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Abstract

Diophantine approximation is a branch of number theory with a long history, going
back at least to the work of Dirichlet and Liouville in the 1840s. The innocent-looking
question of how well an arbitrary real algebraic number can be approximated by rational
numbers (relative to the size of the denominator of the approximating rational number)
took more than 100 years to resolve, culminating in the definitive Fields Medal-winning
work of Klaus Roth in 1955.

Much more recently, David McKinnon and Mike Roth have re-phrased and generalized
this Diophantine approximation question to apply in the setting of approximating algebraic
points on projective varieties defined over number fields. To do this, they defined an “ap-
proximation constant”, depending on the point one wishes to approximate and a given line
bundle. This constant measures the tradeoff between the closeness of the approximation
and the arithmetic complexity of the point used to make the approximation, as measured
by a height function associated to the line bundle.

In particular, McKinnon and Roth succeeded in proving lower bounds on the approx-
imation constant in terms of the “Seshadri constant” associated to the given point and
line bundle, measuring local positivity of the line bundle around the point. Appropri-
ately interpreted, these results generalize the classical work of Liouville and Roth, and
the corresponding McKinnon-Roth theorems are therefore labelled “Liouville-type” and
“Roth-type” results.

Recent work of Grieve and of Ru-Wang have taken the Roth-type theorems even fur-
ther; in contrast, we explore results of Liouville-type, which are more elementary in nature.
In Chapter 2, we lay the groundwork necessary to define the approximation constant at
a point, before generalizing the McKinnon-Roth definition to approximations of arbitrary
closed subschemes. We also introduce the notion of an essential approximation constant,
which ignores unusually good approximations along proper Zariski-closed subsets. Af-
ter verifying that our new approximation constant truly does generalize the constant of
McKinnon-Roth, Chapter 3 establishes a fundamental lower bound on the approximation
constants of closed subschemes of projective space, depending only on the equations cutting
out the subscheme.

In Chapter 4, we provide a series of explicit computations of approximation constants,
both for subschemes satisfying suitable geometric conditions, and for curves of low degree
in projective 3-space. We will encounter difficulties computing the approximation constant
exactly for general cubic curves, and we spend some time showing why some of the more
evident approaches do not succeed. To conclude the chapter, we take up the question
of large gaps between the ordinary and essential approximation constants, by consider-
ing approximations to a certain rational point on a diagonal quartic surface. Finally, in
Chapter 5, we generalize the Liouville-type results of McKinnon-Roth.
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Chapter 1

Introduction

1.1 Classical Diophantine Approximation

Diophantine approrimation, in its simplest form, is the branch of mathematics concerned
with approximating real numbers by rational numbers. In particular, we seek to measure
the trade-off between the closeness of the approximation and the “complexity” of the
rational number used to make the approximation. In this case, the complexity of a rational
number is captured by the size of its denominator.

Intuitively, for a fixed real number z, the closer a rational number approximates x (in
terms of the usual absolute value), the larger its denominator must grow. This follows
because there are only finitely many rational numbers within bounded distance of x and
with bounded denominator. We would like to measure the growth in the size of the
denominator as the approximations get closer to x.

More precisely, given a real number x, we want to find the smallest exponent 7, > 0
such that for every § > 0, the inequality

q

— q'rz—l—&

has only finitely many solutions in rational numbers p/q. Given the existence of such a
number 7, it follows that for every exponent e < 7,, there are infinitely many rational
numbers p/q satisfying

which means we can find a sequence of such rational approximations converging to x. The
bigger we are allowed to take e, the “better” the approximations become. This motivates
us to try computing 7, for a given real number z.

The simplest case is when z itself is rational. In that case, we may write z = ~ for
some choice of relatively prime integers r and s (with s > 0). Firstly, it is easy to see that



there are infinitely many rational numbers p/q such that

q S

L (1.1)
q

Indeed, clearing denominators, the inequality is equivalent to |ps — rq| < s, and so it is
enough to arrange that |ps — rq| = 1. Since ged(r, s) = 1, the linear Diophantine equation
ps — rq = 1 has infinitely many integer solutions (p,q), all of which necessarily satisfy
ged(p, ¢) = 1, hence induce distinct rational numbers p/q.

Moreover, for any ¢ > 0, there are only finitely many rational numbers p/q such that

1
< (1.2)

P r
q S

Indeed, multiplying both sides by sq, the inequality is equivalent to
S
lps —rq| < —.
q

If ¢° > s, the only integer solutions to the inequality occur when ps — rqg = 0, i.e. § =L
Hence all solutions to inequality (1.2) have bounded denominator ¢q. For any fixed ¢, there
are clearly finitely many choices for p making the inequality true, establishing that (1.2)

indeed has finitely many rational solutions.

This elementary argument shows that 7, = 1 when z is a rational number. When z is
irrational, the first breakthrough dates back to 1842, when Dirichlet showed that for every
irrational real number x, there are infinitely many rational solutions p/q to

1
?.

< (1.3)
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As a consequence, one deduces that 7, > 2 for all x € R\ Q. Dirichlet’s theorem can be
deduced via a pigeonhole principle argument (see [9], §D.1). Alternatively, the theorem
follows from the theory of continued fractions, since it is well-known that every convergent
in the continued fraction expansion of = satisfies inequality (1.3).

This lower bound on 7, was quickly complemented by an elementary upper bound, at
least in the case where x is an algebraic number. In 1844, Liouville showed that if x is
algebraic of degree d > 2 over Q, then 7, < d, i.e. for every § > 0, there are finitely many
rational solutions p/q to

q

In outline, Liouville’s argument proceeds by taking a rational solution to (1.4) and showing
that ¢ must be bounded above. To do this, one takes the integer minimal polynomial for
z, say f(X) € Z[X], and uses the Taylor expansion of f(X) around the point = to show
that if ¢ is sufficiently large and p/q satisfies (1.4), then f(p/q) = 0. Since f is irreducible
over Q of degree at least 2, this produces a contradiction. For more details, see [9], §D.1.

< — (1.4)

- qd+5'



For real quadratic x, the theorems of Dirichlet and Liouville combine to say that 7, =
2. The next natural question to ask is: for general algebraic numbers, is it possible to
narrow the gap between Liouville’s upper bound on 7, and Dirichlet’s lower bound? The
investigation of this question led to a series of gradual improvements on Liouville’s theorem
throughout the first half of the 20th century.

In 1909, Thue took the first step, showing that 7, < %d +1 when x is algebraic of degree

d. This was refined by Siegel in 1921 (7, < 2v/d), by Gelfand and Dyson independently in
1947 (1, < V2d), and culminated in the celebrated 1955 theorem of Klaus Roth:

Theorem 1.1.1 (Roth’s Theorem, [16]). For every irrational algebraic number x and every
d > 0, there are finitely many rational solutions p/q to

q

p
Tl = Ty

In other words, if x is real algebraic of degree at least 2, then 7, < 2.

Hence Roth’s theorem and Dirichlet’s theorem combine to show that 7, = 2 for all real,
algebraic, irrational numbers x. Roth earned the Fields Medal for his work on this theorem,
completing a century-long quest to answer this innocuous-looking approximation question
(at least for algebraic numbers x). Roth’s theorem also holds for approximation with
respect to the non-archimedean absolute values on QQ, and a version of the theorem remains
true when the approximations are chosen from a more general number field. However,
these generalizations fit more naturally into the “geometric” context described in the next
section, and so we will immediately jump ahead to these more recent developments.

1.2 Modern Diophantine Approximation

The classical approximation problem discussed in the previous section can be phrased in
a more geometric context, by considering both x and its rational approximations to be
points on the projective line. In the setting encompassed by Roth’s theorem, we treat the
algebraic number z as the point (x : 1) € P}(Q), and the rational approximations p/q can
be treated as points (p/q: 1) = (p: q) € PHQ).

In such a setting, we are interested in the trade-off between the distance from the
point (z : 1) to its approximations and the “complexity” of the approximating projective
point (p : ¢q). This requires us to define a distance function d,(-,-) between projective
points, dependent on some place v of the rational numbers. As for the “complexity” of a
point, there is a well-studied theory of height functions on projective varieties, which are
commonly used to measure this kind of complexity. Indeed, for every linear equivalence
class of divisors (alternatively, every line bundle) L on a projective variety, there is such
a height function Hp(-), assigning a positive real number to every point on the variety
defined over Q. In “good” situations, such as when the line bundle is ample, a larger
height indicates a greater complexity.



We will define and discuss these distance and height functions more carefully in the
next section, but they do indeed generalize the classical notions of distance and complexity

used above. Indeed, when z is fixed, it turns out that d,((z : 1), (p : ¢)) can be taken to
lz—p/qlv

max(|p/qlo,1) ] i o TSN

to x, this agrees with the ordinary v-adic distance |x — p/ql|, up to bounded multiplicative

constants. Likewise, if we take the standard height function H associated to a hyperplane
section in P! (i.e. a point), we have H(p : q) = max(|p|,|q|), provided that we chose
the rational number p/q so that ged(p,q) = 1. When considering a sequence of such
rational numbers p/q converging to x with respect to the archimedean absolute value (and
assuming that ¢ > 0), the quantity H(p : ¢) thus agrees with the denominator ¢ up to
bounded multiplicative constants.

be . When restricting to a sequence of rational numbers converging v-adically

In this reformulated setting, we fix a distance function d, and height function H ahead
of time. For appropriate choices of distances and heights, our classical problem can be
stated as follows. Given a point z € P'(Q), we look at the positive real numbers ~ for
which we can find infinitely many rational approximations y € P*(Q) such that

dy(z,y)H(y)” < 1. (1.5)

In analogy with the approximation exponent 7, above, we would seek to locate the largest
such real number . In fact, in order to ensure that various pleasant formal properties
hold, we will prefer to shift the exponent v to the distance function. Furthermore, it is
essentially immaterial whether we use 1 as our upper bound in inequality (1.5), or any
other positive constant.

Because we shift the exponent to the distance function, we now seek to find the values
of v for which there are infinitely many y € P'(Q) such that d,(z,y)”H(y) is bounded
above. If L is the line bundle giving rise to the height function H, the infimum over all
such v (if it exists) is denoted by a, (L) and called the approzimation constant for x with
respect to L. In general, the approximation constant also depends on the place v used to
make the approximation, but this is usually suppressed in the notation.

In this generalized setting, there is nothing sacred about using P! as the ambient
projective variety, nor about insisting that our approximations come from Q. Formally,
the same questions may be asked when the approximations come from any number field
k, and when working on any projective variety X defined over k. The question was first
formulated and studied in this setting by McKinnon in his 2007 paper [12], before being
refined and studied further by McKinnon and Mike Roth ([13], [14]) in work published
nearly 10 years later.

In this new language, the theorems of Liouville and Klaus Roth may be formulated
in terms of certain inequalities on approximation constants. Taking L to be the line
bundle O(1) on P!, Liouville’s theorem translates into the assertion that a,(L) > < for all
x € PY(Q) of degree d over Q, and Roth’s theorem becomes the claim that (L) > % for
all z € P1(Q) \ P'(Q). Note how these theorems have translated into lower bounds on the
approximation constants, owing to our insistence on moving the exponent from the height
to the distance.



Both of these theorems have been generalized to arbitrary projective varieties and
arbitrary number fields by McKinnon and Mike Roth. These generalized results may be
expressed as lower bounds on the approximation constant of a point in terms of a geometric
invariant known as the Seshadri constant. This constant also depends on a choice of point
x and line bundle L on a projective variety. The resulting constant e,(L) was introduced
by Demailly in the early 1990s [3] and has been used to study the “local positivity” of the
line bundle L around the point x (for instance, see Chapter 5 of [10]).

In [13], McKinnon and Mike Roth prove a generalized Roth-type theorem, which states
the following. For any projective variety X defined over a number field k, any point

x € X(k), and all ample line bundles L, we have o, (L) > $€,(L). Since €,(L) =1 for any
point x on the projective line when L = Opi(1), their result immediately retrieves Roth’s

theorem.

Likewise, in [14], McKinnon and Mike Roth derive a generalized Liouville-type theorem,
claiming that for any projective variety X defined over a number field k, any point = €
X (k) whose field of definition has degree d over k, and all ample line bundles L, we have
ay(L) > %e,(L). Again, knowing that ¢,(L) = 1 for all points on the projective line
when L = Opi(1), this result immediately implies our reformulated version of Liouville’s

theorem.

While there are many ways in which the Roth-type theorem is “better” than the
Liouville-type theorem (such as being independent of the field over which x is defined), the
Liouville result is actually strictly better when approximating points defined over the base
number field.

In the past few years, other work has appeared, taking the work of McKinnon and
Roth even further. In one direction, Grieve [6] has proved a similar Roth-type theorem in
the setting where the base number field £ is replaced with the function field of a smooth
projective curve defined over an algebraically closed field of characteristic zero. In another
direction, Ru and Wang [17] proved a certain height inequality that recovers and gener-
alizes the Roth-type theorem of McKinnon-Roth. In particular, the approach taken there
suggests the possibility of considering approximations to an arbitrary closed subscheme of
the ambient projective variety X.

1.3 Layout of the Thesis

Defining and studying these more general approximation constants is the primary goal of
this thesis. In the next chapter, we begin by laying the groundwork necessary to define
approximation constants az(L), depending on a closed subscheme Z and line bundle L
on some ambient projective variety X defined over a number field k. Just like the point-
approximation case, this constant will measure the tradeoff between closely approximating
Z with k-rational points not lying on Z, and the complexity of the points needed to make
the approximation (as measured by the height function corresponding to the line bundle

L).



This project will require us to adopt a definition of the v-adic distance to Z, d,(+, Z),
for each place v. At first glance, this definition will seem to clash with the function d, used
by McKinnon and Roth (specializing to the case where Z is a closed point). Hence, one of
our first tasks in Chapter 3 is to show that our new notion of distance (and the resulting
approximation constant) truly does generalize the one used by McKinnon and Roth.

At the same time, we will define and study an “essential approximation constant”
a%’(L) attached to a closed subscheme Z and line bundle L, which ignores unusually
good approximations along proper closed subsets of X. Thus, the essential approximation
constant measures how well we can approximate Z “generically”, using a Zariski-dense
sequence of points.

In Chapter 3, we establish fundamental lower bounds on these more general approx-
imation constants. Unlike the work of Grieve and Ru-Wang, our results throughout this
thesis are more of the “Liouville-type” than of the “Roth-type”. In particular, we often
work with bounds that follow from elementary properties of the distance and height func-
tions, and depend quite directly on the equations used to cut out the closed subscheme in
projective space.

Chapter 4 applies the foundational results of the preceding chapter to explicitly compute
the approximation constant and essential approximation constant for a selection of different
closed subschemes of projective space, with respect to the line bundle O(1). Since every
ample line bundle on projective space is a multiple of O(1), we will see that this computes
the approximation constants for all ample line bundles at once.

We begin Chapter 4 by proving a general geometric result, allowing for computation of
the approximation constant in any situation where the closed subscheme Z is defined over
@Q and has a tangent line intersecting Z with the highest possible multiplicity. With the
help of this result, we will be able to compute the approximation constant for irreducible
subschemes cut out by integer polynomials of degree at most 2 (including rational normal
curves of any degree) and for cubic curves in P? defined over @ and having a rational
flex. It will turn out that we run into obstructions computing the approximation constant
for arbitrary cubic curves in P3?, and taking one specific example, we investigate those
obstructions in some detail. By other means, we also compute the ordinary approximation
constants for all linear subvarieties and all conics in P3.

Supplementing this, we provide computations of the essential approximation constant
for any closed subscheme contained in a proper linear subvariety of projective space, any
conic curve in P3, and for the twisted cubic curve. To wrap up this computational chapter,
we then take up the question of producing large gaps between the ordinary approximation
constant and essential approximation constant, studying approximations of the point (1 :
0:1:0) on the diagonal quartic surface z* + y* = 2% + w'.

Finally, in Chapter 5, we prove generalized versions of the Liouville-type results in [11].
In particular, we apply our results to give another proof of the diagonal quartic surface
result at the end of Chapter 4. Furthermore, after formally defining the Seshadri constant,
we use it to derive a theorem directly generalizing the Liouville bound of 1844.



Chapter 2

Definitions and Notation

2.1 Approximation Constant of a Point

As discussed in the introduction, McKinnon and Mike Roth have defined the notion of an
approximation constant for a point on a projective variety defined over a number field; a
notion we will be generalizing to apply to arbitrary closed subschemes.

We will begin by laying out the original definitions provided in [13], since our general-
ization requires only a minor variation on those definitions. Let k denote a number field,
and fix a place v of k, extended in some way to its algebraic closure k. Suppose that X
is a projective variety defined over k, and fix a line bundle L on X. The definition of
the approximation constant depends upon a choice of distance function d,(-,-) on X with

respect to the place v, as well as a height function Hy(-) on X (k) depending on the line
bundle L.

To define the distance function, we choose an embedding X < P". Given points x
and y on X, we let (xg: -+ :x,) and (yo : - : y,) denote homogeneous coordinates for
these points under this embedding. If v is an archimedean place, we let o denote the field
embedding k£ < C corresponding to v. Furthermore, we let k, denote the completion of
k with respect to v, so that k, = R if ¢ is a real embedding, and k, = C otherwise. We
define

[kv:R]/2
do(.) . > im0 0 (i)o(yi)
o\ T, Y) = - n n
(2 imo lo(@i)[?) (im0 lo (9:)1?)
Above, | - | denotes the usual absolute value on C. We will also have occasion to use a
normalized absolute value corresponding to the archimedean place v. Namely, for a € k,
we take |lall, := |o(a)| if o is a real embedding, and |||, := |o(a)|? if o is a complex

embedding.

If v is a non-archimedean place, we define d,, slightly differently. We fix an absolute
value || - ||, on k associated with v, normalized as follows. If 7 is a uniformizer for the local
ring associated with v and « is the residue field, we choose the absolute value such that
7], = # We then consider some extension of || - ||, to k.

7



For each pair of points z,y € X (k), we take homogeneous coordinates (zg : --- : @)
and (Yo : -+ : yn), and set

maxXp<i<j<n ||xz-yj - xjyz‘Hv

maxo<i<n (|| 2illv) maxo<j<n(||y;llv)

dy(z,y) ==

In either case, it is easy to verify that d,(z,y) is well defined on projective points. Moreover,
it is not hard to check that 0 < d,(z,y) < 1 for all points z and y, and that d,(z,y) = 0 if
and only if x = y as projective points. Likewise, it is immediate from the definitions that
dy(z,y) = dy(y, z) for all x and y.

While the notation suggests that d, is a metric, this function does not satisfy the
triangle inequality in general. We can see this in the simple case where v corresponds to
the identity embedding on any non-real number field k¥ and X = P;. We consider the
identity embedding of X, and we take z = (1: 1),y = (1 :2),z2 = (0:1). One computes
that d,(z, 2z) = 3, du(y, 2) = 3, and d,(z,y) = 5. Therefore,

1 3
dv<x72) = 5 1_0 = dv(xay) —de(y,Z),

showing that the triangle inequality does not hold.

Even though the triangle inequality might be violated, this need not be a source of
concern for our purposes. Lemma 2.6 of [13] states that for any x € X(k), if K is a
finite extension of k over which x is defined, there is an affine open neighbourhood U
of x in X x;, K and generators uq,...,u,, for the maximal ideal of z in U such that
dy(z,-) is equivalent to min(1, max(||u1(-)|s,- -, |um(-)]l)) on U(K,). The equivalence
holds in the sense of metric equivalence, i.e. each function is bounded above and below by
positive multiples of the other. Since this latter function defines the usual v-adic distance
in an affine neighbourhood of x, our “distance” function d, still induces a topology on X,
equivalent to the usual v-adic topology. In particular, the notion of a sequence of points
{x;} converging to a point x with respect to d, still makes sense.

Another concern is that the distance functions just defined depend upon the choice of
embedding of X into projective space. However, it is proved in Proposition 2.5 of [13]
that if d, and d] are two distance functions coming from different embeddings of X, the
two functions are equivalent, again in the sense that there are positive constants ¢ < C'
for which cd < d, < Cd]. Hence, the two choices of distance function define the same
topology, and convergence with respect to one distance is the same as convergence with
respect to the other.

Next, we discuss height functions. For every linear equivalence class of Cartier divisors
(or every line bundle) L on X, Weil’s Height Machine gives us a height function Hy, which
is a function X (k) — (0,00). These functions have several important properties, which
are stated in [9], §B.3. Some minor differences should be noted: we will often favour the
multiplicative height H; over the logarithmic height hz, and our height functions will be

normalized relative to the base field k, rather than using the absolute multiplicative height.



Given our conventions on heights, we state some properties of these functions that will
come in handy. First, we can take

Hop (o 2 ) = [ [ max{llzoflo, -, o},

where the product runs over all places v of the number field k. As mentioned, this height

is defined relative to k, so that if k" is a finite extension of k, then Hp,, 1) = H, ([;“'H;nk(]l) (see
k! k

[9], Lemma B.2.1(c)).

If : X — Y is a morphism of projective varieties and L is a line bundle on Y, then
Hx y+(x) is equivalent to Hy r(¢(z)) as a function on X (k). Additionally, if L, and Lo
are line bundles on X, then Hy, 1, is equivalent to Hy, Hy,. Next, if L is effective, and B
is the base locus for L, the function H, is bounded below on (X \ B)(k) by some positive
constant. Finally, if L is an ample line bundle, then for any finite extension k&’ of k and
any constant M, the set

{x e X(K'): Hy(z) < M}

is finite. This is the sense in which Hj measures the “complexity” of a point (when L is
ample).

Now, we put these two concepts together to define the approximation constant of a
point, as given in [13]. With notation as above, fix a point x € X (k), and choose a sequence
{z;} of distinct points in X (k). If {x;} converges to z, in the sense that d,(x;,z) — 0 as

1 — 00, we define the set
A({x;}, L) == {y € R: dy(x;, x)"H(x;) is bounded from above}.

If {z;} does not converge to x, we set A({x;}, L) = &. Note that replacing either d, or
H, with an equivalent distance or height function does not change the set A({x;}, L), and
hence this set does not depend on any choices that alter d, or H, up to equivalence. Notice
also that A({z;}, L), when nonempty, is an interval unbounded to the right. This follows
because 0 < d,(z;,7) < 1 for all x;, so that d,(x;, )" < d,(x;,z)” for any § > 0. Thus,
for a given sequence {x;}, we set

ay({z;}, L) = inf A({x;}, L),

and call this quantity the approzimation constant of {x;} with respect to L. In turn, the
approximation constant of x with respect to L is taken to be the infimum of all approxi-
mation constants over all sequences {z;} of points in X (k) converging to x and is denoted

by a,(L).

2.2 Approximation Constant of a Closed Subscheme

Next, we present our generalized definition, going beyond the work in [13]. Instead of a

point z € X(k), we fix a closed subscheme Z of X, where Z may be defined over any



algebraic extension of k. The important change is to define the distance d,(z, Z) from a
point x to the subscheme Z in an appropriate way. In this setting, local Weil functions give
rise to the most useful notion, or more generally, arithmetic distance functions as defined
in [19].

