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Abstract

Automorphic Lie Algebras arise in the context of reduction groups introduced in the late
1970s [35] in the field of integrable systems. They are subalgebras of Lie algebras over
a ring of rational functions, defined by invariance under the action of a finite group, the
reduction group. Since their introduction in 2005 [29, 31], mathematicians aimed to classify
Automorphic Lie Algebras. Past work shows remarkable uniformity between the Lie algebras
associated to different reduction groups. That is, many Automorphic Lie Algebras with
nonisomorphic reduction groups are isomorphic [4, [30]. In this thesis we set out to find
the origin of these observations by searching for properties that are independent of the

reduction group, called invariants of Automorphic Lie Algebras.

The uniformity of Automorphic Lie Algebras with nonisomorphic reduction groups starts
at the Riemann sphere containing the spectral parameter, restricting the finite groups to
the polyhedral groups. Through the use of classical invariant theory and the properties of
this class of groups it is shown that Automorphic Lie Algebras are freely generated modules
over the polynomial ring in one variable. Moreover, the number of generators equals the
dimension of the base Lie algebra, yielding an invariant. This allows the definition of the
determinant of invariant vectors which will turn out to be another invariant. A surprisingly

simple formula is given expressing this determinant as a monomial in ground forms.

All invariants are used to set up a structure theory for Automorphic Lie Algebras. This
naturally leads to a cohomology theory for root systems. A first exploration of this struc-
ture theory narrows down the search for Automorphic Lie Algebras significantly. Various
particular cases are fully determined by their invariants, including most of the previously
studied Automorphic Lie Algebras, thereby providing an explanation for their uniformity.
In addition, the structure theory advances the classification project. For example, it clari-
fies the effect of a change in pole orbit resulting in various new Cartan-Weyl normal form
generators for Automorphic Lie Algebras. From a more general perspective, the success of
the structure theory and root system cohomology in absence of a field promises interesting

theoretical developments for Lie algebras over a graded ring.
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Chapter 1

Symmetric Symmetries

Lie algebras are ubiquitous in physics and mathematics, often describing symmetries of a
system of equations. They can be regarded as linear approximations of the more intricate Lie
groups: groups with a smooth manifold structure. The simpler Lie algebra, conventionally
denoted by a lower-case letter in fraktur such as g, turns out to carry most of the information
of the Lie group [12], which is one reason for its popularity. We define Lie algebras over a

ring conform Bourbaki [3].

Definition 1.0.1 (R-algebra). If R is a commutative ring then we call A a R-algebra if it

is a R-module equipped with a product [-,-] : A x A — A which is R-bilinear, i.e.
[ra + sb, c] = rla, | + s[b, ],
[a,rb+ sc] = rla, b] + s[a, ],

for all a,b,c € A andr,s € R.

Notice that the product is not required to be associative.

Definition 1.0.2 (Lie algebra). A Lie algebra g is a R-algebra with antisymmetric product

that satisfies Jacobi's identity, i.e.

[a,a] =0,

[av [bv CH + [bv [67 a]] + [Cv [a> b]] =0,
for all a,b,c € g. The product is called the Lie bracket.

1



Chapter 1. Symmetric Symmetries 2

More commonly a Lie algebra is defined to be a vector space (i.e. R is assumed to be a
field). As an example consider the space End(V') of linear endomorphisms on a vector

space V. Together with the commutator bracket
[A,B] = AB — BA

this is a Lie algebra called the general linear Lie algebra gl(V'). A famous result known as
Ado’s theorem [12] shows that any complex Lie algebra is (isomorphic to) a Lie subalgebra

of gl(V).
The special linear Lie algebra is the subspace of traceless endomorphisms
s(V)={Aegl(V)]|trA=0}

with Lie bracket inherited from gl(V'). Other examples are defined by a nondegenerate

bilinear form B:
ap(V)={Aecgl(V)| ATB+ BA =0}.
If BT = B we speak of the orthogonal Lie algebra so(V) and if BT = —B it is a symplectic

Lie algebra sp(V'). These examples are the classical Lie algebras.

Besides describing symmetries of a system of equations, a Lie algebra can be defined by a
symmetry of its own. If for instance we have a homomorphism of groups p : G — Aut(g),
that is, p(g)[a,b] = [p(g)a, p(g)b] for all g € G and all a,b € g, then one can define the
Lie algebra

g“={acg|plgla=a,VgeG}.

This space is closed under the Lie bracket due to the assumption that the group G acts by
Lie algebra morphisms. Automorphic Lie Algebras, to be defined in the next section, are

examples of such Lie algebras.

1.1 Motivation for Symmetry

In various branches of mathematical physics, such as conformal field theories, integrable

systems, and the areas founded upon these disciplines, it has been proven fruitful to include
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a complex parameter X in the Lie algebras. For instance, one can take a classical Lie algebra
(as described above), call it g(V'), and take the tensor product with the space of Laurent

polynomials
o(V) @ CIA AT

together with the Lie bracket defined by extending the bracket of g(V') linearly over
CIA\ AT [ As illustration, a typical element of s[(C?) ® C[A\,A\™'] can be represented
by

[ g
h —f

and the bracket is simply the commutator. Equivalently, elements of this space can be

. g, heCALATY

regarded as Laurent polynomials with coefficients in the Lie algebra g(V)

AN, Aeg(V).

€L
Such Lie algebras are called current algebras of Krichever-Novikov type [42, [54] (or some-
times loop algebras [I]]). In fact, one can replace the Laurent polynomials by any ring of

functions. In this thesis we consider the ring of rational functions with restricted poles
M(C)r = {f : C — C| f analytic outside I C C}.

Notice that M(C) gy = C[X, A1

Automorphic Lie Algebras were introduced in the context of the classification of integrable
partial differential equations by Lombardo [31] and Lombardo and Mikhailov 28] 29]. The
Zakharov-Shabat / Ablowitz-Kaup-Newell-Segur scheme, used to integrate these equations,

requires a pair of elements X, T € g(V) ® M(C)r and the equations take the form of a

zero curvature condition
[0 — X,0, —T] =0. (1.1)

Since a general pair of such A-dependent matrices gives rise to an under determined system

of differential equations (in the entries of the matrices), one requires additional constraints.

'A convenient and commonly used notation for this Lie algebra is g[X, A\™']. However, in Automorphic
Lie Algebra theory, the vector space V is a group-module and plays a crucial role. Therefore we do not want

to suppress it in the notation at this stage.
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By a well established scheme introduced by Mikhailov [35], and further developed in col-
laboration with Lombardo [29], this can be achieved by imposing a group symmetry on the
matrices. The Lie subalgebras of g(V') ® M(C)r consisting of all such symmetric matri-
ces are called Automorphic Lie Algebras, in analogy with automorphic functions M(C)&.
Since their introduction they have been extensively studied (see the work by Lombardo and

Sanders [30] and references therein, but also the thesis of Bury [4] and Chopp [5]).

Definition 1.1.1 (Automorphic Lie Algebra [29,[31]). Let G be a finite subgroup of Aut(C)
and T' C C a G-orbit. Consider a homomorphism v : G — Aut(g(V)) where g(V) is a
Lie algebra and define p(g) = ¥(g) ® g* € Aut (g(V) ® M(C)r). The Automorphic Lie

Algebraﬁ is the space of G-invariant elements
R G J—
(a(V)@M(©C)r)”" ={a€g(V)@ M(C)r | plg)a=a, Vg € G}

of the current algebra. The base Lie algebra of this Automorphic Lie Algebra is g(V).

Automorphic Lie Algebras are related to the well known Kac-Moody algebras [21]: Lie al-
gebras associated to a generalised Cartan matrix. These matrices are classified and divided
into three types: finite, affine and indefinite. Generalised Cartan matrices of finite type
correspond to the classical Cartan matrices [17] and the associated Lie algebras are the
simple complex Lie algebras (all nonexceptional cases were described above as the clas-
sical Lie algebras). All Kac-Moody algebras associated to a generalised Cartan matrix of
affine type (affine Kac-Moody algebras) can be realised using a Lie algebra of the form
(g ® (C[)\,)\_l])Z/N, where Z / N7 acts (faithfully) on a simple complex Lie algebra g by a
Dynkin diagram automorphism (N € {1,2,3}) and on the Laurent polynomials by A — wA,
wV = 1. An affine Kac-moody algebra is obtained when this Lie algebra is nontrivially ex-
tended by a one-dimensional centre, and adjoined by a derivation which kills the centre
and acts as A% on the Laurent series [2I]. Notice that (g®C[)\,/\*1])Z/N is not an
Automorphic Lie Algebra by Definition as it has poles on two orbits of Z /p: {0}
and {oo}, yet it is closely related. In fact, in [29] Automorphic Lie Algebras are alowed to

have multiple pole orbits and an example with two pole orbits is described.

2Later we will call this space of invariant matrices the natural representation of the Automorphic Lie
Algebra, and define the actual Automorphic Lie Algebra as the Lie algebra defined by this faithful repre-

sentation, analogous to the classical case. A somewhat subtle distinction that will not be relevant before

Chapter
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From a Lie algebraic perspective the current algebra g ® M(C)r is as interesting as its
base Lie algebra g because the Lie brackets are the same. However, an extension of the
current algebra, such as an affine Kac-Moody algebra, can have a richer structure and
representation theory. Similarly, a Lie subalgebra of the infinite dimensional current algebra
can have a very intricate Lie structure, and Automorphic Lie Algebras in particular promise
to do so. This thesis is a first exploration of the algebraic structures of Automorphic Lie

Algebras.

1.2 The History of Automorphic Lie Algebras

In the famous 1974-paper [55] Zakharov and Shabat already notice that a general Lax pair
does not always result in a (physically) meaningful integrable equation (here the existence
of a Lax pair is taken as a definition of integrability) and some form of reduction is advised.
Mikhailov notices in 1979 [33] that a Lax pair of the Toda chain has a discrete group
symmetry which is preserved by the flow. In the 1980-Letter [34] he defines the reduction
group (called G in Definition and explains how it can help in the classification of
integrable systems through the restriction of Lax pairs. An example of a Lax pair with

tetrahedral symmetry is computed.

About 25 years later Lombardo [31] and Lombardo and Mikhailov [28] [29] introduce the
Lie algebra of all matrices with rational dependence on the spectral parameter A\ that are
invariant under the action of a finite reduction group GG, and they name it the Automorphic
Lie Algebra. The reduction group is discussed in more detail than it has been before. Extra
attention is given to simplifications that can be achieved if there is a normal subgroup of

G that acts trivially on either the spectral parameter or on the matrices.

Using the Levi-decomposition for Lie algebras [I12] Lombardo and Mikhailov explain that it
is the semisimple summand of the base Lie algebra that accounts for the nonlinear equations
in the zero curvature condition . Moreover, these equations can be studied separately
from the equations related to the radical of the base Lie algebra. If the first equations are

solved, the latter follow easily. Therefore only semisimple base Lie algebras are considered.



Chapter 1. Symmetric Symmetries 6

Various Automorphic Lie Algebras are computed, e.g. (sI(V) ® M(@)F)DN where dim V'
is 2 or 3. This is done by averaging a selection of elements in the current algebra over
the finite reduction group. Laurent expansions together with an induction argument on
the order of the poles are used to show that the complete Lie algebra is accounted for
by these averaged elements together with simple automorphic functions. Both inner and
outer automorphisms (cf. Section [4.2]) are considered, as well as A-dependent bases for
the representations of Dy (cf. Section for which the name twisted reduction group is

introduced.

In 2010 two important contributions to the subject appearecﬂ The second PhD-thesis [4]
on the subject was finished, where Bury resumes the study of Automorphic Lie Algebras
at the point where Lombardo [31I] left it. The methods used are similar but many more
examples are calculated and explicit isomorphisms between different Automorphic Lie Al-
gebras are found, significantly advancing the classification project. In particular, Bury finds
that all sly(C)-based Automorphic Lie Algebras whose poles lie in an exceptional orbit are
isomorphic. Also preliminary results on the classification of sl,,(C)-based Automorphic Lie
Algebras with n > 3 are presented. Bury puts the emphasis in [4] on integrable equations.
Many of the computed Automorphic Lie Algebras are used to obtain systems of integrable

partial differential equations which are subsequently studied.

The second milestone of 2010 is the paper [30]. Lombardo and Sanders give the subject a
new face by moving the workspace from the Riemann sphere to C2. This puts the problem
in the setting of classical invariant theory (Section . Tools from this field allow for
more efficient ways to calculate invariants compared to averaging, e.g. using transvectants.
Moreover, generating functions and Molien's theorem provided a rigorous way to prove that

the full Automorphic Lie Algebras are found.

The paper constitutes the first occasion where Automorphic Lie Algebras are determined for
a general reduction group. The authors show that all sly(C)-based Automorphic Lie Alge-
bras with poles restricted to the smallest orbit (in this thesis denoted by (sI(V) ® M(@)FQ)G

with dim V' = 2) are isomorphic. The proof contains the assumption that V' is the same

3Chronologically [30] came before [4] but to discuss the development of the theory of Automorphic Lie

Algebras it is more fitting to start with [4].
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representation as the one used to act on the spectral parameter, which enables one to find
a single invariant for all reduction groups. This can only be done if dim V' = 2, making
this method for treating a general reduction group unsuitable for Automorphic Lie Algebras

based on larger matrices.

A final important contribution of [30] is the introduction of a Cartan-Weyl normal form
(Section [5.2.1)). Lombardo and Sanders find a set of generators for slz(C)-based Automor-
phic Lie Algebras with similar properties as the Cartan-Weyl basis for simple complex Lie

algebras.

Chopp provided a third PhD-thesis [5] in 2011. Half of the thesis covers the subject of Witt-
type algebras and the other half concerns Automorphic Lie Algebras. The author considers
arbitrary compact Riemann surfaces, with emphasis on the Riemann sphere and the torus.
An implicit expression of a basis in terms of the averaging map for a set of generators for
the Lie algebra is established. The proof relies on Laurent expansions similar to the work
of Lombardo and Mikhailov. However, it includes a proof establishing independence of the
proposed basis elements. Apart from [30], the independence was not explicitly discussed

before.

The most recent contribution, due to Lombardo, Sanders and the author [25] continues in
the style of [30], using classical invariant theory to compute Automorphic Lie Algebras with
dihedral symmetry. Moreover, it contains a method to treat all possible pole orbits in one
computation. The normal form is constructed for all pole orbits, including generic orbits.
The contents of [25] are included as a backbone of examples in this thesis, around which

we build a theory.

We finish this brief historic account with a glimpse of the future: the paper [26] that is
in preparation during the time of writing. Lombardo, Sanders and the author describe the
Automorphic Lie Algebras with a reduction group isomorphic to the tetrahedral, octahedral
or icosahedral group and base Lie algebra sl(V). The explicit computations, given an
irreducible group representation V, are too complicated to do by hand. To overcome this
obstacle, Sanders has written a FORM [27] program. Calling on GAP [13] and Singular
[14], this program computes a generating set of invariant traceless matrices of degree |G/,

where G is the reduction group. It then computes the corresponding matrices of invariants,
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and such matrices find their first application in this paper. They are used to construct a
Cartan subalgebra and compute the root vectors, resulting in a Cartan-Weyl normal form
of the Automorphic Lie algebras. These computational results allowed for educated guesses
that led to many of the general results of this thesis. Together with the paper [25] on
dihedral symmetry, this completes the classification of the sl,,(C)-based Automorphic Lie

Algebras with exceptional pole orbits.

1.3 The Perspective of This Thesis

The spectral parameter is a resident of the Riemann sphere. An assumption that the theory
of Automorphic Lie Algebras has inherited from the theory of Lax connections in integrable
systems. The finite group that defines the symmetry of the Automorphic Lie Algebra acts
on the Riemann sphere. If this action is faithful then the finite group is a polyhedral group.

Their classification is a classical result [7], 22} 23, 52| 53].

In this thesis we discover how the properties of this class of groups go all the way to the
Lie algebra structure, severely limiting the possible structure constants and in some cases
completely defining the Automorphic Lie Algebras. We aim to explain the uniformity in the

Lie algebras for different reduction groups. This leads us to the following concept.

Concept 1.3.1 (Invariant of Automorphic Lie Algebras). A property of an Automorphic Lie
Algebra (g(V) ® M(@)F)G is called an invariant of Automorphic Lie Algebras if it depends

solely on the type of orbit I and the base Lie algebra g(V') up to Lie algebra isomorphism.

In this concept the type of orbit is either generic, a, b or ¢. An orbit of size |I'| = G is
generic and the remaining orbits, of which there are two if GG is cyclic and three otherwise,

are of type a, b or ¢, ordered by nondecreasing size. Nongeneric orbits are called exceptional.

The question whether the observed uniformity of Automorphic Lie Algebras over different
reduction groups and their representations reaches as far as it possibly could, can now be

formulated as follows.

Question 1.3.2 (Isomorphism question). Is the Lie algebra structure an invariant of Auto-

morphic Lie Algebras?
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By the Lie algebra structure we mean all the information that is encoded in the Lie bracket

or equivalently the structure constants [12] [17].

The isomorphism question is an important motivation for the classification project and a
distant goal of the research in this thesis. Unofficially there have been various conjectures

similar to the affirmation of the isomorphism question circulating among the experts.

Our approach is to pass from the Riemann sphere to C2, taking polyhedral groups to
binary polyhedral groups, and obtain access to classical invariant theory, in line with the
work by Lombardo and Sanders [30]. Among the many powerful results is Hochster and
Aegon's theorem (cf. Section which shows that the spaces of invariants are finitely
generated free modules over a polynomial ring (Cohen-Macaulay). This means for instance
that Automorphic Lie Algebras are defined by finitely many structure constants (and in
particular quasigraded), making it more natural to study these infinite dimensional Lie

algebras in the framework developed for finite dimensional semisimple Lie algebras.

The specific class of finite groups allows us to do a lot better than this. Using Clebsch-
Gordan decompositions for SLo(C)-modules we show that the number of generators of the
M(C)E-module (V ® M(C)r)Y equals the dimension of the base vector space V. In
particular this holds for Automorphic Lie Algebras, where V is replaced by a Lie algebra

g(V), and we arrive at a first invariant.

The particular number of generating invariant vectors permits the definition of the deter-
minant of invariant vectors. It takes considerable effort to determine this determinant by
a direct computation, which adds to the value of the remarkably simple formula that is
obtained, expressing this determinant as a monomial in ground forms. By taking a simple
Lie algebra as base vector space, this formula allows us to see that the determinant of

invariant vectors is an invariant of Automorphic Lie Algebras as well.

An Automorphic Lie Algebra (g(V) ®M(@)F)G is also a family of Lie subalgebras of
g(V) parametrised by the Riemann sphere. Indeed, for all © € C one can evaluate
the space of all invariant matrices to obtain a finite dimensional complex Lie algebra
(a(V) ®M(@)F)G(u). We provide a full classification of these families and find that
it is another invariant. The Lie algebra structure of (g(V) ® M(@)F)G (1) depends in fact
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only on the orbit type of G C C and the base Lie algebra g(V) up to isomorphism.

The convenient number of generators of an Automorphic Lie Algebra begs the question
whether it shares more properties with its base Lie algebra. To pursue this idea we de-
fine a Cartan-Weyl normal form for Automorphic Lie Algebras, as similar to the classical
Cartan-Weyl basis as possible, following [26), 25, [30]. Particularly in [26], at the frontier
of the Automorphic Lie Algebra classification project, many Cartan-Weyl normal forms are
explicitly computed and represented in terms of matrices of invariants. The aforementioned
determinant of invariant vectors yields the precise number and type of automorphic func-
tions appearing in this representation. The formula for this determinant thus provides a way
to predict crucial information about the matrices of invariants, circumventing a tremendous

amount of computations.

All the invariants of Automorphic Lie Algebras are combined to exploit their predictive
power, which can be done conveniently using the framework of root systems. However,
root systems alone do not carry enough information to reconstruct Lie algebras over rings,
due to the absence of multiplicative inverses of the structure constants. Adding the missing
information naturally leads to a cohomology theory for root systems. The invariants can
then be expressed in cohomological terms, and this way we get a handle on the Lie algebra

structure.

The continuation of the computational classification project (cf. [26]) can be checked
against these invariants, just as the invariants were originally checked against the available
computational results during their development. Moreover, the invariants are so restrictive
that for most base Lie algebras and pole orbit types there are just a hand full of candidates
for the Automorphic Lie Algebra, and in some cases there is indeed just a single candidate,

thereby reproducing the results of various papers, e.g. [25, [30].
This work has been organised as follows:

The current introductory chapter is followed by Chapter [2 Preliminaries, were a summary
is given of selected background material. Chapter [3| discusses general features of repre-
sentations of binary polyhedral groups (that is, finite subgroups of SLy(C)). Polynomial

invariants are discussed in Section and these are used to devise a method to study
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invariants over meromorphic functions with all type of pole restrictions by computing one
particular space of invariants, in Section [3.3] This method is described in terms of two op-
erators: prehomogenisation and homogenisation. The last two sections lay the foundation
for the main results of this thesis; the invariants of Automorphic Lie Algebras. In Section
3.4 we show that Automorphic Lie Algebras are free modules over a polynomial ring and in

Section [3.5] the determinant of invariant vectors is described.

In Chapter [4| we explore the outline of the classification project, discussing various possi-
bilities and impossibilities to generalise the definition of an Automorphic Lie Algebra. We
consider classical Lie algebras as modules of the polyhedral groups and investigate how the
Lie structure and module structure interact. Section shows how to decompose complex
Lie algebras into irreducible representations of the reduction group. In Section [4.2] we dis-
cuss inner and outer automorphisms of the base Lie algebras and explain how the reduction
group can be represented in this context. Finally, in Section [4.3] we classify the evaluations

of the natural representation of Automorphic Lie Algebras.

Chapter [5| combines the polynomial invariants from Chapter [3| with the Lie algebras from
Chapter [4] and the first Automorphic Lie Algebras are discussed. From Polynomial Auto-
morphic Lie Algebras in Section we move to Automorphic Lie Algebras in Section [5.2]
There we define the generalised Cartan-Weyl normal from and give the explicit computation
and results for all dihedral Automorphic Lie Algebras with a general orbit of poles. Further-
more we conjecture the existence of the Cartan-Weyl normal form for all Automorphic Lie
Algebras. Finally we develop a structure theory for Automorphic Lie Algebras in Section
[5.3] using a new cohomology theory on root systems. The implications are studied for all

root system that are involved in the isomorphism question.



Chapter 2

Preliminaries

In this chapter we discuss some notions of well established fields such as representation
theory for finite groups, classical invariant theory and a touch of cohomology theory for
groups. We expect the reader to be comfortable with linear algebra, including direct sums
and tensor products. Only basic knowledge of group theory including representation theory

of finite groups over the complex field is needed.

The goal of this chapter is to remind the reader of results that will be of importance for the
development of a theory for Automorphic Lie Algebras. Each section contains references
that provide more detailed expositions and proofs. Apart from Proposition it does
not contain original results and the reader can skip any section that they are familiar with,
or just skim through in order to see the chosen notations. In the main chapters, Chapter

[3} [4 and [5 we refer back to the relevant preliminary section when appropriate.

2.1 Polyhedral Groups

In the context of Automorphic Lie Algebras we are interested in groups of automorphisms of
a Riemann surface C, which historically was the domain of the spectral parameter of inverse
scattering theory. For now we will consider finite groups of holomorphic bijections C — C,

i.e. automorphisms of the Riemann sphere. These maps are also known as fractional linear

12
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transformations or Mébius transformations.

We first realise that Aut(C) = PSLy(C) = SO(3), and use the latter perspective, rotations
of a sphere in R3, which has the advantage that we can have a mental picture of the group

action.

Following e.g. [7], [0l 22, 23] 52| 53], we sketch the classification of finite subgroups G of
rotations of the 2-sphere. Each nontrivial group element fixes a pair of antipodal points
on the sphere. Therefore one can express the number of nontrivial group elements |G| — 1

(where |G| is the order of the group) in terms of stabiliser subgroups
Gy={geGlgr=2}, reC

as follows. Because the group is finite, there can only be a finite number of points on
the sphere whose stabiliser subgroup is nontrivial. Therefore the sum » ;= (|Ga| — 1) has
finitely many nonzero terms and is well defined. Moreover, since each nontrivial group
element fixes two points on the sphere it is counted twice in this sum, thus we have a
formula

2(1G] ~1) = 3 (1Gal ~ 1). (21)

aeC

Let 2 be an index set for the orbits I';, i € 2 on the sphere of elements with nontrivial
stabiliser groups, exceptional orbits hereafter. Moreover, let d; = |I';| be the size of such

an orbit and v; the order of the stabiliser subgroups at points in I';. In particular
diVi:‘G’, i€ Q.

The sum in formula ({2.1)) can be restricted to all A with nontrivial stabiliser group | J;c, I'.
The formula becomes 2(|G| —1) =30 > s, (Vi = 1) = D icq di(vi — 1) or
1 1
2(1- =) = 1—— ). (2.2)
() =% 03)
This equation can also be deduced from the Riemann-Hurwitz formula [53]. In terms of d;
it reads

S d; = (1] - 2)|G] + 2.

1€Q
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This equation is very restrictive, since we require all variables to be natural numbers and
v; to divide |G|. It follows for instance that there are either 2 or 3 exceptional orbits. If
|2] = 2 one finds the cyclic groups and if |2| = 3 one obtains the symmetry groups of the

Platonic solids and regular polygons embedded in R3.

Table 2.1: The orders of the polyhedral groups.
G (vi |ie€eQ) |G|
Z/N  (N,N) N
Dy (N,2,2) 2N

T (3,3,2) 12
0 (4,3,2) 24
Y (5,3,2) 60

In this thesis, most attention will go to the non-cyclic groups, the groups with three excep-

tional orbits. For convenience we put in this situation
Q= {a,b,c}
and vy > vy > .. Notice the Euler characteristic for the sphere

o+ dy — de = 2. (2.3)

We will adopt the term polyhedral groups, but these groups are also known as spherical
von Dyck groups D(vg, v, V), which can be defined as the subgroups of words of even
length (orientation preserving as isometries of the sphere) in the generators of the spherical
triangle groups A(vq, vy, V). The list contains alternating and symmetric groups: T = Ay,

O=54and Y = A5.
Polyhedral groups allow a presentation of the form
G={(rs|r"=(rs) =s"=1).

The cyclic groups included, with (vq,vs,v) = (N, N, 1), even though s is redundant in
that case. This presentation was favoured in previous works on Automorphic Lie Algebras,
[4, 5], 28, [29] 30, [31], although the reader must be wary of different conventions: the role

of r and s might be the other way around.
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An alternative presentation, more in the style of triangle groups, is given by

G = (9a: 96, e | 9™ = 96" = 9" = gagoge = 1).
It is related to the previous presentation through the isomorphism

Ga <7, Go 7 (ST)_la ge < S.

Notice that any two of the three generators {gq, go, gc} will generate the whole group, since
the third can be constructed thanks to the relation gogpg. = 1. This latter presentation
turns out to be very convenient in the development of a theory for Automorphic Lie Algebras,

and we will stick to it.

For future reference we give the abelianisation and the exponent of the polyhedral groups
and summarise various properties of the groups in Table 2.2l The definition of the Schur
multiplier M (G) shown in Table will be postponed to Section .

Definition 2.1.1 (abelianisation). The abelianisation AG of a group G is the quotient

group
AG =G g q)

where [G,G] = (g~ h~1gh | g, h € G) denotes the commutator subgroup. It is the largest

abelian quotient group of G.

One can find the abelianisations of the polyhedral groups for instance by considering ho-

momorhpisms into an abelian group, e.g. G — C*.

Definition 2.1.2 (Exponent of a group). The least common multiple of the orders of

elements of a group G is called the exponent of G and denoted |G

|G|| = min{n e N| ¢" =1, Vg € G}.

The exponent divides the order of a finite group.

As an example, the exponent of a cyclic group equals the group order, since there is a group
element of that order. For general polyhedral groups we notice that each group element is
contained in a subgroup Z/VZ. for some ¢ € . Hence the exponent is the least common

multiple of {v; | i € Q}.
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Table 2.2: The polyhedral groups, orders, exponent, Schur multiplier and abelianisation.

G Q) (wilieQ) (di|ieQ) |G| |G| M(G) AG

L /N 2 (N,N) (1, ) N N 1 Z|N
Dy—on—1 3 (N,2,2) (2,N,N) 2N 2N 1 Z /9
Dy—om 3 (N,2,2) (2,N,N) 2N N ZJ)y Z/yxZ]o
T 3 (3 3,2) (4,4 6) 12 6 L)y  Zg

o) 3 (43,2 (6,8,12) 24 12 ZLj)y Z)

Y 3 (53,2 (12,20,30) 60 30 Z/9 1

2.2 Representations of Finite Groups

There are many excellent texts on representation theory for finite groups, e.g. [9, 12, [45].
The treatment of this subject depends rather strongly on the underlying field of the vector
spaces. For our purposes it is sufficient to consider C and R. We present a brief recap of

some important results that will be used in the sequel.

2.2.1 Group-Modules

A representation of a group G is a homomorphism
p:G— GL(V),

where GL(V') is the general linear group, that is, the group of invertible linear maps V' — V.
The group G is represented by such linear transformations. It is common practice to call
the vector space V' a representation as well, even though it is perhaps better to say that V'
is a G-module. In that case we often omit the map p in the notation for the action on V.
Some common notations for this action are v — p(g)v = pgv = g - v = gv, where g € G

andv e V.

