Algebraic number theory: elliptic curves

These are notes of lecture course on elliptic curves in the Independent
University of Moscow in Spring 2016 based on books [13], [9], [4], [7]. If you
have any questions or comments, please write to daryaschedrina@gmail.com
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1 Lecture 1: basic definitions

1.1 Brief history

The first appearance of elliptic curves is in ” Arithmetica” by Diophantus: To
divide a given number into two numbers such that their product is a cube
minus its side. We call the sum of them a given number a and then we have
to find x and y, s. t. y(a —y) = 23 — . This is a curve of degree 3 and a line
intersects it in three points counted with multiplicities, so if we construct one
rational point we can obtain some other by building tangent lines or lines
through two points. Later this method will grow up to an ” Additional law”
on a curve. In these lectures we will come to more explicit

Definition 1.1. An elliptic curve is a smooth, projective algebraic curve
of genus one with a specified point O.

Sometimes more general definition is used: any algebraic curve of genus
one. Or another definition we will work with: it is a curve defined by an
equation of the form y*> = P(z), where P is a polynomial of degree 3. De-
veloping of theory of elliptic curves depends on a field k, where we look at
E defined over k, for example one may work with rational numbers, real
numbers, complex numbers, fields of finite characteristic in particular of char
2 or 3.

In this course we will discuss geometry of elliptic curves, theory over finite
fields and over complex numbers and also connection to modular forms and
class field theory.

Elliptic curves were used in the proof of Fermats Last Theorem by Andrew
Wiles. They also find applications in elliptic curve cryptography and integer
factorization.



1.2 Affine algebraic varieties

We begin with theory of algebraic curves — by definition projective varieties
of dimension one. Most of definitions are taken from book by J. Silverman
[13]

Notation: K is a perfect field (not necessarily algebraically closed)

V/K means that V is defined over K.

Reminders: affine n-space over K is A"(K) = {P = (z1,...,x,) : x; €
K}. Let K[X] = K[Xy,....,X,] and I C K[X] is an ideal. For I we define
Vi={P e A"(K)|f(P)=0forall f € I} and call it an affine algebraic set.
For an algebraic set V' we have I(V) ={f € K[X]: f(P)=0 forall P € V'}
the ideal of V. A related problem is Hilbert Nullstellensatz:

Proposition 1.2. Here we need K — algebraically closed. For any ideal J
in K[X] we have I(V;) =rad(J).

Exercise 1.3. Play with definitions (here K is not necessarily algebraically
closed):

1. Viwy D W,

I(Vi) > 1,

Wy C Wy = I(Wy) D I(Wa),

L Clo=V, DV,

I(Vigwy) = I(W),

Vi = Vi

For any ideals I, 1o C K[X]| and any subsets Vi, Vo C A™
L Vi, =Vr NV,

S

2' ‘/Ilﬁlz = ‘/}1 U ‘/12;'
3. I(ViUVy) =1(Vy)NI(Va);
4 IV O V) = rad(I(VR) + 1(V2)).

Example 1.4. An algebraic set V : X" +Y"™ =1 defined over Q. Famous
problem is to prove that for n > 3 we have V(Q) = {(1,0),(0,1)} if n is odd
and V(Q) = {(£1,0), (0, £1)} if n is even.
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Now suppose that V' is an irreducible (means that V' can’t be written as
the union of nonempty algebraic varieties) affine variety, defined by an ideal
I'in Klzy, ..., z,] we define its coordinate ring K[V]| = K[X]/I(V).

For K is algebraical closure of K we define the dimension of V' as the
transcendence degree of K(V) over K and denote it as dim (V).

Exercise 1.5. Prove that dim(A™) = n.

Definition 1.6. For a point P € V and a set of generators {fi}1<i<m of
I(V) in K[X] we say that V is nonsingular at P if the m X n matriz

(5)?] P >1<’i<m 1<j<n

Il i e

has rank n — dim V. We call V' smooth, if it is nonsingular at every point.

Note that for another set of generators {g;}1<i<m of I(V) in K[X] the
rank of

09
(3xP)
0X; 1<i<m,1<j<n

I B e

will be the same (we just multiply by a m x m-matrix of full rank).

Now we look at another approach to smoothness. For every point P € V
over an algebraically closed K we define an ideal mp = {f € K[V]: f(P) =
0}. We have an isomorphism K[V]/mp — K, defined by f +— f(P), so mp
is a maximal ideal. We know that mp/m? is a finite-dimensional K-vector
space. We will also use

Exercise 1.7. Prove that a point P € V is nonsingular iff dim
dim V' [4].

mp/m2%

Now we define K[V]p the local ring of V' at P, or a localization of K[V]
at mp={F € K(V): F = f/g, where f,g € K[V] and g(P) # 0}),
Denote by Mp the maximal ideal of K[V]p.

1.3 Projective algebraic varieties

Definition 1.8. Projective n-space over a field K is the set of (n+1)-tuples
(20, ..., Tn) € A" such that at least one of x; # 0 modulo an equivalence
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relation defined as follows (xg, ..., xn) ~ (Yo, ..., Yn) if there exists X #0 € K
s. t. x; = Ay; for any i. An equivalence class containing (xo, ..., T,) s
denoted [xq, ..., x,] or (g @ ...t Ty).

We call a polynomial f € K[X] homogeneous of degree dif f(Axo, ..., A\x,,) =
N f(xg, ..., z,) for any \ € K*.

An ideal I C K[X] is homogeneous if it is generated by homogeneous
polynomials.

Definition 1.9. A projective algebraic set is any set of the form Vi =
{PeP: f(P)=0} for all f € I, where I is a homogeneous ideal.

For a projective algebraic set V' we define its ideal (V') as generated by
homogeneous polynomials {f € K[X]; f(P) =0} forall P € V.

For the case when K is not algebraically closed we first define V' over
closure K and then say that V' is defined over K if ideal (V') can be generated
by homogeneous polynomials in K[X]. The set of K-rational points of V' is
V(K)=VnNnP"(K).

An obvious example of projective algebraic set is a hyperplane in P"
defined by an equation agXg + ... + a,X,, = 0, where not all of a; are zero.

Exercise 1.10. Solve ezercise[1.3 for projective varieties.

Example 1.11. Let K = Q a field of rational numbers. Then a point of
P*"(Q) is of the form (z¢ : ... : x,), where z; € Q. We can find such A € Q
that multiplying by A we kill denominators and common factors of x;’s. It
means that we can find a representation of (xq : ... : x,) where all x; € 7 and
gsd(zg, ..., xp) = 1.

So to describe Vi for homogeneous ideal I generated by f;; 1 < i < m we
need to find all solutions of the system fi(X) = 0,1 < i < m in relatively
prime integers.

Exercise 1.12. Describe projective algebraic sets Vi : 2% + y* = 322 and
Vo 2?2 4+ y? = 522 over Q, (difficult*) Vs : 323 + 4y + 523 = 0 (Selmer’s
counterexample to Hasse principle).

Now we want to define projective closure for affine variety.

Definition 1.13. A projective algebraic set is called a projective variety
if if it’s ideal 1(V') is prime in K[X].



We denote by ¢; : A" — P" a corresponding inclusion defined by
Y1y Yn) = (Y10 e it 2 LYy o 2 ).
We denote by H; the hyperplane in P” defined as
Hi={P=(xy:..:2,) € P"|x; =0},

and U; = P" \ H; is the complement of H;.
We define a bijection ¢; ' : U; — A™ as a map

<$0 Ti—1 Tit1 xn)

(o : oot ) s , s

We can divide by x; here because of definition of U;.

Exercise 1.14. For a projective algebraic set V' with ideal 1(V') prove that
VNA" defined as ¢;(V NU,) for fived i, is an affine algebraic set with ideal

IVAA") ={f(y1:yic1: Loy st yn) | flro i xy) € I(V) )

Sets U; for 1 < ¢ < n cover whole IP", so projective variety V is covered
by affine varieties V N U; for 1 <i < n.

Conversely we define f*(zo : ... : ,) = af f(22,
d=deg f. '

Ti—1 Ti+l
T 0

,...,5’;—?), where

Definition 1.15. Now let V' be an affine algebraic set with ideal I1(V').
Then the projective closure of V denoted by V' is a projective algebraic set

with homogeneous ideal I(V') generated by {f*(X)|f € I(V)}.

Proposition 1.16. 1 For an affine variety V' its corresponding projective
variety V' satisfies V =V N A™.

2 For a projective variety V' its corresponding affine variety V N A" =
or V=V nNA"

3 If an affine variety V is defined over K, then projective also, and re-
verse.

Now we use this definition of projectivization to define some properties
of V in terms of V N A",



Definition 1.17. For a projective variety V/K we look at A™ C P" s. t.
V N A" is nonempty. Then we define the dimension of V as the dimension
of V.MA™. The function field K(V) of V is the function field of V N A™.

If for chosen P € V' our A" contains P, then we say that'V' is nonsingular
at P if VN A" is nonsingular at P.

The local Ting K[V]p is the local ring of V. N A™ at P. A function f €
K(V) is reqular at P if f € K[V]p.

Now we want to describe the function field of V(K'), where V is a pro-
jective variety. It is defined as the field of rational functions FI(X) = %
such that f and g are homogeneous of the same degree, ¢ is not contained
in I(V), we identify functions g—i and g—z if figo — fogr € I(V).

We are going to talk about maps between projective varieties. For two
projective varieties V7 and V5 € P™ a rational map ¢ : Vi — V5, defined
by ¢ = (fi : ... : fu) where for all f; € K(V;) defined in P we have that
6(P) = (Ju(P) : .. fu(P)) € Va.

The difficulty is that a rational map is not necessarily defined at every
point of V;. We call a rational map ¢ = (f; : ... : f,) : Vi — V4 is defined
at P € V; if here is a function g € K(V}) such that any gf; is regular at P
and there exists ¢ s.t. (gfi;)(P) # 0. then we define ¢(P) = ((¢f1)(P) : ... :

(9.fa)(P))-
Now we look at the case when Vi C P™ and Vo, C P" are projective
varieties. If necessary we multiply a rational map ¢ = (f1 : ... : fu) by a

homogeneous polynomial that kills denominators of the f;.

Definition 1.18. 1. A rational map ¢ = (f1 : ... : fn) : Vi — Vs, where
not all of f; are in I(V}), fi are homogeneous of the same degree. And for
every g € 1(Va) we have g(fy: ... fn) € I(V1).

2. A rational map ¢ = (f1 : ... : fn) : Vi — Vi is regular at P, if there
exist homogeneous polynomials vy, .1, € K[X] such that

1. Wy, ..th, have the same degree;
2. fiy; = fii( mod I(V4)) for all 0 <i,j <mn;
3. i(P) % 0 for some i.

Then we define 6(P) = (Y1(P) : ... : ,(P)).



We call two varieties V; and V5 isomorphic, if there are morphisms ¢ :
Vi — Vo and ¢ : V5, — V] such that their compositions ¢ o ¢ and ¢ o ¢ are
identities on V; and V5.

Example 1.19. We look at varieties V : y?’z = 2% = 2%z and P* with
coordinates (s : t) and rational maps v : P* =V and ¢ : V — P, defined
as P(s 1 t) = (82 = t)t : (s> —12)s : 13) and ¢(x 1y : 2) = (y : x). In this
example 1 is a morphism, but ¢ is not defined at (0 : 0 : 1), where V' has
singularity.

1.4 Exercises

Exercise 1.20. For following affine varieties find their singular points, pro-
jectivizations and singular points on them:

9 y2 — $4 + y47.

Exercise 1.21. Let V. C P" be a variety, given by a single homogeneous
polynomial f € K[X]. Prove that P € V is a singular point iff %(P) =
=2L(p)=0.

= Bz

Exercise 1.22. For projective varieties V1, Va, which are defined over a field
K we call Gx = Gal(K/K) the absolute Galois group and define its action
on a rational map ¢ : Vi — Vs by

¢7(P) = (fg(P) . [7(P)),

then we have ¢(P)” = ¢7(P?) for all o € Gk and P € V1.
We say that ¢ is defined over K if there exists A € K such that A fo, ..., \fn €
K(Vh).

1. Let V be an affine variety over a field K. Show that K[V] = {f €
K[V]|f7=f} forall o € Gal(K/K).

2. For projective space P"(K) = {P € P"(K)|P? = P} for allo € Gx =
Gal(K/K);

3. Let ¢ : Vi — Va be a rational map of projective varieties. Prove that ¢
is defined over K iff 97 = ¢ for all o0 € Gk.



Exercise 1.23. Let K = F, be a finite field and V' C P" is a projective
variety. Prove that ¢ : (xg : ... : xy) — (23 1 ... 1 %) is a bijection of sets V.
But is it an isomorphism of algebraic varieties? Show that V(F,) = {P €
V]e(P) = P}.

2 Lecture 2: curves, divisors, differentials

In this lecture we will use theory of algebraic varieties developed in the first
lecture for the case of algebraic curve — a variety of dimension 1. First we
remind useful facts from lecture 1.

C'/K is smooth irreducible projective curve defined over a field K.

K(C) is the function field of C' over K; I(C') — the ideal in K[X] of
polynomials equal to 0 at all points of C'.

For a point P € C' we define the local ring of C' at P by K[C]p and its
maximal ideal Mp.

Proposition 2.1. The local ring K[C]p is DVR (discrete valuation ring).

Proof. The only thing left to prove, that it is a principal ideal domain, since
there is a unique maximal ideal Mp. It is enough to prove that Mp is
principal which is equivalent to dimx Mp/M3 = 1 = dimC. Note that a
statement like this can only be true for curves. O]

Definition 2.2. For a point P € C we define the normalized valuation
ordp : K[C]p — {0,1,2,...} U{oco} by ordp(f) = sup{d € Z : f € MZ}.
Then we extend ordp to K(C) by ordp(f/g) = ordp(f) — ordp(g). We
will call a function t € K(C) a uniformizer at P if the order of t at P is
ordp(t) = 1.

For a function f € K(C) we say that f is defined at P if ordp(f) > 0,
if ordp(f) > 0 we say that f has a zero at P and if ordp < 0 then it has a
pole.

Proposition 2.3. Let C' be a curve and f # 0 € K(C). Then there are only
finitely many zeroes and poles of f on C.

The proof of statement about finiteness of number of poles follows from
an algebraic geometry exercise. To prove it for zeroes we may look at 1/f.



Proposition 2.4. Let P be a smooth point on a curve C andt be the corre-
sponding uniformizer. Then K(C) is finite separable extension of K (t).

Proof. We give a sketch of proof. The field K(C) is finitely generated over
K and has transcendence degree 1, since ¢ not in K we have that K(C) is
finite algebraic extension of K (t).

Next for x € K(C) we have to prove that it is separable over K(t).
Assume that it’s not. We may look only at characteristic p fields, since
all extensions in characteristic zero are separable. We choose a minimal
polynomial ¢(x) of x over K (t) as a polynomial of two variables x and ¢, then
conclude to the case when it is a polynomial of 2P and ¢. If ¢(z,t) contains
a term ¢; ;t'z7 where j # 0( mod p), then % # 0, so x is separable over
K(t), so we may assume that (z,t) = (2P, ).

Then regroup coefficients of 1 (¢, 2P) with powers of ¢ mod p using per-
fectness of field K like 9(t, 2P) = Z;é(zm i j it PP = ST (¢, x)PEE.

