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1 The Primes contain arbitrarily long arithmetic
progressions

1.1 Introduction

In this chapter, we closely follow [7].
We start by stating the following result due to Szemerédi [13]

Theorem 1.1. Let N be a positive integer, let & > 0 be fixed, and let k > 3 be an
integer. Then there is a positive integer No = No(0,k) with the following property. If
N > Ny and A € Zy is any set of cardinality at least N, then A contains an arithmetic
progression of length k.

One can show that an equivalent form of Szemerédi’s Theorem is the following

Theorem 1.2. Let 0<§ <1 and k > 1 be fixred. Let N be a sufficiently large integer
parameter, and let f:Zx — R" be a function satisfying

0<f(z)<1

forallzeZyn and
EzeZNf(x) > 0.

Then we have

Eyrezy [f(z)f(z+7)f(z+(k=1)r)] > c(k,d) — 0 5(1)

for some constant c(k,d) > 0 independent of N and f.

Over the years, new proofs of this statement have been developed. However, it is
believed that this statement holds even when the density of A is slowly decreasing
with V. More precisely, there is the following

Conjecture 1.3 (Erés). Let A be a set of positive integers satisfying ZGEA% = o0.
Then A contains arbitrarily long arithmetic progressions.

There has been some progress towards a decreasing density of A. Namely, there is the
following result due to Gowers [3,4]:

Theorem 1.4 (Gowers). For every positive integer k there is a constant ¢ = c(k) >0
such that every subset of {1,...,N} of size at least N (loglog N)™¢ contains an arith-
metic progression of length k.

The goal in this chapter will be to explain the main ideas coming into the proof of the
following long-conjectured Theorem due to Green and Tao [7].

Main Theorem 1.5 (Green-Tao). The primes contain infinitely many arithmetic
progressions of any length.



Note that the Theorem of Gowers, despite being a fundamental breakthrough and
inspiration for this result, is still far from being applicable to all sets of similar density
as the primes.

It is in fact not much harder to show the following slightly stronger

Theorem 1.6. Let A be any subset of the primes of positive relative upper density,

i.€.
lim sup 7|A n[L N
Noo  m(N)

Then A contains infinitely many arithmetic progressions of any length.

> 0.

This is also due to Green and Tao. Note that the proofs of these Theorems do use
some arithmetic properties of primes, and can thus not be easily extended to sets of
the same (or higher) density as the primes.

1.2 Pseudorandom measures

In the following discussion N always denotes a large prime.

The fundamental notion introduced by Green and Tao to be able to transfer the prob-
lem from sets of positive densities to more general sets is the notion of pseudorandom
measures. To introduce these, we first need the following definitions:

Definition 1.7. Let v:Zy — R* be a function (it might be more precise to call it a
sequence of functions indexed by N ). v is said to be a measure if

Enezyv(n) =1+0(1). (1.1)

Definition 1.8. Let v:Zy — R* be a measure. Let (to,do, Lo) be a triple of positive
integers. Then we say that v satisfies the (tg,do, Lo)-linear forms condition if the
following holds:

Let 1<d<dy, 1<t <ty, and let (Lij)1<i<t,1<j<d be integers bounded in absolute value
by Lo. Moreover, let b; € Z,1 <i<t, and define the affine-linear forms 1; : Z¢ - 7,

d
’(/)Z(.’E) = Z Lij-Tj + bl
j=1

Then we have

uwi(n))] 1t o 10 (1). (1.2

t
EnGZ?\,
i=1

Note that every v; induces a well-defined map Zﬁl\, - 7N .

Informally, this states that the function v does not correlate with itself on affine-linear
forms. We will later apply this in the context of prime numbers, where v will essentially
be concentrated on the primes. In this case, the linear forms condition essentially states



that the events "i;(z) is almost prime" are asymptotically independent of each other
as j varies. Note that for ¢ = 1, this also gives the measure condition.

We just give one special case as an example. If (¢g,do, Lo) is at least (4,3,1), we in
particular obtain that

Eny hoezy [V (@)v(x + hi)v(x + ha)v(z + hy + ha)] = 1+ 044,401, (1)-

In terms of the definitions we give in section 1.5, this asserts that the Gowers norm
U%(Zy) of v is close to 1. Similar statements can of course be derived for higher
Gowers norms by choosing the parameters accordingly.

Definition 1.9. Let v : Zy — R* be a measure, and let mq be a positive integer. v
is said to satisfy the mq-correlation condition if for every 1 < m < mg there exists a
weight function T =T, : Zy - R* satisfying

Enezy [T9(n)] Kim,q 1 (1.3)
for all 1< qg< oo and
Enezy [H V(n”li)] < Y 7(hi-hy) (1.4)
i=1 1<i<j<m

forallhy,... . hy € Zy.

This condition was, in some sense, constructed in such a way that it applies to the
primes. For a rather uniformly distributed function v one could expect a stronger
bound on the right-hand side of the type O,,(1), but the arithmetic properties of the
primes lead to slight non-uniformities. For example, the number of primes p < N such
that p—h is also prime is not bounded uniformly in & by (a constant times) N/log® N,
as opposed to random sets of prime densities.

Definition 1.10. Let D be a positive integer. A measure v is called D-pseudorandom
if it satisfies the (D2P~1,3D — 4, D)-linear forms and the 2P~1-correlation condition.

The next claim illustrates the so-called transference principle very well. Compare the
statement to 1.2.

Theorem 1.11. Let k>3 and 0 < § <1 be fized parameters. Suppose that v :Zn — R*
is k-pseudorandom. Let f:Zxn — R* be a function satisfying

0< f(z) <v(x)

for all x e Zy, and
EwGZNf(x) 2(5.

Then we have

Eyrezy [f(z)f(z+7)f(z+(k-1)r)] > c(k,d) —os(1).



Note that this time, f is not (necessarily) bounded by the constant function 1, but
by a special type of function that has average value 1, namely a pseudorandom mea-
sure. This general idea applies for several statements in this area, where we have a
(comparably simple) Theorem regarding bounded functions, and are able to apply it
in some way to show it for functions which are bounded by pseudorandom measures.
Of course, since the constant function 1 defines a k-pseudorandom measure for any
value of k, this is indeed more general.

The proof of this Theorem constitutes the major part of the proof of the Green-Tao
Theorem.

1.3 Notation

Notations such as the o-notation will usually be considered in the limit as N — oo;
sometimes, we will also consider limits as certain variables go to zero, but we will
explicitly say so. Variable indices in O-, o- and <«-notation indicate that the statement
holds when these variables are fixed.

For a given finite, non-empty set A we write |A| for its cardinality and
1
Egealf(z)]:= Al Z f(x)
| | xeA

to denote its average. For N € N, we write [N]:= {1,...,N}. We denote by Zx the
cyclic group Z/NZ. We sometimes write log,,, where the index will always mean the
number of iterations of the natural logarithm, not the base.

1.4 Majorising the primes by a pseudorandom measure

In this whole chapter, we view k as fixed. Any dependencies of functions or implicit
constants on k will be notationally omitted.

The goal of this section is to prove the Main Theorem 1.6 assuming Theorem 1.11 and
two other propositions from complex analysis essentially due to Goldston, Pintz and
Yildirim, but also proved - in detail and adjusted to this setting - by Green and Tao
in [7].

To this end, let w = w(N) =logz N and W =[], p. We define A:N - RY,

- eV AN(Wn+1) if Wn+1 is prime
Aln) = { " else '

Note that, from Dirichlet’s Theorem on primes in APs, A has average value 1. The
fundamental observation now is the following

Proposition 1.12. Set ¢, = 1/(25(k +4)!) and let N be a sufficiently large prime
number. Then there exists a k-pseudorandom measure v : Zy — R* such that v(n) >

k1275 5A(n) for all e, N <n < 2e,N.



Proof of Theorem 1.5 assuming Theorem 1.11 and Proposition 1.12. Define f : Zn —
R* by f(n):=k127"5A(n) for 4N <n <26, N and 0 otherwise. We have

Br- 2 S Ry — 2 e (1 0(1)).

N ex N<n<2ep, N

By Proposition 1.12 we see that we may apply Theorem 1.11 to deduce
Eorezy [f (@) f (@ + ) f(x+ (k=1)r)] 2 e(k, k71275 %) = o(1).

The case r = 0 can contribute at most O(log® N/N) = o(1) and may therefore be
removed. Moreover, the fact that f vanishes outside [exNV,2¢,N] implies that z,z +
k,...,x+(k-1)r in fact defines an AP in Z, not only in Zy (if the pair (x,r) contributes
to the above expectation). The claim now follows from the definition of f via A by
taking N sufficiently large. O

We have thus reduced the Main Theorem to the two statements 1.11 and 1.12. We
start by reducing the latter in the way announced. Note that we have

A(n) = Y pu(d) log(nfd) = 3 1(d) log(n/d)...

d|n d|n

where log, denotes the positive part max(log,0) of the logarithm. Keeping this in
mind, we can now make the following

Definition 1.13. Let R= R(N) be a parameter. We define the truncated divisor sum

An(n) = 3 u(@) og()d) = 5 u(d) os(Rd).. (1.5)
dln

d|n
d<R

This enables us to define the k-pseudorandom measure which will majorise A, or more
precisely, the function f from the subsequent proof.

Definition 1.14. Let R := N* 2" and let € be as in Proposition 1.12. Define
v:Zy — RY,

V(n) = {1 w log R Zf ekN <n< 2€kN .

else

We have to show several claims to prove Proposition 1.12.
(i) v majorises f,

)
(i)
)
)

(iii
(iv) v satisfies the 2¢~!-correlation condition.

v defines a measure,

v satisfies the (k2¥~1, 3k — 4, k)-linear forms condition and



We will rely heavily on the following two propositions which are essentially due to
Goldston, Pintz and Yildirinm, and which have quite technical proofs strongly using
complex analysis.

Proposition 1.15. Let d,t be positive integers. For 1 <i<t, let ¢; : Z¢ - 7,
d
¢z($) = Z Lijxj + bL
j=1

for some integers b; and a collection of integer coefficients |L;;| < Jw/2. Assume
that the t-tuples (L;;); are never identically zero, and that no two of the t-tuples are
rational multiples of each other. Set 0; :== Wip;+1, and let B = [I'_, I; ¢ R be a product
of intervals of length at least R'°®. Then

WlogR) . (1.6)

e(W)
Proposition 1.16. Let m be a positive integer and let I be an interval of length at
least R*™. Suppose that hy, ..., h,, are distinct integers such that |h;| < N?, and set

A:: H |h1—h]|

1<i<j<m

Then for sufficiently large N = N(m) we have
Ea;ej [AR(W(J? + hl) + 1)2AR(W($ + hml) + 1)2]

< <1+om(1>>(vz(1;§f) [[0+0u ™). ()

Lemma 1.17. Let f := k™'27*°A as before. Then 0 < f(z) < v(x) for all z €
[exN,2ex N if N is sufficiently large.

Eqcpnzd [Ar(01(2))Ar(0i(2))?] = (1 +04,(1)) (

Proof. If Wn + 1 is not prime, the claim is trivial. If N is sufficiently large, we
may assume that Wn +1 > R for all n € [exN,2¢,N]. The truncated divisor sum
corresponding to Ar(Wn+1) then only contains the summand d = 1, so that Ag(Wn+
1) =log R. This implies

v(n) = L(‘:/V) logR> k127" 5A(n) = f(n)
for sufficiently large IV and thus the claim. O

Lemma 1.18. v defines a measure.

Proof. We can apply Proposition 1.15 with d = ¢t = 1, ¢1(z) = x as well as B =
[exN,2¢,N]. If N is large enough, B satisfies the assumptions of that proposition
and we obtain

Wlog R
e(W) -

The claim follows immediately from the definition of v. O

Ezé[ekN,ZekN] [AR(Wx + 1)2] = (1 + 0(1))



Lemma 1.19. v satisfies the (k2871, 3k — 4, k)-linear forms condition.

Proof. Clearly, we want to apply Proposition 1.15. But due to the piecewise definition,
we need to make some technical adjustments to be able to do that.

To this end, let Q@ = Q(N) be a function slowly growing with N to be chosen later,
and partition Zl]iv into Q¢ boxes

Buy,..ouy = {:c € Z‘Iiv )€ [[ujN/QJ, [(uj + l)N/QJ),j =1,.. .,d},
where we may view the u; as elements of Zg. Note that the sizes of these boxes might

differ up to at most 1 in every direction. We can thus rewrite

If for every i = 1,...,t we have that ¢;(By, ... u,) is either contained in or disjoint from
[ex N, 2¢;N] then we can already say that

v P (W1(@))- v (Wi (2))] = 1+ 0(1),

due to Proposition 1.15 if Q grows slow enough that N/Q exceeds R'°?, noting that v
is identically 1 in the second case (regarding dependencies of implicit constants, note
that d and t are bounded by functions of k only).

