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Abstract

Diophantine analysis concerns the understanding of integer and rational solutions to multi-
variate polynomial equations. Our aim in this project is to study them, giving an introduction
to arithmetic geometry along the way. In particular, we shall see how viewing Diophantine
equations as geometrical objects have powerful consequences. Moreover, we shall look at some
modern number-theoretic tools — such as the p-adic numbers, L-functions and modular forms

— that have aided number theorists in solving some of the hardest problems in mathematics.

We will start our analysis with a demonstration of how geometry comes into the picture
of number theory, motivating via a concrete example. We then look at the conics, the curve
defined by quadratic polynomials. Here we show that there is a nice criterion of checking the
existence of rational points on a conic, and that if one has a rational point, then this point can
be used to find infinitely many other rational points on that conic. Then we look at the cubics,
the curve defined by cubic polynomials. It turns out that the problem of finding rational points
on general cubics reduces to the problem of finding rational points on elliptic curves, which,
unfortunately, we have yet to completely understand. However, we shall see that the study of
elliptic curves motivates some of the most captivating advancements in mathematics, such as

the proof of Fermat’s last theorem.
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Standard notation

The following symbols
Za Qa R7 (C7 ]Fp

denote the integers, rational numbers, real numbers, complex numbers and the finite field of p
elements, respectively. We will not use the notation N for the natural numbers due to its ambiguity.
Furthermore, if A is any set, then A™ denotes the n-fold Cartesian product of S. If R is a ring, then
R[zq,...,z,] denotes the polynomial ring over R in n indeterminates. Furthermore, the notation
R* denotes the group of units in R. If K is a field, then K (z1,...,x,) denotes the field of rational

functions. Moreover, K denotes an algebraic closure of K.

1 What are Diophantine Equations?

Our central object of discussion are Diophantine equations.

Definition 1.1. Let f € Q[zy,...,2,] be a polynomial. The polynomial equation

f(l'l,...,l'n) =0
is said to be a Diophantine equation if we seek solutions in Z or Q.

Remark 1. We could have equally require f to have coefficients in Z instead of Q. This is
because if we have rational coefficients, we can always clear denominators by multiplication by an

appropriate integer.

Finding solutions in Z or Q is far harder compared to finding solutions in, say, R. This leads

to asking the following reasonable questions whenever solving Diophantine equations.
1). Are there any integer and rational solutions?
2). If there are, can we deduce finitely (or infinitely) many other solutions?

3). If there are only finitely many solutions, can we prove that they are the only solutions?

(
(
(
(4). Are the solutions dependent on the coefficients of f?

With computational aid, the first one is not always difficult because sometimes we can do it by
inspection. However, the next few questions are usually quite difficult, hard enough to be a problem
unsolved for almost four centuries (to be precise, it was unsolved for 358 years). This problem

is the celebrated Fermat’s last theorem which is related to perhaps the most famous Diophantine

equation in existence, the Fermat equation
X"+Y"—-2Z"=0.

It was proven by Taylor-Wiles (see [30], [3I]) that this equation does not have any solutions
(2,y,2) € Z3 with zyz # 0 for n > 3. However, the methods they used are modern and highbrow.
In particular, it would be impossible that Fermat had actually found a proof as he once claimed. We
shall see what these methods are and discuss (very) briefly how they were used to prove Fermat’s
last theorem at the end of the paper (see Section .

Before we move on to more theory, let us give some definitions that we will use freely later.

Definition 1.2. Let f € Q[z1,...,z,] be a polynomial and let d be a positive integer. We say f

is homogeneous of degree d if all the monomials in f occured with the same degree d.



Remark 2. A homogeneous polynomial is also known as a form. We will look at a special case of
forms later on as they will be very useful. We will use the convention of writing indeterminates in
forms with capital letter X, Y, Z whereas writing indeterminates in non-homogeneous polynomials

with lowercased letter z,y, z.

Definition 1.3. We say a Diophantine equation is homogeneous of degree d if the polynomial

defining it is homogeneous of degree d.
As usual in mathematics, the examples are more important than the definitions.
Example. Examples of homogeneous Diophantine equations.
(i), X+Y +Z+W =0is a linear (i.e. degree 1) homogeneous Diophantine equation.

(ii). X2+Y? =372 is a homogeneous Diophantine equation of degree 2; the polynomial defining

it is known as a quadratic form. We will look more at this later in Chapter [3]

(iii). X3 +2XY?2 - Y2Z + XY Z = 0 is a homogeneous Diophantine equation of degree 3; the

polynomial defining it is known as a cubic form.
(iv). The Fermat equation X™ + Y™ = Z™ is a degree n homogeneous Diophantine equation.
Example. Examples of non-homogeneous Diophantine equations.

(i). The equation y? = 23 + 7 is not a homogeneous Diophantine equation. This equation is an

example of a Mordell’s equation.

(ii). The equation 22 — 22y? = 1 is not a homogeneous Diophantine equation. This equation is

an example of a Pell’s equation.

Observe that in the case of a homogeneous Diophantine equation f(z1,...,z,) = 0, we would
always have (0,...,0) as a solution. This is what we call a trivial solution of the Diophantine
equation, and we will ignore it. We only care about nontrivial solutions, and sometimes, we
demand an even stronger condition. Let (x1,...,2,) € Q™ be a solution to some Diophantine
equation. By demanding the condition [, z; # 0, we have that x; is not all zero and so x is
nontrivial by definition. This condition allows us to disregard solutions that look like (1,0) or
(0,0,0,2/3) which in some sense, are also trivial depending on the Diophantine equation. For

example, (1,0,1) can be seen as a trivial solution to the Fermat equation for any n > 3.

We note that we are only interested in nonlinear Diophantine equations in this paper. A
treatment of the linear case can be found in virtually any elementary number theory textbook, for
example, in Rosen [19] and Silverman [25]. In the next chapter, Chapter [2] we begin our analysis
on Diophantine equations by demonstrating how to view a Diophantine equation as a plane curve.
We then proceed with our first attempt in finding rational points on these curves, and we do this
concretely by looking at the circles 22 + y? = 1 and 2% 4 y? = 3. We then look at the conics, the
curve defined by quadratic polynomials, in Chapter [3] Here we show that there is a nice criterion
due to Legendre (later generalized by Hasse and Minkowski) of checking, in a finite number of
steps, the existence of rational points on a conic. Moreover, by generalizing the method we used
on the unit circle, we will show that if one has a rational point on a conic, then this point can be
used to find infinitely many other rational points on the conic. In other words, the rational points

on a conic with at least one rational point is parametrizable.

Chapter [] considers the cubics which are curves defined by cubic polynomials. We will first
see that all the rational points on singular cubics are parametrizable and showing this will be the

first goal of the chapter. For nonsingular cubics, the methods we know so far fail and we require



new insights. It turns out that the problem of finding rational points on the general cubics reduces
to the problem of finding such points on so-called elliptic curves, which unfortunately, we have yet
to completely understand. Here, the true power of arithmetic geometry comes into sight as it turns
out that the rational points on an elliptic curve E can be made into an abelian group, denoted
by E(Q). Poincaré conjectured in 1901 that F(Q) is a finitely generated abelian group. This
conjecture was eventually proven by Mordell in 1922, and later generalized by Weil in 1928. Due
to the structure theorem of finitely generated abelian groups, understanding E(Q) now amounts
to understanding its torsion part and free part. The torsion part is well-understood thanks to the
work of Mazur in 1977; and so what is left is the free part which our hope right now is a $1,000,000

problem called the Birch and Swinnerton-Dyer conjecture.

In the concluding chapter, we define an important invariance in the setting of algebraic ge-
ometry called the genus which is a non-negative integer. As it turns out, the case of conics (resp.
cubics) corresponds to curves of genus 0 (resp. genus 1). This means that when the genus equals
0, the existence of one rational point implies the existence of infinitely many other rational points.
On the other hand, for curves of genus 1, the existence of one rational point may or may not
guarantee the existence of infinitely many other such points. It is then natural to ask whether it
is possible or not that nonsingular curves defined over Q with genus > 1 have infinitely many ra-
tional points. Mordell conjectured in 1922 that this is impossible, and this was proven by Faltings
in 1983. Finally, we shall look at the progress in proving Fermat’s last theorem throughout the
centuries. In particular, we will see how Taylor and Wiles, building on the work of many other
mathematicians such as Taniyama, Shimura, Weil, Frey, Ribet and Serre, used the theory of elliptic

curves in proving Fermat’s last theorem.



2 Motivation: Geometry and Number Theory

We will first look at two special Diophantine equations and discuss their solutions.

2.1 The equation 2% +y? =1

Let us start with a discussion of solutions to the equation
> +y° =1 (2.1)

What would the solutions (z,y) to (2.1) in R? be? It is obvious that (£1,0) and (0,41) are
solutions. Some trial and error also give (?, 1) and (%, %) as solutions. These are immediate
ones but at least we know there are solutions. If we are seeking solutions in Z2, it is easy to verify
that in fact (£1,0) and (0,£1) are the only solutions. As a consequence, these are also the only

solutions in (Z/nZ)? for any integer n > 2.

How about solutions in Q?? Aside from the integer ones that we have mentioned earlier,
(2,%) is one solution in Q2 since (3/5)* + (4/5)* = 1. But now observe that by multiplying 5
on both sides of the equation, we have 32 4+ 4% = 52. That is, the triple (3,4,5) is a Pythagorean
triple. This suggests that there is a correspondence between solutions to and solutions to the
Pythagorean equation X2 + Y2 = Z2. In fact, it is not too difficult to see this correspondence as
follows. If (g, o) is a solution in Q? to , then we can choose a nonzero common denominator
¢ € Z to write g = a/c and yo = b/c where a,b € Z, so that (a,b,c) satisfies X? + Y2 = Z2.
Conversely, if (a,b, ¢) € Z* with ¢ # 0 is a Pythagorean triple, then the pair (a/c,b/c) solves ([2.1).
Thus, if we can describe all the solutions in Q? to , we get to describe all the solutions in Z3
to X2 +Y? = 72 We will do so using methods of geometry.

From basic analytic geometry, we know that equation (2.1)) defines a circle of radius 1 centred
at the origin which, from now on, we will denote as C. So finding rational solutions to this equation
is equivalent to finding rational points on the circle C. The question is how? Before we proceed,

let us make this definition precise.

Definition 2.1. Let K be a field. An algebraic plane curve defined over K is the set of points
(z,y) € K2 such that f(z,y) = 0 for some f € K[z,y]. In this case, we say that it is associate
to f and we denote it as Cy. An element of the plane curve is said to be a point on the curve. If

the context is clear, we will just write C, and call it a plane curve, or just curve.

Remark 3. The word algebraic in “algebraic plane curve” is for technical reasons due to algebraic
geometry. Since we will be only dealing with algebraic plane curves in this paper, we will simply
refer to it as plane curves. A handy piece of notation that we will use when defining plane curves
is the following: we will usually write a variant of “let C': f(z,y) = 0 be the plane curve” to mean
one of “let C' be the plane curve associated to f(z,y)” or “ let C' be the plane curve f(x,y) = 0.

This makes things more readable.

Using our new definition, the unit circle is then the plane curve C : 22 + 32 = 1 defined

over the field Q. As we have seen, (1,0) and (%, %) are example of points on f as they satisfy
flz,y) =0.

Definition 2.2. Let C be a plane curve defined over Q. We say (x,y) is a rational point on C
if (z,y) € C N Q2 That is, it is a point on C with coordinates in Q. The set of rational points on
C will be denoted C(Q).

Example. Since (—1,0) and (2, 2) have rational coordinates and satisfy the equation f(z,y) =0,



they are rational points on C. However, the point (@, %) is not a rational point despite satisfying
fla,y)=0as P ¢ Q.

Let us fix a rational point on C, say, P = (—1,0). If (x,y) is any other arbitrary rational point
on C, then a straight line through the two points would have a rational slope as y/(x + 1) € Q.

This is quite straightforward. There is an even more interesting observation which is less obvious.

Proposition 2.1. Let C be defined by (2.1) and let P = (—1,0), which is a point on C. If
A € Q and Ly is a line through P with slope A, then it intersects another point Qy in C' which is

necessarily rational.

Note that by restricting A € Q, we do not allow Ly to be a vertical line. This is an important

observation to note when we try to generalize this idea to general conics in Chapter [3]

Proof. Consider the line Ly : y = Az + 1) with A € Q. A point (z,y) that is in the intersection

C N Ly must satisfy the simultaneous equation
y=Az+1), (2.2)
2?4+ = 1. (2.3)

If we substitute ([2.2]) into (2.3]), we would end up with an equation of the form

2 +ax+b=0, (2.4)
for some a,b € Q. Since we know that the z-coordinate of P, which is oy = —1, must be a root
of (2.4), Vieta’s sum of roots formula gives us that o + 1 = —a where x; is our other root.

Consequently, x; € Q as a and xg are both rational. From (2.2)), we then know y; = A(zy + 1) is
rational. So (z1,y1) gives a rational solution to the original simultaneous equation. The proof is
done by taking Qx = (z1,y1)- |

In fact, it is not too hard to explicitly solve the system of equations defined by (2.2) and (2.3).
Plugging (2.2)) into (2.3]), we have

P24 N1+2)?=1 = Nl+z)?=1-2"=10-2)1+2).

Assume that z # —1 because otherwise we get our obvious rational point P. Then we can divide
both side by 1 4+ x to have
Nl4z)=1—=z.

Solving for z in terms of A, we have x = (1 —\?)/(1+ \?). Consequently, we have y = 2\/(1+ \?).

This implies that @, in our preceding proposition is given by the explicit formula

1—-22 2\
@ = <1+A2’ 1+A2>'
Notice that we have actually established a bijection Q — C(Q)\ {P} via Proposition[2.1] Explicitly,
this bijection is given by the map A — Q. Such a correspondence is called a birational equivalence

which is a kind of isomorphism in the setting of algebraic geometry. This definition will be made

precise later on.

As promised earlier, we can now get a description for all solutions in Z3 to the Pythagorean
equation. To see this, write A = s/t for some s € Z, t € Z* with ged(s,t) = 1. Then using our

explicit formula for @), we get

0, — 1— )2 2 B §2 — 2 2st
AT\ 1) T\ ey ezie )



By using the relation z? + y2 = 1, we see that

s2 —12\° n 25t \? 1
52 4 t2 2 4+ ¢2 -

and further multiplying through by s? + t2, we have
(25t) + (5% — %)% = (s + %)%

From here, we immediately see that (2st,s? — t2,s? + t?) is a Pythagorean triple. In fact, we
can easily show that this triple is a primitive Pythagorean triple. That is, the greatest common
divisor of all three entries of the triple is 1. This is important as since the Pythagorean equation
is homogeneous of degree 2, then any integral multiple of this triple is also a solution. In other

words, the solution given above parametrized by s,t describes all possible Pythagorean triples.

2.2 The equation 22+ 1> =3

Consider the equation 22 + y? = 3. This has solutions in R?, and also defines a circle on the
plane, but now of radius v/3. Unlike the case when the radius is 1, there are no rational points on
this curve. This can be seen by using a pure number-theoretic argument. Let us first recall the

definition of the Legendre symbol.

Definition 2.3. Let p be an odd prime and a € Z. We define the Legendre symbol (%) by
+1, if a is a quadratic residue mod p,
a
(> =40, if a is divisible by p,

—1, if a is not a quadratic residue mod p.

Lemma 2.1. Let z,y € Z and let p be a prime such that p =3 (mod 4). If p divides 2 + 152, then
p divides both x and y.

Proof. Suppose for contradiction that p does not divide z. Since p divides 2 + y2, we have

y? = —2? (mod p). This implies that

-5)-6)5)-6G)

But this is a contradiction as —1 is not a quadratic residue modulo a prime p = 3 (mod 4). The

same argument holds if we assume that p does not divide y. |
Proposition 2.2. The equation X% 4+ Y2 = 322 has no nontrivial integer solutions.

Proof. Suppose (z,y, z) is a nontrivial integer solution. Without loss of generality, we may assume
that ged(z,y, 2) = 1, for otherwise we can just divide by their common divisor. Since x?+y? = 322,
3 clearly divides 2 + y2. By our preceding lemma, this implies that 3 divides both = and y. This
further implies that 9 divides both 22 and y%. Consequently, 9 divides 322 and so 3 divides z2. But

since 3 is prime, 3 divides z which is a contradiction to our hypothesis that ged(z,y, z) = 1. |

By dividing the equation X2 + Y2 = 322 by Z2 on both sides and labelling # = X/Z and
y = Y/Z, the preceding proposition implies that the equation 22 4+ y? = 3 has no solutions in Q2.

Corollary 2.1. There are no rational points on the circle x* + y* = 3.



Observe the argument we used more closely. The idea in showing that the circle 22 4+ y? = 3
has no rational points is by checking the related equation X2+ Y2 = 3Z2 has no solutions modulo
the prime p = 3. We will see in the next chapter that this idea of looking at a related equation has
a nice consequence which enables us to generalize the above argument to arbitrary plane curves

defined by quadratic polynomials.
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3 Rational Points on Conics

Let us now consider the rational solutions to a general quadratic equation in two variables with
coefficients in Q. That is, we want to look at rational points on the curve C associated to the
polynomial

g(x,y) = ax® + bry + ey’ + do + ey + f,

where a,b,c,d,e, f € Q. The curve C is called a conic because it defines a conic section —
the nondegenerate case being an ellipse, hyperbola or parabola. There are also the degenerate
(sometimes called singular) ones. A classification given by [I7] tells us that a conic is degenerate

if it is a union of two lines — a single point, the empty set, and a line (single, double or parallel).

3.1 From one rational point to infinitely many

We have seen that there is a possibility that there are no rational points at all on a conic. This
was shown via the circle 2 + y? = 3 which has no solutions in Q2. A natural question to ask is

then the following.
Question 3.1. When do conics have a rational point?

It turns out that this seemingly elementary question requires deeper insights and the goal of the
upcoming sections is to develop a theory to answer this. For now, let us take a step back and try to
find rational points on the general conic by using the same method we used to find rational points

on the unit circle C : 2 + y? = 1. To do this, we take a closer look at the steps of our argument:
(1). We found one rational point P = (—1,0) on C.

(2). We project lines with rational slope through P.

(3). All such lines intersect with another distinct rational point of C.

Clearly, the most important part of the argument is to first find one rational point for otherwise,
the succeeding steps become meaningless. Once we find such a point, we can project lines through

this point. But one question that is still lingering is the following.

Question 3.2. Does every projected line, except those tangent to the conic at this point, intersects

the conic at another distinct point?
The answer is no. Here are some immediate counterexamples.
Example.

(i). The conic C : 2% + y? = —3 tautologically gives a no to our question as the set of real (not

even rational) points on C' is the empty set.

(ii). The circle with zero radius C : 2% + y? = 0 is a conic. However, C' contains only the single
point (0,0). So, a line through this point with any slope does not hit the conic at another

point.

(iii). The single line L : y — 22 = 0 through the origin is itself a conic. But choose any real point

P and no non-tangential lines projected through P meets L at some other point.

(iv). The double line L : zy = 0 is also a conic. However, this case is no different than the

preceding example (iii).

