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Abstract

In this work we want to give an introduction to the theory of invariants for binary forms, in order to later try
to give a solution to some complex computational problems about invariants. The theory of invariants will
be explained as viewed from its classical point of view, as it was studied by Hilbert (the main reference of
this thesis), and we will explain all the concepts and results we consider necessaries for a basic understanding
of the theory and for the approach to the problems we will implement. After the theory is exposed, we
explain the computational problems we have faced in the thesis, and for which we have implemented a
solution in Sage. We explain the details of the problems, as well as some details about our approach to
the problems.
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Introduction

The topic of this thesis is invariant theory for binary forms. Invariant theory is a field introduced in the
XIX century, first studied roughly by Cayley (1845) and later developed by Clebsch, Gordan and Hilbert
(just to mention a few). The invariant theory has some theoretical applications, as well as some practical
applications such as studying the properties of some algebraic objects, the simplest case being hyperelliptic
curves, which corresponds to the study of binary forms (what we will be studying in this thesis). In its
origins, the theory of invariants was studied more computationally. The work made by Cayley, Clebsch or
Gordan used a more constructive approach, more focused in the computational and practical aspects of the
theory. The great contribution of Hilbert to the field was to give a non-constructive proof of the finiteness
of the algebra of invariants of binary forms, which was generalizable to forms in any number of variables
(Hilbert's basis theorem). This result had been proven by Gordan previously, but in a constructive way,
and his proof was not generalizable to forms in more than two variables. The explicit computations used
in the classical approach were quickly replaced by other methods, as the use of invariants required the
manipulation of quite complicated polynomial expressions. In recent years, though, these explicit methods
have regained interest, as the development of computers and mathematical software has given us a tool
with which we can handle to some extent this complicated expressions.

The objective of this thesis is twofold. First, we want to give to the reader an introduction to invariant
theory, focused on the study of binary forms. The theory explained here will be the invariant theory seen
from its classical point of view, following up to certain point the exposition given by Hilbert in [2]. After
this we want to give some notions to the reader about the practical applications of this theory. This we will
do by exposing some of the complex problems of invariants that are only approachable computationally.

The modern approach to invariant theory studies actions of a group G on a finite vector space V,
where the invariants are functions in the space of polynomials / € k[V] which are immutable by the action
of G on V. The classical approach is particular case of this, which studies an action of GLy (or SL;) on
the space of homogeneous polynomials of given number of variables and total order. This is the approach
used in the exposition by Hilbert in [2] and what we will use in our thesis.

We have divided the contents of our thesis in two chapters, which separate the different objectives of
our exposition:

1. Classical invariant theory: In the first chapter of the thesis we explain all the concepts and results
for a basic understanding of the theory of invariants applied to binary forms.

2. Implementation: In the second chapter, we explore the more practical aspects of the theory. Here,
we list some of the computational problems that we can encounter studying invariant theory and
its applications. For some of these problems we have implemented a solution using a mathematical
software (the program “Sage"). We describe these problems in more detail, and about the details of
our implementation (the pros and cons of our solution, as well as the other possible approaches that
were considered).






1. Classical invariant theory

In this first section we want to give an introduction to classical invariant theory, following mostly the ex-
position from Hilbert in [2], focusing on the theory of invariants for binary forms. The objective is that the
reader understands clearly the concepts of the theory of invariants (binary forms, invariants, covariants, a
basis of invariants...) and the important results of the theory (characterization of invariants and covariants,
the finiteness of the algebra of invariants...).

We will first introduce the basic concepts of invariant theory: forms, binary forms, invariants and
covariants of forms of order n, invariants and covariants of a system of several simultaneous forms, etc...
We will see that the system of invariants of binary forms of a certain order has the structure of a graded
algebra and then see one of the most important results of invariant theory, that this algebra is finitely
generated (Hilbert's theorem).

After the introduction of all these basic concepts, we will see the part of the theory more oriented to
the practical applications. We will introduce two methods to construct invariants and covariants that will
be useful when we face the computational part of the thesis: the use of the transvectants and seeing the
invariants as functions of the roots of the forms. Later we see the information the invariants give us about
the form, and how to use them to know if two forms are isomorphic to each other.

1.1 Forms and binary forms

Definition 1.1. We will call a form to an homogeneous polynomial (in n variables), or what is the same,
a polynomial in which every term has the same degree.

We will call a form in two variables a binary form. The same way we will call a form in three variables
a ternary form, in four variables a quaternary form, etc...

For all of our work we will be studying the particular case of binary forms, so in case we do not explicitly
specify the number of variables of the form, we will always be referring to forms in two variables. It is easy
to see that a great part of the concepts and of the results we will be dealing with in the following sections
are easily extended to forms in an arbitrary number of variables.

An arbitrary binary form of order n can be written in the following way:

n n
f(x1,x2) = apx{ + <1> axI o L+ (I_)a;x{”xz + ...+ anxy (1)

Which is the expression we will have in mind when talking about binary forms from now on. Also, when
talking about the coefficients of a form, we will be talking about the {a;} in this expression (leaving out
the binomial coefficients multiplying each term). Depending on the bibliography we are using we can see
the binomial coefficients missing in the definition of a binary form. We will leave them since this is the
way Hilbert presents it in [2] and most of the classical literature. The results for both ways of representing
binary forms are the same, but this representation has the advantage that most of the expressions will end
up being much simpler.

We will sometimes use special nomenclature to refer to binary forms of certain orders. For example,
we will call binary forms of orders 2,3, 4,5, 6... binary quadratics, cubics, quartics, quintics, sextics, etc...



Invariants of binary forms

Before we continue we would want to make the following remark. For our work we will be working
with the forms defined over an algebraically closed field with characteristic 0 (such as C), but it is possible
to work with binary forms and in general all of the theory defined on any field. This, though, could be a
bit troublesome as some of the results we will explore along the thesis won't work over a field not so well
behaved as C. For example, we could not use the representation of binary forms just mentioned if we are
working over a field of characteristic different from 0 (because some binomial coefficients might be zero).
In the classical theory of invariants binary forms were always defined over C, as Hilbert does in [2] (even if
he does not says that explicitly), so that is what we will suppose for our work. So from now on, the field
of definition k will be, unless said otherwise, an algebraically closed field of characteristic 0.

We can apply a linear transformation to the variables of a binary form in the following way:

/ /
X1 = 11X + 12Xy

/ /
X2 = (21X + Q22 Xn
From which we obtain a new form in the new variables x{, x5 and with coefficients a’.

n .
! / / /I ! In—i1 _/ /!
f(X].’X2) :aoxln++ <I)a,X1n lX2l++anX2n

We will always want the transformations we apply to binary forms to be invertible, that is to say that
M = (a3 812) € GLa(k). We will also denote the transformed form as ' = f|.

This clearly defines an action of the group GLy(k) on the set of binary forms. In some bibliography,
one can find the use of the group SL»(k) instead of GLy(k) for the study of invariants. The use of SLa(k)
make some of the results for invariant theory a bit easier. This is because, as we will see later, several
definitions and results in our thesis have the determinant of the transformation matrices as a factor, such
as the definition of invariants 1.2 and covariants 1.3. In the case we were working with SLy(k) this factor
would be just 1 and these expressions would be simpler. As we are working in C the results for both SL>(k)
and GLy(k) are practically the same (except for this factor of the determinant), so we will work in GLy(k)
for more generality and because this is what was used by Hilbert in [2].

Let f and g be binary forms of order n. We will call any matrix M € GLy(k) such that g = f|y an
isomorphism between f and g. Two forms f and g will be called isomorphic if there exists an isomorphism
between them.

Let f be a binary form of order n. We will call any matrix M € GLy(k) such that f = f|y an
automorphism of f. The set of automorphisms of a form f is a subgroup of GLy(k).

1.2 Invariants and covariants of a form

On the center of invariant theory (as its name suggests) lie the concepts of invariant and covariant.

Definition 1.2. Let /| € k[ag, a1, ..., a,] be a polynomial function in the coefficients of forms of order n.
We will say that / is an invariant if for any linear transformation M, | changes by a fixed power of the
determinant of M, or what is the same:

I(ay, aY, ..., a,,) = det(M)PI(ag, a1, ..., an) (3)

where a’ are the new coefficients after the application of M.



Definition 1.3. Let C € k[ap, a1, .., an; x1, x2] be a polynomial function in both the coefficients of forms
of order n and the two variables x; and x. We will say that the expression C is a covariant if for any
linear transformation M, C changes by a fixed power of the determinant of M, or what is the same:

C(ap, 8y, ..., a,, x1, x5) = det(M)PC(ap, a1, -.., an, x1, X2) (4)
where a’ and xj, x; are the new coefficients and variables after the application of M.

To avoid misunderstandings about nomenclature in the work, we will explain briefly the few basic terms
that we will be using when talking about forms, invariants and covariants that can be confused (especially
between the terms order and degree):

1. Let | =" Zag’a}"...a}" be an invariant for forms of order n, and let t = Zag°a}"...a}" be a summand
of the invariant. We will call to the expression:

g=1vg+tvr+..+v,

the “degree” of t. Also, as we will see later, an invariant must be an homogeneous polynomial in
the {a;}, what means that all its terms must have the same degree g. We will call the “degree” of
| to the degree that share all of its terms.

2. Let | =) Zagal*...a%" be an invariant for forms of order n, and let t = Zag®a]*...a}” be a summand
of the invariant. We will call to the expression:

p=uv1+2 4+ ..nv,

the “weight” of t. In the same way as with the degree, we will see later that an invariant must be
an isobaric polynomial in the {a;}. This means that all its terms must have the same weight p. We
will call the “weight” of | to the weight that share all of its terms.

3. Let C be a covariant for forms of order n. As we will see later, a covariant must be an homogeneous
polynomial in the x;. We will call the order of C as a polynomial in the x the “order” of C and we
will usually denote it with an m.

Note from the definitions of invariant and covariant that the first is a particular case of the second. So
one could say that an invariant is just a covariant of order 0.

We can list some examples of invariants and covariants of simple binary forms:

Example 1.4. For the binary quadratic form f(x1, x2) = aox12 + 2a1x1x0 + 32x22 we can only make one
invariant of degree 2 (except scalar multiples of it), which is known as the discriminant of the form:

2
| = agapy — a3

Example 1.5. For the binary quartic f(x1, x2) = agxf + 4alex2 + 6a2x12x22 + 433x1x§’ + a4x§1 we can only
make one invariant of degree 2 (except scalar multiples of it), which is:

| = agag — 4aias + 333

Example 1.6. For any order n, the expression for a binary form is in itself a covariant C = f =
n

aox{ + (1)ale_1xz + ... + apxj. Easily we can see that C satisfies the covariant property: for any linear
transformation M € GLy(k), by applying it to C the covariant remains the same in the new coefficients

{a} of the form.
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We have not shown that these examples really satisfy the invariant property. We could check this
directly by the definition of invariant, by applying a generalized linear transformation to the original form
and checking that the transformed polynomial is the same (up to a power of the determinant of the trans-
formation matrix). Instead of that, we will introduce the following concepts that will help us characterize
when an expression is an invariant/covariant.

Definition 1.7. Let | =) Zvovl___vnago...a,‘;" be a polynomial expression in the coefficients of forms of order
n, we define the operators D and A as follows

0 0
D=a— +2a1— + ... n—
aop ay +2a; 92 + ...+ nap_1 Da,

(5)

0 0
A= —_— —Dag— + ... n
na1 Odag +(n )22 Oai teta Oan—_1

These concepts can be used to find sufficient conditions for an expression to be an invariant by linear
transformations. These are given in the following theorem:

Theorem 1.8. Let I(ay, ..., an) be a polynomial expression in the coefficients of forms of order n. The
expression | is an invariant by linear transformations in GLy(k) with exponent p if and only if it satisfies
the following properties:

1. It is an homogeneous polynomial of degree g, isobaric of weight p, and its degree and weight satisfy
the relation ng = 2p.

2. It satisfies the equation DI = Q.

3. It satisfies the equation Al = Q.

Proof. Every linear transformation M = (1! 12) € GLp(K) can be expressed as a product of the three
following types of linear transformations:

(6 3)
2 ((1) ;)
(3 )

the proof of this fact is a basic linear algebra exercise.

It follows from this statement that an expression in the coefficients of a binary form that satisfies the
invariant property for any linear transformation of the types 1, 2 and 3 would be an invariant of the binary
form. What we will do to prove the theorem is to see for each of these three types of linear transformations
how they affect the coefficients {a;} of the form, and what properties needs to have an expression to be
invariant by each kind of transformation. The conditions we give in the theorem for an expression to be
an invariant will be a consequence from these facts.



1. The application of transformation 1 to the binary form f = agx{ + ('17) ale_1x2 + ...+ anxy results
in:

n _ _
' = f(kx], Axy) = apk"x)" + <I_>a1/<;” D0 4 o ap A
_m n\ 4, m—1.s / In
= ayxy + ; ax;y Xp+...+apx
So if we compare the two expressions we end up with the n+ 1 relations:

) L
a;=r""Naj

Now we study what happens to a polynomial expression on the {a;} when evaluated in the new

coefficients. If we have one such expression, namely /({a;}) = > Zag°a;*...a}, then we have:

/ _ § : vy vy v,
= E Zagoaf1 au"/g’”’0+(”*1)1’1+---+1’n71>\V1+2V2+...+nl/n
-..dp

Now, for this expression to be an invariant respect to this kind of transformation, we would need
that, according to the definition of invariant, for a certain number p:

I({ai}) = det(M)PI({a;}) = kP A1 ({ai})
For this to work every term of the sum must fulfill the equality. Then, comparing the two expressions,
we obtain the identities:
ng+(n—Lwvy+...+(n—ivi+...+vp_1=p
m+2vm+...+ivi+..+nv,=p

Now we see that this is precisely the definition of weight we gave earlier. Also, if we add together
the two equations, we obtain:

n(vo+uvi+...+vy) =ng=2p

So with this we have seen that, for a polynomial expression /({a;}) to be invariant by a transformation
of type 1, being p the exponent of the transformation determinant by which the invariant is multiplied
upon transformation, it has to be an isobaric function of weight equal to p, homogeneous of degree
g satisfying both the equation ng = 2p.

This gives us the first point of the theorem.

2. Similarly to the previous one, we want to see what happens to the binary form f = apx{ +

('1’) alx{’_lxz + ... + anxy after applying a general linear transformation of the type 2:

' = f(x{ +vxb, x5) = ao(x] + vx5)" + (:) a1(x) + vxh)" I 4 apxd”

n
! ! !
= apx;" + (1> ayx;" Lo + ..+ anxy"
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We want to obtain, as in the previous case, a relation between the {a}} and the {a;}. If we compare

the coefficients of the terms x;x; ', we obtain:

n\, (n . n (n—i+Daj1v+ ..+ n n—i+k\_ Ky 4oy
i aj = i aj i1 n / aj—1V Pk K iV aoglV
and because of the identity:
n n—i+k\ (n\[i
i—k k i) \k

we have the following relation between the transformed coefficients {a}} and the old ones {a;}:

i i -
ai=aj+ <1>a,-_1y+ ot <k>a,’k1/k + ...+ ap

Now, for a polynomial expression on the coefficients /({a;}) to be invariant by transformations of
this type, one has to have:

I({ai}) = det(M)PI({a;}) = I({ai})
We want to find which properties has to have this expression to remain invariant for any transformation

of type 2, so this equation should hold by any possible value of v. With this being true, we can
derive in both sides respect to v, obtaining:

OI{a}}) 04y | OI({ai}) 04 | 01({4}}) Oap

=0
dag  Ov day Ov daj, Ov
But if we look at the development of %j we see that:

0% _,

v

0a] ,

Ty T

8 /

% = 2a; + 2agv = 2a)

04 - )
il =iaj_1+ ..+ ! ka,'_kl/k_l + ...+ iaol/'_l

v k

. i—1Y\. _ e

=jaj_1+ ..+ (k - 1) iai_ "1+ .+ dagr
= iaj_;

which transforms the previous equation in:

ol({a}) oI({a1}) afat)
83’0 *0+ 83& 30+...+Ta;nan_l—0

But this is the operator D we defined earlier. So, in the end, this gives us the second point in our
theorem:

For a polynomial expression /({a;}) in the coefficients of a form to be invariant by linear transfor-
mations of the type 2, the expression | must satisfy the equation:

D/ =0



3. The analysis for the third kind of transformations is very similar to the one done for the second type.
We will proceed in the same fashion:

For a binary form f = apx{" + (’1’) alxl”*lx2 + ... 4+ anxg, if we apply to it a linear transformation of

the type 3, we obtain:

n
P = k4 55) =+ (7 )™ 2 28) 4 i )

n _
o <1> A b

With arguments similar to the ones applied to the transformations of type 2 one has the relations:
, n—i n—i K i
a;=aj+ 1 g1+ .+ K Akt + ..+ anp

And for later, if we derive these terms by p, one has the equivalences:

oa’ . n—i k-1 o n—i—1
o =(n—iajt1+ ...+ B kaipkp "+ ...+ (n—i)app

. n—i—1 ) _ . e
:(n/)a,-+1+...+( K1 )(nl)a;+k,uk Ly 4+ (n=Napp"t

=(n— ")a:'+1

For a polynomial expression /({a;}) to be invariant respect to transformations of the type 3 one must
have:

I({a}}) = det(M)?I({ai}) = I({ai})

and if we derive both sides by 1 we obtain the equation:

01({a}}) olfai}), . ol({aj})
87.32)”3/1+"'+87‘21§(n_I)a§+1+'"+873’n*0:0
Which we see again that is equal to the operator A we defined before. So with this we have the
third condition for our theorem:

A polynomial expression /({a;}) in the coefficients of a binary form is invariant by transformations
of the type 3 if it satisfies the equation:
Al=0

With this we have seen that in order for an expression /({a;}) to be invariant by linear transformations
of the types 1, 2 and 3 it has to satisfy all the conditions listed in the theorem. Because any transformation
M € GLy(K) can be written as a product of transformations of these three types, any expression / that
satisfies the conditions listed will be an invariant. O

The concepts introduced before are the same applied to polynomials in k[{a;}, xo, x1], so we can also
apply them to determine the sufficient conditions for covariants of binary forms. But before we give these
conditions for covariants we want to make a quick remark. We will suppose from now on, and without loss
of generality, that covariants are polynomials homogeneous in the variables x;. We do this because of the
following: when applying a linear transformation, each x is replaced by a linear combination of the x/, so

11
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each homogeneous function of the x; transforms into an homogeneous function of the same order. This
implies that if a polynomial function in k[{a;}, xo, x1] (not necessarily homogeneous) satisfies the covariant
property, then each of its homogeneous parts are also covariants. So we can consider only the homogeneous
covariants for our study.