IEaceBu1

If there is 7 such that 1;(By,,... 4,) is not contained in either of the sets, then we can

e(W)
Wlog R

uy (W1 (2))v(¥e(2))] = O(1).
It now suffices to show that the proportion of such tuples (uq,...,uq) is O(1/Q) to

obtain the claim. To this end, let 1 < i < ¢ as well as z,2’ € B, . 4, such that
i (x) € [ex N, 2e, N, but 1;(z") is not. We have

still trivially bound v by 1+ A% (0;(z)), multiply out and apply Proposition 1.15

to obtain that
ECEEBul

,,,,,

d
bi(x) = ) Lij| Nu; /Q) + b + O(N/Q)
j=1
and the same for ¢;(z’). Thus, we either have

EkN: zd:LleNu]/QJ +bl+O(N/Q)

J=1

or the same equation holds with 2e;, N (we assume the first). Dividing by N/Q gives
d
Z Lijuj = EkQ - qu/N + O(l)
j=1

But we assumed that (L;;); is not identically zero, hence this equation can only be
satisfied by O(Q?1) values of (uy,...,ug). This completes the proof of the linear
forms condition. O



To verify the correlation condition, we of course aim to apply Proposition 1.16. To
this end, we first need a Lemma in order to deal with the product term appearing on
its right-hand side.

Lemma 1.20. For any m > 1, there is a weight function T = Ty, : Z — R* such that
7(n) > 1 for all n + 0 and such that for any distinct hy,...,hy, € [exN,2e,N| we have

[TA+0n )< > 7(hi-hy) (1.8)

plA 1<i<j<m

with notation as in Proposition 1.16, and such that
E0<|n|SN [Tq (n)] = Om,q(l)

for 1< g<oco.

Proof. Note that we have

Om (1)
[0 )< T I1 on™™)< T] ( 1 (1+p_1/2)) .

plA 1<i<jsm p||h;—h;| 1<i<j<m \p|h;-h;

The inequality of arithmetic and geometric mean implies that this (after rewriting) is
bounded by

Om (1 1/('3) Om(1)
( 0 (1 ae) ) 0,0 ¥ (T awmm)

1<i<j<m \ p|h;-h; 1<i<j<m \ p|h;-h;

Setting o
O (1
7 (n) = O (1)( TT(L+p77))

pln

(with the constants as in the last bound) implies the Lemma if we can show that for
1< g < oo, we have

Eoamen|(TTA+772)) 7] = 0,04(1).

pln

One quickly verifies that for all but O,, ,(1) values of p we can bound (1 +p~/2)9m(@
by 1+ p~'/*. Moreover, we have I, (1 +p ) < Zd|nd_1/4. Hence, we obtain that

EO<‘n|SN[( H(l +p_1/2))or,n(Q)] _ Om,q(l)E0<|n‘SN|: Z d—l/4]
d|n

pln
1 &N

Z —d = Om7q(1)a

=Opm.q(1
W25

as we wanted. O

10



We are now in a position to verify the correlation condition, which completes the proof
of Proposition 1.12.

Lemma 1.21. v satisfies the 25! -correlation condition.

Proof. Our goal is to verify that for all 1 <m < 2" and hy,..., hy, € Zy, we have
Epezy [V(z + hy)v(z+h)] < > 7(hi = hy), (1.9)
1<i<jsm

for some weight function 7 = 7, satisfying E[79] = O,, ¢(1). Let 7 be the weight
function from Lemma 1.20, identifying Zy with (-N/2,N/2]. Note that we can still
set the value of 7(0) in any way such that the moment condition is still satisfied, so
we can define

7(0) := exp(Cmlog N /loglog N)
for some absolute constant C' > 0.

First assume that there are two values of h; which coincide. In that case, we can
trivially bound the left-hand side of (1.9) by ||v||7, and looking at the definition of

v, we can bound
2
V]| << log N (max7(n))",

and because it is well-known that the maximal order of log 7(n) is log 2logn/loglogn,
we see that for sufficiently large value of C,

[Wllz < 7(0).
This gives the claim in the case that two h; are equal.
Now assume that all the h; are distinct. Define

(W) AL (Wn+1)
o) = ECD D g (o).

Then we can easily bound

Epezn V(@ +hy)v(z+ hp)] Bz [(T+g(z+ h1)) (1 + g(x+ hiy))]

Expanding the right-hand side gives

Z EKZN[Hg(x+hZ—)].

Ac{1,...,m} i€A

Applying Proposition 1.16 together with Lemma 1.20, we have

Eoery | [To(+h)] < (1 +0,(1)) 3 7(hi=hy)

ieA 1<i<j<m

and multiplying 7 by O,,(1), the claim follows. O

11



1.5 The Gowers norm

Definition 1.22. Let d > 1, and f:Zx — C be a function. ForteZy, we define the
translated function fi:Zn — C,

fe(x) = f(z+1).

Moreover, we define the Gowers 1-norm of f by

1 llvr@zn) = [Baezy [f (2)]]

and then the Gowers d-norm inductively by

—j9d-1 1/2¢
1flloaczyy = (Brezn (1 - Tl any]) -

Note that the Gowers 1-norm is not actually a norm.

We will, for most parts, only deal with real-valued functions, where we can ignore the
complex conjugation. We note that almost all results we present on Gowers norms also
hold in the complex-valued case, but we will not actually need to deal with complex
functions in applications and it is notationally easier to deal with the real-valued case.

We will moreover shorten || f|

vsny =]
Let d > 1. We will parametrise the d-dimensional cube with side lengths hq, ..., hq by
(W+h)weqo,13¢, where w - h = wihy + -+ +wghq. We can then define the Gowers inner
product of complex-valued functions (f.,)uef0,13¢ on Zn by

Us([ND-

<(fw)we{0,1}d>Ud = EmeZN,heZ‘IiVI: H C‘w‘fw(x+w}l)j| (110>
we{0,1}4

with |w| =wy + -+ wyq and where C denotes complex conjugation.

Lemma 1.23. The Gowers norm of a function f:Zy — C can be explicitly written

as
1/2¢

1lloaczny = ((Dedls =Bacaynezs,| TI C¥f(+w-h)] (1.11)

we{0,1}4
We leave this as an exercise to the reader; it is a simple induction argument.

Definition 1.24. In the same spirit, we can define the U%-norm of a function f : 7 —
C on some finite subset A cZ by

d

/
fllrecay =B pezpeze. | T1 C¥fG@+w-m)] " (1.12)
z+w-heAVwe{0,1}¢ we{0,1}¢

Example 1.25. Let d = 2. For functions fog, f10, fo1, f11 : Zn — R we obtain

(fo0s fr0, for, f11)u2 = e hy heezy [foo (@) fro(z + h1) for (@ + ha) fi1 (2 + hy + ha)].

12



The Gowers 2-norm of a function f is thus given by

1/ lo2(zay = Eahy hoczy [F(@) f (@ + ha) f (@ + ho) f(z + hy + ho) ]V

It is not very hard to show that in fact we have

1A lo2zny = I lla-

For a more specific example, define

)=

ar? +br+c
N

Then one verifies that
||f||U3(ZN) =1

This is essentially because we apply Weyl differencing to the argument three times,
giving the constant phase 0. The analogous result holds for the U%*1(Zx)-norm when
replacing the degree 2 polynomial by one of degree d.

Lemma 1.26. The Gowers norm is non-negative and, for all d > 2, in fact defines a
norm.

Proof. We have

(Nodvs =By wegngen| [T flare! W) f(@+w B +ha)]

w'e{0,1}d-1
2]

Taking general inner products with the same idea, we see that

EyeZN[ H f(y+w'-h')]

w'e{0,1}d-1

= Ehlez?\;l l

which implies the non-negativity.

((fw)we{o,l}d>Ud = Eh'eZ‘}\j‘l [EyezN [ H f(w',o)(y +w'- h')]
w’e{0,1}d-1

]EyeZN[ H f(w’,l)(y+w,'h,):|:|

w'e{0,1}4-1
Cauchy-Schwarz inequality with respect to h' gives

{(fio)wefo,13¢)ual < ((f(w’,O))wE{O,l}d>1U/d2<(f(w',1))we{0,1}d)(1]/d2

and inductively we obtain the Gowers-Cauchy-Schwarz inequality

((fodwetonyadval < TT  Iollya- (1.13)

we{0,1}¢

13



The triangle inequality is now a direct consequence of this together with the binomial
formula: We have

(F +9edval < (Il + lglloa)>”

which immediately resolves this claim. The R-linearity is clear and thus it suffices to
show the definiteness of the Gowers norm. To do this, we show the definiteness of the
Gowers 2-norm and then prove that || f||ga1 <||f||« for all d > 2.

To see the definiteness of the Gowers 2-norm, we can apply the Gowers-Cauchy-Schwarz
inequality with f,d,,d,d. to obtain

Eu iy hoezn LF (2)00 (2 + h1)0p (2 + ha)de(x + By + ha)] < || fll2 N €

(where C =9/4, but that is not important here). If ||f||y2 = 0, varying a,b and ¢ over
Zy one sees that f =0 and thus || - ||z is definite.

We can now turn to the monotonicity property. Let f:Zy — R be a function and let
fo =1 when wyg =1 and f, := f when wy =0. From the definition of the Gowers norm
and from the Gowers-Cauchy-Schwarz inequality we obtain

d-1 d-1
1 f1Era-1 = {(f)wegoya)vel <1 flEra -

This implies the claim. O

We will sometimes need to transition between the U¢(Zy)- and U¢[N]-norms, typ-
ically for some prime N’ € [CN,2CN]. The fundamental Lemma which allows us to
do that is the following.

Lemma 1.27. Let N’ > 1 be an integer, and let 0 < a < 1/2. Let I = [a,b] be an
interval of integers which satisfies aN" <|I| < N'[2. Let f:I - R be a function on I,
and f : Zn» — R be the function obtained from f by identifying I with the corresponding
image in Zy+ and setting it 0 otherwise. Then we have

I flleraczyy = cllflleacn (1.14)

for some ¢ = ¢(I,N',d) independent of f and bounded from above and below by ¢’ =
c(a,d) uniformly over I and N'. In particular, in the above scenario when N' €
[CN,2CN] for some constant C > 0, the norms UN(Zy+) and U[N] are equivalent
and the constants in both directions can be chosen independent of N (and N').

We will not proceed to prove this, the proof is technical and not very interesting for
us.

Lemma 1.28. Let v be a k-pseudorandom measure. Then we have
[l =1[ya = o(1) (1.15)

foralll<d<k-1.

14



Proof. It suffices to prove the case d = k — 1 by monotonicity. By definition of the
Gowers norm, the claim follows if we can show that

EzezN,heZ’;vl[ [1 (V(CUJFW'h)—l)]:O(l)'

we{0,1}k-1

The assertion will now follow by expanding the product and applying the linear forms
condition to each part: The left-hand side coincides with

> (CDME, ey, ezt [H v(z+w- h)] : (1.16)

Ac{0,1}k-1 weA

Looking at the forms (z,h1,...,hx_1) = o +w-h as w ranges over {0,1}*71 one may
easily check that none of them are rational multiples of each other (or identically
zero) and we can thus apply the linear forms condition with parameters (2571, k,1) to
conclude that each expectation is 1+ o(1). The claim then follows from the binomial
formula. O

We can now state what was coined the "generalised von Neumann theorem" by Green
and Tao. It is a very important manifestation of the transference principle, in the
sense that it is a statement regarding functions bounded by pseudorandom measures
which was previously known only for bounded functions (see [4, Theorem 3.2]). We
will only prove the theorem in a special case, but note that the general strategy is
identical; it is merely the much heavier notation which prevents us from proving the
general statement.

Proposition 1.29. Let N(>2) be a prime, v:Zx — R* a k-pseudorandom measure,
and let f1,..., fr-1:Zn = R be functions which satisfy

|fi(x)| <v(z)+1 for allz e Zn,0<j<k-1. (1.17)
Let cg, ... ,cx1 be a permutation of k consecutive elements of {-k+1,...,0,...,k—1}.
Then
k-1
Barean | T oo =0 (L nf Wllo) w0 (s
3=0 <j<k-1

For the proof of this statement, we first need a small Lemma, for which we only sketch
the proof; the details are very simple to fill in.