A subrepresentation of p : G — GL(V) is a subspace U < V preserved by GG, meaning
p(g)U C U for all gin G. A representation is called irreducible (or simple) if it has no proper
subrepresentation. Otherwise the representation is called reducible. A representation is

called completely reducible (or semisimple) if it is a direct sum of irreducible representations.
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Theorem 2.2.1 (Maschke's Theorem). A representation p : G — GL(V') of a finite group
G is completely reducible if and only if the characteristic of the field of V does not divide

the order of the group.

In this thesis we only deal with fields of characteristic zero, hence all representations of

finite groups are semisimple.

A representation p : G — GL(V) is faithful if it is a monomorphism, i.e. if p(G) = G.

Faithfulness and irreducibility are independent properties.
Given two G-modules U and V, we define the set of G-linear maps U — V by
Homg (U, V) = {f € Hom(U,V) | fg = gf, Vg € G}

and Endg(V) = Homg(V,V). Two G-modules U and V are isomorphic if and only if

Homg(U, V') contains an invertible element. This is an isomorphism.

Lemma 2.2.2 (Schur’'s Lemma). IfU and V are simple G-modules, then Hom¢g (U, V) is

a division ring, i.e. then any nonzero G-linear map U — V' is invertible.

A finite dimensional division ring D over an algebraically closed field k is isomorphic to the
field, D = klp. In particular, by Schur's Lemma, all G-linear maps in End(V') over the

complex numbers are scalars
Endg(V) = CId

whenever V' is an irreducible representation. This fact can be used to show that any complex

representation V' has a unique decomposition
V=Ui® - -aU,,

where Uj; is in turn a direct sum of irreducible representations which are pairwise isomorphic,
but irreducible components from different summands, U; and Uj, are not isomorphic [12,

45]. Such a summand is called an isotypical component of V.

Representation theory over the real numbers leads to division rings over the real numbers

through Schur’'s Lemma. A real division ring is isomorphic to either the real numbers,
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the complex numbers or the quaternions. At this stage already the real theory is more
complicated than the complex theory. The study of invariant bilinear forms is one way
to get a handle on real representations. Before turning to this subject we introduce the

character of a representation.

2.2.2 Character Theory

Representations are characterised by their trace. Fittingly the trace of a representation

p: G — GL(V) is called the character. It is a map x : G — k defined by

x(g) = trp(g),

where k is the field of the vector space V. Two representations are isomorphic if and only
if they have the same character [12] 45]. We say that p is a representation affording x or
V' is a module affording x. It is often convenient to write xy for the character of V, or
to write V), or p, for the representation affording x. A character is called irreducible if the

related representation is irreducible. We notice that

where the bar denotes complex conjugation. For the middle equality we assume that the
field of V is a subfield of C. The equality then follows from the fact that g has finite order.
The last equality shows that a character is a class function, that is, it is constant on the

conjugacy classes of the group.

A group action on two vector spaces U and V induces an action on their direct sum and
tensor product by g(u @ v) = gu ® gv and g(u ® v) = gu ® gv. The symmetric and

alternating square of a tensor product are subrepresentations: V@V = S?V @& A?V. Their
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characters are related by

XUeV = XU + XV,
XURV = XUXV,
xszv(9) = 1/2 (xv(9)* + xv(g%))

Xazv(9) = 1/2 (xv(9)? — xv(g?)) -

On the space of functions G — C we define a Hermitian inner product

- |Cl,| S 6(9)9(9). (2.4)

geG

(¢,%)

The power of character theory is largely due to the orthogonality relations. Let
Irr(G) = {irreducible characters of G}.

Theorem 2.2.3 (First orthogonality relation). The irreducible characters of a finite group
form an orthonormal basis with respect to @ for the space of class functions of the

group,

(%) =0y, X0 € Irr(G).

In particular, the number of irreducible representations |Irr(G)| equals the dimension of the

space of class functions, that is, the number of conjugacy classes of G.

There is a particular representation that can be used to find more interesting properties of
characters, the regular representation. Consider the vector space with basis {e, | g € G}

and turn it into a G-module by defining
gen = egp.

In this basis each group element is represented by a permutation matrix and only the identity
element fixes any basis vectors. In particular, we see that the character is

Gl g=1,

0 g#1.

Xreg (g) =
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Using the first orthogonality relation, Theorem [2.2.3] one can find the decomposition of
the regular representation into irreducible representations. Indeed, if x;eq = erhr(G) Ny X
then
My = (X, Xeeg) = |é,| D X(9)xreg(9) = x(1) = dim V.
gelG

When we evaluate the regular character we find the identity

Y. x(Wx(g) =

x€lrr(G) 0 g 7£ L.

G| g=1,

In fact, a more general orthogonality statement holds.
Proposition 2.2.4 (Second orthogonality relation).

| (Cete)] 1ol =1l
(@)X =
X%G) R 0 9] £ [,

Here Ca(g) = {h € G | hg = gh} is the centraliser of g and [g] = {¢' € G| 3h : h¢' =
gh} is the conjugacy class of g.

2.2.3 Invariant Bilinear Forms

An action of a group G on a k-space V induces an action of the group on its dual V* =
Hom(V, k) by the requirement that the natural pairing of V' and V* is respected. If v € V,
v* € V* and g € G, we require v*(v) = (gv*)(gv) so that

gt =v*og L.
This implies that

Xv* =XV

and we see that V and V* are isomorphic as G-modules if and only if the character xy is

real valued.

This idea can be generalised to Hom(U, V). As linear spaces there is an isomorphism

Hom(U,V) 2V @ U".
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If U and V are G-modules then so is V ® U* by the above constructions. By requiring
the linear isomorphism Hom(U, V) = V ® U* to be a G-module isomorphism, we obtain
an action of g € G on f € Hom(U, V). Indeed, if f corresponds to a pure tensor v ® u* €
V @ U* then

1 1

gf =glv@u")=gv@gu* =gv®@uog  =gofog ",

and we extend linearly to the full space. In particular, this gives another description of

G-linear maps:

Homg (U, V) = (V @ U*)C.

We are interested in bilinear forms on a complex G-module V, that is, elements of V*® V*.
In particular, we are interested in invariant bilinear forms. If we assume that V is irreducible

then Schur’'s Lemma gives
(V* @ V) = Homg(V,V*) = by, xwCId.

In other words, if xy is real valued then there is a unique invariant bilinear form and it is
nondegenerate. If xy is not real valued then there is no invariant bilinear form. Let xy be
real valued. By the decomposition of G-modules V* @ V* = S2V* & A2V* we know that
the invariant bilinear form is either symmetric or antisymmetric. To distinguish between
these cases, one can use the so called Frobenius-Schur indicator ¢ : Irr(G) — {—1,0, 1}
defined by

. . 1
by, = dim(S?V,)¢ — dim(A?V, )¢ = @l > x(g?) (2.5)
geG

The second equality can be derived from the character formulas of the previous section as

follows. Let ¢ : G — {1} be the trivial character. Then dim(S?V)¢ — dim(A%V)¢ =

(Xs2v = Xn2v, €) = 137 Lgea Xs2v (9) = Xa2v (9) = 167 Lgea X(97)-

Complex irreducible representations with Frobenius-Schur indicator 1, 0 or —1 are respec-
tively known as representations of real type, complex type or quaternionic type. This is due
to the classification of real division rings, such as the G-linear endomorphisms Endg (V)

on a real simple G-module V' [12].
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2.3 Projective Representations

In this section we present a classical and elementary exposition of the theory of projective
representation, as in the original work by Schur [43] 144], following the clear account of

Curtis [6].

2.3.1 The Schur Multiplier

Projective representations of a group G are homomorphisms
p:G— PGL(V),

where PGL(V') is the projective general linear group, the quotient of GL(V') by the scalar
maps kId. If we take a nonzero representative of p(g) in GL(V) for each g € G one obtains

a map
p:G— GL(V).
Because p is a morphism we have

p(g)p(h) = c(g, h)p(gh)

foramap ¢ : GxG — C* (where C* is the multiplicative group C\{0}) and by associativity

one finds that

c(g1,92)c(9192, 93) = (g1, 9293)c(g2, 93)-

This is the defining property of a 2-cocycle c of G. A map p : G — GL(V') with the property
that p(g)p(h) = c(g,h)p(gh) for some cocycle ¢ is also called a projective representation.
One obtains a homomorphism G — PGL(V) by composing p with the quotient map
GL(V) — PGL(V).

Of course, we had a choice in constants to define p from p. Any other choice is given by

7' (g) = b(g)p(g) for some map b: G — C*. The cocycle related to 7 is seen to be

b(g)b(h)

CI(97 h) = W

c(g,h).
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That is, ¢ and ¢ differ by a coboundary db(g,h) = b(lf()gb]g?). Therefore, the projective

representation p determines the cocycle ¢ uniquely up to coboundaries, i.e. p defines an

element in the second cohomology group
H*(G,C").

Multiplication gives H?(G, C*) the structure of an abelian group. This group is also known

as the Schur multiplier of G and denoted M (G).

Now that we have established equivalence, we will make no distinction between the homo-

morphism p and the pair (5, [c]), where [c] is the related element in the Schur multiplier.

2.3.2 Central Extensions

The group G” is called an extension of G by Z if there exists a short exact sequence
12725 5G6-1,

ie., if ZaG’ and G = G /7. When (the image of) Z is in the centre of G, the extension

is called central.

The isomorphism ¢ : G — G’ /7 implies the existence of a section

5:G— @, mos =id, s(1) =1, o(g9) =s(9)Z
sending ¢ € G to a representative of the coset ¢(g) = s(g)Z. The fact that ¢ is a
morphism says s(g)s(h)Z = s(g)Zs(h)Z = ¢(g)d(h) = ¢(gh) = s(gh)Z and thus ensures
the existence of a map [18] z : G x G — Z, defined by

s(g)s(h) = z(g,h)s(gh)
with the properties

2(9,1) =1=2(1,9)

2(91, 92)2(9192, 93) = 2(91, 9293)2(g2, 93)-

Now consider an irreducible linear representation

7: G — GL(V).
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If 2 € Z < Z(G") then Schur's Lemma ensures that there is a scalar ¢ € C* such that

7(2) = cId. In particular, we can define a 2-cocycle ¢: G x G — C* by

7(2(g,h)) = c(g, h)Id.

Then the map

p:G—GL(V),  plg) =71(s(g)),

has the property that

= 71(2(g,h)s(gh)) = 7(2(g, h))7(s(gh)) = c(g, h)p(gh).

In other words, p is a projective representation of G. We see that each irreducible repre-

sentation of a central extension G” of G induces a projective representation of G.

A century ago, Schur studied projective representations [0, 43] and wondered whether an
extension G” of G exists such that all projective representations of G are induced by linear
representations of G, in the way described in this section. One would say G is sufficiently
extended. Particullarly he was interested in sufficient extensions of minimal order. He
found that such groups exist, and nowadays the sufficient extensions G” of minimal order
are called Schur covers of G (or Schur extensions, formerly known as Darstellunggruppe or
representation groups). This group is not unique in general, contrary to the Schur multiplier

M (G), which takes the place of Z in the exact sequence of such a minimal extension.

2.3.3 Schur Covers and Other Sufficient Extensions

We are now familiar with projective representations, central extensions, and how the latter
can be used to find the former. However, this does not help us to find an extension which
provides all projective representations, let alone a Schur cover. The missing information
is given by the next theorem, which is due to Schur [43]. We present a reformulation by

Curtis [6].

Theorem 2.3.1. Let G’ be a central extension of G with kernel Z. Then the intersection

of the derived subgroup [Gb, Gb] and the kernel Z is isomorphic to a subgroup of the Schur
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multiplier M(G). There is an isomorphism [G°, G*|NZ = M(G) if and only if all projective

representations of G are induced by linear representations of G”.

The finite groups of our interest are the polyhedral groups. We state their Schur multipliers

(or second cohomology groups) [41] [44].
Theorem 2.3.2. The Schur multiplier of Z /N andDapr—q is trivial and the Schur multiplier
of Dops, T, @ and Y is somorphic to Z /o .
Notice in particular that the order of polyhedral groups equal their exponent times the order
of the Schur multiplier.

G| = IGII|M(G)] (2.6)

cf. Table 22

With this information one can find sufficiently extended groups for the polyhedral groups.

But first a lemma for future reference.

Lemma 2.3.3. IfG” is a sufficient extension of G then their abelianisations are isomorphic.

Proof. A one-dimensional projective representation p : G — C* is equivalent to a linear

representation. Indeed, the multiplication p(g)p(h) = ¢(g, h)p(gh) immediately shows that

the cocycle ¢ is a coboundary: ¢(g, h) = ﬁ%g()gﬁé)h). In other words, the set of one-dimensional
representations of G and G” coincide. Therefore AG? = AG. O

2.4 Binary Polyhedral Groups

In the light of our classification ambitions regarding Automorphic Lie Algebras it is crucial
that we find all projective representation of polyhedral groups GG. For various reasons, both
computational and theoretical, it is desirable to work with linear representations rather than
projective representations. Theorem [2.3.1] guarantees that we can do this provided that we

find a central extension G” of G with kernel Z, such that [G”,G°| N Z = M(G). It is not
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important to us to have the smallest group G” satisfying these conditions, that is, we do

not necessarily need a Schur cover of G.

If a group has a trivial Schur multiplier, then any projective representation is equivalent to
a linear representation. Indeed, if any cocycle is a coboundary, then the cocycle that occurs
in the multiplication of the projective representation can be transformed to be identically 1.
In other words, such a group equals its own unique Schur cover. Moreover, every central
extension of a group with trivial Schur multiplier is sufficiently extended. This also follows

immediately from Theorem [2.3.1]

The cyclic groups and dihedral groups with odd parameter N = 2M — 1 have trivial Schur
multiplier. All other polyhedral groups have a Schur multiplier isomorphic to Z /9 (Theorem
. For these groups, we need to find a central extension G? of G with kernel Z such
that [G”,G’] N Z has two elements, according to Theorem m It turns out that the

binary polyhedral groups, defined as follows, will suffice.

A polyhedral group G < PSLy(C) uniquely defines a binary polyhedral group BG < SLa(C)

through the exact sequence
1 — {£Id} — SLy(C) % PSLy(C) — 1,

i.e. BG = ¢ 1(G). The embedding of BG in SLy(C) is called the natural representation of
BG [7), 37].

Let us first investigate the centre Z(BG). The natural representation is reducible if and
only if the group is abelian, i.e. Z(BG) = BG. Otherwise, if the natural representation is

irreducible, then Schur's Lemma ensures that central elements are scalars,
Z(BG) c CIdNSLy(C) = {£Id} = Z(SL2(C)).

On the other hand, by definition,
Z(SL2(C)) NBG C Z(BG),

and because Z(SLy(C)) = {£Id} = ¢ !(1) C BG we obtain

Z(BG) = {+1d} = Z(SLy(C)).
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The group [BG,BG| N Z is now determined by whether —Id is a commutator of BG or
not. By Theorem this cannot be the case for polyhedral groups with trivial Schur

multiplier.

Generally, a finite subgroup of SLa(C) contains —Id if (and only if) it has even order, since
the Sylow theorems (cf. [18]) ensure that such a group has an element of order two, and

—Id is the only involution in SLy(C).

One can use the computer package GAP (Groups, Algorithms, Programing, cf. [13]) to
determine the derived subgroups of the binary polyhedral groups BT, BO and BY. To this

end it is useful to know the code of these groups in the Small group library, [2]:

BT = SmallGroup(24,3),
BO = SmallGroup(48,28),

BY = SmallGroup(120,5).
One finds

[BT, BT] = BD; = Qs,
[BO, BO] = BT,

[BY, BY] = BY.
In particular, these groups have even order, hence also contain —Id in SLo(C).

The binary dihedral group, also known as the dicyclic group Dicy of order 4N, has a

presentation

2N N

Dicy = (r,s | r*N =1, s> =V, rs = sr1).

Similar to the dihedral groups, all elements are of the form 7 or r/s with 0 < j < 2N.

With this concise description we can quickly find the derived subgroup. Indeed,

[ris, 1] = (r's) "L () Lrisrd = sl igpl = g7 lgpipd = ¢

1,.—i_.—1 1.-1

[ris,1is] = s lris Tl Tipispis = g7 s lplp iy i gs = pm NFIITISIEN - p2(=9)

9

so the commutators in Dicy are the even powers of r:

[DiCN, DiCN] = Z/]\7.
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In particular, if N is even then the embedding of this group in SLy(C) contains —Id. We

can conclude as follows.

Observation 2.4.1. A binary polyhedral group BG is a sufficient extension of the related

polyhedral group G. Moreover, it is a Schur cover of G if and only if M(G) = Z /9.

This fact allows us to use results of SLa(C) theory. Specifically the Clebsch-Gordan de-
composition (cf. [11], 50] and Section will play an important part in the study of
Automorphic Lie Algebras. However, sometimes a different choice of central extension is
more convenient. For instance, the polyhedral groups with trivial Schur multiplier do not
need an extension at all like the dihedral groups with odd parameter. But the other dihedral
groups have a Schur cover that is a bit easier to work with as well. Take the presentation
Doy = (r,s | 2N =1, s2 =1, rs = sr~1) and the homomorphism 7 : Doy — Dy < Doy
defined by 7(r) = 72, 7(s) = s. The image of 7 is Dy and the kernel Z = {1,7N} = Z /9
is central. Moreover, just as with the dicyclic group we find the commutator subgroup
Doy, Doy] = (r?) = Z/N which contains Z if and only if IV is even, in which case Doy is
another Schur cover of Dy, an alternative to Dicy. The dihedral group is easier to handle
in explicit calculations, compared to the dicyclic group, and this will be our preferred choice

in the many examples throughout this thesis.

For compactness we will hereafter denote the binary polyhedral group related to G by G”
instead of BG. If G = (ga, g6, 9c | 9a°° = g6”* = 9 = gagoge = 1) then G” allows a

presentation

G = (gas Gb> Gc | 9o = 96" = 97 = Gago9e)

(see for instance [50]). Here we have made the dangerous decision to use the same symbols
for the generators of two different groups. We trust however that this will not create

confusion as the context will show whether the subject is G or G”.

The unique nontrivial central element in this presentation is given by z = ¢,gpg. since
GiGagogc = gf"ﬂ = gag6gcgi. Notice that a homomorphism 7 : G* — G with 7(z) = 1

maps the relations to (mgq)"* = (7gp)"* = (7g.)” = (7ga)(7gs)(7gc) = 1.
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2.5 Selected Character Tables

In this section we list the characters that will be used in the sequel. The characters of
Z)nN = (r | rN = 1) are the homomorphisms y : Z /N — C* which are given by

{x:rm ng |0<j <N} where wy = e or any other primitive N-th root of unity.

Next we consider the dihedral group Dy = (r,s | r¥ = 52 = (rs)?2 = 1). There are

significant differences between the cases where N is odd or even, as we have already
seen from their projective representations. If NV is odd then Dy has two one-dimensional

characters, x1 and x2. If IV is even there are two additional one-dimensional characters,

x3 and x4.

Table 2.3: One-dimensional characters of Dy.

g X1 X2 X3 X4
r 1 1 -1 -1

s 1 -1 1 -1

The remaining irreducible characters are two-dimensional (indeed, there is a normal sub-
group of index 2: Z /v, [45]). We denote these characters by 1;, for 1 < j < N/2. They

take the values
wj(ri) = w% + w;,ji, wj(sri) =0, (2.7)

2mi . . .. . . .
where wy = e~ . The characters of the faithful (i.e. injective) representations are precisely

those 1); for which ged(j, N) = 1, where gcd stands for greatest common divisor.

Finally, we move to the Schur covering groups of T, O and Y and we choose the binary
polyhedral groups for this. Their character tables can be produced by the computer package
GAP [13]. In the character table for T° we use the definition w3 = ¢’ and in anticipation
of the character table of Y’ we define the golden section ¢ and its conjugate ¢~ in Q(V5)

1++5

+ _
¢ - 2 ’

2

which are the roots of p(z) = 2° —x — 1. If ws = e’s" then w? + w3 and w5 + w3 both

satisfy the equation p(—z) = 22 + 2 — 1 = 0. Since the first is negative and the second

positive we conclude that w? + wi = —¢* and w5 +wi = —¢~.
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Table 2.4: Irreducible characters of the binary tetrahedral group T°.

g 1 g® 9 2z G° G Ya

ICa(g) |24 6 4 24 6 6 6 | ¢ det Im
T; 1 1 1 1 1 1 1 1 T 1

Ty |1 ws 1 1 w? wy wl| 0 Ty ZJ/3
Ty 1 w2 1 1 ws wl ws| 0 T3 ZJ3

™, |2 -1 0 -2 -1 1 1|-1 T, T
T 2 —w? 0 -2 —w3 w wy| 0O Ty T
T% 2 —w3 0 =2 —w% w3 wg 0 Ts T
Ty 3 0o -1 3 0 0 O 1 T T

The characters will be denoted by the symbol used for the group and a numbering in
the subscript. For example, the characters of the binary tetrahedral group are denoted
Irr(T°) = {Ty,...,T;}. This way it is easier to discuss representations of different groups.
We add a superscript “b" if and only if the character is spinorial, cf. Definition e.g. TZ.
The order of the centraliser in the second row is found by the second orthogonality relation,
Proposition . The column headed “." contains the Frobenius-Schur indicator . In
the next column we have the homomorphism “det” defined by composing the representation
with det : GL(V') — C*. The right most column describes the group structure of the image
of the representation. In particular, there we see which representations are faithful. Finally,

we have underlined the character of the natural representation G” < SLy(C).
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Table 2.5: Irreducible characters of the binary octahedral group Q.

g Loge 9° 9 2 9 % Ga

|Ca(g)] |48 4 6 8 48 8 6 8 t det Im
o 1 1 1 1 1 1 1 1 1 0 1
Oy 1 -1 1 1 1 =1 1 —=1|1 0Oy Z/g
03 2 0 -1 2 2 0 -1 0 1 0, Dy
(A 2 0 -1 0 -2 -2 1 V2 |-1 0O Q@
02 2 0 -1 0 -2 V2 1 —2|-1 0
Os 31 0 -1 3 -1 0 -1|1 0, O
o 3 -1 0 -1 3 1 0 1 1 0, O
05 4 0 1 0O -4 0 -1 0 |-1 0O @

Table 2.6: Irreducible characters of the binary icosahedral group Y?.

g I g g w9 9%’ %z g

ICa(g)) | 120 10 10 6 4 6 10 120 10| ¢ det Im
Y, 1 1 1 1 1 1 1 1 1|1 Y 1
Y 2 —¢ —¢t 1 0 -1 ¢ -2 ¢t | -1 Y, Y
Y4 2 —¢t —¢o= 1 0 -1 ¢t -2 ¢ | -1 Y Y
Yy 3 ot o 0 -1 0 ¢t 3 o |1 Y Y
Ys 3 ¢ 6F 0 -1 0 ¢ 3 oot 1 Y Y
Ye 4 -1 -1 1 0 1 -1 4 —-1|1 Yy Y
Y? 4 -1 -1 -1 0 1 1 -4 1 |-1 Y Y
Ys 5 0 0 -1 1 -1 0 5 0|1 Y Y
Y?, 6 1 1 0 0 0 -1 -6 —-1|-1 Y Y

2.6 Classical Invariant Theory

The theory of polynomial invariants, developed in the second half of the 19th century, is

a powerful aid in the study of Automorphic Lie Algebras. We list some important notions

and results. The main references for this section are [38, [46), [48].
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Let U be a finite dimensional vector space and consider the direct sum of vector spaces
ClUl=CaU*eSU*eSU*e...,

where S%U denotes the d-th symmetric tensor of U. Given a basis {X1,..., X,,} for U*, the
summand SU* corresponds to homogeneous polynomials in the variables {Xj,..., X}
of degree d, also known as forms. The vector space C[U] is a graded ring under the usual

multiplication. We introduce the notation Ry = S¢U* and

R=@Rs,  RaRe C Rype
d>0

If U is a G-module by the representation
o:G— GL(U)
then there is an induced action on the polynomial ring R = C[U] given by

g-p=poa(g)”', peR geG.

We are interested in the decomposition of R into the isotypical components RX of this
group action,

R= P R~

X€EIrr(G)

The action of GG on R respects the ring structure. Moreover, it preserves the grading. That
is, each homogeneous component Ry = S?U* is a submodule. For this last reason we may

confine our investigations to forms.

Example 2.6.1 (Z /9). The group of two elements has two conjugacy classes, hence two

irreducible characters. Say

0

GZZ/2=<
10

> o Ir(@) = {e x5,

where e denotes the trivial character and x the nontrivial character, sending the nontrivial

group element to —1 € C*. The isotypical components of R are

R =C[X+VY,XY], RX=C[X+Y,XY](X-Y).
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Indeed, one checks that X +Y and XY are invariant and X — Y has character x. Hence
R DC[X+Y,XY] and RX D CIX +Y,XY|(X —Y). In particular C[ X +Y,XY]|N
C[X+Y,XY](X—-Y)=0. Now notice that X +Y and XY are algebraically independent

and compute the sum of the Poincaré series accordingly

P(C[X +Y,XY],t) + P(C[X + Y, XY](X — Y).,?)

1 t 1
BT (R R R TG pee) Sl R PR G

Thus we have indeed found the decomposition.

Example 2.6.2 (D3). Section describes the three irreducible characters of
w3 0 0 1 27
G=D3= , , w3 =¢€3, Irr(G) = {e, x, ¥}
0 wy! 10

We obtain the components

R =C[XY, X4+ Y3,
RX =C[XY, X*+ Y% (X°-Y?),

RV=CXY,X*+Y’] (Yo XaX*aY?).

Again we check the sum of the Poincaré series

T4+ +2t+2t2  (1+t)(L+t+12)
(1—t)(1—13)  (1—t2)(1—1)

P(R,t) + P(RX,t) + P(RY,t) =

= o = P,

establishing the decomposition.

Molien’s Theorem is a central result in the theory of invariants. It provides a way to
determine the Poincaré series of an isotypical component of the polynomial ring without

having to find the component first.

Theorem 2.6.3 (Molien's Theorem, [38, 46| 48]). Let the group G act on R = C[U] as
induced by the representation o : G — GL(U). Then the Poincaré series of an isotypical

component RX is given by

o x(1) x(9)
PIRO =957 2 Faitt - ol

for any character x of G.
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Example 2.6.4 (Ring of invariants of the dihedral group, cf. [46], p.93). Consider the
cyclic group Z /N generated by the matrix diag(wN,wxfl), where wy s a primitive
N-th root of unity. By direct investigation one finds that RZ/N = C[X, Y]Z/N =
AN XN, YN|(XY) and therefore

p(RLIN )T 1= 14t
V) A=t (=) —N) T (1) (1 =N

With this in mind one can determine the invariants for the group

w 0 01
ID)N:<7': N , 8§ = >
0 wh 10

using Molien’s Theorem. Indeed, it follows that

1 1
P(RPN,1) =
2N oyt det(1 — o4t)
! N-1 . ., L V-1 .
2N —~ det(1 —rit) = 2 por det(1 — rist)
-1
N-1 ;
1 1 1 —wit
_1p(REIN 1)+ L N
2 2N c _,N—i
=0 N t 1
1 1+t L1
2\ (1 =) (1 —tN) T (1—12)
1

T a-e)I-)

If one can find two algebraically independent Dy -invariant forms, one of degree 2 and one of
degree N, e.g. XY and XN +YN | then the above calculation proves that any D x-invariant

polynomial is a polynomial in these two forms, i.e. R°N = C[XY, XN 4+ Y.

The isotypical summands of R in the first examples have a very simple structure. There

are classical theorems that guarantee this is always the case.

An ideal I in a ring R is called prime if a,b € R and ab € I imply thata € I or b € I.

Definition 2.6.5 (Krull dimension). The Krull dimension of a commutative algebra is the

supremum of the length of all chains of proper inclusions of prime ideals.

The standard (but not obvious) example is that the Krull dimension of C[U] is dim U. Here

is another example:
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Theorem 2.6.6 ([48], Theorem 1.1). The Krull dimension of R® is dim U, i.e. there exists

exactly dim U algebraically independent invariants.

We say that an R-module M is generated by my, ..., my if every element in M can be

written as a sum rymy + ...+ rymy where r; € R, and we write

k
M = Z Rmi.
i=1
If in addition the elements rq,...,r; are uniquely determined we write
k
M =P Rm,
i=1
and say that M is a free R-module generated by mq, ..., mg.

Definition 2.6.7 (Homogeneous system of parameters, [40]). Let n be the Krull dimension
of a graded algebra A. A set of homogeneous elements 01,...,0, of positive degree
is a homogeneous systems of parameters for the algebra if A is finitely generated as a

Cl#y, . ..0,]-module.

Proposition 2.6.8 ([38] Proposition 12.15, [40] Theorem 2.3.1, [48] Proposition 3.1). If
an algebra is a finitely generated free module over one homogeneous system of parame-
ters, then it is a finitely generated free module over any of its homogeneous systems of

parameters.

An algebra that satisfies the property of Proposition is said to be Cohen-Macaulay.

Theorem 2.6.9 ([48], Theorem 3.2). The ring of invariants R® is Cohen-Macaulay. That

is, there are independent invariants 01, ...,0,, M, ...,n such that
k
RY =P Clon,....0mn;
i=1

where m is the Krull dimension of RC.

Stanley [48] attributes this theorem to Hochster and Aegon, cf. [16]. We call 6;,...,6,,
primary invariants and 11, ...,n; secondary invariants. Notice that primary and secondary

invariants are chosen rather than fixed. Consider for instance two descriptions of one ring
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C[X] = C[X?](1 ® X). In the setting of the left hand side X is primary and on the right

hand side X is secondary.

