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Abstract. We prove a density version of the Carlson—-Simpson Theorem. Specifically we show the
following.

For every integer k > 2 and every set A of words over k satisfying
limsup |A N [k]"|/k" > O

n—oo
there exist a word c over k and a sequence (wy) of left variable words over k such that the set
{cU{c"wolag)” ... wplan) :n € Nand ag, ..., ap € [k]}
is contained in A.

While the result is infinite-dimensional, its proof is based on an appropriate finite and quantitative
version, also obtained in the paper.
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1. Introduction

1.1. Overview. Our topic is Ramsey theory, the general area of combinatorics that studies
the basic pigeonhole principles of discrete structures and organizes, in a systematic way,
the results obtained by iterating them.

1.1.1. The coloring versions. The first pigeonhole principle relevant to our discussion in
this paper is the Hales—Jewett Theorem [20]. To state it we need to introduce some pieces
of notation and some terminology. For every integer k > 2 let [k]<Y be the set of all finite
sequences having values in [k] := {1, ..., k}. The elements of [k1<N are referred to as
words over k, or simply words if k is understood. If n € N, then [k]" stands for the set of
words of length n. We fix a letter v that we regard as a variable. A variable word over k is
a finite sequence having values in [k] U {v} where the letter v appears at least once. If w is
a variable word and a € [k], then w(a) is the word obtained by replacing all appearances
of the letter v in w by a. A combinatorial line of [k]" is a set of the form {w(a) : a € [k]}
where w is a variable word over k of length 7.

Hales—Jewett Theorem. For every k,r € N with k > 2 and r > 1 there exists an
integer N with the following property. If n > N, then for every r-coloring of [k]" there
exists a combinatorial line of [k]" which is monochromatic. The least integer N with this
property will be denoted by HI(k, r).

The Hales—Jewett Theorem is the bread and butter of Ramsey theory and is often regarded
as an abstract version of the van der Waerden Theorem [38]. The exact asymptotics of the
numbers HJ(k, r) are still unknown. The best known upper bounds are primitive recursive
and are due to S. Shelah [33].

The second pigeonhole principle relevant to our discussion is the Halpern—Lauchli
Theorem [21], a rather deep result that concerns partitions of finite products of infinite
trees.

Halpern-Léuchli Theorem. For every finite tuple (T, ..., Tg) of uniquely rooted and
finitely branching trees without maximal nodes and every finite coloring of the level
product

U 71 x - x Ta@m)

neN
of (Th, ..., Ty) there exist strong subtrees (S1, ..., Sq) of (T1, ..., Ty) having a common
level set such that the level product of (S, ..., Sq) is monochromatic.

We recall that a subtree S of a tree (7', <) is said to be strong if: (a) S is uniquely rooted,
(b) there exists an infinite subset L7 (S) = {lyp < [ < ---} of N, called the level set of S,
such that for every n € N the n-level S(n) of S is a subset of 7'(/,)), and (c) for every s € S
and every immediate successor 7 of s in T there exists a unique immediate successor s’
of s in S with # < s’. The notion of a strong subtree was highlighted by the work of
K. Milliken [25, 26] who used the Halpern—Lauchli Theorem to show that the family of
strong subtrees of a uniquely rooted and finitely-branching tree is partition regular.
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The Hales—Jewett Theorem and the Halpern—Léuchli Theorem are pigeonhole princi-
ples of quite different nature. Nevertheless, they do admit a common extension which is
due to T. J. Carlson and S. G. Simpson [6]. To state it we recall that a left variable word
over k is a variable word over k whose leftmost letter is the variable v. The concatenation
of two words x and y over k is denoted by x"y.

Carlson-Simpson Theorem. For every integer k > 2 and every finite coloring of the set
of all words over k there exist a word c over k and a sequence (wy,) of left variable words
over k such that the set

{c}U{c"wo(ag)” ...” wy(ay) : n € Nand ay, ..., a, € [k]}
is monochromatic.

The Carlson—Simpson Theorem belongs to the circle of results that provide information
on the structure of the wildcard! set of the variable word obtained by the Hales—Jewett
Theorem; see, e.g., [3, 22, 24, 34, 40]. This extra information (namely, that the sequence
(wy,) consists of left variable words) can be used to derive the Halpern-L&uchli Theorem
when the trees Ty, ..., T; are homogeneous,2 a special case which is sufficient for all
known combinatorial applications of the Halpern—Lauchli Theorem (see [29]).

1.1.2. The density versions. It is a remarkably fruitful phenomenon that many pigeon-
hole principles have a density version. These density versions are strengthenings of their
coloristic counterparts and assert that every large subset of a “structure” must contain
a “substructure”. In fact, the first pigeonhole principle we discussed so far, namely the
Hales—Jewett Theorem, admits a density version which is due to H. Furstenberg and Y.
Katznelson [15].

Density Hales—Jewett Theorem. For every integer k > 2 and every 0 < § < 1 there
exists an integer N with the following property. If n > N, then every subset A of [k]" with
|A| > §k" contains a combinatorial line of [k]". The least integer N with this property
will be denoted by DHI(k, §).

The density Hales—Jewett Theorem is a fundamental result of Ramsey theory. It has sev-
eral strong results as consequences, most notably the famous Szemerédi Theorem on
arithmetic progressions [36] and its multidimensional version [13]. The best known up-
per bounds for the numbers DHI (k, §) are obtained in [28] and have an Ackermann-type
dependence with respect to k.

It turns out that the Halpern—-Léduchli Theorem also has a density version that was
obtained relatively recently in [8].

1 We recall that if w = (w,')l'.’:_o1 is a variable word over k of length n, then its wildcard set is
defined to be the set {i € {0, ...,n — 1} : w; = v}.
2 A tree T is homogeneous if it is uniquely rooted and there exists an integer b > 2 such that

every t € T has exactly b immediate successors; e.g., every dyadic or triadic tree is homogeneous.
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Density Halpern—-Liuchli Theorem. For every finite tuple (T}, ..., Tg) of homogene-
ous trees and every subset A of the level product of (T1, ..., Ty) satisfying

i sug A0 (T1(n) x -+ x Ty(n))]|
P T ) % - X Ta(n)]

there exist strong subtrees (Sy, ..., Sq) of (11, ..., Tg) having a common level set such
that the level product of (S1, ..., Sq) is a subset of A.

We should point out that the assumption in the above result that the trees 71, ..., Ty are
homogeneous is not redundant. On the contrary, various examples given in [4] show that
it is essentially optimal.

1.2. The main results. In view of the above it is natural to ask whether the Carlson—
Simpson Theorem has a density analogue which would extend, among others, both the
density Hales—Jewett Theorem and the density Halpern—L&duchli Theorem. Our goal in
this paper is to answer this question affirmatively. Specifically we show the following
theorem.

Theorem A. For every integer k > 2 and every set A of words over k satisfying

limsup |A N [k]"|/k" > 0

n—oo

there exist a word ¢ over k and a sequence (wy,) of left variable words over k such that
{c} U{c"wo(ag)” ...” wu(a,) :n € Nand ay, ...,a, € [k]} C A.

The proof of Theorem A follows a strategy that was already applied in a closely related
context and was described in some detail in [10, §1.3]. It consists in reducing Theorem A
to an appropriate finite version. This finite version, which represents the combinatorial
core of Theorem A, is the content of the following theorem which is the second main
result of the paper.

Theorem B. For every integer k > 2, every integer m > 1 and every 0 < § < 1 there
exists an integer N with the following property. If L is a finite subset of N of cardinality
at least N and A is a set of words over k satisfying |AN[k]*| > Sk" for everyn € L, then
there exist a word c over k and a finite sequence (w,,)T;O1 of left variable words over k
such that

{c} U {c/\wo(ao)’\ T w(ay)inef0,...,m—1}anday, ...,a, € [k]} C A.
The least integer N with this property will be denoted by DCS(k, m, §).

The main point in Theorem B is that the result is independent of the position of the finite
set L. Its proof is based on a density increment strategy—a powerful method pioneered by
K. F. Roth [31]—and yields explicit upper bounds for the numbers DCS(k, m, §). These
upper bounds are admittedly rather weak. They are in line, however, with several other
bounds obtained recently in the area; see, e.g., [9, 17, 28, 30].
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Although Theorem B refers to left variable words, it can be used to obtain variable
words with quite divergent structure. Specifically, given two sequences (p,) and (w,) of
variable words over k, we say that the sequence (wy,) is of pattern (p,) if p, is an initial
segment of w, for every n € N. So, for instance, if g, = (v) for every n € N, then a
sequence (wy) of variable words over k is of pattern (g,) if and only if it consists of left
variable words. We prove the following theorem.

Theorem C. Let k € N with k > 2 and (p,) be an arbitrary sequence of variable words
over k. Then for every set A of words over k satisfying

limsup |A N [k]"|/k" > 0
n— oo
there exist a word c over k and a sequence (w,) of variable words over k of pattern (py,)
such that

{c} U{c"wo(ag)” ... wy(a,) :n € Nand ay, ...,a, € [k]} C A.

Of course, there is also a finite version of Theorem C in the spirit of Theorem B. This is
the content of Theorem 11.1 in the main text.

1.3. Structure of the paper. The paper is organized as follows. In §2 we set up our no-
tation and terminology, and we recall some tools needed for the proof of the main results.
Of particular importance is the notion of a Carlson—Simpson tree introduced in §2.5. It is
the analogue, within the context of left variable words, of the notion of a combinatorial
subspace.

The next four sections contain several preparatory results needed for the proof of
Theorem B. This material is not only independent of the rest of the paper but also of inde-
pendent interest. In §3 we state and prove a “regularity lemma” for subsets of [k]<N. The
lemma asserts that every dense subset of [k]<Y is inherently pseudorandom and is proved
via an energy increment strategy, an influential method introduced by E. Szemerédi [37].
In the next section, §4, we present a partition result for Carlson—Simspon trees which is,
essentially, a variant of the classical Graham—Rothschild Theorem [19]. Finally, in §5 and
§6 we develop a method of “gluing” a pair x and y of words over k. The method can be
thought of as a natural extension of the familiar practice of concatenating x and y. It is
encoded by what we call a convolution operation which is introduced and studied in §5.
Iterations of convolution operations are studied in §6. We emphasize that the results in
§6 are invoked only in §9. However, the material in §3, §4 and §5 is heavily used and
the reader is advised to gain some familiarity with the contents of these sections before
reading the rest of the paper.

The next four sections are devoted to the proof of Theorem B. The results in §7 are
independent of the rest of the argument. In particular, this section can be read separately.
The main part of the proof is contained in §8 and §9. The reader will find a detailed
outline and an exposition of the key ideas in §8.1 and §9.1. The proof of Theorem B is
completed in §10.

Finally, the last section of the paper contains a discussion of some consequences of
Theorem B, including the proofs of Theorem A and Theorem C.
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2. Background material

Let N = {0, 1, 2, ...} denote the natural numbers. For every integer n > 1 we set [n] =
{1,...,n}. If X is a nonempty finite set, then E,cx will denote the average | X |1 D orex
where, as usual, | X| stands for the cardinality of X. For every function f : N — N and
every £ € N we shall denote by f® : N — N the £-th iteration of f defined recursively
by fO@m) =nand D @n) = £(f©(n)) forevery n € N.

Let X be a nonempty (possibly infinite) set and A be a subset of X. For every non-
empty finite subset Y of X the density of A in Y is defined by

densy (A) = |ANY|/|Y].

If it is clear from the context which set Y we are referring to (for instance, if ¥ coincides
with X)), then we shall drop the subscript ¥ and denote the above quantity simply by
dens(A).

2.1. Words. For every k € N with k > 2 and every n € N let [k]" be the set of all se-
quences of length n having values in [k]. Precisely, [k]° contains just the empty sequence,
while if n > 1, then

[k]" = {(s0,....50—1) : 5 € [k] foreveryi € {0,...,n — 1}}.

Also let _
k== J

{ieN:i<n}

Notice, in particular, that [k1<9 is empty. We set

k1= = (J w1

neN

The elements of [k]<N are called words over k, or simply words if k is understood. The
length of a word x over k, denoted by |x|, is defined to be the unique natural number n
such that x € [k]". For every i € N with i < |x| we denote by x|; the word of length i
which is an initial segment of x. The concatenation of two words x, y will be denoted
by x"y.

2.2. Located words. For every k € N with k > 2 and every (possibly empty) finite
subset J of N we denote by [k]/ the set of all functions from J into [k]. An element of

the set
U

JCN finite

will be called a located word over k. If x € [k]” is a located word over k, and S is a
subset of J, then x|g stands for the restriction of x to S; notice that x|s € [k]5. Moreover,
for every x € [k]’ and every y € [k]’, where I and J are two finite subsets of N with
I NJ = @, we denote by (x, y) the unique element z of [k14Y’ satisfying z|; = x and

zly=y.
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Of course, every word over k is a located word over k. Indeed, notice that

[k]{mEN:m<n} — [k]n

for every n € N. Conversely, we may identify located words over k with words over k as
follows. Let J be a nonempty finite subset of N. We set j = |J| and we write the set J in
increasing order as {no < - -- < n;_}. The canonical isomorphism associated to J is the
bijection I; : [k]/ — [k]’ defined by

L) (i) = x()

foreveryi € {0, ..., j — 1}. Observing that [k1? = [k]° = {#}, we define the canonical
isomorphism Iy associated to the empty set to be the identity.

2.3. Variable words. Let k, m € N with k > 2 and m > 1, and fix a tuple v, ..., vj—1
of distinct letters. An m-variable word over k is a finite sequence having values in [k] U
{vo, ..., vm—1} such that: (a) for every i € {0, ..., m — 1} the letter v; appears at least
once, and (b) if m > 2, then for every i, j € {0,...,m — 1} with i < j all occur-
rences of v; precede all occurrences of v;. For every m-variable word w over k and every
ao, . ..,am—1 € [k] we denote by w(ay, ..., au—1) the unique word over k obtained by
replacing in w all appearances of the letter v; with a; forevery i € {0, ..., m — 1}. A left
variable word over k is a 1-variable word over k whose leftmost letter is the variable v.

2.4. Combinatorial subspaces. Letk, m € Nwithk > 2 and m > 1. An m-dimensional
combinatorial subspace of [k1<N is a set of the form

V ={wo,....am-1) : ao. ..., am—1 € [k}

where w is an m-variable word over k. 1-dimensional combinatorial subspaces are called
combinatorial lines.

For every m-dimensional combinatorial subspace V of (k1<Y and every £ € [m] let
Subs, (V) be the set of all £-dimensional combinatorial subspaces of [k]<N, contained
in V. We will need the following special case of the Graham—Rothschild Theorem [19].

Theorem 2.1. For every integer k > 2, every pair of integers d > m > 1 and every
integer r > 1 there exists an integer N with the following property. If n > N and V is
an n-dimensional combinatorial subspace of [k1<N, then for every r-coloring of the set
Subs,,, (V) there exists W € Subs; (V') such that the set Subs,, (W) is monochromatic. The
least integer N with this property will be denoted by GR(k, d, m,r).

Detailed expositions as well as infinite extensions of Theorem 2.1 can be found in various
places in the literature; see, e.g., [2, 5, 14, 23, 29]. Also there exist primitive recursive
upper bounds for the numbers GR(k, d, m, r) which are due to S. Shelah [33].

2.5. Carlson-Simpson trees. We now introduce a family of combinatorial objects which
will be of particular importance throughout the paper.
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Definition 2.2. Let k € N with k > 2. A Carlson-Simpson tree of [k1=N is a set of the
form

W = {c}U{c’\wo(ao)’\...’\ wp(ay) :nel0,...,m—1}anda,...,a, € [k]} 2.1

where c is a word over k and (11),1),’1':01 is a nonempty finite sequence of left variable words
over k.

It is easy to see that the sequence (c, wy, ..., wy—1) that generates a Carlson—Simpson
tree W via (2.1) is unique. It will be called the generating sequence of W. The corre-
sponding natural number m will be called the dimension of W and denoted by dim(W).
I-dimensional Carlson—Simpson trees will be called Carlson—Simpson lines.

Let W be an m-dimensional Carlson—Simpson tree of [(kK1<N and (¢, wo, . .., Wm_1)
be its generating sequence. The 0-level W (0) of W is defined by

W(0) = {c}.

Observe that W (0) is contained in [k]% where £g is the length of c. Moreover, for every
n € [m] the n-level W (n) of W is defined by

W(n) = {c"wolap)” ... wp—1(an—1) : ao, ..., an—1 € [k]}.

Notice that W (n) is an n-dimensional combinatorial subspace of [k]<N and is contained
in [k]% where ¢, is the sum of the lengths of ¢, wo, ..., w,—1. The set {€y < -+ < £,,,}
will be called the level set of W and denoted by L(W).

For every m-dimensional Carlson—Simpson tree W of (k1<N and every £ € [m] we
denote by Subtr, (W) the set of all £-dimensional Carlson—Simpson trees of [k1<N which
are contained in W. An element of Subtr, (W) will be called an ¢-dimensional Carlson—
Simpson subtree of W, or simply a Carlson—Simpson subtree of W if the dimension £ is
understood.

The archetypical example of a Carlson—Simpson tree of [k]<) of dimension m is
[k]<"+1. In fact, every Carlson—Simpson tree of dimension m can be thought of as
a “copy” of [k]<"*! inside [k]<N. Specifically, let W be an m-dimensional Carlson—
Simpson tree of [k]<N and (c, wo, ..., w;,—1) be its generating sequence. The canonical
isomorphism associated to W is the bijection Iy : [k]<™*+! — W defined by Iw(@) = ¢
and

Iw((ao, ..., an—1)) = c"wolap)” ...” wy—1(an-1)
for every n € [m] and every (ag, ...,a,—1) € [k]". The canonical isomorphism Iy
preserves all structural properties one is interested in while working in the category of
Carlson—-Simpson trees. For instance, if £ € [m] and V is a Carlson—Simpson subtree
of [k]<""*! of dimension ¢, then its image Iy (V) under the canonical isomorphism is
an ¢-dimensional Carlson—Simpson subtree of W. Thus, for most practical purposes, we
may identify W with [k]<""*! via the canonical isomorphism Iyy.

More generally, let W and U be two Carlson-Simpson trees of [k]< of the same
dimension. The canonical isomorphism associated to the pair W, U is the bijection Iy i/ :
W — U defined by

T,y (1) = (y o T, H (@)
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where Iy and Iy are the canonical isomorphisms associated to W and U. Of course, the
map Iy y will be used to transfer information from W to U and vice versa.

Finally, for every m-dimensional Carlson—Simpson tree W of [k]<N and every &’ in
{2, ..., k} we define the k’-restriction W [k’ of W to be the set

{cJU{c wolap)” ... wplay) :n€{0,....,m —1}anday, ...,a, € K]} (2.2)

where (c, wy, ..., w;,—1) stands for the generating sequence of W. Notice that the canon-
ical isomorphism of W maps [k']<""*! onto W [k’. Therefore, W |k’ can be naturally iden-
tified as a Carlson—Simpson tree of [k’]<N .

2.6. Insensitive sets. Let k € N with k > 2 and x, y be two words over k. Also let
i,j € [k] withi # j. We say that x and y are (i, j)-equivalent if: (a) x and y have
common length, and (b) if n is the common length of x and y, then for every s € [k]\{i, j}
and every r € N with r < n we have x(r) = s if and only if y(r) = s.

If n € N and A is a subset of [k]", then A is said to be (i, j)-insensitive if for every
x € A and every y € [k]", if x and y are (i, j)-equivalent, then y € A. The notion of
an (i, j)-insensitive set was introduced by S. Shelah [33] and highlighted in the polymath
proof [28] of the density Hales—Jewett Theorem. It can be naturally extended to subsets
of [k]<N as follows.

Definition 2.3. Let k € N with k > 2 and i, j € [k] withi # j. Also let A be a
subset of [k]<N. We say that A is (i, j)-insensitive if for every n € N the set A N [k]"
is (i, j)-insensitive. If W is Carlson—Simpson tree of [k1<N, then we say that A is (i, j)-
insensitive in W if I;VI (AN W) is an (i, j)-insensitive subset of [k]<N where Iy is the
canonical isomorphism associated to W.

It is easy to see that the family of all (i, j)-insensitive subsets of [k]<Y is closed under
intersections, unions and complements. The same remark, of course, applies to the family
of all (i, j)-insensitive sets in a Carlson—Simpson tree W of [k1=N.

2.7. Furstenberg—Weiss measures. Let k, m € N with k > 2 and m > 1. The Fursten-
berg—Weiss measure dpy, associated to [k]<"*! is the probability measure on [k]<N de-
fined by

Fw(A) = Epco,...my denspipn (A).

This class of measures was introduced by H. Furstenberg and B. Weiss [16] and has
proven to be useful in various problems of Ramsey theory (see, e.g., [9, 27]). We will
need the following two variants.

Definition 2.4. Letk € N with k > 2.

