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Lecture 1—A Survey of Diophantine Equations

1.1 Introduction

In these lectures we will be interested in solutions to Diophantine equations
F(z1,...,2,) =0, where F is an absolutely irreducible polynomial with integer
coefficients, and the solutions are to satisfy (x1,...,x,) € Z™. Such an equation
represents a hypersurface in A", and we may prefer to talk of integer points on
this hypersurface, rather than solutions to the corresponding Diophantine equa-
tion. In many cases of interest the polynomial F' is homogeneous, in which case
the equation defines a hypersurface in P" !, and the non-zero integer solutions
correspond to rational points on this hypersurface. In this situation the solu-
tions of F(z1,...,2,) = 0 form families of scalar multiples, and each family
produces a single rational point on the corresponding projective hypersurface.
Occasionally we shall encounter systems of two or more equations, and these
may correspond to varieties of codimension 2 or more, rather than hypersurfaces.

Much work in the theory of Diophantine equations has been directed at
showing that certain classes of equations have finitely many solutions. However
we shall be interested in those cases where either we expect the number of
solutions to be infinite, or we expect the number to be finite but cannot prove
it. In these cases it is sensible to ask for bounds on the number of solutions
which might lie in a large region max |x;| < B, say.

1.2 Examples

Let us look at some examples.

1. The equation
a¥ ok = ok 4ok (1.1)

It is expected that there are only the trivial solutions as soon as k > 5,
but since we are unable to prove this, one may ask for an upper bound on
the number of non-trivial solutions in a given large box.

2. The equation
x’f er’; +:c’§ =N, z1,x9,23 > 0.

Here it is believed that there is at most one solution, up to permutation, as
soon as k > 7, but in the absence of a proof we ask for upper bounds on the
number of solutions. (When &k < 6 we know of infinitely many essentially
different examples in which N has two or more representations.)



3. In Waring’s problem one encounters the equation

a:]f—l—...—l—xﬁ :x§+1+...—|—x158, 0<xzy,...,29s < B.

If one can show that there are O(B2*~%+¢) solutions, for any fixed £ > 0,
one can deduce the Hardy-Littlewood asymptotic formula for representa-
tions of a large integer N as a sum of 2s 4+ 1 perfect k-th powers. Thus
one would have G(k) < 2s + 1, providing s is large enough for the usual
local conditions to hold.

4. Vinogradov’s Mean Value Theorem relates to the system of equations
x’f+...+x?:x?+l+...+xgs, (I1<h<k),

in which 0 < x1,...,225 < B. It is known that if s is sufficiently large,
then the number of solutions is O(B2s~k(*+1)/2) " (In fact this is known to
hold if s > {1 + o(1)}k?logk.) Such bounds have numerous applications,
for example to estimates for the zero-free region of the Riemann Zeta-
function. One could conjecture that the same bound holds as soon as
s > k(k +1)/2. If true, this would lead to improved results on the Zeta-
function.

5. Manin’s Conjecture. As a simple special case of Manin’s conjecture, let
F(x1,72,73,24) be a non-singular! cubic form with integral coefficients,
and suppose that there is at least one non-zero integral solution to the
equation

F(J?l,l‘g,l‘g, 1‘4) =0.

Then the conjecture states that the number of non-trivial solutions in the
box max |z;| < B will be asymptotically ¢B(log B)" for a suitable positive
constant ¢, where r is the rank of the Picard group of the surface F' = 0.
(This is not quite the usual formulation, since we have not insisted that our
solutions should be projectively distinct.) No non-singular cubic surface
is known for which Manin’s conjecture can be established. Indeed, even
the weaker statement that the number of non-trivial solutions is O(B1*¢)
for every € > 0, eludes us.

6. For D > 0 the equation
2>+ Dy’ =22 1<z< D'/?

may be used to count ideal classes of order 3 in the class group of Q(v/—D).
It is conjectured that the number of solutions, and hence the number of
such ideal classes, should be O(D?) for any € > 0, but to date we cannot
reduce the exponent below 1/2. This question is related to the problem
of giving an upper bound for the number of rational elliptic curves with
given conductor.

7. It is conjectured that any irreducible polynomial f(X) € Z[X] which
satisfies the obvious congruence conditions should assume infinitely many
square-free values. This has been established only for polynomials f of

LA form in n variables will be said to be non-singular if VF(x) is non-zero for every
non-zero x € Q.



degree at most 3. What is required for further progress is a good bound
for the number of solutions of the equation

fx)=y?2, 1<z <N, y>N.

These examples demonstrate that the general problem under consideration
underlies a very diverse range of questions in number theory. Although many
of the above examples involve inhomogeneous equations, we shall begin by con-
sidering only the case in which F' is a form. Later on we shall see how the
inhomogeneous case can be handled in an analogous way to the homogeneous
one. We therefore state formally the following assumptions for future reference.

Convention Unless stated explicitly otherwise, we shall write x for the vector
(x1,...,2pn) and assume that F(x) € Z[x] is an absolutely irreducible form of
degree d.

1.3 The Heuristic Bounds

It will be convenient to define
NOB)=NO(F;B) = #{x € Z" : F(x) =0, max|z;| < B}.

Recall that F' has total degree d. Then for the vectors x under consideration,
the values F'(x) will all be of order B¢, and indeed a positive proportion of them
will have exact order B?. Thus the ‘probability’ that a randomly chosen value
of F(x) should vanish might be expected to be of order B=¢. Since the number
of vectors x to be considered has order B™, this heuristic argument leads one
to expect that N(®)(B) is of exact order B~

Clearly there are many things wrong with this argument, not least the fact
that when n < d even one solution to F(x) = 0 would show that N (B) 4 0.
However we can safely summarize things the following way.

Heuristic Expectation When n > d we have
B4 <« NO(B) <« B"
unless there is a reason why not!

Certainly local (congruence) conditions will often provide a reason why
N© (B) might be identically zero. However, in support of the above heuris-
tic argument we have the following very general result of Birch.

Theorem 1 Suppose F(x) is a non-singular form of degree d in n > 2¢(d — 1)
variables. Then there is a constant cp > 0 such that

NO(B) ~ cpB™ 4,
providing that F(x) = 0 has non-trivial solutions in R and each p-adic field Q.

Since forms are in general non-singular, Birch’s result answers our question
completely for typical forms with n > 2%(d — 1). It would be of considerable
interest to reduce the lower bound for n, but except for d < 3 this has not been
done. In view of Birch’s theorem our interest will be centred on the case in
which n is small compared with d.



As has been mentioned there are many cases in which N(©)(B) is not of order
B4, A good illustration is provided by the diagonal cubic equation

3 3 3 3
] +x5 + x5+ =0.

Here there are ‘trivial’ solutions of the type (a, —a,b, —b) which already con-
tribute > B2 to N(O(B).

If we use the counting function N(©)(B) we see that a single non-zero solu-
tion F(xg) = 0 will produce < B scalar multiples, so that N(®)(B) > B. This
behaviour often masks the contribution of other solutions. Thus it is usually con-
venient to count only primitive solutions, where a non-zero vector (z1,...,2,)
is said to be primitive if h.c.f.(z1,...,z,) = 1. Indeed since the vector —xq will
be a solution of F(x) = 0 if and only if x is also a solution, it is natural to
define

N(B) = N(F;B) =
%#{x €Z": F(x)=0, hcf.(z1,...,z,) = 1, max|z;| < B}. (1.2)

1.4 Curves

When F' is homogeneous and n = 3 the equation F(x1,x2,x3) = 0 describes a
projective curve in P2, In this situation a great deal is known. Such a curve has
a genus g which is an integer in the range 0 < g < (d—1)(d —2)/2. The generic
curve of degree d will have g = (d — 1)(d — 2)/2.

When g = 0 the curve either has no rational points (as for example, when
F(x) = 22 + 23 + 22) or it can be parameterized by rational functions. Such
a parameterization allows us to estimate N(B). For example, when F(x) =
22 + 23 — 2% the solutions take the form

(21,22, 73) = (a(b® — ¢?),2abc,a(b® + c?)) or (2abe,a(b? —c?),a(b? +c?)).

It is then easy to see that N(B) is precisely of order B"~%, since n —d = 1 in
this case.

On the other hand, a second example with genus g = 0 is provided by
the cubic curve 23z — 3 = 0. In this case the solutions are proportional to
(a®,b%,a%b). One therefore sees that N(®)(B) is precisely of order B?/3. In this
example we have n —d =0 < 2/3.

We now turn to curves of genus 1. Either such a curve has no rational points
or it is an elliptic curve. In the latter case the set of rational points can be given
an abelian group structure, and the Mordell-Weil Theorem tells us that the
group has finite rank r, say. Moreover, it can be shown using Néron’s theory of
heights, that

N(B) ~ cr(log B)"/? (1.3)

where cp is a non-zero constant. A cubic curve with a rational point is an
elliptic curve, and in this case n — d = 0 so that N(B) grows faster than B"~¢
as soon as r > 1.

Finally we consider curves of genus g > 2. Here the celebrated theorem of
Faltings [8] shows that there are finitely many rational points, so that

N(B) <p 1. (1.4)



1.5 Surfaces

We have already seen the example
Bl rad+ad=0 (1.5)

in which the ‘trivial’ solutions already contribute > B? to N9 (B). These
trivial solutions satisfy the conditions x1 + 292 = 23+ x4 = 0, or 1 + 23 =
ro+ x4 =0, or x1 + x4 = 22 + x3 = 0. In each case the trivial solutions are
those that lie on certain lines in P3. These lines lie in the surface (1.5), since
the equations x1 + 22 = x3 + x4 = 0, for example, imply x3 + 23 + 23 + 23 = 0.

In general, we shall define a trivial solution to F(x1, x2,x3,x4) = 0 to be one
that lies on a line which is contained in the corresponding surface. Moreover
we shall define N7 (B) to be the counting function analogous to (1.2), but in
which only non-trivial solutions are counted. Thus in the case d = 3, Manin’s
conjecture predicts the behaviour of Ny(B).

