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Abstract. Our main aim in this paper is to show that there is a partition of the reals
into finitely many classes with “many” forbidden distances, in the following sense: for
each positive real x there is a natural number n such that no two points in the same
class are at distance z/n. In fact, more generally, given any infinite set {¢y, : n < w} of
positive rationals, there is a partition of the reals into three classes such that for each
positive real x there is some n such that no two points in the same class are at distance
cnx. This result is motivated by some questions in partition regularity.

1. Introduction

Let the reals be partitioned into finitely many classes: R = Ule C;. We say that a
positive real x is a forbidden distance for this partition if, for each ¢, no two points of
C; are at distance x. Our main aim in this paper is to show that there exists a finite
partition of the reals, in fact R = C7 U Cy U ('3, such that there are many forbidden
distances. More precisely, for each positive real x there is a positive integer n with x/n
being a forbidden distance.

Note that such a partition certainly cannot be into measurable pieces, since any
set S of positive measure has the property that all sufficiently small distances occur in
S. (This is trivial if S is an open set, and measurable sets may be closely approximated
by open sets. For the details of this well known fact, see almost any book on measure
theory, or alternatively see the proof of Theorem 3.3.)

In contrast to measurability questions, our partition property makes perfect sense
for the rationals instead of the reals, and indeed our first task will be to find such a
partition for the rationals.

If we write ¢,, = 1/n, the above problem asks for a forbidden distance of the form

cnx, for each positive x. There is nothing special about this particular sequence. Indeed,
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the argument we give for ¢,, = 1/n also works whenever ¢, tends to zero. In fact, the
result holds whenever {¢, : n < w} is any infinite set of rationals (although the proof

in the case that {¢, : n < w} is unbounded is different).

Although these questions are natural in their own right, our main motivation for
studying them comes from partition regularity, as we now describe. The reader who is

not interested in Ramsey Theory may skip the rest of the Introduction.

Let A be an m X n matrix with rational entries. We say that A is kernel partition
regular if for every finite coloring of the natural numbers there is a monochromatic vector

x € N" with Az = 0. In other words, A is kernel partition regular if for every positive

T

integer k, and every function ¢ : N — {1,2,... k}, there is a vector x = : e N"
Tn

with ¢(xz1) = ... = ¢(x,) such that Az = 0. We may also speak of the ‘system of

equations Ax = 0’ being kernel partition regular.

Many of the classical results of Ramsey Theory may naturally be considered as
statements about kernel partition regularity. For example, Schur’s Theorem [18], that
in any finite coloring of the natural numbers we may solve x 4+ y = z in one color class,

is precisely the assertion that the 1 x 3 matrix (1 1 —1) is kernel partition regular.

The m x n kernel partition regular matrices were characterized by Rado [16] — see

[9] or [3] for more information.

In the infinite case, things are far less well understood. If A is an infinite matrix,
with rational entries and only finitely many non-zero entries in each row, we say as
before that A is kernel partition regular if whenever N is finitely colored there is a
monochromatic vector x with Az = 0. See [10] for a discussion of the small amount

that is known about infinite kernel partition regular matrices.

The above is just concerned with colorings of N, so it is natural to ask how the
notion of kernel partition regularity depends on the ‘ambient space’. We say that a finite
or infinite matrix A with rational entries is kernel partition regular over Z (respectively
Q, R) if whenever the set Z \ {0} (respectively Q\ {0}, R\ {0}) is finitely colored there

is a monochromatic vector x with Az = 0. How do these notions differ from each other?

In the integers, nothing changes. Indeed, if a matrix is kernel partition regular
(over N) then it is certainly kernel partition regular over Z. Conversely, if a matrix has
a bad k-coloring over N then it has a bad 2k-coloring over Z: we just copy the coloring

from the positive to the negative integers, but using a new set of k colors.

But for the rationals, we do not know what happens. In the finite case, the notions
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are the same (and remain the same for the reals as well — this was proved by Rado [17]),
but for the infinite case the question is open. The question at the start of this paper,
in the rationals, is the result of perhaps the most obvious way to build a system that is

kernel partition regular over Q but not over N. The system of equations is:
Ty =t, T2 —Yo=1/2, 33 —ys =1/3,....

This is clearly not kernel partition regular over N, as there is not even a solution to
these equations over N. One might hope that it has sufficient ‘freedom’ that it would
be kernel partition regular over Q. However, if we ignore the color of ¢ then it will be
seen that we arrive precisely at the opening question of this paper: this is where the
problem comes from.

Turning to the reals, it is known that there is a system that is kernel partition

regular over R but not over N — this was proved in [10]. The system is given by:
L1 —T2=Y1, L2 — L3 =Y2, L3 — T4 =Y3,....

