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Abstract

Our aim in this paper is to prove Deuber’s conjecture on sparse par-
tition regularity, that for every m, p and c there exists a subset of the
natural numbers whose (m, p, ¢)-sets have high girth and chromatic num-
ber. More precisely, we show that for any m, p, ¢, k and g there is a
subset S of the natural numbers that is sufficiently rich in (m, p, ¢)-sets
that whenever S is k-coloured there is a monochromatic (m, p, ¢)-set, yet
is so sparse that its (m,p,c)-sets do not form any cycles of length less
than g.

Our main tools are some extensions of Nesetfil-R6dl amalgamation and
a Ramsey theorem of Bergelson, Hindman and Leader. As a sideline, we
obtain a Ramsey theorem for products of trees that may be of independent
interest.

1 Introduction

The notion of a ‘sparse’ Ramsey theorem goes back to Erdds. The starting case
of Ramsey’s theorem is the assertion that whenever the edges of a complete
graph on six points (a Kg) are 2-coloured, there is a monochromatic triangle. It
is natural to ask the converse: if G is a graph such that whenever its edges are
2-coloured there is a monochromatic triangle, then must G contain a Kg? Some
simple examples show that the answer is no: in fact, it is easy to construct such
a graph G that does not even contain a K5. The question of whether or not
such a graph must contain a K4 remained open for some time (it was a question
of Erdés), until Folkman [4] answered it in the negative. This was extended by
Nesetfil and Rédl [13] to any (finite) number of colours, using their important
‘amalgamation’ method.

This result is a typical ‘sparse’ theorem: it says that a graph can be very
non-dense in edges and yet still have enough edges to have the required Ramsey
property. (More precisely, it is a ‘restricted’ Ramsey theorem; the ‘sparse’
version, which was also proved by Nesetiil and Rodl, asserts that there is such a
graph G whose triangles are so spread out that there is no short cycle of them.
Here, as usual, a cycle in a hypergraph is a sequence A, x1, As, To, ..., Ay,
x,, where Ay, As, ..., A, are edges of the hypergraph and z1, xo, ..., x, are
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vertices of the hypergraph, with all of the A; and all of the x; distinct, and
satisfying x; € A; N A;41 for all 4, where A, ;1 means A;. In this case, we
consider the hypergraph whose vertices are the edges of G and whose edges
are the triangles of G.) Spencer [20] observed that a restricted version of van
der Waerden’s theorem holds—he gave a set that is Ramsey for arithmetic
progressions of length m, yet contains no arithmetic progression of length m+1.
R&dl [18] proved a sparse version of van der Waerden’s theorem—here the set of
arithmetic progressions of length m in the set is not allowed to have any short
cycles. For other approaches, see Frankl, Graham and Rédl [5], and Promel and
Voigt [16]. Around the same time, Nesetfil and Rédl [14] proved a sparse version
of the Finite Sums theorem. (The Finite Sums theorem states that for any n,
whenever the positive integers are finitely coloured there exist positive integers
T1, T, ..., Ty such that all of the sums ), , x; for non-empty A C [n] have
the same colour.) All of these results were placed in a more general context,
and greatly extended, by Nesetfil and Rodl (see for example [15]).

However, despite these results, one conjecture remained open: a sparse ver-
sion of Rado’s theorem, which we now describe.

A (finite) matrix A over the integers is said to be partition regular (PR)
if whenever the positive integers are finitely coloured, there exists a vector x
with all entries the same colour and satisfying Az = 0. We may also refer to
‘the system of linear equations Az = 0’ as being PR. Rado [17] provided a
characterization of all PR matrices. We shall be concerned with a version of
this characterization given by Deuber [2] in his refinement of Rado’s theorem.

To describe this characterization, it is necessary to introduce the notion of
an (m,p, c)-set. These can be thought of as ‘iterated arithmetic progressions’.

Given positive integers m, p and ¢, and positive integers x1, o, ..., Ty, the
(m,p, c)-set generated by 1, Ta, ..., T, is the set consisting of all sums of the
form cxy, + Zf;ll Nizg for k=1,2,...,mand \; (1 <4 <k—1) integers with

0 < \; < p. So, in particular, a (2, p, 1)-set is simply an arithmetic progression
of length p + 1 together with its common difference. Deuber [2] proved that
a system of linear equations is PR if and only if there exist some m, p and
¢ such that every (m,p,c)-set contains a solution to the system. So (m,p,c)-
sets are the ‘building-blocks’ of partition regularity, and are in a sense the only
important PR systems.

Returning to the sparse version of Rado’s theorem, Deuber [3] conjectured
that for any m, p and ¢, there should exist a set S such that whenever S is
finitely coloured there is a monochromatic (m, p, ¢)-set, but the (m,p, ¢)-sets in
S form a hypergraph of large girth. Our main aim in this paper is to prove this
conjecture.

One of the main obstacles to proving Deuber’s conjecture is the fact that
there is really no ‘abstract’ version of Rado’s theorem—as opposed to, say, van
der Waerden’s theorem, where the Hales-Jewett theorem may be viewed as its
abstract version. Rather, to prove Rado’s theorem one has to iterate some
Ramsey results (such as the Hales-Jewett theorem). This appears to be the
reason why even the very general results of Nesetiil and Rodl [15] do not seem
to help with Deuber’s conjecture.

We shall discuss more about the ideas of the proof once we have defined the
notion of a ‘picture’ in §3. For the moment, let us say that the proof is largely
based on two notions. One is an extension of Negetfil-R6dl amalgamation. The



other is a Ramsey theorem of Bergelson, Hindman and Leader [1]—it was used
in [1] to show that for every n, there is a subset .S of the positive integers which is
partition regular for every PR system of n equations (meaning that for any PR
matrix A with n rows, whenever S is finitely coloured there is a monochromatic
vector z with Az = 0), but with S not partition regular for some PR system of
n + 1 equations. We shall explain the relevance of this Ramsey theorem when
we define a ‘picture’; it will be needed as a ‘starting point’ for all of the later
amalgamation, and will provide a framework within which the amalgamation
can take place.

We begin by considering the simplest interesting case, namely the triangle-
free case for arithmetic progressions with common difference. It is convenient
to refer to a (2,p, 1)-set (or arithmetic progression of length p+ 1 with common
difference) as a p-line. So, in other words, we wish to find a subset S of the
natural numbers such that whenever S is k-coloured there is a monochromatic
p-line, but such that the p-lines in S do not form a triangle. All of the main
ideas necessary for the general result are present in the proof of this case, but
the notation is less impenetrable. In §2, we present the Ramsey theorem of
[1] in this case, and give a proof in our language. As a digression, we explain
how the result can be extended to give a Ramsey theorem for products of trees.
This result is not required in our proof of the sparse Rado theorem, but may
be of independent interest—in the language of Nesetiil and Rodl [12], we show
that the class of tree-products has the vertex-Ramsey property. Next, in §3,
we carry out the amalgamation to complete the proof of our main result in this
case. Finally, in §4, we explain how our methods can be extended to prove the
sparse version of Rado’s theorem in full generality.

We generally use standard notation throughout the paper. We denote by N
theset {0,1,2,...} of natural numbers, and by N the set N—{0} = {1,2,3,...}
of positive integers. For n € Ni, we write [n] to denote the finite set

{1,2,...,n}.

2 Ramsey results

Our main aim in this section is to present a proof of Theorem 3. This is a result
from [1]; we need it here because it will provide a ‘framework’ within which the
later amalgamation can take place. We provide a proof to familiarize the reader
with the language we are using—the concepts in the proof will be important
later.

Our other aim is to generalize Theorem 3 to a Ramsey theorem for products
of trees. While this more general result will play no part in the proof of the sparse
Rado theorem (and so the reader should feel free to omit §2.2 if so desired), it
may be of independent interest as it shows that the class of tree-products has a
natural Ramsey structure.

We make extensive use of the Hales-Jewett theorem, of which we shall remind
the reader after some necessary definitions. This theorem can be thought of as
an ‘abstract’ version of van der Waerden’s theorem.

Let A be a finite set and d a positive integer. We work in A%, the d-
dimensional Hales-Jewett cube on alphabet A. A combinatorial line in the cube
A% is a set L of the form

L={(z1,22,... ,24) € A i 2y =x; fori,j € I, x; = ¢; for i € [d] — I}



where [ is a non-empty subset of [d] and the ¢; (i € [d] — I) are elements of the
alphabet A. We call T the set of active coordinates of L and [d] — I the set of
inactive coordinates of L. We are now ready to state the Hales-Jewett theorem.