Lemma 1.30. Let v be a k-pseudorandom measure. Then vy := (v +1)/2 is also
k-pseudorandom.

Proof. Clearly vy, defines a measure. The other conditions may easily be checked by
plugging in vy, in the required equations and expanding the product. In the linear
forms condition, one obtains an average of 2" terms, each of which is 1+ 04, 4,1, and
thus, their average satisfies this as well. In a similar spirit, the correlation condition
easily follows by expanding the corresponding product. O
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Proof of the case k = 3. Note that the conclusion does not depend on the pseudoran-
dom measure v. Thus, if we are able to show the statement for functions f with the

property
|15 () <v()

then, applying it to vy/5 in view of Lemma 1.30 gives the above statement. Hence, we
may assume this. By reordering (and shifting), we may furthermore assume that f
has the smallest Gowers norm and that ¢; = j.

We will now prove the case k = 3. Our goal is to prove

By rezy [fo(@) fi(z +7) f2(z +27r)] = O(|| follv2(zy)) + 0o(1). (1.19)

To this end, it is convenient to reparametrise the arithmetic progression (z, x+r, z+2r)
as (2y1 + 2y2,92, —2y1 ), so that the second term does not depend on y; and the third
term is independent of ys.

We are thus interested in bounding the quantity
Jo =By, yaezy [fo(2y1 +2y2) f1(y2) f2(-2y1)].
From the assumption on f; we deduce

|Jo| € By ezy [[Eysezy [fo(2y1 + 2y2) f1(y2)]lv(—2y1)],

so that Cauchy-Schwarz inequality together with the measure property of v implies

ol < (1 + (1) By, ez [yt Lfo (20 +202) fi(2) )] = (1 + 0(1)) 37,
where we set
J1 =By, gy apenn [Fo(2u1 +2y2) fo(2y1 + 295) f1(y2) f1 (y2)v(=2u1)] -
This time bounding f; by v, we now get
J1 < By, yreny By, ez [fo(291 + 2y2) fo (21 + 295)v(=2510) JIv (y2)v (y2)] -

Cauchy-Schwarz therefore implies

T < (1+0(1)Ey, yrenn [[Eyrezn [fo (201 + 20) fo 20 + 203 w(=200) 12w () ()]

Hence we have
ol < (1+ (1)),

where we define

J2 = By, yr o ez [fo(201 +2y2) fo(2u1 + 2y3) fo (21 + 2y2) fo(2u1 +2y3)
v(=2y1)v(=2y1)v(y2)v(ys)].
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Reparametrising (2y; +2ys, 2y1 +2y2, 2y1 +2y5, 2y1 +2y5) by (2z,2(x+h1),2(x+hs), 2(z+
hi + hg)), we can write

Jo =By hy hoezy [f0(27) fo(2(z + h1)) fo(2(x + ha)) fo(2(x + ha + ha) )W (2, b1, ha)]

with
W(z,h1,h2) = Eyez, [V(—2y)v(—2y — 2k )v(x - y)v(z —y + ha)] .

Note that, since N > 2 is a prime, we have
1 folltr2zny = Eaha haezs [fo(22) fo(2(x + 7)) fo(2(x + h2)) fo(2(x + ha + h2))],
so that it suffices to show that
Eani hoezy [f0(22) fo(2(@ + h1)) fo(2(x + h2)) fo(2(x + hy + ha)) (W (@, by, ha) = 1)] = o(1).

Again bounding fy by v and applying Cauchy-Schwarz, we see that it suffices to verify
the following two equations:

Ey by hoezy [V(2x)u(2(x +h)v(2(x+h2))v(2(z + hy + he)) (W (2, hy, ho) — 1)2] =o(1),
Ep by hoezy [V22)0(2(z + h1))v(2(x + h2))v(2(x + b1 + he))] = 1+ o(1).

After expanding the W -1 term in the first equation, one sees that to prove these two
equations, it suffices to show

Eth,hz [1/(2m)u(2(m + hl))ll(Q(l‘ + hz))V(Q(JZ + hl + hg))W(l‘, hl, hg)q] =1+ 0(1)
holds for ¢ = 0,1,2. But this is a direct consequence of the linear forms condition. [

The reader may verify that for complex-valued functions, the proof works just out
in the way we want. For example when defining J;, we need a complex conjugation
precisely over those terms containing y5. Analogously, in the definition of yo the
number of complex conjugations of each term is exactly the number of yj-variables
contained in that expression.

1.6 Gowers anti-uniformity

Definition 1.31. We introduce the Gowers dual norm of a function g:Zy — R given
by

9llux=1(zyy = sup{l{fs 9)| : f: Zn = R, || flle-r(zyy <13 (1.20)
Example 1.32. If k = 3, we have || f|[y2(zy) = | flz+, which quickly implies

||9||U3(ZN) =19l s

using Parseval’s identity and the duality of the L*- and L*3-norm.
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It is immediate from the definition that for any f,g:Zy — R we have

(s D) < flluw-1 @y llgllur-1 zyy-

We informally call a function f Gowers-uniform if its Gowers norm is small, and a
function g Gowers anti-uniform if its Gowers dual norm is not too large. From the
above inequality, we see that a function f which correlates with such a Gowers anti-
uniform function (meaning that |(f, g}| is not too small) can not be Gowers-uniform.
We will soon make this more precise, and we will see why it is important.

Definition 1.33. For a function F : Zn — R, we define the Gowers dual function
DF :Zn — R by

DF(z) := Epezi [I F(z+w-h)|. (1.21)

we{0,1}F1
w#0

The Gowers dual of a function F which is pointwise bounded by v + 1 for some pseu-
dorandom measure v will be called a basic Gowers anti-uniform function.

Lemma 1.34. Let v be a k-pseudorandom measure and let F : Zn — R be a function.
Then we have -
(F.DF) = ||F|[fx-1 (2, (1.22)

and -
2k-1_1
||IDF||Uf*1(ZN) = ||F||Uk—1(ZN)~ (1-23)

If we moreover have |F(z)| < v(x) +1 for all x € Zy, i.e. DF is a basic Gowers
anti-uniform function, then we have

IDF||~ <22 "1+ o(1). (1.24)

This Lemma, despite having an elementary proof, is fundamental in the approach of
Green-Tao. We will also try to express it in the informal language we established above.
Let us assume that F' is a function which is bounded by v + 1 for some pseudorandom
measure v, as is assumed in the last claim. If F' is not Gowers-uniform, then we see
from the first claim that F' correlates with its Gowers-dual function, and by the third
claim we have that this function is in fact bounded. Moreover, the second assertion
gives us a way to calculate the Gowers dual norm of its Gowers dual function, which
turns out not to be too large.

Proof. The first part is very simple from the definitions:
k-1
(F,DF) = Byny [F(2)DF (2)] = ey pezir | [T Fla+w-h)] = IFI3s 2y
we{0,1}k-1

For the second part, we may assume that F' is not identically zero. By the first
equation, we have

F

[[DF|| 51 >————
U (@) |<||F||Uk—1(ZN)

k-1_
DF)| = 1l -
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To see the converse direction, let f be any function, and define f,, := f when w =0
and f,, := F otherwise. Then by the definition of the Gowers inner product and by the
Gowers-Cauchy-Schwarz inequality, we see that

k-1_
(£, DF)| = {(fo)weto,1yr-1)us1 @) | < [ fllon-s | F G-z, -

The definition of the Gowers dual norm implies
k-1_
IDFlys-1(zyy < IFlEe-1za

and thus the claim.

The last part is a quick consequence of the linear forms condition. Since |F| < 2v; /2
the definition of D implies that it suffices to show that

Dvyjp(r) <1+0(1)

uniformly over x € Zy. But we have

DV1/2($) = Ehez’;\;l H V1/2(33 +w-h)|,
we{0,1}F71
w+0

so that the linear forms condition of vy, gives the assertion. O

Recall Example 1.25; one verifies that if F' is of the form e(P(z)/N) for some poly-
nomial P of degree at most k& — 2, then DF = F'. Such polynomial phases are in some
sense prime examples of Gowers anti-uniform functions, and in the &k = 3 case (but not
for higher k) they are essentially the only examples of such functions, as one can see
using the Fourier-analytic identities of the Gowers 2-norm that we have stated. For
larger k, the Gowers norms do not seem to have any Fourier-analytic correspondences;
Green and Tao coined the techniques and ideas involving higher-order Gowers norms
the higher-order Fourier analysis.

We have defined the basic Gowers anti-uniform functions. This term already suggests
that we want to talk about more general types of such functions, namely the algebra
generated by them. This will be considered in the following proposition, which tells us
that v — 1 (an object that is for example small in L!'-norm by the measure property)
does not correlate with any polynomial in Gowers anti-uniform functions, not even
with any continuous function ® evaluated in these anti-uniform functions.

Before stating the Proposition, we need a small

Definition 1.35. Let A, B be finite non-empty sets, and u : A — B be a map. We
say that u is a uniform covering of B by A if the inverse images u~'(b) have the same
cardinality |B|/|A| for any b € B. The fundamental property of a uniform covering is
that for any map f: B — R we have

Eaea[f(u(a))] = Epep[f(D)].
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Qk—l 2k:—1

Proposition 1.36. Let v be a k-pseudorandom measure. Define I := [-2% 2% ],
and let K € N and ® : I - R be a fized continuous function. Moreover, let DFy, -, DFg :
Zy — I be basic Gowers anti-uniform functions, and define ¥ : Zy — R,

Y(z) = ®(DF(x),...,DFk(x)).
Then we have
(v-1,9) = ok a(1). (1.25)

Moreover, if ® ranges over a compact set E c C(I®) (with the topology induced by
the supremum norm) then the bounds are uniform w.r.t ®, i.e. the left-hand side is

or,e(1).

Proof. The general idea is first to show the theorem when ® is a polynomial and then
use the Weierstrass approximation theorem for the general case. In a similar way as
we have done before, we may assume

|F;(x)] < v(z), 1<j<K.
To see that this implies the statement, just apply it with this stronger assumption here

to vy/2, and the number of extra factors two only depends on K.

Our goal now is to show the following

Lemma 1.37. Let d € N, and let P : I = R be a polynomial of degree d with real
coefficients independent of N. Then we have

IP(DF, ..., DF)llyt1 20 = Oxca,p(1). (1.26)

Proof. By triangle inequality it suffices to show this when P is a monomial. By enlarg-
ing K to at most dK and repeating the F} if necessary, we may assume P(x1,...,2x) =
x1 - Tg. It hence suffices to show that

(f,ﬁDFj>:OK(1)

uniformly over all f with || f|[x-1(z,) < 1. We can expand the left-hand side using the
definitions to obtain that

K K )
(faHDFj>:Ea:EZNl:f(x)HEh(j)eZ?\fll: H FJ(LU-F(,()h(j)):I:I
g=1 =1 we{0,1}+1
w#0

Setting h) = h+ HY) for any h e Zlfv’l and then averaging over h, we can rewrite the
right-hand side of this as

K .
Ea:EZN7heZ’fV‘1|:f(x)HEH(J')EZIJCV—l[ H Fj(x+w~H(J) +w-h)]].
j=1

we{0,1}F71
w#0
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We can now set

Hi=(HY, .. H) ez, w Hi=(w HY,. . w HY)

as well as
K .
Gu w0 (T) = H Fj(x+ u(J)) for uM, ... u) ez N
j=1
and then

fog=f, fom=0ur (w#0).