Given a place v of k and a divisor D on X, we may associate a real-valued function
Ap., defined on points of X (k,) not lying in the support of D. For fixed D, the function
Ap..(+) is referred to as a local Weil function for D. This function satisfies several pleasant
functorial properties, similar to the height functions described earlier.

Firstly, suppose D represents a hypersurface in P} defined by the vanishing of a single

homogeneous polynomial P(x,...,x,) of degree d. We normalize so that for any point
x=(xg:---:xy,)in P*"(k,) with P(xq,...,x,) # 0, we may take
Apo(z) =1 i
»(r) =log max | ————
b 8 02ien P(xo,...,z0)||,

These local Weil functions are related to the height functions introduced earlier by the so-
called local/global property. 1f we set hp = log Hp, where Hp, is a height function associated
to the linear equivalence class of D (as defined above), then our choice of normalizations
yields

hp(x) =Y Apu(x) +O(1),

where the sum runs over all places v of k and z € X (k) does not lie in the support of D.

If  : X — Y is a morphism of projective varieties and D is a divisor on Y, then
Ag*Dw 18 equal to Ap, 0 ¢ up to O(1). Furthermore, if Dy and D, are divisors on X, then
ADy 4Dy 18 equal to Ap, » + Ap,» up to O(1). Finally, if D is an effective divisor, then Ap,
is bounded below by some constant. Notice that all of these properties are the additive
counterparts to similar properties involving the height functions.

It is desirable to extend the definition of local Weil functions to all closed subschemes
of X. This is done in detail in Silverman’s paper [19]. For any closed subscheme Z,
Lemma 2.2 of [19] states that there is a collection of effective divisors Dy, ... .D, on X for
which Z = (;_,; D; (this being a scheme-theoretic intersection). The local Weil function is
then defined to be

Az, = min Ap, ,.
Zwv 1<i<r D;v

This function shares the property that for any morphism of varieties ¢ : X — Y and any
closed subscheme Z of Y, we have A4+, = Az, 0 ¢. To define the pullback ¢*Z, one takes
the ideal sheaf 7, corresponding to Z and looks at the closed subscheme of X with ideal
sheaf ¢7'Z; ®4-10, Ox.

Finally, we use these local Weil functions to define the distance to a closed subscheme.
Given our fixed place v, a closed subscheme Z, and = € X (k,), we define

dy(x,Z) = exp(—Az, (7)),

with the interpretation that d,(z,Z) = 0 if = actually lies on Z. In particular, if Z is a
hypersurface in P} defined by the vanishing of a single polynomial P(xy,...,z,) of degree
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d (so that Z is actually a Cartier divisor), we can choose the distance function so that for
x=(xg:---:x,), we have

P(xg,...,x,)

d
Ly

B |P(xo, .. xn)|lo

 maxocicy ||zi|¢

dy(x,Z) = min

0<i<n

v
We will use this fact frequently without further comment.

Keeping with the notation above, suppose we have fixed a closed subscheme Z that we
wish to approximate. We will say that a sequence of points {z;} in X (k) converges to Z
(with respect to a place v) if:

e None of the points lie on Z.

e We have d,(z;,Z) — 0 as i — 0.

Note that the first condition is present to rule out the trivial case of approximation of Z
from within Z. Given a sequence {z;} C X (k) converging to Z, we define the set

A({z;}, L) :={v € R:d,(x;, Z)"H(x;) is bounded from above}.

If {z;} does not converge to Z, we set A({x;}, L) = &. As before, changing d, and H, up to
equivalence does not affect the definition of this set. Since d,(z;, Z) is always nonnegative,
we also see that when d,(x;, Z) — 0, the distance d,(z;, Z) is eventually bounded between
0 and 1, and from there we deduce as before that A({z;}, L) is an interval unbounded to
the right.

We take az({x;}, L) = inf A({x;}, L), and set the approzimation constant of Z with
respect to L to be the infimum of the az({z;}, L) over all sequences of points of X (k)
converging to Z. This constant will be denoted by az(L).

At this stage, it will be useful to make a number of elementary remarks about approx-
imation constants.

e For any line bundle L and positive integer m, we have az(mL) = maz(L). Indeed,
the height function H,,;, is equivalent to H}", by the properties above. Therefore,
dy(2i, Z)Y Hpnp(2;) is bounded from above if and only if d,(x;, Z)Y/™Hy (z;) is bounded
from above. From this observation, the claim immediately follows. Since every ample
line bundle on P™ is a positive multiple of O(1), this reduces the computation of
approximation constants for all ample line bundles to the computation of az(O(1))
in this case.

e If L is an ample line bundle, then az(L) > 0. Indeed, since L is ample, the set
of points in X (k) of height bounded by any fixed constant is finite. Thus for any
sequence {z;} converging to Z, we have Hp(x;) — oo as i — oo. It follows that
dy(xi, Z)YHp(x;) — oo for v < 0, so az(L) > v for any such v. In particular,
Oéz(L) Z 0.

11



e For any real number v > az({x;}, L), we have d,(z;, Z)"H(x;) — 0 as i — oo.
Indeed, under this assumption, we can find € > 0 such that v — e > az({z;}, L).
Consequently, d,(z;, Z)""“Hp(z;) is bounded above by some constant M. Since
dy(z;, Z) — 0 as i — oo, we have d,(z;, Z)* — 0 as well. Then

0< dv<xi7 Z)’YHLCUZ) = dv(xiv Z)G(dv(x’b Z)’YiEHL('T’L’)) < dv(‘ria Z)EMa
and taking limits as i — oo shows d,(z;, Z)"Hy(z;) — 0, as claimed.

e Given v € R such that d,(x;, Z)YH(x;) is bounded below by a positive constant, we
have az({z;}, L) > ~. Indeed, this follows directly from the previous remark.

2.3 Essential Approximation Constants

When computing approximation constants in practice, it will often happen that some key
geometric feature of the closed subscheme causes the approximation constant to be smaller
than it “should” be. In order to disregard such behavior, we will find it useful to define
and study a refined approximation constant, one that prohibits consideration of sequences
lying in any given Zariski-closed subset of our ambient variety X.

For any nonempty Zariski-open set U C X, we define the approximation constant
az(U, L) to be the infimum of the sequence approximation constants az({z;}, L), ranging
over all sequences of k-points {x;} lying inside of U and converging to Z. In particular,
az(X, L) = az(L). We take the essential approximation constant of Z with respect to L
to be the quantity

03 (L) = supay (U, L),
U

with the supremum running over all nonempty Zariski-open subsets of X. It is immediate
from the definition that az(L) < a$®(L). Moreover, we expect the essential approximation
constant to be strictly larger than the ordinary one if Z has geometric features allowing
for particularly good approximations along certain Zariski-closed subsets of X (e.g. along
tangent lines to Z).

With the definition given, computing a$*(L) requires us to consider all the open subsets

of X at once. Our first goal is to prove a proposition giving us a different conceptual
perspective on this. Before giving the proof, we will need to establish a certain lemma, one
that we will invoke whenever we need to show that a closed subscheme is “defined over £”.
The argument we give is adapted from the proof of Proposition A.2.2.10 in [9].

Lemma 2.3.1. Let k be a number field, and let X be a projective subvariety of P} defined

over k, corresponding to some homogeneous ideal I(X) in k[zo, ..., r,]. Let Z be a closed
subscheme of Xz := X Xy k, corresponding to some homogeneous ideal I(Z) inside the
homogeneous polynomial ring k[zo, ..., x,].

Suppose 1(Z) = (f1,..., fm), and let £ be a finite Galois extension of k over which all
of fi,..., fm are defined. For each o € Gal({/k), let Z° be the closed subscheme defined
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by the ideal (f7,...,f2), where f7 denotes the polynomial obtained by applying o to all
coefficients of f;. If
7= (1 Z,

oeGal(l/k)

then the homogeneous ideal corresponding to Z' is generated by elements in k[xq, ..., x,).

Proof. By definition of scheme-theoretic intersection, the ideal of Z’ may be generated by
the polynomials f7, ..., f7, as o ranges over all of Gal(¢/k). Now, fix a basis a,...,ay
for ¢ over k. Since ¢/k is a Galois extension, the group Gal(¢/k) also has N elements, say
01y...,0N.

For 1 <i < N and 1 <75 < m, we define the following polynomials:

N
Gij = Z ar(aify).
r=1

Clearly, each of the polynomials g; ; is Gal(¢/k)-invariant, which means g; ; € k[zo, ..., x,]
for each 7 and j. It is immediate from the construction that each g; ; is in the k-span of
the polynomials f7, ..., f7 as o ranges over Gal(¢/k), so the ideal generated by the g;; is
contained in the one generated by all the polynomials f7,..., f7.

On the other hand, it is a well-known fact that the matrix (o, («;)) is invertible (as
stated in the proof of Proposition A.2.2.10 of [9]). So, for a fixed j, the polynomial f7
is likewise in the k-span of the polynomials gij, 1 <1 < N. This implies that the ideal
generated by all the f7,..., f7 is contained in the ideal generated by the g; ;, and in turn
implies that the homogeneous ideal of the closed subscheme Z’ is generated by these g; ;,
which are polynomials with coefficients in k. O]

Now we are ready to provide a characterization of the essential approximation constant:

Proposition 2.3.1. Let X be a projective variety defined over a number field k, and let
Z be a closed subscheme of X. Let S denote the set of Zariski-dense sequences of k-points
of X converging to Z. If L is an ample line bundle on X, then

05(L) = inf az({w}. D).

Proof. For the moment, we will use é&z(L) to denote the quantity on the right-hand side
of the equality above. First, we will show a$®(L) < az(L). This is obvious if az(L) = oo,
so we will assume that az(L) is finite.

Now, let {z;} be an arbitrary Zariski-dense sequence of k-points on X converging to
Z. By the Zariski-dense condition, for every nonempty open U C X, we can extract a
subsequence {y;} that is contained inside of U. Indeed, by density, the original sequence
intersects U in some point y; = z;,. Throwing away the points zi,...,z;, from U, we
get a new open subset, which must contain a sequence element y = x;,, with iy > 7.
Proceeding in this manner, we obtain the desired subsequence.

13



It follows immediately from the definition of approximation constants that az({y;}, L) <
az({x;}, L), since {y;} is a subsequence of {z;}. On the other hand, since {y;} is a sequence
contained inside of U, we have az(U, L) < az({y;}, L). Putting this all together, we see
that

az(U, L) < az({x;}, L).

But U was an arbitrary nonempty open set, so we deduce that
o (L) < az({ai}, L).
Finally, {z;} was an arbitrary sequence from S, so we arrive at
a7’ (L) < az(L).

To prove the other inequality, we may likewise assume that a$®(L) is finite. Notice that
there are only countably many closed subsets of X cut out by polynomials defined over
k. This follows because each closed subset is cut out by finitely many polynomials with
coefficients in a number field, and the collection of such polynomials is countable. Taking
complements, there are also countably many open subsets whose complements are cut out
by polynomials over k. We will enumerate all the nonempty ones, say Uy, Us, Us, .. ..

Now, fix € > 0. Certainly, for every open set U,,, we have az(Uy,, L) < aZ*(L) + 5. In
particular, for each m, we can find a sequence {xim)} of k-points of X, converging to Z

and contained in U,,, such that

az({ef™},L) < a3*(L) + 5.

By our earlier remarks, for each m, the sequence dv(xgm), Z)oz Dre L(xgm)) converges to
0. Taking any constant C' > 0, we replace {:I:Z(m)} with a suitably chosen tail of the sequence
for each m in order to assume that

dy (2™, 2) T Dr g, (zM) < C

for all choices of 7 and m.

Next, consider the diagonal sequence {:::5”} This is a sequence of k-points on X disjoint

from Z, because each sequence {xim)} is disjoint from Z by our definition of convergence.
Furthermore, we claim the diagonal sequence is Zariski-dense.

Indeed, if it were not, then the whole sequence would be contained in some proper closed
subset W C X. Now, we appeal to Lemma 2.3.1, which says that intersecting W with all
of its Gal(k/k)-conjugates yields another proper closed subset W’ cut out by polynomials
with coefficients in k. Since every element of the diagonal sequence is defined over k, W’
also contains the whole sequence. If we set U to be the complement of W', we must have
U = U,, for some positive integer m. On the other hand, we know that 2™ e U, so this
element of the sequence cannot belong to W', a contradiction.

Finally, we argue that {xz(l)} converges to Z. Indeed, we know by construction that
there is some positive constant C' such that for all ¢,

Wepr (21)) < C.

ess

d(x;", 2)"%

7 0

14



(@)

On the other hand, since L is an ample line bundle, the heights Hy(z;”) tend to oo, so it

must be true that dy(xgi), Z)O‘CZSS(L)+6 — 0 as i — oo. Again, since L is ample, we know that
as’(L) > az(L) > 0, so it follows that dv(xf), Z) — 0. In other words, {:L'EZ)} converges
to Z.

We have now verified that {xgl)} is a Zariski-dense sequence of k-points on X converging
to Z, for which dy(z\”, 2)°2° @+ H, (217} is bounded above. Putting this all together, we
deduce that

az(L) < az({ai’}, L) < ag*(L) + e

Since € > 0 was arbitrary, we get az(L) < a$®(L), as desired. O

15



Chapter 3

Basic Results

3.1 Reconciling the Definitions

Before doing anything else, we should verify that when the closed subscheme Z is a reduced
closed point {z}, the approximation constant ay.)(L), as we just defined it, agrees with
the approximation constant o, (L) as defined in [13]. That way, we can rest assured that
our new approximation constants are truly generalizations of previous work.

Proposition 3.1.1. Let X be a projective variety defined over a number field k, let L be

a line bundle on X, and let z be any point in X (k). Then we have
OzZ(L) = OC{Z}(L),

where {z} refers to the point z considered as a (reduced) closed subvariety of X.

Proof. 1t will suffice to show that d, (-, 2) and d,(-,{z}) are equivalent, in the sense that
there are positive constants ¢ < C' for which

Cdv('7z) < dv(v{z}) < Cdv(vz)

Indeed, two things follow immediately from this. First, given any sequence {z;} of k-points
on X, we have d,(x;,{z}) — 0 if and only if d,(z;,2) — 0. Second, for any real number ~,
the sequence d,(x;, 2)YHy (x;) is bounded above if and only if d, (z;, {z})"H(x;) is bounded
above. Combined with the first point, this implies a.({z;}, L) = agy({x;}, L) for any
sequence {x;} C X (k). From this, the conclusion of the proposition follows immediately.

Thus, we are reduced to showing that d,(-, z) and d,(-, {z}) are equivalent functions in
the sense described above. Since the two distance functions scale up by the same amounts
when normalized with respect to different fields, we may assume that z is defined over k
without loss of generality.

To produce an explicit formula for d,(-,{z}), we use the fact that for all choices of
divisors Dy, ..., D, satisfying {z} = (-, D;, the resulting distance functions d, (-, {z})
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are equivalent (see the proof of Theorem 2.1 in [19]). Hence, we may use whichever choice
of divisors we find most convenient.

Given some embedding of X into projective space P}, suppose that z has projective
coordinates (zg : -+ : z,), and suppose we have normalized so that maxo<i<n ||2k|ls = 1.
Certainly, {2z} may be cut out in X by the equations z;t; — z;t; = 0 for i < j. If we let
D;; denote the divisor given by the hyperplane section z;t; — z;t; = 0 in X, we see that
{2} =Ni.; Dij- Hence, for any y € X (k), we may take

do(y,{2}) = maxd( . Dij),

and in turn, if y has homogeneous coordinates (yo : - - : ¥,), we have
dy(y, Dij) = min ziyi =2y || _ llz =zl .
Oshsn Yk v maXOSkSn(Hkav)

Since we selected the homogenous coordinates of z so that maxo<x<y ||2k|ls = 1, we may
write

12y — ziyjllv
maXOSkﬁn(”Zk”v) : maXOSkSN(”yk“v)

dv(% Dij) =

Consequently,

dy(y,{2}) = max dy(y, Di;)

_ Hiji - Ziyij
— Imax
i<i maxXo<p<n(||2&/lv) - maxo<r<n (|lyxllo)
max;<; || 2y — 2iy;llv
maxo<k<n (|| 2xllv) - MaxXo<r<n ||y |lv)

In the case that v is non-archimedean, we recognize the last expression above as being
dy(y, z), so that we in fact have d,(y,{z}) = d,(y, 2) in this case. In the case v is an
archimedean place (corresponding to some embedding o : k — C), it only remains to
prove that
max;<; |29 — 2iy;llv
maxo<k<n ||k o) - maxo<r<n ([|ykll0)

is equivalent to

[ko:R] /2

S o(u)o ()|

P = S e P (S G P)
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Using the complex number identity |a|? = « - @, we compute

. S oo (z)| (e low)P) (i lo () ) — | Zig o (wi)o (=)

(im0 lo(wa)?) (i o (2)1?) (im0 lo(wa)l?) (i o (2:)[?)
_ 2iy=09Wi)o(y:)o(2))0(25) = 3270 9 (W) (2:)0 (y;)0(2;)

2

(Xisolowa)?) (2o lo(z0)[?)
_ 2iglo(i)o(yi)o(z)o(z) — o(yi)o(zi)a(y;)o(z;))
N imolowa)?) (i lo(z0)[?)
- ZO§i<j§n lo(yi)o(z) — U(yj)U(Zz‘)|2

(im0 lo(@i)?) (2oizg o (2)?)

Now, we split into two cases. If v is a complex place, we see immediately that

o 20§i<j§n Hyz‘Zj - ijiHv

P = S Tl (S )

For any collection of numbers ay,...,a, € k, we have maxo<i<, |aslle < Doig sl <
(n + 1) maxo<i<n ||@il|v. Applying this to the numerator and denominator of the identity
above shows that

MaXo<i<j<n ||YiZj — YiZillv
maxo<i<n (||¥illv) 'maXogign(HZiHv)’

L MaXocicj<n 19325 — Y5l
maxo<i<n ([|¥illv) - maxo<i<n (| 2illo)

< dv(yaz) <C-

where ¢ = —L— and €' = 2 Ag for the case where v is a real place, our computation

(n+1)2 5
shows that "
dy(y,2) = D o<icjen 1Vi% — ;2|2
W D) (i T=0?)

Here, the inequalities maxo<i<p [|as |2 < 0y leull2 < (n + 1) maxo<i<y, ||as]|2 lead to the
result that

maXo<i<j<n ||Yi2j — YjZillo < dy(y, ) < /O osicscn lyiz; — yszillo
maXo<i<n ([Yillv) - maxocicn(||zille) = 7 T maxo<i<n([|¥illo) - maxo<i<n (|| i)’

where ¢ and C' are as above. Hence, in the archimedean case we also have that d,(-, z) is
equivalent to d,(-, {z}). As such, our proof is complete. ]

When performing computations with approximation constants, it will be helpful to
know that we can apply any convenient automorphism of our projective variety without
affecting the approximation constant (though perhaps changing the line bundle). We prove
this formally below:

Lemma 3.1.1. Let X be a projective variety defined over a number field k, let v be a
place of k extended in some way to k, let L be a line bundle on X, and let Z be a closed
subscheme of X. If ¢ : X — X is an automorphism of X defined over k, then we have

az(¢"(L)) = ayz)(L)
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and
az’(¢*(L)) = agis (L)

Proof. Noting that Z is the pullback of ¢(Z) under the automorphism ¢, functoriality gives
us
/\Z,U - )\¢(Z),U o ¢7

up to O(1). Therefore, the values d,(x;, Z) and d,(¢(z;), p(Z)) agree up to bounded
constants. Notice also that {z;} is a sequence of k-points if and only if {¢(z;)} is a sequence
of k-points, since the automorphism is defined over k. In particular, {x;} is a sequence
of k-points converging to Z if and only if {¢(x;)} is a sequence of k-points converging to
®(Z). By the functoriality property of global height functions, we likewise deduce that
Hi(¢(z)) and Hy-p(x) agree up to equivalence. Thus, if d,(x;, Z)YHg«r(x;) is bounded
above, the same will be true of d,(¢(z;), 9(Z))"Hr(¢(x;)), and conversely. It follows that
az({x:}, 0" (L)) = agzy({¢(x:)}, L). Since the set of sequences used to define az(¢*(L))
is in one-to-one correspondence with the set of sequences used to define a2 (L), we get
ag(z)(L) = az(¢*(L)).

As for the essential approximation constant, by Proposition 2.3.1, it suffices to verify
that a sequence {z;} of k-points on X is Zariski-dense if and only if {¢(z;)} is Zariski-
dense. But since ¢ is an automorphism of X, in particular it is a homeomorphism with
respect to the Zariski topology, so that a subset U of X is open if and only if ¢(U) is open.
Consequently, the sequence {z;} intersects every nonempty open subset of X if and only
if {¢(x;)} does, which completes the proof. O

We will apply this lemma frequently when L = Opn(1), X = P}, and ¢ is a linear
automorphism of P} defined over k. In such cases, ¢*(L) is always isomorphic to L,
making the result particularly useful.

3.2 The Fundamental Lower Bound

Our next result will be the key tool behind all our computational examples. It is in the
spirit of Liouville’s theorem from Diophantine approximation, giving a lower bound on the
approximation constant with respect to Opz(l) for any closed subscheme, depending only
on the degrees of the defining equations.

Proposition 3.2.1. Let L denote the line bundle Opz(l) on the projective space P} Sup-
pose Z is a closed subscheme of P} defined by the equations

Fl(xo,...,xn) =0

Fm(l'o, Ce ,.fljn) = 0,
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where Fy, ..., F,, are homogeneous polynomials in k[xo, ..., x,]. If dme = max(deg(F}),
...,deg(Fy,)), then for any place v of k, we have

1

Oéz(L) =

dmaz

Furthermore, suppose {x;} is a sequence of k-points converging to Z, and suppose that
the sequence eventually lies off of the hypersurfaces Fy = 0,Fpy = 0,...,F,, = 0. If
d = min(deg(Fy),...,deg(F,,)), then

1
az({x;}, L) > 7

In particular, if dyy, = min(deg(Fy), ..., deg(Fy,)), then

Proof. First, we prove that az(L) > d# in the case m = 1. Here, Z is a divisor D

representing a hypersurface F'(x, ... ,xn)axz 0 in P?. Setting deg(F') = d, we claim that
for all points = not lying on D, there is a positive constant M (independent of z) for which

dy(z, D)V H (x) > M. (3.1)

From this, ap(L) > é will follow directly, since all points in a sequence converging to D
lie off of D by definition, and therefore obey the above inequality.

Taking logarithms in equation (3.1), we are reduced to finding a real constant M; =

log M such that
1

a(—)\pﬂ,(x)) + hp(x) > M.
Rearranging again, we seek a constant M, for which

)\va(x) < dhL(SE) + MQ.

