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Preface

This book was developed from the notes for a one semester introductory course on
elliptic curves. The theory of elliptic curves has a long history (even the name “elliptic
curves” was chosen for historical reasons, the actual relation with ellipses is tenuous
at best). Today it appears in many different contexts, some of which are far removed
from the origins of the subject. Its long history, as well as the current interest in
elliptic curves, makes it very difficult to find material to present in an introduction
that has not already been covered in other sources. These notes make no pretension
of doing that. For a one semester course one must however make a careful and
limited choice. The choice made for this course was dictated to a large extent by
the heterogeneous nature of the audience. This audience consisted on the one hand
of mathematics students, at various stages of their education, but generally with a
number theoretic interest, and on the other hand of computer science students interested
in the cryptographic aspects of elliptic curves. This led me from the beginning to
assume as little background knowledge as possible while at the same time limiting the
background material given in the course. For instance, I define the notion of analytic
and meromorphic functions and prove the maximal principle, but I only mention
without proof some basic results on uniform convergence of holomorphic functions.
The basic idea was to give the audience an appreciation of how difficult the applicable
results are, while not necessarily proving all of them. Similarly, no knowledge of
algebraic geometry was assumed.

No matter the reason for being interested in elliptic curves, knowledge of basic
analytic methods is indispensable. Consequently we start by discussing some of the
analytic aspects of elliptic curves. We roughly follow the historical development,
starting with elliptic integrals and Euler’s addition theorem, then turning to elliptic
functions where the power of the analytic methods is demonstrated when we prove the
fundamental formulas for the Weierstrass g-function. Preparing for a more algebraic
approach we give a short introduction to the projective plane. Then we discuss equiv-
alences between elliptic curves and lattices, leading up to the j-function and its in-
carnation as both a rational expression in the coefficients of the equation defining the
elliptic curve and as an analytic function in the lattice (also defining the elliptic curve).

We then turn to some more specialised subjects reflecting the interests of the
audience described above. To prepare for a student presentation of Schoof’s algorithm
for counting the number of points on an elliptic curve, we went through the basic
properties of the division polynomials. We then finished with some additional number
theoretical aspects; curves with complex multiplication and the use of modular forms
for proving Jacobi’s formula for the number of representations of a positive integer as
a sum of four squares.

At several points we need to do some reasonably complicated numerical or alge-
braic calculations. It can be argued that one should avoid such a situation as it obscures
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what is going on. In most cases these situations are indeed avoidable but at the cost of
having to develop more theory. (Note however that in a few cases the calculations seem
unavoidable, even using more high powered machinery. The calculations of Subsec-
tion 11.1.1 is one such example.) Within the confines of a one semester course this is
not however possible. I have chosen the middle road of leaving the heavy calculations
to the Mathematica computer algebra system. A Mathematica notebook containing
these calculations is available http://www.math.su.se/~teke/undervisning/Elliptisk.nb
and the computations can be performed by the reader using Mathematica, but the
notebook can also be viewed using the freely available MathReader program (which
can be downloaded from http://www.wolfram.com).


http://www.math.su.se/~teke/undervisning/Elliptisk.nb
http://www.wolfram.com
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1

Elliptic integrals

As is well known, integrals involving only rational functions in a single variable can
always be explicitly integrated: One makes a partial fraction decomposition of the
function, all summands of which are directly integrable except those of the form
a(x —r)~'; they give rise instead to logarithmic terms. However, one quite often
wants to integrate more complicated functions. One class of such examples is when the
integrand is a rational function in the variable x and in /1 — xZ2. There is a well-known
trigonometric substitution which allows for the solution of all such integrals. We shall
however indicate an alternative (and one could say more systematic) approach. What
we want is first to think of the square root of 1 —x? as defining a function y(x) which is
characterised (up to a sign) by y> = 1 —x2. Now we forget that we made y a function
of x and instead think of this as a subset of R? which more symmetrically is defined
by the equation x% + y? = 1, i.e., the circle. Then we find a nice parametrisation of
the circle in the following way: We pick a fixed point on the circle (we choose to pick
(—1, 0)) and then draw a line with slope k through the fixed point. This line intersects
the circle in two points and the fixed point is one of them, so that we get a unique
other intersection point. We map the slope k to that point (cf. Fig. 1). Conversely,

(x,y)

(=1.0)

Figure 1. Parametrising the circle.

for a point on the curve we map it to the slope of the line through the fixed point and
this point. There are some minor problems with this; on the one hand a line can also
have slope equal to co, on the other hand the variable point can be equal to the fixed
point and then there is not a unique line through the two points. We shall ignore those
problems (at least for the moment).
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It is easy to find actual formulas for the map from k to the point. We have the
system of equations

2hyl=1,
y=k(x+1).

If we use the second to eliminate y from the first we get
(kK> 4+ Dx>+2k*x + k> =1 =0.

This is of degree 2 in x but we know one root already, namely x = —1, and if we divide
out by it we get a first degree equation which we can solve. There is however a (slightly)
faster way. We know that if & and g are the roots of ax® +bx +c, thena+ 8 = —b/a
(Exercise). This gives x — 1 = —2k%/(k*> + 1), i.e, x = (1 —k?)/(1 + k?). Then
we substitute this value into the equation for the line and we get y = 2k/(1 +k?) and

hence the map is
11—k 2k
k> [ ——, —— ).
1+k%" 14 k>

The inverse map is given by the slope of the line which gives

Yy
X, y) > ——.
(. ) x+1
What happens for infinite slope and the point (—1,0) is clarified in the following
exercise.

Exercise 1. (i) Show that when k — =00, then (x, y) tends to (—1, 0).
(i) Show that when (x, y) — (—1, 0) along the circle, then k — +oo0.

This means that if we have an integrand which is a rational function in x and
+/1 — x2, then we may make the coordinate transformation x = (1 — k%) /(1 + k%)
and then the integrand is transformed into a rational function in k¥ which we know may
be integrated.

Exercise 2. Show that if & and 8 are the roots of ax? + bx + ¢, theno + g = —b/a.

We may perform this integration not just over a real interval but also over any path
in the complex domain. For that we need to recall a few facts about path integration.
When integrating over a path (in the plane say), the integrand is an expression of the
form f(x, y)dx + g(x, y)dy and it can be integrated along a parametrised curve y
which by definition is a continuous and piecewise differentiable' function C: [a, b] —
R2. The integral of f(x, y)dx + g(x, y) dy along y is then defined to be

b
fcf(x,y)dx +g(x,y)dy i=/ (f @), yO)x' (1) + g(x(1), y(1)y' (1)) dt,

1I.e., [a, b] is covered by a finite number of intervals such that C is differentiable on each of them.
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where C(¢) = (x(¢), y(¢)) when C is differentiable; in general one defines it as the
sum over intervals over which it is differentiable. We want to have a formalism that
gives various relations between expressions of the form f(x, y) dx + g(x, y)dy. All
these relations should have the property that if two expressions are equal, according
to the rules we shall introduce, then their integrals along any curve will be equal. To
take care of coordinate changes, but also in more general situations, we introduce and
interpret expressions of the form f(x, y) dg, where g is a rational function in x and y,
and define

dgx@®. yH)

b
y{f(x,wdg 1=/ S x(@), y(@)) p
C a !

It is clear that we may expand d(g(x(¢), y(¢)))/dt using the chain rule; it is equally
clear that the resulting expression can be expressed in terms of partial derivatives of
g with respect to x and y and x’(¢) and y’(¢). The relations for this type of expression
that we now introduce model this expansion:

o The expressions are finite sums ) ; f; dg; where f; and g; are rational functions
in x and y. These expressions are called 1-forms in x and y.

* Multiplication of such expressions by rational functions in x and y fulfil the
obvious distributivity and associativity relations.”

d)r =0for A e C.

d(f + g) = df + dg for rational functions f and g.

d(fg) = f dg + gdf for rational functions f and g.

The following set of exercises verifies that these relations are sound as well as
complete (in the sense that by using them one can reduce any expression to the form
fdx+gdy).

Exercise 3. Show that if two forms can be made equal by using a sequence of these
relations, then their integrals along any curve are equal.

Exercise 4. (i) Show that d(1/f) = —1/f2 df for any rational function f using only
these relations.
(i) Show that df (x, y) = f{(x,y)dx + fy(x, y) dy using only these relations.
(iii) Show that using only these relations, any 1-form can be brought into the form
fQx, y)dx +g(x, y)dy.

The following exercise gives an analogue of the chain rule.

Exercise 5. Show (using only these relations) that if f(x, y), g(x, y) and h(x, y) are
rational functions, then dh(f (x, y), g(x, y)) = h'.(f, g) df + h’y(f, g)dg.

2Technically they form a vector space over the field of rational functions.
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Having set up our formalism we only need one more observation to be able to
continue: There is no reason to assume that C is real valued; we may just as well
assume that it is complex valued instead, i.e., amap C: [a, b] — C2,

If we go back to our original problem we may now try to integrate a rational
function in x and +/1 — x2 along a curve in the complex plane. There is however a
problem in that it is less clear what we are to mean by the square root. In the real
case there is not much of a problem; only square roots of positive reals are acceptable
and then one may choose the positive square root. In the complex case there really
is no overall consistent choice. One solution is to make the square root part of the
choice. In this way, in order to deal with for instance v/ 1 — x2, our path should make
a choice not just of a complex number x but also of a square root of 1 — x2. In this
way the path becomes exactly a map C': [a, b] — C? such that x2(r) + yz(t) =1,
where C (1) = (x (1), y(1)).

Example 1. Consider the integral ¢ dx/~/1 — x? which we should write as ¢ dx/y.
Making the coordinate transformation (x, y) = ((1 — k?)/(1 + k2), 2k/(1 + k%)) we

get
1— k2 4k
dx = — | dk = ————
' (1+k2> 1+ 122

4k

T (k)2 2
dx/y=¢ —LE gr—¢ — = _ar,
fcx/y 7§C 2% 7§ 1+ k2

1+k2

and

where C'(t) = y(t)/(x(t) + 1).

Exercise 6. Integrate ., —H%

integration of §. dx/v/1 — x.

This need for choosing a square root is not very serious as the following result
attests.

dk directly and compare the result with the direct

Proposition 1.1. Let C: [a, b] — C* be a continuous map and fix a zo such that
z(z) = C(a). Then there is a unique map D: [a, b] — C* such that D(a) = zo and
D2(t) = C(t) fort € [a, b].

Proof. The unicity is made clear by considering two candidates D and D, and
then putting E(f) := Di(t)/Da(t). Then we have that E2(t) = D3(1)/D3(t) =
C(t)/C(t) = 1 and thus that E(t) = 1. As E also is continuous and is defined on
an interval it must be constant, but by assumption E(a) = 1. For the existence we let
r be the supremum of all s € [a, b] for which such a D exists. By uniqueness there is
such a map on [a, r] and if » = b we are finished. If not we choose an open interval
I around r lying in [a, b] for which |D(¢) — D(r)| < |D(r)| for all ¢ in 1. Now there
is a continuous square root z > /z in the disc |z — 1| < 1 for which J1=1.1t
can for instance be defined by the Taylor series for /1 + ¢ which converges when
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|| < 1. We then define a function Dy on I by D1 (t) = D(r)»/C(t)/C(r). Again by
uniqueness it coincides with D on the left of r, and hence we get an extension of D
beyond r. m|

Note that for this result it is important that the curve does not pass through the
origin; if it does then uniqueness is not necessarily true as can be seen, for instance, for
Cz(t) = 1 —t onthe interval [0, 2] and C(0) = 1 (cf. Fig. 2). Note also that we could

i

—i

Figure 2. Square root bifurcation.

consider the more general integrand f (x, y) dx+g(x, y) dy. However we are working
under the constraint that x2 + y2 = 1, and hence for any curve ¢ — (x(¢), y(t)) we
have x2(r) + yz(t) = 1. If we differentiate we get 2x(¢)x'(¢) + 2y(¢)y’(t) = 0 which
in terms of the differentials means that 2x dx + 2y dy = 0. This implies that we can
eliminate dy if we want. This computation is part of a more general principle. If we
constrain the curve C: [a, b] — C? to lie in a subset of C2, we often get relations
between differentials. As we just saw this is true if we constrain the curve to lie in the
subset x>+ y? = 1; we may then introduce the relation 2x dx 42y dy = 0. The direct
recipe for obtaining this relation is that one applies d to the relation: x + y? = 1
gives d(x + y%) = d1,but d1 = 0 and d(x* + y?) = 2x dx + 2y dy. In general one
can say that if the constraint is a polynomial relation p(x, y) = 0, then one introduces
the relation dp = 0.

In particular the same kind of reduction that was used above works for the square
root of any quadratic polynomial in x. We shall now continue with what was his-
torically the first example that went beyond square roots of quadratic polynomials,
namely square roots of degree 3 and 4 polynomials. In fact the first such integral was

the lemniscate integral
f’ dt
0 V1—1%

which appears when one tries to compute the arc length of the lemniscate.> We shall
however consider only degree 3 polynomials (one may actually freely pass between
degree 3 and 4 polynomials). We may of course always make coordinate changes
in x and thus by “completing the cube” we may assume that the polynomial has the
form x> + ax + b for some a and b. If this polynomial is divisible by a non-constant
square, we may move such a square out of the square root sign. This leaves us with

3Those points for which the product of the distances to two fixed points is fixed.
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the square root of a linear function which is very simple to handle. We therefore
assume that x> + ax + b does not have any multiple roots. The problem would now
be that of an integration involving rational functions in x and ~/x3 + ax + b. By the
discussion above we should rather think of our polynomial as a rational function in
x and y where x and y are subject to the condition y?> = x> 4+ ax + b. We shall,
for reasons that will not be immediately apparent, restrict ourselves to the integrand
dx/y. By way of preliminary motivation for this choice we can point to the analogy
with the function x> 4+ y? = 1 where integrating dx/y gives us arcsin(x). In any case
the integral of dx/y along a curve is called an elliptic integral.* If we try to use the
way we handled the case of x> + y? = 1 as a model, we immediately run into the
problem that a line will generally intersect the set of solutions to y> = x> 4+ ax + b in
three points. Hence we do not get a parametrisation by looking at all the lines through
a fixed point. Using the same idea we do however get something, namely the addition
law for elliptic integrals, as we shall see now. The idea is to start with two points in
C? both fulfilling the equation y> = x3 + ax + b and then to construct a third by
taking the line through these two points and taking the third intersection point of this
line with the set of solutions to y> = x3 4+ ax + b. Let us start by deriving a formula
for this third intersection point. Let one point have coordinates (r, s) and the other
coordinates (u, v). We seek the third intersection point whose coordinates we call

(x, y) (cf. Fig. 3).

(x, ¥)

' (u, v)

Figure 3. Three points of intersection.

4As they appear when one is trying to compute the arc length of an ellipse.
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We get the following system of equations for x and y:

y2=x3+ax+b,
v—ys§

y—s5= (x —r).

u-—r

We use the second equation to eliminate y in the first and get the equation

3 [v—s 2 ; (w—s5)? ,
x°— (x—r) +s) +lower order terms = x ——x+ lower order terms.
U—x (u—r)

Now, if «, B, y are the roots (counted with multiplicity) of X —cex?4+dx—e=0,
then @ + B 4+ ¥ = c, and thus, as the equation is true for all intersection points, we
have

(v—s)°

w—r)?

This relation gives rise to a relation among differentials provided we also take into
account that we have a relation for the two pairs. That is, our points fulfil the relations

U+x—+r=

v2=u3+au+b, (L
s> =r*+ar+0b, '
yielding, according to the recipe for constraining relations,
2vdv = (3u® + a)du,
2sds = (3r2 +a)dr.
If we combine the above relations we obtain
-5 (v — ) v—s§ (v — s)2
du+dx+dr=2——dv—-2——=du+2 ds —2 dr

( —r)? (—r)? (u —r)? (—r)?
:2l<( —r)3u +a —v—i—s)du

w—r)3
v—s§ 3r2+a
+ 2—(u T ((u —r) SV v —i—s) dr,

which gives

1 v—s 3u?+a
=;<2m<(u—r) 70 —v—l—s)—l)du

1 v—s§ 3r2+a
+ - (2(u B (( —r) s —v—i—s) — l)dr.
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‘We now want to show that

1 v—3s 3u?+a 1
;(2@((“-") 2 —U+S)—1>——;

1 v—s 3r2+a 1
(= (w5t ) 1) ==

The proof of these relations must of course use the relations (1.1) as well as the
expansion for y:

and

v—s v—s v—s\?
x—r)+s= (( ) —u—r—r).
u—r u—r u—r

Verifying the relations above using (1.1) and the expansion for y is now a completely
mechanical as well as thoroughly unenlightening process which (in my opinion at least)
is best relegated to a computer algebra system.> We shall only make the following
remark. Using the relations (1.1) we can reduce any rational function in r, s to the
form f(r) + g(r)s, where f and g are rational functions in . Similarly, any rational
functioninr, s, u, v can be reduced to the form f (r, u)+g(r, u)s+h(r, u)v+k(r, u)sv.
It is this reduction that can be performed mechanically and then all the coefficients f,
g, h, and k are identically zero.
In any case admitting these relations gives us the relation

y=

dx du dr
y v S

-0, (1.2)

which is due to Euler.® We shall now use it for the intended purpose, namely to give a
relation between integrals. We therefore assume that we have two curves C: [a, b] —
X and D: [a, b] — X, where X := {(x,y) € C? | y> = x> + ax + b). Introducing
names for the coordinates of C and D by C(¢) = (r(¢), s(t)) and D(¢) = (u(t), v(t)),
we then define E: [a, b] — X by E(¢) = (x(¢), y(¢)), where

(v —s()\*
x(t)—(m) —u(t) —s(),

_ v(t) — s(t)
YO = =rw

(letus for the moment ignore the possibility that u(#) may be equal to (¢)). Then things
are arranged exactly so that . dx/y = fb r'(t)/st)de, §dx/y = fab u'(t)/v(t) dt,

a

(x(@) = r(0) +s(1)

and fE dx/y = fab x'(t)/y(t) dt, where we, somewhat confusingly, have used x and y

5 A Mathematica notebook that performs these calculations can be obtained via
http://www.math.su.se/~teke/undervisning/Elliptisk.nb.
61eonhard Euler, 1707-1783


http://www.math.su.se/~teke/undervisning/Elliptisk.nb

1 Elliptic integrals 9

as the name for the two coordinates in the f ’s, but used different names for them in
the expansion of the path integrals as ordinary integrals. It then turns out that Euler’s
relation gives a relation between these integrals:

Proposition 1.2 (“Addition formula”). Ifthe paths C, D, and E are defined as above,
then we have
dx dx dx
—+P —+¢P —=0.
E Y DYy cy

Proof. We may assume that C and D are differentiable (and not just piecewise so).
Euler’s formula (1.2) then has as consequence that

r'@y u'(ty  x'(1)
sty v@) - oy@)

and integrating this relation immediately gives the desired formula. o
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Elliptic curves

There are two problems with our proof of the addition formula. The first one is that
possibly the denominator of dx /y could become zero, which would seem to make the
integral undefined. This can be solved by noticing that we have the relation

2ydy = (B3x> +a)dx

and hence that
dx ) dy

y  3x244’

allowing us to replace the integrand dx/y by 2dy/(3x? + a) (possibly only on a part
of the interval of integration), which means that the integral is well defined except at
points where both y = 0 and 3x>+a = 0. However, y = 0implies that x> +ax+b = 0
and 3x2 + a is the derivative of this polynomial, so that if both quantities were zero,
the polynomial would have a multiple root, which has been explicitly excluded.

The other problem seems to be more complicated: We could possibly have that
x(t) is undefined because u(t) = r(t). We shall solve this problem by introducing
a “point at infinity”. It is often useful to introduce such a notion, and for the plane
there are in fact several possibilities; one could for instance be interested in keeping
track of in which direction one proceeds “to infinity”. When we are thinking of the
plane as the set of complex numbers, the most common case of interest is however
to introduce a single point at infinity. The reason is that the complex number x tends
towards infinity exactly when 1/x tends towards 0, and there is usually little reason
to distinguish between the different directions in which one tends to zero.

We therefore postulate the existence of a point oo which is not a complex number
and denote by C = C U {00} the extended complex plane. We then extend the function
x > 1/x to C by defining 1/0 = oo and 1/00 = 0. This allows us to transfer all
questions involving co to questions involving 0. We say for instance that x; — 0o
if 1/x; — 0. One way of visualising the extended plane is through stereographic
projection. Consider the unit sphere (points with distance 1 from the origin) in R? and
for any point on it different from (0, 0, 1) draw a line through the point and (0, 0, 1)
and map the point to the intersection of this line with the xy-plane (cf. Fig. 4). This
gives a bijection between the plane and the sphere minus (0, 0, 1), and a point in the
plane tends towards oo precisely when the corresponding point on the sphere tends
towards (0, 0, 1). Hence C can naturally be identified with the 2-dimensional sphere.

C is often called the Riemann sphere.!

1Georg Friedrich Bernhard Riemann, 18261866
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Figure 4. Stereographic projection of the sphere.

Exercise 7. Extend the usual multiplication and addition of C to partially defined
operations on C such that if z € C and w € C \ {0}, then oo + z = 00, woo = oo,
w/oo = 0, and w/0 = co. Let (¢ %) be an invertible 2 x 2-matrix (with complex

entries) and define the Mébius transformations by z +— ‘C‘ZZIS Show that with the

extended operations the Mdbius transformations are well-defined maps from C to
itself. Also show that they are invertible and that the inverse and compositions of
Mobius transformations are again Mobius transformations.

We shall now apply this philosophy to the equation y> = x3 + ax + b and its
set of solutions X := {(x,y) € C? | y?> = x> + ax + b}. We regard a point (x, y)
fulfilling this equation as being mainly determined by x since y takes on at most two
values for a given x. We now want to see what happens to the situation when x tends
to co. According to our recipe we should do this by considering the equation with x
replaced by 1/x for x close to but not equal to zero. This gives y?> = x> +ax~! +b
which may be written as (x%y)? = bx* +ax? + x. We may then make the substitution
z = x2y giving the equation z> = bx* 4+ ax> + x. This is almost of the same type
as the original equation, with the exception that the polynomial in x is (usually) of
degree 4. This turns out not to matter very much? and more interesting is the fact that
the polynomial bx* + ax3 + x has a zero at x so that there is only one possible z for
x = 0. The situation we have is the following:

We can cover the Riemann sphere by C = C\ {oo}and C\ {0}. The mapx — 1/x
maps one to the other and in particular their intersection to itself. This intersection
is just C* := C \ {0} and the map is of course still x — 1/x. We can describe the
situation by saying that we get C by taking two copies of C and gluing them together
along C* in each copy by using the map x — 1/x.

21t is, however, not immediately clear what the analogue of Euler’s relation should be.
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We can do the same for X. We consider on the one hand X and on the other hand
Y = {(x,2) € C? | 22 = bx* 4+ ax® + x}. Take X' C X defined by the condition
that x # 0 and similarly Y’ C Y, also defined by x # 0. We then have a bijection
X' — Y’ given by (x, y) — (1/x, x%y) and we may glue X and Y together along X’
and Y’ using this map. Let us denote the result by X. This is what we shall come to
call an elliptic curve. Just as C consists of C and one extra point, the complement of
X in X consists of a single point. Note that this depends on the fact that we started
with a cubic polynomial. Had we started with y> = ax* + bx3 + cx? + dx + e, then
the equation on the other part of the curve becomes z> = ex* + dx> 4+ cx?> + bx +a
and if a # 0O there will be two values of z corresponding to x = 0 (on the Y-part).
We may now try to integrate dx/y along a path C: [a,b] — X in X and not
justin X. We first have to handle what it should mean for the path to be continuous
and piecewise differentiable. This is however easy. Simply require that [a, b] can
be covered with subintervals such that C maps each subinterval into X or ¥ and the
restriction of C to any of them should be continuous and piecewise differentiable as
maps into X, ¥ c C2. What happens then with dx/y in ¥? Well, we should express
initt = 1/x and z;
dx d(1/t) dt
y 1727 z

and hence it integrates in the same way (up to the sign) as dx/y does. Hence, there is
in fact no problem with one of the paths going through co.

2.1 The shape of elliptic curves

When considering a path in X it is easiest to think of it as a path C in C together with
a continuous choice of square root of x> 4+ ax + b at each x = C(¢). This description
is particularly relevant because of Proposition 1.1 which tells us that as long as we
keep away from oo and the roots of x> 4 ax + b, then the square root along the path is
determined by its value at any one point. However it becomes somewhat complicated
to keep track of the choice of square root. One may in particular ask what happens
for a path that avoids oo and the roots of x> + ax + b and returns to its starting point.
The choice of square root at the end point may be the same or different from that at
the starting point. If we could decide which case occurs we can also decide when
two paths starting and ending at the same point and starting with the same square root
ends with the same square root, since one can simply go forwards by one of them and
then return by going backwards with the other. It turns out that quite often the result
is largely independent of the curve. To make this precise we start with a definition.

Definition 2.1. Let U < C be an open subset. Two paths C: [a,b] — U and
D: [a,b] — U with the same end points (i.e., C(a) = D(a) and C(b) = D(b))
are end point homotopic in U if there is a continuous map E: [a, b] x [0, 1] — U
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such that E(a, s) and E(b, s) are both independent of s and E(¢,0) = C(¢) and
E(t,1) = D(t) (cf. Fig. 5).

Figure 5. An end point homotopy.

The use of this notion that we shall make at this moment is to show that “square
roots depend only on the end point homotopy class of the path”.

Proposition 2.2. Let C: [a, b] — C* and D: [a, b] — C* be two continuous maps
such that C(a) = D(a) and C%(t) = Dz(t)for allt € [a, b]. Isz and D? are end
point homotopic in C*, then C(b) = D(b).

Proof. We assume that E’: [a, b] x [0, 1] — C* is an end point homotopy between
C? and D?. Suppose we can show that there is a continuous map E : [a, b] x [0, 1] —
C* suchthat E%(s,t) = E’'(s, t) forall (s, t) € [a, b] x [0, 1] and such that E (a, 0) =
C(a). Then by the uniqueness of Proposition 1.1 we get first that E(a, s) = C(a),
implying that E(a, 1) = D(a) and again by uniqueness E(¢,0) = C(t) and E(¢, 1) =
D(t). By afinal use of uniqueness we have that E (b, s) is constant and hence C (b) =
D).

The proof that E exists is altogether similar to the existence part of Proposition 1.1.
We must however replace taking the supremum by the following argument. A subset
T of [a, b] x [0, 1] will be said to be ray shaped if whenever x belongs to T, the closed
line segment from (a, 0) to x also lies in T (so that in particular (a, 0) belongs to it).
Consider all open ray shaped subsets of [a, b] x [0, 1] on which an extension exists.
The uniqueness of such an extension is proved as in Proposition 1.1, using that the
straight line segment from any point in the set to (a, 0) lies, by assumption, in the set,
which implies that an extension exists on the union of all such open subsets (which is
also open and ray shaped). If this union is not the full rectangle [a, b] x [0, 1], ithas a
boundary point and one uses such a boundary point in the same way as the supremum
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was used in Proposition 1.1. (We can show that one may add a neighbourhood to the
line segment from (a, 0) to a boundary point to which the function extends and which
is ray shaped.) m|

Exercise 8. Fill in the details of this proof.

If we now go back to our current situation, we can look at any path in C which does
not pass through the roots of x> 4+ ax 4 b and then we can “transport” the two square
roots of x> 4+ ax + b along such a path. Notice that this transport gives a bijection
between such roots, i.e., if one root y is transported to z, then —y is transported to —z.
Let us now see what happens when we transport the two roots along a path that moves
towards a root z of x> 4+ ax + b till it gets to a point z’ close to z, then circles (in the
positive direction) around z in a circle of small radius » with center at z, and then moves
backwards along the same path that we followed to get close to the point (cf. Fig. 6).
We now want to show that this closed point will permute the two roots. Transports

Figure 6. Transporting a square root around a zero.

back and forth to 7’ are just bijections that are inverses to each other, so what we want
to show is that transporting around the circle will permute the roots non-trivially. For
this we write x3 +ax + b as (x — 7) p(x), where p is a degree 2 polynomial for which
p(a) # 0, since x> + ax + b has no multiple roots. By continuity we can make r so
small that p(x) # 0 when |x — z| < r. This means that transport of the square root
of p along the circle around z of radius r gives the square root we started with, as that
circle is end point homotopic to the constant path in the disc around z of radius r and
p is # 0 in that disc. Hence transport of the square root around z of x> 4 ax + b is
non-trivial precisely when transport of the square root of x — z is also non-trivial (as
the product of a square root of x — z and p is a square root of x3 + ax + b). However,
for the square root of x — z we can define an explicit square root; a parametrisation of
the circle is given as ¢ > re'’ 4+ z fort € [0, 277] and then x(¢) — z = re'’ and hence
a square root is given by /re'’/? and its values at the end points are \/re® = /7 for
t =0and /re™ = —\/r fort = 2.

This calculation can then be used as a basis for further calculation. Consider for
example a curve that encircles exactly two zeroes of x> 4+ ax + b. Such a path is
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end point homotopic to a path that starts by moving towards one zero, goes around
in a circle around it, goes back the same way, and then does the same for the other
point (cf. Fig. 7). By Proposition 2.2, transporting the square root around the original

Figure 7. Going around two zeroes.

path is the same thing as first transporting solely around the first zero and then around
the second. Each of these transports changes the square roots, so doing both of them
transports a square root back to itself.

Let us now encircle the four roots (remember that we also consider co a root)
in pairs, so that within each of the two encirclements there are two points, and then
remove the encircled areas. The result is the sphere with two “discs” cut out (cf.
Fig. 8). Now we can define two square roots of x> + ax + b on this cutout sphere S’;

Figure 8. Sphere with two discs cut out of it.

pick any point on it as a “base point” and for any other point on it draw a path starting
at the base point and ending at that other point. We can now transport any square root
along this path and the result is independent of the chosen path. In fact transport along
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the path which is going from the base point to the chosen point by one path and back
by the other transports a square root to itself. As these two globally defined square
roots are continuous, this means that the part of X, X’ say, which is the inverse image
of " under the projection is the disjoint union of two open> subsets both of which
map bijectively to S’. Hence X’ is the disjoint union of two copies of S’. To recover X
we must “glue in” the inverse images of the two cut out discs in X and hence we must
understand these inverse images. If we look at one of these cut out discs we may make
a “cut” in it; a path that does not cross itself, starting at one of the points and ending
at the other (cf. Fig. 9). If we actually remove the cut we get again two well-defined

Figure 9. A disc with a cut.

square roots so that its inverse image is the disjoint union of two copies of it. We must
realise however that if we transport along a path that crosses the cut we change the
square root and hence pass from one copy (or “sheet” as the classical name for it is) to
the other. The actual picture therefore looks something like in Fig. 10. Notice that the
two sheets do not actually meet except at the two zeroes and some thought reveals that

Figure 10. The inverse image of a disc with two zeroes.

3Recall that X € C2 = R* and hence “open subsets” is a well-defined concept.
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what we actually have is a cylinder. The thought process can be aided by considering
a cross section of Fig. 10 where the cross section itself should be drawn so to make it
clear that there is no intersection at the cut, which means we do not change the shape
by switching the upper parts (cf. Fig. 11).

N

- =

Figure 11. Unfolding to a cylinder, a cross section.

The upshot of it all is that X consists of two copies of the sphere with two discs
cut out of them and with two cylinders glued in at the boundary circles of the two
discs (each cylinder connecting one circle in one copy of the cut out sphere with a
circle in the other). By “deflating” the spheres we see that X has the shape of a torus
(cf. Fig. 12).

Figure 12. A torus.

Remark 1. Technically X is a topological space covered by two closed subsets X and
Y of C2. By having the same shape we mean that they are homeomorphic, i.e., there
is a continuous bijection between them with continuous inverse.

Knowing this shape will come in handy when we return to integrals.
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2.2 Elliptic integrals revisited

We shall now briefly return to elliptic integrals or more precisely those of the form
9§c dx/y (which are classically known as “elliptic integrals of the first kind”). Path
integrals are most often used to obtain primitive functions of their integrand. That
means that we should fix a point and then for a variable point consider a path from the
fixed point to the variable one. The result is then supposed to give a primitive function.
The only problem is that the integral will in general depend on the path taken to the
variable point and not just the point itself. That the result can’t vary too much follows
from the Cauchy integral theorem which says that the integrals of the same integrand
(when it is a 1-form in our sense) along two end point homotopic paths are equal.

Remark 2. There are different ways of proving Cauchy’s theorem. One way is very
close to the proof of Proposition 2.2. In it one solved y?> = x (or more generally
y%> = f(x)) along a path and showed that the result at the end point was the same for
end point homotopic paths. Similarly one may solve y’ = f(x) along a path and then
the integral of f(x) along the path is the difference of the value of y at the two end
points. The proof that the value at the end point is the same for end point homotopic
paths is then similar to the proof of Proposition 2.2, where the essential point is that
a solution y is determined in a neighbourhood of a point by its value at the point.

Still there will be paths that give different values for the integral. It is instructive
to first consider a simpler case.

Example 2. Consider the case of dx /y, where x>+ y> = 1. We know that a primitive
function is arcsin(x) and as this is the inverse of a non-injective function, sin(x), it is
not surprising that something should happen. To understand what happens when we
integrate along two different curves, it is enough to understand what happens when
we integrate along a closed curve or path, i.e., a curve with the same end and starting
point. This is because given two curves with the same start and end points, we may
integrate along the first forwards and the second backwards, which is integration along
a closed curve. This integral is then the difference of the (forwards-moving) integrals
along the two curves. Furthermore, the common start and end point for a closed curve
is irrelevant: We may choose a fixed curve from one point zq to another point z;. For
a closed curve C starting and ending at z1, we get a curve starting and ending at zq
by going from z( along the fixed curve to z1, then following C around once and then
going back along the fixed curve. As we go back and forth the fixed curve once, the
integral along this new curve equals the integral along C.