However, we feel that the system mentioned in the previous paragraph is very natural,
and the question of whether or not it is kernel partition regular over R leads to the main
result of the paper. Thus, for Ramsey Theory, the main consequence of the result at

the start of this paper is that the system
T1—y1 =12 —y2 =1/2,x3 —ys = /3, ...

is not kernel partition regular over QQ or R.

The plan of the paper is as follows. Our main results about the existence of bad
colorings are proved in Section 2. Then, in Section 3, we turn our attention to colorings
that are measurable, or have the property of Baire. It turns out that our partition
regularity questions do have affirmative answers in these cases.

Let us say a brief word about the Continuum Hypothesis. As will be seen below,
our problem is very closely related to some countable partitions of R. Although we
are trying to find a finite partition of R, our problem certainly involves a countable
partition of the positive reals, since for each z we must specify an n for which z/n will
be a forbidden distance, and this corresponds to a countable partition: for each n we
take the set of those = for which x/n is a forbidden distance. If these sets have linear
dependence over QQ, then there are substantial problems to overcome (as the reader who
examines the second half of Section 2 will realize). Now, it was proved by Erdds and
Kakutani [6] that the reals may be partitioned into countably many independent sets if

and only if the Continuum Hypothesis holds, so one might imagine that the Continuum
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Hypothesis is somehow needed. But this, curiously, is not correct: we wish to stress
that our proof does not assume the Continuum Hypothesis.

While on the subject of countable partitions, let us mention that our result does
not seem to have anything to do with results like the beautiful theorem of Kunen [13]
that (necessarily assuming the Continuum Hypothesis) there is a countable partition of
R™ with each distance occurring at most once within any one cell. (From this it is easy
to forbid any countable set of distances, such as the rational distances, within any cell
simply by assigning troublesome points to their own cells.) One could say that Kunen’s
result has a far larger space but far fewer forbidden distances.

We write w = N U {0} for the first infinite ordinal, R = {x € R : > 0}, and
QY ={z € Q: 2 > 0}. Given a set X we write P;(X) for the set of finite nonempty
subsets of X. Also T will denote the unit circle R/Z and 7 : R — T will denote the

canonical homomorphism.
2. Forbidding Distances in Q and R

We shall be concerned in this section with the following problem. Let {¢, : n < w}
be a set of positive rationals and let R\ {0} be finitely colored. Must there exist z
and sequences (T, )n<w and (Yn)n<w such that {z} U{z, :n <w}U{y, : n < w}is

monochrome and for each n < w, x,, — ¥y, = ¢, 2?7 Equivalently, setting

6w 1 =10 0 0 0
et 00 1 =1 0 0 ...
A=1l¢w 0 0 0 0 1 -1 ... 1>

is A kernel partition regular over R \ {0}7 Notice that if {¢,, : n € w} is finite, then A
is certainly kernel partition regular over N (for example, because its rows are the rows
of a finite matrix that has Rado’s columns property — see [16]).

We shall see in Theorem 2.9 that, with this trivial exception, the answer is “no”
even for three colors and even without the requirement that z be the same color as the
r,’s and y,,’s.

Of course the corresponding assertion about colorings of Q \ {0} is an immediate
consequence of this result. However, we shall present the proof for QQ separately because
it is significantly simpler, while containing some of the ideas we shall need later on. We

write C for the closure of a set C.

2.1 Lemma. Let (F,)p<, be a sequence in Pr(Q\{0}), let {c, : n <w} be an infinite

subset of QT and, for each n € w, let (ay, By) be a non-empty open interval in [0,1].
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Then there is a function v : w — w such that for alln € w,
for all zg € Fy,21 € F1,...,z, € F}, and all ag,aq,...,a, € R,
(1) (3s e R)(Vt € {0,1,...,n})(m(as + s ey - 2) € T[(ew, Br)]).
Furthermore, if {c, : n < w} is bounded, then (1) holds with s € N while if {c,, : n < w}
is unbounded, then (1) holds with 0 < s < 1.

Proof. Case 1. {c¢, : n < w} is bounded. We define the denominator d(q) of ¢ € Q to
be the smallest positive integer such that ¢ - d(q) € Z. We observe that

if a,, 0 € R with a < 3, y € Q\ {0}, and d(y) > B_La, then there exists
s € N such that 7(a + sy) € 7[(«, 5)].

To see this, let y = % where k € Z and b = d(y). Then % < B — « so pick m € N such
that m(a+ 3¢) € m[(, 8)]. Since k and b are relatively prime we may pick s € {1,2,...,
b} and t € Z such that k-s = m+b-t. (See [12, Theorem 57].) Then a+s-y = a+ 7 +1
som(a+s-y)=n(a+ ).