In the example (1.5) we know a complete parametric solution, due to Euler,
giving all the rational points as

r1 = (3b—a)(a®+3b*)c+
ry = (3b+a)(a®+3b%)c— ¢,
r3 = (a®+3b%)% — (3b+a)c?,
vy = —(a®+3b%)? - (3b—a)cd. (1.6)

Although this produces all the rational points, it is unfortunately the case that
the values of z1,...,z4 may be integers with a large common factor, even when
h.c.f.(a,b,¢) = 1. In the absence of any good way to control such a common
factor, Euler’s formula is rather little use in producing an upper bound for
N;(B). Indeed if one wishes to produce a lower bound, the obvious procedure
is to use integral values a,b,c < B'Y%. In this way one can at best show
that N1(B) > B3*, while other methods yield lower bounds N;(B) > B and
better. Thus even a complete parameterization of the solutions does not solve
our problem.
A second instructive example is provided by the equation

r] + 3 =3 + 2] (1.7)

Here there is a family of non-trivial solutions given (also by Euler) as

r1 = a’ +a°b? —2a3b* + 3a0° + ab®,
ro = a%b—3a®h% — 2a3b* + a0 + 17,
zs = a’ +a’b? —2a3b* — 3a?D° + ab®,
gy = a®b+3a°b* — 2a3b* + a®b® +b". (1.8)

Not all solutions have this form, but these suffice on taking a,b < B'/7 to show
that Ni(B) > B?/7. (There is the primitivity condition on x to be dealt with,
but this can be satisfactorily handled.) As a,b run over all possible values, the
corresponding vectors x run over a curve in the surface (1.7). Indeed, since the
curve is parameterized, it is a curve of genus zero. In this example therefore we
see that a surface may contain a large number of points by virtue of there being
a genus zero curve lying in the surface.



A related example is the Euler surface

x‘f—i—x%—i—xé :xj

Here it was shown by Elkies [4] that there is a genus 1 curve of positive rank
lying in the surface. In view of Néron’s result (1.3) this shows that Ny (B) >
(log B)l/ 2, Thus we see that surfaces may contain infinitely many points when
there is a curve I' of genus one on the surface, such that I' itself has infinitely
many points.

In general we expect that this sort of behaviour is essentially all that can
occur. The following is a consequence of a conjecture of Lang.

Conjecture 1 A surface of general type contains only finitely many curves of
genus zero or one, and contains only finitely many rational points not on one
of these curves.

The definition of “general type” is somewhat technical. However we note that
a non-singular surface in P will be of general type as soon as d > 5.

1.6 Higher Dimensions

For varieties of higher dimension there are analogous phenomena, and we have
the following conjecture, which is again a consequence of Lang’s conjecture.

Conjecture 2 On a variety of general type all rational points belong to one of
a finite number of proper subvarieties.

Lecture 2—A Survey of Results

In the remainder of these notes we shall allow all the constants implied by the
< and O(...) notations to depend on the degree d of the form F and on the
number n of variables. However, where there is any further dependence on F
we shall say so explicitly.

In this lecture, where results are formally stated as theorems, they will either
be proved in full in the lectures that follow, or may be found in the author’s
paper [15].

2.1 Early Approaches

Until recently there have been few general results giving bounds for N(F'; B).
Perhaps the first, historically, is due to Cohen, in the appendix to the lecturer’s
paper [11], where it is shown that

N(F,B) <<E,F Bn—3/2+8

for any £ > 0, as soon as d > 2. The proof uses the large sieve, and information
of the behaviour of F' modulo many different primes.

A second approach uses exponential sums to a fixed modulus, the latter
being chosen to have size a suitable power of B. To work effectively the method
requires F' to be non-singular. One can then show (Heath-Brown [12]) that

N(F,B) <<£.F Bn—2+2/(n+1)+6



for d > 2, and
N(F,B) <<5,F Bn—3+15/(n+5)+6 (21)

for d > 3, again for any € > 0. This latter result yields the estimate
N(F;B) <.y B"?**

for non-singular F' of degree d > 2, as soon as n > 10.

Hooley [17] uses a sieve method rather different from Cohen’s, which can
be coupled with estimates for multi-dimensional exponential sums. Although
no general results have been worked out, the method is quite efficient in those
special cases for which it has been used. Thus for the equations (1.1), Hooley
shows [18], [19] and [21] that one has

Ni(B) <. B3¢

when k£ > 3.

Other general methods depend on elementary differential geometry, as in
Schmidt [29]. These techniques improve slightly on Cohen’s result, and apply
also to certain non-algebraic hypersurfaces.

2.2 The Method of Bombieri and Pila

The most successful general method appears to be that introduced by Bombieri
and Pila [2], and developed by the lecturer [15]. In their original work, Bombieri
and Pila showed that if f(z,y) € Z[z,y] is an absolutely irreducible polynomial
of degree d, then

#{(z,y) € 2% : flz,y) =0, |z|, |y < B} <. BV (2.2)

Indeed their result was slightly more precise than this. One very important
feature of this result is that it is completely uniform with respect to f.

The estimate (2.2) is essentially best possible, as the example f(z,y) = 2%~y
shows. Here there are < BY/? solutions z = m, y = m% with m <« B/,

Pila went on [28] to apply (2.2) to our general setting, and showed that

N(B) <. Bn—2+1/d+e, (2.3)

In the case of quadratic forms one can do better, and an elementary argument
shows that
N(B) <<E Bn—2+6

if d = 2, see [15, Theorem 2]. However it is an interesting open question whether
one can extend this to higher degree forms.

Conjecture 3 For given d > 3 and n > 3 we have
N(F;B) <. B" "¢,

It would even be interesting to know whether this could be achieved with a
possible dependence on F' in the implied constant. The bound (2.1) achieves
this for non-singular forms F', when n > 10.

The arguments of Bombieri and Pila [2], and of Pila [28] were essentially
affine in nature, and only used properties of A2. This left open the question of
whether there might be a natural extension to higher dimensions. In particular
Pila’s work [28] only used the bound (2.2), applying it to plane sections of the
variety F' = 0.



2.3 Projective Curves

The lecturer’s work [15] extended the method of Bombieri and Pila to projective
hypersurfaces of arbitrary dimension. We shall begin by describing the result
obtained for curves.

Theorem 2 Let F(x1,x2,x3) € Z[x1, 22, 23] be an absolutely irreducible form
of degree d, and let € > 0. Then

N(F;B) <. B*d+=, (2.4)

At first sight this is uninteresting, since it is clearly surpassed by the results
of Néron (1.3) and Faltings (1.4). The difference however lies in the fact that
(2.4) is uniform in F'. If one tries to adapt the proof of (1.3), say, to investigate
uniformity in F' one finds that the rank of the curve comes into play. At present
we have insufficient information about the size of the rank of elliptic curves to
produce unconditional bounds, so the approach fails. None the less the lecturer
has shown [14] that one has

N(F;B) <. B°

for non-singular cubic curves, under the assumption of the Birch-Swinnerton-
Dyer conjecture and the Riemann Hypothesis for L-functions of elliptic curves.
The second comment that must be made in relation to (2.4) is that it applies
to curves of genus zero as well as to curves of genus one or more. If one looks
at the example F(x) = x¢ — 237 23, then one sees that there are solutions
(m?1n,m? nd), and these suffice to show that N(B) > B??. It follows that
(2.4) is essentially best possible. Moreover the exponent 2/d is clearly a consid-
erable improvement on the value 1+ 1/d which the bound (2.3) would produce.
None the less, the fact remains that the proof of Theorem 2 works only with
the degree d, and fails to distinguish the genus of the curve. This is a serious
defect in the approach.

In fact we need not require F' to be absolutely irreducible in Theorem 2.
Indeed for forms which are irreducible over Q but reducible over Q we have the
following stronger estimate.

Theorem 3 Let F(x1,79,73) € Q[x1, 79, 73] be an absolutely irreducible form
of degree d, but not a multiple of a rational form. Then N(F;B) < d?. More-
over, if F(x1,x9,x3) € Z[x1,22,23] is a form of degree d which is irreducible
over Q but not absolutely irreducible, then N(F;B) < d>.

To prove the first assertion one writes F' as a linear combination Y  A\;F; of
rational forms Fj;, with linearly independent )\;. Some Fj; is not a multiple of
F, but all rational zeros of F' must satisfy F' = F; = 0. The result then follows
by Bézout’s Theorem. The second statement clearly follows from the first, on
splitting F into its irreducible factors over Q.

We can also estimate the number of points on curves in P3.

Theorem 4 Let C be an irreducible curve in P3, of degree d, not necessarily
defined over the rationals. Then C has O.(B*/%t2) primitive points x € Z* in
the cube max |z;| < B.



This can be established by projecting C' onto a suitable plane, and counting
the points on the resulting plane curve. In general such a projection may have
degree less than d. However, the generic projection has degree equal to d, so that
the result follows providing that one chooses the projection map with suitable
care.

As with the result of Bombieri and Pila, all the above bounds are completely
independent of F. The key to this is the following result, in which we write || F||
for the height of the form F', defined as the maximum modulus of the coeflicients
of F.

Theorem 5 Suppose that F(x1,x2,23) € Z[X] is a non-zero form of degree d,
and that the coefficients of F have no common factor. Then either N(F; B) < d?
or ||F|| < BAI@+2)/2,

Thus, if one has a bound of the shape
N(F; B) < B**#||F|F,
valid for any € > 0, then one can deduce that either N(F; B) < 1 or
N(F;B) <. BYtepidtldt2)e/2,
On re-defining € we see in either case that
N(F;B) <. B*=.

Thus the dependence on ||F'|| miraculously disappears!

The results described here should be compared with those in the work of
Elkies [5]. The emphasis in [5] is on algorithms for searching for rational points.
Elkies shows in [5, Theorem 3] that one can find the rational points of height at
most B on a curve C of degree d, in time OQE(BQ/””E). Thus in particular there
are OC’E(B2/d+5) points to be found. Uniformity in C' is not considered, but
it seems quite plausible that the methods may yield a good dependence on the
height of C, or even complete independence as in the theorems quoted above.
The techniques used in the two papers show interesting similarities, although
the precise relationship remains unclear. In fact Elkies also looks at surfaces
and varieties of higher dimension, and gives a heuristic argument that leads to
the same exponent 3/v/d as occurs in Theorems 7 and 11 below.

2.4 Swurfaces

In the previous lecture it was explained that the natural counting function for
surfaces should exclude trivial solutions, and the function Ny (B) was introduced.
If there is a line L, defined over Q, and lying in the surface F'(x) = 0, then points
on L will contribute > B? to N(F;B).

In analogy with Conjecture 3 we may now expect the following.

Conjecture 4 Let F(xq,22,x3,24) € Zlx1,x2,23,24] be an absolutely irre-
ducible form of degree d, and let € > 0. Then

N,(F; B) <. B,



This would be best possible, as the example

od +ad — a:g_2m3x4 =0
shows. This surface is absolutely irreducible, and contains no lines other than
those in the planes zo = 0, x3 = 0 and =4 = 0. However there are rational
points (0,ab,a?,b?), which yield N;(B) > B.
That any points on lines in the surface will dominate the function N(B) is
shown by the following result.

Theorem 6 For an absolutely irreducible form F(x) € Zlx1,...,x4] of degree

8 or more, we have
Nl(F,B) <. B52/27+6.