With this in mind, let us see the set of conditions for an expression to be a covariant:

Theorem 1.9. Let C(ap, ..., an, x1, x2) be a polynomial expression in the coefficients of forms of order n
and the variables x1, xo, and that is homogeneous in the x;. The expression C s a covariant by linear
transformations in GLy(k) with exponent p if and only if it satisfies the following properties:

1. Written as C = Cox" + ... + Cix" /x4 + ... + Cnx§" each C; is an homogeneous polynomial in
the coefficients a; of the same degree g and isobaric of weight p + i, and C satisfies the equation
m=ng —2p

ocC

2. It satisfies the equation DC = xp 5= B

3. It satisfies the equation AC = xq gxi

Proof. The proof for this theorem will follow the same steps as the previous one. We will see for each of
the three types of linear transformations that we mentioned above, which properties make an expression to
be a covariant respect to transformation of that type, and we will see that joining the three parts together
we obtain our theorem.

1. We know from the last theorem’s proof the way a binary form is modified by transformations of
type 1 and the relation existing between the new coefficients {a}} after the transformation and the
original ones {a;}. Now we want to know how does this affect to a polynomial expression like
C(ao, a1, ---, an, x1, X2), to find the conditions for it to be a covariant respect to this transformation.
As we said earlier, we can consider the polynomial homogeneous in the variables x;, so, let us call m
the order of C in the variables x;, and let us represent this polynomial as:

C = C()X{n + C1X{n_1X2 + ...+ meén

where each of the C; is (as we denoted in the previous proof) C; = 3" Zaja;*...a}". Now, for this

expression to be a covariant, it must satisfy the covariant property for this kind of transformations,
namely, for some number p:

C({a}}, x1, x5) = det(M)PC({a;}, x1, x2) = kPAPC({a;}, x1, x2)

If we work out the expression for C({a}}, x{, x5) with the relations between the {a'} and the {a;}
worked out in the previous proof, we obtain:

1 m
n—i X
C({ai} 1, %) = C({aim A} — ) = G4 }) a(ans e 1;+ -+ Gn({aih) T
And if we now compare the coefficients of x"~'x} in both sides of the equation, we find out:

Ci(aé): - a;)/s;'fm)\fl — § :Zagoallql m/0+(n71)1/1+...+1/,,,1AV1+21/2+...+nVnI€/fm)\fl

= KPAP) ~ Zapal!..al;

12



with the same argument as in the last proof, we obtain from this the following two equations:

nvog+(n—1wv1+...+vsp1+i—m=p
m+2n+..+nv,—i=p

and adding the two together we obtain the following relation:
n(vo+vi+..+vy) —m=ng—m=2p
As every term on the sum must satisfy these equations, we can extract the following information

from this:

For the expression C to be a covariant by the transformations of type 1, as these equations must
hold for all terms, each of the terms C; must be isobaric of weight equal to p 4+ / and homogeneous
of degree g, which satisfies the equation ng — m =2p

. For the study of transformation of type 2 we proceed also in the same way as before. Because for
transformations M of type 2 one has that det(M) = 1, then for a polynomial expression C({a;}, x1, x2)
to be a covariant respect to it, it must satisfy:

C({aj}. x1. %) = C({ai}, x1, x2) (6)

All the relations computed in the previous proof are the same here, so we can use them in the same
way:

] i :
a,=a;+ <1> ai_1v+ ..+ (k> Ak + ..+ agr

X]/_ = X1 — UX2
Xé:X2

We want to proceed in the same way as before, so we want to derivate both sides of the equation 6
with respect to v, so we have:

0C({a}) O 0C({aj}) 9a, | 0C({aj}) 0xp | 9C({a}) O

Oay 70 T oal, v T ox; v T 0xb v

0C({4}}) oC({a}}) , oc({a}) , oc{a)) , ,, 9C({a})
:6736*0+ a{l 0++Talnnan_1787)({*x2+87xé*o
=0

As we see, this again contains the application of the operator D. For the same reasons as before, this
equation must hold for all values of v, so we can obtain from here the condition for an expression to
be covariant by transformations of type 2:

A polynomial expression C({a}}, x{, x5) is covariant by transformations of type 2 if and only if it

satisfies the equation:

ocC
DC —
Xgal 0

which gives us the second condition in the theorem.

13
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3. The same is done for transformations of type 3. Because transformations M of type 3 have det(M) =
1, for any polynomial expression C({a;}, x1, x2) to be covariant respect to transformations of this
type, it must satisfy again the equation 6.

We can retrieve the relations between the primed variables and the original ones from the previous
proof:
/ n—i n—i k n—i
a;,=a;+ 1 ajpipn+...+ K ajpkpt” + ...+ apu
/
X1 = X1
Xﬁ = —uX1 + X2

And from this we may proceed in the same fashion. We want to derive both sides of equation 6 by
1, as this equation must hold for every possible value of u. Doing this we obtain:

0C({ai}) 93y O0C(a}}) 94, | 0C({a}) 0x  9C({a}) 9%

day, p oal, u x4 i oxs
_oc({a}) , | 9Cc({a}) / 9C({a}) 9C({a}) oC({a}) |
= 836 n31+ 83& (n—1)32++ aaln *O‘FTX{*O*Txé*Xl

=0
Again we can see in the development of the equation the operator A. From this we obtain the third
condition of the statement:

For a polynomial expression C({a;}, x1, x2) to be a covariant by transformations of type 3, it must

satisfy the equation:

oC
A — - =
C—-—x o 0

O]

This is the easy characterization of invariants and covariants, but this set of conditions can still be
reduced. Next we present the minimum set of conditions for a polynomial expression to be an invariant/-
covariant of a given form:

Theorem 1.10. A polynomial expression | in the coefficients {a;} is an invariant for binary forms of order
n if and only if:

1. It is an homogeneous and isobaric polynomial and its degree and weight satisfy the equation ng = 2p
2. It satisfies the equation D | =0

Theorem 1.11. A polynomial expression C in the coefficients {a;} and variables x1, xo which is homoge-
neous in the x; is a covariant for binary forms of order n if and only if:

1. Written as: C = Cox{" + Gix{" — 1xo + ... + Cpx3", the term Cy is a homogeneous polynomial of
degree g and isobaric of weight p and satisfy the equation m = ng — 2p

2. The term Cy satisfy the equation DCy = 0

3. Each of the other terms C; satisfies the condition:

(m=Nic, (7)

C =
m!
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The term (g is called the source of the covariant. As we see from the last theorem, it is important
because one can determine the whole covariant from it.

The proof of these two theorems can be found in [2, chap. 1.6]. We omit the proof because in order
to make it we would need to explain in detail some non-trivial properties of the two operators D and A.
These properties can take a bit long to prove, and since they are only interesting to us as a mean to prove
these theorems, we will leave them out.

1.3 Simultaneous invariants and covariants

We have defined an invariant as a polynomial in the coefficients of binary forms that satisfies the invariant
property (that it is invariant by lineal transformations). We can generalize this concept to apply it to a
system of more than one form, producing the concept of simultaneous invariants.

If we consider a system of more than one form at a time:

n -1
n n n
f:aoxll—i— <1>81X11 X2+---+an1X21

n _
g = boxf2 + <12> le{72 1X2 + ...+ bnzxg2

we can apply a linear transformation to the whole system, obtaining:

n _
U Im r Ini—1_1 /o Im
flm = agxy™ + <1>alx1 Xp + .t an X

n
gl = Bhxi™ ( f) By 4 4 B

With this, we can define the same concepts of invariants and covariants for a system of several forms at
once. We give the definition for a system of two simultaneous forms, since the generalization from here is
obvious:

Definition 1.12. Let /({a;}, {bi}) be a polynomial expression in the coefficients of a system of two forms
of orders n; and n>. The expression [ is said to be an invariant if it satisfies the invariant property, namely:

For any linear transformation M € GLy(k), the expression in the new coefficients ({a}}, {b}}) remains
the same (up to a fixed power of the determinant of the transformation matrix):

I({ai}, {bj}) = det(M)P1({ai}, {b;})
One can see that this concept is easily generalized from two binary forms to any number of forms,

being then the invariant / an expression in the coefficients of all the binary forms involved.

The same way as with invariants, we can also generalize the concept of covariant to simultaneous
covariants of any number of forms (in the same way we did with invariants).

Definition 1.13. Let C({a;}, {bi}, x1, x2) be a polynomial expression in the coefficients of a system of two
binary forms of orders n; and ny, as well as in the two variables x1, x2. Then, the expression C is said to
be a covariant if:
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Invariants of binary forms

For any linear transformation M € GLy(k), the expression in the new coefficients ({a}}, {b}}) remains
the same (up to a fixed power of the determinant of the transformation matrix):

C({ai}. {bi}. x1, x0) = det(M)PI({a;}, {bi}, x1, x2)

This time again, is immediate to generalize this concept from two binary forms to any number of forms.

Now we may want from the invariants/covariants of two or more forms the same kind of characterization
as we had for invariants/covariants of a single form (giving us a simple way to check if an expression was
an invariant/covariant). We will explain the conditions for invariants/covariants of two forms and (again)
it will be clear how to extend this characterization to any number of forms.

Definition 1.14. Given two binary forms fi, o with orders n, m and coefficients {a;}, {b;} respectively, for

a monomial M = Zag’aj*...a}"by°...bJ/" on the coefficients of the forms, we define its weight as:

p=vi+2v+ ...+ nv,+wi+ ..+ mwy, (8)

Definition 1.15. Given two binary forms f, fo with orders n, m and coefficients {a;}, {b;i} respectively, we
define the following operators:

0
+2317+ .+ nap_1—

Da =205 Daz Dan
D, —boa‘z +2b1£+ 4 mbp_ 13?
Aa—n31£)+(n—1)3288 + .. +anaa,,—1
Ay = mby 8‘20 +(m—1)bs 8‘21 +bm8bf_1
D=D,+D,
A=D,+ Ay

With these definitions we can now specify the conditions for an expression to be a simultaneous invari-
ant/covariant of a set of binary forms (as in the rest of the section, we state the theorem for simultaneous
invariants/covariants of two forms, as the extension to any number of forms is direct).

Theorem 1.16. Let /({a;}, {bi}) be a polynomial function in the coefficients of forms of orders ny and n
respectively. Then, the expression | is a simultaneous invariant if and only if:

1. it is an isobaric polynomial of weight p, as a polynomial of the {a;} is homogeneous of degree g1, as
a polynomial of the {b;} is homogeneous of degree g» and it satisfies the equation n1gy + nag» = 2p

2. it satisfies the equation DI =0

Theorem 1.17. Let C({aj}, {bi}, x1, x2) be a polynomial function in the coefficients of forms of orders
and ny and the variables x1, x2, which is homogeneous as a polynomial in the x;. Then, C is a simultaneous
covariant if and only if:
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1. Written as C = Cox{"+...+ Cnxy", the term Cy is an isobaric polynomial of weight p, as a polynomial
in the a; is homogeneous of degree g1 and as a polynomial in the b; is homogeneous of degree g»,
and it satisfies the equation m = ni gy + nago — 2p

2. The term Cy satisfies DCy = 0

3. Each of the rest C; satisfy the equation:
N .
¢ =M= Npig,
m!

The complete proof of these two theorems can be found in [2, chap. 1.9]. They follow the same steps
as the proofs for the characterization of invariants/covariants of just one binary form, just generalizing each
step for considering we are working with two binary forms, but the process is the same. We won't include
them since they do not contribute anything new to the thesis.

1.4 Basis of invariants

The set of invariants of binary forms of order n will be an essential part of our work. So we want to know a
bit more about its structure. Let us look at some of the properties that have the set of invariants of forms
of order n:

1. Let / be an invariant of forms of order n that has degree g and weight p. An scalar multiple of the
invariant A/ is also an invariant for forms of order n with degree g and weight p.

2. Let 1 and kb be two invariant of forms of order n that have degrees g1, g» and weights p1, po
respectively. The product h/ of the two invariants is also an invariant for forms of order n which
has degree g1 + g» and weight p; + p».

This is clear looking at it from the pure definition of invariant. Let f; and £, be binary forms of order
nand M € GLy(k) such that f, = fi|p. Then:

Il(fQ) = det(M)plll(ﬂ)
h(f) = det(M)P2(f)

and so:
(hb)(f) = det(M)P**P2(I )(f)

3. Let /1 and k be two invariants of forms of order n with the same degree g and weight p. Then the
sum of the two invariants, namely 1 4+ b, is also an invariant of forms of order n with degree g and
weight p.

This is again clear just by looking at the definition:

(Il + Iz)(fz) = det(l\/l)pll(fl) + det(M)pIQ(f]_) = det(M)p(ll + /2)(f1)

With these properties we can state the following:

Theorem 1.18. The set of invariants of binary forms of order n have the structure of a graded algebra.
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We will make a brief remark about this statement. When we talk about invariants we want to move
in this “algebra of invariants”, but because the sum of two invariants of different degree is not really an
invariant, the elements of the algebra might not be necessarily invariants. Instead, the elements of the
algebra of invariants are sums of invariants of different degree, for which each homogeneous part is an
invariant.

This result (that the invariants have structure of an algebra) is not only true for binary forms, but
also for forms in any number of variables (ternary forms, quaternary forms etc...) and even for systems of
simultaneous forms.

One of the most important questions that surged in invariant theory when it was first studied (Cayley)
was if the algebra of invariants for a system of simultaneous forms is or not finitely generated. This is
indeed true, and we can state it as follows:

Theorem 1.19. Hilbert's theorem. The algebra of invariants for binary forms of order n is finitely generated,
for any arbitrary value of n.

This is one of the most important results of invariant theory. When Cayley began studying invariant
theory, he made this conjecture but could not prove it more than for the particular cases of binary forms
up to order 6. Later, Gordan proved this result for a system of an arbitrary number of binary forms, but
could not prove it for forms in more than two variables. It was Hilbert who found a generalizable proof of
this theorem for forms in any number of variables.

In [2, chap. Il] one can find two proofs of this theorem from Hilbert. The first one is a proof of the
theorem using the representation of invariants as function of the roots of the forms. The second, more
complex, is a generalizable proof for forms of any number of variables. We do not include any of these
proofs in our work because of their extension and complexity.