By the local-global property, we know that for all x € Supp D, we have
hp() =Y Apw(z) + O(1),

with the sum running over all places of k. Furthermore, since D is an effective divisor, we
have Ap () > O(1) for all places w. Thus we find that
hD(Qf) 2 )\DW(QE) + O(l)

Finally, since D is a divisor representing the vanishing of a homogeneous form of degree d,
it is linearly equivalent to dL on P}. By the properties of heights, hp(x) = har(z)+0(1) =
dhr(xz) + O(1). All in all, we see that

dhr(r) > Apu(z) + O(1).
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Moving the O(1) term to the other side, we conclude there is a real number M, such that
dhL(l'> + M2 Z )\Dm(w),

for all x & Supp D. We have now proved the first part of the proposition in the case m = 1.

Now, we proceed to show that az(L) > ﬁ in general. If D; is the divisor represented
by the hypersurface Fj(xo,...,z,) = 0, notice that Z = (", D;. It follows immediately
from the definition of d,(z, Z) that for any point = € P"(k,), we have

dy(z, Z) = max(d,(x, D1),...,dy(x, Dy)).

Thus, for any constant v > 0 and 1 < i < m, we have d,(z,Z)" > d,(z, D;)?. Setting
d; = deg(F;), the first part of the proof says that there is a positive constant M; such that
for all points = not lying on D;, we have d,(x, D;)"/% Hy (x) > M;.

Suppose we are given a sequence {x;} C P"(k) converging to Z. Let M = min(M;, ..., M,,),
and suppose we take j sufficiently large so that d,(z;, D;) <1 for all . For each z; in the
sequence, there is at least one divisor D; for which d,(x;, D;) # 0. Applying the above,

dy(xj, Z) ™ Hp (25) > dy(x;, Dy)Y ™ H,(x;)
> dy(x;, D;)" " Hy ()
> M;
> M.

In other words, for j sufficiently large, d, (z;, Z)'/% H} (x;) is bounded below by M, which
means the entire sequence d,(z;, Z)/% H (x;) is bounded below by a positive constant.
Since the sequence {z;} was arbitrary, we conclude that az(L) > -

dmax

Now, assume that the sequence {z;} of k-points approximating Z is chosen so that
eventually it avoids the supports of the divisors Dy, ..., D,,. By the above, we know that
for all sufficiently large j, and for ¢ < i < m, we have dv(zj,Di)l/diHL(xj) > M;. In
particular, setting M’ = min(M,, ..., M,,),

dy(xj, Z)V " Hy () > dy(a;, D) " Hy(x;) > M,
so that az({z;},L) > + for £ < i < m. In particular, az({z;},L) > 2, where d =
min(dy, ..., dy,).

Finally, let U be the open set given by Fi(xg,...,x,) # 0,..., F.(zo,...,z,) # 0.
Applying the above in the case ¢ = 1, we find that for any sequence of k-points {z;}
lying in U and converging to Z, we have ay({x;}, L) > ﬁ By definition it follows that
az(U, L) > ﬁ, and then o%*(L) > az(U,L) > ﬁ follows immediately. O

3.3 A Necessary Condition for Approximation

Based on the numerous examples that we discuss below, one is led to conjecture that the
inequalities in Proposition 3.2.1 are actually equalities, barring the “evident” obstructions.
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One of the requirements is that the subscheme Z contains points defined over k,. If this
condition does not hold, the lower bound of Proposition 3.2.1 is extremely far from optimal,
as the following theorem shows:

Theorem 3.3.1. Let X be a projective variety defined over a number field k, and let Z be
any closed subscheme of X. If v is a place of k such that Z(k,) = &, then with respect to
the place v and any line bundle L we have

az(L) = aZ*(L) = cc.

Proof. To establish our result, it suffices to show that for all sequences {z;} C X (k), it is
not true that d,(z;, Z) — 0. This will mean that all the sets A({z;}, L) are empty, so they
all have oo as their infimum, which forces az(L) = a§$*(L) = cc.

First, we invoke the fact that Z may be written as the scheme-theoretic intersection
of finitely many effective divisors Dy,..., D, on X. Then, by definition, for any point
xr € X(k), we may take

dy(z, Z) = max(d,(x, Dy),...,d,(x,D,)).

Now, without loss of generality, assume that d,(z,, D1) = d,(x,, Z) for infinitely many
positive integers n. We replace the original sequence {z,} with a subsequence for which
dy(xp, D1) = dy(xp, Z), and we will bound d,(x,, Z) away from 0 on this subsequence.
This will be enough to conclude that the original sequence d,(z,, Z) does not converge to
0. From this point on, we write D for the divisor D;.

We want to look at the sequence of numbers d,(x,, D) and prove it is bounded away
from 0. To do this, we write down a formula for d,(-, D) and observe that it is continuous
with respect to the v-adic topology on X (k,). We use the description of local Weil functions
sketched in [21], §1.3, but re-normalized to match our conventions here. One can choose
the function so that whenever D has local equation f on some open subset U, we can take

App(7) = —log [ f(2)[l + a(x)

for all x € U(k,) at which f(z) is defined, where « is a v-adically continuous function on
U(ky). In terms of distance functions, this says

dy(x, D) = exp(—a(x)) - [|f ()],

on U(k,). In particular, when D is effective, f can be chosen to be a regular function on
each open set U, so that d,(x, D) is defined everywhere on this open set. Since regular
functions are v-adically continuous, it follows that d,(-, D) is continuous on each such open
set U(k,), which may be chosen to form an open cover of X (k,) in the v-adic topology.

Now, since X is a projective variety, X (k,) is v-adically compact. The closure m of
our sequence in the v-adic topology is a v-adically closed subset of X (k,) (notice all limit
points of the sequence are defined over k, because the metric topology on k, is complete).
As such, {x,} is compact in the v-adic topology, so that the continuous function d,(-, D)
attains a minimum value M on {x,}. We claim that M # 0. Indeed, if there were a point
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Yy € m for which d,(y, D) = 0, then certainly y is not a member of the sequence. Thus y
is a limit of some subsequence of the z,,; in particular, it is defined over k,. Without loss of
generality, we may replace our sequence with this further subsequence. By continuity, for all
values of i we get d,(y, D;) = limy,_,o0 dy(2y, D;) < limy, o0 dy(2p, D1) = dyy(y, D1) = 0, so
that d,(y, D;) = 0 for all i. It follows that d,(y, Z) = 0, so that y € Z(k,), a contradiction.

We conclude that d,(-, D) is bounded below by M > 0 on {z,}, and in particular on
the sequence itself. Hence d,(x,, Z) does not converge to 0, as we needed to show. O

A refinement on the style of argument in the theorem above allows us to be more pre-
cise about the circumstance when there is a sequence {z,} of points in X (k) for which
dy(zy,Z) — 0. When this happens, we can always find a smaller closed subscheme
7' defined over a finite extension of k, contained in k,, for which it is also true that
dy(zpn, Z') — 0.

Proposition 3.3.1. Let X be a projective variety defined over a number field k, let v
be a fized place of k extended in some way to k, and let Z be a closed subscheme of X
(defined over some algebraic extension of k). If there is a sequence of points {x;} in X (k)
converging to Z, then there is a closed subscheme Z' contained in Z, defined over a finite
extension {/k such that ¢ C k,, for which d,(z;, Z') — 0.

Moreover, given any line bundle L on X, we have az(L) = az(L), and a$*(L) =
ag?(L), where all approximation constants are normalized with respect to k.
Proof. First, we let K denote any finite Galois extension of k over which Z is defined. By
the primitive element theorem, we have K = k(a) for some algebraic number a. If K,
denotes the completion of K with respect to the topology induced by v, it is easy to verify
that K, = k,(«).

It immediately follows that K, is also a Galois extension of k,. Indeed, since K is a
Galois extension of k, the minimal polynomial of a over k splits completely in K. Since
the minimal polynomial of o over k, divides the minimal polynomial of a over k, and K,
contains K, we see that the minimal polynomial of « over k, also splits completely in K.
Consequently, k,(«) = K, is Galois over k,.

Now, for each o € Gal(K,/k,), we consider the closed subscheme Z? of X obtained by
applying o to all the coefficients of the equations defining Z. We let

7 = ﬂ 7.

ceGal(Ky/ky)

By Lemma 2.3.1, the homogeneous ideal of Z’ is generated by elements of k,, and clearly
Z' is contained in Z.

Next, given o € Gal(K,/k,), we consider its restriction to K. Knowing that o fixes
k,, it also fixes the subfield k. Additionally, the automorphisms o € Gal(K,/k,) all send
the primitive element a to one of its Galois conjugates over K,, which are also Galois
conjugates of o over K. It follows right away that o restricts to an automorphism of K
fixing k.
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Knowing that K, = k,(a), we can choose a basis for K, over k, consisting entirely
of powers of «, hence elements of K. Thus the argument of Lemma 2.3.1 shows that
the equations for Z’ that we select all have coefficients in K as well, so Z’ is cut out by
equations with coefficients in ¢ := K N k,. In particular, ¢ is a finite extension of k and
also contained in k,.

The last thing to verify is that d,(x;, Z’) — 0. First, we observe that d,(z;, Z7) =
dy(z;, Z) for each 0 € Gal(K,/k,). This follows because there is only one extension of
| - ||, from k, to K, up to equivalence (see [15], §2.3.3-2.3.4 for an argument in the non-
archimedean case), so that ||o(8)||, = |||, for each g € K, and o € Gal(K,/k,). Note
that we can take our distance function d,(-,Z’) to be the maximum of the quantities
dy(-, Z7) as o ranges over Gal(K,/k,), because Z' is the intersection of the subschemes Z°.
Thus, dy(z;, Z") = dy(z;, Z) — 0. As such, Z’ is the subscheme that we seek.

As for the statement about approximation constants, we noted above that d,(x;, Z) =
dy(z;, Z'), provided that x; is defined over k. Hence, a sequence of k-points converges to
Z if and only if it converges to Z’, and given any such sequence {z;} and any v € R, we
have d,(x;, Z)"Hp(x;) = dy(x;, Z')YHp(z;). It follows immediately that az(L) = az (L)
and o$5(L) = 5P (L). O
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Chapter 4

Computational Examples

4.1 Geometric Generalities

Our next goal is to compute the approximation constants in a variety of different cases.
Mostly, our computations will focus on closed subschemes of P, using Opr (1) as the line
bundle L. In this case, having computed az(L) for a given subscheme Z, a computation
of az(L') for any other ample line bundle L’ is immediate, since L' must be of the form
nL for some integer n > 1, and then az(L') = naz(L). Thus, at least when working with
closed subschemes of P, we are justified in dealing exclusively with Opn(1).

Initially, we restrict to the case where QQ is our base number field. We begin with a
general result, which will be of great use in many of the examples detailed below. For the
remainder of this section, L will always denote the line bundle O(1) on P".

Theorem 4.1.1. Suppose Z is a closed subscheme of P™ cut out by the equations
Fl(l'(),. .. ,l’n) =0

Fo(xg,...,2,) =0,

with the F; € Zlxy,...,x,] homogeneous of degree d;. Let d = maxi<;<y, d;, and without
loss of generality, assume that the forms Fi, ..., F; have degree d, while Fj1, ..., F,, have
degree smaller than d. Assume that for some choice of integers {y,...,¢;, not all zero, the
subset V of P"* cut out by the equations

(Fl(xo, . ,l'n) = gltd
FQ(SL’(], . ,Z‘n) = fgtd

F}‘(Z‘O, R ,l’n) = gjtd

F}'+1($0, oo ,.fn) =0

\Fm(IO;--wJ;n) =0



contains a genus zero curve Cy defined over Q. Sett = 0 to be the hyperplane at infinity. If
Co has exactly one place at infinity and a smooth point integral with respect tot = 0, then
az(L) = é for all places of Q. If Cy has two real quadratic places at infinity and a smooth
point integral with respect to the hyperplane at infinity, then az(L) = é with respect to the

archimedean place of Q.

Proof. The inequality az(L) > é is immediate from Proposition 3.2.1, so it only remains

to show that é is also an upper bound on az(L). We will do this by exhibiting a sequence
of rational points y; € P*(Q) for which d,(v;, Z)Hy(y;)? (equivalently, d,(vi, Z)Y4Hp,(y:))
is bounded above as i — oo.

We begin with the archimedean place of Q. For a given point 2 € P"(Q), we can always

normalize so that it has coordinates (xg : 1 : -+ : x,) with xg, 21, ..., z, relatively prime
integers. If we do this, then Hp(z) = max(|zgl, |1],...,|xa]). Now, for 1 <i < j, we let
Y; denote the hypersurface of P* defined by F;(zo,...,z,) = 0. Supposing that we choose
x such that Fj(z) =--- = F,,(z) = 0, it follows from the definitions that
maxi<;<; | Fi(xg, Z1,...,2,
4(2.2) = o d (o, v;) = 2 B0 2t
1<i<) (max(|zol, |1, - -, |za]))
Consequently, d,(z, Z)Hr(z)? = maxi<i<; | F;(zo, Z1, ..., 2,)|. So, provided we select our
sequence {y;} to satisfy Fjyi(y;) = -+ = Fu(y;) = 0, asking that d,(y;, Z)Hr(y:)? is
bounded above as ¢ — oo with none of the y; lying on Z is equivalent to asking for infinitely
many coprime integer solutions (zg, x1, ..., x,) to the system of Diophantine equations
(
Fl(SL’(), L1,y ... ,In) = 61
FQ(J](), L1y ,C(]n) = EQ
F}'(Io,xl, “on ,.Tn) = €j
P}‘_H([E(), Ty ,[En) = 0
\Fm(:ro, Tl Zy) =0
for some integers /1, ..., ¢;, not all zero.
In fact, the assumption that zg,z1,...,x, are coprime can be dropped. Indeed, if we
have infinitely many integer solutions (zg, x1, ..., x,) to the system of equations above for
fixed values of £y,...,¢;, then if g = ged(xo, 1, . . ., ), it is necessary that g2 | ¢; for each

i. Thus, g can only take on finitely many values over the infinite family of solutions. In
particular, there is an infinite subfamily of solutions for which g is fixed. Replacing the
infinitely many solutions (xq, 1, ..., z,) with (zo/g,21/g, ..., x,/g), we get infinitely many
coprime integer solutions to the system of equations above, but with ¢y, ..., ¢; replaced by

gl/gd’_”,gj/gd_
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Now, suppose we have fixed values of /1, . .., ¢; such that the closed subscheme V' C P!
given by

;

Fl(l'o, ce ,l’n) = gltd
FQ(Io, . ,.Cl]n) = thd

Fj(.%‘o, c. ,Z‘n) = gjtd

Fj+1(l’0, ce ,In) =0

\Fm<x0,...,l’n) =0

contains a genus zero curve Cy defined over QQ with a smooth integral point and satisfying
either hypothesis on its places at infinity. We invoke the result (as stated in [20]) that
such a curve Cj necessarily contains infinitely many points integral with respect to ¢t = 0.
Since the curve is contained in V', we immediately deduce the existence of infinitely many
integer tuples (zo, . .., x,) such that (zq : --- : x, : 1) lies on V', hence satisfying the required
system of equations. Putting everything together, we now conclude that az(L) = Cll with
respect to the archimedean place of Q.

Now, we specialize to the case where Cy has exactly one place at infinity, and prove
that az(L) = }i for all the p-adic absolute values as well. Fixing a prime p, we carry
out a refined analysis of the infinite family of integral points that we just obtained. This
argument is adapted from part of Lemma 2 in [1].

The existence of a genus 0 curve Cj inside of V' containing an integral (hence rational)
point means we can consider the normalization morphism ¢ : P! — V defined over Q
with image Cy. Suppose it is given by ¢(a : b) = (Go(a,b) : Gi(a,b) : --- : Gp(a,b) :
H(a,b)), where Gy, G4, ...,G,, H are all homogeneous polynomials in Z|a, b] with the same
degree and no common factors (without loss of generality). Composing with a projective
automorphism of P! defined over @, we can assume the coordinates on P! are such that
¢(0 : 1) is the smooth integral point on C guaranteed in the hypothesis of the theorem,
and ¢(1 : 0) is the unique point at infinity on C.

Since ¢(1 : 0) is the only point at infinity, we immediately deduce that H(1,0) =
0 and that H(a,b) # 0 for all other points (a : b) € P'(Q). This is only true if
H(a,b) = Cb° for some integer C, where e denotes the common degree of all the poly-
nomials Gy, Gy, ...,G,, H. Furthermore, since ¢(0 : 1) is an integral point on Cy, we
deduce that C divides Go(0,1),G1(0,1),...,G,(0,1) in Z. It is then easy to see that C'
divides Go(C'N,1),G1(CN,1),...,G,(CN,1) for any integer N, giving a parametrization
of an infinite family of integral points on C,. Translating back to our original setting,
we find that for (zg,z1,...,2,,t) = (Go(CN,1)/C,G1(CN,1)/C,...,G,(CN,1)/C,1), all
the equations of V' are satisfied for each choice of integer parameter N. Indeed, the same
is true if N is replaced with any rational number.

This leads us to consider the sequence of points y; = (Go(Cp~%,1)/C : G;(Cp~",1)/C :
1 Gp(Cp™,1)/C), for which we know |F,(y;)|, = ||, for 1 <7 < j and F,(y;) = 0 for
r > j+ 1. Now, without loss of generality, assume that Go(Ct,1)/C has the largest degree
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as a polynomial in ¢ out of all polynomials G, (Ct,1)/C, G1(Ct,1)/C,...,G,(Ct,1)/C, and
suppose this largest degree is e. Furthermore, if more than one of these polynomials is of
largest degree, assume that the leading coefficient A of Go(Ct,1)/C has largest p-adic
absolute value. It is easily checked that for sufficiently large 7, we have

max(|Go(Cp~", 1)/Cly, |GL(CP ™, 1) /Cly, ..., |Ga(Cp ', 1) /C,) = | Al p™,

maxi<,r<;j [4rlp
|Ald-pdet

Consequently, we have d,(y;, Z) =

Finally, to compute Hy (y;), we multiply through all coordinates of y; by Cp®, to make
them integers. Then Hy(y;) is bounded above by the largest (archimedean) absolute value
appearing in these new coordinates. But it is easy to see that after the coordinates have
been multiplied by Cp, all the resulting expressions are integer polynomials in p of degree
at most ei. Hence Hy (y;)?/p? converges to some finite constant as i — oo, which is enough
to guarantee that d,(y;, Z)Hp(y;)? is bounded above as i — oo. In conclusion, provided Cy
has only one place at infinity, we have shown that az(L) = é for all the non-archimedean

places of Q. n

Aside from being a great tool for computational examples, Theorem 4.1.1 gives an
affirmative answer to the question of whether avz(L) can be made arbitrarily close to zero
for appropriate choices of Z:

Corollary 4.1.1. For any € > 0, there exists a curve C' in P* defined over Q for which
ac(L) < €, with respect to all places of Q.

Proof. Given € > 0, choose an integer n > 0 such that % < €, and consider the curve C'
defined by the equations

xo +af —xy =0
$3:0.

The surface 2§+ — 25 = t", x3 = 0 in P* with homogeneous coordinates (xq : 1 : T : 3 :
t) contains the projective line defined by the equations zo —t = 0, 3 = 0, and z; — x5 = 0.
This is a smooth genus zero curve, and its only intersection with the hyperplane t = 0 is
the point (0:1:1:0:0). Since this curve contains the integral point (1:1:1:0:1), we
conclude that ae(L) = = < € for all places of Q by Theorem 4.1.1. O

Along different lines, Theorem 4.1.1 can be invoked when a certain geometric criterion
is satisfied. This new theorem will be an important tool throughout the rest of the chapter.

Theorem 4.1.2. Let Z be a closed subscheme of P™ cut out by equations

Fl(ZE(),...,In) =0

Fo(xg,...,2,) =0,

with the F; € Zlx, ..., x,| homogeneous of degree d;. Without loss of generality, suppose
we have ordered the polynomials so that dy = dy = -+ = d;j > djy1 > -+ > dp,, and set
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d = dy. Suppose there is a point a = (ag : -+ : a,) € Z(Q) and a projective line { defined
over Q intersecting Z only at a, with multiplicity exactly d. In other words, if O, is the
local ring of € at a, and I is the ideal cut out by Z in this local ring, the dimension of the
quotient Oyq/1 as a Q-vector space is exactly d. Then az(L) =% for all places of Q.

Proof. Since a and the line passing through it are defined over Q, we can apply a linear
automorphism of P" defined over Q (which preserves the degrees of the equations cutting
out Z), and assume that ¢ is given by x5 = -+ = x,, = 0. Furthermore, we can arrange
that a has projective coordinates (1:0:0:---:0). With this change of coordinates, the
local ring Oy, can be identified with Q[z1](s,), by considering the affine coordinate ring for
the affine piece zy # 0 and imposing the conditions that zo = --- = x,, = 0.

The ideal of Z inside this local ring is then generated by Fi(1,x1,0,...,0),...,
F,.(1,21,0,...,0). Since we are now dealing with a polynomial ring in one indetermi-
nate, the ideal generated by these polynomials in Q[z;] is the same as that generated by
their greatest common divisor G(x1) € Q[z1]. Furthermore, since a is the only point of
intersection of ¢ and Z over any field extension of Q, we deduce that G(z1) = z§ for some
exponent e > 1.

Our assumption about the intersection multiplicity means that Q[x1](,)/(2¢) has di-
mension d as a Q-vector space. On the other hand, it is easy to see that this quotient ring

is e-dimensional as a Q-vector space, with basis 1,zy,---, 25", Therefore, the greatest
common divisor of Fy(1,21,0,...,0),..., F,(1,21,0,...,0) is o¢.

Notice that for any ¢ > j, the polynomial F;(1,x1,0,...,0) has degree smaller than
d, but is divisible by x4, so it must be identically zero. On the other hand, for 1 <

i < j, Fi(1,21,0,...,0) has degree at most d and is divisible by z{, so we may write
Fy(1,21,0,...,0) = bx¢ for some integer b;, which may be zero. However, since ¢ is indeed

the greatest common divisor of these polynomials, some b; is non-zero. Re-homogenizing,
we have Fj(xg,21,0,...,0) = ba{ for 1 <i < j as well.

Now, we consider the subset V of P""!' with homogeneous coordinates
(rg:xy:---:x,:t) cut out by the equations

(Fl(x(), e ,(L’n) = bltd

FQ(ZE07 c. ,ZL‘n) = bgtd

Fj(l’o, N ,xn) = bjtd

Fj+1(l‘0, e ,l’n) =0

Fo(zo,...,z,) =0.

\

From what we said above, the projective line with equations o =--- =2, =0, 21—t =0
is contained in V', and the point (1:1:0:---:0: 1) is an integral point on this line. By
Theorem 4.1.1, we deduce that az(L) = % for all places of Q. O
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4.2 Linear Subvarieties and Beyond

4.2.1 Subschemes Contained in Linear Subvarieties

Arguably, the simplest subvarieties of P™ are the ones cut out by linear equations, hence
isomorphic to P for some m < n. As such, these will be among the first computational
examples we consider. In fact, we will work in a slightly more general setting, computing
essential approximation constants for closed subschemes contained in proper linear sub-
varieties, for any base number field k. Our result applies in two cases: when the closed
subscheme contains a k-rational point, and when the closed subscheme contains a pair of
k,-points quadratic over k, where v is the place we use to conduct the approximation. In
the first case, we will appeal to the proof of Lemma 2.14 of [13], to approximate a fixed
k-point along a dense set of k-rational lines. In the second case, we will instead invoke
the following lemma to approximate one of the quadratic k,-points along a dense set of
k-rational conics:

Lemma 4.2.1. Let k be a number field, and suppose we are given two Galois-conjugate
points y,y° in P}, quadratic over k. Let x be a k-point of P} not collinear with y and y°.
Then there is a conic curve defined over k passing through all of y,y?, and x, contained in
the plane determined by these three points.

