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Three Topics in Additive Prime Number Theory

Ben Green

ABSTRACT. We discuss, in varying degrees of detail, three contemporary
themes in prime number theory. Topic 1: the work of Goldston, Pintz
and Yildirim on short gaps between primes. Topic 2: the work of
Mauduit and Rivat, establishing that 50% of the primes have odd digit
sum in base 2. Topic 3: work of Tao and the author on linear equations
in primes.

Introduction

These notes are to accompany two lectures I gave at the Current Devel-
opments in Mathematics conference at Harvard in November 2007. The
title of those lectures was ‘A good new millennium for primes’, but I have
chosen a rather drier title for these notes for two reasons. Firstly, the title of
the lectures was unashamedly stolen (albeit with permission) from Andrew
Granville’s entertaining article [16] of the same name. Secondly, and more
seriously, I do not wish to claim that the topics chosen here represent a com-
plete survey of developments in prime number theory since 2000 or even a
selection of the most important ones. Indeed there are certainly omissions,
such as the lack of any discussion of the polynomial-time primality test [2],
the failure to even mention the recent work on primes in orbits by Bourgain,
Gamburd and Sarnak, and many others.

I propose to discuss the following three topics, in greatly varying degrees
of depth. Suggestions for further reading will be provided. The three sec-
tions may be read independently although there are links between them.

(1) Gaps between primes. Let p, be the nth prime number, thus
p1 =2, po =3, and so on. The prime number theorem, conjectured
by Gauss and proven by Hadamard and de la Vallée Poussin over
110 years ago, tells us that p,, is asymptotic to nlogn, or in other
words that

. Pn
lim =1
n—oo nlogn
This implies that the gap between the nth and (n + 1)st primes,

Pni1 — Pn, is about logn on average. About 2 years ago Goldston,
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Pintz and Yildirim proved the following remarkable result: for
any € > 0, there are infinitely many n such that p,41 —pn < elogn.
That is, infinitely often there are consecutive primes whose spacing
is much closer than the average.

(2) Digits of primes. Written in binary, the first few primes are

10,11,101,111, 1011, 1101, 10001, 10011, 10111, ...

There is no obvious pattern!. Indeed, why would there be, since
the definition of ‘prime’ has nothing to do with digital expansions.
Proving such a statement, or even formulating it correctly, is an
entirely different matter. A couple of years ago, however, Mauduit
and Rivat did manage to prove that the digit sum is odd 50% of
the time (and hence even 50% of the time). They also obtained
results in other bases.

(3) Patterns of primes. Additive questions concerning primes have a
long history. It has been known for over 70 years that there are
infinitely many 3-term arithmetic progressions of primes such as
3,5,7 and 5,11,17, and that every large odd number is the sum of
three primes. Recently, in joint work with Tao, we have been able
to study more complicated patterns of primes. In this section we
provide a guide to this recent joint work.

Throughout these notes we will write

Erexf()= 3 f(a),

reX
where X is any finite set and f: X — C is a function.

1. Gaps between primes

These notes were originally prepared for a series of lectures I gave at the
Norwegian Mathematical Society’s Ski og mathematikk, which took place at
Rondablikk in January 2006. It is a pleasure to thank Christian Skau for
inviting me to that event. The argument of Goldston, Pintz and Yildirim
was first described to me by K. Soundararajan at the Highbury Vaults in
Bristol. It is a pleasure to thank him, and to refer the interested reader to
his lectures on the subject [41], which are superior to these in every respect.

1.1. The result. In 2005 Goldston, Pintz and Yildirim created a sen-
sation by announcing a proof that
Pn+1 — Pn

liminf,, o logn

:07

where p,, denotes the nth prime number. According to the prime number
theorem we have
pn ~ nlogn,

lExcept, of course, that the last digit of primes except the first is always 1.
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and therefore
Pn+1 — Pn
logn
has average value 1. The Goldston, Pintz and Yildirim result thus states
that the distance between consecutive primes can be € of the average spacing,
for any €, and is thus certainly most spectacular.

Previous efforts at locating small gaps between primes focussed on prov-
ing successively smaller upper bounds for C := liminfn%m%. The fol-
lowing table describing the history of these improvements does not make the
Goldston-Pintz-Yildirim result look any less striking:

C
Trivial from PNT 1
Hardy-Littlewood [27] 1926 2/3 on GRH
Rankin [39] 3/5 on GRH
Erdés [8] 1940 1-c¢ unconditionally
Ricci [40] 1954 15/16
Bombieri-Davenport [4] 1965 0.4665 . ..
Pilt’ai [38] 1972 0.4571...
Uchiyama [47] 0.4542. ..
Huxley [29, 30, 31] 1984 0.4393. ..
Maier [35] 1989 0.2484. ..

Goldston-Pintz-Yildirim 2005 0

For the detailed proof of this result we refer the reader to the authors’ paper
[13], as well as to their expository account [12] and to their short article
with Motohashi [14]. Our aim here is to give a very rough outline of the
proof. One distinctive feature of the argument is that it ‘only just’ works, in
a way that seems rather miraculous. We will endeavour to give some sense
of this. We begin with two sections of background material.

1.2. The Elliott-Halberstam Conjecture and level of distribu-
tion. Let ¢ be a positive integer and suppose that a is prime to q. We
write

¢(N, a, Q) = EngN,nza(modq)A(n)a

where A is the von Mangoldt function. For constant ¢ (and in fact for ¢
growing slowly with N, say ¢ < (log N)4 for some fixed A) the prime number
theorem in arithmetic progressions tells us that

Y(N;a,q) ~1/é(q).

Conditional upon the GRH, we may assert the same result up to about
g ~ N'/2. The remarkable theorem of Bombieri-Vinogradov (a proof of
which the reader will find in many texts on analytic number theory, such as
[32]) states that something like this is true unconditionally, provided one is
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prepared to average over q. A weak version of the theorem is that
1

o(q) | <4

1
(1.1) > max [¥(Nsa,q) T
2 i 1oz N)
for any fixed A and for any Q < N/2—¢,
By using sieve theory one may show that (N;a,q) < N/¢(q), and so
the LHS of (1.1) is trivially bounded by

1
Z M ~ log Q.

q<Q

The Bombieri-Vinogradov theorem permits us to save an arbitrary power of
a logarithm over this trivial bound.

Even conjectures on L-functions (such as the GRH) appear to tell us
nothing about the expression (1.1) when Q> N 1/2. Nonetheless, one may
make conjectures. If 6 € [1/2,1) is a parameter then we say that the primes
have level of distribution 6, or that the Elliott-Halberstam conjecture EH(0)
holds, if we have the bound

1 1
1.2 max Nia,q) — ——| <49 ———=
2 o @n=1 PN @0 = 51 <40 og A

for any Q < NY.

The full Elliott-Halberstam conjecture [7] is that EH(6) holds for all
0 <1. Assuming any Elliott-Halberstam conjecture EH(0) with 6>1/2,
Goldston, Pintz and Yildirim can prove the remarkable result that gaps
between consecutive primes are infinitely often less than some absolute con-
stant C(#). Assuming EH(0.95971), they prove that

hminfn—ﬂ)o (pn-l—l - pn) <16

(actually they prove a slightly weaker result — the value 0.95971 comes from
unpublished computations of J. Brian Conrey).

It should be stressed however that it is not expected that any conjecture
EH(#) for # >1/2 will be established in the near future. There are results of
Bombieri, Friedlander and Iwaniec which go a little beyond the Bombieri-
Vinogradov theorem in something resembling the required manner, although
experts seem to be of the opinion that these results will not help to improve
the bounds on gaps between primes (cf. [1, §16]).

1.3. Selberg’s weights. This is the second section of background
material.

In the 1940s Selberg introduced a wonderfully simple, yet powerful, idea
to analytic number theory. Write 1p for the characteristic function of the
primes. Then if R is any parameter and if (A\j)q<r is an sequence with
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A1 =1, we have the pointwise inequality

<(X )’
din
d<R
provided that n > R (the proof is obvious).

This provides an enormous family of majorants for the sequence of
primes. In a typical application we will be interested in something like
the set of primes p less than some cutoff N, and then R will be some power
N7, v< 1. In this situation Selberg’s weights majorise the primes between
N7 and N, that is to say almost all of the primes less than V.

What weights Az should one choose? This depends on the application,
but a very basic application is to the estimation of %(W(%’ +vy) — w(x)), the
density of primes in the interval (z, z+y] (the Brun-Titchmarsh problem). In
discussing this problem we will also see why it is advantageous to construct
a majorant for the primes, rather than work with 1p itself.

For any choice of weights A4, then, we have

1 2
S (7@ y) = 7(@)) < Eartcncoty( PR
dn

d<R
= Z Z )\d)\ilEerlgnngryld\nld’m
d<Rd <R
AdAw
(1.3) => 3 . d] Z > dllAal).-
d<Rd’<R ’ Yi<ra<r

Let us imagine that the weights Ay are chosen to be < y¢ in absolute

value (this is always the case in practice). Then the second term here is

O(R?y?~1). If R<y'/?72¢ then this is O(y~¢) and may be thought of as an

error term. This is why it is advantageous (indeed essential) to work with a

majorant taken over a truncated range of divisors, and not with 1p itself.
The first term in (1.3),

E Z )\d)\d’

d<Rd’<R d, d

is a quadratic form. It may be explicitly minimised subject to the condition
A1 =1, giving optimal weights )\dOPT which are independent of x and y, and
the resultant expression may then be evaluated asymptotically. In this way
one obtains the well-known bound

;(w(w +y) —7(@)<(2+e€)

7(y)
y
valid for y > yo(e).
What is the optimal choice of weights )\EEL for the Brun-Titchmarsh
problem? The precise form will not concern us here (see, for example, [37]).
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However, it may be shown that
log(R/d)
logR
(For a detailed discussion, see the appendix to [20] and the references to

work of Ramaré therein.)
We write

A~ p(d)

ay . 10g(R/d)
Ag = p(d) ogR

These weights are very natural for two reasons: their simplicity of form, and
the fact that they approximate the optimal weights for the Brun-Titchmarsh
problem. There is a third reason for considering them, which comes upon
recalling the formula

Zu )log(n/d).
dn
We see, then, that
Ar(n) = 3 uld)log(R/d)

dln
d< R

is a kind of divisor-truncated version of A.
We have arrived at the conclusion that the function

1
)\GY
(log R)? Z

din
d<R

might be a very useful majorant for the primes.
What might we hope to do with such a majorant? By the computation
leading to (1.3), we see that it is possible to find an asymptotic for

(1.4) EN <n<onAr(n)?

provided that R< N 1/2=¢ Later on we will wish to consider more compli-
cated expressions involving genuine primes, such as

(1.5) EN <n<anvl (n+2)Ag(n)%.

Here we write A’ for the von Mangoldt function restricted to primes (as
opposed to prime powers), thus

logn if n is prime

/ Pyp—

An):= { 0 otherwise.