Because of this result we know that, for binary forms of order n, there exists a finite number of invariants
that generate the algebra of invariants for these forms. We will call this finite set of invariants a basis for
the algebra of invariants of order n. This is an important concept that we will use a lot in the thesis. We
could list some examples:

Example 1.20. For binary forms of order 2, every invariant can be written as a polynomial function of one
invariant of degree 2 (the discriminant / = apay — a?). This only invariant is the basis for the algebra of
invariants of order 2.

Example 1.21. For binary forms of order 4, every invariant can be written as a polynomial function of two
invariants of degrees 2 and 3:

I = apas — 4a1a3 + 3a§

I3 = aparas — aoa§ — 3%34 + 2ajaraz — ag

so these two invariants are a basis for the algebra of invariants of order 4. We will prove this particular
result in the next section.

For the algebra of invariants of a given order, the basis of invariants is not unique. In fact, for some
cases there are different interesting bases that have been used in the literature. As, for example, for the
algebra of invariants of order 6, we can encounter in the literature the bases of Igusa (h, ls, le, ho, h5),
Clebsch (G, Ca, Cs, Cio, R), etc... which are named after the person who introduced them. We will be
using these bases often in our work.
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1.5 Number of invariants

Now that we have the characterization of invariants and covariants, the question arises of how many
invariants can be found for a given form of a certain degree and weight.

First of all it must be noticed from the properties shown in the previous section that any linear com-
bination of two invariants of the same weight is yet another invariant for the same base form. Thus, the
invariants of degree g and weight p generate a vector space, and there are an infinite number of invariants
for a given form. What we will be interested in, though, is the dimension of this space, or what is the
same, the number of linearly independent invariants of degree g and weight p.

Let us call M,(g, p) the set of monomials of the ring Z[{a;}] with coefficient 1 that have degree g and
weight p, and let us call my(g, p) the cardinal of this set.

Theorem 1.22. The number of linearly independent invariants of degree g and weight p for forms of order
n, which we will call w,(g, p) is given by the formula:

wn(g, p) = ma(g. p) — ma(g, p— 1) (9)

We can give an intuitive notion of why this holds. The invariants for forms of order n can be expressed
as | =3 Zag’aj*...al", and if we want them to be of degree g and weight p the exponents must satisfy:

vw+rv+..+vh=g
vri+2+...4+nv,=p

there are m,(g, p) possible values for the exponents, so the sum can have this number of summands.
Now, for | to be an invariant it must satisfy the equation D/ = )" ZDaga}"...a}" = 0. As the operator D
applied to a term of degree g and weight p results in an homogeneous polynomial of degree g and isobaric
of weight p — 1, we have m,(g, p — 1) distinct summands in the expression of D/. As every term of this
sum must banish, we end up with m,(g, p — 1) linear equations for the coefficients Z that must be equal

to 0.

Now, we have mp(g, p — 1) linear equations for the my(g, p) coefficients Z of the sum. We could
choose arbitrarily m,(g, p) — mn(g, p— 1) coefficients, assign them a value, and the rest would be uniquely
determined. We can assign values for the m,(g, p) — ma(g, p — 1) coefficients Z chosen in as much as
mp(g, p) — mny(g, p— 1) linearly independent ways. This gives the number of invariants one can generate
of degree g and weight p.

This is not a proof of the theorem. Note that we have not argued that the system of m,(g,p — 1)
equations are linearly independent. We won't include the complete proof here, as it is a bit larger than
this and needs use of some results that we have not introduced. But the full proof of the theorem can be
found in [2, p. 50].

Now we want expressions for the quantities m,(g, p) and w,(g, p)-
Because the weight of an invariant is determined given the order and degree by the equation ng = 2p,
one can write the previous formula as:
ng ng ng
wn(g) = walg, =) = malg, =) — malg, > — 1) (10)
Using combinatorial arguments one can find expressions for the numbers m,(g, p) and thus, also for
the numbers w,(g).
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Theorem 1.23. The cardinal of the set M,(g, p) is given by the formula:

(1 — x"1) (1 — x™2?)...(1 — x"*¥8)
= 11
me.p) = | TG v a
where [f], . denotes the coefficient of degree k of the Taylor series of the function f.
Proof. First we will see that m,(g, p) admits the following representation:
mlg.p) = | 1 ] (12)
a (1= )1 = x0) (1= x2y)..(1 = X"y) | (e

This will follow from the combinatorial interpretation of m,(g, p). If we break the expression we get:

1
(1=y)A =xy)(1 = xy)...(L = x"y)
(1+y +y? + 21+ xy + x2y? + )1+ X2y 4+ x*y? + L) (14 Xy X224 )

and the general term of this expansion could be expressed as:

n2v+...+nvy  gt+rit... s

y(xy)t (X )" = x y

so for the general expansion, the coefficient for the term xPy& will be the number of ways one can express
pasvi+2vy+ ...+ nv, and g as vy + v1 + ... + v, simultaneously. This is equal to the number my(g, p).

We have proven that the number my(g, p) satisfy the equation 12 as the coefficient of xPy#& of the
Taylor expansion of a function in x and y. We will now show how we can get from this formula to the
formula given in the statement.

We want to get rid of the variable y on our formula. We can expand the expression as a polynomial in
this variable and write it as:

1

(1 =) =xy)(1 = x?y)...(1 = x"y)

on every C; is a polynomial in the x only. Now, because we have:
1

(1= y)(L = xy)(1 = x?y)...(1 = x"y)

expanding both sides as polynomials in y

=1+ Cy+ Gy + ...

_ (1 o nt1 1
1—xy)(1—x%y)(1 —x3y)...(1 — x"*1y)

(1-y) x y)(

(1=y)1+ Cy+ Gy*>+..) =1 —x"Ty) 1 + Cixy + Gxy? +..)
and comparing the coefficients in both sides of the term for y& we obtain the equation:
Cg — Cg_l = XgCg — Xn+gcg_1

and: . g
— X
C, = ETa Ce-1

If we apply iteratively this relation for Cz, C;—1...Co, (7, then we obtain that:

(1 — x"H1)(1 — x"*2)..(1 — x"*8)
(1 —x)(1—x2)...(1 —x#)

Ce =
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And we can see the statement in the theorem is a direct consequence of this:

1
(e P) = [(1 =)L =) (1= x2y). (1~ x"y>]xpyg
e L [ X —xm2), (1 xte)
= [Cg]xp_ |: (1_X)(]_—x2)...(1—Xg) :|Xp

O

Theorem 1.24. The number of linearly independent invariants of degree g for a form of order n is given
by the formula:

¥ )

y (g) _ (1 o Xn-l-l)(l _ X"+2)...(1 _ Xn+g)
" (1 —x2)(1—x3)...(1 — x8)
Proof. With the result for m,(g, p) we can proof the result for w,(g) quite easily. If we expand the
expression for mp(g, p) as a Taylor series:

(1 _ Xn+1)(1 _ X”+2).__(1 _ Xn+g)
(T =) —x)..(1 - xE)

my(g, p) =

xP

] :[co—l—c1x+c2x2—|—...—|—cpx”+...] =cp
xP

So if we develop both sides of the equation in the statement separately we obtain, in one side:

wn(g) = mn(g, p) — mn(g.p—1) = cp — Cp-1

where here p = €. In the other side, we obtain:

[(1 _ Xn+1)(1 _ X”+2).__(1 _ Xn+g):|
(1 —x2)(1—x3)...(1 —x8) o

. (1 — x"1)(1 — x™2)...(1 — x"*8)

R e e e et |

= [(1=x)(co+ ax+ax®+ ..+ xP +..)],

= [co+ (c1 — co)x + (2 — c1)x® + ... + (¢p — Cp—1)xP + ...]

xp — CSp — Cp-1

So we have proven that:

(1- X”'H)(l _ X"+2)...(1 — x"+€)
1-x)(1-x3)..(1—x8) |,.=%

Wn(g) = Cog —coe_y = [

O]

With this result we can find out easily how many invariants does a binary form has of a certain degree.
But this result can also be used to work out (by working with the general expression in function of g) which
invariants generate the algebra of invariants for forms of that order. Here we give an example of how to
do this:

Example 1.25. For binary forms of order n = 4 we have that p = 2g, so one has that:

(1 —x5%)(1 —x%)...(1 — x**8)
(1-x2)(1—x3)...(1—x8) |, 2

wa(g) =
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or what is the same
(1—x8tH)(1

— x812) (1 -

Invariants of binary forms

wa(g) =

If we operate this expression we obtain the following:

(1 — x8+1)(1 — x8+2).. (1 —

(1—x2)(1—x3)(1—x*)

X4+g)}

x2&

wa(g) (1 x2)(1—x3)(1— x%)
(1 — x8+t1 _ y8+2 _ yg+3 _ yg+4

(1—x2)(1—x3)(1—x%)

X4+g)}

1

IR ICEER (TS (R ] P
. 1 .

IR ICEER (S (R ] P
: 1 J

R IC R IR IC R P
. 1 .

T A3 ) e

B I (1—x6) —x2(1 —x3)

o (1 —x?)(1— x3)(1 — x4)(1 — x%)

B I 1— x2 + x3

(1= x?) (1 — x*)(1 - x° ng

B I 1— x2

o (1 —x2)(1—x*)(1— x5 }ng

x2&

:| x2€

[ X814+ x+x2+x
(1)1 - )

).

]
I

Xg+1

(1 —x)(1 —x2) (1—x3

x28

(l—x)(l—xz) (1—x3

[(1—=x?)(1 - X“)(l - Xﬁ)]ng

:| x2&

What can be derived from this calculation is the following: The number of invariants for a binary

quartic of degree g is

1
wa(g) = )(1—X3)Lg: (14 3%+ x* +

(1—x2

X+ )A 3+ + )]

x&

and we will have that there are as many invariants of order g as there are non-negative integer solutions

for k, | of the equation:
2k + 31 =

For g = 2 and g = 3 we have just one invariant for the binary quartic, namely:

I = agag — 4a1a3 + 333

I3 = agaras — aoa§ — a§a4 + 2ajazaz — ag

and we have that for every k, | the expression | = I2kl3’ is also an invariant of degree g = 2k 4+ 3/. As
we can do this for every k, / that add up to g, we can obtain all the invariants of degree g in this manner.
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Therefor we have that the invariants /, and /5 are generators of the algebra of invariants for the binary
quartic, or what is the same, that all the invariants of the binary quartic can be expressed as a polynomial
expression of the two invariants /» and /5.

1.6 Transvections

Until now we have explored the properties of invariants and covariants, and found a simple way to determine
if given expressions were or not invariants or covariants of binary forms. But what we do not have is a
systematic way for finding the invariants and covariants of a form. Here we introduce the concept of
transvectant (or transvection), which will allow us to do exactly that.

Definition 1.26. Given two binary forms fi, f, of orders ni, np and coefficients {a;}, {b;} we define the
transvectant of order p (or p-th transvectant) as the simultaneous covariant of the two forms that has as

its source the following expression:
P
(P
Co = 1) ajb,_;

We will denote the resulting covariant (the transvectant) as (fi, f2)p, and it is a covariant of degree
g = 2, weight p and order m = n; + np — 2p.

One can check easily that this expression generates indeed a simultaneous covariant of the two forms.
If we look at the characterization of simultaneous covariants in 1.17, we see that:

1. the first condition holds clearly. It is clear that the expression for Cy is homogeneous both in the {a;}
and in the {b;} and that it is an isobaric polynomial with weight equal to i+ p — i = p. We can see
that (with the same notation asin 1.17) g1 = g» = 1, and then m = ny1 g1+ nag> —2p = n1+ny —2p.

2. If we operate the expression Dy, we get:

DG =D Z_p; (—1) (’f) aiby i = z_p; D(—1)"<’I_’> aiby_i
— i (—1)’(7) liai—1bp—i + (p — i)aibp—i-1]
— i (—1)’(7) iaj_1bp_ i+ (—1)1 (i f 1) (p—i+1)aj_1bp_;

z : L ! _
- Z(_l)l [i!(pp— N - 1)!(pp— i+ 1)!(” I 1)} 3i-1bp—i =0

which satisfies the second condition.

3. The third condition holds directly because we have defined the transvectant by its source.

To realize the importance of the transvectants in computing covariants we have to note a few things.
First, one can see a covariant as a form in itself. If we have the covariant C = Cox{" + ... + Cpx3" where
each of the C; are polynomials in the coefficients {a;} of forms of order n, one can take the C; as new
coefficients and consider the whole covariant C as a binary form of order m.

With this in mind we can state the following important result:
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Theorem 1.27. Let X = {(, G, ..., Ck} be a set of k covariants for forms of order n, and let C be
a simultaneous covariant of the set X considering those covariants as binary forms. Then C is also a
covariant for forms of order n.

This can also be expressed as the following:

Covariants of covariants or simultaneous systems of covariants are at the same time covariants of the
same forms.

This proposition is also true for simultaneous covariants of more than one binary form. The proof of
this can be found in [2, p. 92]. We do not include it because the proof is a bit messy and just consists on
working with the expressions of the covariants and the covariants of covariants.

This highlights the importance of the transvection operation, because taking the covariants of a binary
form as forms in themselves one can have the following:

Proposition 1.28. Let C;, G, be covariants for forms of order n, which have orders my, my and degrees
g1, & respectively. Then the p-th transvectant of C; and G, (Ci, G2)p is also a covariant for forms of
order n, and have degree g1 + g» and order my + my — 2p.

Now with this proposition we can obtain new covariants for binary forms from a set of covariants that
we know. We can use this to develop a method to generate systematically covariants. We begin with the
form f itself (which is a covariant), and we want to produce covariants of f. We start by computing the
transvectants of f over itself. This produces some covariants of f. Then we compute the transvectants of
these covariants with each other, and we obtain new covariants. We can repeat the process until we no
longer obtain new covariants of f.

With this process we have come to what we wanted, a systematic way to construct new invariants/co-
variants of a binary form. But this method allows us not only to find new invariants/covariants of a form,
it allows us to find all of them, what we can state as the following:

Theorem 1.29. The set of covariants of a binary form is generated by the iterative application of the
transvection operation over f, or what is the same:

Given a binary form f. Let C be the closure of f by the operation of transvection, then every covariant
of f is included in C.

The proof of this theorem can be found in [1].

1.7 Invariants as functions of the roots

We have presented in the previous section a way to construct the set of all invariants and covariants of a
binary form. In this section we will explain another method to construct all the invariants of a given binary
form, as functions of “the roots” of the form.

Given a binary form F:
-1 -1
F(x1,x0) = aox{ + a1x; X2+ ...+ an—1x1X3 ~ + anXy

where this time we are considering the coefficients removing the binomial coefficients. We do this
because for this section it is more convenient. It should be clear that the concepts introduced in previous
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sections (concepts of invariants, covariants etc...) remain the same this way, the only things that change
a bit are the characterizations (and we won't need those for this section). Let

f(x) = F(x,1) = aox" + ax" P+ 4 a,_1x + ap

be the deshomogenized form. Let {w;} be the roots of f. When we mention the roots of a binary form we
mean these {w;}, the roots of its deshomogenized form. So we could write:

f(x) = ap(x —w1)(x — w2)...(x —wn)

F(Xl, X2) = ao(x1 — LU1X2)(X1 — CU2X2)...(X1 — (.UnXQ)
Then we have the following:

Theorem 1.30. Let:
I:agZHw;—wJ (14)

be a symmetric function on the {w;} such that:

1. in each summand every w; appears exactly m times.

2. each summand is an homogeneous function on the differences.

then | can be expressed as a polynomial function in the coefficients {a;} of the form and, as a function of
the coefficients, | is an invariant.

Proof. First of all, the fact that the expression 14 can be expressed as a polynomial function in the
coefficients {a;} of binary forms of order n follows directly from the fundamental theorem of symmetric
polynomials.

Next, to proof that this function is indeed an invariant, let us take a look at how a linear transformation
modify the roots of a binary form. Let f = ag(x1 — w1x2)(x1 — wax2)...(x1 — wpx2) be a binary form of
order n with roots {w;}. Let M = (g1 &22) be a general linear transformation and let g = f|y =
ag(x] — wixg)(x] — whxb)...(x; — whxs) be the form f transformed by M. Then:

g = flm = ao((11x] + a12x5) — wi(a21x] + a22x3))...((11x] + a12x3) — wn(a21x] + a20x3))

ao((c11 — ao1w1)x] + (12 — aow1)x3)...((11 — a21wn)xq + (12 — a2wWn)X5)

o, (o2 4 anw) , (—a12 + anwy) (15)
(11 — agiwi) (11 — a21wn)

= ap(x1 — W) (g — wrxp)-..(x1 — wipo)

With this development each linear factor (x1 — wjx) is transformed to another linear factor (x; — wjx3).