With these definitions, it is elementary to verify that the above expression coincides
with

EHe(zlfv—l)K[((fw,H)we{o,1}k—1)Uk—l(zN)]
which, due to the Gowers-Cauchy-Schwarz inequality, is bounded by

Encayos|los T laoalonscon |
we{0,1}F1

w#0
so that it suffices to show

EHe(z';V-l)K[ [1 ||9w-H||Uk-1(zN)]=OK(1)-

we{0,1}F71
w#0

If we can show that .
EHE(Z?\;l)K [ngH”%]k—l_(lZN)] = OK(I)

holds for all w € {0,1}¥71,w # 0, then Hélder’s inequality implies

oh-1_1  q1/(2"7'-1)
EHE(Z';;,-l)K H ng‘HHU’@-l(ZN) < H EHe(Z';V-l)K[||9w~H||Uk—1(zN)}
we{0,1}F1 we{0,1}F71
w#0 w#0
=0k (1),

hence gives the claim. But we can apply Holder’s inequality again to deduce that it
in fact suffices to prove that we have

k-1
Epreczttye [0 )| = Oxc (1)

for any w € {0,1}%7!, w # 0. Fix such an w, and note that H + w- H defines a uniform
covering of ZX by (ZX1)X. Thus the left-hand side can be rewritten as

21@71
By, woezy [\|9u<1>,...,u<f<> ||U1»«—1(ZN)]7
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and using the definitions, we can reformulate this as

K

) () /

Ez,u(l)7,,.,u(K)eZN,thﬁ,1[ H HFJ($+’LL +h-w )
wle{o’l}k—l j=1

K .
= EzezN,hezg;l [ H Eu<1>ezN[ H Fi(z+ w9 4 h - w’)]].
i=1 w'e{0,1}4-1

At this point, we make use of the assumption |F}| < v, which reduces our claim further
to showing that

K
EmeZN,heZ’;Vl[EUEZN[ H V(-T"‘U‘*'h'wl):l ] =0k (1).
w’e{0,1}k-1
Substituting y := x + u, the left-hand side reads
K
Ehezl;vl[EyezN[ [T viy+hw )] ],

w'e{0,1}k-1

at which point we may apply the correlation condition to the inner expectation (this
is in fact the only point in the proof where we make use of this condition). It implies

EyeZN[ I1 V(y+h~w')] < > 7(h- (W -w"))

w'e{0,1}k-1 w'#w"e{0,1} k-1

for a weight function 7 satisfying E[79] = O,(1). Triangle inequality in L (Zk1) gives

K 1K\ K

]EhEZl]vv—l [( Z T(h'(w'—w"))) ] < ( Z Ehezﬁl_l[T(h'(w'—w”))K] ) ,
w'#w"e{0,1}F-1 w’#w"e{0,1}F-1

so that it is in fact sufficient to see that

Epegir[7(h- (& - ")) ] = Ok (1)

for w’ # w”. But in this case, h+ h-(w’' -w") is a uniform covering of Zy by Z&!, so
the left-hand side coincides with E[75] = Og(1). O

We now turn to the general case. Let € > 0 be arbitrary. Since the functions DF}; have
image contained in the compact interval I, the Weierstrass approximation theorem
implies the existence of some polynomial P (depending only on K and &) which satisfies

||(I)('Z)F‘17 ,DFK) —P(DFh... ,DFK)||Lm <e.
Hence, the measure property of v implies

(v-1,8(DF,,..., DFx) - P(DFy,..., DFx))| < 3¢
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for sufficiently large N. But the Lemma gives
(V - 1,P(DF1, e ,DFK)) = 0K7€(1).

Combining these two equations, we see that for sufficiently large N (depending on K
and €), we have
v -1,9(DF,...,DFk))| < 4e,

which implies the claim. Now if we let ® range over a compact, hence precompact,
set, we can cover this by finitely many balls of radius € w.r.t. the uniform topology.
The same argument then implies the second statement. O

1.7 Generalised Bohr sets and o-algebras

Recall that a o-algebra B over Zy is a subset of the power set P(Zy) of Zy which
e contains the empty set,
e is closed under complementation
e and under taking countable intersections.

The atoms of a g-algebra B are the minimal non-empty elements of B w.r.t. inclusion.
These form a partition of Zy, as one may easily verify.

A function f :Zy — R is said to be B-measurable if all level sets f~1(z) lie in B, or
equivalently, if f is constant on each atom of B. We define L7(B) to be the set of
B-measurable functions equipped with the L9-norm.

Moreover, we define the conditional expectation E[ f | B] € L?(B) of a function f under
some o-algebra B by

ELf|B](%) = Eyen(a) [f (1)];

where B(z) denotes the atom of B containing x. This coincides with the orthogonal
projection of f onto L?(B), i.e. the function in L?(B) which minimises the L?-distance
to f.

For a collection of o-algebras By, ..., Bk, we define the join Vgl B; to be the o-algebra
whose atoms are the intersections of atoms of the ;. This is the same as the o-algebra
generated by By, ...,Bxk.

Our goal now is to construct a o-algebra, such that the measurable functions of this
o-algebra can be approximated well by functions of the type ®(DFi,...,DFk) we
considered in Proposition 1.36. We first prove a Proposition concerning more general
functions G : Zy — I as below, and then specialise to the case of basic Gowers anti-
uniform functions.

Proposition 1.38. Let v be a k-pseudorandom measure, and let 0 <e <1 and 0<n<
1/2. Moreover, let I := [—22’%1,22’671] and G : Zy — I be a map. Then there exists a
o-algebra B. ,(G) with the following properties:
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(i) For any o-algebra B, we have

|G -E[G|BvVB:,(G)]||lz= <e, (1.27)

(it) Ben(G) is generated by at most O(1/e) atoms and

(i11) if A denotes any atom of B. ,(G) then there exists a continuous function U4 :
I-[0,1] s.t.
(14— W4 0 G)w + D) = O(). (1.28)

Moreover, U 4 lies in a compact set E. ,, which does not depend on N, F,v or A.

Proof. Note that we have

[01 > EIGZNI:]I(G(Z‘) ele(n-n+a),e(n+n+ a)])(v(a:) + 1)] da

= IEMZNI:<V(£C) + 1) [: IL(G(:U) e[-n+a,n+ a]) da] =2nE,ezy [V(z) + 1] = O(n).

By the pigeonhole principle there thus exists 0 < o < 1 such that

¥ Baczy [1(G(x) € [e(n =+ ), e(n+ 0+ )]) (v(2) + 1) | = O(). (1.29)

nez

Fix such an a and define B ,,(G) to be the g-algebra whose atoms are given by sets
of the form G™*([e(n+a),e(n+a+1)]) for n € Z. We may clearly assume n = O(1/¢),
since the atoms are empty otherwise; this establishes (ii).

To see that (i) is satisfied, let € Zy and y € BV B. ,,(G)(x) € B.,(G)(z) for any
o-algebra B. Then we have

IG(z)-G(y)l<e
and therefore
|G(2) -E[G|BV B ,(G)](z)| <¢,
which gives (i).

To establish (iii), let A be an atom of B.,(G), and let ¢, : R - [0,1] be a fixed
continuous function with ¢, =1 on [7,1-7] and %, = 0 outside of [-n,1 +n]. Then,
define

U A (z) =1y (g —n—a).
It is clear that ¥4 ranges over a compact set, because we may assume n = O(1/¢) and
have « € [0,1]. Now one easily verifies that
e 1,4 - U, oG vanishes outside [-7,1 + 7],
e 14— U4 0G vanishes on [n,1-7] and
e 14—V, 0@ is bounded by 1.
Application of (1.29) now yields the claim. O
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As mentioned before, and indicated by the choice of I (and G), we want to apply this
result to basic Gowers anti-uniform functions. More precisely, we need the following

Proposition 1.39. Let v be a k-pseudorandom measure, and let K € N. Moreover, let
DFi,...,DFy :Zn — I be basic Gowers anti-uniform functions, and let 0 <e <1 and
0<n<1/2. Set B.,(DF;),j=1,...,K as constructed in the previous proposition,
and define B := B, ;,(DFy)Vv---V B, ,,(DFg). Then there exists no = no(e, K) such that
for m<mng there is Ng = No(e,K,n), such that for N > Ny we have

|IDF; - E[DF;|B]||L~ <e,  1<j<K. (1.30)
In addition, there exists an exceptional set Q) € B with
E[(v +1)1a] = Ok (n*/?) (1.31)

as well as
|(1 - 1o)E[v - 1| B]|lL> = Ok (n'/?). (1.32)

Proof. We only sketch the proof; essentially, this follows from an (inductive) applica-
tion of the result before. Indeed, (1.30) is immediate from (1.27).

Since each of the K o-algebras B, ,,(DF}) is generated by O(1/e) atoms, we have that
B is generated by Ok (1) atoms. An atom A of B is said to be small if

E[(v+1)14] < n*2.
We define ) to be the union of all small atoms. Clearly, 2 lies in B, and we have

B[+ Dlal = D B+ )Ll - Ox.(n'"?),

which is (1.31).

For the third claim, let A be a large atom (an atom which is not small). Inductive
application of Proposition 1.38 quickly implies that there is a continuous function
U4 : 1% - [0,1] with the property

(v +1)(1a = Va(DFy, ..., DFk))|lLr = Ok (n),

and hence
[[(v=1)(1a =V a(DFy,....,DFg))||z: = Ok (n).

In addition, one may easily ensure that ¥4 ranges over a compact set E. , x inside
C(I¥). Together with Proposition 1.36, we thus obtain

E[(v -1)¥4s(DF,...,DFk)] =0k n(1),

and after some manipulations, this implies the third claim. O
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1.8 The generalised Koopman-Von Neumann Theorem and
completion of the proof

The following Proposition is the last ingredient we need in order to conclude the Main
Theorem.

Proposition 1.40 (Generalised Koopman-Von Neumann Theorem). Let v be a k-
pseudorandom measure, and let f : Zn — R* be such that 0 < f <v. Let e >0 be
sufficiently small, and N > Ny(e) be sufficiently large. Then there exists a o-algebra
B and an exceptional set Q € B such that

E[viq]=o0.(1), (1.33)
I(1 - 10)E[v - 1| Bl = 0 (1), (1.34)
(L~ L) (f ~E[f | BDlloe-1 () < 2" (1.35)

There are several connections to ergodic theory, which we do not wish to elaborate on.
We only mention the related works [1,2].

We will not proceed to prove this statement, but note that the proof is considerably
easier than the problem we initially faced. We omit it mainly due to its severe techni-
cality. However, we do show how Proposition 1.40 implies Theorem 1.11, and therefore,
as already mentioned, the Main Theorem 1.6 under application of Proposition 1.12.

Proof of Theorem 1.11 assuming Proposition 1.40. Let f,6 be asin 1.11, and let € > 0
to be chosen later. Moreover, let B and 2 be as in Proposition 1.40. Define

fo =1 -10)(f -E[f]B])

and
fus = (1-1o)E[f|B].
We have
E[fu:] =E[(1-1a)f] 2 E[f] - E[v1a] > - 0-(1).

In addition, an application of (1.34) yields

[foellpe < T+ (1= 1Q)E[r -1 B]l|= <1+ 0-(1).

Without changing the notation, we renormalise fy. by this factor 1+ 0.(1), so that
the function is bounded by 1. This preserves the property E[fyr] > § — 0-(1). We
are now in a position to apply Szemerédi’s Theorem in the version of 1.2 to fy. with
0" =6 —-0:(1) to deduce that

B rezy [foe (@) fus (@ + 1) fus (@ + (k= 1)r)] 2 e(k, 6) - 0-(1) - 0x 5(1).

We note that there is a small technicality here, because on the right-hand side we do
not obtain c¢(k,d) but c¢(k,d’). There are different ways to handle this; one can, for
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example, modify f; by adding a constant and then dividing by the new L*-norm in
such a way that the new function still has expectation at least . This is possible, and
in the end one obtains ¢(k,d) — ok 5(1) —0:(1)/(1-9) as a lower bound for the old fy.
after substituting back, which is fine.

The idea now is to look at
Eapezy [f(2)f(z+ (k- 1)r)],

where we denote f := (1-1q)f = fu+ fu:, and after expanding the product one obtains
a sum of 2% terms. The main term stems from choosing fy. in every factor, which can
be estimated by the above. The other terms contain a factor fy, and from (1.35) we
have || fullos-1(zy) < 12" We now want to apply the von Neumann Theorem 1.29;
since (1 - 1g)f is bounded by v and fy. is bounded by 1+ o.(1), we see that fy is
bounded by v+1+0.(1). After a small renormalisation as done before (and then going
back to the old function, noting that we did not modify much), we see that

Eorezn [f(2)f(z+ (k=1)r)] 2 c(k,d) - 02"y —0.(1) - or.5(1).

Now 0 < (1 -1g)f < f, so that the same bound holds for f. But since £ > 0 was
arbitrary, the error term on the right-hand side can be made arbitrarily small by
taking N = N(k,d) sufficiently large. O
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2 Linear equations in Primes

2.1 Introduction and Main Theorem

Our main reference for this chapter is [8].

After considering arithmetic progressions in the primes, it is not far-fetched to guess
that a similar result holds for more general linear forms inside the primes. In the
following, we consider affine-linear forms v : Z¢ - Z, given by

w(ny,...,ng) =ang +--+agng+b

for some integers a,...,aq,b. We call ¥(0) = b the inhomogenous part and w =
1 —1(0) the homogenous part. Moreover, we let

\Ilz(wla"th):Zd_)Zt

be a system of affine-linear forms (and adapt the notation ¥(0) and ¥ in the obvious
way). To avoid degeneracies, we require that in an affine-linear system, no ; is
constant and that no two forms are rational multiples of each other.