See ([2.11]) for more examples of rings of invariants R. There we see that these objects are
not necessarily polynomial (k might be greater than 1). The famous Chevalley-Shephard-
Todd theorem states that R® is polynomial if and only if G is generated by pseudoreflections,

matrices with at most one eigenvalue unequal to one [46].

Notice that R®-RX C RX, i.e. RXisa R%-module. In fact, RX is finitely generated as such:
RX = R%p1 + ...+ R%pys (cf. [48]). Unfortunately RX need not be a free R“-module, in
the sense that the sum need not be direct over the ring. There exists however a choice of

primary invariants over whose polynomial ring this isotypical component is free.

Theorem 2.6.10 ([48], Theorem 3.10). An isotypical component RX is a Cohen-Macaulay

module, i.e. there are independent forms 01, ...,0pm,p1,. .., pg, such that

kX
RX = @C[eh e aem]pz
i=1

where m is the Krull dimension of R.

The following proposition is a modification of a result by Stanley [48] (Lemma 4.2 and
Corollary 4.3) where arbitrary finite groups G in GL(U) and their rings of invariants R“
are considered. We require information on all the RG-modules RX, rather than just the
invariants. This generalisation ruins the simple form of the second formula in Corollary 4.3
of [48] (the analogue of below). However, restricting to subgroups G” of SLy(C)

simplifies the situation again, due to the lack of pseudoreflections. We give a full proof.

Proposition 2.6.11. Let G* be a finite subgroup of SLy(C) and let x be one of its ir-

reducible characters. RX is a Cohen-Macaulay module of Krull dimension 2, cf. Theorem

2610 Say
Ex
RX = @C[@l, Hg]pi.

=1
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Then
ky 1011162
_ , 2.8
ROEEd (28)
9
. > " lpil = 161] + (62| — 2, (2.9)
X =1

where |6;| = deg 6; and |p;| = deg p;.

Proof. The two equations follow from the first two coefficients, A and B, of the Laurent

expansion around ¢t = 1 of the Poincaré series
A B

=02 T1—¢

We have two ways to express P(RX,t). Namely by Molien’s Theorem (Theorem and

P(RX,t) = +0(1).

by the expression of RX as a Cohen-Macaulay module. Molien's theorem states

B x(1) x(9)
P(RX,t) = |Gb|g§b det(1 — tg)

Considering g to be diagonal we see that the only contribution to the term of order (1—t)~2

x(1)2
|GP|

in the Laurent expansion comes from the identity element g =1, so A = . The terms

% that contribute to the coefficient of (1 —¢)~! in the Laurent expansion come from

elements ¢ that have precisely one eigenvalue equal to 1; pseudoreflections. Here we use

the assumption that G” is a subgroup of SL2(C), which has no pseudoreflections. Thus
B =0.

On the other hand we calculate

Zfﬁl t\ﬂi\
1 — 41Ty (1 — ¢1Pe])

kX
P @C[Qh%]pi,t =(
i1

Zfél t|Pz‘|
-
_ S [1=lpil (1= 6) + O((1 = 1))]

(L2 -1 — )+ o - )2 - -+ o1 - 1))

_ ST — ol (1— 8)]

= =02 (02 = L6 — 1)1 )] [16a] — 1621010l — D =] T OV
S = ol (L= 0] [k + St = )| [ + 2 (- t)

P b il 0],
mim |, w0 = U + it (%] = 1) = g D el

“ -0 (-1 @
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_k o k k 1 k )
and therefore A = m and B = 2|T‘X|92‘(’91‘ — 1) + Q‘TﬁOQ‘(‘02| — 1) — WZ’Lél |pz|

Equating the two expressions for A respectively B results in ([2.8)) respectively (2.9). O

Even though primary and secondary invariants, and therefore their degrees also, can be
chosen to a certain extent, this proposition gives a relation between the two that is fixed.
For example, the quotient predicts the number of generators of a particular space
of invariants as a module over the chosen ring of primary invariants. It is interesting that
the right hand sides of are independent of the character. The formulas can be

compared to the invariant forms ([2.11]).

2.7 Ground Forms

In this section we consider the polynomial ring
R = CI[U]

as in Section This time we fix the module U to the natural one of the binary polyhedral

groups, i.e. we have a monomorphism
0: G’ — SL(U) = SLy(C),

eg. U=T, @Z or Yz. We will relate orbits of the polyhedral group in the Riemann sphere

to forms in R, called ground forms.

Definition 2.7.1 (Algebraic sets). Let S C C[U] and A C U. We denote the set of

common zeros of polynomials in S by
V(S)={uelU]| f(u)=0,Vf S5},

which is known as an algebraic set. Conversely, the set of polynomials vanishing on A is

denoted
N(A)={f eC[U]| f(u) =0, Vu € A}

and constitutes an ideal in C[U].
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The zeros of a form p € R is a collection of lines in U = C?, since, by homogeneity,
p(tu) = t38Pp(u), t € C, u € U. These zeros are thus well defined on the Riemann
sphere C =2 CP'. In other words, if ¢ : C> — CP! is the quotient map, a form p
has the property ¢~ 1(q¢(V(p) \ {0})) = V(p) \ {0}, whereas in general one can only say
g *(qV(p) \ {0})) D V(p) \ {0}. In what follows we will suppress ¢ in the notation and

switch between points on the Riemann sphere and lines in U without mentioning it.

Definition 2.7.2 (The form vanishing on an orbit). For any G-orbit I" on the Riemann

sphere, we define It € Rjr| as the form vanishing on I, i.e. the generator of the ideal
N(T') = RFy.

This form Fr is unique up to multiplicative constant. Moreover, there is a number vp € N

such that
ve|l' = |GJ.

For exceptional orbits we use a shorthand notation F; = Fr, and v; = vp,, © € €Q, in

agreement with Section [2.1]

The forms F; are relative invariants of G”. That is, g F; = x;(g)F;, Vg € G?, where y; is a
one-dimensional character of G”. Indeed, since the action of G permutes the zeros of Fj,
g F; must be a scalar multiple of F;. In fact, these forms generate the same ring as the
relative invariants of any Schur cover G” do, as follows from an induction argument on the

zeros [7), 53]
RIGC = C[F; i€ Q).
This is trivially true for the cyclic case, where [G*, G’ =1, |Q| = 2 and F; is linear,

The forms F;* and F]l-’j of degree |G| vanish on different orbits if i # j. Therefore, any
orbit of zeros can be achieved by taking a linear combination of these two. If the orbit has
size equal to the order |G|, the zeros are simple. This can be done with any pair, F;.'j and
F.*, obtaining the same form. Hence, if || = 3, there is a linear relation between F!=,

Fy* and F!, as is well known [53], and we may choose our constants such that

Y Fi=0, |9 =3 (2.10)
1€Q)



Chapter 2. Preliminaries 40

There is no other algebraic relation between the forms F".

In the non-cyclic case, i.e. 2] = 3, we have elements of order v, = 2, which gives us the

following well known structure.

Proposition 2.7.3. For all non-cyclic binary polyhedral groups G”,
R ) = C[F,, Ry @ C[Fy, i,

where F,, Fy, and F. are the ground forms of G® and there is no exceptional orbit larger

than T',.

The structure of a particularly interesting subring, the ring of invariants RGb, is more
complicated. We first consider another consequence of ([2.10), namely, if gF; = xi(9)Fi,

then x" = X?j, for all 7,5 € Q. This leads us to the next lemma.
Lemma 2.7.4. If N(I';) = RF; fori € Q, then
Fiyi e ]%Gb

where v; = ||1§ ||.
1

Proof. For the cyclic group the statement follows immediately since then v; = N = ‘Z /N}
and therefore x”* = ¢ for any homomorphism x : Z /v — C*, where ¢ : G — {1} C C*

denotes the trivial character.

[eted]

J = ¢, where AG is the abelianisation of G' and ||H|| denotes the

By definition, x
exponent of H. Indeed, the image of x; is an abelian quotient of G’ and therefore a
subgroup of AG”. To show that F!" is invariant for the non-cyclic groups one only needs
to find one j € Q such that X?j = ¢, thanks to the above observation that x;* = X?j.
Thus it will suffice to find one particular order v; that is a multiple of |LAG’||. The
abelianisations AG” (isomorphic to AG by Lemma are shown in Table One

finds | ADy|| = |AO|| = 2 = v, ||AT|| =3 = 14 and || AY|| = 1, proving the Lemma. [
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The rings of invariants are

REIN = CIFFy FN + N1 EN — EN),
RPN = C[F,, F,] if Nisodd,
RPNy = C[F,, F2] if N is even, (2.11)
R" = C[F, FRRJ1®FY),
R” = C[R,F}(1 FF),
R” = ClF,F(16F).
The degrees d; = deg F; can be found in Table and give the Poincaré series
P(RZ/N,t> = H
P(RP.1) = ey
P(RTb,t) e (2.12)
P(Rt) = ki,

One can confirm (2.8 for all of these rings, and ([2.9) for all but the dihedral invariants.

Indeed, Dy is not a subgroup of SLy(C).



Chapter 3

Invariants of Polyhedral Groups

This chapter lays the foundation of the invariants of Automorphic Lie Algebras (see Concept
that we will find in this thesis, and is in this sense the most important chapter. It
only concerns the theory of finite groups and their invariants; Lie algebras will not enter the
story until the next chapter. It is this group theory that explains the group-independence

of Automorphic Lie Algebras found to date.

Henceforth G will be a polyhedral group (cf. Section and G” the corresponding binary

group (cf. Section [2.4)), unless otherwise stated. We recall the presentations

G = (ga:96,9¢ | 9" = g6 = 9 = gagogc = 1)

G = (gas Gb> Gc | 9a”* = 96" = 9 = Gagoe)

where in the noncyclic case the numbers v;, i € Q = {a, b, c}, are given by Table [3.1]

Table 3.1: Orders of non-cyclic polyhedral groups.
G (va,ve,ve) |Gl
Dy  (V,2,2) 2N
T (3,3,2) 12
O (4,3,2) 24
Y (5,3,2) 60

42
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3.1 Representations of Binary Polyhedral Groups

In this section we discuss both linear and projective representations of (binary) polyhedral
groups. We find some interesting general properties of these representations, most notably
Lemma and Theorem [3.1.7] specific to this class of groups, suggesting these results

are related to the group of automorphisms of the Riemann sphere.

Before we get there, we want to distinguish two types of linear representations of binary
polyhedral groups G”. Since we have a homomorphism 7 : G* — G, any representation of G
can be extended to a representation of G” by composition with 7. The other representations

of G will be called spinorial, following [50]. It is useful to elaborate on this point.

We recall from Section that an irreducible representation 7 : G* — GL(V) of a binary
polyhedral group induces a projective representation p : G — GL(V') of a polyhedral group
through a section s : G — G” by defining p = 7o s. The section defines the cocycle
of p. The map p is related to a homomorphism p : G — PGL(V) by p = q o p where
q : GL(V) — PGL(V) is the quotient map. One can go from the homomorphism p to
the map g using a section b : PGL(V) — GL(V) by defining p = bo p. To a projective
representation p or j is related a linear representation 7 : G* — GL(V') by Theorem [2.3.1]

CId

Definition 3.1.1 (Spinorial representations). The linear representation T or the projective
representation p or p is called nonspinorial if one of the following equivalent statements

hold. Otherwise it is called spinorial.

1. The representation T : G* — GL(V') factors through G via the epimorphism T : G’ —
G. That is, there exists a homomorphism 7 : G — GL(V') such that 7 = T o,

which is true if and only if Z < ker .
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2. The cocycle ¢ in p(g)p(h) = c(g,h)p(gh), Yg,h € G, is a coboundary, i.e. there
exists an equivalent projective representation 7 : G — GL(V') which is also an

ordinary representation.

3. The homomorphism p : G — PGL(V) factors through GL(V') via the quotient map
q: GL(V) — PGL(V), that is, there exists a homomorphism 7 : G — GL(V') such

that p=qoT.

Let us show the equivalence. Suppose we have a nonspinorial representation 7 = 7 o 7 as

in . Then p=7o0s=7omos=7. Thisis a homomorphism, hence we have .

For the other direction, let p = 7 o s be a homomorphism, i.e. satisfy . We know s is
not a homomorphism, since otherwise G is a finite subgroup of SLy(C), contradicting the
classification results. Therefore there exists g,h € G such that s(g)s(h) = z(g, h)s(gh)

where z(g, h) is the nontrivial element in Z. Then

plgh) = p(g)p(h) = 7(s(9))7(s(h))
= 7(s(g)s(h)) = 7(2(g, h)s(gh))
= 7(2(9,h))7(s(gh)) = 7(2(g, h))p(gh)
and therefore 7(z(g,h)) = Id and Z < ker 7. Hence (1. The equivalence of and

follows from the relation g o p = p.

One can spot the spinorial and nonspinorial representations in the character table of G
(cf. sections and [2.5)) in the columns where all values have maximal norm |x(z)| =
x(1), ¥Vx € IrrG”. These are the columns of the central elements. Indeed, x(2) is a sum

of x(1) roots of unity, which implies |x(z)| < x(1) and if x is faithful then
X(2)] = x(1) & py(2) = dd & z € Z(G).

The last implication from left to the right uses faithfulness of x and the implication from

right to left uses Schur’'s Lemma and irreducibility.

In Section We found that Z = Z(G”) = Z /9 if Z(G") # G” in which case x(z) = +x(1)

if z € Z. This leads us to the following.
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Observation 3.1.2. An irreducible character x of a non-abelian binary polyhedral group is
spinorial if and only if x(z) # x(1), where z = gqgug. is the unique nontrivial central group

element.

Some interesting properties of representations of binary polyhedral groups can be deduced

in general.

Lemma 3.1.3. A/l odd-dimensional irreducible projective representations of polyhedral

groups are nonspinorial.

Proof. In the setting of this chapter, the kernel of the extension is Z = Z /5. Consider an
odd-dimensional irreducible projective representation of G. Its cocycle equals the cocycle
of the one-dimensional projective representation defined by taking the determinant of the
former representation. But cocycles of one-dimensional projective representations are always

trivial, by Lemma [2.3.3] as desired. O

The following lemma and its consequences about spinoral and nonspinorial representations
will be used throughout the rest of the thesis. The special case of the icosahedral group is

discussed by Lusztig [32] where it is attributed to Serre.

Lemma 3.1.4. If V is a spinorial G*-module then V{9 = 0 for all i € Q. If V is a
nonspinorial G’-module then
(10— 2)dimV +2dim V" = 3" dim V9.
1€Q
This result will mostly be used for nontrivial irreducible representations V' of non-cyclic
polyhedral groups. In that case the formula simplifies to

dimV = Z dim V(9
1€Q

Proof. Averaging over the group gives a projection iziﬁo_lgg Vs Ve If Vs

2v;
irreducible then the central element z € G” is represented by a scalar (Schur’s Lemma

2.2.2)) and since z? = 1 this scalar is —Id if V is spinorial and Id when V is nonspinorial.

In the former case V(%) = Imz%i 2320_1 gg = Imz%i (Z;’;_Ol gg — gf) =0.
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Now suppose that V' is nonspinorial, so that the action is effectively from G. We will use
the description of G as being covered by stabiliser subgroups G\ = {g € G | gA = A} of
the action on the Riemann sphere C 3 A (cf. Section . That is,
a\{y=Ja\{n= U e\
AeC i€Q, AT
Notice also that each nontrivial group element appears exactly twice on the right hand side,

since each nontrivial rotation of the sphere fixes two points.

Stabiliser subgroups G, and G/, are conjugate if A and y share an orbit (GA = G & g €
G:gh=p=G,= gGrg™1). In particular gV = VG so that the dimension dim V&
is constant on orbits. Therefore it is for the purpose of this proof sufficient to take one
representative (g;) of the collection of stabiliser subgroups belonging to each exceptional

orbit T';.

Again we use the projection operator ‘—g;' > g :V — VY this time with the general

geG
fact that a projection operator is diagonalisable and each eigenvalue is either 0 or 1. Thus

. . . . . . 1 _ . G
one can see that its trace equals the dimension of its image: tr Il deG g=dim V"%, Let

X be the character of V' (cf. Section [2.2.2)). Then

1 2
2dimVG:2tr—Zg:—Zx(g)
Gl 2~ 6] &

:éxm+2mm
G\{1}

2MLSY Y «

1€Q AET; geGA\{1}

G ’G|ZZ<VZd1ngl x(1 ))

1i€Q el

@ ;
= |G\ ]G|Zd (VzdlmV<9>— (1))

+Zd Vo) — ’G| Zd

1€Q 1€Q

Now we use (2.2) to see that D, d; = (|Q2] — 2)|G| + 2 and obtain the result. O

One consequence of this result is that any vector in a representation of a relevant group is

the sum of a g4-, a gp- and a g.-invariant.
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Corollary 3.1.5. If V is a representation of a non-cyclic polyhedral group then
V = Vi) L yloe) 4 /0

and the sum is direct if and only if V¢ = 0.

Proof. Since any two of the three generators of G generate the whole group, that is,

(gi,9;) =G ifi,j € Q, i # j, we have V{9 N V9) = V& Now we count the dimension

dim <V<ga) + Vi) 4 V(gc>)

— Zdimvwz') _ Z dim (V<9i> 0 V<9j>> + dim (V<ga> A V9 N V<gc>)

i€ {1,}CQ, i#j
=> dim V¥ —2dim V% = dimV’
i€
where the last equality is given by Lemma [3.1.4] O

Since we have all the character tables available (cf. Section [2.5)), it is not hard to find the
dimension of the space V{9 of g;-invariants in a G-module V. Indeed, these are simply the
traces of the projection operators: dim V{9 = V%E]’{i:_gl X(gg) and we list them in Table
3.2l Notice that the second row in this table equals the sum of the last three, in agreement

with Lemma 3.1.4]

Table 3.2: Dimensions dim V%9, i € Q for all nontrivial irreducible representations V' of

non-cyclic polyhedral groups.
X2 x3 xa v T T3 Tr; Oy O3 O O7 Ys Y5 Y Yy
1 1 1 1 2 1 1 3 1 2 3 3 3 3 4 )

@ 1 0 0 0 0 o0 1 0 1 O0 1 1 1
% 0 0 1 1 0 0
¢ 0 1 o 1 1 1 1 o0 1 2 1 1 1

The next lemma is not restricted to polyhedral groups.

Lemma 3.1.6. Let CG denote the regular representation of a finite group G. If H < G is

a subgroup then

dimCGH =[G : H]
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where [G : H] = % is the index of H in G.
Proof. Denote an arbitrary vector v € CG by deG cgg. Invariance of v under h € H
means

Z Cgg =V = h~tv=h"t Z Cqg = Z cghflg = Z Chg9-

geG geqG geq geG

In other words, v € CG¥ if and only if chg=cgforallge Gandhec H,ie.c:G—C
G|

is constant on cosets of H, leaving a vector space of dimension ik O

Applied to a polyhedral group and a stabiliser subgroup of its action on the sphere, Lemma

[B.1.6 reads

(gi)

dim CGY9" = dim CG*™" = d; (3.1)

were we consider g; in G or G” accordingly. The dimension is the same because the order
of the group and the subgroup are both doubled when going to the binary case. Notice
how this result satisfies Lemma [3.1.4} considering Equation (2.2)).

This section will be concluded with the first instance of a recurring theme in this text. A
seemingly group-dependent object turns out to be group-independent. The value of the

theorem will become apparent in Chapter [4]

Theorem 3.1.7. Let 7 : G° — GL(V)) be an irreducible representation of a binary polyhe-
dral group. Given a section s : G — G, the multiplicities of eigenvalues of T(s(g;)) depend
only on i € Q and dim V, not on the choice of binary polyhedral group G° nor the choice
of the section. The partitions are listed in Table[3.3

Proof. Cyclic groups only have one-dimensional irreducible representations, hence these
only play a part in the trivial first row of Table . In the proof below we assume that G”

is non-cyclic.

We denote the multiplicities of eigenvalues of 7(s(g;)) by (m1,...,m;,). Consider the

action of s(g;) on V @ V* = End(V'). Different choices of coset representative of s(g;)Z
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Table 3.3: Eigenvalue multiplicities of 7(g;) for irreducible representations 7 : G — GL(V/).

dim V' a b ¢
1 (1) (1) (1)
2 (1,1) (1,1)  (1,1)
3 (1,1,1) (1,1,1) (2,1)
4 (1,1,1,1)  (2,1,1) (2,2)
5 (1,1,1,1,1) (2,2,1) (3,2)
6 (2,1,1,1,1) (2,2,2) (3,3)

only differ by a central element, which acts trivially on End (V') by Schur’s Lemma. In other

words, the action of G” on End(V') is nonspinorial; it is a G-module.

In a basis where 7(s(g;)) is diagonal, one can quickly check that

k;
dim End(V)'9 =) “m?,.
r=1
By Schur's Lemma, dimEnd(V)Gb = 1 so that Lemma for the non-cyclic groups
reads

ki

Z Z mzz,r = Z dim End(V)(éh‘)

i€ r=1 1€Q

= dim End(V) + 2dim End(V)¢" = n? + 2,
where n = dim V.

Now, using the order v; of g;, one can find a lower bound for each dimension Zf;l m?2

2T
This can be done by arguing that 7(s(g;)) can have at most min{v;, n} distinct eigenvalues,

i.e.
k; < min{v;, n}.

Indeed s(g;)" € kerm < Z(G®) and 7 is irreducible so Schur's Lemma ensures 7(s(g;))"

is a scalar. Each eigenvalue of 7(g;) is a v;-th root of this scalar, which leaves v; options.

Observe that min{v;,n} is independent of the choice of binary polyhedral group. This

follows because when the dimension n of the irreducible representation increases, certain
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groups drop out of the equation, see Section This happens precisely at the number n

where one would otherwise see variation in min{v;,n}, cf. Table[3.4]

Table 3.4: The minima min{v;,n} of the orders v; and the dimension of a simple module

of a binary polyhedral group.

n involved groups a b ¢
1 Z/y, Dicy, T’, 0, Y 1 1 1
2 Dicy, T?, O, Y’ 2 2 2
3 T, O°, Y’ 3 3 2
4 b, Y’ 4 3 2
5 Y? 5 3 2
6 Y’ 5 3 2
Consider the map D : (mq,...,my) — Zle m2. We will look for a partition (my, ..., mz)

of n that minimises D. If we move a unit in the partition then the value of D changes by
D((my,...,mg)) =D ((my,....my+1,....omw —1,....mg)) = 2(my — mp + 1).

We see that D can be decreased by this move if and only if there are two parts m, and

m,+ such that |m, — m,s| > 1. Such a partition is therefore not minimizing.

But for each K < n there is only one partition (my, ..., mg) of n where any two parts differ
by at most one. Hence this is a minimiser and the global minimiser over all partitions with
at most K parts. These minimisers, with K = K; = min{y;,n}, are listed in Table 3.3
Finally, we check that all the minimisers together satisfy the equation >, Zf;l m?J, =

n? + 2 that we established earlier, therefore no other partitions are possible. O

3.2 Invariant Vectors and Fourier Transforms

In order to study Automorphic Lie Algebras through classical invariant theory, one needs to

get a handle on invariant vectors, also known as equivariant vectors,

(Vy ® R)<,
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where V, is a finite dimensional G’-module and R = C[U] the polynomial ring on the
natural representation U of G°. We start with the example of the dihedral group, where all
these spaces of invariant vectors can be found by hand. They are apparently well known,

but a good reference is hard to find.

3.2.1 Vectors with Dihedral Symmetry

In Section we described the characters of the dihedral group. Now we want to con-
sider explicit matrices for the representation p : Dy — GL(Vy,). The matrices are only

determined up to conjugacy, i.e. choice of basis. We will consider here the choice
Pr = i Ps = ) (3-2)

where wy = e¥. By confirming that the group relations p¥ = p? = (p,ps)? = Id hold
and that the trace ¢; = tr op is given by (2.7) one can check that this is indeed the correct

representation.

If one knows the space of invariants V&, when G is represented by p, then one can read-
ily find the space of invariants belonging to an equivalent representation p’, because the
invertible transformation 7" that relates the equivalent representations, T'p, = p’gT, also

relates the spaces of invariants: V(G = ye@),

Suppose {X,Y} is a basis for Vi, corresponding to 1’ One then finds the relative
invariant forms ((3.3)) as in Example [2.6.4;

XN YN XN _ YN
Fo=XY, FR--11_  p=2_"1 (3.3)
2 2
These forms satisfy one algebraic relation:
FN - F2+F?=0. (34)
We will show that the invariant vectors over R = C[X, Y] are given by
D XJ yN-j
(Vy, ® R = @ | | ® ClFa, Fy] (3.5)
Y XN=J

where the sum is direct over the ring C[Fy, Fy].
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An object is invariant under a group action if it is invariant under the action of all generators
of a group. To find all Dy = (r, s)-invariant vectors we first look for the (r) = Z /-
invariant vectors and then average over the action of s to obtain all dihedral invariant

vectors.

The space of invariant vectors is a module over the ring of invariant forms. When searching
for Z / \-invariant vectors, one can therefore look for invariants modulo powers of the
Z | N -invariant forms XY, XV and Y. Moreover, we use a basis {e1, e2} that diagonalises
the cyclic action, cf. . Therefore, one only needs to investigate the vectors X%; and
Yde; ford € {0,...,N —1} and i € {1,2}.

We have r X% = w;,dXd and re; = wher hence
rX%; = wgv_dXdel.

We want to solve wfv_d: l,iie.d—j€ZN,andfindd € (j+ZN)Nn{0,...,N -1} = j.

That is, X7e; is invariant under the action of (r) = Z /.

Now consider the next one, rY % = wflVHYdel. We solve wi,“ =1lie. d+j€ZN. This

implies d € (N —j +ZN)N{0,...,N —1} = N — j, therefore rYN=Je; = YN=Je; is

invariant.

Similarly one finds the invariant vectors Y7e, and XN-Jey, and thus we show that the
Z
invariant vectors (Vy, ® C[X,Y]) /N are given by
XJ 0 yN-i 0 7
+ |+ - | | ecix,y)/N .
0 Y7 0 XN
If we use the fact C[ X, Y]Z/N = (1&F,)®C|[Fy, Fp] this space is generated as a C[F,, Fy)-

module by the vectors

X7 0 yN-i 0
O b Yj b O b XN—] b
X 0 yN-i 0
FC b FC . 7FC 9 Fc .
0 YJ 0 XN-J

It turns out the above vectors are dependent over the ring C[F,, Fp]. One finds for instance
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that

XJ X7 yN—j
F; :P(Fth) +Q(Fa>Fb)
0 0 0

if P(F,, Fy) = Fy and Q(Fy, Fy) = —Fg, hence this vector is redundant. Similarly, the

other vectors with a factor F; can be expressed in terms of the vectors without this factor.

The remaining vectors between the brackets are independent over the ring C[Fy, Fy]. Indeed,

let P,Q € C[Fy, Fp] and consider the equation
PX7 + QYN =0.

If the equation is multiplied by Y7 we find
PF} + QYN = PF 4+ Q(F, — F.) = 0.

Now one can use the fact that all terms are invariant under the action of s except for QF;
to see that Q = 0, and hence P = 0. Similarly PY7 + QX~=7 = 0 implies P = Q = 0.

Therefore we have a direct sum

Z)n X7 0 yN=i 0
(Vy, ® R) = - e ) | | ® C[F,, ).
’ 0 Ve 0 XN-i

To obtain D y-invariants we apply the projection %(1 + s). Observe that the Dy-invariant

polynomials move through this operator so that one only needs to compute

1 X7 1 [ X7 1 0
—(1+s) = - =—(1+s)
2 0 2 \ys 2 Y7
and
1 yN-i 1 (YNNI 1 0
—(1+s) = =—(1+s)
2 0 2 XN-j 2 XN-j

These two vectors are independent over the ring by the previous reasoning, and we have

obtained (3.5)).

Remark 3.2.1. If one allows the representation with basis { X, Y } to be non-faithful, several

more cases appear. However, they are not more interesting than what we have seen so far,
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which is why we decided not to include them in the discussion. Summarised, the more

general situation

(ij ® C[m}_,])DN

is as follows. Let p; be the representation with character ;. If Dy / ker p; is a quotient
group of Dn / ker pjr then everything is the same as above except that N will be replaced
by N' = W since pj/(Dy) =2 Dyv. If on the other hand Dy /ker P is not a quotient

group of Dn / ker pji » then there are no nonzero invariants. Indeed, then the character

Ej = 1); cannot appear in the DN /ker pjr -module (C[ij/], cf. Section|3.2.2

The results of this subsection are summarised in Table[3.5and Table [3.6] where the ground
forms are given by ((3.3)).

Table 3.5: Module generators 7; in (V, ® R)®N = @, C[Fy, Fy]ni, N odd.

X X1 X2 )

X7 yN-i
ni 1 FC . ) .
YI XN-i

Table 3.6: Module generators n; in (Vy, ® R)P2v = @, C[Fy, FZ]n;.

X X1 X2 X3 X4 (N
Xj Y2N7j
yi ]\ x2n-j

U 1 b Fy, F.

With regard to Table [3.6] we recall that the ground forms F; are defined by the action of
the group on the Riemann sphere, and is therefore related to the polyhedral group G = Dy

rather than the Schur cover of choice G* = Dyy.

3.2.2 Fourier Transform

All the information of invariant vectors is contained in the polynomial ring R. Indeed, the

module of invariant vectors (V) ® R)Y and the isotypical component RX are equivalent
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in the following sense. There is precisely one invariant in V,, ® R for each copy of Vi in
R and nothing more, because (Vi ® V4)% = Homg(Vy, Vi) and Schur's Lemma (Section
states the latter space is one-dimensional if x = 1 and zero otherwise. In particular,

we have the relation of Poincaré series
P(RXt) = x(1)P((Vy ® R)“ ). (3.6)

But we have in fact more than that. Fourier decomposition allows us to construct invariant

vectors from the forms in RX.