(i) For every Carlson-Simpson tree W of [k]<N the Furstenberg—Weiss measure dlng
associated to W is the probability measure on [k]<N defined by
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(ii) For every nonempty finite subset L of N the generalized Furstenberg—Weiss measure
d; associated to L is the probability measure on [k]<N defined by

dL (A) = ]EneL dens[k]n (A)

It is, of course, clear that if L is an initial interval of N of cardinality £ > 2, then the gen-
eralized Furstenberg—Weiss measure d;, associated to L coincides with the Furstenberg—
Weiss measure df-gvl

2.8. Probabilistic preliminaries. We record, for future use, three probabilistic facts. The
first one is an immediate consequence of Markov’s inequality.

Lemma 2.5. Let (2, X, i) be a probability space and 0 < § < 1. Also let (A,')?:1 be a
finite family of measurable events in (2, X, ) such that u(A;) > & for everyi € [n].
Then, setting L, = {i € [n] : w € A;} for every w € Q, we have

nw:|Lo| = (8/2)n}) = 8/2.

Proof. For every i € [n] let 14, be the indicator function of the event A; and set Z
n=1'3"_ 1,,. Then E[Z] > § and the result follows.

O

To state the second result we recall that if (€2, X, i) is a probability space and ¥ €

with w(Y) > 0, then uy stands for the conditional probability measure of y relative to Y

defined by

_uANY)
n(¥)

Lemma 2.6. Let (2, X, 1) be a probability space and 0 < X, B,e < 1. Let A and B be
two measurable events in (2, X, i) such that A C B, u(A) > Au(B) and u(B) > B.
Suppose that Q = (Q;)}_, is a finite family of pairwise disjoint measurable events in
(2, Z, u) such that w(B\ |J Q) < eB/2 and u(Q;) > 0 foreveryi € [n]. Set

I'={i elnl: puo,(A) = G — e)ug,(B) and pg, (B) = Be/4).

py (A)

forevery A € Z.

Then

> Qi) = pe/a.

iel
In particular, if u(Q;) = u(Q;) forevery i, j € [n], then |I| > (Be/Hn.
Proof. Notice first that (A \ | J Q) < &8/2. This is easily seen to imply that

i w(ANQ;)
=~  wB)
For every i € [n]leta; = pg;(A)/ g, (B), bj = pg;(B) and ¢; = u(Q;)/u(B) with

the convention that @; = 0 if (B N Q;) = 0. Then inequality (2.3) can be reformulated
as

>A—¢g/2. (2.3)

n
> aibici = —¢/2. (2.4)
i=1
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Notice that
n n 1
Zbic,- <1 and Zc,- <. (2.5)
i=1 i=1 ﬂ

Also observe that I = {i € [n] : a; > » — ¢ and b; > Be/4}. Since 0 < a;, b; < 1 for
every i € [n], combining (2.4), (2.5) and the previous remarks, we see that Zi el G =
&/4, and the proof is complete. O

The final result of this subsection is the following.

Lemma 2.7. Let0 <60 <& < landn € Nwithn > (e* — 0%~ If (A, is a family
of measurable events in a probability space (2, X, i) satisfying u(A;) > ¢ for every
i € [n], then there existi, j € [n] withi # j such that u(A; N Aj) > 92

Proof. We set X = Y7 14, where 1y, is the indicator function of the event A; for
every i € [n]. Then E[X] > en so, by convexity,

Z Z w(A; N Aj) =E[X(X — 1)] > en(en — 1).
i€[n] jeln]\{i}

Therefore, there exist i, j € [n] with i # j such that u(A; NAj) > 62. ]

3. A regularity lemma for subsets of [k]<N

3.1. Statement of the main result. Our goal in this section is to prove a “regularity
lemma” for subsets of [k]<N. Roughly speaking, the lemma asserts that if n is large
enough and A is a subset of [k]", then we may find a set of coordinates I € {m € N :
m < n} of preassigned cardinality such that the set A, viewed as a subset of the product
[k]' x [k]tmeN:m<nA\ pehaves like a randomly chosen set.

To put things in a proper perspective we need, first, to determine the kind of random-
ness we are referring to. This is the content of the following definition.

Definition 3.1. Let k € N with k > 2 and let F be a family of subsets of [k1<N. Also let
0 < & < 1 and L be a nonempty finite subset of N. The family F will be called (e, L)-
regular provided that for every A € F, every n € L, every (possibly empty) subset I of
{leL:l<n)andevery y € [k]] we have

|dens({w € [k]"<Nm=nN 2 (y w) € ANT[k]"}) — dens(A N [K]")] < e.

Notice that for every y € (k]! the set {w € [k]imeNm<n]\I . (y, w) € AN[k]"} is just the
section A N[k]" at y. So what Definition 3.1 guarantees is that for every n € L and every
I € {l € L :1 < n} the densities of the sections of A N [k]" along elements of [k]' are
essentially equal to the density of A N [k]".

We are now ready to state the main result of this section.

Lemma 3.2. Forevery0 < ¢ < landeveryk,f,q € Nwithk > 2 and €, q > 1 there
exists an integer n with the following property. If N is a finite subset of N with |N| > n
and F is a family of subsets of [k]<N with |F| = q, then there exists a subset L of N
with |L| = £ such that F is (¢, L)-regular. The least integer n with this property will be
denoted by Reg(k, ¢, q, ¢).
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The proof of Lemma 3.2 will be given in §3.2. It is based on an energy increment strategy,
a powerful method introduced by E. Szemerédi in his proof of the celebrated regularity
lemma [37]. The argument is, of course, effective and yields explicit upper bounds for the
numbers Reg(k, £, g, €).

3.2. Proof of Lemma 3.2. We begin with the following definition which is the most
important ingredient of the proof.

Definition 3.3. Let k,n € N with k > 2 and let / be a (possibly empty) subset of
{m € N : m < n}. For every subset A of [k]" we define the energy of A with respect to /
to be the quantity

er(A) = B,y dens(Ay)?

where A, = {w € [k]mENm<n\ 2 (y ) € A} is the section of A at y.

We will isolate some basic properties of the energy which are needed for the proof. To
this end, we need to introduce some pieces of notation. Let k,n € Nwithk > 2 and I, J
be two subsets of {m e N:m <n}withINJ =0. Weset M ={m € N:m < n}\
(I U J). If we are given a subset A of [k]", we may view it as a subset of the product
[k]7 x [k]7 x [k]™ and so we may define the section A(y ;) = {v € [kK]M : (y, z,v) € A}
for every (y, z) € [k]' x [k]’. Notice that

dens(Ay) = Eze[k]] dens(A(y,;)) and dens(A;) = Eye[k]l dens(A(y,z)) 3.1

for every y € [k]! and every z € [k]/. We have the following.

Fact34. Letk,n € N withk > 2 and let I be a subset of {m € N : m < n}. Then for
every subset A of [k]" we have e;(A) < 1. Moreover, if J is a subset of {m € N : m < n}
with I N J =, then

2
erus(A) —es(A) = E s Eyepr (dens(Aqy o) — Eycpgr dens(Aqy0)) . (3.2)
In particular, ej (A) < ejuy(A).

Proof. The fact that e;(A) < 1 follows immediately from Definition 3.3. Observe that

erus(A) = E s (Byepyr dens(Agy.2)%). 3.3)
3.1) 2
es(A) Y E, s By ey dens(Agy,))’ (3.4)
Combining (3.3) and (3.4) yields the result. m]

The first step towards the proof of Lemma 3.2 is the following.

Sublemma 3.5. Let k,n € N withk > 2 and let I and J be two subsets of {m € N :
m < n}withINJ = @. Finallylet A C [k]" and 0 < ¢ < kM1 Ifejus(A)—ej(A) < &4,
then

dens({z € [k]” : |dens(A(y,;)) — dens(A,)| < e foreveryy € [k]'}) = 1 —e.
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Proof. WesetY = (k]! and Z = [k]”. For everyz € Zlet f, : Y — [0, 1] be the random
variable defined by f,(y) = dens(A(y ;). Let E(f;) = Eyey f;(y) be the expected value
of £ and Var(f;) = E(f?) — E(f.)* be its variance. Notice that E(f.) = dens(A;). By
(3.2), we see that E_cz Var(f;) = ejus(A) — e;(A). Hence, by our assumptions,

Eccz Var(f.) < &*
and so, by Markov’s inequality,
dens({z € Z : Var(f;) < 83}) >1—e.
Fix zg € Z with Var(f,) < &3. By Chebyshev’s inequality, we have
dens({y € Y : | fzy(0) — E(frp)l =€) =1 —¢

and since ¢ < |V |~ we get | f20(y) — E(f7,)| < e forevery y € Y. This is equivalent to
|dens(A(y,zy)) — dens(A;,)| < ¢ forevery y € [k]!, and the proof is complete. O

Sublemma 3.5 will be used in the following form.

Corollary 3.6. Let k,n € N with k > 2 and let I and J be two subsets of {m € N :
m < nywithI NJ = . Finally let A C [k]" and 0 < ¢ < k=W Ife;u (A) —ey(A) <
&*/16, then |dens(Ay) — dens(A)| < & for every y € [k]'.

Proof. We set g9 = ¢/2 and
Zo = {z € [k]’ : |dens(A(y ;) — dens(A,)| < &g forevery y € [k]'}.  (3.5)

By Sublemma 3.5, we have dens([k]’ \ Zo) < &o. Hence, for every y € [k]/,
3.1
|dens(Ay) — dens(A)| < ]Eze[k]J |dens(A(y,z)) — dens(A;)]

(3.5)
< Ezez, ldens(A(y,;)) —dens(A)| +e < eo+e=¢. O
We proceed to the second step of the proof of Lemma 3.2.

Sublemma 3.7. Letk,m,q € Nwithk > 2andq > 1 and let 0 < ¢ < k™. Also let
N be a finite subset of N with [N| > (q[16e™*] + 1)m + 1 and F be a family of subsets
of [k]™*N) with |F| = q. Set N' = N \ {max(N)}. Then there exists a subinterval M
of N' (i.e., M = J N N’ for some interval J of N) with |M| = m and such that for every
A € F, every subset I of M and every y € k! we have |dens(Ay) — dens(A)| < e.

Proof. Clearly we may assume that m > 1. We set ro = ¢|16e~*] + 1. Write the first
ro - m elements of N’ in increasing order as {ng < n; < -+ < Nyy-m—1}. For every
pef{0,...,ro— 1} let

1 ={np.m+j:je{0,...,m—1}} and J,={jeN:j<npn}

Notice that max(J,) < min(/,) < max(N). Moreover, I, U J, € J,41if p <19 — 2.
Hence, by Fact 3.4, we have

es,(A) < e,us,(A) < ey, (A) < egy, 10,0, (A) < 1 (3.6)
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forevery p € {0,...,r0 — 2} and every A € F. Forevery A € F let
Py={pel{0,....ro— 1} :esus,(A) —ey,(A) > &*/16}.

The previous discussion implies that the set P4 has cardinality at most | 16e~*]. There-
fore, we may select pg € {0, ..., ro—1} suchthat py ¢ P4 forevery A € F;in particular,
€1,0UJp, (A) — €Jy, (A) < 84/16. Since 1, N J,, = ¥, by Corollary 3.6, we conclude that

|dens(Ay) — dens(A)| < ¢ 3.7

forevery y € (k]P0 and every A € F.

We set M = I,,. We will show that with this choice all requirements of the sublemma
are satisfied. Indeed, notice that M is a subinterval of N’ with [M| = m. We fix A € F.
Alsolet] C M andy € [k]!. Observe that (v,2) € [k]’PO for every z € [K1M\ Hence,

|dens(Ay) — dens(A)| = |Eze[k]M\1 dens(A(y,z)) — dens(A)]
(3.7
< E cpmv |dens(A(y,z)) — dens(A)] < e. u]

We are in a position to complete the proof of Lemma 3.2. To this end, we need to introduce
some numerical invariants. For every 0 < ¢ < 1 and every k,£,q € N with k > 2 and
g >1let

p=pk, 2 qg,e) = min{e, k_K/Z}

and define Fy ¢ 4, : N — Nby

Frt.q.e(m) = (qL16p™*] + Dm + 1.
Proof of Lemma 3.2. We will show that

Reg(k, €, q,¢) < Fk(,zl?,q,s(o)

forevery 0 < ¢ < 1 and every k,£,q € N with k, £ > 2 and ¢ > 1. Indeed, let N be
a finite subset of N with |N| > F()  (0) and fix a family F of subsets of [k]<"' with
| F| = g. We select a subset M of N with |My| = Fk(’lg)’qyg(O). By repeated application of
Sublemma 3.7, we may construct a family {My, ..., My_1} of finite subsets of My such
that for every i € [£ — 1]:

@ M| = '), 0,
(b) M; is a subinterval of M;_1 \ {max(M;_1)}, and

(c) forevery A € F,every subset I of M; and every y € k! we have
|dens({w € [K1° : (v, w) € AN [k]™*Mi-D}) — dens(A N [k Mi-1))] < ¢
where C = {m € N:m < max(M;_1)}\ I.

We set L = {max(My;_1) < --- < max(Mo)}. Using properties (b) and (c) it is easy to
check that the family F is (e, L)-regular, as desired. O
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4. A variant of the Graham-Rothschild Theorem for left variable words

Recall that for every Carlson—Simpson tree V of [k] <Nand every £ € [dim(V)] we denote
by Subtr, (V') the set of all £-dimensional Carlson—Simpson subtrees of V. This section is
devoted to the proof of the following partition result.

Theorem 4.1. For every integer k > 2, every pair of integers d > m > 1 and every
integer r > 1 there exists an integer N with the following property. If n > N and W
is an n-dimensional Carlson—Simpson tree of [k]<N, then for every r-coloring of the set
Subtr,, (W) there exists U € Subtrg(W) such that the set Subtr,, (U) is monochromatic.
The least integer N with this property will be denoted by CS(k,d, m, r).

Theorem 4.1 is, of course, a variant of Theorem 2.1. It can hardly be called new since it
follows using fairly standard arguments. Nevertheless, we have decided to include a proof
for two reasons. The first one is self-containedness. Secondly, we want to emphasize the
bounds we get from the argument for the numbers CS(k, d, m, r).

We start by introducing some pieces of notation. Let k,d, m € N with k > 2 and
d > m > 1. Also let W be a d-dimensional Carlson—Simpson tree of [k]<N and V €
Subtr,, (W). The depth of V in W, denoted by depthy, (V), is defined to be the unique
integer i € {m, ..., d} such that the m-level V (m) of V is contained in the i-level W (i)
of W, or equivalently, V (m) € Subs,, (W (i)). We set

Subtr™ (W) = {V € Subtr,, (W) : depthy, (V) = dim(W)}.

That is, Subtrn®™ (W) is the set of all m-dimensional Carlson—Simpson subtrees of W
of maximal depth. Our interest in this subclass is partly justified by the following sim-
ple, though important fact, which is a rather straightforward consequence of the relevant
definitions.

Fact 4.2. For every integer d > 1, every d-dimensional Carlson—-Simpson tree W
of [k1<N and every m € [d] the map

Subtr;y™ (W) > V + V(m) € Subs,, (W (d))
is a bijection.
Combining Theorem 2.1 and Fact 4.2 we get the following corollary.

Corollary 4.3. Letk € Nwithk > 2 and letd,m,r € Nwithd > m > landr > 1.
Ifn > GR(k,d, m,r), then for every n-dimensional Carlson—Simpson tree W of [k]<N
and every r-coloring of the set Subtr, ™ (W) there exists U € Subtrj®™ (W) such that the
set Subtrh®™* (U) is monochromatic.

The proof of Theorem 4.1 is based on a strengthening of Corollary 4.3. To state it, it is
convenient to introduce the following definition. For every k, m,r € N with k > 2 and
m,r > 1 we define the function g, r : N — N by gg ;u r(n) =0ifn <m — 1 and

8km,r(n) =GRk, n+1,m,r) 4.1

if n > m — 1. We have the following lemma.
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Lemmad.4. Letk,m,r € Nwithk > 2and m,r > 1. Also let g, n € Nwithq > 1
andn > g,(ﬂl’r(m). Then for every n-dimensional Carlson—Simpson tree W of [k]<N and
every r-coloring of the set Subtr,, (W) there exists U € Subtrﬁﬂf‘q (W) with the following
property. For every pair S, T € Subtr,, (U) with depthy, (S) = depthy, (T') the Carlson—
Simpson trees S and T have the same color.

Proof. We fix a coloring ¢ : Subtr,, (W) — [r]. Foreveryi € {0, ..., q} we setn; =

g " (m). Notice that, by (4.1), for every i € {0, ..., q — 1} we have

ni =GRk, nip1+1,m,r) >nip1 +1>n, =m. 4.2)

We select Uy € Subtr,‘%a"(W). By (4.2) and Corollary 4.3, we may construct a family
{U1, ..., Uy} of Carlson-Simpson subtrees of Uy with the following properties:

(a) Foreveryi € [q] we have dim(U;) = n; + 1.
(b) U, € Subtrz“lail(Uo). Moreover, if ¢ > 2, then for every i € [¢ — 1] we have
Uit € Subtr,'f:i"l (U}) where U = U; \ Uj(n; + 1).

(c) Foreveryi € [¢] the set Subtriy®™* (U;) is monochromatic with respect to c.

For every i € [q] let (c;, w(()i), R w,(,’;.)) be the generating sequence of U;. We define U
to be the Carlson-Simpson tree of [k]<N generated by the sequence
~ -1
(cq, w(()q), cee w,(,Z)) (w,(,zf1 ), cee w,%), w,(lll)).

‘We will show that U is as desired. Indeed, notice first that
dimU) =g + 1)+ (@ -1 =m+gq.

Also observe that U € Subtr;‘ffq(Uo) andso U € Subtr,rﬂf‘fq(W). Finally let £ € [¢] be
arbitrary and set iy = g — € + 1 € [g]. By the definition of U and (b) above, we see
that U(m + £) is contained in U;,(n;, + 1). Hence, for every pair S, T € Subtr, (U)
with depth; (S) = depth; (T) = m + £ we have S, T € Subtr;y®*(U;,). Invoking (c), we

conclude that ¢(S) = ¢(T), and the proof is complete. ]
We are ready to proceed to the proof of Theorem 4.1.

Proof of Theorem 4.1. Letk € Nwithk > 2. Alsoletd, m,r € Nwithd > m > 1 and
r > 1. We will show that

CS(k,d,m,r) < g7 " (m).

Indeed, let n > glgflr',:;m)(m) and W be an arbitrary n-dimensional Carlson—Simpson tree

of [k]<N. We fix a coloring ¢ : Subtr,, (W) — [r]. By Lemma 4.4, there exists a Carlson—
Simpson subtree R of W with dim(R) = d -r such that for every S € Subtr,, (R) the color
c(S) of § depends only on the depth of S in R. Therefore, by the classical pigeonhole
principle, there exist a subset I of {0,...,d - r} with [I[| = d 4+ 1 and r¢9 € [r] such
that for every i € I and every S € Subtr,, (R) with depthp(S) = i we have c(S) = rp.
Let U be any d-dimensional Carlson—Simpson subtree of R which is contained in the set
U; <1 R(i). By the previous discussion, we see that the coloring ¢ restricted to Subtr,, (U)
is constantly equal to rg. The proof of Theorem 4.1 is thus complete. O
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5. The convolution operation

The concatenation of two finite sequences provides us with a canonical way to “glue”
a pair of elements of [k]<N. Our goal in this section is to describe a different “gluing”
method which will be of fundamental importance throughout the paper.

The method is particularly easy to grasp for pairs of sequences of given length. Let
n,m > 1 and fix a subset L of {0, ...,n + m — 1} of cardinality n. Given an element x
of [k]" and an element y of [k]™, the outcome of the “gluing” method for the pair x, y
is the unique element z of [k]"™" which is “equal” to x on L and to y on the rest of the
coordinates. This simple process can, of course, be extended to arbitrary pairs of [k]<V.
This is the content of the following definition.

Definition 5.1. Let k € Nwithk > 2andlet L = {lp < --- < [j1|—1} be a nonempty
finite subset of N. Forevery i € {0, ..., |L| — 1} we set

Li={leL:l</l;} and Li={neN:n<Iljandn ¢ L;}. (5.1)

Also let n;, = max(L) — |L| + 1 and set

Xp = [k]"".
We define the convolution operation ¢y, : [k]<I1E X X; — [k]<N associated to L as
follows. Forevery i € {0, ..., |L| — 1}, every t € [k]" and every x € X we set
eL(t.x) = (I, (). Tz, (x| ) € [K)" (5.2)

where I, and IZ,- are the canonical isomorphisms defined in §2.2.

More generally, let V be a Carlson—Simpson tree of [k]<N and assume that L is con-
tained in {0, ..., dim(V)}. The convolution operation cy vy : [k]<'*! x X; — V associ-
ated to (L, V) is defined by

crv(t, x) =1Iy(cL(t, x)) (5.3)
where Iy is the canonical isomorphism defined in §2.5.