We now want to add points at oo just as we did for y> = x3 + ax + b. For that we
replace x by 1/x obtaining the equation y? +x~2 = 1 and transform it to z> 4+ 1 = x2,
where z = xy. For x = 0 there are two choices for z, =i, and hence, just as in the
case of a quartic polynomial, there are two points at oo distinguished from each other
by the value +i of z. We can now continue as for the elliptic case. We cut out a disc
containing the two roots of 1 — x2 (as we have no “root” at co) and then we sew in a
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cylinder between two copies of the cut out sphere. This gives something looking like
a dumbbell but by “smoothing it out” one obtains a sphere.

There is however one more thing one must keep in mind. Contrary to the elliptic
case, dx/y behaves badly at infinity; we have d(1/x)/y = —dx/(xz) and this most
definitely means that there is a problem at oo (i.e., at x = 0 for this form). More
precisely, near x = 0 we have that z is close to &i and hence dx/(xz) is very
close to Fi dx/x with primitive function Fi log(x) which does not have a limit as
x — 0. Just as in the elliptic case there is however no problem when y = 0; we have
2x dx + 2y dy = 0 which gives dx/y = —dy/x and we cannot have both x = 0 and
y=0.

Let us now consider a path that starts at 0, moves to the left and up, circles —1
and continues below the real axis, encircles 1 and then returns to O (cf. Fig. 13). Note

Figure 13. Two paths and homotopies between them.

that on the dumbbell this corresponds to going around once on the cylinder. We may
now choose an end point homotopy from this path to a path that goes from 0 along the
positive imaginary axis till it gets close to infinity, then circles infinity around a circle
in the negative direction and ends by going back to 0 along the positive imaginary axis
(cf. Fig. 13).

The part of the path that moves along the imaginary axis is traversed twice in oppo-
site directions and the integrals along these two traversals cancel. Hence the integral
along the first path equals the integral around a small circle around infinity. By map-
ping oo to 0 by x — 1/x, one reduces to computing the integral of —dx /(xz) around
a small circle traversed in the positive* direction. The circle may be made so small
that z may be replaced by its value at 0, which is i if we started with v/ —1 — 0% = —i.

4Think about it!
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Everything then comes down to computing the integral of dx/x along a small circle
which is easily seen to be 27ri. The end result is that the integral along our original
path is —27m and in particular is non-zero.

Remark 3. Another way of computing this integral is to let the original path go along
the real line, make a small circular turn around — 1, continue along the real axis, make
a small circular turn around 1 and go back to 0 along the real axis. When the radius
of the circles turns to zero, the integral will converge towards

/'_1 dx +/1 dx +/0 dx 2/1 dx
0 V1—x2 Jo—V1-x2 Ji J/1-x2 —14/1—x2
and is hence equal to it, as all the integrals are the same. (Combining this with the
previous computation incidentally gives the well-known fact | _11 in_xiz =m.)
—X

Exercise 9. Two closed paths C: [a,b] — V and D: [a, b] — V are freely homo-
topic if there is a continuous map E: [a, b] — V such that E(a, s) = E(b, s) for all
s, E(t,0)) = C(t),and E(t, 1) = D(¢) for all . Show that the integrals of a 1-form
defined on V along C and D are equal.

If we now return to elliptic integrals it is easy to see that there are examples similar
to the one just presented. For instance one may consider the lemniscate integrand
dx/+/1 — x* and the same path, i.e., going along the real axis and turning around
+1. However, we want to study the possible values that integrals along closed paths
can have. What we want to show is that every closed path is end point homotopic to
the composite of a small number of paths, where the composite of two closed paths,
starting and ending at the same point, is the path that is obtained by first going around
the first path and then the second.

Proposition 2.3. Any closed path on a torus is end point homotopic to a suitable
number of composites of the path that goes once around the torus in one direction and
the path that goes once around the torus in the orthogonal direction (see Fig. 14).

Figure 14. Two paths on the torus.
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Sketch of proof. We first note that a torus is in continuous bijection with S! x §!
(S! := {z € C | |z| = 1}) which can be seen by, for instance, noting that as a torus
is obtained by rotating a circle in the xz-plane of radius 1/2 and centre at (1, 0, 0)
around the z-axis. The two coordinates can then be chosen to be the angle 6 of the
plane containing the point and the z-axis with the xz-plane and the angle ¢ inside
of that plane from the centre of the circle with the point and the intersection of the
plane and the xy-plane (see Fig. 15). What we then actually prove is that any closed
path is end point homotopic with a path that first moves around in the first factor a
certain number of times (and is constant in the second) and then does the same in the

Figure 15. Angular coordinates (0, ¢) on a torus.

second factor. For that, one first proves that a closed path C: [a, b] — S I with, say,
C(a) = C(b) = 1 lifts to a path C: [a, b] — R, with C(a) = 0 and C(r) = ¢/¢®.
This is done by noticing that the map ¢ > ¢’ is a continuous map which locally is a
homeomorphism, i.e., note that any point of R has a neighbourhood on which it is a
continuous bijection and then look at the supremum for the values where a lifting is
possible, as in the proof of Proposition 1.1. Note that C(b) is not necessarily equal
to O but must be an integer multiple of 2r. Using this result we get a lifting of a
closed path C: [a,b] — S! x S to amap C: [a, b] — RZ. Now any two paths
D, E: [a, b] — R? with the same end points are shown to be end point homotopic
by using F(t,s) = sD(t) + (1 — s)E(¢). This means that the lifting C is end point
homotopic to the path that first moves linearly in the y-direction till it gets to the
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same height as C(b) and then moves linearly in the x-direqtion‘ till it reaches C(b).
We then compose this homotopy with the map (x, y) — (€', €'V) to get the desired
homotopy. m|

Exercise 10. Fill in the details of this proof.

Now the integral along a composite of two paths is the sum of the integrals along
the two paths. Hence the proposition shows that any integral of the elliptic integrand
dx/y along a closed path is an integral linear combination of just two such integrals.
In general an integral of dx/y along a closed path is called a period” and having
fixed paths as in the proposition so that every closed path is end point homotopic to
a composite of them, the integrals along these two paths are called the fundamental
periods. Hence we may phrase what we have obtained as saying that a period is an
integral linear combination of fundamental periods. If we want to see explicitly what
fundamental periods look like, we can assume that the paths do not pass through any
zeroes of x> + ax + b. Then these paths are completely specified as being paths in
the same plane all originating from a fixed point (which we call the base point). To
get a starting value we have also chosen once and for all a square root of x3 + ax + b
at the base point. If we do that, then such paths can be as in Fig. 16. Note that the

Figure 16. Two closed paths on an elliptic curve.

paths in the plane intersect at a point different from the base point; as paths in X they
do not intersect since they represent two different square roots at that point.

Just as for the case of dx/+/1 — x2 we can “compress” the two paths so that they
run along the line between two zeroes of x3 4+ ax + b, turn around one zero in a small
circle, move along the line again, circle the other zero and then return to the starting
point.® Note that we traverse the line between the points twice in different directions
but also with different choices of square roots so that the full integral is twice the
integral along the line.

SWe shall soon see why.
5We noted before that we may change base point by moving back and forth along a fixed path between
the two base points and that the integrals along the fixed path cancel.
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This means that we get an even more explicit recipe for the fundamental periods:
Order the three zeroes of x> +ax + b. Then the two fundamental periods are twice the
integral of dx/y along the line between the two first and two last zeroes respectively.
The integrals along these lines are also important and are called (unsurprisingly) half-
periods of the integral.

Example 3. Consider the case when XBtax+b=x(x—=Dx—2)and xr > 1.
Then the fundamental periods are

/1 dx /)‘ dx
2 dx and 2 dx.
0 x(x —1)(x —A) 1 V/x(x—=—1Dx—2)

The fact that the integral gives a many-valued primitive function is not very sat-
isfactory. It was Abel” who had the idea of considering the inverse function, i.e., a

function f that should fulfil
F@ gy
= [T
20 y

where the integral means the integral along any path from zo to z. What Abel showed
was that this gives a well-defined function f. Note however that if we can get z as a
value on the left-hand side, we can also get z + y, where y is a period, as the value
of the integral by changing the path of integration. This forces f(z) to be equal to
f(z+ y) and hence that f will have y as a period.

Remark 4. This result should be compared with the formula

sin(z) dx
z= ——
/0 V1 —x2
and the fact that 27 is a period of sin(z).

It turns out to be very natural to use zo = oo as the starting point for our elliptic
integrals so that f(0) = oo. In the next section we shall consider the kind of function
that one obtains in this way.

TNiels Henrik Abel, 1802-1829
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Elliptic functions

We shall now go the other way, namely we shall start with the properties the putative
inverse of an elliptic integral should have and investigate such functions. To begin with
the function should be periodic with periods all integral linear combinations of two
fundamental periods1 w1 and w,. We also must allow oo as a value and the function
should take oo as a value at O (and hence at all periods). There is however one further
important property of the function which is incorporated in the following definition.

Definition 3.1. Let U be an open subset of C.

i) A function f: U — C is holomorphic if for every a € U there is a disc
D(a,r) € U, D(z,r) := {w € C | |z — w| < r}, such that the restriction of f to
D(a, r) has the form

f@ =) az—a)",

n>0

where the right-hand side is convergent in D(a, r).

ii) A function f: U — C is meromorphic if for every a € U there is a disc
D(a,r) C U, D(z,r) := {w € C | |z — w]| < r}, such that the restriction of f to
D(a, r) has the form

f@= Y aiz—a)
n>—N
where the right-hand side is convergent in D(a, r) \ {a} and f(a) = aq if a, = 0 for
n < 0 and oo otherwise. The points where f takes the value oo are called poles and
the order of the pole is minus the least n such that a,, #~ 0.

We shall require our functions not only to be periodic with periods w; and w;
but also to be meromorphic. Before we go on to doing that we shall deal with an
uninteresting case.

Exercise 11. i) Show that if w and w; are linearly dependent over the rationals, then
there is an w which is an integral linear combination of @ and w; and such that they
are integral multiples of w.

ii) Show that if @] and w, are linearly dependent over the reals but independent
over the rationals, then there are non-zero integral linear combinations of them of
arbitrarily small absolute value.

iii) Show that a meromorphic function on a connected open subset of C that is
constant in a neighbourhood of a point is constant everywhere.

1Classica]ly the periods were of the form 2w and 2wy so that w| and wyp were the half periods. We
have chosen to follow modern conventions.
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iv) Show that, given a point and its domain of definitions, a meromorphic function
can not have the same value at all points of a set of points that converges to that point.

v) Show that if a meromorphic function f: C — C has two periods w; and w;
that are linearly dependent over the reals but independent over the rationals, then f is
constant.

This exercise shows that if the two periods w; and w; lie on the same line (through
the origin) we either have a completely trivial case or one which really has only one
period. We exclude those cases, so from now on we assume that w; and w; are linearly
independent over the reals. We next have to think about the domain of definition of
our functions. As they (or at least some of them) are supposed to be inverses of
elliptic integrals, their domain of definition will be the set of complex numbers that
can be written as an elliptic integral. The following exercise suggests that all complex
numbers should be obtainable in this way.

Exercise 12. i) Show that the set of values of a fixed elliptic integral (along all, not
just the closed paths) form a subgroup of C.

ii) Show that the set of values of a fixed elliptic integral is an open set.

iii) Show that the set of values of a fixed elliptic integral is all of C.

Taking all these things together we arrive at the following definition: An elliptic
Sfunction with periods w| and w» is a meromorphic function f defined on all C such
that f(z+w1) = f(z+w2) = f(z) forallz € C.

We also introduce the fundamental domain of w; and w3,

F =Foom =lror+so |0=<r,s <1}

(cf. Fig. 17) and the notation I' = I'y,, o, := {mw1 + nw> | m,n € Z}. The signifi-
cance of these definitions is the following lemma.

Lemma 3.2. Every z € C can be written in the form zo + y with z0 € Fu,,w,
and y € Ty, w,. This form is unique except for the fact that rw; + mw; + nwy =
ro] +wy +mw; + (m — Dws, swy +mw; +nwy = wy + swy + (m — Dwy + nws,
and mw) + nwy = w1 + w2 + (m — w1 + (n — Dwy (cf. Fig. 17).

Proof. This is a statement that only uses the structure of C as a real vector space and
is independent of the choice of basis so that we may choose w| and w; as basis, in
which case the statement follows from the corresponding statement for R and 1 and
then it is immediate. ]

What this means is that any elliptic function f is completely determined by its
values on the fundamental domain, as f(z) = f(zo + y) = f(z0). We shall use that
fact to prove our first, seemingly disappointing, result.

Proposition 3.3. A holomorphic elliptic function is constant.
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w]

w] + w)

w2

Figure 17. The fundamental domain and its identifications.

Proof. Let f be such a function. A holomorphic function is continuous and hence so
is z — | f(2)|. As such it has a maximum on the closed and bounded set & . Let a be
a point where the maximum is achieved. As all the values of f are attained already
on ¥, we get that | f(z)| < |f(a)| for all z. By definition we may write f as

f@ =) az—a)"
n=0

in a disc around a. If all a, = 0 for n > 0, then f is constant in the disc and then it
is constant everywhere by Exercise 11 iii). Therefore we may assume that some such
ap # 0 and we may assume that # is the smallest such index. This means that we can
write f(z), again in a disc around a, as ap + (z — a)"h(z) with h(a) # 0. We can
not have ag = 0 because then | f(z)| < |f(a)| = |ag] = 0 and f is constant. Hence
we can scale f so that ayg = 1. Now, we may find a z such that it lies in the disc and
such that (z — a)"h(a) = r for some r > 0. Then, if we put z; := s(z — a) + a for
0<s <1, weget

fzs) = 14+(zs—a)"h(zs) = 145" (z—a)" h(zy) = 1+5"r+5" (z—a)" (h(z)—h(a)).
This in turn implies

l=|f@|=|f)l = 11+5"r| —|s"(z —a)" (h(zs) — h(a))]
=14+s5"r —|s"(z — a)" (h(zs) — h(a))l,

which gives s" |z—al|*|h(zs)—h(a)| > s"r,and dividing by s” we have |z—a|" |h(zs)—
h(a)| = r but letting s — 0 gives 0 = |a — a|" - 0 > r which is a contradiction. O
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Remark 5. This would seem to follow more directly from Liouville’s~ theorem that
a bounded entire function is constant. However, the result just proved is Liouville’s
theorem, it was Cauchy> who generalised it to bounded entire functions. Liouville’s
proof is different from the one given here and is given in the next exercise.

Exercise 13. Let f be a holomorphic function with periods w; and w; (linearly
independent over the reals).

By expanding g(x, y) = f(xwi + yw>) in a Fourier series and considering the
Cauchy-Riemann equations for the resulting series, show that f is constant.

This result is only seemingly disappointing because as we shall see it is a very
powerful tool for proving relations between meromorphic elliptic functions. In any
case it shows that if one wants to construct (non-trivial) elliptic functions they must
have poles somewhere. We aim for a pole at the origin and no other than those forced
upon us by periodicity. It turns out that this can not be done by having a pole of
order 1. The simplest function with a pole at 0 of order greater than 1 is 1/z2. It is of
course far from being periodic with w; and w, as periods, but one could try to make
a periodic function by taking the sum

3 1
Fety)?

It turns out however that this sum is not convergent, as the following exercise indicates.

Exercise 14. Show that |
2 e
(m.n)€Z2\{(0,0)}

is divergent and conclude that the suggested sum above is (at least) not absolutely
convergent.

There is a trick that can be used to improve convergence, namely to consider
instead

1

p o, @)=+ mZGZ @ —moy —nwy)?  (mey + newy)?’

where the prime is used to signal the fact that the summand with m = n = 0 is left
out. This is Weierstrass’ p-function.* We leave the convergence of this sum including
a technical strengthening to the following exercise.

Exercise 15. Show that this sum is uniformly convergent in a neighbourhood of each
point where one excludes the polar term when z = mw| + nws.

2Joseph Liouville, 1809-1882
3Augustin Louis Cauchy, 1789-1857
4Karl Weierstrass, 1815-1897
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There are several consequences of the uniform convergence. The first is that this
is indeed a meromorphic function (as the uniformly convergent limit of holomorphic
functions is holomorphic), a second that one can take the term-wise derivative to
obtain the derivative of the function. Note that because of the modification that we
were forced to do it is less clear that the obtained function is indeed periodic. This
can be shown by manipulating the sum directly, but we shall use another route. We
start by using the fact that we may take the term-wise derivative and obtain

1
/
, = -2 .
o zlol, @) > ER—

m,nez

This sum has the form that we intended for g and thus is obviously periodic. Now
© (z + w1|wr, wp) and o (z|wy, wy) are two functions with the same derivative and
hence differ by a constant. By putting z = —w1/2 we get that this constant equals
©(w1/2) — g (—w1/2). This is zero, however, as g (z) is an even function, i.e.,
g (—z) = g (z) as can be seen from the definition:

1 1 1

/
— s = — + -
p( Z|(1)1 (1)2) ZZ Z (_Z —mwi — na)z)z (ma)l + na)2)2

m,neZ

_ l N Z/ 1 _ 1
% (z = (—m)w; — (—n)w2)?  ((—m)wi + (—n)w2)?

m,nez
= p (z|lw1, 2).

We thus see that g (z) is an even elliptic function and &’, being the derivative of an
even function, is odd. Both of them have poles only at the points of I". We shall now
see that we can use Liouville’s theorem to find a relation between them. Consider
on the one hand ga’z (z) and on the other hand 45@3 (z). Both of them are even elliptic
functions with a pole of order 6 at 0. The 1/z3-term for the power series expansion of
©'%(z) at 0is 4/z° and this is true also for 4> (z). That means that p'%(z) — 4> (2)
is an even elliptic function with a pole of order at most 4 at the origin and no poles
outside of I". Let a be the coefficient of 1/z* in the power series expansion of this
difference around 0. Then g” 2(z) — 4503 (2) — a502(z) is an even elliptic function with
apole of order at most 2 at the origin and no poles outside of I'. Let b be the coefficient
of 1/z% of this function. Then p'%(z) — 4> (z) — ap?(z) — bg () is an even elliptic
function with no poles on or off I" and is hence a constant c. This means that we have
the relation
972 = 49°(2) +ap’(2) + bp (2) +c.

We shall now analyse this a little bit more carefully to obtain explicit forms for the
constants a, b, and c. We start by expanding g (z) in a Taylor series around the origin.

Proposition 3.4. We have an expansion, for |z| < minycr\(o) V],

[ -
P o) = = + > @n = DGy, )72,
n=2
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where

(mw1 + nwy)*

/ 1
Grlwr, ) ==Y
m,n

is the Eisenstein series.’

Proof. We write the summands of the non-polar part as
| 2

__L_L<;_1>_i((1+£+ﬁ+...) _1>
z—y? yr y2\U-—z/y)? 2 y  v?

B i (n+ 1"
=3
n=1 ‘}/n

for every 0 # y € I'. Summing over all such y and exchanging summation signs
gives
1 o
pGlon, o) ==+ Y 2n— DGy, )" 2,
< n=2
as the odd degree parts sum up to zero because y +> —y leaves the sum invariant.
That exchanging the summation signs is allowable is easily checked.

An alternative proof is obtained by considering g (z|w1, w1) — 1/z* and determin-
ing its Taylor expansion by taking derivatives and substituting z = 0. a

Exercise 16. Justify the formal manipulations in the proof.

Exercise 17. Show that

lim  Gi(z, 1) = 2¢(2k),

J(z)—>00

where ¢(s) :== Y o2, 1/n".

We now, for reasons that will become clear momentarily, put g := 60G, and
= 140G,. We then have that

1 822 83 4

P )= +20 +281+ .
This gives®

182, 84,
P )= +20 +2SZ +oe

2
so/(z)z——+2 +8254.

10

4 2g7 1 4g3
/2 —_—— ——,—,——— .« ..
KD(Z)_Z6 512+7+

5Ferdinand Gotthold Max Eisenstein, 1823-1852
6See http://www.math.su.se/~teke/undervisning/Elliptisk.nb for verification.


http://www.math.su.se/~teke/undervisning/Elliptisk.nb

30 3 Elliptic functions

From this we see that the Taylor expansion of ga’z (z) — (45@3 (2) — g2 (2) — g3) has
a z2-term as first possible non-zero term and then by Liouville’s theorem it is actually
equal to zero. This gives a differential equation for go:

92 (2) = 49°(2) — 2200 (2) — g3 3.1)

Exercise 18. Show, by substituting the Taylor expansion of g (z) directly into this
differential equation, that the coefficients of that Taylor expansion are polynomials in
g2 and g3. Conclude that G, (w1, wy) is a polynomial7 (with rational coefficients) in
G2 (w1, w2) and G3 (w1, w2).

i) Show that ¢ (2k), 1 < k € Z, is a polynomial in the ¢ (4) and £ (6).

Exercise 19. Show that p (z) = 12 ()’ (z) for all z.

If we now consider the elliptic integral [ dx//4x3 — gox — g3, then we may
make the variable substitution x = ¢ (z) and get

©'(2)

dx
[ 4x3 — gox — g3 B vV ’22(2

If we do this more carefully we arrive at the following result.

dz.

Proposition 3.5. Let X be obtained from {(x,y) € C? | y? = 4x3 — gox — g3} by
adding a point over co. For every z € C there is a path C in X starting at oo and
ending at (g (2), ' (2)) such that

dx
=,
cy

Proof. We choose, for instance, the curve C(¢) = (g (tz), §'(tz)) fort € [0, 1]. Then
yg dx /‘ 4} (tz)z _ . -
c 2] (IZ)

In somewhat more naive terms this can be formulated as

» @) dx
o VAT —gx—gs

which means that we have inverted an elliptic integral in Abel’s sense.
We shall now see that the addition formula can be derived in a similar fashion.

=

TSee http://www.math.su.se/~teke/undervisning/Elliptisk.nb for formulas.
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Proposition 3.6. Ifu, v, w € C\ I" withu 4+ v + w = 0, then we have the following

relation:
pw) W) 1
p) '@ 1|=0.
pw) W) 1

Proof. We solve directly for w; w = —u — v and consider the expression as a mero-
morphic function in u. We start by expanding ¢ (u) and g (—u — v) as Taylor series:

1 2
o u) = ot O?),

u
P (—u—v) =p@) +p' ©u+p )7+ 0@?).
Expanding® the determinant gives

) o'W 1
p ') 1|=0(0)
pw) W) 1

and hence the determinant is holomorphic at # = 0. At u = —v we may introduce
u' = —u — v and then u = —u’ — v and the determinant becomes the same, but with
top and bottom row interchanged (which of course only changes the sign). The same
argument then gives that the determinant is holomorphic at u = —v. By Liouville’s
theorem this means that the determinant is independent of u. However, exchanging
the rdles of u and v shows that it is also independent of v and hence is a constant.

However, putting u = v gives two equal rows and thus the constant value is zero. O
Remark 6. We shall see a simpler proof of this fact later.
What does this relation mean? Well, we have the following linear algebra exercise.

Exercise 20. Show that the three pairs (r, s), (4, v), and (x, y) of C2 (or R?) licon a
line precisely when

ros 1
u v 1 |=0.
x y 1

Hence what the relation says is that if u + v + w = 0, then (p (1), ' (1)),
(» (v), ' (v)), and (p (w), ' (w)) lie on aline. Now, u, v, w is the value of the elliptic
integral and we know by the addition formula that u + v + w = 0 if (p (u), ' (u)),
(» (v), ' (v)), and (p (w), &' (w)) lie on a line. Our result thus provides a converse of
that. Trying to understand the relations between these two results makes it natural to
ask when a point on the elliptic curve y2 = 4x3 — gox — g3 is of the form (p (z), ' (2))
for some z. We shall deal with this question and others in the next subsection.

8See http://www.math.su.se/~teke/undervisning/Elliptisk.nb for this expansion.
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3.1 Poles and zeroes

We have seen that each pole of a meromorphic function is isolated, i.e., if z is a pole,
then there is a disc D(z, r) around z such that z is the only pole in it. The same
argument shows that also the set of zeroes of a meromorphic function which is not
identically O is isolated (and in fact the set consisting of the zeroes and the poles is
isolated). For an elliptic function this implies that they are finite in number:

Exercise 21. Show that a non-zero elliptic function has only a finite number of zeroes
and poles in a fundamental domain.

We now want to count the number of zeroes and poles. Just as for polynomials
and rational functions it will be necessary to count them with multiplicity. Hence if
f is a non-zero meromorphic function, we may write it close to a point a as

f@ =) ad

n>N

with ay # 0. If N < 0 we have a pole and we say that it has multiplicity —N,
similarly if N > O we have a zero of multiplicity N. We should also take care not
to over-count the number of zeroes. Thus the phrase the number of non-congruent
zeroes counted with multiplicity means that we take the sum of the multiplicities over
a subset of the zeroes in the fundamental domain where we take all the zeroes and
throw out all but one of a set of zeroes that differ by a period. Similarly for poles. We
now have the following result.

Proposition 3.7. The number of non-congruent zeroes counted with multiplicity of a
non-zero elliptic function f equals the number of non-congruent poles counted with
multiplicity.

Proof. We consider the 1-form df/f and integrate along the boundary of the fun-
damental domain in counter-clockwise fashion (cf. Fig. 18). On the one hand this
integral is zero, as f (and its derivative) has the same values on opposite sides of the
fundamental domain and the path goes in opposite directions on opposing sides. On
the other hand we may deform this path as shown in Fig. 18 to a path that circles
around the poles and zeroes in small circles and a number of paths that are traversed
twice in opposite directions; by Cauchy’s integral theorem these integrals are equal.
For the second path, paths going in opposite directions cancel. What remains of the
second integral is the sum of the integrals along the small circle, but if

/'@ o
G _H;V“”(Z o

a a zero or pole, then this integral is easily seen to be 2wia_1. However, if f(z) =
(z — a)Nh(z) with h(a) # 0, then f'(2)/f(z) = N/(z — a) + W' (z)/h(z) which
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@]

A

w2

Figure 18. Integrating around the fundamental domain.

shows that a_; equals the multiplicity of the zero or minus the multiplicity of the pole.
As these values sum up to the integral which has been shown to be zero, we get the
result. a

Exercise 22. The proof works as it stands only if f has no zeroes or poles on
the boundary of the fundamental domain. Work out the case when this is no longer
true.

Exercise 23. Show that a rational function has the same number of poles and zeroes
counted with multiplicity on the Riemann sphere.

Example 4. Consider g'(z). It has a triple pole at each point of I" and no other, so the
number of non-congruent poles counted with multiplicity is 3 and hence there should be
three zeroes. Now, p'(w1/2) = ' (w1/2 — w1) = ' (—w1/2) = —'(w1/2) which
means that g'(w;/2) = 0 and the same is true for p’(wz/2) and ' ((w] + w2)/2).
These three zeroes do not differ from any of the others by an element of I and hence
they give three different zeros. Thus they are all the zeroes and they are zeroes of
multiplicity 1.

It is somewhat awkward to use Proposition 3.7 as one has to be sure to count
only zeroes and poles in the fundamental domain and then make sure not to count
them twice if they lie on its boundary. It turns out to be much more convenient to
be more abstract and consider instead an elliptic function with periods w| and w, as
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a function on the quotient group® E,, o, := C/ T, 4, Here we are in much better
shape as each zero and pole occurs exactly once on Ey,, 4,. There is also no problem
in defining the multiplicity, simply take any representative of the equivalence class
and look at the multiplicity at that point. Note that the fundamental domain maps
surjectively onto £ = E,,, «, and two points of the fundamental domain map to the
same point precisely when they lie on opposite sides of it and differ by a translation by
a fundamental period. A moment’s thought shows that, gluing like this, the opposite
side of a fundamental parallelogram gives rise to a torus (cf. Fig. 19). This is not
surprising as an elliptic curve also has the shape of a torus. Proposition 3.7 can then

Figure 19. Gluing a torus together.

be formulated as saying that the sums of the zeroes, resp. poles, of f as a function on
E counted with multiplicities are the same. Another advantage of E is that the next
result has its most natural formulation using it.

Theorem 3.8. Let w; and wy be complex numbers linearly independent over the reals
and let go = gr(w1, w2) and g3 = g3(w1, w3).
i) The polynomial p(x) := 4x> — gox — g3 has the roots p (w1/2), g (w2/2), and
© ((w1 +w2)/2) and they are distinct. In particular p(x) does not have multiple roots.
ii) Let X be the set X = {(x, y) € C? | y2 = 4x> — gox — g3}, with the point at
infinity adjoined. Then the map P: E,| o — X which takes [z] to (9 (z), 9'(2)) if
[z] # [0] and to the point at infinity if [z] = [0] is a bijection.

Proof. We have seen in the example above (Example 4) that ' (w1 /2) = o' (w2/2) =
o' (01 +@2)/2) = 0and by (3.1)  (w1/2), p (02/2), and p (w1 + w2)/2) are roots

91Le., the set of equivalence classes under the equivalence relation z ~ w <= z —w € I'. We define
[z] £ [w] :== [z £ w].
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of p(x) and to prove the first part it remains to show that they are distinct. We do this
by proving a more general fact (that we shall also use in the second part):

Assume that © ([z0]) = # ([z1]). If the common value is oo, then [z9] = [0] = [z1]
and if not f(z) := g (2) — & (z0) has a double pole on E and is zero for zg and —z¢. If
[z0] # —Izol, then [z9] and —[z¢] are two distinct zeroes of f and by Proposition 3.7
there are no more, so that [z1] = £[zo]. If [z0] = —[z0], then g(z) := f(z+ zp) is an
even function as g(—z) = f(—z + zo) which is equal to f(—z — zo) as [zo] = —[zo0]
which in turn equals f(z + zo) as f is even. That means that for the Taylor expansion
of f around zp, only even terms appear and therefore zp is a double root of f and
again there are no more roots.

This can be rephrased as saying that o ([z]) = g ([w]) implies that [w] = £[z].
Applied to z = w1/2, w2/2, (w1 + w2)/?2 this finishes the proof of the first part.

As for the second part we start by noticing that the point at infinity lies in the
image. Assume now that (x,y) € X. As g(z) — x has a double pole, it has a
zero by Proposition 3.7. By (3.1) we then have that p'?(z) = y* and hence y =
+0/(z). But p(—z) = ©(z) and p*(—z) = —'(2), so after possibly replacing z
by —z we get (x,y) = (9(2), '(z)). This proves surjectivity. Assume now that
(P Uz]), ' ([z]) = (p (w]), ¢’ ((w])). By what was just proved from the equality
of first factors we get [w] = %[z] and if [w] # [z] we get ' ([z]) = &' ([w]) =
' (—[z]) = —'([z]), i.e., ©'([z]) = 0. By the first part this implies that [z] = —[z]
and hence [w] = [z]. O

The theorem gives an almost complete correspondence between the analytic and
algebraic sides:

+ We have a bijection between the set of solutions of y? = 4x3 — gox — g3 (with
a point at infinity added) and C/T".

* The functions g ([z]) and ’([z]) correspond to the functions x and y, i.e., the
projections on the two factors.

e The 1-form dx/y corresponds to the 1-form dz.
This, however, does not answer all questions. Three that might come to mind are:

* What is the precise relation between the condition [u] 4 [v] + [w] = [0] and
P(u), P(v), and P(w) lying on a line?

* Which are the elliptic functions (for given periods)?
* Do we get all elliptic curves (with complex coefficients) in this way?

For the first question we have proven that [u] + [v] 4+ [w] = [0] implies that P (u),
P(v), and P(w) lies on a line provided that [«], [v], and [w] are all different from
[0], but we do not know what to say if one of them equals [0]. On the other hand
Euler’s addition formula would seem to give a converse. Let us first deal with the
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case that one of them, [u] say, is 0. This means that [w] = —[w] which implies
that o ([z]) = g ([w]) and e’ ([z]) = —&’([w]). From the algebraic side this means
that the x-coordinates are equal and the y-coordinates are then the two square roots
of 4x — gox — g3. From the point of view of E,, ,, we thus see that lines of the
form x = c that intersect the elliptic curve should be thought of as lines that also pass
through the point at infinity. We shall postulate this for now but later we shall also see
that from the algebraic point of view this is not an arbitrary but in fact very natural
choice. We have to make a decision when three points, some of which may be equal,
lie on a line. When we are dealing with a line that is not parallel to the y-axis, there
is no problem. As we saw we get a cubic equation in x when we intersect the elliptic
curve with a line and this equation may have multiple roots. If we count these roots
with multiplicity, then we always have three points on the intersection between such a
line. For lines parallel to the y-axis we count, as defined previously, oo as one of the
intersection points but we also count any point with y = 0 twice on the line parallel
to the y-axis on which it lies. Finally, which seems to be the most ad hoc choice of
them all but will be vindicated later, we say that oo lies on a line that meets the curve
three times at oo and at no other points on the curve.

With these definitions Proposition 3.6 remains true even when [u], [v], or [w] are
zero, at least in the sense that the images under P (which is the map with g (z) and
' (2) as its two components) lie on a line. We shall not prove this now as it will
become much clearer after some more foot work. We can however at this point give
a positive answer to the first question.

Proposition 3.9. The images of three points [u], [v], [w] € E, o, under the map
[zl = (9 (2), '(2)) lie on a line precisely when [u] + [v] + [w] = 0.

Proof. One direction follows from Proposition 3.6 together with the claim that we can
extend its validity when one of the three elements is [0] and some arguments needed
to prove that, if two of the points [u], [v], or [w] are equal, then their images under P
are the three points on the line in the sense where multiplicity is taken into account.
Assume conversely that P([u]), P([v]), and P([w]) lie on a line. If the line is the line
that only the point at infinity lies on, then we have [0] 4 [0] + [0] = O. If the line
is parallel to the y-axis, then the two points on it that are distinct from oo are of the
form P ([z]) and P ([—z]) and we have [0] 4 [z] 4+ [—z] = 0. Finally, assume that the
line is one that does not contain the point at oo, then two of the points are of the form
P([u]) and P([v]). Then the third point on the line through P ([u]) and P([v]) is, by
Proposition 3.6, P([—u — v]), but that accounts for all three points on the only line
that passes through all three of them (again there are some special cases to consider
when there are coincidences between the points). O

Exercise 24. Work through all the special cases of the proof.