What do these examples have in common? They are degenerate conics — (i) is the empty set,

(ii) is a single point, (iii) and (iv) are lines. There is also a slight problem for the nondegenerate

11



ones and we demonstrate this via an example. Consider running the argument on the parabola
C : y = 22 by starting with the minima 0 = (0,0) which is a rational point on C. When projecting
lines through 0, we may encounter two possible problematic lines that were not present in our unit
circle example. These are the tangent line y = 0 and the vertical line x = 0. The tangent line
y = 0 is not truly a problem as it still have rational slope and we can just say that the line y = 0
intersects C' at 0 twice. We then say that the intersection multiplicity of C' and the line y =0 at 0
is 2. When the curve C that is intersecting is clear, we simply say that 0 occurs with multiplicity
2. The vertical line x = 0 is much more problematic. However, we can solve this issue by allowing
the line to have a slope of infinity. To do this, we say that the line through a point (z,yo) on the
conic has slope infinity, denoted oo, if it is the line x = zy. For the parabola C' and the line x = 0,
we see that 0 again occurs with multiplicity 2. By taking care of all these cases, we have a quite

satisfying answer whenever we already have one rational point on a conic.

Theorem 3.1. Let C be a nondegenerate conic defined by f € Q[x,y], and let P € C(Q). If Ly
is a line through P with slope A € QU {oo}, then it intersects at a point Qx € C(Q), dependent
on A, which is distinct from P wunless Ly is the tangent line to C at P.

We give a proof that builds on one that was given by Lozano-Robledo [12].
Proof. Let C be the conic f(x,y) =0, and let P € C(Q), say P = (x0,%0). Let Ly be the line

y—yo= ANz —ux0), ifreQ,

T = xg, if A = oo.

L)\Z

If A = oo, the intersection C' N Ly is defined by the polynomial
Poo(y) = f (20, ).
If otherwise A € Q, the intersection C'N Ly is defined by the polynomial
pa(@) = f(z, A& — z0) + yo)-

Observe that both these polynomials are defined over @ and have degree at most 2 (because f

defines a conic). For brevity, we can define a single polynomial of intersection

f(€7 /\(f - IO) + yO)a if A e Qa
f(x()v g)a lf)\:OO,

IS

but keeping in mind that the variables admit different values. By applying the Fundamental
Theorem of Algebra, we know that either py(§) has at most 2 real roots (counting multiplicities)
or px(&) is identically zero (i.e. zero for all £). But if py(€) is identically zero, then every point
on Ly is a point on C. That is, C contains the line Ly and so must be a degenerate conic. This
contradicts our hypothesis, so we must have that py(£) is not the zero polynomial, and thus has at
most 2 real roots counting multiplicities. If there is only one unique root, we are done by taking
Q) = P. Otherwise, assume we have exactly two distinct roots so that py(§) has degree exactly 2.
We now want to prove two things: that the other root is in Q, and that it defines a rational point
on C. To do this, we look at the two cases of py(§) separately. If A € Q, then clearly xg is the first
root of py(£). Accordingly, we may write py(§) = (x — xp) ¢(§) for some polynomial ¢ € Q[¢] with
q(zp) # 0. Clearly, degq = 1 (because degpy = 2) and so we can write ¢(§) = a£ + b for some
a,b € Q where a # 0. Our second root is thus given by 21 = —b/a, the root of ¢, which is rational

since ¢ is defined over Q. To get the second rational point on C', we use the equation of the line

12



L. We see that yo = A(z1 — x0) + yo which is rational and so Q = (z1,y1) gives another rational
point on C'. On the other hand, if A\ = oco, the argument is identical. Instead of x(, we see that yg
is the first root of p)(§). By running the same argument, we get a second rational root y; and so

Q> = (zo,y1) gives another rational point on C. |

3.2 Non-triviality condition 1: Legendre’s theorem

So we now know that if we can find one rational point on a nondegenerate conic, then we can
find infinitely many other rational points. But how do we guarantee the existence of one rational

point? This was the question posed in Question [3.I] Now, we ask a more precise question.

Question 3.3. How do we guarantee the existence of a single rational point on a conic? Is there

a characterization of the conic which says something about the existence of rational points on it?

For example, is it possible to say with absolute certainty that the conic
C : 665642 + 8084y* — 1548z — 91 = 0 (3.1)

has a rational point on it? To tackle this question, we need to first talk about quadratic forms.

3.2.1 Quadratic forms

Recall that under a change of variables, there is a map to go from the polynomial 2 + y? — 3 to
the homogeneous polynomial X2 + Y2 — 3Z2. As we have seen in Chapter [1} we call the latter

polynomial a quadratic form. Here we redefine this carefully.

Definition 3.1. A quadratic form ¢(Xy,...,X,,) is a degree 2 homogeneous polynomial defined
over Q. We can extend this definition to define quadratic forms defined over Z which we will call
an integral quadratic form. We will usually write the variables in a tuple X = (X1,...,X,,)
and so write ¢(X) = ¢(X1,...,X,).

Example. We look at one example and one non-example.

(i). A particular case of interest for us is the case n = 3, called a ternary quadratic form. For
example, a X2 + bY? = ¢Z? is an equation defined by a ternary quadratic form. By taking

a =b=c=1, we recover Fermat’s equation with exponent 2.

(ii). X3 +9XYZ —92%+8YW?2 is not a quadratic form since it is a homogeneous polynomial of
degree 3.

Our first result regarding quadratic forms is a very useful one.

Lemma 3.1. Let ¢(X) be a quadratic form. Then for any A € C, we have
g(AX) = Nq(X).

Proof. Since ¢(X) is a quadratic form, it is a homogeneous polynomial by definition so we can

write

q(X) = q(Xl,...,Xn) = ZZainin,
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where a;; € Q. Take any A € C and observe that

gAX) = q(A\X1,.. ., X)) =D Y a(AX;)(AX;)

i=1 j=1
XYY,
i=1 j=1
= N2g(X, .., X)
= Nq(X),
as desired. ]

There’s nothing special about quadratic forms here. If f(X) is a homogeneous polynomial of
degree d over Q, then the identity f(AX) = A?f(X) also holds for all A € C. The proof is similar

as one can use the same construction as above.
Lemma 3.2. If ¢(X) is an integral quadratic form, then the equation ¢(X) = 0 has a solution in
Z" if and only if it has a solution in Q™.

Proof. The direction (=) is clear since Z C Q, and so Z" C Q™. We prove the converse. Suppose
(x1,...,2,) € Q™ is a solution of ¢(X) = 0. By choosing A to be the least common multiple of the
denominators of z;, we have that Az; € Z for all 1 < ¢ < n. Now applying Lemma [3.1] we see that

q\zy, .. Az,) = A2q(x, ..., 1) = 0.
This implies that (Ax1, ..., z,) € Z™ is a solution to ¢(X) = 0. |
Recall the Pythagorean equation X2 + Y2 = Z2 which is defined by a ternary quadratic
form. We call a triple (x,y, z) a primitive Pythagorean triple if it is a Pythagorean triple with

ged(z,y,z) = 1. Motivated by this definition, we define an analogous definition for solution of

general quadratic forms.

Definition 3.2. Let ¢(X) be an integral quadratic form. The tuple @ = (z1,...,2,) € Z" is

called a primitive solution of ¢(X) = 0 if

(2). ged(zq, ..., x,) = 1.
The set of primitive solutions of ¢(X) = 0 is denoted as Prim(q).
Example. Primitive solutions of X2 + Y2 = Z2 is the primitive Pythagorean triples.

We now show that we can always construct a primitive solution once we have a nontrivial

integer solution.

Lemma 3.3. Let q(X) be an integral quadratic form. If ¢(X) = 0 has a nontrivial solution in

Z"™, then it has a primitive solution.

Proof. Suppose (y1,...,yn) is a nontrivial solution in Z"™ to the equation ¢(X) = 0, and let
d = ged(yr,...,yn). By hypothesis, at least one y; is nonzero, and so d is well-defined. By
definition, d | y; for each ¢ and thus y;/d = z; for some x; € Z. Then observe that

N yi) 1

Q(Ilv'“,zn):(I(Ea"'vd ZEQ(yla"'ayn):(x
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so ¢ = (z1,...,%,) is a solution to ¢(X) = 0. Since at least one y; is nonzero, we have at least
one z; being nonzero so x is a nontrivial solution. Moreover, we have that ged(xy,...,2,) =1 by

construction. Together, this gives x as a primitive solution of ¢(X) = 0, as desired. |

The reason why quadratic forms are useful is the following. It turns out that we can always

homogenize a quadratic equation. Let g(z,y) be a generic non-homogeneous quadratic polynomial
g(w,y) = az® + bay + ey’ +da + ey + f,
defined over Z, and consider the integral quadratic form
W X,Y,2) =aX? +bXY + Y2 +dXZ +eYZ + f7°,
with the same coeflicients. Then we can homogenize g(x,y) by the change of variables x = X/Z
and y = Y/Z so that we have
XY
XY, 2)=2% (>, = |.
(XY, Z) g ( 7 Z)

Of course, to do this we need to impose the condition that Z # 0 which we will always implicitly
assume when homogenizing a polynomial. We thus should expect a natural correspondence: if

q(X,Y,Z) = 0 has a nontrivial integral solution in Z3, then g(x,y) = 0 has a rational point and

vice-versa. Due to this correspondence, we give it a name.

Definition 3.3. Let g € Z[x,y] be a quadratic polynomial. The ternary quadratic form ¢(X,Y, Z)
is said to be associated to g if ¢ = Z2¢9(X/Z,Y/Z).

Remark 4. Since g € Z[z, y], it should be well understood that the homogenization Z2¢(X/Z,Y/Z)
is also defined over Z. So whenever we say a (ternary) quadratic form associated to g, we mean

that it is an integral quadratic form.
Example. Some immediate examples of associated quadratic forms.
(i). The quadratic form associated to 2% +y? —11is X2 +Y?2 — Z2.

(ii). The quadratic form associated to the polynomial defining (3.1)) is

q(X,Y,Z) = 66564X2 + 8084Y? — 917% — 1548X Z.

Consider ¢(X,Y, Z) = X2+ Y? — Z2, the quadratic form associated to f(z,y) = 22 +y? — 1.
Then we know from Chapter [2] that by imposing certain conditions on s,¢ € Z, we get that
(2st, 52 — 12,52 +t?) € Prim(q). That is, the triple parametized by s,t are primitive Pythagorean

triples. We have also seen that the rational numbers

s2—t2  2st
s2 412752 412 )7
gives a rational point on Cf. So we can see that there is a correspondence here between primitive

solutions of ¢ = 0 and rational points on Cy given by

(3.2)

2 2
9 9 9 .9 s°—1 2st
(2St,8 —t , S +t)<—> (M’M .

It is then natural to ask whether this holds for a general quadratic polynomial and its associated

quadratic form — the answer is positive.

Theorem 3.2. Let g € Z[z,y] be a quadratic polynomial and let ¢(X,Y,Z) be its associated
quadratic form. Then there is a bijection Prim(q) — Cy(Q).
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Of course, now, we do not have the luxury of having an explicit form for elements in Prim(g),
but we can still mimic (3.2). The map « : Prim(q) — C4(Q) defined by
b
(aa b7 C) — <a7 ) )
¢’ c

should be a good candidate for our bijection. Instead of showing this directly, it is easier to show
that « is invertible by finding an explicit inverse map. This is both a sufficient and necessary
condition for « to be bijective. The question now is, what is the inverse map of a? We need to
find a map that sends rational points to primitive solutions; with emphasis on the word primitive

(this is the tricky part). Here is our construction.

Proof of Theorem[3.4 Consider the map 3 : Cy(Q) — Prim(g) defined by

AT Ay A
(Iay) — (d7d7 d) )

where X is any integer such that Az, \y € Z and d = ged(\x, Ay, \). We claim that § is the inverse
map of a. Let (z,y) € Cy(Q). Then its image under a0 3 is

8 Az Ay A a
(xay) — <d7da d> — (xvy)a

and so ao 3 is the identity map Cy(Q) — Cy(Q). If we consider (a,b,c) € Prim(q), then its image

o a b 8 al b\ A
(a,b,c) — <C’C> — <Cd70d’d> - (a7b70)7

where A = ¢ and d = ged(a, b,¢) = 1. So 8o « is the identity map Prim(q) — Prim(q). Therefore,

under S o« is

we conclude that § is the inverse map of a and so, « is invertible as desired. |

Our bijection due to Theorem now says that to talk about a generic conic, it suffices to
talk about its associated quadratic form. So we will do exactly that from now, but first, let us look

at one example.

Example. There is a bijection between rational points on the circle az? + by? = r? and primitive

solutions of the equation a X2 + bY? = r2Z2, where a,b,r € Z.

Proof. The bijection is immediate by considering the quadratic g(x,y) = az? + by? — ¢, where

a,b,c € Z, in Theorem Since ¢ € Z is arbitrary, we can take it to be a perfect square ¢ = r?

for somer € Z. |

This example is essentially a generalization (for circles) of the bijection we had between rational
points on the unit circle 22 4+ y? = 1 and the primitive Pythagorean triples (which are solutions to
the Pythagorean equation X2 + Y? = 72).

3.2.2 Legendre’s theorem

We now discuss the main theorem of this section. Observe that the ternary quadratic form

W X,Y,Z2) =aX? +bXY + Y2 +dXZ +eYZ + f7°, (3.3)
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where a,b,c,d, e, f € 7 can be written as the product ¢ = X " AX where X = (X,Y, Z) and A is

the real (in fact, rational) symmetric matrix

a b/2 dj2
A=[b/2 ¢ /2
d/2 e/2 f

It should be clear that we can actually do this in general. That is, we can always write ¢(X) =
X TAX where X = (X,...,X,) and A is some real symmetric matrix. Now recall this beautiful

theorem from linear algebra which we will state without proof.
Theorem 3.3. Every real matriz is symmetric if and only if it is orthogonally diagonalizable.
This gives the following powerful theorem which will be very useful for us.

Theorem 3.4 (Principal axis theorem). Let ¢(X) = X T AX be a quadratic form where X =
(X1,...,X,) and A is a real symmetric matriz. Then there exists an orthogonal matriz O so that
withY = (Y1,...,Y,) = OX, we have

q(Y) = Zn: d;Y7,
=1

where dy, ..., d, is the diagonal entries of the diagonal matriz OAOT.

In other words, there is an (invertible) change of variables so that the product Y;Y; vanishes
for all ¢ # j. In the case of ternary quadratic forms, this means that there is a change of variables

so that (3.3]) becomes
qU,V,W) = aU? + BV? + 4 W2

for some «, B, € Z. We call this process the diagonalization of the quadratic form g. The proof
of Theorem [3.4]is just a simple application of Theorem

Proof. Since A is real symmetric, Theorem [3.3] implies the existence of an orthogonal matrix O
such that D = QAQT is diagonal. We can then rewrite this relation as A = O DO, so that we
have X TAX = (OX)"D(0OX) = Y DY where we have put Y = (Y1,...,Y,) = OX. Since D
is diagonal, we get precisely ¢(Y") as desired. |

The principal axis theorem tells us the following: from now on, to talk about the solutions of

a ternary quadratic form, it suffices to talk about the solutions of the (much simpler) equation
A X,Y,Z) =aX?+bY? +cZ> = 0. (3.4)

In fact, we can make this already simple equation much simpler. We observe that there is no loss
in generality here if we assume ged(a, b, ¢) = 1; for otherwise, just divide by their greatest common
divisor. Now, suppose one of the coefficients in (3.4)) is zero, say, b = 0. Then

a Z\?
aX?+ceZ?°=0 = —— = () ;
c X
and so (3.4)) has a nontrivial solution if and only if —a/c is the square of some rational number. So
we may assume that none of a, b, ¢ are zero for otherwise we are essentially done with the problem
of searching for solutions. We may also assume that a, b, ¢ are squarefree. To see this, we have to
look at factorizations. For example, factorize b into a squarefree part and a nonsquarefree part by
writing b = b's? where V' is squarefree. Then we can write bY2 = b/(sY)? = v'Y'2. So by applying

a transformation similar to sY — Y”, we can always make the coefficients squarefree and this idea
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applies to a and ¢ as well. Finally, we may also assume that a, b, ¢ are pairwise coprime. Let p be
a prime such that p | @ and p | b so that p | (aX? + bY?) = —cZ?. Since ged(a,b,c) = 1, p does
not divide ¢ and so p divides Z. This implies that we can write Z = pU for some U € Z and so

(3.4) becomes
aX?+bY? + c(pU)? = 0.

Dividing both sides by p, we further have

b
Ox2 42y 4 Ut = 0.
p p

Observe that initially we had p as a common divisor of a and b, but now p is a common divisor
of only ¢p in this set of coefficients a/p, b/p, cp. We can keep repeating this procedure until the
coefficients defining the quadratic form are eventually pairwise coprime. Under these assumptions,

there is an elegant theorem due to Legendre that gives the existence of solutions to (3.4).

Theorem 3.5 (Legendre, 1785). Let a,b, c € Z be nonzero, pairwise coprime and squarefree. Then
the equation
aX?+bY?+¢Z2?°=0 (3.5)

has a nontrivial solution in Z3 if and only if
(1). a,b,c do not all have the same sign.
(2). —be, —ac and —ab are quadratic residues modulo a, b and c respectively.
We will give a proof due to Niven et al. [I5]. For this, we will need three lemmas.

Lemma 3.4. Let n € Z and let a, 3,7 be positive real numbers such that afy =n. Then for any
a,b,c € Z, there is a solution (x,vy,z) € Z3 not all zero to the congruence equation ax +by+cz = 0

(mod n) which satisfies |z| < a, |y| < B and |z| < .

If z € R, we will write |z] to denote the greatest integer less than or equal to . The operator
|| is called the floor function and should be familiar. By definition of the floor function, we know
that |z] < z < |z] + 1. This is an important property which we will use in the proof of this

lemma.

Proof. Fix a,b,c € Z. Consider the following set of triples
S={(z,y,2)€2’:0<a<|a), 0<y <[], 0<2< 7]}

We easily see that |S| = (1 + |a])(1+ [8])(1 + |v]), and so by definition of the floor function,
we deduce that |S| > a8y = n. By the pigeonhole principle, there must then exist two triples
(x1,y1,21), (T2,y2,22) € S such that

axy + by + cz1 = axa + bys + czo (mod n),

or equivalently

a(xy —x2) +b(y1 —y2) + c(z1 — 22) =0 (mod n).

Surely, |21 — x2] < |a) < ay Jy1 —y2| < [B] < B and |21 — 22| < 7] < 7, and so the desired triple
is given by (z,y,2) with © = 1 — 29, y = y1 — y2 and z = z; — 2. Since a, b, ¢ were arbitrary, the

claim follows. [ |

Lemma 3.5. Let m,n be coprime positive integers and let ¢(X,Y,Z) = aX? + bY? + cZ? be an

integral quadratic form. If ¢(X,Y,Z) can be written as a product of linear factors modulo m and
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n, then it can be written as a product of linear factors modulo mmn.

Proof. Suppose that we can write

G(X,Y, Z) = (anX +bpY + nZ)(dmX + enY + fuZ) (mod m),
XY, Z2) = (an X + b, Y + ¢, 2)(dpn X + €, Y + fnZ) (mod n).

Since m and n are coprime, the Chinese remainder theorem implies that there exists an integer

« such that a = a,, mod m and o = a, mod n. Similarly, there exist integers 3,~,d, ¢, ¢ with

B = by, mod m and 8 = b, mod n, v = ¢, mod m and v = ¢, mod n, so on and so forth. The

existence of these integers then implies that we can write
XY, Z) = (aX + B8Y +v2)(6X + €Y + ¢Z) (mod mn),

which is a product of linear factors modulo mn as desired. |

Lemma 3.6. Let n be a positive integer such that —1 is a quadratic residue modulo n. Then n

can be written as a sum of two squares.

