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Abstract

In this thesis, we are dealing with both arithmetic and geometric problems coming from the
study of rational points with a particular focus on function fields over finite fields:

(1)

()

(4)

Using the circle method we produce upper bounds for the number of rational points of
bounded height on diagonal cubic surfaces and fourfolds over F (¢). This is based on
joint work with Leonhard Hochfilzer.

We study rational points on smooth complete intersections X defined by cubic and
quadratic hypersurfaces over [F,(t). We refine the Farey dissection of the “unit square”
developed by Vishe [202] and use the circle method with a Kloosterman refinement to
establish an asymptotic formula for the number of rational points of bounded height on
X when dim(X) > 23. Under the same hypotheses, we also verify weak approximation.

In joint work with Hochfilzer, we obtain upper bounds for the number of rational points of
bounded height on del Pezzo surfaces of low degree over any global field. Our approach
is to take hyperplane sections, which reduces the problem to uniform estimates for the
number of rational points on curves.

We develop a version of the circle method capable of counting [F -points on jet schemes
of moduli spaces of rational curves on hypersurfaces. Combining this with a spreading
out argument and a result of Mustatd [150], this allows us to show that these moduli
spaces only have canonical singularities under suitable assumptions on the degree and the
dimension.

In addition, we give an overview of guiding questions and conjectures in the field of rational
points and explain the basic mechanism underlying the circle method.

vii
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CHAPTER

Introduction

Given polynomials Fy,..., Fr € Z[xy,...,x,|, seeking integer or rational solutions to the
system of equations F(x) = --- = Fr(x) = 0 is one of the most foundational problems
in number theory. Such equations are called Diophantine equations, named after the Greek
mathematician Diophantus of Alexandria, who studied them more than 2000 years ago.
However, the investigation of these equations already started before the times of Diophantus.
For example, it has already known to the Babylonians how to compute Pythagorean triples in
1800 BC. In most cases it is already highly non-trivial to decide whether a given system of
Diophantine equations has a solution. For example, for an integer n > 1, let

Fo(x,y,z) =a" +y" — 2"

When n = 1, the equation F}, = 0 is linear and all the infinitely many solutions can be described
quite easily. For n = 2 there are infinitely many solutions, the so-called “Pythagorean triples”
that are known since antiquity. However, as soon as n > 3, the picture suddenly changes.
Fermat claimed in the 1670s that the trivial solutions satisfying zyz = 0 are the only ones
and remarked “/ have discovered a truly marvelous proof of this, which this margin is too
narrow to contain.” This innocuous assertion became the motivation for one of the biggest
achievements in number theory and all of mathematics in the 20th century. Andrew Wiles
together with Richard Taylor [208, |193] proved the modularity theorem in 1995, more than
300 years after Fermat, and thus completed the proof of Fermat's claim.

However, Diophantine equations are not only interesting for their own sake, or because of
their impact on number theory. One the one hand, mathematicians have borrowed tools from
diverse areas of mathematics such as algebraic geometry and logic to tackle Diophantine
equations. On the other hand, Diophantine equations have had a massive impact on other
areas such as algebraic geometry. For example, the igniting spark for the revolution of algebraic
geometry and the development of étale cohomology by Grothendieck and his collaborators was
an attempt to solve the Weil conjectures. The connection between Diophantine equations and
geometry is given by the fact that the system of equations F(x) = --- = Fr(x) = 0 defines
an algebraic variety inside the affine space A", and if the F; are all homogeneous, inside the
projective space P"~!. Therefore, integer solutions to a system of homogeneous equations
correspond to rational points on the variety defined by that system.

One point of view that crystallized over the last century is that the geometry of the underlying
variety governs the behaviour of its set of rational points. We shall expand upon this perspective
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in Chapter 2. In particular, we introduce some of the guiding questions in the field of rational
points and explain how certain geometric properties can be used to (at least conjecturally)
answer them.

This entails qualitative aspects, such as criteria for the existence of solutions, but also finer
measures for the quantitative distribution of rational points. Given a parameter B > 0, we
can for example consider the counting function

Np,,.ra(B) =#{x € Z": Fi(z) = --- = Fg(z) = 0,|z| < B}

and try understand to how it behaves as B — oco. Manin and his collaborators [76] put
forward a conjecture for an analogue of this counting function for rational points of bounded
height on Fano varieties that we explain in Section 2.3. For the particular case of complete
intersections in projective space, one of the most versatile tools to study this counting function
is the circle method that goes back to the pioneering work of Hardy and Ramanujan on the
partition function [93]. The starting point is the simple identity

! 2mian 1 ifn= 07
/ e da = _
0 0 ifneZ)\{0}.

When F € Z[xy,...,x,] and & € Z", we can apply this identity to n = F'(x). This allows us
express the counting function Nz (B) as the integral

1
/ S(a)da,
0
where S(a) is the exponential sum

S(Oé) — Z e27rio¢F(w).
reZ™
|lz|<B
Via this approach one can study Diophantine equations through the lens of harmonic analysis.
We explain the basic mechanism underlying the circle method in the setting of function fields
in Chapter 4.

In the specific context that we are working in, a function field will typically refer to IF,(¢),
where F, is a finite field with ¢ elements. The function field IF,(¢) and the rational numbers
share many of similarities and both fall under the more general context of global fields. The key
advantage of function fields is that their geometric nature allows for new tools to be brought
into play, with the effect that many big open problems over the rationals are in fact theorems
over function fields. Roughly speaking, this thesis is mostly dealing with problems related to
counting rational points over function fields. A key role is played by the circle method and to
set it up, we develop the basic theory for harmonic analysis over function fields in Chapter 3.

Let us now discuss the genuinely new contributions of this thesis. In Chapter |5 we use the
circle method to study the analogue of the counting function Nz (B) over function fields when
F'is a diagonal cubic form in 4 or 6 variables, which is based on joint work with Hochfilzer [88].
This investigation parallels work of Hooley [111] and Heath-Brown [103] over the integers,
but the crucial difference is that our work is unconditional, whereas they rely on unproved
hypotheses about Hasse-Weil L-functions coming from cubic hypersurfaces. In addition, we
give applications to the asymptotic Waring problem for cubes and weak approximation for
cubic hypersurfaces defined by diagonal forms in at least 7 variables.



Chapter 6/ is concerned with producing an asymptotic formula for the counting function
associated to smooth complete intersections of cubic and quadratic hypersurfaces over I, (?)
and is based on the author’s work [85]. The quantitative result about the distribution of
rational points is also used to establish weak approximation for these complete intersections.
Our main tool is again the circle method. The key technical advancement is a refinement of
a Farey dissection developed by Vishe [202] that opens up the possibility for a Kloosterman
refinement.

Chapter 7/ departs from the circle method and uses more geometric methods. Here we present
work that stems from a collaboration with Hochfilzer [89]. We produce upper bounds for
the number of rational points of bounded height on del Pezzo surfaces of degree at most
5 over arbitrary global fields. Our approach generalises the work of Heath-Brown [102] on
cubic surfaces over Q. Simply speaking, the idea is to reduce the problem to producing
uniform estimates for the number of rational points of bounded height on elliptic curves. In
characteristic 0, the bounds we require follow from a deep conjecture relating the rank of an
elliptic curve to its conductor, whereas in positive characteristic our bounds are unconditional
thanks to work of Brumer [46].

Over function fields, rational points of bounded height can be understood more geomet-
rically. Specifically, if X C P" ! is the hypersurface defined as the vanishing locus of
F € F,[z1,...,z,), then F (t)-rational points of bounded height can be related to the F,-
points of the variety Mor, (P!, X) of degree e morphisms from P! to X. We will explain this
in more detail in Section 2.4, Via a combination of spreading out arguments and the Lang—
Weil estimate, this can be used to deduce geometric information about Mor, (P!, X) from
sufficiently uniform point count estimates over finite fields. This was heavily exploited in work
of Browning and Vishe [44], where they showed irreducibility and determined the dimension of
the moduli space M (X, e) of rational curves of degree e lying on a smooth hypersurface
X C P! of degree d, providing n is sufficiently large with respect to d. In Chapter 8 we
develop a suitable version of the circle method that allows us to count F[¢, s]/(s™"!) points
on hypersurfaces defined over F, of bounded degree in ¢. In conjunction with the work of
Mustatd [150] relating singularities to jet schemes, this enables us to deduce that M o(X, e)
only has canonical singularities if n is sufficiently large with respect to d and e.



1. INTRODUCTION

Conventions

We will make use of the big-O and Vinogradov's notation O, 0, <>, =, .... Moreover, we
will indicate a dependence of the implied constant on certain parameters by subscripts, unless
specified otherwise. The letter ¢ will denote an arbitrarily small real number whose exact value
may change from one occurrence to the next. lts appearance together with one of the symbols
0,0,<,>,... indicates that the implied constant depends on ¢.
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Rational points on varieties

In 1900 Hilbert posed a famous list of 23 problems, of which the tenth asks for the existence
of an algorithm that can decide whether a given Diophantine equation has integer solutions. It
took mathematicians more than 70 years to find an answer to this problem: Matiyasevich [140]
proved that such an algorithm cannot possibly exist! So despite their innocuous appearance,
finding solutions to Diophantine equations or proving their non-existence, is an incredibly
difficult problem in general.

It is natural to study polynomial equations not just over the integers or the rationals, but also
over other rings or fields of arithmetic interest. The main bulk of this thesis is concerned with
precisely this problem and we shall now delve into the basic questions underlying this field.

A guiding principle in the study of polynomial equations is that geometry determines arithmetic,
as we will explain in the subsequent sections based on various examples and conjectures, with
a particular focus on hypersurfaces and complete intersections. There is no need to restrict
ourselves to the rational numbers or the integers, and so we shall take K to be a global field.
Given F,...,Fr € Klxy,...,x,| we assume for simplicity that all the F;'s are homogeneous
and consider the projective variety X = V(Fy,...,Fg) C P"! defined as the common
vanishing locus of the F;'s. Studying the set of non-trivial solutions of F; = --- = Fr =0
therefore amounts to understanding the set X (K') of K-rational points of X. To simplify the
following discussion, we shall henceforth assume that X is smooth and geometrically integral.

2.1 Kodaira dimension and Zariski density

We begin with a very coarse question about the distribution of rational points.

Question 2.1.1. Suppose that X (K) # (). Is X(K) Zariski dense in X ?

In terms of geometry, the simplest case is when X defines a curve. In this case Zariski density
is equivalent to X (K) being infinite. We can attach a geometric invariant g € Z>( to X,
called the genus. For example, if g = 0, then either X (K) = () or X is K-isomorphic to P*
and hence there are infinitely many K-rational points on X. Table 2.1| explains the trichotomy
for the set of K-rational on curves in terms of the genus.

When g = 1, then either X(K) = () or X is an elliptic curve. The Mordell-Weil theorem
asserts that the set of K-rational points is a finitely generated abelian group. In particular,
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genus rational points
g=0] X(K)=0or #X(K)=o00
g=1| #X(K) <ooor #X(K) = 0
g>2 #X(K) < o0

Table 2.1: Rational points on curves.

X (K) is infinite if and only if the underlying group has positive rank. When g > 2 and K
is a number field, then the finiteness of X (K') was conjectured by Mordell [148] in 1922
and proved by Faltings [74] 61 years later. An analogous result in positive characteristic was
established by Samuel [170]. In particular, we see that for curves the answer to Question 2.1.1
is completely determined by their genus.

Turning to the higher dimensional situation, a rough classification of the geometry of X is
provided by its Kodaira dimension, which measures the positivity of the canonical divisor Kx
of X. Given any integer m > 1, we can consider the associated rational map ¢,,: X --» PV
induced by the linear system |mK x| and the Kodaira dimension of X is defined to be

k(X)) = sup dim ¢, (X).

m>1

If ImKx| =0 for all m > 1, then we set x(X) = —oo. With this convention it is clear that
k(X) € {—o0}U{0,...,dim X }. To get an idea of what the Kodaira dimension measures,
we will now give some examples.

Example 2.1.2. If X is a curve, then

—oo if g =0,
K(X) =10 if g =1,
1 ifg>2

In particular, we could have rephrased Table 7.1 in terms of the Kodaira dimension.

Example 2.1.3. If X = V(Fy,..., Fr) C P"!is a complete intersection defined by forms
F; of degree d; fori=1,..., R, then

—0 ifn>d + -+ dn,
/i(X): 0 ifn:d1+"'+dR,

n—1—R else.

In some sense varieties with x(X) = —oo are special, while the majority of varieties will have
maximal Kodaira dimension.

Definition 2.1.4. We say that X is of
1. general type if K(X) = dim X,

2. intermediate type if 0 < k(X) < dim X.

An important class of varieties of negative Kodaira dimension is formed by those whose
anti-canonical divisor is ample.
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Definition 2.1.5. A variety X is called a Fano variety if its anti-canonical divisor —Kx is
ample.

Example 2.1.6. A curve is Fano if and only if it has genus 0. A complete intersection inside
projective space is Fano if and only if it has negative Kodaira dimension.

Recall that a variety X of dimension n is called uniruled over K if there exists a variety Y of
dimension n — 1 and a dominant K-rational map ¢: Y x P! --» X. Moreover, we say that
X is separably uniruled if there exists such a ¢ which is separable. These two notions agree
in characteristic 0. If X is uniruled over K and X (K) # (), then X (K) is in fact Zariski
dense. We know that if X is separably uniruled, then x(X) = —oo [124}, Chapter IV, Corollary
1.10] and in fact, it is conjectured x(X) = —oo implies that X is uniruled [124, Chapter IV,
Conjecture 1.12]. This is known if dim X < 3 and char(K’) = 0 due to work of Miyaoka [147].
However, if k(X) = —o0, it is not necessarily true that X is separably uniruled, as was shown
by Sato [171]. It is therefore natural to conjecture that rational points of X are at least
potentially Zariski dense if x(X) = —o0, which means that X (L) is Zariski dense for some
finite field extension L/K.

At the other and of the spectrum, we have the following conjecture generalising Mordell's
conjecture to higher dimensions.

Conjecture 2.1.7 (Bombieri-Lang). Suppose that X is a variety of general type over a
number field. Then X (K) is not Zariski dense.

The conjecture seems very difficult to prove at present and only very few cases are known. In
addition, it also has strong consequences for rational points on curves: Caporaso, Harris and
Mazur [49] have shown that the Bombieri-Lang conjecture implies for any number field K
and any integer g > 2 the existence of a constant C'(K, g) > 0 such that any smooth genus g
curve over K has at most C'(K, g) rational points.

In positive characteristic the analogue of the Bombieri-Lang conjecture is false. Indeed,
if char(K) = p, then the Fermat hypersurface 37, x¢ is uniruled and smooth whenever
d=p"+ 1 for any r > 1. In particular, rational points are dense, although the hypersurface
is of general type if r is large with respect to n. This example seems to be first considered
systematically by Shioda [184]. The analogue of the result by Caporaso, Harris and Mazur
does not hold either. Assuming p > 3, Conceico, Ulmer and Voloch [55] give an example of
an infinite family F of non-isotrivial genus g curves C' over F,(¢) whose number of rational

points is unbounded as C varies over F.

We have thus seen that — apart from pathological examples in positive characteristic — varieties
of general type are expected to have few rational points, while varieties of negative Kodaira
dimension are expected to have an abundance. We have not said anything about varieties of
intermediate type and the reason is that anything can happen in this case. This can already be
seen by considering curves, where intermediate type varieties with a rational point correspond
to elliptic curves. So the set of rational points can be dense or not.

2.2 The Hasse principle and weak approximation

The previous section was concerned with a coarse classification of the abundance of rational
points in terms of Zariski density, with the guiding invariant the Kodaira dimension. We will
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now turn to the more difficult question of finding criteria guaranteeing the existence of rational
points and introduce a finer measure for the distribution of rational points.

Let 2 be the set of places of K for v € (i denote by K, the completion of K at v.
Since K C K, an obvious necessary condition for X (K') to be non-empty is that X (K,) is
non-empty for every place v. Writing A for the ring of adeles of K, this is equivalent to
X (Ak) # 0. The Hasse principle asks about the converse.

Definition 2.2.1. We say that a family of varieties X satisfies the Hasse principle if X (Af) # ()
implies X (K) # () for any X € X.

The name of the Hasse principle goes back to pioneering work of Hasse [96] and Minkowski [146],
who proved the Hasse principle for quadrics. However, in general the Hasse principle is too
much to hope for.

Example 2.2.2. Let C' be the curve given by 3z} +4x3+ 523 = 0 inside P2. Then Selmer [181]
has shown that C' has solutions over @@, for every prime p and over R, but not over Q.

Example 2.2.3. The surface defined as the intersection of two quadrics x179 = 2% — 5132
and (71 + x2) (21 + 272) = 23 — 522 fails the Hasse principle over Q. This example is due to
Birch and Swinnerton-Dyer [15].

To explain failures of the Hasse principle, Manin in his 1970 ICM address proposed the following
construction. Let Br(X) = HZ(X,G,,) be the Brauer group of X. Class field theory provides
us with a natural paring

(,): X(Ag) xBr(X) - Q/Z

and we define the Brauer—Manin set
X(Ag)® = {z € X(Ag): (x,a) =0 for all a € Br(X)}.

The Albert—-Brauer—Hasse—Noether theorem implies that X (K) C X (Ag)5". This prompts
the following definition.

Definition 2.2.4. We say that there is a Brauer—-Manin obstruction to the Hasse principle if
X(Ax) # 0, but X (Ag)P = 0.

Both Examples 2.2.2 and 2.2.3| have a Brauer—Manin obstruction to the Hasse principle.
However, Skorobogatov [187] has given examples of bi-elliptic surfaces whose failure of the
Hasse principle cannot be explained by a Brauer—Manin obstruction.

Recall that X (K) injects into X (Ag). As Ay is a locally compact ring with respect to the
restricted product topology, we can endow the adelic points X (Af) with a natural topology.

Definition 2.2.5. We say that X satisfies weak approximation if X (K) is dense in X (Ak).

It is clear that if X satisfies weak approximation, then the Hasse principle holds as well.
Moreover, weak approximation also implies Zariski density. It turns out that X (A )5 is closed
in X(Ag) and so

X(K) C X(Ag)™,

where X (K) denotes the topological closure of X (K) inside X (Ak).

8
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Definition 2.2.6. We say that there is a Brauer—Manin obstruction to weak approximation if
X(AR)® ¢ X(Ag).

Definition 2.2.7. The Brauer—Manin obstruction is the only one to the Hasse principle
(respectively weak approximation) if X (Ax)P" # 0 (respectively X (Ax )P = X (Ak)) implies
X (K) # 0 (respectively X(K) = X(Ak)).

Both the Hasse principle and weak approximation are invariant under birational equivalence
for smooth projective K-varieties. Moreover, as in the case of Zariski density, there is a
conjectural geometric description of a large class of varieties for which the Brauer—Manin
obstruction is expected to be the only one to the Hasse principle and weak approximation.

Definition 2.2.8. A variety X is (separably) rationally connected if any two general points of
X can be joined by a (separable) rational curve.

Examples of rationally connected varieties are Fano varieties. This was independently proved
by Campana [48] and Kollar-Miyaoka—Mori [125]. In characteristic 0 the notions of being
separably rationally connected and rationally connected agree. It is still an open problem
whether Fano varieties are separably rationally connected.

We then have the following conjecture about the Hasse principle and weak approximation put
forward by Colliot-Thélene [54] for number fields.

Conjecture 2.2.9. Let X be a separably rationally connected variety. Then the Brauer—-Manin
obstruction is the only one to the Hasse principle and weak approximation.

Colliot-Thélene's conjecture lies very deep and is far from being proven. For instance, an
affirmative resolution would solve the inverse Galois problem [183| Chapter 3.5]. Originally,
Colliot-Thélene stated his conjecture only for number fields. We have chosen to state it here
for separably rationally connected varieties in positive characteristic to avoid pathological
behaviour.

In fact, this conjecture has been extended by Skorobogatov [188] to a particular class of
surfaces of intermediate type.

Conjecture 2.2.10. Let X be a K3 surface. Then the Brauer—Manin obstruction is the only
one to the Hasse principle and weak approximation.

We have already mentioned that quadrics over global fields satisfy the Hasse principle. Moreover,
since any quadric with a rational point is birational to projective space, they also satisfy weak
approximation. Indeed, satisfying the weak approximation property is invariant under birational
maps between smooth projective varieties [183, Lemma 3.5.5].

Let now X C P"! be a Fano smooth complete intersection of dimension n — 1 — R.
If dim X > 3 and char(K) = 0, then the Brauer—-Manin obstruction is vacuous [160,
Appendix A] and so Conjecture [2.2.10 implies that X satisfies weak approximation. A
foundational result is provided by work of Birch [16], in which he proves the Hasse principle
for smooth complete intersections X C P"~! defined by R forms of degree d over Q provided
n> R+ (d—1)2?R(R + 1). This was later extended to number fields by Skinner [186], in
which he also establishes the weak approximation property. Birch's work has subsequently
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been generalized to complete intersections of not necessarily the same degree by Browning
and Heath-Brown [40].

In the function field setting the Hasse principle turns out to be a rather easy consequence of
the Lang—Tsen theory if n > d? + --- + d%. Indeed, with this condition [91, Theorem 3.6]
implies the existence of a rational point on X, thereby verifying the Hasse principle. However,
establishing weak approximation remains a substantial challenge. Building on the work of
Kubota [127], Lee [131] showed that Birch's work can be translated to the function field
setting and further demonstrated that weak approximation holds under the same conditions on
the number of variables when char(K) > d. All the results mentioned thus far make use of
the circle method, which we will explain in more detail in Chapter 4. Moreover, if the degree
of the hypersurface is small, there are substantially stronger results available. We will give an
overview of the results obtained using the circle method in Section 4.5.

2.3 Manin’s conjecture

Instead of just studying qualitative questions about X (K), we can try to quantify the
distribution of rational points on X (K). If #X(K) = oo, then of course we cannot just
simply count all points and so we have to make this problem more precise.

First of all, we want to begin with a simple heuristic for hypersurfaces. Let F' € Z[xq,. .., x,]
be a form of degree d. Then for any B > 1, there are approximately B™ available x € Z"
with |z| < B. Moreover, for such & we will have |F(z)| < B Assuming that the values
of F' are evenly distributed, this leads to the expectation that the "probability” for F'(x) =0
to hold should be of order B~¢. In particular, it is reasonable to expect that

#{x cZ": F(x)=0,|z| < B} < B (2.3.1)

Therefore, if n > d — which corresponds precisely to X = V(F) C P"! being Fano —
there is a reason to believe that there should be many solutions to F'(x) = 0 (provided that
there are any). Strictly speaking we are not counting rational points on X, but going from
the counting function above to only counting rational points is straightforward using Mobius
inversion.

We will now explain how to extend this counting mechanism to any projective variety, beginning
with the case of projective space. Given z € P"!(Q), we can always find a representative
x = (x1,...,2,) € Z"\ {0} of z such that ged(z1,...,x,) = 1. In this case we define the
height of x to be H(z) = max{|zi|,...,|z,|}. This construction generalises to arbitrary
global fields and is explained in more detail in Chapter 7. Moreover, given a variety X together
with an ample line bundle L, a suitable multiple L®™ will be very ample and hence corresponds
to an embedding prem: X — PV for some N. We can then define the associated height

function
Hp: X(K) = Rsy, 2+ H(‘PLQ@’“(x))l/m'

Note that the height function depends on the choice of the embedding.

For W C X(K), we are then interested in the counting function
Now(B) = #{z € W: Hy(z) < B}. (2.3.2)

Since we assume that L is ample, the height function H satisfies the Northcott property,
meaning that Ny x(x)(B) is finite for any B > 1.

10
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Example 2.3.1. If X = V(F) C P"! is a hypersurface of degree d over Q with n > d, then
its anti-canonical divisor corresponds to the very ample line bundle wy' = Ox(n — d) and the
corresponding height function is H,-1 () = max{|z1/, ..., |z, |}, where (24, ..., 2,) € Z"
is a representative for x € P"1(Q) with ged(xy, ..., z,) = 1.

If W C X(K) is infinite, then it is natural to ask for an asymptotic formula for Ny (B) as
B — o0o. For Fano varieties the anti-canonical bundle wy' gives a natural choice of ample line
bundle and as explained in Section [2.2, the set of rational points is expected to be dense as
soon as it is non-empty. Manin and his collaborators [76] put forward a conjectural asymptotic
formula for the number of rational points on Fano varieties over number fields, which was
later refined and extended to the case of positive characteristic by Peyre [156, [157]. Before
stating it, let us recall the notion of a thin set.

Definition 2.3.2. Let X be a variety over K and A C X (K). If A is not Zariski dense in X,
then A is a called a thin set of type I. If there exists a dominant K-morphism ¢: Y — X
with Y geometrically integral, dim Y = dim X and deg ¢ > 2 such that A C (Y (K)), then
A is a thin set of type Il. In general, a subset of X (K) is thin if it is contained in a finite
union of thin sets of type | and II.

Conjecture 2.3.3 (Manin—Peyre). Let X be a Fano variety over a global field K. Then there
exists a thin set Z C X (K) such that for W = X (K) \ Z, we have

N, _I,W(B) ~ CPeyreB(lOg B)rkPic(X)—l as B — o0,

wWx

where cpeyre is Peyre’s constant and rk Pic(X) is the rank of the Picard group of X. Moreover,
if char(K') > 0, we require B to run through the values of Hw;(l(X(K)).

The constant in the Manin—Peyre conjecture is defined as
Creyre = (X)) B(X)7(X),

where

1 oty
(rk Pic(X) — 1)! /Ceﬁ(x)v ey,
B(X) = #H'(Q,Pic(X)),

7(X) = w(X(Ag)®).

alX) =

Here Ces(X)Y denotes the dual cone of the cone of effective divisors on X and w is the
Tamagawa measure on the adelic points of X. Roughly speaking, a(X) measures the size of
the line bundle, while 7(X') measures the size of the closure of the rational points of X inside
its adelic points.

Remark. The reason for removing a thin set is that sometimes special accumulating subsets
can dominate the point count. Indeed, let X C IP? be a cubic surface over Q containing a
line M, which is defined over Q. Then it is easy to see that rational points on M will already
contribute > B? to Nw;(l,X(Q)(B) and M(Q) is a thin set of type .

Remark. In its original form Manin suggested that the removal of a thin set of type | of X (K)
might be sufficient for the asymptotic formula in Conjecture 2.3.3 to hold. However, Batyrev
and Tschinkel [7] provide the following counterexample over number fields containing third

11
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roots of unity. Let X C P3 x P be the bi-degree (1,3) hypersurface given by 32 ;53 = 0

and denote by 7: X — P? the projection onto the first factor. The adjunction formula implies
that wy' = O(3,1), so that an anti-canonical height function for X is given by H(x)*H (y),
where H is the naive height on 3. An application of the Lefschetz hyperplane theorem
shows that rk Pic(X) = 2, so that for some complement of a thin set W C X (K) Manin's

conjecture predicts Nw§17W(B) ~ cBlog B as B — co. However, if we let ¢: P3 — IP3 be the

morphism given by [z, ..., z3] — [23,... 23], then for any & € p(P3(K)), the assumption

that K contains the third roots of unity implies that 7~ () is a split cubic surface. A split
cubic surface has Picard rank 7 and Batyrev and Tschinkel managed to show that it contains
> B(log B)? rational points of anti-canonical height at most B. The set of (z,y) € X(K)
for which © € p(P?(K)) is Zariski dense and so Manin's conjecture cannot hold if one only
allows for the removal of a thin set of type I.

Since then more counterexamples have been found over any global field [130, |138, 19] and
Batyrev and Tschinkel's counterexample has been extended to number fields not containing
third roots of unity [77], but of all them can be explained by the removal of a thin set.

If X c P*!is a Fano hypersurface with n > 5, then it follows from the Lefschetz hyperplane
theorem that rk Pic(X) = 1. In view of Example 2.3.1| the order of growth presented in our
naive heuristic (2.3.1) therefore matches the order of growth predicted by Manin's conjecture.

Remark. Instead of working with heights as introduced above, we could have worked with
Arakelov heights, which are constructed using locally metrized line bundles. Peyre [156] states
his conjecture in this more general setting and for different choices of line bundles. This can
change the exponents of both B and log(B) and the Tamagawa measure w depends on the
choice of the metrized line bundle.

Manin's conjecture for projective spaces is a classical result of Schanuel [175] over number
fields and also known over function fields [182, Section 2.5]. Moreover, in the previous section
we have already mentioned work of Birch [16], Skinner [186] and Lee [131] establishing the
Hasse principle and weak approximation for complete intersections X C P"~! of low degree. In
fact, what they do is to produce an asymptotic formula for the counting function Nw)—(l’X(B)
and show that the constant is positive if the necessary local conditions are satisfied. Birch's
result predates the conjectures of Manin and Peyre and was one of the guiding results in
formulating them.

When the degrees of the defining equations are small, one can sometimes do substantially
better than Birch's result. In particular, working over F,(¢) in Chapters 5 and |6 we will prove
asymptotic formulae for the number of rational points of bounded height on diagonal cubic
hypersurfaces and complete intersections of cubic and quadratic hypersurfaces respectively.

Let us now turn to varieties of small dimension. If X is a Fano curve with X (K) # (), then
X is K-isomorphic to P! and so Manin's conjecture holds as well. For surfaces the situation
is already more mysterious and Manin's conjecture appears to be out of reach in most cases.
In Chapter 7| we shall thus tackle the problem of producing upper bounds for the number of
rational points of bounded height on Fano surfaces and give a more detailed overview of the
current state of results.

Remark. An aesthetic and conceptual weakness of the Manin—Peyre conjecture is that there is
no description of the exceptional thin set to be removed. This issue has been addressed by
Lehmann, Sengupta and Tanimoto [132, [133], who proposed a geometric description of the
exceptional set. In another direction, Peyre [158, 159] suggested two alternatives to bypass

12
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the necessity of removing a thin set. The “freeness” approach only counts rational points
whose tangent space is sufficiently well-rounded, while the “all the heights” approach takes
into account a tuple of height functions associated to a basis of the Picard group. However,
Sawin [172] has shown that le Rudulier's work [130] also provides a counterexample to Peyre's
freeness alternative. In addition, smooth cubic threefolds with an infinite family of lines defined
over the ground field are most likely not compatible with the all the heights approach.

2.4 Moduli spaces of rational curves

We will now explain the connection between rational points on varieties over global function
fields and moduli spaces of rational curves. We have already mentioned the guiding principle
that geometry determines arithmetic. This section is concerned about the converse: sometimes
tools from number theory can be used to shed light on problems in algebraic geometry.

To streamline the exposition, we assume that K = F,(¢) is the function field of P! over F,
and take X C P"! to be a hypersurface defined over FF,. It would be possible to work in the
more general setting where K is the function field of a smooth projective curve C' of genus
g > 1 and X is defined over K and not just over its field of constants.

As in the setting over Q, any rational point x € P""!(FF,(¢)) has a representative x € F[t]"
such that ged(zq,...,x,) = 1. In this case the height with respect to the line bundle O(1)
is just H(x) = max;—1,__, q°ei By definition, a K-rational point on X is a morphism
Spec K — X. One the one hand, since P! is smooth and X is proper, the valuative criterion of
properness implies that any morphism Spec K — X extends to a morphism P — X over F,.
On the other hand, given a morphism P! — X over F,, the composition Spec K — P* — X
produces a K-rational point of X. In particular, if we define

Mor,(P', X) = {f: P! = X: deg f = ¢}

to be the variety of morphisms of degree e from P! to X, then we obtain a natural bijection
between Mor, (P!, X)(F,) and the set

{x e P"1(K): F(z) =0 and H(x) = ¢°}.

In the context of Manin's conjecture, this means that understanding the counting function
N, x (¢°) as e — oo, is equivalent to understanding the number of F,-points of Mor, (P!, X)
as e — 0.

In algebraic geometry when trying to understand the geometry of a variety, it is often useful
to understand its rational curves. For example, a variety is separably unirational if and only if
there exists a free rational curve on X and separably rationally connected if and only if there
is a very free rational curve |64, Corollary 4.17]. For this reason it bears fruit to study the
geometry of Mor, (P!, X). This space does not precisely parameterise rational curves and so
algebraic geometers instead often work with the stack M, ¢(X, e) of rational curves of degree
e on X or its Kontsevich compactification Mg (X, e).

Over finite fields a key link between the geometry of a variety and its arithmetic is established
via the Lang—Weil estimate [129].

Theorem 2.4.1 (Lang-Weil). Let X C P"~! be a variety over F,. Then
#X(F,) = cx(Fy)g™* (1+0(¢™"/?))

13
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uniformly in q, where cx(F,) is the number of top dimensional geometrically irreducible
components of X defined over IF,.

In particular, if we start with a variety X over [F;, then there exists a positive integer [, such
that its (top dimensional) geometrically irreducible components are all defined over I, and
hence we can determine their number if we get an asymptotic for #X (F k) as k — oo.

A crucial difference between number fields and global function fields is that we can consider a
“horizontal problem” by letting ¢ vary. For example, if X is a scheme defined over Z, we can
consider its reduction modulo any prime p and thus also over any field extension of FF,. It is
possible to apply a similar procedure in more geometric situations, which sometimes allows
one to reduce geometric problems to the analogous problems in a family of finite fields.

This was heavily exploited in work of Browning and Vishe [44], in which they used tools
from analytic number theory to count F,-points on Mor, (P!, X) for hypersurfaces X of small
degree and then deduced via the Lang—Weil estimate that Mor. (P!, X) is irreducible and
determined its dimension. In Chapter 8 we will make use of a similar strategy and count
[F,-points on the jet schemes of Mor, (P!, X) to deduce that Mor.(P*, X') only has canonical
singularities if n is large compared to e and the degree of the hypersurface X. This will be
complemented by a thorough discussion of existing results.

It turns out that the horizontal problem of letting the size of the finite field tend to infinity
is somewhat easier than the vertical problem of letting the degree e go to infinity. This
phenomenon has been observed in many occasions, such as Katz and Sarnak’s work on the
connection between random matrix theory and L-functions [120], or the resolution of the
Bateman—Horn conjecture by Entin [73]. In particular, in the context of counting rational
points, it seems that whenever we can prove Manin's conjecture for a class of varieties over
[F,(t), then we can also prove that the corresponding moduli spaces of rational curves are
irreducible and of the expected dimension.

Typically methods from algebraic geometry only give information for generic hypersurfaces,
which is of little use for counting points. However, if they work for concrete examples, these
results can be used to deduce at least upper bounds for the number of rational points, as we
shall now explain. Let X C P! be a hypersurface of degree d over F,. Then we can realise
Mor, (P!, X) as an open subset of a closed subset defined by de + 1 equations of degree d
inside Pret)—1 leading to the expectation that

dim Mor, (P, X) =n(e+1) —de —2 =e(n —d) +n — 2.

In particular, if Mor. (P!, X) is of the expected dimension, then it is an open subset of a
complete intersection of degree d?+*,

Given a variety Y C A" over I, we define §(Y) = X | deg(Y;), where Y = UY,,Y; is the
decomposition of Y into its geometrically irreducible components. Note that if Y is equi-
dimensional, then §(Y) = deg(Y'). In addition, the Bézout inequality 6(Y N Z) < 4(Y)d(2)
always holds. We then have the following simple estimate due to Cafure and Matera [47,
Lemma 2.1].

Lemma 2.4.2. Let Y C A" be a variety over F,. Then
#Y (Fy) < 5(Y)gt™ .

14
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Note that strictly speaking Lemma 2.1 of [47] is only stated for varieties defined over F,, but

an inspection of the proof reveals that it remains valid for varieties defined over F,.

As explained by Debarre [64, Theorem 2.6], Riemann—Roch implies that any geometrically
irreducible component of Mor,. (P!, X) has at least the expected dimension. The number of
[F,-points of Mor. (P!, X) is clearly bounded by the number of F,-points on its affine cone.
Consequently, we immediately obtain the following estimate from Lemma 2.4.2.

Corollary 2.4.3. Let X C P"! be a hypersurface of degree d over F, and suppose that
Mor, (P!, X) is of the expected dimension e(n — d) +n — 2. Then

Nx(e) = #{x € X(F,(t)): H(z) = ¢°} < d%¢""=D,
where the implied constant only depends on d,n and q.

Example 2.4.4. If X is a cubic threefold over C, Coskun and Starr [57] have shown that
Mor, (P!, X) has 2 irreducible components and is of the expected dimension for any ¢ > 1. In
particular, if their methods continue to hold in positive characteristic, then we would obtain

Nx(e) < 27¢¢%.

Manin's conjecture suggests that Nx(e) ~ cg®. If ¢ > 0 is given, and ¢ > 27'/¢, then
Nx(e) < ¢°**9), so that we could get arbitrarily close to the expected growth upon taking ¢
sufficiently large. The most powerful tool available to deal with Nx(e) is the circle method
and it seems that without the injection of radical new ideas, we cannot do better than
Nx(e) < ¢”/*. Even the implementation of the ratios conjecture into the circle method by
Wang [204], which was carried over to function fields by Browning, Wang and the author [39],
might only be able to produce the conditional estimate ¢“%/=9) for a small value of § > 0.

Example 2.4.5. If X is a smooth cubic surface over F;, then it follows from work of
Beheshti, Lehmann, Riedl and Tanimoto [8] that the only irreducible components of the space
Mo,0(X, e) that do not have the expected dimension parameterise multiple covers of lines.
These correspond to F,(t)-points lying on lines, and so letting U C X be the complement of
lines, in the notation of Section [2.3| we obtain the upper bound

NU,(:.))_(I (qe) < 27€q€'

In particular, if ¢ is sufficiently large we again come arbitrarily close to the linear growth
predicted by Conjecture 2.3.3. This estimate should be compared with N, -1(¢) < qe4/3+e)
that we establish in Chapter 7. In addition, the work [8] applies to del Pezzo surfaces of any
degree, and so a modified version of Lemma 2.4.2 would imply an analogous bound. However,
note that our bound from Chapter 7| also applies to cubic surfaces over F,(t) (and in fact any
function field over F,), and not just to those defined over the constant field F,.

Remark. It is natural to try to use the Lang—Weil estimate to also produce lower bounds for
Nx(e) or NU7w;{l(qe). However, applied to Mor.(P', X) the best explicit bounds we have
either require ¢ to grow in the degree [47] or the implied constant in the error term has order of
growth e° [84]. A possible route to bypass this issue would be a uniform homological stability
result, which in conjunction with the Grothendieck—Lefschetz trace formula could yield sharper
estimates.
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CHAPTER

Harmonic analysis over function fields

While number theory is a subject of mathematics with a long history, its extension to function
fields over finite fields is quite recent. It has already been known in the 19th century that
there is a strong analogy between number fields and the theory of Riemann surfaces, which
inspired Dedekind and Weber [65] to re-build the theory of Riemann surfaces from a completely
algebraic point of view via valuations. A big step towards the incorporation of function fields
over finite fields into number theory was taken by Artin in his thesis [4], where he worked
on quadratic extensions of function fields in close parallel to the case of number fields. This
was continued with the work of Hasse [97] on the Riemann hypothesis over finite fields, with
important contributions from F. K. Schmidt [179], that eventually culminated in a proof
of the Riemann hypothesis for curves by Weil [206]. Subsequently, Weil proposed a vast
generalisation of his achievements, commonly referred to as the “Weil conjectures”. These were
the driving force in Grothendieck’s attempt to put algebraic geometry on a modern footing
and the development of étale cohomology, allowing him and his collaborators to prove all of
WEeil's conjectures but one. What remained was a general form of the Riemann hypothesis
that was eventually resolved by Deligne [66]. It should be mentioned though that Dwork [70]
was the first to prove the rationality of the zeta function, which is part of the Weil conjectures.

The geometric nature of function fields gives access to tools from geometry that are not
available over number fields. For this reason, function fields have been a prominent testing
ground for conjectures whose counterpart over number fields is beyond the reach of current
methods. The Riemann hypothesis already mentioned is one such example. To name just a
few recent instances, let us mention the work of Ellenberg, Venkatesh and Westerland [72] on
the Cohen—Lenstra heuristics using homological stability properties of Hurwitz spaces; of Sawin
and Shusterman resolving the twin prime conjecture [174] and the quadratic Bateman—Horn
conjecture [173] in a strong quantitative sense; and the work of Bergstrom, Diaconu, Petersen
and Westerland [9] that reduces the moment problem of quadratic Dirichlet L-functions to a
(uniform) homological stability property of representations of the Braid group with twisted
coefficients, that was later proved by Miller, Patzt, Petersen and Randall-Williams [145].

In most chapters of this thesis we tackle number theoretic problems with tools from analysis.
We will therefore focus on building the infrastructure needed to conduct harmonic analysis.
This will be of especial importance for Chapters 5 and 6. Since we are only working over the
function field K = Fq(t) in these chapters, we limit ourselves to that case, although it would
not present much difficulty to extend the theory to other global function fields. All of the
material presented here can be found in [35, Chapter 5] or [161]. A systematic treatment of
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harmonic analysis over global fields was first given by Tate in his thesis [192] to unify the
treatment of Hecke L-functions.

Norms and places

Let K =F,(t) and O = F,[t]. The set of places of K is in bijection with monic irreducible
polynomials @ € F[t] and the infinite place ¢~'. Unlike in characteristic 0, every place of
[F,(t) is non-archimedean. For any place v of K, let v,: K — Z be the associated valuation
that we normalise in such a way that it is surjective. We then obtain a norm

| K —=q¢* x gaes)vov (@)

If v = ¢!, then we will use the shorthand notation |- | = | - |.. For v = t~! this means
explicitly the following. Let 2 € K be given. Then we can write x = a/r with a,r € F[{]
coprime and obtain

|l’| — qdega—degr7
with the convention [0| = 0. The field K, = F,((¢t')) of Laurent series in ¢t ! arises naturally
as the completion of K with respect to |- |. Any non-zero o € K, can be written uniquely as
a= > at, (3.0.1)
i<M

for some M € Z, where a; € F, and ay; # 0. With this representation the extension of | - |
to K is then given by |a| = ¢*. Although the field K, can be thought of as a positive
characteristic analogue of R, the norm | - | behaves very differently to the usual absolute value
on R. As we have already mentioned, the norm is non-archimedean, meaning that it satisfies
the ultrametric property

|+ B] < max{]al, [5]} for any a, f € K.

In many occasions this heavily simplifies the analysis compared to the situation in characteristic
0.

For any n > 1, we can extend the norm to K. by setting |a| = max;<;<p |a;| whenever
a=(u,...,a,) € KI. For a € K, in the notation of (3.0.1) we define its integer part
and fractional part to be
[a] =) at' and {a}= > at’,
i>0 i<—1

respectively. In particular, & = {a} + [a] and [o] € F,[t]. The distance to the nearest integer
is then given by ||af| = [{a}].

Characters

Let e,: F, — C* be the standard additive character given by

eq(x) = exp <2m Doy, (I)> ,

p
where Trg /g, : Fy — F), ~ Z/pZ is the standard field trace and p = char(FF,). The function
P: Ko — C* given by
(@) = eq(a)

in the notation of (3.0.1) then defines an additive character of K, that is trivial on the
subgroup {a € K : |a| < ¢ '}, but not on the “unit interval”

T={acKy:l|a| <1}
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Integration

The field K, is a locally compact Hausdorff group with respect to addition. In particular, it
comes with a Haar measure da that is unique if we require

/1da: 1.
T

The measure extends naturally to K7 by da = day - - - day,, for o = (ag, ..., v) € K2 for
any n > 1. Given a measureable subset A C K., we will use the shorthand notation

vol(A) :/Aldoz.

A key property of the Haar measure is the following change of variables formula established by
Igusa for any local field [118, Lemma 7.4.2].

Lemma 3.0.1. Let I' C K be a measurable set and g: I' — C be a measurable function.
Then for any M € GL, (K,) we have

/g(a)da — |det M| g(MB)dg.
r MBer

Having introduced the most basic concepts, it is helpful to compare them with their counterparts
over Q.

Q F, (1
ring of integers A F,[t]
finite places primes p monic irreducible polynomials @
infinite place absolute value on R | - | induced by ¢!
Pontryagin dual of ring of integers [0,1) =R/Z T = Koo/F, ]
Haar measure Lebesgue measure da such that f;1da =1
additive character R >z *™® P Ky — C*

Remark. We have already mentioned that in contrast to characteristic 0, there is nothing
special about the place at infinity #. In fact, our choice of ¢ was already arbitrary and we
could have instead replaced t with a different degree 1 element of K. More generally, if one
works with a function field K in positive characteristic, there is no natural candidate for “the”
ring of integers and there is always a choice of places involved.

Orthogonality relations

In Chapter 4 we will explain how the circle method works. The starting point for the circle
method is the orthogonality relation

: 1 ifz=0,
/Tw(ax)da = {O e B[]\ {0), (3.0.2)

which expresses the characteristic function of {0} on F[t] as an oscillatory integral over its
Pontryagin dual T = K /F,[t]. It will be convenient to have the following more general
orthogonality at our disposal, where for any R € R we adopt the notation R = ¢
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3. HARMONIC ANALYSIS OVER FUNCTION FIELDS

Lemma 3.0.2. Let N € Z and x € K,. Then

N-' if|z] < N
da = ’
/|a<ﬁ1 plaz)da {0 else.

Similarly, we have the following orthogonality relation for exponential sums.

Lemma 3.0.3. For any a € K, and integer N > 1, we have

> Y(ax) =
zeO
|lz|<N

{N if o) < N7,

0 else.

Poisson summation

In harmonic analysis over R, one works with S(R"™), the space of Schwartz functions consisting
of smooth functions with the property that all their derivatives decay rapidly. Thanks to the
non-archimedean nature, over K, one again works with a simpler notion.

Definition 3.0.4. Let n > 1 and f: K7 — C be a function. We say that f is a Schwartz—
Bruhat function if it is locally constant and has compact support. We denote by S(K.) the
space of all Schwartz-Bruhat functions on K.

Being a locally compact field, K, is self~-dual, meaning that we can identify it with its
Pontryagin dual. For f € S(K), we can therefore define its Fourier transform to be a
function F(f): K — C given by

F(Hw) = [ f@)(- vz,

where @ - v denotes the usual inner product. A key property of the Fourier transform is that it
is a linear automorphism of S(KZ). In addition, with our normalisation of the Haar measure
and the choice of the character 1, the Fourier inversion formula F(F(f)) = f holds. A crucial
input in Chapters 5 and 6| to analyse the exponential sums involved is the Poisson summation
formula.

Proposition 3.0.5. Let f € S(KZ). Then

> f@) =) F(h))

reOn veOn"

Remark. More generally, one can prove an adelic version of the Poisson summation formula
over any global field. Over function fields this seemingly purely analytic statement implies the
Riemann—Roch theorem, a fundamental result in the theory of algebraic curves.
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CHAPTER

The circle method

The goal of this chapter is to introduce the circle method, which serves as the main technical
apparatus for Chapters 5, 6/ and 8. The circle method goes back to pioneering work of Hardy
and Ramanujan [93] on the partition function. Its modern incarnation via exponential sums is
based on the work of Vinogradov on Waring's problem in 1926 and found its role as a central
player in the study of rational points through the agency of Davenport [62, 59, |60]. Within
its century of existence, the circle method has seen spectacular applications in a diverse area
of mathematics and was the subject of intense research. This ranges from a sheaf theoretic
version by Browning and Sawin [41] to a motivic version suitable for stabilisation results in the
Grothendieck ring of varieties by Bilu and Browning [13], both of which have applications to
the study of moduli spaces of rational curves on hypersurfaces. In Chapter |8 we shall develop
an extension of the circle method to show that under favourable circumstances these moduli
spaces only have canonical singularities. A more thorough discussion and historical account of
the circle method can be found in the classical books of Davenport [61] and Vaughan [200] or
the more recent treatise of Browning [35].

In this chapter we explain the basic mechanism underlying the circle method by means of
applying it to count rational points on hypersurfaces over K = F (t). In particular, we will
present a proof of Weyl's inequality and indicate some of the refinements that have been
developed in the context of the circle method. We will then end this chapter by giving a
summary of results in the realm of rational points that have been obtained using the circle
method.

Kubota [127] was the first to develop a version of the circle method over F,(t) and applied it
to Waring's problem. The setting we are dealing with here loosely follows work of Lee [131].
We will write O = F[t] and define O to be the collection of monic polynomials in O. We
also make use of the notation of Chapter 3, so that K, is the completion at the infinite place,
T = K. /O is the Pontryagin dual of O and ¢: K., — C* is a non-trivial character that is
non-trivial on T, but not on any smaller compact subgroup. In addition, |- |: Kx — Rx
denotes the norm induced by the infinite place. The igniting spark in the circle method is the

orthogonality relation
1 ifz=0
da = ’ 4.0.1
J; vlarya {o foe0)\ {0}, 0D

that was already stated in (3.0.2). Given F' € Olzy,...,x,] homogeneous of degree d and
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4. THE CIRCLE METHOD

P € O, we can consider the counting function
Np(P) = #{x € O": |x| < |P|, F(x) = 0}

as |P| — oo that we already encountered in Section 2.3 in the context of Manin's conjecture.
Strictly speaking N (P) does not count rational points on the hypersurface X = V(F) c P*!,
but it is straightforward to pass from an asymptotic formula for Nx(P) to one for

Nx(P) = #{z € P"/(K): F(z) = 0, H(x) < |P|},

where H: P""1(K) — Ry, denotes the naive height on projective space. Recall that if
x = (xq,...,7,) € O" is a representative for v € P"!(K) with ged(xy,...,7,) = 1, then
H(z) = |z|. In addition, = has precisely |F;‘| = ¢ — 1 such representatives. Suppose that

Np(P) = cp| PI"™ + O(|P|""™)

for some k > 0. Then we may use the function field analogue of the Mobius function
p: Fylt] = {£1} to detect the coprimality condition ged(zy, ..., x,) = 1. This gives

RSP YD S

9= zeom\{o}: [z|<|P|  keOt
F(:l:):() k‘ng(ml ~~~~~ xn)

= —1 ¥ uB)Ne(P/) +O(IP)
keO™
Ik|<|P|

Cr n—d :u(k) n—d—k
= |P| - T O(|P| )
N T

|k|<|P]

_ Cr n—d n—d—k

assuming n — d > 1 and where (x(s) = (1 — ¢'7*)7! is the zeta function of K = F,(t).
If n = d + 1, the situation is a bit more delicate, see for example the discussion before
Corollary 2 [100] for quadrics. However, apart from the case d = 2 we are very far from
producing an asymptotic in this case.

Applying (4.0.1) to Ng(P), we immediately obtain the identity
Np(P) = /T S(a)da, (4.0.2)

where

S(a) = > v(aF(x)).
zeO™
|z|<|P|
The basic strategy now is to divide T into a set of major arcs, on which we wish to asymptotically
evaluate S(«), and a set of minor arcs, on which we want to show that |S(«/)| is sufficiently
small. The workhorse in the circle method is Weyl's inequality, for which we present a proof in
the next section.
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4.1. Weyl differencing

4.1 Weyl differencing

A versatile tool for estimating S(«) is through the process of Weyl differencing. The key
idea behind Weyl differencing is to successively square |S(«)| and reduce the degree of the
polynomial involved to end up with a linear exponential sum that we understand well. We
will explain this when F' € O[z1,...,x,] is a polynomial of degree d over K = F () with
char(F,;) > d. We will see that the quality of our estimates only depends on the degree d
homogeneous part of F', which we shall denote by F;. We can thus write

Fo(x) = > fiiai - Tigs

1<i1,0ig<n
where the coefficients f;, .,
introduce the multilinear forms

Li<w(1)7 s aw(d_l)) =d! Z fi1,...,id—1,ixz('11) e m(dil) (411)

d—1

€ O are symmetric in the indices. It will be convenient to

1<iq,.yig—1<n

for i =1,...,n, where 9 = (27 .. 2) for j =1,...,d — 1. Observe that we have the
identity
0Fy 1
Iz, @) 412
i) = e 0) (4.12)

Given y € O™, we define the differencing operator Ay : K[z1, ..., 2] = K|zt ..., 2]
via its action on G € K [z1,...,x,] by
Ay(G)(z) = G(z +y) — G(x).

For k > 2 we define recursively Ay, ., (G) = Ay, (Ay, . 4., (G)). The key property of the
differencing operator is that if deg G = e and char(K) { e, then deg A, (G) = e—1 for y # 0.
Squaring |S(«)| gives
S = > > v(aF(x) - F(=)).
lz1|<|P| |22|<|P]|

We can now make the change of variables * = x5 and y = x; — 5. Then by the ultrametric
property we have |xs| < |P| if and only |y| < |P], so that

[S(@)F = 3 > d(a(Ay(F)(x))). (4.1.3)

ly|<|P| |z|<|P|
)2

Inductively we obtain via an application of Cauchy—Schwarz

|S(Oz)|2d71 < (|P|(2d2—(d—1))n Z . Z

[zW]<|P] fald=2)]<|P|

|z|<|P]

<|p[ETEAn S Y > YDy paa(F)(T)))

lzW|<|P|  [2ld=D|<|P| ||z]<|P|
<[P ST Y (A, e (F)()))-
lz(V|<|P]| |e(d—1)|<|P| |z|<|P|
We now observe that
Aoy m(d—l)(F)(x) = Z Li(il:(l), e ,:B(d_l))wi + 1,
i=1

where 1) is a term that is independent of x. In particular, after bringing absolute values inside,
we have obtained the following result.
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4. THE CIRCLE METHOD

Lemma 4.1.1. Let F € Olxy,...,x,| be a polynomial of degree d. Then

\S(Oz)\zdfl < |P](2d71_d)” Z Z ﬁ Z w(aLi(w(l), . ,w(d_l))x) )

lzW[<|P|  [ald=D|<|P| [i=1]z|<|P]|

Remark. The factor d! in the definition of L; is the reason for our assumption char(K’) > d.
Indeed, if char(K) < d, then L; = 0 and so the inequality of Lemma /4.1.1| reduces to the
trivial estimate |S(a)2""" < | P2 '

The crucial point at this stage is that each expression in the sum above is linear in x and
linear exponential sums are easy to understand. Let 0 < s < deg P be an integer and define

D < |Plg®for1<j<d-—1
_ M) (=1 o d=Dn. |T q <j< ,
KS(P) i {(:1: Y ) ceO : HaLi@a), o 7Cc(d—1))H < |P|—1q—s(d—1)

Then upon combining Lemma |4.1.1 with the orthogonality relation of Lemma 3.0.3, we
immediately arrive at the following result.

Corollary 4.1.2. We have

2d—1

[S(@)[*" < [P IR E (P,

To estimate K(P), Davenport came up with an ingenious idea that relates Ky(P) to K4 (P),
where s is eventually chosen in such a way that the Diophantine inequality

|aLi@®, ... 2" D)|| < |P|"tg D

forces L;(xV, ..., x4"V) to vanish. The key ingredient is his “shrinking lemma”, whose
function field version is for example proven in Lemma 6.4 of [41].

Lemma 4.1.3. Let v € Mat,«,(K) be a symmetric matrix. Given integers a,c, s such
that ¢ > 0 and s > 0, let N.,, . denote the number of € O" such that ||yx| < ¢ ¢ and

|x| < ¢“. Then
N’y,a,c

N’y,afs,chs o

Corollary 4.1.4. Suppose that 0 < s < deg P. Then

a—

< qns-‘rn max{| 5<],0} ]

Ko(P) < ¢V K (P).

Proof. We can fix all but one of ) ... x(@ in the definition of Ky(P) and apply
Lemma 4.1.3 to each = individually for 1 < i < d — 1. At the ith step, we have
c=deg P+s(i—1) and a = deg P, so that for any V). .. (=Y g+ =D c O
we have

#{z € 0" |e| < |P| [aL;(@®,....a" )| < [P|"'q ) for 1 < j < n}
< ¢z € 0" |2V < [Pl

aLj(az(l), . ,az(d_l))H <|P|7t¢ for1<j<n}

by Lemma 4.1.3| Indeed, a — ¢ = —s(i — 1) < 0 and the matrix underlying the linear map
x® = a(Ly (W, ..., 2@ D), . L,(x®, ... x@7D)) is symmetric since the coefficients
in the definition (4.1.1) of the L;'s are symmetric in the indices. O
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4.1. Weyl differencing

Our goal is now to apply Corollary |4.1.4 and choose s in such a way that the Diophantine
inequality in the definition of n,(P) forces L;(x™,... x@~1) =0 for 1 <i < n. Before
doing so, we need an elementary estimate for the number of integral points on affine varieties.

Lemma 4.1.5. Let W C AV be an equi-dimensional variety of degree D. Then
#{x e W(0): x| < Z} < 2™V,

where the implied constant only depends on N and D.