When it comes to describing all elliptic functions we shall now see that they are
all rational functions in g (z) and &' (z).
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Proposition 3.10. All elliptic functions of periods w1 and wy are of the form f (e (2))+
g(p ()’ (), where f(x) and g(x) are rational functions.

Proof. Let h be such an elliptic function. We start by writing it as a sum of an even
and an odd function:

h(z) + h(—2) n hz) = h(=2)

h(z) = 7 3

Both parts are still elliptic with the same periods so we are reduced to the case when £ is
odd or even. Assume that we have proved that if 4 is even, then it is a rational function
in g (z). If h is odd, then we divide & by ’(z). The quotient is still meromorphic and
clearly periodic with periods w; and w; and is also even and hence by assumption a
rational function in g (z) which proves the result.

We are thus left with the case when /4 is even. Considerana € E, o,. Ifa # —a,
then because 4 is even, the multiplicity of « as a zero or pole of /4 is the same as that
of —a as is seen by transforming a Taylor expansion of 4(z) at « to one for h(—z) at
—a. On the other hand, if « = —«, then the same argument gives that the multiplicity
at « is even. In particular the multiplicity of O as a pole or zero is even. Consider now
©" (2)h(z), where n is half the multiplicity of O as a zero, if it is a zero, and —n is
half the multiplicity of 0 as a pole, if it is a pole, and is 0 otherwise. Then " (z)A(z)
has neither a zero nor a pole at 0 and we are thus reduced to 4 having that property.
Now, the fact that any o with ¢ = —« is a pole or zero with even multiplicity means
that we may enumerate some of the zeroes of h: [ay], [a2], ..., [ax] (possibly with
multiplicity) suchthat[a1], [a2], . . ., [ax], —[a1], —[az], . . ., —[ak]is the set of zeroes
of h counted with multiplicity. We may also choose a sequence [b1], [b2], ..., [bk]
which does the same thing for the poles (and these sequences have the same length as
the number of poles and zeroes are the same). Now put

_ ek —p)
T MLe@ -k

This elliptic function has the same pole and zero sets (counted, of course, with mul-
tiplicities) as h, as the poles at [0] from the different factors cancel, which means
that 22(z)/g(z) has neither zeroes nor poles and is hence a constant which finishes the
proof. a

g(2)

Exercise 25. Give an alternative proof of the second part by producing a rational
function in g (z) that at all poles has the same “polar part” as the given even function.

The proof of Proposition 3.7 can be slightly modified to give another useful result
which in particular further constrains the possible zero and pole sets of an elliptic
function.

Proposition 3.11. Let h be a non-zero elliptic function with periods w\ and w2 and
let oy, an,...,0, € Ey o, be the set of zeroes of h counted with multiplicity and
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B1, B2, ..., Bu € Eu,, 0, the set of poles of h counted with multiplicity. Then
D=2 h
i i

Proof. This time we integrate zdh/ h around the fundamental domain. This time the
integrals along the opposite sides (and in opposite directions) do not cancel because of
the z-factor. However, if we look at the opposite sides in the w;-direction (cf. Fig. 18)
we get the contribution

oito2  gp “1 dh @1 dh @1 dh “1 dh
2=/ — I— =w —+ =/ — .

Now, fow ! % is always 27i times an integer (cf. Exercise 26) so that the contribution
divided by 27 is a period and similarly for the contribution in the w,-direction. As an
element in E, the integral divided by 2777 then gives 0. On the other hand, if we deform
the path of integration as in Proposition 3.7 we are left with a contribution from each
zero or pole coming from the integration of zdh/h around a small circle with center
at the zero or pole a. As in Proposition 3.7 we write & as h(z) = (z — a)" g(z) where
g is non-zero at a and then zdh/h = zn/(z — a) + zdg/g and the integral becomes
2rina. Dividing by 2777 and summing up in E using that the sum is zero gives the
result. a

Exercise 26. Show that if C is a path and f is holomorphic in a neighbourhood of C
with the same value at the two endpoints, then 9§C df/f is 2mi times an integer.

The importance of this result will be seen later but for the moment we shall give
only one example of its use.

Example 5. Consider again the addition formula for g (z). Start with two numbers
u, v € C which are distinct modulo I'" and for which neither u, v, nor u + v is contained
in I". We can find two complex numbers A and B such that

©'(w) + Ap ) + B =0,

$'(v) +Ap () + B =0,
because if g (1) = o (v), then u — v or u + v is in [ by Theorem 3.8 which is not
the case by assumption. This means that f(z) := &'(z) + Ag (z) + B is an elliptic
function with a triple pole at [0] and no other poles. By construction it has zeroes at
[#] and [v] which are distinct points. By Proposition 3.11, if w is the third zero, then
[u] + [v] + [w] = 0 which means that [w] = [—u — v] so that we also have

@' (—v —u)+ Ap(—u —v) + B =0.
This however means that the matrix
' (u) g (u) 1

' (v) © (v) 1
o'(—u—v) p(—u—v) 1
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has anon-zero null space and hence has determinant 0. What should we doif [u] = [v]?
WEell, a natural thing to do seems to insist that g’(z) + Ag (z) + B have a double root
at u. This on the one hand means that the derivative should also be zero at u, i.e.,
©" () + Ap'(u)+ B -0 = 0. Then we get that the third root should fulfil [2u +v] = 0
so that ' (—2u) + Ap (—2u) + B = 0 (assuming 2u ¢ I') and hence

' (u) ) 1
©" (u) @) 0 |=0.
©'(=2u) ©(—2u) 1

We can use the differential equation to further simplify this, as the following exercise
shows, which also makes the previous calculation of the third intersection point with
the line clearer.

Exercise 27. i) Use the differential equation to show that in the first case the three roots
o (1), o (v), and g (w) are roots of the polynomial 4x3 — gx —g3— (Ax + B)? =0.
Show that on the other hand A (g (1) — g (v)) = g’ () — %’ (v) and conclude a formula
for p (u) + o (v) + o (w).

ii) Imitate the proof of the first part or pass to the limit to show that

' w) )2
o' )

We shall finish this section by making a short discussion of how one, using more
techniques than we are willing to admit in these notes, can answer the last question.
Recall that the problem with the integral of dx /y was that, given a fixed starting point,
its value did not depend only on the end point but also on the path taken to the end
point. We can solve this problem by letting the integral take values not in C but in
C divided by the subgroup of values of integrals along closed paths. This subgroup
I" is, as we have seen, generated by the two fundamental periods, integrals along two
specific closed curves on the elliptic curve, X say. If we knew that these two periods
were linearly independent over the reals, I' would be a lattice in our sense and we
would get a map X — C/T. This is true and the map is a bijection. In the following
exercises we sketch a proof of this fact.

1
P Qu) = —2p0) + 1 (

Exercise 28. A real-valued function f on an elliptic curve X (over the complex
numbers) is harmonic if for every point (x, y) € X there is a neighbourhood of it such
that, if y # 0, f is the composite of a harmonic function defined in some open subset
of C and x; if instead y = 0, f is the composite of a harmonic function defined in
some open subset of C and y. Impose also similar conditions at co.

i) Show that a harmonic function on X is constant.

ii) Show that if the two fundamental periods of dx/y are linearly dependent over
the reals, then there is a 0 # A € C such that R(x [ dx/y) gives a well-defined
function on X. Show that it is harmonic and conclude that it is constant and get a
contradiction from this.
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Exercise 29. Show that the map X — C/ T is a covering map and then conclude that
it is an isomorphism.
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A projective interlude

Our aim now is to see how much of what we have proven with analytic methods makes
algebraic sense (and can be proven algebraically). Before we get seriously into that, let
us first solve one problem. We saw that it was natural to add a point at infinity to the set
of solutions to y?> = x3 4 ax +b. When we did that we saw that the shape of the result
was a torus which gives one justification for adding the point at infinity, as otherwise
we would have gotten the torus minus one point. This choice was further vindicated
when we saw that C/ I, «, Was also a torus. One problem remains however. We
have seen that the addition theorem is closely related to intersecting the elliptic curve
with lines. This view-point can not naturally be fit into this framework. We shall now
see that we may modify our constructions so that it does fit. In order to start being
more algebraic let us consider an arbitrary field K.

The projective plane, P*(K ), over K is the set of 1-dimensional subspaces of K 3.
Any such subspace has a basis element (x, y, z) # 0 and two such vectors (x, y, z)
and (x’, y', z') give rise to the same subspace exactly when there is a non-zero scalar
A such that (x’, y’,z') = (Ax, Ay, Az). This defines an equivalence relation on the
set of non-zero vectors in K3 and the projective plane is identified with the set of
equivalence classes under this equivalence relation. The equivalence class containing
(x,y,z) is denoted (x:y:z) and is called a homogeneous coordinate of the element
(or point as we shall also call the elements of the projective plane).

We may embed the ordinary, or affine, plane, K2, in the projective plane by
(x,y) — (x :y:1). The image consists exactly of the homogeneous coordi-
nates (x : y : z) for which z # 0 and then (x : y : z) = (x/z: y/z : 1) so that
(x:y:2) — (x/z,y/z) is the inverse map. Over the reals this embedding can be
easily (and nicely) envisaged. One considers the plane z = 1 which is parallel to the
xy-plane. Then every line through the origin that does not lie in the xy-plane meets
this plane at a unique point (cf. Fig. 20). This intersection point is of course exactly the
representative of the form (x:y: 1) and the lines in the xy-plane have homogeneous
coordinates (x : y:0). Now, if £ is a line in the plane z = 1, then the union of all the
1-dimensional spaces intersecting the plane in that line is the intersection of the plane
with a 2-dimensional subspace (cf. Fig. 20). Hence it is natural to say that a line in the
projective plane is the set of 1-dimensional subspaces that lie in a given 2-dimensional
subspace. Note that such a linear subspace, being of codimension 1, is of the form
{(x:y:2) | ax + by + cz = 0} for some (a, b, c) # 0.

Example 6. i) When do three points, (x;:y;:z;),i = 1, 2, 3 in the projective plane lie
on a line? Well, that happens precisely when they span a subspace of dimension < 2,
i.e., when they are linearly dependent. That in turn is equivalent with the vanishing of
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Figure 20. The real projective plane.

the determinant

X1 2
X2 N 22
X3 Y3 23

When z; = 1 for all i, this is recognisable as the condition used in the second proof
of the addition formula.

ii) Consider the projective plane over the field Z/2 of two elements. There is
a unique non-zero vector in each 1-dimensional subspace so that there are in all
23 — 1 = 7 points in this projective plane which is also called the Fano plane.!
Similarly there are 7 lines with 22 — 1 = 3 points on each of them. We can draw the
following picture of it (see Fig. 21) where there are seven points and the lines are the
points that lie on a line in the picture or on the circle.?

Figure 21. The Fano plane, P2(Z/2).

!Gino Fano, 1871-1952
2]t can be shown that the Fano plane can not be realised in the real plane by points and lines alone.
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iii) We may similarly introduce the projective line whose points are the 1-dimen-
sional subspaces of K 2. Here one embeds the usual line by x + (x: 1) and the image
consists of those (x : z) with z # 0 and the inverse map is given by (x : z) — x/z.
There is only one point outside it, oo := (1 :0). The Riemann sphere then can be
identified with P!(C).

iv) Itis clear that one cannot in general reduce a rational number modulo a prime p
as the denominator may be divisible by p. However, a point in P! (Q) can be reduced;
a non-zero pair (x, y) of rational numbers can be written as » (m, n) where r is a non-
zero rational number and m and n are relatively prime integers. This decomposition
is unique except that r (m, n) = —r(—m, —n). We then have that (x: y) = (m:n) and
the reduction modulo p, (m:7) is well defined (i.e., (i, ) is not the null vector and
(in : 1) depends only on (x :y)). Note that if » € Q we may consider (r: 1) € P'(Q)
which then may be reduced modulo p. It is easy to see that if » = m/n with m and
n relatively prime integers, then this reduction is (m/n:1) if n # 0 and oo if n = 0.
Similarly, one may reduce a point in P?(Q) to a point in P>(Z/p).

Exercise 30. i) Introduce projective n-space for an arbitrary n > 1.

ii) Show that an invertible linear transformation g € GL,4(K) of K"t! acts on
projective n-space (giving rise to a projective transformation).

iii) Show that the elements of GL, | (K) acting trivially on P" (K) are the scalar
matrices.

iv) Show that if we write P!'(K) as K U {o0}, then (‘C’ Z) acts by the Mobius
transformation x — (ax + b)/(cx + d).

There is of course nothing special about the last coordinate. One may instead look
at the plane x = 1 or y = 1 which embed as the set of homogeneous coordinates with
x # 0ory # 0. They are called the coordinate patches and the mappings to the affine
plane are given by (x:y:z) — (y/x,z/x) resp. (x:y:z) — (x/y,z/y). Note that
a point may lie in several patches and then it corresponds to a different point in the
affine plane under the different coordinate patches (cf. Fig. 22). For instance going
from the x # 0 to the z # 0 patch is given by (x, y) — (1:x:y) — (1/y, x/y).

Example 7. If we consider instead the projective line, we have two patches given by
x # 0and y # 0. The points on the affine line which also lie in the other patch are
the non-zero numbers and the transformation from one patch to the other is given by
x = (x:1) = 1/x. Thisis exactly the transformation we considered previously when
we were considering the relations between the two parts of C, which thus deserves to
also be denoted P! (C).

We now consider a point (x : y : z) in the affine patch z # 0 which as such
lies in X := {(x,y) | y*> = x> 4 ax + b}. The affine point is (x/z, y/z), so that
means that (y/z)?> = (x/z)> + ax/z + b. We can clear denominators in a minimal
fashion to get the equivalent equation y?z = x> + axz? + bz>. This equation then
actually makes sense on all of the projective plane, as all the monomials appearing
in it have the same degree, so whether or not (x, y, z) fulfills it is equivalent with
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Figure 22. The three coordinate patches of the projective plane.

whether or not (Ax, Ay, Az) does, where 0 # A € K. This means that we can define
X = {(x:y:2) e PX(K) | y*z = x> + axz? + bz?} which is called the projective
completion of X. Then the intersection of X with the affine patch z # 0 will be X. To
investigate the complement of X in X we simply put z = 0 giving the equation x> = 0,
i.e., x = 0 and hence the complement consists only of the point (0:1:0). This shows
that the X adds one point to X just as the X we have considered previously. That we
get another way to add a point at infinity is maybe not so impressive but things become
more interesting when we look at the intersection of X with a line. We have seen that
each line in the affine patch z # 0 is the intersection of that patch with a projective
line given as {(x:y:z) | ax + by + ¢z = 0} for some (a, b, c) # 0. We get an extra
(i.e., outside of the affine patch) intersection point precisely when the only extra point
of X lies on the line, i.e., whena -0 +b-14+c¢-0 = 0, i.e.,, when b = 0. This
gives two possibilities. One is that a = 0 and then ¢ # 0 so the equation becomes
z = 0. In that case we have seen that (0:1:0) is the only point on the intersection.
The other is that @ # 0 and then the equation has the form x = —c/az and to get
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the intersection points with X we only have to look at the affine patch (because we
already know that (0:1:0) lies on it) and a point (x : y: 1) lies on the line precisely
when x = —a/b, i.e., the lines in question are those for which x is constant. This fits
very well with what we were doing when we were discussing the addition theorem
where we postulated that lines parallel with the y-axis intersected the curve in the
point at infinity (apart from the intersection with X). Furthermore, we also introduced
a fictitious line that only intersected X in the point at infinity. From the point of view
of the projective plane these postulations become facts. Furthermore, we can make
more aspects of that discussion precise. Consider for this a line £. If we choose two
points (x1:y;:z1) and (x2:y2:z2) on it we can parametrise the line P! (K) == ¢ by
(s:t) > (sx1 +txp:sy1 +ty2:521 +122).

Exercise 31. i) Show that given an ordered set of three points on a line £ C P2(K)
there is a unique parametrisation that takes 0 = (0:1), 1 = (1:1), and co = (1:0) to
the points in the given order.

ii) Show that for an ordered set of three distinct points in PY(K) there is a unique
Mobius transformation (cf. Exercise 30) taking them in the given order to 0, 1, and co.

If we want to determine which parameter values give values in X, then we should
substitute x = sx| + txp, y = sy; + ty2, and z = sz1 + 22 in the equation y2z =
x3 +axz?+bz3 or better yet in the polynomial f(x, y, z) = y>z — (x> +axz> +bz>).
This gives a polynomial F(s,t) = f(sx1 + tx2, sy1 + ty2, s71 + tz2). It is clearly
homogeneous of degree 3 (i.e., all its monomials are of degree 3). The homogeneity
implies that the condition F (s, t) = 0 depends only on the homogeneous coordinate
(s:1) (as it should). By construction the zeroes of F, seen as points on P! (k) and then
as points on ¢, are the points of intersection between £ and X but we may also attach
a multiplicity to each such point.

Exercise 32. i) Show that every homogeneous polynomial F (s, ) # O over an al-
gebraically closed field factors as I—[i(bis — a;t)", where the points (a; : b;) are the
distinct zeroes of F and the multiplicities n; are uniquely determined by the zero
(a; :b;). Show in particular that if we choose another parametrisation, then the multi-
plicity of a zero is the same.

ii) Show thatif f(x, y, z) is a non-zero homogeneous polynomial, then if f (sx +
txp, 8y1 + ty2, sz1 + tz2) is the zero-polynomial for two distinct points (x : y1 :21)
and (x2:y2:z2) on a line ¢, then f is divisible by an equation ax + by + cz for £.

It is clear from this exercise that we can attach a multiplicity to each intersection
point between X and a line (once we have shown no linear polynomial divides y?z —
(x3 +axz?+bz3)). Itis also clear that the number of intersection points counted with
multiplicity equals 3. This does in fact take care of the special cases we encountered in
the proof of the complete addition formula (some of which were left to Exercise 24).
However, in order to see what these special cases mean we shall need not just to accept
the possibility of having multiple intersection points, we shall also need to enforce it.
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Example 8. Let p = (x:y:z) € X and assume that it is an intersection point of X
and the line €. In order to investigate what this means let us parametrise £ by choosing
(x :y:z) and another point (x": y’:z’) on £. Hence the polynomial to consider is
fsx +1tx', sy + 1y, sz +tz), where f(x,y,z) = y2z — (x> + axz? + bz3). Now,
the multiplicity p in the intersection is equal to the power by which ¢ divides this
polynomial. We may expand this using Taylor’s formula.

Exercise 33. Prove that with the formal definition of partial derivatives of a polyno-
mial, Taylor’s formula is valid for polynomials over any field.

We get

flsx +tx',sy+ty, sz +1t7)
=57 f (v, ) + M (fL Y. DX + £y, 2y + flxy. 92 + 0D,

and as f(x,y,z) = 0 we get that p appears with multiplicity > 2 precisely when
LGy, x4+ fi(x, v, 2y + f,(x, y,2)7" = 0. We have

flx,y,2) = =3x% —az?,

fy(x,y,2) =2yz,
fz/(-xa Yy, Z) = y2 - Zaxz — 3Z2.

Assume now that the characteristic of the field K is different from 2. Then these partial
derivatives are not all equal to zero because if they are we get that either z = 0 or
y = 0 from f)’, = 0. If z = 0 we have seen that p = (0:1:0), as it is the only such
point on X, but f1(0,1,0) = 1. If y = 0 and z # 0 we may scale the homogeneous
coordinate for p so that z = 1, and then we get 3x> + a from the x-derivative and
x3 + ax + b from the fact that we have a point in X. Together these would force
x3 4 ax + b to have a multiple root, which is excluded by assumption. Hence we
get only a single line for which the multiplicity is > 2, namely the one given by the
equation fy(x, y, 2)x" + fy(x, y,2)y" + f/(x, y,2)z" = 0. This (for rather obvious
reasons) will be called the tangent to X at p.

Exercise 34. i) Show thatif f(x, y, z) ishomogeneous of degree n, then x f (x, y, z)+
yfi(x,y,z)+ fz/(x, v, z) = nf(x,y,z) (“Euler’s formula”).

ii) Show that if f(x,y,1) = 0 and f{(x,y,1) = f;(x,y,1) = 0, then also
fllx,y, 1) =0.

iii) Show that if f(x, y, 1) = 0 and not all partial derivatives of f in (x, y, 1)
are zero, then t —~> (x + tfy’(x, . )iy —tfl(x,y,1):1) is a parametrisation of the
tangent of f at (x:y:1).

We are now prepared to investigate the more precise significance of three points
on X lying on a line.
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The group structure on an elliptic curve

Let us fix two fundamental periods wi, wp € C (which thus are assumed to be linearly
independent over the reals) and let

X :={(x:y:2) € PX(C) | y’z = 4x° — g2(w1, @2)x7* — g3(w1, w2)2°}.

We have defined a map C — X given for z ¢ I'y.w, by the formula z — (o (2) :
' (z) : 1) and mapping T to the point at infinity. The latter definition seemed rather
ad hoc but we shall now see that this extension to the point at infinity is obtained by
including “continuity” in the generic definition. Thus we pick y € I' and note that
when z ¢ T" we have

@' @: D) =(CE-1'p@: -9 @: -
Now, both (z — y)3@(z) and (z — y)35<>’(z) have holomorphic extensions to z = v,
the first one with a zero at y and the second one with value —2 at y. Hence it seems
very natural to extend the map to y by putting it equal to (0: —2:0) = (0:1:0)
which is exactly the point at infinity of X (which of course was what we did in our first

definition). The following exercise shows that this extension really is an extension by
continuity.

Exercise 35. Say that a subset of P?(C) is open precisely when its intersection with
the affine coordinate patches are open.
i) Show that a subset of P?(C) is open precisely when its inverse image under the
map C3\ {0} — P?(C) given by (x, y, z) — (x:y:z) is open.
ii) Show that the map
C\T = PXC), z+ (9@:9'():1),
has a unique continuous extension to C and that it takes I" to (0:1:0).

The formulation of the addition theorem that takes care of all the special cases is
then: The images of a, B,y € C/T under the map to X are the three intersection
points (counted with multiplicity) of X with a line precisely when a + g +y = 0.
The map C/ T — X is a bijection and what we have found is that the group structure
on C/ T seems intimately connected with the geometry of X. In fact it seems that we
should be able to define the group structure induced on X by that on C/T'. This turns
out to be true and follows from just two conditions:

e 00 = (0:1:0) is the identity element.

« If p1, p2. p3 € X are the three intersection points (counted with multiplicity)
of aline £ and X, then py + p» + p3 = 0.
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Let us show how this determines the group structure. If p; and p; are two points on
X, then we draw a line through them (or the tangent to X at them if they are equal)
and let p3 be the third intersection point. Then we have p; + p> + p3 = 0, i.e,
p3 = —(p1 + p2) so that in order to get the sum of p; + p» we need to find the
inverse of p3. For this, if p3 = 0o we note that it is its own inverse, being the identity
element, otherwise we draw the line through p3 and oo (i.e., the line given by its
x-coordinate being equal to that of p3) and let p4 be the third point of intersection.
Then we have p3 + ps = 00 + p3 + ps = 0 so that py = —p3 = p1 + p2 (cf.
Fig. 23). Note that this prescription makes sense over any field (not of characteristic 2

/.
Pz

p1+p2

Figure 23. Addition on an elliptic curve.

as we saw that tangents might not work then). It is natural here to accept any cubic
polynomial p(x) = ax® + bx* 4+ cx + d without double roots so that for instance
4x3 — gox — g3 is accepted along with x> 4+ ax 4+ b. However, we may make a (linear)
coordinate change x — Ax and y — uy, A, u # 0. This changes the equation
y2=ax? +bx?+cex +dtoy? = p 23 3ax® + wiA2bx? 4+ 2 hex + p2d. (We
have also made the simplification to deal only with the non-homogeneous equation,
where z = 1, which makes it trivial to pass back and forth between the homogeneous
and non-homogeneous versions.) In particular we may put 4 = A = a~!' which
reduces to a = 1. This also means that there would be no loss of generality if
we assumed a = 1 (though it would somewhat hide the relations with g). If the
characteristic is different from 3, we can also make a coordinate change x > x —b/3
which gets rid of the quadratic term, hence somewhat justifying that we have only
used the form x3 + ax + b for our polynomial (we shall return to what happens in the
case of characteristic 3 — as well as 2).

Let us now look at formulas. If one of the points is oo, the sum is just the other
point. Hence we may consider (r, s) and (u, v) fulfilling s2 =r3+ar+band

v2 = u3 + au + b. Assume first that they are distinct points. If u = r, then v = —s
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and their sum is 0o so assume that u 7 r. In that case we have already performed the
calculation and the sum is (x, y) defined by

(v —s)?
(u_r)2—u—r,
v

y = x—r)+s
u

If instead the points are the same we should use the tangent as the line and it has the
parametric form (x, y) = (r + t(2s), s — t (3r%> + b)). Substituting gives

(s — r(3r* + b))2 =+ 2st)3 +a(r + 2st) +b.

Here t = 0 is a double root and the relation between the coefficients and the roots can
be used here giving the third root

P b% + 6br? + 9r* — 12rs?

8s3
This gives
b? 4 6br? + 9r* — 12rs?
x=r+ )
452
(3r2 + b) (b2 + 6br? + 9r* — 12rs?)
yo =15 — .

8s3

This could be further reduced by using s> = r3 4 ar + b. Figure 24 gives an example
where one starts with one point and then takes multiples of it. Note that the inverse
of a point (x, y) € X is given by (x, —y).

Figure 24. A point and some of its multiples.
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We have not actually proved that the binary operation thus defined gives us a
commutative group. For those elliptic curves over the complex numbers that actually
come from doubly periodic functions, it is clear as we have seen that the binary
operation corresponds to addition of complex numbers modulo a lattice. We shall
now sketch a proof of the fact that it is true in general.

Proposition 5.1. Let y> = x> 4 ax + b define an elliptic curve over a field K (of
characteristic different from 2). Then the binary operation defined above gives the
solutions of y* = x3 + ax + b plus the point at infinity the structure of a commutative
abelian group.

Proof. The only non-trivial part is the associativity and we shall sketch one of several
possible proofs of it. If K = C and there are fundamental periods w; and w, such
that g (w1, w2) = —4a and g4(w1, w2) = —4b, then associativity is clear since the
operation corresponds to additionin C/ Ty, .,. We shall show later that we can choose
w1 and w; such that —gs (w1, wy)/4 and —g4 (w1, wy) /4 are algebraically independent
(i.e., fulfills no non-trivial polynomial in two variables with rational coefficients).
Assume now that none of the three points u, v, and w involved in proving associativity
equal 0, nor do any of u + v, v + w, u + (v + w) or (u + v) + w equal zero, nor do
u=v,v=w,u =v+w,oru+ v = w (these special cases can be handled either
directly or in a similar fashion). The associativity then amounts to equality between
two expressions which are rational functions in the coordinates of u, v, and w together
with a and b and where the equality is modulo the relations giving that u, v, and w
are points on the curve. We may clear out the denominators so that we get an equality
of polynomials or that certain polynomials should vanish. These polynomials have
integer coefficients and all are still modulo relations of the type y> = x> + ax + b,
where x and y are the coordinates of one of u, v, and w. We may use these relations to
get rid of all the higher powers of the second coordinates of all the points, so that we
get an expression g which is a polynomial in these second coordinates of degree < 1
in each of them and whose coefficients are integer polynomials in the first coordinates
and @ and b. We shall now show that these coefficient polynomials are each equal to
zero, which means that the whole expression is zero when evaluated at any element
over any field.

To prove that they are zero as polynomials we first choose w; and w; so that the
corresponding a and b are algebraically independent. Then we choose u, v, and w
such that their first coordinates together with a and b are algebraically independent
(this is always possible as C is algebraically closed and has infinity transcendence
degree over the rational numbers). Then as the result is true for these particular values
the polynomials vanish for them, but they are algebraically independent (there is a
small subtlety in that we only get that ¢ becomes zero and need to conclude that also
its coefficients are zero, but one can use algebraic independence to show that). O

Exercise 36. Consider the elliptic curve defined by y?z = x3 4 xz> 4 2z over the
field Z/5. Write down the points (over Z/5) on it and determine the group structure.
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Knowing that the group of complex points for a complex elliptic curve associated
to the fundamental periods @ and w is isomorphic to C/ ', ,, doesn’tin general tell
you very much. One piece of information that can be extracted from this description
is however very interesting. One can namely use it to determine the structure of the
kernel of multiplication by a positive integer n: We have that n[z] = 0 precisely
when nz € T', i.e., z € 1/nI" so that the kernel by multiplication by »n is given by
1/nT/T. Now, it is clear that the map (Z/Zn)> — 1/nT'/T" which takes (r, s) to
rwi/n 4+ swy/n mod I is an isomorphism. This is interesting because multiplication
by n is also described by polynomial functions in our algebraic model.

Example 9. i) 2p = 0 means that p = —p and if p # oo then that means that
the y-coordinate of p is 0, and then the x-coordinate is a root of x> 4+ ax + b. By
assumption there are three such roots and hence in all four solutions of the equation
2p = 0. The structure of the group is then necessarily (Z/2)2.

ii) 3p = 0 means that 2p = —p. If we assume that p % oo and write p = (r, s)
as above, this means

R

452 ’
24 b) (b2 +6br2+9r* —12rs2)
8s3 ’

s:—s+(3r

the first of which gives 0 = b2 +6br>+9r*—12rs> = b>4-6br>4+-9r*—12r (r3+ar+b)
which is equivalent to 3r* + (6b — 12a)r? — 12br + b2 = 0. In characteristic different
from 3 this gives four different values for » (and one can show that there are no multiple
roots) and then s? = 73 4 ar 4 b gives two values for s for each value of r (as r being
aroot of r3 4+ ar + b leads to a point of order 2). This seems to giveinall2-44+1 =9
solutions to 3 p = 0 (what could go wrong are multiple roots for ). In characteristic 3
things go wrong and there are only three or one solutions (depending on a and b).
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Equivalence

We shall now see that given an elliptic curve one can find other elliptic curves which are
essentially the same, i.e., we shall arrive at a notion of equivalent elliptic curves. We
shall also see a similar thing for fundamental periods where equivalent fundamental
periods will give rise to essentially the same theory of elliptic functions. We shall then
compare these two notions.

6.1 Equivalences of elliptic curves

If we have an elliptic curve with affine equation y> = f(x) where this time f is a
polynomial of degree 3 or 4 without multiple roots, then we may introduce a new
variable x’ related to x by a Mobius transformation x = (ax’ + b)/(cx” + d), where
ad # bc. This gives the equation y> = f((ax’+b)/(cx’ +d)) which we may rewrite
as y? = g(x') where g(x') = (cx’+d)* f((ax’ +b)/(cx’+d)) and y = (cx’ +d)>y.
Here, of course, g is a new polynomial of degree 3 or 4. This gives a bijection between
the solutions to the two equations except possibly for exceptions such as cx’ +d = 0
and at points at infinity. To understand what is happening at those points it is convenient
to homogenise our situation another way. We put f(x, z) := z* f(x/z) which is a
homogeneous polynomial of degree 4 and then consider the equation y> = f(x, z).
Now, f is not a well-defined function on the projective line so this equation must be
interpreted properly: We define the weighted projective space (of weights (1,2, 1))
as the set of equivalence classes of elements of K 3\ {(0, 0, 0)} under the equivalence
relation (x, y,z) ~ (Ax, Azy, Az) forall 0 # A € K. Then y2 = f(x, z) defines a
subset X of the weighted projective space. Projection onto the x- and z-coordinates
gives a well-defined mapping X — P! since if x = z = 0, then also y = 0 from
the equation. Over a point (x : 1) € P! we get the equation v = f(x,1) = f(x)
hence the usual finite part of the elliptic curve (when the degree of f is 3). Over
(1: x) we get the equation y> = f(1,x) = x*f(1/x) which when x # 0 gives
(x72y)?2 = f(1/x), but (1, y,x) ~ (1/x,x"2y, 1) which is the coordinate change
we already have considered. Finally for (1:0) we get y> = 0 if the degree of f is 3
and an equation y?> = a, where a is the highest coefficient of f, if not. When f is of
degree 3 we recover our earlier picture with one point at infinity added to the affine
picture, and in the case of degree 4 we instead get two points at infinity.

It is now much easier to perform the Mobius transformation, in fact we simply
apply the corresponding (cf. Exercise 30) linear transformation giving (x, z) = (ax’+
bz, cx' +d7') to f and get y> = f(ax' + bz, cx’ +dz’) = g(x’, z’) where as before
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g(x") = (ex’ + d)* f((ax’ + b)/(cx’ + d)). Note that we get back our original
form if we start with a solution of the form (x, y, 1), transform it as above to (ax’ +
b, y, cx’+d) and then get it back to the same form (provided cx’+d # 0) which gives
((ax’+b)/(cx'+d), (cx’+d) 2y, 1). Inthis way we get a bijection between the points
(including the points at infinity) of the elliptic curve given by y> = f(x) and the curve
given by y? = g(x’). (Here we use the name “elliptic curve” even when the degree
of the polynomial is 4. We shall see that this mostly makes sense.) It is not difficult to
show (though not completely obvious as we work with a homogenisation that is not
suited to describing lines in the projective plane) that this bijection respects the group
structure as well. Hence it is reasonable to say that the curves given by y> = f(x, z)
and by y?> = g(x, z) are equivalent' if there are a, b, c,d € K with ad # bc and
g(x,z) = f(ax 4+ bz, cx + dz). How does one then classify elliptic curves up to
equivalence? Well, first one can look at the zeroes of f in P!(K) (we assume now that
K is algebraically closed so that f has four zeroes in P!(K)). These zeroes determine
the equivalence class of f since any other polynomial with the same zeroes will differ
under multiplication by a non-zero constant and f(ux, uz) = ,u4 f(x,z) (and K is
algebraically closed so that all its elements are fourth powers). If we transform f by
(x,2) = (ax’+b7, cx’+d7’), then the zeroes transform by the Mobius transformation
x" = (ax + b)/(cx + d) and hence the equivalence classes of elliptic curves are in
bijection with the equivalence classes (i.e., orbits) of four unordered points of Pl (k)
under the action of the group of Mdbius transformations. If we first look at four
ordered points we have the following result.