Let I be a bounded real interval such that ¢, € I for every n € w. We observe
that, for any & € Nand any z € Q\ {0}, {¢ € INQ :d(q-2) < k} is finite. Thus we can
choose 7(0) € w such that d(cy(g) - 2) > 5—

Bo—ao
z € Iy and each ag € R, there exists s € N such that m(ag + 5 - cy(0) - 2) € 7[(0, Bo)]-

for every z € Fy. Then by (%), for each

Now suppose that n € w and that we have defined ~(t) for ¢t € {0,1,...,n} so
that our claim holds for n. We can choose u € N so that u - cyy) - 2 € Z for every
t € {0,1,...,n} and every z € F;. We can then choose y(n + 1) € w so that d(u -
Coy(nt1) * 2) > m for every z € F,11.

Let 29 € Fp,21 € F1,...,2n41 € Fohy1 and let ag,a1,...,an,+1 € R. By our
inductive assumption, pick r € N so that, for every ¢t € {0,1,...,n}, we have 7(a; +r -
Cy(t) - 2t) € T[(cu, Bt)]. We can then choose by (x) (with a = any1 +7 - Cymt1) - Zny1
and y = U - Cy(n41) * Znt1) Some v € N such that

T(Ant1 + 7 Cynr1) " Znt1 TV U Cynpt) * Znt1) € T[(Qnt1, Buy1)] -

If s =r+v-u, we have m(a; + 5 - cy@) - 2t) € T[(Qm, Bm)] for every t € {0,1,...,n+1}.
Case 2. {c, : n < w} is unbounded. We first choose v(0) so that |y(0) - z| > 1 for
every z € Fy. Then (}) holds for n = 0 with s € (0,1), because, for every a € R and
every z € Fp, the mapping s — m(a + s - ¢, (o) - 2) from (0,1) to T is surjective.
We then assume that n € w and that v(0),~(1),...,v(n) have been chosen so that
(t) holds for n with s € (0,1). For 2y € Fy,21 € Fy,...,2, € F,, let 2= (20,21,...,2n)
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and define ¥z : [0,1]"t' x (0,1) — T"* by (wg(l;, s)), = m(bi + 5 -y - 2) for
b e [0,1]"", s € (0,1), and t € {0,1,...,n}. Then > is continuous. Further, given
b € [0,1]"*! we have by assumption some s € (0, 1) such that 4z (b, s) € [T/, 7[(cw, G¢)]-
So pick a neighborhood Us > of b in [0,1]"*! and a non-empty open interval I; - (0,1)
such that

(Vt € {0,1,... ,n})(ﬁ(at + 5 cy) - 2t) € W[(Oét,ﬁt)])

whenever @ = (ag,a1,---,a,) € U and s € I ..

For each 7 € [[;_, F}, there is a finite subset H of [0,1]"*! such that [0,1]"*1 C
Uscr. Up»- We choose y(n + 1) so that the interval ¢, (n41) - Ij > v has length greater
than 1 whenever z' € [[;_, Fi, be Hz and v € F, ;.

Now let a; € [0,1] and z; € F; foreacht € {0,1,...,n+1}. Putd = (agp,a1, -, an)
and Z = (z9,21, ", 2n), and choose b e H> such that @ € Ug,g' Since the mapping
s + T(Ant1 + 8 - Cy(nt1) * Zny1) Maps 15,2 onto T, there exists s € 18,2 such that
T(@nt1+ 8 Cy(nt1)  Znt1) € T [(Qny1, Bny1)]. This shows that (t) holds for n+1. Thus
we can define 7 inductively so that (1) holds for every n € w. O

2.2 Lemma. Assume that {c, : n < w} is an infinite subset of Q7. Then there is a
function 6§ : Q7 — w such that for every F € Pf((@+) there is a function ¢ : Q —
10,1,2} such that for all x,y € Q and all z € F, if p(x) = ¢(y), then v —y # c5(2) - 2.

Proof. Enumerate Q" as (z,)n<w. For each n < w, let F,, = {2,}, let o, = %, and let
B, = 2. Pick v : w — w as guaranteed by Lemma 2.1, and define 6(z,) = v(n).
Now let F' € P¢(Q") be given and choose n € w such that F C {z,21,...,2n}.
By Lemma 2.1, we may choose s € R such that 7(s - ¢s(,) - 2) € 7[(3, )] for z € F.
Define ¢ : Q — {0,1,2} by ¢(z) =i € {0,1,2} if and only if 7(s - z) € 7[[%, Z1)].
If p(x) = ¢(y), then 7r(s Nz — y)) ¢ 7'('[(%, %)] Thus, if z € F, x —y # c5(2) - 2. O

Now a simple compactness proof establishes that the system of equations z,, —y,, =
cn % is not partition regular. In fact, for each z there is some n such that the distance ¢, 2z
does not occur in any of the colors. In the proof given here, since Pf((@+) is countable,
we could use a sequence of functions rather than the more general net. However, we

will use the same argument for R, and don’t want to write it down twice.

