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Abstract

A classical problem in spectral geometry was to determine whether or not
isospectral manifolds are necessarily isometric. It turns out that the answer to
this question is negative and several counterexamples have been given. For the
construction of continuous families of isospectral and non-isometric manifolds,
class preserving automorphisms of nilpotent Lie groups were crucial.

An automorphism of a group is called class preserving if and only if every
element is conjugate to its image. So this condition is related to, but less strict
than the one for an inner automorphism. A nilpotent Lie group admitting a
discrete and cocompact subgroup and a class preserving automorphism which
is not inner can be used to construct a continuous family of isospectral but
non-isometric nilmanifolds. Class preserving automorphisms of a Lie group are
very closely related to almost inner derivations of the corresponding Lie algebra.
These are derivations for which each element is mapped to the Lie bracket of
itself with some other element. The set of all almost inner derivations forms a
Lie subalgebra of the derivation algebra and contains the inner derivations.

Up till now, almost inner derivations of Lie algebras have not been studied in
detail yet. They have almost only been considered from a differential geometric
perspective, where the focus was on constructing some examples. The goal
of this thesis is to study this notion in a purely algebraic way. Although the
motivation from spectral geometry only makes sense for nilpotent Lie algebras,
from an algebraic point of view, there is no reason to restrict to this class only.
Hence, we study almost inner derivations of Lie algebras more generally. We
also consider non-nilpotent Lie algebras and Lie algebras over an arbitrary field,
so not only over the real or complex numbers.

This dissertation consists of three main parts and one appendix. The first part
is an introduction, which provides all preliminaries to understand what follows.
In Chapter 2, we define Lie algebras and develop the necessary notions which
will be important in the study of almost inner derivations. Chapter 3 contains
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more information about the geometric motivation from spectral theory. We
also present properties of the related notion of class preserving automorphisms
of groups. Finally, in Chapter 4, we describe some interesting techniques for
doing computations on the almost inner derivations of (a class of) Lie algebras.

In the second part, we will focus on the fact that the dimension of the set of
almost inner derivations depends on the field over which the Lie algebra is
defined. Chapter 5 contains an elaborated example, where a Lie algebra is given
by means of the structure constants. The distinction for various fields has to do
with a different factorisation of polynomials. In Chapter 6, we show a procedure
to construct new almost inner derivations by using finite field extensions. In
particular, this gives a way to set up a Lie algebra for which the dimension of
the set of almost inner derivations is distinct when we consider different fields.
Chapter 7 focuses on Lie algebras related to finite groups. We explain the
connection with class preserving automorphisms of finite groups and compare
the results we have for the two notions.

In the last part, we will use the observations from the two other parts to
compute the set of almost inner derivations for different classes of Lie algebras.
In Chapter 8, we give an overview of almost inner derivations for low-dimensional
Lie algebras. The appendix contains tables where the non-vanishing Lie brackets
for a lot of low-dimensional Lie algebras are collected. Each time, we also provide
tables with results, such as the dimension of some subalgebras of the derivation
algebra. The next three chapters are devoted to other classes of nilpotent Lie
algebras. Two-step nilpotent Lie algebras are studied in Chapter 9. Further, we
also consider filiform Lie algebras and free nilpotent Lie algebras (in Chapter 10
respectively Chapter 11). The last chapter contains results for some other
classes of (not only nilpotent) Lie algebras.



Beknopte samenvatting

Een klassiek probleem in de spectraalmeetkunde was om na te gaan of variéteiten
met hetzelfde spectrum ook isometrisch zijn. Verschillende tegenvoorbeelden
tonen aan dat dit niet noodzakelijk het geval is. Voor de constructie van continue
families isospectrale en niet-isometrische variéteiten blijken klassebewarende
automorfismen van cruciaal belang te zijn.

Een automorfisme van een groep is klassebewarend als en slechts als elk element
geconjugeerd is met zijn beeld. Deze voorwaarde is dus heel gelijkaardig aan,
maar minder streng dan die voor een inwendig automorfisme. Een nilpotente
Lie-groep met een discrete en cocompacte deelgroep waarvoor bovendien ook een
klassebewarend automorfisme bestaat dat niet inwendig is, kan gebruikt worden
om een continue familie isospectrale en niet-isometrische nilvariéteiten op te
bouwen. Klassebewarende automorfismen van een Lie-groep zijn in sterke mate
verbonden met bijna-inwendige derivaties van de bijhorende Lie-algebra. Dit
zijn derivaties waarbij elk element afgebeeld wordt op de Lie-haak van zichzelf
met een ander element. De verzameling van alle bijna-inwendige derivaties
vormt een Lie-deelalgebra en bevat alle inwendige derivaties.

Tot nu toe zijn deze bijna-inwendige derivaties van Lie-algebra’s nog niet in
detail onderzocht. Het werd enkel bestudeerd vanuit meetkundig standpunt,
waarbij de focus lag op het construeren van concrete voorbeelden. Het doel
van deze doctoraatsthesis is om dit begrip op een puur algebraische manier te
bestuderen. Ook al geldt de motivatie vanuit de spectraaltheorie enkel voor
nilpotente Lie-algebra’s, vanuit algebraisch opzicht is er geen reden om ons
tot die klasse te beperken. Daarom is het de bedoeling om bijna-inwendige
derivaties van Lie-algebra’s meer algemeen te behandelen en ook Lie-algebra’s
te bekijken die niet nilpotent zijn. Verder bestuderen we niet enkel reéle en
complexe Lie-algebra’s, maar ook Lie-algebra’s die gedefinieerd zijn over een
willekeurig veld.

Deze thesis bestaat uit drie grote delen en een appendix. Het eerste deel is



vi BEKNOPTE SAMENVATTING

een inleiding en bevat alle zaken die nodig zijn om de resultaten uit latere
hoofdstukken te kunnen begrijpen. In Hoofdstuk 2 worden Lie-algebra’s
ingevoerd, net als andere begrippen die belangrijk zijn in de studie van bijna-
inwendige derivaties. Hoofdstuk 3 bevat meer informatie over de meetkundige
motivatie vanuit de spectraalmeetkunde. Daarnaast geven we eigenschappen
van klassebewarende automorfismen voor groepen. In Hoofdstuk 4 beschrijven
we enkele interessante technieken om de bijna-inwendige derivaties te berekenen
voor (een bepaalde klasse van) Lie-algebra’s.

In het tweede deel ligt de nadruk op het feit dat de dimensie van de verzameling
bijna-inwendige derivaties afhangt van het veld waarover de Lie-algebra
gedefinieerd is. Hoofdstuk 5 bevat een uitgewerkt voorbeeld, waarbij een
Lie-algebra voorgesteld is aan de hand van de Lie-haken. Het onderscheid
bij verschillende velden heeft te maken met een andere veeltermontbinding.
In Hoofdstuk 6 tonen we een werkwijze om, aan de hand van eindige
velduitbreidingen, nieuwe bijna-inwendige derivaties te construeren. Dit geeft in
het bijzonder een manier om een Lie-algebra op te stellen waarbij de verzameling
bijna-inwendige derivaties varieert voor verschillende velden. In Hoofdstuk 7 gaat
het over Lie-algebra’s geassocieerd aan eindige groepen. We leggen het verband
met klassebewarende automorfismen van eindige groepen uit en vergelijken de
resultaten die we voor beide begrippen hebben.

Voor het laatste deel gebruiken we de observaties uit de twee andere delen
om de bijna-inwendige derivaties te bepalen voor verschillende klassen van
Lie-algebra’s. In Hoofdstuk 8 berekenen we de bijna-inwendige derivaties voor
laagdimensionale Lie-algebra’s. De appendix bevat een overzicht van de Lie-
haken die niet nul zijn voor heel wat Lie-algebra’s van lage dimensie. Telkens is
er ook een tabel waarin de resultaten weergegeven zijn, zoals de dimensie van
een aantal deelalgebra’s van de derivatie-algebra. De volgende drie hoofdstukken
zijn gewijd aan nilpotente Lie-algebra’s. In Hoofdstuk 9 worden twee-staps
nilpotente Lie-algebra’s bestudeerd. Verder behandelen we ook filiforme en
vrije nilpotente Lie-algebra’s (in Hoofdstuk 10 respectievelijk Hoofdstuk 11). In
het laatste hoofdstuk staan resultaten voor een aantal andere klassen van (niet
enkel nilpotente) Lie-algebra’s.
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Chapter 1

Overview of the thesis

One of the interesting problems in spectral geometry is to determine to what
extent the spectrum of a manifold determines the shape. Hermann Weyl asked
whether or not isospectral manifolds have to be isometric. Milnor ([65]) presented
two flat tori in dimension 16 which are isospectral but not isometric, thereby
answering the question. The following years, several other counterexamples
have been given, all of them consisting of finite families. In 1984, Gordon and
Wilson constructed continuous families of non-isometric manifolds with the
same spectrum. Therefore, they considered a connected and simply connected
nilpotent Lie group G with a discrete cocompact subgroup N in such a way that
the compact nilmanifold N\G has a metric g. To obtain a continuous family
of isospectral and non-isometric nilmanifolds, they used the notion of a ‘class
preserving automorphism of a group’.

An automorphism ¢ of a group G is said to be class preserving if and only if ¢(x)
is conjugate to x for any x € GG. The set of all class preserving automorphisms
of G is denoted with Aut.(G). It forms a normal subgroup of Aut(G) which
contains Inn(G), the group of all inner automorphisms. If {¢;}; is a continuous
family of automorphisms in Aut.(G) with ¢ = Id, then (N\G, ¢;g) is called
an ‘isospectral deformation’ of (N\G, g), which means that the nilmanifolds
are isospectral. When ¢ € Inn(G), then they are isometric as well. However,
this is not necessarily the case for ¢ ¢ Inn(G). Hence, to obtain isospectral and
non-isometric nilmanifolds, one can search for nilpotent Lie groups admitting
non-inner class preserving automorphisms.

The usual approach to do this is by studying ‘almost inner derivations’, the
analogous notion of class preserving automorphisms for Lie algebras. Gordon
and Wilson ([41]) introduced this concept and described some examples. Since
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then, a few other papers have appeared concerning this subject, but all from
a differential geometric point of view. The goal was to describe Lie algebras
admitting non-inner almost inner derivations and to ‘translate’ it back to Lie
groups, so the notion has not been studied in detail.

In this dissertation, we start an algebraic study of almost inner derivations of
Lie algebras. A derivation D of a Lie algebra g is said to be almost inner if
D(x) € [z,g] for all x € g. The set of all almost inner derivations AID(g) forms
a Lie subalgebra of Der(g) and contains the Lie algebra of inner derivations
Inn(g). The motivation from spectral theory only makes sense for nilpotent Lie
algebras, so this will be our starting point. However, we don’t restrict to this
class. Further, we also consider Lie algebras over general fields instead of only
over R and C. This thesis consists of three parts and one appendix.

Part | The first part is an introduction, which provides the preliminaries to
understand the results. Chapter 2 consists of a short algebraic introduction to
Lie algebra theory. We describe the concepts which will be used in the rest of
this thesis. In Chapter 3, we make the link with Lie groups. This allows us
to go in more detail about the constructions of isospectral and non-isometric
nilmanifolds. Class preserving automorphisms have been studied for (finite
p—)groups as well. We list some of the obtained results in this area and compare
them in later chapters with properties of almost inner derivations of Lie algebras.

In Chapter 4, we first prove some basic properties of almost inner derivations.
Further, we introduce the notion of ‘fixed basis vectors’. With the aid of this
concept, we will prove in some cases that the only almost inner derivations are
the inner ones. The advantage of this technique is that it can be used on the
basis of the structure constants of the given Lie algebra, without having to
compute the derivation algebra. We also describe the correspondence between
Lie algebras and so-called ‘skew-symmetric matrix pencils’. For each (finite-
dimensional) Lie algebra g over a field F, there exists an associated pencil
AL+ -+ pm A, where p; is an indeterminate and A; is a skew-symmetric
matrix for all 1 <i < m. We show that the determinant of the matrix pencil
plays an important role in computing the dimension of AID(g). This method
is in particular interesting for 2-step nilpotent Lie algebras, but can also be
used more generally. The techniques make it possible to compute for each Lie
algebra g the set of almost inner derivations AID(g) and to compare it with
Inn(g) and Der(g).

Part Il In contrast to what one might expect, the algebraic structure of
Der(g) does not really give much information with respect to the almost inner
derivations. As an example of this, consider a finite field extension k¥ C K and a
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Lie algebra g over k. We show that Der(g ® K) = Der(g) ® K, so the algebraic
structures of Der(g) and Der(g ® K) are very closely related. However, it often
happens that Der(g ® K) does not contain almost inner derivations which are
not inner, while Der(g) has a lot of non-trivial almost inner derivations. This
illustrates that the dimension of AID(g) depends on the field k over which g
is defined. The main focus of the second part is to study this phenomenon in
more detail.

Chapter 5 is devoted to the detailed computations of the almost inner derivations
for one example. The Lie algebra g is described using structure constants and
can be considered over an arbitrary field. In this example, we show that the
number of different roots of the determinant of the matrix pencil determines the
dimension of AID(g). This explains why dim(AID(g)) and dim(AID(g ® K))
can be different.

In Chapter 6, we show that if AID(g ® K) # Inn(g ® K) holds, then also
AID(g) # Inn(g). However, the converse statement is not true in general. We
further describe a procedure to construct new almost inner derivations by using
finite field extensions. Therefore, we study the so-called ‘underlying Lie algebras’
g), and g

As we illustrated in Chapter 3, there have been several results of class preserving
automorphisms of finite p—groups. In Chapter 7, we describe a way to relate
to a finite p—group G a corresponding Lie algebra L(G) over F,. Hence, in
contrast to the rest of the thesis, this chapter focuses on Lie algebras related to
finite p—groups. For a certain class of 2—step nilpotent p—groups, there is a nice
correspondence between the class preserving automorphisms and the almost
inner derivations. However, this is not true in general, as we will illustrate as
well.

Part Il In the last part, we consider the almost inner derivations for different
classes of Lie algebras. We use the observations from the first two parts to
study several research questions. Given a Lie algebra g (over some field), we
determine AID(g) over that field and compute which of the inclusions

Inn(g) € CAID(g) C AID(g) C Der(g) (1.1)

are in fact equalities. Further, we describe how the results for g compare to
other Lie algebras from the same class.

We show that the only almost inner derivations are the inner ones for many
‘standard’ Lie algebras, both nilpotent (such as Lie algebras determined by
graphs and free nilpotent Lie algebras) and non-nilpotent. These ‘negative’
results may give the impression that Lie algebras admitting non-trivial almost
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inner derivations are a rare phenomenon. However, results on low-dimensional
Lie algebras prove that even the opposite is true, but it is not easy to collect
these examples in a class with a lot of structure. Still, we find infinite families of
Lie algebras admitting non-trivial almost inner derivations, such as metabelian
filiform Lie algebras. We also specify families of 2—step nilpotent Lie algebras
{gn}» having a space AID(g,,)/Inn(g,) of dimension n, where n € N. Moreover,
we illustrate that many possibilities occur for (1.1). For instance, for all n > 13,
there exists a characteristically nilpotent filiform Lie algebra g,, of dimension n
with Inn(g,) # AID(g,) = Der(g,).