The problem of evaluating (1.4) may be thought of as a kind of approxima-
tion to the twin prime problem, though we do not know of a way to relate

this expression to that problem rigourously. Expanding out, we see that
(1.5) is equal to

D u(d)p(d)log(R/d) log(R/d)EN < n<anA(n +2).
d<Rd <R [d.dlln
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Now we expect that

/ ~
o) N Y G
if both d and d’ are odd.

The Bombieri-Vinogradov theorem clearly offers a chance of obtaining a
statement to this effect on average over d, d’ < R if R < NY/4~¢, though there
is certainly still work to be done as the distribution of [d,d’] as d,d’ range
over d,d' < R is not particularly uniform. For the details (which involve
moment estimates for divisor functions) see [13, §9].

Once this is done we are left with the main term

!
(1.7) >N M“(,d) log(R/d)log(R/d').
i<hd<r O d])
dodd ¢’ odd
This term (and related expressions) may all be estimated rather accurately
using the standard Dirichlet series techniques of analytic number theory,
whereby the sums are expressed as integrals involving products of (-functions.
If we had EH(6), that is to say if the primes had level of distribution 6,
one could show that (1.5) is roughly (1.7) in the wider range R < N?/?2=¢. In
particular on the full Elliott-Halberstam conjecture one could work in the
range R < N'/2=¢ which is essentially the same as for (1.4).
Perhaps we should make a few remarks about the form of the asymptotic
for (1.7). One may in fact show that it is

~log R[] <1 — (p_11>2>

p=3

We will see products such as this again in §3.

1.4. A strategy for gaps between primes. We now trun to a dis-
cussion of the results of Goldston, Pintz and Yildirim themselves. From
the conceptual viewpoint it is easiest to begin by discussing the very strong
conditional results proved under the assumption of the Elliott-Halberstam
conjecture. We stated in the introduction that they prove

(1.8) liminf,, 00 (Pp+1 — pn) < 16

assuming EH(#) for some 6 less than 1.

In fact, a much more general result is obtained. Let H={hy,..., h;}
be a k-tuple of distinct integers with h; < ho < ... < hg. A generalisation of
the twin prime conjecture is that there are infinitely many n such that all of
n+ hi,...,n 4+ hg are prime unless this is “obviously impossible for trivial
reasons”, which would be the case if there is some p such that {hy,..., hg}
occupy all residue classes (mod p). If this is not the case then we say that
H is admissible.

Goldston, Pintz and Yildirim prove the following.
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THEOREM 1.4.1. Suppose that EH(0) is known for some 6 >1/2. Then
there is ko(0) with the following property. If k> ko(0) and if H={hq,...,
hi} is an admissible k-tuple then for infinitely many n at least two of the
numbers n + hi,...,n + hy are prime.

Note in particular that

limingy oo (P = Pn) < {hl,...,hir}lizf(limissible(hk = h).
k> ko(6)
It turns out that ko(f) can be taken to be 6 for § >0.95971, and this leads
to (1.8) since the 6-tuple {0,4,6,10,12,16} is admissible.

Here is a very general strategy for detecting primes in admissible tuples.
According to [12], this has its origins in work of Selberg and Heath-
Brown. Fix a range [N,2N), suppose that 0< hy < -+ <hp <N, and let
(tn) N < n<2n be arbitrary non-negative weights which are certainly allowed
to depend on the h;. We will compare

Q1:=EN<n<anpin

with
Q(Z) = 1 EN<n<2NA/(n+ hz),ufn
2 " log3N TS ’

for i=1,...,k. T. Tao remarked to me that a nice way to think of this

as follows: one may renormalise so that ) u, =1, and then QRS le)/ Q1
is essentially the probability that n + h; is prime if n is drawn at random
from the distribution p (one might then write the expected values in the
definitions of 1 and Qg) as integrals with respect to ).
Now if one can choose the weights p so that p(*) > 1/k, we will have upon
summing over ¢ =1,...,k that
k

A n+h,~
En<n<on (Z l(og3N ) - 1) >0,

which means that there is some n such that
N(n+hy)+-+ N(n+hg)> log3N.

For such an n, at least two of n+ hi,...,n+ hy are prime. In the proba-
bilistic language, we have essentially used the fact that if n+ hy,...,n+ hg
are each drawn at random from u, the expected number of primes amongst
these numbers is > 1.

1.5. Choosing good weights. We continue the discussion of the pre-
vious section. How should the weights u,, be chosen to optimise the factors
pM? In retrospect, one may view most of the earlier developments on gaps
between primes as attempts to find good weights p, in this context — see
[13, §4] for further remarks on this.

A very good choice of weights might be

pn =N (n+hy) ... N(n+ hy).
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One would indeed expect that p() ~ 1 in this case. The only problem is
that we have no idea how to prove this, one particular issue being that we
cannot show that 1 # 0 (indeed, this is equivalent to finding n such that
all of n+ hy,...,n + hy are prime).

We must restrict ourselves to weights u, for which it is possible to esti-
mate )1 and Qg). As we saw in §1.3, there is a rather large class of such

weights. In fact if
Hn = ( Z )\d)z

dln

d<R
then our chances are good if R < N%/2¢ where 6 is the best exponent for
which we know EH(6). Crucially, there is a rather more general class of
weights one is able to consider, and that is Weights of the form

(1.9) Hn = Z )\d )

d|F(n)

d<R
where F'(n)=(n+ai1)...(n+ ap) is an integer polynomial. It is an inter-
esting exercise to reprise the arguments of §1.3 in this more general context.
In place of the trivial estimate

1

which we used to derive (1.3) one must instead input information about

E, < N d,d)Fm)l-

But one knows that (for example) p|F(n) precisely if n = —a;(mod p) for
some j € {1,...,m}, and so such a task is not too frightening. The same is
true of sums, such as (1.6), which involve the von Mangoldt function.

For the remainder of the discussion we will narrow down our search for
good weights i, to those having the form (1.9). We will assume that for any

sensible choice of F' and the A\ we may evaluate ()1 and Qg) for R < N9/2—¢
using the standard techniques which we sketched in §1.3.
Now we remarked that an ideal choice of weights is

pn =N (n+h1)...N(n+ hg),
but we cannot compute with this choice. A closely related choice of
weights is
tn=Ap((n+h1)...(n+ hy)).
Here the function Ay is defined by
Zu ) log(n/d)*,
dln

and so in particular A; = A. For general k the function Ay is supported on
those integers with at most k distinct prime factors. (One way to check this
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is to use the identity
Ap=LAp 1+ AxApq,
where L(n):= logn and * denotes Dirichlet convolution.)

Now in §1.3 we saw the advantages of replacing A with Ag, a divisor-
truncated version of it. By analogy one might consider

Apr(n) =Y pu(d)log(R/d)".
din
d<R

This could be negative, but its square Ai} r certainly cannot. Furthermore

Lhn 3:Ai,R((n +h1)...(n+ hy))

is of the form (1.9) (with F(n)=(n+hi1)...(n+ hy)). This, then, is a very
natural choice of the weights u, and it is with some anticipation that we
await the results of computing ()1 and the Qg), and hence the factors p(®.
What we obtain is this:
02  logR
kE+1 logN’

This is something of a disappointment, since it is not greater than 1/k even
when R= N%?2=¢ for 0 very close to 1 (that is, with a very strong form of
the Elliott-Halberstam conjecture).

Astonishingly, a seemingly small change tips the balance in our favour.
We consider instead

= A2y (4 ) . (n + ),

p

where 0 <l <k is a further parameter. In the probabilistic language, p(*)
may then be thought of (very roughly) as something like the probability
that n + h; is prime given that (n+ hi)...(n+ hy) has at most k + [ prime
factors.

With this choice of weights it is possible to compute that

, 2k 21+1 logR
1.1 @ ~ : :
(1.10) P T k21141 logN
Note that as k,l — oo with | =o0(k), this is essentially 4log R/klog N. In

particular with R := N%2~¢ one has p(*) > 1/k for k > ko(6), for any 6 > 1/2.
This is enough to establish Theorem 1.4.1.

1.6. The unconditional result. In this section we explain some aspects
of the proof that
.. Pn4+1 — Pn
liminf, _oo——— =
logn

Recall that in the last section we chose weights

pn = Ay g (04 ha) o (0 ).
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Taking R:= N/4¢ the quantities Q; and le) can be evaluated using the
Bombieri-Vinogradov theorem (rather than the Elliott-Halberstam conjec-
ture). If k,l are large with [ < k then (from (1.10)) the quantities p(*) are
all at least 1/k — €’ for k > k1(¢€), and hence we have that

k

N(n+ h;)
1.11 En<n E ——— | up=(1-96 ,
( ) N<n<2N (i:1 log 3N 2 ( Meellx

for any 6 >0, and any k > k2(9). Here

H:qu ::EN<n<2NMn

is the total mass of u. This means that if n is drawn at random from the
distribution u, then the expected number of primes amongst the numbers
n 4+ hi,...n + hg is at least 1 — §. Clearly, this is not an immediately
applicable result if one wishes to obtain two or more primes in the tuple
{n+hy,....,n+ hg}.

There is, however, a tiny bit of further information available to us. Even
if hg ¢ {h1,...,hi}, there is still a chance that if n is drawn at random from
i then n + hg will be prime. One can work out that this probability is
asymptotically

S(ho, h1, ..., hy)
log N ’
where &(hg, h1, ..., hx) is a certain singular series reflecting the arithmetic
properties of the numbers hg, b1, ..., kg (it is similar in form to the product

defining the twin prime constant). Formally what we mean by this is that

A,(TlJrho) G(ho,hl,...,hk)
log 3N Hn log N

and this may once again be rigorously established using the Bombieri-

Vinogradov theorem.
Let >0 be arbitrary. Summing over all hg with

En<n<an el

0<ho<nlogN,

we obtain from (1.11) that

(1.12)
nlogN ,, nlog N
A(?’L+h) G(h()vhlv"'vhk)
En<n ————— | =(1-9 .
veren( 2 s oo (Y Sttty
h=0 ho=0
ho@{h1,....h}

For a typical choice of hy, ..., hg, the right-hand side will be of a predictable
size. Indeed by a result of Gallagher one may infer that

Z 6(h07h17"'7hk)NHk+1

hose..;hy <H
h; distinct
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as H — oo. Taking expectations over all k-tuples {hi,...,hx} of distinct
integers with 0 < h; <nlog N, we therefore obtain from (1.12) that

nlog N

AN(n+h
En<n<on ( Z k()g?)N)> pn = (1 =041 —o(1))|[pl1-
h=0

Recall that this is valid for any 6 >0, provided that k is sufficiently large.
Taking 6 =n/2, we therefore see that (if n is drawn at random from pu) the
expected number of primes in the interval [n,n + nlog N] is strictly greater
than 1. In particular there is some such interval containing at least two
primes.

