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ABSTRACT

This report is part of a year-long reading project on the topic “Heegner Points” under the
guidance of Dr. Somnath Jha, IIT Kanpur. The Birch and Swinnerton-Dyer(BSD) conjecture
is one of the central problems in the Theory of Elliptic Curves. This was formulated in
1960’s based on the numerical evidence found by Bryan Birch and Peter Swinnerton Dyer.
Although many were skeptical of it at the time, a major breakthrough came in 1970’s when
John Coates and Andrew Wiles proved it in a certain special case. This generated a lot of
interest and soon, another major breakthrough came through the works of Gross-Zagier and
Kolyvagin. In this report, we will cover the prerequisites required to understand this work.
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§1. Introduction

Let L be an number field and E/L be an elliptic curve (EC) and E(L) C E(L) is the group of
L-rational points. A fundamental result in the study of ECs is the Mordell-Weil theorem.

Theorem 1.1. (Mordell-Weil theorem) The group E(L) is finitely generated abelian group.

By the structure theorem of finitely generated abelian groups, we have the decomposition
E(L) g ZT @ E(L)tors
Here r is called the (algebraic) rank of E(L) and E(L).rs is the torsion subgroup of E(L). The

E(L)ors part is well understood. In fact, when L = Q, we have the following deep theorem:

Theorem 1.2. (Mazur Torsion theorem, 1978) Let E/Q be an elliptic curve. Then E(Q)oys is
one of the following forms:

o E(Q)tors & 7% with1 < N <10o0r N = 12.
C E(Q)tors

112

Z x %> with1 < N < 4.

In other words, #E(Q)ors is uniformally bounded by 16 for L = Q. For other number fields,
a similar result holds true which was fully proven by Merel in 1995. On the other hand, the
rank is very mysterious and there are many unsolved conjectures about it even when L = Q.
Most prominent of those is the Birch and Swinnerton-Dyer (BSD) conjecture which was first
made in 1965 [BSD65] and made precise in the subsequent years. In order to state it, first we
define L-series associated to E/L.

Definition 1.3. If E has good reduction at °3, we define,
Ly(E/L T) :=1—ayT + g T* where ay := gy + 1 — #E (Fy)
Ly (E/L, T) is called the local L-series of E at*B. If E has bad reduction at 3, we define

1 —T if E has split multiplicative at 3.
Ly(E/L,T):= {14 T if E has non-split multiplicative at 3. (1.1)
1 if E has additive reduction at ‘3

The (global) L-series of E/ L is defined by the Euler product

L(E/L,s) := ]| Ly (E/L,q;)_ (1.2)
oy

The analytic rank of E/ L is defined as the order of vanishing of L(E/L,s) ats = 1.

Using Hasse-Weil bound, L(E/L,s) is easily seen to be an analytic function on Re(s) >

NI



§1 Introduction 2

[BSD Conjecture] Let E/Q be an elliptic curve and L(E/Q, s) be its L-function. Then

1. Algebraic rank of E is equal to its analytic rank. i.e.,

rank(E(Q)) = ords—1 L(E/Q,s)(= r say) (1.3)

2. The leading term in the Laurent expansion of L(E/Q,s) at s = 1 is given in terms of
the arithmetic invariants of E. More precisely,

L'(E/Q,1 #III(E/Q)QeR
( . ) = (#(E(Q)Bors§2 E HCP where

p

(1.4)

(a) LI(E/Q) is the Tate-Shafareviech group of E,
(b) REg is the requlator of E,
(c) Qf is a certain integer multiple of the least real period of E, and

(d) local indicies c,’s are called the Tamagawa factors (or fudge factors) of E, defined by

cp:= [E(Qp) : Eo(Qp)]

where Eo(Q,) is the subgroup of E(Q,) consisting of those points whose reduc-
tion modulo p (on a minimal model of E) is non-singular.

It is remarkable to note that when this conjecture first appeared in 1965, it was not even
known whether L(E/Q,s) is defined at s = 1 (this is now known as a consequence of the
Modularity theorem, fully proven in 2000’s). Even now, it is not known whether III(E/Q)
is finite or not. Also note that the (2) part has striking resemblance with another well known
formula in number theory:

[Analytic Class Number Formula] For K a number field, the Dedekind zeta function {k(s)
has meromorphic continuation to all of C with only one simple pole at s = 1 with residue

(s — Dzu(e) < @) Regic i 05

s—1 wK-1/’DK|

where ik is the class number, Reg is the regulator of K, ;- number of real embeddings, 2r,-
number of non-real embeddings, wy- number of roots of unity in K.

In this report, we will start with defining the regulator, the conductor, and the Tate-Shafarevich
group of an EC (section 2). Then we will restrict our attention to the so-called CM ECs: ECs
over C with endomorphism ring strictly larger than Z. These curves have many beautiful
properties (section 4). Then we will prove the analytic continuation the L-function of a CM
EC, a result which was proved by Deuring in 1940’s. At the end, we will define Heegner
points on ECs and briefly outline the work to be done in the next semester (section 5).
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§2. Arithmetic Invariants of an Elliptic Curve

In this section, we first define the regulator and conductor of an EC. Then we define the Tate-
Shafarevich group. But in order to properly understand the Tate-Shafarevich group, we will
first need to understand the Weil-Chatelet group of an EC (2.3). We will assume familarity
with elementary group cohomology in (2.3) and (2.4) and will be based on [Sil86], Ch X.

§§2.1. The Regulator

The regulator of an elliptic curve is an important arithmetic invariant, which can be com-
pared to the regulator of a number field. In order to define it, we first recall the properties
of the canonical height function:

Notation: Let E be an elliptic curve over a number field K with algebraic closure K.

Theorem 2.1. The canonical height Ji of Neron and Tate on E satisfies the following:
1. h(P+ Q)+ h(P — Q) = 2h(P) +2h(Q) VP,Q € E(K). (Parallelogram Law)
2. h([n]P) = n*h(P) VP € E(K), VnecZ.
3. I gives rise to the Neron-Tate height pairing

(,): E(R) x E(R) — R, (P,Q)=h(P+Q)~—h(P)—h(Q)
4. h(P) > 0forall P € E(K),and i(P) = 0 <= P is a torsion point.

