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Abstract

This thesis deals with the classical problem of prime numbers represented
by polynomials. It consists of three parts. In the first part I collected many
results about the problem. Some of them are quite recent and this part can
be considered as a survey of the state of art of the subject. In the second part
I present two results due to P. Pleasants about the cubic polynomials with
integer coefficients in several variables. The aim of this part is to simplify
the works of Pleasants and modernize the notation employed. In such a way
these important theorems are now in m a more readable form. In the third
part I present some original results related with some algebraic invariants
which are the key-tools in the works of Pleasants. The hidden diophantine
nature of these invariants let them very difficult to study. Anyway some
results are proved. These results let the results of Pleasants somewhat more
effective.
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Chapter 1

Polynomials in one variable

1.1 Introduction

Since form the time of Euclid it is known that there exists an infinite set of
prime numbers. The proof by Euclid [11] is the following: assume there are
only finitely many primes, say p;...p,, and consider the number

Q= Hpk + 1.
k=1

Either @) is prime or there exists a prime ¢ such that ¢|Q. If @ is prime
we have a contradiction because () > p for every £k = 1..m. If @) is not
a prime it follows that g # py for £k = 1...m because none of the primes
among py divides (). So even in this case we have a contradiction. If we read
the result in a different way, we can say that among the polynomials in one
variable, there exists one which assumes infinitely many prime values, namely
P(x) = z. It is natural ask if this result can be generalized in some way.
Actually in some special cases, if one try to imitate Euclid’s method, it is
possible to prove that polynomials of the form P(x)=mz+¢ with a,b € N and
(a,b) = 1 contains infinitely many primes among their values. For instance
Euclid’s method is working with the polynomial P(x) = 4x + 3. Many other
special cases are tractable with elementary arithmetic methods,! but so far
no purely arithmetic proof is known in the general case.

1See [27] for a characterization of arithmetic progressions which are tractable with some
extent of the Euclidean proof.
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1.2 Primes in arithmetic progressions

The first correct proof for the general case of an arithmetical progression,
goes back to Dirichlet [10] after a faulty proof by Legendre [20]. Dirichlet
proved that

P(x) = qr + a.

the condition (a,q) = 1 is necessary and sufficient in order to takes infinitely
many prime values. Dirichlet’s original proof of this theorem is analytic
and non-elementary: this means that tools from Complex Analysis has been
used. An “elementary” proof was found, much later, by Selberg [37]. The
word “elementary”, in this case, is a short-cut for the statement“without
the use of Complex Analysis” and it does not mean, in any way, “simple”.
Actually it is rather complicated. The Dirichlet’s proof is a very deep and
broad generalization of an Euler’s idea. I shall try to get a very basically
sketch of it.

1.2.1 Sketch Proof of Dirichlet’s Theorem
e Euler [12] defined the function

((s):Z% seR, s>1. (1.1)
n=1

and he showed that it has a deep and profound connection with prime
numbers. Namely, due to unique factorization in the ring of integers
the following formula hold:

g(s):H<1—%)_1 seR, s> 1.

p€EP p

e Kuler considered

lim ((s).

s—1t

and due to the divergence of harmonic series, he was able to show that
1\
lim 1 1—— = 0.
el (1)
peP

Upon taking logarithms of both sides in (1.1) and discarding negligible
terms, this implies that



This of course implies that the set of primes in infinite and, for the
first time provides an analytic method to deal with similar problems.
That’s why it mark’s the beginning of Analytic Number Theory.

e Dirichlet generalized Euler’s method but he had to set some non triv-
ial modifications to it. The main reason for this is that, while the
characteristic function of the progression P(x) = 2z + 1 is totally mul-
tiplicative and leads to the “Euler product” as in the { function, the
the characteristic functions of any other arithmetic progression has no
longer this property.

e In order to overcome this problem, Dirichlet introduced a special kind
of functions now called “Dirichlet characters” which may regarded as
a sort of “arithmetical harmonics” in the sense that they play the
role of what we now call “an orthogonal basis in a finite Fourier
Analysis context. I shall quote definition and the most important
properties of the characters.

— A completely multiplicative arithmetic periodic function
X :2Z — C.
with period m that is not identically zero is called a Dirichlet

character with conductor q.

— For every m there are exactly ¢(q) Dirichlet characters where (q)
stands for the Euler’s totient function.

— The character

xO(n)z{l if (n,m)=1

0 otherwise.

is called “principal character”

— The Dirichlet characters with conductor ¢ form a multiplicative
group with ¢(q) elements and identity element g

— For every character y and every character x’ we have
1 — lifx=%
i X xR ={ g JXTX a

0 otherwise.
¢<q) n ( mod q)

e For every character y and for every integers n, a,we have

b v(a) — 1 ifn=a (modyq)
?(q) X(%; q)X( Jx(a) { 0 otherwise. (1.3)
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The relations (1.2) and (1.3) are called “Orthogonality Relations”
and in some sense they let us remember the well known orthogonality
relations in Classical Fourier Analysis.

For each character Dirichlet defined the function

secR s>1.

The series on the right hand side is a special cases of more general series
called Dirichlet series.

For each L-series we have

L(s,x)=H<1—X(p))_l s> 1.

» p

because y is totally multiplicative.

Moreover we have

k

log L (s, ) = 3 5 A

pelP k=1 ]{Zp

Using the orthogonality relations we have

1 1
@EX:Y( log L (s, x) ZZ Z e

p€EP k=1 pk=a (mod q)

and from this, after some calculations
1
ZX Yog L (s,x) = Z p + O(1). (1.4)

as s — 1.
It is quite easy to show that
1
Lisoo) =< T (1- =) -
plm b
and so that
lim L (s,x0) =

s—1t

16



e If one is able to show that x # xo imply L(1,x) # 0 for all x of con-
ductor m, then immediately it follows that there are infinitely many
primes p of the form p = a( mod ¢). So this is the crux of Dirichlet’s
proof. The difficult part of Dirichlet’s proof is showing L(1,x) # 0 for
real characters i.e for characters which take only real values. Any-
way Dirichlet was able to do this and produced a valid proof. At the
present, for polynomials in one variable, this is the only case where
it is possible to reach a result of this kind. Not only it is not known any
example of a polynomial in one variable with degree d > 1 producing
infinitely many primes but even worse, it is not known if a such poly-
nomial does exists. In other words, even no result of “pure existence
"7 (possibly non-constructive) is known. Roughly speaking, in handling
such a kind of polynomials, the difficulties arise from the fact that the
values of them are “widely scattered” among the integers. For this kind
of polynomials there are, at the present, only conjectures as illustrated
in the following section.

1.3 Conjectures

1.3.1 The conjecture of Bouniakowsky

Let P(x) € Z[z]: in order to represent infinitely many primes, trivially, it
must be irreducible. However this conditions is by no means enough to ensure
that the range of the polynomial contains an infinite subset of primes. In
order to show why it is so, one can consider the following simple example:

Example 1.1. Let P(z) = 2* + x + 2. This is an irreducible polynomial in
Z[z] but his values are all even because if we write

Plx)=z(x+1)+2.
we notice that the right hand side is the sum of two even numbers.

In 1857 Bouniakowsky [2] made a conjecture concerning prime values
of polynomials that would, for instance, imply that P(z) = x? + 1 is prime
for infinitely many integers x.

Conjecture 1.1. Let P(z) be a polynomial in Z|x] and define the fized divi-
sor of P(z) , written d(P), as the largest integer d such that d divides P(x)
for all integers x. If P(z) and d(P) =1 is nonconstant and irreducible over
the integers, then there exist infinitely many integers x such that P(x) is a
prime.

17



1.3.2 The conjecture of Dickson

In [9] Dickson stated the following conjecture

Conjecture 1.2. Let
L£={Pjx)=qr+a; €Zx], Yj=1---k}.

any finite set of linear polynomials with q; > 1 and (g;,a;) = 1 for every
j = 1..k. Suppose that no integer m > 1 divides Pix)Ps(x)...Py(x) for every
x € N. Then there are infinitely many natural numbers n for which all the
numbers Pi(n)...Py(n) are simultaneously primes.

1.3.3 The conjecture of Schinzel and Sierpinski

In [35] Schinzel stated the following conjecture better known as “ Schinzel’s
hypothesis H” which is a wide generalisation of a Dickson’s conjecture.

Conjecture 1.3. Let
P={rx)eZlz], j=1---k}.

any finite set of irreducible polynomials in one variable with positive leading
coefficients . Suppose that no integer m > 1 divides Px)Ps(x)...Py(x) for
every x € N. Then there are infinitely many natural numbers n for which all
the numbers Py(n)...Py(n) are simultaneously primes.

1.3.4 The conjecture of Bateman and Horn

In [1] Bateman and Horn made the following
Conjecture 1.4. Let
PB={Pj(x)eZlz], j=1---k}.

any finite set of polynomials in one variable with positive leading coefficients,
and of degree hy...hy respectively. Let each of these polynomials is irreducible
over the field of rational numbers and no two of them differ by a constant
factor. Let

A={neN: 1<n<N,Pjn)ePVj=1---k}.

Finally, let
Q=Q(P, - PyN)=|Al

18



then

Q~ (h1~-~hk)_1C’(P1,~-~Pk)]vlogi(t)dt. (1.5)
T () ()

being w(p) the number of solutions x of the congruence
Pi(x)Py(z) -+ Pe(z) =0 mod p.
with 1 <z <p.

The heuristic argument in support of (1.5)essentially amounts to the fol-
lowing. From the PN'T, in some sense, the chance that a large positive integer
i L Since
logm*

. L a1 a’h'j
Pj(n) = aojth -+ aljnhf 1 + . Ay = aojn h; <1 + J -+ .. ! .
J h;
aoj aoj

we have that and so log Pj(n) ~ h;logn. If we could treat the values of
these polynomials at n as independent random variables, then the chance
that they would be simultaneously prime at n would be

k

k
“1,  —k
| | . 1 )
logP ey h; logn - h) " log ™ (n)

and hence we would expect

Qr~ (hy-hi)™H ) log™*(n). (1.6)

However, the polynomials P;... P, are unlikely to behave both randomly and
independently. For example, if Pj(x) = z and Py(z) = x + 2 we have that
either P;(n), P»(n) are both even or they are both odd. Thus for each prime
p we must apply a correction factor k, = r,/s, where

e 1, is the chance that for random n none of the integers P;(n), ...Py(n)
is divisible by p.

e s, is the chance that none of the integers in a random k-tuple is divisible
by p.

19



If we remember the meaning of w(p),we have that

Moreover

1 k
Sp:<1—]—)) .

because the chance of z; being divisible by p is 1/p and we have that the
element of the k-tuple are independent. So the correction factor for (1.6) is

com-T-T10-D) (-58)

peP

which leads to

N
Qr~ (b)) C (P, i)Y

n=2

log

which is essentially the same as the approximation given in (1.5). The con-
jecture of Bateman-Horn is stronger than the conjecture of Bouniakowsky
and is a quantitative version of the conjectures of Schinzel and Sierpinski.
The truth of this conjecture is known only in the case n = 1. In this case
the conjecture is equivalent to the Dirichlet’s theorem.

1.3.5 The Hardy-Littlewood Circle Method

I shall get an informal introduction to the Hardy-Littlewood Circle Method.
At this stage the main purpose of this introduction is to explain the tool by
means of which Hardy and Littlewood were able to formulate some conjec-
tures about polynomials. The Circle Method is a clever idea for investigating
many problems in additive number theory. It originated in investigations
by Hardy and Ramanujan [14] on the partition function p(n). Now it is a
foundamental tool in Analytic Number Theory and in particular in Additive
Number Theory. Consider the problem of writing n as a sum of s perfect
k-powers. If k = 1 there is a quite simple combinatorial solution: the number
of ways of writing n as a sum of s non-negative integers is

= ("),

20



Unfortunately, the combinatorial argument does not generalize to higher k.
There is another method, of analytical type which solves the k = 1 case and
can be generalized. Let z € C with |z| < 1, then the series

m=0

is convergent and we have
1
z) = .
f2) = —
From now on, we shall call this function as “generating function”. Let
r1s(n) denote the number of solutions to the equation

mi—+ Mg ="n.

where each m; is a non-negative integer. We claim that

(f(2)° = <Z zm) (Z zm“‘) = ris(n)2". (1.7)

m1=0 ms=0 n=0
This follows by expanding the product in (1.7) and collecting the products

S ST Smitems

of the same degree n = m; + ...m,. On the other hand, we have

(f(2))" = (1:2) - (5_11)!;::1 (1:2)

and so

which yields
n+s—1
7“178(71)—( s_1 )
Actually, it is easy to see that all series does converge so this kind of approach
is not only formal but analytical and, more important, this method of proof

can be generalized. I shall try to get a very basically sketch of it. Let A some
given subset of N and s a positive integer. We define the formal series

Fu(z) = Z 2%.

acA
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and we call it, as before, “generating function”. Next, we write

(FA(Z))S:<Z ) :ZrnsA

a€A n=1

It is not hard to prove that r(n; s, A) is the number of ways of writing n as
a sum of s elements of A. In order to extract individual coefficients from
a power series we have the following standard fact from Complex Analysis.
As it is well known if « stand for the unit circle of center O in the complex
plane, oriented counter-clockwise then

i. z"alz:{1 if n=-

271 0 otherwise.
Y

so, if we have a power series with radius of convergence larger than one,

oo
= E akzk.
k=0

then .
T G n-i—ld = a,.
5t (2)z~ z=ua
v

Consequently, if for a while we ignore convergence problems this result yields

! / (Fa(2)) 2=+ .

o
¥

r(n,s,A) =

An alternative, but equivalent, formulation is to consider a different gener-
ating function for A. If we set

the immediately we see that

1

/e(na)e(—ma)da:{ Py

otherwise.
0

Now we have that the generating function is

fala) = Z e (ax).

acA
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and
1
/ (—na)da =r(n,s, A).
0

again, ignoring for now any convergence problems. If we can evaluate the
above integral, not only will we know which n can be written as the sum of s
elements of A, but we will know in how many ways. This is the basic formal
context for the circle method. Now we turn to convergence issues. If A is
an infinite subset 2 the defining series for the generating function f(r) need
not converge, or may not have a large enough radius of convergence. We get
around this trouble in the following way: for each N, we define

Ay={a€eA:a < N}.

For each N, we consider the truncated generating function attached to Any:

fu(e@) =) e(aa).

a€EAN

As fy(«) is a finite sum, all the convergence issues vanish. A similar argu-
ment as before yields

(fal@) = 32 ry (n,5, Ae (na).

n<sN

where, in this case, ry (n, s, A) is the number of ways of writing n as the sum
of s elements of A with each element at most N. But if n < N then

N (n>S>A) = T’(n,s,A).

because no element of A greater than n is used in representing n. So we have
proved

Proposition 1.1. If n < N then
1
r(n,s,A) =ry(n,s, A) / (—na) da. (1.8)
0

However, having an integral expression for ry (n, s, A) is not enough: we
must be able to evaluate the integral either exactly, or at least bound it away
from zero. We notice that fy(«) is defined as a sum of Ay terms, each of

2If A is finitewe can just enumerate a; + ...a, in a finite number of steps.
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absolute value 1 but if this terms does have a “random” distribution on the
unit circle, the size of |fy(a)| should be much smaller than the trivial upper
bound N. This is the so called “Philosophy of Square-root Cancella-
tion”: in general, if one adds a “random” set of N numbers of absolute value
1, the sum could be as large as N, but often is roughly at most of size v/N.
3 In many problems, for most « € [0, 1] the size of fy(a) is about v/N while
for special a € [0, 1], the size of fy(«) is about |N|. We expect the main
contribution to come from « € [0, 1] where fy(a) is large so

1. If the contribution of the set of these o can be evalutated.

2. If we can show that the contribution of the remaining « is
smaller.

then we will have that ry(n, s, A) is bounded away from zero. In order to
do this we split [0, 1] into two disjoint subsets: the so called the Major arcs
M and Minor arcs m. So

r(n,s, A) :/(fN(oz))Se(—noz)doz+/(fN(oz))Se(—noz) da.
M m

The construction of M and m depend on N and the problem under inves-
tigation. On the Major arcs M we must be able to find a function which,
up to lower order terms, agrees with (fy(«))® and is easily integrated. This
will be the contribution over the Major arcs and must be of a “good shape”
away from zero and possibly tends to infinity with N. After, we must be
able to show that the “Minor arcs” contribution is of lower order than the
“Major arcs” as N — oo. The last is the most difficult step because often
it is highly non-trivial to obtain the required cancellation over the Minor
arcs. Just to mention one among the most famous example of application of
the Circle Method we quote the Vinogradov’s Three primes Theorem, where
A =P and s = 3. So every large odd number is the sum of three primes. So
far no one was able to apply the method to the case A =P and s = 2 and
solve the Goldbach binary conjecture. In all Circle Method investigations,
the contribution from the Major arcs is of the form

S(N)f(N).

where f(N) is a“simple function like N° or N°log(NN) or something like that
and &(N) is a series which is called the Singular Series of the problem.
The Singular Series encodes the arithmetical properties (and difficulties) of
the problem and, as general rule, we must be able to show that G(N) > 0 in
order to obtain non trivial results.

3This is what happens, for instance, in the Theory of Random walks on integers.
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Note 1.1. We briefly comment on the terminology: we have been talking
about the Circle Method and arcs, but where is the circle? As we mentioned
before Hardy and Ramanujan devised the circle method in order to study the
partition problem which generating function is

1 o
F(z) = 0 a7 :1+;P(n)z”.

If, for a while, we ignore convergence issues, we need to consider

Pln) = - / F2)r" "z,

2
¥

The integrand is not defined at any point of the form

()
Zag=¢€|—].
! q

The idea is to consider a small arc around each of such point where |F(z)| is
large. At least intuitively one expects that the integral of F(z) along these arcs
should be the major part of the integral. Thus, we break the unit circle into
two disjoint sets, the Major arcs (where we expect the generating function
to be large), and the Minor arcs (where we expect the function to be small).
While many problems proceed through generating functions that are sums of
exponentials, as well as integrating over [0, 1] instead of a circle, we keep the
original terminology.

1.3.6 The conjectures of Hardy and Littlewood

In a famous paper [13], with the use of Circle Method, Hardy and Little-
wood developed a number of conjectures concerning, among others, some
conjectures related with polynomials and prime numbers.

Conjecture 1.5. Ifa b ¢ are integers and
1. a>0.
2. (a,b,c) = 1.
3. a+b and c are not both even.

4. A =b>— 4dac is not a square in Z.
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if Tape(x) denotes the number of primes of the form an® + bn + ¢, then

e (7) jié;II< )’

where
1 if2 fa+b
ST\ 2if2la+b.
and ) A
eI (2)
s p—1\p
plé

being ( ) the Legendre’s symbol.

In particular, for primes of the form n? + 1 they obtained

Conjecture 1.6.

1 () ~ Glogx
where )
o-I(-7=(5))
p>3 p
Finally

Conjecture 1.7. There are infinitely many prime pairs n*> + 1, n? + 3 and
if mh(x) denotes the number of such pairs less than x then

m(x) ~ 6 Ve S.

log® z

s=]] < )
p>5
and where v(p) denotes the number of quadratic residues mod p in the set
{-1,-3}.

In all these cases, so far, it is not possible to obtain good extimates for
the contribution of Minor Arcs.

where
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Chapter 2

Polynomials in several variables

2.1 Quadratic polynomials

The prime numbers that can be written in the form m?+n? were characterized
around 300 years ago by Fermat. No prime ¢ =3 mod 4 can be a sum of two
squares, and Fermat proved that every prime ¢ = 1 mod 4 can be written
as p = m? + n?. In the eighteenth and nineteenth centuries,thanks to the
efforts of Lagrange and Gauss, this result was found to be a special case of a
more general result: given any irreducible binary quadratic form

d(m,n) = am? + bmn + cn?.

with integral coefficients the primes represented by ¢ are characterized by
congruence and class group conditions. With this situation, following the
on prime counting by Dirichlet, Hadamard, and Valleé-Poussin, it is possible
to give asymptotic formulae for the number of primes up to x, which are
represented by such a form. If we exclude a minority of ¢ that fail to satisfy
some local condition and hence cannot represent more than one prime, we
find that a positive density of all primes are represented by such a form.
For more general polynomials we cannot expect such a simple characteriza-
tion. In the case of two variables the result is known for general quadratic
polynomials as given by a paper of Iwaniec [16]. Let

P(m,n) = am® +bmn +cn® +em + fn+g.

be a primitive polynomial with integer coefficients. If P(m,n) is reducible
in Q[,m,n] the question whether it represents infinitely many primes can
be settled using Dirichlet’s theorem on arithmetic progression. If P(m,n) is
irreducible the following theorem complete the frame:
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Theorem 2.1. (Iwaniec)Let
P(m,n) = am® +bmn +cn® +em+ fn+g € Z[m,n].

with

deg P = 2.

(a7b7c767f7g): 1'

P[m,n] irreducible in Q[m,n].

or op
om’ On

linearly independent.

o P represent arbitrarily large odd numbers.
If
D =af? —bef + ce* + (b2—4ac)g:0.
or A = b* — 4ac is a perfect square then

N
e v < >

p<N
p=P(m,n)
peP

If
D =af?—bef +ce’ + (b* — dac) g # 0.

and A = b? — 4ac is not a perfect square then

N N
Sy < 2 1<
log™* N o< log™* N

p=P(m,n)
peP

2.2 Higher degree polynomials

In trying to understand what happens with polynomials in more than one
variable and degree higher than two, one needs to be rather careful even in
formulating conjectures concerning the representation of primes by such a
kind of polynomials, as the next example shows

Example 2.1. (Heath-Brown) Let
P(m,n) = (n? +15) {1 = (m* — 23n% = 1)} 5.
then
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e P(m,n) takes arbitrarily large positive values for m,n € Z.
e P(m,n) is irreducible.

e P(m,n) takes values co-prime to any prescribed integer or in other
words it does not have fixed divisors.

However P(m,n) does not take any positive prime value (see Appendix
A for more details)

If the degree of the polynomials in several variables is greater than two,
only very special cases are known. The most relevant results in this directions
are:

Theorem 2.2. (Friedlander-Iwaniec)[17] If A denotes the von Mangoldt
function then

Z ZAa+b4 —47T kx> {1+O<loglﬂ)}.
log

a>0 b>0
a?+bt<z

as r — oo, where
1

/ (1—1t*)2d

0

o

Theorem 2.3. (Heath-Brown)[15] There is a positive constant ¢ such that,

if
n=rn(x)= (logz)™
then
n’ —-1/6
Z 1 =09 {1+O((loglogx) )}
3logx

rx<a<z(1+n)

x<b<z(1+n)

a®+2b3epP

as r — oo, where

00:1_[(1—%).

> p
and w(p) denotes the number of solutions of the congruence X* =2 mod p

In the proof of both these theorems parity sensitive sieve methods have
been used. For a very basic introduction of Sieve Methods see Appendix B.
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Note 2.1. In measuring the quality of any theorem on the representation of
primes by a polynomial P € Z[xy...x,| it is useful to consider the exponent
a(P),defined as follows. Let QQ denote the polynomial obtained by replacing
each coefficient of P by its absolute value and let

AX) ={(z1,...2,) € N": Q (xy,...2,) < X}.

Define
a=co(P)=inf{ae R: |[A(X)] < X% X — oo}.

In some sense a(P) measures the “frequency” of values taken by P. If
a(P) > 1 we expect P to represent, for every ¢ > 0, at least X'~ of the
integers up to X, while if «(P) < 1 we expect around X such integers to
be representable. Thus the smaller the value of a(P), the harder it will be to
prove that P represents primes. For the theorem of Dirichlet we have a = 1
as well as for binary quadratic forms. For the theorem of Friedlander and
Twaniec we have o« = 3/4 while for the theorem of Heath-Brown we have
a =2/3. The conjecture about P(x) = 2* + 1 has a = 1/2.

Note 2.2. If we have a polynomial in more than one variable, the degree
of polynomial is not a good “measure” of the quality of results about the
representation of primes. For example the following Proposition is true but
it 1s nearly to be trivial

Proposition 2.1. For every k € N, k > 1 there exist a polynomial F (1, x9, x3) €
Zlxy, 9, 3] of degree k + 1 such that it represent infinitely many positive
primes.

Proof. 1t is enough to choose
F (21,29, 23) = 3:)31:B’§ + x9 (x9 + 1)
and then fix 9 = 1. We obtain
F(x1,29,1) =321 + 29 (z2+ 1)

Let f(z2) = x2 (z2 + 1). We have that 2|f(z2) for every x5 € Z and hence,
if we choose T3 = 1 (mod 3) we have that (3, f (73)) = 1 and so, by the
Theorem of Dirichlet on arithmetic progression, it follows that

g (xl) = F(xlvx_% 1) :

is prime for infinitely many x; € Z and so F' represent infinitely many primes.
]
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2.3 Primes in non-polynomial sequences with
low density

In a paper published in 1953 Piatetski-Shapiro [30] proved the following
theorem, now known as “Piatetski-Shapiro Prime Number Theorem”

Theorem 2.4. (Piatetski-Shapiro) Let ¢ a real number such that 1 < ¢ <
12/11 and let n € N. If

Gn = [n°].
where, as usual [n°| denotes the integral part of n¢, then for infinitely many
values of n q, is a prime number, and, moreover, if

7o (x) = Z 1.

p<z
peP
p=[n°]

then
T

e () ~ clogz’

This theorem is very interesting because it is the first example of a
sequence with density lower than one which produce infinitely many primes
although it is not a polynomial. By the way, the admissible value for ¢ has
been improved a bit over the years. In particular: in [23] H.Q. Liu and
J.Rivat proved that it is possible to take 1 < ¢ < 15/13. A very interesting
result is due to Hongze Li [21] where he proved the following

Theorem 2.5. ( Hongze Li) Let 1 < c < % and let
P.={peP:3dne N,p=[n}.
If

p1t+p2=n
p1,p2€Pc

then for almost all sufficiently large even integers

n2'y—1

T(n) > poC(n)——.
log”n

where pg is a definite positive constant and
n 1
O = " (1 - 7)
¢ (n) gﬁ[ (p—1)°
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Part 11

The results of Pleasants
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Chapter 3

The first theorem of Pleasants

3.1

Introduction

In the paper [31] Pleasants proves a Theorem about the representability of
infinitely many primes by means of a quite general class of cubic polynomials
several variables. An nearly obvious necessary condition becomes a sufficient
conditions too in certain circumstances of reasonable generality. Asymptotic
estimates are obtained as well by means of the Circle Method as modified
by H. Davenport in his treatment of homogeneous cubic equations as in [6]
and [5]. We will get now a very brief sketch of the path toward the
proof:

In 3.2 we introduce the terminology and we formulate the statement of
the Theorem as well as some geometrical notions related to the cubic
part of the polynomial (which will turn to be the most important.)
The most important geometrical notions are the invariant h and the
invariant hsx.