2.3 Theorem. Assume that {c, : n < w} is an infinite subset of Q*. Then there exists
Y Q — {0,1,2} such that for each z € Q™ there exists n € w so that there do not exist

z,y € Q with x —y = ¢,z and Y(x) = Y(y).
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Proof. Pick 6 : Q" — w as guaranteed by Lemma 2.2 and for each F € P;(Q") choose
a function ¥p : Q — {0,1,2} such that for all z,y € Q and all z € F, if ¥p(z) = Pr(y),
then z —y # c5(.) - 2.

Now P#(Q7) is directed by C so (¥ F>7Df (@+) is a net in the compact product space
{0,1,2}2. Pick a cluster point 1 of (Pr)p,@+)- Let z € Q™ and let n = §(z). Suppose
that one has z,y € Q with  —y = ¢,z and ¥(z) = ¥(y). Let U = {r € {0,1,2}Q:
7(z) = ¢(z) and 7(y) = ¥(y)}. Then U is a neighborhood of ¢ so pick F € P;(Q™)
such that z € F and ¥r € U. Then ¥p(x) = Pr(y) and x —y = cs(;) - 2, a contradiction.

O

We remark that the 3 colors used in the proof of Theorem 2.3 are minimal. That

1 2" —1

is, if ¢, = on or ¢, = , then whenever Q% is 2-colored there exist z € QT and

sequences (Z,)n<o and (Yn)n<w in QT such that {2} U{z, :n < w}U{y, : n < w}
is monochrome and x,, — y,, = ¢, - z for every n < w. The proof of this assertion is a
tedious and not very enlightening case analysis, so we omit it.

Before we embark upon the proof of Theorem 2.9, we would like to digress to show
that the result does not remain true when we replace R by a rational vector space larger
than R. We urge the reader not to just skip this, however, as it helps to explain what
may otherwise seem like some very unmotivated constructions in the proof of Theorem
2.9. To be precise, several of the partitions into complete multipartite hypergraphs in
the proof of Theorem 2.9 can be viewed as rather natural, if one is striving to avoid the
kind of situation encountered in the proof of Theorem 2.4.

In the proof of Theorem 2.4 we shall use the result of Erdés that the partition
relation ¢ — (wy)? holds ([5] or see [7]). That is, if the two-element subsets [V]? of a
set V larger than R are colored with countably many colors, then there is an uncountable
set W C V such that all pairs from W are monochrome.

We see in the following result that if |V| > |R|, then not only cannot one get a

3-coloring as in Theorems 2.3 and 2.9, one cannot even get such an w-coloring.

2.4 Theorem. LetV be a vector space over Q with |V'| > |R|. Then for anyv :V — w,
there exists z € V\{0} such that for every § € Q" there exist x # y in V such that

r—y =26 and ¥(z) = Y(y).
Proof. Let 1) : V — w and suppose that for each z € V\{0} there exists 7(z) € Q7
such that for all z # y in V, if ¢(x) = ¥(y), then x — y # z - 7(z). Let v be a function

from [V]? to Q" such that for all x # y in V, y({z,y}) € {r(z —y),7(y — 2)}. Then,
since ¢ — (wy)?, pick an uncountable set W C V and some § € QT such that for
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all x £y € W, y({z,y}) = §. Since W is uncountable, pick  # y in W such that
W(x-0) =1(y-06). Assume without loss of generality that § = 7(x —y) and let z =z —y.
Thenz -0 —y-d =20 =2z-7(z), a contradiction. O

For the proof of Theorem 2.9 we need to fix a small amount of notation.

2.5 Definition. Fix a Hamel basis (es5)s5cr for R over Q. For z,6 € R, let r(z,d) € Q
be the es-coefficient in the expansion of z. (So x = ) ;g 7(x,0) - €s5.) For x € R, let
supp(z) = {0 € R: r(z,0) # 0}.

For ke N,let Ty = {6 € R* : §; < 0 < ... < &;}. For k € Nand 6 € Iy, let
7(8) = (a0, (a1,...,ar)) € w x ZF, where ag = min{t € w : [2!6;] < |2%02] < ... <
1210y |} and for i € {1,2,...,k}, a; = [2906;].

Let V = {(z,d@) : 3k € N)(z € (Q\{0})* and @ € 7[Zx])}. Enumerate V as
(U)o, and for each n € w, let k(n) be the member of N such that v, = (2, d) with
7€ (Q\{0}H)*™ and @ € T[Ty(n))-

For n € w, let &, = let (Z,d) = vp, let

1
6-(2k(n) — 1)’
T, = {5 2 - e5,: 6 € Ty and @ = 7(6)}

and let

Sn:{Zf(q)zz es; : EEIk(n),c?:T(_)),and
Hie{1,2,...,k(n)} :a; #2% -§;}| <1}.

Notice that for each x € R\{0} there is a unique n € w such that x € T,,. Observe
also that if k(n) = 1, then T}, = S,,. And observe that for z,y,6 € R and o, € Q7
one has r(a-z+ f-y,0) =a-r(z,0)+ [ -r(y,o).