Exercise 37. Show that given three distinct points a, b, ¢ € P! (K), there is a unique
Mobius transformation g such that g(a) = oo, g(b) = 0, and g(c) = 1.

From this exercise it follows that for distinct points a, b, c,d € P! (K) there is a
unique Mobius transformation taking the three first to 0o, 0, 1 (in that order) and then
by definition the fourth is taken to the cross ratio,? {a, b; c,d}.

It follows from this exercise that we may begin by assuming that one of the roots
of f(x, z)isatoo. Thisisequivalentto f(x) = f(x, 1) being of degree 3 and justifies
our (implicit) assertion that we may reduce to the case that the degree of f is 3. If we
continue we may put two other roots at 0 and 1 and then the polynomial f becomes
(once we have scaled it so that it becomes monic) f(x) = x(x — 1)(x — X). We
have thus shown that every elliptic curve is equivalent to one of the form Ej : y*> =
x(x — 1)(x — X) for some A # 0, 1. Now this is not a complete classification, as we
have chosen a specific order in which to take the roots. If we choose another order we
get a different A.

Exercise 38. Show thatif one changes the order in which the distinct pointsa, b, ¢, d €
P! (K) are taken, then A := {a, b; ¢, d} is changed intoone of A, 1 — A, 1/A, 1 /(1 —A),
A/ —=1),0or (A —1)/A.

1Actually isomorphic once one has introduced enough notions to make sense of that.
2There are some differing conventions about the order in which one should take oo, 1, 0.
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Using this exercise one obtains a condition for when two curves E) and E,/ are
equivalent. In a subsequent subsection we shall find an explicit way of deciding
when this happens. First we shall however consider the question of equivalence of
fundamental periods.

Exercise 39. i) Show that the Mobius transformations that preserve oo are the affine
transformations, x + ax + b, a # 0.

ii) Show that an affine transformation of one elliptic curve associated to a degree 3
polynomial into another is induced by a projective transformation of the projective
plane.

6.2 Equivalence of periods

Given a pair of fundamental periods w; and w;, whether or not they are periods of a
meromorphic function depends only on the subgroup Iy, ,. Hence, if | and o)} is
another pair of generators of I',, «,, then the elliptic functions with respect to o/ and
), are the same as those for w; and w>. That @] and w) belong to I'y, ., means that
there are integers a, b, ¢, d such that o] = aw; + bw; and w) = cw; + dw; and the
fact that they are generators means that w; and w; may be similarly expressed in terms
of w}| and w}. This in turn is easily seen to be equivalent to (¢ 5 ) being an invertible
integer matrix, i.e., belonging to GL2(Z). On the other hand, there is a very simple
relation between elliptic functions for w; and w» and elliptic functions for Aw; and
Awy, where A € C*: If f iselliptic for Aw; and Aw», then g(z) := f (A7) is elliptic for
w1 and wy and if f is elliptic for @ and wy, then g(z) := fFO2)is elliptic for Aw
and Aw>. Note that applying this to the Weierstrass g-function and its derivative al-
most gives back functions of the same type: o (Az| w1, Aw2) = k_zgo (z|lw1, w2) and
' (0z|Aw1, Awz) = A3 (z|lwi, w2). Furthermore, we have that g»(Awi, Awy) =
A‘4g2(a)1, wn) and gz3(lwi, Awp) = A‘6g3(w1, wy). This means that when one
multiplies the periods by A, then the equation y> = 4x3 — gox — g3 changes to
y? = 4x3 — A7 2gox — A 73g3 which is equivalent to the original one under the coor-
dinate change (x, y) — (A%x, A%y). This of course induces a bijection on the set of
points of the elliptic curves, and if we transfer it back to C/ 'y, o, and C/ T, w, it
becomes just multiplication by A on C (note that 'y, xw, = Al w,). This leads to
the following classification problem: A lattice in C is a subgroup generated by a real
basis for C. Two lattices I" and A are similar if there is A # 0 € C such that A = AT".
The problem is then to classify lattices up to similarity. Note that any lattice is of the
form Zw1 + Zwy = Ty, 4, so that our discussion above shows that classifying lattices
up to similarity is the same thing as classifying pairs (w1, w) of non-zero complex
numbers such that wy/w; ¢ R up to the action of the group GL;(Z) x C* acting as

<<a cl;> ’/\) (w1, 2) = (Maw) + bwn), AM(cwr + dwy)).

c
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Now we can start by multiplying such a pair by 1/w» taking it into a pair of the form
(tr, 1), where 7 ¢ R. If J(r) < 0 we can replace 7 by —7 so we may assume that
3(r) > 0. Now, if (¢5) € GLy(Z) it takes (, 1) to (at + b, cT +d) and then scaling
gives (t/, 1), where t/ = (at + b)/(ct + d). We then use the following exercise:

Exercise 40. Show that if (%) € GLy(R) and t € H, where H := {z € C |
3(z) > 0}, the upper half plane, then (at + b)/(cT +d) € H precisely when (¢ 5) €
GL2+ (R), the group of matrices with (strictly) positive determinant.

From this it follows that the set of equivalence classes of lattices up to similarity is
in natural bijection with the set of equivalence classes of H under the action of SL>(Z)
acting on H by Mobius transformations. We shall now determine a fundamental
domain for this action of SL,(Z), i.e., a closed subset of H such that each point of
z € H is equivalent with a point of it and only points on the boundary are equivalent
with some other point of the domain.

Proposition 6.1. Let D be the subset {z € H | |z|] > 1, [S(2)| < 1/2} of H (see
Fig. 25).

i) For every z € H there is a y € SLo(Z) such that y(z) € D.

i) Ifz # w € Hand if w = y(z) for some y € SLy(Z) different from £ the
identity matrix, then |3(z)| = 1/2and w = zx 1, or |zl = 1 and w = —1/z, or
z=e*B B and y = + (_01 ill) or =+ the square of this matrix.

Figure 25. A fundamental domain for SLy(Z).

Proof. We start by noticing that if y = (¢ ), then it is easily checked that

3(2)

—_—. 6.1
lez + d|? ©1)

S(yz) =

Now, as ¢ and d are integers, for a fixed z there are only a finite number of possibilities
for |cz + d| below a given number. Hence given a z € H there is an element of
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{yz | y € SL2(Z)} of largest imaginary part and by replacing z by it, we may assume
that z has the largest imaginary part among the elements of the set. We may then
further replace z by some z + m, m € Z, and may assume that |J(z)| < 1/2. In that
case we must have |z| > 1 as otherwise —1/z has a larger imaginary part.

Assume now that z € D and that yz € D forsome y = (¢ 5) € SLy(Z). After
possibly replacing (z, ) by (yz, ¥ ~') we may assume that J(yz) > J(z). From (6.1)
it then follows that |cz + d| < 1. Writing z = x + iy this implies {ex}? + (cy)? < 1,
where {r} is the distance of r to the closest integer. On the other hand, z € D means
x% +y? > 1 and |x| < 1/2 which gives y> > 3/4. As we on the other hand have
c?y?> <1lwegetc=0,+1. Ifc =0weget yz =z+bandas yz € D we get
|x] = 1/2 and b = +£1. If on the other hand we have ¢ = £1 we get {cx} = |x| and
hence x24y? = {cx}*+(cy)* < 1 which together with x>+y% > 1 gives x>+y% = 1.
If d = 0 we directly get yz = —1/z. If not, the fact that 1 = x> +y? = |cz+d|*> < 1
gives |cx 4+ d| = |x| which implies x = £1/2 which together with x> + y> = 1 and
y > 0 gives z = ¢>™/3 or 7 = ¢™'/3. A simple computation leaves us with only the
two stated possibilities for y . O

This gives us a very clear picture of the equivalence classes of lattices; they cor-
respond to points in the fundamental domain with only a few points on the boundary
being identified. We have seen that if we start with two similar lattices, then the cor-
responding elliptic curves are equivalent. Two questions arise: Do all equivalence
classes of curves arise in this way, and if the curves are equivalent are the lattices also
equivalent? These questions will be the topics of the next subsection.

As an aside, this determination of the fundamental domain for SL,(Z) also gives
a way of determining the class group for imaginary quadratic fields.

Exercise 41. Let K = Q(—D), D a square-free positive integer, be a quadratic
imaginary number field and R = Z[«] the ring of algebraic integers, where @ = «/—D
if D =2,1mod4 and ¢ = (1 + +/—D)/2 if not. A fractional ideal of R is an
R-submodule of K with a finite number of generators. Two fractional ideals are
equivalent if they differ under multiplication by a non-zero element of K.

1) Show that a fractional ideal is a lattice in C if we think of K as a subset of C.

ii) Show that a lattice in C is equal to a fractionary ideal times a non-zero complex
number precisely when it is stable under multiplication by «.

iii) Show that every fractional ideal is equivalent to a unique fractional ideal of the
form Z + Zt, where t € K, —1/2 < it < 1/2 and |t| > 1 and |7| = | implies that
Nt > 0.

iv) Show that there are only a finite number of equivalence classes of fractional
ideals.

v) Determine representatives for ideal classes for D = 23.

The elliptic curves and in particular their j-invariants whose lattices are fractional
ideals as in the previous exercise have some remarkable properties, some of which are
indicated in the following exercise (we shall return to that subject later, the exercise
may be too difficult before we have done that).
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Exercise 42. i) Use the g-expansion of j to compute j(t) numerically (for definition
of which see next section) for T giving representatives for the class group for Q(+/—23)
as in the previous exercise. Show that the coefficients of the monic polynomial p(z)
that has these values as roots are, up to high precision, integers and determine these
integers.

ii) Show that the splitting field of p(¢) contains Q(+/—23).

iii) Show that the splitting field of p(¢) is unramified over Q(+/—23).

6.3 The j-function

In this section we assume that the characteristic of the base field K is different from
2 and 3. We also assume that K is algebraically closed.

Returning to the classification of elliptic curves, we have seen that every elliptic
curve is equivalent to one of the form y2 = x(x — 1)(x — 1) and we also showed (see
Exercise 38) that if it is equivalent with y> = x(x — 1)(x — '), then A’ is one of A,
I—Xx, 1/A, 1/(1 —A&), L/(A—1),0r (A — 1)/A. We would like to have an expression
in A that is a complete invariant, i.e., it should take the same value on all equivalent
A’s (which says that it is an invariant) and if it takes the same value on two A’s these
two values should give equivalent curves. Let us first look for invariants and let us
aim for the simplest possible ones, namely a rational function f(1X) € K(A). What
it then means for it to be an invariant is that, as rational functions, f(A") = f(}),
where A/ is one of A, 1 — A, 1/A, 1/(1 — 1), or /(A — 1). Now, these six Mobius
transformations actually form a subgroup G of the group of Mdbius transformations.
This can be seen by direct verification but the real reason for this fact is contained in
the following exercise.

Exercise 43. Let 23 be the group of permutations on three letters. Consider the map
that associates to any o € X3 the Mobius transformation 7, which takes (0o, 0, 1)
to 0 (0, 1, 0o) (where o permutes the coordinates). Show that this map is an injective
group homomorphism from X3 to the group of Mobius transformations. Show further
that the image consists exactly of the Mobius transformations of the form A, 1 — A,
1/A, 1/(1 = X),and A /(X — 1).

What we are asking for is thus an f which is invariant under the group G. It is
clear that the subset consisting of all invariants under G form a subfield (containing
K of course). Even though we shall not use it, it follows from Galois theory that
K (1) is of degree |G| = 6 over this field of invariants. It also follows from a theorem
of Liiroth® that there is a single invariant such that any other invariant is a rational
function in this invariant. This suggests that there could indeed be a single complete
invariant (though it does not quite prove it).

3Jacob Liiroth, 1844-1910
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In any case in such a situation there is a systematic way of constructing invariants.
We start with some element in K (1), e.g. A, and then consider the polynomial that has
as roots the transformations of the element; ]_[geG(t — gA). As applyingag € G to
this polynomial just permutes its roots, its coefficients will be invariants. Concretely
we have*

s L 1 1 A -1
pyi= == (= (v 1) (v = 15 ) (= 2 ) (= 557)

A —305+50° —=3a+1
(A —1)222

208 — 65 + 52 + 502 — 61 +2 4

(h— 1222 x

A =3 +503 -3 +1 , .
— X~ — 32X .
(. — 1)222

=x0 3y —

103254523 -32+1

2 and

We only get the following two distinct non-constant coefficients

208-625+504 1522
(=122

=35 +5083 —30+1 25 -6 52 +50 2 —60+2

(r = 1)222 (= 1222 o

so that they essentially give the same invariants and we need only consider one of

them. It turns out that any of them actually has the property that any other invariant is
a rational function in it.

—6A+2 However, it is easy to see that

-5

Exercise 44. Let L € K () be the subfield generated by K and the coefficients of
the polynomial ]_[geG(t — gXA). Show that K (A) has degree < 6 over L. Show that
K (X)) has degree 6 over the field of invariants of G. Conclude that L equals the field
of invariants.
However we shall not use one of the coefficients but rather use
PO e e W Gl e Vs
(A — 1)222 T2 =1)2

which has a nicer numerator. For various reasons we also want to consider a rather
peculiar multiple of it and put

o g+ 1)?

which (for obvious reasons) is called the j-invariant of the elliptic curve. Note that
in terms of the j-function we have

p(x, M) =x0-3x—277j()—-6)x*+277j (M- -2 j(A)—6)—3x+1. (6.2)

4See http://www.math.su.se/~teke/undervisning/Elliptisk.nb for this calculation.
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By construction j is now an invariant but the next question is if it is a complete
invariant. This would mean thatif A, A’ € K \ {0, 1} and if j (1) = j (), then there is
ag € G suchthat 2’ = gi. This is what we now want to prove. We get from (6.2) that
p(x,2) = p(x, 1) and as 0 = p(, 1) we get that p(A, A") = 0 and by the definition
of p this means that 1 = gA for some g.

The definition of j is fine but not easy to apply to a general equation y?> = ax> +
bx? + cx + d. If we should happen to start with such an equation we can always
after scaling y assume that a = 1. After that the recipe is to consider the cross ratio
A = {00, a, B, y}, where o, B, and y are the three roots of f(x) := X3 +bx24cx+d
and then consider j (). By construction j ()) is independent of the order in which we
enumerated the roots. Now the fundamental theorem of symmetric functions says that
any function in the roots of a polynomial that is symmetric in them (i.e., is invariant
when the arguments of the function is permuted) is a function in the coefficients of the
polynomial. Usually “function” is taken to mean polynomial but the case of rational
functions follows directly from this. Hence we should be able to express j as a rational
function of b, c and d and this is what we shall do. We know however that if we replace
fby f(rx+s)for0O # r, s € K, then j will be unchanged. Thus we should be looking
for rational functions in b, ¢ and d which are unchanged under such transformations.
If we start by looking at invariance under x > x + s, then it is easy to see® that

. A A
2 ——3 — ac,
8h°  4dbc
R T

are invariant under the transformations x + x +s. Itis more easily verified that for the
polynomial x> —a /4x —b/4 we have g» = a and g3 = b and hence for the polynomial
constructed out of the fundamental periods w| and w; we have g» = g>(w1, w2) and
g3 = g3(w1, w2). The fact that g and g3 are invariant means that any polynomial and
any rational function in them are invariant. In order for such a rational function to be
invariant under all x — rx + s it is then enough that it is invariant also under x +— rx,
since if it is invariant under two transformations it is invariant under their composite,
and x — rx + s is the composite of x > rx and x — x + 5. Now x > rx takes g
to r ~2g» and g3 to r > g3. Hence if we say that a monomial gégé has degree 2i 4+ 3j
and that a polynomial of g, and g3 is homogeneous of degree n if all the monomials
appear in it have degree n, then a rational function in g, and g3 is invariant under
x > rx for all r precisely when it is the quotient of homogeneous polynomials of
the same degree. Such a rational function is a rational function of the roots which is
invariant under reordering of the roots and (simultaneous) affine transformations of
the roots. This means that it is determined by its restriction to polynomials of the form
x(x —1)(x —A). Hence to check that such a rational function is equal to j it is enough

3See http://www.math.su.se/~teke/undervisning/Elliptisk.nb.
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to check it on such polynomials. For them we have®
4 .
g2 = 3(?» -2+ D,
4
83 = f(k —2)A+1D2A—-1).

One now checks that
@ —27g3 = 16320 — 1)?

and combining everything we get

g3
J(g2.83) = 1728 42—
8

3 —27g3
Notice that even though g% — 27g§ is not invariant under affine transformation, it is
multiplied by a non-zero element under such a transformation. As function of A it
is zero precisely when A is equal to one of the other roots. From this it is easy to
conclude that it vanishes for an arbitrary polynomial precisely when that polynomial
has a multiple zero. It is called the discriminant of the polynomial.

Exercise 45. Show that a rational function in g and g3 invariant under x — rx is a
rational function in j.

On the purely algebraic side we have a very satisfactory picture; two elliptic curves
are equivalent precisely when their j-invariants are equal. The picture can then be
completed by noticing that over an algebraically closed field, j (1) = j always has a
solution A. However, we can do even a little bit better.

Exercise 46. Show that if j # 0, 1728, then the equation
y2 =x3—1/2x> —36/(j — 1728)x — 1/(j — 1728)

defines an elliptic curve with j-invariant j. Show that y> = x> — 1 has j-invariant 0
and y2 = x3 — x has j-invariant 1728.

On the analytic side things are less satisfactory. For a lattice I we get a curve
y? = 4x3 — go(I")x — g3(I") and equivalent lattices are mapped to equivalent curves.
We do not know however if this is a bijection. By composing with j, these questions
are equivalent to the following: If

@ (o1, )3
g2(w1, )3 —27g3(w1, w2)?

Jj(w1, @) = 1728

is equal to j(w}, )), are then the two lattices spanned by them similar? Is any
complex number of the form j (w1, w2)? We shall now study these questions. Note

6As usual see http://www.math.su.se/~teke/undervisning/Elliptisk.nb.
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that by construction j (w1, w;) depends only on the similarity classes of the lattice
generated by w; and wy and by the analysis performed previously j is determined by
the function j(t) := j(z, 1). That function, as a function j: H — C fulfils

f(at+b . a b

J (Ct n d) = j(r) for (C d) € SLy(Z),
and because of this it is determined by its values on the fundamental domain of the
action of SL,(Z) on H.

We shall now show that j is indeed a bijection. The situation is very similar to the
one for z — (¢ (2), $’(z)) and our proof will also be analogous. Hence we could try
to integrate j'(t)/(j (t) + ¢) around the boundary of the fundamental domain. There
are several problems with this approach but the most important is that the fundamental
domain is no longer compact, i.e., closed and bounded. It certainly is closed but not
bounded, more precisely J(t) is not bounded on it. We deal with this as follows.
We start by a general meromorphic function f: H — C fulfilling the condition
f(yt) = f(r) forall y € SLy(Z). In particular we have that f(tr + 1) = f(7), i.e.,
f is periodic of period 1. One holomorphic function of period 1 isthemap g : H — D,
where D := {z € C | |z| < 1}, given by g(t) = €?™!*. We shall now sketch a proof of
the fact that for every holomorphic ~: Hy, — C, Hy, := {z € C | J(z) > h}, which is
periodic of period 1, there is a holomorphic function H : D — C, where t = e~ 2mh
and DY := {0 # z € C | |z| < t}, such that i(t) = H(g), where we write ¢ = e2mit,
One way of showing this is to consider H(q) := h(log(q)/2mi). The logarithm is
well defined (and holomorphic) up to integer multiples of 2zi. Thus log(q)/2mi is
well defined up to an integer but as 4 is periodic of period 1, H(g) is actually well
defined and holomorphic, being locally the composite of two holomorphic functions.

Exercise 47. i) Fill in the details of this proof.

ii) Give an alternative proof by first expanding x — f(x + yi) in a Fourier series
whose coefficients are functions in y and then use Cauchy—Riemann’s equations to
show that these coefficients as functions of y has the right form.

Now, we say that f is meromorphic (holomorphic) at infinity if there isan 2 > 0
such that f is without poles on H, and that the F givenby F(q) = f(t) forg € D 21
has a convergent expansion

Fg)=)_ anq"
n>N
for some N € Z (resp. N > 0). (We shall in the future not introduce a new symbol for

the function in ¢ given by a periodic function in 7 but rather write f(g).) A function
f that is

* meromorphic on H,
e invariant under SL;(Z), i.e., f(yt) = f(t) for y € SL,>(Z), and
* meromorphic at infinity

will be called a modular function.
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Exercise 48. Show that a modular function without poles (including at infinity) is
constant.

We now want to prove that, just as for elliptic functions, a modular function has
the same number of poles as zeroes. However, in the elliptic case the proof of this
property was done by showing that the sum of the multiplicity of the zeroes and the
poles, where the poles were counted with negative multiplicity, was equal to zero. We
shall formalise this description (a formalisation which actually is also convenient for
elliptic functions). Assume that f is not identically 0. Then we almost define z € H
v (f) to be equal to the multiplicity of z as a zero if it is holomorphic at z and minus
the multiplicity of z as a pole if not. By “almost” we mean that we must modify it at
some points (a modification which is reasonable only if f is modular). More precisely,
if z is congruent under SL2(Z) to i, we divide the multiplicity of the zero (or minus
the multiplicity of the pole) by 2 and if z is congruent to e™'/3 we divide by 3. We
also define v (f) to be the multiplicity of the zero or minus the multiplicity of the
pole of f(q) atg = 0.

These modifications may at first sight seem quite ad hoc but we shall see that they
fit very well with the proof of the next result. The following exercise gives a further
motivation for the modifications.

Exercise 49. Show that for a non-zero modular function f, v,(f) € Z for z € H.

We are now almost ready to formulate our result on the zeroes and poles of a
modular function. What is needed is first to note that a non-zero modular function
has only a finite number of zeroes or poles in the fundamental domain. This is not
quite as easy as the elliptic case, as the fundamental domain is not compact. However,
from the fact that f(g) is meromorphic in the whole unit disc we get that there is
some concentric disc of radius smaller than 1 that only contains a finite number of
zeroes and poles and then as D N {z € H | I(z) < R} is compact we get in all just a
finite number. Secondly we must take care to count each zero or pole once. Hence
by a complete set of non-congruent zeroes and poles of f we mean the choice of a
set of poles and zeroes of f (including possibly co) such that each zero or pole is
congruent modulo SL;(Z) with exactly one of them (where oo is only congruent with
itself). One can make a specific choice of representatives of the congruence classes by
insisting that they should lie in the fundamental domain minus the line J(z) = —1/2
and the arc |z| = 1, 7w/2 < arg(z) < 2m/3 but we shall not insist on doing so.

Proposition 6.2. If f is a non-zero modular function we have that
> v(f)=0
z

where the sum runs over a complete set of non-congruent zeroes and poles of f.

Proof. We assume that, except possibly for z equal to i, e™'/3, or , ¢>!/3, there are no

zeroes or poles on the boundary of the fundamental domain, leaving the general case
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to an exercise. Now pick an R such that D N {z € C | J(z) > R} contains no zeroes
or poles and consider the path of Fig. 26 where the horisontal part is at J(z) = R and
the vertical at i(z) = £1/2. As usual we can find a free homotopy of this path to one

i

Figure 26. A path encircling zeroes and poles.

encircling the poles and zeroes of f in the interior of D plus some connecting paths
traversed in both directions. Hence if we integrate df/f over this path we get 2mi
times the sum of the v, (f) for z in the interior of D. Hence what needs to be proven
is that this integral equals —27i (Voo (f) + vi (f) + v (f)), where ¢ = e™/3. We now
look at the contribution of different parts of the path to the integral:

The integral along the left-hand vertical part cancels the integral along the right-
hand vertical part as f (7 + 1) = f(r) and as the left-hand maps to the opposite
of the right-hand under 7 — t + 1.

The integral along the left-hand arc on the unit circle cancels the integral along
the right-hand arc on the unit circle as f(—1/t) = f(r) and as these arcs map
to the opposite of each other under t +— —1/7 (provided the arcs have been
chosen with the end points mapping to each other under the map 7 — —1/1).

The integral along the horisontal part corresponds to going once around the
origin on the circle of radius e 2" X in clockwise direction in the ¢ coordinate.
As g = 0 is the only possible pole or zero, we get that the integral along it is
—2mivee (f)-

The integral along the right-hand arc going from the unit circle to the line
J(z) = 1/2 is an arc with center at {. The integral would seem to depend
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on the radius (though it can be seen that it doesn’t) but in any case, when the
radius tends to O it tends to —67iv, (f) times the limit proportion of the length
of the arc to the length of the full circle. That proportion is the angle between
the unit circle and the line J(z) = 1/2 divided by 2w which is 1/6 with total
contribution —mivy (f). (We are integrating a function with a simple pole with
(z—2¢ Y~ -coefficient equal to 3v, (f) along such an arc and the contribution
from all the other terms of Taylor series tends to zero.)

* The integral along the left-hand arc going from the line J(z) = —1/2 to the
unit circle tends, when the radius tends to zero, by the same argument to
—miv_2(f). However, f(—1/7) = f(r) and 7 — —1/7 takes —*to¢
so that V_2 (f) = v (f) and the total contribution of both arcs is —2miv, (f).

* The integral along the arc with center at i tends, with the same argument as for
¢, to —2miv; (f) when the radius tends to zero.

The different contributions thus add up to exactly what we want. a

Exercise 50. Prove the case when there could be zeroes and poles anywhere on the
boundary fundamental domain.

We would like to be able to use this result in a fashion very similar to the way it was
used for g to show that j does indeed take similarity classes of lattices bijectively to
complex numbers. That would follow if we knew that j had a simple pole at infinity.
We shall see that this is indeed the case but it requires computing first the “g-expansion”
of the G. This makes sense because even though Gy is not a modular function it is
periodic of period 1 and any such holomorphic function can be so expanded. A closer
look at the definition of G reveals that it can be written as an infinite sum of functions
that are periodic of period 1 (where we as for j write G (t) := Gg(t, 1)):

71 1

me7Z m>1neZ

We see that not only is the inner term periodic; it is in fact the evaluation at mt of the

function |

fu(2) = Z m

nez
This expression makes sense also for odd exponents and even for exponent 1 if one
sums symmetrically around the origin. In the following two exercises we shall now

show that
1 1

z+n z—n

mcot(mrz) = % + Z (6.4)

n>1

Exercise 51. Show that the difference of the right- and left-hand side of (6.4) is a
holomorphic function on C periodic of period 1 and bounded when J(z) — oo.
Conclude that the difference is a constant and compute that constant by putting z = 0.
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Exercise 52. Put z = x + iy and expand the right-hand series of (6.4) as a Fourier
series in x with fixed y > 0 by judiciously exchanging sum and integral, and then
compute the resulting integral using residue calculus. Compare the result with the
g-expansion of 7 cot(rz) obtained below.

‘We now use Euler’s formula to write

enir + efm'r +1 o
T Cot(mT) = Wi — — = q =i —2711'2(]”,
elIT _ o~ TIT q —1 o

and then taking derivatives repeatedly we get for k > 2,

N G 2 ) S - S
é(wrn)k_(k—l)zm;m a-

2wimt m

Applying that to (6.3), treating the n = O-term specially, and using that e =q™,
we get

( 27”) 2k 1, myr
Gi(r) =2¢(2k) +2 (¢™)

2k 00
—2;(2k)+(( 2m) ZZ Ae=lgn,

n=1 rin

and if we introduce the (standard) notation oy (n) := ) din d* we get

o]

DHk2(2m)%*
Gk(r>=2c<2k>+( . (]7;,) Z o2 1(n)g". (6.5)

Now, in order to get the g-expansion for j we need to compute the constant term in
this expansion (or for that application really only for k = 2, 3). We can do this by
using (6.4) once more. We start by defining’ the Bernoulli numbers® by the equality

2k

(2k)!

X
=1-= +Z( DB

e —1

(for this to make sense one needs to show that x/(e* — 1) 4+ x/2 is an even function
which follows from the transformation below). It is clear that the Bj are rational

TThere are some differing conventions concerning Bernoulli numbers, in particular it is in some contexts
convenient not to build into the definition that most of the odd terms vanish in the expansion below. If that
is done the Bernoulli numbers here would appear with even exponents.

8 Jacob Bernoulli, 16541705
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numbers and one computes By = 1/6, B, = 1/30, and B3 = 1/42. Putting x = 2mwiz
gives
(Zn)ZkZZk

o0
mwzeot(wrz) =1— ]; Bi 0!

(and now it is clear that the left-hand side is an even function). On the other hand from
(6.4) we get (where we temporarily let co - 0 = 0)

z/n
1—|—z/n 1 —2z/n

=1+ Z nl_k((_nk—l D =1-2) "¢

k>1n=1 k>1

mwzcot(mz) =1+ Z

and comparing coefficients we get

(27.[)2](

20(2k) = Bkm.

Now using this formula we may factor out the 2¢(2k)-factor in the g-expansion to

obtain G
k k
Ep = =14+ (D"— > on_1(n)q"
2¢(2k) ; T

Exercise 53. i) Use Exercise 18 to show that E% = E4 and that E,E3 = Es.
ii) Show that

n—1

07(n) = 03(n) +120 ) 03(m)o3(n — m)

m=1
and
n—1
11o9(n) = 2los(n) — 1003(n) + 5040 Y _ o3(m)os(n — m)
m=1
for all n.

We can now use this for k = 2, 3 to get’ the g-expansion for j:

1
j(q) = = + 744 + 1968844 + 21493760q> + 8642999704°> + - - - .
q

In particular it shows that j has a simple pole at infinity (and with ¢ ~!-coefficient

equal to 1 which is one of the reasons for the strange coefficient in the definition of
Jj(A)). We can now prove the promised theorem on the bijectivity of j.

9See http://www.math.su.se/~teke/undervisning/Elliptisk.nb for the computation.
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Proposition 6.3. The j-function maps the upper half plane H surjectively onto the
complex plane and j(t) = j(t') precisely when there is a y € SLy(Z) such that
T =y (7).

Proof. Given ¢ € C we can consider j — ¢ which is a modular function with a simple
pole at infinity and which is holomorphic on H. By Proposition 6.2 it must have at
least one zero and hence there is a T € H such that j(r) = ¢. Assume now that
¢ = j(r) = j(z') with t and t’ non-congruent modulo SL;(Z). As j — c has
a simple pole at infinity and no other poles, hence by Proposition 6.2 we have that
v (j —¢)+ vy (j —c¢) < 1. As both of them are positive and integers unless they are
congruent to i or { we get a contradiction, unless one of them is congruent to i and
the other to ¢ and there are no other zeroes. However, we can not write 1 as a positive
integer linear combination of 1/2 and 1/3. (We can also refer to Exercise 49, which
shows that v,(j — ¢) is always an integer, or Exercise 54.) O

Exercise 54. i) Show that g2(¢, 1) = 0 and conclude that j(¢) = 0.
ii) Show that g3(i, 1) = 0 and conclude that j (i) = 1728.

Exercise 55. Using Proposition 6.2 and Exercise 49 show that each modular function
is a rational function in j.
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Formulaire

We shall now consider the general form of an elliptic curve. We have already seen
that there are problems with the form that we have been using in characteristic 2 and
that there are some problems also in characteristic 3. However, for some problems
we need to be even more general, e.g., arithmetic problems. In the arithmetic case we
would like to allow at least the coefficients of the equation to be integers. Hence we
assume for the moment that we allow coefficients from an arbitrary commutative ring
R. The equation defining an elliptic curve then has the general form, the so-called
Weierstrass form,

y2 +ayxy +azy = x3 + a2x2 + asgx + ag

where thus a; € R. We shall allow some coordinate transformations which are postu-
lated to take a curve into an equivalent curve:

/
x:uzx +r,

7.1)
y=uly +su’x' +1,

wherer, s,t € Randu € R* (the invertible elements). It is clear that under composi-
tion these transformations form a group and the equivalence classes of curves are just
the orbits under that group. If 2 is invertible in R, then we can use the transformation
x = x"and y = y — a1/2x’ — a3 to reduce to the case when a; = a3 = 0, and
when 3 is invertible we can use x = x’ — a,/3 and y = y’ to reduce to the case when
ar = 0. If both 2 and 3 are invertible, then we do the first and then the second trans-
formation to reduce to the case when a; = a3 = a» = 0, which is the case we have
been studying previously. We can then consider the discriminant and the j-invariant
which will become a polynomial, resp. a rational function, in the original variables.
We claim! that they are given by the following formulas, where the last definition of
course assumes that A is an invertible element of R. (This is not necessarily assumed
but it is reasonable to assume that it is a non-zero divisor which is equivalent to the
condition that R can be embedded in a ring where it is invertible).

by = a12 + 4ay,
by = ajaz + 2ay,
bg = a% + 4ag,

bg = a%a6 — ajazaqg + 4arag + a2a§ — af,

ISee http://www.math.su.se/~teke/undervisning/Elliptisk.nb for the calculation.
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¢4 = b3 — 24by,

c6 = —b3 + 36byby — 216bg,

A = —b3bg — 8b3 — 27bZ + 9bybybs,

j=ci/A.
Exercise 56. Show that an element 7 of a commutative ring R is a non-zero divisor
precisely when R can be embedded in a commutative ring where ¢ is invertible.

Note that some of the definitions can be simplified under further conditions. We
have for instance that

dbg = bybg — by, 1728A = cj — cZ,
so that if 2 and 3 are invertible we can dispense with bg and get a simpler definition
for A.

