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Abstract

In this thesis we research arithmetic progressions in random colourings of the integers. We
ask ourselves how many arithmetic progressions are contained in zero density subsets of the
integers? And what is the asymptotic distribution of the number of arithmetic progressions?
Key motivation for this research are the famous results of Van der Waerden, Szemerédi and
Green-Tao.

In chapter 1 we introduce the necessary mathematical background in the form of Ergodic
theory. Some key concepts from Ergodic theory are studied and connected to random colourings
of the integers. We spent a great deal of time defining various concepts such as zero density sets
and the arithmetic progression counting summation. We are able to derive a law of rare events
for zero density sets, with the use of moment generating functions.

Secondly, we look at different modes of convergence. Various modes of convergence like
convergence in probability, distribution, almost sure convergence and total variation are properly
defined. This is done to look at the occurrence of arithmetic progressions in zero density sets.
We proof that almost surely, zero density sets, generated by independent colourings, contain
infinitely many arithmetic progressions of any finite length. A fun application to a stochastic
analogue of the prime numbers is presented.

In chapter 3 we introduce the Chen-Stein method for Poisson approximation. First we build
the basic theory behind the method and show it’s application for proving Poisson convergence
of the length 1 arithmetic progression counting summation. We show that, by utilizing a very
general theorem of Arratia, Goldstein & Gordon, that the number of finite length arithmetic
progressions is Poisson distributed. This is the main result of this thesis. We end by giving
another application of this theorem to obtain a similar result for the occurrence of very large
progressions.

Lastly, we try to apply the transfer matrix method as an alternative method for showing
Poisson convergence. These transfer matrices are introduced, because they provide explicit
expressions and convenient ways of computation for the moment generating function of the
arithmetic progression counting summation. We obtain a rigours result for arithmetic progres-
sions of length 1, and a partial result for progressions of length 2. We emphasize that more
research is needed on this topic.
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Chapter 1

Introduction

Problems in number theory have always been a very fruitful branch of mathematics. Usually
a lot of new mathematics arises when a previously unresolved theorem is proven. Very often
proofs in number theory branch into different areas of mathematics. Problems involving subsets
of integers frequently involve techniques from probability theory. In this thesis we are concerned
with patterns in large subsets of the integers. Large integer subsets do contain many patterns.
Most commonly studied patterns are those concerning arithmetical progressions in large integer
subsets. Examples of this kind are the Van der Waerden theorem, Szemerédi and more recently
Green-Tao.

An arithmetical progression (AP) starting at a with common difference b is a collection
{a+bi:i=1,2,...,k} CN, for k € N. In this thesis we only consider progressions starting at
a = 0. We will for look these progressions in so called random subsets of the integers. Random
integer subsets are identified with random colourings of the integers. A random colouring, of
k + 1 different colours, is the realization of a sequence of random variables {w; : i € N}, such

that w; takes on values (or colours) in {0,1,...,k}. This type of random colouring partitions
the integers into k£ 4+ 1 random disjoint subsets. Each of these disjoint subsets corresponds to a
random integer subset {i : w; = a}, where « is one of the colours in {0,1,...,k}. As such is the

identification of random integer subsets with random colourings.

We will mostly focus on random 2-colourings that are identically and independently dis-
tributed. Meaning that we will look at sequences {w; : ¢ € N} with positive density, i.e with
random variables w; such that P(w; = 1) = p € (0,1]. The Szemerédi theorem states that
positive density subsets of the integers contain arbitrarily long arithmetic progressions.

Far less is known for integer subsets of zero density. Zero density sets, that are generated by
independent colourings, correspond to sequences {w; : i € N} such that P(w; = 1) = p; — 0.
Zero density sets are of particular interest to us, because it is still unknown if they in general all
contain infinitely many arbitrary length arithmetic progressions. And even less is know about
the distribution of the number of progressions. Probably the most remarkable zero density
set containing infinitely many arbitrary length arithmetic progressions are the prime numbers
(Green-Tao).

In this thesis we will try to answer this question for zero density sets that are generated
independently by random 2-colourings. The choice to restrict ourselves to these kinds of zero
density sets is, because this creates a lot of additional structure by which we can obtain more
precise results.

We will be interested in the number of arithmetic progressions, of a fixed length, far away
from 0. Since the probability of observing arithmetic progressions converges to 0 (rare event) we
intuitively expect the number of progressions to be approximately Poisson distributed, by the
law of rare events. We will count the number of arithmetic progressions far away from 0 with



CHAPTER 1. INTRODUCTION 2

the length k& arithmetic progression counting summation.

n(A)
XN = Z Wiw2;  * " Wy
i=n

Here 7,(\) is a natural number that ensures that > ;" p;---pr; —> XA > 0. Most of the

results that we obtain will concern the asymptotic distribution of X}lk’)‘). A straightforward
approach utilizing moment generating functions will yield us a first result for arithmetic pro-
gressions of length 1. Secondly an application of the very general theorem of Arratia, Goldstein
& Gordon will ensure us that the limiting distribution of X,(Zk’A) is that of a Poisson random
variable. This theorem will also be used to obtain a similar result for the occurrence of very long
arithmetic progressions in the interval [1, N]. In the last chapter we introduce a more direct

method for computing the moment generating function of X,gk’)‘), for £k = 1,2. This method
has the advantage that it produces the exact form of the moment generating function. It is in-
spired from the transfer matrix method that is often used in statistical mechanics and dynamical
systems theory to compute partition functions.

All of these concepts and results have their mathematical basis in a branch of probability
theory called Ergodic theory. This a very broad field and thus we will only limit to some elemen-
tary concepts relevant to the subject at hand. A firm understanding of arithmetic progressions,
in random subsets of the integers, is rooted in the study of Ergodic theory.
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1.1 Ergodic theory

Ergodic theory is a field of study that studies the long term average behaviour of dynamical sys-
tems with an invariant measure. The behaviour of these dynamical systems is accounted for by
a measurable map T : X — X, where X is the collection of all states of the dynamical system.
Various important Ergodic theorems include the Poincaré recurrence theorem, Furstenberg &
Weiss topological multiple recurrence and Furstenberg multiple recurrence. All these theorems
assert something about the long time average behaviour of orbits of T'. To give this all a firm
mathematical backbone we start with some of the basic definitions. Basic objects of Ergodic
theory are dynamical systems, thus we will make this precise.

Definition 1.1.1. A dynamical system is given by a probability space (X, %, p) and a measure
preserving transformation T : X — X with respect to u, i.e. p(T~'A) = u(A) VA € .
Moreover T is called Ergodic, if VE € ¥ : T Y(E) = E, then either u(E) = 0 or u(E) = 1.
This measure preserving dynamical system is denoted by the quadruple x = (X, %, u, T).

Remark. Note that if X is taken to be any finite set and ¥ a o-algebra generated by some
subsets of X. Also letting p be the normalised counting measure on X and taking T : X — X to

be a bijection. Then the quadruple y = (X, %, u, T) is a measure preserving dynamical system.

—1
T is clearly a measurable map and VA € ¥ we have that u(T'A4) = ‘T‘X|A‘ = % = pu(A).

At first glance it is not obvious why these dynamical systems are relevant to the subject at
hand. The following example illustrates a connection between random colourings and Ergodic
theory. In particular it shows how to perform this ’game’ of colouring the integers.

Example 1.1.1 (Bernoulli shifts). We begin by defining a measure preserving system x =
(X,%,u,T). Let X := {0,1}N, the space of all infinite sequences consisting of only zeros and
ones. And let X = B be the Borel og-algebra. Here we have that every cylinder subset of X
is open. We note that this Borel o-algebra is generated by the cylinder sets. To the define
the probability measure we first restrict it for the cylinder sets. Let C;, ;. be a some arbitrary
cylinder set. Then C;, 4, ={w € X 1 w;, = a4y,...,w;, = ;. } for fized i € N. And let the
measure of 1~ (Ciy. i) = H§:1 p®i(1 —p)l=% for all i € N. By the Dynkin m — \ theorem we
can find an unique extension p of u~ on the whole Borel o-algebra. As a consequence of this
the random variables Q; : X — {0,1} w —— w; are independent. Now that we have defined
the probability space we are just left with finding a measurable and measure preserving map.
The (left) shift, T : X — X defined as (w;)ieny — (wi+1)ien suffices as such a map. Hence
x = (X, 2,1, T) is a measure preserving system. This system will turn out to be handy for
proving the Van der Waerden theorem. [1]

The long term behaviour of a measure preserving systems is described by its orbits. It is
important to know these orbits, because they give us the properties of the system. Essentially
the orbits describe what the measure preserving map 7' : X — X does to the points of X.