In 3.3 we will set up some further notation.

In 3.5 we will develop some heuristic in order to understand better the
result.

In section 3.6 a machinery based on a set of suitable bilinear forms,
which are obtained from the cubic part of the polynomial, is devised,
in order to dealing with estimates of the exponential cubic sum later.

In section 3.7 the machinery of the previous section is applied in order
to get expression of the exponential sum in term of bilinear forms.

In section 3.8 the case h = n is studied.
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e In section 3.9 the case h < n is studied.

e In section 3.10 we dealing with the estimates of the exponential cubic
sum S(a) and its approximant Sa,q) using the results obtained last
two sections.

e In section 3.11we dealing with the minor arcs.
e In section 3.12 we dealing with the Major arcs.
e In section 3.13 we dealing with the singular series of the problem.

e In section 3.14 the First Theorem of Pleasant is proved.

A graphical “road map” towards the proof of FTP is given in Ap-
pendix H.

3.2 Preliminaries

Let be x € Z" and
6= (x) = C()+Q(x)+L(x)+N. (3.1)
a cubic polynomial in Z [x]| where
e (' (x) denotes the cubic part of ¢.
e () (x) denotes the quadratic part of ¢.
e [ (x) denotes the linear part of ¢.
and where N € Z.
Definition 3.1. Let
L={L:R"—->R, LeZ[x]}.
be the set of real linear forms defined on R™ with integers coefficients.
Q={Q :R"—>R, QeZlx]}.
the set of real quadratic forms on on R™ with integers coefficients. Let
A= {kEN:EILl...Lk €EL,Q...QLe@Q: C(x) :Zk:Lj(x)Qj(x) VXGZ”}.
j=1

The number h = h(C') = min A is called the number of Davenport-Lewis.
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In [7] Davenport and Lewis proved the following
Proposition 3.1. If C is a cubic form in Z[x] then
1. 1< h<n.

2. If T : R" — R" is a non-singular linear transformation defined by an
integral matriz and C' = C o T then h(C") = h(C).

Given a cubic form C(x) € Z(x) it is always possible to find a set of
positive integers I = {ry...r;} and a non-singular linear transformation 7" as
in 3.1 such that:

1. Z T = n.

j=1
2. R"=R"@,...,®R" where @& denotes the direct sum of subspaces.
3. T:R*"p... R — R".

4. C(x) = C(T (y1,...¥s)) = >, C;(y;) Vx € Z" where (y1,...ys) is
=1

the uniquely defined ordered s—tuple of vectors in Z" @, ..., ®Z" such
that T (y1,...y¥s) = X.

For each of such set I we define

k=Y h(C).
j=1
Clearly k depends from the set I. We denote the set of all such I as 7.
Definition 3.2. Following [7] we define
h*=h"(C)= I?EaIX{k‘}
It is not difficult to prove that
Proposition 3.2. For every cubic form C € Z(x) it is h < h* < n.

3.3 Notation

Let P a closed parallelepiped of R™. Assume that if x € P is a point with
integer coordinates then ¢ (x) > 0. We denotes with Vp its volume. Let P
a large real parameter and let PP the parallelepiped obtained from P by a
dilatation of each edge of a factor P. If

A={xe PP:¢(x)cP}.
we denote with M(P) = |A|. In [31] it is proved the following
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3.4 The First Theorem of Pleasants

Theorem 3.1. Given a cubic polynomial ¢ € Z(x) if C denotes its cubic
part and if

1. ¥ (C) > 8.
2. For every m € Z there exists x € Z" such that ¢ (x) =0 (mod m).

then
VpP"

(3.2)
as P — +00.

Before to see the proof of this theorem we get some heuristic for this
result.

3.5 The heuristic

Let P a closed parallelepiped of R™. Assume that if x € P is a point with
integer coordinates then ¢ (x) > 0. If Vp denotes the volume of P and if we
dilate each edge of a factor P we have that the new parallelepiped PP has a
volume

Vep(P) = VpP™.

and it will contains a number of points with integer coordinates of the same
order of magnitude. For every x € P ¢(x) is an integer belongs to an
interval I = (aP?,bP?) where a,b € R depends only from the cubic part C.
The number of integers in [ is of magnitude order P3. If we think the integer
points of P as objects and the integer values in I as boxes the situation is
the following:

e We have N' = Vp P™ objects.
e We must distribute them among P? boxes.

Heuristically, we can imagine an uniform distribution and so in every box we
will contains N; = VpP"3 objects. This means that we will expects that
each of the integer values in I is taken P"~3 times. Again,from the PNT,
heuristically, we can say that the “probability” that an integer in [2,z] be
prime is around z/log z. In our case this “probability” will be

P3

P log Y
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Hence, among the values of our polynomial, we will have a number of prime
values M(P) proportional to Nip. In other words

VpP"
_6 P

The constant & is strictly related with the “arithmetical nature” of the
polynomial. For instance, if the polynomial admits a fixed divisor, then
S = 0. Even in case of & > 0 it depends form the coefficients of ¢ and in
particular form those of C.

3.6 The setup for the proof: the bilinear forms

We set up a basic terminology frame:

e It is convenient to write a cubic form C' (x) as

C(x)= Z CijkTiT; T, (3.3)

1<i<j<k

e For a given cubic form C' (x) it is defined a set of bilinear forms
Bc = {Bj xly) =D i j=1.. n} . (3.4)
i=1 k=1

where the function
(4,4, k) = cijp-
is invariant by any permutation of 4,7,k and for ¢ < j < k is defined by
=19 2cpifi=j<kori<j=k (3.5)
Cijk Zf’L<j<kZ
o Let D= {¢; : R" xR" - R j = 1..m} a set of bilinear forms. For
any xg € R" we define
K=KD,x¢) ={y € R" : ¢j (x0ly) =0 j =1..m}.

By definition K is a vector subspace and we denote with

[ =1(D,xq) =dimK.
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With this setup we are going to prove the following

Lemma 3.1. Let C': R" — R"™ a cubic form with integer coefficients such
that h = h(C'). Let r € N such that n —h <r <n and let R € R*. Let

Ap={xeZ": |x| <R}.
and
BT:{XGARZ Z(Bc,X):’/’}.

then
|B,| <« R*"" R — +c0. (3.6)

Proof. First case: h = n.
We notice that for each fixed x € Z"

By (xy) =0
B, (xly) = 0.
is a system of linear equations. The matrix of this linear system is
920 (x) . 92C(x)
am% Ox1Tn
H(x) = : Lo
920 (x) 9%20(x)
Oxnz1 ox2

and we call as
H(x) = det H(x).

its determinant. In other words the determinant of the system’s matrix is
the hessian determinant of C' (x). For any x € B, we can construct a set S =
{y(l) e y(”)} of linearly independent solution of the above system by taking,
as the components of these vectors, certain particular minors of order n — r.
Each of such minor is a homogeneous polynomial of degree n — r belongs to
Z"x]. For every x € Z" (not necessarily in B,) and for every y®) € S we
have that, identically in x, we have that

Z ci,jka:iy,(fp) =A;,(x) p=1...n (3.7)
i=1

where A; ,x are certain minors of order n —r+-1 of the hessian matrix. Since
x1...x, are independent variables, we can differentiate partially (3.7) with
respect to z,, obtaining

u G oy (x) 9N, (x
Zc,,jky,(f) (x) + Z Zcijka:i g:):( ) = aj;’( ) (3.8)
k):l 14 174

1=1 k=1
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with j =1..nand v =1..n and p = 1...r. Let Ky,...K, be constants, to be
determined later, and put

Y = KiyW + . K,y™. (3.9)

From (3.8) we have that

n

Yy ( 0A;
;CVJ,]@Yk + chljkxl k ZK ajiu

i=1 k=1

for every j = 1...n and every v = 1...n. Multiply by Y; and sum over j. Since

ZZCZML ZKA,”,

7j=1 =1

from (3.7) and (3.9), we obtain *

ZchjkYYk+ZZKAkpa ZZYKP Bjp (3.10)

7=1 k=1 k=1 p=1 7j=1 p=1

for v = 1..n. We now appeal to E.2 taking the polynomials f;...fy to be al
the minors A, (x) for j = 1..n and p = 1...r. By that Proposition, if A is
sufficiently large, there is a point xq in Ag for which

{ Ajp(x0) =0
v(J(xg)) <r—1

This implies that for j = 1...n and p = 1...r we have

aA r—1
877 (xo) = th,pm“p,v-

p=1
where
o T =(t,,)is atensor n xr x (r—1).
e U=(u,,) isa(r—1)xn

Since the values of the derivatives are integers, we can take the components
of the tensor T and the matrix U in Q. For x = x, we have that (E.5)

becomes
226,4]'7]6}/})/}g ZZYK Zt”,pup,,

J=1 k=1 j=1 p=1

'We are omitting, in this equation, the dependence from x for space’s reason.
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We can rewrite this as

n r—1
Z Cll’jvk}/}yk = Z vpup,u- (311)
p=1

=1 k=1

where, for every p=1...r — 1, it is

V, = Z Z Y Kpljp,p-

j=1 k=1

The (3.11) holds for v = 1...n hence multiplying by Y,, summing over v and
using (3.9) we obtain

SNNN aahYYe= Z v, Z Z Koy,

v=1 j=1 k=1 v=1 o=1

We choose K;...K, to satisfy

ZK u,,) = 0.

for p = 1,..,7 — 1. These are r — 1 homogeneous linear equations in r un-
knowns, with rational coefficients, an so can be solved in integers K1, ...K,,
not all 0. the vector Y, given by (3.9), now satisfies

Z Z Z Cu kY YV, = 0.

v=1 j=1 k=1

Also Y is a vector with integer components and it is not the null vector
because yM ...y are linearly independent and this is a contradiction.

Second case:

The proof is quite similar except that the rank of the Jacobian matrix is
now at most h —n + r — 1 instead r — 1. In the same way as before we
obtain a system of h —n+1r—1 homogeneous linear equations in » unknowns
Ky, ...K,. The solution of this system provide a vector space of dimension at
least n — h + 1. On the other side, the cubic form C' vanish identically on
this space. This contradicts the definition of h, since n — h is the greatest
dimension of any vector space contained in the cubic cone C' (x) = 0. U
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Definition 3.3. A cubic form is said to split if there exists ri,ro positive
integers with r1 +1ry = n and a non-singular linear transformation defined by

an integra matrix
T:R*PR™? — R".

and two cubic forms
Cy(y1) : R™ — R.

Csy (y2) : R — R.

neither vanishing identically such that
C(x)=Ci(y1) +Ca(y2) VxeZm

Lemma 3.2. Let C' : R — R" a cubic form with integer coefficients such
that h = h(C) which does not split and let R € R*. Let

Zo(R)={(x,y) € Ay Bj(xly)=0,j=1...n}.
then there exists a constant ¢ > 0 such that
|Zc(R)| < R """ (log R)" . (3.12)
Proof. We suppose that
1Zc (R)| > R " (log R)°.

and reach a contradiction if ¢ is large enough. For 1 < r < n let B, as in
Lemma 3.1. Then there exists some 7 for which

R2n—h—n*1 log R)¢
Nl > n(og )

where
Ne={(x,y) € A} : x€ By, Bj(x,y) =0Vj =1.n}.
For each x € B, we define
Nep(x)={xe€Br:3dyeZ": (x,y) e Ng}.

Then, we have

>INk (%)] > R (g R (3.13)

n
xX€E By
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Further, by Lemma 3.1, if 7 > n — h, we have

d 1< R (3.14)

x€ By

and this estimate remains trivially valid if 7 < n — h. We divide the vectors
X € Br into disjoint subsets & such that

Es={x€Br: 27" < [Np(x)| < i R"27°}

with s = 0, 1... and where ¢; so chosen ? that |Ng (x)| < ¢;R” Vx € Br. If
we define

C(gs):{(xay) ENR:XEgs }

then, we can write

2n—h—n—1 o c
S Wbl =Y je (e > T UosRY

n
XEBF SZO

Since the parameter s a number of values which is < log R, there must exist
some subset & such that

1C (&) > R* """ (log R)*™".
If p is defined by the equation 25 = R”, we must have
& > R¥ = =020 (1og R)“T! (3.15)

and to each vector x € & the number of correspondent vectors y must be
> RTP). By (3.14) we must have 0 < p < n~!. For each X € & we choose
a basis {y* (X)...y" (X)} for the linear system

B (X]y) =0

B, (X[y) = 0.
in accordance with Proposition E.3. It can be shown 3 that

y' (®)| < R°

ly* ()| < R

2As it can be done, for cardinality reasons.
3See the proof of Proposition E.4 as developed in Lemma 6 of [6]
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For every 7 = 1..n we have that }y(j)} = U; € Z*. Hence for a given value
of Uj, the number \; of possible vectors yW is such that

A< UPTE
It follows that the number of possible basis, as above, is

L< ) (Uh...U)"

Ui..UrKRP

If we denote with d-(U) the number of ways of expressing a positive integer
U as a product of 7 positive integers we can also write

L< R N d-(U).

ULRP

and the right hand side is independent of X. By a well known estimate, we
have that ~
> dr (U) < M (log M)
U<m
Hence
L < R (logR) .

It follows now from (3.15) that there must be some basis which occurs for a
set of points x numbering

> R2n—h—n*1—F—(n—1)p (lOg R)c—? .

All points x which give rise to this basis constitute a lattice, a provided ¢ > T
the last inequality shows that the dimension of this lattice must be at least
2n — h — r since p < 1/n. Hence there exist a set of 2n — h — 7 points x(P)
and a set of 7 points y(@ such that

B; (X(P)|y(Q)) = 0.

for every 7 = 1...n, for every p = 1...2n — h — 7 and for every ¢ = 1...7. Each
set of such points is linearly independent. If we consider the Grassman’s
relation for general linear subspaces

dim V; + dim V5 — dim(V; + V5) = dim(V; N V3).

we see that the two linear space, of dimension 2n — h — 7 and 7 intersect in
a linear space of dimension at least * n — h. If they intersected in a space of

4We can think to V; as a subspace of dimension 2n — h — 7 and to V4 as a subspace
of dimension 7. Moreover it is clear that dim(Vy 4+ V2) < n. Hence dim(V; N Va) >
(20 —h=7)+ ()~ () =0 —h
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higher dimension than this we should have a contradiction to the definition
of h, since all the vectors z of the intersection subspace are representable as
linear combinations both of vectors x® and y(@ and therefore C(z) = 0.
Hence there exists n — 7 of the vectors x®) with together with 7 vectors y(@
form a linearly independent set of n vectors. The substitution

x = ux + x4y ™ oy @,
from (z1...2,) to (u1,..., Up_7v1...05). gives

C(xy...my) =Cr(ug, ... up7)+ Co(vy...05).

identically. This contradicts the hypotesis that C'(x) does not split and the
proof is complete. O

3.7 The cubic exponential sum: the use of

S*(a, B)
Lemma 3.3. There exists a non-singular linear transformation
U:R"— R"
such that:
1.U@Q") Q.
2.VzelZ"=U(z)=xecZ" .

3. The components of z satisfies certain homogeneous linear congruences
to a fized modulus d.

4. There exists 1y ... 1bs € Q[z] cubic polynomials such that
0(x)=0¢ U (2) =21 (2) +...+9,(z) ¥x€Z" (3.16)

5 &Y (z) =l (z) €Z[z] YVi=1...5.

6. There exists ny...ng positive integers such that

e ny+..ng < n.
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o If C; denotes the cubic part of 1; then we have
61 (Zl e an)

62 (an—i-l Ce an)
68 (Znsfr‘rl e Zns) .

1.e these cubic parts are defined over disjoint sets of variables.
e FEach form C; as form® of n; variables does not split.

S h(C;) = h* (C) = h*. (3.17)

Proof. Assume
C(X) = Cl (yl) + Cs(ys)

as in Proposition 3.1. We can suppose that none of the cubic forms C; does
not split. For if, say, C splits, i.e

Ci(y1) =C1 (yy) +Cf (v1) -

where
yi= (Y1 Yn)
Yi= 1 Ym)
Yi = Wms1 - Yny)
1 <m<n;—1.

a further non singular integral linear transformation gives
C(x) =01 (yy) + O (y1) + Ca(y2) + .. Ca (ys) -

where
Y2 = (ynﬁ-l B ynz)

Ys = (yns,1+1 s yns) .
We have that, by definition of h,

h(C1)
Cr= > LiQj
j=1

" h(C{’) ¥aY
J:

50f course, properly speaking, each of such forms is defined on R™®. We suppose that
each of them depends effectively only from a subset of variables and so we can think to
them as forms of n; variables.
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hence
t
Cl - Z Lij.
j=1
where
o t =h(C])+ h(CT).

o = Lif 1<j<h(C))
T LA h(Cy) <<t

co-{ G LErEHe)
I Q7 if h(C})) <j<t

and from this follows that ©
h(Ch) < h(CY) + h(CY).
by definition of h. By definition of h* we have that
h*=h(Cy)+...h(Cy).
On the other side, if we consider
C=Cl+C' 4+ Cot...C,

we see that
h(CY) +h(CY)+h(Cy)+...h(Cs) < h*.

because h* the definition of A* as the maximum integer with the property
that a decomposition of this kind exists. This means that

h(C1) +h(CT) < h(Ch).

Hence

h(CY) 4+ W(CY) < h(Ch).

Thus
Rh(CY) + h(CY) + h(Cy) + ... h(Cs) = h* (C).

STf we know only that the cubic form C; splits into C; = C] + CY , in general, it is not
true that h(C1) = h(C}) + h(CY). For instance, if C1 (y1,y2) = 3 + 3 then h(Cy) = 1.
On the other side, if we call C] (y1) = y3 and C} (y2) = y3 then h(C}]) = h(C}) = 1 and
so h(C1) < h(C1) + h(CY)
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Repeating this process at most n times we obtain an integral non-singular

linear transformation
T:R" — R"™

y = T(y) =x
which gives

C(X):Cl(yl)_'_cs(YS)

and

e None of C; splits (i = 1...s).

While y € Z™ always gives rise to x € Z™, the converse in not necessary
true. If d = |det T'| then the vectors y € Z™ which correspond to x € Z" are
of the kind y = d~'z with z € Z™ with the components of z satisfy certain
homogeneous linear congruences to the modulus d. Taking

U:R*"— R"
U=d'T.

we have

e U is linear and non-non singular.

e U(Q) CQ.
e U(z)=x.
If we call
Ci(d7'z) =Ci(z) i=1..s.
we obtain the desired result. 0J

Definition 3.4. Given any bounded subset R of R™ we define the subset
PR =H(R).
where
H:R"—R"”
x — Px.
Definition 3.5. Let ¢ : R" — R a cubic polynomial and R any bounded
subset of R™ we define

S(a, ¢, R, P)= > elad(x)). (3.18)

xEPR
XEL™
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In order to obtain estimates for such exponential sums, the general prin-
ciple is that R has to be of the kind

R =[] la: b

i=1
from now on we will call this kind of subset as “n-box”.

Note 3.1. From now on, we shall suppose, without loose generality, that
the n-box B is defined by the cartesian product of intervals (aj, b;) such that
0<bj—a; <1 forallj=1.n.

Lemma 3.4. Let B be a n-box and let ¢ be a given cubic polynomial. Then

S (0,6, B, P)[' < P* > Y [[min{P, [laB; (xly)|™'}.  (3.19)
x€PB yePB j=1
Ix|<P |y|<P

Proof. The proofs follows, with minor modifications, the proof of Lemma 3.1
in [5]. First off all we write

S(a)=S(a,¢,B,P).

as a shortcut. Since

S(a)= ) elap(@)),

z’€PB
Z/ €Z7L

and

S(a)= ) e(-ap(2).

zePB
zeZ™"

We can write

[S@f =3 > ela(¢(z) o).

zePB z/cPB
zZEL" 7™
Hence
2
1S@P=Y" > elalo(z+y)—d(2).
zEPB ycQ.B
zeZ™ yEeZ™
where
QB={yeR":Z =z+ye PB}.
If

Cp={y e R": |y| < P}.
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then, from Note 3.1, it follows that Q),B C Cp. If
R (y) = PBNQyB.

then, it is itself an n- box, with edges less than P in length and

S < Y Y. elalpzt+y) —¢ (@)
|y| < P zER(y)NZ™
y ez

We call now
S'(a) = ela(p(z+y)—¢(2))
zeER(y)NZ"

and we consider |S' ()|,

Using the same argument as before, we have

1S @P< > | Y ela@ztxty)—oz+x)—d(z+y)+0(2)|.

|x|<P |z€S(x,y)NZ"

where
S(x,y) =R (y) N QxR(y).
and
QxR(y)={zeR":z+x€ R(y)}.
If
F(xy,z)=(¢(z+x+y)—¢(z+x)—d(z+y)+6(2).
we have

F (Xa Yy, Z) = Z Z Z C;7j,kziyjzk +n (Xa y) :

i=1 j=1 k=1

where 7 (x,y) does not depends ” from z. Hence
F(X,y,Z) = ZBJ (X|y) Zj +77(Xa y) .
j=1
It is well known that if £ is any fixed integer and

A={meZ:m=k+h h=1...P}.

"All the details are in Appendix F
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then

Z e (mA) < min { P, ||)\||_1} :

meA

From this inequality we have
> <a <Z B; (x]y) )) < [Jmin {2, [laB; (xly)| ™'}
z€S(x,y)NZ" j=1 j=1

Now using the last estimate in the estimate for |S?(a)| combined with Cauchy’s
inequality, we have the result stated. O

From now on, we write
S(a) =S8 (a,0,P,P). (3.20)

where P is the parallelepiped in the R} space obtained from the box B in the
R? space by means of the linear transformation z — U(z) = x of Lemma 3.3

Definition 3.6. For a given set of bilinear forms
B={B,:R"xR" —-R,j=1...n}.
we define
S(@,B,P)=P" Y > [[min{P [aB; (x[y)| "} (3.21)

|x|<P |y|<P j=1
XEL" yeL"

Lemma 3.5. If
o Y. :R" =R, i=1...5 are the cubic polynomials of Lemma 3.5.

e C;:R%" - R, i=1...5 their cubic parts (which depends only form
n; variables).

e B, the set of bilinear forms associated to each C;.

then

S
n—45% n 5

S(a)' < P& T] 5%, By, P). (3.22)

i=1
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Proof. Let M the finite set of the representative solutions of the homoge-
neous linear congruences (mod d) as in Lemma 3.3 and let zg € M. We put
zZ = du + zg where u € 7Z" is an arbitrary vector with integer components.
Substituting in (3.16) and (3.18) with P in place of R, we have

S (a) = Z Z e(aZ@bg(dujLzo))
) i—1

zoEM \u€eB’(zo

where

B (zo) ={ueZ":ued'Q,B}.

and @),y B is defined as in Lemma 3.4. We notice that For every zo € M
there is an exponential sum of the form

d e <a2¢g (du+z0)>. (3.23)
) =1

ueBb(zo

Hence S(«a) is expressed as a finite sum of exponential sums of such a
form. We apply to this sum the estimate given by Lemma 3.4. Since this
estimate depends only on the cubic part of the polynomial, it is independent
of zg. There is a minor discrepancy in that the box of summation depends
on zg. Anyway the dependence is only by a bounded translation of vector
Zo and this trouble can be remedied by modifying the constants involved in
the conditions
x| < P
{ ly| < P.

We obtain (3.19) with bilinear forms which are associated with the cubic part
of

Y (u) = Z W) (du + z).

which is

C(u) = Za(du).