By Mordell-Weil Theorem, E(K) ® R is a finite dimensional vector space. And we can con-
sider E(K)/E(K)tors as a complete lattice in E(K) ® R. The regulator of E/K is the volume of
a fundamental domain of E(K)/E(K)tors w.r.t the Neron-Tate height pairing. More formally,

Definition 2.2. The Rg /g regulator of E/K is defined as

Re/x = det ((P;, Pj)) o, 1<j<r

===

where Pj, Py, ..., P, € E(K) be a set of generators for E(K)/E(K)tors-

§§2.2. The Conductor

The conductor of E/K is an arithmetic invariant which encodes the primes primes of bad
reduction. Unfortunately, understanding it completely requires the knowledge of Néron
models which is a difficult topic. But we can state the final result:

Definition 2.3. The conductor of E/K is an integral ideal defined by
Ng/x = HP{;”
(4
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where v runs over all finite places and for a finite place v, f, is defined as

0 if E has good reduction at v
for=<¢1 if E has multiplicative reduction at v
2+ 0, if E has additive reduction at v

where J, is a measure of the “wild ramification" in the action of the inertia group I, on T;(E).
If p, 12,3 then 6, = 0. (see [Sil86], C§16)

§§2.3. The Weil-Chatelet Group

The only ineffective part in determination of the Mordell-Weil group of an EC is the determi-
nation of the Weak Mordell-Weil group which basically depends on knowing the existence
(or non-existence) of rational points on certain curves associated to the EC.

Definition 2.4. Let E/K be an elliptic curve. A (principal) homogeneous space for E/K is a
smooth curve C/K together with a simply transitive algebraic group action of E on C de-
fined over K. In other words, a homogeneous space for E/K is a pair (C, #), where C/Kis a
smooth curve and y : C x E — C is a morphism over K having the following properties:

1. p is a group action.

2. Forall p,q € C there is a unique P € E such that u(p, P) = g.

Definition 2.5. Two homogeneous spaces C/K and C'/K for E/K are equivalent if there is an
isomorphism 0 : C — C’ defined over K that is compatible with the action of E on C and
C'. i.e., the following diagram commutes

CxE——~C

l@ xid l()
C'xE—— (C
The equivalence class containing E /K, acting on itself by translation, is called the trivial class.

The set of equivalence classes of homogeneous spaces for E/K is called the Weil-Chitelet
group for E/K denoted by WC(E/K). (see theorem 2.7 for the group structure)

Here are some interesting results about homogeneous spaces and the Weil-Chatelet group.

Theorem 2.6. Let C/K be a homogeneous space for E/K. Then

C/K is in the trivial class <= C(K) is not the empty set.
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Theorem 2.7. There is a natural bijection WC(E/K) — H'(Gal(K/K), E).

§§2.4. The Tate-Shafarevich Group

Let K be a number field, Mg be a complete set of inequivalent absolute values on K, K is
the completion of K at v € Mg, and E/K, E’/K are two isogenous ECs with ¢ : E — E’ an
isogeny. We start with a short exact sequence (SES) of G = Gal(K/K)-modules

0 — E[¢] —— E(K) -2 B'(R) — 0

Using Galois Cohomology, we obtain the following long exact sequence (LES) (connecting
homomorphism is Jg)

0 — E(K)[¢] — E(K) ———— E'(K) -

L HY(G,E[¢]) — H'(G,E(K)) — H'(G, E'(K))

We extract the following SES, which is called the Kummer sequence for E/K:

0 — 2  , HY(G,E[¢]) —— H'(G,E(R))[¢] —— 0

Remark 2.8. Note that by 2.7, the last term in above SES may be identified with the ¢-torsion
in the Weil-Chatelet group WC(E/K). Now the above SES has a very elegant interpretation:

Determining the group E'(K)/¢(E(K)) <= knowing its image under &g
<= knowing the kernel of the map ¢
<= knowing whether a K-rational point exists or
not on each of the homogeneous spaces

This last equivalence is a consequence of the theorem 2.6. Note that (theoretically) it is easy
to determine all the homogeneous spaces of a given EC and also easy to determine a point
in E'(K)/¢(E(K)) given a K-rational point on some homogeneous space.

So the only thing remains is to determine whether a K-rational point exists or not on a homo-
geneous space. Recall the Hasse-Minkowski theorem which is an example of the local-global
principle. Here also, to introduce local fields into the picture, we do following: For each
v € Mg we fix an extension of v to K, which serves to fix an embedding K C K, and a
decomposition group G, C Gal(K/K). Replacing K to K, in above, we get

0 — el —2 HY(Gy, El¢]) — HY(Go, E(Ky))[g] — 0
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The natural inclusions G, C Gal(K/K) and E(K) C E(K,) give restriction maps on coho-
mology. Thus we get the following commutative diagram

0 iy~ HY(G, El¢) ———— WC(E/K)lp) — 0
— EKy) s, 1l — l —
0 UEHMK¢ B ; UGHVIKH (Go, E[¢]) UGHMKWC(E/KU)[fP] 0

Definition 2.9. Let ¢ : E/K — E’/K be an isogeny. The ¢-Selmer group of E/K is the sub-
group of H! (Gal(K/K), E[¢]) defined by

S (E/K) :ker{Hl (Gal(R/K),E[¢]) — [T WC (E/KU)} (2.1)

veEMg

The Shafarevich-Tate group of E /K is the subgroup of WC(E/K) defined by

II(E/K) :ker{WC(E/K) — J1 WC(E/KU)} (2.2)

vEMyk

Meaning of these groups: By theorem 2.6, the Selmer group contains those homogeneous
spaces which has atleast one K,-rational point for each valuation v and the Tate-Shafarevich
group contains those homogeneous spaces in the Selmer group which does not have a K-
rational point. So, the Tate-Shafarevich group measures the extent of failure of the local-
global principle. This group is known to be non-trivial for a family of elliptic curves (see
[Sil86], X.6.5).

The following is a fundamental conjecture about III(E/K).

(Conjecture) The Tate-Shafarevich group of an elliptic curve is finite.
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§3. Class Field Theory

We know that Gal(Q(Z,)/Q) = (Z/nZ)*. In particular, it is abelian. The Kronecker-Weber
theorem gives a partial converse to this fact:

Theorem 3.1. If K/Q is an abelian extension, then K C Q({,) for some n.

One can similarly ask about characterization of abelian extensions of other fields of arith-
metic interest and this is answered in Class Field Theory(CFT), although very abstractly. In
the next section, we will see how the Theory of Complex Multiplication can be used to obtain
explicit description of abelian extensions of quadratic imaginary fields. Our main reference
for this section is [Cox03], chapter VIL

Let L/K be a finite Galois extension of number fields, B3|p be a prime extension, and x =
Ok/p, A = OL/*B are the residue fields. Recall from Algebraic Number Theory that we
have a surjective homomorphism

Dy — Gal (A/x), o0&

where Dy C Gal(L/K) is the decomposition group associated to . The kernel of this map
is the inertia group associated to i3, denoted by I.