Theorem 1 (The Hales-Jewett theorem [7]). Let A be a finite set and k
a positive integer. Then there exists a positive integer d such that whenever A%
is k-coloured, it contains a monochromatic line.

Observe that van der Waerden’s theorem follows easily from the Hales-Jewett
theorem. It is possible to map the Hales-Jewett cube [n]? into the positive
integers N, in such a way that each combinatorial line in [n]? is taken to an
arithmetic progression of length n in N, : for example, define ¢: [n]? — N, by

¢(5C171’2,~~~,xd):x1+x2+~~-+xd,

Then a k-colouring of N induces a k-colouring of [n]¢, which, assuming d is
sufficiently large, gives a monochromatic line in [n]?, which in turn gives a
monochromatic arithmetic progression of length n in N,..

We shall also require a multi-dimensional extension of this theorem. An
m-dimensional combinatorial subspace of a Hales-Jewett cube A? (m = 1, 2,
3,...) is a set L of the form

for each j =1,2,... ,m, z; =xp, fori,h € I;
_ d . ) 4y ) ) [ ) 7
L—{($17$2;...,$d>€A : xizciforie[d]—U;”:le }
where Iy, Is, ..., I, are disjoint non-empty subsets of [d] and the ¢;
(i € [d] — Uj=, I;) are elements of the alphabet A. We call I, Iz, ..., Iy, the
active coordinate sets of L and [d] — Jj_, I; the set of inactive coordinates of
L. Note that a 1-dimensional combinatorial subspace is simply a combinatorial
line.

Theorem 2 (The multi-dimensional Hales-Jewett theorem [7]). Let A
be a finite set, and let k and m be positive integers. Then there exists a positive
integer d such that whenever A? is k-coloured, it contains a monochromatic
m-dimensional subspace.

While this result does not appear explicitly in [7], it follows immediately
from Theorem 1 by applying it to the alphabet A™ (see, for example, [6]).

2.1 Products of trees

We begin by constructing, for each p and k, a particular subset F' of the pos-
itive integers such that whenever F' is k-coloured it contains a monochromatic
(2,p,1)-set. When constructing the set F, we try to avoid endowing it with
unnecessary structure. In particular, F will have no 2-cycles of (2,p,1)-sets
(i.e. any pair of (2, p, 1)-sets in F' will intersect in at most one point), but it will
turn out to contain triangles of (2, p, 1)-sets. This sparseness in the structure of
F is crucial when we come to use F' to index the sets in our amalgamation in
3.

To that end, let p be a positive integer.

A p-line is a set of the form {a,z,z + a,x + 2a,... ,x + pa}, where a and
x are non-zero elements of N, i.e. a (2,p, 1)-set. We also consider more general



p-lines, where we allow z and a to be non-zero elements of N¢ for any e > 1. A
set of this form but with a or  allowed to be zero will be called a p-pseudo-line.
A map ¢: L — L' between p-pseudo-lines L and L' is called a homomorphism if

there exist integers a, o/,  and «’ with L = {a,z,2 4+ a,z + 2a,... ,z + pa}
and L'={d,2',2' +d',2’ +2d',... ;&' + pa’} such that ¢(a) = o and
dpx+Aa)=a"+Xa’ for A\ =0, 1, ..., p. An isomorphism between p-lines

is a bijective homomorphism.

We note that there are two isomorphism classes of p-lines: those with = # a,
which have order p+ 2, and those with x = a, which have order p+ 1. In general
we shall only need to deal with those of the first class; we refer to those in the
second class as degenerate p-lines, and we shall construct our structures in such
a way that they do not arise.

A p-tree of height 0 is a set of the form {a} for some non-zero a € N.
A p-tree of height 1 is a non-degenerate p-line T C N; in other words,
T={a,z,x+a,x+2a,...,x+pa} for non-zero a, x € N with a # z. We
say that the p-tree {a} of height 0 is a pre-tree of T. A p-tree of height h
(h > 2) is aset T of the form

T=RU U {a,Za,Tq + a,xq + 2a, ..., T, + pa}
a€S—R

where S is a p-tree of height h — 1 with pre-tree R and the z, (a € S — R) are
non-zero elements of N chosen so that all the z,+Xa (a € S— R, 0 < X < p) are
distinct and not contained in S and so that no unnecessary p-lines are created
in T in other words, the only p-lines in T are those in S together with those
of the form {a, 24, 24 + a,24 + 2a, ... ,24 + pa} for a € S — R. In particular, T'
contains no degenerate p-lines. We say that S is a pre-tree of T. Note that it
is possible to find a p-tree of any given height h: simply select each x,, in turn,
sufficiently large.

If T is a tree of height h, we say that (Ty,T1,...,Tn) is a tree-sequence for
T if T; is a tree of height ¢ (0 < i < h), T; is a pre-tree of T;11 (0<i<h—1)
and Ty, = T. (The reader may check that, apart from in certain trivial cases,
the tree-sequence for a given tree is unique.)

Two p-trees T and T’ are said to be isomorphic if there is a bijection
¢: T — T’ such that

o for LC T, ¢(L) is a p-line in T’ precisely when L is a p-line in T'; and
e for each p-line L in T, the restriction of ¢ to L is an isomorphism (of
p-lines).

It is clear that two p-trees are isomorphic precisely when they have the same
height. We refer to an isomorphic image of a p-tree T" as a copy of T'.
A p-tree-product of dimension d is a set F' C N¢ of the form

F= {(tl,tg,... ,td) 1t €T; U{O}ﬂfl not all 0}

where 11, T, ..., Ty are p-trees. We say that F' is the tree-product of the trees
Ti, Ty, ..., T, and we sometimes write F' = T1 QT -+ - $Ty, or F = O?lei.
A p-tree-product is said to be of height h if each p-tree in the definition is of
height h. Observe that a p-tree-product of dimension 1 is simply a p-tree.



We define isomorphisms and copies of p-tree-products exactly as for p-trees.
In general, we allow the image of an isomorphism to be any subset of N¢ for any
e > 1, and we refer to any copy of a p-tree-product as a p-tree-product. So, in
particular, we may encounter p-trees as subsets of N°¢ for e > 1.

Note that it is possible to embed any p-tree-product of any dimension in
N. In other words, given a p-tree product F' = T1 0T -+ - Ty, there is an
isomorphism ¢ from F' to some subset of N; for example, we may take the map

(t1,ta,- -+ ,tq) — ait1 + agta + - - - + agtq,

where ay, as, ..., aq are positive integers selected, in turn, sufficiently large
that no new p-lines are introduced.
Note also that p-tree-products do not contain any degenerate p-lines. For

suppose that {z,2x,3xz,... ,(p+ 1)z} is a degenerate p-line in the tree-product
F = T1$T50 - - OTy. Choose some ¢ such that z has ¢th coordinate =’ # 0.
Then {2/,22',32’,... ,(p+ 1)a’} is a degenerate p-line in T}, a contradiction.

We generally regard p as being a fixed positive integer and suppress the
p-dependence in the notation, referring simply to lines, trees, tree-products,
etc.

We are now ready to give a proof of the Ramsey theorem of Bergelson,
Hindman and Leader. (While this result does not appear explicitly in [1], it
may be read out of Theorem 2.5 of [1] using Lemma 2.6 and Theorem 2.7 of

[1].)

Theorem 3 ([1]). Let p and k be positive integers. Then there exists a p-
tree-product F' such that whenever F' is k-coloured, it contains a monochromatic
p-line.

Proof. For the remainder of this proof, ‘line’, ‘tree’ and ‘tree-product’ shall
mean ‘p-line’, ‘p-tree’ and ‘p-tree-product’. (In future, we shall often use such
terminology without comment.)

Let T be a tree of height k + 1 with tree sequence (Ty, T4, ... , Tg+1). Define
a finite sequence dy, d1, da, ..., dr41 of positive integers inductively as follows:

o dy=1;

e for 1 < n < k+ 1, take d,, sufficiently large that whenever T,‘f" is k-
coloured, there exists a monochromatic combinatorial subspace of dimen-
sion d,,_1.

Note that d,, is guaranteed to exist by the Hales-Jewett theorem [7]. We take
F to be the tree-product of di1 copies of T'.

Suppose F' is k-coloured. This induces a k-colouring of the subset Tg _ﬁl and
so, by our choice of dj1, we may find a monochromatic dg-dimensional subspace
Si. We may assume without loss of generality that the active coordinates of S

are [dy], i.e. that there exist zq, 11, zd, 42, -, Zdyy, € Tk41 such that

Sk = {(t17t27'-' )tdk;zdk+lazdk+27"' 7de+1) : t17t27"' )tdk S Tk+1}-

[The conscientious reader may be concerned at this point that some of
the active coordinate sets of S may contain two or more coordinates varying
together. But this does not cause a problem—we may simply identify such



coordinates by a suitable isomorphism. This will result in a smaller number of
inactive coordinates in the set S, but the number of inactive coordinates has no
bearing on the remainder of the proof.]