We shall prove this lemma using Fermat’s method of infinite descent. For the readers unfamiliar
with this concept, this is a method that is very useful in both proving and disproving existence of
solutions to a certain Diophantine equation. In our case, we will see that the assumptions of the
lemma allow us to find integers u, v such that u? 4+ v? = an for some positive integer o < n. We
then proceed with the descent step, where we do some mathematical magic to get a new pair of
integers s, t such that s 4+ t2 = 8n with 8 < a < n. The fact that 8 < « is the main point of the
process, and this justifies the terminology descent. It turns out that there is nothing stopping us
to do this indefinitely until we get a pair of integers x,y such that 2 4+ 32 = 1n, for which n is

now a sum of two squares. That is the idea of the proof, so let us begin.

Proof. By assumption, there exists v € Z such that —1 = 2 mod n. So by definition, we can find
an integer 0 < a < n such that u? + 1 = an. If we put v = 1, then (u,v) gives a solution to the

equation 22 4 42 = an. That is, we have
u? +v% = an.
If @ =1, we are done. So assume that 1 < a < n. Now, choose a,b € Z so that the integers
s=u—aa, t=v-—ba
satisfy the constraints |s|, [t| < a/2. We then see that the sum s? + 2 is bounded
O<52+t2§2(%)2:—<o¢ .
We now make three observations:
(i). Firstly, observe that
s2 + 1% = (u? + a terms) + (v? + a terms) = u? + 02 =0 (mod «).

By definition, this means that that there exists 3 € Z such that s +t? = Ba. Moreover the
bound (3.6]) implies that 0 < 8 < a.

(ii). Secondly, su + tv = u(u — a) + v(v — ba) = u? + v? =0 (mod «).
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(iii). Thirdly, sv — tu = v(u — aa) — u(v — ba) =0 (mod «).
Then, we consider the product Sa?n to see that

Ba’n = (Ba)(an) = (s* + ) (u?® +v?)

s2u? + 20?7 4+ t2u? + 202 + 2suvt — 2suvt

= (su + tv)* + (sv — tu)?.
Dividing through by o2, we thus have
su + tv 2 sv—tu 2
B = +
e! fe!

From observation (i) and (iii), it follows that the pair (%, st=I%) defines an integer solution to

the equation 22 + y? = Bn. We emphasize observation (i) that 0 < 8 < a, and so this completes
the descent step as we have made the appearing factor smaller. Now if 8 = 1, we are done. If
otherwise § > 1, we can repeat the descent step indefinitely until the factor is 1, for which then n

is a sum of two squares. |
We are now in a position to prove Legendre’s theorem.

Proof of Legendre’s Theorem[3.5, We first prove the (=) direction. Suppose (z,y,z) € Z> is a
nontrivial integer solution to (3.5) so that we get

az® + by® 4+ cz? = 0. (3.7)

Then surely a, b, c must not all have the same sign for otherwise the equation does not even have
real solutions; so we get statement (1). We now want to show (2). Without loss of generality,
we can assume that the triple (x,y, ) is primitive for if not, we can just divide by their greatest

common divisor.

We first claim that ged(a, z) = 1. Suppose not. Then there is a prime number p such that p

divides both a and z. From here, we can make two observations:
(i). We have p? | 22.
(ii). We have p | 22 and so p | by? since we see from (3.7) that by? = —(az? + c2?).

From observation (ii), we deduce that p | y? since p cannot possibly divide b (as a, b, ¢ are pairwise
coprime). But since p is prime, then this implies that p | y and so p? | y2. Using observation (i),
we then further deduce that p? divides by? + cz? which we see from is equal to —az?. So
p? | ax®. But since a is squarefree by assumption, it follows that p? { a and thus we conclude that
p | . However, this is a contradiction since we have essentially demonstrated that p divides all
three of z,y, z whereas we assumed initially that (z,y, z) is a primitive solution. So we must have
ged(a, z) = 1.

Since ged(a, z) = 1, there exists an element w € Z such that uz = 1 (mod a) i.e. u is the

inverse of z modulo a. We can reduce equation (3.7)) modulo a to get
by> +cz2 =0 (mod a).
Multiplying this congruence equation by u2?b on both sides, we have

u?b?y? 4+ be(uz)* =0 (mod a),
——"
=1
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which implies that
—be = (uby)?  (mod a).

That is, —bc is a quadratic residue modulo a. By symmetry, we can apply the same reasoning
to conclude that —ac and —ab are quadratic residues modulo b and c, respectively. So we get
statement (2).

(«<). Assume that a,b,c do not all have the same sign, and that —bc, —ac and —ab are
quadratic residues modulo a, b and c respectively. We now want to show that there is a nontriv-
ial integer solution (z,y,z) € Z> to the equation ¢(X,Y,Z) = 0 where ¢ is the quadratic form
o X,Y,Z) =aX?+bY? +cZ2%

Firstly, we make the observation that if any of a, b, ¢ changes sign, then the latter assumption
above still hold true. So without loss of generality, we may assume that a > 0 and b,c < 0. We

now consider two integers that will make our computation neat:

(i). Since —be is a quadratic residue modulo a, then there exists an integer s such that

—be = 52 mod a.
(ii). Since ged(a,b) = 1, then there exists an integer u such that ub = 1 mod a.

Then, reduce ¢(X,Y, Z) modulo a to get

¢ X,Y,Z)=bY?+cZ* (mod a),
= ub(bY? +¢cZ%) (mod a),
=u(b?’Y? +bcZ?) (mod a),
u((bY)? — (s2)?)  (mod a),
u(bY — sZ)(bY +sZ) (mod a),
= (Y —usZ)(bY +sZ) (mod a).

So we see that ¢(X,Y, Z) is a product of linear factors modulo a. By symmetry, one can further
show that ¢(X,Y,Z) can be written as a product of linear factors modulo b and ¢ as well. Since
a, b, c are pairwise coprime, we can then apply Lemma |3.5 with integers a and b, and then apply
Lemma again with integers ab and ¢ to conclude that ¢(X,Y, Z) can be written as a product

of linear factors modulo abe. That is, there exist integers «, 3,7, d, €, ¢ such that
(X,Y,Z) = (aX + Y +72)(0X + €Y + ¢Z) (mod abc). (3.8)
Now, we make the fundamental observation that the real numbers vbe, \/]ac|, /|ab| are

positive and satisfy vbey/[ac]y/]ab] = Va2b2c2 = abe € Z. Tt follows that we can apply Lemma
to find a solution (z,y,2) € Z3 not all zero to the congruence equation

aX +B8Y +4Z =0 (mod abe),

satisfying the constraints |z| < vbe, |y| < /Jac|, |2| < y/]ab]. But aX + Y + ~Z is just a linear
factor modulo abc in (3.8). So (z,y, z) passes to a solution of the congruence equation

¢(X,Y,Z)=0 (mod abe). (3.9)
In other words, abe divides q(z,y, z).

Next, we look closely at the constraints on |x|, |y|, |z|. Since a,b, ¢ are squarefree and pairwise

coprime, it follows that any two product of them is squarefree. This implies that v/bc € Z if and
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only if vbe = 1. In other words, the inequality |z| < Vbe attains equality if and only be = 1
i.e. when b = ¢ = —1. Using the same line of reasoning, we can conclude that the inequality
ly| < v/]ac| attains equality if and only if @ = 1,c = —1, and that the inequality |z| < v/ab attains
equality if and only if a = 1,0 = —1. In these last two cases, we can get a nontrivial solution
quite easily. If @ = 1,¢ = —1, the problem becomes solving X? + bY? — Z2 = 0 which has the
nontrivial solution (1,0,1). If on the other hand a = 1,b = —1, the problem becomes solving
X? —Y?+¢Z? = 0 which has the nontrivial solution (1,1,0). In the case b = ¢ = —1, the problem
becomes solving aX? — Y2 — Z2 = 0, which unfortunately has no obvious nontrivial solution.
However, the assumption b = ¢ = —1 implies that —1 is a quadratic residue modulo a (because
—bc = —1 and our hypothesis is that —bc is a quadratic residue modulo a). So since a > 0, we can
thus invoke Lemma to deduce the existence of integers 3/, 2’ satisfying y"? + 2’2 = a. It then

follows that (1,',2’) is a nontrivial solution as a — (y'? + 2/?) =a —a = 0.

We now assume that a, b, ¢ are not of the special cases above so that all the constraints cannot
attain equality. Since we assumed that b, ¢ < 0, it follows that —abc < by?, cz? < 0. Since we also

assumed a > 0, we thus have the bound
—2abe < ax® + by? + cz* < az? < abe,

or in other words,

—2abc < q(z,y, z) < abe.

But from (3.9, we know that ¢g(x,y, z) is an integer divisible by abc. So we are forced to conclude
that either ¢(z,y,z) = 0 or ¢(z,y,2) = —abc. If q(z,y,z) = 0, we are done. So assume that

q(z,y,z) = —abe. In this case, we can construct a solution (Z, ¢, Z) defined in the following way:
F=—-by+zz, J=ax+yz, Z=z>+ab.
To verify that (Z, 7, ) is indeed a solution, we compute

q(%,7, %) = ai® + b + &2
= a(—by + x2)* 4+ blax + y2)* + c(2* + ab)?
= ab®y? + ax?2? — 2abxyz + a®bx® + by?2? + 2abayz + c2* + a®b%c + 2abez?
= ab(az® + by? + c2%) + 22 (az® + by® + c2?) + abez? + a’bPc
= —a®V’c+ —abcz® + abez® + a*b3c

=0.

What happens if (Z,§,2) is trivial? Then necessarily, we have Z = 0 and so 22 = —ab. As
established previously, the product ab is squarefree and so this implies that z = 41, which in turn
implies that —ab = 1. This is equivalent to a = 1,0 = —1 which is one of the special cases that we
have already settled. |

With Legendre’s theorem, we have a satisfying answer to Question [3.3] thanks to Lemma [3.3]
and Theorem combined. Given a conic C' with associated quadratic form ¢(X,Y, Z), the link
between these results is captured in the following diagram:

Legendre (existence)

F B Prim(q) < 0(Q).

qX,Y,Z2)=0 { nontrivial solutions } +——= Prim

In particular, we see that there is a direct connection

Legendre (existence)

X,Y,Z2)=0

C(Q).
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Thus, in a sense, Legendre’s theorem gives us an algorithm of checking rational points on a conic:
(1). A conic C': f(z,y) =0 is given.
(2). We look at its associated quadratic form q(X,Y,Z) = Z2f(X/Z,Y/Z).

(3). Diagonalize q to get q(U,V,W) = aU? + bV? + cW? for some a,b,c € Z that are nonzero,

pairwise coprime, squarefree and not all having the same sign.
(4). Compute o = —be, 8 = —ac and v = —ab.

(5). If o, B and + are all quadratic residues modulo a, b and c¢ respectively, then return: there

exists a rational point C.
(6). Otherwise, return: there does not exist any rational point on C'.
Let us now look at a concrete original example.

Example. We revisit the conic (3.1]) that we mentioned at the start of this section. We claim that

there exists a rational point on the conic
C : 665642 + 8084y? — 1548z — 91 = 0.
Proof. By Theorem [3.2) and Lemma [3.3] it is enough to prove that the associated quadratic form
q(X,Y, Z) = 66564X> 4 8084Y2 — 9122 — 1548X Z,

has a nontrivial solution in Z3. We shall first diagonalize q. To do this, we need to complete the
square in X with a suitable Z coefficient so that the X Z term vanishes. By inspection, we see that

this is achieved if we write
7\ 2
q(X,Y,Z) =36 (43X — 2) +8084Y2 — 10022,

Then, we consider the change of variables R = 43X — Z/2, S =Y, T = Z to get the quadratic
form

¢ (R,S,T) = 36 R? + 80845% — 100T>.

Now, we divide by ged(36,8084,100) = 4 to get

"(R,S, T
% — 9R? + 202157 — 2577,
Finally, we apply the change of variables U = 3R, V = S, W = 5T which make the coefficients
squarefree (note that 2021 = 43 x 47 and so is already squarefree) to get the integral quadratic
form

" (U, V,W)=U?+2021V? - W2,

We are now in the setting of Legendre’s theorem with @ = 1, b = 2021 and ¢ = —1. Since any
integer modulo 1 is a quadratic residue, and that 1 is a quadratic residue modulo any integer, it

follows by Legendre’s theorem that ¢’ = 0 has a nontrivial solution. ®

Using the computer algebra system SageMath [28], we verify that indeed C has a rational point

via the following code:

> P.<X, Y, Z> = ProjectiveSpace(QQ, 2)
> C = Conic(66564*X~2 + 8084*Y~2 - 91%Z~2 - 1548%X*Z)
> C.has_rational_point(point=True)

(True, (13/258 : 0 : 1))
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The code returned P = (13/258,0) to be a rational point on C, and so we can parametrize all

other rational points on C using P.

It turns out that Legendre’s theorem is a special case of the celebrated Hasse-Minkowski
theorem. It is a shame if we do not discuss this a little as this is a good chance to introduce
the theory of p-adic analysis, a very powerful tool in arithmetic geometry and number theory in

general.

3.3 Non-triviality condition 2: Hasse-Minkowski theorem

We begin with a discussion on absolute values on Q, finishing with a theorem of Ostrowski which
classify all possible nontrivial absolute values on the rational numbers. Then we move on to

constructing the p-adic numbers and finally, discuss the Hasse-Minkowski theorem.

3.3.1 Absolute values

There are many ways to formulate the Hasse-Minkowski theorem albeit they all eventually lead to
the same idea. Our preferred way is the formulation using p-adic fields @@,,. For this, we first need

to construct the p-adic numbers and deduce basic facts about it.

Definition 3.4. An absolute value on a field K is amap |-| : K — [0, 00) satisfying the following

conditions:

(1). (Positive). |z| = 0 if and only if z =0,

(2). (Multiplicative). |zy| = |z||y| for all z,y € K,

(3). (Triangle inequality). |z + y| < |z| + |y| for all z,y € K.

Recall that in the field of real numbers R, we have the usual absolute value, denoted | - |,
which gives a notion of size and distance. This passes to an absolute value on the field of rational
numbers Q. Of course, this is not the only absolute value on Q as, for example, we have the trivial
absolute value given by |z| = 1 for any x # 0 and |0] = 0. Absolute values different from the trivial
absolute value is said to be nontrivial, with | - |, being an immediate example. Our next goal is to

define a new family of nontrivial absolute values on Q using something called a p-adic valuation.

Definition 3.5. Let p be a prime number. For any nonzero a € Z, we define the p-adic valuation
of a, denoted v,(a), to be the greatest positive integer k such that p* | a. Furthermore, we can
extend the definition to any a/b € Q* by defining v,(a/b) = vp(a) — vp(b).

In simpler words, the p-adic valuation of any nonzero a € Z is the power k appearing in the
factorization a = bp¥, for some b € Z such that ged(b, p) = 1. For a = 0, we shall define v,(0) = cc.
Gouveéa [8] reasons this in the following way: a natural way to compute, say, v2(80) is to keep
dividing by 2 to get a sequence

80 — 40 — 20 — 10 — 5,

where we stopped at 5 because it is not divisible by 2 anymore. The number of steps is then v2(80)
which in this case is 4. If we apply the same logic to v,(0), we would have to keep dividing 0 by p
infinitely many times

0—=-0—-0—=0—---,

which justifies our definition. For the case of a/b € Q*, there is an even simpler way to formulate
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its p-adic valuation: v,(a/b) is the power k appearing in the factorization
)
such that ged(m,p) = ged(n, p) = 1. This can be seen by unpacking definitions.
Example. Some immediate examples.
(1). 113(21) = 0. It is trivial that for any nonzero a € Z, vp(a) =0if p 1 a.
(ii). v7(1715) = 3. This is because 1715 = 343 -5 = 73 . 5.

(iii). v5(2020) = 1. This is because 2020 = 22 -5 - 101 and observe that ged(5,2%-101) = 1.

2020
(iv). w43 (2021> = —1. To see this, we use our latest formulation to have

2020 (2020 1\ _ (2020 431
2021\ 47 43) \ 47 '
We can see that the p-adic valuation on Z have a shared property with the logarithm function:

vp(mn) = v,(m) + vp(n). Morover, we have that
vp(m +n) = min {v,(m), v,(n)}, (3.10)

for any m,n € Z. To see both of this facts, just consider the factorization of m and n, and look at
the highest power of p. The first one should be immediate. However, one might falsely conclude that
we have an equality instead in . Here’s an immediate counterexample to this false conclusion:
v5(2020) = 1 and v5(5) = 1 but v5(2020 4+ 5) = 15(2025) = 2 > 1 = min {v5(2020), v5(5)}.

Lemma 3.7. Let p be a prime number. Then for any x,y € Q*, we have
(D). vpzy) = vp(@) + vp(y),

(2). vp(z +y) = min {vp(2), vp(y)}-
Proof. Let x,y € Q. From our previous discussion, we know that we can write

= (%) ", y= (2) ",

for some a,b,c,d € Z and for some positive integers m,n such that a,b, c,d are all coprime to p.

We then have v,(z) = m and v,(y) = n. Now consider their product,

= ()

By coprimality of a,b,c,d and p, we have that ged(ac,p) = ged(bd,p) = 1. So it follows that

m—+n

vp(zy) = m +n = vy(x) + vp(y). Now, assume without loss of generality that m < n. If we

consider their sum, we can take out all the common p powers:

m (& n—m . C m [ adp™~™ 4+ bc
r+y=p (Ep +E)=p (bd)
Since ged(bd, p) = 1, it follows that v,(x + y) > m = min {m,n} = min{v,(z), v,(y)}. ]

Using the notion of p-adic valuation, we can define an absolute value on Q.
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Definition 3.6. The map |- |, : Q — [0, 00) defined by

pr@), iz £ 0,
|x‘p =

0, if x =0.
is called the p-adic absolute value on Q.

We will prove that this is actually an absolute value in Proposition [3.1] below. In fact, we will

prove a stronger condition.

Definition 3.7. Let K be a field. We say that an absolute value |- | : K — [0,00) is non-
Archimedean if |[z+y| < max {|z|, |y|} for all z,y € K. Otherwise, we say that it is Archimedean.

Observe that the non-Archimedean property is stronger than the triangle inequality. It gives
a sharper bound as max {|z|, ly|} < |z| + |y| is true for all z,y € K. Our usual absolute value |- |

on R is Archimedean. It turns out, our absolute value of interest | - |, is a non-Archimedean one.

Proposition 3.1. The p-adic absolute value | - |, is a non-Archimedean absolute value on Q.

Proof. Fix p a prime number. We have to check three things.

(Positive). Clearly, if 2 = 0, then |2|, = 0 by definition. The converse is true as well as p~»(#) #£ 0

for any = # 0. So |z|, = 0 must imply z = 0.
(Multiplicative). Let ,y € Q. Then

|-1‘y|p :p—yp(:cy) :p—up(:c)—up(y) — p—up(x)p—up(y) — |-,I:‘p |y‘p7

where we have used (1) of Lemma in the second equality.