We have 9(t,z) = 0, but counting of orders of each summand give us
ordp (¢ (t, x)PtF) = pordp(é(t, x)) + kordp(t) = k( mod p). So all ¢x(t,z) =
0, but then since one of them includes x and have less degree than 1) we get
a contradiction. O

2.1 Maps between curves

We will use the statement that a rational map ¢ : C' — V from a curve to
projective variety is regular at smooth points.

Proposition 2.5. Let C be a smooth irreducible projective curve over a field
K, Cy is an wrreducible curve over K and f : Cy — Cy is a morphism defined
everywhere. Then f(Ch) is either a point on Cs, or f(Cy) = Cy in this case
K(C) is a finite extension of the field K(Cy).

Proof. The image of C under f is closed subset in C5 as an image of closed
set (this is a difficult for this moment statement which we should believe).
Also the image f(C) is irreducible, so either f(C) is a point or f(C) is all
(5. In the second case we use the fact that it defines an inclusion of function
fields K(Y) € K(X) (here for a morphism ¢ : C; — Cy we have a morphism
¢* 1 K(Cy) — K(C4) is the composition ¢*f = f o ¢). Both these fields are
finitely generated and have transcendence degree 1 over K, so K(CY) is a
finite extension of the field K(Cy). O



Proposition 2.6. Let C; and Cs be curves defined over a field K.

1. Let v : K(Cy) — K(C4) be an injection of fields fixzing K. Then there
exists unique nonconstant ¢ : C; — Cy s.t. ¢* = ¢.

2. Let k C K(Cy) be a subfield of finite index containing K. Then there
exists a smooth curve C'/ K, unique up to K-isomorphism and a non-
constant map ¢ : C1y — C" s.t. ¢*K(C') = k.

For the first statement we take ¢ = (1 : ¢(¢g1) : ... : t(gn)) Where g; €
K (Cy) is the function on Cy corresponding to x;/x.

The second statement follows from equivalence of categories

{Objects: smooth projective curves,

maps: dominant morphisms;}

{Objects: function fields of transcendence degree 1 over K,

maps: K-homomorphisms}.

Now we define a degree of rational map:

Definition 2.7. Let ¢ : C; — C5 be a map of curves defined over K.
The degree of any constant map is zero, if ¢ is not constant then we call
it finite morphism and its degree deg¢ = [K(C}) : ¢*K(Cy))]. We call a
map separable, or purely inseparable if K(CY) : ¢*K(Csy)) has corresponding
property. Separable degree is denoted deg, ¢ and inseparable deg; ¢.

Here we have for an extension of fields K/L a tower K D F D L, where
F/L is separable and K/F is purely inseparable, then a separable degree is
[F': L] and inseparable is [K : F| for extensions corresponding to a morphism
we get in such a way its separable and inseparable degree.

Now we want to define a map ¢, : K(C;) — K(C3) by ¢, = (¢*)t o
N (c1):e K (cz)) (here the norm map is the product of all conjugant elements

Np/k(a) = ngGal(L/K) g9(a)).

Proposition 2.8. Let ¢ : C; — Cy be a map of smooth curves s.t. deg¢p = 1.
Then ¢ 1s an isomorphism.

Proof. First we note that ¢* is an isomorphism of function fields. Next we
look at (¢*)~' : K(Cy) — K(Cy), by there exists a unique morphism
P Cy — C, st * = (¢*)~!. Then the (¢po))* =1* o ¢* is the identity on
K(C}) and (¢ 0 ¢)* = ¢* o 9* is the identity on K (C5) then ¢ o) is identity
on C5 and v o ¢ is identity on Cf. O
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Fact 2.9. We have the equivalence of following categories: { Objects: smooth
curves defined over K, maps defined over K} and

{Objects: finitely generated extensions k/K of transcendence degree 1 s.t.
kNK = K, maps: field injections fiving K}.

Now we define a ramification index of a map.

Definition 2.10. Let ¢ : C; — Cy be a nonconstant map of smooth curves
and let P € Cy. The ramification index of ¢ at P is e4(P) = ordp(¢*ts(p)),
where typy € K(Cy) is a uniformizer at ¢(P). We call ¢ unramified at P if
€¢(P) = 1.

Proposition 2.11. Let ¢ : C; — C5 be a nonconstant map of smooth curves.

1. For every Q € Cs, Y pey1(q) €o(P) = deg ¢;

2. For all but finitely many Q € Cy a number of elements in ¢~ 1(Q) =
deg,(¢);

3. Let o : Cy — C3 be another nonconstant map of smooth curves. Then

for all P € C4
epos(P) = es(P)ey(oP).

Proof. 1. Let V' = SpecB be an open affine neighborhood of ) in C5, A is
an integral closure of B in K(C}). Then U = SpecA is an open subset
of 'V in Cy. Denote mg the maximal ideal of @ in B and localize
A and B with respect to multiplicative system B — mg. We get an
extension of rings Og — A’. Here we use another notation Og is just
a local ring at a point K[C]q.

Here A’ is torsion-free and has rank r = [K(C)) : ¢*K(Cy)] = deg¢.
Denote tg a local parameter in the point @), then A’/toA’ is a K-vector
space of dimension r.

On the other hand points P; s.t. ¢(FP;) = @ are in one-to-one cor-
respondence with maximal ideals m; of A’, so by A} = Op and
toA" = Ni(tgA;, N A’) and chineese remainder theorem we get

deg¢ = r = dimy A'/tA’ =Y dimg A'/(tA}, NA") = ) ordp,(¢7tq).
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2. Roughly speaking an inseparable degree of a morphism does not influ-
ence a number of pre-images of a given point. Intuitively the statement
is natural: inseparable degree is a ”"degree of a monom” which have a
zero, this gives us multiplicity but not more points. Distinct points
could be obtained from polynom without multiple roots like for sepa-
rable extensions. Explicitly statement follows from the part of proof
of (1) about one-to-one correspondence of points and ideals and local
statements.

3. For uniformizers tg and ¢, the functions tg’”(qbp) and ¢*t,q have the

same order in ). Now take ¢* of them and orders at P.
]

Corollary 2.12. From second statement a map ¢ : Cy — Cy is unramified
iff number of points in ¢~H(Q) = deg ¢.

2.2 char K =p

Here we discuss the Frobenius map. Let ¢ = p".

We define for a polynomial f € K[X] its f@ as the polynomial obtained
from f by raising each coefficient to qth power.

Next we define for a curve C' corresponding C9 as a curve associated to
a homogeneous ideal I(C?) :=genereted by {f@ : f € I(C)}.

The Frobenius morphism F : C — C@ F(zg: ...t 2,) = (2 : ... 1 29).

Exercise 2.13. Show that ¥ is well defined. You need to prove that its image
is contained in C9.

Proposition 2.14. Let K be a perfect field, charK = p, ¢ = p", C — a
curve over K, and F : C' — C9 the qth power Frobenius morphism.

1. FFK(CW) = K(O)9 = {f?: f € K(C)}.
2. F is purely inseparable;
3. degF =q.
Proof. 1. by definition F* K (C@) is the subfield of K (C) given by F* (f) =
f(xg,....zh)

q

PR Now use perfectness of K.

2. follows from 1 by definition.
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3. assume that there is a smooth point P € C(K) (or take an extension).
Let t be a uniformizer in P, then K(C') is separable over K(t). We
look at extensions K(C)?(t)/K(t) and K(C)4(t)/K(C)?. then we get
K(C) = K(C)(t), so degF = [K(C)i(t) : K(C)%. To prove that
[K(C)4(t) : K(C)1] = ¢ is an exercise.

0

Corollary 2.15. Any map ¢ : C; — Cs of smooth curves over a field of

characteristic p factors as Cy qu) A Gy, here ¢ = deg,;(¢) and X is

separable map.

Proof. First look at a separable closure K’ of ¢*K(C3) in K(Cy). Then
K(C})/K' is purely inseparable of degree ¢, so K(C;)? C K'. We have
K(Cy)? = F*(K(C’{q))) and [K(Cy) : F*(K(C'))] = ¢. Then conclude
that K’ = F*(K(C")), so we have K(Cl)/F*K(qu))/w*K(Cg) which cor-
responds to C; L C’f‘n A . O

2.3 Divisors

Definition 2.16. A divisor D on a curve C is a formal sum D = . np(P),
fornp € Z and P are closed points, for all but finitely many P € C' we have
np = 0.
The degree of a divisor is deg D = Y p.np.

All divisors on curve form a free abelian group, generated by divisors (P)
which we denote by Div(C), it has a subgroup Div"(C) of divisors with zero
degree.

Definition 2.17. Let C be a smooth curve and f € K(C). We define a
divisor of f by div(f) = > pecordp(f)(P).

So we can define a homomorphism of abelian groups div : K(C)* —
Div(C)

We call a divisor D € Div(C) principal if it is of the form D = div(f),
and we have an equivalence relation ~ defined by Dy ~ Dy if D1 — Dy is
principal. We call a Picard group a divisor class group Pic = Div(C)/ ~.

For a nonconstant map f : C; — C5 of smooth curves we define corre-
sponding maps of divisor groups f* : Div(Cs) — Div(C}) and f, : Div(C}) —
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Div(C5) corresponding as following:

@)= > e(P)(P) (P)=(fP).
Pef~1(Q)
Here for a divisor D such that div(f) and D have disjoint supports (sup-
port of something is where it is nonzero) we have a definition: f(D) =

[lpec f(P)"".

Proposition 2.18. Let f : C; — Cy be a nonconstant map of smooth curves.
Then

1. for all D € Div(Cy) we have deg(f*D) = (deg f)(deg D);
2. for all g € K(Cy)* we have f*(divg) = div(f*g);

3. for all D € Div(Cy) we have deg(f.D) = deg D;

4. for all g € K(C1)* we have f.(divg) = div(f.q);

5. feo f* acts on Div(Cy) as multiplication by deg f;

6. for a nonconstant map g : Cy — C3 we have (go f)* = f* o g* and
(go f)s=gso fu

Proof. Statements 1., 5., 6 follow from [2.11] Second statement reduces to
prove that ordp(f*g) = ef(P)ordsp(g), which is left as an exercise. Fourth

reduces to ordg(fig) = D_pey-1(q) € (P)ordp(g). O

Proposition 2.19. For a smooth curve C' and f € K(C)*

div(f) =0 iff f € K*;

deg(div(f)) = 0.
Proof. First follows from the statement that if div(f) = 0, than f has no
poles, so the corresponding map f : C — P! is not surjective, so it is constant.

Here we use the rational morphism defined as following: for a function
f € K(C) we have f: C — P" defined as P — (f(P) : 1).

Second statement: if f € K it’s obvious, so we may assume f ¢ K, then
an inclusion of fields K(f) < K(C) induce a finite morphism ¢ : C — P!,
then (f) = ¢*(({0}) — ({o0})) and since degree of divisor ({0}) — ({o0}) on
P! is zero we conclude that degdiv(f) = 0. O

Example 2.20. On P! every divisor of degree 0 is principal. Let D =
Sonp(zp :yp) € P, we look at function [[pep (ypX — xpY)"P.
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2.4 Differentials

Definition 2.21. Let V' be a variety. We define the space Sty of differ-
ential forms on V' as the K (V)-vector space, generated by symbols df for
f € K(V) with relations:

(i) d(f +g) =df +dg for all f,g € K(V);
(it) d(fg) = gdf + fdg for all f,g € K(V);
(iii) da =0 for alla € K.

Proposition 2.22. Let C' be a curve. Then Qc is a 1-dimensional K(O)-
vector space.  For an element f € K we have df is a basis for Qc iff
K(C)/K(f) is a finite separable extension.

Let ¢ : C; — C5 be a nonconstant map of curves. We define correspond-
ing map on differentials ¢* : Qc, — Q¢, by ¢*(>_ fidg:) = D _(¢* fi)d(d* g;).

Corollary 2.23. From previous proposition we deduce that a nonconstant
map of curves ¢ : Cy — Cy is separable iff corresponding ¢* : Qc, — Q¢ s
mjective.

Proof. We choose f € K(Cy)s.t. Qc, = K(Cs)dy, from proposition K (Cs)/K (f)
is separable extension, so ¢* K (C5) is separable over ¢* K (f) = K(¢* f). Then

¢* is injective & d(¢*f) # 0 < d(¢*f) is a basis for Q¢, < K(C,)/K(¢*f)

is separable < K (C1)/¢* K (C5) is separable, the last from the tower of sep-
arable extensions. O

Proposition 2.24. Let C be a curve, P € C a point and tp € K(C) a
uniformizer at P.

1. For any w € Q¢ there exists a unique f € K(C), depending on w, tp
s.t. w= fdtp.

2. If f € K(C) is reqular at P, then % is also reqular at P.

3. Let w # 0 € Q¢, then ordp(w/dt) =: ordp(w) does not depend on the

choice of uniformizer.

4. Let charK = p, f,g € K(C) s.t. g(P) = 0. Then ordp(fdg) =
ordp(f) + ordp(g) — 1, if p = 0 or p t ordp(g), and ordp(fdg) >
ordp(f) +ordp(g), if p >0 and p | ordp(g).
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5. Let w # 0 € Q¢, then ordp(w) = 0 for all but finitely many P.

Here, after a lot of time, lecture 2 ends. I would ask you to read the end
of this lecture and solve exercises for it.

Proof. 3. For another uniformizer t' we know from 2. that % and % are
regular at P. We have w = gdt’ = g(%)dt, S0 ordp(%) = 0.

4. computation for g = ut’ with ordp(u) = 0.

5. Wetake f € K(C)s.t. K(C)/K () is separable and represent w = gd f.
We know that a map f : C' — P! ramifies at only finitely many points
of C. We look at all other and pay attention to P € C' s.t. g(P) # 0,
g(P) # oo, f(P) # oo and f : C — P! is unramified at P. Then
f — f(P) is a uniformizer at P, so ordp(w) = ordp(gd(f — f(P))) = 0.

[

Now we define a divisor for a differential form w by div(w) = > p. ordp(w)(P) €
Div(C), we call w € Q¢ regular if ordp(w) > 0 for all P € C, and nonvan-
ishing if ordp(w) < 0.

Since Q¢ is a 1-dimensional K-vector space we have for nonzero differen-
tials wy,ws € Q¢ the existence of a function f € K(C)* s.t. w; = fws, so
div(wy) = div(f) + div(ws).

Definition 2.25. The canonical divisor of C' is an element of canonical
divisor class — the image in Pic(C) of div(w) for any nonzero w € Q.

For example there are no holomorphic differentials on P'. We take a
coordinate function ¢ on P!, and see that for all @ € K the function (¢ — a) is
a uniformizer at a, so ord,(dt) = ord,(d(t — a)) = 0. This works everywhere
except 0o, here we have a unifomizer 1/t, so ord.,(dt) = ord, (—td(1/t)) =
—2. For every nonzero w € Qp1 we have degdiv(w) = degdiv(dt) = —2, so
w is not holomorphic.