In Chapter 8, we compute the almost inner derivations for different lists of
low-dimensional Lie algebras. We first consider Lie algebras over an arbitrary
field and obtain a complete result for Lie algebras of dimension at most 3,
solvable Lie algebras of dimension 4 and nilpotent Lie algebras of dimension
at most 6. Let g be an n—dimensional Lie algebra over F. When char(F) # 2
and n < 4, all almost inner derivations of g are inner. However, there exists
a 4-dimensional Lie algebra g over an infinite field F of char(F) = 2 with
Inn(g) # AID(g) = Der(g). We further perform computations for (non-solvable)
4—dimensional Lie algebras over a field of characteristic zero and 5—dimensional
Lie algebras over C and R. In dimension 5, we find a non-nilpotent Lie algebra g
such that the only almost inner derivations are inner when g is considered over
C, whereas Inn(g) # AID(g) = Der(g) holds over R. The different Lie algebras
we work with and the corresponding findings from this chapter are listed in
several tables in the appendix.

In Chapter 9, we study two-step nilpotent Lie algebras. We show that the only
almost inner derivations for Lie algebras determined by graphs are the inner ones.
We also consider Lie algebras of genus 1 and 2. Nilpotent Lie algebras of genus 1
only have trivial almost inner derivations. However, for nilpotent Lie algebras
g with dim([g, g]) = 2, several different possibilities occur. Some Lie algebras
do not admit non-inner almost inner derivations at all, while for other, the
dimensions of AID(g)/Inn(g) is rather large in comparison to the dimension of
g and all intermediate results occur as well. These Lie algebras can be described
using ‘elementary divisors’ and ‘minimal indices’ of the associated matrix pencils.
In this class, we obtain a complete description and classification of all almost
inner derivations for Lie algebras over R or an algebraically closed field of
characteristic not two. We further describe nonsingular Lie algebras and give
an infinite family of Lie algebras {g, }» such that dim(AID(g,)/Inn(g,)) = n.

Further, we consider filiform Lie algebras in Chapter 10. Let g be a metabelian
filiform Lie algebra over an arbitrary field. If g is standard graded, then the only
almost inner derivations are the inner ones. However, when g is not standard
graded, we prove that dim(AID(g)) = dim(Inn(g)) + 1. We also perform
computations for several other filiform Lie algebras over a field of characteristic
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zero, such as the Witt Lie algebras. Based on this last type, we construct for
all n > 13 a characteristically nilpotent Lie algebra g,, of dimension n for which
Inn(g,) # AID(g,) = Der(g,) holds.

Chapter 11 is devoted to the study of free nilpotent Lie algebras. We first
describe dual Lie algebras as quotients of free 2—step nilpotent Lie algebras. It
turns out that there is no correspondence between the almost inner derivations
of a Lie algebra and its dual. Further, we show that free 3—step nilpotent Lie
algebras (over any field) and free metabelian nilpotent Lie algebras on two
generators (over any infinite field) do not admit non-almost inner derivations.
The main theorem of this chapter is the following. Let F be a field of
characteristic zero and denote f, . for the free c-step nilpotent Lie algebra
over IF on r generators. Then AID(, ) = Inn(f, ) holds.

The last chapter contains results for several other classes of Lie algebras. We
show that (strictly) upper triangular Lie algebras and almost abelian Lie
algebras over an arbitrary field do not admit non-inner almost inner derivations.
The same result holds for Lie algebras over an algebraically closed field of
characteristic zero for which the solvable radical is abelian. In the last section,
we give an overview of the results we obtained for characteristically nilpotent
Lie algebras throughout the dissertation.
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Chapter 2

Lie algebras

The goal of this chapter is to recall the relevant concepts and properties of
Lie algebras which are used throughout this thesis. This overview is purely
algebraic. The geometric motivation and the correspondence with Lie groups is
postponed to Section 3.1. First, we introduce some definitions and examples
and describe different linear maps between the Lie algebras. Then, we also
provide several types of Lie algebras and explain how they can be classified.
Since all facts are standard, we will omit the proofs in most cases. Unless
otherwise stated, we work over an arbitrary field F. More information can be
found in standard books of Lie algebras, such as [26].

2.1 Basic terminology

This section elaborates on the terminology which will be used in later chapters.
A Lie algebra is an algebra for which the bilinear multiplication map satisfies
certain extra conditions. These requirements are motivated by the corresponding
properties of the Lie bracket for vector fields.

Definition 2.1.1 (Lie algebra). Let F be a field. An algebra g over F is a Lie
algebra when the bilinear multiplication map

gxg—g:(z,y) e~ [zy

satisfies the following properties:

o The bracket is alternate, so [, 2] = 0 holds for all z € g,
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e Forall z,y and z € g, the Jacobi identity [z, [y, 2]]+[y, [z, ]| +[z, [z, y]] = 0
is fulfilled.

The first condition implies skew-symmetry (or anti-commutativity), since
O0=lz+yz+yl =zl + [,y + 2]+ [y,y] = [2,9] + [y, 2]

holds for all z,y € g. When char(F) # 2, both concepts are equivalent. In this
thesis, we only consider finite-dimensional Lie algebras, where the dimension of
the Lie algebra is its dimension of the vector space over F.

Example 2.1.2. Let (A,-) be an associative algebra over a field F. Then A
can be turned into a Lie algebra with Lie bracket

[wyl=a-y—y-=
for all z,y € A.

This construction will be used a lot. Let V' be an n—dimensional vector space
over a field F and denote gl(V') for the set of all linear maps from V to V. Then
gl(V) is a Lie algebra for which the Lie bracket is defined by

[f,gl=fog—gof

for all f,g € gl(V). Similarly, the vector space M,,(F) of all (n x n)-matrices
becomes a Lie algebra when we define [A, B] = AB — BA for all A, B € M, (F).
Here, AB denotes the matrix multiplication. When we want to stress the Lie
algebra structure of M, (), we will denote it with gl,,(F).

Definition 2.1.3 (Lie subalgebra). Let g be a Lie algebra. A vector subspace
h C g is a Lie subalgebra if [X,Y] € h for all X, Y € b.

Example 2.1.4. Let F be a field and n € Ny. We consider different subspaces
of gl (F).

(a) Let h3(IF) be the set of all (3 x 3) strictly upper triangular matrices over F.
Since the product of upper triangular matrices is again upper triangular,
h3(F) is a Lie subalgebra of gl;(F) which is called the ‘Heisenberg Lie
algebra’.

(b) Take sl,(F) = {4 € M,,(F) | tr(A) = 0}. For arbitrary A, B € sl,,(FF), it
follows that

tr([A4, B]) = tr(AB — BA)
=tr(AB) —tr(BA) =0

by properties of the trace operator. Hence, sl,,(F) is a Lie subalgebra of
gl,, (F).
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(c¢) Consider the set of skew-symmetric matrices
50,(F) = {A = (a;;) € M,,(F) | A+ AT =0 and a;; = 0 for 1 <i < n}.
Take arbitrary A, B € s0,,(F). We have
[A,B]" = (AB - BA)"
=BTAT -ATB"
= BA— AB = —[B, A].

It can be shown that all diagonal elements of [A, B] are zero as well, so
[A, B] € s0,,(F). This means that so, (F) is a Lie subalgebra of gl (F).
The next construction is that of an ideal, a special type of a subalgebra.
Definition 2.1.5 (Ideal). An ideal b of a Lie algebra g is a subspace of g such
that [z,y] € h for all z € g and all y € b.
There is no distinction between right and left ideals, since the Lie bracket is

skew-symmetric. An important example of an ideal is the center of a Lie algebra.

Definition 2.1.6 (Center and centraliser). The center Z(g) of a Lie algebra g
is defined as

Z(g)={z€g|[z,y]=0 forall yeg}
For z € g, the centraliser of z is defined as Cy(z) :={y € g | [z, y] = 0}.

A Lie algebra is a vector space, so we can look at the quotient vector space. Let
g be a Lie algebra with ideal I, then the cosets x + I = {z +y | y € I}, with
x € g, form the quotient vector space

g/I={x+1|z¢€g}

Definition 2.1.7 (Quotient Lie algebra). Let g be a Lie algebra with ideal I.
Then g/I is a Lie algebra, where for all x,y € g, the Lie bracket is defined as

[+ Ly+1I]:=xy +1I

Since a Lie algebra is a vector space, it makes sense to consider a basis for it.
This is used in the following definition.
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Definition 2.1.8 (Structure constants). Let g be an n—dimensional Lie algebra
over F with basis B = {e1,€2,...,e,}. Then there exist values cfj € F (with

1 <14,7,k < n) such that
n
leie;] = Zcfjek.
k=1

k. are the structure constants of g with respect to the basis B.

These values ¢;;

Let g be an n—dimensional Lie algebra. By bilinearity, it suffices to specify
the Lie brackets only for basis vectors. Moreover, we will only denote the Lie
bracket [e;, e;] when 1 <14 < j <mn, since [e;,e;] =0 and [e;, e;] = —[e;, e;].

Example 2.1.9. We consider the Lie algebras from Example 2.1.4 where n = 2
orn =3J.

(a) Define the matrices

and e3 =

o~ o
o O O
o O O
O O =

010 0 0

€1 = 0 0 0 s €y = 0 0
0 0 O 0 0

then {e1, es, e3} is a basis for h3(FF). It holds that

[61,62] =e3 and [61763] = [62763] =0.

(b) Counsider the matrices

L (01 (00 ind e (L0
= \o o)’ 27 \1 0 37 \o -1/

Then {ey, ea,e3} is a basis for sl (F) and we have that

le1, e2] = e3, ler1,e3] = —2e1  and  [es, e3] = 2es.

(c) Let F be a field with char(F) # 2, then {e1,eq,e3} is a basis for so3(F),
where

0 0 O 0

€1 = 0 0 -1 s €9 = 0

01 0 -1

A short computation shows that

[61,62] = €3, [61763] = —ez and [62763] = €1.
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For A € s03(F), the requirement that all diagonal elements of A are zero
is redundant if char(F) # 2. However, it is necessary to impose this extra
condition when char(F) = 2. Otherwise, also diagonal matrices in M3 (F)
would belong to so3(FF).

Usually, only the non-vanishing brackets are mentioned. For instance, we will
say that the 3—dimensional Heisenberg Lie algebra h3(TF) is given by [eq, ea] = e3.
The Lie brackets between basis vectors which are not specified are assumed to
be zero, so [e1, e3] = [ez, es] = 0. In many cases, we will present a Lie algebra
on the basis of the structure constants, since this is an efficient way for doing
computations.

2.2 Maps between Lie algebras

In this section, we introduce the concept of almost inner derivations. Before we
give the definition, we first present some important linear maps from one Lie
algebra to another. We require that the two Lie algebras are defined over the
same field F.

Definition 2.2.1 (Homomorphism). Let g; and go be Lie algebras over the
same field F. A linear map ¢ : gy — g2 is a homomorphism if

e[z, 9]) = [p(2), (y)]
holds for all z,y € g;.

The bracket on the left side is taken in g; and the bracket on the right side in
g2.

Example 2.2.2. Let g be a Lie algebra over a field F. For the ‘adjoint
homomorphism’ ad : g — gl(g), an element x € g is mapped to

ad(z) g = g:y— [z,y]

Since the Lie bracket is bilinear, ad(x) is linear and belongs to gl(g) for all
z € g. By the same reasoning, ad is a linear map as well. Let z,y,z € g be
arbitrary. The Jacobi identity implies that

ad([z, y])(2) = [[z, y], 2]
- [17, [ya ZH - [ya [1‘7 Z]]
= (ad(z) o ad(y))(z) — (ad(y) o ad(x))(2)

= [ad(2), ad(y)](2)
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holds for all z,y, z € g. This means that ad([z,y]) = [ad(z),ad(y)], where the
first bracket is taken in g and the second bracket in gl(g). Hence, the adjoint
map is indeed a Lie algebra homomorphism.

Definition 2.2.3 (Isomorphism). Let g; and go be Lie algebras over the same
field F. A linear map ¢ : g1 — g2 is an isomorphism if it is a bijective
homomorphism. When there exists an isomorphism between g; and g, the Lie
algebras are said to be isomorphic.

Example 2.2.4. Consider so3(C) with basis {ey, ez, e3} and given by the Lie
brackets

[e1, ea] = e3, [e1,e3] = —ea  and  [eg, e3] = ey.
We define
1 1= eg + ies, To := —eg +ie3 and x3:= 2iey

and find that

[z1,m2] = [ea + ie3, —ea + ie3] = 2ie; = x3,
[1‘1,2133] = [62 + ies, 2i61] = —2ey — 2ieg = —2x1,
[.’172,1‘3] = [—62 + ies, 2i61] = —2e9 + 2ie3 = 2x5.

It follows from these computations that so3(C) and sly(C) are isomorphic.
However, it can be shown that so3(R) and sly(R) are not isomorphic as real Lie
algebras.

Two isomorphic Lie algebras are considered to be essentially ‘the same’, since
both Lie algebras have the same structure constants after a change of basis. So
an interesting problem is to determine how many and which essentially different
isomorphism types there are for a given class of Lie algebras. An answer to this
question consists of giving an inventory of the structure constants of several Lie
algebras (possibly with some parameters) in such a way that all Lie algebras in
the given class are isomorphic to at least one Lie algebra of the list. Moreover,
one mostly requires that a Lie algebra is isomorphic to exactly one Lie algebra
from the inventory. If that is the case, we will speak about a ‘classification’.

Classification up to isomorphism is a difficult problem in the study of finite-
dimensional Lie algebras. As the last example illustrates, such a classification
depends on the field. A popular and classical choice is to list the low-dimensional
Lie algebras. In general, it is hard to obtain a full classification, even over
an algebraically closed field of characteristic zero. For example, there are
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already infinitely many essentially different (so non-isomorphic) 3-dimensional
Lie algebras over C. Chapter 8 is devoted to the computation of almost inner
derivations of low-dimensional Lie algebras.

Definition 2.2.5 (Derivation). Let g be a Lie algebra over a field F. A linear
map D : g — g is a derivation of g if

D([z, y]) = [D(x), y] + [z, D(y)]
holds for all z,y € g.
This identity is called the ‘Leibniz’ rule’ The set of all derivations of an algebra
g forms a vector space, which is denoted by Der(g). Moreover, it is a subspace
of gl(g). We will show that it is a Lie subalgebra as well. Take arbitrary

D, E € Der(g) with z,y € g. Since derivations are bilinear maps, we obtain
that

(D, E)([z,y]) = D(E([z,y])) = E(D([2,y]))

This means that [D, E] is a derivation too and Der(g) is a Lie subalgebra of
gl(g). Choose an arbitrary « € g. By the Jacobi identity, we find that

ad(x)(ly, 21) = [z, [y, z]]
= [[z, ], 2 + [y, [z, ]]
= [ad(z)(y), 2] + [y, ad(2)(2)]

holds for all y, z € g. Hence, for every z € g, the adjoint homomorphism ad(z)
is a derivation.