1.7. Further results. Since the original paper of Goldston, Pintz and
Yildirim several further works have appeared or are scheduled to appear
giving refinements and variants of the main theorem. Here is a summary of
what has been done:

e In the forthcoming paper [10] it is shown, by refining the ideas
just described as far as seems possible, that

lim inf Patl — Pn
n—oc (log py)!/?(loglog py)?
This remarkable result asserts that the gap between primes is
infinitely often almost as small as the square root of the aver-
age gap.
e Let ¢ <qo < --- be the numbers which are the product of exactly
two distinct primes. Then

< 0.

liminf(gu4+1 — gn) < 26,

n—0o0
and in fact
liminf(gn41 — ¢n) <6
n—oo

if one assumes the Elliott-Halberstam conjecture. These results
are obtained in the paper [11] by the three authors and
S. W. Graham.

e In the original paper [13] one also finds results concerning several
primes bunching together. Thus assuming EH(6) one has, for any
r > 2, the bound

liminf 20— P < (/r — V/20)2

n—00 ]og Pn
One rather curious feature of this bound is that the full Elliott-
Halberstam conjecture EH(1) implies that

lim inf Pnt2 —Pn _
W2 Togp

Nothing of this sort is known for p,t3 — p,, even conditionally.
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2. Binary digits of primes

These notes originated from a course I lectured in Part III of the
Mathematical Tripos at Cambridge University in the Lent Term 2007. My
alm was to work through the result of Mauduit and Rivat in the case of
binary expansions of primes, and to produce a reasonably short exposition
(the original paper is 49 pages long). Because we provide complete details
this section is considerably more technical than either §1 or §3. Readers not
interested in these technicalities may still wish to read §2.3.

2.1. Statement of results. In a recent preprint [36], Mauduit and
Rivat proved that asymptotically 50% of the primes have odd digit sum in
base 2 (and hence, of course, 50% of the primes have even digit sum in base
2 as welll), answering a long-standing question of Gelfond. Our aim in this
section is to give a self-contained proof of their theorem in the following
form, which is easily seen to imply the result as just stated.

THEOREM 2.1.1 (Mauduit-Rivat). Let A be the von-Mangoldt function,
and let s : N = N be the function which sums the binary digits of n. Then

En<xA(n)(~1)*™ =0(X ™)
for some 6 > 0.

In fact Mauduit and Rivat proved rather more than this: they counted
primes whose digit sum in base ¢ is congruent to a(mod m), for any natural
numbers a,q,m. To prove a result in this generality requires some extra
technical devices and a lot more notation, so we leave the interested reader
to consult the original paper [36].

I find the result intrinsically interesting, but another reason for studying
it is that it represents a pleasingly self-contained example of Vinogradov’s
method of ‘Type I and I sums’ or ‘bilinear forms’ for handling prime number
sums.

In contrast with the last chapter we provide a fairly complete technical
discussion.

2.2. Some notation. Throughout this section X will be thought of
as a large parameter. If Y7 and Yo are two quantities which depend on X
we write Y7 2 Y5 if V1 > XY, for all e >0. We use the notation Y; $Ya
similarly. Typically we might have Y;>> Y5log~™® X for some C, but the
notation is occasionally applied in even looser situations. For example we
have the bound 7(z) < 1 uniformly in x < X, where 7(x) denotes the number
of divisors of x.

If neN we write v2(n) for the 2-exponent of n, the maximal r such
that 2"|n.

The letter ¢ will always denote a small, positive, absolute constant.
Different instances of the letter will not necessarily denote the same constant.
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2.3. Vinogradov’s method of Type I/II sums. Suppose that
f N — C is a function, bounded by 1. This section concerns a method
which can be often be used to show that a sum of the form

En<xA(n)f(n)

is substantially smaller than X. The method is particularly inclined to work
when f is “far” from being multiplicative. It is clear that such a sum cannot
be small in many cases when f does have some multiplicative tendancies,
for example when f(n)=u(n) or when f(n) is a Dirichlet character to small
modulus.

We will develop a develop a form of the method which includes some
technical refinements particularly suited to the study of the function f(n)=
(—1)*("™). These are rather insubstantial and consist in large part of ensuring
that various cutoffs are exact powers of two. In these notes we will endow
the ~ symbol with a rather specific meaning: if we write >, .. then we
understand that the variable n is to range over the dyadic interval [2/71,2V).

Here is the version of Vinogradov’s method that we shall require.

PROPOSITION 2.3.1 (Method of Type I/II sums). Suppose that f : N —
C is a function with |f(n)| <1 for all n. Let § € (0,1] be a parameter. We
say that Type I sums are d-small if

DI GO,

m~2H néely,

whenever 2¢ < X1/100 T C [2v=1 2v) is an interval and 2 < X. We say
that Type II sums are d-small if

%} Z Z by f(mmn)| <0

m~2H 2V
uniformly for all sequences (an,), (by) with |ay|, |bn| <1 and for all p,v such
that X1/100 L or 9v < X99/100 - Suppose that f is a function for which Type
I and Type II sums are 5-small. Then

En<xA(n)f(n) < 6/%10g% X.

Remarks. One can take C'=11/2. Note that both Type I and Type II sums
are trivially bounded by X. The important feature of the proposition, then,
is that a big enough gain over these trivial bounds leads to an improvement
of the trivial bound on E, < xA(n)f(n), which is O(log X).

In our statement of the result we have made a particular choice of the
the ranges of u, v for which estimates for Type I/II sums are required. There
is considerable flexibility in the choice of these ranges. Though this matter
does not concern us here, we remark that it has apparently not been com-
pletely clarified in the literature (though see [6, §8] for a related discussion).

When is an attempt to use the method of Type I/II sums likely to be
successful in establishing a non-trivial bound for E, < xA(n)f(n)? In gen-
eral, one might hope for success when f does not behave “multiplicatively”.
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Certainly if f is multiplicative, say f=x for some Dirichlet character y,
then by choosing a,, = f(m) and b, = f(n) we see that the Type II sums
are not always small. A similar phenomenon persists for those f which are
the sum of a few multiplicative functions, for example the additive char-
acter f(n)=e(an/q) with ¢ a small integer. Fortunately one can estimate
E, < xA(n)f(n) for these functions by other means, namely the explicit for-
mula and theorems on the location of zeroes of L-functions.

If, on the other hand, f does not exhibit significant multiplicative
behaviour then one may hope that the method of Type I and II sums will
work. The most classical instance of this, worked out by Vinogradov in the
course of proving that every large odd number is the sum of three primes, is
the case f(n) =e(an) where « is not close to a rational a/q. Our task here

is to handle the case f(n)=(—1)5".

2.4. Proof of the method of Type I/II sums. Even though Propo-
sition 2.3.1 is not normally stated with quite the same technical refinements
that we have done, the reader familiar with the basics of this theory may
prefer to skip this somewhat technical section.

Before making a start on the proof proper, we show that the assumption
that Type II sums are small implies that Type I sums are small for a much
larger range of y than we have hypothesised.

LEMMA 2.4.1 (Type II implies extended Type I). Suppose that f :
{1,...,N} — C is a function with || f|lecc <1 for which Type I and Type
11 sums are §-small. Then we have the Type I estimate

1
e Z | Z f(mn)| < dlog X
me2H TLEIm
i range 2H < X99/100

Proof. Since Type I sums are d-small, we may assume that 2# > X1/100 1t
clearly suffices to prove that

(2.1) % 5™ Y Wil (n) f(mn) < dlog X

m~2H n~2V

for all choices of wy,, with |wy,|=1. But for the cutoff 17, (n), which does
not factor as a product of a function of m with a function of n, this looks
like a Type II sum. To remove the cutoff, we employ a standard “separation
of variables” trick. By the Fourier inversion formula on Z we have

1
17, (n) = /U 1z, (0)e(nd) do.

Thus the left-hand side of (2.1) is equal to

1 [t R
X/ < > D wmlfm(9)e(0n)f(mn)> de.
0 mn2H n~2V
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Since Type II sums are d-small and
[17,,(0)] < min(X, 6] ")

we see that this is at most
1
(5/ min(X, [0]7!) df < dlog X.
0
This concludes the proof. ]

Proof of Proposition 2.3.1. The argument is essentially that of Vaughan
[48], but I have followed the beautiful presentation in the book of Iwaniec
and Kowalski [32]. We start with the easily-verified relation

= > AD(e)

be|n
Let U := X'/3 (say), and decompose this sum as
A(n) = Ag(n) + Ay (n) + Ay (n) + Apy(n),

where b denotes “large” divisors and f denotes “small” divisors, so that for

example
Mg(n):= >~ A®)p(e)

b>2U,c<U
be|n

We observe that

Ap(n) + Agg(n)= > AD) D ple)=1ncv

b<U oy

Aoy(n) + Agg(n) = D il ZA

c<U
c|n

= Z ¢)log(n/c).

c<U
c|n

whilst

Thus we obtain what is essentially Vaughan’s identity,

(2.2) A(n)= = Ag(n) + Ay (n) + Ln<vA(n) + Y ple)log(n/c).

c<U
cln

Weighting by f(n) and summing over n < X we obtain

Yo AMf) ==Y Ag(n)f(n)+ Y Ay(n)f(n)

n<X n<X n<X
+ A+ D pule) D f(n)log(n/e)
n<U c<U n<X

c|n

=57+ 59 + 53+ S4.
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Our objective is to use the assumption that Type I and II sums are small
in order to bound the sums S;.
Bounding S1. We have

Si= 3 Abu(e) Y flben).
b,e<U n< X/be
This may be rewritten as
(2.3) Z Wi Z f(mn),
m<U? n<X/m

where

wmi= Y AD)u(c).

be<U
bc=m

By splitting into O(log? X) dyadic ranges for m and n, we see that it suffices
to prove that

(2.4) S wml] > f(mn)| < 62X 10g" 2 X

mn~2H neln

whenever I,,, C [2/71,2¥) is an interval and 2#*” < X. This does not quite
follow from Lemma 2.4.1 since w,, is not bounded. We do, however have
lwm| < 7(m)log X, where 7 is the divisor function, and hence since
don<N 7(n)? < Nlog® N we have

D lwml* < 210g” X.
m~2V
This means that for any @ >0 we have the estimate
Z |wm| < 24Q 1 og® X.
mes2H
|wm|>Q

Splitting the sum in (2.4) into two parts according as |wy,| is or is not greater
that ) we obtain

D7 fwml| DO fmn)| < Q' X1og X +Q Y | Y f(mn)|.

mr28 nelny m~2H n ey,
By Lemma 2.4.1 this is bounded by
Q 'X1log® X +6QX log X.

Choosing Q :=§—1/2 log5/2 X, we obtain a bound of the required type.
Bounding So. The sum S5 may be written as

S A®u() f(ber).

be>Ut< X/be
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Changing variables and rearranging, this may be written as

(2.5) > " ambnf(mn),
m=>U
mn <X

where ap, :=A(m) and by := 3~ - ., #(c). Observing that b, =0if n<U,
we see that the sum over m, n is covered by O(log2 X) dyadic ranges m ~ 2H,
n ~ 2¥ with X001 < 20 2 < X999 We may therefore split (2.5) into
O(log? X) sums of the form

me28 ne2V

where I(n) C [2#71,2#) is an interval. It suffices to show that any such sum
is < 61/2X 1ogt 2 X.