Proof. Any three non-collinear points in P” determine a unique plane, so let Y denote the
plane determined by v, 4%, and x. Since {y,y?, 2} is a Gal(k/k)-invariant set of points,
we see that the equations of Y may be defined over k, courtesy of Lemma 2.3.1. Now,
select two other k-points z1, x5 in Y, such that no three of the five points y, 47, z, x1, 22
are collinear. Given any five points in a projective plane, there is a (possibly singular)
conic in that plane that contains them all, so we choose one. By assuming that no three
of our five points are collinear, the conic is forced to be smooth. Indeed, the only other
alternative is that the conic factors as a product of two lines, in which case three of the five
points are necessarily collinear. Since the collection of five points used to define the conic
is Gal(k/k)-invariant, we can make a choice of conic with coefficients defined over k. [

In order to ensure that we construct a dense sequence, the Hilbert Irreducibility The-
orem will be our main tool. The version of this theorem we will use requires us to define
thin sets. Here, we borrow heavily from the exposition in [18], §9. For any field k& of
characteristic 0, a subset Q of P"(k) is called thin if we can find an algebraic variety X
defined over k and a morphism 7 : X — P" such that:

1. Q C n(X(k))

2. The fibre of ™ over the generic point is finite and 7 has no rational section over k.

We will not actually require this formal definition in the arguments that follow; rather, we
will be using properties related to thin sets. In particular, the next fact tells us that when
k is a number field, thin subsets are small.
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Theorem 4.2.1 (Hilbert’s Theorem, §9.6, [18]). Every number field k is Hilbertian, i.e.
for alln > 1, P"(k) is not thin.

In §9.5 of [18], it is observed that for every Hilbertian field k, the complement of a thin
set in P"(k) is Zariski dense. It is this fact that features in the argument below.

Now, we are ready to state and prove the promised result on essential approximation
constants:

Theorem 4.2.2. Given a number field k, let Z be a closed subscheme of P}, and let
L = Opn(1). Suppose that Z is contained in a proper linear subvariety of Py. We have the
following:

(1) If Z(k) # @, then a5*(L) =1 for all places of k.

€SS

2) If Z contains a k,-point quadratic over k, then a3*(L) = 1 with respect to the place v.
Z

Proof. Let Y be a proper linear subvariety of P} containing Z. By making Y larger if
necessary, we can always assume that Y is a hyperplane. By Lemma 3.1.1, we can apply a
linear automorphism of P} and assume that Y is cut out by the equation z,, = 0. Without
changing the subscheme Z, we can assume that x,, = 0 is one of the equations cutting out

€ss

7, from which we get a$®(L) > 1, courtesy of Proposition 3.2.1.

First, assume we are in case (1), so that Z(k) # @. Fix a point a € Z(k). Given an
arbitrary point b € P"(k) \ Y (k), we will construct a sequence {z;} of k-points converging
to Z for which az({x;}, L) = 1, avoiding Y but lying on the line between b and a. In fact,
if the sequence avoids Y, it is enough to verify that az({z;}, L) < 1, since az({z;}, L) > 1
follows from Proposition 3.2.1 and the fact that Y is cut out by the linear equation x,, = 0.

Since the closed point {a} is contained in Z, we have d,(z;,a) > d,(x;, Z) for any
sequence {z;}. Hence, to show az({z;}, L) < 1, it suffices to find such a sequence {x;} for
which d,(x;,a)Hp(z;) is bounded above. In turn, this is a consequence of the argument of
Lemma 2.14 in [13]. In that result, it is shown that the approximation constant a,(L) is
equal to 1 for any point a € P"(k), by approximating a along an arbitrary k-rational line
through a. More specifically, a sequence {x,} of k-points is constructed, taken from the
given line, with the property that d,(z;,a)Hp(z;) is bounded above as i — oc.

For each point b € P"(k) \ Y (k), the line through a and b is k-rational and intersects Y’
only at the point a. Thus we can apply the construction above to find the desired sequence
of points, lying on the line through a and b, but avoiding Y.

Now, assume instead we are in case (2), and let a € Z(k,) be quadratic over k. Then
a has a unique Galois conjugate a?, different from a and also contained in the linear
subvariety Y. Given an arbitrary point b € P"(k) \ Y (k), we construct a sequence of k-
points {x;} converging to a for which az({z;}, L) = 1, avoiding Y but lying on a conic
curve through b and a.

Since b does not lie in Y, it is not collinear with a and a?, so Lemma 4.2.1 guarantees
the existence of a conic C,; defined over k, passing through a,a”, and b, contained in the
plane defined by these points.
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Because C,; is a degree 2 curve, it must intersect Y at only the points a and a?,

so any sequence {z;} of k-points on C,;, automatically avoids Y. Thus az({z;},L) > 1
automatically holds, by Proposition 3.2.1. Again, it suffices to construct the sequence in
such a way that

dv<l’i, Z)HL(IZ)
is bounded above. Knowing that d,(x;, Z) < d,(x;, a), it will be enough to find a sequence
where

dy(xiya)Hp(z;)
is bounded above. If ¢ : Cyp < P" is the given embedding of C,; into projective space, we
know that Hp(¢(+)) is equivalent to H,«1(-). Since Cyy is a degree 2 curve in P™, we know
that t*L ~ O(2) on Cy, so that Hy(c(+)) is equivalent to Ho,, b(1)(')2. On the other hand,
the distance function d, (-, a) remains the same regardless of whether it is computed in the
ambient projective space or restricted to C, . Hence, we have reduced to proving that on
Cap,

dy(yi,a)'*Hoq, , ) (4:)

is bounded for some sequence {y;} € Cop(k).

To finish things off, notice that since C,; is a smooth genus zero curve with a point
defined over k, it is isomorphic to P! over k. Let 7 : P! — C,; be such an isomorphism.
Since 77 !(a) € P'(k,) \ P*(k), a generalized version of Dirichlet’s theorem [2] says we can
find an infinite sequence of k-points {m;} € P(k) for which

dy(ms, 7 (a))*Ho,, (1) (my)

is bounded above, where everything is computed in P!. Now, since 7 is an isomorphism,
Ho,, 1)(m;) and Ho,, b(1)< m(m;)) agree up to bounded constants, so we just need to check
that the distances d, (m,, ~1(a)) on P! and d,(mw(m;),a) on P" agree up to bounded con-
stants as well. For this, we first invoke the proof of Proposition 3.1.1, where we showed
that our distance function is equivalent to the distance function considered in [13]. Then,
Proposition 2.5 of [13] tells us that the functions d,(-, 7 *(a)) and d, (7 (), a) are equivalent
on Cy(ky), since they are distances computed with respect to two different embeddings of
Cayp in projective space. This means

dy(m(mi), a)"* Hop., , 1y (m(m;))

is also bounded as i — oo. Taking z; = ¢ o w(m;) for each i, we have found our desired
sequence.

The rest of the argument proceeds identically in case (1) and (2). Because k is a number
field, P"(k)\ Y (k) is a countable set, so We can enumerate the points in it, say bl, bo, b3, . ...
For each point b;, we take a sequence {29} converging to Z, satisfying oz ({z}, L) = 1,
as described above in the respective cases.

Now, fix any € > 0. By construction, for each j € N, the sequence d,(z; U o YWreH (x ,EJ ))
converges to 0 as i — co. In particular, given any constant C' > 0, we can replace {z\’)}
with a suitable tail of the sequence for each j to arrange that

dv(l'(j) Z)l—i—eH ( )< C

7 )
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for all positive integers 7 and j.

The union of the sequences {mﬁj )} over all j is a countable set, and therefore we can
enumerate the points, say y1, ys, . ... This gives us a new sequence of k-points {y;}. Notice
that none of these points lies in Y, so a fortiori these points do not lie on Z. Furthermore,
we know that

dy(yi, Z) ™ H(y;) < C

for all 4. Since L is ample, the heights H(y;) are unbounded as i — oo, and so we must
have d,(y;, Z)'*¢ — 0, from which d,(y;, Z) — 0 immediately follows. In other words,
az({y}, L) <1+ e. Finally, we argue that the sequence {y;} is Zariski dense.

For any positive integer j, our new sequence {y;} contains the sequence {x } as a
subset, and so the Zariski closure of {y;} contains the Zariski closure of {x(J }, which is
either a line or a conic through a and b; (according to whether we are in case (1) or (2)).
In particular, the Zariski closure of {y,} contains each point b;, and so it contains all the

points in U(k), where U =P} \ Y.

We now show that U(k) is Zariski dense. First, we invoke Hilbert’s theorem (Theo-
rem 4.2.1), which tells us k is Hilbertian. As remarked above, this means the complement
of a thin subset in P™(k) is Zariski dense. It is a fact that every proper Zariski-closed
subset of P} has a thin set of k-points, and so we deduce immediately that U(k) is Zariski
dense. Thus {y;} is a dense sequence.

We have now produced a Zariski-dense sequence {y;} of k-points, converging to Z,
for which az({y:}, L) < 1+ ¢, which implies a3*(L) < 1+ €. But € > 0 was arbitrary,
so we conclude that o$*(L) < 1. Having already noted that a$®(L) > 1, our proof is
complete. O

The previous theorem immediately implies something stronger in the case Z is a linear
subvariety:

Theorem 4.2.3. For any number field k, let Z denote the subvariety of P} cut out by
equations
Fl(JI(),...,SCn) =0

Fm<:[;07 Ce ,.Tn) = O,

where Fy, ..., F, € klxg,...,z,| are linearly independent linear forms (and m < n). Then
for any place of k, we have az(L) = ag*(L) = 1.

Proof. Any subvariety of the type described in the theorem is trivially contained in a
proper linear subvariety of P}, namely itself. Since Z(k) is obviously nonempty in this
case, we deduce that a$®(L) = 1 for all places of k& by Theorem 4.2.2, case (1). Using the
inequality a$*(L) > az(L), we get az(L) < 1 for each place of k. On the other hand,
since all equations cutting out Z are linear, Proposition 3.2.1 guarantees that az(L) > 1,
so in fact az(L) =1 for all places of k. O
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4.2.2 Subschemes Cut Out by Quadrics

Having dealt with linear subvarieties, we now allow the equations cutting out Z to have
degree either 1 or 2. In this case, we restrict to the case where the base field is Q, so that
we can utilize Theorem 4.1.2.

Proposition 4.2.1. Let Z denote an irreducible subscheme of P¢, cut out by the equations

Fl(l’o,...,l‘n) =0

Fo(zo,...,z,) =0,

where Fy, ..., F,, € Zlxg,...,x,] are homogeneous of degree at most 2, and at least one

has degree 2. If Z(Q) # @, then az(L) = % for all places of Q.

Proof. Choose any point a € Z(Q) and let T' denote the projective tangent space to Z at
a. Since a is defined over (Q and the equations for Z are also defined over Q, T is a linear
subvariety of P defined over Q. We claim that T" ¢ Z. Indeed, if a is a singular point
of Z, then T has larger dimension than Z. On the other hand, if a is a smooth point of
7, the containment T" C Z would imply T' = Z by irreducibility of Z, contradicting our
assumption that Z is not a linear subvariety.

Since T' € Z, there must be a line ¢ C T passing through a, defined over Q and not
contained in Z. As usual, we can compose with a linear automorphism of P" defined over
Q to assume that a = (1 :0: ---:0), that T is given by z,41 = 10 = -+ =z, = 0 for
some positive integer r, and that ¢ is given by xo = --- = x,, = 0.

When set up this way, the fact that 7' is given by the equations just mentioned means

9Fi(1,0,...,0) = 0 for 0 < j < r and all i, as follows from consideration of the Jacobian

oz
matrix at the point a. In turn, if F; is a linear form, this is only possible if F; depends
only on z,41,...,&,, which means F;(x¢,x,0,...,0) = 0 identically. On the other hand,
if F; is quadratic, this can only occur if F; does not contain any monomials of the form
zox; for 0 < j < r. In this case, Fi(xg,21,0,...,0) = bz} for some integer b;. Since ¢ is
not contained in Z, we deduce that b; # 0 for at least one value of 7.

These facts imply immediately that a is the only point of intersection of ¢ with Z, and
that the quotient Oy, /I of the local ring of ¢ at a by the ideal of Z is 2-dimensional as a
Q-vector space, with basis elements 1 and x;/zo. Appealing to Theorem 4.1.2, we conclude
that az(L) = 1 for all places of Q. O

There is one particularly notable family of curves in projective space to which the above
proposition can be applied:

Corollary 4.2.1. Let C' denote the rational normal curve of degree m > 2 in P™, i.e. the

image of P! under the mth Veronese embedding (s : t) w (s™ : ™71 o oo o st™™1 o g™,
1

With respect to all places of Q, we have ac(L) = 3.
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Proof. 1t is well-known that every rational normal curve of degree m > 2 is cut out by
quadrics in P™. Since these curves are irreducible and clearly contain rational points
(for instance, (1 : 0 : 0 : --- : 0)), Proposition 4.2.1 immediately gives us the desired
conclusion. O

We wrap up this section with one more example, closely related to the rational normal
curves. Consider the quartic curve in P? parametrized by the morphism (s : ) + (s :
s3t : st? : t*). In projective coordinates (z : y : z : w), this curve is cut out by

zw—yz =10
22— w?y =0

Yy — 2?2 =0.

Proposition 4.2.2. Let C denote the quartic curve in P3 cut out by the equations above.
For all places of Q, we have ac(L) = 3.
Proof. 1t is easy to verify that the tangent line to C' at @ = (0 : 0 : 0 : 1) is cut out by
x =0 and y = 0. Computing the scheme-theoretic intersection of C' with this tangent line
yields the closed subscheme of P! in projective coordinates (z : w) cut out by z3. Thus, if
we look at the local ring of P! at (0 : 1) and quotient out by the ideal of C' in this local
ring, we are looking at Q[z](,)/(z*), which is 3-dimensional as a Q-vector space. Since C
clearly intersects the tangent line set-theoretically only at a, the conclusion ac(L) = + is

3
immediate from Theorem 4.1.2. O]

4.3 Conics in P?

Taking degree as our measure of complexity, the next most complicated subschemes after
the linear ones are the curves of degree 2, i.e. conics. In our discussion, we will embed
them in P2, rather than the apparently more natural choice of the projective plane. In fact,
we will often prefer to approximate subschemes of codimension at least 2 throughout this
thesis. In cases where the closed subscheme is necessarily contained in a proper subvariety,
like a plane, this opens the door to comparing approximations within that subvariety to
approximations outside it. In this section and certain other places, some of the arguments
will work in codimension 1 as well with little modification. However, another reason for
focusing on subschemes of codimension at least 2 is that the history of Roth’s theorem tells
us that determining the approximation constant can be very difficult in the codimension
1 case.

To get an idea of what conics in P look like, we will use a lemma that is well-known in
the field of algebraic geometry. The substance of the lemma’s statement appears as part
of Exercise I1V.3.4 in Hartshorne’s book [7].

Lemma 4.3.1. Let C be a conic in P3. Then C is contained in some plane in P?, and
consequently may be given as the intersection of that plane with a quadric surface.
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Thus, we know how to describe the equations of all conics in P? exactly, which will aid
us computationally. We will fix a base number field £ and deal with the case where the
linear form and quadratic form are defined over k. Composing with a linear automorphism
of P? (which does not affect the approximation constant, thanks to Lemma 3.1.1), we
may assume that our conic is given by the equations w = 0 and F(x,y,z) = 0, where
F € klx,y, z] is homogeneous of degree 2 (here, we let (x : y: z : w) denote the projective
coordinates on P?).

4.3.1 Algebraic Preliminaries

Not surprisingly, the behavior of the approximation constant with respect to a place v
depends entirely on whether the conic has a point defined over the completion k,. Our
first goal is to show that the existence of k,-points on the conic implies the existence of
k,-points quadratic over k. In order to do this, we require an auxiliary lemma regarding the
subset of &, for which we can take a square root in k,. This uses a version of Hensel’s lemma,
which we state here for convenience. Up to notation, it appears in [1] as Theorem 1.3.1,
along with a proof.

Lemma 4.3.2. Let K be a field complete with respect to a non-archimedean absolute value
v, and let O, denote the valuation subring of K, consisting of those a € K such that
lal, < 1. Let f € O,[z] be a polynomial, and let ay € O, be such that | f(ao)|, < |f'(ao)|?.
Then there is some a € O, with f(a) =0 and |a — agl, < |f'(ao)|v-

Hensel’s lemma will help us greatly in dealing with the non-archimedean case of the
next result:

Lemma 4.3.3. Let k be a number field, let v be a place of k, and let S denote the subset
of k, consisting of numbers having a square root in k,. Then S\ {0} is open in the v-adic
topology on k,.

Proof. In the case where v is an archimedean place of k, we either have k, = R, or k, = C.
In the former case, S\ {0} is the positive real line, which is open in the ordinary metric
topology on R. In the latter case, S is the entire complex plane, so S\ {0} is the punctured
plane, which is also clearly open in the metric topology on C.

Given a non-archimedean absolute value v, we must likewise show that the set of nonzero
elements of k, having a square root in k, is open. Thus, we take an arbitrary o € S\ {0}.
We know that the valuation subring O,, given by the closed unit disc in k,, is a discrete
valuation ring. Letting 7 denote a uniformizer, we may write o = 7", where n is an
integer and oy € O}. Since « has a square root in k,, we deduce that n is even and ag has
a square root (necessarily belonging to O).

Now, suppose we manage to prove that there is an open ball B contained in O, and
centered at ag for which B C S\ {0}. Then 7" B is an open ball in k, centered at 7"y = «,
and we claim that 7" B C S\ {0}. Indeed, we observed that n is even, and every element
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of B has a square root by hypothesis. Thus for any 7" € 7" B, this element has a square
root 7/2y/p in k,. Hence, our proof is complete as soon as we establish the result for a.

We consider the open ball B = { € k, : |8 — agl, < |2|?}. For any 8 € B, we
consider the polynomial f(z) = 2* — 8 € O,[z]. We know that \/ag exists in O,, and
|f(/ao)lo = oo — Blo < |2[2. On the other hand, since \/ag € O, we have |f'(y/ao)|, =
200l — 200 - [y/ole = 2l Thus [£(y@)l, < |f/(y/@0)[2, so that f(z) — 2~  has a
root in O, by Lemma 4.3.2. In other words, 8 € S. Finally, 0 ¢ B since |ag|, = 1 > |2]2,
so we conclude that B C S\ {0}, as desired. O

At this point, we require one more number-theoretic fact:

Lemma 4.3.4. Let k be a number field and let v be a place of k. For infinitely many
rational primes p, \/p lies in k,, but not in k.

Proof. First, we claim only finitely many rational primes have square roots in k. Since
number fields have finite degree, the claim will follow immediately from the fact that for

any m distinct rational primes pi, ..., pm, we have [Q(\/p1, ..., /Pm) : Q] = 2™.

To establish that [Q(,/p1,. .., /Pm) : Q] = 2™, we argue based on ramification in these
extensions. Certainly, for any fixed prime p, the absolute discriminant of Q(,/p) is either
p or 4p, so 2 and p are the only possible ramified primes. Now we appeal to the standard
fact that the only primes ramifying in a compositum of two number fields k; and ky are
the primes ramifying in either k; or ky. This is equivalent to Hilbert’s Theorem 85 (see
[8]), which says that the discriminant of the compositum k;ks is divisible by all and only
the rational primes dividing the discriminants of k; and k.

Applying this result, we see that for 1 <4 < m, the primes ramifying in Q(\/p1, - . ., /Di)
are py, ..., p; (and possibly 2), and nothing else. If 2 € {p1,...,p,}, we may assume with-
out loss of generality that p; = 2. Then, we conclude that Q(y/pi+1) € Q(/P1, - -, /Pi) for
each i, since p;y1 ramifies in Q(y/pi+1), but not Q(y/p1,...,/pi). We immediately deduce
that [Q(y\/p1, .-, vPiPis1)  QG/p1,...,/pi)] = 2 for each i, from which
[Q(\/P1s - - - /Pm) : Q] = 2™ follows.

We conclude that only finitely many rational primes have square roots in k. To finish
the proof, we show that infinitely many rational primes have square roots in k,. This is
obvious if v is an archimedean place, so we restrict to the non-archimedean case.

Let ¢ denote the characteristic of the residue field of k,. Notice that infinitely many
primes p have a square root in the finite field F,; indeed, any prime p = 1 (mod ¢) has
this property, and by Dirichlet’s theorem on primes in arithmetic progressions, there are
infinitely many such primes. Consequently, we can apply the traditional form of Hensel’s
lemma to the polynomials 2% — p € O,[z], where O, denotes the valuation subring of k,.
The residue field of O, is a finite extension of F,, and in particular, 2% —p splits as a product
of distinct linear factors there. By Hensel lifting, 22 — p has a root in O,.. Altogether, there
are infinitely many rational primes p such that /p € k.

Since k, contains the square root of infinitely many rational primes, but k£ only contains
finitely many such square roots, there must be an infinite collection of such rational primes
with square roots lying in &, but not k. O
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Now, we can prove that any conic defined over k and possessing a k,-point necessarily
has infinitely many such points with field of definition equal to a quadratic extension of k:

Lemma 4.3.5. Suppose that C' is a conic in the projective plane defined over a number
field k, and suppose that C has a k,-point for some place v of k. Then C' has infinitely
many k,-points quadratic over k.

Proof. The k,-point on C' lies in one of the affine pieces of C, which we restrict to. Hence,
we are looking at the set of solutions to an equation

az’® 4+ bry 4+ cy® +dr +ey+ f =0,

with a,b,c,d, e, f € k. We are also given a solution (z¢,yo) to this equation, with ¢, yo €
k,. First, we argue that without loss of generality, we have either a # 0 or ¢ # 0. If both
coefficients are zero, it is necessary that b # 0 (since the conic has degree 2), and then the
linear automorphism given in this affine piece by x — = + y, y — y is defined over k£ and
takes our conic to one where ¢ # 0. By interchanging z and y if necessary, we can just
assume that a # 0.

We treat the affine equation of C' as a quadratic equation in x with coefficients in k[y]:
azr® + (by + d)x + (cy* + ey + f) = 0.
The quadratic formula then allows us to formally write x in terms of y:

(by + d) = /(by + d)?> — 4a(cy? + ey + f)
2a '

In particular, we are told that (zg,yo) is a k,-point, so we find that (byy + d)* — 4a(cyd +
eyo + f) has a square root in k,.