Another useful for us example is about a curve C given by an equation
y? = (z—e1)(x —eg)(x —e3), then div(dz) = (P) + (P) + (P3) — 3(Ps). We
know that de = d(z — ¢;) = z?d(1/x), so div(df) =0.
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2.5 Exercises

Exercise 2.26. Let R be a Noetherian local ring that is not a field, m — its
mazximal ideal, and k = R/m its residue field. Show that following conditions
are equivalent:

1. R s discrete valuation ring;
2. m 1is principal;
3. dimm/mz =1.

Exercise 2.27. A generalization of an exercise from previous lecture. Let C
be a curve in P? given by an equation x° + y? = p>.

1. Prove that C is isomorphic to P! over Q iff p=1( mod 4);

2. Prove that if p = 3( mod 4) than all these curves are not isomorphic
to each other and to P!.

Exercise 2.28. Prove statement (3.) from [2.1]]

Exercise 2.29. Try to prove proposition [2.18 If there are any questions
about this proposition you can ask me.

Exercise 2.30. Let C' be a smooth curve over a field K and P € C(K).
Prove that K(C') contains a uniformizer at P (that there exists a uniformizer
at P, defined over K ).

Exercise 2.31. Let C' be smooth irreducible curve over field of characteristic
p>0andt € K(C). Prove that for almost all points P € C a function
t —t(P) is a uniformizer at P and t ¢ K(C)P.

Exercise 2.32. Related to note after definition 2.17. Let ¢ be nonconstant
map of smooth curves. Prove that following two equalities are true if well
defined:

1. f(¢*D) = (¢o.f)(D) for all f € K(Cy)* and D € Div(Cy);
2. f(¢.D) = (¢*f)(D) for all f € K(Cy)* and D € Div(C});
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3 Lecture 3: The Riemann-Roch theorem

One can define a partial order on Div(C') by Dy > Dy if Dy — Dy > 0. Here
we say that a divisor D is effective or D = > np(P) > 0 if all np > 0.

~ Toadivisor D we associate a finite-dimensional vector space £(D) = {f €
K(C) :div(f)+ D >0y u{0} = {f € K(C)|YP € C vp(f) +np > 0}.
By (D) we denote the dimension of £(D) over K.

Exercise 3.1. Show that L(D) = 0 if D < 0. For principal divisor div(f)
construct an isomorphism L(D) = L(D + (f)).

Proposition 3.2. The set £(D) is a finite-dimensional K -vector space.

Proof. Assume that D > 0, otherwise £(D) = 0. The proof is by induction
on number of points in divisor’s support: assume that D = P + FE, where
E >0 and P is a point on C'.

There are two cases: first if D = > np P, + P and D =) np P;, second
more difficult is when E =npP + ..., D = (np + 1)P + .... In both cases we
have an inclusion £(F) < £L(D).

In first case we define a morphism ¢ : £(D) — K by f + (ftp)(P),
where tp is a uniformizer at P. In the second case for f € K(C) we define
a morphism ¢p : L(D) — K by f (ft?f“)(P). Then we have an exact
sequence of vector spaces: 0 — L(E) — L£(D) — K. So when we add a
point to a divisor, dimension of corresponding vector space grows not more
than 1. O

Example 3.3. Let K¢ = div(w) be a canonical divisor on C, then for any
function f € L(Kc) we have div(f) > —div(w), so div(fw) > 0, there-
fore fw is holomorphic. The converse is also true: if the differential fw s
holomorphic, then f € L(K¢). Every differential on C is of the form fw
for some f, so we have an isomorphism of K-vector spaces: £L(K¢) and the

space of holomorphic {w € Qc}. Denote the dimension of these spaces as
I(K¢).

Now we are going to prove the fundamental result from theory of projec-
tive curves — The Riemann-Roch theorem:

Theorem 3.4. Let C be a smooth projective curve and Ko be a canonical
divisor on C. Then there exists an integer g > 0, such that for every divisor
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D € Div(C) we have
(D) —I(Kc— D) =deg(D) —g+1.

To prove this theorem we need to discuss some new constructions. we
will just rewrite Weil’s proof in [6] Remind the notation for a point P € C'
we have its local ring K[C]p and maximal ideal Mp. By proposition
we know that K[C]p is a discrete valuation ring, therefore we can introduce
a discrete valuation on its field of fractions. We define here a residue field
K(P) = K[C]p/Mp, which is isomorphic to K in the case of algebraically
closed field.

Definition 3.5. A discrete valuation on a field F' is a function v : F —
Z U {oo} with following properties for any x,y € F':

1. v(z-y) =v(z)+v(y);
2. V(x + y) > min{”<x>7 V(y)};
3. v(x) =00 x=0.

Take a DV on the ring K[C]p from definition [2.2] which can be extended
to the field Frac(K[C]p). We will work with completion of this field with
respect to a valuation defined by a point P € C'. One may look at the local
ring K[Clp as {f € K(C)|ordp(f) > 0}, then the completion of K[C]p is
K[Clp = lim K[C]p/Mp. We set Kp = Frac(K[C]p).

We canndescribe the completion of the field as following: let ¢t be a gen-
erator of maximal ideal K[C]p and = € K[C]p, then there exist a constant
ag € K, for which we have: x = ag mod Mp. Then the function x —ag € Mp
and we have x —ag = txg then do the same operation to xg, get ro —a; = tx;
and we obtain an expansion of x into power series: = ag + a1t + ast® + ...
which depends only on P.

Lets look at fraction field K’ of K[C|p, by extension of discrete valuation
to K’ we can embed K’ into a field of power series K((¢)), we denote the
correspondent to P field of power series as Kp. And represent any element
of e Kpas&=>Y o ait'. Where m = ordp(§).

One of the main construction is adelic ring (it is a topological ring, so we
may think about it as a topological vector space).
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Let A’ be the cartesian product [],.. Kp, where each element can be
viewed as an infinite vector £ = (...,&p,...). Then we restrict this product
under conditions: we want to work with a subring

Ap = H,KP: {(gp) c H Kp | for almost all P € C : &p GK/[—@}
peC pPeC

called a ring of adeles. And we have a diagonal embeddings K (C') — A¢
namely = +— (z,...x,...) and the constant field K < Ac.
For a divisor D we define the subset

A(D) = {¢ € A¢,| such that ordpép + ordp(D) > 0},

and see that A(D) is a K-subspace of A¢.

Note that the set of all parallelotopes A(D) define topology on A¢ as
a fundamental system of neighborhoods. Also there is a good exercise on
definitions to understand that A(D) N K(C) = £L(D).

Our main aim is to describe the space A¢/(K(C)+ A(D)) as a parallelo-
tope for some divisor depending on D, find its dimension over K and deduce
the main theorem.

We want to define differential adeles: First we need to define differentials
for K[C]p as Kahler differentials ROy /K and for a field Kp as Qg /K.

Here Q,/p are Kahler differentials for ring A containing B, they are
defined in the same way as the space of differentials for an algebraic variety
— modulo relations over B.

Then we have the same statement as proposition |[1| for our definition of
of differentials:

Proposition 3.6. The space /i is one-dimensional space over Kp and
a basis is dt, where t is generator of the mazimal ideal in K|[C]p.

As a consequence from the proposition one can represent any element of
Qkp/i as Z;’i_m a;t'dt. Then we can define a residue map

resp: Q= = K(P), ) at'dtray.

i=—m

Next step is definition of differential adeles:

Qu. = H/QKP = {(wp) € H Qk, | for almost all P € C': wp € QI@/K )
PeC PeC

20



And analogically to the case of usual adeles we define the space of differential
adeles for divisor D.

Q. (D) = {(wp) € Q.| such that ordpwp + ordp(D) > 0},

Then for any divisor of differential form (w) =} p . ordp(w)P we define
a map Ag — Qu. by multiplication on w pointwise, which sends K(C)
to Qg ). What we need from this map is that it defines an isomorphism
L(D + (w)) = QK(C) N QAC(D)-

Definition 3.7. A pairing Ac x Qa, — K defined by ((fp), (wp)) =
> pec Triepykresp(fowp) is correctly defined and non-degenerate. Here we
work with algebraically closed field, so we assume that K(P) = K and the

formula is ((fp), (wp)) = > pecresp(fpwp).

If we take a non-degenerate pairing V' x W — k then any element w € W
defines a homomorphism from V' to k by v — v x w. Here we say that pairing
¢ VX W — k is non-degenerate if for any element v € V a morphism
@y W — k vanishes for all w € W, then v = 0 and analogical statement is
true for elements of W.

The fact about pairing that it is correctly defined follows from adelic
condition, which means that for almost all P € C' we have resp(fpwp) = 0.
The statement about non-degenerateness follows from properties of residue
map. We discuss here only the case of non-degenerateness for A¢, the case
for Q4. is similar. Take any element (fp) € A and look at map ((fp), *) :
Qa, — k defined by (wp) — > pcoresp(fpwp). If we have that (wp) — 0
for any (wp) € Qy4, than (fp) = 0. If it’s not so, than take P, such that
fp = ut}h, where v is a unit in K[C]p and correspondent adele in Q4. such

that (wp) = (0,...,t5" 'dtp,0...) than ((fp), (wp)) # 0.
Lemma 3.8. The pairing Kp x Qk, — K obtained as
<fP> wP) = TI"K(P)/KYGSP(waP)

defines an isomorphism Qg ~ Homg(Kp, K).
For a mazimal ideal (M2)* = (Mp™)Qk, .

This lemma is the local statement which holds for any local field K =
k((t)) (complete DV field, whose residue field is finite k).
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Corollary 3.9. From lemma follows two global statements:
Here for a pairing V x W — k we denote by V+ a subspace of W of the
elements {wsuch that for anyv € V we havev x w + 0.}

1. Ac(D)J‘ = QAC(—D);
2. K(O)" = Qe

Proof. 1. If for a divisor D an element (wp) € Ag(D)*, then (and inverse
implication is true) for any P we have wp € (M3?)* and by the second
statement of lemma we get what need.

2. exercise: first prove the inclusion Qx ) C K(C)*, then inverse inclu-
sion.

O
From developed theory there are two important consequences:

Theorem 3.10. For a divisor D on a curve C' and a canonical divisor Ko =
(w), w € Qg if the dimension of space Ac /(K (C)+Ac(D)) is finite, then
we have an isomorphism of vector spaces over K

HomK(Ac/(K(C’) + Ac(D», K) >~ L(KC — D)

Proof. First we observe that by recent result (about a map of multiplication
by (w)) we have that L(Kc — D) ~ Qg(C) N Qu.(—D). Then we have by
previous corollary that Qi (C)NQu,(—D) = K(C)NAc(D)*. So the thing
left to prove is Homg (Ac/(K(C) + Ac(D)), K) ~ K(C)t N Ag(D)*.

We should note that by this property any element from K(C)*NAc(D)*
defines a morphism from A¢ to K, which is zero on elements from (K (C) +
Ac(D)). So we got an inclusion K(C)* N Ag(D)*+ C Homg(Ag/(K(C) +
Ac (D)), K), by non-degenerateness of pairing we have that this inclusion is
an isomorphism. O

Now we are going to Riemann-Roch theorem.

Proof. of the theorem So we have the following data: £(D) = A¢(D) N
K(C); dimg L(D) = I(D);

[J(KC — D) = HomK(Ac/(K(C) + Ac(D)),K), dlmK L(KC — D) =
l(Kc — D);
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First we understand that RR is true for the case D = 0. Then add a
point P to a divisor D and look at two sides of equality: {(D)—I(K¢c— D) =
deg(D) 41— g. Righthand side, we denote it by (D) grows by 1, we should
prove the same for left, (D) — (K¢ — D) = x(D). Here we use adelic
description of £(D).

Therefore we have to prove that for divisors D = E 4+ P, E only one of
the following is true:

e L(D)=L(F)® K;

e Homg (Ac/(K(C)+Ac(D)), K)®K = Homg (Ao /(K (C)+Ac(E)), K)
and £(D) = L(E);

Since we assume that Ac/(K(C) 4+ Ac(D)) is a finite-dimensional vector
space, than we may look only at the space K(C) + A¢(D), then second
statement becomes: K(C) 4+ Ac(D) = (K(C) + Ac(E)) @ K.

Assume that we have [(D) = [(E) + 1, then lets prove that K(C) +
Ac(D) = K(C) + Ac(F). There exists a function f € K(C), such that
L(D) = L(E) + (f) as spaces over K. Assume that K(C) + Ac(D) is
bigger and take an element g + (hg) € K(C)+ Ac(D), such that g+ (hg) ¢
K(C) + Ac(E), then there exists a € K, such that (hg — af) € Ac(E).
Since (hq) € Ac(D) \ Ac(E), so for all ) # P it satisfy conditions defined
by divisor FE, the only exception is for hp in point P. So we just take
a function f from assumption, which also have big enough pole at P and
suitable a to get an adele (hg — af) € Ac(FE), then an element g + (hg) =
g+af+ (hQ - Oéf) € K(C) + Ac(E)

Second part: now assume that £(D) = L(F), then we need to prove
that K(C) + Ac(D) = (K(C) + Ac(E)) @ K{(fg)) as K-vector spaces. Let
D= (np+1)P+ .. and E = npP + ..., then take any element g + (hg) €
K(C) + Ac(E) and for g + (hg) € (K(C) + Ac(D)) \ (K(C) + Ac(E)) we
take for all Q # P the same hg, but for P take hl, = hp + t5"" ", where
tp is the uniformizer at P. Then, since £(D) = L(E) we don’t have any
function f to represent g + (hg) as an element of K(C) + Ac(E).

]

To finish proofs of this section we need only finiteness of dimension of
the space Aq¢/(K(C) + Ac(D)) for any divisor D. The reader can find this
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statement in [I] chapters 13.2 and 14.2 with another proof of the Riemann-
Roch theorem.

In the previous lecture we noted some useful results which follow from
Riemann-Roch theorem.

Corollary 3.11. 1. deg K¢ = 2g — 2; here use D = K¢;

2. If deg D > 2g — 2 then [(D) =deg D — g+ 1. Here from 1. deg(K¢ —
D) <0.

Now we discuss some examples

Example 3.12. Let C = P'. We have no holomorphic differentials on P*,
so (K¢) = 0. Previous corollary says that P' has genus 0, so from RR
(D) —1(—2(c0) — D) =deg D + 1.

Note that we can work with C' = P! without Riemann-Roch theorem.
Let D = noo, then £(D) is just the set of all polynomials of degree less than
n,so (D) =n+1.

Example 3.13. Let C be a curve y* = (x —e1)(x —e3)(x — €3), we have seen
that div(dz/y) =0, so Ko =0, then g(C) = l(K¢) =1(0) = 1. From RR we
have l(D) = deg D.

We finish with a statement about relationship for general curves and
nonconstant map.

Theorem 3.14. Let ¢ : C; — C5 be a nonconstant separable map of smooth
curves of genus gy, go respectively. Then

291 — 2> (deg¢)(202 —2) + D _ (es(P) — 1).
pPeC,

The equality holds either for charK = 0, or for charK = p and p{ eys(P) for
all P € C.

Proof. For a nonzero differential w € Q¢ and P € C let Q = ¢(P). Since ¢
is separable we have ¢*w # 0. We need to relate the valuation of ordp(¢*w)
and ordg(w). Write w = fdt with t € K(C,) a uniformizer at @, denote
e = ey(P). We have ¢*t = us®, where s is a uniformizer at P and u s.t.

u(P) # 0, o0.
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€)= *)(euse Lt (du/ds)s®)ds

Now write ¢*w = (¢" f)d(¢"t) = (¢ f)d(us®) = (
¢*w) > ord(¢* f)+e—1, with equal-

We know that ordp(du/ds) > 0, so ordp(¢
ity iff e # 0.