These sums look rather like Type II sums, except for the presence of the
cutoff 17, (m) and the fact that the sequences a,,, b, are not bounded.

To remove the cutoff we use the same device as in the proof of
Lemma 2.4.1, writing (2.6) as

1
/o <Z > "’me(emﬁf(n)(@bnf(mn)) do.

mn~2H n~2V

Since \/I\I(n)(ﬁ)\ < min(X, \9[‘1) we see that it suffices to prove that
Z Za (mn) <<51/2Xlogc 3 X

m~2H n~2V
uniformly for all choices of a},, with |a},| < |a,,| and |b],| < |by,| for all m,n.
This has effectively removed the cutoff that we were worried about. It re-
mains to deal with the non-boundedness of the sequences (a),, )m~2u (0], ) pav-
The non-boundedness of a/,, is rather minor, since clearly a/, < log X for all
m. Thus we may define o/ :=a),/log X and reduce to proving that

(2.7) SN anb,f(mn) <62 X log?* X

mn~2k n~2V
whenever |all | <1. To deal with b}, we note that |0/ | <7(n). Thus, by the
argument used in dealing with S, we have

Z V)| < 2"Q ' log® X.
n~2Y
LAPIe
Splitting the sum in (2.7) into parts according as |b},| > @ or not, we conclude
as before.

Bounding Ss. The sum Sj is trivially bounded by U = X/3log X. The
d-smallness of Type I sums implies (rather vacuously) that |f(n)|<d0X.
Since we are assuming that ||f|/cc =1, it follows that ¢ >1/X and hence
this term may be absorbed into the bound 6%/2X log® X that we are trying
to establish.
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Bounding S4. The sum may be written as

Z Z w(m)lognf(mn).

m<Un<X/m
This may be split into O(log? X) sums of the form
(2.8) > > ulm)lognf(mn),
meo2K8 ne Im

where I,,, C [2V~1,2¥). This is almost a Type I sum: only the presence of
the logn term prevents it being so. This term is so smooth, however, that
it may be effectively removed by “partial summation”. To do this, simply

write
/ " dt
logn = —
1t
and rearrange (2.8) as

,
[ S ) 3 s,

mn~2Y nE Im, ¢

where I, ; C [2¥71,2¥) is an interval. The smallness of Type I sums, as given

in Lemma 2.4.1, may now be used to see that this is bounded as required.
This completes the bounding of S4, and hence the proof of Proposi-

tion 2.3.1. Ul

2.5. The sum-of-digits function and related functions. If n is a
positive integer and n = Zi>0 n;2" is its binary expansion, we write

s(n):= Z ;.

This is, of course, a finite sum. For each positive integer k we consider also
the truncated functions
k—1
sk(n):= Z n;.
i=0

These functions are closely related to s(n), of course; on any interval [2¥t,
28(t 4+ 1)) the functions sgx(n) and s(n) differ by a fixed constant. The
truncated functions si(n) are periodic with period 2¥, however, and this
makes them rather amenable to study using Fourier analysis on the finite
group Z/2F 7.

In fact we will be more interested in the oscillatory functions

() i= (=1
and
filn) = (~1)1 ),

The functions s; and fi may, by abuse of notation, be regarded as functions
on Z/2"7.
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DEFINITION 2.5.1 (Finite Fourier transform). Let k>0 be a fixed inte-
ger. Then we define

Folr) =E, c ez fr(@)e(—rz/27).

We now proceed to establish several properties of the Fourier transform
ﬁ which will be useful later on. We collect these here since they are all
proved in a very similar way. The reader might wish to read through the
proof of the first one, then skip to the next section. She might return here
as each result is required.

PROPOSITION 2.5.2 (L*° bound). We have |fi(r)| <2~ for all re
7./2F7.
Proof. We observe that

(2.9) Fe(r)=27F(1 —e(t))(1 — e(20)) ... (1 — e(28714)),
where t =r/2F. The result now follows by observing that
11— e(u)||1 — e(2u)| = 4] sin(7ru) sin(27u)| = 8| cos(mu)|(1 — cos?(mu))
is maximised when cos?(mu)=1/3, and attains the value 16/3v/3 there.
Thus, grouping terms in pairs, we see that
Frl(r) < (4/3V/3)F/2 < 27+/10,
This concludes the proof. O

PROPOSITION 2.5.3 (L' bound in progressions). Suppose that 0 <k’ <k
and that a is a residue class (mod 2¥'). Then

S ) <2676 Foa)).
rE€Z/2%7
r=a(mod 2k/)

Remark. For the purposes of discussion suppose that &' =a=0. Then this
proposition states that

S° 1) < 2GR,

reZ/2kZ

By contrast the trivial bound (arising from Parseval’s identity and an appli-
cation of Cauchy-Schwarz) for this quantity would be ok/2,

One tends to imagine that a saving over a trivial bound can be expected
whenever there is some kind of “cancellation”, such as one might expect if
the function fy : Z/2*Z — {—1,1} were chosen at random. This setting is
rather different, and this represents perhaps the most remarkable feature of
the paper [36]. It is possible to show that if fj is chosen randomly then

S )] > 242,

rez/25Z
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Our proposition therefore captures a very specific property of the functions

i) = (= 1),

Proof. Write S(a, k) for the sum on the left. For any r € Z/2*7Z the expansion
(2.9) yields

[Fie(r)| =311 = e(r/2)]| fima (r)]-

Suppose that k >k’ 4+ 1. Since ﬁ_l(r) is periodic with period 2¥~!, we may
split S(a,r) as a sum over two ranges 0 <7 < 2871 and 281 <r < 2% thereby
obtaining

S(a,k)<S(a,k—1) sup (|1 +e(t)|+[1—e(®)]).
t€0,1]

Now a simple exercise in Euclidean geometry confirms that
(2.10) 14 e(t)] + |1 — e(t)] <2V2,

with equality if and only if ¢t = + 1/4. Hence

(2.11) S(a, k) <V2S(a, k —1).

This does not, in itself, suffice to establish a nontrivial bound for S(a, k).
If k> k' + 2 one may improve things by splitting the sum S(a, k) into
four ranges j2F "2 <r< (5 +1)2¥2 (j=0,1,2,3). This leads to

3

(2.12) S@Jﬁgsmjrﬁnf%%iE:er@+jMNerQ@+jMDL
€01 ;5o

Now two applications of (2.10) confirm that

3
DL —elt+ /L —e2(t +j/4))]

j=0
=1 —e2t)|(I11 —e(®)] + 1 +e(t)])
+ 1+ e)](|1 —e(t+1/4)| + |1+ e(t + 1/4)])
<2V2(|1 — e(2t)] + |1 + e(2t)])
<8.

Furthermore equality can never occur, and so by compactness this expression
is bounded by 8 — ¢ for some ¢ > 0. Comparing with (2.12) we see that

S(a,k)<(2—=1¢)S(a, k —2).

To complete the proof of the proposition one may apply this repeatedly,
followed perhaps by one application of (2.11), to bound S(a, k) above in
terms of S(a, k). O
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2.6. Analysis of Type I sums

PROPOSITION 2.6.1 (Estimate for Type I sums). Suppose that 2* < X/20.
For each m ~ 2%, suppose that I, C (2~1,2"] is an interval. Then

Z ’ Z f(mn)] <. X19/20+€.
me~2K ’I’LEI’m

Remark. In [36] an alternative argument (related to the large sieve) is used,
in which the same estimate is established under the weaker assumption that
M = O (X1/?7¢).

Proof. For m,n in the ranges under consideration we have f(mn)= fr(mn),
where k:=p + v. Fix a value of m, and write Sy, =), o, f(mn). We

thus have
x €Z/2FZ
where P = P,,,:={mn : n € I,}. By Parseval’s identity this is

28 N fur)Te(r),

rez/2kZ

which is bounded by Qk”ﬁHOOH/l\le By summing a geometric series we
have

[Tp(r)] < min(L, [|r/2"]71),
and therefore |[1p; < k < log X. It follows from Lemma 2.5.2 that
S < 26XV 1000 X
Summing over m ~ 2# we obtain the required bound. ]
2.7. Two diophantine lemmas. In this section we give two results
of a ‘diophantine’ nature which we will use in the next section, in which

Type II sums are analysed. Both of these are more-or-less standard in this
subject.

LEMMA 2.7.1 (Vinogradov). Suppose that ¢, Q, R are all natural numbers
less than X, that B €R, and suppose that (a,q)=1. Then

R
> min(Q llaz/q+B7") £ Q+a+ R+ QR/q.
=0

Proof. The key observation is that as x ranges over any interval of length g,
the numbers az/q(mod 1) range over the set 0,1/q,...,(q¢—1)/q. It follows
easily that if I is any interval of length at most ¢ then

> min (@, laz/q+ 8] 7') <@ + qlogq.
zel

Since the range x =1, ..., R may be split into at most R/Q + 1 such ranges,
the result follows immediately. L]
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LEMMA 2.7.2 (Equidistribution lemma). Suppose that a € R and that I
is an interval of integers with |I| = N. Suppose that 01,2 satisfy §; < d2/16,
and suppose that there are at least 02N elements n € I for which ||an|g/z < 1.
Suppose that N > 8/d3. Then there is some q < 8/62 such that ||aq||r/z <

46165 ' N1

Proof. By a well-known argument of Dirichlet there is some ¢ < N and an a
coprime to ¢ such that |a—a/q| <1/¢N. Set 0 :=a—a/q, let ng € I be fixed,
and set §:=mngf. Then for any n € I we have, by the triangle inequality,

lonllg/z > [lan/q + Bllr/z = 16(n = no)llr/z = [lan/q + Bllr/z — 1/4,

and so
1
(2.13) lan/q + Bllr/z < 61 3

for at least do N values of n € I.

Now as n ranges over any interval of length ¢ the numbers an/q range
over the set {0,1/¢q,2/q,...}. Thus in any such interval the number of n
satisfying (2.14) is no more than d1¢ + 2. Now I may be divided into at
most N/q + 1 intervals of length no more than ¢, and thus the number of
n € I satisfying (2.13) is bounded by

(];7 +1)(d1¢ + 2).

On the other hand, we are assuming this quantity is at least §3N. Since
92 2461, N > 8/62 and ¢ < N this easily implies that ¢ <8/d.

Now the assumption of the lemma implies, by piegonholing, that
lan||r/z < 201 for at least 6o N/2 values of n€ {1,..., N/2}. We have

an
an=—+6n

where 0| <1/gN. If n < N/2, it follows that either
|an|lg/z > 1/2¢ > 62/16 > 01
or else n is a multiple of ¢q. But for £ < N/2q we have simply
lovkqllr/z = |0kq]-

Thus |0kq| <201 for at least doN/2 such values of k, and in particular
for some ko> doN/2. Hence |6|<2601/qko <41/qd2N, which implies the
result. Ll

2.8. Analysis of Type II sums. We start with an inequality which
is often used in the estimation of Type II sums, van der Corput’s inequality.