We now reduce to the case (byy + d)* — 4a(cy? + eyo + f) # 0. Indeed, if we have
(byo + d)? — 4a(cys + eyo + f) = 0, then y, satisfies a fixed polynomial over k, of degree at
most 2, having at most 2 roots. The polynomial is not identically 0, because that would
mean the equation for C' factors over k, contradicting the irreducibility of the conic. Since
C(k,) # @, the conic C' is isomorphic to the projective line over k,, and in particular, has
infinitely many k,-points. Thus we can replace our given point with one where (byy+d)? —
4a(cy? + eyo + f) # 0, if necessary.

Hence, we may assume o = (byy + d)* — da(cyd + eyo + f) # 0, and that a has a
square root in k,. By Lemma 4.3.3, there is some open neighbourhood U of « in k,
for which every element of U is nonzero and has a square root in k,. Now, notice that
F(y) = (by + d)? — 4a(cy? + ey + f) is a continuous function of y, and therefore F~*(U)
is an open neighbourhood of yq, such that for all y € F~1(U), F(y) is nonzero and has a
square root in k,.

Since k is dense in its completion k,, there are infinitely many elements 3, € kNF~1(U).
For each such y;, we deduce that

(bys + d) + \/(bys + d)? — da(cy? + ey1 + f)
2a

I =
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is defined over a quadratic extension of k contained in k,. If 1 &€ k for each choice of y,
then the points (x1,y;) give our desired infinite collection of points on C'.

If 21 € k for some choice of y;, then (z1,y1) is a k-point on C', which means C' is
isomorphic to the projective line over k. If there are infinitely many k,-points quadratic over
k on the projective line, the same will be true for C' via the isomorphism. By Lemma 4.3.4,
there are infinitely many rational primes p such that the projective points (y/p : 1) have
field of definition contained in k,, but given by a quadratic extension of k, completing the
proof. ]

4.3.2 Computing the Approximation Constants

With this lemma in our hands, computing the approximation constant for conics in P3
with a k,-point is straightforward.

Proposition 4.3.1. Let C be a conic defined over a number field k, cut out in P* by
equations of the form
{F(:z:, y,2) =0

w =0,

where F' € klz,y, z] is homogeneous of degree 2. Let L denote the line bundle Ops(1). If v
is a place of k such that C'(k,) # @, then

1
ac(L) = 5

and
ai’(L) = 1.

On the other hand, if C(k,) = @, then
ac(L) = ad®(L) = .

Proof. To start, assume C(k,) # @&. By Lemma 4.3.5, we may assume C' has a k,-point
quadratic over k. Knowing that C'is contained in a linear subvariety of ¥, Theorem 4.2.2,

ess

case (2) implies immediately that a@®(L) = 1 with respect to the place v.

To compute the ordinary approximation constant, let y € C(k,) be quadratic over k
and let K denote the field of definition for y. Now let o € Gal(K/k) be the non-trivial
automorphism, and let y” denote the image of y under o. Since y is not defined over k, we
have y? # y. We let ¢ denote the projective line passing through y and y?. Since a line is
determined by two points on it, and the set {y, 3} is fixed by Gal(k/k), we see that ¢ is
defined over k. Notice ¢ intersects C' only at y and y?, since C' has degree 2.

Now, since y is a point in C'(k, Nk) not belonging to C'(k) but lying on a projective line

defined over k, we deduce that oy (L) = 1 (see [13], p. 515). Finally, since y lies on C' and

any sequence of k-points approximating y along ¢ is disjoint from C it follows immediately
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that ac(L) < % The opposite inequality ac(L) > % is immediate from Proposition 3.2.1,
as usual.

As for the case C'(k,) = &, the desired conclusion a¢(L) = af*(L) = oo follows directly
from Theorem 3.3.1. [

Now, we give explicit examples of conics illustrating the two alternatives presented in
Proposition 4.3.1. Taking F(x,y,z) = xy — 2%, the resulting conic contains the rational
point (1:1:1:0). Hence C(Q,) is nonempty for all places of Q, with the conclusion that
ac(L) = 5 with respect to all places.

On the other hand, taking F(z,y,2) = x? + y* + 22, the resulting conic has no real
points, with the result that ac(L) = oo with respect to the archimedean place of Q. But,
there are points on C' defined over other completions of Q, for instance Qs, where we could
take the point (1 : ¢ : 0 : 0). Here, ¢ is a square root of —1, as usual. This tells us
ac(L) = % with respect to the 5-adic absolute value on Q. Notice this is the first example
presented so far where the approximation constant for the same curve and the same line
bundle changes depending on the place used.

4.3.3 An Alternative Construction

Before leaving conics behind, we provide a counterpart to Proposition 4.3.1, at least in
the case £ = Q. To be specific, if a conic C' defined over Q has Q,-points, we provide a
number-theoretic construction of a sequence {z;} € P3(Q) not lying in the plane containing
C, with ac({z;}, L) = 1. While the statement in the proposition is superseded by Propo-
sition 4.3.1 and the geometric construction of Theorem 4.2.2 implicitly used in the result,
the construction of the sequence below is different in nature and possibly of independent
interest.

Proposition 4.3.2. Let C be a conic defined over Q, cut out in P? by equations

{F(x,y,z) =0

w =0,

where F' € Z[z,y, z] is homogeneous of degree 2. Let Y denote the plane w = 0. If v is
a place of Q such that C(Q,) # @, there is a sequence {x;} € P*(Q), avoiding Y and
converging to C' for which

ac({z;}, L) = 1.

Proof. As usual, the lower bound a¢({x;}, L) > 1 will follow immediately from Proposi-
tion 3.2.1, since the sequence we will be constructing avoids the linear subvariety Y. To
construct an approximating sequence, we first deal with the case where v is associated to
the p-adic absolute value for some prime p. Since C(Q,) = C(Q,) # @, we choose a point
in C(Q,), say (ag : a1 : ag : 0), with ag, a1, a2 € Q,. Multiplying all coordinates by a
suitable power of p, we can arrange that ap, a1, @z € Z,, and in fact that o; € Z;, for some
i
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Now we write out the p-adic expansions:

7
Qo = § Gp,

1=0

with a;,b;,¢; € {0,1,...,p — 1} for each i. For a given integer n > 1, define ag,, =
Z?:_Ol a;p’, and define oy, and ay, analogously. Notice that for each n, o, is an integer
between 0 and p™ — 1. For each n > 1, we define the projective point x, = (o, : Q1p :
Qg 0 p"). Our claim is that ac({x;}, L) = 1, for which it suffices to show that the sequence
dy(xy, C)H(x,) is bounded above.

Because «; , is coprime to p for some fixed ¢ and all n > 1, while each «; ,, is an integer,
we find that max(|a ,|p, |@1.0lp, [020]p, [P"]p) = 1. Consequently, we compute directly that

" 1
dv(xn,y) — |p1|p — ﬁ

Likewise, letting () denote the quadric surface F(z,y,z) = 0 containing C, we get

Flaon, Qin, Gon
(2. Q) = L TR i

= ‘F(Oéo,m a1 p, OéQ,n)’p'

To estimate this latter absolute value for a given n, we use the residue map res,» : Z, —
Z/p"Z. By construction, we know that resy.(a;) = respn(a;,). In particular, applying
res,» to the known relation F'(ag, a1, az) = 0, we see that F'(agn, @10, @2,) =0 (mod p”),

so that |F(a07n,oz1,n,062,n)’p S pin

In summary, d,(z,, Q) < #. Putting these two computations together, we find that

dv(‘rm C) = maX(dv<xm Y)a dv(xm Q)) = ﬁ

Finally, we compute the height of the point x,, with respect to L. By definition, we have

HL(ﬁn) = Hmax(|a0,n|wa |a1,n|w7 |O-/2,n wHy |pn|w)a

w

where the product runs over all places of Q. Since the coordinates of x,, are relatively
prime integers by construction, all terms in the product corresponding to non-archimedean
absolute values are equal to 1, and we are left with

HL(xn) = maX(’Oéo,n’, ‘al,n‘> ’052,71 s ‘pn‘)7
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where the absolute value is the archimedean one. By construction, og,, a1, as, are
nonnegative integers smaller than p™, so we get Hy(z,) = p". In conclusion,

dv(xnvc)HL(xn) = pn = 17

1
pn
which is bounded as n — oo. We deduce that ac({x;}, L) < 1, and the proof is complete
in this case.

Now, the only case remaining is when v is the archimedean place of Q and C' has a
real point. For convenience, we consider two sub-cases: either C' has a rational point, or
it does not. If C'(Q) # @, then let (g : a1 : ag : 0) be a rational point on the conic, and
without loss of generality, suppose that as # 0, so that we can scale coordinates such that
(ap : aq : 1:0) is a rational point on C. Applying the automorphism of P? fixing z, w and
replacing z and y with  — apz and y — a;z in homogeneous coordinates, we can assume
that (0:0:1:0) is a rational point on C.

In this case, it is easy to produce an approximating sequence with the desired properties.
Indeed, we let z, = (0:0:n:1). Notice that

1
dv(xna Y) =
n

while F(0.0,m)
Y Y n
du(2a, Q) =
because F(0,0,n) = n?F(0,0,1) = 0 by homogeneity of F. Since H(x,) = n, we get
dy(z,, C)H(x,) = 1, which is bounded as n — oo. Hence ac({z;}, L) < 1, and we are
finished in this case as well.

=0,

Thus, it remains to consider the case where C' has a real point, but no rational point. By
Lemma 4.3.5, C' has a point defined over a real quadratic extension of Q. In fact, making
the change of coordinates in the lemma and following the proof in the case C'(Q) = &,
we see that this point can be taken to be of the form (ag : oy : 1 :0), where ap is a real
quadratic irrational and a; € Q.

For each positive integer n, we let E= be the nth convergent of the continued fraction
expansion of ag. As is well-known, these convergents are good approximations to ag; in
fact we have

for each n > 1. We consider the sequence of projective points x,, = (% taq sl qi), all
>

defined over Q and not lying on Y. Since |p,| > 1 for all n, we know that

Pn
an

Consequently, we have
1/

d Y) = .
(oY) = o/ T D

42



Analogously, we find that

dy(z,, Q) = | F(pn/n, a1,1)]

max(|pn/qnl, [oa],1)*
To estimate the numerator, we use the fact that we can write

F(z,y,2) = ar® + bry + cy® + dvz + eyz + f2°

for some a,b,c,d, e, f € Z. Using this, along with F(«ag, a1,1) = 0, we explicitly compute

|F(pn/Q7laa17 1)‘ = |F(pn/QHaa1> 1) - F(O{(),Oél, 1)|
= |a/<p$L/q??L - Oé%) + b(pn/Qn - Oéo)Oél + d(pn/Qn - Oé())’
= ’pn/Qn - 040’ : |0J<pn/QTL + 050) + qu + d|

1
S q_2 : |a(pn/Qn + Oéo) + bal + d|

|allpn/gn + o] + [bou| + [d]

q2 '
Now, since p, /g, — g as n — oo, the sequence |p,/q, + ap| is bounded above, so there is
some absolute constant M > 1 such that for all n > 1, we have

M

n

<

In turn,
M/q,

max(lpn/Qn|’ |a1|7 1)2.

It only remains to show that d,(x,,C)H(x,) is bounded as n — oo. For this, we write
a; = ¢ for some coprime integers a and b. The projective point z,, may also be written
xn, = (bpy : agy : bgy, @ b), and the absolute value of all coordinates of this point with respect
to non-archimedean places is at most 1. In particular, since p, and ¢, have archimedean
absolute value at least 1, Hy(z,) < max(|bp,|,|aqn|,|bg,]) < M;max(|p,l,|q.|), where
M; = max(|al, |b]).

To show that d,(x,,C)H(z,) is bounded, we will prove that d,(z,,Y)H(x,) and
dy (2, Q)H(x,) are both bounded.

First, we have

dy(zn, Q) <

My max(|pnl; [9n])/¢n _ My max([pal, |g.])
max(|pn/qnl, [ea], 1) max(|pnl, [gnaal, [gn])
so this sequence is bounded. Likewise,

dy(y,Y)Hp(2,) <

< My,

(M/qz) - (My max(|pnl, [gnl))
max(|pn/qnl?, |a1]?,1)
MM, maX(|pn’7 ‘Qn|)
maX(’pan |Qna1’27 |Qn|2)
< MM,

proving that this sequence is bounded as well. All in all, we certainly have d,(z,, C)Hp(z,) <
MM, for all n > 1, so that ae({z;}, L) < 1. This completes the proof in the final case. [

dyp (T, Q)HL(2,) <
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4.4 Cubic Curves in P?

Having discussed curves of degree 2 in IP3, we increase the degree once again and investigate
cubic curves. Already, we will see that computing the exact approximation constants seems
difficult in certain cases.

As usual, let L denote the line bundle Ops (1) throughout this section. In parallel with
the previous section, we begin with a structural result that narrows down the types of
equations we must consider. The conclusion of the lemma in the smooth case appears
as part of Exercise IV.3.4 in [7], and in the singular case, one can use an intersection-
theoretic argument, with the help of a result such as Proposition 7.2 of [5], to establish the
conclusion.

Lemma 4.4.1. Every cubic curve in P? is either contained in some plane of P? or is the
tunsted cubic curve, up to linear automorphism.

Therefore, we have essentially two types of cubic curves to discuss, and we treat each
in turn.

4.4.1 Approximating the Twisted Cubic

The computation of the approximation constant for the twisted cubic follows directly from
Corollary 4.2.1, because the twisted cubic curve is the rational normal curve of degree 3
in P2. Applying this result, we find that the approximation constant is % for all places of
Q. On the other hand, the twisted cubic curve is not contained in a plane, so we cannot
apply Theorem 4.2.2 to compute the essential approximation constant.

As such, a different argument is required. In outline, our strategy is to locate a Zariski-
dense set of secant lines to the curve, such that approximating the curve along any one of
these secant lines yields an approximation constant of % Splicing together the sequences
for each line into a Zariski-dense sequence will allow us to prove that the essential approx-

imation constant is % as well.

First, we prove a pair of computational lemmas that allow us to take a point in P3(Q)
not lying on the twisted cubic, and identify which secant line this point lies on. Before
stating the first lemma, we recall that the twisted cubic curve may be described as the
image of P! under the embedding (s : t) + (s : st : st? : t3). Thus, all Q-points on this
curve except (1:0:0:0) are of the form (a®: a?: o : 1) for some a € Q.

Lemma 4.4.2. Let C be the twisted cubic curve in P2, cut out by the equations

zw—yz =0
y? — a2 =0

22 —yw=0
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in projective coordinates (x : y : z : w). Fix two distinct points (o : o® : a : 1) and

(B3 :8%:B:1) on C, where a, B € Q\ {0}. A point (ag : a1 : ay : az) € P}(Q) \ C(Q) is

on the secant line through these points if and only if

apg ap as
det &> a 1| =0
g 81
and
a1 G2 a3
det o> a 1| =0.
g B o1

Proof. Almost by definition, the point (ag : a; : as : a3) is on the secant line through
(a®:a?:a:1)and (B%: B2: 3 :1)if and only if the vector (ag,ay, as,as) is in the linear
span of (o a? «a,1) and (8%, 5% 6,1). Since (o, a? «a,1) and (82, 3% 3,1) are linearly
independent, this holds if and only if the matrix

Gy a1 G2 as

o o a 1

pop 81

has rank 2. In turn, this is equivalent to the vanishing of all 3 x 3 minors of this matrix.
We claim, in fact, that this is equivalent to the vanishing of just two minors:

ap ai; Qg
det [a® o «
g g B
and
a; Gz as
det [a® a 1
g B 1

Certainly, if all the 3 x 3 minors vanish, then these two vanish in particular. Conversely,
if the two indicated determinants vanish, then on account of the linear independence of
(a? a, 1) and (82, 8,1), as well as (a3, a2, a) and (53, %, 3), we know there must be scalars
)\11, )\12, /\21, )\22 for which

(a1,as2,a3) = )\11(0427 a,1) + )\12(52; 5,1)
(ag, a1, a2) = )\21(0437 o, a) + )\22(5375273)-

In particular, from the above we deduce that

as = A1+ A2l = Ag1av + A8
a1 = A10? + A\28% = Ag10? + A 32
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This gives us the matrix equation

a Bl _|a B[l
o B [ M2 o ] [ Mgz’
Finally, the 2 x 2 matrix appearing on both sides of the equation is invertible, since its

determinant is a5(8 — a) # 0, so we deduce that A\;; = Aoy and A3 = Ago. In turn, this
means

(Clo, ai, Gz, a3) = )\11(0537 052, «, 1) + >\12(637 ﬂ27 57 1)7
so that the other 3 x 3 minors of the matrix

Gy a1 G2 as

o o2 a 1

g Bl
vanish as well. In summary, the projective point (ag : a1 : ag : a3) is on the secant line
through (a®:a?:a:1) and (8% :3%: 3:1) if and only if

apg ap amg
det [a® o a| =0
g g B
and
ayp G2 ag
det |a®> a 1| =0.
g* 1

Since a, 5 # 0, we may pull out common factors in the rows of the first determinant, so
that the first condition is the same as

ag ai Qs
det |a®> o 1| =0.
g2 B 1
This completes the proof. O

Turning things around, we will now start with a given point (ag : a1 : as : a3) € P3(Q)
satisfying some mild assumptions, and identify points on the twisted cubic curve whose
secant lines pass through the given point.

Lemma 4.4.3. Let (ag : ay : ay : az) € P*(Q) be a point satisfying ajaz — a3 # 0,
agay — at # 0 and (ayay — apaz)?® — 4(ajaz — a3)(apag — a3) # 0. If o is a root of the
quadratic equation

X% X 1
det | a9 ay as| =0,
a; Qag as

or equivalently,
(ar1a3 — a3)X? 4 (a1a2 — apaz) X + (agaz — aj) = 0,

then (ag : a1 : as : ag) is on a secant line to C passing through the point (o : a® : v : 1).
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Proof. First, note that our assumptions on the coordinates ag, a1, as, ag in this lemma are
there to make sure the leading coefficient of the quadratic equation is nonzero, and that
the equation has two distinct roots, neither of which is 0.

Thus, suppose « is a root of the quadratic equation given in the lemma, and let
denote the other root. In particular, we know that

o2 a 1
det ap ap ag| = 0
ap a2 ag
and
g B o1
det g ap Q| = 0.
a1 az as

Since (ag : a; : ag : ag) is not a point on the twisted cubic (for instance, ajaz — a3 # 0),
it is readily verified that (ag, a1, as) and (ay, as, asz) must be linearly independent vectors.
Therefore, the determinant conditions say that both the vectors (a2, «, 1) and (52,3, 1)
are in the span of (ag, a1, az) and (ay, az, as). Consequently, the matrix

a2 a 1
g B o1
ap a1 Qa2
a; a2 as

has rank 2 as well, with row space spanned by (ag, a1, as) and (aq, as, az). We deduce that
the 3 x 3 minors of this matrix vanish, so that

Qo ai G2 ap az as
det [a®> o 1| =det|a® a 1| =0.
g1 g2 81
By Lemma 4.4.2, this tells us (ag : a1 : ay : ag) is on the secant line to C' through
(@®:a?:a:1)and (82:3%:3:1), as required. ]

With the help of Lemma 4.4.3, we are in a position to construct a Zariski-dense set
of secant lines to the twisted cubic, along which we will conduct our approximation. Our
final lemma will be the key in verifying that the collection of secant lines we construct is
indeed Zariski-dense.

Lemma 4.4.4. For any fixed integer D, the surface S cut out by
(yz — zw)? — 4(yw — 2*)(wz —y*) — D2* =0

in ]P’?é has a Zariski-dense set of Q-points.

47



Proof. Let U be a nonempty open subset of S. We must prove that U contains at least
one Q-point. Notice that U must intersect at least one of the infinitely many hyperplane
sections of S obtained by intersecting with z = by + cz as b, ¢ range over Q. We will show
that each such hyperplane section of S is a curve with infinitely many Q-points. Having
done this, the intersection of U with one of the hyperplane sections will be a nonempty
open subset of the corresponding curve, hence must contain a Q-point of S.

Expanding the equation of S yields
Y222 = 2wyzw + 2w — deyzw + 4o + dyPw — 4y?2* — Dat =0,
or more simply,
—3y?2% — 6ayzw + 2*w? + 422 + 4yPw — D2t = 0.

Consequently, if we intersect S with z = by + cz and restrict our attention to the projective
plane in coordinates y, z, w, we are looking at

—3y%2% — 6(by + c2)yzw + (by + c2)*w? + 4(by + c2)2* + 4y*w — D(by + c2)* = 0.

Since x = by + cz with b, c € Q, if this quartic curve in the projective plane has infinitely
many rational points, then the hyperplane section does too. One immediately checks that
(y:z:w)=(0:0:1)is asingular point on this curve. If this hyperplane section is not
irreducible, this singular point is either at the intersection of two components, or it is a
singular point of just one component (necessarily of smaller degree). In the former case,
since at most one irreducible component of this curve is not a line or conic, the rational
point (0: 0 : 1) lies on some line or conic, which is then isomorphic to P! over Q. In such
a case, this hyperplane section automatically admits infinitely many Q-points.

The only remaining cases to investigate are when the plane curve is an irreducible
quartic with singular point (0 : 0 : 1), or else that there is a unique cubic component
with singular point (0 : 0 : 1). Either way, the unique component containing this singular
point must have geometric genus 0. Consequently, the normalization of that component is
isomorphic to the projective line. Provided this normalization has a Q-point, it will have
infinitely many such points.

We restrict our attention to the affine piece w # 0, which results in the de-homogenized
equation

—3y2% — 6(by + c2)yz + (by + c2)* + 4(by + c2)2* + 4y> — D(by + c2)* = 0.

Looking at the tangent cone to this curve at the singular point (0,0), we see it is given by
(by + cz)? = 0, which tells us the singular point is a cusp. Since we have chosen b, c € Q,
the cusp may be approached along a line with rational slope. Since we can normalize the
curve by blowing up the projective plane at (y : z: w) = (0: 0 : 1), we see that the place
over this cusp is rational, so that the normalization of the component containing (0: 0 : 1)
has a rational point and is isomorphic to the projective line. This means the normalized
curve has infinitely many points defined over Q. Since the blow-up map is an isomorphism
away from the single point (0 : 0 : 1) in the projective plane, the original curve also has
infinitely many rational points, as desired. O
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At last, we are ready to put all these pieces together to compute the essential approxi-
mation constant for the twisted cubic curve.

Proposition 4.4.1. Let C be the twisted cubic curve in P2, cut out by the equations

zw—yz =10
Y2 —xz2=0
22 —yw =0
in projective coordinates (x:y: z:w). Then a&*(L) = 3 for all places of Q.

Proof. Since C' is cut out entirely by equations of degree 2, Proposition 3.2.1 says that
a@s(L) > 1. Thus it only remains to show that a&*(L) < 1.