(Triangle inequality). We will prove that | - |, is non-Archimedean as this implies the triangle
inequality. Let z,y € Q. If either « or y is zero, or even if their sum is zero, then we are done. So
suppose not. Now, v, (z +y) > min {vp(2),v,(y)} by (2) of Lemma [3.7] Consequently,

2+ ylp = 0 < max {pr @ p~ 0} = max {laly. |yl < laly + [yl

The first inequality gives non-Archimedean whereas the second inequality gives the triangle in-

equality. |

Before we move on to more theory, we prove some basic facts about absolute values that will
be useful for us later on. It is easy to confuse the multiplicative identity in a general field K and
the one in R when we put them side by side. To emphasize distinction, we shall write 1) € K and

1g € R for their respective multiplicative identities when needed.

Lemma 3.8. Let |- | be an absolute value on a field K. Then |1x| = 1g and |z| = 1g for any
x € K such that 2™ = 1x for some n € Z7.

A useful reminder before we prove this lemma is to note that the image of the absolute value
is a subset of [0,00) C R. That is, we are only dealing with real numbers in the image, so we can

apply known results from calculus.

Proof. To prove the first claim, we first observe that 1x = 1%. By the multiplicative property of
absolute values, we thus have |1x| = |1x|?. Due to the positive property, the only way this is true

is if |1 x| = 1g. We can use the same argument to prove the second claim. We have

n‘_

lz|" = |z 1k| = 1g,
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where the last equality is due to the first part of the lemma. There are two cases to consider
when solving the equation z™ = 1y for real solutions. If n is odd, the equation has 1y as its only
solution. On the other hand, if n is even, we have +1r as solutions. Now replace z with |z| to
deduce that we must have 1 as a solution in both cases since absolute values must be positive by
definition. ]

Recall what a metric on a set is. It is a map d : X x X — [0,00) where X is any non-empty
set, such that for all z,y € X we have d(z,y) = 0 if and only if x = y; d(z,y) = d(y,z); and
d(z,y) < d(z,z) + d(z,y) for all z € X. The pair (X,d) is then called a metric space. We know
that any norm || - || defined on a field induces a metric by taking d(z,y) = ||z — y||. How about

absolute values? The answer is positive as well by using the same construction.
Lemma 3.9. Let || be an absolute value on a field K. The metric d(z,y) = |z — y| is a metric

on K. We call d the metric induced by | - |.

Proof. The first metric axiom is straightforward from the absolute value axioms: d(x,y) = 0 if and
only if |x — y| = 0 which is true if and only if x = y. The second metric axiom is also immediate
due to K being a field: d(z,y) = |z — y| = |y — z| = d(y,x). The only thing left to prove is the

triangle inequality which is also straightforward:

dz,y) =z -yl =z -2)+ = -yl <|z—z2[+ ]z -yl =d(z,2) + d(z,y).
Since the x,y, z appearing above are all arbitrary, we are done. |
Definition 3.8. Let X be a non-empty set. We say that a metric d : X x X — [0,00) is non-

Archimedean if d(z,y) < max {d(z, 2),d(z,y)} for any z,y,z € K. Otherwise, we say that it is

Archimedean.
We have two things named non-Archimedean, so they better be related.
Lemma 3.10. Let |- | be an absolute value on a field K, and let d be the metric induced by | - |.

Then | - | is a non-Archimedean absolute value if and only if d is a non-Archimedean metric.

Proof. Suppose |- | is a non-Archimedean absolute value. Then
d(@,y) = |z —y| < |[(z — 2) + (z —y)| <max{[z — 2], [z — y|} = max{d(z,2),d(z,y)},

which implies that d is a non-Archimedean metric. Conversely, suppose d is a non-Archimedean

metric. Then
|{,C + y| = ‘.’L’ - (_y)| = d(ﬁ?, _y) < max {d($,0)7d(07 _y)} = max{|:1c|, |_y|} .
Since (—1)% = 1, it follows that | — 1| = 1 by Lemma This implies that |—y| = |—1]|]y| = |y|,

so we are done. [

So for us, the p-adic absolute value on Q induces a non-Archimedean metric d(z,y) = |z —y/,.
This allows us to talk about Cauchy sequences in Q with respect to this metric. We recall what it

means for a sequence to be Cauchy.

Definition 3.9. A sequence {z,} in a metric space (X, d) is said to be Cauchy if for every € > 0,

there is a positive integer N such that d(x,,,x,) < & whenever m,n > N.
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So if K is a field equipped with an absolute value | - |, it makes sense to talk about Cauchy
sequences in K by considering the metric d induced by |- |. More explicitly, we say that a sequence

{zn} in K is Cauchy with respect to |- | if it is Cauchy in the metric space (K, d).
Lemma 3.11. Let |- | be a non-Archimedean absolute value on a field K. Any sequence {x,} in

K is Cauchy with respect to | - | if and only if |xpr1 — x| — 0.

Proof. The (=) direction should be obvious. For the converse (<), suppose that |z, —z,| — 0.
Then for every ¢ > 0, there is a positive integer N such that |x,11 — z,| < € for all n > N.
Consider the index m = n 4+ k > n. Then observe that

|1'm - mn| = |xn+k - xn‘ = ‘anrk — Tptk—1+t Tntk—1— Tntk—2 + Tntk—2— """+ Tn-1 _xn|~

=0 =0 =0

By the non-Archimedean hypothesis on |-|, we can apply the non-Archimedean property repeatedly
so that the right hand side is < max {|Zn4+x — Tntk-1ls |Tntk—1 — Tntk—2]s- -+, |Tnt1 — Tn|}. Since
we assumed n + k > n and we have convergence to zero for n > N, it follows that this bound goes

to 0 as well. But m,n was arbitrary, so the claim follows. |

This claim is not true for Archimedean absolute values. For example, consider the well-known

harmonic series from real analysis
n
1
Ty = E —.
k
k=1

We have |z,41 — 2n| = 1/(n+ 1) — 0 where | - | is the usual absolute value in R. But it is a

standard real analysis fact that the harmonic series diverges, and so cannot be Cauchy.

Let (X,d) be metric space. Just as a norm induces a metric, the metric d itself induces a
topology on X. Such a topology is the one generated by the collection of all open balls defined by
d. Write

B(a,e) = {y € X | d(z,y) < e},

to mean the d-open ball with center x and radius €. We then say any subset U C X is d-open if

for any « € U, there exists €, > 0 such that B(x,e,) C U.

Definition 3.10. Let di,ds be two metrics on a set X, and let x € X. We say d; and ds are
equivalent if they induce the same topology on X. In other words, a subset U C X is d;-open if
and only if it is ds-open. If X is a field, then we say that two absolute values on X are equivalent

if they induce equivalent metrics.

The punchline of our discussion about Cauchy sequences, equivalent metrics and absolute
values is the theorem of Ostrowski, which says that the usual absolute value together with the

p-adic absolute value defines all the possible nontrivial absolute values on Q.

Theorem 3.6 (Ostrowski). Every nontrivial absolute value | - | on Q is equivalent to either the

usual Archimedean absolute value | - |oo or |- |, for some prime number p.

Proof. See Chapter 1, Theorem 1 of Koblitz [10] or Chapter 3, Theorem 3.1.4 of Gouvéa [§]. M
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3.3.2 p-adic field, Hasse’s principle, and the main theorem

Suppose | - |, is a non-Archimedean absolute value on Q. By Ostrowski’s theorem, we know that

this is one of the p-adic absolute values (which explains why we wrote |- |,). Now consider the set
Cp={{zn} CQ: {z,} is Cauchy with respect to |- |,}.

It turns out that we can give C, a commutative ring structure by defining addition + and multi-

plication x in the following way: for any {z,}, {yn} € Cp, define

{zn} +{yn} ={on +un},  {za} x{yn} = {znyn} . (3.11)

Furthermore, the additive and multiplicative identities are given by the sequences
Oc, =1{0,0,...}, 1l¢, ={1,1,...}.

Remark 5. We will drop the multiplication symbol x and instead write {z,,} {yn} = {znyn}; this

is standard practice in abstract algebra.

We shall omit the proof of (3.11)) as it is identical to the case of Cauchy sequences in R with

respect to the usual Archimedean absolute value. The point now is that we have the following.

Proposition 3.2. Let |- |, be any non-Archimedean absolute value on Q. Then C, is a unital

commutative ring.

Remark 6. Note that C, is not a field as it is not even an integral domain. For example, the

sequence {1,0,0,...} and {0,0,,...} are zero divisors as

{1,0,0,...3{0,0,7,...} = {0,0,0,...} = O¢

p*

We now claim that Q lives inside this monstrous ring C,.
Lemma 3.12. There is an injective ring homomorphism Q — Cp.

To see this, we first observe that for any x € Q, the constant sequence Z := {x,x,z,...} is an
element of C,. This is true as constant sequences are trivially Cauchy. We can then construct an

injective homomorphism by taking each element of Q to its constant sequence representation.
Proof. The map Q — C,, defined by = — Z gives the desired injective ring homomorphism. |

Now consider the set m, = {{z,} € C, | ,, = 0}, which is a subset of C,,. This set consists
of Cauchy sequences which converges to 0 with respect to the non-Archimedean absolute value

inherited from C,. We claim that this set is an ideal in C,,.
Lemma 3.13. m,, is an ideal in C,.
While this seems like an algebraic claim, the proof is really a routine of real analysis. We shall

use the standard fact that Cauchy sequences in any metric space is bounded.

Proof. It should be clear that m,, is an additive subgroup of C,. Let {z,} € C, and let {z,} € m,,.
We want to show that z,z, — 0 with respect to | - |,. Since {z,} is Cauchy, then it is bounded,
say, by M > 0. Since z, — 0, there exists a positive integer N, such that for any n > N, we have
|Znlp = |2n — 0]p < &/M for any € > 0. It then follows that for sufficiently large n,

€
|Znzn — 0lp = |Tp2nlp < M|z|p < M (M) =
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for any € > 0. So {z,2,} € mp, and m,, is an ideal in C,, as desired. [ |

Recall what it means for an ideal in a ring to be mazimal. If R is a ring and m C R is an
ideal, we say that m is mazimal in R if for any ideal J C R such that m C J, we either have J =m

or J = R. We now make the following claim about m,,.

Lemma 3.14. m, is a mazimal ideal in Cp.

Proof. We will follow closely a proof given by Gouvéa [8]. Let {z,} € C, be a Cauchy sequence
such that {z,} ¢ m,. Consider the ideal I generated by two elements {x,} and m,. We will show
that 1 € I as this would imply I = C,,.

By definition of {x,} ¢ m,, there exists a real number ¢ > 0 and a positive integer N such
that for any n > N, we have |z,|, > ¢ > 0. So, z,, # 0 for n > N. Now consider the sequence
{yn} defined by

1/x,, ifn>N,
0, if n < N.

Yn =

We claim that {y,} € C, i.e. {y,} is Cauchy with respect to |- |,. To prove this, we first observe

that
1 1

_ |Tnq1 *xn|p < [T 41 *xn|p
2

|yn+l - yn|p = — 0.

- X
Tn+1 Tp |l‘n+1xn|p c

P
Since | - |, is non-Archimedean, Lemma implies that {y,} is Cauchy. Now put {z,} =
{n} {yn}. Since {z,} and {y,} are both Cauchy, it follows that {z,} € C,. But what is {z,}? It

is the sequence

0, ifn<N
If we further consider the sequence 1 — {z,}, we see that
1—{z}={1,1,...} = {0,0,...,0,1,1,...} ={1,1,...,1,0,0,...} — 0,
That is, we have 1 — {2,,} € m,,. But this is equivalent to saying that

1= {zn} +{wn} = {zn} {yn} +{wn},

for some {w, } € m,. That is, 1 is a C,-linear combination of {z,,} and m,, and so belongs to I. W

The motivation for us in proving the preceding lemma is the following: let R be a ring and
let m C R be an ideal. Then the correspondence theorem of ideals (for those unfamiliar with this
result, see Chapter 10, Section 4 of Artin [2]) gives us that m is a maximal ideal if and only if R/m
is a field. So with the knowledge that m, is maximal in C,, we can construct a new field which is

of most interest to us.
Definition 3.11. The quotient ring Q, = C,/m,, is called the field of p-adic numbers.

Recall the fact that Q is embedded in the ring C,, by taking x + z; this was the statement of
Lemma [3.12] In fact, the same ring homomorphism passes to an inclusion Q < Q,. The crucial

fact is that, for any two distinct constant sequences Z,y € Cp, we have that

z—y=A{z,z,...} —{y,y,..} ={z—y,z—y,...} 0.
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This implies that they belong to different equivalence classes modulo m,. So we can take any x € Q

to the equivalence class (Z + m,) € @, in a one-to-one fashion.

Now consider the Diophantine equation f = 0 where f € Q[z1,...,x,] is some polynomial.
Our discussion above tells us that it should be expected that a solution in Q to f = 0 gives
a solution in R and in @Q, for all prime number p. What about the converse? This yields the

following question.

Question 3.4. Does the existence of solutions in R and Q,, for all prime number p, to the

Diophantine equation f = 0 implies the existence of a solution in Q?

Hasse’s local-global principle suggests that in this case, it may be good to study solutions in R and
Q, to deduce the existence of solutions in Q. Of course, this is merely a principle and in fact, it
does not always work as we shall see. But the general idea is the important part: look at things
locally, and then combine them to see if they give anything globally. This strategy works really
well for puzzles although its usage in number theory might feel a bit unusual or counterintuitive at
first. In our case, finding solutions in Q is the global problem, whereas finding solutions in R and
Qp is the local problem. To our delight, the Hasse principle works extremely well for quadratic

forms.

Theorem 3.7 (Hasse-Minkowski theorem). Let ¢(X) be a quadratic form. Then the equation
q(X) = 0 has a nontrivial solution in Q™ if and only if it has a nontrivial solution in R™ and Qp

for all prime numbers p.

We will not prove this theorem as this would simply digress too much from our goal, but the

motivated reader can find a proof in either Serre [22] or Gerstein [7].

Clearly, we can restrict our attention to integral quadratic forms and the Hasse-Minkowski
theorem still holds. The useful thing for us (in the ternary case) is the necessary condition of the
theorem. Why? We know by Lemma that ¢(X) = 0 having a nontrivial solution in Q™ implies
the existence of a nontrivial solution in Z™; which by Lemma further implies the existence of
a primitive solution. By applying Theorem [3.2] we thus get our desired rational points. This tells
us that it suffices to look at local solutions of g(X) = 0 to deduce the existence of rational points
on the conic C' whose associated quadratic form is q. Note that the Hasse-Minkowski theorem is
much more powerful as it is true for quadratic forms in any number of indeterminates. Legendre’s

Theorem [3.5] is simply the special case for when the quadratic form is ternary.

Since the Hasse principle works so well for quadratics, it is a natural question to ask if it works

for cubics, quartics or even higher degree polynomials. Unfortunately, the answer is negative.
Example. Counterexamples to the Hasse principle.

(i). It can be shown (for example, using Hensel’s lemma) that the equation
(X2 —2)(X2 —17)(X? - 34) =0
has a solution in R and Q, for every prime number p, but has no roots in Q.

(ii). Selmer proved in [2I] that the equation 3X3 + 4Y3 + 573 = 0 has a nonzero solution in R

and Q,, for every prime number p, but that its only solution in Q is the trivial one.

(iii). Aitken and Lemmermeyer gave a whole class of counterexamples to the Hasse principle in
[1] building on the work of Lind and Reichardt. For example, they proved that the equation
U? —17TW?2 — 1922 = 0, where UW = V2, does not satisfy the Hasse principle.
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4 Rational Points on Cubics

We now turn our attention to finding rational points on the curve C' associated to the cubic

polynomial
Y(z,y) = az® + b’y + cay® + dy® + ex® + fry + gy* + ha + iy + j,

which is defined over Q. The curve is called a cubic because it is defined by a cubic polynomial.
Looking back at how we did it for the conics, some questions that should be natural to ask are the

following.
Question 4.1. A first attack on the cubic curve problem:

(i). Given one rational point on the cubic, can we find other rational points?

(ii). If the answer to (i) is positive, can we use the same method as we did for conics?
(iil). If the answer to (i) is negative, then what methods can we use?

As we shall see, the first question has a positive answer for special cubics called singular
cubics. However, the way we find other rational points for singular cubics uses a simpler argument
compared to what we did for the conics. In fact, it is not even a geometric argument and we do
not know whether the same method for conics work for singular cubics. What we do know is that
the method we used for conics breaks for general cubics due to a special case of Bézout’s theorem
(see Theorem [4.1). This gives a negative answer to our second question. The third question is
something that we will explore further on throughout the chapter. In particular, it will be discussed
in Section [£.3] and beyond.

4.1 Tools that will be helpful

This section gives the vocabulary needed to talk about plane curves in a more general setting. A
particular important topic that we shall discuss is that of projective geometry which gives us a

completely new way of viewing plane curves.

4.1.1 Curves and lines

Definition 4.1. Let K be a field. A nonzero polynomial f € K|z, y] is said to be irreducible if
f = gh for some g,h € K[z,y] implies that either g or h is a constant polynomial.

Definition 4.2. Let K be a field and let f € K[z, y]. The degree of the plane curve C : f(z,y) =0
is the degree of the polynomial f. Morever, we say that C is irreducible if f is an irreducible

polynomial.

So degree 1 curves are lines, degree 2 curves are conics, and degree 3 curves are cubics. Before
we even start to talk about cubics, we prove a special case of the well-known Bézout’s theorem.

For this, we first need a lemma.

Lemma 4.1. Let K be a field and let f € K[z] be a nonzero polynomial with deg f = d. Then f
has at most d roots in K, counting multiplicities.

Proof. We will prove by induction on d € Z™.

(Base case). If d = 0, then there is nothing to prove as f is nonzero and is constant, so it has no

roots in K.

(Inductive hypothesis). Suppose the result holds for all f € K[z] with deg f < d.
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(Inductive step). Let f € K|z]| be a polynomial of degree d. If f has no roots, then we are done.

So suppose there exists a € K such that f(a) = 0. Then there is a factorization
f(@) = (z — a)g(x),
for some g(x) € Kz]. But since K is a field, and so is an integral domain, we have
d=deg f =deg(x — a) +degg =1+ degg.

This implies that degg = d — 1 and so by the inductive hypothesis, g has at most d — 1 roots.
Obviously, these d — 1 roots are roots of f as well. Moreover, if 8 € K is another root of f distinct
from «, then it must be one of the d — 1 roots of g. So together with « earlier, f has at most d

roots. This completes the inductive step. |

Theorem 4.1 (Bézout’s theorem, easy case). Let K be a field and let d be a positive integer. Let
C be a degree d curve and let L be a line, both defined over K2. If L  C, then #(CNL) < d.

This theorem says that there is at most d intersection points between a degree d curve and
a line. For example, when d = 2, this theorem says that a line meets a conic at 0, 1 or 2 points.
For a concrete example, consider the unit circle C : 22 + y? = 1. Then observe that the line z = 2
meets C' at 0 points, the line x = 1 meets C' at 1 point and the line z = 0 meets C at 2 points.

The proof of this theorem uses a similar argument to the one we used to prove Theorem (3.1

Proof. Let C be the curve associated to f. Since C' has degree d, so does f by definition. We now

have two cases to take care of.

(Non-vertical line case). Suppose g defines the line L such that it is not a vertical line. Then

degg = 1 and we can write

g(x,y) = ay —mx — b, (*)

for some a,b,m € K with a # 0. Without loss of generality, we may assume that a = 1x (for
otherwise, just divide by a when we solve g(z,y) = 0). Now suppose (x,y) € K? satisfies the
system of equations

flz,y) =0,
y=mzx+b.