Van der Corput’s inequality. Van der Corput’s inequality is a kind of
generalisation of the Cauchy-Schwarz inequality.
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LEMMA 2.8.1 (van der Corput inequality). Let N, H be positive integers
and suppose that (an)neq1,.. N} 18 a sequence of compler numbers. Extend

(an) to all of Z by defining a,:=0 when n ¢ {1,...,N}. Then

|Z(ln|2<¥ Z ( |h’>2anan+h

|| < H

Proof. We have

SUSTED S Sy

—H<n<Nh=0
Thus, applying the Cauchy-Schwarz inequality, we have

2 1 = 2
(2l =gzl 2. D anul
n

—H<n<Nh=0

H-1
N+H 2
S 2 |2
—H<n<N h=0
H-1 H-1
N+ H -
SLEELED VI 5) SN
—H<n<Nh=0R =0
which equals the right hand side of the claimed inequality. This concludes
the proof. |

PROPOSITION 2.8.2 (Estimate for Type II sums). Suppose that X /100 <
o1 v < X99/100  Suppose  that (am)m~on  and (bp)p~2v are arbitrary
sequences of complex numbers with |an,|, |by| <1. Then

Z Z Ambn f(mn) < X177
mn~2H N2V
for some absolute k> 0.

Proof. We may assume without loss of generality that v > u. Suppose for a
contradiction that the result is false. We write this

Z Z amby f(mmn) 2, 2H77.
mn~2H n~2Y
By Cauchy-Schwarz we obtain
D 1Y baf(mn))? Z 2
m~2H  n~2V

Let p:=c(u+v), where ¢ >0 is a constant to be chosen later, and apply the
van der Corput inequality (Lemma 2.8.1) with H :=2°. It follows that

S 5 % (- ) sbasonto  mysomn) z 2,

m~2Hh n~2V lh|<H
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The h =0 term is negligible, and so we obtain
(2.14) ST Y fmnt b)) f(mn)| 2 20,
1< |h| <20 N2V me2n

Our aim is to obtain some cancellation in the inner sum and thereby reach
a contradiction. The first step is to show that f can be replaced by the
truncated function fi, where k:=pu + 2p (say) is not much bigger than p.
Now we have
s(m(n + h)) — sy(m(n + h)) = s(mn) — s (mn)

if mn, m(n + h) lie in the same interval [2¥¢, 2% (¢ 4 1)]. Since mh is much
smaller than 2%, this will happen most of the time. In fact for it not to hold
we must have mn € [2Ft — 2¢F° 2F¢] for some ¢ (that is, there is a “carry” on
adding mh to mn). Now for < X the divisor function 7 satisfies 7(x) < 1,
and therefore the number of “bad” pairs (m,n) is at most

2kt
ooy gt

t<2v =20 | =2kt—2ntp

The contribution of the bad pairs to (2.14) is therefore negligible, and we
may replace that inequality by

(2.15) S0 fr(mln+ b)) fu(mn)| Z 24P
1< |h| <20 N2V ma2n

Let us now focus on the inner sum

= Y felm(n+ ) fu(mn),

mn~2K

which we will study using Fourier analysis on Z/2*Z. Expanding both copies
of fi using the inversion formula, we see that

En’h _ Z Z ﬁg(r)ﬁ(s)e (rm(n +2}Z) + Sﬂ’ln)7

me28 r s € 7/287
which is bounded by

S Rt min (20, | 1L

r,s €Z/2k7
From (2.15) we thus have
(2.16)
h
> ROIREY X (o O ) g g,
s EL/2VT n~2" 1< |h| < 2°

Define the weights

h
Wrg =27V Z Z min (2#, ’W"—l)

n~2Y 1< |h| < 2P
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Then (2.16) becomes

(2.17) > Ofe®)ons 21
r,sEZL/28Z

To do anything with this we need to gain a greater understanding of the
weights wy. .

LEMMA 2.8.3 (Size of wys). Suppose that vo(r + s)=t. Then
wrys S 274 4 28R 4 ol
Proof. Write (r + s)/2¥ = a/2F!, where is odd. Thus
Wps=2"H"V"P Z Z min < Al 2k‘ St —h|| 1)
n~2Y 1< |h| <20
Thus

wrs <2747V sup Zmin( Mo tn—l-th 1)
1<|hl<20 0 2

By Lemma 2.7.1 we obtain
Wrs 527V 4 271 oIy ob R
Recalling that v > u, we see that this implies the claimed bound. L]

Let us recall (2.17). This clearly implies that there is ¢, 0 <t <k, such
that

(218) > 1) r(s)lwns 2 1
rsCZ/2FZ
va(r+s)=t

Now by Lemma 2.8.3, Proposition 2.5.3 and Parseval’s inequality (in
turn) we have

Yo eI i(s)wns

rs€Z/2F7
va(r+s)=t
S e - D DD S (3| N W O]
a € Z/2tZ r=a(mod 2?) s=—a(mod 2t)
< 2000 (mm  oh iy oty N f(a)]| fil—a)
a€L)2'T

< 2(k:7t)(1fc) (27;1, + 2k7t7,u71/ + 2t7k)

for some absolute constant ¢ > 0. Recalling that k= u + 2p we see that the
first two terms are at most 2*°~°* which is not 2, 1 if p is chosen sufficiently
small. Thus we see that if (2.18) holds then 27¢*~% = 1, which implies
that 2¢ 2, 2.
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Assume, then, that this is the case. Applying Parseval’s identity again
(or Proposition 2.5.3, but this is overkill now) we obtain, for any ¢,

Yoo OGS e <27 > ST RE D )]

rs€Z/2%7 a €Z/2tZ r=a(mod 2t) s=—a(mod 2t)
va(r+s)=t
Wr, s < 27€k

k—t—ek —ck
L btk < ook,

It follows that, in (2.18), we may restrict attention to values of r, s for
which wy s £ 1, thus

(2.19) S 1 Fe@)fa(s)lwrs Z 1.

rsCZ/2FZ

Wr, .s~1

In the next lemma we will show that there are rather few pairs (r, s) with
wrs & 1. To do this we will make use of the as yet unexploited averaging
over h which occurs in the definition of w; 5.

LEMMA 2.8.4 (Large values of w;. 5). There are S 2° pairs (r, s) € Z/2FZx
Z./2F 7 such that Wrs 2 1.

Proof. We know already, by Lemma 2.8.3, that we must have vo(r + s) =
where 2! 2 2%, Write (r + s)/2% =a /2", where a is odd. We have

: 1 ot
Z me( H2k tn—i——hH )>2“ vTe.

1< ] <20 n~2”

Dividing the sum over n into residue classes (mod 2¥~%), of which there are
< 1, we see that there is 6 such that

. r _
(2.20) Y min (2#, 10+ 5zh 1) > onte,
1< |kl <20
Although this looks to be of the form covered by Vinogradov’s lemma
(Lemma 2.7.1), the fact that 2° << 2¥ means that more information may be

gleaned by appealing instead to Lemma 2.7.2. From (2.20) it follows that
for Z 27 values of h, 1< |h| <2, we have

r _
10+ oehll S 27

Fixing some hg with this property and considering the numbers h — hg, we
may assume that # =0. Applying Lemma 2.7.2, we see that

lgr/2*|lgyz S 277
for some ¢ £ 1. Thus if w,s £ 1 then there is some ¢ < 1 such that
Irq(mod 2%)| < 2° (vecall that k= + 2p). There are g 2° such values of 7,

and for each of them there are just < 1 values of s such that ¢t:=wva(r + s)
satisfies 2¢ 2 2F. O
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It is now an easy matter to show that (2.19) cannot hold which, as we
have shown, implies that Type II sums are small. Indeed using Lemma
(2.8.4) and Proposition 2.5.2 we obtain

Yo 1R Fr(s)lwrs 5 2777,
rs€Z/2FZ
wr,sil

This contradicts (2.19) if p is chosen sufficiently small. O

Proof of Theorem 2.1.1. Almost nothing more need be said: Theorem 2.1.1
is an immediate consequence of Propositions 2.3.1, 2.6.1 and 2.8.2. L]

3. Patterns of primes

The aim of this section is to discuss work of the author and T. Tao on
linear equations in primes. This programme is not yet completed and what
has been done so far is spread across a number of papers [21, 22, 23, 24, 25,
26]. It is also discussed in several expository articles [17, 19, 42, 43, 44].

Our aim here is to do little more than try to describe what we have
proved and what we hope to prove, and to furnish the reader with some
idea of how the various papers fit together. In other words we hope that
this section may be used as a sort of ‘roadmap’ for readers interested in a
more detailed study of the papers. There are some conspicuous absences
from the current section. Our treatment of the history of the subject is very
patchy (see the article [34] for this), and we omit any discussion of links with
the ergodic theory literature (see [28, 33] for this). References are to the
versions of the papers which were available on www.arxiv.org on October
1st 2007. It is quite likely that published versions will have different theorem
numberings.

Suppose that ©q,...,¢; : Z% — 7 are affine-linear forms. The basic
questions which motivate our work are the following.

QUESTION 3.0.5 (Existence of prime values). Are there values of 77 € Z4
for which these forms all take prime values? Are there infinitely many
such 717

QUESTION 3.0.6 (Asymptotics). How many such 7 are there inside the
box [N, N]4?

In this generality, our questions contain many of the classical questions
in additive prime number theory.
(i) Whend=1,t=2, ¢1(n) =n and ¢2(n) =2m—n we have the Gold-
bach Conjecture: is 2m the sum of two primes?
(ii) When d=1, t=2, 1)1(n) =n and ¥(n) =n + 2 we have the Twin
Prime Conjecture: are there infinitely pairs of primes which differ
by 27
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(111) When d = 2, t= 3, 1,[)1(77:) =ni, ¢2(ﬁ) =Ny and wg(ﬁ) =m-—ni—n9
(m odd) we have the Ternary Goldbach Conjecture: is m the sum
of three primes?

(iv) When d=2, t=Fk and ¢;(7) =n1 + (i — 1)ng, i=1,...,k we have
the question of whether there exist arithmetic progressions of length
k consisting entirely of primes.

Essentially nothing is known about either Question 3.0.5 or Question
3.0.6 in cases (i) and (ii). Both Questions were answered in case (iii) some
seventy years ago by Vinogradov, building on earlier work of Hardy and
Littlewood. Question 3.0.5 was answered in case (iv) by the author and Tao
[21]. Question 3.0.6 in that case is much harder and was answered for k=3
by Chowla and van der Corput in 1939 and for kK =4 by the author and Tao
[22, 23, 24]. Question 3.0.6 for k > 5 is one of the main goals of our current
programme of research, and we shall report on what progress has been made
so far. We will not give any further separate discussion of Question 3.0.5,
as this has now been exposited in many places. Particularly recommended
are the articles [28] and [33]. See also [19, 42, 43, 44].