From now on we shall use the above definitions for A and j. Itis clearly interesting
to see what happens when we apply the coordinate transformation of (7.1) to the defined
quantities. If we first look at the a’s we get?

ua; = aj + 2s,
uzaé =ap — say — s* + 3r,
u3a§ =a3 +ra; +2t,
u4aft = a4 — saz + 2rax — (t +rs)a; + 3r* — 2st,
146a€3 = ag + ras — taz + rlay — rta; +r> — t2,
and for the b’s we get
uzb/z = by + 12r,
u*bl, = by + rby + 612,
u6b/6 = be + 2rbs + r2b2 + 4r3,
udby = bg 4 3rbg + 3r2by + r’by + 3r4,
and finally for the ¢’s and A,

u4cﬁl = ca, uﬁcg =cs, ulA' =A.

From these last transformations we get that j/ = j. For an algebraically closed field
of characteristic different from 2 we showed that if j* = j for two curves, then they
are equivalent if a) = a] = a3 =a} =0.

Exercise 57. i) Show that if the characteristic of the field K is different from 2, then
any elliptic curve over K is equivalent to one with a; = az = 0.

ii) Show that if the characteristic of the algebraically closed field K is equal to 2,
then if j = j for two elliptic curves, they are equivalent.

2For these and the subsequent ones see http://www.math.su.se/~teke/undervisning/Elliptisk.nb.
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Finite fields

We shall now discuss the particular properties of elliptic curves over finite fields. Of
course the most particular property of such curves is that the number of points of the
curve over the field is always finite. As such it has a number of invariants whose
evaluations should be of interest. The first such invariant is the order and we start
by discussing it. Let us for simplicity consider the case of odd characteristic and
consider the curve E given by the equation y*> = x> 4+ ax + b with a, b € F,. We
start by considering the practical problem of counting the number of points E(FF,;)
on the curve over IF;. We always have the point at infinity and apart from it we have
all pairs (s, t) € F; for which t?> = s* + as + b. That however would mean going
through ¢ such pairs which rather quickly becomes unwieldy. In fact, there is no
reason to go through all pairs if we just want to count the number of solutions. We are
instead interested in knowing for a fixed x how many square roots in IF; the expression
x3 4+ ax + b has. This number is 1 if it is zero, 2 if it is a non-zero square, and O if it
is not. Hence if we define x : F, — Z by

0 ifz=0,
x() =11 if z # 0 and z is a square,
—1 if z # 0 and z is not a square,

we have that the number of points in £ (IF;) equals

1+ Z (X(x3+ax+b)+1)=l+q+ Z x (3 +ax +b).

xely xelFy

This can be used to improve the speed of calculation but it also has theoretical impli-
cations. One heuristic implication is that we get a feeling for the size of the number of
points of E(IF,). For this we note that there are at most three choices of x which are
zeroes of x> +ax + b and except for those values x (x3 + ax + b) takes on the values 1
and —1. Further, there are as many non-zero squares as there are non-squares in F; and
there seems to be no reason why x34-ax +b should “prefer” to be square or non-square.
If so the sum in the last term should be a sum of (approximately) g randomly (with even
distribution) chosen =1’s. From the central limit theorem we get (in particular) that the
expected size of the sum should be on the order of ,/g. We can check this for a curve
with integer coefficients (in this case y2 = x3 4+ x + 3) and reduce it modulo different
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primes. In order to see the size of the sum we let ¢, := (p + 1 — |E(F,)|)/(2,/P):

p Cp p Cp p Cp p Cp

5 0.447 || 71 0.474 || 149 | —0.983 || 229 0.528
7 0.377 || 73 | —0.351 || 151 | —0.610 || 233 | —0.622
11| —0.904 || 79 | —0.225 || 157 0.119 || 239 | —0.776
17 0.121 || 83 0.329 || 163 | —0.939 || 241 0.354
23 | —-0.312 | &9 0.529 || 167 | —0.502 || 251 0.378
29 | —0.557 || 97 0.050 || 173 0.228 || 257 | —0.187
31| —0.808 || 101 0.746 || 179 | —0.074 || 263 0.369
37 | —0.082 || 103 | —0.788 || 181 | —0.445 || 269 | —0.487
41 0.234 || 107 | —0.870 || 191 0.542 || 271 0.121
43 | —0.228 || 109 | —0.047 || 193 0.071 || 277 0.570
47 | —0.437 || 113 0.564 || 197 0.641 || 281 | —0.447
53 0.412 || 127 | —0.709 || 199 0.106 || 283 0.118
59 0.325 || 131 0.305 || 211 | —0.550 || 293 0.438
61 0.448 || 137 | —0.598 || 223 0.669 || 307 0.313
67 0.183 || 139 0.381 || 227 0.796 || 311 0.453

We see that the sum does indeed seem to be of the order of ,/p. However, if the
sum was truly a sum of independent evenly distributed variables, in about 5% of the
cases ¢p should have a value outside of [—1, 1] (again by the central limit theorem).
A look at the table shows however that we get outside of [—1, 1] in none of the 60
cases. This is of course not conclusive evidence (even from a heuristic point of view)
as we would only expect three exceptions, but the frequency plot in Figure 27 plots
about 20, 000 primes and we see that there is still no value outside of [—1, 1]. This

0025
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Figure 27. Distribution of points on elliptic curves.

certainly suggests that we never get outside of [—1, 1] and a result of Hasse gives in
fact that we never do. Furthermore, Hasse’s result is more precise in that it gives a
relation between the number of points over a field ', and the number of points over
an extension field.
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Proposition 8.1. Ler E: y2 + ajxy + a3y = x> + arx? + asx + ag be an elliptic
curve over the finite field IF,. Then there are complex numbers o and  with aff = q
and |a| = |B| = \/q and such that for any n > 1 we have

IEEm=q" +1— (" +p").
In particular we have that |q +1- |E(]Fqn)|| < 2q”/2.

Proof. That the inequality follows from the formulas is clear as [«” + 8"| < |«|" +
|BI" = 2¢"/*. The proof of this formula will not be taken up in these notes. a

Example 10. i) Consider the equation y> 4+ xy = x> + 1 over F5. It has the solutions
(0, 1), (1, 0), and (1, 1) (plus of course the point at o) and hence | E(F,)| = 4 and we
get4 =2+ 1 — (o + B) which gives ¢ + f = —1 and as off = 2 we get that & and
are solutions to the equation x2 4+ x + 2 = 0 which has the solutions «, B = %‘ﬁ’
and hence
(—14+V7i)" + (=1 =V7i)"
2n '

ii) Consider the equation y2 +xy = x3+x2+1 over Fy. It has the solution 0,1
and hence |E(F,)| = 2 giving that & and g are solutions to x> — x 4+ 2 = 0 giving
o, p = thﬂ

|[E(Fp)| =2"+1—

iii) Consider the equation y2 +y= x> over Fy. It has solutions (0, 0) and (0, 1).
Hence |E(F,)| = 3 and we get « + 8 = 0 which gives «, 8 = +/2i.

iv) Consider the equation y> = x3 + 1 over a finite field I, of characteristic
different from 2 and 3 and for which 3 f¢ — 1. In that case x — x° is a bijection from
IF, to itself and hence for each y there is a unique x for which y> = x3 + 1. That
means that |[E(F,)| =¢ + land o + 8 = O so that o, 8 = £, /qi.

There is a way to get the number of points modulo p that we shall now describe,
when the characteristic is 7# 2, 3. It uses two facts:

* Forz € IF; we have x(z) = z@=D/2jp F, (Exercise).
e If g — 1 fn, then Zzeﬂ?q Z" = 0 and if it does, then Zzeﬂ«‘q 7" = —1 (Exercise).

Exercise 58. i) Show that if z € F,, then x(z) = z¢~V/2in F,.
ii) Show thatif g — 1 fn, then Zzqu 7" = 0 and if it does, then ZZqu 7" =—1.

We now compute in F;, and get

Z x(3 +ax+b) = Z (x> +ax + b)4=b/2,
xelF, xelfy
However we may expand

o ax )@= 37 <(q._.ll)€/2>ajbkx3"+j
i+jthk=@-npe > B
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and exchanging the order of summation we get

S 3 tax + a2 = » <(q-_.1)/2>ajbk S G,

i, ], k
xeF, i+ jtk=(q—1)/2 J xcF,

However, the inner sum vanishes unless ¢ — 1|3i + j and not both i and j are zero,
but we always have 3i 4+ j = 2i 4+ (i +j) < 4((q —1)/2) which gives3i 4 j =g — 1
so that the sum becomes

N L A R PEe e
i,g—1-3i,2i—(g—1)/2

(g—1)/4=i<(q—1)/3

This thus computes |E(F;)| — (g + 1) modulo the prime p for which g = p™. Note
thatif m = 1, then |[E(F,)| — (g + 1) is an integer of size < 2,/p so thatif p > 4,/p,
the residue modulo p determines that integer.

8.1 The curve y? =x3 +1

Consider the curve E': y2 =x3+1,ie,a =0and b = 1 in the form used above
and assume that g = p'. (We have already treated the case when ¢ = 3 mod 4.) A
summand of the mod p formula then gives a zero contribution unless 3i = ¢ — 1 and
that term equals

( (p—1/2 >:<(p—1)/2>:p+2p+5mp—l
(p—1/3,0,(p—1D/6 (r—1/3 33 2 -

As we have seen, this formula determines the number of points when p > 4,/p, i.e.,
p > 16. We can do better however. If y> = x> + 1 is a solution with x # 0, then
there are exactly two other choices for x that also gives a solution with the same y as
3|p — 1 and there are therefore three cube roots of unity in IF,. There are exactly two
solutions with x = 0 and thus |E(IF,)| = 0 mod 3. Thus we actually know |E(FF),)]
modulo 3p and hence it is determined once 3p > 4,/p,i.e., p > 16/9.

Example 11. i) Consider p = 7. We have (3) = 3 and hence |E(F,)| — 8 =
—3 mod 7. On the other hand |[E(F,)| — 8 = 0 — 8 = 1 mod 3. This implies that
|[E(F,)| — 8 = 4 mod 21 and hence by Hasse’s theorem that |E(F,)| — 8 = 4 and
hence |E(IF,)| = 12. Furthermore, we get o + 8 = —4 and hence o and § are roots
of the polynomial x2 + 4x + 7 giving o, B = —2 + +/3i.

ii) Consider p = 13. We have (g) = 15 and thus |E(F))| — 14 = —15 mod 13.
Together with |E(F,)| — 14 = 1 mod 3 this gives |[E(F,)| — 14 = —2 mod 39 and
hence |E(F,)| — 14 = —2. This gives that « and B are roots of x% —2x + 13 and
hencea, B =1 =% 24/3i.
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It is seen in these two examples that o, 8 € Z[¢], where ¢ = _1+T‘/§’ and Z[¢]
denotes the ring of integral linear combinations a 4+ b¢, a, b € Z.! This is no coin-
cidence and is true for all p = 1 mod 3 but is on the other hand very special for the
equation y> = x3 4 1. We shall not prove it here (but see exercise 60) but show that
assuming it one can find a quicker way to determine |E(IF,)|. We start by noticing
that as || = ,/p we have ao = p and as aff = p this gives 8 = @. Hence, a and
B are complex conjugates of each other. Furthermore, we have o = p and from the
theory of arithmetic in the ring Z[¢] this implies that « is determined up to complex
conjugation (which only exchanges « and 8) and multiplication by +¢%,i =0, 1, 2.

Exercise 59. Prove that if o, B € Z[¢] fulfil o = p = BB for a prime p, then
B==xl'aor B ==X

Exercise 60. Let p be a prime with 3|p — 1. Let xo: Z/Zp — C be the function with
constant value 1 and x;: Z/Zp — C be the function taking only values 0, 1, or —1
and for which x1(x) = x?~D/2 mod p. Finally, let xo: Z/Zp — C be a function
which only takes values 0, 1, ¢, and ;2, which is 0 on 0 and whose restriction to
(ZZp)* is a non-trivial group homomorphisminto {1, Z, £2}. Let x3 be the complex
conjugate of x».

i) Show that x> and x3 are the only functions fulfilling the condition that was
imposed on x».

ii) Show that the number of solutions to x2 = ¢ equals xo(c) + x1(c) and that the
number of solutions to x> = d equals xo(d) + x2(d) + x3(d).

iii) For b € Z/Zp show that the number of solutions to y?> = x3 4+ b in Z/Zp
equals

P+ Y n@+bxd+ Y xd+bxsd
deZ/Zp deZ]Zp

and show that the two sums are complex conjugates of each other.
iii) (Difficult) Prove that

> xn@+bxad Y xad+bxd =p

deZ)Zp deZ/Zp
if b # 0.

We shall now see that we may inject further information that determines « up to
complex conjugation. To simplify the arguments we put Tr(«) := a4+« fora € Z[{].
Note that Tr is additive with Tr(1) = 2 and Tr(¢) = Tr(¢?) = —1. If & = a + b¢,
a,beZ,then |E(F,)|=p+1—Tr(x) = p+1— (2a — b). The elements (x, 0),
where x is a root of x> 4 1 gives the elements of order 2 of E. One such solution
is x = —1 and there are two others as there are three cube roots of unity in [F,.
Hence E(IF,) contains a subgroup of order 4 and therefore 4 divides |E(IF,)|. That
means that [E(F,)| = p+ 1 — (2a — b) = O mod 4. In particular b is even. As

1They actually lie in Z[+/3i] but that would not be true for instance for y2 =x3+2
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2¢ = —1 + +/3i this gives that @ = ¢ 4+ d+/3i for¢c = a —b/2 andd = b/2. On
the other hand we know 0 = [E(F,)| = p + 1 — 2¢ mod 3 giving 2¢ = 2 mod 3,
i.e.,, ¢ = 1 mod 3. It now turns out that these conditions cannot simultaneously be
true for o and some +¢ o distinct from «. Indeed, ¢(a + bs) = —b + (@ — b)¢
which shows that o + @ and ¢« + o are integers that are congruent modulo 3, hence
+¢! o fulfils the mod 3 condition only if the plus sign is chosen. Similarly we have that
Tr(¢(a+bs)) = —a—bandif2a—b = —a—b mod 4 we have 3a = 0 mod 4,i.c.,4|a
but as 2|b we get /2 € Z[{] which would give p = aor = 4Z which is not possible.
In the same manner Tr(¢2(a + b¢)) = —a +2b giving that 2a — b = —a +2b mod 4
implies a = b mod 4 which again gives 2|a, b.

We have thus seen that there is a unique (unordered) pair o, @ € Z[{] such that
a@ = p, Tr(e) = p + 1 mod 12, and that under these conditions « € Z[+/3i]. This
means that o = a + b+/3i and then a® + 3b* = panda = (p + 1)/2 mod 6, in fact
the implied condition a = 1 mod 3 is enough to determine a.

Example 12. i) Assume again p = 7. We are then looking for a solution to a> 435 =
7 which can be reformulated as saying that 7 — 3b is a square. Checking for b = 1
gives the solution (—2)2 +3- 12 = 13 and @ = —2 + V/3i.

ii) Assume p = 13. This time we want 13 — 3b2 to be a square. Checking for
b =1 and 2 gives the solution 12 +3-22 = 13 and a = 1 4 2+/3i.

iii) Assume p = 31. Checking for 31 — 3b> to be a square gives the solution
(=2)2+3-3%anda = —2 + 3/3i.

This method clearly cuts down on the time needed to compute the number points
but when p gets large it is still quite slow (more precisely it requires O (,/p) arithmetic
operations on integers of the size O(,/p)). There is an algorithm of Cornacchia that
is much faster (requiring O (log” p) operations for a small n).

8.2 Normal forms and twists

We do not need to consider the general Weierstrass form for curves over a finite field.
Consider first the case of a curve over a field of characteristic different from 2 and
3. (Note that we do not assume that the field is algebraically closed.) We can start
by “completing the square”, mapping y + y — aj/2x — a3 /2, to find an equivalent
curve for which the equation has y2 as left-hand side, i.e., a; = a3 = 0. We can then
complete the cube, mapping x + x —a»/3, to obtain an equation with a; = 0 leaving
us with an equation of the form y> = x> 4+ ax + b. We can then use the j-function to
determine when two such curves are equivalent over the algebraic closure of the base
field. However, that does not mean that two curves with the same j-invariants are
equivalent over the base field ;. In fact, let u € IF; be a non-square and consider the
equation uy? = x3 4 ax 4 b. Itis of course not in Weierstrass form but from this form
it is clear that over a larger field where u = v* we can make the coordinate change



76 8 Finite fields

y > v~y to transform this to the original form. On the other hand, the transformation
(x,y) — (ux,uy) transforms the equation uy? = x3 + ax + b to the Weierstrass
form y? = x3 +u~2x +u>b. This is called the quadratic twist of the original curve.
It can then be shown that, with two exceptions, this new curve is not equivalent to the
original one over I, and that these two curves represent the equivalence classes over
IF, of curves that become equivalent over the algebraic closure of IF,. The exceptions
are the curves of j-invariant O and 1728. A curve with j-invariant O is one given
by the equation y?> = x> + 1. Apart from the quadratic twist one may also perform
a cubic twist by picking a non-cube u € [, and considering y? = ux® + 1 which
is transformed to y?> = x3 + u®. More generally one may consider y> = x> + b,
b # 0, and then all such curves are equivalent over the algebraic closure of ', and
those associated to a and a’ are equivalent over F,, precisely when a and a’ differ by
multiplication by a sixth power.

Similarly, a curve with j-invariant 1728 is y> = x3 4 x and twists, this time called
bi-quadratic, are obtained by again considering y> = x> + ux and two such twists are
equivalent if they differ by a fourth power.

Exercise 61. Show that if E’ is the quadratic twist of E, then |E FDl—@+1) =
—(E"Fy)l — (g +1)).

The case of characteristic 3 is quite similar. If the j-invariant is different from
0 = 1728 we can transform the curve into the form y? = x3 4 ax? + b and we may
perform a quadratic twist in the usual way. On the other hand, y?> = x> — x has
j-invariant 0 and we may perform a bi-quadratic twist to obtain y? = x> — ax. There
is however a further possible twist. We can consider y> = x> — x — a. If we pick a
b, possibly in some extension of F,, such that b3 — b = a, then a coordinate change
x — x — b transforms the equation into y> = x3 — x. The most general form that
still gives j-invariant 0 is y> = x> — bx — a. To describe the equivalent curves over
IF, is a little bit involved.

The case of characteristic 2 is quite different. If a; # 0, then we may get rid
of a3 by translating in x and then scale y so that ¢; = 1 leading to y> 4+ xy =
x3 4+ axx? + asx + ag. By translating y — y + b, where b € F, fulfils b* = ag we
can get rid of ag, and by translating y > y 4 tx we can replace ap by ar +1> +1 +a.
Over an extension field we can always choose ¢ so that this makes a; = 0 and over
Fyzm 2% + z is an additive map with kernel consisting of 0 and 1, so that its image
has index 2 and there is an element m € F, not of the form 2 + ¢ so that we may
transform a into 0 or m. Hence we have the basic form y? + xy = x> + ax and its
quadratic twist y> + xy = x> + mx? 4 ax (quadratic this time as we can get rid of m
after a quadratic extension).

Exercise 62. Show thatif m € F, is not of the form nZ+4nforn e ¥, then the curves
E:y*4+xy=x>4axand E': y*> +xy = x> + mx? + ax fulfil [EF)|I—-(@+1) =
—(IE"(F)I = (g + D).

If instead a; = 0, then one can scale x and y so that a3 = 1 (if a3 = 0 the
discriminant is zero and we do not have an elliptic curve). We can complete the
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cube in x and hence get to the form y2+y = x3 + asx + as. We can make the
coordinate change (x, y) — (x +b2%, y 4+ bx) which changes the equation to y> +y =
x3 4 (b* 4+ b+ as)x + b° + asbb? + ag, and over an extension field we can thus make
as = 0. We can then after that make also ag disappear by a coordinate change of the
type y > y + r. Thus all the curves y> + y = x> 4 a4x + ag are twists of the single
one y2 + y = x3. To determine when two such twists are equivalent over the base
field is reasonably involved.
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Division polynomials

We shall now investigate the map from an elliptic curve to itself given by multiplication
by a positive integer n. We start by investigating the condition that a point is mapped
to 0, the identity element. First we consider the case when the base field is the field of
complex numbers. For an abelian group A and a positive integer n we let , A denote
{a € A | na = 0} and consider

[T p@-pw@,
07#ae,(C/T)

where as usual I' = Zw; + Zw;. This is clearly a meromorphic function with periods
the elements of I'. We shall now see that it is in fact the square of such a function.
Indeed, ifa € ,(C/T) anda # —a, then (9 (z) —  (a)) (9 (z) —p (—a)) = (9 (2) —
@ (a))? and thus the pair {a, —a} contributes a square. If n is odd that proves the
claim. If n is even we are left with a being equal to one of the residues of w;/2,
w2 /2, or (w1 + wy) /2. However, it follows from Theorem 3.8 1) that 4@3(z) — g —
83 = 4p @) — p@/2)(p @) — p@2/2)(p ) — p (w1 + ®)/2)) and hence
4 (2) — 9 (@1/2) (9 (2) — 9 (@2/2) (9 (2) — 9 (@1 +@2)/2)) = " (2). We thus
can write
i@=n T p@-p@.
0+ae, (C/T)

where f, is meromorphic with I as periods. To be more precise we have seen that
fx(2) can be chosen to have the form P, (g (z)) if n is odd and 1/2'(z) P, (¢ (2))
if n is even, where the P, are polynomials with leading coefficient n (and of degree
n?—1) /2, resp. (n* —4) /2). Our first result is a description of g (nz) in terms of
these functions.

Proposition 9.1. The following relation holds for m > n:

Jnn(2) fm—n(2)

and in particular forn > 1

Sar1(@) fuo1@)
f2(z) '

Proof. We have that the poles of g (nz) are exactly the points of , (C/ I'). Itis clear that
if f is a meromorphic function on C, then the multiplicity of a zero or pole of f(nz)

#(2) — o (nz) =
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at a is the same as that of f(z) at na. Hence we get that the multiplicity of the poles of
e (nz) — o (mz) is 2 at each point of , (C/ T") | ,(C/T") as the coefficient of g (nz) in
front of lowest order term is 1/n? so that the 1/z>-terms for g (nz) and g (mz) never
cancel. Hence there are in all 2(m? + n% — d?) poles counted with multiplicity, where
d := (m, n). On the other hand, from the argument above it follows that f;,(z) has a
simple zero at each 0 # a € ,(C/I') and no other zeroes, so that fn2 () has a double
zero at each of those elements and no other zeroes. Further, g (nz) — g (mz) has a
zero exactly at all z € C/ T for which mz # 0, nz # 0, and nz = +mz as g takes the
same values only at z and —z by the proof of Theorem 3.8. That means that there are
zeroes at the z € C/ T for which (m £n)z = 0, but mz, nz # 0. If m — n is odd, then
(m+n,m—n) =dand (im +n)z = (m —n)z = 0is equivalent to mz = nz = 0.
So the number of zeroes is (m + n)? + (m — n)2 — 2d? = 2(m? + n? — d?) and the
number of zeroes equals the number of poles counted with multiplicity and thus each
zero has multiplicity 1.

If instead m —n is even we have that (m —n, m+n) = 2d and hence there are points
for which (m+n)z = (m—n)z = 0, yetmz, nz # 0, i.e., those for which 2dz = 0 but
dz # 0. If ais such apoint, then g (n(z+a)) —g (m(z+a)) is an even function of z and
thus g (nz) — g (mz) has a zero with even multiplicity at a. If all the other zeroes are
counted with multiplicity 1, we getinall (m+n)>+(m—n)>—2(2d)*+2((2d)*—d?*) =
m? + n? — d? so again we have found the right multiplicities.

We have thus found the zeroes and the poles of g (z) — g (nz) and we have also
seen that f;,(z) has a simple zero at all 0 # z € C/T" with nz = 0 and it then follows

that
Jm+n(@) fn—n(2)
3@ f2(2)
has the same poles and zeroes (counted with multiplicity) as g (nz) — g (mz). In fact

the only possibly problematic case! is z = 0 but it is easy to see that the expansion of
fn at z = O starts off as

fa(@) = (=)' T, ©.1)

anfl

where the sign comes from the choice of sign for f; in terms of the expansions
as P, (g (z)) resp. ' (z) Py (9 (z)). This means that the quotient between the right-
and left-hand side of the formula to be proven has no poles or zeroes and hence by
Liouville’s theorem is a non-zero constant. That constant is determined by looking
at the lowest term of the expansion around zero, using that g (nz) has lowest term
1/n1/z% and the expansion just used for f,,. O

Exercise 63. Show directly that o (nz) — g (mz) has a simple zero at the non-zero
points where (n + 1)z = 0 and 2z # 0 and a double zero where (n = 1)z = 2z = 0.

I This case does not have to be treated as if an elliptic function has just a single possible pole or zero,
then it does not have any poles or zeroes as the sum of the multiplicities is zero. On the other hand we need
to expand at 0 anyway to determine the constant.
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Example 13. i) We have that f; = 1 (and P, = 1).
ii) We have f>(z) = g’(z) and hence P>(x) = 2.
iii) We have from the proposition that
L@ONG@ _ @
7@ 922)

9 @) —pQ2z) =

Now, from Exercise 27 ii) we get that
1 KJ// (Z) )2
20) =20+ = | ——=
# (22)  (2) 4(5@’&)
and by differentiating the differential equation (3.1) we get
29" ()9’ (2) = (129°(2) — 82)p' (),
which gives
" 2 1
©(2) = 697 (2) — 82

Hence using once more (3.1),

1 (692() —1/28\°

_3¢p* () — 029°(2) — 839 (2)) = 1/4369*(2) — 6826°(2) + 1/483)

£"2(2)
_ 39*(:) = 3/229%(2) — 3g3p (2) — 1/16g3
£"(2) ’
and this gives
3 g2
£@ =394 - 200 — 3839 () — 2.

Thus we get P3(x) = 3x* — 3/2g2x% — 3g3x — 1/16g3.
iv) We have the formula

_ (9w —9'®)\
pu+v)=—pu —pQ) + 4 <M>

by Exercise 271) and by changing the sign of v we get

_ (9w +9'®)\
p(u_v)_—mu)—@(”)*Z(m) '

Subtracting these two expressions we get

' ()’ (v)

R Y IR

9.2)
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and putting u = 2z and v = z this gives, using the determination of f,,,n = 1,2,

9@ s _ L@ faG) _ 0(0) — p(G2) = P29 _ 920" @)
f3 (@) f3(@) (9 (22) — 9 (2))? fi()

which gives o' (2z)9"*(z) = fi(z). Differentiating (see Exercise 27 ii)) and using our
formulas for " (z) and p©@ (z) we get

3
9 229" (2) =9’ (2) <—50’4(z) + 180 ()9 (2) — %p(z)pﬂ(z)

) 9¢3 g
—5403 —= - == 2=,
07 (2) + > 0 (2) g o)+ 0

and using the differential equation for g (z) we get

1
@) = 38'@ (49°@) — 5020*(2) — 20839° @)

58% 2 g% 2
——= - = -2 .
1P (2) — 82830 (2) + 6 28
This gives
5 2 3
Pi(x) = 4x% — 5g2x4 - 20g3x3 — %xz — 8283x + f—é — 2g§.

We have now computed enough steps to compute all the f,, using a recursion
formula that we are now about to prove.

Proposition 9.2. We have for m > n that

fotnfnn = fot1 et f = Fatt fa1 fon-
Proof. We have by Proposition 9.1 that

Jn+1(2) fu-1(2) Sm+1@) fin—1(2)

P (2) —pnz) = 20 and  p(z) — p (mz) = 720

which gives

Jmt1@) fn-1z)  fu1(2) fu-1(2)
22 f2(2) ’

g (mz) — p(nz) =

However, the formula

Smn(@) fin—n(2)
[a@) f(2)

is also part of Proposition 9.1. a

p(mz) — p(nz) =
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Applying this formula for (m,n) = (n 4+ 1,n — 1) and (m, n) = (n + 1, n) gives

9/ (2) fn(2) = Fi@(frr2@ F1 @) = fu2(D) £211(2)), 9.3)
Fnt1@) = fur2@ 2@ — £21@) fum1 (@) (9.4)

Exercise 64. Show that the number of polynomial operations needed for computing
P,, using these formulas is O (log” n).

9.1 Algebraic version

The formulas we obtained above would seem to have something to do only with the
values of Weierstrass’ go-function and its derivative. However, under the map z +—>
(9 (2), '(z)) we have seen that z > nz is taken to multiplication by n, in the sense
of iterated addition, on the curve E : y2 =4x3 — g2x — g3. Hence (p (2), ' (2)) —
g (nz) corresponds to the function x o n, the composition of multiplication by =,
n: E(C) - E(C), and x: E(C) — PY(C). Similarly, (p(2), 9'(z)) — &' (nz)
corresponds to y o n. Hence, all the functions involved make perfect algebraic sense
and the question is if the formulas are true. The existence of f;, uses only the algebraic
properties of the functions involved so that existence is assured. Before we continue
let us set up the situation we shall consider. We stick for simplicity to a field of
characteristic different from 2 and 3 and the elliptic curve y?> = x> 4+ ax + b. In
the complex case we have the relations x = ©(z), y = 1/2¢'(z), g2 = —4a, and
g3 = —4b. Sticking first to the case when the base field is the complex numbers, and
using that every complex a and b comes in this way from a lattice I'y,, .,, we have
that the formulas proved for g immediately translate into identities, where we have
putx, :=x on:

Yi=1,

V2 =2y,

Y3 = 3x* + 6ax? + 12bx — a2,

Vg = 4y(x® + 5ax* + 20bx3 — 5a°x% — 4abx — a® — 8b?),

yp=n" [] &—x@),
ue, E(C) 9.5)

_ Yn—1¥n+

X —Xp = K/f,% s

YmtnWYm—n = I/fm+11pm—11/fy% - ¢n+11ﬁn—11ﬂ31,
Vani1 = Y2V — Yar1 Va1,
2yYon = Y (¢n+2¢3—1 - Wn—2w3+1)'
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Here we have put 2,41 := Pa,+1(x) and ¥, := y Py, (x). All these formulas make
sense for any field K (where the defining formula for v, needs to take the product
over , E (I? ) where K is an algebraic closure of K) and we shall now see that they
are, with some modifications in characteristic p, in fact true in that context. For the
moment however we stick to the complex numbers as base field. We start by getting
a formula for multiplication by n in E. For this we first need the following formula:

_ f2n (2)
@)’

/

g (nz)

(9.6)

This formula is proved as in Proposition 9.1; g’ (nz) is zero, with multiplicity 1 at the
z € C/T withnz € (C/T) \ {0}, i.e., 2nz = 0 and nz # 0, and has triple poles at
all the z € C/TI" with nz = 0. It is easily verified that so does the right-hand side of
the formula and one then uses (9.1) to get the value of the quotient.

We are now going to introduce some polynomials in x and y other than the ¥’s.

On = xllf,% — Vn-1¥nsi,
4yw, = ¢n+2‘ﬁ371 - Ilfn—2wr%+1-

Note for these polynomials as well as for ¥, we shall always reduce them modulo
the relation y? = x3 + ax + b so that y appears at most to the first power.> We also
want to be explicit about the dependency on a and b and note that ,,, ¢,, and w, are
functions not only of x and y but also of a and b. We start by recording the fact that
as functions of x, y, a and b they are of a simple form.

Proposition 9.3. For all n, ¢, € Zla, b, x], ¥, € Zla, b, x] if n is odd and ¥, €
yZla, b, x] if n is even, w, € yZla, b, x] if n is even, and w, € Zla,b,x] if n is
odd. Furthermore, @, is monic of degree n* in x and Iﬂ,% is of degree n> — 1 with top

coefficient n*.

Proof. For y, this follows from the recursive formulas for v, and ¥,,4+1 (Where the
fact that it is either a polynomial in x or y times such a polynomial is known a priori
but also follows from the recursion). Using this, the first result for ¢, and w, follows
from the definitions. The degree and top coefficient for 1//3 follows from the definition
of v, whereas the statement for ¢, follows from this and the definition of ¢, in terms
of the . O

Keeping the assumption that we work over the complex numbers, we now show
that if z = (x, y) does not belong to , E(C), then we have that

n(x,y) = <% %) ©.7)

2For computational purposes this may not always be the best thing to do.
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Indeed, this follows from the formula

_ 1pnfl‘anrl

Xp =X — ———
v

for the x-component and from (9.6) and

Yo = Yy (1/[n+21//3_1 - ¢3+1wn+2)

for the y-component. Our aim is now to extend this formula both to any field (of
characteristic different from 2 and 3) and to z € , E(C). If we begin by considering the
last problem we should remember that (x, y) is just a short form for the homogeneous
coordinate (x : y: 1) and we could try to clear the denominators in our formula. That is
certainly possible but at the price of getting w,f in the last component and v, ¢,, in the
first which is somewhat awkward. We can get a nicer expression by considering yet
another weighted projective space, this time with weights (2, 3, 1), i.e., the quotient of
K3\ {0} under the equivalence relation (x, y, z) ~ (A2x, A3y, Az) for A € K*. This
means that any class with z 7 0 is equivalent to a unique tuple (x, y, 1). Furthermore,
the homogenisation of the equation y> = x> + ax + b defining the elliptic curve is
y% = x3+axz*+bz° which thus gives a well-defined subset of the weighted projective
space. For z # 0 we get as we have seen the “finite points” of the elliptic curve. The
“points at infinity” in this version then corresponds to z = 0 and the equation y? = x3
and putting A = yx~2 gives (x, y,0) ~ (y>x3, y>x%y,0) = (1, 1, 0) and hence
there is exactly one point at infinity.

Remark 7. There are very good reasons to claim that this is indeed the most natural
weighting of the variables defining an elliptic curve.

We now want to clear out denominators (using of course the equivalence relation
for homogeneous coordinates) in (9.7) to get that

n(x:y:1) = (gu(x, y):0p(x, y) ¥ (x, y)).

