Notes on Elliptic Curves

Dino Festi

April 9, 2026






Contents

1 Complex tori

3

1.1
1.2
1.3
1.4
1.5

Ellipses and elliptic curves . . . . . . . . . ... L
Lattices and complex tori . . . . . . . . ..o
Elliptic functions . . . . . . . . . ... e e
The divisor group of a complex torus . . . . . . . . . . . ...
The Weierstrass p-function . . . . . .. ... oL oL

Isogenies of complex tori

2.1
2.2
2.3
2.4

Isogenies . . . . . . L e
The endomorphism ring . . . . . . . . ... L
The special linear group . . . . . . . . . . e e
The j-function . . . . . . . oL

A very old challenge: solving equations

3.1
3.2

3.3
3.4
3.5

Equation of degree one in one variable . . . . . .. .. ... o000
Equations of higher degree in one variable . . . . . . ... ... ... .........
3.2.1 Degree two . . . . ...
3.2.2 Degreethree . . . . . . . .
3.2.3 Higher degrees . . . . . . . . . . e
Equations of degree one in more variables . . . . . .. ... ... ... ... ..
Equations of degree two in two variables: plane conics . . . . . .. ... .. ... ..
Exercises . . . . ..

Basic algebraic geometry on curves

4.1
4.2
4.3
4.4
4.5
4.6
4.7

Affine curves . . . . . ... e e
Projective curves . . . . . . L
Maps between varieties . . . . . . . . ... oL
Algebraic curves and maps between them . . . . ... ... ... ... ........
The Frobenius map . . . . . . . . .. L
The divisor group . . . . . . . . . e e
The Picard group . . . . . . . . . L

11
12
14
15

21
21
24
25
26

31
31
32
32
32
33
34
34
36



CONTENTS

Cubic curves 47
5.1 Welerstrass form . . . . . . ... 47
5.2 Elliptic curves as cubic curves with a point . . . . . .. .. ... 0L 50
5.3 The j-invariant . . . . . . ... oL 51
54 Thegroup law . . . . . . L 53
5.5 Singular cubics . . . . . ... 55
5.6 EXercises . . ... e 56
Isogenies of elliptic curves 59
6.1 Divisors on elliptic curves . . . . . . . . . L L 59
6.2 Isogenies of elliptic curves . . . . . . . . . . .. 61
6.3 The dual isogeny . . . . . . . . . . L 63
6.4 The endomorphism ring . . . . . . . . .. . 67
6.5 Automorphisms of elliptic curves . . . . . . . ... 69
6.6 Velu's formulas . . . . . . .. L 69
6.7 EXercises . . . . . . . e e e e 71
Elliptic curves over the complex, real, and rational fields 73
7.1 Elliptic curves over the complex field . . . . . . . ... ... oL 73
7.2 Elliptic curves over the real field . . . . . . . .. . ... ... ... .. ... ... 75
7.3 Elliptic curves over the rationals . . . . . . . ... .. ... ... ... .. .. ... 77
T4 EXErcises . . . . . . e e 79
Elliptic curves over finite fields 81
8.1 Finite fields . . . . . . . . e 81
8.2 Isogenies over finite fields . . . . . . . . .. . L 82
8.3 The Hasse bound . . . . . . . . . . .. L 83
8.4 The Weil conjectures for elliptic curves . . . . . . . . . . ... ... 84
8.5 Exercises . . . . ... e 85
L-function of an elliptic curve 87
9.1 Minimal Weierstrass model . . . . . . . . .. oo 87
9.2 Reduction modp . ... . . . e 88
9.3 Reduction and torsion points: elliptic curves over the p-adics. . . . . . .. ... ... 89
9.4 The L-SEries . . . . . . o v i e e e e e e e e e e 92
9.5 The modularity theorem . . . . . . . . . ... L 94
9.6 Exercises . . . . ... e e 95
10 The Birch—Swinnerton-Dyer conjecture 97
10.1 The statement . . . . . . . . . oL 97
10.2 The invariant differential and the real period . . . . .. ... ... ... ... ..., 97
10.3 The Shafarevich-Tate group . . . . . . . . . . . .. L 99
10.4 Heights and the regulator . . . . . . .. . ... oo 99
10.5 The fudge factors . . . . . . . .. L 101

10.6 The strong BSD . . . . . . .. 101



CONTENTS

11 The 2-Selmer group
11.1 Definition using Galois cohomology . . . . . . . . .. . .. o oL
11.2 Homogeneous SPaces . . . . . . . . . . vttt e e e
11.3 Covering Spaces . . . . .« v v v v it e e e e

12 Double covers of the line
12.1 The cross-ratio . . . . . . . . . o e
12.2 The j-function . . . . . . . . . . . e e e e
12.3 Elliptic curves as double covers of the projective line . . . . . . ... ... ... ...
12.4 From the Legendre to the Weierstrass equation . . . . . . .. ... ... ... ....

12.5 Exercises

103
103
104
106



CONTENTS



Acknowledgments

These notes have originally and gradually been written to serve several courses about elliptic curves
that I held at the Nesin Math Village in Sirince, Turkey. The first thanks therefore go to Ali Nesin
and all those who contributed to the organization of the village for the amazing atmosphere and
hospitality they never fail to provide.

My relationship with the Math Village only started thanks to Pmar Kiliger, who first brought
me there. I will always be grateful to her for showing me such an amazing place.

The courses I held have been often scheduled in combination with other related ones. I am
grateful to Piar Kiliger, Iuliana Ciocanea Teodorescu, Rachel Newton, Elisa Lorenzo Garcia, Davide
Cesare Veniani, Elif Sacgikara, and Matteo Paganini for coordinating our courses.

These notes have been used and adjusted also for a course at the Scuola Superiore di Catania, in
2025, taught together with Peter Stevenhagen. I am grateful to Francesco Russo for inviting me and
to all the students for their enthusiastic welcome and participation, in particular to Marco Cottone,
Giovanni Giacalone, Vincenzo Scarvaglieri, and Salvatore Bennici.

The last edit was due for a spring school at the National Higher School of Mathematics in Algiers,
in 2026, taught together with Valerio Talamanca.

Finally, thanks to all the readers who took the time and made the effort to carefully read these
notes (or their previous versions), note several mistakes and report them to me. In particular, thanks
to Joachim Jager and Faris Elmikdad for their remarks.



CONTENTS



Chapter 1

Complex tori

Historically, elliptic curves appeared in the mathematical literature because they play a role in
computing the length of an arc of an ellipsis. So, the first instance of an elliptic curve comes as a
complex surface. In this section we focus on elliptic curves defined over C. In this section, we will
briefly go through the historical motivation that led to the definition of elliptic curves, introducing
elliptic integrals. Following this path, we will introduce complex lattices and introduce complex tori.
Finally, using the Weierstrass p-function, we will see that every complex torus can be written as a
plane cubic curve.

1.1 Ellipses and elliptic curves

If one draws an elliptic curve, he will find that it does not look at all like an ellipse. Then why are
they called elliptic curves? The reason is that they are related to the computation of the arc length
of the ellipses. This theory is classical and vast; we will only briefly sketch it outlining the basic
links and leaving some more details as exercises. More can be found in [9, Chapter VI] and [11,
Section 1].

Let C be the ellipse defined by the equation 2—2 + Z—j =1, then one can inquire about the length

L of the perimeter of the ellipse and proceed as in the case of the circle. Namely, from the equation

of C' we can express y in terms of x:
2
/ x

Using the symmetry of the ellipse, we can restrict our attention to the upper half and so we obtain

2
y:f(x):zb\/l—%.

Then using the formula to compute the length of the graph of a function and (again) the symmetry
of the ellipse we deduce that

1 + b2 —a2 L2

a
L:2/ \/1+f’(m)dm:4/ — e .
a z7
0

9
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Assuming a > b, we set k? = (a® — b%)/a?, and we also perform the change of variables t := z/a,

obtaining the following equality:
1 _ k242
L=4 / ﬂdt ,

called the Jacobi algebraic form of a complete elliptic integral (of the second type). This integral is
not path-independent, because the square-root is not single valued. In order to make it well-defined
we have to make branch cuts between the zeros and the poles of the integrating function, that is,
between the points z = +1, £1/k. Then the integral will be path independent in the complement of
the branch cuts. As the square-root is double-valued, we have to take two copies of Pt = C U {oo}
and glue them identifying the branch cuts. What we get is a torus, that is, as we will see later, an
elliptic curve. So studying the arc length of an ellipse leads to the study of integrals on an elliptic
curve.

Remark 1.1.1. Using the substitution ¢ = sinf one obtains the quality

/2
L= 4a/ V1 —k2sin?60de ,
0

which is equal to the integral

L= 4/77/2 S0 + 9/ (0)2 o

coming from the parametrization of C' given by (z,y) = (acosf,bsin0)

. Z+

Figure 1.1: Construction of a torus by glueing together two copies of P{ identifying the branch cuts. In
the picture the branch cuts are between the points 0,00 and z4,2z_.
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1.2 Lattices and complex tori

Although historically, the above (topological) construction of complex elliptic curve is the original
one, it is not the most practical one. Here we will see how to introduce complex tori in a more
friendly way.

Definition 1.2.1. We define a lattice A inside C to be a discrete subgroup of C' containing an
R-basis of C, that is, A = {njw1 + nows | n1,ne € Z} with w1, ws € C such that w1R + wsR = C.
If {w1,ws} is the basis contained inside A, we say that A is generated by {w1, w2}, and we write
A= <w1, w2>.

Example 1.2.2. The ring Z[i] C C is a lattice. In fact, Z[i] is the lattice generated by 1 and %,
that is, Z[i] = (1,4).

Example 1.2.3. The ring Z[r| = (1, 7) is not a lattice, as 1-R+7-R=R # C.

Definition 1.2.4. A fundamental parallelogram for a lattice A = (wy,ws) is a set of the form
D={a+tiws +tows |0 <ty,ta <1}

with @ € C. We denote by D the closure of D inside C.

Let A C C be a lattice. Then one can consider the equivalence relation ~, induced by A, that is,
two points z,y € C are in relation x ~, y if and only if z — y € A.

Definition 1.2.5. Let A C C be a lattice. We define the complex torus associated to A the quotient

C/A:=C/ ~y .

k R\
AY

- ::|:>"
> ‘

Figure 1.2: A visual explanation of the construction of a torus as a quotient of the complex plane by a
lattice.

y

Remark 1.2.6. Notice that a fundamental domain D of A provides a complete set of representative
for C/A.

Definition 1.2.7. Let A C C be a lattice. The sum over C induces a commutative group structure
onto C/A: If 2y, 25 are two elements of C/A, just consider two representatives for them, say 21,22 € C
such that [z1] = z; and [z2] = 29, and define

21+ 22 = [21] + [x2] = [21 + 22] .

Then clearly (C,+) is an abelian group with neutral element [0].
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In what follows, with an abuse of notation, we will denote the class of an element z € C inside
C/A simply by z rather then [z].

Definition 1.2.8. Let m be a positive integer. We say that an element z € C/A is an m-torsion of
C/Aifm-z=0¢eC/A.

Example 1.2.9. The element [1 +¢/2] in C/Z[i] is a 2-torsion, indeed 2 [1+i/2] = [24 4] = [0] as
2+ € Z[i.

Figure 1.3: A fundamental domain of the lattice generated by wi,ws. In the picture are also shown the
4-torsion points.

1.3 Elliptic functions

Let A C C be a lattice. We are now interested in (meromorphic) functions f: C — C that ‘behave
well” with respect to the lattice A. Here, ‘behaving well’ means that the function is invariant by A
or, equivalently, that a function is A-periodic.

Definition 1.3.1. Let f: C — C be a meromorphic function. We say that f is an elliptic function
relative to the lattice A if

fz+w) = f(2)
for every z € C and w € A.

Example 1.3.2. Any constant function trivially is an elliptic function. We will see later non-trivial
examples of elliptic functions.
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Definition 1.3.3. Let f: C — C be a meromorphic function and w € C. We denote the order of
vanishing and the residue of f at w by ord,, (f) and res,(f), respectively.
If f admits a Laurent expansion ., ax(z — w)* at w, then

ord,, (f) :=n,

resy (f) i=a—1 .
We say that z is a pole for f if n < 0; we say it is a zero if n > 0.

Definition 1.3.4. Let f be an elliptic function relative to the lattice A, and let D be a fundamental
domain for A. The order of f, denoted by ord(f), is the number of poles of f inside D, counted
with multiplicity. In other words, ord f := Zpoles wep Orduw (f).

Proposition 1.3.5. Let A C C be a lattice and f an elliptic function relative to A. The following
statements hold:

(a) if f has no poles then it is constant;
(b) Ywecsaresw(f) =0;

(¢) Yowecya ordw(f) = 0;

(d) Yweeyn orduw(fw € A;

(e) if [ has no zeros then it is constant;
(f) a non-constant elliptic function has order at least 2.

Proof. The prove the first statement it is enough to notice that a meromorphic function with no poles
is holomorphic. A holomorphic function is bounded over a compact domain, hence f is bounded
over D, where D is a fundamental domain of A. As f is A-periodic, it follows that f is bounded
over C, hence it is constant.

The statements (b), (c), (d) are applications of the residue theorem, see [9, Theorem 2.2].

Statement (e) follows from (a) and (c). Indeed, if f has no zeros, then, by (c), it has no poles
either and hence, by (a), it is constant.

Statement (f) follows from (b) and (a). Indeed, if ord f = 0, then the statement follows from (a).
If ord f = 1, it means that f has a single simple pole (that is, a pole of order —1, then by (b) its
residue must be 0 implying that f is holomorphic and hence constant by (a). O

Remark 1.3.6. Let f be an elliptic function relative to a lattice A. From Proposition 1.3.5.(c) it
follows that the order of f is also equal to the numbers of zeros of f, counted with multiplicity. In
other words, ord f := > = - pordy(f).

Definition 1.3.7. Let A C C be a lattice. We define C(A) to be the set of all the elliptic functions
for A. The pointwise sum and multiplication give C(A) the structure of field and we call C(A) the
function field of A.
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1.4 The divisor group of a complex torus

Let A C C be a lattice. We have seen that, given an elliptic function f with respect to A, we can
consider the zeros and the poles of f inside a fundamental domain of A. Moreover, these zeros
and poles come with a multiplicity. In order to keep track of the zeros and the poles of a function,
together with their multiplicity, we give the following definition.

Definition 1.4.1. We define the divisor group of the complex torus C/A to be the group of formal
linear combinations of elements of C/A, that is,

Div(C/A) := @ Z-(w) = Z Ny (W) | Ny € ZVw and n,, = 0 Wuw
weC/A weC/A

Example 1.4.2. Consider A = Z[i]. Then the formal sum (1) — 3(z) 4+ 2(2) is a divisor; the formal
sum ) - (w) is not, because there are infinitely many non-zero coefficients.

Definition 1.4.3. Let D = " n,,(w) be a divisor of C/A. Then we define the degree of D as

deg D := Z Ny -
Example 1.4.4. deg((1) —3(¢) +2(2)) =1-34+2=0.
Keeping in mind Proposition 1.3.5, we are mostly interested in divisors of degree 0.
Definition 1.4.5. We define the following subgroup of Div(C/A):
Div®(C/A) = {D € Div(C/A) : deg D =0} .

The following definition makes the connection between zero and poles of an elliptic function and
divisors finally clear.

Definition 1.4.6. Let f € C(A)* be a non-zero elliptic functin with respect to A. We define the
divisor of f as

div(f) == Y ordy(f)(w) .

weC/A

Lemma 1.4.7. The map
div: C(A)* — Div’(C/A) , f — div f

18 a group homomorphism.
Proof. Exercise. O

Definition 1.4.8. We also define a map in the other direction, namely, the summation map
sum: Div’(C/A) — C/A, an(w) — anw mod A .

Example 1.4.9. Again, if we consider D = (1) — 3(¢) + 2(2) € Z[i], then sumD =1—-3i +2-4 =
5-3i =0 mod Z[i].
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Lemma 1.4.10. The summation map is a well defined group homomorphism.

Proof. Exercise. O

Using these definitions, we can summarize the results about zeros and poles of elliptic functions
as follows.

Theorem 1.4.11. The sequence is exact.

1 —— C* —— C(A)* —2% Div(C/A) =225 C/A 0 (1.1)

Proof. Exercise. O

1.5 The Weierstrass p-function

In this section we give the most important example of non-constant elliptic function for a lattice A,
the Weierstrass p-function.

Definition 1.5.1. Let A C C be a lattice. The Weierstrass p-function (relative to A) is defined by
the series

Proof. By explicit computation using the definition of p. O
We then provide some basic properties of p.

Proposition 1.5.3. Let A C C be a lattice and let p = p(z; A) the Weierstrass p-function associated
to it. Then p:

(a) converges uniformly on every compact subset of C\ A,

(b) is an even elliptic function having a double pole with residue 0 at z =0 (and so at every lattice
point) and no other poles,

(¢) has derivative @', which is an odd elliptic function.

Proof. We report Silverman’s proof of [9, Theorem VI.3.1|. For the first two statements we just
refer to to [9, Theorem VI.3.1.(b)].
To prove the last statement, just notice that

/ 1 1
A P P YR

weA weEA
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as A is a group inside C. Hence

/ 1 1 /
@(—2)12—2Zm:22m:—@(73)~

weA

The following theorem shows why g is the most important elliptic function for a lattice A.

Theorem 1.5.4. Let A be a lattice and let p = p(z; A) the Weierstrass p-function associated to it.
Then

C(A) = C(p, ¢) -
Proof. For a proof, see [9, Theorem VI1.3.2]. O

In order to state the next results, we need a family of auxiliary functions.

Definition 1.5.5. Let A C C be a lattice. The Fisenstein series of weight 2k related to A is the

series
Gor(A) = w2,

weEA
w#0

We will simply write Gy, if the lattice is fixed or clear from the context.

Lemma 1.5.6. The series Gar(A) is absolutely convergent for k > 1.

Proof. See |9, Theorem VI.3.1.(a)]. O
Lemma 1.5.7. For every k > 4, the series Gop can be computed recursively from G4 and Gg.
Proof. |11, Exercise 2.20]. O
Theorem 1.5.8. The following statements hold:

(a) the Laurent series for p(z) at z =0 is given by

o0

pz) =272+ Z(2n + 1)Gopy22®™;

n=1
(b) for all z € C with z ¢ A, we have that

0 (2)? = 4p(2)® — 60G4p(2) — 140Gs.

Proof. (a) Recall that the Laurent expansion of 12— at 1 for |z| < 1is Y~ 2" By derivation, it
follows that

oo

1 _
mzzkzk 1

k=1

and hence

— 1= 2",
=sE 1= (k+1)
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Write p(z) as

_2+Z - — _2+Zw [(1—z/w)™2—1].
wEA (z —w wEA
w#0 w#0

As we are computing the Laurent series of p at z = 0 we may assume that |z| < |w| for every
w € A, and hence we can apply the Laurent expansion computed before, getting

o0 k
:z*2+22(k+1)#:

weA k=1
'w#O
2+Z (k+1)2F Y w= -+ =
weA
w#0

Z (2n +1)2*"Gap 12,
where k = 2n; notice that > ,ea w=*+2) = 0 for k odd. This proves the statement.
w#0
(b) Consider the first terms of the following Laurent expansions:
p(z) = 272+ 3G42> + - -
p() —Z76+9G42 + 15Gg + - - -
o (2)? = —24G427 2 —80Gs + - .
It follows that the function

f(2) = ¢/ (2)? — 4p(2)® + 60G4p(2) + 140G

z

is holomorphic around z = 0 and it vanishes at z = 0. As f is a combination of functions that
are elliptic for A, it is also elliptic for A. Then, by Proposition 1.5.3.i), it follows that f(z) is
the constantly 0, proving the statement.

O

Corollary 1.5.9. Let A be the lattice (w1, ws) and set w3 := w1 + wa.

The divisor of p(A) is

div(p) = —2(0) 4+ (w) + (—w)

for some w in the fundamental domain of A.

The divisor of p'(A) is

div(p’) = =3(0) + (w1/2) + (w2/2) + (w3/2) -

Proof. Exercise. O

Definition 1.5.10. It is customary to set

g2 = g2(A) := 60Gy,
g3 = g3(A) := 140Gs.
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Remark 1.5.11. Using (1.5.10), the relation in Theorem 1.5.8 reads
9'(2)” = 40(2)" — g20(2) — g.
In other words, p and ¢’ satisfy the equation
y? = 4a® — gow — g3,

which is almost in very short Weierstrass form. To reduce it in very short Weierstrass form, we
multiply both sides by 16, obtaining

42y2 — 431,3 _42‘923: _4293 ,

and then we apply the following change of variables:
' =4z
y' =4y

y? =2® — 4gox — 1693 ,

obtaining the equation

which is indeed in very short Weierstrass form.

Definition 1.5.12. Let A C C be a lattice and go, g3 the quantities associated to it defined in
Definition 1.5.10. We define the curve E = E(A) C A? as the curve given by

B(A): y* = 2% — 4gox — 1693 C A?(z,y).
With an abuse of notation, we will use E(A) also to denote its projective closure inside P2.

Remark 1.5.13. The projective closure of E(A) inside P? is given by
vz = 2® — dgox2® — 16g32° C P?(,y,2) .
Lemma 1.5.14. The curve E(A) is smooth.

Proof. To show that E is an elliptic curve it is enough to show that A(F) # 0 or, equivalently, that
the equation
x5 — 4gox — 1693 = 0 (1.2)

has no repeated roots. Notice that the equation (1.2) has the same roots of the equation
fx) :=4a® — gow — g3 = 0.

So we have to show that f(z) has no repeated roots.

In order to do so, let {wy, w2} a basis for A, and define w3 := w; + w2 € A As p/(2) is an odd
elliptic function,

—¢' (~wi/2) = o' (w;i/2) = ' (wi /2 — w;) = ' (~w;/2),

from which it follows that ©'(w;/2) = 0 for ¢ = 1,2,3. By Theorem 1.5.8 it follows that p(w;/2),i =
1,2, 3 are the three roots of f. We are left to show that they are distinct.

As p is an even elliptic function, so is the function ¥;(z) := p(z) — p(w;/2), for every i = 1,2, 3.
As ¢'(w;/2) is zero, then w;/2 is a zero of order at least 2. Notice that 1;(z) has exactly one pole of
order 2 (inside a fundamental domain) at z = 0 (as p does) and so w;/2 has order exactly 2 and it
is the only zero. This shows that p(w,/2) # p(w;/2) for i # j, proving the statement. O
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Theorem 1.5.15. Let A = (w1, wq) C C be a lattice of C with generators wy,ws, and let E(A) be
the curve associated to A. Then the map

¢: C/A — E(A)
2 (p(2) 1 9'(2)/2:1)
0—(0:1:00=0

18 an isomorphism of Riemann surfaces.
The inverse is given by

P: E(A) = C/A
P
P— / dr mod A .
oY
Proof. See [9, Propositions VI.3.6(b), VI.5.2]. O

Remark 1.5.16. The isomorphism in Theorem 1.5.15 can be used to endow the set of points of
E(A) with a group structure. In fact, later we will see that the F(A) admits a geometric construction
of this group structure.
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Chapter 2

Isogenies of complex tori

In the previous chapter we have seen that, given a complex lattice A C C, we can construct the
complex torus C/A, which is Riemann surface also endowed with a group structure (see §1.2). Then,
the next natural step is to study maps between complex tori that also preserve the group structure.

2.1 Isogenies

Let Ay, A2 C C be two lattices and consider the associated complex tori T} := C/A; and T := C/A,.

Definition 2.1.1. An isogeny between T and T3 is a morphism of Riemann surfaces T} — T5 that
preserves the group structure.

We denote by Hom(77,7T%) the group of isogenies between T and T5.

We denote by End(77) := Hom(77,77) the endomorphism ring of T7.

Remark 2.1.2. Let ¢p: T1 — T» be an isogeny. If ¢ is constant, then the requirement to be a group
homomorphism forces ¢ = 0. Hence, 0 is the only constant isogeny.
Later we will see that a non-constant isogeny is surjective (Corollary 2.1.6).