Then z satisfies p,,(z) = f(x, mz + b) = 0 which is a polynomial in z, defined over K, of degree
at most d. By Lemma we know that p,, has at most d roots (counting multiplicities) for
otherwise it is identically zero and so L C C. Consequently, there is at most d such = that satisfies
pm(z) = 0. This implies that there is at most d such (x,y) that satisfies the system of polynomial

equations.

(Vertical line case). If L is a vertical line, then ¢ is still given by (%) but now with a = 0. Without
loss of generality, we may also assume that m = 1x now. Suppose (z,y) € K? satisfies the system
of equations

fz,y) =0,

x+b=0.

Then y satisfies f(—b,y) = 0 which is a polynomial in y of degree at most d. By the same argument
using Lemma we see that there are most d such (z,y) for otherwise we have L C C and get a

contradiction. [ |
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Now consider the theorem with K = Q. The main point of the theorem for us is that it tells
us that the idea we used to find infinitely many rational points on the conic from a single rational
point via projecting onto a line cannot be extended to the cubics. Why? Again, think about our
prototypical example, the unit circle. We found one rational point P = (—1,0) and fixed it. Then,
we project lines through this point. Accordingly, only one point is identified with one line. In
cubics, there is a possibility that two points are identified with one line; so, we lose information.

For this reason, we need to be more clever when dealing with cubics.

4.1.2 Projective geometry

For this subsection, we fix K to be a field and let K be its algebraic closure. As a reminder, we

write R* to mean the group of units in R where R is any ring.

Recall that we dealt with conics by talking about their associated quadratic forms. This
strategy of homogenizing the quadratic polynomial defining the conic is nice, so we want to try to

extend it to cubics. To do this, we need to establish some new ideas first.

Definition 4.3. The affine n-space over K is the set
A" =A"(K) ={(z1,...,2n) |z € K}.

An element P = (z,y) € A" is called a point, and the z,y are called the coordinates of P. The
following similar set
A"K) ={(z1,...,2n) | 2; € K}

is called the set of K-rational points in A". We will be particularly interested in the affine

2-space also known as the affine plane.
Now consider the set A"T1\ {0} and define a relation ~ on it by
(0y .-y Zn) ~ (Yo, Yn) = x; = \y; for some \ € K*.
We claim that this relation is an equivalence relation.
Lemma 4.2. ~ on A"\ {0} as defined above is an equivalence relation.
Proof. Let S = A"\ {0} for simplicity and assume that every (n + 1)-tuple written below are
elements of S. We have to prove three things.

(Reflexive). If (zq,...,7,) € S, then clearly, we have z; = 1z; where 1 is the unital identity in K.

So (g, ... xn) ~ (To, ..., Tn).

(Symmetric). Suppose (g, ...,%n) ~ (Yo, --,Yn). Then there exists A\ € K* such that z; = \y;.
Since A is a unit in K, there exists u € K* such that u\ = 1. This implies that pz; = ;. That

is, (Yo, -+, Yn) ~ (Toy- -, Tp)-

(Transitive). Suppose (g, ..., Zn) ~ (Yo, .-, Yn) and (Yo, .., Yn) ~ (20, ..., 2n). Then there exists
M\, 1 € K* such that z; = A\y; and y; = pz; for all 5. Then simply observe that

2= Apzi) = ()2,
and so (zq,...,%n) ~ (20, ..., 2,) since the product Ay is itself a unit in K. [ |

Now write [z, . .., z,] for the equivalence class that contains (zo, ..., z,). Then we can define

the set of equivalence classes under ~. This set is the so-called projective n-space.
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Definition 4.4. The projective n-space over K is the set
P" = P"(K) = {[zo,..., 2] : i € K not all zero} .

The x; are called the homogeneous coordinates of the point [z, ..., z,]. The following similar
set
P"(K) = {[xo,...,%s] : 7; € K not all zero}

is called the set of K-rational points in P".

We will be primarily interested in the projective 1- and 2-space called the projective line and

projective plane respectively.

To visualize the projective plane geometrically, it is easier to set K = R and focus on the

R-rational points in P2. In this setting, P? consists of all the lines through the origin in R3. Now,

z Y
z? z)

observe that if [x,7,2] € P? and z # 0, we have an equivalence (z,y,z) ~ ( 1). This implies

that there is a decomposition of P2 into two parts:
P? = {[z,y,1] : 7,y € R} U{[a,b,0] : a,b € R} . (4.1)

This decomposition gives us a nice picture of P2. First, observe that there is a bijection A%(R) —
{lz,y,1] : z,y € R} simply by taking (x,y) to [z, y, 1]. This implies that P? contains a copy of the
affine plane A? together with some extra points, so we have at most an inclusion A% < P2. These
extra points are what we call points at infinity and they form a projective line P'. But note that
the decomposition is not unique. We could have equally decompose P? in a way such that
the first set in the union is not {[z,y, 1]} but instead {[z, 1, 2]} or {[1,y, 2]}, or even replace the
1 with, say, €™, all of which are still in bijection with A%. Such a subset of P? is called an affine

chart.

Recall how we defined plane curves in K2 in Chapter They are independent of how the
plane sits in space, so we really defined them on K? viewed as an affine space. Due to this, we
shall call them affine curves from now on. The reasoning behind this emphasis is because we want

to extend the notion of affine curves to the projective plane.

Definition 4.5. Let F' € K[X,Y, Z] be a homogeneous polynomial. We call the set of solutions
Cp = {[z,y,2] € P*(K) : F(x,y,2) =0},

the projective plane curve (associated to F). We say that Cp is defined over K since F' is
defined over K. An element of Cr is called a projective point. When the context is clear, we
will simply call C'r a projective curve or simply a curve, and write C. Similarly, we may instead

just say a point instead of a projective point.

Just like plane curves in the affine plane, we will occasionally write C : F(X,Y,;Z) = 0 to
mean the projective curve C associated to F. And just like affine curves, we have a notion of

degree and irreducibility.

Definition 4.6. Let C be a projective plane curve associated to F. The degree of C'is the degree

of F'; and we say that C is irreducible if F' is an irreducible polynomial.

As before with affine curves, a degree 1 projective curve is called a projective line, a degree 2
projective curve is called a projective conic, and a degree 3 projective curve is called a projective

cubic.

When dealing with conics, we homogenize a quadratic polynomial f(z,y) to get its associated
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quadratic form ¢ via the transformation ¢ = Z2f(X/Z,Y/Z), where we then get a correspondence
between rational points on Cy and nontrivial integer solutions to ¢ = 0. But observe that there is
nothing special about the word “quadratic” here. We could have equally homogenize any polynomial
f € KJz,y] of degree d by the same affine transformation x = X/Z and y = Y/Z to get its associated

form F via Yy

F(X,Y,Z)=27%f (Z,Z). (4.2)
Accordingly, if K = Q, we should expect the same correspondence between rational points on f
and nontrivial integer solutions to F' = 0. We call the homogenization of f. But since F is
homogeneous, F' = 0 defines what we now call a projective curve, and so contains points that are in
correspondence with points on C'; together with some extra points at infinity. From a topological
point of view (although we never defined a topology on curves), this homogenization process can

be thought of taking the closure of the curve CY.

Definition 4.7. Let C be the affine curve associated to f € K|z, y] of degree d > 1. The projective

curve associated to the homogeneous polynomial

Fx Y2 =2 (5. ).

is called the projective closure of C', and is denoted C.

Example. Let f(z,y) be a quadratic polynomial with associated quadratic form g. The curve

q = 0 is the projective closure of C}.

We have a converse of this notion as well. That is, if we have a projective curve, then there is

a natural related affine curve to it.

Definition 4.8. Let C be the projective curve associated to F' € K[X,Y, Z]. The affine curve C
associated to the polynomial f(x,y) = F(x,y,1) is called the projection of C onto A2,

Let f € K[z1,...,2,] be a polynomial. We define the formal derivative (or partial derivative)
of F' with respect to z; in the usual analysis sense, and write this as df/0z;. We then define the
tangent vector of f to be the n-tuple

0 0
i (fe )

ox1’ " Oz,

of polynomials. Note that if K = R (or any of its subfields), then this coincide with what we are
used to in analysis. If K = C, we let the reader decide to use real analysis on R? or the rich theory
of complex analysis (they are inherently the same anyways). But for general K, just consider this

as symbols as we never defined what does it mean to “differentiate” in arbitrary fields.

Definition 4.9. Let C be a projective plane curve associated to F(X,Y,Z) and let P € C. We
say that P is a singular point of C' (or C is singular at P) if

VF(P) =0.

Otherwise, we say that P is a nonsingular point of C. If C' contains a singular point, we say that
C' is singular. If otherwise C' does not contain any singular points, we say that C' is nonsingular
(or smooth). Finally, we say that an affine curve C is nonsingular if its projective closure C is

nonsingular, and vice-versa.

Example. Nonsingular degree 2 affine curves are just nondegenerate conics.
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4.2 Case 1: Singular cubics

We are now finally in a position to tackle the cubic curve
C:y(z,y) = ax® + b’y + cxy® + dy® +ex® + foy +gy> +ha +iy+j =0, (4.3)

where a,b,c,d, e, f,g,h,i,j € Q. In this section, we shall first deal with the case where the cubic
has a singular point (i.e. the projective closure of (4.3) has a singular point). It turns out that in

this case, all the rational points are well-understood.

First, we show that there is a reduction of into a simpler form when C is singular.
Suppose S = (xg,yo) is a singular point of C' such that S € C(Q). Without loss of generality, we
may assume that xg = yo = 0 since we can always apply the affine transformation = — = + zg
and y — y + yo. Geometrically, this is just a shifting of the affine plane. We now claim that the

constant term j, and linear terms hx and iy vanish:
(i). Since S = (0,0) € C(Q), it follows that j = ~v(S) = 0.

(ii). Since we assumed that S is a singular point of C, this implies that Vv(S) vanishes or

equivalently,
Oy
T Oz

. Oy

h ==
i 9y

(S) =0, (S)=0.

So we conclude that the singular point assumption allows us to rewrite as

C:vy(x,y) = ax® + ba’y + cxy® + dy® + ex® + fay + gy* = 0.
From here, we can concretely describe rational points on singular cubic curves.
Theorem 4.2. Let C : y(x,y) = 0 be the cubic curve defined over Q by

y(z,y) = ax® + by + cxy® + dy® + ex® + fry + gy? (4.4)
with singularity at (0,0). Define the maps v, : Q — Q by
v\ =eX+ fA+g, S\ =aXd + b2+ eh+d.
Then the rational points on C is given by the union of three sets
c@={0.0,(-%0)}u {(j 1) t e Q% u(s) = o} U {(—sgég Jgg) : 3(s) # o} ,

for all possible s € Q.

We will give a proof based on one given by Lozano-Robledo [12].

Proof. Let (z,y) € C(Q). Let us look at this with a case by case approach.

The case y = 0. If y = 0, then y(x,0) = az® + ex? = 2%(ax +€) = 0. This implies that z = 0
or x = —e/a. This gives the first set {(0,0),(—e/a,0)} in the union.

The case y # 0. If y # 0, then we can divide ([4.4)) by y> to get

o () () e (5) rane (5) ()2 (5) )+ 3)

Note that this equation still define the same affine curve C. Next, we apply a change of variables

s=uxz/y and t = 1/y to get a new affine curve

C' 7/ (s,t) = (as® + bs* + cs +d) + (es’t + fst +gt) = 6(s) +tv(s) =0,
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where v, § are maps as defined in the theorem’s statement. We also get a map between affine curves
¢ : C\{(0,0),(—e/a,0)} — C’ defined by

This map ¢ has an inverse given by

_ s 1
¢ 1(Sat> = R :¢<S,t),
t t
and so is a bijection. Consequently, it is enough to look at rational points on C’ because the map
¢~ passes the rational points on C’ to rational points on C. There are two cases to look at when

considering rational points on C’.

The case v(s) = 0. If (s,t) € Q? is such that v(s) = 0, then it follows immediately that
8(s) = 0 and so (s,t) € C'(Q). Via the inverse map ¢!, we thus get (s/t,1/t) € C(Q) for all

t € Q* in this particular case. This gives the second set in the union.

The case v/(s) # 0. If on the other hand (s,t) € Q? is such that v(s) # 0, then we can solve
for t easily to get a rational point on C’. For any s € Q, the point (s,t) with

v(s)
5(s)’

defines a rational point on C’. Via the inverse map ¢!, it follows that

and this gives our third and final set in the union. |

This theorem summarizes all we need to know about rational points on singular cubic curves.

So, let us move on to the nonsingular case.

4.3 Case 2: Nonsingular cubics

It turns out that characterizing all the rational points on a nonsingular cubic is far from a trivial
problem and requires some very clever insights. So, this section has a completely different aim
compared to the preceding Section [£:2] on singular cubics. The goal here is to prove that every

nonsingular cubic curve can be put into a so-called Weierstrass form.

Definition 4.10. A Weierstrass equation (or form) over a field K is an equation of the form
y: +axy +by = 2% +ca® +dr +e, (4.5)
where a,b, c,d,e € K are constants. The special case with a = b = ¢ = 0 reduces the equation to
y? =2 +dz + e, (4.6)
which is called a Weierstrass normal form.

Over the rational numbers Q, we have the following lemma.

Lemma 4.3. There exists an invertible change of variables so that any Weierstrass equation over

Q can be transformed into a Weierstrass normal form.

Proof. Given the Weierstrass equation (4.5)), we can complete the square (with respect to y) on

38



the left-hand side to get

b\ b\?
y2erﬂz,/HJy=y2+2~/(aﬂc+b)+(aaﬁgr > —(ax;)

_ (4 ax +b\* _ (ax+D 2
“UT 2 )
So we can rewrite (4.5) as

+b\? +b)?
(y+ax2 ) :x3+cm2+dx+e+(ax2 ) (4.7

Now consider the change of variables

Then equation (4.7) under this transformation becomes
v? =u® + Au® + Bu+C, (4.8)

where ) ) 2
a a

_ B: —_ = _
e d—+ 5 C=e+ 1

Next, we seek a change of variables so that the square term vanishes. This can be achieved by

A=c+

considering the transformation

This transforms equation (4.8]) into

t? =53+ Ds+ F,

where 2 ot B
D=—+B, E=A(——-— :
Cin, (3 -2)+c
We are done now as this equation is in Weierstrass normal form. |

In the future, we shall also be concerned with Weierstrass equations which have integer coef-

ficients so we discuss this now. Consider the Weierstrass equation
2 _ .3 2
Yy +ary+by=z"+cx*+dr+e

where a,b,c,d,e € Q. To make the coefficients integers, we need to remove the denominators
occuring in the coeflicients. The obvious way to do it is thus to multiply both sides by the lowest
common multiple of the denominators of the coefficients. But this is not enough as the resulting
equation is not in Weierstrass form. The transformation that we need is the following: v = 8%z,
v = 8%y, where § € Z is the lowest common multiple that we required earlier. This puts the
equation into

v? + (ad)uv + (b6%)v = u? + (e8?)u? + (d6*)u + ed",

which has integer coeflicients and is in Weierstrass form.

To give the main theorem of this section, we need the notion of birational equivalence (which we
actually have been using implicitly up until now). We shall give a simple definition of birational
equivalence due to Mordell [I3]. The more complete definition of this can be found in almost

all algebraic geometry textbooks; one that we recommend is by |[Shatarevich which first gives an
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undergraduate-friendly definition (see Section 1.4 of [23]) and then gives the standard definition
(see Section 3.3 of [23]). For us, Mordell’s is good enough.

Definition 4.11. Let C : y(z,y) = 0 and C" : T'(u,v) = 0 be two affine curves defined over Q. We

say that C and C’ are birationally equivalent if there is a relation

= flu,v) y=g(u,v); w=nh(zy), v=uzy) (4.9)

except for a finite set of values, where f,g € Q(z,y) and h,. € Q(u,v) are rational functions
defined over Q.

Remark 7. It is worth emphasizing (since our definition does not make it too obvious) that the
relation are inverses to each other. That is, the map that sends (x,y) — (f(u,v),g(u,v))
is the inverse to the map that sends (u,v) — (h(z,y),t(x,y)), and vice-versa. This justifies the
terminology birational as these are maps of rational functions (the right terminology is that these

are called rational maps, see [23] for more details).

We have seen that the unit circle is birationally equivalent to a line; and every bijection we
have between affine curves so far are also instances of birational equivalence. For example, the map
that allows us to talk only about rational points on C” in the proof of Theorem In this proof,
we have seen just how powerful this idea is. Essentially, knowing the rational points on one curve
gives knowledge of the rational points on the other, and vice-versa. In fact, as we have mentioned

before, birational equivalence is actually one notion of isomorphism in algebraic geometry.

We now claim that every cubic curve with at least one nonsingular rational point is birationally

equivalent to a cubic defined by a Weierstrass normal form. This is our main result of this section.

Theorem 4.3. Any cubic curve C defined over Q, with at least one nonsingular rational point P

1s birationally equivalent to a cubic curve defined by a Weierstrass normal form.

Note that we do not impose the condition that C' is nonsingular everywhere. Our proof only
demands that C' has one known nonsingular rational point P and allows C' to be singular at any
other points different from P. We give a proof following closely one given by Lozano-Robledo [12],

and filling in some gaps based on idea from Silverman and Tate [26].

Proof. Let P be a nonsingular rational point on the cubic curve
C:vy(x,y) = az® + ba’y + cxy® + dy® + ex® + fry + gy*> + ha +iy +j =0,
which is defined over Q. The projective closure C of C is defined by the equation
I(X,Y,Z) =aX? +bX?Y + cXY2+dY3 +eX?Z + fXYZ 4+ gY?Z +hXZ* +iY 72> + 73 = 0.

Suppose P in projective coordinates is given by [x¢, %0, 20] € P?; and consider the tangent line to
CatP given by

or or or
L: ’LU(X,}/,Z) = XaiX(P) +Y87Y(P) +Za7(P) = a/31X+a32Y+a33Z = O,
where we have put
or or or
as; = an(P), asz = 87Y(P)’ asz = 87(13)

By definition (of L being tangent to C at P), we know that L intersects C' at P with multiplicity
of at least two. There is, however, a possibility that this intersection occurs with multiplicity

three but proving this is easier and similar to proving the case that the intersection occurs with
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multiplicity exactly two. So we focus only on the case of multiplicity exactly two.

In this case, we have LNC = {P,Q} where Q is a point different from P such that L intersects
C' at Q with multiplicity one. It should be easy to see that @ has rational coordinates and so

belongs to C (Q). We now consider two more projective lines:

(i). Let M : w(X,Y,Z) = a11 X +a12Y +a13Z = 0 be a line which goes through Q but is different

from L.

(ii). Let N : v(X,Y,Z) = a1 X + a22Y + a23Z = 0 be any other line which goes through P,

where the coefficients as1, asgs, asg are picked such that the following matrix

has nonzero determinant, and so is invertible.

Using these lines, we can apply a projective transformation so that L acts as the new Z-axis,
M acts as the new X-axis and N acts as the new Y-axis. Such a projective transformation is

defined by the matrix A, or more explicitly by the change of variables
U=ulX,Y,Z2), V=uvX,Y,Z2), W=wlX)Y,2).

