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Introduction

Elliptic curves have been studied by mathematicians since the time of Dio-
phantus. Their flexibility and versatility have allowed them to be examined
from a variety of vantage points, yielding insight into complex analysis, alge-
braic geometry, and number theory. Indeed, the study of elliptic curves has
contributed substantially to the accumulation of mathematical knowledge over-
all, and elliptic curves have been used in the proofs of extremely deep results.
For example, building upon the work of Ribet et al., Taylor and Wiles proved
Fermat’s Last Theorem by showing that semistable elliptic curves are modular.

In this text, we discuss certain results on elliptic curves over arithmeti-
cally important fields such as C,[F;, and Q. In the first chapter, we prove
that for a complex elliptic curve E, the group of C-rational points F(C) as an
abelian group is a torus (Theorem 1.3.3). To do this, we introduce some back-
ground on elliptic functions, and then define an explicit elliptic function known
as the Weierstrass p function that is then used to construct an isomorphism
between E(C) and C/A for a given lattice A. We will then restrict our study to
conjugation-invariant lattices in order to show that for an elliptic curve over R,
that E(R) is isomorphic to either S* or Zy x S* (Theorems 1.4.5 and 1.4.6).

In the second chapter, we turn our attention to elliptic curves over finite
fields and provide a bound for the number of F -rational points an elliptic curve
may have. This bound, known as Hasse’s inequality (Theorem 2.2.6), can be
quite strict as we will demonstrate with a couple of examples. To prove Hasse’s
inequality, we will introduce the notion of the degree map and prove in Propo-
sition 2.2.5 that #FE(F,) is equal to the deg(yp, — 1), where ¢, is the Frobenius
endomorphism.

Lastly, we explore elliptic curves over Q. We will begin with a discussion
on the theory of heights, and then show that E(Q)/2E(Q) is finite (Theorem
3.2.3). Using this result, known as the Weak Mordell-Weil theorem, and the
theory of heights, we will prove the full Mordell-Weil theorem (Theorem 3.3.1),
which states that F(Q) is a finitely generated abelian group. We then close
with a discussion on some extensions of Mordell-Weil, including the Birch and
Swinnerton-Dyer conjecture, which relates the rank of an elliptic curve E over
Q to the order of vanishing at s = 1 of the L-function L(E,s) of E. This con-
jecture, if true, would lend a lot of insight into the theory of elliptic curves, and
would provide an effective means of finding generators for E(Q).



Background Information

We start by recalling some information on elliptic curves that will be necessary
for the remainder of the paper.
We first recall the definition of an elliptic curve:

Definition. Let K be a field, then an elliptic curve E over K is a curve E C P?
defined by the homogenization of smooth plane cubic

y2 + arzy + asy = 2° + asx? + ayx + ag. (0.1)
We call equation (0.1) and its homogenization
Y2Z+ a1 XYZ+asXZ% = X34+ auX?Z + au X Z% + ag 23
the Weierstrass equation of E.

In the previous definition, we identify the affine plane A? with
{[X:Y:Z] € P*Z # 0},

and we call the unique point O :=[0:1:0] on E not in A? the point at infinity.
In the case that the field K is also of characteristic # 2,3, then after a linear
change of variables we may assume the smooth plane cubic defining an elliptic
curve E is of the form y? = z® + ax + b, where a,b € K and 2% + ax + b does
not have multiple roots.

Example.

1. Let K = C, then the projective curve defined by the homogenization of
y? = 2% — Tz — 6 is an elliptic curve.

2. Let K = C, then the projective curve defined by y? = 23 +42? +5r +2 =
(x+1)2(x+2) is not an elliptic curve, as the cubic in 2 has multiple roots.

3. Let K = Fg; where Fg; denotes the algebraic closure of Fg7;. Then the
projective curve defined by the homogenization of y2 = 22 +2 is an elliptic
curve.



On the points of an elliptic curve E over a field K, we may define a group
law as follows:

1. Let P, @ be distinct points on E. Then by Bezout’s theorem [7, Theorem
1], the line PQ intersects F at precisely three points: P, @, and one
additional point that we will denote P * Q.

2. If P = @, the line PQ is defined as the tangent line to F at P, and we
still denote the additional point of intersection P * Q)

3. The point @ on E is an inflection point [2, page 10], so in particular,
Ox0=0.

4. For a point P on E, denote by —P the third point of intersection of the
line PO with E.

5. For two points P,Q on E, define P+ Q := O x (P x Q)

Proposition. The operation + makes E into an abelian group with identity
element O

Proof. Associativity requires some work (see [2, Theorem 6]), but the other
axioms are a bit easier to establish.

For points P, @ on E, the lines PQ and QP are the same, so the operation is
commutative. Next, for P on F,

P+O=0x%(P+x0)=P,

so O is the identity. For a point P, the point —P as defined in item 4 is its
inverse:

P+(—P)=0x«(Px—P)=0*(P*x(Px0)=0x0=0.

In particular, for an affine point P on an elliptic curve F, the point —P is the
reflection of P about the z-axis. Hence, F is an abelian group under +. O

We can actually say a bit more than just that the points of E form an abelian
group. In fact, the group law is also given by everywhere defined rational func-
tions [4, page 54]. That is for affine points, we have the following formulas:

Py, P, P3 € E with P, + P, = P3 and P,L:(.’I,‘“yl)
x3:/\2+a1/\—a2—x1—x2
ys = —(A+a1)rs — v — as,

Then
I3 :)\2+a1)\—a2—x1 — X9

yz = —(A+a)rs — v —as,



’ \ A v

Y2 — Y1 Y12 — Y221
1 # T e e
To — T1 T2 — T1
= 30T + 20021 + ag —ary1 | —a7 + aary + 206 — azy
! 2 2y1 +a1z1 + as 291 +ai1x1 + as

In particular, the group law yields a group structure on rational points over any
field that contains the field K of definition of an elliptic curve F, as the above
functions all have coefficients in K. The formula for 23 when x; = w5 is also
called the duplication formula

If L contains the field of definition K, we denote by E(L) the set of L-
rational points of E, that is the points on £ where each coordinate of the point
isin L. Then E(L) is also an abelian group by the proposition, and if L|M is
a field extension where both contain K, then F(M) is a subgroup of E(L).
It is worth mentioning also what the points of order 2 on an elliptic curve are.
We also have the following result that can sometimes be useful:

Proposition. Let E be an elliptic curve over a field K, and let P,Q, R € E be
colinear. Then P+ Q + R= 0.

Proof. We have
P+Q+R=(0+«(P+xQ)+R=0%x((0Ox(PxQ))«R) =0 ((OxR)*R)
=0x0=0,
which proves the result. O

This concludes the background information.



Chapter 1

Elliptic Curves over C and
R

The aim of this chapter is to show for an elliptic curve E over C, that as an
abelian group, E(C) is isomorphic to a torus C/A, for a lattice A € C. We
begin by discussing some necessary facts from the theory of elliptic functions
and then focus on a specific elliptic function, the Weierstrass p function, in
the second section. In the third section, we construct our explicit isomorphism
between F(C) and C/A. In the final section, we turn our attention to real
elliptic curves, and show that for an elliptic curve E over R, F(R) is isomorphic
to either the circle S! or Zs x S1.

1.1 Background on Elliptic Functions

We begin with the following definition:

Definition 1.1.1. Let w1, ws € C be two elements that are linearly independent
over R. A function f : C — CU{oo} is called elliptic with respect to the periods
w1 and we, if f is meromorphic and f(z 4+ wi) = f(z +w2) = f(z) for all z € C.

To any such wi,ws that are linearly independent over R, we associate the
set IT := {tjw1 + tows | t1,t2 € [0,1)}, known as the fundamental parallelogram.
Given a € C, we denote by II, the set {o + x | x € II}, called the period
parallelogram corresponding to .

Proposition 1.1.2. If f is an entire elliptic function, then f is constant.

Proof. Let II be the fundamental parallelogram for the periods corresponding
to f. Then as f is entire, f is holomorphic on the closure II of II. As II is
compact, f is thus bounded on II, and hence f is bounded on all of C since f
is elliptic. Therefore by Liousville’s theorem, f is a constant function. O



Proposition 1.1.3. Let f be an elliptic function, and o € C such that the
boundary 0ll, of I, contains no poles of f. Then the sum of the residues of f
inside 11, is zero.

Proof. Let res, f denote the residue of f at a point z € C. Then by the residue

theorem, we have
1
5 / f(z)dz= Z res,f, (1.1.1)
an

z€Il,

thus it suffices to show that the integral on the left-hand side is zero. Next,
observe

atw atws atw a
a/ f(z) dz +oé+m/ﬂ)2 f(z)dz= a/ f(z) dz 4—()é+/w1 fz+ws) dz,

as f is elliptic, the integrand in the second integral on the right side is f(z2).
Hence, the entire right side is zero as the two integrals cancel. Similarly,

atwitwsz e
f(z)dz+ / f(z) dz =0,
a+wi atws
and therefore since
atwy atwitwsz atwsz «
[1a= [ r@ar [ r@ar [of@ar [ e
Oll, « atwi atwitwa atwsz

we have that the left-hand side of (1.1.1) is zero, and so the proposition follows.
O

Proposition 1.1.4. Let f be an elliptic function, and o € C such that the
boundary OlIl, of Il, contains no poles of f. Let {m;} and {n;} denote the
orders of the zeros and poles respectively inside I1o. Then ). m; = Zj n;.

