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Abstract

We propose a scalar multiplication technique on an elliptic curve, which operates on
triples of collinear points. The computation of this operation requires a new approach
to operation chains, with similarities to Montgomery ladders for z-only scalar multipli-
cation. We develop a diagrammatic calculus with a combinatorial flavor for the purpose
of developing these operation chains. Some interesting algebra arises when studying this
diagrammatic calculus, which leads us to improvements to our algorithms. We propose
some cryptographic applications for our scalar multiplication technique.
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Chapter 1

Introduction

In this thesis, we explore an operation associated to an elliptic curve, which we call line
multiplication. This will be defined for an elliptic curve E with the following equation:

E:y*=2>+ax+b

for constants a,b in a field F. A [line ¢ in this context is a collection of three points
Py, P, P, € FE satistying Py+ P, + P, = O, without regard to their ordering and with repe-
titions allowed. Such a line ¢ is typically encoded by an equation of the form y = mz + by;
geometrically, this corresponds to a line in the (z, y)-plane.

For a line ¢, we observe that we can multiply the equation Py + P, + P, = O through
by k € Z to obtain kPy+ kP, + kP, = O; thus the three points kFy, kP;, kP, correspond to
another line which we denote k@¢. We refer to the operation ¢ — k¢ as line multiplication,
and our goal is to develop algorithms for line multiplication and other related operations.

The algorithms that we develop are similar to double-and-add operation chains for
elliptic curve point multiplication, but they face additional obstacles. Namely, the addition
operation is ambiguous, with six possible outcomes when two typical lines would be added.
To deal with this, we develop a diagrammatic algebra that allows us to study the various
possible combinations. The diagrammatic algebra also endows additional structure to the
objects of our operation chains, and this assists in overcoming the obstacles. In conjunction
with the diagrammatic algebra, we develop a diagrammatic calculus which encompasses
formulas to express relations between the various objects in our diagrams. Together, these
give a powerful framework for developing line multiplication algorithms.

Our secondary goal is to explore potential applications of line multiplication in elliptic
curve cryptography. In fact, the inspiration for line multiplication came from Montgomery’s
x-only scalar multiplication, which has many such applications. In principle, the line
multiplication algorithms could be applied to perform point multiplication as well, but our



algorithms fall short of being competitive with existing implementations. On the other
hand, there is much more structure to our operation, and we hope to use this to develop
new cryptographic capabilities.

1.1 Elliptic Curve Point Multiplication

The study of elliptic curves has a long history in theoretical mathematics, and is particu-
larly notable for connecting seemingly disparate topics. More recently, elliptic curves have
risen to prominence in applied cryptography. This is largely due to the intractability of its
discrete logarithm problem; that is to say that in a suitable context, no efficient algorithm
is known that recovers k € Z given P € E and k- P € E. Because of the the wide deploy-
ment of elliptic curve point multiplication, there is a lot of research devoted to developing
more efficient implementations.

In a point multiplication algorithm on F, we start with a point P € E and an integer
k € 7Z, and the goal is to compute the coordinates of k£ - P. The prototypical example is
the double-and-add operation chain, where we use a point doubling operation and a point
addition operation to iteratively compute a list of points, terminating with k- P. For
example, to compute 5 - P, we could iteratively compute:

P, 2- P =DOUBLE(P), 4- P = DOUBLE(2- P), 5- P = ADD(P,4 - P)

There are many ways to improve the efficiency of these algorithms. For example, by
choosing a different equation to define an elliptic curve, we can obtain much more efficient
implementations of elliptic curve addition/doubling. There are also many methods to
improve on the double-and-add operation chain, often by using different representations
of the scalar k, or by using different arithmetic operations. We discuss elliptic curve point
multiplication in more detail in chapter 2.

1.2 Montgomery’s x-only Point Multiplication

Here we focus on a particular development in the theory of elliptic curve operation chains,
since it serves as a template for our line multiplication operation. That development is
Montgomery’s z-only point multiplication operation from his paper “Speeding the Pollard
and Elliptic Curve Methods of Factorization” [7]. In that paper, Montgomery consid-
ers various ways to improve the efficiency of factorization algorithms for large composite
integers. In particular, he develops a specialized operation chain to improve on the ellip-
tic curve factorization algorithm from Hendrik Lenstra’s “Factoring integer with elliptic
curves” [0].



The essential idea is that for £k € Z and a point P on an elliptic curve in reduced
Weierstrass form!:
E: y*=2a2%+ax+0b,

it is possible to compute z(k - P) from z(P), without knowing y(P). Note that P can only
be determined up to sign if we are given x(P), since x(P) = z(—P). But this problem
resolves itself by noting that xz(k - P) = x(—k - P), and hence the resulting xz-coordinate
will be the same in any case.

The next challenge is to adapt an operation chain on E to the case where only the
x-coordinate is known. The doubling operation runs into no problems; given z(P), we can
compute:
a® — 2ax(P)* — 8bx(P) + x(P)*

4(b+ ax(P) + z(P)3)

The addition operation requires modification; if we are only given x(P) and z(Q), we
cannot distinguish between x(P + @) and x(P — @). This problem is resolved by not-
ing that symmetric combinations of those quantities can be computed. For example,
z(P+ Q) 4+ (P — Q) can be expressed as a function of z(P) and z(Q):

z(2-P) =

2(2b+ a(z(P) + 2(Q)) + z(P)*x(Q) + z(P)x(Q)*)
(z(P) — =(Q))?

So then if z(P — @) is known, we can compute (P + Q). This allows for an operation
chain called a Montgomery ladder to compute z(k - P), which is explained in section 2.7.

r(P+Q)+z(P—-Q)=

1.3 Line Multiplication

For the line multiplication operation, we start with a line, defined as the zero set of the
following function:
U(z,y) =y —mex — b

which intersects F at Py, P, P,. The goal is to compute the coefficients of k & ¢ :

(kR O)(r,y) =y — Mimer — brmy

which intersects E at points k- Py, k - Py, k - Py for some k € Z.

We note that in the precise definition of line multiplication, we must include the pos-
sibility of vertical lines:
lz) =2 — x4

'Montgomery in fact uses the form By? = z3 + Az? + z, but this does not affect our discussion
significantly.



which correspond to z-coordinates. This allows us to consider line multiplication as a
generalization of the z-only point multiplication operation.

Now we consider operation chains for computing line multiplication. We face similar
obstacles to those faced in the x-only operation. Namely, line doubling can be achieved
with an explicit formula, but line addition faces a problem of ambiguity. In fact, the
ambiguity in line addition is much more daunting since it is 6-fold! This corresponds
to the six possible ways of matching the points between the lines that we are adding.
Furthermore, the method of resolving the z-only addition ambiguity will not work for line
multiplication; if we add kg @ ¢ and k; @ ¢, we have 6 possible sum lines; one of those will
be the “good” sum line (kg + k1) @ ¢, but the other 5 “bad” sum lines will not be multiples
of ¢, and thus will not have appeared earlier in our operation chain. Fortunately, there are
ways to overcome those obstacles, which are summarized here:

e Obstacle: Reduce the 6-fold ambiguity in line addition. To deal with this
first obstacle, we attach additional structure to our lines. This consists of a cyclic
orientation on the set of three points that form each line. By imposing that the
line addition respect this structure, we reduce the 6-fold ambiguity down to a 3-fold
ambiguity (see the figure in the next section.) After that comes a magical vanishing
act: it turns out that with a little care, we can get the benefits of this reduction in
ambiguity without ever using cyclic orientations.

e Obstacle: Deal with “bad” sum lines in line addition. To deal with the
second obstacle, we will note that when summing lines kg @ ¢ and k; 3@ ¢, the two
“bad” lines that appear will be the same as the two “bad” lines that appear when
adding (ko — k1) @ ¢ and —k; [ ¢. This will allow for a trick where we eliminate the
“bad” lines together. In essence, the trick to overcoming the second obstacle boils
down to the observation that if Py + P, + P, = O, then adding F, is equivalent to
subtracting both P; and P;.

In chapter 3, we elaborate on these obstacles and solutions, and present a conceptually
simple line multiplication algorithm. In fact, this generic line multiplication algorithm
applies to arbitrary abelian groups, which we describe in chapter 4 along with potential
applications. While generic line multiplication is conceptually simple, it is quite inefficient,
and we devote our efforts to finding more efficient algorithms in later chapters.

1.4 Diagrammatic Algebra

To improve our line multiplication algorithms from chapters 3 and 4, we take a closer look
at the line addition step in chapter 5. By studying the structures that emerge, we find



simple relations between the objects in our operation chains. These relations are then used
to develop more efficient line multiplication algorithms.

We start by considering the addition of two lines u, v, represented as follows:

and organize the results into the nine point diagram shown on the left:

Q2
P, P, P
—o—eo—o @ Q1
Qo
Wy
Wy
Q2
P, P B
— oo yH Q1
Qo

We note that the six possible sum lines between u,v are included, with the labels
wy, ..., ws. As mentioned earlier, by specifying cyclic orientations on u and v, we reduce
the ambiguity down from 6-fold to 3-fold. This is indicated in the diagram; if u,v are
given the orientations indicated in the northeast corner, then the possible sum lines are
w1, we, w3, while the orientations in the southeast corner correspond to the possible sum
lines wy, ws, we.



To make our notion of diagram more precise, and to develop symbolic methods to work
with them, we develop a diagrammatic algebra in chapter 5. This has a combinatorial
flavor, with some inspiration coming from the theory of combinatorial species. And just
as that theory attaches a calculus to its algebra, in chapter 6 we attach a diagrammatic
calculus to our diagrammatic algebra.

The starting point of the diagrammatic calculus is the linear sum function uHwv on E
which vanishes exactly at the points in the nine point diagram:

Div(uHv) = Z (P +Qj) —9(0)

i,j€{0,1,2}

We note that by partitioning the nine point diagram into three lines, we can factor uHwv as
a product of three line functions. Since there are two ways to partition the points, we can
compare the corresponding expressions of u H v to obtain relations among the six possible
sum lines. For example, if the lines w; are defined by y = m;x + b;, then

m1+m2+m3:m4+m5+m6.

The benefits of studying nine point diagrams are amplified by the fact that they appear
in line addition under many guises. In fact we can already describe a second appearance:
we can form a nine point diagram between the lines u, v, —w; for any sum line w;. In this
way, we can apply the results from our diagrammatic calculus in multiple ways to obtain
relations between the lines that appear in our operation chains.

1.4.1 Improved Line Multiplication

Using the diagrammatic tools that we develop, we gain a better understanding of the
generic line multiplication algorithm. Then we develop the diagrammatic tools further,
and this allows us to find simple relations which are used to improve our algorithms. The
main tools that we develop come from comparing structural elements of the input lines
u, v to structural elements of the nine point diagram.

For example, the cyclic orientation structure on u can be encoded via a forward dif-
ference line Au with points P, — P, Py — P, P, — Py; this same line can be found in the
nine point diagram by starting at P; + Q) and taking the forward difference while traveling
west. Then by algebraically encoding these structures, we obtain explicit relations between
the lines u, v and the lines wy, wsy, w3. This leads to a cyclic line multiplication algorithm
which improves on the generic line multiplication algorithm.



1.4.2 Three Torsion

To further improve our line multiplication algorithms, we study the symmetries of u H v
that arise from three torsion points in chapter 7. Three torsion points 7" € FE satisfy
3-T = O, and so their tangent lines have a triple intersection with E':

lr(x,y) =y —mpx — by

Div(y — mprx — by) = 3(T) — 3(O)

This has an important consequence: there is in fact no ambiguity in the line addition
between (7 and any line u, and we denote the line sum by 7. And since the mapping
u — u®T takes lines to lines, it is in fact a projective linear map; stated otherwise, the
map HT is given by a matrix multiplication. In fact, the map on points P +— P + T can
also be realized as a projective linear map as a consequence.

The aforementioned symmetries of w B v come from the following transformations for
three torsion points 7' € E|[3]:

WY B (") =uBo
Since there are 9 three-torsion points in E(FF), this imposes a group of 9 simple symmetries
on the coefficients of w B v. This tells us a lot about their structure, and we can exploit
this to simplify calculations involving the line sum function.

1.4.3 Trilinear Forms

Lastly, we combine the previous two approaches; by incorporating the action of E[3], we
can expand our diagrammatic calculus. Specifically, there are certain trilinear forms that
give simple relations between the lines that appear in a cyclic line addition. These can be
used to further improve on our cyclic line multiplication algorithms.

The aforementioned trilinear forms have analogues dp, e, e; in point arithmetic. These
have a simple arithmetic interpretation; for collinear points Ry, Ry, Rs, we have

0 = do(Ro, R1, R2) = eo(Ro, Ry, R2) = e1(Ry, Ry, Ry)

Since each of these is linear in the third point when we fix the first two, this allows us to
use linear algebra to derive point addition formulas.

In fact, this property has a simple explanation in terms of three torsion. First note that
if Ry+ R1+ Ry = O, then those points are collinear. Hence the determinant do(Ro, Ry, Rs)
of the (projective) coordinate vectors must vanish. This gives the first of the trilinear

7



forms. To get another, we note that for any three torsion point 7', we also have that
do(Ro, Ry + T, Ry — T') vanishes, since its arguments also add up to @. But because BT
is given by a matrix multiplication, it turns out that from det(Ro, Ry + T, Ry — T') we
get a trilinear form that also vanishes when Ry + Ry + R, = O. By taking all of these
together for various 7', we find that we get a three dimensional space of trilinear forms;
the aforementioned dp, ey, e; give a basis for that space, with simpler coefficients.

In line arithmetic, the determinant form first appears when considering the nine point
diagram orientation, which corresponds to a choice between the two ways to partition the
nine points into three lines. Specifically, the nine point diagram orientation is related to
the cyclic line orientations for v and v by a determinant formula. Then using three torsion
algebra, we can bootstrap this to replace the determinant form with other trilinear forms.
These provide simple relations between line coefficients in a nine point diagram.

1.5 Applications and Future Work

The most natural application for line multiplication is in implementations of point multi-
plication. As a simple illustration: given a point P € E, we can choose two lines ¢, ¢’ that
contain it; then we could calculate k- P = k@ {Nk@ . Of course, this would be very in-
efficient. In chapter 8, we explain how to make better use of line multiplication to perform
point multiplication. In particular, line multiplication is well suited to point multiplication
in quadratic or cubic extensions of the base field. This is because we can choose lines with
coefficients in the base field, but whose points lie in an algebraic extension.

We also consider other uses of line multiplication in cryptography. For example, in a
Weierstrass form elliptic curve over a composite modulus N = pq, suppose that we choose a
random z-coordinate. Then determining the corresponding y coordinate involves taking a
square root; this problem is considered intractable for large N with unknown factorization.
Montgomery’s x-only point multiplication can be used in these cases, since the y coordinate
is not needed. In some applications, we can similarly work with partial information about
a point, by specifying a more general line that contains it.

The main work that we are doing at present is to look for improvements to line multipli-
cation algorithms. In particular, we can make many savings by working with the Hessian
form of elliptic curves, as we briefly mention in section B.6. This form arises naturally
when studying the invariance of the line sum function. There are also many mysteries
about the line addition algebra that we are trying to understand better. In fact, only a
small proportion of our experimentally discovered results are presented here, but most of
these are too fragmentary to be presented.



Chapter 2

Elliptic Curve Cryptography

Elliptic curves are mathematical objects with connections to a surprising number of math-
ematical fields. They arise naturally in geometry when trying to solve degree 3 or 4
polynomial equations in two variables. They also arise in analysis in connection to ellipse
circumference functions, and this is the source of their name. Today they play an important
role in a practical field of mathematics: cryptography.

In this chapter, we present the basic theory of elliptic curve cryptography. We start
with an overview of the history of cryptography leading up to the computer era. Then we
discuss elliptic curves, and how they fill an important niche in public key cryptography.

We then focus on algorithms for elliptic curve arithmetic. We present various methods
that cryptographic researchers have found to improve these algorithms. In particular, we
highlight Peter Montgomery’s z-only point multiplication algorithm, which serves as a
template for our own line multiplication operation.

2.1 Cryptography

At its core, cryptography is about rendering messages unreadable for everyone except
for the intended recipient. This need to obfuscate communications has a long history in
military applications. Historical cryptographic systems relied on prior secret agreements
between the communicating parties. The parties would agree on a suitable method to
transform a message into a ciphertext, and then a recipient who was privy to the method
could reverse it to recover the plaintert. The secret part of the method would often be en-
capsulated in a secret key; this might be a password or a configuration of a physical device.
This type of system is called a private key cryptographic system today, or alternatively
a symmetric key system, since communicating parties have knowledge of the same secret.
A famous example of such a system is the Enigma machine used by the Germans during



the Second World War. Its continued fame comes in part from the team at Bletchley Park
(including Alan Turing) that developed a computer to assist in cracking the Enigma code.

In the aftermath of the war, cryptographic researchers pondered systems that did not
rely on prior secret communications. This type of system would face significant challenges;
if an eavesdropper intercepted all communications, then surely they should be able to
decode all future communications. In fact, such public key cryptographic systems are
indeed possible. The essential idea is that each communicating party has a private key
known only to them, and a corresponding public key that can be broadcast to the world.
Then other parties use this public key to encode messages in such a way that the private
key is required to decode it. Because communicating parties do not have access to the
same secret, keys, these system are also called asymmetric key systems.

Any public key system will have an inherent weakness; the private key can be calculated
from the public key. But this weakness can be overcome by carefully designing the system
to make sure that this calculation is impractical. For example, the widely deployed RSA
cryptosystem relies on the difficulty of factoring a large number into two prime factors.
This is considered to be infeasible if the prime factors are properly chosen to be large
enough. But modern advances in number theory have weakened this; the world record for
factorization is uncomfortably close to the size of some keys that are in use today.

With this in mind, cryptography has been slowly shifting towards using elliptic curve
systems. These systems use elliptic curves because they have a group structure that has a
difficult discrete logarithm problem. That is, we can multiply a point P on the curve by an
integer k € Z, but given P and k- P, it is considered infeasible to recover k. Because of the
growing use of elliptic curve cryptography, there is much research dedicated to improving
the efficiency of the underlying algorithms. This is the context for the system that we are
developing.

In fact, theoretical weaknesses in elliptic curve cryptography have now been found; these
rely on quantum computers, which have capabilities that allow for effective attacks on any
discrete logarithm problem. Although no quantum computer has yet been created of the
necessary size to implement such an attack, there is a lot of optimism (or pessimism) that
this will be achieved soon. Thus much attention has been shifted to newer post quantum
cryptographic systems. We will not discuss these systems further in this thesis.

2.2 The Discrete Logarithm Problem

In this section, we discuss an important early example of public key cryptography, called
the Diffie Hellman system. This will be used to illustrate the utility of finding an abelian
group G which has a difficult discrete logarithm problem.
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Definition 2.2.1. The discrete logarithm problem wn a finite abelian group G is to find
an efficient algorithm which takes as input g, g* for some g € G and k € Z, and outputs k.

Given an abelian group G with a difficult discrete logarithm problem, the Diffie Hellman
system works as follows, for communicating parties Alice and Bob:

e A fixed element g € G is agreed upon.
e Alice secretly chooses a random integer a € {0,1,...,|G| — 1}, and sends g* to Bob.

Bob secretly chooses a random integer b € {0, 1,...,|G| — 1}, and sends ¢° to Alice.

ab

Alice computes (¢°)¢ = ¢

Bob computes ()’ = g®.

Now the quantity is g® a shared secret between Alice and Bob.

An eavesdropper Eve who could solve the discrete logarithm problem would be able to
get in on the secret. By intercepting the values g, ¢°, Eve finds a from ¢%, then computes

(9")" =g

2.3 Introduction to Elliptic Curves

Thankfully, there exists a convenient class of groups with discrete logarithm problems
which are considered difficult. These come from elliptic curves over finite fields. We define
elliptic curves in a more general context in this section.

A typical presentation of an elliptic curve F is as the solution set in (x,y) of a Weier-
strass equation:

V=23 +ar+0b

where a, b are fixed elements of a field F, with 4a® + 27b* # 0. Additionally, F includes a
distinguished base point O in the vertical direction at infinity.

An important focus of the study of elliptic curves is to find and characterize points
with some desired property, such as being rational. In contrast with simpler curves, such
as conic sections, there is no simple parametrization of rational points on an elliptic curve.
But there is a saving grace; the points of an elliptic curve can be endowed with a group
structure. The problem of finding rational or integral points on an elliptic curve go at least
as far back as the third century AD, when Diophantus published a solutions from old for
certain cubic equations (See [5], book VI, problem 19 for example.)
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The group structure is now well understood, but there are still many challenges re-
maining. In fact, the Clay Institute has offered a million dollar prize for the solution to
an outstanding problem in the field, known as the Birch and Swinnerton-Dyer conjecture
(which is normally shortened to “BSD conjecture” for obvious reasons.) This conjec-
ture posits a connection between the algebraic structure of an elliptic curve, and analytic
properties of an associated function. There is extensive numerical support for the BSD
conjecture, in addition to having parallels in well established results of algebraic number
theory and geometry.

The BSD conjecture and other mysterious connections involving elliptic curves are an
important focus in modern mathematics. One prominent success in this vein came from
Princeton’s Andrew Wiles, who used deep results about elliptic curves to prove Fermat’s
Last Theorem. As a conjecture, Fermat’s Last Theorem had stymied mathematicians for
centuries, and attracted much attention due to its simplicity:

Theorem 2.3.1 (Fermat’s Last Theorem). For n € Z greater than 2, there is no solution
in positive integers to the equation

"yt = 2"

In recent decades, elliptic curves have risen to prominence in another field: cryptogra-
phy. This stems from the fact that in a suitable setting, the group of points on an elliptic
curve has a difficult discrete logarithm problem. Namely, if we use the group structure to
multiply a point P € F by a scalar k € Z, then it is intractable to recover the scalar k by an
adversary who is given only P and k- P. It turns out that the difficulty of this problem can
be used as a basis for the security of public key cryptography protocols. Such protocols are
indispensable to the security of modern communications. For this reason, there is a large
amount of research devoted to improving the efficiency of point multiplication algorithms.

For completeness, we include a precise technical definition of an elliptic curve:

Definition 2.3.2. An elliptic curve over a field F is a non-singular curve E of genus 1,
along with a distinguished point O of E.

If the field F has characteristic other than 2 or 3, then £ can be modeled by a reduced
Weierstrass equation:
E:y=24ar+0b

for suitable coefficients a, b € F; by default, the distinguished point is then O := (0:1:0)
in the projective completion of E.
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2.4 Elliptic Curve Point Addition

In this section, we define an abelian group structure on an elliptic curve E. Given points
P Q) € FE, this allows us to form a new point denoted P + ) on E. Furthermore, this
operation is given by rational functions in the input, and the 4+ operation satisfies the
group axioms with identity element O.

The addition on FE is characterized by the following property: for any rational function
f € F(F) with divisor
DlV(f) = CO(PO) + ...+ Ck(Pk),

the following equation holds in the additive group structure on E:
00P0+...+CkPkIO.

In other words, given a rational function f on E, the sum of all zeroes of f is equal to the
sum of all poles of f. We note that any rational function f € F(F) has the same number
of zeroes and poles; that is, co + ...+ ¢ = 0.

Now suppose that our curve is in reduced Weierstrass form:
E :y*=234ax+0b

for a,b € F. We will more explicitly describe the addition on this curve.

We start by noting that for a fixed zy € F, the function x — zy € F[E] vanishes at two

points (xg, £y0) € E(F). Hence we have:

Div(z — 20) =((0,%0)) + ((z0, —%0)) — 2(O)

and so (2o, Y0) + (2o, —yo) = O. In other words, negation in the group structure of E
corresponds to reflection across the z-axis: (zg,yo) — (2o, —¥o)-

Now we consider points P, () € E, and outline a method to obtain P + ). Let ¢ be
the line through P and @ (or the tangent line at P if P = ).) Then ¢ intersects E at a
third point R, which will satisfy P+ Q + R = O. Thus R = —P — @), and we can reflect
R across the x-axis to obtain P + Q. (For more details, see for example §13.1.2 of [3].)

Now we obtain a formula for R. Let our line be given by the equation ¢ : y = myx + by;
note that if ¢ is a vertical line, then P 4+ () = O. Then the intersection points between /¢
and FE satisfy the following:

0 =b+ar + 2° — (mex + by)?
=(b—b7) + (a — 2mgby)x — mia® + 2°
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Now since P, () € £ N E, we know that xp,xg are two roots of the above cubic. So by
Vieta’s formulas, the third root xy satisfies:

xp+a:Q+xR:m§

which allows us to solve for xr. Then we get yg = myxr + by. Finally, we calculate

(2(P+Q),y(P + Q)) = (g, —yr), since P+ Q = —R.
This leads to addition formulas. First we note some special cases:
o [f P=0, then P+ Q = Q.
o If =0, then P+ Q = P.
o I[f P=(), we use a doubling formula:

a+ 3z%
2yp
z(2P) :=m? — 2zp
Y(2P) = — (m (2(2P) — 2p) + )

m =

If P+#Q but z(P) =2(Q), then P+ Q = O.

Otherwise:

m = P~ Y
Tp — XQ
2(P+Q):=m?—1xp — g
Y(P+Q) i= — (m(=(P+ Q) —2p) +y)

2.4.1 Elliptic Curve Point Multiplication

Using the group structure on E, we define scalar multiplication of a point P € E by a
scalar k € Z:
k-P=P+P+---+ P
b

Of course, this can be calculated by simply adding P to itself k£ times. But for large k,
this will be very inefficient, so we consider better algorithms. The simplest of these is
the double-and-add operation chain. Here it is, where ADD and DOU BLFE represent the
formulas from the previous section:
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Algorithm 1: Double-and-add point multiplication

Input : Parameters a, b of the elliptic curve £ : y? = b+ ax + 23, a point
P = (xzp,yp) € E and a positive integer k € Z~¢ with binary expansion

© 00 N O Uk W N =

e e
N = O

kp—1...kiko and ky_q = 1.

Output: £- P
if P =0 then

‘ return O;
else

‘ T,Y < Tp,Yp;
end
for 1< b—2to 0do
x,y < DOUBLE(zp,yp);
if £, =1 then

‘ Z,Y ADD«:C?@/)v (.I'p,yp))
end
return (z,y);

end
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2.5 Elliptic Curves for Cryptography

As mentioned earlier, elliptic curves found a new niche in recent decades, since scalar
multiplication is hard to reverse in an appropriately setting. These elliptic curves found
in cryptography are defined over finite fields. We will now give a brief overview of the
qualities that make an elliptic curve secure for cryptographic applications.

An elliptic curve over a finite field F can be modeled by a Weierstrass equation of the
form
b y2+a1xy—|—a3y:x3—|—a2x2—|—a4x+a6

for constants a; in the base field. The set of points E(F) that lie in the base field form
a finite group, which gives the setting for cryptographic algorithms. The cryptographic
applications of elliptic curves normally hinge on the difficulty of the discrete logarithm
problem. So suppose an adversary knows the curve, and is given the points P, kP € E(F),
but is not given k € Z. Then it should be computationally infeasible for him to discover k.

A simple example of elliptic curve point multiplication in cryptography is Elliptic Curve
Diffie Hellman (ECDH). This is an implementation of the prototypical public key cryptog-
raphy scheme; in fact the Diffie Hellman scheme is also one of the oldest. Alice and Bob
would like to communicate securely, but have no private communication channel. So they
first agree on a suitable elliptic curve F and a point P on that curve; this information is
assumed to be public. Alice chooses a secret k,, and sends k, - P to Bob. Bob simultaneous
chooses a secret ky, and sends ky, - P to Alice. Then Alice computes k, - (kyP) = koko P,
and Bob computes k;, - (k,P) = k.kpP. These are the same, and Alice and Bob have now
established a shared secret, over public channels! Of course, if an eavesdropper could solve
the discrete logarithm problem, then they could discover k,, k; from k, - P, k; - P, and thus
the secret would be out.

Now we discuss the group structure of E(FF) as it pertains to the cryptographic appli-
cations. We first note that if the group order n of E(IF) is small enough, then an adversary
could run an exhaustive search to solve the discrete logarithm problem. In fact, the points
of E(F) form a group whose order is approximately the same as the order ¢ of F:

Theorem 2.5.1. For an elliptic curve E defined over a finite field F,, the number of points
on ' with coordinates in Fy is ¢+ 1 —t for some integer —2,/q <t < ,/q.

Hence we need ¢ to be large enough that an exhaustive search would be infeasible. But
this is not enough; it turns out that a variety of attacks exist on the elliptic curve discrete
logarithm problem, and curves must be selected carefully.

A simple example of an attack on the discrete logarithm occurs when the order n is
composite; in this case, the discrete logarithm problem can be broken down into smaller
subproblems. Hence n is normally chosen to be prime, or to at least have a large prime
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factor. Thankfully, by choosing a curve with random parameters, a curve of prime order
is likely to be found after a reasonable number of iterations. But this is still not enough!
Once elliptic curves started being seriously considered for cryptographic applications, more
attacks emerged. For example, there are bilinear pairings on some curves which allow
the discrete logarithm problem to be transposed to a much simpler setting. Fortunately,
cryptographers have overcome all known practical attacks, through careful selection of
elliptic curve parameters.

That said, there is a thorn in the side of elliptic curve cryptography; a theoretical attack
exists that can solve the discrete logarithm problem on any elliptic curve. These attacks
are quantum algorithms, which can in fact solve large discrete logarithm problems in any
group. In fact there are quantum algorithms that break the most widely deployed public
key cryptography systems; for example, Shor’s algorithm can break RSA by factoring
large composite numbers. At the moment, quantum computers have not been sufficiently
developed for this to be an immediate threat, but this is an important consideration in
cryptography today.

2.6 Efficient Elliptic Curve Arithmetic

Because of the widespread deployment of elliptic curve cryptography in the twenty-first
century, there has been a lot of focus on improving the efficiency of algorithms that compute
elliptic curve arithmetic. Namely, a straightforward implementation of the algorithms
outlined in this chapter would be considered woefully inadequate today. We will now
outline in broad strokes some modern advances in this area.

A first improvement is in the base field arithmetic itself. For example, divisions use
many more resources than do the other basic arithmetic operation. Hence algorithms have
been adapted to minimize the number of divisions. Most notably, this can be achieved
by using projective coordinates; in essence, rather than dividing, we keep track of nu-
merators and denominators separately at each step. Other examples of ways to improve
base field arithmetic efficiency come from careful selection of the field, or from hardware
considerations.

Similarly, considerations of the arithmetic of E can lead to improved efficiency. There
are usually some operations that are more expensive than others, and algorithms are
adapted to replace expensive operations with cheaper ones. For example, in Weierstrass
form, point addition is normally more expensive than point doubling. But point subtrac-
tion has around the same cost as point addition. Hence the double-and-add operation chain
can be adapted to one which uses subtractions as well as additions. This extra freedom
allows for better chains which have fewer total numbers of additions/subtractions.

An important consideration is the equation that defines the elliptic curve itself. In fact,

17



although any elliptic curve can be transformed into one with a Weierstrass equation, it
is often beneficial to use a different form. For example, more efficient arithmetic can be
achieved using the Edwards form af an elliptic curve, for a fixed parameter d, with origin
(0,1):

x + — 11X
E - x2—|—y2:1+dx2y2 ($1,y1)+($2,y2)=( 1Y2 T Y122 Y1Yy2 122 )

L+ drizaynye’ 1 — drizeyiye

Compared to Weierstrass form arithmetic, many fewer multiplications are necessary. See
[1] for much more detail.

2.7 x-only point multiplication

One common trick for point multiplication is to use the z-only point multiplication oper-
ation (see §13.2.3 of [3].) For any integer k, this operation allows one to compute z(kP),
given only the z-coordinate x(P) of a point P. This operation has applications which
come from the fact that z-only multiplication is often computationally quicker than full
point multiplication. Furthermore, this operation can be slightly tweaked to allow for the
computation of y(kP) at little additional cost; see formula 13.7 in [3].

There is another type of application which comes from elliptic curves E in composite

moduli. On a curve
E:y=2*+ar+b

in modulus N = p - ¢ for large primes p and ¢, there is no known efficient general method
for finding points on E without knowing the factorization of N. One approach to this
problem is to choose an z-coordinate, and then to attempt to find the square root of
2% 4+ ax + b. Unfortunately, finding such square roots is provably as hard as factoring N.
This is where z-only formulas come in; for certain applications, we can choose a point P
via its x-coordinate, and then manipulate it without ever knowing its y-coordinate. An
example of such an application is Demytko’s elliptic curve analog of the RSA cryptosystem,
found in [4].

We will outline the idea behind this operation here. In analogy with square-and-
multiply exponentiation algorithms, we would like a formula to compute z(2P) and (P +
Q) given z(P) and z(Q) for points P,QQ € E. The following formula gives us z(2P)
(assuming 2P # O):

x(P)* — 2ax(P)? — 8bx(P) + a?
4(x(P)? + ax(P) +b)

z(2P) =

Unfortunately, if we only know z(P) and z(Q), we are dead in the water when trying
to compute z(P + Q). This is because x(P) is invariant under the negation of P, and so
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P (or Q) can only be known up to sign. Hence there are two possibilities for (P + @),
which correspond to z(P + Q) = z(—P — Q) and (P — Q) = x(—P + Q). These cannot
be distinguished in general without using more than just the knowledge of z(P) and z(Q).
Fortunately, there is a workaround, which involves tweaking the double-and-add operation
chain.

To this end, we make the following note: any function f(z,y) € F(E) can be expressed
uniquely as f(z,y) = fo(x) + yfi(xz). Then f is an even function if and only if f; = 0;
stated otherwise, the functions on E which are even are exactly the functions of x. Now
the workaround comes from the observation that (P + Q) + z(P — Q) is an even function
of both P and (), and hence this quantity can be expressed as a function of z(P) and z(Q).
Explicitly,

2(2(P)x(Q) + a)(x(P) + x(Q)) + 4b
(z(P) — 2(Q))?

This formula allows us to compute z(P+ Q) given z(P), 2(Q) and x(P — Q). In particular,
we can compute x((2¢ + 1)P) from x(¢P) and z((¢ 4+ 1)P, which allows for a relatively
efficient recursive point multiplication algorithm to compute z(kP) from z(P). Using the
Montgomery ladder algorithm (§13.2.3.d of [3]), we can compute z(kP) from z(P) with
around log, (k) point doublings and the same number of point additions.

2(P+ Q)+ 2(P — Q) = (2.1)

Algorithm 2: Montgomery’s xz-only point multiplication

Input : Parameters a, b of the elliptic curve E : y? = b+ ax + 23, an x-coordinate
x(P) and a positive integer k € Z~q with bits ko, k1,..., ky = 1.
Output: z(k - P)

1 if k=1 then
2 return z(P);
3 else
2(P)*—2ax(P)2—8bx(P)+a?

4 r,s < a(P),z(2P) = 4 )4(m(P)(3+)aa:(P)—&(-b))+ ;
5 end
6 fori < b—1to0do
7 if £, =0 then

2(rs+a)(r+s)+4b s4—2as2 —8bs+a? .
o || e SRR () SR
9 else

4_9ar2—8br—+q2 rs+a)(r+s
0 || rs e Pgareste estaiia g (p),
11 end
12 return r;
13 end
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In the next chapter, we will consider a more general version of z-only point multiplica-
tion. Then we revisit this operation for comparison in section 4.2.
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Chapter 3

Line Multiplication

In this chapter, we introduce the theory of line multiplication on an elliptic curve £ in
reduced Weierstrass form:
E:btar+2°—y*=0

This operation takes as input a line ¢ : y — myx — b, = 0 which intersects £ at points
Py, Py, P,. The collinearity of Py, P, P, can be equivalently stated as Py + P, + P, = O.
Then we note that for k£ € Z, we also have collinearity of kP, kP;, kP, since these sum to
O once again. So the line multiplication operation aims to compute the coefficients of the
line thI‘Oth k?P(), k?Pl, k'PQ

The line multiplication is a generalization of Montgomery’s z-only point multiplication;
x-coordinates correspond to lines where one of the three points is O. As such, we will face
similar obstacles, and we will consider similar solutions. So we start by highlighting the
obstacles that appear when trying to adapt double-and-add type algorithms to the line
multiplication operation. In particular, the two way ambiguity that shows up in z-only
point addition is amplified to a six way ambiguity in the line addition step. To compound
this, we can no longer use the trick from z-only point addition, where we used knowledge
of one possible z-sum to determine the other. This is because five out of six possible sum
lines will not be part of a typical operation chain.

Next we outline the various methods for overcoming these obstacles. One important
method is to attach additional structure to the lines that we consider, which allows for a
reduction in the ambiguity in the line addition step. This leads us to cyclic line addition,
where the points on our lines are endowed with a cyclic orientation. The ambiguity in line
addition is thus reduced from six fold to three fold. Unfortunately, there still remains the
problem that two out of three possible sum lines are not part of a typical operation chain.
But we have a fortunate trick where we can eliminate these undesirable lines in pairs.

An interesting phenomenon then emerges: with a bit of care, it turns out that we
do not need to concern ourselves with cyclic orientations at all. The resulting algorithm
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is referred to as generic line multiplication, and will serve as the template and point of
comparison for most line multiplication algorithms presented in this thesis. Because of
this, generalizations of generic line multiplication are the focus of chapter 4.

A natural question then arises: why bother with cyclic line multiplication at all if it
is simpler to circumvent it entirely? This is because while generic line multiplication is
conceptually simple to present, it is quite inefficient. In later chapters, we develop the
algebra that allows us to improve line multiplication algorithms. This algebra relies on
some additional structure that we introduce in this chapter. In chapter 5, we study those
structures in much greater depth.

In chapter 6, we develop a diagrammatic calculus that allows us to find algebraic
relations between the various quantities that appear in our operation chains. Then in
chapter 7, we incorporate the three torsion of F into our algorithms to obtain further
refinements.

3.1 Lines

Suppose that E is an elliptic curve in reduced Weierstrass form over a field F. The objects
of study in this thesis are appropriately scaled functions on F that have a pole of order at
most 3 at O, and no other poles:

L3(E) = {t € F[E]* : Div({) > —3(0), £ normalized at O}

Elements ¢ € L3(F) are typically of the form ¢(x,y) = y — myx — b, for constants my, by.
We will refer to elements of L£3(E) as lines (or linear 3-sets.)

For any non-zero function f € F(FE), there is v € Z such that (z/y)~"f(z,y) has
neither a pole nor zero at . Hence by scaling f appropriately, we can assure that this
latter function has value 1 at O; we then say that f is normalized:

Definition 3.1.1. For f € F(E)*, we say that f is normalized at O with respect to the
uniformizer u(z,y) = x/y (or simply normalized) if

w(P)~ D f(P)|,_, =1.

where orde(f) is the order of vanishing of the function f at O. Note that ordp(u) = 1.