Before we proceed let us give a specific example. Let k = 5 and L = {1,3,7, 9}, and
notice that X; = [5]°. In particular, the convolution operation cy, associated to the set L
is defined for pairs in [51<* x [5]°. Then fort = (1,2) and x = (3,5,4,2,4, 1) we have

cr(t,x)=3,1,5,2,4,2,4)

where we indicated with boldface letters the contribution of ¢.

The rest of this section is devoted to the study of convolution operations. We notice
that all properties described below follow by carefully manipulating the relevant defi-
nitions. In fact, once the basic definitions have been properly understood, most of the
material of this section should be regarded as fairly straightforward.

We begin with the following fact.
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Fact 5.2. Let k € N with k > 2. Let V be a Carlson-Simpson tree of [k1<N and L =
{lo < --- <l =1} be a nonempty finite subset of {0, ..., dim(V)}. For everyt [k]<IEl
set

Q= {CL’V(I,)C) tx € X} 64

Then for every t,t' € [k]<\X with t # 1/ we have ; N Qy = (. Moreover, for every
i€{0,...,|L]| — 1} the family {2; : t € [k]'} forms an equipartition of V (I;).

Proof. By the definition of the convolution operation, we see that Q; N Qy = @if t # ¢'.
It is also easy to check that the family {Q2; : ¢ € [k]'} forms a partition of V (I;). Therefore,
to complete the proof it is enough to observe that for every i € {0, ..., |L| — 1} and every
t € [k]' we have

L) = {x e [k : x|, =1, (0).

Clearly this implies that |2;| = |Q2,| for every ¢, ¢’ € [k]'. ]
Using similar elementary observations we get the following.

Fact 5.3. Letk, V and L be as in Fact 5.2. For every t € (k1< and everys € [k]<N we
set

Y; ={xeXp:cLy( x)=s} 5.5

Then for every t € [k]</F and every s, s’ € Q, with s # s', where Q; is as in (5.4), the
sets Y and YS’, are nonempty disjoint subsets of X .. Moreover, the family {Y! : s € ;)
forms an equipartition of Xp.

We will also need the following fact.

Fact 5.4. Letk, V and L be as in Fact 5.2. For every t € [k]</F! and every s € [k]<N let
Q; and Yj be as in (5.4) and (5.5) respectively. Then for everyi € {0, ...,|L| — 1} and
every t,t’ € [k]' there exists amap g, = Q2 — S with the following properties:
(i) Foreverys € ; we have Y! = Yg’/ J(s)
Lt
(i1) gy is a bijection.
(iii) g, preserves the lexicographical order.
(iv) If t and t' are (r, r')-equivalent for some r,r’ € [k] with r # r’ (see §2.6), then s
and g; ¢ (s) are (r, r')-equivalent for every s € ;.

Proof. For every s € Q; we select x5 € Y; and we set g; (s) = cp.v(t', xg). It is easy
to check that g;  is well-defined and satisfies the above properties. O

We proceed with the following lemma.

Lemma 5.5. Let k € N withk > 2. Let V be a Carlson—Simpson tree of [k]<N and L =
{lo < -+ < ljL|=1) be a nonempty finite subset of {0, ..., dim(V)}. Also let t € [k]=<IE]
and A C [k1<N and set B = CZ,IV (A). Then:

(1) densg, (A) = densyyxx, (B) where 2, is as in (5.4).
(ii) Foreveryi €{0,...,|L| — 1} we have densy ;)(A) = densyi . x, (B).
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Proof. For every s € Q; let Y; be as in (5.5). By the definition of B and €2,

BN{t} x X)) ={(t,x):cpyvt,x) e ANQ} = U {(t, x):cpv(t, x) =5}
SEANS,

U @ xvl (5.6)

SEANS;

By Fact 5.2, for every s € 2; we have

1Yi1/1XLl = 1/1€4]. 5.7
Therefore,

BN ({1} x Xp)| 5.6 l{r} x Y{|
densin B = LS © 2 W x Kl
(1) x X J o 1) X X1 ]

Y! ANQ
— Z | s| (1;7)| rl =denth(A).

SEANSYy |XL| |Qt|

This completes the proof (i).
For (ii) is satisfied, leti € {0, ..., |L| — 1}. By Fact 5.2, we see that densy ,)(A) =
E,c(x) densg, (A). Hence by (i), the result follows. O

The final three lemmas of this section contain some coherence properties of convolution
operations. The first one shows that convolution operations preserve Carlson—Simpson
trees.

Lemma 5.6. Let k, V and L be as in Lemma 5.5. Also let W be a Carlson—Simpson
subtree of V and x € X|. Set

Wy ={cLv(w,x):we W} (5.8)

Then Wy is a Carlson—Simpson subtree of [k1<'F! of dimension dim(W). Moreover, for
everyi € {0, ...,dim(W)} we have

Wy(@) ={cLv(w,x) :we W3E)}.
Proof. Let¢ = |L|andlet {lp < --- < ly_1} be the increasing enumeration of L. Set
Jo={neN:n<l} and Ji={neN:[j_ 1 —i4+1<n<l—i—1}

for every i € [€ — 1]. Observe that the family {Jy, J1, ..., Jp—1} forms a partition of
{0, ..., l,—1 — £} into successive intervals some of which may be empty. Let

c=15"(xlg).
Also, forevery i € {0, ..., ¢ — 2} we define

w; = v I !

Jiv1 (X|Ji+l)'
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Clearly w; is a left variable word over k for every i € {0,...,¢ — 2}. Let S, be the
Carlson—Simpson tree generated by the sequence (c, wo, ..., wyg—3) and observe that
cr(t,x) =1Ig (¢) forevery t € [k]<IL!. Hence, for everyt € [k]<IE! we have

crv(t, x) =1y (s, (1)). (5.9

Using (5.9) and invoking the definition of W, in (5.8) yields the result. O

The next result enables us to transfer quantitative information from the space [k]<™ to the
space on which the convolution operations are acting.

Lemma 5.7. Let k,V and L be as in Lemma 5.5. Also let W be a Carlson—Simpson
subtree of [k]<'! and x € X and define Wy as in (5.8). If A C [k]<N and B = c;}V(A),
then for every i € {0, ..., dim(W)} we have

densWx(,-)(A) = densW(,-)X{x}(B). (5.10)

Proof. We define the Carlson—Simpson tree S, exactly as in the proof of Lemma 5.6. By
(5.9), for every t € [k]<!Ll we see that (¢, x) € B if and only if Iy (Is, ()) € A, and the
result follows. O

We close this section with the following lemma.

Lemma 5.8. Let k,V and L be as in Lemma 5.5. Also let W be a Carlson—Simpson
subtree of [k1<'! and let A C [k]1<N. Then for everyi € {0, ..., dim(W)} we have

denScL,V(W(i)xXL)(A) = EXEXL densWX(i)(A) (5.1 1)
where Wy is as in (5.8). In particular, for everyi € {0, ..., |L| — 1} we have
densy ;) (A) = Eycx, densg, i)(A) (5.12)

where Ry = {cp v(t,x) :t € [k]<|L‘}for every x € Xr.

Proof. Leti € {0,...,dim(W)}. There exists a unique [ € {0, ..., |L| — 1} such that
W) < [k]. By Fact 5.2, the family {2, : + € W(i)} forms an equipartition of
cr.v(W(i) x Xr). Therefore, setting B = CZ}V (A), by Lemma 5.5,

dense, y(w(iyxx,)(A) = Erew() densg, (A) = Erew() densyyxx, (B)
= densw()xx, (B) = Eyecx, denswi)xx}(B)
5.10
OLY B, cx, densw, i) (A).

Finally notice that V(/;) = cL,v([k]" x Xp) foreveryi € {0,...,|L| — 1}. Therefore,
equality (5.12) follows from (5.11). O
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6. Iterated convolutions

Our goal in this section is to study iterations of convolution operations. We remark that
this material will be used only in §9. The exact statements that we need are isolated
in §6.2.

6.1. Definitions and basic properties. We start with the following definition.
Definition 6.1. Let L = (L,,)‘i:() be a finite sequence of nonempty finite subsets of N.

Alsoletk € Nwithk > 2and V = (Vn)ﬁ:O be a finite sequence of Carlson—Simpson

trees of [k]<N with the same length as L. We say that the pair (L, V) is k-compatible,
or simply compatible if k is understood, provided that for every n € {0, ..., d} we have
L, €{0,...,dim(V,)} and, if n < d, then V,,| C [k]</Enl.

Notice that if (L, V) is a compatible pair and L’,V’ are initial subsequences of L, V
with common length, then the pair (L, V') is also compatible. Also observe that for every
compatible pair (L, V) = ((Ln)izo, (VH)Z:O) and every n € {0, ..., d} we can define the
convolution operation ¢y, v, : [k]<1Enl x X L, — Vy associated to (L, V,) as described
in §5. What Definition 6.1 guarantees is that for compatible pairs we can iterate these
operations. This is the content of the following definition.

Definition 6.2. Let k € N with k > 2 and let (L, V) = ((L,)?_,. (Va)?_,) be a
k-compatible pair. We set
d
X1, = 1_[ Xr,-
n=0

By recursion on d we define the iterated convolution operation
CL,V: [k]<u‘d| x XL = Vo

associated to (L, V) as follows. For d = 0 this is the ¢y, v, convolution operation defined
in (5.3).

Ifd > 1, thenlet L' = (Ln)Z;(l) and V' = (V,,)Z;(]) and assume that the operation
cr/, v has been defined. We set

cL.v(s, X0, - .., Xg) = e v/ (CLy, v, (5. Xa), X0, - - ., Xa—1)
for every s € [k]1</Ed! and every (xo, ..., Xq) € Xr. In this case, the quotient map
qLy : =1 Xy, — (=R Xy
associated to (L, V) is defined by
qr,v(t, X, x) = (cL,,v, (t, x), X) (6.1
for every t € [k]<ILd! and every (x, x) € X1y x Xy,.

The rest of this subsection is devoted to several lemmas establishing properties of
iterated convolutions. Just as in §5, all this material follows by carefully manipulating the
relevant definitions. We begin with the following elementary fact.



2118 Pandelis Dodos et al.

Fact 6.3. Let k > 2 and (L, V) = (Ly)4_. (V)?_,) be a k-compatible pair. If d > 1

n=0’
and (L', V') = (La)y—g» (Va)y—g), then crv = cr/v o QL V.
The next two lemmas are multidimensional analogues of Lemmas 5.6 and 5.7.

Lemma 6.4. Letk > 2 and (L, V) = (Ly)?_,, (V))?_,) be a k-compatible pair. Also
let W be a Carlson—Simpson subtree of [(k1<IL4! and let x € Xy.. Then the set

Wx = {cLv(w,Xx) : w € W}

is a Carlson—Simpson subtree of Vi with the same dimension as W. Moreover; for every
i €{0,...,dim(W)} we have

Wx(i) = {cL,v(w,X) : w € W()}.

Proof. Both assertions are proved by induction on d and using similar arguments. We
will give the details only for the first one. The case d = O is the content of Lemma 5.6.
So, letd > 1 and assume that the result has been proved up to d — 1. Fix a compatible pair
@L,V) = ((Ln)Z:o, (Vn)ifzo) and let W and x be as in the statement of the lemma. Write
X = (x0,...,%g) and set X' = (xq,...,x4—1) and S = {cp,,v,(w, xg) : w € W}. Also
let L' = (Ln)fl;(l) and V = (Vn)jf;(l) and observe that the pair (L, V') is compatible. By
Lemma 5.6, § is a Carlson—Simpson subtree of V; with dim(S) = dim(W). By Definition
6.1, S is contained in [k]<!Z4-1|. Therefore, applying the inductive assumptions for the
pair (L, V'), we see that Sy is a Carlson-Simpson subtree of Vj of dimension dim(W).
Noticing that Sy coincides with Wy yields the result. O

Lemma 6.5. Let k,L,V, W and x be as Lemma 6.4. Also let A C [k]<N and set B =
C£1‘7(A). Then for every i € {0, ..., dim(W)} we have
densy (i) x (x} (B) = densw, ;) (A).

Proof. By induction on d. The case d = 0 follows from Lemma 5.7. Let d > 1 and
assume that the result has been proved up to d — 1. Fix a k-compatible pair (L, V) =
((L,Z)ZZO, (Vn)Zzo) and let W, x, A and B be as in the statement of the lemma. Write
X = (xq, ..., xq) and define X', S, L’ and V' precisely as in the proof of Lemma 6.4. We
set C = c]j,{v,(A). For every y € Xy, let Cy and By be the sections of C and B aty. By
Fact 6.3, we see that By = CZJ,V[, (Cy). Hence,

densw (iyx fx} (B) = densw i) xx'}x{xg) (B) = densw i)xx}x g} (Bxy X {X'})
= densw (i) x (x4} (Bx) = densw ixix,) (L) v, (Cx)) (6.2)
Invoking Lemma 5.7 we have
densw (i) x(x,} (€ v, (Cx)) = densg(i) (Cy). (6.3)
Next observe that

densg()(Cy) = densg(i)xx}(Cx x {X'}) = densg()xx(C). (6.4)
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As we have already pointed out in the proof of Lemma 6.4, the set Sy coincides with Wy.
Since C = CI_J,I,V,(A), we may apply our inductive hypothesis to the Carlson—Simpson
tree S, the element x” and the set A to infer that

densS(i)X{x/}(C) = anSSx,(,‘)(A) = densWx(,-)(A). (6.5)
Combining equalities (6.2) to (6.5) gives the result. O
We proceed with the following lemma.

Lemma 6.6. Let k > 2 and (L,V) = ((L,)?_,, (V))4_y) be a k-compatible pair.

Assume that d > 1 and let L' = (L) 2} and V' = (V,)?Z). Let C C [k]<Fa-11 x Xy,
and set B = q]le(C). Finally let t € [k]<F4! and set

Q ={cp,v,(t,x) :x € Xp,}. (6.6)
Then qp (2 x X1) = {t} x Xy, and
denthXxL, (C) = densyyxxy, (B). 6.7)
Proof. By the definition of the quotient map qr, v in (6.1), we have
qp v(Q x Xp) = czd{vd(sz,) x XL (6.8)

Since CZ;,Vd(QZ) = {1} x X ,, by (6.8) we see that qI:lV(Q, x Xy) = {t} x XL.

Now for every X' € Xy let Cy and By be the sections of C and B at X' respec-
tively. Observe that Cy C [k]<Il¢-1l and By C [k]<!F4! x X[,. Also notice that By =
Czdl,vd (Cy) for every X' € Xy . Hence, by Lemma 5.5,

denS{t}XXLd (By') = densg, (Cy) (6.9

for every X' € Xy, . Therefore,

(6.9)
densiiyxxy, (B) = Exex,, densyyxx, , (By) = Exex,, densg, (Cx) = densg, xx;, (C).
O
We close this subsection with the following consequence of Lemma 6.6.

Corollary 6.7. Let k > 2 and (L,V) = ((Ly)?_y. (Va)?_,) be a k-compatible pair.
Assume that d > 1 and let L' = (L) Z) and V' = (V,;)?Z}. Let A € (k1N and set
Al = CE’IV(A) and A1 = CE,{V, (A). Then for every t € [k]<!Lal,

denst (A,d) = EseQ, denSXL/ (Af_l)

where Af is the section of A att, Q, C Vy C k151l s as in (6.6) and Af_l is the
section of A4V ar s.
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Proof. We fix t € [k]</L4!. Notice that
A? = (A) = qpy (e v (A) = gy (AT, (6.10)
By (6.10) and Lemma 6.6 applied to the sets “B = A9” and “C = A?~!” we obtain
densy, (A9) = densgxx, (A
D densq, xx,, (A7) = Eyeq, densy,, (A7), O

6.2. Consequences. As already mentioned, in this subsection we will collect some results
which will be of particular importance in §9. The first two of them follow by repeated
applications of Corollary 6.7. The details are left to the reader.

Corollary 6.8. Letk > 2 and (L, V) = (Ly)?_,, (V))?_,) be a k-compatible pair. Let
0 <y < land A C [KIN. Ser A? = [ \(A) and A® = czol v, (A). Suppose that
densXLO (A?) > y foreverys € [k]<IEol where A? is the section ofAO ats. If t € [k]<ILdl
and A? is the section of A? at t, then densy, (AY) > y.

Corollary 6.9. Letk > 2 and (L, V) = (L»)_,, (V))4_) be a k-compatible pair. Let
0 <A< land A, B S [KI"N with A € B. Set A = ¢ \(A), A® = ¢/ (A),
B? = ¢ \(B) and B® = czol) vo(B). Suppose that densx, (A9) > 1 - densx, (BY) for
every s € [k]<ILol ywhere A(S) and B? are the sections of A% and BO ar s. Ift e [k]<1Eal]
then densx;, (Afl) > A -densy;, (Btd) where Af and Btd are the sections OfAd and B¢ at 1.

The final result is a consequence of Lemma 6.6.

Corollary 6.10. Let k > 2 and (L, V) = ((Lp)?_,. (V))?_) be a k-compatible pair.
Assume thatd > 1 and let L' = (L,,)Z;(l) and V' = (Vn)z;(l). Lett € [k]<WEd! and Cy be
a nonempty subset of Q; x Xy, where 2 is as in (6.6). Also let C1 C [k]<1Ea-1l x X1,
Set B; = q]:lV(Ci)for everyi € {0, 1}. Then densc,(C1) = densg, (B)).

Proof. Notice that qI:lV(Co NC1) = By N Bj. Since qI:lV(Q, x X1,) = {t} x XL, we see
that By C {¢} x Xr. Therefore,

IConCy| densg, xx,,(Co N Cy)

densc,(C1) = =
0 [Col densg, x x,, (Co)
dens BoNB BoNB
©7) (nxx,(BoN B1) _ |Bo N Bil — densp, (B). -
densyyx x,, (Bo) | Bol

7. Preliminary tools for the proof of Theorem B

In this section we will gather some results that are part of the proof of Theorem B but are
not directly related to the main argument. Specifically, in §7.1 we prove the first instance
of Theorem B which can be seen as a variant of the classical Sperner Theorem [35]. In
§7.2 we show how one can estimate the number DCS(k, m + 1, §) assuming that the
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numbers DCS(k, m, 8) have been defined for every 0 < 8 < 1. This result is part of an
inductive scheme that we will discuss in detail in §8.1. Finally, in §7.3 we present some
consequences.

7.1. Estimating the numbers DCS(2, 1, §). We have the following proposition.

Proposition 7.1. Let 0 < § < 1. Also let A be a subset of [21<N and N be a finite subset
of N such that
IN| > Reg(2,CS(2, [176721,1,2) + 1, 1, 8/4).

If |AN[2]"| = 82" for every n € N, then there exists a Carlson-Simpson line R of [2]<N
which is contained in A. In particular,

DCS(2, 1,8) < Reg(2, CS(2, [176721,1,2) + 1, 1, §/4).

We should point out that the estimate for the numbers DCS(2, 1, §) obtained in Proposi-
tion 7.1 is rather weak and far from being optimal. However, the proof of Proposition 7.1
is conceptually close to the proof of the general case of Theorem B, and as such, should
serve as a motivating introduction to the main argument.

We start with the following lemma.

Lemma 7.2. Let A and N be as in Proposition 7.1. Then there exists L C N with
|L| = CS(2, (178_21, 1,2)+1 (7.1

and satisfying the following property. Let ¢y : [2]<'11 x X1 — [2]<N be the convolution
operation associated to L and set B = CZI(A). Then for every t € [2]</F we have
dens(B;) > 38/4 where B; = {x € X : (t, x) € B} is the section of B at t.

Proof. By Lemma 3.2 and our assumptions on the size of the set N, there exists a subset L
of N with |[L| = CS(2, [17672], 1, 2) + 1 and such that the family F := {A} is (§/4, L)-
regular. Write the set L in increasing order as {lp < --- < [;|—1} and for every i €
{0,...,|L| — 1} let L; and L; be as in (5.1). Since |A N [2]"| > 82" for every n € L and
the singleton {A} is (6/4, L)-regular, we see that

dens({w € [Z]Z" (y,w)e AN (271 }) > 358/4 (7.2)
forevery i € {0,...,|L| — 1} and every y e [2]%. By the deﬁnitjon of the convolution
operation in (5.2), forevery i € {0, ..., |L| — 1} and every ¢ € [2]' we have

QY eptx) i xe X ) ={ze2 1z, =1,

Thus, by (7.2) applied to “y =1, (¢)”, we obtain
densg, (A) = dens({w € [Z]Z" (@), w)e AN (214 }) > 35/4. (7.3)
Finally, by Lemma 5.5, we have
densg, (A) = densy;)x x, (B) = densy, (By). (7.4)
Combining (7.3) and (7.4) yields the result. ]
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For the next step of the proof of Proposition 7.1 we need to introduce some terminology.
Let W be an m-dimensional Carlson—Simpson tree of [2]<N and (c, wg, ..., wy—1) be
its generating sequence. Also let #,7/ € W. We say that ¢’ is a successor of t in W
if there exist i, j € {0,...,m — 1} withi < j as well as a;,...,a; € [2] such that
! =1t"wi(a;)” ...” wj(a;). If, in addition, we have ¢; = 1, then we say that ¢’ is a left
successor of t in W.