Definition 2.2.6 (Inner derivation). Let g be a Lie algebra and « € g. The
map
ad(z) : g = g:y— [z,y]

is called an inner derivation of g.
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We denote Inn(g) for the set of all inner derivations of g. By bilinearity, Inn(g)
can be generated by the maps ad(e;) : g — g, where e; is a basis vector and
1 <i<n. Forall x € g, the map ad(z) is the zero-map if and only if x € Z(g),
which explains the isomorphism

Inn(g) = 9

Z(9)

Hence, dim(Inn(g)) is easy to compute. The following definition is the main
topic of this thesis. The motivation to study this notion, which was introduced
in [41], is explained in Section 3.1.

Definition 2.2.7 (Almost inner derivation). Let g be a Lie algebra. A
derivation D is almost inner if D(x) € [z,g] for all z € g. The space of all
almost inner derivations of g is denoted by AID(g).

Hence, there exists a map ¢p : g — g such that D(x) = [z, pp(x)] for all z € g.
We will call ¢p a ‘determination map’ for D. This map is not unique as we
may change ¢p(z) to pp(x)+y for any y € Cy(x). In most cases, ¢p is not a
linear map.

An almost inner derivation is inner when the map @p is constant. Moreover, a
derivation is almost inner if and only if it coincides on each one-dimensional
subspace with an inner derivation. We will say that a linear map D ‘satisfies
the almost inner condition’ when D(z) € [, g] for all € g, so a derivation is
almost inner when it satisfies the almost inner condition. We introduce a new
subspace of AID(g) as follows.

Definition 2.2.8 (Central almost inner derivation). An almost inner derivation
D € AID(g) is called central almost inner if there exists an = € g such that
D — ad(x) maps g to the center Z(g). We denote the space of central almost
inner derivations of g by CAID(g).

The next section is devoted to the introduction of some classes of Lie algebras.
Those concepts have an important role in the last part of this thesis, where the
almost inner derivations of special classes of Lie algebras will be computed.

2.3 Solvable and nilpotent Lie algebras

As we will explain in the next chapter, the geometric motivation for almost
inner derivations is in particular important for nilpotent Lie algebras. This and
other related notions are introduced in this section.
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Definition 2.3.1 (Product of ideals). Let g be a Lie algebra over a field F
with ideals I and J. The product [I,J] of I and J is given by

[I,J]={([z,yl€g|zelandyel]).

This is the smallest ideal containing [z,y] for all z € T and y € J.

Definition 2.3.2 (Derived series). Let g be a Lie algebra over a field F. The
derived series of g is the series with terms

oW =[g.g and  gW =[PV "] fork>2.

Here, g = [g,g] is called the ‘derived algebra’ of g. This gives rise to a
descending series g™ D g D ... When the derived series of g terminates in
the zero subalgebra, g is called solvable.

Definition 2.3.3 (Solvable Lie algebra). A non-zero Lie algebra g over a field F
is solvable when g(*) = 0 for some k > 1.

A Lie algebra for which [g, g] = 0 is called ‘abelian’. A non-abelian Lie algebra
g is ‘metabelian’ when g(? = 0.

Definition 2.3.4 (Solvable radical). Let g be a Lie algebra. The (solvable)
radical Rad(g) of g is the maximal solvable ideal of g.

A notion related to solvability is nilpotency. First, the lower central series is
introduced.

Definition 2.3.5 (Lower central series). Let g be a Lie algebra over a field F.
The lower central series of g is the series with terms

71(9) =9 and (g) = [g,7k-1(g)] for k> 1.

We have a descending series v1(g) 2 v2(g) 2 ... A Lie algebra is called
‘nilpotent” when there exists a natural number k£ € Ny such that every Lie
bracket with more than k£ elements vanishes.

Definition 2.3.6 (Nilpotent Lie algebras). A non-zero Lie algebra g over a
field F is nilpotent when v;(g) = 0 for some k € Ny. The smallest possible
¢ > 2 such that v.41(g) = 0 is the nilindex or the nilpotency class of g. Then g
is said to be c—step nilpotent.

We will not use the word ‘nilindex’ for abelian Lie algebras.
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Definition 2.3.7 (Type). The type of a nilpotent Lie algebra g is a tuple
(pla cee apc), where Pr = dlm(’Yk(E)/’YkH(g)) for all 1 <k<ec

Note that c is the nilindex of g and that py 4+ - - - 4+ p. = n. It is easy to see that
g®) C (g) for all k € Ny. Hence, any nilpotent Lie algebra is also solvable.
The converse is not true: the two-dimensional non-abelian Lie algebra (with
basis {e1, e2} and given by [e1, e3] = e1) is solvable, but not nilpotent. Note that
the derived algebra [g, g] of a solvable Lie algebra g is nilpotent. Lie algebras of
dimension n with nilindex n — 1 have a special name.

Definition 2.3.8 (Filiform Lie algebra). A Lie algebra g of dimension n is
called filiform if g is nilpotent with nilindex n — 1.

The name ‘filiform Lie algebra’ was first introduced by Vergne ([79]). For a
nilpotent Lie algebra g, it is not possible that [g,g] = g or that [g,g] is of
codimension 1 in g. When [g, g] = g, then v,(g) = g for all ¥ € Ny. Suppose
that dim(g) = n and dim([g,g]) =n — 1, say [g,9] = (e1,...,en—1). We find
that

Y3(9) = [9, (€1, - -, en—1)] = [9, 8] = 12(9)

holds, which is impossible for nilpotent Lie algebras. This implies that for every
nilpotent n—dimensional Lie algebra g, the inequality dim([g, g]) < n — 2 is true.
Moreover, a similar reasoning by induction shows that

dim(vx(g)) <n—k

holds for all 2 < k < n. It follows that for a filiform Lie algebra g, we have
dim(g/72(g)) = 2 and
dim (%@) _
Yet1(9)

when 2 < k < n. This means that the type of g is (2,1,...,1). Hence, filiform
Lie algebras are the nilpotent Lie algebras with maximal possible nilindex. The
lower central series still terminates, but there are as many non-zero terms as
possible. This explains the name ‘filiform’, which means threadlike. Filiform
Lie algebras will be studied in detail in Chapter 10.

Example 2.3.9. Let F be an arbitrary field. For the Heisenberg algebra
g := b3(F), we have that gi) = ~,(g) = (e3) and g¥) = ~,(g) = {0} for all
k > 2. Hence, g is metabelian with itself as solvable radical. Further, it is
filiform with type (2,1).

For g := so03(F), we find that g(*) = v, (g) = g for all k € Ny. This means that
g is not solvable (and not nilpotent). Moreover, g does not have proper ideals,
so Rad(g) = {0}.
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2.4 Simple and semisimple Lie algebras

In this section, we will introduce simple and semisimple Lie algebras. First, the
notion of a direct sum of Lie algebras is explained.

Definition 2.4.1 (Direct sum of Lie algebras). Let g; and g be two Lie
algebras over the same field F. The direct sum g = g; ® go of the Lie algebras
g1 and go is the vector space direct sum consisting of pairs, where

[(z1,22), (1, y2)] = ([z1, y1], [T2,92]),
where z1,y1 € g1 and x2,y2 € go and such that [gq,g2] = 0.

It is clear that both g; and gy are ideals of g in this case. This construction is
sometimes referred to as the ‘external direct sum’ of g; and g, since they don’t
have to be subalgebras of some given Lie algebra.

Definition 2.4.2 (Semidirect product of Lie algebras). Let g1 and g2 be two
Lie algebras over the same field F. Let ¢ : go — Der(g;) be a Lie algebra
homomorphism. The semidirect product gi <, go of g1 and g» is the vector
space g1 @ g2, where the Lie bracket is given by

(@1, 22), (Y1,92)] = ([z1, 1] + p(22) (Y1) — p(y2) (1), [T2,92]),

where z1,y1 € g1 and s, y2 € go.

Here, g; is an ideal and g, is a subalgebra of g, X, go. When the map ¢ is clear
or not important, it will be omitted.

Definition 2.4.3 (Simple and semisimple Lie algebra). Let g be a Lie algebra
over a field F. Then g is simple if g is non-abelian and has no non-zero proper
ideals. Further, g is called semisimple if it has no non-zero solvable ideals.

Let g be a Lie algebra over an arbitrary field F. If g is simple, then it is
semisimple as well. When char(F) = 0, then g is semisimple if and only if g is a
direct sum of simple Lie algebras. Note that when a Lie algebra g is solvable, it
cannot be semisimple, since g itself is an ideal of g.

Example 2.4.4. Let F be an arbitrary field. Then so5(F) is simple. Further,
sl5(IF) is simple if and only if char(IF) # 2. We find that sly(F) is isomorphic to
h3(F) when char(F) = 2.

As was conjectured by Killing and Cartan and proven by Levi, a Lie algebra
over a field of characteristic zero can be decomposed as a semidirect product of
a solvable and semisimple Lie algebra. It is also referred to as the Levi-Mal’cev
theorem.
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Theorem 2.4.5 (Levi, 1905). Let g be a finite-dimensional Lie algebra over
a field F of characteristic zero. Then g = t X s is a semidirect product of a
semisimple Lie algebra s and the solvable radical v of g.

This is known as the ‘Levi decomposition’ of a Lie algebra, where the semisimple
subalgebra is called the ‘Levi subalgebra’






Chapter 3

Motivation and related results

In the previous chapter, we introduced almost inner derivations of Lie algebras,
the main topic of this thesis. The motivation to study this notion finds its origin
in spectral theory. The notions of ‘class preserving automorphisms of a Lie group’
and ‘almost inner derivations of a Lie algebra’ were defined to build isospectral
and non-isometric nilmanifolds. In the first section, we explain this construction
and present some definitions concerning Lie groups and the correspondence
with Lie algebras. Section 3.2 deals with class preserving automorphisms for
finite p-groups. Although there is no direct link with Lie algebras, it turns out
that many of the existing results for groups are similar to the properties for
almost inner derivations of Lie algebras.

3.1 Spectral theory

A classical question in spectral geometry was whether or not isospectral
manifolds are isometric. It turns out that this does not have to be the case
and several counterexamples have been given. Gordon and Wilson wanted to
have continuous families of isospectral non-isometric manifolds instead of only
finitely many. They constructed deformations of nilmanifolds, based on class
preserving automorphisms of Lie groups ([41]). To build specific examples, they
made use of almost inner derivations of Lie algebras. In this section, we consider
this question about isospectral and non-isometric manifolds in more detail and
discuss the counterexamples of Gordon and Wilson. Further, we present basic
notions about Lie groups and define Lie algebras as the tangent space at the
neutral element of a Lie group.

21



22 MOTIVATION AND RELATED RESULTS

3.1.1 Isospectral manifolds

In spectral geometry, relations between a certain kind of manifolds and spectra
of differential operators are studied. One of the fundamental problems is to
establish to what extent the eigenvalues of some operator determine the geometry
of a given manifold.

Definition 3.1.1 (Riemannian manifold). Let M be a real smooth manifold.
A Riemannian metric g on M assigns for every p € M a positive-definite inner
product g, : T,M x T,M — R. Together with this metric g, a real smooth
manifold M is called a Riemannian manifold (M, g).

The main example of a differential operator is the ‘Laplace-Beltrami operator’,
which is defined as the divergence of the gradient and it is denoted with A or
with V2.

Definition 3.1.2 (Spectrum). Let (M, g) be a closed Riemannian manifold
where the associated Laplace-Beltrami operator A acts on smooth p—forms. The
spectrum spec,, (M, g) of the manifold (M, g) is the collection of eigenvalues of
A, counted with multiplicities.

When two Riemannian manifolds have the same spectrum, they are called
‘isospectral’.

Definition 3.1.3 (Isospectral manifolds). Two closed Riemannian manifolds
(M,g) and (M',g') are isospectral when spec,(M,g) = spec,(M’, g') for all
0 < p < dim(M).

Two Riemannian manifolds are called isometric when there exists an isometry
from one to another.

Definition 3.1.4 (Isometry). Let f: M — M’ be a diffeomorphism between
two Riemannian manifolds (M, g) and (M’, g’). Then, f is an isometry if

gp(X,Y) = 9}(p)(fp(X)afp(Y))
holds for all p € M and for all X,Y € T, M.

One of the central research domains in spectral geometry was whether or not
isospectral manifolds are necessarily isometric. This question going back to
Hermann Weyl can be interpreted as follows: ‘Is it possible to determine the
whole geometry of the manifold by only looking at its eigenvalues?’ It turns
out that the answer is negative. In 1964, a counterexample was given by
Milnor ([65]), who constructed two isospectral and non-isometric flat tori of



SPECTRAL THEORY 23

dimension 16. A few years later, Mark Kac gave this problem the popular title
‘Can one hear the shape of a drum?’ ([52]). In other words, is it possible to
determine the shape of the drum membrane when it is known which sounds it
produces? This question remained unsolved until 1992, when Gordon, Webb
and Wolpert constructed ‘drums’ with different shapes, but with identical
eigenspectra ([39, 40]), see Figure 3.1. To obtain these examples, they used
the Sunada method ([77]). Sunada gave a general technique for constructing
pairs of isospectral manifolds with a common finite Riemannian covering. Using
a similar approach, Gordon and Wilson were in 1984 the first to construct
continuous families of isospectral manifolds which are non-isometric. In their
paper ([41]), they used class preserving automorphisms of Lie groups. In the
following subsections, we will present a concise overview of the different notions
and concepts used in their result.

Figure 3.1: Example of different ‘drums’ which sound the same

3.1.2 Lie groups and the correspondence with Lie algebras

In this subsection, we briefly discuss the theory of Lie groups and the
correspondence with Lie algebras.

Definition 3.1.5 (Lie group). A (real) Lie group (G, x*) is a differentiable
manifold with a group structure such that

GxG—G:(g,h)—g*h?

is a differentiable map.

We will focus on real Lie groups, although complex Lie groups also exist.

Example 3.1.6. We give some examples of real Lie groups. Take n € Nj.

(a) The group (R™,+) with the natural manifold structure is a Lie group.
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(b) The groups (Rg, ) and (RT,.) are Lie groups.
(¢) The group (GL,(R),-) is a Lie group when we consider the manifold

2
structure from R™ .

A subgroup H of a Lie group G is a ‘Lie subgroup’ if H has a manifold structure
such that it is a Lie group itself and such that the inclusion H — G is an
immersion.

Example 3.1.7. We consider some Lie subgroups of GL,,(R), where n € Ng.

(a) The ‘Heisenberg group’ H3(R) is defined as

1
H3(R): 0 |$ay>Z€R
0

o = 8
— <N

(b) The ‘special linear group’ SL,(R) is defined as
SL,(R) = {A € GL,(R) | det(A) = 1}.

(¢) The ‘special orthogonal group’ SO, (R) is defined as
SO, (R) = {A€SL,(R) | AAT = ATA=T1,}.

Definition 3.1.8 (Lie group morphism). For Lie groups G and H, a Lie group
morphism from G to H is a continuous map f : G — H which is also a
morphism. If f is bijective and f~' is a Lie group morphism, then f is a Lie
group isomorphism.