2.6 Lemma. Let n € w and let x € T,,. Then there exist ui,us, ..., Ugxn),v € Sy such
that z = S M 4, — (k(n) — 1) - v

Proof. Assume v, = (Z,d) and pick 5 € Ti(ny such that x Zl % - es, and
@=7(8). For each i € {1,2,... k(n)} let b; = ;;O and let v =) (1) z; - ep,. For each
i€ {1,2,...,k(n)}, let u; = v — z; - ey, + z; - €5,. Then one has immediately that = =
Zk(q) u; —(k(n)—1)-v. To see that {u, us, ..., ukm), v} € S, we need to show that a =

7(b1,b2, ..., by(ny) and for i € {1,2,...,k(n)}, @ = 7(b1,b2,...,bi—1,05,biq1, ..., b))
This in turn requires that ap = min{t € w : [2'b1] < [2'b2] < ... < [2%by(y ]} and for
i€{1,2,...,k}, ap = min{t € w: [2%b1] < [2%ha] < ... |2%bi1] < [26;] < [2%0is1] <

. < |2%k(ny)}- If ap = 0, this is immediate. Otherwise we know that some j has
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L2“0_15jj = L2a0—15j+1J and thus, if [ = LQaO_l(SjJ, one has 2] = a; and 2[ +1 = i1
so that [ = L2a0—lij = [2“0_1bj+1j. O

2.7 Lemma. Assume that {c, : n < w} is an infinite subset of Q*. Then there is a
function v : w — w such that whenever H is a finite nonempty subset of U, -, Sn and
D = UyeH supp(y), there exist (ss)scp in R such that for each y € H, if y € S,,, then

W(Z5€D 86 - C’Y(n) ' T(ya 5)) S ﬂ-[(% - £n7 % + fn)]

Proof. For each n < w, let F,, = {z1,22,...,2k(n)}, Where v, = (Z,d). Choose
v :w — w as guaranteed by Lemma 2.1, where for each n, o, = % —&, and (3, = %+€n.
Let H be a finite nonempty subset of |J,-, S, and let D = Uye g supp(y). Order
D as 61,09,...,0, so that if t € w, 4,5 € {1,2,...,p}, 6; - 2" € Z, and §; - 2" ¢ Z, then
i < j. (That is, integers first, then odd integers over 2, etc., finishing with non dyadic
reals.) We choose s5,, S5, ..., 85, in order so that if n <w,y € HNS,, t € {1,2,...,p},
and supp(y) C {01, d2,...,0:}, then W(Z;Zl 85, * Cy(n) - (Y, 5]-)) € W[(% — &, % + &)

For t € {1,2,...,p}, let H, = {y € H : max{i : 0; € supp(y)} = t}. We claim that
for each t € {1,2,...,p} and each n € w, |H; N S,| < 1. If t = 1 and v,, = (2, a), then
H, NS, C{z -es}, so assume that t > 1. Let n € w and assume that y € H; N S,,.
Let (Z,d) = v5,. Then we have some 71 < 1z < ... < nj(n) such that y = SR e
a = 7(77), and [{i € {1,2,...,k(n)} : a; # 2% -n;}| < 1. Also, {n1,m2, ..., M)} C
{01,02,...,0:} and 0 € {n1, M2, .-, Mi(n) }-

If for each i € {1,2,...,k(n)}, a; = 2% - n;, then 2% . §, € Z. If there is some
j€{1,2,...,k(n)} such that a; # 2% -n;, then 2% - n; ¢ Z while for i # j, 2% -n; € Z.
Because of the ordering attached to the d;’s, one must have that this n; = d;. Thus we
have, letting b; = 2%,

(1) if 200 - 6, € Z, then H; N S, € {35 2 - e}

(2) if 2% -6, ¢ Z and [2% -6, ¢ {a1,az,...,ak@m}, then H, NS, = 0; and

(3) if 2%0-6; ¢ Z and [2°-6;] = aj, then H;NS,, C {ng) Zi-€p, —Zj €y, +2j"€s, }-

Therefore in any event |H; N S, | <1 as claimed.

Let t € {1,2,...,p} and assume that ss, has been chosen for each i € {1,2,...,
t — 1}. Enumerate H; as (y;)!_, where y; € S,, and n; < ny < ... < n;. For
i€ {1,2,...,1}, let a,, = Z;;ll 88, * Cy(ny) - T(Wi,05). (Ift =1, let a,; = 0.) Given
i€ {1,2,...,1}, we have that r(y;,d:) € F,,. So by Lemma 2.1, pick ss, such that

(Vi € (1.2 D) (R0, + 55, €y 7020) €73~ €03 4E)) . O



2.8 Lemma. Assume that {c, : n < w} is an infinite subset of Q7. Then there is a
function p : RT — w such that for every F € P;(RT) there is a function ¢ : R —
{0,1,2} such that for all z,y € R and all z € F, if p(x) = o(y), then x —y # ¢,z - 2

Proof. Pick v : w — w as guaranteed by Lemma, 2.7. For each z € R pick the n(z) € w
such that z € T,(,) and define p(z) = v(n(z)).