Definition 1.1.2. Let x = (X, %, u,T) be a measure preserving system and let x € X. Then
the orbit of x is the set {T™(z) : n € N}.

An interesting property of measure preserving systems is that for most points z € X, the
points in it’s orbit happen infinitely often. This behaviour is known as recurrence. This recur-
rence behaviour leads to the question; do orbits return back to the same point? Formally, if
r € A C X is a neighbourhood of x, can we find a n € N such that T"(x) € A?
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1.2 Recurrence theorems

The first result on recurrence was obtained by Poincaré. His recurrence states that if 7' : X —
X is a measure preserving transformation on probability space (X, 3, u) and if A C X : u(A4) > 0,
then for p-almost every z € A we can find a n > 1 such that 7™ (z) € A. This theorem was
originally applied by Poincaré to Hamiltonian systems [2].

For us a generalization, due to Furstenberg and Weiss, for topological probability spaces, is
more useful.

Theorem 1.2.1 (Topological Multiple Recurrence, Furstenberg & Weiss). Let (X, u) be compact
metric space and T : X — X be a continuous dynamical system on X with p being T -invariant.
Then for every k € N and € > 0 there exists a x € X and n € N such that d (Ti"(a:), IL‘) < € for
all i € {1,--- ,k}. Moreover, if there is a Z C X that is dense in X, then we can take x € Z.

1]

We will use this theorem to give a proof of the Van der Waerden theorem. We call z recurrent
if z is in the closure of its orbit, i.e if x € {T™(z) : n € N}. Topologically reformulated this means
that there exists a sequence ny — oo such that Tz — x. x € X is multiple recurrent if there
exist multiple measure preserving transformations 7; : X — X, ¢ = 1,2,--- , k such that x is
recurrent for each of these maps. Van der Waerden is essentially a statement on the existence
of a multiple recurrent point [6]. Too clarify, this theorem states,

Theorem 1.2.2 (Van der Waerden). If we colour the integers with m different colours, then we
can always find arbitrarily long arithmetic progressions of at least one colour.

Van der Waerden proved this theorem by using a combinatorial approach. Here we will
present a dynamical proof using Furstenbergs theorem.

Proof. [Van der Waerden]. Let A = {a1, a2, - ,ax} be a collection of colours and let (z1, z9,- -+ ) €
AN be a given colouring of the natural numbers. Here z; denotes the colour of number i.
Now let the (left) shift map T : AN — AN be given as (21, 22,23, --) — (22,23, 24, ).
We also define a metric d on AN as, d(z,y) = +, where w := inf{n € N|z, # y,}. Note
that for all z,y € AY : d(z,y) < 1 iff 21 = y;. This implies that for every =,y € AY and
m,l € N:d(T™(z), T (y)) ff Zmi1 = Ym+1.

In particular we have that the arithmetic progression m, m+n,--- ,m-+kn is of the same colour
iff £ = Typyn = -+ = Tynskn, when € AN is colouring of N. By definition of d:

d (T M), T H"(2)) =d (T (2), T (T Hz))) <1, i=1,2,---,k

If we now take X = {T™(z)} _,, then X is a compact metric space and T is a continuous
dynamical system on X. Also Z = {T™(x)},,_, is dense in X. Furstenberg & Weiss theorem
now gives, with ¢ = 1, that 3m € N such that d (Tm(x),Ti" (Tm(:v))) <1, fori=1,2,--- k.
This implies that 41 = Tm+14n = -+ = Tma1+kn 18 & k-length arithmetic progression of the

same colour. [4] ]

The Van der Waerden theorem gives us the existence of arbitrarily long arithmetic progres-
sions in at least one of the m partitions, that is large enough to contain them. But Van der
Waerden does not specify those partitions which are large enough. For this we need to first
define what we mean for a set to be large enough.

Definition 1.2.1. For any subset A of N the (upper) density, d(A), of A is defined as:
1, NJN A

: |[
d(A) := limsu
( ) N%oop N
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Szemerédi’s theorem gives us a sufficient condition, in contrast to Van der Waerden, as to
which subsets of N that contain arithmetic progressions of arbitrary length.

Theorem 1.2.3 (Szemerédi). Let A C N such that d(A) > 0. Then A contains arbitrarily long
arithmetical progressions.

Just as for Van der Waerden’s theorem we will use a result from Ergodic theory to prove
Szemerédi’s theorem. The proof will make use of the Bernoulli shifts as in Example 1.1.1. For
clarity we defined X = {0, 1} along with the (left) shift transform 7 : X — X. The following
result from Furstenberg is used.

Theorem 1.2.4 (Furstenberg’s Multiple Recurrence Theorem). Let T': X — X be a measure
preserving transformation with p being T-invariant and pw(A) > 0. Then, if k > 3, there exists
a N € N such that,

i (A AT A) NN T‘(k‘l)N(A)> >0

Remark. Note that the case k = 2 reduces to Poincaré’s recurrence theorem.

With this theorem Furstenberg proved Szemerédi’s theorem. A complete proof of this theo-
rem would stray away too much from the topic. For a rigorous proof we refer to [1]. Here we
will suffice with a proof for the Bernoulli shifts (Example 1.1.1).

Proof. [Example 1.1.1] Recall that the cylinders C; = {w € X : w; = 1}, with measure p(C;) =
p Vi € N, generate the Borel o-algebra. This means it is sufficient to show Furstenberg’s Multiple
Recurrence on all cylinder subsets. Let Cp,Cq,--- ,Ck be cylinder sets, then for a sufficiently
large n € N, we have that the fixed coordinates of the cylinder 7~ (C;) are distinct. Thus,

i (ConT="(Cr) N+ NTM(Ck)) = p(Co)u(C) -+ p(C) > 0

Hence Furstenberg’s Multiple Recurrence Theorem holds for the Bernoulli shifts. O

Now we are ready to tackle Szemerédi’s theorem with the help of Furstenberg’s multiple
recurrence.

Proof. [Szemerédi] Let X = {0,1}" and define T : X — X to be the left shift map. Let (w,) =
(La(n)), with 1 4(n) being the indicator function of subset A C {0,1}. Define p = %kj’_l 075 ()
with §(w) being the Dirac measure. Note that p = 1i11€rn i is a T-invariant probabilityj ;?easure.
As to why this holds true we refer to [3]. Next define Y = {(d,) : 41 = 1}. Y is compact in
X, thus pu(Y) = li;?l me(Y) = £|AN[1, k]| > 0. Hence, with Furstenberg’s multiple recurrence

we can find a N such that p (Y N7~ N(Y)N---N T_(k_l)N(Y)) > 0. Specifically, there is a
zeYNTN(Y)n...nT~*=DN(Y). This means 3z € N such that z, z+N, - -- ,z+(k—1)N € A.
k is chosen arbitrary, thus A contains arbitrarily long arithmetical progressions. [1] O

Szemerédi gives us a ’class’ of subsets that contain arbitrary long arithmetical progressions,
namely those with positive density. But these are not all subsets of N containing arbitrary length
arithmetical progressions. What can be said for the number of progressions in zero density sets?
A famous conjecture of Erdés and Turan gives a sufficient condition.
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Conjecture 1.2.1. [Erdds-Turdn] Let A C N such that

1
Zﬁzoo.

NeA
Then A contains infinitely many arithmetical progressions.

This conjecture remains unproven. Even for arithmetical progressions of length 3 we still
don’t know if this conjecture holds true.

1.3 Poisson convergence in zero density sets

Let {w; : ¢ € N} be a sequence of independent random variables such that w; ~Ber(p), for p > 0.
Then the set {i : w; = 1} satisfies the conditions of Szemerédi. And thus it contains infinitely
many arithmetic progressions of any finite length. Now we want p to be dependent on 7 in such
a way that the density of the set {i : w; = 1} is zero, but nevertheless do have infinitely many
arithmetic progressions. Meaning that the black sites (w; = 1) become increasingly more rare
as we go further. By letting p; — 0 as i — oo we make {i : w; = 1} a zero density set. The
question now becomes if it still contains arbitrary length arithmetical progressions and what is
the asymptotic distribution of these progressions?