Without loss of generality we can suppose that each wj transforms into w’. Then we end up with the
following relation between the roots:

W — (—a12_+ C¥22<A')i) (16)
(o1 — a21wi)

and the relation between the two coefficients ap and ap:

ap = ao(a11 — aziwr (a1 — a21w)...(11 — aoiwn) (17)
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Invariants of binary forms

If we now develop the expression for the differences:

W) = ((—(10412_4- 04220.#) B (—a12_+ Oézzul)j)
11 — 01Wj) (a1 0421%)
(—a12 + anowi)(a11 — Oézle) — (-2 + 0422wj)(a11 — a21wj)
(011 — a1wi)(0a1 — ao1wj)
_ (—a11 + anoaoiw; + ar1aow; — aorawiw;) — (—o11 + @12021W; + A11020W) — A1 02W;W;)
B (11 — a21w;i)(a11 — azw))
(012021 — ar1ax)w; + (11022 — 12001 )w;
B (11 — ao1w;) (11 — a21w;)
det(l\/l)(a,- — Oéj)
(o1 — ao1wi)(oa1 — ao1wyj)

Now, because we have that the expression 14 is homogeneous in the differences (let us say that it is
homogeneous of degree p), then we have:

DM | EEEEED B | e e

,)(0411 - Oézle)

(i —
—drdee(my 3T ¢ )
0411 — Q21

wj)(a11 — az2wj)

now, as in every summand we have that each root w; appears exactly m times, we can put this as:

I" = ay"det(M (i — )
0 ZH (11 — ao1

wj)(a11 — azwj)

/m e p 1 Wi — W
= a"det(M) D [(a11 — azwi)(oa1 — a21ws)...(11 — aziwy)]” [ =)
= ag'det(M)P Y "] (wi — wj) = det(M)PI

where we have used the relation between the two coefficients ag and aj.
This ends the proof of the theorem. O

This way of seeing the invariants of a form (as function of its roots) gives us another way to compute
the invariants of a form. This is especially useful for computing the numerical value of the invariants of
a form in a quick way. Also, one of the advantages of this representation is that the expressions for the
invariants remain relatively simple even for forms of bigger n. In contrast, when we use the representation as
polynomials in the coefficients of forms of order n, the expressions for the invariants get really complicated
really quickly.

Example 1.31. For forms of order 4 we can construct the following invariants:
I2 = a% Z (wl — (,U2)2((,U3 — W4)2

ls = a3 Z (w1 — w2)?(w3 — wa)?(w1 — w3)(wa — wa)

that make a basis of invariants for forms of order 4.
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1.8 Classification of binary forms

Now we want to talk about classification of binary forms. With this we mean, to know when two binary
forms are isomorphic (or linearly equivalent) to each other. Fortunately, the invariants of the forms gives
us the information needed to know this.

We know that if two forms f; and £, are isomorphic to each other (there exists a linear transformation
M between them), then the value of their invariants differ by a power of the determinant of M. This is
due to the definition of invariant. Here we see that we also have the inverse: If the invariants differ by a
fixed power of a number, then the two forms are equivalent. We state this as follows:

Theorem 1.32. Let f; and f» be two binary forms of order n such that neither one has roots of multiplicity
greater than n/2. Then the two forms f; and f, are linearly equivalent if and only if there exists an r such
that for every invariant | of weight p we have that:

I(R) = rPI(5)
where r will be the determinant of the linear transformation existent between the two forms.

The proof of this theorem can be found in [5].

The fact that the two forms must have their roots with multiplicities not greater than n/2 should not
concern us a lot. The reason for this is that for one of the most common applications of these theory, the
study of hyperelliptic curves, this condition holds (as an hyperelliptic curve is defined by a binary form with
all its roots different). We will make a few comments on hyperelliptic curves in 2.1.1.

The concept of absolute invariant that we will explain right now allows us to transform this result into
a stronger one, in which the ugly rP in the previous equation disappears.

Definition 1.33. Let f be a binary form of order n. We define an absolute invariant of f as a quotient of
two invariants of f of the same degree.

Theorem 1.34. Let f; and f» be two binary forms of order n such that neither one has roots of multiplicity
greater than n/2. The forms fi, f, are linearly equivalent if and only if every absolute invariant i satisfies
the equation:

i(h) = i(f)

Proof. Let I1, I, be two invariants of the same weight p. Because we can form an absolute invariant / = %

we get that:
h(%)

h(f)

L(f)
h(f)

= i(f) = i(h) =

h(fi)  h(h)
h(f)  h(f)

We can do this for any pair of invariants of weight p. So we obtain that for any invariant / of weight p:

@_h(ﬂ)_/\
= =Ap

I(f2)  h(f)
So, for invariants of weight p we have that /() = Ap/(f2) = r5I(f;). If this number r, were the same for

all possible values of p, then the theorem would be proven, because we would have that for any invariant
| of weight p, then I(A) = r5I(f) = rPI(f).
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Invariants of binary forms
Let /,, I; be two invariants of weights p and q respectively. Because of this we have that:

Io(f2)
lq(f2)

I9(R) = r2%I3(R) = 12315 (%)

p pq'p
Ig(f) = 1?13 () = 51 ()

and we obtain that r, = ry = r,q. As we can do this for any weight, we obtain that r, = r. And this ends
the proof.

O]

We know now that for two binary forms, the property of being isomorphic is equivalent to their invariants
being equivalent (equal to a fixed power of the determinant). But since we know that the algebra of
invariants for forms of order n is finitely generated, we can give this stronger result:

Proposition 1.35. Let fi and f, be two binary forms of order n such that neither one has roots of multiplicity
greater than n/2. Then the two forms f; and f, are linearly equivalent if and only if there exists an r such
that for every invariant | in a fixed basis of invariants for forms of order n, satisfies:

I(h) = rPI(f2)

where p is the weight of the invariant and r will be the determinant of the determinant of the linear
transformation existent between the two forms.

Proof. Let S = {h, b...Ix} be a basis of invariants for forms of order n. Because S is a basis, we have that
every invariant | of forms of order n can be expressed as a polynomial function of the basis:

P=¢(h, by ) = ZI B2

where all the summands are invariants of the same weight, or what is the same: v1p1+vopo+...+vkpxk = p
where p; is the weight of the invariant /; and p is the weight of /.

Because of this, and because for any invariant of the basis the relation /;(f;) = rPil;(f;), we obtain:

/(fg) = (ﬁ(/l(fz), /2(f2), . /k(fk)) = ¢(rp1/1(ﬂ), rp2l2(f1), ceey l‘pk/k(fl))
= D zetan A () 12 (R).. ()

=P ZIP(A) (). I (R) = rPI(f)

because this is true for any invariant, the theorem is proven. O
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2. Implementation

In this chapter of the thesis we want to focus on the practical application of the theory explained in the
first chapter. We will want to expose some problems of invariant theory that have to be approached
computationally, and then we want to show the code we have developed to solve some of these problems,
explaining what is the method that has been chosen to solve the problems, along with the difficulties we
have encountered, and the pros and cons of each method considered.

For the computational part of this thesis we have decided to use the open source software "Sage”.
Sage is an open source math-oriented software with a python-based language, which makes it perfect for
our purpose.

First we will list some of the interesting problems one can face when working with invariants, such
as computing an explicit basis of invariants for forms of certain order. Then we will briefly mention the
things we can encounter already programmed in Sage related to invariant theory and close to the topic
of our thesis. After this we will go through the problems we have implemented for this work, discuss the
difficulties that they present and give a quick impression of our solution (where the full code will be in the
appendixes).

2.1 The computational problems of invariant theory

The objective in this section will be to give a quick review of the computational problems that we can
encounter envolving directly or indirectly invariant theory.

First we will introduce briefly the concepts of hyperelliptic curves and their relation with binary forms
and invariant theory. We will do this because some of the problems that we will enunciate later have a
great interest in their application in hyperelliptic curves. Later we will enumerate some of the interesting
computational problems that can be approached regarding invariant theory, such as finding a explicit basis
of invariants for binary forms of a certain order or finding an explicit isomorphism between two binary forms.
Later in this chapter we will see for some of these problems what was our approach, with a review on the
details of the implementation and the difficulties we confronted when solving the problems.

2.1.1 Invariant theory in the study of hyperelliptic curves

In this section we explain the object of study of hyperelliptic curves and its relation with invariant theory.
This is interesting in our thesis because, thanks to this relationship between hyperelliptic curves and binary
forms, a lot of the problems we will show next are applicable to not only the study of binary forms but also
the study of these hyperelliptic curves.

Definition 2.1. An hyperelliptic curve is an algebraic curve defined by an equation of the form:

y? = f(x) (18)

Where f(x) is a polynomial of degree n > 4, whose roots are all distinct. The degree of the polynomial £
determines the genus of the curve over the field of complex numbers, and we have that a curve has genus
g if it has degree n=2g + 1 or n =2g + 2.

Definition 2.2. Considering an hyperelliptic curve of genus g given by the model y? = f(x), we define its
associated binary form as:
F(x1, x2) = x{'f(x1/x2)
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Invariants of binary forms

where n =2g + 1 or n = 2g + 2 is the degree of f.

Similarly, given a binary form F(xi, x2) of degree n we can define its associated hyperelliptic curve as
the object defined by the equation:
y?=1f(x) = F(x,1)

With this last definition it is clear how hyperelliptic curves relate to invariant theory. One can study a lot
of the properties of an specific hyperelliptic curve by studying its associated binary form and its invariants.

2.1.2 List of problems

Now let us take a look at some of the computational problems that we could address with the theory that
we have studied in this thesis. Some of the problems that we will list right now we will approach later in
more detail in 2.3, where we will see how we implemented a solution for these problems. The problems
that were not implemented for this work are mentioned here for the purpose of showing the variety of
applications that can have the theory that we have studied.

1. Finding a basis of invariants

One of the first interesting things one can think of doing when working with invariants of a binary
form is to find a basis of invariants for a form of order n.

It is easy to see why it is interesting to find such a basis. Given a basis of invariants for a form, all
the other invariants of that form are determined by the values of the basis. This for example allows
us to determine if two binary forms are isomorphic, as explained in 1.35, just by looking to the values
of the invariants of the basis.

In the sections 1.6 and 1.7 we explored some ways of constructing systematically covariants and
invariants of binary forms, by using transvections and by seeing the invariants as functions of the
roots of the form. Both methods have their advantages and disadvantages that we will discuss
thoroughly in the section about our implementation 2.3.

2. Finding an isomorphism between two forms

Having a basis of invariants gives us an easy and quick way to check if two binary forms (respectively
hyperelliptic curves) are isomorphic to each other. The immediate question that arises after this is,
given two binary forms, known isomorphic to each other, if we can find an isomorphism between the
two forms and how.

3. Finding the group of automorphism

This is less of a computational problem. Given a binary form we would want to know what its
group of automorphisms looks like (to what subgroup of GLy(k) it corresponds). Although it is not
obvious (and we won't enter in much detail here), one can figure out the structure of the group of
automorphism of a binary form (respectively an hyperelliptic curve) just by looking at the invariants
of the form.

We just give an example to see how things work. Let us consider we are studying binary forms
of order 6, and we have the basis of invariants of Clebsch (Cy, Ca, Go, Cio, R). Then, a non-trivial
result shows us that if the relations C4 = C5 = Ci9 = 0, then the group of automorphisms of the
form is homeomorphic to the cyclic group Cs. With the same kind of relations, we could study all
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the possibilities for the group of automorphisms of forms of order 6 (which we are not interested in
doing).

One can also approach the problem of finding the group of automorphisms itself (computationally).
This combined with the previous problem would allow us to compute all the isomorphisms between
two forms.

4. Inverse invariant problem

Until now we have studied various ways to find invariant and covariants of binary forms, and studied
what these were useful for and what did they told us about the forms in question. But it is also
interesting at this point to consider the problem backwards: given a set of values, we would want to
find a binary form whose invariants take these values.

For example, considering what we said about the group of automorphisms in the previous problem,
one could be interested in finding a binary form (or respectively an hyperelliptic curve) that has
certain group of automorphisms. Knowing the conditions some invariants must fulfill to have each
group of automorphisms, one only has to find a form (or a curve) with invariants satisfying the
conditions required in each case.

2.2 What is already implemented

We want to take a look at the things that are already implemented in Sage, to have an idea of what has
been done. Other mathematical software (such as Magma or Mathematica) have more done about the
topic, but we will stick with what is implemented in Sage, because it is the software we will work with.

We have found features implemented related to invariant theory mainly in two modules: the “invari-
ant_theory” module and a few modules about hyperelliptic curves. We will explain briefly what these
contains.

1. invariant_theory: This module, as its name suggests, is exclusively focused in invariant theory.
Although, almost all that is implemented is computing certain invariants and covariants of forms.

We won't be listing all the classes and functions implemented in this module, because it is a very
large list. We will make some comments about what is implemented overall.

The module have one base class, “AlgebraicForm”, to implement the basic functionalities of forms
(such as transform by a linear transformation). For the rest of functionalities for forms, as the ones
for computing the invariants, they are implemented only in the derived classes, which consists of
specific kinds of forms. For example, if we wanted to compute the invariants of a binary form of
order 4, we would have to use the derived class “BinaryQuartic”.

There are not many classes implemented. For instance, for binary forms, we can only work in binary
quadratic and binary quartic forms. The good thing about this module, though, is that it does not
restrict to binary forms, or even to only one form. It has implemented several functions to compute
invariants of ternary forms, and allows to do some things with a set of more than one form.

2. hyperelliptic curves: There are a few classes on hyperelliptic curves implemented in Sage, but the
one that touches invariants is the one that specializes in hyperelliptic curves of genus 2, “hyperellip-
tic_g2_generic”. This is because for curves of bigger genus, these calculations tend to be far more
complex.
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Invariants of binary forms

Even for genus 2 curves there is not really much implemented. Regarding our topic there are four
functions we can find, all related to computing the values of a basis of invariants for an hyperelliptic
curve of genus 2.

The functions “clebsch_invariants()" and “igusa_clebsch_invariants()", each compute respectively the
Clebsch basis of invariants (A, B, C, D) and the Igusa-Clebsch basis (k, Iy, Is, o). These are two
different bases for the algebra of invariants for forms of order 6. The two bases can be used for the
same purposes, the difference between them can be seen when working with binary forms defined in
a field of characteristic not 0, where the Clebsch invariants do not work (because the way they are
constructed).

The two other functions, “absolute_igusa_invariants_kohel()" and “absolute_igusa_invariants_wamelen()
each return a list of three absolute invariants for an hyperelliptic curve of genus 2. We saw in the sec-
tion about classification the importance of absolute invariants, because two isomorphic hyperelliptic
curves (the same as binary forms) must have the same absolute invariants.

As we see, there is not much work done in Sage about invariants.

2.3 Our work

Now we want to explain in detail the code developed for this thesis. All the code has been implemented in
Sage, following the standars and with all the documentation that Sage requires included in each function.
All the relevant files for the work are included in the appendixes.

2.3.1 The main code

The main code of the work is in the file named binary_form.sage, here included in the appendix A. Here
we will explain the important aspects of what there is implemented in this code.

For this work we have taken a classical view of invariant theory, and we have kept this also at implemen-
tation. As it is, the first thing we implemented was a main class "binary_form”, which seemed adequate.
A binary_form object has as its attributes the field in which it is defined, its order n and its coefficients
{a;}, and there are implemented the basic functions we would expect to work with and handle easily binary
forms: We can add two forms of the same order, we can multiply two binary forms, or we can apply a
linear transformation to a form to obtain an equivalent (an essential feature).

Example 2.3. Here we show some examples of work with the this class:

sage: fl = binary_form(QQ,3,[1,1,1,1]); f1

x"3 + x"2xy + x*xy"2 4 y”3

sage: f2 = binary_form(QQ,3,[2,0,1,2]); f2

2xx"3 + xxy"2 4+ 2xy”"3

sage: f3 = fl.transform ([[1,1],[0,1]]); f3

X3 4+ 4xx"2xy 4+ 6xxxy"2 + 4xy”3

sage: fl + f2

3%xx"3 + x"2xy 4+ 2xxxy"2 + 3xy~3

sage: fl x f3

X6 4+ bxx"bxy + 1lxx"4xy"2 + 15xx"3xy”"3 + 14xx"2xy"4 + 10xxxy”"5 + 4xy~6
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In the main code we have implemented another three classes, that work in group in some sense and that
serve together for the same purpose. These classes are the classes “Term”, “Invariant” and “Covariant”.
These classes, as one could have guessed, serve the purpose to implement the concept of invariants and
covariants of a form. Though, they are not the same as invariants and covariants (we will explain this
now).