The first thing to notice is that, every isogeny v : T7 — T5 comes from a map ¢: C — C sending
A; into Ay, as shown by the following lemma.

Lemma 2.1.3. Let 11,75 be defined as above and, for i = 1,2, let w: C — T; denote the canonical
projection. Let 1: Ty — Ty be an isogeny. Then there exists a continuous map ¢: C — C such that
the following diagram commute. The map ¢ is unique up to an additive constant ¢ € As.

c—2.cC

f” l’” (2.1)

Tl L}Tg

Proof. As 1) is an isogeny, it is a group homomorphism and therefore 1(0) = 0. Define ¢(0) := 0
and notice that the diagram commutes in 0.

Take an arbitrary x € C and let z € T} be its image in T;. To define ¢(z), consider a path v
in C starting from 0 and ending in . The path 7 induces the path 7 := 1 o m; o~y inside T5. As

21
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m: C — T3 is a covering map, we can lift 7 to a path 7, inside C. We define ¢(z) as the end point
of Y2

As C is simply connected, the definition of ¢(z) is independent of the choice of v. The continuity
of 7, follows from the construction.

Finally, to see that ¢ is unique up to a constant ¢ € Ay assume that ¢’ is another continuous
map making the diagram commute. It means that, for every x € C one has

Ty 0 ¢'(x) = pom(z) =m0 d(z),

from which it follows that e 0 ¢ — Ty 09 =m0 (¢ — ) =0: C — Ay. As Ay C C is discrete, it
follows that ¢’ — ¢ is a constant ¢ and therefore, in order to have the zero map from C to To = C/A5
it must be ¢ € As. O]

The above lemma shows that every isogeny comes from a continuous map C — C, but even more
can be said about these lifts.

Proposition 2.1.4. Let T1,T; be defined as above and, for i = 1,2, let m: C — T; denote the
canonical projection. Let v: Ty — To be an isogeny. Then there exists an o € C such that the
multiplication by

¢q:C—>C,z— ax

makes diagram (2.1) commute. In other words, ¢o, is the lift of 1 to C.

Proof. Recalling Lemma 2.1.3, let ¢: C — C be the lift of ¢ satisfying ¢(0) = 0. For every A; € Ay,
using the commutativity of the diagram (2.1), one can see that ¢(x) = ¢(x + A1) mod Ay for every
x € C. This means that, for every A; € A; and = € C we have that ¢(z) — ¢(xr + A1) € Ag. As Ag is
discrete and ¢(z) — ¢(z + A1) is continuous in z, it follows that it for every A\; € A; the function
¢(x) — d(x + A1) is a constant A2 € A, Hence, the derivative ¢'(z) is continuous elliptic function
with respect to Ay, and therefore it is also constant, say ¢'(z) =: @ € C. We deduce then that
¢(x) = ax + B, for some € C. As ¢(0) = 0, it follows that 8 = 0, concluding the proof. O

Corollary 2.1.5. Let Ty, Ts be defined as above and, fori = 1,2, let m: C — T; denote the canonical
projection. Let 1p: Ty — Ty be an isogeny. Let ¢o: C— C ,x — ax be a lift of . Then alA; C As.

Proof. Indeed, if A\ € Ay, then
1/12(04>\1) =10 ¢a()\1) =¢o 7T1()\1) = ¢(0) =0,
that is, a\; € Ag, concluding the proof. O

Corollary 2.1.6. Let ¢: Ty — Ty be a non-constant isogeny. Then ¢ is a surjective group
homomorphism.

Proof. By definition, ¢ is a group homomorphism. By Proposition 2.1.4, there exists an o € C*
such that ¢(z) = az. Therefore, any element w € Ty is the image of w/a. O

We have seen that every isogeny of complex tori comes from a multiplication by an element «
such that aA; € Ay. The converse is also true.
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Proposition 2.1.7. Let A1, Ay C C be two complex lattices and let Ty, T the associated complex
tori. If a € C is such that a1 C As, then the multiplication by « induces the isogeny

Vo:Th = Th,z— az.

Proof. Just notice that 1, is well defined, continuous, and respects the group structures of 77 and
Ts. O

Remark 2.1.8. The above results show that Hom(7y,7%) is in bijection with the set {a € C
al C Ag}

Definition 2.1.9. We say that two tori T} = C/A1,To = C/A; are are isogenous if there exists
a non-zero isogeny between them. Equivalently, if there exists an o € C* such that aA; C Ay (or
viceversa).

If¢: Ty — T is an isogeny induced by o € C*, we define the degree of ¢ as the index [Ag : aAq].

Lemma 2.1.10. Let ¢ : Ty — T3 be an isogeny of degree k. Then the following statements hold:
1. kAy C al C AQ,
k
2. EAQ C Al.

Proof. By definition of an isogeny we know that aA; C Ag; by definition of the degree of an isogeny
we know that k = [As : @A;] and hence kAy C aAq, proving the first statement.
The second statement follows directly from dividing kAs C aA; by a. O

Definition 2.1.11. If ¢: T3 — T is an isogeny of degree k, induced by the multiplication by
a € C*, we define its dual isogeny, denoted by ¢, as the isogeny

. k
(b: TQ —)Tl s [Z] — |:*Z:| .
@
Lemma 2.1.12. If ¢: Ay — Ay is an isogeny of degree k and (]3 is its dual, then their composition
(in any order) is the multiplication by k.
Proof. Tt is clear as the isogenies are just multiplication by the elements « and & = k/a. O

Corollary 2.1.13. Being isogenous is an equivalence relation.

Proof. Reflexivity is clear: A; C 1A;. Transitivity is also elementary: if a«A; C Ay and SAs C Ag,
then SBaA; C As. Reflexivity comes from Lemma 2.1.10: if A1 C Ag, then &As C A;. O]

Definition 2.1.14. Two lattices A, Ay C C are called isomorphic or, equivalently, homotetic, if
there exists an o € C such that aA; = As.
We say that two complex tori are isomorphic if there is an isogeny of degree 1 between them.

Remark 2.1.15. Notice that two lattices A1, Ao are isomorphic if and only if C/A; and C/As are
isomorphic.

At this point, there are three natural questions that may catch our interest.
Question 2.1.16. Given a complex torus T, describe its endomorphism ring End (7).
Question 2.1.17. Given the tori 171,75, determine whether 77 and 75 are isomorphic.

Question 2.1.18. Given the tori 71,715, determine whether 77 and 75 are isogenous.
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2.2 The endomorphism ring

Let T = C/A be a complex torus, with A = (w1, ws).

Definition 2.2.1. Given m € Z, one can always consider the endomorphism induced by the
multiplication by m, denoted by
m]: T =T, z+— mz.

Definition 2.2.2. For m € Z, we define the m-torsion points of T as
T[m] := ker[m] .

Lemma 2.2.3. For 0 # m € Z one has

Tm] = {%wl + %wg la, a2 € {0,...,m —1} } > 7Z/mZ X Z/mZ .

Proof. Exercise. O

Remark 2.2.4. Notice that the degree of [m] is [A : mA] = m? which is also equal to the cardinality
of ker[m)].

Proposition 2.2.5. The map Z — End(T), m — [m] is a ring embedding.

Proof. Just notice that for m # 0, one has ker[m] = Z/mZ x Z/mZ (by Lemma 2.2.3) and hence
ker[m] # T, meaning that [m] # 0. O

In fact, for most tori the endomorphism ring is isomoprhic to Z. Cases of tori with a bigger
endomorphism ring are special. The most notable examples are below.

Example 2.2.6. Let T; be the torus C/Z][i], where i is the imaginary unit. Then the multiplication
by i gives the endomorphism
[i]: T; =T, z+—iz.

It turns out that End(T;) = Z[d].

Example 2.2.7. Analogously, let T be the torus C/Z|[(], where ¢ denotes a primitive third root of
unity. Then the multiplication by ( gives the endomorphism

€T =T, z—(z
and it turns out that End(7) = Z[(].
These examples motivate the following definition.

Definition 2.2.8 (Complex multiplication). We say that a torus has complex multiplication if its
endomorphism ring strictly contains Z.

Among the endomorphisms of T', the invertible ones are worth mentioning.

Definition 2.2.9. An automorphism of T is an invertible endomorphism of 7. The set of autom-
prhisms of T is denoted by Aut(T).

Lemma 2.2.10. The set Aut(T) endowed with the composition is a group.
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Proof. Exercise. O

Example 2.2.11. If End(T') 2 Z then, clearly, Aut(T) = {[+1]}.
If End(T) =2 Z][i] (see Example 2.2.6) then, Aut(T') = {[x1], [*i]}.
If End(T) = Z[¢] (see Example 2.2.7) then, Aut(T) = {[(1+¢)*] : k€ {0,1,...,5}}.

In fact, more can be said about about the endomorphisms and automorphisms of complex tori.

Theorem 2.2.12. The endomorphism ring of T is isomorphic to either Z or to an order of an
mmaginary quadratic extension of Q.
The automorphism group of T' is isomorphic to the group of units of that order.

Proof. See [9, Corollary II1.9.4]. O

Remark 2.2.13. Recall that an imaginary quadratic extension of Q is an extension K of Q of the
form K = Q(v/—d) with d € N. An order O in K is a subring of K that is finitely generated as
Z-module and such that O @ Q = K.

2.3 The special linear group

In order to give a full answer to questions 2.1.16 and 2.1.17 we need to introduce an action on the
upper half of the complex plane.

Definition 2.3.1. We define the upper-half plane to be the region H of C defined by
H:={z € C|S3(z) > 0}.
Definition 2.3.2. We define the general linear group of C to be the group

GLy(Z) := { (i Z) ‘ a,b,c,d € Z, ad —be = j:l}.

We define the special linear group of C to be the normal subgroup of GLa(Z) defined by

SL(Z) ::{(i Z) ’a,b,c,dez, adfbc:l}.

Sometimes, we might denote SLo(Z) by simply T

11 0 -1
Define T := (0 1) 9 = (1 0 ) € SLo(Z) .

Lemma 2.3.3. The group I is generated by S and T.
Proof. Just notice that S? = —Id and then follow the proof of [5, Proposition I1I.1.4]. O

We define an action of the group SL2(Z) on P¢ in the following way. For every z € H and

g= (CCL Z) € SLy(Z) we define:
az+b

92 = cz+d’
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a
goo = —,
C

where z := (z: 1) and oo := (1:0).
Lemma 2.3.4. The action of SL2(Z) on Pt is well defined. Furthermore, it preserves H.
Proof. Exercise. O

As H is preserved by the action of I' = SLy(Z), we can consider the action induced on it, and
hence consider the quotient H/T'. Let F be the region of the upper-half plane defined as

F={z€H : |z >1and —

<R(2) < %}.

N | =

Figure 2.1: A visual rendition of the region F (the one in grey). The boundaries of other fundamental
domains are also shown (the blue curves).

Lemma 2.3.5. The region F is a fundamental domain of H/T.

Proof. Let z be any point in H. Use a power T7 of T to move z to a point 2’ inside the strip
f% <R(z) < % If it is outside the unit circle, then it is in F; otherwise use S to move the point
outside the unit circle, and the again a power T to move it inside the strip. Go on like this until
you get a point in F. We leave the details of the proof as an exercise. (Note that they can be found
in [5, Proposition 1]) O

2.4 The j-function

Let A C C be a lattice and let T'= C/A be the associated torus, and recall the Eisenstein series
associated to A, (Definition 1.5.5) and the quantities g2(A), g3(A) (Definition 1.5.10).

Definition 2.4.1. We define the discriminant of A as the quantity
A(A) := go(A)® — 27g3(N)?
and the j-invariant of A as the quantity

g2(A)?

F(A) := 1728 A

Remark 2.4.2. Notice that A(A) := g2(A)® — 27g3(A)? is the discriminant of the equation
423 — gax — g3 = 0, cf. Theorem 1.5.8(b).
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Noting that two complex tori are isomorphic if and only if the associated lattices are homothetic,
we are now ready to answer Question 2.1.17 using the j-invariant.

Lemma 2.4.3. Two complex lattices are homothetic if and only if they have the same j-invariant.

Proof. Let Ay and As two complex lattices, and assume they are homothetic, that is, there is a
a € C such that aA; = Ay. Then Gap(Az) = a2#Gax(A1). From this it immediately follows that
J(A2) = j(A1).
On the other hand, if two lattices A1, Ay have the same j-invariant, it follows that
g2(Ar)? _ 92(A2)?
g2(A1)? = 27g3(A1)?  ga(A2)? — 27gs(A2)?

and hence there exists v € C* such that

{92(/\1)3 = aga(A2)?,
92(A1)% = 27g3(A1)? = a(ga(A2)® — 27g3(A2)?) .

Substituting the first equality in the second we find that

aga(Ag)® — 27g3(A1)* = a(g2(A2)® — 27gs(A2)?)
and hence
93(A1)2 = 0493(/\2)2 :
Let 8 € C denote a 12-th root of a, that is, 512 = «, then it follows that
{92(/\1) = 5492(1\2) )
g3(A1) = 5693(A2)~

We then claim that Ay = SA;. To see that, notice that for k = 2,3

96 (BA1) = B2 gi(A1) = gi(A2)

Then, from Lemma 1.5.7 it follows that all the Eisenstein series of A5 and SA; coincide and, therefore,
also their Weierstrass functions (Theorem 1.5.8(a)). In particular p(SA;) and p(As) will have the
same poles, but the poles of the p-function of a lattice are exactly in the lattice points, hence we
conclude that Ay = BA1, showing that A; and Ay are indeed homothetic. O

We have then seen that the j-invariant classifies all the complex tori. In particular, it can be
used to show that the family of all complex tori forms a line. To see it, we will first show that the
j-invariant defines a function on H that is invariant under the action of GLy(Z).

Lemma 2.4.4. Every lattice is homothetic to a lattice (1,7) with T € H.

Proof. Let {wy, w2} be any basis of A, and assume 7 := wo/w; € H (if this is not the case, take
7 := —wsg/wy). Then (1,7) is homothetic to A, via the multiplication by 1/w. O

Lemma 2.4.5. Let Ay, Ay be the lattices generated by {1,w1} and {1,ws}, respectively, with wy,wq €

C. Then the two lattices are homothetic if and only if we = Z;”llis, for some <(cz Z) € GLy(Z).
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Proof. By definition, two lattices are homothetic if and only if there is a & € C such that aAy = A;.
Then there exist a, b, c,d € Z such that

a=a+bw,

awy = c+dw; .

As {1, ws} is a basis of Ay and Ay = Ay, it follows that a + bw;, ¢+ dwy is a basis of A, and hence
(CCL b> € GL2(Z). The statement then follows by noticing that wy = aws/«.

d
For the reverse statement, assume A is generated by 1 and wy = ‘qull_ts with M := (CCL Z) €
GLy(Z). Set @ := cwy + d. Then aAs = (aw; + b, cwy + d). By multiplying by the inverse of M, we
obtain that «A; = (1,w;) = Ay, concluding the proof. O

Corollary 2.4.6. Let A1, Ao be the lattices generated by {1,w1} and {1,ws}, respectively, with

wi,wy € H. Then the two lattices are homothetic if and only if we = Zﬂig? for some (i Z) €
SLo(Z).

Proof. 1t follows from Lemma 2.4.5 by noticing that the condition of preserving H implies that
ad —bc=1. O

Let 7 be a complex number in H. We define the complex lattice associated to 7 as the lattice
A= (1,7).

Definition 2.4.7. We define the j-function as the function of H defined by
j-H—-C

92(AT)3
92(A'r)3 + 2793(A'r)2 -

T (1) :=1728

Remark 2.4.8. For computational purposes, it might be useful to state the Laurent series in terms
of ¢ = exp(2miT) associated to the j-function:

1
G(T) = = + 744 + 196884q + 214937604 + 864299970¢° + ... .
q

Lemma 2.4.9. Let v be an element of SLo(Z) and 7 € H. Then j(y7) = j(7).

Proof. Tt immediately follows from Lemma 2.4.3 and Corollary 2.4.6. O
Lemma 2.4.9 tells us that the j-function induces a function on the quotient H/T".

Proposition 2.4.10. The function H/ SLy(Z) — C induced by j is a bijection.

Proof. Here we follow [11, Proof of Theorem 3.6]. The injectivity comes from Corollary 2.4.6. We
are left to prove the surjectivity. We will show it by proving that the image j(H) is both open and
closed in C. Then, by the connectedness of C, the result will follow.

As j is a non-constant holomorphic function on H, its image is open in C.
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Let j = limy, o0 j(2,) be a limit point of j(H) in C. Without loss of generality, we may and do
assume that all the z, lie in F. If the values §(z) are bounded, the sequence {z,} lie in a bounded
subset of F, that is compact. Hence they converge to a limit point z € H and so j = j(z) € j(H).
So assume that the values 3(z,,) are not bounded. Then we can pass to a subsequence and assume
lim,, 00 $(2,) = +00. Then

. 47t

i, 92(2n) = =3
876

l n) =5
A 93(2n) = 57

and so
lim A(z,) = lim (g2(20)% — 27g3(2,)%) = 0,
n—oo

n—oo

from which it follows that j = lim, . |j(2n)| = 00, contradicting the assumption that the j(z,)
converge. 0
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Chapter 3

A very old challenge: solving
equations

Solving equations or, more precisely, finding the zeros of a given equation has been one of the first
reasons to study mathematics, since the ancient times. The branch of mathematics devoted to
solving equations is called algebra. We are going to see how elliptic curves represent a very natural
and important step in the study of solutions of equations.

Since 19'" century, geometry has become is a very powerful tool in order to study the zeros of
one or more polynomials. In this chapter, we will see a geometric approach to study the zeros of
some easy equations. Elliptic curves lie exactly at the next step.

3.1 Equation of degree one in one variable

Let R be any ring of characteristic 0, and let R[z1, ..., z,] denote the polynomial ring with n variables
over R. Let f(x1,...,x2,) be an element of R[zq,...,z,] and let K be a field containing R.

Solving f = 0 over K or, more precisely, finding the roots of f in K means finding the n-tuples
(a1, ...,an) € K™ such that

flay,...,a,) =0.
The easiest, and best known, case of an equation is given by
ar+b=0, (3.1)

with a,b € R, a # 0 and x the variable; that is, an equation of degree one in one variable. We all
know the following result.

Proposition 3.1.1. Let K be a field containing R. The equation (3.1) has always exactly one
solution in K, namely x = —b/a.

There are two natural ways to generalise (3.1): considering equations of higher degree, or
considering equations with more coefficients.

31
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3.2 Equations of higher degree in one variable

3.2.1 Degree two

If we look at equation in one variable and higher degree, the next step is to consider equations of
degree 2. Let R be any ring, K a field containing R and K an algebraic closure of K.

Example 3.2.1. For example, one can consider R =Z, K = Q and K=0Q.
Another standard example is given by R =Q, K =R and K = C.

ax® +bx +c=0, (3.2)
with a,b,c € R and a # 0. We have seen that the quantities
—b+vb2% — dac
2a

are (the) two solutions, counted with multiplicity, of (3.2) over K. It is important to note that x1 o
do not need to be defined over R or even over K.

1,2 =

Example 3.2.2. Consider the equatio 22 4+ 1 = 0. It is defined over Z, but its roots, +i, are defined
only in C, and not in Q or R.

Proposition 3.2.3. The following statements hold.

(a) The equation (3.2) has two solutions, counted with multiplicity, over K.

(b) The equation (3.2) has two solutions, counted with multiplicity, in K if and only if b*> — 4ac is a
square in K.

Remark 3.2.4. Notice that when (3.2) has solutions over K, then they are z; and z5.

3.2.2 Degree three

For the case of equations of degree d > 3 over R we have similar statements. For these notes it will
be enough to explicitly state only the case d = 3:

az® +bx? +cx+d=0. (3.3)
with a,b,¢,d € R and a # 0.
Lemma 3.2.5. The solutions of (3.3) in K are

_ 1 e A0)
Ty = . (b+( C+<kc
where
—14++v-3
sza
Ay = b —3ac,

Ay =203 — 9abe + 27a%d

o \3/A1+ AZ _4A3
2




3.2. EQUATIONS OF HIGHER DEGREE IN ONE VARIABLE 33
Proof. Reduce (3.3) to the form
P 4pt+qg=0

with p, k € K by applying the transformation

t +b
=X —_—
3a’

then use Cardano’s formula. O

Proposition 3.2.6. The following statements hold.

(a) The equation (3.3) has three solutions, counted with multiplicity, in K.

(b) The equation (3.3) has either three, one, or no solutions, counted with multiplicity, in K.
Definition 3.2.7. We define the discriminant of (3.3) to be the quantity

EINEY

A= 972 e K,

where Ay and A; are the quantities defined in Lemma 3.2.5.
The discriminant comes in handy in particular when working over R.

Proposition 3.2.8. Assume R C R. Then equation (3.3) has at least one solution over R. If
A <0, it has exactly one solution over R and two more distinct roots in C; if A =0, then it has
three roots over R, not all distinct; if A > 0, then it has three distinct roots over R.

3.2.3 Higher degrees

For d = 4, the situation is analogous to the case d = 3, but the formulas involved are (even) longer.

For d > 5 the situations dramatically change, and we do not have explicit conditions on the
coefficients to determine the number of solutions on K.

What we can say is that if d is odd, then there is at least one real solution. Moreover, there is
an algorithm to find all the solutions over Q.

We can sum up what we know in general in the following result.

is quite clear.

Proposition 3.2.9. Consider the equation

Zaixi =0, (3.4)

with a; € Q and ag # 0. Let K = Q,R, or C. The equation (3.4) has finitely many solutions in
K. If K = C, then it has exactly d solutions, if counted with multiplicity. If K = Q, there is an
algorithm to determine whether (3.4) has solutions in K and, in case it does, to find all of them.
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3.3 Equations of degree one in more variables

In the previous subsection we have seen what happen if consider equations over QQ of higher degree
but in only one variable. In this section we are going to study the solutions of equations of degree
one but allowing more variables. We start with an example.

Example 3.3.1. Consider the equation
ar +by+c=0, (3.5)

with a,b,¢c € Q and a,b # 0. Take K € {Q,R,C} and let z = 9 € K be fixed. Then the pair
(g, =5*) € K x K is a solution over K of (3.5). So for every fixed value of 2 we have a value of
y that gives us a solution of the equation. We say that the solutions are parametrised by K = AL..

Example 3.3.1 can be easily extended to the general case:
ao+ Y aix; =0, (3.6)
i=1

with a; € Q for i =0,1,...,n and a; # 0 for i = 1,...,n. In this case, if we fix the value of the first
n — 1 variables we always get exactly one value of the last variable satisfying the equation.
Theorem 3.3.2. The solutions of (3.6) over K are parametrised by K*"~1 = A?(_l,

Proof. All the solutions are of the form

—ag — a1’y — ... — Ap_1Tnp—-1

(1'1;"'7xn71a ) GATIL(v

429
with (21, ..., 2p_1) € Al 1. -

Remark 3.3.3. Notice that in this case the number of solutions does not depend on the field K.

3.4 Equations of degree two in two variables: plane conics

So far we have kept either the degree or the number of variables equal to one. What happens if we
let both grow? The first case is then given by equations of degree two in two variables:

az? +bry+cy’ +dr+ey+ f =0, (3.7)

with a, ..., f € Q and (a,b,c) # (0,0,0). We will see in the next example how this problem, that
looks purely algebraic, can be solved by using geometric tools. The theory of the conics it is very
beautiful and rich. Here we will only give a quick survey about the rational points of conics.

Example 3.4.1. Consider the following equation over Q:
flz,y) =2+ —1=0. (3.8)

Our goal is to determine how many solutions does (3.8) have and, possibly, write them all.
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Notice that equation f(z,y) = 0 define the unit circle C in A%, and that P = (—1,0) is a point
on it, that is, f(—1,0) = 0. Yet in other words, (—1,0) is a solution for (3.8). We call the solution
of f the K-rational points of C; we denote the set of solutions of (3.8) in K by C(K), the set of
K -rational points of C.

Let ¢ be a curve defined over K passing through the point P, that is, £ is defined by the equation
y =m(x+1), with m € K. Finding the intersection C'N ¢ implies solving an equation of degree two
in one variable, by substituting y in the equation of C"

0=2>+(mz+1)*-1=
= (1+m?)z? +2m?z + 2% — 1.