T T
Example 3.2.2. /fe; = (1 0) and ey = <0 1) are basis vectors for an irreducible
G-module and {X,Y} is its dual basis, then

X
Y

Xei +Yey =

is the unique invariant vector in the tensor product of the two representations, the trace of

the bases.

There is of course more in this four-dimensional tensor product. For example, if the original
representation is the two-dimensional irreducible representation i of Dg then the tensor
product has character ) = € + x + 1. The x-component is C(Xe; — Yes) and the

1-component has basis {Xes,Ye1}.

Another (dual) basis for i in R is {Y%, X?}, cf. Example[2.6.2, so a second invariant vector
is

y2

X2

Y2e; + X2ey =

Compare with .

In general the Fourier transform can be described as follows. Let W be a finite dimensional
module of a finite group G” and let {w; | i = 1,...,dim W} be a basis of W. Then W

can be decomposed as a direct sum of irreducible representations of G” as follows.

Let V be such an irreducible G*~representation and let {v7 | j = 1,...,dim V*} be a basis

of V*. Let (xw, xv) be the multiplicity of V' in W (that is, V occurs as a direct summand
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in W (xw, xv) times) and consider the space of invariants (W ® V*)Gb with basis

{uk = Zuf’jwi@)z}j | k= L...,(XW,XV)}.
i3
The uF are traces of the basis of V* and its canonical dual basis, a basis for V. By the
expression for u* we find (xw, xv) V-bases {vf = 3" nfwi |j=1,...,dimV}in W. In
practice we take a general element Z” Cij w; v in W®V* and require this element to be

invariant under the action of the generators of G” to obtain elements U* = Z” nllfj w; Q.

If we now do the same construction for U ® V we find V*-bases in U. Taking the trace
with each V-basis in W results in (xw,xv)(xv,Xxv) linearly independent elements of
(W ® U)Gb. The space spanned by these elements will be denoted by (W ® U)g‘b/ We

have

We) = @ wei).
XEIrrG?

This method can be applied to V ® R to find invariant vectors.

3.2.3 Evaluations

Obtaining explicit descriptions of invariant vectors as a set of generators over a ring of in-
variant forms, e.g. Section [3.2.7] is often a substantial computational problem. On the other
hand, describing the finite dimensional vector space that one would get after evaluating the
space of invariant vectors in a single point turns out to be much simpler. One can circum-
vent the problem of determining all invariant vectors by using the regular representation of

the group and an interpolating function.

Proposition 3.2.3. Suppose a finite group G acts on a vector space V and the Riemann
sphere C. The space of invariant V -valued rational maps (V ® M(@)F)G can be evaluated
at a point i in its holomorphic domain C\T to obtain a vector subspace of V. This results

(V& M@)r) () = VO

where G, = {g € G | g = p} is the stabiliser subgroup.
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Proof. By definition
(V& M@)r)° (1) € VO-. (37)

Lemma [3.1.6] gives information on the right hand side of this inclusion:
GH

Z x(1) dim VXG“ = dim @ x(1)Vy = dim(CG)% = [G': G,).
x€lrr(G) xE€Irr(G)

For brevity we define
d,=[G:G, =1|Gul|.
Now it is sufficient to show that

dim (CG @ MC)r) (n) = > x(1)dim (V, ® M©)r)“ (1) > d,
x€lrr(G)

so that the left hand side of (3.7)) is at least as big as the right hand side.

A |G|-tuple of functions f, € M(C)r defines a vector 3 . fog € CG @ M(C)r,
which is invariant if and only if }° o fo(MNg = hd_ cq fe(Ng = X cq fo(ht\)hg =
Ygec fn-1g(h7N)g, ie.

fg(A) = frg(hN), Vg,h € G, Y\ € C.

In particular, a tuple of rational functions (f,|g € G) related to an invariant is defined by
one function, e.g. f1, since fg(X) = f,-1,(g7 ") = fi(g~'A). Conversely, any one function

fi € M(C)r gives rise to an invariant in CG ® M(C)r.

Consider a left transversal {h1,...,hq,} C G of G,. That is, a set of representatives of

left G/,-cosets. We have a disjoint union

dy
G=| |G,
=1

Define d,, vectors v; € C!¢ by v; = (f(h;'g™'u)|g € G) where f € M(C)r. Then
v; € ((CG®M(@)F)G (). We are done if we can show that these vectors are linearly

independent for at least one choice of f.

If g~ and ¢’~! are in the same coset ;G , then f(h; g™ ) = f(hytg ™ u) = f(h;  hju).

Therefore we might as well restrict our attention to the square matrix f(h; 'hju).
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The point 1 appears precisely once in every row and every column of (h; 'h;u). Indeed,
if hy 'hjp = h; 'hyp then hy'hj € Gy, ie. hjGy 3 hj and therefore hj = hji. On the
other hand, if h; 'hju = hy'hju = p then bt byt € Guhitie. hi hy € hiG which
impIies hi = hi/ = hj.

The proof follows by showing existence of a function f € M(C)r such that the determinant
det(f(h; 'hju)) # 0. But for any numbers (ci,..., cq,) there exists an interpolating
polynomial p of degree < d,, < |G| such that p(h;u) = ¢; if the points {h;p | i =1,...,d,}
are all distinct. Indeed, this follows from the well known Vandermonde determinant. This
polynomial p, which has a pole at infinity, defines an invariant vector with poles at the orbit

Goo. To move the pole of p to a point 2 € I' we simply multiply by a power of /\%ﬁ:

If, in this construction, we choose p to take the values ¢; = §1;, Kronecker delta, then
f(hi_lhju) is a matrix with precisely one nonzero entry at each row and each column, and

we see that det(f(h; 'hju)) # 0, as desired. O

Remark 3.2.4. Proposition can be generalised to other than just rational function
spaces. For example, multivariate polynomials C[U]. The proof will only differ in the
existence of an interpolating function in the chosen function space. This can get rather
complicated and may introduce more constraints on the orbit of the transversal {h;u | i =

1,...,d,}, cf. [39].

Example 3.2.5. To illustrate the proof of Proposition[3.2.3, we look at the dihedral group
Ds = (r,s | r> = s> = (rs)®> = 1) and consider the representation V = V,, with basis

corresponding to and we use the action on the Riemann sphere
1
A= w3, SA = v
where w3 is a primitive cube root of unity.

If u € C is an arbitrary point, we have orbit

1 wy w
Dap = {p, v, 72, spp, rsp, rsp} = {u,ww,wgu, O ;}
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The stabiliser subgroups are

(

(r)  ifp€{0,00},
() ifpe{1,-1},

D3)y =1 (rs) ifpuc {w?, —w3},
(r?s) if p € {ws, —ws},
1 otherwise.

In the proof of Proposition|[3.2.3 we consider invariant vectors in the regular representation
— \D . . .
(CD3 @ M(C)r) * and evaluate them at p. The claim is that the dimension of the space

one ends up with equals the size of the orbit,

Dspl.

We will work out the details of two cases. First we take
nw=1

so that (D3),, = (s) and |D3u| = 3. A transversal for the stabiliser subgroup is
{1,r,r%}

which happens to be another subgroup, making it easier to see that the matrix (r~'rJu)

has precisely one 1 in each row and in each column.

For any polynomial p, the vector (p,por—t,por=2,pos~t po(rs)~', po(r?s)~1) is an

invariant in CD3 ® M(C). In the proof we claim that there is an interpolating polynomial

p of degree at most 2 such that p(riu) = 6o;. This works with

p=131+A+ 2.

If we allow poles at ' = {0, 00} then p = f is already in the correct function space M(C)r.
The three polynomials p, por~' and p o r=2 yield invariant vectors which, evaluated at

w=1, are

(1,0,0,1,0,0)
(0,0,1,0,0,1)

(0,1,0,0,1,0)

and therefore dim(CD3 ® M(C)r)P3 (1) > 3 = |Dapl.
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For the second example we consider a full orbit,
=1,

so that (D3),, = 1 and |D3pu| = 6. The transversal of the stabiliser group is the full group

Ds. The polynomial
p=1/6(1—ix = X2 +iX3 + X1 —i)%)

1

satisfies p(g~'p) = 014 and the invariant vectors generated by po g~ evaluate at y = i to

the six canonical basis elements of CIDs.

3.3 Homogenisation

Automorphic Lie Algebras are rational objects on a Riemann surface. In this section we

take some preparatory steps to aid the transition from polynomial to rational structures.

It is well known that the field of meromorphic, or rational functions on the Riemann sphere
M(C) can be identified with the field of quotients of forms in two variables of the same

degree, as follows. We start by defining

A= =
Y

to identify the Riemann sphere C > )\ with the projective space CP! > (X,Y). To a

polynomial p(\) of degree d one can relate a form P(X,Y) of the same degree by

p <;(> =Y 4P(X,Y). (3.8)

In particular p(\) = P(A,1). Then, any rational function in A\ becomes

p(\) _ Y U¥PP(X)Y) YI®IP(X,Y)
g(A)  Y-daQ(X,Y)  YderQ(X,Y)

a quotient of two forms (automatically of the same degree). There are however different
forms resulting in the same quotient. The other way around, a quotient of two forms of

identical degree d is a rational function of A,

P(X,Y) Y™P(X)Y) p))

QIXY) Y QX)Y) q(\)
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Mobius transformations on A and linear transformation on (X,Y) by the same matrix

a b
g= commute with the map ¢ : (X,Y) — X
c d
A+b  aX +bY
go(X,Y) =gr=2F2 _ 2 $(aX +bY,cX +dY) = p(g(X,Y)).

cA+d cX+dY
However, two matrices yield the same Mobius transformation if and only if they are scalar
multiples of one another. Therefore we allow the action on (X,Y) € C? to be projective

in order to cover all possible actions on C; we require homomorphisms p : G — PGL(C?).

The polynomial framework has some advantages over the rational framework. Most notably,
the results of classical invariant theory (cf. Section |2.6)) are at our disposal. Trying to exploit
this, we will work over the polynomial ring for as long as it is fruitful, before going to the

rational functions.

The transition process from forms to rational functions is called homogenisation (even
though this term is overused and there is some ambiguity). A form in two variables, which
is a polynomial of homogeneous degree in X and Y, is homogenised if it is divided by a
form of the same degree, to obtain an object of degree 0, or a rational function of é =\
Equation is an example of this process. The denominator determines the location of
the poles on the Riemann sphere, e.g. co in the case of .

By defining two operators, we formalise this process while at the same time creating
an intermediate position, which will be our preferred place to work. Concretely, we de-
fine prehomogenisation P and homogenisation H, which will take us from (V ® R)Gb to
(V @ M(C)r)% in two steps. By taking just the first step, one can study (V ® M(C)r)“

while holding on to the degree information of the homogeneous polynomials in R.

Definition 3.3.1 (Prehomogenisation). Let U be a vector spaces and R = C[U] a polyno-

mial ring. Define Py : R — R to be the linear projection operator

P ifd|degP,
PP =
0 otherwise,

killing all forms of degree not divisible by d.

Elements of V' are considered forms of degree zero in the tensor product V ® R with a

polynomial ring. The prehomogenisation operator is thus extended P;: VO R -V ® R
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sending a basis element v ® P to
Pa(v® P) = Pav @ PaP = v @ PyP.

Notice that the prehomogenisation operator is not a morphism of (ring) modules, since it
does not respect products. Indeed, one can take two forms such that their degrees are no
multiples of d but the sum of their degrees is, so that both forms are annihilated by P,
but their product is not. This is the problematic part of the transition between forms and
rational functions. But now that this is captured in the prehomogenisation procedure, we

can define a second map that does behave well with respect to products.

Definition 3.3.2 (Homogenisation). Let I' C C be a finite subset and Fy the form of
degree |I'| related to f(A) = [[,cr(A — p) through @) cf. Definition . IFIT| | d we

define
Hr : PyR — M(@)F

to be the linear map sending a form P to

P
P = —
Hr Fr

where r|I'| = deg P.

The homogenisation map generalises to Hr : V@ PyR — V @ M(C)r in the same manner

as the prehomogenisation map by acting trivially on V.

The next lemma shows one can find all invariant vectors (V @ M(C)r)¢ by considering

quotients of invariant vectors and invariant forms whose degrees are multiples of |G|.

Lemma 3.3.3. Let V and C be G-modules, T' € @/G and v € (V. @ M(C)r)“. Then
there exists a number e € N U {0} and an invariant vector v € (V ® R)Gb such that

v = vF ", with Fr and vr as in Definition . In particular, the map
Hr: (Ve PR) = (Ve MOC)r)”
is surjective if |G| divides d.

Proof. If ¥ is constant then the statement follows by taking e = 0 and v = ©. Suppose

T is not constant. By the identification C = CP?!, there is a vector v/ € V ® R and
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a polynomial F’ € R of the same homogeneous degree, such that v = Y as described

in the introduction of this section. The assumption on the poles of o gives V(F') C T’
and since o is not constant V(F”) # (). The invariance of © implies that the order of the

poles is constant on an orbit. Therefore F/ = Fli’ for some p € N. Choose ¢ € N such

qu
g=evp —p>0. Put v =2"F.. Thenv = vo— ;—/p = ;pfq = ﬁ By Lemma |2.7.4
r T r

Flfr is invariant, hence invariance of ¥ implies invariance of v.

To see that Hr : (V(§§>73dR)Gb — (V®M(@)F)G is surjective if d = d’|G|, notice

U

that one can choose e such that e = €'d’, as there is only a lower bound for e. Then

degv = €|G| = ¢d'|G| = ¢'d, hence v € (V @ P4R) . O

Example 3.3.4. If we apply Lemma|[3.3.3 to the trivial G-module V' = C, one obtains the
automorphic functions of G with poles on a specified orbit. If f € M(@)? the invariance
and pole restriction imply that the denominator of f is a power of Fr. By Lemma (3.3.

we can assume that it is in fact a power of FI.' and that the numerator is a form in
C[Fy=, F.", FY<]. The numerator factors into elements of the two-dimensional vector space
CFye + CFy* + CF /FaVa + "+ Fre. One line in this space is CEF{". Any vector

outside this line will generate the ring of automorphic functions, e.g.

M(C)f =C[HrE"], T;#T,

Vi

where we recall that Hp F}" = F;”F .

We define equivalence classes mod F' on R by
Pmod F=Qmod F& dreZ:P=FrQ.

That is, P and @ are equivalent mod F' if their quotient is a unit in the localisation [8]

Rp={% | PeR,reNy}, where Ng = NU {0}.

Lemma 3.3.5. Let V and C be G-modules and T' C C a G-orbit. If |G| divides d then

there is an isomorphism of modules

Pa(V @ R mod Fr = (V& M(C)r)”,

where Fr is given in Definition[2.7.2
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Proof. The linear map Hr : Pa(V ® R)Gb — (V@ M(C)r)¥ respects products and is
therefore a homomorphism of modules. Restricted to the ring Py R, the kernel ”Hfl(l) is the

equivalence class of the identity, 1 mod FT, and by Lemma the map is surjective. [

The prehomogenisation projection Py only concerns degrees. Therefore it makes sense to
define it on Poincaré series. Since there is little opportunity for confusion, we use the same
name,
Pa: No[t] = Nolt] ZktTHZkztr
r>0

Equivalently, one can define the prehomogenlsatlon of Poincaré series by
PsP(R,t) = P(P4R, 1)
for any graded ring R.

Example 3.3.6 (M(@)II@N ). The case of the trivial representation V =V, corresponds to
automorphic functions, which were already found in Example [3.3.4. This time we apply
Lemma . First we assume that N is odd so that we may assume that D%, = Dy and
RPN = RPN — C[F,, Fy). Recall that dy = deg Fy = 2 and dy, = deg F, = N and the two
forms are algebraically independent. The prehomogenisation projection Poyn maps

) 1 R e S e [ A 1
P (R )_(1—t2)(1—tN)_ (=N T ANy

and one finds
PQN(C[FG)FE)] = C[Fy“ Fyb] .

If N is even we may use the Schur cover Doy (cf. Section with invariant forms

RPN = C[F,, F?2), which are mapped onto the same ring under Py .

The quotient C[FYs, F*] mod Fy is equivalent to C[F;"] for i € Q such that F; # Fr.
Notice that this ring is isomorphic to M(C)¥ = C [HrF}"], T; # T, from Example .

3.4 Squaring the Ring

This section contains the core of various invariants of Automorphic Lie Algebras. We start

by studying the exponent ||G?|| of the binary polyhedral groups (cf. Definition [2.1.2)).
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Lemma 3.4.1. Let G be a binary polyhedral group corresponding to the polyhedral group
G. Then
2|G] |G|  if G € {Dops, T,0,Y}

G| = 2lem(va, v, ve) = 2||G| = =
|M(G)] 2|G| ifGe{Z /N, Danrs1}

where M(G) is the Schur multiplier given in Theorem and lecm stands for least

common multiple.

Proof. We will prove that ||G®|| = 2lcm(vg, v, ). The other equalities can be found in
Table . The polyhedral group G is covered by stabiliser subgroups Gy, A € C. Thus, if
7 : G’ — G is any extension with kernel Z, then G” is covered by the preimages 7~ 1G},
A € C. The order of an element h € G” thus divides the order of the subgroup 7~ 'G
containing it, which is |Z|v;. Hence the exponent divides the least common multiple of

these;
IG?|| | lem(|Z|va, | Z|ve, | Z]ve) = | Z| lem (va, v, V).

If we assume that G” is the binary polyhedral group then it is clear from the presentation
G = (ga: 9o, 9c | ga"™ = 96" = g = gagugc) and the fact that gagoge € Z /2 that the

order of g; is 2v;, so that

2lem (Va, vo, ve) = lem(2uq, 20, 2v¢) | | GO
and ||G|| = 2lem(vq, vp, vc) as desired. O
Notice that if we would define G” to be a Schur cover, equal to the binary polyhedral group
when possible, then ||G?|| = |G|. For now we wish to use some results that are specific to

SL2(C). Let x be the character of the natural representation of G, i.e. the monomorphism

0 :G” = SL(U) = SLy(C), and denote its symmetric tensor of degree h by
Xh = Xshy-
The Clebsch-Gordan decomposition [11] for SLa(C)-modules

UeShU=8""Uaes"U, h>2, (3.9)
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can be conveniently used to find the decomposition of x;, when & is a multiple of ||G”||.

To this end, we write the Clebsch-Gordan decomposition in terms of the characters

-1 _
Xh _ X Xh—1 (3-10)

Xh—1 1 0 Xh—2
with boundary conditions
x-1 =0, X0 = €.

The function x_1 might not have meaning as a character but it gives a convenient boundary

condition resulting in the correct solution, with x; = x.

Lemma 3.4.2. If g € G® has order v > 2 and Y, is the character of the h-th symmetric

power of the natural representation of G°, then

Xntv(9) = Xn(9)

forall h € Z.

Proof. Let w and w™! be the eigenvalues of g's representative in SLy(C). In particular

w” = 1. The matrix which defines the linear recurrence relation ([3.10|) becomes

+1

We check that this matrix has eigenvalues w="' as well. If the eigenvalues are distinct,

ie. w? £ 1, ie v>2 then M(g) is similar to diag(w,w™!) and has order v, proving the

lemma. Notice that M (g) is not diagonalisable if v =1 or v = 2. O
Recall from Section the short exact sequence 1 — Z /9 — G* 5 G — 1. The only
maps in SL2(C) whose square is the identity are £Id. Therefore

gE€kerm &g =1 (3.11)

Moreover, if 1 # z € ker w then its SLa(C)-representative is —Id and its action on a form

F e §"U = ShU* is given by

2F = (-1)"F.
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Let Xregc and X,equce be the characters of the regular representations (cf. Section [2.2.2)) of

G and G’ respectively, i.e.

. G| w(g) =1, 2G| g=1,
T XregG(g) = Xreng (g) =
0 wlg)#1, 0 g£L

where 7* denotes the pullback of 7, pulling back a map f on G to a map 7* f on G” given

by 7 f(g) = f(m(9)).

Theorem 3.4.3. Let G be a polyhedral group and G’ its corresponding binary group,
with epimorphism m : G — G. Let Y}, be the character of the h-th symmetric power of
the natural representation of G, and Xreg and € the character of the regular and trivial

representation respectively. Then

*
Xm|G| = MT XregG T €,

*
Xm\G|—1 = m(XregG" -7 XregG)a

2
for all m € \M(G)\NO'

Proof. The statement is trivial for m = 0. We prove the first equality for m € ﬁN by
evaluating both sides of the equation at each element of G”. First of all, if m(g) = 1 then
(m7™*xregc + €)(9) = m|G| + 1. On the other hand, since m|G| is an even number, the

action of g € ker 7 on X|¢ is trivial and X, q((9) = dim X ) = m|G| + 1.

If 7(g) # 1 then (mm*Xregq + €)(g) = 1. Also, by (3.11), g has order v > 2. Since

2|G
v |G°]l = iy | mIG| by Lemma

w

4.1} one can apply Lemma [3.4.2to find X, |((9) =

xo(g) = 1.

The second equality follows in the same manner. Left and right hand sides clearly agree
on the trivial group element. Inserting the nontrivial central element 1 # z € ker« in the
right hand side gives m(X,eqc> (2) — T Xregc(2)) = m(0 — |G[) = —m|G|. On the other
hand, this element z acts as multiplication by —1 on forms of odd degree m|G| — 1, hence

Xm|a|-1(2) = —dim X, g-1 = —m|G].

Now let 7(g) # 1 so that m(X,eec (9) — T Xregc(9)) = 0. Again, by (3.11), g has order

v > 2, and since v|||G’|| = % | m|G| by Lemma [3.4.1} one can apply Lemma [3.4.2

to find X 1q-1(9) = x-1(g9) = 0 by the boundary conditions of (3.10). O
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Example 3.4.4. As an illustration we compute the first twelve symmetric powers of the
natural representation of the tetrahedral group, using the Clebsch-Gordan decomposition
@), and list them in Table (possibly the easiest way to do this is using the McKay
correspondence, cf. [7, [47]). We check Theorem for G =T and m = 1. Notice also

that all even powers are nonspinorial and all odd powers are spinorial.

For specific irreducible characters 1), one can find 1)(1) copies at lower degrees. For instance,
Ty appears twice at degree 6, Ts and Tg appear twice at degree 9, and T can be found

thrice at degree 10.

Table 3.7: Decomposition of symmetric powers S*T%, h < ||T].

h ST, T, ® S"T,

-1 0 0

0 T, T)

1 T, TT% = T, + Ty

2 T, T)T7 = T% + T2 + T}
3 T% + T Ty + T3 + 2T

4 Ty + T3 + Ty T, + 2T% + 2T

5 T + T2 + T T1 + T2 + T3 + 3T7
6 T, + 2T T, + 2(T% + T2 + T%)
7 2T + T2 + T4 9T + 4T7 + Ty + T3
8  Ty+Ty+Ts+ 2Ty 3(T% + T2 + T%)

9 T +2(T 4+ T%) Ty 4 2(Ty + T3) + 5T
10 Ty + T3 + 3T 4(T% + T%) + 3T%

11 2(Ty+ T2+ T,  2(Ty + To + T3+ 3Ty)
12 2Ty + Ty + T3 + 3T

Theorem has many nice consequences. For instance, the first equation in the theorem

is equivalent to the following Poincaré series of the image of the prehomogenisation operator
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P of a space of invariant vectors,

0 if x is spinorial,
_1)4m|G| i
PaiciP (B.1) =\ Sl ifx = (3.12)
% otherwise,

where m is a multiple of il (G)I Notice that ‘M(G” = 1 for most of the interesting groups,
namely for T, @, Y and D2y, in which case one can obtain the simplest formula by taking

m = 1.

The Poincaré series suggest, but do not prove, the existence of a set of primary
and secondary invariants such that the modules of invariant vectors have the form given in
Proposition below. The fact that such invariants exist nonetheless can be established
using the same technical result that underlies the fact that isotypical components of R are

Cohen-Macaulay, namely Proposition [2.6.8]

Proposition 3.4.5. Let G” be a binary polyhedral group, V a G’-module and U the natural
G’-module. Let R = C[U] be the polynomial ring containing the ground forms F, i €
of degree - Gl | Then

0 if V' is spinorial,
Prc)(V @ ) ={ clEm, FMQ@rs F/vF™ ") if V s trivial,
@™V clFm™i F my]]g} otherwise,
for some invariant vectors (1, ..., naimv of degree m|Gl|.

Proof. For the case of the trivial representation, recall that Fi’/" is an invariant form, by

Lemma [2.7.4] and has degree |G|. Therefore
m—1
. Vi . —r)U; b
clEm™, F) (1 @D FF™ ") € Py (Ve ® R)E
r=1

Since F; and F; are algebraically independent, the Poincaré series ([3.12)) gives equality.

In the last case, recall first that each copy of V5 in R contributes one invariant vector to

(Vy ® R)Y", cf. (3.6).
The original module, before prehomogenisation, is Cohen-Macaulay (Theorem [2.6.10))

(Ve R)Y @Cel,ez
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We will show that the prehomogenised module is Cohen-Macaulay as well, allowing us to

apply Proposition [2.6.8]

The prehomogenisation operator is linear so that it moves through the sum. Moreover,
since it merely eliminates certain elements, no relations can be introduced, therefore the

sum stays direct.

Pojc(V @ R)E = Py @C 01,02, = @Pm\G|(C 01,020, = @C 01", 0517
r=1 r=1

where m|G| divides v; deg ; (this always holds for some integer v; because 6; is a polynomial

in ground forms, all whose degrees divide |G|) and
{, ... 0} = {0705%n; | m|G| divides deg0705%7;, 0 < a; <v;, 0 <j <k}.

This shows that P, q(V ® R)® is a free C[67*, 652]-module. Therefore, by Proposition
2.6.8, P (V ® R)Gb is free over any homogeneous system of parameters. The proof is
done if we show that {Em”i,F]mVj} is a homogeneous system of parameters, i.e. we need
to show that 737,L‘C;|(V(§©1L?)Gb is finitely generated over C[F;"", F;m’j]. But the parameters
6" are invariant forms whose degrees divide m|G|. Therefore C[0]",652] C 73m|G|RGb =
ClE™, F™ ) (1@mS! F™F™ ") and

(2

Pujcy(V ® R)© EBC 101", 6517

k’ m—1

_ ZC[FZT)’LVZ’ Ejmyj](l @ FwisViFj(m_S)Vj)ﬁr
r=1 s=1
k//
- S
r=1
where {7, | r = 1...k"} = {7, EVF" ™5, [ r = 1.k, s =1,....m — 1},
i.e. {ﬂ”i,FJI-jj} is indeed a homogeneous system of parameters. Now, by Proposition W
there exist elements ¢, that freely generate P, (V ® R)Y over (C[Fim”i,F;"”j] and the

Poincaré series (3.12)) tells us the number and degrees of these generators. O

Example 3.4.6 (R™). The Ty-component of R = C[T%] can be expressed in terms of
ground forms by

R™ = C[F., F,Fy)(Fy ® F2)
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and we have the Poincaré series

at* + 628
P(R™ ¢t) = .
(™.1) (1= ct6)(1 — abt®)

~ (att + 6268)(1 4 ¢t%)(1 4 abt® + (ab)?¢'0)
- (1 — ¢2t12)(1 — (ab)3t24) ’

where a, b, ¢ are dummy symbols added for convenience. Eliminating all but multiples of

12 one finds

(a(ab)t!'? + b2(ab)?t?4)
(1— 2012)(1 — (ab)324)

P12P(R™ 1) =
and the corresponding module

P1oR™ = C[F2, (FyFo)’|(F2Fy ® F2FY).
By Proposition we can also express this as

P1oR™ = C[F2, FE|F2F.

In order to appreciate the result on independence of Proposition an example where
x(1) > 1 would be better suited. Unfortunately, these examples quickly grow out of control

and do not make nice reading. A recurring practical problem for this subject.

In the next theorem we combine the results so far to show that, as a module over the
automorphic functions, the Automorphic Lie Algebras have a very simple structure. But

first we strip down the notation,

Ii=HrF = g, i€ (3.13)
T

where we use Hr from Definition [3.3.2 In other words, I; is a meromorphic function on C
with divisor v;I'; — vpI'. Thus we suppress the orbit of poles in the notation but keep the
orbit of zeros. Recall that the dependence on the group G was already suppressed in the

notation for the ground forms Fj. It is clear that

If I; # 1 then it is an example of a simple automorphic function [10] or a primitive auto-

morphic function [29, [31].
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In Section 2.7} in particular (2.10]), we found that there exist complex numbers ¢; and z;

such that Fi" = coF}®* + cpF,° and
callg + cpllp =1, Zally + 2pllp + 2 I = 0.

Using these relations any of these automorphic functions can be linearly expressed in any

other non-constant one. In particular, if I'; # I' # I';, then

and from now on we will write C[I] for this polynomial ring.

Theorem 3.4.7. If G < Aut(C) is a finite group acting on a vector space V, then the

space of invariant vectors
- G
(Ve M(@C)r)

is a free C[I|-module generated by dim V' vectors. In particular this holds for Automorphic

Lie Algebras.