Proof. Let g(z) = f'(2)/f(2), then as f is elliptic so too is f’ and hence g is also
an elliptic function. We claim that if f has order m at zp, then res,,g = m. To
begin, if m = 0, then f(z9) # 0, and thus g is holomorphic at zg, so res,,g = 0.
Next, suppose m # 0, then we may write f(z) = (z — 29)™hi1(z), where hy
is a holomorphic function that does not vanish at zg. By differentiating, this
equality, we obtain f’(z) = m(z — 20)™ hi(2) + (2 — 20)™h}(2). Thus,

o(2) = m(z — 20)™ th1(2) + (2 — 20)™h} (2) _m h’l(z)
(z — 20)™h1(2) z—29 hi(z)

Therefore, res,,g = m. By the previous proposition, as g has no poles or zeros

on OIl,, we have
Zmi — an = Z res;,g = 0.
% J

zo €Il

Hence, >, m; =}, n;. O




We now introduce the Weierstrass g function, which we will use to calculate
E(C) as an abelian group for a complex elliptic curve.

1.2 Weierstrass @ function

We start with the following definition:

Definition 1.2.1. Let f be an elliptic function. The order of f is the number
of zeros of f inside of II, for an a € C such that 0ll, contains no poles of f.

For a function f that is elliptic with respect to two periods wy,ws that are
linearly independent over R, we can define a certain lattice A C C depending
on these periods:

Definition 1.2.2. Let wj,ws; € C be linearly independent over R. Define
A(wy,ws) == {mwy + nws | m,n € Z}, then A is called the period lattice of w;y
and ws.

When it is clear from context, often times we will omit the w; and w9 and sim-
ply write A for A(wy,ws). Similarly, when referring to a period lattice A(wq,ws),
we assume that w; and wo are linearly independent over R. Note that if f is
elliptic with respect to wy and wo, then

fz+w) = f(z) for all w € A(wy, wa).

Hence, if f is elliptic with respect to two periods w; and ws, we will also write
that f is elliptic with respect to A = A(wy,ws).

The goal of the first part of this section is to prove that the following function
is an elliptic function of order 2:

Definition 1.2.3. Let wj,ws € C be linearly independent over R with period
lattice A. The Weierstrass p function corresponding to A is

1 1 1
plz) = 22 + Z [(z—w)2 a wQ]
weA\{0}
We begin with the following result:

Proposition 1.2.4. Let A := A(wy,ws) be a period lattice. For any real number

5> 2,
3 1
wl®
weA\{0}
converges.
Proof. Let

I :=TTU (I_y, ) U (I_uy) U (I, —o,)

be the union of the four translates of II which surround the origin, and let Il
be the boundary of TI. Then 9II is compact and does not contain 0, so there



exists ¢ > 0 such that for all z € 011, |z| > ¢. Let w = mw; + nwy € A be such
that |m| > |n| > 0, then we have

n
|w| = |mw1 + nws| > |m| - ’wl + EUJQ‘ > |mle.

Similarly, if w is such that |n| > |m| > 0, then |w| > |n|c. If either m = 0
or n = 0, then |mw; + nws| > ¢ max(|m|,|n|), and so in general, for all
w = mwi + nwz € A, we have |w| > ¢ max(|m],|n|).

Next, observe for each N € N, the number of (m,n) € Z? such that
max(|m|, |n|) = N is less than or equal to 8N, therefore

o}

1 1 SM
Z ol ~ Z |mwy + nws | = Mz: cSMs’

w
weA\{0} m,n€Z?\(0,0) =1

The series on the right hand side converges since ¢ > 0 is constant, and s—1 > 1
since s > 2, so the proposition follows. O

Proposition 1.2.5. The series defining p(z) converges absolutely and uni-
formly on every compact subset of C\A. Moreover, p(z) is a meromorphic
function and its poles are precisely the elements of A, each of which is a pole of
order 2.

Proof. Let w € A be such that |w| > 2|z|, then we have

1 i
(=~ w)p?

2wz — z 2|w|z] + |2]? < 10]2]

(ol = 22wl fwl?

w2

<

(z — w)2w?

Next, for each 2z € C, there are only finitely many w € A such that w < 2|z|,

thus
1 1 1
?—1— Z [(z—w)2 _oﬂ] <
weA\{0}

by the previous proposition. Therefore, by the Weierstrass M-test, p(z) con-
verges absolutely and uniformly on every compact subset of C\A.

As each term (% — ¢712‘ is holomorphic on C\A, and the series defining

Z—w)
(z) converges uniformly, we also have @(z) is holomorphic on C\A. Hence,
(z) is meromorphic on C, and the poles of p(z) are precisely the elements of

©
©
A, with each element contributing a pole of order 2 due to the term ﬁ O

We may now prove that g is elliptic of order 2.

Proposition 1.2.6. p(z) is an even elliptic function of order 2, and its deriva-

tive 1s 1
-9 -
Dy

which is an odd elliptic function.



Proof. The second statement follows from the first and the fact that the series
defining p(z) converges uniformly, and hence ¢’(z) is equal to the term by term
differentiation of p(z). The result of this term by term differentiation is precisely
the above sum, hence @’(z) is an elliptic function.

To see that p(z) is even, observe that

e T [etos-3- 4 3 [ -

weA\{0}

where the second equality follows since the series converges absolutely and hence
the order of summation does not matter.

Next, consider the function g(z) = p(z + w1) — p(z). Differentiating both
sides, we have ¢'(z) = @/(z + w1) — ©'(2) =0, since ¢'(z) is an elliptic function
with respect to the periods wy,ws defining A. Therefore, g(z) is constant, and
g(=52) = (%) —p(=5*) = 0, since p is even and “- is not a pole of p. Hence,
p(z +w1) = p(2), and similarly p(z + we) = p(2), so p is an elliptic function.
Lastly, as 0 is the only pole of g inside II, and it is a pole of order 2, we have
that the order of p is 2. O

It is also useful to know what the zeros of ¢'(z) are:
Proposition 1.2.7.

1. For any u € C, g(z) := p(z) — u has either one double zero or two simple
zeros inside 11.

2. The zeros of ¢'(z) in Il are w1/2,wa/2 and (w1 + wa)/2, each of which is
a simple zero.

3. The values uy = p(w1/2),us = p(wa/2) and uz = p((w1 + w2)/2) are the
values for which g has a double zero, and ui,us,us are distinct.

Proof.

1. As g is elliptic of order 2, by Proposition 2.4, g(z) has precisely two zeros
inside IT counting multiplicities.

(3)=v (G )= (7)=+()
® 9 & B) ® B) & 5 )
S0 w1/2 is a zero of ©/(z). Similarly, wa/2 and (w; + w2)/2 are zeroes of

©'(2). As ©'(2) has a pole of order 3 at 0 and no other poles in II, these
are all the zeros of ©'(z) in II.

2. We have

3. In order for g to have a double zero at z, we must have ¢'(z) = p'(z) =0,
hence z must be one of wy /2, ws/2 or (w1 +ws2)/2, and so u must be one of
the u;. The u; are distinct, as if say u; = uo, then g would have a double
zero at both wy /2 and wy/2, which would contradict part (1). Hence, the
u; are distinct.

10



O

Our next goal is to show that p(z) and its derivative '(z) satisfy a certain
differential equation. Namely, we will show that 4¢’(2) = 4p(2)? — g2p(2) — g3,
where go and gs are constants that we will define shortly. We begin with the
following result:

Proposition 1.2.8. Let f be an elliptic function with respect to two periods
wi,ws, then f(z) = g(p(2))+wp' (2)h(p(z)) where g and h are rational functions

Proof. We first show that every even elliptic function f(z) may be written
f(2) = g(p(z)), where g is a rational function. For each a € II\{0, &t, 42, «1fe2}
let a* denote the element of IT congruent to —a modulo A(wq,ws). Then we have

w1 + wa — a if a is interior
a* = w1 — a if a is on the side along wy
wo — a if a is on the side along wo

Moreover, f*(z) = (=1)* f*(w — z) for all w € A since f is even and elliptic
with respect to wy; and wy. Therefore, if a is a zero of order m, then a* is a zero
of order m. Similarly, since ﬁ is even and elliptic with respect to wy and wo,
if @ is a pole of order m, then a* is a pole of order m.

. . +
Next, suppose a € {0, G, 2, g2 ) then

fla=2)=f(-2a+a—-2)=f(-a—2z2) = fla+2),

where the first equality follows since 2a € A and f is elliptic. Hence, the Taylor
expansion of f around a is even, so the order of f at a is even. Similarly, the
Taylor expansion of ) around a is even, so the same argument holds if a is a
pole. _ ~

Now, let A denote the set of all zeros of f in II, and B the set of all
poles of f in II. From A\0, let A be a subset such that for each pair a,a* €
A\{ Yl w2 wites} A contains either a or a*, but not both, and each of £, “’22 , dade
is an element of A if it is an element of A. Slmllarly, let B be a subset of B\{0}
in the form of A C A. Hence, A and B are both finite since A and B are finite,
and we define

beB

Then the zeros and poles of F(z) in ITI\{0} are precisely the zeros and poles
respectively of f(z). To see this, if a ¢ {5, 3, M} is a zero of f, then
by Proposition 1.2.7, p(z) — p(a) has two distinct zeros at a and a* and if
a€ {4, 212} then p(z) —p(a) has a double zero at a. Similarly, the poles
of F' are precisely the poles of f of the same order, so f(z)/F(z) is holomorphic
on IT\{0}. However, by Proposition 1.1.4, f(z)/F(z) is also holomorphic at 0,
and hence holomorphic on all of C. Thus, f(z)/F(z) is constant, establishing

the claim.