Then ordp(¢*f) = ey(P)ordg(f) = ey(P)ordg(w). Add over all P € Cy
and get

degdiv(¢'w) > > (eg(P)ordy(p)(w) + eo(P) — 1) =

PeCy
=X 3 clPordoled + 3 eulP) -
QeCy Pegp—1 PeCy
(deg qb)(deg divw) + Y _ (eg(P) — 1).
pPeCy
Here (deg divw) = 2g5 — 2. O

Remark 3.15. There exists a more general formulation of Hurwitz the-
orem: for the definition of ramification divisor, equality of its degree to
> pec, (€y(P) —1) and Hurwitz equality the reader is advised to study second
paragraph in chapter IV of [])].

4 Lecture 4: Weierstrass equations

4.1 Definition

From here we denote the curve by E. Our main object of study are elliptic
curves — nonsingular curves of genus one with specified point O. We will
see later that any such curve can be given by an equation as the set of points
P = (z,y) € P? satisfying Weierstrass equation with the point O = (0: 1: 0)
at infinity.

Definition 4.1. An elliptic curve is a pair (E,O), where E is nonsingular
curve of genus 1 and O € E. We denote it by E. For a subfield L C K we
say that E is defined over L if also O € E(L).

We begin with the statement that every elliptic curve can be written as a
plane cubic, which is smooth and conversely every plane cubic is an elliptic
curve.

Proposition 4.2. Let E be an elliptic curve defined over K.
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1. There emist functions x,y € K(FE) such that the map ¢ : E — P?
defined by ¢ = (x : y : 1) gives an isomorphism of E with the projective
closure of a curve C, given by equation

C:Y 4+ XY +a3Y = X3+ aX? + ay X + ag

with coefficients a; € K and such that p(O) = (0:1:0). The functions
x,y are called Weierstrass coordinates for E.

2. We can get another Weierstrass equation for E by change of variables:
X =uwX"+7r,Y =Y +su?X' +t, wherew € K*, andr,s,t € K.

3. Fvery cubic curve given by a Weierstrass equation as above is an elliptic
curve with base point O = (0:1:0).

Proof. 1. We look at vector spaces £(n(O)) for various ns. In our case we
use the Riemann-Roch theorem for g = 1, then [(n(0)) = dimL(n(0)) =
n for all n > 1. So we choose functions z,y € K(FE) such that {1,x}
is the basis for £(2(0)) where x has pole of exact order 2 at O, and
{1, z,y} is the basis for £(3(0O)) where y has pole of order 3 at O. The
statement about orders of poles follows from the fact that on a curve of
genus 1 by Riemann-Roch theorem we have that £((0)) = K = £(0).
So function = can not have a pole of order 1 at O.

But £(6(0)) has dimension 6, while it contains seven functions 1, z, y, 2%,
2y, y%, 23, so there is a linear equation

ay + apx + azy + a,x® + asry + agy® + a;x® = 0.

Where a; € K and aga; # 0, otherwise every term of equation would
have a pole of different order. We replace z,y by —agarz,aga?y re-
spectively and then divide by aia? to get an equation of the form
y? + a1y + asy = 2% + axx?® + aux + ag, called Weierstrass equation.
So we get amap ¢ : E — P2 ¢ = (z :y: 1), whose image C lies
in the locus described by Weierstrass equation. Since its image is not
one point, it is surjective, and y has higher-order pole at O, than z, so
»(0)=(0:1:0).

What is left to prove is that ¢ : £ — C' C P? has degree 1 and that C is

smooth. We prove the first using equivalent statement K (F) = K(z,y).
Look at maps (x : 1) : E — P! and (y : 1) : E — P!, we know that
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x has a pole of degree 2 at O and no other poles, and y has a pole of
degree 3 at O and no other, so maps (z : 1) : E — P! and (y : 1) :
E — P! have degrees 2 and 3 respectively, then [K(E) : K(z)] = 2 and
[K(F): K(y)] = 3, therefore K(F) : K(x,y) divides 2 and 3 so it’s 1.

To prove that C' is smooth we need a

Lemma 4.3. If a curve given by Weierstrass equation is singular, then
there exists a rational map ¢ : E — P! of degree one, it means that E
is birationally equivalent to P! (there exists a rational map from E to
P!, such that inverse is also rational).

Proof. 1f necessary we do linear change of variables and assume that the
singular point is (0, 0). Using partial derivatives we see that Weierstrass
equation is of the form y? + a;2y = 2 + asx?®. Then the map E — P!,
defined by (x,y) — (z : y) has degree one, since it has inverse P! — E,
given by (1:t) = (82 + art — ag, t3 + a1t* — ast). O

Now assume that our C' is singular. Then by lemma there is a rational
map 9 : ¢ — P! of degree one. Then the composition ¢o¢ : E — Plisa
map of degree one between smooth curves, so it defines an isomorphism
between function fields K (E) and (1o¢)* K (P!), so it is an isomorphism
of curves. But the genus of £ is 1. We got a contradiction, so C' is
smooth and isomorphic to E.

. Let {z,y} and {2/,y'} be two sets of Weierstrass coordinates on E.
Then z, 2’ have poles of order 2 at O, and y,y’ have poles of order
3 at O. Then {1,z} and {1,2'} are bases for £(2(0)), and {1, z,y}
and {1,2/,y'} are bases for £(3(0)), so there exist uj,us € K* and
r,s,t € K such that x = w2’ +r and y = usy’ + sz’ + t. Substitute
this to Weierstrass equations and get u3 = u3, we set u = uy/u; and
s = s9/u’ to get desired formula.

. To prove this statement we need a

Lemma 4.4. Let C' be a smooth curve given by Weierstrass equation,
then the invariant differential (we will discuss this name on the next
lecture)

dz dy
w = =
2y + arx +as 312 + 2000 + ag — ary
is holomorphic and non-vanishing, i.e. div(w) = 0.
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Proof is left as an exercise from A. Zykin’s list. (Hint: first observe
a case of general P = (z9,%0) and write w = % = —%, and

conclude that w has no poles on C', then count order of w at P and get
that it also has no zeroes. After that look at case of P = O).

dz
2y+ai1x+as
so div(w) = 0. By Riemann-Roch theorem we have 2¢(C) — 2 =

degdiv(w) = 0, so C has genus 1.

We have now that w = € Q¢ has no zeroes and poles,

]

Remark 4.5. While proving first assertion of previous proposition we got
that for elliptic curve E following is true: K(FE) = K(z,y) and [K(FE) :
K(x)] = 2.

Now we understand why studying of theory of Weierstrass equation is
necessary for discussing elliptic curves. As we have seen every elliptic curve
can be represented by a cubic equation with the base point on the line at oc.
Then an elliptic curve has an equation of the Weierstrass form. In A. Zykin’s
list of problems there proposed ways to simplify this equation depending on
characteristic of the base field and you are strongly encouraged to solve that
problems.

4.2 Nice Weierstrass equation

We will assume form this point (if other is not stated) that characteristic of
our base field is not 2 or 3. Then one can write an equation of the curve in
the form:

E:y*=2+ax+0

Now we want to describe elliptic curves using this equation.

Proposition 4.6. 1. The curve E(a,b) : y* = 23+ ax +b for a,b € K is
nonsingular and defines an elliptic curve over K iff 4a® + 27b* # 0;

2. Every elliptic curve over K is isomorphic to one of the form FE(a,b);
3. Two elliptic curves E(a,b) and E(a’,0') are isomorphic iff there exists

ac € K* such that a’ = c*a, b/ = b, then we have an isomorphism

(x:y:2)— (2 : 3y - 2).
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For a curve given by such equation we define its j-invariant by

1728(44%)

J(E(C%b)) = m,

its discriminant

A(E) = —16(4a® + 27b%),

note that discriminant of a curve is related to a discriminant of poly-
nomial f(z) = 2* +ax+b, explicitly we have Ay = —(4a® + 27b%). and
the invariant differential

de  dy
2y 322+4a

4. For jy € K there exists an elliptic curve E defined over K with j(E) =
Jo-

Proof. 1. If there is a singular point P, then we have for it: 2y(P) = 0,
3z(P)*+a =0, y(P)* = 2(P)3+ ax(P) +b. Since charK # 2, we have
y(P) = 0 and z(P) is a double root of 2*+ax+b = 0. So nonsingularity
of F is equivalent to nonvanishing of discriminant A(E).

2. this follows from todays big proposition; Here we can assume by 1. that
curve is nonsingular at (0:1:0).

3. this statement is equal to the following: two elliptic curves are iso-
morphic iff they have equal j-invariants. We prove a statement in the
proposition, but will use later equivalent.

If two elliptic curves are isomorphic, then we can compute their j-

. . (4a)3
invariants by formula 55

5z and observe, that they are the same.
From previous proposition we know the form of all linear change of
variables, but isomorphisms, preserving reduced Weierstrass equation
are only of the form (z,y) = (u?2’,u®y’), which stated to an equation
gives us that @' = u*a and ¥ = uSb. Inverse assume, that necessary c
exists, then we have that a

32 = @3b%. In this case we check 3 cases:

Case 1. a = 0, then j = 0 and b # 0, since § # 0, so ¢’ = 0 and we take
= ()

Case 2. b =0, then j = 1728, similar to previous, take ¢ = (a/a’)'/%;
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Case 3. ab # 0, then j # 0,1728 and a'b’ = 0 by previous cases. We take
c = (a/a')"* = (b/b)'/5; we have that it is the same, because
a3b’2 — a/SbQ.

4. Assume that jo # 0,1728 and look at a curve

36x 1 ‘
jo — 1728  jo — 1728’

E:y?+ay=2a°—

Calculate A(E) = % and j(E) = jo, so we constructed a curve

for cases jo # 0, 1728.
For jo = 0 we take F : y* = 2% — 1/4, and for j, = 1728 take E : y*> =
3+ .

]

Now we discussed necessary theory of Weierstrass equations and we con-
tinue by studying the Group law on elliptic curve.

For exercises the reader is strongly recommended to solve problems from
the list http://www.mccme.ru/ium/postscript/f11/zykin-Problems_2.
pdf||.

5 Lecture 5: The Group Law

In this lecture we will often use the Riemann-Roch theorem [3.4] in case

g(C) = 1 which looks like (D) — (K¢ — D) = deg(D), moreover for every

divisor D of degree deg D > 0 we know that [(Kc— D) =0, so [(D) = deg D.
The first corollary is

Lemma 5.1. Let C be a curve of genus 1 and P,Q € C. Then (P) ~ (Q)
iff P=Q.

Proof. If (P) ~ (Q) we chose f € K(C) such that div(f) = (P) — (Q), then
f € £((Q)) and by RR theorem dim £((Q)) = 1, since £((Q)) contains K
we get f € K and P = Q. m

Some time ago we formulated already the composition law, but let me
remind it.
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We will assume that out main object of study — an elliptic curve E is
given by a Weierstrass equation of the form F : y?z = 2% + axz® + b5,
P=(z,y) € E,and O = (0:1:0). Let L be a line in P?, then since the
equation of E has a degree 3, the line L intersects E at 3 points.

Fact 5.2. Let P,QQ € E and L — the line through P and Q) (or tangent if
they coincide). Let R be the third point of intersection of L and E. Then we
take a line L' through R and O, which intersects E at one more point, which
we will call P ® Q).

Proposition 5.3. We have the following properties for the composition law:

1.

SN

If a line L intersects E at points P,Q, R, then (P ® Q) ® R = O.
PaQ=Q®P forall P,Q € FE;

P®»O =P forany P € E;

For any P € E there exists a point SP such that P ® (6P) = O;
For P,Q, R € E we have associativity: (P® Q) D R=P® (Q ® R).

So we can say that the composition law makes E into an abelian group with
identity element O.

From here we will denote the addition by just +, not &

Proof. 1. By construction O + O = O and using a line through (P + Q)

2.
3.

and R we get that (P+ Q)+ R+0=0,s0 (P+ Q)+ R=0.
Follows from the symmetry of construction with respect to P and Q);

A line through P and O intersects a curve E for the third time in point
@, such that P+ @ = O by 1. and that P+ Q + O = O, so we get
what needed.

For usual P we take a point () from previous, for the point O one
should take O.

This assertion has more difficult proof, which actually works for all
others, since it is just an isomorphism (as abelian groups) between an
elliptic curve E and its Picard group. We will discuss here the proof
using RR, but there is one using coordinates, which is left for you. The
proof includes 3 steps:
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a. For every divisor D € Div’(E) of degree 0, there exists a point
P € E, such that D ~ (P) — (O). We define ¢ : Div’(F) — E
the map which sends D to P, and observe that it is surjective.

b. o acts on equivalence classes of divisors and induces a bijection of
sets 0 : Pic’(E) & E, i.e. for divisors Dy, Dy € Div'(E) we have
O'(D1> = O'(DQ) iff D1 ~ DQ.

c. The inverse to ¢ is the map » : E = Pic’(E) defined by P

class of (P) — (O). And the geometric group law defined above is
the same as the algebraic group law, induced from k.

First we prove a.: We look at £(D+(0O)) and by RR we have dim £(D+
(0)) = 1, then take a nonzero element f € £(D+(0O)), which is a basis
of this space over K, so we get div(f)+D+(0) > 0 and deg div(f) = 0,
therefore there exists a point P, such that div(f) = (P) — (O) + D.
If there are two such points P, P’, then (P) ~ D + (O) ~ (P’), so
by previous lemma P = P’. For surjectivity we take for P € E its
preimage — divisor (P) — (O).

Next we should prove b.: We take two divisors Dy, Dy € Div’(E) and
set P, = o(D;). By definition of o we have (P;) — (P,) ~ Dy — Dy, so
if P1 = PQ, then D1 ~ D27 mverse way: if D1 ~ DQ, then (Pl) ~ <P2)7
and by lemma P, = Ps.

To prove c. we only need to show that for two points P,() € E the
image of their sum is sum of their images: k(P + Q) = k(P) + (Q),
where the second addition if of divisor classes in Pic’(E). Then we will
just use the group structure on Pic’(E) to deduce this structure on E.
We take two functions f(z,y,z) = ax + by + cz = 0 is a line in P?
through points P and (), which intersects E also in point R, and a
function f'(z,y,2) = d’x + by + 'z = 0 the line through R and O. We
know that line z = 0 intersects £ at O with multiplicity 3, so

/!

div(f) = (P)+(Q) +(R) - 3(0), div(f;) = (P+Q)+(R)—2(0);

z

Then div(%) =(P+Q)—(P)—(Q)+(0) ~0,s0 k(P+ Q) —k(P) —

R(Q) = 0.
L]
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Corollary 5.4. For an elliptic curve E, a divisor D = > np(P) € Div(FE)
is principal if and only if Y pepny =0 and Y- peplnp|(P) = O.

This is clear because D ~ 0 & o(D) = O < ) 5 pg[nplo((P)—(0)) = O.

Note that for any field L C K if the curve E is defined over L, then one
can get the group structure on the set F(L) by the structure on E(K). It
comes out, because when we take two points P, @ from E(L) then the line
through these points is also with coefficients from L, so third intersection
point has coordinates in L.