The solutions to the above equations are —1 (which we already knew) and x = i;—zz This implies
(nC = {P, (1+m2, 1fj‘nf‘\)} Notice that as m € K, then (%’%) € K x K. Since this
construction holds for any m € K, we have
-m?  2m
{(10)}U{( 2 Trme) | mEK}COE).

Does the equality hold? Assume Q = (zg,yo) € C(K) and consider the line ¢ passing through Q
and P, that is,
L:y=m(z+1),

2

(-1 O)}U{(Hmz, 1+m2) | m € K }, proving the

with m= o
equality.

So we have seen that (3.8) has infinitely many solutions over K, and that they are parametrised
by A! plus a point.

The argument used in Example 3.4.1 can be generalised to any equation f(z,y) = 0 defining a
smooth conic (cf. Definition 3.4.2).
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Definition 3.4.2. Let C be the curve in A? defined by the equation f(z,y) = 0. The curve C
is called a conic if f has degree two. Let P = (u,v) be a K-point of C, that is, u,v € K and
flu,v) = 0. We say that P is a singular point of C if

0 0
Fi(u,v) = a—g(u,v) =0.

We say that C' is singular if it admits singular points. We say that C' is smooth if it is not singular.

Theorem 3.4.3. Let f(z,y) = 0 be an equation of degree two in two variable defining a smooth
conic C in A% . One of the two following statements holds:

(a) f admits no solutions;
(b) the solutions of f are parametrised by Ak plus a point.

Proof. If f admits no solution then we are done. If it does admit one solution, it means that
C(K) contains at least one point, say P. Consider the lines defined over K passing through P. By
Proposition 3.2.3 we know that each such line intersects in two points, one of them being P and as
P is defined over K, so is also the other one. O

Corollary 3.4.4. The points of any smooth conic over C are parametrised by Al plus a point.

3.5 Exercises

The exercises marked with * are harder; those marked with ! are important.

Exercise 3.5.1. | A triple (A, B, C) of positive integer numbers is called pythagorean if A2+ B? = C?.
A pythagorean triple is called primitive if ged(A4, B,C) = 1. Describe all the primitive pythagorean
triples. [Hint: use Example 3.4.1.]

Exercise 3.5.2. Describe all the Q-rational points of the hyperbole 22 — y? = 1.

Exercise 3.5.3. Give an example of a smooth conic over K not admitting rational points, for
K=Qand K =R.

Exercise 3.5.4. For K = Q,R,C, is it possible to find a conic (possibly singular) with only finitely
many K-rational points? If yes, give an example.
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Basic algebraic geometry on curves

In this section we review the basic theory of algebraic curves, following [9, 4].

4.1 Affine curves

Let K be any field and fix an algebraic closure K of K. With G := G /K We denote the Galois
group Gal(K/K)

Example 4.1.1. In the following we might think of K as Q,R, C or I, usually with p > 5.
Definition 4.1.2. The n-dimensional affine space over K, denoted by A}, is the set
AL = A"K):={(z1,...,2,) : z; € K}.
The set of K-rational points of A% is
AK) ={(z1,...,2,) : x; € K}
Remark 4.1.3. Notice the following equiality
A"(K)={P e Al : P° =Pforevery o € Gg }.

Set K[z] := K|[r1,..., %, the ring of polynomials over K in n variables and let I C K[z] be an
ideal.

Definition 4.1.4. The algebraic variety associated to I is the set
Vi={PecAk : f(P)=0forevery f € I}.
An algebraic variety is any set of the form V7, for some ideal I C K|[x].

If V is an algebraic variety, then we denote Iy, the ideal associated to it, i.e., the ideal such that
V=Vv.

Definition 4.1.5. An algebraic variety V' can be defined over K if Iy can be generated by
polynomials in K[z] C K|[z].

37
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Example 4.1.6. The variety of A% defined by 23 — 3 — 1 = 0 can be defined over K.

Remark 4.1.7. Let V be an algebraic variety that can be defined over K. Then G induces an
action on the points of V.

Definition 4.1.8. An affine variety V' C A" is called irreducible if the associated ideal Iy C K|[x]
is prime. The affine variety V is called geometrically irreducible if the associated ideal is prime in

Definition 4.1.9. Let V be an irreducible variety of A™. The coordinate ring of V is the quotient

Remark 4.1.10. As V is irreducible, K[V] is a domain.

Definition 4.1.11. We define the function field of V', denoted by K(V'), the fraction field of K[V].
If V' is geometrically irreducible, then we can define the function field K (V) as the fraction field
of K[z]/Iy.

Definition 4.1.12. Let V' be a geometrically irreducible variety. The dimension of V', denoted by
dim V, is the transcendental degree of K (V') over K.

Example 4.1.13. Unsurprisingly, A% has dimension n.
Definition 4.1.14. An affine curve is a geometrically irreducible variety of dimension 1.

Definition 4.1.15. Let V C A" be a variety, P € V, and f1,..., fm € K[z] a set of generators of
Iy. We say that V is smooth at P if the m x n matrix

Afi
(55(P)
has rank equal to n —dim V.

Otherwise the variety is called singular at P, and P is called a singular point of V.
If V' is smooth at every point, then it is called smooth.

4.2 Projective curves
Consider the affine space A"*! and the equivalence relation ~ on it given by
—X
(Xoy 1,y Tn) ~ (Yo, Y1y -+, Yn) < TA € K such that (zg,21,...,2n) = (AYo, AY1,- -+, AYn) -

The equivalence class of (zg,...,z,) is denoted by (zg:...: x,).

Definition 4.2.1. We define the n-dimensional projective space over K to be the quotient

W AR {(0,...,0))
" |

~

Definition 4.2.2. The set of K-rational points of P} is the set

PYK):={(zo:...:@xy) |all z; € K }.
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Remark 4.2.3. As before, one has that P*"(K) = {P € P" : P° = P for every 0 € Gg }.

Definition 4.2.4. A polynomial f € Klxzo,...,x,] is homogeneous of degree d if deg f = d and
f(Az) = X f(x) for every A € K.
An ideal I C K|[x] is homogeneous if it can be generated by homogeneous polynomials.

If I C K|x] is a homogeneous ideal then the following definition makes sense:
Vi={PeP"| f(P)=0forevery felI}.

Definition 4.2.5. A projective variety is a subset V of the form V = V; for some homogeneous
ideal I C K|x].

A projective variety V' = V; can be defined over K if I can be generated by homogeneous
polynomials in K[x].

As for the the affine case, we can introduce the notion of K-rational points also for projective
varieties. Let V' be a projective variety defined over K, then we define its set of K-rational points
to be

V(K)=VNnP'(K)={PecV : PP=Pforany o € Gk }.

Definition 4.2.6. A projective variety is defined to be (geometrically) irreducible analogously
to 4.1.12.

A projective space contains many affine spaces. For every i = 0,...,n, consider the following
map:
Git A" =P (21, xn) = (T, @1, L, Xy, X)),

Lemma 4.2.7. The following statements hold.
1. For every i, the map ¢; is injective.
2. the image of ¢; is the projective variety H; defined by x; = 0.
Proof. Exercise. O

Let U; be the complement of H; = {z; = 0}, that is, U; = {(xo,...,2,) : x; # 0}. Then we can
define the maps

Vi: Uy = A" (ot oot xn) = (R0/Tiy e oo X1 [Ty T 1 [Ty o oy T [ T4)-

Clearly, ¥; o ¢; = idgn. The maps ¢; and ; also determine a relation between affine and projective
varieties. Let V be a projective algebraic variety with ideal I, then V; := v;(U; N'V) is the affine
algebraic variety defined by the ideal

{f(yla"'7yi71a17yi7"'yn> : f(x07"'7l‘n) GI}

As Uy, ..., U, cover P", the V/s cover V and are called the affine patches of V.

This process can be reversed: if V' C A" is an affine algebraic variety defined by the ideal
I C K[z], then one can define the projective closure V of V in P™ as the projective variety associated
to the ideal

{208 f(a1/x0, ... xnf0) = f(x1,... 2,) € I}



40 CHAPTER 4. BASIC ALGEBRAIC GEOMETRY ON CURVES

Proposition 4.2.8. (a) IfV is an affine variety, then V is an algebraic variety and 1o(VNUy) = V.
(b) If V' is a projective variety, then 1;(V NU;) is either empty or an affine variety V; such that
Vi=V.

(¢) If an affine variety is defined over K, then so is its projective closure. Conversely, if a projective
map is defined over K, then so is any of its affine patches.

Proof. Exercise. O

Remark 4.2.9. It turns out that if V is a projecive variety, then all its non-empty affine patches
have the same dimension and isomorphic function fields.

Definition 4.2.10. Let V be a projective variety. The dimension of V is defined to be as the
dimension of any of its non-empty affine patches. The function field of V is defined to be the
function field of any of its non-empty affine patches.

4.3 Maps between varieties

After defining objects, we define maps between them. Let V be a projective variety and consider its
function field K(V). An element f € K(V) is called a rational function.

Definition 4.3.1. Let V; C P”, Vo, C P™ be two projective varieties, then a rational map is a map
f:Vi—=Va
Pes (fo(P) i fnlP))
with fo, ey fm S K(Vl)
Remark 4.3.2. It might happen that a rational map f: V; — V5 is not defined everywhere, indeed
there might exist points P € V; such that fo(P) = ... = f,(P) = 0. It might also happen that
fi(P) is not defined for some 4, that is, P is a pole for f;. Sometimes these issues can be solved by

multiplying all the functions f; for a certain rational function g € K (V). If this is not possible, then
we say that f is not defined at P.

Definition 4.3.3. A rational map that is defined everywhere is called a morphism.

Example 4.3.4. Let C be the affine line A}, with coordinate x. Then a function of C' is given by a
ratio f1/f2, with fi, fo polynomials in z. For example,

z—2

x2 -1

Notice that f is not defined at 1 and —1, that is, it has poles (of multiplicity one) at 1 and —1; it

has a zero at 2
If we embed A! into P! via

firx—

z— (X:Y)=(z:1),
then f extends to the regular map of P! given by
(X —2V)Y
X2 _y2 °
Then notice that it has poles at (1 :1),(—1:1) and zeros at (2:1),(1:0).

(X:Y)—
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4.4 Algebraic curves and maps between them

An affine (respectively, projective) algebraic curve is an affine (resp. projective) algebraic variety of
dimension 1. Let C be a curve over a field K and P a point on it and consider the function field
K(C).

We can define the following valuation on K (C') by using the order of a function f € K(C) at P.

ordp: K(C) — Z U {oc}
f—=ordp(f)

Proposition 4.4.1. Let C be a smooth curve, f € K(C). Then there exists only finitely many
points P € C such that ordp(f) # 0. If ordp(f) > 0 for every point P € C then f € K.

Proof. |9, Proposition 11.1.2]. O
Example 4.4.2. Consider the curve C' = P!, the variety V = P2 and the map P! — P? defined by
(X:Y) = (XHX?-Y?): V(X -Y)?: (X - Y?)(X -Y)?).

Notice that the map is not defined at (1 : 1).

Lemma 4.4.3. Let C be a curve, V C P" a variety, ¢: C — V a rational map. The following
statements hold.

(a) If P € C is a smooth point for C, then ¢ is defined at P. In particular, if C is smooth, ¢ is a
morphism.

(b) If ¢ is a morphism and V is also a curve, then ¢ is either surjective or constant.
(c) If V is a curve and ¢ is a non-constant morphism, then ¢ is a finite map.

Proof. (a) [9, Proposition II.2.1].

(b) [9, Theorem II.2.3].

(¢) [9, Theorem I1.2.4(a)].
O

If ¢: C1 — C5 is a map of curves and f € K(Cs) is a rational function on Cs, then one can use
¢ to define a rational map on C

¢ f:=fo¢:CL = K, P— f(6(P)).
This defines a map between the two function fields:
¢": K(C2) = K(Ch), fr=97f .
Notice that the above a map is a morphism of fields hence it is injective; moreover, ¢* fixes K.

Lemma 4.4.4. Let C1,Cy be curves over K.

(a) If ¢: C1 — Cy is a non-constant map over K, then K(C1) is a finite extension of ¢*K(C3).
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(b) If v: K(Cs) = K(Ch) is an injection of fields fiving K, then there exists a unique non constant
morphism ¢: Cy — Cs defined over K such that ¢* = ¢.

Proof. |9, Theorem 2.4]. O

Definition 4.4.5. Let ¢: C; — C5 be a morphism of curves over K. Then by Lemma 4.4.4 K(Cy)
is a finite extension of ¢* K (C5y). We define the degree of the map ¢ to be

deg ¢ = [K(C1) : 9" K(C)] -
If ¢ is constant then deg ¢ = 0; if ¢ is non-constant then deg ¢ is finite and ¢ is called a finite map.

Remark 4.4.6. Let ¢: C7 — C5 be a rational map of curves, and let Q € C5 be a point of Cs. The
degree of ¢ equals the number of points in the pre-image ¢~1(Q) of Q, counted with multiplicity.

Remark 4.4.7. By multiplicity here we mean what in [9] is called ramification index. See [9,
Section I1.2] for more details about this notion.

Example 4.4.8. Let E: Y?2Z = X3 4+ aXZ? +bZ3 and let m: E — P! be the projection on the
X-axis, i.e.,
T (X:Y:Z)—> (X:2).

Notice that 7 is not defined at (0: 1:0), it is not surjective as (1 : 0) is not in the image, and it has
degree 2. Indeed, if Q = (x : 1) € P, then 771(Q) = {(z : &+V23 + az +b: 1)}.
The rational map 7 can be extended to a morphism defining 7((0:1:0)) = (1:0).

4.5 The Frobenius map

When working in characteristic 0, Remark 4.4.6 gives a good intuition about how the degree of a
map works. This is not true anymore when we work in positive characteristic, as we are going to see
in this subsection.
Assume K is a perfect field with Char K = p > 0, e.g. K = F,,,F,»,F,. Then we can consider
the Frobenius map
F:K—K,a—d.

Of course we can consider also powers of this function, F": a — a?".

The Frobenius map induces an action also on the ring of polynomials K[X] by acting on the
coeflicients of the polynomial. In this way we can define a map on a curve over K.

Let C/K be a curve and I C K[X] its associated ideal. Then we can consider the ideal

I"={F(f) : fel}
and the curve associated to it, CF.
Definition 4.5.1. The Frobenius map of C' is the map

F . Cc-cf
(o :.o.imp) = (F(zo):...: F(zy))
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Remark 4.5.2. Notice that if C' can be defined over F, C K, then CF = C and the Frobenius is
an automorphism. More in general, if C' can only be defined over F,» C K with » > 1, then CF # F
but CF" = C.

Proposition 4.5.3. In the previous setting, the following statements hold.

(a) F*K(CT) = F(K(C)) = {J* : [ € K(C)}.

(b) K(C)/F*K(CF) is a purely inseparable extension.

(c) deg F' = p.

(d) Any map ¢: Cy — Cy factors as Ao F" for some r > 0 and some separable map .

Proof. 9, Proposition 11.2.11 and Corollary 11.2.12]. O

4.6 The divisor group

Definition 4.6.1. Let C be a curve, we define the divisor group of C, denoted by Div C to be the
free abelian group generated by the points of C.
A divisor of C' is an element of Div C, that is, formal sum of the form

D= npP,

PeC
where np is an integer and it is equal to zero for almost all P.

Definition 4.6.2. Let D =Y npP be a divisor of C. We define the degree of D as
Z np € 7.

This defines a map (in fact a group homomorphism)
deg: DivC = Z .
We define Div® C' to be the kernel of deg.

If C is defined over a field k, then Gal(k/k) acts on DivC (and Div” X) in the obvious way: if
o € Gal(k/k) and D = > npP, then

D7 = anpf’.

Definition 4.6.3. Let D € DivC a divisor on C. We say that D can be defined over k if D7 = D
for any o € Gal(k/k).

Remark 4.6.4. We recall the notion of a regular function for a curve. Let C C A™ be an affine
curve. A regular function of C, that is an element of K(C), is a function that can be expressed as

fl(mla () xn)

P=(x1,..,Tn) — )
e ) o )
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where f1, fo are polynomials in n variables. Notice that a regular function of C' does not need to be
defined on the whole C.

If C is a projective curve, that is, C' C P™, then a regular function of C' is a function that can be
expressed as
fl(l‘o, ,mn)
f2(x0; "'7zn),
where f1, fo are polynomials of the same degree in n 4+ 1 variables. Also in this case, a regular
function of C does not need to be defined on the whole C'.

P=(xg:..:2,)

Definition 4.6.5. Let f be a function of C defined over k, that is an element of k(C), then we
defined the divisor associated to f to be the divisor

(f) =divf=Y ord(P)P.

Divisors of the form D = div f for f € k(C) are called principal.
Two divisors Dy, Do are called linearly equivalent, denoted Dy ~yy, Do if their difference is a
principal divisor.

Example 4.6.6. Continuing Example 4.3.4, the divisor associated to the map of P! defined by

(X:Y)— %
is
2:1)+(1:0)—(1:1)—(-1:1).
Example 4.6.7. Let E be the elliptic curve over Q given by the equation
E:y?=a%—z.

Consider the points P; = (—1,0), P, = (0,0), P3 = (0,0) € E(Q), and the points Q; = (2,v6), Q2 —
Then D = 2(—1,0) — 3(0,0) + (2,4/6) is a divisor of E. The degree of D is 0, and hence
DeDWV'E.
Let 0 € Gal(Q/Q) be the map defined by

05\/6—)—\/6.

Then D7 = 2(—1,0) — 3(0,0) + (2, —v/6) # D, hence D cannot be defined over Q.
Consider instead the divisor Dy = (2, —v/6) +(2,v/6). Notice that D = (2,v/6) + (2, —v6) = D;
and hence D; can be defined over QQ, even though @7 and Q2 cannot, if taken singularly!
Consider the function of E defined by

Then f has three zeros of multiplicity one at Pj, P>, P3; and one pole of multiplicity three at
0= (O 01 0) It follows that Pl +P2 +P3 ~lin 30.

Proposition 4.6.8. Let C be a smooth curve and f € K(C). let ¢p: C1 — Cy be a noncostant map
of curves. Then the following statements hold.
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(a) div f =0 if and only if f € 5
(b) degdiv f =0.
Proof. [9, Proposition 11.3.1]. O

Definition 4.6.9. Let f: C; — C5 be a map of curves. Then f induces two maps at the level of
divisors:

¢*: DivCy — Div(Cy

Q= Y es(P)P
Pef~1(Q)

where e4(P) is the multiplicity of P inside f~!(Q);

¢« : DivCy — Div Cy
P ¢(P).

Remark 4.6.10. One can rephrase Definition 4.6.9 for Div® C, Pic C, and /or Pic’ C.

Facts 4.6.11. Let ¢: C7 — Cy be a noncostant map of curves. Then the following statements hold.
(a) For all D € Div Cs, deg ¢*D = deg ¢ - deg D.

(b) For all f € k(Cy), ¢*(div f) = div(¢* f).

(c) For all D € DivCy, deg(¢.D) = deg D.

(d) For all f € k(C1), ¢x(div f) = div(¢f).

(e) b« o0 ¢* acts as multiplication by deg d on Div Cs.

(f) If : Cy — Cj5 is another nonconstant morphism of curves, then

(Yo )" =¢*oy)™ and
(Yo @) =1uo0ds.

4.7 The Picard group

Definition 4.7.1. The Picard group of C, denoted by PicC := Div(C/ ~yy, is the quotient of
Div C by linear equivalence.
We define Pic® C to be Divo/ ~lin-

Example 4.7.2 (Picard group of P!). It is easy to see, that if C' = P!, then a divisor D € DivP! is
principal if and only if deg D = 0. It follows that the map deg induces an isomorphism between
PicP! and Z
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Example 4.7.3. As in Example 4.6.7, consider the function of E defined by

Y

f::y:E.

Then f has three zeros of multiplicity one at P;, P>, P3; and one pole of multiplicity three at
O=(0:1:0). It follows that P, + P, + P53 ~yi, 30 or, equivalently, that P; + P, + P; = 30 in
PicE.

Definition 4.7.4. Let D =) np P be a divisor of C. We say that D is effective, denoted by
D >0,

if np > 0 for every P.
We say that Dy > D if D1 — D, is effective.

Definition 4.7.5. Let D be a divisor of C. We associate to D the set of function
L(D) :={f € k(C)*: divf>-D}uU{0}.
We denote the dimension of £(D) by ¢(D) := dimy £(D).

Example 4.7.6. We continue with Example 4.6.7. The divisor Dy = P; + P> + Pj is effective, and
f € L(Ds).

Facts 4.7.7. Let D € DivC. Then the following statements hold.
(a) If deg D < 0, then L(D) = {0}.

(b) L(D) is a finitely dimensional k-vector space.

(¢) If D' is linearly equivalent to D, then L(D) = L(D').



Chapter 5

Cubic curves

After giving a complete answer for the solution of quadratic equations in two variables, we proceed
by studying equations of degree three in two variables. First we will show that, provided there exists
a point, the equation can be brought in a more convenient form.

5.1 Weierstrass form

Let K be any field, and fix an algebraic closure K of K. Let f = f(z,y) € K[z, y] be a polynomial
in two variables. of degree 3 over K. Then f can be written as

f(a:,y) = Zaijxiij (51)

where the sum ranges over all the 0 <, < 3 such that ¢ +j < 3, a;; € K for every i,j and the
polynomial has actual degree 3. We define a cubic (curve) a curve C' C A?(x,y) whose defining
equation is of degree three.

Remark 5.1.1. The curve C is a curve inside the affine plane A%. Let P? be the projective plane
with coordinates X, Y, Z such that X/Z =z and Y/Z = y. The projective closure of C inside P% is
the projective curve C defined by the equation

> i XY Z¥,
where the sum ranges over all the non-negative integers i, j, k such that i + 5 + k = 3.

Definition 5.1.2. Let P € C(K). We say that P is a singular point for C' if

Of () _y_ 0f

5n(P)=0="5.(P).

Definition 5.1.3. We say that a cubic C over K is in Weierstrass form if its defining equation is
of the form
y? 4+ arzy + asy = 2 + asx® + asx + ag (5.2)

with aq, a9, a3,a4,a¢ € K.

47
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We say that it is in short Weierstrass form if its defining equation is of the form
y? = 2 + box?® + by + bg (5.3)

with bg, by, bs € K.
We say that it is in very short Weierstrass form if its defining equation is of the form

v =2 +ar+b (5.4)
with a,b € K.

Proposition 5.1.4. Let C' be a smooth projective cubic over K with a K -rational point.
Then C can be put into a Weierstrass form using K-rational maps.
If Char K # 2, then C' can be put into a short Weierstrass form.
If Char K # 2,3, then C can be put into a very short Weierstrass form.

Proof. This proof follows [10, 1.3]. Let C denote the projective closure of C inside P?(X,Y, Z). Then
C is defined by the homogeneous degree three polynomial

fo=aoX?+ a1 X?Y + s X?Z 4+ asXY? + au XY Z + as X Z? + agY> + a7 Y?Z + agY Z% + a9 Z3.

By assumption C has a rational point, say (xo : yo : 20); without loss of generality we assume g # 0.
Applying the transformation
X =X
tl . Y’ = a:OY - y()X
A = :Z?()Z — ZoX

we move the point (xg : yo : z0) to O := (1:0:0) and C transforms into the curve C; defined by
fi =01 XY + 0. X2 Z 4+ 03 XY? + 0y XY Z + b5 XZ2 + bgY>2 + 0;Y2Z 4+ bsY Z2 + bo Z3.

Notice that the coefficient of X3 is zero as (1:0:0) is on Cj.
Let Lo be the tangent curve of C7 at O: it is defined by the equation boZ + b;Y = 0. By
applying the transformation
X =X
tg : Y/ =Y
7' =byZ+bY

we fix the point O and move Lo to the line Z = 0. The curve C; gets mapped to the curve Cy
defined by

for=oX?Z + s XY?2 4+ 4 XY Z + s XZ? +c6Y3 + 7 Y?Z + Y 22 + ¢y Z5.