As we mentioned before, because we were approaching the problem in a classical way, we wanted to
implement these concepts in its crude form, as polynomials in the coefficients of binary forms. And that is
exactly what they are in our implementation.

Now we will explain briefly how these three classes are structured and what exactly represents each of
them:

1. Term: The class “Term” here represents a monomial in the coefficients of a form, an expression of
the type cag’ay*...a)", for a form of order n. Having this class is useful in order to have a cleaner and
simpler code in the other two classes, but its function is purely auxiliary.

It has as its attributes the field in which it is defined, the number n (the order of the forms for which
it is defined), the coefficient ¢ of the monomial and the list of exponents {v;} of the monomial. Both
the field and the number n are common attributes of the three classes.

2. Invariant: The class “Invariant” represents a polynomial in the coefficients of a form. So this could
be expressed as a sum of “Terms”, which is exactly how it is implemented.

Apart from the field and the order n of the base form, the Invariant class has as its only attribute a
list of terms (each of the monomials of the polynomial).

3. Covariant: The class “Covariant” represents a polynomial in the coefficients of a form {a;} as well
as in the variables x1, xo which is homogeneous of order m in the x;. As we are representing an
homogeneous polynomial in the Xx;, this could be expressed as: Cox{" + Clxinflxz + o+ Coxg,
where each of the C; is a polynomial in the {a;}, or what is the same, an object of the class
“Invariant”.

So the only attributes we have for the class “Covariant” are, apart from the field and order n of the
base form, the order m of the polynomial and a list ¢ of “Invariant” which represents the coefficients
C.

The implementation is made this way to make it easier to work with invariants and covariants of binary
forms. This way, invariants of a binary form are just an object of the class “Invariant” that satisfies the
invariant property and covariants are the same for the class "Covariant”. Moreover, the structure of the
class “Covariant” is pretty useful for working with covariants, as many times we want to work with a
covariant represented as the form Cox{" + ... + C,x3", or just need the source of the covariant.

Now that we have explained about the structure of the classes, let us talk about what is implemented
with them (the functions of the classes).

Aside from the basic functions of each class and some basic operational functions (such as multiplication
and addition when it makes sense), we have programmed some functions to help us work later with the
invariants and covariants based on the theory explained in the first section of the thesis. Now we list them
and explain briefly its purpose:
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Invariants of binary forms

1. operatorD: Implemented in both the “Term” and “Invariant” classes. As the name suggests, this
applies the operator D to the object, returning the Invariant resultant of this operation.

2. operatorDelta: Same as the operatorD function, it applies the operator A to the object and returns
the Invariant resultant.

3. islnvariant: Implemented in the “Invariant” class. It tells if the object satisfies or not the invariant
property (if the object, which is a polynomial in the coefficients of a form, is really an invariant).
This function checks the conditions listed in 1.10 to verify the invariant property.

4. covariantFromSource: Of the class “Invariant”. Applied to an “Invariant” x, this returns the covariant
which has for source the Invariant x.

5. transvectant: Implemented for the class “Covariant”. This takes another object of the class “Co-
variant” x and a number p as parameters, and returns the p-th transvectant between the object and
the x

2.3.2 Base of invariants forn = 6 and n = 8

We want to be able to compute the values of a certain basis of invariants for a given binary form. As we
commented earlier, this is useful for various purposes, as the value of the invariants of a basis determine
the values of all the invariants of the form, and having a basis allows us to know if two forms are isomorphic.

Here we explain how we dealt with the problem for invariants of binary forms of orders 6 and 8.

There are some reasons why we are only solving the problem for these cases. First of all, as we will
see later, the invariants and covariants we can get at computing the basis can become really complex
expressions, even to be handled by a computer, and if we get any farther away than order 8 the problem
gets really hard (just to name some data, a basis of invariants for a binary form of order 10 is formed by
106 invariants), and there is not much work about it.

Although we will be only solving the problem for the cases of binary forms of orders 6 and 8, this is
still interesting, as this corresponds to hyperelliptic curves of genus 2 and 3, and even the work for order 8
is not present in Sage (as in most softwares).

Now let us talk about the problem itself. We have two different approaches available to compute a
basis of invariants of a form, explained briefly in previous sections: computing invariants as functions of
the roots of the form and computing covariants as transvectants.

The great advantage of the first option (taking the invariants as a function of the roots) is the simplicity
of the expressions for the invariants. Just to show an example, here are the expression of the lgusa invariants
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for a form of order 6:

h=aj Y (12)%(34)(56)

P
I = af ) (12)(23)°(31)%(45)°(56)* (64)°
P

23)2(31)%(45)%(56)%(64)?(14)?(25)3(36)? (19)

ho = a” [ ] (i)

Where here (ij) represents (w; — wj) the difference between the two roots of the form, and the sum
extends for all the permutations of the roots that give different expressions.

As we can see, these expressions are relatively simple, and much more simpler than the expressions of
the same invariants represented in the classical way (as polynomials in the coefficients of the form). As
these expressions are really simple it is feasible to check for ourselves that they satisfy the properties in
1.30 (and therefore are invariants), and even to find the expressions themselves for each invariant.

So to compute the basis of invariants of a certain binary form by this method we only have to compute
the roots of the form and substitute in the computed expressions, which is straightforward. The problem
here, and the real drawback of this method, is computing the roots of the form. Because we are dealing
with roots of polynomials of order greater than four we have no other choice but to compute the roots
numerically, which would produce some precision errors in our solutions. This could be no big problem
if we just wanted to know the value of the invariants of a form or for certain other things if we gave a
relative level of tolerance for the precision errors, but depending on our purpose, little errors at computing
the roots could become real issues. This problem won't appear in the other method.

The classical representation of invariants give no precision issues, as we are working with polynomials
with rational coefficients over the coefficients of the form themselves. Although the method of computing
the invariants/covariants of the forms via transvectants has its own inconveniences (which we can deal
with), this is the main reason we will use this method instead of the previous one just explained.

The main problem with this is that these expressions of the invariants/covariants get very complicated
very quickly (just to give an example, if we were to write the expression of the invariant /1o mentioned above
in this thesis it would occupy three pages). This does not allow us to introduce manually the expressions
for the invariants, and forces us to compute them from scratch (by using transvectants).

As the operation of transvection is really expensive (computationally speaking in terms of time), what
we will do is pre-compute all the relevant invariants using transvectants, and store their information in a
file in a way we can recover them easily later. Thus, after doing this pre-calculation we are able later to
compute the basis of invariants of a form quickly.

Previously on 1.29 we stated that the set of covariants (and therefore invariants) of a binary form was
generated by the operation of transvection over the binary form itself. This tells us that if we continue to
apply the operation of transvection to the form f and iteratively to the covariants of that form, we will end
up finding all the covariants of the form (covariants of a basis), and identically all the invariants. But this
does not tell us neither when to stop (when do we have all the invariants/covariants we need) nor which
transvections gives us the invariants of the basis.

Thanks to the study on section 1.5 we can find the number of invariants that generate the algebra of
invariants of order n, as well as the degree of those invariants (as well as the number of relations or syzygys
that exists between them, but we won't be interested in those). Said in other words, we can know which
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invariants form a basis of invariants for certain order.

For example, if we work with the expression in 1.24 for order 6, we obtain that the number of invariants
of degree g for a binary form of order 6 is given by the formula:

_ (1 —x30)
"o(8) = [Ty o1 ) )

(20)

This result tells us that every invariant of a binary sextic can be expressed as a polynomial expression
of five invariants, of degrees 2, 4, 6, 10 and 15 respectively, and that between these invariants exists one
algebraic relation (or syzygy) of order 30.

So with this we know that the basis of invariants for a binary form of order 6 consists on five invariants
of degrees 2, 4, 6, 10 and 15. A similar analysis shows us that for order 8, the basis of invariants is formed
by nine invariants of degrees 2, 3, 4, 5, 6, 7, 8, 9, and 10.

Now we would want to know how to obtain this basis of invariants by doing transvectants. Thankfully
there is already work done about this. In the appendix B we have included two tables that show how to get
all the generating invariants and covariants for the algebras of orders 6 and 8 respectively. These tables tell
us which transvectants we have to do in order to get each of the invariants and covariants necessaries for
the basis. With this information, obtaining the required invariants for the basis is a straightforward process
(if not a quick one).

In the appendixes C and D we have included the code of the two scripts we programmed, following
the operations described in the tables that we have mentioned, to get all the invariants for forms of both
orders 6 and 8. We have not computed all the covariants described in the tables, and that is because,
even thought those are all the covariants that form the basis of covariants for each order, we only need to
compute the covariants necessary for computing the invariants (what we are really after), and for that we
already take a lot of time to do. The approximate time of execution of the scripts annexed was between
30 minutes and 90 minutes each.

The computed invariants are stored in the files “invariants_6.sage” and “invariants_8.sage”, in a format
that will recover the invariants just by loading the file (load(“invariants_6.sage”)). We have not included
the content of these two files in an appendix because of the their size, and because their exact content
does not brings anything to the thesis. With this information we can easily obtain the invariant information
for both forms of orders 6 and 8.

The most direct application of the computed invariants is to find out if two given binary forms are or
not isomorphic to each other (if there exists a linear transformation that converts one to the other). This,
as we have shown earlier, can be done just with the information of the invariants of a basis, so we have all
we need to solve this problem.

In the main class of our code, “binary_form”, we have added a few methods to deal with this problem:

1. invariant_base(self): this method returns a list of objects of the class “Invariant”, which corresponds
to a basis of invariants of the form.

2. eval_base(self): this method returns a list with the values that take the invariants of the basis in the
coefficients of the binary form.

3. is_isomorphic(self,other): this method returns True if the two binary forms (“self” and “other”) are
isomorphic.
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These three functions are implemented to work for binary forms of orders 2, 3, 4, 6 and 8. For orders 6
and 8, we obtain the bases of invariants from the files we specified earlier. For orders 2 to 4, the respective
basis of invariants of the forms are relatively simple, and we are able to include them directly in the code
in just a few lines.

To find out if two forms are isomorphic we have to compare the invariants of the basis for the two forms.
It is not so simple as checking if all the invariants are the same, because if the transformation between the
forms is of determinant different from one, the value of the invariants is multiplied by the determinant to
the power of the weight of the invariant.

In our code, we perform this check in the following way. First we check which invariants cancel for each
form, and if one differs from the other, the forms are not isomorphic. After this, for each invariant that
does not cancel, we compute the quotient between its value on each form powered to (1/p) where p is the
weight of the invariant. If this number is the same for all the invariants that does not cancel, then the two
forms are equivalent, and moreover, this number is equal to the determinant of the linear transformation
between them.

Example 2.4. Here we show some examples that use these functions:

sage: a = binary form(QQ,2,[1,1,1]); a

X"2 + xxy + y 2

sage: b = binary_form(QQ,3,[1,1,1,1]); b

X3 4+ x"2xy + xxy"2 + y"3

sage: ¢ = binary_form(QQ,4,[1,1,1,1,1]); c

x4 + x"3xy + x"2xy"2 + xxy"3 4+ y 4

sage: f = binary_form(QQ,6,[1,1,1,1,1,1,1]); f

X6 + x"bxy + x"4xy"2 + x"3xy"3 + x"2xy"4 + xxy"5 4+ y"6

sage: a.invariant_base ()

[a0%a2 — al"2]

sage: b.invariant_base ()

[a0"2%a3"2 — 6xal0xal*xa2xa3 + 4xal0%a2"3 + 4xal”3xal3 — 3xal”"2xa2"2]
sage: c.invariant_base ()

[a0xad4 — 4xalxa3 + 3%xa2"2, aOxa2xad4 — a0xa3"2 — al”"2xa4 + 2xalxa2xa3 —
a2 " 3]

sage: f.invariant_base ()[0]

a0xab — 6xalxab + 1b5xa2xa4 — 10xa3"2

sage: a.eval_base()

[3/4]
sage: b.eval_base()
[16/27]

sage: c.eval_base()

[5/6, 25/432]

sage: f.eval_base()

[7/8, 1127/18000, 2401/4320000, 3411821/233280000000, O]

sage: g = f.transform ([[1,3].[2.7]]); &

127%xx"6 4+ 2607xx"bxy + 22311xx"4xy”"2 4+ 101891xx"3xy"3 + 261881xx"2xy"4
+ 359161xxxy~5 + 205339%y"6

sage: f.is_isomorphic(g)

True
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sage: h = binary_form(QQ,6,[1,1,1,1,1,1,0]); h
X6 4+ x"bxy + x"4xy"2 + x"3xy"3 4+ x"2xy"4 + xxy~5
sage: f.is_isomorphic(h)

False

2.3.3 Finding an isomorphism between two forms

After the work in the previous section we are able to tell if two given binary forms are or not isomorphic to
each other (just for binary forms of orders 2, 3, 4, 6 or 8), or what is the same, we can tell if there exists
a linear transformation between the two forms. The next logical step for us to make from here is, given
two forms that we know are isomorphic, find an isomorphism between them. In this section we will explain
how we have confronted this problem.

There are various algorithms that we could use to compute the isomorphism between the two forms.
In [4] there are described two methods to do this, the first one works directly with the coefficients of the
isomorphisms while the second one uses an interesting approach to compute the isomorphism by using
covariants.

We will implement yet another method, which is based on the roots of the binary forms.

The idea behind the algorithm that we will use is that the linear transformation that we apply to a
binary form maps the roots from the first form to the roots of the second (as seen in the section 1.7). We
will take advantage of this fact to find an easy way to compute an isomorphism between the two forms.
Now we will explain a bit how it works.

In the section 1.7, where we studied the invariants as functions of the roots, we saw how linear
transformation affected the roots of a binary forms when applied.

Let f = ap(x1 — w1x2)(x1 — wax2)...(x1 — wpx2) be a binary form of order n with roots {w;}. Let
M = (i a12) be a linear transformation and let g = f|y = ap(x{ — wix3)(x] — wWhx3)...(x{ — wjx3) be
the transformed form. Then, the work we did showed that:

(—0412 + 0422w1) / / (—0412 + Oézzwn) /
g:fM:a/(X'_ X X3 = X
| O\ (a1 —anwr) 2 V(a1 — aziwn) 2

= ap(x1 —wo)(x — wrxp)--.(xq — wp2)

So, this shows that for a permutation ¢ of the roots, one has the relation:

o - (—o12 + axwj) (21)
7 (o1 — a1wj)

So a linear transformation between the two forms f and g would be a transformation M = (g;} g;g)

that satisfies:

/ /
Q12 — QW + 011w, — ao1wiw,, =0

for all roots of f and for some permutation o of the roots.

With this result, the algorithm will be straightforward. If we were given the permutation of the roots
o what we would end up with would be a system of linear equations in the «;;, for which a solution would
give us an isomorphism between the two binary forms.
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Because we know that the two binary forms are isomorphic (which we can check with the code developed
in the previous section), we know that there exists a permutation of the roots for which the system has a
solution. We could iterate for every permutation of the roots until we find a solution. We are only treating
binary forms of small order (the ones for which we can compute a basis of invariants), so this is feasible.
But we will note the following things that will allow us to speed up the algorithm: First, that we can always
force one of the coefficients to be 1. And second, that with this condition, any three roots determine
uniquely the transformation. Effectively, with three roots we would have a system of three equations and
three variables, uniquely determined.

So with these things in mind we will develop the following algorithm:

We will iterate for each set of three roots of the second form, which will be our pick for the mapping of
the three first roots of the first form. With these three pairs of roots, we will solve the system of equations
and obtain an isomorphism that maps the three roots of the first form to the three roots of the second.
With this isomorphism computed, we check for the rest of the roots if there is a permutation for which
this isomorphism maps the remaining roots of the first form to the remaining in the second. If this is true,
then this is an isomorphism between the two binary forms and we are done.

We have implemented this idea in the file “isomorphism.sage”, here included in the appendix E. We
now give a few remarks about some technical aspects of the implementation.

1. For finding the roots of binary forms we have used the method “.roots()" of the class “Polynomial-
Ring”. In order to use this, we had to obtain the object of this class equivalent to the deshomogenized
form, for which we implemented a short auxiliary function “poly_from_form”. We will compute the
roots over the complex field with 100 digits precision, to have all the roots of the form. As we
computed the roots as numerical approximation of complex numbers, we will have some precision
issues in our solution.