Now, write

Fp = {(tl,tg,... ,tdk,0,0,... ,0) tty,t0,... ., € Ty U {0},t2 not all 0}
——
dp41—dg

Note that we may think of Fj, as a tree-product of height k by considering it as
the tree product of dj copies of T}; i.e. we identify F} with the set

{(t1,t2,... ,ta,) : t1,t2,... ,ta, € T U{0},¢; not all 0}.

Now, our original colouring induces a k-colouring of F}, which in turn gives a
k-colouring of the subset T,f *. By our choice of dj, we may find a monochromatic
dp—1-dimensional subspace Si_1. We may assume that the active coordinate

set of S is [dr—1]. So there exist zq, _,+1,2d,_,42;--- »2d, € Tk such that
Sk:—l - {(tla t2) .. atdkflvzdkfl-i-l, de,1+27 .. 7de) : t17t27 L 7tdk,1 S Tk}
Now, write

Fr_1= {(tl,tg, ce ,tdkfl,o,(), - ,0) tty,ta, ... 7tdk,1 S Tk_1U{0},t1‘ not all O}
———

dr—dk—1

Note that we may think of Fj,_; as a tree-product of height £ — 1 by considering
it as the tree product of dy_1 copies of T;_1; i.e. we identify Fj_; with the set

{(tl,tg, ce 7tdk—1) tt1,te, .. tg, , € T 1 U {0},ti not all 0}

And so we continue. After k + 1 applications of Hales-Jewett, we have
obtained sequences Fy, Fi, ..., Fy of subsets of F' and z1, 22, ..., 24, of
elements of T satisfying:

] Fi:{(tl,tg,... ,tq,,0,0,. .. ,O)Ztl,tg,... ,td, ETZ‘U{O},Q not all 0};
———

diy1—d;

e S, = {(tl,... Jbdys Zd 415 - - - ,del,0,0,... ,O) b, .ty € Ti+1} is
—_———
dry1—dit1

monochromatic, with colour ¢;, say;
. ZiETj forigdj.
Now, by the pigeonhole principle, some two of the sets Sy, S, ..., S, must
have the same colour; say ¢, = ¢, for some 0 < m < n < k. Choose arbitrarily
a=(ai,az,...,a4,.,,0,0,...,0) € Sp,.

—_——
di4+1—dm+1

Note that for each ¢, 1 < ¢ < d;41, we have a; € T,,+1 and so there is
some x; such that x;,z; + a;,x; + 2a;,...,2; + pa; € Typyo C Thy1. So,



choosing x4, 41, Td,y 1425 -- > Td, € Tn41 arbitrarily, and setting x; = z; for
d,+1<1i<d,4+1, we may take

r = (r1,22,...,24,,,0,0,...,0) € S,.
—_——
di1—dnt1
We now have a € S,, and z,x + a,x + 2a,... ,x + pa € S, and so the line
{a,z,2+ a,x + 2a,... ,x + pa} is monochromatic with colour ¢, = ¢,. O

Theorem 3 asserts that given any p and k, there exists a tree-product G
such that whenever G is k-coloured, it contains a monochromatic p-line. In
fact, much more than this is true: given any tree-product F' and positive integer
k, there is some tree-product G such that whenever G is k-coloured, it contains
a monochromatic copy of F. It turns out that this result is not needed in
the proof of the sparse Rado theorem. Nevertheless, it may be found to be of
independent interest as it shows that the class of tree-products has a natural
Ramsey structure. The reader who is interested only in the proof of the sparse
Rado theorem may safely skip to the beginning of §3.

2.2 A full Ramsey theorem for products of trees

Our aim in this section is to extend Theorem 3 to a full Ramsey theorem for
products of trees. The result of §2.1 showed that whenever a sufficiently large
tree-product is k-coloured, it contains a monochromatic line. Here, we prove
that we can find not only a monochromatic line, but a monochromatic copy
of any tree-product we desire: given any tree-product F', there exists a tree-
product G such that whenever G is k-coloured, it contains a monochromatic
copy of F.

We begin by considering the case where F' is a single tree. Note that Theorem
3 is simply this result with A = 1. Our proof is a slight extension of the proof
of Theorem 3.

Lemma 4. Let p, h and k be positive integers. Then there exists a p-tree-
product F' such that whenever F is k-coloured, it contains a monochromatic
p-tree of height h.

Proof. This time, we begin by taking a tree T of height kh+1 with tree sequence
(To, T, ... ,Tent1) and a finite sequence dy, dy, ..., dgpy1 defined inductively
by:

[ ] do = 1,
o for 1 < n < kh+ 1, take d, sufficiently large that whenever Tg“ is k-

coloured, there exists a monochromatic combinatorial subspace of dimen-
sion d,,_1.

We take F' to be the tree product of dypy1 copies of T

Proceeding exactly as in the proof of Theorem 3, we apply Hales-Jewett
kh + 1 times to obtain sequences Fy, Fi, ..., Fpp of subsets of F' and z1,
22, ..+, Zdy,., Of elements of T satisfying:

. Fi:{(tl,tg,... ,tdi,0,0,... ,O):tl,tg,... s ta, ETiU{O},ti not all 0};
—_———

din+1—d;



e S, = {(tl,...,tdi72di+1,...7Zdi+1,070,...,0) N /5 T 2 P Ti+1} is
——

dkh+1—dit1
monochromatic;

o 2z €T fori <dj.

Now, by the pigeonhole principle, we may find ng < n; < --- < ny, such that
the sets Sy, Sny, - -+, Sn, all have the same colour, ¢, say.
We shall inductively construct trees Uy, Uy, ..., U, such that

e U; is of height ¢ and has tree sequence (Uy, Uy, ... ,U;);
o Uy CSp,and U; —U;—1 C Sy, for 1 <i < h.

In particular, Uy, will be a tree of height h contained in the monochromatic
set U?:o Sy, precisely as required.

First, we take Uy to be any singleton subset of S, .

Now, suppose that we have already constructed U;_; as required for some ¢,
1 <i < h. Suppose a € U;_1 — U;_2 (where we interpret U_; to be the empty
set). Then a € Sy, , and so

a=(ai,az,...,a4, ., 0,0,...,0 )
————

dih+1—dn; ;41

for some aq,as, ... 1Qd,, 4 € T, 1+1-

For each j < dn, ,4+1, we have a; € T,, 41 and so there is some z;
such that z;,z; + aj,x; + 2a;,... ,2; + pa; € Ty, ,+2 C Ty, 41. So, choos-
INg Zd, . 4141:Tdn, 11425 »Td,, € Tn,;41 arbitrarily, and setting z; = z; for

dp, +1 <7 <dp,+1, we may take

g = (21,22,... ,2q 0,0,...,0) € S,,.
—_———

nit1’

dkh+1_dni+l
Then set

U =U;_5U U {a,zq,xq + a,xq + 2a, ... ,x, + pa}
ac€lU;_1—-U;_2

(where we interpret U_; as (). O

We now consider general tree-products F' = (¢ T;. The proof proceeds in
two stages. First, by a product argument, we can find a tree-product G such
that whenever G is k-coloured, G contains a copy of F' in which each of the
24 — 1 possible Cartesian products of the form x&_,U; with U; = T} or U; = {0}
for each ¢ (not all U; zero) is monochromatic. The result then follows by an
application of the Finite Unions theorem, that given any positive integers d
and k, there exists some positive integer D such that whenever the non-empty
subsets of [D] are k-coloured, there exists a collection S = {51, Sa,...,S4} of
pairwise disjoint subsets of [D] with all non-empty unions of sets in S the same
colour.



Theorem 5. Let p, k, d and h be positive integers. Then there exists a p-
tree-product F' such that whenever F' is k-coloured, it contains a monochromatic
p-tree-product of d trees of height h. In particular, given any p-tree-product F,
there exists a p-tree-product G such that whenever G is k-coloured, it contains
a monochromatic copy of F.

Proof. Tt is enough to prove the following claim:

For all positive integers p, d, k and h, there exists a tree-product
F such that whenever F' is k-coloured, it contains a tree-product
szlTi of trees of height h with every set of the form szlUi U, =T;
or U; = {0} for each 4, not all U; zero) is monochromatic.