Notice that the coefficient of X2V is zero since Z = 0 is the tangent line of Cy at O := (1:0:0).
Let P be the third point of intersection of Lo = {Z = 0} and Cs, that is, P = (—cg : ¢3 : 0).
Then the transformation
X = CgX + CGY
tg : Y/ =Y
Z! =7
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moves P to the point (0: 1 :0) and keeps the point O = (1:0:0) and the line {Z = 0} fixed; it
sends C5 to the curve C3 defined by

fo i =do X?Z + ds XY? + dy XY Z +ds X Z% + d7Y2Z + dgY Z? + dy Z3.

Notice that the coefficient of Y2 is zero since (0 : 1: 0) is a point on the curve.
As before, we consider the tangent line Lp to C3 at (0 : 1: 0): it is defined by the equation
d3X + d7Z = 0. Then the transformation

X' =dsX+dZ
t42 Y/ =Y
z =7

fixes O=(1:0:0),P=(0:1:0) and the line {Z = 0}; it sends the line Lp to {X = 0} and the
curve Cj to the curve Cy defined by

fri=esX?Z +esXY? +esXYZ +e5XZ? + esY Z? + €923 .

Notice that the coefficient of Y2Z is zero since X = 0 is the tangent line to Cy at (0:1:0).

Cousider the affine part of Cy given by Cy N {Z # 0}; for sake of simplicity we will denote it
again by Cy. If we take = X/Z,y = Y/Z to be the affine coordinates of A2 = {Z # 0}, we can
write Cy4 as the curve defined by the equation

zy? + (apx 4+ 1)y = aox? + azz + oy .

Notice that we can divide by es otherwise Cy would be a conic, hence C would be rational,
contradicting the assumption that C' is a smooth cubic. We can multiply both sides by = obtaining
the curve

Cs: (xy)2 + (o + o)y = sz + azx® + aqx .

By applying the transformation

we send Cj5 to the curve
Cs: y* + arzy + azy = apz® + asx® + aur.

Multiplying both sides by a3 and using the substitution ¢/ = agy, 2’ = agz we reduce it to the
Weierstrass form.
Now assume Char K # 2. Using the transformation

=
tGZ ,
¥ =y+(wr+a)/2

we transform C5 into the curve

Co: y* = Box® + P12’ + oz + B3
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which again, after multiplying both sides by 33 and using substituting  and y with Box and Byy,
respectively, reduces to a short Wierstrass form.
Finally, if we further assume that Char K # 3, we can use the transformation

; .{x’ =22+ £1/(30)
759,

y =Y

to send Cg to the curve
Criy>=a+azx+b,

which is in very short Weierstrass form, completing the proof. O

Remark 5.1.5. When we say that the curve C' ‘can be put into Weierstrass form’ we more precisely
mean that there is a rational map over K from C to a curve defined by an equation in Weierstrass
form. One can easily see that all the transformations ¢;,7 = 1, ..., 7, are rational transformations of
P? defined over K. In fact, all of them except t5 are automorphisms of P2.

The map t5 is a rational map, i.e., it is not defined on the whole P2, but on an open subset of
it. Indeed, t5 is defined everywhere except at (1 : 0:0) and (0 : 1:0). This is not too much of
a problem as the point (0:1:0) is on the curve Cg but not in the image of ¢5. This means that
passing from the original cubic to the one in Weierstrass form we only lose one solution, the one we
already knew from the beginning and started with.

Remark 5.1.6. In the proof of Proposition 5.1.4 we tacitly assumed some coefficients to be
nonzero. If this were not the case, i.e., if some coeflicients were to be zero, putting the cubic in
the desired form would actually be easier, even though the transformations used would be slightly
different. Analogously, we assumed O not to be a flex point. If it were, we could have assumed that
O =(0:1:0) with tangent line Z = 0. This implies that we can write the equation of C as

aoy? + (a1 + ao)y = azx® + aur? + asz + ag.

From here, assuming to work in characteristic at least 5, one can use transformations tg and ¢7 as in
the proof of Proposition 5.1.4 to obtain the short Weierstrass form.

5.2 Elliptic curves as cubic curves with a point

In this section we finally give the definition of an elliptic curve. The idea is to take a cubic curve
with a point and endow it with a group structure.

Definition 5.2.1. An elliptic curve over a field K is a couple £ = (C,0) where C' is a smooth
projective cubic over K and O € C(K) is a K-rational point on the projective closure of C.

Corollary 5.2.2. Every elliptic curve can be put in Weierstrass form. If Char K # 2, then it can
be put into short Weierstrass form. If Char K # 2,3, then it can be put into very short Weierstrass
form.

Proof. Immediate from Proposition 5.1.4. O
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Example 5.2.3. Let K be any field, and consider a smooth cubic C' defined by an equation in very
short Weierstrass form:
C:y*=a34ax+b.

It is immediate to see that the point O = (0 : 1 : 0) belongs to the projective closure of C, defined by
C:Y*Z =X +aXZ?+ 073 .

Then (C,0) is an elliptic curve over K. This is the most important example of elliptic curve and
most elliptic curves used in practice appear in this form.

In what follows, when will talk about an elliptic curve given by y? = 3 + ax + b, we will always
mean the cubic curve together with the point O.

Remark 5.2.4. The ((very) short) Weierstrass form is not the only useful and classical form to
write the equation of an elliptic curve. Other classical forms to write an elliptic curve E are the
following:

E:y?>=2(x —1)(x — ) (Legendre form), (5.5)

for some A € R —{0,1};
E:y? =1 —2%(1 - k%% (Jacobi form), (5.6)

for some k € C — {0, £1}.
In particular, from an historical point of view, the first elliptic curves indeed appeared in Jacobi
form, see §1.1.

Definition 5.2.5. Let C be the curve in Weierstrass form
v =a4+ar+b.
We define the discriminant of C' to be
A= A(C) = 4a® + 27b°.

Lemma 5.2.6. Let C be a cubic curve in very short Weierstrass form (5.3) and let C be its projective

closure. Then (C,(0:1:0)) is an elliptic curve if and only if A(C) # 0.

Proof. Notice that if C' is defined as in the hypothesis, then C always contains the point (0: 1 :0),
as seen in Example 5.2.3. So to prove the statement it is enough to prove that C' is smooth if and
only if A # 0.

Let f := f(x) be the polynomial 2® + ax + b, and notice that the discriminant of f is exactly A,
Definition 3.2.7.

By studying the partial derivatives of the equation defining C', one can see that C' has a singular
point if and only if f admits a double root, that is, if and only A = 0. O

5.3 The j-invariant
For sake of semplicity, in this section we will always assume to work on a field K of characteristic

Char K # 2,3, although the results can be extended also to the case of characteristic 2 and 3. Let
K denote a fixed algebraic closure of K.
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In §5.2 we have defined the an elliptic curve to be a cubic curve together with a point. As seen in
Proposition 5.1.4, such a curve always admits a Weierstrass form. In fact, there is no result assuring
that such form is unique. One might then ask: can the same cubic admit two different Weierstrass
forms? This question can be phrased in a different way: what are the isomorphism of affine curves
that preserve the Weierstrass form?

Proposition 5.3.1. Let K be a field with characteristic different from 2 and 3, and let C be a cubic
curve given in very short Weierstrass form. The only change of variables preserving the very short

Weierstrass form is
2.
T =u‘x
by : { _ by (5.7)

for some u € K.

Proof. The generic change of variables can be written as

. r = a1’ + ay + as
y =P’ + foy’ + B3

Substituting these expression = and y into the short Weierstrass form and imposing the conditions
on the coefficient in order to obtain again a short Weierstrass form, we get that ¢ must be of the

form
_ /
. {x = alx/
y =Py
with a? = 2. From this it follows that (e, B2) = (u2,u?) for some u € K. O

Corollary 5.3.2. Let C and C" be two elliptic curves. Then C and C' are isomorphic if and only
if there is a w € K such that the change of variable t,, sends the very short Weierstrass form of C
to the very short Weierstrass form of C'.

Proof. Let E and E’ denote the very short Weierstrass form of C' and C’, respectively, and note
that F and E’ are then isomorphic to C' and C’, respectively.

If there exists a u € K such that ¢, sends E to E’, it means that F and E’ are isomorphic,
yealding that C' and C’ are also isomorphic.

Now assume C' and C’ to be isomorphic. This implies that E and E’ are also isomorphic. But
then, by Proposition 5.3.1, the isomorphism between F and E’ must be of the form ¢, for some
s f*, completing the proof. O

The above result shows that we might have different two elliptic curves in different very short
Weierstrass form that are nevertheless isomorphic. Is there an easy to determine whether two elliptic
curves (in very short Weierstrass form) are isomorphic? In order to answer, we need the following
quantity.

Consider u € K and apply the transformation ¢, to the curve C with equation 3% = 23 + ax +b.
We get the curve C’ with equation y? = 23 + a’z + V' with @’ = a/u* and ¥’ = b/u®. From this it
also follows that A(C’) = A(C)/u'?. Can we define a quantity associated to C' that is invariant
under this kind of transformation?
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Definition 5.3.3. Let E be the elliptic curve defined by y? = 3 + ax +b. We define the j-invariant
of E to the quantity

4 3 3
L R (5.8)

(E) = 1728— &
I(E) 4a3 1 27b2 A

Proposition 5.3.4. Two elliptic curves over K are isomorphic (over K ) if and only if they have
the same j-invariant.
Moreover, for any jo € K*., there exists an elliptic curve E defined over K, such that j(E) = jo.

Proof. Without loss of generality, we may and do assume that the two elliptic curves are given in
very short Weierstrass form, say

E:y?=a24ar+b and E:y’=23+dz+V.
By Lemma 5.3.1, if £ and E’ are isomorphic, then there exists a u € K" such that the change

of variable ¢, as in (5.7) sends E to E’. This means that o’ = a/u* and b’ = b/u®, from which it
follows that

, 4(a u*)? 4a® )
E')=1728 =1728——F-= =j(E) .
i) 4(a/ury® + 27(b/ub)? o P
Conversely, assume that
4a® 4a"
i(E) =1728———— = 1728———— = j(E') .
IE) =18 s~ 8 qam rame — )

The equality above yields a®b'?> = a/3b%. Then we have three cases.

e If ¢ =0, then b # 0, as otherwise A(E) = 0 and hence ¢’ = 0. Then the transformation ¢,
with u = (b/b')}/¢ € K~ gives an automorphism between E and E’.

o If b = 0 then it follows that a # 0, as otherwise A(E) = 0, and hence & = 0. Then the
transformation ¢, with u = (a/a’)*/* € K gives an automorphism between E and E'.

e If ab # 0 then a'b’ # 0 and he transformation ¢, with u = (b/b')}/¢ = (a/a’)'/* € K" gives an
automorphism between E and E'.

The second statement is left as an exercise for the reader. [Hint: consider an elliptic curve in
very short Weierstrass form with a = b.] O

5.4 The group law

Let K be any field and fix an algebraic closure K. Fix an elliptic curve E = (C, O) over K, where
C' is a smooth cubic over K and O € C(K). We want to define an operation on the set C'(K) of
K-rational points of the projective closure of C.

Lemma 5.4.1. Let P,Q be two points in C(K), and let L be the line passing through P and Q.
Then L intersects C' in a third point R defined over K.
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Proof. By Bezout theorem, a line and a cubic meet in three points, counted with multiplicity. Hence,
the intersection between C' and L contains another point R, possibly equal to P or Q). All we need to
prove is that R is defined over K. To see that, notice that as P and @ are defined over K, so is the
line L. Then intersecting L and C consists in solving a cubic equation over K, having already two
roots over K. Therefore, by (3.2.6), also the third root is defined over K, from which we conclude
that R is a K-rational point of C. O

We can then define the following operation on the K-rational points of an elliptic curve.

Definition 5.4.2. Let P, be two points in C(K), and L be the line passing through P and Q.
Let R € C(K) be the third point of intersection of L and C (cf. Lemma 5.4.1). Let L’ be the line
passing through R and O. We define P + Q to be the third point of intersection of L’ and C.

Remark 5.4.3. Lemma 5.4.1 ensures that P + Q is well defined and belongs to C(K).

Remark 5.4.4. If P = @, then L is the tangent curve to C' at P = Q. It follows that 2P := P+ P
is obtained by considering the tangent line to C' at P.

R=P+Q

Figure 5.1: Geometric construction of the sum of two points.

Proposition 5.4.5. The following statements hold:

(a) the addition + on C(K) is well defined;

(b) the addition + is associative and commutative;

(c) O is the neutral element for +;

(d) for every P € C(K), there exists the element —P € C(K).

(e) P+ Q+ R=0 if and only if P,Q, R lie on a line.

Proof. (a) It follows immediately from Lemma 5.4.1.

(b) Exercise. Note that commutativity is almost trivial; associativity is the hard part.

(c) Let L the line passing through P and O. Then L N C = {P,0, Q}, from which it follows that
P+0O=P.

(d) Exercise.
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(e) Exercise.

Corollary 5.4.6. (C(K),+) is an abelian group.
Proof. Immediate from Proposition 5.4.5. O

Although the sum of point on an elliptic curve is defined in general, if the elliptic curve is given
in Weierstrass form, then it is much easier to explicitly write the coordinates of P + @ in terms of
the coordinates of P and Q.

Proposition 5.4.7. Let E be the elliptic curve in Weierstrass form y? = x3+ax +b; let P = (x1,1)
and Q = (x2,y2) be two elements of E(K). Then

P+Q:= (x3,y3) = (A2 — 21 — 22, —N(z2 — 1) — 1), (5.9)

— Y2—Y1 .

where A ;
T2—T1

=P = (z1,-y1). (5.10)

Proof. The line L passing through P and @ has equation y —y; = A(z —x1). We can then substitute
y in the equation of E, getting a cubic monic polynomial f(z). Doing the computations, one can
check that the coefficient of 22 is —A2. Since the coefficient of 22 equals minus the sum of the roots
of a cubic monic polynomial, and we already know that x; and xzo are roots of f, we have that
the third root, 3 is A2 — 21 — 2. The value of y3 follows by simply plugging the value x3 in the
equation of L. O

Remark 5.4.8. One can use Proposition 5.4.7 to prove 5.4.5.

Corollary 5.4.9 (Duplication formula). Let E be the elliptic curve in Weierstrass form y* =
23 +ax +b and let P = (z9,y0) be an element of C(K). If yo = 0, then 2P = O. If yo # 0, then
2P has first coordinate equal to

x§ — 2ax3 — 8bxo +a? i — 2ax? — 8bxy + a®

4(zd +azo+b) 4y?

Top =

Proof. Let L be the tangent line to E at P. Set F := 2®+az+b—y?. and let F,, := 3z%+a, F, := —2y
denote the partial derivatives of F' with respect to « and y respectively. Then L: F,(P)(y — yo) =
F,(P)(x — z9) and 2P is the third point of intersection of L and E. If yo = 0, then L: y = yo
and hence the third point is the point at infinity O. If yg # 0, the statement follows from direct
computations. O]

5.5 Singular cubics

In the previous sections, we focused on smooth cubics. In particular, we always considered cubics
over K in very short Weierstrass form given by y? = 23 4+ ax + b with A := 443 + 27b% # 0. One
might then wonder: what happens if A = 0.

Lemma 5.5.1. Let C be the curve with equation y? = x>+ ax +b. Assume A(C) =0. Then C has
exactly one singular point, which is either a node or a cusp.
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Proof. As A(C) = 0, we know that the equation 2® + ax + b = 0 has at least a root of multiplicity
2, ie., 28 +ar + b= (z — a)?(x — B). This means that (a,0) is a singular point for C.

Assume « # (3. Then, shifting z by o we see that C is isomorphic to the curve y? = z2(x — '),
hence it has a node.

If o = B3, then by shifting 2 by o we see that C' is isomorphic to the curve y? = 23, hence it has
a cusp. O

Remark 5.5.2. First notice that a cubic curve C' can have at most one singular point. If it had
two, then the line passing through these two singular points would intersect C' with multiplicity at
least 4, contradicting Bezout’s theorem.

Moreover, if C' is singular, then its rational points can be studied by projecting from the singular
point, using the same argument as in the case for conics. (cf. Exercises 5.6).

Let E/K be a cubic with a node P € E(K), with K a field of characteristic different from 2 and
3. Then we can write E as y? = 23 + az + b with A(E) = 0. As we assumed P to be a node defined
over K, the polynomial 23 4+ ax + b completely factors over K as

3 far+b=(z—a)(z—p)>
with P = (8,0). The slopes of the tangent lines to F in P are ++/3 — «.

Definition 5.5.3. A cubic curve E: y? = (x—a)(z— )% over K is defined to be split if /B — a € K,
i.e., if the tangent lines to the curve in the node (53,0) are defined over K; non-split otherwise.

This definition will play an important role in chapter 9.

5.6 Exercises

The exercises marked with * are harder; those marked with ! are important.

Exercise 5.6.1. ! Find all the Q-rational points of the singular cubic y? = z3.

Exercise 5.6.2. Put the Fermat cubic u® + v3 = 1 in Weierstrass form.

Exercise 5.6.3. * Find a rational solution of the following equation: yiz + nyrZ + miy =4.

Exercise 5.6.4. In Lemma 5.5.1 we have seen that, in general, a cubic curve can only have two
kinds of singular points: either a node or a cusp. Nevertheless, over R, we can have three different
looking singular cubic curves, as shown in (5.2).

(a) For each type of singularity in the picture, find a cubic over R realizing it.
(b) Determine whether an isolated point is a cusp or a node.

Exercise 5.6.5. Prove Proposition 5.3.4.ii) . [Extra®™: For every fixed jo, how many different, yet
isomorphic, elliptic curves in Weierstrass form with j invariant equal to jo are there? |
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Figure 5.2: The three possible types of singular cubics over R.
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Chapter 6

Isogenies of elliptic curves

After giving an elliptic curve a group structure, it is very natural to look for morphisms that preserve
this structure analogously to chapter 2. In doing so, we will use the theory recalled in chapter 4.

6.1 Divisors on elliptic curves

Let K be any field and K a fixed algebraic closure of K. Let E be an elliptic curve over K and let
D be a divisor on E, Definition 4.6.1. Also, recall Definition 4.7.5 for £(D).

Theorem 6.1.1 (Riemann—Roch for elliptic curves). Let E be an elliptic curve and D any divisor
on E. Then
(D) —4(—D) =degD .

Example 6.1.2. We again use Example 4.6.7 and Example 4.7.6. As Dy ~ji, 30, we have that
L(D3) 2 L(30). As deg —30 = —3 < 0, from Facts 4.7.7a it follows that £(—30) = 0 and hence, by
Theorem 6.1.1, it follows that ¢(Dy) = ¢(30) = 3.

Lemma 6.1.3. Let E be an elliptic curve over K and consider P,Q € E. Then (P) ~y, (Q) if
and only if P = Q.

Proof. The implication from right to left is trivial, so we only have to show the one from left to right.
Assume then (P) ~y, (@), that is, there exists a function f € K(C)* such that div(f) = (P) — (Q).
Then f € £(Q). As deg(Q) = 1, by Facts 4.7.7 we have that £(—(Q)) = 0 and so, using Theorem 6.1.1,
it follows that ¢(Q) = 1 and it contains the constant functions, yielding £(Q) = K. Hence f is a
constant and its divisor is then 0 = (P) — (@), that is, (P) = (Q) and so P = Q. O

Lemma 6.1.4. Let E be an elliptic curve over a field K. For any D € DivO(E) there exists a
unique point P € E such that D ~y, (P) — (O).

Proof. Notice that deg D 4+ (O) = 1 ane hence, from Facts 4.7.7 and Theorem 6.1.1, it follows that
(D + (0)) = 1. Let f be a generator of L(D + (O)). This means that

divf>D+(0) and degdivf=0,

therefore div f = (P)—(O)—D for some point P € E, from which it follows that D ~y, (P)—(0). O

99
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Theorem 6.1.5. Let E be an elliptic curve with fixed point O. Then the map
k: E— Pic"E
P [(P) - (0)]

18 a group isomorphism.

Proof. Without loss of generality, we assume E to be a smooth projective cubic in P?(X,Y, 2)
having a flex point in O with tangent line Z = 0. For example, this is always the case for elliptic
curves in very short Weierstrass form.

First notice that x(O) = [(O) — (O)] = [(0)], which is the class of the divisor of a constant
function, hence it is the zero element of Pic’ E. Then we prove that x is a group homomorphism,
that is, k(P 4+ Q) = &(P) + k(Q). Let f be the equation of the line passing through P and @ and
let R be its third point of intersection with E. Let g be the equation of the line passing through O
and R and notice that its third point of intersection with E is exactly P + @, by definition of the
sum on E, Definition 5.4.2. Consider the functions f/Z and g/Z on E. As Z intersects E in O with
multiplicity 3, we have

div f/Z = (P) +(Q) + (R) = 3(0),
divg/Z = (R) + (P + Q) —2(0).

It follows that
divf/g=(P)+(Q) — (O) = (P+ Q) ~in 0,

that is,
[(P)+(Q) = (0) = (P+Q)]=0.
But then
0=[P)+(Q)—(0) = (P+ Q)] =[P)—(0)+(Q) = (0) = (0) + (0) = (P + Q) + (O)]
=[(P) = (0)] + (@) = (0)] = [(0) = (0)] = [(P + Q) — (0)]
=k(P)+r(Q) —0—r(P+Q)

and therefore
#(P)+r(Q) = k(P +@Q),
proving that  is a group homomorphism.
Next we show that the map is injective. Take P,Q € E such that [(P) — (O)] = [(Q) — (O)].
This means that (P) — (O) ~yn (Q) — (O) and hence (P) ~jiy (@). Then P = @ from Lemma 6.1.3.
Finally, notice that the surjectivity of x directly follows from Lemma 6.1.4. O

Corollary 6.1.6. Let E be an elliptic curve and D =Y np(P) a divisor on E. Then D is principal
if and only if deg D =0 and Y [np|P =0 € E.

Proof. First assume that D is principal. Then by Facts 4.6.8b it follows that deg D = 0. So
[D] € Pic’ E; as D is principal, [D] = 0 € Pic’ E. By Theorem 6.1.5 we have that the sums in
Pic’ E and E coincide, and hence D = O.

Conversely, assume that deg D = 0 and ) [np]P = O. Then, as & is an isomorphism, [D] =0 €
Pic’ E and hence it is a principal divisor. O

Remark 6.1.7. Corollary 6.1.6 proves Proposition 5.4.5(e).
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6.2 Isogenies of elliptic curves

As done with complex tori, we are > interested in maps between elliptic curves that preserve the group
structure. Let K fe any field and K an algebraic closure of K. Let Fy = (C1,0;) and Ey = (Cs, 02)
be two elliptic curves over K.

Definition 6.2.1. We define an isogeny from E; to E5 over K to be a morphism ¢: C; — Cs
defined over K such that ¢(O1) = Oa.

Remark 6.2.2. From Lemma 4.4.3 it follows immediately that non-constant isogenies are surjective.
In particular, ¢(E) is either {Oz} or Es.

Lemma 6.2.3. Let ¢: E1 — Es, ¥: Ey — E3 be two isogenies of elliptic curves. Then
(a) o ¢: Ey — E3 is an isogeny.

(b) deg(yp o ¢) = deg) - deg ¢.
Proof. (a) Clearly 1) o $(01) = Os.

(b) Set m := deg¢ and n := deg and let R be a point of E3. Then #¢~!(R) = n, counting
points with multiplicity. Write v 1(R) = {Q1,...,Qn}. Then for every i = 1,...,n we
have that #¢~1(Q;) = m, again counting with multiplicity. We can then conclude that
#(1p o )~ H(R) = mn, counting with multiplicity.

O

Definition 6.2.4. Given two elliptic curves Fq, F5, we denote the set of isogenies from F; to Ey
defined over K by
Homg (E1, E3) := {¢: E1 — E5 | ¢ isogeny over K }.

Given an elliptic curve E, we define the set of endomorphisms of E as
Endg(E) := Homg (E, E).
The set of invertible elements of End g (F) is denoted by Autg (E).

Remark 6.2.5. The set Homg (E1, E2) can be endowed with an abelian group structure (and hence
of Z-module) by defining the sum ¢ + ¢: P — ¢(P) + ¢(P).