Now suppose that B|p is unramified. Then Iy = 0, i.e., the above map is an isomorphism.
Since the residue fields are finite, A/« is cyclic, and therefore there exists an unique element

(%) € Dsp, called the Artin symbol, which maps to the Frobenious automorphism of A /x.

Morover, if L/K is abelian then the Artin symbol for 3 only depends on the prime below, p
and not on . Therefore, it is denoted by <L{TK) .

§8§3.1. Main theorems of CFT

For a number field K, let Ix and Px denote respectively the group of non-zero fractional and
principal-fractional ideals of K.

Definition 3.2. A modulus in K is a formal product m = [], p"* over all primes p, finite or
infinite, where n, > 0 and at most finitely many are nonzero, n, < 1 if p is real infinite, and
n, = 01if p is complex infinite.

Given a modulus m, we can write it as m = myme. We define
Ig(m) := {a € I : ais relatively prime to m}
Pgi(m):=(aOg:a € Okanda =1 (mod my),c(a) > 0)

Definition 3.3. A subgroup H C Ix(m) is called a congruence subgroup for m if it satisfies
PKll(m) CHC IK(m)

and the quotient Ix(m)/H is called a generalized ideal class group for m.
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Let L/K be an abelian extension and m be a modulus divisible by all primes of K, finite or
infinite that ramify in L.

Definition 3.4. Then the homomorphism (extends by multiplicativity)
L/K
Dy 1/K Ix(m) — Gal(L/K), p+— (L)

p
is called the Artin map for L/K and m. (omit L/K if clear from context)

The following result regarding the Artin map is called the Artin Reciprocity Theorem:

Theorem 3.5. 1. The Artin map Py, is surjective.

2. If the exponents of the finite primes m are sufficiently large, then ker(®y,) is a congru-
ence subgroup for m, and hence Gal(L/K) is a generalized ideal class group for the
modulus m.

The above theorem is true for many moduli m but there is one modulus which is better than
all the others, called the conductor of L/ K:

Theorem 3.6. (Conductor Theorem) There is a modulus § = f(L/K) such that
1. A prime of K, finite or infinite, ramifies in L <= it divides f.

2. Let m be a modulus divisible by all primes of K which ramify in L. Then ker(®y,) is a
congruence subgroup form <= f|m.

Theorem 3.7. (Existence Theorem): Let m be a modulus of K, and let H be a congruence
subgroup for m, i.e., Px1(m) C H C Ig(m). Then there is a unique Abelian extension L of
K, all of whose ramified primes, finite or infinite, divide m, such that kernel of Artin map
Py, @ Ix(m) — Gal(L/K) is H.

Given any modulus m, the Existence theorem shows that there is a unique abelian extension
K of K such that Px 1(m) = ker(®k,_/xm). K is called the ray class field for the modulus m.

Thus the ray class field Ky, is characterized by the property that it is an abelian extension of
K and primes which split completely in it are precisely the primes in Pg 1 (m).

Example 3.1. The ray class field for the modulus m = 1 is called the Hilbert Class Field H of K
characterized by the property that it is everywhere unramified maximal abelian extension.

Theorem 3.8. Let p be a prime in K. Then (L/TK> =1 <= pis principal.
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§83.2. The Idelic Approach to CFT
This subsection is based on [Sil94], chapter I1.3.

Let K be a number field, and for each absolute value v on K, let R, be the ring of integers of
Ky if v is non-archimedean, and let R, = K, otherwise. The idele group of K is the group

Ay=TI K (3.1)
veEMk

where prime indicates that the product is restricted relative to the R, ’s. This means that
an element s € []Kj in the unrestricted product is in Ay if and only if x, € R} for all but
tinitely many v.

Definition 3.9. Let s € Ay be an idele. We define the ideal of s to be the fractional ideal of K
given by (s) := [T, po™dv .

If L/K is a finite extension, then there is a natural norm map from Aj to Aj. This is a
continuous homomorphism

NE:AT — AL, x = (xy) — (H Nﬁ‘:xw)
wlv

. The idelic formulation of class field theory is given in terms of the reciprocity map de-
scribed in the following theorem.

Theorem 3.10. Let K be a number field, and let K2 be the maximal abelian extension of K.
There exists a unique continuous homomorphism

A% — Gal (Kab /K) , s+ [s,K]

with the following property: Let L/K be a finite abelian extension, and let s € Ay be an idele
whose ideal (s) is not divisible by any primes that ramify in L. Then

s,K]|, = (L(/T§<> where (L/—K) is the Artin map.

The homomorphism [, K] is called the reciprocity map for K. The reciprocity map has the
following additional properties:
1. The reciprocity map is surjective, and K* is contained in its kernel.

2. The reciprocity map is compatible with the norm map,
[, L] | oo = [NIL(x, K] forall x € A}

3. Let p be a prime ideal of K, let I?” C Gal (K" /K) be the inertia group of p, let 71, € K;;
be a uniformizer at p, and let L/K be any ab. extension that is unramified at p. Then

[7,,K]|, = (p,L/K) = Frobenius for L/Katpand [R},K] = I?
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§4. Complex Multiplication

Let E/C be an elliptic curve. We begin by recalling an important theorem about End(E).

Theorem 4.1. ([Sil86], VI.5.2) Let w; and wy be generators for a lattice A associated to E.
Then either End(E) = Z or the field Q(w,/w1) is an imaginary quadratic extension of Q,
and End(E) is isomorphic to an order in Q(w; /w3y).

Elliptic curves of latter type are our topic of discussion. We define them formally.
Definition 4.2. E/C is said to have complex multiplication (or CM) if Z C End(E).

We will see many nice properties of a CM elliptic curve E in section 4.1. Section 4.2 states
the Main Theorem of Complex Multiplication which will be used in section 4.3 to associate
a Grossencharacter to E, which in turn will be used to prove the analytic continuation of the
L-series of E in section 4.4. This chapter is based on [Sil94], chapter II.

§84.1. Properties of CM Elliptic Curves
Let ELL(O) denote the isomorphism classes of elliptic curves E/C with End(E) = O.

Let K be a imaginary quadratic field and Oy its ring of integers. In our discussion, we will
restrict ourselves to only those EC which have CM by Ok i.e., the maximal order. This is not
very serious restriction:

Theorem 4.3. Let E have CM by an order O in K. Then it is isogenous to an EC E’ which
have CM by Ok. i.e., there is an isogeny E — E’.