The following lemma makes the normalization constraint more explicit, and gives us a
more precise form for Div(¢) when ¢ € L3(E):

Lemma 3.1.2. A line { € L3(F) has
Div(¢) =(Fy) + (P1) + (P2) — 3(0)
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for points Py, Py, P, € E which satisfy Py + P, + P, = O.
Furthermore, there are Cp,me, by € F such that
U, y) = Gy — myz — by

where one of the following conditions holds:

® ngl (when@Q{Po,Pl,PQ})
e (; =0 and my = —1 (when one of Py, P, P is O)
e (;,=my=0 and by = —1 (when all of Py, P, P, are O)

Conversely, given Py, Py, Py € E which satisfy Py + Py + Py, = O, there is { € L3(F)
with Div({) = (Py) + (P1) + (P) — 3(0).

Proof. The first and last claims follow from corollary I11.3.5 of Silverman’s book [8], which
characterizes principal divisors. Using the notation and results from section I1.5 of [3], we
see that by the Riemann-Roch theorem,

L(3(0)) = {f € F(E) : Div(f) = -3(0)} U {0}

is a vector space of dimension 3. In Weierstrass form, the functions 1, x,y form a basis,
and hence ¢(z,y) = (py — myx — by for appropriate constants (g, my, by.

Recall that ordp(z) = —2 and ordp(y) = —3 so ordp(z/y) = 1. The following calcula-
tion shows that y is normalized at O (in projective coordinates):

()

using the elliptic curve equation:

_y? —axz — b2 _,

2
(z:y:2)=(0:1:0) y (z:y:2)=(0:1:0)

b2 4 arz? + 2% — 1?2 =0

3 2

1 = 2(y* — arz — b2?).

Then x = y(x/y) is normalized at O, since it is a product of normalized functions. Note
that the sum of two functions with different orders at O is normalized if and only if the
lower order function is normalized. Hence if (; is non-zero, then it must be 1. Similarly,
if (;, = 0, then the coefficient of x must be 1 or 0, and in the latter case the constant
coefficient must be 0. O

Because such a function ¢ traces out a line in the plane, we use the following terminology:
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Definition 3.1.3. A line ¢ is a normalized function in F(E) such that there are points
Po,Pl,PQ € E with

Div(¢) =(Fy) + (P1) + (P) — 3(0O)

We refer to Py, Py, Py as the points of {, and we represent this line diagrammatically as
follows:

3.2 Line Multiplication

We begin with the observation that for a line ¢ with points F, Py, P», we can multiply the
equation Py + P, + P, = O through by any k& € Z to obtain kP, + kP, + kP, = O. Hence
these latter three points form a line denoted k & ¢:

k’PO k?Pl kPQ
° ° ] k@t

Definition 3.2.1. For a line { with:
Div(¢) =(Fy) + (P1) + (P) — 3(0)
and for k € Z, the line multiplication by k& map is:

km: (—k@/

Line multiplication by —1 is called line negation, and is denoted B¢ := —1 @ (. If there is
no chance of confusion with negation in F(E), we sometimes notate the line negation of ¢
as —/.

Our aim is to develop line multiplication algorithms to compute this function for an
arbitrary ¢ and k. Typically that means that we start with coefficients my, b, such that:

Uz, y) =y — myx — by
Div(t) =(Po) + () + (Py) — 3(O).
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and we want to compute mygy, bpme Which satisty:

(kB O)(2,y) =y — mMrmer — brae
Div(k @ ) =(kPy) + (kP) + (kPy) — 3(0).

In fact we will often assume that our lines ¢ have (, = 1 when not otherwise specified, and
the line coordinates will be denoted m, and b, as above.

We are primarily interested in adapting double-and-add type operation chains to per-
form line multiplication. The doubling step runs into no obstacles, as we will see in section
3.8.1:

Theorem 3.2.2. If { has no 2-torsion point, then

am3 + 9bmeby — 3ab? + my(bm} — amh, — b})

Mame = 2(bm3 — am2b, — b})
y 4’ + 2T + Gabm} — 8aPmaby — 1860} — a’mi — 8bmibe + 2amzb; — b}
2E0 = 8(bm§ _ am%bz _ b?)

On the other hand, the “addition” step is much trickier to adapt to line multiplication
operation chains. This will be the topic of the next section.

3.3 Obstacles to Line Addition

In this section, we explain the obstacles that appear when trying to adapt the “addition”
step to a line multiplication operation chain. The first obstacle that we discuss is similar
to that encountered in x-only point multiplication, where it was necessary to disambiguate
between x(P + (). Line addition faces a more daunting obstacle; there is generally a
six way ambiguity in adding lines u,v € L3(F), corresponding to each possible bijective
pairing between the points of v and those of v. These sum lines are indicated as wq, . . ., wg
in the following diagram, with w;(z,y) = y — My, @ — by,
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R S—— 1 P+ 0 P Q1 P+ Qo

Py @i Q2 P+ Q- Py @i Q2 P+ Qs
vw H v = wy vw H v = wy

P Qo Py+ Q- Py @i Qo Py + Qo

Py 1 P+ Qo Py Q1 P+ Qo

P, Q2 Py + P, Q2 Py +
v HB v a Wy v HB v = ws

Py Qo P+ Py + Q2

Py Q1 P+ Qs P+ @y

P, Qo P, + Qo Py + Qo
v H v = ws We

Now we consider the possibility of adapting the methods from the xz-only operation to
our situation. Recall that the trick to overcome the two way ambiguity in z-only addition
was:

e Compute a symmetric combination of the possible output z-coordinates as a function
of the input z-coordinates.

e Since one z-coordinate is known, deduce the value of the other.

In our operation, we could consider the six possible sums wq, ..., ws, and compute, say,
the sum of the six slopes m,,, + ... + my,. But we now face a new problem; if we add
u=m@E/{tov=nE/L then five of the six sum lines will not normally be multiples of /.
So our obstacles are:
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e Six way ambiguity in line addition.

e Unwanted sum lines appearing in our line additions.

To deal with this, we will introduce cyclic line addition in the next section. This
will reduce the ambiguity, and will allow for a trick to eliminate unwanted sum lines.
Then we will explain how to circumvent cyclic orientations entirely. The resulting generic
line multiplication algorithm will be presented in various contexts in chapter 5. In later
chapters, we will focus on improving the results of that chapter.

3.4 Cyclically Oriented Lines

In this section, we reduce the ambiguity problem in line addition by attaching additional
structure to our lines. Specifically, for a line ¢ with points Py, Py, P», we will choose a cyclic
orientation on the points, which will be either Py — P, - P, — Pyor Py — P, — P, — F,.

By endowing all of our lines with cyclic orientations, we will reduce the ambiguity in line
addition from 6-fold down to 3-fold.

We will define cyclic orientations in terms of forward differences between the points of
a line:

Definition 3.4.1. A line Af is a forward difference of the line ¢ if for points Py, Py, Py
we have:
Div(l) =(Fy) + (P1) + (P) — 3(0)

A cyclically oriented line consists of a pair (¢, Al) where Al is a forward difference of (.
This will be represented diagrammatically with an added arrowhead:

R Py Py

. —> /[

We interpret the points of ¢ as having the cyclic orientation Py — P, — P, — P, when
the forward difference Al has the points indicated in the above diagram. Note that the
only other possible orientation for £ is then —A¢ = —1 3 A/.

Now we will compare a second approach to cyclic orientation. Suppose u(z,y) =
Yy — myx — b, is a line with:

Div(u(z,y)) = (Po) + (P1) + (P2) = 3(0)
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and P; # O. The z-coordinates of the P; are then the roots of the following polynomial:
(x —xp)(x —xp ) (2 — Tp,) =b+ av + 2° — (Myx + by,)*
=(b—b2) + (a — 2myb,)x — m2z* + 2°

1
— (27b + 9am; — 2m$ — 18b,m} — 27b7)

T o7
1 2 2\ 3
3 (3a—mi — 6bumu) (x — %) + (x — %)

A, = ((J}po - xPl)('rpl - xPQ)(xPQ - l’po))2

—— (4 (3a — m* — 6myb,)’ + (27b + 9am? — 2mS — 18m3b, — 2763)2)
= —4a® — 27b? — 18abm? + a*m? + 4bm® — 4dam®b,

+ 24a® myb, + 36bm3b, + 54bb2 — 30a m2b2 — 4m>b2 — 270}

+

whose discriminant A, satisfies:

We will interpret a choice of square root 4, of A, as indicating a cyclic orientation on the
points. The cyclic orientation Fy, Py, P, corresponds to

0y = (xpl - xPo)(xP2 - xPl)(xPo - xP2)

while the cyclic ordering Py, P, P, corresponds to
6w = —(xp, — zp,)(Tp, — TP ) (TR, — Tp,).

The relation between the two points of view on cyclic orientation are given by the
following formulas, which can be checked by a direct calculation on a computer algebra
system:

Theorem 3.4.2. If u is a line with points Py, Py, P, which are distinct from each other
and from O, and ¢, satisfies:

52 —1

2= (4 (3a — m* — 6mub,)” + (270 + 9am? — 2m® — 18m3b, — 27b§)2>

then the following give coordinates of a forward difference of w:

—6ab, + am? + 3b2m,, + 9bm,
Ou
—2a*m, — ab,m? + 2bm3 + b3 — 90,
Ou

may =

bAu -
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If

0y = (xP1 - ZL’p())(QSPZ - $p1)(l‘p0 - xPz)

then

Div(Au) =(P, — Py) + (P, — P) + (Py — P») — 3(0)

In fact, this can be proven by hand using the theory we develop in chapter 7, where we
study cubic forms such as the numerators of ma,, ba, above; see theorem 7.2.7.

We make a final note that will come into play often in this thesis: the double forward
difference is essentially the same as multiplying by —3:

Div(A(AY))
=(P,—P)—(Pi—R))+ ((Ph—P)— (o= P))+ (PL — P) — (P, — P1)) — 3(0)
=(=3P) + (=3P,) + (=3F) — 3(0)

Hence while there are two possible forward difference lines for a typical line ¢, when it is
cyclically oriented, we single the following one out:

Definition 3.4.3. For a cyclically oriented line (¢, Al):

P P Py

° ° —— [

the forward difference of ¢ is (Al, =3 = {):

Pl—P(] PQ—Pl PO_P2
° ° — A/

3.5 Cyclic Line Addition

We will consider cyclic line multiplication algorithms in this section. As noted earlier, the
additional structure helps us with the first obstacle to a recursive algorithm, by reducing
the ambiguity in line addition. In fact, it also allows us to tackle the second obstacle of
“bad” sum lines as well. We will present these methods in abbreviated form here, and we
will present a full algorithm in chapter 6. This is because in section 3.6 we will first present
a simpler version of cyclic line multiplication; we call this generic line multiplication, which
is essentially cyclic line multiplication without cyclic orientations.

Cyclic line multiplication by k € Z is represented diagrammatically as:
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S ° —— /[
]{]PO kPl kp2
° ° — L[/

Definition 3.5.1. For a cyclically oriented line ¢ with forward difference Al, the multi-
plication by k map results in the line k @ ¢ with forward difference k @ AL.

Now we consider line addition with this additional structure. Let u,v be cyclically
oriented lines u, v with respective points Py, Pi, P, and )y, @1, ()2 in cyclic order:

e
e,
e

®
[ ]
2
IS

®
[ ]
[ ]
2
e

When we consider sum lines between v and v, we impose that the pairing must respect
the cyclic orientations. That is, if P, and (); are added together, then the sum consists of
the points P, + Q;, Piy1 + Qj+1, Piya + Q42 (with indices in modulus 3.) So we have the
following three possibilities for the cyclic sum of v and v:

Py + Qo P+ P+ Qs
® ® ® > Wq

Py + Qs P+ Qo Py 4+

A > W2

Py + @ P+ Qs Py + Q)

—) W3

Any symmetric polynomial in the coefficients of wy, w9, w3 can be expressed as a func-
tion of v and v along with their orientations specified by 4, and ¢,. In particular, we can
define functions msy, by, with:

mZ(u> 5u> v, 5@) =My, + MMy, + Moy
bZ(ua 5u7 v, 51}) :bw1 + bw2 + bw3

30



as we will see in chapter 6. Thus we have reduced the ambiguity in line addition from
six-fold to three-fold, which was the first obstacle mentioned in section 3.3.

Recall the second obstacle mentioned in section 3.3: when we consider the possible sum
lines of u = m @ ¢ and v = n [ ¢, we have w; = (m + n) @ ¢, but normally wy, ws will not
be multiples of ¢. Thus given, say, m., + My, + My, we have trouble separating “good”
slope m,,, from the “bad” ones my,,, mq,. In particular, it is unlikely that we can use the
trick like the one for x-only point multiplication. But as mentioned earlier, there is a trick
that lets us use the cyclic orientation structure to overcome this obstacle.

To overcome this second obstacle for the cyclically oriented lines u, v, we additionally
suppose that we know the lines © — v, u — 2v indicated below:

Fo — Qo P =@ Py — Q2

*——> U — U

Py—=2Q0 P —2Q1 P—20Q;

—— u — 20

The trick that we will use boils down to the following observation: since Qg+ Q1+ Q2 =
O, addition of one of the (); is equivalent to subtraction of the other two.

So when we take the cyclic linear sum between u — v and —v = —1 @ v (with forward
difference —Av = —1 @ Av), we get three possible sum lines:
Py —2Qo Py =20, Py —2Qs
® ° o > u—2v

Py —Qo— Q1 P —Q1— Qo Py — Q2 — Qo

> W4

Py — Qo — Q2 P — Q1 — Qo Py =@y =

> Ws

then by adding Qg + @1 + Q2 = O to each point in the two “bad” sum lines, we see
that they are in fact the same as the two “bad” sum lines between u and v!

Py + Qs P+ Qo P+ Qs

® > W4 = W2

Py + @ P+ Qs Py + Q)

°® ® ® > Wy = W3
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Now we can use this method to eliminate the “bad” sum lines together. Let u+v := w;
denote the “good” sum line:

Py + Qo P+ @ Py + Qs

o—> U+ V

Then since we assume knowledge of the cyclically oriented lines u — v, u — 2v, we
calculate:

ms(u, Au, v, AV) =Mty + My + My

mx(u— v, A(u —v), —v, —Av) =My_9y + My + My,
Then by taking the difference between these, we can isolate m,,:
Mo =My (u, Au, v, Av) — mz(u — v, A(u —v), —v, —Av) + My_2, (3.1)
and similarly
burv =bs(u, Au, v, Av) — bg(u — v, A(u —v), —v, —Av) + by_2,

So we have successfully calculated the “good” line u + v!

We then need to calculate the forward difference of this line. This can be done similarly:
recall that if (¢, Al) is a cyclically oriented line, then its forward difference is (A¢, =3 @ ¢).
So by applying the same formulas again, we get:

MA(utv) =Mz (Au, =3 B u, Av, =3 Ev)
—my(A(u—v), =38 (u—v), —Av,3 B V) + MA@L-—20)
bA(utv) =bs(Au, =3 B u, Av, =3 D v)
—bs(A(u—v), =38 (u—v), =Av, 3B V) + ba(u-2v)

Note that the above algorithm is quite inefficient; it involves multiple calls to the functions
my, by, as well as a line tripling function. As we will later see, there are simple ways to
improve the calculation of A(u + v).

We have now overcome enough obstacles to perform the line addition step in a modified
Montgomery ladder, provided that we have the functions my, by. That said, we will not
present an explicit algorithm for cyclic line multiplication here. This is because of the next
section’s simple method to circumvent cyclic orientations entirely. We will return to cyclic
line multiplication in the conclusion to chapter 6.
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3.6 Generic Line Addition

When we first implemented cyclic line addition, an interesting phenomenon emerged. Cer-
tain combinations of the coefficients of wy, we, w3, such as my,, +my,, +m.,, only depended
on the lines u,v that we were adding. Namely, they did not depend on the cyclic orien-
tations of w or v at all. Note that other combinations such as by, + by, + by, do indeed
depend on the cyclic orientations of v and v. Yet the independence of orientation applied
to enough coefficient combinations to allow a modified version of cyclic line addition to run
without having ever keeping track of cyclic orientations.

There turns out to be a simple explanation for a general version of this phenomenon. In
this section, we give this explanation in the context of one step of cyclic line addition. This
then leads to a simple formalism for line multiplication, which applies in the more general
context of an arbitrary abelian group. Because of this generality, we term this generic
line addition. Chapter 5 is devoted to generic line multiplication, which uses generic line
addition as part of its operation chain.

The formalism of generic line addition is built around the following operation:
Definition 3.6.1. For lines u,v € L3(E) with
Div(u) =(P) + (P1) + (P) — 3(0)
Div(v) =(Qo) + (Q1) + (Q2) — 3(0),
the linear sum function w B v € F(FE) is the normalized function satisfying:
Div(uBv) = Z (P +Q;) —9(0)
i,je{0,1,2}
=(Po + Qo) + (Po + Q1) + (P + Q2)
+(Pr+ Qo) + (P + Q1) + (P + Q2)
+(Py + Qo) + (P2 + Q1) + (P2 + Q2) — 9(0)

The line difference function is uBv :=u B (—v) =uB (-1 3 v).

Recall that normalization is with respect to the uniformizer x/y at O. In effect,
normalization means that if we represent (u B v)(z,y) as a polynomial reduced modulo
b+ ax + x® — y* (with respect to either x or ), then the leading non-zero term will be x%y’
with coefficient 1 (where the leading term is the monomial that minimizes orde.)

So if we are in the typical situation where P; + @Q; # O for 4,5 € {0, 1,2}, with

u(z,y) =y — myx — by
Div(u) =(FR) + (P1) + (F2) — 3(0)
v(z,y) =y — myx — b,
Div(v) =(Qo) + (@1) + (Q2) — 3(0)
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then for the proper choice of coefficients ~;, we have:

(uBv)(r,y) = — Y9 — 1T + Y6y — 12> + Yaxy — VY° + e’y — nry’ +y° (3.2)

Note that these v; are indexed by weight, with z and y having respective weights 2 and
3 (corresponding to poles of those orders at O). In section 3.7, we will find an explicit
expression for (u B v)(x,y) in terms of the coefficients of u,v. Note also that the signs
correspond to the index parity. These make certain formulas nicer in chapter 6.

Now we make a fundamental observation: if the three possible cyclic sum lines of u and
v are wi, Wy, w3, then we can decompose the divisor of u Hv:

Div(uBv) =(Py+ Qo) + (P1 + Q1) + (P + Q2) — 3(0)
+(PL+ Qo) + (P + Q1) + (P + Q2) — 3(0)
+

+(P+ Qo) + (Fo + Q1) + (P + Q2) — 3(0)
= DlV(U}l) + DlV(’LUg) + DlV('U)g) = DiV(U)lwgwg)

and since both functions are normalized, we in fact have:
(uBv)(P) =w (P)ws(P)ws(P).

Furthermore, we observe that uHwv is defined in terms of the lines u, v, with no dependence
on their cyclic orientations. These two observations will allow us to perform what is
essentially a step of cyclic line addition as presented in section 3.6, all while ignoring cyclic
orientations.

Namely, suppose that we are given lines u,v € L3(F):

P P P,
® ® ® u
Qo @1 Q2

without cyclic orientations. Then suppose that we also know the lines u—v,u—2v € L3(E)
that correspond to the “good” pairing between u and v:

Fo — Qo P — @ Py — Q2

u—"v

Ph—2Q0 P —2Q1 P—2Q

° ° ° u— 2v
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where again we assume no knowledge of their cyclic orientations. Then we will be able to
calculate the “good” sum line u + v by comparing the following:

(uBv)(P) =(u+ v)(P)wz(P)ws(P)
((u = v) Bo)(P) =(u = 20)(P)wz(P)ws(P)

Explicitly, we have:

(uBv)(P)(u — 2v)(P)

() = = aw @)

This is the addition step in a generic line multiplication. Note that this allows us to
dispense of the need to compute the cyclic orientation of u + v as well.

3.7 Formula for Linear Sum Function

Now that we have explained how to perform a generic line addition, the next step towards
an explicit algorithm is to compute the linear sum function v B v as a function of v and v.
The following lemma allows us to use a computer algebra system to compute this:

Lemma 3.7.1. For lines u,v € L3(E) with v having points Qo, Q1,Q2, we have the fol-
lowing formula for uB v € F(E) as a function of R € E:

(uBv)(R) =c ' v(R)*u(R — Qo)u(R — Q1)u(R — Q3)

for a non-zero constant c.

Proof. We only need to check that both sides have the same divisor. Since

Div(u(R — Q;)) =(Fy + Qi) + (P + Qi) + (P2 + Qi) — 3(Qs)

we have

Div (v(R)*u(R — Qo)u(R — Q1)u(R — Q)
=3 ((Qo) + (Q1) + (Q2) — 3(0))
(P + Qo) + (P1 + Qo) + (P2 + Qo) — 3(Qo))
(Po+ Q1) + (P + Q1) + (P2 + Q1) —3(Q1))
(Po+ Q2) + (P 4+ Q2) + (P2 + Q2) — 3(Q2))
= Y (P+Q))—9(0) =Div(uBv)

i,5€{0,1,2}

_|_
+
_|_
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Since u H v is normalized, the constant ¢ must be chosen to normalize the right hand
side. If O is not a point of u,v or wH v, then we can make this constant explicit:

Corollary 3.7.2. Suppose that u,v € L3(E) and v has points Qo, Q1, Q2. Suppose further
that for i € {0,1,2}, the point —Q; is not O and is not a point of u. Then as a function
of Re E:

3 u(R — Q)
(uBv)(R) =v(R) _
ie{lgg} u(—Q;)

To turn lemma 3.7.1 into an explicit formula, we first expand the terms in the product
as a rational function of zg,. Recall the addition algorithm 2.4:

TR — X,
(R —Q;) =m* — 2r — 2q,

m

y(R— Qi) =m(z(R — Qi) — Tr) — Yr
=m® — m(2xgr + 20,) — Yr
Now by substituting in the above expressions as well as yo, = m,xqg, + b,, we get an

expression for u(R — @);) as a rational function of Q);:

u(R — Qi) =y(R — Qi) — myx(R — Q;) — by,

=m® — m(2xg + 20,) — Yr — My (m2 — TR — ZEQi) — by,

- —YRr — mvai - bv

TR — TQ;

Now we can use a computer algebra system to take the product of the u(—R — Q;) over
the three points (); € v. This is done via a resultant calculation, and gives a formula for
(uB v)(z,y) in terms of the line coordinates of u and wv:

Theorem 3.7.3. Given lines u,v € L3(F):

u(z,y) =y — myx — by

v(x,y) =y — myx — by,

suppose that O is not the sum of a point from u and one from v. Then the linear sum
function is:

(uBv)(x,y) == — 9 — VT + Y6y — Vs2° + 1axy — 13Y> + e’y — Ny’ + y°

with ~y; being the coefficient found in section A.5 of the appendiz.
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These coefficients are indicated in figure 3.7. For instance, we have the following ex-
pression for ~s:

_a2 (mu+mv>3_9b(bu+bv)(mu+mv)2+3a(bu+bv)2 (mu+mv)_3(bu+bv)(bvmu_bumv)2
b(mu+mv)3_a(bu+bv)(mu+mv)2_(bu+bv)3 _(mu+mv)(bvmu_bumv)2

Formulas for the linear sum function in other cases can be found in section A.5.
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= ¥0=b (mu+mv)®-a (mu+mnv)? (bu+bv) - (bu+bv)® - (mu+mv) (mubv-bumv)?;

¥1=%0"" ((a®*-3bmumv+2a (mubv+mvbu)) (mu+mv)®+
(9b-amumv +9bubv) (mu+mv) (bu+bv) -3 (a+mubv +mvbu) (bu+bv)2—mumv (bvmu—bumv)z);

¥2=y0" (-2’ (mu+mv)’ - 9b (mu+mv)? (bu+bv) +3a (mu+mv) (bu+bv)®-3 (bu+bv) (mubv-bumv)?);

13:70’1(
4a’+27b%-18bbu’ + 18 bbubv - 3bu’bv - 18 bbv? + 21bu’ bv? - 3bubv’ - 8 a* bumu +
4a’bvmu+6abmu?-7abubvmu? +3abvimu? + 9bbvmu® - bv’mu® + 4 a’bumv - 8a’ bvmv -
6abmumv+abu’mumv+12abubvmumv + abv’ mumv + 3 bbumu®mv - 6 b bvmu® mv - bu bv? mu® mv +
a’mu’mv + 6 abmv? + 3abu’mv? - 7abubvmv® - 6 bbumumv? + 3 bbvmumv? - bu? bv mumv? +
azmuzmvz—Zabvmujmvz+9bbumv3—bu3mv3+azmumVJ—2abumu’mv3+4bmu3mv3);

14:10’1(
12abu’bv+12abubv’-4a’mu-27b’mu+9bbu’mu-18bbubvmu - 9bbv?®mu+3bu?bv?mu- 6 bubv’mu +
4a’bumu’ -3abmu® +3abvimu’ -4a’mv-27b’mv-9bbu’mv-18bbubvmv - 6bu’bvmv+9bbvimv +
3bu’bv?mv-3abmu’mv-6abubvmu’mv-3abvimu’mv+4a’bvmv? -3 abmumv? - 3 abu’ mumv? -
6abubvmumv2+12bbumu2mvz+12bbvmu2mv2+a2mu3mv2—3abmv3+3abuzmv3+a2mu2mv3);

15:10’1(
9a’bu’-18a’bubv+9a’bv’-27abbumu+27abbvmu+3abu’bvmu-15abubv?mu+a’®mu? + 27 b? mu? -
9bbubvmu? + 9bbv?mu? - 3bubv’® mu? - a? bvmu® + 27 abbumv - 27abbvmv - 15abu’bvmv + 3 abubv? mv +
2a’mumv-27b?mumv+9bbu’mumv+36bbubvmumv+9bbv?mumv - 3bu’bv?mumv + 4 a?bumu? mv -
3a’bvmu’mv - 3abmu’nv - abv? mu’ mv + a’ mv? + 27 b? mv? + 9 bbu? mv? - 9 bbubv mv? - 3 bu® bvmv? -
3a’bumumv’ + 42’ bvmumv® + 12abmu’ mv? - 4abubvmu’ mv? - a’ bumv® - 3abmumv® - abu’ mumv’ - 2’ mu’ mv?) ;

16:7{0’1(
-4a’bu-27b’bu-4a’bv-27b’bv+18bbu’bv+18bbubv? - 3bu’bv? - 3bu’bv’ - a? bu’ mu + 6 a bubvmu +
3a’bv’mu+3abbumu?-3abbvmu? - 6abubv?mu® -a’mu’® - 9b?mu’ + 9bbv?mu’ + 3 a?bu’mv +
6a’bubvmv-a’bv’mv-6abbumumv-6abbvmumv+a’mu?mv+9b’mu?mv+6bbubvmu’mny -
3bbv’mu’mv +2a’bvmu’mv -3 abbumv? + 3abbvmv? - 6 abu® bvmv? + a’ mumv? + 9 b2 mumv? -
3bbu’ mumv? + 6 bbubvmumv’ - a® bumu® mv? - a® bv mu? mv? - @’ mv® - 9 b’ mv® + 9 bbu? mv® + 2 2’ bumumv’) ;

17:70'1(
27abbu’-54abbubv+27abbv?-12abu?bv? + 8a’bumu - 27 b’ bumu - 4 a® bvmu + 54 b bvmu + 9 b bu® bvmu -
9bbubv’mu-3bu’bvimu-9a’bmu?+4a’bubvmu?-3abbvmu’+abv’mu’®-4a’bumv+54b’bunv+
8a’bvmv-27b’bvmv-9bbu’bvmv+9bbubvimv-3bu’bvinv+18a’bmunv -4 a?bu’mumv - 4 a2 bv’ mumv +
12 abbumu’ mv - 21 abbv mu? mv + abubv? mu’ mv - 9 b* mu’ mv - 3 bbv? mu’ mv - 9 a* bmv? + 4 a’* bubvmv? -
2labbumumv’ + 12 abbvmumv? + a bu’ bv mumv?® - 4 a’ mu® mv* + 18 b? mu? mv? - 6 b bu bv mu? mv? +
a’bvmu’ mv? - 3abbumv® + abu’ mv® - 9 b* mumv’® - 3bbu’ mumv® + a’ bumu? mv’ - 4 abmu’ mv?) ;

¥9 =507 (
a’bu’® + 27 b’ bu® + 22’ bubv - 27 b? bubv + a’ bv? + 27b? bv? - 18 bbu® bv? - bu’ bv® + 9 a’ bbumu - 9 a* bbvmu -
a’bu’bvmu - 3 a’ bubv? mu + a* mu® + 3abbubvmu® + 3abbv’ mu® - a’ bvmu® - 9 b’ bvmu’ + bbv’ mu’ - 9 a’ bbumv +
9a’bbvmv-3a’bu’bvmv-a’bubv’mv-2a‘mumv-3abbu’mumv+12abbubvmumv -3 abbv’mumv+
2abu’bv?mumv + 9 b? bumu? mv + a® bvmu? mv - 18 b2 bv mu® mv - 3 bbubv? mu? mv + a? bmu® mv + a® mv? +
3abbu’mv? + 3abbubvmv? + a’ bumumv? - 18 b2 bumumv? + 9 b? bvmumv? - 3 b bu? bvmumv? - 6 a b mu? mv? -
a’bubvmu’mv’ + 2abbvmu’ mv’ - a’bumv’ - 9 b’ bumv’ + bbuw’ mv® + a’ bmumv® + 2 abbumu’ mv® - 4b% mu’ mv’) ;

LineSumFunction=-y9 - y7x+¥6y - ¥5%x° + ydxy-¥3v? +¥2x°y - ylxy? +¥’;

~y - (mv xq + bv) '

Infi]= m= ————; XS =M°-X-Xq; YS=Mm (XS -X) -Y;
X - Xq

Together@PolynomialRemainder [

-(y -mvx-Dbv) 3 Resultant [ys -muxs -bu, b+axqg+xqg’ - (bv + mv xq)z, xq] - 0 LineSumFunction, b + ax + x* - y?, Y]

Out[12] 0

Printed by Wolfram Mathematica Student Edition

38



3.8 Generic Line Multiplication Operation Chain

Now that we have the H operation, we will present an operation chain to compute the k&
operation on lines. We will perform a line addition step using the idea presented in section
3.6. So suppose that we have a line ¢ with points Fy, P, P, in cyclic order, and we aim to
calculate k @ ¢. Then consider the cyclic linear sum of m @ ¢ and n @ ¢:

mPo mPl mP2

? . ® mE/
np, nPy nPs

° ° . n=/

The “good” sum line is (m + n) @ ¢, while the “bad” sum lines are the lines ¢,,,, and ¢, ,,
indicated below:

(m4+n)Py  (m+n)Pr  (m+n)P;
. o o (m+n)@/

mP0+nP1 mP1+nP2 mP2+nP0

@ A4 A4 m,n

TLP0+TTLP1 nP1+mP2 nP2+mP0

@ @ A 4 n,m

This uses the following notatation:

Definition 3.8.1. For a cyclically oriented line £:

P, P P,

P Py Py \ f
A4 A4 A4 7

we define £y, , to be the following cyclically oriented line:

mPy+nP; mPi4+nPy, mP,+nkb

Furthermore, we define {,, := {0 = m L.
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With this new notation, we have the following in F(E):
b, B, = lonlonlnm (3.3)

with the three lines on the right corresponding to the three cyclic sum lines. Note also
that we have A({y,,) = (A = {—m—nm—2n, and that £, ,, has symmetries coming from
the fact that Py + P, + P, = O:

Lemma 3.8.2. For m,n € Z and a cyclically oriented line ¢, we have:
gm,n = gfn,mfn = gnfm,fm

Proof. This follows from the fact that Py + P, + P, = O, and so we can eliminate P, or P;
from the expression mFPy + nP;. Then by cycling around, we get the desired result. More
explicitly, for indices ¢ in modulus 3, we get:

mP; +nPiyy = (n—m)Py + (—m)Pis = (—n)Pi_1 + (m —n) P,

3.8.1 Line Doubling

For the doubling step, consider equation (3.3) with m = n = 1, noting that ¢, ; = ¢_; by
lemma 3.8.2:
f EE‘ f :(2 - €)€171€171 - (2 ] g) (671)2
(HYL
(€-1)*

By a direct calculation, we get the following explicit formulas:

2040 =

Theorem 3.8.3. For a line £, we have

(B
(B0

2040 =

If ¢ contains no 2-torsion, then
a®mj + 9bmygb, — 3abi + me(bmj — amib, — b})
2(bm3 — am?b, — b})
4a3 + 27b* + 6abm? — 8a*myby — 18bb7 — a?mj — 8bmiiby + 2am2b; — b}
8(bm; — am2b, — b3)

Mome =

bZE]E =

Note that we can save a few operations in the computation of byg, by rewriting the
above formula:
4a(a — mygbg)® + (90 — am? — 9b2)(3b + am? + b7) — 8by(bmi — am?b, — b))
8(bm; — am?2b, — b3)

b2m£ =
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3.8.2 Line Addition

For the line addition step, we simply translate section 3.6 into our context. So consider the
linear sum of 4, and ¢,. We get the “good” sum line ¢,,,,, = (m +n) @ ¢, and two “bad”
sum lines £, ,,, {,,.m. We then take advantage of the fact that we get the same “bad” sum
lines £y, p, €n,m When we sum the lines ¢,,_,, and ¢_,,, to eliminate them together.

Theorem 3.8.4.
(mBml)B(nm@l)
(m—n)E B ((—n) @)

(m+4+n)@l= ((m—2n)@Y)

Proof. Using lemma 3.8.2, we get the following decomposition of the linear sum function
between ¢,,,_,, and ¢_,,:

gmfn B gfn :gmengmfn,fngfn,mfn

:Em—Qnén,mém,n

Subsequently, we can divide this by the linear sum function between ¢, and ¢,, to eliminate
the “bad” sum lines:
Cn Bl lpynlmnlnm
b Bl Lo onlnmlonm
‘ (L B )2
T e, B,

3.8.3 Line Multiplication Ladder

Now we have all of the tools needed to perform our modified Montgomery ladder. In this
modified ladder, at each step we will keep track of three consecutive multiples of /. Then if
we are given ¢, {1, lmto, we note that we can then calculate five consecutive multiples
of ¢

Com =2 Ly (3.4)
Uy B 1) (0
£2m+1 :ngr(erl) = ( 671 E;rz)fnl 2> (35)
€2m+2 :2 L] Em-ﬁ-l (36)
Cppo B 1) (U,
lomis =Limt2)t(mi1) = ( +2€ & é_:_)f ) (3.7)
£2m+4 :2 ] €m+2 (38)
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Then just as in the Montgomery ladder, we choose to either calculate the first three or the
last three, according to a bit in the binary expansion of k.

Suppose that the binary expansion of k € Z+q is k = Z?:o k;2'. Then our ladder will
consist of triples (¢, k,+1, {x,+2) where K; is obtained from k by truncating the last i+ 1
bits, and then doubling the result. Precisely, we have:

b
- k

j=it1

for i decreasing from b to 0. Note that K; 4

b b
K; | — 2K, = (Z kaj—i“) -2 ( Z @2]"@') = 2k,
j=i

J=i+1
SO Ki—l = QKZ + 2]{?1 Thus
(gKifl’gKi—l"Fl?eKifl'f‘Q)

can be computed from

(EKZ ; éKr‘rlv 6Ki+2>

using formulas (3.4), (3.5) and (3.6) when k; = 0, or using formulas (3.6), (3.7) and (3.8)
when k; = 1. In both cases, there are four 20 operations, and two line additions.

Finally we get Ky = k — kg, and so the last triple in the iteration will contain ¢; among
the first two entries.

For example, to calculate 253/, we write 25 = 110015 in binary and iteratively compute:

0: (Lo, €1, 62) =(1, 4,22 ()
( H Ay
1 . — [ —— 2
0 (62763764) <€27 61 = 5_1607 [ €2>
2=
110 : (Cg, U7, 0s) = (25@,@52,25@)
|7 Y==P4
1100 : (612, glg, 414) == (2 ] EG) ﬁe_g, 20 €7>
1Y ==N4
11000 : (lag, los, los) = | 2 1 £12, 2B 1,20 0
(1 H/l_5

And the result is fo5 = 25 [0 /.

We remark that this algorithm is quite inefficient because of the size of the formula for
H. In chapter 5, we will see that there are simple ways to improve this situation. With
careful study of the algebra involved, we will in fact do much better by the end of the
thesis.
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Algorithm 3: Recursive Algorithm to Compute k1 : L(F) — L3(E)

[NEVUR R

© 0w N o O

10
11
12
13

Input : ¢ with Div({) € £3(F) and a positive integer k£ with binary representation

k=ky... kiko.
Output: k= /¢
r,s,t <+ 1,0,23/;
fori < b—1to 0do
if £, =0 then

(BOB(3s)
else

‘ r,s,t<—2Bs,£Eé%';§S)(Elr),QBt;

end
end
if kg = 0 then
‘ return r;
else
‘ return s;
end

‘ s, t 4 20T, = (Bt),2 & s;
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3.9 Improving on Generic Algorithm

We now consider some simple improvements to the efficiency of the generic line multiplica-
tion algorithm. As a first refinement, we will show that uHv carries more information than
we need, and we can implement essentially the same algorithm without keeping track of all
of the coefficients. To achieve this, we reconsider equation (3.2), holding off on evaluating
the coefficients in the linear sum functions.

So for a line u € L3(F), let u,, := nHu, and suppose that we are given wuy, u;, ug_;, Ug_o;.
Suppose further that the coefficients v;, v/ satisty the following:

U DU NT,Y) = — Y9 — V7l T Ve¥Y — Vs YaTY — Y3Y VXY — 1Y Y
( EE] )( ) 4 2_|_ 2+ 2 2+ 3
(upt Bu)(z,y) = — 7 — Viz + vy — via® + viwy — ny’ + vsa’y — oy’ + 4.

Then if u,(x,y) = y — myx — b,, then:
Uk+l<l', y) ' (uk—l B U_l)(I, y) :uk—Ql(ma y) ) (uk B ul)(xa y)
or equivalently,
(y — M — b)) (=5 — Vo + 5y — Vi + viwy — y° + w2ty — Viay® +y°)
=(y — Mp—2u® — be—2) (=70 — 177 + Y6y — 1527 + azy — Y3Y° + 122’y — nxy’ +y°).

Now we reduce both sides of this equation modulo b 4 az + 2® — y? with respect to x and
compare coefficients. The coefficients of x'y® and 2%y give us respectively:

Mpy1 + Y =Mi—21 + 71
bt + 73 + Mpr1Yy =bk—or + 73 + Mi_2172.