11



Now let f be an arbitrary function that is elliptic with respect to w; and

wa, and et 7u(2) = L(F(2) + F(—2), fo(2) i= H((2) — F(—2)). Then f. and
fo/¢'(2) are even elliptic, thus

for some rational functions g, h. Therefore,

f(2) = fe(2) + fol2) = g(p(2)) + ¢/ (2)h(p(2)).
O

We are now in a position to show that p(z) satisfies the claimed differential
equation:

Theorem 1.2.9. Let

weA\{0}

and let go = 60G4,93 = 140G6 Then

0’ (2)* = 4p(2)° — g2p(2) — g3

Proof. By Proposition 1.2.4, each G,,, converges for m > 2, so by the Weierstrass
doubles series theorem [c.f. 2, Lemma 6.13], we have

p(z) — ziz = > (Z Z,;; zk> = (k+1)Gry2z".

weA\{0} \k=1 k=1

1
p(z) = = + 3Gz +5Ge2 4 ...
z
and differentiating, we have
/ 2 3
P'(2) = =2— +6Gaz +20Gez" + ...
z

Next, by direct calculation, we have

1 | 1
p(z)2:27+6G4+10G622+..., p(z)3:5+9a4?+15c;6+...

4 1
/ 2 _
Hence, we obtain g(z) := ¢'(2)? — p(2)% + 60G4p(2) + 140Gs has a zero at

0, and is an entire elliptic elliptic function. Thus, g(z) = 0, and the theorem
follows. O

12



1.3 Group Structure of E(C)

In this section, we will use the function p(z) in order to construct an explicit
isomorphism of groups between C/A(wq,w2) and the complex elliptic curve
Y27 =4X3 — g9X 73 — g3Z3. We begin with the following result:

Proposition 1.3.1. The polynomial 42> — gox — g3 has distinct roots, and hence
E:Y?Z =4X3 — g2 X Z3 — 9373 is indeed an elliptic curve. Moreover, E(C) is
a complex manifold.

Proof. By Theorem 1.2.9 and Proposition 1.2.7(2), the roots of 423 — gox — g3
are p(44), p(“2), p(542), which are distinct by Proposition 1.2.7(3) For the
second claim, we define charts around each point [X : Y : Z] € E(C). Define
F(z,2) = y?>— (423 —gax—g3), and let [X : Y : 1] € E(C) with affine coordinates
(z,y). If y # 0, then %—Z(w,y) = 2y # 0. Thus, by the Implicit Function
Theorem, we can define y as analytic function of x, and hence a chart is given
by (x,y) — x.

Similarly, if y = 0, then %(x,y) = 1222 — go # 0, since the roots of the
cubic are distinct by the first part of this proposition. Hence, by the Implicit
Function Theorem, we can define = as an analytic function of y, and a chart is
given by (z,y) — y.

It remains to consider a chart about [0 : 1 : 0]. Define G(z,z2) = z — (43 —
g2 — g3), then %—S(O, 0) # 0. Hence, we can define z as an analytic function of
x, and a chart is given by (z, z) — x. Thus, F(C) is a complex manifold. O

Theorem 1.3.2. Let E be the complex elliptic curve E : Y27 = 4X3 — g, X 73—
g3Z3, and consider the map ¢ : C/A — E(C) given by

[p(z): @' (2): 1] forz¢g A
@(2):{[§:1:(§f0r26/\

Then ¢ is bijective and biholomorphic.

Proof. First observe that ¢ does indeed map C/A into E(C) by Theorem 1.13,
so ¢ is well defined. Next, suppose ¢(z1) = ¢(22). Then p(z1) = p(22),
©'(z1) = ©'(22), and 2z = 27 where 27 is the element of II congruent to —z;
modulo A as in Proposition 1.2.8 Thus we have,

9 () = ¢'(z]) = ¢'(=21) = —¢'(21) = =/ (),

and so ©'(z2) = ¢'(21) = 0. Therefore, 21,20 € {4, %2, “1te
27 = z1. Thus, ¢ is injective.

Now let O # P € E(C), and write P in affine coordinates as P = (z,y).
Then by Proposition 1.2.7(1), there exists z € II such that p(z) = z, and

moreover,

}, and so 2o =

0 (2)? = 4p(2) — gap(2) — g3 = 42> — gax — g3 = °.

Thus, ©'(z) = +y. If '(2) = y, then ¢(z) = P, and if p'(2) = —y, then
p(z*) = x and @'(z*) = y, so p(z*) = P. As O is also in the image of ¢ by

13



construction, ¢ is surjective.

We now show that ¢ is biholomorphic. Let z € C\{0}, and write ¢(z) in
affine coordinates as (z,y). Suppose z & {4, “2, %} Then y # 0, so we
have a chart given by (z,y) — z, hence we get a map z — p(z). As p'(z) # 0,
by the Inverse Function Theorem we thus have that ¢ is biholomorphic about
z.

Next, let z € {9, %2, %} Then we have a chart given by (z,y) — v,
and hence we get a map z — /(). As ©’(z) # 0 since p’(z) has no double
roots by Proposition 1.2.7(2), ¢ is biholomorphic about z.

We lastly consider the case z = 0. Then we have a chart given by (z, z) — z,

!
and hence we get a map z — g/(zz)). As (5,((?)) # 0, since z is a simple zero,
 is also biholomorphic about z = 0, establishing that ¢ is a biholomorphic

map. O

We are now in a position to prove that the group structure of E(C) is a
torus:

Theorem 1.3.3. Let E be the complex elliptic curve E : Y27 = 4X3 — g, X 73—
9373, and let ¢ : C/A — E(C) be the map from the previous proposition. Then
p s a group isomorphism.

Proof. By the previous proposition, we know that ¢ is bijective, so it suffices
to show that ¢ is a homomorphism. Let f : C/A x C/A — C/A and g :
E(C) x E(C) — E(C) be the respective addition maps. Then we show that
go(p x ) = @o f. First, observe that both f and g are continuous, so it
suffices to prove the equality of functions on a dense subset of C/A x C/A. We
claim that

X = {(u1,u2) € C x C | uy,ug,us & ug,2u; + ug,us + 2us & A}

is dense in C x C. To see this, observe that for any (uj,us) € C x C, we can
change u; and wus by arbitrarily small values to force (u1,us) into X , since A
is discrete. Therefore, X is dense in C x C, and hence its image X is dense in
C/A x C/A.

Now, let (u; + A us+A) € X, ug = —(u1 +us2), and P; := ¢(u;). Then each
of the P; are distinct, and different from O, so we may consider each of them
as an element of A%, Since P, # +P,, we have that the line P, P, is given by
y = ax + b, where a # 0. As P; and P; are both on this line, we have

o (u1) = ap(u1) + b and @' (uz) = ap(uz) + b.

Next, define the function h(z) := ¢'(z) — ap(z) — b. Then h is an elliptic
function which has a pole of order 3 at zero and no other poles in II. It also
has two zeros at u; and us, and thus has one more zero w € II such that
u1 +uz +w =0 mod A. Thus, w = uz mod A, so h(uz) = 0 and thus ug lies on
P, P,. Therefore, Py, P>, and Pj lie on a line, so P; + P> + P3; = O by definition
of the group law on E. Hence,

o(ur) + plug) = Pr+ Po = —P3 = —p(—(u1 + u2)) = @(ug + usg)
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since p(—u) = —¢(u) since p is even and '(z) is odd. Thus, ¢ is a homomor-
phism and so C/A and E(C) are isomorphic as groups. O

Remark 1.3.4. In fact, for each elliptic curve E over C, there is a lattice A € C
such that E(C) = C/A, establishing a converse to the previous theorem. For a
proof of this fact, see [2, Chapter 6].

We now turn our attention to real elliptic curves.

1.4 Elliptic curves over R

Throughout this section, we assume that we have a lattice A, such that o(A) =
A, where o denotes complex conjugation. We show E(R) is isomorphic to either
Sl or Zy x S, where E : Y2Z = 4X3 — o X 7% — g375.

To begin, consider the action on the affine points of E(C) given by o(z,y) :=
(o(x),0(y)). Then (z,y) € E(R) < o(x,y) = (z,y). We also have a natural
action on P?(C) given by o([zo : o1 : 22]) = [0(20) : o(21) : o(w2)].

Lemma 1.4.1. This action of o on P?(C) is well-defined, and
o([xo : x1 : @2]) = [x0 : @1 : 2a] <= [0 : 71 : T2] € P*(R)

Proof. Suppose [rg : @1 : x2] = [z : @} : x4]. Then there exists A € C* such
that z; = Az}, for ¢ = 0,1, 2. Thus,

o([xo : 1 w2]) = [o(m0) : o(21) : o(m2)] = [0(Ax() : o (A\x)) : o(Axy)] =

[oc(No(xg) : oMo (@) - o(No(2h)] = [o(xp) = o(x)) : o(25)] = o([ag : )« a3)).

Thus, the action is well-defined.

For the second statement, the backwards direction is clear, so we prove the
forward direction. Suppose o([xg : 1 : x2]) = [z : @1 : x2], then there exists
A € C* such that o(x;) = Az; for i = 0,1,2. Applying o again, we see that
x; = o(N)o(x;).

Adding the expressions, we have

2Re(x;) = x; +o(x;) = 23 + A =z;(1+ N)

(14 A
zi(l+2A) _ Re(z;).
2
If A = —1, then each of the x; are of the form iy;, for some y; € R, and

hence [xg : @1 : @2] = [iyo : iy1 @ iye] = [yo : y1 : y2] € P?(R). Otherwise,
(1+X)/2 € C*,s0 [xg: ®1 : x2] is the same as [z : 1 : 2] for some z; in R. O

As a result of the previous claim, the real points of E are precisely the points

that are fixed by the action of o on P?(C). Since A = A, we have a natural
well-defined action on C/A given by o(z+ A) := o(z) + A.
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Lemma 1.4.2. The action of o commutes with the map ¢ from the previous
section, that is, oo = oo, where first o denotes the action on C/A and then
on P%(C):

Proof. We have

weA\{0} weA\{0}
1 1 1 1 1 1
2t X e w) st T |emop o) =00
weA\{0} weA\{0}

where in the second equality, we use the fact that the sum representing p(z) is
absolutely convergent. The case with ©'(z) is similar. O

As a result of this claim, we deduce that it suffices to describe the fixed
points of the action of o on C/A, (C/A)°.