Proof. Most of the work that goes into this proof has been done above. If GG is one of the
groups Daps, T, O or Y we can take the result of Proposition [3.4.5 with m = 1, as starting
point. In Example we showed that HF(C[F'Z-”i,F;’j] = C[I]. For nontrivial irreducible
G-modules V' we first apply Lemma[3.3.3]and then Proposition [3.4.5] to find

dim V'
(Vo M@O)r)? = HrPig (Ve R =Hr @ CIF FG
r=1
dim V ‘ dmy
— Z C[HrF}*, Hr F 1 Hr G = Z CIS,
r=1 r=1

where (, = Hr( = 1% The remaining groups, Z/N and Doyr_1, equal their own
Schur cover by Theorem [2.3.2] so we may replace G” by G in the above computation and
considering the dihedral invariants found in Section [3.2.1| one finds the same result, namely

dim V generators (,. This prehomogenisation will be carried out explicitly in Example(5.2.2|

To prove the claim we need to establish independence of the invariant vectors ¢, over C[I].

Suppose

p1(DG + - .. + pdim v (Dldimyv = 0, pr € CIIJ.
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Evaluated anywhere in the domain D = C\ (TUT,UT,UT,), the vectors (. are independent
over C, by Proposition [3.2.3] Hence the functions p, all vanish on D. Because D is not a

discrete set in C and the functions p, are rational, they must be identically zero. O

3.5 Determinant of Invariant Vectors

In this section use the notion of a divisor on a Riemann surface . A divisor is a formal
Z-linear combination of points of . If a meromorphic function f € M(X) has zeros
Al, ..., A\ € X of order dy,...,d; € N respectively and poles at p1,..., ty, € % of order

€1,...,em € N respectively than the divisor of f is given by
(f) =di A1+ ... Fdnprm — €11 — ... — Emfbm-

The results of the previous section allow us to assign a divisor on the Riemann sphere to
each character of a polyhedral group. This will play an important role in the development

of the theory of Automorphic Lie Algebras in this thesis.

Definition 3.5.1 (Determinant of invariant vectors). Let x be a nontrivial irreducible char-
acter of a polyhedral group G and let {P},... ,P;(l)}, i =1,...,x(1) be bases of G-
modules affording x, such that {P; | i,7 = 1,...,x(1)} spans R‘XG‘, where R is the

polynomial ring on the natural representation of the binary polyhedral group G°. Moreover,

suppose all of the bases {P},. .. ,P;(l)} are the same in a G-module sense: the matrices
representing G with respect to {P{, ..., P)i(l)} are identical for all i. Define
det (R‘XG‘> — Cdet(P)

and extend the definition to reducible characters of G by the rules
det (R°) = C,
X+ _ X Y
det (RY) = det Ry, ) det (R, ) -

We will call det <R‘XG|) the determinant of invariant x-vectors.

The determinant det (R ) of Definition [3.5.1|is well defined and

X
G|

X det x
det (R\G\) C R - (el (3.14)
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for all characters x of G, where detx(g) = det(py(g)) if py : G® — GL(V) is the
representation affording the character x. The degree of det <R|XG|> follows immediately
and the way the group acts on it follows readily as well. To be explicit, let {Pf, . ,P;(l)},
i=1,...,x(1), be bases for G’-modules satisfying the conditions of Definition [3.5.1} The
action of g € G’ is
gdet(Pf) = det(gP;)
1 1
= det (px(g)(Pf, PR ) (PR ,Pg(&))))
= det(py(g)) det(P) = det x(g) det(PY),

hence (3.14)).

Because we forget about scalar factors in this section it is natural to use the language of

divisors.

Definition 3.5.2 (Divisor of invariant vectors). If x is a character of a finite group G <

Aut(C) and T € @/G then

(0r = (M det (g ))

is called the divisor of invariant vectors.

Notice that (¢)r = 0 and (x + ¢)r = (x)r + (¢)r. A general formula for the divisor of

invariant vectors can be expressed using the following half integers.

Definition 3.5.3 (k(x)). Let V be a module of a polyhedral group G affording the character
X. We define the half integer k(x); by

1 1 .
k(x)i = /2 codim V{99) = X(2) _ Z (), icq,

where codim V{9) = dim V — dim V(9.

Lemma [3.1.4] translates to

> k(x)i = dimVy — dim V& = x(1) — (x. ). (3.15)
1€
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Theorem 3.5.4. Let x be a character of a polyhedral group G < Aut(C) and let T € @/G-
Then x is real valued if and only if
0Or = Y w()i(wls —vrl),
1€Q
jee. det (RS, ) = ClLieq """ and Hr det (R, ) = Cleq ™" Here we identify a

subset T' C C with the divisor > ver -

Proof. Let ¢ € G and w € C* have order v. If 7 : G — GL(V) is the representation
affording a real valued character x then the eigenvalues of 7(g) are powers of w and the
nonreal eigenvalues come in conjugate pairs. We denote the multiplicity of the eigenvalue
1 and —1 by k4 and k_ respectively and the number of conjugate pairs by k.. That
is, ky = dim V{9, ky + k- = dim V) and Ky + k- + 2k = x(1). If g = g; then
2Kk + Ke = K(X)i-

There is a basis for V such that

7(g9) = diag(1,...,1,—1,..., =1,/ w1, ... wike @ =ixe),
Denote this basis by {u1,...,ux, ,v1,..., U5, W1, 2T1,..., Wk, Tk, }. Let the meromorphic
invariant vectors be (V, ® M(@)F)G = ClI{v1, . ..,9y(1)) and express each generator v,

in the aforementioned basis

Up = flur+ .o+ fo ue HhivI o+ Ry v

+ plwy + qier + ...+ pp we, + g T, (3.16)

where f7. b7, p-, q" € M(C)r. Notice that Hr det (R|XG|> is given by

floo fee hi o hg opt@ o DR, 4,
: : : : : : : : (3.17)
flx(l) . é<+(1) h>1<(1) . h%(}) p>1<(1) qi((l) . ngl) qul)
up to scalar.

Let © € C and (g) = G,. By Proposition (VX®M(@)F)G(M) = V9 hence
Ri(p) = ph(p) = ¢i(pw) = 0. We fix one meromorphic function h%. There exists a
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local coordinate transformation ¢ : U — V C C from a neighbourhood U of i on the
Riemann sphere to a neighbourhood V' of ¢(u) = 0 that transforms the function A} to
hT(t) = h% o ¢~ 1(t) = t9. This follows from the well known characterisation of the local
behaviour of holomorphic mappings. We are interested in the order d of the zero. Since
g(p) = p we can define the map § = ¢ o go ¢! between two neighbourhoods of 0 in V/,

and on a small enough neighbourhood we have g = id.

If we plug in the invariance assumption h%og~(\) = —h%(\) we find, locally, ko g1 (t) =
—h7(t), that is (§71(t))? = —t%. Therefore g is linear, and given its order v we conclude
G (t) = w™*t where ged(k,v) = 1. Again using (§7(t))? = —t¢ shows dk € v/2 + Zv C
Zv/2. In particular, d > v/2 (since ged(k,¥/2) = 1) and each column A} in (3.17)) adds at

least 5 to the divisor (x)r.
A similar local description 7% (t) = t% of p’ near u leads to
(W) =pL(a (1) = w Py = w T,

which implies kd — js € Zv. Repeating this trick for a function qgl shows it has a zero at
A = p of order d’ such that kd'+ js € Zv. Therefore k(d+d') € Zv and since ged(k,v) =1
the product pgqgl has a zero of order d + d’ > v. In particular, the pair of columns p, and
@, in equation adds at least vu to the divisor (x)r. Combined with the functions A/,

the coefficient of p in (x)r is at least (1/2k_ + k) V.

The determinant of invariant vectors has the form det (R|XG|> = [Lica Ffi, for some orders
0; € Ny, since it is a relative invariant, cf. (3.14), and by Proposition can only

vanish on an exceptional orbit. By the above we have 0; > v;k(x);. Now we show that

equality must occur because ), % = > icak(x)i- Indeed . % =D ica 6”‘12%& =

|G|~ deg det (R|XG|) = x(1) = (x,€) and this equals 3, , k(x)i by equation (3.15)).

There are precisely two nonreal valued irreducible characters of polyhedral group: Ty and

Ts. Example|3.5.6| shows that here the formula of the theorem does not apply. O

The numbers x(x); are important for Automorphic Lie Algebras due to Theorem We
list them in Table[3.8] Notice that v;x(x);, @ € €2, are integers if and only if x is real valued

(cf. Section and [2.5)).
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Table 3.8: Half integers x(x);, in rows 3, 4 and 5, and v;k(x); in rows 6, 7 and 8.
X2 x3 xa ¥ Te T3 Tr O O3 O O7 Yy Y5 Ye Vs
1 1 1 2 1 1 3 1 2 3 3 3 3 4 )

a 0 12 12 1 12 12 1 12 12 3> 1 1 1 2 2
b 12 Y2 0O 12 12 12 1 0O 1 1 1 1 1 1 2
¢ 12 0 Y2 12 0 O 1 Y2 12 12 1 1 1 1 1

a 0 N2 N2 N 32 3 3 2 2 6 4 5 5 10 10
b 1 1 0O 1 323 3 0 3 3 3 3 3 3 6
¢ 1 0 1 1 0 0 2 1 1 1 2 2 2 2 2

We end this chapter calculating various determinants of invariant vectors.

Example 3.5.5 (Determinants of Dy-invariant vectors). For the dihedral group we have
explicit descriptions for the isotypical components RX at hand, see and Table and
Table [3.6. Therefore we can readily check Theorem for this group by computing all
the determinants and compare in each case the exponents of F,, Fy, and F to the relevant

column in Table[3.8, First notice that all representations of D are of real type.

We start with xo. If N is odd then R}y = (C[Fy, Fy|Fi)yy = CEyF.. If N is even, we
use the extension G° = Doy and also find RY3, = (ClFu, F]FyF,),y = CEFyF;. The
exponents (0,1,1) are indeed identical to (Vak(X2)a, Vek(X2)b, Vek(X2)c) as found in the

X2-column of Table[3.8,

N
For x5 and N even, G° = Dy, one finds RY, = ((C[Fa,F[?]Fb)ZN = CF Fy,, and the

N
last linear character gives Ry, = ((C[Fa, Fg]Fc) CF2 F..

oN T

Now we consider the two-dimensional representations, when N is odd;

Wi X7 Y/
det Ry, = det | C[Fy, Fy]
2N yN-j  xN-j
2N
F,? F,X? F,? FYJ N )
Cdet N+j N+j = (CFCl F[]Fc J Odd,
FaT yN—j FaTXij
= 2N—j ) 2N—j
F, 2 XV F, 2 YV N )
Cdet | R | =CFFyF. j even.
FRRYN= FZRXN-I
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If N is even and G” = Dyy, we only consider 2j because the statement of Theorem
only concerns representations of G, not for instance spinorial representation of G”;

o X2 Y2

det RyY = det | C[F,, ]

y2N-2j x2N-2j
2N

FY-ix%  FNTyi
=Cdet [ ° N = CFN(X®N —v2N) = CFNF,F,.
FIV2N-2 [l x2N-2j

This confirms Theorem for all Dy -representations.

The other examples that are feasible by hand are the remaining one-dimensional characters.
These include the only representations of the polyhedral groups that are not real valued,

namely Te and T3, cf. Section [2.5]

Example 3.5.6 (One-dimensional characters). Let the characters of the ground forms be

indexed by €2,
9F; = xi(9)Fi, i€ Q.

For the tetrahedral group, the degrees of the ground forms are d, = dy = 4 and d. = 6,
cf. Table[2.2. Necessarily xo = To and x, = T3, or the other way around. There is no way
to distinguish (but they cannot be equal because there is a degree 8 invariant, cf. )
so we take the first choice. The last ground form is invariant, x. = Ty, because x{* = Ty,
v, = 2, and the only element in AT = Z/g that squares to the identity is the identity.

Thus we get

R} = (ClFuFy, F](Fa ® F2)),, = CF2Fy,
Ry = (CIFuFy, F)(F2 @ Fy)),, = CF.F,

det R12™™s = R2R]3 = CF3F?.

We see that the formula of Theorem indeed does not hold for the characters Ty and

Ts of complex type, but it does for the real valued character T + Tj.

The remaining one-dimensional character to check is Q5. We have x, = O, xp = Q1 and

Xc = Oy and Rgf = ((C[Ff, Fol(Fa @ Fc))24 = CF?2F,, as promised.



Chapter 4

Group Actions and Lie Brackets

In this chapter we consider Lie algebras, represented by endomorphisms on a finite dimen-
sional vector space. Taking this space V' to be a module of a group GG, one has an induced
action of G on the Lie algebra of all endomorphisms End(V) = V ® V*. Now it is im-
portant to know which Lie subalgebras g(V') < End(V') are also submodules of G. Or the
other way around, which G-submodules of V ® V* are Lie algebras? Let us start with an

example.

Example 4.0.7. Let V' be an irreducible representation of the dihedral group Dy. We
are interested in subspaces g(V') < gl(V)) which are both a Lie subalgebra and a Dy-
submodule. The dimension of V is 1 or 2 (cf. Section[2.5). In the first case the action on
gl(V') is trivial and the Automorphic Lie Algebras (g(V) ® M(@)F)G = M(C)¥ are the

rings of automorphic functions which are analytic outside T'.

Let V' now be a two-dimensional D y-module affording the character v);. Then the Dy-
module gl(V') has character 1/}? = X1+ x2 + 2, and all Dy-submodules g(V') < gl(V') are
given by a subset of these characters. In the basis corresponding to (3.2), the decomposition

is given by

1 0 | 0 1
gl(V) =C ., gl(vye=cC , gl (V) =C ®C

Now we add the condition that g(V') be a Lie algebra. To this end we compute some

79
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commutator brackets. Clearly gl(V)X* C Z(gl(V')) and for the other components we find

[gl(V)*, gl(V)¥*] = 0,
[g1(V)X2, gl(V) 2] = gI(V)) =1,

[gl(V) %25 gl(V)¥2] = gI(V )Xz,

The only restriction on the submodule g(V') coming from the requirement that it be a
Lie subalgebra, is that if g(V') contains the 1yj-summand, then it also contains the x»-

summand.

Lie algebras of all dimensions < 4 are available. The only noncommutative cases are sl{(V),

affording x2 + 125, and gl(V'). Since we have a Lie algebra direct sum
— \G = — \G
(sl(V) @ M(C)r)” = MO)FId & (sI(V) ® M(C)r)

considering s\(V') is sufficient for Automorphic Lie Algebras with dihedral symmetry.

The two conditions for the linear subspace g(V') < End (V') are independent. In the example
we have seen G-submodules which are not Lie algebras, e.g. gl(V)¥2i. As an example of a
Lie subalgebra of End(V') which is not a submodule, one can consider for instance a one-
dimensional subspace of gl(V)¥2, or something more interesting such as so(V) < End(V)

when V is not a representation of real type (cf. Section [2.2.3)).

In Section We will study the spaces g(V') assuming they have the two structures we need.
The results discussed in this section are especially useful for the purpose of computing Auto-
morphic Lie Algebras explicitly. Section explains why the restriction to automorphisms
on g(V) induced by V' is not so severe as it might seem, as polyhedral groups can only
act by inner automorphisms on many of the classical simple Lie algebras. This chapter will
be concluded with Section where we describe the Lie algebras of G-invariant matrices
over M(C), evaluated in a point of the Riemann sphere. In order to understand the final
chapter and the main results of this thesis one only needs Lemma and Theorem

of this chapter.
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4.1 Group Decomposition of Simple Lie Algebras

If a space g(V) is assumed to be a Lie algebra and G-module, one can deduce a few facts
about the relation between these structures, which is the content of this section. We start

with a lemma on how to extract the group-module structure from the Lie algebra structure.

Lemma 4.1.1. Let G be a finite group, V' a G-module and suppose a Lie algebrag < V@V*
is also preserved by G. If g issl(V'), so(V') orsp(V') then the character of this representation

is given by

Xsiv)y(9) = xv(g)xv(g) — 1,
Xso(v)(9) = 1/2 (xv (g
(xv(

for all g € G, respectively.

Proof. Finding the first character takes little effort. Indeed, gl(V) = End(V) =V @ V*

has character xvxv, and the identity matrix is invariant.

The other characters are harder to find, but we can do both of them at once. Consider the
Lie algebra defined by a nondegenerate bilinear form B, which we represent by an element

in GL(V);
a(V)={AcEnd(V) | ATB+ BA = 0}.

If B is symmetric (BT = B) we say g(V') = s0(V) and if B is antisymmetric (BT = —B)
we say g(V) = sp(V). The defining condition for the Lie algebra can be rephrased as a
symmetry condition on BA for A € g(V). Indeed, (BA)T = ATBT = +ATB = ¥BA,
where the last equality defines the Lie algebra, and the choice of sign determines the choice

between orthogonal and symplectic Lie algebras. Now we have
Bg(V)={BA|Aecg(V)} ={M € End(V) | M" = £M}

i.e. Bso(V) is the space of antisymmetric matrices and Bsp(V') is the space of symmetric
matrices. As a vector space, Bg(V') is isomorphic to g(V') because B is nondegenerate.
We can define an action of G on Bg(V') by requiring Bg(V') to be isomorphic to g(V') as

a representation. This gives the following result.
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The representation 7 : G — GL(V') is such that g(V') is a submodule of V@ V* if and only
if 77 Bty = B for all elements g € G. Therefore, the induced action on M = BA € Bg(V))

reads

g-M:g-BA:Bg~A:BTgATg_1:TQ_TBATg_lzTg_TMTg_I,

where we use a shorthand notation 7,7 = (71)~! = (7, 1)".

Consider a basis {e;} for V' diagonalising 7, = diag(u;) for a fixed group element g € G.
We find a diagonal action of g on the basis {E; ; — E;; | i < j} for Bso(V') or on the
basis {E; ; + Ej; | i < j} for Bsp(V') given by multiplication by 7z;7z;. Hence the trace is

respectively given by

2
S = <Zu> -S| =5 (0@ - )

1<j

and

2
Zm:% (Zu) + DT :%(XV(9)2+XV(92))~

i<j

Finally, notice that xy (g) is real. Indeed, this is a basic fact about orthogonal and symplectic

Xv(g), thus the proof is complete.
O

matrices, xy(g) = tr7y = tr (B_ng_TB) = trTg_l =

With the information of Section [2.5 on the characters of the binary polyhedral groups and
Equation (4.1) we can calculate the character decompositions of the Lie algebras of our
interest. After an example we present all decompositions in Table [4.I] Notice that all

irreducible summands occurring in the Lie algebras are nonspinorial, as expected.

Example 4.1.2 (The character of sp(Q3)). By Schur's Lemma there is no invariant in
sp(Q3), that is, (sp(0%),0y) = 0. Moreover, because the actions on the Lie algebras are
nonspinorial, by design, we also know that (sp(Q5), (O)?) = 0. Thus, we can say beforehand

that
5p(0) = 7203 + n303 + ne0g + n707 (4.2)

where the numbers n; are nonnegative integers.
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Since we only need to find 4 integers it will be sufficient to find as many equations (and
likely one can do with less). We proceed using Formula and the character table of the
binary octahedral group, Table . At the trivial group element, reads Xop(0} )(1) =
1/2(4%2 +4) = 10 and at g = g. it says Xsp(@)g)(gc) = 1/2(0 — 4) = —2. The next column
of the character table belongs to the conjugacy class [gy?]. In order to use one must
first figure out which class gy* = zg, belongs to. Alternatively, one can skip this column:
4 equations are sufficient anyway. For the group elements g,> and g, one can immediately
compute xsp(@)g)(gaz) = 1/2(0 —4) = —2 and Xsp(@g)(ga) = 1/2(0 — 0) = 0. By evaluating
in the group elements 1, g., ga> and ga respectively, one finds the system of equations

1 2 3 3\ (n 10
10 1 -1]/|ns -2
12 -1 —1||ng| |-2
10 -1 1/ \ns 0

which has the unique solution (na,ng,ng,n7) = (1,0,1,2), cf. Table[4.1]

Table 4.1: Character decompositions of simple Lie algebras g(V'), ordered by dim V.

) 1% Y, ™ T2 T, O3 Q) 0% Y, Y
sl(V) xe+2; Tz Tz Tz O2+03 O7 O7 Y5 Yy
Vv T~ Os Oy Y4 Y5
3 sl(V) Te+Ts3+2T; O3+06+07 O3+0+07 Yyq+Ys Y54 Vs
so(V) T, 07 O~ Yy Y5
4 03 Ye Y2
A sl(V) O+ 034206 +207 Y4+ Y5+ Y+ VYs Y4+ Y5+ Yo+ Vs
so(V) Y4+ Y5
sp(V) Oy + Og + 207 Ya4+ Y5 + Y
v Ys

5 sl(V) Y4+ Y5+ 2Ys+2Ys
so(V) Y4+ Y5 + Ye
1% Y9,

6  sl(V) 2Y,+2Y5+ 2Ys + 3Yg
sp(V)  2Y4+2Y5 + Y + Vg
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The following result can be used to obtain information on the Lie algebra structure from

information on the group module structure.

Lemma 4.1.3. Let g be a Lie algebra and suppose G < Aut(g). The bracket of two G-
submodules of g is a submodule of g. If g is semisimple and gX = nV, and g¥ = mVy, are
isotypical components of g (which are uniquely determined by the characters, cf. Section

, then [gX, g¥] is a representation, isomorphic to a subrepresentation of nVy A mV.

Proof. The first claim follows from the assumption that G acts by Lie algebra automor-

phisms, g[V, W] = [gV,gW] = [V, W].

For the second part, consider bases {e)X} and {e;-b} for the isotypical components. Then

{[eX, e}p]} is a set spanning [gX, g¥]. Thus a subset thereof is a basis for this space.

For any particular group element g we can assume the bases {eX} and {e?} diagonalise g.

But then the action on [e;, e;] equals the action on {e;®e;} which is a basis for nV, @mV,.

X
70

If x = 1 we can restrict to {[e e;-‘] | © < j} inside nV,, A mV, by antisymmetry of the

Lie bracket. O

Example 4.1.4 (so(Yg)). The orthogonal Lie algebra based on Y¢ has group decomposition
BO(YG) = Y4 &) Y5

according to Table [4.1, This is a rather special case since it is the only irreducible 4-
dimensional representation of a binary polyhedral group that preserves a symmetric bilinear

form, i.e. the only s04(C)-case. Moreover, this Lie algebra is not simple;
504(@) = SIQ(C) @5[2(@).

One could ask whether this decomposition as a Lie algebra coincides with the decomposition

as a group module.

Using Lemma we check that [Yy4,Y4] < A2Yy = Yy, and [Y5,Y5] < A2Y5 = Y5, so
the two summands of the first decomposition are in fact three-dimensional (and perfect)
Lie algebras. To show that the direct sum of G-modules is a Lie algebra direct sum as
well, we must show that elements from different components commute. Indeed they do.
By Lemma [Yq,Y5] < Y4Y5 = Y6 @ Yg and this Y-module has zero intersection with
s50(Yg) = Y4 B Ys5.
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4.2 Inner Automorphisms and the Reduction Group

In this section we use a few standard notions from the theory of Lie groups G and their
Lie algebras g, such as the adjoint representation of the Lie group Ad : G — Aut(g) and
of the Lie algebra ad : g — Aut(g), the exponent map exp : g — G (also written as
exp(a) = e%), the Killing form given by K(a,b) = trad(a)ad(b), a,b € g (a G-invariant
bilinear form on g), Cartan subalgebras h) < g and the relationship between semisimple Lie
algebras and Dynkin diagrams. Some good references are [12) 17, 19] 24]. We recall the

following definition.

Definition 4.2.1 (Inner automorphisms of Lie algebras). Automorphisms of a semisimple
Lie algebra g of the form Ad(e®), where a € g, are called inner. The set of all inner
automorphisms is denoted by Inn(g). Elements of the complement Aut(g) \ Inn(g) are

sometimes called outer automorphisms.

It is well known that Inn(g) is a normal subgroup of Aut(g) and the quotient is the

automorphism group of the Dynkin diagram [12, [17] [19].

Aut(g) /Inn(g) = Aut(Dyn(g))

Dynkin diagrams are arranged in families of type A, B, C, D, and E (as are many other
objects, in particular the closely related root systems). These families relate to classical Lie

algebras by
= Dyn(sl41(C)),
H(502£+1 (C)

(
—Dyn(5P «(C)
= Dyn(s09,(C)

)
)-

The number £ is called the rank of the Dynkin diagram or of the associated Lie algebra,
and equals the dimension of its Cartan subalgebra. The automorphism groups of Dynkin

diagrams are also well known [12] [I7]. They are all trivial with the following exceptions.

Aut(Ap) =2 /o, £>2,
Aut(Dy) = Ss,
ui(Da) = 5s (4.3)
Aut(Dy) =2 /9 £>5,
Aut(Eg) = Z /3.
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One can find explicit descriptions of inner and outer automorphisms in [19]. Inner automor-
phisms of the special linear algebra sl,,(C), naturally represented in End(C"), are precisely
the conjugations A — Ad(B)A = BAB™! where B € SL,(C). If n > 3 there exists
outer automorphisms, which are conjugations composed with the map A — —A”. Auto-
morphisms of s02,(C), n # 4, are conjugations by orthogonal matrices. These are inner
if and only if the orthogonal matrix has determinant 1. In other words Aut(s02,(C)) =
Ad(O2,(C)) and Inn(s02,(C)) = Ad(SO2,(C)). The exception sog(C) allows more outer

automorphisms, cf. [12].

Lemma 4.2.2. An automorphism ¢ € Aut(g) of a semisimple Lie algebra has determinant
+1. If the automorphism is inner, it has determinant 1. There exists outer automorphisms

with determinant of both signs.

Proof. Any Lie algebra automorphism respects the Killing form K of the Lie algebra, which
is nondegenerate if and only if the Lie algebra is semisimple (a fact known as Cartan’s
criterion). In terms of matrices, these statements read ¢’ K¢ = K and det K # 0 if g is

semisimple. Taking the determinant of the first equation gives (det ¢)? = 1.

Now suppose the automorphism is inner, i.e. ¢ = Ad(e®) where a € g. By semisimplicity,
g = [g,9], so the adjoint action of g on itself is traceless: trad(a) = trad([b,c]) =
tr [ad(b), ad(c)] = 0. Therefore det Ad(e®) = det 2d(®) = gtrad(e) — 1,

Finally, as an example of an automorphism with determinant —1, consider ¢ € Aut(sl,(C))
defined by ¢ : A — —AT. Then det ¢ = (—1)72*("+1)=1Indeed, in the usual Chevalley
[17] basis for the Lie algebra and the usual basis of its representation as n x n matrices, a
basis element of the Cartan subalgebra is a diagonal matrix, hence mapped to minus itself

by ¢, contributing a factor —1 to det ¢. Each nondiagonal basis vector Ej; ; is mapped to

0
—FEj; and such a pair also contributes a factor det = —1 to det ¢, counting a
-1 0

total of dim b + dmelndimb g 22210 41y ] O

If G < Aut(g) is a group of automorphisms, then the structure of the group G often
limits the options of how its representation is divided into inner and outer automorphisms.

Indeed, the inner part is a normal subgroup: G N Inn(g) <G. A well known identity in
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group theory, often called the second isomorphism theorem, states that G/G NInn(g) =
G Inn(g) /Inn(g)- The right hand side is a subgroup of automorphisms of the Dynkin
diagram Aut(g) /Inn(g), so we have

G /G A 1nn(g) < Aut(Dyn(g)). (4.4)

The structure of Aut(Dyn(g)) is known (4.3). Comparing with the quotients groups of G

can inform us about the possibility of outer automorphisms.

For example, let QG = {G/N | N<1G} denote the set of all quotient groups of G. For
the polyhedral groups we find

QLN = {Z/pr | M divides N},

ODy = {1,Dy | M divides N},

QT = {1,Z/3,T}, (4.5)
Q0 = {1,Z/9,85,0},

QY = {1,Y}.

If for instance the tetrahedral group T acts faithfully on a simple Lie algebra other than
s0g(C), then it acts solely by inner automorphisms, since Z /9 is not in QT. By the same
argument the icosahedral group can only act by inner automorphism on a classical simple

Lie algebra.

On the other hand, this information can help to find actions involving outer automorphisms,
for instance a Z /9y or Dy action on sl,(C) where the normal subgroup Z / of index
2 acts by inner automorphism, and the other half of the group elements are represented
by outer automorphisms, i.e. are of the form A — —Ad(B)AT. This dihedral case is
studied in [36]. We also notice that the largest group of Dynkin diagram automorphisms is

a polyhedral group: Aut(Dyn(sog(C))) = Aut(Dy) = S3 = D3 (cf. triality, [12]).

If we stick to the format where G acts on g(V') as induced by a G-module V' (which is a
restriction of Definition then there is only conjugation and many outer automorphisms
are excluded. In fact, for classical simple Lie algebras only so(V') with dim V' € 2N might
still be acted upon by an outer automorphism. But we found in Section that the only
even dimensional irreducible representation of a polyhedral group that preserves a bilinear
form is V = Yg, and because det Yg = Y1, we can conclude that if we restrict further by

requiring V to be irreducible then this action on the base Lie algebra is completely inner.
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Observation 4.2.3. Let V be an irreducible representation of a binary polyhedral group
G’ and let g(V') < gl(V) be a G”-submodule and classical simple Lie algebra. Then G acts
by inner automorphisms on this Lie algebra. In particular the determinant of the action on

g(V') is trivial; det Xg(V) = €

Remark 4.2.4. In the above we implicitly make the assumption that the action of G on
9(V') is faithful. There is a single case in the current setup where this is not so, as can be
seen in Table[4.]] together with the Im-column of the character tables in Section[2.5 This
is s[(Q3) = Q2+ O3 where we act by the quotient group D3 = Ss rather than ©. Given that
all automorphisms of slo(C) are inner, this has no consequences for the preceding discussion.
There is however a convenient implication of this fact when one is interested in the invariant
matrices (sI(Q3) @ R)®. In Table we see that the kernel of the action on sl(Q3), a
normal subgroup in O of order 24/6 = 4, is given by {1, gi%, 2, ga>2} = (ga2) = Z /4. This
subgroup acts solely on R. In particular, the entries of the invariant matrices (s/(Q3) ® R)
are /4 -invariant forms. A more thorough discussion of these and related phenomena can

be found in [29, 31].