Further, for a point P € E and integer n we will denote by [n]P =
P+ ...+ P a sum by group operation of n points P, also [0]P = O. In
the list of problems from previous lecture you can find explicit formulas for
addition of points on elliptic curve, the notation there A\, v are coefficients of
the equation of the line y = Ax + v through points Py, P;.

Exercise 5.5. We say that a function f E_F(E) is even if f(P) = f(—P)
for all P € E. Prove that f is even iff f € K(x).

Hint: one side is obvious. To prove another write f(z,y) = g(z) + h(x)y
and use the coordinate description of —P to deduce h(z) = 0.

5.1 Singular curves

Now we talk about the case when the Weierstrass equation gives us a singular
curve. That happens only when its discriminant A(F) = 0 and the most
famous examples are curves with equations y?> = 23 — cusp curve with one
singular point and one tangent line at that point, and y? = 23 4+ 22 — node
curve with one singular point and two different tangent lines at that point.
In the list of problems are stated conditions for curve to have a cusp or a
node.

So in this section we assume that A(E) = 0. We denote by E, s the set
of nonsingular points of E. we already have a result about singular curves
— they are birational to P.

Proposition 5.6. Let E be a curve given by a Weierstrass equation with
A(E) = 0, then the composition law makes E,s an abelian group and we
want to describe it using the field K.

1. Assume that E has a node at point Py and let y = a1z + by and y =
asx + by be distinct tangent lines to & at Py. Then the map E,; — K
defined by (x,y) — % is an isomorphism of abelian groups.
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2. If E has a cusp at Py, let y = ax +b be a tangent line to E at Py, then
the map E,s — K defined by (x,y) %a—xfb is an isomorphism of
abelian groups.

Proof. First we understand that E, is closed under composition law: it
means that if a line L intersects E at two points, then is does not contain
a singular, which is clear because Py should has multiplicity at least two in
the intersection £ N L.

Then make a change of variables such that our singular point is (0, 0).
Then E is given by a Weierstrass equation of the form y? = 2% + ax? and if
a = 0, then F has a cusp, otherwise a singularity is a node.

For the case of cuspidal curve we take a map F,, — K" defined by
(x,y) — z/y, we can do that because y = 0 only at (0,0), which is singular.
In this case the inverse map is defined by ¢ — (t72,¢73). O

This is all that we need now from theory of singular elliptic curves. And
now we are going to prove the fundamental result in the theory of elliptic
curves is that the addition map £ x E — F is a morphism. We state this as
a theorem.

Theorem 5.7. Let E be an elliptic curve. Then the group law and negation
define morphisms:

+:EXE—>E, (PQ—P+Q —:E—>E P —P

Proof. The negation map is a morphism by definition, since it is obviously
rational and regular.

For a point () € E we define the translation map 7 : £ — E by 79(P) =
P+ @. This is a rational map and so a morphism, moreover it has an inverse
— the translation for —(@), so is an isomorphism.

To prove that the the addition map + : £ x F — E is a morphism we
have to prove regularity at pairs of points: (P, P); (P,—P); (P,0); (O, P),
since for all other cases we have that coefficients A = 2% and v = w

of a line y = Az + v through points (x1,y;1) and (x2,y) are well- defined.
For one of those cases we take a composition of maps

ExE™2pEpxE- S E2sE2F

Where 7 is the translation map for a point ¢); and 7 is the translation map
for a point @Q)s.
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and look what happens to a pair of points (P, P»), indeed they go to

-1

(P, P) A (PL+Q1, Po+Q2) X P+ Q1+ P+ Qo i>P1+P2+Q2TI—>
P, + P,. So this composition is just an addition of points. Since we know
that 7¢ is an isomorphism, then the composition above is regular everywhere
except set (P—Q1, P—Q2); (P—Q1,—P—Qs); (P—Q1, —Q2); (—Q1, P—Q2),
but @); are arbitrary points, so we can take another pair of points ()3, Q4
for new description of additional morphism and it will be regular in points
mentioned above. [

5.2 Isogenies: definition

We want to work with appropriate morphisms between elliptic curves: such
that they take a special point of one curve to special point of another.

Definition 5.8. Let Ey, Oy, E5, Os be two elliptic curves. An isogeny is a
morphism of curves ¢ : Ey — Eo such that ¢(O1) = Os. We call two curves
Ey, Ey isogenuous if there is an isogeny ¢ : Fy — Eo such that ¢(Ey) # O
(in this case we have ¢(E;) = Es).

Next we should define the degree of isogeny. For the case of zero isogeny
we set deg[O] = 0, otherwise the isogeny is a finite map of curves, so we have
an injection of function fields ¢* : K(E,) — K(F;) and the degree of ¢ is
is the degree of extension [K(E;) : ¢*K(Fs)]. Definitions of separable and
inseparable degree are corresponding.

Definition of degree implies that for composition E} 2 Es 4 E5 the
degree deg(y) o ¢) = deg(v)) deg ¢.

By the group law elliptic curves are abelian groups. One can define a
structure of a group on the set of isogenies between two curves. Explicitly:
denote Hom(FE7, E3) the set of isogenies E; — FEs, then for two isogenies
Y, ¢ Ey — Ey define a morphism (¢ + ¢)(P) = ¢(P) + 1(P), which is also
an isogeny, so we get a structure of a group on Hom(F1, E»).

Now we turn to case when E; = Fs, i. e. End(E) = Hom(F, E), here we
can look at composition of isogenies (¢¢)(P) = ¢(¢(P)) and get a structure
of a ring on End(E), we denote the subgroup of invertible elements Aut(E).

Example 5.9. The transition map from previous section 7¢ s of course not
an isogeny (unless Q@ = O, but it’s not interesting). We have an example
of isogeny: multiplication by n map where n € 7Z, defined as [n] : E — E,
n](P) = P+ ...+ P, in the case n < 0 we set [n](P) = [-n](—P).
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5.3 Exercises

Exercise 5.10. Let C' over algebraically closed field K is an algebraic curve
of genus 1. Take any point O € C' and j-invariant for curve j(C,O).

1. For curve (C',0") and isomorphism ¢ : C — C" such that ¢(O) = O’
prove that j(C,0) = j(C',O");

2. For two points O, 0" € C' prove that there exists an isomorphism C —
C', which sends O to O'. Deduce that j(C,0) = j(C,0").

Exercise 5.11. How to get [m|P.
Here we will discuss the case of a curve E : y*> = 2® + Ax + B. But one

can write formulas in similar way for case of general Weierstrass equation.
We define polynomials ¥, € Z[A, B, x,y] by first few:

Uy =1, Py =2y, b3 =3z"+6A2>+ 12Bx — A?
Yy = P9(22° + 10Az* + 40B2® — 104%2® — 8ABx — 2A4° — 16 B?),
and then by induction with following formulas:
Qﬁ2m+1 - ¢m+2¢§n - ¢m—1¢fn+1a me > 2
¢2¢2m = ¢Z@—1¢m¢m+2 - ¢m—2¢m¢3¢+17 me Z 3.
Then we define polynomials ¢, wy, in the following way:
¢m = x¢3n - 77Z)m-|-1’lvbm—1a 4ywm = ¢51_1¢m+2 + ¢m—2¢31+1-

1. Prove that if m is odd (even) polynomials Py, Gm, Yy ‘wm (correspond-
ing (2y) " Ymodm wm ) are elements of the ring Z[A, B, x,4x3+4Ax+4B|;

2. Prove that i, ¢m as polynomials of x start with ™ and m2x™ = ;

3. Prove that if A(E) # 0, then ¢, (), ¥ (z) are coprime;
4. Prove that if A(E) # 0, then for any point P = (x¢,yo) one can com-

m (P wm (P
pute [m]P = (ﬁm ((13))2 ? Ym ((13))3 ) )

5. Prove that divisor of div(vm) = > pcpy(T) — m?(0), so ¥y, has a

zero in m-torsion points;
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6. Prove that degree of the map [m] : E — E has degree m?.

Exercise 5.12. Let E be an elliptic curve with homogeneous Weierstrass
equation F(zo : x1 : 13) = 21y — 23 — Azori — Bx3 =0, let P € E. Prove
that following conditions are equal:

o 3|P=0;

e The tangent line to E in P intersects E& only at P;

azixj

e Determinant 0f< oF (P)> equals to 0.

Exercise 5.13. Let C be a smooth curve of genus g (from RR)andn > 2g+1
an integer. We choose a basis fo, ...fn in L(n(Fy)) and define a map ¢ = (fo :
ot fn) : C — P9, Prove that the image of this map is a curve C' in P"9,
that deg ¢ = 1, and (harder) that C" is smooth and ¢ is an isomorphism.

6 Lecture 6: Isogenies

We continue to study isogenies of elliptic curves (they are morphisms, sending
point O; to Oy).

Proposition 6.1. 1. The multiplication map [n] is nonconstant if n # 0;

2. For two elliptic curves E1, Ey the group of isogenies Hom(FEy, Es) is a
torsion-free Z-module;

3. For an elliptic curve E its endomorphism ring End(FE) is an integral
domain of characteristic zero.

Proof. 1. To prove the first assertion we will use that [mn| = [m] o [n], so
we have to prove that [2] # [0] and [p] # [0] for odd primes p. The idea
is to show that [2] is a nonconstant map, however there always exists a
point P of order 2, which means that for n odd we have [n|P = P # O.

This is not difficult to find out that there always exist a point of order
2 (except the case of charK = 2), but there are only finitely many
such points since their x coordinates are roots of polynomial, here one
should use an exercise from list of problems which gives the formula of
x coordinate for doubling point. In the case of char = 2 one should
look for points of order 3.
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In the case of characteristic 2 of the base field one should look at
multiplication by [3] map and points of order 3.

2. This is the corollary of previous. Assume we have ¢ € Hom(E}, Es) and
n € Z , such that [n]o ¢ = [0], then taking degrees (deg[n])(deg ¢) = 0,
so either [n] = [0], or ¢ = [0].

3. From previous characteristic of End(FE) is 0, assume there exist two
isogenies ¢, 1) such that ¢ o) = [0], then (deg ¢)o (deg1)) = 0, so either

¢ = [0], or ¢ = [0].
O

We look at E as an abelian group and for an integer m > 1 define its m-
torsion subgroup by E[m] = {P € E : [m]P = O}, and its torsion subgroup
Eiors = UOO E[TTL]

m=1

Example 6.2. Curves with complex multiplication.

Assume charK = 0, then usually End(E) ~ Z, but sometimes happens
an exception when End(E) is larger than 7, then we say that a curve E has
complex multiplication. Here we give an example of such curve.

Let i € K be a primitive fourth root of unity, i> = —1. Look at elliptic
curve E : y?> = x> —x. Then in End(E) there is a map [i] : (z,y) — (—x,1y),
for which [i] o [i] = [—1], so there is a ring homomorphism Z[i] — End(FE),
defined as m + ni — [m] + [n] o [i].

Example 6.3. The Frobenius endomorphism. Here we assume that char K =
p > 0.

Remember there was a curve E9 | obtained by raising to q-th power all
coefficient of equation for E?

The Frobenius morphism ¢, : E — E9 is defined by (z,y) — (29, y9).
We know that E9 is given by Weierstrass equation, and we want it to be a
nonsingular elliptic curve.

Writing j-invariant and discriminant in terms of Weierstrass coefficients
we get A(E@) = A(E)? and j(E@) = j(E)?, so equation for B9 is non-
singular. For K = F, the g-th power of Frobenius is an identity and so ¢,
is an endomorphism of E = E@ . The set of points fized by ¢q 15 the finite
group E(F,).

Remark 6.4. A view of arbitrary morphism between elliptic curves. Con-
sider a morphism ¢ : Ey — Fy of elliptic curves, then the composition
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Y = T_g0,) 0 ¢ is an isogeny, since Y(Or) = (O2), so any morphism between
elliptic curves can be written as a composition of an isogeny and translation.

We defined an isogeny as a map, sending O; to O,, but don’t we want
it to preserve a group law? Next theorem shows that this property follows
from definition.

Theorem 6.5. Let ¢ : By — E5 be an isogeny, then o(P+Q) = ¢(P)+¢(Q).

Proof. We assume that ¢ is nonconstant (as in any case when we prove
something about isogenies), so ¢ is finite map and induces a homomorphism

¢, : Pic’(E}) — Pic’(E,) defined by ¢,(class > ni(P)) = class > ni(¢PF).

So we get a commutative diagram:

B, - Pic’(E))
‘| |
By, —2— Pic’(E»)

Using the fact that k; are isomorphisms we get that ¢ is group homomor-
phism. O

Corollary 6.6. The kernel $~1(O) of a nonzero isogeny ¢ : Ey — FEy is a
finite subgroup of Ey of order not more than deg ¢.

The following statements give us some properties of isogeny, its separable
and inseparable degree and left without proof.

Proposition 6.7. Let ¢ : Ey — E5 be a nonzero isogeny.

1. For every P € Ey and Q € Ey we have #¢1(Q) = deg, ¢ and es(P) =
degi ¢;

2. The map ker ¢ — Aut(K(E))/¢*K(E,)), defined by T +— 75 is an
1somorphism.

3. If ¢ 1s separable, then ¢ is unramified, # ker ¢ = deg ¢, and K(E,) is
a Galois extension of ¢*K(Es).

Reminder: ramification index of a morphism between curves e,(P) =
ordp(¢*ty(p)), morphism is called unramified if egp) = 1 for all P, 77 is the
automorphism of K (FE;) induced by 7r.

39



Proposition 6.8. Let E be an elliptic curve and G a finite subgroup of E.
Then there exist unique elliptic curve E/G and separable isogeny ¢ : E —
E/G, such that ker ¢ = G.

_ Sketch of the proof: Look at fixed subfield K(E)Y of K(E), one see that
K(E)/K(E)% is Galois extension and K (E)% has transcendence degree one

over K, so there is a unique curve C' and a morphism ¢ : E' — C' such that
¢*K(C) = K(E)Y, then show that ¢ is unramified and by Hurwitz genus
formula compute g(C') = 1.

6.1 The dual isogeny

For a nonconstant isogeny ¢ : E; — FE, there is an induced map ¢* :
Pic’(E,) — Pic’(E)), but we have also two isomorphisms ; : £; — Pic?(E;),
sending a point P to the class (P) — (O). So one obtains a morphism

* N71
By =25 Pic’(E,) 25 Pic’(Ey) 2 By,

The composition x7' o ¢* o ky is a rational map sending Oy to Oy, so is an
isogeny. We call it the dual isogeny for ¢ and denote ¢.

Theorem 6.9. Let ¢ : Ey — FEy be a nonconstant isogeny of degree m. Then
there exists a unique isogeny ¢ : Ey — Ey such that ¢ o ¢ = [m|. One can

define ¢ as composition
By V7O D0 () 25 DivO(y) = g

Proof. Uniqueness is obvious, since for another such morphism (E’ we have
that (¢ — ¢') o ¢ = [0]. To prove existence we look at the image of @ =
¢(P) € Ey by composition defined in statement of theorem:

Q- (Q—(0) = Y es(P)P= ) es(R)R+> [deg;¢]( > P— > R)
Pegp—1Q Reker ¢ Pegp—1Q Reker ¢
= [deg; ¢] o [#¢~(Q)]P = [deg ¢] P

Here first arrow is by definition of ¢*, second and equalities are from first and
third part of proposition [6.7 Note that we didn’t use anywhere characteristic
of the base field. O
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Let us state some properties of this isogeny:

Proposition 6.10. Let ¢ : E; — Fy be an isogeny of degree m.