For a positive integer N, we further define the size ||¥||y of a system ¥ by

t d
RIEDY Z; CACHIEDY

t
i=1j= i=1

¥i(0)
N )

where e; denotes the j-th unit vector. We will look at the question whether the image
of ¥ contains infinitely many prime lattice points, i.e. elements of WZ? such that
every component is prime. When considering this problem, one will find two trivial
obstructions:

Example 2.1. Consider the system of affine linear forms ¥ : Z — Z3 given by
ne (n,n+2,n+4).

(Note that systems of this type will usually not be treatable by the methods we employ
due to the fact that it has infinite complexity). Then every point in the image has one
component divisible by 3 and can therefore not contain infinitely many prime lattice
point in its image. This is related to the prime k-tuple conjecture and the admissibility
of k-tuples:

A k-tuple of non-negative integers (a1, ...,ax) is called admissible if there is no prime
p such that aq,...,a; include every residue class modulo p. For admissible k-tuples,
the prime k-tuple conjecture claims that there are infinitely many values of n such
that n +aq,...,n+ ay is prime (we can always assume a; = 0).

Example 2.2. Consider now, for example, the affine-linear system

(n1,m2) = (n1,n2,-n1 - 2n2 + 100).
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This illustrates an even more trivial obstruction: The image contains only finitely
many points consisting only of positive components; hence it can not contain infinitely
many prime lattice points. We will however see (for some types of linear systems) that
these are the only two obstructions.

To be more precise, we will look at the number of prime lattice points in the image
of a convex body K contained in [-N, N]¢ under an affine-linear form ¥, and try to
establish an asymptote as N — co. The reason for assuming convexity will become
apparent soon, but the reader may always think of K = [N, N]¢ to have a picture
in mind. In addition, we will give weights to the prime points according to the von
Mangoldt function, a method which is used throughout analytic number theory. We
are therefore interested in estimating the expression

> T A®i(n) (2.1)

neKnZd ie[t]

for some convex body K ¢ [-N, N]¢ and a large integer N. As asserted by the prime
number theorem, A on average behaves like 1g+, so one might compare this to the
same expression with 1g+ instead of A:

Lemma 2.3. Let U:7Z¢ — 7! be an affine-linear form such that |[¥||x < L. Then
> IT Lee (¢i(n)) = Beo + 0ae, L(NY), (2.2)

neKnZ% ie[t]
where Boo i= volga (K N UH(RT)?).

We will not proceed to prove this result, mainly because it is more of a question in
convex analysis. We do want to give some heuristic explanation: One may assume that
the 1; are positive on K by intersecting it with the corresponding half planes (and
still staying a convex set therefore). We then obtain that S is simply the volume of
this new set K, and we can also replace 1g+(;(n)) by the constant function 1 on K.
The Lemma now simply claims that

|K N Z% = volga (K) + 0g(N?),

which should heuristically be very plausible. In fact, it is not harder to show that the
error is Og(N® 1), but we do not need this statement.

It turns out however that replacing A by l1g+ loses the arithmetic content of the
expression in question; there are local irregularities at small primes. To explain this
in detail, define for ¢ > 1 the local von Mangoldt function Az, :Z — R" by

9 if (bg) =1
Az (0) = {g(q) ;ls(e vl

Wit this definition, the prime number theorem in APs reads

> Algn+b) = Az, (b)N +04(N). (2.3)
n<N
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We can now define the local factor 3, by

Bq = EnEZg H Azq(i/h'(n))- (24)
i€[t]

An application of the Chinese Remainder Theorem quickly yields that the local factors
are multiplicative (in the usual sense of number theory). Moreover, we will soon see
that for large primes p, 3, is close to 1 and in view of the next statement, it therefore
makes sense to speak of local irregularities at small primes.

Hardy and Littlewood conjectured (a special case of) the following

Conjecture 2.4. Let N,d,t, L be positive integers and let ¥ be a system of affine-
linear forms of size ||¥||y < L. Let K ¢ [-N, N]% be a convex set. Then we have

Z H] AWi(n)) = Boo [ [ Bp + Ot,d,L(Nd)~ (2.5)

neKnZa ie[t

Example 2.5. Recall example 2.1. We noted the trivial obstruction that one of the
numbers n,n + 2,n + 4 is always divisible by 3, or equivalently, not coprime to 3. This
implies that

63 = EnEZgA23 (n)AZ3 (n + 2)A23 (n + 4) =0.

The "Main Term’ in (2.5) therefore vanishes in this case, which fits into our observation
that there are only finitely many (in fact: one) prime points in the image of this form.

Example 2.6. Recall now example 2.2. One verifies quickly that for any K ¢
[-N, N2, we have

Boo < vOlg2 ({(z1,72) € (R*)?: 21 + 225 < 100}).

The right-hand side is O(1); we will soon show that the singular series [], 3, is ab-
solutely convergent, and again we observe that in this case the ’Main Term’ is much
smaller than the error term. The global factor and the local factors are therefore able
to detect our two trivial obstructions.

We will only proceed to prove this generalised Hardy-Littlewood conjecture for a special
type of forms. To explain this more precisely, we need the notion of complexity.

Definition 2.7. Let U = (¢1,...,1:) be a system of affine-linear forms. For 1<i<t
and s > 0, we say that U has i-complezity at most s if the following condition holds:
The t =1 forms 1,5 # i can be covered by s + 1 sets such that v¥; does not lie in
the affine-linear span of any class (i.e. the homogeneous part of ¥; is not a linear
combination of their homogenous parts).

The complexity of ¥ is then defined to be the smallest s such that U has i-comlexity
at most s for all i.

Several examples are in place to make this more vivid:
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Example 2.8. We begin with the most obvious examples: The system
(n1,...,ng) = (n1,...,nq)
has complexity 0, because each form is independent of the rest. For k > 2, the form
(n,r)y = (n,n+r,....n+ (k-1)r),

which counts arithmetic progressions of length k, has complexity k& — 2. This is not
hard to show: No two forms are affinely related, but every form is an affine-linear
combination of any two other forms.

Now look at the system
ne (n,n+2),

which corresponds to twin primes. This is a system of infinite complexity; in fact,
a system has infinite complexity if and only if two of the forms are affinely related
(otherwise, we can always assign individual classes to each form).

Example 2.9. Let us now look at a slightly more complicated system. Let d > 2 and

t:= 291, Define
U(ny,...,nq) =(n +E n; .
( ) ( 1 jeA J)4c{27...,d}

This system counts (d—1)-dimensional cubes whose vertices are all prime. This system
has complexity at most d — 2. To see this, consider the form n;. We can cover the
other t—1 forms by d—1 classes by defining class i to be the set of forms which involve
n;+1- Then any affine-linear combination of forms inside the i-th class has the same
coefficient for ny and for n;,1, and can therefore not be n;.

More generally fix any set A and look at the corresponding form 4. Define the i-th
class to be the set of forms which have a different coefficient in front of n;,; than v 4;
it is clear that this defines a cover of the other forms. Assume first that i+1 € A. Then
all forms in class i do not involve n;,1, hence no affine-linear combination does. Thus,
14 can not be in their affine-linear span. Now let us assume that i + 1 ¢ A. Then all
forms of the i-th class involve n;,1. But this means that any affine-linear combination
has the same coefficient for n; and n;,1, hence never give 4.

This implies that indeed the complexity is at most d—2. In fact, it is not hard to show
that the complexity of this system is precisely d — 2.

We are now in a position to formulate the Main Theorem of this chapter:

Main Theorem 2.10. The generalised Hardy-Littlewood conjecture 2.4 is true for all
systems of affine-linear forms of finite complexity.

In the course of the proof, we will heavily rely on two recent and very deep theorems,
namely the Gowers inverse norm theorem and the Mdbius and nilsequences theorem.
Both of these theorems were formulated by Green and Tao and proved quite recently
by both of them, partially together with Ziegler [5,6,9-11]. We will formulate both
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statements later, and in such a way that they depend on a parameter s (we will call
the statements GI(s) and MN(s)). We will then try to illustrate the proof of the Main
Theorem for systems of complexity at most s assuming GI(s) and MN(s).

In the following, we will view ¢,d, L and s as fixed, and we will usually omit depen-
dencies of these variables in our notation.

Example 2.11. Let us look at arithmetic progressions of length 4. One verifies that
choosing K to be the convex set {(ni,n2):1<ny <ny+3ny < N} gives Boo = N2/6,
and that we have 8y = 4,83 =9/8 and 3, =1 - % for p > 5. Therefore, the number
of prime quadruplets p; <--- < pys < N in arithmetic progression is
N2
1+0(1))o) ———,
(o)

where o1 = 3 TT,5 (1~ 23 ) = 0.4764.

Let us now look at arithmetic progressions of length k. One verifies that the number
of primes p; < --- < px < N in arithmetic progressions is

N2

g" N’

(1+ 0(1))2(k1— ) HBPIO

where -

1( p - .
BHE= sk

k1) ()T

(1 P )(p—l) ifp>k

This is heuristically very plausible: The map
(n,7)y = (n,n+r,....,n+(k-1)r)

has two free parameters n and r. The heuristic probability that a number < N is prime
is @ according to the prime number theorem. This gives us the term N2/ log® N.

Now, let us turn our attention to the multiplicative constant. If plek, then n needs
to be coprime to p and r has to be a multiple of p. The first event has probability
(p-1)/p, while the second event has probability 1/p. Furthermore, the value of the
local von Mangoldt function in this case is p/(p—1) and appears k times, which indeed

gives us
1 P k-1
) (p - 1) '

If on the other hand p is larger than k, then n needs to be coprime to p, which again
has probability (p —1)/p, while r needs to be chosen such that none of the numbers
n+r,...,n+ (k-1)r is divisible by p. An elementary number-theoretic argument
implies that this happens for precisely p— (k- 1) values of r if n is coprime to p. Since
the value of the von Mangoldt function is p/(p — 1) again and appears k times, we

indeed obtain
(-50G5)
1-— )| — .
D p-1
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The factor ﬁ is the proportion of the volume inside [-N, N]? such that the num-
bers n,n+7r,...,n+ (k—1)r are all positive, as the reader may quickly verify. This

heuristically explains the above asymptotic.

It if important to verify that the infinite product [, 3, in fact converges for all systems
that are of interest to us:

Lemma 2.12. Let N > 1, and let U = (¢, ...,1;) : Z¢ — 7! be an affine-linear system
of finite complezity such that ||¥||n < L. Then we have 8, =1+O(p™2). In particular,
[1, By converges absolutely, but it might vanish at small primes.

Proof. We may assume that p is sufficiently large depending on d,t and L. Since ¥
has finite complexity, we have that no two of the 1; are affinely related. Writing

Yi(n) =aing +---+a‘mng + 1,

this means that no two of the vectors (ai,...,a}) are rational multiples of each other.
We will now show that for sufficiently large p, this implies that no two of the vectors
are linearly dependent over Z, (where we identify the vectors as elements of Zg in the
obvious way).

If d =1 and t > 2, any two vectors are rational multiples of each other, so we may

exclude this case. If d = ¢ =1 there is nothing to show. Now assume d > 2 and that

there are 1 <i < j <t and X € Z, such that Aaj, = a], in Z, for all k =1,...,d. Then
j J o

for any two indices k; # k2 we have a;ﬁaim - azzak1 =0in Z,. But if p is sufficiently

large then this is an equality in Z (the vector entries are bounded by L), and the
corresponding vectors are rational multiples of each other, a contradiction.

Since we know that for sufficiently large p no two of the vectors are linearly dependent
over Zp, elementary linear algebra tells us that for any 1 <4 < j <t the proportion of
ne Zg such that v;(n) and 1;(n) are divisible by p is O(p~?).

It is clear that the proportion of n such that ¢;(n) = 0 in Z, is precisely p~t for any i,
since we assumed the forms to be non-constant. Now, define

Ai::{neZz:wi(n):OeZP}.
Then we have
1({ p\ P )t |Ayu-- U Ay
“E .| TT Ap (4 S R T I B B I i S i1 8
b =Ency] T 22, ()] () g0l = (S =

But the Bonferroni inequalities imply that

1<i<jy<t

t
|A1U"-UAt:z|Ai|+O( z |A10A7|)
i=1
Above, we have established that
4] _1

— and
pt p

AiﬁA' _ . .
A0 0w <o)
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Putting everything together, this implies

TS

pt £00™))(1- 7 +06™) =1+ 06™)

p-1

as claimed. ]

2.2 Normal form

We are now going to reformulate our Main Theorem in a more accessible form by
introducing the normal form. We are not going to prove that it indeed reduces to the
statement we are going to formulate, because this reduction is technical and has few
arithmetic content.