If we drop the condition that V' is irreducible, the embedding G < Aut(g(V")) can contain

outer automorphisms. The smallest simple case is s06(C).

Example 4.2.5 (Outer automorphisms on a simple Lie algebra). Consider the octahedral
group. The representations Qg and Q7 both preserve a symmetric bilinear form. Therefore,
so does their sum Qg @ Q7. The determinant of this representation is det Qg ® Q7 =
det Qg det O7 = Q201 = Qq. In particular, there are endomorphisms with determinant —1

which induce outer automorphisms of so(Qg @ Q7).

All in all this section shows that in the present setup all Automorphic Lie Algebras are
invariant solely under inner automorphisms. If the setup is generalised to the case where a
polyhedral group is embedded G < Aut(g) in an arbitrary way, the classification problem
becomes infinite, and a few cases with outer automorphisms appear, namely the embeddings
of Z /9pr, Dapr and O in the automorphism groups of sl,,(C) with n > 3, 504, (C) with
n > 2 and go(C) may contain outer automorphisms, as do embeddings of Z /opr, Z /30f .
Doar, D3ps and T in Aut(sog(C)).
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4.3 A Family of Reductive Lie Algebras

In this section we determine the map

(1)

up to automorphisms of Lie algebras. That is, we evaluate the space of invariant matrices

Fipe (a(V) @ M©C)r)©

in a point of the Riemann sphere and determine the Lie algebra structure of the resulting
finite dimensional vector space. This is related to what was done in Proposition[3.2.3 where
we evaluated the space of invariant vectors. In fact, Proposition will be the starting
point. The main difference is that we now want to determine the Lie algebra structure,

rather than just the vector space.

On first glance the map f seems to be terribly complicated because of the many dependen-
cies. Besides the point p of the Riemann sphere the Lie algebra f(x) may depend on the
choice of polyhedral group G, one of its representations V' and one of the orbits I' ¢ C

under GG and finally a complex Lie algebra g.

It turns out that the situation is drastically easier than that. First of all, from the definition
we have f(gu) = gf(p) = §(w), i.e. this map is constant on orbits and can be defined on
the orbifold @/G- We will find in this section that, after the identification @/G =~ C,
the group G and its representation V do not play a role anymore. In fact, the value of f
depends only on the orbit type of G and a choice of simple Lie algebra g. In particular, f
defines an invariant of Automorphic Lie Algebras (see Concept [1.3.1)).

To asses the value of this result we need to revisit our definition of Automorphic Lie Algebras.
In the introduction of this thesis we defined s(,,(C) as n x n traceless matrices. However, it
would be better to say that sl,,(C) is an (n? —1)-dimensional complex vector space together
with a set of structure constants defined by commutators of n x n traceless matrices. These
matrices are merely a representation of the Lie algebra. Since the Lie algebra is defined by
this representation one could call it the natural representation. This distinction between
the Lie algebra and a natural representation has not been relevant in this thesis until
now. Therefore it was ignored. At his stage however, we will slightly modify Definition
1.1.1} analogous to the classical Lie algebras, and call the space of invariant matrices

(s(V)® M(@)F)G the natural representation of the Automorphic Lie Algebra, whereas the
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actual Automorphic Lie Algebra is an infinite dimensional complex vector space together
with a set of structure constants in M(C)r as defined by this natural representation.
Furthermore, now that the subject of the thesis comes into focus, we introduce the acronym

ALiAs for Automorphic Lie Algebras.

The results on the map § of this section tell us a lot about the natural representation
of ALiAs, but less about these Lie algebras themselves. Nevertheless, these concepts are

intimately related and the map f will be of great help in the next chapter.

Lemma 4.3.1. Let V be an n-dimensional vector space and let g € GL(V') have finite

order and eigenvalues

ggdiag(L'"ala_lw"a_lmu?n"'7,“37"'7,“/67"'7:“/{3)

with respective multiplicities (m1, ma,ms,...my). If g preserves so(V') or sp(V') we may
assume that m, = my,41 and Ty = py41 ifr > 3 is odd. If g preserves sp(V) we can
moreover assume that mi and mso are even. Up to isomorphism, the Lie algebras of g-

invariants are

k—1
s0(V)'9 2 50,, & 50,,, @ @ al s
r=3,r odd
k-1

sp(V)9 2op,, Ssp, & P ol
r=3,r odd

where we use Lie algebra direct sums, i.e. elements from distinct summands commute. In

particular one finds the dimensions

k
dimsl(V) = —1 + Zm%,
r=1

k
dim so (V)9 = % (ml(ml — 1) 4+ ma(mg — 1) + Zm%) ,
r=3
k
1
dim sp(V)19) = 3 (ml(ml +1) + mg(mg +1) + Zm3> .
r=3

satisfying dim gl(V)(9) = dimsl(V){9 + 1 = dim so(V)%9) + dim sp(V)(9).
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Proof. The description of s[(V){) follows immediately from the observation that

k
End(V)¥ = gl(V)¥ = P gl,,. (C).
r=1

If g preserves a bilinear form B then its nonreal eigenvalues come in conjugate pairs. Now we
choose a basis such that g = diag(gi, ..., gn) is the given diagonal matrix. The condition
g"'Bg = B, reads 9i9;Bij = B;j, which implies B;; = 0 if g;g; # 1. This gives B a block
structure. A change of basis g — P~ lgP transforms the bilinear form as B — PTBP.
Restricting P to the group Carv)(9) = GL(V){9) means that the matrix for g does not

change, yet there is plenty of freedom to find a convenient matrix representing B.

From here we distinguish between the orthogonal case (B? = B) and the symplectic case

(BT = —B). In the orthogonal case one can transform B into

0 Idp, 0 Idp, 0 Idp,
B = diag | Idm,, Idm,, :
Id,, O Idp, O Idm, O

Indeed, the block structure we start with, given by B;; = 0 if g;g; # 1, is precisely this block
structure where each Id,, is replaced by a square matrix, and since B is nondegenerate and
symmetric, so are all these blocks. The transformation group Cgp,v(g) allows us free

reign over all these blocks.

Now we can describe s0(V){9) = so(V)Ngl(V){9 . Recall that gl(V)9 = ol ©...Dgl, .
We describe so(V') at the blocks. First, at the m; and mgy block we have antisymmetric

matrices, contributing the summand so,,, @ 50,,,. For m,, r > 3, r odd, we consider the

a 0

blocks [ in s0(V) N gl(V){9) of size 2m,. The condition that BA is antisym-
0 a

metric for A € so(V) implies here that al; = —ag2. Thus we obtain the description of

so(V)9.

In the symplectic case, B is an antisymmetric nondegenerate form. The same block struc-
ture, B;; = 0 if g;g; # 1, holds, and each block must be nondegenerate and antisymmetric
as well. This implies that m; and mg are even numbers. The antisymmetric bilinear form

B can be transformed to

B = diag (J%,J%,Jms,Jm . Jmk>
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. . . Idy, . ail a2
while keeping g diagonal. Here J,,, = . This time we seek A =

-Id,, 0 a1 G2
such that JA is symmetric. We obtain the same condition for the diagonal blocks: aj; =

—ago, and the other blocks are required to be symmetric: a1T2 = aio, agl = a91. When

intersecting with gl(V')9 we find the Lie algebra described in the Lemma. O

Now we have gathered enough information to classify evaluations of the natural represen-

tation of ALiAs.

Theorem 4.3.2. Let V be an irreducible representation of a binary polyhedral group G’
and g(V) < gl(V') a simple Lie algebra and G’-submodule. Denote the natural repre-
sentation of the corresponding Automorphic Lie Algebra, holomorphic outside T'  C, by
(a(V)® M(@)F)G. Define the map fy : C /¢ — {Lie subalgebras of g(V')} by

o) = (8(V) @ M(C)p)“ (),  peT £T.

This map is well defined up to Lie algebra isomorphism. That is, f4(I') is independent of
the element u € T, of the chosen orbit of poles T, of the representation V' and in particular

independent of the polyhedral group G.

If ' is a generic orbit then f4(I') = g. There is a linear direct sum of the values at the
exceptional orbits
g= @ fa(Ls).-
1€Q
Moreover, the Lie algebra f4(I';) is as described in Table where (m;1,...,mig,) are
the multiplicities of eigenvalues of g; € G given in Table .

In particular, we have the dimensions of dim f4(I';) in Table .

Proof. This result is a combination of previous results. Firstly Proposition [3.2.3] which
shows that f4(T') = g if T is a generic orbit, and f4(T';) = g(V){9) otherwise. Secondly, the

description of (V)9 given in Lemma [4.3.1]
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Table 4.2: The natural representation evaluated at exceptional orbits: f4(I;).

a b ¢
sb, @B sbn,, @@ 'C DL shn,, @D C @ 5hn,, D' C
503 C C C
504 CeocC CeoC CoC
505 CopC slo®C slo d C
spy C C C
5Py CeC sl C slodC
5P sloCopC slo @ sl C sl C

Table 4.3: Dimensions of single element invariants: dim fg(I';).

sly sl3 sly sls slg soz sos so5 spy spy 5Py

a 1 2 3 4 7 1 2 2 1 2 5)
b 1 2 ) g 11 1 2 4 1 4 7
¢ 1 4 712 17 1 2 4 1 4 9
Y 3 8§ 15 24 35 3 6 10 3 10 21

The linear direct sum g(V) = @, a(V){9) follows immediately from Schur’s Lemma and
Corollary [3.1.5, Notice that this direct sum is not respected by the Lie bracket if g(V) is a

simple Lie algebra.

In Theorem we found the multiplicities of eigenvalues of g; € G?, cf. Table ,
which are independent of the group. This gives us the Lie algebra structure of sl(V)(9:
as shown in Table [4.2] However, this is not enough information to determine the Lie
algebra structure of the other cases: so0(V)!%) and sp(V){%, thus Lemma comes
into play. By this lemma it is sufficient to determine the multiplicities of real eigenvalues
of irreducible representations. This can be done in an ad hoc manner, going through all
cases and occasionally using the fact that dimg(V) = >, dim g(V){9:). The findings

are sketched in the table at the end of this proof.

For the orthogonal cases we may assume that nonreal eigenvalues come in conjugate pairs,
but real eigenvalues can be single. If n =dimV =3 and ¢ € {a, b} then the multiplicities

of eigenvalues of g; are (1,1,1), cf. Table 3.3 Given that there are only two real roots
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of unity, +1, there must be precisely one conjugate pair of nonreal eigenvalues and one
real eigenvalue. For g, we have multiplicities (2,1), which can only correspond to real

eigenvalues. Using Lemma we have now established the sos-row of Table

Now consider n = 4. The group element g, has eigenvalue multiplicities (1,1,1,1). The

eigenvalues can either be two conjugate pairs, which would imply dimsoig°> = 2, or two re-

als and one conjugate pair, yielding dimsoﬁfhl> = 1. At b we have multiplicities (2,1, 1), im-

plying two identical reals and one conjugate pair and dimsoig"> = 2. Finally, the multiplic-

ities (2,2) for ¢ yield all nonreal or all real eigenvalues, implying respectively dimﬁoflg“> =

and dimsoff]“> = 2. The fact that the dimensions add up to 6 fixes everything.

If n =5 we can see that gy, with multiplicities (2,2,1), has precisely one real eigenvalue
and g, with multiplicities (3,2), has all real eigenvalues. The a situation is then fixed by
dimension. The case n = 6 is impossible for the orthogonal algebra. In Section we

confirm that there is no orthogonal irreducible representation of this dimension.

Now we go through all the symplectic cases. This time we have the additional condition
that real eigenvalues occur in even numbers. If n = 2 we have multiplicities (1,1). The
eigenvalues are not real. Therefore sp(V)9% = gl; for all i € Q. If n = 4 then g4 ~

diag(z1, 1, 22, Z2) and g, ~ diag(+1, £1, 23, Z3). We know that
dimsp(V)% = dimsp(V) — dimsp(V)% — dimsp(V)% =10 -2 — 4 =4.

This means we can decide whether the multiplicities (2,2) come from all real eigenvalues
(1,1,—1,—1) or a double nonreal eigenvalue with conjugates, since the first contributes a
dimension of 1(2-3 +2-3) = 6 and the latter £(2? + 22) = 4. The case n = 6 is easier.
At a, (2,1,1,1,1), we have one pair of real eigenvalues and otherwise distinct nonreal
eigenvalues. At b, (2,2,2), there is also exactly one real pair and at ¢, (3,3) there cannot

be any real eigenvalues.
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The eigenvalue structure can be schematically summarised as follows,

a b ¢
503 (1, 2,2) (1,2, 2) (£1,+1, 1)
504 (21,21, 22, %) (£1,+1, 2, 7) (1,1,-1,-1)
s05  (£1, 21,71, 22, %) (£1,2,2,2,7)  (&1,£1,+1, F1,F1)
5Py (2,2) (2,2) (2,2)
spy (21,21, 22, Z2) (£1,+1, 2, 2) (2,2,%,2)
spg  (E£1,£1,21,21,29,22) (£1,%1,2,2,%,2) (2,2,2,2,2,Z)

where z,z; € C\ R and z; # 29. At each position in the table the numbers z, z; and 29

are redefined. O

We end this chapter by attaching an |Q2|-tuple of integers to the relevant selection of simple

Lie algebras, abusing the notation of Definition [3.5.3

Definition 4.3.3 (x(®)). Let V be an irreducible representation of a binary polyhedral
group G” and g(V') a G”-submodule of gl(V') and a simple Lie subalgebra in the isomorphism
class ®. We define

K(®); = /2 codim g(V)499, i€

Equivalently, using Definition we have k(®) = K(Xg(v))-

Theorem shows that x(®) is well defined, that is, the dimension of g(V){: only
depends on ® and i € Q. This can also be deduced from the decompositions of g(V)
into irreducible representations, cf. Table 4.1 for which all these dimensions have been
calculated and summarised in Table However, this does not provide the full Lie algebra
structure. The analysis of this section enabled us to see that the Lie algebra structure of
fg(I') is an invariant of ALiAs. Moreover, we see that all values of f; contain a Cartan
subalgebra for g, and that they are reductive [12] (this holds true in bigger generality, as
shown by Kac in 1969 [20, 21]). In particular, their codimensions are even, since both
semisimple and reductive Lie algebras are linear direct sums of a Cartan subalgebra and an

even number of one-dimensional weight spaces. Thus x(®); is an integer.



Chapter 5

Structure Theory for Automorphic

Lie Algebras

In this chapter we discuss several classes of Lie algebras. First we define Polynomial Au-
tomorphic Lie Algebras in Section [5.1} which is a natural continuation from the previous
chapters. Secondly, we move on to ALiAs in Section the primary subject of study.
We define a normal form for these Lie algebras and find examples of explicit representa-
tions, namely the natural representation, i.e. the invariant matrices, and a much simpler

representation, which we will call the matrices of invariants.

In Section [5.3] all invariants of ALiAs (Concept are combined in Theorem to
obtain a list of constraints for the Lie algebra structure. A natural language in which to
express these constraints is that of cochains and their boundaries on root systems, leading
to root system cohomology and a class of Lie algebras 93,2 (®) associated to 2-cocycles w?
on a root system ®. The isomorphism question (Question is then revisited in light of
the new information. At the end of this chapter we will be able to summarise the current

state of the art and specify the open problems.

96



Chapter 5. Structure Theory for Automorphic Lie Algebras 97

5.1 Polynomial Automorphic Lie Algebras

In Chapter [3| we discussed the polynomial ring R = C[U] were U is a representation of
a finite group. More specifically, in Section we discussed polynomial invariant vectors
(Vy ® R)Y = RX. If we now replace the G-module V, by one that is also a Lie algebra,
like the spaces g(V'), which formed the topic of Chapter [4] then one obtains a Lie algebra.
Indeed, the Lie bracket of g(V') induces a Lie bracket on g(V') ® R by linear extension over
R. The fact that G acts by Lie algebra isomorphisms on g(V') implies that (g(V) @ R)®
is closed under this bracket, that is, if ga = a and gb = b then gla, b] = [ga, gb] = [a, b].

Definition 5.1.1 (Polynomial Automorphic Lie Algebra). Let V and U be finite dimensional
representations of G. Suppose g(V') is a Lie subalgebra and G-submodule of gl(V') and
R = C[U] the polynomial ring. The Lie algebra of invariants

(a(V)® R)®

is called a Polynomial Automorphic Lie Algebra based on g(V).

Classical results from invariant theory (cf. Section demonstrate that the space of
invariants (g(V) ®R)G is a finitely generated free module over the polynomial ring in a
choice of primary invariants of G in R. Given such a choice, one can predict the number of
generators, which is a fixed multiple of dim g(V') (cf. Proposition [2.6.11)). The Lie algebra
induced by this space, which we also denote by (g(V) ® R)G, is defined by a related number

of structure constants, all being polynomials in primary invariants.

We continue our string of dihedral examples with the corresponding Polynomial ALiA.

Example 5.1.2 ((sl(Vy,) ® R)DN ). Let vp; be an arbitrary two-dimensional irreducible

character of the dihedral group Dy. In the introduction of Chapter [4 we found explicit

bases for the decomposition sl(Vy.) = Vy, @ Vy,,. Just to recall, Vy, is in this context

the space of diagonal traceless 2 x 2 matrices and Vy, . is the space of 2 X 2 matrices with
0 1 00

zeros on the diagonal. The basis , for the latter space corresponds
0 0 10

to our preferred basis for 125, in which the matrices representing the group generators are

given by .
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In order to find the polynomial invariant matrices, one can at this stage simply plug in the
information of dihedral invariant vectors summarised in Table and Table[3.8 We find

generators

0 X% 0 Yy N-2 N w10
m = , , M= , ;o om3=12(XY YY) :
Y2 0 XN-2 0 0 —1

and the space of invariant matrices

(s(Vyy,) ® R)® = C[Fy, Fylm @ C[Fa, Fylns @ C[Fa, Fy]ns,

where the primary invariants F, and Fy, are given by .

The Lie algebra structure is found by computing the commutator brackets

[n2,m3] = 2(—FoN "%y + Fyng),
(3, m] = 2(Fym — Fa¥n2),
(171, m2] = 213,

and we notice that the structure constants are indeed in C[Fy, Fy].

If we pick a different extension of the dihedral group we can find a Lie algebra with more
generators. For instance, in the next example we consider the binary dihedral group, which
we refer to as the dicyclic group Dicy. The lowest possible degree of the invariants in

a homogeneous system of parameters {61,602} is degfy = 4 and degfy = 2N. Then

degfidegbls _ 42N __ 2
|Dicy| — 4N

Proposition [2.6.11| provides the number of secondary invariants:

times the dimension of the base vector space. For example, if this base vector space is

5l3(C) then there are 2 - 3 = 6 generators.

Example 5.1.3 ((s[(V) @ R)P'N). Just like the dihedral group, the dicyclic group

2N N

Dicy = (r,s | r*N =1, s> =V, sr =17 1s)

has an abelian subgroup of index 2: (r) = Z [9N . Therefore, the dimension of an ir-
reducible representation of Dicy is at most 2. The two-dimensional cases are conjugate
to

wiy 0 0

0 wop i 0
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where won is a primitive 2N -th root of unity. We take j = 1 for the natural representation
U with dual basis {X,Y}. Let V be the above representation, with parameter j arbitrary.

Then the space of polynomial invariant traceless matrices takes the form
(s1(V) ® RPN = Clh1,62] (G2 G2 8 G3 B G4 © G5 © G)
where

6, = (XY)?,

92 — X2N + (_1)N)/2N7

XY 0
Cl = )
0 —-XY
C X2N _ (_1)Ny2N 0
2 = ’
0 _X2N 4 (_1)Ny2N
0 X%
(3= , ;
Y% 0
0 XQj—HY
G = , :
—_ XY+l
0 (_1)Ny2N—2j
G = X2N-2j 0 ’
0 ()N Xy2N-2+1
Cﬁ - X2N—2j+1Y 0

In terms of ground forms (which are defined by Dy ) the primary invariants are 6, = F?2
and 0o = (Fy + F.)? + (—=1)N(F, — F.)%. These generators can be obtained in a similar
manner as is shown for the dihedral group. A detailed walk through does not add value to

this thesis and is left out.
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The Lie structure can be computed directly.

[C1, 2] = [C1,C3] = 2C4 [C1, Ca] = 201C3
(G2, C3) = 2023 — 4095 [C2, Ca] = 202C4 + 409Cs [Co, G5 = A(—1)V 0} 5 — 205G
(3, Ga) = —29‘7@ (3, G5] = G2 [C3, C6] = 0201
€4, G5) = (€4, Gl =
(G5, Cel = 9N G [€1,C5] = —2Gs
[¢1, Gl = —201¢5 (G2, Go] = —4(=1)N 07 I ¢4 — 26026

Despite looking completely different, this Polynomial ALIA gives exactly the same ALIA as
(EI(V%) ® R) N from Example does, when the prehomogenisation and homogeni-
sation operators from Section are applied. This illustrates some significant differences

between ALiAs and Polynomial ALiAs.

No attempt has been made to find a set of generators for this module of invariants that
makes the Lie algebra structure more transparent, and it is obvious from the example that
without such effort it is difficult to make sense of this structure, even when there are merely
6 generators. To cure this problem we introduce a normal form in Section [5.2.1] But first

we will find some actual ALiAs as Lie subalgebras of Polynomial ALiAs.

5.2 Automorphic Lie Algebras

Automorphic Lie Algebras are Lie subalgebras of current algebras of Krichever-Novikov type
i.e. the tensor product g ® M(C)r, also known as loop algebras (usually T' = {0, 00} so
that M(C)r = C[A\,A7!]). Current algebras are commonly denoted by g (cf. [I, 42} 54])

and we introduce a notation for Automorphic Lie Algebras in line with this convention:

sz = (9(V) @ M(©)r)°.

Polynomial ALiAs serve as a stepping stone to reach ALiAs in this exposition. The step
can be taken by the prehomogenisation and homogenisation operators from Section [3.3]
thanks to Lemma (3.3.3| which shows that the full ALiA is obtained in this way. Lemma
3.3.5| explains the relation between the prehomogenised Polynomial ALiAs and ALiAs. In

fact, since the Lie algebra structure of the ALIA depends only on ring structure, that is,
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addition and multiplication, the Lemma gives the following isomorphism of Lie algebras.

We adopt the notation from Chapter [3]

Proposition 5.2.1. Let G < Aut(C) be a finite polyhedral group andT" € E/G. Moreover,
let G° be a sufficient extension of G. If |G| divides d € N then there is a Lie algebra

isomorphism

b G
Pa(g(V)© R)Y mod Fr = g(V),.

In particular, any Automorphic Lie Algebra is a quotient of P (g(V) ® R)Gb.

The significance of this result lies in the fact that Py (9(V) ® R)Gb is independent of the
orbit I". Therefore, one can study all ALiAs {g(V)? |T e E/G} by studying the one Lie
algebra P (g(V) ® R)Gb. Note that this does not imply that ALiAs with different pole

orbits are isomorphic.

Example 5.2.2 (5[(V¢J.)H3N). Consider the Polynomial ALiA (5[(V¢j) ® R)DN from Exam-
ple as starting point. To determine the image of this space under the prehomogeni-
sation projection Pp,| = Pan we need to know whether N is odd or even. First suppose

N is odd. The Poincaré series, with assisting dummy symbols a and b,

D 129 4 AN N
P( (V. N,t) =
(s1(V,) ® B) (1— at2)(1 — btV
(1 —aNe2NV)(1 — b22N)

is mapped to

aN=I2N 4 aip2N + 2N
(1 — aN2N)(1 — b242N)

Pon P ((5[(V¢j) & R)DN ,t) =
This is in agreement with . We have found the prehomogenised Lie algebra
Dy N 2 N—j J
Paon (sI(Viy,) ® R)™N = C[F,, Fg] (F, 7/m @ F Fyny & Fyns) . (5.1)
In order to find ALiAs with Dy symmetry via Polynomial ALiAs we need a sufficient ex-

tension of the dihedral group. If N is odd then Dy itself will suffice, but if N is even we

need something more, for instance Dy, cf. Secion [2.4,
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Clearly (sI(Vy,) ® R)DQN is obtained by the substitution N — 2N in the expression for
(EI(V%) & R)DN of Example . We would, however, like to express the primary invari-
ants in terms of the ground forms as defined by the action of the original group on the
Riemann sphere, rather than its extension. We take the primary invariants F, and Fy of
Dy to construct primary invariants F, and Fb2 for Do . The Poincaré series reads

752]' + t2N72j —I—t2N

(1 —at?)(1 — b2t2N)

(2 + N2 ) (14 at? + ... + oV 12V2)
(1 _ aNtQN)(l _ b2t2N) )

P ((s1(vy,) @ R)™ 1) =

and is mapped to

aN—thN + ajt2N +t2N
(]_ _ Cth2N)(1 _ b2t2N) :

Pan P ((s1(Vy,) © B)*™ t) =
We find the prehomogenised Lie algebra
ID) o .
Pon (sU(Vy,) @ R) Y = CIFY, Fg] (FY m & Fl (2| nosan) ® (13|ns2n)) -

Let us compare this module with the previous, . Their first generators are identical

and the last only differs by a factor 1/2. Finally we notice that

. , 0 YN-%
2F) Fynpp = (XY )/(XN +Y) '
XN
0 (XY)NTIX% + (XY)IYy2N=2i
(XY)NTIY2 + (XY)I X2N =2 0

= FNZIny + Fing|noson.

In other words, we have found the same module as before. Regardless of whether N is odd
or even, if a sufficient extension of the dihedral group Dy is used, say ID)?V, then the image of

the prehomogenisation operator equals . One could even try the Dicy-symmetric Poly-

nomial ALIA from Example|5.1.3. This reflects the fact that P (¢(V) ® R)Gb mod Fp =
—G . . bo. . :
g(V) is a space of G-invariants rather than G°-invariants (also observed in Examp/e.

We can conclude with

b
Pan (sU(Vy,) @ R)N = CIEN, F2) (7l ® i ® 773) ,
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where
» 0 N

o= FY g = EN , ;
A7 0

~ ~ 0 1/2()\j + )\j_N)

i = FiFym = FN . . ; (5.2)
1a(A7 + AN=) 0

) 1 0

n3 = Fynz = FyF;
0 -1

One readily computes the Lie brackets

[0, 713] = 2(—Fy?ii1 + Fy*ii2),
[i3, 1] = 2(Fp?ih — Foija),

711, 72] = 2F N3,

and notices the structure constants are indeed elements of 77|G‘RGb = C[FY, F").

One can apply the homogenisation operator Hr to obtain the ALiA. The particular choice
of generators from the previous example is very similar to the generators found in other

works.

Example 5.2.3 (Comparison of dihedral results). It is useful to compare ours with previous
results. In particular, let us consider [29] and [4], which contain explicit descriptions of
ALiAs with dihedral symmetry with poles restricted to the orbit of two points, which we
callT'y = {0, 00}.

If we take m1, 1o and n3 to be the generators of the Polynomial ALIA of Example
then we can recover the generators (27) in [29], page 190, where N = 2 and j = 1. These
are nothing but Hr,(m), Hr,(n2) and 2Hr,(n3), respectively.

Similarly, generators (4.10) in [4], page 81, for general N and j, are Hr,(n1), Hr,(2n2—n1)
and 4Hr, (n3) respectively, if N is odd, and Hr,(n1), Hr,(n2) and 2Hr,(n3) respectively,

if N is even.
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5.2.1 A Cartan-Weyl Normal Form

The normal form introduced in this section improves our understanding of the structure of

ALiAs and it is an aid in establishing isomorphisms between these Lie algebras.

Throughout this section let g be a semisimple complex Lie algebra of dimension k and rank

f,
k=dimg, f=dimb,

where b is a Cartan subalgebra (CSA) of g. The root system [12, [17] 24] of g is denoted
by ® and we fix a subset of positive roots ®* and simple roots A. Moreover, we introduce
a shorthand notation for free R-modules,
R(a;|i€I) =P Ra, (5.3)
el

where R is a ring.

We define a Cartan-Weyl normal form for ALiAs similar to the Cartan-Weyl basis for
semisimple Lie algebras, that is, a basis that identifies a Cartan subalgebra and diagonalises

its adjoint action.

G
Definition 5.2.4 (Cartan-Weyl normal form). The k generators of an ALIA g(V) as a
C[I]-module are in Cartan-Weyl normal form if they diagonalise the adjoint action of { of
these generators, with the same roots as ) in the Cartan-Weyl basis for g. In other words,

the set {hq,e5 | a € A, B € ®} defines a Cartan-Weyl normal form if
g(V)p =C[I] (ha,ep | € A, B € D)
and

[h,h'] =0,
[h,es] = B(h)eg,
for all h,h' € C[l] (ho | « € A) and 3 € ®. Here a root (3 is considered as a ClI|-linear

form on C[I] (hy | a € A) defined by 5(ha) = % where (-,-) is the inner product on
CA induced by the Killing form of g.
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Notice that C[I] (hy | @ € A) is an abelian-, in particular nilpotent subalgebra which is

selfnormalising, i.e. a CSA of g(V)p. It follows from the eigenvalues of this CSA and
Jacobi's identity that [eg,e,] = 0 if 5+ ¢ ® and [eg,e,] € Clllegs, if 5+ v € .
The restriction of the Killing form of m? to a CSA depends only on the Lie brackets
appearing in the definition of the Cartan-Weyl normal form, and is therefore identical to

(a,@)

the Killing form on the CSA of the base Lie algebra. The Cartan element “=~h,, is dual

to a with respect to this inner product, and invariance of the Killing form K (-,-) implies

[eas o] = K(ea,e_q) (O‘éa) he, cf. [17]. It is in the last two types of brackets where ALiAs
differ from semisimple complex Lie algebras. Further specification of these Lie brackets leads
to the so called Chevalley basis in the complex case and we aim to define an analogues

normal form in Definition for Lie algebras over a graded ring.