Proof. We proceed by induction on dim W. If dim W = 0, then W (O) is a union of at most
D points, so that the estimate holds trivially. Suppose now that dim W > 1. This implies that
there exists an index 1 < iy < N such that the hyperplane {x;, = a} intersects W properly

for any a € F,(t). Thus we have

#{x e W(0): || < Z} < Y #{x e W(O): zy =a, x| < Z}.
acO
lal<Z

The intersection W N {z;, = a} has dimension at most dim W —1 > 0 and degree at most D,
because W is equi-dimensional. Thus we can apply the induction hypothesis to deduce that

#Hax e W) x| < Z} < 3 ZAmW-1 o ZdimW
acO
la|<Z

as desired. O

Let o denote the dimension of the singular locus of the affine hypersurface V(Fy;) C A". In
particular, o = 0 if and only if the projective hypersurface defined by F; = 0 inside P"~! is
smooth.

Lemma 4.1.6. Let Z C AlY" pe the variety defined by Li(x",... @) = 0 for
i = 1,...,n and suppose that char(K) > d. Then any irreducible component of Z has
dimension at most (d — 2)n + o.

Proof. Let A C A™?~1 be the diagonal defined by
A={(xW,. . 2@ D)ye ArdD. O — .. = gDy

so that A is irreducible of dimension n. If x = (x,...,x) belongs to AN Z, then as we
assume char(K) > d by (4.1.2) we must have VF(x) = 0. This forces x to lie on the
singular locus of the affine hypersurface defined by F' = 0, which by assumption has dimension
0. Thus we have

c>dimANZ>dimA+dimZ —(d—1)n

and hence dim Z < (d — 2)n + o. O

We now have everything at hand to establish the main estimate for S(«). For a polynomial
G € Ky|z1,...,x,), let Hg be the maximum of the absolute values of its coefficients.
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4. THE CIRCLE METHOD

Proposition 4.1.7. Let F' € Olzy,...,x,] be of degree d and let F,; be its homogeneous
degree d part. Suppose that o = a/r + 0, where o,0 € T and a,r € O are coprime with
la| < |r|. If o is the dimension of the singular locus of the hypersurface V(F;) C A™ and
char(K) > d, then

n—o

\P| + Hy|P40r] + i . e
S Pn d
Se)l <171 ( P T H [+ P ’

where the implied constant only depends on n and d, but not on q.
Proof. Let 0 < s < deg P be an integer satisfying

(1) ¢~ @V Hp [rOPI-1] < ¢5@d-D,
@) [rP~] <
(3) () ¢V Helr P < gD or
(ii) |rOP|~t < ¢#d=1).
Then by Corollaries 4.1.2 and |4.1.4 we have
[S(@)P" < [P|CT g K (P).

Suppose that (... x@ D) ¢ O™4D is counted by K,(P). Let 1 < i < n and set
m = Ly(xz®, ... x@ ). Our goal is to show that m = 0. First, observe that Hy, < Hp, for
1 <i < n. Second, by the definition of K,(P) we have |29 < |P|¢g~* ' for 1 <j <d—1,
so that by the ultrametric property |m| < Hg, (|P|g*~')%"1. In particular, (1) implies that

|Om| < Hp,0(|1Plg—~)* " < |7 <1

and hence [|fm|| = |0m|. Therefore, by the definition of K (P), we obtain

< max{|[¢ml], am|[}

amH
< max{|r| ", |P| gV}
< Jr|!

). This implies that r | m. If the first alternative of (3) holds, then |m| < |r| and thus
0. If the second alternative is true, then r | m implies

(
s(d—1)

[Om] = [|0m|| = [lam]] < |P|"'q

and so |m| < |0P|7*q~*=Y) < |r|, which again implies m = 0. The choice

log, max{q~ "V, ¢~V Hp, [roP ], [P, [r| "t min{g~ "V Hp, [P|* [P 71}
d—1

for s satisfies (1)-(3) and s > 0. In particular, every (V... z(@ V) counted by K,(P)

must satisfy L;(z™, ... 2@ Y)=0fori=1,...,n. Assuming s < deg P we obtain

1 1_ n s(d—1)n L 1, qs n—o
1S())? < |P|@T @Dty € 2(0): |a| < |Plg*} < | P <|P|>

(4.1.4)
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4.1. Weyl differencing

by Lemmas 4.1.5 and 4.1.6. If s > deg P, then since ¢ < n, this estimate is worse than the
trivial bound and so the estimate holds in any case. The term ¢° is at most

1
g (max{g~“™D, ¢~V Hp,[rOP* Y, |r P, || min{g~ "V Hp, [P|*, [0P71}) T

1
< |p| (PI- HrlrbP + 1] ¢ o
- | P|4 ¢ Hp,|r| + |ro P4 ’
which upon inserting into (4.1.4) completes the proof. ]

For some applications, such as establishing weak approximation, it is convenient to have an
estimate available for a slight generalisation of the sum S(«a). Let @y € K2, M € O\ {0}
and b € O" be given. For a parameter L > 0 and a € T, we then define

Sla)= > v(aF(z)).
zeO™
|x/P—xo|<L™!
z=b mod M
Corollary 4.1.8. For |P| > |M|L, under the same assumptions as in Proposition 4.1.7, we

have

1P| )" " ((EIMI)MIPI + Hp,|M|*r0P?| + " r| (L] M)

Sla)| < | =
1§()] <L|M| Pl

¢ (M) ><
¢ Hy (EIM )| +1r6) |

where the implied constant only depends only on n and d, but not on q.

Proof. Without loss of generality, we may assume that [b] < [M|. We can write Pz = yo+ 20
for some yy € T" and 2y € O". As |b| < |M]|, we then have |x/P — 3| < L™' and

x = bmod M if and only if £ = My + z5 + b for some y € O™ with |y| < |M||E Upon
defining G(y) = F(My + zo + b), we thus have
S)= Y wlaGy)). (4.15)
lyl< L2

IMI|L

The polynomial G(y) has coefficients in O and its homogeneous degree d part is M?F,(y),
so that Hg, = Hg,|M|? In particular, the corollary follows from Proposition 4.1.7| applied to
the sum on the right hand side of (4.1.5). O

A variant of the squaring and differencing process explained above is van der Corput differencing.
Let H C O" be a finite subset. For a function f: K2 — C that is supported on the set
{x € K7 : |x| < |P|}, the starting point is the identity

#H D> fle)=> > fle+h)= > > f(z+h).

zeOn heH xeOn zeO" heH

Applying Cauchy-Schwarz yields

> f=)

reOn

<|PI" > N(h) > f(z+h)f(z),

heH reOn

27



4. THE CIRCLE METHOD

where N(h) = #{(h1,hs) € H*: hy — hy = h}. Taking

f@)z{me@» if || < [P,

0 else,

thus gives

S <[P"#HZ Y N(h) > d(a(F(z+h) - F(x))).

heH |z|,|z+h|<|P|

Note that by choosing H = {x € O™: |x| < |P|} we can recover the inequality (4.1.3)
obtained by the standard squaring and differencing process, so nothing has been lost. However,
the advantage is that one can freely choose the set H, thereby allowing for greater flexibility.
Heath-Brown [105] has introduced averaged van der Corput differencing that allowed him to
establish that any cubic form over QQ in at least 14 variables possesses a non-trivial zero. This
improves upon an old result of Davenport [60], who showed that having at least 16 variables
is sufficient for the existence of a non-trivial zero.

4.2 Major and minor arcs

Having established a sufficiently strong estimate for |[S(«)| in Proposition 4.1.7, we will now
proceed to explain the main steps in the circle method. It is clear that the quality of the
estimate in Proposition 4.1.7 is controlled by “how well” « can be approximated by a fraction
a/r € F,(t). The following result is the function field analogue of Dirichlet’'s approximation
theorem and quantifies the quality of a rational approximation. A proof can be found in [35,
Lemma 5.7].

Proposition 4.2.1. Let Q > 1 be an integer and oo € T. Then there exist a € O, r € ot
such that |a| < |r| < @, ged(a,r) =1 and

1
< —.
e

Remark. An important difference to characteristic 0 is that Dirichlet's approximation already
provides us with an exact decomposition of the unit interval. What we mean by this is that
the intervals in the union

T=|] | {eeT:ja—a/r|<[["'Q™"}

reOt  lal<|r|
|r)<Q ged(a,r)=1

‘ a

r

are non-overlapping thanks to the ultrametric property of the norm, for any positive integer
(). This analogue of a Farey dissection drastically simplifies the possibility of exhibiting extra
cancellation when averaging S(a/r + ) over the numerators a or even the denominators 7.
We will explain this in more detail in Section 4.4

Let @ € T and suppose that a = a/r + 6, where a,r € O are coprime, |a| < |r| and 7 is
monic. Dirichlet's approximation theorem guarantees the existence of such a,r and 6 with
Ir| < |P|%? and |0] < |r|~|P|=%2. In this case, Proposition 4.1.7 simplifies to

1S(a)] < |P["|r]” @02 T max{1, [§ P} @ 0at T (4.2.1)
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4.2. Major and minor arcs

In particular, we see that we get a power saving over the trivial bound |S(«a)| < |P|" if
[r] > |P|? or |0] > |P|*~? for some fixed A > 0. Motivated by this, for a small parameter
0 < A < 1/2 we define the major arcs to be

mAa) = | Uo {aeT:ja—a/r| < [P|*} (4.2.2)

Ir|<|P|A  lal<|r|
ged(a,r)=1

and our goal is to evaluate S(«) asymptotically for « € M(A). The exact value of A is of no
importance and only affects the quality of the error term.

The minor arcs are defined to be the complement m(A) = T \ 9t(A) and we wish to show
that the contribution from them makes up an acceptable error term.

Proposition 4.2.2. Assuming n > o + (d — 1)2¢ and char(K) > d, we have
| 18(@)lda < | PP
m(A)
for some k > 0.
Proof. Let o € m(A). Then by Proposition 4.2.1 there exist coprime a,r € O such that
la| < |r] < |P|%¥?%, r is monic and |a — a/r| < |r| 7Y P|~¥% As a € m(A), we must either

have |r| > |P|® or |r| < |P|? and |a — a/r| > |P|*~4. It follows that

/ 15(a)| < 1 + o,
m(A)

where
5= / S(afr +6)|do
rez(ﬁ:+ a|z<:|r| 0] <|r|~1|P|~d4/2
|P|2<|r|<|P|4/2 ged(a,r)=1
and

>

reot  lal<|r| /lplA_d<9<|r_1P|d/2
r|<|P|* ged(a,r)=1

1S (a/r + 6)]d6.

In particular, under our assumption n > o + (d — 1)2¢, by (4.2.1) we have

Do 2 |T|1_(d_q)ﬁ/ max{1, ]0Pd|}_(d—n1)%dg
01<r|~1|P|~4/2

|P|A<|r|<|P|4/2

<[P Y | @

|P|A<|r|
< [P,
where 0 = —A(2 — (d-ﬁ%) > (. Similarly, for ¥ we have
1-—_— ___n—o
22 < |P’n ‘T.l <d71)2d_1/ |(9de @-129-1 49
|T|SX|:P|A |P|A=d<|o]<|r| =1 |P| =4/
<[P
where &' = —A(1 — #) > 0. u
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We now commence with our analysis of the major arcs. Let a = a/r + 6 € 9(A), so that
a,r € O are coprime satisfying |a| < |r| < |P|® with  monic and |§] < |P|*~. Any z € O
can be written uniquely as © = ry + z with y, 2 € O" satisfying |y| < |P||r|™* and |z| < |r|.
Thus

()= X w(‘ﬂ”) S G(OF(ry + 2). (42.3)

z|<|r s
j21<ir i<l

Using Taylor expansion, we see that
6(F(ry + ) — F(ry))| < Hr| P>~ max max{|=[‘(|rl|y)*")

< Hp|P|* " max{|r|'|P|*"}
l<i<d (4.2.4)

S HF|P|A—d 112?2%1{|P|d—i(1—A)}

S HF|P|2A_1,

where we used that the maximum in the penultimate line occurs at i = 1, because A < 1/2.
In particular, as A < 1/2, we have |0(F(ry + z) — F(ry))| < q~' for | P| sufficiently large
and hence Y(0F (ry + z)) = ¢Y(0F (ry)) for a € M(A). Taking a =0 and r =1 in (4.2.3)

shows that
S@) =" Y Y(OF(ry)).
<
If we define
aF(x
Sa,r = Z ¢ ( : )>
|| <]|r|
for a € O, we can thus conclude
S(a) = |r|™"S,,S(8) (4.2.5)

for a € M(A).

The next step is to replace S(#) by an integral. Using the fact that |0] < |P|*~%, an argument
parallel to (4.2.4) shows that ¢(0F (y)) = ¥(0F(y + z)) for any z € T". Integrating z over
T™ implies

S(0) = / Y W(OF(y + 2))dz = / D(OF (z))da (4.2.6)

™ y<|P| lzI<IP|

upon making the change of variables @ = y + z. In addition, after two obvious changes of
variables we have

— n d
/MPlM /|m|<|P|1P(0F(:1:))dasd0 =P ) s / (0P'F(a))dwdd

(4.2.7)
_ |P|n—d/|9<PA /n¢(9F(x))dwd9,

where we used that F'(Px) = P?F(x), which holds because F' is homogeneous of degree d.

For r € OT, let us define the complete exponential sum

Sy = Z Sa,'r

la|<|r|
ged(a,r)=1
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4.2. Major and minor arcs

and for § € K, the integral
1(6) = / (OF (@)dz.

As explained in Remark 4.2 the union in the definition (4.2.2) is disjoint, so that combining
(4.2.5), (4.2.6) and (4.2.7) hands us the identity

— n—d A o A o
[, Stadda = [PI" 6 (1P (1) (428)

where for R > 0,

S(R)= > |r|™S,
reO*
[r|[<R

is the truncated singular series and

is the truncated singular integral.
Observe that taking |P| = |r| and # = 0 in Proposition |4.1.7 hands us the estimate
1S, ] < || T T (4.2.9)
In addition, the identity (4.2.6) may be used to derive the upper bound
I(6) < (1+0]) @0 (4.2.10)
We can use (4.2.9) to deduce that the completed singular series

S= > |r|"S,

reo+
converges absolutely for n > o + (d — 1)2¢ and that
|6 —&(|P|?)| < |P|™ (4.2.11)
for some 6 > 0. Similarly, (4.2.10) shows that the completed singular integral
G0 = /K 100
converges absolutely if n > o + (d — 1)2% and that

00s — 0so(|P|?)| < |P|77 (4.2.12)

for some ¢’ > 0. Combining (4.2.8) with (4.2.11) and (4.2.12) therefore yields the following
result.

Proposition 4.2.3. Let n > o + (d — 1)2% and suppose that char(K) > d. Then for
0 <A <1/2 we have

S(a)da = 06| P~ + O(|P|"~""
oy S(@)der = 0 @I P4 O( P
for some k > 0.

31



4. THE CIRCLE METHOD

In particular, Propositions 4.2.2 and 4.2.3 in conjunction with the identity (4.0.2) deliver us
the sought-after asymptotic formula

Np(P) = 0,,8|P|" 4+ O(|P|"*").

To understand when the main term in the asymptotic formula is positive, we have to take a
closer look at the constants o, and &. We begin with the latter. A straightforward application
of the Chinese remainder theorem shows that

Spiry = SrySry

whenever ry, 7, € Ot are coprime. In particular, the singular series factors into the Euler
product
G = Haw,
w

where the product runs over all monic irreducible polynomials @ € O and o, denotes the

w-adic density
= Z |w|_"mka.
k>0
Note that for kK > 1, we have
) al'(z)
ka=Z(Z¢(wk Zlﬁm
lz|<|ew|® \|a|<|ow|

= |o|*v(@") — @[ u(@ )

where for » € O we have defined
v(r) =#{x € (O/rO)": F(x) =0 mod r}.

Therefore, for any m > 1 we have a telescoping sum

Z |w’—lmswk -1 + Z |w|k(1—n)v(wk) i Z |w|(k—1)(1—n)v(wk—1)
k=0 k=1 k=1
= ]w|m(1_”)v(wm)

which shows that
0w = lim |w "y ("),
k—o00

The exponent 1 — n should be understood as a normalising factor which comes from the
fact that the dimension of V(F') C A" is n — 1. We can interpret o, thus as measuring the
density of w-adic solutions to F'(x) = 0. In particular, with the help of Hensel's lemma one
can show that o, > 0 providing there exists a non-singular solution € O to F(x) = 0,
where O, is the ring of integers of K. If this holds for every monic irreducible polynomial
w, then in view of the absolute convergence of G this is enough to guarantee that G > 0. If
n is small, then in some cases the truncated singular series G(R) grows like a power of log.
This is related to the logarithmic factor in Manin's conjecture and may be interpreted roughly
as saying that a large Picard rank leads to “many” solutions modulo primes.

Turning to the singular integral, the orthogonality relation from Lemma 3.0.2 and Fubini's
theorem imply that

— lim / / z))doda
|P|—o0 JTm 9\<|P|
:IPlllm |P|vol({w € T": |F(x)| < |P|"'}).
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4.2. Major and minor arcs

In complete analogy to the finite places one can show that o, > 0 if there exists a non-singular
solution & € T" to F'(x) = 0. In other words, the circle method allows us to not only establish
an asymptotic formula, but also the Hasse principle for the smooth locus of the projective
hypersurface V(F') C P"!. Interpreted as a product of local densities, the term 0., & matches
(up to a constant factor coming from the fact that we count all solutions and not just primitive
ones) the Tamagawa measure of the associated hypersurface that is part of Peyre's constant
in Conjecture 2.3.3|

Theorem 4.2.4. Letn > o + (d — 1)2¢ and suppose that char(K) > d. Then
Np(P) = 0:8|P|"~" + O(|P["~™")

for some k > 0. In addition, ., > 0 if there exists a non-singular solution x € T" to
F(x) =0 and & > 0 if there exists a non-singular solution € O to F(x) = 0 for every
monic irreducible w € O.

Theorem 4.2.4 was first proved by Lee in his PhD thesis [131]. It is the function field analogue
of the seminal work by Birch [16] over Q. In fact, both Birch and Lee work in the more
general context of complete intersections X C A" that are defined by R homogeneous forms
of degree d. In this case the asymptotic formula has leading term o, &|P|" "4 where o,
and & are the corresponding singular integral and singular series for the complete intersection
Fy = ... = Fg =0. For complete intersections one has to replace o by

ox =dim{x € A": tk(J(x)) < R},

where J(z) = (28)<;<pi<j<n is the Jacobian matrix of X. Note that unless X is a
hypersurface, ox does not necessarily agree with the dimension of the singular locus of X.
This has led to a lot of confusion in the literature and is for example incorrectly stated in
Lee's thesis [131]. Birch and Lee are able to produce an asymptotic formula for the counting

function associated to F,..., Fr providing that
n>ox+ 1+ R(R+1)(d—1)2""

Skinner [186] generalised Birch's result to general number fields and in fact Lee [131] also
proved the analogous result over arbitrary global function fields, assuming char(K) > d.

One of the main features of the circle method is that when it works, it allows one to establish the
smooth Hasse principle for the underlying variety. In addition, by imposing extra congruence
conditions one can also verify the weak approximation property. This was done by both
Lee [131] and Skinner [186]. Over function fields, the Hasse principle is less interesting in the
range of variables where the circle method applies. Indeed, the theory of Lang—Tsen fields
implies that any variety Y C P"~! defined by forms F}, ..., F of degrees d;,...,dg has a
rational point over a global function field providing only that n > d2 + - - - + d%. However,
establishing weak approximation or an asymptotic formula for the number of rational points of
bounded height remains a challenging problem.

In most applications of the circle method the bottleneck lies within the estimation of the minor
arcs and requires n to be very large with respect to d. Over Q, the asymptotic evaluation
of the major arcs in Proposition 4.2.3 is already known for hypersurfaces to hold as soon as
n > o + 4(d — 1) thanks to work of Nguyen [152]. For most a € T, we expect the values
Y(aF (x)) to be uniformly distributed among the unit circle for & € O, so that an application
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4. THE CIRCLE METHOD

of the central limit theorem suggests that typically |S(a)| ~ |P|"/2. As the expected main
term is of order |P|"~¢, with the circle method alone it appears to be very difficult to establish
an asymptotic formula for Ng(P) unless n > 2d, even though Manin's conjecture suggests
an asymptotic already for n > d. In practice, we usually stay very far from the “square root
barrier”. However, there are examples where one can get very close to the theoretical limit
and one such instance will be the subject of Chapter 5.

4.3 Diagonal forms

A form of the shape F(x) = 3" a;2¢ € Olzy, ..., x,] with ay - - - a, # 0 is called a diagonal
form. In applications of the circle method, diagonal forms have a special place, because their
particular shape allows for new arguments to be brought into play. An important ingredient
consists of employing mean value estimates, as we shall now explain. Let

T(a)= ) (aa?),

zeO
|z|<|P|

so that

Np(P) :/TﬁlT(aia)da.

Remark. At this moment it is good to see why the circle method is particularly powerful when
the number of variables is large compared to the degree. Indeed, if we achieve an upper
bound of the form |T(a)| < |P|*=? for a € m(A), then since |a;| < 1 we immediately get
[T, |T(a;0)|™ < |P|" ™, so that increasing the number of variables amplifies the saving we
get in the estimates for the exponential sum involved.

For any 0 < s < | %], an application of Holder's inequality yields

/mHl IT{ae)|de < H1 ([ maaran)”

n 1/n (4.3.1)
< sup T (a;00)|" % ]':‘[1 (/T |T(aia)|25da> :
i=1,..,n =
Upon defining
Ka(P) = #{w € O%: |o| < |Plai + - +af = al, + -+ i}
and using the orthogonality relation (4.0.1), the integral above may be evaluated as
| 1T(aia)|*da = Ku(P)

If @ € m(A), then Weyl's inequality in Proposition 4.1.7 gives

T (a;00)| < |P]*° (4.3.2)

for some § > 0. Thus, if we have an upper bound of the expected order of magnitude
K (P) < |P|**~4Fe, (4.3.3)
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4.3. Diagonal forms

we can show that the contribution from the minor arcs to Ng(P) is negligible. The main
ingredient to achieve (4.3.3) is Vinogradov’s mean value theorem. For any d,s > 1, let

Joa(P)=#{x € O*: |z| < |Pl,af + - +at =aF  + . +2f for 1 <k <d}.
By taking z; = x4y; fori = 1,..., s, we easily obtain the lower bound
Jsa(P) > |P|°. (4.3.4)

Alternatively, for h € O% we may consider J; 4(P, h), which counts solutions € O with
|z| < |P| to the system of equations

s

S(af —al)=hy fork=1,...,d

%
=1

Upon defining
Ul@) = 3 d(nz+--- + agz?)
e
(a< /P

for v € T¢, by (4.0.1) we have
Joa(P,h) = /T U ()2 $(—h - a)der < J,a(P).

A necessary condition for the system of equations in the definition of J 4(P, k) to be soluble
is clearly |hy| < |P|* for k =1,...,d and the number of such h € O% is O(|P|%4+1)/2), so
that

> Jed(P ) < PR (P).

heOd
|hi|<| P

The left hand side is easily seen to be > |P|*, so that
Jsa(P) > | PPtz (4.3.5)

The main conjecture of Vinogradov asserts that there is a matching upper bound to (4.3.4)
and (4.3.5):

Js,d(P) <. |P|S+6 + |P|25—d(d+1)/2+6 (436)
for any s,d > 1. After a great body of work, the conjectured estimate (4.3.6) has been
resolved in full by Bourgain, Demeter and Guth [20] and Wooley [211} 212]. The former work
is only concerned about Q, while Wooley’s method of nested efficient congruencing is flexible
enough to establish (4.3.6) over any global field K as long as char(K) = 0 or char(K) > d.

The connection between J; 4(P) and K;(P) is revealed through the following simple observa-
tion. If || < |P|, then certainly | Y5, (zF — 2%,,)| < |P|*, so that

K P)= Y / U (@) (—arhy + - — ag_1hg_1)dex
he@d-1 E
|| <P
< | P42 ], 4(P).
In particular, taking s = d(d + 1)/2, it follows from (4.3.6) that

Kd(P) < |P|d(d+1)—d+5 _ |P|25_d+5.
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4. THE CIRCLE METHOD

Together with (4.3.1) and (4.3.2) this shows that

/ H |T(a;a)|da < |P|”_d_‘S
m(A) i1

for some § > 0 if char(K) > d and n > d(d + 1). In addition, for a diagonal form it is known
that
/ [1 7 (ae)da = 05.8|P|"~* + O(|P|"~4)
MA) =1
assuming only that n > 2d and char(K) t d by [127, Theorem 30]. In particular, for a diagonal
form we can obtain an asymptotic formula, and likewise establish weak approximation by

adding extra congruence conditions whenever n > d(d + 1) and char(K') > d. This should be
compared with Theorem |4.2.4, where the number of variables grows exponentially with d.

An alternative to Vinogradov's mean value theorem is Hua's inequality. It states that
[IT(@)*da <. [P+
T

whenever char(K) > d. It is a classical result over QQ and was extended to IF,(¢) by Kubota in
his PhD thesis [127]. Unlike Vinogradov's mean value theorem, Hua's inequality can be proved
fairly easily, only relying on the divisor estimate. It allows one to establish an asymptotic
formula for Nz(P) when F is diagonal whenever n > 2¢. Observe that this is superior to
what can be achieved using Vinogradov's mean value theorem only when d € {2, 3,4}.

4.4 Delta method

A major innovation in the circle method is found in the work of Kloosterman [123], in which he
essentially uses the Farey dissection of the unit interval together with the Poisson summation
formula to obtain cancellations in the sum S(a/r+6) when averaged over a modulo r such that
ged(a,r) = 1. Exploiting this extra averaging is called a Kloosterman refinement. A classical
implementation of the circle method for non-singular quadratic forms F € Olzy, ..., x,]
requires n > 5 to get an asymptotic formula for Ng(P), while Kloosterman's approach is
capable of handling n = 4.

Building on work of Duke, Friedlander and Iwaniec [69], Heath-Brown [100] used a smooth
decomposition of the delta symbol to develop an alternative to the classical circle method
that is particularly powerful when dealing with forms of small degree. Following work of
Browning and Vishe [37], we will now explain the delta method in more detail in the case
K =T,(t), where it is much simpler to set up. In fact, it turns out to be a direct consequence
of combining Dirichlet's approximation theorem with the Poisson summation formula, so that
it is disputable whether it should really be called “delta method” over F,(t).

Let ) > 1 be an integer. Then thanks to the ultrametric property of the norm, Proposition 4.2.1
already gives a partition of the unit interval. Indeed, we have

il
T
Qlr|

’]I‘:|_| |_| {QET: ‘a—a
reot acO r

<0 lal<lrl
Irl=@ ged(a,r)=1

36



4.4. Delta method

which via the orthogonality relation (4.0.1) implies

22 ¢( )/9|<Q 1r|1¢(0x>d0:{(1) ::izg\{()}-

€O+ ac®
<@ lal<I"]

ged(a,r)=1
The analogue of this identity is the starting point in Heath-Brown's delta method and paves
the way for a double Kloosterman refinement, meaning that one also exploits cancellation
when averaging over r. Over the integers the integral over 6 is replaced by a more complicated
function. The reason why the set-up in positive characteristic is so much simpler can be
attributed to the fact that the indicator functions of intervals are already smooth in an
appropriate sense, while over the integers one has to “smoothen” them first.

The next step is to evaluate the exponential sum S(a/r + ) via the Poisson summation
formula as stated in Proposition 3.0.5, which after maneuvering some of the terms and a
change of variables leads to an identity of the form

N e / Y S, () L(v,6)d8, (4.4.1)

reot 01<Q@~M ™t yeon
<@
where )
+v-x
oy (i)
a mod (r)  mod (r)
(a,r)=1
and

Pv-x
L(0,0)= [ <0F(Pa:) + )daz
n r
are a complete exponential sum modulo  and an oscillatory integral respectively.

A crucial difference to the classical circle method is that there is no division into major and
minor arcs. Instead, via Poisson summation we are aiming at evaluating the exponential sum
S(«) asymptotically on the whole unit interval, with the expectation that the main term is
coming from v = 0 and the remaining contribution makes up a negligible error term. This
is not always true, however. In Chapter 5 we will see that for cubic surfaces, zeros of the
dual form make up a main term in the asymptotic formula that corresponds precisely to the
contribution coming from rational points on lines.

Let us now explain how to deal with the expression (4.4.1). Firstly, via the method of non-
stationary phase, one can show that I,.(v,6) = 0 unless |v| < |r|/|P|. Moreover, if one goes
through the analysis carefully, it transpires that the optimal choice of Q is of size |P|%2. In
particular, in the generic case |r| = Q, we can truncate the sum to |v| < |P|%>". This
already makes the sum shorter if d < 3, but offers no advantage if d > 4. Secondly, the sums
S(v) are multiplicative with respect to r. To estimate them, we can thus reduce to the case
of prime powers r = w®. The most difficult case is when k& = 1, in which case S (v) is a
complete exponential sum over a finite field that can be estimated efficiently using Deligne's
resolution of the Weil conjectures [66, 67|, providing the singular locus of the hypersurface
under consideration is not too large. Thirdly, to estimate S_x(c) when k > 2, one typically
uses more elementary techniques that resemble the stationary phase approach that one can
use to estimate I,.(c,d). However, this does not always lead to upper bounds of the desired
strength. Instead one can estimate the average 3|, <./ p| |5 (v)| when 7 is square-full, which
turns out to be rather involved.
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When estimating the exponential sum S,.(c) one can already exhibit a Kloosterman refinement
by taking into account the sum over the numerator. Moreover, in the case of quadratic forms,
for generic square-free r, they can be evaluated explicitly through Gauss sums. Via Mellin
inversion this allows one to relate the average 3°, S,.(c¢) to certain Dirichlet L-functions and gain
extra cancellation when summing over r, which is precisely the double Kloosterman refinement
mentioned earlier. For cubic forms, the same strategy leads to a family of Hasse-Weil L-
functions associated to hyperplane sections of the corresponding cubic hypersurface. Little is
known about these L-functions in the integer setting, but assuming standard conjectures such
as the generalised Riemann hypothesis, analytic continuation and the existence of a functional
equation, Hooley [116] was able to deal with cubic forms in 8 variables. Over F,(t) these
standard conjectures about Hasse—Weil L-functions are known thanks to work of Grothendieck
and Deligne's resolution of the Riemann hypothesis. Browning and Vishe [37] exploited this
fact and proved the analogue of Hooley's result unconditionally over F,(t). In Chapter 5 we
will follow a similar strategy to obtain almost optimal upper bounds for diagonal cubic forms
in 6 variables over F,(t).

So far we have only talked about applications of the circle method to counting rational points
on hypersurfaces. In fact, with the classical circle method one can already deal with complete
intersections, as demonstrated by Birch [16]. If one would like to use an analogue of the delta
method, the situation becomes more complicated. Munshi [149] used a nested version of the
delta method to produce an asymptotic formula for the number of rational points of bounded
height on smooth complete intersections of two quadrics in 11 variables over the integers. A
major step forward was made by Vishe [202]. He developed a Farey dissection of T? over
IF,(t), thereby allowing for a double Kloosterman refinement. This enabled him to deal with
smooth complete intersections of two quadrics in 9 variables. Chapter 6 is concerned with
generalising his approach to handle intersections of a cubic and a quadratic hypersurface. This
requires extending his Farey dissection to lopsided boxes to take into account the different
degrees of the defining forms.

4.5 Results obtained using the circle method

Having explained the basic mechanism underlying the circle method and some of its extensions,
we conclude this chapter by a survey of results in the context of rational points that have been
obtained using the circle method. Let K be a global field and F}, ..., Fr € Klzy,...,z,| be
homogeneous forms of degree dy, ..., dg respectively. We shall write d = (dy, ..., dR).

We denote by X C P"! the projective variety cut out by F}; = --- = [ = 0 and assume
that it is a complete intersection. We write U C A" for the affine cone of X. Recall the Birch
singular locus

BSing(X) = {x € A": rk(J(x)) < R},
where J(z) = (25 ( ))i<i<mri<j<n is the Jacobian matrix of U. Let ox be the dimension of
BSing(X) and deflne

Byn =1+ R(R+1)(d—1)2"".

Birch [16] has obtained an asymptotic formula for
Np,. . rp(P)=#{x € Z": Fi(x)=---= Fr(x) =0, |z| < P}

as P — oo precisely when Fi, ..., Fg € Z[z1, ..., x,] are forms of degree d and n > ox+ By.
We will use this result as a benchmark, which we will compare other results to. Let us begin by
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reviewing some general results in Table 4.1 for complete intersections when d = d; = --- = dg
that improve upon Birch's result.

number of variables field conditions author(s)
n>ox+ (d—3vd)2? Q R=1 Browning—Prendiville [31] |
n>1+ox+ %de —2d Q 3<d<9and R=1 Browning—Prendiville |31]
n>d*—d+2|v2d+2] —1 | char(K) = 0 or char(K) > d diagonal form Wooley [212]
n>1+ R(d27+1) Q F, ..., Fg generic when d > 3 | Rydin Myerson [165]]166][167] |
n>1+ R(d(d—1)2%+1) E;qrfz)'cga?é,j)i;z; Ao ';::f; E‘r;[:éth @] Browning-Vishe—Yamagishi [45]

Table 4.1: Improvements on Birch's result for arbitrary degrees.

The result of Browning and Prendiville [31] essentially uses a combination of all the tools we
have at our disposal to estimate |S(«a)|. This includes d — 3 applications of van der Corput
differencing, which is followed by the Poisson summation formula to estimate the resulting
cubic exponential sum, Weyl differencing or a combination of both. Wooley's work uses the
advances on Vinogradov's mean value theorem, that we have already mentioned in Section 4.3.
Rydin Myerson result is particularly powerful compared to Birch's result when R is large, since
the number of variables is only required to grow linearly in R compared to the quadratic
growth stipulated by Birch. To achieve this, he establishes a sort of “respulsion principle” for
the exponential sums involved, from which he deduces that the measure of the set on which
the exponential sum is large must be small. This involves a certain auxiliary inequality, which
he can only show to hold for generic systems of forms. When d € {2, 3}, he is able to remove
the genericity assumption [166, [167]. The work of Browning, Vishe and Yamagishi is the
function field analogue of Rydin Myerson's approach. They are able to remove the genericity
assumption for any degree. The price they pay is that they require ¢ to be somewhat larger
than in usual applications of the circle method, that the forms are already defined over the
constant field IF, and slightly stronger assumptions on the number of variables involved.

One of the disadvantages of Birch's theorem is that it only applies to systems of forms of equal
degree. A priori it is not clear whether a generalisation to systems of forms of different degrees
is even possible, since the process of Weyl differencing eliminates the appearance of any form
of small degree. Schmidt [180] was the first one to find a way that overcomes this difficulty.
However, the bound he obtains on the required number of variables grows quite rapidly and is
difficult to compute. This was substantially improved when Browning and Heath-Brown [40]
revisited the problem in 2014. Although their most general result is too complicated to state
here, we illustrate the strength of their result with two examples. Let X C P™ be a smooth
variety. Then they are able to obtain an asymptotic formula for the number of rational points
of bounded height on X and establish the Hasse principle whenever

dim(X) > (deg(X) — 1)24ee) _ 1,

What is surprising about this result is that apart from the smoothness assumption, there is
no extra assumption about the geometry of X. In particular, it is not even required to be a
complete intersection. If U C A" is a complete intersection defined by two forms of degrees
dy, dy with d; > dy such that X C P"! is smooth, then they obtain an asymptotic formula
for the counting function involved as soon as

n > (24 dy)(dy — 1)297 4 dy2%71

Frei and Madritsch [78] worked out the number field analogue of Browning and Heath-Brown's
work.
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An alternative point of view is through the h-invariant of a form. Recall that the h-invariant
of a form F' € K[xy,...,z,)] is the least positive integer h such that F' can be written as

F=G1H1+"'+GhHh,

where G1, Hy,...,Gy, Hy, € K|xy, ..., x,)] are forms of positive degree. Schmidt's result [180]
already mentioned adopts this point of view and produces an asymptotic formula for the
relevant counting function if the h-invariant is large enough compared to the degree. In
general it seems difficult to compare the h-invariant to other geometric invariants of F'. In
his recent work, Bernert [10] established an asymptotic formula for Np(P) over Q when
F € Z[xy,...,x,)] is a cubic form whose h-invariant is at least 14.

There is a great deal of work in the literature on forms of small degree. Table 4.2/ summarises
some of the results, in which “non-singular” refers to smoothness of the projective variety
X. A few remarks are in order to explain its content. Of course, we have already mentioned

d | By, | number of variables field conditions author(s)
2 5 n>4 Q non-singular Kloosterman [123]
n>3 Q non-singular Heath-Brown |100]
n > 4 even char(K) =0 non-singular Getz [83]
3 17 n>10 Q non-singular Heath-Brown 98]
n > 10 char(K) =0 non-singular Browning—Vishe |33]
n>9 Q at worst isolated singularities Hooley |112]]113[|114/]115]
n=_8 Q non-singular, conditional Hooley |116)
n=238 F,(t), char(F,) >3 non-singular Browning—Vishe [34]
n>8 Q F diagonal Vaughan [201]
n>7 Q F diagonal, conditional Hooley |111]
n>"7 F,(t), char(F,) # 3 F' diagonal Glas—Hochfilzer [88]
n=>6 Q F =39 23, conditional Wang [204]
n=06 F,(t), char(F,) >3 F =39 23, conditional Browning-Glas—Wang |38
4 49 n>41 Q non-singular Browning—Heath-Brown |29]
n > 40 Q non-singular Hanselmann 92]
n > 30 Q non-singular Marmon—-Vishe [139]
(2,2)| 13 11 Q non-singular Munshi [149]
10 Q . X contains.2 sir]gular points o Arala 2
conjugate over an imaginary quadratic field 1
X contains two singular points . - an
9 Q conjugate over Q(i) Browning-Munshi |30]
9 F,(t), char(F,) > 2 non-singular Vishe |202]
(32)| - 29 Q non-singular Browning-Dietmann—Heath-Brown [37]
26 Fy(t), char(F,) >3 non-singular Glas [85]
(3.3) | 49 39 Q non-singular Northey-Vishe [153]

Table 4.2: Improvements on Birch's result for small degrees.

Kloosterman's seminal work [123] on quadratic forms introducing what is now called a
“Kloosterman refinement”. Based on a smooth decomposition of the delta symbol by Duke,
Friedlander and Iwaniec [69], Heath-Brown [100] systematically developed the “delta method”
that we discussed in Section 4.4 and applied it to quadratic forms. Getz [83] pushed his
methods further by extending Heath-Brown's work to the number field setting and even exhibits
a secondary main term in the asymptotic formula for quadratic forms in an even number of
variables. His student Tran [197] also worked out a secondary main term for diagonal quadratic
forms over Q in an odd number of variables.

The “conditional” in the work of Hooley [116] refers to standard conjectures about Hasse-Weil
L-functions attached to cubic hypersurfaces that we already discussed in Section 4.4, The
work of Wang [204] additionally assumes a square-free sieve conjecture and most importantly
a form of the ratios conjecture for averages of Hasse-Weil L-functions parameterised by
hyperplane sections of the Fermat cubic fivefold. Browning, Wang and the author [38] have
adapted Wang's approach in the function field setting and were able to remove all conditional
assumptions except for the ratios conjecture.
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4.5. Results obtained using the circle method

Aside from the results listed in Table 4.2, there is other important work established using the
circle method, even though it falls short of producing an asymptotic formula. Most notably, in
a body of work Davenport [62, |59, |60] showed that any cubic form in at least 16 variables over
@ admits a non-trivial zero. His argument considers two alternatives: either the cubic form
has a zero for “geometric reasons”, or there is enough extra structure which makes the circle
method applicable. This was subsequently improved upon in Heath-Brown's seminal work [105]
on cubic forms in 14 variables, in which he adds averaged van der Corput differencing into the
circle method's arsenal. Bernert and Hochfilzer [11] have translated his approach to imaginary
quadratic fields and it would be interesting to see whether one can make it work over arbitrary
number fields.

Browning and Heath-Brown's treatise [29] on quartic forms in 41 variables is a precursor
of Browning and Prendiville's work [31] on forms in arbitrary degree, whose method we
already explained above. Hanselmann [92] was able to save an extra variable by introducing
Heath-Brown's averaged version of van der Corput differencing compared to the pointwise
van der Corput differencing employed by Browning and Heath-Brown. This was substantially
improved by Marmon and Vishe [139], who managed to save 10 more variables by incorporating
a Kloosterman refinement.

Considering the case of complete intersections, most effort has been concentrated on the
intersection of two quadrics. Munshi [149] has developed a nested version of the delta method,
allowing him to obtain an asymptotic formula for as few as 11 variables. Browning and
Munshi [30] are even able to reduce this to 9 variables in very special circumstances. This was
generalised by Arala [2], whose most general result requires 10 variables, where the loss of one
variable is solely attributed to the case when an imaginary quadratic number field does not
have class number one. In positive characteristic, Vishe [202] has made substantial progress by
developing a Farey dissection of the “unit square” T?, which leads to an identity that should
be thought of as analogous to a two-dimensional version of the delta method. In forthcoming
work of Li, Rydin Myerson and Vishe this approach is adapted to the rational numbers.

Browning, Dietmann and Heath-Brown [37] combined Poisson summation with a sophisticated
version of Weyl differencing to treat non-singular intersections of cubic and quadratic forms
over Q in 29 variables or more. By refining Vishe's Farey dissection of the unit square, the
author [85] could incorporate a Kloosterman refinement over F (¢), thereby reducing the
number of variables required to 26.

For intersections of two cubic forms, Northey and Vishe [153] use an averaged version of van
der Corput differencing followed by Kloosterman refinement to save 10 variables compared to
Birch's result.

Finally, we want to end this chapter by highlighting applications of the circle method to the
study of rational points that go beyond the setting of complete intersections inside projective
space. Schindler [176] generalised Birch's result to bi-projective hypersurfaces inside P x P2
over Q of bi-degree (d;,ds). Whereas a naive adaptation of Weyl differencing would require
dy + dy — 1 differencing steps, the key observation here is that d; — 1 iterations of differencing
for one variable and dy — 1 for the other suffice. Hochfilzer [109] obtained results for systems
of forms in bi-projective space by combining Schindler’'s approach with Rydin Myerson's version
of the circle method.

Another generalisation is due to Brandes [23]. In her work, she is able to asymptotically count
Q-linear subspaces contained in complete intersections that go beyond a naive adaptation of
Birch's approach. Flores [75] has shown how to adapt the circle method to quartic forms in
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weighted projective space, which under favourable circumstances allow him to achieve the
theoretical limit of the circle method that is suggested by the “square root barrier”. Another
instance where one can get close to the “square root barrier” is that of special forms that are
built out of norm forms, as demonstrated by the work of Birch, Davenport and Lewis [14]
that was generalised to number fields independently by Schindler and Skorobogatov [178] and
Swarbrick-Jones [191].

There has also been some activity surrounding the Birch singular locus. In particular, the
work of Schindler [177], Dietmann [68] and Yamagishi [213] is concerned with replacing it by
another invariant that in some instances can be strictly smaller than ox.

Recently Getz and his collaborators [3] introduced a “non-abelian” version of the delta method
that is capable of handling forms of low degree over central division algebras.
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CHAPTER

Diagonal cubic forms over function fields

This chapter is based on joint work with Hochfilzer [88].

5.1 Introduction

Given a non-singular cubic form F' € K|[xy,...,x,] with coefficients in a global field K, we
are interested in the counting function

N(P) = #{z € O": |z| < |P|, F(z) = 0}, (5.1.1)

where O C K is the ring of integers, P € O and |- | is a suitable absolute value on K. For
n > 5, one generally expects an asymptotic formula of the form

N(P) ~ c|P|"* (5.1.2)

as |P| — oo for some constant ¢ > 0. For large values of n, this has been successfully
achieved using the Hardy-Littlewood—Ramanujan circle method. For K = Q, the current
state of the art is due to Hooley [112], who showed that n > 9 suffices for (5.1.2) to hold. In
fact, conditional on unproved hypotheses about certain Hasse-Weil L-functions, in [116] he
pushed his approach further with the outcome that n > 8 is enough. For K = F,(t), using
the fact that the analogous hypotheses are in fact theorems by virtue of Deligne's work [67],
Browning—Vishe [34] proved unconditionally the asymptotic formula (5.1.2) for n > 8 and
char(K) > 3. However, for small values of n, an asymptotic remains largely out of reach.
Assuming F' to be non-singular and diagonal, which means

F(z)=> Fa}, Fe0\{0}, (5.1.3)
i=1
Heath-Brown [106] has provided an upper bound of the form N(P) < |P|>™¢ for n = 6 and

K = @Q, matching the predicted asymptotic up to a factor of |P|°. However, his work relies
on deep unproven conjectures about certain Hasse-Weil L-functions.

Our first goal of this work is to prove the analogous result unconditionally for K = FF,(¢). One
of the main novelties of our work is that we also obtain results when char(K) = 2. Usually
the circle method breaks down in small characteristic due to a Weyl differencing process. We
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manage to bypass this issue by applying Poisson summation instead, along with a recursion
argument regarding the density of solutions of the dual form F* of F.

From now on we write O = F,[t] and we work with the absolute value given by |P| = ¢ F

for P € O. By abuse of notation we also write |x| := max; |z;| for & = (z1,...,2,) € O™,

Theorem 5.1.1. Let K = F(t) with char(K) # 3. Suppose F' is given by (5.1.3). Then for
n =6 we have

N(P) < |PJ*.

As explained in Section 4.3, in applications of the circle method one frequently uses upper
bounds for the counting function

M(P) = #{m € 0% o + 23 + 2} = o + 23 + 2}: |z| < |P|}

to estimate the contribution from the minor arcs. Until now the strongest estimate followed
from Hua's lemma, which gives M (P) < |P|"/?*¢. In a 1964 letter to Keith Matthews [63]
Davenport asked whether one could achieve the bound M(P) < |PJ|**¢. Theorem 5.1.1
provides an affirmative answer to his question. In addition, in recent work Browning, Wang
and the author [39] were able to remove the epsilon for a certain weighted version of N(P),
conditional on a suitable form of the ratios conjecture.

For n = 4 the situation is more complicated and one does not expect (5.1.2) to hold in general.
The cubic surface X C P? might contain rational lines and any such will contribute > | P|?
rational points to the counting function N(P). According to Manin's conjecture [76], one
expects

N°(P) ~ c|P|(log| P|)**, (5.1.4)

where N°(P) only counts rational points that do not lie on any rational line contained in X
and p is the rank of the Picard group of X.

Over K = Q, partial progress was made by Heath-Brown [106], who showed how to isolate
the contribution to N(P) coming from points on rational lines when F' is diagonal in the delta
method. He also managed to give an upper bound of the form N°(P) < |P|3/?%¢, again only
conditionally on certain conjectures about Hasse-Weil L-functions. As for n = 6, working
over K =TF,(t) allows us to establish the estimates unconditionally and we also succeed in
isolating the contribution coming from points on rational lines under certain restrictions on
the characteristic of K.

Theorem 5.1.2. Suppose F' is given by (5.1.3). If char(K') > 3, then for n = 4, we have
N(P) < | PP,

where N°(P) is defined as N(P) with the extra condition that x does not lie on any rational
line contained in the surface ' = 0. These lines, if they exist, are of the form

bﬂ?i + bj%j = bk:ck + bm = O,

for some b;, b;, by, b; € K such that

W' R (Y B
b)) F ) B



5.1. Introduction

where {i,7,k, 1} = {1,2,3,4}.
While if char(K') = 2, then for n = 4 we have

N(P) < | P

In characteristic 2 the shape of the dual form of F' prevents us from isolating the contribution
coming from rational points on rational lines to N(P). However, we still manage to give a
non-trivial upper bound for the counting function N(P), thereby providing evidence that the
main contribution to N (P) comes from points on rational lines.

In Chapter |7, using different methods we will establish the estimate N°(P) < |P[*/3*¢ for
any smooth cubic surface over any global function field whose characteristic exceeds 3.

Our work also shares some similarity with the recent findings of Wang. In [204] he established
an asymptotic formula for N(P) for diagonal cubic forms over Q when n = 6 conditional on
conjectures about mean values of ratios of L-functions and the square-free sieve. His approach
required to isolate the contribution coming from rational points on rational linear subspaces,
which he achieved in [205], similar to Heath-Brown's [106] treatment when n = 4. Recently,
Browning, Wang and the author [39] translated Wang's work to I, (¢) and were able to remove
all conditional hypotheses except for the ratios conjecture.

So far we have ignored the constant ¢ appearing in the asymptotic formula (5.1.2), despite
its arithmetic significance. It encapsulates information about the existence of rational points
on X and has received a conjectural interpretation as an adelic volume by Peyre [156]. For
n > 5 it is expected to be positive as soon as X (K,) # () for all completions K, of K, or in
other words, it reflects that X is expected to satisfy the Hasse principle. A key feature of the
circle method is that when it provides an asymptotic formula, it automatically confirms the
Hasse principle. So in particular, thanks to Hooley [112], we know that the Hasse principle
holds for non-singular cubic forms in n > 9 variables over Q and the work of Browning—Vishe
establishes the Hasse principle for non-singular cubic forms over F () in at least 8 variables.

In fact, by imposing further congruence conditions on « in the definition of N(P) in (5.1.1)
Browning—Vishe show that X satisfies weak approximation. Recall from Chapter 2 that this
means that under the diagonal embedding

X(K) — [[X(K.,)

the image of X (K) is dense with respect to the product topology. Using Theorem 5.1.1 as a
mean value estimate for the minor arc contribution, we can apply a classical version of the
circle method to draw the same conclusions for diagonal cubic forms in n > 7 variables.

Theorem 5.1.3. Let K = F,(t) with char(K) > 3 and F' be a diagonal cubic form inn > 7
variables. Then the hypersurface X C P"~! cut out by F' satisfies the Hasse principle and
weak approximation.

One reason for being able to deal with fewer variables than Browning—Vishe is that when F' is
diagonal we have better control over the exponential sums involved and that we get stronger
estimates for the density of solutions of bounded height of the dual form F™* of F'. However,
this alone along with the estimates by Browning—Vishe on averages of exponential sums would
not be sufficient to prove Theorem 5.1.1-5.1.3. We additionally make use of slightly better
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estimates through an argument that enables us to bypass the lack of a convenient form of
partial summation over K.

It should be noted that the Hasse principle over K = F,(¢) is an easy consequence of the
Lang—Tsen theory of C; fields for n > 10, which in fact establishes that X (K) # ) in
this case. For smaller values of n, only little is known about the Hasse principle or weak
approximation over F,(t). Colliot-Thélene [54] has established the Hasse principle for diagonal
cubic forms in n > 5 variables when ¢ = 2 mod 3 and for n = 4 for the same range of ¢
under some additional combinatorial constraints on the coefficients of F'. Furthermore, for
arbitrary non-singular cubic hypersurfaces X C P"~! Tian [195] has shown that the Hasse
principle holds when char(K) > 5 and n > 6. Assuming the existence of a rational point,
Tian—Zhang [196] have also verified that X satisfies weak approximation at places of good
reduction whose residue fields have at least 11 elements as soon as n > 4. In fact, the results
by Colliot-Théléne, Tian and Tian—Zhang were all shown to hold for any global function field
K of a smooth curve over a finite field.

As a further application of Theorem 5.1.1, we are able to improve the asymptotic version
of Waring's problem over F,(t) for cubes. Waring's problem in degree d in this context is
concerned with finding the smallest value of n such that

P = a:cf 4+ ZL‘Z
has a solution in & € O™ for every P € O with sufficiently large degree. Over F,(t), in
contrast to the integer setting, there might be global obstructions for P to be representable
as a sum of d-th powers, for example if its leading coefficient is not a sum of n d-th powers in
[F,. Therefore, one usually restricts to P € Jg[t], which is defined as the additive closure of
d-th powers in F,[t]. In order to avoid cancellation in the z; variables coming from the terms
of degree larger than deg P, it is more natural to consider the strict Waring problem. There,
one is concerned with finding the minimal number G,(d) = n such that every sufficiently large
polynomial P € J¢[t] can be written as

P=ga{+ - 42

where degz; < [de%ﬂ. In order to study a more refined version of Waring's problem,
we introduce the quantity éq(d), which is the smallest number n such that we obtain an
asymptotic formula for

Rn<P):#{m€On ‘w|Sq(degd(P)—Lx(li—i_.”—i_xz:P},

for P e J2[t] as deg(P) — oc. In his PhD thesis [127] Kubota tackled the asymptotic strict
Waring problem over I, (t) and showed G,,(d) < 2?+1 whenever char(F,) > d. The restriction
in Kubota's work on the characteristic comes from Weyl differencing, producing a factor of d!
and hence rendering trivial bounds when estimating exponential sums if char(F,) < d. For
degrees d > 4 this was improved by Liu-Wooley [136] by replacing Weyl differencing with an
application of the large sieve to also obtain results for char(F,) < d.

Returning to the case of cubes, in characteristic 2 the current state of the art is due to
Car—Cherly [51] who showed G4n(3) < 11. They managed to avoid Weyl differencing with an
application of Poisson summation along with a version of Weyl's inequality in characteristic 2
developed in [50].
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Further, work by Gallardo [81] and Car-Gallardo [52] shows

7, ifq¢ {7,13,16}
G,(3) <18, ifqe {13,16}
9, ifg="7.

Rather than using a circle method approach, the last set of bounds are achieved using
elementary arguments. As a result these methods do not produce an asymptotic formula,
hence do not yield new bounds for G,(3).

We can again use Theorem 5.1.1 as a minor arc mean value estimate in order to improve the
current best known bound for G,(3) for any ¢ not divisible by 3 as well as for G7(3), G13(3)
and G14(3). Our work on Waring's problem for cubes constitutes a significant improvement
on the current state of the art. In particular, our result improves the previously best known
upper bound of éq(?)) by 4 variables if ¢ is even and by 2 variables if ¢ is odd.

Theorem 5.1.4. If char(F,) # 3, then we have G(3) < 7 and thus also G,(3) < 7.

This theorem is the function field counterpart of a result by Hooley [111], who proved the
asymptotic Waring problem for cubes over integers in n > 7 variables conditional on hypotheses
on certain Hasse-Weil L-functions. We also obtain a power saving error term in the asymptotic
formula for R,,(P). The best unconditional result in the integer setting is due to Vaughan [201],
who resolved the asymptotic Waring problem for cubes in 8 variables, although he obtained
only log savings in the error term.

To deduce Theorem 5.1.4| from Theorem 5.1.1, we require a power saving when estimating a
certain Weyl sum. For Waring's problem this has been carried out by Car [50], which allows us
to establish Theorem 5.1.4 in characteristic 2. Although it would be possible to adapt the work
of Car adequately to handle the Weyl sums appearing in the treatment of weak approximation
and thus extend Theorem 5.1.3| to the case char(K) = 2, we have decided against including
such an adaptation here given the length of our paper .

While the techniques used to prove Theorems 5.1.1—5.1.4 are not applicable when char(K) =
3, one can almost trivially deal with the problems directly. In fact, studying the solutions
to the diagonal cubic equation (5.1.3) reduces to solving a system of linear equations. In
particular, the Hasse principle and weak approximation hold trivially. Further it is easy to see
that G(3) = 1 holds when char(K) = 3.

Outline

To prove Theorem 5.1.1 and Theorem 5.1.2 we employ a technique known as the delta method
over F,(t) developed by Browning—Vishe [34], but which is much simpler than the version
of Heath-Brown [106] invoked over the integers. The starting point of the delta method
is a smooth decomposition of the Kronecker delta function, a technique that goes back to
Duke—Friedlander—lwaniec [69]. Over F (), indicator functions of intervals are smooth in an
appropriate sense and so this decomposition is essentially rendered trivial.

In Section 5.2, we set up the circle method and arrive at an expression of the form

N(w, P) = |P|" Z lr| ™" Z Sr(e)I,(c),

T monic ceOn

Ir|<@Q
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for a weighted version of the main counting function, involving certain exponential sums S,(c)
and oscillatory integrals I,(c).

In Sections 5.3 and 5.4, we estimate the integrals /.(c) and the exponential sums S, (c),
respectively. More precisely, we obtain cancellations when averaging S,.(c) over r giving
essentially optimal bounds. These estimates are possible due to work by Deligne [67] and
the required analysis of the relevant L-functions has been carried out in [34, Section 3]. The
quality of the estimates of the exponential sums is connected to the dual form of the cubic
form. This prompts us to study its rational solutions in Section 5.5/

Classically, to combine these estimates one would use partial summation, a tool that is not
available in a useful form to us in the function field setting. In [34] this causes significant
difficulty, and in fact the approach by Browning—Vishe comes with a slight loss in the estimates
rendering them insufficient for our purposes. We can resolve this issue with Lemma 5.3.5,
where we show that /,.(c) only depends on the absolute value of 7 and so via g-adic summation
we can separate the quantities without any loss.