This structure is inherited by Endg (FE), that can also be endowed with the composition:
(Endg (E), +,0) is called the endormorphism ring of E.

As Autg (E) is set of invertible elements of Endk (E) and so (Autk (F), o) has the structure of
group; it is called the automorphism group of E.

Example 6.2.6. The first and easiest example of an isogeny comes from the multiplication by an
integer. Let E be an elliptic curve and let m € Z be an integer. We define the map [m]: E — E by
sending a point P to

P+..+P ifm>0
t".
[m](P) :=={ (=P)+..+(=P) ifm<0.
—m times
O ifm=0

One can immediately check that [m] is indeed an isogeny.
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Proposition 6.2.7. Let E be an elliptic curve over a field K of characteristic 0. The map
[ ]: Z — End(FE) is an injective ring homomorphism.

Proof. Checking that [ ] is a ring homomorphism is immediate: in fact, [m + n| = [m] + [n] and
fmn] = m] o n] N

First notice that the duplication formula (cf. 7.4) shows that [2] # 0. Then, over K, there are
three non-trivial 2-torsion points (use the duplication formula). Let Py be one of them. Then
[m](Py) = Py # 0 for every odd m, in particular for every odd prime. This shows that the kernel of

[ ]1is trivial. O
Remark 6.2.8. When K has characteristic zero, the map [ ] is usually also surjective, that is,
Endg(E) 2 Z.

When this is not the case, we say that E has complex multiplication.

Example 6.2.9. Let E be the elliptic curve y? = 23 — 2 over K = C (but any field containing Q(4)
is also fine). Beside Z, in Endg (E) there is also the element

Indeed it turns out that Endg (E) = Z[d].

Definition 6.2.10. Let E be an elliptic curve over K and m an integer. We define the m-torsion
points of E over K, denoted by E(K)[m], as the elements in the kernel of [m], that is:

E(K)[m] := {P € E(K) | [m]P = O}.

Remark 6.2.11. Trivially

oo

E(K)tors = U E(K)[m]

m=1
Moreover, by looking at the degree of the multiplication polynomials, one can see that #F(K)[m] =
m?2. Hence, in general, #E(K)[m] < m?2.

Using the group structure, one can consider another important family of self-maps of an elliptic
curve, the translations, defined as follow. Together the isogenies, they are the building blocks of all
the morphisms between elliptic curves, as shown by Proposition 6.2.14.

Definition 6.2.12. Let E = (C,O) be an elliptic curve over a field K and take T € E(K). We
define the translation by T as the morphism

7pp:C -C,P—P+T.

Remark 6.2.13. Notice that, although 77 is defined using the group structure of E, it does not
respect it as it sends O to T'. Indeed, for T' # O, the morphism 77 is not an isogeny, but only a
morphism of curves.

Proposition 6.2.14. Let E; = (C1,01), By = (C2,02) be two elliptic curves and let F: Cq7 — Cy
be a morphism of curves. Then there exists a point T € Ey and an isogeny ¢: Fn — Fo such that

F=rro¢.
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Proof. Set T := F(O;) and consider the translation 7_p: Fy — FE5 defined by P +— P —T. Then
the composition 7_7 o F = ¢ is an isogeny, as it sends O; to Os. As translations are obviosuly
invertible, we conclude that

F=mpo¢,

proving the statement. O

Isogenies are particularly interesting in the theory of elliptic curves because they preserve the
group structure of the curves. The following is the main result of the section.

Theorem 6.2.15. Let ¢: E1 — Es be an isogeny. Then for every P,Q € FE it holds that

(P +Q) = o(P) +6(Q).

Proof. If ¢ = Os then the statement is trivially true. So assume ¢ is not constant and consider the
induced homomorphism
éy: Pic® By — Pic® B,

sending [> " n;P;] to > n;é(F;)]. For i = 1,2 we also have the group isomorphisms
ki B; — Pic’ E;

defined by P+ [P — O;]. As ¢(0O1) = Oq, we have the following commutative diagram.

E; 2 Pic’ By
| Js-
Ey —— Pic’ By

As ¢, and k1 are group homomorphisms and ks is injective, the statement follows. O

6.3 The dual isogeny

In this subsection we are going to prove that being isogenous induces an equivalence relation on the
set of elliptic curves over a given field K. In these notes we will only prove it in characteristic 0,
but Corollary 6.3.6 holds in any characteristic: see [9, §IIL.6] for a more general proof. As in the
previous section, let K be any field and let K be a fixed algebraic closure of K, assume Char K = 0;
let By = (C1,01), Es = (Ca,03) be two elliptic curves.

Proposition 6.3.1. Let ¢: E1 — Es be a non-zero isogeny over K.

(a) For every Q € Es, the pre-image ¢~ 1(Q) contains evactly deg ¢ distinct points. In particular,
# ker ¢ = deg ¢.

(b) The map ker ¢ — Aut(K(Ey)/¢*K(Es)), T + 75 is a group isomorphism.
(c) K(Ey) is a Galois extension of ¢* K (Es).

Proof. (a) As we are in characteristic 0, every extension is separable. As elliptic curves are smooth,
we can then use the final part of the proof of [4, I1.6.9] to prove our statement. The second
statement is just a special case, as ker ¢ = ¢~ 1(O).
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(b) Take T € ker ¢ and f € K(E>), then ¢ o 70 = ¢ and hence
Tr(¢"f) = (¢oTr)"f =" f.

In other words, 7 fixes ¢* K (F2) as automorphism of K (E;). Moreover, as 774+g = 71 o 75, the
map is a group homomorphism. From (a) we know that # ker ¢ = deg ¢ and from Galois theory,
again because we are working in characteristic 0, we know that

4 Aut(K(Ey)/ 6K (E)) < deg .

To prove that the map is an isomorphism then we are only left to prove that the map is injective.
Assume that 7 fixes the whole K (E), then for every f € K(E;) we have f = 77 f and hence,
in particular,

f(O) =77 f(0) = f(T).

As this is true for all functions of E1, including the projections on the coordinates, this implies
that T'= O, proving the statement.

(¢) From (a) and (b) it follows that

# Aut(K(E1)/¢" K (Ey)) = deg¢ =: [K(E1) : ¢*K(Ey)] ,

i.e., K(F1)/¢*K(E>) is a Galois extension.
O

Corollary 6.3.2. Let K be a field with characteristic 0. Let Eq, Eo, E3 be three elliptic curves over
a field K and ¢: By — Ey and ¥: Ey — E3 be isogenies defined over K. If ker ¢ C kerp, then there
exists an isogeny \: Ey — F3 such that ¥ = X o ¢.

Proof. By Proposition 6.3.1(c) we know that K(F;)/¢*K(FE2) is a Galois extension; by Proposi-
tion 6.3.1(b) we know that

(E1)/¢"K(Ez2)) and
(Ev)/4"K(Es)) -

As ker ¢ C ker 1), we have that every element of Aut(K (E;)/¢*K(E>)) fixes v*K(E3) too, hence

ker ¢ = Aut(

K(E
ker ¢ = Aut(K

1/)*F(E3) C (Zﬁ*F(Ez) C F(Eﬂ

Hence we have an injection ¢: 1*K (E3) — ¢* K (F3) and so, by Lemma 4.4.4(b) we know that there
exists a non-constant map \: E; — E3 such that \* = ;. This means that ¢*\*K (E3) = ¥* K (E3)
and hence * = ¢*A\* = (Ao ¢)*. From this we conclude that ) = X o ¢, as desired. We are left
to show that A is an isogeny. This is easy as ¢ and ¢ are isogenies and hence A\(O) = A(¢(O)) =
P(0) = 0. O

Let ¢: By — Es be a non-constant isogeny over K and consider the induced map ¢*: Pic® Ey —
Pic® E;. For i = 1,2 recall that we have the isomorphisms

ki: E; — Pic’ By .
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We then have the following diagram.

Ey — Pic’ By
o
K,71
E; <+ Pic" By
Our goal is to construct an isogeny from Fs to E;. Notice that if P € E; and Q := ¢(P) € Es,
then k' o ¢* 0 ka(Q) = [deg ¢](P) by 4.6.11(a). This gives us a hint to follow. Unfortunately, a
priori it is not clear that 111_1 o ¢* o ko is an isogeny. In fact, it is not even clear that it is a rational

map, as if we start with () € Es, finding a point P € E; such that ¢(P) = @ involves taking roots
of polynomials. Indeed, the situation is a bit more subtle.

Lemma 6.3.3. Let K be a field with Char K = 0, Eq, 5 two elliptic curves over K and ¢: Fy — Ey
an isogeny of degree m. Fix a Q € Ey. Then the following equality holds:

ZPfZTmP

Pep—1(Q) Teker ¢

for any P € ¢74(Q).

Proof. From 6.3.1(a) we know that ker ¢ and ¢~1(Q) both contain exactly m points, say
ker¢p = {T1 = O, To,.... Ty} |

¢_1(Q):{P1a"'7pﬂ1}:
={P +Ty,....,P +T,}.

First we prove that for every P,P’ € ¢~ 1(Q) one has mP = mP’. As ker¢ is a subgroup
of order m of E; all its elements have order dividing m. Now consider P, P’ € ¢~1(Q). Clearly
P — P’ € ker ¢ and hence mP — mP’ = O, that is, mP = mP’.

Now we show that ZPE¢,1(Q) P=3 rerery I = mP for some P € »~1(Q). Using the descriptions
above, we can rewrite the sum as

O S W
Peop—1(Q) Tecker ¢
As P; = P, + T;, the sum simplifies to m Py, proving the statement. O

Theorem 6.3.4. Let K be a field with Char K = 0. Let E1, Es be two elliptic curves over K and
¢: By — E5 a non-zero isogeny of degree m.

(a) There exists a unique isogeny ¢: Ey — Ey such that ¢ o ¢ = [m).
(b) The map b is given by the composition
By~ DivP By —2 s DVO By —= By
where

Kot Eo — Div? Ey, Q~—(Q)—(0),
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¢*: Div' Ey; = Dv' B, (Q) — (0) — ¢*(Q) — ¢*(0)
> : Div' By — B, > np(P) =Y [np|P.

Proof. (a) First we show the uniqueness. Assume there exist fi; and (Z)' such that

pop=[ml=¢0¢.

Then (¢/ — ¢) o ¢ = 0. As ¢ is non-constant, we deduce that ¢' — ¢ = 0, i.e., ¢' = ¢, as desired.

As ¢ has degree m, we know that # ker ¢ = m by 6.3.1, and all the points in it are distinct. This
means that the order of each of them divides m ad hence ker ¢ C ker[m]. By Corollary 6.3.2 we
then conclude that there exists an isogeny ¢: Es — Fj such that phio ¢ = [m)].

Let Q € E5 and denote the composition in the statement by ¢’. Notice that ¢’ clearly is an
isogeny. As we are working in characteristic 0, we know that ¢~1(Q) contains exactly m distinct
points, 6.3.1(a); the same holds also for ker ¢. Then ¢*(Q —O) = > pey-1(0) P — X rerers I bY
the definition of ¢*, see 4.6.9 and 4.6.10. But then, from Lemma 6.3.3, we obtain Y (¢*(Q—0)) =
[m] P, that is, ¢'(Q) = [m]|P. This means that ¢ satisfies the condition ¢’ o ¢ = [m], and by the
previous point we know that there is a unique isogeny with such a property, namely qAb, hence

¢ =0
O

Definition 6.3.5. If ¢: E; — FE» is a non-constant isogeny, we define the dual isogeny é: Ey — Ey
to be the one defined in Theorem 6.3.4.

If ¢ = O, then we define (;3 =0Os

Corollary 6.3.6. Let Ex denote the set of all elliptic curves over a field K. Then being isogenous
defines an equivalence relation on Ek .

Proof. The statement is true over any field, but here we prove it only in characteristic 0, using
previous result.

Es.

As the identity is an isogeny, every elliptic curve is isogenous to itself, proving reflexivity.

Let E1, E5, E3 be three elliptic curves and assume there are isogenies ¢: F1 — FEy and ¢: Fy —
Then clearly i o ¢: Fy — FEj3 is an isogeny, proving transitivity.

Finally, the existence of the dual isogeny proves the reflexivity. O

Finally, we study some properties of the dual isogeny.

Proposition 6.3.7. Let ¢: E1 — FEs be an isogeny of degree m.

(a)
(b)
(c)
(d)
(¢)

Then ¢o ¢ = [m] on Ey and ¢ o ¢ = [m] on E.

Let A: E5 — E3 be another isogeny. Then Ao ¢ = do.

o —

Let 1: By — Ey be another isogeny. Then ¢ + ¢ = ¢ + 1.

o~

For all n € Z it holds [n] = [n] and deg[n] = n?.

degngS = deg ¢.
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() 6=9.
Proof. |9, Theorem I11.6.2]. O
Corollary 6.3.8. Let Eq, E5 be two elliptic curves. The degree map
deg: Hom(F1, E2) — Z

s a positive definite quadratic form.

Before proceeding with the proof we recall the following definitions.
Definition 6.3.9. If A is an abelian group, a function

d:A—R

is a quadratic form if

e d(a) = d(—a) for every a € A and

e the pairing A x A — R defined by (a,b) — d(a + b) — d(a) — d(b) is bilinear.

A quadratic form d: A — R is positive definite if d(a) > 0 for every a € A and d(a) = 0 if and
only if a = 0.

Proof of Corollary 6.5.8. We only need to prove that the induced pairing is bilinear. Consider
a, B € Hom(FE1, E2) and set b(a, 8) := deg(a + 8) — deg(a) — deg(B) € Z. Using the injection
[]: Z — End(E1), we can consider the multiplication [b(«, )] € End(E1). Using Proposition 6.3.7
we get the following equalities,

[b(c, B)] = [deg(a + B)] — [deg(ax)] — [deg(B)]
:(a+ﬂ)o(a+6)fao&—ﬂoﬁ
—aof+ach.
From this it follows that [b(ma, )] = m(a o B + & o f) = [mb(a, f)]. As the map [] is injective, we

conclude that b(ma, 8) = mb(a, §). The linearity for the second argument is analogous. This shows
that b is bilinear, concluding the proof. O

6.4 The endomorphism ring

In this subsection we characterize the ring of endomorphisms of an elliptic curve. Let E = (C,O) be
an elliptic curve over a field K.

Definition 6.4.1. We denote by End(F) the set of endomorphisms of E, that is, the set of isogenies
¢: E— E.

Lemma 6.4.2. The set End(FE), endowed with the pointwise addition and the composition has the
structure of a ring, (End(E), +,0,0 = [0], [1]).

Proof. Exercise. O
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Remark 6.4.3. Notice that, in End(E), the addition is commutative but the multiplication does
not need to be so.

Proposition 6.4.4. The ring End(E) has characteristic 0 and no zero-divisors.

Proof. Proposition 6.2.7 tells us that Z embedds into End(E), therefore End(F) has characteristic 0.
To show that there are no zero-divisors, consider ¢, € End(F) \ {0}. From Lemma 6.2.3 we know
that deg(¢ - ) = deg(¢ o ¥) = deg(¢)deg(v)). If ¢ -1 = O then deg(¢ - ¥) = 0 and hence either
deg 1 = 0 or deg ¢ = 0, hence either v = O or ¢ = O, contradicting the initial hypothesis. O

Then recall that we have seen that if ¢ is an isogeny of F/, then there exists another isogeny gZ;,
the dual isogeny, such that ¢ o ¢ = [deg ¢] and é=¢.
Definition 6.4.5. We define the anti-involution
* End(E) = End(E) , ¢ — 6.

Remark 6.4.6. The dual map " defined anti-involution because JT\g = g - f. Moreover, and if
¢ # O, then ¢ - ¢ = [d], where d = deg ¢ > 0, see Proposition 6.3.7(a).

The endomorphism ring is very well studied, and the following result gives a very good grasp of
its structure.

Lemma 6.4.7. Let Ey, Ey be two elliptic curves. Then Hom(FE1, Es) is a free Z-module of rank at
most 4.

Proof. |9, Corollary IIL.7.5]. O

Theorem 6.4.8. The endomorphism ring End(E) of an elliptic curve E over a field K is a free
Z-module of rank at most 4. More precisely, it is one of the following types of rings:

(a) Z,
(b) an order in an imaginary quadratic extension of Q,

(¢) an order in a quaternion algebra over Q.

If Char K = 0, then End(E) can only be of type (a) or (b); if Char K > 0, then End(E) can
only be of type (b) or (c).

Proof. The first statements are [9, Corollary I11.9.4]. For the last statement, just notice that the
Frobenius is always an isogeny for an elliptic curve over a field with positive characteristic. O

The theorem above gives the motivation for the following definition.

Definition 6.4.9. Let E be an elliptic curve over a field K.
If Char K = 0 and

e End 2 Z, then F is called ordinary;

e End(E) has rank 2, then F is called singular.
If Char K > 0 and

e End(F) has rank 2, then E is called ordinary;

e End(FE) has rank 4, then F is called supersingular.
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6.5 Automorphisms of elliptic curves

Let E = (C,0) be an elliptic curve over a field K, and consider the endomorphism ring End(F).

Definition 6.5.1. We define an automorphism of E to be an invertible element of End(FE).
We denote by Aut(E) C End(F) the subset of automorphisms.

Lemma 6.5.2. The subset Aut(FE) C End(F), endowed with the composition, is a subgroup.
Proof. Trivial. O

The following theorem gives us a complete description of the structure of Aut(E) when Char K > 3
in terms of the j-invariant of E. Analogous statements hold in the remaining cases of characteristic
2 and 3.

Theorem 6.5.3. Let E be an elliptic curve over a field K, with Char K # 2,3. The following
statement holds.
Z7/27 if j(E) # 0,1728;
AwE = S Z/AZ if j(F) = 1728;
Z/6Z if j(E) = 0.

Proof. As Char K # 2,3, the curve E can be brought into very short Weierstrass form, Proposi-
tion 5.1.4. Proposition 5.3.1 tells us that the only isomorphisms of elliptic curves preserving the
Weierstrass form are of the form

o =ulx, y =udy
for some invertible element u € FX, sending the elliptic curve with coefficients a,b to the elliptic
curve with coefficients u*a, ub. Let ¢ be such an isomorphism. In order for ¢ to be an automorphism
of E, we must have that u*a = a and u®b = b.

If j(E) # 0,1728, then a,b # 0 and therefore u must be at the same time a fourth and a sixth
root of unity, hence u = +1.

If j(E) = 1728, then b = 0 and v must be a fourth root of unity. Hence we have four possible
automorphism. It is easy to see that the set of these four automorphisms with composition forms a
group isomorphic to Z/47Z.

If j(E) = 0, then ¢ = 0 and w must be a sixth root of unity. Hence we have six possible
automorphism. It is easy to see that the set of these six automorphisms with composition forms a
group isomorphic to Z/6Z. O

6.6 Velu’s formulas

Let Ei, E5 be two elliptic curves over an algebraically closed field K = K and ¢: E; — E5 an
isogeny between them. Let G := ker ¢ denote the kernel of ¢. Then G is a subgroup of E(K).

Lemma 6.6.1. The following sequence is exact.

0 —— kerp —— E1(K) —2 Bo(K) —— 0 (6.1)

In other words, Ey = Ey/(ker ¢).
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Proof. The kernel of ¢ is a subgroup of F;(K). Any non-trivial isogeny is surjective O

The above arguments shows that if two elliptic curves are isomorphic, then one is isomorphic
to a quotient of the other. In fact, also the opposite is true: if F5 = E;/G for some subgroup G
of E1(K), then it is possible to construct an isogeny E; — Eo whose kernel is exactly G. The
argument is due to Velu, and in reporting it we will follow [14, Section 12.3].

Let K be any field and fix an algebraic closure K. Let E be an elliptic curve over K, given by

the Weierstrass form (5.2):
v + arzy + asy = 2° + asx? + aux + ag (6.2)

with ay,as,as,aqs,a6 € K. Set f := 23 + asx? + ayx + ag — (y> + a12y + asy), so that E: f = 0. Let
G C E(K) be a finite subgroup of E(K).

Let Q = (zg,yq) € G C E(K) be a point inside the subgroup G, and assume @ # O = (0: 1: 0).
Define the following quantities:

f=(Q) = %(Q) = 3.%22 + 2a02¢ + a4 — a1yq ,

£(Q) = 5@ = 20— g — s

o(Q) = {fz(Q) if 20=0
C20@Q) —afy(Q) i 2Q£0

u(@) = (f4(Q))*.

Let Gy := (GN E(K)[2]) \ {O} the set of non-trivial points of order 2 inside G, and choose
R C G such that

G:={O}UGs URU-R

is a disjoint union. In other words, for every pair P, —P of non 2-torsion points of G, put exactly
one of them in R. Set S := RU G5 and define

vi= Y v(@), and wi= ) (f(Qu(Q)+u(@).

QeS QeSs
Definition 6.6.2. Define the curve E’ over K as
E: y2 + Ajxy + Ay = 2 4 Aqx® + Agx + Ag
with

Ayi=a1, Ay:=ay, Asz:=as,

Ayi=ay—5v, Ag:=as— (a3 +4dax)v—Tw .
Lemma 6.6.3. The curve E’ is an elliptic curve.

Proof. Tt is enough to prove that E’ is smooth. See [14, Lemma 12.17]. O



6.7. EXERCISES 71

Proposition 6.6.4. The map o: E — E’ defined by (x,y) — (X,Y) with
X::$+Z(UEQ) Jr( ’LL_(Q))Q)’
Qcs x rQ T rQ

oy oy tartas o ai(@—2Q) +y—yo  a1u(@) — fo(Q)fy(Q)
Y=y Q%%( (@) (x —zq)? @ (x —2q)? * (z — 2q)? )’

is an isogeny. Moreover, ker o = G.

Proof. This result is due to Vélu [13]. For a proof in a more modern language (and in english), see
[14, Theorem 12.16]. O

Corollary 6.6.5. Let E1, E> be two elliptic curves over K. Then Ey and Es are isogenous if and
only if one is isomorphic (over K) to a quotient of the other.

Proof. Tt follows immediately from Lemma 6.6.1 and Proposition 6.6.4. Any isogeny is surjective,
see Remark 6.2.2. O

6.7 Exercises

The exercises marked with * are harder; those marked with ! are important.

Exercise 6.7.1.

Show that every elliptic curve E of the form y? = 22 + a, @ # 0 has complex multiplication. Write
down all the automorphisms of E.
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Chapter 7

Elliptic curves over the complex, real,
and rational fields

In this chapter, we will focus on elliptic curves over the main fields with characteristic 0, namely
C,R, and Q.

We will first study elliptic curves over C and compare them to complex tori. In chapter 1 we
have seen that a complex tori is isomorphic to a cubic curve (in very short Weierstrass form). The
main result of §7.1 consists in showing that complex tori and elliptic curves over C are the same
thing.

It might happen that a complex elliptic curve can be actually defined by an equation with real
coefficients, that is, it is an elliptic curve. As R is not algebraically closed, the study of the set E(R)
becomes more interesting and it will be the main topic of §7.2.

The statements above hold also if we substitute R with Q. In particular, as Q is also not complete
with respect the Euclidean metric, the group E(Q) becomes even more interesting, also because of
its connection to diophantine problems. The structure of E(Q) will be the main object of §7.3.

7.1 Elliptic curves over the complex field

Let T be a complex tori. Then, by definition, T is the quotient C/A for some lattice A C C.
Theorem 1.5.15 tells us that 7" is isomorphic to the cubic curve

E(A): y? = 2% — 4gox — 1643

and Lemma 1.5.14 tells us that F(A) is smooth. Note that E(A) is already given in very short
Weierstrass form, and hence its projective closure contains the point O = (0:1:0). Hence E(A) is
an elliptic curve. So now on E(A) we have two group structures:

e the one coming from the elliptic curve structure (§5.4),
e and the one inherited by 7" using the bijection ¢ in Theorem 1.5.15.

Miraculously, these two group structures coincide.
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Theorem 7.1.1. Let A = (w1,w2) C C be a lattice of C with generators wy,wa, and let E(A) be the
curve associated to A. Then the map
¢: C/A — E(A)
2 (p(2) 1 9'(2)/2:1)
0—(0:1:00=0

s a group isomorphism.
Proof. 9, Proposition VI1.3.6(b)]. O

The above theorem shows that every complex torus is isomorphic to an elliptic curve, as Riemann
surfaces and also as groups (hence, as Lie groups). The next natural question then is whether every
elliptic curve is isomorphic to a complex torus.