We have that A is a free Z-module of rank 2. Let Ay := {a € A|o(a) = a},
and let A_ :={a € A|o(a) = —a}.

Proposition 1.4.3. A is of the form A = AL & A_, or there is a basis for A
such that A = Zwy & Zwsy, where o(wy) = wa

Proof. We claim that there exists v; € A4 such that v, generates Ay. To see
this, let x1, z2 be any basis for A such that the z; are linearly independent over
R. Suppose that we need two elements v1, vy to form a basis for Ay (note that
it cannot be more than 2 since Z is a PID, and Ay is a Z-submodule of A).
Then there exist a,b,c,d € Z such that v; = axy + bxo, and vo = cxy + dxs.
Then,
O=vy —vi =0 — U—lvg = (a— ﬂc)xl +(b— ﬂd)xg,
V2 U2 V2

hence a = Z—;c, and b = Z—;d, since v1,v9 € R. Thus, 5—; € Q, so, there exist
p,q € Z such that Z—; = %. Thus, qu; + pve = 0, contradicting the assumption
that v; and v are linearly independent over Z. The case showing A_ has only
one element as its basis is similar.

Thus, let v1,v2 be a basis for A, and A_ respectively. Suppose there exists
w € A\Ay & A_. Then we may assume that w is in the area of C enclosed
by the parallelogram with vertices 0,v1,v2,v; + v2. To see this, observe that
w = x + 1y, so by subtracting multiples of v; and wvs if necessary, we can force
w into this region. Next, we have 2w = (w+®) + (w — @) € Ay & A_. Since w
by construction is not in Ay or A_, we must have that 2w = wy + wy. Thus, A
is generated by w and @, since W = w — ws. O

We now have a specific form for A_ in the case A = Zwi ® Zwo, where
o(w1) = wa:

Proposition 1.4.4. Suppose A = Zwy @ Zws, where o(w1) = wa, then
A_=(oc—-1A.
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Proof. Certainly we have the reverse inclusion. Conversely, suppose x € A_.
Then & = aw; + bws, and applying o, we obtain o(z) = bw; + aws. Adding the
expressions, we have 0 = 2 4+ o(z) = (a + b)w; + (a + b)wa, so a = —b. Thus,
x = o(aws) — aws € (0 — 1)A. O

We now state and prove the first possibility for the structure of E(R):
Theorem 1.4.5. If A = Zwy & Zws, where o(w1) = we, then E(R) =2 St

Proof. Let z € (C/A)?, then o(z4+A) = z+ A, so 0(z) — 2z € A. Moreover, since
(0 — 1)A = A_ by the previous proposition, we actually have o(z) — 2z € A_.
Thus, o(z) — z = o(A) — A, for some A € A. Hence, o(z — A\) = z — A, so
z— A € R. Thus, z and z — A lie in the same coset mod A, and z — \ is
real. As z was arbitrary, we then have that the map R — (C/A)? must then be
surjective. Moreover, the kernel of this map is precisely A4, so R/AL = (C/A)7,
and R/A; = ST from which we deduce the result. O

We now consider the case that A=A $A_:
Theorem 1.4.6. Suppose A is of the form A = Ay ©A_, then E(R) = Zy x St

Proof. First note that in this case, (¢ — 1)A is a proper subset of A_. To see
this, let w be a basis for A_, and suppose w € (¢ —1)A. Then I'm(w) = 2Im(z),
for some x € A. Then x = a + bi, where « is divisible by the real part of some
basis for A, . Hence, subtracting by the necessary multiple of this basis, we may
assume x = bi, where b € R. Thus, x € A_, and b < w, a contradiction.

Let m € A_\(c —1)A, and let ¢ = . Then A_ = (0 —1)A+(0(q) —q) (note
that (0 —1)A is of index 2 in A_, since if w is a basis for A_, then 2w € (o —1)A).
Next, let z € (C/A)?, then o(2+A) = z+ A, s0 0(z) —z € A_. Thus, z is either
in the same coset of z — A, where z — X is real and we proceed as before, or

olz+q—AN)=z+q— )\ = z+qg— AR,

so (C/A)? = (R/Ay )+ (q+R/Ay) =2 Zy x St O
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Chapter 2

Elliptic Curves over Finite
Fields

We now turn our attention to elliptic curves over finite fields ;. The goal of
the first section is to prove Hasse’s inequality, which states that for an elliptic
curve E over I,

[E(Fq) —q+1] <2Vq.

As we will see with a couple of examples, this inequality is quite strong. We
first require some background on endomorphisms of elliptic curves.

2.1 Endomorphisms of Elliptic curves

In an effort to simplify our exposition, we will assume that any field we are
working over has characteristic # 2,3. The reason for doing so is that in this
case, we may assume that any elliptic curve FE is defined by a cubic of the form
y? =123+ ax +b.

We begin with the following definition:

Definition 2.1.1. An endomorphism of an elliptic curve E over a field K is a

homomorphism ¢ : E(K) — E(K) given by rational functions.
In fact, we have the following result:

Proposition 2.1.2. Let ¢ : E(K) — E(K) be a map given by rational func-
tions. Then ¢ is an endomorphism if and only if o(O) = O. [2, Chapter 3,
Theorem 4.8]

With this result in hand, we have the following:

Definition 2.1.3. Let End(E) denote the set of endomorphisms of a given
elliptic curve F over a field K. Then End(FE) is a ring via the operations

(p1+ @2)(P) = ¢1(P) + p2(P), and (p192)(P) := p1(p2(P)),
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and taking the zero element in End(FE) to be p(P) = O for all P

Note that this definition is indeed well-defined by the previous proposition.
Indeed, since ¢1(0) + ¢2(0) = O + O = O for all @1, ¢, € End(E), the sum
of two endomorphisms is again an endomorphism. Similarly the product of two
elements in End(F) is again in End(FE).

We will now introduce the notion of the degree of an endomorphism of an
elliptic curve. We first require some preliminary remarks.

Remark 2.1.4. Let ¢ = (f(z,y),9(x,y)) be an endomorphism of an elliptic
curve E over K. Note that since char(K) # 2,3, we may assume F is of the
form y? = x3 + az + b. Hence, any term in f(z) or g(x) with a power of y
greater or equal to 2 may be replaced with some power of z® + ax + b. Thus,
we may assume both f and g are of the form

f@y) =pi1() +yq(z), g(z,y) = p2(z) + yg2(x),

where p;(z) and g;(z) are rational functions for 4 = 1, 2. Finally, since ¢ is also
a homomorphism, we have that for any ¢(—P) = —¢(P) for any P € E(K),
and hence that ¢(x, —y) = —¢(x,y). Therefore, both ¢; and ps are identically
0. Hence, we conclude that given ¢ € End(FE), that ¢ = (f(z), g(x)y), where f
and ¢ are rational functions.

In light of the previous remark, we now define the degree of an endomor-
phism:

Definition 2.1.5. Let ¢ = (f(x),g(x)y) be an endomorphism of an elliptic
curve FE over a field K. Write f(z) = p1(z)/p2(z), where the p;(x) are coprime
polynomials. Then the degree of ¢ is max{deg(p1(z)), deg(p2(z))}. If ¢ is the
zero endomorphism, then we say the degree is zero.

We will now discuss the notion of (in)separability of an endomorphism:

Definition 2.1.6. Let ¢ = (f(x),g(z)y) be an endomorphism of an elliptic
curve F over a field K. Then ¢ is separable if f/(z) is not identically zero, and
is called inseparable otherwise.

The following result on relating the size of the kernel of a separable endo-
morphism to its degree will prove crucial in proving Hasse’s inequality:

Theorem 2.1.7. Let E be an elliptic curve over a field K, and let ¢ be a
nonzero separable endomorphism, then

1. ¢ 1is surjective
2. For all Q € E(K), |¢71(Q)| = |Ker ()|

3. |Ker(p)| = deg(p)
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Proof. Suppose ¢ is of degree m, and write ¢(z,y) = (r1(x),r2(z)y), where
ri(z) = a;i(x)/bi(z) and ged(a;(z),b;(x)) = 1. Consider the following three

subsets of E(K):
S1:={Q = (u,v) | u =0 or deg(uby(z) — a1(x)) < deg(p)}
Sy :={Q = (u,v) | Iz € K such that u = ri(z) and r}(x) = 0}
S5 :={Q = (u,v) | Iz € K such that u = ri(z) and ro(x) = 0}

Let S denote the union of the S;. We claim that S is finite, and for any
point Q = (u,v) € E(K)\S, that ub;(z) — a1 (x) has m distinct roots.

Sy is finite since m = deg(y) is by definition the larger of the degrees of a4
and by, so the only way deg(uby(z) —aq(x)) is strictly less than m if the degrees
of a; and b; are the same, and multiplication by u with the leading coefficient
of b yields the leading coefficient of a;. This can only happen for at most one
choice of u, which in turn yields only finitely many choices for v, so S7 is finite.

The finiteness of Sy follows since ¢ is separable, so r1 is not the zero poly-
nomial, and hence 7 (z) has finitely many roots.

Similarly, S5 is finite since ro has only finitely many zeros, and so there are
only finitely many choices for u with u = r1(x), where z is a zero of ro. Thus,
S is finite, and for any point Q = (u,v) € E(K)\S, ubi(z) — a1(x) is of degree
m. It remains to show for any choice of @), that this polynomial has no multiple
roots.