In Section 5.6, we combine the estimates using this new approach and finish our treatment in
the case n = 6, thereby proving Theorem 5.1.1. In the case char(K') = 2, it turns out that
the dual form F* of F'is again a non-singular cubic form. For this reason, in Section 5.6.3,
we can introduce a self-improving process in the proof of Theorem 5.1.1 and the second
part of Theorem 5.1.2 that turns any saving into the desired upper bound. Finally, we use
Theorem 5.1.1 as a mean value estimate in an application of the classical circle method to
deal with the asymptotic Waring's problem for cubes and weak approximation for diagonal
cubic hypersurfaces in n > 7 variables in Section 5.7.

If n =4 and char(K) > 3 we need to deal separately with the terms coming from special
solutions of the dual form. This is the content of Section 5.8, where we show that these terms
correspond to points coming from rational lines on X.

We follow the convention that € denotes and arbitraryily small positive real number whose
exact value might change from one line to the next. All of the implied constants throughout
this chapter are allowed to depend on ¢, the cardinality of the constant field ¢ and on the
form F'.

5.2 Setting up the circle method

We will use the notation and material from Chapter 3.

Given a polynomial F' € Olzy,...,2,] and w € S(K), we are interested in the counting
function .
N(w,P)= > w()
zcO" P
F(x)=0

For estimating the integrals appearing in our work, it is necessary to work with such a weighted
counting function, since we require VF' to be bounded away from 0 on supp(w). To estimate
our original counting function defined in (5.1.1), it suffices to take w to be the characteristic
function of the set {@ € T: || = ¢~ '}. Indeed, it follows that

N(w, P) = #{z € O": F(z) = 0,|z| = ¢"}|P|}
so that an upper bound of the shape N (P, w) < |P|* yields N(P) < |P|* by summing over
Pl
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For a fixed parameter () > 1 to be specified later, we deduce from Proposition 4.2.1 and the
remark directly afterwards together with the orthogonality relation from Lemma 3.0.2 that

= Y Z/ S(a/r+ 0)de,

10)—1
rnmmﬂﬂ<h| 101<|r|~ Q

Ir|<@

where 37|, |, means that we sum over a € O with (a,7) = 1 only and

Z Y(aF (x))w(x/P)

zeOn”

for a € T. As explained in [34, Chapter 4], since w is a Schwartz-Bruhat function we can
evaluate S(0 + a/r) using the Poisson summation formula from Proposition 3.0.5/ to obtain

N(w,P)=P|" 3 || /9<| o 2 S c)do, (5.2.1)

"ee e
where
= Z/ Z w(aF’(m)—l—cw) (5.2.2)
lal<r| [a|<]r] "
and P
C-X
1,6, ¢) :/&w@m (9P3F(m)+ ; >d:1:. (5.2.3)

The expression (5.2.1) is the starting point for our work and from now on we will mostly be
concerned about estimating the integrals I,.(6, ¢) and the sums S,(c).

5.3 Integral estimates

For f € Ky |z1,...,x,], we denote by Hy its height, that is, the maximum of the absolute
values of its coefficients. Given v € K, w € K2 and f € K [x1,...,x,], integrals of the
form

Jr(y, w) = /Kn w(@)Y(vf(x) +w - x)dx (5.3.1)

oo

appear quite frequently in our work. We shall now collect the required estimates for them.
Upon noting that w(x) = yr(x) — xs-11(x), the next lemma follows directly from [34, Lemma
2.4].

Lemma 5.3.1. Let v € K, and w € K. be such that |lw| > q and |w| > Hy|y|. Then
Jy(y, w) = 0.
The next result [34, Lemma 2.7] is the main ingredient for estimating the integrals J¢ (7, w).
Lemma 5.3.2. We have

b(vf(x) + w-a)dz =0,

Tn\Q

where Q) C T" is given by
Q= {a: eT": ZWf(x)+w| < HfmaX{l |7|1/2}}
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In our setting, this leads to the following estimate.

Lemma 5.3.3. Suppose F' € K [z1,...,x,] is a non-singular cubic form. Let v € K., and
w € K2\ {0} be such that |w| > 1. Then Jp(vy,w) = 0, unless

lw| < |y| < |w],
in which case

Je(y,w) < vol({a € supp(w): WVF(x) + w| < [w]"/?}).

Proof. First note Jr(y,w) = 0if |w| > max{q, Hp|y|} by Lemma5.3.1. Since by assumption
1 < |w|, we may thus assume 1 < |w| < |y|. For a € F \ {0}, let

1 if |z —at™| < Jt|,
alX) = 53.2
(@) {0 else. ( )

We can then write w() = > acrn\ {0} Wa(®), so that
Jnw) = Y [ wa@u(F @)+ w-@)de
ackp\{0} /1"

= ¥ gt a) [ v(Ga(y) + 1w y)dy,

acF7\{0}

(5.3.3)

where we performed the change of variables y = tx — a and wrote G,(y) = F((y + a)t™}).
From Lemma 5.3.2 we deduce that each inner integral is bounded by

vol({y € T": WV Gal(y) +t 'w| < He,[7["?}),
which in turn may be bounded from above by
vol({& € supp(w,): [YVF(x) + w| < Hp|y*?}), (5.3.4)

since H;, < Hp. Denote the set in (5.3.4) by ,. Note that since F' is assumed to be
non-singular, we have VF(x) # 0 for all € €,. Since supp(w,) is compact for every a,
this implies VF (x) >, 1 for all x € Q,. In particular, unless |w| > |[yVF(x)| > |v| the
sets (), are all empty and the integral vanishes. Finally the Lemma follows upon noting

vol(Qq) < vol({x € supp(w): 7V EF(x) + w| < |w|?}),

for any @ € F} \ {0} and substituting this into (5.3.3). O

Since we work with a diagonal cubic form F(z) = 37 | Fiz? with F; € O\ {0}, we have
VF(z) = (3F2%,...,3F,z%). Therefore in order to find an upper bound for Jr (v, w) the
following lemma will be useful.

Lemma 5.3.4. Let a,b € K, and consider the set
Py ={r €T: |2* —a| < |b]}.

Then we have
vol(Pp) < min{|b|1/2, |b||a|_1/2}.
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Proof. Note first that the result is trivial if a = 0 or b = 0. Hence we may write

a = Z aiti7 and b= Z bjtj,

i<K j<M
where ag, by # 0. We will proceed in two cases.
Case 1: |a| < |b|. Then via the ultrametric triangle inequality we note
2% —al < [b] <= [af* <[b],
for any z € T. Thus vol(P,;) < |b]'/? = min{|b|*/?, |b||a|~1/?}.
Case 2: |a| > [b|. Let z =Y,y x;t" € T. Then |z — a| < |b| can only hold if |z|* = |al.

In particular K" must be even, K’ < —1 must hold and zg/341 = --- = x_; = 0. Write
172 = Z the,
<K

where X, =37, .., x;x;. Then, requiring
|2* —a| < [b] = ¢"

implies X, = ay for { = M,..., K. Now Xy = x%m, so the condition Xy = ay yields at
most two possible solutions for xx /. Further, since

XK —r = 2XK /2T /2—r + > T,
i+j=K—r
K/2-r<ij<K/2

we find inductively that a solution to x%(/z = ag uniquely determines xg /5, for r =
1,...,M + K. To summarise, in this case, there are at most two possibilities for the values
of the coefficients w_y, ..., xy_k/2. Therefore we obtain

vol(P,p) < vol (tM_K/Z’lI‘) — gM=K/2 — |p||a|"V/2.
Finally, noticing that ]b\|a|—1/2 < ‘b’m if |a| > |b] finishes the proof of this lemma. O

In light of Lemma 5.3.4 we thus find

vol({x € supp(w): [/ VF(z) +w| < |w[1/2}) < Hmin{]w\’w‘, \wi\’lﬂ}
=1

if F'is a diagonal cubic form. Noting that the expression on the right hand side is >, 1 if
|lw| < 1 we infer from Lemma 5.3.3

Jr(y, w) < [[min{|w| =4, w71/}, (5.3.5)

i=1
forall v € K, and all w € K \ {0}.

We will also have to deal with averages of I,.(6, ¢) over 6, which are of the form

L(c ;:/ _L(6,¢)do.
€= Jocppr0- 0

While we do not have a convenient form of partial summation available in the function field
setting, the next lemma will be crucial in replacing this tool.
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Lemma 5.3.5. Let 11,75 € O be such that |ri| = |ra|. Then I,,(c) = I,,(c).

Proof. Write r = r; for brevity. We shall show that /,.(c) only depends on the absolute value
of r. Indeed, recalling (5.2.3), for ¢ fixed we have

ne=[ .. / w(@)y (0P f(@) +
=Irl" [, wwpePe-y) [ w0 f(y)dbdy, (5:3.6)

Pec-x

) dadd

where we used Fubini's theorem and applied the change of variables y = xr~!. It follows from
Lemma 3.0.2/ that

3 3 @t i PR f(y) < Ir 2,
/|9|<|7’|‘1C3‘1 VO (y))do = {O else.

We conclude that the value of the inner integral in (5.3.6) only depends on |r| for y and ¢
fixed. The claim now follows, since w only depends on the absolute value of its argument. [

By the previous lemma, to estimate I,.(c) it thus suffices to consider the case r = t¥ for
integers Y > 0. In the notation above, for r € O\ {0}, c€ O™, # € T and P € O we have

L(6,¢) = Jr (P39, ]:c> .

Since I,.(6, ¢) vanishes unless |P”C‘ < |0)|PP < IITHIC‘ we deduce from (5.3.5) the following
integral estimate.

Lemma 5.3.6. LetY >0, c € O"\ {0}, and P € O. Then

N S |Plle]\ " (rPHcir>‘”2
]ty(c)<<m1n{?|P‘ Q" }Zl_[l n{( % ) , % )

So far we have not yet achieved any non-trivial estimates for ;v (0) and in fact we will have
to do slightly better than the trivial bound for our treatment.

Lemma 5.3.7. Assumen > 4. Let P € O\ {0}. Then for any’Y > 1 we have

Iy (0) < |P|

Proof. Note that (5.3.3)) together with (5.3.4) imply that

Iyv(0,0) < > vol(Qy),
acFr\{0}

where w, is defined in (5.3.2) and
Qo = {x € supp(wa): |V F(x)| < max{1, |§P3}'/?}.

As VF(x) # 0 for any € w, and supp(w,) is compact, we have |VF(x)| > 1 for any
@ € supp(wg). As there are ¢ — 1 = O(1) possibilities for a, this implies that the set above
is empty unless |0] < |P|™3. As we have the trivial estimate vol(Q,) < 1, the claim of the
lemma easily follows. O
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5.4 Exponential sum estimates

We want to estimate the sum

_ Z/ 5 ¢(aF(:c)+c-w>

,
lal<|r||z|<|r| _— (5.4.1)
aF,x3 + ¢
- YL Y (M),
lal<|r| i=1 |z[<]|r|
where F'(x) = > | Fiz?. The corresponding sum over the integers has already been subject

to thorough investigation by Heath-Brown [98] and Hooley [111]. Browning—Vishe [34] have
translated many of the properties to the function field setting, some of which we shall record
here.

The quality of our estimates is intimately connected to the dual form ™ of F', which is an
absolutely irreducible polynomial of degree 2”2 x 3 whose zero locus parameterises hyperplanes
that have a singular intersection with the projective hypersurface cut out by F'. As explained
by Wang [203, Appendix D], if F'is diagonal and char(K) > 3, we can take

2n—2

= (12[1 F) [T((F )+ (B 1)?) (5.4.2)

where the inner product runs through all possible combinations of +. In fact, in [203] this is
only shown for K = Q, but one can check that the requirement char(K) > 3 is sufficient
for (5.4.2) to hold. In characteristic 2, we have the following result.

Lemma 5.4.1. Let K be a field of characteristic 2 and F(x) = 31, Fa3 € K[zy, ..., x,]
be a non-singular cubic form. Then the dual form of F is given by

o= (fTn) 5

Proof. By definition the zero locus V(F*) C P"~! parameterises points ¢ € P"~! such that
the hyperplane ¢« = 0 has a singular intersection with V(F*). This means, that there exists
x € P"1(K) such that

k (Vi(‘”)> =1, c-x=0 and F(z)=0. (5.4.3)

Since we assume I to be non-singular, the rank condition implies that ¢ is proportional to
VF(x), that is, 22 = M\F; !¢; for some A € K and i = 1,...,n. Any pair (z,c) having
this property then satisfies F'(x) = 0 if and only if ¢- « = 0. Moreover, the third condition
in (5.4.3) is equivalent to

n

SFTE =0,

i=1
where we used that every element of K has a unique square-root as char(K) = 2. However,
again since we are in characteristic 2, this is is equivalent to

n

SR =0
i=1
The result now follows after clearing denominators. O
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Note that if 71,75 € O are coprime, then
ST1T2<C) - ST1 (C)Srz(c)a (5'4'4)

which follows readily from the Chinese remainder theorem. This essentially reduces the task of
estimating S,.(c) to prime power moduli. Indeed, suppose S_«(c) < C|w|* for some o > 0
and some absolute constant C'. Let w(r) be the number of prime divisors of . Then by
multiplicativity of S,.(c) we have

c) = H Sor(e) < H C’|w|ko‘ = C’“’(T)]r|a L 7(r)|r|* < |r|**e

- wHlr
by the usual estimate for the divisor function 7(r), see [35, Lemma 5.9].

Further, if w is irreducible such that @w { £*(¢), then Browning—Vishe [34} Section 5] show

Sor(c) =0 for k> 2. (5.4.5)

5.4.1 Square-free moduli contribution

Deligne’s resolution of the Weil conjectures [66] shows that we get square-root cancellation
for the sums S, (c) whenever w is suitably generic:

Sa(e) < ||V (w, VE ()] 2. (5.4.6)

However, this is not sufficient for our purposes. In the integer setting Hooley [111] was
the first to achieve an extra saving when averaging the sums S,.(c) over r by appealing to
certain hypotheses about Hasse—Weil L-functions associated to cubic threefolds. By virtue
of Deligne's proof of the Weil conjectures [67] these hypotheses are in fact theorems in the
function field setting. This enabled Browning—Vishe [34, Lemma 8.5] to establish the following
result unconditionally.

Lemma 5.4.2. Suppose n is even and F*(c) # 0. Then for any Z > 0 and ¢ > 0, we have

S, n
Z (C) < ’c|EZ]./2+E7

|r|(n+1)/2

where A is the discriminant of ' and by virtue of (5.4.5) r ranges over square-free values
only.

Remark. In fact Browning—Vishe have to consider averages of S,(c) twisted by a Dirichlet
character of K, since they were unable to separate the integral I.(6, c) from summation.
However, we can resolve this issue with Lemma 5.3.5 allowing us to combine Lemma 5.4.2
with the integral bounds from Lemma 5.3.6/ more efficiently.

5.4.2 Pointwise estimates
For B € O fixed and a,r € O\ {0} with (a,r) =1, let

Y <an + cx)

r
|| <[
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In view of (5.4.1) upper bounds for S, (a, ¢) directly transform into estimates for S,.(¢). More-
over, by (5.4.4) it suffices to consider the case r = @, where w is irreducible. Hooley [111]
has provided upper bounds for the integer-analogue of the sum S_«(a, c) whenever w { B.
As explained by Heath-Brown [106], these estimates also hold if @ | B when we allow the
implied constant to depend on B. Hooley's and Heath-Brown's proofs of these results go
through almost verbatim in the function field setting and so we spare the reader from the
tedious exercise of reproducing them here. To state the final outcome, we need some notation.
First, we set {ww”, c} = (", ¢) for k = 2 and for k > 3, we define {w", ¢} = |w|tif @ | ¢
and {@”, c} = (@®, c) else. For later use, we generalise this to square-full r by setting

{r,c} = H {@", c}.

wk||r
We then have
Sok(a,c) < |w|?|{=", c}M* for k> 2. (5.4.7)

We shall also use an estimate of Hua [117, Lemma 1.1], whose proof, again, readily translates
to the function field setting. If g(x) = >>%, g;x* € O[], then for any @ € O irreducible we
have

x _
Z ¢ (g;])) < |w|k(1 Ud)’(wkagOa s 7gd)|1/da (548)

|| <|eo|*

where the constant depends only on £ and d. Originally this was stated in the case when
@1 (go, - -, 9ga), but the factor |(", g, ..., ga)|"/? in the estimate accounts for the possibility
of w | (go,---,9a). Therefore we obtain

Sor(a, c) < |w|*73,

where the implied constant depends on ¢ but crucially not on a since we assumed w 1 a.
Using (5.4.1), we can immediately deduce the following lemma from (5.4.7) and (5.4.8), which
is the analogue of [106, Lemma 5.1.].

Lemma 5.4.3. It holds that
Sz2(e) < |w*™.

In addition, if (co*, ¢) = H,, and there at least m indices i such that (", c;) = H, then

ka (C) < |w|k+2(n7m)k/3+mk/2|Hw|m/4.

5.4.3 Averages over square-full moduli

Suppose we are given a set of ¢ indices 7 C {1,...,n} and positive integers C; for i € T.
For C = (C;)icT we define R(C) C O" to be the set of tuples ¢ = (cy,...,¢,) such that
lc;)|] =C;if i € T and ¢; = 0 whenever j & T. Given Y € Z~, we are interested in averages
of the form

AR(O). V)= Y Y Isi(e)] (5.4.9)

ceR(C) €O
F*()#0 |r|=Y

where 7 is restricted to square-full polynomials.
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Lemma 5.4.4. With the notation from above, we have
AR(C),Y) <. YIH/2H0=D/6(Y OV AR (C),

where C' = max;c1 C;.

The proof of Lemma 5.4.4 is along the same lines as that of [106, Lemma 5.2], and so we
shall be brief.

Proof. First of all, we introduce some notation. Fix ¢ € R(C). For r € O monic square-full,
we write

r=r. ][] r. (5.4.10)
i€T
where the various coprime factors r,,r; are defined as follows. We let r, be the product of
those monic prime powers " such that " || r and k = 2 or @ { ¢; for i € T. Moreover,
for i € T, we define r; to be the product of monic prime powers @” || 7 such that @ | ¢;,
but w { ¢; for any j € T with j <. In particular, any r; is cube-full. Since all the factors
in (5.4.10) are coprime, it follows from (5.4.4) that

Sr(c) = Sr* (C> H Sri(c)

€T

Using the fact that S_x(c) = 0 if w t F*(c) for k > 2 and the estimates (5.4.7) and (5.4.8),
we deduce that

Se(e) < nr, e)[r A0 T {ry, 1YY,
ijET
where n(r,c) =1 if w | F*(¢) for all prlmes @ | 7. and n(r,c) = 0 else. Let us now fix the

absolute values of r, and of the various r;'s, say |r.| = Y, and Iri| = Y;, and denote their
contribution to A(R(C),Y) by A(Y.,Y), where Y = (V;);c7. We then have

AY,Y) < y 14+n/2+(n—t)/6+e Z Z H |{T,i,cj}|1/4507
CGR(C) Irs|= vy, iJET
F*(e)#0 jeT

where we have suppressed the dependence of r, and of the r;’s on ¢ in the notation and where

S, = Z n(r,c).

|| =Y.

Heath-Brown’s argument for estimating 5. goes through almost verbatim in our setting and
gives S. < (YC')¢. Therefore, we have

AY.Y) < y 1+n/2+(n— t/6+a Z Z H |{n,cj}|1/4
cER(C) |p,|=Y; BIET
F*(e)#0 " jeT

To achieve the desired upper bound, we shall now only require that each r; is cube-full and
that w | ¢; whenever w | r;, so that in particular the r;'s do not depend on ¢ anymore. Thus,

after setting
> I Hrioe e,

le;|=C; €T
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we obtain
A(Y,,Y) < Yin2tn=n/stey cys 5™ TT SG). (5.4.11)
Irs|=C; IET
€T
It is again straightforward to verify that Heath-Brown's argument continues to hold in our

setting, yielding
S II SG) < YHUE4R(C).
|7"z'|:ai JET
€T
With a new choice of ¢, we conclude

AY,Y) « YHn/2H0=0/6(y Gy 4R (C),

so that the statement of the lemma follows from the fact that there are only Y¢ possibilities
for admissible tuples (Y, Y). O

5.5 Rational points on the dual hypersurface

In this section we study roots of the dual form F* of F' that was defined in (5.4.2). Our first
goal is to find an upper bound for the number of solutions F*(¢) = 0 with |¢| < C' when
char(K) > 3. In order to achieve this we closely follow the strategy of Heath-Brown [98,
Section 7]. The result of Lemma 5.5.2 is standard over the rational numbers, however we
could not find a proof in the literature for our setting and so we included a proof here.

If n =4 and char(K) > 3 we call a solution ¢ to F*(¢) = 0 special if ¢1,...,cq4 # 0 and
there are indices 1, j, k, [l such that {i,7,k, 1} = {1,2,3,4} and

(F )2 o (F 1) V2 = (B + (B ) = 0

holds for a suitable choice of square roots. We call a solution ¢ to F*(¢) = 0 ordinary if it is
not special. In particular, if char(K') = 2 every solution is ordinary.

Lemma 5.5.1. Assume char(K) > 3. If n = 6, then the number of solutions to F"*(c) =0
with |c| < C'is bounded by O(C**%). Moreover, if n = 4, then the number of ordinary
solutions to F*(¢) = 0 with |e| < C' is bounded by O(C*¢).

Before we can begin with the proof of this lemma, we need an auxiliary result. In the following
we fix ¢ € F)* to be a representative of a non-trivial element in F /F)*. If char(F,) > 2 this
certainly exists — we may for example pick ¢ to be a primitive root of F .

Lemma 5.5.2. Suppose char(K) > 3. Let my,...,m, € O be a collection of distinct

square-free polynomials such that each m; is either monic or has leading coefficient (. Then
{y/mi,...,\/my,} is a linearly independent set over K.

Proof. We will prove the result by induction on n. The cases 1 < n < 3 can easily be verified
directly, so suppose n > 4. Assume for a contradiction that A\y,..., A, € K not all zero are
such that

Z )\k\/mk =0.
k=1

Note that we may assume \; # 0 for all i = 1,...,n since otherwise the result would follow
immediately from the induction hypothesis. In particular it is sufficient to show that there
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exists some index k with A\ = 0. Since n > 3 there exist two distinct indices 7, j such that
m;/m; ¢ . From the n = 3 case it follows that K ; :== K(,/m;, ,/m;) is a Galois extension
of degree 4 over K. Thus there exists o € Gal(K;;/K) such that o(y/m;) = —/m; and
o(y/m;) = /m;. We may lift this to an element 7 € Gal(K*/K) where K* is the separable
closure of K. Then we find

0=0 (Z )\k\/mk> + Z A/ My = 2X5/m; + Z S\k\/mky
k=1 k=1

ki,

where )\, € {0,2Xx}. From the induction hypothesis we get A\; = 0, which yields the desired
result as remarked above. O

Proof of Lemma|5.5.1. First note that F*(¢) = 0 if and only if
(FT' )24 (B2 =0, (5.5.1)

for a suitable choice of square roots. Let m; € O be a square-free polynomial, which is
either monic or has leading coefficient . Say i € Z(k) if there exists some d; € O such that
F,c} = myd?. From Lemma 5.5.2 we find that (5.5.1) implies

> F'd;=0.

i€Z(k)

We have ¢? | myd? and consequently ¢; | d; since my, is square-free. Thus there exists ¢; € O

such that d; = c;e;. Substituting this into the relation Fjc} = myd? we find ¢; = m F; 'e?
3

and hence d; = c;e; = mkFi_le:?. Therefore FZ-_1di = myF; (I%) and the preceding display

gives

2 (;)3 = 0. (5.5.2)

i€ (k)

We will now estimate the number of solutions e to (5.5.2) such that |e| < E = \/C/|my].
This will then enable us to estimate the number of solutions of (5.5.1). Via Hélder's inequality
and Hua's Lemma in this context (cf. [35, Lemma 5.12]) we find

N 1 if HT(k) = 1,
#{|e|§E: ) F(F> :0}<< B if 2 < HT(k) < 4,
ieZ(k) i E#Ik) =24 if 5 < #I(k) <6.

Note that at this point it is crucial to assume char(K') > 3, because the Weyl differencing
argument in the proof of Hua's lemma breaks down otherwise. Therefore for a fixed partition
LJ; Z(k;) = {1,...,n} corresponding to {my,} the number of |c| < C satisfying (5.5.1) is
bounded above by

é >ek]./2+e

I

j ‘mk]‘
where
0, if #Z(kj) =1
)2, if2<#I(ky) <4
T3, i #T(k) =5
4, if #Z(k;) = 6.
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By considering all possible square-free elements |m;, | < C', we see that the total number of
solutions of (5.5.1) corresponding to a fixed partition is bounded above by

CA' er;/2+e R
Z H ( > < Hcekj/2+€'
kJ j

| \<C J

It is easily checked that for any possible partition this is bounded above by O(@’3+5) if n=6.
Therefore the total number of solutions to F*(¢) = 0 with |¢| < C' has the same upper bound.
In the case n = 4 one can similarly obtain O(CA’HS) for the number of solutions corresponding
to any partition, except in the case where #Z (k1) = #Z(ko) = 2. But solutions arising from
such partitions are precisely the special solutions. This finishes the proof of the lemma. [

5.6 Circle method

As explained in the introduction, we are considering a diagonal cubic form F' € Oz, ..., x,]
of the shape

= Zszf)a F; € O\ {0}.
i=1

Recall from (5.2.1) that the associated counting function can be written as

N(w, P) = |P|" |r|—n/ S.(c)1,(8, c)ds.
r%]i\c 01<Ir~1Q- 1c§9:n
Ir|<Q
Throughout the parameter () is chosen in such a way that

PP <Q < qlP? (5.6.1)

ensuring that the measure of the set {|0| < |r|"'Q '} is O(|P|~3) when |r| = Q. It follows
from Lemma 5.3.1 that I,.(6,c) vanishes unless |c| < |r||P|™' max{q, Hr|P|?0}. Since
Hp|P]’|0] < Hp|P|? Q r|™ and |P|? Qr|™ > 1, we can truncate the sum over ¢
in (5.2.1) at |¢| < C, where C' == |P|?Q".

We now split up N(w, P) according to the quality of our available estimates into

N(w, P) = No(P) + E1(P) + Ey(P),

where

No(P) = |P|" 3 \ry—"/6| g SOV (6,006, (5.6.2)
7 monic <|r|71Q-!
Ir|<Q

B(P) =PI 3 [ S SdeL (0, o), (5.6.3)
r monic ‘6|<|T|71Q71 ceO™
rl<@ F* ()70

B(P)=|PI" X ™[ Y S0 (564)
T monic [o]1<|r| Q ceO™\ {0}
r|<Q F*(c)=0

For n = 4 we will later divide the term E(P) into special and ordinary solutions of F*(c) = 0
as defined in Section 5.5, Usually one expects that the main term in an asymptotic formula for
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N (w, P) should come from Ny(P). As we are only interested in an upper bound for N(w, P),
the contribution from Ny(P) will be rather straightforward to deal with. Handling the terms
Ey(P), Ey(P) turns out to be a more challenging task and will occupy most of the remainder
of our work. For E;(P) we can make use of the full power of our exponential sum estimates,
in particular we gain an extra saving when averaging S,.(c) over r. This is not possible for
E5(P), but we shall benefit from the sparsity of ¢'s such that F™*(¢) = 0, at least for ordinary
solutions when n = 4.

5.6.1 Contribution from Ny(P)

For this we write again r = riry, where ry is cube-free and ry is cube-full. It thus follows
from (5.4.6) and Lemma 5.4.3 with m = 0 that

ST(C) < |T1|1+n/2+6|7"2|1+2n/3+6.
From Lemma 5.3.7| we obtain the estimate 7,(0) < |P|™3. We thus get

No(P) < [PI"™ 30 ri|™"Si(e) D |ra| " Syu(e)

r1<Q 72| <Q/|r1|

< |P|n73 Z |7,1’17n/2+5 Z |7,2|17n/3+€
r1<Q 72| <Q/|r1|

< [Pt

since there are O(Y'/3) cube-full 7, with |ry] =Y and n > 4.

5.6.2 Contribution from E;(P)

We begin with some preparations for the term E;(P). Let 0 <Y < @ and fix the absolute
value of 7 to be Y. As in Section 5.4.3, we will also fix a set of indices 7 C {1,...,n} of
cardinality ¢, as well as a tuple C = (C;);c7, where 1 < C; < C and denote by R(C') the
set of vectors ¢ = (ci,...,¢,) € O" such that |¢;| = C;if i€ T and ¢; =0if j ¢ T. Let
us put C = maxe7 Cj, so that |¢| = C whenever ¢ € R(C). We then define E1(R(C),Y)
to be the contribution coming from ¢ € R(C) and |r| = Y in the definition of E;(P) given
in (5.6.3). Explicitly, this means

~ Pl™
E(R(C),V) = ‘?L Y Y S(e)lr (o), (5.6.5)
c€R(C) r monic
F*(¢)#0 |r|=Y

where we recall that
| C) = / [ Q,C dé.
tY( ) . |9‘<A_1/\_1 t ( )

Note that here we used Lemma 5.3.5, which shows that the value of the double integral in the
definition of I,(c) only depends on the absolute value of r for ¢ fixed.

Note that there are Q + 1 < | P|® possibilities for Y and O(C™) = O(| P|?) choices for C. In
particular, if we can show that Ey(R(C),Y) < |P[>"/4=3/2t¢ holds, then the same estimate
will be true for £ (P) with a new value of € > 0. Next we tansform E;(P) in such a way
that Lemma 5.4.2/ and Lemma 5.4.4 are applicable. For this we write r = b b2, where 75 is
the square-full part of  and )b, is the square-free part of r. Moreover, if we let S be the set
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of prime divisors of ArF*(c), then we further require that (b1, S) = 1 and each prime @ |V
satisfies @ € S. It then follows from (5.4.4) that E,(R(C),Y) is given by

P|" Sr,(€) Sy, (€) Sp, (€)
}A/(n—l)/2 ce%(:c) ItY(C) Z W Z ‘b/| 13 |(n+1)/2 ny\ W (5.6.6)
F*(c)#0 ral<¥ B8 I< gt b=
(b1,8)=1
We can now apply Lemma 5.4.2 to the innermost sum to obtain
Sh, (c) Ae (O —1\1/2+e
ZA W < O (Y [rabfy| 1)1 /2Fe, (5.6.7)
|b1|= 2
[rb |
(b1,9)=1
Moreover, by (5.4.6) and (5.4.4) we also have
Sy, (c)] . (b, VF*(c))|/2 .
> e <P > o <Pl (5.6.8)
LA |63 |<Y /||

\7“2\

where we used that there at most O((Y |ro| | F*(¢)|)¢) = O(| P ) possibilities for square-
free b, whose prime divisors are restricted to S with |b}| < Y'|r| . After inserting (5.6.7)
and (5 6.8) into (5.6.6), we see that

R | ‘n+e ‘Sm
E\(R(C).Y) < &y G%C) [ ()] Z |r2|n/2+1
c <y
F*(c)#0 ral<

We can now estimate ;v (¢) with Lemma 5.3.6:

o p —1/4 Plic. —1/2
Iyv(c) < 5/16211’1_[11@[1111{<| £c|> ,<| E|7|CZ|>

~

(n—t)/4 S\ —1/4 A\ —1/2
v () e (B (IRIGY L
) Uy v

.\ —1/4
where we used that min { (?)

7 (IPSIA/CiI>_1/2} = (|PICY~Y)""*if i ¢ T. Denote the

last product above by II. Then after dividing 75 into g-adic ranges, Lemma 5.4.4 implies

[Sry (€
|n/2—|—1

N |P|n+5 f/ (nft)/4 Z Z
Ei(R(C),Y) < =——= <A)
Yr2Q \|PIC CER(C) |ry|<V I

F*(e)#0

’P|n+€ ( i}

(n—t)/4
il _ y (n=1)/67] .
<0 ) #R(C)

|PIC

From the fact that #R(C) < [I;e C; we deduce that

14 A e 12
Y cY
#R(CT < | min C’( > ,( . )
( le—”[f { |P|C P

. 5} t/4 . }/} t/4
LC'|—= ming 1, —— ,
|PIC |PIC
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where we used that C; < C. Recalling (5.6.1), we therefore have

~ ~

. P|n—3/2+¢ % n/4 R - v t/4
E(R(C),Y) <« Pl ( A> Y (n=9/6C t min {1, A} .
yn2  \|P|C |P|C

One easily sees that the expression above is maximal either at t =0 or t = n. For t =0, we
get

/6 — |P|3”/4—3/2+€}7—n/125—n/4

|P|n—3/2+€ }’/\' n/4 N
= = y"
s (i)

< |P|3n/4—3/2+€

as desired. For t = n, we have

~

_ > n/4 n/4

Pl 3/2+¢ Y N Y N

‘ ‘A _ C™ min 1’ B < ‘P‘n/273/2+scn/2
voz \|P|C C|P|

< ‘P‘Bn/4f3/2+s

since C < C' < |P|'/2. This finishes our treatment of Ey(P).

5.6.3 Contribution from E5(P) for ordinary solutions

Now we turn our attention to the term Ey(P). For n = 4 we further divide it into Fy(P) =
ES4(P) + E3**(P), where EP*°(P) is restricted to special solutions of F*(¢) = 0 in the
sense of Section 5.5/ and E$™(P) to ordinary solutions of F*(¢) = 0. In this section we deal
with Fy(P) for n =6 and ES(P) for n = 4.

We shall again fi>£ the absolute value of 7 to be Y for some 0 <Y < (@ and the absolute
value of ¢ to be C for some 0 < C < C. We will then consider the sum

o> Sy

‘ C""monlc
F()oHY

By(Y,C) = !P|"

where the sum over c is restricted to ordinary solutions of F*(¢) = 0 for n = 4. Once we
have shown E,(Y,C) < |P|?"/4=3/2+¢ the same estimate will follow for Fy(P) for n = 6 and
for ES"(P) for n = 4, because there are only O(|P|?) possible pairs of Y's and C's.

Lemma 5.6.1. Let F' be a non-singular cubic form in 4 orA6 variables, and let F’* be its dual
form. Suppose there exists some 1 > 0 such that for any C > 1 the following bound holds

#{x € O": x is an ordinary solution to F*(x) = 0, |a| < C} <« C" 3+,

Then we have
EQ(P) < |P|3n/4_3/2+77/2+€.

Proof. If D = deg I'*, then we see from (5.4.2) and Lemma 5.4.1 that I"* has non-zero
monomials of the form G,z for every i = 1,...,n. In particular, if |c| = C and F*(¢) = 0,
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then there must be at least two indices i # j such that C < |¢;| < |¢;| < C. Therefore, from
Lemma 5.3.6/ we deduce

~

~ ~ 12 ~ o 1/4 (n—2)/4
C n Y Y Y
In(c) < ——J[mind { —— | ,|(— < |— P73, (5.6.9
o< ey 1 {<|P||ci|> <|P|c> } (rmc) P 5e9)

Next we deal with the sum S,(¢). Write r = ryryr3 into coprime monic factors r;, where ry is
cube-free, 15 is cube-full and each prime divisor of r3 divides [] F;.

Let us begin with S,,(c). Suppose @" || 5 and write H, = (@*, ¢). It follows that ¢ = H¢'

for some ¢’ € O™ with (w,c’) = 1. It is again easy to see that any prime divisor of the
coefficients Gi; of the top-degree monomials 2P of F* divides [] F;. In particular, if H,, # w",
then F*(c’) = 0 implies that at least two entries of ¢’ are coprime to w. On the other hand,
if H, = w", then (w”,¢;) = @ for every i = 1,...,n, so that in any case there are always
least two distinct indices i # j such that (@”, ¢;) = (@", ¢;) = H,. Consequently it follows

from Lemma 5.4.3 with m = 2 that
STZ(C) < ‘7’2’2/3+2n/3+5’H|1/2,
where H =[],

In addition, (5.4.6) and Lemma 5.4.3 give us S,,(c) < |r1|"*"/>*¢ and (5.4.8) tells us that
S,,(c) < |rs|*?"/3+¢ To sum up, we have

ST(C) < |7’|E‘7“1|1+n/2’7“2|2/3+2n/3|7’3|1+2n/3’H|1/2.
Let us fix |r;| = Vi, where 0 < Y; <Y and Y; + Yo + Y3 = Y. We want to give an upper

bound for
S = > > 1SH(e)].

Iri|=Yi,i=1,2,3 |e|=C
F*(c)=0

H, divides each entry of c.

Taking into account that the number of available r; and r3 is 0(171) and O(|P|?) respectively,
we see that

S < ’P’55}12—&—71/25}22/3—%271/3%1—&-271/3 Z Z |H|1/2 Z 1

|ra| =Y, Hlr2 le|=C/|H]|
F*(e)=0
Nn— -2 2>-2/34+2n/3>1+2n/3 —n—
< ’P|€On 3+77Y1 +n/ YQ/ + n/ YE.;+ n/ Z Z |H|7/2 n T]7
ro|=Ys HIr2

where we used the main assumption of the lemma in order to bound the number of ordinary
solutions of F*(¢) = 0 with |¢| = C/|H| for the second inequality. Since n > 4 clearly
7/2 —n —n < 0 holds and since the number of available ry is O(Yzl/g), it follows that

S < ’P’aCAm—S-&-n?l?—l—n/?%1-1—271/3%1-&-2”/3 < |P|Eén_3+n?2+n/2, (5.6.10)

because 2 +n/2 > 1+ 2n/3 for n < 6. As there are only O(|P|°) possibilities for permissible
triples (Y1, Y2,Y3), we deduce from (5.6.9) and (5.6.10) that

EQ(Y, 6’) < |P‘3n/475/2+55}3/2fn/4c’r\3n/475/2+77.
In particular, since C < |P|*/? and YV < | P[%/2, we thus obtain

EQ(K C) < |P|3n/4_5/2+8‘P|9/4_3n/8|P|3n/8_5/4+77/2
< |P‘3n/473/2+77/2+a’

which completes the proof. O
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At this point our treatment of Ey(P) differs depending on the characteristic of K.

If char(K) > 3, then by virtue of Lemma 5.5.1 we know that the number of ordinary
solutions of the dual form F*(¢) = 0 such that |¢| < C is bounded by O(C™"~3%¢). Therefore
Lemma 5.6.1 with n = 0 implies

Egrd(P) < ’P’3n/4—3/2+5 and EQ(P) < ‘P‘3n/4—3/2+57

for n =4 and n = 6, respectively. This finishes our treatment of E3(P) in this case.

If char(K') = 2, then we need to argue differently. We begin by considering the case when
n = 6. According to Lemma 5.4.1 the dual form takes the shape of a non-singular diagonal
cubic form. In particular, we can trivially bound the number of solutions to F*(¢) = 0 such
that |e| < C by O(C®) = O(C"3*"), where i = 3. Therefore, Lemma 5.6.1 gives

E2(P> < ‘P‘Sn/473/2+77/2+s — |P|n73+n/2+s.

This, together with our bounds for Ny(P) and E)(P) established earlier in this section, shows
that
N(P) < [P

This holds for any non-singular, diagonal cubic form over K when char(K) = 2. In particular,
as a result we can bound the number of solutions to F*(c) = 0 with |¢| < C by O(C—3+7/2+e),
Another application of Lemma 5.6.1] yields

By(P) < |P[3n/a=3/2+n/4+e
and we may argue as above to deduce
N(P) < |P|"—3rn/ate,
If we repeat this process k-times, where 27%+1 < ¢ we find
By(P) < |P[Pr/A=s/2+2

which concludes our treatment for E5(P) in this case.

On the other hand, if n = 4 we can trivially estimate the number of solutions to F*(c) = 0 of
bounded height C by O(C*) = O(C"3*"), where n = 3. Lemma 5.6.1 then yields

EQ(P) < |P|3n/4—3/2+7]/2+6 _ |P|n—3—i—1/2—|—77/2—i—a7

which in turn implies
N(P) < |P|n73+1/2+n/2+5_

Repeating this process k-times, where k > 1/c we thus find

EQ(P) < |P’3n/473/2+1/2+2s _ ]P]QHE,

5.7 Waring’s problem and weak approximation

Having completed our task for n = 6, we will now apply it to Waring's problem and weak
approximation for diagonal cubic hypersurfaces of dimension at least 5.
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5.7. Waring's problem and weak approximation

5.7.1 Waring's problem for n > 7
Recall that J3[t] is the additive closure of all cubes in O. Given P € J3[t], we define

B = [degT(Pw + 1 and the counting function

RH(P) ::#{weon: ’w‘<§’x?+...+x3zp}'

n

Our next goal is to deduce Theorem 5.1.4| from our findings. We shall accomplish this goal
with a classical version of the circle method. For o« € T, we define

T(a) = > ¥(az®).
z€0_
|z|<B

It then follows from Lemma [3.0.2 that we can write our counting function as
Ro(P) = / T(a)™p(—aP)da.
T

We then define our set of major arcs to be

M= J U {a€T:jra—al<B?}
Ir|<B lal<Ir|

r monic (a,7)=1

and m := T \ 9 constitutes our set of minor arcs. The following lemma is a consequence
of [127, Theorem 30].

Lemma 5.7.1. Suppose char(K) 13 and n > 7. Then there exists § > 0 such that for all
P € J3[t] we have

/m T()"(~aP)da = 6(P)ow(P)B"* + 0 (B,

where S(P) and o, (P) are the singular series and singular integral associated to P. Further-
more, they satisfy
1 < 6(P)o(P) < 1.

Remark. In fact, Kubota states Lemma 5.7.1 only for n > 10. However, as explained by
Liu-Wooley in [136, Lemma 5.2], this is a result of an oversight and Kubota's argument
already works for n > 7.

We now have

/m T(a)"v(~aP)da] < sup [T(@)]"" /T IT()[*de. (5.7.1)

If &« € m, then Proposition 4.2.1 with Q) = B implies the existence of a,r € @ with r
monic such that |a| < |r| < B, (a,7) = 1 and |ra — a| < B™'. As a € m, we must have
la —a/r| > B 2|r|"'. Under these circumstances Weyl's inequality, see [35, Lemma 5.10] for
char(K) > 3 and [50, Proposition IV.4] for char(K) = 2, guarantees the existence of § > 0
such that

sup |T'(a)|" ¢ <« Br=90-9), (5.7.2)

acm

Since
/T IT()|%da = #{x € O°: || < B, + a3 + 23 = 2 + 23 + 3},
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Theorem 5.1.1 implies
/ T ()| de < B3 (5.7.3)
T

Plugging (5.7.2) and (5.7.3) into (5.7.1) yields

/T(a)”¢(—aP)da<é(”_6)(1_5)+3+5

_ pr3-6(n—6)+e
After choosing € = d(n — 6)/2, we see that the contribution of the minor arcs is

/m T(a)"p(—aP)da < B—3-0=0)/2,
Since n > 7, combining this with Lemma 5.7.1 therefore completes the proof of Theorem 5.1.4.

5.7.2 Weak approximation for cubic diagonal hypersurfaces

We will show that weak approximation holds for the diagonal cubic hypersurface defined by
F(x) = X", Fad if n > 7. Fix xy € T" such that F(xzy) =0, M € O, b € O™ and
N € Z>g such that |b| < |M] and such that N is bounded in terms of M. Define the weight
function w: K — R via

() 1 if |&— x| < N1,
w(x) =
0 otherwise.

Further for P € O we introduce the counting function

Mz +b
NP@) = 3 w( Tt )
zcO" P
F(Mz+b)=0

As usual, we can write this as an integral over an exponential sum
N(P,@) = / S(a)da,
T

where

S(a)= Y ¢ (aF(Mz +b)) @ (M‘” i b) .

zeOn P

Since F is diagonal we may factorise S(a) as

where B
Ti(a) = > Y(aF(Mx + b;)?).
xcO
|Mx+bi—x0,i|<|P|]/\}71

Note that our counting function N (P, @) agrees with the function py;4(n) and S(a) agrees
with T'(«) in [131, Chapter 4]. In order to show weak approximation for the variety X =
V(F) C P!, by the same argument as the one provided in Section 4.9 of [131], it is enough
to show the following result.
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5.7. Waring's problem and weak approximation

Theorem 5.7.2. Suppose char(K') > 3. Then there exists some > 0 such that
N(P,w) = [M|7°&3|PI"™ + O(|P|"77),

where & and J are the singular series and the singular integral respectively as defined in (5.7.6)
and (5.7.8).

We tackle this using a traditional circle method argument.
We define the major arcs to be the set 9t C T given by

m= U U {aeT:|ra—al <H'[M|?r||P]7*?},

reQ aceO
Ir|<|P|1/2 |a|<|r|
r monic (a,g)=1

and we take the minor arcs to be the complement m = T \ 901.

In this context, provided char(K') > 3, Weyl's inequality, as recorded in [131, Lemma 4.3.6]
or Corollary 4.1.2, tells us that

/4
. P|+ |r| + [P]’|ro.— af 1 1
7—;‘ o < P1+6 ‘
el < 1P ( G 71+ [PPra—a
fori = 1,...,n if a,r € O are such that |a|] < |r|, » monic and (a,r) = 1. Using

Proposition 4.2.1| and the definition of the minor arcs, a similar argument that handed
us (5.7.2) gives

sup i(a)‘ < |P|7/8Fe, (5.7.4)

acm

for any € > 0. We are now ready to finish our treatment of the minor arcs. If n > 7 we obtain

/m|§(oz)|doz = /m

The integral can be dealt with as follows. By Holder's inequality we find

/m da < li (/T |ﬁ(a)|6da)l/6.

Now the last quantity is equal to

da.

f[li(a) da < sup‘f7(a)---fn(a)’A f[lﬁ(a)

aem

Ti()

za

i=1

1/6
6 3 6
H#{w € 0% x; =b;mod M,|z;/P — xg;| < N~', for all j, Zw? :Zx?} ,
i=1

j=1 j=4
which in turn is bounded by
6
[ #{x € O°: |x| < |xo||P|, 2} + x5 + 2} = a} + 2 + T e
i=1
if | P| is sufficiently large. An application of Theorem 5.1.1 therefore yields
6

[17i(«)

i=1

da < |P)*.
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Once combined with (5.7.4) we thus obtain
[15(@)lda < |pp=s-tn-nise

for any € > 0, which is satisfactory if n > 7. We now turn to the major arcs. Given a,r € O

e _ ¥ ¢< Ma:—i—b))‘

r
|| <|7|

For any Y € R we define the truncated singular series

= > > Ir"Si(a)
rl<v Jal<lr]
r monic (a,7)=1

and the truncated singular integral to be

where

Then from (4.6.30) in [131] it follows that we have
/ S(a)da = [M|~*&(|P[V*)3(| P[V2)| P" 2.
m

It remains to study the convergence of the singular integral and singular series. In order to
handle the singular series we will need upper bounds for S,.(a). First, we record the following
multiplicative property, which is shown in [131, Lemma 4.7.2]. If 1,75 € O are coprime then

§7"17"2 (CL) = 57’1 (al)‘gm (a2)7

where a; € O are such that a; = ar, mod r; and as = ar; mod ry, where 71,75 denote
the multiplicative inverses modulo ry, 11, respectively. Thus, from (5.4.8) in combination with
the divisor estimate, it follows that we have

S.(a) < |r|*/3Fe, (5.7.5)
where the constant may depend on M, b and €.
Using this we see that

> X I Ske

Ir|=Y lal<Ir|
r monic (a,7)=1

‘<<Y(2 n/3+)

Since n > 7 we deduce absolute convergence of the series

S= > > Ir| ™S, (a), (5.7.6)
7 monic |a\<\r|

(a,r)=1

which is the singular series. Moreover choosing positive € < (n — 6)/6 we find

S — &(|P|Y?) < |P| /0, (5.7.7)
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if n > 7 upon redefining €. We turn to the singular integral. Assuming N to be sufficiently
large, in [34] it is shown in Lemma 7.5 and the paragraphs preceding it that

1
|VF(:130)|N” !

3(Y) = I(N/|IVF (o)) =

whenever Y > N/|VF(x)|. Thus clearly limg J(Y) exists and is equal to

-~ 1
= lim 3(Y) = S (5.7.8)
Y —o0 ‘VF(Q’JO)an_l

We conclude that
N(P, @) = |M[*&3|P"=* + O(|P|"1/5+),

as desired.

5.8 Special solutions and the case n =4

In this section we will concern ourselves with understanding how the special solutions of
F*(e) = 0 in the case n = 4 relate to the solutions of F'(x) = 0 on rational lines. The goal of
this section is to prove the following lemma, from which Theorem 5.1.2 immediately follows.

Lemma 5.8.1. For any € > 0 the following holds

|P|4 Z |T|_4/ ~ Zspecsr(c Zhne P :L‘ +O(|P|3/2+€)

r monic lol<|r|~tQ~" ¢ z
<@
(5.8.1)
where Y"3P denotes the sum over the special solutions ¢ € O*\ {0} of F*(¢) = 0 such that

(Fy ) V2 = (Fy ') V2 = (B )2 (R )2 =0 (582)

and Y.!'"° denotes the sum over points x € O* satisfying
P23 + Fyx = Fars + Fya = 0. (5.8.3)
For notational convenience, this lemma only considers the case of lines such that (i, 7, k, 1) =

(1,2,3,4) in the language of Theorem 5.1.2. By the symmetry of the situation at hand it is
clear that the result follows for any permutation of indices.

5.8.1 Analysis of special solutions

We begin by noting that with an error of O(|P|*/?¢) we may include tuples ¢ € O*\ {0}
satisfying (5.8.2) such that ¢; = 0 for at least one 7 in the sum appearing in the left hand side
of (5.8.1). Write >_:P°° for the sum over such tuples ¢. Note for such ¢ Lemma 5.3.6 gives

L(e) < [P|7|e| ™,

for any r € O. Also note that I,(0,¢c) = 0 if |c| > |P|*/?. From (5.4.6) and Lemma 5.4.4,
where we apply the second part with m = 0, we obtain

Se(e) < [rfflr Plra|*12,
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where r; denotes the cube-free and r, the cube-full part of . Hence

Do IS (e) < P XS Il | X Il <P

rlTngc Ir1|<Q |r2|<Q

since the number of cube-full ro of a fixed absolute value of 57 say, is at most P(?l/?’). To
summarise, we found that the contribution to the left hand side of (5.8.1) is at most

PI S SIS () < P 3 el | PP,
" morie 0<lel<|P[1/?
r[<

where the last estimate follows since there are only O(@) vectors ¢ of absolute value C, say,
appearing in >_°P¢°.

We may assume that both F}/Fy and F3/F) are cubes in K. Otherwise the conclusion of
the lemma is easily seen to be true, since there are no special solutions and O(|P|) points x

satisfying (5.8.3). Therefore there exist at most O(1) many different possible p; € O with
(p1,p2) = (p3, pa) =1 and A, € O such that

Fi=Xo}, Fy=M\ps, Fs=npps, Fy=pupl.

The different possibilites for p; come from the potential existence of non-trivial third roots of
unity in K. For a choice of p; € O if we write

1 = pldb Co = ,02051, C3 = p3d2, Cq4 = p4d27

then as we run through the possible choices of p; and as d runs through O2, then c runs
through solutions of F*(¢) = 0 satisfying (5.8.2) . Given a choice of p; there exist p, € O
such that

P1Py — P2py = P3py — paps = 1.

Then the change of variables (21, x2, x3,24) > (Y1, Y2, 21, 22) given by

(1 pr p2 0 0\ [z
T8 I W2 U VI I
Y2 0 0 p3 pa] |23
29 0 0 py p)) \24

is unimodular. Moreover the inverse of this is easily seen to be

1 py —p2 0 0 Y1
T2 | _ —0/1 P1 0 0 21
T3 0 0 o) —pa]| |y
Ty 0 0 —ps ps3 29

We will write x(y, z) for x arising from this linear transformation. An easy calculation reveals

F(z(y, 2)) = 11Q1(y1, 21) + 12Qa(ya, 20) =1 F(y, 2),

where @); are the quadratic forms given by
A 2 / / 2
Quly,2) = (v° + 3(2mp22 — (o1 + Pip2)y}°) |
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and
1
@2(y.2) = (v + 3{2pspa2 — (psply + phpa)y}?)
With this notation we then find

Yy oy 2/}<a1‘?(g,hg+g-d>7

la[<[r| g|,|h|<]|r|

/KQ /K <¢9P3F( )+Py7;d> dydz.

We make the change of variables y = P~'(g + rv) in the integral to obtain

L) =PIP [ [ weP g +rv).2)

. (9133 (P (g +1v).2) + &

and

-d
r

> (v - d)dvdz.

Hence we find
S TS L. = FAPIY Y [ Y / foe(6,0) (v - d)dvdz,
c Pi ‘g|<|7‘ °° deO?
where >, sums over the finitely many possible choices for p; € O as above and where

oFig 1)

r

fo2(0,v) = Z/ > w(x(P (g +1rv),2))Y <6P3]5(P1(g +1v),2) +

la|<|r[ [R|<|r|
Poisson summation as in Proposition 3.0.5 yields
Z fg,z(ea UW(U ' d)d’U = Z fg,z(ea S)-
o0 s€0?
We make the change of variables 5 = g + s and the substitution z = P~1% in order to obtain
>SS (e) = [rPIPITYY. Y Th(6) (6, 6)
c pi jeO?
where -
/ al ],h
- 33 (M),
lal<|r| [h|<|r|
and

5G0) = [, w(P e, ) w(OF . 8)dt.

Further we will write
J- (9 :_—/ - Jr(7,0)d6.
() []<|r|~1Q—1 (4. 9)

We can summarise our findings until now as follows.

Lemma 5.8.2. We have

|P|4 Z |r|_4ZSPecST< Z Z |7’| -2 Z T +O(|P|3/2+E). (5.8.4)

r monic c Pi T monic je0?

Ir|<@ <@

We now follow a strategy that is very similar to the usual delta method. The main term will
come from j = 0 and it then remains to estimate 7,.(3) and J.(7,0) for j # 0.
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5.8.2 The main term

Lemma 5.8.3. For all P € O\ {0} we have

S 20 =S " w(Plz) + 0(1).

Pi T monlc T

r|<Q

Proof. Since F(0,z) = 0 for all z € K2, we have

= '

la|<|r|

and
7,(0,6) = /K w(P~ (0, t))dt.

Therefore, the term arising from j = 0 on the right hand side of (5.8.4) is equal to

Z/ w(P~'z(0,t)dt Y Z/

1 1
rmomc\a|<|r |<‘ | Q
Ir|<@Q

But from Proposition 4.2.1| we deduce that

> Z’/e _df = vol (T) = 1.

_1H-1
Tnmgq®<h\||<V| Q

Ir|<@

Further, it is easily seen that

Zline Z Z P CC 0 Z))

T Pi ze©?

But since K2 = |],c02(z + T) we have

/KZ w(P~1a(0,t) dt_Z/ (P~'2(0, 2 + @))dev.

z€0?

If z € O\ {0} then |z(0, 2z + )| = |=(0, )| for all a € T? and so
/2 w(P~'z(0, z + a))da = w(P 'z(0, 2))

T
for such z. We also clearly have [ w(P~'z(0,a))da < 1 and so

/K2 w(P~'x(0,t))dt = Z w(P~'x(0,2)) + O(1),

2e0?

whence the Lemma follows.
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5.8.3 Estimating the error term

In this section we make a choice of py,..., ps and bound the contribution made from terms
such that 5 # 0. Once we showed the desired bound for a particular choice, Lemma 5.8.1 will
follow since there are only O(1) different possibilities for p;.

We begin by bounding J,.(j) in the case where j # 0. Note first that w(P~!(x(j,t))) =0 if
g > |P| and so J,(j) = 0 if 5 > |P|. Further this allows us to exchange the integral over ¢
with the sum over j in (5.8.4). Note that Lemma 3.0.2 implies

_ r[71QY, W IF (L, < |71
OF(7,t))do =
/9<Ir‘1@‘1 vOF(.D) {0, otherwise.
Thus we find ~
Jo(3) < p(g,r)|r 7' Q7
where

u(g,r) =vol ({t € K2: [t < |P|. |F(j.¢)] < |r|Q}).
To estimate this measure we simplify the expressions involved by making the substitution

up = 2p1pats — (p1py + PLp2)ji, U2 = 2pspats — (psply + phypa) -

After this linear change of variables F takes the form
GG, w) = M1 (3uf + 77) + pja(3u3 + j3)-

Since the change of variables is linear of constant, non-vanishing Jacobian it is sufficient to
consider B R
pg(g,r) = vol ({u € K2: Jul < |P|, |G(§,u)| < |7“|Q}) .
If jo = 0 then using Lemma 5.3.4 it is easily seen that
A\ 1/2
: rlQ
et <P (19)
1]
and similarly if j; = 0. So assume 7172 # 0. In this case, note that we have

logq\P\

,Ué(uyr) < Z Z Ma(j7ra U17U2)7

kym=—0c0 U;=¢*
Ua=q™

where

G(j.w)| < |rQ})

In the case where U; or Us < |P|™! we can use the trivial bound O(U,U5) for pg(g,r, U, Us)
to deduce that the total contribution arising from such Uy, U, is bounded by O(1). For the
remaining contribution note if u satisfies G(4,u) = 0 then u> = A+ O(|r|Q/|71|) for some
function A(jy, jo, u2) and thus uy lies in a subset of measure O(|r|Q/(U7]j1])). Therefore

"

Mé(j?rv U, UQ) < U2|T|Q/(U1|.]1D Slmllarlyv Mé(jary Uy, UQ) < U1|T|Q/(U2|j2|) PUtting
this together yields R

Mé(ga Ty Ul? UQ) < ’HQUle‘iUQ'
Since there are | P|¢ pairs Uy, Us such that |P|™! < Uy, U, < |P| we deduce

(g, r) < 1+ |PFIr|@Qljual /2.