Let F' € Pf(R") be given. For each z € F pick by Lemma 2.6 members u(z, 1),
u(z,2),... ,u(z, k(n(z))) and v(z) of S),(;) such that

z= ng(z)) u(z,7) — (k(n(z)) = 1) - v(z).

Let H=,cr ({v(z)}U{u(z,i):i€{1,2,...,k(n(2))}}) and let D = Uyer supp(y).
Pick (ss)sep as guaranteed by Lemma 2.7.

Define ¢ : R — {0,1,2} by p(y) = iifand only if 7( Y- 5. s57(y,0)) € 7['“%, %)]

Let x,y € R, let z € F, and assume that ¢(z) = ¢(y) = i. Find m,l € Z such that
m+§§256D 55-7‘(1;,5)<m—|—% andl—l—%gzéeD s§-r(y,6)<l+%, Then

(%) m—1—35<Yscpss r@—yd)<m—1I1+13.
Let n = n(z) and for each i € {1,2,...,k(n)} pick p; € Z such that
pi+%_§n < Z(SED 85 * Cy(n) T(U(Z,Z>,5) <pi+%+§n'

Pick ¢ € Z such that ¢ + 3 — & < D scp 86 Cyn) - (v(2),6) < ¢+ 3 + &,. Now
Cu(z) " 2 = Cy(n) * (ng{) u(z,4) — (k(n) — 1) -v(z)) so for each 6 € D, r(c,(z) - 2,0) =
k(n .
S ey - r(u(2,4),8) = (k(n) = 1) - €5y - 7(0(2), 6). Thus
S i — (k(n) = 1) - g+ 3 — & - (2k(n) — 1) < Ssep 85 7(Cu() - 2,0)
< pi = (k(n) = 1) g+ § 460 - (2K(n) = 1).
Thus, letting ¢ = Zf(r{) pi — (k(n) — 1) - ¢ and noting that &, - (2k(n) — 1) = £, we have
t+ 2 < Ysep 56 T(Cue) - 2,0) <t+ 2.

Comparing these inequalities with those in (), we see that x —y # c,(.) - 2. U

2.9 Theorem. Assume that {c, : n < w} is an infinite subset of Q. Then there exists
a function ¢ : R — {0,1,2} such that for all z € R there exists n € w so that there do
not ezist x,y € R with x —y = ¢,z and p(x) = ©(y).

Proof. The proof may be taken nearly verbatim from the proof of Theorem 2.3 using

Lemma 2.8 in place of Lemma 2.2. U

10



3. Measurable and Baire colorings

In our proof of Theorem 2.9 we used the Axiom of Choice when we chose a Hamel basis.
There is by now a long history of results in Ramsey Theory showing that, while a certain
system is not partition regular, if one requires that the colorings be sufficiently construc-
tive in some sense, the system becomes partition regular with respect to such colorings.
For example, it is easy to see that the extension of Ramsey’s Theorem which asks that
whenever [w]* is finitely colored, there must exist D € [w]¥ with [D]* monochrome is
not valid. However, Galvin and Prikry [8] showed that if each of the color classes is a
Borel set in [w]* (viewed as a subspace of the product space “{0,1}), there must exist
D € [w]¥ with [D]“ monochrome. Extensions of this result were obtained by Ellentuck
[4], Carlson [2], and others.

Similarly the extension of the Finite Sums Theorem [11, Corollary 5.10] which asks
that whenever R" is finitely colored, there must exist a sequence (z,)n<, in RT with
AS((Zn)n<w) = {2 ner Tn 1 0 # F C w} monochrome is false. But Promel and Voigt
[15] showed that it holds if each of the color classes is a Baire set (meaning a member of
the o-algebra generated by the open sets and the meager sets). And Plewik and Voigt
[14] showed that it holds if each of the color classes is Lebesgue measurable. These two
results were simplified and given a common proof in [1].

We shall show in Theorem 3.3 that if {¢,, : n < w} is bounded, then the system of
equations z, — y, = Cnz is partition regular with respect to measurable colorings of R™
and with respect to Baire colorings of R™.

We denote the outer Lebesgue measure of a set C' C R by p*(C). If C' is Lebesgue

measurable, we denote its Lebesgue measure by p(C).
3.1 Definition. Let C C R™.

- *(CN(0,h
(a) 4(C) = limsup - (©n(©O,m)
110 h
(b) C is Baire large if and only if for every e > 0, C'N (0, €) is not meager.