Moreover we can improve substantially on this for large values of d, as follows.

Theorem 7 Let F(x) € Z[x1, ..., x4] be an absolutely irreducible form of degree
d. Then we have
Ny (F; B) <. BY3/Vi+e,

Surfaces of the type G(z1,z2) = G(x3,x4), where G is a binary form, have been
investigated fairly extensively in the past, although success has been limited
to the cases in which d = 3 (Hooley [16], [22]), or d = 4 and G has the shape
ax*+bx?y*+cy* (Hooley [20]), or G is diagonal (Bennet, Dummigan and Wooley
[1]). In the first two cases the methods save only a power of log B relative to
B2.

The above mentioned works were designed to show that almost all integers
represented by G have essentially only one representation. We can now prove
this for arbitrary irreducible forms. To formulate this precisely, we define an
automorphism of the binary form G to be an invertible 2 x 2 matrix M, such that
G(Mx) = G(x) identically in x. We then say that integral solutions of G(x) =n
are equivalent if and only if they are related by such an automorphism with a
rational matrix M. (One slightly strange consequence of this definition is that
when d = 1 or d = 2 all non-zero integer solutions of G(x) = n are equivalent.)

We then have the following result.

Theorem 8 Let G(x,y) € Z[x,y] be a binary form of degree d > 3, irreducible
over Q. Then G has O4(1) automorphisms. Moreover the number of posi-
tive integers n < X represented by the form G is of exact order X?/¢, pro-
viding that G assumes at least one positive value. Of these integers n there
are O, (X52/2T4=2)%e) for which there are two or more inequivalent integral
representations.

The statement that the number of representable integers is of exact order X2/¢
is a classical result of Erdés and Mahler [7], dating from 1938.

Although Theorem 6 shows that points on lines may predominate, it does
not automatically verify Conjecture 3 for surfaces, since there may be infinitely
many lines. However this possibility can he handled successfully, and we have
the following result.

Theorem 9 Let F(x) € Z[x1, ..., x4] be an absolutely irreducible form of degree
d > 2. Then we have
N(F;B) <. B**<.

10



When F' is non-singular we can do better than Theorem 6, and we have the
following results.

Theorem 10 Let F(x) € Z[x1,...,24] be a non-singular form of degree d > 2.
Then we have
Ny(F; B) <. B*/3+16/9d+ (2.5)

Theorem 11 Let F(x) € Z[x1,...,24] be a non-singular form of degree d > 2.
Then we have
Nl(F;B) <. Bl+5+33/ﬁ+2/(d71)+6. (26)

In particular
Ny (F; B) <. B\, (2.7)

when d > 13. Let No(F; B) be the number of points counted by N(F; B), but
not lying on any curve of degree < d — 2 contained in the surface. Then

Ny(F; B) <. B¥Vd+2/(d=1)+e (2.8)

Let N3(F; B) be the number of points counted by N(F; B), but not lying on any
genus zero curve of degree < d — 2 contained in the surface. Then

N3(F; B) <. p BYVa+2/(d=1)+e, (2.9)

In particular we see that Conjecture 4 holds for d > 13, providing that F' is
non-singular. We note that the exponent in Theorem 10 is better for d = 3,4
and 5, but that otherwise one should use Theorem 11.

It is plain that curves of low degree lying in the surface F' = 0 are a potential
source for a large contribution to N(F'; B). Thus the following geometric result,
due to Colliot-Thélene, is of great significance.

Theorem 12 [15, Theorem 12] Let F(x) = 0 be a non-singular surface in
P3, of degree d. Then for every degree § < d — 2 there is a constant N(6,d),
independent of F, such that the surface F(x) = 0 contains at most N(0,d)
irreducible curves of degree .

When d = 3 we have the familiar fact that a non-singular cubic surface has 27
lines. We can therefore take N(1,3) = 27.

We now see from the estimate (2.9) that, with very few exceptions, the
rational points on a non-singular surface of large degree are restricted to a finite
number of curves of genus zero. This may be compared with the assertion of
Conjecture 1.

The special diagonal surfaces

F(x)=af+25 -2 —2¢=0 (2.10)
have received a great deal of attention, and it has been shown that
Ni(B) < B¥3+¢ (d=3)
(Heath-Brown [13]),

N(B) < B*3%s (4<d<7) (2.11)

11



(Hooley [19] and [21]), and
Nl(B) < 33/2+1/(d71)+£ (d > 8)

(Skinner and Wooley [30]). Theorem 11 supersedes these as soon as d > 6.
However Browning [3] has recently shown that (2.6) may be replaced by

N1 (F;B) <. B2/3+e _|_BS/\/E+2/(d—1)+a

for these particular surfaces. We shall improve this further as follows.

Theorem 13 When d > 8 the surface (2.10) contains no genus zero curves
other than the lines. Hence

N, (F;B) <. B3/Vd+2/(d-1)+e

for any d > 2.

2.5 A General Result

We may now state the key result underlying most of the estimates described in
this lecture. It applies to projective hypersurfaces of arbitrary dimension.

Theorem 14 Let F(x1,...,x,) € Z[x] be an absolutely irreducible form of
degree d, and let € > 0 and B > 1 be given. Then we can find D = D(n,d,¢)
and an integer k with

k €pae BODT T (1og || F)20 3,

as follows. There are forms Fy(x),..., Fy(x) € Z[z1,...,x,], coprime to F(x)
and with degrees at most D, such that every point x counted by N(F;B) is a
zero of some form Fj(x).

One should note that it is crucial for the degrees of the forms F}; to be suitably
bounded, since one can easily construct a form Fj(x), with degree dependent
on B, which vanishes at every integer vector in the cube max |z;| < B.

In the case n = 3, Theorem 14 shows that every point counted by N(F'; B)
satisfies F'(x) = Fj(x) = 0 for some j <. B?4*¢(log||F||)3. Bézout’s Theo-
rem shows that there are at most dD points for each j, so that N(F; B) <.
B?/4+¢(log || F'||)®. Theorem 2 then follows via an application of Theorem 5.

For the case n = 4 we see in the same way that the relevant points will lie on
O-(B3/Va&+(log ||F||)®) curves in the surface F = 0, each curve having degree
at most dD. We may apply Theorem 4 to estimate the number of points on such
a curve, but it is useful to have further information on the possible degrees of
such curves. This is provided by Theorem 12 when the form F' is non-singular,
but otherwise we merely use the fact that the degree of the curve will be at least
two for points counted by Ni(F;B). In this way we may establish Theorems
7 and 11, after treating the factor (log||F||)® through a version of the process
employed for Theorem 5.
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2.6 Affine Problems

Although our main emphasis has been on integer zeros of forms, one can suc-
cessfully tackle problems involving general (inhomogeneous) polynomials. For
this section we therefore suppose that F'(z1,...,2,) € Z[x] is an absolutely
irreducible polynomial of total degree d, and we consider

N(F;B,...,By) = N(F;B) =
#{xe€Z:F(x)=0, |v;| < B;, (1<i<n)} (2.12)

where B; > 1 for 1 < i < n. Thus the Bombieri-Pila result (2.2) shows that
N(F; B, B) <. B4, In applications it can be very useful to allow the B; to
have varying sizes. Indeed one can formulate the homogeneous problem with
general boxes rather than cubes, and prove an extension of Theorem 14. In our
case we shall see that the following analogue of Theorem 14 holds.

Theorem 15 Let F(x1,...,x,) € Z[x]| be an absolutely irreducible polynomial
of degree d, and let € > 0 and By, ..., B, > 1 be given. Define

T = max{H B{'},
i=1

where the mazimum is taken over all integer n-tuples (e1,...,ey,) for which the
corresponding monomial

€n

el
Tyt Ty

occurs in F(x) with non-zero coefficient.
Then we can find D = D(n,d,€) and an integer k with

log B; 1 /(p— .
b e T expf(n — (L L0 10g )2,

as follows. There are polynomials Fy(X), ..., Fx(x) € Z[x1,...,x,], coprime to
F(x) and with degrees at most D, such that every point x counted by N(F;B)
is a zero of some polynomial F;(x).

Lecture 3—Proof of Theorem 14

3.1 Singular Points
In proving Theorem 14 we shall begin by considering singular points. A singular
point of F(x) = 0 satisfies
OF (x)
3:1%

=0, (1<i<n).

Not all the forms 9F/dx; can be identically zero, since F is absolutely irre-
ducible. Moreover, if one of the partial derivatives is non-zero it will have
degree d — 1, so that it cannot be a multiple of F'. Thus if we include a non-zero
partial derivative amongst the forms Fj, all singular points will be taken care
of.

13



Our proof of Theorem 14 will use an auxiliary prime p, and we shall also
need to account for points which are singular modulo p. We set

S(FiB,p) = {x € Z": F(x) =0, |a;] < B, (1 <i <n), pf VF(x)}
and

S(F;B)={x€Z": F(x)=0, |z;|] < B, (1<i<n), VF(x) # 0}.
The following lemma then holds.

Lemma 1 Let B > 2 and r = [log(||F||B)], and assume that
P > log?(||F||B).

Then we can find primes p1 < ... < p, in the range P < p; < P, such that

S(F;B) = OS(F;B,pJ

i=1

In fact this is the only place in the argument where a dependence on ||F|
occurs.

For the proof we just pick the first  primes p; > AP, with a suitable constant
A. We will then have P < p; < P since P > r?. For any x € S(F; B) there
will be some partial derivative 0F/dz;, say, which is non-zero. Using the bound

oF
el F Bd71
o < B

we see that
log(||F[|B)

log(AP)

Thus there are at most » — 1 such primes, if A is large enough. It follows that
one of the primes p; does not divide 0F/dz;, in which case x € S(F'; B, p;), as
required.

As a consequence of Lemma 1 it suffices to examine points which are non-
singular modulo a fixed prime p > log?(||F||B), providing that we allow an
extra factor log(||F||B) in our final estimate for k.

oF
AP : p|— n
#{p > Plaxj} <n,d

3.2 The Implicit Function Theorem

We shall write
S(F;B,p) = JS),
t

where
S(t) ={x € S(F;B,p) : x = pt (mod p) for some p € Z},
and t runs over a set of projective representatives for the non-singular points of
F(t) =0 over F,,.
The proof of Theorem 14 will show that if p is sufficiently large compared
with B, then all points x € S(t) satisfy an equation F(x;t) = 0. The forms
F(x;t) will turn out to have the properties described in Theorem 14, so that if

14



we take &’ to be the number of non-singular points of F'(t) = 0 over F,, we will
have k < 1+ k'(log||F||B), according to the argument above. Indeed we will
have k' < p"~2 « P"2, so that it will be enough to show that

1/(n-2)

P> pr=1n=2)"1d" Velog? ||F||, (3.1)

suffices. Note in particular that (3.1) certainly ensures that P > log*(||F||B),
when B is large enough, so that Lemma 1 applies.