Since N is chosen so that A is invertible, there is a clear passage to go from the (X, Y, Z) coordinates
to the (U, V,W) coordinates and vice-versa. Most importantly, note that in this new coordinate

system, we necessarily have that
P=[1,00, Q=1I0,1,0] (4.10)

This is true because, P € N and P € L which implies that V = v(P) = 0 and W = w(P) = 0.
Similarly, @ € M and @ € L which implies that U = «(Q) =0 and W = w(Q) = 0.

Now, suppose that C is given by the equation A(U,V,W) = 0 in this new coordinate system
with A being the polynomial

AU, V,W) = aU? + bU?V + cUV? +dV? + eU?W + fUVW + gV2W + hUW? +iVIW?2 4 jW3,
where the constants a,b, ¢, d, e, f,g,h,i,j € Q and are not necessarily the same as the one in T
Lemma. We claim that the terms aU?, bU?V and dV? vanish. For this, we require .
(i). By hypothesis, P € C. So, by definition a = A([1,0,0]) = A(P) = 0.
(ii). By our choice, Q € C. So, by definition d = A([0,1,0]) = A(Q) = 0.
(iii). Consider the intersection CNLin (U,V,W) coordinates. In this intersection W vanishes
and so together with our discovery in (i) and (ii) that a = d = 0, we have the reduced form

AU, V,W) =bU?V + cUV? = UV (bU + V).

Now recall that C N L = {P,Q} where P occurs with multiplicity two and @ occurs with
multiplicity one. If we view the right-hand side of the reduced A as a product of three linear
factors, we then see that @ solves the equation U = 0 and P solves the equation V = 0; but

most importantly, P solves the equation bU + ¢V = 0 which implies that b = 0, as desired.
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So we have shown that A can be further reduced to
AU, V,W) = cUV? + eU?W + fUVW + gV2*W + hUW? +iVIW? + jW3.

Next, we consider the projection of C that is currently defined by A(U,V, W) = 0 onto the affine
plane A2. This can be done by taking §(s,t) = A(s,t,1) and so we get the affine curve

C:6(s,t) =cst® +es® + fst+ gt + hs+it+j=0.

We can group the ¢? terms and write §(s,t) = (cs + g)t? + es? + fst + hs + it + j. We then apply
our first change of variables via the affine transformation (s,t) — (cs + g,t) so that our curve is
defined by

C': 8 (s,t) = st* +es* + fst + hs +it +j = 0.

Next, we multiply &' (s,t) by s to get s&'(s,t) = (st)? + es® + fs(st) + hs? +i(st) + js. Then, we

consider the invertible (for ¢ # 0) change of variables
=38, y=st,
to get a new affine curve
C" 6" (%,7) = §° + fiy+ i = k3 + £3% + ma.

Finally, if we consider the change of variables

we get a new affine curve
C" :y? +axy + by = 23 + cx® + 0z + ¢,

for some a,b,¢c,0,¢ € Q. The equation defining C"” is a Weierstrass equation, and so by Lemma
3] this equation can be put into Weierstrass normal form. All the change of variables we have
used are invertible except for a finite set of points, and so their composition defines a bijection

C — C". That is, C and C"" are birationally equivalent, as desired. |

So to understand rational points on nonsingular cubic curves, the birational equivalence we
have just established above says that it suffices to study rational points on cubic curves given by a

Weierstrass normal form. Such cubic curves are captured by a class of curves called elliptic curves.

4.4 Elliptic curves

Definition 4.12. An elliptic curve over Q is a nonsingular projective cubic curve E defined over
Q with at least one rational point O, called the origin. We will denote such an elliptic curve as
E/Q, and denote its set of rational points as E(Q).

Remark 8. This definition extends naturally to general fields — just replace Q with a field K

everywhere. In particular, we shall write E/K for an elliptic curve over K.

Despite an elliptic curve E being defined over projective planes, we would usually only consider
affine charts of E. That is, we talk about the projection of E onto the affine plane, but always
being conscious that we would miss some points by doing it this way. The points that we missed

are of course, the points at infinity (cf. discussion (4.I)) about P? decomposition).

Definition 4.13. Let E be an elliptic curve with origin @, and let E be an elliptic curve with
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origin O. We say that E and E are isomorphic over Q if there exists an invertible change of

variables ¢ : E — E (called an isomorphism) defined by

[‘T7 y? Z] H [f(x’ y7 Z)) g(x’ y7 z)’ h(x7 y? Z)} b
where f, g, h are rational functions with coefficients in Q, such that ¢(O) = 0.

Proposition 4.1 ([I1], Chapter 2.2, Proposition 2.2.2). Let K be a field of characteristic not 2
or 3, and let E/K be an elliptic curve with origin O. Then there exists an elliptic curve E, whose

origin is [0,1,0], defined by the equation
ZY? = X3 +aX 7% + 0273, (4.11)

where a,b € K is such that 4a® + 27b% # 0. Moreover, E and E are isomorphic over Q, and so O

is mapped to [0,1,0] under this isomorphism.

The proof of this proposition is beyond the scope of this paper as it uses the Riemann-Roch
theorem. For the adventurous readers, we invite you to read Chapter III, Proposition 3.1 of

Silverman [24] for a proof.

Before we talk about what Proposition [I.I] means for us, let us look at the subtle hypothesis
and consequences. Firstly, notice that the origin [0,1,0] is the unique point at infinity on E. To
see this, observe what happens when we set Z = 0. The equation reduces to X? = 0 which implies
that X = 0. Since any element [z,y, 2] € P? cannot have z,y, z all simultaneously zero, it follows
that y # 0 in our case. So after scaling, [0, 1,0] gives the only point at infinity on E. Next, notice
that the projection of E onto A? is given by

y?* =2° +ar +b, (4.12)

which is in Weierstrass normal form. From here, the hypothesis that 4a® 4+ 276% # 0 in (i) of the
proposition should make more sense. This condition ensures that (4.12]) has distinct roots and so
is nonsingular. This condition of nonsingularity will be important for us, especially when we talk

about elliptic curves over finite fields in Section 4.5

Definition 4.14. Let E/Q be an elliptic curve with Weierstrass equation y? = 2 + az + b where
a,b € Q. The discriminant of E is defined to be Ap = —16(4a® + 27b%).

Proposition tells us that it suffices to talk about the projective curve (4.11)) if we want to
talk about elliptic curves over any field of characteristic different from 2 or 3. This is good as we

are mostly interested when K = QQ which has characteristic 0.

4.4.1 A group structure on E(Q)

Perhaps, one of the most amazing feat about the study of elliptic curves is the idea that we can
give the set E(Q) a group structure by purely using a geometric argument. As we shall see, this

has powerful consequences. The question now is how do we do this?

First, let us make sure that we are on the same page, and thinking about the same things.
We will focus only on the elliptic curve E : y? = 2% + ax + b with a,b € Q. Next, recall that we
define the notation C(Q) = C' N Q only for affine curves C. We could think of E(Q) as the set of
rational points on the affine curve y? = 23 + ax + b. But as discussed before, we still need to keep

track of the points at infinity. We solve this subtle issue by defining

EQ)=(EnQ)u{0},

43



with @ = [0, 1, 0] being the (unique) point at infinity of E.

To put a group structure on E(Q), we first need to define a binary operation on it. Let
P = (21,y1) and Q = (x2,y2) be rational points on E, and let L be the line through the points P
and Q. We first claim the following.

Lemma 4.4 (Partial closure). The line L that goes through the points P,Q € E(Q) meets a third
point in E(Q), which we will denote as P Q.

This is called partial closure because as we shall see, this is not how we would define a binary
operation on F(Q), and so is not the full closure that we want for a binary operation. However,
the partial closure implies the closure of the desired operation. The proof of this lemma should

feel routine by now.

Proof. Let P = (z1,y1) and Q = (x2,¥2), and let L be the line through P and Q . We have two

cases to take care of.

Case 1: x; # x5. It should be immediate to see that L has rational slope. To see that L meets
at a third point P Q € F(Q), we solve the system given by the intersection L N E. Suppose L is
defined by the equation y = mx + ¢, where

_ Y2 — Y1

m b
T2 —T1

C=Y1 —Mr1 = Y2 — MTa,
are rational numbers. Then, solving the system

Yy =mx +c,

y? =23 +azr+0b,

we get the equation p(x) = 23 — m22? + Az + B, for some A, B € Q. Since the sum of roots of
2

p(x) add up to m? € Q and w1, x5 are roots, it follows that the third root x3 = m? — x1 — x5 is
rational. Consequently, y3 = maxs + c is rational and thus

P+ Q = (x3,y3) = (x3, mas +¢) (4.13)
gives a third rational point on F.
Case 2: 1 = x3. In this setting, we are forced to either have y; = —ys or y; = yo. If y1 = —yso,

then L is a vertical line so we take P x @ = O (this also hints towards a possible candidate for
the inverse of the group law). On the other hand, if y; = yo, then we have P = Q. The approach
earlier does not fail completely in this setting. The only problem is that the slope m is no longer
defined if we compute it in the same way as before. Otherwise, once we find a suitable line, the
remaining steps should be identical. A reasonable line to use in this setting is the tangent line to
FE at P, so let L be this line. The slope of L can be computed by implicit differentiation of the
equation y? = 3 + ax + b and substituting P. This gives that

B 323 +a
2y,
is the slope of L, and use this m in (4.13]) to get the desired third rational point. |

Remark 9. Notice that equation (4.13) effectively gives us an explicit algorithm to compute the
third point P x @ for both cases that P = Q and P # Q.

Knowing this fact, we now attempt to define addition, the desired binary operation, of two
points P,Q € E(Q). Unsurprisingly, we will denote addition by +. Firstly, if P = @ = O, then
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we shall define O + O = O. This can be taken as a pure convention, but was actually justified
when we discussed the subtle assumptions in Proposition Now, suppose P,Q are not both
O. It is tempting to define P 4+ Q = P % Q, but then what is the identity element of the resulting
group (E(Q),+)? Playing around with points using equation , we see that there is none so
it is not a group! Instead, after getting P x Q, we draw a vertical line L’ through P * Q and O,
and define the third intersection of L’ N E to be P + Q. In other words, we shall define

P+Q=(PxQ)*0.

There is an easy geometrical interpretation of this. Observe that the projective closure of the affine
(vertical) line £ : = ¢ is given by the projective line U:X =cZ. Clearly, this line passes through
[0,1,0]. Since we have seen that our choice of elliptic curve E has the unique point at infinity
O = [0,1,0], this guarantees that any line that passes through O is a vertical line. Accordingly, for
any point R € E(Q), the point O * R is the reflection of R in the z-axis. Note however that this
is not true if the equation defining the elliptic curve is not given by a Weierstrass normal form, so

we have to be careful about generalizing this.

Remark 10 (Addition algorithm). Since we now know that P + Q = (P * Q) * O is just the
reflection of P * @ in the z-axis, it follows that equation (4.13)) defines an algorithm to compute
P+ Q as well simply by putting a minus sign in the y-coordinate. Let us summarize the algorithm:

let P = (71,71) and Q = (w2,%2) be rational points on the curve E/Q : y? = 2 + ax + b, then
(i). If P # Q but z1 = 29, then P+ Q = O.

(ii). If P = Q but 4 =y, =0, then P+ Q = O.

2

(iii). Otherwise, P + Q = (x3, —ma3 — ¢), where z3 = m* — x7 — x5 and

u, if P # Q and x1 # 9,
T2 —T1
32
L—’—a, if P=@Q and y; # 0,
2y,

and ¢ = y; — mxy = Yy — MTa.

From (iii), we further get an explicit formula for the z-coordinate of points of the form 2P = P+ P.
Denote this as z(2P). Then

2
37 + a) o, = 927 4 6ax? +a* 2.

z(2P) = m? — 2z :(
(2P) ! 2y dy3

If we replace y? by 23 + ax + b, then we end up with

r} — 2ax? — 8bxy + a?
4a3 + dazy + 4b

z(2P) =

This formula for computing z(2P) using only information about the z-coordinate of the point P
is known as the duplication formula and is important both as a theoretical tool (i.e. to prove

theorems) and as a computational tool.

By the partial closure lemma (applied twice), (P * Q)+ O is an element of E(Q). Accordingly,
P+ Q € E(Q), and so + defines a binary operation on E(Q).

Theorem 4.4. The pair (E(Q),+) is an abelian group with identity O.

Proof. We first prove that it is a group, and then prove commutativity of +. The only convention
that we shall consider is that O + O = O.
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O is the identity element. Some books actually take this as a convention as well. To prove
this, we have to prove that P+ O = O+ P = P for all P € E(Q). If P = O, we are done so
suppose not. We have that P+ O = (P * Q) x O. The line L that goes through P and O is a
vertical line which meets P . Consequently, the line that goes through O and P x O is the same
vertical line which meets P as the third point. Therefore, P+ O = (P % O)* O = P. By a similar
argument, O + P = P.

Additive inverse of a point P. For our model of the elliptic curve, we claim that if P =
(z,y), then its additive inverse is given by —P = (x, —y), the reflection of P in the z-axis. For this,
we need to prove that P+ (—P) = O. Again, we unpack definitions: P+ (—P) = (P (—P))*O.
The line that goes through P and —P is the vertical line that meets O as the third intersection
point. The line that goes through O and O is the line at infinity and so meets O as the third
intersection point, as desired. Note that this argument works for P # O, but it should be easy to
see that —O = O. Also note that this argument would not be as effective if our model of elliptic

curve is different as we have mentioned before.

Associativity of +. Associativity is the hardest part which we shall not prove. For a proof,
see Section 2.4 of Washington [29].

Commutativity of 4. The line that goes through P and @ is the same line that goes
through @ and P. Accordingly, P*Q = Q * P and so P+ Q = Q + P, as desired. |

Since F(Q) is now a group, we can talk about order of elements. A point P € E(Q) is said
to have finite order n € Z* if n is the least integer such that nP = P +---+ P = . Any point
of finite order n is also called a torsion point of order n. If no such n exists, we say P has infinite

order.

4.4.2 Mordell-Weil theorem

From the structure theorem of abelian groups, we know that any finitely generated abelian group
can be decomposed into a torsion part and a free part (for readers that are not familiar with this
theorem, see Chapter 12, Section 6 of Artin [2]). A remarkable result proved by Mordell tells us

that E(Q) is in fact a finitely generated abelian group, and so has such a decomposition.

Theorem 4.5 (Mordell-Weil theorem). Let E/Q be an elliptic curve. Then E(Q) is a finitely

generated abelian group.

More explicitly, the Mordell-Weil theorem tells us that there is a finite set of rational points

{Qla"'aQn} g E(Q)v

which generates all the rational points on E. In other words, any other point P € E(Q) is just a
Z-linear combination of the @;. This theorem was initially proven by Mordell in 1922 and later
generalized by Weil in 1928 to abelian varities over number fields. We note that these are deep
results of number theory, especially the generalization. For those unfamiliar with number fields,
they are fields containing @Q, such that as Q-vector spaces, have finite dimension. The simplest
example of a number field is Q itself — it has dimension 1 as a Q-vector space. The definition of
an abelian variety is a bit too technical to describe in only a few sentences. But one can think of
it as simply a generalization of elliptic curves. Abelian varieties form one of the most important

objects in algebraic geometry.

46



In honor of Mordell and Weil, the group F(Q) is often called the Mordell-Weil group of E.

The proof of the Mordell-Weil theorem relies on three main ingredients:
(1). The weak Mordell-Weil theorem (see Theorem below).
(2). The idea of a height function on an abelian group A.

(3). The descent theorem which says that an abelian group A with a height function, such that
A/2A is finite, is finitely generated.

We will give a brief but precise overview of what these statements mean. First, the weak
Mordell-Weil theorem.

Theorem 4.6 (Weak Mordell-Weil theorem). Let E/Q be an elliptic curve. Then the quotient
group E(Q)/mE(Q) is a finite group for all m > 2.

For the rest of this discussion, we fix E/Q to be the elliptic curve defined by the Weierstrass
equation y? = 23 + ax + b where a,b € Z.

An elementary proof of the weak Mordell-Weil theorem for m = 2 can be found in Lozano-
Robledo [IT], Section 2.8 and Washington [29], Section 8.2. However, here they make the assump-
tion that F(Q) has four distinct torsion points of order 2. So their proof does not work for elliptic
curves in its full generality, but that is the usual price for elementary proofs. The reason behind

this quite restrictive assumption is so that we can write the Weierstrass equation of E as a product
2 +ar+b=(r—e)(z —e2)(x —e3),

where the e; are all distinct integers. The proof is done by ingeniously considering a group homo-
morphism

E(Q) — (@%/Q*%) x (Q*/Q*%) x (Q%/Q*%) = (Q* /Q**)?

whose kernel is 2E(Q). It turns out that this homomorphism induces an injection of F(Q)/2E(Q)
into a finite subgroup T of (Q* /Q*?)3. Since T'is finite, the claim follows. The proof that takes
care of the general case as in Theorem (in fact, more general as Q is replaced by a number field)
is done in Silverman [24], Section VIIL.1. Here, they use a quite advanced tool from cohomology

theory called group cohomology (for a basic exposition of this, see Appendix B of the same book
[24]).
We now move to the second statement about height functions.

Definition 4.15. Let z € Q, and suppose x = m/n is written in lowest terms. The height of x
is the positive integer defined by H(x) = max {|m|, |n|}.

Using the notion of height on rational numbers, we can define a height function on E(Q). For
any point P € E(Q), write P = (zp,yp).

Definition 4.16. The (logarithmic) height on E(Q) is a map h : E(Q) — R defined by

log H(zp), if P#0O,
0, if P=0.

h(P) =

Remark 11. Note that the definition of height on E(Q) is relative to the Weierstrass equation
defining E. Also, note that h(P) > 0 for all P.

The purpose of a height function on E(Q) is that we want a device to measure the complexity

of a rational point, at least in a number-theoretic sense. In particular, if given two points, we want
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to be able to tell which point is “smaller” relative to the other. This allows us to run Fermat’s

descent argument, just like we did when proving Lemma |3.6)
We now state and prove the descent theorem mentioned in the third statement.

Theorem 4.7 (Descent theorem). Let A be an abelian group, and suppose there exists a map

h: A —[0,00) satisfying the following three properties:

(i) For every constant C; € R, the set {P € A: h(P) < C1} is finite.

(ii) For every Py € A, there exists a constant Cy such that

h(P + Py) < 2h(P) + Ca, for all P € A.
(iii) There exists a constant Cs such that
h(2P) > 4h(P) — Cs, for all P € A.
Suppose further that the quotient group A/2A is finite. Then A is finitely generated.
We give a proof that is adapted from Silverman and Tate [26].

Proof. Pick an element Q; for each coset of 24 in A to get a finite list Qq,...,Q, of coset

representatives. We can do this since we assumed that A/2A is a finite group. Now let P € A.

Since the cosets of 2A partitions A, we can find an index 1 < 71 < n such that
P=2P +Q;,, (4.14)
for some P; € A. We repeat the same idea with Py, and keep repeating to get a list of points

P1:2P2+Qi27
P2:2P3+Q’i37

mel - 2Pm+Qimv

where 1 < 7; < n. From here, we can do back substitution. We start by substituting the equation
P, = 2P, + Q,, into its preceding equation . We then substitute P, = 2P5 4+ Q,;, into
P, = 2P, + Q,;,, so on and so forth. This results in P being written as a linear combination of
P,, and the Q;,

P=2"P,+> 27'Q;,.
j=1

Equivalently, we have that the set {Q1,...,Qn, P} forms a (not necessarily finite) generating set
for A. Our aim now is to show that we can choose m sufficiently large so that h(P,,) is bounded

by a constant k independent of P. This would imply that the set
G.=1{Q1,...,Q,}U{R € A: h(R) < K}
forms a finite generating set for A, where the finiteness is due to property (i).