The following simple lemma is the basis for our unified treatment of measurable

colorings and Baire colorings.

3.2 Lemma. Let X be Q" or R+, let C C X and assume that
(1) 0 € C and
(2) There is some € > 0 such that (0,e)NX CC —C.
Then whenever {c, : n < w} is a bounded subset of Q" there exist z € C' and sequences

(Tn)n<w ond (Yn)n<w in C such that x, — y, = c,z for each n < w.

11



Proof. Pick € as guaranteed by (2). Pick d € N such that for all n < w, ¢, < d. Pick
z € C such that
z<2.Thenforalln<w,cn-z€C—C’. U

3.3 Theorem. Let {c, : n < w} be a bounded subset of QT let r € N, and let RT =
Ui, Ci. If for eachi € {0,1,...,7—1}, C; is Lebesgue measurable, or for eachi € {0, 1,
r—1}, C; is a Baire set, then there existi € {0,1,...,r—1}, z € C;, and sequences

(Tn)n<w and (Yn)n<w in C; such that x, — y, = cpz for each n < w.

Proof. If each C; is Lebesgue measurable, then for some i, E(Ci) > 0. If each Cj; is a
Baire set, then for some i, C; is Baire large. So pick i € {0,1,...,7—1} such that either
C; is measurable and E(Ci) > 0 or (; is a Baire large Baire set. In either case one has
trivially that 0 € C;. We shall show that there exists ¢ > 0 such that (0,¢) C C; — Cj,
so that Lemma 3.2 applies.

Assume first that C; is measurable and d(C;) > 0. In particular u(C;) = p*(C;) =
a > 0. We may presume that C; C (0,1). Pick sequences (a,)n<w and (bp)n<w
such that C; C U, <., (@n;bn), (an,bn) N (am,bm) = O when n # m, and pu(C;) >
& Yonew (b — ap). Pick n < w such that u(C; N (an,bn)) > % - (bn — an). Let
€ = &-(bp—ay). We claim that for all ¢ € (0,¢), C;N(C;—t) # 0 and thus (0,¢) C C;—C;.
So let t € (0,€) and suppose that C; N (C; —t) = 0. Then p(C; N (an, b — t)) =
1(Ci N (an,bn)) — 1n(CiN (b —t,b)) > - (b, —a,) —t and ,u((C’- )N (an, by, — 1)) =
w((Ci —t) N (an — t, by, — 1)) — pn((C; — t) N (an — t,an)) = 35 - (by — an) — t. Thus
bo =t — an = p((an, by — 1)) > u((Ci N (an, b — 1)) U ((C; — ) N (an, —1)) =
1(Ci N (an, by — ) + p((Ci — ) N (an, by — 1)) = 5 (bn — an) —t+ 5 - (bn —an) — t,
sot> & (b, — a,) = ¢, a contradiction.

Now assume that C; is a Baire large Baire set. Pick an open set U and a meager
set M such that C; = UAM. Since C; N (0,1) is not meager, we conclude that U # ()
and therefore there is an open interval (a,b) with (a,b) \ M C C;. Let e = b —a. We
claim that for all ¢t € (0,¢€), C; N (C; —t) # 0. Suppose instead that we have ¢ € (0, ¢)
such that C; N (C; —t) = (). We shall show that (a,b —t) C M U (M — t), which is a
contradiction. So let x € (a,b —t) and assume that x ¢ M. Then z € (a,b) \ M C C;
sox ¢ C; —t. Since z +t € (a,b) we must have that = +¢ € M. O

We shall see in Theorem 3.5 that Theorem 3.3 cannot be extended to apply to

every sequence (c,)o2, for which nler;O Cp = 00.

3.4 Lemma. Let s € R and define ¢ : R — {0,1,2} by p(x) = i if and only if

m(s-x) € w[[L, 5] If 2 € R and (xp)n<w and (Tn)n<w are sequences in R such that

12



¢ 1is constant on {z} U{x, :n <w}U{y,:n <w} and x, —y, = (n+1) -z for each
n<w, thens-z € Z.

Proof. Pick i € {0, 1,2} such that ¢(z) = ¢(x,,) = ¢(yn) = i for each n. Then for each

n, n(s-x,) € 7'('“;), ’gl)} and (s - y,) € F[[;, Zng)], so (s (xn —yn)) € 7'('[(—%, %)}

and thus (s (n+1)-2) € 7[(—3,3)]. Since also 7(s - z) € w[[£, E£1)], we see that
i # 1.