The existence of a Cartan-Weyl normal form relies on the fact that the ALIA g(V)p can
be generated by k elements over C[I], as was shown in Theorem [3.4.7| This is necessary
but not sufficient to prove the existence of a Cartan-Weyl normal form for a general ALIA,

and the problem is still open.

Conjecture 5.2.5. For all Automorphic Lie Algebras, a Cartan-Weyl normal form exists.

There are several reasons why we deem this plausible. First of all, many particular cases
are computed. For instance, in Section we will find the normal form for all ALiAs
with dihedral symmetry, for any orbit of poles, and in [26] the sl,(C)-based ALiAs with
exceptional pole orbits are classified and a normal form for each case is computed. To
discuss general reasons for the existence conjecture we break it down into easier problems.
First we need a Cartan subalgebra. This is perhaps the hardest part of Conjecture [5.2.5

due to its nonlinear nature.

Conjecture 5.2.6. For any orbit ', one can find ¢ diagonalisable and commuting elements

in (Q(V) ® M(@)F)G with eigenvalues in C.

Notice that by Theorem there is a CSA for the base Lie algebra g(V) available in the
evaluation of the natural representation of the ALIA at any point of the Riemann sphere.

This not being the case would be an obstruction to the existence of a CSA for the ALIA.
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The linear part of the construction of Cartan-Weyl normal form generators is the diagonal-

isation of the adjoint action of the CSA.

Conjecture 5.2.7. Suppose C[I](h1,...,hy) is a CSA for (V)? That is, hi,...,hy are
diagonalisable, pairwise commuting, and have A-independent eigenvalues. Then there exists

. —G .
a nonzero solution e, € g(V')- to the equations
[hrvea] = a(hr)€a7 1<r <Y,

for all roots o € ® of the base Lie algebra.

It can be helpful to approach this problem in terms of homogeneous matrices over C[U]
rather than the matrices over M(C), using the identification mf = Pig (a(V)® R)“
mod Fr from Proposition[5.2.1] One can then restrict the diagonalisation to a fixed degree
(the degree of e, is unknown, but it can be taken as a variable), by which the C-linear
problem becomes finite dimensional. In the case g = sl,(C) one can then simply count the

number of equations and the number of variables and conclude that the solutions e, exists

at some degree. For general Lie algebras g it is more difficult.

Conjecture 5.2.8. Let C[I](hy, ..., hy) bea CSA ofo ande,, a € ®, a set of solutions
of the equations [h,,eq| = a(hy)eq, 1 < 17 < £ as in the above conjecture. Suppose e,
does not have a factor of C[I] vanishing on a generic orbit. Then the transformation
My osmi) = (hryeq | 1 <17 <l a € D) is invertible over C[l], i.e. the determinant of

the corresponding matrix is in C*, i.e.

o(V)r = Cl1 (1, ) = C1 (y, €a | 1< 7 <0, 0 € D)

and {h, eq |1 <r </, «€ O} defines a Cartan-Weyl normal form for g(V)f.

This statement becomes plausible when considering evaluations of the invariant matrices. If
p € C\T then the evaluated generators h,.(11) form a basis for a CSA b of g by assumption.
In particular, one can find an element A in the C-span of {h,(u) | 1 < r < ¢} such that
a(h) # B(h) if a # [ are two roots. Nonzero elements of {e, (1) | € @} are eigenvectors

of h with distinct eigenvalues and as such linearly independent.

By Proposition [3.2.3, the original generators ny(u),...,n,(un) evaluated at p are inde-

pendent if p is a generic point outside I".  Thus if p is such a point and e, () =
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F(w)m(p) + ...+ fe(p)ne(p) = 0, then all the functions f{,..., f&* € C[I] vanish at p.
This implies they have a common factor, contradicting the assumption that factors of e, are
removed. We have proved that the transformation (f;(,u)) between the original generators
nj(1) and the realisation of a Cartan-Weyl normal form {h,, eo |1 <r < {, o € ®} is

invertible if y is generic and not in T'.

What if p; € T; # T' is an exceptional value? The matrices {hy(u;)} are independent so
in that case the matrices {en(u;) | & € @} are dependent by Proposition [3.2.3] However,
all the nonzero matrices e, (y;) have different eigenvalues relative to the CSA, so these
are independent. Also, the space spanned by {eq(u;) | @ € @} is a subspace of the space
spanned by {n;(u;) | 1 < j < k}. Therefore, the minimal number of vanishing eigenvectors
ea () is k—dim C(ny (i), - - ., M () = codim g(V')%. In the next section we will see all

these things happen when we construct a Cartan-Weyl normal form for the dihedral ALiAs.

5.2.2 Dihedral Automorphic Lie Algebras

This section is the culmination of the example sequence related to dihedral invariants and
describes the main result of [25]. We find the Lie algebra structure of ALiAs with dihedral

symmetry and an arbitrary pole orbit, by a construction of a Cartan-Weyl normal form.

Theorem 5.2.9. Let Dy act faithfully on the Riemann sphere and let " be a single orbit
therein. Let (cq,cp) € CP! be such that N'(T') is generated by

F =F" = coFY + ey F?

where F; is given by . Then, adopting the previous notation,
(V)" = Cllh & Cl]es & ClIe—

and

[h,ex] = £2eq,

leq,e_] = LI1ch,

where I;, i € Q, is given by (3.13).
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A set of generators for this normal form is given by

h = e (caN + eof2(N + N=N),
(cad™ + /2 (A7 + AN, —eohf
FNF, F. -\
T | ’ (5.4)
oF N
FNF,F. Ca + cp + cqcpll; (Ca(cu + ¢p)la + Cb)\fN) Vi
e~ = T A ’
N (Ca(ca + Cb)ﬂa + Ch)‘N) AT —Cq — Cp — CqCplle

in the basis corresponding to .

Proof. We prove the theorem by an explicit construction. Consider the prehomogenised Lie
b

algebra Ppon (s1(Vy,) ®R)DN = C[FN, F?| (i @ 72 ® 73) from Example [5.2.2 Define

(Bv é+a é*) by

(h, €4, e-) = (11,72, 713)T
where
2c, —F? AFNF? 4 F?
T= % 2¢y, FN —c2F2F* — F? : (5.5)
2 FN FN(cecoF2 + (co + co)F)
It is a straightforward though very tedious exercise to check that this transformation has

determinant 1/2F and is therefore invertible over the ring C[F¥*, F,*] mod F = C[I].

MOI’EOVGI’, one computes the commutators

[h,é+] = £2Fé.,
[é+)é*] :FFC{VFE?FEI;H

for instance using the commutation relations of 77; in Example[5.2.2] Hence the homogenised
matrices h = Hp(h) and e+ = Hr(é+) define a Cartan-Weyl normal form as described in

the theorem. O

We observe that different choices of transformation groups have been made in previous
works. Here we follow [30] and allow invertible transformations 7' on the generators 7;
over the ring of invariant forms, contrary to [4], where only C-linear transformations on the

generators are considered.



Chapter 5. Structure Theory for Automorphic Lie Algebras 109

To find the desired isomorphism 7" one first looks for a matrix h € C[FN, FZ] (il @ 72 @ 7i3)
which has eigenvalues 44 that are units in the localised ring, that is, powers of F'. This
yields the first column of T. The other two columns are found by diagonalising ad(ﬁ),
i.e. solving [h,é4] = +2uéy for éx € C[EN, F2] (i ® fl2 ® 73). Then one has to check

that the transformation is invertible.

In Table we present the invariant matrices when I' is one of the exceptional orbits

[;. In other words, these are the matrices (5.4)) with (cq,cp) = (1,0) for poles at Ty,

(ca,cp) = (0, 1) for poles at 'y and (cq,c5) = (—1,1) for poles at I'..

Table 5.1: Generators in normal form of Automorphic Lie Algebras with dihedral symmetry

and exceptional pole orbit.

h e+ e_
0 M 2N _q -\ 22N _q 1 M
1 . AN AN .
A0 AT A7 -1
D, MW -1 2N 20N AN 20N 1A 1 NN
AN 41 oAN—G  _A\N 41 /\N+1 (AN +1)3 _\N- 1
I‘ 1 )\N + 1 —2)\‘] Q(AN—O—I )\N Q(XN—Q—I)/\N —1 )\jiN
C N _ . T(\N_1)3 N _1)3 .
AN 1 oAN-i  _\N _1 ON-1)3 (L) _\N-j 1

Theorem describes ALiAs with dihedral symmetry, with poles at any orbit. Its proof
exhibits the consequence of Proposition that one can compute all these Lie algebras
in one go. In particular, one does not need to distinguish between exceptional orbits and

generic orbits.

The resulting Lie algebras differ only in the bracket [ey,e_] = I;Iyl.h. Here one can
discriminate between the case of generic and exceptional orbits since precisely one factor
I; equals 1 if and only if I" is an exceptional orbit. In other words, I,I,I, is a polynomial
in I (forany 1 #1=1;, i € Q) of degree 2 or 3 if I' is exceptional or generic respectively.

Notice that this degree equals the complex dimension of the quotient

——— Dy
sV, )p / [5[(V¢j)?N,5[

in agreement with results in [4].

W] = €l /eqa,
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Another way to analyse the ALiAs is by considering their values at a particular point A. This
can be done in the Lie algebra, i.e. the structure constants, or in the natural representation
of the Lie algebra, i.e. the invariant matrices (cf. Theorem . In the first case we have
a three-dimensional Lie algebra, equivalent to sl3(C) if A€ C\ (T UL Uy, UT,). When

on the other hand A € I'; # I" we obtain the Lie algebra

[h,er] = £2ey, [eq,e_]=0.
Evaluating the invariant matrices in A € C\ (T UT, U T, UT,) also results in sly(C).
If, on the other hand, A € I'; # I then two generators e4 vanish and one is left with a

one-dimensional, and in particular commutative, Lie algebra, in agreement with Theorem

4.3.21

5.2.3 Matrices of Invariants

Invariant matrices act on invariant vectors by multiplication. The description of the invariant
matrices in terms of this action yields greatly simplified matrices, which we call matrices
of invariants, while preserving the structure constants of the Lie algebra. This provides a

convenient representation for Automorphic Lie Algebras. We follow [26].

The claimed action relies on the fact that a product nv of an invariant matrix 1 and an

invariant vector v is again an invariant vector. We check

g- (mNv(A) = 1gn(g~ Nolg™'A) = (rgn(g~ N7y N(1gu(gA) = n(A)v(N)

where 7 : G — GL(V') defines the action on the underlying vector space V.
Let the generators R"g/' of the module of invariant vectors be v1,...,v,, n =dimV, i.e.
P ( V®R @(CFV“ F/*lv

and define the matrix of invariants A = (Q, s(Fy*, F,"*)) related to an invariant matrix 7

by

n
nus = E QT,SUT-
r=1
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In terms of the square matrix P = (v1,...,vy) this reads

nP = PA.

The entries Q, s of A are forms of degree dngln in FY= and F,*. Important to note is that A
is not an invariant matrix in the usual sense. This is the reason for using a Roman instead

of a Greek letter.

We know that det P = det R|G‘ =[Lca P;H(X)iyi where r(x); = 1/2 codim VX<gi> (cf. Def-
inition and Theorem [3.5.4)). In particular, P is not invertible on the whole Riemann
sphere. The singularity of P means that A cannot simply be seen as 7 in a different basis,

but we want to make sure that the Lie algebra structure is preserved nonetheless. Suppose

771777] ZC RULD

where c ; € C[Fye, F*]. By definition
n
0= ([m,m] - Zcﬁjnk> p=p < Ay, Aj) Zc”Ak>
k=1
where A; is the matrix of invariants related to the invariant matrix 7;. At the points on the
Riemann sphere where P is invertible we thus find that [A4;, A;] — >, cﬁjAk = 0. Since
these regular points include all generic orbits they constitute a non-discrete set and we can

conclude that the polynomial entries of [A;, A;] — >, cf’jAk are in fact identically zero,

k=1

and the transformation 7; — A; defines a Lie algebra morphism (see [26] for an algebraic

argument to this end).

To illustrate we compute the matrices of invariants for the dihedral group. We consider the
original generators ([5.2)) of prehomogenised D y-invariant matrices first. We could use the
generators of the normal form , but these are more involved (only the structure con-
stants are simpler) and we will consider them later. The transformation on the generators
of the Lie algebra, such as the one achieving a Cartan-Weyl normal form, and the trans-
formation on the matrix representatives of these generators, such as the transition between

invariant matrices and matrices of invariants, commute. Hence we can apply transformation

(5.5) of Theorem afterwards if we wish to.
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Example 5.2.10 (Matrices of invariants for Dy ). As starting point we consider the original

generators of the prehomogenised module of Dy-invariant matrices,

B 0 N
m = Fa .
A0
3 0 Ya(M + M=)
2 = Fa . X 5
1/a(A77 4 AN=J) 0
N3 = Fplt
0 -1

Suppose j is even and consider the invariant vectors of degree |G|

, X7 , yN-j
FN? : vy = FIF,
Y XN—J

v =

If P = (v1,v9) and ;P = PA; then the matrices A; are given by

FN  2F? 0 F? FZ2  F?
A= , Ay= . Ag= (5.6)
0 -—-FN FN 0 —FY —F?

a

. . b
and we see that all entries are in R%‘ = CFY* @ CF," as expected.

We defined the determinant of invariant vectors in Definition [3.5.1] This can be computed
just as well when the base vector space is a space of matrices. But since then one can
also consider the determinant of one vector, we call the former determinant the total
determinant of invariant matrices. That is, relative to a basis {ey,..., e} for g(V), if the
invariant matrices are given by 7; = f; je;, then the total determinant of invariant matrices
is det f; ;. A change of basis e¢; = ci,je} will only change the total determinant by a factor

det ¢; ; € C*, therefore the total determinant is well defined.

Lemma 5.2.11. The total determinants of invariant matrices and their related matrices of

invariants are related by a factor +1;
det(m,...,np) = £1ldet(Ay,..., Ag).

In particular, they are identical up to scalar factor.
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Proof. Let P be the matrix of invariant vectors such that ;P = PA; and suppose D C C?
is the set of points (X,Y) such that é € C\ (TyUT,UTY), i.e. D is the preimage under
the canonical quotient map C? — CP! =2 C of all points in the Riemann sphere with trivial
stabiliser subgroup. The topological closure of D is C? and D is connected, as can be seen

from its continuous image in the Riemann sphere.

The total determinants of the invariant matrices and the matrices of invariants are poly-
nomial functions on C? and in particular continuous. The former is nonzero on D, by
Proposition [3.2.3] as is the determinant of P. Therefore, in the domain D, we have the fol-
lowing properties. Conjugation with P induces a basis transformation of g(V') with nonzero

determinant det AdP and
det(m,...,me)(X,Y) =det AdP(X,Y)det(Ay, ..., Ax)(X,Y), (X,Y) e D.

The basis transformation given by AdP(X,Y’) is an automorphism of a semisimple Lie
algebra, for which Lemma shows det AdP(X,Y) = £1. Moreover, since both total
determinants are continuous, so is det AdP : D — {1,—1}. Finally, because D is con-
nected, det AdP is constant. By continuity of the total determinants we can fill in the gaps
C2\ D since D is dense in C2. O

Example 5.2.12 (The total determinant). Consider the sly(C)-basis

The Dy-invariant matrices have coefficients 11 = (0, F&NﬁjXQj,FlfV*jYQj) etc. We
check that RY:™* = CFNF2F? as predicted by Theorem|3.5.4 and Table

0  EYUX¥  FYTyY
det(n,72,73) =det | 0 FIRYN-% FIF,XN-2 | =2FF{F?.
RyF, 0 0

To illustrate Lemmal5.2.11, we compute the total determinant of the matrices of invariants

(5.6) as well. Notice first that conjugation gives an inner automorphism of the special linear
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algebra, so we expect the same sign.
FEN 2F2 0
det(Al, AQ, Ag) = det 0 F[12 N =
FZ F? -FY
EN(—2FNF?) + 2F3(FNF?) = 2FNFA(FE — FY) = 2FNF2F2,
Example 5.2.13 (Matrices of invariants in normal form). Let us apply transformation

, achieving the Cartan-Weyl normal form, to the matrices of invariants (@ The

homogenised version ]
(H,Ey,E_) = Hr ((A1, A2, A3)T) = (Hr A1, Hr Az, Hr A3)Hr T

takes the form

I, 2I, 0 T, I, T
HrA = [ ° , HrAs = , HrAz = ;
0 _]:[ll I[a 0 _Ha _]:[b
2¢cqg —Ip cgﬂa]lc +1
1
HeT =5 |26 T —2T,l — 1 : (5.7)

2cp Iy Ig(cqcple + ca + co)

After simplification, using the two relations

Ha_]lb+]1c:07

callg + cpllp =1,

one finds
o (b2t
0 -1
B, - 0 Il |
0 0
E - (Ca‘f‘cb)HaHh (Ca"‘Cb)QHaH%

I _(Ca + Cb)HaHb

Yt is arguably easier to postpone the homogenisation procedure, because in order to obtain the given

simplified matrices one has to replace 1 by appropriate powers of c.Il; + collp in various places.
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The matrices have been simplified significantly compared to (5.4) but there is one more
thing to do. By construction, H is diagonalisable, so let us get this done as well El, with

basis

This matrix is invertible over C[I]. In fact, P> = 1d, and

P U v p_ u+ (ca + co)lpw  2(cq + cp)lpu — v + (cq + cb)Q]Igw
wo—u —w —u — (cq + cp)Lpw
and
1 0 0 Tyl 0 0
H~ . B~ . B~ . (5.8)
0 -1 0 O I, O

This is a set of generators that reflect the simplicity of the structure constants clearly.

5.3 Applications of Invariants

If we assume the existence of a Cartan-Weyl normal form for any ALIiA, i.e. Conjecture
5.2.5, then we can say quite a few things about this Lie algebra. The investigation of the
predictive power of the invariants of ALiAs naturally leads to a cohomology theory for root

systems.

5.3.1 Root Cohomology

This section presents a tentative setup for a cohomology theory of root systems and explains

its relation to Automorphic Lie Algebras and their representations.

2The diagonalisation was not carried out for the matrices because it interferes with the group
action (as does the basis of invariant vectors). The diagonalising basis for V' depends on A and therefore
the matrices representing G by 7 : G — GL(V) become dependent on X as well (cf. twisted reduction
group, [31]). Theorem is concerned with invariant matrices, contrary to this example, where we are

only concerned with the Lie structure.
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Let ¢ € N and let @ be a root system. Put &9 = ® U {0}. We define 1-chains C1(®) by
formal Z-linear combinations of roots. Inductively we define m-chains C,,,(®) by formal
Z-linear combinations of m-tuples of roots (aq,...,a,) € ®f* with the property that

(a1,..., 05+ g, ... ) € Crprq(®) forall 1 < j < m.
Dually, let the m-cochains be the Z-linear maps
C"(®,29) = Hom(C),(P), Z7).

The maps d™ : C™(®,Z%) — C™1(®,Z9) can then be defined in the standard way [15]

(with trivial ®-action on Z9).

dlwl(ag, a1) = wh(ar) — w(ag + a1) + w'(ao)

d?w?(ag, a1, ag) = w? (a1, @) — w?(ap + a1, @) + w?(ag, a1 + az) — w?(ag, ay)

d™w™ (g, ..y an) =W (@, )
m .
+ Z(—l)]wm(ao, e Ol g, )
j=1
— (=1D)"w™(ag, ..., m—1).

We have d”+1d™ = 0 and define the group of m-cocycles, m-coboundaries and the m?®/-

cohomology group with coefficients in Z1 respectively by

Z"™(®,79) = kerd™,
B™(®,79) = d"" o™, 729),

H™(®,29) = Zm(®,29) /BM(q)’Zq).

If w™ € C™(®,Z9) and d"w™ € C™T1(®,7Z9) take their values in NE, where Ny =
N U {0}, we say that w™ € C™(®,N{). Observe that if w™ € C™(®,N{) then d"w™ €
C™ (@, NY), since d™T1d™ = 0. Thus d™ is well defined on C™(®, N§).

In what follows we will only use 1-(co)chains and 2-(co)chains (with coefficients in Np).
The basis of the 2-chains C2(®) are the pairs of roots whose sum is a root as well. The 1-
cochains are maps w' : &y — Ng such that d*w!(a, 8) = w!(B) —w!(a+B) +w'(a) € Ny
for all (a, B) € Co(P). Symmetric 2-cocycles define a class of Lie algebras of our interest

and 1-cochains provide representations for such Lie algebras, as is shown below.
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Definition 5.3.1 (Associated Lie algebras B,2(®) in Chevalley normal form). Let w? €
Z?(®,N{) be symmetric. Define B,2(®) as the Lie algebra associated to the 2-cocycle

w?, in the following sense. The Lie algebra B.2(®) is the free C[ly,-- ,1,]-module with

generators {ho,eg | a € A, B € ®} and C[ly, - - - , I |-linear Lie bracket
[h,h'] = ifh,h € Cll,--- L] (ha | @ € A),
[h,eg] = B(h)egs ifh e Cllly,--- 1] (ha | @« € A) and B € O,
les, ]—]I“’(ﬁ’ )leh if8=a1+4...+aq, a €A,
leg,ey] = (T+1)]I“’ (’37)654_ ifB, vy, B+~ €,
leg,eq] = if B,y € ® and 5+~ ¢ Dp.
Here we use a multi-index notation 1+*(@8) = i 1]1 (a’ﬁ)i. Moreover, a root (3 is

considered as a C[ly, - - - ,1,]-linear form on C[ly,--- ,1,] (ha | & € A) defined by 5(hqa) =

2((55)) where (-, -) is the inner product on CA induced by the Killing form of g. The integer
r € 7 is the largest satisfying v — r3 € ®. A consistent choice of signs is originally given
by Tits [51] and also described by Kac [21]] in terms of a 2-cocycle on the root lattice with
values in {£1}. If the generators of a Lie algebra over a graded ring satisfy the above Lie

brackets it is said to be in Chevalley normal form.

To prove that PB,2(P) is a Lie algebra, one has to confirm that the Jacobi identity is
satisfied. Given the classical existence proof for a Lie algebra with root system ® and its
Chevalley basis [17], the Jacobi identity for 3,2(®) is equivalent to the assumption that
d?w? = 0 and w?(a,B) = w?(B,a) for all (B,a) € Co(®). Indeed, for the expression
leas [es, e4]] + (€8, ey, €al] + [e4, [ea, €g]] to vanish, it is necessary and sufficient that each

term has the same I-multidegree. That is

W o, B+7) +w?(B,7) = (8,7 + o) + (7, 0) = w(y,a+ B) + w(a, B).
Under the symmetry assumption this is equivalent to

d*?(a, 8,7) = w?(8,7) — w(a + B,7) + (e, 8 +7) - w¥(a, f) = 0.

We remark that the Killing form K of 3,2 (®) on its generators is identical to the complex

Lie algebra related to ® apart from the values

K(eq,e_q) = ¥ (=a) acd.
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If w? is a coboundary then 2 (®) can be realised in the following way.

Example 5.3.2. Suppose {H,, Es | o € A, B € ®} is a Chevalley basis for a simple com-
plex Lie algebra and let w* € C'(®,N{) be a 1-cochain. Then the Lie algebra associated
to its coboundary can be faithfully represented by
Parot () = C[I, ..., 1] (Ha,]W(B)Eg laeA, Be q>) .
Indeed, any 2-coboundary d'w' is a symmetric 2-cocycle and the commutation relations
are easy to check. For instance, if B, v, 8+ € ® then
[HWI(ﬁ)EBa ]le(“/)Ev] — ' Bt [Es, B
— +(r+ DI OO R
= +(r + )[4« (B (le(’8+7)Eﬁ+7).
We call this concretisation the canonical representation associated to the 1-cochain w'.

Recall the matrices of invariants (@ for example.

The following result is based on the invariants of ALiAs gathered throughout this thesis.

For convenience we first define the norm of a 1-cochain,

o'l =) w'(@) €N, w'eCY(@,NP),
acd

and more generally one can define the norm of a m-cochain as the sum of all values on the

basis elements of the m-chains.

Theorem 5.3.3. Let V be an irreducible representation of a binary polyhedral group G”

and (V') a G’-submodule of gl(V') and a simple Lie subalgebra of rank ¢ and with root

. ——G
system ®. Suppose the Automorphic Lie Algebra g(V'). allows a Cartan-Weyl normal form

—G
g(V)r = Cll] (ha,ep [a € A, B ).
Then there exists a 1-cochain w! € C1(®, Nl)m) with w!(0) = 0 such that
7G ~
9(V)p = Barer (P).
Moreover, for i € Q and («, 5) € Ca(P),
lw[li = drr; £ (@) (5.9)
wh(a); € {0,1} (5.10)

d'w!(a, B); € {0,1} (5.11)
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where 0 is the Kronecker delta and k(®) of Definition is given in Table[5.2

Table 5.2: The integers x(®); = /2codim g(V){9, i € Q.
a 1 3 4 6 § 10 14

b 1 3 3 ) 7T 8 12
¢ 1 2 3 4 6 6 9
¥ 3 § 10 15 21 24 35

Proof. Notice that d'w! is a symmetric 2-cocycle so that Pq1,,1(®) is a well defined Lie
algebra. Suppose the generators of the Automorphic Lie Algebra are represented by ma-
trices of invariants. Then the generators {h, |a € A} of the Cartan subalgebra (CSA), if

diagonalised, are constant matrices, which span a CSA for g(V).

First we consider the case g = sl. If s[(V')g = CEjp is the (one-dimensional) weight space in
sl(V') corresponding to the root 3, relative to the CSA, then the generator eg is an element
of C[l]Eg. Say eg = fzEp with fg € C[I]. The total determinant of all the generators is

the product of the polynomials fz and this determinant is known to be

1 5= TLE "

Bed i€

where 1(®); is given in Table [5.2] (as this follows from Theorem and Lemma [5.2.11]).

In particular, all polynomials fz are monomials in I, I, and I.. By defining w!(B); to be

the power of I; in the monomial f3,
B — 3,

we see that the ALIA is faithfully represented by the canonical representation associated to

a l-cocycle w' satisfying (5.9). In particular
7G ~
sI(V)p = Pyi1 (P)

as Lie algebras.

If g = so or g = sp there is an additional complication. Let B be the nondegenerate

bilinear form that defines g(V') = gp(V); it can be represented by a constant matrix. The
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transformation P(\) of invariant vectors taking invariant matrices to matrices of invariants
(cf. Section transforms the constant bilinear form to a form PT(\)BP()\) which
is A-dependent. But because the representation 7 : G* — GL(V') preserves the original
bilinear form (that is, 7,7 Br,; ' = B) the new bilinear form is in fact only I-dependent.

Indeed, it is invariant under the action on \:
PT(g'\)BP (g~ \) = (PT (g~ "N )(r, " B, ) (74P(g7\)) = PT(\)BP())

thus PT(A\)BP(\) = B'(I). This implies that the one-dimensional weight spaces CE(I)
in gp/(n) (V) relative to the CSA spanned by {h, |a € A} are [-dependent as well, and the

generators of a Cartan-Weyl normal form are of the form eg = fgE3(I), with fg € C[I].

Nonetheless the complex Lie algebra gp/)(V) = C (ha, Eg(I) | @ € A, B € @) remains
constant up to isomorphism, because the transition to matrices of invariants preserves the
Lie bracket. In particular, the total determinant of this basis is a nonvanishing meromorphic
function and is therefore constant. Hence the total determinant of the natural represen-
tation of the ALIA is once more given by Hﬁe@ I8 = Ilica Hfrriﬁ(q))i and we can define
a l-cochain w! by 0 = fs as before. Moreover, the ALiA can be represented by
Cl] (ha, fsEp | a € A, p € @) where {hq, Eg | € A, € O} defines a Chevalley basis
for gp(V), that is, the canonical representation associated to w! (even though such a

representation might not be obtainable through the sequence of transformations that was

applied on the ALiAs with dihedral symmetry throughout this thesis).

To justify condition (5.10]) and (5.11]) we will show that

dlwl(a, —a); € {0,1}, i€Q, acd, (5.12)

using evaluations. But before doing so we make sure that (5.12)) implies (5.10]) and (5.11)).

Since d'w!(a, —a); = w'(a); + w'(—a); and w' takes values in Ngm, condition (|5.10))

follows immediately. Notice also that ((5.12)) implies
Jllls <1200, €9 (5.13)
since ! l; = Yoo (1 (0)i + w1 (—a)i) = Docqr dwl(a, —a); < [07].

The implication (5.11)) is a bit more hidden. Granted (/5.10) we only need to exclude the
possibility of roots o and 3 such that w!(a)—w!(a+B)+w!(B) = 2ie wl(a) =w!(B) =1
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and w'(a+B) = 0. If such roots exists then w!(—a) = 0 by (5.12) and d*w!(a+ 8, —a) =

wl(—a) —w'(B) +wl(a+ B) = 0— 1+ 0 contradicting the fact that d'w! takes values in

NLQ‘. Hence implies .