We shall now fix our attention on a particular value of t. Without loss of
generality we may take t; = 1, since we are working in projective space. If the

partial derivatives
oF
£ (t) (3.2)
7

were to vanish for 2 < ¢ < n, then the first partial derivative must vanish too,
since

0= dF(t) = t.VF(t).

However t was assumed to be non-singular, so there must be some non-vanishing
partial derivative with 2 < ¢ < n. Without loss of generality we shall assume

that in fact
oF

e OR (3.3)

Using Hensel’s lemma, along with (3.3), we can lift t to a p-adic solution
u € Zy of F(u) =0 in which u; = 1. One can now show that the equation

F(l,UQ+Y2,U3+Y3,...,’U,n+yn):0

may be used to define Y5 implicitly as a convergent p-adic power series in
Y3, ..., Y,, providing that p|Y; for 2 < ¢ < n. This is, in effect, an appli-
cation of the implicit function theorem, but we shall formulate it in terms of
polynomials, as follows.

Lemma 2 Let F(x) and u be as above. Then, for any integer m > 1 we can
find fr (Y3, Yy, ..., Yo) € Zp[Ys, ..., Yy], such that if F'(v) =0 for some v € Zy
with v1 = 1 and v =u (mod p), then

vy = fm(vs,...,v,) (mod p™). (3.4)
We shall prove Lemma 2 by induction on m. Write

oF
87562(11) = W,

say, and let f1(Ys,...,Y,) = ua, (constant) and

fm+1(Y37 e 7Yn) = fm(Y37 s 7Yn) - ,LL?IF(Lfm(YBa s 7Yn)71/33 c '7Yn)a

for m > 1. The case m = 1 of Lemma 2 is then immediate. For the general case
the induction hypothesis yields

vy = fm(vs,...,v,) (mod p™),

so that we may write
vy = fm(vs,. ., 0n) + AD™,
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with A € Z,,. Then

0 = F(v)
= F(lafm(vfia"'avn)av3a"-avn)
maF m—+1
+Ap a—m(l,fm(vg,...,vn),vg,...,vn)(modp ). (3.5)

Moreover, the induction hypothesis (3.4) shows that

fm(v3, ..., 0,) = uz (mod p),
since v =u (mod p). It follows that

oF

a—m(l,fm(vg,, ey V), U3, .., Upn) = p(mod p).

We now see from (3.5) that

)‘pm = _l"’ilF(la fm('l)g, e 'Un),’Ug, ce ,Un) (mOd pm+1)a

so that

vy = fm+1(v3, ..., v,) (mod pmH).

This completes the induction.

3.3 Vanishing Determinants of Monomials

Clearly we can apply an invertible integral linear transformation to the form
F(x) so as to produce a form in which the coefficient of z¢ is non-zero. Indeed
we can find such a transformation in which the coefficients are all O4,,(1). Thus
there is no loss of generality in assuming that the monomial ¢ has non-zero
coefficient in F(x).

We now choose a large integer D and define the set

E={(e1,...,en) €EZL" : ¢, >0, (1 <i<n), e, <d, ZeizD}. (3.6)

i=1
We shall write
E:#EZ(D+n1)_<Dd+n1>’ (3.7)

n—1 n—1

and we shall suppose for the moment that E < #S(t). Let x(", ... x(®) be
distinct vectors in S(t) and let

A= det(x(i)e)lgigE, ecé

where we write

€1 en __ e
wy . W, =W

Thus A is an E x E determinant with rows corresponding to the different vectors
x( and columns corresponding to the various exponent n-tuples e.

We proceed to show that A is divisible by a large power p™ of p. This will
enable us to deduce that A vanishes. Since x() € S(t), we see that the reduction
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modulo p of x(V represents the same projective point as t does. It follows that
p 1 x1 so that we may regard xl_lx = v, say, as a vector in Z;. We now have
vy = t; = 1. Moreover we may lift t to a vector (1,uz,us,...,u,) € Z; on
F =0, as in Lemma 2, so that v; = u; +y; for 2 <1 < n, for suitable y; € pZ,.

Lemma 2 now shows that

a=(T1I x&”)Ddet(v(i)e)KiSE, eee=( I M)DAO (mod p™),

1<i<E 1<i<E
where
Ao = det(My), My= (W) i<k, ece,
with
wgi) =1, wg:) = fm(’ugi)a s ,’US)),
and

w =0 (3<j <n).

We proceed to replace Uj(‘i) by wu; + yﬁ” for 3 < j <mn, so that we have p|yg('i). It
follows that

i)e (i)e1 (1) , () (i))

wi = w; ...zt)gf)e"zge(y3 JYd s Y

for a suitable collection of polynomials ge(Y3,...,Y,) € Z,[Y3,...,Y,]. We now
choose an ordering < on the vectors

f:(f3a"'afn)7 (f] €, fj 20)7

in such a way that f < ' if >° f; < > f;. (When n > 4 this can be done in
many different ways.) We then order the monomials Y¥ in the corresponding
fashion.

We now perform column operations on M using the following procedure. We
take the ‘smallest’ monomial Y¥, say, occurring in any of the polynomials ge. If
this monomial occurs in two or more such polynomials, we use the monomial for
which the p-adic order of the coefficient is least. We then interchange columns
so as to bring this term into the leading column, and proceed to subtract p-adic
integer multiples of the new first column from any other columns which contain
the monomial Y¥. Thus this monomial will now occur only in the first column.
We then repeat the procedure with the remaining n — 1 columns, looking again
for the ‘smallest’ monomial, placing it in the second column, and removing it
from all later columns. Continuing in this manner we reach an expression

A0 = det(Ml)v Ml = (he(y§1)7 s 7/Ll/7(zi)))1§1'§E7 1<e<E’

in which we have polynomials he(Y) € Z,[Y], with successively larger ‘smallest’

monomial terms.
f+n-=31Y\ _

There are
say, monomials of total degree f. Hence if e > n(0) +n(1) +... +n(f — 1), the
‘smallest’ monomial in he(Y) will have total degree at least f. We now recall
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that p\yy) for 3 < j < n whence every element in the e-th column of M; will
be divisible by pf. Since

fonu)— (7537,

K2

Soa-wn(12%) (V13"

it follows that if

and

<f:f;2)<E<((f+i)_+2"_2), (38)

then Ag is divisible by

pr (D202t A (N +(fHD)(E=n(0)=n()=..=n(f)) = ¥
say, where
-1
u:(f+1)E—(f:f1 ) (3.9)

We therefore specify that the prime power p™ with which we work will have
m = v. This leads to the following conclusion.

Lemma 3 If E lies in the interval (3.8) and v is as in (3.9), then
vp(A) > v

To show that A must in fact vanish we shall use information on its size.
Each entry in A has modulus at most B?, whence

|A| < EFPBPE,
Hence if we impose the condition
p’ > EFBPE, (3.10)

we deduce from Lemma 3 that A = 0.

3.4 Completion of the Proof

We are now ready to construct the form F}; corresponding to our chosen value of
t. Recall that we have supposed that #S5(t) > E, and that we took the points
xM . x(F) to be distinct elements of S(t). We now set #S(t) = K and
examine the matrix

— (x(ie

My = (X ' )1§¢§K, ecE

where the vectors x(*) now run over all elements of S(t). From what we have
proved it follows that Ms has rank at most £ — 1. This is trivial if K < F — 1,
and otherwise the work of the previous section shows that every E x E minor
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vanishes. We therefore see that Msc = 0 for some non-zero vector ¢ € ZF.

Hence if
Fi(x) =) cex®, (3.11)
ecé

we will have a non-zero form, of degree D, which vanishes for every x € S(t).
Theorem 14 requires that F(x) does not divide Fj(x). However this is clear
from our choice of the exponent set £, since F' contains a term in x‘fl, whereas
F}; does not.
From (3.10) we see that it suffices to have p >p BPE/Y o that it will be
enough to prove that
i PE =l a2
D—co VU n—2
In view of (3.1) this will complete the proof of Theorem 14.
From (3.7) we have

an72

b= (n—2)!

+0(D"?),

where the implied constant may depend on n and d. On the other hand, (3.8)
implies that
fn72

b= (n—2)!

+O(f"3).

We therefore deduce that
f=d""2D 4+ 0(1),

whence (3.9) yields

n— n—1
v = ((ni){)' +O(f"?)
dn=1/(n=2)(, _ 2) " n_ll)! +0(D"?). (3.12)

These estimates then produce the required limiting behaviour for DE /v, thereby
completing the proof of Theorem 14.

We end this lecture by establishing Theorem 5. For convenience we set
M = (d+1)(d+2)/2 and N = d? + 1. We then suppose that F(x) = 0 has
solutions x(M, ... xV) e 73, with \X(i)| < B. We now consider a matrix C
of size N x M, in which the i-th row consists of the M possible monomials of
degree d in the variables osgi), xéi), :cgi). Let f € ZM have entries which are the
corresponding coefficients of F', so that Cf = 0. It follows that C has rank at
most M — 1, since f is non-zero. We therefore see that C'g = 0 has a non-zero
integer solution g, which can be constructed from the various sub-determinants
of C. Tt follows that |g| <4 B¥. Now take G(x) to be the ternary form, of
degree d, corresponding to the coefficient vector g. By our construction, G(x)
and F(x) have common zeros at each of the points x(® for 1 < i < d? + 1.
This will contradict Bézout’s Theorem, unless F' and G are proportional. In the
latter case we may deduce that ||F|| <4 ||G]| <q B*™M, since the coefficients of
F have no common factor. This gives us the required conclusion.
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Lecture 4—Rational Points on Projective Sur-
faces

This lecture will be devoted to the proofs of Theorems 6 and 8. We shall not
present all the details, for which the reader should consult [15].

4.1 Theorem 6—Plane Sections

The principal tool for the proof of Theorem 6 is the following result from the
geometry of numbers, for which see [15, Lemma 1, parts (iii) & (iv)].

Lemma 4 Let x € Z™ lie in the cube |x;| < B. Then there is a primitive vector
z € 7", for which x.z = 0, and such that |z| < B/ (=1,
Moreover, if z € Z™ is primitive, then there exist primitive vectors

b, ... b ez
such that

n—1
2| < [] pY| < [zl. (4.1)
j=1

These have the property that any vector x € Z" with x.z = 0 may be written as
a linear combination

x=MbW 4 4, bV (4.2)
with A\1,...,A\n_1 € Z and

|

O]’

A < 1<j<n-—1).
It follows that the region |x| < X contains O(X"'/|z|) integral vectors
orthogonal to z, providing that X > |z|.