Over the complex numbers and when ¥, (x, y) # 0 this follows from (9.7) and the
equivalence relation on homogeneous coordinates of weights (2, 3, 1). Letus continue
to work over the complex numbers but assume that ¥, (x, y) = 0. In that case the
right-hand side of our formula will be the point at infinity (as it should) if it is in
fact defined. Clearly the problem is that possibly ¢, (x, y), w,(x, y), and ¥, (x, y)
could simultaneously be zero. We shall prove that this is not so and also show that
the formula makes sense and is true over any field (of characteristic different from
2 and 3). One problem that has to be overcome is that the addition is defined by
cases. The major such division is whether or not the points to be added are equal
and it can not resolved. However, some smaller divisions can be overcome using
(2, 3, 1)-homogeneous coordinates as we shall do now. The easy case is inversion.
We have

—(x:iyiz)=@x:—y:z2)=(x:y:—2)
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and this formula holds true for all points. Continuing to addition we have the non-
homogeneous formula established previously

2
1= 1=
(x1¢y111)+(xzi)’211)=((u> —X1—X2Ii] Y (X3—X1)+y11—1>,

X1 — X2 1 — X2

provided that x; # xp, where x3 is the first coordinate of the result. We may first
scale this by the scale factor x; — x» and then start with the points (x7: y; :z1) and
(x2 1 y2: 22) where 71,220 # 0, scale to get the last coordinates equal to 1, use the
formula and then scale by the smallest possible power of z1z5 to get just polynomials
in the variables. This gives the following (unappetising) formula

(riyriz) + (2iy2iz2) =
(Xlzxzz% + xlxgz% —2y1y22122 + axlz%zg + axzz?zg + 2bz?z§ :
3x1x3y121 — 3xTX2y227 + X312) — X3 y223 + axi 12125 — axayrzSza 08
+ 3axay12i2; — 3axiy2z1zs + 4by12725 — 4byr2iz3 ¢ X227 — x123)
It is easily verified that this formula works for all points except in the case when
(x1:y1:21) = (x2:y2:22). If we do the same thing for the doubling formula we get
2(x:y:7) = (x4 —2ax?7* — 8bx + a?z% : x® + 5ax*7*

9.9)
+20bx72% — 5ax%2% — dabxz'0 — (8b% + a?)z'? : 2y2)
and this formula works for all points on a curve.
We are now ready to formulate our general result.

Proposition 9.4. Let E be the elliptic curve defined by y* = x3 + ax + b over some
field K of characteristic different from 2 or 3, let (r :s: 1) € E(K), and let n be an
integer > 1. Then not all of ¢, (1, s), w,(r, s), and Y, (r, s) are zero and we have

nr:s:1) = (pn(r,s):w,(r,s) : Y, (1, 5)).

Proof. We prove this by induction on n, n = 1 being easily verified. Suppose first
that n is even, n = 2m. By induction what we need to prove is that

2pm(r, s):wm(r, ) :Ym(r, $)) = (@a(r, ) :0n(r, $) : Y (r, s))

and we may use formula (9.9) to expand the left-hand side. That means that the
left-hand side will have the form

(P (r, 8): 82, (r, ) : Wy (1, 5)),

where the ®,, ©2,, and ¥, are polynomials in a, b, x, y obtained by substituting
the polynomials ¢,, w,, and ¥, in formula (9.9). We shall prove the more precise
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relationship @, (r, s) = @, (r, s), QL (r, s) = wu(r, s), and Y, (r, s) = ¥, (r, s) which
then also will prove that not all of ¢, (r, s), w,(r, s), and ¥, (7, s) are zero.

As we have the relation y2 = x3 4+ ax + b, ®,, 2,, and V¥, can be viewed as
elements in Z[a, b, x, y]/(y2 — (x3 4 ax + b)) and so can ¥n, W, and ¥, If we can
show that ®,, = ¢,, 2, = w,, and ¥,, = ¥, in this ring, then we can evaluate them
at (r, s) and get what we want. We start by showing that W,, = v,,. Indeed, it follows
from (9.9) that Wy = 20y = 1/y(WUmi2V_y = Vo 1¥in-2)¥m = ¥/y¥n (it's
OK to divide by y as it is easily seen that Z[a, b, x, y]/(y> — (x> + ax + b)) is a
domain).

Choose now complex numbers A, B, and X such that they are algebraically in-
dependent, i.e., do not fulfil any non-trivial polynomial equation with rational coeffi-
cients. As C is algebraically closed we can finda Y € Csuchthat Y> = X34+ AX +B.
This gives us a ring homomorphism Z[a, b, x, y]/(y*> — (x> 4+ ax + b)) — C given
by the condition that it take (a, b, x, y) — (A, B, X, Y). I claim that it is injective.
To begin with it is injective on Z[a, b, x] by assumption and from that it is easy to see
that it is non-injective on Z[a, b, x, y1/(y? — (x3 + ax + b)) only if X 4+ax+bisa
square in Z[a, b, x]. Now (X :Y:1) € E'(C), where E’ is the complex elliptic curve
given by y2 = x3 4+ Ax + B. We do not have that n(X :Y : 1) = (1:1:0) because
if so we would have P,(X) = 0, but the coefficients of P,(X) are polynomials in A
and B and A, B, and X are algebraically independent. Hence by (9.7) we get that

en(X,Y) . oy (X, Y) .
Y2(X.Y) YIX YY)

and this together with the equality W, (X, Y) = ¥, (X, Y) gives ©,(X, Y) = ¢, (X, Y)
and Q,(X,Y) = w, (X, Y).

nX:Y:1)= ( 1) =(pn(X,Y):0,(X,Y): ¥ (X, Y)),

Exercise 65. Complete the argument that Z[a, b, x, y1/(»? = (x3 +ax + b)) - C
is injective as x3 4 ax + b is not a square.

The case when n = 2m + 1 is almost identical. We write np, where p := (r:s:1),
asmp + (m+ 1) p and note that mp = (m + 1) p gives p = 0 which is not true. Hence
we can use (9.8) to expand W, (r, s) as wy, (r, ) Ip,%lH (r, 8)—wm+1(1, 5) w,%l (r, s) which
expands to ¥, (r, $)Ym42(r, 8) — Yu—1(r, $)¥;, (r, 5) by the definition of » and this
then equals 1, (r, s) by (9.5). The rest of the proof is then identical. O

Remark 8. One can turn this proof around and use the constructions as an inductive
definition of the ¥, and the ¢, and w,. With some work one can then use these
formulas to express ¢, and w, in terms of v,. This bypasses our use of “transcen-
dental methods™,? i.e., methods that use complex numbers and analysis. On the other
hand one doesn’t really need transcendental methods for the arguments we gave that
seemingly used them. The major property that we used was that an elliptic function

without zeroes and poles is a non-zero constant. Elliptic functions with given periods

3As opposed to algebraic methods.
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are, as we have seen, exactly the rational functions in & and g’ which in algebraic
language are x and y. One may define algebraically the notion of pole and zero and
then show that only constants have no zeroes and poles. One may in fact also show
that the number of poles counted with multiplicity equals the number of zeroes. On
the third hand there are a number of formulas that are most easily obtained by using
transcendental methods.
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Torsion points

We shall now use the previous section to study the group of torsion points (i.e., the
points for which np = 0 for some n > 1, these form a subgroup) in E(K) for an
elliptic curve over an algebraically closed field. If we look at the case of K = C and
pick a lattice I" such that E is equivalent to C/ I', then we see that the torsion group is
QI /T, which as I' is a free abelian group of rank 2 is isomorphic to (Q/Z)?. That, of
course, is equivalent to , E (C) being isomorphic to (Z/Zn)? for all non-zero integers
n. We shall now show that almost the same is true over any algebraically closed field,
the only difference is with the p-torsion for an algebraically closed field. We start by
the following result.

Proposition 10.1. Let E be an elliptic curve over an algebraically closed field K.
Then, for every integern > 1,n: E(K) — E(K) is surjective, i.e., E(K) is a divisible
abelian group. Furthermore, the kernel has at most n* elements.

Proof. That the point at infinity is in the image is clear as noo = 00, so it is enough
to show that we can solve ng = p for p = (r : s : 1) € E(K). Itis in fact
enough to find ¢ so that r = a/c?, where ng = (a:b:c), since if s # a/c> then
s = —a/c3, as both points are on the curve, and then n(—g) = —ng = p. Now
setting g = (x:y:1) we get ng = (¢n(x, ¥):wu(x, y) : ¥, (x, ¥)) and this leads us to
the equation ¢, (x, y) — rw,%(x, y) = 0 and this is, by Proposition 9.3, a polynomial
of degree n? in x and hence always has a solution as K is algebraically closed. We can
then find a y by solving a quadratic equation so that (x:y:1) € E(K). Such a solution
can not have ¥, (x, y) = 0 because if so then, as ¢, (x, y) — rw,% (x,y) =0, we would
also get ¢, (x, y) = 0, but (¢, (x, ¥) : @, (x, y) : ¥, (x, y)) is a well-defined point on
E and (0:1:0) is not. Finally, as multiplication by #n is a group homomorphism,
the cardinality of the kernel is equal to the cardinality of the inverse image of any
point (now that we know that it is surjective). We see that we get at most n> possible
values for the x-coordinate, as ¢, (x, y) — rlp,% (x, y) is a polynomial of degree n? in x.
However, if we choose a point whose y-coordinate is different from zero, then there
is only one possible y for given x in the inverse image as n(—p) = —np. O

The fact that a group is divisible gives strong restrictions on the kernel under
multiplication by an integer n. We summarise these restrictions in the following
exercise.

Exercise 66. An abelian group is a torsion group if every element in it has finite order.
It is a p-torsion group, p a prime, if every element in it has order a power of p. For
an abelian group A its forsion subgroup is the set of elements of finite order. For an
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abelian group A its p-torsion subgroup is the set of elements of order a power of p. If
{Ay} is a (possibly infinite) collection of subgroups of an abelian group A, then A is
the direct sum of the A, if for each a € A there is a unique tuple (a,) with a, € Ay
and all but a finite number of the a, equal to the zero element such that a = Za Ay.

i) Show that the (p-)torsion subgroup of an abelian group is a subgroup.

ii) Show that a torsion group is a direct sum of its p-torsion subgroups for all
primes p.

iii) Show that the (p-)torsion subgroup of a divisible group is divisible.

iv) Show that a torsion group is divisible precisely when its p-torsion subgroups
are.

v) Show that a p-torsion group is divisible precisely when multiplication by p is
surjective.

vi) Show that a p-torsion group for which the kernel of multiplication by p is finite

is divisible precisely when there is a k such that the kernel of multiplication by p™ is
isomorphic to (Z/Zp™)* for all k.

It then follows from the theorem and the exercise that if E is an elliptic curve over
an algebraically closed field K, then there is for each prime ¢ a natural number k,
such that yn E(K) = (Z/Z€™)* for all m and furthermore that 0 < k¢ < 2 for all £.
We shall show that k, = 2 if £ is distinct from the characteristic of K and ky = 0, 1 if
itisn’t.

To prepare for the proof let us first say a few words about the formulas that have
been given for the group addition. We have one formula, (9.8), when the two arguments
are distinct and a different one, (9.9), when they are equal. The problem is that even
though one of them works for any pair of arguments, there is no guarantee that either
of them will work simultaneously for, e.g., two pairs of arguments. The reason why
we would prefer for something like that to be true is that we would like to work with
algebraic formulas. There is a way of solving this problem however. We can do
this by writing a + b = (a + (b + x)) — x. For the right-hand side we can use the
addition, as opposed to the doubling, formula as soon as a # b + x,a # b + x, and
a + b + x # —x. This then gives an algebraic formula (which of course will depend
on x). To be able to use the same algebraic formula for any finite number of pairs we
may use the following result.

Exercise 67. Show that for a finite number (a;, b;) of pairs of points on an elliptic
curve E over an algebraically closed field K thereisanx € E(K)suchthata; # b;+x,
ai #bj +x,and a; + b; + x # —x foralli.

This means that we may at will assume that we have an algebraic formula that
works for any finite number of pairs. Note incidentally, that if we make two choices
of x’s, then the formulas are also related algebraically on their common domains of
definition.
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The next step is to extend our algebraic formula for n P to the point at infinity. It
is easily checked that the components of

@ (/22 3/22) 27 ()22 3)22) 2 Y )22, 9/2))

are polynomials in x, y, and z and that the first one is not divisible by z whereas the
last one is. This means that for (1:1:0) we do indeed get (1:1:0) so that using this
as our formula we have found an extension.

Our first goal is to show that v, has no multiple roots if n is not divisible by the
characteristic. When rn is odd, v, is a polynomial in x so it is at least clear what that
means. When »n is even we have that ¥, (x, y) = yP,(x) and what our statement is
supposed to mean is that P, (x) has no multiple roots and no roots in common with
x3 +ax + b. If this is true, then we get that over an algebraically closed field K there
are n> points P € E(K) for which n P = 0. If we for the moment consider the case
when n is odd, then what we have to prove is that v, (x) and ¥, (x) have no root in
common. Now, one way of computing the derivative! of a polynomial £ is to consider
f(x +1) and start expanding it as a polynomialin ¢; f(x +1) = f(x)+tf'(x)+---.
As all powers of ¢ strictly greater than 1 are to be ignored we may go one algebraic
step further and consider the residue class § of ¢ in K[¢]/(t*). One usually denotes
this quotient ring K[§] and calls it the ring of dual numbers over K. We then have
f(x+8) = f(x)+ 8f'(x). Note that we have a ring homomorphism K[§] — K
taking a 4+ bd to a and we shall denote by (7)( the image of an element under it. We can
use the dual numbers to deal efficiently with tangent spaces. Hence a rangent vector
in the projective plane is an equivalence class of tuples (x, y,z) € K[6]® such that
((x)0, (Mo, (2)0) # (0,0, 0) under the equivalence relation (x, y, z) ~ (Ax, Ay, Az)
for A € K[8] with ()9 # O (or equivalently, A is invertible). (We shall use the
notation (x :y:z) for its equivalence class and let (x:y:2)o := ((x)o:(¥)o: (2)o) and
call this point of P>(K) the starting point of the tangent vector.) The set of tangent
vectors with starting point p € P?>(K) will be called the tangent space at p. The
tangent vector that is equivalent to one where x, y,z € K will be called the zero
tangent vector. In general if x = x¢ 4+ dx1, y = yo + 8y1, and z = zp + 821, then
the vector space spanned by (xg, yo, z0) and (x1, y1, z1) depends only on the class
of (x, y, z). Itis 1-dimensional precisely when the tangent vector is the zero vector.
When the tangent vector is non-zero we hence get a line in the projective plane which
we shall call the line spanned by the tangent vector. Furthermore, if f(x,y,z) is a
homogeneous polynomial, then we say that a tangent vector (x : y: z) is tangent to
the curve defined by f if f(x, y,z) = 0 (in K[5]). The following exercise treats the
most pertinent properties of tangent vectors.

Exercise 68. i) Show that the condition for being a tangent vector is independent of
the choice of homogeneous representative.

ii) Assume that p = (x : y : z) is a tangent vector for which the z-coordinate of
Ppo is non-zero. Show that p may be written as (x”:y’: 1) with uniquely determined

n fact this is the best way to define it!
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x’',y" € K[8]. Show that in this fashion tangent vectors at py can be identified with
K? and that if also the x- or y-coordinate of pg is non-zero, then the corresponding
identifications with K2 differ from the one using the z-coordinate by an invertible
linear transformation.

iii) Show that for tangent vectors at (x: y:z) € P2 (k) the vector space structure
on the tangent space provided by the previous part is given by A(x + ud :y + vd :
Z4+wd) =(x +Aud:y+Arvd:z+Awd) and (x +ud:y +vd:z + wd) + (x +u's:
y+vsiz+wd) =@+ wu+u)s:y+ w+0)8:z+ (w+ w)d).

iv) Show that the set of tangent vectors starting at a fixed point on the curve given
by a homogeneous polynomial is a sub-vector space of the space of all tangent vectors
at the point.

v) Let f(x,y, z) be a homogeneous polynomial and let #(x, y, 2), ha(x, y, 2),
and h3(x, y, z) be homogeneous polynomials all of the same degree and such that for
no points on the curve { f(x, y, z) = 0} all the h; are zero. Show that the formula
(x:y:2) — (hi(x,y,2) :ha(x,y,2) : h3(x, y, z)) gives a map both on points on
the curve {f(x, y,z) = 0} for which the h; are not all zero and on tangent vectors
starting at such points. Show that this map, restricted to tangent vectors starting at a
fixed point, is linear.

vi) Show that if p is a point of the curve { f (x, y, z) = 0}, then a tangent vector ¢
with go = p is tangent to the curve precisely when it is either the zero vector or the
line spanned by it is a tangent line in the previously given sense.

Note now that if we have two tangent vectors p and ¢ to an elliptic curve E,
then we may define p + g as follows: If pg # qo, then the formula for addition of
distinct points makes sense also for p and ¢. If not we choose x € E(K) such that
the steps in (po + (go + x)) — x are defined. If we let X be the zero tangent vector
starting at x, then we may define p 4+ g by (p + (¢ + X)) — X. All the properties of
this sum, such as independence of the choice of x and associativity, comes down to
polynomial identities which must be true as they are true when evaluated for points
over the algebraically closed field K. Hence we get the structure of an abelian group
on the set E(K[4]) of tangent vectors to E. Furthermore, the map g + ¢qo is a group
homomorphism and in particular the set 7p E of tangent vectors starting at the identity
element of E is a subgroup.

Exercise 69. i) Show thatif To E x To E — Ty E is the addition for this group structure,
then it is a linear map.

ii) Show that if V is a vector space and (V, *) is a group structure on V such that
* 1S a linear map, then x* is equal to the addition of the vector space structure of V.

It follows from this exercise that the map ToE — Ty E induced by multiplication
by n on E is multiplication by n in the vector space structure. In particular, if n is not
divisible by the characteristic of the ground field K, then the map is an isomorphism.
Assume now that 0 # « € E(K) withnoe = 0. Then x — x + o and x — x — o are
inverses to each other and in particular they induce isomorphisms between Ty E and
T, E, the space of tangent vectors starting at . As we have that n(x +«) = nx we get
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that the map Ty E — ToE induced by multiplication by # is also a bijection (provided
that n is not divisible by the characteristic). We now have thatn(x:y:1) = (¢, (x, y):
wn(x,y) ¥, (x,y)). Assume that there is a tangent vector p = (a: b: c) starting at
« and for which v, (a, b) = 0, Thus (¢, (a, b) :w,(a, b) : Y,(a, b)) = (c:d:0). By
scaling we may assume that (¢, (a, b))o = (w,(a, b))g = 1. If c = 1 + ¢/, then by
scaling by & = 1 — 8¢’ /3 we may assume that ¢’ = 0. As (c¢:d:0) is a K[§]-point of
E we have that d*> = ¢3 = 1 and if d = 1 + 8d’ this gives 2d’ = 0 and hence d’ = 0.
Thus we get that n(a:b: 1) is the zero tangent vector and by the bijectivity proved, p
is the zero tangent vector.

Assume now that o« = (¢ :¢ : 1) with ¢ # 0. Then for any 7 € K there is a
(unique) 0 € K such that (¢ + 87 : ¢ + 60 : 1) is a tangent vector to E. Indeed,
if the equation for E is y> = f(x), the condition that it be a tangent vector is that
(¢ + 80)* = f(e +681); ie., 9> + 28¢p0 = f(¢) +81f'(¢) and as o is a point on
E this is equivalent to 26¢pc = 87 f’(¢) which means 2¢c = tf’(¢). As ¢ # 0 this
determines o uniquely. Choose now such a tangent vector with t # 1. If we evaluate
it at ¥, we get 0 # (¢ + 80 )8 P,(e + §), with g = 0, 1, as n is even resp. odd. As
¢ # 0 this gives 0 # P, (¢ + §0) = §P)(¢) and hence P, (¢) # 0 and P, does not
have multiple roots at ¢.

If n is odd, then we do indeed never have ¢ = 0 as the latter condition gives points
of order 2. Hence P,(x) = ¥, (x, y) is without multiple roots and as it has degree
(n* — 1)/2 (as the top coefficient is n # 0) and as each root of P,(x) gives two «
(by the fact that ¢ # 0) we get that there are in all 2(n> — 1)/2 + 1 = n? points with
np = 0. If instead n is even we have, if still ¢ # 0, again that P)(¢) # 0 and this
gives in all 2(n> — 4)/2 = n? — 4 points. Adding the three points with ¢ = 0 and the
point at oo gives a total of n? points. This almost proves the following.

Proposition 10.2. Let E be an elliptic curve over an algebraically closed field K.

1) If n is not divisible by the characteristic of K, then ,E(K) is isomorphic to
(Z.)Zn)>.

ii) If the characteristic of K is a prime p, then there is an r = 0, 1 such that
ot E(K) is isomorphic to (Z)Z.p*)" for all k.

Proof. The first part follows from the divisibility of E(K) together with the fact that
2E(K) has n? points. For the second part we need to prove that Pk E(K) has less
than p2* points. This however follows from the fact that the (n> — 1)/2th, resp.
(n®—4) /2 th coefficient of P, (x) is n which is zero if p divides n. O

Remark 9. The statement is true also in characteristic 2 and 3.

Exercise 70. We used implicitly results on tangent vectors for weighted homogeneous
coordinates that we have proven (mostly in exercises) only for ordinary homogeneous
coordinates. Prove these results for weighted coordinates (with weights (2, 3, 1)) for
characteristic different from 2 and 3.
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One might reasonably wonder how to decide if r is equal to O or 1 in the case of
positive characteristic p. We have r = 0 exactly when there are no points of order
p in E(K). For a curve over a finite field this is equivalent to p never dividing the
order of E(F) for any finite extension field F. We know how to compute the number
modulo p of points; it is equal to

1— Z ( (g—1/2 )aq—l—3ib2i—"21.
-Vyasimq-ys b4 T 1= 3020 =@ = D/2

If this is never zero not only for the field itself but also for all finite extension fields,
then we conclude that r = 0. This may look like an infinite amount of work but the
following exercise shows that it is not.

Exercise 71. i) Show that if

T N (s A e T
i,q" —1—3i,2i — (¢g" — 1)/2

(@"—D)/4=i=(@"—1)/3

fora,b e Fy, then a, = af.
ii) Show that r = 0 precisely when o1 = 0.
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Lattice inclusions

Let us return to lattices in C. We shall be interested in when one lattice is included
in another. So let us assume that we have two lattices I’ € I' ¢ C. We shall also
assume that forno d > 1 do we have I’ C dT'. This condition means (by for instance
the structure theorem for finite abelian groups) that the quotient group I'/ T' is cyclic.
For simplicity we shall assume that the order of this group is a prime p. Now, it is
clear that pI" C T C T so that I'" corresponds bijectively to a subgroup of order p
of I'/pI". If we chose a basis for ' we may identify the set of such subgroups with
P!(Z/ p) and hence they are described by homogeneous coordinates. If we specifically
letT" = Z + Zz, then we see that I’ is of the form Z + Zpt corresponding to (1:0) or
Zp +Z(t 4 a) corresponding to (a: 1), for 0 < a < p. This gives in all p + 1 lattices
I, fora € P'(Z/p). The question that we pose ourselves is what we can say about the
Jou () := j(['y). They are clearly analytic functions of r. Considering the expansion
at oo we have for « = (a : 1) that j,(t) = j(tp + a/p) and for « = (1 : 0) that
Ja(t) = j(pt). For the latter we thus have that as a function of g, j1.0)(q) = j(g?)
and for the former that j,.1)(q) = j(c%q"P), where ¢ = ¢*™'/P. (The last formula
may seem somewhat dubious as the p th root of the complex number ¢ is not well
defined. However it should be interpreted in the sense that ¢'/? := ¢**/*/P_ Hence
what the formula says is that j.1)(7) is obtained by substituting ¢%"P in the g-
expansion for j.) Hence the g-expansion of j, is in powers of g” when o = (1:0)
and in powers of ¢!/? when it is not. In the latter case this means that j, most
definitely is not a modular function. We shall now see that all is not lost. We start by
noticing that for every & € P'(Z/p) there is an integer matrix M,, of determinant p
such that j, (t) = j(My(t)), where matrices act on H by the corresponding Mobius
transformation. Indeed, we may put

(f)’ (1)) if @ = (1:0),

M, :
((1) Z) if @ = (a:1).

If now M € SLy(Z), then j,(M (7)) = j(MyM(t)). Note that for N € SL,(Z) we
have j(t) = j(N(7)) and in particular j(MyM (7)) = j(NM,M(t)). We may then
apply the following exercise.

Exercise 72. An elementary integer 2 x 2-matrix is a matrix of the form (} %) or

(19) for an integer n.

1) Show that every integer 2 x 2-matrix of non-zero determinant is of the form
AM, where A is a product of elementary matrices and M is of the form ('g g ), where
m is a non-zero integer, n a positive integer and 0 < d < 0.
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ii) Show that every integer 2 x 2-matrix of determinant p is of the form N M,, for
unique N € SLy(Z) and @ € PL(Z).

iii) Show that for every M € SL,(Z) and every « € P!(Z) thereisan N € SL1(Z)
such that M, M = N Mg, where 8 = M1« and where SL;(Z) acts on P! (Z/p) by
reduction modulo p and the natural action of SL>(Z/ p) on P(Z/p).

It follows from this exercise that for every M € SL,(Z) we have j,(M (7)) =
Jjg(t), where B = M ~lo. 1In particular the j, are permuted under the action of
SLy(Z). Consider therefore the polynomial

[T @i

acPY(Z/p)

Its coefficients are invariant under the action of SL,(Z) which makes the following
proposition highly plausible.

Proposition 11.1. i) There is a (unique) polynomial ® ,(s, t) in t and j with integer
coefficients such that
o, )= [ -

aePl(Z/p)

ii) Seen as a polynomial in s, the sP*!-coefficient of p s equal to 1, the constant
coefficient is a monic polynomial in t of degree p + 1, the s”-coefficient is a monic
polynomial in t of degree p, and the s'-coefficients 0 < i < p are polynomials of
degree < pint.

iii) @, is an irreducible polynomial (as a polynomial in s).

Proof. We start by some general preliminaries. We let L be the field (as it were) of
meromorphic functions on H. We have an action of SL,(Z) on L by field automor-
phisms given by Gf(t) := f(Gt). We have a particular element j of L giving a ring
homomorphism C[s] — L taking p(s) to p(j). This map is injective, which is seen
for instance by considering lowest terms of the g-expansion, and we denote the image
Cl[j]. By the injectivity we also get an extension to an embedding of the fraction field
C(s) in L whose image is denoted C(j). Every element in C(j) is fixed under the
action of SL;(Z) and by Exercise 55 the elements of C(j) are exactly the elements
of L fixed under SL,(Z). We also have j, € L and as we shall see they are algebraic
over C(j).

We have already noticed that the coefficients of H (s) := [], P! (Z/p) (s — jo) as
polynomials in ¢ are invariant under SL,(Z). They are holomorphic functions on H,
being sums of products of such functions. If we consider the g-expansion, then each
jo has a g-expansion in ¢!/? with only a finite number of negative powers (in fact
at most one). The same is then true for finite products and sums of such functions
and hence for the coefficients of H. However, the fact that these coefficients are
invariant under T +— t + 1| implies that these expansions are in fact expansions in
integral powers of ¢ and hence are the g-expansions of these functions. As only a
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finite number of negative powers are present, we have proven that the coefficients
are modular functions and hence rational functions in j by Exercise 55. As these
coefficients are also holomorphic on H it is easy to see that the rational function is
actually a polynomial. However, it is easier to do this directly. Thus, let f be a
modular function which is holomorphic on H. We show that it is a polynomial in j by
induction on the order of the pole of f at co. If the order is zero, then f is constant
and we are finished. If the order is n > 0 and the g-expansion of f starts as ag ™" we
consider f — aj" which has lower order. This gives the existence of the polynomial
®, (s, t) (and the unicity follows from the fact that j is transcendental over C).

We can use this argument to get the more precise result that @, has integer coeffi-
cients. For this we first have to prove that the g-expansion of j has integer coefficients.
Now we have

Ex(q) = 14240 o3(k)g",
k>1

E3(q) = 1+504) " os(k)g”,
k>1

so that their g-expansions have integer coefficients. However, we also have
E3(q)
E3(q) — E5(q)
and as ES’ (@) — E% (q) = 1728q + - - - it will be enough to show that the coefficients

of E3(q) — E3(q) are divisible by 1728. The quickest way (for us at least) to do this
is to quote the well-known result that

E3(q) — E3(q) = 1728¢ [ [(1 — 4.
k>1

j(q) =1728

(See Exercise 76 for a more elementary proof.) Using this and the induction above
it follows that the coefficients used when expressing f above as a polynomial in j
will lie in the group generated by the coefficients of the g-expansion of f. Applied to
@, (s, t) this gives that the coefficients of ®, will lie in Z[¢ ], the ring generated by ¢.
We shall now conclude by proving two things: The coefficients of @, are rational
numbers and Z[{] N Q = Z. For the first part we argue as follows. We start by
noticing that as this just involves the coefficients of the g-expansion we may consider
the g-expansion of j as a formal power series. Thus

| )
O<a<p

may be considered as a formal power series in g 1/ whose coefficients lie in ZIZ1[s].
Now rewrite s — j(g) as ¢~ ' (sq — ¢qj(q)) giving

[T 6—icq" = [T ¢*a"" [ G¢a"? —q"7jq"?))

O0<a<p O<a<p O0<a<p
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and as [Jo, ., ¢ = (=D P*! we have that [To<a<p ¢%q"P = (=1)P*14 and hence
it is enough to show that

[1 Gcq' 7 —q"7jq"P)

O<a<p

as a power series in ¢ /7 has coefficients in Q[s]. For this we notice that sqg —qj (¢) =
1 + O(g) and hence the logarithm of szg¢'/? — ¢'/7j(q'/P) converges as a formal
power series giving

IOg( H (sfaql/p—ql/pj(ql/p))) = Z log(sé-aql/p_ql/pj(ql/p)).

O<a<p 0<a<p

Putting
log (sq — qj () = Y _ cxq*
k>1
this sum equals

Z ché.aqu/pzz< Z gak>cqu/p.

O<a<p k>1 k>1 O<a<p

The sum ZO§a<p £ being a geometric series equals (£5P — 1)/(¢ — 1) = 0if p fk
and p if p|k. This results in the series

Zcpqus

k>1

and as its coefficients lie in Q[s] so does its exponential which implies that

[T Gea"?—q"7j@" 7y

O<a<p

also has its coefficients in Q[s].

As for the fact that Z[¢]NQ = Z, this is a standard fact of algebraic number theory
since Z[¢ ] consists of algebraic numbers. An ad hoc proof is given in Exercise 75. By
multiplying n05a<p(s — j(¢%'P)) by t — j(gqP) we then get that the coefficients
of @, are integers.

Next we show the statements on the degrees and top coefficients of &, as polyno-
mial in 5. That the s”+!-coefficient is 1 is clear. For the constant term its g-expansion
equals

D7 jgn T iq'?).
O<a<p
The lowest power of g appearing in this product is (—1)P*+! ]_[0<a<p ctq P! =
g—p — 1 which means that the highest power of j that appears when writing it as a
polynomial in j is p + 1 and that the coefficient in front of that power is 1.
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Consider similarly the s”-coefficient in its g-expansion:

D i M +j@.
O<a<p
The term with the lowest power of ¢ is ¢ ~7 and hence the highest power of j is p with
coefficient 1. Finally, considering the r’-coefficient for 0 < i we see that the lowest
possible g-exponent appearing is —p — (p — i)/ p and as we know that only integer
exponents appear, the lowest possible exponent is in fact —p giving p as the highest
exponent of ;.

‘What remains to show is the irreducibility. Assume that @, (s, t) has a non-trivial
factorisation G (s, t) H (s, t). Since ®, is monic as a polynomial in s both factors have
positive degree in s. We now note that all the j, are distinct as they have distinct
g-expansions. This means that the factorisation

GG, DHG =[] G—iw

a€P(Z/p)

divides P!'(Z/ p) into two disjoint non-empty subsets S and T according to as jy is
aroot of G or H. However, SL»(Z) preserves G and H as they are polynomials in
j and hence SL>(Z) preserves S and T under its action by & — G~ 'a. Now, the
reduction modulo p SLy(Z) — SL»(Z/ p) is surjective (Exercise 73) and SLy(Z/ p)
acts transitively! on P'(Z/p) and hence can not preserve non-trivial subsets. a
Exercise 73. Show that SL;(Z) — SL,(Z/ p) is surjective.

Exercise 74. Show that there; are polynomials f; € Zlay, ..., a;] for each i such
thatif f(g) = 1+ 3, aiq" is a formal power series, then [y, _, f(ciqgh/ry =

1 +Zi31 ﬁ(al,...,ai)qi.

Exercise 75. i) Show that Z[¢] has 1, ¢, ..., {1”2 as a Z-basis.

ii) For o € Z[¢] define Tr(w) by taking the trace of the matrix describing multipli-
cation by & on Z[¢] in the basis 1, ¢, ..., £?~2. Show that Tr(z!) =0for0 <i < p
andTr(l) =p—1

iii) Conclude that Z[{ 1N Q = Z.

Let us consider p = 2, 3 as examples.
Example 14. For p = 2 we have? the following expansion:
(t = J (D) = j (D)t ~ j ()
=g~ — (1% — 14881 + 159768)q > + (429875191 + 8509195260)¢g
+ 12 —2232¢% 4 40492979352t — 151107596045760
— (429875201> — 85275201205561 — 1668458962374390)g + O(g?).

e, every element may be taken to any other element.
ZFor the calculations see http://www.math.su.se/~teke/undervisning/Elliptisk.nb for p = 2 and
http://www.math.su.se/~teke/undervisning/j.mg for p = 3.
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This can then be used to express this polynomial as a polynomial in ¢ and j,

(t = J (D) — j (=) — j(g™)
= j3(q) — (t* — 1488t + 162000) j(¢)
+ (1488¢% + 40773375t 4 8748000000) j (¢)
+ 13 — 162000¢2 + 87480000007 — 157464000000000

thus giving

Do(s, 1) = s° + 15 — s2t% + 1488(st + s1%) — 162000(s> + 12)
+ 407733755t + 8748000000(s + 1) — 157464000000000.