Proof. Let A = Zw; + Zw, be a lattice for E. Then K = Q(wy/w7) by theorem 4.1. Let
A € A be non-zero. Then A~1A C K hence fractional ideal of K. So WLOG, we can assume
A C Ok. Clearly we have isogeny C/A — C/Qk, z+— z. Take E' = C/Ok. O

Let CL(Ok) denotes the ideal class group of Ok. Our first result is that ELL(Ok) is finite.

Theorem 4.4. 1. Let A be a lattice with Ep € ELL(Ok) and let a,b € Jx.
(@) aA = {mA +...+ a2 a; € a,A; € A} is alattice in C.
(b) The elliptic curve E,x satisfies End(Eyp) = Ok.
(c) Eqp & Epp <= a=bin CL(Ok).
Hence there is well-defined action of CL(Ok) on ELL(Ok) givenby ax Ex = E  1,.
2. This action is simply transitive. In particular, | CL(Ox)| = | ELL(Ok)].
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The proof of this theorem essentially depends on the fact that any isogeny ¢ : /% — /%

between complex ECs is of the form ¢(z) = az for some a« € C with aA; C Ap. Hence
End(Ep) Z {a € C:aA C A}
Because the action is simple transitive, there is a well defined map
F:Gal(K/K) — CL(Rk)
characterized by the condition that (where E € £LL(Ok) is some chosen EC)
o(E) = F(c)*E forall o € Gal(K/K).

This map is a homomorphism (easy) and independent of chosen EC E in £ELL(Rg) (hard).
By studying this map F (using Class Field Theory), we are able to prove the next result which
says that if E has CM by Ok then it is defined over a number field, more precisely over the
Hilbert class field H of K (3.1). In particular, it also says that j(E) is an algebraic number
(which is an amazing result in itself). j-invariants of EC by CM are called singular modulli.

Theorem 4.5. Let E/C has EM by Ok. Then K(j(E)) is the Hilbert class field H of K.

The next result says that the coordinates of torsion points can be used to generate abelian
extensions of H (not of K). The proof of this essentially depends on the fact that all endo-
morphisms of E are defined over H and that E[m] is a free Ox/mOg-module of rank 1.

Theorem 4.6. ([Sil94], 11.2.3) Let
L= K(](E), EtorS)

be the field generated by the j-invariant of E and the coordinates of all of the torsion points
of E. Then L is an abelian extension of K(j(E)).

To generate abelian extensions of K, we need to tweak the coordinates of points in E;ys. For
this purpose, we introduce the Weber function.

Definition 4.7. For an elliptic curve E/C, choose a lattice A and an isomorphism
f:C/A—E(C) z+— (p(z,A), ¢ (z,AN))

then the Weber function h(f(z)) is defined by

82(/\)2p 2, A)2 if g3(A) = 0

A(A)
h(f(z)) == ?f((f))p(z,AP if g2(A) =0 (4.1)
‘% o(z,A) otherwise.

where A(A) = ¢2(A)? — 27¢3(A)3 # 0 is the usual modular discriminant.
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Notation: E[a] = {P € E : [a]P = 0Va € E} is called the group of a-torsion points of E.

The next result is one of the central theorems in the Theory of Complex Multiplication. It is
an analogue of the classical Kronecker-Weber theorem (3.1).

Theorem 4.8. ([Sil94], I1.5.6) Let E has CM by Ok, and let h(f(z)) be the Weber function as
defined above. Let ¢ be an integral ideal of Ok. Then the field

K(j(E), h(E[c]))

is the ray class field of K modulo c.

Proof. (Sketch) Let L = K(j(E), h(E[c])) = H(h(E]c])). We want to prove that
<L/TK> =1<4<= pe PK,l(c)

Suppose p = uOk € Px1(c) is of degree 1. Then by 3.8, (H/K> = 1. Using CFT, we can find

7t € Ok such that p = 1Ok and reduction of [77] modulo p, [7T] = @j, is p-power Frobenius

map. Using properties of reduction map and the Weber function, we prove that (L‘/TK) =1

p
and [ 7] = @p. Again, using properties of reduction map and the Weber function, we can find

& € O* s.t. [ — &) annhilates E[¢c]. Hence & '7r = 1 mod cand p = m0g = & 1w Ox. O

Suppose (L/K> = 1. Then <H/K) = 1. Hence again we have m € Ok such that p = 7Ok

One of the remarkable properties of CM elliptic curves is that their j-invariant is integral.

Theorem 4.9. (IL6.1) Let E/C be an EC with CM. Then j(E) is an algebraic integer.

Proof. (Sketch) Define the following;:

Dn::{@ Z) EMz(Z):ad—bc:n}

Sn::{<g Z) eMz(Z):ad:n,d>o,ogb<d}

, . fat+b _fa b .
(jow)(t):=]j (CT-l—d) for o = (c d) € M3(Z) with det(a) > 0
Fa(X):= [ (X—jou) Zsz’”
S

Then we can prove the following series of statements:
1. Claim 1: s, is a modular function for SL,(Z). Hence s,, € CJj].

2. Claim 2: The Fourier expansion of s, has coefficients in Z. Hence s,, € Z[j].
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3. By Claim 2, [T cs, (X — joa) = Fy(j, X) where F(Y, X) € Z[Y, X].

4. If n is not a perfect square, then the polynomial H, (X) = F,(X, X) is non-constant and
has leading coefficient £1.

Now if E has CM by full ring Ok, then we can find an isogeny whose degree is not perfect
square. Using point 4, integrality of j(E) is proved. For arbitrary orders, we prove that j(E)
is integral over Z[j(E')] where E’ has CM by Ok and use transitivity. O

Remark: Ramanujan calculated (without calculator) that

V16 — 262537412640768743.999999999999250072597 ...  (known as Ramanujan’s Contant)

which is almost an integer. This can be explained as follows: Since Q(1/—163) has class
number 1 hence | (H— V{m’> € Z. Also, recall that j(7) has the g-expansion

1 .
j(q) = . + 744 4 196884q + 21493760g% + - - - where q = ¢*™'T

If we substitute T = (1 + +/—163) /2, then
g=—e ™18~ _3809.10718

is very small. Thus the main term in j(g) will be 1/ which means that 1/4 should be
"almost” an integer. Also all the other terms with positive power of g will be very small
meaning j(7) is almost an integer.

§84.2. The Main Theorem of Complex Multiplication

Let x € A} be anidele and let R = Ok. If ais any (non-zero) fractional ideal of K, we define
xa to be the product (x)a. Using the equality (x)p = (x)Ryp = xRy, we see that

(xa)p = (x)aRyp = xpaRy = xpap
The following natural maps are isomorphism of abelian groups ([Sil94], I1.8.1):
K K K K
— = @ X and — @ ¥
a N op xa.