A Lie group automorphism is a Lie group isomorphism from a group to itself.
The set of all automorphisms of a given group is denoted with Aut(G) and
forms a group.

Definition 3.1.9 (Inner automorphism). Let G be a Lie group and g € G,
then the inner automorphism for g is given by

I,:G— G:hw ghg™'.
It is clear that this is a Lie group automorphism. The notation Inn(G) stands

for the set of all inner automorphisms of the group G. Moreover, Inn(G) is a
normal subgroup of Aut(G). Consider now the group homomorphism

G—-Inm(G):9g— (I;: G = G).
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Since the kernel of this morphism is equal to the center Z(G) of G, it follows
from the isomorphism theorems that G/Z(G) = Inn(G).

There is an interesting correspondence between Lie groups and Lie algebras.
Let G be a Lie group with neutral element 1 € G and define g := T ,G
as the tangent space of 1g. Since I;(1g) = 1lg, we have that I, induces an
automorphism (Iy), : g — g. Define

Ad: G — GL(g) : g — (1)«

This map is smooth and induces a linear map Ad, : g — T1¢GL(g) between the
tangent spaces. Define gl(g) as the vector space of all linear maps from g to g.
Since GL(g) is open in gl(g), we can identify T1q¢GL(g) with T1ag/(g) and define

ad = Ad, : g — Tragl(g).

Proposition 3.1.10. Let G be a Lie group with neutral element 1 and take
g:=T1,G. Define a Lie bracket

[ ]iaxg—=g:(2,y) = [z,y] = ad(z)(y)

on g, then g with this Lie bracket defines a Lie algebra.

The Lie algebra g in the construction of the previous result is called ‘the Lie
algebra associated to G’.

Example 3.1.11. We consider the Lie groups from Example 3.1.6 and
Example 3.1.7. Take n € Ny.

o The Lie algebra associated to (R",+) and GL,(R) is R™ respectively
gl,,(R). Moreover, (Rg,-) and (RT,-) both have R as associated Lie
algebra.

o Further, H3(R), SL,(R) and SO,,(R) have associated Lie algebras h3(R),
s, (R) respectively so,,(R), where we use the notations from Example 2.1.4.

For a Lie group morphism f : G — H, we must have that f(1g) = 1. Hence,
there is an induced map f, : TG — 11, H between the associated Lie algebras
TlgG and TlHH~

Definition 3.1.12 (Induced Lie algebra morphism). Let G and H be Lie
groups with associated Lie algebras g respectively h. A Lie group morphism
f G — H induces a Lie algebra morphism f, : g — b which is called the Lie
algebra morphism induced by f.
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Let G be a Lie group with associated Lie algebra g. For every X € g, there is a
unique Lie group morphism fx : R — G with (fx)«(1) = X. This motivates
the following definition.

Definition 3.1.13 (Exponential map). Let G be a Lie group with associated
Lie algebra g. The exponential map exp from g to G is defined as

exp:g—>G: X fx(1).

Example 3.1.14. We provide some examples.

(a) The exponential map from the Lie algebra R™ to the Lie group (R™, +) is
the identity map.

(b) The exponential map from gl,,(R) to (GL,(R),-) is given by
exp : gl, (R) = GLn(R) : A= Y o
k=0

When g is a nilpotent subalgebra of gl,(R), this expression can be
simplified. For instance, the exponential map from h3(R) to (H3(R),) is
given by
A2
exp: h3(R) - H3(R) : A— 1, + A+ -

since A% =0 for all k¥ > 3 and all 4 € h3(R).

Theorem 3.1.15. Let G be a connected and simply connected nilpotent Lie
group. Consider the associated Lie algebra g with the natural manifold structure.
Then the exponential map exp : g — G is a diffeomorphism.

Hence, the inverse of the exponential map is well-defined when G is a connected
and simply connected nilpotent group.

Definition 3.1.16 (Logarithmic map). Let G be a connected and simply
connected nilpotent Lie group with associated Lie algebra g. We define the
logarithmic map log : G — g as the inverse of the exponential map.

Example 3.1.17. We again give some examples.
(a) The logarithmic map from the Lie group R™ to the Lie algebra R™ is the
identity map.
(b) The logarithmic map from H3(R) to h3(R) is given by

(A-1,)2

log: H3(R) = hs(R) : A— (A-1,) — 5
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Let G be a connected and simply connected Lie group with associated Lie
algebra g. One can show that Inn(G) and Aut(G) have Inn(g) respectively
Der(g) as Lie algebra. In particular, exp : Der(g) — Aut(g) is the matrix
exponential. For the rest of this section, a Lie group is assumed to be connected
and simply connected.

3.1.3 Isospectral and non-isometric nilmanifolds

In this subsection, we will consider the continuous deformations of nilmanifolds.
First, some other notions have to be explained.

Definition 3.1.18 (Left group action). Let (G, *) be a group and X a set. A
left group action ¢ of G on X is a function

p:GxX = X:(g,2) > ¢p(gx)=g-2

such that for all z € X and for all g,h € G, the equations 1g - * = = and
(gxh)-x=g-(h-x) are satisfied.

Analogously, a right group action of G on X can be defined. We will focus on left
group actions, since every right action can be modified to a left action. Further,
when we assume that the set X is a Lie group and that G has a topology, the
action ¢ is required to be continuous. For instance, a Lie group (G, *) acts on
itself via the ‘left translation’ ¢, which is defined as £4(x) := ¢(g,x) = g * = for
all g,z € G.

Definition 3.1.19 (Orbit). Consider a left group action of G on X. The orbit
of an element z € X is given by G-z ={g -z | g € G}.

The ‘quotient of a left action’ (or the ‘orbit space’) G\ X is the set of all orbits
of X under G. This forms a partition of X, where two elements x,y € X are
equivalent if and only if their orbits coincide. More formally, we have that x ~ y
if and only if there exists g € G with g - = y. Another notion is that of a
discrete subgroup of a given group.

Definition 3.1.20 (Discrete subgroup). A subgroup H of a topological group
G is called discrete if the subspace topology of H in G is the discrete topology.

This means that there exists an open cover of H such that every open subset
contains exactly one element of H. For instance, for R with the standard
topology, Z is a discrete subgroup, but Q is not.

Definition 3.1.21 (Cocompact group action). A left action of a group G on a
topological space X is cocompact (also called uniform) if the quotient space
G\ X is a compact space.
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Let G be a simply connected nilpotent Lie group and N be a discrete subgroup.
If the subgroup N acts uniformly (via left multiplication) on G, then the quotient
manifold N\G is a compact nilmanifold.

Definition 3.1.22 (Nilmanifold). Let G be a connected and simply connected
nilpotent Lie group. Let N be a discrete, cocompact subgroup of G. The
compact quotient space N\G is called a nilmanifold.

A discrete, cocompact subgroup N of G is also called a ‘lattice’ of G. The
notion of a nilmanifold was first used by Anatoly Mal’cev in 1951 ([62]).

Example 3.1.23. Take k € Ny and consider the abelian Lie group (R*,+)
with the discrete cocompact subgroup (Z*, +). The resulting nilmanifold is the

k—dimensional torus
X Rk
TF = =

For k = 1, this is the circle and for & = 2, this is the usual 2—-dimensional torus.
We have to put a metric on the nilmanifolds to be able to decide when two
nilmanifolds are isospectral. Therefore, we want to take the group structure
into account.

Definition 3.1.24 (Left invariant metric). A metric g on a Lie group G is left
invariant if

9p (1, 0) = gap((£g)+u, (€g)v)
for all p,q € G and all u,v € T,,G.

Let g be a left invariant metric on a Lie group G and N a lattice of G. Then g
induces in a unique way a metric on N\G (which we also denote with g) such
that the natural projection (G, g) — (N\G,g) is a Riemannian covering. In
this way, we obtain a Riemannian nilmanifold (N\G, g). For the construction
of isospectral and non-isometric nilmanifolds, Gordon and Wilson introduced
the following notion ([41]).

Definition 3.1.25 (Class preserving automorphism). Let G be a Lie group.
An automorphism ¢ of G is class preserving if and only if for all z € G, there

exists y € G such that ¢(z) = yzy* .

This notion was introduced differently in [41], but it is in fact equivalent to this
one (see [36]). The set of all class preserving automorphisms of G is denoted
with Aut.(G). Hence, a class preserving automorphism is a generalisation of an
inner one, where y € G can depend on x € G. In [41], it is proven that Aut.(G)
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is a Lie subgroup of Aut(G). Take ¢ € Aut(G) and let g be a left invariant
metric on G. Define a metric ¢*g by

(#" (X, Y) := g(pu X, p.Y)
for all X,Y € g, then ¢*g is again left invariant.

Theorem 3.1.26 ([41]). Let (N\G,g) be a compact Riemannian nilmanifold
with ¢ € Aut.(G). Then (N\G, g) is isospectral to (N\G, p*g).

If {41} is a continuous family of automorphisms in Aut.(G) with ¢y = 1d,
then (N\G, ¢;g) is called an ‘isospectral deformation’. When ¢ € Inn(G),
the corresponding Riemannian manifolds are isometric as well. However, the
manifolds (N\G, g) and (N\G, ¢*g) are rarely isometric if ¢ € Aut.(G)\Inn(G).
This description is made more clear in [41] but is rather technical, so we omit it
here. Hence, for suitable subsets of Aut.(G)\Inn(G), we obtain a continuous
deformation of N which results in isospectral and non-isometric manifolds. Note
that ¢ induces an isometry from (N\G, ¢*g) to (¢(N)\G, g), so the result can
also be interpreted as obtaining isospectral nilmanifolds by fixing the metric
and continuously deforming N.

To find concrete examples, it is often easier to consider the analogon of class
preserving automorphisms on the Lie algebra level. Therefore, Gordon and
Wilson also introduced in [41] the concept of an almost inner derivation
(Definition 2.2.7). The relation between the two concepts is expressed in
the following proposition.

Proposition 3.1.27 ([41]). Let G be a connected and simply connected nilpotent
Lie group with nilindex c. Denote the Lie algebra of G with g. Then Aut.(G)
is a simply connected nilpotent Lie group with nilindex < ¢ — 1 and with Lie
algebra AID(g).

There have been several articles concerning continuous deformations of
nilmanifolds (see for instance [22, 23, 35, 36, 37, 38, 41, 69]). However, this
was always from of differential geometric point of view and the main focus
was on constructing examples. The approach was to start from a specific Lie
algebra admitting non-inner almost inner derivations and to derive non-inner
class preserving automorphisms. Therefore, almost inner derivations of Lie
algebras have not been investigated in detail. The aim of this dissertation is to
study this concept in a purely algebraic way. Although the motivation from
spectral geometry only makes sense for nilpotent Lie algebras over R or C, there
is no need to restrict to this class.
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3.2 Class preserving automorphisms of groups

Let G be a group. An automorphism ¢ : G — G is called ‘class preserving’
if every element is mapped to a conjugate element. This means that g and
©(g) belong to the same conjugacy class for every g € G. By definition, inner
automorphisms are class preserving. In 1909, Burnside wanted to know if there
exists a finite group with an outer automorphism which is class preserving ([12]).
A few years later, he answered his own question by finding groups of order p°
(for an odd prime p) which contain non-inner class preserving automorphisms
([13]). However, his answer went somewhat unnoticed, so the question was
considered to be unsolved. Many years later, Wall ([84]) constructed an infinite
number of examples of 2-groups, the smallest of which has order 32. Since then,
there have been other results concerning class preserving automorphisms of
finite p—groups (see for instance [46, 63, 86, 87, 88, 89, 90]) or groups in general
(such as [25, 28, 43, 48, 67, 68, 74, 82, 83]). Since inner automorphisms are
class preserving, this last notion is also referred to as ‘almost inner’; ‘pointwise
inner’ or ‘nearly inner’ automorphisms.

In this section, we will list some facts concerning class preserving automorphisms.
However, this collection is not at all a complete overview of all what is known
with respect to this topic. We only mention these statements for which we
can compare the results with properties for almost inner derivations of Lie
algebras. Although we didn’t use the results from this section to prove the
statements about almost inner derivations of Lie algebras, it will become clear
throughout this thesis that many results are very similar. Hence, this section
can be considered as an alternative overview of the rest of this thesis.

3.2.1 Results for general groups
Preliminaries

Let G be a group. An automorphism ¢ : G — G is called ‘class preserving’ if
every element is mapped to a conjugate element. The set of all class preserving
automorphisms is denoted with Aut.(G). It is clear that this is a generalisation of
the inner automorphisms. When ¢ € Aut.(G), there exists a map ¢p : G = G
such that D(g) = g#»( for all g € G. In this case, ¢ is said to be ‘determined’
by ¢p. However, this map pp is not unique. The following results are well-
known.

Proposition 3.2.1. Let G be a group, then Aut.(G) is a normal subgroup of
Aut(G).
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Proof. Note that ) # Inn(G) C Aut.(G), so Aut.(G) is not empty. Further,
suppose that D, E € Aut.(G) are determined by ¢p respectively ¢g. Then
D o E € Aut.(G) as well, where

DE(g) = D(¢r(9)~'gve(9)) = D(er(g)) " D(9)D(¢r(g))
= D(¢r(9) "¢n(9) " 9ep(9)D(pr(g))

= (¢p(9)D(2E(9)) 9en(9)D(pr(g)) = g#P O Pel)

)
holds for all g € G. We also have that D~! € Aut(G). Choose an arbitrary
g € G and define h := D~(g). Since g = D(h) = ¢p(h)"thep(h), it turns out
that
D™(g) = ¢p(h)gep(h)~".

Hence, D~1 € Aut.(G), where pp-1(g9) = ¢p(D"1(g))~! for all g € G. This
means that Aut.(G) is a subgroup of Aut(G). Let D € Aut.(G) be determined
by ¢p and take arbitrary E € Aut(G). Choose g € G and consider h := E(g).
Then

E~'DE(g) = E~'(¢p(h) " hep(h))

= E" (¢p(h)"'gE" (¢p(h)
holds, which shows that Aut.(G) is a normal subgroup of Aut(G). O

This proposition shows that the set Out.(G) := Aut.(G)/Inn(G) is well-
defined. A group G has non-inner class preserving automorphisms if and only if
Out.(G) # 1. Moreover, if G is nilpotent, then Aut.(G) and Aut.(G)/Inn(G)
are nilpotent as well.

Theorem 3.2.2 ([74]). Let G be a nilpotent group of class c. Then Aut.(G)
is a nilpotent group of class ¢ — 1 and Aut.(G)/Inn(G) is a nilpotent group of
class less than c.

In Example 3.2.13, we show 2-step nilpotent groups for which Aut.(G)/Inn(G)
is non-trivial, but abelian.

Proposition 3.2.3. Let Gy and Gy be groups and consider the direct sum
G := G1 ® Ga. Suppose that p1 € Aut.(G1) and p2 € Aut.(Gs). For the map
0:G—=G:(g,h)— (v1(g9),p2(h)), it holds that ¢ € Aut.(G).

Theorem 3.2.4 ([28]). Let G be a finite simple group, then Aut.(G) = Inn(G).