2. For iterating through the permutations of the roots we used the function “permutations” from the
package “itertools”, which ended up being really convenient to make the code cleaner and shorter.

Having said these things, let us talk about the code itself. The code for this problem works by two
main functions, namely:

1. find_iso_root: takes as parameters two lists of complex numbers of the same length (a list of roots of
two binary forms), and returns an isomorphism that maps the roots of the first list to the roots on
the second. If this isomorphism does not exists it returns -1. In this function we have implemented
the algorithm described above to find the isomorphism between roots.

2. find_iso_form: takes as parameters two binary forms and returns an isomorphism between the two
binary forms. As in the previous one, if this isomorphism does not exists, it returns -1. It calls
internally the function “find_iso_root” with the roots of the two binary forms, but one has to notice
that the returned isomorphism might not be the same for these two functions. This might occur
because a rescaled of the solution might be needed. This is because an scalar multiplication of a
form does not change its roots, so an isomorphism that maps the roots of our first form to the roots
of the second might not transform the first binary form into the second, but into an scalar multiple of
it. Notice in 15 the coefficients ag and a; multiplying the product of the roots, which point exactly
to this issue. This is fixed by in our implementation by applying the transformation to the first form,
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finding the ratio between the resultant form and the objective form, and multiplying the isomorphism
by the n-th root of this ratio.

It is worth a mention that, even though we have included the case in which the isomorphism does not
exists in the code, we would normally call this function only when we know that the isomorphism does
in fact exists, as we have an easy way to find this out (by using the invariants computed in the previous
section).

Also, the code is implemented to work for binary forms of arbitrary order n, but we would have to have
some things into account. First, we have to notice that the algorithm above only works for forms of order
greater or equal to 3, as the first step of the algorithm is to pick three of the roots of the form. The
second thing we have to have in mind is that to check that the isomorphism really works we are iterating
through the permutations of the roots, which leads to exponential complexity, which will make it difficult
to process binary forms of big orders. This should not be a problem though, as we would be interested in
computing isomorphism between forms that we know are isomorphic, and we can only perform this check
to forms up to order 8, for which the code is able to find an isomorphism in a decent amount of time.

Example 2.5. Now we can show some examples on the use of these functions:

sage: load (" binary_form.sage”)

sage: load("isomorphism.sage”)

sage: fl = binary_form(QQ,3,[1,1,1,1]); f1

X3 4+ x"2xy + xxy"2 + y~3

sage: gl = fl.transform ([[1,—2],[8,5]]); gl

585%x"3 + 879xx"2xy + 489xxxy~2 + 87xy"3

sage: fl.is_isomorphic(gl)

True

sage: m = find_iso_form(fl,gl); m

[[1t. =2], [8, 5]]

sage: f2 = binary_form(QQ,6,[1,1,1,1,1,1,1]); f2

X6 + x"bxy + x"4xy"2 + x"3xy"3 + x"2xy"4 + xxy"5 4+ y"6

sage: g2 = f2.transform ([[1,1],[0,1]]); g2

X706 + Txx"bxy 4+ 21xx"4xy"2 4+ 35xx"3xy” 3 + 35xx"2xy"4 + 21xkxxy"5 4+ Txy”"6
sage: f2.is_isomorphic(g2)

True

sage: m = find_iso_form(f2,g2); m

[fr. 1], o, 1j]

sage: h2 = f2 . transform ([[1, —2],[8,5]]); h2

2005934x"6 + 1011120%x 5%y + 1446450%x 4xy"2 + 1113581#x"3%y"3 + 486339
*x 2%y 4 + 113757xxxy”"5 + 11179xy”6

sage: f2.is_isomorphic(h2)

True

sage: m = find_iso_form (f2,h2); m

(-1, 2], [-8, —5]]

sage: f2.transform(m)

299593%xx"6 + 1011129xx"5xy + 1446459xx"4xy"2 + 1113581xx"3xy”"3 4+ 486339
*x 2%y "4 4+ 113757xxxy”"5 + 11179%y”6
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A. binary_form.sage

from sage.rings.ring import Field
from sage.structure.unique_representation import UniqueRepresentation
from sage.structure.element import FieldElement

class binary_form (SageObject):
def __init__(self, field ,n,a):

We show some examples of initialization of binary forms.
EXAMPLES : :

sage: f = binary_form(QQ,2,[1,1,1]); f

X2 4+ xxy + y"2

sage: g = binary form(RR,4,[1.0,1.1,1.2,1.3,1.4]); g

x4 4+ 1.10000000000000%«x"3xy + 1.20000000000000%«x"2xy"2 + 1.300000
00000000*x*xy~3 + 1.40000000000000xy"4

if (n not in ZZ) or n < 1:
raise TypeError("n must be a positive integer”)
self._.n =n
if field not in Fields:
raise TypeError(” first argument must be a field"”)
self._base = field
if isinstance(a,list):
if len(a) != n+1:
raise TypeError(” Must provide n+l coefficients for a form of \
order n")
else:
self._.a = a
for i in range(0,len(a)):
if self._a[i] not in field:
raise TypeError(" Coefficients must be elements of \
input field")
else:
self._a[i] = self._a[i]/binomial(self._n,i)
else:
raise TypeError(” Coefficients of the binary form must be provided)
in a list")
def _repr_(self):

Return string representation of the binary form.

EXAMPLES : :
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sage: f = binary_form(QQ,3,[1,2,5,7])
sage: f.__repr__()
"X"3 4 2xx"2xy + Bxxkxy 2 + Txy"3’
return repr(self(self. _base['x",’'y"].gens()))
def __call__(self b args):

Return the result of replacing the variables of the binary form by

the values of ''args''

INPUT :

— "targs'' — A list of two elements of the base field of the binary
form

EXAMPLES : :

sage: R.<x,y> = QQJ]

sage: f = binary_form(QQ,3,[1,2,5,7])
sage: f.__call__([x,y])

X"3 + 2xx"2xy + bxxxy 2 + 7Txy”"3

sage: f([x,y])

X"3 + 2xx"2xy 4+ bxxxy 2 + Txy”"3

sage: f([1,x])

T#x"3 + bxx"2 4+ 2xx + 1

sage: f([1,2])

81
if len(args) != 2:

raise TypeError(”"You need two variables”)
X, y = args
pol = 0;

for i in range(0,self._n+1):
pol += binomial(self._n,i)xself._a[i]*(y**i)*(x*x(self._n—i))
return pol
def __cmp__(self  other):

Returns true if '"'self’'' and ''other'' are distinc.
EXAMPLES : :

sage: a = binary_form(QQ,2,[1,1,1]);

sage: b = binary_form(QQ,2,[1,1,1]);

sage: ¢ = binary_form(QQ,2,[3,1,1]);

sage: d = binary_form(QQ,3,[1,1,1,1]);
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sage: e = binary_form(RR,2,[1,1,1]);
sage: a.__cmp__(b)

False

sage: a.__cmp__(c)
True

sage: a.__cmp__(d)
True

sage: a.__cmp__(e)
True

sage: a =— b

True

sage: a =— ¢

False

sage: a =— d

False

sage: a — e

False

if not isinstance(other,binary_form):
return True

if self._n != other._n:
return True

if self._base != other._base:
return True

return self._a != other._a

def __mul__(self  other):

Return string representation of the binary form.
EXAMPLES : :

sage: f = binary_form(QQ,2,[1,1,1]); f

X2 + xxy + y 2

sage: g = binary_form(QQ,2,[1,2,3]); g

X2 4+ 2xxxy + 3xy”2

sage: f x g

x"4 + 3xx"3xy + 6xx"2xy"2 + bxxxy"3 + 3xy“4
if not isinstance(other,binary_form):

raise TypeError(” Must operate two binary forms”)
if self._base != other. _base:

raise TypeError(” Forms must be of defined over the same field")
B = self. _base
m = self._n4other._n
b = [0]+(m+1)
for i in range(0,self._n+1):



for j in range(0,other._n+1):
bli+j] += (self._a[i]xother._a[j]«xbinomial(self._n, i)x
binomial(other._n,j))
return binary_form (B,m,b)
def __add__(self 6 other):

Return the sum of the two binary forms.
EXAMPLES : :

sage: f = binary_form(QQ,2,[1,1,1]); f
X2 4+ xxy + y"2
sage: g = binary_form(QQ,2,[1,2,3]); g
x"2 + 2xxxy 4+ 3xy”2
sage: f + g
2¢x"2 + 3xxxy + 4xy”2
if not isinstance(other,binary_form):
raise TypeError(”" Must operate two binary forms")
if self._base != other. _base:
raise TypeError(” Forms must be of defined over the same field")
B = self._base
if self._.n != other._n:
raise TypeError(”You can only add forms of the same order")
b= [0]«(self._n+1)
for i in range(0,self._n+1):
b[i] = binomial(self._n,i)*(self._a[i]+other._a[i])
return binary _form (B, self._n,b)
def eval(self 6 other):

Returns the evaluation of the expression 'other’' in the coefficients
of the form

INPUT :

— "'other'' — an instance of Term, Invariant or Covariant of the
same type of binary form as 'self’

EXAMPLES : :

sage: f = binary_form(QQ,2,[1,1,1]); f

X2 + xxy + y 2

sage: | = Invariant(QQ,2,[[1,1,0,1],[-1,0,2,0]]); I
a0xa2 — al”2

sage: f.eval(l)

3/4
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if (isinstance(other,Term) or isinstance(other,Invariant) or
isinstance (other, Covariant)):
if other._n I= self._n:
raise TypeError(” expression must be defined on a form of the \
same order")
else:
return other.eval(self)
else:
raise TypeError("No valid expression to evaluate”)
def selfcovariant(self):

Returns the object ''Covariant’'' equal to the form itself.
EXAMPLES : :

sage: f = binary_form(QQ,2,[1,1,1]); f
X2 4+ xxy + y"2
sage: C = f.selfcovariant(); C
al0*xx"2 4 2xalxxxy + a2xy”2
return Invariant(self. _base,self._n,[[1,1]+[0]xself._n]
).covariantFromSource(self._n)
def transform(self ,m):

nnn

Returns the binary form resultant of applying the linear

transformation ''m'’ to the form

INPUT :

— '"'m'’ — a 2x2 matrix, a linear transformation of the variables of
the form

EXAMPLES : :

sage: f = binary_form(QQ,3,[1,1,1,1]); f
x"3 4+ x"2xy + x*xy"2 + y~3

sage: g = f.transform ([[1,1],[0,1]]); &
x"3 + 4xx"2xy + b6xxxy"2 4+ 4xy”3

if (not isinstance(m,list)) or (len(m) = 2):
raise TypeError(”"Not a matrix")
b = [0]«(self._n+1)
for i in range(0,self._n+1):
for j in range(0,i+1):
2= i-]



for k in range(0,self._n—i+1):
k2 = self._n—i—k

b[j2+k2] 4= (self._a[i]*binomial(self._n,i)xbinomial(i,j)=
binomial (self._n—i k)*x(m[0][0]*xk)*x(m[O][1]*xk2)x
(m1][0]#xj ) (m[1][1]**]j2))
return binary form(self. _base,hself._n,b)
def invariant_base(self):
Returns a basis of invariants for the binary form, if the binary form

is of order n = 2,3,4,6 or 8
EXAMPLES: :

sage: a = binary_form(QQ,2,[1,1,1]);

x"2 + xxy + y"2

sage: b = binary_form(QQ,3,[1,1,1,1]);

x"3 4+ x"2xy + x*xy"2 + y~3

sage: ¢ = binary_form(QQ,4,[1,1 1]); ¢
X4 4+ x"3xy + x"2xy"2 + xxy"3 +

sage: f = binary_form(QQ,6,[1,1 ,1,1,1]); f

X"6 4+ x"bxy + x"4xy"2 + x"3xy”"3 2* "4 + xxy"5 4+ y"6

sage: a.invariant_base()

[a0%a2 — al"2]

sage: b.invariant_base()

[a0"2xa3"2 — 6xalxalxa2xa3 + 4xa0xa2"3 + 4xal”3xa3 — 3xal”2xa2"2]
sage: c.invariant_base()

[a0xa4 — 4xalxa3 + 3%xa2"2, al0xa2xad — a0xa3"2 — al"2xad + 2xalxa2x
a3 — a2"3]

sage: bb = f.invariant_base(); bb[O0]

a0xab — 6xalxab 4+ 15%xa2xa4 — 10%xa3"2

1,1,
y 4
1.1
+ X

if self..n = 2:
return [Invariant(self._base,2,[[1,1,0,1],[-1,0,2,0]])]
elif self._.n = 3:
return [Invariant(QQ,3,[[1,2,0,0,2],[-6,1,1,1,1],[4,1,0,3,0],[—-3,0
,2,2,0],[4,0,3,0,1]])]
elif self._n = 4:
return [Invariant(QQ,4,[[1,1,0,0,0,1],[-4,0,1,0,1,0],[3,0,0,2,0,0]
1), Invariant (QQ.4,[[1,1,0,1,0, 1] [-1,1,0,0,2,0],[~1,0,2,
0,0,1],[-1,0,0,3,0,0],[2,0,1,1,1,0]])]
elif self._n = 6:
load (" invariants_6 .sage")
return inv
elif self._n = 8:
load (" invariants_8 .sage")
return inv
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raise TypeError(”" Not implemented for binary forms of this order”)

def eval_base(self):

Returns the evaluation of the basis of invariants of the form in the
is n=2,3,4,6 or 8

coefficients of it, if the order of the form
EXAMPLES : :

sage: a = binary_form(QQ,2,[1,1,1]);

X2 + xxy + y 2

sage: b = binary_form(QQ,3,[1,1,1,1]);
x"3 4+ x"2xy 4+ xxy"2 + y~3

sage: ¢ = binary_form(QQ,4,[1,1,1,1,1]); c
x4 4+ x"3xy + x"2xy"2 4+ xxy"3 4+ vy

sage: f = binary_form(QQ,6,[1,1,1, 1);
x"6 + x"bxy + x"4xy"2 4+ x"3xy”"3 +

sage: a.eval_base()

[3/4]

sage: b.eval_base()

[16/27]

sage: c.eval_base()

[5/6, 25/432]

sage: f.eval_base()

1,
~4
1,
X

f

1,1,1
“2xy "4 + xxy"5 4+ y76

[7/8, 1127/18000, 2401/4320000, 3411821/233280000000, O]

if (self._.n >= 2 and self._.n < 5) or self._

inv_base = self.invariant_base ()
sol = []
for i in inv_base:

sol .append(self.eval(i))
return sol
else:

=— 6 or self._.n = 8:

raise TypeError(" Not implemented for binary forms of this order”)

def is_isomorphic(self 6 other):

nan

Returns true if the two binary forms are isomorphic, if the order of

the binary form is n = 2,3,4,6 or 8
INPUT :
— ''other'' — a binary form

EXAMPLES : :

sage: f = binary_form(QQ,6,[1,1,1,1,1,1,1]);

f



X706 4+ x"bxy + x"4xy"2 4+ x"3xy"3 + x"2xy"4 + xxy"5 4+ y"6

sage: g = f.transform ([[2,3],[1.7]]);

127%x"6 + 1803xx"5xy 4+ 12231xx"4xy”"2 4+ 52039xx"3xy”"3 4+ 146801xx"2x
y 4 + 254669xxxy”"5 + 205339xy”"6

sage: h = g.transform ([[1,1],[0,1]]);

127%x76 + 2565%xx"5xy + 23151xx"4xy"2 4+ 121533%xx"3xy"3 + 396239x%xx"2
xy "4 4+ 763089xxxy”5 + 673009xy”"6

sage: r = binary_form(QQ,6,[1,1,1,1,1,1,0]); r

X6 + x"bxy + x"4xy"2 + x"3xy"3 4+ x"2xy"4 + xxy~b

sage: f.is_isomorphic(g)

True
sage: f.is_isomorphic(h)
True
sage: f.is_isomorphic(r)
False

if not isinstance(other,binary_form):
raise TypeError(” Comparation must be performed between two binary\
forms™)
if self._base != other._base or self._n I= other._
return False
if self = other:
return True
if (self..n >= 2 and self..n < 5) or self..n =6 or self..n = 8:
bb = self.invariant_base ()
vl = self.eval_base()
v2 = other.eval_base()
m = len (bb)
for i in range(0,m):
if (vi[i] = 0 and v2[i] != 0) or (vl1[i] != 0 and v2[i] = 0):
return False
rat = []
for i in range(0,m):
if vi[i] != 0:
rat. append ((v2[i]/vl[i])*=*(1/bb[i]._t[0].weight()))
for i in range(l,len(rat)):
if rat[ | = rat[O]:
return False
return True
else:

raise TypeError(”" Not implemented for binary forms of this order”)

class Term(SageObject):
def __init__(self, field ,n,c,v):

We show some examples of initialization of Term.
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EXAMPLES : :

sage: a = Term(QQ,3,4,[1,1,0,2]); a
4xa0xalxa3”2
sage: b = Term(RR,2,3.4,[1,0,0]); b
3.40000000000000xa0
if field not in Fields:
raise TypeError(” first argument must be a field")
if ¢ not in field:
raise TypeError(” Coefficient must be in the field of the binary \

form™)
if (not isinstance(v,list)) or len(v) != n+41:
raise TypeError(”"Bad input of coefficients")
for i in v:

if i not in ZZ:
raise TypeError(”" Exponents must be integers”)
self. _base = field

self._.n =n
self._c = c
self._v =[]

self._p = self.. g =0
for i in range(0,len(
self._v.append(v][i]
self._ g 4= v|[i]
self._p 4= ixv[i]
def _repr_(self):

v)):
)

Returns the string representation of the Term
EXAMPLES : :

sage: a = Term(QQ,3,4,[1,1,0,2])
sage: a.__repr__()
"4xal0*xalxa3 "2’

sage: b = Term(QQ,3,0,[1,1,0,2])
sage: b.__repr__()

0

aux = |[]
for i in range(0,self._n+1):
aux.append('a'+str(i))
return repr(self(self._base[aux].gens()))
def __call__(self 6 args):



Return the result of replacing the variables of the Term (the

"coefficients ' a_i) by the values of ''"args'’

INPUT :

— ""args'' — A list of n+l elements of the field of the Term
EXAMPLES : :

sage: a = Term(QQ,3,4,[1,1,0,2])
sage: R.<a0,al,a2,a3> = QQ]
sage: a.__call__([a0,al,a2,a3])

4xa0xalxa3”2

sage: a([a0,al,a2,a3])

4xa0*alxa3"2
if len(args) != self._n+1:

raise TypeError(” Must have n+l arguments”)
pol = self. _c

for i in range(0,self._n+1):
pol x= args[i]*«xself._v][i]
return pol
def eval(self , bf):

Returns the evaluation of the Term in the coefficients of the binary
form .