For the last part we note that |b)| <« |z| < X, by (4.1), and hence that
there are O(X/|b")|) choices for each \;. The result then follows from a second
application of (4.1).

Taking n = 4 we see that every relevant point on the surface F'(x) = 0 must
lie on one of O(B*/3) planes x.y = 0 with |y| < B'/3. We proceed to count the
number of points of the surface F'(x) = 0 which lie on a given plane. According
to Lemma 4, each vector y determines a triple of vectors b)), b3 b®)  We
may then write x in the form (4.2) and substitute into the equation F'(x) = 0
to obtain a condition G (A1, A2, A3) = 0, say, in which G is an integral form of
degree d, though not necessarily irreducible. If x is primitive then it is clear that
(A1, A2, A3) € Z? is also primitive. Moreover, if we choose [b(M)| < [b®)| < |b(3)|,
then the condition max |z;| < B implies max |\;| < ¢B/|b(!| for some absolute
constant c.
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4.2 Theorem 6—Curves of Degree 3 or more

If H is an absolutely irreducible factor of G, then the solutions of H (A1, A2, A3) =
0 will correspond to points on an irreducible plane curve in the surface F' = 0.
If H has degree at least 3, then

B
b

by Theorem 2. It is important to notice that the implied constant is independent
of H, and hence of the vectors bU) and y. The estimate (4.3) allows us to bound
the number of solutions of G(\1, A2, A\3) = 0 arising from all factors H of G with
degree 3 or more. We proceed to sum the bound (4.3) over those vectors y that
arise. In order to do this we need to count how many vectors y can correspond
to a given b, To do this we apply the final part of Lemma 4, taking z to be
b(M). We then see that there are O(B/|b()|) possible vectors y in the region
ly| < B'/? which are orthogonal to a given b(!), so that the total contribution
of the estimates (4.3), when we sum over y, is

B g
< 2 ()™ (4.4)

N(H;eB/bW]) <. ( )23+, (4.3)

the sum being over the possible vectors b(1). Since we took [b()| < [b®?)| <
[b®)|, and we also have

n—1
yl < [T Y1 < Iyl
j=1

by (4.1), it follows that [b(")| < |y|'/3 < B9, The sum (4.4) is therefore
<<E B5/3+€(Bl/9)475/376 <<s B52/27+€.

This is satisfactory for Theorem 6.

4.3 Theorem 6—Quadratic Curves

It remains to handle the case in which (A1, A2, A3) is a zero of a linear or
quadratic factor H of G. Here we shall be brief. If H is linear, then the
equations x.y = 0 and H (A1, A2, A3) = 0 describe a line in the surface F' = 0,
so that the corresponding points x are not counted by Ni(F;B). According
to Harris [10, Proposition 18.10], the generic plane section of any irreducible
hypersurface is itself irreducible. Thus the set of vectors y for which the corre-
sponding form G is reducible must lie on a certain union of irreducible surfaces
in P? (or possibly indeed in some smaller algebraic set). One can show [15, §6]
that the number and degrees of the components of this set may be bounded in
terms of d, so that there are O(Y3) admissible vectors y with |y| < Y. To obtain
the estimate O(Y?) one may apply Pila’s result (2.3) to components of degree 2
or more, and the trivial bound for linear components. In the case in which H is
quadratic it can be shown that there are O, (B'*¢|y|~1/3) solutions (A1, A2, A3).
Thus vectors y with Y/2 < |y| < Y contribute a total O.(Y3B<Y ~1/3) to
N1 (F; B). If we sum over dyadic intervals with Y < B'/3 the result is a contri-
bution O(B'7/9*¢). This is clearly satisfactory for Theorem 6. The reader may
note that it is only for cubic surfaces that the exponent 52/27 is required. In
all other cases one can do better.
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4.4 Theorem 8—Large Solutions

We turn now to Theorem 8. For the remainder of this lecture, all implied
constants may depend on the form G. This dependence will not be mentioned
explicitly. It will be convenient to make a change of variable in G so that the
coefficient of 2% is positive. This will not affect the result at all.

The reader may care to note that our treatment differs somewhat from that
presented in [15, §7]. This is because we have made the simplifying assumption
that the binary form G is irreducible over Q.

One technical difficulty with the proof of Theorem 8 is that one may have a
value of G(z,y) in the range 1 < G(z,y) < X, for which z,y are considerably
larger than X1/¢. The first task is to show that this happens relatively rarely.
We assume that C' > X'/¢ and define

S(X,C) =
#{(x,y) € Z*:1 < G(z,y) < X, C < max(|z|, |y|) < 2C, h.c.f.(z,y) =1},
Now, if z,y is counted by S(X,C) then there is at least one factor z — ay

of G(z,y) for which |z — ay| < X'/¢. Hence if we take C > c¢X/? with a
sufficiently large constant ¢, we must have

C<lr—dyl<C
for every other factor x — o’y of G(x,y). It then follows that
|z —ay| < XC174, (4.5)

Since Roth’s Theorem implies that |z —ay| >. C~17¢ we deduce that C' < X?.
(In fact we may draw a stronger conclusion, but the above suffices.) Thus we
will have S(X,C) = 0 unless C < X?.

We now estimate the contribution to S(X, (') arising from pairs (z,y) for
which (4.5) holds with a particular value of a. Such pairs produce primitive
lattice points in the parallelogram |y| < 2C, |z — ay| < XC*~4. In general a
parallelogram of area A, centred on the origin, will contain O(1 + A) primitive
lattice points (see [15, Lemma 1, part (vii)]). We therefore deduce that

S(X,C) <1+ X0%74,
We proceed to sum this up, for dyadic ranges with C' < X2. Thus, if
S(X,0) =
#{(z,y) € 2?1 < Gla,y) < X, max(|z],[y]) > C, hef.(z,y) = 1}

we will deduce that
S'(X,C) < log X + XC?74,

when C > X1/,
We proceed to define

r(n) = #{(x,y) € Z* : n = G(z,y)}

and
r1(n; C) = #{(z,y) € Z* : n = G(x,y), max(|z|, |y|) < C},
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ra(n; C) = #{(x,y) € Z* : n = G(x,y), max(|z],[y]) > C}.

Thus
X C
. _ /
ng(n,C) = Z S(mvﬁ)
n<X h< X1/d
X Cloy
< D0 {legX + 55
h<<X1/d
< XYogX 4+ XC*4 N h?
h<<X1/d
< XYdlogX + X027 (4.6)

This shows that ‘large’ pairs (z,y) make a relatively small contribution in our
problem.
It is trivial that

> mn;C) < C? (4.7)

whence
Z r(n) < C? + XY4log X + XC?*~% « Xx?/4,
n<X

providing that we choose C' = ¢X /% with a suitable constant ¢. It follows in
particular that there are O(X?/¢) positive integers n < X represented by G.

4.5 Theorem 8—Inequivalent Representations

For any n which has two inequivalent representations by the form G(z,y), we
must either have ro(n; C) > 0, or we will produce a point (1, z2,x3,24) on the
surface

E(x) = G(x1,22) — G(x3,24) = 0,

in the cube |z;| < C, and such that (z1,22) and (x3,24) are not related by an
automorphism. We define N'(C) to be the number of such points. We shall
show that

N(C) <. CP?/2T+e (4.8)

and that the form G has O(1) automorphisms. However before proving this, we
show how Theorem 8 will follow.
We first observe that (4.7) and (4.8) imply the estimate

S C)P? S N(@)+0(Y ] m(n;C)) < C2,

n<X n<X

where the second sum counts pairs (z1,2z2) and (z3,z4) which are related by
one of the finitely many automorphisms. If C' = ¢X /¢ with a sufficiently small
constant ¢, then max(|z|, |y|) < C implies |G(z,y)| < X. Since we are assuming
that G(1,0) > 0, it is then trivial that

Z r1(n; C) > C?

n<X
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since a positive proportion of the pairs z,y with max(|z|,|y|) < C will have
G(z,y) > 0. Now Cauchy’s inequality yields

> C2.

{anx r1(n; O)}?
Z 1> anX Tl(’fl; 0)2

We therefore see that the number of positive integers n < X which are repre-
sented by G, has exact order X?/?  as required for Theorem 8.

It remains to give a non-trivial bound for the number of integers n with two
or more essentially different representations by G. Since such integers are either
counted by A or have r2(n; C) > 0, we see that the number of them is

< NO)+ Y a0
n<X
<. 052/27+s +X1/d IOgX _|_X027d’

n<X,r;(n:C)>0

by (4.6) and (4.8). We therefore obtain a bound O.(X5%/(274=2)*¢) on taking
C = X?7/(27d=2) This proves Theorem 8, subject to the claims made above.

4.6 Theorem 8—Points on the Surface £ =0

It remains to investigate integral points on the surface
E(X) = G(l‘l, 132) - G(xg,x4) = 0,

for which max |z;| < C. Using the fact that G is irreducible one may show (see
[15, §7]) that E has no rational linear or quadratic factor. Thus one may apply
Theorem 6 to each factor of F(x) to deduce that

Nl(E, Y) <<€ Y52/27+€.

We now write N'*)(C) to denote the number of integral zeros of F, not neces-
sarily primitive, lying in the cube |z;| < C, but not on any line in the surface
E =0. Then

NO(E©) = 14 Ni(E;B/h)
h<C

<. 1+Z(O/h)52/27+s
h

<. (52/2T+e

Points which do not lie on lines in the surface £ = 0 therefore make a contri-
bution which is satisfactory for (4.8).

Since G has no repeated factors, the surface F is non-singular. Thus Colliot-
Théléne’s result, Theorem 12, shows that E contains finitely many lines L, say.
Now if L is not defined over Q it can have at most O(C') integral points in the
cube max |z;| < C. Such lines therefore make a satisfactory total contribution
O(C) to (4.8).

For any line L lying in the surface E(x) = 0 one can show that either all
points on L satisfy G(z1,2z2) = G(x3,z4) = 0, or that the points on L may be
written as (z,y, a1 + asy, asx + asy) with ajas # asas, so that one has

G(arz + azy, azz + asy) = G(z,y) (4.9)
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identically. In the first case the points on L correspond to solutions of G(xz,y) =
n with n = 0, which is excluded. In the second case we produce an automor-
phism of G, and if L is defined over Q this will be a rational automorphism.
Thus inequivalent solutions of G(x,y) = n > 0 cannot lie on rational lines in
the surface £ = 0.

Finally we note that all automorphisms produce lines in the surface, as in
(4.9). Thus there can be finitely many such automorphisms.