Since the cubic forms C; are defined on disjoint sets, the bilinear forms fall

into sets of cardinality n;...n, and m,, where ® my, = n — > n; The m,
i=1
bilinear forms of the last set are identically zero. Accordingly, the right hand

80f course not all the variables of the polynomial have to be present in its cubic part

C(u)
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side of (3.19) can be factored. The factors are S* (a, By, P) where B; is the
set of m; bilinear forms associated with the cubic form C;. We must observe
that there is also a factor of the kind AP*™s corresponding to the bilinear
forms which are identically zero (being A a constant not depending on P)
This proves the lemma. O

3.8 The estimation of S*(a, B, P) if h(C) =n
We introduce a parameter U to be specified later as well as the shortcut
L =logP. (3.24)

Now we shall reason indirectly and we develop some consequences if, for a
given « it is

S*(a, B, P) > P™U ™. (3.25)
We have the following

Lemma 3.6. If (3.25) holds and if
Np = {(x, y) € A% |laB; (x|y)|| < P! j = 1n} (3.26)

then
INp)| > P*U L. (3.27)
Proof. For every x € Z" let
Np(x)={y€eZ": (x,y) e Np}.

so that

Nel = Nk ()]

|x|<P

Let f(t) = t — [t] denote the fractional part of any ¢ € R. Then, for any
integer x and any integers 7;...r,, such that 0 < r; < P j = 1..n the
inequalities

P7lry < f(aB; (x|y)) < P71 (ri +1)

Py, < f(aB, (xly)) < P~ (r, +1).

cannot have more than |[Np (x)| integer solutions y = (yi,...y,) such that
e (CL, b)
Yn € (a,b).
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and b —a = P. For if y’ is one solution of the system of inequalities and y
denotes the general solution, then

laB; (xly =y)l <P~ (j=1...n).

and |y — y’| < P. Thus the number of possibilities for y is at most |[Np (x)|.
We consider now

T =) [[min{P laB; (xly)|™}.
ly|<P j=1

and we think to the hypercube

Qp={y eR":|y| < P}.

as the union of 2" smaller hypercubes which edges have a length P. With
more details: if we consider the n hyperplanes y; =0, yo =0 ... ¥, = 0 we
divide @p into 2" hypercubes which edges have length P. Of course it is not
to hard define them so that they become disjoint hypercubes. (see Fig 3.1 for
cases in low dimension). Dividing the summation over these 2" hypercubes,
since the length of their edges is P,we have

P-1 n
P
T < |Np(x |Z ZHmm{ —7“]-—1}'
r1=0 Tn—oj 1
But
P-1 n p
o001 S o 3 [min (P b il (Pl
r1=0 Tn_o‘] 1
By summing over x and multiplying by P" we have
Py [T min (P laB; (xly)l| 7'} < P (Plog P)' Y [Ne (%)
[x|<P |y|<P j=1 |x|<P

Hence
Py < S (o, B, P) < P" (PlogP)n |Np| .

and so
PZnU—nL—n < |NP| )
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n=3

Figure 3.1: An hypercube |y| < P is divided into 2" hypercubes which edges
have length P

Lemma 3.7. Let
1<T<U<PL™2 (3.28)

and suppose that (3.25) holds. Then we have one of the following three al-
ternatives:

I If
A = {(X, y) €22, : B(xly) = 0}.
then
|A| > UrT L (3.29)
IT If
Ay = {x € Uyr2 : Iy € Apre, |laB (xy)|| < PPULY}.
then

|As| > UnT "L (3.30)
IIT The number o has a rational approximation a/q satisfying

(a,q) =1
1 < q< U2LAT! (3.31)
lqo — a| < PT3UZLA.
Proof. By hypotesis U < PL™2, thus from (3.27) we have
INp| > P"L".

56



This means that |Np| is “substantially” greater than P". Hence the result
of Lemma 3.6 is still correct if we add to (3.26) the supplementary condition

{X#O
y #0.

Np={(x,y) €%} : |laB; (x|y)]| <P'j=1.n x#0, y#0 }.

We call

and

Nh(y)={x€eZ": (x,y) € Np,x # 0} .

Hence, by the initial remark, we have

> Wh(y)l>PrUT LT (3.32)

o<|y|<P
If we restrict to the subset I' of y such that °
NG (y)| > eeP"U L7,

we have that (3.32) is still true, because the number of possible y is < P".
For each such y we apply E.5 with

{ Lj_(u) =aB;(xly) j=1...n.

We take A = P and Z = c¢3. Proceeding like in the proof of Lemma 9 of
[6],and we have
\V(Z)| = |Np| > coaP"UL7".

We can choose Z; subject to (E.6) and this condition takes the form
aPWUL < 7, < 1.

We take
7y = s PTIULA

Then form (E.7) gives
V(Z)| > (PT'UL)" |V (Z)| = (PT'UL*)" [Np (y)] -

If
Q= {xeUy:|oBxly)| < PLU*}. (3.33)

9From now on, when necessary we shall indicate suitable constants as cg, cs...
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we have that
Q> (P'UL?)" Ny (y)] -

Thus, if
A={(xy) :x €Uy : [[aB (x]y)|| < P°LU?, |y| € Ap}.

we have
Al> (PT'ULY)" > [Np(y)| > PrL™ (3.34)
o<|y|<P

If we indicate as Ny (x) the number of points y for every x, we have

> Ni(x)=[A]> PrL" (3.35)

0<|x|<UL?
This remains true if we limit ourselves to points x for which
Ni (x) > s P"L" (UL?) "
We divide these points into s subsets
D, = {x:x € Upyr2,2°cs P"U"L™" < Ny (x) < 2Pz P"U"L™"} . (3.36)

with (s = 0,1,..). Since NV; (x) < P", we have 2° < U™L", so the number
of values of s is <« L. Hence there is some 5 such that

Dy > P L (2P U L) T L = 2y L
For each x € Dy we apply Proposition E.5 with u =y and with
L; () = aB; (xly) (j=l..n).
We take
A= p3ry-tzp-L,

In this way, we have that the conditions

{ 7 = cgP~Y2UVEL

O<l|y|]<P

|laB|| < P2LU?.
become the (E.5). Hence, for the present application, we have
\V(Z)| = Ny (x) > 2°P"U "L~". (3.37)

because x € Ds and so we have the correspondent inequalities for Ny (x).
We distinguish now two cases:
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First case: 25 > T".
The condition (E.6) becomes
e PTVPUVRL2 " PTWUL < 7y < PTYPUYPL.
and it is satisfied if we take
Zy = e PAPUPP LT
Then
V(Zy)| > (P~2U32LAT ' PYVRU~Y2L Y (V(Z)| > 25T~
The inequalities (E.5) with Z; in place of Z become

0<|y|l<ULT™
(3.38)
|aB (xly)|| < P-*U2LT".

Since the number of points x is > 275U"L?"~! if ® is the set
o = {(X, Y) X € QlULz,y c 91ULT71, ||OZB|| <K P_3U2L3T_l} .

we have that
‘(I)| >> UnL2n—1T—n.

Now,

o If B(x|]y) =0 V(x,y) € ® then alternative (/) of the enunciation
holds

e If 3(X,¥) € : B (X|y) # 0 then we obtain, as in the proof of Lemma
9 of [6], a rational approximation a/q to « such that

1 <q< U?L3T!
lgqo — a| < PT3U2L3T 1.

This implies alternative (/11) of the enunciation.
Second case: 2° > T™.

In this hypotesis, if
e = {X c QlULQ : 2§C5PnU_nL_n <M (X) < 2§+IC5PnU_nL_n} .
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then
8] > T UL,

The first thesis of E.5 tells us that there exist an integer point yq such that

{ 0<|y| < P"{N; (x)} " < UL
laB (x|y)|| < P73U?LA.

This implies alternative (1) of the enunciation. The proof is now complete.

U
Lemma 3.8. Suppose that
e alternative (I1) of Lemma 3.7 holds.
e alternatives (I) and (III) of the same Lemma do not hold.
[ ]
UL? < PT. (3.39)
There exists
my = my (P)
€Z. (3.40)
my, = my, (P)
such that, &f
U={xeAye:Jy ey, B;jxly)=m;, j=1...n}. (3.41)
then
V| > U3t (3.42)

Proof. We consider the set of points x as in Alternative (/1) of previous
Lemma. Let x € Ay, we denote as (x,y) the correspondent pair. It is not
possible that for all these pairs and for every j = 1...n it is

B; (x[y) = 0.

For if we would have that alternative (I) holds. Let j , (X,y) such that
B; (x|y) # 0.

we obtain integers a, ¢ such that

(a,q) =1
1<qg<U?L? (3.43)
g — a| < PT3URLA.
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q> UPLT . (3.44)

We must have
q> UPL'T . (3.45)

since otherwise alternative (117) would hold. Now ! | for each x, y occurring
in alternative (I17), we put

aB; (x[y) = qt; + u;.
where ¢; u; are integers and |u;| < 2¢. We obtain
5] < qllaB; (xly)ll + lag — al |B; (xly)| <
<L qP3ULY + P3UPLAUP LY < P3UMLE.

Thus
|Uj| < T.

by (3.39). The integers u; and t; depend on x but the number of possibilities
for uy...u, is < T" and these are independent of x. so the number of x for
which u;...u,, have the same values (for suitable values) is > U"T 2" [?"~1,
For these x the values of B; (x|y) is determined to the modulus ¢, and since

|B; (x|y)| < U2L*
qg> U?LAT1.

for every j = 1...n the number of possibilities for the values of the B; (x|y)
is < T". It follows that the number of points x for which

B;(x|ly)=m;, j=1...n.
is > U"T—3"L?"~! for suitable m,...m,. This proves the result. O

Lemma 3.9. The alternative (11) of Lemma 3.7 is superfluous if there ezists
g0 > 0 such that

(3.46)

T3 < (UL)'™
U'L® < P°T.

Proof. For any given x we consider the non-homogeneous linear system

B (x]y) = m

B, (x|y) = my.

10We follow closely the proof of Lemma 10 of [6]
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The determinant of this system H (x) is not identically zero by Proposition
E.1. If
G(x)={x:x¢€ Ay, H(x)=0}.

then
G (x)| < (ULH)"". (3.47)

Thus, by the first inequality of (3.46) we have that (3.42) becomes
U] > yn-tteo2n=2teo, (3.48)

Hence |G| small compared with |¥|. This means that the assertion of Lemma
3.8 remains true if we add to its hypotesis the supplementary condition
H (x) # 0. More formally if

U ={x € Ayr2: Jy € Ayr2, Bj (x|y) =my;, H(x)#0, j=1...n}

it is still true that
V| > urT LAt (3.49)

We now argue as in Lemma 12 of [6] and appeal to Proposition E.7 with
R = UL?: this is still permissible because, the set of

M ={my..m,}.
of integers as in Lemma 3.8 is such that
M| < (UL,
Following the proof of the cited Lemma 12 of [6] we infer that
D e R (07 K s S A
But, by the first inequality of (3.46), we have that
(W] > e [ 2o-24e
and this is a contradiction. O

Lemma 3.10. There exists positive real numbers cg ¢y c19 depending only on
n such that if

U> L
{ U4—7f2 < P3L—¢. (35())
then for any real o either
S*(a, B, P) < P*™"U™. (3.51)
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or, there exist a rational approrimation a/q to « satisfying

(a,q) =1
1<q< U Lo (3.52)
lqoe — a| < P3UZLA.

Proof. We define T by
mpte =

where ¢ is the constant of Lemma 3.2. The condition (3.28) of Lemma 3.7
is satisfied by (3.50) provided c¢g is suitably chosen. Similarly the condition
(3.39) of Lemma 3.8 and the first condition (3.46) of Lemma 3.9 are satisfied.
If (3.51) does not hold, then one of the three alternatives of Lemma 3.7 must
hold. Alternative (1) is superfluous by Lemma 3.9. We are going to show
now that alternative (1) is impossible. We appeal to Lemma 3.2 with h = n
and with R = UL?. If alternative (I) were to hold we should have

Rn—n’l (L)C > UnT—nLZn—l.
that is
Un—nflLZn—2n*1+c > UnU—n’1L2n+c‘

which is false.There remains only alternative (/17), which gives the result

stated since
1+c

Tl =y LA,

and so
1<qg< U2L4T—1 _ U2—n*2Lc10'

with Cio = % ]
3.9 The estimation of S*(a, B, P) if h(C) < n

Lemma 3.11. There exists positive real numbers cs, cg, cio depending only
on n such that if

{ e pape (3.53)
then for any real o either
S*(a, B, P) < P*™"U™ (3.54)
or there exist a rational approximation a/q to « satisfying
(a,q) =1
1<q< U Lo (3.55)

lgqoe — a| < P3UZLA.
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Proof. 1f
S* (o, B, P) > P*™U". (3.56)

we have, as the analogue of Lemma 3.6 that if
Np = {(X, y) € A3 : laB; (x]y)|l < pPtj= 1n}

then
\Np| > P"U~hL.

We follow now the lines of proof of Lemma 3.7.

o With the same choice of Z; we obtain that if
K={(xy):xecUy,yecdp [aB(x|y)| <P ?UL*}.

then
K| > p UL,

e The equation (3.37) is replaced by

V(Z)| = Ny (x) > 2°P"U "L,

e The set defined by (3.36) is replaced by
Dy = {x:x € Upy2,2°cs P"U "L < Ny (x) < 2°T ez P"U"L™"}.

although the lover bound for the number of points x is the same as
before.

e We apply Proposition E.5 with
7y = c; P3RBT

where T} > 1 is to be chosen later. This satisfies the condition (E.6)
provided
T, < U, (3.57)

e Further, we have that if
T = {(x, ) :x € Ayre,y € Ay, loB (x]y)]| < c7P‘3U2L3T1‘1} :

then
\T| > Ui, (3.58)
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Now, if we would have that for every (x,y) € J and for every j = 1...n we
have that B; (x|y) = 0 we could appeal to Lemma 3.2. Taking R = UL? we
would have that »

7] < (UL " L

But, if we would choose !

T, = U™ "L,

with ¢;; a suitable constant, we would obtain a contradiction with (3.58).
Hence, there exist (X,y) and j such that

B; (X[y) # 0.

This leads, in the usual way, from the condition ||aB (x|y)|| < ¢;P~3U?L3T}!
to a rational approximation a/q to « satisfying

(a,q) =1
1< q< UALT]!
lga — a| < P3UPLAT L.

These conditions are somewhat stronger than those asserted in the enunciate.
O

3.10 The estimates of S(«) and S,

Lemma 3.12. Let ¢ (x) a cubic polynomial as before. let P a fixed paral-
lelepiped of suitable shape in R™. Let P a “large” positive real parameter
and let S(a) defined as before. Let U satisfying the conditions (3.50). Then
either

1S (a)] < P"U'T . (3.59)
or there exist a rational approrimation a/q to o such that

(a,q) =1

1<q< U Lo (3.60)

lgqo — a| < P3UZLA.

Proof. By Lemma 3.5 we have that

dn—4— 3 n; 5
S <P A ]S (B, P). (3.61)

1=1

"The present choice is fully compatible with (3.57)
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Let « such that it does not have a rational approximation satisfying (3.60).

Then, a fortiori, it is impossible to have

(@q)=1
1< q< U2’ Low
lgqoe — a| < P73U2L5.

for every ¢ = 1...s because n; < n. Now,
e If h; = n; then, by Lemma 3.10, we have that
|S* (a, B, P)| < PY™U™ = Py,

e If h; < n; then, by Lemma 3.11, we have that
|S* (o, By, P)| < P™U ",

Hence, by (3.61), we have that

4n—4— 3 n; 5
S < P AN U,
i=1
Thus

i 4im -
P = U o

S
n—43% n hi
i=1

4 4 3
IS ()| < P =
and from this the result follows.

Lemma 3.13. Let a, q integers with

{ q>0
(a,q) = 1.
If

z( mod q)

then ,
1Syl < g/ (37107%) (log g)2 |

4 < P4nU_h*.

(3.62)

(3.63)

Proof. We appeal to Lemma 3.12 with @ = a/q and with P to be chosen
later. the second alternative of Lemma 3.12 is the existence of integers a’

and ¢’ such that
(((d,q) =1

1<q <U>™n Lo

< P3URLS.

/a /
qg-—a
q

\
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Suppose that

PUTL™? > q. (3.64)
We have
aq/ _ a/q‘ _ P—3U2L5
qq’ q¢
and so

lag' — d'q| < P3U%LPq < 1.

which means
a a

=

q q
Since (a,q) =1 and (d/,¢') = 1 this means that a = ¢’ and ¢ = ¢/. But if we

choose
UL < g (3.65)

this is impossible. Hence, in order to avoid this alternative, it is enough
to let (3.64) and (3.65) hold. In this case we have that the estimate (3.59)
is applicable. The parallelepiped PP in the definition of S(«) is given by
conditions of the type

MP <apzi+ ... apx, < ,UqP
: (3.66)
AP < apiry+ ..y < i P.

where
e a;,; € Q for every i,j = 1..n.
e )\; € R for every i = 1..n.
e 1; € R for every every ¢ = 1...n.

The number of integer points x satisfying (3.66) and lying in a given
residue class (mod ¢) is

n(P)=A (?)Zo ((g)H) |

where A is a positive constant. We have that



hence

a P n—1
S (5) = AP"G™"Suy + SagO (5) .

But trivially |S, 4| < ¢" and so
s <3> — AP"q"S,, + O (P" ).
q

We can write
AP S, 4] < ‘5 (g) ‘ +0(P"'q).

(@)t
q

|Sagl < @"U™ T + P lgm

From (3.59) we have

an so we can deduce that

If we choose P = ¢"*!, we have that the term P~1¢"*! becomes negligible.

We can also choose ,
U™ (log P)*"° = q.

With this choice, we have that (3.64) and (3.65) hold as well as (3.50) and
this let Lemma 3.12 applicable. Now, we have

1 €10
U = qun*E (log P) 2—n—2 .
and this get immediately

h* .
|Sa,q‘ < qn_m (].Og q>$ .

The result is achieved, with ¢ = 5%, O

3.11 Minor arcs

Definition 3.7. Let I = (0,1) C R. We shall denote as
EW) = {a €l:3a,qeZ,(a,q) =1,1<q< U2_”72L01°, lga — a| < P_3U2L5}.

We shall write also

CeEW) =1—&U).
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Definition 3.8. If
Uy = L. (3.67)

with ci3 1s a suitable “large” positive constant, we shall define the minor
arcs as

Definition 3.9. We shall denote as

=g e
and
fo=supC(x).
xeP

We need to use also two real numbers g, and go such that
0<g1 < fi<fa<go (3.68)

Their choice is arbitrary and from now onward we shall suppose them as
fized.

Definition 3.10. We define

T()= Y  elap). (3.69)

g1P3<p<ga P3
peP

Lemma 3.14. If h* > 8 we have

/ 1S () T (—a)|da < P"L=4, (3.70)

where c14 15 “large” when cy13 is “large”
Proof. If we consider the set-function
U—&WU).
we have that it is an increasing function i.e
Uy <Uy=E(U;) CE(Uy).

and, if
Uit Lot s p3 (3.71)
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we have that
EW)=1(0,1).

For, by the classical Theorem of Dirichlet on Diophantine approximation,
there is always a rational approximation to « satisfying

(a,q) =1
1<qg< U2—n*2Lc10
lgov — a| < U2t [0,

and condition (3.71) ensures that this implies (3.60).
Now, if
FU)=EQ2U)-E(U).

then, we can write
=€ (U)U {Uf(Qle)} .
j=0

where s is the least integer such that U = 25710, satisfies (3.71). The subsets
F (2U,) are pairwise disjoints and

m=|JF2n).
§=0
It is not hard to see that s < L. We take now

U = 2T,
0<t<s.

By Lemma 3.12, if & € F(U) we have
1S ()| < PrU~"H

since the values of U under consideration satisfy (3.50) We have also that

pe(FU) Spe(EQUYS D, D 20 P U) L

1<g<M(U) 1<a<q
where 1, denotes the Lebesgue’s measure on R and M (U) = (2U)2w72 Lew,
Hence

ne (F(U) < (PTUPL) (Uz‘”chlO) .
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It follows that

1S ()] |T (- )|da<P"U—’f/|T(—a)|da.

F(U) F(U)

/ T (—a)| da
Hence

[ 1517 (e < {proi ) (st s} papy

But

NI

T (—a)[da < {pe (F(U))}
F(U)

and so .
/ 1S ()| |T (—a)] da < P”Uz_hT_"TLC“’.

where ¢;5 = 5 + 2 and it depends on n only. Since h* > 8 we can write

/|S W IT (=) da < P"U~"7 L. (3.72)
FU)
Now,
/|S<a>||T<—a>|da=Z / 15 ()| |T (—a)]| o
m I=0p@itiy)
and

e The number of sets F is < L
e To each of such sets we can apply (3.72)
e The least value of U is Uy = L3

Since

[1s @I -a)lda=>"1,

. _n"? 2
L= [ IS@IIT(-a)lda< Pz} L et

F(29+1Uy)
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we have

ZS:IJ- < P"L‘g013+0152_# < P"L‘g013+015.
j=0
Hence
/ IS ()| |T (—av)| daw < PML™1.

as stated. O

3.12 Major arcs

Definition 3.11. We denotes with

fma,q:{ozelz
q

a— 3‘ < Pk } . (3.73)

where k is a positive constant while a and q are the same as in the previous
section.

Definition 3.12. We denote by

m= ) | M (3.74)

1<q< Lk 1<a<q
(a,q)=1
and we call it “magor arcs”

It easy to show that the intervals 90, , are disjoint. Moreover, if we choose
k so that

k > (2 — n_2> C13 —+ C10
{ k> 215+ 5. (3.75)
then, we have
& (Uy) C M.
Lemma 3.15. If o € M, , then
S () = q"Saql (B) + O (P"'L?). (3.76)
where
1) = [ e (377)
PP
and "
f=a——.
q
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Proof. We consider

and we write it as

xePP
and so
S= 3 e(—¢<qy+z>) S e (56 (ay + )
XEPP xEPP
x=qy+z x=qy+z
y,zEZL™ y,zEZ™
Hence

where

P = (Pq_l) P—qlz

is the parallelepiped obtained from P by means of an homothetic transfor-

mation of constant Pq¢~1 and a translazion of vector —g~*

z. We can regard

P’ as a union of cubes of side 1 together with a boundary zone. We have

that

e The number of cubes is 2

Newes = Vp (Pg")" + O <(Pq_1)n_1> .

e The boundary zone contains O ((Pq_l)"_l) integer point and also has

a volume O ((Pq_l)"_l).

12We remember here that Vp stands for the volume of P
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Each cube correspond to a single term of the exponential sum and we can
replace this term by

[ e@otan+mydg+o (1516 (PaY?).

C

where ¢ stands for a cube. If € stands for the set of all the cubes which split
the parallelepiped P’ and if we consider the contribute of the boundary zone,
we have

S(a)=Y /e (B¢ (gn +2)) dn + O (Iﬁl q’ (Pq‘l)z) +0 (q" (Pq‘l)"_l) -

ced -

This gives
S(a)=q¢"S..l(B)+ O (q" 18] ¢* (Pq_l)n+2> +0 (q” (Pq_l)n_l) )

Since
18] < P~3L*
g < L*.

we obtain the result. O

Lemma 3.16. If a € M, , we have

T (o) = a (Q)Il (B)+0 (P3 exp (—016L1/2)) .

¢ (q)
where
g2P3
L (B) = / igg?dﬁ
g1P3

Proof. 1t is possible to find the proof in [34] VI Satz 3.3. The only difference
is that while here we have an integral, in that book is considered a series of

the kind
f e (n)
logn
n=mj
where
my = [g1 P°]
{ mg—[g2P3]+1



Anyway, with the standard comparison’s technique of a series

> fn).

n=mji

72f (x) dx.

where f is monotone, it is easily seen that the difference between them is
O(L*~1) hence negligible. O

with

Lemma 3.17. If h* > 8 then
/s ()T (—a)da = {& + By} / [(B) I (—B)dB+ B> (3.78)
m |8|<P—3Lk
where
o £, =0 (L 7).
o 5,0 (Pre-ee®),
e ci5 is any real number such that 0 < c¢1g < ¢i6.

and

6= i > #a) g, (3.79)

is the singular series of the problem.
Proof. If o € M, 4, from 3.15 and 3.16 we have
o S(a)=q "SI () +er.
—_————

Fy

o Tl—a)= P Dy o

Fy

where

o ¢ =0 (P 'L%*).
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o ¢; =0 (PPexp (—ci6L'?)).

Hence
S(@)7T (o) = 5005, ()1 (~6) + B,
where
E= 61F2 + 62F1 + e1€39.
Thus
e 1@ .
| s@reon-L8ms, [ i@nesass [ s
|Bl<p=3LF |Bl<P=3LF |Bl<P—3Lk

On summing over a and then ¢, we obtain
[ ]

/S(a)T(—a) da.

for the right-hand side.

S ople) -
Z Z mq Sag / 1(8) I (=B)dp.

<Lk a=1 _
a= (a,q)=1 |Bl<P—3Lk

for the main term in the left-hand side

/ £dg.

|Bl<P=3Lk

q9
for the error’s term, where €= Y~ > E.

Since

lu(9)|
le(q)]

° < 1 for every ¢ > 1.

e By Lemma 3.13 with the fact that h* > 8, there exists a 6 > 0 such that,
for every ¢ > 1 and for every 1 < a < (a,q) = 1, it is |[¢7"Saq| < ¢717°.
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we have that the series

[e.e] q .
=Y S 1) g (3.80)
is convergent and we can write

q
6= Y Mg, o).
<D T ¢ (q)
- a,q)=1

where cy7 is a suitable positive constant. Thus,so far we have

/S(a)T(—a)da:(6+O(L‘C”)) / I(B) I (—pB)dB+ / Edg.

m |B|l<P—3Lk |B|l<P—3LFk

Now, we are dealing with
Edp.
|Bl<P=3L*

With the definition of E, Fy, Fs, ey, e; given above, and using the trivia
estimates

o |I(B)| <« P
o [Ii(B)] < PPL7.
it is easy to show that

El << q—1—6Pn+3e—016L1/2 —I— :2- )Pn+2L2k_l + Pn+2L2k6_016L1/2.
Y \q

and from this we have

Edp <« P3LF  max (E) < q—l—(SPne_cle/z‘
_— |B|l<P—3LF
|8l<P—3L

and so

q
> Bis<grpes

a=1
(a,q)=11BI<P73LE
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and from this

q
3 / EdB < LFpre—ciol'?
AL 1 1Bl<P3LH

If we choose 0 < ¢35 < ¢;6 we can write
LkPne—016L1/2 < Pne—clgL1/2 )

Hence
£ds = 0( P _mm).
|Bl<P—3Lk

and the result follows. O

3.13 The singular series

Lemma 3.18. If for every integer m > 1 there is a x € Z" such that
¢ (x) #0 (modm) then
S > 0.