1.
2.
3.
/.
5.

6.

Let m = deg ¢, then 50 ¢ =[m] on Ey and ¢ o 5: [m] on Ey;
Let ¢ : E5 — E3 be isogeny, then z/;/o\¢ = (}5\0 zZ;

Let v : By — FEy be another isogeny, then m = $+ @/D\;

For an integer m € Z defined isogeny [m/\] = [m] and deg[m] = m?;

deg ¢ = deg ¢;

3=0.

~

Proof. 1. We prove that ¢op = [m]: write (po@)op = ¢om|=|m|od¢;

2.

6.2

Let deg vy = n, then ($O1Z)O(w0¢):<$0[n]0¢:[n]050¢:[nm],

~ o~

from uniqueness property we get that ¢ o) = zm;

. We will prove it later, using the Weil pairing;

This is obvious for m = 0,1, apply 3. for maps ¢ = [m], ¥ = [1],
then [m/\l] = [7/72\] + [/1\], so by induction [771\} = [m]. Let d = deg[m)|
and look at multiplication by d. Then by definition of dual isogeny
(] = [m] o [m] = [m?], so d = m?;

By 4.,1. we have m? = deglm] = deg(¢ o ¢) = (deg¢)(deged) =
m(deg 5), so m = deg (E;

—~

By 124 306 = [m] = [m] = 606 =3oa, 50 6 = o

The Tate module

To work further with Tate module we need a view of m-torsion group of F.

Here we look only at points of E(K). Explicitly:

Proposition 6.11. If m # 0 in field K, then E[m] = Z/mZ x Z/mZ.
If charK = p, then one of the following is true:
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1. E[p"] = O for alln € N;
2. E[p"] = Z/p"Z for all n € N.

Proof. By 4. from previous proposition we get that [m] is finite separable
map, then #E[m| = deg[m| = m?, similarly for every d|m we have that

#FE[d] = d*. We reduced the statement to an

Exercise 6.12. Let A be a finite abelian group of order n”. Suppose that for
every d|n we have #Ald] = d". Then A~ (Z/nZ)".

Let ¢ is p-th power Frobenius morphism. Then #E[p"] = (deg,(¢o¢))" =
(deg, (E)” But we know that deg<$ = deg ¢ = p, so there are two cases: first
if ¢ is inseparable, then deg, ¢ =1, then #E [p"] = 1 for all n; second if ¢ is
separable, then deg, ¢ = p and #E[p"] = p" for all n. O

We have shown that E[m]| = Z/mZ x 7Z/mZ is an isomorphism of groups.
But we have some additional structure on E[m], for example Gz, acts on
E[m): [m]P = O, so [m]P° = (Im]P)° = O, so we get a representation
Gg/x — Aut(Elm]) ~ GLy(Z/mZ). What we want is to put together all
these mod m representations to get a characteristic zero representation.

To do it we define the [-adic Tate module.

Definition 6.13. Let E be an elliptic curve and | € Z a prime number.
The Tate module is the group T)(E) = I&HEU”] the inverse limit taken with

respect to the natural maps E[I"] Lt E[l™].

We know that E[l"] is a Z/I"Z-module, so the Tate module has a natural
structure of Z;-module. Moreover as a Z;-module it has defined structure:

a. T(F) ~Z; x Zy if | # charK;
b. T)(E) = {0} or Z, if | = charK.

This follows from previous proposition.

We define [-adic representation of G associated to £ as the homomor-
phism p; : G/ — Aut(Ti(E)) induced by action of G, x on E[I"]. To get
a representation of G, over a field of characteristic 0 we chose a Z;-basis
in 7;(F) and use representation Gz K= G Lo(Zy) with inclusion Z; C Q.

42



Now we discuss applications of the Tate module to isogenies. Let ¢ : £} —
E, be an isogeny of elliptic curves. Then ¢ induces maps ¢ : E1[l"] — E5[l"],
so it induces a map ¢; : T)(E,) — T;(E;). So we get a map Homg (Ey, Es) —
Homg (T;(E1),T)(Ey)) defined by ¢ +— ¢;. An important statement about
this map is following

Theorem 6.14. Let Ey, E5 be elliptic curves and | # charK be a prime.
Then the natural map Homy (Ey, Es) ® Z; — Homg (T)(E1), T)(E2)), ¢ — &
15 injective. Moreover it is an isomorphism in following cases:

1. K is a finite field;
2. K is a number field.

We leave it without proof, because known proofs of surjectivity use tech-
niques, not included in this course. We will not use it further.

6.3 Additional: proof of one theorem

In this section using the latest theorem of lecture 6 we will prove the following
result:

Theorem 6.15. Let Fy, Ey be elliptic curves. Then Hom(FE1, Ey) is a free
Z-module of rank at most 4.

Proof. We know already that Hom(FE, Es) is a free Z-module, but have to
prove mainly that it has finite rank, and then prove the theorem using equal-
ity rkzHom(E4, Ey) = rky,Hom(E,, Ey) ® Z; of ranks as Z and Z;-modules
and inequality

rkz, Hom(E,, Ey) ® Z; < rkz,Hom(T}(E1), Ti(Es)) = 4.

Here the last equality comes from Hom(7;(E,),T;(Es)) = Mate(Z;) and in-
equality from injection Homg (E1, Fy) ® Z; — Homg (T;(E4), T;(Es)).

To prove finiteness of rank of Hom(F1, F5) as Z-module our main refer-
ence is [10].

We denote by Hom’(E, Ey) = Q ® Hom(FEy, E,) and by End’(E) =
Q ® End(E) then End’(E) has finite dimension as Q-vector space, because
it is a ring of matrices. Also we have Hom(FE, Ey) C Hom®(Ey, Es), since
Hom(FE4, E5) is torsion-free.
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For two elliptic curves Ey, F, over C the finiteness of dimension of Hom"(E}, E)

over Q can be easily verified as following: look at E; = C/L; where L;
is a lattice (more precisely about this representation is written in the next
lecture). Then every algebraic morphism f : E; — FEj lifts to a complex-
analytic morphism f : C — C which is linear, therefore we have a map
T : Hom(E4, Ey) — Homgz(C, C) a representation of Hom(E;, Ey) by 2 x 2-
integral matrices.

We want to have an [-adic analog of this construction, here [ # p. A
morphism f : Fy — F5 induces a morphism T;(f) : T;(E1) — T;(Es), provid-
ing an [-adic representation 7} : Hom(E,, Ey) — Homgy, (T;(E4), T;(E2)). We
take bases for T)(E;) over Z; to get a representation of Hom(E}, Es) by 2 x 2
matrices with coefficients in Z;.

Lemma 6.16. Let M be a finitely generated submodule of Hom(E;, Es).
Then QM N Hom(FEy, Es) = {¢ € Hom(FEy, Es)ng € M} for some n is also
finitely generated.

Proof. We may assume that F; and Es are isogenuous, otherwise Hom(FEy, Fy)
0. Then there is an injection Hom(Ey, Fy) — End(FE;), induced by isogeny
E>, — E; and we will consider the case of Fy = E; = E for convenient
notation.

Exercise 6.17. The function ¢ — deg¢ € Z on End(FE) extends to homo-
geneous polynomial function of degree 2 on End’(E).

We will just use this exercise: since every ¢ # 0 is an isogeny, P(¢) > 1 is
¢ € End(F) and ¢ # 0. But QM is finite-dimensional space and |P(¢)| < 1
is a neighborhood of 0 in this space intersecting with End(F) only by 0,
therefore End(E) N QM is discrete in QM hence finitely generated. H

From this point to prove the injectivity of
Hompg (B, Ea) ® Zy — Homp (Ty(E1), Ti( Ez)),

¢ — ¢ it is enough to prove that for any finitely generated submodule
M C Hom(FE}, E5) such that M = QM NHom(E,, Es), the map Z; ®z M —
Homy, (T;(E4), T;(E»)) is injective. Which is left as an exercise.

Since Hom(Ey, Es) is finitely generated Q-vector space it is evident by
the lemma that Hom(FE4, Es) is finitely generated Z-module. O
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6.4 Exercises

Exercise 6.18. Let E be an elliptic curve and | a prime integer, not equal
to charK if charK > 0. Prove that the natural map Aut(E) — Aut(E[m])
is injective except the case m = 2, when the kernel is [£1].

Exercise 6.19. Prove that the natural map Hom(Ey, Es) — Hom(T;(Ey), T)(E»))
18 1njective.

Exercise 6.20. Let E be an elliptic curve with complex multiplication over
K, charK = 0. Prove that for all primes [ the action of G, on the Tate

module is abelian. (Hint: f € Endg(E) commutes with action of G, on
T(E))-

7 Lecture 7: Invariant differential, Weil pair-
ing

7.1 Invariant differential

dz
2y+ai1x+as

a1 + agy = o + asx? + asx + ag an invariant, now it’s time to tell why.

Recently we named the differential w = for elliptic curve E : y? +

Proposition 7.1. Let E be an elliptic curve given by Weierstrass equation

and w = M—ZZJF%. Let ¢ be a translation map, then THw = w.

Proof. To prove it we choose a function ag # 0 € K(E)* such that THW =
aqw, we can do it since Qp is one dimensional vector space over K (E). Then
compute its divisor div(ag) = div(7jw) — div(w) = 75div(w) — div(w) = 0,
because div(w) = 0.

So the function ag does not have any zeroes and poles, then it is a constant
ag € K", now look at a rational map f : E — P!, defined by Q — (ag : 1),
rational because ag can be viewed as a rational function of z(Q) and y(Q).
But this map is not surjective (points (0 : 1) and (1 : 0)), so it is constant
and ag does not depend on @), so equals to ap = 1. O

Next theorem shows an important property of isogenies and invariant
differential.

Theorem 7.2. For two elliptic curves E, E' and invariant differential wg
let p,v : E' — E be two isogenies. Then (¢ + ) wg = (¢* + " )wE.
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Proof. First one prove that if ¢ = [0] or ¢+ = [0], then theorem holds. For
this it’s enough to check [—1]*w = —w, which is calculation in coordinates
for —P. Then we can assume that ¢, ¥, ¢ + ¢ # [0].

We want to write a formula for w(P + Q) = fw(P) + gw(Q), where f, g
are functions of variables: z(P),y(P),z(Q),y(Q). If we fix a point @), then
dz(Q) = 0 and we deduce that f = 1 by expressing w(P + Q) = 7Hw(P) =
w(P), similarly we can say that g = 1. So w(P + Q) = fw(P) + gw(Q), then
we substitute for P and () values of ¢ and v in appropriate point P. Then
(wo (¢p+ 1)) (P) = (wod)(P)+ (wo)(P), whis implies the theorem. [

Corollary 7.3. Let w be an invariant differential on an elliptic curve E, let
m € Z. Then [m|*w = mw

Proof is by induction on m: [m + 1]*w = [m|*w + w by previous.

Corollary 7.4. Let E be an elliptic curve and w its invariant differential.
We define a map End(E) — K by ¢ — ay, where ay is defined by ¢*w = ayw.
Then

1. The map ¢ — a4 is a ring homomorphism;
2. Its kernel is the set of inseparable endomorphisms of E;
3. If char(K) = 0, then End(FE) is a commutative ring.

Proof. First we should explain that a, from K (E) is actually in K. As before
we look at divisor of the function ay, say div(a,) = div(¢*w) — div(w) = 0,
SO ag is constant.

1. by theorem ayiypw = (¢ + V) w = ¢*w + YP*w = agw + ayw. SO Ay =
ay+ay, then we should find agoypw = (Ppoth)*w = Y*(¢p*w) = ayp*(w) =
ApAypw. SO Aoy = ApATY.

2. Here ay = 0 & ¢*w = 0 & ¢ is inseparable.

3. In char = 0 everything is separable, so End(F) injects to K, so End(E)
is commutative.

O
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7.2 Welil pairing
The Weil pairing has several definitions, we will use the following because of
its simplicity:

For an elliptic curve E we define a pairing e,, : E[m] X E[m] — p,: let
P, (@) € E[m] and we choose divisors Dp ~ (P) — (O) and Dg ~ (Q) — (O)
of degree 0 such that their supports are disjoint. Then observe functions fp
and fg such that div(fp) = mDp and div(fg) = mDg, which exist because
P and () are of order m.

We define e,,, = % and therefore have to prove some necessary prop-

erties:

1. The definition of e,, does not depend on choice of Dp, Dg, fp, fg so
e 1s well-defined.

2. €y, maps to iy

3. Tt is bilinear: e,,(P; + P2, Q) = e, (P, Q)em(Ps, Q); e (P, Q1 + Q2) =
em(Pa Ql)em(Pa Q2)7

4. Tt is alternating: e,,(P, P) = 1; ep(P, Q) = e,(Q, P)™1;
5. It is nondegenerate: if e,,(P, Q) = 1 for all P € E[m], then Q = O;
6. emm (P, Q) = en([M'|P,Q) for all P € Elmm/] and Q) € E[m].

Proof. Remind first of all, how to define a function of divisor: for D =
Y pepnpP wesay f(D) = [Ipep f(P)"?. More we should remember Weil
reciprocity law:

f(div(g)) = g(div(f));
Then properties

1. and

2. follow from Weil reciprocity law: we have fp(divfy) = fp(mDg) =
fo(mDp) = fo(divfp), so % takes values in p,, and e,, does not

depend on Dp, Dg, fp, fq because for any function g € K(E) we have
g(mP — mO) does not depend on g since mP = O;
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3. We prove that e,,(Pi+ P, Q) = e, (P1, Q)en (P, Q) and deduce e, (P, Q1+

Q2) = em(P, Q1)en (P, Q9) from next statement e, (P, Q) = e,,(Q, P)™ 1,
which follows immediately from definition: so we should prove that

fren(Dg)  fn(Dg)fr(Do)
fQ(DP1+P2) fQ(DPI)fQ(DPQ)

By criterion for Elliptic curves a divisor an P is principal iff an =0
and Y [np|P = O, so for two points P;, P, € E the divisor (P, + P) —
(P1) — (P2) — (O) is principal, say divh. Then we obtain an equality

T T N m fPi+Py  1m .
dlv(—fp1 fp2) = div(h™), so T = ch™ for appropriate constant c.

Now we rewrite a desired equation in following way:

fri1p, (@) P (0)fr,(0) _ fo(Pr + ) fo(O)
[P+, (0) fp(Q) fr,(Q) fo(P1) fo(P)

The left-hand side of the equation is (%)(Q)(%)(O) = EZZ—% =
1 2 1 2

h(m(Q) — m(0)) = h(mDq) = h(div(fg)) = fo(div(h)), the last by
Weil reciprocity law. Look at right-hand side, which is by definition

fo(div(R)).
4. obvious from definition;

5. Assume that for all points P, () € E[m] the following holds: fp(Dg) =
fo(Dp), which is equal to suggestion that the Weil pairing is degener-
ate. As above we have Dp.g — Dp — Dg = divh for some h, we will
assume that fp(Dp) = 2.