Note that we could get alternative algorithms by comparing other coefficients.
Lemma 3.9.1. Given multiples wy, uy, up_;, up_o of u, we can calculate the coefficients of
Up1(T,Y) = Y — Mg — by

as follows:

Miperr =1 (W, W) — Y1 (Wp—, U—y) + Mp_g

berr =3 (wp, wp) — Y3 (Up—p, u—y) + Mp_oya(Up, W) — M2 (Wk—i, u—y) + bp_o

with v; as found in theorem 3.7.3 or in section 6.2.1 of the appendiz. (Note that we are
assuming that O does not lie on any of these lines.)
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The formulas above in fact have simple interpretations. The formula for my,; actually
has an interpretation that we have already seen! To see this, we start with equation 3.1
from the section on cyclic line addition, and translate it into this section’s notation. For
comparison, we juxtapose this with the above formula from lemma 3.9.1 for my,:

Mierr =g (Ug, Ay, wp, Awg) — mis(Ug—g, Aug—y, u_g, Au_y) + mg_o

Miperr =1 (W, W) — Y1 (U—i, U—y) + Mp_gy

These formulas are in fact the same! More precisely, we have the following, as we will
prove in the next section 3.10:

7 (u,v) =ms(u, Au, v, Av)

=M, + My + Mg

So 1 (u, v) gives the sum of the slopes of the three cyclic sums of v and v. This is interesting
because a priori, we expect that my should depend on the cyclic orientations of u, v, but
it in fact does not. Note that by, does depend on the cyclic orientations of u,v. We will
study these combinations that do not depend on the cyclic orientation in the next section
3.10. This will set the stage for further improvements to the generic algorithm.

3.10 Nine Point Diagrams

In this section, we introduce nine point diagrams. These diagrams represent all of the
possible sum lines and sum points between u,v € L3(E). These will also reappear in other
guises in later chapters; for example, for lines u,v and any sum line w, the lines u, v, —w
can also be arranged into a nine point diagram. This phenomenon means that the results
that we obtain about nine point diagrams can be applied in multiple ways in the algebra
line addition. Because of this central role in the algebra of line addition, we will be studying
nine point diagrams in greater depth in chapter 6.

Let wy, wsy, w3 denoted the three cyclic sum lines of u and v with respective cyclic orders
Py, Py, P, and @, Q1,Q>. Then let wy, ws, wg be the three cyclic sum lines of u with the
same cyclic order Py, P;, P, and v with the opposite cyclic order Qy, ()2, 1. These six lines
represent all possible sum lines of v and v, and can be overlaid to form this diagram:
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wHwv:

Py + Qo

The above configuration of points and lines will be referred to as a nine point diagram;
these will be studied in detail in chapter 6.

The normalized function with divisor 3, .o | 53 (£ +Q;) —9(O) will be called the nine
point diagram function. For the diagram associated to the line addition of u,v € L3(FE),
this function is the same as the linear sum function wHwv. This function can be written as a
product of three line functions, as we saw in section 3.6. In fact, we get two factorizations
this way:

wa ) (Y — M ws)

(uBv)(x,y) =(y — My, — x—b x—b
w4)<y ™ My & — bw5><y Mg — bws)

:<y = My T —

which correspond to two different ways of partitioning the divisor (and noting that the
factors are all normalized.)
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Reducing modulo b + ax + 23 — y? with respect to z, we get:

(uBv)(2,9) =y — My @ — by ) (Y — My — by ) (Y — My @ — by (3.9)
= — (b buy by — b+ My My M)
— & (byyy bug Meany + by Do Moy + Duy by Mo, — @ = My Mg M)
+ Y (b, buwy + by by + Dy b))
— 2% (Buy My, Moy + Dy Mg Moy + Dy M, M)
+ 2Y (Duoy Many F buog My F Ouoy Moy + Oupg Moy + bupy My + iy M)
— % (buy, + by + busy + Mo, Mgy M)
A Y (Mg Mgy + Mgy Moy ~+ My, My )

- ZL‘y2 (mwl + Moy + mwg) + y3

Hence we can now explain the interesting result mentioned in the last section 3.9:

Theorem 3.10.1. Consider the cyclic sum of oriented lines w and v. If the three possible
sum lines are wy,wq,ws, then the following combinations of coefficients of wy,wq, w3 are
also coefficients of (uBwv)(x,y):

Y1 =My + Mgy + Moy (3.10)
Y2 =My Mgy + M My + Mgy Mg

V3 =buwy + uy + bung A Moy Moy Mgy

V4 =buy My, + iy Muyy + by, Mopy + Doy Moy, + by, Mgy + by My

V5 =buws Moy Moy F bupy Mg Moy + Dayy Moy, Mgy

Y6 =buw, Oy + bupy Dy + Dy by

V7 =bay 0o My + bapy Do Moy + iy broy Moy — @ = Mgy Moy Moy,

Y9 :bwl bwzbw3 —b- TNy My Mg

Consequently, these are functions of u,v that do not depend on the orientations of u and
v.

Explicit equations for these combinations as functions of u,v can be found in section
A5 of the appendix.

Note that as a consequence of the independence from orientation, the above combina-
tions will be equal if we substitute wy, wo, w3 for wy, ws, wg. For example,

My + My + My =My, + Mags + My, (3.11)

and similar equations hold for the other quantities. Relations between the nine point
diagram line coordinates will be visited in much greater detail in chapter 6.
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3.11 Recursion
Now we will present the algorithm alluded to in section 3.9 in more detail. Suppose we are
given multiples uy, u;, ug_;, up_o of u. Then by theorem 3.10.1:

Y1 (U, W) =Moo + Moy + My,

Y1 (Whets U—y) =Mrg_op + My + My g

Yo (g, W) =My (M + My i) + Mgy g

Yo (wh—i, u—y) =mp_or (Mg + My ) + Moy

)
Vs (wk, W) =bgtq + bry + by + My my
)

Vs (Wh—1, u—y) =bg_o; + bi g + by + Mg

So we isolate my.;:

M1 =71 (W, W) — Y1 (U—i, U—y) + My_gy

and similarly, we isolate by ;:
b1 =73 (wk, wi) — Y3 (Wi, uy) + Mp—oya (g, W) — Mppry2 (Up—i, u—y) + bp—o

Thus if we take the following formulas:

3 (mymy +3X) (b+aX + X? —Y?) — (a +3X?*—2m,Y) (a + 3X% +2m,Y)

n(u,v) = (g +1m0) (b + aX + X5 — v2)
—a® + 3aX? + 90X + 3XY?

R N G

v3(u,v) = — (4&3 + 4a*b,m, + 4a*b,m, — 8a*b,m, — 8a’bym, + a*m,m?
+ a®m2m? + a*m3m, — 2abym2m? + 3ab2?m?2 — Tab,b,m?
— 2abym3m?2 + 3ab2m? — Tab,b,m? + ab>m,m, + ab>m,m,
— 6abm,m, + 12ab,b,m,m, + Gabm2 + 60me2 + 27 — b3m3 + 9bb mi
— b2m> + 4bm3m?2 + 9bb,m?> — 6bb,m,m? — b2b,m,m?2 + 3bb,m,m
— b,b2m2m, + 3bb,m2m, — 6bb,m>m, — 3bub§ + 216202 — 303D, + 18bbubv
— 18bb% — 18bb2) / ((my + my)*(b+ aX + X° — Y?))

where

_bu_bv bu v_bv u
() i=un (-0 = ( Jeta )
My =+ My My =+ My

we get algorithm 4. Note that we assume that no line in the algorithm has O as a point
for simplicity. Those cases can be found in section A.5 of the appendix.
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Algorithm 4: Recursive Algorithm to Compute k[ : L3(F) — L3(E)

i =R, S VU SR

©

10
11
12

13
14
15
16
17

Input :u= (my,b) € L3(F); and a positive integer k with binary representation
k= kb,1 e klkg and k’b,1 =1.
Output: k& u = (my, by)

m,., b, < LineDouble(my, by);
ms, bs <— LineTriple(my, by);
my, by <— LineDouble(m,., b,);
for i < b—2to 0 do
if £, =0 then
my, <= y1(my, by, mg, by) — y1(—=mq, —=by, —m, —bs) — my;
My, bs <— m., v3(my, by, mg, bg) — v3(—mq, —by, —my, —bs) —
myy2 (M, by, Mg, bs) — miya(—my, —by, —my, —by)by;
my, b, <— LineDouble(m,., b;.);
my, by < LineDouble(my, bs);
else
my, < y1(my, by, mg, by) — y1(—=ma, —by, —m, —bs) — my;
M, bs <— ml, v3(my, by, mg, bs) — v3(—my, —by, —ms, —bs) —
myYa (M, b, Mg, bs) — Mo (—ma, —by, —myg, —by)by;
my., b, <— LineDouble(my, by);
my, by < LineDouble(my, b;);
end
end
return m,., b,;
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Chapter 4

Generalized Line Multiplication

In this chapter, we generalize line multiplication to other settings. We focus mostly on
generic line multiplication, since the formalism can be translated to other settings with
little work. This chapter should be considered as an optional addendum to chapter 3; the
definitions and results that are necessary for future chapters will be repeated in place. That
said, the generic algorithm is the basis for the main algorithms proposed in this thesis, so
it does not hurt to be familiar with it.

The main motivation for studying this generalization was to work with “toy” models,
where we could more easily make discoveries and test theories through computational
means. Many of these discoveries in fact had analogues for elliptic curve multiplication.
The notation and results from this chapter also set the stage for future generalizations.

Our first generalization of line multiplication is to linear n-set multiplication operation
Hk : L,(E) — L,(E), which is an analogue with n points for n € Z.o. For n = 2
this corresponds to z-only point multiplication, and for n = 3 this corresponds to line
multiplication.

Next we explain how the discussions and algorithms from chapter 3 generalize to re-
place E with an arbitrary abelian group. To achieve this, we focus on algorithms for
k@ L3(E) — L3(F), whose only connection to the specifics of the group E is via the
operation HH which computes the linear sum function. This then allows us to replace E
with an arbitrary abelian group. In particular, we translate the generic line multiplication
algorithm to work in the multiplicative group of a field. Then as an illustration, we propose
a variant of Cipolla’s square root finding algorithm.

4.1 Generalized Elliptic Curve Line Multiplication
We start by generalizing line multiplication in £3(FE) to arbitrary number of points:
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Definition 4.1.1. For a positive integer n,
L. (E)={fe€F(E)* : Div(f) > —n(0), f normalized at O}

and an element of L,(E) is called a linear n-set over E.

By the characterization of principal divisors, for ¢ € £, (E), the points of ¢ are P; for
i=0,...,n—1with

Div(f) = (P) + ...+ (Pu_y) — n(O)

and Py + ...+ P,_1 = O. Conversely, given such a collection of points, there is a corre-
sponding linear n-set.

Definition 4.1.2. The linear n-set sum operation is:
B: L.(F)xL,(F)— L,2(F)
with w B v being a normalized function satisfying:

Div(u) =(Py) + ...+ (Py—1) — n(O)
Div(v) =(Qo) + ... + (Qn-1) —n(0)
Div(uHv) = Z (P +Q;) —n*(O)

We then define a generic linear n-set multiplication algorithm to be an operation chain
in F(E) that starts with an element of £, (E) and where we allow the following operations:

e Multiplication between elements in the operation chain:

t Lo(E) X Lo(E) = Loyin(E)

e Division between elements in the operation chain, provided the result has no poles
away from . That is, the partial function:

+: Loypn(E) X Ly(E) = L,(E)
e The linear n-set sum operation:

B: L,.(F)x L,(E) = Lnn(E)

e The negation map H= —10: L,(F) — L,(E):

Div(u) =(Py) + ...+ (Py-1) — n(O
Div(Bu) =(—=Py) + ...+ (—=P,_1) — n(O)
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4.1.1 Generalizing to Abelian Groups

In section 4.3, we will generalize generic linear set multiplication to an arbitrary abelian
group G instead of E. Since we do not have an algebraic structure on G a priori, we
work with the collection of points in a linear n-set directly, rather than a function that
encapsulates them. So rather than working with £,,(E), we work with £ (E):

ﬁ:L(E):{(Po)—i‘(Pl)—i‘+(Pn_1)EZ[E] : P0+P1+...+Pn_1:(9}

We remark that there is a bijection between £,,(E) and £ (E), with ¢ — Div({)+n(O).
This is because the condition that Py+. ..+ P,_1 = O means that (FPy)+. ..+ (P,—1)—n(O)
is a principal divisor, and ¢ can be recovered as the normalized function with that divisor.

Furthermore, under this bijection, the H operation translates to multiplication in the group
ring Z[E].

The map k@ on £, (F) then corresponds to the k-power map on L (E):
T - (P0>++<Pn,1) — (kp())—i-—i—(kpn,l)

In these terms, it is now simple to generalize line multiplication to n points in an arbitrary
abelian group. This will be done in section 4.3. A very convenient observation is that in
this setting a “generic” algorithm to compute 7y is simply an operation chain in Z[E] using
the ring operations.

4.2 Generic Linear 2-Set Multiplication

Here we present the simplest non-trivial case of generic linear n-set multiplication on E. So
we develop the linear 2-set multiplication algorithm, which computes the map k& on Lo(F).
This is essentially equivalent to Montgomery’s z-only point multiplication operation from
section 2.7.

Non-trivial linear 2-sets correspond to z-coordinates for E in Weierstrass form:
Lo(E) ={x(x,y) =2 —zp e F(E) : P e E\{O}}U{1}
and we have Div(y) = (P) 4+ (= P) — 2(O). Our goal is to compute the function
(kB X)(z,y) =z — zpp.
Note that k @ x = (—k) @ x, which simply states that z-coordinates are invariant under

negation.
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The doubling formula for x(x,y) = = — xp is:

2B x)(2,y) =(x = z2p)

:ZL’+2IP— (a+3x%>2
2yp
. (a4 32%)* — 8zp(b+ axp + )
4(b+ axp + %)

a* — 8bxp — 2azx% + b
4(b+ axp + %)

The linear 2-set addition operation between xo(x,y) = — xp, and x1(z,y) =z — xp,
gives a function with the following divisor (when Py # £P):
Div(xo B x1) =(Fo + P1) + (P — P1) + (=Fo + 1) + (=P — P1) — 4(0)
=((Ro+ )+ (—F — 1) —2(0)) + (P — P1) + (=R + P1) — 2(0))

and so we have

(xo B x1)(z,y) =(x —x(Po + P1))(z — x(Py — P1)). (4.1)

Note that this corresponds to the fact that although we cannot distinguish x(Py+ P;) from

x(Py — Py) given only x(F) and x(P;), we can determine symmetric polynomials in those
quantities.

We will now explicitly compute a formula for xo B x; in the case Py # £P;:

(:U - 'IPO) H ('T - $P1) = (33 - :CPO"FPI)('T - xPO_Pl)

2 2
—~ +
Py ™ 4P Py = 4P

2 2 2 2 \2
2yp, + 2yp, Ve, —vp,)
(:UPO - xPl)Q (ngo - $P1)4
2btalepytap )t top + (ataf +opyr +25 )’

(CBPO _xpl)Q (xPO_xP1)2

=(z+xp, +ap)’ — (v + 28 +2p,)

:<‘r +Tp, + $p1)2 - 2(LC +Zp, + xpl)

It turns out to be quite simple to perform an operation chain to compute k. The
following formula will give us all of the needed ingredients. Given m,n € Z, we use
equation (4.1) to obtain:

Div(x) =(P) + (=P) — 2(0)
(mBx)B(nax)=((m+n)Bx) - (m-n)BX) (4.2)
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Just as for z-only point multiplication, this is interpreted as follows: given mEy,nE Yy, we
cannot determine (m +n) @ x, since we cannot distinguish it from (m —n) @ yx in general.
That said, we can determine symmetric combinations of the two possible outcomes.

In our generic linear 2-set multiplication algorithm, we will use (4.2) to perform the
“addition” step. Again, the key will be to assume knowledge of m @ x,n @y, (m —n) & x
to determine (m + n) @ ¥, just as is the z-only algorithm:

(mBx) B (nEx)
(m—=mn)Ex)

((m+n)Ex) =

Specifically, if we take m = n + 1, we get:

(nEx)B((n+1)3x)

Cn+1)Ex =
X

With this formula and the doubling formula, we can now perform a Montgomery ladder
operation chain. Suppose we want to compute k & x. The idea is that at each step of our
operation chain, we will keep track of two consecutive values (i @ x, (¢ + 1) @ x), where
¢ will be a truncated binary expansion of k. From that pair, we can compute either
(2iEx,2t+1)Ex)or (20 +1)B x, (2i+2) 3 x):

2B x=220G0:Y)

(Ex)HB(+1)BX)
X

(2i+2)Bx =28 (i+1)E )

2i+1)mx=

Hence by choosing the next bit of k, we can progressively compute these pairs until
we get (k@ x, (k+1) 3 x), and we are done. Specifically, we progressively compute
(1@ x, (i + 1) @ x) with ¢ being a binary truncation of k to its most significant bits. This
operation chain is called the Montgomery ladder, since it is essentially the same as that in
algorithm 5.
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Algorithm 5: Algorithm to compute k@ : L3(F) — L3(E)
Input : xy =2 — xp and a positive integer k£ with binary representation

k=ky ... kiko.
Output: kO x =2 — xkp
17,84 X,28x;
2 fori < b—2to0do
3 if k; = 0 then
4 ‘ T,S(—2ET,%;
5 else
6 ‘ T,S%TE;Q,2E|S;
7 end
8 end
9 return r;

For example, to compute 13-y, we write 13 = 11015 in binary and iteratively compute:

1: (1ox,28x) =(x,2E8 %)
. _(xB2EX)
11 : (35)(,45)()—( N ,QB(QEX)>
110 : (6mx,7mx):<2m(3mx),<3EX)T(4BX>)
1101 : (13|3X,14mx):((GEX)TWEX),QBUBX))

An important note is that the above algorithm calculates more than is necessary. In
particular, consider the operation H between xo and y;:

(l’ - 'TPO) H (I - xPl) =’ — (l’p0+p1 + ‘TPO—Pl)x + TPy+P TPy—P; -

This computes both the sum xp 4 p, + xp,—p, and the product zp,4p,xp,_p,. The z-only
multiplication algorithm from section 2.7 improves on this, since we only keep track of
Tpy+p, +Tp,—p, in the addition step, and the other coefficient xp,p, xp,—p, is made super-
fluous. A similar situation arose for linear 3-set generic multiplication, as we saw in section
3.9.

4.3 Generic Linear Multiplication

In this section, we explain how the generic line multiplication algorithm can be used in
a more general setting. Suppose that G is a multiplicative abelian group, with identity
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element denoted 14. In this context we will use the same terminology of linear sets to
denote elements of the following:

Definition 4.3.1. For a positive integer n, elements of the set

Lr(G) ={(g0) +(g1) + ...+ (gn-1) €Z[G] : go-G1"--. gn1 = lg}

are called linear n-sets over G.

Fork € Z and (g0) + (1) + ...+ (gn-1) € L3(G), the k-power map on L3 (G) is defined
by:

me((90) + (91) + - -+ (gn=1)) =(g6) + (gF) + ..+ (gh_1)

An element (go) + (g1) + ...+ (gn-1) € L3 (G) will be interpreted as an element g of G
for which we only have partial information; it is only known to be one of ¢o, g1,..., gn_1.
Note then that for k € Z, we have g5 - ... - gF | = 15, and so our goal is to compute the
same partial information about g.

In this setting, a generic linear n-set power algorithm computes the map 7, with
restrictions on the operations that are allowed. In fact, the restrictions are simpler to state
in this case: we are restricted to using multiplication in the group ring Z[G], element-wise
group inversion w_;. Explicitly, the following operations are allowed in the operation chain:

e Addition between elements in the operation chain.

e Subtraction between elements in the operation chain, provided the result has no
negative coefficients.

e Multiplication between elements in the operation chain.

e The —1-power map: (go) + ...+ (gn1) = (g0 ") + ...+ (g,1))

4.3.1 Generic Line Multiplication

Note that for the case n = 3, algorithm 3 can be directly translated into this setting.
The B operation in L3(FE) corresponds to the ring multiplication in Z[G]. Note that we
identify Z with a subset of Z|G] via the embedding n — n(1lg). Although we have not
done so explicitly, we can also easily translate algorithm 5 into a generic linear 2-set power
algorithm.
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Algorithm 6: Recursive Algorithm to Compute 7y : L3(G) — L3(G)

Input :u= (go)+ (g1) + (g2) € L3(G) and a positive integer k with binary
representation k = k... k1ko.
Output: m;(u) = (g5) + (91) + (95)
r, 8,1 < 3,u,u? — 27y (u);
fori<b—1to0do
if k; = 0 then
| ros b r? =21y (r), rs — mog(w)moy(s) + w1 (t), 5% — 211 (s);
else
| ros b4 87— 2w (s), st —um_1(s) + w1 (1), 1* — 2wy (t);
end

end
if k; =0 then
‘ return r;
else
‘ return s;
end

© W N O ok W =

= e e
W N = O
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4.3.2 Breakdown

We will now translate the concepts from section 3.8 to our new situation. The explanations
will be terse, because the explanations from the elliptic curve case can be repeated here

with little modification.

Definition 4.3.2. For u € L3(G) with points in cyclic order go, g1, g2, we define:

ure :=(g95g0) + (g¥g5) + (ghgb) € L3(G)

and uy = ug = mp(w).

In analogy with the decomposition of the line sum function, we now have

Uk * Up = Uk4¢ + Uk e + Up ke

As a consequence of the relation gogig2 = 1, there are multiple representations of wuy, ,:

Uk = U—pk—t = Up—k,—k
and thus the “bad” lines wy ¢, upx can be eliminated as before:

Uk * Up = Ut + U + Upk
U_g  Up—p = Ug—2¢ + Upp + Up i

Up_fp - U_f = Up_9f + Ugp + Ug g
from which:

Uppp = Ug—20 + Up Uy — U_g * Uk_g

= Ug_ok + U - Up — Up_f - U_f

This is the formula that forms the basis for algorithm 6.

(4.3)

In particular, the modified Montgomery ladder can be understood in terms of the

following:

Ugl = ui —2u_y
Ugk+1 = Ukt (k+1) = U—f—2 T UpUf41 — U—1U_f—1

2
Uk = Up — 2U_j—1

U2k+3 = U(k+2)+(k+1) = U—k + Up41Uk+2 — UTU—f—1

2
Ugkys = Up g — 2U_p_2

o8
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4.4 Linear Sets over a Field

Now we consider implementing generic line multiplication for G = F* with F being an
arbitrary field. Of course we could simply use algorithm 6 directly. But rather than
working over Z[F*], we would like to work in [F using field operations.

Then to encode a linear n-set wu:
u=(go) + (g1) + ... + (gn—1) € L} (F¥)

we note that there is a polynomial function in F[z] that vanishes exactly at go, g1, .-, Gn_1-
Moreover, it is unique up to a scalar factor. We choose the polynomial whose lowest degree

non-zero coefficient is 1; equivalently, we normalize the polynomial at oo with respect to

the uniformizer z~!.

More precisely, we let p,(z) € F[z] denote the normalized function whose zeroes corre-
spond to u:

u=(g0) + (g1) + - - + (gn-1) € L3,(F*)
pu(2) =(90 — 2)(91 — 2) - (Gn—1 — 2)
=1— (g5 +...+g. )z+ ...+ (go+ .+ g ) (=2)" + (—2)"

We note that since we are in a field, we can recover u by taking the roots of this polyno-
mial, with multiplicities. The addition operation in Z[G| translates into multiplication of
functions:

Putv =Pu * Po-

The multiplication in Z[G] can be expressed as a resultant:

5J
z
= ];[(gi - h_j)

= Res,(pu(2), 2" py(2/ 7))

4.4.1 Generic Line Multiplication Over a Field

Now we consider the n = 3 case of line multiplication in £3(F*), while working with the
arithmetic in F directly. So we will translate algorithm 6. Then we will see how to make
simple improvements; these will be useful to us since there will be analogues for elliptic
curve line multiplication.
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An element u = (go) + (g1) + (g2) € L3(F*) is encoded as p,:

pu(2) =(90 = 2)(91 = 2)(92 — 2)
=1 —t(u)z + s(u)z* — 2* € F[z]

where s(u) = go+ g1 + g2 € F and
t(u) = gogr + Gog2 + G192 = 9o + 91 ' + g5 = s(m_1(w)).

The addition operation in Z[G| simply translates into multiplication of functions, as
noted earlier: p,i, = py - p». The multiplication in Z[G] is the following when p,(z) =
1—cz+dz?—2%and p,(2) =1 —ez + f22 — 2%

puo(2) = [ [(g9ih; — 2) = Resz(pu(x), 2" pu(2/))

ij

=Res,(1 — cv + da® — 2%, 2° — fo2® + ex®z — 2°)

=1—cez+ (f +de* —2df) z° — (&’ + €* + cdef — 3cd — 3ef + 3) 2°
+ (Pde + ce*f — ce — 2cf* — 2d°e + d° f?) 2*
+ (—6262 + 262 f — cd*f + 2de* — def? + df) 2°
+ (cdef — 3cd + d* — 3ef + f* +3) 2°
+ (2ce—cf2 —ed2) 214 df2® = 20 (4.11)

The 2-power operation is simple to calculate:

pm(“)(z) = H (922 - Z)

i€{0,1,2}
=Res,(1 — cx + d2* — 2, 2% — 2)
=1—(c® —2d)z + (d*> — 2¢)2* — 2°

Note that we can calculate pr,()(2) = Res,(1 — cx + da? — 23,2 — 2) more generally,
using general resultant algorithms, but we will not be exploring this idea, since our main
motivation is to have a “toy” model of line multiplication.

So now we are ready to translate algorithm 6! Unfortunately, this is quite messy already.
It involves calculating p,., twice for each “multiplication” step, and then we need to do
multiplication and division with these polynomials of degree 9. It turns out that we can
do much better, and we only need to calculate a small number of the coefficients of p,.,.
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4.4.2 Improved Line Multiplication Over a Field

Suppose that we have a group homomorphism ¢ : G — F*. Then we get a ring homomor-
phism Z[G] — F with (g) — (g). This allows us to interpret the formulas from Z[G] in
terms of the arithmetic in F. So in this vein, we define sj , to be the image of uy, € L3(F*)
under the identity homomorphism:

Definition 4.4.1. For a line u € LY(F*) with points go, g1, 92 in cyclic order, we define:

Ske =909; + 9igs + ghgs € F
Sk :Sk70:g§+gf+g§ el

Recall the encoding of wy, ¢, which can be expressed in terms of the above notation:
k k k
Pur (%) =(9091 — 2) (992 — 2) (9290 — 2)

=1— (0% 97" + 995" + 95"95") = + (gb gt + g¥ g5 + ghgl) 2° — =
3

3
_ 2
=1- S_k,—% + Sk — R

So we can encode uy, as the pair of coefficients (s, S_r—¢) Of py, -

By the aforementioned principle, we have that for any k, ¢ € Z,

Sk+t = Sk—20 + Sk * St — S—q * Sk—¢
= Syg—2k + Sk St — St—k * S—k
Alternatively, a simple calculation verifies this directly. This allows us to run an algorithm

very similar to the generic algorithm directly. Namely, if we know sy, S+ (k+1), S+(k+2), then
we can obtain:

Siop =81, — 253k (4.12)
S4(2k+1) =Sx(k+2) T S+kS+(k+1) — SF1ST(k+1) (4.13)
S+(2k+2) =SE(et1) — 25F (ki) (4.14)
S4(2k+3) =Stk T St (kt1)S+t(k+2) — S£15F(k+1) (4.15)
S+ (2k-+4) :si(,ﬁg) — 284 (k+2) (4.16)

Algorithm 7 is a vast improvement over the generic algorithm itself, since that involved
computing p,., multiple times. Note that in there are approximately log,(k) steps in the
operation chain, and each step involves 4 squarings and 4 multiplications.

61



Algorithm 7: Algorithm to Compute 7y, : L3(F*) — L3(F*) Using F Arithmetic.

Input :c,d € F (representing p,(z) = 1 — cz 4+ d2? — 2°) and a positive integer k
with binary representation k = k... k1ko and k, = 1.

Output: (95" + 91" +95°, g6 + gf + 95), where (95" + 91" + 95", 90+ 91+ 92) = (¢,d)

r,s,t < 3,c,c® — 2d;

p, 0,7+ 3,d,c* — 2c;

fori < b—1to0do

if £, =0 then

r,s,t < 1> —2p,rs—co+T,8%— 20;

p,0,T < p*> —2r,po —ds +t,0?% — 2s;

else

r,s,t < s> — 20, st — do + p,t* — 27;

p,0,T <+ 02— 25,07 —cs+r, 7% —2t;

© W N O oW =

end

=
o

end
if k&, =0 then
‘ return r, p;
else
‘ return s, o;
end
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For example, to calculate sio5 given si1, we write 25 = 110015 in binary and iteratively
compute:

0: (s0,51,52) = (3,51, 52 — 25_1)
(S0,5-1,5-2) = (3,851,581 — 231)
10 : (59, 83,54) = (52,5150 — 515_1 + 3,52 — 23_2)
(5_2,5_3,5_4) = (5_2,5_15_9 — 515_1 + 3, 5%, — 252)
110 : (s6, 87, 88) =

2 2

S3 — 25_3,5354 — S15_3 + S_2,85 — 25_4)
2 2

§" g — 283, S_35_4 — S_183 + S9, S 4 — 284)

. 2 2
1100 : (812, 513, S14 S — 28_6, S6S7 — S1S_¢ + S_5,87 — 28_7)
2

11000 : (824, 525, S26

(5—24, 5_925,5-26

2
9 — 28 12, 812813 — S15-12 + S_11, 813 — 23—13)

8
)
($_12,5-13, S_14) = (5% — 256, S_6S_7 — S_186 + S5, 5”7 — 257)
)
)

2
12 — 2812, S_125_13 — S_1512 + S11, 5" 13 — 2513)

And we have obtained s.o5.
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4.5 Application: Cipolla’s algorithm

In this section, we propose an application of line multiplication in a square root finding
algorithm. This algorithm is a modification of Cipolla’s square root finding algorithm over a
finite field of odd order. In particular, we use our operation to implement an exponentiation
in a quadratic extension of a finite field. For some context about the general problem of
finding the square root of n € [F,, see for example section 11.1.5 of [3].

The idea for Cipolla’s algorithm is to choose a € F,2\F, with norm n. Then the
conjugates of a over I, are «, @, so their product gives the norm: a-a” = n. Equivalently,
we have o1 = n, so we can find a square root simply by raising o to the power of 1%1:

<osz2rl>2—oz'ozp—N(a)—n

Note that such an o will be a root of an irreducible 2? —ax+n € F,[z] for some a € F,,.
So we approach this problem by choosing a € F, randomly, and checking if z* — ax + n is
irreducible in F,[z]; concretely, we want a? — 4n to be a non-square, or equivalently

2y
(a n):_1
p

for the Legendre symbol. If this condition does not hold, we choose another a randomly,
and check again; since half of F consists of non-squares, it should not take long before an
appropriate a is found.

Once we have this value for a, we simply define a € Fj2\F, to be a root of 2% — ax +n.

Then as mentioned earlier, the other conjugate root is a?, so ot = n, and thus o' is a
square root of n. In the usual presentation of Cipolla’s algorithm, this is calculated using
a recursion.

We define 1y, s, € F), to be the coefficients such that

ok =T} + Spx.

Then since a® = aae — n, we can equivalently define ry, s;, via the following recursion:
(r0, s0) =(1,0)
(Tit1, Siv1) =(—ns;, ri + as;)
More efficiently, we can deduce a doubling formula:

2
o = (1, + s10)* =12 + 2rpspa + 520

=(r7 —ns;) + (2rps, + asi)a

(rok, s2) = (i — nsp, (2ry, + asy,)sy)
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Combining this with the previous formula, we get a “double plus one” formula:

(Tokt1, Sok+1) =(—nS2k, T + asay)
— (—n(2m + asg)sg, (ri —nsy) + a(2rps, + asi)
= (=n(2ry + asg)sk, 1 + 2arysy, + (a® — n)sp+)

= (—n(2ry + asg)sk, (rp + asg)® — nsj)

These two formulas allow us to perform an operation chain to compute QPTH, which

will give us a square root of n. This is presented in algorithm 8.

Algorithm 8: Cipolla’s Algorithm to Compute Square Root

N

© 00 N O ook~ w

10
11
12
13

Input : An odd prime p and an integer n satisfying (%) = 1; that is, a square in
F,.
Output: A square root of n € F),
a < Random(F,);
while (£212) 2 —1 do
‘ a < Random(F,);
end
r,s < 1,0;
fori < b—1to0do
if £, =0 then
‘ r, s < 1% —ns®, (2r + as)s;
else
| 7,5 < —n(2r +as)s, (r + as)? — ns?;
end

end
return r;
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Note that this calculation involves roughly 5log, n multiplications for the main loop.

4.5.1 Cipolla Using Line Multiplication

Now we will explain how we use line multiplication to compute o’ in Cipolla’s algorithm.
The simplest approach is to take

(@) + (o) + (a7771) € L3(F)
(@) + (n/a) + (1/n) € L3(Fy)

u

Then we will calculate 7p+1 (1), noting that it contains y/n := o’ . In fact, we have:
2

Lemma 4.5.1.

T () + (0) + (1) = (vVa) + (Vi) + (1)

2 n

Proof. Recall that /n = a"s" is in the base field [F,. Hence it is fixed under the Frobenius
automorphism, or equivalently

From this, we get:

So if we compute the coefficients of up+1, then we get:
2

1
1—57;%1,2—1-5%122—23:(\/5—2)2 <——z)

n

=1 - <n+%)z+(%+2\/ﬁ> 22— 28

and we can extract \/n = % (sm — %)
2

Recall that the standard implementation of Cipolla’s algorithm used roughly 5 log,(n)
multiplications. Our method requires roughly 8log,(n) multiplications, but there is room

66



for improvement. By adding a parameter to the above process, we can save one multi-
plication at each step of the operation chain. Note that while this does not make our
algorithm competitive, it illustrates how extra degrees of freedom can be used to improve
our operation chains.

We can achieve this improvement by adding a parameter k € F:
o aP k? o i
=@ () () e
[« l% k2
= (3-2) () (s
. (n n ak n a N E*\ 3
N 2 )~ A
n? + ak? an+k*\ , :
- (v)* (T) 7

Then we notice that this gives us some freedom in choosing the initial parameters ¢, d that
appear in each step of algorithm 7. In particular, we can choose one of ¢, d to be 0, to save

a multiplication at each step. To achieve this, notice that if we take a = n?b3 k = —nb,
then
(oz > a? k> ] 1 — n3p° 3
——z)|——z)|——z)|=1—-|—F7F+—2—2
k k n nb?
Then using the same process as earlier, we can recover («/ /’{;)ZDT+1 — Y™ Then we note
k2

p+1

that k= = k- k"= = £k, so k ((a/k’)T> = ++/n is a square root of n. Recall that we
need the following condition:
(a2 - 4n)
=—-1
p

Experimentally, by choosing a random b, we get this approximately half of the time for
a = n?b.
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Chapter 5

Diagrammatic Algebra

In this chapter, we introduce a diagrammatic algebra which gives a unified treatment of
various forms of line multiplication, as well as other diagrams that emerge from the study of
line addition. In chapter 6, we will supplement this algebra with a diagrammatic calculus
that gives explicit tools for designing line multiplication algorithms. The diagrammatic
algebra and calculus have a combinatorial flavor, with some inspiration coming from the
theory of combinatorial species.

The diagrammatic calculus is based on diagrams, a term we use to refer to incidence
structures on elliptic curve points, subject to certain constraints. We have already used
unlabeled line diagrams to represent elements ¢ € L3(F) in chapter 3:

Fy P Py

This usage will be given a precise meaning in this chapter. We will generalize the scalar
multiplication of lines to other diagrams. Then we will consider the structures that arise
when we consider the addition of two diagrams with the same structure. This will generalize
the linear sum diagram u H v that we have previously considered:

68



wHwv:

Py + Qo

This was introduced in section 3.10 as a natural structure on the possible sums between
points/lines of u, v € L3(F) with respective points Py, Py, P» and Qg, Q1, Q2. We will more
generally define nine point diagrams, as well as other diagrams that combine multiple
diagrams together. Nine point diagrams will be studied in greater depth in chapter 6.

Our diagrams will not be restricted to elliptic curves, but in fact will be defined over
an arbitrary abelian group. Recall that this was also the case in chapter 4; but in contrast,
the present chapter will take full advantage of this fact. For example, we use this to define
homomorphisms between diagrams, and we will re-interpret nine point diagrams as lines
of lines. In chapter 6, we will then revisit the diagrammatic algebra with elliptic curves
in mind. We will develop a diagrammatic calculus of formulas that encode structural
information about a diagram or between multiple related diagrams.

5.1 Label Structures

Recall that in chapter 3, we took a bottom-up approach: we first defined lines in L3(FE)
with little structure, and then added structure to obtain cyclically oriented lines. In this
chapter, we take a top-down approach, and start with labeled lines, where the points are
all distinguished from one another. More generally, we define labeled diagrams, and then
we will whittle down the structure to obtain more general diagrams suited to our needs.

To do this, we will borrow some concepts and terminology from discrete geometry. The
underlying structure of a labeled diagram is a finite incidence structure; it is from this
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structure that the labels will be taken. Since incidence structures normally have “points”
and “lines”, we will avoid a conflict of terminology by emphasizing their roles as labels:

Definition 5.1.1. An incidence structure © consists of a set P of point labels, a set £
of line labels, and an incidence relation J C P x £.

A line structure on a finite set N is the incidence structure £y with point labels from
N, and a single line label which is incident to all point labels. In particular, for a positive
integer n, the n-line structure £,, is the line structure on the integers modulo n.

We will normally represent our incidence structure with point labels drawn in a circle,
line labels drawn in a rectangle, and incidence will be indicated by a line emanating from
the rectangle and passing through the circle. For example an (n + 1)-line with line label a
is represented as follows:

£n+1 : _@ @ """" Q

In practice we will sometimes omit line labels, especially when considering n-line structures
individually. This will also be the case when there is little relevance to the label, or when
the context makes it clear. So the 3-line structure £3 will be represented as follows:

—0 o o—

5.1.1 Isomorphisms of Incidence Structures

When we later generalize labeled diagrams, we will use isomorphisms to allow for symme-
tries of the underlying structure:

Definition 5.1.2. An isomorphism ¢ : ® — ©’ between incidence structures ©,9" consists
of a bijection ¢ - P — B’ and a bijection ¢ : £ — £, which preserves the incidence relation.
That is, ¢(i) € ¢(k) < i € k for all (i,k) € P x L.

An isomorphism ¢ : © — D is called an automorphism, and these form a group Aut(®)
under composition. Any subgroup of Aut(®) is called an automorphism group.

In the simplest case of an n-line structure, the automorphism group is the full per-
mutation group S, of its labels. We will notate permutations in cycle notation, and the
group operation is functional composition; so for example, on labels 0, 1, 2, the permutation
(012)(01) = (02) transposes 0,2 and fixes 1.
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5.1.2 Nine Point Diagram Structure

We will often combine incidence structures into larger ones. Notably, we will work with
nine point diagrams, which will be defined on the following structure:

Definition 5.1.3. The following incidence structure N is the nine point diagram structure:

H

) G7) 6
N O—0—=
02) (2) (2

This in fact has 72 symmetries, generated by o, ¢, 7, with p being a reflection across the
northwest to southeast diagonal, ¢ transposing the lines (01) and 7 cycling the lines (012):
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Lemma 5.1.4. The automorphism group Aut(N) is generated by the automorphisms o,<, T,
which are defined on point/line labels as follows, working in modulus 3:

o(ij) = ji, <(ij) = (L —i)j, 7(ij) = (i+1)j
o) =0, () =Q1=1), 7() = (1 +1)j
oY =1, c()=1, 7(I") =T

Furthermore, this automorphism group has order 72.