Lemma 7.3. Let L and {B; : t € [2]<|L|} be as in Lemma 7.2. Then there exists a
Carlson—Simpson subtree W of 215 with dim(W) = (175’2] and such that

dens(B; N By) > 82/16
foreveryt,t' € W witht' a left successor of t in W.

Proof. For every Carlson-Simpson line S of [2]<N let us denote by (cs, wy) its generat-
ing sequence. We set

L = {S e Subtr; ([2]</X!) : dens(B., N B~ ) > §2/16).
Cs

ws(1)
By Theorem 4.1 and (7.1), there exists a Carlson—Simpson subtree W of 215 with
dim(W) = [178~27 such that either Subtr; (W) C £ or Subtr; (W) N £ = . Observe
that for every ¢,/ € W, t’ is a left successor of r in W if and only if there exists a
Carlson—Simpson line S of W such that t = cg and t' = cg ws(1). Therefore, the proof
will be completed once we show that Subtr; (W) N L # @. To this end we argue as fol-
lows. Let d = dim(W) = (173’21 and (c, wo, ..., wg—1) be the generating sequence
of W.Wesetty = cand t; = ¢c"wo(1)” ... wi_1(1) for every i € [d]. By our as-
sumptions, we have dens(B;,) > 36/4 for every i € {0,...,d}. Hence, by Lemma 2.7
applied for ¢ = 3§/4 and 6 = §/4, there exist i, j € {0, ...,d} withi < j and such that
dens(B; N B,j) > §2 /16. If R is the unique Carlson—Simpson line of W with cg = ¢; and
WR = wl.A ...~ wj_1, then the previous discussion implies that R € £, as desired. O

The following lemma is the last step towards the proof of Proposition 7.1.

Lemma 7.4. Let W be the Carlson—Simpson tree obtained in Lemma 7.3. Then W con-
tains a Carlson—Simpson line S such that

(B #9.

teS
Proof. As in Lemma 7.3, let d = dim(W) = f178_21 and (c, wo, ..., wg—1) be the
generating sequence of W. For every i € {0, ...,d — 2} we set

ti=c"wo(2)” ... w;(2) and s; = tiAwH_](l)A T weo (D).

Observe that s; is a left successor of #; in W. Therefore, by Lemma 7.3, setting C; =
B;, N By; we have dens(C;) > 82/16 for every i € {0,...,d — 2}. Also let s4—1 =
c"wo(2)” ... wyg—1(2) and C4—1 = By, , and notice that, by Lemma 7.2, we have
dens(Cy—1) > 36/4 > 62/16. Since d > 16/62 there exist 0 < i < j < d — 1 such that
Ci N Cj # (. We define

~ ~

=t and w =w, Twly
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where y = w1 (D™ ... 7wy (1) if j < d —1and y = @ otherwise. Let S be the
Carlson—Simpson line of W generated by the sequence (¢, w’) and observe that § =
{t:} U {si, s;}. Hence, (,cg Br 2 Ci N Cj # 0. O
We are ready to proceed to the proof of Proposition 7.1.

Proof of Proposition7.1. Let S be the Carlson—Simpson line obtained in Lemma 7.4. We
select xo € X, such that xo € B, for every ¢ € S and we set R = {cr(f, x9) : t € S}. By
Lemma 5.6, R is a Carlson—Simpson line of [21<N. Next, recall that B = czl(A). Since
(t, xo) € B for every t € S, we conclude that R is contained in A, as desired. O

7.2. Estimating the numbers DCS(k,m + 1,6§). Letk,m € Nwithk > 2andm > 1
and assume that for every 0 < 8 < 1 the number DCS(k, m, B) has been defined. This
assumption, of course, implies that for every £ € [m] and every 0 < 8 < 1 the number
DCS(k, £, B) has been defined. Therefore, for every £ € [m] and every 0 < § < 1 we
may set

Ak, £,8) = [§7'DCS(k, ¢, 8)1, (1.5)
28
|Subtr, ([k]<A*..8))|"

Ok, L, 8) = (7.6)

Moreover, let
Ao = Aok, 8) = Ak, 1,8%/16) and O = Og(k,8) = Ok, 1,8%/16)  (1.7)
and define s : N — N by
hs(n) = Ao + 120, 'n]. (7.8)

It is, of course, clear that for the definition of Ag, ®g and 45 we only need to have the
number DCS(k, 1, §2/16) at our disposal.
The main result of this section is the following dichotomy.

Proposition 7.5. Let k € N with k > 2 and assume that for every 0 < < 1 the number
DCS(k, 1, B) has been defined. Let 0 < & < 1 and define Ao and ©q as in (7.7). Also let
L be a nonempty finite subset of N and A € [k1<N such that denspye (A) = & for every
L € L. Finally, let n € N withn > 1 and assume that |L| > hs(n) where hs is as in (7.8).
Define Ly to be the set of the first Ao elements of L. Then either

(i) there exist a subset L' of L\ Lo with |L'| > n and a word ty € [k]% for some £y € Ly
such that
dens et ({s € [k]=" 2 155 € A}) > 8 +8°/8

foreveryl € L, or

(ii) there exist a subset L of L \ Lo with |L"| > n and a Carlson-Simpson line V of
[k]<N contained in A with L(V) C Lo and such that, setting £1 to be the unique
integer with V(1) C [k]%, for every £ € L” we have

dens; -, ({s € (kKI5 : 75 € A for everyt € V(1)}) = ©9/2.

Proposition 7.5 can be used to estimate the numbers DCS(k, m + 1, §) via a standard
iteration. In particular, we have the following corollary.
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Corollary 7.6. Letk,m € Nwithk > 2 and m > 1 and assume that for every0 < g <1
the number DCS(k, m, ) has been defined. Then, for every 0 < § < 1,

-2
DCS(k, m +1,8) < h{I* "V (DCS(k, m, ©9/2)).
Proof. We fix 0 < § < 1. For notational convenience we set No = DCS(k, m, ©¢/2).

Let L be an arbitrary finite subset of N with |L| > h((s(ga 21)(No) and A be a subset
of [k]<N such that dens[k]z(A) > § for every £ € L. By our assumptions on the size of L
and repeated application of Proposition 7.5, it is possible to find a subset L” of L with
[L"| > Ng and a Carlson-Simpson line V of [k]<N contained in A such that, setting ¢;
to be the unique integer with V(1) C [k]%1, we have €1 < min(L") and

dens e, ({s e k1N : 175 € Afor every t € V(l)}) > /2 (7.9

for every ¢ € L”. By the choice of Ny and (7.9), there exists an m-dimensional Carlson—
Simpson tree U of [k1=<N such that

UC({selkl™N:1"s e Aforeveryt € V(1)}.

Therefore, setting
S=vOuU |J truueuvy,
rev(l)
we see that S is a Carlson—Simpson tree of [k]<N of dimension m + 1 which is contained
in A. The proof is thus complete. O

For the proof of Proposition 7.5 we need some preparations. Let L be a finite subset
of N with |L| > 2 and consider the convolution operation ¢; : [k]</*l x X; — [k]<N
associated to L. For every x € X let Ry = {cp(¢t,x) : t € [k1<'E1} and recall that,
by Lemma 5.6, the set R, is a Carlson—Simpson tree of [k]1<N of dimension L] — 1.
Therefore, we may consider the Furstenberg—Weiss measure dg\‘,\, associated to R, defined
in §2.7. On the other hand, we may also consider the generalized Furstenberg—Weiss
measure d, associated to L. The following lemma relates these classes of measures.

Lemma 7.7. Let k € N with k > 2 and let L be a finite subset of N with |L| > 2. Then
for every subset A of [k]1<N we have

Erex, dis (A) = dp(A). (7.10)
In particular, there exists a Carlson—Simpson tree W of [k1<N of dimension |L| — 1 with
L(W) = L and such that dj%,(A) > d.(A).
Lemma 7.7 follows from Lemma 5.8. More precisely, (7.10) follows from (5.12) by av-
eraging over alli € {0, ..., |L| — 1}.

The next fact is straightforward.

Fact7.8. Let k,m € Nwithk > 2and m > 1. Also let 0 < n < 1/2 and assume
that the number DCS(k, m, 1) has been defined. Finally, let W be a Carlson—Simpson

tree of [k1<N with dim(W) > A(k, m, n) — 1 where A(k, m,n) is as in (1.5). Then every
subset B of [k1<N with d‘FVW(B) > 2n contains a Carlson—Simpson tree of dimension m.

The final ingredient of the proof of Proposition 7.5 is the following lemma.
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Lemma 7.9. Letk,m € Nwithk > 2 and m > 1 and assume that for every 0 < < 1
the number DCS(k, m, B) has been defined. Let 0 < p,y < 1 and L be a finite subset
of Nwith |[L| > A(k, m, py/4) where A(k, m, py/4) is as in (1.5). Also let B C [k]<N
with dp (B) > p. If {A; : t € B} is a family of measurable events in a probability space
(2, X, n) satisfying w(A;) > y for every t € B, then there exists an m-dimensional
Carlson—Simpson tree V of [k]<N which is contained in B and such that

() A) z 0 m, py/4)

teV
where ® (k, m, py /4) is as in (7.6).

Proof. Wesetn = py/4 and A = A(k, m, n). Notice that, by passing to an appropriate
subset of L if necessary, we may assume that |[L| = A. By Lemma 7.7, there exists a
Carlson—-Simpson tree W of [k]<N of dimension A — 1 with L(W) = L and such that
dl‘fw(B) >dp(B) = p.Foreveryw € Qlet B, ={t e BN W :w e A;} and set

Y = {0 € Q:dfiy(B,) > py/2}.

Since dg/w(B) > pand pu(A;) > y for every t € B, we see that u(Y) > py /2. By Fact
7.8, for every w € Y there exists an m-dimensional Carlson-Simpson tree V,, of [k]<N
such that V,, C B,. Hence, there exist V € Subtr,,(W) and G € X with V,, = V for
every w € G and such that

Y 2
wGy= L0 __ T W egm. ).
|Subtr, (W)] — [Subtry, ([k]=4)]
It is easy to see that V satisfies the conclusion of the lemma. O

We are now ready to proceed to the proof of Proposition 7.5.

Proof of Proposition 7.5. Let M = L \ Lo and set My = {m — € : m € M} for every
¢ € Ly. Moreover, for every £ € Lo and every ¢ € [k] let

A ={selkl™N:t"s € A). (7.11)
By (7.6) and (7.7), we see that ®¢ < 82/8. Hence, for every £ € Ly we have
M| = M| >20,"'n > 85 n. (7.12)
Also observe that for every £ € Lo we have
E,cpepe dm, (Ar) = dp(A). (7.13)
Next recall that dens[k]z (A) = ¢ for every £ € L. Therefore,
dr,(A) =48 and dy(A) =3. (7.14)

We consider the following cases.
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Case I: There exist Lo € Lo and to € [k]* such that dp, (A) = 8 +8%/4. In this case

| (7.12)

[{m € My, : densjgn (Ay) > 8+ 8%/8}| = (82/8)|My,| > n. (7.15)

Weset L' = {m € M : dens[k]mfz0 (Ay) =8+ 52/8). By (7.15), we see that with this
choice the first alternative of Proposition 7.5 holds true.

Case 2: For every £ € Lo and everyt € [k]¢ we have dm,(Ar) <8+ 82/4. Combining
(7.13), (7.14) and taking into account our assumptions, in this case we see that for every
£ € Ly we have

It € [K1° = dug, (Ap) = 8/2)] = (1 — §/2)K". (7.16)
We set
B = U {re AN [k]( cdy, (Ar) = 8/2). (7.17)
LeLy

By (7.14) and (7.16), we get d;,(B) > 6/2. Let
@, ) = [T, du,)

LeLy

be the product of the discrete probability spaces ([k] <N d Mm,). For every t € B we define
a measurable event A; of Q2 as follows:

A= xt (7.18)
ZELO

where Xf = A, if £ = |t| and Xf = [k]<N otherwise. Notice that for every £ € Lo and
everyt € BN [k]¢ we have

~ (7.17)

w(Ay) =dm, (A) = 8/2.
Recall that |Lo| = Ao = A(k, 1,82/16). Since d;,(B) > 8/2, by Lemma 7.9 applied
for p = y = 8/2, there exists a Carlson-Simpson line V of [k]<N which is contained in

B and such that

u(ﬂ X,) > 0k, 1,82/16) 2 @,. (7.19)
teV

Notice, in particular, that the level set L(V) of V is contained in Lg. Let £1 be the unique
inleger with V(1) C [k]¢ and observe that £; € Lo. By the definition of the events
{A; : t € B}in (7.18) and by (7.19), we get

dMgl( N A,) = M( N A,) > . (7.20)
teV(l) teV (1)
Let
My, = {m e My, :dens[k]m( N A,) > @0/2}. (7.21)
rev(l)
By (7.20), we have

, (7.12)
M}, | = (©0/2)|My,| = n.
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We set

L'={+m:me Ml’l}.
It is clear that |L”| > n. Moreover, L” is contained in L \ Lo and so £; < min(L").
Finally, notice that for every £ € L” we have £ —£; € M él. Therefore, by (7.11) and
(7.21), we conclude that

densye-¢; ({s € (k1= : 175 € A forevery t € V(1)}) = ©9/2.
That is, the second alternative of Proposition 7.5 is satisfied. The above cases are exhaus-
tive and so the proof is complete. O

7.3. Consequences. Let k,m € N with k > 2 and m > 1 and assume that for every
0 < B < 1 the number DCS(k, m, 8) has been defined. For every 0 < y < 1 we set

Ok,m,y) =0k, m,y/4) (7.22)

where @ (k, m, y /4) is as in (7.6). Recall that for every Carlson—Simpson tree W of [k]<N
and every k' € {2, ..., k} we denote by W [k’ the k’-restriction of W defined in (2.2). We
have the following corollary.

Corollary 7.10. Let k,m € N withk > 2 and m > 1 and assume that for every 0 <
B < 1 the number DCS(k, m, B) has been defined. Let 0 < y < 1 and d € N with
d > Ak,m,y/4) — 1 where A(k,m,y/4) is as in (7.5). Also let V be a Carlson—
Simpson tree of [k + 11N with

dim(V) > CS(k+1,d,m, 2). (7.23)

If{A; : t € V}isafamily of measurable events in a probability space (2, X, ) satisfying
Ww(A;) = y for everyt € V, then there exists W € Subtry (V) such that for every U in

Subtr,, (W) we have
1) A)z00m, )
veU Tk
where 0 (k, m, y) is as in (7.22).

Proof. We setf = 0(k, m, y) and we define

U= iU € Subtr, (V) : M( N Av> > 9}.
velU [k
By (7.23) and Theorem 4.1, we can select W € Subtry (V) such that either Subtr,, (W)
C U or Subtr,, (W) NU = (. Therefore, it is enough to show that Subtr,, (W) N U # @.
To this end we argue as follows. Let Iy : [k + 119+1 — W be the canonical isomor-
phism associated to W and for every ¢ € [k]<¢*! set A} = Ay, ;). By Lemma 7.9, there
exists an m-dimensional Carlson—Simpson subtree R of [k]1<9+! such that

u(ﬂ A;) >0, (7.24)

teV
Let S be the unique element of Subtr,, (W) such that STk = Iy (R). Then, by (7.24), we
conclude that S € U/, and the proof is complete. O

The final result of this section is the following corollary.
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Corollary 7.11. Let k,m € N with k > 2 and m > 1 and assume that for every 0 <
B < 1 the number DCS(k, m, B) has been defined. Let 0 < y < 1 and d € N with
d = ANk,m,y/4) — 1 where A(k,m,y/4) is as in (7.5). Also let V be a Carlson—
Simpson tree of [k + 11<N with

dim(V) > CS(k+1,d,m, 2).

Finally let {A; : t € V} be a family of measurable events in a probability space (2, X, |1)
satisfying w(A;) > y foreveryt € V. Assume, in addition, that there exists r € [k] such
that A; = Ay for every t,t' € V which are (r, k + 1)-equivalent (see §2.6). Then there
exists W € Subtry (V) such that for every U € Subtr,, (W) we have

w(M A) z 6k m. )

velU
where 0 (k, m, y) is as in (7.22).

Proof. Since A, = Ay for every t,t' € V which are (r, k + 1)-equivalent, for every
¢ € [dim(V)] and every R € Subtre(V) we have (,cg Ar = [);cg i Ar- Now the result
follows from Corollary 7.10. O

8. A probabilistic version of Theorem B

8.1. Overview. In this subsection we give an outline of the proof of Theorem B. Very
briefly, and oversimplifying dramatically, the proof proceeds by induction on k and is
based on a density increment strategy.

The first step is given in Corollary 7.6. Indeed, by Corollary 7.6, the proof of Theo-
rem B reduces to the task of estimating the numbers DCS(k, 1, §). To achieve this goal
we follow an inductive scheme that can be described as follows:

DCS(k, m, B) for every m and B = DCS(k + 1, 1, 5). 8.1

Precisely, in order to estimate the numbers DCS(k + 1, 1, 5) we need to have at our
disposal the numbers DCS(k, m, §) for every integer m > 1 and every 0 < § < 1. The
base case—that is, the estimation of the numbers DCS(2, 1, §)—is, of course, the content
of Proposition 7.1.

At this point it is useful to recall the philosophy of the density increment method. One
starts with a subset A of a “structured” set S of density § and assumes that A does not
contain a subset of a certain kind. The goal is then to find a sufficiently large “substruc-
ture” S’ of S such that the density of A inside S’ is at least § + y, where y is a positive
constant that depends only on §. Usually this task is rather difficult to achieve at once,
and so, one first tries to increase the density of A inside a relatively “simple” subset of S.
We refer to the essay [18] of W. T. Gowers for a thorough exposition of this method.

The proof of the inductive scheme described in (8.1) follows the strategy just men-
tioned above. Specifically, fix the parameters k and § and let A be a subset of [k 4+ 1]<N
not containing a Carlson—Simpson line such that densx1j» (A) > § for sufficiently many
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n € N. What we find is a Carlson—Simpson tree W of [k + 1]<N such that the density of
A has been significantly increased in sufficiently many levels of W. This is done in two
steps. Firstly we show that there exists a Carlson—Simpson tree V of [k + 1]1<N and a sub-
set D of V which is the intersection of relatively few insensitive sets and correlates with
the set A more than expected in many levels of V (it is useful to view D as a “simple”
subset of V). This is the content of Corollary 8.6 below. In the second step we use this
information to achieve the density increment. We will not comment at this point on the
second step, since we will do so in §9.1; here we simply mention that the statement of
main interest is Corollary 9.15.

We will, however, discuss in detail the proof of the first step which is analogous to
the first part of the polymath proof of the density Hales—Jewett Theorem. In fact, this is
more than an analogy since we are using a beautiful argument from the polymath proof
(see [28, §7.2]) to reduce the proof of Corollary 8.6—the main result of this step—to a
“probabilistic” version of Theorem B. The analogy, however, with the polymath proof
breaks down at this point and the main bulk of the argument is quite different.

The aforementioned “probabilistic” version of Theorem B refers to the question
whether a dense subset of [k + 1]<N not only will contain a Carlson—Simpson line but,
actually, a nontrivial portion of them. Results of this type figure prominently in Ram-
sey theory and have found significant applications (see, e.g., [7, 32] and the references
therein). A classical result in this direction is the “probabilistic” version of Szemerédi’s
Theorem, essentially due to P. Varnavides [39], asserting that for every integer k > 3 and
every 0 < § < 1 there exists a constant c(k, §) > 0 such that every subset A of [n] with
|A| > 8n contains at least c(k, 8)n? arithmetic progressions of length k, as long as n is
sufficiently large.

However, some density results do not admit a “probabilistic” version of the form
stated above. The most well-known example is the density Hales—Jewett Theorem. In-
deed, if n is large enough, then one can find a highly dense subset of, say, [2]"” containing
just a tiny portion of combinatorial lines (see [28, §3.1]). This example can modified, in
a straightforward way, to show that Theorem B also fails to admit a naive “probabilistic”
version.

This phenomenon appears to be quite discouraging, but it can be bypassed. So far
there has been only one method in the literature dealing with this problem. It was in-
troduced by the participants of the polymath project and was based on the technique of
changing the measure. Part of the novelty of the present paper is the development of a
new method which not only is conceptually easy to grasp but also appears to be quite
robust (the clearest sign for this is that it can be combined with the arguments in [28]
to give a very simple proof [11] of the density Hales—Jewett Theorem). The idea is to
avoid the pathological behavior by passing to an appropriate “substructure”. This is done
by applying the following three basic steps. We will describe them in an abstract setting
since we feel that no clarity will be gained by restricting our discussion to the specifics of
Theorem B.