Choose, Q = (u,v) € E(K)\S, and suppose that x is a multiple root. Then
uby(xo) — a1(zg) = ub)(zo) — a}(zo) = 0, and therefore, u(ai1b] — afb1)(zg) = 0,
but then since u # 0, that (a1b] — a/b1)(z¢) = 0, and hence that the numera-
tor of 7 (zo) is zero. However, then @Q is an element of Sy, contradicting that
Q € E(K)\S, so ub(z) — a1 (z) has m distinct roots.

Next, for Q = (u,v) € S, ro(x) # 0 for any root of uby(x) — a1 (), since Q ¢
Ss, and therefore, = 1(Q) = {(z,y) | ubi(z) — a1(z) = 0,y = v/ra(x)}, which
has cardinality m since ub;(x) — a1(z) is separable of degree m. Therefore,
o the complement of the image of ¢ is at most finite, namely the cardinality of
S. However, if P € E(K)\Image(p), then P+ Q € E(K)\Image(y) for all Q €
Image(y), so E(K)\Image(y) is infinite as |E(K)| is infinite, a contradiction.
Thus, ¢ is surjective.

To prove the second statement, observe that since ¢ is surjective, p~1(Q)
is nonempty for every Q € E(K). Thus, for any Py € ¢ !(Q) the map
f : Ker(p) — ¢ 4Q) given by P — P + P, is a well-defined bijection,
61 (Q)] = [Ker(p)].

The third statement follows from the second statement and taking @ €
E(K)\S, where it has been established that |¢~1(Q)| = deg(p) in the argu-
ment that ¢ is surjective. O

It is worth mentioning that a similar result holds in general, that is, for
nonseparable endomorphism of elliptic curves. In fact, the first two claims of
Theorem 2.1.7 are true for all endomorphisms, and in general we must replace
equality with |Ker(p)| < deg(¢) in the third claim. To prove the result in
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general, one introduces the notion of separable degree of an endomorphism,
however, we only need the version of Theorem 2.1.7 as stated.

We now have the following proposition whose proof may be found in [1,
Theorem 6.2.7]:

Proposition 2.1.8. Let E : y? = z2 + ax + b be an elliptic curve over K, then

1. Suppose P3 = Py + Py for points P; = (x;,y;), then viewing x3 and ys as
rational functions in the indeterminates x1,y1, X2, Y2, we have

drs Y3 Jrs Y3
— =2 gnd == =22
or1  wn 0ra Yo

2. Suppose Q = [m|P, where [m] is the multiplication by m map, and write
pP= (xay)’Q = (wmaym), then

0%, Ym
mam

6321 n Y1

3. If « €End(E), P = (2,y), and a(P) = (2a,Ya), then there ezists c, € K

such that
0ra Ya

and moreover the map f : End(E) — K is a ring homomorphism.

4. The constant ¢, from part (3) is zero <= « is inseparable. In particular,
for any non-zero integer m, the multiplication by m map [m] is separable
in characteristic p > 0 if and only if p does not divide m.

We are now going to use the degree map in order to define a symmetric
bilinear form on End(E). To do this, we first require a few lemmas on the
degree map:

Lemma 2.1.9. Let o, 8 € End(E), then
deg(a + B) + deg(a — B) = 2deg(a) + 2deg(B)

Proof. As deg(0) = 0,deg([—1]) = 1, and deg([2]) = 4, the result holds when «
or §is 0 or a = £8. We now show the result in general by mutual inequality.

Let P = (z,y) € E(K), o, 8 € End(FE), and write
Pl = Oé(x,y) = ('xhyl)v P2 = 5(%?%) = ($2792)

Py = (a+B)(z,y) = (23,y3), P1=(a—B)(x,y) = (T4,Y4),

where x; = a;(2)/b;(x) for polynomials a;(x), b;(x) such that gcd(a;(z), b;(z)) =
1. Let d; = max{deg(a;(x)),deg(b;(x))}, then in these notations, showing
deg(a + B) + deg(a — B) < 2deg(a) + 2deg() amounts to showing that

ds + dy < 2dy + 2ds.
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By the addition formulas, we have
(.’Kl — $2)2.’E3 = (.’tl(EQ + A)(£E1 + 1'2) — 2y1y2 + 2B

(Zl — I2)2I4 = (,1311‘2 + A)(Il —+ IQ) —+ 2y1y2 + 2B,

and hence, adding these two expressions and multiplying them, we have the
following two equations:

(z1 — x2)% (23 + 24) = 2(x 1290 + A) (21 + 22) + 4B (2.1.1)

(x1 — x2) w3my = (w129 — A)? — 4B(21 + 22) (2.1.2)
Therefore, by (2.1.1) and (2.1.2), in projective coordinates, we have the following
identity in the x;:
[1:x34xy : 324] = [(x1—22)? : 2(x120+A) (21 +22)+4B : (x100—A)?—4B(x1+22)].

Next, homogenize each z; via

Z%a/(X/Z) _ Ui(X,2)

X, —
Vi(X, Z)’

T 74, (X/2)

then from the projective coordinates identity, we have the following;:
[UsVy : UsVy +UsVz : UsUy] = [F : G : H] (2.1.3)
where
F = (U1 Va—UW)?, G =2UUs + 2AVi Vo) (U1 Va + UsVy) + 4BVEVE

H = (UUy — AViVa)? —4B(UL Vi + Us Vo) Vi Vs,

We claim that the polynomials on the left hand side of (2.1.3) are coprime.
Suppose H is an irreducible polynomial that divides both V3V, and UsU,. Then
without loss of generality, H divides both V3 and U, as the case with V; and Uj
is similar. Hence, in this case H divides neither Us nor Vj, and so then H does
not divide the middle term of the left hand side of (2.1.3).

Next, observe that the polynomials on the left hand side are all of degree
d3 4+ d4 and all the polynomials on the right hand side are of degree 2d; + 2ds.
We have just established that the polynomials on the left are coprime, hence,
let D = gcd(F,G, H), then we have

[UsVy : UsVy + UgVs : UsUy] = [DF : DG : DH] = [F : G : H],
where the polynomials on the right hand side are coprime. Therefore, we have

ds +dg = 2dy + do — deg(D) < 2dy 4 2ds,
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and hence
deg(a+ ) + deg(a — B) < 2deg(a) + 2deg(p).

We lastly show the other inequality to establish the lemma. Observe that we
proved this first inequality for arbitrary «, 8 € End(E), so applying this result
to a & B in place of o and [ respectively, we obtain

deg(2a) + deg(28) < 2deg(a + ) + 2deg(a — B),
which by multiplicativity of degree is equal to
2deg(a) + 2deg(B) < deg(a + B) + deg(a — f),
which proves the lemma. O

As a corollary of the lemma, we have the following result on the degree of
the multiplication by m map:

Corollary 2.1.10. Let [m] denote the multiplication by m map, then
deg(m]) = m”

Proof. We first show the claim for m nonnegative by induction. The cases
m = 0,1 hold, so it suffices to consider m > 1.

By Lemma 2.1.9, we have deg([m+1])+deg([m—1]) = 2deg([m])+2deg([1]),
so by our induction hypothesis, we have

deg([m+1]) = 2deg([m])+2deg([1]) —deg([m—1]) = 2m*+2—(m—1)? = (m+1)?

Lastly, the result holds for m negative by the above argument and multiplica-
tivity of degree, since deg([—1]) = 1. O

2.2 Hasse’s Inequality

We begin with the following lemma on obtaining a bilinear form from maps
from an abelian group into a field:

Lemma 2.2.1. Let A be an abelian group, F' a field of characteristic different
from 2, and Q : A — F such that

Qz+y)+ Qzr —y) =2Q(z) +2Q(y).

Define
Blo,y) Qr+y) - ;2(96) — QW)

then B is a symmetric bilinear form.
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Proof. Since Q(0)+Q(0) = Q(0+0)+Q(0—0) = 2Q(0)+2Q(0), and char(F) # 2,
we have Q(0) =0, so B(0,0) = 0.
Next, we have

Qlz+y) - Qx) —Qy) _ Qly+=) - Qy) - Qx)

B(I’y): 2 = 2 :B(y’m)'

Finally,
2B(z,y) +2B(z,y) = Qlr +y) = Qz) = Qy) + Q(z +y) = Q(z) = Qy) =
= (2Q(z) +2Q(y) — Q(z —y)) — Qx) - Qy) + Q(z +y) — Q(2) — Qy)
= Q) - Qe 1) + Qz +y) - Qz) = LEFEFN Gtz )
=Q@+2+y)—Qz+2) - Qy) =2B(x +2,y),

and so linearity follows since the characteristic of F' is different from 2. O

We now introduce the following map:

Definition 2.2.2. For «, 8 € End(FE), define

<Oé,ﬁ> — d@g(Oé + ﬂ) — d26g(O[) — dSQ(B)

In light of Lemma 2.2.1, the map in Definition 2.2.2 is a symmetric bilinear
form. Moreover, as the degree of an endomorphism is nonnegative, this form is
also positive definite.

We now prove the Cauchy-Schwarz inequality on this bilinear form:

Proposition 2.2.3. For any a, 8 € End(E), we have

(@, 8)* < deg(a)deg(B3)

Proof. 1If either « or [ is the zero endomorphism, the result certainly holds, so
we may assume that both endomorphisms are nonzero.