Note that by applying combinations of ¢, 7, we can permute lines 0, 1,2 arbitrarily, while
fixing lines 0',1/,2". We can do similarly with ¢’ = oo, 7" = o70; these permute the lines
0’,1’,2" arbitrarily, while fixing lines 0, 1, 2.

Proof. First note that Aut(M) acts faithfully on the line labels; that is because if we are

given lines labeled ¢(i), ¢(j'), we must have the point labeled ¢(ij) at their intersection.
So we will consider Aut(9) as a permutation group on the line labels.
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We will prove that the order of the group is 72 by the orbit-stabilizer theorem. First
note that Aut(9) acts transitively on the line labels: id(0) = 0,7(0) = 1,72(0) = 2, 0(0) =
0, 07(0) = 1/, 072(0) = 2. So the orbit of 0 has order 6. Next we consider the stabilizer of
2; so suppose that ¢(2) = 2. Then ¢ must induce a permutation on {0, 1}, since the lines
labeled ¢(0), ¢(1) cannot intersect the line labeled ¢(2) = 2. Hence the stabilizer of 2 is
(¢,¢’,7"), which has order 12. Hence |Aut(N)| = 6« 12 = 72.

Lastly since (¢, 7,¢",7") C (0,5, 7) C Aut(N), the subgroup (p,s, 7) must have index 1,
so we are done. O

5.2 Labeled Diagrams

To form a labeled diagram D on an incidence structure ®, we assign a point P; € E to
each line label 7 € *B. For each line label j € £, we impose a condition on the collection ¢;
of points assigned to labels ¢ € P that are incident to j; namely, ¢; must be a linear set.
Recall from chapter 4 that a linear n-set is an unordered n-tuple of points from E that
sum to O. More concisely, it is an element from L2 (E):

£:L(E):{(P0)+(P1)++(Pn71>EZ[E] : P0+P1+...+Pn71:(9}

Definition 5.2.1. A labeled diagram D with incidence structure ® assigns a point p;(D) €
E to each point label i € B of D, and a linear set 1;(D) € L2 (E) to each line label j € £
of ®. Furthermore, for each line label j € £, the linear set [; must correspond to the
collection of points assigned to the point labels incident to j. The set of labeled diagrams
on ® will be denoted LYL(E).

We will normally indicate point assignments from FE for each point label, and then
linear set assignments will be implicit; we note that there is really no choice in the matter.

We will normally represent the point p;(D) near its label i; often this will be denoted
P; or similar. Similarly, the linear set [;(D) will be represented near the line label, or else
near an endpoint of the line drawing; often we will denote that line by ¢; or similar. For
example, if we assign a point P; € E to each i € {0, 1,2} such that Py + P, + P, = O then
we get a labeled line diagram:

B, P P,
—@® O @Q— ¢

The symbol ¢ then represents the linear set with points Fy, P;, P>, and this is assigned to
the (omitted) line label. We will use the symbol ¢° to refer to the above labeled diagram.
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In some cases, we simply use the symbol ¢, and the context makes it clear that we are
including the additional structure.

We will identify elements of £¢(F) with the n-tuple of points assigned to the labels:

Definition 5.2.2. A labeled n-line ¢° is an n-tuple of points (Py, Py,...,P,_1) from E
satisfying Py + Py + ...+ P,y = O. The set of labeled n-lines is denoted L (E).

Again, the indices will be in modulus n, and if n is not otherwise specified, it should be
taken to be 3.

5.2.1 Automorphisms on Labeled Diagrams

To define new classes of diagrams, we will take equivalence classes of labeled diagrams
under the action of a symmetry group. These symmetries will be automorphisms of the
underlying incidence structure, which will be applied to the labels of a diagram. So if
D € L(F) assigns the point P, € E to each label ¢ of ©, then 0D € L(E) assigns the
point P; to the label o(i) of ®. Equivalently, 0D assigns the point P,-1; to the label i of
D. More generally:

Definition 5.2.3. Given an isomorphism ¢ : ® — ©’ and a labeled diagram D € LL(E),
we define the labeled diagram ¢(D) on structure ®' as follows:

o p;(¢(D)) = py-1:(D) for each point label i of D'
o [;(¢(D)) = ly-1;(D) for each line label j of D'
The induced map ¢ : LY(E) — L,(E) is called a structural isomorphism.
This gives an action of Aut(®) on LH(E). For example, consider the automorphism

w = (012) of a 3-line structure. We can apply this to a labeled line diagram ¢ to obtain
the labeled line diagram w¢:

Py Py Py

—@® O @Q— ¢
P2 PO Pl

—@® O @Q— wl

As another example, recall the automorphism 7 € Aut(9) from section 5.1.2. Here we
have a labeled nine point diagram A on the left hand side, and 7N on the right:
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5.2.2 Labeled Diagram Arithmetic

@ 4
4

We will now discuss arithmetic in £3(F), with the goal of developing a more general
context to understand line arithmetic. We first define labeled diagram multiplication by
k € Z to be the map k@ : LH(E) — L (F) that multiplies each point by k:

Definition 5.2.4. For a labeled diagram D on an incidence structure ®, the multiplication
by k map k@ : LY (E) — LL(E) results in the labeled diagram k@D with:

pi(k © D) =kp;(D)
(k@ D) =k@ (D)

So for a labeled line ¢ € L3(E), and k € Z, we get:

By Py P

—© O O— ¢
k’P() k‘Pl kP2

—® 0, O— kot

Recall that the (unlabeled) line addition in £3(F) that we have considered has an
inherent six way ambiguity. In contrast to this, labeled line addition has no ambiguity,

since we simply pair the points according to their labels:
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I P Py
—@® © O—
0 P Py
—® ® o— &
P+P, P +P  PtP
—© O @Q— b+ 4

or equivalently,

(Po, P1, Po) + (Qo,Q1,Q2) = (Po + Qo, P + Q1, P> + Q2)
More generally, we can take the sum of two labeled diagrams in this same way:

Definition 5.2.5. For labeled diagrams Dy, Dy € LLH(E), the labeled diagram sum Dy +
D, € LY(E) satisfies the following for each label:

pi(Do + D1) = pi(Do) + pi(D1)

This operation is termed labeled diagram addition, and gives L{(E) an abelian group
structure. The identity element of this group is Do, which has the point O assigned to
each label.

For labeled lines, we denote the additive identity as follows:

Cle

(@)
—@

@— (o

We will extend our diagram multiplication k[ to include the possibility that k is a
structural automorphism:

Definition 5.2.6. For k = koog + ... + ko € Z[Aut(D)] with k; € Z and o; € Aut(D),
we define

kED:kIOE|00D+...+kmE]UmD

This notation will make it simpler to discuss addition of diagrams in certain contexts.
We will make good use of this notation in section 5.6.1, when we discuss cyclic line arith-
metic.
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5.3 Diagrams With Symmetry

In this section, we define more general diagrams in terms of labeled diagrams. In particular,
this will give a precise meaning to the line diagrams that we have used to represent a line

14 € ,Cg(E)

Py P, P,
3 . ® /

First we note that the points of a line ¢ € £3(F) are unordered. Hence if we want a diagram
that represents such a line, the diagram resulting from a permutation of the points should
be considered to be equivalent to the original diagram. Thus we define an unlabeled line
diagram to be an equivalence class of labeled line diagrams under arbitrary permutations
of its points.

More generally, a diagram will correspond to an equivalence class of labeled diagrams
on an incidence structure ® under the action of a symmetry group:

Definition 5.3.1. Given an incidence structure ® and an automorphism group S C
Aut(®), a diagram D with symmetry group S is an orbit of L3(E) under the action
of S. The collection of such diagrams is denoted L3(E).

If S is the full automorphism group, then we say that D is an unlabeled diagram, and
the set of unlabeled diagrams is denoted L4H(E).

Generally speaking, unlabeled diagrams will be drawn with filled circles, while labeled
diagrams will be drawn with unfilled circles. Furthermore, the labels will often be omitted.
Note that we will identify £3 and £gd} by a slight abuse of notation. Accordingly, a
diagram with only trivial symmetry group will also be termed a labeled diagram.

For a diagram D with symmetry group S, the notation D° will be used to refer to some
labeled diagram in its equivalence class. Normally D is defined in terms of a drawing, and
De° is understood to refer to the specific representative that is drawn. On the other hand,
we use the notation D*® to denote the same diagram, but with full symmetry group.

Recall that the n-line structure has points labeled by integers modulo n, and a single
line that passes through all of them. We will refer to any diagram on this structure as an
n-line diagram:

Definition 5.3.2. An n-line diagram is a diagram on an n-line incidence structure. An
unlabeled n-line diagram has full symmetry group S,. When n is not specified, it should
be assumed to be 3.

Later in this section, we will redefine the lines from previous chapters in diagrammatic
terms. Note that the line structure has automorphism group S3, and we will use the
generators p = (01) and w = (012).
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5.3.1 Automorphisms on Diagrams with Symmetry

Definition 5.3.3. Given an isomorphism ¢ : ® — ©' and a symmetry group S C Aut(D),
we define the symmetry group S” C Aut(D’) by element-wise conjugation: S’ = o Sop~t.
Then we can apply ¢ to D € L3(E) to obtain ¢(D) € LI (E).

In light of this, we consider automorphisms of diagrams with symmetry. To preserve
their symmetry group, we simply define the automorphism group of ® to be:

Definition 5.3.4. For a symmetry group S C Aut(D) of an incidence diagram D, we
define the S-automorphism group of ® to be the quotient of the normalizer of S by S:

Autg(Z‘D) = NAut(@)(S)/S
Note that for D € L3(E) and v € Npyo)(S), we have D = SD° for some labeled dia-

gram D° € L (F). Thus we can unambiguously define vD = vSD° = SvD°. Furthermore,
every element o € S acts trivially on D by definition.

5.3.2 Unlabeled Line Diagrams

An unlabeled line diagram ¢ € L3(E) will be represented as follows:

Py Py P
] 3 . /

This represents the equivalence class consisting of the following six labeled line diagrams:

Pg P, 1 P 2 P, 1 F 0 P 2

—© o O— rr —© o O— pl°
Py Fo Py Py Py Py

—O O Q— wt*© —O O, @— pwl®
Py Py Fo Py Py P

—® @ D— W —O @ O— ptte

Such an unlabeled line diagram corresponds to an unordered triplet of points of F/, with
repetitions allowed. Note that this gives an alternate but equivalent definition to the one
from section 4.1.1:

£§(E):{<P0)+(P1)+(P2)EZ[E] : P0+P1+P2:O}
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More generally, unlabeled n-line diagrams correspond to elements of £2(E) as defined in
section 4.1.1:

LAE)={(P)+...+(Pu1) €EZ[E] : Py+...+ Py =0}

5.3.3 Cyclic Line Diagrams

Now we can redefine cyclically oriented lines in diagrammatic terms:

Definition 5.3.5. A cyclic n-line diagram has symmetry group generated by the permuta-
tion i — i+ 1 in modulus n. We denote the set of cyclic n-line diagrams by L (E).

For n = 3, we simply refer to this as a cyclic line diagram. We use the notation
w = (012), and thus a cyclic line diagram has symmetry group {1,w,w?}. It is drawn as
follows:

Py P, P,
® . —> /[

and represents the following three diagrams:

Py P Py

—0 ® o—
P2 PO Pl

—© 0 @Q— wl°
P P By

—©@ O 2 w(°

We note that since S = {1, w,w?} is a normal subgroup of Aut(£3), cyclic line diagrams
have an automorphism group of order 2. We will use the symbol p for the non-trivial
automorphism.

5.3.4 Nine Point Diagrams with Symmetry

Any diagram on a structure isomorphic to 91 will be referred to as a nine point diagram.
An unlabeled nine point diagram will be represented as follows:
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Poo Py Py )
N* “
Py Py Py
6/
1
Poo Py Pao
gl
2
EU 61 /2

The prototypical nine point diagram is the uHwv line sum diagram that we have referred
to countless times. As we will see in the next section, the line sum diagram has 6x6x2 = 72
symmetries corresponding to an arbitrary permutation of each line, and to swapping the
order of summation. Thus the symmetry group must be the full Aut(91), since the latter
has order 72. Thus the line sum diagram is in fact an unlabeled nine point diagram.

In the following chapters, we will consider nine point diagrams with other symmetry
groups. The goal will be to track additional information in our operation chains, that
impose additional structure on the nine point diagrams that we consider. For example,
if u,v are cyclically oriented lines, then A can be determined up to a symmetry group
of order 18, and we will benefit from this in chapter 6 when we develop a diagrammatic
calculus.

5.4 Diagrammatic Arithmetic

In this section, we develop the arithmetic of diagrams in £3(F) for a symmetry group S.
The first step is easy; for a diagram D € L3(E), the scalar multiplication by k € Z map
simply applies to each labeled diagram in the orbit of D:

Definition 5.4.1. Given a diagram D with symmetry group S, let D° denote a labeled
diagram in its equivalence class. Then we define k@D to be the equivalence class of k= D°
with symmetry group S.

Next we consider operation chains to compute scalar multiplication. Of course, the
addition step will be our point of focus, as it has been for line multiplication in previous
chapters. First we consider unlabeled line addition; a typical 3-line ¢ represents six possible
labeled lines. Hence for ¢, ¢ there are 36 possible labeled sum lines! Of course, we will
consider such diagrams to be equivalent under the action of S, which reduces the number
of possibilities to 6.

80



This is a reinterpretation of the discussion from section 3.3 about the ambiguity inherent
to line addition. Explicitly, suppose that u,v € L3(FE) are represented by u°,v° € L5(E)
with respective points P;, (); on label ¢:

P P,

 Jae

[ ]
]
IS

Then there are six possible sum lines between u and v. Recall that for any line diagram ¢,
the notation ¢* indicates the unlabeled line that is represented by ¢:

2N S— Qo Py+ Qo Pre.  .4Q Py+ O,
PR S— Ql Pl + Q 1 P Ql Pl + QO
Py @i Q- P+ Q- Py @i Q- P+ Qs

v B v = w = (u® +v°)° u B v = wi= (u® + pv°)°
Pye, Qo Py+ Qo 2N S— Qo Py + Qo
P 1 Q 1 P 1 —|— QO P 1 . Ql P 1 + QQ
P Q2 Py + 1 Py e Qs Py + @

v B v = wy= (0 +we) v B ou = ws= (w0 A+ pwr)
Foe.. 2 Qo B+ @1 o e, 2 Qo Fy+ Qs
Pre. Ryl P+ Qs P P+
P 9 Qs Py + Qo Pe Q2 Py + Qo

? ° ? °
v B v = ws=(u®+whP) u B v = ws= (u°+ pw°)
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More generally, we define the following, which matches our definition of “sum line”
between elements of L3(F):

Definition 5.4.2. Suppose we have diagrams Dy, Dy € L3(E) with the same structure and
symmetry group. Let DY, Dy represent labeled diagram in their respective orbits. For any
o € 8, the equivalence class of D] + o D3 under S is termed a sum diagram between D,
and D,.

Next we recall that in section 3.10, we organized the six sum lines between u,v € L3(F)
into the following diagram:

uwHBwv:

Py + Qo

In the remainder of this section, we will precisely define this unlabeled line sum diagram.
In fact, we will generalize this to a diagrammatic sum between any two diagrams. We will
use this definition as the centerpiece of our renewed discussion of line addition, where we
reconsider cyclic line addition.

5.4.1 Isomorphic Diagrammatic Sum

Suppose that ©,®’ are two incidence structures, with respective labeled diagrams D, D/,
and suppose that I C Iso(®,®’) is a set of isomorphisms between the structures. We will
consider sums between D 4 ¢~ 1D’ as ¢ varies over I. In fact, we will put all of these into
a single diagram D H; D', called an I-diagrammatic sum. When I = Iso(®D,D’) contains
all isomorphisms, we call this a full diagrammatic sum.
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Definition 5.4.3. Given incidence structures ©,9" and a set I of isomorphisms between
them, we define © H; D' to have points and lines being respectively:

{(i,0(1)) : i€PB, oI}

{(k,o™") : ke g, pel}
where P and £ denote the point and line labels of ®. The incidences of DB; D" are exactly
those of the form (i,¢(i)) € (k,¢~') for each incidence i € k of ® and for each ¢ € I.

The full diagrammatic sum structure between £3 and itself is denoted £g, and can be
represented as follows:

id

° 2,0
pw?
1,2 °
pw
° °

We embedded £g in the Cartesian plane in modulus 3, which convenient choices of repre-
sentatives. Note that we simplified the line labels by ignoring the first components; these
would would have all been the same. We will next consider an example in more detail.

The idea behind this structure is that for each isomorphism ¢ € I, we will consider
D + ¢~ D' as a diagram on D, embedded into ® H; D’ by identifying the point labels
i < (i,¢(i)) and the line labels k <+ (k,¢~!). For example, consider a labeled line diagram
u on £3, and v on Ly, 5.}, With a structural isomorphism ¢ which maps 0 — «, 1 —
and 2 + 7. Then we consider u + ¢~ v as if it were a diagram on point labels 0, 1, 2:
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Py
—0
o]
—0
Qa

O+ 0O

Py + Qq P+ Qg P+ Q,

—() ), O—pe Ju+ 6o

Definition 5.4.4. The [-diagrammatic sum DH; D’ of two labeled diagrams on structures
9,9 with a set I C Iso(D,D’) of isomorphisms, is the labeled diagram on structure DH;D’
with

p.;(DHE; D)
[k’¢—1('D H; D/)

pi(D) + p;(D')
(D + ¢~ D)
(D) + Ly (D)

when I = Iso(D, ") contains all isomorphisms, we call this a full diagrammatic sum, and
denote it DB, D'.

For example, for labeled lines ¢y, ¢; with respective points Py, Pi, P> and g, @1, ()2, we
get the following full diagrammatic sum, with £, = (¢y + ofy)":
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With more detail, we get the following full diagrammatic sum for the ¢-related line
diagrams u, v from earlier, noting that we have changed the order of summation:

Qa—i‘PofJ\ QB"'Pl/J\ Q7+P2/J\

© @, @—oe] du+v
Qs+ P Qy+ B Qo+ P
vH.u: —@9 6@ @B 0,002 | pwu + v
Q'y+P1 QO[+P2 QB+PO
) () (B)Y—]q.00| pwu + v
q,9pw q,0pw?
opwu + v (/)pw2u + v opu~+v
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5.4.2 Diagrammatic Sum Symmetries

We will next define diagrammatic sums for diagrams with symmetry. We accomplish this
by defining an appropriate group of symmetries for an /-diagrammatic sum. First we note
that the full diagrammatic sum inherits the automorphisms of both of its summands:

Definition 5.4.5. The automorphism group Aut(D) x Aut(®’) acts on the respective point
and line labels of © H, ®’ as follows:

(00, 01) (%, J) :==(00(i), 01(7))
(00, 01)(L,¢™") :=(00(l), 000 ¢~ 007 ")

For example, for the linear sum structure £g = £3 H, £3, we can apply o € S in the
first coordinate. We illustrate this with the (o,id){, B, ¢, diagram:

Eoflw

The action of Aut(®) x Aut(®’) allows us to extend [-diagrammatic sums to include
diagrams with symmetry D € L3(E), D' € L3, (E). The symmetry group of D B; D’ will
be S x S’. For the symmetries to be well defined, we need that I C Iso(®D,D’) be closed
under composition on the right by S, and on the left by 5"
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Definition 5.4.6. Suppose diagrams D € L3(E), D' € L3,(E) are represented by D° €
LY(E), D”° e L,/(E) respectively, and that I C Iso(D,D’) satisfies S'ol oS = 1.

Then the I-diagrammatic sum D B D' has underlying structure © B; D', symmetry
group S x S’, and is represented by the labeled diagram D° H; D’.

For diagrams Dy, Dy € L3 (E) with the same underlying structure, we can take I = S to
get the ordered diagrammatic sum D] Hg D5. In this case, there is also another canonical
automorphism, and we will use this commutation automorphism to get a commutative
diagrammatic sum.

We note that generally, the /-diagrammatic sum operation is almost commutative; in
fact, DH; D" and D'H;-1 D are related by an isomorphism ¢ of their underlying structures.
For point labels, the map is (4, j) = (j,7); then we note that (i,5) € (I,¢ ') if and only if
i = ¢ 1(j) €[, which is equivalent to j = ¢(i) € ¢(I). Hence:

Definition 5.4.7. The commutation isomorphism ¢ : © H; ©" — D' H;-1 © is defined as
follows on point and line labels respectively:

<(i,7) :=(5,9), <(k,¢7") =((k), )
For the linear sum structure £g, the symmetry group has generators o, ¢, 7:

e 0 = (p,id) transposes (01) in the first coordinate. This can also be thought of as a
reflection across the line through the point labels 20, 21, 22.

e ¢ swaps the indices. This can also be thought of as a reflection across the line through
the point labels 00, 11, 22.

e 7= (w? w) is a translation by (—1,1) in the Cartesian plane.

We represent this as follows:
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Note that we use the same symbols for the generators of Aut(1); this is in fact coordinated:

Lemma 5.4.8. The linear sum structure is isomorphic to the nine point diagram structure
wvia the following map ¢ : £y — N which is defined on point labels as

¢ ij (1 —j—1)(—i—j)
in modulus 3, and on line labels as

¢ W k-1, pt s (k-1

Furthermore, we can identify the automorphism groups via conjugation by ¢. That is,
the symbol ¢ will represent both the commutation automorphism on £g and the element of
Aut(N) that permutes the line labels as (01); we also make the identifications o = (p,id)
and T = (W w).

We can represent this pictorially with the nine point diagram structure rotated 135°
counterclockwise relative to our usual representation, and with different representatives for

the point labels of £g in the Cartesian plane:
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T id 0 2/ 2
Lm 22 ' 22
1 1
2 /
! w 1 ! 1
1 1
11 : 01 21 ! 12
1 1
: ¢ w o : ¢ 0
00 20 10 20 11 02
1 1
: P !
1 1
12 : 02 10 : 01
1 1
2| : pw? :
(W ,W) 1 T 1
' 21 00
| 1 1
1 pw 1
1 1
1 1

For completeness, we note other translations between Aut(91) and Aut(L£g); namely

¢ =0(p,p) and 7" = (w,w); and in the other direction ¢ = (p,id), oc’s = (id, p), 7(7') "t =

(w,id) and 771(7) 7! = (id,w).

5.4.3 Diagrammatic Sum

Now we are ready to define a more general analogue of a linear sum diagram:

Definition 5.4.9. The diagrammatic sum D; B Dy between Dy, Dy € L3(E) is the S-
diagrammatic sum D] BHg D3, under the action of the symmetry group generated by S x S
and the commutation automorphism <. Fxplicitly, the underlying structure is © Hg D,
whose point/line labels are:

{(i,0(1)) : 1€P, p€ S}
{(k,o™") : ke g, ¢cS}

and incidence is given by (i,$(i)) € (k,¢~') for any ¢ € S whenever i € k in ®. The
point/line labels are assigned points/linear sets as follows:

pi; (D} Bs D3) =ps(DY) + p;(D3)
[, 61 (DS Bs D) =, (D + ¢~ ' D3)
=l (D7) + lyk) (D3)
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The symmetry group of D1 B D,y is generated by S x S along with the commutation auto-
morphism ¢:
(017 02)(i7j) :(Ul(i)v UQ(j))’ (01’ 02)(k7 qb_l) = (Ul(k)> 010 ¢_1 o 02_1)
<(i,7) =(:4), S(k,07") = (6(k), 9)

For example, consider labeled lines ¢y, ¢; with respective points P;, (); for i = 0,1, 2.
Then the diagrammatic sum ¢, H ¢, is essentially the same as the labeled line sum ¢y + ¢:

Py + Qo P+ P+ Qs
—© O, @Q— b+ 14

Py + Qo P+ Qs Py + Qs

—® @ @— LB

This is because a labeled line has trivial symmetry group, so the points must be paired
together in the only possible way. We will in fact make this identification between u + v

and u H v for labeled lines u, v.

For unlabeled lines £§, ¢} € L3(F) represented by (y, (1 € L5(E) with respective points
P;, Q); on label 7, we get the following diagrammatic sum:
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The lines in this diagrammatic sum are £, = (u® + 0v°)* for o € Ss, at the label . This is
in fact an unlabeled nine point diagram, since its symmetry group is the full automorphism
group of the underlying structure £g.

5.5 Homomorphisms of Diagrams

Our next step in understanding diagrammatic arithmetic is to take a closer look at the
structure that appears in the diagrams we consider. Our main tools for this will be dia-
grammatic homomorphisms, which we will define in this section. We will use diagrammatic
homomorphisms to express relations between various quantities involved in a diagrammatic
addition. For example, the forward difference of a cyclically oriented line is given by a di-
agrammatic homomorphism, and can also be recovered from the linear sum diagram via
a homomorphism. We will work with a general abelian group G here rather than E; the
benefits of this will soon become clear.

First we note that given an isomorphism ¢ : ® — @’ of incidence structures, we have
already seen how to define a structural isomorphism ¢ : £ — L3,. In this section, we will
think of this as follows: for a label ¢ of ©, think of p; as a function that assigns a group
element of G to a diagram from £3(G). Then we define a diagram on ®’, where to a point
label i, we assign the function p,-1;. Then when we “plug” a diagram D in, we get the
labeled diagram ¢(D) on ©'.

For example, if ¢ : £3 — L4 5,) maps 0 — «, 1 = 3, 2 — 7, then the structural

isomorphism ¢ is represented as:

Po p1 P2
—Q) @ O)— Qb

and by plugging in the following ¢, we get ¢(¢):

pol) =P Pl)=P p({) =P,
—@ ® O— o)

More generally, for a diagrammatic homomorphism H : £ — L3, to a label of ®’
we will assign a linear combination of the functions p; from ®. For example, the forward
difference homomorphism A : £ — L3 is given as follows, along with its application to
the labeled line ¢ from earlier:
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P2 — P1 Po — P2 P1—Po

—O © O— A
Py =P Py— P P =P
—O @ O— Al

Another example that we have seen is the multiplication by k£ map k[ is a diagrammatic
homomorphism on any structure, with k0 : £5 — L3 represented as:

kpo kpy Epo
—O O @— k@

Precisely, these assignments will come from the following group:

Definition 5.5.1. To each incidence structure ®, we associate an abelian group (D) which
is called the diagrammatic group, and is presented as follows:

e For each i € *B, there is a generator p;

e For each j € £, there is a relation Ziej pi=0

For example, (£3) is generated by pg, p1, P2, and those satisfy pg + p; + po = 0. Now
we simply define a diagrammatic homomorphism H : £ — L3, to be a labeled diagram
on L3, with point label i’ of ®’ being assigned a value from the diagrammatic group (D).

In other words, H € L,((D)):

Definition 5.5.2. A diagrammatic homomorphism H : £3 — L3, is an element H €

> (D).

For a group G, a diagrammatic homomorphism H : L3 — L3, gives rise to a map
H: LY(G) — L%(G). To describe this, start with D € £(G) which assigns p;(D) € G to
a point label ¢ of ©. Then in the diagram H, if each instance of p; is replaced with p;(D),
then the diagram H (D) € L£3,(G) is obtained. We will make this more precise in the next
subsection.

5.5.1 Algebraic Definition of Diagrammatic Homomorphisms

To more precisely define diagrammatic homomorphisms, we start with a more algebraic
definition of a labeled diagram:
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Definition 5.5.3. Given an abelian group G, a labeled diagram D over G with structure
D corresponds to a group homomorphism I'p : (D) — G. Equivalently,

o A group element p;(D) :=T'p(p;) € G is assigned each i € P

e For each j € £, the assignments are subject to the constraint Ziej pi(D) =0
The collection of all labeled diagrams over G with structure ® will be denoted L (G).

Now we reconsider our definition of a diagrammatic homomorphism H € L£3,((9D)).
Such an H corresponds to a group homomorphism I'y : (®') — (D). Thus from D €
L3 (G), we obtain HD € L3, (G) by functional composition I'yp :=I'p o I'g:

Definition 5.5.4. Given incidence structures ®,9’, a diagrammatic homomorphism H :
LY — L3 is an element of LY, ((D)). For D € L(G), we define HD € L3,(G) via the
associated group homomorphism I'yp := I'p o 'y, where o represents functional composi-
tion.

We can apply a diagrammatic homomorphism to a diagram with symmetry, under the
proper conditions. For H : L3 — £3, we would like to simply define H : L3 — ﬁ%/,, but
this might run into trouble. Namely, the result should not change if we apply o € S to D;
hence Ho should be equal to o’ H for some ¢’ € S’. But if such a condition holds for each
o € 5, then we in fact get a well-defined diagrammatic homomorphism:

Definition 5.5.5. Given incidence structures ©,9’, and respective symmetry groups S, S’,
suppose that H : L3 — L3, satisfies Ts o'y C Ty olg. Then we define H : L3 — L3,
to be the orbit of H € L,((D)) under the action of S'.

Note that for D € L£3(G), we will have HD € £2,(G) with HD = S'(HD®) for any
representative D° € L (G).

An example of a homomorphism with symmetry is the forward difference homomor-
phism on cyclic line diagrams A : L% — L5:

P2 — Py Po — P2 P1—Po
° ° —> A

P2_P1 PO_P2 Pl_PO
° ° — A/
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5.5.2 Forgetful Homomorphisms

We have already worked with a simple example of a homomorphism of diagrams with sym-
metry; namely the homomorphism (-)* which turns an arbitrary diagram into an unlabeled
diagram:

Definition 5.5.6. For an incidence structure ® and symmetry groups Sy C S1 C Aut(D),
the following forgetful homomorphism is induced by the identity homomorphism:

() L — L
When Sy = Aut(D), this is denoted (-)°.

For example, a labeled line diagram ¢ gives rise to a cyclic line diagram plidww?}
which we normally denote ¢~. These examples of “forgetful” homomorphisms all leave the
collection of points on a labeled diagram untouched, but there is no homomorphism which
can recover the original structure.

We will more generally refer to homomorphisms with this property as forgetful. Another
such homomorphism on a nine point diagram this outputs the unlabeled 9-line that contains
the same points:

Definition 5.5.7. The forgetful homomorphism |-| : £5; — L£§ is defined by the following
diagram (with N included below as a reminder):

Poo  Pio P20 Por P P2 Poz Pz P22
g —O0—0O—0—0O—0—0—O—O0—0— |
oY @J@ S
" —O—O—O-
02) @[@ G2

We note that this is possible because N can be partitioned into 3 lines; hence the points
of N sum to O.
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The forgetful homomorphism encompasses the same information as the normalized
function N (z, y) € F(FE) that vanishes at those nine points. Hence we consider this forgetful
homomorphism to be a purely diagrammatic analog to diagram functions that we will study
in chapter 6.

5.5.3 Line Extraction

We would like to view the lines in a nine point diagram as labeled lines in their own right.
To accomplish this, we define homomorphisms to extract the lines:

Definition 5.5.8. For i € {0,1,2}, the diagrammatic homomorphism l; : Ly — L is
given by:

Pio Pi1 Pi2
—Q© O @Q— [

and similarly for j € {0,1,2}:

Po; P1j P2;
—O O O— [

Note that [p + I + o = [[ + [} + [, = 0 is the zero homomorphism.

5.6 Linear Arithmetic

Here we will discuss the arithmetic of line diagrams. We will recontextualize the results of
previous chapters, and outline the progress that we will make in future chapters.

The diagrammatic sum uHBwv for u,v € L3(E) carries a lot of information about the line
sum u + v between u, v, given only the unlabeled lines themselves. In the next chapter, we
will develop a diagrammatic calculus which will help us to use this additional structure. In
contrast, the generic line multiplication that we have previously focused on “forgets” a lot
of the structure found in the diagrammatic sum. In fact, the generic algorithm only uses
the unlabeled collection of points, and thus essentially we are working in £?(E). Recall
the forgetful homomorphism from definition 5.5.7:
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FPoo Py Py
g/
0
Py Py Py || Poo Py Py Poo Py
N 0 — |V
P Po1 Py Py
Py Py Py
g/
2
L A 0,

Most of the progress we make in the following chapters focuses in one way or another
on improving on generic line multiplication, by using more of the line sum structure. In
particular, we will impose additional structure on lines u, v, and then take advantage of
the additional structure on u H v that results.

5.6.1 Cyclic Line Arithmetic

The simplest way to add structure to the line sum diagram is to add structure to the input
lines. So we now reconsider cyclically oriented lines u,v € L5(E):

Py Py Py
° ® ® > U
Qo 1 Q2

Now we reconsider cyclic line arithmetic of section 3.4, in terms of line diagrams. We
start by noting that 1+w +w? acts as 0 on labeled line diagrams. That is, (1 + w + w?) @/
is the identity element {o for any labeled line diagram ¢ € L5(E):

@) (@) (@)
—© O O— (H+wl+wl =1p

Thus we have an action of the Eisenstein integers Z[w]|/(1 + w + w?) on labeled line
diagrams. In particular, note that (w — w?) ¢ is the following forward difference:
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p-P  P-P, P -R
—© O O— (w—w?)l=Al

Furthermore, we will notate /—3 := w — w?, noting that in the Eisenstein integers
2
(w—w?)" = =3.

Now we can reinterpret cyclic line diagrams as orbits of £3(FE) under the action of the
Eisenstein integers {1,w,w?}. Then we get an action of the Eisenstein integers on cyclic
line diagrams, and we simply have v/—3 @ ¢ = Af. Note also that w [ ¢ = ¢ for a cyclic
line diagram ¢ € L5(E).

Given a cyclic line ¢, suppose we want to calculate k@ /¢ for k € Z. Recall the auxiliary
lines ¢, ,, that we introduced in section 3.8, with points mP; + nP,+; for ¢ in modulus 3.
We can now simply define this as ¢,,, := (m + w?n) & ¢

mP0+nP1 mP1+TLP2 mP2+nP0
o o — lppn=(m+w?n)@l

This notation will simplify matters when we reconsider cyclic line multiplication. To
illustrate this, observe that the transformation rules ¢,,,, = €,,_p —m = {_ym—n are more
simply stated as p @ ¢ = wp @ ¢ for an Eisenstein integer p. If we add cyclic line diagrams
pE ¢ and v ¢, then we get three possibilities: the “good” sum (u + v) [ ¢, or the “bad”
ones (1 +wv) @Y, (p+ w?v) @ L.

The following is the diagrammatic sum of u and v, which we notate u” H v>:
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The three possible cyclic sum lines between © and v are indicated as ¢4, £, {,2. The indices
indicate that £, = (u°® + 0v°)”, with the superscript > indicating that we are considering
the parenthesized line diagram as being a cyclic line diagram.

Note that this diagrammatic sum has a group of 18 symmetries. In contrast, a disjoint
union of three cyclic lines would have 3 * 3% 3% 6 automorphisms, corresponding to shifting
each line arbitrarily, and then permuting the three lines arbitrarily. The arrowheads and
dotted lines indicate the extra constraints that make this distinction. Namely, the sym-
metries of the diagrammatic sum are exactly the nine point diagram automorphisms that
take dotted lines to dotted lines, and respect the indicated line orientations.

To be more explicit, Aut(u” B v”) = (¢,7,7'). Geometrically, the commutation au-
tomorphism ¢ is a reflection across the diagonal in the (1,1) direction; 7 = (w? w) is a
translation by (—1,1) and 7" = (w,w) is a translation by (1,1). A nine point diagram
with the same 18 symmetries will be called a cyclic nine point diagram. We include the
following diagram as a reminder (drawn differently from that in section 5.4.2):

98



2532

So we have 60 — gw, 61 g €w2, 62 <~ gid'

5.6.2 Forward Differences

Now we consider the problem of recovering Au, Av € L5 from the linear sum diagram. Since
the point at coordinate (i, 7) is P, + @;, this is easy to accomplish. Namely, by starting at
any point and taking the forward difference while traveling in the (1,0) direction, you will
get Au, since the @); terms will cancel out. Now we will describe this in terms of Aut(91),
since the diagram will not always be so nicely fit into a grid. Hence we take the forward
difference starting in the 7(7')"! = (w,1) direction. Similarly, we get Av by taking the
forward difference in the 771(7")~! direction.

Now we will define these as functions of a labeled nine point diagram:
Definition 5.6.1. The northeast forward difference homomorphism [ : L5 — L5 and the

northwest forward difference homomorphism Ix : L5 — L5 are represented as follows:

P11 — Po2 Poo — P11 Po2 — P20
—© ® @Q— [

Po1 — P12 P20 — Po1 P12 — P2
—© O @O— Kk

We can verify that Au = [x(u B, v)” and Av = Ix(u B, v)” when u B, v is identified
with the following nine point diagram:
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r(u B, v)

Py + Q) Py + Qo Po + Qo
Py~ P
Po+ Q> Py + Qo Py + @y
O O ([[»
P+ Qo Py + Q1 P+ Qs

/ ol o Wy

In chapter 6, we will find explicit formulas for [#(N) and I[<(N), and these will give us
relations between lines involved in a line addition step.

Note that Ix = [; 0 ¢, which corresponds to the fact that ¢ changes the order of sum-
mation, when considered as an automorphism of u B, v. In the same vein, if we apply p
to the first summand u, the forward difference becomes:

Apu = (w — w?)pu = p(w? — w)u = —pAu

and this corresponds to the operation p € Aut(I). Hence we define [y = —pl; = [70 ¢ and
similarly Iy = —plx:

Definition 5.6.2. We define the southwest/southeast forward differences respectively as:

P11 — P20 Poz — P11 P20 — Po2

—© O Q— I
Po1r — P20 P12 — Po1 P20 — P12
G ® O— I
Of course, as unlabeled lines these are simply the negatives of the other two: [, = —I[5

and I§ = [R.

Now we note that [»(u B, v) = Aw is invariant under (id, o) for any o € S3. These in
fact translates into invariances of [ as a homomorphism (see section 5.4.2):
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Lemma 5.6.3. The homomorphism » is invariant under composition on the right by
(oc's, T7'), while Ix is invariant under {o, 77 7').

Proof. We verify this for [ first:

Po1 — P12 P20 — Po1 P12 — P20
—© O O— k

P10 — P21 Po2 — P1o P21 — Po2
—Q@ 0 @— koo

P10 — P21 Po2 — P1o P21 — Po2
—0© @ @O— Ixo (7717

Then we note that pg; — p12 = p1o — P21 holds because 0 = po1 + P11 + P21 = P1o + P11 + P12
by collinearity; the other two points on Ig and Ix o ¢ similarly match. Clearly the last two
lines are the same. Then since [x = [ 0 ¢, it follows that [ is invariant under ¢pos = o<’
and ¢717'¢ = 77", O

Now we compare the following three representations of [, obtained by successively
composing on the right by 77"

P11 — Po2 Poo — P11 Po2 — P20
O @— Ix

5

Poo — P21 P12 — Poo Po1 — P12
O @— L =1Ilro77

5

P22 — P1o Po1 — Pa2 P10 — Por
@ @O— = Iy0(77)?