For most of the statements in this subsection, similar results for almost inner
derivations of Lie algebras are proven in Section 4.1.
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Other results for general groups

It turns out that for free groups, the only class preserving automorphisms are
the inner ones.

Theorem 3.2.5 ([43]). Let G be a free group, then Aut.(G) = Inn(G).

The same result holds for free nilpotent groups.

Theorem 3.2.6 ([25]). Let G be a free nilpotent group, then Aut.(G) = Inn(G).

Chapter 11 is devoted to the study of almost inner derivations for free nilpotent
Lie algebras. We also have in that case that the only almost inner derivations
are the inner ones.

3.2.2 Results for finite p—groups

Let p be a prime number. We will present some definitions and properties of
finite p—groups. For a finite p—group G, the set of class preserving automorphisms
Aut.(G) is a p—group as well.

Proposition 3.2.7. Let G be a finite p—group. Then Aut.(G) is also a p—group.

Definition 3.2.8 (Elementary abelian group). A p—group G is elementary
abelian if G is abelian and every non-trivial element has order p.

An elementary abelian p—group can be considered as a vector space over the
field with p elements. An easy example is (Cy @ Co, +) which has four elements.

Definition 3.2.9 (Frattini subgroup). Let G be a group. The Frattini subgroup
®(G) of G is the intersection of all maximal subgroups of G. If there are no
maximal subgroups, it is defined as ®(G) := G.

It can be shown that the Frattini subgroup of G equals the set of non-generators
of G, where g € G is a ‘non-generator’ if (H,g) # G for all proper subgroups
H<G.

Definition 3.2.10 (Special and extra special group). A p—group G is called
special if G is elementary abelian or if [G,G] = ®(G) = Z(G). Further, a
group G is called extra special if G is a non-abelian special p—group for which
1Z(G)| = |G, G| = [®(G)] = p.

For an abelian group G, it is clear that Aut.(G) = Inn(G) holds. It turns out
that for extra special groups, all class preserving automorphisms are inner as
well.
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Theorem 3.2.11 ([78]). Let G be an extra special p—group. Then we have
Aut.(G) = Inn(G).

In Chapter 7, we will consider special p—groups in more detail, as well as the
correspondence with almost inner derivations of Lie algebras.

Groups of small order

It can be shown that every non-abelian group of order p® is extra special. For
groups of order p?, the only class preserving automorphisms are inner.

Theorem 3.2.12 ([55]). Let G be a group of order p*, then Aut.(G) = Inn(G).

Since all groups of order p and p? are abelian, the above observations show that
all class preserving automorphisms are inner for a general p-group of order < p.
Wall ([84]) found a class of examples of 2-groups G with Out.(G) # 1. Therefore,
he used the holomorph of Com (with m > 3), which is a group obtained as a
semidirect product, where the multiplicative group of units U(Cam) acts by left
multiplication on its additive group Cam.

Example 3.2.13. Take m > 3 and consider the groups

G = {(b “) |a € Com and b € U(cgm)} . (3.1)

0 1
b a
0 1

as the pair (a,b). Note that this group has 2 - p(2™) = 22™~! elements, where
© is the Euler function. Wall showed that

We will represent the matrix

Aut.(Gp,) = Inn(G,,) @ (D).
holds for all m > 3, where

(a,b) ifb=41 mod 8,

D: G, — Gy (a,b) — )
(a+4,b) ifb==+3 mod 8,

is a non-inner class preserving automorphism.

There are two non-isomorphic groups of order 32 with non-inner class preserving
automorphisms.
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Theorem 3.2.14 ([11]). Let G be a group of order 2°. Then Aut.(G) # Inn(G)
if and only if G is isomorphic to Hy or Ha, with presentations

Hy, = (a,b,c| a® =b* = = 1,bab = a®, cac = a°,bc = cb),

Hy = {a,b,c|a® =b*=c* = 1,bab = a®, cac = a®, cbc = a'b).

Note that H; is isomorphic to Wall’s example with m = 3. When p is an odd
prime, there exist groups of order p° with Aut.(G) # Inn(G) as well ([88]).
Further, there are finite groups G with Aut.(G) # Inn(G), for which G is not
a p—group ([11]). The smallest example has order 96 = 25 - 3. In [11], the set
Aut.(G) was computed for all groups G of order < 512. The authors found
that more than 60 percent of the 56.092 groups of order 256 admit non-inner
class preserving automorphisms, illustrating that this is a common property.
Chapter 8 is devoted to the study of almost inner derivations of low-dimensional
Lie algebras. We will show that for a nilpotent Lie algebra of dimension at most
four, all almost inner derivations are inner as well.

Two-step Camina p—groups

The following notion was introduced in [14] and later named after the author
Camina.

Definition 3.2.15 (Camina pair and Camina group). Let G be a finite group
and N a proper normal subgroup of G. Then (G, N) is a Camina pair if and
only if xN € z% for all z € G\ N. A group G is called a Camina group if
(G, ]G, G]) is a Camina pair.

Hence, for a Camina group, the coset g[G, G| is contained in a conjugacy class
for every g € G\ [G, G]. Tt is well-known that every extra special p—group is a
Camina group.

Lemma 3.2.16. Let G be an extra special p—group. Then G is also a Camina
p—group.

It was shown in [17] that every finite Camina p-group is nilpotent of class
at most 3. From now on, we will focus on two-step Camina p—-groups. The
following results are due to Macdonald.

Theorem 3.2.17 ([60]). Let G be a 2—step nilpotent group with normal subgroup
N such that (G,N) is a Camina pair. Then N = [G,G] and G is a special

p—group.
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For special groups, there exists a criterion to decide whether or not it is a
Camina group.

Theorem 3.2.18 ([60]). Let (G,*) be a special p—group. Choose elements
ai,...,an € G and hy, ..., hy € [G,G] in such a way that

G={q1,-.-,9n) and [G,G] =" (h1,...,hny).

Suppose that

1 m
[giagj] = (hl)aij koo k (hm,)aija
where afj € Zy for all1 < 4,5 <nand 1 < k < m. Define the matrices
A = (afj)ij € M, (Fp) and take p1, ..., pm € Fp. Then G is a Camina group
if and only if det(u1 A1 + -+ + pmAm) = 0 implies that p1 = -+ = p,, = 0.

Two years after he posed the question whether there exist non-inner class
preserving automorphisms, Burnside himself found examples of groups of order
p%, were p is an odd prime ([13]). It turns out that when p = £3 mod 8, the
group is a 2-step nilpotent Camina p—group.

Example 3.2.19. We look at the example of Burnside. Let p be an odd prime.
Consider

_ R N
G=(x1,...,06 | =ah=af =28 =1,

(21, 23] = 5, [T1, T4] = W6, [T2, T3] = W6, [T2, T4] = x§>
Then G is a special Camina group if and only if p = +3 mod 8.
For Camina p—groups, the number of class preserving automorphisms is easy to
determine.

Theorem 3.2.20 ([86]). Let G be a finite Camina p—group of nilpotency class 2.
Then |Aut.(G)| = |[G, G]|", where n is the number of elements in a minimal
generating set for G.

It turns out that special Camina p—groups are very closely related to nonsingular
Lie algebras. This notion is introduced in Section 4.3 and is also treated in
Section 7.2 and Section 9.3.

Finite p—groups for which all automorphisms are class preserving

In 1999, Mann asked whether all p—groups have automorphisms that are not
class preserving ([64]). Already before that time, several counterexamples had
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been given. For instance, Heineken ([46]) introduced for every p > 3 an infinite
class of special Camina p-groups G with Aut.(G) = Aut(G). Malinowska ([63])
found groups G of nilpotency class 3 for which all automorphisms are class
preserving. In [11], the authors found two groups of order < 512 for which
Aut.(G) = Aut(G) holds, with order 128 respectively 486. Those groups are
SmallGroup(128, 932) and SmallGroup (486, 31), where we use the notation
from the ‘Small Groups library’ from the computer algebra system GAP.

Example 3.2.21. Consider the group G := C% x Dy of order 27 = 128, which
has presentation

G=(a,bc,d|a*=b*=c*=d?> =1,ab=ba,cac™! =a " 1b"!,dad = a™ b,
cbe™ = a?b,bd = db,dcd = ¢ 1).
Then G is a 4-step nilpotent group with Aut.(G) = Aut(G).

The following result was proven in [89).

Proposition 3.2.22. Let G be a finite p—group of nilpotency class 2 such that
all automorphisms are class preserving. Then |G| > p8.

The author also gave an example of a group of order 3% for which all
automorphisms are class preserving.

Example 3.2.23 ([89]). Consider the group G with presentation
G=(r1,...,06 |2) =) =23 =2 =23 =23 =1,
(w1, 2] = a¥, [w1, 23] = 23, [01, 24] = 23, [21, 25] = 23,
21, 26] = @5, [w2, 23] = 21, [w2, 24] = @3, [0, w5] = 2,
(22, w6] = 23, [23, 4] = 23, [w3, 5] = 23, [23, 26] = 27,
(24, 25] = a7, [24, x6] = a7, [25, x6] = 23).

Then G is a special Camina 3-group with Aut.(G) = Aut(G).

In Section 10.3, we describe for all n > 13 a filiform Lie algebra g,, of dimension n
such that Inn(g,) # AID(g,) = Der(g,). This phenomenon also exists for non-
nilpotent Lie algebras, as we show in Chapter 8.
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Other results

The following reasoning comes from [86]. Let G be a finite p-group of order p'.
Let {x1,...,2,} be a minimal generating set for G. Take ¢ € Aut.(G), then
o(z;) € 2§ for all 1 < i < n. It follows that

|Aut(@)] < [Tl
i=1

Let |[G,G]| = p™, then the Burnside basis theorem implies that n <t —m. It
follows from the previous inequality that

|[Aut.(G)| < p™" < pm(t_m). (3.2)

Theorem 3.2.24. Let G be a finite p—group. Then the upper bound of (3.2) is
attained if and only if G is either an abelian p—group, or a non-abelian special
Camina p—group.

In [86], there have been established sharper upper bounds for |Aut.(G)|.

Theorem 3.2.25 ([87]). Let G be a 2-step nilpotent finite p—group. Let
{z1,...,2,} be a minimal generating set for G. If [x;,G] is cyclic for all
1 <i<n, then Aut.(G) = Inn(G).

In Chapter 4, we show a similar inequality for AID(g) and show that there is
an equality for nonsingular Lie algebras. The previous result can be translated
to Lie algebras as well, where we don’t require that the Lie algebra is 2—step
nilpotent. There are also a few results concerning groups with large cyclic
subgroups.

Theorem 3.2.26 ([54]). Let G be a finite p—group having a maximal cyclic
subgroup. Then Aut.(G) = Inn(G).

Theorem 3.2.27 ([55]). Let G be a group of order p"™ having a cyclic subgroup
of order p"—2.

o Suppose that p is odd, then Aut.(G) = Inn(G).

o Assume that p =2 and n > 5 and that G does not have any element of
order 2"~1. Then Aut.(G) # Inn(G) if and only if G is isomorphic to H;
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or Hy, where

Hy = (z,y,2 |962W2 =2 =22 = Lyry =2 gz =y,
232 = x_1+2m73>

Hy = <.7J,y, z |$2m72 _ yg =2 = 1, yzy = w1+21n73’ = y$2m73’
212 = $_1+2m73>

Theorem 3.2.26 is very similar to the result for almost abelian algebras, see

Section 12.2. However, Lie algebras g with an ideal of codimension 2 can have
non-inner almost inner derivations.



Chapter 4

Background for computations

In the previous chapter, we gave a geometric motivation to study almost inner
automorphisms of some nilpotent Lie groups. Due to computational reasons
however, it is easier to go to the Lie algebra level, where the analogon is an
almost inner derivation of a Lie algebra. In Chapter 2, we already introduced the
definitions of (central) almost inner derivations. In this chapter, some properties
and examples are given. We also present two techniques which are useful in the
computation of AID(g). Some parts of this chapter already appeared in [7] and
[9]. Unless otherwise specified, we consider Lie algebras over a general field F
(so of any characteristic).

4.1 Properties and examples

Let g be a Lie algebra over a field F. Take arbitrary z,y € g and consider
D € Der(g). We then have

[D,ad(x)](y) = D(ad(z)(y)) — ad(x)(D(y))
= D([z,y]) — [z, D(y)]
= [D(z),y]

= ad(D(2))(y),

where the one but last equation holds since D is a derivation. This shows that

[D,ad(z)] = ad(D(z)) (4.1)

39
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is inner for all D € Der(g) and all € g. With the aid of this observation, we
will show that Inn(g), CAID(g) and AID(g) become Lie subalgebras of Der(g)
when we use the Lie bracket [D,D’] = DD’ — D'D.

Proposition 4.1.1. We have the following inclusions of Lie subalgebras

Inn(g) € CAID(g) C AID(g) € Der(g).

Proof. Let g be a Lie algebra and choose arbitrary z,y, z € g. The proof goes
in different steps.

o We first show that Inn(g) is a subalgebra of Der(g). Since ad(z) and ad(y)
are derivations, (4.1) implies that [ad(z),ad(y)] = ad([z, y]).

o Further, we prove that AID(g) is a subalgebra of Der(g). Take almost
inner derivations Dy, Do € AID(g), then there exist z; and x5 in g such
that Dq(z) = [z, x1] respectively Da(x) = [z, z2]. Then the Lie bracket of
Dy and D5 is given by

[D1, D](x) = D1(Da2(x)) — D2(Di ()
= Di([z, z2]) — Da([z, z1])
= [D1(2), 23] + [z, D1(22)] — [D2(x), 21] — [z, D2(21)]
= [[z, 21], wo] + [z, D1 (w2)] — [[2, w2], 21] — [z, D2(x1)]
= [z, z1], w2] — [[z, z2], 21] + [x, D1 (22) — Da(x1)]
= [z, [x1, 22]] + [z, D1(x2) — Da(z1)].

The third equality holds because Dy and D5 are derivations. In the last
step, the Jacobi identity is used. Hence,

[D1, Do](x) = [, [21, 2] + D1(22) — D2(21)] € [z, 9]

holds, which means that [D;, Do] € AID(g) is an almost inner derivation.
Therefore, AID(g) is a subalgebra of Der(g).

o Finally, we show CAID(g) is a subalgebra of Der(g) as well. Take elements
Cy,Cy € CAID(g), then there exist y1,y2 € g such that C; — ad(y;) and
Cy — ad(y2) map g to Z(g). Note that [C1,C] € AID(g) by the previous
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point. By using (4.1) several times, we obtain
[C1 —ad(y1), C2 — ad(y2)]
= [C1, Co] = [Ch,ad(y2)] — [ad(y1), C2] + [ad(y1), ad(y2)]
= [C1, Co] — ad(C1(y2)) +ad(Ca(y1)) + ad([y1, y2])-

Hence, [C1, Ca] —ad(C1(y2) — Ca(y1) —[y1,42]) = [C1 —ad(y1), C2 —ad(y2)]
maps g to Z(g), and hence [C}, Cs] € CAID(g). O

We also have the following results.