Consider the map H : Z x Z — Q given by H(m,n) := (ma+nS, ma+np).
Then in view of 2.2.2, this is a positive definite symmetric bilinear form, and
the matrix representation of H is given by

as= (P o)

Hence, the map F : Q x Q — Q given by F(x,y) = (z,y)A(z,y)T is a positive
definite, and so the determinant of A is positive. Thus, («, 3)? < deg(a)deg(f3).
O

We now introduce a particular endomorphism that is vital in the proof of
Hasse’s inequality:

24



Definition 2.2.4. Let E be an elliptic curve over Fy, then the Frobenius map

g E(Fy) = E(F,) of E is given by ¢4(z,y) := (z7,y?), and ¢,(O) := O

It is worth mentioning that ¢, is indeed an endomorphism. The map is given
by rational functions, and ¢,(O) := O, so assuming ¢, is even well-defined, then
it is an endomorphism. For well-definedness, one uses the fact that E is defined
over g, so

()2 = (17)" = (@ + az +b)" = (2%)* + aa? + b,
and hence ¢, is a well-defined map.
We now have the following proposition:
Proposition 2.2.5. Let E be an elliptic curve over Fy, then
[E(Fq)| = deg(pqg — 1)

Proof. The proof of this fact will be done in two stages. First, we will argue
that ¢, — 1 is separable, and then we will use appeal to Theorem 2.1.7 after
showing that |E(F,)| = |Ker(p, — 1)].

To begin, observe that ¢, is inseparable, as the derivative of 7 is 0, so by
(4) of Proposition 2.1.8, c¢,,, = 0. Next, by (3) of Proposition 2.1.8, we have the
constant ¢, 1 for the endomorphism ¢, — 1 is given by

Cpg—1 = Cp, T C—1 =0+1=1,

and so again by (5) of 2.1.8, ¢, — 1 is separable.

Next, let P := (z,y) € E(F,), then we have the following chain of equiva-
lences:

Pec E[F,) < (29,97 =(z,y) < @4(P)=P <= P e Ker(ps—1),

and so |E(F,)| = |Ker(¢q — 1)|. The result now follows by Theorem 2.1.7 since
pq — 1 is separable. O

We are now in a positive to proof Hasse’s inequality:

Theorem 2.2.6. (Hasse)
Let E be an elliptic curve over Fy, then we have

[#E[F,) - (¢+ 1] <2Vq

Proof. We prove Hasse’s theorem by using the bilinear form introduced in 2.2.2.
Observe that the degree of the Frobenius map ¢, is ¢, and so we have by

Proposition 2.2.3,
(g, DI < V-

Thus, by Proposition 2.2.5,
#E([F,) = deg(pq — 1) = deg(pq) — 2(pg; 1) + 1,

and so
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The bound given by Hasse’s inequality ends up being pretty sharp in some
cases. For example, using Sage, one can compute the following:

Example 2.2.7. Let E be the elliptic curve over Fg; defined by the cubic
y? = 2% + 2. Then we compute #E(Fg7) = 117, and Hasse tells us

|#E(Fo7) — 98] < V97 ~ 19.7
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Chapter 3

Elliptic Curves over Q

3.1 Heights on Elliptic Curves

We begin with some remarks on general heights on P*(Q) and then consider
heights on elliptic curves.
We begin with the following definition:

Definition 3.1.1. Let P=[ag:...:ay] € P(Q). Then by clearing denomina-
tors and dividing by common factors, we may assume that the a; are coprime
integers. We define the height H(P) to be the max of the |a;|.

We now have the following lemma:

Lemma 3.1.2. Let ¢ € R be positive, and S := {P € P*"(Q) | H(P) < c¢}. Then
|S| is finite

Proof. H P =1ag:...:a,] €S, with a; coprime integers, then each a; € [—c¢, ].
As the number of integers in [—c¢, ¢] is less than 2(c + 1), we thus have

1S] < (2(c+1))" < .

We now introduce the notion of the resultant of two polynomials:

Definition 3.1.3. Given two polynomials f = a,,t"+...+ag,g = b,t"+...+bg
over a unique factorization domain A, we define the resultant of f and g to be
the determinant

ag al [N [07°%% 0
0 ao ap Qm
Broi=\p b ... by 0
0 b b bn
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This leads to the following lemma:

Lemma 3.1.4. Let f(X,Y),g(X,Y) be two homogeneous polynomials of degrees
m and n respectively over Q. Let f1, fo and g1, gs be the dehomogenizations of
f and g with respect to X and Y respectively. Then Ry, 4, = Ry, g,-

Proof. This follows since dehomogenizing with respect to Y instead of X will
just reverse the order of the coefficients as they appear in each row, which will
not change the value of the determinant. Hence, the resultants are the same. [

In the situation of the previous lemma, we call Ry, 4, = Ry, 4, the resultant
of f and g. We now have the following two lemmas about general heights, before
we restrict our discussion of heights to those on elliptic curves.

Lemma 3.1.5. Let f(X,Y), g(X,Y) be two homogeneous polynomials of degree
m over Q. Let S C PY(Q)} be the set of points where f and g are not both zero.
Then:

1. The map ¢ : S — PY(Q) given by p(P) = (f(P), g(P)) is well-defined.
2. There exists ¢ > 0 such that H(o(P)) < cH(P)™ for all P € S.

3. Let R be the resultant of f and g. If R is not identically zero, then S =
PY(Q), and there exists ¢ > 0 such that H(p(P)) > rH(P)™ for all P.

Proof.

1. This follows since f and g are homogeneous of the same degree, and
©(P)#[0:0] for all P € S.

2. Clearing denominators on the coefficients, which does not change ¢(P), we
may assume both f and g have integer coefficients. Let us write f(X,Y) =

ap XY™ F and g(X,Y) = Y bp X*Y "k then for [r,y] € S we have
k=0 k=0
) = S| < Sty < (Sl ) oy
k=0 k=0 k=0

where N is the maximum of |x| and |y|. Similarly, we obtain that |g(z, y)| <
coH(P)™, where cg is the sum of the magnitudes of the coefficients of g.
Letting ¢ be the larger of ¢, ¢y yields the this part of the lemma.

3. As R#0, F and G have no common factor, and so S = P(Q). Next, by
Lemma 3.1.4, we may write

ViI(X,Y)F(X,Y)+ U (X,Y)G(X,Y) = RX*™!
Va(X,Y)F(X,Y) + U2(X,Y)G(X,Y) = RY*™ 1,

where the U; and the V; are homogeneous polynomials of degree m — 1
over Z.

28



Next, let P := [a : b] € P1(Q) with a and b coprime integers, and write
P’ := p(P) = [a’ : V'] where o/, b coprime. Then we have

2m—1
Vi(a,b)a’ + Us(a, )b = 122 -

2m—1
Va(a,b)a’ + U(a, bYp = 22 —,

where d is the greatest common divisor of F'(a,b) and G(a,b). By part
(ii) of this lemma, we have that there exists some ¢; > 0 such that
|U;(a,b)|,|Vi(a,b)| < ei H(P)™™ 1 and thus we have

R R
PPt = a2 B < 260 HP)™ H (),
Finally, dividing everything by 2C; H(P)™~!, and letting ¢’ := 1/(2¢y),
we have R
H(p(P)) > c|’|d||H(P)m > ¢ H(P)™,

which proves the claim.
O

Lemma 3.1.6. Let P, = [a; : b)) € PY(Q), for i = 1,2. Then P3 := [biby :
aiby + asby : ajas] is in P*(Q), and moreover

%H(pl)H(PQ) < H(P3) < 2H(P,)H(P)

Proof. As usual, we may assume that a;,b; are coprime integers, which then
implies the three components of P3 are coprime. Hence, P3 is a well-defined
point of P?(Q).

To prove the first inequality, observe that by symmetry, it is enough to show
|a1b2| S 2maX{‘ble|, |a1b2 + (12[)1|7 |l110,2|}. Hence, assume albg }é 0, and that
2|b1ba|, 2|a1az] < |aibs|, then we have

1
la1bz| = |a1bs + azby — azbi| < |a1be + agbi| + |azbi| < |a1b2 + a2bi| + Z|a1b2|a

where the last inequality follows since 2|bybsl, 2|aas| < |a1bz| implies that
|b1| < %lai],]as| < 3|b2|. Hence, subtracting both sides by |aibs| completes
the proof. O

We now turn our attention to heights on elliptic curves.

Definition 3.1.7. Let E be an elliptic curve over Q, define h : E(Q) — R by
h(P) =log H(P) if P # O, and h(P) = 0 if P = O. The function h is called
the naive height.
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Note that in view of Lemma 3.1.2, for each ¢ € R™, the number of points on
an elliptic curve E over Q is bounded.

Our next goal is to prove that this naive height satisfies an approximate
parallelogram law. To do so, we require the following two lemmas:

Lemma 3.1.8. Let E : be an elliptic curve over Q with whose defining cubic is
of the form y? = 2% +ax +b, with a,b € Z. Then there exists ¢ > 0 such that for
every pair of points P,Q € E(Q), h(P+ Q) + h(P — Q) < 2h(P) + 2h(Q) + c2.

Proof. Let P,Q € E(Q), and let x; = a;/b; be the z-coordinate of P,Q, P +
@, and P — @ respectively. By [equation reference(this is from finite fields
identities], we have

[1:z3+zy: x3x4] = [(iﬂlfl'g)z : 2(xyxota)(x1+ao)+4b ($11’2*a)2*4b(x1+1'2)],

hence, after clearing denominators, [bsby : agby + asbs : asaq] = [21 : 22 : 23],
where

zZ1 = (a1b2 — a2b1)2, zZ9 = 2(&1&2 + ablbg)(albz + agbl) + 4bb%b%,
z3 = (a1a2 — ab1b2)2 - 4b(a1b2 + ale)ble.
Hence, by Lemma 3.1.6
H(z3)H(x4) < 2max{|bsby|, |azbs+asbs|, |azas|} < 2max{|z1], |z2|, |23]} < cH(21)*H (22)?,

where ¢ > 0 is some constant obtained as in Lemma 3.1.5. Taking the log of
both the left and right side completes the proof. O

Lemma 3.1.9. Let E : be an elliptic curve over Q with whose defining cubic is
of the form y? = 2® + ax + b, with a,b € Z. Then there exists ¢ > 0 such that
for every P € E(Q), 4h(P) < h(2P) + c.