Step 1. By an application of Szemerédi’s regularity method [37], we show that a given
dense set A of our “structured” set S is sufficiently pseudorandom. This enables us to
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model the set A as a family of measurable events {B; : t € R} in a probability space
(2, X, n) indexed by a Ramsey space R closely related, of course, to S. The measure of
the events is controlled by the density of A.

Step 2. 'We apply coloring arguments and our basic density result to show that there exists
a “substructure” R’ of R such that the events in the subfamily {B, : t € R’} are highly
correlated. The reasoning can be traced to an old paper of P. Erd6s and A. Hajnal [12].
Also we notice that it is precisely in this step that we need to pass to a “substructure”.
As can be seen from the examples mentioned above, this is a necessity rather than a
coincidence.

Step 3. We use a double counting argument to locate a “substructure” S’ of S such that
the set A contains a nontrivial portion of subsets of S’ of the desired kind (combinatorial
lines, Carlson—Simpson lines, etc.).

Some final comments on the computational effectiveness of the method. In all cases
of interest known to the authors, the tools used in the three steps described above have
primitive recursive (and fairly reasonable) bounds. However, the argument yields very
poor lower bounds for the correlation of the events {B; : r € R’} in the second step.
These lower bounds are partly responsible for the Ackermannian behavior of the numbers
DCS(k, m, 5).

8.2. The main dichotomy. Let k, m € N with k > 2 and m > 1 and assume that for
every 0 < B < 1 the number DCS(k, m, B) has been defined. Hence, forevery 0 < § < 1
we may set

80
Y =v(k,m,8) =0O(k,m,5/8) and n=n(k,m,ds) = 30k 8.2)

where O (k, m, §/8) is as in (7.6). Moreover let

A = Ak, m, 8/8) =) 185~ 1'DCS(k, m, §/8)] (8.3)

and for every n € N set
Ln,m)=CS(k+1,n+ A" ,m,2) + 1.
We define the map G : N x N x (0, 1] - N by
G(n,m,¢e) =Regk +1,4(n,m), 1,¢). 8.4
Also for every Carlson—Simpson tree V of [k]<N andevery | <m <i < dim(V) let
Subtr® (V, i) = {R € Subtr,, (V) : R(0) = V(0) and R(m) C V (i)}.

As pointed out in §2.5, if W is a Carlson—-Simpson tree of [k + 17N, then its k-restriction
Wk can be identified as a Carlson—Simpson tree of [k] <N Hence, we may also consider
the set Subtrgl (W Ik, i) whenever W is a Carlson—Simpson tree of [k + 1]7<N.

We are ready to state the main result of this section.
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Proposition 8.1. Let k,m € N withk > 2 and m > 1 and assume that for every 0 <
B < 1 the number DCS(k, m, B) has been defined. Let 0 < § < 1 and define ¥, n and A’
as in (8.2) and (8.3) respectively. Also let n € N withn > 1 and let N be a finite subset
of N such that

INI = G(Tn~*n1,m,n*/2) (8.5)

where G is as in (8.4). If A C [k+ 11N satisfies |AN[k+11'| > 8(k+1)! foreveryl € N,
then there exist a Carlson—Simpson tree W of [k + 11<N with dim(W) = [n~*n] + A’
and I C {m, ..., dim(W)} with |I| > n such that either

(i) foreveryi € I we have densy;y(A) > § + n2/2, or
(ii) for everyi € I we have densw ;)(A) > & — 2n and moreover

dens({V € Subtr),(Wk, i) : V C A}) > 9/2.

For the proof of Proposition 8.1 we need to do some preparatory work. We start with the
following lemma.

Lemma 8.2. Let k,m, 8,9, n, A',n and N be as in Proposition 8.1. If A is a subset of
[k + 1]<N satisfying |AN[k + 1]l| > §(k+ l)lfor everyl € N, then there exist a subset L
of N with |L| = CS(k+ 1, [n™*n] + A, m, 2) + 1 and a Carlson-Simpson subtree W of
[k+ 115 of dimension [n~*n+ A’ such that, setting ¢y, : [k+11<x X, — [k+1]<N
to be the convolution operation associated to L and B = czl (A), the following properties
hold:

(i) Foreveryt € [k 4+ 111 we have dens(B;) > 8 — n*/2 where B; is the section of B
att.
(ii) For every U € Subtr,, (W [k) we have dens(ﬂteU B;) > 0.

Proof. By (8.5) and the definition of the function G in (8.4), we may apply Lemma 3.2
toget L € N with |[L| = CS(k + 1, [~*n] 4+ A’,m,2) + 1 and such that the family
F = {A} is (n*/2, L)-regular. Using this information and arguing as in the proof of
Lemma 7.2 we see that the first part of the lemma is satisfied.

For (ii), set V = [k + 1]<I1. Also let y = §/2 and d = [n~*n] + A’. Notice that
d>AN —1= A(k,m,y/4) — 1. Moreover, by (i), we have

dim(V) = |L| — 1 = CS(k + 1,d, m, 2)

and dens(B;) > § — n2/2 > y forevery t € [k + 17<I£1, Hence, by Corollary 7.10, we
get a d-dimensional Carlson—Simpson subtree W of [k + 1]<!%! such that

dens( ﬂ B;) >0k, m,y)

teU |k
for every U € Subtr,, (W). Since Subtr,, (W [k) S{U [k : U €Subtr,,(W)} and 0 (k, m, y)
= O(k, m, y/4) = ¥ the result follows. O

To state the next result towards the proof Proposition 8.1 we need to recall some notation
introduced in §5. Let L be a nonempty finite subset of N and consider the convolution
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operation ¢y : [k + 115El x X; — [k + 11<N associated to L. As in (5.8), for every
Carlson—Simpson subtree W of [k + 1]<!/| and every x € X we set

Wy = {cr(w, x): w e W} (8.6)

Recall that, by Lemma 5.6, W, is a Carlson—Simpson tree of [k + 1]<N with dim(W,)
= dim(W). We have the following lemma.

Lemma 8.3. Let k € Nwithk > 2, L be a nonempty finite subset of N and consider the
convolution operation ¢y, : [k + 115 % X1 — [k + 11<N associated to L. Also let W
be a Carlson—Simpson subtree of [k + 11<'"! and A C [k + 11<N. Set B = czl (A) and
for every t € [k + 11<ILl let B; be the section of B at t. Moreover, for every x € X let
Wy be as in (8.6). Then:

(i) Foreveryi € {0,...,dim(W)} we have
ExeXL denswx(,')(A) = EteW(i) dens(B,). (8.7)

(i) Forevery 1l <m <i < dim(W) we have

Evex, dens((V € Subtrf, (Wi [k, ) : V € A1) = Eyyesunt ow 1.y dens( () Br)-
tev
Proof. (1) Fixi € {0,...,dim(W)}. By Lemma 5.8, we have
Exex, densw, iy (A) = densc, (w(i)xx,)(A). (8.8)
Also notice that
W xx)= | ety xx0) = (J

teWw () teW()

Next observe that W (i) C [k + 1]1 for some !l € {0, ..., |L| — 1}. Therefore, by Fact 5.2,
we see that |Q;| = || for every ¢, t’ € W(i). Hence,

densc, (w(iyxx;)(A) = Erew(;) densg, (A). (8.9)
Finally, by Lemma 5.5, for every t € W (i) we have
densg, (A) = densyx x, (B) = dens(B;). (8.10)

Combining (8.8), (8.9) and (8.10) we conclude that (8.7) is satisfied.
(1) Wefix 1 <m <i < dim(W) and set

A ={(U,x) € Subtr® (W1k,i) x X1 : Uy C A}

where, as in (8.6), U, = {cp(u,x) : u € U}. Also for every U € Subtr,%(W[k, i) and
every x € X let

Ay={xeX,:(U,x)e A}, A,={Uc¢€ Subtr%(WFk,i) 1 (U, x) € A}
be the sections of A at U and x respectively. Notice that

xehy e Ux)ehsUicAsxe( B,
telU
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This, of course, implies that for every U € Subtr%( Wk, i) we have

av =B 8.11)

teU

Moreover, it is easy to see that for every x € X the map
Subtr® (Wk, i) 3 U + U, € Subtr® (W, [k, i)

is a bijection. Therefore, for every x € X; we have

V e Subtr? (W, k,i): V C A
dens({V € Subte, (W, [k, i) : V C A}) = ItV € Su r’"(o xlkD:V S Al
ISubte® (W [k, 0)]

_ e Subtr® (W 1k, i) : Uy C A}

= = dens(A,).
|Subtrd, (W [k, )| '
Taking into account (8.11) and the above equalities we conclude that
Erex, dens({V € Subtt), (W, [k, i) : V C A}) = Exex, dens(A,)
= IEUeSubtrffl(W[k,i) dens(Ay) = EUeSubtrg(W[k,i) dens(m B,). O

teU
We are ready to proceed to the proof of Proposition 8.1.
Proof of Proposition 8.1. We fix A C [k + 1]1°N such that |[A N [k + 1]'| > 8(k + 1) for

every [ € N. For notational convenience, we set d = [~*n]+ A’. Let L and W be as in
Lemma 8.2 when applied to the fixed set A. Notice that dim(W) = d. Invoking the first

parts of Lemmas 8.2 and 8.3, for every i € {0, ..., d} we have
Eycx, densy, ) (A) > 8 — n*/2. (8.12)
On the other hand, by the second parts of the aforementioned lemmas, we see that
Exex, dens({V € Subtr%(Wx [k,i):V C A}) > (8.13)
foreveryi € {m,...,d}.
Let J = {m, ..., d} and notice that
Jl=d—m+1>[n"*nl. (8.14)

Also for every i € J set

X9 = (x € X : densw, )(A) = 8 + n?/2},

X! = {x € X1 : densy,;)(A) > § — 21},

X} = {x € X, : dens({V e Subtr), (W, [k,i): V C A}) > 9/2}.
Finallylet Jo ={i € J : dens(X?) > 1’}. We distinguish the following cases.
Case 1:|Jo| = |J|/2. By Lemma 2.5, there exists xo € X such that

3 3 8.14 3 —4
nlJo|>n|J|<>)nM n1>n
2~ 4 = 4 =

i € Jo:xoe X )| >
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Wesetl ={ieJ:xg€ X?} and W = W,,. With these choices it is easy to see that the
first part of the proposition is satisfied.

Case 2: |Jo| < |J|/2. In this case we set Jo = J \ Jo. Leti € Jo and notice that
dens(X?) = dens({x € X1 : densw,)(A) > & +n?/2}) < n°. (8.15)

Combining (8.12) and (8.15) we see that dens(Xl.l) > 1 — n. On the other hand, by
(8.13), we have dens(X 1.2) > 1/2. Therefore, by the choice of 7 in (8.2), we conclude that
dens(Xl.1 N Xl.z) > /4 for every i € Jy. By a second application of Lemma 2.5, we find
x1 € X such that

Ji 8.14 —4n] 82
9Jol - DJ| (>) D~ "n] (>)n
§ — 16 — 16 -
Weset] = {i € Jo: x| € Xi1 N Xl.2} and W = W,, and we notice that with these

choices the second part of the proposition is satisfied. The above cases are exhaustive and
the proof is complete. O

(i € Jo:x1 € X' NX3)| >

8.3. Obtaining insensitive sets. Let k € N with k > 2 and assume that for every 0 <
B < 1 the number DCS(k, 1, 8) has been defined. For every 0 < § < 1 let

=k, 8) =0k, 1,8) and n; =nik, 8 =nk,1,5) (8.16)
where 9 (k, 1, §) and n(k, 1, §) are as in (8.2). Also define G; : N x (0, 1] - N by
Gi(n,e) =G(n,1,¢) (8.17)
where G is as in (8.4). We have the following lemma.

Lemma 8.4. Let k € N with k > 2 and assume that for every 0 < B < 1 the number
DCS(k, 1, B) has been defined. Let 0 < § < 1 and define 91 and n; as in (8.16). Also let
n € Nwithn > 1 and N be a finite subset of N such that

INI > Gi([ny*(k + Dnl,11/2)

where G1 is as in (8.17). Finally let A C [k+ 11N be such that |AN[k+ 11| > 8(k+1)!
for every | € N and assume that A contains no Carlson—-Simpson line of [k + 11<N.
Assume, moreover, that for every Carlson—Simpson tree W of [k + 11=N we have

[{i € {0, ..., dim(W)} : densw)(A) = 8 + n?/2}| <n. (8.18)

Then there exist a Carlson—Simpson tree V of [k + 11N, a subset C of V and a subset J
of {0, ..., dim(V)} with the following properties:

@ [J|=n.
(i) C = ﬂle C, where the set C, is (r,k + 1)-insensitive in V for every r € [k].
Moreover, densy (j)(C) > /2 for every j € J.
(iii) The sets A and C are disjoint.

(iv) Forevery j € J we have densy (jy(A) > & — Skn;.
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Lemma 8.4 will be reduced to Proposition 8.1. The reduction will be achieved using
essentially the same arguments as in [28, §7.2].

First we need to introduce some pieces of notation. Let W be a Carlson—-Simpson
tree of [k + 11°N and set d = dim(W). Consider the canonical isomorphism Iy :
[k 4+ 119! — W associated to W (see §2.5) and for every r € [k + 1] let

Wirl = {Iw(s) : s € [k + 1]<d+1 with |s| > 1 and s(0) = r}.

Notice that if dim(W) > 2, then W[r] is a Carlson—Simpson subtree of W with dim(W[r])
= dim(W) — 1. On the other hand, if W is a Carlson—Simpson line, then W{r] is the
singleton {Iy (r)}; we will in this case identify W[r] with Iy (r). Next observe that for
every Carlson—Simpson subtree U of the k-restriction W [k of W there exists a unique
Carlson-Simpson tree R of [k + 1]<N such that Rk = U. We will call this unique
Carlson—Simpson tree R the extension of U and we will denote it by U. Notice that the
extension of U is a Carlson—-Simpson subtree of W. Also we will need the following
elementary fact.

Fact 8.5. Let W be a Carlson—Simpson tree of [k + 11<N wirh dim(W)_Z 2 and set V =
Wlk+11.Ifj € {0, ...,dim(V)}and U € Subtr(l)(WFk, j4+ 1), thenUlk + 1] € V().
Moreover, the map

Subtt)(W ik, j+1) 3 U+ Ulk+ 1] € V()
is a bijection.

We are ready to give the proof of Lemma 8.4.

Proof of Lemma 8.4. By our assumptions we may apply Proposition 8.1 for m = 1 to get
a Carlson—Simpson tree W of [k + 1]<N and I C {1,...,dim(W)} with |I| > (k + D)n
and such that densy (;)(A) > 6 — 2n and

dens({U € Subtrd(W Ik, i) : U C A}) = 01/2 (8.19)

foreveryi € I.Foreveryr € [k + 1] let V, = W[r]. We set

V = Vit1, (8.20)
C =IOk +11: U € Subt)(W [k, i) with U € A, (8.21)
iel

J={j€{0,...,dim(V)} : densy(jy(A) = 8§ — Skn; and j + 1 € I}. (8.22)

We claim that V, C and J are as desired. First we show that |J| > n. We define Jy =
{jefo,...,dim(V)}:j+ 1€ I}. Observe that J C Jy and

[Jol = (k + Dn. (8.23)

Let j € Jo\ J and notice that densy (jy(A) < 8 — 5kn;. On the other hand, j +1 € I and
)
E;efk+1) densy, (j)(A) = densw(j+1)(A) > § — 2n1.
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Thus, there exists r; € [k] such that densvrj (j)(A) = & + n1. Therefore, by the classical
pigeonhole principle, there exists ro € [k] such that

Jo\ J| 8.23) n—|J
U € do\ 7 = densy, iy (4) 2 8+l = P P2 g
Moreover, by (8.18), we have
{j € Jo\ J : densy, ((A) =8 +m}| <n. (8.25)

Combining (8.24) and (8.25) we conclude that |J| > n.

We continue with the proof of (ii). Let r € [k]. Forevery/ € N and every s € [k + 17
let s¥*1=" be the unique element of [k]' obtained by replacing all appearances of k + 1
in s by r. We set

C, = {Iv(s) cse | Jlk+ 177" and 5417 e 1! (A)}

iel

where Iy and Iy, are the canonical isomorphisms associated to V and V, respectively. It
is easy to check that C, is (r, k + 1)-insensitive in V. Next we show that C coincides
with C1 N --- N Cy. First we notice that C € C; N --- N Cg. To see the other inclusion,
letrt € CyN---NCg and set s = I;l(t). Let i be the unique element of / such that
s € [k + 177! and set

Uy = {W(O0)} ULy, s* 177 1 r € [K]).

Notice that U; € Subtr(l)(W[k, i). Next observe that, by (8.19), we have W(0) € A. On
the other hand, we have Iy, (s¥*t1=7) € A forevery r € [k] since t € C; N --- N Cy. This
shows that U; € A. Observing that t = U, [k + 1] we conclude that t € C. Finally let
J € J. Notice that

densy (j(C) = densv(j)({U[k +1]1:U € Subtr(l)(WFk, j+ 1 withU C A})

and recall that j + 1 € I. Hence, by Fact 8.5, we have

(8.19)
densy ;) (C) = dens({U € Subtr)(Wk, j+1): U C A}) = /2

as desired.

The fact that A and C are disjoint follows from our assumption that A contains no
Carlson—Simpson line of [k + 17<N and from the definition of C. Finally, (iv) is an im-
mediate consequence of (8.22). ]

8.4. Consequences. In this subsection we summarize what we have achieved in Propo-
sition 8.1 and Lemma 8.4. We remark that the resulting statement is the first main step
towards the proof of Theorem B.
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Corollary 8.6. Let k € N with k > 2 and assume that for every 0 < < 1 the number
DCS(k, 1, B) has been defined. Let 0 < § < 1 and define ny as in (8.16). Also letn € N
withn > 1 and N be a finite subset of N such that

INI > Gi(In;*(k + Dkn1, n?/2)

where G1 is as in (8.17). Finally let A C [k+ 11N be such that |AN[k+ 11| > 8(k+1)!
for everyl € N and assume that A contains no Carlson—Simpson line of [k +11<N. Then
there exist a Carlson—Simpson tree V of [k + 11<N, a subset D of V and a subset I of
{0, ..., dim(V)} with the following properties:

@ | =n.

(i) D= ﬂ];:l D, where D, is (r, k + 1)-insensitive in V for every r € [k].
(iii) Foreveryi € I we have densy ;) (AND) > (8 —i—n%/Z) densy ;y(D) and densy ;) (D)

> n3/2.
Proof. First assume that there exists a Carlson—Simpson tree W of [k + 1]<N such that
[{i €10,...,dim(W)} : densw i) (A) > 8 +n}/2}| > kn.

In this case weset V. = W, I = {i € {0,...,dim(W)} : densy;)(A) > & + 17%/2} and

D, =V for every r € [k]. It is clear that with these choices the result follows.
Otherwise, by Lemma 8.4, there exist a Carlson—Simpson tree V of [k + 11<N, a sub-

set J of {0,...,dim(V)} with |J| > kn and aset C = C; N --- N Cg, where C,

is (r, k + 1)-insensitive in V for every r € [k], such that

@ ANC =49,

(b) densy(j(C) > /2 forevery j € J, and

(c) densyj)(A) = 8 — 5kn forevery j € J

where ¥ and 7; are as in (8.16). In particular, for every j € J we have
densy (j)(A) 8 — Sk
= > (6§ — 5k 14+ 31/2) =6+ Tkn;.
densy(j(V\C) ~ 1—01/2 ~ ( n)(L+91/2) = 8+ Tkm

Weset Q1 =V\Crand O, =(V\C,)NCiN---NCr_1ifr € {2, ..., k}. Clearly the
family (Qr)’r‘:1 forms a partition of V \ C. Let j € J. Applying Lemma 2.6 for ¢ = kn;
we see that there exists r; € [k] such that

densy (jy(AN Q) = (8 + 6kn1) densy () (Qr,), (8.26)
densy (j)(Qr;) = (8 — Skni)ni /4. (8.27)

Hence, there exist ro € [k] and a subset I of J with |I| > |J|/k > n such that r; = rg for
everyi € I.Weset D = Q. Alsolet D, = C, ifr <rg, Dy =V \ Cyyand D, =V if
r > ro. Clearly D, is (r, k+ 1)-insensitive in V forevery r € [k] and DiN---N Dy = D.
Moreover, by the choice of 51, for every i € I we have

(8.26)
densy (AN D) > (8 + 6kny)densy (D) > (8 + n}/2) densy (D),

(8.27) 5
densy (D) > (86 —Skni)n/4 = ny/2. o
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9. An exhaustion procedure: achieving the density increment

9.1. Motivation. As we have seen in Corollary 8.6, if a dense subset A of [k + 1]<N
fails to contain a Carlson-Simpson line, then there exist a Carlson—Simpson tree V of
[k + 11<N and a structured subset D of V (recall that D is the intersection of relatively
few insensitive sets) that correlates with the set A more than expected in many levels
of V. Our goal in this section is to use this information to achieve density increment for
the set A. A natural strategy for doing so—initiated by M. Ajtai and E. Szemerédi [1]—is
to produce an “almost tiling” of the set D, that is, to construct a collection V of pairwise
disjoint Carlson—Simpson trees of sufficiently large dimension which are all contained
in D and are such that the set D \ |JV is essentially negligible. Once this is done, one
then expects to be able to find a Carlson—Simpson tree W belonging to the “almost tiling”
V such that the density of A has been significantly increased in sufficiently many levels
of W. However, as is shown below, this is not possible in general.