We summarise our observations in the following lemma.
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Lemma 5.8.4. Let j € O?\ {0} be such that |j| < |P|. If jijo # 0, then we have

Jo(3) < |P*[agal V2. (5.8.5)
If jo =0, then we have
Jr(3) Ll (5.8.6)
() €« ————5. 8.
SONTARIRE

Next, we turn to estimating the exponential sums 7,.(7). Via the Chinese remainder theorem
we have for all 7,79 € O such that (ry, ) = 1 that

Tmrz(j) - Tm(.])Tm(J) (587)

Thus we may put our focus on 7T,.(j) where 7 = @* for irreducible € O. Note that

)3 w(‘M) < ¥ w(“jl@lff“h”ﬂ )3 w(“”@ﬁj?’h?))‘.

LISH [ha]<|r| lha|<[r|

A simple Weyl differencing type of argument further yields

S Y (alelijla h1)> ‘2 Y (ajl(Ql(jl, h+h) — Ql(ilﬁl)))

I |<[r] IAl, k| <Ir| r
6aXiip2p2iihyh
< Z Z w( J1P1P2J1M )
(A< |[h1<Ir] "

= |[r|#{h € O: |h| < |r|,r | 6arjipip3jih}
< |rl|(r,6aNj1p7p551h)]
< || |(r, 41)]-

We can find a similar estimate for the sum over hy, which gives
T.(3) < [r*l(r, j0)I21(r, j2)[ 2.

This will be sufficient for our purposes if 7 is cube-full. However, for r = @ or r = @? we
can do better. We begin by considering the case when » = w and we will further assume
@ 1 (1, 72). Note first that

F(3,R)) _ [lml =1 = | F(5h),
Ialz:w¢ ( w ) a§w|¢ ( ) a {—1, otherwise.
a#0
Therefore we get
T5(3) = (J=| - 1)#{|h| < |wl|: w | F(j,h)} — #{|h| < |wl: wj(]}(j,h)}
= [wl# {|hl < |=|: = | F(G,h)} - |

The equation F(j, h) =0 mod @ may be regarded as Q(hy, ho, 1) for a ternary quadratic
form Q(x,y,z). The quadratic form @ is non-singular in O/w if w t j1j2Fo(J), where
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Fy(3) = Aji + pjs. Since w is irreducible we have O/w = F|| and so if @ { j1j2Fy(F) then
Theorem 6.26 in [135] gives

#{|h| < |@|: @ | F(4,h)} = =]+ O(1).

We deduce T, (j) < || in this case. Since @ t (j1, j2) the form @ does not vanish identically
in O/w and so we have

#{|hl < |@|: @ | Fi,h)} < =,
whence T,,(j) < |@|* if @ | jijaFo(J)-

We now turn to analysing T.2(j). We assume @ { Au[]>_, pi. This condition affects only
finitely many primes w and so the estimates that we obtain under this condition hold in general
by adjusting the resulting constant. Put

ki = 2p1pahy — (p1py + pip2)gi, and  ka = 2pspahy — (p3p) + pypa)jo,

so that after this change of variables we have

~ . 1 ] 3, . )
F(j,k(h)) = ZFO(J) + Z()‘Jlk% + pjaky).

By our assumption on t, as h ranges through values |h| < |?| we also have that k ranges
through |k| < |@?| under this change of variables. Hence we obtain

' F 3 /\ /{72+ kz
Z 1/}(&4;2) Z w<a J1 2:“]2 ))

jal<[w|? K| <] 2 4w

We can write k = u + wv where |ul, |v| < |@w|. Then

3aNj; 3aNju? 3aNJ;u;v;
o) - 2 e () 2 e (M)

ki | <|=|? [us] <[] |vi|<|w|
9
=l >, ¥ (3@4);;%) ;
us| <|o|
w|jiu;

for i = 1,2 since @ { a\. If @ { j1jo the above expression is just || and so we get in this
case

0, if @t Fy(9),
afFy(g . .
— P 3 (M) el i | )

Ja] <[eo 2 @[ =@ if @ | Fo(j),

and so in particular
T2 (j) < |@?|(@®, Fo(4))].

If, on the other hand, @ | j; we claim that 7,2(j) = 0. Due to the standing assumption
@ 1 (1, J2) it follows that w { j, and thus the above gives

P ¥y (URDT ),

lu1|<|||a|<|w=|?

This vanishes unless @ | Fy() +3\jiu?. But since @ | j; this would imply @ | /5 and hence
@ | j2. As we excluded this case by assumption the claim follows. We summarise our analysis
of T.(7) in a lemma.
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Lemma 5.8.5. Let j € O?\ {0}. Then we have
Tr(]) < |7"|2|(’f’,j1)|1/2|(7’,j2)|1/2

for any r € O\ {0}. Further, if r = w or r = w* for some irreducible @ € O and if
@ 1 (J1, Jj2) then we get
T.(3) < Irll(r, J1j2Fo(3))]

We are now finally in a position to give a sufficiently good upper bound for the right hand
side of (5.8.4) and thus complete the proof of Theorem 5.1.2. For this we fix a choice of p;

and estimate the sum
S= > Il Y T.(5)0)
T monic jeO?
Ir|<Q l7]<| P

Since there are O(1) possibilities for the p;'s, this will be enough to show S < |P|3/**.

We begin with the case when j1j2Fy(5) # 0. In this situation Lemma 5.8.4 yields
S <|PIEY [l 30 I ?IL ). (5.8.8)
J

T monic
S

Irl<@Q

Next we write r = r1ry where 71, 5 monic are coprime, and where r; is cube-free and w | 1
implies @ 1 (j1,72). We can then factor T,.(3) by (5.8.7) to obtain

S <P Y lndal 723 ol T ()1 172 T ()]
J m

T2

R _ : (1, J172F0(3))]
P el ™2 I T ()1 7] ;
j 79 1

where we used Lemma 5.8.5 to estimate 7., (). For the inner sum we have

Z [(r1, J1J2F0(3))]

T1 | 1|

< |PIFljjeFo(§)F < | P>,

since we assume Jj1joFy(j) # 0 and in general it holds ¥ ! Xy (G < (|G]Y)¢ for any
YEZZOandGGO.

Note that if @ || 73 or @? || ro, then @ | (j1,72). In particular, if we put 7(ry) = [] @, where
the product is over all @ | ry such that @ || 72 or @? || ro, then we have 7 = 7(ry)k for some
|k| < |P|/|n(r2)|. It follows that

[(r () k) [V2](r, m(r) ko) |2
|1 koo |1/2

S|Pl Y In(r)|™
T monic |k|<|P|/In(r)]
<@ Fka#0

[(r, )2 (r, Reo) |
1>
<IPF XX BCEE

7 monic |k|<|P|/|n(r)|

Ir|<Q k1k2#0

The sum over k above factors into (3, |(r, k)|*/2|k|~1/2)2, which we can estimate as

r, k)2
LULVSERS SN DI
|K| dr k! |<| P/ n(r)d]
(rk)=1
< S|P n(r)| TR
d|r

k|| P/In(r)]
k0
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Since >y, 1 < |r]® < |P[°, we thus arrive at

S <P S |n(r)| ™"
Ir|<Q

Next we write r = st?t3, where s,t;,t3 are pairwise coprime and monic, t3 is cube-full
and s is square-free. With this notation we clearly have n(r) = st; and there are at most
O(Q'3) = O(|P|*/?) available t3, so that

S < |P|3/2+a Z |S|—1 Z |t1|_1

ls|<Q 1] <(Q/|s])1/2
< | PP s 7HQ/ s
ls|<Q

< |P|3/2+8@35/2.

With a new choice of ¢ this estimate suffices for our purpose.

Next we consider the case when jyjs2Fy(j) = 0. If jijo # 0 but Fy(j) = 0, then there exist
some j,v; € O such that j; = v;j. The number of possible v; can be estimated by O(1). In
this case Lemma 5.8.4 and Lemma 5.8.5) yield

Jo(3) < |PFEIjI7Y and  T.(3) < |r?|(r, )]

The total contribution to & of such j is therefore bounded by

[Pl 30 Sl ) < | PP,

7 monic j<KP
[r|<Q 370

which is sufficient.

Finally we need to consider the case when one of j; = 0. We may assume j, = 0 since the
other case is analogous. Write j; = j, then the second part of Lemma 5.8.4 gives

|P|1/4
(5llr))**

Combining the estimates in Lemma 5.8.5 also gives

Jr(J) <

To(3) < P21, ) fm(r) =2,

where m(r) = [, @. The contribution to S of j under consideration is therefore bounded

by
(PSS D16 I m(r) 2,
r monic j<K P
[r|<Q 370
Since Yo jep|(d,7)|[7]7Y? < ¢F|P|"/**¢ we get an overall bound
‘P‘3/4+5 Z m(r)_l/Q.

7 monic

Irl<@Q
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Write r = ryry where r; is square-free and ry is square-full. Note that then m(r) = r; and
. 1/2 _
there are at most O ((Q/|r1|) ) available 5. Hence

Z m(r)_l/2<<@1/2 Z ’7,1‘—1<< ’P|3/4+€,
r morﬂc 71 monic

Ir|<Q Ir1]<Q

and so the desired bound of O(|P|*/%*¢) contributed from j's such that either j; = 0 or
j2 = 0 follows. Altogether, we have shown

S < |P|3/2+€7

which completes the proof of Lemma 5.8.1.
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CHAPTER

Rational points on complete
intersections of cubic and quadratic
hypersurfaces over [F(t)

This chapter is based on [85].

6.1 Introduction

If X Cc P*!is a variety over a global field K&, then one key aspect entails understanding the
counting function
Nx(B) =#{x € X(K): H(x) < B}

for a suitable height function H: X (K) — Rx¢. In this chapter we shall focus on the case
when X = V(Fy, Fy) C P"! is a non-singular complete intersection of a cubic and a quadric
hypersurface over K = FF,(t). To state our main result, recall that |z| = max ¢3°%i for
x € F,[t]". We take a smooth weight function w: F,((¢t1))" — R, that is supported around
a suitable point @y € F,((¢t7))" with Fi(x¢) = Fy(x) = 0. For non-zero P € F[t], we
consider the counting function

N(P) = > o (Z;) as |P| — oo.

x€F[t]’
Fi(x)=F2(x)=0

Theorem 6.1.1. Let X C P""! be a non-singular complete intersection of a cubic and a
quadric hypersurface over F,(t). If n > 26 and char(F,) > 3, then there exists § > 0 such
that

N(P) = c|P["* + O (|P|"*),

for some ¢ > 0.

To put our result into context, Browning—Dietmann—Heath-Brown [37] proved the analogue of
Theorem 6.1.1 over K = Q for n > 29. Another result in this direction when both F; and F3
are diagonal is due to Wooley [209, 210]. Again working over Q, he restricted the range of
possible integer solutions to those having only small prime factors. Appealing to the theory of
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smooth Weyl sums this allowed him to provide an asymptotic formula for the number of such
restricted solutions for n > 13 whenever F; and F5 have at least 7 and 5 non-zero coefficients
respectively.

A smooth complete intersection of a cubic and a quadratic hypersurface inside P"~! is Fano as
soon as n. > 6. In particular, Theorem |6.1.1| falls under the realm of Conjecture [2.3.3 that was
put forward by Manin and his collaborators. The order of growth established in Theorem 6.1.1
agrees with this prediction. For an overview of results for more general complete intersections,
we refer the reader to Section 4.5.

As explained in Section 4.5, the Hasse principle for complete intersections defined by forms of
degree dy, ..., dg inside P"! holds trivially as soon as n > d? + - - - + d% by the theory of
Lang—Tsen fields. However, establishing weak approximation remains a substantial challenge.
Currently there are no results available regarding weak approximation for complete intersections
of cubic and quadric hypersurfaces over F (¢). Our second main result remedies this deficiency.

Theorem 6.1.2. Let X C P"! be a non-singular complete intersection of a cubic and
a quadric hypersurface over F,(t). If n > 26 and char(F,) > 3, then X satisfies weak
approximation.

The restriction on the characteristic in both Theorems 6.1.1 and 6.1.2 arises naturally in
applications of the circle method. Typically, it comes from applications of Weyl differencing,
which renders any estimates trivial when the characteristic is smaller than the degrees of the
equations. In our situation we have to study both quadratic and cubic exponential sums that
we can only bound satisfactorily when char(K’) > 3.

Browning and Vishe [44] have found a way to use the circle method over F () to obtain crude
geometric information about the space of rational curves of fixed degree inside a hypersurface
in sufficiently many variables compared to its degree. If one is willing to make all the estimates
uniform in ¢, then our work is likely to give access to the analogous properties when X is the
intersection of a cubic and a quadric hypersurface.

Using a geometric approach, Tian [195] has verified the Hasse principle for non-singular
cubic hypersurfaces X C P"~! when char(K) > 5 and n > 6 and weak approximation for
non-singular intersections of quadratic forms when char(K) > 2 and n > 6. It would be
interesting to see whether his methods carry over to say something useful about intersections
of cubic and quadric hypersurfaces.

When the degree of a form F' is small, the delta method developed by Duke, Friedlander and
Iwaniec [69] and further refined by Heath-Brown [100] is capable of dealing with significantly
fewer variables than the classical circle method. In particular, it has been successfully applied
to quadratic forms [100] and cubic forms [116]. Over [F,(¢) an identity analogous to the
delta method turns out to be much simpler thanks to the non-archimedean nature and was
successfully incorporated by Browning and Vishe [34]. However, until recently it was unclear
how to construct an analogue of the delta method for systems of equations. Vishe [202]
made substantial progress by developing a 2-dimensional analogue of the delta method over
K = F,(t) that enabled him to produce an asymptotic formula for the number of rational
points of bounded height on non-singular intersections of two quadratic forms in n > 9
variables when char(K’) > 2. His innovation serves as the main input for our work and we
shall now proceed to outline the main steps of our proof.
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Outline of proof

In [202] the main new input is the development of a two-dimensional version of a Farey
dissection over F,(t). While Vishe's version only allows one to put squares around the
approximating rationals, our application requires lopsided boxes in order to take into account
the different degrees of the forms F} and F5. In Section 6.2 we shall modify his development
to accommodate our needs. We expect that the argument would carry over inductively to
higher dimensions. In the case of hypersurfaces the delta method is particularly useful when
the degree is at most 3. Unless one appeals to a similar strategy as devised by Marmon and
Vishe [139] to deal with quartic hypersurfaces, it seems that when one considers intersections
of two hypersurfaces, our situation is just at the barrier. That is, when the sum of the degrees
of the individual hypersurfaces exceeds 5, it does not seem to give any improvements compared
to the classical circle method.

Once we have achieved the Farey dissection, a standard application of the Poisson summation
formula leads us to study certain oscillatory integrals and exponential sums. We provide upper
bounds for the oscillatory integrals in Section 6.5 and for the exponential sums and averages
thereof in Sections 6.6 and 6.7. When the modulus is square-free, we estimate the exponential
sums by appealing to work of Katz [119], that ultimately relies on Deligne’s resolution of
the Riemann hypothesis over finite fields [67] and obtain cancellations when summing over
the numerators. This is usually referred to as a “Kloosterman refinement”. As in [202] and
[34] it would have been desirable to obtain a double Kloosterman refinement, in which we
extract cancellations when summing over both the numerators and denominators. In [202]
and [34] the corresponding exponential sums are multiplicative and their averages over the
denominator can be studied via the associated L-functions that satisfy a suitable version of
the Riemann hypothesis. In our setting, we consider exponential sums associated to linear
combinations of the cubic and quadratic form. That these are not homogeneous only allows
for a “twisted” form of multiplicativity and it is not clear how to associate an L-function to
study their averages. There remains the substantial task of providing estimates for exponential
sums when the modulus is not square-free. We are unable to give upper bounds directly, but
rather study averages of them over the dual variable in Section 6.7. The underlying arguments
go back to work of Heath-Brown [98], but are significantly more complicated in our situation.

Any implied constant in this chapter is allowed to depend on ¢g. Any further dependencies will
be indicated by a subscript, unless mentioned otherwise.

6.2 Farey dissection

Vishe's strategy is to find a suitable family of lines in the unit square so that when we consider
rational points on these lines they cover the whole square and at the same time stay sufficiently
far away from each other to ensure an exact partition. Before reviewing his results in more
detail, we need some notation. Let K =T (t) and O = F,|t] be its ring of integers. We will
again use the notation introduced in Chapter 3.

If ¢ = (c1,c0) € O2, then we say that c is primitive if (c;,c3) = 1 and either ¢; is monic or
c1 = 0 and ¢y is monic. For d,k € O with (d,k) = 1 and ¢ € O? primitive we define the
affine line

Li(dc,k) ={z € K2 :dc-z =k} (6.2.1)
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and the generalised line

L(dc) = {a/r € TN K?: (a,r) = 1,a/r € Ly(dc, k) for some k € O with (k,d) = 1}.
(6.2.2)
Note that since (k,d) = 1, we must have d | r if a/r € L(dc) with (a,7) = 1. We refer to
|dc| as the height of L(dc). For x € T and R € Z, we let B(z, R) —{0eT: |0—z| <R}
be the ball of radius R centered around z. Similarly, for R = (Ry, R,) € Z we set

R(&,B) = {Q € TZI ‘91 —IEZ| < El for i = 1,2}

: = = L. -l
to be a rectangle of sidelengths R, and R, centered around z. In addition, 2  denotes the
vector (R;!, Ry'). We are now in a position to state Vishe's partition of the unit square.

Theorem 6.2.1. Let () > 1. Then

T = || ] L] Bla/r,|r|'QV?),

r monic d|r monic la|<|r|
Ir<Q c€0O? primitive  a/reL(dc)
[r1Q~1/2< de|<|r|/
|dea| <[r|'/?

where | | indicates that we only consider vectors a such that (a,7) = 1.

A few remarks are in order to explain the conditions on the lines in the theorem. First, from a
standard application of Dirichlet's approximation theorem [131, Lemma 4.5.1] one obtains

U U Bla/rlr'@7% (6.2.3)
r|<Q lal<lr]
for any () > 0 and k£ > 1. Furthermore, using the pigeon-hole principle one can show that
that any a/r € K? with |a| < |r| and (a,7) = 1 lies on a line L(dc) with |dc| < |r|'/? and
dey| < |r|*/2. It also clear from the definition (6.2.2) that we must have d | 7. So the key
condition in Theorem 6.2.1 is |r|Q~'/2 < |dc|. This guarantees that

(i) rational points on an individual line stay sufficiently far away from each other,
(i) rational points on distinct lines stay sufficiently far away from each other,

(iii) distinct lines don't intersect at rationals with small denominator.

With (i)—(iii) at hand it only remains to show that we can still cover T? with balls centered
on rationals a/r on lines L(dc) such that |r|Q~/2 < |dc|. This is a consequence of one-
dimensional Diophantine approximation, where in fact (6.2.3) already provides an exact
partition of the unit interval.

We will follow this blueprint closely to obtain an analogue of Theorem 6.2.1 that allows for
lopsided boxes. This requires us to go through most of Vishe's steps again, since we have to
modify some of the proofs to get control over the distance between the individual coordinates
of rational vectors. We begin with a two-dimensional version of Dirichlet’'s approximation
theorem with rectangles.
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Lemma 6.2.2. let Ry > Ry > 1 be integers. Then

™= |J U R/rr|'B).

Ir| <Ry Rz lal<Ir]
T monic

Proof. For any z € T? the rectangle R(z, E_l) has volume (R; Ry)~". We can therefore write
T = || Rz, R ) (6.2.4)

for some x; € T2. Observe that there are Rleq polynom|a|s re O with |r| < R1R2 In
particular, if z € T2 and r runs through all r € O with |r| < Ry R,, then two of them, say
r1 # 1o, must satisfy

{rix} € R(z;,R ),

for i = 1,2 and some 1 < j < R, Ry, where {-} denotes the fractional part. If we let
r =11 — 9, then this implies

re —a € R(0, (R, Ry?)),

where a is the integer part of (r; — r3)z. We can divide through by (a,r) to ensure that
(a,7) = 1 and also multiply by a unit if necessary to guarantee that r is monic. O

Next we show that every rational lies on a generalised line of suitable height. This is the
analogue of [202, Lemma 3.1], where the difference is that we allow the extra parameter T

Lemma 6.2.3. Let T' > 1. Then for any a/r € T? with |a| < |r| and (a,7) = 1, there
exists d | r monic and ¢ € O? primitive such that |dc,| < T|r|'/?, |dcy| < T~Yr|*/? and
a/r € L(dc).

Proof. The set R N
{c€ O oo < T2, |eo) < T7Hr |2}

has cardinality strictly bigger than |r|. In particular, there exists two distinct vectors ¢;, ¢, in
this set such that ¢; -a = ¢, -a mod r. Let ¢ = ¢; — ¢,. It then follows that ¢ - a = k'r for
some k' € O. Now let d' = ged(cy, o), d=d'/ged(d', k'), c = /d and k =K'/ ged(d', K').
We then have dc - a = kr. Moreover, by construction (d, k) = 1, which also implies d | r. We
can further guarantee that ¢ is primitive and d monic by multiplying with a unit and changing
k if necessary. O

For any ¢ = (c1,¢2) € O? we let ¢t = (—cy,¢1). We also need the following result, which is
[202, Lemma 3.5], about the distribution of rational points on an individual line.

Lemma 6.2.4. Let d € O be monic and ¢ € O? be primitive. Then for every a/r € L(c)
there exists a unique a € O with |a| < |r|, (a,7) = 1 and a unique d € O with |d| < |c| such
that a/r = %c* + d. Moreover, for every a/r € L(dc) there exists a unique o /(r/d) € L(c)
with |d'| < |r/d| and a unique d' € O? with |d|' < |d| such that a/r = d'/r + d'/d.

Next we turn to studying the distance between rational points on lines of the form L(c). The
following result is the analogue of [202, Lemma 3.6].
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Lemma 6.2.5. Let c € O? be primitive and a/r # a'/r' € L(c). Then

a; a,

7,/

@_gﬁ Jei |

for bothi=1,2 or max{|cl|
A

}>1

The first case happens if a/r,da’/r" € Ly(c, k) for some k € O. Moreover, if a/r is an element
of L(c) N Ly(c, k) with |c| < (¢) N Ly(c, k) such that |ri| = q|r|
and |a; /7 — b;/r1| = |ci-|/|rr).

= o]

Proof. We begin with the first part of the lemma. Since a/r,d’/r" € L(c), it follows from the
definition of L(c) that there exist k, k" € O such that (a/r —d'/r')-c =k — k. If k £ K,
then by the ultrametric property we have max;_; 5 |a;/r — a./7’||c;| > 1, which is sufficient.
Thanks to Lemma 6.2.4 we can also write a/r = ¢ct +d and d'/r' = et +d. If k=F,
then the conditions |d|, |d'| < |c| and the fact that c is primitive imply that d = d’. Therefore,
we have |a;/r — a}/r'| = |a/r — d’'/r||c}| > |c;|/|rr’|. Furthermore, we have k = k' if and
only if a/r,d’/r" € Li(c, k).

For the second part of the lemma, one can check that Vishe's proof of [202, Lemma 3.6] in

fact gives control over the distance of both coordinates of a/r — b/r;. Moreover, he requires
c|? < Ir|, c| < |r]? is in fact sufficient.

]

We can also extend this result to arbitrary lines.

Lemma 6.2.6. Let d € O be monic and ¢ € O? be primitive. Then for a/r # a'/r’' € L(dc),
at least one of the following must hold:

a; a’ |ch'\
L i for both 1 =1, 2,

(i)
(i) |5

(III) maXi;=12 {|dCz| % —

a a
r

> max{|r|~L, 7|71},

4} =1

Moreover, if a/r € Li(dc, k), then there exists a/r # b/rs € Ly(dc, k) such that
|ai /1 — bi/ra| < |dcf|/|rrs]

for both i =1, 2.

Proof. We begin with the first part of the statement. Recall from Lemma 6.2.4 that we
can write a/r = a,/r + d/d and /7" = a,/r' + d'/d where a,/(r/d),a,/(r"/d) € L(c) and
d,d € O% We thus have

a; a,

r r!

!
ay; a2 ; d; — di
r r! d

fori = 1,2. If d # d', then this is clearly at least 1/|d| > max{|r|™!,|r/|"1} for one of
i=1,2,since d | r,7" . One the other hand, if d = d’, we can use Lemma 6.2.5: In its first
case we obtain |ay;/(r/d) — az;/(r'/d)| > |d?||ci|/|rr’| for both i = 1,2, which implies

la;/r —al/r'| > |dct|/|rr’] for i=1,2,
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whereas in the second case max;— o{|¢;||a1,:/(r/d) — as;/(r/d)|} > 1, which implies

mzli>2{|dciHai/r —a;/r'| > 1.
=1,

For the second part of the lemma, we use Lemma 6.2.4 to write a/r = b'/r + d'/d, where
b'/(r/d) € Li(c, k) for some k € O. It follows from the second part of Lemma 6.2.5 that
there exists b"/r; € Li(c, k) with |ri| = q|r/d| and |b}/(r/d) — b!/r| = |dc}-|/|rr:| for
i =1,2. Now set b/ro = b"/(r1d) + d'/d. We then have dc-b/ro =k +c-d =dc-a/r,
so that b/ry € Ly(dc, k). Moreover, we also have |b;/ro — a;/r| = |b/ry — b;/(r/d)|/|d] =
\ct|/|rri| < |dci|/|rrs|, where we used that |rs| < |rid|. O

We also need the following lemma, which is the second part of [202, Lemma 3.9].

Lemma 6.2.7. Let a/r € L(dc) N L(d'c), where d,d’" € O are monic and ¢,d € O? are
primitive. If |c1c5|, |cacy| < |r/(dd")|, then dc = d'c’.

Note that in [202, Lemma 3.9] the extra condition |dc|?, |d'd|* < |r| is required, but this is in
fact not used in the proof. The next lemma is concerned with the distance between rational
points that lie on distinct lines.

Lemma 6.2.8. Let a/r € L(dc) and d'/r'" € L(d') with dc # d'd, |dd'e;cy| < |rr'|!/?
and |dd'cyc)| < |rr'|'2. Then we have |a;/r — d;/r'| > |dc;r'|~ for one of i = 1,2 and
la;/r — al/r'| > |d'cir|~! for one of i = 1,2.

Proof. First note that a/r and @’/r" must be distinct by Lemma 6.2.7|. By the second part
of Lemma 6.2.6 there exists b/r, € L(dc) such that |a;/r — b;/r1| < |dci|/|rri]. Let

C = <“/T_b/“>.

Q/?“ —Q//T/

Since d' /" & L(dc), it follows that det(C') # 0. It is therefore clear that |det(C)| > |rr'ry|.
This implies that |a;/r — a./r'| > 1/|de;r'| for one of i = 1,2. Finally we can replace the role
of  and r’ to obtain the second inequality of the statement. O]

We now have all ingredients at hand to prove the main result of this section.

Theorem 6.2.9. Let Ry > Ry > 1 be integers. If we set T'= (Ry — R»)/2, then

= || | | L[ Ra/r, /| 'R). (6.2.5)

|T‘S§1§2 d|r monic la|<|r|
r monic c€O? primitive a/reL(dc)
|de [<T|r[ M2, |dea| <T—Hr|1/2
max{R;|dc;- |} >|r|

Proof. We first show the union on the right hand side of (6.2.5) is disjoint. Let a/r # a'/r”
appear on the right hand side of (6.2.5) and suppose || > |r|. We now have to distinguish
a few cases. First, if a/r,d'/r" € L(dc) for some L(dc) appearing on the right hand side of
(6.2.5), then in case (i) of Lemma 6.2.6 we have

a;  q |dc; > Al
ror e Ri|r|
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for one of i = 1,2, where we used that |dct| > R;!|r’| for one of i = 1,2. This is
clearly sufficient to show R(a/r, |r|*1371) is disjoint from R(da’/r’, |T’|71371). On the other
hand, case (ii) of Lemma 6.2.6 yields |a/r — a’/r'| > max{|r|~!,|r'|~'}. However, then the
rectangles around a/r and @' /v’ must be disjoint since Ry > Ry > 1. If case (iii) in Lemma
6.2.6 holds for i = 1, then de¢; # 0 and

a @) 1 R,|dc 1
“1 M > > E’ 1] > _
r |dey | Ry|r| Ry|r|
A similar calculation shows that if the inequality holds for ¢ = 2, then we obtain

las/r — ab/r'| > Ry'|r|~'. This finishes the case a/r,a'/r’ € L(dc). Next we are con-
cerned about the case a/r € L(dc), d'/r" € L(d'd") with dc # d'c’. Our constraints on dc, d'c’
guarantee that the requirements in Lemma 6.2.8|are met, and so we get |a; /7 —a; /1’| > |der|~
for one of i = 1,2. Note that |des| < (Ry/Ro)'/?|r|'/? < Ry, since [r| < RyRy. Similarly we
get |dey| < Ry, so that |a;/r — a; /7’| > |de;r| ™" > R7Yr|™", which is sufficient. Finally, it
remains to show that every rational a/r in the right hand side of (6.2.5) appears precisely
once. This is a consequence of Lemma 6.2.7. Therefore, we have established that the right
hand side of (6.2.5) is a disjoint union.

Now we show that if a/r € T2 is a rational with |a| < |r| < R R, and (a,7) = 1, then there
exists a rational @'/’ appearing on the right hand side of (6.2.5) such that

R(af/r,[r[ 'Ry € R(d /v, | 'R ).

By Lemma 6.2.3 this is enough to show the equality of sets in (6.2.5). It follows from Lemma
6.2.3 that there exist d € O monic and ¢ € O? primitive such that d | r, a/r € L(dc)
and |dey| < T|r|V2, |dey| < T 7|2, If max{R;|dc;}|} > |r| we are done. Otherwise, let
M = max{R;|c|} so that M < |r|. Lemma 6.2.4 allows to write a/r = ¢ct +d/d for some
a € O and d € O% where a/(r/d) € L(c). The one dimensional Dirichlet approximation
theorem implies the existence of a rational a’/r; such that || < |ry| < M|d|™!, (a/,7) =1
and |a/(r/d) — d'/ri| < |ri|7Yd|M~. Now set d'/r' = %QL + d/d. We then have
dc-d'/r" = c-d=dc-a/r, which implies d’ /r" € L(dc) and d | r'. Moreover, by construction
we have || < |dri| < M. We also have

jai/r = ai/r'] = |d| " ai/ (r/d) = a' fra] < | "M < TR
for both © = 1,2. This completes the proof of Theorem 6.2.9. O]

Remark. Note that in the particular case R, = R, we recover Theorem 6.2.1 with () = 2R,
from Theorem 6.2.9.

The following corollary will be useful when evaluating the main contribution to our asymptotic
formula.

Corollary 6.2.10. Let Ry > Ry > 1 be integers. Then

U U L[ Ra/rr 'R = | || Ra/r|r| 'R

|r|<R2 d|r monic lal<|r| |7.‘§§2 lal<|r|
r monic c€O? primitive a/reL(dc) r monic
|dcl|§T\7‘|1/2

dea|<T—1|r|1/2
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Proof. Clearly the left hand side of the claimed equality is contained in the right hand side.
Moreover, by Lemma 6.2.3 the right hand side is contained in the left hand side. Theorem
6.2.9 implies that the left hand side is disjoint, since the condition max{R;|dc |} > |r| is
vacuously true for |r| < Ry. It remains to prove that the right hand side is disjoint. Suppose

that « € R(a;/r1, ]rl\_lﬁ_l) N R(ay/r2, |7’2]_1E_1) with a,/r1 # ay /7. We then have

1 a; A ‘(% ) ( a2>’ { 1 1 }
~|— — —| = — — + o — — < max TR oy T =~ ;
|T17“2‘ ™ T9 &1 9 ‘7”1|R2 ‘7“2|R2
which is impossible since |r1|, 3| < R». O

6.3 Geometry

If the complete intersection X C P"~! is defined by a cubic form F} and a quadratic form
F,, then it is also defined by F} + LF; and F; for any linear form L € Olxy,...,z,]. In
particular, given the degree of freedom we have, it is reasonable to expect that we can define
X as the intersection of a non-singular cubic hypersurface and a quadratic hypersurface. This
is indeed the case as demonstrated in Lemmas 3.2-3.3 of [37], whose proof we adjust to cope
with positive characteristic.

Lemma 6.3.1. Let X C P"! be a non-singular complete intersection of a cubic and
a quadratic hypersurface over K. Then X = V(Fy, F;), where F| € Olxy,...,x,] is a
non-singular cubic form and F, is a quadratic form of rank at least n — 1.

Proof. Suppose X = V(G1,G2), where Gy is a cubic and G5 a quadratic form respectively.
For U = P"1 \ V(G;) define the morphism

e: U =P, (x1: - xy) = (Gi(x): 21Ge(x) - - -+ 2,Ga()).

Assume for a moment that there exists a hyperplane H C P" defined over K such that
@ '(H) is smooth. This means that there exist ), ..., \, € K such that

F1 = /\gGl + )\1$1G2 + -+ )\nl’nGQ

satisfies U N {F; = 0} is smooth. However, U N {F; = 0} = {F, = 0} \ {G2 = 0}, from
which it follows that F} is non-singular since X is non-singular.

To prove the existence of the claimed );'s, Browning—Dietmann—Heath-Brown appeal to
Bertini's Theorem, which does not hold in general in positive characteristic. However, it follows
from work of Spreafico [189, Corollary 4.3] that the fiber above a general hyperplane H C P
is smooth provided the induced extension of residues fields x(z)/r(¢(x)) is separable for any
xeU. Let Y =V (G — xoGs) C P™. Then ¢ factors into

U—=Y\V(Gy) »Y =P,
where the first arrow is an isomorphism, the second an open embedding and the third a closed
immersion. Indeed, if Gy(x) # 0 with ¢ = (xq,...,2,) and (zg: -+ : x,) lies on Y, then
x9 = G1(x)/G2(x) and hence
(fL‘QZ e l‘n) = (Gl(m) lez(m): e $nG2(a:)) = gp(w)
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Moreover, Y \ V(G3) is an open subset of Y and Y a closed subset of P". Both open
embeddings and closed immersions are unramified, as is the composition of unramified
morphisms. It follows that ¢ is unramified and hence all the residue field extensions are
separable.

It remains to show that (G5 has rank at least n — 1. Aiming at a contradiction, suppose the
opposite holds. This implies that (G5 is singular along a line. However, this line will intersect
{F; =0} in a point that will then be a singular point of X, which is impossible. O]

To deal with the exponential integrals appearing in our work, we will have to concentrate our
weight function near a point such that linear combinations of its Hessian associated with F}
and the matrix underlying the quadratic form F5 always have large rank. This is only possible
when char(K) > 3 and so we assume this holds for the rest of our work. Let us now fix a
symmetric matrix M € O™ such that Fy(x) = &' Mx. Moreover, for x € K we shall
denote by H(x) = (%)lgingn the Hessian of F} evaluated at x.

Lemma 6.3.2. For1 < k <n —1, let V), be the Zariski closure of
Vi ={x € A": Fi(x) =0 and rk(t, H(x) + toM) < k for some (t,,t;) € A*\ {0}}

inside A™. Then dim V), < k.

Proof. For 1 < k < n — 1 consider the incidence correspondence
I={(x,y) € A" x A": Fi(x) =0 and rk(H (z)y, My) < 1}.

Let V' be an irreducible component of Vi. Since V' x {0} C I and V' x {0} is irreducible,
there exists an irreducible component W of I containing V' x {0}. Then the projection of I
onto the first factor restricts to a surjective morphism ¢ : W — V of irreducible varieties. We
can therefore apply Chevalley’s theorem [90, Proposition 14.109] to deduce the existence of an
open dense subset U C V such that dim¢~'(x) = dim W —dim V for all z € V. Note that
since V) is dense in V}, and V is an irreducible component of V}, we must have U NV} # .
In addition, by the definition of V}/ we have dim~!(x) > n — k for all € V/, so that we
must also have dim¢~!(z) > n — k for all z € U.

Our next task is to bound the dimension of I. For this, let A: A" — A™ x A" the diagonal
embedding, that is @ — (x,x), and let S = A(A")NI. If x € S, then there exists
(t1,t2) € A%\ {0} such that t; VFi(x) + t2V Fy(x) = 0. One the one hand, if t, = 0, then
we get VFi(x) = 0, which implies = 0 since F} is non-singular. On the other hand, if
ty # 0, then after taking the inner product with x, we get Fy(x) = 0, so that « is a singular
point on the affine cone of the non-singular complete intersection of F} and F5, which implies
x = 0. Altogether we obtain dim S = 0.

Having established an upper bound for dim S, we are now in a position to get control over
dim I. From what we have just shown, it follows that

0=dim/NA(A") >dim] +dimA" —2n =dim [ —n

and thus dim I < n, from which we immediately deduce dim W < n. Combining this with
the information about the dimension of the fibers of ¢, we obtain for any € U the inequality
n—k <dim¢~!(z) = dim W — dim V}, and therefore dim V}, < k as claimed. O
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Corollary 6.3.3. Let n > 14. There exists ¢y € K7 such that Fi(xy) = Fy(xy) = 0,
rk(H(xo)) > n — 2 and rk(t,H(x) + toM) > n — 2 for all (t1,t,) € K2 \ {0}.

Proof. Let X' C A"™ be the affine cone of the non-singular complete intersection

X =V(F, Fy) C P* 1. It follows from Lemma 6.3.2 that V,,_3 is a Zariski closed subset in
A™ of dimension at most n — 3. As n > 13, Lang—Tsen theory [91, Theorem 3.6] implies that
X (K ) # 0 and since X is non-singular, it follows that X'(K,) is Zariski dense in X'. In
particular, the fact that dim X’ = n — 2 implies that X'(K) \ V,,_3 is non-empty and any
point contained therein satisfies the conditions required in the statement of the corollary. [J

We also need strong upper bounds for the number of integral points on an affine hypersurface,
which are a special case of [155, Theorem 1.10] in the F,[t] setting.

Theorem 6.3.4. Let G € Olxy,...,x,] be a polynomial of degree d > 5 whose degree d
part is absolutely irreducible and let B > 1. Then there exists a constant C' > 0 depending
only on d, n and q such that

#{x e O": || < B,G(x) =0} < CB" 2

6.4 Activation of the circle method

In this section we collect the remaining facts needed to get the circle method started. Recall
from Lemma 6.3.1 that we can assume X = V (Fy, Fy) with F} € O[zy, ..., x,] a non-singular
cubic form and F, € O[xy,...,x,] a quadratic form of rank at least n — 1. We shall fix
such a choice of F} and F; once and for all and write F' = (F}, F3). Moreover, we assume
M € Mat,«,(O) is a symmetric matrix such that Fy(x) = @’Mz. In what follows, for
F € K[z, ..., x,] we refer to the maximum of the absolute values of the coefficients of F
as the height of F' and denote it by Hp. We extend this definition to pairs of polynomials by
Hg =max{Hg,, Hg, }.

Corollary |6.3.3 implies that there exists &y € K7, such that

Fl(wo) = F2($0) = 0,
rk(H (xo)) > n—2 and (6.4.1)
rk(v1H (o) + 72 M) > n — 2 for all (y1,7) € K2 \ {0},

where H(x,) denotes the Hessian of the cubic form F) evaluated at @,. These properties are
clearly invariant under scaling and so we may additionally assume |ao| < H'. We will then
work with the weight function w: K7 — Rx( defined by

1 if o — Lt
wie) = | TEm @<L (6.4.2)
0 else,

where L is a large but fixed integer, whose exact value will be determined throughout our
work. The non-archimedean nature of K, ensures that rk(H(z)) >n—2 and |z| < 1/Hp
whenever w(x) # 0 and L is sufficiently large. Moreover, we have seen in the proof of
Corollary 6.3.3| that the set of points @ € K" satisfying rk(yi H(x) + M) > n — 2 for
all (y1,72) € K2 \ {0} is Zariski dense in K”. In particular, if L is large enough, we can
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guarantee that any € supp(w) satisfies the third property in (6.4.1). Let us now fix b € O"
and N € O such that N | Fi(b), F»(b). The counting function we consider is now given by

Zr
NP = Y w (P> |
zeOn
Fi(z)=F>(x)=0
x=b (N)

Combining the orthogonality relation from Lemma 3.0.2) with Theorem 6.2.9] immediately
implies that N(P) is given by

' . . s<“+0>ded9,
Z Z Z /6?1|<r|_1R11 /|02<1“|—1R21 271

= . r
|r|<Ry Ra d|r monic la|<|r]
T monic c€O? primitive a/reL(dc)
|de1 | <T|r|Y/2,|dea | <T—1|r|1/2
max{Rildet [}2Ir

(6.4.3)
where
S(a) = z(; (o Fy(x) + asFy(x))w(x/ P), (6.4.4)
o2b (V)

for a € T? and Y’ indicates the condition (a,r) = 1. After splitting x into residue classes
modulo ry, where ry = rN/(r, N), it is a standard argument, see [37, Lemma 4.4] for
example, to use the Poisson summation formula from Proposition 3.0.5 to evaluate S(6 + a/r)
and transform (6.4.3) into

N(P) =PI S Il > Loy 32 Stcran(v)lr (8. 0)06

Ir|<R1Ra d|r monic veEO™
r monic c€O? primitive
|dey |[<T|r|*/? |dea|<T =1 |r[1/2
max{R;|dc;-|}>|r|
(6.4.5)
where D(|r|R) = {0 € T?: |r0;| < R;* fori = 1,2},

Siernn(v) = Z/ Z y (alFl(w) + ang(a:)> " (—v . a:) | (6.4.6)

a/reL(de) |z|<[ra| " TN
z=b (N)
and
3 9 Pv-x
L00)= [ w(@) (P i () + P, Fy () + — )da: (6.4.7)

o]

for s € O\ {0}.
In our work we will assume throughout that R; and R, are chosen in such a way that
Ry =|P|*? and R,=|P|'? (6.4.8)

so that T =< |P|'/2. This ensures that vol(D(|r|R)) = |P|~® and |I,(6,v)| < 1 when
|r| = R1Rs. Let us now separate the terms from (6.4.5) that will go into the error term. For

this, we write
N(P) = M(P) + Ey(P) + Ey(P), (6.4.9)

where E,(P) consists of the contribution in (6.4.3) for which
1. v # 0 with |61 < |P|™°R; or |65 < |P|™°R; or
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2. ¢y =0 with |6;] > |r|71|P| =%, where § = 8(n — 16)/(3n — 24), and |r| < |P|*=" with
n=2/n,

holds. Observe that the set of & for which (2) holds is non-empty when n > 24, because
then 6 > 4/3. The terms M (P) and E;(P) comprise the contribution from all r's and 's
for which neither (1) nor (2) holds with the additional constraint that v = 0 for M (P) and
v # 0 for E1(P) respectively.

We begin with estimating the contribution to Fy(P) defined by (1). Note that for any
r € O the measure of § € T? for which (1) holds is O(|P|™°|r|7!). Estimating trivially
S(a/r 4+ 6) < |P|™ and using Lemma 6.6.3| to deduce that the number of a with |a| < |r|
such that a/r € L(dc) is at most |dr|, we see that the contribution from (1) in (6.4.3) is

< |P|n—9 Z Z |d‘ < |P|n—9 Z |T’1+E < ‘Pln_17/3+67
Ir|<RiRy |de1|<T|r|'/? Ir|<RiR,
- \dea| <=1 [r[1/2 -
d|r

upon recalling (6.4.8) for our choice of R; and Rs.

The reason for separating the contribution coming from (2) is that the integral estimates we
provide in Section 6.5 are insufficient when |r| is small and |0] is large. We eliminate this
shortfall by dealing with this contribution in a manner akin to the treatment of the minor arcs in
a classical application of the circle method. To begin with, let us fix the absolute values of r and
0, in the definition of Ey(P) to be |r| =Y and |1 = ©; with =Y —§P < 0, < —Y —4P/3.
The main tool to deal with this contribution is Weyl's inequality, whose function field analogue
is provided by Lemma 4.3.6 in Lee's PhD thesis [131] and that we reproved in Corollary 4.1.2.

Lemma 6.4.1. Let o € T? and a;/r € K N'T be such that (ay,r) =1 and a; = ay/r + 6;.
Then for S(«) given by (6.4.4) we have

n/8
|P| + |7 + [P’ |ri6:] 1
S(a) <« p|te
o) s 1 (L T+ PPl

Remark. Lee states Lemma 4.3.6 without the appearance of the quadratic form that features in
the definition of S(a). However, as we saw in the proof of Corollary 4.1.2 the process of Weyl
differencing eliminates the effect of the quadratic form, so that the estimate in Lemma 6.4.1
only depends on F.

We now wish to apply Lemma 6.4.1. The problem is that if a/r € L(dc), we do not necessarily
have (ai,r) = 1. However, recall from (6.2.2) that a/r € L(dc) if and only if da - ¢ = kr for
some k € O with (k,d) = 1. In particular, if c; = 0, then ¢; =1 and so a/r € L(d(1,0)) if
and only if a; /r = k/d with (k,d) = 1. It is now easily checked that the constraints coming
from (2) together with Lemma 6.4.1 yield

S(a/r+8) < [PI"*(|P|7* + [d6y| + | P|7°|d6y|~1)"/®.
Since ¢, # 0, the condition max{R;|dc|} > |r| implies |d| > |r||P|~/3. We deduce that
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the contribution from || = Y with ¥ < |P|*~" and |61 = ©; to Ey(P) via (6.4.3) is

© Z Z Z \ /|91|—@1 /|92<<|p|—1/3f/1 S(a/r+6)do

r|=Y  |d<Y la|<[r

|| |p|-1/3%/TE€L(A(L,0))

d|r
o134 - A 3 —18-1)"/3
< [PPEESL ST S (d(|PI 1Oy + [P d] ey
=Y |d<Y

ld>Y|P|~1/3
d|r

< |P|3n/4—5/3+55} + |P|n—1/3+a}72+n/8é%+n/8 + |P|2n/3—2/3+e}7(é1}7)1—n/8
< |P|3n/4—2/3—n+€ + ’P|5n/6_2/3_77+6 + ‘P|2n/3_2/3_6(1_n/8)+6?

where we used again Lemma 6.6.3 to bound the number of a's, that 0, < }7_1]13]_4/3 and
(2) to estimate Y and ©;. We have 3n/4 —2/3 < n — 5 for n > 18, so that he first term
is sufficiently small. Moreover, 5n/6 —2/3 —n < n — 5 as soon as n > 26, which is also
satisfactory. Lastly, the third term above is

’P|2n/372/376(17n/8)+6f/ < ‘P‘Qn/3+1/3fn76(17n/8)+€ _ ‘P‘nf5777+57

where of course § was chosen in such a way as to simplify the exponent above. Therefore,
this contribution is also satisfactory. Since there are O(|P|®) choices for Y and ©;, we have
thus shown that

Ey(P) < |P|"°7" (6.4.10)

for some k > 0 if n > 26.

The goal for the remainder of this chapter is to establish the following result.

Proposition 6.4.2. Ifn > 26 and char(K) > 3, then
N(P) = c[P[" + O (|P[""")

for some &' > 0, where ¢ > 0 if for every prime w there exists x,, € OL such that
Fi(xy) = Fy(xy) =0 and |b — x| < |N|m and where the implied constant depends on
Fl, FQ, band N.

Once we have established Proposition [6.4.2, there is no difficulty in deducing the weak
approximation property for X. The exact details do not merit repetition here and can for
example be found in Section 7.1 of [34] in the case of cubic hypersurfaces. Theorem|6.1.1]is the
special case N = 1, in which case a non-zero solution x,, € OZ to F\(x,) = Fy(x,) = 0 for
every prime w is guaranteed by the Lang—Tsen theory [91, Theorem 3.6] and the homogeneity
of F1 and F5 under the weaker assumption n > 14. Therefore, Theorems 6.1.1 and 6.1.2) are
a consequence of Proposition 6.4.2. In the light of (6.4.9) and (6.4.10) it will be enough to
show that

M(P) =c|P[" + O (|P]"") and E\(P) < |P["",

for some /', k” > 0, where c satisfies the properties claimed in Proposition 6.4.2. This goal
will ultimately be achieved in Section 6.8 and requires a thorough analysis of the exponential
sums and oscillatory integrals that appear in (6.4.5). We carry out this investigation in the
subsequent three sections.
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6.5. Exponential integrals

6.5 Exponential integrals

To get control over I,(0, v), we consider for w € K., v € K2, and G, G2 € K[z, ..., 2y
the following oscillatory integral

Ja(y, w) = / WP (1 -G(x)+w- zc) dez,

n

where we henceforth adopt the notation v-G(x) = 11G1(x) +72G2(x). The main ingredients
to deal with the exponential integrals appearing in our work are [202, Lemma 2.1-2.2], which
we recall here for our convenience.

Lemma 6.5.1. We have Jg(v,w) = 0 if |w| > max{1, |y |Heg,, |12|Hea, }-

Lemma 6.5.2. Let 2 = {z € T": [11VGi(x) + 12VGa(z) + w| < Hgmax{l, |y['/?}}.
Then

Je(v,w) = /ﬂw (j-Q(w) +w - :v) de.

To begin our treatment of I4(6, v), note that by the definition of w in (6.4.2) we have

Pv - xq

) /Tn (0 <P36’1G1(y) + P*0,Gs(y) + PtvLsy> de

1,0, v) = L™ (
L) (

S

o, (6.5.1)

) Ja(P6r, P05, (Pot ™ 5))

p G

where Gi(y) = F(xy + tLy) for i = 1,2 and we applied the change of variables
y = tF(x — xy). It is clear that G; is a polynomial with coefficients in K, and Hg < Hp.
Therefore, it follows from Lemma |6.5.1 that

max{1,|P[*6|, | P|*|62|}

I,(0,v) =0 if |v|> LHgl|s| 7]

(6.5.2)

Before we can derive upper bounds for I5(6, v) from Lemma [6.5.2, we need a preliminary step.

Lemma 6.5.3. Let C C K2 be compact and bounded away from 0. If we define A(v,x) to
be the maximum of the absolute values of the (n — 2) x (n — 2)-minors of vy H(x) + v, M,
then

Ay, ®) >cwr 1

fory € C and x € supp(w).

Proof. Suppose by contradiction that the statement of the lemma is false. Then there exists a
sequence (7, , @x) € C'xsupp(w) such that A(y,,®x) < 1/k forall k > 1. Since C' x supp(w)
is compact, we can pass to a convergent subsequence with limit (7/,2') € C x supp(w).
However, since the map (v, x) — A(y, ) is continuous, this implies that every (n—2) x (n—2)
minor of v{H(a') + 74 M vanishes. Therefore, rk(~viH(x') + v,M) < n — 3, which is a
contradiction since any @ € supp(w) satisfies the third condition in (6.4.1). [

When © = (©1,0,) € Z?, then we shall henceforth adopt the convention that || = © means

101] = ©; and |05 = ©,. We finally have all the ingredients at hand to provide an upper
bound for an average of I,(6,v) over 0.
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Eroposition 6.5;4. LetAQ € Z* v € O, s € O be monic and define the quantity
Z = max{1,|P|*01,|P|?Os}. Then if |02] >F, F,w |P||01], we have

/WAI (0, 0)dy <5,y ©1022 (D2
while if |05 < g 0 | P]|01], then

/9 (9 ’U)d’Y <<F1 Fow @1@22 (n 2)/2

Proof. For the ease of notation, let us write w = P’U(stL) Land v; = t4=9P9, for i = 1, 2.
If Z =1, then we use the trivial estimate I, 0,v) < L~" that is an immediate consequence
of (6.5.1). We shall therefore assume Z > 1 from now on. It then follows from (6.5.1) and
Lemma 6.5.2| after an obvious change of variables that

11,(0,v)| < L™"vol{z € T": |P*6, VG (x) + 0, P’V Gy(x) + w| < HgZ'/?}
<vol{z € T": |z — x| < L7, |61 P’V Ey(z) + 0, P*V Fy(x) + w| < HpZ'/?}.

Now let us denote the last set whose measure we want to estimate by {2 and suppose
x,x + x' € Q. By definition of €2, we must then have

M(VE(x+ ') — VF(x)) + 7.V Fy(x')| < HpZ'/2. (6.5.3)

We now distinguish between the relative sizes of v; and v,. Firstly, suppose |y2| > |1/, so
that Z = |72|. Since rk(M) > n — 1, there exists indices 1 < ¢, j < n such that the submatrix
M’ obtained from M by deleting the ith row and jth column has rank n — 1. Let us now fix
a € T™ and consider the set €, of & € () whose jth entry is a. Assume 2, is non-empty and
', x' + x are both in ©,. We shall now write :BA for the vector obtained from x’ by deleting
the jth entry and similarly for  and « + «’. Note that the jth entry of & must be 0. In
addition, H' denotes the submatrix of H after deleting the ith row and jth column. It then
follows from (6.5.3) that

(nH' (@ + ') + 7. M)as| < |(mH(x + ') +pM)z| < 22 (6.5.4)

Since tk M’ = n — 1, we have M’m; > |w;| In particular, the trivial estimate
H'(x + a')z; < |25 together with the assumption [y| < [y2| implies that (6.5.4) can
only hold if

e M| < Z'V2,

We can now multiply the left hand side by M'~", whose entries have absolute value O(1), to
deduce that |25 < Z~'/* and thus

/|| d’y<</ / vol(Q,)dady < 6,0,2-(/2,
,y n

which is satisfactory.

~

We now treat the more complicated case when || > ||, so that Z = |y|. For
i = {iy,ia}, J = {j1,52} € {1,...,n} and a matrix B € Mat,.,(Ks), we write B;
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for the matrix obtained from B by deleting the ¢;th and isth rows as well as the j;th and jsth
columns. It follows from Lemma 6.5.3  that

A= max |det((1H(z) +72M);50 > m]

for € supp(w). Next we divide 2 into at most (n(n — 1)/2)? subsets according to the
indices at which the maximum above occurs, that is for 7,5 C {1,...,n} we set

Moreover, to estimate the measure of {2;= we shall again fix the jith and jsth entries of @
and denote by x; the vector obtained from x by deleting the j;th and jsth entries, so that

vol(£2;5) < /T2 vol{x € ;51 x5, = a; for k =1,2}da.

If ', & + x' are both in ;- and z, , ;, + 2 = ay, for k= 1,2, then (6.5.3) implies that

Jk?

(H(z + &) + 271 M52 < |(H(z + ') + 720 M)z| < 2712

12 ]
Since & + 2’ € (;5, the entries of the inverse of (H(z + ') + 727, M)W have absolute
value O(1). In part|cular after multiplying the last equation above with it from the left we
get that |z; 5| < Z7/2. From what we have shown so far, it thus follows that

/M_ Body < Y /7 _vol(Q;5)dy

5,5C{1,.,
li|=l4]= 2

< 7-(=9/26,0,,

which completes the proof. O

6.6 Exponential sums: pointwise estimates

The aim of this section is to collect estimates for the complete exponential sums Sgc.p n (V)
defined in (6.4.6). These sums enjoy a twisted multiplicativity property, which essentially
reduces the task of estimating them to the case of prime power moduli. For r, R € O, we
adopt the notation

r| R

to mean that every prime divisor of 7 also divides R.

Lemma 6.6.1. Suppose d | r and r = riry with (ry,rs) = 1. If we write N = Ny NyNj,
where N; | r$° fori = 1,2 and (r, N3) = 1, and let s; = r;N;/(r;, N;) for i = 1,2, then there
exist b’ € (O/N;0)" andt € (0/s;0)* fori=1,2 such that

vV
Sdg,T,b,N(’U) = Sdlgvrlvble (tl,v)Sd2Q7’2ab7N2 (t2v>¢ ( N ) *
3

where d = dydy with d; | r; fori=1,2.
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Proof. By construction, s1, so and N3 are pairwise coprime so that ry = s152/N3. In particular,
if y; runs through a complete sets of residues modulo s; for i = 1,2 and y3 modulo N3, then

T = 59N3y; + s1N3y2 + 515213

constitutes a complete set of residues modulo r. Next, for a/r € L(dc), we write
a = rya; + ras, where |g;| < |r;| and (a;,r;) = 1. It is then clear that

" <“F(‘I")> =y (‘11 ‘F(32N3y1)> y (az 'F(31N3y2)>

r 1 9

() e e () (R

Moreover, it is demonstrated in the proof of Lemma 5.2 in [202] that a/r € L(dc) if and
only if a;/r; € L(d;c) for both i = 1,2. The result now follows after the change of variables
1 = s3N3y; and x5 = s; N3y, and taking t; = (s2N3)7! (s1), to = (51N3)7! (s2) and
b’ = (5182)7'b (s3). O

and

In some cases we will obtain estimates for the sums Sg.,.» n(v) by considering their relatives

G ( G —v-
T(a,r,v)= > w<a1 (@) + axCa(@) = v a:) (6.6.1)
jel<r| "
for appropriate polynomials G, Gy € Olzy, ..., x,]. These sums satisfy the following twisted
multiplicativity property.
Lemma 6.6.2. Let r = ryry with (r1,75) = 1. Then
T(a,r,v)="T(a,,m,v)T(a,,r2,v),

where a, == (s%ay, say) for s € O.