Proof. From the duplication formulas, we have the following identity:
a* —2a2? — 8bx +a®  f(x)
4(x3+ar+b) gx)’

Let F(X,Y) and G(X,Y) be the homogenizations of f and g respectively with
respect to a variable Y, and let u(z) and v(x) be given by

xz(2P) =

u(z) = =322 — 4a, v(z) =3z — Sax — 27b,

then we have v(x)f(z) + u(z)g(r) = —4a® — 27b%. However, —4a® — 270 is
precisely the discriminant of E, that is, the discriminant of 23 + az + b, which
is necessarily nonzero since F is an elliptic curve. As the resultant of f and g is
also the discriminant of E c.f. [1, Lemma 10.2.4], we may thus apply part (3) of
Lemma 3.1.4 to F and G, and so there exists ¢ > 0 such that H(P)* < ¢ H(2P).
Therefore, taking the logarithm of both sides, we obtain

4h(P) < ¢+ h(2P),

where ¢ = log(c). O
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We now state and prove the approximate parallelogram law for the naive
height.

Lemma 3.1.10. Let E : be an elliptic curve over Q with whose defining cubic
is of the form y? = 2% +ax +b, with a,b € Z. Then there exists ¢ > 0 that only
depends on E such that for every P,Q € E(Q),

[h(P+ Q)+ h(P—Q)—2h(P) —2h(Q)| < c

Proof. Let P,Q € E(Q). By Lemmas 3.1.8 and 3.1.9, there is ¢; and co both
greater than zero such that

4h(P)+4h(Q) < h(2P)+h(2Q)+c1, and h(2P)+h(2Q) < 2h(P+Q)+2h(P—Q)+cs.

Therefore, 2h(P) + 2h(Q) < h(P + Q) + h(P — Q) + ¢, where c is the larger of
c1 and %, which proves the approximate parallelogram law. O

We now have the preparation to define the (canonical) height of an elliptic
curve. We will then close this section with a theorem on properties of this canon-
ical height that will be instrumental when deducing the Mordell-Weil theorem
from the Weak Mordell-Weil theorem.

Definition 3.1.11. Let E be an elliptic curve over Q. The canonical height
h:E(Q) = Rso on E(Q) is given by

W(P) = lim —h(2"P)

n—oo 4m

Theorem 3.1.12. Let E be an elliptic curve over Q with canonical height E,
then

1. his well-defined.
2. There exists ¢ > 0 such that for all P € E(Q), |h(P) — E(P)| <c
3. Forallc>0,S:={P¢c EQ)|h(P)<c} is finite.
4. Form € Z and every P € E(Q), ;\z(mP) = mQTL(P)
5. For every P,Q € E(Q), h(P + Q) + h(P — Q) = 2h(P) + 2h(Q)
6. h(P) =0 <= P has finite order.

Proof.

1. By Lemma 3.1.9, there exists ¢ > 0 such that for all P € F(Q), |h(2P) —
4h(P)| < c. Next, for N > M > 0 integers, we have

N-1
4N RN P) — 4 Mp2MP) = | > 4T (2 P) — 47 h(2"P)| <
n=M
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N-1 N-1
< Y A4 P) —4h(2"P)| < Y 4T le<amMe
n=M n=M

Thus, the sequence 4 ™h(2"P) is Cauchy and hence converges.

. This follows from the argument in part (1), taking M = 0 and letting
N — oo in the estimate |4~V h(2NP) — 4= Mp(2M P)| < 4=M¢ for some
constant c.

. This follows from part (2) and Lemma 3.1.2, as if |S| is infinite, then
choosing sufficient ¢, there would be infinitely many P with H(P) < c.

. We first claim h(mP) = m2h(P) + c for some constant ¢ > 0 that depends
on P. We prove the claim by induction. The case m = 1 holds, and by
Lemma 3.1.10, we have for some ¢’ > 0

h([m +1]P) = —h([m — 1]P) + 2h([m]P) + 2h(P) + ¢.
By our induction hypothesis, we then have the right hand size is equal to
(—(m —1)? +2m? + 2)h(P) + " = (m + 1)*n(P) + ¢,

for a constant ¢”’. Hence, the claim follows by induction.
Lastly, the result for part (4) now follows by replacing P in the just proved
claim with [2"]P, dividing by ﬁ and letting n — oo.

. By Lemma 3.1.10, we have h(P + Q) + h(P — Q) = 2h(P) — 2h(Q) + ¢ for
any P,Q € E(Q). Replacing P and Q with [2"]P and [2"]Q respectively,
dividing by 4™ and letting n go to infinity, we then have

WP+ Q)+ h(P — Q) = 2h(P) + 2h(Q)

as claimed.

. If P is a torsion point, then [2"]P takes on only finitely many values as n
goes to infinity, so 4-"h(2"P) — 0 as n — co. Conversely, if h(P) = 0,
then for every integer m, we have ?L([m]P) = mQE(P) = 0. By part (ii),
there exists a constant ¢ > 0 such that

h([m]P) = [h([m]P) — h([m]P)| < c.

As the set of points P such that h(P) < c is finite, and all powers of P
are contained in this finite set, it follows that P must be of finite order.

O
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3.2 The Weak Mordell-Weil Theorem

In this section, we show that for an elliptic curve F over Q, that E(Q)/2E(Q)
is finite. As char(Q) # 2,3, we may assume that F is of the form

v =2 tar+b=(z—a)(z—B)(z—7), (3.2.1)

for some a,b € Q. We first assume that each of the roots o, 8,7 of 2% +azx +b
are in 7Z, and then prove the result in general. We begin with the following
result, whose proof may be found in [2, Chapter 4, Theorem 4.2]:

Proposition 3.2.1. Let K be a field of characteristic not equal to 2 or 3, and
suppose E is an elliptic curve over K of the form y?> = (x — o)(x — B)(z — v),
for some a, 8,y € K. Then a point (z,y) on E is a square in E(K) if and only
ifx—a,x— B, and x — 7y are squares in K.

Proposition 3.2.2. Let E be as in (4.1), and let o, : E(Q)/ — Q*/Q*2 be
the map
Q%2 ifP=0
a(P)={ (z—a)Q if P=(2,y) andz £ a
(o= B) (= 7)Q** if P = (a,0)
and similarly define pg. Then @, and pg are group homomorphisms, and hence
each descend to homomorphisms pa, 5 : E(Q)/2E(Q)/ — Q* /Q*2. Moreover,

0= ¢a x 95 EQ/2E(Q) » Q*/Q? x Q*/Q**
18 1njective.
Proof. By definition of the group law and the fact that ¢(—P) = ¢(P) =
©(P)~1, it suffices to show that if Py+Po+P3 = O, then ¢ (P1)pa(Ps)pa(Ps) €
Q*2. Note that if any of the P; are the point O, then the claim follows, so we
may write P; = (z;,y;) for i = 1,2, 3.
First suppose that none of the P; are the point (¢, 0), and let y = mxz + b be

the line on which the P; lie. As the P; are in F(Q), the roots of the polynomial
(x —a)(z — B)(x —7) — (mx + b)? are precisely z1,z2 and z3, thus

(z —a)(x = B)(z =) — (mz +b)* = (z — 21)(x — 22)(2 — x3).
Hence, substituting in x = «, we get
(ma +b)* = (z1 — a)(x2 — @) (23 — a) = pa(P1)pa(P2)pa(P3),

50 9a(P1)pa(Ps)pa(P3) € Q72

We now consider the case that one of the P; is equal to (a,0). Observe that
indeed only one of the P; may be («, 0), otherwise the third point is necessarily
O, and we have already dealt with this case. Hence, without loss of generality,
suppose P; = (a,0). Then from the previous case, we obtain

(z = a)(@ = B)(z =) = (mx +1)* = (z — a)(z — z2)(z — z3),
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and so mz +b = m(z — a), as (z — «) must divide (ma + b)?. Substituting this
into the above expression, we obtain

(@ = B)(z —7) = m*(z — &) = (z — 22)(2 — 23).

Lastly, substituting 2 = a, we obtain ¢, (P1)pa(P2)pa(P3) = 1 € Q%2 so
¢q is indeed a homomorphism. Similarly, ¢z is a homomorphism, and so both
descend to maps on E(Q)/2E(Q), as thus ¢, (2P) = ¢, (P)? € Q*2. It remains
to show that ¢ is injective.

Suppose p(z,y) = 0. We again consider two cases. First suppose that
(z,y) # O,(«,0)(8,0). Then if @(m,y) = 0, we have that both (z — «) and
(x — B) are squares in Q*. As 3% = (x — a)(z — B)(x — 7), we thus have that
(z — ) is a square in Q* as well. Thus, by Proposition 3.2.1, there exists
(o, ) E(Q) such that 2(2',y") = (z,y), and so (z,y) € 2E(Q).

We now consider the case that (z,y) = («,0). Then by assumption, ¢ (z,y) =
(o — B)(o — ) and @g(z,y) = (o — B) are both squares, and hence so is
(o — ). Thus, by Proposition 3.2.1, since 0 is also a square in Q, there exists
(z',y") € E(Q) such that 2(z’,y') = («,0), and so («,0) € 2E(Q). Similarly,
the argument proceeds if (z,y) = (8,0). Thus, ¢ is injective. O

We can now prove the Weak-Mordell Weil theorem in the case that all the
roots of the cubic defining F are integers:

Theorem 3.2.3. Let E be as in (3.2.1) such that each of o, 8,7 are in Z. Then
E/2E(Q) is finite.