Ypag
We define the multiplication-by-x map on K/a to be multiplication of the ‘B-primary compo-
nent by xq i.e., it is defined by the commutativity of the following diagram:

X K

" xa

K

a
Ky (fp)— (xqpiyp) K
@513 Cqu,% ’ ®‘~B quam

Now we are ready to state the main theorem of CM. It gives an analytic description of of the
action of Aut(C) on E(C). It is called so because we can deduce theorem 4.8 from it. Also
it will help us associate a Grossencharacter to E (theorem 4.14) which will help us prove the
analytic continuation of L-function of E (theorem 4.21).
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Theorem 4.10. (Main Theorem of CM) Let ¢ € Aut(C) and s € A}, an idele of K satisfying
s, K] = o|ga- Fix a complex analytic isomorphism

f:C/a— E(C)
where a is a fractional ideal of K. Then there exists a unique complex analytic isomorphism
f':C/sta =5 E(Q)

(depending on f and o) so that the following diagram commutes:

K/a — 4 K/s7la
s |
E(C

f/
) ——— E°(C)

§84.3. The Associated Grossencharacter

Definition 4.11. A Grdssencharacter on a number field L is a continuous homomorphism
p: A} — C*
with the property that (L") = 1. It is said to be unramified at B if Y(Ry,) = 1.

Let E/L be an EC with CM by the ring of integers Ok of K, and assume that L O K. In the
next theorem, we take our first step in defining the Grossencharacter.

Theorem 4.12. Let x € A} be an idele of L, and let s = NL(x) € A%. Then there exists a
unique & = ag, (x) € K* with the following two properties:

1. aOk = (s), where (s) C K is the ideal of s.

2. The following diagram commutes

K/a L K/a
b |7
E ab [x,L] ab
(L™) E(L™)

for any fractional ideal a C K and any analytic isomorphism f : C/a — E(C).
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Proof. Let L' = L (Eors ). Since j(E) € L, it follows from 4.8 and 4.6 resp. that
Kab C L/ C Lab

Choose an automorphism ¢ € Aut(C) such that ¢|;» = [x,L]. Then by (3.10), we have
0lga = [s,K]. So applying the main theorem of CM (4.10), we find an analytic isomorphism
f':C/a — E(C) and a commutative diagram as in 4.10.

Now E’ = E, since ¢ fixes L. In particular, C/a = K/s 'a. Hence 38 € K* such that

Bs~la = a. Our commutative diagram then becomes

-1
K/a —P L K/a

| |
E(C

) ——— E(C)

Note that f” o f~! is an automorphism of E, say f”" = [¢] o f for some & € Of. Now set
a = ¢p and use the facts that ¢|;» = [x, L] and Eors C E (L), we get

K/a e K/a
b s
E ab [xL] ab
(L%) E(L™)

which is exactly (ii). Further, we have an equality of ideals
asla=psla=a, so aOg=(s)

This proves that a satisfies both (i) and (ii), which completes the proof of the existence. It
can be showed that such « is unique and independent of the choice of f. O

The above theorem gives us a well-defined map
XE/L Ai — K" CC”

which is clearly a homomorphism. However, it is easy to see that ag,; (L*) # 1, so ag,p is
not a Grossencharacter. More precisely, if § € L* and xg € AJ is the corresponding idele,
then [xﬁ, L} = 1 (because L* is in the kernel of [, L]). Then it is easy to see that (using the

formula NL(a) = [Teo NIZU («) for any valuation v on K)
gy (xg) =Ngp forall p € L*.

But we very close. We can tweak the function ar,; to obtain a Grossencharacter (theorem
4.14). Before moving on, we first recall a criterion for good reduction.

Theorem 4.13. [Sil86],VIL.7.1 (Criterion of Neron-Ogg-Shafarevich) Let K be a local field
and E /K be an elliptic curve. Then E has good reduction at K <= [ acts trivially on E[m]
for infinitely many integers m > 1 that are relatively prime to char(k).
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Theorem 4.14. Let
XE/1L - Ai — K*

be the map described in theorem 4.12. For any idele s € A¥, let s,o € C* be the component
of s corresponding to the unique archimedean absolute value on K. Define a map

Ye/L: AL — €, pyr(x) = ap/L(x)NR(x o
1. g, is a Grossencharacter of L.

2. Let P be a prime of L. Then g, is unramified at* <= E has good reduction at 3.

Proof. (a) It is clear that ir,; is a homomorphism. We saw above that if § € L*, then
g1 (xg) = NEB. On the other hand, untwisting the definitions we find

N (xp),, = lL—IC BT = NiB
f|KZ>1

Therefore g, (xg = 1. This holds for all B, so Y, (L*) = 1.
First we verify that ag,; is continuous. Fix an integer m > 3. By 4.6, L(E[m]) C L. Let
By = [, L] Y(Gal(L/L(E[m])) C A}
be the open subgroup (open because reciprocity map is continuous). Let
Wi == {s € Ag :sp € (Ox), and s, =1mod m(Ok), forallp} (openbecause (Ox); is open)

Uy := By N {x € A} :Nkx ¢ Wm} (open because N% : A} — A} is continuous)

We are going to prove the Claim: wap,;(x) =1 forall x € Uy,.

Let x € Uy, & = ag/r(x), and fix an analytic isomorphism f : C/a — E(C). Then for any
t € m—'a/awehave f(t) € E[m], so

f(t) = F(OFH = £ (angxt)

— f(at) sincet € m 'a/aand <N113x>p € (1+m(Ok)p) N (Ok), forall p

Since f is an isomorphism, multiplication by a fixes m ~'a/a or, equivalently,
(a—mlaca = (a—1)Ox CmOg = a€ O and a=1(modmOy)
On the other hand, for any prime p of K we have
ord, & = ord, <N1L<x>p (by 4.12(i))

=1 (since the p-component of NIL<x € Wy, is a unit.)
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This holds for all p, so « € Of. But « = 1(modmOk) from above, so the only possibility is
« =1 (using m > 3). This proves our claim. Hence,

Ye/L(x) = Nllz (x’1> for all x € Uy,

(ee]

proving that i/, is continuous on Uy,. Therefore ¢¢/ is continuous on all of Aj.

(b) Let L’lpb C Gal(L™ /L) be the inertia group for 9. Then [R;’%, L} = I%b by 3.10. Letm € Z
with B 1 m. We know from 4.6 that E[m] C E(L%), so Lg’ will act on E[m]. Now
I;“I;b acts trivially on E[m] <= f(t)! = f(¢) forall x e (Ok)pandall t € mta/a
= f (th/L(x) (Nlﬁx—l) t) = f(t) forall x € (Og)§ andall t € m~1a/a.