Fix any place v of Q. Regardless of our choice of place, there are infinitely many
integers D such that v/D is a quadratic irrational defined over Q,. Fixing such an integer
D, choose any point (ag : a; : ay : az) € P3(Q) such that ay # 0, ajaz — a3 # 0,
(a1as — apaz)? — 4(ajaz — a3)(agas — a?) # 0, and agas — a? # 0, and choose it to lie on
the surface (yz — zw)? — 4(yw — 2%)(xz — y*) — Dz* = 0. By Lemma 4.4.4, such a point
necessarily exists.

By Lemma 4.4.3, the point (ag : a; : ay : a3) is on a secant line ¢ to C' passing through
the point (a3 : a? : a : 1), where « is a root of the quadratic equation (aja3 — a3)X? +
(a1ag — agaz) X + (apaz — a?) = 0. Using the quadratic formula, we may take

(apaz — aras) + /(arag — apaz)? — 4(ayaz — a3)(apay — a?)

N 2(ajaz — a3)

By our choice of (ag : a; : ay : a3), the number \/(ajas — agaz)? — 4(ayaz — a3)(apay — a?) =
Dad = ag\/ﬁ is a quadratic irrational defined over Q,, which means the point z := (a? :
a? : a: 1) is likewise quadratic over Q and contained in P3(Q,).

Let 27 = (0(a)® : o(a)? : o() : 1) denote the Galois conjugate point, where o is the
non-trivial automorphism of Q(«). Notice that the secant line ¢ described above passes
through 27 as well. Hence, ¢ is defined over Q, because the set {z, 27} is Galois invariant.

Applying the Dirichlet-type result in [2] (Theorem 1), since ¢ is defined over Q and z
is an irrational point defined over @Q,, we can find a sequence of points {z,} € P*(Q), all
lying on the secant line ¢, for which

dy(2p, 2)2H ()

is bounded above as n — oco. But since z is a point on C, we have that d,(x,,C) <
dy(zy, ), so that
dy (20, ) Hy ()
1

is likewise bounded above as n — oo. Consequently, ac({z,}, L) < 5. To prove that
ag’ (L) < %, we only need to show that the collection of secant lines of the type just

described are Zariski dense in IP’(?@.
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Let U be a nonempty open subset of P2, Shrinking U if necessary, we may assume it is
contained in the open subset where 22 — yw # 0, y?> — xz # 0, and = # 0. As mentioned
above, there are infinitely many integers D for which v/D is a quadratic irrational defined
over Q,. Hence, there is at least one such D for which U intersects the surface

(yz — zw)? — 4(yw — 2*) (w2 — y*) — Dz* = 0.

The resulting intersection of U with this surface is a nonempty open subset of the surface,
which means U contains some Q-point on the surface by Lemma 4.4.4. In particular, U
intersects the family of secant lines of the type described above, proving those lines are
Zariski-dense.

Proceeding as in the proof of Theorem 4.2.2, for any ¢ > 0, we can find a sequence
approximating C' along each of the secant lines with approximation constant smaller than
%—l— e. By taking the union of these countably many sequences, we construct a Zariski-dense
sequence approximating C' and also with approximation constant smaller than %—l— €. Since

€ss

€ > 0 was arbitrary, this proves that a&*(L) < %, completing the proof. O

4.4.2 Cubics Contained in a Plane

Now, we discuss cubic curves situated inside a plane in P? with equations defined over Q.
After a linear automorphism of P3, these will have equations of the form

{F(:U,y,z):()

w =0,

where F' € Q[z,y, 2] is a homogeneous form of degree 3. Proposition 3.2.1 tells us that we
will always have ae(L) > 3 for such curves, and indeed, Theorem 3.3.1 tells us ac(L) = oo
whenever C(Q,) = @. It should be noted that computing the essential approximation
constant for many of these curves is immediate, thanks to Theorem 4.2.2. Indeed, all these
curves are contained in a proper linear subvariety of IP’%, namely w = 0, and so for any
such cubic curve C satisfying C(Q) # @, that theorem tells us a@*(L) = 1 for all places of

Q.
As we will see, computing the standard approximation constants for these curves is a bit

more complicated. Fortunately, Theorem 4.1.2 allows us to deal with all cubics satisfying
a simple geometric condition, including two particular, well-known families.

Proposition 4.4.2. Let C be a cubic curve in P? cut out by equations of the form

{F(x,y,z):()

w =0,

with F(z,y,z) € Z|x,y, z| homogeneous of degree 3, and assume that C' has a rational flex.
In other words, assume we have a point a € C(Q) for which the tangent line to C' at a
(in the plane w = 0) intersects C' with multiplicity 3. Then for all places of Q, we have
Ozc(L) = %

50



Proof. We are given a rational flex a € C(Q), so by definition, the tangent line ¢ to C' at
the point @ meets C' with intersection multiplicity at least 3. Since C' is a cubic curve in
the plane w = 0, the multiplicity must be exactly 3 by Bézout’s theorem. In particular, ¢
does not intersect C' at any other point, and the local intersection multiplicity of ¢ with C'
at a may be computed by taking the dimension of O,/(f) as a Q-vector space, where f
is an appropriately de-homogenized version of F(z,y, z). Since this dimension is exactly
3, the conclusion a¢ (L) = % follows immediately from Theorem 4.1.2. O

In particular, Proposition 4.4.2 applies to elliptic curves in short Weierstrass form
(taking F(x,y,2) = 2y* — 2® — Az%x — B23 for A, B € Q). Here, the rational flex can be
found at the point at infinity, (z:y:z:w)=(0:1:0:0).

The proposition also applies to certain diagonal cubics F(z,y, z) = ax®+by®+cz3, with
a,b, c € Z relatively prime. Namely, if F(X,Y,0) = 0 for some relatively prime integers X
and Y, and abc # 0, then (x : y: z:w) = (X : Y : 0:0) is a rational flex of the curve.
In particular, this is applicable to the Fermat cubic, with F(x,vy,2) = 2% + y® + 23, since
F(1,-1,0) =0.

However, not every cubic curve contained in a plane is encompassed in the above propo-
sition, and indeed, it seems more difficult to compute the approximation constant for any
cubic curve contained in a plane that does not meet the criteria of either Proposition 4.4.2
or Theorem 3.3.1.

As a motivating case, suppose we let F(x,y,2) = z® + 2y> + 7z3. First, note that the
curve in P2 cut out by F(x,y,z) = 0 and w = 0 has no rational points, and hence no
rational flex. Indeed, such a point would lead (after multiplying by an appropriate scalar)
to a nonzero triple (a, b, c) of coprime integers such that a® + 2b* + 7¢® = 0.

If we reduce this equation modulo 7, we find that a® + 2b% = 0 (mod 7). However, one
can easily check that the only nonzero cubes modulo 7 are 1 and —1, and from this we see
that a® 4+ 20> = 0 (mod 7) if and only if a = b= 0 (mod 7). In other words, a and b must
both be divisible by 7. But since a® + 2b® + 7¢® = 0, we find that 72 | 7¢3, so that c is also
divisible by 7. We have now reached a contradiction to the assumption that a,b, c were
relatively prime.

Thus, the curve C' under discussion has no rational points, rendering Proposition 4.4.2
ineffective. Moreover, a minor modification of the above argument proves that C(Q;) = @,
so that ao(L) = oo with respect to the 7-adic absolute value. However, the archimedean
absolute value is of more interest to us, since C' clearly possesses points defined over R. In
keeping with every other example considered so far, we would conjecture that ac(L) = %
with respect to this place. Certainly, Proposition 3.2.1 tells us that ac(L) > %

However, the best upper bound we can offer is ac(L) < % To arrive at this, we can
apply the Dirichlet-type approach in [2], approximating along the line y = w = 0. This line
intersects the curve in the real irrational algebraic point @ = (v/7: 0 : —1: 0), and so this
Dirichlet-style approach guarantees the existence of a sequence of points {z;} C P3(Q), all
on the line y = w = 0, with the property that

dy(zi,a) " Hy (7))
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is bounded above as ¢ — co. Since a lies on C', this immediately yields ac(L) < %

Attempts to show that ac(L) < % using another familiar approach run into new diffi-

culties. Ideally, we would find an integer d # 0 such that
w3+ 2P 478 =d

has infinitely many (coprime) integer solutions (z,y, z). Appending a 0 in the last coordi-
nate and taking a sequence of such points {x,} would give us d,(x,, C)H(z,)> = |d| for
all positive integers n. The conclusion a¢(L) = % would then follow immediately.

One way to go about finding infinitely many integer points is to identify a rational curve
on the corresponding cubic surface z3 +2y% + 723 = dw? for some integer d. If this rational
curve has at most two places at infinity of the right form and a smooth integral point, we
could apply Theorem 4.1.1 and be finished immediately. The problem is that the obvious
candidates for such curves cannot be found, as illustrated in the following proposition:

Proposition 4.4.3. For all integers d # 0, the cubic surface x® + 2y3 + 723 + dw?® = 0
does not contain any of the following:

(1) Lines defined over Q.
(2) Conics defined over Q.

(3) Curves of odd degree defined over Q and possessing at most two places at infinity.

Proof.

(1) To fix notation, let S denote the cubic surface in the statement of the proposition. It
is well-known that there are 27 lines on every smooth cubic surface. For the diagonal
cubic surface 2 + y3 + 2% + w3 = 0, these are easy to write down directly. They come
in three families:

r+Gy=0 r+Gz=0 x+ Gw =0
z+C2w:O y—l—ng:O y+C2z:0,

where (; and (5 are cube roots of unity. There are three choices for each of (; and (5
in each of the three families, giving the desired 27 lines. It is easy to check that each
of these lines is indeed distinct from the rest, for instance by checking their Pliicker
coordinates in the Grassmannian Gr(2,4).

The surface S is obtained from the cubic surface mentioned above by scaling y, z, w
by factors of /2, v/7,v/d, respectively. This means the 27 lines on S are given by

z4+ GV 2y =0 z4+GVTz2=0 z+ G Vdw =0
VT2 + Vdw =0 2y + GV dw =0 V2 4+ GVT2 =0,

again with ¢; and (5 varying through the cube roots of unity.
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Checking that S contains no lines defined over (Q reduces to checking that none of
these 27 lines are defined over Q. None of the lines in the first family is of this type,
because they contain points of the form (¢;v/2: —1:0: 0). To see why this is enough,
we fix a primitive cube root of unity ¢ and consider the element o € Gal(Q(¢, v/2)/Q)
given by o(¢) = ¢ and ¢(v/2) = ¢v/2. The image of (¢(;v/2 : —1 : 0 : 0) under this
automorphism is (¢;¢+/2 : —1: 0 : 0), which no longer lies on the line. If this line were
defined over Q, then the image of any point on the line under such an automorphism
would again lie on the line.

For similar reasons, none of the lines in the second family are defined over QQ, consider-
ing a point of the form ((;+v/7:0: —1:0). Finally, none of the lines in the last family
is defined over Q, by considering the point (0 : (v/7 : —v/2 : 0) on the line and an
automorphism o € Gal(Q(¢, v/2,v/7)/Q) fixing ¢ and /7 and mapping v/2 to (/2.
Here, as before, ( is some fixed primitive cube root of unity. The image of the point
in question under o is (0 : (/7 : —C+/2 : 0), which does not lie on the line.

This completes the proof that S does not contain any lines defined over Q.

Suppose to the contrary that there is a conic C defined over Q and contained in S.
Appealing to Lemma 4.3.1, we deduce that C' is contained in a (unique) plane of P3,
which we denote by Y.

Since C' is not a line, we can find three non-collinear points on C, which necessar-
ily span the plane Y. The image of these three points under any automorphism in
Gal(Q/Q) will again be three non-collinear points on C, spanning another projective
plane, because C is invariant under Gal(Q/Q). Since this new plane intersects C' in
at least three points and C' has degree 2, this new plane contains C' as well. But Y is
the unique plane containing C, so it follows that Y is invariant under Gal(Q/Q). By
Lemma 2.3.1, Y can be defined by equations with coefficients in Q.

The intersection of Y with S must be a degree 3 curve C’, because S is a cubic
surface. But C'is a degree 2 component of C’, so we deduce that C” has two irreducible
components, namely C' and a line. Since C’ is the intersection of two surfaces defined
over Q, it is likewise defined over Q. So, we claim that the line contained in C” is also
defined over Q. Again, considering any element ¢ € Gal(Q/Q), we know that o fixes
C" and also fixes C', from which it follows that the line is fixed by o as well. Hence, if
S contains a conic defined over Q, then S also contains a line defined over QQ, which
we previously showed is impossible.

To show that there are no curves of odd degree d > 3 on S defined over Q and having
at most two places at infinity, we prove that any such curve C' of odd degree must have
at least three points at infinity.

Since C' is a curve of degree d, there are d points of intersection with the hyperplane
w = 0, counting multiplicity. We claim that the intersection cannot consist of a single
point with multiplicity d. Indeed, the intersection of w = 0 with C' is defined over
Q, hence fixed by any element of Gal(Q/Q). If there were only a single point in that
intersection, it would have to be a rational point. In particular, there would be a
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rational point lying on S in the hyperplane w = 0. But this intersection is the curve
23 + 293 + 723 = 0, which we saw has no rational points.

Now, suppose there are exactly two points of intersection of C' with the locus at infinity,
say P and (). The intersection of C' with the plane at infinity has odd multiplicity, so
the locus must be represented by a Weil divisor a;(P) + ao(Q) on C for which a; # as.
Since this locus is defined over Q, the divisor must be Galois invariant. On the other
hand, the image of this divisor under o € Gal(Q/Q) is a;(P?) +ax(Q7), where P and
@7 are the images of P and () under 0. Comparing divisors, we see that we must have
P = P? and (Q = @7, which implies that P and @) are actually defined over Q. We
have now reached the same contradiction as above, since S does not have any rational
points at infinity.

[]

Much of the work we’ve just done can be replicated in another way (and expanded
upon), using an entirely different method of proof. It starts with the observation that any
curve on our target surface S cuts out a divisor class in Pic(.S). Since S is a smooth cubic
surface, the structure of this Picard group (over Q or C, say) is well-known. Indeed, every
smooth cubic surface is isomorphic to a blowup of the projective plane at six points in
general position, and the Picard group of such a blowup is free of rank 7, generated by
the six exceptional divisors of the blowup and the proper transform of any line not passing
through the six points at which we blew up. As previously mentioned, such a cubic surface
contains 27 lines. Under the isomorphism with the blown-up projective plane, these lines
are divided up as follows:

(1) The six exceptional divisors of the blow-up, say Ei, ..., Fs.

(2) The proper transforms of lines in the plane through any two of the points at which we
blew up (15 such lines in all).

(3) The proper transforms of conics in the plane through five out of the six points at which
we blew up (6 such lines in all).

Furthermore, if Py, ..., Ps are the points where we blew up the plane, corresponding to the
exceptional divisors Fj, ..., Fs, then the divisor class of a line of type (2) corresponding
to the proper transform of a line through P; and P; is given by ¢ — E; — E;, where / is the
proper transform of a line not passing through Pi,..., 5. Consequently, a basis for the
Picard group may be obtained consisting exclusively of divisor classes of lines (for instance,
the six exceptional divisors and any line of type (2) above). As an immediate corollary,
Pic(S) is generated by the divisor classes of its 27 lines. Further details can be found in
[7], §V.4.

Combining these facts with some tools from representation theory, we can establish the
following result, overlapping with Proposition 4.4.3.
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Theorem 4.4.1. Let S denote the cubic surface
23+ 23 + 723 + dw? = 0,

where d # 0 is an integer with cube-free part divisible by a prime different from 2, 3, and
7. If C is a curve on S defined over Q, then the degree of C (in P3) is divisible by 3. In
particular, S does not contain any lines, conics, or quartics defined over Q.

Proof. First, note there is a natural action of the group G := Gal(k/Q) on the Picard
group of S, where k = Q((, V2,37, \3/3) is the field of definition for the set of 27 lines on
S. The action is induced by the natural action of the automorphisms in G on those 27 lines,
and thus each element of G induces a linear map on the Q-vector space V = Pic(S) @7 Q.
Since Pic(9) is free of rank 7, V' is a 7-dimensional vector space, with a basis consisting of
some collection of 7 lines on S.

By standard facts from representation theory, we can give V' the structure of a Q[G]-
module. The curve C' in the statement of the theorem has an associated divisor class in
Pic(.S), and the corresponding element of V' must be invariant under the G-action, because
C is defined over Q. By considering the decomposition of V' into irreducible subrepresen-
tations, it is easy to check that finding the G-invariant vectors in V' reduces to determining
the number of copies of the trivial representation appearing in this decomposition of V.
Any G-invariant vector is necessarily the sum of vectors belonging to these copies of the
trivial representation.

In turn, the number of copies of the trivial representation can be computed as the
inner product of characters (xq, Xtriv), Where y¢ is the character attached to the given
representation of G on V', and xy,;, is the character of the trivial representation of G.

Since

<XGaXtriv> = é ZXG(g)Xtriv(g) = é ZXG(Q)?

geG geG
this computation reduces to determining the value of ys on the various elements of G.
The bulk of the proof consists of two tasks:

(1) Determine an explicit basis for Pic(S) (and hence, for V') consisting of 7 lines on S.

(2) Let the elements of G act on this basis, and use this data to compute the values of x¢
on the elements of G.

At this point, it will be helpful to introduce some notation for the 27 lines on S. Fix a
primitive cube root of unity ¢. For 1 <14, j < 3, we set Ly;; to be the line

4+ (N 2y =0
T2+ (j_lxg/aw =0.

Likewise, for 1 <14, j < 3, we set Lo;; and Ls;;, respectively, to be the lines

T+ W2 =0 x4+ CWdw =0
V2y + (7 Wdw=0 | V2y+ V72 =0.
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In the Appendix, we carry out the computations necessary to show that the divisor classes
of L112, L1217 L133, LQQQ, L311, L322, L333 form a basis for PlC(S) A table is also given there
indicating exactly how to write the other 20 lines as linear combinations of these seven in
Pic(S).

Moreover, under the assumptions on d given in the statement of the theorem, the
Appendix contains the remaining computations necessary to verify that (xg, Xtiv) = 1.
This means V' contains exactly one copy of the trivial representation in its direct-sum
decomposition into irreducible subrepresentations. Hence, all the G-invariant elements of
V' are scalar multiples of some fixed non-zero vector in V. Once we exhibit a single nonzero
G-invariant vector, all the elements of Pic(S) defined over Q (including the class of our
target curve C') are multiples of this fixed vector.

It is easy to find such a G-invariant vector, because divisors defined over (Q are easy
to exhibit. For instance, div(z® + 2y3) is the divisor of a homogeneous polynomial with
coefficients in @Q, and so it must yield a Galois-invariant divisor class in Pic(.S). Using our
notation for the lines on .S, one quickly checks that

div(z® + 2y°) = div(w + V2y) + div(z + (V2y) + div(e + (*V2y)
= (L111 + L1124+ L113) + (Lio1 + Ligo + Liss) + (Lig1 + Liga + Lass).

Using the table of relations in the Appendix to re-write this in terms of our basis for Pic(5),
we find that

diV([E3 + 2y3) ~ —3L112 - 3L121 + 6L133 + 9L222 — 3L311 + 6L322 — 3L333.

Dividing out the common factor of 3, we deduce that all G-invariant elements of Pic(S)
may be expressed as integer multiples of

D := —Lyi19 — Lig1 + 2L133 + 3L292 — L311 + 2L392 — L333.

Now, suppose the degree of the curve C' is equal to §. To prove the theorem, we must
show ¢ is a multiple of 3. By definition of degree, if H is any hyperplane in P not containing
C, the intersection number H - C' is equal to . On the other hand, since C' lies on S, we
can also compute this intersection number on S as Hy - C, where Hy is the pullback of H
via the embedding S < P3. Now, knowing that C' is associated to a G-invariant divisor
class in Pic(S), we have C' ~ mD for some integer m. On the other hand, we know that
Hy - L;ji, = 1 for any of the 27 lines L;j;, because the intersection multiplicity is the same
as that of a hyperplane and a line in P3. In conclusion,

0=H,-C
= Hy-mD
=m(Hy - D)
=m(Ho - (—L112 — L1o1 + 2L133 + 3L292 — L3i1 + 2L320 — Lss3))
(-1 —14+2+43-1+2-1)

= 3m.

Thus, the degree of C' is divisible by 3. O

56



Because the curve 2 + 2% 4+ 723 = 0, w = 0 has no rational points, one might be led to
guess that this is the source of the computational obstruction. However, the same kind of
issues arise with the curve given by 23 +2¢3 +32% = 0, w = 0, which has the trivial rational
point (1 :1: —1:0). None of the equations z® + 2y = 0, 23+ 323 = 0, 2¢® + 32 = 0
have nonzero integer solutions (to see this, reduce modulo 7 and argue as in the case of
the previous curve), so Proposition 4.4.2 cannot be applied to the “usual” rational flexes.
Proposition 3.2.1 again tells us ac(L) > %, and approximating (v/3 : 0 : —1 : 0) along
the line y = w = 0 will give a¢(L) < % with respect to the archimedean place. However,
bridging the gap between the upper and lower bounds in cases like these seems to require

a new technique.

Finally, it is worth remarking that Theorem 4.2.2 is also not applicable when computing
the essential approximation constant for the curve given by 23 +2y® + 723 = 0 and w = 0,
because the curve does not have any rational points, nor points quadratic over Q (to see
this latter fact, use the fact that every line in w = 0 intersects the curve in three places
counting multiplicity). Insofar as Theorem 4.2.2 is applicable to z% +2y3 +32% = 0,w = 0,
our ability to use the tools at hand on these curves does differ.

4.5 Approximation Constants for a Diagonal Quartic
Surface

One interesting question we have not yet addressed is: can we exhibit a projective variety X
over a number field &, line bundle L on X, and point € X (k), for which the approximation
constant o, (L) is finite, but yet the essential approximation constant o$*(L) is infinite?
Furthermore, we want to avoid accomplishing this in the trivial way, where one selects X

for which X (k) is not Zariski-dense.

To make some initial progress on this question, we will take X to be the diagonal
quartic surface
ot +yt =2+t
in P{, and our line bundle will be ¢*(Ops (1)), where ¢ : X < P? is the given embedding of
X.

Firstly, we argue that X (Q) is Zariski-dense in X. This will follow from the fact that
the quartic surface contains non-trivial rational points, i.e. points not lying on any of the
48 lines on the surface and where none of the coordinates are 0. The problem of writing
a number as a sum of fourth powers in two distinct ways has a long history, tying in with
the famous “taxi cab number” story, in which Ramanujan pointed out 1729 is the smallest
number expressible as a sum of two cubes in two different ways. When Hardy relayed this
story, he added that Euler had made a similar observation involving fourth powers, namely

59% + 158 = 133* + 134%.

For our purposes, this says (59 : 158 : 133 : 134) is a non-trivial rational point on X. Thus,
we may invoke the following theorem to conclude that X (Q) is Zariski dense:
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Theorem 4.5.1 (Theorem 1.1, [11]). Let a,b,c,d € Q be nonzero rational numbers with
abed square. Let P = (2o : yo : 20 : wo) be a rational point on the surface ax* + by* + cz* +
dw* = 0, and suppose that zoyozowy # 0 and that P does not lie on any of the 48 lines of
the surface. Then the set of rational points of the surface is dense in both the Zariski and
the real analytic topology.