Lecture 5—Affine Varieties

5.1 Theorem 15—The Exponent Set &

In this lecture we shall prove Theorem 15, which concerns the counting function
(2.12) for integer points on affine varieties. We shall also illustrate Theorem 15
by deriving a new result on the representation of k-free numbers by polynomials.

We begin by following the previous proof of Theorem 14. Thus if we take
B = max(By,. .., B,) then we may use an auxiliary prime p in the range P <
p < P, providing that P > log?(||F||B). We will take (t,...,t,) to be a
non-singular point on the variety F(t) = 0 (mod p). We then aim to find a
polynomial Fj(x), determined by t, such that F}(x) = 0 for all integral points
x = t (mod p) that are counted by N(F;B). This will be possible if P is
sufficiently large, and we will then be able to take k < P" !log(||F||B) in
Theorem 15, since there are O(p"~!) possible vectors t modulo p. The proofs
of Lemmas 2 and 3 now go through just as before.

One major difference in our new situation lies in the fact that the values of
B; may be of unequal magnitudes. Thus one cannot arrange for F' to have a
non-zero term in x¢, say, merely by using a linear change of variables, since this
could radically alter the sizes of the B;. We therefore use a different choice for
the exponent set £. The set & must firstly allow us still to conclude that F(x)
does not divide F}(x), and secondly permit us to bound the determinant A as
sharply as possible.

To achieve the first goal, we write

F(Xy,..., Xn) = aeX{" ... X]",
f

and let P(F') be the Newton polyhedron of F', defined as the convex hull of the
points f € R™ for which ag # 0. There may be more than one exponent vector
f for which Bf takes the maximal value T, but in any case the maximum will
be achieved for at least one vertex m, say of P, so that

T =B". (5.1)
We shall then define our exponent set £ to be
E={(e1,...,en) €EZ": ¢, >0, (1 <i<n), ZeilogBi <Y,

i=1
e; < m; for at least one i}. (5.2)

We now show that the choice (5.2) ensures that F'(x) t F;(x). For any two
polynomials G1,G2 € R[x] we have P(G1G2) = P(G1) + P(G2), (Ostrowski
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[27]). Now, for any polynomial G, the set P(F) + P(G) must contain a point
m + g for some exponent vector g of G. Since g has non-negative components
it follows that m + g ¢ £. Thus we cannot have F; = F'G, whence F' cannot
divide F}, as required.

5.2 Completion of the Proof of Theorem 15

It remains to estimate the size of the determinant A and to compute the expo-
nent v for our new set £. _

Tackling the determinant A first, we use the fact that |x§J )| < B;, to show
that the column corresponding to exponent vector e consists of elements of

modulus at most N

B° =[] Bf".

i=1
It follows that

Al < E"BE, (5.3)
where
> e=E. (5.4)
ecé&

For any e € Z™ with e; > 0 we set
n
o(e) = Zei log B;.
i=1

Then

logB® =Y "o(e)= > ale)—> Wo(e),

ecf o(e)<Y

where X(1) denotes the conditions o(e) <Y and e; > m; for 1 <i < n. If we
substitute e; + m; for e; in ¥ we obtain

logB¥ = Z o(e) — Z (o(e) +1ogT)

o(e)<Y o(e)<Y —logT
= Z o(e) — (logT) Z 1
Y —logT<o(e)<Y o(e)<Y —logT

{Y +O(logT)} Z 1

Y —logT<o(e)<Y

—(logT) Z 1. (5.5)

o(e)<Y —logT
Now, if B = max B;, then

zn Zn—l
0]
n![]log B; + (HIOgBi

for Z > 0, as an easy induction on n shows. Thus

#{e:o(e) < Z} = log B) (5.6)

n n—1

) Y Y
logT 1:710gT+0710g2T 57
( )U(E)SY*IOgT n![[log B; (Hlog B; ) (5.7)
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whether Y > logT" or not.
Tt is not so easy to estimate the first term in (5.5). However for any 6 € (0, 1]

we have
Z(14:6)
/ { > 1}y => / 14y,
Y e

Z Y —log T<o(e)<

with the range of integration on the right being for Z < Y < Z(1 4 4) and
o(e) <Y <o(e)+1logT. Thus (5.6) yields

Z(1+6)
/ { > 1}dY < (logT) > 1

Z

Y —logT<o(e)<Y Z—logT<o(e)<Z(1+4)
logT (1+6)"—1 1
= Z" 4+ 0(Z™" " logT)}.

Similarly we find that

Z(1+5)
/ { > 1}dY > (logT) > 1

Z

Y —logT<o(e)<Y Z<o(e)<Z(1+446)—log T
logT (1+6)"—1 .
= Z"4+0(Z" logT)}.
TTios A +0( ogT)}
Thus there is some Y in the range Z <Y < Z(1 + §) for which
log7" (1+46)" -1, 4 —1n—2
1 = z" O 2" *“logT
Z [1log Bi{ on! +0( ogT)}
Y —logT<o(e)Y
log T A 1 1 n—2
= oz" O " Z" *logT
logT yn-1
= 8- g FOBY™ ) + 05 Y " 2log T)}.

[Tlog B; *(n —1)!

If Y > logT we may choose
[logT
5 =
Y

logT yn—1 L
1= y=3/2(100 T)1/2)1. .
2 HlogBi{(n—l)!+O( (log T)™/%)} (5.8)
Y—log T<o(e)<Y

so that

If Z > logT, we now see that any range Z <Y < 2Z contains a value of Y for
which (5.8) holds. For such Y equations (5.5), (5.7) and (5.8) yield

logT yn logT Y™ log T o
loc BE = _ z _9%7  yn-1/2(196 T)1/2
n—1 logT logT
= 77)/71 1 ) .
n! ]]log B; {1+0of Y )} (5.9)

A similar but simpler argument provides us with our estimate for v. Indeed
(3.8) and (3.9) still apply, but with n replaced by n + 1. It follows that
1

v= m{(n — DIE/ =D 4 O(E~Y (=Y,
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where ' = #&. However, as in (5.5), we have
D SR ST S
o(e)<Y o(e)<Y —logT Y—-logT<o(e)<Y

For the value of Y we have chosen, it follows from (5.8) that

1o} n—1 o
b= HllngBi (:_ it + o lf/T)} (5.10)

Since log B; <logT for each index ¢, we deduce that

E> (log T)n_1

if Y > log T, and hence that

- n(an 2)!{1‘[1(1)5531- e 0(\/@)}- (5.11)

As before, we need p” > |A|. A comparison of (5.3) (5.9) and (5.11) now shows
that if £ < C, say, then we can take

_ Ilog B 1/(n—1)
+00(1) = {H] S+ O

logT
Y

log BE
p="2 )} +0c().
If ¢ > 0 is such that B; > B¢ for 1 <i < n, and Y = AlogT, then (5.10)
yields ¥ < .,q 1. By allowing A to become arbitrarily large we can therefore
take [Tlog B
98 Biy1/(n-1)
1 < (1 T .
ogp < (L+e){ log T }
Thus the bound given in Theorem 15 certainly holds if B; > B¢ for 1 <i < n.
On the other hand, if By < B¢, say, we can merely take the polynomials
F;(x) as Fj(x) = x1 — a; for the various integers a; € [—By, By]. Clearly each
relevant point will be a zero of such a polynomial, and there are < B; < T¢ of
them. This completes the proof of Theorem 15.

5.3 Power-Free Values of Polynomials

We shall now apply Theorem 15 to the problem of power-free values of polyno-
mials. Let f[X] € Z[X] be an irreducible polynomial of degree d. It can happen
that there is a prime p such that p?|f(n) for every integer n, even though f is
necessarily primitive. (The polynomial X% 4+ 2X? — X2 — 2X + 4 provides an
example, with p = 2.) However if we assume that there is no prime p such that
p?|f(n) for every integer n, then we would expect f(n) to represent infinitely
many square-free integers. This is known only for polynomials of degree d < 3.
This is relatively trivial for d < 2, and was shown by Erdés [6] for d = 3. When
one considers polynomials of higher degree one may ask for which values of k
one can assert that f(n) is infinitely often k-th power free, or “k-free” for short.
Hooley showed that one may take k = d — 1 in general, and Nair [25] that any
k> (V2- %)d is admissible.
We shall strengthen this result for d > 10 as follows.
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Theorem 16 Let f[X] € Z[X] be an irreducible polynomial of degree d, with
positive leading coefficient. Suppose we have an integer k > (3d + 2)/4, and
assume moreover that there is no prime p such that p*|f(n) for every integer n.
Then

#{n < B: f(n) is k-free} ~ C(k, f)B

as B tends to infinity, where

C(k, f) =TIt = p")/p"),

P
with p(n) being the number of zeros modulo n of the polynomial f(x).

Note that although (3d 4 2)/4 < (V2 — 1)d as soon as d > 4, we only have

[(3d+2)/4] < [(V2— $)]d when d > 10.
The initial stages of the argument are straightforward. We shall assume that
f is fixed, so that any order constants in the following may depend on f.

One has n)
| 1, f(n)is k-free,
Z u(h) _{ 0, otherwise,
R¥|f(n)
whence
#{n < B: f(n) is k-free} = Zu(h)N(h, B),
h
with

N(h,B) = #{n < B : h¥|f(n)}.
Moreover we see that N(h, B) = 0 for h > B%* and that

N(h, B) = rp(h*) + O(p(i*)

in general. Since p(h) is multiplicative, and p(p) < 1, we see that p(h*) <. h®
for any € > 0. It follows that

> w)N(h,B) = B> u(h)p(h)/h* +0:(>_ h*)

h<H h<H h<H
= B{C(k, f)+ Os(H"F)} + Op(H').

Thus, if we choose H = B'~9 with any fixed positive § we will have

> uh)N(h B)~C(k,f)B.

h<B1-$

It therefore remains to show that

> N(h,B) = o(B). (5.12)

Bl—5<h<<Bd/k

For any integer H with B'=% <« H <« B¥*, we have

> N(h,B) < N(F;By, By, By),
H<h<2H
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where F(x1,22,73) = f(z1) — 2523 and By = B, By = 2H, B3 < B?/H*. This
polynomial F' is clearly absolutely irreducible. It will be convenient to replace
the above inequality by a slightly sharper one

> N(h,B) < N'(F; By, By, Bs), (5.13)
H<h<2H

in which N'(F; By, By, B3) counts only solutions in which s is a positive square-
free integer. We now apply Theorem 15, in which 7" will be of order B?. Writing
_ logH
~ logB

n

so that
1-6<n<d/k+o(1)

we find that all relevant triples satisfy one of

Ods(B2 n(lfkn/d)+s) (514)

auxiliary equations Fj(x1,x2,23) = 0, of degree at most D = D(d,e). On
multiplying by 57 we can eliminate x3 from such an auxiliary equation, using
the fact that

hrs = f(x1). (5.15)

It follows that we may assume that the auxiliary equations take the shape
Gj(z1,22) = 0, with no dependence on z3. This elimination process will pro-
duce produce polynomials G; which do not vanish identically, since the original
polynomials F; were coprime to F'. Moreover the degree of each G; is at most
D(d,e) for some new fuction D. If G, is not absolutely irreducible we may
split it into its irreducible factors. In view of Theorem 3 we can concentrate on
factors which have rational coefficients. Thus we may suppose that G;(z1,z2)
is absolutely irreducible.