Proof. We consider

q
> s
(g)=1

It is a standard task to show that this A(g) is a multiplicative function. '3

Hence, by (3.79)
p—1
6=]] (1 - —p_"ZSM,).
a=1

peP

If we consider
1 i
F=(1——p™T" San |-
p ( LS )
we have that

1
F, <1+ ool (p—1)[p " Sap| < 1+p "7,

13See, for example,[28]
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because we know, from Lemma 3.13 that there exist 6 > 0 such that [p™™S, ,| <
p~ 179 for every p. It follows that the infinite product is absolutely convergent
and, in order to show that it is different from zero, it is enough to show that

p—1
p‘”ZSw <p-1
a=1

for every p € P. If & = 0 it would means that there exists a pg € P such that
po—1

Z pO_nSa,po = Do — 1.
a=1

But

po—1

Z Po " Sapo
a=1

Since, for every 1 < a < py we have }pgnSa,po} < 1, we must have

p—1
S Z }p_nsa,po‘ S bo — 1.
a=1

pE"Sa,po =1

This means

and so

(o)

for every 1 < a < pg — 1. This means
¢(z) =0 Vz(mod py).

and this contradicts the hypothesis. O

3.14 The proof of the first theorem of Pleas-
ants

Proof. By (3.68) we have
g P’ < ¢(x) < g P°.
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for every x € PP. Hence

M(P) = /S(a)T(—a)da. (3.81)

0

We write

1

/S(a)T(—a)da: /S(a)T(—a) da+/S(a)T(—a) da.

0 m com

where CO = I — 9. We have already observed that if (3.75) holds then
E (Uy) € M hence
CM C CE(U,) =m.

Hence, by Lemma 3.14

/ |S(a) T (—a)| da < P"L™M.
cm

where c¢14 can be taken large by taking k£ large. From Lemma 3.17 it follows
that

M(P)={&+0 (L")} J(P)+ O (P"L™). (3.82)
where
= [ 1en-sd. (3.83)
|Bl<P~3LF

e By definition of I(3), we have

169) = [ e@oi.
PP
Thus, by means of the substitution &' = P&, we have
19) =P [ e(8¢ (PO
P

By writing
¢ (P€) = P’C (§) + P*Q (&) + PL(§) + N.
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we easily obtain

I(B)=P" / e (BPC (€))dé + O (P™|B| P?) .
P

and finally
I(3)=r" / e (BP°C(£))dé+0O (P*'LF). (3.84)
—_——
(. P ) El
A(B)
e By definition of I;(3), we have
g2P3 (ﬁ /)
e (Bz
I = "
()= [
g1P3

Thus by means of the substitution 2’ = P3x, we have

g2

3
I () = P / %dm

g1

Thus

g2

92
pP3 P3 [e(BP3z)logx
I = P? - | ="
1 () 3L/6(ﬁ v)de 3L/ SL+logs

g1 g1

Integrating by part and using the mean value theorem it is possible to show

that
92
P? [e(BP%z)logx , 3o . 31-1
3—L/—3L+10gx dx_O(PL mm{1, 8P| })
g1
Hence
P3 92
_ - 3 37r—2_ . 31—1
I (8) = BL/e(gp x)dx+?(P L mln{l, 8P| }) (3.85)
I . Ea(B)
B(8)
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Now, from (3.84) and (3.85) we have

1(B) I (=) = A(B) B(=P) + A(B) B2 (=0) + B(=0) Ex + E1 B3 (—0) .

thus

J(P) = I(B) I (=B)dB = Tn(P)
181<P=3L¥ m
where
1.
7= [ a@Bsaw.
|Bl<P—3L*
2.
7o (P) = / A(B) By (—5) db.
|Bl<P=3L¥
3.
Ti(P) = / B(~8) Edp.
|B|<P—3LF
4,

Ju(P) = / EyEy (=) dB.

181<P=3LK

We shall see that J;(P) is the main term while £ = J5(P)+J3(P)+ J1(P)
is the error term. We have that

Ji (P) = P;: / {/e(ﬁp?’c*(g))dg} {je(—ﬁP%)dm}dﬁ.

8l<p-3Lk \P 9

If we call vy = SP? and \ = %: and we define

B = j { [ee (5))d£} { / ewx)daz}dv.

-2 P g1
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we can write pn
k
jl(P):B_le(L ).

(3.86)

If we write AEy, = A(B) Ey (=), BE, = B(—0) E1, E1Ey (—[3), we have

n+3

P
ABy € —

min{l,

5P3}‘1}.

BE, < pr2pk-1,

By Ey < P22 min {1, 5P3\‘1} .

From (3.87),(3.88),(3.89), it follows that

Pn+3 )
Jy (P) < 72 / min {1,

|B|l<P—3Lk

Js (P) < P2 / dg.

|Bl<P=3Lk

Ji (P) < P22 / min {1,
|Bl<P~3Lk
Hence
Pn+3
E < pr2pk-t / a8+ / min {1,

Bl<P=3L Bl<P-5L

Now it is easy to see that

/ mm{1,

|Bl<P—3LF

5P3}‘1} d3 < P3log L.

thus

E < P"'L* ' 4 P"L2log L < P"L?log L.
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It follows that

J(P)::ggJa(Lk)+mD(P"L—2mg1). (3.93)

From its definition, we have that

g2

;) Zjdv/d£ [etric© - e

P g1

that we can write as

ﬁﬂﬁi/%jsz@WKNQ—@ﬂw-

P g1
Hence
92 19 A(C(g) ) 92-C(&) 0\t
sin 27 - sin 27w
J(N)= [ d de = | d dt.
=/ 5/{ 7 (CE) - ) }‘T [ | 7
P g1 P 91—C(§)
We consider now
92-C(&) Y
sin 27
lim J;(\) = 1 d dt.
Jim S (A) Affoo/ ¢ / o
P g1—C(&)

Since, by the choice of g; and g9, we have that
n—CE)<an—f<0
go—C (&) = g2 — fo>0.

we can write

92-C(&) Y
MHLW:/%hm /Smﬂdt
A—+00 A—+00 7t
P g1—C(&)

because the inner limit is uniform in . From Classical Analysis it is well
known that

92-C(&) 0\t
lim /Sm”ﬁ:L
A—+00 t

g1—C(&)
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Hence

P
It follows that pn
and, finally
PTL
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Chapter 4

The second theorem of
Pleasants

4.1 Introduction

The second theorem of Pleasants, proved from the author in [32], the con-
dition 1 < h < 7 has ben considered and under further conditions on ¢
it has been proved that it still represent infinitely many primes. However,
in this second theorem, due to the nature of the method used, no asymp-
totic formulas has been obtained. The proof depends on some results on the
representation of primes by quadratic polynomials. The cubic polynomials
considered in this theorem have n the number of variables n substantially
greater than the invariant h The method is to fix some of the variables in
such a way that ¢ reduce to a suitable quadratic or linear polynomial in the
remaining variables and the apply to this resulting polynomial either a result
from the theory of Quadratic Polynomials or else the theorem of Dirichlet
on primes in an arithmetical progression. Both these theorem are also used
in the initial reduction of ¢. to a polynomial of smaller degree. For these
reasons the lower bounds for the number of primes represented by a such
polynomials are related with polynomials of second or first degree. We will
get now a very brief sketch of the path towards the proof:

e In4.2 and 4.3 it is stated some terminology and notation about Quadratic
polynomials.

e In 4.4 we get the statement of an Auxiliary Theorem on the primes
represented by a quadratic polynomials.

e In 4.5 we get the statement of the Second Theorem of Pleasants.

87



e In 4.6 the tools for the proof of the Auxiliary Theorem are developed.
e In 4.7 the Auxiliary Theorem is proved.
e In 4.8 a useful Corollary of the Auxiliary theorem is explicitly stated.

e In 4.9 some other further lemmas about polynomials of second and first
degree are proved.

e In 4.10 some specific Lemmas about cubi polynomials are proved.

e In 4.11 the Second Theorem of Pleasants is proved in all its several
cases.

A graphical “road map” towards the proof of FTP is given in Ap-
pendix H.

4.2 Preliminaries
Definition 4.1. Let be x € R". Let P € R . A quadratic polynomial
¢p € Z[x].
1s said weakly dependent on P if and only if
6r (x) = Q (%) + Lp (x) + N, (4.1)

where the coefficients of the quadratic part QQ are fixed while the coefficients
of the linear part as well as the constant term Np may depend of P.

Definition 4.2. Given a weakly dependent polynomial ¢pp € Z [X] we will say
that it is suitable, if and only if

1. For every P € R™ all the coefficients of ¢q are rational.
2. For every x € Z" we have that ' ¢p (x) € Z.

We shall suppose that there exists two positive real numbers f; f; and a
box

B=1Tla;,b;] <R"
YR}

J=1

LOf course, the polynomial does not to have integral coefficients: for example, the

n
polynomial ¢p (x) = > W is an integer valued quadratic polynomial
j=1
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fiP? < ¢p (€) < 2P (4.2)

for every & € PB  where PB denotes, as usual, the homothetic expanded
box obtained from B by means of a dilatation of each side of a factor P. A
sufficient condition for the existence of such a kind of box is given by the
following easy

Proposition 4.1. Let
¢p (X) = Q(X) + Lp (X) + Np.

a suitable polynomaial with

* Q(x)=

AigiXj Ay = Qg S R+ VZ,j =1...n.
1

n n

=17

n

o Lp(x)=> L(P)x;.

i=1
e Np=aP?+bP+c a,bccR.

if
1. There exists m € Rt such that |l;(P)| < mP VP eRT Vi=1...n.
2. min{a;j,i,j=1...n} >m+|al.

then there exist a box B for which (4.2) holds.

4.3 Notation

It will be used
N(P)={x€ PB: ¢p(x) € P}.

With r it will be denoted the rank of the quadratic form (). We shall use
many suitable constants as in the proof of the First Theorem. We shall
restart from ¢; ¢ and so on.

4.4 The Auxiliary Theorem

With these preliminaries and this notation it will be proved the following
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Theorem 4.1. Let

n n rij n k;(P u (P

i=1 j=1 “Y i=1

a suitable polynomial. If
1. r>3.
2. (rij,si5) =1Vi,j=1...n.
3. (ki(P),m;(P))=1Vi=1..n VP.
4. (w(P),v(P))=1 VP.
5. There exists Py € RT such that for every P > Py it is
(P11« -T1nsT22 - Tony oo - Tnn, k1 (P) .. ky(P),u (P)) = 1.

6. There exists xg € Z" : ¢p (Xo) Z 0 (mod 2).
Then there exists a function
S (P):R" - R™.
two positive real numbers vy, 2 and a positive value Py, such that
1. n<6(P)<7vy VYP>P.
2.

Ve P"

710g P P — oo.

IN(P)[ ~ & (P)

Note 4.1. Let c € Z, if we denote as
D.={xe PB: ¢p(x)=c}.

it can be proved that
|D.| <n5 P*

where <, g means that the implied constant depends only by n and B. Thus,

if
Mp={pelP:3xe PB, ¢p(x)=p}.

using Theorem 4.1 we have that
P
M —.
(Mp| > og P

and in particular infinitely many distinct primes occur as values of ¢p.
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4.5 The Second Theorem of Pleasants

Definition 4.3. Let x € Z". A cubic polynomial ¢ € Z[x] is said to be
non-degenerate it does not exist an affine transformation T : R" — R"
such that

1. T (y) = Ay + b where A is a nonsingular n X n matriz and b € R™.

2. |det A| = 1.

3. yel'=x=T(y) € Z".

4. If ¢/ = poT then ¢ is a cubic polynomial in n' variables with n’ < n.

Theorem 4.2. Given cubic polynomial ¢ as in (3.1) if and let h the same
invariant as before.

e ¢ is non degenerate.

e ¢ is irreducible.

e For every m € Z there exists x € Z" such that ¢ (x) =0 (mod m).
if one of the following three condition holds:

e h=1andn > 5.

e h>2andn >9.

e h>3 andn > h+ 3.

and if
M={peP:3IxeZ" ¢(x)=Dp}.
then
M| =00 (4.3)

Note 4.2. While the polynomial ¢ has to be irreducible, its cubic part C
does not. Namely, the first condition in Theorem 4.2 is given with h = 1 that
means C' is reducible.

As already said before, we need to develop some theory about the quadratic
polynomials, in order to explain the proof of the last Theorem.
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4.6 Theorems about Quadratic polynomials

4.6.1 Elementary Lemmas

Lemma 4.1. If

n n

6 (x) = ¢ (2. Zawxw]—i—Zlml—i—N
1 j=1

1=

is a quadratic polynomial such that x € Z™ = ¢ (x) € Z™. Write

“Y3 ey 43 Kt

zl]l” mi

with
(rij,sij) =1 Vi, j=1...n
(ki,m;))=1 Vi=1..n
(u,v) = 1.
then
1. v=1.

2.1<5;5;<2 Vi,j=1...n
3. 1<m; <2 Vi=1...n
Proof. Trivially

thus u = 1. Since
¢(1,1,0.. ,0) = a1 + 2a12 + age + 11 + 1o + u.
o (1, ,0) =ay; + 11 + u.
(0,1,0 ,0) = ag + s + u.
(0, .. ) u.

we have

¢(1,1,0,...,0) — ¢ (1,0,...,0) — $(0,1,0,...,0) — ¢ (0,...,0) = 2ar.

By hypotesis, the left-hand side is an integer, thus 2a;2 € Z and so 1 < s15 <
2. In the same way we can prove that 2a;; € Z and so 1 < s;; < 2, whenever
i # j. Now, let x € Z; we have

d(x+1,0,....0)=an (z+1)°+L(z+1)+u
¢ (2,0,...,0) = apr® + Lo +u.
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thus
(b(x-'-l,O,...,O)—(b(LU,O,...,O):QCLHSL’—FCLH—'—ZL

Hence, we must have 2a112 4+ a11 + 1 € Z whenever x € Z. From this, we
deduce that

e a1 +l1 € Z by setting x = 0.

e 2a1; € Z by setting x = 1 and by the previous deduction.

It follows that 1 < 511 < 2,1 <m; < 2. Similarly, we have that 1 < s;; < 2,
1 <m; <2 for every 2 < i <mn. This proves the Lemma. O

Lemma 4.2. If
NN iy, N R
o (x) = ZZ Siszxj + Z mi:vz + o
i=1 j=1 i=1
is a quadratic polynomial with rational coefficients such that:
1.xeZ"= ¢(x)eZ".
2.
(rijasij) =1 \V/Z,] =1...n
(u,v) = 1.
3. (7"11...Tln,TQQ...T’Qn,...Tnn,]{Zl l{:n,u) =1.
4. X0 € Z": 9 (%x0) Z0 (mod 2).
then for every m € 7Z there existsy € 2"
(¢(y),m) =1
Proof. First we prove the result for m =p € P.

o If p = 2 there is anything to prove, because the fourth point in the
hypotesis.

e Suppose p > 2. If the result were not true, we should have
¢ (x) =0 (mod p).
for every x € Z", and so the polynomial
¢'(x) =p'¢ (x).

would be integer valued at all integer points. Hence, by Lemma 4.1 the
coefficients of ¢’ have denominators at most 2 and so all the numerators
of the coefficients of ¢ are divisible by p, contradicting the hypothesis.
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Now, let m be any integer.
e If m = £1 the conclusion of the Lemma holds for all y € Z
o If m # £1 let
P,={p1,..ps€P:pjim Vj=1...s}.

be the set of the distinct prime factors of m. For each p; € P,, there
exist y; € Z"™ such that

¢ (yi) 0 (mod p;).
Let i
m/ = le
i=1

and write

S I
y = ZEW

iz Pi
Then y € Z™ and

¢(y)#0 (modp;) Vi=1...s.

which is the conclusion of the Lemma.

O
4.6.2 Exponential sums
Definition 4.4. Let g1, g2 be real numbers satisfying
0<gi < fi<fo<go (4.4)

where f1 and fy are the numbers occurring in (4.2). We define the exponential
sums T'(a) and S(a) by

T()= Y  elap). (4.5)

g1 P3<p<gaP?
peP

S(a)= > e(app(x)). (4.6)

xePB

where ¢p is a suitable polynomial as before.
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With these definitions, we have

IN(P)| = / S ()T (—a)da. (4.7)

Note 4.3. We can write the quadratic part of ¢p in matriz form
Q (x) = x"Ax.

where a;; those of Proposition 4.1. From Lemma 4.1 and hypotheses of The-
orem 4.1 it follows that 2a;; € Z for every 1 <1i,5 < n.

Definition 4.5. Given a quadratic form
Q (x) = x"Ax.
we define the set of associated linear forms as
Lq = {Ai(x) :iaijxj, i= 1n}
j=1

Definition 4.6. For every fired x € R", we shall call

Ax)=(4(x),...4,(x)) € R".
assoctated linear forms wvector to the quadratic form Q).
Note 4.4. By Note 4.3 we have that for every 1 < i < n the linear form

Al (x) = 24; (x).

has integer coefficients.

Lemma 4.3. If B is a fized box in R" then

1S (@) < Y JJmin{P, 204; (x)[|"'}. (4.8)

|x|<P i=1
Proof. We have
S(@)* =S (@)S(a)= > Y eladp(y)—adp ().

yePB zePB
yezn zer?
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SO

> Y eladp (x+2) - agp ().

zePB XEPy
VASY/AL
x+zeZ™

where
P, =PB —z.

is the transformed box PB after a translation of vector —z. It is not hard to
prove that
Vx € P, = |x| <5 P

Hence
S@P< S| S cladr (x+2) - acp (2))]. (4.9)
|x| <P |zeR(x)
where
R(x) = PBN(PB—x).
Now

<

< R(x) >

><\

PB

N\

\
\
e
Figure 4.1: The box R(x)

op(x+2z)— —QZA )zi + Q(x)+ Lp (x).

We notice that the last two terms of the right-hand side are independent of
z and so

> elagp(x+2z)—agp(2)| =] e<2aZAi(x)zi> .
) i=1

zER(x) zER(x

96



We can obtain a special partition of R (x) in the following way (see figure
4.2):

1. Let zg = (201, 202 - - - Z0n) the integer point of R (x) such that whenever
z = (z1...2,) is any other integer point of R (x) it is

21 = Zo1
Zn Z Z0n -

2. Let

M ={zeRX): (200 +7,202---20n),T=1...Hi}.
D={zeRX):(z0n+7 202+ 1,...200), 7=1...H}.

One ={z€RX): (200 + 7,200+ Hoy...20n+Hy), 7=1...H }.

3. hh<P,...H, <P.

Of course we have
Ng
e R(x)= U Q; .
j=1

and

Z e <2aZAi(X)z,-> :ZZe (2@2&(){)@).

zER(x) Jj=1z€Q;

Now, we remember that, if
N(P)={mo,mo+1,,...mog+H: moyeZ, HeN, H< P}.
it is well known that
> e(az)| <min {P[]A|7"}. (4.10)
zEN(P)
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If we apply this inequality to each of
2
ZEQj =1

and we sum over j we obtain

n

YD e <2aZAZ- (x) zz-> < [ min {P, [204; (x)[ '} ] ] € (204 (%) 20:).

Jj=1 z€Q); i=1 =1
This means
d e <2a > A (x) z) < [ min {P, [|204; (x)|| 7'} (4.11)
zER(x) =1 i=1

A substitution in (4.9) gives the result.

Figure 4.2: The partition of R(x)

98



Lemma 4.4. Let L =log P and U a parameter satisfying

L< U< PLY" (4.12)
and let be
A(P)={x e [|20A (x)| < P7'}. (4.13)
If « is such that
1S (a)] > P"L"U"/2, (4.14)
then
A (P)|> P"L"U™". (4.15)

Proof. The proof follows from Lemma 4.3 in just the same way as Lemma
3.2 of [5] follows from Lemma 3.1 in that paper. O

Lemma 4.5. If (4.12) and (4.14) hold and if
B(P) = {x €%, 1 : [20A ()] < UP2L12).

then
|B(P)| > P L2, (4.16)

Proof. We apply Proposition E.5 to the symmetric linear forms of the set
Lo = {4} (x) = 204; (x) : A; (x) € Lq,i=1...n}.

with

e A of Proposition E.5 equal to P.

e 7 of Proposition E.5 equal to a suitable constant ¢;.

o Z; =UP1L712
The Condition (E.6) now takes the form

cUmPLT < Z) < ey

which is satisfied by our choice of Z; provided P is large enough. Now,
equation (E.7) gives
\V(Z)| > P~ L2,

which is equivalent to (4.16). O
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Lemma 4.6. If (4.12) and (4.14) hold there exist a Py such that for every
P > Py the number o admits a rational approximation such that

(a,q) =1
g <U (4.17)
lag —a| < UP™2.

Proof. We consider the linear system

Al(X) = 0.

An(x) = 0.

that we can write as A(x) = 0 and we observe that its solutions form a
lattice of dimension d = n — r. Hence, if we consider the set

D(P)={x e, ,.:Alx)=0}.

we have
D (P)| < U™ "L~ ("2,

Hence, from Lemma 4.5 we have that there exists a P; > 0 such that if
P > P; then

B (P)={x€ A, 1 |20A (x)|| <UP2L™? A (x) # 0} # 0.

Let X € B'(P) and suppose that A;,(X) # 0 where i is a fixed index such
that 1 <ip <n. Then 24,,(X) € Z — {0} and there exist b € Z such that

1204, (X) — b| < UPT2L7Y2,

We consider the rational number

b
3=

24;, (X)

and we chose the fraction a/q such that (a,q) = 1. We have
lq] < |4, (X)| < x| < UL7Y2.

Hence there exist a P, > 0 such that if P > P then |¢| < U. Also there is a
P35 > 0 such that

lag — a| < |204;, (X) —b| < UP2L7Y/2,

S
lag — a| < UP2.

If we chose Py > max {Py, P, Ps} the result follows. O
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4.6.3 Minor arcs
Let T = [0, 1]. We shall denote as
Definition 4.7.
E(U)={aeTl:3a,q€Z (a,q9) =1,lg| <U,Jag—a| <UP*}.

We shall write also

CEWU)=1-E(U).
Definition 4.8. If

U, = L™ (4.18)
we shall define the minor arcs
Lemma 4.7. If r > 3 then
/ 1S ()T (—a)|da < P"L72. (4.20)
m

Proof. The proof follows the same lines as the proof of Lemma 3.14. If we
consider the set-function

U—&WU).

we have that it is an increasing function i.e
Uy <U2:>8(U1) QS(UQ)

and, by Dirichlet’s theorem on Diophantine approximation, if U > P, we
have that B
EW)=1.

Now, if
FU)=€ERU)-&E(U).

then, we can write
t
I=&U)U {Uf(Qle)} .
§=0

where ¢ is the least integer such that 2!71U; > P. The subsets F (2/U,) are
pairwise disjoints and

F(2'Uy).

0

m =

t
=
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Moreover ¢ < L. We take now

U =2,
0<u<t.

Then U satisfies (4.12). If « € F(U), then a does not have a rational approx-
imation satisfying (4.17) and it follows from Lemma 4.6 that the hypothesis
(4.14) fails to hold for such an a. Thus for every a € F(U) we have

1S (a)| < PPLMUT/2.
Also

q

FOl<leeni< Y 3 (20 (UP?) <8P

1<q<2U a=1
It follows that
/ 1S (« o)|da < PMLMUT? / T (—a)|da <

FU) FU)

1/2

< P LU F (U)[} / T\ <«
< PnLnU—r/Z{UQP_2}1/2{P2L_1}1/2 <

< PnUl—r/ZLn—l/Z < P"U_l/zL"_l/Z.

since r > 3. Hence

/ 1S () T (—a)|do < P"UY2L12, (4.21)
FU)
Now
t
/|S(a)T(—a)|da:Z / 1S () T (—a)|de.
m I=0 @i 1uy)
and

e The number of sets F is < L.
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e To each of such sets we can apply (4.21)

e The least value of U is U; = L*".

we deduce that

/ 1S (a) T (—a)|da < P"L™ "2 < P72,

m

and this concludes the proof. O

4.6.4 The Major arcs
Definition 4.9. We denote with

a
M, , = {ae[: oz——‘ <P‘2Lk}.
q
and with
Mo 1 = To1 UTq1.
where

3071:{0(672 ‘g‘ <P_2Lk}.
q

’31,1:{a€7:'1—9‘<P_2Lk}.
q

and where k is a positive constant.

Definition 4.10. We denote with

m=J J MM.,udMo,;

1<g<Lk 1<a<q
(a,9)=1

and we call it “ major arcs”

The sets M, , are disjoint if P is large enough. Moreover, if we choose
k > P then
EU) Cm.

Lemma 4.8. If o € M, , then
S(a) =q "Suq (P)I(B)+O (P 'L*). (4.22)
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where

1(3) = / ¢ (Bop (€) de. (4.23)

and
a

0=a——.
q

Proof. The proof is very similar to the proof of Lemma 3.15 with only trivial
differences. O

Lemma 4.9. If o € M, , then

_ 1 (q) 2,—c2L'/?
T(e) = S h(3)+0 (P ) . (4.24)
where o
L (B) = / %ﬁ?dﬁ

and cy is a suitable constant.
Proof. This is just Lemma 3.16. 0

Lemma 4.10. If (a,q) = 1 then
|Saql < ¢*7/% (logq)" . (4.25)
where the implied constant does not depends on a,q, P.

Proof. We note that the implied constants occuring in Lemmas 4.3, 4.4, 4.5,
4.6 depend only on n and B and the coefficients a;; of () and that they in no
way depend on the other coefficients of ¢p. Hence we can apply Lemma 4.6
to Sg,q. Using this Lemma, we take

pP—=

U=q—1
o= —.