We make two observations. First,

lPE/L(x) = OCE/L(X) forall x € (OK)%

since x € (Ok)y; are all 1 for P|co. Second, the multiplication by NEx~! induces the identity

map on m~la/a. This follows from a technical lemma ([Sil94], I1.9.3) and the assumption
that B3 1 m. Hence we find

L“ﬁb acts trivially <= f (pr,(x)t) = f(t) forallx € (Og)y and all t € mla/a
< Pr/L(x) =1 (modmOx) forall x € (Ok)y, since f : mta/a = E[m]
Combining this with the criterion of Néron-Ogg-Shafarevich (4.13), we get

E has good redn. at P <= T infinitely many m with P { m s.t. g, (x) = 1 (modmOx) Vx € (Ok)y
< yg/r(x) =1forallx € (Og)y (since above is true for infinitely many m

And by definition this means that i, is unramified at ‘3. O

§84.4. The L-Series Attached to a CM Elliptic Curve

Let L be a number field and E/L be an EC with CM by Ok.. In this section, we prove
the analytic continuation (4.21) of the L-series of E. This is done is a slightly unusual way:
We prove that L(E/L,s) is equal to a certain Dirichlet series whose analytic continuation is
already known (4.16) and then conclude the analytic continuation of L(E/L,s).

Definition 4.15. Let ¢ : A} — C* be a Grossencharater and 33 a prime of L. We define

(P) = {Z)[J( ., 1L,1,m1,1,..0) if ¢ is unramified at P

otherwise

The Hecke L-series attached to the Grossencharater ¢ is defined by the Euler product

L(s, ) = Iq:[(l — p(B)ag’)
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Theorem 4.16. Let L(s, ) be the Hecke L-series attached to the Grossencharacter ¢. Then
L(s, ¢) has an analytic continuation to the entire complex plane. Further, there is a functional
equation relating the values of L(s,¢) and L(N — s, §) for some real number N = N(1).

Now we set on to find the relation between elliptic curve invariants and its associated
Grossencharacter. First, we prove the following proposition.

Proposition 4.17. Assume that L O K and let 3 be a prime of L at which E has good reduc-
tion, let E be the reduction of E modulo 3, and let

¢p: E— E be the associated gyp-power Frobenius map, and ¢, : A] — C*

be the Grossencharacter (4.14) attached to E/L. Then the following diagram commutes:

[$E/L(B)]

\
7

Pop

M <—— ™
M ¢——— ™

\
7

Remark: We have ¢r /1 (B) = ag,(B) € Ok, so [Ye,/L(B)] € End(E).

Proof. Letx = (...,1,1,7,1,1,...) € A] where = tO;. Then as we just remarked,
/L (B) = Pe/o(x) = ap/(x) € Ok
The commutative diagram in 4.12 used to define ag, tells us that
FOPFLE = [yp,(2)] f ( NIL<x_1t> forallt € K/a

Fix some m € Z with 8 { m. Then ([Sil94], lemma I1.9.3) says that (Nkx~1)t = ¢ for all
t € mla/a, so we get

FOFY = [pe, (x)] f(£) forallt € m'a/a

Now we have [x, L] = (%) from 3.10 (iii), so [x, L] mod B is ¢3. Hence we get,

—_— —_~—— 7 —

Pp(f(t) = f(t)H = [QDE/L(X)} f(t) forallt € mla/a

As t varies over m~'a/a, f(t) varies over all of E[m]. Let L' = L(E[m]) and %'} be a prime
extension. By [AEC VIL3.1], (where K’ is the residue field of (Op/)gy)

E(Lyy)[m] — E(K)

is injective. Since L' C Lk, |E(L")[m]| = m?, and |E(k")| < m?, we get that above map is

bijection of m-torsion points. Hence f(m~1a/a) is all of E|
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Since this is true for all m € Z with m { B, and since an endomorphism of E is determined
by its effect on torsion (or even on /-primary torsion for a fixed prime ¢ [AEC IIL.7.4]), we

conclude that ¢y = [1p5 / L(x)} . O

Now we give some properties of endomorphisms of ECs and give corollary of above.
Theorem 4.18. 1. ([Sil94], I1.1.5) If E is an EC with CM by Ok, then Va € Ok, the endo-
morphism [«] : E — E has degree ]Ng ()]
2. ([Sil94], I1.4.4) Let E be an EC with good reduction at prime ‘B, then
deg(¢) = deg(¢p) forany ¢ € End(E),

where ¢ : E — £ is the reduction of ¢ modulo ‘p.

Corollary 419. 1. gy = NngiB = Ng (We/L(B)),
2. #E (Fyp) = Ng¥ + 1 — ¥e/L(B) — ve/L(B),

3. asp:¢E/L(q3)+lpE/L(q3)-

Proof. (a) We compute

—_—

No® = deg ¢y = deg [pr/(B)] from4.17
= deg [p,/L(PB)] from 4.18 (ii)
(

= Ng (Ye/L(B))  from 4.18 (i)

(b) Similarly, we compute

#E (Fy) = #tker (1 — ¢yp) = deg (1 — pp)

= deg [1 - 1/)53(53)} from 4.17
= deg [l — ¢, (P)] from 4.18(ii)
= N§ (1= ¢e/L(%)) from 4.18 (i)

= (1= e/ (P) (1~ Pe/L(P))
=1~ ¢p/L(B) — Yr/(B) + NGB from (a)
(c) Obvious from (a), (b) and the definition of as. O

Now we prove the analytic continuation of L(E/L,s) by relating it to Hecke L-series. But
tirst we recall some results about reduction of ECs.

Theorem 4.20. ([Sil86], VI.5.5) Let F be a local field and E/F be an elliptic curve.
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1. Let F'/F be a finite extension. If E has either good or multiplicative reduction over F,
then it has the same reduction type over F'.