There are very natural conjectural answers to Questions 3.0.5 and 3.0.6.
It is clear that congruence conditions may result in there being no, or very
few, choices of 7 for which all of the forms 1);(7) are prime. A trivial exam-
ple is the system 1 (n)=mn,12(n)=n + 7 — consideration of this (mod 2)
obviously implies that t¢;(n) and 12(n) cannot both be prime. Congru-
ence conditions may alter our expectations in more subtle ways too. For
example if n is known to be prime (and is not 2) then one feels that
n + 2 is more likely to be prime than a random integer of the same size,
for it is already known to be odd. Pulling against this, however, is the
observation that if n # 3 then n is congruent to either 1 or 2(mod 3),
and so n + 2 is congruent to either 0 or 1(mod 3), but never to 2. On
this (mod 3) evidence one feels that n + 2 is less likely to be prime than
a random integer of the same size. Another obvious way in which one
could fail to have any prime values among the 1;(7i) is if they cannot
be simultaneously positive, for example ©1(77) =n1 — na, ¥2(ii) =ny — ns,
@bg(ﬁ) =n3g —Nni.

A more profound analysis of these intuitions suggests the following con-
jecture. In the formulation of this conjecture we use the local von Mangoldt
functions Az .7, defined by

Napat)= { B0 o) =1

otherwise.

DicksoN’s CONJECTURE. Suppose that d,t, N > 1 are integers. Suppose
that no two of the forms ; are rational multiples of one another, and that
no form ; is constant. Write 1;(7) =liyni+- - -+ligng+b; and suppose that
we have |lj;| < L, |bj| < LN for some real number L. Then for any convex
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body K C [-N, N]¢ we have
> AW) - AWalii) = oo [ ] By + 0. (N,
p

ne KNZd
where the local factors (B, are defined by

Bp=Ezc @/pz)ihz/pz(1(Z)) - .. Az /pz(Ya(T))
and
Boo := vol(K N7 (Rs0) N ... N H(Rxp)).

Remarks. We have counted primes weighted using the von Mangoldt func-
tion, as this gives tidier expressions. For an unweighted version see [24,
Conjecture 1.4]. It is quite fun to play with particular cases of the conjec-
ture. For example with d=1, t=2, ¢1(n) =n, 12(n)=n+2 and K =[0, N]|
we obtain the conjecture

> AmAmn+2)=2]] (1 - (11>2> N +o(N)

n<N p>3 p
for the (weighted) number of twin primes less than or equal to N. The
numerical value of the constant here is about 1.32. Some other examples
are worked out in [24, §1].

Let us return to the specific examples (i) — (iv) mentioned above. What
makes some of these questions much easier than others? The most important
parameter in determining the difficulty of Questions 3.0.5 and 3.0.6 is the
complezxity of the system of forms {1, ..., ¢ }.

The definition of complexity involves nothing more than simple linear
algebra, but it is not especially illuminating at first sight. Let s be a positive
integer. We say that the complexity of the system {1,...,1;} is at most
s if, for any i € {1,...,t}, the forms {¢1,...,%i_1,%it1,...,%:} may be
divided into s 4+ 1 classes in such a way that 1; is not in the affine linear
span of any of them. Thus the system {ni,n; + ng, n1 + 2ng,n1 + 3na} has
complexity at most 2 since, quite obviously, we may remove any one form
and divide the remaining three forms into singleton classes whose affine span
does not contain that form. However the complexity of this system is not
at most 1: if we remove the form n; then it is impossible to divide the
remaining forms {nj; + ng,ni + 2n2,n1 + 3n2} into two classes such that ny
is not in the affine linear span of any class. Thus the complexity of this
system is exactly two. The complexity of the system {ni,ny +ng,ni +2ns}
is one, as is the complexity of the system {ni,na,m —n; —ng} for any fixed
m. The complexity of the system {n,n -+ 2} is apparently undefined, since if
we remove the form n it is impossible to partition the singleton class {n+2}
in any way such that n is not contained in the affine span of a class. In
such cases we say that the complexity is infinite. The system {n,2m — n},
m fixed, arising from the Goldbach Conjecture has infinite complexity.

Roughly speaking, only systems of complexity one were understood
before the recent work [22, 23, 24]. Much of the theory in the complexity
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one case was worked out in a paper of Balog [3], which built upon the
techniques of Vinogradov.

Complexity is the most important measure of how difficult it is to solve
Questions 3.0.5 and 3.0.6. However there are some rather trivial examples
of systems of complexity greater than one for which Question 3.0.5 can be
answered. For example just using the fact that there are > N/log N primes
less than N and the Cauchy-Schwarz inequality it is possible to show that
there are > N*/log® N quadruples (n1,ng,n3,n4) such that all eight of
the forms

{n1,n1 + ng,n1 4+ n3, n1 + na, N1 + ng + ng, N1+ ng + na,
ny + ns +ng,n1 +ng +n3 +ng}

are prime. This system has complexity 2.

The reason that complexity one systems have proved amenable to attack
is that they can be studied using harmonic analysis, and in particular the
circle method of Hardy and Littlewood. We are now going to discuss some
ideas behind this method in a rather unorthodox way. It turns out that this
is the easiest (in fact so far the only) description to generalize to systems
of complexity 2 and higher. The following formulation of the principle that
‘harmonic analysis governs systems of complexity 1’ is established in [24].

PROPOSITION 3.0.7. Let N be a prime. Suppose that {¢1,...,1} is
a system of affine-linear forms of complexity 1. Suppose that f1,...,f: :
ZJ/NZ — [—1,1] are functions and that

(3.1) Eii e (z/nzya [r(1 (7)) - .. fe(ihe(17))] = 0.
Then for each i € [t] there is some r € Z/NZ such that
(3.2) B cz/nzfi(n)e(=rn/N)| >5 1.
In words, if the functions fi,..., f; behave in some way unexpectedly

when evaluated along the linear forms v;, this phenomenon can be detected
by evaluating the Fourier coefficients of the f;.

Proposition 3.0.7 is proved in two stages. The first step is to establish a
generalized von Neumann theorem, which is a bound of the form

Eiic z/nzya fr(1(i)) ... fr(e(17))| < iig[ft] | fillre-
Here || f||;2 denotes the Gowers U%-norm of f and is defined by

1152 =B py ho e zynvaf (@) f (@ + ha) f(z + ho) f (@ + hy + ha).

Results of this type are proved using nothing more than a few applications
of the Cauchy-Schwarz inequality, although the notation can get quite com-
plicated. A simple example is given in the proof of [18, Proposition 1.9].
Foundational material on the Gowers norms (including, for example, a proof
that they are norms) may be found in [46, Chapter 11] or [21, Chapter 5].

This first step in the proof of Proposition 3.0.7 leads from the hypoth-
esis (3.1) to the conclusion that each || fi||y2 is at least §. To obtain the
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conclusion (3.2), then, it suffices to establish an Inverse Theorem for the
Gowers U?-norm, stating that if the U2-norm of f is large then f correlates
with a linear phase.

The proof of this result is so short we give it here. Suppose that
f:Z/NZ — [—1,1] is a function with || f||;2 > 0. Define the Fourier trans-

form f Z/NZ — C by
f(r) ::]EnEZ/NZf(n)e(_rn/N)'
Using orthogonality relations one may easily check that
1/4

(33) Ifllas={ > 1FOM] =1fllee

rE€Z/NZ
Thus R R R

LA A1 > 11717 > 6%

But by Parseval’s identity we have

I£ll2=llfll2<1,
and so we conclude that R
[1f[loo = 0.
That is, there is some r € Z/NZ such that
(3.4) By ez/nzf(n)e(—rn/N)| = 5.

We note that (3.3) also gives a converse result: if there is some r € Z/NZ
such that

|Enez/nzf(n)e(—=rn/N)| =6
then || f||2 = 9.

Proposition 3.0.7 is a somewhat convincing way to formulate the idea
that ‘harmonic analysis can handle systems of complexity one’. For a variety
of reasons, however, it is not immediately applicable to an understanding of
the quantity

(3.5) > AW () ... Aa(7))

appearing in Dickson’s Conjecture. One obvious point is that the average in
Proposition 3.0.7 is over (Z/NZ)?, rather than over [N]? or over the lattice
points inside a convex body. This is a purely technical distinction, and is
dealt with in [24, Appendix C].

A more serious problem arises from consideration of how Proposition
3.0.7 might be applied. There is certainly no mileage to be gained from
applying it in the most naive way, that is to say with fi=--- = fy=A.
Indeed in that case condition (3.2) does hold (with »=0), and so we cannot
rule out the possibility of (3.1) holding (and, of course, Dickson’s Conjecture
predicts that (3.1) does hold much of the time). To eliminate the possibility
of (3.2) holding with r =0 we might split A=1+ (A — 1), expand (3.5) as
a sum of 2! terms, and use Proposition 3.0.7 to show that all of the terms
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except the one with fi = --- = f; =1 are ‘negligible’. This also fails to work,
for the simple reason that those other terms may not be negligible. Indeed
if they were then the arithmetic constant in Dickson’s Conjecture would
be simply 1 rather than the product G4 ]_[p Bp reflecting the distribution of
primes (mod 2), (mod 3) etc.

In all of the the work of the author and Tao on primes these issues are
bypassed by means of the so-called W-trick. The trick is easiest to describe
in the context of our paper [21] establishing the existence of arbitrarily long
progressions of primes. Look at the primes 2,3,5,7,.... They are very
irregularly distributed (mod 2). However if one deletes the element 2 and
rescales the remaining primes by the map x +— (z—1)/2 one ends up with the
sequence 1,2,3,5,6,8,.... This is now quite regularly distributed (mod 2),
because there are roughly the same number of primes congruent to 1(mod 4)
as there are primes congruent to 3(mod 4). Furthermore if one finds a long
arithmetic progression in the new sequence it translates immediately to a
long progression in the primes.

Unfortunately, however, this new sequence is not well-distributed
(mod 3), as the only element congruent to 1(mod 3) that it contains is
1. However we could pick out the elements divisible by 3, that is to say
3,6,9,15,... and divide through by 3 to obtain the new sequence 1,2, 3,
5,.... This is now well-distributed modulo both 2 and 3.

The process may be continued with the primes up to some threshold
w(N). Choosing w(N) to tend to infinity with IV, the resulting sequences
have no appreciable biases in small modulo small numbers.

It is in fact quite easy to formalise this idea and to see how it may be
applied to quite general problems such as (3.5). The sequences that result
from the sieving process we have just described are of the form

{n:Wn+0b isprime}

where W:=2x 3 x --- x w(N) (hence the name ‘W-trick’) and (b, W) =1.
For consideration of the weighted sum appearing in (3.5) it is rather natural
to introduce the functions

Ab,W(n) = (ﬁ(VVI/V)A(Wn + b),

which have average value roughly 1. Roughly speaking, the sum in (3.5)
may be split into ¢(W)! sums of the form

(3.6) > Moy w (1 (7)) - - Ap,w (a(7))

(for the details of this decomposition see [24, Chapter 5]). One might then
attempt to evaluate each of these by splitting

and then apply Proposition 3.0.7 to show that all of the terms except that
with f; = --- = fy =1 are negligible.
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Such an approach is promising, but there is one serious additional
problem. Proposition 3.0.7 only applied, as we stated it, to functions f;
which are bounded by 1. The functions Ay, w — 1 are certainly not bounded
by one. Indeed, the harmonic analysis argument leading up to (3.4) relied
on this boundedness in a rather essential way.