Qe Q Q

and we use a unit cube U.pe in place of B. The inequalities (4.12) are then
satisfied, but a = % does not have a rational approximation satisfying the
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third condition of (4.17). For if Z—: is any rational number such that ¢’ < ¢—1
then

because (a,q) = 1. It follows that

‘q,g o
We deduce that the inequality (4.14) does not hold with this choice of o P
U and U, provided q > c3 where c3 is a constant large enough. Thus,

o If ¢ > c3 then

1S0q(P)] < " (logq)" (g — 1) < ¢" "/ (log )"

o If ¢ < c3 the, trivially

1Sa,4(P)] < ¢" < ¢z

Hence, in either case (4.25) holds. O
Lemma 4.11. If r > 3 then
[s@ra—(e@)+E) [ 1@LEaBLE 42)
m |B|<P—2Lk
where
o £, =0(L™).
o B =0 (P"L7?).
e ¢4, > 0 is a suitable constant

and

s =2 Y Llys., @), (4.27)

Proof. The proof follows the same lines as the proof of Lemma 3.17 with
only trivial differences. Here we must use Lemmas 4.8, 4.9, 4.10 in place of
Lemmas 3.15, 3.16, 3.13. O
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4.6.5 The singular series

Lemma 4.12. With the hypothesis of Theorem /.1 there exist v > 0 and
Yo > 0 such that
71 <6 (P) <.

for every P large enough.

Proof. From (4.27) and (4.25) we have that the series &(P) is uniformly
absolutely convergent. Moreover, by well-known arguments, we have that

A(q,P)= ) q"Saq(P).

(arg)=1

is a multiplicative function of ¢q. Hence,

& (P) =[] F(P). (4.28)
where B
Fy(P) = 1= ™" 3 Suy(P). (4.20)

The infinite product (4.28) converges uniformly and so there exists a constant
¢s > 0 such that
1
5 < I E(P) <2 (4.30)
p>cs
peP

Also for any x € Z" and any prime p € P we have

— (a [ p—1if ¢p(x) =0 (modp)
¢ <§¢P (X>) —{ “1 if ép(x) 20 (modp). (4.31)

a=1
We consider the quotient set Q = Z"/modp and its subset
P={xleQ:¢r(x)#0 (modp)}.
If M = |PB]| from (4.31) we have

p—1 p—1
Z Sam(P) = Z
a=1 a=1

= x ( mod p)

> e(Bert0) - G-n- 43
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Substituting (4.32) in (4.29) we obtain

M

B = e

Now trivially M < p™ and it follows from Lemma 4.2, with p in place of m,
that M > 1 for every P large enough. Hence,

1 p
o = PP STy

and so there exist 0 < 7} < 74 such that

v < [ F(P) <. (4.33)
p<cs
peP

From (4.30) and (4.33) it follows that

1
SN < [15(P) <2

peP

and from (4.28) the result with v, = 37 and 75 = 2. O

4.7 The proof of the Auxiliary Theorem
Proof. We have already observed that if k£ > 4n then £ (U;) C 9 and so
CM CCE(Uy) =m.

Hence, we can write

1

N (P) :/S(Q)T(—a) da:/S(a)T(—a)da+/S(a)T(—a) da.

0 m com

and from (4.7), (4.20), (4.26) we have

N(P)={S(P)+O(L™)}J(P)+O(P"L?). (4.34)
where
sp= [ 1enes s (4.35)
|B|<P—2Lk
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Proceeding as in the proof of the First Theorem of Pleasants 3.14, we have

g2
2

L (=p) == /e (=BP%z)dx+ O (P?L—2 min {1,

2L

g1

From (4.23) and (4.36) by multiplication we have
J (P) = Mr+ E7.

where

|B|l<P—2Lk \PB g

o« My=1L {f e(Bep (5))d§} {?6(—5P2x)d$}d6-

o Bp < PP min{1,|ﬂP2|_1}.

|B|<P~2L*

being M7 the main term and E7 the error term.

If we call
Lk g2
npy= [ 4 [etronpe)acy [e(rmdepan
_Lk B g1
we have
My = gJ (P).
T= 57
while

Ep < P2 L 2P 2log L < P"L™?log L.
From (4.38),(4.39) we have

J(P) = §—LJ1( )+ O (P"L*logL).

)

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

Interchanging the order of integration in (4.37) and integrating with respect

to v we have

/dnjdm/ ~2pp (Pn) — 1)) dy.

_Lk

108



and so

/ /stka (P~2pp (Pn) —a?)d
.
P=2pp (Pn) — )

and finally
b(n,P) .
Ji(P) = / dn / L%;L Lat.
B a(n,P) "
where

o a(n,P)=g1— P pp(Pn).
o b(n,P)=g2— P pp (Pn).

From (4.2) and (4.4), for P large enough and for all n and B
e a(n,P)<g — fi <0.

b b(nvp)z.gZ_f2>0

Since
U o Li
lim T =,
P—+o00 7t
a(n,P)

uniformly in 7 we have that

i (P) = / dn = Vg, (4.41)

B

Now, from (4.35), (4.40), (4.41) we have

Ve P"
log P?

N (P)=6&(P) +o(P"L7Y).

With the result of Lemma 4.12 this completes the proof of the Auxiliary
Theorem.

4.8 A Corollary of the Auxiliary Theorem

It will be convenient for latter applications to have the following straightfor-
ward Corollary to the Auxiliary Theorem stated explicitly.
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Corollary 4.1. Let
¢ (x)=Q (x)+ L(x)+ N.

a quadratic polynomial in Q (x) with constant coefficients that we write as

¢(X) = Zzg—lj%% —0—2%%—1— %
1. i=1 [

i=1 j=1

Suppose
(rij,sij) =1 Vi, j=1...n
(ki,m;) =1 Vi=1.n
(u,v) = 1.
If
e xEZ"= ¢(x) €.

There ezists a Xg € Z" such that ¢ (x9) =1 (mod 2).

If r denotes the rank of Q, r > 3.

Q@ s neither negative definite nor negative semi-definite.
o B C R"™ is any closed box with volume Vi such that x € B = Q (x) >0
e N(P)={x€ PB:¢(x)eP}
then . PV
log P?

where & is a positive constant.

IN(P)| P — 4o0.
Proof. Let
o ¢ = I}ElellIng (x).
o & =maxQ (x).
and let fi, fo real numbers such that
0< fi<e <ey< fo
For every x € B we have

¢ (Px) = P*Q (x) + O (P).
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Hence, for any y € B and for P large enough we have

fiP? < ¢ (y) < fo P2

Thus ¢ satisfies all the requirements of the Auxiliary Theorem. To obtain the
result of the corollary we observe that since the coefficients of ¢ are constant,
the exponential sums S, ,(P) defined in Lemma 4.8 are independent of P.
Thus from (4.27) we have that the function P — & (P) is a constant function
a by Lemma 4.12 the value of this constant is positive. O

4.9 Further Lemmas

In order to prove the Second Theorem of Pleasants we still need a number
of results about polynomials.

Lemma 4.13. Let x € R" and

that we write as

n n n

j i1 i

i=1 j=1
Suppose that
1. xeZ"= ¢ (x) € Z.
2.
(rijasij) =1 \V/Z,] =1...n
(u,v) = 1.

3. There exists a Xg € Z" such that .¢ (Xo) =1 (mod 2)
4. 289 — 0 vx e R,

5.3 eRr: 2R 40

ox1
If
H={x€Z":|x1| <P |x;|<P,i=2...n, ¢(x)€P}.
then
n+1
P )
H> s (P—oo)
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Proof. By condition (4) we have that ¢ is of the form

¢($1,$2,...$n) :¢1 ($2,...$n)+a$1. (442)

where ¢, is a polynomial that depends only on x5...x,, and a is a constant.
Since form condition (1) it is

¢ (0,0,...0) = ¢1(0,...0) =my € Z.
and
¢ (1,0,...,0) =my € Z.

we have that a € Z and ¢, (zs, ...7,) € Z for every (13, ...x,) € Z"'. By (1),
(2), (3), it follows that ¢ satisfies the conditions of Lemma 4.2 and so there
exists y = (Y1, - .- Yn) € Z" such that (¢ (y),a) = 1.

If now x' = (29, ...,1,) € Z" ! is any integer point such that
(212 = (s ) (moda). (4.43)
we have
(p1(xhy... 7)), a)=1. (4.44)

We observe now that if Q;(x’) = Q(x) and we choose

p-{eerigl<iia@l<juf. @

This can be done, for instance, by taking B’ to be a sufficiently small box
containing the origin O € R"~!. Now we consider the expanded box PB’ and
any integer point x’ € PB’ satisfying (4.43). It follows that x also satisfies
(4.44) and if we take

X/

5/

T

by the second condition in the the definition of B’ , we deduce
/ 21 1 2
61 ()| < P lal + 0 (P) < _ [a P*.

for P large enough. It follows that if we consider the intervals

Ia,P = |:_ |CL| P2 + Y1 (X,) ) |CL| P2 + Y1 (X,)} :
1 2
Jmpz O,i\a\P .
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we have
Ja,P g Ia,P~

Now we apply the Proposition E.9 and deduce that if
PB(P)={peP:pelip,p=¢(x) (moda)}.

then
2

log P’

B (P)] > (4.46)

and this estimate is uniform in x’. Also, if
D(P)={x' e PBNZ": (x2,...,2,) = (Y2,...,yn) (moda)}.

then
D (P)] > P . (4.47)

and, by the first condition in the definition of B’, all these points satisfy
|x'| < P. Now from (4.42), (4.46), (4.47) we obtain the result. O

Lemma 4.14. Let be x = (x1,...x,) € R" and let
L (X) = lo + Z ljl’j.
j=1

be a non-constant polynomial of first degree such that
o [;€Z forj=0..n.
o (lo,ln> =1.

o There exists an open box A C R" and .a = (ay,...a,) € A for which
Zajlj 2 0.
j=1

If
G(P)={xePANZ":L(x)ecP}.

then

n

log P’

G (P)| >
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Proof. Since L (x) is non-constant, we can find a point b € A such that

Zn: bjlj > 0.
j=1

Since A is open, we can find a box B such that
e BC A

O£EB:>§:£jl]ZO
j=1

We write

<
Il
—

and

o B' = (a1, ().
[ Bn—l = ﬁ (Oéj,ﬂj).
=2

We write also

Ll (1'2, e le'n) = l() + Z ljl’j.
j=2

so that
L(x)= Ly (za,...2,) + l127.

Since the coefficients of L (x) have no common factor, we can find (ys, .

7"~ ! such that
(Ll (yg, .. yn) s ll) = 1

It follows that for any x' = (z,...2,) € Z" L. satisfying

(9, ... xn) = (Y2, ... yn) (modly).

we have
(Ll (IQ, .. In) ,ll) =1.
Hence, if
K(P)={xePB"'nZ"": (L (X),l1) =1}.
then

K (P)] > P!
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For each x' € IC(P) we consider the real interval
J(P,x') = (l4Poy + Ly (X') ,LPB1 + Ly (X)) .
and we notice that
pe (J(P,x)) = P (Lp — o) .
On the other side, if
M = max {|lo|, |l2],- -, |ln]}-

and
T =max {|as|,...|an|,|Ba] ... |Bnl}-

it is easy to show that

Ly (29, 2,)| S M+ (n—2)T VY (1y,...7,) € B
while, by (4.48) it is

lo < Li(xg,...2,) Y(x9,...2,) € BN
Hence, there exists § = 6 (B, n, L) such that
J(P,x") C [lo,0P].

for every P large enough. It follows from E.9 that if

Pr(P)={peP:pe (LX), p=Li(x) mod (L)}

then

P
P — . 4.52
T (P> o (152
uniformly in x’. The conclusion of the Lemma now follows from (4.49),
(4.51), (4.52). O

Lemma 4.15. Let x = (zy,...x,) € R" and ¢ (x),...¢, (x) € Z[x]. If
® ¢, is not constant.
o (¢1,...0,) = 1.
e There exist continuous functions U; : Rt — RT, i = 1...n such that

— lim U;(P)=+40c0 Vi=1...n.
P—+00
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— There exist v; > 0 and m; > 0 and Py > 0 such that
o K(P)=A{x€Z":|z;| <P, ¢p1(x)|¢;(x), i=1,...n,7=2,...7}.

Then for every e > 0

U(P) .
|K (P)| < max U (P)P .

where

wm:IUmm.

Proof. Since ¢; is not constant we can suppose, by permuting the variables
if necessary, that ¢; does not depends by s, ...z, only. Also, since ¢1, ..., ),
have no common factor, it follows from Proposition E.10 that there exist
polynomials

P =y (%xn)
: €Z(xy...1p).

:wr:'lvbr(xl---xn)

and
H=H (zy...2,) €EZ(x2...2,).

with H not identically zero such that
D 6 () (x) = H(x) Vx eR".
j=1

We observe that:

o If
Ki(P)={x€Z":|x;| <U(P) Vi=1,...n, H(zy,...2,) =0}
then
KP) < —
2<i<n
o If

xecz"
25| < Ui(P) Vi=1,...,n.
then there exists M > 0 and v > 0 such that |H (z2,...z,)| < MP7.
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It follows that if m = H (xa,...x,) # 0 then for every ¢ > 0 7(m) < P*
where 7 is the function which counts the divisors of an integer. Let

I'P)={ce€Z:3x=(r1,22,...2,) € K1(P), H(xa,...2,)#0}.
Since, if x € I;(P) then

o1 (x) |H (xg,...2,) .

it follows that
IT'(P)| < P~.

The strategy now is to count,for each ¢ € I'(P), how many x € K(p) we can
have. If ¢ € ['(P) and we consider the equation

o1 (21,29, ... ,) = C.
we can rewrite it as
Jo (:cg,:cn)x’f + Ji (x2,...xn):c’f_l + - Jg (2o, ... x,) = 0.
where
o k>1.
e Jy is not identically zero.

e Jy is independent of c.

It
Q(P)I{(Il,l’g,...%’n) EIC(P)2¢1($1,$2,...$n)20}.

the we have
QP)= (P)UQy(P).

where
Ql (P) = {(1’1,252,....1’”) c IC(P) : (bl (Il,l’g,...xn) =, J(] (IQ,...SL’n) = 0}

and

QQ (P) :{(l’l,xg,...l’n) EIC(P) (bl (Il,l’g,...xn) :C,J(](LUQ,...SL’n) %0}

Now,
U(p)

| (P)| < Uy (P) (212%}; W) )
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since the set
{(1’2, .. In) . E'Il, (l’l,LEQ, .. l’n) c IC(P), JO (.CL’Q, .. In) = 0} .

has cardinality < max UP)__ and the set of suitable 21 has cardinality

2<i<n Ui(P)Ul(P)
< Uy(P). Also,
U(P)
Q9 (P k——r=.

since the set

{(IQ,...In) : Elxl,(xl,x2,...xn) c K(P),J@ (l’g,....ﬁ(}n) §£ 0}

has cardinality < UU1 ((I;) and, by the Fundamental Theorem of Algebra, the

set of suitable x; has cardinality < k. Hence

[K(P)| < [T (P)[{[1 (P)] + €22 (P)]} -

and so
< {Ul (P) joa 77 <g>(§1) @ UU1(<PP)> } |
and finally -
G ((P))'

Lemma 4.16. Let x € R" and
o (x)=Q (x)+L(x)+ N.
a quadratic polynomial, irreducible in Q[x]. If :
o 0 (x) € Z[x].

o [f we write
n n n

o(x) = Z Zrijxixj + Z kix; + N.

=1 j5=1 =1
then
(7"11...Tln,TQQ...Tgn,...Tnn,kl...kn,N> =1.

o There exists xg € Z" : ¢ (x0) Z0 (mod 2).
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e There exist two linear polynomials Ly (x), Lo (x) € Z[x] linearly inde-
pendent on Q such that

Q(x) = Ly (x) Ly (%) ,

e Py={peP:3IxecZ" ¢(x)=p}

then
[Py| = +o0.

Proof. Since @ (x) factorises into distinct factors there exists a transforma-
tion

T apx -+ Qip hn
Tn ap1 =+ Qpp Yn
NS >
Vv
x A y

such that
® a;; € Z for every i,j = 1..n.
o det A ==£1.
e Q' (y)=Q (Ay) =y (ay1 + bys). with a,b € Z and b # 0.

Such a transformation is permissible as it affects neither the hypotheses nor
the conclusion of the Lemma. Just to make the notation more simple, we
still write @ (x) = 21 (axy + bxg) in place of Q' (y) = y1 (ay1 + bya). In other
words we rename the variables. We doing the same for ¢’ (y) = ¢ (Ay)
and so, from now on we think to ¢ as the polynomial obtained after the
application of the transformation. If ¢ contains a variable other than x;
and x5 , the it satisfies the conditions of Lemma 4.13 and the result follows.
Hence we can suppose that ¢ is of the form

¢ (11, 72) = x1 (axy + bxe) + cxy + dxs + €.

where a,b,c,d,e € Z and b # 0. Let m = abcde: the polynomial ¢ satisfies
the conditions of Lemma 4.2 and so there exist X;, X5 € Z such that

(¢ (X1, X2),m) = 1. (4.53)
Let 1 = X1 +my. We have
¢ (w1, 29) = 22L1 (y) + Q1 (y) - (4.54)

where
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o Ly (y) =bmy+bX; +d.

e O (y) =am?®y? +m (2aX; + )y + (aX? + cX; +e).
We observe that

e L, (y) is not constant because b # 0.

o ¢ (x1,29) = 13 (bx1 + d) + (ax? + cxy + €).

e The polynomials F (z;) = bz; + d, G (z1) = az? + cz; + e have no
common factor, as, would divide ¢, cotradicting its irreducibility.

Hence there exist A, B,C, D € Z with D # 0 such that
(Azy + B) (bzy + d) + C (aa? + czy +¢) = D. (4.55)

and so for any z; € Z the greatest common divisor of the numbers F(z;)
and G(x1) divides D. Thus for any integer y the greatest common divisor of
Li(y) and Q1(y) divides D. Denote with

A = (bm,b,d).

Then A;|bm and so A\;|m?. By Dirichlet’s theorem on primes in arithmetic
progression there are infinitely many y € Z for which Li(y) = A;p where
p € P. Hence we can choose some integer Y for which

[ Ll(Y) = )\1p
e p /D.

For this Y, we have that if Ay (Y) = (L; (Y), Q1 (Y)). then Ay (Y)|A; On
the other hand it follows from (4.53) that

(¢ (X1 +my, Xs),m) =1.

and hence by (4.54)
(A (Y),m) = 1.

Hence
(Li(Y),Q:(Y)) =1

Thus, again by Dirichlet’s theorem on arithmetic progression, if
H (1'2) = ZIZ'QLl (Y) + Ql (Y) .

then H(z2) € P for infinitely many x5 € Z. By (4.54) the result follows. O

120



Lemma 4.17. Let x = (z;...x,) € R*. If

Qo (x)...Q,(x) € Q[x].

are quadratic forms, not all vanishing identically, then at least one of the
following three propositions holds:

(1) If
O(P)={(\...\)€Z :Vi=1.r|\ <Pr(Q(x))<2}.
with i
Q (%) = Qo (x) + 3 \iQ: ().
then .

0 (P)| < P

(II) There exists a transformation

T apx -+ Qip hn

T, Ap1  +++ Qpp Yn
~ -

X A y

such that

® a;; € Z for everyi,j = 1..n.

e det A = +1
o IfQ\(y)=Q;(Ay) fori=0...r then?.
0
—Q! =0.
Iy; 1 (y)

identically, for every i = 0...r and for every j = 3...n

(III) There exists a linear form L. (x) € Q [x] such that

Le (x) [Qo (x)

Le (%) Qr (x).

%i.e the forms Q! do not involve the variables ys, ...y,
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Proof. For every i = 0, ...r we express (); as
Qi (x) = qz’,lL?,l (x) + - qsz?k (x).
where

® Gi1.--Gig € Q for every i = 0...7.

o L;;(x)=> ojz; with o ; € Q for every i = 0...r,j = 1..n.
j=1

We rename the linear form as

Ly (x) = Ly, ().

where s = > k; so that L = {L; (x),..., Ls(x)} . First we show that if no
i=0

three of the linear forms in L are linearly independent over Q then (I1)

holds. Let L; (x) = ajx; + -+ - a,z,. We can suppose, by taking a rational

multiple of L, if necessary, that
® ay...a, € 7.
o (ay,..a,) =1.
so that there exists an integral unimodular transformation such that 3
Ly (x) = ;.
If on making this substitution we have

Ly (x) = fomy

Ls (X) = ﬁSIL
we have (/1). Otherwise one of these linear forms, say Lo is of the shape
L2 (X) = bll’l + bgLL’Q + - bnSL’n

where b,...b, are not all zero. Taking a rational multiple of L, if necessary,
we can suppose that

3As usual the unimodular transformation has the form x = Ay and hence L} (y) =
L; (Ay). Of course we can always rename the variables in L} taking them from y; to z;
so that we still express L as function of x;. With abuse of notation we still use L; in
place of L} just to avoid further symbols
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L] bgbn S 7.
[ ] (bg, bn) =1.

so that there exists an integral unimodular transformation such that the

linear form
[ : R — Rt

(ZL’Q .. Zl,’n) — bg.ﬁ(ﬁg + - bnl'n

takes the shape
lg (ZL’Q .. l’n) = I9.

After this transformation we have
L2 (X) = blxl + Zo.

Since we are supposing that no three of the linear forms of L are linearly
independent, the same transformation takes all the remaining elements of
L into linear combinations of x; and z5. Thus (/1) holds. To prove the
Lemma we can assume that at least three of the linear forms of L are linearly
independent and that (/) does not hold and show that these assumptions
imply that (777) holds. If for any (Ao ...\,) € R™™ we have that r (Q (x)) >
3 with

Q (X) = Z NiQi (X)
i=0
we have

(a) If My, is the associated matrix of () we have that all its minors of or-
der 3 x 3 considered as polynomials in the variables A;...\, are not
identically zero.

(b) If Msy3(A1...\,) denotes a generic minor of order 3 x 3 of Mg and
VM3><3 :{()\1)\7“) GZTngg()\l)\r) =0, |)\,| <Pi= 17’}
then, for (a), at for at least on Mjz,3 we must have

< Pr_l.

}VM3><3

and hence for (b),it follows that(/) holds. Thus we can now suppose that
for each of the quadratic forms Q...Q, it is 7(Q;) < 2 and we are going to
consider separately the different cases that can arise. In each case we shall
suppose, with generality, that Ly, Lo, L3 are linearly independent. We shall
indicate as = = {Qo...Q,} the set of our quadratic forms. First of all we
notice that
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o If r(Q(x)) <2forl=0..r.
e [y, Ly, Lz are linearly independent.

there are only four possible cases:

Case 1
Q; (x) =al? (x).
Qj (x) = bL3 (x)
Qr (x) = cL3 (x).
a,b,c e Q—{0}.
If

Q(x) = Qi (%) +Q; (x) + Qr (%) .
we have 7 (@) (x)) = 3 and so, by our remark above, (I) holds.

Case 2

Q; (x) = cLi (x).
a,b,c € Q—{0}.

In this case r (Q; (x)) =2 and r (Q; (x)) = 1. If
Q(x) = Qi (x) + Q; (x).

we have 7 (@) (x)) = 3 and so, by our remark above, (I) again holds.

{ Qi (x) = al? (x) + bL3 (x).

Case 3
Qj (x) = L (x) +dLF (x).
a,b,c,d € Q —{0}.

with Ly, Lo, L3, Ly linearly independent. In this case r (Q; (x)) = 2 and
r(Q;(x)) =2. If

{ Q; (x) = al? (x) + bL3 (x).

Q(x) = Qi (x) + Q; (x).

we have r (Q (x)) = 4 and so, by our remark above, (I) again holds.

Case 4
Q; (x) = al? (x) + bL3 (x).
Q) (x) = cL3 (x) + dL (x) .
a,b,c,d € Q —{0}.
with

4 L4 :CYL1‘|‘6L2‘|"YL3> Oéa/@/YE @
o 7(Q; (x)) =2.
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o 7(Q;(x)) =2
In this case there is a rational non-singular transformation taking

e (); (x) into ay? + by with a,b € Q.
) Qj (X) mto C’y% + d(llyl + lg’yg + l3y3)2 with C, d, ll, lg, lg c @ and
l1, 5 not both zero.

Assume () does not hold and consider the quadratic form

Q(x) = AQi (x) + 1Q; (x) A pueR,

It must be
r(Q(x) <2 YA pueR.

otherwise we would have that (I) holds. This means that the determi-
nant of () (x) vanishes for all A\, u € R. This determinant is:

\a + ,udl% MdlllQ ,udlllg
,udlllg ,udlglg c—+ ,Udl%

and it is a polynomial in A, u. Since it is zero for all A\, u € R it must
have all its coefficients zero. The coefficient of A2y is ab(c + di3) and
hence, since ab # 0, we must have

c = —di2. (4.56)

Also the coefficient of A\u? is cd(al3 + bl?), since cd # 0, we must have
al? + bl? = 0, whence
BB
a b
Using (4.56) and (4.57) we can write

® (Q; (y1>y2) =A (l%y% - l%?/%)
o Qi (y1,12) = d(liys + lays + lsys)® — di3y3.

where A € Q — {0} and

(4.57)

F(y1,92) = liyr + lys.

is a rational common factor of @); and ;. Hence another rational
non-singular transformation takes
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i Ql (ylayQ) into 21%29.
* Q] (y17y2) into 21%3.

We consider now another generic quadratic form in = and we have two
possibilities:

1. If Qp =eL?+ fL%is a form in Z and r(Qy) = 2 we need to show
that if (1) does not hold G(z1) = z; is also a factor of Q. We
observe that neither

[,1 — {L1> LQ, L5, LG} .

nor

£2 = {L37 L47 L57 L6} .

can be a linearly independent set of linear forms. For if so we
should have the situation of Case 3 which leads to (I). On the
other hand it is impossible for both Ls; and Lg, being linearly
independent, to be linear combinations of L;, Ly and of L3, L.
Hence, on interchanging the roles of (); and @); if necessary, we
can suppose that just three of the forms Ly, Lo, Ls, Lg are linearly
independent. But this is just the situation considered above, an
we deduce, on the hypothesis that (1) does not hold, that ¢; and
@k have a common linear factor. This factor must be either z; or
z3. In the latter case at least three of the linear forms L3, L4, L5, Lg
are linearly independent. If all four of these linear forms were
linearly independent we should have again the situation of Case
3 and (I) would follow; hence just three of them are independent
and, since we are assuming that (/) does not hold, we deduce
as before that ); and Q)5 have a common linear factor, and this
factor can be only z3. Thus @) is of the form Q) = ag2923 and
we have 7(Q)) = 3 where Q) = Q; + Q; + Q. This leads to ().
hence on the assumption that (7) is false, the only possibility is
that G(z1) = 21 is a factor of Q.