Thus, if the essential approximation constant is oo for a given point on X, we can rest
assured it is not for trivial reasons. Here is what we can say:

Theorem 4.5.2. Let X and L be as above, and choose the point zo = (1:0:1:0) € X(Q).
Furthermore, let U denote the open subset of X given by x — z # 0. With respect to all
places of Q, we have oy, (L) = 1, while o,y (U, L) > 4. In particular, a3*(L) > 4 for all
places of Q.

Proof. By approximating z, along the Q-rational line z—z = 0, y—w = 0 (which is entirely
contained in 5), it follows easily that a,,(L) < 1 with respect to each place of Q. From
here, a,,(L) = 1 follows almost immediately. Indeed, by Theorem 4.2.3, approximating
ro in P? with respect to Ops(1) results in an approximation constant of exactly 1 for all
places of Q. Since the distance and height functions we use on S are identical to the
ones we would use in P? (being pulled back from those corresponding functions on P?),
and the sequences approximating xo on X are a subset of those sequences approximating
ro in P?, we conclude there can be no sequence {z,} C X(Q) approximating zy with
Ay, ({xn}, L) < 1 for any place of Q.

Now, we turn to the second part of the theorem. We begin with the archimedean place
of Q. In this case, we have

ma“X(’y|7 ’w’7 ‘LE B Z’)

dy((x 1y :z:w),mg) = :
max(|z|, |y, [2], [w])
since xp may be cut out in S by the equations y = w = — 2z = 0. Fix a real number v > 0

and suppose we have a sequence {z,} C U(Q) for which a,,({z,}, L) <. We will show
that ~ > 4.

Writing each element of the sequence with coprime integer coordinates and applying the
definitions, there is some positive constant M for which there are infinitely many different
coprime integer tuples (z,y, z,w), satisfying z* + y* = 2% + w* and
maX(’y‘a ’w’7 ’1‘ — z’)’y

< M.
max(|zl, |y, ], [w])~!

dy((z:y:z:w),x0) " H((z:y:z:w)) =

This implies there are infinitely many integer tuples (z,y, z, w) satisfying the equation of
X, and such that

ly|” < M max(|z], |y], |z], |w])" !
lw” < M max(|z|, |y], |2, w|)"*

|ZL’ - Z|7 < Mmax(|x|, |y|7 |Z|a |w|)7—1.
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Since y and w are integers, the first two conditions imply that there can only be finitely
many tuples in this infinite collection for which max(|z|,|y|,|z|, |w]) = |y| or
max(|z|, |y|, |z, |w|) = |w|. Throwing away those finitely many tuples, we may assume
max(|z|, [yl, |2, lw]) = max(|z], |2]).

Furthermore, either |z| > |z| or |z| > |z| holds for infinitely many of these points, so
without loss of generality, we may assume that max(|z|, |y|,|z|, |w|) = |z| for this infinite
collection of integer tuples. Finally, replacing x with —x and z with —z if necessary in
each of these tuples, we can always assume x > 0. Now it follows from the third estimate
above that z > 0 as well; otherwise |z — 2|7 > 27, and 7 grows faster than Mz 7!,

Since all of these infinitely many tuples (z,y, z, w) satisfy 2* +y* = 2% +w?, we rewrite
and factor this expression to yield the relation

(x — 2)(x+ 2)(2® + 22) = (w — y)(w + y) (W + 7). (4.1)

Keeping in mind z = max(|z|, |y|, |z|, |w]), it follows immediately from the inequalities
above that

lw —y| < IMYY =D/
lw 4 y| < ML=/
lw? 4 1% < M2/ 2=/

for each of the infinitely many integer tuples. On the other hand, we have the trivial
estimates

(x+z2)>x
(2% + 2°) > 2°.
Taking absolute values of both sides of (4.1) and applying these estimates leads to
|x — Z| . .T3 S M1x4(771)/7
for some absolute constant M;. Simplifying, this means
|z — 2] < Myz(=9/7

for all of these infinitely many integer tuples (x,y, z,w). But z must grow without bound
over this infinite collection, being the largest coordinate. So, if v < 4, eventually the upper
bound is smaller than 1. This forces x — z = 0, since x — z € Z. But our sequence was
chosen from the open set U, so we have a contradiction. Since {z,} was an arbitrary
sequence from U, we conclude that a,,(U, L) > 4 when v is the archimedean place.

Next, assume v is non-archimedean, associated to some p-adic absolute value. As above,
suppose we have a sequence of points {x,} C U(Q) for which ay,,({z,}, L) < 7. Again, we
choose the coordinates of each point z,, to be relatively prime integers.

This leads to the existence of infinitely many integer tuples (x, y, z, w) with ged(z, y, z, w) =
1 satisfying the equation of X and an absolute constant M > 0 such that

max(’mpv |w’pv |z — Z‘p)v

max(|:v|p, |y|pa |z|p7 |u}|17)’y

dy((x :y:z:w),20) " Hy((x 2y @ 21 w)) = max(|z|, |y, |z], [w|) < M
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for each tuple. Since ged(z,y, 2z, w) = 1 always holds, it follows that max(|z|,, Y|, 2], |w],) =
1, so the condition above is simplified to

max(|ylp, [wlp, |z — z],)" max(|z], [y, 2], [w]) < M.

Even more than that, for each of the infinitely many tuples (x,y, z, w), at least one entry
is not divisible by p. Therefore, we can extract an infinite sub-collection for which some
fixed coordinate is mever divisible by p. Notice that this cannot be true for either the y-
or w-coordinate. Indeed, for such tuples, max(|y|,, |w|,, |z — 2|,) = 1, so that

max(|ylp, [w]p, [z — z],)" max(|z], |y, 2], [w]) = max(|z], [y], |2], |w]),

which is necessarily unbounded over an infinite set of integer tuples.

Therefore, without loss of generality, we may assume z is never divisible by p. Further-
more, by replacing x and z with —x and —z if necessary, we may assume that x — z > 0.
At this point, we know that

’ ‘ M/
Ylp <
P~ max(|zl, [yl, 2], [w|)/
0 e
wip <
"= max(|zl, [yl, 2], [w|)/
MY
|z — 2, <

— max(|zl, |yl |z], w7

In turn, the first two bounds imply that

| | MY/
w—ylp <
P max(|zl, yl, 2], [w])V/
| | MY/
w+ylp <
P max(|zl, yl, 2], [w])V/
M2/
lw? + 97|, <

max(|z[, [yl |2], [w])*/*

Going back to Equation (4.1), taking p-adic absolute values of both sides, and applying
the bounds above, we arrive at an absolute constant M; such that

M,
max(|z[, [yl |2], [w])*/*

|z — z|p|x + Z|p|x2 + 22|p <

(4.2)

To finish the argument, we recall the bound |z — z|, < M Since

= max(faf|yl,|z[[w])1/7
max(|x|, |y|, |z, |w|) increases without bound over our infinite family, we can extract an

infinite subfamily for which z = z + ap™, where ged(a,p) = 1 and m > 2 (and where m
may vary between tuples).

In turn, x + z = 2z 4+ ap™. Since |z|, = 1, note that |2z|, = 1 unless p = 2, in which
case |2z|, = %. Either way, |ap™|, = me < |2z|,. We immediately conclude that
1

|z + 2|, = [22 + ap™|, = max(|2z|,, |ap™|,) = |22], > ];
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Similarly, |22 4 22|, = |22% 4 2azp™ + a*p*™|, >
we find that

%. Combining this with inequality (4.2),

p2M1
|z — 2|, < 4y
max(|z, |y, |z|, |w])4/~

Written differently, there is an absolute constant M, such that
| — 2|y max(|z], |y, |2], [w])* < M.

Now, recall that z = z + ap™, where ged(a,p) = 1. Since z — z > 0, we see that a > 0. It
immediately follows that either |z| > % or |z| > %. Either way, we have

apm pm

Therefore,

1 dm m(4—)
o = max(el bl f fel)" (pmv) (p16 ) -

Unless v > 4, we immediately deduce that |z — z|) max(|z|,|y], |2/, |w])* is unbounded
above (since m — oo over this infinite family).

Thus, in the non-archimedean case, oy, (U, L) > 4 as well. As an immediate conse-
quence, ag(L) > 4 for all places of Q. ]

In the next chapter, we will discuss a Liouville-type result (Lemma 5.1.1), which will

allow us to supply another, more conceptual proof that «,,(U, L) > 4. There, we will blow
up the diagonal quartic at xo and analyze the effectivity of a certain divisor class.
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Chapter 5

Liouville-Type Theorems

5.1 A Liouville Lemma

Our next goal is to prove a more versatile counterpart to Proposition 3.2.1. Specifically,
we aim to generalize Lemma 3.2 in [I1] and its consequences. As always, X is a fixed
projective variety, Z a closed subscheme, and £ is our base number field. Recall that the
base locus of a line bundle L on a variety X is the collection of points in X where all the
global sections of L vanish simultaneously. The stable base locus of a line bundle L is the
intersection of the base loci of the line bundles mL as m runs over all positive integers.
One fact we will need is that we can find an m > 1 such that the stable base locus of L is
the base locus of mL, which follows from Proposition 2.1.21 of [10].

Lemma 5.1.1. Suppose that Z is a closed subscheme of X defined over k and let 7+ X —
X be the blow up at Z with exceptional divisor E. Let L be a line bundle on X and v > 0
a rational number such that L, := m*L — vE is effective on X. Let B be the stable base
locus of L., and set B = w(B’).

Then there is a positive real constant M (depending only on Z and L) such that for
any sequence of k-points {x;} — Z disjoint from B, we have

dv(l’j, Z)A/HL({L']‘) Z M.
In particular, az({z;}, L) > 7.

Proof. By the remark preceding this lemma, there is some positive integer m such that B’
is the base locus of mL.,. Since L, is effective, so is mL,, which means there is a positive
constant ¢ such that H,,r. (v) > c for all x € X (k) lying away from the base locus B, by
Theorem B.3.2 of [9]. By the additivity property of height functions, H,,r. is equivalent
to HJ", so there is a constant ¢; (depending only on L and Z) for which Hy, (z) > ¢ for
all points z lying outside of B’.

For convenience, set U = X \ B'. Since the sequence {z;} lies off of Z and B, and the
blow-up map = is an isomorphism away from Z, we may write each z; as 7(z;) for some
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z; € U. Using the additivity and functoriality properties of height functions, we have the
following inequality up to equivalence:

¢ < Hp (25) = Hpep(75) Hp (7)™ = Hy () Hp(7;) 7.

We now wish to convert this into a problem about local Weil functions. Taking logarithms
and using the local-global property tells us there is some constant C' such that

C < hiley) =7 ) Apw()

for all of our sequence elements z;, with the sum running over all places of k. If we use the
fact that £ = m*Z and invoke the functoriality property of local Weil functions, we now
have

C < hL<£Uj) — ")/Z)\Z,w(xj)

up to O(1), for all x; in our sequence. Now, for each place w, we claim that Az, > O(1).
Since Z is a closed subscheme, it can be described as the intersection of effective divisors
Dy,...,D,, on X. By the positivity property of local Weil functions with respect to
effective divisors, each Ap, . (z;) is bounded below by a function that is O(1), so that
Azw(2;), the minimum of these values, is also bounded below by a O(1) function. In other
words, up to O(1) we have > Az, (z;) > Az.(z;) for any fixed place v. The end result
of this is that up to O(1), we have

C < hp(x;) — vAzo(z)).

Taking exponentials and applying the definition of the distance function d,(z;, Z), we get
a positive constant M such that

M S HL(xj)dv(xja Z)’Y’

where M depends only on Z and L. In particular, the definition of az({z;}, L) automati-
cally forces az({x;}, L) > . O

5.2 Application: Alternative Proof of Theorem 4.5.2

As a first application of this lemma, we can use it to give an alternative proof of the
non-trivial statement in Theorem 4.5.2. There, we were working with the diagonal quartic
a4+ y* = 2* + w' in P}, which we denoted by X, and were approximating the rational
point g = (1:0:1:0) on X. If L denotes the pullback of Ops(1) to the diagonal quartic,
we showed that «a,,(U, L) > 4, where U is the open subset z — z # 0.

To see how to prove this another way using Lemma 5.1.1, we consider the point {zq}
as a (reduced) closed subscheme of X, and let 7 : X — X be the blow-up at {z} with
exceptional divisor E. Our goal is to show that 7*L — 4F is effective on X. Firstly, notice
that if we choose the plane z — z = 0 as our representative of the divisor class on P3
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corresponding to Ops (1), then the pullback of this plane to X is the sum of four lines, say
Lo, Ly, Ly, L3, where L,, is the line given by z — 2 = 0, y — i™w = 0, and ¢ represents a
fourth root of unity.

To show that 7* L—4F is effective, it will be enough to show that 7*L,,,— F is an effective
divisor for each m, since 7*L — 4F is the sum of these divisors. This is perhaps most easily
seen by noting that the support of 7* L,, is equal to the set-theoretic pre-image of L, under
7. Clearly, 7='(L,,) contains L,, := 7=(L,, \ {zo}). Moreover, 7=!(L,,) also contains F,
since all points in £ map to xo, which lies on L,,. These two components of 7=*(L,,) must
then both be zeros of the pullback divisor 7*(Ly,). In fact, Supp(m* (L)) = E U Ly, since
7 is an isomorphism away from z, and maps E onto zy. Consequently, when treated as a
Weil divisor, 7*L,, is of the form alL,, + bE, where a,b > 0. In any case, since L, and F
are effective, 7*L,, — E = aL,, + (b — 1)E is also effective.

Now that we are assured 7*L — 4F is an effective divisor on X, let B’ denote the stable
base locus of m*L —4F. In particular, B’ is the base locus of some multiple of 7*L —4F, and
any such multiple is effective and supported on the divisors Lg, L1, Lo, L3, and E. Thus,
B := w(B'’) is contained in the union of the four lines Lo, L1, Lo, L3, which is exactly the
locus on X given by z — z = 0. If U C X denotes the open set  — z # 0, it follows that
any sequence of Q-points in U is disjoint from B, with the immediate consequence that
oy (U, L) > 4, thanks to Lemma 5.1.1.

5.3 Application: Liouville-Type Theorems

As another application of Lemma 5.1.1, we may generalize Theorem 3.3 of [11].

Theorem 5.3.1. Let X be a projective variety defined over k, let Z be a closed subscheme
of X defined over some algebraic extension of k, and let d = [K : k], where K is the field
of definition of the equations defining the subscheme Z. Additionally, set m, = [K, : k],
where v is a chosen place of k, extended in some way up to k.

Let Xy denote the base change of X to K, let X denote the blowup of X at Z with
exceptional divisor E, and let m denote the composition of the blowup map X — Xg with
the base change map X — X. Let L be an ample line bundle on X and let v > 0 be a
rational number such that L. = 7*L — vE is effective on X. Finally, let B" be the stable
base locus of L., and set B = m(B’). Then:

1. For any sequence of k-points {x;} — Z, if infinitely many points in the sequence lie
outside B then az({x;}, L) > ym,/d.

2. If az(L) < ymy/d then ZN B # @ and az(L) = aznp(L|p).
3. If ZN B # & and aznp(L|p) > ym,/d then az(L) > ym,/d.

Proof. Proof of (1): Let {z;} be a sequence of k-points approximating Z such that in-
finitely many points lie outside of B. If we drop to the subsequence of points not in B,
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the approximation constant for this new sequence cannot get larger, so to establish the
lower bound, we may assume that the entire sequence {z;} is disjoint from B. After the
base change, we may consider this sequence to be a sequence {y;} of distinct K-points
approximating the subvariety Z of Xg. If we apply Lemma 5.1.1 to X and its closed sub-
scheme Z, we find that there is a positive constant M such that d,(y;, Z)"H(y;) > M and
az({y:}, L)k > 7, where the subscript K means the approximation constant is measured
with height functions and distances normalized with respect to K.

Now, when normalizing with respect to K rather than k, the height function gets raised
to the power of d, while the distance function gets raised to the power m,. Putting this
information together, we find that az({x:}, L)x = “raz({y:i}, L)k > ym,/d, which proves
(1).

Proof of (2): Assuming that az(L) < ym,/d, we can find a sequence {z;} of distinct
k-points on X approximating Z such that az({z;}, L) < ym,/d. Applying part (1), we see
that all but finitely many x; lie inside B. Since omitting finitely many terms of a sequence
has no impact on the approximation constant, we may assume that all z; lie inside B. At
this point, we claim that Z N B # &. Indeed, if we consider the closure C' of the sequence
{z;} in the v-adic topology on projective space over K,, then since B is Zariski-closed in
X, it is also v-adically closed, so it contains C. On the other hand, since {x;} — Z, the
proof of Theorem 3.3.1 implies that C' N Z # @, and so a fortiori Z N B # &.

Notice that the sequence {xz;} is disjoint from the closed subset Z N B of B, while lying
entirely on the closed subset B. Furthermore, we notice that {x;} — Z N B (within B).
Indeed, to pick out Z N B as an intersection of effective divisors on B, we can just use the
same divisors defining Z, but restricted to B, which will not change the resulting distance
functions.

Conversely, given a sequence {z;} of points lying in B and converging to Z N B, it
may be treated as a sequence of distinct points lying on X, necessarily disjoint from Z (by
definition of convergence). Convergence of this sequence to Z in X follows from the fact
that dU(ZEi, Z N B) Z dv(.%'i, Z)

Finally, since aiz(L) may be obtained by taking the infimum of the approximation con-
stants for sequences {x;} with az({x;}, L) < ym,/d, it follows that az(L) = aznp(L|p),
proving (2).

Proof of (3): Suppose that ZN B # @ and aznp(L|g) > ym,/d. Taking the contrapos-
itive of the statement in part (2) tells us that if az (L) # aznp(L|p), then az(L) > ym,/d.
On the other hand, if az(L) = aznp(L|g), then our desired conclusion follows because
aznp(L|p) > ym,/d. u

Our generalized result features an apparently different lower bound than the one ob-
tained in [14] for approximation constants of points, since we have obtained a bound of

T2, rather than 7.

The reason the m,, factor does not appear in [14] is that we must have m, = 1 in the case
where the subscheme is a point. Indeed, we can deduce this directly from Proposition 3.3.1.
Applying that proposition in the case where Z is a single point x, we find that if there
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is a sequence of points z; such that d,(z;,z) — 0, there is a closed subscheme Z’ of {x}
defined over a finite extension ¢ of k with ¢ C k,, for which d,(z;, Z’) — 0. But since z is
a single reduced point, this is only true if Z’ = {x}, so that z is already defined over an
extension /¢ for which ¢ C k,, which amounts to claiming that m, = [(, : k,] = 1.

When working with subvarieties of larger dimension, it is possible to approximate the
subvariety even when m,, is larger than 1. To illustrate this, we give an example. We take
k=Q, X =P?, and v = v;, the 5-adic absolute value on Q. Consider the subvariety Z of
the projective plane defined by

V2 + (14+V2)y — 2 =0,

where z,y, 2 are the homogenous coordinates on P?. Certainly Z is defined over Q(\/E),
and we claim this is indeed the field of definition of Z. The only proper subfield of Q(y/2)
is Q itself, and if we look at the projective point (v/2 : 0 : 2) on Z, its image under the
non-trivial automorphism in Gal(Q(v/2)/Q) is (—v/2 : 0 : 2), which does not lie on Z.
Hence, Z is not defined over Q.

Next, we observe that m, = [Q(v/2)., : Q,;] = 2. Indeed, note that Q(v/2),, = Q5(v/2).
Now 2 — 2 is irreducible over Qs (since x? — 2 is irreducible over the residue field F3), so

that Q5(v/2) is a degree-two extension of Qj.

Even though m, = 2, we can easily concoct a sequence of projective points defined over
@, not lying on Z, but still converging to Z with respect to vs. Explicitly, if we fix a positive
integer n, notice that the projective points y, := (=2 + 5" : 2 : 2) approximate Z with
respect to the 5-adic absolute value. Indeed, we observe that |v2]s = |(v2)(—v2)[3/* =
| —2|/* =1, so that with our normalization with respect to Q(v/2), [|[v/2[ls = |V2[2 = 1 as
well. Noting that 5" — 2 is never divisible by 5 for any positive integer n, we immediately
see ||5" —2||s = || —2||5s = 1. Finally, we have |[v/2(5" —2) +(1++v/2)(2) — 2|5 = |5"V2||s =
155 |V2]|s = == with our choice of normalization. Thus dy, (y,, Z) = (5-2")/2 =57 —
0 as n — oo (re-normalizing with respect to the base field Q). So, despite the fact that
the completion of the field of definition for Z is a proper extension of the completion of Q,
nonetheless we can find a sequence of points defined over Q that approximates Z.

In some sense, however, an example like this obscures the truth: indeed, we know by
Proposition 3.3.1 that there must be some closed subscheme Z’ contained in Z, defined over
an extension of (Q contained in QQ5, also approximated by the same sequence of points. For
the subscheme 7', we will have m, = 1, and it is “really” Z’ that is being approximated,
in the sense that az(L) = ayz (L) for any line bundle L.

In our example, it is easy to see by inspection that we can take Z’ to be the projective
point {(—2 : 2 : 2)} lying on Z, and take { = Q, since one can immediately check (for
instance, using the definition of projective distance in [13]) that (—24 5" : 2 : 2) converges
5-adically to (—2:2:2) as n — oc.

We can arrive at the same result by following the proof of Proposition 3.3.1 as well.
In this case, K = Q(v/2) is a finite Galois extension over which Z is defined, and K, =
Q5(V/2) is the corresponding finite Galois extension of k,, = Q5. The non-trivial automor-
phism interchanges v/2 and —v/2, and of course descends to an automorphism of K over

66



Q. Applying Lemma 2.3.1, the subscheme Z’ is defined via the two equations

(V22 +(1+V2)y —2) + (V2 + (1 =V2)y —2) =0
(22 + (V2 +2)y — V22) + (22 + (—V2 + 2)y + V/22) = 0.

Simplifying, this amounts to
20 —22=0
dxr 4+ 4y = 0.
In other words, we deduce that y = z and x = —y. The only projective point satisfying

both relations simultaneously is (—1:1: 1) = (=2 :2: 2), so our result agrees with what
we obtained by inspection.

In order to get more mileage out of Theorem 5.3.1, we now introduce the notion of the
Seshadri constant, which plays a central role in the approximation results in [13], [11], and

[0].

Definition 5.3.1. Let X be a projective variety defined over k, let Z be a closed subscheme
of X defined over k, and let L be an ample line bundle on X. The Seshadri constant €, (L)
is defined to be

ez(L) :=sup{y > 0:7"L —yE is ample}

where 7: X — X7, is the blowup of X7 := X X, k at Z with exceptional divisor E. Here,
by abuse of notation, we also use L for the base change of L to Xz.