To obtain an answer for these questions we will first look at arithmetic progressions of length
1. Showing convergence in distribution will require the use of moment generating functions.

Definition 1.3.1. Let X be a random variable, then the moment generating function of X is
defined as,

Mx(t) :=E "] = /RemdFX(:L‘)

fort e R.
Also will be used the following theorem,

Theorem 1.3.1. Let X and Y be two random variables. If for allt € R : Mx(t) = My (t), then
d
X=Y.

With this theorem we are ready too find the limiting distribution.

Theorem 1.3.2. Let {w; : i € N} be a sequence of independent random variables such that w; ~
Bernoulli(p), where p > 0. Set Zfilp =A=>p= % If Xy := Zf\il w;, then Xy 4 Po(N).

Proof. Theorem 1.3.1 implies that we only have too show convergence of moment generating
functions. Hence we start by calculating the moment generating function of X .

N
MXN(t) =K [etz'f\;l wi:| _ 1:[1E [etwi] _ (E [etwl])N

The last two equality’s hold, because the w; are identically and independently distributed.
By definition of the expectation we get,

Mxy(t) = (P (w1 =0) +P(wr = 1)et)" = ((1 - )\)+)\et>N — <1+)‘(et_1)>N
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N
Note that when N — oo we obtain (1 + Ale! 71)) — M) by definition of the expo-

nential function. And this concludes the proof, because eM¢' =1 is indeed the moment generating
function of a random variable Y with £(Y) = Po(\). O

This theorem is actually widely known as the law of rare events. It roughly states that when

considering a large number N of independent events with small success probabilities %, then
the limiting distribution of the total number of successful events is Poisson distributed with
parameter A = Np.
In this thesis we are only interested in zero density sets. We want to know if we can derive a
similar result, theorem 1.3.2, for zero density sets. The setup is as such. Consider a zero density
set A = {i:w; = 1}. Then each w; ~ Ber(p;), with p; — 0 as i — co. Just as before we
suspect the asymptotic distribution to be that of a Poisson random variable with parameter
A. But how to choose A7 For the law of rare events to hold A needs to approximately be the
expected number of successful events, in a certain interval. Thus define A > 0 and let >":", p;,
where 7, = inf{k > n: Zi:n pi > A}. This way we ensure that > ;" p; — A. It is not directly
obvious that this should be the case. Hence this deserves to be its own lemma.

Lemma 1.3.1. Assume p; — 0 as i — oco. Let A € R>q and define r,(A\) = inf{k > n :
i pipai- e e = Ab. Then, Tim S0 pipa - pyi = A for all k > 1.

Proof. By definition we have that ) "SL) PiP2i - Pri > A and ZZZEL)\)AMP% - pr; < A. Hence,

rn()) rn(X) ra(A)—1
0< Z pip2i - — A< Z P2 Pki— D DiP2ic-Dhi = DPp,(n) — 0 asn — o0
In conclusion, lim Z:QE:\) DiP2i - Pi = A =
n—oo

Another thing underlining theorem 1.3.2 is that arithmetical progressions, no matter how far
we go along, can always be observed. This is what we know from Szemerédi’s theorem. For the
zero density sets Szemerédi cannot be used, thus we cannot assume that Zf\; n Wi2; + * * Wi RN
oo as N — oo. In the next chapter we extensively focus on this problem, but for now we will
just assume this to be the case.

In order to obtain results we throughout assume the following.

Assumption 1.3.1.
o0
Zpipm copp; =00, for any k € N.

This assumption is partly motivated from sets like the set of prime numbers. The prime
numbers are a zero density subset of the natural numbers. We can make a stochastic analogue
of the prime numbers by taking the same setup as with A. If we want to imitate the prime
numbers we choose p; = log( - This choice is by analogy of the prime number theorem. Observe

that with this choice of p;, assumption 1.3.1 holds true, because > ;7 log( y =

This assumption is also needed to show that Zi:n Wiw; * * * Wiy 2% ~0. Because if the
assumption 1.3.1 does not hold then,

o0 o0
Zpi~--pki<oo = HMGNsuchthatIP(Zwi---wki: >:
; i=M
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This means that assumption 1.3.1 is indeed for good reason. In the following chapter we actually
come to the conclusion that assumption 1.3.1 and Zf\il Wi Wi =23 00 are equivalent.

Now we are ready to propose a law of rare events for zero density sets. Unlike in theorem
1.3.2 we now have probabilities p; — 0 as i« — oco. This highlights the important difference
that p; is now only dependent on the place i and not on total number of progression N.

Theorem 1.3.3. Let {w; : i € N} be a sequence of independent random variables such that
w; ~ Bernoulli(p;). Assume that p; — 0 as i — oo and Zil p; = 0o. Let A > 0 and define

rn(A) = inf{k >n: Zf:npi > A} If xtM = o wi, then x{V -4 Po(X) as n — oo.

Proof. We will show convergence in distribution of X,gl) to a Poisson distribution by calculating

1)

the limit of the moment generating function of X,S
This yields,

. For convenience we calculate log(M 1) (1))

log (MXﬁl)(t)) = log (IE {etzggn wl}) = log (ﬁE [etwi]> = ilog (14 pi(e' = 1))

1=n

Equality holds here, because the w; are independent from one another. To show that this
quantity converges to the desired result, we will find a suiting lower and upper bound. For this
first note that by Taylor’s theorem x — 222 < log(1 + 2) < z holds for all z € [0, 00). Hence we
derive,

sze_l)_%pz(e_l <Zlog 1+p@e_1 Zple_l

1=n =n
Tn 1 Tn
= 0< Zlog +pze—1 Zple—l gi(e—l) ZP?
=n =n

Note that ;" 22 < (SUPngigrn pi) o pi — 0-X = 0, because by assumption p; —» 0 as
i — 0o. Because the difference between log (M (t )) and Y ;" pi(e’ — 1) becomes arbitrarily

small, we can derive the law of XV from Soim pi(el —1). Hence,

Tn
lim log (Mxy(Ll)(t)> = HILH;O Zpi(et —1) = A" -1)
=n

n—oo

Thus we have shown convergence in distribution of X,sl), because if M ) () D200, Al 1)

then X" -% Po()). O

Even for this relatively simple case of arithmetic progressions of length 1 we needed to do
a lot more work to get the desired result of convergence in distribution. Although this is to be
expected as now {w; : i € N} are not identically distributed. An essential step in this proof is
that each term of X,(ll) is independent from all other terms. This allowed us to move the product
outside of the expectation. This step will fail if we start looking at longer progressions. Thus
we can not take the same approach to prove similar results for longer progressions. Even for
progressions of length 2 this step fails. The length 2 progression counting summation is defined
as XT(L2) = Z:;n wiwa;. Then terms like w,we, and we,wy, are clearly not independent.
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Different methods of tackling these types of problems, will be studied in chapters 3 and 4.
Here we use more abstract techniques such as the Chen-Stein method and the Transfer matrix
method. The first one will give a us a very strong, but not very practical result. On the other
hand the Transfer matrices will turn out to be very tangible.



Chapter 2

Infinitely many progressions in zero
density sets

In this thesis we want to show weak convergence of the AP-k counting summation, X,sk”\). For

convenience we just write Xék). As we have seen in the previous chapter, this requires assuming
that zero density sets contain arbitrary length arithmetic progressions. To prove this assumption
and to obtain results for the asymptotic behaviour of X,(lk) we need various concepts of limits of
random variables. Familiar modes of convergence of random variables include weak convergence,
convergence in probability and almost sure convergence. These will be discussed in this section.
Another less familiar convergence is the total variation distance. The total variation distance
measures the accuracy of a approximation. In our case we measure the total variation distance

between the law of Xﬁbk) and a Poisson random variable with parameter A\ <— > '™ p; - Dp;.

2.1 Modes of convergence

Consider (Xn)ycy a sequence of random variables on a probability space (£2,%,P). We want
to know the difference in probability between each X and a certain random variable X . If this
difference in probabilities becomes negligible as NV increases, we can speak of a limit.

Definition 2.1.1 (Convergence in probability). A sequence of random variables (Xn)ycy con-
verges to random variable X in probability iff for all € > 0,

lim P(w:|Xy(w)— X(w)|>€)=0

N—oo

The following example will illustrate this concept quite neatly.