Similarly one has

D3(s, 1) = s* + 1% — 5313 +2232(5312 + 52£3) — 1069956(s3t + st°)
+ 36864000(s> + £7) + 2587918086522 + 8900222976000(s%¢ + s¢°)

+ 452984832000000(s> + 1) — 770845966336000000s7
+ 1855425871872000000000(s + ¢).

We shall now use the results obtained so far to obtain a symmetry result that can
be suspected from the examples above.

Proposition 11.2. We have that @ ,(s,t) = ®,(t, ).

Proof. We have by construction that ®,(j(pt’), j(z')) = 0 for all 7" € H and by
putting 7’ = 7v/p we getthat ®,(j (7), j(r/p)) = 0,i.e., that ®,(j, jo.1)) = 0. That
means that as polynomials in L, the field of meromorphic functions on H, ®,(j, 1)
is divisible by t — j.1) but as it is a polynomial with coefficients in C(j) it must be
divisible by the minimal polynomial of j(.;) which by Proposition 11.1 means that
it is divisible by @, (¢, j). However, again by Proposition 11.1, ®,(j, ) is monic of
degree p + 1 just as ®, (¢, j) and hence they must be equal. O

Exercise 76. i) Show that 03(n) = o5(n) mod 12 for all n.
ii) Show directly that E5 = E7 mod 1728.

Exercise 77. i) Show that any integer 2 x 2-matrix with non-zero determinant is of
the form GAG’, where G and G’ are products of elementary matrices and A has the
form (7 9) with m > 0 and n|m.

ii) Give another proof of the fact that SL,(Z) permutes the j, transitively.

Exercise 78. Extend the definition and the properties of &, to ®,, for any n > 2.
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11.1 Complex multiplication

In this section we pose ourselves the following question having fixed n > 1. For
which lattices ' C C does there exist a sublattice I'” equivalent to I such that '/ T’/
is cyclic of order n? We start with the more direct answer to this question. That I' is
equivalent to I' means that there is a A € C such that I = AT so that AT’ € T". We
may assume that I' = Z + Zt for t € H and then the fact that . = 1 - 1 € I" implies
that A = a+bt fora, b € Z. We must have b # 0, asif not I'/AT" equals I'/al" which
is not cyclic (unless a = %1 in which case its order is not > 1). We also have At € I’
which means that there are integers ¢, d € Z suchthat (a+bt)t = c+dt which gives
that bt? + (@ —d)t —c = 0 and, as b # 0 and as t is not real, that T € Q(+/—D)
for some square-free integer D > 0. The fact that A = a + bt implies that also
A € Q(+/—D). However, A fulfils stronger conditions. The following exercise gives
the necessary preliminaries for establishing these conditions.

Exercise 79. The characteristic polynomial of A € Q(+/—D) is the characteristic
polynomial of the matrix in some basis of the linear transformation given by multipli-
cation by A on Q(+/—D) considered as a (2-dimensional) Q-vector space.

1) Show that the characteristic polynomial is independent of the choice of basis.

ii) Show that the trace of multiplication by A equals A + A and the determinant
equals A and that the characteristic polynomial equals > — (A 4 1)t + AL

iii) Show that if 12 —ar+b is the characteristic polynomial of A, then A>—ai+b = 0
in Q(v/~D).

iv) Show that if there is a finitely generated subgroup I' C Q(+/—D) such that
A" C T, then the characteristic polynomial of A has integer coefficients.

Exercise 80. Let M € M,(Z) be a matrix of non-zero determinant. Show that the
quotient Z2/ M (Z?) is a finite group of order det M.

It follows from this exercise that A + A, AL € Z. This is true not just for A but
also for any complex number which multiplies I" into itself. The set of such numbers
form a subring of Q(+/— D) which is finitely generated as an abelian group because
it is also a subring of the ring of endomorphisms of I' which in turn is isomorphic to
M>(Z). This motivates the following definition.

Definition 11.3. An imaginary quadratic order is a subring of Q(+/—D) for some
positive square-free integer D which is finitely generated as an abelian group.

Thus what we have proved is that for a given lattice I' C C, the set of > € C such
that A\I' C T either consists just of the integers or is an imaginary quadratic order. It
is therefore clear that the following exercise should be relevant.

Exercise 81. If D is a positive integer = —1, 0, let Rp be Z+Za, where o« = /—D/4
if D=0mod4anda = Y=L if D = —1 mod 4.

Show that Rp is an imaginary quadratic order and that all such orders are obtained
in this way.
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For alattice I' C C we define the set of complex multiplications of I, Endc (I), as
{x € C | AT € T'}. We shall say that I" has complex multiplication if Endc (') # Z
and then, by Exercise 81, Endc(I") = Rp for some D > 0. We also let Cp denote the
set of equivalence classes of lattices with Endc(I") = Rp. Our first goal is to show
that the polynomial ]_[l-ecD (t — j(I')) is a polynomial with integer coefficients. The
following lemma gathers some of the results needed for this. First let us introduce
some definitions. We say that A € Rp is primitive if it is not divisible by an integer > 1
as an element of Rp. A primitive norm of Rp is an integer of the form N (1) := 2 for
a primitive element of Rp. The primitive norm spectrum of Rp is the set of primitive
norms.

Lemma 11.4. i) If0 # A € Endc (D) for a lattice T C C, then the order of T /AT is
N().

ii) If T has complex multiplication, then A € Endc(T") is primitive precisely when
fornod > 1dowe have A\I" C dT.

iii) If A € Endc(I") is primitive with n :== N(X) > 1, then ©,(j(T"), j(I')) = 0.
Conversely, if ®,(j ("), j(I')) = 0O, then there is a primitive .. € Endc(I") with
n = N(\).

iv) —®, (¢, t) is a monic integer polynomial.

v) If Rp and Rp' have the same primitive norm spectrum, then D = D'.

Proof. Starting with i) it follows directly from Exercise 79, which gives that the
determinant of multiplication A: I' — I' is N(4), and Exercise 80.

As forii) it is clear that if A is not primitive, then AI' C dT for some integer d > 1.
Conversely, if AI' C dT",then 1 /dT" € I" andhence A/d € Endc(I') and A =d-)1/d.

Continuing with iii) it follows from i) and ii) that if A is primitive, then I'/AT is
cyclic of order n. That means that j(AI") = j(I') is one of the roots of ®, (¢, j(I")),
ie., ©,(j(T), j(I')) = 0. Conversely, if &, (j ('), j(I')) = 0, then by construction
there is a sublattice I'" C ' with '/ T/ cyclic of order n such that j(I'") = j(I"). This
implies by Proposition 6.3 that " = AT for some A € C. This implies that Al' € T’
and hence that . € Endc(I") and by i) and ii) this implies that A is primitive and
N@A) =n.

Assume finally that the primitive root spectra of Rp and Ry are the same. If 4| D
the primitive norm spectrum of Rp consists of all integers > 1 of the form a> + bd,
where d = D /4 and (a, b) = 1. Its least element is clearly d or 2 if d = 1. Similarly,
when 4 / D the primitive norm spectrum are the integers > 1 of the form (a> 4 b D) /4
with @ = b mod 2 and (a, b) = 1, 2. This time the least element is (D + 1) /4 when
D > 3 and 3 if D = 3. Hence, by looking at the least element we see that if both D
and D’ are divisible by 4 or none of them is, then the spectra differ except when D = 3
and D = 11 or D = 4 and d’ = 8 (or, of course vice versa). In the first exceptional
case we see that 4 = (22 + 223)/4 is in the spectrum of R3 but not of Rj;. In the
second we have that 5 = 12 + 22 is in the spectrum of R4 but not in that of Rg.

We are hence left with the case when, say, D = 4d and D’ = 4d’ — 1 and to begin
with the minimal elements of the spectra have to be equal. Excluding for the moment
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the cases when either d = 1 or d’ = 1 this means that d = d’. However, in that case
(D' +9)/4 = d’' + 2 is in the spectrum of Rp/ but not in that of Rp. Whend = 1
we get instead that ’ = 2, but in that case 5 = 12 4- 22 belongs to the spectrum of
R4 but not to that of R7. When d’ = 1 we get d = 3 and then 4 = 12 4+ 123 is in the
spectrum of Ry, but is not in the primitive spectrum of R3, as the only solutions to
a’>+3b* =16area, b = +2. m

For each positive integer D we now define a monic integer polynomial Hp(¢) as
follows:

We start by constructing the greatest common divisor H ’D (¢, t) of the —d, (¢, 1),
where n runs over the primitive norm spectrum of Rp. (Note that as the —®,, (¢, )
are monic integer polynomials this common divisor is a monic integer polynomial by
Gauss’ lemma.) Then for each n that is not in the primitive norm spectrum of Rp we
remove from H ’D () all the factors it has in common with —®,, (¢, ). The resulting
polynomial (which again by Gauss’ lemma is monic integral) is Hp (¢).

Theorem 11.5. The roots of Hp(t) are exactly the j-invariants of the elements of Cp.

Proof. By construction j(I') is a root precisely when Endc (I") has the same primitive
norm spectrum as Rp. However, by Lemma 11.4 v) this means that Endc(I") = Rp.
O

11.1.1 Complex multiplication lattices. We shall now consider the determination
of elements of Cp. We choose a lattice I' = Z + Zt with Endc(I") = Rp. We
furthermore assume that t lies in the fundamental domain with the added conditions
that —1/2 < () < 1/2and R(r) > 0if |7| = 1 (which makes the lattice be unique
in its equivalence class). We have seen that t is the root of a quadratic polynomial
with rational coefficients. We can specify a unique equation by demanding that at? +
bt + ¢ = for integers a, b, c with a > 0 and (a, b, c) = 1. This implies that

b++—D
T=—",
2a

where D = 4ac — b* (where D > 0 as t is not real). The condition that  belong to
the fundamental domain means

—a <b<a,
b + D > 4q?
(with the added conditions that b > 0 if b> + D = 4a?). This implies that D > 34>

so that for fixed D there are only a finite number of t’s and furthermore that it is very
simple to find all the possible t’s.

Exercise 82. Show that if 7 is of this type, then Endc(I') = Rp so that the class of
I'isin Cp.
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Example 15. Consider the case D = 23. Thus 23 > 3a? which givesa = 1,2 and
a = 1gives b = 0,1 but b = 0 that contradicts D = 4ac — b and a = 2 gives
b = 0, &1 but again b = 0 that contradicts D = 4ac — b*. This gives the solutions

1++/-23 1++/-23 —1++/-23
B 2 4 4 '

We now go on to discuss how to compute the j-invariants. We know that
Il cep(t — j(1)) is a monic polynomial with integer coefficients. We have seen
(at least when D is not too big) that we may enumerate the 7’s in question. We may
then compute j (t) numerically using for instance’ the g-expansion with enough pre-
cision so that the error in computing the coefficients of [ [, cep (t — j(1)) is less than

0.5 which then identifies them as integers. (Note that as J(t) > V3 /2 we will have
gl <e™ ™ V3 2 0.0043 which makes convergence very fast.)

Example 16. i) We have that*
—®y(t,1) = t* — 297813 — 40449375¢% — 174960000007 + 157464000000000

T

and if we factor it we get
— Dy (1, 1) = (1 — 8000)(r — 1728)(t + 3375)°.

We recognise 1728 as j(i) and indeed N(1 +i) = (1 +i)(1 —i) = 2 so that
(1+ i) isofindex 2 in I' = Z + Zi. Furthermore, we have that N(v/—2) = 2
and N ((1 ++/—7)/2) = 2. That means that j (v/—2) and j((1 + +/—7)/2) are roots
of —®,(t, 1) as the lattices Z + Z+/—2 and Z + Z(1 + +/—7)/2 are stable under
multiplication with v/—2 resp. (1 + /—7)/2. This accounts for all the three roots of
—®;(¢, t). On the other hand making approximate calculations we have

j(i) =1728.000...,
j(+/=2) = 8000.000. ..,
J((14++/=7)/2) = —3375.000...,

and we have thus proved that j(+/—2) = 8000 and j ((1 4+ +~/—7)/2) = —3375.
ii) Consider again the case D = 23. This time we have

1+/-23
i (%) A~ 3493225.6999699,
—14+J=23
i ( —+4 ) A 737.849984 + 1764.018938i,
1+/-23
i (—+ : ) ~ 737.849984 — 1764.018938i.

3There are more efficient methods.
4For this and subsequent calculations see as usual http://www.math.su.se/~teke/undervisning/Elliptisk.nb.
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Note that it is clear a priori that the first value is real as ¢>7/(1/24vV=23/2) — _ =7 V23
and the coefficients of the g-expansion are integers. Similarly, the two last values are

complex conjugates of each other as ¢! (F1/4+v=23/4) — tiem™VB/2 In any case
we have

()52

~ 3 + 3491750.0000072 — 5151296875.00000¢ + 12771880859375.00000
which gives us the exact polynomial
13 4349175012 — 5151296875t + 12771880859375.

iii) One shows without difficulty that there is only one element of Cj¢3 which
means that j((1 + +/—163)/2) is an integer. On the other hand,

1
jq@) = 7 + 744 + O(q)

16

and e77V103 ~ 381 x 10718 is very small which means that ¢™v163 is close to an

integer and indeed

™16~ 262537412640768743.999999999999250.

11.2 Elliptic curve interpretation

In this section we have obtained a number of interesting results on lattices and their
Jj-invariants without involving the associated elliptic curves. We shall now see that
the curves do indeed fit very naturally into our results.

Let us start with two lattices I'" C T'. If f is an elliptic function with the elements
of I'" as periods, then for every y € T, the function f,(z) := f(z + y) is also
elliptic with the elements of I'" and furthermore it only depends on the residue ¥ of
y in I'/T’. We are therefore going to use also this residue as index. It is clear that

fa(z+ B) = fa+p(z) and hence

Tryrf@ = Y fa

ael/ T

has all the elements of T as periods. If we apply this first to g’ (z|T’) we get

1 1
Tryr (@' (—IN@ = Y. =2 o i -2y ———= =g'GID).

ael/TV  yel’ yel @=v)
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(This can also be seen by just noting that 7T, r('(—=IT")) has poles at the right
places and with the right polar parts.) As clearly T, commutes with d/dz we
get as a consequence that Tt (9 (—|I'"))(z) = @ (zIT') + B, where B is a con-
stant. This constant can be determined by looking at the constant terms for the
Taylor series at z = 0 which gives g = Z/ael"/ r & (@|T'’). Note that we have
nI' C T for some positive integer n and then for every 0 # o € I'/ T we have that
Y (o (@|T), 9’ (a|T")) = 0 so that all the values in the sum Z/ael"/ & (@|T') are
algebraic over Q(g2(I"), g3(I'")). We also have that o (z + «) and &’(z + ) may
be expanded using the addition formulas. Together with the formula just established
this gives formulas for o (z|T") and g’ (z|T") as rational functions Pr,r, resp. Qr,r,
in o (z|T") and g’ (z|T’) whose coefficients are rational functions in g («|I'") and
@' (@|T) for 0 £ @ € '/T’. That means that (x: y: 1) > (P(x,y): Q(x,y): 1)
gives a map from E'(C) — E(C), where E’, resp. E, are the elliptic curves corre-
sponding to I/, resp. I, such that it corresponds to C/I'" — C/T induced by the
identity map on C. The map (x : y: 1) — (P(x,y): Q(x,y) : 1) is a priori not
defined at the points of '/ '’ but it can be extended using the methods we have al-
ready employed. There is a converse of this result. For its formulation we need to
introduce some definitions. If x € C/TI', a coordinate neighbourhood of it consists
of the choice of a point y € C which maps to x under the quotient map C — C/ T’
and an open connected neighbourhood U of y which maps injectively to C/T". It is
easy to see that U is determined by y and its image in C/ I" and as the choice of y is
largely irrelevant we shall identify a coordinate neighbourhood with this image. If I"
and ' are two lattices, then amap f: C/T' — C/ T will be said to be holomorphic
if for every x € C/ I there are coordinate neighbourhoods U and V of x resp f(x)
such that f(U) € V and f considered asamap U — V and U and V considered as
open subsets of C are holomorphic.

Exercise 83. Let f: C/T" — C/T be a holomorphic map.

i) Show that there is a holomorphic map f: C — C such that for each y € I'’
there is an £,, € I" such that fa+y) = f)+ L.

ii) Show that f is of the form f(z) =AZ+ .

iii) Show that if f(0) = 0, then we may choose f such that f (z) = Az and we
have A" C T'.
Exercise 84. i) Let f: C/T” — C/T be a holomorphic map and let (xo:yp:1) €
E' := C/T' with yg # 0. Then the map x +— f((x:,/4x3 — ghx — g5: 1)), where
the square root has been chosen so that it is continuous and equal to yg for x = xg, for
x close to xg can be written in the form x — (f(x):g(x):h(x)) where f, g, and h
are holomorphic functions (defined close to xg) not all vanishing for an x close to xg.

ii) Show that if (xp:0:1) € E’, then there is a (unique) holomorphic function ¢
defined near 0 and with #(0) = xo and such that y> = 3(y) — g#(y) — g5. Show that
the composite x +— f((¢(y):y: 1)) is of the form y — (f(y):g(y):h(y)) where
f. g, and h are holomorphic functions (defined close to 0) not all vanishing for any y
close to 0.
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iii) Formulate a result similar to the two previous ones for (0:1:0) € E’.
iv) Show that a function f: E’ — E that fulfils the conclusions of i)-iii) is
holomorphic.

It seems reasonable that an algebraically defined map E” — E (a notion for which
we have not given a precise definition) should be a holomorphic map C/ T’ — C/T.
Conversely it seems equally reasonable that the map above given by P and Q should
be an algebraically defined map.

A problem with our candidate algebraically defined maps is that they are not
defined at some (finite in number) points. Once the notions have been set up properly
it turns out there is a unique extension to an everywhere defined algebraic map. We
shall solve this problem by simply ignoring it and hence allow the map to be undefined
at a finite number of points. As an algebraically defined map in the case of a curve
over the complex numbers should give rise to a holomorphic map with at most poles
at the missing points, the following exercises give some substance to our extension
claim.

Exercise 85. Let U C C be an open subset. A map F: U — P?(C) is holomorphic
if for every point xop € U there is an open subset xo € V € U and holomorphic
functions f, g, h: V — C such that for each x € V one of f(x), g(x), and A(x) is
non-zero and F(x) = (f(x):g(x): h(x)). A meromorphic map from U to P? is a
holomorphic function F: U’ — P? such that

e U'=U\SwithS C U discrete, i.e., foreachx € Sthereisanopenx € V C U
with SNV = {x},

» for each x € § there is an open x € V C U and holomorphic functions
frg,h: V\S—C,

e for each x € V one of f(x), g(x), and h(x) is non-zero and F(x) = (f(x):
g(x):h(x)), and

* f, g, and h are meromorphic on V.

Show that for every meromorphic map F: U — P?(C) there is a unique holo-
morphic map G: U — P2(C) which coincides with F whenever the latter is defined.

Exercise 86. A meromorphic map from E = C/ T, an elliptic curve over C, to P?(C)
is a holomorphic map from E \ S to P?(C), where S is a finite set, such that for
every x € S there is a coordinate neighbourhood U of x such that the induced map
U \ {x} — P?(C) is meromorphic.

A meromorphic map between two elliptic curves E and E’ is a function E\ S — E’
such that the composite £ \ § — E’ < P?(C) is meromorphic. Show that every
such meromorphic map has an extension to a holomorphic map E — E’.
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Exercise 87. An algebraic map P' — P? is given by a collection f (s, 1), g(s, 1), and
h(s, t) of homogeneous polynomials of the same degree without a common non-trivial
zero. The map then is (s : #) — (f(s,t): g(s, 1) : h(s,t)). It gives rise to a point
(f(x,):gx, ) :h(x, 1)) € P2(K (x)), K (x) being the field of rational functions,
the field of fractions of K[x]. Show that every such point comes from a (unique)
algebraic map P! — P2.

Remark 10. The fact, indicated by these exercises, that algebraic (or analytic) maps
extend over poles is very special for maps from curves.

We use the indications above, as well as examples obtained previously, to define
an algebraic map from an elliptic curve E to another elliptic curve E’ to be a map (x:
y:1) = (f(x,y):g(x,y):1) given by rational functions f and g. Hence we should
have g2 = f3+a’ f + b’ but this should not be an equality of rational functions but an
equality modulo the relation y> = x3 4 ax + b. This means that we should consider
f and g as elements of the fraction field, K (E), of K[x, y]/(y* — (x3 4 ax + b)).

Example 17. Show that if x> +ax +b is without multiple roots, then y% — (x> +ax +b)
is irreducible and hence K [x, y]/(y*> — (x> + ax + b)) is a domain.

Hence we get a ring homomorphism K [x', y']/(y"? — (x> + ax’ + b)) — K(E).
Exercise 88. Show that if f and g are not constant, then this map is injective.

By the exercise we get a (necessarily injective) mapping of K-field extensions
K(E’) — K(E) and conversely such a map gives a map E — E’. Hence, the non-
constant algebraic maps E — E’ correspond exactly to K -field extensions K (E’) —
K(E). An algebraic homomorphism is then such an algebraic map which is also a
group homomorphism on points (over an algebraically closed over-field). (From the
argument of Exercise 83 it follows that when K = C, then every map that takes co
to oo is a homomorphism, this is actually true in general.) In the complex case the
algebraic homomorphisms plus the map with constant value oo forms a ring which is
equal to Endc(I") when E = C/T" (and for that reason we shall allow the map with
constant value oo also as an algebraic homomorphism).

If we apply this to when we have an inclusion I'" C T, then the formulas for g (z|T")
and g'(z|T") in terms of g (z|T') and g’ (z|T") give us an algebraically defined map
E — E’ where the elliptic curves C/ T’ and C/ T are equivalent to E’, resp. E. Note
furthermore that '/ T’ is equal to the kernel of the group homomorphism E’ — E.
Combining what we know so far we see that there is an algebraic group homomorphism
E’ — E whose kernel is cyclic of order n precisely when ®,,(j(E"), j(E)) = 0. As
the kernel of E’ — E is of exponent n, the map factors through E — E’ — E with the
composite being multiplication by n (this corresponds to the inclusion nI' C TV C T’
of lattices). It’s is easy to see that the kernel of E — E’ is again cyclic of order n.
It seems reasonable (and is true) that the map E — E’ is again algebraic. If so we
should also have @, (j (E), j(E’)) = 0 which gives a perhaps clearer explanation for
the first step in the proof of Proposition 11.2.
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More interesting however is that these ideas can be used to give a more conceptual
proof of the fact that the monic polynomial whose roots are the j-invariants of the
elements of Cp has integer coefficients. Indeed, as those j-invariants are roots of
some appropriate —®,, (¢, t), they are algebraic integers and hence, by some elemen-
tary algebraic number theory, it is enough to show that the coefficients are rational
numbers. Now, the following are basic facts of Galois theory (and not too difficult
to establish): An algebraic conjugate of a complex number « is the image of « un-
der an automorphism of C. A monic polynomial without multiple roots has rational
coefficients precisely when any algebraic conjugate of a root of it is again a root.

Hence to prove our statement it is enough to prove thatif ' € Cp andifo: C — C
is an automorphism, then o (j (")) is the j-invariant of some I'' € Cp. If we put E =
C/T we have seen above that the ring (under point wise addition and composition)
End(E) of algebraic endomorphisms of E is equal to Endc(I") = Rp. Now, E is
defined by the equation y> = 4x3 — gox — g3 and we let E be the curve defined
by y2 =4x3 — o(g2)x — o(g3). We have a ring automorphism C[x, y] — Clx, y]
taking ), aijx'y’/ to 2 o (a;j)x'y/. It induces a ring isomorphism

Clx, y1/(v* — @4x® — gox — g3)) = Clx, y1/(* — (4x* — 0 (g2)x — 07(g3)))

which in turn induces an isomorphism between fraction fields C(E) = C(E?).
(Note that this map is not C-linear but is rather & on C.) An algebraic endomor-
phism A: E — E different from O corresponds to a C-linear ring homomorphism
A C(E) = C(E). Wenow let A% ;=0 loroo: C(E') - C(E’). A moment’s
thought reveals that it is the identity on C and hence corresponds to an algebraic map
A% : E’ — E’. Ttis now not difficult to show that it is an algebraic homomorphism.

Exercise 89. i) Show that A? is an algebraic homomorphism.

ii) Show that A — A? is a ring homomorphism End(E) — End(E’) and that it is
also a bijection.

iii) Show that if Rp and Ry are isomorphic as rings, then D = D’.

It follows from this exercise that writing E” as C/ I’ we have that I'' € Cp. Now,
J(E) and j(E’) are the same rational function in g», g3 resp. o (g2), o (g3) and hence
Jj(@") = j(E") = o(j(E)) and we have just seen that I" € Cp which proves what
we want.



12

Modular forms

The invariance property of a modular function f says that f(Mt) = f(r) for every
M € SL,(Z). This is the formulation which is the easiest for calculation but there
is a more conceptual formulation. We have seen that for any lattice I' C C we
can define f(I") by choosing a t such that I' is equivalent to Z + Zt and then put
f(@) = f(r). This gives a bijective correspondence between modular functions
and functions f on lattices such that f(I') = f(AT') for A € C* and such that
T +— f(Z + Zr) is a holomorphic function on the upper half plane and for which
the expansion in ¢ := ¢>"'* only has a finite number of terms of negative exponent.
Clearly, the most important modular function is the j-function. As we have seen it
is the quotient of two other functions Eg and (ES - E%) /1728. These in turn are
not modular functions. They, or rather the functions G, and G3, are by definition
functions on lattices. However, they do not take the same value on I' and AT" but
instead Gx(AT") = A=2KG(I"). On the other hand their behaviour at infinity is nicer
than that of j in that their g-expansions are holomorphic. This leads to the following
definition.

Definition 12.1. A modular form of weight k, k an integer, is a function f on the set
of lattices I' C C such that

o f(AI') =12 (") forall T and A € C*,

¢ the function t + f(Z + Zt) is holomorphic in the upper half plane, and

« the functionin ¢ givenby g = €27i*

tog =0.

> f(Z+Zt) has aholomorphic extension

If also f(Z + Zt) — 0 when It — 00, we say that f is a cusp form.

Note that the holomorphicity in ¢ may be replaced by seemingly weaker conditions
such as being bounded when It — oo (by the Riemann removability theorem).

Exercise 90. i) Show that if one replaces the first condition with the condition that
f@n) = Ak f(I") for an odd k, then such a function is identically zero.

ii) Show that the function Ej is a modular form of weight k.

iii) Show that modular forms of a fixed weight form a C-vector space. Show that
every modular form of weight k is the unique sum of a multiple of Ey and a cusp form.

iv) Show that the product of a modular form of weight k and one of weight £ is a
modular form of weight k + ¢ and that the set of finite sums of modular forms (possibly
of different weights) forms a ring. Show that such finite sums can be written uniquely
as a sum of forms of distinct weights.
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It is clear that a modular form is determined by its restriction to the lattices Z + Zt
and the following exercise gives a characterisation of modular forms in terms of the
function t +— f(Z + Zr).

Exercise 91. i) If F' is a modular function of weight k, show that the function f(7) :=
F(Z + Zv) is holomorphic on H fulfilling the condition

at +b 2%k a b
f (cr —|—d> =(ct+d)*" f(r), forall (C d) € SLy(2),
which tends to a finite limit when It — o0o. Show conversely that a function fulfilling
these properties comes from a unique modular form of weight k.

ii) Show that a function f: H — C which tends to a finite limit when 37 — oo
and for which f(r +1) = f(r) and f(—1/7) = 1:2kf(r) for all 7 is a modular form
of weight k.

There are many reasons why modular forms are important. One is that the quotient
of a modular form and a non-zero modular form of the same weight is a modular
function (as we have seen in the case of the j-function). There are also intrinsic
reasons of which we shall see examples. Some further reasons are indicated in the
following exercises.

Exercise 92. Let fy, f2,..., fn be modular forms of the same weight not all of
which are identically zero. Let S be the set of points T € H for which all the f;(7) :=
fi(Z + Zv) are zero.

i) Show that the map H \ § — P"(C) given by t - P"*(C) extends to a holo-
morphic map f: H — P*(C), where “holomorphic” is defined analogously to Exer-
cise 85.

ii) Show that f isinvariantunder SL»(Z),i.e., f(Mt) = f(r)forall M € SL,(Z).

iii) (Difficult) From the previous part we get a map g: C — P"(C) such that
g(j(r)) = f(zr). Show that g is holomorphic.

We have seen that E is a modular form of weight k. By Exercise 90 their products
are also modular forms and so are linear combinations of such products of the same
weight. We have already seen, by using the differential equation of ¢ (z), that the Ej
are polynomials in E; and E3 so that we need only use these two forms. Our intent
is to show that any modular form is a polynomial in £, and E3. (This will actually
give a new proof of the fact that the E} are polynomials in E> and E3.) We begin
with the following exercise which generalises Proposition 6.2. Note first that, if f is
a non-zero modular form and if z € H U {oo}, we can define v,(f) in the same way
as for modular functions.

Exercise 93. Show that if f is a non-zero modular form, then

gvm -2
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Example 18. Notice that for a non-zero modular form f we have that v,(f) > 0 for
all z as f does not have any poles.

1) If the weight k of f is (strictly) negative we have 0 < ZZ v(f) =k/6 <0so
that any modular form of negative weight is zero.

ii) If the weight is zero we are dealing with a modular function without poles. By
subtracting the constant value at some point we can assume that it has a zero. Thus
0 < ). v:(f) =0/6 = 0 so that every modular form of weight zero is constant.

iii) If the weight is 1 we have that v,(f) > 1/3 and }__v.(f) = 1/6. This is not
possible so that the form is zero.

iv) If the weight is 2, we may by subtracting of a multiple of E, assume that it is
a cusp form, i.e., that v (f) > 1. As )~ v (f) = 2/6 this implies that every form
of weight 2 is a multiple of Ej.

v) The same argument for weight 3, 4, and 5 shows that the form is a multiple of
E3, E3, and E, Ej respectively.

vi) If the weight is 6, A := (E5 — E3)/1728 is a cusp form. For any non-zero
cusp form we have that veo (f) + Z#OO v (f) =6/6 =1and as veo (f) > 1 we get
that voo(f) = 1 and that the form has no zeroes in H. This means that the space of
cusp forms is 1-dimensional, for if not we could for instance get a non-zero form with
a double zero at co. In particular A has a simple zero at co and no other zeroes.

We are now ready to show our promised result.

Proposition 12.2. Every modular form of weight k is a homogeneous polynomial of
weight k in Ey and E3 (Where E3, resp. E3, are given weights 2, resp. 3).

Proof. In the previous example we showed this for k < 6 (actually also for k = 6) and
we continue by induction on k. Itis easily seen that for every k > 6 there is a monomial
min E5 and E3 of weight k. Ithas value 1 at co. Now, given amodular form f of weight
k > 6 we may choose c such that f — cm is a cusp form. That means that ( f —cm)/A
is holomorphic at oo and as A has no zeroes in H, (f — c¢m)/A is holomorphic
everywhere. It is also easily seen that it fulfils the transformation properties for a
modular form of weight k — 6. By induction (f — cm)/A is a polynomial in E; and
Ez and hencesois f = ((f —cm)/A)A +cmas A = (Eg — E%)/1728. O

Exercise 94. i) Show that the dimension of the space of modular forms of weight
k> 0is[k/6] 4+ 1ifk £ 1 mod 6 and [k/6] if k = 1 mod 6.

ii) Show that E, and E3 are algebraically independent over C, i.e., they fulfil no
non-trivial polynomial relation with complex coefficients.

12.1 Elliptic curve interpretation

One would (for many different and good reasons) like to make algebraic sense of
modular forms. For that we need to say a little bit more about 1-forms. To begin with
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we have only defined 1-forms for rational functions. However a look at the definition
(given on p. 3) reveals that one only needs a field containing the complex numbers
and one may indeed replace the complex numbers by any other base field so that
we are dealing with an arbitrary field extension K — L. Hence we get the vector
L-space 2 lL /K of 1-forms for L /K spanned by elements df, f € L and fulfilling the
conditions from page 3 with the field of rational functions replaced by L and the field
of complex numbers replaced by K.

Example 19. Consider an elliptic curve E: y> = x* 4 ax + b and the corresponding
field K (E) of rational functions, i.e., the fraction field of K [x, y]/(y2 — (3 +ax +b)).
Every element of K (E) can be (uniquely) written in the form f(x) + yg(x), with f
and g rational functions in x. We then have that d(f(x) + yg(x)) = f/(x)dx +
vg'(x) dx + g(x) dy which shows that Q}((E)/K is spanned by dx and dy. We also
have 2y dy = (3x? 4 a) dx (characteristic different from 2 and 3) which means that
dx and dy are K (E)-multiples of each other so that Q}((E)/K = K(E)dx. To show

that dx # 0 we define a K (E)-linear map Q}((E)/K — K(FE) taking dx to 1. We
defineitondh, h = f(x) + yg(x),as f'(x) + yg' (x) + 3x% +a)/(2y)g(x). It then
only remains to show that this map preserves the relations in Q}< (E)/K which is easily
done.

Exercise 95. Show that L-linear maps T : QlL x — V.,V an L-vector space, may
be identified with K -linear maps #: L — V such that7(fg) = ft(g) + gt (f) for all
f, g € L. The identification is supposed to fulfil T(df) = t(f).

We have already encountered the 1-form dx/y. What distinguishes this from other
forms is that it has no poles. This is elucidated in the following definition.

Definition 12.3. Let E be an elliptic curve.
i)Anelement f € K(FE)isregular atapoint p € E(K) ifitsatisfies the following:

e when p = (xo:y0:1), f has the form g/h, where g, h € K[x, y]/(p(x, y)),
p is the equation of E, and h(xg, yg) # O,

e when p = (0:1:0), f has the form g/h where g and h are polynomials
g(y/x%, 1/x) and f(y/x?, 1/x)in y/x? and 1/x (of K (E)) and h(0, 0) # 0.

ii) A I-form w € Q}((E)/L is regular at a point p € E(K) if itis a sum of 1-forms
of the type f dg where f and g are regular at p.
iii) A 1-form is regular (when K is algebraically closed) if it is regular at all points.