Proof. As x; runs over a full set of residues mod r;, & = ryx; + rixs runs over a full set of
residues mod . Moreover, using Taylor's formula it is easy to see that

W (aiF;($)> — (Gﬁz_;?(wlv " (%7"1_;}:@'(332))

() = () R,

from which the statement of the lemma follows. O

fori=1,2 and

For our investigation we shall also need a good understanding of the distribution of rational
points a/r on an individual line L(dc) when r is fixed. By Lemma 6.6.1 it suffices to consider

the case r = w” and d = @™ with m < k. The following lemma summarises the content of
equations (6.9)—(6.11) of [202].
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Lemma 6.6.3. /f1 < m < k, then modulo " we have the following equality of sets

{a: o/w" € L(w™c)} ={act + @""d: |a] < [@|*™™, (a,@) = 1,]d| < |@["}\

fac* + @ "d: o] < |, |d] < ||, (0, @) = 1}
and for k = m we have
{a: a/w" € L(w*o)} ={d: (d. @) = 1,]d| < |]"}\
{ac” + wd: (a,@) = 1,]a| < |=],|d] < [=|*"}.
Moreover, when m = 0, then
{a: a/@" € L(c)} = {ac*: (a,@) = 1,]a| < ||}

In particular, we have #{a: a/r € L(dc)} < |d||r|.

6.6.1 Square-free moduli

We will now deal with Sy, s n(v) When 7 is square-free. A key player in our estimates is the
dual form F} € Oz, ..., x,], whose zero locus parameterises hyperplanes that have singular
intersection with the projective hypersurface defined by F'. It is well known [79, Example
4.4.3] that F} is absolutely irreducible and of degree 3 x 2”72, providing char(K) > 3. We
begin our treatment by assuming that d = 1. In this case Lemma 6.6.3 tells us that S; 0.1 (v)
equals the familiar exponential sum

S (v) = Z/ > (aFc(ac) —v- a:) |
o (@) (=)

w

where F.(x) = —coFi(x) + c1 Fo(x). Let Fy, = O/wO be the residue field of . Our main
ingredient is the following special case of a result due to Katz [119, Theorem 4].

Theorem 6.6.4. Let X C P;_ be a complete intersection of dimension r defined by forms of
degrees dy, ...,d, . and let L, H € H°(P", Op(1)). If

(i) X N LN H has dimension r — 2,
(ii) the singular locus of X N L has dimension € and

(iii) the singular locus of X N L N H has dimension 6 > ¢,

then there exists a constant C' > 0 depending only on n,dy, ..., d,_, such that for f = H/L
it holds that
= (19| < eyt
zeX[1/L] w

where X [1/L] is the affine variety defined as the complement of the hyperplane cut out by L
in X.

Remark. Katz states Theorem 4 for arbitrary closed subvarieties of projective space that are
geometrically integral or equidimensional and Cohen-Macauly. However, our assumption that
X is a complete intersection implies that X is Cohen-Macauly and equidimensional, thereby
allowing us to state the simplified version above.
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Suppose that @ { vey. Using orthogonality of characters we see that

Se(v)=lwl X o (—2F),

el
Fe(x)=0

Let F'(zg, ) € O[xg, x1, ..., T, be the homogenization of F,, that is
F(.To, 33) = —CQF1<$) + xochQ(w),

and define X = V(F) C P§_ to be the projective variety cut out by the reduction of F'
modulo w. Note that the point (1,0,...,0) will always be a singularity of X.

Moreover, we also set L(zg,x) = x¢ and H(x) = —v - . In our situation we thus have
XNL=V(F)ad XNLNH = V(F,v-x). In particular, 6 = ¢ = —1 provided
w t Ap Ff(v), where Ap, is the discriminant of Fj. Indeed, the condition @w t Ap
guarantees that the reduction of F; modulo @ is non-singular and w { F}*(v) implies that
V(Fi,v-x) C Pi_" is non-singular.

We can thus apply Theorem 6.6.4 with 6 = —1 and » = n — 1 to deduce that
|| |Sx (v)] < Clao| V72,

where (' is a constant that only depends on the degrees of F; and F, and n. Absorbing the
primes w | A, into the constant and invoking Lemma 6.6.1, we have thus established the
following result.

Lemma 6.6.5. Suppose that r € O is square-free with (r, F}(v)cy) = 1. There exists a
constant C > 0 depending only on Ap,,deg Fy,deg Fy, and n such that

|Sg,7',0,1 (’U) | < CW(T) |7’| (nJrl)/Q7

where w(r) denotes the number of prime divisors of r

Let us now turn to the case d # 1. We shall use the following estimate of Deligne [66,
Théoréme 8.4], which states that for a polynomial F' € F[zy,...,x,] of degree d with
char(FF,) 1 d such that the highest degree part cuts out a smooth projective hypersurface in
PE—", one has

F
Sy <("")> < (d—1)"|w|"2. (6.6.2)
zeFY w
Recalling the definition of the sum 7" in (6.6.1) with G; = F; for i = 1,2, the estimate (6.6.2)

implies
T (2, @, v)| < 2"|ew|"?

whenever w { a;Ap,. On the other hand, if @ | a1, then @ t as and then
I T(a, @, v)| < [w]|™*D72, (6.6.3)

provided F5 is a quadratic form of rank at least n — 1 modulo w, as for example follows
from [202, Lemma 3.5]. Now let us assume r € O is square-free and write r = 77y, with
(ri,m) =1 and ry | N*°. If d = dyds with dy | r; and ds | 72, then by Lemma 6.6.1 we have

Sdg,r,b,N(’v) = Sdlg,rl,O,l (tlv)Sdgg,rg,b,N(tQU)
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for some t; € (O/r;0)*. After absorbing the primes w | Ap, or for which the reduction of
F5 has rank strictly less than n — 1 into the constant, it now follows from the estimates we
just recorded and Lemma 6.6.3 that

Sdier01(tiv) = Z T(a,r,tv) < Cw(”)’d1HT1|(n+3)/27
a/reL(dic)

for some constant C' > 0.

We can now estimate Sy, r, b1 (t2v) trivially to arrive at the following result.

Lemma 6.6.6. Suppose r is square-free and d | r. Then there exists a constant C' > 0
depending only on deg Fy, Fy, Ap, and N such that

|Saerpn (V)] < C0|d||r| 32,
Moreover, if (cz,7) = 1, then

|Se.r01(v)] < CW(T)|,,,|n/2+1‘

6.6.2 Square-full moduli
2

To satisfactorily deal with square-full moduli, we begin with the case r = w®. Our main
ingredient is the following result due to Heath-Brown [99, p. 395]. It should be noted that
Heath-Brown's proves his result solely over the integers. However, it is a routine exercise and
the required adaptations are minor to check that his argument holds over F[t] as well. Let
F € O[zy,...,x,| be a polynomial of degree d with char(IF,) > d and suppose the reduction
of the top degree part of I’ defines a smooth projective hypersurface modulo zo. Then it holds

T (WQ)

After absorbing the contribution from the primes dividing A, into the constant and employing
Lemma 6.6.3, we arrive at the following estimate.

F(x)

w

< (d - 1) (6.6.4)

Lemma 6.6.7. /fw t ay, then
T(Qa wzvv) <<AF1 |w|n

In particular, we also have
24n
Sew?,01(V) Lap, ||

provided w { c5.

Since F; is a quadratic form, there exists a matrix G € GL,,(K) with entries in O such that
after the change of variables y = G one has

i=1

If @ | det(G), we may still locally diagonalise Fy with a matrix G, € GL,(K) that has
coefficients in O, so that after the change of variables y = G,x we have

Fy(y) = Z bw,iyf with b o+ bgy # 0.
i=1
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Let us define

[ b e @ 0=t k(M) =
’ 9 by ledet(G) e bmzbon) if rk(M) =n—L
and
Ve = Ve (AR,). (6.6.5)

We then have the following result [37, Lemma 6.2].
Lemma 6.6.8. Let k > 2 and suppose @' ™= | a;. Then for any v € O™ we have

T(a,w" v) <p, || "D/,

Lemma 6.2 in [37] is again only proved for the analogous sum over the integers. Moreover,
they assume that F5 is diagonal from the beginning, a difference we take care of by the
diagonalisation process above. The proof goes through verbatim in our setting, and so we
shall not repeat it here.

Corollary 6.6.9. Let r € O be such that w | r implies @?* || r. Then there exists a constant
C > 0 depending on I, F, and N such that

|Serpn (V)] < C0d||r| /2,

Proof. Write r = 17y with coprime 7,79 € O such that (11, N) =1 and 75 | N*°. As in the
proof of Lemma [6.6.6/ it suffices to obtain and upper bound for the sum Sy, ., .01 (t1v), where

€ (O/r10)*, and estimate the sum corresponding to ry trivially. By definition we then
have

Sd1g,7"1,0,1(t1'0) — Z T(Q, Tl,tl'v).

a/reL(dic)
Using the mulitplicativity property recorded in Lemma 6.6.2, we can now invoke Lemma 6.6.7
in conjunction with Lemma 6.6.8 to obtain |T'(a,r,tv)| < C*0V)|r|"+D/2 Lemma 6.6.3
provides us with an upper bound for the number of a's such that a/r; € L(d;c) that completes
the proof. O

6.6.3 The case c; = 0.

We now consider separately the case co = 0. This can only occur if ¢; = 1 and so to ease
notation, we write ¢, := (1,0). By Lemma 6.6.1 we can reduce to the case when r = @ and
d = w"™ with m < k and we again begin our treatment assuming that » = w. When d =1,
Lemma 6.6.6 already provides sufficiently good upper bounds. However, when d = w, we have
to do better and establishing an estimate that is superior to Lemma 6.6.6 is our first goal.

For &k > 1, let us define

pi(@") = #{z (w): Fi(x) = F(x) = 0(0")} and pa(*) = #{z (w): Fa(z) =0 (=")}.

By Lemma 6.6.3 we have

Somey 01 (V) = Z 3 Z¢< a By (x )+a2F2(w)_v.w>

a1 (@) az (@) @ w

-V X —v

— [l | I=] v (722 - o

2 = 2 =
Fi(z)=F>(2)=0 (w) F(x)=0 (w)

m))
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6.6. Exponential sums: pointwise estimates

If @ | v, then the expression above simplifies to

Seeyw,0,1(V) = [@|(|w]p1(@) = pa(w)).

Since the reduction of X modulo @ is non-singular for || sufficiently large, we have
(@) = [@]" + O ([w|™7?)

as follows for example from Equation (3.12) in [34]. Moreover, because F) has rank at least
n — 1, it holds that

pa(@) = |@|" " + O (|| "H/2).

So that in total we have

Sy w01 (v) < || (6.6.6)

whenever w | v, where the implied constant only depends on F} and F;. Let us now deal
with the opposite case w t v. We want to apply Theorem 6.6.4 to our situation. For this, we
define X = V(Fy, Fy) C P" = Proj(F[xo, 21, . .., x,]). In addition, we set L(zg, x) =
and H(xzp,x) = —v - . Provided |w]| is sufficiently large, X_ is a complete intersection
of dimension n — 2 with the only singularity at (1 : 0 : --- : 0) € P". Moreover, we have
X' NL = V(F,F,) C P"!, which is non-singular. It follows from a result of Zak and
Fulton-Lazarsfeld [80, Remark 7.5] that X N HN L =V (Fy, F;) N H C P"! has at worst
isolated singularities, so that in the notation of Theorem 6.6.4 we have ¢ = —1 and § < 0. In
particular,

3 W (_v ' w) < |w|D/2,
w

z (w)
Fi(x)=F2(x)=0 (w)

Combining this with (6.6.3), we infer

Segmor@) = Iz ¥ w(t)- % Zw(aww)—v-m)

z (w) as (w) z (w)
1 (:l:)EFg (:IJ)EO (w)

< |w|(n+3)/2 + ‘w|(n+3)/2.

Estimating the contribution from the primes w | IV trivially, and using Lemma 6.6.1, it thus
follows from (6.6.6) that

|Saey (V)] < C@|d|+D/2 (6.6.7)

for some constant C' > 0 that only depends on Fj, F5 and N.

We also require strong upper bounds for the sums

Sl = SWQO,WZ,O,l(v) and 52 = SWQQO,WQ,OJ(U)‘
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6. COMPLETE INTERSECTIONS OF CUBIC AND QUADRATIC HYPERSURFACES OVER F,(t)

Let us begin with the former. In this case Lemma 6.6.3 implies

S w((a+wdg)Fg(w)+wd1F1(:v)—v-az)

2
la|<|w| |d|<|=]| |z|<|w|?

SEDYED> w(aFQ() ”"”')

la|<|=|? |9c\<|w|2

Fi(2)=0 ()

w

|| <|eo|?
Fiy (2)=0 (w) Fiy (2)=0 (w)
Fy(2)=0 (w?) Fy(2)=0 (w)

say. The conditions Fi(x) = 0 (ww) and Fy(x) = 0 (xw?) are invariant under scaling « by any
b with (b,w) = 1 and so we deduce that that

1 bv - x
¥ = 2 -1 Z Z v < )
> (1 = ||~ lz|<|w|? [b|<|w|?
Fy (2)=0 (w)
Fa()=0 (?)

1 —

T 2 (@l e@),
z (w)
Fi(z)=F2(2=0 (w)
v-x=0 (w)
where
pi(x) =#{y (@®): y =z (@), FH(z) =v -z =0(x")}
and

po(x) = #{y (@*): y =z (w), Fo(z) = 0 (=°)}.
Running the exact argument again yields

1
1 — ||t

Yy = (pr(z) = [|" 1),

 (w)

Fi(z)=F2(z)=0 (w)
v-2=0 (w)

where

(@) =y (@) y =z (@),v x=0(z")}
Suppose that y = +w@z. Then y is counted by p; (x) if and only if @ | (x' My + @ ' Fy(x))
and @ | (v-z+ w v -x). Similarly, y is counted by py(x) if and only if @ divides
(' My + w ' Fy(x)). In particular, we see that p;(x) — || p2(x) = 0 unless

rk (J\Z::) = rtk(Mz) mod . (6.6.8)

Note that for  # 0 (w) and |w| sufficiently large this can only happen if v and Mz are
proportional, since then the non-singularity of X implies that Mx # 0 (). In particular, if
(6.6.8) holds and = # 0 (w), then py(x) — || L pa(x) = |w|" ! — |w|" 2, while if v = 0(w),
then p1(0) — |@| 1 p2(0) = |@|™ — |w[*~!. Moreover, we have p|(x) = |@|""! unless @ | v,
in which case p;(x) = |w|™. In total, we thus have
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6.6. Exponential sums: pointwise estimates

. 3 ’w‘n _
i ((1 e M T A= ey

The error term takes care of the contribution from = 0 (@) in ¥; and X9, and where we
have defined

/\@) +0 (|a|"?).

Ny =#{eF2\{0}: v-x = Fi(x) = Fy(x) = 0,(6.6.8) holds}

and
Ny = #{x € FL\ {0}: Fi(x) = F3(x) =0,v=0(w)}.

Let us first deal with the case @ | v. It follows that A} = N, and thus
S; = O(|w|" ).

Suppose next that w { v. In this case Ay = 0 and (6.6.8) holds if and only if Mz and v are
proportional. Since M has rank at least n — 1, this can happen for at most O(|w|?) choices
of x, so that

Sl < |w|n+2N1 4 |w|n+3 < |w‘n+4'
In total we have therefore established that
S < |w\"+4. (6.6.9)

Let us now turn to the sum S5. It follows from Lemma 6.6.3 that

< > >

2
a1 (@2) az (w?) w

o <a1F1(a:) + ayFy() — v - m)‘ |

z (w?)

Since (a1, w) = 1, we can apply Lemma 6.6.7| to deduce that the sum over x is O(|w|") and
hence
Sy < Jo|™H, (6.6.10)

which completes our treatment of S; and S,.

Finally, when @ { Ag, and 0 < m < k, we can invoke Lemma 6.6.8 to deduce that
Seomey ot 01(V) < [T, (6.6.11)

Using Lemma 6.6.1 and estimating the contribution from N trivially, we see that the following
result summarises the content of (6.6.7) and (6.6.9)—(6.6.11).

Proposition 6.6.10. Let dy,ds,d3 € O be square-free. Then there exists a constant C' > (
depending on Fy, Fy, and N such that

Sardytze. diazaz.pn (V)| < O D1d23)| G| (32 G o+,
1d20a35,,014543,0,

In addition, let d,r € O be both monic such that d | r and (r,Ap,) = 1. If v5(d) < ve(r)
for all @ | d, then A
|Sacy,r01 (V)] < CYW|d| || /2,
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6.7 Exponential sums: averages

We also need to deal with certain averages over exponential sums. Our first ingredient is the
following result, which we apply to our situation in the corollary directly afterwards.

Lemma 6.7.1. Let vy € K and V > 1. If r is cube-full and a € O? s such that
|(a1,7)] < 1, then

> (Tlarv) <p 12 (V74 )
veO™
lv—vo|<V

The Lemma we just stated follows from equation (6.9) in [34]. There only the case when
(ay,7) = 1 is considered. However, as explained in the paragraph after Lemma 6.4 in [37], the
argument leading to the estimate continues to hold when |(a1,7)| < 1 after employing some
minor modifications.

Corollary 6.7.2. Let vy € K2 and V > 1. Suppose r is cube-full such that d | r and define
Pi(r) ={a" || r: (w,Apcy) = 1, @ { d} and Py(r) = {* || r: (w, Ap,) = 1, =" | d}.
If we write r = r{ry, where

[1 o@® ifey #0,
wkeP (r)
ro= 6.7.1
! [1 w" else, ( )
kaPQ(T)

and ro = r/rq, then

> 1Suernn ()] Kp o [dr 2 V2 (V4 (]
veO"
|v—vo\<\7

Note that since d | 7, the condition " { d in the definition of P;(r) means that every prime
factor of d that divides ry in fact properly divides 1 when ¢y # 0.

Proof. Denote the sum to be estimated by S. After making the change of variables
x = yN + b, we obtain the identity

sdc,r,b,N<v>:w(‘b'”) S Tlar/r N), )

"N /) a/reL(de)

with underlying polynomials G;(y) = (r, N) "' F;(Ny + b) for i = 1,2 in the definition (6.6.1).
Since N | F;(b), it follows that G; has coefficients in O. Moreover, the cubic part of G,
is given by the non-singular polynomial go(y) = (r, N) "' N3F;(y). We now factor r/(r, N)
into its cube-free part ¢ and its cube-full part s. Since r is cube-full, we must have |t| < |N]|.
Using Lemma 6.6.2 and estimating the contribution from the sum corresponding to ¢ trivially,
we see that

|Sacrpn (@) < IN" D2 |T(ay, 5,0)]- (6.7.2)

a/reL(dc)

104



6.7. Exponential sums: averages

Next we write s = s15,, where

$1 = H @ and sy, = H wk,

wkHs wk”s
w1+vwfa1 w1+vw ‘al

with v, defined in (6.6.5). It then follows from Lemma 6.6.8 that T'(a,,,, $2,v) < |sq|("T1)/2+<,
Therefore, after applying Lemma 6.6.2| and Lemma 6.7.1] together with the identity (6.7.2),
we obtain

S < |7,‘5 Z ysl‘n/2|52‘(n+1)/2 (‘A/n + |81|n/3)
a/reL(dc)

< |T|n/2+€ Z |82|1/2 (‘7” + |T|n/3> ‘
a/reL(dc)

Let us write r = 77y as in the statement of the lemma and d = d;dy with d; | r{° for
i = 1,2. The explicit description of L(dc) in Lemma 6.6.3 implies that if b/r; € L(d;c), then
(b1,m1) = 1. It is shown in the proof of [202, Lemma 5.2] that if |a| < |r| and @ = 79b + 710’
with [b| < |r1],|0/| < |ral, then a/r € L(dc) if and only if b/r1 € L(dic) and b'/ry € L(dac).
In particular, we must have |sy| < |rg|. Thus it follows from Lemma 6.6.3 that

S <« ‘dHr‘n/2+1+5’T2‘1/2 (Vn + ’r‘n/3>

as desired. ]

Our next result is concerned about averages of Sy, b v (v) over a sparse set of v € O". Let
V>1,C>Cy>1and vy € K. Ford,s € O with d | s and s cube-full, we proceed to
consider the average

S(V,C1,Cy) = > > |Sacspn(v)], (6.7.3)

€O lv—vo|<V
lei|<C; FT (v)=0

where FY is the dual form of F} that we already met in Section 6. Note that upon replacing
vo with the nearest integer vector, we can assume without loss of generality that vy € O".

Our basic strategy is to relate Sy s p n(v) to a point-counting problem and gain savings when
summing this problem over v and ¢ first. For this let us write s = 'S into coprime 1/, 5 € O
with
r = H S
Ve (8) >V (N)+3
Note that 7’ is cube-full and w | 5§ implies v, (V) > 1 since s is cube-full. In particular, we
have |s] < |N|? and thus by Lemma 6.6.1] that

|Ses o8 (V)] <[NP Sy 00 (10))] (6.7.4)

for some N’ | v/, d" | " and t € (O/(r'N'/(r', N"))O)*. Next we write 7’ = r(r’, N') and
make the change of variables x = y/ N’ + b, so that

Sarer b N (tV) =1 <_b : v) Z T(a,r, tv). (6.7.5)

"N" ) aprer(de)
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Let us now further write r = e f, where f | ¢ and

II = (6.7.6)

e (1)

Our first step is to deduce to a congruence condition for v from the sum 7'(a, r, tv). This will
be achieved in the next lemma.

Lemma 6.7.3. Let 7 € O be cube-full, a € O, v € O™ and r = e*f with f | e and [ given
by (6.7.6). Then

Taro) =l S o <a~F(y) —v- y> '

lyl<lef| r
V(a-F)(y)=v (¢)

Proof. Let us write x = y+efz with |y| < |ef| and |z| < |e|. Then Taylor's formula implies

T(a,rv)= > Y w( y+6f21—v(y+efz)>

ly[<lef| |z|<le]

5 w(G-F(yZ ) 5 ¢< (V(ia- F)(y)—’v)>

e
lyl<[ef] |z[<e

e Y w<a-F(y)—U~y>.

lyl<lef| "
V(aF)(y)=v (¢)

O

Next we want to establish extra congruence conditions for F}(y) and Fi(y) by considering the
sum over a/r € L(dc). This step underpins the first substantial deviation from the treatment
of the averages of exponential sums in [34] and results in a significant complication of the
argument. The reason for this extra difficulty is that in the setting of one polynomial the
underlying exponential sum is a Ramanujan sum, whose behaviour is well understood, while
in our case the orthogonality relations we obtain stem from the more involved structure of
rational points on the lines L(dc).

Before we begin our treatment, we make the following convention to ease notation. Whenever
we have a sum of the form 37/, .\, we understand ' to mean that (a;,7;) = 1. It then follows
from (6.7.4) and (6.7.5) combined with Lemma 6.7.3 that

SWGLCo <IN S F |8 p(FY) (00

- r
9€O§,im [v—vo|<V lyl<lef] a/r’'eL(d'c
les|<C; Fi(v)=0 V(a-F)(y)=tv (e)

Our goal is now to investigate the sum

ey = (1Y)

a/r'e€L(dc
V(@ F)()=v ()

106



6.7. Exponential sums: averages

for r,r" € O with r | '. To do so, let us write (7', N) = kk', where (k, k') = (r, k') =
Then we factor v’ = 7| ryr} with pairwise coprime r;'s, (r},d) =1 and

rY = 11 "=, (6.7.8)
Ve (k) 2V (1) —ve (d)+1
Vw(d)>0

Accordingly we shall also write d = dads, € = e1eses, [ = fifafs, k = kikoks, k' = k1kLKS
and 7 = ryrors with d;, e;, fi, ki, kL, | 7, so that r; = e2f; for i = 1,2,3. Moreover, we
let d; be the maximal divisor of ds that divides r3. In particular, we have |d5| =< |ds|. The
definition of L(dc) implies that a/r’ € L(dc) if and only if =)= || g.c when vy (d) > 1
and =) | g - c when v (d) = 0 for all @ | r'.

Since r; | 7}, it is therefore clear that the sum we are investigating is multiplicative and
accordingly we shall denote the sum corresponding to r; by S; for i = 1,2,3, so that
I'(v,y) = 515:55.

We now treat each sum individually and start with S;. When |a| < |7/|, then by Lemma 6.2.4
we have a/r] € L(c) if and only if a = ac* (}) with a € (O/r,O)*. Since 1| = ri(r}, N),
we can write a = a; + erkjas with |a1| < |e1k]| and |ag| < |ri||e1k}| ™! = |e1 fik1|. From the
definition of e; and k7 it is clear that (a,7]) = 1 if and only if (aq,7}) = 1. Therefore, after
splitting ay into residue classes modulo e; f; and using the fact that (k],e;f1) = 1, we have

Si=lkl Y w(“ch(y))%Z w<a2k€§1( ))

jar|<[e1k]| " (erf1)
a1VF(y)=v (e1)

N A w(“lF(y)) (6.7.9)
|

la1|<|e1k] 1
a1VF(y)=v (e1)
Fe(y)=0 (e1f1)

Next we deal with the sum S,. As before we make the change of variables a = a; + khesa,
with |a,| < |exkh| and |ay| < |eafaks|, so that (a,7)) = 1 if and only if (a;,75) = 1.
Moreover, it follows from the definition of ry that v, (1)) — v (d2) = ve(a - ¢) if and only if
Ve (1h) — Ve (d3) = v (ay - ¢), so that a/r}, € L(dyc) if and onIy if a,/ry € L(dyc). We can
again divide a, into residue classes modulo e, f5 to obtain

W @D(F(w) > @w(’“ﬂ;g(y))

lay |<[eak) "2 a, (e2f2)
a, /r5€L(d2¢)
Vi(ay-F)(y)=v (e2)

= |eafok)|? 3 ” (tle(y)) | (6.7.10)

la;|<|e2ks]
a, /ry€L(d2g)
V(a, F)(y)=v (e2)
Fi(y)=F2(y)=0 (e2f2)

where we used that (5, esfs) = 1

Finally, we begin our treatment of the sum S5, which is slightly more involved. First, we
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introduce character sums to detect the condition v (1) — v (ds) = Ve (a - ¢):

Sy=lritds) Y @ (‘LF(?J)>

7 3
a (Tg)
V(a£)(y)=v (e3)

boa - ¢ _ bia - c
< 11 ( > (B et ¥ w(w,im+l))-
WkH’"g bO (wk m) b (wk m—+1

w™||d3

Then we make the change of variables a = a; + e3kja,, with |a,| < |esk}| and |a,| < |kses f3].
It follows from the definition of e3 and k3 that (a,r3) = 1 if and only if (a;,7%) = 1. Moreover,

% was defined in such a way that v, (esk}) < k —m for all w | r}. Slightly abusing notation,
note that we have

5 ¢<k’a2€3£(y)> 1 ( > w(boa C>_’w|_1bl(z 1/)(;’1@7”3))

las|<les fsks| @k, \bo (cwh—m) k—m+1)

b b
lk_[ (b (zk: m)w ( ;CIL: " ) S (w) - ‘w’il b1 ( ;m-kl)w (wlka1m+1> Sl( )) 7

medS

where

Si@) = Y ¢<kéa2-(F(y)+wm—ibic)>

k' —1
ay (@h1) “

— 2(k—1)
- |w| 6—]€/3Fj(y)5wm7ibi6j (wkl*l)

for i = 0,1 and where we temporarily wrote | = v, (e3k?) and k' = v (r3). Observe that for
w | k% the sums S;(ww) are independent of b;. For @ | r3, it follows upon making the change
of variables b; = b} + '~ with |b}| < |ew|F' =™ and |b!| < |ow|FF+! that

Y ow(Br)s@-fren oy ()

bi (wk m+1) bi (wk—m+i)
—k} Fy (y) =™ bic; (&)

ba, - c
_ 2(k-1) [ T
- 1= O
|b/|<|w|k —l—(m—1)
—k,Fj(y) =™ ibse; (wh 1)

b”CLl
X Z (G (wk [ )

/
by (wh—k+1)

= 1k 5wk*k'+l|a ¢ Z w k i
|w| + = / ) ohk—m+t
<[] 1m0
—kLF; (y)zwm_ib;cj‘ (wk,_l)

for i =0, 1. Note that since (¢1,¢2) = 1, we have (¢;,@w) =1 for i =1 or i = 2. In particular,
there is a unique b} with |b}| < | |[F==™" and Fj(y) = @™ bikic; () for j =1,2. In
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addition, the latter equation implies F.(y) = 0 (@® ') and Fj(y) = 0 (™) for j = 1,2.
Using that &' — | = v (e3f3) for w | r3 and k — k' = v, (k3), we arrive at the identity

_ / a - ¢
Sy = |dses fak3 || k5|~ 0r, ()= (y)=0 (a5) O Fu(y)=0 (es ) > (0 ( - > (a,),

lay | <lesks| "3
V(a,-F)(y)=v (e3)

wv=(k3¢3)||a; ¢
(6.7.11)
where d} is the maximal divisor of d3 dividing 73 and

ta- (£ e(B)-er ()

/ wwk-m ,
wkHTé |b6\<|w|k 7l7m) |b'1|<\w\k —l—(m—l))
™||d. ) /_ _ g
ler?ﬁ Fy(y)=w™bc; (w* 1) Fi(y)=w™ 'bhe; (wh 1)

boa B bia, - c
H( ) w(‘” Y sum-lal ! ¥ w(zlmﬂ)smm)-
w:l||||;’3 bo (w by (whk—mt1)

w{r33

Moreover, since there is a unique b} with [b}| < |@|*""™"" and F;(y) = @™ ‘bikc; (") it

is easy to see that II(a;) < |k}|. After relabelling the variables, (6.7.9), (6.7.10) and (6.7.11)
show that we have established the following result.

Lemma 6.7.4. Let v’ € O be cube-full, d € O withd | r, v € O". Definer =1"/(r', M)
andr = e*f with f | e and f given by (6.7.6). Then with the notation introduced in (6.7.8)
for y,v € O™, we have

a-F
> ¢<(y)> [krea ez fokPldses fok3] 1K)~ 6 ()= Fa(y)=0 (ea o)
(de)

a/r'€L(de
V(a-F)(y)=v (e)

< r i S0 (alF ) 2(2)@/)( F(y )) S0y, (ag -c) (ay).

r3

where (1 /ndlcates that we are summing over |a1| < |eik}| subject to (ai,r}) = 1,
a1VF( v (e1); (2) that |ay| < l|exkh| with (aq,7h) = 1, ay/rh € L(dsc) and

Viaz - F)(y ) v (e2); and (3) that |as| < |esks| with (a3,75) = 1, V(g - F)(y) = v (es)
and w”w(kded | as - c. In addition, |I1(as)| < |k}

Recall that N, k;, k. are all O(1). In particular, once we combine Lemmas 6.7.3 and |6.7.4 with
the Chinese remainder theorem, we obtain from (6.7.7) that

Supn (@) < e[ feafods] S Y >

lat|<lerky| lag|<le2ky|  |ag|<|esks]
a/r3 € L(d2€) V= (¥3¢8) | ag-c

Y

2(4)¢ (wF(y) —tv~y>

r
lyl<lef|

(6.7.12)

where a = ayctrors + a,ri73 + asrire and (4) denotes the conditions V(a - F)(y) = tv (e),
Fi(y) = Fa(y) = 0 (e2fad3) and Fo(y) =0 (e1fiesfs).
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Recall that r = e?f. Next we write y = y; + eys with |y;| < |e| and |ys| < |f|. Note that
the definition of r3 implies that v, (d}) < vz (esfs). We shall therefore write

dy = ey fy, where fi= 11 w, (6.7.13)

Ve (dfy)=ve (e3)+1
so that €} | e3 and f3 | f3. Hence F;(y) = 0 (e2fody) if and only if Fi(y;) = eseim; say and
fafs | (mi +e/(exey)ys - VFi(y1)) for i = 1,2. Similarly, if F.(y1) = eiesn, then it must

hold that fif5 | (n + eays - VF,(y1)). In addition, if V(a - F)(y,) = tv + ek, then upon
writing a = (ay, as) we have

a-Fly)—tv-y=a-F(y) —tv- -y + € (ays - VFi(yo) + asFo(ys) + yo - k) (r).

It thus follows that

me(a-F(y)—tv-y)‘

lyl<lef] r
< Z A 2(5) ” ary1 - VEi(y2) + asFo(ys) +y2 - k ’ (6.7.14)
1 1<lel ko) f

exel|Fi(y1),i=1,2
eres|Fe(y1)
V(e £)(y1)=tv (e)

where (5) denotes the conditions

fafs | (mi+e/(eaes)ya - VFi(y1)) and  fifs| (n+exys - VE(y1)).

By abuse of notation we denote the sum over ¢, by (). We can then use orthogonality of
characters to detect the congruence conditions in (5). After employing the triangle inequality,
a standard squaring and differencing argument delivers

SO <1mminst Y Y

bo (f1f3) by (f2f%)
< |fI"2Ny(a, y1)'"?,

a1y1 - VE(y2) + a2 Fa(ys) +y2 - k')
yzz(;)w ( f |

(6.7.15)

where k' is a term that depends at most on mq, ms, y; and the ¢;'s, and

Ni(a,y) = #{z (e): (aH(y) + azM)z =0 (f)}.

We now pause for a moment and collect what we have achieved so far. Inserting (6.7.14) and
(6.7.15) into (6.7.12), we get

/
[Sue.so.0 (V)] < e[ fI2  es fods| D

la1]|<|e1k!]
/ /
1/2
x ) > > Nilay) (6.7.16)
lagl<leaksy|  lag|<|esks] ly1|<lel
ay/rheL(dac) = (k3e3) ||a,.c e2€5|Fi(y1),i=1,2
eres|Fe(y)

V(a-F)(y1)=tv (e)
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The innermost sum is clearly multiplicative, and so our next step is to focus on the sums

Sl<€1>f1) = Z Nfl( >y)1/2
y (e1)
Fe(y)=0 (e1)
Fi(y)F2(y)=0 (f1)

Sile, i) = > Nplch9)'?
y (e1)
Fe(y)=0 (e1)
Fi(y)F2(y)#0 (f1)

SZ<€27f2) = Z Nfz(Qv y>l/2

S3(€3,f3> = Nfg(@a y>1/2'

We will establish sufficiently strong estimates for S;(e;, f;) when i = 1,23, while we will
obtain an additional saving by averaging Sj(eq, f1) over c¢. Before we can provide upper bounds
for them, we prove the following intermediate step.

Lemma 6.7.5. Let r',r € O withr’ | r and n > 13. Then we have
Ni(r) = #{z (r): F ()

Ny(r) = #{z (r): Fi(x)
Ns(r) = #{z (r): Fi(z)

0 (r)} < |r[*,
Fy(x) =0 (r)} < |r[**** and
Fy(x) = 0 (1), Fo(z) = 0 (r)} < o™ 7

Proof. All the quantities are mutliplicative by the Chinese remainder theorem, and so we may
assume that r = " and 7 = @™ with m < k during the proof. Let us begin with the
treatment of N3(ww”) by detecting the congruence condition with character sums:

- ¥ T oS eere)

a(=™) b (wh) @ (=) w

Suppose now that 0 < < k — 1 is such that @' || @" ™a + bct. Then we claim that the
sum over x above is

k—m
| 3 1/}< @ a + bet) - F($)> < |nt3tk=bn/s,

.G R
Indeed, if @' ™= | @ (@* ™a, —bey), then the sum is O(|oz|™+(E=0(+1)/2) by | emma 6.6.8,
while if w!*v= | = {(whma, bcz) then we can apply Lemma 6.7.1 with v =0 and V =1

to obtain the claimed estimate.

For 0 < [ < k fixed, let us now determine the number of triples (aj,as,b) such that
@ ma +bet = 0 (). If | < k —m, then this holds if and only if @' || b since c is primitive,
so that the number of available (a1, as,b) is O(|w|*™**~!). On the other hand, if I > k —m,
then again because ¢ is primitive, we can without loss of generality assume that (¢;, w) = 1.
This implies

b wk_mCLQCl_l (wl),
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which determines b uniquely modulo w'. We thus also have

"M = —cob = wk_mCLQCQCl_l (wl),

which determines a; uniquely modulo w'~**™ provided a, is given. In total we get that the

number of such (ay, as,b) is at most |co|™Hh—tm=(=k+m) — ||2(k=+m \We conclude that

k—1
|w|2m+kN3(wk) < |w|m+nk + |w|m+nk Z |w|(n/6—2)(l—k) < |w|m+nk + |w|m+nk
=0

forn/6 —2> 0.

The proof of the statement for the quantities N;(r) and Ny(r) runs along the same lines and
is in fact less involved. The argument again relies on the estimates provided by Lemmas 6.6.8
and 6.7.1/ and we do not provide details here. O

Before we continue with our study of the sums S;(e;, f;), we make some preliminary observations.
First of all, if (a1, f) < 1, then it follows from Equation (6.12) in [34] that

> Nila,y) < |fI"*. (6.7.17)
y (f)

Moreover, if f | a1, then tk(M) > n — 1 readily implies N¢(a,y) < |f].

Lemma 6.7.6. Let e;, f; € O with f; | e; and f; square-free for i = 1,2,3. Then for n > 13,
we have

Siler, fi) < lex|[" | A1) M2,
So(ea, f2) < |ea|""*™¢| f2] and
Ss(es, f3) < |es|" " 7e|es]| 7t f]-

Proof. All of the sums under consideration are multiplicative, and so we only have to prove
the corresponding estimates when ¢; = @® and f; = 1,. Moreover, we shall write

m = vy(e}), so that k > m > 1.

Let X, be the reduction of V(Fy, F3) modulo . When i = 2,3, we begin with the case
when f; = 1 or ay = 0 (@), while when i = 1 we assume f; = 1 or ¢; = 0 (w). Since
N((0,as),y) < |wl|, in our situation we thus see that

Si(@", fi) < |fil' P Ni(").
Lemma 6.7.5 provides estimates for N;(co*) that are satisfactory for the statement of the

lemma.

Moreover, when ¢; = 0 (w), then it follows from the second display after Equation (6.15) in
[34] that Sy (=, f1) < @~V f1]1/2, which is also sufficient.

We may therefore assume that f; = w from now on. When ¢ = 1, we are left with the case
(c2, @) = (¢1,w) = 1, while for i = 2,3 we have to deal with the case when (a;,w) = 1. Let
us first assume that X, the reduction of V(F}, Fy) modulo w, is singular. Since this can
only happen for at most finitely w'’s, it must hold that N (a,y) < 1. In particular, we obtain

Si(wkafi) < Ny(w)
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in this case, which is again satisfactory by Lemma 6.7.5.

So let us now assume that X, is non-singular. We first provide an upper bound for the
contribution from y # 0 (") to S;(w", @). If F.(y) = 0(=') and F(y)Fz(y) = 0(w), then
F.(y+@'2z) =0 (x"™) if and only if @ 'F,(y) = —2 - VF,(y) (@). Since cica £ 0 (w),
the condition Fi(y)F»(y) = 0 (w) forces that VF,.(y) # 0 (w) as otherwise y would be a
singular point of X. In particular for y # 0 (@), inductively we obtain

Mi(y) = #{z (@"): z =y (w), Foz) = 0 (&")} < |w|*7DOD,

Similarly, if F1(y) = Fy(y) =0 ('), then Fy(y + @w'z) = Fi(y + @'z) = 0 (x'*!) holds if
and only if @ 'F;(y) = —z - VF(y) (@). As X, is non-singular and y # 0 (), we must
have rk(V F(y), VFy(y)) = 2. Therefore, it follows by induction that

Ma(y) = #{z (w"): z =y (@), Fi(2) = Fa(z) = 0 (w")} < [ow|"7V"72,

Finally, if Fi(y) = Fy(y) = 0 (@™), then F.(y + @™z) = 0 (@™) if and only if
w "F,(y) = —2z-VF,(y) (w). As Fi(y) = F»(y) = 0 (w), we must have VF.(y) # 0 (w),
as otherwise y would be a singular point of X . Combing this with the arguments that were
used to estimate M;(y) and M;(y), we obtain

My(y) = {2 (=): 2 =y, Fa(2) = Fo(2) = 0 (&™), Fi(2) = 0 (")}
< || M D =2t (k=m)(n=1),

It now follows from an application of the Cauchy-Schwarz inequality that the contribution
from y #Z 0 (w) to S;(w", @) is at most

max M;(y 1/2 Ny (a, 1/2<< @|™? max M;(y)N;(w)?
s S Nelar) [l e M) (=)

by (6.7.17). Combining the estimates we just provided for M;(y) with Lemma |6.7.5 to bound
N;(w), we see that this contribution is sufficient for the conclusion of the lemma to hold.

We are thus left with estimating the contribution from y = 0 (@) to S;(ww”, @). In this case
we have N (a,y) < |w], so that

Si(wk,w) < |w|1/2Ni(wk),

which is again satisfactory by Lemma 6.7.5. m

We now return to the main task of this section: estimating the quantity S(V,C, Cs) that
was defined in (6.7.3). Equation (6.7.16) gives

S(V,Cy,Cs) < ‘€’n+l‘f‘n/z+l|€2f2d3 Z Z/ Z/ ZI

c€O%mlar|<lerkl] laj|<lesk’] laf|<|esks
les|<Ci a,/ry€L(d2g) wv= (k3¢3) ||a, -
y (e) |U7U0‘§‘7
Ff (v)=0
V(a-E)(y)=tv (e)
Let us now write v = v+ v1 +vse, where |v1| < |e|, tvy = V(a-F)(y) (e) and |vy| < Vle| ™.

Observe that (e,t) = 1 implies that v, is unique. Note that G(vs) = F}(vy + v1 + vae) is of
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degree 3 x 2”2 and its leading degree part is absolutely irreducible, so that we may invoke
Lemma 6.3.4/ to deduce that

‘7 n—2
> 11+ (H) : (6.7.19)
~ e
[lv—vo|<V
Fi(v)=0

V(aF)(y)=tv (e)
Using the Chinese remainder theorem together with Lemma 6.7.6, we obtain
Z Nf(Qay)l/z = Sa(ea, fo)Ss(es, f3) (Siler, fr) + Siler, f1))
y(€) (6.7.20)
< leal | folles|" e |~ fol (lea "1 A1V + Si(en, 1)) -

Moreover, the conjunction of the conditions F(y)F2(y) # 0 (f1) and F.(y) = 0 (f1) can
only hold if (¢, fi) = (¢2, f1) = 1. Therefore, for C; > Cy > 1 we have

Z Si(er, fr) < max Z Ny, (a, y)1/2 Z ]

a(f1)

QEOQrim —= = Y (61) £€O2rim
\ci|§p@- (@ f)=(a2,/)=1 oy gy (9)20(f1) MS"@

Fe(y)=0 (e1)

e
el (a1,f1)=(az,f1)=1 |1l y (f1)
A C
< |er|"Cy (1 + 1) ;
1]

where we used (6.7.17) together with the Cauchy-Schwarz inequality to arrive at the last
estimate.

Next observe that a,/r, € L(dyc) implies that e (rhdy ) | ay - ¢, so that that

|eak|

|rydy |

2
#{|a2|<|e2k:’|:a2/r;eL<d2c>}s( )|rgd;1|:|e2kz'|2|r;|-1|d2|. (6.7.22)

A similar argument delivers
#{las| < lesks]: @) | a5 - c} < [k5[les]. (6.7.23)
Recall that e = ejeqes, f = fifafs and d = dads. Then since k, k" are O(1) and |s| < |r|,
we can combine (6.7.19) — (6.7.23) with (6.7.18) to obtain
~\ Nn—2
S(V,Cr, Co) e | fI"* eres el | il /2] fol* | falldads Ir| s~ (Jel + V)
x Cy (51 + el o] 72+ 61|f1|_1/2)

2 )2 S5l

<ld||s (n+3
A e

Co (lel + V)" (Cr + lerll Al 772)

where we used that |e?f| < |s| and dad3 = d. Since 75 is cube-full and |r}| < |y, we have
13| 7y and thus | f>|*2|r5| ™! < 1. Moreover, since v (dy) > 1 for all @ | es, the definition
of €4 in (6.7.13) implies that f3 | 5 and hence | f3|'/2|es| < 1. We have thus established the
following result.

Lemma 6.7.7. Let s € O be cube-full and d | s. Then with the notation of (6.7.8), it holds
that

S(V,C1, Co) Ky [dlls| 72, (|27 +V772) (G + sl ] 712)
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6.8 Return to the circle method

In this section we combine the estimates for the various exponential sums and integrals that
we have produced so far to finish our treatment of N(P). To ease of notation, for d € O
and ¢ € 02 we abbreviate the properties d monic, ¢ primitive, |dc;| < min{T|r|"/2,|r|},
|dey| < T-'|r|*/2 and max{R;|dc;}|} > |r| by P(d,c). In addition, throughout this section
we shall assume n > 26. We will not make the dependence of the implied constants explicit
anymore, but allow them to depend at most on F}, F5,w and N as well as on ¢ if it appears
in the inequality. Recall the decomposition of N(P) in (6.4.9).

6.8.1 The main term

We begin to carry out the analysis of M (P). Since we chose Ry = |P|'/3 in (6.4.8), it follows
from Corollary |6.2.10| that

M(P)=I|P|" > |ry|T"S.K,+|P" > rn|™ Y. Saeran(0)K,,

Ir|<| P|M/® |P|V/3<r|<R:1 Ry de: P(d.c)
T monic 7 monic dlr
(6.8.1)
where
/ a - E Zr
Se=>"> w(r( )>
a(r) |z|<|ry]
z=b (N)
and
K= [ 5.(0.0)e
01 |< Ry r =t Jloa| <Ry |t +(8:0)
It is a consequence of Proposition 6.5.4| that
K, < |P|77*¢ (6.8.2)
and from Corollary 6.7.2 with vy = 0 and V =1 we deduce
Saerpn (V) < |d||r|Pr/ 032, (6.8.3)

Note that if ¢; # 0, then since T =< | P|"/2, the condition |dcy| < T|r|*/2 can only hold if
|r| > |P|. In particular, it is now easy to see that

S < |t (6.8.4)
de: P(d,c)
d|r

It follows from (6.8.2)—(6.8.4) that the rightmost term in (6.8.1) is of order

B |7,|5n/6+3/2 B B
’P|n 5+¢e Z ~ Z |d’ < |P|n 5+ Z ‘7“‘5/2 n/6
|P|M/3<|r| <Ry Ro Il Pd.c) |P|M/3<|r|<Ri R
T monic |7 T monic

< |P|n—5—(7/2—n/6)/3-‘r67

where we used that that 7/2 —n/6 < 0 for n > 21. Consequently, the contribution from this
term is negligible and it remains to investigate the first term on the right hand side of (6.8.1).
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The first step we take is to analyse the integral K,. Let C' > 0 be a fixed positive integer,
whose exact value will be determined in due course. We then split up the integral K, into

K, = I, (6, O)dg+/_1w(g, 0)de, (6.8.5)

|61]<C-1|P|~3 /92|<6—1|P|—2
where = is defined by

Z:={0eT? |0;] < R;'r|™ fori=1,2 and C~'|P|™ < |6;] or C7YP|72 < |6,]}.
Note that = is non-empty only if |r| < max,_; o{C'R;}|P|***}. Since R;Y|P|** = |P|’/ by
(6.4.8), this will certainly hold for |r| < |P|'/3 and P sufficiently large. We will show that

the second integral vanishes and produce a lower bound for the first one. Beginning with the
former task, we have by (6.5.1) that the second integral is equal to

L /: / 0 (P0,Gy () + P20,Gs(x) ) daed,

where G;(x) = Fy(xog +tLx) fori=1,2. Let ' = ({1} x T) U (T x {1}) and define

A = min MV Fi(x0) + 72V E3(w0)]-

Observe that 0 < A < 1 since I' is compact and xy a non-singular point of the variety defined
by Fy and Fy with |zg| < HE. To simplify notation, we write 7, = P30, and v, = P20,.
Let now v € T be such that |y| = |y|. Then by the ultrametric property we have

11 VG () + 1.V Ga(x)| = L IV Fi(xo) /7 + 12V Fa(xo) /7] = LA,

provided L is sufficiently large. Moreover, all higher partial derivatives of v1G1(x) + 712Gz ()
are of order O(L2|y|). By the second derivative test [34, Lemma 2.5] we thus have K, = 0
if L='|y|A > 1. Since |y| > C~!, this can be ensured if we make the choice C = AL"!, which
we henceforth assume.

We proceed to investigate the first integral in (6.8.5). After making the change of variables
v = t4=9P0; by (6.5.1) we have

K, = E—n|P|—5/<6 1/ Y (711G (x) + 12Ga(x)) dedy.
l — n
It is now clear that K, is in fact independent of r and to emphasise this, we define

O = L7 /Ml [ 6 (nGi(@) + 7)) dady.

The integral o is the singular integral associated to our counting problem and our next step is
to show that 0., > 0. To do so, we exchange the order of integration and apply Lemma 3.0.2
to deduce that

0o = L"C7%vol ({w e T": |Gy(x)| < C fori=1, 2}) :
Using Taylor expansion and the fact that Fj(x,) = 0 for : = 1,2, it follows that
1
Gi(x) =t x - VF(x0) + it_QLa:tH(azo)a: + 173y ()
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and
Gg(m) = t_Lm : VFg(mo) + t_QLFg(m).

Provided L is sufficiently large, we must then have
|Gy(x)| = LY@ - VFi(zo)| and |Galx)| = L7 e - VFy(w).
However, if we recall that C' = L'\, then for |x| < A it is clear that
LY - VE(x)| < LA =C,

so that oo > L "C2\". We summarise our investigation of the integral K, in the following
result.

Lemma 6.8.1. Let |r| < |P|*/3. Then
K, = 0P|,

where o, > 0 depends only on the weight function w.

It follows from Lemma 6.8.1 and the upper bound provided after (6.8.1) that
M(P) = 058 n(1/3)[P" " + O (|P|" ),
for some ¢’ > 0, where for A > 0 we have defined

Gon(A) = > [rv|™VS,

rl<|P|2

to be the truncated singular series associated to our counting problem. Let
Gpn = Z lrn| 7™,
T monic
be the completed singular series. It follows from Lemma|6.7.1 and Lemma 6.6.8 that
Sy = Z/ T(a,r,0) < |r|>Ton/0%e
a(r)
so that &, v converges absolutes for n > 18 and
’6b,N(A) . Gb,N‘ < Z ‘r’27n/6+5 < ’P’A(3fn/6+5)'
Ir|>|P|4

It is a routine exercise to show that &, x > 0 provided there exists £, € O such that
Fi(zy) = Fo(xy) =0 and |b — x4|n < | V| for all w, see for example Corollary 4.4.7 of
[131] for arbitrary complete intersections. In particular, we have established the following
result.

Proposition 6.8.2. For n > 18 we have
M(P) = 05&pn|P|" "+ O (|P""")
for some §" > 0 with oo, > 0. Moreover, &y, y > 0 if for every w there exists x, € O such

that Fi(z) = Fy(zo) = 0 and |b— @o|e < |N|w.

To prove Proposition 6.4.2 and hence also Theorems 6.1.1 and 6.1.2, it remains to give a
satisfactory upper bound for the error term E;(P) defined in (6.4.9). This will occupy the
remainder of our work and makes use of the various estimates we have provided for the
oscillatory integrals and exponentials sums under consideration.
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6.8.2 Preparation for the error terms

We continue our investigation of the error term FE;(P). Before doing so, we take some
preliminary steps. Firstly, we shall fix the absolute value of r to be Y and of 6; to be ©; for
1 = 1, 2 respectively, where

1 <Y < Ri+ R,, 9P+ Ry <O <-Y —-R; and —9P+ R; <063 < -Y — R,.

(6.8.6)
and neither of the conditions (1) nor (2) recorded after (6.4.9) hold. Observe that by our choice
of Ry and Ry in (6.4.8) the number of admissible triples (Y, 01, 05) is O(| P|%). Secondly, we
treat separately the contribution from ¢y # 0 and ¢ = 0 and denote the contribution of such
r's, 0's and c¢'s to E1(P) by Ey4(Y,01,02) and E} (Y, 01, O3) respectively, so that

Bua(V0160) = [P X Il ™ X [ % Sl (@0)0 (687)
|r|:Y de:P(dc) veO"\{O}
T monic c2#0

d|r

and

E14(Y,01,0,) = |P|" Z [N 7" Z . Z Sdgo,r,b,N(U)IrN(Q;v)dQ7
Ir|=Y |d|<Y1/2p1/2 10i1=61 yeom\ 10}
7 monic d|r

(6.8.8)

where ¢, = (1, 0) since by our convention ¢ with ¢, = 0 can only be primitive when ¢; = 1. If
we can show that E;;(Y,01,0) < |P|"°* for i = a,b and some x > 0, then since the
number of admissible triples (Y, 01, 0,) is O(|P|%), the same estimate will hold with a new
choice of k for E1(P). Moreover, if we let Z = max{1,|P|301, |P|>©,}, then (6.5.2) implies
that the summation range of v in the definition of E; ;(Y,©;, ©,) is empty unless

~ . YZ
lv| <V, where V = zh (6.8.9)
In particular, since v # 0, it must also hold that
YZ > |P|. (6.8.10)

Finally, we use the convention that £ > 0 is an arbitrarily small real number whose exact value
may change from one appearance to the next.

Treatment of F, ,(Y,0,,0,)

Note that we must have
Y > |P|, (6.8.11)

because as ¢, # 0 and T =< |P|*/2, the inequality |dcs| < T~'Y/2 can only hold if Y > | P|.
Since we assume that ¢y # 0, Lemma 6.6.5) gives strong upper bounds for S, n(v) provided
r is square-free and (r, F}'(v)) = 1. Accordingly, we shall further split up E; ,(Y, 01, 02) into
the contribution from those v with F}(v) # 0 and F}(v) = 0 and denote it by E] and E}
respectively. In the treatment of E) we compensate the worse exponential sum estimates
compared to F/ by exploiting the sparsity of vectors v such that F}(v) = 0.
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Let us begin by dealing with the term E’. Applying (6.5.1) and Lemma 6.5.1/ to the integral
I, (8,v) in (6.8.7), it follows that

E, < |N|"L~ a2l /9 @/n > > |Sazrna(v)|deds,  (6.8.12)
de: P(dc) 101= \v—v0|<VZ 1/2 p|= %
270 F} (v)#0 djr

where vy = —rytE(P3V Fy(xg +t L) + P2V Fy(xg + t~Lx)). Our next goal is to estimate

the sum
S= Y > [Sacrpn(v)

|v—vo\<92_1/2 |T|:1//\'
Fi)£0  dr
For this we write 7 = b1 b, boblyrs into pairwise coprime by, b), by, by, 75 € O, where byl is the
square-free part of r satisfying (by, dN F}(v)co) = 1; bobl is such that v (bebly) = 2 for all
w | bobhy and (bg,dNcy) =1 and 73 is the cube-full part of r. Accordingly we shall also write
d = dydyds with dy | b}, da | b, and d3 | 73. We can then use the multiplicativity of Sy .5 v (V)
recorded in Lemma 6.6.1 to deduce for appropriate t1, 1], ta,t5, t3, N1, Na, N3 € O that

|Saerb.n (V)] =[Sy, (810)Sa,e.0, 6.8, (£10) Sby (£20) Sty vy .8, (150) Sty s b5 (L30)

f (6.8.13)
< |1l |2 o |2 dy o B | 2| S gy s (30)

where we used Lemmas 6.6.5, 6.6.6/ and 6.6.7| to estimate the sums corresponding to b, b}
and by respectively and Corollary 6.6.9 for the sum corresponding to b,. Moreover, by Corollary
6.7.2l we have

S Sterans (E50)] < [dalrs 2 (VR Z 4 g (6.8.14)

lv—wo|<VZ—1/2
F} (0)£0
’on

where r3 = riry with (14, d) = 1 are defined in (6.7.1). Consequently, plugging (6.8.13) and
(6.8.14) into the definition of S yields

§ <€ PO (TRZ7002 4 T75) 5 by V20t byl

r|=Y
d|r

_ }/}(n+3)/2+€’d| (Vann/2 + i}n/?;) Z ‘blrllbﬂ’é’flm?

r|=Y
dlr

since |by bbb, 7"37’3] — Y. By definition, we must have b/ b7 | (dNcyF¥(v))™. The number
of available b, b, 4/ with |b;b,rt| <Y is hence O(YE) Moreover, since bor} is square-full,
the number of by and r4's of flxed absolute value B is O(§1/2). After summing over g-adic
intervals it thus follows that

S <« Ymtae|g) (Vg2 4 y )
and hence

Ei < |P|n}73/2—n/2+sé1@2 Z |d| (‘7”2_”/2 + ?n/3>
dc: P(dc)

< |P|n—55}5/2—n/2+522 (VnZ—n/? + }/}n/S) :
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where we used that ©,0, < |P|7Z2 and ¥, plag |d| < Y1F. If the first term in the
brackets dominates, we get

E| < | P| 3y 3/2Hn/24e g2n/2 | pn/0-5+10/391/24e | p|n/6-5/3+5/6+e
because Z < |P|?/3Y ! and Y < |P|%/3. Thus, the contribution from E! in this case is
O(|P|"=57*) for some r > 0 as soon as n > 25. If the second term dominates, then

E| < |P|"575/2-n/04 72 | pn—sHI0/3pi/2-n/6he | p|n=5+10/3+1/2-n/6+e
where we used that Y > |P| by (6.8.11). This is satisfactory as soon as n > 23, which
completes our treatment of Ej.