Example 2.1.1. Let (Xn)ycy be a sequence of independent random variables such that Xy ~

Ber(py ). Where pyn is a real valued sequence such that py — 0. We can show that Xy Eo.
Let € > 0. We note by Markov’s inequality that P (| Xy —0]) < 2% — 0 as N — oo. This

implies that limy_, P (| Xy — 0]) =0, and thus Xy 5o.
A stronger notion of convergence is almost sure convergence. This type of convergence is the
same as pointwise convergence almost everywhere, as is know in analysis. We will use this mode

of convergence to prove that zero density sets contain arbitrary length arithmetic progressions.
But first a formal definition.

10
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Definition 2.1.2 (Almost sure convergence). A sequence of random variables (Xn)yey con-
verges to a random variable X almost surely (or with probability 1) iff,

P (w : lim Xy (w) = X(w)) =1
N—o00
This definition is not always easy to work with. Luckily we can often use the following
lemmas.

Lemma 2.1.1 (Borel-Cantelli). Let (An)ycyn be a sequence of events in some o-algebra X.
Then if,

(1) i P(Ay) < 0o = P (limsupAN> =0

1 N—o0

2
I

M8

(2) P(An) = o0 and if {Ay : N € N} are independent =P (lim sup AN> =1

N—o0

2
)

Lemma 2.1.2. Let (Xy) ey be a sequence of random variables and let X be some other random
variable. If 335 P(|Xn — X| > €) converges for every e > 0, then Xy L5 X,

Using Lemma 2.1.2 we can illustrate an example of almost sure convergence.

Example 2.1.2. Let (Xn)ycy be a sequence of independent random variables such that,

l1- 5 k=0
P(Xy=k)={ k=1
0 else

We will show that Xy =25 0. Let € > 0. Observe that,

N=1 N=1

From Lemma 2.1.2 we can now conclude that Xn <=2 0.

Almost sure convergence is a stronger notion of convergence than convergence in probability.
Almost sure convergence implies convergence in probability, but the converse of this is not true.
We have seen in Example 2.1.1 that X, defined as such, converges in probability. If we take
PN = ﬁ, then, as we have shown in the previous example, Xy also converges almost surely.
But setting py = + will not result almost sure convergence. Reason for this is that Y %_; +
diverges. Implying that, by Borel-Cantelli, P(Xy =1 i.0) = 1. Thus Xy cannot converge

almost surely to 0.

In the introduction we alluded to the fact that we will show that the asymptotic distri-
bution of the AP-k counting summation XT(Lk) = Z:;n wj W, 18 that of a Poisson random
variable. This is yet another mode of convergence. In general if the distribution of some se-
quence of random variables converges we say that this sequence converges weakly or converges

in distribution.

Definition 2.1.3. (Convergence in distribution) Let (XN) yen be a sequence of random variables
with distribution functions Fx, (x), and let X be some other random variable with distribution
function Fx(x). Then (Xn)yey converges in distribution to X if,

lim Fx,(z) = Fx(z) for all x where Fx is continuous
N—o0



CHAPTER 2. INFINITELY MANY PROGRESSIONS IN ZERO DENSITY SETS 12

It is important to note that convergence in distribution is equivalent to,
lim E[f (Xn)] =E[f(X)]
N—oo

for all bounded and continuous functions f : R — R. This usually is referred to as weak
convergence.

As the name suggest, weak convergence is an even weaker form of convergence. Convergence
in probability implies convergence in distribution, but the converse of this is generally not true.
This is best illustrated in the following example.

Example 2.1.3. Define random variables Xy,

—X Nmod2=0
Xy =
X N mod2=1

Where we let X to be a random variable with distribution function Fx : [-1,1] — R defined
as,

r+1 z€][-1,0)
Fx(z)=q¢1—2 xz€]0,1]

0 else

Note that this distribution is a symmetric function about 0. We claim that Xy 4 x.
For odd values of N this is clear. For even values of N note that Fx, = P(—X <z) =
P(X > —x) = P(X <z) := Fx. The last step is justified, because Fx is symmetric about
0. Hence Xy 4 X. However we now claim that we do not have convergence in proba-
bility. For this first observe that for even N : | Xy — X| = 2|X|. And thus if we pick an

€ €[0,1]. We get that P(|Xny —X|>e¢) = P(2|X|>e) =P(IX|>5) = (1-5)>#0. And
thus P (| Xy — X| > €) -/ 0. We conclude that X ;P@ X.

The last mode convergence we need is the so called total variation distance. The total
variation distance is a metric for how close two probability measures are. Formally we define
this as such,

Definition 2.1.4 (Total variation distance). The total variation distance between two probability
measures, P and Q, on some o-algebra ¥, we define as,

dry (P, Q) := sup [P(4) — Q(A)]
AeX

This definition can be used to show that a sequence of random variables (X )y converges
to a random variable variable X, in total variation. When, sup 45, [P(Xny € 4A) — Q(X € A)| —
0 as N — oo, we precisely have convergence in total variation. This convergence mode is very
useful, because it lets us know the difference between probability measures. The total variation
distance is a convergence mode that is probabilistic in nature. Essentially it gives us the maximal
distance between two probability measures.

Do note that convergence in total variation is a stronger notion of convergence than weak
convergence. Meaning that if the total variation distance tends to 0 as N — oo, then we have
also have convergence in distribution. This is of course very useful, and thus we will make
extensively use of this fact in following chapters. The converse of this is not true. Example 2.1.4
illustrates this fact quite neatly. In chapter 3 we will discuss the Chen-Stein method and here
we will come back to the total variation distance.
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Example 2.1.4. Define independent and identically distributed random variables X taking on
values -1 and +1. By the central limit theorem we know that,

N
1
Sv=—=> X HN(0,1)

\/N i=1

However, dpy (Sy,Z) = 1 for every N € N. Hence we do not have convergence in total
variation distance. [8]

2.2 Zero density sets with infinitely many progressions

With these different modes of convergence we have all the right tools to show that zero-density
sets contain infinitely many arbitrary long arithmetic progressions. We remind the reader of the
setup. Consider a sequence {w; : i € N} of independent random variables with P (w; = 1) = p;
and P (w; = 0) = 1 — p;. We require that p; — 0 as ¢ — co. With these random variables we
can count the number of k length arithmetic progressions. Note that an arithmetic progression

of length k precisely occurs when the numbers ¢, 2i, ..., ki are all black sites, i.e precisely when
W; = w9; = +++ = wy; = 1. This event co insides with the event w;ws; - - - wg; = 1. Because if the
numbers ¢, 24, ..., ki would contain white sites than at least one of the w; equates to 0. Using

this handy product we count the number of arithmetic progressions, in the interval [n, N], by
simply summing over this interval. The number of arithmetic progression of length & is thus
given by vaz , Wiwa; - - - wWri. To say that a set of zero density contains infinitely many & length
arithmetic progressions means that Zfi n Wil2; * - Wi 2%y 5. In order to obtain this result we
need assumption 1.3.1 to hold.

Theorem 2.2.1. Let {w; : i € N} be a sequence of independent random variables such that
w; ~ Bernoulli(p;). Assume that p; — 0 as i — 00 and Y .o Pip2i - - - Pki = 00, then Vn € N :
Zij\inwiwgi'--wki 25 50 as N = co.

Proof. Under these assumptions we can indeed show that ZZ]\L Wi+ Wi 2% 50 as N — oco.
For this we show that Wy := Ef\il Wiw; * * * Wiy 2% 50 as N — oo. To see that this is sufficient
note that, Zfin wiwg; -+ - wi; > Wy —n, because for each i € N: wjwa; -+ - wy; € {0,1}.

Almost sure convergence of Wiy to infinity means that the product w;wse; - - - wy; is equal to 1
infinitely often. Formally this means that P (Vn € N 3i > n : wjwe; - --wi; = 1) = 1. Or equiv-
alently P(Wx > N) — 1 as N — oco. We will prove the theorem with the so-called second
moment bound.