5

Then we notice that by mixing and matching these representations, we can express [
in terms of Iy, [1, [y (see section 5.5.3):
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P11 — Po2 P12 — Poo P10 — Por
@ @_ [7|:u}2[1 —w[o

5

Poo — P21 Po1 — P22 Po2 — P20
® O— =) —w’h

5

P22 — P10 P20 — P11 Po1 — P12
_@ @ @— [7| = UJ[Q - [1

Note that the equality of these expressions is a consequence of the fact that [+ [; + 3 = 0.
More generally:

Lemma 5.6.4.

[7| :LLJ[Q — [1 = [0 — w2[2 = w2[1 — LL)[O

c =l — w?ly = wly — [p = W2y — wh

Proof. The first line was already demonstrated. The second comes from Ix = [0, noting
that [jogc =1, ho¢=[lpand [bo¢ = 1[5. O

We will often use the expressions In = w?l; — wly, [k = wW?ly — wl; directly, since they
are easier to work with than the definitions themselves.

5.7 Nine Point Diagram Dichotomy

In this section, we discuss nine point diagrams, and elaborate on the dichotomy between
viewing it as 91 or £g. Recall that the structure £ was defined to be the structure of a
diagrammatic sum. This structure arises naturally as a way to organize the various sum
lines ¢, between two line diagrams u,v. On the other hand, the structure 91 has been
analyzed as a collection of three labeled lines which sum to zero [y + [; + [ = 0, as well as
an involution p.

To connect these two points of view, we start by considering a sum line ¢/, between
lines u,v. We then note that the sum between —u, —v and /¢, vanishes, if the addition
is interpreted appropriately. And that interpretation is best expressed with a nine point
diagram structure on —u, —v, {,! For example we take the lines —u°, —ov°, {,:
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l _P(] l _Qo—lo l Py + Qa—lo

(—u®, —ov°, 02) :
—-P Q511 P+ Qs-11
—P —Qs12 Py + Q519
—u® —ov° ly

noting that the other three lines indicate how to connect points from —u, —v, ¢, to obtain
{p as a sum.

We can in fact connect the all of the diagrams obtained this way together into a com-
pletion diagram. On top of that, since all sum points P; + ); and sum lines ¢, appear,
it will also be endowed with a w H v diagram among those. Just as a nine point diagram
contains 6 line diagrams, the completion diagram will turn out to contain 10 nine point
diagrams in its 15 points. Completion diagrams connect all of the lines that appear in a
step of line addition. In the next chapter, we will show that a large array of relations can
be simply understood on a completion diagram.

5.7.1 Completion Diagram

We will now define the completion diagram structure, in terms of the linear sum structure
L£5. To obtain the point labels of €, we start with the point labels of £, then append
points L0, L1, L2 and RO, R1, R2, to represent the points of —u, —v in the (—u, —v,/,)
diagrams. Then we attach two line labels L, R which are incident to Lz, Ri respectively for
1 = 0,1, 2. Lastly, for each point label ij of £, we add a line label ¢5 which is incident to
the point labels Li, Rj,ij.

Definition 5.7.1. The completion diagram structure € has point labels:
{ij :i,7€{0,1,2}}y U{LO0, L1, L2} U{RO, R1, R2}
and line labels
{L,R}yU{ij :i,7€{0,1,2}} U S;
with incidences:
LieL, Ri€R, LiRjijcij iclico
for each i,j € {0,1,2}.
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We attach an automorphism group to this, which acts on the lines labeled L, R. In fact,
the symmetry group is the same as that for the linear sum structure £5 and O, and we
will reuse the notation. First we present the Aut(€) using the notation of diagrammatic
sums:

Definition 5.7.2. The automorphism group Aut(€) is generated by S3x S3, and an element
¢ of order two. The subgroup S3 x S3 acts on point labels via

(op,0r): Liw Lop(i), Rir Rog(i), ijw> or(i)or(j)
and on line labels via
(op,0r): L~ L, R— R, ijw op(i)or(j), o+ opoog'
while ¢ transposes point labels 15 <> ji and Lv <+ Ri; and transposes line labels 15 <> ji,

L+ Rando <o ! foroeSs.

We use the notation T = (w?,w) and o = (p,id), and note that Aut(€) can be identified
with Aut(Lg) and Aut(N) via this notation.

Now consider the incidence that only includes the two lines labeled L, R. In fact,
that structure is diagrammatically isomorphic to €, since the inclusion homomorphism is
inverse to a “forgetful” homomorphism; this is because all of the point/line assignments
are determined by the two lines labeled L, R. We will not make explicit use of this fact,
but we mention it as a good example of a non-structural diagrammatic isomorphism.

We represent the € structure as follows:
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The dashed lines/points represent repeated features, and are only included to simplify
the pictorial representation. We will apply the 7 automorphism often, and this representa-
tion allows for a simple interpretation; 7 shifts everything downwards one level wrapping
around at the bottom.

We will normally use simplified representations of the following form for completion
diagrams:
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P12

Where P;; = —Pp; — Prj. We are most interested in the 8 solid lines, and more specifically
the 5 red lines, but we will also make use of the others. When we do, we will apply a
symmetry first to reveal the hidden lines. For example, we can apply (w, 1) to get:
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POZ

and the dashed lines have been swapped out for other hidden ones. We will revisit these
diagrams in section 6.5.

5.7.2 Diagrams Within Diagrams

Because of the increasing complexity of our pictorial representations, we will introduce
simplified representations. But rather than doing this in an arbitrary way, we will use the
theory that we have developed so far. This will take advantage of the fact that we are
working with an arbitrary group G.

We will interpret a nine point diagram as an element of £$(L5(E)):
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4y 2 ly

where we view (; € L3(FE) as a labeled line with p;(¢;) = p;;(N). Then £y + €1 + b2 = (o
vanishes, so this is properly a labeled line diagram of labeled line diagrams!

This allows us to abbreviate completion diagrams as follows:

Note that each ¢; represents a labeled line, and the straight lines represent nine point
diagrams thought of as elements of L$(L3(E)). The curved lines on the top and bottom
represent the nine point diagrams with lines w?(y, wfy, (4 and wly, w?ly, ¢, respectively.
The line labels L, R, id,w, w? will normally be omitted.

We often focus on the following automorphisms, which use the notation for Aut(Lg) =
Aut(MN):
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Noting that the same three labeled lines appear on the right of all of those diagrams.

5.7.3 Line Addition and Completion Diagrams

Given this simplified notation, we can now discuss line addition in simpler terms. First we
note that for labeled lines ¢, {r € L5(F), we can fill in the completion diagram as follows:

C(EL,€R> .

w —wa — wZER

In particular, if three labeled lines form a nine point diagram N" = N'({g, £1, ), then the
forward difference lines /s = Is(N), {7 = [2(N') can be placed into a completion diagram.
Recall from lemma 5.6.4 that [ = w?l; — wly, Ik = w?ly — wly, and hence:
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£7| = w2€1 - (,UEO

In fact, we can say much more than that. Recall from section 3.5 that in a step of a
cyclic line addition, we start with lines u, v with cyclic orientations encoded via the forward
difference lines Au, Av. Then to perform a step of the ladder we further assume that we
are given u — v and its orientation A(u — v), and u — 2v. For notational reasons, we treat
these all as labeled lines. Then when we try to add w and v, we get three possibilities
u + v, wu + wv, wu + w?v; these appeared earlier in the completion diagram, but we will
take a different point of view at the moment. Namely, all of the lines mentioned in addition
to u, v appear in the following two completion diagrams:

C(w?u + wu, wu + w?v) :

wu + wv wu + w?v

In the next chapter, we will see that two completion diagrams that differ in the sign of [g
are algebraically related, and this will be used for new approaches to line addition.
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Lastly, we note that a completion diagram is essentially a simplified nine point diagram

in LG(L5(E)):

wly @r

L:l
=
L

I 2 ly

e
]_

L1
]
L1
]

wly w2ty by
o

where we identify the cyclically shifted lines together. This highlights an interesting par-
allel; we are essentially using L£5(L3(E)) to study L5(L3(E)), just as we used L3 (E) to
study L5(F).
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Chapter 6

Diagrammatic Calculus

In this chapter, we will attach a diagrammatic calculus to the diagrammatic algebra that
we developed in chapter 5. The main use of this comes when diagrams are connected
together to form larger diagrams. Then the calculus will consist of formulas that express
algebraic relations between the smaller diagrams.

The first important case comes when we combine six line diagrams together into a
nine point diagram. The diagrammatic calculus will attach formulas expressing relations
between the various lines involved in a nine point diagram. Recall that nine point diagrams
arose in section 3.10, as a natural structure on the possible sums between points/lines of
u,v € L3(E) with respective points Py, P, P, and Q, Q1, Qs:

uBwv:

Wo
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In section 3.10, we already had a primitive nine point diagram calculus, consisting of
formulas such as:

wi(xvy) =y —mx — b

mi + Mo + M3 = My + My + Mg

Unfortunately, that calculus is unlikely to suffice for a line multiplication operation chain,
since the lines wy, ws, wg are hard to work with.

In chapter 5, we reinterpreted the nine point diagram u B v as a diagrammatic sum.
This more general view allows us to see the additional structure that a nine point diagram
gains when the lines u,v are given additional structure. For example, by adding cyclic
line structures, we reduce the number of possible linear sum diagrams from 72 to 18.
Furthermore, the cyclic orientations of u,v have a simple relation with the orientation
J(uBv), and this allows us to distinguish wy, ws, wg from wy, wy, w3. This helps to remove
a large barrier to line multiplication algorithms:

ml(bg — bg) + mz(bl — bg) + mg(bg — bl)
may — May

O(uBv) =

(6.1)

Another quality of nine point diagrams that makes them attractive is their versatility.
To illustrate this, we show that we already have multiple nine point diagram structures
among the lines that we have mentioned. For example, for any possible sum line w between
uw and v, the lines —u, —v, w form a nine point diagram. We illustrate this, as well as another
example which includes sum lines and the forward difference line of v:

Py Qo —FPy — Qo P - P+ Qo Q1 — Qo

P Q1 P - —Py — Q) P+ Qs Q2 — 1

P, Q2 —Py — Qs —FPy — Qo Py + Q2 Qo — Q2
Uu v — W1 — W1 wa Av

In fact, we can combine many of these nine point diagrams into larger diagram struc-
tures, such as the completion diagrams introduced in section 5.7.1. Then we will use the
same nine point diagram calculus applied in many ways to obtain unexpected relations
between various lines, all of which are relevant in line multiplication. In fact, this process
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will also lead to new formulas in the nine point diagram calculus, by bootstrapping from
preexisting formulas.

In chapter 7, we will develop the algebra of three torsion on E as it relates to line
arithmetic. This allows for a striking occurrence of the aforementioned bootstrapping
process. The following is an example of one of these relations applied to the nine point
diagram of the line sum u B v gives another formula for the orientation 0(u B v):

3b(m1 + mo + mg) — 2&(1)1 + b2 + bg) + amimeoms + mlebg + mgblbg + m3b1b2
mAubAv + mAvbAu — 2a

By comparing this to the earlier expression (6.1) for d(u Hv), we get a relation that only
involves the lines w;(z,y) =y — m;x — b; for i € {1,2,3} as well as the forward differences
Au, Av which determine the orientation of u,v € L3(F).

6.1 Diagram Functions

A major goal of this chapter is to encode structural elements of diagrams with algebraic
quantities. The starting point for this is the diagram function:

Definition 6.1.1. Given a diagram D, the diagram function, also denoted D, is the nor-
malized function in F(E) that satisfies

Div(D) = ((P) — (0))

1€D

iof such a function exists.

Note that the diagram function does not exist if the points of a diagram do not sum to
0. When we use diagram functions, it will normally be the case that the given diagram
can be partitioned into linear sets. This is the case for a nine point diagram, whose points
can be partitioned into three lines, in two different ways. In fact, in diagrams composed
from multiple lines, it will very often be the case that we can perform such a partition in
multiple ways, and this will give us relations between the various lines in the diagram.

A diagram function encodes the unordered tuple of points in a diagram, assuming that
those sum to O. On the other hand, the diagram function “forgets” the rest of the structure.
This is analogous to the “forgetful” homomorphism (see definition 5.5.7), which takes any
nine point diagram N € Ln(FE), and returns an unlabeled linear diagram |N| € L3(E).

In particular, the diagram function “forgets” the symmetry group of the diagram D.
Hence we aim to attach algebraic quantities to diagrams that encode the structure that
is lost in the diagram function. For example in section 3.4, the additional structure of a
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cyclically oriented line u was encoded by a square root 9, of a cubic determinant, or by a
forward difference line Au.

For unlabeled lines, the diagram function encodes the entire structure, and this is
consistent with the encoding that we used in the earlier chapters:

Py P, P,
3 . ® !

which is the normalized function ¢ € F(F) satisfying
Div(¢) = (Fy) + (P1) + (P) — 3(0)
If O is not a point of ¢, then we define a(¢), 5(¢) to be the coefficients such that

Uz,y) =y — a(l)x — B(L).

6.2 Nine Point Diagrams

In this section, we retread the discussion from section 3.10 to begin the development of the
nine point diagram calculus. This will give us relations that exist between lines in a nine
point diagram. In the following sections, we will define more general nine point diagram
quantities, and these will further our understanding of the relations that exist between the
lines of a nine point diagram.

We will notate our labeled nine point diagram as follows:

Py l P l Py l v
e ‘e O O 0
Py Py Py,
A A A /
‘e O O 1
Pys Py Py p
T T T ?
fo €1 ﬁz

We focus on this specific representation to avoid the many ambiguities that arise when
considering linear sum diagrams. In fact, some of our results are most easily understood
by considering these rigid labeled diagrams first.
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We focus on nine point diagrams with “typical” properties, and we will leave special
cases for the appendix. To make this more precise, we first characterize the condition that
allows nine points P;; € E to form a nine point diagram. Recall that by definition, we
need the following relations:

Lemma 6.2.1. Nine points P;; € E for 0 <i,j < 2 form a nine point diagram N if and
only if they satisfy the following relations:

O = Py + Por + Poe = Pio+ Pi1 + Pia = Poy + Po1 + P
= Poo + Pro+ Poo = Por + Pi1 + Po1 = Pog + Pia + Pao (6.2)

Hence we will often make the implicit assumption that the points Py, Pig, Po1, P11 of
N are linearly independent over Z, to avoid special cases. Then by lemma 6.2.1, we have

Poy =— Py — Por, Pia=—Po— Pn
Pyy=— Py — Pio, Por=—FPo1 — P
Py =Py + Por + Pio + P13

The line functions of N will be notated ¢;(x,y) =y — ayx — f; and £(z,y) =y — ojx — !
for i =0,1,2.

The additional assumptions will simplify the development of a nine point diagram
calculus. In appendix A.7, we will deal with special cases, such as nine point diagrams
that include O.

6.2.1 Nine Point Diagram Function

Here we will discuss the nine point diagram function N € F(FE) associated to a nine point
diagram A. This discussion will allow us to deduce relations between the lines of V. Recall
that this function is characterized as the normalized function with the following divisor:

DiviN) = > (Py)—9(0)

Z7]6{07172}

First we note that we can partition the divisor of a nine point diagram function N:

Div(N) =(Poo) + (Po1) + (Po2) — 3(O)
+(Pro) + (Pr1) + (Pr2) — 3(0)
+(Pao) + (Pa1) + (Pa2) — 3(0)
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to obtain the factorization N = £y¢1/5, since both sides are normalized. We then expand
this product and reduce modulo b + ax + 23 — y? with respect to z to obtain:

N(z,y) =(y — aor — fo)(y — arx — S1)(y — aax — fBa)
= (505152 -b OéoOqCYQ)
— x (182 + a1 Bof2 + aofo i — a apaa)
+y (BB + BoBa + B152)
— 2% (apa B + g B1 + aranfBp)
+ 2y (ao(Br + B2) + ar(Bo + B2) + aa(Bo + B1))
— y* (apara2 + By + B + Bo)
+ 2%y (o + apay + aqag)
—ay? (o + ay + ag) +¢° (6.3)

We will notate the coefficients as follows:

Lemma 6.2.2. For the nine point diagram N, we have:
N(z,y) = = No = New + Noy — Nsa® + Nyzy — Nay® + Na?y — Niay® + 3/
with

N =0+ a; +ay

Ny = apan + apas + ajas

N3 = agoqas + fo + 1 + f2

Ny = ao(B1 + B2) + ar(Bo + B2) + a2 (fo + f1)
N5 = a1 B2 + apaaffy + arasfBy

Ns = BoPr + Bof2 + B12

N7 = aoB1fBa + a1 o2 + a2 — a aparo
Ny = Bobr1f2 — b agoray

Of course, this assumes that O is not a point of N; otherwise the leading term would
not be 3.

6.2.2 Algebraic Relations Between Line Coordinates
Now we are ready to prove our first algebraic relations between the lines of a nine point
diagram, again by generalizing a result from section 3.10. We start with the factorization

from lemma 6.2.2; then by symmetry, we have N = lyl10y = (y0) 0, in F(E).
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We then obtain algebraic relations between the coordinates of ¢; and ¢ for i = 0,1,2
by comparing these two factorizations of the nine point diagram function. For A which
does not have point O, we get:

N(z,y) = (y — aoz = o) (y — nx — 1) (y — axx — B2) (6.4)
= (y— oz = )y — agz — By)(y — agw — 53) (6.5)

Comparing coefficients of this equality in the form of equation (6.3), we deduce the follow-
ing:

Theorem 6.2.3. For the nine point diagram N, we have:

Qo+ a1+ ag = ol + aj + (6.6)
Qo + apag + e = alag + ol + apad, (6.7)
aoarag + By + B + Bo = ajagan + B + By + B (6.8)
ao(Br + B2) + a1(Bo + B2) + a2(Bo + B1)
= o (By + B2) + a5 (By + B2) + a5 (B + By) (6.9)
g By + apazfi + aranfy = afagfy + afanfy + agas By (6.10)
BoBr + BoBa + B1Ba = BBy + BBy + By (6.11)
o182 + a1 BofataBofi — a - gz
= 0B + 0B Byt as 1 By — a - ajagal (6.12)
Bof1f2 — b aparan = B1 5585 — b - ooy (6.13)

These are the first of many relations between nine point diagram lines that we will prove
in this chapter. Given the underlying motivation of this chapter, we will have a special
interest in relations that do not involve £, ¢}, ;. That is because these do not normally
correspond to lines in our line multiplication chains. So we are left with the somewhat
more complicated question of finding relations between the coordinates of ¢y, f1, {5, as well
as other quantities that figure into our operation chains.

6.2.3 Nine Point Diagram Automorphisms

An important step in developing the nine point diagram calculus is to study functions that
distinguish the lines ¢f, £}, ¢, from (g, 1, 5. To this end, we consider the automorphisms
of nine point diagram structures.

There is another reason for bringing this topic up here; it is often easiest to define
properties of labeled diagrams, and then to subsequently show that they are invariant under
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a symmetry group. In particular, we often define symmetric quantities as combinations of
quantities that do not respect the given symmetries; rather, they transform in known ways
and can be combined to achieve invariance.

Recall from section 5.1.2 that the automorphism group of the nine point diagram struc-
ture 91 has 72 automorphisms. Furthermore, Aut(1) is generated by o,¢,7, which are
represented as follows:

_
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O——Cv 0)——()——
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I E\
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(=)
=

A
o/
~)
=/
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I E\
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ey
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=)
=]

\
-G
<]
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20) C) G2 12) () G2 D) )
5 5
We use the notation ¢’ = pcp for the transposition of the line labels 0,1, and 7/ = o7p
for the cycle (0'12"). Recall then that (¢, 7,¢’,7') is a direct product of (¢, 7) and (¢, 7’),

and the two latter subgroups are isomorphic to S;. In the next section, we will discuss a
quantity which is invariant under S3 x S3, but changes sign under the action of p.

6.3 Nine Point Diagram Orientation

In this section, we define the orientation O(N') of a nine point diagram. This quantity is
invariant under the automorphisms in S5 x S3, but changes signs under the action of p;
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so (oN) = —0(N), while O(sN') = d(TN) = O(N). Hence this quantity will allow us to
distinguish the lines €y, £, {5 from the lines £, ¢}, ¢, in a nine point diagram. In fact, this
quantity will be a central focus for much of our diagrammatic calculus.

Definition 6.3.1. Given the nine point diagram N with O & N, we define the nine point
diagram orientation to be:

OWN) =B+ 1+ Bs— By — B — B

We will often use the notation d(¢y, {1, ls) := I(N). A priori, each line ¢; is unlabeled,
and so this notation needs justification. In fact, d(N') can be expressed as a rational
function of the line coefficients. An explicit expression can be found in equation (A.2) of
the appendix; this lemma can be verified by a direct but tedious calculation. Note then

that the property 9(o/N') = —9(N) can be restated as 9(£), ¢}, 05) = —0(ly, 1, ().

For the remainder of this section, and much of the rest of this chapter, we focus on
various formulas for nine point diagram orientations. By studying these formulas, we will
be able to study related diagrams, and some surprising symmetries will emerge.

6.3.1 Formulas for Nine Point Diagram Orientation

Here we take the idea used to define d(N') further to get other formulas. These are simply
low hanging fruit from considering the two factorization formulas for A (z,y), in the vein
of theorem 6.2.3.

Note that the combination y+ 31 + 32 is not Aut(9%)-invariant, and this is the basis for
our definition of d(N'). So what about starting with another non-invariant combinations,
such as agayas? It turns out that the obvious alternatives lead to closely related quantities.
For example, by theorem 6.2.3 we have

Bo + B1 + P2 + aponc = By + By + By + apa
and hence the non-invariance of aga;as leads to the same indicator O(N):

ON) =Po + pr+ Ba — By — B1 — By = apa iy — apanay

We can do away with the rest of the coefficients of N'(x,y) in one swoop. Consider the
following polynomial in z,y:

flz,y) =(y — oz — Bo)(y — anw — Bi)(y — aax — Bo)
— (¥ — apr — By)(y — ahx — B1)(y — abr — 3)
— (apaiady — agayan) (b + ax + 2° — y?)
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Notice that the first two expressions are the two factorizations of AN (z,y) from equation
(6.4). Hence it is easy to see that f(z,y) is 0 as a function on E. As a consequence, it must
be a multiple of b+ ax +2® —y?. But the coefficient of 2% can be checked to be 0, and hence
f(z,y) has degree less than 3 in z; and so it must be identically 0. Thus by combining this
with the equation I(N) = afa)al — aparas we get the following supplement to theorem
6.2.3:

Lemma 6.3.2. As polynomials in x,y, we have:
AN (b + az + 2° — y?) =(y — aox — Fo)(y — arx — 1) (y — ax — fa)
= (y = agr = By)(y — oz — B1)(y — ow — )
By comparing coefficients, we get:
OWN) =B+ B+ P — By — By — By
I(N) =ajal oy — apayag
a O(N) :0565651 + O/lﬁcl)ﬁé + Oé/zﬁ(l)ﬁi — oo — a1 BB — BB
b O(N) =5yB185 — BofbrBe
As an important corollary, we get the following factorizations of d(N):
Theorem 6.3.3.

ON) = (af — ao) (ap — 1) (g — 2)
= (0} — ag) (&) — an) (o] — )
= (ah — ap) (ah — an) () — as)
= (ap — ag) (@) — ap) (a5 — ap)
= (a — 1) (o) — aq) (@ — aq)
= (ap — a2) (o] — az) () — a)

Proof. By plugging y = ajx + [ into the first equation of lemma 6.3.2, we get:
ON)(b + az + 2° — (afpx + 3))?)
=((ag — o)z + (B — fo))((ag — ar)z + (By — B1))((af — az)x + (B — B2))

We get the first factorization by comparing 2% coefficients. The others follow by symmetry.
O

Note that if the line coordinates satisfy a; = «} for some 7,5 € {0,1,2}, then in
fact ¢; = (; this is because those lines are parallel and share a point. Furthermore, we
have that the three lines ¢y, {1, (5 are the same as the three lines ¢, ¢}, ¢;,. Hence we can
interpret theorem 6.3.3 as saying that 0({y, {1, ¢s) gives zero exactly when the diagram
has a symmetry which swaps the horizontal and vertical lines. Equivalently, (o, (1, {s)
indicates whether there are two non-collinear points on the nine point diagram that are
equal.
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6.3.2 Orientation in Terms of Two Lines

We will now prove a formula for 9(N) in terms of the labeled lines ¢y, ¢;. Note that for
unlabeled lines, this is not generally possible, since there are multiple lines that could take
the place of /5. We will study the collection of ¢, such that £y, ¢, /> form a nine point
diagram in section 5.7.1, and the formulas we develop here will be used to compare various
related nine point diagrams.

To more easily state the formula, we need to define some quantities in terms of g, £;.
First we consider the following function, which indicates whether two lines intersect on E:

Definition 6.3.4. For (x,y) € F?, we define:
eo(x,y) =b+ ax + 2> — o/
Then for any lines {y, {1 which do not have point O, we define:
eo({o; £1) :=b(co — 041)3 —a(ao — 041)2(50 = p1) = (Bo — 51)3 — (g — ) (B — 04150)2
=(ag — a1)?eo(lo N 1)
Note that this is a function of ¢y, /1 as unlabeled lines. As mentioned earlier, we need
to use the label structure at some point, and we do so via the following:
Definition 6.3.5. For labeled line (o, {1 with label i being assigned points
FPoi = (0i; yoi), Pri = (215, Y14)

respectively, we define the following pairing indicator:
d(lo; £1) = (w10 — Too) (¥11 — To1) (712 — To2)

Note that the pairing indicator is invariant under the diagonal subgroup of S3 x S3
applied to (fo, ¢1); that is, for any o € S5, we have ¢(cfp; 0l1) = ¢(Lo; £1). This is consistent
with the fact that the points would be paired together in the same way after applying the
same permutation to both lines.

Before stating the next theorem, we include the following diagram for reference:

Poo l P l Py l v
e o o o 0
POl P11 P21
o o o 14
1
Py Py Pay p
1 I T ?
lo 0y Uy
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Theorem 6.3.6. The following gives a formula for O(N') = 9(ly, l1,{2) in terms of the
lines £y, ly:

8(60,&,62) 260(50;51) _ ¢1¢2

Po 60(—50;31)

where

®o :Cb(fo;fl) = (9510 - 9500)(9511 - 9501)(9512 - 3502)
03} :¢(W€0; 51) = (3310 - 56’01)(3311 - 3302)(3512 - xoo)

O2 :Cb(ngo;fl) = (5610 - 3502)(3511 - 3500)(3512 - 3501)-

More explicitly, we have

(o b, ()  blaw—0aa)3—a(ao—a1)?*(Bo—B1)—(Bo—B1)* — (o —a1) (a0 f1—a1fo)?
051,527 = (r10—00)(x11—01)(T12—T02)

_ (z10—701)(T10—02) (11 —Z00)(T11 —T02) (T12—T00)(T12—T01)
— blaotar)d—a(aotar)?(Bo+p1)—(Bo+B1)3—(ao+a1)(aof1—a1Bo)?

We will use the following lemma to prove this:

Lemma 6.3.7. Suppose v is a (labeled) line with points Qq, Q1, Q2 and v(x,y) = y—m,x—
b,. Then the following holds as a polynomial in x:

(0 = 50u)(& — 70,)(& — ig,) = b+ az +2° — (myz + by
For P = (xzp,yp) € E,
(xp — 2q,)(xp — xq,)(xp — 2q,) = —v(P)v(=P).
If wis a (labeled) line with points Py, Py, Py and u(x,y) =y — myx — by, then

v(Bo)v(Pr)v(P,) = eo(v;u).

Proof. Note that each @); satisfies b + axg, + :13“221 — yél = 0 and yg, = myxg, + b,. Hence
that polynomial’s roots are exactly xg, for ¢« = 0,1,2. Then by plugging in xp, we get:

b+ axp +2h — (myxp + b,)? =y5 — (myxp + b,)?

= — (yp — myxp — by)(—yp — myxp — by) = —v(P)v(—P)
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For the last equality,

H U(-Pz) = H (yH — MyTp;, — bv) = H (bu + MyTp, — MyTp, — bv)

i€{0,1,2} i€{0,1,2} i€{0,1,2}
b, — b
E— — 3 v v
= —(my —my) H ( e Tp,)
i€{0,1,2}
b, — b, b, — b, \° by — by \\?
e (o (Y s (Y e (225)))
My, — My, My, — My, My, — My
= — (my — my)’eo(uNv) = —eo(u;v) = eo(v;u)

Now we prove the following lemma, which gives the second expression for d({y, {1, ()
from the first in theorem 6.3.6:

Lemma 6.3.8.
¢0¢1¢2 Ieo(ﬁo;gl)eo(—go;@)
Proof. Using lemma 6.3.7:

dotngs = [ (eni—=)= ]I [ @u—2y)

i,j€{0,1,2} 1€{0,1,2} \j€{0,1,2}

= H (—Llo(Pri)lo(—Pri)) = — H Co(Pri H lo(—Pri)
i€{0,1,2} i€{0,1,2} i€{0,1,2}
= — eo(lo; £1)eo(Lo; BE1) = eo(lo; £1)eo(Blo; 41)
(where we use the notation B¢ to distinguish line negation from negation in F(E).) O

And finally we prove theorem 6.3.6:

Proof. First we establish the following formula for af— g, by substituting yoo = aoxeo+ So:

/ Y10 — Yoo Y10 — Yoo — QoT10 + QX
ay — Qg =——"—— — Qg =
Z10 — oo Z10 — Zoo
_ Y10 — CoT10 — Bo N lo(Pro)
Z10 — Zoo Z10 — Zoo
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Then we combine this result with its conjugates under (7/)%, (7/) € Aut(N) and use theorem
6.3.3:

(Lo, €1, L2) =(afy — ) (] — ) (ay — )

_ Lo(Pro)lo(Pr1)bo(Pr2) _ eo(fo; 41)
(CE10 - woo)(fﬂn - 5E01)($12 - IOQ) bo
using lemma 6.3.7. The other form follows from lemma 6.3.8. O]

In section 6.5, we will combine theorem 6.3.6 with its conjugates to eliminate the ¢;
terms using lemma 6.3.8. In the same vein, we note that by negating ¢; in A and updating
{5 accordingly, we get the same term ¢, in the denominator; then by taking a quotient, we
get cancellation of that factor.

Another important use of the results presented here is that we can derive a relatively
simple explicit formula for u+v in terms of the lines u, v, and the points on those lines. We
do this in section A.1 of the appendix. This can be used to verify the formulas presented
in this thesis, using a computer algebra system, or in some cases by hand.

6.3.3 Relation to Cyclic Orientation

Now we compare the notion of cyclic orientation on u, v to the orientation of uHwv. Recall
from section 3.4 that we had two ways of defining a cyclic orientation on a line u € L3(E).
One was to specify a square root 6(u) of a cubic discriminant:

Definition 6.3.9. For a cyclic line { € L5(E) with points Py, Py, Py in cyclic order, the
cyclic orientation of ¢ is

5(8) = (xpl - $p0)<£lip2 - IP1)(xP0 - 13P2)
assuming that O is not a point of .
The cyclic orientation could also be specified via a forward difference line Au. It turns out

that both of these quantities have simple relations with the orientation of u H v, but in
quite different ways.

First we consider the symmetries of u°,v° € L3(E) that preserve the function u 8 v,
and those that flip it:
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wHwv:

A transposition applied to one of the lines u, v changes the orientation of uHwv; for example
(02) applied to u°, swaps w; and wg among others. On the other hand, a 3-cycle applied
to u® or v° does not affect the orientation of u Hv. Hence the expression @ can be
seen to be invariant under all permutations of the input lines. And as we will see in the

next section, this has a simple expression in terms of the line coordinates of u, v:
040y
60(505 —51)

In the next section, we will use the completion diagrams from section 5.7.1 to prove this.

O(uBv) ==+

There turns out to be another less obvious relation as well. If w;(z,y) =y — m;x — b;,
then for the appropriate choice of signs (which need not be the same):

bs — ba) + ma(b1 — b3) + mz(by — by)
TMaw T May

O(uBv) :ml(
We will prove this in section 6.4, and we will explain how to determine the signs. This

formula has some nice generalizations as well, that are obtained in chapter 7 by studying
the action of three torsion on points and lines of F.

6.4 Forward Differences in Nine Point Diagrams

In this section, we discuss a line addition concept in terms of nine point diagrams: forward
difference lines. In fact, we can recover the forward differences Au from the u H v nine
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point diagram from section 3.10; see section 5.6.2. Appropriately enough, we accomplish
this by taking a forward difference within the nine point diagram!

Specifically, we accomplish this by starting from the point Py + @)y, and taking the
forward difference as we travel in the northeast direction, wrapping back around at the
edges. So we get the points (P + Qo) — (P + Qo) = Piy1 — P, which are the points of
Au:

Au
Py — P
Py + Q) Py + Q2 P + Qo
O O N‘(v
P, — P
P + Q2 Py + Qo Po + Q1

O O Wy
P =P
Py + (1 Py + Q2

O O Ws

In fact, despite there being nine choices of starting point, they all result in the same
line Au. So there are four possible outcomes to this process, depending on which line sum
diagram was drawn, which result in the four forward difference lines £Au, +Av € L(F)
for the possible orientations of u and v.

Now we define forward difference lines in terms of a nine point diagram. These will turn
out to play an important role in line addition algebra. In particular, there are relations
that we will demonstrate between the lines ¢; and these forward difference lines; notably,
the three other lines £ are not involved. This will set the stage for new cyclic line addition
algorithms.

Definition 6.4.1. For the nine point diagram N, the northeast forward difference line (%
is the labeled line with the following points:

Pry:= P11 — Pya, Pai =Py — P11, Pm = Fyp— Py

Similarly, the northwest/southwest/southeast forward difference lines (2,63, (S are the
lines with the following points:

PR01=P01—P12> PR13=P20—P01, Fro = P1a — Py
Pz03=P11—P20, Pz11=P02—P117 By = Poy — FPoe
PNOZIP01—P207 P>111:P12—P01, Py = Py — Pis.
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If O is not a point of these lines, then they have line functions lx(x,y) = y — anr — [,
Ix(z,y) =y — oz — B, le(z,y) =y — apr — By and bu(z,y) = y — anz — Py

We will mostly work with these as unlabeled lines ¢z, (s, f,, {y. In fact, as unlabeled
lines these are independent of starting point, as a simple consequence of equation (6.2).
For example, by considering the collinearity of the points of ¢; and of ¢, we get:

O =Py + Pig + Poy = Pio + P11 + P2
Py =Py — Poo = Py — Pio

Lemma 6.4.2. As a cyclically oriented line, ly (respectively ) is obtained from taking
the the southeast (respectively northeast) forward difference starting from any point on the
nine point diagram.

Diagrammatically, we represent ¢y and the various representations of its points as fol-
lows:

PNI:POO_P22:P12_P01:P21_P10

Similarly, we can represent ¢/ diagrammatically as follows:
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The following formulas give the slopes of the forward difference lines:
Theorem 6.4.3.
—apB — a1fs — aafo + By + & By + a5y

o Bo+ Bu + B2 — By — B — B
i — apfy + a1 fo + aef — oy — o) By — a5
7 Bo+ Br+ Ba— By — B — B

And we will prove this shortly. Observe that in theorem 6.4.3, the denominators are
(Lo, £1,0s), and the undesirable terms «, 8! can be canceled out together:

ao(fa — B1) + ar(Bo — B2) + (81 — Bo)
8(60761762)

QN+ axn =

and this leads to a simple expression for d({y, {1, {5):
Theorem 6.4.4.
ag(Bo — B1) + a1 (Bo — B2) + aa(B1 — Bo)

oy + az

8(607 €l7 62) =

This gives us a useful tool for cyclic line addition, since the lines fy, £ will be known.
In chapter 7, we will see that this result can be generalized to give new expressions for
(Lo, £y, ls).
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6.4.1 Alternate Representations

Now we will consider the forward difference lines ¢, /x, f,, {n as labeled lines, and express
them in terms of the lines of N. We will consider /¢; as a labeled line with points Py, P, Pis.
Notice that we can mix and match the point representations for ¢» as follows: Py =
PH — P()Q, P7|1 = P12 — Poo, P7|2 = P10 — P01~ This can then be SllCCiIlCtly written as
U7 = Wl —wly. Similarly, lx = wly — {1 = ly — w?ls, and these representations are related
by the fact that ¢y + ¢ + {5 = {» vanishes.

As for /<, we note that by its definition it is obtained by swapping the index 05 for 13
and vice versa wherever those appear. Equivalently, /< is the northeast forward difference
of the diagram ¢A/. This can be stated more precisely in the language of section 5.6.2, as
I = k(N) = Ia(sN). Thus we can get an expression analogous to l» = w?(; — wly as
follows:

KR :[R(N) == [7|(§N) = (w2[1 — W[o)(CN)
=(w?ls — wlhe)(N) = (WP — wh)(N)
:wzfo — (J.ng
and similarly, x = wly — ¢y = {1 — w?ly. For the other two forward difference lines, we

have {, = —plx and (y = —plx, recalling that p swaps the places of the points assigned to
labels 0, 1.

These representations will be useful in the following sections, since they allow for sym-
bolic manipulation without having to do a diagram chase.

6.4.2 Proof of Theorem 6.4.3

Now we prove the first part of theorem 6.4.3:

—apf — a1fa — @y + o B] + o B + a3
Bo + B+ B2 — By — B — 55

Note that the denominator that appears in these expressions is 0({y, {1, 2). Before proving
theorem 6.4.3, we first need to define auxiliary lines:

QN —

Definition 6.4.5. Fori,j € {0,1,2}, the line {pij : Yy — anijz — Baij = 0 contains the
following three points:

B B+ Plirng+1) — B

. g g Caij
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These auxiliary lines have slopes that can be combined to obtain ax:

Lemma 6.4.6.
Q= QAp0 T QA1 + Qag

Proof. Consider the following diagram:

Py — Py @ Foo —Pn
N
Py — Py — Py O Py
Cann
PO(]—P22 P22 _POO O
lp9o
IN T2g Z0o T11

The diagram function can be factored in two ways:

(y — anoo — Baoo) (Y — aann® — Bair)(y — aazex — Baze)

= (y — anz — ON) (T — T92) (2 — o) (z — 211).

If we reduce this modulo b + ax + 2® — y? with respect to z, then by comparing the
coefficient for zy?, we obtain:

QN = OAQo T QAT1 T+ GA29.

The next step to prove theorem 6.4.3 is to find an expression for aag:
Lemma 6.4.7.

ap(8y — Bo) — (o) — g — ) (81 — B1) — (B2 — By)
Bo+ B1+ B2 — By — B — 5By

A0 =

Proof. Again we consider the following diagram, and compare two factorizations:
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V) EAOO
Py Py Py P
ol o o |
— Py Poo O
i i o—
lan 4 1

We get:
(y — QA21T — 5A21)(y — Q¥ — 50)(96 — In) — (y — OAQ0T — 5A00)(y - 0/155 - 51)@ - 9002)
= (b +ax + 1'3 — yz)(arll — .1'02) = (b + ax + 333 — y2)<OéA21040 — OéA(]oOéll)

noting that the difference between the first and the second expressions has degree less than
2 in y and is thus reduced modulo b+ ax+x3 —y? with respect to y. Similarly, the difference
between the first and the third expressions has degree less than 3 in . Hence the above
equalities hold as polynomials in x,y.