Proposition 4.1.2. The subalgebra Inn(g) is a Lie ideal in all subalgebras of
Der(g) containing it. Further, CAID(g) is a Lie ideal in AID(g).

Proof. The first statement immediately follows from (4.1). Let C' € CAID(g)
and D € AID(g). We need to show that [D, C] € CAID(g). We already know
from the previous proposition that [D,C] € AID(g). Fix an element x € g such
that C’ := C' — ad(x) maps g to Z(g). Define D’ := [D,C] — ad(D(x)). We
can again apply (4.1) to find that ad(D(x)) = [D,ad(z)], which means that
D’ =[D,C"]. This leads to

D'(y) = [D,C"](y)
= D(C'(y)) — C"(D(y))

for all y € g. Since C’ maps g to Z(g) and D maps Z(g) to 0, we have that D’
maps g to Z(g). O

Remark 4.1.3. We conjecture that AID(g) is always a Lie ideal in Der(g),
for Lie algebras g over an arbitrary field F. However, there is no obvious
algebraic argument for this statement. Moreover, the result seems not to be
known. At least, we didn’t find a counterexample among the checks we did for
low-dimensional Lie algebras.

For a given Lie algebra g over a field IF, we want to know which of the inclusions
in the chain Inn(g) € CAID(g) C AID(g) C Der(g) are actually equalities. We
will establish some examples to show different possibilities. It is clear that
Inn(g) = CAID(g) = AID(g) = 0 for abelian Lie algebras. Recall that a Lie
algebra g is called ‘complete’, if Z(g) = 0 and Der(g) = Inn(g). Of course
we have Inn(g) = CAID(g) = AID(g) in this case. In particular semisimple
Lie algebras over a field of characteristic zero, and parabolic subalgebras of
semisimple Lie algebras are complete.
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Consider again an arbitrary field F' (of any characteristic). First, we will compute
in detail the almost inner derivations of the Heisenberg Lie algebra h3(IF), given
by the Lie brackets [eq, es] = e3.

Example 4.1.4. For g = h5(F) we have AID(g) = Inn(g).

Take an arbitrary inner derivation ad(z) € Inn(g). Then there exist values
T1,%2,x3 € F such that x = x1e7 + x2e2 + x3e3. By bilinearity and the fact
that ad(es) = 0, we have that

ad(z) = z1ad(e1) + zoad(eq),

so Inn(g) is 2-dimensional. Since every derivation is also a linear map, we
can represent it as a matrix. For instance, the inner derivation ad(e;) can be
represented as

ad(er) =

o O O

0 0
0 ol,
10

where in the j—th column, we write the image of e; with respect to the basis.
This means that ad(e;) maps e; and es to zero and ey to e3. Note that we
abuse the notation by denoting ad(e;) for both the derivation and the matrix
representing the derivation. Similarly, we can consider an arbitrary derivation
D of h3(F) in matrix form. Then D can be written as a linear combination of
derivations, namely

D = alad(el) + agad(eg) + d1D1 —+ 4 d4D4,
where a;,d; € F (with 1 <4 <2 and 1 <j <4). The corresponding matrix is

di ds 0
D=| dy ds 0
—a2 Qi d1 + d4

For example, the derivation D; corresponds to the matrix
1 00
D=0 0 0
0 0 1

This shows that Der(g) = (ad(e1),ad(ez2), D1, D2, D3, Dy). Assume that D is
almost inner. Then D(e;) € [e1, g] = (e3), so that dy = d2 = 0. In the same
way, D(e2) € [e2, 9] = (e3) implies that d3 = dy = 0. It follows that D € Inn(g).

In this example, it was easy to prove that for instance D is not almost inner,
since the condition D;(z) € [z, g] is not satisfied for z = e;.
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Definition 4.1.5 (Almost inner for a basis). Let g be a Lie algebra over F
with basis B. Then a linear map D : g — g is B-almost inner if D(x) € [z, g]
holds for all basis elements x € B.

Of course, this definition depends on the chosen basis. However, it gives a
necessary condition for a derivation to be almost inner which is, given the
structure constants of the Lie algebra, very easy to check.

The Lie algebra in the next example has more interesting (i.e. non-inner) almost
inner derivations. In what follows, we will denote F; ; for the matrix with entry
1 at position (7,7) and 0 otherwise. When we interpret E; ; as a linear map,
then E; j(ex) =0 for k # j, and E; j(e;) = e;.

Example 4.1.6. Let g be the filiform nilpotent Lie algebra which has a basis
B ={ei,...,e5} and non-zero Lie brackets

le1,e2] = e3, [e1,e3] = ey,
[617 64} = €5, [627 63} = €5.

Then we have AID(g) = Inn(g) @ (Es2).
The proof again follows by a direct computation. An arbitrary derivation is of
the form

D= alad(el) + -4 a4ad(e4) + d1D1 + d2D2 + d3D3 + 6572E572

(with coefficients in ) and can be described as a matrix

dq 0 0 0 0
ds 2d; 0 0 0

D= —as ay 3d1 0 0 5
—as d3 ap 4d1 0

—ay —agz+es2 a2+ d3 a1 +dy 5dy

so Der(g) = (ad(e1),...,ad(es4), D1, Do, D3, E5 o). Further, E5 5 is almost inner
with determination map ¢g, , : ¢ — g, where the image of x = x1e1+---+as5e5

is given by
264 if T 7é 0,
PFEs.» (.’IJ) =4 .
es3 if ;1 =0.
The derivation Es is not inner. However, we have Eso(z) = [z, ¢E, , ()]

for all x € g, so Es o is almost inner (in fact, central almost inner). Consider
the derivation D := d1D1 —+ d2D2 + d3D3 (Wlth dl,dQ,dg S ]F) Then D
is B—almost inner if and only if dy = do = d3 = 0. Hence, we have that
CAID(Q) = AID(g) = <ad(€1), . ,ad(e4), E572>.
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Let g be a Lie algebra over F with basis B = {ey,...,e,}. Since an almost inner
derivation has to be B-almost inner, it is clear that

dim(AID(g)) < Z dim[e;, g, (4.2)

so this gives an upper bound for AID(g) which is easy to determine. In general
however, it is not enough to check the condition D(z) € [z, g] only for basis
vectors of g.

Example 4.1.7. Let g be the Lie algebra over a field F which has basis
B := {ej,ea,es3} and is given by [e1,e2] = ey and [ej,e3] = e3. A short
computation shows that an arbitrary derivation for g looks like

D = alad(el) + a2ad(€2) + a3ad(63) + 62’3E2’3 + 63,2E3’2 + 6373E3’3
(with coefficients in F) and with matrix form

0 0 0
D= —a9 aq €2.3
as e32 a1+e3s

This means that Der(g) = (ad(e1),ad(e2),ad(es), Ea3, Es2, E53). Consider
the derivation D := E3 3. Then D is B-almost inner since D(e;) = 0 = [e;, 0]
for 1 <4 < 2 and D(e3) = es = [e3, —e1]. However, D is not an almost
inner derivation. Indeed, choose an arbitrary x = x1e1 + x2e2 + x3e3 € g, then
[ea+es3,z] = —x1(ea+e3) holds. This gives a contradiction, since D(es+e3) = e3.

This example shows that a derivation which is B—almost inner does not have
to be an almost inner derivation. Hence, the condition is necessary, but not
sufficient. The next proposition contains a few more easy facts on almost inner
derivations.

Proposition 4.1.8. Let g and g’ be Lie algebras over the same field F. Then
the following statements hold.

(a) Let D € AID(g). Then D(g) C [g,9] and D(Z(g)) = 0.

(b) Let I be an ideal of g, then D(I) C I and D induces D € AID(g/I).

(c) For C € CAID(g) there exists an x € g such that Cig g = ad(x)|[g,q]-

(d) If g is 2—step nilpotent, then CAID(g) = AID(g).

(e) If Z(g) = 0, then CAID(g) = Inn(g).
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(f) If g is nilpotent, then AID(g) is nilpotent and all D € AID(g) are nilpotent.

(9) We have AID(g @ g') = AID(g) @ AID(g’) for the direct sum of two Lie
algebras.

Proof. We will prove each of the statements. Take arbitrary C' € CAID(g) and
D € AID(g).

(a) By definition, an almost inner derivation maps g into [g, g]. Further, for
x € Z(g), we have D(z) € [z,g] = 0.

(b) Let y € I, then we have D(y) € [y,g] C [I,g] C I. Define
D:g/l —g/I:x+1w D(z)+1.

This is a well-defined linear map due to the first statement. It is a routine
check to find that D is a derivation and that it satisfies the almost inner
condition with determination map ¢p :g/I — g/l : x4+ 1~ @p(z) + 1.
Hence, D € AID(g/I).

(¢) Since C' € CAID(g), there exists an & € g such that C’ := C — ad(x)
satisfies C'(g) C Z(g). We further have

C'(ly,2]) = [C'(y), 2] + [y, C" ()]

for all y, z € g, because C’ is a derivation. This shows that C’([g, g]) = 0,
so C(y) = ad(z)(y) for all elements y € [g, g].

(d) If g is 2-step nilpotent, then D(g) C [g,9] C Z(g) for any D € AID(g).
Hence we have AID(g) C CAID(g), which gives equality.

(e) Suppose that Z(g) = 0 and C' € CAID(g). Then there exists an z € g
such that C(z) —ad(x) = 0. Hence C is inner.

(f) Let D € AID(g) and = € g, then D*(x) € [z,[g, ..., [g,9] - -]]], where we
have k times g. If k is higher than the nilpotence class of g, it follows
that D*(x) = 0, hence D is nilpotent. By Engel’s theorem, AID(g) is
nilpotent.

(g) For the last statement, consider E € AID(g @ ¢'). Then the restrictions
E)y € AID(g) and Ejy € AID(g') are almost inner derivations. It is easy
to see that the map £ — Ej; © F|y gives a one-to-one correspondence
between the Lie algebras AID(g @ ¢') and AID(g) ® AID(g’). O

Let g be a Lie algebra over a field F. In this dissertation, we study several
research questions.
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o What is AID(g)?

By performing similar computations as for the examples above, we are
able to compute all almost inner derivations of g, just by determining
which derivations satisfy the almost inner condition. However, this is not
very efficient. Therefore, we will elaborate on some techniques to have
more general results. Section 4.2 gives a method to decide that a given
derivation cannot be almost inner. This is in particular useful for Lie
algebras for which the only almost inner derivations are the inner ones.
In Section 4.3, we give a way to restrict the derivations for which we have
to check the almost inner condition.

e Which of the inclusions Inn(g) € CAID(g) C AID(g) C Der(g) are
equalities?
We already saw that for complete Lie algebras, all these sets are equal.
Further, we showed that all almost inner derivations are inner for the
Heisenberg Lie algebra. In Example 4.1.6, we also treated a Lie algebra
g for which AID(g) and Inn(g) are different. Throughout this thesis, we
will study more examples showing that all possibilities occur.

e What is the importance of the field F?
In the second part, we will show that the field over which g is defined, has
an impact on the set of all almost inner derivations.

e How do the results for g compare to other Lie algebras from the same
class?
This is the main question for the last part. We will consider different
classes of (nilpotent) Lie algebras and study whether similar Lie algebras
behave in an analogous way or not.

4.2 Fixed basis vectors

In the previous section, we computed the almost inner derivations of a given Lie
algebra by checking the almost inner condition for all derivations. However, one
does not always need to know the derivation algebra explicitly. Instead one can
use a concept which we will call ‘fixed basis vectors’ This notion is very useful,
also for proving several results on almost inner derivations. Unfortunately,
although the definition is elementary, it is not particularly clear, so we will need
to explain it with some examples. The results of this section also appeared
in [7].

For the rest of this section, g is an n—dimensional Lie algebra over an arbitrary
field F and with chosen basis {e1,...,e,}. If z = 37, xje;, then we denote
by t;(z) = x; the i—th coordinate of x with respect to the given basis.
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Definition 4.2.1 (Fixed basis vector). Let D be an almost inner derivation
of g determined by a map ¢p : g — g. A basis vector e; is a fixed basis vector
for D with fixed value o € F if and only if for all 1 < j < n, the following
statement is satisfied:

if e; & Cy(e;), then t;(pp(e;)) = a.

Note that o € F must be the same for all j where this condition applies. As
an example, we look at the Heisenberg Lie algebra h3(FF) with basis {e1, e2, €3}
and Lie bracket [e, e5] = es.

Example 4.2.2. Consider g = h3(F) and let D be an almost inner derivation
of g with determination map ¢p: g — g. Then every basis vector e; is fixed.
For i = 1 we have Cy(e;) = (e1,e3) and the condition just applies for j = 2:
since ex & Cy(e1), we must have t1(¢p(ez)) = . Certainly this is true, with «
given by the map ¢p. The same holds for ¢ = 2, where we have Cy(e2) = (e2, e3).
For i = 3, we have Cy(e3) = g, so that the condition is trivially satisfied.

The importance of finding fixed basis vectors comes from the following fact.
If each basis vector for every almost inner derivation is fixed, then we have
AID(g) = Inn(g). We already saw that this is the case for h3(FF) in Example 4.1.4.
We will prove this more general result in Corollary 4.2.6. Often we can show
that every basis vector is fixed without knowing the structure of Der(g). A
trivial example is the following lemma.

Lemma 4.2.3. Let g be a Lie algebra with basis {e1,...,e,}, such that for
given 1 < i < n, the number of basis vectors in Cy(e;) is equal to dim(g) or
dim(g) — 1. Then the basis vector e; is fized.

Proof. In this case the condition for a fixed basis vector is vacuously true, or
can be satisfied uniquely by the a given by the map ¢p. O

We used this argument for 1 <14 < 3 in the example of g = h3(FF) above. We
also want to present an example, where not every basis vector is fixed. For
the Lie algebra g of Example 4.1.6, we will show that there is an almost inner
derivation D determined by a map ¢p such that not every basis vector is fixed.

Example 4.2.4. For the Lie algebra g of Example 4.1.6 and the almost inner
derivation D := Es 5, the basis vector es is not fixed.

We already saw that D is determined by ¢p : g — g, where an arbitrary
T =x1€1 + -+ X565 € g is mapped to

op(z) = {264 if @1 #0,

€3 if xr1 = 0.
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Definition 4.2.1 for this ¢p and i = 3 says the following: for all 1 < j <5, if
ej & Cyles) = (es,ea, es5), then t3(pp(e;)) = e, each time for the same fixed
a € F. We have pp(e1) =0 and ¢p(es) = es, so that

ts(pp(e2)) = ts(es) =1,
ts(¢p(e1)) = t3(0) = 0.
This means that there is no fixed a and thus e3 is not fixed.

Lemma 4.2.5. Let D : g — g be an almost inner derivation determined
by a map vp : g — g. If e; is a fived basis vector with fized value o, then
D’ = D + ad(ae;) s an almost inner derivation which is determined by a map
wpr : g — g such that for all 1 < j,k < mn:

ti(ppr(er)) = ti(ppler))  fori#j,
ti(ipD/ (ek)) =0.
Proof. Clearly D’ is an almost inner derivation, and we have that

(D +ad(ae:))(x) = [z, op ()] + [aei, 2] = [z, op(z) — aei].