Lemma 2.2.1 (Payley-Zygmund inequality). Let Z be a positive random variable such that
Var(Z) < oo. If 6 € [0, 00|, then

2, E[Z)°
E[Z2]

P(Z>0E[Z]) > (1-0)

Proof. Note that we can write, E[Z] = E [Z]].{ZSQE[Z}}] +E [ZIL{Z>9E[Z]}}. The first term is at
most 0E [Z] and for the second term we can use the Cauchy-Schwarz inequality. Hence,

E[Z] < 0E[Z] + \/IE (22 E [1%Z>9E[Z}}} —0E[2] + VE[ZYP(Z > 0E[Z])

By squaring and rearranging the terms in this inequality we get the Payley-Zygmund inequality.
O
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To conclude almost sure convergence of Wy from Payley-Zygmund we need the following to
hold,

2
(1) (On)y = <IIEE[[VVV[%]]) —1 as N —
N

(2) (on)y:=(E[WnN])y — 00 as N — o0

Indeed, if (1) and (2) are satisfied, then for all 0 € [0,1] : P (Wy > fon) > (1 — 6)*dy. Now
let € € (0,1) arbitrary. Then 3Ny € N such that YN > Ny : P (Wy > fon) > (1 —60)* (1 —e).
This in turn implies that P (limsupy_,., Wi > 0on) > (1 — 0)? (1 — €). This holds because Wy
is increasing and thus for all N € N : limsupg_,., Wx > Wpy. Note that oy — oo when
N — co. Hence we can conclude that, P (limsupy_,o, Wi = 00) > (1 — )% (1 — ¢) for all 6 and
e in (0,1). Now if we let (A,¢) — (0,0), it follows that P (limsupg_,.o WK = 00) = 1. This
means that P (Wx > N) — 1 as N — oo and thus we can infer almost sure convergence of Wy
to oo.

It remains to show that (1) and (2) are indeed satisfied. The easiest way too prove this is by
straightforward calculation. We will begin with (2) as this is quickly proven. Linearity of the

expectation yields,
N

(UN)N:sz’pzi'--pki—>oo as N — oo
i=1

For (2) we have to do a bit more work. Direct calculation gives,

E [Wy? j=li=1

5 _ =
(N)N E[W]%f] %EE[wi...wkiwj...wkj]
j=1li=1

We want to find a lower bound for d, this means we need to find an upper bound for the de-
nominator. We start by noticing that if {z,...,ki}n{j,..., kj} =0, then E [w; - - - wpw; - - - wi;] =
PiDkiDj P And if {4, . ki} 0 {j,... kj} # 0, then E[w; - wpiwj - - wij] < pi- - Dhi

. k
Secondly observe that when {i,...,ki}N{j,...,kj} # 0 that this occurs when j = ((%)Zzl)bZI

, with b fixed for each 1 < a < k. This gives a number of k% overlaps, but we counted too many.
As for fixed b and 1 < a < k we get the overlap associated with j = i. Also for each overlapping
j= %i, the overlap i = % should also be counted. This doubles the number of overlaps. Hence
there are 2(k? — k + 1) overlaps. This yields,

N

E[WR] <D pieepripj - pry + 208 =k +1)> pi--pri
ijeD =1

with D ={i,j=1,...,N : {4,...,ki} N {j,...,kj} = 0}. Removing the restrictions on the
first summation will only make it larger. Hence

N N
EWal <D0 pi-epripsprj + C(k) D pi- - Dri

7j=11=1 =1
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By dividing the numerator and denominator, of dy, by Z;V:]L vaz 1 Di - DkiDj - -+ Pkj, We get,

1 1
(ON)y > =
" S pipra L+ C(k)——
1+ C(k)w—L E Pi-Pi
> > DiPRiDj Pk

1li=1

J

Assumption 1.3.1 implies that (0n)xn converges to 1 as N — oo. Hence (2) is satisfied and
N

thus we have proven that > w;wo; - - wg; 2% 50 as N — oo. ]
=n
A fun application of theorem 2.2.1 is for the stochastic caricature of the prime numbers. We
can obtain a stochastic analogue of Green-Tao theorem. This incredibly deep theorem states
that the prime numbers contain infinitely many arbitrary finite length arithmetic progressions.
With the following example we illustrate that Green-Tao’s theorem also holds for the stochastic
prime numbers. This example is inspired by an older thesis of Rik Versendaal [4].

Example 2.2.1 (Stochastic analogue of Green-Tao). Let {w; : i € N} be a sequence of indepen-

dent Bernoulli random variables such thatP(w; =1) =0,P(we =1) =1 and P (w; = 1) = logl( 5

We will show that the collection P = {i : w; = 1} of randomly generated primes contain infinitely
many k length arithmetic progressions. Theorem 2.2.1 holds true, thus we can simply apply this
theorem. To get the desired result we need to check if the assumptions of theorem 2.2.1 hold in
this case. Clearly p; = log(z) — 0 as © — oo. It remains to prove that assumption 1.3.1 checks
out. We need to show that

1

Begin by noticing that log(i) < log(2i) < ... <log(ki), and thus

i": 1 1 1L i 1
“— log(i) log(2i)  log(ki) ~ log(ki)*

We know that a logarithm of n grows slower that any positive power of n, i.e log(n) < n”
for all r > 0. Hence, log(ki) < (kl)% Implying that

g

2:3 k

Zlog i Lk ;lj

We conclude that y ;24 log 6 logbl) log%ki) = 00. The requirements of theorem 2.2.1 check

out. We get that Zi:l Wiwa; - Wi —3 00. Meaning that with probability 1 the collection P
contains infinitely many arithmetic progressions of any finite length. This is the desired result.



Chapter 3

Poisson convergence: Chen-Stein
method

In the following section we examine the Chen-Stein method. The Chen-Stein method is a
mathematical tool used for Poisson approximation. The main focus of the method is to bound
the total variation distance between the law of some sum W = Zf\i 1 Xi, of (usually dependent)
Bernoulli random variables, and a Poisson distribution with mean A = E [IW].

This method is very effective for finding bounds on the total variation distance. We try to
apply this our AP-k counting summation, as the approach we took for theorem 1.3.3 seems to
fail for arithmetic progressions of length 2 or greater. The terms of X,(zk) are dependent, even
though it is generated by independent Bernoulli random variables w;, with w; ~ Ber(p;). We
wanted p; — 0 as ¢ — oo, because this way we generate a zero density set A = {i : w; = 1}.
p; — 0 means that the random variables w; are becoming increasingly more rare events. From
experience we know that when rare events are observed, they distribute themselves along a
Poisson distribution. We suggest the same must hold true for X,(Lk).

3.1 Chen-Stein method

The Chen-Stein method is a modification of Stein’s method for normal approximation. Chen
modified his method for Poisson approximation. The method is described as such [3]. Let W
and Z be a random variables where we try to approximate £(W) with the target distribution
of Z. Let C and D be classes of real valued functions defined on some space 2. In this process
of approximation we write Eh(W) — Eh(Z) = ELf, (W), where h € C is a test function, L is a
linear operator from C to D and f; € C is a solution to,

Lf =h—Eh(Z). (3.1)

L is usually referred to as the Stein operator and equation (3.1) as the Stein equation. The
error bound we are trying to find is given by EL f;,. We can bound EL f; by finding the solution
frn. This solution clearly depends on the operator L. The Stein operator L is such that,
L(W) = L(Z) iff the Stein identity ELf(WW) = 0, holds for a sufficiently large class of functions

f. L completely depends on £(Z). For normal approximation Stein used,

’

Lf(w) = f (w) —wf(w) ,weR.

16
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Chen modified the method to be used for Poisson approximation and defined,

Lf(w)=Af(w+1) —wf(w) ,weEZy.

Where A > 0 is the expectation of the Poisson random variable Z. The operator L, that
Chen defined, is made by showing that E[Af(Z) — Zf(Z)] = 0, for every bounded, real valued
functions f.

Lemma 3.1.1. If Z ~ Po()\), then E[Lf(Z)] =0 for all bounded, real valued functions f.

Proof. Let Z ~ Po(\) and let f be bounded and real valued, then

EN(Z +1)] = z_:o)\f(w + 1)&%
o0 w+1
= Ze)‘(u/)\Jrl)!(w—i-l)f(w—Fl)
w=0
=E[Zf(2)]
We conclude that E[Lf(Z)] =E[Nf(Z+1) - Zf(Z)] = 0. O

In the case of our AP-k counting summation finding error bounds for the total variation
distance is of interest. To get some acquaintance with the Chen-Stein method we apply it to

the AP-1 counting summation X,gl) . Again we give a proof of theorem 1.3.3, but this time we
make use of Chen-Stein. In fact we can even show that dry (E(XT(})), Po()\)> —> 0 as n — oo.
Which implies x{V 4 Z, where Z ~ Po()).