INPUT :

— ""bf'"" — An instance of binary form defined in the same base
field and in the same order in which the Term ’'self ' was defined

EXAMPLES : :
sage: a = Term(QQ,3,4,[1,1,0,2]); a
4xa0xalxa3”2

sage: f = binary_form(QQ,3,[1,1,1,1]); f
x"3 4+ x"2xy + x*xy"2 + y~3

sage: f._a

[1, 1/3, 1/3, 1]

sage: a.eval(f)

4/3

if bf._base != self._base or bf._n I= self._n:
raise TypeError(”" Binary form must be or the same base field and \
order as the term”)
return self(bf._a)
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def __mul__(self 6 other):
Returns the multiplication of the two Terms.
EXAMPLES : :

sage: a = Term(QQ,3,4,[1,1,0,2]); a
4xa0xalxa3”2

sage: b = Term(QQ,3,2,[1,0,0,1]); b
2xal0xa3

sage: a x b

8xal"2xalxa3"3

if other in self._base:
return Term(self._base,self._n,otherxself._c,self._v)
if not isinstance(other, Term):
raise TypeError(”" Must operate two terms”)
if other._base != self._base or other._n != self._n:
raise TypeError("No sense multiplying terms of different field \
base or order”)
¢ = ]
for i in range(0,self._n+1):
c.append(self._v[i]+other._v[i])
return Term(self._base,self._n,self._cxother._c,c)
def degree(self):
return self._g
def weight(self):
return self._p
def operatorD(self):

Returns the result of applying the 'D’ operator to the Term.
EXAMPLES ::

sage: a = Term(QQ,3,4,[1,1,0,2]); a
4xa0xalxa3”2

sage: a.operatorD ()

4%¥a0"2xa3"2 + 24xal0xalxa2xa3

c = Invariant(self._base,self._n,[])
for i in range(0,self._n):
if self._v[i+1] = O0:
continue
aux = |[]

for j in self._v:
aux.append(])
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aux[i+1] =1

aux[i] +=1
c += Term(self. _base,self. n,self. _c*(aux[i+1]+1)*(i+1),aux)
return c

def operatorDelta(self):

Returns the result of applying the 'Delta’ operator to the Term.
EXAMPLES ::

sage: a = Term(QQ,3,4,[1,1,0,2]); a
4xa0xalxa3”2

sage: a.operatorDelta()
8xal*a2xa3"2 + 12xal”"2xa3"2

c = Invariant(self._base,self._n,[])
for i in range(0,self._n):
if self._v[i] = O:
continue
aux = |[]

for j in self._v:
aux.append(])
aux[i+1] +=1

aux[i] —=1
c += Term(self. _base,self._n,self._cx(aux[i]+1)«(self._n—i), aux)
return c

class Invariant(SageObject):
def __init__(self, field ,n,coef):

We show some examples of initialization of Invariants.

EXAMPLES : :

sage: z1 = Term(QQ,2,1,[1,0,1]); =zl

a0xa2
sage: z2 = Term(QQ,2,-1,[0,2,0]); z2
—al”2
sage: | = Invariant(QQ,2,[z1,z2]); |

a0xa2 — al”"2
sage: |2 = Invariant(QQ,3,[[1,1,0,0,1],[2,0,1,1,0]]); 12
al0xa3 + 2xalxa2
if field not in Fields:
raise TypeError(” first argument must be a field")
self._base = field
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if not isinstance(coef, list):
raise TypeError(”"Bad input of coefficients")

self._t = []

self._n =
for i in coef:
if isinstance(i,Term):
self._t.append(Term(field ,n,i._c,i._v))
else:
self._t.append(Term(field ,n,i[0],i[1:]))
for i in self._t:
if i..c = 0:

self._t.remove(i)
def _repr_(self):

nnn

Returns the string representation of the Invariant.

EXAMPLES : :
sage: | = Invariant(QQ,2,[[1,1,0,1],[-1,0,2,0]])
sage: |.__repr__()

"a0xa2 — al”2’

aux = |[]
for i in range(0,self._n+1):
aux.append('a'+str(i))
return repr(self(self._base[aux].gens()))
def __call__(self b args):

Return the result of replacing the variables of the Invariant (the

"coefficients ' a_i) by the values of '"'args'’
INPUT :
— ""args'' — A list of n+1l elements of the field of the Invariant
EXAMPLES : :
sage: R.<a0,al,a2> = QQJ]
sage: | = Invariant(QQ,2,[[1,1,0,1],[-1,0,2,0]])
sage: |.__call__([a0,al, a2])

—al”2 + a0x*a2
sage: |([a0,al, a2])
—al”2 + a0xa2

if len(args) != self._n+1:
raise TypeError(” Must have n+1 arguments”)
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pol =0
for i in self._t:
pol += i(args)
return pol
def eval(self h bf):

Returns the evaluation of the invariant in the coefficients of the
given binary form.

INPUT :

— ""bf'"" — An instance of binary form defined in the same base
field and in the same order in which the Invariant ’'self ' was
defined

EXAMPLES : :

sage: | = Invariant(QQ,2,[[1,1,0,1],[—-1,0,2,0]]); |
a0xa2 — al”2

sage: f = binary_form(QQ,2,[1,1,1]); f

x"2 + xxy + y 2

sage: f._a

[1, 1/2, 1]

sage: |.eval(f)

3/4
if bf._base != self._base or bf._n I= self._n:

raise TypeError(”" Binary form must be or the same base field and \
order as the invariant”)
return self(bf._a)
def __add__(self , other):

Returns the sum of the Invariant and ''other '’
INPUT :
— "'other''" — An instance of Invariant or Term, which have the same

base field and order as the Invariant ’'self’
EXAMPLES : :

sage: |1 = Invariant(QQ,2,[[1,1,0,1],[—-1,0,2,0]]); I1
a0xa2 — al”"2

sage: 12 = Invariant(QQ,2,[[-1,1,0,1],[2,2,0,0]]); I2
2xa0”"2 — a0=xa2

sage: T1 = Term(QQ,2,-2,[2,0,0]); T1
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—2%a0"2

sage: I3 =11 + 12; 13
2xa0”"2 — al”"2

sage: I3 + T1

—al”2

if isinstance(other,Term):

if self._base I= other._base or self._n I= other._n:

raise TypeError(" Need to be of the same base field and order")

aux = Invariant(self._base,self._n,self._t)
for i in range(0,len(aux._t)):
same = True
for j in range(0,other._n+1):
if other._v[j] !'= aux._t[i]._v[]j]:
same = False
break
if same = True:

aux. _t[i]._c 4+= other._c
if aux._t[i]._.c = O:

aux._t.remove(aux._t[i])
return aux

aux._t.append(Term(other._base,other._n,other._c,other._v))
return aux
elif isinstance(other,Invariant):

if self._base != other._base or self._n

I= other._n:
raise TypeError(" Need to be of the same base field and order”)
aux Invariant (self._base,self._n,self._t)
for i in other._t:
aux 4= i
return aux
else:

raise TypeError(”" Must operate with two Invariants")
def __mul__(self 6 other):

Returns the product of the invariant by ''other '’

INPUT :

— "'other'' — Can be either an

instance of Invariant of the same
field and order, or an element of the base field of the invariant.

EXAMPLES : :

sage: Il =

Invariant(QQ,2,[[1,1,0,1],[—-1,0,2,0]]);
a0xa2 — al”2

sage: 12 = Invariant(QQ,2,[[1,1,0,0]]); 12

1



a0
sage: 13 = Invariant(QQ,2,[[3.,0,1,0],[1,1,0,1]]); I3
3xal + alOx*a2
sage: I1 % 12
a0"2%xa2 — a0xal”2
sage: I1 % 13
3x¥a0*alxa2 — 3xal”3 + a0"2xa2"2 — a0xal”2xa2
sage: 12 % 12 % |3
3xa0”"2xal + a0”"3x%a2
sage: 12 x (5/3)
5/3%a0
if other in self._base:
if other — 0:
return Invariant(self._base,self._n,[])
aux = Invariant(self._base,self._n,self._t)
for i in range(0,len(self._t)):
aux._t[i] %= other
return aux
if isinstance(other,Invariant):
if self._base != other._base or self._n != other._n:
raise TypeError(" Need to be of the same base field and order")
t =[]
for i in self._t:
for j in other._t:
t.append(ixj)
return Invariant(self. _base,self._n, t)
else:
raise TypeError(”" Must operate two Invariants”)
def operatorD(self):

Returns the result of applying the operator 'D’' to the Invariant.
EXAMPLES : :

sage: |1 = Invariant(QQ,2,[[1,1,1,1],[2,2,1,0]]); I1
2xa0”"2xal + aOxalxa2

sage: 12 = Invariant(QQ,2,[[1,1,0,1],[-1,0,2,0]]); I2
a0xa2 — al”"2

sage: |1.operatorD ()

2xa0”3 4+ a0"2*a2 + 2xal0xal”2

sage: |2 .operatorD ()

0

aux = Invariant(self._base,self._n, [])
for i in self._t:
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aux += i.operatorD ()
return aux
def operatorDelta(self):

Returns the result of applying the operator 'Delta’ to the Invariant
EXAMPLES : :

sage: |1 = Invariant(QQ,2,[[1,1,1,1],[2,2,1,0]]); I1
2xa0”"2xal + aOxalx*a2

sage: 12 = Invariant(QQ,2,[[1,1,0,1],[-1,0,2,0]]); I2
a0xa2 — al”"2

sage: |1.operatorDelta()

2xa0"2xa2 + 8xalxal”2 + al0%xa2”2 + 2xal"2xa2

sage: |2 .operatorDelta()

0
aux = Invariant(self._base,self._n,[])
for i in self._t:

aux += i.operatorDelta ()

return aux
def isZero(self):

Returns True if the Invariant is equal to zero, False otherwise
EXAMPLES ::

sage: |1 = Invariant(QQ,2,[[1,1,0,1],[-1,1,0,1]]); I1
0
sage: |1.isZero()
True
sage: |2 = Invariant(QQ,2,[[1,1,0,1],[-1,0,2,0]]); I2
a0xa2 — al"2
sage: |2 .isZero ()
False
return self.__repr__() = '0’
def islnvariant(self):

Returns True if the Invariant satisfies the invariant property.
EXAMPLES : :
sage: |1 = Invariant(QQ,2,[[1,1,0,1],[—-1,0,2,0]]); I1

a0xa2 — al”2
sage: 12 = Invariant(QQ,4,[[1,1,0,0,0,1],[—4,0,1,0,1,0],[3,0,0,2,0



oo, 0]])s 12

al0xad4 — 4xalxa3 + 3xa272

sage: I3 = Invariant(QQ,4,[[1,1,0,0,0,1],[4,0,1,0,1,0],[3,0,0,2,0,
... 0]])s 13

al0xad4 + 4xalxa3 + 3xa272

sage: Il.islnvariant()

True
sage: |2 .islnvariant()
True
sage: I3 .islnvariant()
False

if len(self._t) = 0:
return True
g = self._t[0].degree()
p = self._t[0].weight()
for i in self._t[1:]:
if i.degree() !'= g or i.weight() != p:
return False
if self._nxg != 2xp:
return False
return self.operatorD ().isZero ()
def covariantFromSource(self ,m):

Returns the covariant of order m which has for source the Invariant
"self ",

EXAMPLES : :

sage: |1 = Invariant(QQ,4,[[1,1,0,1,0,0]]); I1

a0xa2

sage: |1.covariantFromSource (4)

al0xa2%xx"4 + 2xa0%xa3*x"3xy + al0%xadxx"2xy"2 4+ 4xalxa2xx"3xy + 8xalxa
3kx 2%y 2 4+ 4xalxadxxxy”3 4+ 6%a2 2xx"2xy "2 + 16%a2xal3xxx*xy”3

+ 7xa2xadxy”4 + 8xa3 " 2xy 4

sage: 12 = Invariant(QQ,4,[[1,1,0,0,0,0]]); 12

a0

sage: |2 .covariantFromSource (4)

al0*x"4 4+ 4xalxx"3xy 4+ 6%a2*xx"2xy 2 4+ 4xa3xxxy”"3 4+ adxy 4

c = [Invariant(self. _base,self. n,self._t)]
for i in range(0,m):
c.append(c[i].operatorDelta())
cl[i+1] »= ((m-i)"—-1)
return Covariant(self._base,self._n,m,c)
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class Covariant(SageObject):

60

def __init__(self, field ,n,m, coef):

nn

We show some examples of initialization of Covariants.
EXAMPLES : :

sage: A = Covariant(QQ,4,4,[[[L,1,0,1,0,0],[-1,0,2,0,0,0]],[[2,1,0
....: ,0,1,0],[2,0,1,1,0,0]].[[1,1,0,0,0,1],[2,0,1,0,1,0],[—3,0,0,
....: 2,0,0]].[[2,0,1,0,0,1],[-2,0,0,1,1,0]],[[1.,0,0,1,0,1],[—1,0,
....1 0,0,2,0]]]); A
al0*xa2*x"4 4+ 2xa0xa3xx"3xy 4+ al*xad*xx"2xy”"2 — al " 2%x"4 + 2xalxa2xx"3
xy 4+ 2xalxa3*xx"2xy"2 + 2xalxadsxxxy”3 — 3%a2" 2xx"2xy 2 — 2xa2xa3kxx
y"3 + al2xadxy"4 — al3"2xy"4
sage: 10 = Invariant(QQ,2,[[1,1,2,3],[—-1,2,1,3]]); 10
—a0"2xalxa2”3 + alxal”2%a2"3
sage: |1 = Invariant(QQ,2,[[1,2,0,1],[1,1,2,0]]); I1
a0"2xa2 + a0xal”2
sage: |2 = Invariant(QQ,2,[[1,1,1,1],[1,3,0,0]]); I2
a0”3 + al0xal=xa2
sage: B = Covariant(QQ,2,2,[10,11,12])
sage: B
a0"3xy"2 4+ 2xa0"2xa2xxxy + 2xalxal”2xxxy + aOxalxa2xy”2 — a0"2xalx
a2"3xx"2 4+ alxal”"2%xa2"3xx"2
if field not in Fields:
raise TypeError(” first argument must be a field"”)
if (m not in ZZ) or m< 0:
raise TypeError(”"second argument must be a non—negative integer”)
if not isinstance(coef, list):
raise TypeError(”"Bad input of coefficients")
if len(coef) != m+1:
raise TypeError(” Covariant must have mtl terms”)
self. _base = field
self._n =n
self..m =m
self._c = []
for i in range(0,len(coef)):
if isinstance(coef[i],list):
self._c.append(Invariant(self._base,self._n,coef[i]) x
(1/binomial(m,i)))
elif isinstance(coef[i],Invariant):
self. _c.append(Invariant(self. _base,hself._n,coef[i]._t))
else:
raise TypeError("Bad input coefficients”)

def _repr_(self):