Definition 2.13. Let U = (¢)1,...,1,) : Z% - Z! be a system of affine-linear forms,
and let s > 0. We say that U is in s-normal form if for every i € [t] there is a collection
Jic{e1,...,eq} of basis vectors of cardinality |J;| < s+1 such that [1.c;, ¥i(e) is non-
zero for i' =1 and zero otherwise.

Informally, this means that for every ; there is a collection of < s+ 1 variables such
that 1; is the only form that truly uses all of these variables. We will give some
examples to illustrate this.

Example 2.14. The system
(n,7) = (n,n+r,....n+(k-1)r)

we used to parametrise arithmetic progressions of length k, has complexity k — 2, but
is not in any normal form. However, the system

(n1,...,nk) = (no+2ng+--+(k—1ng, —ny+ng+--+(k-2)ng, ..., —(k=1)ni——ng_1),

which also parametrises arithmetic progressions of length k, is in k — 2 normal form.
Indeed, we can assign to 1; the set J; = {e1,...,€;-1,€i+1,... €k}, and the i-th form is
the only one that uses all of the corresponding variables.

Example 2.15. Recall example 2.9. The system we defined there was not in s-normal
form for any s. However, the system

7 I I .
(N1, y N1, MYy e e s Mgq) = Zni+ z n;
i€A ie[d-1]NA Ac[d-1]

which also counts (d-1)-dimensional cubes, is in (d—2)-normal form. Indeed the form
corresponding to the set A is the only one which truly uses the d — 1 variables (1;);ca
and (ng)ie[d—l]\A-
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If a system WV is in s-normal form, then it is easy to see that it has complexity at most
s. Fix i and consider the ¢t — 1 forms 1,...,%;_1,%is1,...,%;. The s-normal form
condition associates to i a set J; of basis vectors with the mentioned properties. To
a given basis vector e € J; we furthermore associate the collection of forms ; which
satisfy 1/}j(e) = 0. One verifies easily using the normal form condition that this defines
a cover of the other ¢ — 1 forms of cardinality |J;| < s + 1. Since 1);(e) # 0, we obtain
that v; can not lie in the affine linear span of any of these classes, which implies that
the i-complexity of ¥ is at most s.

We will now try to establish some kind of converse to this consideration: Namely that
every system of (finite!) complexity s admits an extension that is in s-normal form.

Definition 2.16. Let ¥ : Z? - Zt be an affine-linear system. An extension of U is an
affine-linear system W' : Z¢ — 7t with d' > d such that

'z = w7l

and
U'(ny,...,ng,0,...,0) =¥(n,...,ng).

Note that the system of Example 2.15 is not an extension of the system in Example
2.9. However, their direct sum ¥ & U’ is an extension of ¥ in (d — 1)-normal form.

Lemma 2.17. Let ¥ : Z% - Zt be a system of finite complexity s. Then there exists an
extension W' : Z4 — 7t for some d’' = O(1), which is in s-normal form. If we moreover
have ||¥||x = O(1) then the same holds for V’.

The proof is not difficult, but technical and does not really fit into our field of interest
here, so we are not going to prove it. Neither will we prove that it suffices to show
the following reduction of the Main Theorem; admittedly, this sufficiency takes some
effort to prove.

Theorem 2.18. Let N > 1,5 > 1, and let ¥ : Z¢ — 7! be an affine-linear system
in s-normal form (hence of complexity at most s) satisfying ||¥||x = O(1). Let K ¢
[-N, N]% be a convex body such that 1y, ..., > N°/*° on K. Then we have

2 ( H] A@i(n)) -1 Bp) =o(N?). (2.6)

neKnZ9 \ie[t

We note that the global factor f., has not vanished into thin air: We know that
Y neKnzd Hp ﬁp = Hp 5}7 Yneknzd 1 is close to Boo Hp Bp~

We also note that the exponent 9/10 is to some extent arbitrary and should not concern
the reader to much. It is not hard to see that we may assume this additional condition
¥; > N0 for all 4, essentially because the majority of n has this property. We will
make use of this assumption later on.

Our goal now is to sketch the proof of Theorem 2.18, trying to draw parallels to the
last chapter.
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2.3 The W-trick

We have already introduced a variant of the following idea in Proposition 1.12, where
we defined the function A. The advantage of this modified von Mangoldt function is
that it is more regular than the original von Mangoldt function and therefore we could
majorise it by a pseudorandom measure. The same idea also applies here!

Definition 2.19. Let w:=logs N and

W =[] p=0(log, N).

pw

Forb<W, (by,W) =1, define
Apw(n) = <p(W )A(W +0).

Moreover, let A’ be the restriction of A to the primes, i.e. the function that has value
logp at a prime p and 0 otherwise. Then, set

() =PI N (wn ),

Again, Dirichlet’s theorem on primes in APs asserts that A (n) has average value
1 as n — oo. It is well-known and easy to see that A’ is close to A in an average sense,
which gives the same result for Aj y;,

We also note that the choice of w is quite arbitrary and the proof would still work
with slightly larger w (% loglog N works), but would need stronger statements such
as the Siegel-Walfisz theorem. Since our final bounds are ineffective, we do not try to
optimise w, gaining simplicity in some arguments.

With these definitions, we are in a position to make another reduction of the Main
Theorem:

Theorem 2.20. Let N >1, s> 1, and let U = (v1,...,%;) be a system of affine-linear
forms in s-normal form satisfying ||¥||xy = O(1). Let K € [-N,N]% be a convex body
on which ¥1,. ..,y > N> Then for any by,...,by < W which are coprime to W, we
have

> (HA w(d}i(n))—l):o(Nd). (2.7)

neKnZ2

Proof that Theorem 2.20 implies 2.18. Let U, K be as in the assumptions of Theorem
2.18, and let N be sufficiently large (we can always assume this). It clearly suffices to
prove equation (2.6) with A replaced by A’. Moreover, as already mentioned, by (2.2)
it in fact suffices to show

S TT AN ®i(n)) = vola(K) H By +o(N?) (2.8)

neKnZ9 ie[t]
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(under the assumption of Theorem 2.20). Note that we have

log [T8,= 2 0(p™) »0

p>w p>w

as N — oo. This implies

[18s=(1+0(1) [] By =(1+0(1))Bw

psw

using the multiplicativity of the local factors. Since vols(K) = O(N?), this implies

volg(K) [ By = vola(K)Bw + o(N?). (2.9)
P
Now define
A={ae[W]": (¢i(a), W) =1 Vie[t]}.
We have
|A|
E A i 2.10
o =By, T o) ) 210)
Applying this to (2.9), we can write
w A
Uold(K)Hﬁp —vold(K)( ) Al | +o(N%). (2.11)
W)
Moreover, Lemma 2.12 ensures Sy < 1, and together with (2.10) we obtain
)\
A we. 2.12
14 (257 1)
Now focusing on the other side of our equation of interest (2.8), note that
> H Nin)= > 2 [IAN@(Wn+a)). (2.13)
neKnZ4 ie[t] ae[W]d pezd  ielt]
Wn+aeK
But if a ¢ A then there is some i € [¢] such that (¢;(Wn+a),W) = (¢;(a), W) £ 1. By

assumption, we have 1;(Wn+a) > N*® for Wn+a € K, which gives A’ (¢;(Wn+a)) =0
in this case. Hence, the sum may just range over a € A. Using simple Euclidean

division, we can then write

P;(Wn+a) = Wz/zm(n) +bi(a),

where 0 < b;(a) < W is coprime to W and where t; ,(0) = O(N/W). With this notion,

we have derived
w

AN (i(Wn+a)) = ) A (ayow (Pia ().
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Plugging this into the right-hand side of (2.13), we obtain

> JTAN®Wi(n) = ( ?M//)) > X HA (@ (Pia(n)). (2.14)

neKnZ9 iet] acA  nezd i€l
Wn+aeK

We are now in a position to apply Theorem 2.20 with T, = (z/?l’a, R z/;t’a) as well as
N = N/W and K = (K - a)/W for each a € A; the reader may convince himself that
all assumptions are indeed satisfied. In doing so, we obtain that for all a € A we have

nezzjd (lg/\é(a)w(%a(n))—l) ((I;V/)d) (2.15)

Wn+aeK

Inserting this into (2.14) and recalling (2.12) gives

> HA'(%(n)) ((VL/V)) >3 1+o(NY). (2.16)

neKnZ? ie[t] acA  pe7d
Wn+aeK

But (2.2) applied to K tells us that

0 {(3))

nez?
Wn+aeK

from which we can conclude, together with (2.16) and (2.12), that

> III]A'wl(n))-vozd(K)( (VVVV)) AL o), (217)
neKnZd ie[t

Comparing this to (2.11), the claim follows. O

Note that the local factors are gone after passing from A to Aiw,W' Morally speaking,
the latter function is more regular with respect to small primes. This is essentially
because w grows slowly with N so that we can ignore primes p < w, but it grows slow
enough so that this doesn’t change the function too much. Later, we will have to invert
this trick however, and pass from A{LW back to A. Note also that the right-hand side
is independent of the b;.

It is a simple task to reduce the last Theorem further to the following

Theorem 2.21. Let N >1,s>1, and let U = (31,...,1;) be a system of affine-linear
forms in s-normal form satisfying ||¥||xy = O(1). Let K ¢ [-N,N]* be any convex body
on which 1,... 0 > N*5. Then for any by, ... by <W which are coprime to W, we

have
> TT (A w(@i(n) - 1) = o(N?). (2.18)
neKnZ4 ie[t]

The proof that Theorem 2.21 implies Theorem 2.20 is a simple matter of expanding
the product in 2.20 after writing Ay - = (A}, 3, — 1) + 1 and repeatedly applying 2.21
to each summand. The details are left to the reader.
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2.4 Pseudorandom measures, and reduction of the Main Theorem
to a Gowers norm estimate

We have introduced pseudorandom measures in the last chapter, and explained that
the function A = A} y;, can be bounded by such a pseudorandom measure in Proposition
1.12. This result generalises in the following way:

Proposition 2.22. Let D > 1 be arbitrary. Then there is a constant Cy = Co(D)
such that the following holds. Let C > Cy, and let N' € [CN,2CN] be a prime. Let
0 < by,...,bp < W be integers coprime to W. Then there exists a D-pseudorandom
measure v : Zyn» — R which obeys the pointwise bounds

1+ AL, w(n) +--+ Ay, w(n) <p,cv(n) (2.19)
forallne [N3/57 N1, where n is identified as an element of Zy: in the obvious manner.

We also analysed the connections of pseudorandom measures to the Gowers norm in
Proposition 1.29. The next proposition is a generalisation of this in the obvious way,
and we are not going to prove it. The further effort necessary for this form of the
Proposition is of a very technical nature and not of interest to us here.

Proposition 2.23. There are constants C; and D (depending on our parameters
s,t,d and L) such that the following is true. Let C; < C = O(1) be arbitrary and
N’ e [CN,2CN] be a prime. Let v :Zy — R* be a D-pseudorandom measure and
suppose that fi1,..., fi : [N] = R are functions satisfying 0 < |fi(x)| < v(x) for alli € [t]
and x € [N]. Let ¥ = (11,...,9:) be a system of affine-linear forms in s-normal form
such that ||¥||x < L. Moreover, let K ¢ [-N,N]? be a convex body with W(K) c [N]t.
Suppose that

1<j<t

for some § >0. Then we have

> T fi@i(n)) = 05.(N) + 0o (6)NY, (2.21)

neKnZ® ie[t]

where the last o-notation is viewed in the limit as 6 — 0.

This proposition allows us to reduce the Main Theorem further, and obtain a statement
about the Gowers norm of Aé,w — 1 which does in fact not depend on the affine-linear
form ¥ at all anymore.

Theorem 2.24. Let N >1,s>1 and let b<W be coprime to W. Then we have
1A%, w = Uiy = 0s(1). (2.22)

Proof of the Main Theorem assuming Theorem 2.24. It suffices to establish Theorem
2.21, so let the assumptions be as in that theorem. Since ||¥||y = O(1), we may assume
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that W(K) c [N]* by enlarging N by a factor of O(1) if necessary. Let D be as in
2.23, and let C' = C(D) := max(Cy(D),C4), where Cy is as in Proposition 2.22 and
C is as in Proposition 2.23. Let also N’ € [CN,2CN] be a prime. Then Proposition
2.22 tells us that there is a D-pseudorandom measure v : Zys — R* such that (2.19)
holds for n € [N®® N]. In particular, there is ¢ > 0 (depending on C) such that
fi(n) = c(A}, 3 — 1) is pointwise bounded in magnitude by v.