First we take fp of this equality and get

fp(Dpig) = fp(Dp)fr(Dg)fr(divh)

and by our assumption and Weil reciprocity law

frio(Dp) = 3" fo(Dp)h™(Dp),

here we used fp(Dg) = fo(Dp) Now similarly take fq of that equality
and get fpig(Dq) = " fo(Dp)h™(Dq), after that we take fpyq of
equality and obtain c3%, = fpyq(Dp + Dg)h™(Dp.q).
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CQm
Then dividing second by first fpiq(Dg — Dp) = Z=h™(Dq — Dp),
P
CQm m
and from here follows fpig(Dg) = Cg%% fp+o(Dp) and putting
P
CQm
it into the fp+Q(Dp)fp+Q(DQ) = Wm we get f123+Q(Dp) =
1 <GPl
th(DQ) c%m I
as a sum R = P+ @ for given P and some (), that fp = ¢} for an
appropriate gp. Which is impossible unless P = O.

which means since any point R € E[m] can be obtained

6. The proof is by induction on m/, for m’ = 1 all is ok. Assume we know
emm—1) (P, Q) = en([m’ —1]P, Q)), and now should prove e, (P, Q) =
en([M|P,Q), by 3. we know e,,([m' —1]P, Q)en(P, Q) = en([M|P,Q),
so we need only to prove that

em(m’—1)<P7 Q)em(P7 Q) = emm’(Py Q)

Let’s look at the corresponding functions: fp, fo, gp, 90, hp, hqg, for
which we have div(fp) = m(P) — m(0O), div(hp) = m(m’ — 1)(P) —
m(m’ — 1)(0), div(gp) = mm/(P) — mm’(O) and similarly for Q.

One can see that div(gp) = div(fp) + div(hp), so for any @ holds
gr(Dg) = fr(Dg)hp(Dg), analogous implications for () give go(Dp) =
fo(Dp)hg(Dp), so by definition

_gr(Dq) _ hr(Dq)fr(Dq) _ emtmr—1) (P, Q)em(P, Q).

emm (P, Q) 9o(Dp)  ho(Dp)fo(Dp)

O

Corollary 7.5. There exist points P,Q such that e,,(P,Q) is the primitive
m-th root of unity.

The image of e, : E[m] X E[m] — pu,, is a subgroup of p,,, assume it
is pg, then for all (P, Q) we have e,,(P, Q)¢ = e,,([d]P,Q) = 1, which is by

nondegeneracy false unless d = m.

Proposition 7.6. Let ¢ : Ey — Ey be an isogeny. We take points P € Ey[m]
and Q € Ey[m], then



Proof. So we need to prove that

fr(Dsq) _ for)Da
fqgQ(DP) Jo(Dyp))

First, look at divisor Dy ) = (6Q)—(0) = (X[np]P) — (O) by definition

of ¢, where S np(P) = ¢*(Dg) is the image of Dy = (Q) — (O) = ka(Q)
under ¢*, so we know that there exists a function h such that ¢*(Dg) =
Dé(Q) + divh.

Now we want to find f;,. We take mDg ., = m¢*(Dq) — mdivh =
¢*(divf) — div(h™), so by ¢*(divf) = div(f o ¢) we take f;, = 452 for an
appropriate h.

Then left-hand side of desired equality transforms as following:

fr(Dsq) _ fr(¢"Dq —divh) _ fp(¢"Do)h™(Dp) _ fr(¢*Dq)
f30(Dp) f30(Dp) fr(divh) fo(éDp) — fo(¢Dp)

where the last equality by the Weil reciprocity law.
One can easily see that fo(¢Dp) = fo(Dgp)), so the left to prove is

fr(¢"Dq) = fop)(Dq),

but by definition of ¢, and since ¢ is an isogeny ¢.(divfp) = ¢.(m(P) —
m(0)) = m(¢pP) — m(O) = divfyp) and by 2.18.4 we have ¢.div(fp) =
div(¢.fp), so we need to prove that

fr(0"((Q))) = (¢:fP)(Q),

where in left-hand side is divisor (@) and in right-hand side @ is a point.
Then left part is [[xcy-14 fp(X)eX) which is (¢, fp)(Q) by definition of
¢ on functions ¢, f = ¢* N (Nk(my) /6 K (B) ) O

Now we want to apply this theory to get l-adic Weil pairing on the Tate
module for [ # charK in following way: we take all e;n : E[I"] x E[I"] — pn

and put it into inverse limits of E[[""!] 1, E[l"] and pyn+1 i iy, SO We
have a map
e : Ti(E) x Ti(E) — Ti(w)
We need to prove that all ¢;»s are compatible with inverse limits. For that
we have to show epmi1 (P, Q) = e ([I|P, [I]Q) for all P,Q € E[I""!]. By lin-
earity of ejn+1 we have i1 (P, Q) = 1 (P, [[]Q), then from 6. property for
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points P, [[]Q and values m = [, m’ = [ follows ejni1 (P, Q)! = enn ([I] P, [1]Q),
so e is well-defined.

It also has all properties of e, (it is bilinear, alternating, nondegenerate)
and for an isogeny ¢ : By — E, and dual ¢ : Fy — E; we have e(¢P,Q) =

e(P, 6Q).

7.3 Additional: Proof of statement from previous lec-
ture

Here we will prove |3| let me remind you the statement:

Proposition 7.7. Let ¢ : £y — FE5 be an isogeny of degree m. Let ¢ : By —
E5 be another isogeny, then ¢ 4+ = ¢ +1;

Proof. We will work with charK # 2, from the statement of proposition
we have deduced already that for integer m the degree of corresponding
isogeny deg[m| = m?. But now we have to prove it directly for case m = 2.
First mention that for £ = 1 the assertion is evident by explicit formula of
coordinate functions for [2] P depending on coordinates of P. Next from the
formula for degree of composition of two isogenies deg(¢p o)) = deg ¢ x deg v
deduce necessary for any k. Then since charK # 2 and [m] is separable,
we have |ker[m]| = deg[m] = m?, therefore |E[2*]| = 4% and by exercise on
properties of abelian group from exam we then have E[2%] = Z /27 x Z./2"Z
for any k.

Now for an integer m, such that E[m| = Z/mZ x Z/mZ we have built
the Weil pairing e,, : E[m] x E[m] — pu,, with all necessary properties.

Then en(P, ¢+ $(Q)) = em((6 + ¥)(P),Q) = em(6(P), Qem($(P), Q) =

em(P, 9(Q))em(P,1h(Q)) = em(P, $(Q) + ¥(Q)) which is true for all m such
that |E[m]| = m?, i. e. for all m = 2¥ and all P,Q € E[m]. From nondegen-

eracy of Weil pairing we deduce the desired property.
For the case of charK = 2 one should look at the m = 3F instead of
2k, O

7.4 Exercises

Exercise 7.8. Here is usual definition of the Weil pairing. For a point
P € E[m] we take our function fp with div(fp) = m(P) — m(O). Next
take a point P' € E[m?| such that mP' = P, then there is a function gp
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which divisor div(gp) = [m]*(P) — [m]"(O) = > geppy(P + R) — (R), so
div(g™) = div(f o [m]).

For an m-torsion point () € E[m| (may be P = Q) we have gp(X +
Q)" = gp(X)™, then the function @ — % takes only finitely many
values, so E — P! is not surjective and therefore constant. We define e,, :

Elm) x Elm] = tin by en(P.Q) = 2059,

The exercise consists only of proving that both definitions of Weil pairing
give the same result.

8 Lecture 8: elliptic curves over C

The main reference for this lecture is [7]. Today we will prove that elliptic
curve over C is a Riemann surface of algebraic function and also factor C/L
by a lattice in C. More precisely:

Theorem 8.1. The following categories are equivalent:

o Objects: Elliptic curves over C, maps: isogenies;

o Objects: Elliptic curves over C, maps: complex analytic maps taking O

to O;
e Objects: Lattices L up to homothety, maps: {a € C,aLy C Lo};

But to describe an analytic point of view on elliptic curves over C we
start with far away object — Riemann surface.

8.1 Elliptic curve as a Riemann surface

Definition 8.2. The Riemann surface is Hausdorff topological space X
with countable base and additional structure:

1. X is represented as a union of open subsets U,, named coordinate neigh-
borhoods;

2. For every coordinate neighborhood U, given a homeomorphism ¢ :
U, — V,, where V, C C is open subset,

3. If Uy, Ug two coordinate neighborhoods with nonempty intersection,
then the map ¢og : ¢a(UsNUs) = ¢5(U,NUg) given by x — ¢s(¢, (z))
s an isomorphism.
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Example 8.3. Let L C C be a lattice (additive subgroup, generated by two
linearly independent over R complex numbers wy,wy). We look at X = C/L
with factortopology. The natural map p : C — X is a covering.

We take as coordinate neighborhoods small U, C X such that the covering
over them splits into direct product and as a local chart take any section of
that covering. Coordinate change maps are translations by elements of L, so
they are holomorphic, therefore X is a Riemann surface which we will call B
by some reasons.

For a lattice L = (wy,ws) we give a notion of an elliptic function relative
to L as a function f(z) on C that satisfies f(z+w) = f(z) for all z € C and
w € L.

One can see that a meromorphic function on E is the same thing as a
meromorphic function on C with periods wy,ws. Such function we will call
elliptic.

Definition 8.4. Let L. C C be a lattice. The Weierstrass g-function
relative to L is

w#0eL

The Eisenstein series of weight 2k is Gy(L) = 3 ey, w2k,
Proposition 8.5. Let L be a lattice. Then
1. The Eisenstein series Gor(L) is absolutely convergent for all k > 1;

2. The series defining the Weierstrass p-function converges absolutely and
uniformly on every compact subset of C/L. The series defines a mero-
morphic, even, elliptic function on C having a double pole with residue
0 at every point of L and no other poles.

Proof.

The lattice L is discrete, there exist a constant ¢ in C, so for all N > 1 the
number of points in the ring {w € L: N < |w| < N+ 1} < cN. So

1 HweL:N<|w<N+1} <X ¢
Z w2 < Z N2k < Z N2k—1 < 0.
N=1 N=1

weL,|w|>1
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We estimate for |w| > 2|z]

1 1 _’z(2w—z)

_ 21 @lwl +[2]) _ 10[2]
(z —w)? w?

T wP(wl =2 T el

w?(z — w)?

Then from 1. it follows that p(z) is absolutely convergent for all z € C\ L
and uniformly convergent on every compact subset of C\ L. So p(z) defines
a holomorphic function on C\ L with double pole at any z € L, moreover it
is obviously even, we see p(z) = p(—z2).

Differentiating term by term we compute ©'(2) = =2 ., ﬁ, from
here ©/(z) is an elliptic function, so ¢'(z + w) = ¢'(2) for w € L. After
integrating we obtain p(z +w) = @(2) + c(w), setting z = —% by evenness
of p(z) we get c(w) =0, so p(z) is an elliptic function. O

Corollary 8.6. The function ¢’ is meromorphic over C, odd, and has periods
w1, wa, poles of order 3 at every point of lattice, and doesn’t have any other
poles, the main Laurent series part is —2/23.

Proposition 8.7. Functions p, ¢’ are related as
(¢'(2))* = 4p(2) — e1)(p(2) — e2)(p(2) — e3).

Proof. Left and righthand sides are meromorphic functions on E with poles
of order 6 at 0 and no other poles, and vanishing at other points of order

two with multiplicity 2, having no other zeroes. So 4(@(2)_81)((5(,2()2)_);) O
is holomorphic on F, so constant. Comparing coefficients we get value of this

constant. O

We look at elliptic curve £ = C/L as an abelian group, obviously isomor-

phic to R/Z x R/Z, so E has exactly four points of order 2, namely images
of 0, &, w2 (witws)

12 20 2
Proposition 8.8. One can look at function @ as a holomorphic map from
E to the Riemann sphere C = C U oo, this map has degree 2 and function
@ has degree 8. The map g is ramified with ramification index equal to 2 in
points of order 2, and it is unramified elsewhere.

If we have p(a1) = p(az), where a; € E, then ay = +ay (or for complex
numbers as = ay( mod L)).

If a € C is a number corresponding to the point of order 2, nonequal to
O, then ¢'(a) = 0. If ¢'(2) = 0, then z is equivalent with respect to L to

w1 wy (witws)
27 27 2 :
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Proposition 8.9. Elliptic curve E is isomorphic to a Riemann surface, given
by an equation
y* =4(z —e1)(z — e2)(z — e3).

Proof. Here we assume numbers e; to be different. Denote by X a compact
Riemann surface, corresponding to algebraic function with above equality,
by Ey C E subset, obtaining from F by deleting points of order 2, and by
Xy a subset of C? consisting of points, for which the equality holds, but
z & {ey,es,e3}, such that X comes from X, by adding points lying over
€1, €2, €3, OQ.

We define the holomorphic map ¢ : Ey — Xy by z — (p(2), ¢'(2)). We
need to show that this map is a bijection Fy — Xy, indeed if p(a;) = p(az)
and both a; € Ey, then a; = tas by previous proposition, but by oddness of
© we have ¢'(—a;) = —¢'(a;) we throw out the case a; = —ay and get an
injectivity.

Since E — C is surjective, for every (z,w) € Xy there exists a € E such
that z = p(a) = p(—a), therefore oddness of @' implies that either ¢'(a), or
¢ (—a) equals to w, so ¢ is surjective also.

We obtained a holomorphic bijection ¢q : Ey — Xy, which continues to a
map ¢ : F — X by sending O to point over co and point a of order 2 to a
point over g(a). This is evident that ¢ is continuous, therefore by Riemann
theorem holomorphic and that the inverse map is also holomorphic. O]

The inverse statement is also true
Proposition 8.10. A Riemann surface given by the equation of the form
y? =c(z —e1)(z — ex)(w — e3)

where a constant ¢ # 0 and all e; are different, is an elliptic curve.

8.2 Classification of elliptic curves

We are going to study which properties of £ = C/L depend on L. Denote
by £ the set of all lattices in C and for A € C* by AL we denote the lattice
obtained from L by multiplying all its elements.

Proposition 8.11. Elliptic curves E = C/L and E' = C/L’ are isomorphic
iff L' = AL for some \ € C*.
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Proof. For two homothetic lattices L' = AL we have an isomorphism of
factorgroups C/L — C/L’ given by multiplication by A, so we need only to
prove the part =.

Assume we have an isogeny ¢ : E — E’. By lifting a map ¢ to the map
of universal coverings of £ and E’ we get a holomorphic map which sends
#(0) = 0 and ¢ : C — C such that ¢(z +w) — ¢(z) € L for all z € C and
w € L. Since L' is discrete we get ¢(z + w) — ¢(2) = const for all w € L, so
¢ (z4w)= & (z) for all w € L, since ¢' is holomorphic on C it is a constant,
s0 ¢(z) = az+bfora+#0,be C.

Since ¢(0) = 0, we have b = 0, and since ¢ is a lift of ¢ : C/L — C/L’ we
see that AL C L' and since degree of ¢ equals to one, we get AL = L'. O

Now let us think about lattices L with given numeration on the set
(1/2L)/L and maps preserving this numeration. We denote this set by L.
Then e; from proposition are functions from £ — C, such that for L € £
and A € C* holds e;(AL) = A\~ 2e;(L).

Definition 8.12. A function k* : £ — C\{0,1} is defined by the formula
(L) = 2=a.
e1—e3

Note that from the above its clear that k2(A\L) = k*(L) for A € C* and
Lel. )

And the map k? : £ — C\ {0,1} is surjective. Indeed, take for a €
C\ {0, 1} a lattice corresponding to an elliptic curve given by equation y* =
z2(x — 1)(x — a).