Theorem 3.1.1. Let {w; : i € N} be a sequence of independent random variables such that
w; ~ Bernoulli(p;). Assume that p; — 0 as i — oo and > ;0 p; = co. Let A > 0 and define

rn(A) = inf{k > n : Ef:npl- > A} If x .= o wi, then dry (E(Xf),l)),Po()\)> — 0 as
n — 0.

Before we attempt to give a proof we look at following lemma.

Lemma 3.1.2. If f}, is a solution of
Lf(w)=Af(w+1) —wf(w) =h—Eh(Z), (3.2)

with |h| =1 and Z ~Po(\). Then,

1—e?
1Al < < (1 A ) |

where Af(w) = f(w+1) — f(w).

The proof of this lemma is a bit technical and thus we refer to [3] for the full details. We
will just use this result to prove theorem 3.1.1.
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Proof. [Theorem 3.1.1.] Define W) = X" — w;. Then for any bounded real valued f,

E MY +1) - XPF(x0)] = Zj E [pf (X +1) —wif (x|
= imE XD 1) = f D 4 1)
= iPiE [wz‘Af(W(i) + 1)}
_ ip%E [Af(W(” + 1)}
Let f = fn be a bounded solution of (3.2) with h =14 , A C Z;. We get that,

dry (E(Xﬁf)), PO(A)) = sup
+

P(X(V) € A) —P(Z ¢ A)‘
<[ Afulloo Y17

1 i 1
< <1/\)\) sup (pi)-g;pi—>(1/\)\>-0-)\:0

n<i<ry

Hence, xV 4 Po()). O
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3.2 Poisson convergence

If we start looking at the limiting behaviour of XT(Lk) =y wiws; - - w; for k> 2, it becomes
a lot harder to calculate the moment generating function. The sequence of random variables
ng) = (wjwa; - - - Wi )i, are not independent, thus it is difficult to show what the asymptotic
distribution is. Luckily there is an important theorem, due to the Chen-Stein method, which
bounds the total variation [3].

Theorem 3.2.1 (Arratia, Goldstein & Gordon). Let {X, : « € J} be Bernoulli random vari-
ables with success probabilities po,cc € J. Let W =" ;X and X\ =EW =3 _:pa. Then,
for any collection of sets B, C J,a € J,

1 1.4
P <[1A= IAN—
dry (7). Po) < (145 ) (-t 0+ (18 22 ) by
where
bi=> > paps, ba=Y, > E(XaXp),
a€J BEB, a€J feBa\{a}
by = |E(XalXs,8 ¢ Ba) — pal.
aeJ

Note that if we choose X, independent of {Xg : § ¢ B,} for every a € J, then b3 = 0.

Let us now look at the case of arithmetic progressions of length 2, i.e. Ql(?) = (wiwzi)™ . By

i=n"
first considering this relatively simpler case, as opposed to the general case ng), we get some
valuable insights and ideas for the general case. Theorem 3.2.1 gives us enough tools to prove
the following theorem.

Theorem 3.2.2. Let {w; : i € N} be a sequence of independent random variables such that w; ~
Bernoulli(p;). Assume that p; — 0 as i — 0o and Y .0 pip2i = 00. Let X\ > 0 and define
ra(N) = inf{k >n: SF pipe; > A} If X\ = o wiwa;, then dTv(ﬁ(Xr(lz)),PO()\)) — 0

as n — o0.

Proof. In order too apply theorem 3.2.1 we start by defining {X,, : @ € J} and the collection
of sets B, C J. Clearly the X, are the Bernoulli random variables QZ(.Q). Thus let {X, : o €
J} = {wiwy; 1 i =n,n+1,...,7r,}, where J is taken to be {{i,2i} :i=n,n+1,...,r,}. For
B, we have to think a bit more. It is best to choose B, such that b3 = 0. Then we must have
for every o € J and for every 8 ¢ B, that X, is independent of X3. Meaning that for every
acJ: Xy L {Xg:0¢ By}

An arbitrary Bernoulli random variable in the sum W = 3" __;
term is dependent on the terms w i Wi and wey;wy;. Hence we take

X, is of the form w;wsy;. This

B, = {{i/2,i},{i,2i},{2i,4i} ci=n,n+1,...,r,}.

With this choice for B, we get that b3 = > ; |E(Xa|X3,8 ¢ Ba) — Dol = D nes |E(Xa) — pal =
0.
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Now it remains to prove that b; and by go to zero for large values of n. We show this by
direct calculation.

Tn
bi=> > paps= sz’p%p%pi + PiD2iPiP2i + PiP2iP2iP4i
acJ BEB, i=n

Tn
< Z Pip2ipi + piP2iPi + PiP2ip2i
. 2
=n
<A sup (pi —i—pi—l—pm) —0 as n— o0
n<i<ry N 2
For by we get,

Tn

by = Z Z E[XoXg] = ZE[WW%W%M] + Elwiwaiwaiwa]
acJ BeB,\{a} i=n

Tn

= Z E[wiWin%'] + Elwiwaiwa]
i=n
Tn

= Z DiP2iP i + PiP2iP4i

i=n

<X sup (pl' +p4i> —0 as n— o
n<i<ry 2

We see that by also goes to 0. Putting these results together gives,

drv (LOV), Po(\)) < (1 A i) (b + bo) + (1 A i/‘;) by
(1 A i) (b + ba)

1
g(l/\)\))\ sup <2p%+pi+p2i+p4i)—>0 as n — oo

n<i<rp

Hence we conclude d(ﬁ(Xff)), Po(\)) — 0 as n — oo. And thus x4 Po()). O
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Now consider the general case of arithmetic progressions of length &, i.e. Qz(»k) = (wiw2; - Wki )i,

Just as in the case of 9(2) we want to show that the limiting distribution is a Poisson distribu-

tion with parameter A = hm Zl n DiP2i - - - Pri- We can essentially follow the line of the proof

(k)

of theorem 3.2.2. Again we use theorem 3.2.1 to show that Xj LN Po(\) as n — oo.

Theorem 3.2.3. Let {w; : i € N} be a sequence of independent random variables such that
w; ~ Bernoulli(p;). Assume that p; — 0 as i — 0o and Y .| pip2i- - Pri = 00. Let A > 0
and define rn,(A) = inf{k > n : Zf:npipgi--‘pki > A If X7(1k) =) Wiw - W, then
dry (LX), Po(A)) — 0 as n — 0.

Proof. Just as before we want too apply theorem 3.2.1. Again we need to define { X, : « € J} and

the collection of sets B, C J. Let X, be the Bernoulli random variables ng). Thus {X,

J} ={wwai - -wg; i =n,n+1,...,r,}, where J is taken to be {{i,2i,...,ki} :i=n,...,r}.
In order to find the right definition for B, we have to consider all terms that are dependent

on an arbitrary term inside the sum W = ZaeJ Xo = Z:;n wWiw9; * * + Wi;. A random term in W

. k
is of the form w;ws; - - - wy;. This term is dependent on wjwy; - - - wy; for j = <(%)k ) , with

a=1/p=1
b fixed for each 1 < a < k. Thus define,

N k
o s ai .
B, = {372.7,--‘,kj}lj=(<b> ) i=n,...,T
a=1

b=1

With this choice of B, it follows that b3 = Y ; [E(Xa| X3, 8 € Ba) — pal = D ey |E(Xa) — pal =
0.