Suppose now that ¢ = 0. If m(s - z) = w(0) we are done, so assume that w(s- z) €
7[(0,3)]. Let m = |s-z]. Then m < s-z < m+ %. Pick the least n € N such that
(n+1)-(s-z—m) > 3. Thenn-(s-z—m) < . Thus (n+1) - m+1 < (n+1)-s5-2<
(n+1) -m+ 2, contradicting the fact that 7(s- (n+1)-z2) € W[(—% %)}

Finally suppose that i = 2. Let m = |s-z]|. Then m —|— < s-
0<1l+m—s-z< z. Pick the least n € N such that (n+1)-(1+m—s-z)>%. Then
n-(l+m-s-z)<gson+(n+1)-m+i<s-(n+1)-z2<n+(n+1)-m+ 3, again

contradicting the fact that w(s- (n+1)-2) € 7[(—3, 3)]. O

<m+1so

We shall call a subset of R or Q strongly Borel if it is a member of the Boolean
algebra generated by the open sets.

3.5 Theorem. There is a function ¢ : RT — {0,1,...,8} such that

(1) for eachi € {0,1,...,8}, = [{i}] is strongly Borel.

(2) there do not exist z € RT and sequences (2,)n<w and (Yn)n<w in RT such that v
is constant on {z} U{z, :n <w}U{y, :n <w} and x, —y, = (n+1) -z for each

n<w.

Proof. Let ¢(z) = 3i 4+ j where i,j € {0,1,2}, 7(2) € n[[%,ZEL)], and (V2 - 2) €
w[[%, %)} Suppose we have z € RT and sequences ()<, and

that 1 is constant on {z} U{z, :n < w}U{y, :n <w}and =, —y, = (n+1) - 2 for
each n < w. By Lemma 3.4 with s = 1 we have z € Z. By Lemma 3.4 with s =v/2 we

havev?2 - z € Z. [l

(Yn)n<w in RT such

There is a result similar to Theorem 3.3 for Q.

3.6 Theorem. Let {c, : n < w} be a bounded subset of QF, let r € N, and let Q1 =
Ui<, Ci. If for each i € {0,1,...,7 =1}, C; is strongly Borel, then there exist i € {0, 1,
r—1}, z € C; and sequences (Tp)n<w and (Yn)n<w in C; such that x, — y, = cp2z

for each n < w.
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Proof. Observe that any strongly Borel set is a finite union of sets of the form F NG
where F' is open and G is closed. Thus we may presume that each C; is of this form.

Further, it suffices to show that for some i,

(1) 0 € C; and

(2) the interior in Q" of C; is nonempty.

Indeed, if (a,b) NQT C C; and € = b — a, then (0,¢) N Q" C C; — C;, so Lemma 3.2
applies.

For (1) and (2) it further suffices to show that 0 € m for some i. Suppose
instead that 0 ¢ intq+ (C;) for each i and pick ¢ > 0 such that (0,¢) Nintg+ (C;) = @ for
each 1 € {0,1,...,r —1}.

Now Q" N (0,t) € U, Ci so pick some i < r such that U = (0,¢) N intQ+Ui # 0.
Pick a closed subset F' of Q1 and an open subset G of Q" such that C; = FNG. Note
that U € G\ G. Let V=U\ (G \ G). Then V is nonempty and open. Also

VCUCC CFNG=(FN(G\G)U(FNG).
Since VN (G\G) =0,V C FNG = C;, a contradiction. O

Theorem 3.5 shows that one cannot extend Theorem 3.6 to apply to all sequences
(Cn)n<w for which lim ¢, = co. We now see that it cannot be extended to any such

n— 00
sequence.

3.7 Theorem. Let {c, :n < w} C Q" such that lim ¢, = oco. Then there is a function
¢ : QT —{0,1,2} such that o

(1) for each i € {0,1,2}, p~1[{i}] is strongly Borel.

(2) there do not exist z € QT and sequences (Tp)n<w and (Yn)n<w in Q1 such that ¢

is constant on {x, :n < w}U{y,:n <w} and x, — y, = ¢, - z for each n < w.

Proof. Enumerate Q" as (2,)n<w. For each n < w, let F,, = {z,}, let o, = %, and let
Bn = g. Choose v as guaranteed by Lemma 2.1 and for each n < w, choose s, € (0,1)
such that for all t € {0,1,...,n}, 7(sy - ¢y - 2¢) € T[(3, 3)]. Let s be any cluster point
of the sequence (s,)n<e in [0,1]. Then for each ¢t < w, m(s - ¢y - 2¢) € T[(3, ).
Define ¢ : Q7 — {0,1,2} by ¢(z) =i if and only if n(s - z) € «[[£, &E1)]. Clearly
each ¢~ '[{i}] is strongly Borel. Suppose we have z € Q" and sequences (z,)n<.
and (Yp)n<w in Q1 such that ¢ is constant on {z, : n < w} U {y, : n < w} and
Tp —Yn = Cp -2z for each n < w. Pick n < w such that z = z,. Then ¢(z50,)) = ©(Ysn))

50 (s (Ts(n) — Ys(n))) € T[(5,2)] and thus @s(,) — Ysn) # Co(n) - 2- 0

14
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