By comparing coefficients of 2%y and 3%, we get:
/
ap + ap21 =  + @A
!
T11 — Tp2 = CGA2100 — QA0
/ /
= (o] — ap + aago) ¥ — @A)

= (ao - OéAoo)(O/l - CVO)

From which we isolate aaqq:

_B1=B8 | Bi—ho
L11 — o2 of—ar ' ah—ao
appo = Q0 — —————— = Qo — 7
a1 — Qg ap — Qp
(@) — @) (P1 = B1) (g — @) (85 = bo)

= (of —a0) (o, —an)(@, —aa)  (ah — a0)(@ — ao)(ah —ag) |

Notice that by theorem 6.3.3, the denominators are both 9(¢y, ¢1,¢5), so we have:
an = (e — ) (B — P1) — (@ — a0) (85 — Bo)
Bo+ B+ B2 — By — B — By
_ (@) — ) (B) — B1) — (o — @) (5 — Bo) + w(Bo+ B+ B2 — By — B1 — )
Bo+ B+ B2 — By — B — B
_ (B — By) + (01 — ag — ) (B = B1) + (B2 — Bp)
Bo+ B+ B2 — By — B — B

‘I‘Oéo
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Note that by symmetry, we have these formulas as well:

:O/l(ﬁl — By) + (ay — oy — ap)(By — Ba2) + a1 (Bo — B)
Bo + b1+ B2 — By — B1 — By

(B2 — B1) + (o — a2 — a1)(By — Bo) + a2(Br — )
Bo + Br+ B — By — B — B

Now we can put everything together to prove theorem 6.4.3:

A1l

a2 =

Proof. By combining the previous two lemmas, we get:

QN =00 T @A11 + Qa2
(Lo, by, o)y =0(Ly, Ly, la)arpno + O(Lo, L1, la)aars + O(Lo, 1, la)pnn
=ap(fo — By) + (o) — ap — az)(B) — A1) + (B2 — fy)
+ai (B — By) + (o — a1 — ag)(By — B2) + ar(Bo — By)
+ay(B2 — B) + (g — a2 — 1) (By — Bo) + aa(Br — B3)
=ag(B1 + 262 — By — B — B3)
+a1(280 + B2 — By — By — Ba)
+ (B + Bo + 2681 — By — By — B5)
+ap (B — B2) + (B = By) + (B — i)
Now we rewrite this last expression so that it can be simplified using the symmetric relations
from theorem 6.2.3:

(o, b1, la)any = — By — a1 B — By + o1 + a1 By + 53,
+ 2 (ao(Br + B2) + a1(Bo + Ba) + az(Bo + 1))
= 2(ap(By + B2) + 01 (By + B2) + a5(By + 1))
— (By + Br+ By)(ao + a1 + a2 — afy — o) — aj)
= —apfr — a1 By — anfly + By + &) By + oy

Hence as desired, we have:

—apf1 — a1fa — ey + apB] + a5 + a3

(8% —_=
; Bo+ b1+ B2 — By — B —

Now note that the symmetry ¢ which swaps ¢y and ¢; also has swaps fy and —/¢; (as

unlabeled lines), so by applying the above formula to ¢(N), we get:

_ aofa + o By + aaf — apffy — o) 85 — a3
Bo + B+ B2 — By — B — 55
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6.4.3 Cyclic Line Arithmetic

We will now connect the results from this chapter with line arithmetic. Recall from corol-
lary 6.4.4 that we can combine the formulas for ay, a7 to get:
(Lo, 01, 0s) :040(52 — A1) + a1 (Bo — Ba) + aa(Br — Bo) (6.14)

QN+ Qx

Given cyclically oriented lines u,v, the above will in fact be well defined on u H v,
although there is a subtlety involved. Namely, the cyclic linear sum diagram has the
commutation symmetry ¢, which changes the order of summation. But under the action
of ¢ on NV, two of the lines £y, £, {5 will be transposed, and thus the numerator in equation
(6.14) will change signs. Hence ag(fB2 — f1) + a1 (Bo — B2) + a2(B1 — Bo) is not a function
of the cyclic linear sum diagram u B v. Similarly, ¢ transposes ¢y and —¢» when applied
to NV, so the denominator ay + a; changes signs as well. But these two problems cancel
each other out, since the quotient does not vary when ¢ is applied to .

Now we rewrite equation (6.14) in a more convenient form. Namely, both the numerator
and denominator can be expressed as determinants:

Definition 6.4.8. For a line ¢, we define [{] to be the vector such that ((x,y) = [(]T[z y 1]T.
The following three vectors respectively represent a line { without O as a point; a line x
with points O, P,—P for P # O; and the line at infinity o :

— Ty 1 0
=1 1t |, D= 0 |, [ol=]0
— bz —Ip 1

For three lines Ly, l1,0s € LY(E), we define the following determinant form:

do(g(), 51, 62) = det([ﬂo], [51], [62])

where we take the determinant of the matrix with the three given columns in respective
order.

Then we note that in the equation (6.14), both the numerator and denominator can be
written in terms of dp:

—Qp —Q1 —Q
do(lo, l1,02) =| 1 1 1 | =ao(Be— i)+ ai(Bo — B2) + a2(B1 — Bo)
—Bo —B1 —P
0 ay —axy
do(lo, —lu,ln) =0 1 1 = ay + ax
L By —fBn
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Since we are dealing with unlabeled lines now, we have /x = —/y, and so:

dO(g()a 617 62)

Nlo: b1 62) =500 e )

(6.15)

Now we discuss applying this result to cyclic line arithmetic. Suppose we have two
cyclic lines, represented by u,v € L5(F) with respective points Py, Pi, Py and Q, Q1, Q2.
Then we assign the labeled diagram uwHv to the structure £5, with P, + @), at label i5. We
will apply this section’s results to ¢p(uBv), where ¢ : £g — I is the structural isomorphism
indicated below, which was defined in section 5.4.2:

D—O— O—O—C

¢
b O—O— O o v O—O—a
10) (1) (2 02) (2) (2

Now we extract the lines that appear in equation (6.15). For example, the line ¢y will
correspond to lo(¢(u B v)), which has points P, + Q1, Py + Q2, Pi + Qo in order. More
generally:

v =l(op(uBv)) = wu + w?v
e :—[1( (uBv)) = wu + wv
lig =l(p(uBv)) =u+wv
And then using lemma 5.6.4, we have [k = w?ly — wl; and [ = w?l; — wly, so we confirm
that:
(d(uBv)) =w?(wu + W) — w(w?u + wv) = (W —w’)v = Av
(d(uBv)) =w?(w?u + wv) — w(wu + w) = (W —whu = Au

noting that Ix and [;; were defined to extract those quantities. Hence we have:

do (o, o2, lia)

do(lo, Av, Au)

do(wu + w?v, w?u + wu, u + v)
do(lo, Av, Au)

Oy, lo2, lig) =

(6.16)

(6.17)

O(wu + W, w?u + wv,u +v) =
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Note that all of the lines can be treated as unlabeled lines in those formulas.

In the next section, we will explain how to obtain a formula for 9(¢,,, £,2, ¢;q) from u,v
and their cyclic orientations. On the other hand, the denominator is known, and this will
give us enough control to perform a cyclic line multiplication.

6.5 Completion Diagrams

In this section, we combine nine point diagrams together into a completion diagram; these
were described in section 5.7.1. Just as nine point diagrams are used to study line diagrams,
we use completion diagrams to study nine point diagrams.

For u,v € L3(E) with respective points Py, P;, P, and Qg, @1, Q2, we represent a com-
pletion diagram as follows, where R;; = P; + (); and as an unlabeled line ¢, represents
U+ ov:
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Roy

Note that there are six lines which are not represented, but are implied: these are lines ¢;;
with points —F;, —Q;, P, + @, for indices ij for i, j € {0, 1, 2}.

On the right side of the completion diagram, there is a vertical v B v diagram. In fact,
there are 10 nine point diagrams that can be found; we leave finding them as an exercise
to the reader. In this section, we will combine the various formulas for (N) together to
relate O(u B v) to the cyclic orientations of u and v.

When —u, —v are understood to be labeled lines with respective points —P;, —(@); for
1 = 0,1, 2, then we will use a simplified pictorial representation of C:
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C(—u,—v) : W] L2 = wiu + wv

The three lines on the right in descending order are f 2, /¢;q,f,, which we now view as
labeled lines. In a nutshell, the straight lines indicate that the three collinear labeled
lines add up to fp; that is, they are labeled lines of labeled lines in £(L3(E)), which are
equivalent to nine point diagrams. The curved lines represent a similar relation, but with
factors w® inserted; see section 5.7.2 for a precise description of the pictorial representation.

The main results of this section will be stated for the C(—u, —v) diagram, which is
related to the line addition u B v, as well as the C(—u, v) diagram, which is related to the
line addition u Hv:

Where we notate the three labeled lines on the right as ¢_,2,¢_;4, ¢, in descending order,
noting that without the labels, ¢* = (u — ov)®.

First we translate the result of theorem 6.4.4 into this setting (in the form of equation
(6.15)):

_ dO(£07 617 62)
dO (60, gR? €7|)

But rather than apply this to « B v, we apply it to N (—u, —v,¥;4). Note that by the
results of section 6.4.1, we have the following equalities of labeled lines: ¢» = w?(; — wl,

8(607 617 €2)
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and (g = w?ly — wly. Hence for N'(—u, —v, l;q), these translate to w?(—v) — w(—u) = £_,
and w?(—u) —w(—v) = —(_,2. Hence we get:

dO( v7£id) o dO(_u7 _,U7€id>

o(— i =
( w Y d) d(f)(ﬁ@, € w2,€,w) Oy + 2
do(—u, —v,
O—u, v, ) = (Zv(-du—’i— O:)’ > :
do(—u, —v, 2
O(—u, —v,l,2) = O;_z’+ Z’_ w?)

For symbolic calculations, it is convenient to write this explicitly:

do(—u, —v,u +v)

do(lo,wv — wu, wu — wv)

I(—u, —v,u+v) = (6.18)

The first main result of this section is in the same vein, and encapsulates theorems 6.5.5
and 6.5.6:

Theorem 6.5.1. For labeled lines u,v € LS(FE), consider the three sum lines wy = wu +
W, wy = wiutwu, wy = utv which form a nine point diagram, as well as their counterpart
difference lines wy = wu — w?v, w) = w?u — wv,wy = u —v. Then fori=10,1,2:

eo(u;v) 8( u, —v,wy)  O(—u,—v,wy)  O(—u,—v,ws)
EO(U; _U) a( U wO) a a(_uvvaw,1> a 8(—u,v,w’2)
eo(u;v) =0

(=
eo(u; —v) =0(—u, v, wy)d(—u, v, wy)O(—u, —v, ws)

w, —v, W) —u, —v, w1 ) —u, v, ws)

This will be a fundamental tool in our nine point diagram calculus. Moreover, in
chapter 7, these will be an important theoretical tool when studying the action of three
torsion on points and lines.

The second main result of this section is theorem 6.5.8, which gives the following formula
for the linear sum diagram’s orientation, in terms of the cyclic orientations of u, v:
_6u ' 61}
eo(u; —v)

a(£id7 guh ng) =

This will be a useful tool for building cyclic line multiplication algorithms; we rewrite it in
a convenient form for this purpose:

—0(u) - 4(v)

O(u + v,wu + w?v,wu + wv) =
eo(u; —v)

(6.19)
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6.5.1 Symmetries
The full symmetry group of a completion diagram encompasses all permutations of the two

leftmost lines —u, —v, as well as swapping their places; see section 5.7.1. We will illustrate
this with the cycle w = (012) acting on the leftmost line —u:

Ry

R21

—Wu —v w2l,2

\( Rll

R22
wépwz
ROO
wl, >\
wQEi
Wl !

In particular, we focus on the automorphisms 7 = (w? w),s, as well as o = (p, 1) when
we want to consider the other orientation of u H v; these three automorphisms generate
Aut(€). This is because in the appropriate context, the five lines u,v, £;q, ¢, {2 are all
lines that appear in a line addition step. Pictorially, for labeled lines u,v € L5(F), we
focus on the following:
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w2 0,2 = w?u + wu w?] £, = wu + wv

[id] lig =u+v

[id] lig = v+

wl| l, = wu + wv wl b2 = wu 4+ wo

W2 0, = wu + wv w| g =u+ v

id] £, = wu + wv

[=7]

[id] 0,2 = W?u + wv

w| lig =u+wv w| b2 = wu 4+ wo

Notice that these have exactly the same labeled lines on the right side.

6.5.2 Relations from Line Sum Function

Now we turn to the problem of describing relations between the lines in a completion
diagram. As a first step, we can translate some earlier results into this context. Namely,
we can use the formulas for the line sum function from theorem 3.7.3 to express relations
between the 5 lines —u, —v, l;q, £, {2 that we are most interested in. We do this briefly,
since we will not use these results very much.

Let {y(z,y) = y — agx — B,. Then we will use the following functions to concisely
express our relations:

Definition 6.5.2. For (x,y) € F?, we define:

eo(z,y) =b + azx + 2° — y?
ei1(r,y) = — a® + 9bx + 3ax® + 3xy?
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Then for lines £y, {1, we define:

eo(lo; 01) ==b(ag — 041)3 —a(ap — 041)2(50 — B1) — (Bo — 51)3 — (g — a1) (@B — CY150)2
=(ap — a1)?eo(lo N 4y)

e1(lo; €1) :=—a*(ag — a1)® = 9b(ag — a1)*(By — 1) + 3alag — a1)(Bo — B1)* = 3(Bo — A1) (@b — 1)’
=(ag — a1)?er (o N 1)

These functions allow us to express the coefficients of the line sum function in a simpler
form. In fact, the denominators of line sum coefficients are ey(u; —v), and this corresponds
to the fact that O €e uHv when unN —v € F.

With this notation, we can rewrite the formula for v, from section 3.7, and equate this
to the expression from theorem 3.10.1:

Qg Oy = Q02 QuQly2 = OOl T Qp Q2+ Qlpy 2 =

In fact eg, e; are cubic forms that we will study in chapter 7.

6.5.3 Pairing Indicators

Now we would like to apply theorem 6.3.6 to the completion diagram. We define the
quantity ¢; from theorem 6.3.6 more generally, as a function of the pairing between —u, —v
that results in the sum /¢,:

Definition 6.5.3. For lines u,v as found in the completion diagram C, the pairing indi-
cator is

¢(C> = ¢(U;U> = ('IQO - xPo)(‘TQl - xP1)(IQ2 - 'rPQ)

noting that this is invariant under negation of either argument. More generally, for o €
Aut(€) we define:

06 (C) := ¢o(u;v) := ¢(aC)

Note that ¢ is not a function of u, v as unlabeled lines. It do have invariance under the
diagonal subgroup of S5 x S5 C Aut(¢):

P(o,0) (U5 V) 1= P(ow; 0v) 1= @(u;v)

which we interpret as w, v having points paired together in the same way as ou, cv under
(labeled) line addition.
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In particular, ¢ (u;v) = ¢(v;u) = —¢(u;v), and we focus on the following three quan-
tities:
Giq = ¢id(u; U) :(xQo - Ip0>(Z)3Q1 - xPl)(xQ2 - IP2)
Or = (bT(U; U) :(xQz - $P1>($Q0 - xPQ)(le - xPo)
¢72 = ¢’T2 (U; U) :(le - xPz)(J:Qz - xPo)($Qo - xPl)

Now we have the following corollary of theorem 6.3.6:

Lemma 6.5.4. For the completion diagram C, we have ¢iq¢,p2 = eo(—u; —v)eg(u; —v),
and

60(—1,6; _U) ¢T¢T2

0=, v, bu) = Gid B eo(u; —v)
_60(—U§ —0) _ Giadr

I(—u, —v,l,) = 5s b o—
_60(_U§ —v)  Qiadre

) = T T )

Furthermore,

eo(—u; —v)?
o(—u, —v,l;y)0(—u, —v,0,)0(—u, —v,l,2) =————
( )0 o ) =y

Hence if we know u, v and two of their possible sum lines, then we can calculate the ori-
entation for the diagram containing —u, —v and the third possible sum line. The following
form will be an important tool in our nine point diagram calculus:

Theorem 6.5.5. For cyclically oriented lines u,v, if the three sum lines are wy,ws, W3,
then we have:

eo(—u; —v)?

a<_u7 -, wl)a(_ua -, w2)a(_u7 -, w3) =
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Note that as unlabeled lines, /_, is the difference u — ov. Note also that the functions
¢, only depend on z-coordinates, and hence they are the same when v changes signs:
0s(C) = ¢+(C). So by taking quotients, those terms cancel out:

eo(—u;—v)  O(—u, —v,lyq)  O(—u,—v,L,) O(—u,—v,{,2)

eo(—w;v)  O(—u,v,l_iq)  O(—u,v,l_y)  O(—u,v,l_)

More generally:

Theorem 6.5.6. For lines u,v, if w is a sum line, and w' is a difference line, and fur-
thermore the points of u, v are paired together the same way to obtain w and w', then:

I(—u, —v,w)  ep(—u;—v)

O(—u,v,w')  eo(—uv)

Note that if u,v are known, as well as one of J(—u, —v,w), d(—u,v,w’), then we can
deduce the other. This will be considered to be an important part of our nine point diagram
calculus as well.

6.5.4 Linear Sum Diagram Orientation

We will now express the orientation of the w H v diagram found in C in terms of u,v
and their cyclic orientations. We define the following quantities, which indicate the cyclic
orientations of u, v; see definition 3.4.1:

Definition 6.5.7. The cyclic orientations of the lines —u, —v of C are:

5u :(xpl - xPo)(me - xPl)(xPO - xPz)

0y =(2q, — Q) (TQ, — g, )(TQ, — 7qQ,)

The idea is to use theorem 6.3.6 on two closely related diagrams found in C; then by
taking the quotient of their orientations, we get a lot of cancellation. For those same
diagrams, we do the same using the factorization formulas in theorem 6.3.3. Then by
combining all of those factorizations together, we get the following:

Theorem 6.5.8.

—0, - Oy
60(“? —U)

a(£id7 éw €w2) =

Proof. We use the factorization formula 6.3.3 with the following two nine point diagrams
consisting of lines £y, £11, £,
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—Fy l —Qo l Ry l

loo
—Q1 -P Ry
o ol o l1q
Ry, Ry Rao ’
T T T ’
loi (1o i
and 500, 511,@21
—F l —Qo l Ry l
O 1% \% 600
-P -1 Ry
o O O 0
—-P, —Q2 R /
T T T .
—Uu —v lig

By taking the ratio of their orientations, we get cancellation:

8(600, U1, fp) . (aid - Oéoo)(Oéid - Oén)(%d - Oép) . (aid - Oép)

8(600, Uy, 522) (Oéid - Oéoo)(Oéid - 0411)(04id - 0422) (Oéid - 0422)
Similarly, we take the same ratio with respect to theorem 6.3.6:

8<€00>€117£,0) _ 60(600;610 (xP1 - xP0)<xQ1 - $Q0)($Rll - xRoo)
O(loo, €11, 022) (g, — 7p,) (TP, — Qo) (TRy, — TRyo) eo(Loo; £11)

)
(aid _ ap) (‘rpl - xP0)<xQ1 _ xQo)
)

(ig — a2) (2@, — 7p,) (TP, — Tq,

Now we consider the above applied to (w,w)C. In the place of —P;, —@Q); there will be
—Pi_1,—Q;—1; in the place of ¢, there will be £,-1,, = {,,2; and in the place of {;; there
wil be l,-1;4, = l;q. So we get:

(aid - apw2) _ (IPO - ‘rP2)(xQ0 - xQz)
(vig —an)  (2Q, — 7p,) (7R, — 2q,)
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and similarly for (w?, w?)C we get:

(aid — apw) _ (1’]32 — $P1)(xQ2 — le)

(@tia — o) (xQz —xp ) (TP, — l‘Ql)

Then we multiply those three conjugate formulas together:

(xpl — xPo)('er — IPl)(xPO — sz)(‘rQl - xQo)('er - xQ1)(‘rQ0 - xQ2)
(IQO - 'IP1)(‘7;Q0 - IPz)(le - xPo)($Q1 - xP2>(IQ2 - xPo)(xQ2 - xPl)
5u5v _ (Ofid - ap)(aid - apw)<aid - apw2>

B Or P72 B (az’d - aOO)(aid - 0411)(%'(1 - CY22)

recalling the notation from lemma 6.5.4. Then we recognize the numerator and denomi-
nator of the last expression respectively as

O(lp, Lo, Up2) = — O(lig, Ly, Loy2)
8(600, 11, f22) == 8(—u, -0, fid)
using theorem 6.3.3. So we have:

a(gitbew;guﬂ) _ 6u5v
a(_uv -0, gld) ¢T¢72

We multiply this with lemma 6.5.4:

o ¢T¢T2
O(—u, —v, L) _eo(u; o)
to obtain the desired form:
—0,,0
Vil f o) =— "Y
a( idy Ywy tw ) eo(u; —’U)

6.6 Diagrammatic Line Addition

Now we can use the results so far to provide an alternative to the algorithm of section 3.11.
This can be used to improve the efficiency in the step where b, , is recovered. That said,
we will not focus on this aspect since the improvement is small, and this requires some
care. Instead, we focus on the large number of connections that exist between quantities
in a line addition step. This gives very many alternatives for performing a line addition,
and we hope to find efficient ways to take advantage of this in future work.
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Note also that this thesis is not self-contained, since the earlier line multiplication
algorithms relied on a computer algebra system to verify the formula for « B v. In this
section, the algorithm described will not depend on any unwieldy formulas like the one for
~v3(u,v). The only reliance left on computer verification is for the ; function; this can in
fact be done in less than a page by hand, using the result from section A.1 and a little
trickery.

To describe our algorithm, we start with a labeled line u with points Py, P, P,. Then
we use the notation ug(z,y) = y — my, @ — by, to represent the line function associated to
ugy = (k + lw?) 8w

kPy + 1Py kP, + Py kP + I Py
—Q© @ Q— Uk,

with uy 1= ug . Note that we define uy; as a labeled line for convenience of notation.
When we encounter u; in the algorithm below, that line should be thought of as an
unlabeled line. So for computational purposes, uy; generally represents the pair (mg, by)
of scalars.

Recall the algorithm from section 3.11, where we obtained the line sum wu,; of wug, uy,
given uy_y, ur_9. In this section, we similarly make use of the following function to recover
the slope my:

Y1 (s ) =My + Mgy 4+ My

We will avoid using other coefficients +; of uHwv, and instead use the results of this chapter
to recover by, ;.

Now we consider theorem 6.4.4 with respect to the following diagram:

kP | Py | (k=R
]{Jpl lPl (_k - l)Pl
kPQ ZPQ (_k - l)P2
1 I 1
Ul Uy U_f—1

The forward differences in the respective northeast and northwest directions are respec-
tively:
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kPy — 1P, kP, — P, kP, — 1P,

° ° . U, —1

[Py — kP, P, — kP, Py, — kPR

° ° . Uy, —k

so we have by corollary 6.4.4:

do (U, Uy, u_g—;
a(ukaulyufkfl) = m( k7l+’ml k)

do(U—k, uy, Uk_1)
Mg + My g

3(Ufk> ur, kaz) =

Note that in the latter expression, we will know all three lines u_j, u;, ux_;, so we can
compute the numerator; on the other hand, the denominator is known as a side effect of
computing my.;. Hence we can calculate O(u_g, u;, ug_;), and then we use lemma 6.5.6 to
compute 9(uy, uy, U_g_;):

eo(uk; w)

—8 U_f, Uy, Ue—1
P P (Wt g, 1)

Oup, up, u_p1) =
And this allows us to recover by.; as follows, starting from the beginning:

L. Input: Uk, Upy U—1, UR—21
2. Compute my; + my = Y1 (Uk—1, U—1) — Mi_2

3. Compute my = 71 (Uk, Ul) - (mk,l + ml,k)

do (u_g,up,uk—_1)

4. Compute O(u_g, uy, ug_;) = prp—

5. Compute O(ug, uj, u_g_;) = %8

(u_p, up, up—1)
6. Compute mg _; +m_; = Y1 (ug, u_y) — Mgy
7. Compute det(uk, ur, u—k—l) = (mk,_l + m_hk)@(uk, ur, U—k—l)

8. Since ka(mk - ml) — mkH(bk - bl) + (mkbl — mgbk) = det(uk, ur, u—k—l)) we compute:

det (u, ug, u—g—1) + Mppi (b — b)) — (maby — myby,)

bry1 =
my, — my

Note that although we used the orientation 0 of various nine point diagrams, we do not
consider this to be a cyclic line multiplication algorithm. We will reserve that terminology
for cases where we break the symmetry between u; and v .
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6.7 Cyclic Line Multiplication

Now we consider cyclic line multiplication. Suppose that u is a labeled line, and that
(w—w?) Bu = Au is known. As a starting point, take any unlabeled line multiplication
algorithm. Then we can technically perform a cyclic line multiplication by computing kHu
from u and kEAwu from Aw in parallel. Of course this feels like cheating! We briefly discuss
improvements on this idea.

We will use the notation uy, = k @ u, for k¥ € Z[w]/(1 + w + w?) in the Eisenstein
integers, and consider u to be a cyclically oriented line (see section 5.6.1.) So for a line
addition, we start with wug, u;, up_;, ur_9;, and we also have their forward differences, with
Auy = U(y—w2)p = U3 Note that we can compute 0(uxHwy), O(ug—;Bu_;) using theorem
6.5.8, since we know the cyclic orientations of those lines.

Then we can start by computing my.; as usual, and we do the same for the forward
difference:
Mol + Mgzt =71 (U1, U—g) — Mgy
M/ =3(ktwl) T T/ B (ktw?l) 271(%/?3@»_1), U_\/?g(z)) — M /Z3(k-20)

In fact, we outline a method to extract by, and b /=34, with essentially the same method.
This was alluded to in section 3.5.

Consider the following, thought of as a function of a nine point diagram N:

1
52(50751752) = Lo+ b1+ Ps — 58(50751752)

Clearly this is invariant under ¢, 7, since those permute the lines ¢y, 1, ¢>. But this is also
invariant under p, and hence all of Aut(M):

Bu(N) — Bu(oN) =o + By + B — 5O(N) — 55 — B, — B} + S0(N)
=(Bo-+ 61+ B — B~ B — B5) — O(N) =0

As a consequence, this is a function of the unlabeled nine point diagram, since it has
invariance under all of the generators of the symmetry group.

Hence fyx(u B v) has an expression as a function of u, v as unlabeled lines. So we can
compute:

1
bg(uk H ul) I:bk+l + karwl + bk+w2l = ﬂg(u H U) + 58(53’0)
Hence by applying this to ui_; Bu_; as well, we can compute by ; just as we did for my:

bt =bs;(ur, B ) — b (up—y Bu_y) + bp_o
=kt + brrw2r + bkrt) — (bppetr + bw2r + bi—2) + be—o
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Then similarly, we can compute b /=3,y and this completes a cyclic line addition step.

Now we outline an alternative method in the same vein. Consider the following, thought
of as a function of a nine point diagram N:

Y(lo, £1,€o) := Bo + B1 + P2 — aparag — O(ly, £y, L2)
Using the same argument as for Sy, this is Aut(9%)-invariant:

YN) =~v(eN) =By + b1 + B2 — agonaz — I(N)
— By — By — By + apaiay + 9(eN)
=(Bo + b1 + B2y — By — B3) + (apaay — apaag) — 20(N) =0

As a consequence, y(u B v) has an expression as a function of u,v as unlabeled lines. In
fact, there are many expressions with similar properties, but this one was chosen because
it is simpler than the others. Here it an expression for v(u B wv), with (X,Y) =« N (—v):

y(uBov) = ((31) +2aX — Y?)(2a 4+ myb, +myby,) — (a+ 3X?)(3b — amym, — byb,)
— 2(3b(m,, — my,) — 2a(b, — bv))Y> / ((mu +my)(b+aX + X° — Y2)>

Using this, we get an algorithm similar to the method of section 3.11, but with the shorter
expression ~ rather than the huge 3. In fact, this can be used as an unlabeled line
multiplication algorithm, if the 0 expression is extracted as it was in the last section, for
example.

In chapter 7, we will see new formulas which can be used for cyclic line multiplication.
These involve trilinear forms fy, f1, which can replace the trilinear form de:

dO(g[)aelagQ) f0(€07€17€2> f1(607€17€2)

do(Av, Au, lo) N fo(Av, Au, lo) - fi(Av, Au, lo) = 0(l, b1, 62)

We are currently developing such algorithms.
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Chapter 7

Three Torsion Algebra

Recall from chapter 3 that there is normally a six way ambiguity in adding two lines. In
this chapter, we focus on a special case of line addition with no ambiguity: the addition of
a triple intersection line. Such a line arises as the tangent line /7 to E at a three torsion
point T' € E[3]. Then for any line ¢ € L£3(E), there is a unique line sum between ¢ and /r,
which is denoted %7,

The operation ¢ — ¢ turns out to play an important role in the algebra of line
addition. For one, it provides symmetries of the line sum function:

wB o =u® BT,

By studying invariant functions of this E[3]-action, we can better understand the line sum
function. This is especially beneficial because the operation ¢ — ¢#7 turns out to have a
simple form: it is a projective linear map, and so the coefficients of /¥ can be obtained
from those of ¢ via a matrix multiplication.

We then focus on an important class of functions which arise in connection to E[3]-
invariance. These are trilinear forms which have simple transformation rules under the
E[3]-action. These trilinear forms will provide simple relations between various lines that
appear in a line addition. Furthermore, these relations have analogues in point arithmetic.
This analogy is briefly mentioned here, since it is a good illustration of the central theme
of this chapter.

First we note that for points satisfying Py+ P, + P> = O, we have det(Fy, P;, P,) = 0 in
projective coordinates due to the collinearity of those points. Then we note that for any T €
EI3], we also have that (Py+T) + (P, —T) + P, = O. By representing addition of three
torsion with a matrix multiplication, we in fact get a cubic form det(MrPy, M_7Py, P»)
that vanishes for collinear points. By varying T' € F[3], we can generate a 3 dimensional
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vector space. By choosing a convenient basis, we get equations characterizing the relation
det(Po, Pl, Pg) = 0.1

For example, in a Hessian form elliptic curve, we can use this principle to get simple
point addition formulas. A Hessian form elliptic curve is defined by the equation:

Ey,: 2 +9y*+1—3azy=0,

with O = (—1:1:0). We can characterize collinearity of three (affine) points Py, Py, P» €
E,, by the vanishing of the following three cubic forms:

Pob+Pi+P=0 < 0=1+zox172 + Yoy1Y2
=ToY1 + T1Y2 + T2Yo
=ZoY2 + T1Yo + T2Y1.

An analogous phenomenon arises in line addition, and this leads to simple line addition
formulas on Hessian curves. Recall that for cyclic lines u, v with forward differences Au, Awv,
there are three cyclic sum lines ¢y, ¢1, (5. By theorem 6.4.4, these satisfy

__do(lo, l1, )
d@(AU, AU, EO)

= 0(ly, l1, () (7.1)

Now we use the perspective from section 5.7 to similarly replace dp with other trilinear
forms. Suppose that £y, {1, {5, Au, Av are labeled lines; then because they form a nine point
diagram, we have {4 + {1 + {5 = {» without loss of generality; furthermore, the forward
differences can be taken to be Au = [x(ly, l1,0) = w2l — wly, Av = Ix(ly, l1,05) =

(,4)2&) — wﬁl .

Then we also have (Z7 + (T7 + (5 = (o, using the same trick as for points. Hence
(BT 3T ¢y form a nine point diagram. The forward differences are then

AT 07T ) = 07T — wig”
= (w — w@O)ET = (Au)®T
(05T 0TT 0y = 03" — witT

= (w2€0 — wgl)ElT = (AU)EIT
So we get

. dO (%ET, g?T’ 62)
do((Au)ET, (Av)BT Lo)

=0(L", (1" )

!See Daniel R.L. Brown’s paper [2] for a different approach using cubic forms.
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It turns out that by studying the transformation of 0 under the action of E[3], this last
equation gives us exactly what we need! That is,
 det(MIg[l], M[4], [6])
det(MT,[Au], MI[Av], [(o])

= 8(807 gl? 52)

and this gives a new trilinear form to replace dp! Again we get a 3 dimensional space of
trilinear forms, and we can choose a convenient basis do, fo, fi with:
d0<€07€17€2) . f0(£07£17£2) . f1(€07€17€2>

Tdo(Au,Av lo)  folAu,Av lo)  fi(Au, Av, lo) Ao, £, L2)

Now we elaborate on the transformation of 9 under three torsion being added or sub-
tracted from a nine point diagram. First off, if all points have T added, then the transfor-
mation is simple:

(2yr)®

BT )BT )BT\ __
a(60 7€1 762 )_gg(—T)el(—T)€2<—T)

8(£07 617 62)

which can be deduced by examining equation (7.1) under the transformation; in essence,
each vector in the determinant is multiplied by the same matrix. For ({57, (77 (5), this
process would not work so cleanly, since the columns would be multiplied by different
matrices. Fortunately though, we can rectify this by examining the following result of
theorem 6.5.1, and its application under the transformation:

8(60, 4, 52)3(50, —{, Eﬁ)a(gm —{1, €7|) 260(—%; 51)
O™ 7T 0)0(e5 ™, (—) ™ ET) (6T (—0)PT 5T) =eo((—Lo)™T5 65T)

Then all but the first term transform predictably; hence we can predict the transformation
of the remaining term as a result. We briefly discuss a better explanation that we are
developing in section 8.1.

7.1 Elliptic Curve Three Torsion

In this section, we characterize the triple intersection lines with E since they provide a
particularly simple case of line addition. In fact, the six possible sum lines mentioned in
section 3.3 collapse to a single possibility if one of the summands is a triple intersection
line.

Definition 7.1.1. A triple intersection line Ly for T € E is a line satisfying:

Divp(tr(P)) =3(T) - 3(0)
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By the characterization of principal divisors (see section 2.4), a triple intersection line
{7 exists for T' € E if and only if 37" = O; so triple intersection lines correspond exactly to
tangent lines at 3 torsion points 7' € E[3]. We characterize F[3] explicitly now, and define
the notation that we use throughout this chapter:

Theorem 7.1.2. Suppose £ : b+ ax + 23 — y?> = 0 is an elliptic curve over a field F of
characteristic 0, with a # 0. Then E has nine three torsion points which form a subgroup
that is a direct sum of two cyclic subgroups of order 3:

E[3] ={0, £Tp, £T, £ T, £T5}
:{ZTO +.]T1 | 27.] € {07172}

where we define Ty =Ty + 11 and T3 =Ty — T7.

For T = (xr,yr) € E[3]\{O}, the triple intersection line is notated lr(zx,y) = y —
mpx — by (and lo(x,y) = 1.) The eight slopes z = myp for T € E[3]\{O} correspond to
the eight distinct roots of —27a® + 108b 2% + 18a 2* + 2%, and the coordinates of T and {r
are:

T = (fETny) — <% 3a+m§l">

’ ﬁmT

4
3a—mg

6mp

gT(P) =yp —mrrp — by = yp — mrrp —
Note that (m_p,b_1) = (—=mp, —br) and (x_7,y_7) = (X7, —yr).
There is a primitive cube root of unity w € F (with 1+ w + w? = 0) such that

2
mr, =Mr,+1, = W M, +Wwmn

2
mr, =Mry—7, = W, — W M
and furthermore mg, and mr, are related as follows for /—3 := w — w?:
3 2 2 3
0 =3v—3a — mpmp, + v —=3mpmp + mpmy

Note that as a simple corollary of theorem 7.1.2; the z-coordinates of T' € E[3]\{O}
are exactly the roots of the following polynomial:
Definition 7.1.3. The third modular polynomial is:
Y3(1) := —a® + 12bx + 6az® + 3x*

and we denote 1P3(Q) = P3(xq).
Theorem 7.1.2 is a summary of the results of section B.1 of the appendix. In fact, the

main tool that we use in our proof is the diagrammatic calculus applied to a nine point
diagram formed from three triple intersection lines.

154



7.1.1 Action of Three Torsion

In this section, we study the action of F[3] on F via translations. A crucial observation is
that addition of three torsion preserves lines. This corresponds to the following action of
EI3] on lines:

Definition 7.1.4. For T € E[3] and a line { € L3(E) with points Py, Py, Py, we define the
T-shift of ¢ to be the line (P with points Py + T, P, + T, P, + T. This gives a map BT :
L5(E) — LS(E), which is well-defined for any line diagram. We also define (77 .= (F(=T),

We point out an important consequence of the preservation of lines; the map HT is
projective linear, and hence is given by a matrix multiplication in projective coordinates.
A further consequence is that the translation by 7" map P — P + T on E can also be
realized by a projective linear map. To more precisely state this, we first need to establish
our linear algebraic notation:

Definition 7.1.5. For a point P € T and a line £ without © as a point,

xp —a(f)
[Pl:=1 yp |, ) = 1
1 —B(0)

More generally, [¢] is defined so that ((P) = [(]T[P].

For example,

—mr 0
[lr] = 1 for T € E[3]\{O}, and [lp] = | O
—bp 1

Then we can explicitly express the translation by 7" map as a matrix multiplication in
projective coordinates:

Theorem 7.1.6. For a three torsion point T € E[3] and P € E\{O, —-T}:

e ()

where Mo = I, and Mry is the following matrixz for T # O:

1 —br —yr xr xr(br+2yr)
My = - —moyr  yr —Yyr(br + 2yr)
yr mr 1 bT
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More precisely, for T € E[3]\{O} the following holds for functions of P in F(E):

TpyT —2yr Tp
ypir | = < ) Mr | yp
1 Yp +mrrp + bT 1

For T € E[3]\{O}, the coefficient vector of £FT is:

BTy _ —2yr T
TG EEE O

This allows us to translate points from the plane by T as well:

Definition 7.1.7. For T € E[3]\{O} and a point P € F with (_p(P) # 0, we define
P+ T by the formula

P11 = (2 ) balp

Theorem 7.1.6 is proved in section B.2 of the appendix (see theorem B.2.1 and theorem
B.3.1.) The following lemma gives algebraic properties of the various matrices Myp:

Lemma 7.1.8. For any T,T' € E[3]:

(i) det(My) = 1
(ii) MyMyp = WMy g for some i € {0,1,2}.
(iii) M2 = M_p

(iv) M3 =1

This is lemma B.4.1, which is proved in section B.4 of the appendix, with more detail.

7.2 Trilinear Forms

The action of E[3] is important to us because linear summation is invariant under the
transformation (u,v) — (u®,v57):

wB o =u® BT,
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Hence we can better understand linear summation by studying FE[3]-invariant functions.
This in fact leads to simpler expressions in our line multiplication algorithms. But the ben-
efits run much deeper, since there are arithmetic interpretations of many of the expressions
that arise naturally when classifying F[3]-invariant functions.