Now it remains to prove that b; and by go to zero for large values of n. Direct calculation
yields,

a€eJ BEBy i=n

ko k
IID MR RS 31 D3 D R
a€cJ BeB,\{a} i=n \ b=1a=1
[{a,b}|=2
Note that, if |{a, b}| = 2, for each fixed b and 1 < a < k there is at least one j € {‘” 2ai ...,%

such that wjwy; - - - wi; # wiws; - - - ww;. The first such j were this holds we denote by A’ To
emphasize that this j depends on a and b, we write A’(a,b). Hence we can now bound by,
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Tn k Tn k k
by < Z Z Z Elwiwa; -+ - wiw;] ‘j:Az‘(a’b) < Zpipm‘ e Z Z PAi(a
=n 1 a= i=n 1 a=

a2 - Yo (s

<A sup ZZpAi(a’b) — 0 as n— o0

nSisre | =1 a=1
[{a,b}|=2

Now that we have derived that both b; and by goes to 0 as n — co, we can see that,

dry (L(W), Po(\)) < (1 A i) (b + bo) + (1 A \1/‘;) by
- <1 A i) (br + ba)

k k k k
<<1/\/1\))\ sup ZZp%—i—ZZpN(a,b) — 0 as n—o0

nsiste | =1 a=1 b=1a=1
{a,b}|=2
Hence we conclude dTV(E(XT(Lk)), Po(X\)) — 0 as n — oo. And thus x{F 2 Po()). O

3.3 Large arithmetic progressions

Theorem 3.2.1 is a very general theorem and applicable to a broad number of problems. In this
section we want to show that this theorem can be used to prove that the occurrence of very
long arithmetic progressions is approximately Poisson distributed. A similar result is obtained
by Kifer in [5].

The setup is as such. Consider a sequence of independent and identically distributed
Bernoulli random variables {w; : i € N}. We let P(w; =1) = p € (0,1]. From Szemerédi’s
theorem we already know that the subset A = {i : w; = 1} C N contains infinitely many
arithmetic progressions of any finite length.

We would like to know the distribution of the number of ’large’ arithmetic progressions in
A. By ’large’ we refer to arithmetic progressions wjwg; - - - wy(n);, where ©(N) is an increasing
function that diverges as N — oo. The occurrence of large progressions are rare events. This
leads us to think that the law of rare events might be at play here.

Counting the number of large arithmetic progressions is done with X = Zf\i 1 Wil2; ** * We(N)i-

We want to show Poisson convergence for Xy, i.e show that Xy 4 Po()). First we need to
define what the parameter A should be. The law of rare events tells us that this is approximately
the expected number of successful events. Hence we define,

N N
=FE Zwi'--w@(]\/)i] :ZE [wi'--w@(N)i] :Np‘P(N) — das N — .

From this we can derive that p(N) 1 log, (%) as N — oco. Note that this means that ()
diverges as N — oo, because p € (0, 1).

We will now prove that X 4 Po(N).
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Theorem 3.3.1. Let {w; : i € N} be a sequence of independent random variables such that
w; ~ Bernoulli(p). Define A > 0 and let Zf\;IE [wi -'-w@(N)J — Aas N — oo. If Xy :=
Zf\il Wi+ Wu(NYi, then dry (L(XN), Po(A)) — 0 as N — oo

Proof. We take the same approach as in the previous section, and try too apply the powerful
theorem of Arratia, Goldstein & Gordon.

Just as before we need to know how to correctly define {X, : @ € J} and the collection of
sets B, € J. Logically is to define {X, : o € J} := {wiwai - -wynyi 14 = 1,2,..., N}, where
we let J = {{i,2i,...,p(N)i} :i=1,2,..., N}, as such. For B, we use the same logic as in the
previous sections. Thus let ,

ai\ # PV
By = {]72.77790(N>.7}’J:<<b> ) :izla"-aN

a=1/ p=1

Note that by defining B, like this X, is completely independent of {X3 : 8 ¢ B,} for every
«a € J. Hence, bs = 0.

We are left to prove that b; and by become arbitrarily small with increasing N. For b; we
get,

N) p(N)
=2 D Paps < sz- DoV Z D Pivt Do
aeJ BEB, b=1 a=1
Each of the w; are identically distributed implying that p; = p2; = --- = pyny = p € (0,1).
This gives,
©(N) (N
by = Np#WN Z Z p?M) | = NppWN) 2 (N)peY)

b=1 a=1

We know that Np?®Y) converges to A. In fact, Np¥N) increases ,with increasing N, to .
Thus, Np#V) < A, peV) < % and p?(N) < logp( ) for N > 1. Hence,

AN A
2
b1 S )\logp <N> N
Both log]?) (%), note p € (0,1), and N converges (or diverges) to co. But N is of higher
order, thus

log? (A)
A% lim —2o S =0
Ngnoo N
Hence b; converges to 0 as N — oc.
For by we get,
N) o(N)
b=, D EXaXs=) Z D Bl -wiw; - wo(sl]
a€Jd BeB.\{a} i=1 b=1 a=1

[{a,b}|=2
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Observe that this expression is symmetric in ¢ and j. Meaning that we can assume without
loss of generality, that ¢ < j. Implying that a > b.
Note that for j = 2¢ we have a minimum amount of non overlapping w;. When j = 2i the

total number of non overlapping w; is @ — 1. Hence,

N [ o(N)p(N)

b2 =2 Z Z Z E[wz C WhWj wLP(N)]] ’]:% < 2N802(N)p90(N)p

=1 b=1 a=1
a>b

(V)
4P2 —1

Remember that Np‘P(N) < X and 4,02(]\7) < logf7 (%) for N > 1. We derive,
b= 2o (1) /2 - 2% log} (1)
2= ®\N)VN T TN

Both logz (%), note p € (0,1), and v/ N converges (or diverges) to oo. But /N is of higher
order, thus

3 loo? (X
2)2 - og, (#)

=0
P N—oo \/N

Now that we have derived that both b; and by goes to 0 as N — oo, we can see that,

dry (LOV), Po(\)) < <1 A i) (b +bo) + <1 A 14) by

i
—(1n3) @0 A

1 2 (A 31 2 (A
< <1/\1> (AQ ng(N) —1-2/\2 ng(N)) — 0 as N —

A N p N

Hence we conclude dpy (L(Xn), Po(A)) — 0 as N — oo. And thus Xy N Po(N). O



Chapter 4

Poisson convergence: Transfer
matrix method

This chapter we will introduce a more direct approach for showing Poisson convergence, by
explicitly calculating the moment generating function of Xék), for k =1,2.

For arithmetic progressions of length 2 this will be carried out with a transfer matrix tech-
nique. This method is inspired from statistical mechanics. In statistical mechanics the transfer
matrix method is used to derive a more simple form of the partition function. The partition func-
tion is defined as Z(s) = >__ exp(—BH (s1,s2,...)), where s; are certain states of a (physical)
system that are accessible and H is the Hamiltonian [10].

The precise meaning of this partition function is not of importance to us. The method of

rewriting the partition function into a simple vector matrix vector multiplication, is what is of
importance for us. This is done by writing, Z(s) = v - <HZ]\L1 MZ> -w. Here v,w are vectors of
dimension d and M; are transfer matrices of dimension d x d. This rewriting will turn out to be
a very useful tool for computing the moment generating function of X,(LQ).

The advantage of the transfer matrix method over the Chen-Stein method, is that this is a
direct approach. It gives us an exact expression for the moment generating function, which is
convenient for computation and controlled approximations.

4.1 Direct approach for length 1 progressions

The goal is to show that Xﬁk) LN Po(\), by direct calculation of the moment generating function.
We start by looking at arithmetic progressions of length 1. By first looking at length 1 arithmetic
progressions we can draw some inspiration and ideas to generalize for length k& length arithmetic
progressions.

Theorem 4.1.1. Let (w;)ien be a sequence of independent random wvariables such that w; ~
Bernoulli(p;). Assume that p; — 0 asi — o0 and Vn € N: Y p; = oo. Let X > 0 and define

rn(A) = inf{k > n: Z?:npi > A} If x{M = o, wi, then x4 Po(\) as n — 0.