Note that there is a small technicality here: this only holds for n € [N3/5, N]. But if
we define f; to be 0 for smaller n, then the pointwise bound clearly holds. The reader
may verify quickly that this change does not affect the Gowers norm too much, namely
only by at most N~2/> times some logarithmic power.

An application of Theorem 2.24 implies that the assumptions of Proposition 2.23 are
satisfied for any ¢ > 0, and hence the claim. O

Our Main Theorem has finally become independent of any form W, the parameters d, t
and L, convex bodies, global or local factors and is now ’only’ a statement concerning
the Gowers norm of a modified von Mangoldt function. Nonetheless, it is still a very
difficult result and we have to rely on two recent theorems, whose statements we try
to explain now. Their proofs were performed in [9,11].

2.5 The inverse Gowers norm and Mobius and nilsequences
theorems

Definition 2.25. Let G be a connected, simply connected, Lie group. We define the
central series
G=Gyp=G12G22G32...

by Giv1 = [G,G;] for i > 2, where the commutator group [G,H] of two (Lie) groups
G, H is the group generated by {ghg*h™ : g e G,h € H}). We say that G is s-step
nilpotent if Gs41 = {e}.

Let T c G be a discrete, cocompact (i.e. the quotient is compact) subgroup. Then

the quotient G|T' is called an s-step nilmanifold. If g € G then g acts on G[T by left
multiplication x — g - x.

By an s-step nilsequence we mean a sequence of the form (F(g™x))nen, where xz € G/T
and F : GIT' - R is a continuous function. We say that the nilsequence is 1-bounded

if |F| < 1.

Our goal is to show that the function Ay y, —1 has a small Gowers norm (i.e. is Gowers
uniform). It turns out that a function which satisfies this property is not allowed to
correlate with nilsequences, a statement we will make precise now:

Proposition 2.26. Let s > 1 and § € (0,1). Let G/I' = (G/T',dgr) be an s-step
nilmanifold with some smooth metric dgr, and let ((F(g"))n be a bounded s-step
nilsequence with Lipschitz constant at most M. Moreover, let f : [N] - [-1,1] be a
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function which satisfies
E vy f(n)F(g"x) 26
(i.e. f correlates with F'). Then we have

1£1

Us+1[N] ®s,6,M,G/T 1.

We will not prove this result; in fact, we will not use it either, but we do believe
that it fits into the framework we are discussing, and makes the central concepts more
understandable. The fundamental, and extremely deep, observation is that a converse
of this statement is true - nilsequences are the only obstruction to uniformity:

Theorem 2.27 (Inverse Gowers norm Theorem). Let § € (0,1]. Then there exists a
finite collection M, s of s-step nilmanifolds with the following property. Given N >1
and f:[N]—[-1,1] such that

11

there is GIT' € My s and a Lipschitz, 1-bounded s-step nilsequence (F(g"x))n on it
with Lipschitz constant Oy 5(1) such that

Us+1[N] 2 6,

[Enen1f(n)F(g" ) >>56 1. (2.23)

We will not proceed in any way to prove this Theorem. Its proof is very long and
extremely difficult, and can be considered the most fundamental new contribution
which made the proof of the Green-Tao Theorem possible.

We have just stated that any non-uniform function has to correlate with some nilse-
quence. The next theorem, also a very deep result, states that the Mobius function in
fact does not correlate with nilsequences (and is far from that). This essentially tells
us that the Mdbius function in fact has a small Gowers norm. Since Number Theory
gives us a relation between the Moébius and the Von Mangoldt function, we can hope
to achieve a similar result for this function, and it is also plausible that this transfers
to a similar estimate for our modified von Mangoldt function, thus implying the Main
Theorem.

Theorem 2.28 (Mdbius and nilsequences Theorem). Let G/T' be an s-step nilman-
ifold, and let (F(g"x))n be a bounded s-step nilsequence with Lipschitz constant M.
Then for any A >0 we have

|Ene[N]M(n)F(gnl‘)| <KA,M,GJT,s long N. (2.24)
We will now see how to apply these two Theorem to deduce the Main Theorem.

We assume both the Gowers inverse norm theorem and the Mo6bius and nilsequences
theorem in the following discussion.
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2.6 Self-correlation estimates of the Mobius and Liouville
functions

From our last discussion, we can deduce rather quickly the following self-correlation
result of the Moébius and the Liouville function on affine-linear forms. Recall that the
Liouville function A is the unique completely multiplicative function that is =1 on the
primes.

Proposition 2.29. Let N,d,t,L,s be positive integers, and let W = (11,...,14) : Y/
7t be a system of affine-linear forms of complexity at most s such that ||¥||xy < L. Let
K c[-N,N]? be a convex body. Then we have

> TT w@i(n)) = 0s(N?) (2.25)

neKnZ% ie[t]

as well as

> TT A@i(n)) = 0s(N?). (2.26)

neKnZ9 ie(t]

Proof. Since p and A are bounded by 1, we can apply the generalised von Neumann
Theorem 2.23 with v = 1, which is D-pseudorandom for any value of D (possibly
enlarging N by a factor O (1) to ensure W(K) c [N]"). It thus suffices to show

Us+1[N] = OS(].) (227)

I

and

IAllrs+1pny = 05(1). (2.28)
Now making use of the inverse Gowers norm Theorem 2.27, we can reduce the two
statements further to showing that

En<np(n)F(g"z) = 0s,0,6(1) (2.29)

as well as
En<nvA(n)F(g"w) = 05, 01,6(1) (2.30)

uniformly over G/T' € M, s and 1-bounded, M-Lipschitz nilsequences (F(¢"z))n<n-
Now (2.29) is a corollary of the Mobius and nilsequences Theorem 2.28.

To deduce 2.30, note that
n
A= 3 n( %)
d?|n

For positive real X, fixed G/T" € M, 5 and 1-bounded M-Lipschitz nilsequence (F(g"x))n<n
on G/T', we thus obtain

Enan AW F(g"0) = Ency ¥ (75 ) F(g"0)

d?|n

n n
= ]EnsN]ldﬂmu(ﬁ)F(g )+ ) EnsN]]-d2\nH(
d<x d>X

n
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But we have

<3 %zO(X‘l),

n n
> EnswLaejuit( 55 ) F(9"0)
d>X

a>X

so that

Euev AmF(9"0) = . BranLasjuit( 53 ) Fg") + O(X )
d<X

= Y Exenjazp(R)F (g Fa) + O(X7H).
d<X

Application of the Mébius and nilsequences Theorem 2.28 with g replaced by gd2 yields

2
Eren/az (k) F (g% *2) = og/r a,5(1),

hence we obtain
EnenA(R)F(g"2) = 0g/rar,x,(1) + O(X 7).

Next, let € > 0 and set X := 1/e. Then by taking N sufficiently large, we can ensure that
the left-hand side is Og/r ar,5(€), hence the claim, recalling that M, 5| = O, 5(1). O

2.7 The transference principle

Recall that we are trying to prove Theorem 2.24 using the Gowers inverse norm The-
orem 2.27 and the Mobius and nilsequences Theorem 2.28. Their claims seem to fit
together nicely, but looking at the assumptions, we need a function to be bounded in
order to apply 2.27. This is another instance where the transference principle comes
into place: Our next - and final - goal is to transfer the Gowers inverse norm Theorem
from a statement for bounded functions to a statement regarding functions which are
bounded by pseudorandom measures. The fundamental result in this direction is the
following

Proposition 2.30 (Relative inverse Gowers norm Theorem). For s > 1,4 € (0,1]
and C > 20 there exists a finite collection M sc of nilmanifolds with the following
property. Let N > 1, and let N' € [CN,2CN] be a prime. Moreover, suppose that
v:Zn — R is an (s + 2)-pseudorandom measure and that f:[N] - R is a function
satisfying |f(n)| < v(n) for all n € [N] as well as

| fllers+1pn 2 0

Then there exists G[T' € M 5,c together with a 1-bounded s-step nilsequence (F(g™x))nen
with Lipschitz constant Oy 5 (1) such that

|]Enst(n)F(gn$)| >>5.6,C 1. (231)
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The next Proposition tells us that the function A;’W — 1 in which we are interested
does not correlate with nilsequences. Together with the last proposition, this quickly
gives the Main Theorem.

Proposition 2.31. Let s > 1, and assume the Mobius and nmilsequences Theorem
MN(s). Let G|T' be an s-step nilmanifold, and let (F(g"x)), be a bounded s-step
nilsequence with Lipschitz constant M. Let b < W be coprime to W. Then

]EnSN(A;,W(n) - 1)F(9n$) = OM,G/F,S(]')' (2-32)

Proof of the Main Theorem assuming Proposition 2.30 and 2.31. It suffices to estab-
lish Theorem 2.24. To this end, let C' = max(Cp,20), where Cy = Cp(s +2) is the
constant appearing in Proposition 2.22, and assume that the conclusion of Theorem
2.24 is false. Then we can find a subsequence of values of N going to infinity such that
1AL w = Ulgs+1vy 2 0 for some 6 € (0,1].

From Proposition 2.22 we get an (s+2)-pseudorandom measure v such that c|Aj y,, (n) -
1| < v(n) for some ¢ = ¢(s) > 0. An application of Proposition 2.30 then implies
that there is some nilmanifold G/T' € M, s¢c and a 1-bounded s-step nilsequence
(F(g"x))nen with Lipschitz constant Oy (1) satisfying

[Ensn (A w (n) = 1) F(g"2)| >4 1.

But this contradicts Proposition 2.31, hence we have the claim. O

Our next goal will be to deduce Proposition 2.30, and then Proposition 2.31 gives the
Main Theorem. To infer this, we need the following structure theorem:

Proposition 2.32. Let s> 1 and let N' > N > 1 be integers. Suppose that v : Zy: — R*
is an (s + 2)-pseudorandom measure, and that f : Zn+ — R is a function such that
|f(n)| <v(n) for all n. Then we can decompose f = f1 + fa in such a way that

1fill=(zy <1 (2.33)
and
| follo=+1 20y = 0(1). (2.34)

Moreover, if f is supported inside {—N, ..., N} for some N < N'/10 then we can choose
f1 and fo in a way such that their support is contained in {-2N,... ,2N}.

Proof. We will only prove the first part. For the second part, the idea is essentially
to multiply f, f1 and f3 by a smooth cutoff equal to 1 on {-N,..., N} and vanishing
outside {-2N,...,2N} and to verify that the new functions f; and f5 still satisfy the
same properties.

In the course of the proof, we will make heavy use of Proposition 1.40. Note that we
assumed f to be non-negative in that Proposition, while we assume here that it is only
bounded in absolute value by v. Going through the proof, one may however verify
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that we can handle the positive and the negative part of f separately, and at the end
the result quickly follows for f as well.

Note also that it suffices to show

[f1lleo <1+ 0(1),

since we can always transfer the o(1) part to f2, noting that ||g|

vert(zyn) < N9lle=zy0)-
Let € > 0 be sufficiently small, N > Ny(¢) sufficiently large, and write
f=fie f50+ 52,

where

fi=(1-10)E[f|B],

1

§0 = (1-10)(f - E[£]B)),

1(2) =1qgf.

Then Proposition 1.40 implies

1f1llLo(zy) < 1+0:(1)

and ) s
15 e 2,0y < €172
as well as

2
£ N b2y = 0 (1)

. 2 o .
Since we have | f2( )| < v pointwise, we obtain

2 s+1 2 2
152 oLz = Eorez s hezss} [fg( ‘m) 1 £ )(n+w-h)]
we{0,1}°*1
w#0
< (000 300 (B[ T vtnvan)])
NEL N1 w6{0,1}5+1
w#0
2
= 1PVl 1 2 -
Now, (1.24) implies |[Dv||(z,,) = Os(1), and hence
2
1£57] Us1(Zyr) = 0z,s(1).
As a consequence, we obtain that f5 := 2(1) + 2(2) satisfies
1/2s+2

121

For a given ¢’ > 0, we can then choose € small enough such that the second term is
< €'/2. Then, we can choose N large enough such that the first part is < ¢’/2. The
claim follows. O

Us*1(Zpr) < 05’5(1) +E
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We are now able to apply this result in order to deduce Proposition 2.30.