2. If @ = gL% is a form in 2 and 7(Q;) = 1 and (I) does not
hold, then L; = «rz; + (G722 a7, (6; € Q since otherwise we
should have the situation of Case 2 which lead to (/). Similarity
L; =aobz + fBhzs ok, 05 € Q. Thus Ly = kz and so G(z) = 2
is a factor of Q.

Hence in Case 4 either I) holds or else all the quadratic forms of =
have a common rational linear factor which is (117).

O
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4.10 Cubic polynomials

4.10.1 Introduction

In proving Theorem 4.2 we can always replace the polynomial ¢ (x) by a
polynomial obtained from ¢ by an integral unimodular transformation, as
such a transformation leaves unaltered the set

Co={yel':y=o(x),xcZ'}

and preserves the property of having integer coefficients, so that both the
hypotheses and the conclusion of the Theorem are unaffected by the trans-
formation. If ¢ (x) is any cubic polynomial, we already know that its cubic
C'(x) can be written as

h

C(x)=> Li(x)Qi(x). (4.58)

i=1

and the number A is invariant under any linear non-singular transformation.
It is always possible, by means of an integral unimodular linear transforma-
tion, arrange that the linear forms of (4.58) depend only by the variables
x1...xp. If, at the same time, we call

Y1 = Th+1

Ys = T

where s = n — h, we have that the polynomial ¢ takes the form ¢ = ¢ (x,y)
with

¢(x,y)=C(z1,...,25) + Z YiQi (1, ... n) + Z yivkLje (1, .., xp)
1<i<s 1<j<s
1<k<s

(4.59)

where
o C € Z[xy...x;) is a cubic polynomial.
. @ € Z|x...xp) are quadratic polynomials.

o L, € Z[xy...xp) are linear polynomials.

127



Note 4.5. Here some of the polynomials 6’, @, z]—,k may vanish identically
or have a degree less than their apparent degree?, but, since we are interested
in a_non degenerate cubic polynomial ¢ with n > h, not all the polynomials
Qi, Lix (1 <i,j,k <s) will vanish identically in our case.

In order to prove the second Theorem of Pleasants we will show that the
variables z1...x; can be given integer values in such a way that the remaining
quadratic or linear polynomial in the variables y;...ys represent infinitely
many primes.

Lemma 4.18. Let ¢ = ¢ (x,y) like in (4.59) and let v the product of its
coefficients. If ¢ satisfies the conditions of Theorem 4.2 then there exist

o X =(X,...X,) ez
e Y=(Y...Y,) eZ.
such that for every x € Z" satisfying
x =X (mod 6p) . (4.60)
1t 18
1. (H (x),6p) = 1.
2. ¢(x,Y) #0 (mod 2).

where

H(X) = (a(x)>@1(X)"'7@5(X)7z11(X)azl2(x)"'Lss(X)) € Z.

Proof. Among the hypotheses of Theorem 4.2 we have that for every integer
m > 1 there exists x (m) € Z™ such that

m ¢ (x (m)).

Let p;...px € P the prime factors of 6u and let

X; =X (p1) -

.Xk =x (p) -

4The apparent degree of a polynomial is the degree which the polynomial should have.
For instance if we talk about a polynomial of second degree in one variable, say ax?+bx+c
its apparent degree is 2 but if we choose a = 0 the degree is <1
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such that
1 fo(x1) .

P fo (xi) -
and combining X; ...X; in the same way as in the proof of Lemma 4.2 we

obtain
(X1... X, Y, Y) =(X,)Y) € 2™

such that
(¢(X,Y),6u) =1.

The points X and Y have the properties required by the Lemma. O

Lemma 4.19. Let ¢ = ¢ (x,y) like in (4.59) satisfying the conditions of
Theorem 4.2.
o Let
U :Rt—-Rt i=1,...h
P— U (P).

such that there exist oy, 5; € RT and l;, m; positive integers so that

a; P <U; (P) < BiP™ i=1,..h

o Let

o Let
0= {@’1 (x) ..., 0 (x), L (x),Zm(x)...Zss(x)}.

e Let R(x) € Q a non- constant polynomial.
o Let pu as in Lemma 4.18.
o Let X,Y as in Lemma 4.18.

If

(i) |ai| < U; (P)Vi=1,..,h
I'(P)=<xez":| (ii) x=X (mod 6u) . (4.61)
(iii) R(x)=mp m|(6p)°, peP
and
U (P)

P .
L)
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then, denoting with
AP)={xel'(P):H(x)=1, ¢(x,Y)#0 (mod 2) }.
we have

U(p)

A (P)| > g P

being H (x) as in Lemma 4.18.

Proof. If x € Z" satisfies (i) of (4.61) then, by Lemma 4.18 (H (x), 6u) = 1.
If in addition x € Z" satisfies (i4i) and H (x) # 1 then H (x) = p because
H (x) |mp and it is relative prime with 6u. Hence

(pIC ()
PIG1 (x)

P13, ()
plLa (x)

plLes (5).

Ve

and so

(61)° Qs (x) (4.62)

| R (60)° T ().

because R (x) = mp. Since the polynomial ¢ is irreducible, the polynomials

4 6/ _ (6,&)3 6

Q= (61)° Qs

Q.= (60)°Q,
Ly, = (6p)° Ly

\ z,ss = (6,&)3 ESS'
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have no common factor and we can apply Lemma 4.15 with ¢; = R and
n = h. We deduce that if

_ n | (4.61) (i) holds
@(P)_{xez ' e }
then oP)
|¥ (P)| < max

1<i<h U; (P)
for any € > 0. So, if

(1) holds
T(P)=<{xecZ":| (ii) ” CH(x) > 1
(idd) 7
we have U(P) U(P)
T (P Pe .
TN < 25 5.7y < log P
for e > 0 small enough. It follows that
U(p)
K (P —.
K(P)> o7
where
(1) holds
K(P)=<xeZ":| (ii) 7 CH(x)=1

(idi) "
Finally we note that, by Lemma 4.18 it is
¢ (x,Y)#0 (mod 2).
for any x € Z" for which (4.61) (i) holds. O

4.11 The proof of the second theorem of Pleas-
ants

4.11.1 Introduction

In the proof of the Theorem 4.2 we need only consider cubic polynomials ¢
which are expressible in the form (4.59) and we shall suppose from now on
that ¢ is of this form. We shall deal separately with the two principal cases:

Case A Not all the linear polynomials ij (x1...xp) (1< j,k<s) are
identically zero.

Case B The linear polynomials Ejk (x1...xp) (1< j,k <s)are all iden-
tically zero.
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4.11.2 The proof in Case A

Proof. By rearranging the terms of (4.59) we can write

o(x,y)=Cx)+ Y 40 () +Q5(y) + D xQ; (y). (4.63)

1<i<s 1<i<h
where

o x € R".
o yc R

o ();...Q0; are quadratic forms in Z[y| not all identically zero. We shall
denote their set as .Q = {Q5, ..., Q5 }.

In proving Theorem 4.2 Case A we shall consider separately the three cases
that arise according as the quadratic forms Q...Q; satisfy alternatives (I)
(IT) (III) of Lemma 4.17. In this application we will have r = h and n = s
being 7, n the parameters employed in that Lemma.

Case I In this case the proof of Theorem 4.2 falls into three further cases
depending on which of the following statements applies to ¢.

(i) Not all the linear polynomial ij (1 <j,k <s) occurring in (4.59)
are constant.

(ii) The linear polynomial ij (1 < j,k < s) are all constant but at
least one of the quadratic polynomials @); (1 <i < s) in (4.59) ha
non vanishing quadratic part.

(iii) The linear parts of the polynomials Ejk (1 < j,k < s) and the
quadratic parts of the polynomials @; (1 < i < s) are all iden-

tically zero but the cubic polynomial C has non-vanishing cubic
part.

No other cases are possible since, otherwise, the cubic part of ¢ would
vanishing identically.

Case I (i) We suppose that there exist jo and kg so that Zjoko is not
constant. It follows that not all of the quadratic forms @7...Q} of
(4.63) vanish identically. Hence we can choose n = (1 ...75) € R®
such that Q7 (n)...Q% (n) are not all zero. Then we can find a

point a = (a; ...a;) € R" such that

h

Z%Q;’k (n) > 0.

1=1
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and a box A C R" such that a € A and a § > 0 such that

h

> &Qr () >d6>0. (4.64)

i=1

for every £ € A. Let u denotes, as usual, the product of the
coefficients of ¢ and let X € Z" the point given by Lemma 4.18.
We make the transformation

x = X + 6puz. (4.65)

where

e zc A (P)NZh

o A'(P)=(6p)"" PA.
Under this transformation the polynomial Ejo ko (X) becomes L | (z)
where the coefficients of of the linear part of L;'oko are just 6u

times the corresponding coefficients of E]—Oko. It follows that if
Njoko Stands for the greatest common divisor of the coefficients of
L gy it 18

)‘joko |6,U2-

Now at least one of the polynomials

{ Mjoko (Z> = (Ajoko)_l Lg'oko (Z>
Njoko (Z> = - ()‘joko)_l L;Oko (Z) :

satisfies the condition of Lemma 4.14 with respect to the box
A’(P) defined before. From that Lemma we have that if

G(P)={ze A(P)NZ", L, (z) =mp, m=t\,,p€P}.

Joko

then
Ph
log P’
For every z € G (P) the corresponding x given by (4.65) is such
that

e xc PA—X=A"(P).

o Ejoko (x) = mp.

G (P)| >

We now apply Lemma 4.19 to the polynomial ¢ with
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o R (X) = Ljoko (X)
e U(P)=cP i=1,..,h
e ¢ a suitable constant.

We observe that for every x € Z"

Yy} = (xy).

is a quadratic polynomial and from Lemma 4.19 we deduce
that if

AP)={xe A (P)NZ":H(x)=1,Ig € Z° : ¢ {F} £ 0 (mod 2) }.

then
Ph

A (P)| > g P

Furthermore the quadratic part of ¥(y) is

QL(y)=Qp(y) + Z z:Q; ().

If x € A”(P) we can write x = P{ — X where £ € A and then we
have

h
Qx(y) = Qi (m) + ) (P& = X,) Q; (v) > P§ + O(1).
i=1
by (4.64). Thus Q% (y) > 0 if P is large enough. Hence for
x € A”(P) the quadratic form T (y) = Q% (y) is neither negative
definite nor negative semi-definite. Finally, since J;...Q); satisfy
(I) of Lemma 4.17 we have that if
OP)={xeA"(P)NZ° :r(Q%(y)) <2}.

X

then
|0 (P)| < P

Hence for large enough P there is some X € A”(P) for which
¢ (X,y) as a quadratic polynomial in y satisfies all the condi-
tions of Corollary 4.1 and hence it represents infinitely many
primes.
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Case I (ii) Since in this case the linear polynomials ij are all con-
stant, we have )7 must be identically zero for 1 < < h. On the
other hand, since we are supposing that ij are not identically
zero, it follows that ()j is not identically zero. Thus in this case
Q contains only one non-vanishing form, namely f, and since we
are supposing that this set satisfies (I) of Lemma 4.17, we have
r(Qf) > 3. Suppose that the linear polynomial EMO does not
vanish identically so that

Lioko (X) = ljgr, ¥x € R".
with [k, € Z — {0} and denote by Q' = {Q, ..., Q.} the set of
the quadratic parts of the polynomials Q; (x)...Q, (x) of (4.59).
By (ii) it follows that Q; (x) ...Q, (x) are not identically zero. We
fix a point a = (a1...ay) € R" such that Q) (a),...,Q’, (a) are
not all zero and then a point b = (b; ...bs) € R® such that

Q;(b) + > biQi (a) > 0.
i=1
Now we can choose a box B C R® such that b € B and
e < Q)+ mQi(a)<ex VneB (4.66)
i=1

where e; and e, are suitable positive real numbers. We also choose
f1 and fy so that

0< fl <ep < ey < fg. (467)

If X, Y are the integer points given by Lemma 4.18 then for any
x € Z" satisfying (4.60) we have that, if H (x) has the same
meaning as in Lemma 4.18 then

o (H(x),6p)=1.

e (x,Y)#Z0 (mod 2).
But H (x) |ljk, and lj k¢ and so H (x) = 1 for every such a x.

Now for any P large enough we consider the point a’ = P'/?a € R"
and the set

1
N(a’):{erh:|X—a'|§§}.
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Figure 4.3: The set N(a’) can contains more than one point but all of them
have the same distance from a’

Either N (a’) contains a single point or each of its point has the
same distance from a’ Let x (P) any point of N (a’). If y € PB we
have y = Pn and substituting x (P) and y in (4.63) and remem-
bering that the quadratic forms @} for ¢+ = 1, ..., h are identically
zero we obtain

¢ (x(P),y)=C(x(P)+ Y 4:Qi(x(P)+Q;(y).

1<i<s

and hence
6 (x(P).y) = P* (@a )+ <a>) +O(P?).

From (4.66) and (4.67) it follows that

fiP? < ¢ (x(P),y) < f2P.

for every P large enough and for every y € PB. Now, the poly-
nomial

op(y) =9 x(P),y).

considered as polynomial in y, has quadratic part Qf (y) with
constant coefficients and such that r (Q) > 3. The coefficients
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of the other terms of ¢p(y) depend on P and so ¢p is weakly
dependent on P and we have shown that together with the box
B it satisfies all the conditions of the Theorem 4.1. We deduce
that ¢ represent infinitely many primes.

Case I (iii) In this case, as in Case I (ii), we have @} identically zero
for i = 1..n and r (Q§) > 3. Also, as in Case I (ii), if X, Y have
the same meaning as in Lemma 4.18, then for any x € Z" such
that (4.60) holds it is

o H(x)=1.
e 0(x,Y)#0 (mod 2).

We denote by € (x) the cubic part of C (x). Since by (iii) € is not
identically zero, we can find a point a € R" such that C’ (a) > 0.
The we can choose a box B C R® such that 0 € B and

ep <C'(a)+Qy(n) <ex VneB. (4.68)

where e; and ey are suitable positive real numbers. We choose
also f1 and f5 such that

0< fl < e < ey < fg. (469)

Now for any P large enough we consider the point a” = P?/3a € R"
and the set

1
N(a”):{erh:|X—a”\ §§}

As before, either N (a”) contains a single point or each of its point
has the same distance from a”. If y € PB we have y = Pp
and substituting x (P) and y in (4.63) and remembering that the
quadratic forms @} for ¢ = 1, ..., h are identically zero we obtain

¢ (x(P),y) = C(x(P))+ Z yiQi (x (P) + Q5 (y) -

and
¢ (x(P),y) =P*(C'(a) + Q; () +O (P3)+0 (P*?) . (4.70)

The term O (P5/3) arises from the fact that, by (iii), the poly-

nomials @Z 1 = 1...s have degree at most one. If now proceeding
as in Case I (ii) we obtain as well that ¢ represent infinitely
many primes.
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Case II Since in this case there exists an integral unimodular transformation
taking the quadratic forms @, ..., Q% of the variables vy, ..., ys simul-
taneously into quadratic forms involving only y;, yo the polynomial ¢
takes the form

¢ (x,y) = C(x)+ Z yiQ: (%) + yiLu1 (%) + yrgeLiz (x) + y3 Loz (x) .

1<i<s

where x € R”. Since we are dealing with Case A, at least one of the
linea:g\ polynomials Lyy,L12,L9 is not identically zero. We shall denote
it as L. Also the quadratic polynomials @3, ...Q)s are not identically zero
as in that case ¢ would not involve the variables ys, ..., y5, whereas the
hypotheses of Theorem 4.2 state that ¢ is non-degenerate and n > h+3.
By permuting the variables ys, ..., ys, if necessary, we can suppose that
(23 is not identically zero. Now let X, Y as in Lemma 4.18. We have
two further cases

(i) L is constant.

(ii) L is not constant.

Case II (i) We proceeding as in Case I (ii) so for any x € Z" satisfying
(4.60) we have that

e H(x)=1.
e (x,Y)#0 (mod 2).
Case II (ii) Asin Case I (i), if

AP)={xeZ":|x| <P H(x)=1,¢(x,Y)Z0 (mod 2)}.

then
Ph—l

log P

)7\ (P)) >
In either Cases, since éjg is not identically zero, if
QO(P) = {erh x| < P,Qs (x) :o}.
then

h—1

logP

|Q(P)| <
and so there exists X such that

e H(X)=1.

138



e (X, Y) #0.
* Q5(X) #0.

It follows that the quadratic polynomial

T(Y) :T(yluys> :¢(i7y)

contains the variable y3 in the linear part but not in its quadratic
part and satisfies all the other conditions of Lemma 4.13 Hence ¢
represents infinitely many primes.

Case III In this case, after an integral unimodular transformation of the

variables 1, ...ys if necessary, we can suppose that y; is a common
factor of U7, ..., )} and the ¢ has the shape

o (x,y)=C(x)+ Z Qi (x) + Z y1y; Lo (). (4.71)

I<i<s 1<j<s

Since we are dealing with Case A, not all the linear polynomials Zn, ...le
are identically zero. Moreover, we can suppose that Lis,...L1, are not
all identically zero since otherwise ¢ (x,y) would be of the form con-
sidered in Case II. Thus there is at least one among such polynomials
which is not identically zero and we shall denote it as L. Now, just as
in the cases we have already considered, if

H(x)=1

AP)=<{xeZ':|x| <P, |IY €Z°,¢(x,Y) £ 0 (mod 2)
L(x)#0
then i
)T\(P)) > 10g P

where, in this case, H (x) = (5 (x),Q1(x)...Qs (x),... L, (x))
A priori, we have two further cases

(i) There is X € A (P) such that the polynomial T (y) = ¢ (X,y) is
irreducible over Q.

(ii) For every x € A (P) the polynomial T (y) = ¢ (x,y) factorizes.

We shall show now that while Case III (i) leads to the conclusion that
¢ represent infinitely many primes, Case III (ii) is impossible.
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Case III (i) In this case the quadratic polynomial 7' (y) satisfies all
the condition of Lemma 4.16 since the quadratic part of ¢ (X,y)
has y; as a factor but is not of the form ay?. Hence ¢ represent
infinitely many primes.

Case III (ii) We shall show that this Case is impossible because it
leads to a contradiction. We consider the projective space

RPs = (RS+1 - {O})/ ~

and the homogeneous coordinates y = (yi A +1). We have

b(xy) = {Zysﬂ'@ N SN }

1<i<s 1<5<s (y8+1

We indicate by

@i X Ly, (x
01 (Y1s - Y Ysi1) = Ys+1Y; ( )2 + i ;-&3
1<i<s Wsr1)” 152 Wst)

We can think to ¢ as a quadratic forms in the variables y;..., ¥%, ys11
and coefficients in the field of rational functions Q (x) so that we

can write ¢1 () = &1 () - .- Yh, yss1) If
Mgy = {M = (ai,j), Qi € @(X) ,7=1,...,8+ 1} .

denotes the set of matrices of order s+ 1 with element in the field
Q (x) we indicate by A = A (x) € M4, the symmetric matrix
associated with ¢;. Now if

AP)={xecZ': x| <P (3) =L (L)}

where L, (¥), Ly (¥) are linear forms with coefficients in Q (x) we
have

— ph
‘A(P)‘ > —log P

and for every x € A (P) r(A) < 2 being r the rank of A. We
deduce that the minors 3 x 3 of A all vanish identically,is these
minors are polynomials in the variables x1,...,z, and if one of
them did not vanish identically it would vanish over a set of integer
points x ,with |x| < P, of cardinality < P"~!. Hence, identically,
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r(A) < 2 and so ¢; factorizes over K = K(x), the algebraic
closure of Q (x). Thus

01 (¥) = (¥ + ...+ asp1¥sir) (s + .o+ bsr1ysyr) . (4.72)

where a;,b; € K, 1 =1,...,s+ 1. But K[y’], the ring of polynomi-
als in the variables y’ = (v}, ..., y.) over K, is a unique factorization
domain, and it follows from (4.71) that the part of ¢, not involving
ys+1 factorizes into

% (Lnyi +- -L13y2> :
Hence, after exchanging an element oh K between the factors of
¢1 in (4.72) if necessary, we have
o a1 =0.
e q; =0 2<[<s.
[ ] bl = le(l’l, ...,[L’h) 1 S [ S S.

We are supposing that there is at least one of le 2<j<s
and we have already indicated it by L. If 2 < jo < s is such that
L = Lyj, we have that the coefficient of the term y} y,i1 in ¢y,

which belongs to Q (x), is as+1b;, = a5+1f. Hence, since L is not
identically zero, as+1 € @ (x). Also the coefficient of the term
Y1 Ys+1 in ¢ belongs to Q (x) and is equal to bsiy + as1b1, and
hence by, € Q (x), since

® dsi1 E,\_/@ (X)

e by =1L € Q(X)
Thus ¢, factorizes over QQ (x) and hence, since the coefficients of
¢y are all polynomials of Q [x] it follows that ¢, factorizes in Q [x].
On settings ys;1 = 1 this gives a factorization of ¢ (x,y) in which
both factors are linear in y;...ys. Since we are dealing with Case A
in which ¢ has non-vanishing terms which are quadratic in y;...ys,

neither of this factors can be constant and this contradicts the
irreducibility of ¢.

O

4.11.3 The proof in Case B

In this Case all the polynomials ij of (4.59) are identically zero, and so ¢
is of the form

$=0(xy)=Cor,....m) + Y %iQi(1,.... 7). (4.73)

1<i<s
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Thus ¢ is linear respect to the variables y,...ys. Since ¢ is non-degenerate
with n > h not all the quadratic polynomials @1, ..., Q) vanish identically
and so, by permuting the variables y, ...y, if necessary, we can suppose that
(21 is not identically zero. We have to consider further cases. A prior: we
have

Case B1 In this Case we have either h =1 or h = 2.

(i) h = 1. By rearranging the terms of (4.73) we can express ¢ in the
form

¢ (x,y) =21 L; (X) + 1 L3 (X) + L§ (X).
where
* X= (xl>yl> s yn—l)-
o L} L3 Li are linear polynomials in x1,y1, ..., Ypn—1.

Hence we can perform a unimodular transformation involving
x1, L7, L3, L; as variables and we would have that ¢ is unimodu-
larly equivalent to a polynomial in four variables. This is incom-
patible with condition (i) of 4.2. This means that Case B1 (i)
can not occur.

(ii) A = 2. In this Case we have s = n — 2 and we can rearrange the
terms of (4.73) to express ¢ in the form

¢ (x,y) = 21 L] (R)+a122L5 (R)+23L5 (R)+21 L] (R)+22 L5 (X)L (%) -

where
o X = (xl,x2,y1, c. .yn_g).
o L7 L3 L3 Lj, LE, Li are linear polynomials in 1, x9, y1, ..., Yn—o.

Hence we can perform a unimodular transformation involving
x1,x9, LY, L3, L%, Ly, LY, LE as variables and we would have that
¢ is unimodularly equivalent to a polynomial in eight variables.
This is incompatible with condition (i) of 4.2.

Case B2 h > 3.

(i) Suppose that r(51 (x)) > 3 where 51 (x) is the quadratic part of
Q1 (x). Let X the integer point of Lemma 4.18. We make the
substitution (4.65) and we consider the set

AP)={zeZ": |z| <cP}. (4.74)
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where ¢ is a constant satisfying 0 < ¢ < |6,u|_1 being, as before,
i the product of the coefficients of ¢. For a given z € A(P) let
x = x (P) so that (4.65) holds. If P is large enough it is |x| < P.

With this substitution from the polynomial Q) (x) we obtain a
polynomial Q4 (z). Let Q, ' (z) the quadratic part of Q) (z). We
have that _ _

Q1" (z) = (61)" Q, (x).
Thus it is r (51 ! ) > 3. If \; denotes the greatest common factor

of the coefficients of Q' we have that A;|3643. The polynomial
F (z) = A\ '@ (2) has the following properties:

e The coefficients of F(z) are co-primes.
e If 3z, € Z" such that.

2 [F (z) .
then at least one of the quadratic polynomials
F.(z)=+F(z).
satisfies the conditions of 4.1. We deduce that if
G(P)= {zeZh:\z| <cP, Q' (z) = £\, pEIP’}.
then .

log P’
On the other hand, if 2| F' (z) Vz € Z". we consider the polynomial

G (P)| >

E(z) = 2M) 7' Q) (2).

This polynomial is integer valued for every z € Z" and cannot be
even at every of such a points. For if, the polynomial

D (z) = (4\) 7' Q) (2).

would be an integer valued quadratic polynomial having some co-
efficient with denominator 4 which is contrary to the conclusion
of Lemma 4.1. Hence at least one of the polynomials

E.(z) = £FE (2).
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satisfies the conditions of 4.1. We deduce that if
F(P) = {zeZh Szl < cP, Q) (z) = £2\1p, pGP}.

then
h

F P> o

Thus, in any case, if
H(P) = {z € Z": |z < cP, Q' (z) = \ip, \| (6p)%.p € IP’} .

then
h

log P’

[H(P)] >

The corresponding points x satisfy
o x| < P.
e x =X (mod6pu).
¢ Qi(x) =Np.
and so the conditions of Lemma 4.19 are satisfied with
¢ R(x)=0Q (x).
e U;(P)=P (t=1,....,h).