Next we consider the contribution from E). This time we apply Lemma 6.5.2 to the integral
I, (8,v) and obtain

N
/ |P| 71-n/2
E < Y Z @ @2 Z Z Z Z |Sd£,,.,b,N(v)
|d|<T=1/2|Y[1/2 |¢;|<C; 0<|v|<V |r|=Y
c2#0 Ff(v)=0 d|r
where C} = TY2|d|~" and Cy = T~'Y'/2|d|~'. We proceed to consider the sum

Z Z Z \Sdg,r,b,N(U)

les|<Cy 0<|v| <V |r|=Y
c2#0 Fy(v)=0 d|r

For this we first factor r = bybyrs into pairwise coprime by,by, 73 € O and d = dads with
dy | by and ds | r3, where by is square-free, by is cube-free, (by,dNcy) = 1 and r3 is the
cube-full part of r. Parallel to our argument for £ we use Lemma 6.6.1 to factor Sy, N (V)
and invoke Lemmas 6.6.6 and 6.6.7 to bound the sum corresponding to b; as well as Lemma
6.6.6/ and Corollary 6.6.9 to bound the sum corresponding to by to obtain

Saear,n (V) K |r[¥]da]|br] 2T bo| 2] S gy v (10))]

for appropriate t, N’ € O. We wish to apply Lemma 6.7.7 to estimate the average

Z Z |Sd3g,7’3,b,N’ (t’U)l

‘Ci|<ai 0<|'U‘S‘7
Ff(v)=0

For this note that with the notation of Lemma 6.7.7 for P sufficiently large we have
ler| < YV2 < YV2T|d|~r = O, since T < |P|*2 and |d| < YY2T-* <« |P|Y/3_ In particular,
Lemma 6.7.7/ hands us

A & |dg|[rs["/H2HECLCy (Jrg 27T 4 V2 (6.8.15)

We may also forget about the condition Fj(v) = 0 and use Corollary 6.7.2 to obtain the
alternative estimate

A < CColds s> = |2 (V" + [rs|™/?) (6.8.16)

where 73 = riri with 74 given by (6.7.1). In particular, we have shown so far that

A< 6«162‘(13“7,3’11/24-14-5 min{|7’3\1/2 (Vn—2 + |T’3|n/2_1> //|1/2 (vn + ’T |n/3)}
(6.8.17)
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We begin with the contribution from V' > |rs|'/2 or V' < |r5|'/3. Since byr¥ | (Ndey)™,
there are at most O(|P|°) pairs (by, 7). Moreover, since r3 is cube-full, there are O(|rs|'/?)
available r3 of fixed absolute. One now easily derives

Z |bg’l“3|1/2 < }71—%&‘

r=Y
d|r

In addition, we also have

o GG =Y Y |dTt <YV (6.8.18)

|d|<T-1Y1/2 |d|<T-1Y1/2

After employing the estimates ©,0, < |P|™>Z2 and |rs| <Y, we have in the cases under
consideration R R R R
Ejy < | P[0y 282 (Yr2 oyl (6.8.19)

If the first term dominates, we obtain
Eé < |P|—3?1+n/2+521+n/2 < |P|5n/6—3+5/3+€
which is satisfactory if n > 22. On the other hand, if Y™/ > V"2 then

Eé < ’P|n755}37n/6+5237n/2 < ‘P‘n*5+(3*n/6)+e’

by (6.8.11) and because Z > 1. Thus this contribution is sufficiently small as soon as n > 18.

Finally, we have to deal with the contribution from |r3|}/3 < V' < |r3|*/2. For this, we use that
for any real numbers A, B > 0 and 0 < k < 1 that min{A4, B} < A'"""B" with k = 1/(n—2)
to deduce that

S < Oy d| VR Y/ N7y | V2 (2 g el
Ir|=Y
< 6’16«2’d"7n(1—ﬁ)}7n/2+2+5 Z ’b2‘—l/?‘ré|(n—l)/(2n—4)—l.

\bgréréﬂﬁ?

The number of available by of fixed absolute value is O(|b2]*/?). Moreover, there are at most
O(Y*) possibilities for r5. Since (n —1)/(2n —4) —1 < —1/3 for n > 6 and the number of
74| of fixed absolute value is O(|r4|'/3), it follows that the sum above is O(Y®). Therefore,
we have o R
S < C\Cold| V=R yn/2H2+e, (6.8.20)
Therefore, the contribution to FY is at most
Pl

;Zl‘””@l@g S8 < | P|rAtey /2 Zlon/2n-n)
d

_ ‘Pl—5/3+mi+55}1+n/2—/4nZl+n/2—ﬁn

< |P|5n/6—2m’b/3+5’
where we used 0,0, < |P|_5/31A/_2 and (6.8.18) to estimate the sum over d. One can check
that 5n/6 — 2n/(3n — 6) < n — 5 provided n > 26, which completes our treatment of EJ,
and thus also of £ ,(Y, 01, 0,).
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Treatment of E, (Y, 0,,0,)

We differ our treatment according to the size of Y. When Y > |P|'", where 1 is as in (2)
after (6.4.9), it is more efficient to estimate the sum over v via the same trick that we used to
arrive at (6.8.12), whereas when Y < |P|*~", we estimate the integral directly. Before doing
so, for W > 1 we focus on the sum

SW)= Y > > [Sugesn(v)],

lv—vo|<W |d|<K |r|=Y
d|r

where K = min{Y, Y/2T},

To begin with, let us write » = sr3, where s is the cube-free part of r and r3 is cube-full.
Moreover, we write d = ef) f2ds into pairwise coprime e, f1, fo,ds € O, where ef fy is
square-free, e is the greatest common divisor of s and the square-free part of d, ef?f3 | s and
d3 | r3. The multiplicativity of Sy 5 n(v) together with Proposition 6.6.10 then imply

Sacyrb N (V) < Y| fi fol V2[8| "2 Sy g mone (t0)],

for some N’ | N and t € O with (¢,73) = 1. Moreover, the number of available s is
O(Y |e1 f£ fars| 1), so that

o . P |Sdsc, ra.b,N (1)
S « Ymt+5)/2+ ZZ Z |elf1] 1]f2| 1/2 Z 3’;0 |En+5)/2 .
d v d=cfi f3ds Irg| <P ’
ds|rs

Next we factor 73 into djys1sy into pairwise coprime df, s1, So, where dj | ds, (s9, N'Ap,) =1

and v (S2) > v (ds), so that s; | (IV'Ag,)*. Accordingly we shall also write ds = d5g1 92, so
that g; | s; for i = 1,2. Let u € O and suppose that

w=[Jbi, (bi,b;)=1ifisj, b;square-free.

We then define the function
m(u) = b}b3 [] o
i>3
Note that since s3 is cube-full and v (s2) > vy (g2), we must then have m(g2) | s2. By
Lemma 6.6.1 we then have for some ¢1,t; € O with (t1,d5s1) = (t2,$2) = 1 and N” | N’
that

Sd3§07T37b,N' (tv) = Sdgglgg,dgsl,b,N” (tlv)sgzgo,sz,oﬂ(th)'

Therefore, it follows from Proposition 6.6.10 that

S , t'l) R S/ ! " t v
Z | d3207T37b7N( )| <7 Z Z ‘ dhg1¢y,dys1,b,N (1 )‘ Z |92||82|—1

(n15)/2 ! o |(n15)/2
Ira| <Y |’I“3| d3=d39192 |s1]< 2 |d381| |52 <Y
ds|rs 3] m(gz2)|s2
g1ls1
> _ |Say g1cq,d51,6,87 (110)]
<Y* Z |92||m(92)| ' Z 39193 351n 5)/2 )
- =R |d331|( +5)/
d3:d39192 ‘31|§|3/7/|
91\513
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where we used that there are at most O(]s2|!/?) available s, of fixed absolute value, because s,
is cube-full. Next we change the order of summation and make the sum over v the innermost
one. We then use Corollary 6.7.2 to deduce

ISt g1 5187 (110)] _ 1 (o n
Yy el <l X sl (07 i)
3 ~

|s1]|< 2 [v—vol<W |s1|< 2
A EA
gls1 g1ls1

< ’dg’—1/2ﬁ\/n + ‘dg‘—l/Qf/n/S—i-a‘
From what we have shown so far, it follows that 3(1/) is bounded from above by

S D DY Sl il AT gl mlga) [Ty T (W 4 V).

|d|<K d=e1 f1f3d3 ds=d59192
Let now k € Z~( be such that 1/k < £ and write
d=hhih3 - -hihger, (W h) = (hi,hy) =1, | (NAR,)™ for i # j,

where h; is square-free for i = 1,...,k and hg1; is (k+ 1)th-powerful. Recalling the definition
of m(g2) and that dj is cube-full, it is then not hard to see that

> Solenfil T T P gl lmlge)| T dy

|d|<K d=e1 f1f3d3 d3s=d3g192

=D SRLT AL S D

|d|<K d=ef1 f2dz ds=d}g19>
< D |dF Ry by

|d|<K
< Kl/k+e,

Therefore, the definition of S and our choice of k£ implies after redefining ¢ that
S(W) < Yt/ (7 4 yn/s) (6.8.21)

We now apply (6.8.21) to estimate (Y, ©1, ©2) in two different ways according to the size
of Y. Let us begin by assuming that Y > |P|™"7. In this case, we deduce from (6.5.1) and
Lemma 6.5.1] that

. |pP
E1p(Y,01,0,) < |N|nL_n‘A‘ /|9|=@/” ) > 2 [Sue,ron(v)|dzdd,

yn == T
lv—wvo|<VZ~1/2 |dI<K |r|=Y
d|r

where vy = —ryt"(P*VFy(zg 4+t "x) + P*VF(zo 4t "x)). We can now use (6.8.21)
with W = VZ~/2 to deduce that

E(Y,01,0,) < |P["Y5/? /20,0, (Vann/Q " fm/g)
= 375/2+n/2+a@1@22n/2 + |P|n?5/2—n/6+eélé2
< ’P’5n/675/3}71/2+5 + ‘P‘n75/3+(1*?7)(1/2*n/6+6)_

The first term is O(|P|>"/6=5/6+¢), which is satisfactory as soon as n > 26. Moreover,
n—5/34(1/2—n/6) <n—>5if n > 24. In particular, the second term is sufficiently small
provided ¢ is small.
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If Y < |P]'~" we instead estimate the integral I, (6, v) directly via Lemma 6.5.2 to obtain
[Pl

yn

El,b(}/a @1, @2) < é1é221_n/2_uz(‘7>’

where R R
1/2 if |P|©; < Oq,
ILL =
0 else.

We can now apply (6.8.21) with W =V to deduce that

E(Y,01,02) < ]P]”?‘E’/Q*”/Q*E(:)l(:)QZlfn/Q*u (Vn + S}n/d)
= 5}5/24—7@/24—6@1@2214-11/2—# + |P|n_5}/}5/2_”/6+523—n/2—u‘

The second term is satisfactory by (6.8.10) if n > 15, so we may assume the first one dominates.
Recall that we already dealt with the case when YO, > |P|~?, where § = 8(n—16)/(3n— 24),
since we assume (2) after (6.4.9) does not hold. So we may suppose the contrary is true.
There are now two cases: First, we assume that O, < |P|©;. In this situation we have
Z < |PP9Y ' and pu = 0, so that

E14(Y,01,0,) < |P|(376)(1+n/2)+1726}/}71/2+s.

A rather involved computation or a check with a computer algebra program verifies that
(3=90)(1+n/2)+1—20 <n—>5if n> 25, which is satisfactory.

The only case that remains is when |P|@1 < O, in which case i = 1/2 and hence
El,b(Ya O, @2) < |P|5n/6+5/6—5/3?5’

which is satisfactory for n > 25.
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CHAPTER

Rational points on del Pezzo surfaces of
low degree over global fields

The content of this chapter is based on the joint work [89] with Hochfilzer.

7.1 Introduction

Recall that if X is a Fano variety over a global field and U C X (K) is a suitable complement
of a thin set, then as explained in Section 2.3 Manin's conjecture, predicts and asymptotic
formula of the shape

Nu(B) ~ cB(log By*Pe¥)-1,

where Ny (B) counts rational points of X lying on U of anti-canonical height at most B.
While Manin's conjecture for curves is well understood, the case of surfaces is already much
more mysterious. A surface X that is Fano is called a del Pezzo surface and is classified by
the degree d = K)Q(, which satisfies 1 < d < 9. Moreover, it is generally believed that for
d > 2 one can take U to be the complement of the exceptional curves in Manin’s conjecture.

If the degree satisfies 6 < d < 9 then any del Pezzo surface is a toric variety. Thanks to work
of Batyrev and Tschinkel [6] for number fields and Bourqui [22, 21] in positive characteristic,
Manin's conjecture is therefore known for all del Pezzo surfaces of degree 6 < d < 9. If d <5,
much less is known. One of the notable exceptions is de la Bretéche's work [25], in which
he proved Manin's conjecture for split del Pezzo surfaces of degree 5 over Q. Recently, with
a different approach Browning [36] obtained the same result with a better error term. In
addition, de la Breteche and Fouvry [26] verified Manin's conjecture for del Pezzo surfaces
of degree 5 over QQ that are the blow-up of a pair of points that are defined over Q and a
pair of conjugate points over Q(i). When d = 4, the tour de force [24] of de la Bretéche and
Browning provides us with the only example of a del Pezzo surface of degree 4 over Q for
which we know Manin's conjecture. These results already reflect the guiding principle that
the arithmetic of del Pezzo surfaces becomes harder to understand the smaller the degree is.
In particular, for 1 < d < 3 we do not know the truth of Manin's conjecture for any single
example of a del Pezzo surface and in fact, if the ground field is not Q, we do not even know
it for any del Pezzo surface of degree 1 < d < 5.

While an asymptotic formula remains largely elusive for small degrees, even providing upper
bounds remains a substantial challenge in itself. For 2 < d < 5, currently the best upper
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bounds are found in work of Salberger [169], in which he showed that Ny (B) < x B3/Vite
when the ground field is Q. When X is a cubic surface over Q, he [168] is able to improve
his estimate to Ny (B) < B'?/7=. Again working over Q, it follows from combining work of
Bhargava et al. [12] on pointwise bound for the ranks of elliptic curves with work of Helfgott
and Venkatesh [107] on integral points of elliptic curves that Niy(B) <x B*%" when X is a
del Pezzo surface of degree 1. In his thesis, Tschinkel [198] proved that Ny (B) < B'** for
any split quintic del Pezzo surface over any number field. Moreover, when K = Q and d = 3
Heath Brown [103] succeeded in showing that Ny (B) <x B*?*¢ and the underlying cubic
forms is diagonal conditional on certain conjectures for Hasse-Weil L-functions associated
to a family of cubic threefolds. The authors [88] showed that the same upper bounds holds
unconditionally over IF,(¢) when char(F,) > 3.

Let us now consider the following conjecture and its consequences for Manin's conjecture for
del Pezzo surfaces.

Conjecture 7.1.1. Let E be an elliptic curve over a global field K with char(K') # 2,3 and
©g its conductor. Then

rk £ = o(logN(¢%)) as N(€r) — oo,

where N(%r) denotes the norm of €.

Mestre [144] showed that Conjecture 7.1.1 is implied by the Birch and Swinnerton-Dyer
conjecture. Moreover, 2-descent shows that we always have rk £ = O(log N(%%)). In fact,
when char(K’) > 3, the conjecture was proven by Brumer [46]. The relevance of this conjecture
is that the pullback of a generic hyperplane under the rational map X — P? induced by
the anti-canonical divisor is generically a smooth genus 1 curve. Assuming Conjecture 7.1.1,
Heath-Brown [102] obtained uniform upper bounds for the number of rational points of
bounded height on planar elliptic curves and showed that Ny (B) <x B*/3*¢ for any cubic
surface over K = Q. Our first main result extends this to any del Pezzo surface of degree at
most 5 and to any global field whose characteristic exceeds 3 if it is positive.

Theorem 7.1.2. Let X be a del Pezzo surface of degree 1 < d < 5 over a global field K
with char(K') # 2,3. Then
NU(B) <y Bl+1/d+5,

unconditionally when char(K) > 3 and assuming Conjecture |7.1.1 when char(K) = 0.
Moreover, when d = 1 the implied constant is independent of X .

Using an approach based on exponential sums, Bonolis and Browning [18] obtained the
estimate Ny (B) < B* /% (log B)? for d = 1 over Q. While this estimate is weaker than
the one obtained by Bhargava et al. [12], it has the advantage that it is uniform with respect
to the underlying surface. The upper bound from Theorem [7.1.2 for d = 1 shares the same
uniformity.

Recall that if there is a dominant K-morphism X — P! such that all fibers are plane conics,
we say that X admits a conic bundle structure. When a del Pezzo surface comes with such
extra structure, one can use it to get better control over the number of rational points. In
particular, Heath-Brown [101] has shown that Ny (B) <x B*3*¢ for d = 3 over Q when X
has three coplanar lines defined over Q, which give rise to three inequivalent conic bundle
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structures. This result was later generalised to number fields by Broberg [27]. Moreover,
Browning and Sofos [32] proved that

B(lOg B)rkPic(X)fl <y NU(B) <y B(lOg B)rkPic(X)fl

when d = 4 for K = Q assuming that X (K) # (). Building on ideas of Salberger announced
at the conference “Higher dimensional varieties and rational points” at Budapest in 2001,
work of Browning an Swarbrick-Jones [43] gives Niy(B) <x B'™ when d =4 and K is a
number field. When d = 2 and K = Q, Salberger announced at the conference “Géometrie
arithmétique et variétés rationnelles” at Luminy in 2007 the result that Ny (B) <x B''/6+¢
provided X is split. We are now ready to reveal our second main result.

Theorem 7.1.3. Let X be a del Pezzo surface of degree 4 or 5 over a global field K of
characteristic char(K) # 2 with a conic bundle structure. Then Ny(B) <x B'* for an
effectively computable implied constant.

This result is new when d = 4 and char(K) > 0 and new for any global field when d = 5.
We also note that the constants in Theorem 7.1.3| are all effectively computable, which is in
contrast to the result due to Browning and Swarbrick-Jones [43]. This is because we avoid an
application of the Thue-Siegel-Roth theorem, which we note is in general not true in positive
characteristic (cf. [154]).

The results listed so far are by no means exhaustive. In particular, when one considers singular
del Pezzo surfaces, one can even obtain an asymptotic formula when the degree is 2 or 3,
but we restrict to the more difficult case of smooth surfaces in this work. Moreover, in [77]
Frei, Loughran and Sofos studied lower bounds for del Pezzo surfaces with a conic bundle
structure and showed that Ny (B) > B(log B)**F(X)=1 for del Pezzo surfaces over number
fields whose rank of the Picard group is sufficiently large with respect to d.

7.1.1 Outline.

The basic idea underlying the proof of Theorem [7.1.2|is simple: a generic hyperplane section
of a del Pezzo surface is a non-singular genus 1 curve and the rank growth hypothesis allows
us to obtain uniform upper bounds for the number of rational points of bounded height on
elliptic curves. In fact, in Section 7.4/ we establish the following result.

Proposition 7.1.4. Let EE C P" be a non-singular genus 1 curve of degree d over a global
field K with char(K') # 2,3. Assuming that Conjecture|7.1.1 holds when char(K) = 0, we
have

#{r € E(K): H(zx) < B} < B,

where the implied constant only depends on d, n, K and ¢ and H: P"(K) — R is the
usual height on projective space.

Heath-Brown [102] previously proved Proposition 7.1.4/for plane elliptic curves over Q. However,
his results still had a dependence on the height of the elliptic curve, which we were able to
remove. Proposition [7.1.4] alone is not sufficient to prove Theorem 7.1.2. The hyperplane
sections can also be singular and we need uniform upper bounds for the number of rational
points of bounded height on curves. The determinant method developed by Heath-Brown
[104] has been used by many authors over the last two decades to establish such estimates.
Moreover, the recent work of Paredes and Sasyk [155] extended these results using the global
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determinant method due to Salberger [169] to any global field, which enables us to work
over arbitrary global fields. These results will also prove vital when bounding the number of
degenerate hyperplane sections, which correspond to rational points on the dual variety of X.

When d = 4 or d = 5, even the bounds coming from the determinant method are not strong
enough when the hyperplane section contains an irreducible component of degree d — 1, as
we need an additional saving with respect to the height of the hyperplane. To overcome this
difficulty, we show that such curves are in fact rational and provide upper bounds by exhibiting
a uniform parameterisation of the rational points.

Finally, to prove Theorem 7.1.3, we use uniform upper bounds for rational points on conics of
Browning and Heath-Brown [28], that we transfer to the setting of positive characteristic. For
quintic del Pezzo surface we combine them with techniques from the geometry of numbers
in a similar fashion as Bonolis, Browning and Huang [19]. In particular, in Section 7.3.1 we
prove a result regarding the number of lattice points in a box depending on the successive
minima of the lattice for all global fields, which is likely to be useful for applications outside
the context of this paper.

7.1.2 Conventions

In Sections [7.5 and 7.6 the letter A denotes an arbitrarily large constant, whose value can
change from line to the next. In particular, we may write expressions like B?** < B4, which
has the advantage of avoiding introducing notation like A, A”, A” . ... Finally, we shall use
the notation o ~ R to indicate that « lies in the dyadic interval (R, 2R)].

7.2 Background

7.2.1 Geometry

Throughout this work a variety over a field K is a separated K-scheme of finite type. In this
section K denotes an arbitrary field.

del Pezzo surfaces

In this subsection we review some of the basic geometric properties of del Pezzo surfaces,
which can for example be found in the book by Manin [137]. A del Pezzo surface over a field
K is a smooth, projective and geometrically integral surface over K whose anti-canonical
divisor —Kyx is ample. Let X = X x K*P where K*P denotes a separable closure of K.

The geometric Picard group Pic(X) is a finitely generated Z-module and since X is smooth,

we can identify Pic(X) with the class group of Weil divisors on X. Therefore, Pic(X) comes
with a symmetric bilinear intersection pairing ( - ): Pic(X) x Pic(X) — Z. If C € Pic(X),
then by abuse of notation we shall write C? for C - C. The degree of X is defined to be K%

and satisfies 1 < d < 9.

Definition 7.2.1. Let C' C X be an irreducible curve. Then we say that C' is exceptional if
02 - C : KX =—1.

By the adjunction formula, an exceptional curve has arithmetic genus 0 and hence is K-
isomorphic to P!. There are at most finitely many exceptional curves on a del Pezzo surface

and their precise number is given in Table 7.1. The anti-canonical divisor induces a rational
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map X — P4, which is in fact a morphism for d > 2. When d > 3 the map is an embedding
and realises X as a non-degenerate surface of degree d in P%. If C C X is a geometrically
connected curve of arithmetic genus 0 with C'- Kx = —2, we say that C' is a conic.

Definition 7.2.2. We say that X admits a conic bundle structure over K if there is a
dominant K-morphism X — P! all of whose fibers are plane conics.

It follows from Lemma 5.1 in [77] that X admits a conic bundle structure over K if and only
if it contains a conic defined over K. In [77] the authors assume the ground field to be perfect
in their statement; however, an inspection of the proof reveals that this assumption is not
used.

Dual varieties

Let X C IP" be a variety and denote by P" the dual projective space parameterising hyperplanes
in P". We define the conormal variety of X to be

Z(X)={(x,H) € Xyp x Pn: T,X C H},

equipped with the reduced scheme structure, where T, X C P" denotes the embedded tangent
space of X at = and X, denotes the smooth locus of X. Let ¢: Z(X) — P" denote the
projection onto the second factor. Then the image ¢(Z(X)) C P is a variety, which is called
the dual variety of X and denoted by X*. We always have the inequality dim(X*) <n-1

We say that X is reflexive if Z(X) = Z(X*) under the natural identification P" = P".

If X is smooth, then a hyperplane H € P" has singular intersection with X if and only if
H € X*, while if X is not smooth and X N H is singular, then H € X* or H intersects the
singular locus of X.

Our goal of this section is to compute deg(X*) when X is a del Pezzo surface. To do so,
we need to recall the properties of Chern classes as found in [79]. For a smooth variety X
over K, let CH(X) denote the Chow ring whose kth graded piece A* is the group of cycles
of codimension & modulo rational equivalence and multiplication is given by the intersection
pairing. Associated to any vector bundle F over X are the Chern classes ¢;(F) € A’ satisfying

(1) Co(f) =1,

(2) ¢;(F) =0if i > rk(F),

(3) if Fis of rank r, then ¢;(F) = ¢ (A" F).

Moreover, if X is a smooth surface and L is a line bundle on X corresponding to a Weil

divisor D, then deg(c;(£) N E) = D - E for any Weil divisor E of X, where - is the usual
intersection pairing on the class group of Weil divisors.

degree |9| 8 [7[6[5[4|3]2] 1
10| 0or1[3|6[10]16 2756 | 240

Table 7.1: Number of exceptional curves
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Let Tx be the tangent bundle on a smooth variety X C P" of dimension k. Then we define
the delta invariants of X to be

5.00) = (17 destn, (00

where ¢;(X) = ¢;(Tx) and deg(c;(X)) = deg(c;(X) N H %) with H the class of a hyperplane
section on X. We then have the following result due to Holme [110, Theorem 3.4].

Proposition 7.2.3. Let X C P" be a smooth variety and suppose that ry is such that
do(X)="-=06,-1(X)=0, but 6,,(X) #0. Then dim(X*) =n—1—rq and X is reflexive
if and only if deg(X™) = 0,,(X).

Remark. In fact Holme's result is even valid for singular varieties. However, in this case the
delta invariants may differ from the definition above.

We now have everything at hand to compute the degree of the dual variety of a del Pezzo
surface.

Proposition 7.2.4. Let X C P? be a del Pezzo surface of degrAee d > 3 embedded anti-
canonically over a field K with char(K) # 2,3. Then X* C P? is a hypersurface with
deg(X™) = 12.

Proof. Let us first compute dy(X). Since X is embedded anti-canonically, the definition of
do(X) gives

50(X) = deg(ea(X)) — 2deg(en(X) N (=K x)) +3(—Kx)?. (7.2.1)

We have by definition (—Kx)? = d. Moreover, as Tx has rank 2, we have ¢;(X) =
c1(A*Tx) = c1(—Kx) and hence deg(c;(X) N (—=Kx)) = d as well. It thus remains to
compute deg(co(X)). Let x(X, Ox) be the Euler characteristic of the structure sheaf on X.
By Lemma 3.2.1 of Kollar [124], we have x(X,Ox) = 1. Moreover, Noether's formula (see
Example 15.2.2 of Fulton [79]) gives

X(X, Ox) = ((=Kx)? + deg(c2(X)) /12,

which implies deg(co(X)) = 12 — d. Once combined with (7.2.1)), we obtain do(X) = 12.

In the light of Proposition [7.2.3] it thus remains to show that X is reflexive. To do so, we
make use of the Monge-Segre-Wallace criterion in the form given by Kleiman [122, (4)
Theorem]|, which asserts that X is reflexive if and only if the map ¢: Z(X) — X* is separable.
The map ¢ is known to be finite and by definition its degree deg(¢) is the degree of the
induced extension of function fields K(X*)/K(Z(X)). By the last equation on page 152 of
Holme [110], we have deg(¢) deg(X™*) = do(X). In particular, deg(¢) | 12. As we assume
that char(K') # 2, 3, this automatically implies that K (X*)/K(Z(X)) is separable and hence
X is reflexive by the Monge—-Segre—Wallace criterion. [

Remark. At least the condition char(K) # 2 is necessary in the last proposition. Indeed,
it follows for example from Lemma 4.1 of the authors’ work [88] that if K = F,(¢)** with
char(F,) = 2, then the dual variety of the Fermat cubic surface is again a Fermat cubic
surface.
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7.2.2 Algebraic number theory

We call K a global field if it is a finite extension of QQ or the function field of a curve over
a finite field. When K is a function field of positive characteristic p, suppose F, is the field
of constants of K. We can then always find an element ¢ € K that is transcendental over
[F, and such that K/IF,(t) is separable. Note that the choice of ¢ is not unique, but this is
irrelevant to us. We shall then write k = F,(¢) and if K is a number field, we write k = Q
and in either case define dx = [K: k|.

The ring of integers Ok of K is by definition the integral closure of Z and IF, [t] respectively. By
definition, a non-archimedean place p of K is a discrete valuation ring O,y C K with field of
fractions K with the additional constraint ', C O(,) when char(K) > 0. A non-archimedean
place corresponds to an embedding K — C and only exists in characteristic 0. We then define
QK to be the set of places lying above the infinite place ¢t~! in F,(¢) when char(K) > 0
and to be the set of archimedean places when char(K) = 0. In either case {2 denotes the
set of all places of K and Qk ; = Qk \ Qk o the set of finite places. In addition, we let sk
be the cardinality of Qx .

If v is a place of K and p the corresponding place of £ lying below it, we let K, and k, be
the completions of K and k with respect to v and p respectively and define the local degree
d, = [K,: k,]. If v is non-archimedean, we let O, C K, be the ring of integers and m, its
maximal ideal. For any place v, we define an absolute value on K via

2], = |z|% if v is archimedean,
v #(0,/m,) @ if v is non-archimedean,

where | - |« denotes the usual absolute value on C and v, the normalised valuation on K
induced by v. Via the embedding K — K, corresponding to the place v this gives rise to an
absolute value on K.

Remark. Note that if v is a complex place, then strictly speaking | - |, is not an absolute
value in the usual sense, as it does not satisfy the triangle inequality. However, it still satisfies
|z +yl, < 4max{|z],, |y],}-

When p is a prime ideal of Ok, we define its norm to be N(p) := #(Ok/p) and extend

it multiplicatively to all fractional ideals of Ok. If ay,...,a, € K, we let (aq,..., )
be the fractional ideal generated by a4, ..., a,,. By abuse of notation, we shall then write
N(ay, ..., ) instead of N({aq,...,ay,)). Similarly, if v is a non-archimedean place we also

write N(+) for the ideal norm on O,. When K is a function field, a divisor is by definition a
formal sum a =3 ., e,v, where e, € Z is non-zero for at most finitely many v. We then
define deg(a) = > e, deg(v), where deg(v) = [(O,/m,): F,] is the degree of the residue field
extension. We shall then also write N(a) = ¢9°¢(®) and refer to it as the norm of a.

Further, given K, there exists a standard additive character v, : K, — C* as defined in [161,
Chapter 7]. In particular, these have the property that when v is a finite place then O, C K, is
the maximal subgroup on which 1, acts trivially. As a result we obtain the following character
orthogonality relation. The proof is standard, so we omit it here.

Lemma 7.2.5. Let v be a finite place of K, let w be a uniformizer of K, and let r > 1 be
an integer. If a € O, we have

a5, - el

0 otherwise.
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7.2.3 Height functions

We can construct an exponential height on P"(K) via

H(z) = [] max |z,
vEQK —
whenever & = [z, ..., x,] € P"(K). Note that our normalisation of the absolute values implies
that the product formula [[,cq, |z|, = 1 holds for any = € K, so that the height on P"(K)
is indeed well defined. Observe that if = [z, ..., z,] € P*(K) with (z¢,...,2,) € O,
then

In addition, for z € O%™ we define the norms

il = max max o), and el = Vlgoorgag; 3.

Given R = (R, )yjc0 € RYj we define |[R| =[], R, and
L(R) ={z € Ok: |z|, <R, for all v | oo}.

The following results are all standard over number fields and should be well known over
function fields. Due to a lack of statements in the literature, we provide full proofs in the case
of function fields.

Lemma 7.2.6. Let R = (R,),|~o € RY] and let a C Ok be an integral ideal. We have
|IRIN(a)"' <x #(L(R)Na) <x max{1,|R|N(a)"'}.

Proof. If K is a number field, this is Theorem 0 in Chapter V§1 of Lang [128]. We may
therefore assume that K is a function field. Without loss of generality, we may assume that
R, = ¢ for some r,, € Z, where ¢"* € |K,|,. In particular, we may choose elements a, € K,
such that |a,|, = R, for all v | co. The condition x € (L(R) N a) is then equivalent to

v, (x) > —v,(a,) forall v | oo and  vy(x) > vy(a) for all p | a. (7.2.2)

Let C' be the smooth projective curve associated to the function field K and let g be its genus.
We then define the divisor D € Pic(C) to be D =32, v, (a,)v — X vp(a)p. For z € K,
denote by (z) = >, v, (x)v the associated divisor inside Pic(C') and define the Riemann—Roch
space
L(D)={x € K*: (x)+ D >0} U {0},

where the notation (x) + D > 0 means that the divisor is effective. It is then clear from
(7.2.2) that L(D) = L(R) Na. The Riemann-Roch space defines an [F-vector space and we
denote its dimension by /(D).

Let deg: Pic(C') — Z be the degree map, which for the divisor D defined above satisfies
deg(D) = X, log,(R,) — log,(N(a)). If deg(D) < 2g — 2, then as the degree map has
finite fibers whose cardinality is given by the class number of K and L(D) only depends on
the class of D in Pic(C), there are only O(1) possibilities for £(D). We may therefore assume
that deg(D) > 2g — 2 from now on. In this case the Riemann-Roch Theorem in the form
given by Rosen [164, Corollary 4] tells us that (D) = deg(D) — g + 1, so that

#(L(R)Na) = ¢"? = ¢' 9| RIN(a) ",

which completes the proof. O
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Fix ay,...,a, C Ok to be a full set of representatives in the class group of K once and for
all. Whenever we indicate that an implied constant depends on K, then it is implicitly allowed
to also depend on our choice of the ideal class group representatives.

Unless K is a principal ideal domain one cannot longer ensure that an element in P"(K) has
a representative in Q%! such that the coordinate entries generate Q. Instead in this more
general setting the set of primitive vectors is replaced by the set

Z = {:136(’)’}(“\{0}: (o, ... xn) =@ forsomez':l,...,h}.

Note that if x € Z] is a representative for an element z € P"(K) then we have H(z) =< ||x|| .
Since ||lul|, =1 for any unit u € Ok the set {x € Z): ||z|_ < B} is potentially infinite.

Lemma 7.2.7. Let \, € R be given for v | co. Then there exists a unitu € Ok andt € R

such that
)\,, =K |U|V

t

Proof. If K is a number field, this is proved in the Lemma on p. 187 of [182], so that we may
assume that K is a function field from now on. Upon defining X}, = log, A, the statement of
the lemma is equivalent to

A, + log, (t) —log, (u)| < C,
for some fixed constant C' = C'(K) > 0. If we define
¢: O — R*%, u s (log, |uly)v|co,

then I' = ¢(O%) @ 1Z is a lattice of rank sk, where 1 = (1,...,,1). Thus the quotient
R*x /T" is compact and we can find a unit u € O and ' € Z such that

‘)\;/ + t'— logq(u)‘ < Ca
where C only depends on K. The statement now follows upon setting t = ¢"’. O

Lemma 7.2.8. There exist constants ci,cy > 0 depending on K such that every member of
P"(K) has a representative © € Z!, such that c||z|| < HacHiésK < o]

Proof. Let y € P"(K) and suppose &’ = (xy,...,x,) € Z! is a representative for y. Define
Ay = max{|z{l,,...,|2,|,}. Then by Lemma |7.2.7 we can find a unit u € O and t € R
such that A\, <k |u|,/t for all v | co. Taking the product over all infinite places, we deduce
that

1= H tmax{|zgly, ..., |z, } =% |x'|| .,
v|oo

which implies that ¢! = [|2/||)/*. Moreover, if we define = u~'a’, then we have
max{[zoly, - faly} = 470 < )l L
since |||/, = ||*'||- As x is also a representative for y in P"(K), the result follows. [
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Let ¢q, ¢y be the constants from Lemma 7.2.8. We then define
Zy = A{m € Z);: cr|la|| < 2| }[F < ol ]|},

so that in particular every element in P"(K) has a representative in Z,,.

For x € K, we define the affine height
h(z) = H(1,z).
Lemma 7.2.9. Let K be a global field. Then

{u € Ok : h(u) < B} <4, (log B)**.

Proof. If K is a number field this is proved by Broberg [27, Proposition 4] and so we may
assume that K is a function field. Let IF, be the field of constants of K. If we define

qb: OIX( — ZSK, U — (1qu |u’1/)u\ooa

then ¢(Oj) is a lattice of rank sx — 1 inside Z°% and ¢ is a group homorphism with kernel
F. Note that for any u € O we have h(u) = h(u™"), so that if h(u) < B holds, then we
must have max, | |log, ul,| < log, B. It follows that the number of units in question is
O((log B)®¥) as desired. O

Lemma 7.2.10. Let L/K be an extension of degree d and let y € Ok \ {0}. Then
#{(y1,12) € O3 y1yp =y and |y;], < R for all v € Qg o,i = 1,2} <ax (BN(y))7,

where | - |, is extended uniquely to L.

Proof. Note that by the usual divisor bound, there are O(N(y)?) ideals in Ok that divide (y).
Moreover, if p is a prime ideal of Ok and we have a factorisation p = pi' - - - pS into prime
ideals of Oy, then we must have 3°7_, e; < d. It follows that there O(N(y)*9¢M)) = O4(N(y)?)
divisors of the ideal (y) in O.

Now suppose that y; and z; generate the same ideal and y;y> = 2125. This implies that
21 = uy; and 2y = u~ 'y, for some unit u € Or. Thus if |z], < R, we have |u], < R/|yil,
for i = 1,2. Moreover, if w is a place of L lying above v, then |u|, = |u|%, where d,, is the
degree of the extension K, /K, . In particular,

hu)= [ max{l,|ul.} < [[ R™yls" < RNy (y:)™ < R

UJEQL‘VOO UJEQLQO

If char(K) > 0 and [, is the field of constants of K, then the field of constants of L is an
extension of [F, of degree at most d. Therefore, s; < dskx and Lemma 7.2.9 implies that
there are Oy((log R)¥%) = O4(R?) available u, which completes the proof. O

Suppose we are given a morphism ¢: P* — P of the form ¢(x) = (¢po(x), ..., ¢m(x)) where
®0y -+, Om € Oklxg, ..., T, are homogeneous forms of degree e without a common zero in
K. Then functoriality of heights implies that
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where the implied constant depends on n, m, K and ¢.

Given f € K[xy,...,x,| wedefine || f|| = || f|l, where f is the coefficient vector of f. Similarly,
we can extend it to vectors F' = (fi,..., f,) € K[x1,...,z,|" by setting ||F|| = max || f;||.
We require a version of the functoriality of heights for morphisms P! — P with an explicit
dependence on the height of the morphism.

Lemma 7.2.11. Let ¢): P! — P" be a morphism over K given by

¢([u7 U]) = [¢0(u7 U), ce 7¢TL<U’ U)],

where ¢; € Ok|u,v] is homogeneous of degree d for i = 0,...,n and the v; do not share a
common non-constant factor. Then

1P H (fu, 0])* xna HW(u,0]) <gna 017 H([u, o),

where the implied constants and B only depend on K,n and d.

Proof. The upper bound is easy: for any (u,v) € Z;, the triangle inequality implies

H(([u, v])) = N(@(u, v)) " [] max{|¢i(u, )|} < [T max{|vil,} max{|ul,, [v],},

v|oo v|oo

from which the claim follows.

For the lower bound, a repeated application of the Euclidean algorithm gives
Cu’ = Zfﬂ/%‘(% v) and Cv° = Zfi,wi(uv v)
i=0 i=0

for some homogeneous forms f;, f/ € O[u,v] of degree e — d and C' € Ok. Moreover,
an inspection of the algorithm reveals that e only depends on n; that the f; and f/ can be

taken to satisfy ||f;]], | f/]| = O(||¢|”) and ||C| = O(||¢||B,) for some absolute constants
B,B" > 0. It follows that if a | (¢(u,v)) for (u,v) € Zy, then a | (C)(a;---ap)¢, where
ai,...,a, are a set of representatives for C'Lx. Therefore, for any v | oo,

Clymaxc{Juls, [ols} = max {3 fis(w,0)] L[S fratu,v)] }
< [l mas{luls, ols~} max{ei(u, v)]},

which implies

H(t(u,v)) = N(t(u,v))"" [T max{|ei(u, v)], }

v|oo

> N(O) el H([u, o))
> [l H([u,v))?

for some constant B” > 0. O
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7.2.4 Rational points on varieties

For ¢ € P"(K), we shall write H. C P™ for the hyperplane defined by ¢ - = 0. We then
have the following result, which follows for number fields from work of Bombieri and Vaaler
[17] and for function fields from work of Thunder [194].

Lemma 7.2.12 (Siegel's Lemma). Let K be a global field and € P"(K) with H(x) < R.
Then there exists ¢ € P*(K) with H(c) <, , RY/™ and x € H.,.
The next result [155, Theorem 1.8] will be helpful when dealing with singular hyperplane

sections.

Lemma 7.2.13. Let C C P" be an irreducible curve of degree ¢ > 1. Then

#{x € O(K): H(zx) < B} Kenx BY°.

We will need strong upper bounds for the number of rational points on irreducible varieties
of large degree to control the number of degenerate hyperplane sections. Let X C P be an
irreducible variety of degree d. Then the estimate

#{x € X(K): PY(K)} g BIX)H (7.2.3)

is proved via a simple inductive process of taking hyperplane sections, see for example
Lemma 5.6 of [35] for the case K = Q. We omit a proof here. Using the determinant method,
one can do significantly better. The principal input is the following result [155, Theorem 1.11]
building on work of Salberger [169] and Heath-Brown [104], that demonstrates the truth of
the dimension growth conjecture for all global fields.

Proposition 7.2.14. Let X C P" be an integral variety of degree d > 5. Then

#{x € X(K): H(x) < B} Kgnx B™E).

We shall also make us of the following result about representations by binary quadratic forms.

Lemma 7.2.15. Let Q) € Ok]ls,t| be a binary quadratic form without repeated roots and let
R € R, If char(K) # 2, then for any v € O we have

ro(7, R) = #{(s,1) € O%: |(s,)|, < R, for all v | 00, Q(s, 1) = v} <x (IR[|QIN(7))".

Proof. As char(K) # 2, we can always find P € GLy(K) such that Q(P(s,t)) is diago-
nal. Moreover, it is clear that P can be chosen in such a way that its entries p;; satisfy
Ipi; || < ||Q|I°. Setting (x,) = P(s,t), the equation then becomes az?® + by® = ~, where
(a,b)]| < [|QII* and |(x,y)|, < ||Q||® R, for all v | co. Multiplying both sides by a suitable
element in O, we may assume that a is a square in Ok and a,b € Ok, so that after applying
another change of variables, it transpires that

ro(k, R) < #{(z,y) € Ok |(z,9)|, < [QII" Ry, 2* + dy* = '},

where ||d|| < [|Q||” and |7/|, < ||Q||"|7], for all v | co. Let L = K(+/d) and note that in
L we have the factorisation of integral ideals

(z — Vdy)(z + Vdy) = (7).
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Let 2, = . —v/dy and 2z, = = ++/dy. Since Q is square-free, the assignment (z,y) — (21, 22)
is injective. Moreover, if we also denote by | - |, the extension of |- |, to L, then we have

|z, < [Vd|, max{|z),, [yl.} < [QI"R, < |Q||"|R|

for i = 1,2. Therefore, Lemma 7.2.10 implies that the number of available (z1, 25) € O is
B € € H
O((IQIFIRIN(v))?) = O(([[QII[RIN(7))%)) as desired. O

Corollary 7.2.16. Let Q) € Ok]|s,t] be a square-free binary quadratic form. Suppose we are
given R € R¥ and S > 0. If a C Ok is an ideal, then

#{(5.1) € Z: (5, 0)]u < Ror Q5. D) < S.Q(5.1) € a} < max {1, N'fc'l)} (IRISIQII)".

Proof. There are O(1) possible (s,t) € Z; for which Q(s,t) = 0, and so it suffices to bound
the contribution from those with Q)(s,t) # 0. Fix a place w | oo of K and let us split |Q(s, )],
into dyadic intervals for v # w, say |Q(s,t)|, ~ w,. The quantity we want to estimate is then
at most

S #{(5.1) € 0% 1(5.0)] < s Qo) € 105 )k < S T[ s, 1Q(s. Ol < s}
Wy v|oco

v#w

In the notation of Lemma [7.2.15, each term in the sum is at most

> (v, R) < > _(|QIN(M)IR])*

YEQ YEQ

< (HQHS\RD‘EmaX{L Nfa)}

where the sum over v runs over all v € a such that |y|, < w, for v # w and |v|, < ST[w,!
and we successively applied Lemmas 7.2.15/and 7.2.6. We clearly have |Q(s, )|, < ||Q||R? and
hence also |Q(s,t)], > ||Q|"** | R|~2¢x+1), so that there are O((||Q|||R|)?) possibilities
for w,, which gives the result. [l

We also need the following easy generalisation of a result due to Broberg [27, Lemma 9].

Lemma 7.2.17. Let G € K|xy,...,x,] be a polynomial of degree d and R,S > 1. Then

M(G,R,S) =#{x c OL: ||z| < RY** N(G(x)) < S} <g R 1tes/4,

Proof. We first give a proof for the case n = 1, so that G € K|[z]. Upon dividing through by
the leading coefficient, we may assume that GG is monic. Over an algebraic closure K of K
we then have the factorisation

d
G(x) = [ — a),
=1
for some a; € K. As L = K(ay,...,a,) is a finite degree extension of K, every place

v € Qk o extends uniquely to L and by abuse of notation we shall also denote it by . We
then have

N(G(z)) = H H |z — a;,.

1=1v|oo
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In particular, if N(G(z)) < S, then we must have

1|z —ail, < s

v|oo

for some 1 < i < d. Note that ||G|| + RY*x ¢ < |z — a;], < ||G|| + RY/*%, where the upper
bound follows from ||, < R'/*5 and the lower bound is a consequence of the upper bound
and 1 < N(G(z)). Let us now fix a place w | oo of K and put |z — a;|, into dyadic intervals

for v # w. We thus have that M (G, R, S) is bounded above by

d
ZZ#{x € Ok: |z|, < RV*% |z — a;|,, < SV/¢ 1w, " |z — ail, < w, for all y#w},

=1 wy y;ﬁw

where the sum over w, is over all tuples of dyadic powers (w, ), such that |w,| < (R+||G]|)
and 1 < [L,w, < SY4. If 2,2’ € O satisfy |z — a;, < w, and |2/ — a;], < w,, then
|z — 2’|, < w,. From Lemma 7.2.6 we thus obtain

M(G, R, S) <y S < (R|G|[)*s",

which is satisfactory.

Next we assume that n > 1. Fora = (ay, ...,a,) € OF ', definex’ = (v, mo+aszy, ..., 0,0+
a,r1). Let G4 be the homogeneous degree d part of G. We now claim that we can take a €
O such that deg, (G(2')) = d. Indeed, the assertion is equivalent to Gy4(1, as, . .., a,) # 0
and since G is not the zero polynomial, we can always find such an a with ||a|| < 1. The
new variables =’ now satisfy |x'|, < R'/*%, where the implied constant depends on a. Once

xh, ...,z are fixed, then by construction g(z}) = G(x},...,2!) is a degree d polynomial

and since ||7}]| << RY*x fori=2,...,n, we have |g|| < R¥*k. In particular, from the case
n = 1 and Lemma [7.2.6, it follows that

M@G,RS) < Y #{c, € Ox: Ng(c)) < S, |e)], < RV} <« Rr1+e51/d,
ah,...,xn, €0k
|} ], < RY/*K

For separable binary forms we can prove a stronger result, which we will require.

Lemma 7.2.18. Let f € K|s,t| be a separable binary form of degree d and let R, S > 1.
Then we have

M(f,R.S) = #{(s.t) € Zy: ||(s,1)]| . = R, N(f(s,1)) < S} <5 R'* (1 + R;gl)

Proof. First note that there are O(1) many solutions in Z; to f(s,t) = 0. For the remainder
we will therefore proceed to only count the contribution such that f(s,t) # 0. After rescaling
f by a constant we may assume that it is of the form

d
f= H(s — agt),
i=1
where a; € K. Since K(ay,...,ay) is a finite algebraic extension of K we may extend each

place v | co. By an abuse of notation we will denote the extended place by . The elements
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a; are pairwise different since f was assumed to be separable. Therefore, if we take a constant
¢ > 0 sufficiently small in terms of the polynomial f, then given v | co there is at most one
index i, € {1,...,d} such that

|s — a;,t|, < cmax{|s|,,|t|,}

Therefore we have
d
N(f(s,t)) = [T IIIs — aitl, < R ] Is — aito-
v|oo i=1 v|oo

Fix a place w | oo and divide the absolute values |s — a;,t|, for v # w into dyadic intervals
(v, 27, say. Then since N(f(s,t)) < .S we have that

1"

v#w

S
|s — a; t|l, < =
For fixed ¢ these restrictions imply that there are at most O(1 + S/R%"!) many s available.
Since ||| < R, from Lemma 7.2.6/ we see that each such dyadic decomposition contributes at
most O(R(1+S/R%1)). Clearly we must only consider dyadic intervals such that ~y, < RY/*x.
Since N(f(s,t)) > 1 whenever (s,t) € O% is not a zero of f we have that

v > RTEK

It follows that there are O(R°) relevant dyadic intervals to consider, which completes the
proof of the lemma. O

7.3 Geometry of numbers and rational points on conics

In this section we will first recall basic properties of O-lattices and establish analogues of
classical results from the geometry of numbers. In the second part of this section, we use
them to obtain uniform upper bounds for the number of rational points on conics.

7.3.1 Lattices

Let R be a Dedekind domain with field of fractions K. We call a finitely generated torsion-free
module A an R-lattice and denote the corresponding vector space K'A by V. The dimension
of V is called the rank of A. Suppose that A’ C V is another R-lattice of the same rank r as
A. By the invariant factor theorem [162, Theorem 4.14], there exist elements eq,..., e, € A
and unique fractional ideals by,...,b,,¢1,...,¢. C K such that ¢; C --- C ¢, and

A= @ biei and AI = @ cibiei.
i=1 i=1

Moreover, A’ € A if and only if ¢; C R for i = 1,...,r. We then define the index
ideal of A" in A to be the fractional ideal (A: A’) = ¢;---¢,. Note that if A’ C A, then
N((A: A")) = [A: A’], where the right hand side denotes the ordinary index of abelian groups.
In addition, if @ € (A: A’), then we have A C a1\

Let us now specialise to the case where R = Qg is the ring of integers of a global field.
Suppose we are given an Okg-lattice A. We can then form the O,-lattice A, = A ® O,
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for any finite prime p. If A" C V' is another lattice of full rank, then we have A, = A} for
almost all p and so it is clear that we have (A: A') = N(A,: A}), where the intersection takes
place in Og. If we are given sublattices L, C V, = K,V for all finite primes p such that
L, = A, for all but finitely many p, then A’ := (L, defines an Ok-lattice in V' such that
A, = L, for all p. It follows from the local description of the index ideal that if A € GL(V),
we have (A: AN') = (det(A))(A: A). For details we refer the reader to Sections 4 and 5 of
Reiner [162].

If V.= K" and A C V is an Ok-lattice of rank n, then the determinant det(A) is defined to
be N((OF%: A)). For v | 0o let S, be an open, symmetric, convex and bounded subset of K’
such that for all complex places v we have S, = &S, whenever a € k, and ||, = 1. We

shall consider
S = H S,.

v|oo
We may realize A via the diagonal embedding inside [], ., K. Let k., be the completion of k
at the infinite place and | - |, be the associated absolute value on k... Thatis, if £ = Q then
koo = R and |- | is the usual absolute value, whereas if k = F,(t), then ko, = F,((t7')) and
| - | corresponds to the absolute value induced by the degree on the F,(¢). We define the
i-th successive minimum of A with respect to S to be

Ais = 1nf{|A|: A € koo and AN AS contains i linearly independent vectors}.

It is clear that we have
As <A << Ays.

Frequently we shall take
S, ={x e K} |v;|, <1lfori=1,... ,n}, (7.3.1)

in which case we will denote the successive minima with respect to S simply by A;. Recall that
K, is a locally compact abelian group, so that in particular it can be endowed with a Haar
measure dx, that we normalise in such a way that dz, is the usual Lebesgue measure when v
is real, 2 times the Lebesgue measure when v is complex and foy dz, = |CDV|11/2, where ©,, is
the local different of the non-archimidean place v. We can extend the Haar measure to K]
by dz, = dxy, ---dw,,. If S, C K] is measurable, we shall write vol(S,) = [ dx,. We
have the following version of Minkwoski's second theorem over global fields.

Lemma 7.3.1. Let A and S be as above and let \; g < --- <\, g the successive minima of
A with respect to S. Then we have

det(A) < ] vol(Sy)(Ars - -+ Ans) .

v|oo

This was proven independently by Bombieri-Vaaler [17, Theorems 3 and 6] and McFeat [142]
for number fields and by McFeat [142] in the case of function fields. The formulation in the
respective works looks slightly different, but one can arrive at our presentation of the result by
the same considerations as in the proof of the Corollary to Lemma 5 by Broberg [27]. We
remark that if we choose S, as in (7.3.1) then Lemma 7.3.1] states

det(A) < (Ap---\,)%. (7.3.2)

Note that if A € k.., then |\ = |\|%, where d, is the degree of the extension K, /k.
Therefore, by the discreteness of A and the definition of the successive minima, (7.3.2) implies
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that A contains an element & with |2, < A\{* with equality for at least one v | oo, so that in
particular
2| = [T |z, < [T A% = A% < det(A)".
v|oo v|oo

A useful consequence of this is the following. Let a C Ok be an ideal. Then a is clearly an
Og-module with det(a) = N(a) and by (7.3.2) it contains an element x € Ok such that
N(z) = ||z||,, < N(a). Moreover, because (z) C a, we also have N(a) < N(z), so that in
fact N(a) =< N(x). We will make frequent use of this fact without further comment.

For the following lemma, we need to introduce some notation. For any place v | oo, we let
P, denote the maximal compact subgroup of GL,,(K,). When K, = R, this is just O, (R),
when K, = C this is U,(C), while for non-archimedean places it is GL,(O,), where O, is
the ring of integers of K. By the lwasawa decomposition, as presented by Weil [207, Chapter
Il, §2, Theorem 1], for any matrix M € GL,(K,), there exists a matrix A, € P, such that
A, M is upper triangular. Moreover, we have |A, x|, < |x|, for any x € K’ and A, € P,.

Lemma 7.3.2. Let A C K™ be a lattice with successive minima \y < --- < \,,. Then there
exists a free O lattice \' C K™ with basis by, . .., b,, such that

(i) A C A,
(ii) det(A) <k, det(A),

(iii) there exist matrices A, € P, such that A,b; = (b(l) b0, ,0) satisfying

' 1,9 1,0
|bz(2|u =xn A" forall1<i<mnandv| oo,

(iv) if € € A is given by & = Y1, y:b; with y; € Ok, then |y, <gn || A\ for all
v | oo.

Proof. By definition of the successive minima, we can find K-linearly independent vectors
ci,...,¢, € A such that |¢;], < A% for all v | oo with equality for at least one v. Let now L
be the free Ok-lattice given by

L= @OKCi-

i=1
Note that we clearly have L C A. Our next goal is to show that det(L) =< det(A).