We can then deduce the theorem immediately by use of the Finite Unions the-
orem. For suppose that we have proved this claim, and that we are given p, k,
d and h. Pick D large enough that whenever P([D]) — 0 is k-coloured, there are
disjoint non-empty sets S1,S2,...,S5¢ C [D] with all non-empty unions of the
S; having the same colour. Now apply the claim, but with d replaced by D: we
obtain a tree-product $P | TY, with each x2,U; (U; =T/ or U; = {0} for each
i, not all U; zero) monochromatic. This induces a k-colouring of P([D]) — 0: we
simply give S C [D] the colour of the monochromatic set x2 ,U; where U; is
taken to be T} for ¢ € S and {0} otherwise. So we can now find Sy, Sz, ..., Sq
as in the Finite Unions theorem, and set

T, = U{(’U,l,’U,Q, ... up)u; =tif j € S;,u; =0 otherwise},
teT

where T is a tree of height h which we identify with each 7] by a suitable
isomorphism. Then each T; is a tree of height h, and their tree-product satisfies
the conclusion of the claim.

So it remains to prove the claim. We shall do so by induction on d. The
case d = 1 is simply Lemma 4, so assume d > 1 and fix p, k and h.

Let G be a tree-product which satisfies the conclusion of the claim, but with
d replaced by d — 1 and k replaced by k?; this is of course possible by the
induction hypothesis. Then take a tree-product H such that whenever H is
ElG1+ 1 coloured, it contains a monochromatic tree of height h; we may do this
by Lemma 4. Define FF = GOH.

Now suppose that we are given a k-colouring ¢ of F. This induces a k!¢1+1-
colouring of H: simply colour each ¢t € H by the entire colouring of (GU{0},¢).
By our choice of H, we can find a monochromatic tree Ty of height h for this
colouring.

We now have two k-colourings ¢y and c¢; of G, defined by

co(t) = c(t,0)
and
C1 (t) = C(tﬂfo),

where ¢y is some arbitrary element of T,;; note that ¢; does not depend on the
choice of tg.

Consider the k2-colouring (co, ¢1) of G. By our choice of G, there is a tree-
product Of;llTi of trees of height h which satisfies the conclusions of the claim

10



when applied to this colouring, and so also satisfies the conclusions of the claim
when applied to the colourings ¢y and c; separately.

We now claim that the set & ,T; will do. This is easy to check, as fol-
lows. Firstly, the fact that ¢ T} satisfies the conclusions of the claim for the
colouring ¢y means that each of the sets

(xf;llsi) x {0} (S; =T; or S; = {0} for each 7, not all S; zero)
is monochromatic; and for the colouring ¢; that each of the sets

(x?;llSi) x Ty (S; =T, or S; = {0} for each 4, not all S; zero)
IGl+1_

is monochromatic. Finally, the fact that T, is monochromatic for our &
colouring of H gives us that the set

{0} x T,

is monochromatic. O

3 The triangle-free extended van der Waerden
theorem

We now begin the proof of our main result in the (2,p,1)-set case. We start
with the ‘triangle-free’ version:

Theorem 6. Let p and k be positive integers. Then there exists a p-tree-product
P C N and a subset S C P such that

e whenever S is k-coloured, it contains a monochromatic p-line; and
e S contains no triangle of p-lines.

This result could be described as a ‘triangle-free extended van der Waerden
theorem’.

We begin by developing some machinery which will be necessary for the
proof. Roughly speaking, we will apply a kind of Nesetfil-R6dl amalgamation.
We emphasize that the proof of the triangle-free result presented in this section is
entirely self-contained, although for background the reader may wish to see one
of the original uses of amalgamation by Nesetfil and Rodl, to construct graphs of
large girth and chromatic number [11], and follow-up results of Frankl, Graham
and Rodl [5]. We mention that in our proof of the general sparse Rado theorem
in §4, we will require some extra machinery in the form of a sparse Hales-Jewett
theorem from [18] and [16].

The main idea is that the ‘indexing’ of the amalgamation (the index-set for
a ‘picture’ as defined below) will be carried out by Theorem 3. This seems to
give us the flexibility we need to make the amalgamation work. We remark that
if we indexed by (m,p,c)-sets themselves (which would be the ‘conventional’
approach), there would be no way to control the presence of superfluous p-lines.
This is why it is so important to realise that this result from [1] gives us precisely
what we need to start the amalgamation.
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Now, fix p and k. We begin by fixing a tree-product Fy such that whenever
Fy is k-coloured, it contains a monochromatic line. (We can of course do this
by Theorem 3.) Fj will be used to index the sets in our amalgamation.

A picture S in a tree-product F' will consist of disjoint sets S, C F' for each
v € Fy. The underlying set of S is the set UUeFO S, C F'; we often simply refer
to this set as S. A line L = {a,z,z + a,x + 2a,... ,x + pa} C S will be called
a picture-line if there exist b,y € Fy such that a € Sy, v € Sy, v +a € Sy,
T +2a € Syton, -, T4+ pa € Syipp-

An isomorphism between pictures S and S’ is a bijection ¢: S — S’ such
that

e for L C S, ¢(L) is a picture-line in S” precisely when L is a picture-line
in S; and

e whenever L is a picture-line in S, the restriction of ¢ to L is an isomor-
phism (of lines).
3.1 Starting Picture
To start, find a picture S inside some large tree-product F' such that:

e for any line {a,z,x+a,z+2a,... ,x+pa} in Fy, there exist b and y such

that b€ So, y € Sz, Yy +b0€ Spqa, Yy +20€ Spy0a, -, Y+ Db E Spqpa—
in other words, “for each line in Fj there is a corresponding line in the
picture S”;

e the collection of lines in (J,. F, Sv contains no triangle; and
e every line in S is a picture-line.

This is of course possible. For each line L in Fy, we choose disjointly a line
L' in F, making sure that the union of the L"’s contains no lines other than the
L"s themselves. We then take our picture S to have underlying set the union
of the L"’s, with the points assigned appropriately to the S,’s.

Observe that whenever S is k-coloured with each S, monochromatic, it con-
tains a monochromatic line. For such a k-colouring of S induces a k-colouring
of Fy, giving a monochromatic line in Fy, which in turn gives a monochromatic
line in S.

3.2 Amalgamation

Now we “try to force the S, to be monochromatic”.

Specifically, given a picture S satisfying the above conditions, and a fixed
u € Fy, we want to find a picture S’ in some tree-product which still satisfies
our conditions, and such that whenever S’ is k-coloured, it contains a copy of S
with S, monochromatic. This ‘amalgamation’ is at the heart of the proof; the
difficulty lies in somehow finding a way to construct the set S’ which preserves
the properties we need. Once this has been successfully carried out, we will
have proved our result; for we obtain the required tree-product by applying this
to each u € Fy in turn.

We shall require the notion of a homomorphism of tree-products. So suppose
F and G are tree-products. A homomorphism w from F to G is a function
m: F' — G such that
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e whenever L C F is a line, 7(L) C G is a pseudo-line; and

e whenever L is a line in F', the restriction of 7 to L is a homomorphism (of
pseudo-lines).

If F is a tree-product, we write ' = F'U{0}. We use the exact same conditions
to define homomorphisms from F to G and from F to G. When n: F — G is a
homomorphism, we shall, without comment, also denote by 7 the extension of
this homomorphism to the domain F' given by setting 7(0) = 0.

It is vital to the amalgamation that there is a large supply of such homo-
morphisms. Specifically, we need the following lemma.

Lemma 7. Let F' be a p-tree-product, and suppose u and v are distinct elements
of F. Then there exists a homomorphism w: F — FOF such that m(u) = (u, 0)
but w(v) # (v,0).

Proof. We first deal with the case where F' is a single tree T'. Let (Tp, T1,... ,Th)
be a tree sequence for T. For each x € T, we define the height h(x) of = to be
the least ¢ such that z € T;. If a € T with h(a) < h then there is a unique line
in T of the form {a,z,x+a,... ,x+pa} with h(z) = h(a)+1. We write z, = x
and L, = {a, 24,2, + a,... , 24 + pa}.

The set of descendants of x is defined to be the smallest set D, such that

e r € D,;and
o if y € D, with h(y) < h then L, C D,.

Note that D, is itself a tree. The set G, of siblings of w is the collection of
all elements of T at the same height as w which lie in a common line with w
(including w).

We now proceed to the definition of w. There are two cases to consider:

Case (i): v is not a descendant of w.

For each sibling v’ of u, there is a unique isomorphism =, : D, — D, taking
u' to u. We define 7: T — T<OT by

(w) = (7w (w),0) if w € D, for some v’ € G,
W= (0,0) otherwise

Case (ii): v is a descendant of w.