We turn to the proof of 1} Let g(V)?(u) be the space spanned by the invariant
matrices evaluated at i € C. This is the Lie algebra g(V)% and we studied it extensively
in Section Now we define another Lie algebra, WF(M), as the complex vector space
with abstract basis {hq, e | &« € A, f € ®} and with structure constants given by the
structure constants of the Automorphic Lie Algebra evaluated in p. In general the first is

a Lie subalgebra of the latter

s(V)5 (1) < oV (w),

and these two Lie algebras coincide and equal g(V') if u belongs to a generic orbit, that is,

if G, = 1.

For ¢ € 2 we can split the set of roots
O =, LD

such that mf(,ul) has basis {ha(1i), eg(pi) | « € A, B € ®;} if p; € I'; and hy and
eg are invariant matrices. In other words, eg(u;) = 0 if and only if 5 € ®¢. This does not
work with the matrices of invariants; the singularity of the transformation P of invariant
vectors at y; allows evaluated invariant matrices to be zero while the corresponding matrix

of invariants is nonzero.

The evaluated invariant matrices g(V')[ (1) constitute a reductive Lie algebra given by Table
, that is, a direct sum of a semisimple and an abelian Lie algebra. The elements eg(ui)
are in the semisimple summand. In particular, if 8 € ®; then —f € ®; (a standard fact,

see e.g. [12, [17] 24]) hence if 8 € ®f then —3 € ®S.

Take B = a1+ ... +aqg € f, o;j € A. In g(V)p(is) we can consider the bracket
leg,e—gl = fa(pi) f-p (i) 2?21 ha,; € Ch where fz and f_g are the monomials occurring
in the matrices of invariants. Here we use that h,, as a diagonal matrix of invariants, is
constant. Since 65(/1,2‘) = 0 as an invariant matrix, this bracket is zero, and because the
sum of evaluated invariant matrices 2?21 he, (pi) # 0 we can conclude fg(ui) f—p(ui) =0,

i.e. [; occurs at least once in at least one of the monomials fz and f_g.
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Condition 1) now follows by counting. Indeed,
codim g(V){9) = 2k(®);. Under condition ((5.9) we only have half this many I; at our

®f| = dimg(V) — dimg(V)(@) -

disposal to make a representation for the ALiA out of matrices of invariants. Therefore, in
order to satisfy fg(pi)f-g(pi) = 0 if 5 € ® we have to be economical and only use one
I; for each pair {5, —F} C ®¢. Thus condition ((5.12)). O

Corollary 5.3.4. Ifg(V)? = g’(V’)f, then the base Lie algebras are isomorphic, ® = @',
and {0rr,k(®); | i € Q} = {op/r k(D) | i € Q}.

Proof. The first necessary condition to have an isomorphism g(V)? = g’(V’)?,/ was al-
ready evident from the evaluations considered in Proposition [3.2.3] where we found that
Wf(,u) = g(V) for generic u € C, thus any isomorphism of ALiAs evaluates on the
Riemann sphere to an isomorphism of the base Lie algebras. To obtain the second neces-
sary condition we consider the Killing form of m? and W?j We observed before

that this bilinear form on (V)f can be represented by a dim g x dim g matrix over C[I]

with determinant in C* ][, Hfrri%((b)i. An isomorphism g(V)f ~ g’(V’)?, is realised by

a dimg x dim g matrix over C[I] with determinant in C* and acts on a bilinear form as
K s T'KT, hence the determinant of the Killing form is preserved up to scalar under Lie

algebra isomorphisms. O

Are the necessary conditions for an isomorphism given in Corollary also sufficient?
This is the isomorphism question, [1.3.2] or rather a slightly stronger version of it. In
the following subsection we investigate the collections of P11 (P) where w! satisfies the
conditions , and will find that they often contain only one Lie algebra in
which case we find an ALiA, granted it allows a Cartan-Weyl normal form. However, we will
also find cases where there are still various Lie algebras in this class and the isomorphism

question remains open.

5.3.2 The Isomorphism Question

This section investigates the consequences of Theorem for the isomorphism question;

whether Automorphic Lie Algebras themselves are invariants of Automorphic Lie Algebras.
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In Table we see that there are only four root systems involved in the isomorphism
question: Ay, Ag, By and As [12, [17) 24]. For each we discuss and illustrate their 2-

coboundaries satisfying the conditions of Theorem [5.3.3]

Because we are ultimately interested in Lie algebras up to isomorphism we define a notion

of isomorphism for 2-cochains.

Definition 5.3.5 (Isomorphism of m-cochains). Two cochains w™,&™ € C™(®,N) are

isomorphic if there exists an isomorphism ¢ : ® — ® of root systems such that

w(¢(ar), ..., ¢lam)) = @™ (o, .., o)

for all m-chains (a1, ..., ap) € Cp(P).

If two symmetric 2-cocycles w?,&? € Z2(<I>,Ng) are isomorphic then their associated Lie
algebras PB,2(®) and P2 () with respective generators hy, ez and ha, €5, @ € A, B €
®, are isomorphic as Lie algebras. Indeed, the isomorphism ¢ of the root system can
be used to construct an isomorphism ¢** : P2(P) — P2(P) by C[ly,...,I;]-linear
extension of ¢**(ha) = hg(a) and ¢**(eg) = ey3), @ € A, 3 € ®. This map has inverse
(") H(ha) = hg-1(a), (¢™) 7 (eg) = €4-1(5) and preserves the Lie bracket. We check
the case (8,7) € Ca2(®P),

*k[= = Kok 0?2 -
¢**[ep, ey) = £¢™ (r + DIT e,
— +(r + DI PN eg,

= +(r + DIV EELMey o1

= leg() €4(v)]
— [¢**éﬂ7 (ZS**é'y]-

The remaining brackets are left for the reader to check, using ¢(8)(hy()) = % =

Abo) = B(hoz)'

(a,@)

In order to study the Lie algebra 3, 2(®) using cocycles, it is clearly desirable to have a
notion of isomorphism on symmetric 2-cocycles that coincides with the Lie algebra iso-
morphism of the associated Lie algebras. The current attempt possibly defines too few
isomorphisms. That is, if two symmetric 2-cochains are not isomorphic by Definition [5.3.5]

there is no guarantee that the associated Lie algebras are different. This is an open problem.



Chapter 5. Structure Theory for Automorphic Lie Algebras 124

Root System A;

The root systems A; and A; x A; for sl3(C) and s04(C) = sl3(C) @ sly(C) are shown in
Figure 5.1 and Figure [5.2] respectively.

Figure 5.2: The root system A; X Aj.
B

Figure 5.1: The root system A;.

—axO——O0—0O « - o
—p

There are only two maps w' : C;(A4;) — Ny satisfying conditions w!(0) = 0 and w!'(—a) +
w!(0) + w!(a) = 1 from Theorem [5.3.3| Either w!(—a) = 1 or w!(a) = 1 and the other
values are zero. Both of them map to the same 2-coboundary; d'w!(—a,a) = 1 and
d'w!(0, ) = d*w! (0, —a) = 0. In terms of the representation this statement means
that it does not matter whether I; is in the top right entry or in the bottom left. Hence, if
dimV =2, ie. if

V e {y;, T, T2, Ts, O3, 0%, 0%, Y5, Y5}
then

SI(V)y = ClI (e eo)
[h,es] = £2eq

[eq,e—] =L IpIcA

for all orbits I, if we take into account thatI; =1 < I' = T';. This is conform the dihedral
examples. Moreover, considering a switch 1 # [; <+ I; # 1 to be an isomorphism we obtain

el el el
G G G

siV)p, = sl(V)p, = sl(V)p, 2 (V) -

a b

In particular, we obtain the main result of [30] for arbitrary polyhedral groups by taking

I' =T, and the sl3(C)-based isomorphism results of [4].
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For root system A; x Aj, another constraint plays a part as (5.11)) forces one I; at each

simple component of the root system. Thus, for all four-dimensional irreducible represen-

. ——G . .
tations V of real type, that is, only for V = Yg, we find 50(Y6)F to be isomorphic to

5[(V)§ @5[(V)f if dim V' = 2. This can be generalised to n (orthogonal) copies of A;
and k((A1)™) = (n,n,n).

Root System A,

The planar root system Ay for sl3(C) consists of 6 roots arranged in a regular hexagon.
In the diagram there is a node for each root. The addition of roots is inherited from the

ambient vector space with origin in the centre of the hexagon.

For this root system the defining properties of chains and cochains play an important role,
contrary to A;. Recall that 2-chains are formal Z-linear combinations of pairs of roots
(ar, B) such that « + (3 is again a root. We depict (o, 3) € Cy(®) in the diagram by
an edge between « and 3, cf. Figure [5.3] using the fact that we are only interested in

symmetric 2-cocycles for now.

Figure 5.3: The basis for C2(As).

a3 a2

(a7} aq

Qs a6

We are interested in 1-cochains w! that satisfy , 5.10} [5.11]). Table gives
o'l = (3,3,2).

Components of w! can be studied separately and we start with the smallest sum ||w!|| = 2.
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The condition in the cochain definition that w' be such that d'w! takes nonnegative values
is very restrictive. For instance, if w!(a;) > 0 then either w!(as) > 0 or w!(ag) > 0,
since otherwise d'w!(ag, ag) = wl(as) — wl(a) + wl(ag) < 0. In particular there is no
1-cochain with norm 1. And, more relevant, there is a unique 1-cochain with norm 2, up
to isomorphism. Indeed, it was just argued that two neighbours in the hexagon have to
take positive value, and if we define w!(ay) = w!(az) =1 and wl(a) =0 for j =3,...,6

then d'w! > 0 so w! is a cochain.

In the root system diagram we depict a 1-cochain w' by filling the node « if and only
if w!(a) = 1 and we depict the corresponding 2-coboundary d'w! by drawing and edge

(a, B) € Co(®) if and only if d'w!(a, B) = 1, cf. Figure[5.4] This provides all information
under the conditions (/5.10} [5.11])).

The equation ||w!||s = 3 has a unique solution in C1(A3, Ng) as well, up to isomorphism.
This follows from the same argument. Each root a for which w!(a) = 1 requires at least
one neighbour in the hexagon to take value 1 as well. Therefore, three subsequent roots
take value 1 and there is one way to do this, up to isomorphism. The solution together with
its 2-coboundary is shown in the right root system of Figure[5.4 Notice that the associated
Lie algebra of the latter is not generated as a Lie algebra by 6 elements, such as the base

Lie algebra sl3(C), whereas the Lie algebra associated to the former coboundary is.

Figure 5.4: The 2-coboundaries d'w! € B%(Ay, Ng) where ||w!| =2 or 3.
s (%) a3 a2
©) Q @)

o7t aq a4 O Q (ONe5

O O O
Qa5 a6 0%} &7

Any solutions to ||w!|| = x with x > 4 violates (5.11]) as noticed before: ((5.13)).

To make a statement on ALiAs the above results have to be combined. For instance, if

dimV = 3, the ALiAs s (V)ﬁl and EI(V)fb are associated to d'w! where w! € C!(A2,N2)
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satisfies
lwhll = (3,2)

by Theorem [5.3.3] Since there is only one 2-coboundary with norm 2 and with norm 3, the

. . G G .
number of coboundaries that could define sI(V) and sl(V)p is the number of ways the
previous two coboundaries can be combined. In this case we are in luck because there is
again just one possibility up to isomorphism, shown in Figure [5.5] In order to incorporate

multidimensional cochains in the root system diagrams we define a colouring as follows.

a, b, c. (5.14)

Figure 5.5: The 2-coboundary d'w! € B%(A45,N3) where [|w!|| = (3,2).

a3 (6%
Q

Qg aq

a5 Qg

One can conclude that the existence of the Cartan-Weyl normal form (Conjecture [5.2.5))
implies through Theorem that sl3(C)-based ALiAs with poles restricted to one of the

smallest two orbits are isomorphic. This includes all combinations of
Ve {T77©67@77Y47Y5}7 I'e {Fuyrb}'

Better yet, it describes the Lie algebra structure explicitly. With a choice of simple roots

« = a1 and 8 = ag this Lie algebra

sl(V)p, = ClI] (ha, hg, €q, €8, €at8,€—a, €3, €_a—3)

J
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has commutation relations

[ea;€—a) = LIh, leq eg] = Lieatp

[es, e—p] = lilg leatpre-a] = —lees

leatps€—a—p] = Lil(ha+ hg) leg,e—a—p] = Lie_q
[e-are—p] = —e—a-p
[e_a_ 5,ea] = LlLe_p
[e—p;€atrp] = —€a

where i = b if j = a and vice versa. The other brackets are given by the roots (and
identical to the base Lie algebra). Arguably the full Lie algebra structure is displayed in
a more transparent manner by the coboundary in Figure than through this list of Lie

brackets.

The remaining sl3(C)-based ALiAs with exceptional pole orbits are related to cochains
w! with norm [lw!|| = (3,3). There are two distinct] 2-coboundaries resulting from such
cochains, depicted in Figure [5.6] It is not known at the time of writing whether the Lie

algebras associated to these coboundaries are isomorphic. An sl3(C)-based ALiA 5[(‘/)1?:

Figure 5.6: The two 2-coboundaries d'w! € B?(A2,N2) where ||w!|| = (3,3).

A

K TX

allowing a Cartan-Weyl normal form is isomorphic to (at least) one of these. A solution to

this problem also solves the case with poles at generic orbits, because the coboundary of
the 1-cochain on As with norm 2 (cf. Figure5.4]on the left) is included in the coboundaries

of Figure[5.6]in a unique way, up to isomorphism.

3Distinct in the sense of Definition w
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Root System B,

The root system By related to the isomorphic Lie algebras so05(C) and sp,(C) has four

short roots and four long roots. Its 2-chains are shown in Figure [5.7]

Figure 5.7: The basis for Cy(Bz).

(o7 a3 a
Qs aq
(a7} ary asg

There are no 1-cochains w! with norm 1 or 2. For norm 1 it is noticed that any root
a is a sum of two roots. Therefore if w!(a) = 1 and all other values are zero, then

d'w!(B,7) = —1if B+~ = a, which is not allowed.

If w! has norm 2 and is positive on a short root, say w!(a3) = 1, then, in order for d'w! to
be nonnegative, either w!(a1) = 1 or w'(ay) = 1, and either w'(ao) = 1 or w'(as) =1,
which is impossible if > 5, wl(a) = 2. If a positive value is assigned to a long root, say
wl(ag) = 1, then at least one of the values w!(ay) and w!(a3) is positive, and it was

argued that this is impossible.

There are two 1-cochains of norm 3, as can be deduced by an ad hoc analysis similar
to the above. Their coboundaries, depicted in the left two root systems of Figure [5.8]
are nonisomorphic. Norm 4 provides another occasion where additional constraints from
Theorem play a part, since there are multiple 1-cochains of norm 4 on By but only
one of these satisfies (or equivalently (5.12))) and is depicted in the right root system
of Figure 5.8
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Figure 5.8: The 2-coboundaries d'w! € B?(By, Ng) where ||w!| = 3 or 4, satisfying (5.11]).

O O @)
O O O O 0] O
O ©) ©)

This analysis of By provides limited information about the ALiAs sp(@%);, 5p(Yb7); and
—— G . . . .

s0(Yg)p. Not only because there are two 1-cochains of norm 3 with nonisomorphic
coboundaries, but also because the various ways to combine the cochains of this section

into an element of B!(Bs,N3) of norm (4,3, 3) result in various coboundaries.

Root System Aj

There is only one three-dimensional root system that is involved in the isomorphism question
for ALiAs, namely As. The roots are the midpoints of the edges of a cube (or octahedron)
and they all have the same length. In Figure [5.9| all basis elements of the 2-chains are

shown except the ones incident to zero.

The computer package Sage [49] is used to compute all solutions w! € C!(As3,Np) to the

equation |lw!| = & satisfying (5.10) and (5.11)). Multiple solutions are found with norm

k = 3,...,6, and no solutions for other values of x. Interestingly, for all the relevant
norms, k = 4,5 or 6 (cf. Table [5.2), these solutions provide just one coboundary dlw!
up to isomorphism. They are shown in Figure [5.10} together with a choice of 1-cochain

integrating them.
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Figure 5.9: Basis elements of C(A3) not incident to 0.

Figure 5.10: The 2-coboundaries d'w! € B?(A3,Ny) where ||w!| = 4,5 or 6, satisfying
(10 B11).




Conclusions

Alongside the computational classification project of Automorphic Lie Algebras a theoretical
treatment of the subject takes shape. This theory aims to explain the observations of the
computational results. Most notably the uniformity over different reduction groups and the
simplicity of the Lie algebra structure that becomes visible by the construction of a Cartan-
Weyl normal form. Ultimately, the theory aims to answer the isomorphism question, assist
in the classification project and provide information about Automorphic Lie Algebras which

are computationally inaccessible.

The invariants of Automorphic Lie Algebras obtained in this thesis provide various predic-
tions. They determine the structure of Automorphic Lie Algebras as a CJ[I]-module and
provide important information about the faithful Lie algebraic representation given by ma-
trices of invariants. Moreover, the invariants put severe constraints on the Lie algebra

structures of Automorphic Lie Algebras.

Summary of the Results

Chapter [3| discusses how the workplace of Automorphic Lie Algebras can be moved from
the Riemann sphere and its automorphism group Aut(C) =2 PSLy(C) to the linear space
C? and the group SLy(C). A method is devised to study Automorphic Lie Algebras for all
pole orbits through a single Lie algebra. Using well known theory for the representations of
SLy(C) itis then shown that Automorphic Lie Algebras are free modules over the polynomial

ring in one variable. Moreover, the number of generators equals the dimension of the base

Lie algebra. Since this is true for any Automorphic Lie Algebra it is an invariant. It also

132
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allows the definition of the determinant of invariant vectors, for which a simple formula is

found.

Chapter [4] discusses the behavior of complex Lie algebras when they are acted upon by a
finite group. Formulas to decompose classical Lie algebras into irreducible group represen-
tations are established and used to decompose all the base Lie algebras occurring in the
set up of Automorphic Lie Algebras in this thesis. Furthermore, it is explained why only
inner automorphisms occur in the representations. Finally, the natural representation of
Automorphic Lie Algebras is defined and a full classification of their evaluations is given.
In particular, these complex Lie algebras turn out to depend solely on the base Lie algebra
and the type of orbit containing the point of evaluation, hence this is another invariant of
Automorphic Lie Algebras. Combining this result with the formula for the determinant of

invariant vectors, obtained in Chapter , yields a third invariant.

In Chapter [5| the Cartan-Weyl normal form for Automorphic Lie Algebras is introduced.
It is illustrated how this normal form presents Automorphic Lie Algebras in a clear and
familiar manner. A representation by matrices of invariants is then used to concretise
the Lie algebra structure. This motivates the introduction of root system cohomology.
The constraints on the Lie algebra structure imposed by the invariants of Automorphic
Lie Algebras are formulated in terms of cochains and their boundaries. This immediately
describes sl3(C)-based Automorphic Lie Algebras with all pole orbits and sl3(C)-based
Automorphic Lie Algebras whose poles are in one of the two smallest exceptional orbits, I',
or I'y. The implications for the isomorphism question are discussed in general. Moreover,
necessary conditions for isomorphisms between Automorphic Lie Algebras are established

using the invariants and the cohomological set up.

Throughout the main body of this thesis the results are illustrated by explicit calculations
for the dihedral symmetric case. The dihedral group is suitable for this purpose because
it contains most of the group theoretical difficulties one encounters with e.g. Schur covers
and exponents, but at the same time its polynomial invariants are simple enough to tackle
by hand. As a byproduct the complete classification of dihedral Automorphic Lie Algebras
[25] is established.
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Open Questions and Research Directions

Existence of a Cartan-Weyl Normal Form for Automorphic Lie Algebras

The Cartan-Weyl normal form for Automorphic Lie Algebras, introduced in Section is
a set of generators of the Lie algebra as a M(@)lg—module that identifies a Cartan subalgebra
and diagonalises its adjoint action, analogous to the Cartan-Weyl basis for semisimple
complex Lie algebras. The first step in a general existence proof is given by Theorem 3.4.7
stating that any Automorphic Lie Algebra (g®M(@)F)G is freely generated by dimg
elements as a M(@)?—module. Identifying a Cartan subalgebra boils down to the search for
¢ = rank g invariant matrices which are simultaneously diagonalisable and have eigenvalues
in C (that is, independent of \). The second part of this problem is the identification of the
root spaces of this Cartan subalgebra. Proof of existence of such generators, conjectured
in Section [5.2.1] would be a major contribution to the subject and provide the final piece

of the proof that justifies the use of root cohomology in the study of Automorphic Lie

Algebras.

An Equivalence Relation on 2-Cocycles

If an Automorphic Lie Algebra allows a Cartan-Weyl normal form, as we know many do,
cf. [26, 25] 30], then the Lie algebra structure can be described by a function sending
two roots of the base Lie algebra to a triple of natural numbers. A cohomology theory
on root systems can be defined such that the 2-cocycles are exactly those functions that
describe a Lie algebra in Cartan-Weyl normal form over a graded ring. Thus to study such
Lie algebras one can investigate the more tractable 2-cocycles. However, for this to be
effective it is crucial to know what 2-cocycles produce isomorphic Lie algebras. This is not
a straightforward problem as the cocycles only describe the Lie algebra in normal form,
hence an isomorphism of Lie algebras needs to be composed with an isomorphism that

takes it to a normal form before the effect on the cocycle can be studied.

The invariants of Automorphic Lie Algebras obtained in this thesis put severe constraints on

the 2-cocycles that describe Automorphic Lie Algebras, leaving only a handful of options. It
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is at the time of writing not known weather these cocycles generate distinct or isomorphic
Lie algebras. If the desired equivalence relation on 2-cocycles is obtained there is a chance
that the answer of the isomorphism question soon follows, and the classification project of

Automorphic Lie Algebras leaps ahead.

Second Cohomology Groups

The tentative set up for a cohomology theory of root systems could prove an interesting
direction of further study by itself. The cohomology groups for instance are not yet studied
in this thesis. The second cohomology group in particular has an obvious interpretation in
terms of Lie algebras over graded rings and their representations, as it measures the amount
of such Lie algebras that do not allow a representation given by a 1-cochain in the canonical
way described in Example [5.3.2] Preliminary unpublished research in this direction looks

promising and the subject has raised much interest from the integrable system community.

Generalisations of Automorphic Lie Algebras

The ingredients that go into an Automorphic Lie Algebra: the base Lie algebra, its field
(Automorphic Lie Algebras over finite fields have been proposed), the automorphisms of
the Lie algebra in the reduction group, the Riemann surface; they all can be generalised.
To complete the classification of Automorphic Lie Algebras based on simple complex Lie
algebras one has to study the exceptional Lie algebras. The icosahedral group at least can

be represented in the exceptional Lie groups [32].

The study of Automorphic Lie Algebras on a compact Riemann surface of positive genus
was started in [5]. Little of the current thesis can be used directly to continue this research,
as the results rely from the very beginning on the Riemann sphere, through the properties of
the polyhedral groups. However, the classification project of finite groups of automorphisms

of compact Riemann surfaces is well ahead.
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Kac-Moody Affiliations

Kac describes in his monograph [2I] how central extensions of current algebras, possibly
reduced by a cyclic reduction group, and adjoint by a derivation, give rise to all Kac-Moody
algebras of affine type. One could mimic this construction starting from the Automorphic
Lie Algebras that we have come to know, or even the larger class associated to the 2-
cocycles, and aim to describe this Lie algebra by a generalised Cartan matrix. Research of
this nature can illuminate the relation between Automorphic Lie Algebras and Kac-Moody
algebras. Moreover, it can enable the application of Automorphic Lie Algebras in conformal
field theory and related areas of theoretical physics, where Kac-Moody algebras play an

important role.

Integrable Systems

One could also stay true to the original motivation of the subject, integrable partial differen-
tial equations, and continue research in line with [4]. It would be interesting to investigate
the consequences of the isomorphism theorem of [26] or to investigate the consequences
of the isomorphism conjecture. Integrable partial differential equations can be constructed
using Automorphic Lie Algebras, as demonstrated in [4, [3I]. We emphasise that these
equations depend on the Lie algebra structure only. Therefore they are independent of the
choice of reduction group, by the isomorphism theorem of [26]. Yet, for the study of this
equation one can use a Lax pair from the natural representation of the Automorphic Lie
Algebra, whose analytic structure does depend on the reduction group. Hence, for each
polyhedral group appearing as a reduction group for this Automorphic Lie Algebra, one

could expect a class of solutions to the equation with symmetry properties of this particular

group.

Naturally it would also be interesting to start an investigation on the relation between
Automorphic Lie Algebras and discrete integrable systems as the latter display rich algebraic
structures. This is an application for pioneers, yet it would be timely because of the rising

awareness of the importance of discrete integrable systems in fundamental physics.
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Notation Description

ALiAs Automorphic Lie Algebras

form A polynomial of homogeneous degree

gcd Greatest common divisor

lcm Least common multiple

Hom(U,V)  Homomorphisms U — V/

End(V) Endomorphisms, Hom(V, V)

Aut(V) Automorphisms, invertible endomorphisms

GL(V) The general linear group, Aut(V') where V' is a vector space

No The nonnegative integers N U {0}

C* The multiplicative group of nonzero complex numbers C\ {0}

C The one-point compactification of the complex plane, also known as
the Riemann sphere and the complex projective line CP!

G A group, often a polyhedral group, i.e. a finite subgroup of Aut(C)

€ The trivial character of a group G, i.e. the mape: G — {1} C C*

|G| The order of a group G

G|l The exponent of a group GG, Definition [2.1.2

G’ The binary polyhedral group related to the polyhedral group G

G Stabiliser subgroup {g € G | g\ = A}

T G-orbit in C

Index set for all exceptional orbits of G. Q2 = {a,b} if G is cyclic and
Q = {a,b,c} if G is a non-cyclic polyhedral group

I, i€Q G-orbit in C of size < |G|, called exceptional orbit

Continued on next page
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continued from previous page

Notation Description

d;, 1€ The size |T';| of the exceptional orbit T;

v, 1 € Q) The size % of the nontrivial stabiliser subgroups at I';

WwN A primitive N-th root of unity, e.g. R

Ca(B) The centraliser of B, {a € A | ab = ba, Vb € B}

Z(Q) The centre of G, {g € G | gh = hg, Vh € G} = Cq(G)

Vi The vector space of the representation affording the character x
XV The character of the representation with vector space V,

k(Xx)i, © € Q  the half integer 1/2 codim VXG“, where p € T';, Definition [3.5.3

Vv The dual of a vector space V, i.e. Hom(V, k) where k is the field of V'
ClU] The ring of polynomials whose variables are basis elements of U*

R C[U] where U is the natural representation of the involved group
V(F) If F € C[U] then V(F) ={u € U | F(u) = 0}, Definition 2.7.1

N(T) If ' C U then N(T") = {F € C[U] | F|r = 0}, Definition [2.7.1

Fr The generator of NV/(T"), Definition [2.7.2

F; Short hand notation for Fr,

Pa Prehomogenisation, Definition [3.3.1

Hr Homogenisation, Definition [3.3.2

I; The quotient HFFZ-W = 5:;; where vp = % i.e. the meromorphic

function on C with divisor v;I'; — vl
I A nonconstant function of the set {I; |7 € Q}. This notation is only

used in a context where the particular choice is irrelevant, e.g. C[I]

g A Lie algebra over the complex numbers, unless otherwise stated
h, CSA A Cartan subalgebra, a nilpotent selfnormalising subalgebra of g
l The rank rank g = dim b of the Lie algebra

K(--) The killing form g x g > (a,b) — K(a,b) = tr (ad(a)ad(b)) € C
(") The killing form restricted to b x b

) The roots of a semisimple Lie algebra

D o U {0}

A A choice of simple roots in ®

Continued on next page
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continued from previous page

Notation Description

k(®);, i€ Q  The integer 1/2codim g(V)%+ where g(V) is a Lie algebra with root
system ® and a G-module as induced by a G-action on V, and u € Ty,
Definition [4.3.3

M(C) The field of rational functions on the Riemann sphere

M(C)r The ring of functions in M(C) with poles restricted to I' ¢ C

v The tensor product V ® M(C), i.e. V-valued meromorphic functions

Vr The tensor product V & M(C)r

C1(®) 1-chains, formal Z-span of the eigenvalues of a CSA, Z(®)

Cn (D) m-chains, formal Z-span of m-tuples (a1, ..., ay) € ®f" such that
(a1, a5+ g1,y 0un) € Cp1(®) forall 1 < j <m

Cm(®, X) m-~ochains, Hom(C,,(®), X) where X is an abelian group

dm The map C™(®, X) > w™ - d™w™ € O™+ (P, X) defined by
d™wm (g, .y ) = WM, .y )
+ Z;”:l(—l)jwm(ao, e 1 g, Q)
—(=1)"w™ (g, -, m—1)

c™(®,N{) The set of all w™ € C™(®,Z?) such that w"™ and d™w™ take
values in N{

[lw™|] The sum ) w™(«) ranging over the basis elements « of C,,(®)

Z™(®,N§)  The kernel of d™ : C™(®,N{) — C™ (P, N{), the set of
m-cocycles or closed cochains

B™(®,N{)  The image of ™1 : C™~1(®,N{) — C™(®,N}), the set of
m-coboundaries or exact cochains

B2 (P) The Lie algebra over a polynomial ring associated to a 2-cocycle w?

on the root system ®, Definition [5.3.1
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