Example 9.1. Letm € Nwithm > land0 < ¢ < 1. Also let ¢, £ € N with g >
¢ > 1 and such that 2¢ (2" — 1)279 < e. With these choices it is possible to select a
family {x; € [2]97¢ : ¢ € [2]<} such that for every 7,7 € [2]<¢ with r # ¢ we have
x; # xy. Foreveryi € {0,...,€ — 1} and every t € [2]' we set z! =+ (17)"x, and
1,2 = 1~ (2" x; and we define

F={z te2]" andj e [2]}.

Notice that F C [2]7 and dens(F) < &. Also observe that {z;, z2}N{z},, 22} = ¥ provided
thatr #t. Weset D = [2]<¢ U[2]9 U --- U [2]91"~ ! and

A=[21"U{y"s:ye[2)?\ Fands € [2]""}.

It is clear that D is a highly structured subset of [2]<N—it is the union of certain levels
of [2]<N—and A is a subset of D of relative density at least 1 —e. Next for every ¢ € [2]<¢
let

V, ={t}U{z]"s:j e[2]lands € [2]°"}.

Observe that V = (V; : t € [2]<%} is a family of pairwise disjoint n-dimensional
Carlson—-Simpson trees which are all contained in D. Also notice that, no matter how
large £ is, V is maximal, that is, the set D \ |V contains no Carlson-Simpson tree of
dimension m. However, V; N A is the singleton {¢} for every ¢ € [2]<¢.

The above example shows that, in our context, the problem of achieving the density incre-
ment cannot be solved by merely producing an arbitrary “almost tiling” of the structured
set D. To overcome this obstacle we devise a refined exhaustion procedure that can be
roughly described as follows. At each step of the process we are given a subset D’ of D
and we produce a collection £ of Carlson—-Simpson trees of sufficiently large dimension
which are all contained in D’. These Carlson-Simpson trees are not pairwise disjoint
since we are not aiming at producing a tiling. Instead, what we are really interested in is
whether a sufficient portion of them behaves “as expected”. If this is the case, then we
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can easily achieve the density increment. Otherwise, using coloring arguments, we can
show that for “almost every” Carlson—-Simpson tree V of the collection &, the restriction
of our set A in V is quite “thin” and in a very canonical way. We then remove from D’ an
appropriately chosen subset of | J £ and we repeat the argument for the resulting set. The
above process is shown to eventually terminate, thus completing the proof of this step.

At a technical level, in order to execute the steps described above we need to repre-
sent any subset of [k +1]<V as a family of measurable events indexed by an appropriately
chosen Carlson—Simpson tree of [k + 1]<N. The philosophy is identical to that in §8.2.
However, due to the recursive nature of the process, we need to work with iterated con-
volutions. In particular, the reader is advised to review the material in §6 before studying
this section.

9.2. The main result. Let k € N with £k > 2 and assume that for every integer / > 1 and
every 0 < B < 1 the number DCS(k, I, §) has been defined. This assumption permits us
to introduce some numerical invariants. For every integer m > 1 andevery 0 < y < 1
we set

o 512
m=m(@m,y)= ’77’"—" ©.1)
M= Ak, i, y232) 2 [%DCS(I@ i, ;/2/32)}. 9.2)

Also let
a=ak,m,y) =0k my*/8) and po= polk,m,y)=|a""] 9.3)

where 0 (k, m, y2 /8) is as in (7.22). Finally we define, recursively, three sequences (n},),
(n[%) and (N)) in N—also depending on the parameters m and y—by n(lJ = ng =Ny=0

and
nyyy = (Np+ D+ Ny,

nr =CStk+1,n),,mm+1), (9.4)
Npi1 =CS(k + 1, max{n§+1, M}, m,2).

We are mainly interested in the sequence (). The sequences (n}]) and (nlzj) are auxiliary
ones which will be used in the proof of the following lemma.

Lemma 9.1. Let k € N with k > 2 and assume that for every integer | > 1 and every
0 < B < 1 the number DCS(k, [, B) has been defined. Let 0 < y,6 < 1 andr € [k].
Also let V be a Carlson-Simpson tree of [k + 11=N and I be a nonempty subset of
{0, ...,dim(V)}. Assume that we are given subsets A, Dy, ..., Dy of [k + 1]<N with the
following properties:
(@) Dy is (r,k + 1)-insensitive in V.
(b) densv(i)(Dr N---NDEgNA)>(5+2y) densv(,-)(Dr N---N Dy) and

densy (D, N ---N D) > 2y foreveryi € I.
Finally, let m € N withm > 1 and suppose that

|11 = Reg(k + 1, Ny, +1,2.7/2)
where py and Np, are defined in (9.3) and (9.4) respectively for the parameters m and y .



2140 Pandelis Dodos et al.

Then there exist a Carlson—Simpson subtree W of V and a subset I’ of {0, ..., dim(W)}
of cardinality m with the following properties. If r < k, then

densw i) (Dy+1 N -+~ N D NA) > (8 + y/2)densy ) (Dry1 N --- N Dy),
3
14
densw(iy(Dy+1 N -+ N Dy) > 256"
foreveryi € I'. On the other hand if r = k, then
denswi)(A) = 8+ y/2
foreveryi e I'.

The proof of Lemma 9.1 will be given in §9.3. As the reader might have already guessed,
Lemma 9.1 is the main result of this section and incorporates the exhaustion procedure
outlined in §9.1. It will be used in §9.4 where we shall achieve the density increment.

9.3. Proof of Lemma 9.1. The first step of the proof relies on an application of the
regularity lemma presented in §3. Let B = D,41 N --- N Dy if r < k; otherwise, let
B = V. Identifying the Carlson—Simpson tree V with [k + 1]<9™")+1 yia the canonical
isomorphism Iy (see §2.5), we may apply Lemma 3.2 to the family F = {D, N B, D, N
BN A} to geta subset L of I of cardinality Ny, + 1 such that F is (y?/2, L)-regular. We
set
A'=cph), B =c \B). D’=c;\(D)).

The fact that F is (y2/2, L)-regular and conditions (a) and (b) in the statement of the
lemma have some consequences which are isolated in the following fact. Its proof is
similar to the proof of Lemma 7.2 and is left to the reader.

Fact 9.2. Foreveryt € [k + 11512 et A?, Bto and D? be the sections at t ofAO, BY and
DO respectively. Then for every t,t' € [k + 11<IL1 the following hold:
(i) Ift,t' are (r, k + 1)-equivalent (see §2.6), then DtO and D?, coincide.
(ii) densy, (DY N BN AY) > (8 + y)densy, (D? N BY).
(i) densx, (D N BY) > y.
We are ready to proceed to the main part of the proof. In particular, assuming that the
lemma is not satisfied, we shall determine an integer d € [po] and construct
(1) a (k + 1)-compatible pair ((Ln)zzo, (VH)ZZO) with Lo = L and Vy = V, and

(2) forevery p € [d], every £ € [p] and every s € [k + 17<IErl o family Qf’p of subsets
of Xy, where L, = (L,)!_jand V,, = (V,)!_,.

The construction is done recursively so that, setting
-1 —1 —1
AP = CLp»Vp (A), BY = CvaVp(B)’ D = CLp,Vp (Dy),
for every p € [d] the following conditions are satisfied:

(C1) The set L), has cardinality Np,—, + 1.

(C2) For every £ € [p] and every s € [k + 17<1E! the family Qf’p consists of pairwise
disjoint subsets of the section DY of DP at s.
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(C3) Forevery s € [k 4 1]<IE¢! the sets  J Ql’p, ... |J Q" are pairwise disjoint.

(C4) For every £ € [p], every pair s, s’ € [k + 1]</E»l with the same length and every
Q€ Qy” and Q' € Q' we have densy,  (Q) = densy, (Q").

(C5) For every £ € [p] and every s € [k 4+ 1]</E»| we say that an element Q of Qf’p
is good provided that densg (DY N BY N AF) > (8 + y/2) densp (D! N BY) and
dens (D! N BY) > y3/256. Then, setting

f’p ={Q € Qf’p : Q is good},

we have . .
1G 71190571 < y3/256. 9.5)

(C6) Forevery £ € [p] and every s € [k + 11</£»! we have denstp u Qf’p) > o where
o is as in (9.3).

(C7) Forevery £ € [p] and every s, s" € [k + 11/l we have Q57 = Qf,’p if s and s’
are (r, k + 1)-equivalent. A

(C8) If p = d, then there exists so € [k + 1]<!%4! such that

d
densy, | (Dgl0 \JU Qf;)d) <28 (9.6)
=1

Assuming that the above construction has been carried out, let us derive a contradic-
tion. Let so be as in (C8). By Corollary 6.8, Corollary 6.9 and Fact 9.2, we see that
densx; (DL NBENALY > S +y) densx;,, (D¢ N BY), 9.7)

0
densx, (D& NBL) > y. 9.8)
For every ¢ € [d] we set C; = | Qf(’)d. By (9.6), the family {C; : £ € [d]} is an “almost
cover” of D;‘g ﬁBg). Hence, invoking (9.7) and (9.8) and applying Lemma 2.6 for ¢ = y /4,
we may find £ € [d] such that

densc, (Dg N By NA%) > (8 + 3y /4) densc,, (DE N BY), 9.9)
densc,, (D& N By > y?/16. (9.10)

Next observe that, by conditions (C2) and (C4), the family Qfg’d is a partition of Cy,
into sets of equal size. Taking into account this observation and the estimates in (9.9) and
(9.10), by a second application of Lemma 2.6 for ¢ = y /4, we conclude that

1G01/1Qe0| = y? /256.

This contradicts (9.5), as desired.

The rest of the proof is devoted to the description of the recursive construction. For
p=0weset Lo =Land Vy=V.Let p € {0,..., po} and assume that the construction
has been carried out up to p so that conditions (C1)—(C8) are satisfied. We distinguish the
following cases.
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Case I: p=po. Notice first that, by (C1), the set L, is a singleton. Therefore, [k+1]<I!
is the singleton {#J}. We set so = @ and d = pg. With these choices, the recursive con-
struction will be completed once we show that the estimate in (9.6) is satisfied. This is,
however, an immediate consequence of (C3) and (C6) and the choice of « and pg in (9.3).

Case 2: We have p > 1 and there exists sg € [k + 11<IEr! such that

P
densy; (Dg) \ U U Qf(’)p) < y2/8.
=1

In this case we set d = p and we terminate the construction.

Case 3: We have p < po and either p =0, or p > 1 and
densy, (DY \ JuU o) = v*/8 ©.11)
=1
forevery s € [k + 11<IL0l. If p > 1, then for every s € [k + 1750 we set
Ty =D\ LPJ e 9.12)
=1

Otherwise, let I'y = D?. The following fact follows from (9.11), condition (a) in the
statement of the lemma and condition (C7) if p > 1, and from Fact 9.2 if p = 0.

Fact 9.3. Foreverys € [k + 115152l we have denstp (Ty) > y2/8. Moreover, if s, s’ €
[k + 11<IEr! are (r, k + 1)-equivalent, then DY = D5 and 'y = Ty,

By Fact 9.3, condition (C1), the choice of the sequence (N)) in (9.4) and the choice of o
in (9.3), we may apply Corollary 7.11 to get a Carlson—Simpson subtree S of [k 4 1]<!L»!
with dim(S) = n1270— » such that for every m-dimensional Carlson-Simpson subtree U
of S, setting
Iy =T 9.13)
selU

we have densXLp Ty) = a.

For everyi € {0, ..., m} and every Carlson—Simpson subtree U of S of dimension m
let G; y be the set of all x € I'y satisfying

(P1) densyyxxy(D? N BP N AP) > (§ + y/2) densy yxx} (PP N BP) and

(P2) densy)xx} (DP N BP) > y3/256.

Our assumption that the lemma is not satisfied reduces to the following property of the
sets G, y.

Claim 9.4. For every m-dimensional Carlson-Simpson subtree U of S there exists i in
{0, ..., m} such that densr, (G y) < y>/256.

Proof. For contradiction, assume that there exists a Carlson—Simpson subtree U of S of
dimension 7 such that for every i € {0, ..., m} we have densr, (G, y) > y3/256. For
every x € ['y let

Iy = {i €{0,...,m}:x € Gi,U}-
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By Lemma 2.5, setting G = {x € 'y : |Ix| > (m + 1);/3/512}, we have densr, (G) >
y3/512. This implies, in particular, that the set G is nonempty. We select x € G. By the
choice of m in (9.1) we have |Ix| > m. We define W = {cr,v,(s,x) : s € U}. By
Lemma 6.4, W is a Carlson—Simpson subtree of V of dimension m. Applying Lemma 6.5
twice for the sets D, N BN A and D, N B, foreveryi € {0, ..., m} we have

densw (D, N BN A) = densU(,-)X{x}(Dp N BP N AP),
densy ;) (D, N B) = densU(l-)x{x}(D” N BP).

The above equalities and the fact that x € G; iy for every i € Iy yield

densw)(D, N BN A) > (6 4+ y/2)densw (D, N B),
densw ) (D, N B) > y3/256,

for every i € Ix. Finally, observe that W is a subset of D, since x € I'y. It is then clear
that W and I satisfy the conclusion of the lemma, contrary to our assumption. O

We are now in a position to start the process of selecting the new objects of the recursive
construction.

Step 1: Selection of V41 and L. Firstly, we will use a coloring argument to control
the integer i obtained by Claim 9.4. Specifically, by the choice of the sequence (nf,)
in (9.4) and Claim 9.4, we may apply Theorem 4.1 to obtain iy € {0,...,m} and a
Carlson—Simpson subtree 7" of S of dimension n[l,o_ » such that for every m-dimensional
Carlson—Simpson subtree U of T we have densr, (G;,,v) < )/3 /256. We define

Vprr =T and Ly = {io+ jlo+ 1D :j€{0,.... Npy—(psn}}- (9.14)
Notice that the pair ((L,)"",, (V,)?Xy) is (k + 1)-compatible. This follows by our induc-
tive assumptions and the choice of the sequence (n 11,) in (9.4). Moreover, the cardinality
of Ly41 18 Np,—(p+1) + 1. Hence, with these choices, condition (C1) is satisfied. For
notational simplicity, we shall denote by g, the quotient map associated to the pair
(Lp+1, Vp41) defined in (6.1).

Step 2: Selection of QF L+ Thig is the most important part of the recursive selection.
The members of the families Qtp +lptl are, essentially, the sets 'y where U ranges over
all m-dimensional Carlson—Simpson subtrees of V), 1. However, in order to carry out the
construction, we have to group them in a canonical way. We proceed to the details.

Consider the canonical isomorphism va+l ck+ 1]<dim(V,,+|)+1 — V41 defined in
§2.5; for convenience it will be denoted by I. For every j € {0, ..., |Lp41|— 1} and every
t € [k+ 1] we set

Q ={cr,, vy (1, %) 1x € Xp, } € Vpya(io + j o + 1)).
If j > 1, then let ¢, be the unique initial segment of 7 of length j — 1 and set

K, ={I"'w)t(j—1):we Q) C[k+1)/0FD; 9.15)
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otherwise, let Ky = {{J}. Notice that K, = {chH(t*,x)”t(j —1):xe€ XLp+1}' Finally
for every s € K; let Cy = s [k + 17<""*! and set

Pr ={I(Cs) : 5 € Ky} (9.16)

Before we analyze the above definitions, let us give a specific example. For concreteness
take k = 3 and assume, for notational simplicity, that V, | is of the form [4]=" where n is
large enough compared to ig (hence, the map I is the identity). Consider the sequence t =
(1,2, 1) and observe that #, = (1, 2). Notice that €2; is the subset of [4]4"0‘“3 consisting
of all finite sequences x such that x(ip) = #(0) = 1, x(2ip + 1) = (1) = 2 and
x(3ip +2) = t(2) = 1. On the other hand, K, is the subset of [4]3i0+3 consisting of all
sequences x such that x(ip) = #(0) = 1, x(2ip+1) = t(1) =2and x(3ip+2) =1(2) = 1.
It is then easy to see that in this specific case the family {U (ip) : U € P;} forms a partition
of ;. This is, actually, a general property, as is shown by the following fact.

Fact 9.5. Let t € [k + 11<ILo+1l. Then the family P, consists of pairwise disjoint m-
dimensional Carlson—Simpson subtrees of V)1 1. Moreover,

Q = U U (ip).
UG’P{

Proof. Tt is clear that P; consists of pairwise disjoint Carlson—Simpson trees. Moreover,
by the choice of L1 in (9.14), we have

@) ={s"yiseKeandy ek +11°) = [ Gty = [J T'WG0). o
SGK/ UEPf

We record, for future use, another property of the family P;.

Fact 9.6. Let t,t € [k + 11<IL0+1l with the same length. Then for every U € P; and
every U’ € Py we have densg, (U (ip)) = densg,, (U’ (ip)).

Proof. By Fact 9.5, we have U (iy) C ; and U'(ig) C 'Qt/ while, by Fact 5.2, we have
|€2;| = |2|. Noticing that |U (ip)| = |U’(ip)| = (k + 1)'° we obtain the result. ]

p+1,p+1
t

We are ready to define the families Q .Fix t € [k + 1]</Er+1l, For every U € P;

and every x € 'y let
OFY =(x) x {x € X1, tep,p vy (,0) € UG} € XL,pye (9.17)
By Fact 9.5, the set U (ip) is contained in €2;. Hence,
(1) x Q7Y = q,1, (W io) x {x). (9.18)

We define
PP —(o¥V U e Prandx € Ty). (9.19)

This completes the second step of the recursive selection.
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Step 3: Selection of Qf’p + for every £ € [p]. In this step we will not introduce anything
new but rather “copy” in the space X1, ., what we have constructed so far. In particular,
this step is meaningful only if p > 1.
Let p > 1 and fixt € [k + 115! Ep+1! and £ € [p]. For every s € €; and every
Lp
0 € Q" let

p+1

Cf’LQ =0x{xeXp, c,v,, (6, x)=s} S XL, ©-20)
Notice that »
(1 x 7% =g}, (s} x 0). ©.21)
We define
f,p-l—l = {Cg’Z’Q RS Q[ and Q € Qf’p}' (922)

This completes the third, and final, step of the recursive selection.

Step 4: Verification of the inductive assumptions. Recall that condition (C1) has already
been verified in Step 1. Also observe that condition (C8) is meaningless in this case.
Conditions (C2) up to (C7) will be verified in the following claims.

Claim 9.7. Forevery £ € [p+ 1] and everyt € [k+ 11<!Lr+1l the family Qf’pH consists
of pairwise disjoint subsets of DF 1 Thar is, condition (C2) is satisfied.

Proof. Fixt € [k 4 1]</Er+1]_ First assume that £ € [p]. Invoking (9.20), (9.22) and our
inductive assumptions, we see that the family Qf’p 1 consists of pairwise disjoint sets.

Fix C;Y’Z’Q € Qf’p—H for some s € ©; and Q € Qf’p. Using our inductive assumptions
once again, we see that Q € D! or equivalently {s} x Q € DP. Hence, by (9.21) and
Fact 6.3,

(1) x C14€ c g, 1, (DP) = DPF.

Now we treat the case £ = p + 1. Let U, U’ € P;,x € I'y and X' € ['yr. We will
show that the sets Q;"U and Q?/’U/ are disjoint provided that (U, x) # (U’, x'). Indeed,
if U = U’, then necessarily x # x’, which implies that Q;"U and Q;‘,‘Ul are disjoint.
Otherwise, by Fact 9.5, the Carlson—Simpson trees U and U’ are disjoint. In particular,
the sets U (ig) and U’ (ig) are disjoint, yielding Q*Y N Qf/’U/ = (). What remains is to
check that Qi“U C D;U+1 for every U € P; and every x € I'y. So, fix U € P; and
x € ['y. By (9.18) and Fact 6.3, we conclude that {r} x Q;"U - q;Jlrl(Dp) =prtl.