For each sibling v’ of v, there is a unique isomorphism 7, : D, — D,, taking v’
to v. We define m: T'— T'OT by

(w) = (w, my (w)) if w € Dy for some v’ € G,
=N (w,0) otherwise

In each case, it is a routine matter to check that 7 is indeed a homomorphism;
and it is obvious that 7(u) = (u,0) but that 7(v) # (v, 0).

We now proceed to consider a general tree-product F = {¢_,T;. Suppose
first that v and v differ in some coordinate where they are both supported;
without loss of generality, we assume that u; # v; with u; and v; both non-zero.
By our result for a single tree, there is some homomorphism #': T} — T T,
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with 7/(u1) = (u1,0) but 7'(v1) # (v1,0). We may then define n: F — FOF
by
m(z1, 22, ... ,xq) = (71 (21), 22,23, ... ,Ta, ™5(71),0,0,...,0)
————

d—1

where 7, 74: T — T are homomorphisms such that 7/ = (7}, 75).
Suppose instead that v is supported on some coordinate where u is not, say
v1 # 0 = u;. Then we may simply define

ﬂ-(xth;-" a'rd) = (0,,152,5537... 7$d70a05"' ’0)
—_———

d

Finally, if neither of the above holds then we must have u supported on
some coordinate where v is not. There must also be some coordinate on which
v is supported, and v must agree with v on this coordinate. So we may assume
without loss of generality that u; # 0, v1 = 0 and us = vo # 0. Let D1 and Dy
denote the sets of descendants of u; in 77 and of uy in 75 respectively.

If the height of the tree D; does not exceed the height of the tree D5, then
there is a homomorphism 7’: D; — D5 taking u; to us. Writing D, for the set
of descendants of a point z in 77, we know that for each sibling v’ of u; there
is an isomorphism 7,/ : Dy — D,,, = D; taking «’ to u;. So we may extend 7’
to the whole of T3 by setting

() = 7' (myw (z)) if @ € Dy for some v’ € Gy,
=0 otherwise

(Note that this agrees with our previous definition on D,,, as the isomorphism
Ty o Dy, — Dy, must be the identity.) Then define 7: F — FOF by

m(z1, 22, ... ,xq) = (x1,7'(21), 23, T4, ... ,24,0,0,...,0).
———

d

If instead the height of the tree Dy does exceed the height of the tree Ds,
then we may find a homomorphism 7’: T, — 77 taking us to u;. We can then
set

m(x1,22,. .. ,xq) = (7' (22), T2, 23, T4, ... ,24,0,0,...,0).
————

d
O

In what follows, it will often be convenient to think of F' as being embedded
in FOF by means of the injective homomorphism z +— (z,0). We shall do
so without comment; when we do, we shall, by an abuse of notation, refer to
(2,0) € FOF simply as . In this language, Lemma 7 says that for any u, v € F
with 4 # v we can find a homomorphism from F' to F$F which fixes u and
moves v.

We also require the following trivial observation:

Lemma 8. Let Fy and F be p-tree-products, and let uw € Fy. Then there exists
a p-tree-product F' and an injective homomorphism 6: F — F' such that, given
any ¢ € F, there exists a homomorphism 0.: Fy — F' with 0.(u) = 6(c).
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Proof. We may assume without loss of generality that Fj is a product of n
copies of a tree Ty of height h, and that F' is a product of N copies of a tree T'
of height H. Let F’ be a product of N copies of a tree T” of height H + h. Let
¢: T — T’ be an injective homomorphism taking the root of T to the root of
T’. Then define §: F — F’ by 0(x1,x2,... ,2n5) = (6(x1), d(22),... ,0(xN)).

Now, suppose that (ui,us,...,u,) € Fy and (c1,¢a,... ,cn) € F. We may
assume without loss of generality that u; # 0. For 1 < i < N and for each
u € Gy, let Ogu/): D,» — T’ be a homomorphism taking u’ to ¢(c;). (Note
that this is possible as D, is a tree of height at most h, and ¢(c;) is either
zero or a point at height at most H in a tree of height H + h.) Then define
0.,: Fy — F’" by

(9§U')($1)7.“ ,95\1;/)(:51)) if z; € Dy for some v’ € G,
Oc,(x1,22,... ,2n) = ¢ (0,0,...,0) otherwise
————
N
O

We now return to the amalgamation. Recall that we are given a picture 5,
inside some large tree-product F, satisfying the conditions of §3.1, and u € Fy.
With F’, 6 and 0. (c € F) as given by Lemma 8, we may regard S as a picture
inside the tree-product F’ (i.e. we replace S with the copy 6(5)). Making this
identification, we see that for each ¢ € S, we have 0.(u) = c. Our goal is a
picture S” which also satisfies the conditions of §3.1, and such that whenever S’
is k-coloured, it contains a copy of S with S, monochromatic. We call S’ the
amalgamation of S over S, and define it as follows:

First, fix some e such that whenever the Hales-Jewett cube (S,)¢ is k-
coloured, it contains a monochromatic S,-line. (Here, by ‘S,-line’; we of course
mean a line in the usual sense of the Hales-Jewett theorem. We can find such an
e by applying Hales-Jewett on alphabet S,,.) We list all of the S,-lines in (.S,)¢
as S&l), Sq(f), cee S&D). Note that (5,)¢ lies inside some large tree-product
G = F'=.

Next, fix j with 1 < j < D. Let I C [e] be the set of active coordinates of
the line S in (Sw)¢. Then there exist ¢; € S, (i € [e] — I) such that

SO ={reG:axj=cforicle]—ITandz; =z, €S, foralihel}.
For each v € Fy, define
SW ={reG:az;=0.(v)foricle]—Tandz; =z, €S, foralli,hel}.

We observe that this is consistent with our original definition of S,

Now, let m; (1 < i < n) be all the homomorphisms from Fy to FoFy which
fix u, with m; being the identity. Let f; (1 <j < N = n”) be the collection of
all functions from [D] to [n], with f; being the constant function with value 1.

We define our goal picture S’ in FOOFONQG by

D
S, = o (0), @ (0), - Ty (0), SE).

i=1

The S! are indeed disjoint as each S, has first coordinate v.
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Note in particular that

D
Sy, = (u,u,... ,u, U S,(f))
i=1
Note also that we have D copies S, S(_Q), .o, SP) of S in S/, with

(SD)y = (mp, (1) (V) T (i) (), - - - ,wf-N(i)(v)7S,(,Z)) C S). Moreover, these copies
intersect only in S!,. For if v # u then, by Lemma 7, we can find some homo-
morphism 7 which fixes v and moves v. Now, given ¢ and j with ¢ £ j, there is
some coordinate in which (S®), has v and (S¥)), has 7(v) # v.

We must now check that S’ does indeed have the properties we claim. Specif-
ically, we need the following lemma.

Lemma 9. Let S be a picture satisfying the conditions of §3.1, let u € Fy, and
let S’ be the amalgamation of S over S,. Then (i) whenever S’ is k-coloured, it
contains a copy of S with S, monochromatic; and (i) S’ satisfies the conditions
of §3.1.

We shall use the following result on lines in S’:

Lemma 10. Let S be a picture satisfying the conditions of §3.1, let u € Fy, and
let S" be the amalgamation of S over S,. Then any line in S’ is a picture-line
and is entirely contained in one of the copies S@) of S.

Proof. Let L = {a,z,x+a,x+2a,...,x+pa} be alinein S’. Suppose a € S,
and z € SJ,. Then a has first coordinate ¢’ and z has first coordinate 2.
Hence for A = 1,2,...,p, the first coordinate of x + Aa is =’ + Aa’, and so
T+ Aa € Sprang. So L is a picture-line.

We now come to the proof of the second assertion of the lemma, beginning
with the simpler case where v ¢ L' = {a’,2',2’ + d',2' + 2d/,... ,2' + pa'}.
Suppose that 2 and a are in different copies of S, say € S and a € S
with i # j. Suppose first that 2 +a ¢ SU). Then let 7 be a homomorphism
which fixes © and moves a’. By looking at an appropriate column, we find
2’ 4+ m(a’) = 2’ + d’, a contradiction. If instead z + a € SU) then we may
similarly find that, for some homomorphism 7’ which fixes © and moves z’,
m'(z') + a =2’ + a, again a contradiction.

Hence x and a are in the same copy of S, say x, a € S). Now suppose
that for some A with 1 < A < p we have x 4+ \a & S@ . Then for some homo-
morphism 7 which fixes u and moves 2’ + Aa’ we have ' + Aa’ = 7(2’ + \d'), a
contradiction. So in fact z + Aa € S@ for all \, which completes the proof.