We first focus on a class of expressions which transform predictably under T-shifts of
their arguments. These are typified by the determinant form:

do(Po, Pr, Py) = det([Ry], [P], [P2])

As a consequence of the projective linearity of T-shifts, the determinant form has a simple
transformation rule under translation by 7' € E[3]\{O}:

—2yr
0_+(P)

do(Po+T, P, +T,P,+T) = (H ) do(Py, Py, Py)

This is a simple consequence of theorem 7.1.6. In fact, using the algebraic properties of
the My matrices from lemma 7.1.8, we can define more general forms which have the same
transformation formulas:

Definition 7.2.1. For T' € E[3], the T-determinant form s the following trilinear form
for vy, vy, v5 € F3:

dT(’Uo, U1, UQ) = det(vl, MT?JQ, M_TU3) .
We use the same terminology to denote the following associated function of Py, P1, P, € E:
dr(Po, Pr, Pp) :=dr([Po], [P1], [P2]) = det([Po], My [P1], M_r[Ps]).
We also define the cubic form dp(v) := dr(v,v,v), and similarly dr(P) = dp(P, P, P).
We first establish the transformation rules for these forms under T-shifts and permu-
tations:

Theorem 7.2.2. For any 1" € E[3|, the form dp transforms as follows under translation
of its arguments by T € E[3]\{O}:

2
—2
dT/<P0+TP1+TP2+T (H yT)dT/(P07P15P2)

0o Z

Furthermore, dr is invariant under cyclic shifts:
dr(Po, Pr, Py) = dp(Py, Po, By) = dr( Py, Py, Pr)
and transforms as follows under transposition of any two arguments:

dT(P07P27P1> = —d,T(PO, P17 P2)
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Proof. We use the following result from theorem 7.1.6 for T' € E[3]\{O}:

Pot) = (Yl = ()

We also recall lemma 7.1.8, which implies that My M7 = w' My My for some i € {0, 1,2},
and that MT_,1 = M_7.. Hence

M_T/MT = M_T/(MTMT/)M_T/ = M_T/(w_iMT/MT)M_T/ = w_iMTM_T/
and we can use this to demonstrate the T-shift transformation formula:

dT/(P0+T,P1+T,P2+T):det([P0+T] MT/[P1+T],M_T/[P2+T])

— det <%MT[PO] - (Pl)MT Mr[Py], [TQ(@;Z)M_T,MT[PQ])
= (ﬁ ) det (MT[P()] w MTMT’[Pl] w MTM T’[P2])

2

>det([P0] My [Py], M_p[Py)]) (H - 2(3/;;)) dpr (Py, Py, Py)

(11

0

Where we used the fact that det(Mr) = 1. We use that same property to prove the
invariance of dr under cyclic shifts:

dr(Py, Py, Py) =det([P1], Mr[Py], M_1[Fo))
= det(Mrp[Py], My My [P,], MpM_1[Fy))
=det(Mr[P1], M_r[P3], [Py])
_ det([Po), My [P, M_r(By]) = de(Po, Py, Py)

Lastly under transpositions we have:

dr(Po, P2, P1) = det([Fo], M7 [Ps], M_r[P])
= — det([Po], M_z[P], Mz[Py]) = —d_7(Py, P1, Py)

[]

The determinant forms can be used to define functions of P € E that are invariant
under translation by 7' € E[3]. For example, the function dy(P)/dr~(P) is invariant under
the action of E[3] for fixed T, T" € E[3]\{O}. Many of those E[3]-invariant functions have
connections to point arithmetic on FE; for example the function dg (P)/dp» is related to
z(3P) by a simple transformation.
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There are many other connections between determinant forms and point arithmetic. In
particular, for any 7' € F[3] we have dp (P, Py, P») = 0 whenever Py+ P, + P, = O. When
T = O, this is easy to see since we are taking a determinant of a matrix whose columns
represent three collinear points. More generally, dy vanishes with those arguments since
P0+(P1+T)+(P2—T):OI

Lemma 7.2.3. For T € E[3] and Py, P, P> € E satisfying Py + P, + P, = O, the T-
determinant form satisfies dp(Py, Py, P2) = 0.

Proof. By definition,
dr(Po, P, Py) = det([Fy], Mr[P1], M_7[P))

and those column vectors represent the points Py, P, + T, P, — T respectively in projective
coordinates, by theorem 7.1.6. The determinant thus vanishes, since those points Fy, P; +
T, P, — T are collinear by virtue of having sum O. m

We can use this lemma to derive point addition formulas. Suppose that Fy, P, € E are
given, and we would like to find Py + P;. First we solve for P, = —Fy — P; in the following
system of linear equations:

do(Py, P1, Py) = dg (Po, Pr, Po) = dpy, (Py, P, P2) =0

and then we simply negate P, to obtain Py + P;. We will elaborate on this concept in
section 7.2.3. For now, we focus on other arithmetic connections which we will use to
prove algebraic properties of determinant forms.

7.2.1 Cyclic Orientation from Determinant Forms

We will now give another arithmetic interpretation to the determinant forms. Specifically,
for ) € E and a line u with points Py, P, P, we will prove the following in theorem 7.2.4:

TRt+Q TP+Q TPtQ (zp—xp,)(xp,—2p, ) (TP, —7p,) (—a® + 12bxg + 6axy) + 317)
YPo+Q YP+Q YPtQ | =
po e o T ez 0.7

This relates the determinant form to the cyclic orientation 6(u) of u € L5(E) which
was introduced in section 3.4:

0(u) =(rp,—xp,)(Tp,—xp ) (TP, —Tp,).
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The other factor that appears in the numerator is 13(Q):
V3(Q) = — a® + 12bxg + 6axy, + 3z

recall from section 7.1 that this is the third modular polynomial, which vanishes for @) €
EBN O}
In section 3.4, we also talked about specifying a cyclic orientation via a forward differ-

ence line Au. These also appear in theorem 7.2.2 when we consider more general determi-
nant forms:

dr(Po+ Q. Pi+Q, P+ Q)  —yr — mau®r — bay

do(Po+ Q. P+ Q, P+ Q) 2yr

In fact, this formula will be used in section 7.2.2 to derive formulas for ma, and ba,,
closing the gap left in theorem 3.4.2 without the use of a computer algebra system.

Theorem 7.2.4. Suppose the line u € L5(E) has three distinct non-zero points Py, Py, P;.
Then for Q € EN\{O, —Py, —P1, — Py} we have:
do(Po+Q, P+ Q, P, + Q) =

and for T' € E[B\{O} we similarly have:

Au(=T) d(u)is(Q)

dT(P0+Q7P1+Q7P2+Q) = 2yT —U(—Q)3

Proof. We consider u as being fixed, and we assume that « has no point from E[3]. Then
for each T' € E[3] we define the following function dy € F(E):

TPy+Q TP +Q TPy+Q
dr(Q) :=det yro+Q | M7 | ypvg | M- | YrtQ
1 1 1

Claim: For each T € E|[3], there is a constant cp such that dr(Q) = cr - ¥3(Q)/u(—Q)3.

We will prove this claim by showing that both functions have identical divisors. Recall
that the third modular polynomial vanishes at non-zero three-torsion points, and u(—Q)
vanishes at —Fy, — P, —P»:

. Us(zq) \ _ _ _a((_ _ _P)—
Divg (207) ) 3 (0)-90)~3((=R) + (-R) + () ~30)

= > (1) =3(=P) = 3(—P1) — 3(—P)

TeE[3]
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On the other hand, consider the expansion of dr(Q) as a polynomial in x(P; + @) and
y(P; + Q) for i = 0,1,2. Each monomial will be of the form

§o(Po + Q)61 (P + Q)&a( P + Q)

where &; is one of the functions z, y or 1. Hence Div(§;) > —3(0), and as a consequence
Divg (&(P; + Q)) > —3(—PF;). So the monomial satisfies the following:

Divg (§o(FPo + Q)61(PL + Q)&(P + Q) > =3(—Fy) — 3(—F1) — 3(—F2)

It follows that Div(dr) satisfies the above inequality as well. Furthermore, the function
dr(Q) vanishes for each ) € F[3]; this is because the columns in the determinant give the
three collinear points Py + Q, P, + Q + T, P, + (Q — T in projective coordinates. Hence

. . P3(Q)
Divg (dr(Q)) > (T) —3(—FR) —3(—P1) — 3(—P,) = Div 5
¢ TGXE:[?,] ¢ (U(_Q) )

Now since all principal divisors have weight 0, the two divisors must in fact be equal. Hence
the first claim is proved.

Claim: cp = —(zp, — zp,)(xp, — zp )(xp, — xp,) = —(1)

We will prove this by expanding the functions dp(Q) and ¥3(Q)/u(—Q)? locally at O,
and comparing leading coefficients. Recall from section 3.1 that the uniformizer w := x/y
vanishes to order 1 at O. For functions in F(E), we will use the notation f = g+ O(w*) to
indicate that Div(f—g) > k(O). Note that since x, y are normalized functions of respective
orders —2, —3 at O, we have the expansions:

r=w?+0w"), y=w">+0(w?)
We can use the identity y? = b+ az + 2% to bootstrap these into better expansions:
w?r = wly =Py’ =1 —axy ? — by ? =1—aw' + Ow’)

Next we expand the terms zpi g and ypyg that appear in the determinant, using the
standard point addition formulas (see section 2.4.) We first expand the slope between
these points:

y—yp _ qwy—ypw’ 1 —ypw’ —aw' +O(w’)

m = w0 =w
T —Tp w2xr — xpw? 1 — zpw? — aw* + O(wd)

=w ! + zpw — ypw? + rHw® + O(w?)
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Then we calculate the coordinates of P + ():
Tpig =m’—Tp—Tg
= (w? + 2zp — 2ypw + 3zpw’ + O(w®)) — zp — (w? — aw® + O(w?))
=zp — 2ypw + (a + 3% )w? + O(w?)
yp+q = — m(Tpiq — Tp) —Yp
=— (v +zpw+ O(w?)) (—2ypw + (a + 323)w* + O(w?)) — yp
=yp — (a+ 32%)w + O(w?)

Finally we expand dp as a determinant, noting that it vanishes at () = O:

Tp, — 2Yp,w Tp, — 2Yypw Tp, — 2yp,w
do =1 yp, — (a+ 32 )w yp — (a+3zh)w yp, — (a+ 3% )w |+ O(w?)
1 1 1

=3(xp, — xp,)(xp, — xp,) (TP, — 2p,)w + O(w?) = 35(u)w + O(w?)
On the other hand,

—a® + 12bzg + 6ax? + 3z}
—u(—Q)3 (yg + muxg + by)?
so we have dp(Q) = —(u)3(Q)/u(—Q)? since those functions have identical divisors and
leading coefficients; thus co = —d(u).
Claim: cp/co = Au(=T)/(2yr) for T € E[3]\{O}
Since dr/do is a constant function, we determine its value by considering Q = —P;. To

make the argument precise, we will consider the expansion of dp(Q — Py)/do(Q — P) at
@ = O. First we consider the leading term in the denominator:

TR-P+Q WTQ TP-Pi4Q tp-p 0 Tpop
w3dO(Q - Pl) =| Yro—-P1+Q wsyQ Yr—P+Q | = | “YP-R L yp—p |+ O(w)
1 w? 1 1 0 1

:<xP1—Po - $P2—P1) + O(w)

So wdo(Q — P1)|g_¢ = (tp,—p, — Tp,—p,). For the numerator, we proceed similarly:

ITpP—-Py 0 LTpy—Py
wng(Q - P1)|Q:(’) = det —Yr-py 7MT 1 7M—T Ypr—p
1 0 1

_1| TA-R T (br + yr)xp,—p, + 1YpPy—p, — 27 (br + 2y1)
:@ —Yp-py, Yr —MrYrTp,—p, — YryYp,—pP, — yT(bT + QyT)
T 1 1 —mrxp,—p, +Yp,—p, — br
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to simplify this determinant, we add myzp,_p, — yp,—p, + (by + 2yr) times the second
column to the third one; and lastly we expand along the second column:

1| *h-k T 2yrxp,—p

wdr(Q — P1)|Q:O = 12 —Yr-p, Yr —2YrYpr,—p,
T

1 1 2y
_ ($P1—P0 B sz—P1)yT + (sz—P1 B yPl_PO):BT + (xPI_POyPQ_Pl _ xPQ_PlyPl_PO)
—2yr

After dividing this by (zp,_p, — Tp,_p, ), We recognize the coefficients of the line Au which
passes through P, — Py and P, — P:
dr(Q — P1)  yr +mautr +bay  Au(=T)

do(Q — P1) —2yr 2yr
So in fact dr/do = cr/co = Au(—T)/(2yr), which proves the claim and concludes the
proof of theorem 7.2.4. O

Now we generalize theorem 7.2.4 to more general arguments Ry, Ry, Ry in the determi-
nant forms. We can use theorem 7.2.4 by first solving for Q) € E(F) with 3Q = Ro+ R1+ Ro,
and then taking v with points P, = R; — Q:

Corollary 7.2.5. For T € E[3]\{O} and for distinct Ry, Ry, Rs € E\E[3] with Ry+ Ry +
Ry # O, the following holds:
dr(Ro, By, Ry)  —yr — mazr — ba

d(f)(Role,Rz) 2yr
where y — max — ba represents the line with points Ry — Ry, Ry — Ry, Ry — Rs.

7.2.2 Forward Difference from Trilinear Forms

Now we consider the vector space generated by dr as T varies over E[3]. We use corollary
7.2.5 as our starting point, in the following form:

dT —1 —XT —1

S — S Ay 7.2

do 2 Moy A2y (72)
where dr,do, ma,ba are considered as functions of distinct Rg, Ry, Ry € E\F[3] with

Ry + Ry + Ry # O. We consider dr/dp for T'= O, Ty, T}:

do _,

do

dTO - 1 :CTO 1
=t mao— + ba

do 2 2y, 2y,
dT1 —1 Ty —1
=t ma—— +ba

do 2 2yT1 2yT1



by solving for ma, ba, we obtain trilinear forms eg, e; with 3eg/do = ma and e;/dp = ba.
Then each determinant form dp for T € E\{O} is simply expressed as follows:
-1 —3zr —1

dr ——d
T2 o 2yr €0+2yT61

see section B.5 for a more detailed argument. Note that the factor 3 is for consistency with
definition 6.3.4.

Definition 7.2.6. The trilinear forms eg, e; are defined via the following:

-1

d 0 0 d
© -1 drm ©

€o = 2 2yry  2ymy dr,

€1 -1 T —1 dT1

2 2yry 2yry

For points Py, P1, Py in the plane with P, = (x;,y;), the following gives formulas for
ei<P07 P17 PQ)

a 1
ep =b + 3 (o + 21 + 22) + ToT122 — 3 (Yoy1 + Yoy2 + Y1y2)

er =—a” + 3b (xg + 1 + 22) + a(xox1 + ToTy + T122) + Toyry2 + T1YoY2 + Tayo
and we define e;(P) := e;(P, P, P), so for P = (z,y):

eo(z,y) =b+ax + z° — ¢
er(r,y) = — a® + 9bx + 3ax® + 3xy?

We can now prove theorem 3.4.2, using the technique of local expansions from the proof
of theorem 7.2.4:

Theorem 7.2.7. For a lineu € L5(E) with distinct non-zero points, the forward difference
line Au has the following coefficients:

9om,, — 6ab, + am3 + 3m,b?
(xpl - "L‘Po)(x& - C6131)(‘%‘130 - $P2)
_ —2a*m,, — 9bb, + 2bm? — am2b, + b3

bay =
8 (xpl - m13’())(37132 - xPl)(a:PO - .Z'p2)

MAuw =

Proof. As a function of @, the expression e;(Py+Q, P1+Q, P,4+Q)/do(Po+Q, Pi+Q, P,+Q)
is constant and takes the value ma, for i = 0 and ba, for ¢ = 1. To determine the value,
we expand the numerators and denominators locally around ¢ = O. The denominator
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do(Py+Q, P+ Q, P, + Q) expands as 36(u)w + O(w?), as we saw in the proof of theorem
7.2.4. Then we calculate the coefficient of w! in the numerators:

Ufl@o(Po +Q, P+ Q, P+ Q)‘Q:O = Z ((% + x0x1> (—2y2) — %(?JO +y1)(—a— 39‘5%))

cyclic

=9bm,, — 6ab, + ami + 3mubi
and similarly
twle (R +Q,Pi+Q, P+ Q)|Q:0 = — 2a®my — 9bb, + 2bm3 — am?b, + b3
m
These trilinear forms eg, e; have the advantage of having coefficients that do not depend

on a choice of three torsion point. They have these properties inherited from the dr:

Theorem 7.2.8. Fori € {0,1} and points Ry, Ry, Ry in the plane,

2

—2
¢i(Ro+ T, Ry +T,Ry+T) = (H yT)
i=0 ‘

/ T(P > ei(ROaRlaRQ)

Furthermore, ey and ey are symmetric functions of their arguments.

Proof. These follow from theorem 7.2.2 and theorem B.5.2. The symmetry is clear from
the definition. 0

7.2.3 Point Addition and Trilinear Forms

Here we use the trilinear forms dp, eg,e; to present a different point of view on elliptic
curve point addition. This has similarities to the approach we take to line addition.

Recall that for T' € E[3|, and for Py, P;, P, € E, we have dr(FPy, P;, P,) = 0 when
Py + P, + P, = O. Then since eg, e; are linear combinations of the dr, this property also
holds for those forms. Hence we can solve the following system of equations to derive
a formula for P, = —Fy — P, given points Fy, P, (with some special cases that are not
covered):

do(Py, Py, Py) = eo(Po, P1, Py) = e1(Py, Py, P3) = 0
So if P, = (x;,y;) for i = 0, 1, we solve for P, = —FPy— P, = (22, y2) in the following system:
0 =(zoy1 — z1Y0) + (Yo — y1)x2 — (To — 21)y2
0= <b + g(xo + 1) — ?/03/1) + (g + IofCl) To — 1(Zl/o + y1)y2

3 3 3
0 =(—a® + 3b(zo + 21) + amow1) + (3b + alxg + 1) + You1)T2 + (Toyr + T1Y0)Y2
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We note that there are identical addition formulas on other elliptic curves as well. For
example, consider the curve E; defined by e;(P) = —a? + 9bx + 3ax?* + 3xy* = 0 and with
base point (0 : 1:0); note that the line x = 0 has a triple intersection at the base point. It
follows that the T-shift of that line has a triple intersection at T'; hence the three torsion
points are the same for F; and E. Furthermore, the T-shifting formulas are also the same.

7.3 Trilinear Forms on Lines

There are also dual cubic forms, which have simple transformation properties. These will
be useful to us later when discussing line addition relations.

Then we can similarly define trilinear maps:

Definition 7.3.1. For T € E[3] and vectors vg, v1, v, we define:
C/i\T(Uo,Ul,Ug) =det (UO, MT vy, M}vg)
and for lines Ly, l1,0s € LY(E):
dr (Lo, 01, bs) ==det ([Co], MT1[¢1], M][(5])

Similarly to the trilinear forms on points, we also have a more convenient basis:

Definition 7.3.2. We define the following two trilinear forms:

wmg, (mg, — mp,)? ~ ~ w?mq, (mp, — mg,)? ~ ~
fOZ 6\/0—_3 2 (dTo_d—To)_ 06\/—_3 . (dTl_d_Tl)

wby, (mp, —mp,)? ,~  ~ Wby, (mp, — mp,)? ,~  ~
fi= n(mm, — mr,) (dr, —d-m,) — iz ) (dry — d—1,)

6v/—3 6v/—3

For vectors

Qp aq (6%)
Vo = Co , U1 = 1 , U2 = G2 )
Bo b1 B2

we have:

fo(vo, v1,v2) :=3b(o(1 G2 + 1oz + a2oCr) — 2a(CoCi B2 + (oo + (1¢250)
+ aago g + apBi P + a1 Bofa + B

fi(vo, v1,02) == — §a2(040C1C2 + a1GoCa + @2oC1) — 3b(Co1B2 + (2B + C1¢2fo)

1
+ 2boya g — ga(ao&lﬂ2 + apasfi + anaefo) + Sof152
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7.3.1 Trilinear Form Relations

We recall some important context: we would like to find relations between ¢y, (1, {5, to
be used in the line addition step of our line multiplication operation chain. In particular,
we will generally not assume a priori knowledge of ¢, ¢}, ;. As a first step to rectifying
this, we would like to develop formulas for (¢, ¢1, ¢2) which do not involve knowledge of
05, 01, 0. Instead, we assume knowledge of (g, {1, {5, as well as the forward difference lines
lx, l7; in contrast to £, the forward difference lines can be easily included in an operation
chain, making a natural appearance in cyclic line addition.

Recall from chapter 6, that one approach was to use lemma 6.4.4. By comparing
multiple nine point diagrams, we could get suitable cancellation that allowed us to perform
a cyclic line addition. In this chapter, we will improve upon this. This is accomplished by
developing new relations between £y, {1, {s, {<, {. These are best expressed in terms of the
trilinear forms on lines. In fact, they are reminiscent of the cubic form addition formulas
from section 7.2.3.

These new relations come from a striking use of the formulas from chapter 6. By
applying T-shifts to the arguments in judicious ways, we reveal extra symmetries. These
lead to a bootstrapping process from lemma 6.4.4 to show that the trilinear form dp can
be replaced by any of the trilinear forms from section 7.2:

Theorem 7.3.3. Using the notation from section 7.2, we have the following formulas for
8(607 617 62) ;

_ do(b, b, 6>)

do (Lo, l, <)
_ Jollo, by, 45)
 follo, b, (x)
il b b)
 fillo, b, (R)

8(607 él) 62) -

or explicitly:

ao(f1 — B2) + ar (B2 — Bo) + aa(fo — Br)
axn — aR
_3b(ag + ar + az) — 2a(By + Bi + Ba) + acpanas + oS + a1 BBz + anfBi B
N anfs + Paox — 2a
_2a2(040+041+042) + 9b(Bo+F1+B2) — 6bagar g + aloaa Bo+apae Bit-apon B2) — 3506152
B 9 + acnax + 3640

8(60, gla 62) ==

The proof follows a similar outline to that of the forward difference formulas from
section 7.2. Namely, we first bootstrap from dp to dr for T € E[3]\{O}, and then we take
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linear combinations of numerators and denominators. The bootstrapping process is quite
pretty in fact; it is simply a matter of combining the formulas for 0 over various naturally
arising nine point diagrams. The only finicky bit is to keep track of various factors that
pop up. But the payoff is then all the more; the various factors all cancel out, leaving the
elegant formulas from theorem 7.3.3.

7.3.2 Proof of Theorem 7.3.3

To prove theorem 7.3.3, we start by proving that dp can be substituted with dr for T' €
E[3]\{O}. To achieve this, we start with theorem 6.5.1, which says that for this nine point
diagram:

F P P
00 l 10 l 20 l ¢
N
Py, Py Py,
gl
1
P Py Psy p
I I r -
y 2 ly

we have:
60(—50; 51) = 8(60, l, 52)5(507 —517 _ER)awm —61, €7|)

Now notice that if we add 7" to £y and subtract it from ¢, then the factor d(¢y, —¢1, —(x)
transforms predictably, since each argument is shifted by 7. Similarly, we have a simple
transformation rule for 9(¢y, —¢1, () and eg({y; —¢1). Thus to deduce the transformation
rule for d({y, {1, ¢3), we simply need to keep track of precise transformation rules for the
other factors.

The first step is to establish the transformation formula for 0 under T-shifts:

Lemma 7.3.4. (i) The orientation O(N') of a nine point diagram N = (g, 1, ls)
transforms as follows under T'-shifting:

a(gEET EEET gEEIT) — (QyT)3 a(e 0 0 )
0 »*1 »*2 N(_T) 0, t1, 12
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(ii) The expression eg(Lo; 1) = (p—a)3eq(boNly) transforms as follows under T-shifting:

)= () s

Proof. (i) Recall theorem B.3.1:

—2yr 2yr
BT MT — MT
[6 ] yr + myxr + by [6] g(—T) 7T[€]

now we calculate the following (see section B.3):

do (67, 677, 65)  (2yr)? det(MT p[bo], MT 1[64], M 1 [(5))
do (bo, b, ln)  Lo(=T)1(=T)ly(=T)do (Lo, lx, £)
_ Qyr)°det([to], 4], [2]) _ (2yr)°do(lo, b1, L)
N(=T)do (bo, s, l)  N(=T)do (Lo, lx, ()

_ (2yp)?
CN(=T)

oly", 57,6 =

8(€07 gh 62)

(ii) By a direct calculation,

G oy o (@081 —a1fBy) —mr(Bo — Bi) + (0 — au)br

“ <£O T> - <£1 T> s (yr + oz + Bo)(yr + o + B1)
__2yT£fT(£0 N 61) (O_f — )
T (=D (=T) !

and then we have a straightforward computation, where we use theorem 7.2.8:

o (575 657) (a ((BT) — o (£E7) ) ®eo (€37 1 (27

eo (Lo; 11) Qg — eo (bo N 4y)

2yT€ EO N El fo N 61 —|— T)

( ) eo (bo N 4y) .
(et ()
() (25)

In theorem 7.3.3, dp can be substituted for any 7-determinantal form, for 7' € E[3]:
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Lemma 7.3.5. For any T € E[3],
dr (Lo, (1, {5)
dr (Lo, la, Ix)
Proof. Consider the nine point diagrams N = N(ly, (1, lz) and N7 = N(ET (FT 1,).
Recall from lemma 5.6.4 that Ix = w?ly — wl; and [ = W2l — wly, so
x(N) =w?(ly + br) — w(ly — b7) = (w2€0 - wﬂl) — by = 42T
AN =w? (0 — bp) — w(ly + ) = (5T
where (g = Ix(N) and (5 = [(N). Now we use theorem 6.5.1 to both A" and N to obtain:
eo ((BO)ET; (5T) 9 (637,657 0,) 9 (57, (B0,)5T, (Ble)ET) 0 (€57, (B,)57, (27T
eo (BFloi 1) O(lo, b1, ) 3 (€o, By, Bl 9 (b, By, 6)

a(£07£17£2) - -

Next we isolate the first factor on the right hand side; the resulting expression is then
simplified using lemma 7.3.4 and the identity B¢(P) = —{(—P):

O (657,657, 0y)  eq ((BLo)™ 657) 9 (o, By, Bly) 0 (Lo, By, )
0(lo, 01, 6)  eo(Bloify)  O(ET (B6)FT, (Ble)®T) 0 ((ET, (BL,)ET, (ET)
:< —2yr )3 (—2yT)3 (=) (B6)(=T)(Bk)(=T) L(=T)(B0)(=T)tx(-T)
B6,(T)) \ 6(T) (2yr)® (2yr)®
_( —2yr )3(—2%)3%(— )(—6(D)(—=(T)) b(=T)(=(T))ta(=T)
—Lo(—=T) 0 (T) (2yr)3 (2yr)?
(TYA(=T)

 b(=T)0(T)
Now we use the determinantal formula from theorem 6.4.4, in the form of equation (6.15):
fo( T)6(T)
(T)eA(=T)
_L(=T)6(T) do (657,677, L)
T (TYA(=T)  do (o, (27, (BT

)
det(f (657), ST, (6]

a(£07£17£2> a (£?T7€15T7€2)

7 Z2yr
det ([to], SE2IR"), A2 13m))
det (MTT f() MT 51] [62])

~det ([lo], ME[ts], MT1[t])
_ dT(€07€17€2) _ _ dT(€07€17€2)
d—T(E(’)a eﬂa €7|) dT (607 £7|a ER)
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Now it is a simple matter to prove theorem 7.3.3:
Proof. By lemma 7.3.5, we have that
d(lo, U1, ls)dr (Lo, ba, Is) + dr (Lo, l1,0s) =0
Since this is linear in the dr, we can take linear combinations among those to obtain
0(lo, l1,0s) [i(Lo, b, b<) + fi(Lo, l1,02) =0

for i € {0,1}, recalling definition 7.3.2.
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Chapter 8

Conclusion and Future Work

We conclude with a discussion of past, present and future research. Our progress in this
project has gone in cycles, where geometric intuition leads to algebraic results, and then
algebraic experimentation leads to new geometric insights. For example, the notion of
a nine point diagram arose from a need to explain certain algebraic phenomena in line
addition. Then by studying the geometry of diagrams, we were able to better contextualize
the trilinear forms that we had found, in terms of three torsion.

We mention some potential future applications, mostly in various areas related to ellip-
tic curve scalar multiplication. Although we have not made significant progress, we hope
to find uses for our operation that lead to new cryptographic capabilities. For example, we
have considered trapdoor systems on elliptic curves in composite modulus. We even toyed
with the idea of using this operation with binary pairings in composite modulus.

8.1 Geometric Interpretations

In this section, we outline some geometric observations that we are studying. First we
mention the family of curves mentioned in section 7.2.3, given by the following equation
for a paramater k:

—a® + 9bx + 3az® + 32y* — k(b +ar +2° —y*) =0

Note that the above is a cubic form from chapter 7. These curves all share the same three
torsion, as well as the action of the three torsion. There are some interesting connections
between various curves in this family. For example, we can partially explain the formula
(A.2) in geometric terms. But despite much effort, these geometric explanations are most
naturally expressed in terms of another curve in the family, where the line addition is
“degenerate” in a sense.
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There is also a dual family of elliptic curves, defined in terms of the dual cubic forms.
We can use these to give a better geometric interpretation for theorem 7.3.3, which also
better explains the transformation of a nine point diagram under £y, {1, ly > (21 (T (s,
Unfortunately, it involves many concepts not included in the current version of this thesis,
and we are currently working on a clean presentation. In a nutshell, we consider a new
type of cyclic line diagram ¢, where we consider the points p; to be in the group E, but
where the identity element 7" is different for each i. By cyclically shifting the line, we get
3 different unlabeled lines; but these lines can all be considered as part of the same “dual”
elliptic curve, and together can be encoded via a 3-isogeny. This is the context that most
cleanly explains the aforementioned E|[3]-transformations.

8.2 Elliptic Curve Scalar Multiplication

The most natural application is for point multiplication on an elliptic curve. A direct
approach would be to start with P € E, then select lines u,v € L3(F) which both have
P as a point. Then we would get kB uNk @D v = kP (with a few unlikely exceptions.)
Of course, this operation is significantly slower than the standard point multiplication
operation, since it requires two line multiplications, and each of those is more expensive
than simply multiplying P by k.

To take a page out of the x-only operation, we could also obtain kP with a single line
multiplication. This trick is analogous to formula 13.7 in [3]. Suppose that u has points
P Q,—P — . Then we can use our recursive line multiplication algorithms to compute
k@ w and (k—1) 3@ u, and then the following subroutine allow us to recover kP:

1. From the coordinates of (k — 1) @ u and P, we compute a function f which vanishes
at R+ P for each R € (k—1) @ u.

2. Simultaneously solve the three equations

f(z,y) =0
Y =Mpgu® + brgy
y* =b+ax + 2°

The solution is then the coordinates of £P. We note that the recovery of kP from k - u
and (k — 1) - u takes a fixed number of field arithmetic operations; this subroutine could
also be encoded as a single explicit formula.

Now we make an important observation; once the above algorithm to compute kP is
completed, we can repeat the final subroutine with k @ u, (kK — 1) @ u and @ to compute
k@, at little extra cost. Hence we can compute kP and k@) from P and () using only one
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recursion. We hope to improve this operation to a point where it is competitive with other
point multiplication algorithms for certain applications.

8.2.1 Point Multiplication in Algebraic Extension

Another setting which we consider is point multiplication in an algebraic extension. This
is analogous to the algorithm that we proposed to modify Cipolla’s square root finding
algorithm in section 4.5. There we performed an exponentiation in an extension field using
line multiplication.

As a first example, we use line multiplication to perform a point multiplication in a
quadratic extension. Suppose that P € E(F2)\E(F,) for an elliptic curve E over F,. Then
computing kP normally involves working with . arithmetic, which is expensive. The line
multiplication operation could be used in its place as follows:

1. Let P = (2(P)%,y(P)?) denote the conjugate point.

2. Let ¢ € L3(F) be the line with points P, P,—P — P.

3. Compute (k— 1)@l k@Y

4. Solve for R = kP such that Re k@ l{and R— P € (k—1) L.

This only involves base field arithmetic. Of course this improvement needs to be weighed
against the extra cost of the line multiplication operation.

Another example works in a cubic extension. Suppose that P € E(F;)\E(F,) for
an elliptic curve E over F,. Suppose that the three conjugates of P are Fy, P, P, over
F,. These three points typically will not sum to O, but a little trick will help us. We
construct the line ¢ with points (3P, — Py— P, — P,) for : = 0,1,2. Then again we compute
|k/3—1] @4, |k/3] @¢. Then we similarly use a recovery algorithm to compute 3|k/3] P,
and at most one more doubling and/or addition is require to compute kP.
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Appendix A

Table of Formulas

A.1 Explicit Line Sum

Here we derive an explicit formula for /5 in terms of £g, ¢1:

Foo l Py l Py l v
N : 0
Py Py Py
gl
1
P Py Psy p
T T T ?
lo A 0y

The following theorem uses the notation and results of section 6.3.2:
Theorem A.1.1. The following gives an expression for the slope of {y in terms of lo, ly:

Qg — (o
(51710 - ZU01)(ZU10 - $02)f0(—P11)€0(—P12) - (5611 - $02)($12 - $01)£0(—P10)€1(—P00)
60(—50;51)

Proof. By substituting yog = aooo + So, we get the following expression:

Y10 — Yoo o — Y10 — 10 — Bo . Lo(Pro)
= 7 = =

Z10 — Zoo 10 — Loo T10 — Zoo

ap — ag
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We use lemma 6.3.7 to partially rationalize this, and afterwards we apply the symmetry s:

O/o —ap = gO(PIO) _ (9510 - 9501)(%10 - 9502)
T10 — Zoo —50(—]310)
046 — oy :(xoo - xu)(xoo - $12) _ (9611 - 9600)(9612 - 1’00)
—L1(—Poo) —l1(—Poo)

Then we remark that the factors on the left appear in theorem 6.3.3, and those on the
right appear in theorem 6.3.6:

a(£07 gl) 62) :(O[6 - Oéo)(Oé6 - O[l)(Oé6 - 062)

($10 - $01)($10 - $02)($11 - xoo)(xn - $02)($12 - xoo)(xu - $01)

eo(—Lo; 1)
and thus we isolate the following expression for af — ay in terms of ¢, ¢;:
/ N (513'11 - 3702)(3712 - $01)£0(—P10)€1(—P00)
60(—50; 51)

Then we use lemma 6.3.7 again to fully rationalize af, — ay:

(w10 — w01)(T10 — To2)  (T10 — To1) (@10 — To2)lo(—Pr11)lo(—Pi2)

ap —ag = —
0 ’ —Llo(—Pro) eo(—Lo; £1)
Finally we get the desired result by taking the difference (o — o) — (o — aa). O
By taking ¢y = —u, 1 = —wv, this can be used to derive a formula for {5 = u + v. This
is useful for verifying polynomial equations on a computer algebra system. Explicitly:
—F —Qo By + Qo l
- —Q1 P+ @
\ 4
- —Q2 Py + Qs
—Uu —v U+ v

and we apply our lemma to obtain the following formula for m,, ,:
Theorem A.1.2.
Mytv + My,

(xQo - $P1)(xQ0 - xPz)u<_Q1)u(_Q2) - ($Q1 - xP2)(xQ2 - $P1)u(_Q0)'U(_P0)
eo(u; —v)
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A.2 Doubling Formula

Lemma A.2.1. The following gives the line doubling formula (see theorem 3.8.3):

azm? + 9bmyb, — 3(1[)? + mf(bm? - am?bg _ b?)

Mogr = Al
2t 2(bmj — am?by — b)) (A-1)
) _4a3+27b2+6abm3—8a2mgbg—18bb?—a2m§—8bm365+2am§b§—b;}
200 = 8(bm3—am?2b,—b3)

A.3 Nine Point Diagram

Now we collect formulas related to the following nine point diagram:

Py l P l Py l p
N 0
Py, Py Py
A A A /
‘e O O 1
Py Py Py p
T T T ?
fo €1 PZ

o If O & Py, then:
N(w,y) = =No — New + Ngy — Noz® + Nazy — Nay® + Noa?y — Nizy® + 4/
Where N; represents the following:

Ny =BoB1P2 — b agaras

N7 =152 + a1BoBa + aafoft — a - aparoy
N5 =apa1 By + apaafr + a1z fy

Ny =ao(B1 + B2) + a1(Bo + B2) + az(Bo + 1)
Nz =apgaran + By + Br + Ba

No =apag + aqag + g

N =ag +a; + oy
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e The lines of N satisfy the following, where 9(N) is the diagram orientation (see
section 6.3):

g+ a1+ ag = o) + af + aj
Qo + oy + anan = g + ol + ahad,
apaiaz + fy + B+ B2 = ahagay + By + By + B
ao(B1 + B2) + a1 (Bo + B2) + az(Bo + 1)
= a4 (B + Bs) + as(B) + B3) + (B + )
o fa + apanf + arasfy = o By + g b By + agan Sy
BoBr + BoBa + B1B2 = B18y + B155 + BoSy
a - aparog — (BB + a1 Bofe + a2 Bofh)
= a - ajagoy — (0 BBy + a1 By + s 81 5y)
b- gy — BofiBe = 0/10660/2 - 515655
ON) =By + b1+ B — B, — By — 55
I(N) =ajaaly — aparyag
b O(N) =B85, — BoBr B
a O(N) =apByBy + 188y + a8y — cwfoBi — a1 fofz — aafo

e The diagram orientation has the following expressions:

ON) = (ag — ao) (af — o) (af — @)
= (a7 — ap) (o) —an) (&) — a)
= (ay — ag) (ay — an) (ah — )
= (ap — ap) (o} — ap) (= ag)
= (ap — 1) (o) — an) (& — a)
= (ag — ag) (&) — az) (a5 — az)
o) — (@ NONING = ONG + BNGNG — NN + 2N + 2NENs
9a + 3N, + /\/22
(A.2)
Lemma A.3.1.

b =wly — [} = lh — W’y = W?l — wly
Ik =l — Wl = wly — [ = Wl — wl
by =pli — pwly = pw?ly — ply = pwly — pw?l
[y =pli — pwly = pw?ly — ply = pwly — pw’l
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A.4 Nine Point Diagram Toolbox

For labeled lines u,v € L5(E):

e From equation 6.18 (and generalized in chapter 7):

A(—u, —v,u+v) = do(=u, —v,u+v)

do(lo, v — wu,u — wv)
N—u, —v,u+v) = fogeo(i, _::L;—Uiv)
O(—u, —v,u + v) = fjg;, _jjj_vlv)
O(—u,v,u =) do(g(jo ((uu;vo;gv; Z)—f- wv)
d(—u,v,u —v) :fo(gozfo_(&uivc;gv; Z)+ wv)
St v, — ) = fi(—u,v,u —v)

~ fillo, —(u + wv), u + wov)

e From equation 6.16

do(u + wv,u + w?v, u + v)
MAw — MAy
fo(u + wu, u + w?v,u+ )
follo, Au, Av)
filu + wv,u + W, u+ v)
follo, Au, Av)

O(u + wv,u + wv,u+v) =

O(u + wu,u + w?v,u+v) =

A(u + wv,u + w?v,u+v) =

e From equation 6.19

—0y - Oy

O(u + wv,u+ wv,u+v) = ——=
eo(u; —v)

e From theorem 6.5.1
eo(u;v) 8( u, —v u+v)
eo(u; —v)  O(—u —0)
eo(u;v) =0(—
eo(u; —v) =0(—
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A.5 Line Sum Function

Here we give explicit formulas for the line sum function. This includes the coefficients that
were omitted from theorem 3.7.3, as well as special cases.

