

We show in this section that if 7" is any dense subgroup of (R, +), @ = (a;)",
is a compressed sequence in Z \ {0} with ay > 0, and A is a Milliken-Taylor
matrix determined by @, then A is IPR/T;:, where T = T'N (0, 00). Notice
that, unlike the result in Theorem 5.4, it is the first rather than the last entry
of @ which is required to be positive. The reason for the difference is that
AN\ N is a left ideal of SZ while 07 (T') is a right ideal of 0(T) U0 (T) as is
0~(7T) [8, Lemma 2.5].

Given ¢ € R\ {0} and p € SR, \ {0}, the product ¢ - p is defined in (5Ry, ).
One has A C R is a member of c-pif and only if c'A={x € R:c-x € A}
is a member of p.

Lemma 5.5 Let T be a dense subgroup of (R,+), let p € 0M(T), and let
ceN. Then c-p € 07(T) and (—c) -p € 0~ (T).

Proof. The two proofs are similar. We do the second, which is the one that
uses the fact that 7" is a subgroup rather than just a subsemigroup. Let € > 0.
We need to show that (—¢,0)NT € (—c¢)-p. Now (0,¢/c)NT € p so it suffices
to show that (0,e/c)NT C (—c)!((—¢,0)NT). So let x € (0,¢/c) NT. Then
(—c) -z € (—¢,0) and, since (T, +) is a group, (—c) -z € T O
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Definition 5.6 Let (w,)>, be a sequence in R. A sum subsystem of (w,,)5%,
is a sequence (x,,)22, such that there exists a sequence (H,,)° ; in P(N) such

that for each n € w, max H,, < min H,; and x, = Y ey w;.

Notice that if (w,)°, is a sequence in R such that > °° , w, converges and
o0

(n)22 5 is a sum subsystem of (w,)2, then >°° , x, also converges.

The proof of the following theorem is similar to that of [11, Theorem 3.3].
Given a sequence (z,)5°, and k € w we let FS((x,)5 ) = {Xner n :
F € Pf(w) and min ' > k}.

Theorem 5.7 Let T be a dense subgroup of (R,+), let @ = (a;)!", be a com-
pressed sequence in Z\ {0} with ag > 0, and let A be a Milliken-Taylor matriz
determined by @, Then A is IPR/Ty,. In fact, given any sequence {w,),
i TV such that Jgrrolown = 0, whenever r € N, TT = J_, C;, and 6 > 0,

there exist i € {1,2,...,7} and a sum subsystem (x,)5° of (wp)o<, such that
MT(a, ) € C;n(0,0).

Proof. By passing to a subsequence, we may presume that >_>° ; w,, converges.
Pick by [12, Lemma 5.11] an idempotent p € M;2, clpr, F'S((w,)2,.). Note
that since Y00, w,, converges, p € 0Y(T). Let g =ap-p+ai -p+...+ ap - p.
Then by Lemma 5.5 and the previously mentioned fact that 07(7") and 0~ (7")
are both right ideals of 0% (7") U0~ (T'), we have that ¢ € 07(T). So it suffices
to show that whenever @) € ¢, there is a sum subsystem (z,,)0°, of (w,)>,
such that MT'(a,z) C Q.

Let Q € ¢ be given. Assume first that m = 0. Then (ag)™'Q € p so by
[12, Theorem 5.14] there is a sum subsystem (z,,)%, of (w,)>, such that
FS((zn)5%,) C (ag)'Q. Then MT(d,7) C Q.
Now assume that m > 0. Define

P@)={z€T:—(a v)+Q€ar-p+az-p+t...+an p}.
We claim that P()) € p. To see this let

D={yeT:—y+Q€a-p+az-p+...+an p}.

Then D € ag-pso (ap) 'D € p and (ag) ' D C P(0). Given x( define P(zq) =
{lyeT:—(ap-z0+ar-y)+Q Eay-p+az-p+...+ay-p} If 29 € P(0),
then —(ag-zo) +Q €ay;-p+as-p+...+ ay-pand so

{yeT:—(a1-y)+(—(ap-20)+Q)E€Easy-p+az-p+...+an-p} €p

and thus P(zg) € p.
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Given n € {1,2,...,m — 1} and zg,z1,...,2,_1, let P(xg,z1,...,2,_1) =
{lyeT:—(ap-xo+ ...+ ap 1 Tn1+a, y)+Q Eapny1-p+ ...+ an-p}
If o € P(0) and for each i € {1,2,...,n — 1}, x; € P(xg,x1,...,%i_1),
then P(xo, 21, ...,2,-1) € p. Given zg, 1, ..., Tpm-1, let P(zo, 21, ..., Tm-1) =
{y e T :ap-wotar-x14...+am_1-Tm1+amy € Q}. I g € P(D) and for each
ie{l,2,...,m—1}, z; € P(xg,x1,...,2;_1), then P(xg,x1,...,Tm_1) € D.