We now write H;(y1,v2,y3) = y2G;(y1/y3, y2/y3), so that H; is a non-zero
form of degree D. According to Theorem 5 there are two cases. In the first case
N(H;; L) < D* where L = max(B,2H,1). It then follows that j determines
Og.c(1) admissible values for z1,z2. Moreover, since we are assuming that
2o > 0, the relation (5.15) then shows that any admissible pair x1, z2 determines
at most one admissible value of x3. In the second case the coefficients of G
may be taken to be integers of size O(BY) for some exponent N depending at
most on d and €. Since we are only interested in values zo > 0 we may remove
any factors of x5 from the polynomial G;. Thus we can write

Gj(X1,X2) = GV (X1) + X268 (X1, X2)

for appropriate integral polynomials G;O) and G;l), with GEO) not identically
zero, and having coefficients O(B”). We now subdivide this second case into 2
subcases. In the first subcase we will have f(x) { GE-O) (x), while in the second

subcase we will have f(x)|G§-O)(x)

For the first of these subcases we observe that xo must divide G;O)(xl).
However it is clear from (5.15) that zo also divides f(z1). Thus we conclude
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that o must be a factor of the resolvent R of f and G§-0). Since f(X) does not
divide G;O) (X) it follows that R is non-zero, and our bound on the coefficients

of Ggo) implies that R < BN’ for some N’ depending only on d and . Hence
xo can take at most d(R) <. B¢ values in this first subcase. (Here d(...)
is the usual divisor function.) Now x5 is assumed to be square-free, so that
p(x2) < BE. Moreover the equation (5.15) implies that f(z1) = 0 (mod x2).
Hence we see that the number of possible values of x; corresponding to each
admissible zo is

< (1+ B/x2)p(a2) < (1+ B/H)B® <. B**=.

As before 21 and x2 determine z3, by (5.15). It therefore follows that each value
of j produces O(B%+2) triples (21,2, 23) in the first subcase.

Turning to the second subcase, in which F(X)\G§O) (X), we note that G’S-O)
must have degree at least d. We then apply Theorem 15 to the equation
Gj(z1,22) =0, taking B1 = B, Bo =2H, and T > B®. This shows that there
are O.(B°H 1/ d) possible pairs x1, x2, and as usual any such pair determines at
most one value of x3.

We can finally conclude, via (5.14), that (5.13) holds with

N'(F; By, By, B3) < B*VnU=kn/dyin/dt2e

providing that 0 is taken to be small enough. This suffices to establish (5.12),
assuming that we have

sup 2v/n(l —kn/d)+n/d < 1,

1<n<d/k

Since this holds providing that k > (3d + 2)/4, the proof of Theorem 16 is
complete.

Lecture 6—Sums of Powers, and Parameteriza-
tions

In this lecture we shall look at the projective surface
R e (6.1)

and the affine surface
e+l +2d=N.

It transpires that our basic techniques are well adapted to these, but need to be
supplemented by information about possible curves of low degree (or low genus)
lying on these varieties.

6.1 Theorem 13—Equal Sums of Two Powers

We shall begin by examining the surface (6.1). We can make a direct application
of Theorem 14 to show that all points in the box max |z;| < B must lie on one

of Og,d(B3\/3+5 ) curves in the surface. Moreover Theorem 12 tells us that Og(1)
of these curves can have degree d — 2 or lower.
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We begin by disposing of points which lie on a curve C' of degree k > d — 1
in the surface (6.1). Here we can apply Theorem 4 to show that any such
curve contributes O, (B?/*+¢) to Ny(F;B). Since we have d — 1 < k < 4. 1
it follows that the total contribution to Ni(F'; B) from all such curves arising
from Theorem 14 will be O (B3/Vd+2/(d=1)+2) " ag required for Theorem 13.

We therefore turn our attention to the curves of degree at most d — 2. The-
orem 12 assures us that we can produce a finite list of these, independently of
B. Thus we do not have the usual problem of uniformity with respect to B. It
follows that we may apply the theorems (1.3) and (1.4) of Néron and Faltings to
show that any curve of genus 1 will contribute O, 4(B¢) and any curve of genus
2 or more will contribute Og4(1). Thus we have a total contribution of O, 4(B%)
to N1(F; B).

It follows that we must now examine the possibility that there are curves
of genus zero on the surface (6.1). In doing this it in fact suffices to work over
C. Since any curve of genus zero can then be parameterized by polynomials we
shall look for possible polynomial solutions to (6.1). This is clearly a question
of interest in its own right, in view of the solutions (1.6) and (1.8) for the cases
d=3 and d=4.

We shall establish the following general result, following an argument due to
Newman and Slater [26].

Lemma 5 Let n > 2 and let f1(t),..., fo(t) € C[t] be non-zero polynomials.
Suppose that d > n(n —2). Then if

S fmt=0
j=1

holds identically, there must be two polynomials f;, f; which are proportional to
each other.
If one of the polynomials is constant it suffices to have d > (n —2)(n — 1).

We therefore see that there can be no analogue of Euler’s parametric solution
to (1.7) for the surfaces (6.1) when the degree is 8 or more. Indeed, when n = 4
and d > 8 we may conclude that f;(t) = cf3(t), say. Then either ¢? = —1, or

A+ f2() + fa() =0

with )
f3(t) = (L+eHMVafs(t) # 0.

In the first case we must have f1(t)? + fo(t)? = f3(t) + f4(t)? = 0. In the sec-
ond case, Lemma 5 shows that at least two of f1(t), f2(¢), f3(t) are proportional,
and hence that all three are. In either case we see that the original polynomials
f1(t), ..., fa(t) are all proportional. These polynomials would then not param-
eterize a curve. We therefore see that, for d > 8, any curve of genus zero lying
in the surface
x(li—i—xg—xg—xff:O

must be one of the obvious lines, and hence cannot contribute to Ny(F'; B).
This establishes Theorem 13 when d > 8. On the other hand, if d < 7 one has
3/Vd+2/(d—1) > 1, so that Theorem 13 follows from Theorem 11 in this case.
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We now prove Lemma 5, which will be done by induction on n, the result
being trivial for n = 2. Clearly we can suppose that the polynomials f;(t) have
no common factor. It will be convenient to write F;(t) = f;(t)?. We begin by
differentiating the relation

n
> i) =

j=1
repeatedly, and we set
_ d\i .
mﬂw:Eﬂ@May@m (0<i<n-2). (6.2)

We then deduce a system of equations

S Hij(t)Fj(t)=0 (0<i<n-2),

Jj=1

which we write in matrix form as HF = 0, where H is the (n — 1) x n matrix
with entries H;;(t), and F is the column vector of length n, with entries Fj(t).

We consider two cases. Suppose firstly that H has rank strictly less than
n — 1. In this case all the (n — 1) x (n — 1) minors H,(t) (say) must vanish. We
now observe that

Fl(t) .. F,_1()
Fi(t)Fo(t) ... Fror (O Hp(t) = s ,
@R (@) R
which is the Wronskian of Fy(t), ..., Fh_1(t). Accordlng to our assumption this
vanishes, and hence the polynonnals Fi(t),... —1(¢) will be linearly depen-
dent over C. There is therefore a set S C { ,n — 1} for which we have a
relation
Z a; Fy(t) =

JjES
in which none of the «; are zero. Moreover, if #S = n/, we will have 2 < n/ <
n — 1. We can now pick any d-th roots a'/¢ to obtain an equation of the form

> Ao fi0}* =0

jES
According to our induction hypothesis, two of the polynomials f;, f; must be
proportional, as required.

We turn now to the second case, in which the rank of H is n—1. In this case F
must be proportional to (Hy, ..., H,). Without loss of generality we can assume
that the degree h, say, of fi(t) is maximal. On recalling that Fj;(t) = f;(t)?
see from (6.2) that there are polynomials g;;(t) such that

Hiy(t) = 94050, desla (1) < ih— ).

consequently, if we define
={[Trwy 2
j=1
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and set
Q) H;(t) = P;(t), (1<j<n), (6.3)
it follows that P;(t) must be a polynomial, and that

(n— 1)(n—2).

deg(P;(1)) < (n—2)nh — "

(6.4)

However the polynomials F(¢),..., F,(t) will be coprime, and F(t) is propor-
tional to (Py(t),..., Pu(t)). It follows that

-1 -2
hd = deg(f,(1)") = deg(Fy (1)) < deg(Py (1)) < (n — 2~ L= D=2)
We therefore obtain a contradiction if
n—1
-2 - .
a>(n-2)n-"2)

In particular we cannot have d > n(n — 2), irrespective of the value of h. If one
of the polynomials is constant then the bound (6.4) may be replaced by

deg(P;(t)) < (n—2)(n —1)h — W’

and we cobtain a contradiction when d > (n — 2)(n — 1). This completes the
proof of Lemma 5.

6.2 Parameterization by Elliptic Functions

Lemma 5 gives good control over possible genus zero curves on diagonal hyper-
surfaces
Xt +Xx4=0. (6.5)

One can prove analogous results for genus 1 curves in general, but here we
shall restrict attention to plane cubic curves. These can be parameterized using
the Weierstrass elliptic function. Specifically, if there is a plane cubic curve
contained in the variety (6.5), then there are functions

fi(2) = Aj9'(2) + Bijp(2) + G5, (1 <j <n), (6.6)

not all proportional to each other, such that

n

> Fi()" =0

j=1
identically for z € C. Since the vector (f1(z),..., fn(2)) must describe a cubic
curve rather than a straight line, we conclude that the matrix
A ... Ay
M=| B ... B,
cy ... Cy

must have rank 3,
We shall now have the following result, analogous to Lemma 5.
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Lemma 6 Letn > 2 and let f1(2),..., fu(2) satisfy (6.6). Assume further that
the corresponding matriz M has rank 3, and that d > (Tn — 1)(n — 2)/6. Then

if
> 5 =0
j=1

holds identically, there must be two functions f;, f; which are proportional to
each other.