Claim 9.8. For everyt € [k + 1]</r+1] the sets | J Qtl’pH, U QtpH’pH are pair-
wise disjoint. That is, condition (C3) is satisfied.
Proof. Fix t € [k + 1]<!Er+1l and £ € [p]. Let £ € [p + 1] with £’ # £. We need to

show that |_J Qf’p *!and U Qf,’p 1 are disjoint. If £/ < p, then this follows immediately
from (9.20) and our inductive assumptions. So, assume that ¢ = p + 1 and let U € P,

and x € I'y. By (9.12) and (9.13), we have x ¢ |J Qf’p for every s € U. Using this
observation, we deduce the result from (9.18) and (9.21). m]
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Claim 9.9. For every Lelp+1] every t,t € [k + 11<IEr+1l with the same length and
every © € Q7! and @' € Q"' we have densx,  (©) = densy, _ (). That is,
condition (C4) is satisfied. ' '

Proof. If £ € [p], then by (9.21) there exist s € ©; and s’ € Q, as well as Q € Qe
and Q' € Qf,’p such that {t} x © = qu({s} x Q)and {t'} x ® = qp+]({s/} x 0.
By Fact 5.2, s and s’ have the same length and |€2;| = |2,|. Therefore, by our inductive
assumptions,

1
densg,x, (18} X Q) = o densin, (s} x Q)
t

1
= — denstp Q) =

—d
o ensx, (Q)

1201

1
= mdens{s’}xxLP ({S/} X Q/)
t/

= densg, xxq,, s’} x Q). (9.23)
Applying Lemma 6.6 we conclude that

densXL (G)) = densy) XX, ({t} X Q) = denthxxL (s} x Q)
9.23 / ’
O.2 dCIlSQI,Xpr (s} x Q) = dens{,/}xpr+] ('} x ©) = densterl (©)).

If £ = p + 1, then by (9.18) there exist U € P; and U’ € Py as well as x € 'y and
x' € Ty such that {t} x ® = qu(U(to) x {x}))and {t'} x ©® = qu(U (ip) x {x'}). By
Fact 9.6, we have

densg, xx, (U (io) x {x}) = densg, (U (io)) = densg,, (U’ (io))

| | XL, |

= densg, xx,, (U'(io) x {x'}).

Using this Lemma 6.6 and arguing precisely as in the previous case, we see that
densXLpH (®) = denstp+I (®. O

Claim 9.10. Foreveryl € [p + 1] and everyt € [k + 1151Er+11 we have
1671 /1Q0 T | < v 256

That is, condition (C5) is satisfied.
Proof. Fixt € [k + 1]</Er+1]. Assume first that £ € [p]. For every s € €2, let

Q=1{C*"2:0e Qi) and G, =G """ ng;.

By (9.22), the family {Q; : s € €} is a partition of Qt’pH. The family {G; : s € Q;} is
the induced partition of gf P +1. Moreover, for every s € €2, let

By ={Cci"2:0egi?y.
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Subclaim 9.11. For every s € 2; we have G = B;.

Proof of Subclaim 9.11. Fix s € Q; and let ® € Q. By (9. 21) the map Qs 50+
c; 40 e Qg is a bijection. Hence, there exists a umque Qe Qs such that ® = C;° 4Q

Using (9.21) once again, we see that {t} x ® = qu ({s} x Q). Since s € 2, by Corollary
6.10 we get

p+1 p+1y _ p+1 p+1N —1 P p
densg(D; " N B, ') =dens()xe(D NBPTY) = densq;ll({s}xg)(qu(D N B?))
= densis)x o(DP N BP) = denso (D! N BY). 9.24)
Similarly,
dense (D' N BPT n APTY) = dens(DP N BY N AD). (9.25)

Using (9.24) and (9.25) and invoking the definition of a good set in condition (C5), we
conclude that ® € G, if and only if Q € Qf’p . This is equivalent to G; = B;. ]

We are ready to complete the proof for the case £ € [p]. Indeed, we have already pointed

out that the map Qf’p 530~ C ; 40 € Qy is a bijection. Therefore, using our inductive
assumptions, we see that

Gl 190 Bl 19
=2 1Oy |Qf*”+1| =2 Q0 1Qbr

T Gp+l,
|Q | NS SEQ;

_ Z |gs [ Qs V [ Qs V3

& p+1
G

— < = .
vemgﬂ QPP T 256 S5 1QbPtT| T 256

SEQ

Now we treat the case £ = p + 1. The argument is similar. For every U € P let
Qu={0rY:xely} and Gy=g,/"" nay.

By (9.19), the family {Qy : U € P,} is a partition of Q"7 and the family {Gy :

£,p+1

U € P} is the induced partition of G, . Also, for every U € P; let

By = {0}V :x € Gipu).

Recall that G,y is the set of all x € I'y satisfying properties (P1) and (P2). Moreover,
by the choice of ip in Step 1, we have densr, (Gj,,u) < y3/256. We have the following
analogue of Subclaim 9.11.

Subclaim 9.12. For every U € P; we have Gy = By.

Proof of Subclaim 9.12. Fix U € P; and let ® € Q. By (9.18), the map 'y > x
Q;"U € Qy is a bijection. Hence, there exists a unique x € I'y such that Q;‘ U= e.
Invoking (9.18) once again, {t} x Qf’ = qp+1(U(lo) X {x}). Moreover, by Fact 9.5, we
have U (ip) € 2. By the previous remarks and Corollary 6.10, and arguing precisely as
in the proof of Subclaim 9.11, we see that ® € Gy if and only if x € G;, v. O
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With Subclaim 9.12 at our disposal, we are ready to complete the proof in the case £ =

p + 1. We have already pointed out that I'yy > X — Q?’U € Qy is a bijection. Therefore,
using our inductive assumptions, we conclude that

1, 1
grh 3 Gl 1Qul 3 Bul  1Qul
1L,p+1, — 1L,p+1, — 1,p+1
QP g, 1Qul P TP g, 1Qul o TP
-y Giul _1Qul _v* Qul ¥
vep, ITUl jorth-rtl 256 Uep,IQf“"’“l 256
The proof of Claim 9.10 is complete. O

Claim 9.13. For every £ € [p + 1] and every t € [k + 115Lp+1l we have
dens Xu,,, ¥ Qf’p +1) > «a. That is, condition (C6) is satisfied.

Proof. Lett € [k + 1]<!Er+11_ Assume first that £ € [p]. By the inductive assumptions,

densg,xx,, ( Ut x Qf”’) > a. (9.26)
NS
On the other hand,
Gh(UsxUa?) =g¢L(U U wxo)=U U ghistxo
s€Q; NS Qle‘p sE€Q; Qle”’
©2Dh U U {t} x CtS,K,Q ©.22) 1) x U Qf,PJFl' (9.27)
SEQ; Qle'p

By (9.26), (9.27) and Lemma 6.6, we conclude that

denSXLp-H (U nyp+l) = dens{l}xxh,ﬂ.l ({r} x U Qf’er]) = a.

Next assume that £ = p + 1. By Fact 9.5, the family {U(ig) : U € P;} forms
a partition 2,. Moreover, dens XL, (T'y) = « as already pointed out immediately after
(9.13). Hence,

densg, Xw( U vio) x FU> > a. (9.28)
UePpP,
Notice that

a,h (U vioxro) = q.5(J U vto x x)

UeP; UeP; xel'y

= U U gL Wo) x xh

UeP; xel'y
9.18 9.19
20 Uwxart 2 < | ortre.29)
UeP, xel'y
Combining (9.28), (9.29) and applying Lemma 6.6 we obtain

1, 1 1, 1
denSXL1)+l U Q{H_ rr )= dens{f}XXLp+1 {1 x U Qtp+ pr ) > a. ]
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Claim 9.14. For every £ € [p + 1] and every t,t' € [k + 11<IEvt1l if t and t' are
(r, k + 1)-equivalent, then Qe P QZ P That is, condition (C7) is satisfied.

Proof. We fixt,t' € [k + 17<Ep+11 which are (r, k + 1)-equivalent. For every s € Q; let

={xe X, ¢V, x)=s} andforevery s’ € QyletY) = {x € X, :
CLy .V (', X) = s'}. Let g, = Q@ — Sy be the bijection obtained in Fact 5.4 and
recall that for every s € €2; we have

Yl

_ vt
S =Yy (9.30)

Since ¢ and ¢’ are (r, k + 1)-equivalent, by Fact 5.4 again, we see that s and g, ,/(s) are
also (r, k + 1)-equivalent for every s € ;.

After this preliminary discussion, we are ready for the main argument. First assume
that £ € [p]. For every s € €; and every s’ € Q let

QO ={Ci?:0eQl?y and Q) =(C“? 0 e bty
By (9.22), the families {QY : s € €} and {Qf s’ € Qp} form partltlons of QlZ P+ and

¢, p+1
Qlr

respectively. By (9.20), for every s € Q; and every Q € QS we have
il =g xvyl. 9.31)

Of course, we have the same equality for ¢/, that is, for every s’ € Q, and every Q' € Qf} P

s’ 0,0 t
C, =0 ' xY). (9.32)
Moreover, invoking our inductive assumptions, for every s € €2; we have
L _ obp
o= ng,(s). (9.33)
Hence,
; ¢,p, (931 9.30
Q =(cr":i0eq = ox ¥ 0e AN E o XY, (10O
(9 33) + (9 32)
OxY, Q€ Q /(A)} g”/(s)‘

Since g; , is a bijection we conclude that QZ - Q(Z Ay

Before we proceed, we need to introduce some terminology. Let U and U’ be two
Carlson—Simpson trees of [k + 11N of the same dimension and consider the canonical
isomorphism Iy ;7 associated to the pair U, U’ described in §2.5. We say that U and U’
are (r, k + 1)-equivalent if for every s € U the elements s and Iy ¢ (s) are (r, k + 1)-
equivalent.

Now assume that £ = p + 1 and let K, and K, be as in (9.15). Our first goal is to
define a map h : K; — K, with the following properties:

(a) h is a bijection.
(b) h preserves the lexicographical order.
(c) Forevery s € K; the elements s and A (s) are (r, k + 1)-equivalent.
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If t = @, then K is the identity. Assume that || = |t/| = j for some j > 1 and recall
that #, and #, are the initial segments of 7 and ¢’ respectively of length j — 1. Let g;,  :
Q;, — 2 be obtained Fact 5.4. We define

A )1 — D) =1 (g, W) — 1)

for every w € €;,. With this choice the aforementioned properties of & follow readily
from the properties of g, ;.
The map 4 induces a function f : P; — P,y defined by

JICy)) = LChs))-

We isolate, for future use, the following properties of f, whose verification is straightfor-
ward.

(d) f is abijection.
(e) Forevery U, U’ € P, if U(0) <iex U’ (0), then f(U)(0) <iex f(U')(0).
(f) Forevery U € P the elements U and f(U) are (r, k + 1)-equivalent.

Also observe that for every U € P; we have
I'y =Trw. (9.34)

This follows from Fact 9.3 and property (f) above. More important, however, is the rela-
tion of f to g; y: for every U € P; we have

{81,0(s) 5 € Ulin)} = f(U)(io)- 9.35)

To see this, notice first, that for every s € K, the set Cs(ip) is an interval, in the lexi-
cographical order, of [k 4 1]’ for some / € {0, ..., dim(V,41)} depending only on the
length of ¢ (precisely, [ = ip + (ip + 1)|z]). Hence, by (9.16), for every U € P; the set
U (io) is an interval of V), (!) for the same /. Therefore, (9.34) follows from Fact 9.5 and
property (e) isolated above.

For every U € P; and every U’ € P, we set

={0FY :xeTy) and Q) =({0%Y X eTy). (9.36)
By (9.19), the families {Q}, : U € P;} and {Q), : U’ € P} form partitions of Q77!

and Q{:—H""—H respectively. By (9.17), for every U € P, and U’ € Py and every x € I'y
and x’ € 'y we have

ol=ixpx |J v ad QY =(xyx |J Y (9.37)

seU(ip) s’el’ (ip)
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Thus, for every U € Py,

9.36 9.37)
Q’U(z){Qi"U:xeFU} = [{x}x U YS’:XGFU}
seU((ig)
9.34) (9.30) /
= {{X/} x |J ri:xe Ffw)} = {{X/} x U 1 ,0:% € Ff(U)}
seU (ip) seU (i)

®yx |J ¥iixe rf(U)} = O

©9.35) {
s'e f(U) o)

Since f is a bijection we conclude that Qf’“’pH = Qﬁ“”ﬂ'l. The proof of Claim 9.14
is thus complete. o

By Claims 9.7 t0 9.14, the pair (V 11, Lp+1) and the families Qf’pH constructed in Steps
1, 2 and 3 satisfy all required conditions. This completes the recursive selection, and as
we have already indicated, the proof of Lemma 9.1 is also complete.

9.4. Consequences. In this subsection we will isolate what we get by iterating Lemma
9.1. The resulting statement together with Corollary 8.6 form the basis of the proof of
Theorem B. We proceed to the details.

Let k € N with k > 2 and assume that for every integer [ > 1 andevery 0 < § < 1 the
number DCS(k, [, B) has been defined. We define H : N x (0, 1] - Nby H(0,y) =0
and

H(m,y) =Reg(k + 1, Ny, + 1,2, %/2)

if m > 1, where pg and N, are defined in (9.3) and (9.4) respectively for the parameters
m and y. Next for every n € {0, ..., k} we define H™ : N x (0, 1] = N recursively by
HO @, y) = m and

H(n+1)(l’l’l, )/) — H(H(")(m, )/), )/)~ (938)

Finally, forevery 0 < y <1 let
k
7/3

§=§&(y) = W

(9.39)

The following corollary is an immediate consequence of Lemma 9.1.

Corollary 9.15. Let k € N with k > 2 and assume that for every integer | > 1 and every
0 < B < 1 the number DCS(k, [, B) has been defined. Let 0 < y,§ < 1. Also let V be
a Carlson—Simpson tree of [k + 1]<N and I be a nonempty subset of {0, ..., dim(V)}.
Assume that we are given subsets A, Dy, ..., Dy of [k + 11<N with the following prop-
erties:

(a) Foreveryr € [k] the set D, is (r, k + 1)-insensitive in V.
(b) densy (D1 N---NDxNA)>(8+y)densy; (D1 N---N Dy) and
densy (D1 N---NDy) >y foreveryi € 1.
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Finally, let m € N withm > 1 and suppose that
111= HOm, &)

where H® and & are defined in (9.38) and (9.39) respectively for the parameters
m and y. Then there exist a Carlson—Simpson subtree W of V and a subset 1' of
{0, ..., dim(W)} of cardinality m such that

densw(i) (A)>6+¢&

foreveryi eI'.

10. Proof of Theorem B

In this section we will complete the proof of Theorem B following the inductive scheme
outlined in §8.1. Notice first that the numbers DCS(2, 1, §) are estimated in Proposition
7.1. Tt is then easy to see that, by induction on m and Corollary 7.6, we may also estimate
the numbers DCS(2, m, §).

Now we argue for the general inductive step. So let kK € N with k > 2 and assume that
for every integer / > 1 and every 0 < 8 < 1 the number DCS(k, I, 8) has been defined.
We fix 0 < § < 1. Let n; be as in (8.16). Recall that

82
= 120k - |Subtr; ([k]<D)|

1

where A = |'88_1DCS(k, 1,6/8)7]. We set

k
039  (/2)°

sl = (10.1)

0 =£&}/2)

and we define F5 : N — N by
Fs(m) = G1(Iny*(k + Dk - HO (m, 0)1, n}/2) (10.2)

where G| and H® (m, o) are as in (8.17) and (9.38) respectively. The following proposi-
tion is the heart of the density increment strategy. It follows immediately from Corollaries
8.6 and 9.15.

Proposition 10.1. Let k € N with k > 2 and assume that for every integer | > 1 and
every 0 < B < 1 the number DCS(k, 1, B) has been defined. Let 0 < § < 1 and L be a
nonempty finite subset of N. Also let A C [k+11<N be such that |AN[k+ 11| > 8(k+1)!
for every | € L and assume that A contains no Carlson-Simpson line of [k + 11<N. Fi-
nally, let m € Nwithm > 1 and suppose that |L| > Fs(m) where Fs is as in (10.2). Then
there exist a Carlson—Simpson tree W of [k + 11=N and a subset I of {0, . . ., dim(W)}
of cardinality m such that densw ;)(A) > & + o for every i € I where g is as in (10.1).

Using Proposition 10.1 the numbers DCS(k + 1, 1, §) can, of course, be estimated easily.
In particular, we have the following corollary.
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Corollary 10.2. Let k € N with k > 2 and assume that for every integer | > 1 and every
0 < B < 1 the number DCS(k, [, B) has been defined. Then for every 0 < < 1 we have

—1
DCS(k+1,1,8) < F Py,

Finally, just as in the case k = 2, the numbers DCS(k + 1, m, §) can be estimated using
Corollaries 10.2 and 7.6. This completes the proof of the general inductive step, and so
the entire proof of Theorem B is complete.

11. Consequences

Our goal in this section is to prove several consequences of Theorem B. These include
Theorems A and C stated in the introduction, as well as an appropriate finite version of
Theorem C. To state this finite version we need to introduce some terminology.

Recall that, given two sequences (p;,) and (w,) of variable words over k, we say that
(wy,) is of pattern (p,) if p, is an initial segment of w,, for every n € N. This notion
can, of course, be extended to finite sequences of the same length. Specifically, given two
finite sequences ( pn)n’”;o1 and (wn)n’”;o1 of variable words over k, we say that (w,,)n’";o1 is
of pattern (pn)Z;Ol if p, is an initial segment of w, for every n € {0,...,m — 1}. In
particular, if p and w are variable words over k, then w is of pattern p if p is an initial
segment of w. We have the following theorem.

Theorem 11.1. For every integer k > 2, every nonempty finite sequence (TH)Z;OI of pos-
itive integers and every 0 < § < 1 there exists an integer N with the following property.
If ( pn)Z':_Ol is a finite sequence of variable words over k such that the length of p, is t,
foreveryn € {0, ...,m — 1}, L is a finite subset of N of cardinality at least N and A is
a subset of [k1<N satisfying denspye (A) > 8 for every £ € L, then there exist a word ¢
over k and a finite sequence (wn)T:_O1 of variable words over k of pattern ( p")Zl:_Ol such
that

{ctU {c’\wo(ao)’\...’\ wy(ay) :nef0,...,m—1}anday, ..., a, € [k]} CA.

The least N with the above property will be denoted by DP(k, (t,,)fz_ol, 3).

The proof of Theorem 11.1 will be given in §11.4. All necessary tools (besides, of
course, Theorem B) are developed in the previous subsections. The corresponding in-
finite versions—that is, Theorems A and C—will be proved in §11.5. Finally, in §11.6 we
discuss how one can derive the density Hales—Jewett Theorem and the density Halpern—
Lauchli Theorem from Theorems B and A respectively.

11.1. Sparse sets and regularity. We begin with the following definition.

Definition 11.2. Let t € N with t > 1 and L be a nonempty subset of N. We say that L
is T-sparse if for every [, I’ € L with[ # I’ we have |’ — 1| > 7. If L is a t-sparse subset
of N, then we define the t-extension of L to be the set

(Ly;=L4+{0,...,t—1}={{+n:leLand0<n<71t-—1}.



2154 Pandelis Dodos et al.

Every nonempty subset of N is 1-sparse and coincides with its 1-extension. Also every
subset of N of cardinality at least (m — 1) + 1 contains a t-sparse subset of cardinality
m. Finally, the notion of t-sparseness is hereditary, that is, every nonempty subset of a
T-sparse set is T-sparse.

Much of our interest in sparse sets is related to the following generalized version of
Definition 3.1.

Definition 11.3. Let £ € N with k£ > 2 and let F be a family of subsets of [k1<N. Also
let0 < e < 1,7 € Nwith t > 1 and let L be a t-sparse finite subset of N. The family F
will be called (e, 7, L)-regular if for everyn € L,every I € {l € L : | < n} and every
y € [k]D7 we have

|dens({z € [k]"m<Nm=m\De 2 (3, 7) € A}) — dens(A N[A]")| < e.
We have the following analogue of Lemma 3.2. It is the main result of this subsection.

Lemma114. Let0 <e < landk,t,q,t € Nwithk >2and £,q,t > 1. Then there
exists an integer n with the following property. If N is a finite T-sparse subset of N with
IN| > n and F is a family of subsets of [k]<N with | F| = q, then there exists a subset L
of N with |L| = £ such that F is (e, t, L)-regular. The least integer n with this property
will be denoted by Reg_(k, £, q, €).

The proof of Lemma 11.4 is similar to the proof of Lemma 3.2 and is based on the
following consequence of Sublemma 3.7.

Corollary 11.5. Letk,m,t,q € Nwithk >2andt,q > 1. Let 0 < ¢ < k= 7"tV and
N be a finite t-sparse subset of N with

IN| > (q|16e™*] + D)(m + 1) + 1.

Finally, let F be a family of subsets of [k]™™WN) with |F| = q. Then there exists a
subinterval M of N \ {max(N)} with |M| = m such that for every A € F, every subset |
of (M), and every y € (k]! we have |dens(Ay) — dens(A)| < e.

Proof. We set N = N \ {max(N)}. Observe that
[(N); U{max(M)} =t(N — 1)+ 1> t(m+ 1)(q|_16874j + 1+ 1.