Proof. This time we will take a different approach too proving this. Direct calculation of the

moment generating function of Xél) gives,

My (t) =E [ethQn %} = ﬁE [efi] = f[ (1+pi(e" = 1))

25
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We want to take a general approach to evaluate this product, because we want to generalize
this for k-length arithmetical progressions. Carefully arranging the different terms yields,

Tn Tn Tn Tn Tn Tn Tn

H(l—l—pi(et—l)) :1+Zpl (e —1) 2‘22191]9] e —1 B'ZZZplpjpk e —1)3

i=n i=n i=n j=n i=n j=n k=n
I{i,j}|—2 [{4.5,k}1=3
- M
Z Z Z DiyDiy " Piy (et - 1) + o+ DnDny1 - 'prn(et
"i1=nis=n i =n

{i1,d2, ing =M

If the restrictions on the summations were to be removed, this would result the power series
of eXiZaPi€'=1) Note that an arbitrary term,

S = Y (e =M (M (M—i)
i 5 e 0= (B ) -GS ()

11=n12=n =N 1=2

Hi17i27"' 7i1\4}‘:M

Where 05\1}4—1‘) (n) is a sum consisting of products of an ¢ number of p;. At first glance this
might not be obvious. In order too get a better understanding of these 05\]}4_%) (n) terms we
calculate a few terms of this sum, up to the n + 2 factor. Note that the upcoming part of this
proof is not essential and can be skipped. The purpose of this is just to demonstrate how to

find the 05‘1/}4—1;) (n) terms.

n+2 n+2 n+2 n+2 n+2 n+2n+2
[L0+pe =) =1+ S me =1+ 5 3 S pimyle! = 124 55 3 57> ppymle! = 1)
i=n i=n i=n j=n i=n j=n k=n

[{i,7}=2 [{4.5.k}1=3

(*)
Now we set this equal to the same terms without restrictions. This will obviously give to

many terms. Thus we also subtract some correction terms and denote these as the 05\]4\/[72') (n).
We get,

n+2 . n+2 n+2 (et B 1)2
H (1+pi(e’ — 1)) é1—}—Z:pi(et— (sz e —1) > —T02(n)

3 (Ener-) 52 (o (o)

Now we want to write this in terms of (*). Expanding every summation yields,

_ 1)Tn—n+1
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n+2 n+2 n+2 (e B 1) (et B 1)2
=1+ Zpi(et 2‘ Z szpj et — 1 21 (pn +pn+1 +pn+2) TOQ(n)
i=n j=n
{i,g}=2

n+2 n+2n+2 (6 . 1) 3
+ 3 Z DD ppe(et = 1)’ 4+ <<2) (P2Prs1 + P2Pnta + P2 1P + D2y 1Pata

i=n j=n k=n

{i.5,k}1=3

+ Py oPn + DasoPnt1) + (2) (P, + Pigr + piu)) - (et;,l)g ((;) 03(n) + @) 03(n)>

By comparing this expression to (*) we can now find explicitly what the correction terms
are. Thus,

2 2 2
02 (n) =Pn + pn-i—l + pn+2

05(n) = P2Pni1 + P2Pnt2 + PoiaDn + DEi1Pnt2 + DooPn + PopoPnt
3 3 3

03(n) = py, +Ppi1 + Phio

(

From this we can conclude that every o Ajy = (n) is bounded by 02(n), because every p; € [0, 1].
Now that this part is concluded, we continue with the proof. From now on we will use some
more dense notation. Note that,

Tn rn—n+1
F=J[Q+m-1)) = 3 ﬁAM(n)
i=n M=0 ’
with, Ap(n Z Z Z PirDia Py (€8 = 1M
i1=ni2=n i =n

41,92, in =M

It also holds that,

Tn rn—n—+1

H(l—l—pze—l Z ]\14'< — By (n ))

i=n M=0

M
with, A),(n (ZpZ e —1) )

M
Bu(n) = Ay(n) — Apr(n) < oa(n Z ( ) et — )M = oy(n)2M (! — )M

=0

rn—n—+1
Now define 11 := E Al (n). Note that,

rn—n—+1 1 rn—n—+1 1 rn—n—+1 (2(6 o 1
I-111= Y S Bu(n) < > MzM(e —DMoy(n) = ) Zpl
M=0 M=0 M=0

= (2(et —1))M nooo,
Szi( CoD" sz 2000 =0

M=0 M' n<i<ry
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This means that I and I1 have the same asymptotic behaviour. Hence we can deduce the
limiting distribution of X,(LI) from II. Thus,

rn—n—+1 1 Tn M Tn
: _ 1 o (ot _ . (ot _ oAef-1)
nlgg@ II nl;rréo i (sz(e 1)) expnlglgo sz(e 1)=e
= =n =n
We can conclude that X" - Po()) as n — oo. O

4.2 Transfer matrix application for length 2 arithmetic progres-
sions

In this section we introduce the transfer matrix method to be used for the length 2 arithmetic
progressions counting summation Xr(bz). We emphasize that we only present this method as a
way of computation, and do not provide a rigorous proof. Further research is needed for this.

The most clear manner of explaining the transfer matrix method is by direct calculation, as
this approach is explicit in nature. Before we start calculating the moment generating function
of XT(L2), we look more closely at XT(LQ). XT(L2) = Y i wiws; contains terms that have long range
dependencies. For example take terms like w,ws, and wsopwys,. The distance between these
progressions will only increase as n — oco. Hence we say that these terms are long range
dependent.

A consequence of these dependencies is that we can not write,

E [etZZQn WiUJQi:| — 1 E [etwiw%]

What we can do is the following. Observe that X,(Lz) admits a decomposition into mutually
independent layers as such

wWiwo + wowy + wywg + - - -

W3we + wWew12 + wiowog + -« - -

Wok+1W2(2k+1) T W2(2k+1)W22(2k+1) T W22(2k+1)W23(2k+1) T **°

Now define the collection O = {m € {n,...,r,} : m mod 2 = 1}. Note that by this decom-
position we can write,

Tn N
X2 = Zwiwgi = Z Za(k,j)a(kz,j +1).

keO j=0

Where o(k, i) = wygi, with 0 < j < |logy (%2)|. For convenience we denote N = N (k) =

[log, (%) ]-
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(2)

Utilizing this alternate form of X, we derive,

E [etZQZn wiwzi} - [etZkeO SN o(k.g)o(k,j+1) ] H E [etzj Vo o(k,j)o (k,j+1)} ‘
keO

By mutual independence of the layers the first summation over k is factored outside the
N . .
expectation. What remains to be calculated is the expectation E [et 2j=o o (kg)o (kg H)]. Direct

calculation yields,

N+1
ot X0 o(kg)o(k,j+1) } _ Z Heta(k,j o(k,j+1) H p(k, §)° _p(k’j))lfa(k,j).

00 0N+1 =0

Here p(k, j) = E[o(k, j)]-
The next and most important step is the introduction of transfer matrices. We write this
complicated expression into a more simple form. Note that,

N
DI U(k,j)o(k,jJrl)} _ 1 —pny
E [6 = N 1;[ U(k J)J(k j+1) ( DN+1
Where transfer matrix Mé(,f]))g(k iy = = p(k, )" (1 — p(hj))lfg(k’j) eto(k:)o(kj+1) - The ma-

trix looks like,

M(k’j) _ <1_p(k7j) ( ) ))
T(k, )T (k,j+1) p(k, 7) ( ,j)et

This method of rewriting is called the transfer matrix method.

We see that we are left with the immense task of calculating this matrix product. Unfortu-
nately this is about the extend of the research. After this point no concrete results were obtained.
Although we are quite convinced that this approach should give the desired Poisson convergence.

We conjecture that Zévo (k,j)o(k,7+1) LN Po(u), with p +— E [Z o(k,j)o(k,7+1)].

Implying that S = ko Z] o0k, j)o(k,j+1) 4 Po(\). We think this implication should
hold true, because the distribution of a sum of independent Poisson random variables is also
Poisson.

We would like to leave the reader with some key observations for further research. An

important observation is that the matrix Mé’jg]?)gw 1)

A and B.

can be written as the sum of 2 matrices

(k.j) — 11 (-1 -1
Mg(k,j)o(k,j+1) A+p(k,j)B <O 0) + p(k, 7) < 1 ot

Note that A* = A for every k > 1. The matrices A and B unfortunately do not commute.
Meaning that we need to take the order of operation into consideration. Carefully arranging of
terms gives,
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N N—
11 Mg&?)a(k,nn AN+ Z (k,j)ABA +p(k, N)AB + Z p(k,j+1)AB*A
Jj=0 —1

p(’fao)p(k’, DB2AN™ 4 p(k, N = 1)p(k, N)AB? + o(p(k, j)*)

Where o(p(k, 7)?) are the higher order terms.
Observe that the first order terms E;V:_Ol p(k, j)ABA equate to 0, because ABA = 0. Also
et —1 et -1

24 _
note that AB“A = < 0 0

>, which will give the important factor of,

(1 1)AB*A (1 ;pN“) = (el —1)
N+1

What remains to be proven is that the remaining terms become arbitrary small as n — oo.
Important insight could be taken from the direct approach for length 1 progressions. Unfortu-
nately a rigorous proof of this is not obtained. More research on this topic is needed.
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