Proof. Let P denote the set of primes in Z (including negatives). By unique
factorization of integers, we may write

Q% /Q*? = {£2m3m5m T | = (n) € {0,1}"} = (D Z.

peP

Identifying Q* /Q*? with A := @,epZy, we will show that the image of ¢
in Proposition 3.2.2 is contained in summands of A x A such that p divides the
discriminant d of (z — a)(z — B)(x — 7).

Let (x,y) = (T%, %) € E(Q)\O, where © # «,8,7 and let p € P be
positive. Next, let a := v,(x — @),b := v,(x — B), and ¢ := vy(z — 7), where
vp is the p-adic valuation on Q. Suppose that a < 0, then as o € Z, we have
p|“||m1. Hence, p® divides each of x — a,x — 3, and x — , so a,b, and ¢ are
equal. As (z — a)(x — B)(z — ) = 23 + ax + b = y?, we have that each of a,b
and c¢ are even, and thus the image of (z,y) in the p-th coordinate of A x A is
0. Similarly if either either b or ¢ is less than zero.

Now suppose that a > 0. If p does not divide d, then necessarily p does not
divide a — 8 and hence b < 0 as x — = (v — a) + (o — ). By the argument in
the previous paragraph, if b < 0, then the image of (z,y) in the p-th coordinate
of A x A is 0, so we may assume then that b = 0. By symmetry, we may also
assume that ¢ = 0, and hence as (z — a)(x — B)(z —7) = y?, we then have that
a is even. Therefore, the image of (z,y) in the p-th coordinate of A x A is 0.
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Finally, we consider the case that x = «, 8, or 7. In this case, if p does not
divide the discriminant d, then by definition of ¢, and ¢, p necessarily does
not divide ¢, (x) nor ¢p(x) and hence the p-th coordinate of ¢(x,y) is 0. As ¢
is injective by Proposition 3.2.2, the result follows. O

Note that in the proof of theorem 3.2.3, we used the fact that Z is a unique
factorization ring. In the case that each of the roots of the cubic polynomial
defining our elliptic curve are not all integers, we require a different approach
as the ring of integers of the splitting field of the cubic may not be a UFD. The
full case is addressed in Section 4 of Chapter 4 of [2], and relies on the Dirichlet
Unit Theorem, the finiteness of the class number for rings of algebraic integers,
and the fact that rings of algebraic integers are Dedekind domains.

One proves that if k denotes the splitting field of (z — «)(x — 8)(x — ), that
the kernel canonical map

E(Q)/2E(Q) — E(k)/2E(k)

has at most 22*@ and so it suffices to then show E(k)/2E(k) is finite. This
then follows by the following result:

Theorem 3.2.4. Let k be a number field with ring of integers Oy, then there
exists a ring R such that O C R C k with

1. R is a principal ideal domain
2. The groups of units in R is finitely generated

The proof of this theorem uses the facts from algebraic number theory listed
above, and may be found in Section 9 of Chapter 4 of [2].

One then interprets units and primes of O as units and primes in the ring
R obtained from Theorem 3.2.4 in order to write k* /(k*?) as we did Q/Q*? in
the proof of Theorem 3.2.3. The argument then proceeds as in Theorem 3.2.3
to show that E(k)/2E(k) is finite, which in turn proves the Weak Mordell-Weil
theorem in the general case by the remark prior to Theorem 3.2.4.

3.3 The Mordell-Weil Theorem and the Rank

We are now in a position to prove that E(Q) is finitely generated:

Theorem 3.3.1. Let E be an elliptic curve over Q, then E(Q) is a finitely
generated abelian group.

Proof. By the previous section, we know that E(Q)/2E(Q) is finite, hence

for some n € N. Without loss of generality, take R; € 2E(Q) and n minimal.
Next, let ¢ be the maximum of the h(R;), and let {Q1,...,Qm} be the (finite)
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set of all points in E(Q) such that h(Q;) < c. Let A be the subgroup of E(Q)
generated by the @; and by way of contradiction, suppose A # E(Q). Then
there exists P € E(Q)\A, and taking P to be such that E(P) is minimal, we
have that there exists an R; such that P — R; € 2E(Q). Hence, there exists
Q € E(Q) such that P — R; = 2Q. Therefore, we have that

4h(Q) = h(2Q) = h(P — R;) = 2h(P) + 2h(R;) — h(P + R;) < 2h(P) + 2h(R;).
By construction of ¢, we also have
2h(P) + 2h(R;) < 2h(P) + 2¢ < 2h(P) + 2h(P) = 4h(P).

Hence, we obtain that h(Q) < //{(P), and so by minimality of //{(P), we obtain
Q € A. Therefore, P = R; + 2Q) € A, which is a contradiction.
Thus, A = E(Q), so E(Q) is finitely generated. O

By Theorem 3.2.4, for an elliptic curve E over Q, E(Q) is a finitely generated
abelian group. Hence, by the fundamental theorem for finitely generated abelian
groups, E(Q) is isomorphic to Z" & T, where T is a finite abelian group.

This motivates the following definition:

Definition 3.3.2. Let E be an elliptic curve over Q, with F(Q) 2 Z"®T. The
integer 7 in this direct sum is known as the rank of E, or the geometric rank of
the elliptic curve FE.

Example.

1. Let E be the elliptic curve defined by y? = 23 + 10z + 5, then, via Sage,

~

one can compute F(Q) = Z

2. Let E be the elliptic curve defined by y? = x> — 7z + 6, then, via Sage,
one can compute E(Q) = Zy x Zo

A natural question to ask is whether » may be arbitrarily large, and what
the possibilities for the T' are. The second question turns out to be much easier
to answer than the first. It is a theorem of Mazur that the following are the
only possibilities for T up to isomorphism:

Theorem 3.3.3. (Mazur)
Let E be an elliptic curve over Q, with E(Q) 2 Z" & T. Then

Z/nZ (n=1,...,10 or 12); or

1

T
7)27.x Z)2nZ  (n=1,2,3 or 4)

The question on the boundedness of the rank is another matter, and in fact
remains an open problem.

The largest known possibility for the rank of an elliptic curve was found by
Elkies in 2006, when he found a curve of rank at least 28:

Y ryty = 2° —2?—200677624155755265850332082093385427509302303121789565022
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+34481611795030556467032985690390720374855944359319180361266008296291939448732243429

The problem of determining if there is a bound on the rank is a well-studied
problem in number theory and has motivated much research, including a con-
jecture of Birch and Swinnerton-Dyer.

3.4 Birch and Swinnerton-Dyer Conjecture

Before we can state this conjecture, we must introduce a bit of new machinery.
Throughout this section, we assume that E is an elliptic curve over Q, with
defining cubic of the form y? = 2® + ax + b, where a and b are integers.

We begin with the following definition:

Definition 3.4.1. Let p be prime, and let E denote the reduction curve of F
modulo p. Then we say E has good reduction modulo p if E is an elliptic curve.
If F is singular at a point P € E(F),), then we say that E has bad reduction at
p.

If F has bad reduction at a prime p, with E singular at a point P = (z0, yo),
then we may write the Taylor expansion of y? — 23 — axz — b around P as:

((y = o) — alz — 20))((y — yo) — Blz — 20)) — (= — z0)°,
where o, 5 € IFT) In the case that o # 3, then we say P is a node, and if o = £3,
we say that P is a cusp.
We now have the following definition:

Definition 3.4.2. Suppose E has bad reduction at a prime p, with E singular
at a point P. Then

1. If E has a cusp at P, we say that F has additive reduction.

2. If E has a node at P, then we say E has multiplicative reduction. If both
o and 8 are actually elements of IF,, then the reduction is referred to as
split multiplicative, and is called non-split multiplicative otherwise

If E has good reduction at a prime p, denote by IV, the cardinality #E(Iﬁ‘p),
and define a, := p+ 1 — N,. Note by Hasse’s inequality, that |a,| < 2,/p.
We can now define the L-function of E:

Definition 3.4.3. Define the local factor at p of the L-series of E to be

1 —a,T + pT?, if E has good reduction at p

1 —T, if E has split multiplicative reduction at p
1+ T,if F has non-split multiplicative reduction at p
1, if F has additive reduction at p

L,(T) :=

and define the L-function of E by

1
L(E, S) = H T s
p>2 Lp(p )
p prime
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It is a fact [c.f. 3, Remark 5.1.2] that L(E,s) converges and is analytic
whenever the real part of s is larger than 3/2. However, L(E, s) actually has
an analytic continuation to all of C and moreover satisfies a certain functional
equation. This functional equation depends on a certain quantity called the
conductor Ng g of E, which we will not define, but the overall functional equa-
tion is as follows:

Theorem 3.4.4. Let E be an elliptic curve over Q, then L(E, s) has an analytic
continuation to all of C. Define

A(B,s) = (Ngjg)"/2(2m)*I(s) L(E,5),
where I'(s) is the Gamma function, then
AE,s):=w-A(E,2—5s),
where w is £1, and is called the root number of E.

Theorem 3.4.4 actually follows from a conjecture called the Taniyama-Shimura-
WEeil conjecture, which Taylor and Wiles proved a special case of in proving
Fermat’s last theorem. The conjecture was later proved in full by Breuil et al.

We can finally state the Birch and Swinnerton-Dyer conjecture:

Conjecture 3.4.5. (Birch and Swinnerton-Dyer)
Let E be an elliptic curve over Q, with E(Q) = Z" @ T. Then L(E,s) has a
zero at s =1 of order r.

The Birch and Swinnerton-Dyer conjecture remains wide open and has only
been proved in a few special cases. It is known by a theorem of Gross-Zagier
and Kolyvagin that in the case ords—1 L(E,s) < 1, that then the Birch and
Swinnerton-Dyer conjecture is true. However the full conjecture is unknown,
and is one of the most famous open problems in the study of elliptic curves.
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