It turns out that there is a version of Proposition 3.0.7 which applies to
functions which are not necessarily bounded by 1; this is one of the main
results of [24], and the key idea was also an important component of our
earlier work [21].

For simplicity let us think about the von Mangoldt function A itself,
rather than the ‘W-tricked’ variants Ay . Let R= N7, where y€(0,1) is a
real number, and let us recall the discussion of §1, where we observed that

1 2
A2 — )\GY
flog P 1) = % i)
d<R
is a sensible majorant for the characteristic function of the primes between
R and N, where
log(R/d)
AGY = p(d)—="
d p(d) log R

It follows the function

)= o ( 0 A6’

dn

d<R
essentially majorizes some multiple CyA(n) of the von Mangoldt function on
the interval [IN] (where by essentially we mean that there may be problems
when n < R or n is a prime power, but these are highly unimportant excep-
tions). We note that the link we have just made to the work of Goldston,
Pintz and Yildirim is by no means artificial; indeed a crucial moment in the
development of [21] occurred when Andrew Granville drew our attention
to [9].

The weights v are much more flexible than A, since it is possible to

evaluate such sums as

E, <nv(n)v(n+2)

asymptotically by variants of the computations leading to (1.3). As in those
computations the key feature is that by choosing the parameter v to be small
enough the number of terms which result from expanding out the sums over
d is small enough that error terms do not dominate.

In fact (after an application of the W-trick discussed above and with
an appropriate choice of y=-(¢,d)) the weights are sufficiently flexible that
they may be shown to satisfy two technical conditions called the linear forms
and correlation conditions. These conditions were introduced in [21, §3],
and the variants of these conditions appropriate for a discussion of Dickson’s
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Conjecture are given in [24, §6]. As a result of this the weight v qualifies to
be called pseudorandom.

As the reader may have guessed from the above discussion, it is pos-
sible to prove a version of Proposition 3.0.7 in which the condition that
the f; take values in [—1,1] is relaxed to a condition |f;(x)| <wv(x), where
v is a pseudorandom weight function. The first step is to establish ‘gen-
eralized von Neumann’-type results in which the functions f; are bounded
by v, rather than just by 1. Specifically, one deduces from an assump-
tion (3.1) that each of the Gowers norms ||f;||y2 is somewhat large. This
is once again accomplished by several applications of the Cauchy-Schwarz
inequality, but the presence of the weight v makes the details even more
complicated. For a fully worked-out example, see [21, §5]. Once this is done
one must establish an inverse theorem for the Gowers U?-norm for functions
f with |f(z)|<v(xz). As we remarked, some new ideas are required here
since the harmonic analysis argument leading up to (3.4) breaks down if f
is not bounded by one.

In fact this inverse theorem is deduced from the version with |f;(z)| <1
by means of the following decomposition result, which is [24, Proposi-
tion 10.3).

LEMMA 3.0.8 (Decomposition). Suppose thatv : Z/NZ — R is a pseu-
dorandom measure, and that f : Z/NZ — R is a function with | f(z)| <v(z)
for all x. Then we may decompose

f=h+/

where | f1(x)| <1 for all x and || f2||v, =0(1) as N — oc.

We shall almost nothing about the proof of this result, but it is also one of
the key ingredients in [21]. For a discussion, see [43, §6]. For a broader dis-
cussion of the ‘energy-increment’ strategy used in the proof, which appears
in many different contexts in additive combinatorics, see [45].

Suppose that |f(z)| <v(z) and that ||f||y2 >J. Applying Lemma 3.0.8,
we see that ||fil|y2>6/2. By the inverse theorem for the UZ2-norm of
bounded functions, there is some r € Z/NZ such that

B, ez/nzf1(n)e(—rn/N)| > 6% /4.

However by the converse of the inverse theorem and the fact that || fa||;2 = o(1)
we see that

|Eez/nzf2(n)e(—rn/N)|=o(1)

(Note that the proof of this converse result did not require f3 to be bounded
by 1). By the triangle inequality it follows that

By ez/nzf(n)e(—rn/N)| > 5% /4 —o(1) > 6°/8,

which concludes the ‘transference’ of the inverse theorem for the U2?-norm
from functions bounded by 1 to functions bounded by v.
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Let us take stock of our position. We have indicated a proof of Proposi-
tion 3.0.7 when the functions f; are bounded by a pseudorandom weight v, a
fairly robust realisation of the principle that harmonic analysis governs the
behaviour of systems of complexity one. We have split the von Mangoldt
function A into functions Ay, and rewritten the sum which interests us,
namely (3.5), as a sum of expressions of the form (3.6). To evaluate these
we effect the further splitting Ay yw =14 (Apw — 1), and hope to show that
any sum

D A(@) - fol (7))

in which at least one f; equals Ay — 1 is negligible. All of these func-
tions are essentially dominated by some pseudorandom weight v of the type
considered by Goldston and Yildirim, and so by our robust version of Propo-
sition 3.0.7 it suffices to rule out the possiblity that Ay —1 correlates with
a linear phase function; that is to say, we must establish that

(3.7) ‘ER<N<Ab7w(n) — 1)6(—7“n/N)‘ = 0(1).

This estimate may be established in a fairly classical fashion using the
ideas of Hardy, Littlewood and Vinogradov. In [24] we proceed by first
effecting some further decompositions, in keeping with our general philoso-
phy that problems should be ‘transferred’ to a situation where functions are
bounded by 1. We skip the details (which may be found in [24, §12]) and
merely state that (3.7) can be deduced from the estimate

(3.8) IE, < vpu(n)e(—rn/N)| < log=™ N,

for some suitably large A. That such an estimate holds (with any A) is a
well-known result of Davenport [5]. To prove it one may use the method of
Type I/Type II sums discussed in §2. In fact, Propositon 2.3.1 is true with
the von Mangoldt function A replaced by the Moébius function pu. The proof
is almost the same, relying on a decomposition of @ which is very similar to
Vaughan’s decomposition of A.

The remarks following the statement of Proposition 2.3.1 are particularly
relevant here. We can hope that the method of Type I/II sums will be
effective in bounding (3.8) unless /N is approximately a/q, for some small ¢
(that is, the method ought to be successful in the ‘minor arc’ case). Luckily
in the ‘major arc’ case one may approximate e(—rn/N) by the sum of a
few Dirichlet characters to modulus g. The resulting sums » |,  y p(n)x(n)
may then be estimating using standard techniques of analytic number theory
together with information about the non-existence of zeros near Rs=1 of
the L-functions L(s, x): for details see [32, Prop 5.29].

This concludes our discussion of a proof of Dickson’s Conjecture for
systems of complexity one. As we have remarked, this result could also be
obtained by a more classical application of the circle method. However it
turns out that large parts of our discussion adapt very painlessly to systems
of complexity s > 1, whereas this does not seem to be the case for the classical
techniques.
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One has, for example, the following bound of generalized von Neumann
type:

(3.9) Esi ¢ (z/nzya [r(1 (7)) - .. fe(ihe(7))] < Z,ien[ft] | fillrs+1

for systems 1)1, ..., of complexity s, where || f|| & is the Gowers U*-norm
of f and is defined by

k
w1,...,wg € {0,1}

(with complex conjugates being taken of the terms with an odd number of
his). This is true even if the functions f; are only bounded by a pseudoran-
dom weight v. A statement very close to (3.9) is proved in [24, Appendix C].

The decomposition result, Lemma 3.0.8, also adapts in a fairly painless
manner.

The first really serious issue that we encounter is in finding a general-
ization of the inverse theorem for the U%-norm. If f : Z/NZ — [-1,1] is
a function such that ||f||;s >J, what can be said? The most immediate
difficulty with attacking this statement is the lack of a suitable formula gen-
eralizing the relation || f||y2 = || f]l4. A more decisive problem is revealed by
consideration of the function f(n)=e(n?/N). One may check that || f||ys =1
(this is essentially a manifestation of the fact that the third derivative of a
quadratic is zero). With somewhat more effort one may check that this f
does not have substantial correlation with a linear exponential e(rn/N).
Thus an inverse theorem for the U3-norm must encode some kind of ‘higher
harmonic analysis’ which takes account of these quadratic phases as well
as just linear ones. The situation is further complicated by the existence
of further examples, such as f(n) = e(n[nyv/2]/N), for which || f||ys is large,
but for which f does not even exhibit genuine quadratic behaviour. A full
discussion of examples related to these may be found in [17].

It turns out that these two examples, f(n)=e(n?/N) and f(n)=
e(n[nv/2]/N), can both be interpreted as objects living on a 2-step nilman-
ifold, that is to say a quotient G/T" where G is a 2-step nilpotent Lie group
and I is a discrete and cocompact subgroup. The archetypal example is the
Heisenberg example in which

R
G= 1 and I'=
0

OO =
= B =
OO =
~ NN

Z

1

0

Quadratic polynomials appear quite naturally in such a group G, for instance
in the computation

n

1 na nB+in(n—1)ay
=10 1 ny
0 O 1

o O =
O~ Q2
— 2@
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Taking such a sequence of matrices and postmultiplying by elements of I'
so that all of the entries lie between [—1/2,1/2]3 (that is, reducing to a
fundamental domain for the action of I on ) one soon sees the appearance
of the more complicated ‘bracket quadratics’ yn[an] too. A fuller discussion,
with motivating remarks, may be found in [17].

What is more, correlation with an example arising in this setting is the
only way in which a function f can have large U3-norm. This is the inverse
theorem for the U3-norm, proved in [22] building on ideas of Gowers [15]. It
is conjectured that an analogous result holds for the U**!-norm in general,
a conjecture we refer to as the Gowers Inverse conjecture GI(s).

CONJECTURE 3.0.9 (Gowers inverse conjecture GI(s)). Suppose that
f:Z/NZ — [—1,1] is a function and that ||f||ys+1 = 6. Then there is an
s-step nilmanifold G/T', a Lipschitz function F : G/T' — [—1,1] and ele-
ments g € G, x € G/T" such that

|En<nf(n)F(g"al)| >5 1.

The dimension and complexity of G/T' and the Lipschitz constant of F are
all O5(1).

The function n — F(g"zT") is called an s-step nilsequence. To state this
conjecture properly one must of course define the notion of ‘complexity’, and
also assign a metric to G/T" so that the notion of Lipschitz constant may
be properly formalised. A version of the conjecture was first formulated in
[24, §8]. There, a metric on G/I" was assigned quite arbitrarily. With the
benefit of hindsight it is probably better to proceed as in our more recent
paper [25, §2], in which the notions of ‘complexity’ and ‘metric’ are both
developed from the notion of a Mal’cev basis for G/T .