So D' is determined by the map ¢pr : g — g : ¢ — @p(x) — ae;. Define the
map

ep(x) — ae; ifx & {er,ea,...,en},

$p g —grxT = .
{ch(x) —ti(ep(x))e; ifx € {er,eq, ... en}.

We claim that D’ is also determined by this new map ¢p/. Indeed, for all
non basis vectors we have pp/(z) = ¢ps(x), so we only have to consider basis
vectors. Let e; be a basis vector. Then there are two possibilities.

Case 1: For e; € Cy(e;), we have

D'(e;) = D(ej) = [ej,p(e;)] = [ej. wn(ej) — tilwp(x))ei] = [ej, opr(e))]-
Case 2: When e; ¢ Cy(e;), then t;(¢p(e;)) = «, from which it follows that
¢pr(ej) = pr(e;).

In both cases, we see that D’ is determined by ¢p:. By definition of ¢p/ it is

also easy to see that the requirements t;(¢ps(ex)) = t;(¢p(er)), for j # 4, and
ti(apD/(ek)) = 0 hold. O

As an immediate consequence, we obtain the following result.
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Corollary 4.2.6. Let D € AID(g) be determined by a map ¢p. If each basis
vector is fized, then D € Inn(g).

Proof. Let «; denote the fixed value of e;. Define
D' := D + ad(ajer) + ad(ages) + - - - + ad(ane,) = D + ad(v),

where v := Y1 | a;e;. Then by iteratively applying Lemma 4.2.5, we find
that D’ is an almost inner derivation D’, determined by a map ¢p/. Further,
wpr(e;) =0 for all 1 <4 <n. This implies that D’(e;) = 0 for all basis vectors
e; and hence D’ =0 or D = —ad(v) € Inn(g). O

The next results are two technical lemmas, providing a way to find fixed basis
vectors. We will use the following notation: Let 1 < 4y,4o,...,4, < n, then

Girsin,..ir = (€ | T & {i1,02,...,0r})

denotes the vector space spanned by all basis vectors not in the set

{ei1767./27 A '7eir}'

Lemma 4.2.7. Assume that 1 < 1,5, k,l,m <n and l # m. Moreover assume
that there exist nonzero scalars o, 3 € F such that

lej,ei] —aer € gim
ek, €] — Bem € gim
[ejagi} g gl,m

lex, 8i] € G1m-

Then for any almost inner derivation D € AID(g) determined by a map pp, we
have that t;(¢p(e;)) = ti(¢p(er))-

Proof. Let a := t;(¢p(e;)), b := ti(¢pp(ex)) and ¢ := t;(¢p(e; + ex)). Then
there exist vectors v,v’,v” € g; such that

ep(e;) = ae; + v,
epler) =be; +v/,
oplej +ex) =ce; +0".
Using these notations, we find that

D(ej + ex) = [e; + ek, ce; + V"] = cae; + cBes, +w” (4.3)
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for some w” € g; . On the other hand, we have that
D(e;) + D(ex) = [ej,ae; + v] + [ex, be; + V'] = ace; + w + bBe,, +w'  (4.4)

for some w,w’ € g;m. Now, as D is a linear map, the two expressions (4.3) and
(4.4) must be equal, and so by comparing the [-th and m—th coordinate, we
find that

ca =aa and cf = bps.

As both « and [ are nonzero, this implies that a = b. Hence, we have that
ti(eple;)) = ti(pp(ex)). O

Suppose that g is a Lie algebra which satisfies the conditions of the lemma. Let
D € AID(g) be an arbitrary almost inner derivation determined by ¢p. As
shown in the proof, we must have that ¢;(¢p(e;)) = t;(¢p(ex)) to ensure that
the almost inner condition is satisfied for e; + e;. We will show this procedure
with the same Lie algebra as in Example 4.1.7.

Example 4.2.8. Consider the Lie algebra g over a field F which has basis
B = {ej,es,e3} and is given by [e1,e2] = es and [eg, e3] = e3. Since we have

[e2,e1] +e2 € 923
[es,e1] +e3 € ga s
le2,01] C 92,3
les, g1] € 92,3,

we can apply Lemma 4.2.7 with (4,7, k,l,m) = (1,2,3,2,3). Let D € AID(g)
be determined by ¢p. It follows that ¢ (¢p(e2)) = t1(¢p(es)), which means
that ey is a fixed basis vector. Further, e5 and ez are fixed basis vectors as well
by Lemma 4.2.3. Hence, we can conclude from Corollary 4.2.6 that D is an
inner derivation, so AID(g) = Inn(g).

The second lemma is similar, but the conditions are slightly changed.

Lemma 4.2.9. Assume that 1 < 1,5, k,1 < n. Moreover, assume that there
exist nonzero scalars o, B € F such that

[6]7 61] aer € g
lex ei] — Bel € g
lej,0:] C g
[ekv 91} Cyg

Then for any almost inner derivation D € AID(g) determined by a map pp, we
have that t;(op(e;)) = ti(eplek)).
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Proof. Let a := t;(¢p(e;)), b :=ti(¢p(ex)) and ¢ := t;(pp(Be; — cer)). Let
v,v’,v"” € g; be such that

ople;) = ae; + v,
epler) =be; +v,
op(Bej — aey) = ce; + 0"
Then we have that
D(Be; — aey) = [Bej — aeg, ce; + 0] = Beae; — acBe; + w” (4.5)
for some w” € g;. On the other hand, we have that
BD(e;)—aD(ex) = Blej, ae;+v]—aleg, be;+v'] = Bace;+w—abfe;+w' (4.6)

for some w,w’ € g;. By comparing the [-th coordinate of (4.5) and (4.6), we
find that
af(a—b) =0.

Since a and 3 are non-zero, we find that a = b and t;(¢p(e;)) = ti(pp(ex)). O

Example 4.2.10. Let g be the Lie algebra over a field F which has a basis
B ={e1,ea,e3,e4} and is given by [e1, ea] = e4 and [e1, e3] = e4. We have

Let D € AID(g) be an almost inner derivation determined by ¢p. It follows
from Lemma 4.2.9 with (4, j,k,1) = (1,2,3,4) that t1(¢p(e2)) = t1(¢p(es)).
Hence, e; is a fixed basis vector. Further, Lemma 4.2.3 implies that the other

basis vectors are fixed as well. This means that D is an inner derivation, so
AID(g) = Inn(g).

With these technical lemmas, it is possible to obtain results on the almost inner
derivations without having to explicitly know the derivation algebra.

4.3 Skew matrix pencils

In the previous section, we introduced fixed basis vectors as a useful tool in the
computation of the almost inner derivations of a Lie algebra. In this section, we
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link Lie algebras with matrix pencils. The results of this section also appeared
in [9]. We work in this section with an arbitrary field F.

For the moment, we only consider 2—step nilpotent Lie algebras. Let g be a 2—step
nilpotent Lie algebra over a field F. We fix a basis B := {z1,...,Zn, Y1, -+, Ym}
of g, where {y1,...,ym} is a basis of [g, g]. For any 1 <, <n, we have that

['ria'rj] = czl_jyl + 4+ C?}yma

where cfj € I are the structure constants of g. Define for every 1 < k < m
the skew-symmetric matrix Ay = (cfj)lgi,jgn. Let p1, ..., um be algebraically
independent variables over F.

Definition 4.3.1 (Associated pencil). Let g be a 2-step nilpotent Lie algebra
over an arbitrary field F. Then 1 A1 + -+ + pm A (€ My (Flpa, - - -5 pim])) is
called the pencil associated to g with respect to the basis B.

This pencil depends on the choice of basis of g. As for all 1 < k£ < m the matrix
Ay is skew-symmetric, pu1 A1 + - -+ + pm Ay, is called a skew matrix pencil. In
Section 9.2, we will elaborate on more theory concerning skew matrix pencils
for the specific case where m = 2. To reduce the number of subscripts, we will
denote the matrix pencil py A + ps Az as pA + AB.

If D: g — gis an almost inner derivation, then D maps g to [g, g] and the
center Z(g) to zero. Hence, the space C(g) below contains AID(g).

Definition 4.3.2 (Central derivation). Let g be a 2-step nilpotent Lie algebra
over a field F. Then

C(g) ={D € End(g) | D(g) < [g. 9] and D(Z(g)) = 0}
is a subalgebra of Der(g) with AID(g) C C(g). It is called the algebra of central
derivations.
Since [g, g] C Z(g) for 2-step nilpotent Lie algebras, it is easy to see that any
D € C(g) is indeed a derivation of g.

We will assume that g is a 2—step nilpotent Lie algebra and fix a basis

{x17"'aznay17"'aym}7

where y1,...,ym is a basis of [g,g]. Let u1 Ay + -+ + pm Ay, be the associated
pencil. Every element in v € g can be written as v = x + y in this basis, where
r=a121+ Fapxty, and y = byy1 +- - -+ by forall a;, b; € F, with 1 < i < n.
For every D € C(g), we have D(y) = 0 and D(z) = d1(x)y1 + - -+ + din(2)ym
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holds for some dy, ..., d,, € Hom(U,F), where U = (z1,x2,...,2,). Recall that
D € AID(g) if and only if there exists a map ¢p: g — g such that

D(v) = [v,¢p(v)]

for all v € g. We may assume that op(v) = ¢p(x) € (x1,...,2,) forv=a+y
as above. This means that we suppose that v = x and

op(z) =c1(x)zy + -+ + en(z)2)
for some ¢;(z) € F, where 1 <i < n. We denote

c(x) = (er(x), ..., cn(x))T,

a(x) = (ar,...,an)",
a(z)" Ay
L(il?) = S Mm,n(]F)a
a(z)" A,
di(z)
d(z) = :
dm ()

Lemma 4.3.3. Let g be a 2—step nilpotent Lie algebra over F with the notations
as above. A given map D € C(g) is in AID(g) if and only if L(x)c(z) = d(z) has
a solution in the unknowns c¢;(x) (with 1 <i <n) for allx = a1z + -+ anxy,
m g.

Proof. We have D € AID(g) if and only if there exists a map ¢p: g — g such
that for all = ayz1 + -+ + apx, (or, equivalently, for all aq,...,a, € F), we
have that D(x) = [z, ¢p(x)]. This is the case if and only if we can find ¢;(z)
for 1 <i<n with

n n

D(z) = Zaixi, Z cj(z)z;| = Z Zaicj(x)(c}jyl + o+ € Ym)-

Jj=1 i=1 j=1

This is equivalent to the system of linear equations L(z)c(z) = d(x) for all
T=a121 + -+ anTy. O

We obtain the following result.
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Proposition 4.3.4. Let g be a 2-step nilpotent Lie algebra over F with
associated pencil p1 A1 + -+ + pmAm and the notations as above. Then a
given map D € C(g) is in AID(g) if and only if for all x = a1z1 + -+ - + anxy
ing and all py,...,uyn €F, we have the condition

(A1 + -+ pmAn)a(z) =0 = wdi(z) + -+ pmdm(z) = 0. (4.7)

Proof. Suppose that D € AID(g) and (u1 A1 + - - + i A )a(z) = 0. Since the
matrices Ay are skew-symmetric for all 1 < k < m, we have

0= (A + -+ pmAn)a(z) = —(ma(@) " Ay + - + pma(z) " A,) 7,

so that pya(xr) " Ay +- -+ pma(z) T Ay, = 0. Note that a(z) T Ay is the k—th row
of L(z) for each 1 < k < m. Since D € AID(g), both L(x) and the extended
matrix (L(z) | d(z)) have the same rank by Lemma 4.3.3. Hence for any linear
combination of rows of L(x) which equals zero, the same linear combination of
rows of (L(z) | d(z)) equals zero. It follows that pidi(x) + -+ + pmdm(z) = 0.
The converse direction can be proven in a similar way. O

We illustrate this result with an example.

Example 4.3.5. Let g be the 7-dimensional real Lie algebra with basis
{1,...,25,y1,y2} and Lie brackets defined by

[$1,$3} = Y1, [561,534] = Y2,
[Iz,lfzd =1, [1‘2,335] =Y.

The associated matrix pencil, which we denote as pA + AB, is given by

0 0 uw A O
0 0 0 pu A
pA+AB=|—-p 0 0 0 O
A —u 0 0 O
0O =X 0 0 O

It is easy to see that dim(Inn(g)) = 5. Let D € C(g) and = ayx1 + - - - + a5Ts.
Then the matrix of D is given by

D:/rrrorr‘O\
Wahanlo)

We thus have di(z) = a1m1 + -+ + asrs and do(x) = a181 + -+ + asss. For
all (i, A) # (0,0), the kernel of uA 4+ AB for this Lie algebra is 1-dimensional,
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generated by a(x) = (0,0, A2, —u\, u?) . Therefore condition (4.7) applied to
this vector yields

0 = pdy (z) + Mda(z)
= ulayry + -+ asrs) + AMarsy + - - + asss)
= (%75 + p° N5 — 74) + pA3(r3 — s4) + Xs3

for all u, A € F. Hence D € AID(g) if and only if r5 = s3 = 0 and s5 = r4 and
s4 = r3. Thus we have dim(AID(g)) = 6.

Remark 4.3.6. Consider values u1,. .., iy, € F with det(u1 A1+ -+ pmAm) # 0,
then

(NlAl R IU,"LAm)Cl(.Z‘)T =0
is only satisfied for a; = - -+ = a,, = 0. This means that dy(z) = --- = d,,(x) = 0,
so condition (4.7) is always valid in that case. Hence, it suffices to consider
those values 1, ..., tym € F for which det(u1 Ay + -+ + pmAm) = 0.

When n is odd, we have that det(u; A1 + - + umAm) = 0, since Ay, is skew-
symmetric for all 1 < k& < m. In practice, previous remark is only useful when
n is even.

Example 4.3.7. Consider the Lie algebra g over a field F which has a basis
{z1,...,24,91,y2} and non-vanishing Lie brackets

[z1, z2] = v1, [z1,24] =y2 and [z2,x3] = Y.

It is easy to see that dim(Inn(g)) = 4. Let D € C(g) and = ayx1 + - - - + a424.
Then the matrix of D is given by

We also have dy(x) = a1r1 + -+ + aqrq and do(z) = a181 + -+ - + ags4. For g,
we have that
det(uA + AB) = \%.

It follows from Remark 4.3.6 that we may assume without loss of generality
that A = 0. A general solution for

0 w 0 0 al 0
- 0 0 0 az| |0
0 0 0 0 as| |0
0 0 0 0 a4 0
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is given by a(x) = (0,0, ks, ks)", where ks, ks € F. For these vectors, we
find that dy(a(x)) = 0 if and only if r3 = r4 = 0. Hence, we have that
dim(AID(g)) = dim(Inn(g)) + 2 = 6.

Definition 4.3.8 (Nonsingular Lie algebra). Let g be a 2-step nilpotent Lie
algebra over a field F. When the associated pencil py Ay + - - - + i, Ay, satisfies
det(u1 A1 + -+ + pmAyn) = 0 if and only if pu; = -+ = p,, = 0, the Lie algebra
g is called nonsingular.