Given any B € p, let B* ={x € B: —z + B € p}. Then B* € p and by [12,
Lemma 4.14], for each x € B*, —x + B* € p.

Choose z9 € P(0)* N FS({(w,)$2,) and choose Hy € Py(N) such that zy =
dtem, Wi Let n € w and assume that we have chosen zg,z1,..., 7, and
Hy, H,..., H, such that

(1) if k€ {0,1,...,n}, then Hy € Pr(w) and xp = Y ey, wy,

(2) if k€{0,1,...,n— 1}, then max Hy < min Hy 41,

(3) if @ #£ F C{0,1,...,n}, then > ,cp 2, € P(0)*, and

(4) ifk € {1,2,...,min{m,n}}, Fo, Fy,...,F, € P;({0,1,...,n}), and for each
j€40,1,...,k — 1}, max F; < min F;;,, then

ter, Tt € P(Xier, Tty Xter, Tt- -y tep,_, Tt)"

3
4

All hypotheses hold at n =0, (2) and (4) vacuously.

Let v = max H,. For r € {0,1,...,n}, let

Er:{ZtGF LCt:(Z)%Fg{T,T—Fl,...,TL}}-

For k € {0,1,...,m —1} and r € {0,1,...,n}, let

Wk,r = { (ZtEF() Tty ?ZtEFk th) . F(),Fl,. . .,Fk € Pf({o, 1,. .. ,7"})
and for each i € {0,1,...,k — 1}, max F; < min F;,,}

Note that Wy, # 0 if and only if & < r.

If y € Ey, then y € P(0)*, so —y + P(0)* € p and P(y) € p. If k €
{1,2,...,m — 1} and (Yo, v1,---,Yk) € Wim, then yx € P(yo, Y1, .., Yk—1)
so P(yo, y1,---,yx) € pand thus P(yo,v1,...,yx)* € p. lfr € {0,1,...,n—1},
ke {0,1,...,min{m — 1,7}}, (o,¥1,---,Yk) € Wiy, and z € E, 1, then
2 € P(yo,y1,---,Yyr)* s0 —z + P(yo, Y1, -- -, Yx)* € p.

Ifn=0,let z; € FS((w)2, 1) N P@)* N (=204 P(0)*) N P(xo)* and pick

Hy € Py(N) such that min H; > v and 21 = Y ;cy, w. The hypotheses are
satisfied.
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Now assume that n > 1 and pick

Tpy1 € FS(<wt>toiv+1) N P(Q))* N myeEo ( -y P((D)*)

min{m—1,n}

N ﬂk:() ﬂ(yo,yl,...,yk)EWhm P(y()? y17 e 7yk>*
N n—1 ~min{m—1,r} . P *
m7’:0 k=0 ﬂ(yo,y1,---7yk)eka szET+1( z+ (g/Oa Yy 7y/€) ) :
Pick H, 11 € Ps(N) such that min H, 11 > v and 2,11 = Yyep, ,, We-

Hypotheses (1) and (2) hold directly. For hypothesis (3) assume that () #
FC{0,1,....n+1}and n+1 € F. If FF = {n+ 1} we have directly that
Tny1 € P(0)*, so assume that {n + 1} C F and let G = F \ {n + 1}. Let
Yy =eq @t Then y € Ey so xpy1 € —y + P(0)* and so Yy 20 € P(0)*.

To verify hypothesis (4), let k € {1, 2,...,min{m,n + 1}} and assume that
Fo.Fy,...,F, € Pp({0,1,...,n 4+ 1}) and for each j € {0,1,...,k — 1},
max F; < min Fj ;. We can assume that n+1 € Fj. For [ € {0,1,...,k—1} let
Y = Yier, @- Then k —1 < min{m — 1,n} and (yo,y1,---,Ye-1) € Wi—i,m-
If F, = {n+ 1}, then Xep 2 = Tpi1 € P(Yo,¥1,---,Yk—1)". S0 assume
that {n + 1} C Fy and let F] = F; \ {n + 1}. Let r = max Fy_;. Then
r<minF}sor <n—1,k—1 <min{m—1,7}, and (yo, 1, ..., Yk—1) € Wi_1,.
Let 2 = Yiep 2. Then z € E,yy 50 @py1 € —2 + P(yo, 41, -+, Ye—1)" SO
ZteFk YIS P(ZteFo Tt ZteFl Ty .. aZteFk,l It)*' O
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