The precise statements are not important in order to understand the
philosophy which lies behind Conjecture 3.0.9 and its interplay with the
generalized von Neumann theorem (3.9): it seems as though the correct
‘harmonics’ with which to study systems {1,...,1;} of complexity s are
the s-step nilsequences.

Conjecture 3.0.9 is known when s=1, and we proved it earlier. Note
that the linear exponentials n +— e(—rn/N) may easily be interpreted as
1-step nilsequences living on the nilmanifold R/Z. As we stated, it is also
known when s=2, this being the main result of [22]. Tao and I hope to
report progress on the general case s> 3 in the near future.

Assuming Conjecture 3.0.9, one may start to work through the proof of
Dickson’s Conjecture in the complexity 1 case and attempt to generalise it
to the complexity s situation. Replacing occurrences of linear exponentials
e(—rn/N) by s-step nilsequences F'(¢g"zI"), the argument runs with remark-
ably few changes. One fairly significant extra difficulty occurs in the proof
of Lemma 3.0.8, where a ‘converse’ to the inverse conjecture is required.
Namely, one needs to know that if

[En< N f(n)F(g"al)| 26
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for some s-step nilsequence F(g"zI") then

| fllgs+r >5 1,

where the implied constant may also depend on the complexity of G/T" and
on the Lipschitz constant of F. Such a result is already present in [22, §14],
and a somewhat more conceptual proof is given in [24, Appendix E]. Both
of these appendices were based on extensive conversations with members of
the ergodic theory community.

By far the most serious obstacle is the last one, where we reduce to
establishing a generalization of (3.8) for nilsequences. In other words we
seek the bound

[Ep< np(n)F(g"al)| <4 log™* N

for all A> 0, where F(¢g"zI') is an s-step nilsequence arising from some s-
step nilmanifold G/T", and the implied constant may also depend on the
complexity of G/T" and the Lipschitz constant of F'. This bound is referred
to as the Mdobius and Nilsequences Conjecture MN(s). As we remarked,
the conjecture MN(1) was essentially established by Davenport. The case
MN(2) was obtained in the paper [23]. The general case MN(s) has recently
been resolved by the authors and will appear in the short paper [26]; the key
technical ingredient in that proof is the main result of [25], which may be
thought of as a kind of generalization of the major-minor arc decomposition
to nilsequences of arbitrary step. The method of Type I/II sums is crucial
once more.

The reader wishing to study any of this work might find the following
table helpful. Let me once again emphasise that the purpose of this article
has been to guide potential readers through the papers [21, 22, 23, 24, 25|
and [26]; we do not intend to suggest that there is no other work going on
in the subject!

[21], The primes contain arbitrarily long arithmetic progressions, inde-
pendent of the other papers except it contains the proof of Decomposition
Lemma 3.0.8.

[22], An inverse theorem for the Gowers U3-norm, with applications,
proof of the GI(2) conjecture.

[23], Quadratic Uniformity of the Mdébius function, proof of the MN(2)
conjecture, to be largely superceded by [26] but, unlike that paper, can be
understood without [25].

[24], Linear Equations in primes, proof that the GI(s) and MN(s) con-
jectures together imply Dickson’s conjecture for systems {11, ..., 1} of com-
plexity s. The discussion in this article has been largely an exposition of
some of the ideas in this paper.

[25], The Quantitative Behaviour of Polynomial Orbits on Nilmanifolds,
key technical ingredient for studying nilsequences.

[26], The Mdébius and Nilsequences Congectures, proof of MN(s) conjec-
ture for all s, heavily reliant on [25].



40

1]

B. GREEN

References

Problems from the ARCC Workshop “Gaps between primes”, ed. A. Kumchev, avail-
able at http://www.aimath.org/WWN/primegaps/primegaps.pdf.

M. Agwaral, N. Kayal and N. Saxena, PRIMES is in P, Ann. Math. 160 (2004),
781-793.

A. Balog, Linear equations in primes, Mathematika 39 (1992), no. 2, 367-378.

E. Bombieri and H. Davenport, Small differences between prime numbers, Proc. Roy.
Soc. Ser. A 293 (1966), 1-18.

H. Davenport, On some infinite series involving arithmetical functions, II, Quart. J.
Math. Oxford 8 (1937), 313-320.

W. Duke, J. B. Friedlander and H. Iwaniec, Equidistribution of roots of a quadratic
congruence to prime moduli, Ann. of Math. (2) 141 (1995), no. 2, 423-441.

P.D.T.A Elliott and H. Halberstam, A conjecture in prime number theory, Symposia
Mathematica 4 (INDAM, Rome, 1968/69) 59-72, Academic Press, London.

P. Erdés, The difference of consecutive primes, Duke Math. J. 6 (1940), 438-441.

D. Goldston and C. Y. Yidirim , Small gaps between primes, I, available at
http://www.arxiv.org/abs/math/0504336.

D. A. Goldston, J. Pintz and C. Y. Yildirim, Primes in tuples II, in preparation.

D. A. Goldston, S. W. Graham, J. Pintz and C. Y. Yildirnm, Small gaps between
primes or almost primes, preprint available at http://www.arxiv.org/abs/math/
0506067.

D. A. Goldston, J. Pintz and C. Y. Yildirim, The path to recent progress on small
gaps between primes, Analytic number theory, 129-139, Clay Math. Proc., 7, Amer.
Math. Soc., Providence, RI, 2007.

D. A. Goldston, J. Pintz and C. Y. Yildirim, Primes in tuples I, preprint available
at http://www.arxiv.org/abs/math/0508185. To appear, Annals of Math.

D. A. Goldston, Y. Motohashi, J. Pintz and C. Y. Yildirim, Small gaps between
primes exist, Proc. Japan Acad. Ser. A Math. Sci. 82 (2006), no. 4, 61-65.

W. T. Gowers, A new proof of Szemerédi’s theorem for arithmetic progressions of
length four, Geom. Funct. Anal. 8 (1998), no. 3, 529-551.

A. Granville, 4 good new millenium for the primes, The Madrid Intelligencer (2006)
pages 32-36. Also available on the author’s webpage.

B. J. Green, Generalizing the Hardy-Littlewood method for primes, International Con-
gress of Mathematicians, Vol. II, 373-399, Eur. Math. Soc., Ziirich, 2006.

, Montréal Lecture motes on Quadratic Fourier Analysis, Additive combina-
torics, 69-102, CRM Proc. Lecture Notes, 43, Amer. Math. Soc., Providence, RI,
2007.

, Long arithmetic progressions of primes, in Analytic Number Theory: A
tribute to Gauss and Dirichlet, 149-167, Clay Math. Proc., 7, Amer. Math. Soc.,
Providence, RI, 2007.

B. J. Green and T. C. Tao, Restriction theory of the Selberg sieve, with applications,
Jour. Th. Nombres Bordeaux 18 (2006), 147-182.

, The primes contain arbitrarily long arithmetic progressions, Ann. of Math.
(2) 167 (2008), no. 2, 481-547.

, An inverse theorem for the Gowers U>-norm, in Proc. Edinb. Math. Soc. (2)
51 (2008), no. 1, 73-153.

, Quadratic Uniformity of the Moébius function, Annales de I'Institut Fourier
(Grenoble) 58 (2008), no. 6, 1863-1935.

, Linear Equations in primes, to appear in Ann. Math, preprint available at
http://www.arxiv.org/abs/math/0606088.

, The Quantitative Behaviour of Polynomial Orbits on Nilmanifolds, preprint
available at http://www.arxiv.org/abs/0709.3562.




THREE TOPICS IN ADDITIVE PRIME NUMBER THEORY 41

, The Mobius function is strongly orthogonal to nilsequences, preprint available
at http://www.arxiv.org/abs/0807.1736
G. H. Hardy and J. E. Littlewood, unpublished manuscript, see [39].
B. Host, Progressions arithmétiques dans les nombres premiers, d’aprés B. Green et
T. Tao, Seminaire Bourbaki, Mars 2005, 57eme annee, 2004-2005, no. 944.
M. N. Huxley, On the differences of primes in arithmetical progressions, Acta Arith.
15 (1968/69), 367-392.
, Small differences between consecutive primes II, Mathematika 24 (1977),
142-152.
, An application of the Fouwvry-Iwaniec theorem, Acta Arith. 43 (1984),
441-443.
H. Iwaniec and E. Kowalski, Analytic number theory, AMS Colloq. Math. 53,
Providence RI 2004.
B. Kra, The Green-Tao theorem on arithmetic progressions in the primes: an ergodic
point of view, Bull. Amer. Math. Soc. (N.S.) 43 (2006), no. 1, 3-23.
A. V. Kumchev and D. I. Tolev, An invitation to additive prime number theory,
Serdica Math. J. 31 (2005), no. 1-2, 1-74.
H. Maier, Small differences between prime numbers, Michigan Math. J. 35 (1988),
323-344.
C. Mauduit et J. Rivat, Sur un probléme de Gelfond: la somme des chiffres des
nombres premiers, Proceedings of the 48th annual symposium on Foundations of
Computer Science (FOCS) 2007, 3-18.
M. B. Nathanson, Additive number theory: The classical bases, Graduate Texts in
Mathematics 164. Springer-Verlag, New York, 1996. xiv+342 pp.
G. Z. Pilt’ai, On the size of the difference between consecutive primes, Issledovania
po teorii chisel, 4 (1972), 73-79.
R. A. Rankin, The difference between consecutive prime numbers. IT, Proc. Cambridge
Philos. Soc. 36 (1940), 255-266.
G. Ricci, Sull’andamento della differenza di numeri primi consecutivi, Riv. Mat. Univ.
Parma 5 (1954), 3-54.
K. Soundararajan, Small gaps between prime numbers: The work of Goldston-Pintz-
Yildwrvm, Bull. Amer. Math. Soc. 44 (2007), 1-18.
T. C. Tao, The dichotomy between structure and randomness, arithmetic progressions,
and the primes, Proceedings of the International Congress of Mathematicians, Madrid
2006, Vol. 1., 581-608.
, Obstructions to uniformity, and arithmetic patterns in the primes Quarterly
J. Pure Appl. Math. 2 (2006), 199-217 [Special issue in honour of John H. Coates,
Vol. 1 of 2].
, Arithmetic progressions and the primes, El Escorial lectures, Collectanea
Mathematica (2006), Vol. Extra., 37-88. [Proceedings, 7th International Conference
on Harmonic Analysis and Partial Differential Equations].
, Structure and randomness in combinatorics, is to appear in Annals of Math.
T. C. Tao and V. H. Vu, Additive Combinatorics, Cambridge Studies in Advanced
Mathematics 105, CUP 2006.
S. Uchiyama, On the difference between consecutive prime numbers, Acta Arith. 27
(1975), 153-157.
R. C. Vaughan, Sommes trigonométriques sur les nombres premiers, C. R. Acad. Sci.
Paris Sér. A-B 285 (1977), no. 16, A981-A983.

CENTRE FOR MATHEMATICAL SCIENCES, WILBERFORCE ROAD, CAMBRIDGE
CB3 OWA, ENGLAND
FE-mail address: b.j.green@dpmms.cam.ac.uk







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