Proof of Proposition 2.30. Applying Proposition 2.32, we can write
I=h+f

where [|f1||z=(z,,) < 1 and [[fa|lys+1(z,,) = o(1), and where we may assume both to
have support contained in {-2N,...,2N}. By the comparability of the US*![N] and
U**'(Zn+), Lemma 1.27, the assumption ||f||ys+1[y] 2 & implies ||f|[ye+1(z,,) >c,s 0,
and hence we also have || f1[[7s+1(z,,) >c,s 0. Transferring this back to {-2N,...,2N}
with the same Lemma, we have derived || f1||y++1({-2n,....28}) >c,s 0.

Translating {-2N,...,2N} to [4N + 1], the inverse Gowers norm Theorem 2.27 gives
the existence of an s-step nilmanifold G/T' € M 5 ¢ together with a 1-bounded s-step
nilsequence (F(g"x))nen on GJT" with Lipschitz constant Os 5 (1) such that

|E—2N§n§2Nf1 (n)F(gnx)| 5,0 1.

At the same time we have || fo||7s+1(z,,) = 0(1), and Proposition 2.26 therefore gives

[E_2nensan f2(n) F'(g"2)| = og/r s,5,0(1)-
If N > Ny = Ny(s,9,C) then this implies
|E—2NsnS2Nf(n)F(gnx)| >>s,5,C 13

noting that f vanishes outside [N]. If on the other hand N < Ny = Oy 5.¢(1) then
the claim is trivial: All norms on [N] are equivalent up to factor On(1) = O, 5.c(1)
(this is a more or less empty statement), and all functions on [N] can be expressed as
nilsequences on R/Z with Lipschitz constant On (1) = Os 5c(1). In particular, we can
set F(g"x) = f(n), and then we have

[Enen f(n)F(g" )| = {22157 5,05 1]

2
Us[N] Ps06 1
O

Summarising what we have explained up to this point, it suffices to obtain Proposition
2.31, which essentially claims that the function Ang —1 does not correlate with nilse-
quences. We will soon decompose the von Mangoldt function A into a ‘smooth’ and a
‘rough’ part. This decomposition will induce a further decomposition on the function
Ay, w, which we expect to be close to A;)}W in any reasonable sense. We will then try
to separately verify that both the smooth and the rough part of A, 17 do not correlate
with nilsequences.

However, it turns out that it is only possible to bound the smooth component in its
Gowers norm, which might at first appear to be suitable for application of Proposition
2.26; but it is not a bounded function, as required. In fact, it appears to be difficult
to even bound it by a pseudorandom measure (with the idea of using some type of
transference principle for 2.26)! For this reason, we introduce the notion of averaged
nilsequences, which have more regularity, and we will be able to bound them in their
Gowers dual norm.
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Definition 2.33. Let G/T be an s-step nilmanifold, and let M > 0. An s-step averaged
nilsequence on G|T" with Lipschitz constant at most M is a function F(n) of the form

F(n) = Z;Fi(g?%),

where I is some finite index set, and for each i, we have that F;(glz;) is a bounded
s-step nilsequence on G|T with Lipschitz constant at most s.

The precise use of this notion will become apparent soon; essentially, it is the following
technical proposition, which we will not prove.

Proposition 2.34. Let G/T be an s-step nilmanifold, and let M > 0. Suppose that
(F(9™))nen is a bounded s-step nilsequence on GT with Lipschitz constant at most
M. Lete€(0,1) and N > 1. Then we can decompose

F(g"z) = Fi(n) + F2(n), (2.35)
where Fy : N — [-1,1] is an averaged nilsequence on (G/F)QM’1 with Lipschitz con-

stant Opr o (1) and
[l£1]

Us [N L¥pmecyr 1

while Fy : N - R satisfies
[ F2[|L= = O(e).

We try to illustrate the core idea of the proof: In some way, we need to determine
what the special feature of nilmanifolds and nilsequences is.

Given a nilmanifold G/T", we write (G/F){O’l}s+1 for the set of all 2°*!-tuples (u)we(o,1}5+ -

We call an element of (G /I‘){(J’1}5+1 an (s+ 1)-dimensional parallelepiped if it is of the
form (gn+w.h)we{0,1}s+l for some g€ G, x € G/T, n € Z and h € Z**1,

Now the fundamental idea is that for a given vertex of such a parallelepiped, its value
is determined in a continuous way by the values of its other 2°*! — 1 vertices. This
constraint allows one to deduce the structural properties necessary for proving the
claim.

Example 2.35. The easiest example of a nilmanifold is the torus R/Z, which is a
1-step nilmanifold. In this case, we write ¢"z as = + gn for g €e R, x ¢ R/Z and n € N.
A 2-dimensional parallelepiped on the torus is an element of (R/Z)? of the form

(x+ng,xz+(n+h1)g,z+(n+ha)g,x+ (n+hy+hs)g).
Denoting the components by (yoo, y10,Yo1,¥y11), one immediately sees that

Yoo = Y10 + Yo1 — Y11,

meaning that one vertex of this parallelepiped is continuously determined by the other
vertices. For higher-order nilmanifolds, this is of course much more difficult to verify.

47



With Proposition 2.34 in our pocket, we are now able to reduce the Main Theorem
even further; note that we have by now reduced it to showing Proposition 2.31.

Proposition 2.36. Let s > 1, and let G/T be an s-step nilmanifold. Further, let F1(n)
be an averaged s-step nilsequence with Lipschitz constant M, and let b < W be coprime
to W. Suppose the dual norm bound

||F1||US+1[N]* <M. (236)

Then we have
EngN[(AZ,W(n) - 1)F1(")] = o, v, r,s (1) (2.37)

Proof of the Main Theorem assuming Proposition 2.36. It suffices to establish Propo-
sition 2.31, so let F’ be as in that Proposition. Let € € (0, 1) be arbitrary, and decompose
F as in Proposition 2.34. By Proposition 2.36, the contribution of Fy is oy7,¢/r,s,-(1).
For the contribution of F5, we can bound

Enen (A w (n) = D) Fa(n)] < [ Bl (Bnen [Af w (n)] + 1) = O(e)
using the Siegel-Walfisz Theorem. As a consequence, we have
]EnsN(Af;,W(n) -1)F(g"x) = OM,G/F,s,a(l) +0(e),

which gives the claim. O

2.8 A splitting of the Von Mangoldt function

Recall that our goal now is to establish Proposition 2.36 to show the Main Theorem,
namely

Enen (Ajw (1) = 1) F1(n) = ongar,yr,s (1)
To show this, one easily verifies that it suffices to show the same statement with Af;,w
replaced by Ap . Writing this out, our goal is to prove the following estimate:

w
EnsN[( ('D(W )Ab,W(Wn +b) - 1)F1(n)] = onm 6y, (1) (2.38)
Let v =75 > 0 to be determined later, and define R := N7. Note that we have

A(n)=-logR Y. u(d)

s|n

logd
log R’

Next, we make a smooth decomposition x = x*(z) + x"(z) of the identity function on
R*, where x"(x) vanishes for > 1 and x®(z) vanishes for z < 1/2. With this, we can
define

St = —lo s (logd
AS(n) = 1 nglznu(d)X (1ogR)’ (2.39)
A ()= ~log R 3 p(d)x’ (llgggg) , (2.40)

d|n
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so that A(n) = A*(n) + A"(n). It then suffices to establish the two estimates

EMN[(“”(WW)A%Wn ) 1)F1(n>] (1) (241
and -
EnsN[(p(vV )AT(WTL + b)Fl(n)] =onm,qyr,s(1), (2.42)

since they imply (2.38) and therefore the Main Theorem. Let us first focus on estab-
lishing (2.41). From the dual norm bound (2.36), we obtain

MAS(Wn +b) - 1)F1(n)]| < H%A%Wﬂ +b) - 1HU5+1 1Fy e ne

‘EnsN[( W [N]

<M’ %AS(WTLH)) - 1\

Us+1[N] ’

As a consequence, it is sufficient to verify that

[E2asava ey -al| =0,

Us+1[N

which, by writing out the definition of the US*![ N]-norm, is in turn implied by the
more general bound

(WAS(W(n +w-h)+b) - 1) = o(N**?)
(n,h)eK we{0,1}s+1 w

for any convex body K ¢ [-N, N]**2. Expanding out the product on the left-hand
side, we can reduce this further to showing that

( % ; I‘L %AS(W(TL +w-h) +b) =volsa(K) + o( N°2)

for any B ¢ {0,1}*"1. Since A® is a truncated von Mangoldt function and the nilse-
quences have disappeared in the above claim, this is accessible by much more standard
sieve theory techniques, but we note that it still needs considerable efforts. The details
can be found in appendix D of [8].

We now turn to the estimate (2.42). By the triangle inequality, it suffices to show

(W)
1%

En<n A" (Wn+b)F(g9"x) = opr,qr,s(1) (2.43)

uniformly over g,z and 1-bounded, s-step nilsequences (F'(¢g™x)),, with Lipschitz con-

stant at most M, since we can average over such nilsequences to obtain F;. We can
trivially bound ¢(W)/W <1 and thus remove this factor. Next, we can write

Encn A" (Wi +b)F(g"x) = WEpenewnssLup w)yA” (n) F (g W ). (2.44)
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We know that the exponential map on a nilpotent Lie group is surjective, and one can
show that the Lie group is in fact divisible, i.e. for any g € G and m € N there exists
an element ¢*/™ such that (¢"/™)™ = g. Thus, we define ¢’ == g//" and 2’ := g*/Wz,
so that

F(g/nx/n) _ F(g(n—b)/Wx).

The point is that the left-hand side is defined for any integer n. Moreover, we can

expand
1 r(n-1>)
= 3 o(152).
W .G w

Substituting both identities into (2.44) gives

Ep«nA"(Wn+b)F(g"z) = ]Eb<nsWN+b[ Z e (7‘(7;/—[))) A (n)F (g™’ ]
r(W)

Clearly, n — e(r(n —b)/W) induces a 1-bounded, O(1)-Lipschitz nilsequence on the
1-step nilmanifold R/Z. It hence suffices to show that

WEpenew n4o[A"(n)F(g" )] = onr,yr (1) (2.45)

for all M-Lipschitz, 1-bounded nilequences (F(g"x))ney on the s-step nilmanifold G/T,
noting the importance of the uniformity with respect to g, x and F. We will now show,
that in fact

Lemma 2.37.

> AT(n)F(g"x)| <arars.a Nlog N (2.46)

n<N

holds for any A > 0.

Proof. By the choice of w, this easily implies (2.45). By definition of A", we can rewrite
and then rearrange the left-hand side as

> A= | S 3w (1225) £l

n<N n<Nd|n IOgR
|2 Y () Py
m<N d<N/m lOgR

Note that, since x" vanishes on [0,1/2], we only have a contribution from terms with
d > RY?, so that m < N/Rl/Q. Application of the summation by parts formula and the
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Mobius and nilsequences Theorem then yields

r logd myd
dg%:/mu(d)x (IOgR)F((g )x)

< x(lg(N/m)) S u(d)F (™))

log R d<N/m

L 0 R)) 8 st

1<d<t

A N/m A N A
<a,m,c/r,s log(N/m)log™ " (N/m) + Lm log™ " tdt <4 Elog_ (N/m).
Again, we make use of the uniformity with respect to g to apply the Md&bius and
nilsequences Theorem to g™ instead of g. Since m < N/RY?, one easily verifies that
1og_A(N /m) <a log_A N. Summing the above over all m in question implies, putting
the last steps together, that

> A(n)F(g"x)

N
<<A,M,G/F,s Z 710g AN.
n<N m

m<N

Since this holds for any A > 0, the claim follows. This concludes the proof of the Main
Theorem. O

The applications of the Gowers inverse norm Theorem and of pseudorandom measures
are not limited to the von Mangoldt function (or rather the derived functions we
analysed here), but can be extended to many other types of functions as soon as one
can bound them by pseudorandom measures. One example of such an approach is [12]
(among several other papers by the same author), where one looks at the function
which counts the number of representations of an integer by a positive definite binary
quadratic form.

For a given collection fi,..., f; of positive definite binary quadratic forms, denoting
Ry, (n) ={(z,y) : fi(z,y) =n}|
one can deduce an asymptotic for the expression

t
E exnze H Rfi (%(n))
=1

(note the similarities of this expression with the one in the Generalised Hardy-Littlewood
conjecture 2.4). The very basic idea is indeed to bound the representation functions
by pseudorandom measures similar to the methods we employed in this chapter.
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