We must now deal with the case where u € L’. Let w € L be the unique
point of L which lies in S!,. By a precisely similar argument to the foregoing, we
see that there is some copy of S, say S, which contains every point of L — {w}.
It is impossible to obtain any better result than this by considering the first N
coordinates, as m;(u) = u for every j. Hence we are forced to examine what
happens in the final coordinate.

The projection of L onto this final coordinate forms a line L” in the tree
product G. For each y € L, denote the corresponding points in L’ and L” by
y" and y” respectively. So y € S}, and y” is the projection of y onto G. In
particular, u = w’.
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Let I C [e] denote the set of active coordinates of the line S5 in S¢, and
for each j € [e] — I, let ¢; € S, be the constant for position j in S (i.e. such
that given any x € S we have x; = ¢; for every j € [e] — I). Now, for each
y € L — {w}, we know that y" € SZ(/Z,). Hence we can find d, € S, such that
yj =0, (y’) for j € [e] — I and y; = d,, for j € I. Now, choose d,, € G such
that {d, : y € L} is a line (for example, take d,, = w} for an arbitrary j € I).
Consider the point W defined by W; = ¢; = 0, (u) for j € [e] = I and W} = d,,
for j € I. Then L” — {w'} U{W} is a line in G. But a line in a tree-product is
completely determined by specifying all but one of its points, and so W = w”.

Finally, as w"” € Sy, we have w] € S, for every j € [e], and in particular

dy € S,. Hence w' € S and so w € S@ as required, and we are done. O
We proceed to the verification of the desired properties of S’

Proof (of Lemma 9). (i) Suppose that S’ is k-coloured; say we have some
k-colouring ¢ of S’.  This induces a k-colouring ¢ of (S,)¢ given by
d(t) = c(u,u, ... ,u,t). By our choice of e, the Hales-Jewett cube (S,)¢ must
contain a monochromatic S,-line, say Sq(f) for some 7 with 1 <7 < D. But then
S() is a copy of S with Sq(f) monochromatic.

(ii) We now verify that S satisfies the conditions of §3.1. We have already
shown in Lemma 10 that every line in S’ is a picture line, so there are only two
remaining conditions to be checked.

First, we must check the condition that for each line in Fj there is a cor-
responding line in the picture S’. But this is easy. For if L is a line in Fj
then there is a corresponding line in S, and S’ contains copies SV of S with
Sf,i) C S) for each v € Fy.

Finally, we must ensure that S’ is triangle-free. So suppose we have some
triangle Lix1LoxoL3xs in S’ i.e. suppose that L1, Ly and Ls are distinct lines
and z1, x2 and z3 are distinct points with z1 € L1 N Lo, 9 € Ly N Lz and
x3 € L3N L;. By Lemma 10, each of Ly, Ls and L3 must be a picture-line
and be contained entirely within some copy of S; say L, c S(1), Ly ¢ §02)
and Ly C S(3). Each copy of S is triangle-free, and so i1, i and i3 cannot
all be equal. As copies of S intersect only in S, at least two of the points of
intersection, say x; and x2, must lie in S;,. But then Ly has two points in 5],
which is impossible as it must be a picture-line and Fj contains no degenerate
lines. So S’ is triangle-free as required. O

This is enough to establish our main result:

Proof (of Theorem 6). Take the starting picture of §3.1, and amalgamate over
each u € Fy in turn. By the preceding lemmas, the resulting set S has the
properties we require and the theorem is proved. O

4 The general sparse Rado theorem

We have so far been able to show that given any p and k, there is a subset S of
the natural numbers such that

e whenever S is k-coloured, it contains a monochromatic (2, p, 1)-set (‘line’);
but
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e no triangle is formed by the lines in S.

In fact, the bulk of the work is now behind us and it is relatively easy to complete
the proof of the general result. For the moment, we shall stay with the case of
(2,p, 1)-sets but attempt to force the set S to have arbitrarily large girth.

4.1 Large girth

Recall that we constructed our set S to contain no triangle of lines. In fact, it
also contains no 4-cycle of lines.

Clearly our starting picture contains no 4-cycle of lines—no two lines in the
starting picture intersect, so it contains no cycles at all.

Let us consider how a 4-cycle of lines could arise while carrying out the
amalgamation. Suppose that we have some picture S containing no 4-cycle of
lines, but that when we amalgamate over the set S, the picture S’ thus formed
does contain such a 4-cycle, say LixiLoxoLsxsLixy. By our earlier work, we
know that each of L1, Ly, L3 and L4 must be a picture-line and be contained
entirely within some copy of S. But since none of the copies of S contains a
4-cycle and copies of S intersect only in S!,, the only way that this can happen
is if L; and Ly are contained in the same copy of S, say S(*), and also L3 and
L4 are contained in the same copy of S, say SU), with i # j. Then S® and
SU) intersect in at least two points, namely zp and x4. This means that the
distinct (S, )-lines S5 and S must intersect in at least two points. But this
is impossible—distinct lines in a Hales-Jewett cube can intersect in at most one
point.

By a similar argument, we shall see (in the proof of Theorem 12) that a
g-cycle of lines in S” can only arise if we have a cycle of (S,)-lines in (S,)¢ of
length at most g/2. This suggests that what is needed is precisely the sparse
Hales-Jewett theorem of Rodl [18] (see also Promel and Voigt [16]).

Theorem 11 ([18]). Let A be a finite alphabet with |A| > 3, and let k and
g be positive integers. Then there exists a Hales-Jewett cube A° and a subset
R C A° such that

e whenever R is k-coloured it contains a monochromatic line; and
e there is no cycle of lines in R of length < g.
Armed with this result, we are now able to prove the following theorem.

Theorem 12. Let p, k and g be positive integers. Then there exists a set S C N
such that

e whenever S is k-coloured it contains a monochromatic p-line; and
e there is no cycle of p-lines in S of length < g.

Proof. We carry out precisely the construction of §3 except that when defining
the amalgamation S’ of S over S,,, we replace the Hales-Jewett cube (S,)¢ by
some subset R of an appropriate Hales-Jewett cube such that

e whenever R is k-coloured it contains a monochromatic line; and

e there is no cycle of lines in R of length < g/2.
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We know that R of course exists by Theorem 11.

The proof carries through almost identically to the proof of Theorem 6. All
we must check is that if S is a picture with no cycle of length < g and S’ is the
(newly-defined) amalgamation of S over S, then also S’ has no cycle of length
<g.

So suppose that L1z Loxs ... L.x, (r < g) is a cycle of lines in S’. We know
that each L; must be a picture-line and contained entirely within some copy of
S. Moreover, the copies of S intersect only in S!,. Hence the z; which belong
to S;, must induce a cycle of (S,)-lines in R; for if ¢ < j with z;, z; € S], but
Tit1, Tit2, .-, Tj—1 € S, then, by our construction, z; and z; must lie in the
same copy of S. (As each copy of S has no cycle of length < g, we cannot have
all the z; lying in the same copy of S and so this must involve more than one
(Su)-line; i.e. we genuinely do obtain a cycle.) Moreover, no two consecutive x;
can belong to S), as each L; is a picture line and so intersects S;, at most once.
Hence the cycle of lines we obtain in R has length < g/2. But this contradicts
our choice of R, and so no such cycle of lines in S’ can exist, which is enough
to establish our theorem. O

4.2  (m,p,c)-sets

We now proceed to generalize the preceding results to general (m,p, c)-sets.
Throughout this section, we shall regard m, p and ¢ as fixed positive integers,
and refer to an (m,p,c)-set as a line. At one point in the proof, we need to
assume that p and ¢ are not both 1—but fortunately this case is precisely the
sparse Finite Sums theorem of Negetfil and Rodl [14].

4.2.1 Ramsey results

Our first task is to give an appropriate definition of a tree such that an ana-
logue of Theorem 3 holds. The following definitions and result are essentially a
paraphrase of work of Bergelson, Hindman and Leader [1].

Recall that now a line is an (m,p,c)-set generated by, say, non-zero

T1, To, -.., Tm € N.  We shall find it convenient to denote this set by
[€1,%2,...,2m]. As before, we also consider more generally lines of the form
[x1,x2,... ] for non-zero x1, xa, ..., T, € N€ for any e > 1. We define

a pseudo-line in exactly the same way, but allowing any or all of the x; to
be zero. A map ¢: L — L' between pseudo-lines L and L’ is called a homo-
morphism if we can find z1, 29, ..., &y, such that L = [x1,22,... 2] and
L' = [%(b(cxl), L1¢(caz),. .., Ld(cxy,)]. Again, an isomorphism between lines is
a bijective homomorphism.