Before proving this we note that Green [9] gives a result which is both
stronger and more general than Lemma 6. He proves that it suffices to have
d > (n —1)?, even when the f; are arbitrary meromorphic functions which do
not all vanish simultaneously. (We will also encounter such a condition, but
it causes no problem for functions of the form (6.6).) Green’s argument uses
Nevanlinna theory, while our proof is more explicit and self-contained.

The result given in Lemma 6 is trivial if any function f;(z) vanishes iden-
tically, so we shall assume that each such function is non-zero. At least one
matrix

A A; A
Bi B By |.
c;, C; Cp

where ¢ < j < k, will be non-singular, since M has rank 3. It follows that the
simultaneous equations

filz0) = Aip'(20) + Bip(z0) +C; = 0
filz) = A;jp'(20) + Bjp(z0) +C; = 0
fe(z0) = Arp'(20) + Bep(20) + Cr = 0

have no solution. Hence there can be no zy € C at which f;(2), f;(2), fx(2) all
vanish.

The argument now follows that given for Lemma 5. If the matrix H has
rank n — 2 or less, there will be two functions which are proportional. On the
other hand, if the rank of H is n — 1, then the vector F will be proportional to
(Hq,...,Hy). In particular we see that none of the H; can vanish identically,
so that we may write

R (8) ) RO o1
Fi(z)  \[fi(2) Hi(z)  Pi(z)’
with functions P;(z), Pj(z) constructed as in (6.3). This construction shows

that these functions are polynomials in g and its derivatives, and that they
have poles of order at most

Sn(n—2) + (n— 1)2(n -2) _ (Tn — 1;(71 —2) (6.58)

at the origin.

In completing the proof we shall use the fact that a doubly periodic meromor-
phic function has the same (finite) number of poles as zeros, counted according
to multiplicity, in its fundamental parallelogram. There must be some index i
for which A; # 0, since M has rank 3. For this index, f;(z) has a single pole, of
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order 3. Thus f; has zeros of total multiplicity 3. Suppose that zq is such a zero,
and has multiplicity p say. We have already noted that the functions f1,..., fn
cannot all vanish at zy. There is therefore an index j with f;(z0) # 0. Since P;
is a polynomial in g and its derivatives, it has poles only at the origin, within
the fundamental parallelogram. We then see from (6.7) that P; will have a zero
of order at least ud at the point zy. We may apply this reasoning to each of
the zeros of f; and show that P; has zeros of total multiplicity at least 3d in the
fundamental parallelogram. On the other hand, (6.8) provides an upper bound
for the multiplicity of the poles of P;. A comparison of these bounds yields

—1)(n—2
3d < 3n(n-2)+ %,
contradicting the assumption of the lemma. This suffices for the proof.

6.3 Sums of 3 Powers

We turn now to the affine surface
2l +xd +2d=N. (6.9)

Bearing in mind the arithmetical significance of this we will only look at solutions
with z; > 0. Let 7(IV) be the number of such solutions. When d > 2 we easily
have r(N) <4 N'/%*¢ but no improvement in the exponent 1/d has hitherto
been given, for any value of d. The exponent is certainly best possible for d = 2,
and for d = 3 it was shown by Mahler [24] that r(N) = Q(N'/'2). This follows
by taking N = n'? in the identity

(924)* + (3zn® — 92) + (n* — 92%n)? = n'?. (6.10)

In general such an identity must arise from an expression of a non-zero constant
as a sum of three d-th powers of polynomials. A comparison of the leading
terms in such an identity shows that d must be odd, while Lemma 5 shows that
we must have d < 6. Thus there can be no analogue of Mahler’s identity for
higher powers, except possibly for d = 5. Indeed it may be conjectured that
r(N) <4, N¢ as soon as d > 4. The following result goes some way towards
this.

Theorem 17 For d > 8 we have
r(N) <. NO/d+e
where
R
vd d—1
Observe that we have a non-trivial bound 6 < 1 for d > 8. Note also that the
theorem remains true for d < 8, by the trivial bound r(N) <. N1/d+e since

6 > 1 for d < 8.
For the proof we begin by applying Theorem 15 to the polynomial

9:

d d d
F(z1,29,23) = 2 + x5 + 25 — N,
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taking By = By = By = N'/¢ = B, say. We conclude that all relevant points lie
on one of O, (B2/V4+¢) curves, each having degree O.(1). When such a curve has
degree D > d — 1, it will have O, (B?/P+¢) corresponding points, by Theorem 4.
The total number of solutions of (6.9) in such cases is thus O.(B+¢), which is
satisfactory. Indeed for curves in A? Pila [28, Theorem A] shows that one may
replace the exponent 2/d in our Theorem 4 by 1/d. Thus in our situation each
curve of degree D > d — 1 will contribute O.(BYP*¢). Tt follows that Pila’s
result allows us to improve 6 to

2 1
0=—

Vi a-t1
We have only stated the slightly weaker result in our theorem in order to be
self-contained.

Now let C be a curve of degree at most d — 2, contained in the surface (6.9).
If 6 : A3 — A3 is the map

O(x1, 29, 3) = N~V (21, 29, 23),

then 6(C) is a curve of degree at most d — 2, lying in the non-singular surface
S, given by y¢ + yd + y¢ = 1. Theorem 12 has a natural affine version, which
shows that there are O(1) such curves, Cy,...,Cy, say. Obviously ¢ and the
curves C; depend only on d and not on N. Suppose that 0(C) = C;, say.
Let 7 : A3 — {0} — P? be the map given by m(z1, 22, 3) = [(x1, 72, 23)], where
[(z1, 2, r3)] is the point in P2 represented by (x1, x2, z3). Since (0,0, 0) does not
satisfy (6.9) it cannot lie on the curve C, and hence 7 gives a regular map from C'
into P2. Moreover, since m(x) = 7(6(x)) we find that 7(C) = 7(6(C)) = 7(C;).
Thus the Zariski closure 7(C) must be one of a finite number of curves 7(C;),
independent of N. Write I'; = 7(C;), for convenience.

This is the key point in our argument. The curves C are likely to be different
for different values of N, and as N varies we will encounter infinitely many
different curves C. Thus it appears that we will have a problem of uniformity in
N. However these curves are all ‘twists’, by N'/¢, of a finite number of curves
C;, and by mapping into P2 each of these twists gets sent to the same curve T';.
The uniformity issue then disappears. Of course we are left with the problem
that each point in P? corresponds to many different points in A3. However,
these are scalar multiples of one another, and at most one can be a solution of
(6.9) for a particular value of N.

We now begin by disposing of the case in which I'; is not defined over Q.
In this case the rational point 7(x) lies on the intersection of I'; and any one
of its conjugates. Such an intersection has O(1) points by Bézout’s Theorem.
Thus T'; contains O(1) rational points. As noted above, each such point in P?
can correspond to at most one solution of (6.9). Thus (6.9) has O(1) solutions
x for which 7(x) lies on a curve I'; not defined over Q. Next, if I'; has genus
2 or more, it will have O(1) points by Faltings’ Theorem (1.4), and again there
are O(1) corresponding solutions of (6.9). In the case in which I'; has genus 1,
Néron’s result (1.4) similarly yields O(B¢) solutions of (6.9). Thus it remains
to consider the case in which I'; is defined over Q and has genus zero.

In this final case we observe that a curve of genus zero defined over Q can
be parameterized by rational functions. To be more precise, there are forms
fi(u,v), fa(u,v), fs(u,v) € Zu,v], with no common factor, such that every
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rational point on I';, with at most finitely many exceptions, is a non-zero rational
multiple of (f1(u,v), fa(u,v), f3(u,v)) for appropriate coprime u,v € Z. Thus
it remains to examine solutions to the equation

)\d{fl(u,v)d + fg(u,v)d + fg(u,v)d} =N, A€Q, uv,veZ, (u,v)=1.

The forms f1, f2, f3 can be considered fixed, independently of N, but A, and of
course u and v, may vary. We shall need to control A. Write A\ = p/v with
(u,v) = 1. We now use the fact that the forms f; are coprime to produce
relations of the form

3 3

Zgi(u,v)fi(u, v) = Gu”, th‘(% v) fi(u,v) = Hu",

=1 i=1

where g¢;(u,v), h;(u,v) are integral forms, and G, H are non-zero integer con-
stants. Since Af;(u, v) must be integral for ¢ = 1,2, 3, in any solution of interest,
we conclude that v|f;(u,v), and hence that v|Gu" and v|Hv". However u and v
are assumed to be coprime, so that v|GH. It follows that v takes finitely many
values. Moreover we have u?|N, so that u can take at most O(N¢) values.

We are left to consider the number of solutions of the Thue equation

fr(u,0) + fo(u,v)? + fa(u,v)? = v~ 4N (6.11)

for fixed forms f1, fo, f3 and fixed p,v. We denote the form on the left by
F(u,v). If F(u,v) has at least two distinct rational factors, say Fi(u,v) and
F5(u,v) then we will have Fj(u,v) = Ny and Fy(u,v) = N» for certain factors
Ny, Ny of viu=@N. These two equations determine O(1) values of u,v, by
elimination, so that (6.11) has O.(N¢) solutions. Now suppose to the contrary
that F' is a constant multiple of a power of an irreducible form F} say, in which
case we have to consider solutions of an equation F(u,v) = Ni. When F has
degree 3 or more one may apply an old result of Lewis and Mahler [23], which
shows that there are O(A“(M)) such solutions, with a constant A depending
only on Fj. This is enough to show that there are O.(N¢) solutions in this case.

Now consider the case in which F; has degree two. Here there will be O (N¥)
solutions to the equation Fj(u,v) = Nj providing that we have u,v < N.
However we assumed that the forms f; had no common factor, and we may
therefore take f1, say, to be coprime to Fy. Now if Fj(u,v) < N then there is
a root a, say of F;(X,1) = 0 such that v — av < v/N < N. Similarly, since
fi(u,v) < N, we have u — fv < N for some root 3 of f(X,1). By subtraction
we obtain (8 — a)v < N. Since F; and f; are coprime we will have o # S,
whence v < N. Similarly we have u <« N. This provides the necessary bounds
on v and v.

We have finally to consider the case in which Fj is linear, so that F(u,v) =
c(au + bv)¥, say. We then have an identity

f1(u, v)d + fa(u, v)d + f3(u, v)d = c(au + bv)k,

and it is clear that d must divide k. But then Lemma 5 applies, since d > 8.
Thus at least two of the terms must be proportional. A second application of
the lemma then shows either that all four terms are proportional, contradicting
the coprimality of fi, fo and f3, or that f¢& + fj‘-j vanishes identically for some
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pair of indices i # j. In the latter case the corresponding solutions to (6.9)
cannot involve strictly positive integers. This completes the proof of Theorem
17.
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