Let E = (C,0) be an elliptic curve over C. Since C has characteristic 0, the curve F can be put
into a very short Weierstrass form (Proposition 5.1.4), hence write

E:y’=24azx+b
with a,b € C such that a® — 27b% # 0.

Theorem 7.1.2 (Uniformization theorem). Let a,b € C such that a® — 27b*> # 0. Then, up to
homotheties, there exists a unique lattice A C C such that g2(A) = a and g3(A) = b.

Proof. By Proposition 2.4.10 we know that, up to homotheties, there exists a unique lattice A such

that j(A) = —“=;=. Then, by definition of the j-function, it follows that

g2 (A)3 _ CLS
g2(A)3 —27g3(A)? ~ a® — 27h?

and hence there is a u € C* such that go(A) = u=%a and g3(A) = u =% (see the proof of Lemma 2.4.3
for the complete arguement). Then the lattice %A is the one required in the statement. [

Corollary 7.1.3. Let E be an elliptic curve over C. Then there exists a complex torus T isomorphic
(as group and as Riemann surface) to E.

Proof. As E is defined over C, it can be put in a very short Weierstrass form E: y? = 23 +ax + b
with a,b € C such that 4a® + 2762 # 0. Define o := —a/4, B := —b/16 and we obtain that

—4*(a® - 278%) = 4a® + 270> # 0,

hence a® — 2732 # 0. Then, from Theorem 7.1.2, it follows that there exists a lattice A (uniquely
determined up to homotheties), such that go(A) = @ and g3(A) = 8. Let T be the torus C/A. Then
Theorem 1.5.8(b) and Theorem 7.1.1 tell us that C/A is isomorphic to E(A): y? = 423 — ax — 3 as
Riemann surface and as group. By definition of «, 8, we know that E(A) is isomorphic to E, simply
using the change of variable used in (1.5.11). O

The content of this section, together with that of §1.5 and §2.1, tells us that complex lattices,
complex tori and complex elliptic curves are essentially the same thing. This statement is made
clearer by the following result.
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Theorem 7.1.4. The following categories are equivalent:
(i) (Elliptic curves over C; Isogenies of elliptic curves);
(ii) (Complex tori; Isogenies of complex tori);

(ii1) (Lattices up to homotheties; {a € C : aA; C As}).

Remark 7.1.5. The results in this section also shows that we can apply all the theory developed
for complex tori in chapters 1 and 2 to elliptic curves over C.

The results above tell us that every complex elliptic curve comes from a complex torus C/A,
but the proofs are not constructive. Then one might naturally ask, given a complex elliptic curve
E/C, is it possible to explicitly describe the lattice A such that £ = C/A? The answer is positive,
as shown below.

Let E/C be a complex elliptic curve inside the affine plane A%(z,y). As E is isomorphic to a
complex torus, its fundamental group is m(E) & m(T) 2 Z x Z. Let o, 8 € 71 (E) denote two
generators.

Definition 7.1.6 (Periods of an elliptic curve). We define the periods of E to be the quantities
dx dx

wy = — and wq = — .
a ¥ By

Theorem 7.1.7. Let E/C be a complex elliptic curve and let wy,ws be its periods. Then wi,wq € C
are linearly independent over R.

Let A := {(wy,ws) C C be the lattice they generate. Then C/A is isomorphic to E, and the
isomorphism is the one given in Theorem 1.5.15(b).

Proof. |9, Proposition VI.5.2]. O

7.2 Elliptic curves over the real field

In this section, we will always assume E to be an elliptic curve defined over R, that is, E: y? =
2% 4 ax + b with a,b € R such that 4a® + 27b? # 0. As we are working over R, it also possible to
draw a picture of the set of rational points E(R). As the picture suggests, the number of connected
components of F(R) depends on the discriminant of the curve.

Lemma 7.2.1. Let E be an elliptic curve over R with discriminant A. Let ¢ be denote the number
of connected components of E(R). Then

1 ifA<O
CcC =
2 if A>0

Moreover, the number of 2-torsion points of E(R) is

2 ifA<O

#ER)[2] = {4 ifA>0
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Figure 7.1: An elliptic curve with A > 0. Figure 7.2: An elliptic curve with A < 0.

Proof. Recall that as E is an elliptic curve, it is smooth, and hence its determinant is non-zero,
A # 0. Without loss of generality, we may and do assume that F is given in a a very short Weierstrass
form. Therefore, it is symmetric with respect the z-axis. Then the first statement follows from
Proposition 3.2.8.

To prove the second statement, recall that the non-trivial 2-torsion points are those whose
y-coordinate equal to 0. Then, again, the statement follows from Proposition 3.2.8. O

As R C C, we can nevertheless view E as a complex elliptic curve and, therefore, as a complex
torus. Let ¢ be the automorphism as in Theorem 1.5.15. Normalize Ag to the lattice A =Z 4+ 7Z
with 7 € H, see Lemma 2.4.4. Let F denote the fundamental domain of A spanned by {1,7}.

Definition 7.2.2. Let v; denote the edge of F' going from 0 to 1 and 7» the segment going from
7/2to 7/2 + 1.

Remark 7.2.3. Notice that v and 9 are two homotopic loops in C/A.
The connected components of E are related to the loops 71, ys.

Lemma 7.2.4. Let E ¢, F,7,7v1,72 be defined as above. Then

_m ifA<0,
'(/J(E(R)) B {’}/1 Ue ZfA > 0.

Moreover, if A >0, one has T € iRsg.

Proof. Notice that E(R) is the set of points fixed by the Galois action of G = Gal(C/R) on E viewed
as a complex elliptic curve. As the p function is defined over R, the pre-image ¢~ (E(R)) = ¢(E(R))
is also G-invariant. Moreover, as it is a continuous function, it preserves the number of connected
components. If z € F is in ¢(E(R)), then its conjugate satisfies Z = z mod A = (1,7). This
trivially implies that vy C A is G-invariant, so 1 C ¥(E(R)). If we write z = 2 + y7 € F with
x,y € [0,1] then Z = 2 4+ y7 and hence z =z mod A if and only if y(7 — 7) € A. Write 7 = a + bi
with a,b € R, b > 0, then it yields that 2ybi € A = Z + 77 and hence either y = 0 or y = 1/2 and
7 =bi. If y =0 we recover 7;; if y = 1/2 we recover vs.
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If A <0, then #E(R)[2] = 2 and E(R) has only one connected component, hence ¥(E(R)) = 71,
also meaning that 7 is not a multiple of 7. If A > 0, then #F(R)[2] = 4 and E(R) has two connected
components. Then the computations above show that they are exactly v, and 2, and also that
7 = bi, concluding the proof. O

Remark 7.2.5. Recall Definition 7.1.6 of the periods wy,ws of E. The loop 1 C C/A defined in
Definition 7.2.2 can be taken to be an element of the basis, say a. As v5 ~ 1, from Lemma 7.2.4 it

follows that
/‘5@_ wi  ifA<O,
E[R) Y 201 HA>0.
7.3 Elliptic curves over the rationals

In this section, let E be an elliptic curve defined over Q, that is, F: 4% = 2% + ax + b with a,b € Q
such that 4a® + 27b% # 0. We are interested in understanding the group structure of E(Q). The
first thing to notice is that and elliptic curve over Q always admits a very short Weierstrass form
with coefficients in Z.

Lemma 7.3.1. Let E/Q be an elliptic curve defined by E: y* = 23 + ax + b with a,b € Q such that
4a® + 27b% # 0. Then there exist a’',b' € Z such that E': y* = 23 + a’x + ' is isomorphic to E.
Proof. We can write a, b as rational numbers with the same denominator, say

p

r
a== and b= -,
q q

with p,7,q¢ € Z. Then E: y?> = 23 + P2 + ¢. Multiply both sides of the equation defining E by q°,
obtaining
°y? = ¢°2° + ¢°pr + °r .

{x/ = ¢’z
¥ =4y
shows that E is isomorphic to E’: y? = 2% + ¢®px + ¢r. Also notice that A(E’) = uSA(E) # 0,
hence E’ is an elliptic curve. O

Then the substitution

In studying F(Q), we start with the torsion points.
Definition 7.3.2. We denote by E(Q)ors the subgroup E(Q) formed by torsion elements:
EQ)tors :={P € E(Q) | IMm € Z: mP = O}.
An element of F(Q)tors is called a (rational) torsion point of E.
The torsion part is very well understood, as the following result by Mazur shows.

Theorem 7.3.3 (Mazur). Let E/Q be an elliptic curve. Then the torsion subgroup Eio.s(Q) is one
of the following fifteen groups:

Z/NZ 1< N <10 or N =12;
Z/2Z. x Z/2NZ 1< N <A4.

Further, each of these groups does occur as an E(Q)ors-
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Its study is also aided by the following theorem.
Theorem 7.3.4 (Lutz—Nagell). Let E be an elliptic curve over Q having Weierstrass equation
E:y’=24azx+b

with a,b € Z and such that no 12-th power of a prime divides A(E). Let P = (xp,yp) be a torsion
point of E of order m > 1. Then

1. rp,Yyp € Z;
2. ifm=2 then yp =0,
3. if m > 2 then y% divides 4a3 + 27b* = A(E).

Remark 7.3.5. The condition on A(FE) not to be divisble by any 12-th power will be explained in
§9.1.

These results, together with the reduction modulo a prime presented in Proposition 9.3.5, allow
practical computations of the torsion part of E(Q). In particular, the reduction modulo a prime is
very useful and it is also needed to prove Theorem 7.3.4. Ror this reason, the proof of the theorem
is postponed to §9.3.

Studying the points of infinite order is definitely more complicated, and here we will only state
the Mordell-Weil theorem. The proof of this theorem is not very complicated, but pretty long and
requiring some background.

Theorem 7.3.6 (Mordell-Weil). Let E/Q be an elliptic curve. Then the group E(Q) is finitely
generated.

Proof. See [9, VIIL4]. O

We will not focus on the proof of this theorem, but rather on an immediate consequence. From
Theorem 7.3 it immediately follows that

E(Q) = ZT @ E(Q)tor57
for some integer r > 0.
Definition 7.3.7. We define r to be the rank of E/Q.

At the moment of writing, there is no known algorithm to compute the rank of a given elliptic
curve. If E admits a 2-torsion point on Q, then the rank can be computed using a procedure called
2-descent. An important conjecture, due to Birch and Swinnerton—Dyer, states that the rank of
E(Q) equals the order of the L-function associated with E at 1; for the definition of the L-function
of E and the Birch—Swinnerton-Dyer conjecture, see chapter 10.
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7.4 Exercises
The exercises marked with * are harder; those marked with ! are important.
Exercise 7.4.1. Prove 5.4.5.ii), iv), and v). [Extra: do not use Proposition 5.4.7.]

Exercise 7.4.2. Let C be an elliptic curve given in Weierstrass form and let P be a point of C.
Prove the formula for the coordinates of 2P = P + P (cf. Corollary 5.4.9). Give a characterization
of the 2-torsion points.

Exercise 7.4.3. Consider the cubic curve C over Q given by
y: =23 4+ 17.

The points Py = (—2,3) and P, = (—1,4) are on the curve. Compute P; + P,. Find all the Q-torsion
points of C.

Exercise 7.4.4. Find all the Q-torsion points of the elliptic curve C: 3% = 23 — x.

Exercise 7.4.5. * Find more Q-rational solutions of the following equation:

T Y z
+ + =
y+z x+z xT+Y

(cf. Exercise 5.6.3).
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Chapter 8

Elliptic curves over finite fields

In this section we focus on elliptic curves over finite fields. We will briefly recall the basic theory
of finite fields. The main goal of the section is to state and prove the Weil conjectures for elliptic
curves.

8.1 Finite fields

For an account on this subject you might read [6, Section V.5] or [3, Chapter 12].
A finite field is simply a field with finitely many elements.

Example 8.1.1. Let p be a prime number, and define F,, as the ring obtained by taking Z/pZ with
the usual sum and multiplication. One can easily verify that I, is a field.

Example 8.1.2. Let p be a prime number and let ), be the finite field with p elements. Set ¢ = p”
be a power of p and consider an irreducible polynomial f € F,[X] of degree n. Then the field with
g = p" elements, denoted by F,, can be defined as the quotient F,[X]/(f) or, equivalently, as the
field Fp () with a a root of f.

Let K be a field (not necessarily finite). We define the characteristic of K, denoted by Char K,
to be the smallest non-negative integer n such that n-1 =0 in K.

Example 8.1.3. The fields Q, R, and C all contain the ring Z and therefore they all have
characteristic 0.

Example 8.1.4. The fields F,, and F, (cf. 8.1.1 and 8.1.2), have characteristic p.
The following result completely classifies the finite fields.

Theorem 8.1.5 (Moore, 1893). Let K be a finite field. Then K is of the form F, for some prime p
and some integer n such that g = p™.
For every prime power q there is a unique finite field of order q up to isomoprhisms.

In Fy every element satisfies the equation
X1=X. (8.1)

81
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Proof. For a proof, see [3, Theorem 12.1] or [6, Theorem V.5.2]. O

Corollary 8.1.6. The field F, contains the field Fy if and only if ¢ = p™, ¢ = p™, and m < n.

Let K be a finite field of characteristic p. We define the Frobenius automorphism of K as the
automorphism given by

P: x> P

Theorem 8.1.7. Let K be a finite field of characteristic p Let K be an algebraic closure of K. Then
the Frobenius map ® of K defines an automorphism of K. Furthermore, ® topologically generates
the Galois group Gal(K/K). For every integer n, the set of elements of K fized by ®" is a subfield
isomorphic to Fpn.

Proof. See [3, Section 12.5]. O

Remark 8.1.8. Let K be a finite field of characteristic p, and let K be an algebraic closure of K.
Then K is an infinite field of characteristic p.

8.2 Isogenies over finite fields

Let ¢ = p" be a prime power and consider the finite field F,. Then the Frobenius map Frob,: z — 27
acts as the identity on F,. Let K =, be a fixed algebraic closure of F; and let I be an elliptic
curve defined over K.

Definition 8.2.1. The Frobenius endomorphism of E is the isogeny defined by
Frob,: E(K) — E(K)
(z,y) = (29,97) .

Clearly, the map acts as the identity on the points in E(F,), but not on the others. In fact,
it is easy to see that these are exactly the points fixed by the Frobenius endomorphism, i.e.,
E(F,) = E(K)¥°Pa, This property is useful in order to count the number of points in E(F,).

Remark 8.2.2. The degree of Frob,, is p. To see this, one can use the definition of degree of a map
as the degree of the field extension it induces at the level of function fields.

The next natural question one might ask is how to determine whether two elliptic curves are
isogenous.

Theorem 8.2.3. Let E1, By be two elliptic curves over a finite field K. Then E, and Es are
1sogenous over K if and only if they have the same number of K -rational points.

Proof. The first implication is a direct consequence of [12, Theorem 1]. The reverse implication is [9,
Exercise V.5.4(b)]. O
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8.3 The Hasse bound

Let K be a finite field with ¢ = p™ elements, and let E be a cubic curve over K. As K is finite, we
know that the set E(K) of rational points is also finite. Then the next question is: can we estimate
the size of E(K), that is, the number of K-rational points of E. If E has a singular point, then the
answer only depends on the type of singularity, as shown by the following result.

Proposition 8.3.1. Let E/K be a cubic with a singularity in the point P € E(K). Let E,s(K) C
E(K) be the set of nonsingular points of E.

1. If P is a node and the slopes of the tangent lines to E at P are not defined over K, then
#E,s(K)=q—1.
2. If P is a node and the slopes of the tangent lines to E at P are defined over K, then
#Ens(K) =q+1.
3. If P is a cusp, then #FE,(K) =q.
Proof. Let A denote the set of lines defined over K passing through P. Then A 2 P} and hence
#AN = g+ 1. As P is a singular point, it has multiplicity 2; as E is a cubic, any other point
Q € E,s(K) corresponds to a line in A not tangent to F at P. Hence #F,s(K) = #Ao, where
Ao C A is the set of lines defined over K passing through P and not tangent to E.
If P is a node and the slopes of the tangent lines to F at P are not defined over K, then Ag = A
and hence #E,s(K) = ¢+ 1. If P is a node and the slopes of the tangent lines are defined over K,

then #Ag =q+1—-2=¢— 1. If P is a cusp, then P admits only one tangent line and it is defined
over K, hence #Ag = ¢+ 1 — 1 = ¢, concluding the proof. O

The answer for elliptic curves is not as easy and it depends on the elliptic curve itself. Here we
give a bound on the possible values.

Lemma 8.3.2. Let A be an abelian group and d: A — Z a positive definite quadratic form. Then
for all a,b € A,
d(a — b) - d(a) — d(b)| < 2/d(a)d(b).

L(a,b) :==d(a—b) — d(a) — d(b).
As d is quadratic, L is bilinear. As d is positive definite, then for m,n € Z

Proof. For a,b € A, let

0 < d(ma — nb) = m?d(a) + mnL(a,b) + n?d(b).
Then for m = —L(a,b) and n = 2d(a) we have
0 < d(a)[4d(a)d(b) — L(a,b)?]

If a # 0, as d is positive definite, d(a) > 0 and so 0 < 4d(a)d(b) — L(a,b)?, leading to the
statement.
If @ = 0, then d(a) = 0 and the statement is trivially true. O

Theorem 8.3.3 (Hasse bound). Let E be defined as above. Then

[#E(F,) —q—1] <24
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Proof. Choose a Weierstrass equation for E with coefficients in F, and consider the Frobenius map
Frobg: (z,y) — (29, y9).

Notice that the map above is the n-th power of the Frobenius morphism. Recall that K is an algebraic
closure of F, and let P € E(K). Then, using Theorem 8.1.7, P € E(F,) if and only if Frob,(P) = P.
Therefore E(F,) = ker(1 — Frob,) and so #E(F,) = # ker(1 — Frob,) = deg(1 — Frob,).

The degree is a quadratic form on End(F) (see Corollary 6.3.8) and the degree of ¢ is ¢ (see
Remark 8.2.2), then the result follows from Lemma 8.3.2. O

8.4 The Weil conjectures for elliptic curves

In this subsection we introduce the Weil conjectures for elliptic curves. The whole topic could be
trated in greater generality, concerning varieties of any dimension on finite fields, but that would go
beyond the scope of these notes.

Let ¢ = p" be a prime power and F, the finite field with ¢ elements. Let E/F, be an elliptic
curve and recall that for any n > 0 one can consider the points of F defined over the extension Fgn,
that is, E(Fgn).

Example 8.4.1. Consider E/F5: y?> = 2 + x + 1. Then #E(F5) = 9 and #E(Fa5) = 27.

Definition 8.4.2. If F(T) € Q[[T7] is a power series with no constant term, we define

> k
exp(F(T)) =Y F(kT!) .

k=0

Then we define the zeta function of E/F, as the power series

oo Tn
Z(E,T) :=exp (Z #E(F4n) - ) .
n=1
In 1949, Weil conjectured some important properties of this function: these are known as Weil
conjectures. Weil himself proved them for the case of curves and abelian varieties, hence for elliptic

curves in particular.

Theorem 8.4.3 (Weil conjectures for elliptic curves). Let E/F, be an elliptic curve. Then the
following statements hold.

1. Rationality:
Z(E,T)eQ(T) .

2. Factorization:

_ P(T)
Z(B.T) = B ) By(T)

with
Py(T)=1-T and Po(T)=1—4¢T

and Py (T) € Z[T].
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3. Riemann hypothesis: The polynomial P (T) € Z[T| factors over C as

P(T) = [](1 - ayT)

j=1

with |a;| = \/q.

4. Functional equation:

Z (E q%) = +Z(E,T).

In fact, for elliptic curves we know even more.
Definition 8.4.4. We define the trace of the Frobenius of F to be the integer
ag:=q+1—#E(F,).
The name ‘trace’ is justified by the following result.
Theorem 8.4.5. The following statements hold.

1. The Frobenius enodmorphism satisfies the following relation in End(E):

Frobg —aFrob, +¢=0.

2. The factor Py of Z(E,T) is
Py(T) =1—a,T+qT% = (1 —ayT)(1 — ayT) .
3. For every n > 1 we have
HE(Fy) =g +1—al —af
Proof. See [8, §V.2]. O

Remark 8.4.6. From Theorem 8.4.3 we know that a;, s are complex conjugate and have norm
V4

Remark 8.4.7. Notice that the trace of Frob, on E is exactly the quantity interested by the Hasse
bound, see Theorem 8.3.3.

8.5 Exercises

The exercises marked with * are harder; those marked with ! are important.
Exercise 8.5.1. ! Let n be a non-prime integer. Prove that the ring Z/nZ is not a field.

Exercise 8.5.2. Let E be the elliptic curve defined by y? = 23 + 2 — 1 over F5. Compute the
number of points of E over F5 and check that the Hasse bound holds. Do the same over Fo5.
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Chapter 9

L-function of an elliptic curve

In this section, we focus on elliptic curves defined over the rationals. We will study their reduction
modulo a prime and define their L-function.

9.1 Minimal Weierstrass model
Fix a prime p. Then one can consider the valuation induced by p:

vi=v,: Z — NU{oo}
0+ o0
n—e

where e is the greatest power of p dividing n, i.e., n = p®-n' with ged(p,n’) = 1. Clearly, the
valuation is multiplicative, i.e., v,(n-m) = vp(n) + vp(m), and so, by setting v,(1/p) = —1, it
extends to a valuation

vi=1v,: Q — ZU{oo}.

Example 9.1.1. Set p = 5. Then v5(5) = 1,v5(7) = 0,v5(7/25) = —2.

Let E/Q be an elliptic curve over Q. In chapter 5 we have seen that then E can be written as
the zero set of the polynomial
V=234 ar+b

for some a,b € Q and that the only changes of variables preserving this form and the field of
definition are t,: (z,y) — (u=2z,u"3y), for some u € Q*.

Lemma 9.1.2. Let E/Q be defined by y*> = 2> + ax +b and let E': y> = 23 +a'z + b be the image
of E under the substitution t,. Then o' = u'a,b’ = uSb, A’ = u'2A.

Proof. By direct computations. O

So we see that if we vary among the short Weierstrass equations of an elliptic curve, the
discriminant of the curve get scaled by the twelfth power of the parameter. This motivates the
following definition.
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Definition 9.1.3. A short Weierstrass equation for E/Q is called minimal at v, if v,(a),v,(b) >0
and v,(A) > 0 is minimal.

Corollary 9.1.4. Let E/Q be the elliptic curve given by y* = x3 + ax + b with v,(a),v,(b) > 0.
Then the following are equivalent:

1. The equation y?> = z3 + ax + b is the minimal short Weierstrass equation of E at vy;

2. vy(A) < 12;

3. vpla) < 4;

4. vp(b) < 6.
Proof. It follows immediately from Lemma 9.1.2 and the hypothesis that v,(a),v,(b) > 0. In
particular, the latter implies that v,(A) > 0. O

Proposition 9.1.5. Let p be a fized prime. Then every elliptic curve E/Q admits a minimal short
Weierstrass equation. Moreover, the minimal equation is unique up to change of coordinates t, with
u € Z such that vy(u) = 0.

Proof. Let y? = 2% 4+ ax + b with a,b € Q not both zero. If any of the two has negative valuation,
we can substitute the variables by ¢, until both a, b have positive valuation, cf. Lemma 9.1.2. By
stopping as soon as they have positive valuation, we obtain the minimal equation, cf. Corollary 9.1.4.

The second statement follows immediately from Lemma 9.1.2. O

9.2 Reduction mod p

As before, fix a prime p > 5 and let £/Q be an elliptic curve. Fix a minimal short Weierstrass
equation for F, say
E:y* =2+ azx +0.