We now define an (m, p, c)-tree of height 0 to be a set of the form {cz,}
for some non-zero 1 € N. An (m,p,c)-tree of height 1 is an (m,p,c)-set
T = [r1,%2,... ,Zm] C N, with the property that all of the sums cxk—i—Zf:_ll i
(I1<k<mand 0 < \; <pforl<i<k-—1) are distinct; we say that the tree
{cz1} of height 0 is a pre-tree of T. An (m,p, ¢)-tree of height h (h > 0) is a set
T of the form

T=RU U [awéa),... ,zD]
ca€S—R

where S is an (m,p,c)-tree of height h — 1 with pre-tree R and the xz(-a)

(ca € S—R, 2 < i < m) are non-zero elements of N chosen so as to create
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no unnecessary lines in T and so that all of the new sums required are distinct
and do not already appear in S. So, in particular, our (m, p, c)-trees contain no
degenerate lines.

Observe that a (2,p, 1)-tree is simply a p-tree in the sense of §2.1.

To ensure that short cycles cannot be created by the amalgamation process
described below, it will be necessary to work with tree-products containing no
degenerate lines. Unless p = 1, this can be achieved by insisting that no tree in
the product contains both z and 2z for any x € Ny. (It is, of course, possible
to construct such an (m,p, ¢)-tree of any given height, simply by taking each
new variable sufficiently large.) For if [x1,x2,...,2,,] is a line in such a tree-
product then zs, x3, ..., x,, must all be supported on any coordinate where x;
is supported, and so a degenerate line in the product gives rise to a degenerate
line in some single coordinate. If p = 1 then ¢ # 1 and we may instead take
trees which do not contain z and cx for any © € N;. Hence we may assume
that none of the tree-products with which we work contains a degenerate line.

Again, it is clear that (m,p, c)-trees of arbitrary height exist in N: we can
construct an (m,p, c¢)-tree of any given height in Q4 by successively choosing
elements sufficiently large to ensure that there are no unnecessary lines, then
multiply up by an appropriate constant to make each element an integer. When
m, p and ¢ are fixed, we shall often refer to (m, p, ¢)-trees simply as trees.

The remainder of our definitions are precisely as in §2.

We are now ready to prove an analogue of Theorem 3. The proof is a minor
adaptation of that of the (2, p, 1)-set result.

Theorem 13 ([1]). Let m, p, ¢ and k be positive integers. Then there exists
an (m,p,c)-tree-product F' such that whenever F' is k-coloured, it contains a
monochromatic (m,p, ¢)-set.

Proof. Let T be a tree of height K = (m — 1)k + 1 with tree sequence
(To, T4, ... ,Tk). Define a finite sequence dy, dy, ..., di inductively, exactly as
before, using the Hales-Jewett theorem:

e take dy = 1;

e for 1 <n < K, take d, sufficiently large that whenever 79 is k-coloured,
there exists a monochromatic combinatorial subspace of dimension d,,_.

Take F' to be the tree product of di copies of 1" and assume that we are given
a k-colouring of F'.

As in the proof of Theorem 3, after K applications of Hales-Jewett, we obtain
sequences Fp, Fy, ..., Fx_; of subsets of F' and 21, 22, ..., 24, of elements of
T satisfying:

o [ = {(tl,tg,... ,tdi,0,0,... ,O) tly,t2,... ,tq; € T; U {0},ti not all 0};

———
drx—d;
° Sz = {(tl, ,tdi,Zdi_A,_l,... ,Zdi+170,0,... ,0) tti,ta, ... ,tdi S T%_;'_l} is
——

drg—diy1
monochromatic, with colour ¢;, say;

o z; €T} fori < dj.
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Now, as K = (m — 1)k + 1, we can find some m of the sets Sy, Si,
Sa, ..., Sk_1 with the same colour; say ¢,, = ¢p, = --- = ¢y, for some
0<n; <ng <+ <ny < K—1. Choose arbitrarily

cry = (cxgl),cx?), .. ,cxgdnl“),0,0, ...,0) € Sy,.
——

dx —dn 41

Now, for each ¢, 1 < i < d,, 41, we have cmgi) € T,,+1 and so there exist xéi),

2, al) such that (27,28 2] € Tpyve © Ty for all j > 1. So,
(dnq+1+1) (dnl+1+2) (dnz)
choosing cz, , CT y ee., CT € T,,+1 arbitrarily, and setting

cal) =z for dn, + 1 <i < dpy41, We may take

To = (a:g ),xé2)7... ,CB; mat) ,0,0,...,0).

d —dng+1

Observe that cxs + Ax1 € Sy, for 0 < A <p.
(2)

Now, for each ¢ with d,,; 41 +1 <@ < dn2+1, we have czy’ € T),,4+1 and so

there exist xg), xi% .. xS,), y such that [x2 ,xg),... ,xS,?,y] C Tnpy2 CThyta

for all j > 2. [Note that we are not interested in y; indeed, our interest in the

line [xé ), x:(,f), ... 3352), y] only goes so far as to ensure that the appropriate linear

combinations of xé ), xg ), ey ;z:ﬁ,? are in all the T}, for j > 2.] So, choosing

dn, 1 dp 2 dn,
c:cé 2+t ), cmg 2t ), ey cx( 2) € T,,+1 arbitrarily, and setting cx( ) = Z

for d,,, +1 <i < d, 41, we may take
T3 = (:z:g), éQ),... ,a:gd"'3+1),0,0,... ,0).

dr —dng41

Observe that cxs + Axg + pay € Sp, for 0 < A, p < p.

Continuing in this way, we define x4, x5, ..., , in such a way that for all
1 with 1 <1 < m, we have cx; + 23;11 Ajzj € Sy, for all A1, Ag, ..., A;_1 with
0 < Ay, Az, ooy Aj—1 < p. Hence the line [21, 22, ... , Zx,] is monochromatic. [

We observe that this again generalizes to give a Ramsey theorem for products
of trees, which again will not be necessary for the argument to follow:

Theorem 14. Let m, p, ¢ and k be positive integers, and let F' be an (m,p,c)-
tree-product. Then there exists an (m,p,c)-tree-product G such that whenever
G is k-coloured, it contains a monochromatic copy of F.

Proof. This result is deduced from Theorem 13 in exactly the same way as
Theorem 5 was deduced from Theorem 3. O

4.2.2 Main Result

We now come to the proof of our main result for (m, p, c¢)-sets. Again, the proof
is almost identical to that for (2, p, 1)-sets.

The basic definitions are essentially the same as those given at the start of
§3. The only definition deserving of comment is that of a picture-line: we now
say that a line L in a picture S indexed by a tree-product Fj is a picture-line
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if there is some line L’ in F, and an isomorphism ¢: L — L’ such that for all
x € L we have x € Sy(,). Note that in the case m = 2 and ¢ = 1 this reduces
to the definition given in §3.

As before, we take a starting picture S inside some large tree-product F'.
The conditions that we now require S to satisfy are:

e for any line L in Fy, there is a line L’ in S and an isomorphism ¢: L — L'
such that for all x € L, ¢(z) € Sy;

e the collection of lines in | J S, contains no cycle of length < g; and

veF)y

e every line in S is a picture-line.

We define homomorphisms as before. To carry out our amalgamation, we will
need an analogue of Lemma 7 to tell us that there are enough homomorphisms.
However, we now need a larger codomain available for our homomorphisms.

We define the extension Ft of a tree-product F to be the tree-product
obtained from F by ‘growing each tree in F one extra level’. Formally, if
F =" T, where T; is a tree of height h;, we define F* = O?:lTi"’, where
TiJr is a tree of height h; + 1; we identify F' with a suitable subset of F'T via an
isomorphism mapping each T; into Tf with the root of T; being taken to the
root of T}

Lemma 15. Let F' be an (m, p, c)-tree-product, and suppose u and v are distinct
elements of F. Then there exists a homomorphism w: F — F+OFT such that
m(u) = (u,0) but 7(v) # (v,0).

Proof. The proof is similar to that of Lemma 7, but with some additional com-
plications. Again, we start with the case where F' is a single tree T with
tree-sequence (To,T4,...,Ty). Again, for each x € T, we define the height
h(z) of x to be the least i such that z € T;. If a € T with h(a) < h
then there is a unique line L in T of the form L = [a,29,23,... 2] with
h(zz) = h(zs) = -+ = h(zym) = h(a) + 1. We write L, = L and acga) = x; for
2 < i < m. We define the set of descendants D, and the set of siblings G, of a
point x € T as in the proof of Lemma 7. We shall denote the set of descendants
of a point x € T by DF. Given z € T with h(z) > 0, there is a unique

x1 € T with ¢ € L, = [x1,%2,... ,%m] and h(z1) = h(z) — 1. We may then
express x uniquely in the form z = cx, + Z:;ll Aix; for some r, 2 < r < m and
0 <A1, Ag, ooy Aro1 < p. We call r the rank of x and denote it by r(z). We

define the set of younger siblings of x to be the set G, = {y € G, : r(y) > r(z)}.
The definition of 7 is again divided into two cases.