It follows that there exists X € Z" such that
¢« (C0.QE. ..Q®E)=1
¢ Q1 () #0.

The polynomial
v(y)=¢(XYy).
is a linear polynomial in y satisfying the conditions of Lemma

4.14 with s in place of n. Hence v (y) represents infinitely many
primes.

(ii) Suppose that 7“(51 (x)) < 2. In this case, after an integral uni-
modular transformation of the variables x1, ..., z;, if necessary, we
can suppose that ); is of the form

h—2

@; (x) = Z aiv; + QF (Th_1, 7).

i=1

where
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e ()7 is a quadratic polynomial in 1, zp.
® d1,...,0p_2 € 7.
We shall consider two further cases:

(ii) (a) Where we suppose a; # 0 If a; # 0 the variable z; occurs
in the linear part of @1 but not in the quadratic part. In this
case we make the substitution (4.65) where X is the integer
point given by Lemma 4.18 and p is the product of coefficients
of ¢, and z € J (P) where

|Zl|<CP2
J(Py=RzeZ":| |z <cP (i=2,...h)
0<c<|6u™

The corresponding points x satisfy

o || < P2

o || <P (i=2,...h).
for P large enough. With this substitution the polynomial
Q1 (x) . becomes )1 ' (z), where z; occurs in the linear part

of Q1 (z) but not in its quadratic part. If A, is the greatest
common factor of the coefficients of Q; ’ then \;|36u3. Just

as in Case B2 (i) either
F(z) =\ 'Q (2).

or
E(z) = (2M) " Q) ().

satisfy the conditions of Lemma 4.13. Hence we deduce that

if

lo1| < P%) |zl < P (i=2,...,h)

x =X (mod 6u)

AP)=SxeZ": Q1 (x) = \ip
il (6p)°
peP
then pht
’ (P )’ > Tog P
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We apply now Lemma 4.19 with

« R(x)= Qi (x).
L Ul(P):P2
e U;(P)=P  (i=2,..h).

It follows that there exists X € Z" such that
¢« (0GR .. G®)=1.
¢ Qi () #0.

The polynomial
v(y)=90Xy).

is a linear polynomial in y satisfying the conditions of Lemma

4.14. Hence v (y) represents infinitely many primes.
(ii)(b) Where we suppose a; = 0. If on the other hand a; = 0

then @; is a polynomial in x5, ..., x; only which is not identi-

cally zero and we can find (23, ...x}) € Z'1 satisfying

o 21 =X, (mod6u) (i=2...h)).

o ()1 (x5,..xp) #0.
where X is the integer point given by Lemma 4.18 and p is
the product of coefficients of ¢. Now either the polynomial

C (xy...7p) of (4.73) contains a term z? or else one of the

polynomials Qs, ..., Qs of (4.73) contains a term z?, for other-
wise every term of the cubic part of ¢ would contain one of the
variables xg, ..., xp, contrary to the minimality in the defini-
tion of h. Let R (x) = R(x;...x,) one of these polynomials.
We have that

e JR(x) =d = { ?)) where d is the degree of R.

e The coefficient of z{ in R (x) is not zero.

We shall show that there exists 27 € Z such that
e 7 = X; (mod 6pu).
o If pePand

{ plR (7, ..x})

plQ1 (z3, .a}) = Qy (23, ..a}) .

then p|6u.
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If we make the substitution

r1 = X1+ 6pz

the polynomial R (zy ...xp) becomes R;(z;) where

d
R1 (21) = Z cizf_i.
1=0

with
e ¢y #0.
o o|63ut.
If pePand p f6u then

Ri(z1) =0 (modp).

is not identically true. By a well-know theorem of Lagrange °
about polynomial congruence, we know that Ry (z1) =0 (mod p).
has at most d incongruent solutions (mod p). Since p > 3 > d,
there is z7 € Z such that

Ry (1) #Z0 (mod p).

Let N
Pévl = {p eP: p|Q (x5, ..x7) ,p /{’G,u} )

and
Z@:{ZTGZ:HPGP@,RNZT)%O (modp)}.

It is plain that Zg, s a finite set and combining its elements
as in the proof of Lemma 4.2 we obtain 2} € Z such that if

peP
plR: (2])
plQ (a3, ...a) -

then p|64. Then the integer 7 = X +6u2] has the properties
we require. Now

x* =X (mod 6p).

5See, for example, [39]
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and so, it follows from Lemma 4.18 if
H(x) = (Cx), Qi (x),.0 Qs (X))

then

=l

(x*) ,6u> = 1.

Sl

Hence, we must have H (x*) = 1. because

o I (x)|R(x).

o H(x")|Q: (x").
Thus the polynomial ¥ (y) = ¢ (x*,y) . satisfies the conditions
of Lemma 4.14 and so it represents infinitely many primes.

148



Part 111

Some results
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Chapter 5

Results about the invariant A
and h*

5.1 Introduction

In the next paragraphs we shall illustrate some results obtained during this
research. Is we need to use some know result it is cited with references. What
is not quoted is due to ourself as the best of our knowledge.

5.2 Results about the A invariant

5.2.1 Introduction

So far the invariant h does has algebraic meaning only but it is easy to show
that it has a geometric and a diophantine meaning as well. Namely, by
definition we have that h is the smaller positive integer such that

C(X):C(xl...xn):ZLj(xl...xn)Qj(xl...xn).

where L; are linear forms and (); are quadratic forms respectively and so, if
we consider

Ll(xlxn):(]

Ly(xy...z,) =0.

it define a linear space V}, of dimension r = n — h contained into the cubic
hypersurface of equation C(x) = 0.
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Of course, if

denotes any basis of V}, and if
T
V = ijvj m; € 7.
j=1

we have C(v) = 0. So, if one is able to find s solutions of the equation
C(x) = 0 such that any linear integer combination of them is still a solution
of the same equation, the he can say that h < n — s. In particular, if the
diophantine equation has only the trivial solution then h(C) = n.

Note 5.1. The diophantine meaning of h let us understand why it is so
difficult to find it!

If a cubic form is such that h > 8 we say that it satisfies the first
Theorem of Pleasants. If a non degenerate cubic form is such that A > 2
and n > 9 we say that it satisfies the second Theorem of Pleasants. We
shall give now an example of polynomial in nine variables which satisfies the
first Theorem of Pleasants.

5.2.2 Example

Lemma 5.1. Let F(x,y, 2) a cubic form such that
1. F(z,y,z) =0 if and only if (z,y,z) = 0.

2. There is a prime p such that p|F(x,y, z) if and only if p|(x,y, z) for
every (x,vy,2) € Z3.

Let
C (w1...x9) = F (21,22, x3) + pF (24, x5, 26) + p°F (27, 5, ).

then the diophantine equation
C ([L’l...l’g) =0.

has only the trivial solution.
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Proof. For if (6, ...0y) is a non-trivial solution then
F(01,0,,03) + pF(04,05,06) + p*F (67, 05,09) = 0
and so p|F(6y,0s,603). It follows that p|(6y, 0y, 03) where k; and so we have
01 =pk1 b2 =pky 05 = pk;
From this we have
P2F (k1, ko, k3) + F (04,05, 05) + pF(07,0s,0y) =0
Proceeding In same way we obtain
F k1, ko, k3) 4+ pF (ka, ks, ke) + p*F (K7, kg, ko) = 0

Now we observe that |k;| = |6;| & 6; = 0 and so it is not possible to
have k; = 0; for every i = 1...9 because, by hypotesis, (#;...60y) is not
the trivial solution. In this case we would have an infinite descent and this
is a contradiction. O

In [24] Mordell proved that:

Lemma 5.2. If
F(z,y,2) = 2° + 2y° + 42° + xy2.

then it satisfies the hypotesis of Lemma 5.1 ad so we proved the:
Theorem 5.1. Let

is a cubic form as in 5.2. If:
e Q(z1...19) is a quadratic form in Z[z;...xo|.
o L(xy..19) is a linear form in Z|x;...xo].
e NecZ

o There exists x € Z° so that ¢(x) > 0

¢ (x1...09) = C (21...79) + Q (z1...79) + L (21...79) + N does not have
fixed divisors.

then: the polynomial ¢ satisfies the first Theorem of Pleasants.

In particular, we have that:
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Corollary 5.1. If C' (x) = C (x1...x9) is a cubic form as in 5.2 then
d(r1...29) =C(21...79)
satisfies the first Theorem of Pleasants.
Proof. We have only to check that:
1. There is x € Z? so that ¢(x) > 0

2. There are no fixed divisors.
Both these tasks are easy. O

Note 5.2. By setting down xg = 0 we have an example of a cubic form in
etght variables which does not have any non-trivial solution. For this cubic
we have h = 8 and so for it the Pleasants’s First Theorem holds.

5.2.3 Further examples
First example

Lemma 5.3. Let C (z,y,z,w), Cy(x,y,z,w) be non-singular cubic forms
such that h(Cy) < 3 and h(Cy) < 2. Let A € Z —{0}. Then

C(X) = Cl (LL’l, X9, T3, LL’4) + C2 (LL’5, e, L7, LL’g) + ALL’S
is a non-singular cubic such that 2 < h(C') < 6.

Proof. We have

(
g_ﬁz%(xl...m)

g—gz%—?(xr-m;)

g—gz%(xr-m;)

g_gz%(xl...m)

J(C) = g_g:%(%...xg)

9 9Cs (g ... )

g_iz%(%...m)

oC _ 9Cy e
Orgs ~ Ow (LL’5 Sl?g)
oC 2

| By = 3Azg.
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and so, by hypotesis, we have:

ac  ac

87_5(3:13:4):0@(3:13:4):0
1

The same holds for every partial derivative, so C' in non-singular and hence
non degenerate as well. This means h(C) > 1. Moreover
h(C1)
C1 (w1, 2, T3, 24) = Z Lj (21, 22, w3, 24) Qj (21, T2, T3, 24) -

j=1

and
h(Cs)

Cy (w5, w6, 06, 8) = Y Ly (w5, 26, 7, 28) Q; (25, 26, 7, 2s) .
j=1

Hence, if u = (z1, 22, 23, 74) and v = (x5, x4, x7, T3), we have

h(C1) h(C2)

Cx) =Clu,v,z) =Y LY @@ () + Y L (v) QP (v) + Azga?,

j=1 j=1

where Lg-l), L§2) are linear forms and Qg-l) Q§-2) are quadratic forms in their

respective domains. This means that h(C') < 6. O

Lemma 5.4. If
Ci (z,y,z,w) is any of the following forms then h(Cy) < 3 and the cubic
form Cy is non-singular:

1 Cy (2,9, 2,w) = azx® + ay® + az® + ab®w? with a,b € Z — {0}.

2 C) (z,y,z,w) = ax® + ay® + az® + 2ab*w?® with a,b € Z — {0}.

3 Ci(z,y,2,w) = ax® + by + ¢z* + (a + b+ ¢) w? with a,b,c € Z — {0}.
4 Cy(z,y,z,w) = ar® + ay® + acz® + 2aw® with a,c € Z — {0}.

5 Cy (z,y,2,w) = Az’ + By? — z%w + Cw? where:

1 A=ab? B=1, C = (27ab)? with a,b € Z — {0}.

or
3 A=a, B=b, C =16a*V* with a,b € Z — {0}.
or
3 A=(624+61—1), B=(612—6l—1),C = (11 — 121) with
leZ—{0}.
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Proof. We consider the equation
Cl (xvyazaw> =0. (51)
We have that

1 xz=1y9= -1,z =bw =1 is a non-trivial solution for (5.1). Moreover
(' is non-singular as every diagonal cubic.

2 v =0by=>5bz=0,w= —11is a non-trivial solution for (5.1). Moreover
(' is non-singular as every diagonal cubic.

3r=1,y=12=1w= —1is anon-trivial solution for (5.1). Moreover
(' is non-singular as every diagonal cubic.

4 x=6c2-1,y=—6c>—1, 2 =6c, w=11is a non-trivial solution for (5.1).
Moreover (' is non-singular as every diagonal cubic.

5 We have that:

1 In [26] Mordell proved that this equation has non-trivial solutions.
2 In [26] Mordell proved that this equation has non-trivial solutions.

3 In [25] Mordell proved that this equation has non-trivial solutions.
hence in is enough to prove that the cubic form
Cy (2,9, z,w) = Az® + By® — 2*w + Cw?.

is non-singular. We have

acy
ox
aC1 3A{E2
oy 3B 2
J(C)) = = _2y
e 2w
9z —22 4+ 3Cw?
ac,
ow

and so we must study the solutions of

(( 3A2%2 =0
3By?> =0
—2zw =0
| —2% +3Cw? =0.
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Of course, immediately we have x = y = 0. If z = 0 then from the last
equation it follows that w = 0 as well. The same happens if w = 0 so
the cubic is non-singular.

]
Lemma 5.5. If
Cy (2,9, z,w) = Ex® + By® — 2w + Gu®.
with G, E € Z — {0} then Cy is non-singular and h(Cy) = 2

Proof. As we already proved Cj is non singular and hA(C5) > 1. On the other
side, trivially

Cs (z,y, z,w) = E(z+y) (2* — 2y +y°) + w (=2 + Guw) .
Hence, h(Cy) = 2. O
So we proved the following:

Theorem 5.2. If

C1 is a cubic form as in 5.5.

Cs is a cubic form as in 5.5.

C(X) =My (Ih 36’2@3@4) + A (I57 Te, 5577%8) +)\3SCS; Ni € Z— {O};
1=1,2,3.

o There exists a x € Z° so that C(x) > 0.
e C has not fixed divisors.

then:
¢ (x) =C(x)

satisfies the second Theorem of Pleasants.

Second example

Lemma 5.6. Let C4 (x,y, z,, t,w), Cy (z,y, 2z, w) be non-singular cubic forms
such that h(C1) < 4 and h(Cy) < 2. Then

C(x) = Cy (21, 22, 3, X4, 25) + Cs (v, 27, T3, X9) -

is a non-singular cubic such that 2 < h(C') < 6.
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Proof. As in 5.3. O
In [8] V. Demjanenko proved the following result

Lemma 5.7. If n € Z and n # £4 (mod 9) then the diophantine equa-
tion:
B+ =

has a non trivial solution.

hence we have that
Lemma 5.8. If n € Z and n # +4 (mod 9) and

Ci(z,y, 2z, t,w) = 2° + ¢ + 2° + 3 + nw?.

then 2 < h(Cy) <4

It follows that:
Theorem 5.3. If:

e (') is as in Lemma 5.8.

o (5 is as in Lemma 5.5

° C(l’l .. .1’9) = )\101(1’1 .. .1’5) + )\202(376- . .ZL’g) with )\1, N €L — {O},
i=1,2.

o There exists a x € Z° so that C(x) > 0.
e (' has not fized divisors.

then:
¢ (x) =C(x)

satisfies the second Theorem of Pleasants.

Note 5.3. It has been conjectured from long time that the equation
24P+ 24+t =n

has a non trivial solution for everyn € Z.

160



Third example
Lemma 5.9. Let C; (z,y,2) i=1,2,3 be non-singular cubic forms; if

3
C(xy...210) = Z NiCi (23;-2, T3i—1, T3i) + Aloﬁ’o-

i=1
with
NEZ—{0}i=1,2,3
AlO e 7 — {0} .
then it is a non-singular cubic such that 2 < h(C') < 10.
Proof. As in 5.3. O

Lemma 5.10. If C(z,y, z) is one of the following cubic form then it is non-
singular:

1 C(z,y,2) =23+ y3+ 2% — kzyz with k € Z and k # 3.

2 O(z,y, 2) = ax® + ay® + b2® — 3az*y + 3azy* with a,b € Z.
Proof. We have

1

9 32?2 — kyz
J(Cy) = % = | 3y®—kaz
gc 322 — kxy
hence we have to study
322 — kyz =0
3y — kxz =0
322 — kaxy =0

If (01, 0,,603) is a non-trivial solution and #; = 0 then by means of the
second and third equations, immediately we see that 6, = 03 = 0. The
same is true if 85 = 0 or #3 = 0. Hence there are no non-trivial solutions
with 616203 = 0 On the other side, if (6;, 02, 03) is a non-trivial solution
with 6,0503 # 0 then, from the first and the second equations we have

6 _o,
02~ 0,
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as well as

07 05

% 6
by considering the first and the third equations. This means that
% = Z—f. By Euler’s theorem on homogeneus functions we have that

(01,65, 03) would be a solution of the equation

23 4yt 2 — kryz =0

and so

303 — k6,0505 =0
Hence

279;’ = k?’ei’egeg’;
and so

(27— k%) 67 =0

and this means that ; = 0 because k # 3. This is a contradiction.

2 e
Ox 3ax? — 6axy + 3ay?
_ ac _
J(C) = 9 | —3ax? — 6azy + 3ay?
50 3bz2
9z

Hence we have to solve

3az? — 6axy + 3ay* = 0
—3ax? — 6ary + 3ay* =0
3022 = 0.

By subtracting the second equation from the first we have x = 0 and
soy =0 as well as z = 0.

]
From Lemma 5.9 and 5.10 we have:

Theorem 5.4. If:

3
Cl(xy...210) = Z NiCi (T3i—2, T3i—1, T3;) + Alol"?o-

i=1

where:
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_ 3 3 3 C_
o C; (Ifsi—2, T3i—1, !Esi) =X3,_9 + X3, + T3 — kiwsi—owsi1xs;, 1 =1,2,3.
or:

_ .3 3 3 2 9
o C;(x3i—9,T3-1,T3;) = ;3;_o+a; x5, 1+b;x] —30;03;_ 5T 1+30;T3; 275, 1,
i=1,2,3.

and f:
e There exists a x € Z*® so that C(x) > 0.
e C has not fixed divisors.

then: C (x1...x10) either satisfies the first or the second theorem of Pleas-
ants.

5.3 A result about h*

Lemma 5.11. If

3

Clry...2p) = aas + ... apx>.

is a cubic form with integer coefficients then h* > n.
Proof. Tt follows directly from the definition of h*. O
Lemma 5.12. Let
F(z,y) = a®2® + 3a®ba’y + 3abay® + cy’.

be a cubic form such that

e abcecZ—{0}

o c#£ .
There exist a non-singular linear transformation

T :R? — R?
(X,Y) — (z,y).

such that T (Z*) C7Z and if G = F o T then

G(X,Y)=ad’X?+a’ (c—b°) V>
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Proof. Let

T:R?>— R?
such that
z=X—-bY
y=aY.
Then

z\ (1 =b X
y) \0 a Y |-
and so 1" is non-singular and G = F o T

With the help of the last lemma is easy to get:

Lemma 5.13. Let

.3 27 2 . 22, .2 3
F’j (LIZ‘Qj_l, .C(Igj) = CLJSCQj_l + 3ajb]x2j_1x2] + 3a]bjx2j_1x2j + C].Z’zj.

be cubic forms such that
e a;,b;,c; € Z—{0}.
¢ # bg?.

for g =1..4. Let be:

4

C (ZL’l .. .1’8) = ZF’] (l’gj_l,l’gj).

j=1
then h* > 8.

Proof. If we consider the non-singular linear transformation:

T:R® — RS
such that
1 1 -5, 0 0 0 0 0 0 Xy
T2 0 aq 0 0 0 0 0 0 X2
T3 0 0 1 =bp O O O O X3
T . 0 0 0 (45} 0 0 0 0 X4
xzs | |0 0 O 0O 1 —=b3 0 O X5
Tg 0 0 0 0 0 as 0 0 X6
7 0O 0 0 0 0 0 1 —=by X7
s 0 0 0 0 0 0 0 ay Xg
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we have that:
C,(Xl, N Xg) = (C (0] T) (Xl, . Xg)

is given by
4
C'(Xy, - Xg) = Z G?ng—l + a? (Cj - b?) ng'
j=1
By lemma 5.11 the result follows. O

Hence we proved the:
Theorem 5.5. If:
o C(xy...28) is a cubic form as in Lemma 5.13
e There exists a x € Z8 so that C(x) > 0.
e C has not fixed divisors.

then: C (xy...xg) either satisfies the first or the second theorem of Pleas-
ants.

In the same way we can prove that:
Theorem 5.6. If:

e scNwithl <s<3.

s 8
o C(xy...28) =Y Fj(waj_1,295)+ Y. ala?, where the F; are the same
j=1 1=2s+1

as in Lemma 5.135.

a, € Z — {0} fori=(2s+1)...8.
e There exists a x € Z® so that C(x) > 0.
e (' has not fized divisors.

then: C (xy...x35) either satisfies the first or the second theorem of Pleas-
ants.
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Second part
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Chapter 6

Algorithms

6.1 How to find the primes of the form z?+y*

6.1.1 Introduction

As quoted in Theorem 2.2 the polynomial
P(x,y) = 2> +y*

represented infinitely many primes. If we want to find them we must be able
to develop an algorithm Erathostenes’s sieve procedure alike, which let us
able to detect them or at least to reduce the number of computations. The
following proposition help us in doing this.

Proposition 6.1. Let (a,b) € Z* and let M = P(a,b). Assume that M is
not a prime. If p is any prime divisor of M, h,k € Z, and

Ty =ph+a
yr = pk +b.

then P(zy,yx) is a composite integer.

Proof. With generality we can consider only the positive values of x and y.
We have
P(xkayk) - a2 +b4 +p{H(p>h7a) +K(pvkab)} .

where
e H=H (p,h,a) = 2ah + ph®.

o K =K (p,k,b)=A4kb® + 6pk2b* + 4p*k3b + p*k*.
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So
P (zy,yx) =p{H + K+ N}.

where M = pN and the result follows. O
In a similar way we prove the following

Proposition 6.2. Let (a,b) € Z*and let P(a,b) =p € P. Let

xp =ph+a
yr = pk +b.

where h,k € Z. If H, K are the same as in 6.1 and H+K # 0, then P(xp, y)

18 a composite integer.

We observe that if a > 0,b > 0, h, k € N and least one in non zero, then
trivially at least on of H, K is positive and so

Corollary 6.1. With the conditions of 6.2, if a > 0,b > 0, h,k € N and
least one in non zero then P (xy,yx) is a composite number.

6.1.2 The algorithm

Suppose we want to find all the primes generated by the given polynomial
which are not greater than a given positive real value N. With generality it
is enough to consider only the positive values of z and y. We consider the
plane region bounded by

?+yt< N

x>0

y=>0

The subset
Ay ={(z,y) € 2’2 >0,y > 0,2° +y*' =peP,p < N}.
is contained in this region.

e If x,y are both even then P(x,y) is even and greater than 2 and hence
composite. If z,y are both odd and greater than 1 then P(z,y) is also
even and greater than 2 and hence composite. Thus, for first we delete
from the region all these points. (Fig 6.1)

e We apply now Proposition 6.2 and we obtain further cancelations (Fig
6.2)
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Figure 6.1: All the points whose coordinates have the same parity, with the
exception of (1,1) are deleted at the first step

Figure 6.2: The application of Proposition 6.2 produces new cancelations

e Now we have only points whose coordinates have different parity. If we
consider them (mod 10) and we list the values of P(z,y) (mod 10) we

have
([L’, y)( mod 10) 1 35 79 ([L’, y)( mod 10) 0 2 4 6 8
0 11511 1 7777
2 5 5 9 5 5 3 9 55 5 5
4 TT 177 D 51 1 11
6 TT 177 7 9 55 5 5
8 55 9 5 5 9 7777

Hence, with the exception of (2, 1), we obtain further cancelations also.
(Fig 6.3)
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Figure 6.3: New cancelations are obtained with the congruences (mod 10)

e We apply now Proposition 6.2 and we obtain further cancelations. *

e We consider the square )y as in figure C.4 and we choose all the integer
points on is boundary, which coordinates are both non-zero, i.e (1,1):
we have P(1,1) = 2 so we must cancel from the region all the points

which coordinates are
Ty = 2h +1

where h, k € N and not both zero.

Figure 6.4: In this case no new cancelations

e Now we consider the square ()2 as in figure 6.4 and we choose all the
integer points on is boundary, which coordinates are both non-zero and
which survived to the first step, i.e (1,2) (2,2) ,(2,1).We have

INot illustrated here
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— P(1,2) = 17 so we must cancel form the region all the points
which coordinates are

x, =17Th +1
where h, k € N and not both zero.

— P(2,2) = 20 so we must cancel form the region all the points
which coordinates are

S(Zh:2h+2

as well as all the points which coordinates are

S(Zh:5h+2
yk:5k—|—2.

where h,k >0

— P(2,1) = 5 so we must cancel form the region all the points which

coordinates are
Th = 5h + 2
Y = 5k + 1.

where h, k € N and not both zero.

Figure 6.5: The square () with red points representing the points where
P(x,y) takes prime values

e We continuate this procedure until all the points of the region have
been either canceled or they get a prime value.
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6.2 How to find the primes of the form z3+2y°

The procedure is similar to the previous but there something is different
because, in this case, we have a polynomial of odd degree. First of all, if we
fix positive real number N and we consider the set

Av={(z,y) € 2%, 2> +2y° =peP,p< N}
could be not finite. So we must consider a better set like
Anvap={(z,y) €Z°, x> a,y>b, 2*+2° =peP,p< N}
which is contained in the region

42 < N
T >a
y =>b.

e First of all, we notice that all the points on the axis must be deleted
as well as all the points with the coordinates that are both even (Fig.
6.6)

~
\

Figure 6.6: All the points of the axis and all the points with coordinates both
even must be canceled.
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e Next we make use of congruences (mod 10) and we obtain further can-
celations. (Fig 6.7)

(%, Y)(moa10) 01 2 3 4567 8 9
1 137 5 9137 5 9
3 79311 5 79 3 11 5
5 571 9 3571 9 3
7 359 71359 71
9 915 3 7915 3 7
\\
y=b

Figure 6.7: Further cancelations form congruences (mod 10)

e Then we procede as before considering the square ;. We notice that if
P(a,b) = p and if (—a, —b) i still in the considered region, immediately
we can use the fact that P(—a,—b) = —p. (Fig 6.8)

e Then we shall consider a square ()> and repeat the procedure.

e We continuate this procedure until all the points of the region have
been either canceled or they get a prime value.
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° ° °

Figure 6.8: Further cancelations from the red points where P(x,y) takes
prime values, by means of Proposition 6.1

6.3 How to find the primes of the forms 2> +1

Even dough it is not known if there are infinitely many primes of the form
x? + 1 it is quite simple to find them within a given bound. First if P(z) =
22 + 1 is prime and greater than 2 trivially z must be even. Let N a given
bound and let x even; if 22 +1 < N is a composite number then it must have

an odd prime factor p < [\/N ] . By quadratic reciprocity law if p is odd and

p|lp(z) then p =1 (mod 4) and conversely. So if p is an odd prime then there
is an integer a so that

o [ <a<lp-—-1.

e >+ 1=0 (modp).

o Ifb=p—athen b?> +1 =0 (mod p).
Hence

e We start with = 1 and we obtain p(1) = 2 (the only case where z is
odd).
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All the points z = 2k + 1 k£ > 0 must be canceled.