To bound h(P,,), we need some important constants which we can get by playing around with

properties (ii) and (iii). We apply property (ii) on each —@Q; to get constants ¢; such that
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for all P € A. If we set Cy = maxjgign {¢;}, then we in fact have
h(P — Qi) < 2h(P) + Cs, (4.15)

for all P € A and all 1 < ¢ < n. Next, for any index j, we apply property (iii) to get a constant
('3 such that

W(By) < {(h2Py) + Cs) = (W(Pi1 — Qi) +Cy)

1 Cy+C
(2h(Pj_1) + C2 + C3) = ih(Pj_1) + %,

where we have used (4.15) in the second inequality. We can then cleverly manipulate the right-hand
side to get

<

NN

h(Pj-1) = 7 (M(Pj-1) = (C2 + C)).

1
4
>

From here, we can clearly see that if h(Pj_1) > Ca + Cj, then

h(Py) < Sh(P; )

Moreover, this is true for any index j. So if we still have h(P;) > Cs 4+ Cs, then the next point

P;,, must have a smaller height

h(Py) < Sh(P) < (i) h(Py_1).

If we do this repeatedly, we accumulate a factor of 3/4 at each step; and so the height decreases
for each point until some point P,,, whose height satisfies h(P,,) < Cy + Cs. It then follows that
the set

g02+03 = {Ql; .. ,Qn} U {R cA: h(R) < 0Oy +C3}
is a finite generating set for A, and hence, A is finitely generated. |
So for us, if we can prove that the height function on E(Q) satisfy the three properties (i)-(iii)
above, we get the Mordell-Weil theorem by taking A = E(Q). Property (i) is quite trivial to prove.
Lemma 4.5. For every constant Cy € R, the set {P € E(Q) : h(P) < Cy} is finite.
Proof. If © = m/n is written in lowest terms, and that its height H(z) < k for some constant

k € R, it follows that |m|,|n| < k. Since m,n are integers, then there are only finitely many

possibilities for m,n. So we have proved that for any constant x € R, the set
{reQ:H(x) <k} CQ

is finite. Now given any = € Q, there are only two possibilities that y can take if (z,y) € E(Q). So
if we restrict to finitely many possibilities for x, we have only finitely many (x,y) € E(Q). This

proves that for any constant ', the set
{Pc E(Q): H(P) < '}
is finite, and the same holds true if replace H with h. |

Property (ii) and (iii) are a bit more involved and so we only state them here as a lemma. For

a proof, see Silverman-Tate [26], Section 3.1 or Silverman [24], Section VIII.4.

Lemma 4.6. Let E/Q be an elliptic curve defined by y* = x3 + ax + b where a,b € Z.
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(a). Let Py € E(Q). Then there exists a constant Co, depending on Py, a, and b, such that

WP + Py) < 2h(P) + C, for all P € E(Q).

(b). There exists a constant Cs, that depends on a and b, such that

h(2P) > 4h(P) — Cs, for all P € E(Q).

For readers who are interested in proving the Mordell-Weil theorem in more generality (but
still not to the extent of Weil’s result), see Silverman [24], Chapter VIII. Here, they prove the
theorem for elliptic curves over an arbitrary number field K instead of just Q. The idea is to define
a general height function Hg on the projective n-space P". Since elliptic curves are really just
subsets of P, we can then look at the properties of Hx when the points on P" are restricted to

the points on the elliptic curve.

4.4.3 Mazur’s torsion theorem and the Nagell-Lutz theorem

As mentioned before, the structure theorem implies that F(Q) decomposes into abelian groups

E(Q) = E(Q)tors @ ZT;

for some positive integer . The integer r is called the rank of E(Q), and E(Q)tos is called the
torsion subgroup of E(Q) which contains the torsion (rational) points on E. Note that if r = 0,
then F(Q) is torsion and so is a finite abelian group. It turns out that the torsion part E(Q)iors
is well-understood thanks to the work of Barry Mazur in 1977. Consequently, we have understood

all the rational points on elliptic curves over Q with rank r = 0.

Theorem 4.8 (Mazur’s torsion theorem). Let E/Q be an elliptic curve. Then E(Q)iors can be
identified with exactly one of the following 15 groups:

(1). Z/mZ for 1 < m <10 or m = 12.
(2). (Z/2Z) x (Z/2mZ) for 1 < m < 4.
In particular, the cardinality of E(Q)tors is bounded: |E(Q)tors| < 16.

The proof of this theorem is quite deep and we will not discuss it. Mazur’s theorem is nice
but it does not give us a method to compute the torsion subgroup of F(Q). An effective method

that allows us to compute E(Q)ors is given by the following theorem of Nagell and Lutz.

Theorem 4.9 (Nagell-Lutz theorem). Let E/Q be an elliptic curve defined by the Weierstrass
equation y*> = 2% + ax + b, where a,b € Z. If (z0,y0) € E(Q) is a nonzero torsion point, then

(1). (zo,y0) € Z*.

(2). Either yo = 0 and so (x9,y0) has order 2, or y2 divides 4a® + 27b>.
Proof. See Silverman and Tate [26]. [ ]

Let us use the Nagell-Lutz theorem to compute torsion points.

Example. Consider the elliptic curve E : y2 = 23 4 1849. Note that 1849 = 432 and 43 is a prime
number. Observe that E follows the setup of the Nagell-Lutz theorem with a = 0 and b = 1849 so

we can apply it.

Is there a point of order 27 This is easily verified to be no. By the rational root theorem, the

only possible rational solutions to z3 + 1849 = 0 are {+43, 41849} but none of these satisfy our
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equation. It follows that 42 # 0 and so y # 0. So any torsion point on E cannot possibly have

order 2.

What are the torsion points on E? Let (xo,y0) € E(Q) be a torsion point. It cannot have order 2,
so y2 divides 4a® + 27b? = 27 - 18492 = 33 - 43%. The possible candidates for yo are then

S ={£1, £3, £43, +£129, £1849, +5547}.

By inspection, we see that (0,+43) € E(Q). We claim that Q = (0,43) is a torsion point of order
3. We see that the tangent line to E at Q is defined by the line ¢ : y = 43. Using the explicit
algorithm of adding points (see Remark in E(Q), we have

20=Q+Q=(0,-43) = -Q.

It thus follows that 3QQ = Q + 2Q = Q — Q = O as desired. Note that consequently, —Q is
also a torsion point of order 3. We now make another claim that in fact E(Q)iors = {0, Q,2Q}
and so is isomorphic (as groups) to Z/3Z. To prove this, we simply have to rule out all the other
possibilities we had earlier. But this is easy as for any y; € S, the real solution x; to the equation
o3 = y? — 1849 is not an integer. By the Nagell-Lutz theorem, it follows that (z1,v1) ¢ E(Q)tors-
We thus conclude that E(Q)tors = Z/37Z which agrees with Mazur’s torsion theorem.

4.5 Elliptic curve over finite fields

Recall that F,, = Z/pZ is the finite field of p elements where p is a prime number. We shall now

look at elliptic curves defined over F,,.

Let p be a prime number and suppose E/Q is an elliptic curve defined by the Weierstrass
equation y? = x3 + ax + b where a,b € Z. We can reduce the coefficients modulo p to get a new
cubic curve E, called the reduction curve modulo p, which is now defined over F,,. However, E /Fp

is not necessarily an elliptic curve as it may be singular!

Definition 4.17. Let E/Q be an elliptic curve defined by the Weierstrass equation y? = 3 +ax+b
where a,b € Q. Define S to be the set of elliptic curves

S ={FE': E is isomorphic to E over Q, and Ag € Z}.
The minimal discriminant of F is defined to be the integer
Amin,E = min |AE1|
E'eS

The elliptic curve model E’ with minimal discriminant of E is then said to be a minimal model
for E.

Remark 12. To summarize, a minimal model for E is an elliptic curve isomorphic to E such that

its discriminant is an integer and (in absolute value) is as small as possible.

Due to the possibilities of cubic curves being singular once again, we need to talk about special
type of singularities that will hold some interest for us. Let P = (xq,yo) be a singular point of the
cubic curve

C:flz,y) =v*+ary+by—2® —ca’ —de —e=0,

which is defined over K and given by a Weierstrass equation. By definition of a singular point, we

have that V(P) = 0. So, there exist a, 3 € K such that we can write the Taylor series expansion
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of f around P in the following way:
f(,y) = (2o, 90) = ((y — yo0) — @ — 20)) ((y = yo) — Bz — x0)) — (z — x0)°.

Definition 4.18. With notation as used above, we say that the singular point P = (¢, yo) is

(i). A node if o # 3, in which case there are two different tangent lines to C' at P given by:
y—yo=alr—1x0), y—yo=PBx— o).
(ii). A cusp if a = 3, in which case there is a unique tangent line to C' at P given by
Y — Yo = oz — o).

Definition 4.19. Let F/Q be an elliptic curve, and let E be the reduction curve modulo pof a
minimal model for £. We say that
(1). E has good (or stable) reduction if E is nonsingular.
(2). E has multiplicative (or semistable) reduction if £ has a node.

(3). E has additive (or unstable) reduction if E has a cusp.

We say that E has bad reduction if it has either multiplicative or additive reduction. If F
has multiplicative reduction at a singular point P, we further say that the reduction is split
multiplicative if the slopes of the tangent line to E' at P are in F,. Otherwise, we say that it is

non-split.

We now claim that if E/Q is an elliptic curve given by a minimal model, then E has bad

reduction at a prime p if and only if p | Ag. For this, we first need some lemmas.
Lemma 4.7. Let f € K[z] be a polynomial over a field K, and let its derivative be f'. Then X is
a double root of f if and only if f(N\) = f'(A\) =0.

Proof. Suppose that A is a double root of f. Then there exists a polynomial g € K[z] such that
f(x) = (x — \)2g(x). Taking the derivative of f, we get

f'(x) = 2(x = N)g(x) + (x — X)?¢/ (2).
It is then immediate to see that f’(x) also vanishes at \.

The converse is a bit tricky. Suppose now that f(A) = f'(A) = 0. By the division algorithm
(applied to (x — A\)? and f), there exist polynomials ¢, € K[z] such that

f@) = (z = X)?q(2) + r(),

where either degr < deg(x — \)? = 2 or r(x) = 0. If r(z) = 0, we are done so suppose not. Then

r(z) = ax + b for some a,b € K with derivative r'(z) = a. Taking the derivative of f, we get
(@) = 2(z = Ng(@) + (x = V)¢ (2) + 7' (2).

Applying our hypothesis that f(A) = f/(\) = 0, we get the relation r(\) = r/(\) = 0. But this
implies that a = b = 0 and so r(x) is identically zero. So we conclude that A is a double root of f

as desired. m
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Lemma 4.8. Let f € K[z] be a monic cubic polynomial over a field K and consider the cubic
curve C : y* = f(z). Then the singular points on C, if they exist, are of the form (\,0) where

s a double root of f.

Proof. Suppose that P = (zg,yo) is a singular point on C. We want to prove that yo = 0 and
xo = A for some root A € K of f. Suppose f(z) = 2> + ax® + bx + ¢ and consider the polynomial
F(x,y) = y? — f(x). For P to be a singular point, it follows that we must have VF(P) = 0. So,

we require that

OF
—(P)=2yg =2 =0
ay (P) =2yo f(zo) =0,
which implies that we require yo = 0 and f(z) = 0. And, we require
OF
%(P) = 32 — 2az9 — b= —f'(x0) = 0,
which implies that f’(z¢) = 0. By Lemma it follows that z( is a double root of f. [ ]

Proposition 4.2 ([I1], Chapter 2, Proposition 2.5.8). Let C' : y* = f(x) be a cubic curve where
f(z) € Klx] is a monic cubic polynomial. Suppose that f is given by f(z) = (v — a)(xz — B)(z — )
where «, B,y € K and define D = (a — 8)?(a — v)%(B — )2. Then C is nonsingular if and only if
D #£0.

Note that «, 5,y are elements of the algebraic closure of K so that the factorization of f into

linear factors make sense in general.

Proof. We shall prove that C' is singular if and only if D = 0.

Suppose that C' is singular. Then by Lemma the singular points on C' are of the form (), 0)

where A is a double root of f. Accordingly, at least two of «, 3,7 are equal and so D = 0.

The proof of the converse is similar to the proof of Lemma [£.8 Assume that D = 0. Then at least
two of «, 3,7 are equal, so suppose a = (3. This implies that f(x) = (x — a)?(z —7) and so « is
a double root of f. By Lemma it follows that f/'(a) = 0. Now let F(x,y) = y? — f(x) and

consider its tangent vector

VEF = (=f/(2).2) = (=f (@), 2V/F@)) -

We then immediately see that («,0) defines a singular point on C, and so C' is singular. ]

Notice that the number D is the usual discriminant of a cubic. If we consider the cubic
polynomial f(z) = 23 + ax + b, then one can compute that this polynomial has discriminant
D = —4a® — 27b°. This quantity should look strikingly familiar. This is because we have defined
the discriminant of the elliptic curve E : y?> = f(z) to be Agp = —16(4a® + 27b%) = 16D. This

observation combined with Proposition gives rise to the following corollary.

Corollary 4.1. Let p be a prime number, and let E/Q be an elliptic curve given by a minimal

model. Then E has bad reduction at p if and only if p | Ag.

Now consider the elliptic curve E/F, defined over a finite field where ¢ = p” is a prime power.
A question that we can then ask is how many points are there in E(F,)? We know that there
are only a finite number of points as E(F,) C P?(F,), but is there an estimate for this number
Ny == #E(F,)? This is answered by the following result, conjectured by Emil Artin in his thesis
and finally proved by Hasse in 1933.
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Theorem 4.10 (Hasse, 1933). Let E/F, be an elliptic curve with coefficients in Fy. Then there

is a bound
|q+1_Nq| < 2\/67

where N, = #E(F,).
Proof. See Chapter V, Theorem 1.1 of Silverman [24]. [ ]

By using Hasse’s bound, Schoof [20] established an algorithmic approach to get the exact

number of N, which is definitely worth a read.
4.5.1 Introduction to L-functions and modular forms
Let E/Q be an elliptic curve defined by the Weierstrass equation
y? + axy + by = 23 + cx® + dx + e,
where a,b, c,d,e € Z. For a prime number p, we define a new quantity

p+1—N,, if E has good reduction at p.

1, if F has split multiplicative reduction at p.

ap =
-1, if £ has non-split multiplicative reduction at p.
0, if F has additive reduction at p.

where N, = #E(F,) is as defined before. One can think of a, as a piece of data which describes

the behaviour of the reduction curve modulo p. Next, we define the local part at p to be:

1—a,X +pX?, if E has good reduction at p;

L(X) 1-X, if FE has split multiplicative reduction at p;

» =
1+ X, if E has non-split multiplicative reduction at p;
1, if E has additive reduction at p.

Using the local part at p, we can now associate any elliptic curve E/Q with a new object
called the L-function.

Definition 4.20. Let E/Q be an elliptic curve. The L-function of E is defined to be

1
LEs) = ][] Lo

p prime
More explicitly, the L-function of E is given by the Euler product

L(E,s) = H (1- appis)il H (1—app™® +p' )7
p bad p good
where the first product is over primes where F has bad reduction (called bad primes) and the
second product is over primes where F has good reduction (called good primes). We previously
mentioned that a, contains modulo p data for the elliptic curve E. So looking at how the L-function
is defined above, we see that L(E, s) contains information for reduction curves E modulo p for all
prime numbers p. While this seems like nothing unusual at the moment, there is an important
conjecture which claims that it is enough to understand L(F, s) if we want to understand the rank
of the Mordell-Weil group F(Q) (which is still currently a mystery).
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The nice thing about the L-function is that we can expand it into a Dirichlet series. Using
the well-known geometric series identity, we can write
1 p—

o0
—s\k __ —sk
= S e ) =
k=0

for the primes of bad reduction, where we have put a,» = (ap)¥. For the primes of good reduction,
it is a bit more complicated. We expand the good prime factor to get

o0

1 —s 1-2s\k
_ p 1—2s Z(app -bp )
1—apyp=+p'—=* o

=1+app "+ (a) — p)p~ > + (ad — 2pa,)p~>* + - -

=1+ayp 4+ ap2p725 + aps,]f?’S cee

_ 2 _ .3 ; :
where we have put a2 = a;; —p and ays = a;, — 2pa,. In general, we define this recursively
Apk+1 = Qpk Gp — PApk—1,

for all positive integer k. Then, we put @, = ama, if ged(m,n) = 1 for the other coefficients. This
is a consequence of the observation that a, defines a multiplicative function. Finally, we define
a1 = 1. We then make the fundamental observation that in both good and bad prime factors, we

get a series that looks like

o0
> o
k)s "
= (r*)
Since the L-function is the Euler product of these factors, and since a,, is multiplicative, it follows

by unique factorization in Z that indeed the L-function can be written as a Dirichlet series

L(E,s) = <
n

n=1

Qn

Using Hasse’s estimate (Theorem7 one can show that the Dirichlet series of L(E, s) converges
for all s € C in the half-plane Re(s) > 3. What is really not obvious is the fact that L(E, s) has an
analytic continuation to all of C. This is a consequence of the Taniyama-Shimura-Weil conjecture
(now a theorem called the modularity theorem) which is a very deep result. To talk about this,

we have to first define modular and cusp forms.

Definition 4.21. Let N be a positive integer. The principal congruence subgroup of level
N is defined to be the set

I'(N)={M € SLy(Z) : M =1mod N},
where I is the 2 x 2 identity matrix.

Definition 4.22. A subgroup I' C SLy(Z) is called a congruence subgroup (of level N) if
I'(N) CT for some positive integer N.

It can be easily proven that these are really subgroups of SLo(Z) for all positive integer N.

Example. Typical examples.

(i). To(N) = {M € SLy(Z) : M = (3 I) mod N}.

(ii). T1(N) = {M € SLo(Z) : M = (3 *1‘) mod N}.

We shall need some more definitions. From now on, denote H = {z € C: Im(7) > 0} to be
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the upper half plane.
Definition 4.23. For any v = (CCL Z) € SLy(Z), we define the following:
(1). The factor of automorphy for z € H is defined to be j(v, z) = cz + d.

(2). Let k € Z. The weight-k operator [v]; is a map Hom(H,C) — Hom(#, C) defined by

(fMe)(2) = i (v, 2) Ff(4(2)),  forall z € H,

where we have written 7], (f) = f[V]«-

Note that the definition of the weight-k operator does not require the function f to be either

holomorphic or meromorphic on .

Definition 4.24. Let k € Z and let I' C SLy(Z). A function f : H — C is said to be weakly
modular of weight & with respect to T if it is meromorphic on H and f[y], = f for all v € T.

By definition of the congruence subgroup I' C SLa(Z), we can always find a translation matrix

1 h
() .

which maps z — z + h for some minimal h € ZT. This is due to I containing the principal

of the form

subgroup I'(IV) which contains matrices of the form

1 N
0 1)
11

For example, we see that the matrix ({ {) is an element of the congruence subgroups I'g(N) and
I'1 (V). Now, define D = {z € C: |z| < 1} C C to be the open unit disk centred at 0, and define its
punctured disk by D* = D\{0}. With notation of h and I" as defined above (so I is a congruence

subgroup), we give the following proposition.