Remark 11. The definition of regularity at the point at infinity is motivated by the
fact that in homogeneous coordinates of weights (1, 2, 1) a point “close” to it has the
form (1 :r :s) and r and s should thus be considered regular at oo but (1 : y/x%:
1/x) = (x:y:1)sothatr = y/x>and s = 1/x.
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Example 20. i) When the equation of E is y? = x> + ax + b, dx/y is regular. This
is immediate at all points except those for which y = 0 and the point at infinity. We
have however that dx/y = 2dy/(3x* + a) so that at finite points the only points of
contention are those for which y = 0 = 3x? + a, but there are no such points as
x3 + ax + b has no multiple roots. At the point at infinity we have, with r = y/x?
and s = 1/x, that x = 1/s and y = r/s? so that

dx d(l/s) ds _ 2dr
y  r/s2 o l4asd+sY

as we have r2 = 1 +as> + s*. As s(00) = r(oo0) = 0 we have presented dx/y in the
form required for regularity.

ii) Let E be the complex curve of equation y?> = 4x3 — gox — g3 and let " be
a lattice with g = g2(I') and g3 = g3(I"). If w € Q(IC(E)/(C we define an elliptic
function w/dz with I' as periods as follows. For @ = dg we write g as a rational
function g(x, y) and put

/

o . Bl .pk) (12.1)

dz dz
By Exercise 96 this gives a C(E)-linear map from Q(lc( E)/c to elliptic functions with
I as periods (a field that is isomorphic to C(E)). We shall now prove first that if
f € C(E) is regular, then f(¢(z), '(z)) is holomorphic and hence constant. To
show this, consider a point p = (¢ (z0) : '(z0) : 1) (or p = oo and zg = 0). Itis
clear that g (z) and ' (z) (resp. ©'(z)/$*(z) and 1/ (z)) are holomorphic at z = zg
and so then is any polynomial in them. Furthermore, the value of such a polynomial
at zo is its value at p (resp. its constant term). From this it follows that if f € C(E)
is regular at p, then f (g (z), '(z)) is holomorphic at z.

From this it immediately follows that if a form w € Q(IC( E)/C is regular at p, then
w/dz is holomorphic at zg. In particular, if w is regular, then w/dz is a holomorphic
elliptic function and hence a constant. As we have seen, any w in Q%: (E)/E has the form
f(x,y)dx and then w/dz = f(p (2), 9'(2))p'(z) € Cand as f — f(p(2). p'(2))
gives an isomorphism of fields from C(F) to the field of elliptic functions (with I" as
periods) we get that A/y and w = Adx/y. Hence the regular forms are exactly the
multiples of dx/y. This can be shown to be true for any field.

Exercise 96. Show that the formula (12.1) fulfils the conditions of Exercise 95.

We have seen (at least in the complex case) that any regular 1-form is a multiple
of dx/y. Note that the exact 1-form dx/y depends on the precise equation and not
just on the equivalence class of the curve. Indeed, if E is given by y? = x3 +ax + b,
then it is also given by y’> = x”3 4+ aA*x’ + bA®, where x’ = A%x and y’ = A3y and
we have

dx
y y

dx’
—.
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On the other hand, going back to the complex case, choosing a regular non-zero 1-
form w specifies a lattice I'. One simply gets I as the integrals along closed curves
(ak.a. “periods”) of the form w. Replacing @ by a non-zero multiple Aw then scales
the lattice of periods by A. We can thus identify modular forms of weight k with
functions on (equivalence classes of) complex elliptic curves with a chosen non-zero
regular 1-form such that f((E, Aw)) = 22k f((E, w)) and such that, restricted to
(C/Z+7Zr, dx/y), it has the required analytic properties. It is not difficult to imagine
(and it is in any case true) that these analytic properties can be given a purely algebraic
characterisation.

Example 21. If we stay away from characteristic 2 and 3, any elliptic curve is equiv-
alent to one with equation y> = x> 4 ax + b and the only way to get an equivalent
curve is to make the coordinate change x’ = A%x and y’ = A%y giving the equa-
tion y> = x> + ar*x’ 4+ bA%. As we have seen if we do that we have the relation
dx/y = Adx'/y’. This means that for any elliptic curve E with non-zero regular
1-form o there is a unique equation of the form y> = x> + ax + b giving a curve
equivalent to E and for which @ = dx/y. Hence, a and b are well-defined functions
on (E, w) and when we change (E, w) to (E, Lw), we change a to A *aand bto A~%b.
Hence a and b should be (and are) modular forms of weight 2 and 3 respectively.

12.2 Modular forms of higher level

We have seen examples of functions which almost but not quite are modular functions,
specifically the j,, @ € P'(Z/p). There are similar examples for modular forms.
Consider for instance the roots of ' (z|T"). We have seen that these are just the elements
1/2T/T \ {0}. If we then consider their values for g (z|I') we get ej (w1, @2) =
© (w1/2|1), e2(w1, w2) 1= p (w2/2]T"), and e3 (w1, w2) = p (w1 +w2)/2|T"), where
I' = Zw) + Zw>. We have that ¢; (Aw;, Awp) = 2" 2e; (w1, wy) which makes them
look like modular forms of weight 1. However, these are not modular forms' as they
really depend on the choice of generators w; and w, and not just on the lattice I.
More, precisely if we use M € SL,(Z) to change the basis w; and w;, the functions
e; will be permuted among themselves (more precisely they are permuted in the same
way that the elements of P!(Z/2) are). That means that by considering the coefficients
of the polynomial (# — e1)(r — e3)(t — e3) we get modular forms of weight 1, 2, and
3 respectively.

Exercise 97. Show that e; + ex + e3 = 0, ejer + eje3 + epes = —g2/4, and
ejere3 = g3/4.

There is however an alternative (and ultimately better) way of looking at these
functions: We lower our ambitions and make the group smaller. Hence, for a case

I There are as we have seen no modular forms of weight 1.
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such as ey, we do not allow all base changes of Zw{ +Zw; but only those in the subgroup
I'y(2) := { (f Z) € SL2(Z) | ¢ = 0 mod 2}. If we on the other hand want all of the
e; to be modular we should choose the group I'(2) := ker(SL2(Z) — SL2(Z/2)).
Note that this group has index 6 in I'(2).

Exercise 98. Show that SL,(Z) — SL»(Z/2) is surjective.

There are some problems about what is meant by the holomorphicity conditions.
To understand them we must first realise that if we are dealing with a modular form
for I'(2), then the fundamental domain D :={z e H | |z] > 1, —1/2 < %(z) < 1/2}
is not really relevant. The reason that it was relevant for SL,(Z) was that we had

H = Ugest, z)8D

with the union essentially disjoint,2 i.e., with intersection only at the boundaries.
Hence a modular form would be determined by its values on ID. These results are no
longer true if we let g run over I'(2), only “a sixth” of H will be covered in this way.
More precisely if we let g1, g2, ..., g¢ be coset representatives for I'(2) in SL;(Z),
then

H = UgesL, 28D = Uger2) Ui=i<6 881D = Uger2)8 (U1zi=68iD) = Uger2)gD',

where we have putD’ := Uj<;<¢g;ID. This means that D’ should work as a fundamental
domain for I'(2). If we are careful about choosing the g; we can make ID’ as nice as
D: Define the following Mobius transformations induced from elements of SL»(Z)
by g(r) :=1+1land h(r) := —1/tr and then put gy = id, g» = g, g3 = h, g4 = gh,
gs = hg, and g¢ = ghg. With that choice we get the picture of Figure 28. Three

hg~!| ghg

-0.5 0 0.5 1 1.5

Figure 28. The fundamental domain for I"(2).

2For this we should really let g run over SLy(Z)/{£1}.
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things are clear from this picture. The first is that we do indeed get a nice fundamental
domain for I'(2). The second is that when we try to investigate the holomorphicity
of a form at co by considering the g-expansion, we are faced with the problem that
T > 7+ 1 does not come from an element of I'(2). On the other hand 7 +— 7 +2 does
come from such an element and hence the form can be expanded in powers of ™7, a
function of a type that we have already encountered when dealing with the j, and then
called ¢'/2. Once this has been noted there are however no problems; holomorphicity
at oo means simply that there are no negative powers in the g-expansion (now in
half-integer powers of g).

The third thing to note also has to do with the behaviour at infinity. The reason
that we have insisted on holomorphicity (for forms) and meromorphicity (for modular
functions) is that we need it to have control over these functions. Without them we
would not have that modular functions are rational functions in j or that modular
forms are polynomials in E; and E3. We see from Figure 28 that we should expect
the need for control not just at infinity but also at 0 and 1, both of which are points
at the boundary of the domain of definition of the form and also at the boundary of
the fundamental domain. We shall deal with this after we have given a more formal
definition of modular forms for groups such as I"(2).

We thus let G € SL2(Z) be a subgroup of finite index. For technical reasons
we need a subgroup N € G which is normal and of finite index in SL,(Z). Such
a subgroup always exists; one may for instance let N be the kernel of the group
homomorphism from G to the group of permutations on the right cosets G/H of G
with respect to H. A modular form for G of weight k is a function f on pairs (w1, @2)
of complex numbers linearly independent over the reals such that

* f(M(w1, w2)) = f(wr1, w) forall M € G,

[ O, han) = 27 f (01, 2),
* the function 7 — f((1, t)) from the H to C is holomorphic, and

* let0 #n € Zsuchthat (}9)" = (! 9) belongs to the group N (which exists
as N has finite index), then for every H € SL,(Z), the function fy(t) :=
f(H(1, 1)) is periodic of period n as

fu(t+n) = f(H G ?) a, 1:)) = f(H (i ?) H'H(, r)>

= f(H1, 7)) = fu(0),

where we use that N is normal in G, and we require that the expansion in powers
of ¢'/" only contains positive powers.

If the g-expansion of each fy is without constant term for all H € SL,(Z) we say
that the form is a cusp form.
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Remark 12. Note that we allow & to be “half integer” weights, i.e., 2k € Zand k ¢ Z
and though we have seen that all such forms for SL,(Z) are zero this is not so for a
general group.

Exercise 99. Show that the conditions are independent of the choice of N.

Exercise 100. Formulate the conditions on a modular form for G in terms of F(t) :=
f(1, t) similar to the one for forms for SL>(Z).

Exercise 101. i) Show that in order to check holomorphicity at the cusps it is enough
to check fg(7) for a set of H’s with the following property: For every M € SL2(Z)
there is an H in the set and a P € G such that M (co) = P H(00).

ii) Show that SL,(Z) acts transitively on P! (Q).

iii) Let S be the set of orbits of G on P! (Q). Show that a set of H’s fulfils the
property of the first part precisely when for every s € § there is an H such that
H(oc0) €.

Example 22. i) For I'g(2) there are exactly 2 orbits on P! (Q), represented by oo
and 0. Hence we may let H be the identity matrix or a matrix giving the Mdbius
transformation 7 — —1/7.

ii) For I"(2) there are exactly three orbits represented by 0, 1, and co. As indicated
by this example it is in general possible to choose a fundamental domain which meets
the boundary of H (including the point at co) in precisely the different orbits.

We shall now consider the ring of modular forms for I'(2). As we have seen there
are three cusps that may be chosen to be 0, 1, and co. These are identified with all
the points of PY(zZ /2) by reduction modulo 2 and the action of SL»(Z) on the orbits
of I'(2) on P!(Q) are given exactly by the reduction SLy(Z) — SL;(Z/2) and the
action of SLy(Z/2) on P! (Z/2). We have seen that ¢;, i = 1,2, 3, are candidates
for modular forms for I"(2) (in fact individually they are candidates for I'g(2) and its
conjugates). We have seen that they fulfil the invariance properties and it is clear that
they are holomorphic in H and it thus remains to check behaviour at cusps. Now, the
e; are permuted under the action of SLy(Z) and hence it is enough to investigate all of
them at a single cusp which we choose to be co. To show that they are holomorphic
at 0o it is, as we have noted,’ enough to show that it has a limit when J(7) — oo,

3Technically, a holomorphic function in a punctured neighbourhood of a point can be extended to a
holomorphic function at the point if it is bounded in that neighbourhood; this is the Riemann removability
theorem.
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that limit is then equal to the value at co. Now, we have the following formulas:

et = (1/—2)2+;, (1/2+mr+n)?  (mt+n)?’
1 / 1 1
o0 = (T/—2)2+;, (T/2+mt+n)?  (mt+n)?

: 1 1
((t +1)/2)2 +;1 (T+D/2+mr+n?  (mt+m?

e3(1) =
All the series converge uniformly so that we may take the limit term-wise which gives

1 ’ 1 1
1) = Gt 2 Gy

2 2 2
T 1 T 2
= +8y — - gt
3 Z(2n+1)2 37T T3
n>0
71 72
32(00):_2 n2=_37

11 n?
83(00) = —Z n_2 = —?

(Note that these values are consistent with the fact that e; + e» + e3 = 0.) We
shall however need the g-expansions of these functions. To formulate the result in a
convenient fashion we introduce some variants of the o-functions:

og(n) 1= Z d~, ogf(n) == Z d~,

dln dln
d even d odd
(=Y (”)k )=y (”)k
o (n) = -, o, (n) == - .
¢ d|n d ¢ d|n d
d even d odd
We clearly have that
ox(n) = of’(n) + oy (n),
or(n) = oy (n) + Oy (”),
and if n is odd, o{(n) = o/°(n) = 0, while if n is even o (n) = ox(n/2) and

o (n) = 2kak(n/2) Hence in all cases o/ (n) = ke « (n) and that gives 07 (n) =
or(n) — ke (n) Now to get the g-expansion we shall, just as for the G, use (30)
(in our case only for k = 2):

1
Z = (t +n)? = qu
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This gives, using that ¢27{(1/2+m7) — _gm,

2 ! !
e1(r) = _+ 22(1/2+mt+n)2 (mt +n)?

m>1neZ

2 o0
=zi—8nZZZk<( g™ =@M

3 m>1 k=1

:——8 2zzk(( D — 1)g™

m>1k=1
7'[2
oc n
= ?<2+48né_101 (n)q )

In the same manner we have, using that ¢27i(t/2+mt) — gm+1/2

1 1
e2(®) = - +Z(r/2+n)2 %rg(r/z+mr+n)2 mt +n)?
m=>0 k=1 m>1 k=1

2
=T —4n? Y (20000 — ot ()"

n>1

2
= %( —-1- 122 (3010(11) — 0] (n))qn/z)'

n>1
Similarly for e3 (where ¢!/? must be replaced by —g'/?)

_ 72 1
=0 =3+ L G ha

1 1
+ZZ((I+1)/2+mr+n)2 (mt +n)?

m;éO €z
=1 4y ( Z Zk( g/ em+Dk _ Z ik(ql/Z)ka>
m=>0k=1 m>1k=1
2
= —% — 45?2 Z (2(—1)"01”(n) — Uf(n))q"/2
n>1

= ”_2(—1— 122((1+2(—1)”)00(n)—0 (n)) "/2>
=3 1 1m)g—-)-

n>1
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This means that each ¢; is non-zero at all cusps with the same value at two of them and
another at the third (which is co fori = 1, 0 fori = 2, and 1 for i = 3). Hence if we
put fx :=e; —ej, where {1,2,3} = {i, j,k} and i < j, then they are modular forms
that are zero at one of the cusps and non-zero at the two others and the cusp where it
is zero is different for different k. Furthermore, at the cusp at which one of them is
zero it has a simple zero (where simple means that its g-expansion starts with ¢'/2)
as can be seen by the formulas above as the two non-zero ¢ '/?>-terms have opposite
signs. This is what is needed for the following result.

Proposition 12.4. Any modular form for T'(2) is a polynomial in the e; (and as
e1 + ex + ez = 0 thus in any two of them).

Proof. A modular form of weight 0 is constant just as for the SL,(Z)-case. Forms
of half-integer weights k/2 are zero, as one would have f(t) = f ( ( _01 91) r) =
(—DFf(r) = —f(1) just as in the SL,(Z)-case. Let us for the moment leave aside
the case of weight < 0. We know (cf. Theorem 3.81)) that ¢;(t) # e;(z) for any T
and i # j. Hence f is non-zero on all of H, at the cusps 0 and 1 and has a simple
zero at 0co. We now prove our result by induction on the weight k. The case k = 0 has
just been proved. Consider now a form f of (integer) weight k£ > 0. By subtracting
of a multiple of e’f we may assume that it is zero at co and then f/f] is holomorphic
everywhere and thus a modular form of weight k — 1. By induction it is a polynomial
inthe ¢;’s. If f has negative weight —k, then f f]k has weight 0 and is hence a constant.
As fj is zero at oo and f finite there, we get that the constant is 0 which implies that
f=0. o

Exercise 102. Show thatif f is amodular form for I'(2) of weight k, then ) ©_ v (f) =
k where z runs over the fundamental domain (without duplications on the boundary)
and the three cusps, and v, ( f) is the multiplicity of the zero of f at z (without weights
this time for points in the fundamental domain and with the multiplicity of the zero at
the cusps being the power of the first power of ¢'/? that occurs in the g-expansion of
the cusp).

Exercise 103. Show that the modular forms for I'¢(2) are polynomials in e; and eze3.

12.2.1 Sums of four squares. We shall now use the results obtained to give a formula
for the number of ways to write a positive integer as a sum of four squares. We shall
do this by showing that the “generating series”

2,242, .2
Z q(x +y +zo4w)/2 — Zanqnﬂ’

X,V,2,WEZL n>0

where a,, is the number of ways of writing n as a sum of squares, is the g-expansion
at oo of a modular form of weight 1 for I"'(2). If we know this, then it is a linear
combination of the e; and e, and, looking at a few coefficients in the g-expansion,
the coefficients of such a linear combination may be determined. However, we shall
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also see that it has a further transformation property which will determine it up to a
multiple, that multiple can then be determined by looking at just the constant term in
the g-expansion.

To show this we start by studying the 0-function

()= ¢" P =1+2) ¢,
nez k>1

the point being that
24324 ,24..2
04(1,) — Z q(X +y +z7+tw )/2
X,¥,2,WEL

and it turns out to be easier to study 8. What we specifically are going to show is
that 0(—1/7) = (—it)20(7), where the square root has been chosen such that it is
continuous in H and takes the value 1 when t = i. There are several ways of proving
this formula but we shall choose one which is related to elliptic functions.

For that we (re)pose the seemingly unrelated question of producing doubly periodic
functions of periods 1 and T € H. To make it periodic of period 1 is easy, we simply
make it a function of u := ¢>"!*. We then assume that the function may be expanded
as a convergent series f(z) = D,z a,u”. Of course we know that it is not possible
to get a non-constant example of a doubly periodic function in this way as it would be
holomorphic for all z. We shall settle for a little less and consider

0(z,1) := Z u”q”z/2

nez

so that 6(t) = 6(0, 7). This function has the property that
0(z+1,7) =0z, 1),
Q(Z +1, 'L') — Z(uq)nqn2/2 — (uql/Z)—l Z(u)n+lq(n+1)2/2 — (uql/Z)—le(Z’ T).

nez nez
The key to our proof of the functional equation for 6(7) is the following result.

Lemma 12.5. 6(z, t) is the unique function which is holomorphic on all of C and
fulfils the relations

0(z+1,7) =0(z, 1),
0z +7,17)= g0z 1),

1
/ 0@, t)dt = 1.
0

Proof. We have checked the first two conditions for 6. As for the third we have

1 1 .

k ikt 1 ifk=0,
u“(t)ydt = e dt = .

A @) A {o if k # 0,
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and the sum defining 6 converges uniformly so that one may exchange sum and integral.
Now let f(z) fulfil the conditions. As f(z + 1) = f(z) we may expand f as a

Laurent series in u = ¢27i%;
f@=) au"
nez

and the condition f(z + 1) = (uql/z)_l f (2) then translates into

D anu” = (g ™'Y ang"u"

nez nez

or a, = ¢"*2a, 1, which shows that the function f is determined by the value of
ag. The last condition then fixes that value. O

We now try to use 6(z, ) to construct a function that behaves like 0(z, —1/7).
Taking the lead from what happens for doubly periodic functions we consider f(z) :=
O(tz,t). Itfulfils f(z — 1/7) = 6(rz — 1, t) = f(z) which is not what we want.
We therefore make a slight modification and put instead f(z) := " ”Zze(rz, 7). We
then have

f(Z +1) = errit(z+1)29(TZ +1,7) = enir(z+1)2e—Zﬂirz—nire(_L,Z, 7) = f(Z),
f(Z _ 1/,[) — eﬂif(z—l/f)ze(rz _ 1’ T) — e—2niz+ni/renifz29(l_z’ ‘L')
— e—27TiZ+7Ti/Tf(Z)

and this means that f fulfils the conditions of Lemma 12.5 for 6(z, —1/7) except for
the last normalisation condition. Hence we get that

em’rzzg(fz’ ) = p(1)0(z, T)

for some function ¢(t). More precisely we have (where the interchange between
integral and sum is trivially justified)

1 1
. 2 . 2 . )
@(1) :/ eriTs O(ts,7)ds = 2 :/ eTiTs +2minst+mwin Tds
0 0

nez
: nir(52+2ns+n2) ! J'rir(s+n)2
= Z e ds = Z e ds
nez 0 nez 0
n+l1 s 00 s
— Z/ 7T g = / 7T s
nez " -

What remains to be shown is that ffooo €™t ds = (—it)!/2. The proof of this is in
two steps. First we note that both sides are analytic functions in the upper half plane
and hence it is, by analytic continuation, enough to prove the equality for t = it,
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¢ > 0. By definition the right-hand side is equal to 7'/ (i.e., the positive square root).
For the left-hand side we have with r = #1/2s,

o0 2 o0 2
/ e T gy = [1/2/ e dr = Ct1/2,
—00 —00

where C := | fooo e dr (which is well known to be 1 but we shall give a new proof
of it). Now putting z = 0 in our equality we get 6(z) = C(—it)'/?6(—1/7) and
putting T =i we get 0(i) = CO(i), but 0(i) # 0 as it is a sum of positive terms so
we get C = 1.

Remark 13. It could be seen to be somewhat disappointing that 8 (z, t) is unique up to
a constant factor, since the quotient of two functions fulfilling the first two properties of
Lemma 12.5 would be a doubly periodic function. One may however obtain non-trivial
examples by replacing the second condition by f(z + 7) = (u"q'/*)~! f(2).

Raising the functional equation to the fourth power we get

04 (r +2) = 0% (0),
04 (—1/7) = —120%(1).

Note that the second functional equation is not of the type required for a modular form
of weight 1 as that would be f(—1/7) = 72 f (7). We shall ignore this point for the
moment and note that in any case the functional equations for the elements (é %) and
((1) _01 ) of SL»(Z) gives by iteration some functional equation for all elements of the
subgroup generated by them. That subgroup is easily determined.

Exercise 104. Show that the subgroup of SL»(Z) generated by (%) and (9 !) is

0
equal to the subgroup I'j » of elements that are congruent modulo 2 to ((1) _01) or the
identity matrix.

Hence we know for which elements we get a functional equation and we shall
now determine what these functional equations are. For that it is more convenient
to deal with the homogeneous version, that is we consider ®(t) := 6%(7) instead
as a function of the two generators w; and w, of the lattice. In that formulation the
functional equations proven say that (w1, wp) — (w1, w1 + 2w;) fixes ® whereas
(w1, w2) = (—w2, wp) takes © to —©. Hence an arbitrary element of I'; > takes © to
+0® and the mapping M — M(®)/® e {£1} is a group homomorphism. This group
homomorphism is characterised by the fact that it takes (w1, w2) — (w1, w1 + 2w))
and (w1, w2) = (—w2, ®1) to —1. Now, it is easily shown that (¢ ) — (=1)¢isa
group homomorphism with the same property and hence we have shown that

b
® (Z’::d) = (=D (ct + d)*O(r), forall (i Z) eTla.
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In particular ® is a modular form of weight 1 for I'(2) and is hence a linear combination
of e; and e;. However, we have that (_0l (1)) permutes e; and e and as this matrix
takes ® to —® we have that ® is a multiple of ¢; — e>. Now, for the g-expansion at

infinity we have
2

el —ey = %(3+ O(ql/z))

and as O(t) = 1 + O(ql/z) we get O = 1/7‘[2(61 — e7). Now substituting the
g-expansion of e; and e; we get

1
—ler—e) =1+ 8010g"2 + Y (1607°(1/2) +4Go] () — o1(1)))g"".

nx1 n>1
n odd n even

If we generally write ok(r) = Z;O:O ri(n)g™?, then it is clear that ry (n) is equal
to the cardinality of the set {(n;) € Z* | Y ”12 =n}. In particular we have that

r(0) = 1 and for the case k = 4 we conclude that

0* =14 8o1(mg"*+ Y _ (160{°(n/2) +4G3c{ (n) — o1(n)))q">.

n=1 n>1
n odd n even
We also get that

- 8o1(n), if n is even,
ra(n) =
4 1609¢(n/2) + 4300 (n) — o1(n)), if n is odd.



Hints to exercises

Hint 9. Add the path E(a, s) to the beginning of D and E(a, 1 — s) to the end to get
end point homotopic paths.

Hint 11. ii): Use the pigeon hole principle.

iii): Show that the set of points for which the function is constant in a neighbour-
hood of it is open and closed.

iv): Write a meromorphic function as (z — a)"h(z) in a disc around a where & is
holomorphic with A (a) # 0.

Hint 12. i): Use the addition theorem.

Hint 14. Compare with the integral

/ / © dxdy

x24y2 y?
Hint 19. Either show that the difference is holomorphic with constant term O at the
origin or use 3.4

Hint 21. Use that the fundamental domain is closed and bounded.
Hint 22. Translate slightly the fundamental domain.

Hint 24. One way is to formulate the conclusion so that it is “closed under limits”
and then write all the special cases as limits of non-special cases.

Hint 26. Consider s +— f(Cs)/exp(ngS df/f), where C; = C)q5) and take its
derivative.

Hint 28. i): There is a local maximum and then f is constant by the maximum
principle for harmonic functions.

ii): Use that a holomorphic function that only takes on imaginary values in the
neighbourhood of a point is constant.

Hint 29. The derivative of the map is the 1-form dx /y which one shows is everywhere
non-zero. Because of compactness the map is a covering map. Use covering space
theory to show that the map then corresponds to a subgroup of I' and by unfolding
definitions that all periods land in this subgroup.

Hint 40. One of several ways is to use that GL,(R) maps the real axis plus co onto
itself and thus either takes the upper half plane into itself or into the lower half plane.
Then use the fact that GL;|r (R), the matrices of positive determinant, is connected.

4See http://www.math.su.se/~teke/undervisning/Elliptisk.nb for the latter calculation.
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126 Hints to exercises

Hint 41. iii,iv): Write out the condition that the lattice is stable under multiplication
with «.

Hint 42. ii): Compute the discriminant of p.
Hint 44. The polynomial is of degree 6 and has X as a root.

Hint 45. Show that a rational function in g» and g3 invariant under x +— rx is a
rational function in g% / g%.

Hint 48. Use the theorem that is called “Liouville’s theorem”.

Hint 49. For z = i use that f(—1/z) = f(z) and consider the Taylor expansion of
this at z = i together with the fact that the value of the derivative of z > —1/z ati is
—1. For z = ¢"/3 use instead z — (z — 1)/z.

Hint 50. Make a small indentation of the path at a zero or pole making sure that they
“match up” at congruent points.

Hint 54. i): Use that multiplication by ¢ permutes the non-zero elements of I'; ;.
ii): Use that multiplication by i permutes the non-zero elements of T'; 1.

Hint 55. Imitate the proof of Proposition 3.10.
Hint 56. Show that the natural ring homomorphism R — R[x]/(tx — 1) is injective.

Hint 58. i: Show that the group homomorphism x +— x@~1/2 from ]F,}< to {£1} is
surjective.
ii: When ¢ — 1 fn multiply the sum with some x@~1/2 £ 0, 1.

Hint 59. Use that Z[¢] is a unique factorisation domain.
Hint 60. iv: Multiply out the product and make a change of summation variables.

Hint 62. First transform the equations, for x # 0, to Y?> +Y = x + ax~! resp.
Y2 +7Y = x4 m +ax~". Then show that y2 4+ y = ¢ has a solution in I, precisely

whent +2+---+12"" =0, where g = 2".

Hint 63. Look at the value at z of the first (and second derivatives).

Hint 65. Write an element in the kernel as the residue of a polynomial a(x) 4+ b(x)y.
Hint 66. ii: Use the Chinese remainder theorem.

Hint 73. Show that SL,(Z/ p) is generated by elementary matrices.

Hint 80. Use Exercise 77.

Hint 93. Analyse the proof of Proposition 6.2; it has to be modified at exactly one
point and that modification gives rise to the factor k/6.

Hint 103. Identify modular forms for I'g(2) with modular forms for I"(2) that are
invariant under the action of I'g(2)/ I"(2).

Hint 104. Use the two elements to make row operations on a given matrix of I'y 2.



Solutions to exercises

Solution 27. i):

1(9'w)— ')
p(u)+p(v)+@(w)zz(%> '

Solution 36. The points are {(0:1:0), (1:2:1), (4:0:1), (1:3:1)} and the group is
cyclic of order 4.

Solution 41. v):

L 1+4/=23 14+/-23 —1+/-23
- 2 ’ 4 ’ 4 ‘

Solution 42. i): p(r) = 13 + 349175012 — 5151296875t + 12771880859375.

Solution 103. Seen as functions on pairs (w1, wz), modular forms for I'g(2) are
modular forms for I'(2), i.e., functions invariant under f — f o H, H € I'(2), that
are also invariant under ['g(2). As a modular form for I"(2) is already invariant under
['(2), the group I'g(2) acts on them through the quotient I'g(2)/ ' (2) — SL2(Z/2)
whose only non-trivial element is (} }). It fixes e¢; and permutes e, and e3. As we
know that the modular forms are polynomials in e; and e; and as it is easily seen
that e; and e3 fulfil no non-trivial polynomial identities, what this amounts to is that
the modular forms for I'g(2) are the elements of C[e;, e3] that are invariant under
ey <> e3. Itis clear (and a special case of the fundamental theorem of symmetric
functions) that those are polynomials in e; + e3 and ese3.



Some further reading

The literature on elliptic curves is vast and includes by now a fair number of introduc-
tory books. We shall restrict ourselves to indicate some further directions of study.

Today arithmetic aspects of the theory of elliptic curves is a large and active area of
research. A nice introduction to it is provided by [4]. A somewhat surprising develop-
ment, with relations to the arithmetic theory, in recent years is the emergence of elliptic
curves over finite fields as candidates for use in public key cryptography. [1] contains
a very application oriented introduction to the use of elliptic curves in cryptography.
Modular forms play an important role in the further development of elliptic curves
as well as in generalisations. [2] and [3] contain very pleasant introductions to some
aspects of these developments.

[1] I. F. Blake, G. Seroussi, and N. P. Smart, Elliptic curves in cryptography. Lon-
don Mathematical Society Lecture Note Series 265, Cambridge University Press,
Cambridge, 2000.

[2] David Mumford, Tata lectures on theta. 1. With the assistance of C. Musili, M. Nori,
E. Previato and M. Stillman, Progress in Mathematics 28, Birkhiuser, Boston,
MA, 1983.

[3] David Mumford, Tata lectures on theta. 11. Jacobian theta functions and dif-
ferential equations. With the collaboration of C. Musili, M. Nori, E. Previato,
M. Stillman and H. Umemura, Progress in Mathematics 43, Birkhéuser, Boston,
MA, 1984.

[4] Joseph H. Silverman, The arithmetic of elliptic curves. Corrected reprint of the
1986 original, Graduate Texts in Mathematics 106, Springer-Verlag, New York,
1992.
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affine fundamental periods, 22
plane, 41
transformation, 55 half-periods, 23
algebraic conjugate, 109 harmonic, 39
algebraic homomorphism, 108 holomorphic, 24, 106, 107
algebraic map, 108 at 0o, 62

homogeneous, 41, 45, 60
base point, 22

Bernoulli numbers, 66 isolated, 32

Cauchy integral theorem, 18
characteristic polynomial, 101
closed curve or path, 18 lattice, 55

complete sets,' 63 ) lemniscate integral, 5
complex multiplication, 102 line, 41

composite, 20

coordinate neighbourhood, 106
coordinate patches, 43

cross ratio, 54

Jj-invariant, 59

spanned by tangent vector, 91

meromorphic, 24

at 0o, 62
cusp form, 111, 118 map, 107, 108
degree, 60 Mobius transformation, 11
direct sum, 90 modular

form

discriminant, 61
divisible, 89 for subgroup, 118
weight k, 111

function, 62

dual numbers

ring of, 91 it
multiplicity

Eisenstein series, 29 of pole, 32 .
elementary matrix, 95 of polynomial, 45
elliptic of zero, 32

curve, 12

function, 25 norm o
end point homotopic, 12 pqm}t?ve, 102
extended complex plane, 10 primitive spectrum, 102
Fano plane, 42 1-forms, 3
fractional ideal, 57 open, 47
freely homotopic, 20 order, 24

fundamental domain, 25, 56 imaginary quadratic, 102
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period, 22 o, 66
point, 41 similar, 55
poles, 24 stereographic projection, 10
primitive, 102
projective tangent, 46
completion, 44 space, 91
line, 43 starting point, 91
plane, 41 to, 91
transformation, 43 vector, 91
p-torsion zero vector, 91
group, 89 f-function, 123
subgroup, 90 torsion
group, 89
quadratic twist, 77 subgroup, 89
regular, 114 upper half plane, 56
function, 114
1-form, 114 Weierstrass form, 69
Riemann sphere, 10 Weierstrass’ g-function, 27

weighted projective space, 53
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