Returns the string representant of the Covariant

EXAMPLES : :

sage: A = Covariant(QQ,3,2,[[[t,1,0,1,0],[-1,0,2,0,0]],[[1,1,0,0,1
..... ],[-1,0,1,1,0]].[[1.0,1,0,1],[-1,0,0,2,0]]])

sage: A. __repr__()
"a0*xa2xx"2 4+ alxa3*xxxy — al”™2%x"2 — alxa2xxxy + alxa3xy"2 — a2"2xy

/\21

aux = |[]

for i in range(0,self._n+1):
aux.append('a'+str(i))

aux.append('x")

aux.append('y’)

aux = self. _base[aux].gens()
return repr(self(aux[:self._n+4+1],aux[self._n+1:]))

def __call__(self, 6 args, var):
Return the result of replacing the variables of the Covariant (the
"coefficients ' a_i and the x_i) by the values in '"args'' and
""var'' respectively.
INPUT :
— "'args'’ — A list of n+l elements of the field of the covariant
— "'var'' — A list of two elements of the field of the Covariant
EXAMPLES : :

sage: R.<a0,al,a2,a3,x,y> = QQJ]

sage: A = Covariant(QQ,3,2,[[[t,1,0,1,0],[-1,0,2,0,0]],[[1,1,0,0,1
..... ].[-1,0,1,1,0]],[[1,0,1,0,1],[—-1,0,0,2,0]]])

sage: A.__call__([a0,al,a2,a3],[x,y])

—al"2xx"2 + a0%a2xx"2 — al*xal2xxx*xy + al0xal3xxxy — a2"2xy”"2 + alxa3xy
"2

sage: A([a0,al,a2,a3],[x,y])

—al"2xx"2 4+ a0*a2%x"2 — al*xa2xxxy + alOxa3dxxxy — a2"2xy”"2 4+ alxa3xy
"2

sage: A([1,al,1,0],[x.,y])

—al"2%x"2 — alsxxx*xy + x"2 — y"2

if len(args) != self._n+1:
raise TypeError(” Must have n+1 arguments”)
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if len(var) = 2:
raise TypeError(”" Must provide 2 variables”)
pol =0

for i in range(0,self..m+1):
pol 4= (binomial(self..m,i)xself._c[i](args)*(var[0]*xx(self._.m—i))
s«(var[1]=xi))
return pol
def eval(self , bf):

Returns the evaluation of the covariant in the coefficients of the
binary form.

INPUT :

— ""bf'" — An instance of binary form defined in the same base
field and in the same order in which the Covariant 'self ' was
defined

EXAMPLES : :

sage: f = binary_form(QQ,3,[1,1,2,0]); f

X3 + x"2xy 4+ 2xxxy”2

sage: A = Covariant(QQ,3,2,[[[t,1,0,1,0],[-1,0,2,0,0]],[[1,1,0,0,1
... ].-1,0,1,1,0]],[[1,0,1,0,1],[-1,0,0,2,0]]]); A

al0*xa2*x"2 4+ alxa3*xxxy — al”™2xx"2 — alxa2xxx*xy + alxa3xy"2 — a2"2xy”
2

sage: A.eval(f)

5/9%x"2 — 2/9xxxy — 4/9xy"2

if bf._base != self._base or bf._n I= self._n:
raise TypeError(”" Binary form must be or the same base field and \
order as the covariant”)
return self(bf._a,bf._base['x","'y"].gens())
def __mul__(self 6 other):

Returns the product of the Covariant by other.

INPUT:

— ""other’' — Can be either an instance of a Covariant of the same
base field and order of ''self'’', or an element of the base field of
the Covariant.

EXAMPLES : :

sage: A = Covariant(QQ,3,2,[[[t,1,0,1,0],[-1,0,2,0,0]],[[1,1,0,0,1



... ],-1,0,1,1,0]].,[[1,0,1,0,1],[-1,0,0,2,0]]]); A
a0xa2%x"2 + al0xa3sxxy — al "2%xx"2 — alxa2xxxy + al*xa3xy”"2 — a2"2xy”
2
sage: f = binary_form(QQ,3,[1,1,1,1])
sage: g = f.selfcovariant(); g
al0*xx"3 4+ 3xalxx"2xy 4+ 3%xalxxxy "2 + al3xy”3
sage: A x g
a0"2%xa2xx"5 + a0"2xa3*xx"4xy — al0xal”2xx"5 + 2xalxalxa2xx"4xy + 4xa
Oxalxa3xx"3xy"2 4+ 2xal0%xa2 " 2xx"3%xy” 2 + 4xal*xa2*xa3*xx"2xy"3 4+ al0xa3"2
xxxy 4 — 3%xal"3xx"4xy — 6%xal”2xa2xx"3xy"2 +2xal”"2xa3xx"2xy"3 — 6xa
1%xa2"2xx"2xy"3 4+ 2xalxa2*xa3xxxy”"4 4+ alxa3"2xy"5 — 3%xa2"3xxxy"4 — a
272xa3xy”"h
sage: A x (3/4)
3/4%a0%a2%x"2 + 3/4xal0xa3xxxy — 3/4%al”2xx"2 — 3/4xalxa2xxxy + 3/4
xalxa3xy”2 — 3/4%xa2"2xy"2
if other in self._base:
if other = 0:
return Covariant(self. _base,self. n, self..m, [])
aux = Covariant(self._base,self._n,self..m,self._c)
for i in range(0,len(self._c)):
aux._c[i] %= other
return aux
if isinstance(other, Covariant):
if self._base != other._base or self._n != other._n:
raise TypeError(” Need to be of the same base field and order”)

c =l

for i in range(0,self._mtother. .m+1):
aux = Invariant(self._base,self._n,[])
for j in range(0,i+1):
kK = i—j
if j > self..m or k < 0 or k > other._m:
continue

aux += (self._c[j]xother._c[k]x(binomial(self..m,j)x
binomial(other._.m,k)/binomial(self._mtother..m,i)))
c.append (aux)
return Covariant(self._base,self._n,self._ mtother..m,c)
else:
raise TypeError(” Must operate two Invariants”)
def transvectant(self b other,p):
Returns the p—th transvectanct between the two covariants ''self "’
and '’'other

INPUT :
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— "'other''" — An instance of Covariant of the same type of base
form (same base field and order of the form) as ''self ''.

— '"'p'"" — A positive integer satisfying that 2xp > self._mtother._m
EXAMPLES : :

sage: a = binary_form(QQ,6,[1,1,1,1,1,1,1]); a

X"6 4+ x"bxy + x"4xy"2 + x"3xy"3 4+ x"2xy"4 + xxy"5 + y"6

sage: f = a.selfcovariant(); f

al0xx"6 4+ 6xalxx"bxy 4+ 15%xa2xx"4xy"2 4+ 20%a3*xx"3xy”"3 + 15xadxx"2xy”
4 4+ 6xabxxxy”5 4+ abxy”6

sage: |2 = f.transvectant(f,6); 12

a0xab6 — 6xalxab 4+ 15%xa2xa4 — 10%xa3"2

if not isinstance(other, Covariant):
raise TypeError(” must operate two covariants”)
if self._base != other. _base or self._n I= other._n:
raise TypeError(”" must operate two covariants of the same base \
field and order"”)
if p<=0 or 2xp > self._.mtother._m:

raise TypeError(” transvectant p does not exists”)

CO = Invariant(self._base,self._n [])
for i in range(0,p+1):
aux = self. _c[i]xother._c[p—i]

aux *x= (—1)"i
aux x= binomial(p,i)
aux x= 1/2
CO0 += aux
return CO.covariantFromSource(self._mtother._m—2xp)



B. Transvectant tables

deg\ord | 0 2 4 6 8 10 12
1 - - - f - - -
2 (f. s - (f f)a - (f.f)2 - -
3 |- (Counfla | - (Coaf)o | (CoaF)1 | - (Cs,
4 (G4 Co4)a| - (G2, f)2 | (G, f)1 |- (Cas, Coa)1| -
5 - (G4, G2)2| (Coa, G321 - (Cas, G2)1 - -
6 | (G Cala) - : (o : :
7 - (f.Go)a | (f.Go)s |- - - -
8 - (Coar G3)3)| - - - - -
9 - - (Gasr C3a)a| - - - -
10 (C;z, f)e (ng, f)s - - - - )
12 - (G C3)6| - - - - -
15 (Gs. C5p)s| - - - - - -

Table 1: Table for generating a basis of covariants for binary forms of order 6 using transvectants
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od| 0 2 4 6 8 10 12 14 18 Tot
Deg
1| - : - - I - - - - 1
2 (f )s - (f.f - (f - (f,N2 - - 4
3 (Cos. [ - G Ds (G35 Gs e € fi Qs Gsn (G 8
¢ Gm - D Guh Gl QD Gl Gab @ady 10
(s N3
5| @l Con e Codr 1 Clscone G - Gnlh - 1
nﬁ...-. bm Aﬁ.ﬁ? :m Aﬁ.._ D
40004
Css. s (Cs8, s
6 (GaGafls  Csafh gl (S99)> Coh2 (€ - - - 9
nu.a_? (V)" '
510
(C24Cas. s (C24Cas. (e N
7 nhu.aﬁ“_.._.bu ﬁ_: .D_ nﬂ: .Dm. Aﬁm.u. .Dm = = = 2 i 8
i w (C24Cas. e
CaGa /s | GsCnSrr | GeCanSle ) . . .
: (GaCaa Ly (C36Caa, s (C3.4Cas, M (C34Cas. )6 ;
(CasCyy s
9 (C24Gsa, f)s Co4Gafn  (CouCos, f)e - - - - - - 5
ﬁp__nm.n_?
i Aﬁ“ﬁ.nﬁuh.? _ . & - - - -
10 (CaaCsq. N8 CasCsa. Pe 3
) GaCQatn . . ) ) ) )
. (CoaCha e :
| - el - : . o « s _
Tot 9 14 13 12 6 7 3 3 2 69

Figure 1: Table for generating a basis of covariants for binary forms of order 8 using transvectants
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C. base_generator_6.sage

load (" binary_form .sage")
a = binary form(QQ,6,[1,1,1,1,1,1,1])

f = a.selfcovariant ()

= {
f.transvectant(f,6)
f.transvectant(f, 4)
c[(2,4)].transvectant
c[(2,4)].transvectant
c[(2,4)].transvectant
c[(3,2)].transvectant
c322 [(3.,2)]*c[(3,2)]

€323 = c322xc[(3,2)]

c[(10,0)] = c323.transvectant(f,6)

€324 = c323%c[(3,2)]

c[(15,0)] = c[(3.,8)].transvectant(c324,8)

o o o o o o0
AW wnNoN

(
(
(
(
(

c[(6

| Il ©o 0N b O

filel = open("invariants_6.sage","w")
filel . write("#” from __future__ import division\n")
bas = [2,4,6,10,15]
for i in bas:
jo=c[(i.0)]
for k in j._c:
aux = |[]
for | in k._t:
aux.append ([|._c]+I._v)
filel . write("1"+str(i)+" = Invariant(QQ,6,")
filel.write(repr(aux))
filel . write(")\n")
filel.write("inv = [12,14,16,110,115]\n")
filel.close()
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D. base_generator_8.sage

load (" binary_form

.sage")

a = binary form(QQ,8,[1,1,1,1,1,1,1,1,1])

f = a.selfcovariant ()
« = Q)
x[(2,0)] = f.transvectant(f,8)
x[(2,4)] = f.transvectant(f,6)
x[(2,8)] = f.transvectant(f,b4)
x[(3,0)] = x[(2,8)].transvectant(f,8)
x[(3,4)] = x[(2,8)].transvectant(f,6)
x[(3,8)] = x[(2,8)].transvectant(f,4)
x[(4,0)] = x[(3,8)].transvectant(f,8)
x[(4,41)] = x[(3,4)].transvectant(f,4)
x[(4,42)] = x[(3,8)].transvectant(f,6)
x[(4,8)] = x[(3,4)].transvectant(f,2)
x[(4,10)] = x[(3,4)].transvectant(f,1)
x[(5,0)] = x[(4,8)].transvectant(f,8)
x[(5,42)] = x[(4,8)]. transvectant(f,6)
x[(5,8)] = x[(4,10)].transvectant(f,5)
x[(6,0)] = (x[(3,4)]*x[(2,4)]).transvectant(f,8)
x[(6,41)] = x[(5,8)].transvectant(f,6)
x[(7,0)] = (x[(2,4)]*x[(4,42)]).transvectant(f,8)
x[(8,0)] = (x[(3,4)]+x[(4,41)]).transvectant(f,8)
x[(9,0)] = (x[(2,4)]*x[(6,41)]).transvectant(f,8)
x[(10,0)] = (x[(4,41)]*x[(5,42)]).transvectant(f,8)
filel = open(”"invariants_8.sage”,"w")
filel . write("#~ from __future__ import division\n")
for i in range(2,11):

jo=x[(i,0)]

for k in j._c:

aux = |[]
for | in k._t:

aux.append ([ 1. _c]+1._v)

filel.write("

["+str(i)+" = Invariant(QQ,8,")

filel.write(repr(aux))

filel.write(”

filel . write("inv = [I12,13,14,15,16,17,18,19,110]\n")

filel.close()
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E. isomorphism.sage

from itertools import permutations
C100 = ComplexField (100)

R = PolynomialRing (C100, 'x")

x = R.gens ()[0]

def poly_from_form(f):
p=20
for i in range(0,f._n+1):
p += C100(f._a[i]*binomial(f._n
return p

def find_iso_form(f,g):
eps = C100(1e—10)
pl = poly_from_form(f)
p2 = poly_from_form(g)
rl = pl.roots ()
r2 = p2.roots|()

s1 =[]
2 = []
for i in range(0,len(rl)):

for j in range(O r1[i][1]):
sl.append(r1[i][0])
for i in range(0,len(r2)):
for j in range(0,r2[i][1]):
s2.append(r2[i][0])
m = find_iso_root(sl,s2)

if m=— —1:
return m
else:

for j in range(0,2):
for k in range(0,2):
if not (I in f._base):
m[j][k] = f. base(m[j][k].
else:
m[j][k] = f. base(m[j][k])
h = f.transform (m)
for i in range(0,f._n+1):
if h._a[i].abs() > eps:
r=g.-ali]/h._a[i]
r=rxx(1/f._n)
for j in range(0,2):
for k in range(0,2):
m{§1[K] += r

J0) )X (f .

real ())

n—i)
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return m
return m

def find_iso_root(rl,r2):
eps = C100(1e—10)
idx = range(0,len(r2))
take3 = permutations(idx,3)
for aux in take3:
eq = []
for u in range(0,3):
eq.append(1—a22xrlfu]+all*r2[aux[u]]—a2l*rl[u]*r2[aux[u]] = 0)
s = solve(eq,all,a2l,a22)
for sol in s:
aux2 = [sol [0].rhs(),1,sol[1].rhs(),sol[2].rhs()]
bad = False
for u in range(0,3):
if (aux2[1] — aux2[3]*rl[u] + aux2[0]*r2[aux[u]] —
aux2 [2]*xrlJu]*r2[aux[u]]).abs() > eps:
bad = True
break
if bad:
break
rest = |[]
for i in range(0,len(r2)):
if not (i in aux):
rest.append(i)
permrest = permutations(rest)
for aux3 in permrest:
for u in range(0,len(aux3)):
if (aux2[1] — aux2[3]*rl[u+3] + aux2[0]*r2[aux3[u]] —
aux2[2]xrl[u+3]*r2[aux3[u]]).abs() > eps:

bad = True
break
if bad:
bad = False
continue

for i in range(0,4):
aux2[i] = C100(ComplexField (20)(aux2[i]))
if aux2[i].abs() < eps:
aux2[i] =0
return [[aux2[0],aux2[1]], [aux2[2],aux2[3]]]
return —1
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