Suppose that u,v € L3(E) have respective points Py, P, P> and Qq, @1, @2, with
u(z,y) =y — myx — b, and v(x,y) = y — m,x — b,. Then we have the following equality
as functions of R € E, for some non-zero normalization constant c:

(wBv)(x,y) =c (= — e + vy — e’ +vizy — y* + %2ty — eyt +5y')  (A3)
where

Yo =b(m,, + mv)3 —a(m, + mv)2(bu +b,) — (b, + bv)3 — (my + my)(myb, — bumv)2

o :(a2 — 3bm,my, + 2a(myb, + myby))(my, + mv)2 — 3(a 4+ myb, + myby)(by + bv)2
+ (90 — amymy, + 9byb, ) (M, + my) (by + by) — My (bymy — bymy,)?

Vs = — a*(my +my)* — 9b(my, +my)?(by + by) + 3a(my + my) (b, + by)?
— 3(by + by) (Mmyb, — bymy,)?

o =4a® + 4a®b,m, + 4a’bym, — 8a*b,m, — 8a’bym, + azmumg + a2mimz
+ a*m>im, — 2abym2m? + 3ab>m? — Tab,b,m? — 2abym>m? + 3ab>m?
— 7abubvm3 + abimumv + abgmumv — 6abm,m, + 12ab,b,m,m, + 6abmi
+ 6abm? + 270* — b3m3 + 9bb,m> — b3m?3 + 4bm3m? + 9bb,m? — 6bb,m,Mm>
— b2bymym? + 3bbym,m2 — b,b2m2m, + 3bb,m2m, — 6bb,m>m, — 3b,b>

+ 216262 — 3b2b,, + 18bb,b, — 18bb> — 18bb?

Yy =— dam, — 4a®m, + 4a2bumi + 4a2bvm% +a*m?

— 3abm?m, — 3abm,m? — 3abm? + 12ab2b, — 3ab>m,m? + 3ab>m? + 12ab,b>
— Gabubvmimy — 6abubvmum% + Sabzmi — 3abgmimv — 27b*m,, — 27b*m,

+ 9bb2m,, — 9bb2m,, — 18bb,b,m,, — 18bb,bym, + 12bb,m2m?2 — 9bb2m,,

+ 9bb2m, + 12bb,mZm?2 — 6b2b,m,, + 3b2b2m, + 3b2b>m, — 6b,bim,

2, .2 2 3 3
my + a“m,m, — 3abm,,
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o =9a*b? — 18a*b,b, + 9a*b? — 27abb,m,, + 27abb,m, + 3ab2b,m, — 15ab,b*m,
+ a*m? + 276°m?2 — 9bb,b,m?2 + 9bb>m? — 3b,bim? — a*b,m> + 27abb,m,
— 27abb,m, — 15ab3bvmv + 3abubzmv + 2a3my,m, — 270%mym, + 9bbzmumv
+ 36bb,b,m,m, + 9bb§mumv — Sbibimumv + 4a2bumimy — 3a2bvmimv
— 3abm’m, — ab>mim, + a*m? + 276*m? + 9bb>m? — 9bb,b,m?
— 363b,m? — 3a*b,m,m? + 4a*bym,m? + 12abm>m? — dab,b,m>m?

3 2. 3,3
v T AT, My,

Yo = — 4a*b, — 27b%b, — 4a’b, — 27b%b, + 18bb2b, + 18bb, b2 — 3b2b% — 3b2b>

— a2bimu + 6a2bybym., + 3a2bzmu + 3abbumi — 3abbvmi — 6abub3mi — a?’mi

— 9b2mi + 9bbz2)mi + 3a2bimv + 6a%b,bym, — a%%mv — 6abb,m,m, — 6abb,m,m,
3mv + Qmeimv + 6bbubvmimv — 3bbgmimv + QaQbUmimv - 3abbumz

+ 3abb,m? — 6ab2b,m?> + a*m,m? + 9*m,m?2 — 3bb2m,m?2 + 6bb,b,m,m>

— a®bymZim? — a®bymim? — a*m? — 9b*m> + 9bb2m? + 2a*b,mm?

vi =2T7ab(b, — b,)* — 12ab2b> + (8a® — 276*)bym,, — 4a’bym,, + 54b*b,m,, + 9bb2b,m,,
— 9bb,b2m,, — 3b2b3m,, — 9a*bm?2 + 4ab,b,m?2 — 3abb,m> + ab>m> — 4a’b,m,
+ 54b%b,m, + 8a*b,m, — 27b%b,m, — 9bb2b,m, + 9bb,b>m, — 3b2b*m,,
+ 18a2bmy,m, — 4a2bimumv — 4a2bzmumv + 12abbumimv — 21abbvmimv
+ ab,b2m2m, — 9*mim, — 3bb2m>m,, — 9a*bm? + 4a*b,b,m?> — 21abb,m,m?
+ 12abb,mym? + ab2b,mym? — 4a*m2m? + 18b*m2m? — 6bb,b,m>m?

(2

— a*b,m? — 3abm,m?> — ab>m,m

+a*m

3
v

+ a*bymim? — 3abb,m? + ab>m? — 9*m,m> — 3bbim,m> + a*bymim? — 4abmim
Yo =ab? + 27b%0% + 2a®b,b, — 27b%b,b, + a®b? + 270*b> — 18bb%b?
— bibi + 9a2bb,m., — 9a2bbym, — aQbibvmu — 3a2bub3mu + a4mi + 3abbubvmi
+ 3abb>m? — a*b,m? — 9b?b,m? + bb>m?3 — 9a*bb,m,, + 9a*bb,m,, — 3a*b2b,m,
- azbubzmv — 2a*mym, — 3abbimumv + 12abb, b,m,m, — 3abbzmumv + 2abibimumv
+ 9b2bumimv + a?’bvmimv — 18b2bvmimv — 3bbubgmimv + aQbmimU + a4m3
+ 3abb’>m? + 3abb,b,m? + a®b,m,m? — 18b*b,mym? + 9b*b,m,m?
2 — a*b,bymZim? + 2abb,m3m? —

— 9b*b,m? + bbEm? + a*bm,m? + 2abb,mim? — 4b*mim?

— 3bb2b,m,m? — 6a*bm>m a*bym?

In particular, if P, + @Q; # O for i,j € {0,1,2}, then the leading coefficient 7 is
non-zero, and we get theorem 3.7.3 where ~; =~} /~; for i > 0:

(uBv)(2,y) == — v — VT + Y6y — Vs2° + Yaxy — 13Y> + e’y — nay® + y?
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A.6 Special Cases

Now we discuss the cases that were not covered in theorem 3.7.3. First we note that as long
as O is not a point of u or v, then equation (A.3) holds, where ¢ is the leading non-zero
coefficient on the right hand side. The remaining special cases correspond to O being a
point of u or v.

First we dispense of the case where O appears more than once as a point of v or v. If O

is a point of a line more than once, then that line is the line at infinity fp, and B lp = u3.

Otherwise, if O is a point of both u and v, then we have u(z,y) =z —zp,v(z,y) = r — 2.
If P = 4+Q, then
(uBv)(7,y) =(x — =’EP)2($ — T2p)

and otherwise:

(WB)(2,y) =@ — 7p)(x — 20)(z — 2p20) (@ — Tp_0)
and we can expand these in terms of xp, z¢ using the formulas from section 4.2.
Now suppose that u has points P, —P, O, so u(x,y) = x — xp, but O is not a point of
v, so v(x,y) =y — myx — b,. Using lemma 3.7.1, we calculate:
(WBv)(2,y) =c" (=% — Wr + 35y — B’ +ylzy — 3y + e’y — ey’ + 5y
where
v =b+ axp + % — (by + myzp)?

X =2b,(a + 3x) — 3bmy — my(by + myrp)? — amuzp + 3Mua
v = — a* + 9bxp + 3axh + 3xp(b, + myxp)?
X =9bb, — b2 + a®*m, — 2ab,m? + 4bm? + (Tab, — 3bm, + b>m,, + 2am?)xp
+ my(a — bymy) s + (3b, + md)z}
7YX =a(—3b+ 36 + am?) — 2(2a* — 3ab,m, + 6bm?)zp + 3(3b + b2 — am?)z3 + 6b,m, T
v = — a(ab, + 3bm, + b2m, + am?) + (9bb, + 3b> — 4a*m,, + 4ab,m?2)zp
+ (3ab, + 9bm, — 3b*m, — am>)a% + 3bym xS,
& = — a® — 9b* + 9bb? + 2a*b,m, + (—3ab + 6ab? — 6bb,m, + a*m?>)xp
+ (—a® — 3bm?)x% + 3b2xh

X =3abb, + ab® — 9b*m,, — 3bb*m,, + a*b,m? — 4abm?
+ (—4a®b, — 12abm,, — ab’m, + 6bb,m? — a*m?>)zp

+ (9bb, — 30> — 4a*m,, + abym? — 3bm?>)x% + m, (302 — am?)z}
& = — a*b, — 9%, + bb> + a*bm,, + 2abb,m? — 4b*m>
+ (—3abb, — 9*m, + 3bb2m, + a*b,m? — 2abm?)zp

+ (—a’b, — 3abm, + 2ab>m, — 3bbym?2)x% + (b2 — bm?>)x,
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Again, if P, + Q; # O for i,7 € {0,1,2}, then we have the following with ~; = X/~
for ¢ > 0:

(uBv)(2,y) == — Y9 — VT + Y6y — Vs° + 1axy — 13Y> + e’y — Ny’ + v

¥0x = (b+axu+xu3— (bv+mvxu)2);

ylx = y0x*

(2bv (a+3xu2) -3bmv-mv (bv+mvxu)2—amvxu+3mvxu3);
¥2x = ¥0x! (-a® +9bxu+3axu’+3xu (bvemvxu)?);
¥3x = y0x* (9]::]::v—]:zv3+a2mv—2abvmv2+4bmv3
+(7abv-3bmv+bvimv+2amv’) xu+mv (a-bvmv) xu?+ (3bv+mv®) xu®);
¥4x = \(Ox’1 (a (—Zi]:H-I*}bv2 +amvz)
-2 (Zaz—Babvmv+6bmv2)xu+3 (3b+bv2—amv1) xu2+6bvmvxu3);

¥5x = \(l)x’1

(—a (a};7v+3bmv+bv2 mv+amv3) + (9bbv+3bv3 —4azmv+4abvmv2) xu

+ (3abv+9bmv-3bv2mv—amv3)xu2+3bvmv2xu3),~
¥6x = y0x' (-a®-9b’+9bbv’ +2a’bvmv

+(-3ab+6abv’-6bbvmv+a’mv?) xu+ (-a®-3bmv?) xu® +3bv? xu’);
¥7x = ¥0x* (-3abbv+abv’-9b’mv-3bbv’ mv+a’bvmv?

-4abmv’+ (-4a’bv-12abmv-abv’mv+6bbvmv’ -a’mv®) xu

+ (9bbv—3hv3—4azmv+abvmv2—3bmv3) xu? +mv (3bv2—amv2) xus);
19x=10x’1 (—a3].:v—9bz}>v+-bbv3+a2bmv+2abbv|||v2

-4p?mv’ + (—3abbv—9b2mv+3bbv2mv+azbvmv2—2abmv3) xu

+ (—azbv—B abmv+2abv2mv-3bbvmvz) xu? + (bv3—bmv3) xu3);
LinexSumFunction = -y9% - ¥7X X + y6Xy - ¥5x x* + y4x Xy - y3x ¥y + y2x X’ y - ylx xy? + y*;

-y - (mv xq +bv) 2
m=————; XS=M"-X-Xq; yS=m (XS-X) -Y;
X - Xq

Together@PolynomialRemainder [

XU - XS

(y -mvx-bv) 3 Resultant[ s braxqg+ xq3 - (bv + mv xq) 2, xq] - LinexSumFunction,

XU - Xq

b+ax+x’ -y?, y]

Printed by Wolfram Mathematica Student Edition
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A.7 Eight Point Diagrams

Similarly, suppose that one of the points is O. Then we instead have:

Poo l P l P l p
e e O 0

P Py —-P
A A XL Vi
e e 1

P —P @)
A O O ,I'P/
T T T
to A Tp

f(z,y) =(y — vz — Bo)(y — anx — B1)(x — fP) (A.4)

= —(b- agoy + Bofirp)
+ 2 (BoBr — a- apar — (a1 By + aoBr) zp)
+y((Bo+ B1) xp)
+ 2% (1 B + a1 — ez p)
—zy (Bo + b1 — (ap + a1) xp)
- y2 (xp — apar)

— 2y (g + ay) + 2y

Theorem A.7.1. With the above configuration of the eight point diagram, the following
relations hold:

Qg+ a1 = oy + o (A.5)

Tp — pay = Tpr — 0 (A.6)

Bo+ 61— (ag+an)xp = By + 01 — (ap + ) xpr (A7)

o1 fo + apfy — aponzp = o) By + o — g T pr (A.8)

(Bo + B)zp = (B + BY) xpr (A.9)

Bobr — a - apar — (1fo + apBr) zp = By — a- g — () By + apBy) wpr (A.10)
b-apar + Bofrrp = b - apa + Byfzp (A.11)
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So we get the following relations:
(y — a0 — Aoy — anz — Bi)(w — zp) — (y — ahz — By — ahz — B)(z — ap)
= (b"‘ axr + .T}3 — y2)<l’p — ZL’p/)

Corollary A.7.2. With the above configuration of the eight point diagram, the following
relations hold:

Tp—Tp = ooy — oy (A.12)
= (a0 — ap)(a1 — ap) = (g — ay)(ar — o) (A.13)
—(aw — Ofo)(ao —ay) = (041 — ag)(a — o)) (A.14)
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Appendix B

Three Torsion Calculation

B.1 Elliptic Curve Three Torsion

Here we fill in the gaps from section 7.1. Recall that for T € E[3], the line {7 has the
point 1" three times; geometrically, this is the tangent line to F at T', which has a triple
intersection there.

Theorem B.1.1. Suppose E : b+ ax + x> — y? = 0 is an elliptic curve over a field F of
characteristic 0, with a # 0. Then E has 9 triple intersection lines by over F, corresponding
to each three torsion point T € FE[3]. Furthermore, the 3-torsion points form a subgroup
that is the direct sum of two cyclic groups of order three.

Note that O € E[3], and lo(P) = 1. Each other T € E[3]\{O} arises from a distinct
root z = my of —27a® + 108b 2% + 18a 2* + 28, and has the following coordinates and line
function:

T~ (ora) =

m% 3a+ mj
3 ’ 6mT
3a — m

fT(P) =yp — mrrp — by = yp — mrrp — 6
mr

Proof. The fact that E[3] is a direct sum of two cyclic groups of order three is proved in
Silverman’s book [3], theorem 6.1.

For a triple intersection line ¢ at T' € E\{O}, we start by noting the following equality
(of polynomials in z):

b+ axr +2° — (mpx + by)? = (z — o7)°
(b— b3 + 22) + (a — 2mpby — 323)x + (—m3F + 327)2* = 0
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which is a restatement of the fact that {7 only intersects E at T'. By comparing coefficients,

ma. a—3z%  3a—mk
I == br = =
3 QmT GmT
3a—mi\> mé
0=b—-0b2:+ad=0— | ——L —r
P ( omr ) T o7
_ —27a* + 108bm% + 18am%. + mb.
108m2,
So we have:
3a + mj
yr =mrar + by = ———=
6mT

And the following gives a polynomial satisfied by m:
0 = — 27a* + 108bm7 + 18amy + m3.
Note that the condition a # 0 ensures that mp # 0.

O

Now we prove some algebraic properties of three torsion which allow us to do explicit
calculations. We use the results of chapter 6 about nine point diagrams to simplify calcu-

lations.

Lemma B.1.2. Suppose that T,T",T" € E[3]\{O} are distinct, and satisfy T +T'+T"

O. Then there is a primitive cube root of unity w € F such that

mr + wmp + w?mpr = 0.

Furthermore, the line £ through T, T',T" has the following slope:

my :% (1= w)mp + (1 — w*)my)

Proof. Consider the nine point diagram N := N({p, by, brn):

T T/ T/I

) ! Ly
T T/ T//

o o o /¢
T T/ T//

A g
T T T
gT ET/ ET//
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By theorem 6.3.3 we have the following formulas for the orientation 9(N):

ON) =(me —mr)® = (mg —me)’ = (mg — mgn)?
=(my — mr)(me — mpr)(mg — mgn)
Note that the factors (m, — mr), (m¢ — mq), (my — mqpn) are distinet, since T, T, T" are
distinct. Furthermore, since ¢ and /1 are distinct lines which share a point, they cannot
be parallel; hence the three factors are also non-zero. It follows that (m, — mg), (m, —

mq), (mg—myn) are related through multiplication by a primitive cube root of unity. More
specifically, there is w € F such that:

(me — mqr) =w(me — my)

(mg — mTu) :w2(mg — mT)

and hence we can isolate my in the first equation, and subsequently solve for my» in the
second:

mp —wmr (1 —w)mp + (1 —w?)myp

m£ = =
1—w 3
mrn = — WMmmpr — meT/
noting that 1 +w + w? =0, so (1 —w)(1 —w?) = 3. O

We now define the notation for F[3] that we use throughout the rest of this thesis:

Definition B.1.3. When working with the elliptic curve E : b+ ax + 23 — y*> = 0 defined
over IF of characteristic 0, we use Ty, Ty € E[3] to denote two generators of E[3]:

E[3] = {iTo + jT1 | i,j € {0,1,2}}.

We also denote Ty = Ty + Ty and Ty = Ty — Ty. In light of lemma B.1.2, we let w € F
denote the primitive cube root of unity satisfying:

2
mr, +wm_p—m, +wmp =0

and note that 1 +w + w? = 0. We also make frequent use of the following square root of
—3:

V=3 :=w—uw
Lemma B.1.4.

2
mr, =Mr,+1, = W M, +Wwmn

2
mr, =Mty—7, = Wy, — W My
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Proof. Since mp, = —m_g,_7,, by the definition of w, we have
mr, :meTo + wmrp .
By lemma B.1.2; the following equations hold for some i, j € {1,2}:

i 2i
0 =mn_n +wmp —w'mg,

) 93
0 =mry-1, + w]mTo+T1 tw ]mTo

We claim that (7, 7) = (2,1). We derive a contradiction from the other three cases.

First note that for T, 7" € E[3]\{O},
myp =t+mp = Tp =T = T =+T

since at most two points can share an z-coordinate on E. So the eight values +myg, for
1 =20,1,2,3 are distinct.

e Now for (z,7) = (1,1) we get a contradiction by substituting

2
mry—m =W Mg, — wWimnp

MTo+1 :w2mT0 +wmr
to obtain:
0 =M1y—1, + WMNTe4T, + w2mT0
=(1+ 2w*)mg, — (W — w?)my,
=V _B(mTo + mTl)
e Similarly for (i,7) = (1,2) we get a contradiction:
0 =Mr,—1; + w2mTo+T1 +wmr,
=2w + wHmg, + (1 — w)myp,
= — wV/=3(mgp, —mr,)
e Lastly when (7,5) = (2,2), we get a contradiction by substituting

2
MTy—1 = — WM, — W MT+1y

2
mp, = — wmp, + W My+n
to obtain:

0=mqp_n + w2mT1 — wmr,
=— (14 2w)mp, + (w — w2)mTo+T1
=V _S(mTo + mTo+T1)
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Lemma B.1.5.
0 =3v—-3a — 7713T0m;p1 + —3m2T07712T1 + mTOTrL?:’p1
Proof. By lemma B.1.2 applied to the line ¢ through Tj, T}, =Ty — T, we know that

(1 —wHmg, + (1 —w)mg,
3

and we can expand this in terms of my,, mp, to get the desired result:

my =

3a+mi, 3a+mi,
2 0 __ 1
(1—w’)mpy, + (1 —w)my,  yn, —yn, _ 6mg, 6mr,
- - 2 2
3 TTy =TTy My My

3 3
2 2
_ —3a+mqpmg, (mz, + mpmr, +mz,)

2TnTorrnT1 (mTo + mTl)
So:
0 =—9a + mg,mq, (3m7, + 3mgmy, + 3m3, — 2(mg, +mp, ) (1 — w?)myg + (1 — w)mr,))
= — 9a + mpymr, (1 + 2w*)m3, + (=1 + 2w + 2w*)mpmy, + (1 + 2w)m7,)
= — 9a + mpymr, (—V—=3m7, — 3mpmy, + vV —3m7,)

=V =3(3V=3a — m} mp, + V—3mj,m3, +mqmi,)

B.2 Action of the 3-torsion on Points

In this section, we fill in the gaps from section 7.1.1 to realize the translation by 7" map
P +— P+T on FE as a projective linear map. The following theorem explicitly demonstrates
that translation by 7' corresponds to a matrix multiplication:

Theorem B.2.1. For a three torsion point T' € E[3] and P € E\{O, T}, the following
two vectors give projective coordinates for the same point:

[P+ T] o< Mp|P)]
where Mo = I, and Mry is the following matrixz for T # O:

1 —br —yr xr xr(br+2yr)
Mrp = - —moyr  yr —Yyr(br + 2yr)
yr mr 1 bT
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More precisely, for T € E[3]\{O} the following holds with coordinates as functions of P

TpiT —9 rp .
yr 2yr
= M = M+ P|.
foT (Z/P+mT£EP+bT) g ylp <£T(P>> rP]

Explicitly, we have:

vryp — (br + yr)rp + x7(br + 2yr)
yp +mqprp + by
_yryp — mryrxp — yr(br + 2yr)
Yyp+T =
yp +mprp + br

TpyT =

Note that the factor —1/(2yr) is there so that det(My) = 1; this will be of benefit when
considering algebraic properties of these matrices.

Theorem 7.1.6 is a simple consequence of the following lemma:

Lemma B.2.2. Suppose that T = (zr,yr) € E[3] is a three torsion point, with tangent
line by + mprx —y = 0. The following identities hold as functions of P € E:

y(P) —mex(P) —br  y(P+T)+mrax(P+T)+br

y(P) +mpz(P) + by 27 (B.1)
2yr _ y(P+T)—mpx(P+T)— by B2)
y(P) +mra(P) + br - .

Proof. These equalities follow from comparing zeroes and poles of each side; if these coin-
cide, then by Proposition I1.3.1 of Silverman’s book [3], the equality holds up to a constant
factor, and hence we only need to check for equality at any point.

More precisely, we start by noting that since 7" and —T are inflection points, their
tangent lines have triple intersections with E, so:

Div (by + mpz(P) — y(P)) = 3(T) — 3(0)
Div (by + mpz(P) +y(P)) = 3(—T) — 3(0).

Now to prove equation (B.1), we note that both sides have the same divisor:

. (y(P) —mga(P) —br\ _ _ _(3(_T) —
piv (U5 D) = (6(1) - 3(0) - (3(-T) - 3(0)

Div (y(P +T)+mprx(P+T)+ bT>
2yr



and furthermore, both sides evaluate to 1 at P = O (recalling from section 3.1 that both
the numerator and denominator are normalized functions with poles of order 3 at O.)

Similarly, for equation (B.2), both functions have divisor 3(7") — 3(0). Furthermore,
both sides evaluate to 1 at P =T O

Now we can complete the proof of theorem 7.1.6:

Proof. We can restate lemma B.2.2 in matrix form:

—mrT 1 —bT Ip mr 1 bT rp4+T
+mrxp+0b
0 0 ~2yr | | yp | =F—STE o L o<br || yeer |- (B3
mr 1 bp 1 yr 0 0 2yr 1
With a direct computation, we verify that:
mr 1 bT ! —mr 1 —bT
—mr 1 —bT O O _2yT
0 0 2yr mr 1 br
L[ e e b ] [eme 1 b
=5 mryr mryr 0 0 0 —2yr
TYr L 0 0 mr mr 1 bT
1 [ —mz(br +yr) mrxr  mrxr(br + 2yr)
“om —mzyr meyr  —mryr(br + 2yr)
Tyr L m% mr meT
mr
= —2yr)Mp = —Mr. B.4
ZmTyT( yr)Mr T (B.4)

So we rearrange equation (B.3) to get theorem 7.1.6:

Tp4T —2yr Tp
= M . B.5
fo_T (yp+mep+bT) r ylP ( )

B.3 Action of 3-torsion on Lines

Now we derive a formula for ¢#7 using the formulas for adding 7' to a point found in

theorem 7.1.6. Informally, the argument is that P € ¢Z7 if and only if P — T € ¢, which
can be equivalently expressed in linear algebraic terms:

0 = [(]7 (M_r[P]) = (M, 1)) [P].
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And thus MT.[{] satisfies the property that characterizes the coefficient vector of /7. We
then obtain a formula for [(®7] by scaling appropriately. We make this more precise in the
following theorem:

Theorem B.3.1. For T € E[3]\{O}, the coefficient vector of {FT is:

—2yr
BT — MT B.
] = M ] (B.6)

where M_7 1is the matrix defined in theorem B.3.1, so:

1 br +yr —mryr —mr

Tr= o xr —Yr 1
YT | —ar(br +2yr) —yr(br +2yr) —br

Explicitly, we have:
_ —(br + yr)me — myyr + mrby
mysr =
yr + myxr + bg
b _ap(br + 2yr)my — yr(br + 2yr) + brby
é — .

Y + MeTT + bg

Proof. Note that the coefficient vector [(#7] is characterized by the following property, up
to non-zero scalar multiplication:

Divp([FTT[P)) =(Py + T) + (PL+ T) + (P, + T) — 3(0).

We claim that the vector MT,[¢] has this property as well. If this claim holds, then
the scaling factor can be determined by comparing the second coordinates. The second
coordinate of [(®7] is 1 by definition, while for MT.[¢] it is

T

1 tr T yr + myxTr + bg
5 | L =T .
yr 1 —bg yr

This confirms that equation (B.6) has the correct scaling factor.

So all that remains is to prove our claim that:
Divp (MT7[0)T[P)) =(Po+T)+ (P +T)+ (P +T) — 3(0).

We start by invoking theorem 7.1.6, which is the analogous result for points:

P-1]= (yP - 7”3;/;13 - bT) MorlP)
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From this we get a formula for {(P —T):

(P 1) = 1P - T) = (20 ) (M (P),

yp —mrrp — br
which can be rearranged into:

_ yp — mpTp — by
2yr

(MIp[0])"[P] (P =T).

Finally we take divisors to obtain the desired result:

Div ((MT[0])" [P))

B(T)-3(0)+ (Ph+T)+ (PA+T)+ (P,+T)—3(T))
=(P+T)+ (P+T)+ (Po+T)—3(0).

B.4 Algebraic Properties of Three Torsion Matrices

Now we will establish some algebraic properties of the My matrices for T € E[3] that
were defined in theorem 7.1.6. This is because of their central role in the algebra of line
addition. Thus these properties will be used in computations throughout the rest of this
chapter. Another motivation is that we can find a more natural model of elliptic curve for
line multiplication by finding conjugating these matrices; we discuss this further in section
B.6.

For reference Mo = I, and for T' € E[3]\{O}:

1 —br —yr xr xp(br + 2yr)
Mp = - —mpyr  yr —Yyr(br + 2yr)
Yr mr 1 bT

Recall also that E[3] = (Ty, Ty | T3 = T = I, ToTy = ThTy), and Ty = Ty+T4, T3 = Ty —Th.
Lemma B.4.1. For any T,T' € E[3]:
(i) det(Mr) =1
(ii) MpMg = w' My, 1 for some i € {0,1,2}.
(iii) M2 = M_r
(iv) M3 =1
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Proof. (i) This is a simple consequence of equation (B.4), where — My is expressed as a
product of matrices of respective determinants (2mryr)~t and —2mryr.

(ii) By theorem 7.1.6, the matrix MTMT/M;iT, has the property that
[P] o< MMy My} [P]

for all but a finite number of points P € E. Thus this matrix is a multiple of the
identity matrix. The multiple must be a cube root of 1 since MTMT/Mq?iT, has
determinant 1.

(iii) We have M2 = w'M_r for some i € {0,1,2}. We check that ¢ = 0 by comparing the
coordinates in the second row and second column:

1 2
(M%)z,z = (_QZUT) (_meTyT + y% — yr(br + 2yT))

1

== ) = (M—T)2,2

(iv) Similarly, we check that M2 = MpM_7 = 1 by comparing the entries in the second
row and second column.

O
In light of lemma B.4.1, we define the following:

Definition B.4.2. For T, T" € E[3|, we define (T,T") € {1,w,w?} to be the cube root of 1
such that

(T, T'I = My My M_q_qv

This is in fact an alternating bilinear form, and we can use it to restate the first part
of lemma B.1.2 as well:

Lemma B.4.3. Suppose 19,71 € E[3] form a basis. Then for i,j,k,l in modulus 3, we
have

<i7—0 + jTla kTO + lTl> = <7_07 7—1>il_jk (B7)

My tr, = (T1, T0) My + (T0, T1) M7,y (B.8)

and in particular (To, T1) = w.
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Proof. First note that by lemma B.4.1, (T,7") = 1 when the arguments are linearly de-
pendent in modulus 3. So we suppose that they are linearly independent. We will think
of equation (B.7) as follows:

(L] [R]) -

which we will demonstrate for the identity matrix. We will also show that both sides of
the equation transform equivalently under any invertible elementary row operation; hence
equation (B.7) will hold for any basis.

We start by showing that (=T, T") = (T, T")~' = (T, —T") for any T, T’ € E[3]. Suppose
that these form a basis, and compare Mr and M_r; the entry in position ¢, j flips signs
when 7 + j is even, so we have

i
k1

* 0 %
00 0|=[+Mr+M_r
* 0
after checking that the (2,2)-entry is 1 — % — % = (0. We ignore entries marked *. Next we

multiply through by M7 on the right:

MT’ :MT’ + MTMT/ -+ MfTMT’

* O ¥
o O O
* O ¥

:MT/ + <T, T/>MT/+T + <_T, T/>MT/_T (Bg)
and compare (2, 2)-entries to deduce that
L+A{T, T + (-T,T") = 0.

Since each term is among 1,w,w?, we deduce that all three values are represented by the
three terms above (recalling that 1 4+ w + w? = 0.) Thus (—7,7") = (T, T")"!; a similar
argument where we multiply by Mz on the left leads to (T, —T) = (T",T)~'. From this
it follows that for any T, 7" € E[3] and 4, k € Z, we have (iT,kT") = (T, T')*.

Next we will show that (T,7") = (T",T)™' and (T, T +T") = (T,T") = (T £ T",T") for
any T,T" € E[3]. We start with the definition (T, 7")I = MyMpM_1_7/, conjugate by
My 7/, and then invert both sides:

(T, TN =M_g—qs (T, T'YI Mgy v = M Mep Mg
(T, T =M_p M_g Mg = (—T', TV T = (T", T)I
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so (T, T"y = (T', T)~!. The first equation then also tells us that
(T, 7Y =(-T-T',T)=(T+T,T)"' = (T, T+ T
and we deduce also that (I',7" —T) = (T, T + (T" = T)) = (I',T"). We similarly get that
(T+T.TY=(T",T+T) ' =(T',T)" = (T,T).
Lastly we demonstrate equation (B.8). Consider the entry in position 2,1 in equation
(B.9), multiplied by —2:
0=mp + (T, TYmgir + (=T, T Ymp _r (B.10)

Fore a basis 19, 7y for E[3], take T" = —79 — 7y and T' = —7p + 71; then we have (T,7T") =
(—=To+T71,—To—T11) = {10, 71) ' and we get equation (B.8). By comparing this to definition
B.1.3 we see that w = (Tp, T1) since mxp, 11, = w?mp, + wmy,. O

9a+mi. .
6mp

As an addendum, we note the following, where ny := 2by + yr =

Lemma B.4.4. Suppose 19,71 € E[3] form a basis. Then for i,j,k,l in modulus 3, we
have

Morg+m :<T17 T0>m7'o + <7—07 T1>m7'1

Nry+m :<T17 T0>n7'0 + <7-07 7-1>n7'1

B.5 Trilinear Forms

Now we give explicit relations between the T-determinant forms, using the notation from
definition B.4.2. For example, do + dr +d_r =0, and dg, 7, = —wd_7, — w?d_1,:

Lemma B.5.1. For distinct 19, 7 € E[3] we have
dTo+T1 = —<7—0,7—1>d_7—0 - <7—17T0>d—7'1

Proof. We first show that dp + dr + d_py = 0 for any T' € FE[3]\{O}. Recall that
dr(v1,v3,v9) = —d_r(v1,v2,v3), and hence do + dr + d_r is an alternating trilinear form.
So we must have dp + dr + d_r = cdp for some constant ¢, and we will show that ¢ = 0.
By definition, and using the fact that det(M_r) = 1, we get:

(do +dp + d_7)(M_7v1, v, v3)
= det(M_Tvl, Vo, U3) + det(M_Tvl, MTUQ, M_Tvg) + det(M_Tvl, ]\4_71’027 MTU3)
=det(M_qvy,ve,v3) + det(vy, M_7va, v3) + det(vy, vy, M_7v3)
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then by plugging in [v; vy v3] = I we get the trace of M_r, which is 0, so do+dr+d_7 = 0.
Continuing from this equation, suppose that 7" € E[3]. Then we get:

0 =(do + dr + d_r)(v1, Mpvy, M_11v3)
=det (vy, Mpvg, M_1rv3)
+ det (v, MpMpivg, M_p M _71v3)
+ det (vy, M_pMprvg, My M_7i03)
=det (v, Mpvy, M_71v3)
+ det (vy, (T, T") My qrvg, (=T, =T"YM_1_7rv3)
+ det (v, (=T, T'Y My v, (T, —=T"Y M gr03)
=det (vy, Mpvg, M_1rv3)
+(T",T) det (v, My qve, M_p_103)
+ (T, T") det (v, Myr_1v9, M7 _71v3)
=(dp +(T", T)drr 7 + (T, T")dp_7)(v1, 02, v3)

Hence dp + (T", T)dgr 1 + (T, T')dyr 7 = 0 and we get the desired result by taking 7" =
To+mand T =719 — 1,80 (T, T) = (10 + 71,70 — 71) = (70, T1)- O

We now write down a convenient representation for ey, e;. Recall:

-1

1 0 0
do ¢ do
| =t % =1 d
€o - 2 2y, 2y, To
—1 —IT —1
e ot 1 d
! 2 2y, 2yn i
-1 _(xTo - le) 0 0 d(’)
R —— Yr, — Y 2y, —2yn dr,
0 ! Ty, — T YT, _QxT1 Y1, 2xTo Y dTl

and we can simplify this as follows:
Lemma B.5.2. ej, ey can be written as linear combinations of do, dr,, dr,. Explicitly:

—Mry M, — My g — mr, +mry
3v/—3 33 ° 3,3

- M1y — V _SyTo (mT?, B mTz)le (mT2 + mT3)xT0

= dTO + dT1

“ V=3 3v/-3 V=3

and furthermore,

d() + dT1

€y =

do +

€y €1 .
(do’ do) = (ma, ba)
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B.6 Hessian Form of Elliptic Curve

The Hessian form of an elliptic curve is especially well suited to our operation. Here we
have a parameter a, and our elliptic curve is given in projective form as:

E, @ 2+ 4+ 2° - 3axyz =0
O=(-1:1:0)
This equation for E, makes certain symmetries apparent.

Firstly, F, is invariant under permutations of (projective) coordinates. Secondly, a
primitive cube root w of 1 provides the symmetry (z : y : z) — (wz : w?y : 2). These
operations have simple group-theoretic descriptions in E,:

e The permutation (x :y: z) — (y: x : z) corresponds to negation.

e The cyclic shift (x : y: 2z) — (y : z : x) corresponds to addition of the three torsion
point (0: —1:1).

e The map (z : y : z) — (wz : Wy : 2) corresponds to addition of the three torsion
point (—w : 1:0).

To define the addition operation on these curves, we first consider three torsion so that
we can use section 7.2.3 to get nice formulas.

B.6.1 Three Torsion

The three torsion points correspond exactly to those where one of the coordinates is 0. For
example, the origin (—1:1:0) has triple intersection with the line = + y + az = 0, since
that function vanishes to order three:

2+ 4+ 20 = 3aryzr = (z+y +a2)((az — 2)(az —y) + (x —y)?) — (1 — a?)2?
The three torsion subgroup of Ea can be presented as follows (in additive notation):

B3| = (T, Ty | 3T =3Ty =0, T+Ty=Ty+T)
T=(-w:1:0)
To=(0:—-1:1)

with addition table:




B.6.2 Addition Formulas

Here we will derive the addition formulas (as in section 7.2.3.) To do so, we will characterize
points Py, P, P, € E, satisfying Py + P, + P, = O. To simplify notation, let z; := z(F;)
and y; := y(P;) for i = 0,1,2. First we note that summing to O is equivalent to the
collinearity of Py, Py, P»; we can express this in terms of a vanishing determinant:

Tog X1 X2
O0=1| 9 % v |= @y +z1y2 + T2Y0) — (Toy2 + T1Y0 + T2y1)
1 1 1

We will obtain two further relations which will allow us to determine (x2,y,). To this
end, note that for any ) € E,, we have collinearity between Py, P, + @, P, — ). We can
now exploit the fact that adding three torsion gives a linear operator. If we take @) to be
T or T from section B.6.1, then we get:

To wWlTi wro
0=y wyi w?s |=w(Toys + T1Y2 + T2Yo) — W (ToYa + T1Y0 + Tay1)
1 1 1
o 1 1
0=y 1 xz|=(14zox122+ Yov1y2) + (ToY2 + 1Yo + T2v1)
1z vy

We can then combine these relations into a simpler form:

0 = zoy1 + 21Y2 + T2Yo
0 = zoy2 + x1Y0 + L2411
0=1+ zor122 + YoY1Y2

And these last equation allows us to solve for (z3,ys2) in an overdetermined system:

2 2 2 2
TiYo — TpY1 ToYi — 1Y,

(.772,@/2) = ( ! 0 ) 1 0)
ToYo — T1Y1 ToYo — T1Y1

. (onoy% —T1 Yo — xgxl?h)
a 20T} — ygyl’ ToTT — y§y1
o (90198% —Zo Y1 — $0$%yo)
- \@dey — oyt w3 — yoyi
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Then we negate to get the addition operation:

2 2 .2 2
ToYy — T1Yy T1Yo — ToY

<x07y0>+(x17y1) - ( L 07 1 9 >
ZToYo — T1Y1 ToYo — T1Y1

_ (yo — T{TIYL ToYoli — 9€1>
a ToTT — YgY1 ToTi — Yo
B (y1 — 2oTiyo T1YgY1 — on)
-~ \a@dz —yoyd’ wder — yoy?
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