Since z = 2 and = = 4 have not been canceled it follows that p(2) and
p(4) must be prime numbers.

We consider the points of the form

(5a) z=5k+2k> 1.
(5b) = =5k +3k > 0.

and we cancel all of them. Since x = 6, x = 10 have not be canceled
p(6), p(10) must be prime numbers.

We consider now the points of the form

(13a) 2 =13k+5k > 0.
(13b) = = 13k +8 k > 0.

and we cancel all of them. Since z = 14, x = 16 have not be canceled
p(14), p(16) must be prime numbers.

We continuate this procedure until all the primes of the form p = 1
(mod 4) not greater than [\/N ] have been considered.

The remaining point z have the properties that P(z) = 2% + 1 is a
prime number. For instance if N = 1000 we have to consider only the
points x = 1, 2,4, 6, 10, 14, 16, 20, 24, 26 in order to obtain primes of the
form 2% + 1 < 1000. (Fig 6.9 )
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2 5 17 37 101 197 257 401 577 677

Figure 6.9: The red points representing the values of x such that x? + 1 is
prime and not greater than 1000
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Appendix A

The polynomial of
Heath-Brown

Let
P(m,n) = (n+15) {1 = (m? — 2302 = 1)} = 5

If we consider the diophantine equation
m?—23n>—1=0

we notice that this is a special case of the so called “ Pell equation” with
fundamental solution my = 24, ng = 5. As it is well known from the theory
of Pell’s equations, the recurrences

Mpr1 = MMy + 237’L17’L1g
Ngy1 = MiNy + Nymy

for every k € N |k > 1 get us the whole set of positive integral solutions. It
follows that

P(myi1,mp41) = njyy + 10

and so P takes arbitrarily large positive values because, as it is easy to
see by induction, the sequence of integers (ny )y is strictly increasing. Assume
that P(m,n) admits a fixed divisor d. We have that P(0,0) = —5 so only
the values d = £5 are possible and so any for any other value of P(m,n) it
would be 5|P(m,n). But P(—4,1) = —1013 and this get us a contradiction.
So P(m,n) does not admit any fixed divisors. Now we are going to
prove that P(m,n) is irreducible in Z[m,n|. For if

P(m,n) =T(m,n)S(m,n)
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where T'(m,n), S(m,n) are non trivial factors in Z[m, n|, then
P(0,n) =1(0,n)5(0,n)

as polynomial in Z[n] would be reducible, because the degree of P(0,n) is
still 6 (as the degree of P(m,n). But as it easily seen, in our case

p(n) = 529n° + 7981n" 4+ 690n* + 5

which is irreducible in Z[m| and this is a contradiction.
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Appendix B

A very brief survey on Sieve
Methods

B.1 Sieve of Eratosthenes-Legendre

The theory of “Sieve Methods” has is root in the Sieve of Eratosthenes, the
well known algorithm for finding all the primes. This algorithm rests on the
fact that a natural number n si prime if and only if it is not divisible by
any other prime smaller than itself. To find all the primes lesser than a give
positive real number x, we write down the list

2,3,4...[x].

Since 2 is prime, it is left untouched but every proper multiple of it is crossed
out. The next number in the sequence is 3 and it has not been crossed out
yet. Hence it is prime. Therefore it is left in the list and we cross out every
proper multiple of it. Since, if an integer n < x is composite at least one of its
prime factors has to be not greater than 1/, we continue this process up to
[v/z]. The numbers which have not been crossed out are exactly the primes
not greater than z. following Legendre, we can set up this procedure into
an “analytical framework”. Let z any positive real number and let P(z) be
the product of all primes less than z. A positive integer n does not have any
prime factor less than z if and only if (n, P(z)) = 1. Hence the characteristic
function of the set of all such integers is expressed as

>l (B.1)

d|(n,P(2))
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where p is the Moebius function. Hence (B.1) could be identified with Er-
atosthenes’ Sieve. It follows that

@) —r(Va)+1=>_ > pud).

n<a d(n, P(\/7))

and so
T(x) -7 (Vr)+1=x #—l— Z u(d){[g]—g}
d|P(yz) d|P(yz)
But (d) ( 1)
[l SV 1- 2
ru;/f) 4 < P

and so we obtain the exact formula

7 (z) — +1—xH<1——) 3 ,u(d){[ﬂ—%}.

p<VT d|P(v/z)
We would like consider
AL(-5)
p<V=
as the “main term” and
o{[3 - 3>
du;ﬁ)u( ) Ug] ~ 7

as an “error term”. But this is hopeless because we cannot do much better

than . .
{G]-af=cm
and so we have that

x x
o{[z] -y -0 (=)
D D7) -7
dIP(\/7)
This of course, is much greater than the “main term”. Anyway, the same
underlying ideas cam be used to obtain estimates for the number of integers

not greater than x and coprime by any prime lesser than z provided z is
much smaller than y/z. For instance, if we choose z = logx then we obtain

that
™ (@) < loglogx’

This result is weak compare to the statement of PNT or even to Chebyshev’s

bounds [4]but nevertheless it tell us that the set of prime numbers has density
0.

T
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B.2 Brun’s Sieve

In 1915 Brun [3] had a very clever rather simple idea: he threw out the exact
formula (B.1) and replaced it by an inequality bounding the characteristic
function from above and below so that he could gain an effective control over
the size of participating factors of P(z). His idea is embodied in

Sooopd< D o pd< Y p(d). (B.2)

d|(n,P(2)) d|(n,P(2)) d|(n,P(2))
v(d)<2l+1 v(d)<21

with v(d) the number of different prime factors of d. These inequalities are
called at the present “Brun’s Sieve” and they are the basis of the modern
theory of the Sieve Method. By means of them it is possible to show that if

m(z)=HpeP: p<zx, p+2ecP}.

then
log lo 2
(log z)
and so
1
Z - < +00.
pEP p
p+2€P

B.3 The Selberg Sieve

Let A any finite set of positive integers. Let 3 any finite set of primes and

let P =[] p. Let
peEP

S(A,B,x)= Zl

neA
(n,P)=1

Let |A| = N € N. For every d € N let
Ag={neA:dn}.

Suppose there exists a multiplicative function f(d) such that

|Aq| = @]\HL R(d).
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where |R(d)| < f(d) and d > f(d) > 1. In [36] Selberg proved that

N fp\7?
S(A,m,x)§@+x 11 (1 . ) (B.3)

pEP
p<z
where
Qz = Z g_l (d)
d|p
d<z
and

_yrrn/d)d

The Selberg’s sieve is better than the Brun’s sieve, for instance if applied to
the Twin’s problem it get

_t
(logz)*

which is a better than the result from Brun’s sieve.

(1) K

B.4 The Large Sieve

Let N € N and for every prime p < v/N let f(p) residue classes modulo p be
given with 0 < f(p) < p. Given a set Iy of N consecutive natural numbers
we call Iy as “ interval of natural numbers of length N” and we indicate it
as Iy. In Ay denotes the subset of Iy which elements are not in any of the
f(p) residue classes, then it is possible to show that

(1+m)N
Al = > p—fp)
p<VN

This inequality is called “Large sieve inequality” and it is due to the work of
Linnik [22]. Roughly speaking the reason for the name is the following: for
each prime p < v/N we eliminate f(p) classes mod p where f(p) can gets
large as p does.

B.5 The parity problem

The following example due to Selberg [38] shows a severe limitation of the
sieve methods, now know as ¢ parity problem”. Let 1 < z < z real
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numbers.
Let Agqq (respectively Aeyen) the set of natural numbers n such that

1. n<z
2. If p € Pis a divisor of n then p > 2

3. The number of prime factors of n counted with multiplicity, is odd.(respectively
even)

Let
Doga ($,Z) = ‘Aodd‘ .

(I)even (ZIZ’, Z) - |Aeven| .

Suppose that pg is a bounded sequence of real numbers satisfying

> uld) <> pld).
din

din

with p; = 0 for d > z. Then, by means of Selberg’s sieve, it is possible to
show that for any 0 < § < 1 and for z < 2% one has

Doy (x,2) < g Z @ +0 (x (log z) exp (—01 (log x)1/2>).
d
and

Dpen (7, 2) < g Z @ +0 (x (log z) exp (—02 (log x)1/2)>.
d

for suitable ¢; and ¢y positive real constants. In particular for ®,44 (2, /)
and Peyen (2, 1/) the method gives the same upper bound:

(2+0(1))

logz’

whereas it is possible to show that

(PEU@TL ($7 \/E) = 0'

and
T

(bodd ([L’, \/5) = (1 + 0(1)) 1ng

Thus the sieve method is unable to give a useful upper bound for the first
set, and overestimate the upper bound on the second set by a factor of 2.
Roughly speaking we can say that without other tools the sieve methods are
unable to distinguish between a set whose elements are all products of an
odd number of primes and a set whose elements are all products of an even
number of primes.
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Appendix C

Some graphics

Figure C.1: The surface z* + 2y 4+ 42® + zyz = 0 used in Lemma 5.1
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Figure C.2: The surface z° + 3® + 23 — 5ryz = 0 used in Lemma 5.10

Figure C.3: The surface 2° + 4® + 23 + 3zyz = 0 used in Lemma 5.10
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Figure C.4: The surface 2® + 3® + 2% — 3zyz =0

Figure C.5: The surface 2% + y® + 1023 — 32%y + 3zy? = 0 used in Lemma
5.10
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Appendix D

Notation

D.1 Sets

e N is the set of natural numbers.

Z is the set of integer numbers.

Q is the set of rational numbers.

R is the set of real numbers.

C is the set of real numbers.

P is set of ordinary prime numbers.

I is the interval (0,1).

1 is the interval [0, 1].

e R is the ordinary R" space where we choose the variable x to indicate
its points.

e If Ais a finite set |A| denotes its cardinality

o If Ais a set we write |A| = oo to say that it is an infinite set.
o Ap={xeZ":|x| <R}

o Z?R = Ap x Apg.

o Ap={x€Z":0< x| <R}

o A% = AR x Ap.
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e Ap={x€Z":0< x| < R}.
022[2 :Q[RXQlR.
o A, ={xecZ": |x| < R}.

D.2 Algebra

o If fi and f, are polynomial of Z[x| with x € R” then (f, f2) denotes
their maximum common divisor.

Q (z1,...,x,) denote the field of rational functions of z1, ..., z,.

If A is a matrix r(A) denotes its rank.

If @ is a quadratic form 7(Q) denotes its rank.

If B is a bilinear form r(B) denotes its rank.

If P is a polynomial OP denotes its total degree.

D.3 General Functions

e If x € R then |z| is the usual absolute value.
o If z € C then |z| is the usual absolute value.
o e(t):

e:[0,1] = R

t — 627rit

D.4 Arithmetical Functions

e If a and b are non zero integers then (a,b) denotes their maximum
common divisor.

e If we have a;...a,, € Z and we want to say that they have no non-trivial
common factors, we write (aj...a,) = 1.

o IfxeZ™ |x|= max {]z:|} -
e If z is any real number:

|z]| = min {z — [z],[x] + 1 — x}.
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Ifx=(x;...2,) € Z"and ¢ > 1is any positive integer, then x (mod ¢) =
y = (y1...yn) € Z™ where:

yi=x; (modq) Yi=1...n
0<y; <qg—1 Vi=1...n.

If n is a positive integer then u(n) denotes the Mébius function.

If n is a positive integer then ¢(n) denotes the Euler’s totient function.

If z is a real number, then [x] denotes the integer part of = i.e the
greatest integer such that m < x.

D.5 Miscellaneous
e /o denotes the usual Lebesgue measure on R.
e If x € R" is a column vector,x’ € R” is its transpose i.e a row vector.

® <something Means that the implied constant depend on “something”
only. The same for something =
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Appendix E

Some useful results

We collect here some results from various parts of Mathematics, without
proofs. We refer to [6] for further details.

Proposition E.1. Given a cubic polynomial ¢ (x) in n variables with cu-
bic part C (x) let H (x) the determinant of the hessian matriz of C (x). If
C (x) # 0 for every x € Z"" — {0}, then H(x) does not vanish identically.

Proposition E.2. Let fi (x),--- fy (x) homogeneous polynomials in 7" [x].
Let Of; be the degree of f; Let

Ar={xeZ"—{0}: fi(x)=0,---fn(x)=0, |x]| <R}.

where R € RT. Assume that there exists two continuous functions o : R —
RY, 3:R—R", v:R— R*.

o N < «a(n) for everyn € N.

e max{0fi,...0fn} < B (n).
o |Ar| > AR™ 1 where A > vy(n) for every n € N.

If
0f1(x) . 0f1(x)
ox1 Oxn
J(x) = : . :
ofn(x) .. 9fn(x)
ox1 oz

then there exists xg € Ar such that
v(J(x0)) <r—1

where v is the rank of the matriz J.

195



Proposition E.3. Let

a1y + ... a1y, =0

Am1Y1 + - - QGppYn = 0.

be a system of homogeneous linear equations with exactly r linearly indepen-
dent integral solutions. Then there exists r linearly independent integral
solutions yV ... y™) such that:

e cvery integral solution'y is expressible (uniquely) as
y =uy® 4+ uy™. (E.1)
where uy, ...u, € 7.

o We have
}y(l)‘ < ‘y(z)‘ .. < }y(r)‘ . (E.2)

o There exist ¢ = c¢(r,n) € RT such that if y is any solution expressed as
in (E.1) then
ur| [y ]+ [y®] < elyl. (E.3)

Proposition E.4. Let the cubic form C such that C (x) # 0 for every x €
Z"—{0} ad it does not split. Then for everye > 0 there exist Ry = Ry(n, ¢)
such that if R > Ry

|Zo(R)| < R '+ (E.4)

where

0 < |x| <R.

ZC(R):{(X,y)EZ XZ": ¥Vj=1.n = Bj(x|y) =0, {0<|y\ <R

B (xly) = Z Z CijkTiYr 7= 1..m.

i=1 k=1
are the bilinear equations associated with the cubic form C.

Proposition E.5. Let
L={L;:R"—>R j=1...n}.

a set of linear forms in n variables such that
Lj (u) = Z )\j,kuk.
k=1
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with \jx = \gj for every j and k. Let A>1 and 0 < Z < 1. Let*
V(Z) = {u €Z": 0<|ul<ZA, |L(u)| < ZA_I}. (E.5)
If|V(Z)| > 0 then there exists u € Z" such that

{ 0< |ul < ZA|V(Z)] "
IL (w)|| < ZAHV(2)]

S|=

Further, if there exists a suitable constant ¢ = c¢(n) such that

Z|\V(Z)| " <2 < Z. (E.6)
then A
V(Z1)| > (;) V(Z)|. (B.7)

Proposition E.6. Let € [0,1) and let 0 > 0 a real parameter such that
1S (a)] > Pran?.

for P “large enough”. Let 0 < 6 < 6. For any € > 0 we have one of the
following three alternatives: either

I If
Cr = {(x,y) € Apsr2., B (x]y) = 0}.
then
Cy| > P,
or
1 If
Co = {x € Aporao- : By € Aposac, |[aB (x]y)|| < P30}
then
|Cy| > PO,
or

III « has a rational approzimation a/q such that

e (a,q) =1

LAs for bilinear forms, the symbol L (u) is a shortcut to say that a given condition
must be satisfied for every form L;(u) with j = 1...n
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e 1 <¢g< p20—o+be,
o |ga — a| < P3+20+5¢,
Proposition E.7. Let

H:R" — R.
EF:R" —R.
with . .
H(Ill’n) = Z Z ailmidxil...xid

=1  ig=1

n n
E(l’ll’n): Z'”Zbil---id/xil“‘xid/‘
i1=1 in=1

be forms with integer coefficients, not identically zero of degrees d and d'
respectively. Let d > d'. Let

Px € Z: px = H(x)
QXEZ:C]X:H(X)'

the integer values of the forms, corresponding to a given x. For any & > 0
let
IT={x€eZ": x| <R, px 20, pxlox }-

If there exist a positive integer m such that

‘ail...id‘ < Rm V(Zl Zd) - {1n}d
< R™ Y (iy . .. iq) 6{1...n}d.

‘bil...id/
as R is a “large” real number, then
|Z| < R,
For the following Proposition, we quote [34] VI, Satz 3.3.

Proposition E.8. Let N € N be any positive integer, let be & € [0, 1], let be

S (§) = Z e (pg).

p<N
Let be u and t any positive real numbers. If
e ¢ <log"N.

o |B] < N'log'N.
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then
Sy (g + ﬁ) = Sy (g,8)+0 (Ne_cm> N—oo.  (ES)

where

5 1 (q) e (ng)
Sn (q.8) = m%g;\[ logn

For the following Proposition, we quote [19] , Satz 382
Proposition E.9. If k | are positive integers and (k,l) = 1 then

d
m(x, k1) = Z 12@/%4—0(‘%6_0‘ IOgm).
2

peP
p<x
p=l(mod k)

where o > 0 is an absolute constant and in particular

1 =z x
k,l) = l=——=
™ (2, k1) Z cp(k)logx+0<logx)

peP
p<a
p=l(mod k)

For the following Proposition we quote [29]
Proposition E.10. Let K a field and x = (zy,...x;) € K*. If
F(x),...F, (x) e K[x].
and Fy is not identically zero, then there are
Dy (x),...P, (x) € K[x].
such that

identically, where

e d(x) is the greatest common divisor of the given polynomials.

e ()(x) is a polynomial in Z [x|not identically zero, such that the formal
partial derivative
00 (x)

= 0.
825‘1

identically.

199



200



Appendix F

Elementary algebra of cubic
forms and polynomials

F.1 Cubic forms

We are going to see some algebra of a cubic form that let us understand
better the useful role of bilinear forms.

Proposition F.1. Let C' be a cubic form in n variables. If
G(xy,z)=C(z+x+y)—C(z+x)—C(z+y)+C(z)
then

G(x,y,2) =Y 2B (xly)+n(xy).
j=1
where B; (x|y) j = 1..n are the associated bilinear forms and n((x|y) is a
polynomial which does not depends from the variable z.

Proof. We have

Clz+x+y)= Cijk (zi + 2 +y5) (25 + 25 + y5) (2 + 21 + Yi)

n
i k=1

C(Z"—X) = Cijk (ZZ' —|—JIZ) (Zj —|—l’j) (Zk —|—l’k)

n
i,5,k=1

)

Cz+y)= Cigr (zi + i) (25 +y5) (21 + yr)

n
i,5,k=1

)

C(z) =

n
Ci j kRi%j k-
Z7j7k:1
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Let
Py = Pi(i, j, k) = (zi + i + i) (25 + 25 + y5) (2 + 7% + Yx)

Py = Py(i, j, k) = (2 + ) (25 + ;) (2% + )
Py = Psy(i, j, k) = (2 + yi) (25 + ;) (2 + Ur)

P4 - P4(i>j> k) = ZiRjZL-

If we consider
S=25(i,j,k) =P — P, — P;+ P.

it is an elementary calculation to check that

S - T1 + TQ.
where
T = (zyjzk + Tiyezj + TiYize + TjYezi + TRYizj + Tpyizi) -
Ty = (vixjye + Tky; + T0kYs + TYYk + TYile + TeYil;) -
Now
X Y, Z Z ngks l ]a
i,5,k=1
hence .
X Y,z Z Cz,] le Z ]7 )_I_ Z Ci,j,kT2 (Z.aja k)
i k=1 i k=1
If we call .
- Z Ci,j,kT2 (Z.aja k)
i k=1
we have
G (x,y,2 Z cigw Ty (i3, k) +1 (%, ).
i,5,k=1

But, by definition, ¢; ;5 in invariant by any permutation of indices an so

n n n
.. /
E Ci,j,le (Zaja ]f) =6 E Ci  kTilYj2E = E Ci i kTilYj2k-

1,5,k=1 1,5,k=1 1,5,k=1

Hence

G(x,y.z ZZJ (x|y) +n(xy).
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F.2 Cubic polynomials

If we a have a cubic polynomial ¢ instead a cubic form we have a similar
result:

Proposition F.2. Let ¢ be a cubic polynomial in n variables. If

H(x,y,z)=¢(z+x+y)—¢(z+x)—d(z+y)+¢(z).

then

n

H (X,y,Z) = ZZij (X|y) +7n (Xa y) :

j=1

where Bj (x|y) j = 1...n are the bilinear forms associated with the cubic part
of the polynomial ¢ and & (x|y) is a polynomial which does not depends from
the variable z.

Proof. 1t is enough to show that the linear part as well as the quadratic part
of ¢ gives rise to a contribution which does not depends from the variable z.

If .
L (X) = Z a;T;.
i=1

denotes the linear part, we have that
Lz+x+y)—L(z+x)—L(x+y)+L(z)=0Vx,y,zecR"
If .
Q)= qjmiz;.

ij=1
denotes the quadratic part, we have that

n

Qz+x+y)—Qz+x) - Q(x+y)+Q(z) = Y (ww; +yir)).

ij=1
Hence, by setting
{(xly) = Z Gij (Tiyj + yiwj).

i,j=1

the result follows.
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Appendix G

The polynomial of Matiyasevich

G.1 Introduction

Definition G.1. We say ! that set A C Z is diophantine if there exists
a polynomial
p(t,x) € Zt,zy...2).

such that
A={a€Z:3x,€7", p(a,x,) =0}.

Example G.1. The subset N of Z is diophantine because if we choose
p(t,x) =at + 22+ 22 + 22 —t.

we have that
{a€Z:3x,€2Z", pla,x,) =0} =N

Definition G.2. We say that set A C Z is listable if there is an algorithm
that prints A, i.e., a Turing machine such that A is the set of integers it
prints out when left running forever.

Example G.2. The set of integers expressible as a sum of three cubes is
listable. Namely,

1. Print out
F(x,y,2) =2 +9y°+ 22
with
0<lz| <10
0<|yl <10
0 < |2| < 10.

'We have borrowed extensively from the survey of B. Poonen [33].
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2. Print out
F(x,y,2) =2 +y°+ 25

with
0 <|z| <100
0 <ly| <100
0 <|z| <100.
3. ecc. ecc.

Note G.1. A similar argument shows that any diophantine subset of Z is
listable.

Definition G.3. We say that set A C Z is computable if there is an
algorithm for deciding membership in A , i.e., an algorithm that takes as
input an integer a and outputs YES or NO according to whether a € A.
Any computable set is listable, since given an algorithm for deciding
membership in A, we can apply it successively to 0,1, —1,2,—2, ... and print
each number for which the membership test returns YES. The converse is
false: in 1936 A. Turing proved, among others, that:
Theorem G.1. (Turing) There exists a listable set that is not computable.

In 1970 Davis, Putnam, Robinson, Matiyasevich, proved the following
remarkable theorem:

Theorem G.2. (DPRM) A subset of Z is listable if and only if it is dio-
phantine.

As a consequence of this theorem we have:
Theorem G.3. There exists a polynomial
F(zy...x,) €Z]xy1...20].
such that if we consider the associated polynomaial function
F:N'"— Z.

we have that the positive integers in its range are exactly the prime num-
bers.

206



Proof. The natural number version of the DPRM theorem gives a polynomial
p (t,x) such that for a € N, the equation

p(a,x)=0.
is solvable in natural numbers if and only if a is prime. We define

This polynomial can be positive only when

p(t,x) =0.
and in this case, t is prime and
F(t,x) =t.
Conversely, every prime arises this way. O

A reasonably simple prime-producing polynomial in 26 variables was con-
structed in [18] J. P. Jones, D. Sato, H. Wada, and D. Wiens. Later, Matiya-
sevich constructed a 10-variable example.
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Appendix H

The “road maps” of the FTP
and STP

We present here two graphics conceptual maps about the First and the Sec-
ond Theorem of Pleasants. In every item of each of them it is indicated the
number of the correspondent section in the text where the mentioned argu-
ment is developed. In this way we think it is more easy to follow the path of
the proof.
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FIRST THEOREM OF PLEASANTS I

Terminology, Statement ,geometric notions

3.2

3.3 Further notation

3.6 3.5 A
Introduction of the bilinear forms The heuristic
3.7 The exponential sum is expressed via bilinear forms

38 39

3.10 h
Estimates of exponential sums via Bilinear apparatus

~

3.11
Minor arcs

3.12
Major arcs

3.13
Singular series

Figure H.1: The road map of FTP.
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4.2-43

Some Theory about quadratic polynomials:
terminology and notation.

4.4
( Statement of an auxiliary theorem on the primes
Represented by a quadratic polynomials.

4.5 The statement of the STP.

4.6 The tools for the proof
of the Auxiliary
Theorem

4.10 Cubic polynomials:
Some Lemmas.

4.7 The Proof
of
the
Auxiliary Theorem.

4.8 A useful corollary of the
Auxiliary Theorem.

4.9 Further Lemmas
About Quadratic
Polynomials

Figure H.2: The road map of STP.
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