Now we prove that the value of k% defines an elliptic curve with numera-
tion on points of order two.

Proposition 8.13. Elliptic curves E = C/L and E' = C/L" are isomorphic
iff there are numerations on their points of order two such that corresponding
values of k? are equal.

Proof. Again its is necessary to prove only a part <, inverse is evident.
Imagine we have two elliptic curves with numerations on theirs points of
order 2 such that k*(L) = k*(L’). Then by proposition E and E' are
isomorphic to Riemann surfaces with equations y* = 4(z —p)(z —p2)(x — p3)
and y* = 4(xz — p})(z — ph)(z — p}) corresponding, and there exist numbers
a € C* and b € C such that p; = ap;+b. Then the map x — ax+b, y — Jay
is an isomorphism of these Riemann surfaces. O

56



The final proposition of this lecture is to define a j-invariant of an elliptic
curve.

Proposition 8.14. The number

() — 1+ 1)
(k?)Z(kaQ _ 1)2

4(L) = 256

Is called the j-invariant of an elliptic curve E = C/L and has the following
properties:

1. j(L) does not depend of numeration on points of order two;

2. Elliptic curves E = C/L and E' = C/L' are isomorphic iff j(L) =
J(L');

3. The map 7 : L — C is surjective.

The idea of proof 1. is to look at possible permutations of points of order
two and understand that appearing changes of k? do not influence j # 0, 1728,
in two other cases the statement should be checked by hands. Then 1. implies
2., surjectivity 3. follows from surjectivity of k? : £ — C\ {0, 1}.

8.3 Exercises

Exercise 8.15. Prove that two definitions of j-invariant for elliptic curve

3 2)2 2 3
given in these lectures, namely j(E) = %(3%2) and j(E) = 256%
give the same answer in the case of the field C.

Exercise 8.16. Find j-invariants for following lattices: 1. The square lat-
tice: (1,4); 2. The lattice (1,£ = %?3)

Exercise 8.17. Let E = C/Z7 + Z be an elliptic curve, points P, = a + bt
and Py = ¢+ dr € E[m| — two points of order m, namely a,b,c,d € %Z.
We set e,,( Py, Py) = exp(2mi(ad — bc)) € piy,. Prove that obtained e,,, or its
inverse e} coincides with the Weil pairing.
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9 Lecture 9: Elliptic curves over finite fields

Here we fix some notation for the whole lecture ¢ = p", F, — the field with
q elements, F;» — its extension of degree n.

First of all we want to talk about one of the most important object
associated to a curve over F, — its number of rational points and Hasse
theorem.

9.1 Number of rational points

We want to know number of solutions of the equation E : y? + ajzy + asy =
23 + asx® + auw + ag, where (z,y) € Fg, for which we have an evident upper
bound E(F,) < 2¢+ 1 and the following

Theorem 9.1. Let E be an elliptic curve over a finite field F,. Then
|E(]Fq) —q— 1| < 2\/@

Proof. We know that the absolute Galois group is generated by the ¢*"-power
Frobenius: ¢ : E — E, (x,y) — (2%,9%), so for any point P € E(F,) we
have that P € E(F,) iff ¢(P) = P. Therefore E(F,) = ker(1 — ¢) and so
|E(Fg)| = deg(1 — ¢).

For further we need

Lemma 9.2. The degree map deg Hom(E,, E2) — Z is the positive defined
quadratic form.

Lemma 9.3. For an abelian group A and a positive defined quadratic form
d: A — 7 we have |d(a — b) — d(a) — d(b)| < 24/d(a)d(b) for all a,b € A.

Proof of this is exercise.
To prove the above theorem take instead of a,b morphisms 1, ¢, and a
quadratic form — degree of morphism. O

9.2 The Weil conjectures

We will state the Weil conjectures for a projective variety V' over F,, but our
main aim is to prove them for an elliptic curve.

Let V/FF, be a projective variety (a set of solutions for system of homoge-
neous polynomials with coefficients in [F;). One can look at solutions of that
system in ]ITq and for any extension F,», namely the set of points in of V(E)
with coordinates in Fn. We are looking for a number of points in V (Fn).
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Definition 9.4. The zeta function of V/F, is the series

Z(V By, t) = exp(3 [V (F )| -

Moreover we can extract all |V (Fyn)| from Z(V/Fgn,t) by the formula

1 d”

[V (Fq)| = (R

log Z(V/Fq,t)]i=o-

Here we take usual definitions of exponent and logarithm of a series.

Exercise 9.5. For V. =P™ count a number of points [P (Fn)| for all n and
write down the zeta function of V. In this case it is a rational function of t
with coefficients in rational numbers.

Note that if there are numbers ay,...,a, € C such that |V(Fs)| =
+af, ..., £a, then the zeta function Z(V/F,,t) is rational.
Now we state the Weil conjectures for an algebraic variety.

Theorem 9.6. Let V/F, be a smooth projective algebraic variety of dimen-
ston m. Then

1. Z(V/F,t) € Q(t) is a rational function; Namely it can be represented
as

2V /By 1) = ) HP v

where every Pi(t) € Z[t] and Py(t) =1 —t, Pgm( ) =1—q™t, and for
every 0 < i < 2m the polynomial P;(t) factors as P(t) = H?’Zl(l — ;)
for some o,

2. It satisfies a functional equation: there exists an integer E(V') such that

1 m
Z(V/Fy, —t) = 2q" 2 2V Z(V/F 1)
qm

3. An analog of Riemann Hypothesis: the numbers c; satisfy the property
’Oélj| = \/a;
4. If V' is a good reduction modulo p of a non-singular projective variety

V' defined over C, then all b; are the i-th Betti numbers of the space of
complex numbers of V.
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Remark 9.7. Note that (2.) of the theorem is equivalent to the fol-
lowing statement: fort = q=° we say ((V,s) = Z(V,t), then {(V,m — s) =
mE (V)
+q 2 P((V)s).
Also the analog of Riemann Hypothesis implies that all zeroes of P;(t) lie
on the “critical line” of complex numbers w with Re(w) = 7/2.

We will prove these conjectures for elliptic curves. For a prime number
| # p = char(F,), there is a representation End(£) — End(7;(E)), by ¢ —
1y, we choose a Z-basis for T)(E) and write ¢; as a 2 X 2 matrix to compute
its determinant and trace det vy, Tr; € Z;.

Recall

Proposition 9.8. Let ¢ € End(F), then dety; = degt, and Tryy, = 1 +
deg 1 —deg(1—1). This implies that for all 1, det 1y, and Tr); are in Z, and
are the equal.

We will need it to apply for an elliptic curve over finite field and its
Frobenius.

Theorem 9.9. Let E/F, be an elliptic curve and ¢ : E — E as (x,y) —
(x9,y?) be a Frobenius endomorphism. We denote a, = Q + 1 — |E(F,)].

1. Let ay, B3, be the roots of polynomial z* —a,x+q, then ay, B, are complex
conjugates with |ag| = |By| = \/q and for all n

|E(Fgn)| = q" +1—ag = 5y

2. For the Frobenius endomorphism the following is true ¢* —a,p+q = 0.

Proof. We know already that |E(F,)| = deg(l — ¢) and now use previous
proposition for I # p to get det(¢;) = deg(¢) = q, Tr(¢) = 1 4 deg(d) —
deg(l — ¢) =14 q — |E(F,)| = a4, so the characteristic polynomial for ¢ is
det(t — @) = 2 — Tr(¢py)t + det(¢y) = 2 — a,t +q.

1. Factor the characteristic polynomial of ¢; over C as det(t — ¢;) = (t —

ag)(t — By).
For any rational * we have det(™ — ¢;) = det(“;;mm) = deg(?:; ) > ),

hence for all t € R we have det(t — ¢;) = t* — a,t + ¢ > 0, thus this
polynomial has complex conjugate roots (or a double root), in both
cases |ag| = |By|. Therefore a3, = q implies |a,| = |5,| = /7.
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Now we look at ¢"-th power Frobenius morphism and use the estimate
|E(F,n)| = deg(l — ¢") to get the characteristic polynomial for ¢},
namely det(t — ¢}') = (t — aj)(t — 8]) because the Jordan normal form
of ¢ is upper triangular with a, and 3, on the diagonal. Applying
previous proposition |E(F )| = deg(l — ¢") = det(1 — ¢') =1 —ay —

By + 4"
2. By Cayley-Hamilton theorem ¢? — a,¢; + g = 0, therefore deg(¢? —
a,9+q = 0) = det(¢? — a ¢+ q) = 0 and ¢ — a,¢ + q is the zero map.
O]
Remark 9.10. We name the a, = ¢+ 1 — |E(F,)| the trace of Frobenius,

since it equals to the trace of q-th power of Frobenius map Tr(¢;) = 1+
deg(¢) — deg(1 — ¢), if we think about it as of linear map of T)(E).

Now we state and prove the weil conjectures for an elliptic curve

Theorem 9.11. Let E/F, be an elliptic curve. Then

1. There exists an a, € Z such that Z(E/F,,t) = %;

2. Z(E[Fy, ;) = Z(E/Fy,1);

qt
8. 1 —agt+ qt* = (1 — agt)(1 — Byt), where |og| = |By] = /4.
Proof. Part of the proof is an
Exercise 9.12. Compute log Z(E/F,,t);

From the result of exercise follows Z(E/F,,t) = %. This im-
plies first part of the theorem, since (1 — a,t)(1 — ;) = 1 — a,t + qt?%;

The second part can be checked immediately from obtained equation for
zeta function.

Third one follows from previous theorem and 1. O

Remark 9.13. To get Riemann Hypothesis from theorem we take t = ¢~°
and work with function of s. Indeed,

1 _ aqq—s + ql—QS

(1—¢)(1—q")

Cer,(s) = Z(E/Fq,q7°) =
Implies Cgr,(s) = Cryr, (1 — 5).

The statement of Riemann hypothesis says: if CE/]Fq(S) = 0, then Re(s) =
%, which is equivalent to |q°| = Va
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9.3 The endomorphism ring

Here we take the field K of characteristic p and an elliptic curve E over K.
The aim of this part is to state and prove some connections between possible
forms of E[p] and End(FE).

Theorem 9.14. Let E/K be an elliptic curve, recall we denoted as E®")
its p"-th power of Frobenius, denote also ¢, : £ — E®) the p"-th power of
Frobenius, and ¢, : E®") — E its dual.

(a) The following are equivalent:

1. E[p"] =0 for one (all) r > 1;

2. $T is purely inseparable for one (all) r > 1;

3. The map [p] : E — E is purely inseparable and j(E) € F, for
q=p%

4. End(FE) is an order in a quaternion algebra;

In this case we call the curve E supersingular and has Hasse invariant
0, otherwise we call it ordinary and with Hasse invariant 1.

(b) If conditions of (a) do not hold, then Elp"| = Z/p"Z for all v > 1. If
J(E) € F,, then End(E) is an order in a quadratic imaginary field.

Proof.  (a) Conditions stated in (a) are invariant under field extension, so
we may take K algebraically closed. Remind that Frobenius map is
purely inseparable, so deg,(¢,) = deg,[p"] = (deg,[p])” = (deg, ¢)".
Next use the estimate |E[p"]| = degs(qAﬁr) = deg(gg)’” to get equivalence
of 1. and 2.

We will prove that 2. = 3. = 4. = 2.

2. = 3: from 2. [p| = $ o ¢ is purely inseparable, tEus it is left to
prove that j(E) € F,, where ¢ = p?>. By assumption ¢ : E® — E is
purely inseparable, so it factors as E®) ) LA E, where ¢’ is the

p-th power Frobenius on E®) and 1) is a morphism of degree one. It is

obvious that v is injective and nonconstant, thus surjective, so it is an
2

isomorphism, therefore j(E) = j(E®")) = j(E)?".

3. = 4. Assume first that End(F) is not an order in quaternion algebra,
then F' = End(F)®Q is a number field (Q, or its quadratic extension).
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We want to know how many are there curves, isogenuous to E. Let
Y EF — FE'is an isogeny, we use 1 o [p] = [p] o and since [p| : E — FE
is purely inseparable, after comparing inseparability degrees we get
[p] : E' — E' is also purely inseparable. Thus |E[p]| = deg,[p] = 1,
so from proven above we get j(E') € F, for ¢ = p?, so there are only
finitely many (up to isomorphism) elliptic curves isogenuous to E.

Therefore we can choose a prime [ # p which is prime in End(E") for
all E'. Now using that E[l'] = Z/I'Z x Z/I'Z we choose a sequence of
subgroups G C ... C E with G; ~ Z/I'Z, we denote by E; = F/G,;
and by ¢; : E — E; an isogeny with kernel ;. There are only finitely
many F;, so we can choose integers m,n > 0 with E,, ~ -

One gets an endomorphism of F,, by composing obtained isomorphism
with natural projection 7 : E,, = E,,1,. The kernel of the composition
is cyclic group G4 /Gy, of order ™, since [ is prime in End(E,,) by
comparing degrees we have m o« = o [I"/?] for u € Aut(E,,). But the
kernel of [I"/?] is not cyclic for n > 0. Hence F is not a number field,
so a quaternion algebra.

It is left to prove that 4. = 2.. Assume that (/b\r is separable for all r,
we will deduce that End(FE) is commutative, which does not agree with
4. Part of the proof is an

Exercise 9.15. Prove that the natural map End(E) — End(T,(E)) is
injective. For p = charK the Tate module T,(E) is either 0 or Z,.

Anyway T,(E)/pT,(E) = E[p], and by assumption E[p] # 0,s0 T,(E) =
Z,, thus End(E) — End(7,(E)) ~ Z,, so End(E) is commutative.

We know that E[p"] is equal to either 0 or Z/p"Z for all r > 0 € Z, so
if (a)l. is not satisfied, then E[p"] ~ Z/p"Z for all r > 1. Now suppose
further j(E) € F,. Since two elliptic curves are isomorphic when their
J-invariants are equal and for any number ;5 € IFT, there exist an elliptic
curve F' with j(E") = j, we can find an elliptic curve E’ defined over
a field F,» such that £’ ~ F over F,, then the p’-power Frobenius ¢,
is an endomorphism of F'.

If , € Z C End(E’), then by degrees ¢, = [£p'/?] for some r and
|E[p"/?]| = deg, ¢, = 1, which contradicts that (a)l. is false. Thus
¢r € 7 and End(E’) is strictly larger than Z. But it is not a quaternion
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algebra, so it is an order in quadratic imaginary field, now remember
that End(E’) ~ End(E).
O

9.4 Exercises

Exercise 9.16. Find the number of isomorphism classes of elliptic curves
over a field F, for charF, # 2,3

Exercise 9.17. Let E, E' be elliptic curves defined over finite field F,.

1. If E ~ E' are isogenuous over F,, prove that |E(F,)| = |E'(F,)|. De-
duce that Z(E[F,,t) = Z(E'|F,,t).

2. Prove the converse: if |E(F,)| = |E'(F,)|, then E ~ E'.

There will be no notes of lectures 10,11,12, since I used first 4 paragraphs
of chapter IV of the book [9] almost without any changes to prove the
Mordell-Weil theorem.
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