To do so, observe that since L is free, we have det(L) = N(det(e¢y, o, ..., ¢,)), where
(c1,...,¢,) is the n X n matrix having ¢; as its ith column. For every place v | 0o, choose a
matrix A, in the maximal compact subgroup of GL, (K,) such that

Ayc; = (CQ) . ,c(i) 0,...,0), (7.3.3)

V) 1,19

which is always possible by the Iwasawa decomposition. Since |det(A,)|, = 1, we then have

N(det(er, ..., eq)) = [T 1) --- e, (7.3.4)

v|oo

As A, is norm preserving, we also have ]cgll),|,, < leil, < A%, Since L € A, we must have
det(L) > det(A), whence

det(A) < det(L) < (Mg - M)
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by (7.3.4). However, by Lemma 7.3.1 we have det(A) < (A\; -+ \,)% and thus
det(L) < (Ar -+ Ay)™ < det A

as claimed.

We now continue with the construction of the lattice A’ whose existence we want to show.
Let us choose b € (A: L), so that A C b~'L. We have

1l —-—= 7

=N(A: L),

so that upon multiplying b with a unit if necessary, we may assume that [b|, =< 1 for all v | .
If we define the lattice A’ = b=!L, then by construction we have A C A’. In addition, it holds

that
_ det(A)
AN)=N tbTA) = = A
det(A') (Ok: b A) NOE det(A),
as claimed in (ii). It thus remains to verify the properties asserted in (iii) and (iv) of the
lemma. If we define b; = b='¢; for i = 1,...,n, then by construction A’ is the free O-lattice

with basis by, ...,b,. Let A, € P, be the matrices in (7.3.3) and define bE”) € K, to be the

jth entry of A, b;. Note that this value is explicitly given by bilcgij). Returning to (7.3.4) and
recalling that det(A) =< det(L) = N(det(cy, ..., c,)), we deduce from Lemma 7.3.1 that

A A < I fet) - e,

v|oo

L (Ag-e )\ifl)dK)\fK_d"|C(',iz)/\u()\z’+1 e )T

(]

for any 1 <i <n and v | 0o, where we used that |cz(2 L <L el < /\f” and that Y. d, = dg.

It follows that \cl(l,z y = A As |b|, < 1 for all v | co and ]bg’l), y = \b[ljl]cg?,],,, this completes
the verification of (iii).

Turning to (iv), suppose that @ € A is given by @ = Y7 | y;b; with y; € Ok. Then we have

b by, oo WD\ (0

0o p¥ ..o :
x|, < [A,z|, ) _Q’U " .

0 - 0 0%/ \un

v

which implies [y, = |(Av@)n|, ||, where (A,2),, denotes the nth entry of A,a and
hence
|Ynly < |w|l//)‘ﬁu

by (iii). Similarly, we get

by = (Aya), 1 — ynb Y

and thus
Ynilo < (2] + |yl VL) /10001 < J2] A%

again by (iii) and using that \bg};l)b < A% Continuing in this fashion completes the
verification of (iv). O
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Using this, by the same ideas and techniques as in chapter 12 of [61] one obtains very good
bounds on the number of lattice points within a bounded box.

Lemma 7.3.3. Let A be an Ok-lattice of rank n and for R = (R,), |~ € R, define
NAR)=#{x e A: |x|, <R, forallv|oo}.

Then if Ay, ..., \, are the successive minima of A, we have

- R
N(A,R) XK,TL HmaX{l,AdK .

i=1 i
Proof. For the lower bound, let a,...,a, € A be linearly independent over K such that
la;|, < A forall 1 < i < nandv | 00. Then any @ = ¥ | p;a; with pu; € Ok and
1], < R,/ A% will be counted by N(A, R) provided the implied constant is sufficiently small
with respect to n. By Lemma [7.2.6 we have

n R
H{ (1, pn) € O ||, < RV//\?” forall1<i<mnandv|oo} = Hmax{l,’)\d!},

=1 )

from which the lower bound follows.

Turning to the upper bound, let A’ be the lattice from Lemma 7.3.2. Then as A C A’ it clearly
suffices to prove the claimed upper bound for N(A’, R) instead of N(A, R). Let by,..., b,
be the basis of A’ and write © = 31" | y;b; with y; € Ok. Then if ||, < R,, it follows from
(iv) of Lemma 7.3.2| that

‘yi|u < ’w|u)\;du'

In particular, if ||, < R,, then |y;|, < R,A\;® and by Lemma 7.2.6 the number of such
y; € Ok is O(max{1, |R|\;"*}) as desired. O

7.3.2 Rational points on conics

Suppose we are given Ry,..., R, € RYj with R, = (R;, ), and set
L(Ry,....R,) ={x € Of: |z;|, < R;, forall v | oco}.

Let F' € Oklxy,x9, 3] be a quadratic form. In this section we are concerned with upper
bounds for the number of elements in @ € L(R;, R, R3) such that F(x) = 0 which are
uniform with respect to F'. Given such F', we let M € Mats.3(K) denote the underlying matrix
and define A(F) C Ok and Ay(F') C Ok to be the ideal generated by the determinant and
2 x 2 minors of M respectively. The following results were proved by Browning and Swarbrick-
Jones for number fields [43] and go back to work of Heath-Brown [101] and Broberg [27],
who proved a slightly weaker version in the context of the rational numbers and number fields
respectively.

Proposition 7.3.4. Suppose we are given a non-singular quadratic form F' € Ok|xg, x1, x2]
and Ry, Ry, R3 € RYS. Then

Np(Ry, Ry, R3) = #{x € P*(K)NL(Ry, Ry, Ry): F(z) = 0} < 1+ (|R||Ro||Rs])"%.
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Proof. If K is a number field, this is Theorem 4.7 of [43], so we may assume that K is a
function field. Moreover, the proof is almost identical, so we shall be brief. Note that if
|R;| < 1 for some 1 < i < 3, then this forces z; = 0. In particular, every point counted by
Nr(Ry, Ry, R3) lies on the intersection of a conic with a line. By Bézout's theorem there
are at most 2 such points over K. Therefore, from now on we may and shall assume that
|R;| > 1 for 1 <i < 3. Define R = |R;||Rs||R;3| and choose prime ideals py,...,p, C Ok
such that
cRY? <N(p) <--- <N(p,) < R'?,

where ¢ > 0 and r are constants to be determined in due course. First suppose that
N(p;) | A(F) for i = 1,...,7. Then we have N(A(F)) > R'/? and hence ||F| >
N(A(F))Y/3x > Rr/9K_ |etting B = [Tyjoo max{Ry,, Ry, R3,}, then it is clear that
B < R and that any x € Z, with |z;|, < R;, satisfies |||, < B. In particular, if we choose
r > 108, it follows from Lemma [7.4.2 that Np(R;, Ry, R3) < 1, which is sufficient. We
may therefore assume from now on that there is a prime ideal p with N(p) < R/ such that
p 1 A(F). Let F, = O, /pO,. As the reduction of F' modulo p is non-singular, the projective
conic defined by F' = 0 over I}, has precisely N(p) + 1 points and our goal is to show that any
such solution gives rise to at most 2 projective points. Given that N(p) < R'/3, this will be
sufficient to complete the proof.

Suppose that zy € F} \ {0} satisfies F'(xo) = 0 (p). Then by a Hensel lifting argument we
can always find x; € O, such that &; = @, (p) and F(z;) = 0 (p?). Suppose now that
X € Zy is such that & = Ax; (p) for some A € Ok and F(x) = 0. It follows that there exists
z € (’):}( such that © = A\x; + 7z, where 7 is a uniformizer of O,. We then have

Az - VF(x) =0 (p?).

Moreover, we can assume that R is sufficiently large so that p is not equal to one of the fixed
representatives of the class group of K. As x € Z5, we must then have A ¢ p and hence
z-VF(x1) =0 (p). Therefore, - VF(x;) = 0 (p?) and & must belong to the set

{x € Og: x=Axo(p) and - VF () =0 (p?)},

which defines an O,-lattice L, of determinant N(p)? and rank 3. Let now A be the unique
Ok-lattice such that A, = L, and Ay = O, for all ¢ # p. Moreover, choose elements
M1:72,73 € K such that [yi[, =< T[j=1 2,3, R, and define

L' = {(71$1,7296’2,’Y3$3) € K (951,9527353) € A}7

which is an Ox-lattice of determinant det(L') = |R|?N(p)3. Let A’ be the lattice from
Lemma 7.3.2 containing L’ with basis by, by, b3 € K3 and successive minima A\; < Ay < 3.
If we write @ = y1b1 + y2bs + y3bs, then it follows from (iv) of Lemma 7.3.2 that |y;| <
||, A% < Ri,Ry,Rs,\3%. Moreover, it follows from (7.3.2) that ;%% > det(A’) =
R2N(p)? and hence after taking the product over all places, we deduce

R3
N(ys) < RN )P < 1.
In particular, if we choose ¢ from the beginning of the lemma sufficiently large, then we must
have y3 = 0. It follows that « lies on the intersection of the quadric with a line, and hence
contains at most 2 projective points by Bézout's theorem. O

144



7.3. Geometry of numbers and rational points on conics

Lemma 7.3.5. Let € Ok be such that F(x) = 0. If char(K) # 2, then x must lie in at
least one of O(T(A(F))) many lattices I' such that det(I") >k %, where T is the
divisor function on ideals.

Proof. If K is a number field, this is Corollary 4.6 of [43], so we may assume that char(K) > 2
from now on. Let p C Ok be a prime such that p | A(F') and 7 a uniformizer of O,. As in
the proof of |27, Lemma 4(b)], we may diagonalize I and assume that it is given by

F(x) = e, 2] + e9m®223 + e3m*% 73,

where oy > as > a3 > 0 and ¢; are units. In particular, if we set a, = 1,(A(F)) and
by = 1,(Ag(F)), then a, = a; + g + a3 and b, = a1 + ag. We now claim that if
T € (93 satisfies F'(x) = 0, then there are O,-lattices Ly,..., Ly with M < a3+ 1 and
det(L;) > N(p)@as—az=a1)/2 — N(p)(2%=3)/2 The statement will then follow upon letting I"
to be one of the lattices such that I, = L; for some 1 <i < M and p | A(F).

Suppose that z; = w&u;, where u; € O, fori=1,2. Then if F(x) =0, we must have
Uit 4 cpuin®2 T2 = () (73), (7.3.5)

We now consider two cases. First, let us assume that oy < min;—; o{cv; +2&;}. Then if we set

X3

Ly ={x € O}: z; € (pO,)=0I7571 i = 1,2},

it is clear that L, is an O,-lattice of rank 3. We must have & € L; and in addition

max {0.[ 231 1\ 4 max {0 [ 23792
(p) {0, = 5= 1 HHmax{0,[=5=21}

det(Ll) 2
>

N
N(p>(2a3—a1—a2)/2

)

which is satisfactory.

Let us now assume that a3 > min;—q o{c; +2&;}. In this case (7.3.5) implies that oy + 2 =
Qg+ 2&5 = 1, say. Moreover, (7.3.5)) also gives (u;/ug)? = —ey/e1 (7*377). As char(K) # 2,
Hensel's lemma implies that if this equation is solvable, that there are ry, 75 € (O, /p**~"0,)*
such that uy = ryug (p*~7). In particular,  must satisfy

z; =0 (p%) and @7 ¢ = raem 2 (p).

These conditions define an O,-lattice of determinant N(p)2s+&1+&2 > N(p)(2as—a1=a2)/2 which
is sufficient. Moreover, taking into account the possible values that & and &, can take, we
see that are at most a3 4+ 1 possible lattices in total. O

Corollary 7.3.6. Suppose that char(K) # 2. Let A(F) and Ao(F') be the fractional ideals
in K generated by the discriminant and the 2 X 2 minors of I'. Then

3/2\ 1/3
ViR, B Re) <. (14 RN ) a1y

Proof. Let I be one of the lattices from Lemma 7.3.5/ with det(I") > N(A(F))/N(Aq(F))3/?
and choose v1,72,73 € K such that |v;|, < [Tj123 4 Rju. Put L = {(7171,7223,7373) €
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K3: (x1,m9,23) € T'}, so that L is an Ok-lattice of determinant R? det(T"). Moreover, note
that if € I satisfies |z;|, < R;,, then |v;z;|, < Ry, R2,Rs,.

Let IV be the lattice from Lemma 7.3.2 such that L C IV with basis by, by, b3. Suppose that
x € I satisfies F'(x) = 0 and write € = y1b; + y2by + y3bs. Then according to (iv) of
Lemma 7.3.2 we must have |y;|, < |&[,A;%. In particular, it follows from Lemma 7.3.1 and
Proposition [7.3.4 that

/3
F(y1b1 + y2bsy + ysbs) = 0 |Ry[|Ro||Rs >\
P (K ’ 1 —_—
# {y e PLK): |yl < Ry RoyRs X < (A1 A2 Az)9x
Ri||Ry||Rs|\"°
<1 (IR
Ri||R R N(Ag(F))?/2\"*
L 2|| N
(F))
As every & with F'(x) = 0 is contained in at most O(7(A(F))) different lattices I" as above,
the result follows. ]

In addition we will at some point require the following result, which was proved for number
fields by Broberg [27) Proposition 7].

Lemma 7.3.7. Let ¢ € Ok[x1, x2, x3] be a non-singular quadratic form such that q(0, o, x3)
is also non-singular. Let R € RY{ and R > 1 be given. Then

#{x € (L(R) x Ok) N Zy: |loi]| < R.i=2,3,q(x) = 0} <x 1+ |R|(|Rlllg|| R)".

Proof. As q(0, o, x3) is non-singular, we can find a matrix P € GLy(K) with entries p;; € Ok
satisfying ||p;;|| < ||q/|” for some absolute constant B > 0 and such that g(z1, P(x2,22))
takes the shape

aLy(x1, Ty, x3)* + BLo (11, 79, 23)* — a7,

with non-zero coefficients «, 3,7 and L; are linear forms such that L(0,x,x3) and
Lo(0, 29, x3) are not proportional. Upon multiplying by a suitable constant, we may as-
sume that «, 3, 7 lie in Ok and satisfy ||a||, || 8]], |7l < |lg]|®, with possibly a new value of
B. If we set L = K(1/3), then the equation ¢q(z1, P(xq,23)) = 0 becomes

L3($1,$275€3)L4($1,$2,$3) = ’W%;

where L3, L4 are linear forms with coefficients in 0. Note that if ;1 = 0, then there
are O(1) possibilities for (0,9, x3) € Z3 such that ¢(0,z2,23) = 0, so we may suppose
x1 # 0 from now on. Set zp = L3(xy,29,23) and z3 = L4(x1,22,23) and observe
that the assignment is injective, as ¢(0,xo,x3) is non-singular. We then have |z, <
lq||” max{R,, R} < ||¢|”|R|R, so that Lemma 7.2.10 implies that for z; fixed, there are
O((|lqgl|®|R|BRN(y22))5) = O((||q|||R|R)?) possible (z2,z3) such that z,z5 = va2. As there
are O(|R)|) available z; € L(R) by Lemma 7.2.6 this is sufficient. O

7.4 Rational points on smooth genus 1 curves

Let £ C IP" be a smooth genus 1 curve of degree d and for B > 1 define
Ng(B) = #{zx € E(K): H(z) < B},
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where H: P"(K) — R.( denotes the usual height function. Our goal of this section is to
produce a uniform upper bound for Ng(B) and prove Proposition 7.1.4. Let Y5 and ¢
denote the minimal discriminant and the conductor of E, which are either ideals or divisors
depending on whether K is a number field or a function field. The main input is the rank
growth hypothesis (RGH) stated in Conjecture 7.1.1 for elliptic curves E:

re = o(logN(%g)) as N(¢g) — oo, (7.4.1)

where r denotes the rank of E. In his remarkable work, Brumer [46, Proposition 6.9] proved
Conjecture(7.1.1) when char(K) > 3.

Proposition 7.4.1. Suppose char(K) > 3. Then (7.4.1) holds with the estimate

log N(%)

e SK loglog N(¢%)

We will prove Proposition 7.1.4/in several steps. Let us first show how (7.4.1) implies a uniform
upper bound for Ng(B) when E is an elliptic curve given in Weierstrass form

E: 2y* = 2° + ar2® + b2° (7.4.2)
with a,b € Ok. By abuse of notation we shall also write
E(z,y,2) = 29° — (2* + axz® + b2®).
Let h: E(K) — Rs( be the canonical height of £ and define the height of E to be

Hp = T max{1,]a]/2 [b]/*}.

veQg

Provided char(K') # 2,3, it follows from work of Zimmer [214, p. 40] that
h(P) =log H(P)+ O(log Hg) (7.4.3)

for P € E(K). The Mordell-Weil group F(K) is a finitely generated abelian group of rank
rg and so any point P € F(K) may be uniquely written as

TE
P=T+> nT,

=1

where T € E(K )iors is a torsion point and 71, ..., T, are generators of E(K). In this case
we have

h(P)=h (Y nT) = Qe(n,...,n.,)

where Qg € Z[zy,...,x,,] is a positive-definite quadratic form. By work of Mazur [141]
for K = Q , Merel [143] for number fields and Levin [134] for non-isotrivial elliptic curves
over function fields, we know E(K )ios < 1, where the implied constant only depends on the
degree of the number field in characteristic 0 or the genus of the function field in positive
characteristic. For isotrivial curves over function fields, it is explained in [199] that we always
obtain the bound F(K)is < ¢, where ¢ is the cardinality of the field of constants K. It
thus follows from (7.4.3) that for a suitable absolute constant C' > 0 we have

NE(B) <LK #{(nl, . ,an) S/ QE(TLl, o 7”7‘}3) < ClOg(HEB)}
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Lemma 4 of Heath-Brown [102] implies that
Ng(B) < 1+ (9Clog(HpB)/Boyg) 2, (7.4.4)

where
By g = min{h(P): h(P) # 0}.

Hindry—Silverman [108, Corollary 4.2] show that
By p > 1og(N(Zg)) exp(—Alog(N(Zg))/ 10g(N(¢k))),

where Z5 is the minimal discriminant of £ and A > 0 is an absolute constant only depending
on K. Note that strictly speaking Corollary 4.2 of Hindry—Silverman is only stated for number
fields. However, it is an immediate consequence of Theorem 4.1 in the same work, which is
valid for any global field. For now assume that N(4%) > C(c) where C(¢) is a constant chosen
sufficiently large so that rg < elog N(%x)/A holds. Following the analysis of Heath-Brown
[102] on page 23 word by word, we arrive at the estimate

Np(B) <. (BHg)*. (7.4.5)

For the case when N(%x) < C(¢g) our treatment differs according to whether K is a function
field or a number field. If K is a number field then there are only finitely many elliptic curves
of a given conductor (cf. [185, p. IX.6]). Thus we find

1
B NAX L TE Lo i 1,
and

i B 1
E:N({?;?SC(E) 0.E ek

where the lower bound follows from the fact that the quadratic forms that determine the

height of a point are positive definite. Hence (7.4.4) delivers (7.4.5) for elliptic curves E with
N(%E) < C(e).

If K is now a function field, then Theorem 6.1 in [5] shows that unless Hr = 1 we have
Bop > p *logN(Zg),

where p° denotes the inseparability degree of the field extension K/F,(j(E)), which by
convention is 1 if j(E) € F,. If j(E) is non-constant, then e is the maximal non-negative
integer such that j(E) € K?. In particular, we have p° < logN(j(E)) < logN(Zg).
Moreover, since log N(%%) <. 1 again implies g <. 1, and noting logN(Zg) < log Hg we
obtain (7.4.5) by substituting the aforementioned estimates into (7.4.4). Finally, if N(Zg) =1
then E has everywhere good reduction. This implies that £ is isotrivial, meaning that its
j-invariant j(E) is an element of the field of constants IF,,. In particular it follows from the
theory of elliptic curves over function fields that E is isomorphic to a twist of a constant
elliptic curve over K. Since twisting by any non-constant element of K increases the norm
N(Zg), which is for example proved in Proposition 5.7.1 in [56] for quadratic twists (the other
twists follow analogously). We deduce that the number of elliptic curves E with everywhere
good reductions is bounded by Op,(1). In particular we have By g >, 1 for all such curves
and thus obtain (7.4.5).

Therefore it only remains to remove the dependence on Hp in (7.4.5) to complete the proof
of Proposition 7.1.4 for elliptic curves in Weierstrass form. To do so, we reprove Theorem 4
of Heath-Brown [104] over arbitrary global fields.
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Lemma 7.4.2. Let F € Ok|xy, z9,x3] be an irreducible form of degree d whose coefficient
vector lies in Zn_1, where N = (d + 1)(d + 2)/2. Then

#{x e P(K): F(z) =0, H(x) < B}y <d® or |F| < B"/=

Proof. The proof is identical to that of Heath-Brown, and so we shall be brief. Write
N = (d+1)(d + 2)/2 and suppose Np(B) > d* + 1. Let @1,...,xN € Zy be such that
H(z;) < B and F(x;) = 0. Consider the (d* + 1) x N matrix M whose ith row consists
of all possible monomials of degree d formed by the coordinates of x;. If f € Zxn_; is the
coefficent-vector associated to F', then we have M f = 0. Moreover, as f # 0, M must have
rank at most N — 1 and so there exists a non-zero solution g € Z_; constructed out of the
minors of M, so that ||g|| < BY/*x. Let G be the form of degree d associated to g. Since
the hypersurfaces defined by F' and G intersect in d? + 1 points, Bézout's theorem implies
that G is a multiple of F, so that ||F|| < |G| < B%/*x since both f and g belong to
ZN_1. O

It is clear that E given as in (7.4.2) is defined by a form whose coefficients define the unit
ideal and upon multiplying it by a unit u € Ok, we may assume that its coefficient vector lies
in Zg. We then have

Hp < [ max{L,|al, [bl,|} = ][ max{Jul,, [ual,, [ubl,} < ||E[**.

v|oo v|oo

In particular, Lemma 7.4.2 implies that either Ng(B) <9 or Hp < B9, The former case is
clearly sufficient and if the latter holds, then (7.4.5) hands us the estimate

Ne(B) < B, (7.4.6)

for any elliptic curve in Weierstrass form where the implied constant only depends on the
ground field K.

We will now use (7.4.6) to deduce Proposition 7.1.4. First let us suppose that £ C P? is a
smooth genus 1 curve given as the vanishing locus of a non-singular cubic form G € Ok|z,y, z].
If Np(B) =0, then we clearly have the desired upper bound. If not, we can find t, € E(K)
with H(tg) < B. and use t, to construct a birational map 6: P? — P? defined over K
transforming E into an elliptic curve £’ defined in Weierstrass form. It is clear that € has
coefficents that are rational functions in the coefficients of G and the coordinates of t;. It
thus follows for any © € E(K) with H(z) < B that H(0(x)) < CH(to)*||G||* for some
absolute constant C' > 0 and hence

Ny(B) < N (CBA|G|Y).
By Lemma 7.4.2 we have Ng(B) <9 or ||G|| < B%, so that in the latter case (7.4.6) yields
Ng(B) < (C||G|I*BY) < B,

which is sufficient for the proof of Proposition 7.1.4 for plane elliptic curves.

Next we suppose £ C P3. If E is contained in any plane, say H C IP3, we can find a point
p € P3(K)\ H(K) with H(p) < 1. Projecting away from p gives a map ¢: P*\ {p} — P?(K)
that restricts to an isomorphism E — ¢(FE) C P?(K). Since H(p) < 1, it follows that there
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exists some absolute constant C' > 0 such that H(p(z)) < CH(x) for any x € P*(K) \ {p},
so that
Ng(B) < Ny (CB) < B*,

by what we have shown for planar curves. We may therefore assume that E is not con-
tained in any hyperplane. Suppose there exists t, € F(K) with H(t;) < B. Then there
exists a change of variables L: P® — P3 sending t, to the point ¢; = [1,0,0,0], so that
H(L(z)) < H(t))*H(x) < BAH(z). Let E’ be the image of E under this linear transfor-
mation. Any elliptic curve in P? that is not contained in a hyperplane may be defined as the
complete intersection of two quadrics. In particular, we may assume that £’ is given by

oLy (21,22, 23) = q1(21, 22, 23) and  xoLa(xy, 22, 3) = qa(T1, T2, T3) (7.4.7)

for some linear forms Ly, Ly € Oglxs, x3,x4] and quadratic forms q1,q2 € Ok [xa, T3, 24].
Since £’ is non-singular, the Jacobian criterion implies that L; and L, are not proportional.
In particular, we can eliminate z from (7.4.7) to produce an equation

L2($1,5E27$3)C]1($1,$2,$3) = L1($17$2,$3)Q2($1,9€2,$3)

which gives a plane elliptic curve E” containing the point corresponding to L (z1, xo, x3) =
Lo(z1, 9, 23) = 0. In particular, the map E'\ {t;} — E” defines a birational map E' --» E”
which is one-to-one except when Li(z1,xs,23) = Lo(21,x9,23) = 0. There are are most
O(1) such points and thus

Ngp(B) < Ng#(CB*) <« B,
again by our estimate for planar curves.

The only remaining cases are when n > 3, which we shall reduce to the case n = 3 shortly. So
suppose 2 C P" is a non-singular genus 1 curve of degree d. If E is contained in a hyperplane
H C P", we can find a point p € P"(K)\ H(K) such that H(p) < 1. Projection away from p
defines an isomorphism ¢: E — E' C P"~!. Moreover, it is easy to see that H(p) < 1 implies
H(p(x)) < H(x). We may therefore assume that £ is not contained in any hyperplane from
now on. Let S(E) C P" denote the secant variety of F, which by definition is the closure of
all lines that meet E in two points. It is well known that dim(S(E)) < 3, S(F) is irreducible
and that projection away from a point p € P" restricts to a closed immersion of E if and
only if p € S(F). Theorem 4.3 of [58] gives a formula for the degree of S(FE) that only
depends on d and n, and since n > dim(S(F)) we may use (7.2.3) to deduce the existence
of a point p € P"(K) \ S(E)(K) such that H(p) <gnx 1 and p: P"\ {p} — P! restricts
to an isomorphism £ — E' C P"!, where E' = ¢(F) is a non-singular genus one curve of
degree at most d. Since H(p) < 1, we again have H(p(x)) <4nrx H(z). Regardless of
whether E is contained in a hyperplane or not, we have shown the existence of an elliptic
curve £/ C P! of degree at most d such that

Ng(B) < Np/(CB)

for some constant C' only depending on d,n and K. Asn > 3, it is clear that we can continue
this process until £’ C IP3, a case that we already dealt with. Therefore, we have completed
our proof of Proposition 7.1.4.

Remark. It is well known that any elliptic curve over a global field K with char(K) # 2,3
can be put into short Weierstrass form [185, Chapter Ill, Proposition 3.1]. This is usually
proved via the Riemann-Roch theorem. However, for our applications it is important that we
keep track of how the height of points is affected, which we could achieve by working with
projections instead.
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7.5 Conic bundles

The aim of this section is to prove Theorem 7.1.3. That is, we shall prove that if char(K) # 2
and X is a del Pezzo surface of degree d = 4 or d = 5 admitting a conic bundle structure,
then we have

Ny(B) < B***.

From now on until the end of this work, all implied constants are allowed to depend on the
del Pezzo surface under consideration.

7.5.1 del Pezzo surfaces of degree 5 with a conic bundle structure

According to Section 5 of [77] a del Pezzo surface of degree 5 with a conic bundle structure
may be realised as a nonsingular hypersurface defined by

sQ1 (o, 21, T2) + 1Qa(z0, 71, 72) = 0 (7.5.1)

inside P! x P2, At the beginning of Section 5 in [77] the authors make the assumption that
the field K is perfect. This is not necessary in order to show that the X can be realised as
described above, in particular their proof for (7.5.1) goes through as long as char(K) # 2.
Since X is nonsingular the determinant

A(s,t) = det(sM; + tMs)

defines a separable cubic form in (s,t), where M; are the 3 x 3 matrices defining ();. The
associated height function is given by

H([S7t]7 [xvala:E?]) = H([Svt])HqJ;Ov‘Zl?x?])’

where the factors on the right hand side denote the usual height in P! and P?, respectively.
Furthermore, the exceptional curves on X are given by the points such that Q(z) = Q2(x) =0
or A(s,t) = 0. We proceed in two cases.

Case 1: H([s,t]) < B'/2. Since we wish to count points such that H(xz)H([s,t]) < B we
can cover the contribution to the counting function Ny (B) by

B
2 | Neo <||<s,t>||oo> ’

ll(s:6) ]l o <B'/2
A(s,t)#£0

where the sum runs over (s,t) € Z; and where
Ny (R) = # {a: € Zy: ||lz|| < RY*%, sQ(x) + tQy(x) = O}.

Note that we are permitted to exclude the zeroes of the discriminant from this summation,
since they lie on the exceptional locus. We can apply Proposition [7.3.4| to see that the
contribution is bounded above by

> B¢ <1 I m BN(Ag(s,t))? ) |

(s, ]| o < BL/2 5, 1[I N(A(s, 1))1/3

The proof of Lemma 7 in [27], which is a basic application of elimination theory, carries over
identically to our setting and shows that we have N(Aq(s,t))/? < 1. For the remaining range

151



7.

RATIONAL POINTS ON DEL PEZZO SURFACES OF LOW DEGREE OVER GLOBAL FIELDS

we will divide the values of ||(s,t)|| and N(A(s,t)) into dyadic intervals. If ||(s,t)|| ~ R'/*x
and N(A(s,t)) ~ S then Lemma |7.2.17 shows that there are at most R'*°S'/3 many points
(s,t) that lie within such a dyadic interval. Hence the contribution from this dyadic interval is
bounded by

RIS (14 oo ) < BY,

B
RS1/3

since R < B'Y? and S <« R® <« B%?. The number of dyadic intervals that we have to
consider is bounded by log®(B) and since each individual contribution is bounded by B'*®
this suffices to show that the contribution to Ny (B) is indeed bounded by B*=.

Case 2: H([s,t]) > BY2. In particular we must have H([zg,x1,75]) < BY2. Let
([s,t], [xo,x1,x2]) be a point of the del Pezzo surface in question. Hence by (7.5.1) a
representative of [s, t] takes the shape

(37t) = (Ql(m)a _Q2(w))
Writing 0 for the ideal generated by @1 (x) and Q2(x), we then have

_11Qi(@), Qa(@)]
NO)

H([s,])

In what follows, given an ideal ® C O such that N(9) < B we will count the number of
x € Zy with Q;(x) = 0 modd. In particular, given o < B'/? we may divide the height of x
into dyadic intervals. We are therefore led to consider sums of the shape

S0 (7.5.2)

r€Zs: ||| o ~va
(Q1(z),Q2(x))=0
1Qi (@) oo < ZRR

In view of this we define the set
Vo = {z € (0x/0)” : (,0) € Zs, Qu(x) = Qa(x) = 0 mod D},

where the condition (x,0) € Z3 is meant to indicate that the ideal generated by xg, 21, x2
and 0 is equal to one of the fixed representatives a; of the ideal class group of K. Further we
define B

Vo =Vo/(Ok/0)".

Given y € V; we further define
Ay(y) = {z € O3: z = Ay mod d for some \ € Ox}.

Changing the order of summation in (7.5.2), using the notation introduced above it is easy to
see that it suffices to estimate

Sa= > > > 1. (7.5.3)

N@)<a?2 yeVo we€Zy: ||z ~or

||Qi(m)||oo§%(n)
x€M (y)

To this end, the following two lemmas help us deal with V; and the lattice Ay(y). Since
the del Pezzo surface in question is non-singular it follows from the definition (7.5.1) that
Q1(x) = Qo(x) = 0 defines a non-singular intersection in P2.
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Lemma 7.5.1. Given an ideal I C Ok we have

£V, < N(I)F.

Proof. The proof is the same as Lemma 2 in [30] adjusted to our more general setting and
therefore we will be brief. Note first that via multiplicativity and homogeneity it suffices to
show

#‘7;33 < N(ps)>

for any prime ideal p C Ok and any positive integer s. Note also that unless p is one of
the O(1) many fixed representatives for the class group of K the condition (x,p®) € Z3 is
equivalent to saying that (xy, 29, x5, p°) generates Ok. Also consider the isomorphism

Ok/p> = O,/(7),

where O, C K, for v the place corresponding to p, and where 7 is a uniformizer for K,,.
Then we find that it suffices to consider

p(r*) = #{@ € (0,/(7))*: (w1, 22, 25, 7) = Oy, Qi(x) = 0 mod (w*), fori =1,2}.

For ease of notation write 1) for the additive character on K. Using the orthogonality relation
from Lemma [7.2.5/ we find

p(n®) = 3 Z ¢<51Q1( x) + baQ2(x ))7 (7.5.4)

( ) b mod 7 & mod 7$ m

where 3" indicates that we only sum over tuples x such that (z,7°) = O,, or equivalently
7t x;. Extracting common factors between 7° and b in the display above we obtain

)8 (s — i) + N(r)* (1 _ N(;g) |

p(m°)

O<z<s

where

- >y e (F82),
b mod ¢ x mod ¥

and where F'(b,x) = b1Q1(x) + b2Q2(x). It suffices to show S(k) = O(1) for k > 2 and
S(1) = O(N(7)?). Regarding S(1) note that by Bézout's theorem we find that p(m) < N(m)
since O, /() = Ok/p = Fxg). Note that there is a finite number of primes p the two
quadrics might share a common component and so Bézout's theorem does not apply for these
cases. However, by choosing the implied constant large enough since there are only finitely
many primes involved we still obtain p(7) < N(m) for all primes. Substituting this into (7.5.4)
for s = 1 we indeed find S(1) = O(N(m)3). If k£ > 2 then after introducing a dummy sum
over a € (O, /7%)*, and making a change of variables b — ab we may evaluate the arising
Ramanujan sums to obtain

1\ A
S(k) = <1 - W) (NM(k) = N(z)'N (k= 1)),

where A (k) denotes the number of solutions to F(b, ) = 0 mod 7* such that 7 { b and
7 1 x. Writing the discriminant D € Oy of the pair of quadrics @); as the resultant of the
5 quadratic forms appearing in VF (b, x) (see [82, Chapter 13]) via elimination theory we
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obtain polynomials G;;(y) with coefficients in Ok where y = (b, ) and a positive integer R
such that

Dyl = Z Gl-j(y)? for 1 <i <5.

oF
1<5<5 vi
Since (); define a non-singular intersection over K we have that D # 0. Writing 0, = 14,(D)
we thus obtain that if 7 | VF(b,x) and 7 1  and 7 { b then m < §,. Since D € Ok is
nonzero we first note that 0, = 0 for all but finitely many p. In particular, if 5, > 0 and
2 <k <20, + 1 then we may choose our implied constant sufficiently big, only depending on
Q; to get S(k) = O(1). If k > 25 + 2 then we may apply a standard Hensel lifting argument
to show that

Con(k+1) = N(7)*C,, (K),

where C,,(k) is the number of y mod 7" with 7 { b and 7 { & such that 7* | F(y) and
7™ || VF(y). We note that since O, is a principal ideal domain the lifting argument goes
through completely analogously. Finally, noting that

NE) = > Cn(k)
0<m<sé
yields S(k) = 0 if k > 20 4 2, and thus S(k) = O(1) for all k > 2, thereby completing the
proof. O

Lemma 7.5.2. Giveny € O3 such that (yi, s, ys, 0) generates one of the fixed representatives
a; of the ideal class group, the lattice Ay(y) has rank 3 and

det Ay (y) =x N(0)2.

Proof. First note that Ay(y) D (00K )? and therefore

0% : (00k)? N(0)?

det A =[0%: A = Ok = =

W) =10 =1 ) 004 ha(w): 007

Hence it suffices to establish [Ay(y): (00k)3] = N(0). First note that it is clear that
Ay + (00x)? where X runs through all possible elements of O /0 exhausts all possible cosets
in Ay(y)/(00K)? and hence [Ay(y): (00k)3] < N(0).

For a lower bound regarding the index, given ¢ > 0 we consider elements » € O such that
|7]| < eN()Y/*x. We claim that if we choose ¢ small enough, only depending on K, then the
elements ry + (00x)? where r runs through elements as above are all distinct cosets. Since
the number of elements r with the above property is > N(0) this suffices in order to prove
the lemma. If not of all the above cosets are distinct then upon taking their difference we see
that there exists some 1o € Ok \ {0} with ||7o]| << eN(0)*% and roy; € 0 for i = 1,2,3. In
particular we have

(Toy1, roY2, ToYs, To0) C 0

Since the ideal generated by y; and 0 is one of the fixed representatives of the class group of
K there exists some nonzero z € (y1, Y2, ys3,0) such that ||z|| = Ox(1). Hence 1oz € 9 and
so after multiplying ro with a unit if necessary we find

N(@)Y* < ||roz[| L < |Iroz]l.
Therefore we have

N(@)"*% < [Iroz|| < [lrollllzll < [|roll << eN(@)!/*x,
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and so upon choosing ¢ > 0 small enough we obtain a contradiction. Thus the claim and
consequently the Lemma transpire. O

We now return to estimating S, as it was defined in (7.5.3). Since there are only B® many
different values of o we need to consider, it suffices to show S, < B'*¢.

We denote the successive minima of Ay(y) by Ay < Ay < A3, as they were defined in
Section 7.3.1. Note first that for every y € V; using Lemma 7.3.1 and Lemma [7.2.7| we
may take a representative y € O3 such that |y|, < N(2)#/x. Let @,z € O% with
|&;|, < 1 for all v | oo and ¢ = 1,2 such that y, 1,z are linearly independent. Moreover,
choose § € 0 such that |§], < N(0)%/?%, which is possible by Lemma 7.3.1. Then the set
{y,y+dx1,y+0xs} constitutes a linearly independent set inside Ay(y). The v-adic absolute
value of each of these vectors is bounded by O(N(2)%/x) for all v | co. We deduce

AF < T N@)™/* =N(0),

v|oo

and so Lemma [7.3.1 yields

1 1
) S N@)

since det Ay(y) =< N(9)? by Lemma 7.5.2. We will use this fact as well as Lemma 7.3.3 in
order to estimate S,,. If & < A9 then the number of lattice points with ||| ~ « is bounded
by O(1) since we only consider the contribution from primitive points. Thus S,, is bounded by

Z Z 1 < Oé2+€ < BlJrs.
NQ@)<a? yeVp

If AgK <a< )\gK, then via Lemma 7.3.3 the number of lattice points that we count is
bounded by O(a?/(A\\9)%). Thus we obtain

2

)

Sa<< ) ) < a?t <« Bt
N()<a? yeWs (D)

Finally, if A4 < a then we divide the contribution into the range a®/B < N(d) < o? and
the range N(0) < o®/B. For the first range we may employ Lemma 7.3.3 to find that the
contribution is bounded by

3
> LQ < (e + B/a?)a® < B'*.
a3/B<N(d)<a? N(a)

It remains to handle
>y > 1. (7.5.5)
N(@)<a3/ByeVa ze€Zs: ||z|| ,~o
[CROTRESS
€M (Y)
At this point it does not suffice to just count the points contained in a ball inside the lattice,
and we need to take advantage of the additional restriction given by the quadratic forms. We
deal with this in the following Lemma.
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Lemma 7.5.3. Let A C K32 be a lattice with successive minima \; < Ay < A3 and let
Q € Ok|x1,x9, 23] be a quadratic form of rank at least 2. Let a, R > 1 be real numbers
such that R'? <« a < R. Consider

N(a, R) = #{x € ZyNA: x|, <o, [|Q@)], <R}

We have the bound

Oé4+€

N(a R) < N a N a2+5 N al+sR N o
’ R?2 " RME O (MA)dk  det A (det A)V/3

3+e

Deferring the proof for now, applying Lemma 7.5.3 to the inner sum in (7.5.5) with R =
BN(0)/a we find that

S<<BEZ<O‘6+ o +a2+B+a>
" Norews \BEN@)2 T BN@)A T (MAg)d T N() - N(@)23)

Using the fact that A\; > 1 as well as 1/(AX2)% < N(2)~! one may easily check that the
above expression is bounded by B¢, Once we prove Lemma |7.5.3 this concludes the proof
of Theorem [7.1.3 for d = 5.

Proof of Lemma|7.5.3. First note that the contribution to N («, R) from the vectors x € Z,NA
such that Q(x) = 0 is bounded above by O(1 + o/ det(A)"/®) by using the same argument
as in the proof of Corollary 7.3.6.

For the remaining contribution we begin by decomposing the possible local absolute values
that the quadratic forms may take into dyadic intervals. Note first that if Q(x) # 0 then
L, |Q(x)], > 1. Further, if x is counted by N(a, R) then |Q(x)|, < a*** holds for all v.
We deduce that the vectors counted by N(«, R) satisfy

a”? <|Q(x)l, < ¥k,

for all v | co. Fix now a place w | 0o and let 7 = (7,),,. We define
N(or) = #{z € A: [z], < a'/*, |Q@)], ~ 1, and Q)] < R}

It suffices to obtain establish the desired upper bound for N(a, ) whenever a2 < r, < Ra?$x
is satisfied, since the number of dyadic decompositions we require in order to cover the set of
points counted by N(w, R) is bounded by a°. Writing r,, = 2'** R/T],.,, r, we clearly see
that

N(a,r) < # {:1: €A |z|, < oK |Q(x)], < rl,}

Consider the set

S(a. (r)) = [T {z € K3+ [al, < o'/ Q@) < 10}

v

Writing A: K3 — [], K3 for the diagonal embedding, we see that
N, r) < #(A (S(a, (1)) N A).
Given v | oo such that K, is not isomorphic to the complex numbers, consider the box

B, ={x e K}:|a|, <r,/a"*}.
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If K, = C then write

B, = {w € K% max |(Re(z,), Im(z,)] < W}

where the absolute value in the definition of B, is taken to be the usual absolute value on R.
Note that for complex v we have

{x e K3: |x|, <r, /o s} C B, Cc {x € K2 |z|, < 2r,/a'/*k}.
Define

B=T1]B.

Since S(a, (r,),) defines a bounded set we may cover it with M, say, translates of 3, denoted
by B;. We may choose the B; such that the pairwise intersection of these boxes has trivial

measure, and also such that B; N S(«, (r,,),) # 0.

By translating A~!(B;) by a point contained in A N A~(13;) if necessary, then via translation
invariance of the lattice we find

#ANAHB ))<<#{:13€A |:c],,<< forally]oo}
foralli=1,..., M. Lemma 7.3.3 therefore delivers

hr (I, ) N (I, )’

“1/12.
#ANAT(B)) <1+ a)\ilK a?(A )4k addet(A)’

and thus

o\ T @2g)in | ad det(A)
To obtain an upper bound on the number of boxes M that we need in order to cover this region,
consider (x,), € B; N S(a, (r,),). Then all points inside B; are of the form (x,), + (y.).
with |y, |, < 7, /al/*x . Therefore we have that

(7.5.6)

Vo < (1 oy (o (Tl

1z, + y, |, < al/x + < allsx,

l/sK
since we only consider (r,), such that r, < a?*% holds. Further we find

Qzy +y)ly = Q) + 2, VQ(y) + Q)]

2
L ry + al/*K Ty + Ty
v al/sk al/sk

<L r,.

Since ¢ was arbitrary, we deduce that there exists a constant C' > 0, only depending on the
quadratic form ) and K such that

6 B C S(Ca,C(1,)).

i=1

Hence

M<K ( ) vol S(a, (1),). (7.5.7)

I/TV
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We will now compute the volume of S(Q, «, (r,),). Note first that

vol S(a, (r,),) = [] vol Su(a, 1),

v|oo

where
Sila,r,) = {x € K2: |z], < o'/, Q@) < 1.}

We consider two different cases. Firstly, if () is anisotropic over K, then there exists some
constant D > 0 depending only on @ such that |Q(x)|, > D holds for all z € K? such that
|z|, = 1. Therefore |Q(x)|, > D|x|? holds, and so = € S, («, R) implies that we must have
||, < 71/2. As a result we easily deduce

vol S, (a, R) < ¥/ < al/*kr,

via recalling that we only consider r, such that r, < o/*5. If Q is isotropic on the other
hand, then by the classical theory of quadratic forms after a linear transformation of the
coordinates in K, we may assume that it is of the shape

Q(I,y,Z) =Yz — D:E2a

for some constant D € K, depending on () that can be 0 if the rank of @) is 2. Note first
that away from the nullset z = 0 we clearly have

vol{y € K,: |lyz — D2?|, <1, |yl, < al/sK} < min {&1/5,(’ ‘7“1|/} ,
Zlv

for any x € K. Hence we find

. r
vol S, (a,r,) < / min{ a/*%, Y dzdr < ryal/5KtE
lz], <al/sK J|z|, <al/sK |Z|V

We conclude that
vol S(a, R) < o' [[ -

v|oo

From (7.5.7) it thus follows that
atte
M<K ——m

(IT, m.)*
Finally, recall T], 7, < R. Using all of this along with (7.5.6) and recalling the contribution
from Q(x) = 0 we have

Oé4+6 CYS+€ a2+5 Oél+€R Q

N(a, R
@R < TR T T Oow T detd T (et A

which completes the proof of this Lemma. O

7.5.2 del Pezzo surfaces of degree 4

Our proof is very similar to the one given by Browning and Swarbrick-Jones [43] except for
the fact that we avoid the Thue-Siegel-Roth theorem.
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A del Pezzo surface of degree 4 may be written as a complete intersection of two quadrics
inside P*. After a change of variables if necessary, if X contains a conic we may write the
system of quadrics as

ToT1 — ToT3 = Q(, T1, T2, 3) + 25 = 0

inside P*, where @ is a quadratic form defined over O. Taking U C X to be the Zariski
open set obtained after removing the exceptional locus (in this case it consists of 16 lines) we
find two conic fibrations 7;: U — P! explicitly given by

mle) = {07 ) A0
(s, 1) if (w3,20) # 0,

and
mol) = {[%’x?’] f (z0,25) 70,
(w9, 21] if (29, 21) # 0.

In particular, this gives rise to a well-defined morphism 7: X — P! x P!, Denoting the Segre
embedding by 1: P! x P! — IP3 one can easily verify that we have

H(m () H(mo(x)) = H (¢ (n(z)))
for all z € X(K). One may further easily check that

w © T([ZE(), X1,22,T3, [E4]) - [x(b X3, T2, Il}

holds, whenever [z, 21, To, 3, 24] € U(K), and so the degree of Y om: U — P? is 1. The
functoriality of heights [182, Section 2.3] therefore shows that we have

H(my(z))H(my(x)) < H(z),

for any & € U(K). In particular it follows that given € U(K') we must have H(m;(x)) <
H(x)'? for i = 1 or i = 2. We deduce that

NU<B) < nl(B) + TZQ(B),

where
ni(B) = #{@ € U(K): H(w) < B, H(m(z)) < B'/?}.

It suffices to show n;(B) < B'' since dealing with n,(B) is identical. Given (s,t) € Z;
denote by n1(B, s,t) the cardinality of the points in the fibre 71 ' ([s,t]) N U(k) of height at
most O(B'/?). In order to show the desired bound for n;(B) via a dyadic decomposition
argument it suffices to show the same bound for

ni(R,B)= Y. m(B,s,t).
(s,t)eZy
l[(s:0) | oo~

where R < B'/2. Given (s,t) € Z; we have that a representative (ux, yv, xv,yu,z) € Z4
lies in the fibre 7 ([s, t]) N U(k) precisely when

Q(sz, yt, xt,ys) + az® = 0. (7.5.8)
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For fixed (s,t) we may regard the above as a ternary quadratic form in (z,y, z). Then the
discriminant A(s,t) defines a separable, homogeneous polynomial with deg A(s,t) = 4. Note
also that there are no points in 7 ([s,¢])™* N U(k) such that A(s,¢) = 0. We may bound
ni(B, s,t) by the number of (x,y, z) € Zs such that (7.5.8) and

|(sz,yt, xt,ys, 2)|, <€ B/sx

is satisfied for all v | co. Thus we may employ Corollary 7.3.6 in order to find

BN(Ag(s,1))Y/? )
ni(R, B) < B* (1 + :
1 ) (57§£Zl R2/3N(A(S,t))1/3

()l oo~ R
A(s,t)#£0

First note that the number of (s,t) € Z; such that ||(s,¢)||, ~ R is bounded by R? < B.
Further, an argument of Broberg [27, Lemma 7] shows that we have N(Aq(s,t)) < 1 for all
(s,t) € Zy such that A(s,t) # 0. We are thus left with estimating

Blte
> RN (A(s. )15 (7.5.9)
(S,t)ezl ’
(s,0)[ o~
A(s,t)#£0

We will proceed by further dividing the value of N(A(s,?)) into dyadic intervals. Say
N(A(s,t)) ~ S, then we clearly have 1 < S <« R* and thus the number of dyadic in-
tervals we have to consider is bounded by O(B¢). We can apply Lemma 7.2.18 to find that
there are at most O(R'™(1 + S/R?)) many points (s,t) € Z; such that ||(s, )] ~ R and
N(A(s,t)) ~ S. Hence if R < S then we may bound (7.5.9) by

oo

< Bl-i—&‘,

BlteR S Bl+eR1/3 Bl+as2/3
R2/351/3 (1 + R3> §1/3 + R8/3

since S < R*, which is satisfactory. It therefore remains to bound

> n(B,st).

(s,t)eZy
()l oo~ R
N(A(s,t)<R
We would like to apply Lemma 7.3.7 in order to bound n;(B, s,t) so we need to make sure
the conditions are satisfied. Let ¢(z,y,2) = Q(sx,ty, tx, sy) + a2z Then we have

q(0,y, 2) = y*Q(0,t,0, 5) + a2*,

and
q(,0,2) = 2°Q(s,0,t,0) + az’.

Given some (s,t) € K? both of the above binary forms are singular only if Q(s,0,t,0) =
Q(0,t,0,s) = 0. This can happen for at most O(1) primitive points (s,t) € Z; unless
Q(s,0,t,0) and Q(0,¢,0,s) are both identically zero. If this were the case, however, then it
is straightforward to check that X has a singular point. We may bound the contribution to
Y (s.yez: 1B, s,t) such that Q(s,0,t,0) = Q(0,t,0,s) = 0 clearly by O(B'*). Otherwise,
at least one of ¢(0, vy, ) or q(z,0, z) is non-singular, whence it follows from Lemma |7.3.7 that
for such (s,t) we have
1+

ni(B,s,t) < 7
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Finally, via Lemma 7.2.18/the number of (s,t) € Z; such that ||(s, )| ~ Rand N(A(s, 1)) <
R holds is bounded above by R'*¢. We conclude that

Bl+6
> ni(B,s,t) < R"*—— < B'*,
(s,t)eZy R
I(s;)ll o~

N(A(s,t))<R

as desired.

7.6 del Pezzo surfaces of degree 3-5

In this section we will prove Theorem 7.1.2 for the cases d = 3,4,5. Let X be a del Pezzo
surface of degree 3 < d <5 over K and U the complement of the exceptional curves. The
anti-canonical divisor —Kx induces an embedding X C P? realising X as a smooth non-
degenerate surface of degree d. Let ¢ € P4(K) and denote by H, C P¢(K) the hyperplane
defined by « - ¢ = 0. Moreover, we define X, = H.N X. By the adjunction formula, we have

2pa(Xe) —2=0,

where p, denotes the arithmetic genus. It follows that if X, is smooth and geometrically
irreducible, then either X (K) = () or X, defines an elliptic curve over K.

From Lemma 7.2.12 we know that every = € PY(K) with H(x) < B lies in H, for some
c € P4K) with H(c) < B'?. We thus define

Ne(B) ={x € (X.NU)(K): H(z) < B}

and infer that

N(B) < Z N.(B). (7.6.1)

c€PY(K)
H(c)<BYd

Let 1 < e < d denote the maximum of the degrees of the irreducible components of X,
defined over K. It will be convenient to consider separately the contribution from each e.
Note that if e < 2, then X, is either a union of lines, in which case we do not count its
rational points, or it contains a conic defined over K. In particular, in this case X admits a
conic bundle structure over K and we have the superior upper bound Ny (B) < Bt from
Theorem [7.1.3|for d = 4,5, so that it suffices to consider the contribution from 3 < e < d
when d =4 or d = 5.

e=d

Let us first consider the contribution from those ¢ such that X, is non-singular. In this case
Proposition 7.1.4 gives N.(B) < B°. Moreover, the number of available ¢ is O(B(@+1)/d)
by Lemma 7.2.6/ so that we get an overall contribution of O(B¢t1/d+) to (7.6.1)), which is
sufficient.

Next we assume that X, is irreducible but singular. In this case N.(B) < B*“ by Propo-
sition 7.2.13. In addition, X, being singular implies that ¢ € X*(K). We know that
deg(X™*) = 12 by Proposition [7.2.3, so that by Proposition 7.2.14 the number of such ¢ with
H(c) < BY?is O(B4=2/4). Therefore, we get a contribution of O(B¢*1/4) which is again
satisfactory.
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e=d-—1

This case turns out to be the most difficult one and we have to treat it individually for each
value of d. Note that this case occurs precisely when X, = L U D, where L. C X is a line and
D C X, is an irreducible curve over K of degree d — 1.

d=5

We now treat the contribution from those hyperplanes for which X, = D U L, where D
is an irreducible quartic curve and L a line contained in X. There are at most 10 lines in
X defined over D, and so we may restrict our attention to a specific one. After a suitable

change of variables we can assume that L is given by xy = --- = x5 = 0. Furthermore,
any hyperplane containing L takes the shape H. = {coxs + -+ + czx5 = 0} for some
[0,0,¢9,...,c5] € P5(K). We may take a representative ¢ € Z5 and assume without loss of
generality that ||cs|| = ||c|| < H(c)'/*x.

Let p; = [1,0,...,0] and consider the projection X \ {p:} — P*. Since p is a non-singular
point of X, the closure of the image Y C P4 is a surface of degree 4. In fact, the morphism
corresponds to blowing up the point p; and then contracting the strict transforms of the
resulting (—2)-curve and so Y is a singular del Pezzo surface of degree 4. More explicitly,
since p; lies on a line, the point py = [1,0,0,0,0] will be a singularity. Any (possibly singular)
del Pezzo surface of degree 4 inside P* can be written as the intersection of two quadrics.
Since py € Y, we can write Y = V(Q1, Q2) with

Ql(x) = lel(x27 I3, {23'4,$5) - Q1(5E2,Ig,l'4, 5L’5), (7 6 2)
Q2(x) = w1 Ly (29, T3, 74, 75) — qo(T2, 3, T4, T5) -
and where L;,q; € Oklza, ..., x5] are linear and quadratic forms respectively. The Jacobian

criterion applied to the singular point p; implies that L, and Ly are proportional, so that there
exist J € Oklxa,...,x5] and a € Ok such that L; = J and Ly = aJ.

Let now Z C P3 be the quadric surface defined by aq (s, 73, T4, T5) = q2(22, T3, T4, T5). The
projection [z1,...,x5] — [z2,...,x5] then defines a morphism Y \ {py} — Z. Moreover, it
is easily seen that

1/)[(1’2, ce 71'5]) = [ql(Ig, cee ,ZL‘5),ZE2J(ZE2, cee ,ZL’5), cee ,$5J(l‘2, ce ,ZE5)]

= |aga(xa, ..., x5), 22 (xa, ..., x5), ..., 5] (xa,...,T5)]

is a well-defined inverse to the projection map from Z — Y \ {po} away from the locus S C P?
defined by J = ¢q; = ¢2 = 0.

As there are O(1) rational points [z, ..., x5] in D\ L above a point [z1,..., 5], it suffices
to count & € P4(K) that lie on on the image of D under the projection map with H(x) < B.
Since D C H,, any such rational point takes the shape

[t1, Csta, Csts, Csty, —(Cota + cats + C4ty)]
with t = [t1,...,t4] € P3(K). For g € K|[xs, 3,14, x5, define
Ge(ta, ts, ta) = g(csta, csts, csty, —(cata + c3ts + cyty)).
Similarly, for t € P3(K), we define

H(C) (t) = H(tl, C5t2, C5t3, C5t4, —(Cgtg + Cgtg + C4t4)).
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Upon setting
N.B) = #{t e P*(K): H9(t) < B, aqi c(ta, t3,ts) = qoc(ta, ts,ts) = t1.J (ta, t3,t4)},

it transpires from (7.6.2) that N.(B) < N.(B). Our goal is to show the following estimate,
where by abuse of notation we denote by H,. also the hyperplane in P? defined by cyzy +
C3x3 + c4T4 + csx5 = 0.

Proposition 7.6.1. Assume that

(i) H.NS =0, where S C P3 is the variety defined by J = q; = q» = 0,
(i) H. and Z intersect transversally,

(iii) H. and Z N {J = 0} intersect transversally.

Then
NL(B) < BY2% (|lesl| 2172 + Jles || N (A (e) )

where A(c) is the discriminant of the quadratic form aqy . — qa.c.

Suppose for a moment that Proposition [7.6.1] is proven already. After splitting |cs5|, for v | oo
into dyadic intervals, one readily verifies that

o el < BT

cEZ3
llell o< B/?

Moreover, we can also split N(A(c)) into dyadic intervals, say N(A(c)) ~ 8 and ||| ~ «
with @ < BY® and B < af. As A(c) is homogeneous of degree 6, we can use Lemma 7.2.17
to deduce that
Q2313 Y o1« Q72316 < T2,
ceZs
el oo e

N(A(e))~B
Summing over a gives Y, . pi/s /2 < B7/10. As there are O(a%) = O(B*?) possibilities
for /3, in total we obtain a contribution of B%5+¢ under the assumption that the conditions
of Proposition [7.6.1 are satisfied. To deal with the remaining cases, we need the following
lemma.