As the equation is minimal, v,(a),v,(b) > 0. In particular, using Proposition 9.1.5, we may assume
that a,b € Z. Then we can consider the reduction modulo p:

Z— 1/(p) =Ty
n—n:=nmodp
Definition 9.2.1. We define the reduction of E mod p to be the curve E,/F, defined by
Ey: y? =23 +ax +0.
The reduction modulo p also induces a map on the sets of rational points:
E(Q) = Ep(Fp)
(x:y:2)—=(T:7:2).

Notice that the map is well defined as the point (x : y : z) can be taken with integer coordinates
and with at least one of them not divisible by p.

The main problem with the reduction modulo a prime is that the reduction of an elliptic curve
does not need to be an elliptic curve: indeed it can be singular. This motivates the following
definition.
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Definition 9.2.2. Let E/Q be an elliptic curve with a given minimal Weierstrass equation at v,,.
We say that the reduction E, is

(a) good if it is smooth (and hence E, is an elliptic curve over F,),
(b) multiplicative if E, has a node,
(c) additive if E, has a cusp.

If F has multiplicative reduction, then the reduction is said to be split if the slopes of the tangent
lines at the node are in I, otherwise it is called nonsplit.

If E has not good reduction, we say that p is a prime bad reduction for E with that given
equation; we often shorten it by saying that p is a bad prime for E.

Example 9.2.3. Consider p = 5 and the elliptic curve E: y> = 2% + 5. Then the reduction
Es: y? = 22 has a cusp, hence it is not an elliptic curve.

Example 9.2.4. Consider p = 31 and the elliptic curve E: y? = 23 + x + 1. The reduction F3; has
a node at (14,0). As 14 is a square mod 31, the prime p is a split prime.

Proposition 9.2.5. Let p > 5 be a prime and E/Q be an elliptic curve with minimal short
Weierstrass equation y? = 23 4+ ax + b with a,b € Z. Then

1. E has good reduction if and only if v,(A) = 0;
2. E has multiplicative reduction if and only if v,(A) > 0 and v,(a) = 0;
3. E has additive reduction if and only if vy(a) > 0.

Proof. Notice that the reduction E,/IF, is a cubic curve with discriminant equal to A = A mod p. As
a cubic curve is singular if and only if it has discriminant equal to 0, the first statement immediately
follows.

Now assume v,(A) > 0. As a,b are supposed to be integers, we know that v,(a),v,(b) > 0. If
vp(a) > 0 it means that E reduces to the curve y? = 23 + b with discriminant A = —16 % 27 x b2 22 0
mod p. As p > 5 it follows that b= 0 mod p and hence E: y?> = 23, the cuspidal cubic. On the
other hand, it is immediate to see that if E is the cuspidal cubic then vp(a) > 0. As a singular cubic
can only have a cusp or a node, this concludes the proof. O

Remark 9.2.6. Proposition 9.2.5 holds also for p = 2, 3 if we write E: y?> = 23 + 27ax + 54b. This
is not so interesting at this stage, as the reduction of a short Weierstrass form modulo p = 2,3 is
always singular.

9.3 Reduction and torsion points: elliptic curves over the
p-adics.

Surprisingly, the reduction modulo p gives us information about the torsion points of F/Q. In fact,
if p is of good reduction for F and m is an integer coprime with p, we will see there is an embedding
of abelian groups

E(Q)[m] — E,(Fp).
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Let E£/Q be an elliptic curve with a model over Z and let p be a prime. Denote by E the
reduction of £ modulo p. We denote by Q, the completion of Q with respect the p-adic norm, as
Q — Q,, one can naturally consider the set of points E(Q,) D E(Q).

Definition 9.3.1. We define the following subgroups of E(F,) and E(Q):
Ens(F,) := {non-singular points of E(F,)},

EO(Q:D) ={P¢€ E(Qp) : Pe EnS(Fp) }
E(Qp) :={P € E(Q,) : P= O}.

Remark 9.3.2. Clearly, if p is a prime of good reduction for E then Ey(Q,) = E(Q)).
Proposition 9.3.3. There is an exact sequence of abelian groups

0— E1(Qp) = Eo(Qp) — Ens(F,) — 0 (9.1)
where the maps are the inclusion and the reduction modulo p.
Proof. We sketch the steps of the proof; for more details see [9, Proposition VII.2.1].

e First notice that E1(Q,) C Eo(Q,), as the point at infinity is always a non-singular point for
the reduction of a cubic in Weierstrass form.

The group law on E(Q) naturally induces a group structure on the sets in the statement.

e The point above also implies that thereduction modulo p is a group homomorphism.

Let ¢ denote the inclusion F1(Q,) < Eo(Q,) and 7 the reduction Fy(Qp) — Ens(Fp). From
the first point we know that ¢ is injective. Also, by definition E;(Q)) = ker .

The surjectivity of 7 follows from the completeness of Q, and Hensel’s lemma.

It turns out that F4(Q,) is deeply related to the p-torsion points of E.

Proposition 9.3.4. Any finite order element of E1(Qp) has order a power of p. In particular, if
m € N is coprime with p, then there are no elements of order m in E1(Q)).

Proof. We only give a sketch of the strategy of the proof as in [9]. The group E4(Q,) is isomorphic
to the formal group associated with E over pZ,: see [9, Proposition VII.2.2| for a proof of this fact
and [9, §§IV.2-3| for the definition of the formal group associated with E over pZ,. Then the proof
of the statement reduces to [9, Proposition IV.3.2]. O

We are now ready to prove that the reduction modulo a prime gives information about the
torsion points.

Proposition 9.3.5. Let m € N be coprime with p and assume E/Fp is non-singular, then the
reduction map

E(Qp)[m] — E(Fy)

18 injective.
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Proof. As p is a prime of good reduction for E, the exact sequence in (9.1) becomes
0— E1(Qp) —» E(Q,) — E(F,) — 0.

Let P be an m-torsion point in E(Q,). Proposition 9.3.4 tells us that P is not E;(Q,) and hence it
is not in the kernel of the reduction map 7. Hence, 7 induces the desired injection. [

Corollary 9.3.6. Let m € N be coprime with p and assume E/Fp 1s non-singular, then the reduction
map
E(Q)[m] — E(Fy)

18 injective.
Proof. Just notice that E(Q) C E(Q,) and hence E(Q)[m] C E(Q,)[m]. O

The p-valuation also allows us to to prove another important result about torsion points: the
Lutz—Nagell theorem.

Lemma 9.3.7. Let p be a prime and E and elliptic curve over Q having short Weierstrass equation
E:y’ =24azx+b
with a,b € Z. Let P = (zp,yp) € E(Qp) be a torsion point of order m > 2. Then xp,yp € Zp.

We will only prove this result for m not a power of p. For a more general statement and the
proof also of the case m = p", see [9, Theorem VII.3.4].

Proof. Recall that v, denotes the p-adic valuation. If v,(zp) and v,(yp) are both non-negative then
there is nothing to prove.
If v(zp) > 0 then

2vp(yP) = vp(y?)) = vp(f?D +arp +b) > min{?’vp(xP)a vp(a) + Up(xP)a'Up(b)} >0

as a,b,xp € Zy, as desired.
So assume v,(xp) < 0. Then it follows that

20, (yp) = v (y3) = 0p(@h + awp +b) > min{3u, (wp), v,(a) + vp(p), v,(b)}

As vy (xzp) < 0 while vy(a),v,(b) > 0, then min{3v,(zp), vp(a) + vp(xp), vp(b)} = 3v,(xp) and the
inequality above is in fact an equality, hence

2up(yp) = 3vp(zp) = —65 < 0.

This means that v,(zp),v,(yp) < 0 and hence P = O, yielding P € E;(Q,). If m is not a power of
p, then the statement follows from Proposition 9.3.4. For m = p", see [9, Theorem VII.3.4(b)]. O

We are now ready to prove Theorem 7.3.4. For the reader’s convenience we recall the statement
here, using the terminology introduced in thic chapter.

Theorem 9.3.8 (Lutz—Nagell). Let p be a prime and E and elliptic curve over Q having minimal
Weierstrass equation
E:y?=24azx+b

with a,b € Z. Let P = (zp,yp) be a torsion point of E of order m > 1. Then
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1. Tp,yp € Z;
2. if m =2 then yp =0,
3. if m > 2 then y% divides 4a® + 270> = —A(E)/16.

Proof.  (2) This is just the classification of 2-torsion points of elliptic curves given in short Weier-
strass form, see Corollary 5.4.9.

(1) We prove that zp,yp € Z. First assume m = 2. Then yp = 0 from point (2). This implies
that xp is the rational solution of a monic polynomial with integral coeflicients and hence it
is an integer (Gauss’ lemma). Assume then m > 2. For every prime p one can view P as an
element of E(Q,)[m]. Then Lemma 9.3.7 tells us that zp,yp € Z,. As this is true for every
prime, it follows that zp,yp € Z, proving the statement.

(3) By assumption m # 2 and hence yp # 0 and 2P = (z2p,y2p) # O is a non-trivial torsion
point. From point (1) we then have xp,yp, zop € Z. The duplication formula Corollary 5.4.9
tells us that

p(zp)

dp(xp)

To2p =
with
¢(x) =a* — 2a2° — 8bz +a® and Y(z) =2+ ax+b.
Set f(z) := 322 4 4a and g(z) = 32® — bax — 27b. Then the following equality holds:

40P + 2767 = f(a)o() — gla)i(a)

¢(zp)

10zp) Ve obtain

Substituting = with zp and recalling that y2 = ¥ (xp) and xap =

4a® + 270* = yp(4wap f(zp) — g(xp)) -

As all the quantities involved are integers, the statement follows.

9.4 The L-series

Let E/Q be an elliptic curve, and assume p is a prime of good reduction. Then the reduction E, of
E modulo p is also an elliptic curve and we can consider its zeta function. Thanks to theorems 8.4.3
and 8.4.5 we can write it explicitly:

L,(T)
Z(B,,T)= ——2=/
Ep ) = Gy (11
where
L,(T)=1~-a,T + pT?
and

ap =p+1—H#E,(F,).

We can extend the definition of L, as follows.
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Definition 9.4.1. Let E/Q be an elliptic curve and p € Z a prime of bad reduction for F, then

1—T if FE has split multiplicative reduction at p,
L,(T):=<1+4T if FE has nonsplit multiplicative reduction at p,
1 if F has additive reduction at p.

These definitions are motivated by Proposition 8.3.1. Indeed, we have the following result.
Corollary 9.4.2. Let E/Q be an elliptic curve and p any prime. Then
Ly(1/p) = #Epns(Fp)/p .

Proof. First assume that p is of good reduction. Then E, is smooth and #E, ,s(F,) = #E,(Fp).
This yields:

a 1 #E,(F,)
L,(1/p)=1— L4 - =12 P
»(1/p) i »
If p is of bad reduction, then £, is either split multiplicative, nonsplit multiplicative, or additive.
The result then follows from Proposition 8.3.1. O

Definition 9.4.3. We define the L-series of E/Q as the product

Theorem 9.4.4. The L-series converges and gives an analytic function to the whole complex plane.

Proof. Tt is possible to prove that the L-series converges and gives an analytic function for R(s) > 3/2,
by using that |a,| < 2,/p.

The full statement was first proven by Deuring and Weil for elliptic curves with complex
multiplication.

Eichler and Shimura proved it for modular K3 surfaces. Hence, in light of the modularity theorem
by Wiles, it followed that the result holds for all elliptic curves. O]

Lemma 9.4.5. Let E be an elliptic curve over Q, then its L-function has the following series
expansion:

n

LE(S) — Z an(f)

with a1(E) =1, a,(E) = a, for every prime of good reduction p, and a,(E) = %1 for every prime
of bad reduction. The other coefficients a,(E) are determined by the coefficients a, for p prime
dividing n.

Proof. By definition, Lg(s) := Hp ﬁ. Let p be a prime of good reduction, then the factor

L,(p™*) equals 1 — a, T + pT? with T = p~*, again by definition. We write the Taylor expansion of
1/L,(T) at 0:

S S S S :iw
1—a,T+ pT? P p — pre
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with a,(E) = ap. Analogously, if p is a prime of multiplicative reduction one can consider the Taylor
series of 1/(1 £7T) at 0, with T' = p~*, getting

VLy(T)=1FT+T*+5T%+...=>"

Then we can write

OoaprE > nr
o= I Y2P)( I 5

p good reduction r=0 p p bad reduction r=0

As every integer n € N can be factored n = p* - - - p&m in a unique way, the statement follows. O

9.5 The modularity theorem

The L-series of an elliptic curve plays a crucial role in relating elliptic curves and modular forms.

Definition 9.5.1. Let E/Q be an elliptic curve. We define the conductor of E to be the integer
N = prp
P

where
0 if £ has good reduction at p,

fri=9q1 if £ has multiplicative reduction at p,
246, if E has additive reduction at p.

For p # 2,3 we have d, = 0. For p = 2,3 the quantity J, can be determined using the Ogg-Saito
formula.

Theorem 9.5.2 (Ogg—Saito formula). Let E/Q be an elliptic curve and p a prime. Choose a
minimal model of E at p and let A, denote its discriminant. Then

fo = vp(Ap) +1—my,
where my, is the number of irreducible components of the desingularization Ep of the reduction E,.

Remark 9.5.3. The quantity m, basically keeps track of the blow-ups needed to resolve the
singularity of E, in case p = 2,3 is of multiplicative reduction. This number can be determined by
computing discriminant and j-invariant of E, see [8, Table 15.1].

Theorem 9.5.4 (Modularity). Let E/Q be an elliptic curve. Then there exists a cusp form
f € 8:(To(N))

f(q) = Z bqu y 4= e27riz )
k=1
where N is the conductor of E, such that
by, = a,

for every prime p of good reduction for E.
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9.6 Exercises

The exercises marked with * are harder; those marked with ! are important.

Exercise 9.6.1. Show that any elliptic curve £//Q admits a minimal short Weierstrass equation
defined over Z.

Exercise 9.6.2. Rewrite Proposition 9.2.5 using the Legendre equation of E.

Exercise 9.6.3. Show that the subsets defined in Definition 9.3.1 are indeed subgroups.
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Chapter 10

The Birch—Swinnerton-Dyer
conjecture

In §9.4 we have introduced the L-function of an elliptic curve defined over Q. It is conjectured, and
partially proven, that the L-function of an elliptic curve is related to the rank of the curve. The
conjecture was first stated by Birch and Swinnerton-Dyer, the mathematicians it is named after.
This conjecture is in the list of the seven Millennium Problems by the Clay institute.

10.1 The statement

The original statement (over Q) is very easy to state.

Conjecture 10.1.1 (Birch-Swinnerton-Dyer (BSD)). Let E be an elliptic curve over Q and let r
denote the rank of E(Q). Let Lg(s) denote the L-function of E. Then Lg(s) has a zero of order r
at s =1.

The conjecture has been checked numerically for many elliptic curves. It has also been proven
that

e if F has complex multiplication and r > 0, then Lg(1) = 0;
o if Lp(s)# 1 then r = 0;
o if Lg(1l) =0 and L;(1) # 0 then r = 1.

There is also a stronger version of the BSD conjecture, relating the value of Ly at s = 1 and
some other important values of E.

10.2 The invariant differential and the real period

Let E be an elliptic curve over Q described by the minimal short Weierstrass equation 32 = 23 4-az+b
(see §9.1).

97
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Definition 10.2.1. We define the invariant differential of E to be the 1-differential form

_dz

OJEZ—@

Lemma 10.2.2. Let E and wg be defined as above. Then

wg = _dy
ET 32244
Proof. As y? = 23 + ax + b it follows that
dz® +ax+b) y* dy?)dy dy
372 — = .z _ B pa
vta dx dx dy dx ydac
hence
dy dic W
3224+a 2y g

O

Remark 10.2.3. The adjective ‘invariant’ is earned as the differential is invariant under translation
by an element of E.

Proposition 10.2.4. Let E and wg be defined as above. Then wg is holomorphic and non-vanishing,
i.e., div(wg) = 0.

Proof. By direct computations. Show that if P € E'\ {O} then it cannot be a pole nor a zero for
wg. Then do the same for O using an affine chart containing it. O

Now consider the real points of E, that is F(R). We can then integrate wg over E(R), getting
the following quantity

E(R)
Let eg(R) denote the number of connected components of E(R): then

1 ifA(E) <O,
GE(R)_{z if A(E)>0.

If the equation defining F is minimal, then 2Qg/eg(R) is the real period of E.

Remark 10.2.5. If we view E as an elliptic curve over C, then F corresponds to a complex torus
C/A, where A C C is a lattice, see chapter 1. The real period of E is then defined as the smallest
positive element 74 in A N R. In fact, one can write A = ™ Z + 757 for some 75 € C such that
$(11/72) > 0. So, in particular, Qg = eg(R)71/2. The real period can be effectively computed in
practice. For more information about the periods of an elliptic curve see §1.5.
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10.3 The Shafarevich—Tate group

Let E be an elliptic curve over Q and let ¢ € End(E) be an isogeny. Denote the kernel of ¢ by
E[¢] := ker ¢. As non-constant maps between curves are surjective over algebraically closed fields,
we have the following short exact sequence.

¢

0 E[¢)] E E 0

Let G = Gal(Q/Q) be the absolute Galois group of Q. Then, by taking the G-invariant part of the
above short exact sequence and then considering the Galois cohomology, we get the following exact
sequence.

0 —— E(Q)[¢] —— E(Q) —*— E(Q) ol

(10.2)

[» HY(G, EB[¢]) —— H'(G,E) —2~ H'(G,E)

Let p be a prime or p = oo and consider the completion Q, and its algebraic closure @p. Let
G, = Gal(Q,/Q,) the absolute Galois group of Q,. We can then consider E over Q, and proceed
with the Galois cohomology, obtaining a short exact sequence analogous to (10.2). In this way we
define H'(G,, E).

As for every p the group G, can be embedded into G, considering also the natural embedding
Q — Qp, we get a map

HY(G,E) - [[H'(G), B) . (10.3)
P
Definition 10.3.1. We define the Shafarevich-Tate group of E over Q, denoted by III(F/Q), as
the kernel of (10.3).

Remark 10.3.2. Equivalently, HI(E/Q) can be defined as the intersection
(ker {H'(G,E) = H'(G,, E)} .
P

Remark 10.3.3. Given an elliptic curve E over Q, the group III(F/Q) is very difficult to compute.
In general, it is not even known, only conjectured, that it is finite.

10.4 Heights and the regulator

Let E be an elliptic curve over Q. In this subsection we will construct a pairing for the points of

E(Q).
First consider an embedding of F inside P2. Let P = (xp : yp : zp) € E(Q) C P? be a point
with integer coordinates zp,yp, zp € Z.

Definition 10.4.1. We define the height of P to be
H(P) := max{|zpl, [ypr| |zp|} -
We define its logarithmic height to be
h(P):=logH(P) .
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Remark 10.4.2. As xp,yp,zp are integers not all equal to 0, it follows that h(P) > 0 for all
P e E(Q).

An analogous construction of A works on projective spaces of any dimension and it can be
generalized to any algebraic extension of Q.

Let f € K(FE) be a function of E, i.e., f defines a map f: E — P! sending a point P to (1 : 0) if
P is a pole and to (f(P) : 1) otherwise.

Definition 10.4.3. We define the height on E relative to f to be
hy: E(Q) = R, hy(P):=h(f(P)).

Let f € K(E) be a nonconstant even function on E and, for P € F(Q) and N € N consider the
quantity
47 Nh(2VP) .

This quantity clearly depends on f, but letting N run to infinity it becomes independent of it.

Lemma 10.4.4. The limit

1 : —N N

exists and it is independent of f.
Proof. |9, Proposition VIIL.9.1]. O

Definition 10.4.5. Let f € K(F) be a nonconstant even function. We define the canonical (or
Néron—Tate) height on E/Q, denoted by h, to be the function

h: E(@Q) —R, P~

. —Np (9N

Consider then the pairing,

(+, ) B(QxE@Q) =R, (P,Q):=h(P+Q)—h(P)-h(Q). (10.4)

Theorem 10.4.6. The canonical height h is quadratic and the pairing in (10.4) is bilinear. Moreover,
it extends to a positive definite quadratic form on the real vector space E(Q) x R 2 R".

Proof. See [9, Theorem VIII.9.3] and [9, Proposition VIII.9.6]. O

Mordell-Weil theorem tells us that E(Q) is finitely generated and hence E(Q)/Eios(Q) is
a free abelian group, that is, it is isomorphic to Z" for some r. Let Py,... P, be generators of

E(Q)/Etors (Q)

Definition 10.4.7. We define the ellliptic requlator of E/Q, denoted by Rg /g to be
RE/Q = det (<R, Pj>>1§i,j§r .

We set Rp/q:=1ifr=0.

Remark 10.4.8. Notice that Rp /g does not depend on the choice of the generators of £(Q)/ Eiors(Q).
Moreover, Theorem 10.4.6 implies that Rp /g > 0.
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10.5 The fudge factors

Let E be an elliptic curve over Q and let p be a prime. In §9.3 we defined the following subgroups
of E(Q):

Epns(Fp) := {non-singular points of E(F,)},
Eg(Qp) :=={P € E(Qp) : P € En(Fp)},
E1(Qp) :={PcE(Q,) : P=0}.

—~

One can then consider the quotient E(Q,)/Eo(Q,). A very deep result by Kodaira and Néron
implies that E(Q,)/Eo(Q,) is finite. In fact more is true.

Corollary 10.5.1. The quotient E(Q,)/Eo(Q,) is finite.
If E has split multiplicative reduction at p, then E(Q,)/Eo(Qp) is cyclic of order —ord,(j(E)).
In all the other cases it has order at most 4.

Proof. See [9, Corollary C15.2.1]. O
Definition 10.5.2. We define the fudge factor of E/Q at p as the order

E(Qy)
Eo(Qp)

cp = #

10.6 The strong BSD

We now have all the elements to state the strong version of the Birch-Swinnerton-Dyer conjecture.

Conjecture 10.6.1 (Strong BSD). Let E be an elliptic curve over Q with rank r. Then the following

equality holds:
oy L) 2"Q#U(E/QR(E/Q) [, ¢p
s—1 (S — 1)r o #Etors((@)2 .
Remark 10.6.2. As the number of points is invariant under isogenies, also the L-series is invariant

under isogenies and hence so is limg_,q éf (151 This implies that also the quantity

2"Q#I(E/Q)R(E/Q)[], cp
#Etors(Q)2

is invariant under isogenies, although none of the elements involved is invariant. The invariance was
proved by Cassels.
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Chapter 11

The 2-Selmer group

In this section we will define the Selmer group of an elliptic curve E over Q, we will see its properties
and how to use it to get information about the rank of E(Q).

11.1 Definition using Galois cohomology

Let FE be an elliptic curve over Q and let [2] € End(F) be the isogeny given by the multiplication by
2. As non-constant maps between curves are surjective over algebraically closed fields, we have the
following short exact sequence.

0 E[2] E—25E 0

Let G := Gal(Q/Q) be the absolute Galois group. As in §10.3 we consider the long exact sequence
involving the Galois cohomology groups.

0 —— E(Q)2] ——— E(Q) —2— E(Q) 76

(11.1)

[» HY(G,E[2])) — HY(G,E) —— H'(G,E)
From the above sequence we obtain the following short exact sequence.
0 — E(Q)/2E(Q) —— HY(G, E[2])) — HY(G,E)[2] — 0

As in the case for the Shafarevich group, for every place p (finite or infinite) we consider the
p-adic completion Q,, and the absolute Galois group G, := Gal(Q,/Q,) — G. Then we can repeat
the whole argument over @, as above, getting the following morphism of short exact sequences.

0 — E(Q)/2E(Q) — HYG,E]2])) —— HYG,E)[2] —— 0

| | |

0 —— I, B(Q,)/2B(Q,) —— II, H'(Gyp. E[2]) — [I, H'(Gp, E)[2] — 0

103
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Definition 11.1.1. We define the 2-Selmer group of E/Q to be the kernel S?)(E/Q) of the map
HY(G,E2) = [[ H' (G, E)[2] .
p

Theorem 11.1.2. Let E be an elliptic curve over Q. The 2-Selmer group S@(E/Q) is a finite
elementary abelian 2-group and it sits in the following short exact sequence.