Proposition 4.3. Let f : H — C be a weakly modular function of weight k with respect to I.
Then [ is periodic of period h and there is a function g : D* — C such that f(2) = g(qn), where

qn = Qh(z> —_ e27r7,'z/h'

Proof. Let v be the matrix (4.16). We compute the factor of automorphy to be j(v,z) = 1 and so

by definition of weakly modular, we observe that

f(2) = fhle = f((2)) = f(z+ h).

This implies that f is periodic of period h. From complex analysis, we know that the function
Qh(Z) — eQﬂ’iz/h

the function g : D* — C defined by

, which is periodic of period h, is a holomorphic function H — D*. Now consider

slan) = 1 (5o )

274
so that f(z) = g(qn). Since f is periodic of period h, we are allowed to choose any branch of log gy,
in H and so g is well-defined. |

Using the notation in the proof above, notice that f being holomorphic on H implies that g

is holomorphic on D* and so has a Laurent series expansion on D*,

f(z) = Zan(f)qgv

ne”z
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2miz/h and a,, € C. This series expansion is also called the Fourier expansion of f. If

where q, = e
g is in fact bounded on the punctured neighbourhood D*, then ¢ = 0 is a removable singularity of
g or equivalently, g is holomorphically extendable to ¢ = 0. This implies that the negative power

terms in the Fourier expansion of f vanishes. That is, the Fourier expansion of f is given by

1) = anlf) g
n=0

In this special case, we say that f is holomorphic at co.

To make our discussion of cusp forms complete, we have to define the so-called cusp of a

congruence subgroup I'.

Definition 4.25. Let I' C SLo(Z) be a congruence subgroup. The set of I'-equivalence classes of
points in P1(Q) = QU {oo} is called the cusp of T.

Let o € SLy(Z). It can be shown that if f is a weakly modular form of weight k with respect
to I, then f[a]s is a weakly modular form of weight k with respect to a T (for this, one need
to show that a 1T« is a congruence subgroup). Consequently, it makes sense to say that f[a]s is
holomorphic at co as we did for f. Moreover, we now know that it makes sense to talk about the

Fourier expansion of f[a]g.

Definition 4.26. Let k € Z, and let I' C SLy(Z) be a congruence subgroup. A function f: H — C

is said to be a modular form of weight k£ with respect to I if
(1). f is holomorphic,

(2). flyle = f forall y €T,
(3). fla]k is holomorphic at oo for all o € SLy(Z).

If moreover we have that ag(f[a]i) = 0 for all @ € SLy(Z) in the Fourier expansion of f[a]s, we

say that f is a cusp form of weight k with respect to I'.

Let f be a modular form of weight k& with respect to I', we now make the subtle observation
that the holomorphy of f[a]; at oo is in fact related to the holomorphy at the cusps of I'. For any
cusp s, we will write s = a(00) for some a € SLy(Z) (this notation can actually be justified so it
is not that we will write but actually we can write). We then consider the weight-k operator [a]
which is given by

Ffladu(2) = j(a,2) 7" f(a(2)).

Observe that the factor of automorphy j(«, z) cannot be 0 nor co anywhere. So as z — ico, we
see that fla]k(z) — oo on the left-hand side, and f(«a(z)) — f(s) on the right-hand side. So the

condition (3) in the definition above is equivalent to saying that f is holomorphic at all cusps.

4.5.2 Modularity theorem and its consequences

We are now finally in a position to state the modularity theorem. We give a rather simplified
version (based on Silverman-Tate [26]) suitable with the exposure we have given so far. For the
more complete version, we invite the readers to see Chapter 8 and 9 of Diamond-Shurman [5]. For

the brave readers seeking the original research papers, see [3], [30] and [31].

Theorem 4.11 (Modularity theorem, version 1). Let E/Q be an elliptic curve with L-function
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L(E,s) = > an/n° . Define the function f : H — C by its Fourier expansion
() =3 ang”,
n=1

where ¢ = q(z) = €2™% and the a,, are the same coefficients in L(E, s). Then there exists an integer

Ng, called the conductor of E, so that fr(2) is a cusp form of weight 2 with respect to To(Ng).

Definition 4.27. We say that an elliptic curve E/Q is modular if the L-function of F has the
property as described in Theorem

Theorem 4.12 (Modularity theorem, version 2). Every elliptic curve E/Q is modular.
As mentioned before, the modularity theorem has the following powerful consequences.

Theorem 4.13. Let E/Q be an elliptic curve and let L(E, s) be its L-function. Then the function
AE,s) = Ni/? (27)* T'(s) L(E, 5),

where Ng is the conductor of E (as in Theorem and I is the gamma function, satisfies the
functional equation
A(E,s)=£A(E,2 —s)

for all s € C. Furthermore, L(E,s) has an analytic continuation to all of C.

For a reference of this theorem, see Theorem 8.8.3 and Section 5.10 of Diamond-Shurman [5].

In particular, see Theorem 5.10.2 in that section.

Let E/Q be an elliptic curve. We know by the Mordell-Weil theorem that F(Q) & E(Q)tors ®
Z" for some positive integer r. Mazur’s torsion theorem characterizes the torsion points and the
Nagell-Lutz theorem gives an effective method to compute them. However, we have yet to discuss
the rank of F(Q). This is because of the fact that the rank is still an unsolved problem. For a

start, we do not know how big can the rank be i.e. we do not have an upper bound at all.

Conjecture 1. There exist elliptic curves E/Q such that its Mordell-Weil group E(Q) has arbi-

trarily large rank.

Here are some evidences of why some mathematicians believe this conjecture is true.
Example (Nagao-Kouya [14]). The elliptic curve E2;/Q given by the minimal model

2+ ay 4y =23 + 2% — 215843772422443922015169952702159835x
—19474361277787151947255961435459054151501792241320535
has rank > 21. That is, F>; has at least 21 independent rational points of infinite order.
Example (Elkies [16]). The elliptic curve Es5/Q given by the Weierstrass equation
y? +ay +y = 2® — 2% — 200677624155755265850332082093385427509302303121789565022
+ 34481611795030556467032985690390720374855944359319180361266008296291939448732243429

has trivial torsion and rank > 28. That is, Eog has only 1 finite order rational point, and at least

28 independent rational points of infinite order.

Now, this is where the modularity theorem comes into the bigger picture. By Theorem [.13]
we now know that it is sensible to talk about the behavior of (the continued) L(E,s) at s = 1.
This is very important as there is a conjecture which relies on this fact that says that the order

of vanishing of L(E,s) at s = 1 is exactly the rank of E(Q). This is the famous conjecture of
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Birch and Swinnerton-Dyer which is one of the seven Millenium Problems that pays $1,000,000 to

anyone that solves it (only one has been proven so far — the Poincaré Conjecture).

Conjecture 2 (Birch and Swinnerton-Dyer Conjecture). Let E/Q be an elliptic curve. Then the
order of vanishing of L(E, s) at s = 1 is the rank of the Mordell-Weil group E(Q). That is,

L(E,s) = (s —1)"g(s),
for some function g such that g(1) # 0,00 implies that E(Q) has rank r.

The most remarkable thing about the Birch and Swinnerton-Dyer conjecture is that it relates
something analytic (the order of vanishing) to something completely algebraic (the free rank of the
Mordell-Weil group), whereas the connection is far from obvious before this conjecture was made.
Coates and Wiles proved in [4] that L(E, 1) = 0 for a special class of elliptic curves E/Q (called
elliptic curves with complex multiplication) whenever their Mordell-Weil group E(Q) is infinite.

This is one of the many evidences that the conjecture might indeed be true.

For the study of elliptic curves, one important corollary of the conjecture is that it implies
that F(Q) is infinite if and only if L(E,1) = 0. That is, F(Q) is infinite whenever its rank is > 0.
Moreover, if the Birch and Swinnerton-Dyer conjecture is proven to be true, we would finally have
an algorithm to compute all the rational points on E/Q [5]. So solving this conjecture will really
be a huge milestone for the problem of rational points on elliptic curves, and hence, on nonsingular

cubic curves.
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5 Beyond the Cubics

When introducing the notion of birational equivalence, we mentioned that it is a good candidate
for classifying curves up to some sort of isomorphism in algebraic geometry. This isomorphism is
called birational isomorphism. Based on our discussions throughout the paper, we see that the
degree of a curve is not a good criteria for classification in this sense since it is not an invariant.
For example, we have proved that the unit circle is birationally equivalent to a line, where the
former has degree 2 and the latter has degree 1. However, we can classify curves by defining an

invariant which is dependent on the degree. This invariant is known as the genus of a curve.

Definition 5.1. Let C be a nonsingular curve in P?(C) with degree d. Then the genus of C is
defined by

g=g(c)= =2 1)2(d72),
which is a non-negative integer. Of course, this definition has a natural extension by replacing C
with a general field K.

The genus has many intepretations. A nonsingular curve C defined over Q can be viewed as
a curve defined over C since Q@ C C. The graph of the curve C' over C defines a compact one
dimensional complex manifold (i.e. a Riemann surface). The same graph can be viewed as a two
dimensional compact, orientable surface over R. So when viewed in this way, the genus can be
interpreted as the number of holes or handles of the surface defined by C. We shall not prove
that the genus is really an invariant, but for the curious readers, we suggest reading Section I1.5 of
Silverman [24]. This section formulates the Riemann-Roch theorem which captures the existence

and uniqueness of the genus, and implies the invariance of the genus.
Example. All the curves below are defined over Q.

(i). The line L : y = mx + ¢ is a nonsingular curve with degree 1. Its genus is computed to be
g(L) =0.

(ii). The unit circle C : 22 +y? = 1 is a nonsingular curve with degree 2. Its genus is computed to
be g(C') = 0. Since L and C are birationally equivalent, this is one verification that indeed

the genus is an invariant.
(iii). Any nonsingular (i.e. nondegenerate) conic C has degree 2 and so has genus g(C) = 0.

(iv). An elliptic curve E (which is nonsingular by definition) has degree 3 and so has genus

o(E) = (3—1)2(3_2) .

Viewed as a curve defined over C, i.e., as a compact Riemann surface, an elliptic curve thus

corresponds to a torus.

5.1 Faltings’ theorem

We have proved that one can get infinitely many rational points from one rational point on a
nonsingular conic. We have also showed examples of an elliptic curve having infinitely many
rational points (when there is a point of infinite order). This tells us that curves of genus 0 and
1 can have infinitely many distinct rational points on them. How about for curves of genus 2 and
higher? Mordell conjectured in 1922 that this is not possible. It was not until 61 years later that
someone managed to prove this conjecture. This was the work of Gerd Faltings for which he won
a Fields Medal for it.
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Theorem 5.1 (Faltings, 1983). Let C' be a nonsingular curve defined over Q of genus g > 1. Then

C has only a finite number of rational points.
This gives a hint towards super hard problems like Fermat’s last theorem.

Example. It is a well-known fact that the Fermat equation X? + Y3 = Z3 has no nontrivial

integer solutions so let us look at the case where the exponent is > 3. The projective curve
C:F(X,)Y,Z)=X"+Y"-2Z"=0
defined by the Fermat equation, where n > 3, is the projective closure of the affine curve
C:z"+y" =1

Accordingly, the (primitive) integer solutions to the Fermat equation corresponds bijectively to the

rational points on the Fermat curve. If we compute the tangent vector of F', we see that

an,1
VF = | nyn!

nzn—l

which vanishes only at (X, Y, Z) = 0. But by definition, 0 ¢ P? where C is defined on and so C is
a nonsingular curve. So it has a genus computed to be

(n—1)(n - 2)

> 1,
2

g:

where the bound is true for all n > 3. Accordingly, Faltings’ theorem can be applied and so we
conclude that C' has only finitely many rational points. The correspondence between solutions
thus implies that the Fermat equation X™ + Y™ = Z" has only finitely many integer solutions for

n > 3.

5.2 Fermat’s last theorem

Let us talk about a bit of history in proving Fermat’s last theorem. Somewhere around 1637,

Fermat claimed that he had a proof that the Fermat equation
X"+Y"r=27", (5.1)

has no solution (z,y,2) € Z* with zyz # 0 for n > 3; although no evidence of the proof had
actually been found. Observe that since n > 3, it is enough to consider only two cases for this
problem: when n = 4 or when n = p an odd prime. This is because n is divisible by either 4 or
p (or both). To see this more clearly, suppose (z,y,2) € Z* is a solution to . If n = 4¢ for
some / € Z, then we have that (2,7, 2*) is a solution to the Fermat equation of exponent 4. If
n = pk for some k € Z, then we that (z*, y*, 2*) is a solution to the Fermat equation of exponent
p. So proving that has no nontrivial solutions for the case n = 4 or n = p an odd prime is
sufficient due to the contrapositive statement. The case when n = 4 is settled by Fermat himself
and can be considered the simplest case of Fermat’s last theorem (yes, not n = 3). This was done

by proving the following stronger result using Fermat’s method of infinite descent.
Proposition 5.1. There are no integer solutions (x,vy,z) with xyz # 0 such that z* + y* = 22.

So the problem of Fermat’s last theorem becomes a problem of showing that there is no nontrivial

integer solution to the equation X? 4+ Y? = ZP for all p > 3 an odd prime.

In the year 1770, the case with p = 3 was solved by Euler which also utilized the method of
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infinite descent. One of the major steps in this case was to find cubes of the form p? + 3¢>. Euler

cleverly showed that given any two integers a,b € Z, defining
p=a®—9ab? q=3(a’b—1

ensures that p? + 3¢? = (a? + 3b2)3 which is a perfect cube. The problem comes when he tried to
prove the converse, concluding that if p? + 3¢? is a cube, then there must exist integers a,b € Z
such that p? + 3¢? = (a® + 3b?)3. To do so, he introduced the ingenious idea of extending Z to
include the algebraic numbers = + yv/—3 where z,y € Z (today, this extended integers should be
familiar as Z[y/—3] and has been fairly well-studied). Using this new idea, he can then for example
write p? + 3¢ = (p+ ¢v/—3)(p — ¢v/—3) and work from there. His initial attempt contains serious
logical gaps such as implicitly assuming that the extended integers has unique factorization (which
coincidentally it has) just like Z. Nevertheless, Euler eventually published a complete and correct

proof using techniques he developed in his work on the sums of two squares.

The next case p = 5 was initially “solved” by Dirichlet in September 1825, but it turns out
that this was an incomplete proof and it only takes care of what is called the first case of p = 5.
Dirichlet’s approach to the first case is basically to try mimicking Euler’s proof in the case p = 3,
ending up with needing to prove a similar looking claim: if p? —5¢? is a fifth power, then there must
exist integers a,b € Z such that p+ ¢v/5 = (a+ bv/5)®. However, it turns out that directly copying
Euler’s method was not enough and some additional conditions were required. The complete proof
which covers both the first case and the second case of p = 5 was eventually given by Legendre
(independently of Dirichlet) in September 1825. The case p = 7 was harder; and this is reflected
by the fact that in 1832, Dirichlet managed to proved the case p = 14 (not a prime, but we want
to be consistent in notation) but not p = 7. The case p = 7 ended up being proved by Lamé in

1839 using completely new techniques (which explains why Dirichlet failed).

In 1847, Lamé announced at the Paris Academy that he had found a proof to solve the
general case of Fermat’s last theorem. The idea is again based on infinite descent. He introduced
the usage of the complex p-th roots of unity ¢ = e2™*/P which generates all p distinct complex
solutions 1,¢,...,¢(P~! to the polynomial equation 2 — 1 = 0. Such a polynomial thus have a
factorization into linear factors

P — 1=

k

(¢

P

=

If we put x = —X/Y, multiply through by (—Y)?, and make use of the condition that p is odd,

we end up with the factorization

P = XP4+YP = ﬁ(X + YY) = (X +Y)(X +CY) - (X +¢P71Y),
k=1
which is the equation that forms the basis of Lamé’s proof. The idea then is to show that each of
the factors (X +¢*~1Y)) are relatively prime to each other which implies that these factors must be
a p-th power, leading to an infinite descent. The problem in this proof, however, is that it requires
unique factorization i.e. it needs the factors appearing above to be prime factors — which is true
if we are in Z but unknown (at that time) in this extended Z plus some complex numbers setting.
Liouville, whom Lamé himself acknowledged to be the one suggesting the entire idea, suspects that

unique factorization breaks in general (which turns out to be true), making the argument fail.

It was finally Kummer, in 1850, who managed to prove the first general case of Fermat’s last
theorem — the case for which p > 3 is a regular prime. Assuming (very) little algebraic number

theory, we define briefly what this mysterious prime is (for a proper treatment, see [27] or any
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algebraic number theory textbook). Let p be an odd prime, let {, be a p-th root of unity and
consider the p-th cyclotomic field

QG) ={ao+ a1+ +ap1 C,’,’_l ta; € Q}.

This is a number field as it is a finite field extension of Q. In fact, Q((,) is a Galois extension of
Q. We can then define a so-called class group H,,, which is a quotient group, associated to the ring
of integers O of Q((p). Further define the class-number h, to be the order of this class group #,,.
We then say that p is regular if h, is not divisible by p. It is known that there are infinitely many
irregular (not regular) primes, the smallest being 37. However, it is not yet known whether there
are infinitely many regular primes but this is a conjecture that mathematicians believe to be true.
The primes 3,5, 7 are all regular primes so the result of Kummer agrees with what we knew from

the work of Euler, Dirichlet, Legendre and Lamé.

The breakthrough that ultimately lead towards the correct proof of Fermat’s last theorem is
the discovery of a certain elliptic curve by Frey in 1984. This elliptic curve, now known as the
Frey curve, relies on assuming the falsehood of Fermat’s last theorem and is constructed as follows:
suppose that (a,b,c) € Z3 with abc # 0 is a solution to the Fermat equation of exponent p > 5,

then the Frey curve is defined to be the rational elliptic curve
Eope:y? =x(z —aP)(z +bP).

Frey realized that this elliptic curve obeys some interesting properties: one of which is that it is

semistable (i.e. if B, . has bad reduction at a prime p, then the reduction is multiplicative) with

NEa,b,c = H ga

£|abe

conductor

where the product is over all distinct primes ¢ | abc. Most importantly, Frey suggested that the Frey
curve I, p . cannot be modular. This conjecture was made precise as statements about modular
forms and Galois representations by Serre and was then known as the e-conjecture. Ribet eventu-
ally proved this conjecture in 1986 using his level-lowering theorem. The work by Serre and Ribet
forms an important bridge between the Taniyama-Shimura-Weil conjecture (now Theorem
and Fermat’s last theorem. How? Well, the existence of the non-modular Frey curve requires Fer-
mat’s last theorem to be false. So, if the Taniyama-Shimura-Weil conjecture is true, then no such
curve should exist and so by the contrapositive, Fermat’s last theorem is true. Therefore, proving
Fermat’s last theorem reduces to proving the Taniyama-Shimura-Weil conjecture. Wiles, with a
little help from his former student Taylor, finally proved the Taniyama-Shimura-Weil conjecture
for semistable rational elliptic curves in the year of 1995. Despite not proving the full conjecture,
this was sufficient to imply the impossible existence of the non-modular semistable Frey curve, thus
proving Fermat’s last theorem. Building on Wiles’ work, the full Taniyama-Shimura-Weil conjec-
ture (as in the statement of Theorem was eventually proved by Breuil, Conrad, Diamond
and Taylor.
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