Lemma 7.6.2. There is a Zariski closed subset W C IP3 whose irreducible components have
dimension at most 2 such that if ¢ € P? fails (i), (ii) or (iii) in Proposition|7.6.1, then c lies
in W.

Proof. We begin with a preliminary observation. We claim that the variety S C P? is 0-
dimensional. Suppose for a contradiction that there exists a positive dimensional irreducible
component 2 C S. Then by looking at the defining equations of Y, it becomes clear that the
closure E’ of A! x E is contained in Y. However, E’ has dimension 2 and Y is an irreducible
surface, so they must coincide. It is clear that £’ is contained in the hyperplane defined by L
inside P4, but del Pezzo surfaces are not contained in any hyperplane under the anti-canonical
embedding.
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If ¢ € P fails (i), then H. NS # (). From what we have just shown, it follows that S is a
union of O(1) points in P3. In particular, H. NS # () implies that H, contains one of these
points, which forces ¢ to lie in one of O(1) irreducible subvarieties of codimension at least 1
in P3,

Next, assume that ¢ does not satisfy (ii). This implies that c lies on the dual variety of Z or
intersects the singular locus of Z. As Z is is birational to X, it is again a (possibly singular)
del Pezzo surface and hence has at most isolated singularities. This again implies that c lies
on O(1) irreducible subvarieties of codimension at least 1 in P2

Finally, suppose that ¢ fails (iii). Note that Z N {J = 0} cannot be a double line, as it
corresponds birationally to a hyperplane section containing L of X. As X is smooth, this
implies that hyperplane sections are reduced. It follows that Z N {J = 0} is isomorphic to a
plane conic. If it is smooth, then the failure of (iii) implies that ¢ lies on the dual variety of
Z N {J =0} inside P3, which has codimension at least 1. When it is not smooth, then it is a
union of two lines that intersect in a unique point P € P* and H, has tangential intersection if
and only if P € H,, which again forces ¢ to lie on a linear subspace of P? of dimension 2. []

Suppose now that ¢ does not meet the requirements of Proposition 7.6.1. By Proposition 7.2.13
we have N (B) < B'/2. Moreover, it follows from Lemma 7.6.2 that c lies on O(1) irreducible
subvarieties of dimension at most 2 inside P3. By (7.2.3) the number of such ¢ € P3(K) with
H(e) < BY? is O(B3/®). Hence we get an overall contribution of O(B/1%) to (7.6.1) from
this case, which is sufficient. To complete the case ¢ = 4 and d = 5, we are therefore left
with proving Proposition 7.6.1.

Proof of Proposition|7.6.1. Let t = (to,t3,t4) € Zy be a representative for t € P?(K) such
aqic(t) = ga.c(t) and write

a= <q17c(t), C5t2Jc(t), C5t3Jc(t), C5t4<]c(t)7 —Jc(t)(CQtQ + C3t3 + C4t4)>.

Let € be the ideal generated by the resultant of the homogeneous forms ¢ ¢, ¢2.¢, J.. Note
that if € = 0, then J.,¢q1. and ¢a. share a common root in P!, which implies that H,
has non-empty intersection with S. As we assume that (i) holds, this is impossible. Since
||, < BY?, we immediately get N(€) < B4. In addition, because t € Z,, we clearly have
a|AC(c5), where A =a;---a, and ay, ..., a; are the fixed representatives of the class group
of K.

We then have H()(¢(t)) < B if and only if

||Q1,c(t), C5t2Jc(t), C5t3JC(t), C5t4Jc(t), —Jc(t)(CQtQ + Cgtg + C4t4>||oo S BN(G) (763)

Note that in the above display we may also replace ¢i . by agsc. As we assume that gi¢, g2
and J. do not have a common root in K, the inequality (7.6.3) together with Lemma 7.2.11
implies that

Il < (BN(a))™.

Let us now write a = byby, where by = (a, J.(t)), so that in particular b; | € and by | 2{cs).
From (7.6.3) we get that

1Te(®) | lleslloo I (t2, 5, ) o < H(w(£))N(a) < BN(a),
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and so we must have that J.(s, ) < BY2N(by)|les||* or ||t].. < BY2N(by)|les]| > <«
Bl/2||c5||i£2, where we used that by | 2(c5). In particular, it follows from our discussion so far
that

N!:(B) < Z Z (m((BN(a))A>Bl/2N(b1)H05||;01/2) + nQ(Bl/2||C5H(1>£2)) ’
b1|€ b2|Q[<C5>

where for positive reals Ry, Ry we have set
ni(Ry, Ry) = #{t € Zy: [|t]| . < Ry, [[Je(t) ] < Ro, b1 | Je(t), aq1c(t) = q2.e(t)}

and
na(R1) = #{t € Zo: |t||, < Ry, aq16(t) = q2.c(t)}

Let us first focus on estimating n;(R1, Ry). Let C. be the conic defined by agq .(t) =
¢2.c(t) inside P?(K) and note that since we assume that (ii) holds, C. is geometrically
irreducible. There are two possibilities: Either there is no point t € C.(K) with H(t) <
Ry, in which case n;(R;, R2) = 0, or such a point exists and we can use it to obtain a
parameterisation P!'(K) — C.(K). Explicitly, this is done by sending a line through the
point to its unique residual intersection point with the conic. In this way we obtain quadratic
forms g1, g2, g2 € Ok [u, v] without a common factor such that the map ¢: P! — C, given
by [s,t] — [g1(s, 1), g2(s,t), g3(s,t)] gives a bijection of P!(K) with C.(K). As we assume
that the height of the initial point is bounded by R, it is clear that we can take the quadratic
forms in such a way that ||g;|| < Ri.

Let us define Q(s,t) = Jo(g1(s,t), 92(s, 1), g3(s,t)). We claim that Q(s, 1) is square-free. To
see this, note that if it has a double root [sg, to], then Py = [g1(s0, t0), 92(S0, t0), 93(S0, to)]
will satisfy J.(Fy) = 0 and Py € C.. In particular, it will be a double point of C. N {J, =
0} =ZnNn{J=0}NH. As we assume that (iii) holds, this is impossible, which verifies the
claim.

It is clear that [|Q|| < ||J|| max;—123]lg:]| < B*R;{, so that if ||Q(s,1)
then we must also have |[|(s,1)
particular, we have

|, < Ry holds,
< (BR1Ry)* for any (s,t) € Z; by Lemma 7.2.11, In

loo

n(Ri, Re) < ##{(s,t) € Z1: [[(5,1)]] o < (BR1R2)™, b1 ] Q(5,1), [Q(s,1)l| . < R}

As () is square-free, we can invoke Corollary 7.2.16 to bound this last quantity and deduce
that

_ . BY? S
n((BN(a))*, BY*N(b1) les ]| %) < (B*N(a)*]1Q])) el < B les ]| )72,
9 lloo

where we used that N(a), N(b,), |Q|| < B“.

Next we turn to na(Ry). Let A(e) be the discriminant of the quadratic form ag; . — go. and
let Ag(c) be the ideal generated by the 2 x 2 minors of the matrix underlying aq; c — ¢2.c.
Note that as we assume that (ii) holds, we must have A(c) # 0. Applying Corollary [7.3.6
directly to ny(R;) gives

12|y 1/2 o(e))/?
a8 es[1?) < <1+B sl Mol )N(A(C))e_
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We clearly have N(A(e))® < B¢. Moreover, we claim that N(Ag(c)) is in fact bounded. To
see this, first assume that the 2 x 2 minors M;;(c) have a common zero in K. This would
imply that a hyperplane section of the quadric surface Z is a double line. However, hyperplane
sections of Z correspond birationally to hyperplane sections containing L of our original quintic
del Pezzo surface X and hence are reduced. By Hilbert's Nullstellensatz we can find forms
fijk € Oklx1,...,x4] and a, € O \ {0} such that

apzh =3 fiMij(z1, ... 24)
as an identity in Og|[z1,...,x4] for k =1,...,4. It follows that
N(Ag(e)) < N(ayc?, ... asc)) < 1

for ¢ € Z3, as claimed. Using the usual divisor bound for ideals, it follows from our discussion
so far that

| BYRE ]2
N,(B) < BY2e||eg|| P 4 e
22 ( N(a (o)

<« B2 (Jles | 2272 + lles|IL2N(A () ),

which is what we wanted to show. O

d=4

Next we assume X, = DU L, where L C X is a line and D C X is an irreducible cubic curve,
both defined over K. There are at most 16 lines in X, and so we may restrict our attention
to a specific one. After a suitable change of variables L is given by x5 = 23 = 24 = 0 if we
work with coordinates g, ..., x4 on P4, It follows that X is defined by

2oLy + 21K + Q1 = 2oL + 21Ky + Q2 =0, (7.6.4)

where Ly, Lo, K1, Ky € Og|[xa, x3, 4] are linear and @1, Q2 € Oklza, x5, 3] are quadratic
forms respectively. If L; and Lo are proportional, then [1,0,...,0] is a singular point of X,
which is impossible. We can therefore eliminate x, from (7.6.4) to obtain the equation

O(an $3,ZE4) + IIQ(I27$37x4) = 0 (765)

for some cubic form C' € Oglxy, x3,24]. Any hyperplane containing L is defined by
c € PY(K) of the shape ¢ = [0, 0, ca, 3, c4]. Without loss of generality, we may assume that
(0,0, ¢y, c3,c4) € Zy is a representative of ¢ such that ||cs|| = ||c||, so that |c4|| < H(c)'/*x.
Any rational point t € H,. takes the shape t = [to,t1, calo, cats, —(cota + c3l3)] with
[to, ..., t3) € P*(K). In particular, the equation (7.6.5) transforms into

Celta, t3) = t1Qc(ta, t3), (7.6.6)

where we write G(t2,t3) = G(cata, cats, —caty — csts) for any G € Ok|x,y, z]. Moreover,
it suffices to count ¥ = [t1,t,13] € P?(K) such that (7.6.6) holds, since there are O(1)
available ¢ lying above a given ¢, and we redefine N.(B) to be this quantity. Our goal is to
establish the following estimate.

Proposition 7.6.3. If (). is square-free, then

BQ/3+E
Ny(B) < =
leallse
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Suppose for a moment that Proposition 7.6.3| holds. The contribution from such ¢ to (7.6.1)
is then
R2/3+e Z HC4”;>2/3 < B5/4+5,
ceZ?
llell oo < B/

which is satisfactory. It remains to deal with the case when (). has a repeated root. Note that
the cubic surface Y defined by (7.6.5) is birational to X and in particular again a (possibly
singular) del Pezzo surface. If the curve Z defined @) = 0 defines a double line in P2, then
one can check via the Jacobian criterion that the singular locus of Y has dimension at least
1, which is impossible. Thus Z has only isolated singularities. Now if ). has a double
root, then H, intersects the singular locus of Z, or c lies on the dual variety of Z inside P2
Either case defines a variety inside P2 of dimension at most 1. In particular, there are most
O(B'?) available ¢ with H(c) < B'/* by (7.2.3). Moreover, Proposition 7.2.13 implies that
N.(B) < B*3, so that we have a contribution of O(B"/%), which is sufficient.

Proof of Proposition 7.6.3. If D is irreducible, but not geometrically irreducible, then it
contains O(1) points by Bézout's theorem, which is sufficient. So we assume from now on that
D is geometrically irreducible. In particular, (). and C, do not share a common factor. The
equation (7.6.6) therefore defines a singular cubic plane curve C’ C P? with a singularity at
to = [1,0,0] and hence is rational over K. We obtain an explicit bijective morphism P* — C’
by sending a line to the unique residual intersection point with C” and ¢,. Explicitly, this is
given by [s,t] — [Ce(s, 1), sQc(s,1),tQc(s,t)]. It follows that N.(B) is bounded from above
by

#{[s,t] € PY(K): H([Cy(s,1), casQe(5,1), cstQe(s, 1), —Qe(s,1)(cas + cst)]) < B}

and we define the last quantity to be N'.(B). As ||c|| < B'/**x it is clear that ||Q.|, ||Ce|| <
BA. Thusif (s,t) € Z; is counted by N’(B), then Lemma7.2.11 implies that || (s, )|, < B*.
Let €' be the ideal generated by the resultant of Q.(s,t) and C.(s,t) and define € = €’a; - - - a;.
By construction, as (s,t) € Z;, we must then have (C.(s,t),sQc(s,t),tQc(s,t)) | € for any
(5,t) € Z; and N(€) < max{||Q.|, ||Cc||}* < BA. Suppose now that

a=(Ce(s,t),ca5Qc(5,1), catQe(s,t), Qe(s,t)(cas + cst)).

If we write by = (a, Qc(s,)) and a = bybs, then we must have by | € and by | (¢4, cos + c3t).
Moreover, for any (s,t) € Z; we have

H([Ce(s,t),c45Qc(s,1), catQc(s, 1), —Qc(s,t)(cas + cst)])
= N(a) |Ce(8,1), c48Qc(5, 1), catQc(s, 1), —Qe(s, t)(cas + c3t)]|
> N(a) ™ leall  [1Qe(s: )l o 15, t) I

In particular, if (s,t) is counted by N.(B), then we must have

1Qe(s, )l < N(b1)B*?leal 27 or [|(s,1)l, < N(b2)B¥lea] 7. (7:6.7)

oo

Let us first bound the contribution from those (s, t) for which the first alternative holds. As
we have by | Q.(s,t), by Corollary 7.2.16 we have that the contribution is up to a constant at
most

B2/3 B2/3+€

< .
leal 222 Jlea))??

B*(| Qe
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Let us now deal with the contribution form those (s, t) for which the second alternative in (7.6.7)
holds. For any such (s,t), we must have by | cos + c3t. As by | ¢4 and N({co,c3,¢4)) < 1, it
follows that the cardinality of the image of Z; in

#{(s,1) € (O /by)?*: cas +c3st =0 mod by}

is O(1). Denoting the the image of Z; in the set above by T, any (s,t) must be congruent
to some element in 7 modulo by, and hence the number of such (s,t) with ||(s, )|, <
BY3N(by)|eal| "% is O(B23||eq||2%). As by | b, by | ¢y and N(€) < B4, N(¢y) < BY4,
the familiar divisor bound for ideals shows that number of available b; and by is O(B¢). In
summary, we have

BQ/3+E

leall 2

which is what we wanted to show. O

N.(B) <«

d=3

Suppose that X, contains a line L C X. Since there are at most 27 lines in X defined over
K, it suffices to bound N.(B) when X, contains a fixed line L C X. After a suitable change
of variables L is given by z; = x5 = 0, in which case we may assume that F' is of the shape

F(x) = 21Q1(x) + 22Q2(x)

for some quadratic forms Q1,Q2 € Oklz1,...,x4]. Moreover, the fact that L C V. also
implies that ¢ = [s5,£,0,0]. Any = € P3(K) that lies on L is necessarily of the form
x = [txy, —sx1, T2, x3). In particular, if @ satisfies F'(x) = 0, then either x; = 0, in which
case « € L, or x is a root of

Qsi() = tQ1(tx1, —s21, T2, T3) — 5Q2(tx1, —571, T2, X3).

It is clear that if (z1,x9,23) € Zy satisfies H(txy, —sxz1,x9,23) < B, then we must have
lz1]l. < Bll(s,t)]|l. Let A(s,t) be the discriminant of Q,, considered as a ternary
quadratic form in (x,x92,x3), so that A(s,t) is homogeneous of degree 5. In addition, define
Ao(s,t) to be the ideal generated by the 2 x 2 minors of the matrix underlying Qs:. Then
Lemma 7 of [27] shows that N(Ay(s,t)) < 1, and hence Proposition 7.3.4/ implies

Bl-i—e
(s, )N (A (s, )13

Ns+(B) < B +

where we used the divisor estimate 7(N(A(s,t))) < B¢, since N(A(s,t)) < B3, There are
O(B?%3) available (s,t) € Z, with H(s,t) < BY? and hence if B° dominates in the estimate
above, we get a contribution of O(B?3+), which is sufficient. Let us now put ||(s,t)||., and
N(A(s, t)) into dyadic intervals, say ||(s, )|, =< « and N(A(s,t)) < 3, where a < B'/3
and 3 < B°/3. By Lemma 7.2.17| the number of available (s, ) is O(a3'/%), and hence if the
second term dominates we get a contribution of

Bl+5042/3ﬁ_2/15.

Summing over dyadic intervals shows that the overall contribution is O(B'/%*), which is
sufficient and therefore completes our treatment of cubic surfaces.
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e=d—2

Note that this case is only relevant when ¢ = 5 and hence d = 3. Suppose now that
X, = BUC, where C is irreducible of degree 3. If B is a conic, we are in the context of
Theorem 7.1.3, so that we may assume that B is the union of two skew lines Lq, L,. There are
O(1) pairs of skew lines in X, and so we may restrict our attention to a fixed pair. Since L;
and L, are skew, any hyperplane containing them must contain the three-dimensional linear
space they span. This forces c to lie on a line in P°, and hence the number of such hyperplanes
of height O(B'/%) is O(B?/®). Moreover, by Proposition 7.2.13 the curve C' contains O(B%/?)
rational points of height B, so that the contribution is O(B?/°2/3) = O(B%/15), which is
again satisfactory and thus completes our proof of Theorem 7.1.2 for d = 3,4, 5.

7.7 del Pezzo surfaces of degree 2

The anti-canonical model of a smooth del Pezzo surface of degree 2 is given by a hypersurface
in weighted projective space P(2,1,1,1) in the variables (y, u, v, w) of the form

X y* = g(u,v,w),
where g € Og[u, v, w] is a non-singular quartic form. For [y, u,v,w] € P(2,1,1,1)(K), define

H(y,u,v,w) = T max{lyl,/ July, o]y, [wl, }.

vEQK

Let U C X be the complement of the exceptional curves of X. The counting function with
respect to the anti-canonical height function of X is then given by

N(B) = #{ly,u,v,w] € U(K): H([y,u,v,w]|) < B}.

Let 7: X — P? be the map induced by the anti-canonical divisor, that is 7([y, u, v, w]) =
[u, v, w]. Given ¢ € P*(K) we let H. C P? be the line defined by = - ¢ = 0. We may consider
the pullback of H, under 7. Writing X, = 7~ *(H,), the defining curve for X, can be written
as

y2 = gc<x7 t)

for a suitable binary quartic form g.. If we write
N.(B)=#{te (X.NnU)(K): H(t) < B},
then using Lemma [7.2.12 we find

NB S Y NB).
c€P?(K)
H(c)<B/?
We will split the study of N.(B) into three cases.

First consider the case where g.(x,t) has no multiple factors. If X, has no rational points of
height at most B then trivially N.(B) = 0 for such c. Otherwise, let x, be a rational point
of X, with H(xy) < B. Then X, is non-singular and defines an elliptic curve, as is shown
in [53, Chapter 8]. In particular, it is shown there that there exists an isomorphism (which is
independent of ¢) that birationally maps X, to an elliptic curve in Weierstrass normal form

E.: ZY? = X34+ A XZ?+ B.Z5.
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Note that any rational point x of X, is mapped to a rational solution P(x), say. Since
the birational transformation only depends polynomially on the coefficients of g. there exist
absolute constants A, C' > 0 such that

A A A
I1P@)] < Cllgell™lzol "l

Finally, since different rational points are mapped to different rational points under this
birational transformation we find

N.(B) < N(E,,CB*"),

where N(E, R) denotes the number of rational points of an elliptic curve £ C P? up to height
R with respect to the usual height on P2. Thus, by Proposition 7.1.4 we find that in this case

N.(B) < B-.

There are O(B?3/2) rational points ¢ € P?(K) with H(c) < B'/2, so that the total contribution
in this case is bounded by O.(B%/2+¢).

Next, we consider the case when g.(x,t) has a multiple factor but X, is geometrically
irreducible. This implies that g. = L?Q, where L,Q € K|[x,t]. Note that in fact L and
hence also (Q must have coefficients in O, because we assume char(K) # 2. Indeed, if
not then Q must also be square, which is impossible as then 32 — g, is reducible. Hence we
may assume that L and @) are both defined over K. There are most O(1) possible choices
(z,t) € PY(K) such that L(z,t)Q(x,t) = 0, which also forces y = 0. It thus suffices to bound
the contribution from those (y, z,t) for which L(z,t)Q(x,t) # 0. If we write z = y/L(x, 1),
then the equation y? = L%(z,t)Q(x,t) implies that 22 = Q(xz,t). Moreover, if H(y,z,t) < B,
then z will have a representative in Ok with ||z|| < B? and (z,t) a representative in O%
with ||(z, )], < B. It follows that

[P
Ne(B) < #{(z,2,t) € P*(K): [|(z, )] < B, |I2llo. < B* 2" = Q(z,1)}.

The binary form Q(x,t) must be square-free, as else y* — L*Q would be reducible, a case that
we excluded by assumption. In particular, 22 = Q(z,t) defines an irreducible conic in P? and
we can use Proposition 7.3.4/to deduce that

N.(B) < B*3.

We will now bound the number of ¢ € P?(K) such that g. has a multiple factor. This happens
precisely if the hyperplane H, has singular intersection with the quartic curve V(g) C P? and
hence ¢ must lie on the dual curve V(g)* C P2 of V(g). As V(g) is a smooth quartic curve
and char(K') # 2,3, the dual curve is an irreducible curve of degree 12. By Proposition 7.2.13
it follows that the number of ¢ € V(g)* with H(c) < B'/? is O(B'/'?). Therefore in total
we get a contribution of O(B"/'2) from this case.

Finally and lastly we assume that y? —g.(, t) is geometrically reducible. This happens precisely
if g. is a perfect square as a polynomial in K[z, t]. In particular, any such H, is a bitangent
vector of V(g). The 56 exceptional curves in X correspond precisely to the preimages of the
28 bitangents of V' (g) under 7, and so any such point on X, is excluded from our count.

We conclude that in total we obtain N(B) <. B*?*¢, which suffices for Theorem 7.1.2 when
d=2.
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7.8 del Pezzo surfaces of degree 1

Via the anticanonial embedding, a non-singular del Pezzo surface X of degree 1 may be
realised as a hypersurface in weighted projective space (3,2, 1,1) in the variables (y, x, u,v)
given by an equation of the form

Xy = a® + glu,v)x + h(u, v),

where g and h are binary forms of degrees 4 and 6, respectively. An anti-canonical height
function is given by
H(t) = I max{[yls/* /% [ul,, [v],}
VvEQK
fort = [y, z,u,v] € P(3,2,1,1)(K). The counting function of interest is then given by

N(B) = #{t € X(K): H(t) < B}.

In this case we are aiming for an upper bound of the form O(B?"¢), and so we do not have
to remove any of the exceptional curves or singular members of | — Kx|. Moreover, the
point [1,1,0,0] is the unique base point of the anti-canonical linear system, which induces the
rational map [y, z, u, v] — [u,v] € P! and so we may restrict our attention to counting those
points for which (u,v) # 0.

Note that upon replacing [y, z,u,v] € P(3,2,1,1)(K) with [y, u?z, pu, pov] for a suitable
unit u € Of, we see from Lemma 7.2.7 that every element of P(3,2,1,1)(K) with height at
most B has a representative (y, z, u,v) € O% with |ly||"*, |z]|*2, ||(u, v)|| < BY*%. It thus
follows that
NB S Y Nu(B),
(u,0)€0%
0<||(u,w)||<BY*x

where

Nuw(B) = #{(y,2) € O |lyl| < BY*<, o] < B**,y* = 2® + g(u, v)x + h(u,v)}.

Define A(u,v) = 4g(u,v)* + 27h(u,v)3. Note that this is a homogeneous polynomial of
degree 12. If (u,v) € O% is such that A(u,v) # 0 then ZY? = X?+ g(u,v) X Z*+h(u,v) 2>
defines an elliptic curve in P? and any integral point (y, ) € O% gives rise to a unique rational
point on the elliptic curve. By Proposition 7.1.4 we thus find N, ,)(B) < B® in this case.
Since the number of (u,v) € O% with |Ju,v|| < BY*% is O(B?) by Lemma [7.2.6, we get a
total contribution of O.(B%*"¢), which is sufficient.

It remains to estimate >, ,) Nu(B) where the sum runs over (u,v) € Of that satisfy
A(u,v) = 0. Note first that there are at most twelve solutions [u;,v;], i = 1,...,12 to
A(u,v) = 0in PY(K). Further, any (u,v) € O% such that [u, v] = [u;, v;] in P1(K) must be
an Og-multiple of (u;,v;). By Lemma 7.2.6 we know that there are most O(B||(u;, v;)|| ) =
O(B) pairs (u,v) = A(u;,v;) with ||\ < BY*%< and N(\) < B||(u,v)||.. We thus find
that the number of summands that we currently consider is bounded by O(B), where the
implied constant is independent of X. Moreover, it is clear that

Nuw(B) < #{(y. ) € O+ (o)l < B¥**,y* = &® + g(u,v)a + h(u, v)}

and that the affine curve defined by y? = 23 + g(u,v)z + h(u,v) C A% is irreducible. The
affine version of the Bombieri-Pila bound generalised to global fields by Paredes and Sasyk [155|
Theorem 1.9], implies that the last quantity is bounded by O(B), where the implied constant
is independent of X. Hence we obtain a total contribution of O(B?), which completes the
proof of Theorem [7.1.2/for d = 1.
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CHAPTER

Canonical singularities on moduli spaces
of rational curves via the circle method

This chapter is based on [86].

8.1 Introduction

The interplay between geometry and number theory has a long and rich history. Examples
such as Deligne’s resolution of the Weil conjectures [66, |67], which serves as a powerful tool
for estimating exponential sums and makes crucial use of the heavy machinery of algebraic
geometry, shows that the impact of geometry on number theory cannot be underestimated.
Rather surprisingly, sometimes this flow of information can be reversed and tools from analytic
number theory can be used to give information about objects of geometric interest. In particular,
building on ideas of Ellenberg and Venkatesh, Browning and Vishe [42] have demonstrated how
one can use the circle method over function fields to deduce crude geometric properties of the
moduli space M (X, e) of rational curves of degree e on a smooth hypersurface X C P!
of degree d when n is large compared to d. The aim of this chapter is to enrich this flow of
information and develop a suitable form of the circle method to show that M, (X, e) has
only canonical singularities under suitable assumptions on n, d and e.

Let
m=n(e+1)—de—5. (8.1.1)

A naive heuristic based on Riemann—Roch leads one to expect that dim M o(X,e) = 7.
Assuming that n > d + 3 and X is general, Riedl and Yang [163] have shown that this
is indeed the case and also established the irreducibility of M o(X,e). Assuming d > 3,
the methods based on analytic number theory from Browning and Vishe [44] allow one to
deal with any smooth hypersurface at the cost of requiring the more stringent assumption
n > (5d —4)2%71. This was later refined to n > (2d — 1)2¢~! by Browning and Sawin [42].
Moreover, by developing a motivic version of the circle method, Bilu and Browning [13]
established a stabilisation result for Mor. (P!, X') — the space of degree ¢ morphisms from P!
to X — in the Grothendieck ring of varieties, which implies that M (X, e) is irreducible
and of the expected dimension for smooth X as soon as n > (d — 1)2¢71.

Apart from this crude geometric information about M, (X, e), very little is known about
their singularities. When d > 3 and n > 2d + 1, Harris, Roth and Starr [94] have shown that
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Mo o(X, e) is generically smooth. Moreover, Browning and Sawin [42] give upper bounds for
the dimension of the singular locus of Mg (X, e). In this work we are concerned with the
qualitative nature of the singularities that can occur on Mg (X, e). Even for smooth Fano
hypersurfaces one cannot hope in general that M o(X, ) is smooth, as shown by Example 2.2
of [42], and so a natural question is how bad the singularities can be.

When d =1 or d = 2, then work of Kontsevich [126] and Pandharipande [121] shows that the
spaces M (X, e) are smooth and irreducible for all e > 1. Our main result is as follows.

Theorem 8.1.1. Suppose that X C P"! is a smooth hypersurface of degree d > 3 over a
field of characteristic 0. If

(d? +d — 4)2¢1 when e = 1,
n
(de +1)(d — 1)2¢°Y  when e > 2,

then M (X, e) has only canonical singularities.

Turning to the particular case e = 1, the space Fi(X) = M(X,1) is the Fano variety
variety of lines of X. It is a classical result due to Altman and Kleiman [1] that the Fano
variety of lines of any smooth cubic hypersurface X C P"~! is smooth forn > 5. If X c P!
is a hypersurface of degree d > 4, then F;(X) is still known to be smooth, if one assumes
that X is general and d < 2n — 5 [124, Theorem V.4.3]. In particular, Theorem 8.1.1 gives
new information about F3(X) for smooth X as soon as d > 4 and n > (d* +d — 4)2¢71,

Theorem 8.1.1| gives a partial answer to a question by Starr [190], where he asked which type
of singularities can occur on the spaces M o(X,e). In the same work he proved that for
e > 2 and d > 3 the spaces M (X, e) have only canonical singularities if d+ e+ 1 < n and
X is general. While Theorem 8.1.1 puts stronger constraints on the number of variables than
Starr's result, it has the advantage that it applies to any smooth hypersurface and not just
generic hypersurfaces.

In forthcoming work with Hase-Liu [87], we generalise Theorem [8.1.1 to moduli spaces of
higher genus curves and also prove that these moduli spaces only have terminal singularities.
Along the way we are able to remove the dependence of n on e and show that the results hold
provided n > d32¢ and e is sufficiently large with respect to g.

Outline

We will now give a brief overview of the main steps in the proof of Theorem 8.1.1. Instead
of working with M (X, e) directly, it suffices to work with the naive parameter space
Mor, (P!, X) of degree e morphisms from P! to X. Our proof relies on studying the jet
schemes J,,(Mor,(P!, X)) for any integer m > 0. The link to canonical singularities is
provided by a result due to Mustatd [150], which states that a variety Y has canonical
singularities if and only if .J,,,(Y") is irreducible for all m > 0. More precisely, we will deduce
Theorem 8.1.1] from the following result.

Theorem 8.1.2. Assume that X C P"~! is a smooth hypersurface of degree d > 3 over a
field K with char(K) > d if it is positive. Then providing

- (d? +d — 4)2¢1 when e =1,
n
(de +1)(d — 1)2¢7Y  when e > 2,
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the mth jet scheme J,,(Mor (P, X)) is irreducible and of dimension (m + 1)( + 3) for all
m > 0.

For any variety Y, the fiber of the morphism .J,,,(Y') — Y above a smooth point is isomorphic
to A™4™Y I addition, points on Mg (X, e) correspond to PGL; orbits on Mor,(P', X),
so that the expected dimension of Mor. (P!, X) is 7 + dim PGL, =  + 3. In particular,
Theorem 8.1.2 confirms the naive expectation that the dimension of J,,(Mor, (P!, X)) is
(m+1)(m+3).

Our strategy to prove that .J,,,(Mor. (P!, X)) is irreducible and of the expected dimension
follows the path paved by Browning and Vishe [44]. More precisely, after performing a spreading
out argument, it suffices to prove the corresponding result over a finite field IF,. By appealing
to the Lang—Weil estimate this is equivalent to understanding the number of F-points on
Jm(Mor (P!, X)) as g goes to to infinity, which in turn correspond to F,[t][s]/(s™"!)-points
on X whose degree in t is bounded by e, which we solve by developing a suitable version
of the circle method. This counting problem can be interpreted as counting the number of
IF,[t]-points of bounded height on a system of m + 1 equations in n(m+ 1) variables. Classical
applications of the circle method require the number of variables to grow roughly quadratically
in the number of equations. In particular, since for n,d and e we want to count points for
all m > 0, this approach seems hopeless and Browning and Sawin [42] wrote in their work
that it does not seem possible that their method will prove that Mg (X, e) has canonical
singularities. Nevertheless, we succeed using a modified version of the circle method, as we
shall now explain.

The key point is that we do not treat the equations for J,,(Mor.(P!, X)) as a system of
equations, but keep working with it as a single equation over F[t][s]/(s™"!). Our situation
may thus be compared to that over number fields: if one wants to count solutions to a single
equation over a number field, but uses Weil restriction to consider it as a system of equations
over Q, then a naive application of the circle method would require the number of variables to
grow quadratically in the degree of the number field. However, as demonstrated by Skinner
[186], if things are set up correctly, one can essentially still treat it as one equation and obtain
completely analogous results compared to Q.

In our approach we perform harmonic analysis over F [s]/(s™*1)((t"!)) and then continue
along the standard lines of attack of the circle method. This includes a division into minor
and major arcs followed by a suitable form of Weyl differencing to bound the exponential sums
that arise in this process. The extraneous factor of de + 1 in Theorem 8.1.1 arises because the
bounds we obtain for the exponential sums involved only depend on rational approximation of
the parameter modulo s. In particular, our arcs are in some sense too coarse. The reason for
this is that Diophantine approximation is significantly more difficult modulo higher powers of
s due to the presence of zero divisors and non-constant units.

The results mentioned thus far have been generalised to the setting of smooth complete
intersections of the same degree by Browning, Vishe and Yamagishi [45]. Given p1,...,p, € P!
and y1, ...,y € X, they further generalised their method to deal with the parameter space
Mor.(PY, X, p1, ..., py; Y1, - --,yp) of degree e morphisms f: P! — X satisfying f(b;) = p;
for i = 1,...,b. Their approach is based on a function field version of Rydin Myerson's work
[166, [167] that allows one to handle systems of forms with the circle method for which the
number of variables only grows linearly in the number of equations. It seems plausible that our
work extends to the setting of [45] and it would be interesting to see whether Rydin Myerson's
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approach could be useful in the study of canonical singularities. In another direction, Hase-
Liu [95] has extended the circle method approach to shed light on the geometry of Mor,.(C, X)
when C'is a curve of genus g > 1. We believe that a combination of Hase-Liu's approach
with the one developed in this paper should be capable of establishing that Mor.(C, X) only
has canonical singularities when g > 1 for suitable ranges of ¢ and n.

8.2 Preliminaries

We will typically work with the space Mor, (P!, X) of degree e morphisms from P! to X
instead of M (X, e). We begin by recalling some basic facts about parameter spaces of
morphisms and jet schemes.

8.2.1 Parameter spaces of morphisms

Let X C P"! be a smooth hypersurface over a field K defined as the vanishing of a
homogeneous polynomial F' € K|z, ...,x,] of degree d. Recall that a morphism f: P! — X
of degree e over K is given by a tuple (fi(s,t), ..., fu(s,t)) of binary forms f1, ..., f, € K[s, 1]
of degree e such that fi(s,t),..., fu(s,t) do not all share a common non-constant factor
and F(fi(s,t),..., fu(s,t)) vanishes identically in s and ¢. By identifying the space of n-
tuples of binary forms of degree e modulo the action of K* with P*¢+)=1 we can thus

realise Mor,(PP!, X) as an open subscheme of the closed subset of P"(¢*1)~! defined by

F(fi(s,8),- .., fuls,t)) = 0.

8.2.2 Jet schemes

We now recall some basic facts about jet schemes, all of which can be found in |71, Section 2].
Let Y be a scheme of finite type over K. For every integer m > 0, there exists a scheme J,,,(Y)
of finite type over K such that for any k-algebra A the set of A-valued points J,,,(Y)(A) is
given by Y (A[s]/(s™1)). The scheme J,,(Y) is unique up to a canonical isomorphism and is
called the mth jet scheme of Y.

Jet schemes are functorial in the sense that a morphism f: Y — Z of K-schemes induces
a morphism f,,: J,(Y) — J(Z) for every m > 0. Moreover, if f is an open or a closed
immersion, then so is f,,. In particular, if Y C P"~! is an open subset of a closed subvariety,
then we can think of J,,(Y) as being contained J,,(P"1).

8.2.3 Spreading Out

We will now begin to relate the proof of Theorem 8.1.1 to a counting problem. We use the
notation from Subsection 8.2.1 and recall that 7z defined in (8.1.1) is the expected dimension
of Mgo(X,e). Since two morphisms in Mor, (P!, X) give rise to the same rational curve if
and only if they differ by an element in PGL,, the expected dimension of Mor, (P!, X) is

p=n+3=n(e+1)—de—2. (8.2.1)
Our main ingredient is the following result due to Mustatd [150].

Theorem 8.2.1. Let Y be a local complete intersection scheme over a field of characteristic
0. Then'Y has only canonical singularities if and only if the mth jet scheme Y is irreducible
for all m > 0.
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We want to apply Theorem 8.2.1 to Mor.(P', X). Note that under the hypotheses of
Theorem 8.1.1, it follows from [42, Theorem 1.1] that Mor.(P!, X) is a local complete
intersection. Hence Mustatd's result is applicable and Theorem 8.1.2 implies that Mor, (P!, X)
only has canonical singularities. Now to deduce Theorem 8.1.1 from Theorem 8.1.2, recall
that Myo(X,e) is a Deligne-Mumford stack that can be realised as the stack quotient
[Mor, (P!, X)/ PGLy]. As PGL, is a smooth group scheme, the natural projection map
Mor, (P, X) — My o(X,e) is a smooth atlas. Having canonical singularities is a smooth
local property and so M o(X, e) only has canonical singularities if Mor, (P!, X) does.

Next, we briefly recall the spreading out process as described in [44, Section 2]. To do so,
define X, = Mor,.(P', X) and X, ,, = J,(Mor.(P*, X)), so that X, = X.. For all m >0,
the schemes X, ,, are defined over a finitely generated Z-algebra A, that can be explicitly
realised by adjoining the coefficients of F' to Z. For any maximal ideal m C A the quotient
A/mis a finite field and X, ,,, will be irreducible once we can show that X, ,, x Spec(A/m) is
irreducible for any maximal ideal m C A. By inverting d! and enlarging A if necessary, we may
moreover assume that the reduction of X modulo m is smooth and char(A/m) > d.

It follows from [151, Corollary 2.7] that any irreducible component of X, ,, has dimension at
least (m + 1) dim X,. In addition, by Chevalley's upper semicontinuity there exists an open
subset U C Spec(A) such that dim X, ,, < dim(X,,, x Spec(A/m)) for all maximal ideals
mcCU.

In view of the Lang—Weil estimates, to show that X.,, is irreducible and of the expected
dimension, if dim X, = p, it therefore suffices to show that

Xem(F
lim #Xem(Fy)

g—00 q(m+1)M

(8.2.2)

We are now ready to introduce our main counting function. Given a non-singular homogeneous
form F' € F,[x1,...,x,] of degree d, we define

Np(e) = #{z € (F,[s]/(s™™)[])": F(x) =0mod s™" deg,z < e}. (8.2.3)
Lemma 8.2.2. Let e > 1. Suppose that
No(e) = ¢ (1 4 o(1))
as q — oo for allm > 0. Then

lim ¢~ rax, (F,) <1

q— o0

for all m > 0.

Proof. Identifying again the space of n-tuples of binary forms of degree e up to multiplication
by scalars with P™¢*D=1 we clearly have

X, C {x e PPeDL () = 0},

since we merely dropped the coprimality condition in the definition of X.. By functoriality
of jet schemes, we can identify X, ,,(IF,) as a subset of the set of F -points of the mth jet
scheme of P(¢*U=1 which is given by P*(¢*D=L(F [s]/(s™+1)). It follows that

Xem(F,) C {x € P"EDYE,[s]/(s™)): F(x) =0 mod s™}.
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As FF,[s]/(s™*!) is a local ring, the collection of the FF,[s]/(s™*!)-points of Pr(¢+D~1 js

(Fyls]/ (™)™ N {0})/(F[s)/ (™)~

Since an element of Fy[s]/(s™"") is a unit if and only if its reduction modulo s lies in F*, we
have #(F,[s]/(s™*1))* = (¢ — 1)¢™ and thus
# X, (F,) < #{x € PHUEDYT [5]/(s™): F(x) = 0 mod s™H'}
 H#H{x e (Fyls]/(s™)[t)": F(x) = 0mod ™, & # 0 mod s, deg,(x) < e}
N (g —1)gm

where have identified binary forms of degree e with polynomials in ¢ of degree at most e.
Dropping the condition  #Z 0 mod s, we therefore have

Np(e)
1

’

#Xem(Fy) < W

In particular, if
Np(e) = ¢ (1 4 o(1))

for all m > 0 as ¢ — oo, then
H#Xem < g1+ 0(1))

holds as ¢ — . O

In particular, Theorem [8.1.2 and hence also Theorem 8.1.1 will be a consequence of the
following result, whose proof will be carried out in the final section.

Proposition 8.2.3. Let d > 3 and assume that e > 1. Suppose that

- (d? +d — 4)2¢1 when e = 1,
n
(de +1)(d — 1)2¢71  when e > 2,

and that F' € F [z, ..., x,)] is non-singular of degree d. If d < char(FF,), then for any m > 0,
we have N,,(e) = ¢V (1 + o(1)) uniformly in g.

8.3 Harmonic analysis

For m >0, let K, = F ((t™1)) and K™ = K_[s]/(s™). We define O = F,[t] and
Op = (Fy[s]/(s™1))[t], which consists of elements of the form © = zg + szy + - - - s"ay,
with z; € O for i = 0,...,m. Let & = Y,y a;t" € K be such that a,, # 0. Then we
denote by |a|y the norm on K., given by |alo = ¢™ and we define ||af|, = | X<y ait’|o to
be the distance to the nearest integer. We extend both to all of K, by [0]y = [|0]|, = 0. Any
a € K™ can be written as

a=ay+sa;+ -+ s"a, (8.3.1)

with o; € K. We then define a norm on K(™ via |a|,, = max|as|o and similarly set
|||, = max{||la;||,}. Moreover, we let

T = {a € K™ |a|, < 1}

178



8.3. Harmonic analysis

be the analogue of the unit interval. There are reduction maps m: K™ — KU for any
m > | and by abuse of notation we shall write |a|, = |m ()|, for & € K™ and similarly

leell,; = fimi ()],

Let e,: F, — C* be the additive character defined by ¢,(z) = exp(2m’ Trg, /¥, (:L’)/p) and
let ¢: Ko, — C* be the standard additive character defined by

Z a;tt — eq(a_y),

where Y a;t' € K, and a; € F,. We define a character on KC();”) by
Um(a) = [ ¢(),
i=0

if o is given by (8.3.1). Let da be the usual Haar measure on K, normalised in such a way
that [ da = 1. It is clear that K(™ is an (m + 1)-dimensional K .-vector space and thus
we can extend the Haar measure from K., to K™ by da = day - - - da,, if a is given by
(8.3.1). We begin by recording some useful orthogonality relations.

Lemma 8.3.1. Letz € O,, and N > 0. Then
g ONf |2, < gV,

0 else.

mlax)da =
Aang): lalm<q=N} ¢ ( ) {

Proof. It is clear that By = {a € K(™: |al,, < ¢~} is a compact subgroup of K™ under
addition and that the restriction of 1, to By defines a continuous character on it. It therefore
follows from standard harmonic analysis arguments that

vol(By) if ¢, (ax) =1 for all & € By,
0 else.

Ym(ax)da = {
By

A straightforward computation shows that vol(By) = ¢~ ™+ so that it suffices to show that
« > 1, (ax) restricts to the trivial character on By if and only if |z, < ¢. If |z|,, < ¢7,
then certainly 1,,,(axr) = 1 identically in a.. So let us suppose that x = xq + - - - + 2;t! with
[ > N, where z; € F,[s]/(s™"") for 0 < i <l and z; # 0. Let us write z; = s*(y; + sy])
with 0 < k < m, where y, € F and y; € Fy[s]/(s™ ). If we define a = s "t~ then
by assumption ||, < ¢~V and the coefficient of t =1 in ax is by construction s™y;, whence

(o) = eq(yr) # 1. O
Lemma 8.3.2. Let a € K™ and N > 1. Then

(m+)N i -N
q o, <q
E wm(ozx) = { H H

2€0, 0 else.
|2 m <g

Proof. The collection of z € O,, with |z|,, < ¢" forms a discrete subgroup O of O,,
of order ¢™*YN and x + 1),,,(ax) an additive character on it. So as in the proof of the
previous lemma, it suffices to show that 1, (ax) is the trivial character on OV if and only if
|lall,, < ¢~. The if part holds trivially. In addition, since translation by an element in O,
does not affect the value of 1/, we may assume without loss of generality that a € T™ is such
that |, > ¢ V. So suppose o = Y ;< _p; ait” with M < N, where o; € Fy[s]/(s™"!) and
a_p # 0. We can then write oy = s*(ag + sa;) for some ag € F*, a; € F[s]/(s™*) and
0 <k < m. If we define z = s™*tM~1 then by assumption |z|,, < ¢" and by construction
we have ¢, (ax) = e,(ag) # 1 as desired. O
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8.4 Circle method

Recall that for F' € F [z, ..., z,] homogeneous of degree d, we defined the counting function
Np(e) = #{x € O": |x|,» < ¢, F(x) = 0 mod s™}.

If we set

S(a) = 2@: Ym(aF(x))
| m <q°

for « € T then it follows from Lemma [8.3.1 with N = 0 that

N(e) = /T . Sla)da.

Our approach to studying N,,(e) is to identify a set of major arcs, which will give the main
contribution to N,,(e), and a set of minor arcs on which |S(«)| is sufficiently small. More
precisely, let & = ag + - - - + 8", with o; € T and M = (@1 For -1 < J < M, we
then define

mJ)= |J {ae T (lagr|l, < ¢/ %713, (8.4.1)

r€O monic
Ir|<q’

where we note that MM (—1) = (). It follows from Dirichlet’s approximation theorem over
K as recorded in [35, Lemma 5.7] that every a € T™ lies in 9(J + 1) \ M(J) for some
—1 < J < M —1. In addition, it is easy to see that

vol(IM(J)) < ¢*/ 1, (8.4.2)

8.4.1 Weyl differencing

Suppose that

is a non-singular form of degree d with symmetric coefficients ¢;,
are the multilinear forms

iy € Fy. Associated to F'

.....

n

Lbi(w(l)’ T 7m(d_1)) = d! Z Ci1,...,id—1,ixl(11) U z(d_l)

d—1
015eetd—1=1

for 1 <i<mn. Let Vc Al-Dn pe the variety defined by ¢y = --- =1, = 0 and denote by
V. the mth jet scheme of V.

Lemma 8.4.1. Let F' be a non-singular form of degree d and suppose that char(K) > d.

If we define my = [%1 then any irreducible component of V,, has dimension at most

(m+ 1)n(d — 1) — nmy.
Proof. We identify x(® € A(m+1)" for 1 <4 < d — 1 with a:(oi) + swgi) + -4 5™l where

my) € A". Since V. .C A=V we have V,, C J,(Ald-U") = Alm+Dnld=1) ynder this
description, V,, is given by

{(xW, ... 2@ V) e Atnld=D . (zM 2Dy = 0mod s™ for 1 <i < n}.
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Let now
A= {(m(l), o ,m(d—l)) c AlmHDnd=1. (1) _ . _ a:(d‘l)}

be the diagonal, which has dimension (m + 1)n. Suppose that (x,...,x) € ANV, Then
as char(K) > d we must have VF(x) = 0 mod s™*!. If x # 0, we can write = = s'z’ with
@' # 0mod s. Then as F is non-singular, this implies I(d — 1) > m + 1, as otherwise the
reduction of &’ modulo s would produce a singular point of F' over K. This is equivalent to
Ty ="+ = Ty,—1 = 0 and hence

dim ANV, <n(m+1-—my).

Therefore,
dimV,, <dim(ANV,)+(m+1)n(d—-1) —dim A =n(m+1—mg) + (m+ 1)n(d — 2),

from which the result follows. O
For o € T and ri,7m9 > 0, let

Mm(a’ T17 ’["2> = # {w E O:ln(d—l) . ‘w(l)’m’ ey ‘w(d—l)’m < qu_T2, }

()], < g for 1 <i <n

We will now employ Weyl differencing to obtain upper bounds for S(«). Replacing F,[t] with
O, the argument leading to [131, Corollary 4.3.2] goes through verbatim and gives together
with Lemma 8.3.2| the following result.

Lemma 8.4.2. Let o € T . Then

ys(a)’wﬂ < q(e+1)(m+1)(2d71,d+1)an(a’ e+ 1’ O).

We require an analogue of Davenport’s shrinking lemma, which follows in our situation directly
from the analogous statement over IF,[¢].

Lemma 8.4.3. Let Ly,..., L, € K{™[zy,..., x,] be linear forms and set
Kon(a,b) = #{x € O |z|m < ¢*, || Li(2)],, < ¢° for 1 <i < n}
fora,b > 1. Then for0 <r < a <b, we have

Kp(a,b) < ¢ K(a —r b+ 7).

Proof. We can write
Li(z) =) 'L (x)
=0
for 1 <i <mnandsome L;; € Koo[z1,...,x,]. If we write x =z + sx1 + - - - + ", with
x; € F [t]" for 0 <i < m, then it follows that

Li(x) = Z sk’Li,k(mo, e X)),

k=0
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as an identity in K™ [zy,..., x,], where L} is now the linear form over K, in (m + 1)n
variables given by

Li,k(w[h s 7wm) = Z LZ,](wl)

j+i=k
With this notation, for any 1 < < n, we have that

ILi(z)]],, < ¢ " ifand only if ’Li,k(mo, . ,mm)HO <qlfor0<k<m.

In particular, we can rewrite K,,(a,b) as a problem over F[t] via

|m0|07 CII) |mm|0 < qaa
Kn(a,b) = #3 (@0, - @) € B[]V | Lig(ao, ..., @m)|, < a7
for1<i<n,0<k<m

We can now apply Lemma 5.3 of [42] to deduce that K,,(a,b) < ¢ V" K, (a — 7, b+7) as
desired. O

We now have everything at hand to reveal our main estimate for the exponential sums involved.

Lemma 8.4.4. Let o & M(J) and suppose | € Zx is such that

J
< _ < .
l_1+d 1 and [ <e+1

Let my = (’Z%ll] Then there exists a constant ¢ > 0 depending only on d,n and m such that

2d71

1S(a)| < Cq(e+1)n(m+1)—lnmo/

Proof. Recall from Lemma [8.4.2] that
|S(C¥)|2d71 < q(e+1)(m+1)(2d71_d+1)an<Oé’ e+ 1, O). (8.4.3)

We will now give an upper bound for M, («, e+1,0) under the assumption that o & 21(J). Set
r =e+1—1. We can apply Lemma 8.4.3 d — 1 times with this choice of r to M,,(a, e+ 1,0),
by fixing all but one of ™, ... &1 With the notation from the lemma, we always have
a=e+1>r=e+1—1andin the ith step b=e+ 141> a, so that the hypotheses of
Lemma 8.4.3| are satisfied. This yields

Mm<057 e+ 17 O) < q(erl)n(dfl)rMm(a, e+1, 7,).

Suppose that (z ... x@ V) ¢ O™ is counted by M, (a,e + 1,7) and define
p=1i(xW, ... 2@V). Then upon writing p = py + -+ + pns™ with p; € F,[t] for
j=0,...,m, we have |p;|o < ¢V Moreover, if a = ag + -+ + s™ay, with a; € K,
then

lewpll,, = llawopo + s(awpr + capo) + -+ - 4 ™ (0pm + - - ampo) |,

and hence [Jap||,, < g~ (+D=(d=Dr = ¢(=Dd=l)=ed=1 ho|ds if and only if
lawopollg: - - s llaopm + - -+ + ampolly < gD D7 (8.4.4)

Note that (8.4.4) does not change if we multiply p by an element in Fy . In particular, we
may assume that pg is monic. Therefore, as o ¢ M(J) and | < 1+ J/(d — 1), the inequality
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laopoll, < g=1@=D=4=1 can only hold if py = 0 by the definition of 90%(.J) in (8.4.1). Thus
(8.4.4) implies [Japp: ]|, < ¢~D@=D=4e=1 and hence again p; = 0. Continuing in this fashion
we get pg = -+ = ppm = 0 and thus ¥ (@, ... 2@ D) = 0. It follows that

B o 2W s 24D, < g
(1) (d—1) n(d—1).
Mm(a,e+1,r)§#{(m o, ) e O 'wi(w(l),...,w(d_l)):0for1§i§n}'
If ) = :c(()i) + -4 smx® with acg»i) € O, then by definition of jet schemes we have that
Yi(xW, ... 2@ V) =0 fori=1,...,n if and only if <$§i))1§i§d—1,0§j§m e ot~ Hntmt)
lies on the mth jet scheme V,, of V. In particular, the upper bound for the dimension from
Lemma 8.4.1 combined with uniform estimates for the number of IF,[t]-points in terms of the
dimension and the degree [34, Lemma 2.8] imply that

My(a, e+ 1,0) < g 0@ gy ¢ @UmD=n, g o yr 11 o gy
< Cgnmg MO (eH1=DH((m+1)n(d—1)=nmo)

for some constant ¢, > O that is independent of q. Once combined with (8.4.3), a
straightforward computation shows

S < gg©HOM 2 i

)l

from which the statement of the lemma follows. O

8.4.2 Deduction of Proposition 8.2.3

We will now assume that n > (de +1)(d —1)2¢tife > 1and n > (&> +d —4)2¢7 1 if e = 1.
Note that since we also assume that d > 3, we have d*> +d — 4 > (d + 1)(d — 1), so that
n > (de+1)(d — 1)2¢71 also holds for ¢ = 1. Our goal is to prove

Np(e) = gmrhnletl)—de=1)(] | o(1)) (8.4.5)

for all m > 0 as ¢ — oo. We will proceed by an induction on m. The case m = 0
is already handled by Browning and Sawin [42] Section 5.3] under the weaker assumption
n > (2d — 1)2971. We may therefore assume m > 0 from now on.

Major arcs

Let us now evaluate the contribution from J = 0 in (8.4.1). Note that if & = g+ - -+ "y,
with a; € T, then o € M(0) implies |aplo < ¢~* L. In particular, if z € O7 is such
that |z|,, < ¢ then we have |aoF(x)|m < |ao|mg® < ¢! It follows that if we write
o =aj+ -+ 5" la,,, then we must have ¥,,(aF(x)) = ¥, (s’ F(x)) = ¥, 1 (o' F()),

which only depends on & modulo s™. Therefore,

_ —de—1 / /
/m(o) S(a)da = q / S(o)da

T(m—1)
_ qn(e+1)—de—1Nm_1(e)
— q(m-i-l)(n(e—i-l)—de—l)(l +O(1))

as ¢ — oo by the induction hypothesis.
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Minor arcs

Recall the definition of the major arcs Mt(.J) in (8.4.1). As noted earlier, every o € T\ 971(0)
lies in 9(J + 1) \ M(J) for some 0 < J < M — 1, where M = [9H]. Let my = [24HL

and l = 1+ Ldf‘]lj One can check that as long as ¢ > 1 and d > 2, the hypotheses of

Lemma 8.4.4 are met. In particular, it follows from (8.4.2) and Lemma 8.4.4/ that

/ |S(a)|da < q2‘]+2_d6_1+n(€+1)(m+1)—lnm0/2d*1
M(J+1)\M(J)

— q(m+1)(n(e+1)—de—1)+m(de+1)+2]+2—lnm0/2d*1 )

If we write J = Jy(d — 1) + Jo with 0 < Jy < d — 2, then the exponent becomes
(m+1)(n(e+1)—de—1)+m(de+ 1) +2Jy+2 —nm/27 " + J1(2(d — 1) — nmg/2771).

As mg > 1 and our assumptions on n imply that 2(d — 1) — n /2471 < 0, the term is maximal
at J; =0 and J, = d—2, as we shall henceforth assume. Since there are at most M = Oy.(1)
choices for .J, in order to establish (8.4.5) it suffices to show that

E =m(de+ 1) +2d — 2 — nmgy/2%"! < 0. (8.4.6)
Firstly, suppose that m +1 < d — 1, so that mg = 1. We then have
E<(d—2)(de+1)+2(d—1)—n/2""
If e =1, we assume that n > (d2 +d— 4)2d_1, which implies

E<(d—2)(d+1)+2(d—1)— (d*+d—4)
=0,

while for e > 2 the assumption n > (de + 1)(d — 1)2%! gives

E<(d-2)(de+1)+2(d—1)— (de+1)(d—1)
= —(de+1)+2(d—1)
< —(2d+1)+2(d—1)
= —3,

which is both satisfactory.

Secondly, suppose that m + 1 > d — 1 and hence mg = [241] > ZEL Therefore,

E<m(de+1)+2(d—1)—n(m+1)/2d - 1)
=m(de+1—n/2 (d—1))+2(d—1) —n/27(d - 1).

Under our assumptions on n and d, the coefficient of m is negative, so that m > d — 1 and
n > (de +1)(d — 1)2%7! implies

E<(d—1)(de+1—-n/2"(d—1)+2(d—1)—n/2 d - 1)
<d—1-n/2"d—-1),

which is negative since we assume that n > (d — 1)(de + 1)2%71 > (d — 1)?2%"! and therefore
completes our treatment of (8.4.5).
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