By Sublemma 3.7, there exists a subinterval M’ of (N’); with |M’| = 7 (m + 1) such that
for every A € F, every subset I of M’ and every y € [k]' we have

|dens(Ay) — dens(A)| < e.

Since M’ is a subinterval of (N'); of cardinality z(m + 1), it is possible to select a
subinterval M of N’ of cardinality m such that (M), € M’. Clearly M is as desired. O

We are ready to proceed to the proof of Lemma 11.4.

Proof of Lemma 11.4. We set o = min{e, k-7“*1 /2} and we define F : N — N by

F(m) = (160 *| + D(m + 1) + 1.
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Arguing precisely as in the proof of Lemma 3.2 and using Corollary 11.5 instead of
Sublemma 3.7, we see that Reg_ (k, £, g, ¢) < F® (0), and the proof is complete. O

11.2. The (p, L)-restriction of [k1<N. We are about to introduce a family of subsets of
[k1<N which are the analogues of Carlson—Simpson trees in the context of variable words
of a fixed pattern p.

Definition 11.6. Letk, 7 € N with k > 2 and t > 1. Let p be a variable word over k of
length 7 and L = {lp < --- < [j1|—1} a T-sparse finite subset of N. Recursively, for every
i €{0,...,|L|—1} wedefine a subset R, 1 (i) of [k]% as follows. We set Ry 1 (0) = [k]b.
Assume that R, 1 (i) has been defined for some i € {0, ..., |L| — 2}. Then we set
Ry +1)={x"p@ y:x€Ryr@)ac[klandy e [k]i+1 77},
We define the (p, L)-restriction of [k1=N to be the set
|L|-1

Rpr= | RpL(D).
i=0

Notice that R, ; is a rather “thin” subset of [k]<N . So, if we are given a subset A of
[k]1<N it is likely that the density of A inside R p,. Will be negligible. This phenomenon,
however, does not occur for A sufficiently regular. In particular, we have the following
lemma, which is a straightforward consequence of the relevant definitions.

Lemma 11.7. Letk, v € Nwithk > 2 and t > 1, p be a variable word over k of length
tand L = {lp < --- < lj|-1} a t-sparse finite subset of N. Let 0 < ¢ < 1 and F be a
family of subsets of [k1<N which is (e, T, L)-regular. Then

|densg, , (i)(A) — dens[k]zi (A)] <e
foreveryi € {0,...,|L| — 1} and every A € F.

We will need to parameterize the (p, L)-restriction R, 1 of [k1<N in a “canonical” way.
This is, essentially, the content of the following definition.

Definition 11.8. Let k,7 € N with & > 2 and ¢ > 1. Let p be a variable word over

k of length 7 and L = {lp < --- < Ij—1} a =-sparse finite subset of N. For every
i€{0,...,|L| — 1} wesetl] =1; —it + i and we define
LY = :i=0,...,|Ll—1}. (11.1)

Recursively we define a bijection

@, |J K> Ry
leL(®
as follows. For every x € [k]lé = [k]% we set @, p(x) =x.Leti €{0,...,|L] — 2} and
assume that ®,, ; (y) has been defined for every y € [k]lt{ . Then for every x € [k]l'{+1 we
define
Dy (x) =Dp . (x1) " plax) " x2

where x| = (x(0), ..., x(I] = 1)), ay = x()) and xp = (x(] + 1), ..., x(l},, — 1))
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We isolate, for future use, some elementary properties of the map ®, ;.

Lemma 11.9. Letk,t € Nwithk > 2 and t > 1. Let p be a variable word over k of
lengtht and L = {lp < --- < lj1|—1} a T-sparse finite subset of N. Let L") = {I:i=
0,...,|L| =1} beasin (11.1). Then:

(1) Foreveryi € {0,...,|L| — 1} we have CDP,L([k][t{) =Ry ().

(ii) For every Carlson-Simpson line W of [k]1<N with L(W) € L' its image ®, L (W)
is of the form {c} U {c"w(a) : a € [k]} where c is a word over k and w is a variable
word over k of pattern p.

(i) If F is a family of subsets of [k1<N which is (¢, T, L)-regular for some 0 < & < 1,
then for everyi € {0, ..., |L| — 1} and every A € F we have

-1
|dens[k],l{ (<I>p’L(A)) — dens[k]zi (A <e.

Parts (i) and (ii) are immediate consequences of Definition 11.8. Part (iii) follows easily
from Lemma 11.7. We leave the details to the reader.

11.3. Preliminary lemmas. As in (7.5) and (7.6), for every k € N with k£ > 2 and every
0<é<1weset

Ak, 1,8) = [6"'DCS(k, 1, 8)], (11.2)
28

Ok, 1,8) = .
19 = TS bty (g =A G Tn)

(11.3)

We have the following analogue of Lemma 7.9.

Lemma 11.10. Letk € Nwithk >2and0 < p,y < 1. Alsolett € Nwitht > 1 and
M be a finite subset of N with

|M| > 1 -Reg, (k, Ak, 1, py/8), 1, p/2) (11.4)

where Ak, 1, py/8) is as in (11.2). Finally let B C (K1<N with densyx (B) > p for
everyn € M. If {A; : t € B} is a family of measurable events in a probability space
(2, X, n) satisfying u(A;) > y for everyt € B, then for every variable word p over k
of length t there exist a word c over k and a variable word w over k of pattern p such
that, setting V = {c} U {c"w(a) : a € [k]}, we have V C B and

n(A) z 0k 1.p7/8)

teV

where O(k, 1, py/8) is as in (11.3).
Proof. By (11.4), we may select a t-sparse subset N of M with
IN| = Reg, (k, Ak, 1, py/8), 1, p/2).

By Lemma 11.4, there exists a subset L of N with |L| = A(k, 1, py/8) such that the
family F := {B}is (p/2, t, L)-regular.
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Fix a variable word p over k of length 7. Let L(*) and @, 1 be as in Definition 11.8.
We set B = @;’IL(B). Since the singleton {B} is (p/2, T, L)-regular and densp; (B) > p
for every / € L, by Lemma 11.9(iii) we get dens;,» (B") > p/2 forevery I’ € L™ Next
for every t' € B’ let Cyy = Ao, () By our assumptions, u(A;) > y forevery ¢t € B,
and so u(Cy/) > y for every t' € B’. Finally notice that |L(™| = |L| = A(k, 1, py/8).
By the previous discussion, we may apply Lemma 7.9 and we obtain a Carlson—Simpson
line V/ € B’ with L(V’) € L™ and such that

w([) €)= O, 1, py/8). (11.5)

t'eV’
Weset V = <I>p,L(V’). By Lemma 11.9(iii) and (11.5), we see that V is as desired. ]

To state the next result we need to introduce some numerical invariants. For every k, 7 € N
withk >2and 7 > 1 and every 0 < § < 1 we set

Ap=Apk,8) =Ak, 1,82/32) and Op = Op(k,8) = Ok, 1,8%/32) (11.6)
and we define ;s : N — N by
hes(n) =7 -Reg (k, Ap,1,5/4) + [2@;1 -n. (11.7)
The following proposition corresponds to Proposition 7.5.

Proposition 11.11. Letk € Nwithk > 2 and 0 < § < 1 and define Ap and Op as in
(11.6). Also let t € Nwith t > 1, L be a nonempty finite subset of N and A be a subset
of [k1=N such that denspy (A) > & for every | € L. Finally let n € N withn > 1 and
assume that |L| > h; s(n) where hys is as in (11.7). Let L be the set of the first Ap
elements of L. Then either

(i) there exist a subset L' of L\ Lo with |L'| > n and a word ty € [k]to for some £y € Ly
such that
dens et ({s € [K1°" 2 155 € A}) > 6 +6°/8

forevery £ € L, or
(i) for every variable word p over k of length t there exist a word c over k, a variable
word w over k of pattern p and a subset L” of L \ Lo with |L"| > n such that:

@ V={c}U{c"w) :aelkl} S UpL, AN [k1E.
(b) Setting V(1) = {c"w(a) : a € [k]} and letting £ be the unique integer with
V(1) C [k]%, for every £ € L” we have

dens[k]efz, ({s € [k]<N 1t7s € Aforeveryt € V(l)}) > 0Op/2.

The proof of Proposition 11.11 is identical to the proof of Proposition 7.5, using Lemma
11.10 instead of Lemma 7.9. The details are left to the reader.

We close this subsection with the following consequence of Proposition 11.11. It is
the main tool for the proof of Theorem C.
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Corollary 11.12. Letk € Nwithk > 2 and 0 < § < 1. Also let L be an infinite subset
of Nand A C [k]<N be such that dens i (A) > & foreveryl € L. Then for every variable
word p over k there exist a word ¢ over k, a variable word w over k of pattern p and an
infinite subset L' of L with the following properties:

1) V ={c}U{c"w(a) :a € [k]} C UZELO AN[k]¢ where Lo = {¢ € L : £ < min(L')}.
(i1) Setting V(1) = {c"w(a) : a € [k]} and letting £ be the unique integer such that
V(1) C [k]%, for every £ € L' we have
dens[k]z_z1 ({s elklN:ts e A foreveryt € V(l)}) >271'0p(k, 8/2)

where O p(k,§/2) is as in (11.6).
Proof. Foreveryt € [k]"Nlet A, = {s € [k]<N : t"s € A} and define

8¢ = lim sup densgje-11 (Ay).
lel

We set §* = SUP; e [k]<N 8; and we notice that § < §* < 1. Hence, we may select 0 < 8y <
1, tg € [k]1<N and an infinite subset M of L with min(M) > || such that

8/2 < 89 < 8% < 8o +52/8 (11.8)

and §p < dens[k]zfuo\ (Ayy) forevery £ € M.
Fix a variable word p over k and denote by 7 its length. Let My be the initial segment
of M of cardinality
|Mo| = © - Reg, (k, Ap(k, 80), 1,5/4). (11.9)
By the definition of §* and (11.8), there exists ¢ € M \ My such that for every s €
Ueens, (k17710 and every £ € M with £ > g we have
2
dens[k]ef‘t&s‘ (AIOAS) < 80+ 85/8. (11.10)
We setd = [20p(k, 89)~'] and we select a sequence (E,) of pairwise disjoint subsets
of {m € M : m > q} such that |E, | = d for every n € N.
Letn € N. We set F,, = My U E,, and we observe that

11.9 11.7
\Fyl = Mol + |En| "2 1 - Reg, (k. Ap (k. 80). 1,8/4) +d "= he sy (1), (11.11)

Hence we may apply Proposition 11.11. Notice that the first alternative of Proposition
11.11 contradicts (11.10). Hence, there exist a word ¢, over k, a variable word w,, over k
of pattern p and m,, € E, such that

V= {en} Ul wp(a) s a € [k]} U Agy N [k]4 M0l (11.12)
EEMO

and, setting Q,, = {s € [k]"N : 175 € Ay, forevery t € V, (1)},
(11.8)
densypm 101 (Qn) = 27'©p(k, 80) = 27'Op(k, 8/2) (1L.13)

where V,,(1) = {c¢,, w,(a) : a € [k]} and £, is the unique integer with V,,(1) C (k1.
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By the classical pigeonhole principle, there exists an infinite subset N of N, a word ¢’
over k and a variable word w over k of pattern p such that ¢, = ¢’ and w, = w for every
neN. . Weset L' ={m, :n e N}and c =1 ¢’. Using (11.12) and (11.13) it is easy to
see that L', ¢ and w are as desired. O

11.4. Proof of Theorem 11.1. The proof proceeds by induction on m. For m = 1 we
notice that
DP(k, 7,8) <t -Reg (7, A(k, 1,8/8),1,5/2) (11.14)

forevery 0 < § < 1 and every k, T € Nwithk > 2 and t > 1. Indeed, let M be a finite
subset of N with |[M| > 7 -Reg, (k, A(k, 1,5/8), 1,5/2) and A be a subset of [k]<N such
that denspxj (A) > § for every n € M. Let (€2, X, ) be an arbitrary probability space
and set A, = Q forevery t € A. By Lemma 11.10 applied for p =4,y = 1and B = A,
we see that (11.14) is satisfied.

Let m € N with m > 1 and assume that for every integer k > 2, every 0 < 8 < 1
and every finite sequence (a,,),’f’:_o1 of positive integers the number DP(k, (a,,)Z:()l, B) has

been defined. Let k > 2,0 < § < land 1p,...,7T, € Nwith 79, ..., 7, > 1. We set
T, = Tpy1 foreveryn € {0,...,m — 1} and
No = DP(k, ()™=}, ©p/2). (11.15)

We claim that .
DP(k, (). 8) < hi% V(o). (11.16)

70,0
Clearly this will finish the proof. To see that (11.16) is satisfied let L be a finite subset
of N with L] = #T "7 (Ng) and A be a subset of [k]<N with dens;yy:(A) = § for every
[ € L. Also fix a finite sequence (p,),_, of variable words over k with |p,| = 7, for
every n € {0, ..., m}. By our assumptions on the cardinality of the set L and repeated
application of Proposition 11.11 for t = tp and p = pg, we see that there exist a word ¢
over k, a variable word w over k of pattern pg and a subset L” of L with

IL"| = No "= DP(k, (r))"=), ©p/2) (11.17)

n=0"
such that the following properties are satisfied:

@ V ={c}U{c"w(a) : a € [k]} C A. Moreover, setting V(1) = {c"w(a) : a € [k]}
and letting £; be the unique integer with V(1) C [k]%!, we have £; < min(L").
(b) Forevery £ € L” we have

densyyqe—, (A) > ©p /2 (11.18)

where A = {s € [k]“N : 175 € A foreveryr € V(1)}.

Forevery n € {0, ..., m — 1} we set p), = p,+1 and we notice that the length of p}, is t,,.
Therefore, by (11.17) and (11.18) and our inductive assumptions, there exist a word ¢’
over k and a finite sequence (w,’l)go1 of variable words over k of pattern ( p;)f;ol such
that

{c'}uU {C’\wé(ao)’\...” wy(ay):ne€f0,...,m—1}andag,...,a, € [k]} CA.
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We set wg = w™ ¢’ and w, = w),_, for every n € [m]. Itis easily verified that
{c}U {c’\wo(ao)’\ T wy(ay) inef0,...,mband ag, ...,a, € [k]} CA.

This shows that (11.16) is satisfied and so the proof of Theorem 11.1 is complete.

11.5. Proofs of Theorems A and C. As indicated in the introduction, Theorem A is a
special case of Theorem C. Indeed, let k € N with k > 2 and setg,, = (v) foreveryn € N.
Notice that a sequence (wj,) of variable words over k consists of left variable words if and
only if it is of pattern (g, ). Thus, Theorem A follows from Theorem C applied to (g,).

So, we only need to prove Theorem C. To this end, fix an integer k > 2 and a sequence
(py) of variable words over k. Let 0 < 8 < 1 and A C [k]<N such that

limsup |A N [k]"|/ k" > 6.

n—o00

We fix an infinite subset L of N such that dens[k]e (A) > 6 for every £ € L. Recursively,
we define a sequence (d,,) in (0, 1] by

so=5 and 8,41 =2"'Op(k,8,/2).

Using Corollary 11.12 we may select

(i) asequence (c,) of words over k,

(i1) a sequence (v,) of variable words over k of pattern (p,),
(iii) a sequence (A;) of subsets of [k]<N with Ag = A, and
(iv) two sequences (Ly) and (L) of infinite subsets of N

such that for every n € N the following conditions are satisfied:

(C1) L) € L,; moreover, Lo = L.

(C2) V, ={cp}U{cn va(a) 1 a € [k]} C UEELQ Ap N [k]° where Lg ={Lel,:l<
min(L})}.

(C3) Let V,, (1) = {c;, va(a) : a € [k]} and £, be the unique integer with V,,(1) C [k]%.
Then

App1={s e k1N : 175 € A, forevery t € V, (1)},
Lysi=L,—t,={t—4¢,:L€L,}.
(C4) Forevery £ € L, we have densye(Ay) > 3.

The recursive selection is fairly standard and the details are left to the reader.
We set ¢ = ¢ and w, = v, ¢, for every n € N. By (ii) above, the sequence (w,,)
is of pattern (p,). Moreover, using conditions (C2) and (C3), it is easily verified that

{c}U{c"wo(ap)” ...” wy(ay) :n € Nand ag, ..., a, € [k]} C A.

The proof of Theorem C is complete.
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11.6. Further implications. In this subsection we will discuss the relation of Theorems
B and A to the density Hales—Jewett Theorem and the density Halpern—L&uchli Theorem
respectively. Notice first that the density Hales—Jewett Theorem follows from Theorem
A via a standard compactness argument. In fact, we have the following finer quantitative
information.

Proposition 11.13. For every integer k > 2 and every 0 < § < 1 we have

DHI(k, §) < DCS(k, 1, 6). (11.19)
Proof. Letn > DCS(k, 1, §) and fix a subset A of [k]" with |A| > §k". For every ¢ € [n]
and every y € k1"~ let Ay ={x € [k]¢ y~x € A} and observe that

Eye[k]nf(f dens(Ay) = dens(A) > 4.

Hence, for every £ € [n] we may select y; € [k]"~¢ such that dens(Ay,) > §. We set
B=|] A,
Leln]

and we notice that dens;y¢(B) > § for every £ € [n]. Since n > DCS(k, 1, 3), there exists
a Carlson—Simpson line R of [k1<N which is contained in B. Let (c, w) be the generating
sequence of R. Also let £z € [n] be the unique integer such that the 1-level R(1) of R
is contained in [k]‘R. Then, setting V = {y; c"w(a) : a € [k]}, we see that V is a
combinatorial line of [k]" and V C A. This shows that (11.19) is satisfied, as desired. O
We proceed to discuss how one can deduce the density Halpern—L&uchli Theorem from
Theorem A. The argument is well-known (see, e.g., [6, 29]) but we will comment on it
for the benefit of the reader.

Recall that a free is a partially ordered set (7', <) such that the set {s € T : s < t}is
finite and linearly ordered under < for every t € T. A tree T is said to be homogeneous
if it is uniquely rooted and there exists an integer b > 2, called the branching number
of T, such that every + € T has exactly b immediate successors. A typical example
of a homogeneous tree with branching number » > 2 is the set consisting of all finite
sequence having values in a set A of cardinality b and equipped with the partial order of
end-extension; it is denoted by A<N and can, of course, be identified with [b]<N. Part of
the interest in homogeneous trees of this form is based on the fact that they can be used
to “code” the level product

®(T1..... Ta) = Ti(n) x -+ x Ty(n)
neN
of a finite sequence (71, ..., Tz) of homogeneous trees. Specifically, we have the follow-
ing lemma.
Lemma 11.14. Letd € Nwithd > 1. Also letb = (by,...,by) € N with b; > 2 for
everyi € [d] and set Ay, = [b1] X - -+ x [bg]. Finally let (Ty, ..., Ty) be a finite sequence
of homogeneous trees such that the branching number of T; is b; for every i € [d]. Then
there exists a bijection
oy :AEN - (T, ..., Ty)
with the following properties:
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(i) Foreveryn € N we have @b(A{)’) =Ti(n) x --- x Ty(n).

(i) For every c € A;N and every sequence (wy) of left variable words over Ay, there
exist strong subtrees (S1,...,Sq) of (T1, ..., Ty) having a common level set such
that, setting

S={c}U{c"wo(ag)” ... wy(a,) : n € Nand ay, ..., a, € Ap},

we have ®p(S) = Q(Sy, ..., Sy).

Proof. Leti € [d] and r; : A — [b;] be the natural projection. Clearly we may as-
sume that the tree T; coincides with [b;]<N and so we may consider the “extension”
@i+ AN — T; of 7; defined by 7; () = @ and

7i((ao, - .., an—1)) = (wi(ao), . .., wi(an—1))
for every integer n > 1 and every (ao, ..., a,—1) € Ay. The map @y, is then defined by
DPp(s) = (m(s), ..., my(s)). It is easily verified that Py, is a bijection and has all the
desired properties. O
With Lemma 11.14 at our disposal, let us see how Theorem A yields the density Halpern—
Liauchli Theorem. To this end, fix a finite sequence (71, ..., Ty) of homogeneous trees
and a subset A of the level product of (77, ..., Ty) such that
AN(T <o x T,
limsup 1AL T X o X Ta@)| (11.20)
n—00 [Ty (n) x -+ x Ty(n)|

Letb = (b1, ..., by) where b; is the brunching number of the tree 7; for every i € [d] and

consider the bijection @, obtained by Lemma 11.14. We set B = &y 'A). By Lemma
11.14(i) and (11.20), we see that

. BN AR
lim sup

n— 00 |Ab|n

Hence, by Theorem A, there exist ¢ € A;N and a sequence (wj) of left variable words
over Ay, such that

{c}U{c"wo(ap)” ...” wy(ay) :n € Nand ag, ...,a, € Ap} C B.

Invoking the definition of B and Lemma 11.14(ii), we conclude that there exist strong
subtrees (S1, ..., Sq) of (T1, ..., Ty) having a common level set such that the level prod-
uct of (S1, ..., Sy) is contained in A.
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