The definition of the Seshadri constant for points, as used in [13], for instance, is given
in slightly more generality. There, L is allowed to be a nef line bundle, and the supremum
taken in the definition ranges over those v > 0 for which L, := 7*L — vE is nef. (Recall
that a Cartier divisor D is nef if its intersection number D - C' is nonnegative for all
irreducible curves C'. The definition applies to line bundles via the Cartier divisor-line
bundle correspondence).

However, when L is an ample line bundle and Z is a single point, taking the supremum
over those 7 for which L., is nef is the same as taking the supremum over those v for which
L, is ample. Indeed, in Demailly’s original paper [3] defining the Seshadri constant, it is
established that when Z is a single point x, for all rational v € (0, €,(L)), the line bundle
L., is itself ample. As noted in [14], this appears on page 98 of [3] as a special case of the
statement “F), , is ample whenever p > ¢/e,(L)”.

In turn, this implies that when using “ample” instead of “nef” in the definition of
the Seshadri constant for an ample line bundle at a point, the value of the constant is
at least as large. Conversely, since all ample line bundles are nef, the “ample” Seshadri
constant cannot be larger than the “nef” one, so we see that our definition agrees with the
conventional one in the case of ample line bundles.

The reason for making this definition is that we get the following slick corollary of
Theorem 5.3.1:
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Corollary 5.3.1. Let X be a projective variety defined over k and let Z be a closed sub-
scheme of X with field of definition K. If [K : k] =d, K, : k,] = m,, and L is an ample
line bundle on X, then az(L) > (m,/d) - ez(L).

Proof. We set notation to match what is given in Theorem 5.3.1. By definition of the
Seshadri constant, for all y € (0, ez(L)), the line bundle L., := 7*L — yF is ample on X.
Therefore, the stable base locus of L, is empty. Applying part (1) of Theorem 5.3.1, we see
that for every sequence {x;} of k-points approximating Z, we have az({z;}, L) > ym,/d,
so that az(L) > ym,/d. Since v < ez(L) is arbitrary, we get az(L) > (m,/d) - ez(L). O

This is the natural generalization of the main Liouville-type result in [14] (Corollary
3.5), as well as Liouville’s original 1844 theorem. To conclude, we will say a few words
about the avenues left to explore. The main challenge is to test the conjecture that the
lower bound in Proposition 3.2.1 is actually an equality, provided we rule out certain
obstructions, such as those raised by Theorem 3.3.1.

Suppose we wanted to set out to show that the lower bound on «yz(L) produced in
Proposition 3.2.1 is also an upper bound. For simplicity, let’s consider the case where all the
hypersurfaces defining Z have the same degree, and we are working with the archimedean
place of Q. In other words, if Z is the intersection of hypersurfaces of degree d, we want to
prove that az(L) < %. Note it is enough to produce a sequence {x;} of points in P"(Q) not
lying on Z for which d,(z;, Z)Y?H(x;) is bounded above. Since exponentiating a sequence
by a positive integer does not affect its boundedness, it is enough to find a sequence such
that d,(z;, Z)Hy(x;)? is bounded above.

Now, we know that Z is the intersection of finitely many hypersurfaces, all of degree
d. If D is the divisor of one of those hypersurfaces, then it follows by the definition of the
distance function that we need to show d,(x;, D)H(z;)? is bounded above for all such D.
On the other hand, since dL is linearly equivalent to each such divisor D on P", our task is
really to prove that d,(x;, D)Hp(z;) is bounded above. If z; belongs to the support of D,
we automatically have d,(z;, D) = 0, so we may assume that x; does not belong to Supp D.
In this case, we take logarithms, and we study when —Ap ,(z;) + hp(x;) is bounded above.

Because we have assumed that x; does not belong to Supp D, we can apply the local-
global formula for the height function hp(z;) to find that

hp(x;) = Z Ap.w(:i) +O(1),

where the sum runs over all places of Q. Consequently, we are reduced to proving that
Y w Lo Ap.w(x;) is bounded above for some choice of sequence z;. Rephrasing, it is enough
to find an infinite collection of D-integral points, in the sense defined in §1.4 of [21]. In
other words, our task reduces to finding an infinite collection of points not lying on Supp D
for which Ap,, is bounded above for all non-archimedean places of Q and for which the
upper bound is 0 for all but finitely many places. This illustrates the close connection
between the fundamental questions of Diophantine geometry and the subject matter of
this thesis.
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Appendix A

Details from the Proof of
Theorem 4.4.1

In this appendix, we fill in some of the computational details required to prove Theo-
rem 4.4.1. For convenience, we recall it here:

Theorem 4.4.1. Let S denote the cubic surface
23+ 27 + 72 + dw® = 0,

where d # 0 is an integer with cube-free part divisible by a prime different from 2, 3, and
7. If C is a curve on S defined over Q, then the degree of C (in P?) is divisible by 3. In
particular, S does not contain any lines, conics, or quartics defined over Q.

There are two computational gaps in the proof that need to be filled. Firstly, we must
compute an explicit basis for Pic(.S) consisting of 7 of the lines on S. Secondly, we must
get a handle on the structure of the group G = Gal(k/Q), where k = Q(¢, ¥/2, /7, Vd)
is the field of definition for the set of 27 lines on S (and ( is a fixed primitive cube root
of unity). Once we have the structure of GG, we act on the basis lines for Pic(.S) using the
elements of GG, in order to compute values of the character ys attached to the associated
representation of G on the vector space V = Pic(S) @z Q.

A.1 An Explicit Basis for Pic(S)

To compute the basis for Pic(.S), it suffices to compute a basis for the Picard group of
the diagonal cubic surface Sy given by z3 + 3 + 2% + w? = 0, since this surface is clearly
isomorphic to S over Q. We begin by laying out some notation for the 27 lines, in agreement
with our notation in the “main” proof of the theorem. Let ( denote a fixed primitive cube
root of unity. For 1 <17,5 <3, we set Ly;; to be the line

r+(7ly=0
2+ 7w =0.
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Likewise, for 1 < 1,7 < 3, we set Lo;; and Lg;;, respectively, to be the lines

r+ (72 =0
Y+ lw=0

We claim that the following table gives the coefficients expressing all 27 lines as linear

combinations of our purported basis lines:

{

Our claim is that the divisor classes of the lines L11o, L1291, L133, Loso, L3i1, L3oo, L3zz form
a basis for this Picard group. Since we know a priori that Pic(Sp) is free of rank 7 and
generated by the 27 lines on Sy, it suffices to express the remaining 20 lines as linear
combinations of these 7 lines in Pic(Sp).

r+lw =0
y+ ¢z =0.

Generator of PiC(So) Lyia | Ligy | Lz | Logo | Lai1 | Lage | Lass
L1y -1 -1 2 2 -1 1 -1
Lo 1 0 0 0 0 0 0
Liis -1 0 0 1 0 1 0
L1y 0 1 0 0 0 0 0
Lo -1 —1 1 1 0 1 0
Lios 0 -1 1 2 -1 1 -1
L3y 0 -1 0 1 0 1 0
L3 -1 0 1 2 -1 1 -1
L33 0 0 1 0 0 0 0
Loy 0 0 0 1 —1 1 0
Loy -1 0 1 1 0 1 -1
Lois 0 -1 1 1 0 0 0
Loy 0 -1 1 1 0 1 -1
Looo 0 0 0 1 0 0 0
Loos —1 0 1 1 —1 1 0
Losy -1 0 1 1 0 0 0
Loso 0 -1 1 1 -1 1 0
Loss 0 0 0 1 0 1 -1
L3y 0 0 0 0 1 0 0
L3io 0 0 1 1 -1 0 0
L33 —1 —1 1 2 —1 2 —1
Lsoy -1 -1 1 2 -1 1 0
L399 0 0 0 0 0 1 0
L3o3 0 0 1 1 0 0 —1
L33 0 0 1 1 —1 1 -1
L3so -1 | —1 1 2 0 1 -1
L333 0 0 0 0 0 0 1

To verify the relations in this table, we produce relations among these lines in the
Picard group, obtained by taking a series of planes through subsets of these lines. For
example, the divisor div(z + y) on Sy is L1131 + L112 + Li13, because these are exactly the
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lines forming the intersection of x + y = 0 with the surface S;. We form relations by
noting, for example, that div(z + y) ~ div(x + 2), because div(z + y) — div(z + 2) =
div((x +vy)/(z + 2)) is the divisor of a rational function. In this particular case, we get the
relation L1117 + Liig + L1z ~ Loin + Laia + Lois.

The easiest non-trivial relations in the table to verify are the following:

Ly13 ~ —Li1z + Lago + Lo
Ly31 ~ —Lia1 + Loz + L3ao
Loty ~ Laos — L311 + L3z
Lay3 ~ —Lio1 + L3z + Loz
Logy ~ —Ly12 + L3z + Loz
Logs ~ Laga + L3z — L33
L31a ~ Li33 + Laoz — La1n
L3g3 ~ Ly33 + Loz — L33s.

These amount to rewritten versions of the following relations, respectively:

div(z +y) ~ div((z + ¢2) + (y + Cw))

div(z +w) ~ div((z +¢2) + (y + Cw))

div((z +y) + (2 + w)) ~ div((z + ¢2) + (y + Cw))

div((z + Cy) + (2 +w)) ~ div((z + ¢z) + ¢*(y + Cw))

div((z + ¢2) + (y + w)) ~ div((z + ¢*y) + ¢ (2 + Cw))

div((z +y) + (2 +w)) ~ div((z + (2) + (y + Cw))
div(z +w) ~ div((z + y) + (2 + Cw))
) ((

div(y + (*2) ~ div((z + Cy) + (2 + Cw)).
Now, we look at the relations at the next level of difficulty to verify, namely

Lygg ~ —L112 — Lioy + Lisg + Laga + L3oo
Layg ~ —Ly12 + L3z + Laga + Lzoz — L3s3
Logy ~ —Lio1 + Lisg + Laga + Lags — L3ss
Loss ~ — L1 + L3z + Loga — L311 + L3oo
Logy ~ — L1 + Li3g + Laga — L3in + L3oz
L3gy ~ L33 + Loz — L311 + Laga — Lass.
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In turn, these amount to simplified versions of the following relations:

div(z + Cw) + div((z + Cy) + (2 + w))

~ div((z + ¢2) + Cly + Cw)) + div((z + ¢w) + (y + ¢2))
div(z + y) + div((z + Cw) + ((y + ¢*2))

~ div(z + Cw) + div((z + ¢2) + (y + (w))

div(z + w) + div((z + Pw) + ¢*(y + ¢*2))

~ div(z + C2y) + div((z + ¢2) + (y + Cw))

div((z +w) + (y + 2)) + div((z + Cw) + (y + 2))

~ div((z + Cw) + Cy + ¢2)) + div((z + ¢2) + (y + ¢w))
div(z + w) + div((z + w) + (y + 2))

~ div(z 4 %) + div((z + C2) + (y + Cw))

div(y + 2) + div((z +y) + (2 + w))

~ div((z + ¢Py) + (2 + Cw)) + div((z + (2) + (y + Cw)).

Now, we move up to the relations at the next level of complexity, which are

Loz ~ —Lyg1 + L33 + 2L990 — L31y + Loy — Lass
Ly3y ~ — L1 + L3z + 2L292 — L3y + L3ze — L33
L3gy ~ —Ly12 — Lio1 + Liss + 2L902 — L1 + L3z
L3zo ~ —L112 — L1o1 + L133 + 2L290 + L3go — L3s3.

These four relations are simplified versions of the following:

div(x + Cy) + div(z +w) + div((z + y) + (2 + w))

~ div((z + C2) + (y + Cw)) + div((z + ¢2) + C(y + Cw)) + div((z + ¢y) + (2 + Cw))
div(z +y) + div(z +w) + div((z + Cw) + C(y + *2))

~div((z + (2) + (y + Cw)) + div((z + ¢2) + C(y + Cw)) + div((z + y) + ((z + Cw))
div(z 4+ y) + div(y + 2) + div(z + (y)

~ div(z + (*w) + div((z + Cy) + ((2 + (w)) + div((z +y) + ((z +w))

div(w +y) + div(z + Cw) + div((z + Cy) + (2 + w))

~div((z + ¢2) + (y + Cw)) + div((x + C2) + C(y + Cw)) + div((x +y) + (2 + Cw)).

Finally, we have two more relations of an even greater complexity:
Ly1y ~ —Ly1o — Loy + 20133 + 21922 — L1 + Laaz — Lass
L3i3 ~ —Ly12 — Lio1 + Lass + 2L902 — L1 + 2L320 — Lags.
These can be obtained by simplifying the following relations:
div(z + y) + div(z + Cy) + div(z + w) + div(z + Cw)
~ div(z + Cw) + div(y + ¢2) + div((z + (2) + Gy + Cw)) + div((z + (2) + ((y + (w))
div(z 4+ y) + div(z + Cy) + div(z + w) + div(z + Cw)
~ div(z + CPw) + div(y + C2) + div((z + C2) + (y + (w)) + div((z + ¢2) + {(y + Cw)).
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A.2 The Structure of G

Having proved all the relations in the table, we can now move on to the representation
theory portion of the argument. For all values of d, the field of definition of the 27 lines
on S is k := Q(¢, V2, V7, \3/3) In the theorem, we restrict to the case where the cube-free
part of d is divisible by a prime other than 2, 3 and 7, which guarantees that [k : Q] = 54
(by a ramification argument), and that k is a Galois extension of Q (in fact, it is the
splitting field of the polynomial (23 — 2)(z® — 7)(2® — d) over Q).

In this case, G = Gal(k/Q) is a group of order 54. We eventually want to compute
(XG, Xwiv)- Since characters are class functions, constant on conjugacy classes, we will aim
to compute the conjugacy classes of G and work out the value of ys at one representative
of each class.

As with every group, the identity element of G forms a single conjugacy class. To
describe the other classes, it will be helpful to describe the structure of G more completely.
Since 54 = 2 - 33, Sylow theory tells us that the number of Sylow 3-subgroups of G is
congruent to 1 mod 3 and also divides 2. Consequently, there is a unique (necessarily
normal) Sylow 3-subgroup H, of order 27.

Necessarily, G/H is a cyclic group of order 2, and in particular, it is abelian. We
deduce immediately that the commutator subgroup G’ is contained in H. Our claim is
that G’ = H, but in order to show this, we should describe H more explicitly.

The fundamental theorem of Galois theory tells us that the index 2 subgroup H is of
the form Gal(k/¢), where ¢ is an intermediate quadratic extension of Q. Obviously, Q(()
is such a quadratic extension, so we conclude that H = Gal(k/Q(()) by uniqueness of H.
In other words, the subgroup H consists of the automorphisms of & that leave ( fixed.

On the other hand, we can immediately exhibit 27 such distinct automorphisms o;jp,
where 4, j, k € {0,1,2}. These are given by the following four conditions:

oijk(V2) = (V2
oii(VT) = VT
O-ijk(\s/a) = Ck%
oijx(¢) = .

It is easy to verify (using elementary Galois theory) that all of these do in fact give well-
defined automorphisms of k fixing (. All the maps o;j; are clearly different from each
other, and one can immediately check that

Tig.go,ko © Tirj1,k1 = Oig,ja k2>

where iy = ip + 1 (mod 3), jo = jo + j1 (mod 3), and ky = ko + k1 (mod 3). These
observations show that the collection of o, form a subgroup of G isomorphic to Cs x C'3 x
(5, and by uniqueness, this is the Sylow 3-subgroup H.

Since we already know that G’ is a subgroup of H, showing that G’ = H reduces
to checking that every element of H is a commutator in G. For this, let 7 € G be the
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automorphism determined by the conditions

We can immediately verify that for any i, j, k, we have 7o g, 0 m 1 o ai;,i = 0yjk, just by

checking the action of both sides on the elements ¢, v/2, V/7, V/d. This demonstrates that
every element of H is a commutator, completing the proof that G' = H

Now, we are ready to discuss the conjugacy classes in G. Since H is an index 2
subgroup and 7 € H, every element of G is either of the form o;;;, or mo;j; for some choices
of 4,7,k € {0,1,2}. Since our previous relation 7o o, om0 al.;i = 0, can be simplified
to mo o = ofjk o, this essentially gives us the information needed to multiply any two
elements of the group.

We claim that for any triples (i, jo, ko) and (i1, j1,k1), the elements woy, ok, and
O, 41k are conjugate. Given the elements moy, j, r, and 7oy, j &, if we take our sub-
scripts modulo 3 (as we may), then

Tiy—iod1—i (TG ok )T = 10?2 Tioio ko i

i1—1%0,51—Jo,k1—ko 10,J0,k0 i1—10,j1—Jo,k1—ko — i1—10,J1—Jo,k1—ko i0,J0,ko0 11 —10,J1—Jjo,k1—ko
= TM0ig,jo,ko Ti1—io,j1—jo,k1—ko

= 04y jy,k1>

as needed. This gives us 27 elements in the same conjugacy class, and since the size of each
conjugacy class divides the order of the group (and it is not possible for the entire group
to be a conjugacy class), we conclude that these 27 elements form a complete conjugacy
class in G.

So, it remains to sort the elements o;;;, with (4, 7, k) # (0,0, 0), into conjugacy classes.
Since H is abelian, conjugating o;;, by any element of H will give us o;;; again. On the
other hand, if we conjugate o;;, by an element of the form wo;, j, x,, then we get

(Tigjosko ) Tigk (T Ty o ko) - = TOGkT = Oy
Therefore, the conjugates of 0, are exactly o5, and Ji;i, which means these 26 remaining
non-identity elements of GG split into 13 more conjugacy classes, one for each subgroup of
order 3 inside of H = (5 x C3 x (5.

A.3 Computing Values of ¢

For this part of the proof, we revert to the notation in the “main” argument, so that the
lines Ly;j, Lojj, Ls;; refer to lines on S, rather than the scaled surface Sp.
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At last, we are ready to compute (xa, Xtriv)- Based on the previous section, a complete
set of conjugacy class representatives of G is:

0000 = 1d> T,0100, 0010, 9001, 0110, 0101, 0011, 0111, 0120, 0102, 0012, 0112, 0121, 0211-

Taking the size of these classes into account, we have

1
(X Xiv) = @ ZXG(Q)

geG
1 .
= a(XG(ld) +27x¢(m) + 2xa(0100) + 2xc(0010) + 2xa(0001) + 2xa(0110) + 2X6(0101)
+ 2xc(o011) + 2xa(o111) + 2xa(0120) + 2x6(0102) + 2x6(0012) + 2X6(0112) + 2X6(0121)
+ 2xc(0211))-

Now, we just have to compute the action of each conjugacy class representative on our
basis for Pic(S) and take the traces of the corresponding matrices. Since our vector space
is 7-dimensional, clearly xq(id) = 7.

We check the action of the other conjugacy class representatives on our seven basis
lines below:

Action of 7 Action of og19:  Action of o119:  Action of og11: Action of oj90:

Lyyp = L3 Lyiz = L Ly = Lo L1z = Ly L1z Lyo3
Ly = Lz L1 = Lo Lo = L33 Lyo1 = Lo L1 = Lz
Ly33 +— L2 L33 = Lisp L33 = Lo L33+ Lis3 Lz = Lin
Loy = L3z Looy = Loy Looy = Loz Loy — Los3 Loy — Loy
L1 — L3y L3y — Layo L3y = L3y L3 — L3o L1 — L3io
L3y — L33z L3oy +— L3o3 L3op > L3ap L3oy +— L33z L3oy + L3o3
L33z +— L3oo L33z +— L33 L33 +— L33z L33z +— L3y L33z +— L33

Action of J100-

Action of 001+

Action of 0101

Action of 0111+

Action of 0102

Ly1g = L2 Ly = L3 L1 = Lo L1 = Ly Ly = Lo
Loy = Lz L1+ Ligo Lo = Lisp Lio1 = Lz L1+ Lys3
L33 — Lqi3 Lyg3 — L3 L33 — L1 L33 — L3 L33 — Lo
Loy = Loy Lo +— Loog Loy +— Looy Loy +— Losy Loy +— Loo3
L3y — L3z L1 — L3o L3y1 +— L3o3 Lsy1 = Lao L3y1 +— L33z
L3oy +— L3oy L3oy +— L33y L3oy +— L33 L3oy +— L33y L3oy = L3y
L33z +— L33o L33z — L33 L33z — L31o L33z — L33 L33z > L3o
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Action of ogya: Action of oy19: Action of oy91: Action of g917:

Ly = Lz Ly1a = Ly23 L1z = Lo L1z = Lisp
L1 = Lig L1 = Lisp L1 = L33 Lyo1 = Lin
L33 = Lz Ly3zz = L L33 = L2 L33+ Lia3
Logy = Loy Loy — Los3 Looy = Loio Loy = Loz
L1 — Lz L3y — L33 L1 — L3ao L3y = L3o3
L3y = L33 L3oy +— L3z L3oy — L33z L3oy — L33
L33 = L3o L33z +— L3a3 L33z — L3y L33z = L3z

To compute the traces of these linear maps, we use the table of relations from the first
section of this appendix to rewrite the image of each line as a linear combination of the
seven basis lines, and then add up the “diagonal” contributions. For example, via the table
of relations, the action of 7 can be written out as follows:

Ly1g — —L112 + Loga + L3z

Lygy — — L9y + Loz + L32o

Ly3g — —L11a — Lioy + Lizg + Lago + L3oo
Lagy = Loga + L3ay — L3s3

L31y — Lan

L3 — L33

L33 > L3oo.

Summing up the diagonal contributions, we conclude that
xe(m)=(-1)+(-1)+1+1+140+0=1.
Similarly, one computes that

-2
-2
—2

1)+ (=) +0+1+(-1)
-1+ (-1)+1+1+4+(-1)
D+ (1) +0+14+(=1)+1+(-1)
+0+0+1+1+14+1=4
+0+2+1+0+14+0=4
+1+1+1+0+0+0=4

(100) = ( +1+(-1)
(010) = (
(o001) = (
(0110) =0
(0101) =0
(0011) =1
xelom) =D+ (-1)4+0+14+(-1)+1+(-1) = -2
(0120) =0
(0102) =0
(0012) = (
(0112) =0
(0121) =0
(0211) = (

+0+(—1)

=04+0+2+14+(-1)+0+(-1)=1
+04+04+14+0+0+0=1
D+ () +0+1+0+2+0=1
+0+2+1+(-1)+0+(-1) =1
+0+0+14+0+04+0=1
-4+ (-1)+1414+0+1+0=1.
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Altogether then, we find that

1 )

Q(Xc(ld) +27xc(m) + 2xa(o100) + 2x6(0010) + 2X6(0001) + 2Xc(0110)

+ 2xc(o101) + 2xa(o011) + 2xa(0111) + 2xa(0120) + 2x6(0102) + 2X6(0012) + 2X 6 (0112)
+2x¢(0191) + 2xc(0211))

<XG7 Xtriv> =

1
:a(7+27~1+2-(—2)+2-(—2)+2-(—2)+2-4+2-4+2~4+2-(—2)+2-1
+2-14+2-142-1+2-1+2-1)
=1.
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