2. Then E has potential good reduction <= its j-invariant j(E) € OF.

Theorem 4.21. (Deuring) Let E/L be an EC with CM by the ring of integers Ok of K.
1. Assume K C L. Let ¢/ : A] — C* be the Grossencharacter attached to E/L. Then

L(E/L,s) = L(s,Yg/1)L(s, Y /L)-

2. Suppose K ¢ L, and let L’ = LK and g /s be the Grossencharacter attached to E/L’.
Then L(E/L,S) = L(S, lPE/L/).

Proof. By 4.9 and 4.20, we get that E has no multiplicative reduction. Hence E has only good
or additive reduction. Now suppose E has good reduction at ‘B. Then

Lp(E/L, T) =1—apT + gpT?
=1- (lPE/L(‘B) + lPE/L(‘I?)) T+ (NgtpE/L(qB)) T? (by 4.19)
= (1= e/ (P)T) (1= e/ (B)T)

On the other hand, (4.14 b) says that i,y is unramified aty <= E has good reduction at
B, and the same is true for i, . Thus

Ye/L(B) = Pe/L(B) =0 if E has bad reduction at
so the formula given above for Lyy(E/L, T) is also true for primes of bad reduction. Therefore
-1 -1 -
L(E/L,s) =T TLy (E/Lag’)  =TT(1=9en®ay)  (1-ve®ay)
B B

=L (s, ¢e/r) L (s, Pe/1)

The part (2) can be also proved in a similar way. O

-1

Now we give the explicit analytic continuation of the L-function L(E/L,s) when L = Q.

Corollary 4.22. L(E/Q, s) extends to an entire function on C with functional equation
A(E/Q,s) = wA(E/Q,2 —s)

where

A(E/Q,s) := (2) °T(s)N*/?L(E/Q,s),

I' is the Gamma-function, and w € {£1} is called the sign of the functional equation.

The sign of the functional equation will play an important role in the later sections.
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§5. Future Work

We resume from where we left off in the introduction. So around 1970’s, L(E/Q,s) was
known to be defined at s = 1 only for CM ECs (theorem 4.22). So naturally, mathematicians
tirst tried to prove BSD for CM ECs and John Coates and Andrew Wiles succeeded at it:

Theorem 5.1. (Coates-Wiles, 1978) Let E/Q be an elliptic curve having complex multiplica-
tion. Then L(E,1) # 0 = rank(E(Q)) = 0.

Soon, another major breakthrough came through the collaboration of Benedict Gross and
Don Zagier. They studied the so-called Heegner points on ECs which we will formally define
in section 5.4. But first some preliminaries in sections 5.1 and 5.2. Heegner points have an
interesting history which we will see in section 5.3. In section 5.5, we will give the statement
of the theorems of Gross-Zagier and Kolyvagin.

§85.1. Modular Curves
The main reference for this section is [DS05], Ch II.

Let H := {t € C : Im 7 > 0} denote the Poincare upper half plane.

Definition 5.2. For N € Z~1, we define

To(N) := { <‘Cl Z) €SLy(Z):c= O(modN)}

called the Hecke congruence subgroup of level N.

We define Yy(N) := To(N)\H, the set of orbits of the action of I'y(N) on H. Let H* :=
H UP!(Q) be the completion of H, where P!(Q) = Q U {oo}.

We topologize H* as follows: A basic open set about a point of H is an open disc wholly
within H, and a basic open set about co is

Ny = {1t € H :ImT > M} for each positive real number M.

If x = p/q € P}(Q) is rational, a basic open set about x is of the form D U {x}, where D
is an open disc in ‘H of positive radius r and center x + ir. The resulting topology on H* is
Hausdorff, H is an open subset and I acts continuously.

Definition 5.3. Xo(N) = I'o(N)\H* is called the modular curve of level N.

Theorem 5.4. Xo(N) = To(N)\H* is a compact, connected, and Hausdorff space.

Morever, X(N) can be given complex charts which makes it into a Riemann surface and this
Riemann surface can be realized as the set of complex points of a projective curve defined



§5 Future Work 22

over Q. Infact, there is an equation, called the modular equation, given by Fy(j, jy) = 0 where
j(z) is the modular j-invariant and jn(z) := j(Nz) with Fy(u,v) € Z[u,v]. And

Zo(N) : Fx(u,v) =0 (5.1)

is an irreducible plane model for Xo(N). Fy also occured in the proof of the integrality of
j-invariant of CM ECs (theorem 4.9).

Also Yp(N) C Xp(N) is also a Riemann surface (as Xo(N)\Yo(N) is finite hence closed).
Yp(N) has another interpretation which will be useful later:

Yo(N) = {(E, ¢) upto isomorphism : E/C is an EC and ¢ C E is a cyclic subgroup of order N}
= {¢ : E — E’ upto isomorphism : ¢ an isogeny with ker(¢) cyclic of order N}

where isomorphisms are defined in the obvious way.

§85.2. Weil Curves and the Modularity Theorem

Let E/Q be an EC and L(E/Q,s) = Y, ann"° be its L-series. Let fr(T) = ), a4q" where
g = e*™T. If fr is a cusp form of weight 2 then E is called a modular elliptic curve or a Weil
curve. The following theorem gives conditions for cusp forms to arise this way.

Theorem 5.5. Let f be a modular cusp form of weight 2 for the group I'g(N). Assume further
that f is a normalized newform and that f has rational Fourier coefficients. Then there exists
an elliptic curve E defined over Q such that f = fg.

In other direction, we have the following famous result which also gives the analytic contin-
uation of L(E/Q, s) to all to the whole complex plane.

Theorem 5.6. (Modularity Theorem) Every elliptic curve Q is a Weil curve.

The following version of Modularity theorem is often useful.

Theorem 5.7. (Modularity Theorem, [DS05], VIL.7.2) Let E be an elliptic curve over Q. Then
for some positive integer N there exists a surjective morphism over Q of curves

CDN,E : XQ(N) — E(C)

The map Py  is called a modular parametrization of E. The positive integer N can be taken
to be the conductor of E.

§85.3. The Congruent Number & The Class Number 1 Problems

An amature German mathematician named Kurt Heegner in his [Hee52] paper was inter-
ested in solving an special case of the ancient Congruent number problem (CNP). Along the
way, he also solved the famous Gauss’ Class number 1 problem. Sadly, his solution to the
Gauss’ problem wasn’t accepted at the time due to an alleged gap. It was only later, when
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Harold Stark [Sta66] and Alan Baker [Bak71] independently solved it in 1966, Stark went
back to the Heegner’s proof and realised that it was (almost) correct.

Also later, Bryan Birch realized that while solving the CNP, Heegner had unknowingly
found a remarkable way to explicitely construct certain rational points on certain elliptic
curves which he called “Heegner Points” [Bir75]. Birch generalised the Heegner’s results
and formulated them in modern language (as points on modular curves). With N Stephens,
he also did an extensive numerical computations of Heegner points on the family of curves
y? = x3 — 1728¢% [BS81] and formulated a conjecture about Heegner points (see section 5.5).

Even though Heegner did not used elliptic curves in his paper, all of this was possible be-
cause of a relation between the CNP and elliptic curves which we now describe.

Definition 5.8. An integer n is called congruent if it is the area of some right triangle all of
whose sides are rational numbers.

[Congruent Number Problem] Given a positive integer n, determine if it congruent or not.