0 — B(Q)/2E(Q) — SP(E/Q) — LL(E/Q)[2] —— 0 (11.2)

Proof. See [9, Theorem X.4.2]. O

Remark 11.1.3. As opposed to the Tate-Shafarevich group, the 2-Selmer group is actually
computable in practice. Theorem 11.1.2 tells us that S (E/Q) is isomorphic to (Z/27Z)*, for some
s € N, and that E(Q)/2E(Q) — S@(E/Q). As E(Q) = Fios(Q) @ Z", Mazur’s theorem yields

BE(Q)/2E(Q) = (Z/22)"*,

where d is the number of non-trivial 2-torsion elements in F(Q)[2], hence d = 0,1, 3. Then it follows
r+d < s. As d is easy to compute, we get the following upper bound for the rank of E:

r<s—d. (11.3)

In the next subsections, we will try to give an idea of how to compute it.

11.2 Homogeneous spaces

The first approach to compute the 2-Selmer group is geometric. Let E be an elliptic curve over Q.
Definition 11.2.1. An homogeneous space for E/Q is a smooth curve C'/Q with a morphism
u:CxE—=C
such that
(i) u(p,0) = O for every p € C,
(i) w(p(p, P),Q) = u(p, P+ Q) for every p € C and P,Q € E,
(iii) for every p,q € C there exists a unique P € F such that u(p, P) = gq.
The properties above motivate the notation p + P := u(p, P) € C.

Remark 11.2.2. In other words, C' is a smooth curve endowed with a simply transitive group
action of F. From this, it immediately follows that C' is isomorphic to E as curve, i.e., C' is a genus
1 curve. Given a point py € C, then we have an isomorphism

E—=C, P~py+ P

which is defined over Q(pg), meaning the field extension of Q obtained adjoining the coordinates
of po. In particular, C/Q is a twist of E/Q, i.e., C is isomorphic to E over Q. Recall that,
by Proposition 6.2.14, every twist of an elliptic curve is the composition of an isogeny with a
translation.
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Remark 11.2.3. Using the last property, one can define a ‘subtraction’ between points of C, which
takes value in E. In this way we get that using the + and — notation provides the right intuition.

Let HS(E) denote the set of all homogeneous spaces of E.

Definition 11.2.4. Let (C/Q, u), (C'/Q, 1) be two homogeneous spaces of E/Q. We say that they
are equivalent, denoted by (C/Q, u) ~ (C'/Q, 1) if there is an isomorphism 8: C' — C’ compatible
with the E-group action, that is, for every pe C,P € E

6(p+P)=06(p)+ P.
Notice that E € HS(E).

Definition 11.2.5. We call the Weil-Chdtelet group for E/Q the quotient HS(E/Q)/ ~, denoted
by WC(E/Q). Given a homogeneous space C' € HS(E/Q), we denote by {C'} its class in WC(E/Q).

It is possible to define an operation on WC(E).

Lemma 11.2.6. Let Cy,Cy € HS(FE) be two homogeneous spaces. Then, up to ~, there is a uniquely
determined C3 € HS(E) and a morphism ¢: C1 x Cy — C3 such that

¢(p1 + P1,p2 + P2) = ¢(p1,p2) + PL + P .

Proof. |9, Exercise 10.2(a),(b)]. O

Using Lemma 11.2.6 we can then define an operation in WC(E).

Definition 11.2.7. Let C1,C5,C3 be as in Lemma 11.2.6. We define the sum {C;} + {C2} to be
{Cs}.

Proposition 11.2.8. The set WC(E/Q) with the sum defined in Definition 11.2.7 is a group with
{E} as the neutral element. Moreover, it is isomorphic to H'(G, E) via the map sending the class
{C} to the cocycle {o — p§ — po}, where py is any point of C.

Proof. |9, Theorem X.3.6] and [9, Exercise 10.2(c)]. O

Corollary 11.2.9. {C} ={F} < C(Q) # 0.

The two results above allow us to view S(®(E/Q) as the kernel of the map

HY(G,E[2)) » [T WC(E/Q,)[2] -

From here, we start to see that the non-trivial elements of S(?)(E/Q) are related to covers of E that
have points everywhere locally but not over Q. From Equation 11.2 it also follows that III(E/Q)[2]
S@(E/Q)
E(Q)/2E(Q)
III(E/Q) correspond to the covers of E for which the local-global principle fails.

is isomorphic to the quotient and so we can see how the non-trivial 2-torsion elements of
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11.3 Covering spaces

In this subsection we re-introduce the homogeneous spaces in the case as 2-covering spaces. Let
E/Q be an elliptic curve and consider the isogeny [2]: E — F given by the multiplication by 2. Let

Q/Q be a twist of E, that is, C is isomorphic to E over Q. Let §: C' — E be the isomorphism over
Q.
Definition 11.3.1. We say that C/Q is a 2-covering of E/Q if there is a map v over Q such that

for every p € C one has v(p) = 26(p). In other words, the following diagram commutes.

C
[N
E-—25E
Definition 11.3.2. Let (C1,61,v1), (Ca,02,12) be two 2-coverings of E. We say that C; and Cy

are equivalent if there is a birational map ¢: C; — Cs over Q such that the following diagram
commutes:

o o,
|o ex
E-—"5E
where 7p: P +— P + T is the translation by a 2-torsion point T € E[2].

Lemma 11.3.3. A 2-covering of E/Q correspond to an element of HS(E/Q). Its class in WC(E/Q)
has order 2. The converse also holds.

Proof. See [1] or exercise. O
From this it follows that the set of 2-coverings of E forms a group, namely WC(E/Q)[2].

Lemma 11.3.4. Every non-trivial element of WC(E/Q)[2] can be written as the class of
C:y? =art + b2 +ca® +de +e
with a,b,c,d, e € Q.

Definition 11.3.5. Let C/Q be a curve given by C: y? = az* + ba® + ca? + dx + e. We define the
following quantities for C:

I :=12ae — 3bd + %,

J = T2ace + 9bed — 27ad® — 27eb® — 263 .
Lemma 11.3.6. Let C/Q be a curve given by C: y*> = ax* + bx® + cx® +dx +e. Then C is a
2-covering of E: y* = 23 — 271z — 27.J.

Let C' be another 2-covering of E. Then C ~ C" if and only if I' = NI and J' = X8J for some
A e Q.

Given these results, in order to compute S?(E/Q) for an elliptic curve E: y? = 2° + Az + B we
have to perform the following steps:
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1. find all the degree-4 polynomials g(z) € Q[x] such that I = A and J = B; for each such g(z),
consider the 2-covering of E given by C': y? = g(z);
2. reduce the list by taking only one C for equivalence class;
3. discard the coverings C' for which there is place p such that C(Q,) = 0;

4. from the remaining coverings, discard those who have a point over Q (as they again yield the
trivial covering)

See [1, Theorem 1]. For an implementation see [2, Section IIL.6].
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Chapter 12

Double covers of the line

In this section we present elliptic curves as double covers of the projective line ramified above four
points. This approach has the advantage of introducing the Legendre equation and the j-invariant
of an Elliptic curve in a more natural way.

12.1 The cross-ratio

In this subsection we will mostly follow [7, §2.3|. Let 21, 22, 23, 24 € C be pairwise distinct points.

Definition 12.1.1. We define the cross-ratio of the 4-tuple (21, 22, 23, 24) € C* of pairiwse distinct
points as the quantity
21 — k3 22 — 23 (21 - 23)(22 - Z4)

(21, 223 23, 24) 1= 21—2Z4 Za— 2 - (21— 24)(22 — 23)

Using the embedding C — I%, z+ (1:z), one can extend the definition of the cross-ratio to
four pairwise distinct points z; = (a; : b;) € IF’}C.

Definition 12.1.2. We define the cross-ratio of the 4-tuple (21, 22, 23, 24) € (PL)* as the quantity

(21, 22; 23, 24) 1= %13][24]

PR Pl
4)p3 <

where
L a; aj
[ij] := det (bi bj) .
Remark 12.1.3. Notice that if z; = co = (0 : 1), then

(21, 225 23, 24) = ((0: 1), (1: b2); (1 : b3), (1: ba)) = Zz : Zi

From this we deduce that the cross-ratio of three pairwise distinct points in C C P and oo € P{ is
just the ratio obtained from Definition 12.1.1 deleting the terms in which oo appears.

109
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Example 12.1.4. The cross-ratio of the points 1,2,3,4 € P! is
-2 -1 4

R 1
The cross-ratio of the points 1,2,3,00 € P! is

—2
— =2
—1

One can further extend the definition of the cross-ratio for 4-tuple of points in P{ such that no
three of them are equal.

Definition 12.1.5. Let U C (P)?* be the set of 4-tuples of points such that no three of the points
are equal. Then we define the cross-ratio as above.

(—-):U—Pg
Lemma 12.1.6. The cross-ratio (—; —): U — P{ is surjective.

Proof. For every z € P&\ {0,1,00} we have that (0,00;2,1) = z.
Moreover

(CL,CL;23,2’4) = (aaa; ba b) = (Z],Zg;b,b) =1
(a,z2;0a,24) = (a,b;a,b) = (21,b;23,0) =0

(a,22; 23,a) = (a,b;b,a) = (21,b;b, 24) = 00,
O

B

6) be an element in PGLsy, then it sends the point

The group PGLy acts on Py: let g = <:

z=(a:b) € P! to the point

Y =g-z:= (3 g) ((g) = (aa + Bb: ya + 6b).

Remark 12.1.7. An element of PGL(C) viewed as an automorphism of P is also called a Mébius
transformation.

Proposition 12.1.8. The group PGLy(C) acts sharply S-transitively on P, i.e., for any triple of
pairwise distinct points z1, z2, 23 € PL and x1,x2, x5 € PL there is exactly one element g € PGL2(C)
such that g - x; = z; fori=1,2,3.

Proof. Notice that it is enough to consider (x1,z2,23) = (0,00,1). Let v1,v2,v3 € C? be three
vectors representing zi, zs, 23, respectively. As the points z1, 29, z3 are pairwise distinct, the vectors
v1, U2, v3 are pairwise linearly independent so we can write vg = Avy + pvo for some A\, u € C*. We
can then define an automorphism of C? by sending the standard basis (e1, e2) = ((1,0), (0,1)) to
(Av1, pog). Denote this automorphism by v € GL2(C) and notice that - (e; + e2) = v3. Let g := [v]
its image in PGLy(C) and notice that

g-x1=g-0=[ly] = 2,
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9'582:9'002[#@2]222,

g-x3=g-1=[ 1+ pvg] = z3,

proving the statement. O

The action of PGLy on Py diagonally induces an action on (P;)*. One might then wonder how
is the cross-ratio affected by this action. It turns out that the cross-ratio is invariant, as shown by
the following result.

Proposition 12.1.9. The cross-ratio (—; —): U — PL is invariant under the action of PGLy(C)
on U C (PL)%.

Proof. For i =1,2,3,4, consider the point z; = (a; : b;) € P! and take g € PGLy. Let 2/ = (a/ : b))
denote g - z;. Then

a d O s i Qs
[ ) — . 1 J — . ? J
det <b; b;) = det <g <bi bj)) det g - det (bi bj> :

From this it immediately follows that
(21, 22; 23, 24) = (21, 23; 23, 24).-
O

In Proposition 12.1.8 we have seen that PGLy acts 3-transitively on P'. The cross ratio is useful
to see when two 4-tuples of pairwise distinct points lie in the same orbit in (P!)%.

Proposition 12.1.10. Let x1, %2, 23,24 and 21, 2o, 23, 24 be two 4-tuples of pairwise distinct points
in PG. Then there is a Mdobius transformation g € PGLo(C) sending z; to x; fori=1,2,3,4 if and
only if

(21,2253, 14) = (21, 225 23, 24)-

If this is the case, then g is unique.

Proof. As before, it is enough to consider (x1,z2,23,24) = (21,1,0,00), with ;7 € C. Then,
by Proposition 12.1.8, there is a unique transformation g € PGLy(C) sending z; to z; for i = 2,3, 4.
It is easy to see that g is the transformation defined by:

Z — 23 R — 24

gz )
Z— 24 29 — Z3
Then
21 T R3%22 — 24
9(21) = = (21,22;273724)
Z1 — R4 R2 — 23
and z1 = (21,1,0,00) = (21, 22,23, 24), proving the statement. O

Corollary 12.1.11. Let (21, 22, 23, 24) be a 4-tuple of pairwise distinct points and let X denote its
cross-ratio. Then there exists an element of PGLy sending (21, 22, 23, 24) to (A, 1,0, 00).

Proof. Notice that (21, 29; 23, 24) = (X, 1;0,00). Then the statement follows directly from Proposi-
tion 12.1.10. O



112 CHAPTER 12. DOUBLE COVERS OF THE LINE
Let 21, 20, 23, 24 be four pairwise distinct points of P!. Then the permutation group S, acts on
them by changing the order and one might ask how this action affects their cross-ratio.

Proposition 12.1.12. Let 21, 29, 23, 24 be four pairwise distinct points of P! and let Sy act on them
by permutation. Let \ := (z1, 20; 23, 24) € P! denote their cross-ratio. Then:

e the cycles 1,(12)(34), (13)(24), (14)(23) act trivially on A;
o the cycles (12) and (34) send X to §;

o the cycles (14) and (23) send A to 1 — A;

o the cycles (13), (24), and (1234) send X to 25 ;
o the cycle (123) sends A to 23L;

o the cycle (132) sends X to 175

The orbit of A under the action of Sy is

1 A 1 )\—1}
{/\’X’l_)\’A—l’l—)\’ A

Proof. By direct computations. O

Notice that the stabilizer of A is the group given by 1, (12)(34), (13)(24), (14)(23), i.e., the Klein
group V.
Proposition 12.1.12 means that there is an action of S; on P!, that is, a group homomorphism

X: S4 — PGLy(C). (12.1)

Moreover, the kernel of y is the group given by 1,(12)(34), (13)(24), (14)(23), i.e., the Klein
group V.

Remark 12.1.13. As the quotient Sy/V} is isomorphic to Sz, the map x induces an action of S
on PGL,4. Moreover, the group S5 is given the classes of the elements

{1, (12),(23), (13), (123), (132)}.

Alternatively, one can write S3 as the following subgroup of GLy(Z):

(G000 GG )G )]
0 1/°’\1 o/°\0 1/°\1 -1/’\-1 1/°\1 0/)"

Let P'/S; denote the quotient of P! modulo the action of Sy given by Y, then we have the
following corollary.

Corollary 12.1.14. The map
(——): (PHY* DU = P/S,,

given by composing the cross-ratio with the projection P! — P*/S,, is invariant under the action of
PGL2 XS4 on (]P)l)4.
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12.2 The j-function

In §12.1 we have seen that the permutations of four elements induce an action of S3 = S;/V, on P!
via the cross-ratio. Generically, we have seen that the orbit of A has length six:

1 A 1 A-1
{A’X71_A’A—1’1—x A }

Nevertheless, some (non-trivial) elements of S3 admit fixed points, making the orbits of these points
shorter.

Lemma 12.2.1. The non-trivial permutations in S = S4/Vy have the following fized points:

(12): 1, —-1;

1
23) : =
( ) (X)7 27
(13) : 0, 2;

(123), (132): Go, G =Co=C5 '
where (g = LQ‘/g is the primitive sixth root of unity.
These eight points are grouped into three orbits:

{0,1,00}, {-1,1/2,2}, {G., Y-

Proof. By direct computations using Proposition 12.1.12. For example, we compute the fixed points
of (12). We know that (12) sends A to 1/, hence its fixed points are the solutions to the equation

A=1/)
i.e., A =+£1. All the other statements are proven in a similar way. O

The action of S3 on P! induces an action of S3 on C(\), by simply sending an element f(\)
to f(g(N\)), for g € S3. Then it is interesting to find out what are the elements of C(\) that are
invariant under this action, that is, we want to compute C(\)%. Clearly the polynomial

(x—)\)~(x—%)~(x—(1—)\))-<m—)\%>~(x—$>-(x—%) (12.2)

is invariant under Ss. It is easy to show that this polynomial is equal to the palyndromic polynomial
28 — 32% — Azt + B3 — Az? — 3z + 1,

with (A2 At 1y (A2 A1y
—A+1 —A+1
7)\2()\_1)2 —6 and B—2-7)\20\_1)2 —

This motivates the following definition.

A= 7.

Definition 12.2.2 (Klein). The j-function is the function j: P! — P! defined by sending A to

(A2 —A+1)3

J(A) =2%- o1
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Theorem 12.2.3. C()\)% = C(j).
Proof. By construction, we know that j(\) is S3-invariant, hence
C(j) € CV)* < C(N).

We are left to show that the reverse inclusion holds.
On the one hand, C(\)/C()\)®* is a Galois extension of degree 6 and with Galois group Ss; on
the other hand, \ satisfies the following algebraic relation of degree 6 over C(j):

28 (A= A+ 1) - N2\ —-1)2
Because of the inclusion chain above, the statement follows. O]

One can finally consider the composition of the cross-ratio with the j-function.

Theorem 12.2.4. The map
(PY DU = P, (21,22, 23,21) — j((21, 22} 23, 24))

1s invariant under the action of PGLgy xSy on U.
The fiber above t # oo consists of exactly one orbit.
The fiber above co consists of two orbits: the orbit of (0,0, 1,00) and the orbit of (0,0, 00,00).

Proof. By Proposition 12.1.9, the cross-ratio is invariant under the action PGLs on U; by Theo-
rem 12.2.3 the j-function is invariant under the action of Sy, recalling that S3 = S4/Vj and Vj acts
as the identity on the cross-ratio, cf. Proposition 12.1.12. This proves the first statement.

Let (21, 22, 23, 24), (21, T2, 3, 74) € U be two 4-tuples sent to t # oo. If t # oo, then j71(t) €
P\ {0,1,00}. This means that (21, xo; 73, 24), (21, 22; 23, 24) € P1\{0, 1,00} and so, the two 4-tuples
are of pairwise distinct points (cf. Exercise 1). As they are sent to the same j-invariant, their
cross-ratios are in the same S3-orbit. This means that, up to the action of S3, we may assume that

($17$2;$3;I4) = (2172:2;23724)-

By Proposition 12.1.10 we know that two 4-tuples of pairwise distinct points have the same cross-ratio
if and only if they are in the same PGLs-orbit, proving the second statement.

Finally, consider a 4-tuple (z1, 22, 23,24) sent to co. As j~!(c0) = {0,1,00}, we know that
(21, 22; 23,24) € {0,1,00}. This implies that at least on point is repeated. If only one point is
repeated, using the action of PGLs XS4 we may assume that the 4-tuple is (0,0,1,00) and let O
denote its orbit. If two points are repeated, then we may assume that the 4-tuple is (0,0, oo, 00)
and let @’ denote its orbit. Hence the fiber over co is the union FF = O U O’. O

12.3 Elliptic curves as double covers of the projective line

In this subsection, we introduce the elliptic curves as covers of the projective line P! ramified above
four distinct points.

Definition 12.3.1. We define an elliptic curve to be the double cover of P! ramified above four
pairwise distinct points.

Let E, E' be the elliptic curves given as double covers of P! ramified above the points 21, 29, 23, 24
and 2z}, 2}, 24, 2} respectively. We say that E and E’ are isomorphic if (21, 22, 23, 24) and (21, 25, 25, 2})
are in the same PGLg X S4-orbit.
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Proposition 12.3.2. FEvery elliptic curve is isomorphic to the projective closure of the plane curve
defined by
v =x(r —1)(z — \)

for some A € C\ {0,1}.
In particular, if E is the double cover of P! ramified above 21,22, 23, 24, then X\ = (21, 22; 23, 24).

Proof. Let E be an elliptic curve as defined in Definition 12.3.1. Then E is the double cover of P*
ramified above four points, say z1, 2, 23, 24 € P'. By Corollary 12.1.11, there is an element of PGLy
sending z1, 22, 23, 24 to A, 1,0, 00, with A = (21, 29; 23, 24). As the four points are pairwise distinct,
A € C\ {0,1}. The double cover of P! ramified above ), 1,0, 00 can be written as the projective
curve

E:Y*Z=X(X-2)(X -)2),
and the projection
n: E — P!
(z:y: )= (x:1)=x
(0:1:0)—(1:0) = 0.

As the point (0:1:0) is the only point with Z = 0, the map is well defined. It is easy to see that
the map is generically 2-to-1 except above the points A, 1,0, co, proving the statement. O

Remark 12.3.3. The equation y? = z(z — 1)(z — \) is called the Legendre equation of the elliptic
curve E. See also Remark 5.2.4.

Using the j-function defined in §12.2, we can define the j-invariant of an elliptic curve. Indeed,
if E is an elliptic curve, then E can be written as E: y? = z(z — 1)(z — \).

Definition 12.3.4. We define the j-invariant of E: y? = z(z — 1)(z — \) as the quantity

on s (A=A +1)?
J(E) = QS-W

Remark 12.3.5. We can also define the discriminant of E as
A(E) = 16A*(\ — 1)2.
Theorem 12.3.6. Two elliptic curves are isomorphic if and only if they have the same j-invariant.

Proof. Let E and E’ be the elliptic curves given as double covers of P! ramified above the points
21, 22, 73, z4 and 21, 2, 24, 2 respectively. This means that we can write

E:y?=xz(x—1)(x—\) and E": y* = z(z — 1)(z — \)

where A and X are the cross-ratios of 21, za, 23, 24 and 2, 2}, 24, 2 respectively.
Assume that F and E’ are isomorphic, i.e., there is an element of PGLy x Sy sending 21, 22, 23, 24
to 24,25, 25, z4. This means that

1 A 1 A—1
Y {/\, S 1 , }
SV AT T Ty S
i.e.,, X is in the Sy-orbit of A. As the j-function is Sy-invariant, it follows that j(E) = j(E').
Now assume j(E) = j(E). As the the four points are pairwise distinct, j(E) = j'(E) =t # oo,
and hence the two 4-tuples are in the same orbit of PGLy xSy, cf. Theorem 12.2.4. O
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12.4 From the Legendre to the Weierstrass equation

Let E be an elliptic curve given as the double cover of P! ramified above four pairwise distinct
points 21, 22, 23, 24 € P1. Above we have seen that we can always assume that the four points are
the points A, 1,0, 00, with A = (21, 22; 23, 24). Then F can be expressed as the curve defined by the
equation
E:y? =a(x—1)(z—)\),

called the Legendre equation of E (cf. Remark 12.3.3). Nevertheless, in §5.1 we have seen that every
elliptic curve can be also written as the curve defined by a cubic equation in Weiertrass form. In this
subsection we see how to pass from the Legendre equation to the Weierstrass one, and vice-versa.

Proposition 12.4.1. Consider the elliptic curve E: y* = x(x —1)(xz — \). Then E has the following
Weierstrass equation:
y? =23+ ax + b,

where

a__)\2—>\+1 andb__2)\3—3)\2—3/\+2
- 3 - 27 '

Conversely, if E is given by the Weierstrass equation y?> = 3 + ax + b, then it admits the

following Legendre equation:
v =x(z—1)(z — \),

where A = (a1, az; ag,00) and a1, az, as are the complex roots of x® + ax + b= 0.

Example 12.4.2. To pass from the Legendre form to the Weierstrass one, just consider the
transformation

then the statement follows.
Conversely, just notice that the E : y?> = 2® + ax + b = (z — a1) (2 — a2)(z — a3) is the double
cover of P! ramified above o, s, a3, 00. Then the statement follows from Proposition 12.3.2.

Remark 12.4.3. It is easy to see that the definition of A(FE) and j(E) for the Weierstrass equation
and the Legendre equation match if we pass from one to another.

12.5 Exercises

1. Show that if (21, 22, 23, 24) € (PL)* are pairwise distinct, then the cross-ratio (z1, 22; 23, 24) € P&
is different from 0, 1, co.

Show that the points A, B,C, D and A’, B’,C’, D’ in Figure 12.1 have the same cross-ratio.
Compute the Legendre form of the double cover of P! ramified above the points {1,2,3,4} C P!,
Compute the following values of the j-function as defined in Definition 12.2.2: 5(0), j(1),5(—1), j(c0), 7((6)-

Give an example of two isomorphic elliptic curves with different Legendre form.

I A

Given an elliptic curve in its Legendre form, transform it into a short Weierstrass form.
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Figure 12.1
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