Case (i): v is not a descendant of w.

As v is not a descendant of w, we must have h(u) > 0, and

h € Ly, =[x1,22,...,%y] for some x; with h(z;) = h(u) — 1. Write r = r(u),
and L, = [y1,Y2,---,Ym] C TT (so y1 = u). For each t € G, we may
write t = ¢,y + E:Sl)fl pix; for some 0 < i, pio, -, pr(y—1 < p. Define

t = cYry—rs1 + Z;Q‘T pivr—1y;i € TH. Then there is an isomorphism
m: Dy — D;’,‘ taking t to t’. We define w: T — T+OTT by

[ (m(w),0) if we Dy for some t € Gy,
m(w) = { (0,0) otherwise
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Case (ii): v is a descendant of w.

Similarly to the above, by taking for each ¢ € G a suitable ¢ € T and an
isomorphism 7y : Dy — DZ? , we may define a homomorphism 7: T — T+OT+

(w) = (w,m(w)) if we€ Dy for some t € G,
= (w,0) otherwise

We have now dealt with the case where F' is a single tree. Suppose instead
F= szlTi. If u and v differ in some coordinate where they are both supported,
or if v is supported somewhere where u is not, then we can finish exactly as in
the proof of Lemma 7. In the only remaining case, we may assume without loss
of generality that u; # 0, v1 = 0 and us = v # 0. Denote by D; and Dy the
sets of desendants of u; in Ty and us in 75 respectively.

Suppose that the height of the tree D; does not exceed the height of the
tree Do. Then, similarly to the constructions earlier in this proof, for each
t € G, we may choose a point ' € Dy, with v} = uy, and an isomorphism
my: Dy — D:,r taking ¢ to ¢/, in such a way that we can define a homomorphism
m:Th — Ty by

() = m(xz) if 2 € Dy for some t € G
TN 0 otherwise

We may then define 7: FF — F+OF+ by

m(x1,22,. .. ,xq) = (x1, 7' (21), 23, T4, ... ,24,0,0,...,0).
———

d

If instead the height of the tree D; does exceed the height of the tree Dy
then we may find a homomorphism 7’': T — TfL taking us to u;. We can then
set

m(x1,22,. .. ,xq) = (7'(22), 22,23, T4, ... ,24,0,0,...,0).
————

d
O

Again, we embed F in F+*$FT by means of the injective homomorphism
x +— (x,0). We also have an analogue of Lemma 8:

Lemma 16. Let Fy and F be (m, p, ¢)-tree products, and let uw € Fy. Then there
exists an (m, p,c)-tree-product F' and an injective homomorphism 6: F — F'
such that, given any ¢ € F, there exists a homomorphism 0.: Fy — F' with

0.(u) = 0(c).

Proof. Assume without loss of generality that Fp is a product of n copies of a
tree Ty of height h and that F' is a product of N copies of a tree T of height H,
and let I’ be a product of N copies of a tree T” of height H + h + 1. Define
f: F — F' as in Lemma 8.

To construct the 6,: Fy — F’ as we did in Lemma 8, all we need is that for
any w € Ty and b € T, we can find a homomorphism ¢: Ty — T taking w to
@(b). But this is easy—if ¢(b) = 0, take ¥(x) = 0 for all z € Tp; otherwise, by
the same procedure as used in the proof of Lemma 15, we can construct such a
¢ with ¢(x) # 0 precisely for z € U,.q-Dy. O
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We can now define the amalgamation S’ as before, using the sparse Hales-
Jewett theorem. It only remains to check that S’ has the required properties.
As long as we can prove an analogue of Lemma 10, the remainder of the proof
will go through exactly as for (2, p, 1)-sets. Given the work that we have already
done on homomorphisms, the proof of this lemma is only a slight extension of
the proof of Lemma 10.

Lemma 17. Let S be a picture (in the sense of this section, i.e. for (m,p,c)-
sets), let u € Fy and let S be the amalgamation of S over Sy. Then any line
in S is a picture-line and is entirely contained in one of the copies S of S.

Proof. Let L = [x1,22,...,2Zm,] be alinein S’. Suppose foreachi=1,2,...,m
that cx; € S/ ,. Then cz; has first coordinate czj, and so z; has first coordi-
nate x}. Hence for any k with 1 < k < m and A\; (1 < i < k—1) with
0 < \; < p, we see that cxy + Zf;ll Aiz; has first coordinate cx), + Zf;ll i)

and so cxy + Zi.:ll \ix; € Sé . So L is a picture-line.

T+ ?;11 i}

Assume that v ¢ L, and suppose that cx; and cz; (i < j) are in different
copies of S, say cx; € S and crj € S(®) with a # b. Suppose first that
czj+x; € S for some e # b. Then let 7 be a homomorphism which fixes u

and moves cz’;. By taking some column in which S (@) and S(¢) have the identity

map but S®) has 7, we get w(caj) + #} = cz’; + x, a contradiction. If instead
cxy +a; €8 (®) then by taking a homomorphism 7 which fixes u and moves cz/
and looking at an appropriate column, we get cx’; + 17(cal) = cx’; + x, again
a contradiction. So all of the cz; (1 < i < m) must be in the same copy of S,
say S(@).

Now, if L is not contained entirely within S(®) then we can choose i with
1§Z§k and )\1, )\2, ey )\1'_1 with 0 S >‘j S P for 1 S ] S i — 1 such
that y = cxH—Z;;ll Ay & S say y € S@. Then choose a homomor-
phism which fixes u but moves y' = ca} + Z;;:ll Az}, the first coordinate of
y. Picking a column in which S(@) has the identity but S® has 7, we get
y=cx;+ 22;11 Az, = 7(y), a contradiction.

Hence L is contained entirely within S(®).

Finally, if u € L then, precisely as in the proof of Lemma 10, we show that
all but one point of L is contained in some copy of S(®) of S, and deduce that
the whole of L is contained in S(®). O

The remainder of the proof goes through exactly as before, and we have thus
established our sparse version of Rado’s theorem:

Theorem 18. Let m, p, ¢, k and g be positive integers. Then there exists a
subset S C N such that

o whenever S is k-coloured it contains a monochromatic (m, p, c)-set; and
o the (m,p,c)-sets in S form no cycle of length < g.

This settles the Deuber conjecture.
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5 Concluding remarks

Let us end by mentioning that all of the work in this paper relates to finite
partition regular systems. In contrast, in the infinite case nothing at all is known
about sparseness. For example, recall the Finite Sums theorem: for any &£ and
n, whenever N is k-coloured there exist x1, x2, ..., z, € N} such that the set
FS(z1,x,... ,x,) of all non-zero finite sums of the z; is monochromatic. As
we mentioned above, a sparse version of this result was proved by Nesetiil and
Rodl [14]: for any k, g and n, there exists a subset S C N such that whenever
S is k-coloured it contains a monochromatic set of the form FS(x1,zo,... ,z,),
but such that S contains no cycle of length < g of sets of this form. This
immediately gives us also a restricted Finite Sums theorem: for any k£ and n,
there exists a subset S C N such that whenever S is k-coloured it contains a
monochromatic set of the form FS(z1,xs,... ,z,), but such that S contains no
set of the form FS(z1,22,... ,Znt1).

An infinite version of the Finite Sums Theorem was proved by Hindman [8]:
whenever N is finitely coloured, there exists a monochromatic set of the form
FS(z1,22,23,...). A sensible first question to ask is whether we can produce
some restricted Hindman theorem.

For k a positive integer, denote by FS<y(z1,x2,23,...) the set of all non-
zero sums of at most k elements from x1, x5, 3, .... An obvious question to
ask is the following.

Question 19 ([10]). Let k be a positive integer. Does there exist a subset
S C Ny such that whenever S is finitely coloured it contains a monochromatic
set of the form FS<p(x1,x2,3,...) but such that S contains no set of the form
FS§k+1(.’1717 T2, X3,y... ) ?

Nesetfil and Rodl [15] have conjectured that the answer to this question is
yes; while Hindman [9] has conjectured that the answer is no. Even the simplest
case, k = 2, is unknown. Indeed, it is not even known if there is a set S C N
such that whenever S is finitely coloured there is a sequence x1, x3, =3, ...,
with all z; and all z; +z; (i # j) the same colour, but such that S contains no
set of the form FS(y1,y2,ys,...). See [10] for related questions and discussion.
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