8 2

Theorem 5.9. 1 is congruent <= rank of the elliptic curve E, : y> = x> — n’x is positive.

Heegner proved the following result in his paper [Hee52].

Theorem 5.10. Let p € Z~4 be a prime number. If p = 50r7(mod8) (resp. p = 3 or 7(mod
8)) then p (resp. 2p) is congruent.

§§5.4. Heegner Points

Let w € H is an imaginary quadratic number. Then w satisfies an equation
Aw* +Bw+C=0

where (A,B,C) = 1. Denote the discriminant of w as A(w) := B? — 4AC and let K be
the imaginary quadratic field (IQF) Q(w). Also, fix a positive integer N. There are several
equivalent ways of defining Heegner points but we choose the following:

Definition 5.11. Let w € H is an imaginary quadratic number and A, B, C be as above. If
A=0(modN) and (A(w),4N)=1

then [w] € Xo(N) = To(N)\H* is called a Heegner Point (of discriminant A(w)) on Xo(N).

1. The discriminant A(w) of [w] is well-defined since I'y(N) C GLy(Z). By abuse of
notation, we will say that w is a Heegner point.

2. If ' is such that [w'] = [w] and if A = 0(mod N), then A’ is also 0 modulo N.
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3. Also note that if (A(w),4N) = 1 then

A =0(modN) <= A(w) = B*> mod 4N for some € Z
<= every prime p dividing N splits in K

Both forward implications are easy to see but backward ones require some work. Last
condition is often called “Heegner Hypothesis" in literature.

The following gives an alternate characterization of Heegner points.

Theorem 5.12. A quadratic number w is a Heegner point of Xo(N) <= A(w) = A(Nw).

Proof. ( =) Since w satisfies
NA'w? + Bw+C =0 with(NA’,B,C)=1
and therefore, A(w) = B2 — 4N A’C. Multiplying this by N, we get
A'(Nw)*+ B(Nw) + CN =0
It is easy to see that (A’, B,CN) = 1. Therefore A(Nw) = B> —4NA'C = A(w).
( <= ) Let w satisfy an equation
Aw? +Bw+C =0 where A, B,C are relatively prime.
Multiplying this by N2, we get
A(Nw)? + BN(Nw) + CN? = 0.

Let d be the gcd of A, BN and CN?2. Then A(Nw) = Z;—;(Bz —4AC). Since A(w) = A(Nw),
this implies d = £N and therefore, A = 0(modN). O

We remarked at the end of section 5.1 that any point T € Yyo(N) = I'o(N)\H can be inter-
preted as a pair of elliptic curves,

E = %, E = ﬁ, together with the N-isogeny E — E'.

Then a Heegner point w corresponds to a pair of N-isogenous ECs, each CM by the same
order because A(w) = A(Nw). Infact, this property characterizes Heegner points and Birch
defined them this way when he first introduced them in [Bir75].

Also recall that the image of w on X, (N) may be represented on the plane model as

(j(w), jn(w)) € Zo(N) (52)
Given an elliptic curve E/Q of conductor N with a rational map

Py r: Xo(N)(C) — E(C) 5.3)
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defined over Q (5.7). If w is a Heegner point then by equation 5.2 and 5.3, we get

Dy e(w) € E(Q (j(w), jn(w))) -

Now by theorem 4.5, the Hilbert class field H = Q(w, j(w)) = Q (w, jn(w)) since A(w) =
A(Nw). Therefore, Q (j(w), jn(w)) C Q(w, j(w)) = H and we have

(I)N,E(w) - E(H)

Since H is Galois over K = Q(w), we can find a point in E(K) using this point: Let A(w) = D
and the class number & = h(D). In order to obtain a complete set of H/K conjugates, we
find h Heegner points wy, . .., wy, each satisfying

Ajw? + Biw; +C; =0 with A(w;) = B> —4A;C; = D = 1* mod 4N,
A; =0(modN) ,and B;=rmod2N.

Then we take the following sum to obtain a point in E(K).
P = Trg (Pn e (1)) = P (1) + -+ + P e (wp)

In the next semester, we will see how this point can be used to construct a point in E(Q).

§85.5. The Theorems of Gross-Zagier and Kolyvagin

In 1982, Birch and Stephens [BS81] published a conjecture about the height of the rational
point arising from the Heegner construction:

[Conjecture 5.1] If E is an elliptic curve over Q which is parametrized by modular functions,
i.e. Eis a Weil curve, and K is a complex quadratic field such that the Mordell-Weil group
E(K) of K-rational points of E has odd rank, then the "canonical" K-rational point of E which
is given by Heegner’s construction has Tate height measured by L%/ (1).

Soon after, in 1983, Gross and Zagier proved this conjecture [Gro83].

Theorem 5.13. (Gross-Zagier, 1983) Let E/Q be a modular elliptic curve given by
E:y*=4x>+ax+b and EP:Dy*=4x>+ax + bbea twist,

where D < 0is the discriminant of an imaginary quadratic field. Assume also that (D, N) =
1, where N is the conductor of E and that

D = > (mod 4N) for some B.

Let € be the sign of the functional equation of L(E/Q, s) and let QO and Qrp denote the least
positive real periods of the elliptic curves E and EP, respectively, there are two cases:

e Case 1: ¢ = —1. Then there exists a point Pp € E(Q) such that
L(EP/Q,1)L'(E/Q,1) = cQppQeh (Pp)

where c is a nonzero rational number and /i, is the height function on E(Q).
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* Case 2: € = 1. Then there exists a point Pp € EP(Q) such that
L(E/Q,1)L'(EP/Q,1) = cQppQrhro (Pp)

where c is as above and /1;p is the height function on EP(Q).

In both cases, the point Pp will be explicitely constructed from the point Px discussed above.
Victor Kolyvagin [Kol89] made a further breakthrough by proving;:

Theorem 5.14. (Kolyvagin, 1988) If Px is a point of infinite order, then the following are true:
1. rank E(K) = 1.
2. The index of Px in E(K), [E(K) : (Px)], annihalates III(E/K). Hence III( E/K) is finite.

Morover, refining Kolyvagin’s method and combining it with Gross-Zagier, we get

Theorem 5.15. (Gross-Zagier, Kolyvagin) Let E/Q be a modular elliptic curve. And sup-
pose that ords—1 L(E/Q,s) = r withr € {0,1}. Then

e rank(E(Q)) =r.
e ITII(E/Q) is finite with an upper bound on its size consistent with the BSD formula .

The above result can be extended to all elliptic curves over Q using the Modularity theorem.

In the next semester, we will see the proof of the above theorems (5.13 and 5.14).
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