For nonsingular Lie algebras, it is very easy to compute the almost inner
derivations.

Corollary 4.3.9. Let g be a nonsingular Lie algebra over a field F of type (n,m).
We then have that AID(g) = C(g) and dim(AID(g)) = m dim(Inn(g)) = mn.

Proof. By assumption, the system (u;A; + -+ + gmAm)a(z) = 0 only has
the trivial solution x = 0. Hence, condition (4.7) is satisfied and it follows
from Proposition 4.3.4 that AID(g) = C(g). Since the suppositions imply that
[9,8] = Z(g), we have dim(Inn(g)) = n, spanned by ad(z),...,ad(z,) and
dim(C(g)) = mn. It follows that dim(AID(g)) = mn. O

In Section 9.3, we will study nonsingular Lie algebras in more detail. Several
examples will be given in other sections as well.

When g is not 2—step nilpotent, we can associate a matrix pencil to g as well.
Consider a nilpotent Lie algebra g over a field F. Fix a basis

{61, ey Cny gy Cndmy Cndbmt1y - - '7en+m+l}

such that [g,g] C (en+t1,-- s ntm+i) and Z(g) = (entmt1s-- -5 Entm+i). Then
we have for all 1 <4,j < n 4+ m that

+1 +mtl
an €nt1 + -+ CZ " et

lei,ej] =c¢
where cfj € F are the structure constants of g. For every n+1 <k <n+m+1,
we define the skew-symmetric matrix Ay := (cfj)1§i,j§n+m. The associated
matrix pencil for g is

/ffnJrlAnJrl +---+ MnerJrlAnerJrl'

With the same technique as before, we can check whether or not a linear
map (not necessarily a central derivation) satisfies the almost inner condition.
However, since g is not 2—step nilpotent, we still have to check if it is a derivation.
We will clarify this observation with the aid of an example.
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Example 4.3.10. Let g be the Lie algebra over a field F which has a basis
{e1, ea, €3, e4, €5} and non-vanishing Lie brackets

[e1, e2] = eq, le1,eq) = e5 and  [eq, e3] = es,

son =3 and m =1 =1. When we denote y := uy4 and A := us, the associated
pencil

0
Ay + AAs = _0“
—A

for g is the same matrix pencil as in Example 4.3.7. We can conclude from
Remark 4.3.6 that for instance s 4 : g — g satisfies the almost inner condition.
However, it is not a derivation, since

Es a([e1, e2]) = Es a(eq) = es,

but [Es.4(e1),e2] + [e1, E5 4(e2)] = 0. To determine AID(g), we also need the
derivation algebra. An arbitrary derivation for g is given by

D = alad(el) + -4 a4ad(e4) + d1D1 + -+ d5D5 + 65,3E5’3

and has matrix form

dy 0 0 0 0
dy  dy 0 0 0

D = ds ds 2dy 0 0 ,
—asg a —dsy dy + dy 0

—ay4 —az az+es3z a;— ds 2dy +dy

which means that Der(g) = (ad(e1),...,ad(es),D1,..., D5, E5 3). It is clear
that no non-zero linear combination of Dy, ..., D5 satisfies the almost inner

condition. Proposition 4.3.4 implies that Es 3 is almost inner. We can conclude
that AID(g) = (ad(e1),...,ad(es), E5 3).

As a conclusion, skew matrix pencils are particularly important for 2—step
nilpotent Lie algebras. However, it can also be used for other Lie algebras
in testing which linear maps satisfy the almost inner condition, but other
techniques also play a role in determining the derivation algebra. In the next
chapter, we will see another example of a matrix pencil associated to a 3—step
nilpotent Lie algebra.
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Chapter 5

Importance of the field

A Lie algebra g over a field F can be specified by giving the structure constants
with respect to a given basis. When these structure constants are integers, we
can interpret these structure constants and the associated Lie algebra over any
other field. In this case, one might expect that the field itself plays a minor
role in the computation of Der(g) or AID(g). However, as we will show, this is
not the case. In Section 5.1, we will explain how the characteristic of the field
has an impact on the derivation algebra. Section 5.2 deals with how the field
itself influences which derivations are almost inner and which are not. For this,
we will use the associated matrix pencil from Section 4.3 and in particular the
zeros of the determinant.

The observations from this chapter will be shown on the basis of a famous Lie
algebra. Jacobson proved ([50]) that over a field of characteristic zero, a Lie
algebra with a nonsingular derivation is nilpotent. Dixmier and Lister showed
([24]) that the converse of this result is not valid. The example they gave was
the 8-dimensional Lie algebra g over a field F of characteristic zero with basis
{e1,...,es}, given by

[61,62] = €5, [61763} = €6, [61,64] = e, [61,65] = —€sg,
[62,63] = é€s, [62764] = €6, [62766] = —ér, (5.1)
[63764] = —é€s5, [63765} = —ér, [64’66] = —¢s.

and having only nilpotent derivations. Later, nilpotent Lie algebras whose
derivations are all nilpotent were called ‘characteristically nilpotent’; or in short
CNLAs. In Section 12.4, we will give more information about almost inner
derivations for characteristically nilpotent Lie algebra. Although CNLAs are
mainly studied in characteristic zero, it is in fact not necessary to impose this

60



DERIVATIONS 61

condition. Indeed, the Lie brackets from (5.1) define a Lie algebra for every
field and a CNLA for all fields F with char(F) ¢ {2, 3}.

5.1 Derivations

Let F be an arbitrary field and g a Lie algebra over F with basis B = {e1,...,e,}.
We denote cfj for the structure constants (so 1 < 1,75,k <n). Let D: g — g be
a derivation. Since D is a linear map, it can be described as a matrix, which we
will denote by D = (d;;). By bilinearity of the Lie bracket, it suffices to check
Leibniz’ rule for the basis vectors. Let e; and e; be two arbitrary basis vectors,
then

D([e;,e]) =D <Z ci»jel> = ZcéjD(el) = ZZcéjdklek (5.2)
=1 1=1

=1 k=1

holds. Analogously, we find that

[D(ei) e5] + [ei, D(ej)] = lz dier, €| +
=1

n
€, E dije
=1

di; [el, ej] + Z dy; [eia el]

=1

I
NE

~
Il
—

n n
k k
dlicljek + E E dljcilek

=1 k=1

I
IM-
1 M-

I
M=

(duicf; + dijch)ey. (5.3)

N
Il
—
E
I
-

Since D is a derivation, equations (5.2) and (5.3) have to be the same, which
means that

n n
Zcijdkl = Z(dl’icfj + dljcfl) (5.4)
1=1 1=1

has to hold for all 1 < 4,5,k < n. We can impose without loss of generality
that 1 < i < j < n, so there are in total n?(n — 1)/2 equations which have
to be satisfied at the same time. However, it is possible that some of them
are meaningless or redundant. These equations give relations on the different

matrix entries of the derivation and a solution depends on the characteristic of
the field.
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Consider a field F of char(F) ¢ {2,3}. Let g be the Dixmier-Lister Lie algebra
over F. A direct computation shows that an arbitrary derivation D of g is a
linear combination

D= alad(el) + -4 (l@&d(@@) +diD1+ -+ dgDg

and has matrix form
[ 0 0\
—az ai a4 —ag 0 0
—as —ag4 aq a9 0 0 O 5
—ay4 + dl + dz ag + d4 as + d5 a1 + dg —az —a2
as — d2 as + d3 — d4 as + dl ae + d6 —Qaq —ayq

which means that Der(g) = (ad(e;),...,ad(es), D1,...,Dg). This was also
computed in [24] and resulted in the same derivation algebra. Note that every
derivation is indeed nilpotent, meaning that g is a CNLA.

When char(F) = 2, we have that
Der(g) = <ad(61), Ce. ,ad(eﬁ), D17 e ,DG, D§2), Dé2)>

For arbitrary « = Zle x;e; the additional derivations D§2), DéQ) 1 g — g are
given by

Dgz)(l’) = Xo2€3 + X4e4 + Ts€5 + T7€7 + Xges,

Dgz)(a:) = Tgez + Tae1 + Tseq.
We have for instance that D§2)([€27 eq4]) = D§2) (eg) =0, but
(D (e2), e4] + [e2, D (e4)] = 2cc,
o D§2) ¢ Der(g) when char(F) # 2. For char(F) = 3, we have
Der(g) = (ad(e1),. .. ,ad(eg), D1,...,Dg, D ... D).
The image of x = Zle x;e; for the maps D§3), ey fo’) ig—gis

3
Dg )(9:) = T1e1 — Taey — X3€3 + Taey + T7E7 + T3€E3R,
DO (2) = wren — _

5 (z) = z1e3 — x3€6 + T4e2 — T5€8 + TseT,

3
Dé )(x) = T1e4 — Toe3 + T3 — Ta€] + Tse6 — Tges,

DELS) (x) = Xoey + x3€1 — Ty€5 + Tse7 + Tres.

When char(F) € {2, 3}, it is clear that g is not a CNLA anymore. This illustrates
that the derivation algebra depends on the characteristic of the field.
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5.2 Almost inner derivations

In this section, we will compute the almost inner derivations for the Dixmier-
Lister Lie algebra over an arbitrary field F. It turns out that the number of
different solutions of X3 — 1 over F determines the dimension of AID(g). The
matrix pencil P := usAs + ugAg + pur Az + pgAs associated to g is given by

0 s e pr  —ps 0
—ps 0 ps o e 0 —ur
p_|H —ws O —ps —pr 0
—u7 —pe ps 0 0 —us
8 0 wr O 0 0
0 wr 0 ps O 0

and has determinant det(P) = (u2 — pg)?. Denote p = £, then we have that
det(P) = 0if p® — 1 = (u — 1)(u® + p + 1) = 0. Hence, the importance and
relevance of the polynomial X3 — 1 is already indicated by the determinant of
the matrix pencil.

Proposition 5.2.1. Let g be the Dizmier-Lister Lie algebra over an arbitrary
field F.

o If X3 —1 has three different roots over F, then AID(g) = Inn(g).

e If X3 —1 only has one (not necessarily simple) root over F, then we have
AID(g) = Inn(g) ® (D1, ..., Dy).

Proof. Suppose that char(F) € {2,3} and take di,...,ds € F arbitrarily. Let
2?21 d;D; + F be an almost inner derivation, where we take

Eec(D®:g—sg|1<i<2)

when char(F) =2 and F € (ng) :g—g|1<i<4) for char(F) = 3. Since
E(g) € [g,9] when E # 0, this implies that E = 0. Hence, it suffices for the
rest of the proof to only look at the space (D, ..., Dg) to determine AID(g).

Let z € F be a solution of X2 — 1 =0, so 2> = 1. This exists over any field F,
since we can take z = 1. Consider D := Z?:l d;D;, where dy,...,dg € F.

Take an arbitrary x = Zle x;e; € g and suppose that D is almost inner. By
definition of D, we have

D(QZ) = ((dl +d2)l’1 +d3x4+d4x2+d5x3)67+(d1x3—dgxl +(d3 7d4)£€2+d6174)68.
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This means that
D(ey — ze3 — 2%eg) = (di + dy — zds)er + (—dy — zdy)es. (5.5)
We further see that
[e1 — ze3 — 2266,x]
= (z2 + 2z4)es + (231 + 23)e + (2200 — 2%24 — 15)(— 207 + €3),

so the coordinates of e; and eg are the same up to a factor —z for every almost
inner derivation. Applying this observation in (5.5) yields

di + dy — zds = zdy + 2°d;. (5.6)
For z =1, this gives d5 = 0. A similar computation shows that
D(ey — zeq — 2%es) = (—zds + dy)er + (ds — dy — zdg)es. (5.7)
We also find that
[ea + zeq — 22es, 7]
= (=1 — 2x3)es + (—2x + 24)es + (221 — 2°x3 — 16)(e7 — 2€3g).

Since the coordinates for e; and eg are the same up to a factor —z, equation
(5.7) implies that
ds — dy — zdg = 2°d3 — zdy. (5.8)

For z = 1, it follows that dg = 0. For the rest of the proof, we will consider
different cases.

o Suppose that X3 —1 = (X —1)(X? + X + 1) = 0 has three different
solutions over I, so there exists § € F such that the set of all solutions is
given by {3,832 = —3—1, 3% = 1}. Note that char(F) # 3, since otherwise
X3 —1= (X —1)? only has one solution (of multiplicity 3). We can insert
z = 3 respectively z = 32 in (5.6) and obtain

di + dy = Bdy + B°dy (5.9)
di +dy = B%dy + Bds.
From these equations, we find that 8ds 4+ %2d1 = B%ds + Bd; and this

means (3% — 3)(d; — da) = 0. By using in (5.9) that d; = dg, we obtain
2d, = (8?+B)d; = —d;. We conclude that d; = dy = 0, since char(F) # 3.
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Similarly, by applying z = 3 respectively z = 32 in (5.8), we obtain
ds — dy = B?ds — Bdy (5.10)
dy — dy = Bdg — *ds.

The last two equations imply that 5%ds — Bdy = Bds — B%ds and thus
(8% — B)(ds + ds) = 0. We insert in (5.10) the fact that dy = —d3 and
find that 2d3 = (8% + B)ds = —dz = 0. Since char(FF) # 3, we have that
ds3 =d4 =0.

As a conclusion, we see that, when X3 —1 = 0 has three different solutions
over IF, then the derivation D = Z?Zl d;D; is almost inner if and only if
di=---=dg=0.

« Suppose that X3 — 1 = 0 only has one root over F. On the one hand, it
is possible that X3 — 1 = 0 has a multiple root 1, which occurs if and
only if char(F) = 3. On the other hand, when char(FF) # 3, this means
that X2 + X + 1 = 0 is irreducible over F. In both cases, it turns out
that there are non-inner almost inner derivations. We will show for each
1 <7 <4 that D; is almost inner by giving a map ¢p, : g — g such that
D;(z) = [z, pp,(x)] for every z € g.

Consider the map ¢p, : g — g, where the image of x = Zle x;e; is given

by
es if o1 + 23 =0,
op, () = ¢ 1(x) if w3 # —21 and 2129 # 2374,
Yo(x)  otherwise,
where ¥ (z) = m«xlm — xomw3)es + (23 — 2%)eg) and where o (7)
is defined as

1
5 (.233(33‘1 - 1‘3)62 + (.131 — $3)€4 + ($1($6 — .’L‘3) — .13333‘6)65).

2?3 — ;w3 + 23
Note that v, is well-defined when X2 + X + 1 = 0 has no solutions over
F. For char(F) = 3, we have 23 — z123 + 2% = (71 + 23)?, but 23 = —11
is treated in another case. We will show that Di(z) = [z, ¢p, (z)] for

all x € g. Consider an arbitrary x = Z?:l zie; in g. Therefore, we
distinguish different cases. If 1 + z3 = 0, then

[z, oD, (%)] = z1[e1, e5] + z3[es, e5]
— —X1€8 — T3€e7

= x1e7 + xr3€s.
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When z3 # —x1 and x125 # 324, Wwe have

1

[z, oD, (z)] = m(ﬁl(ﬂflm — wax3)[en, es) + wa (w3 — a7)[ea, eg]

+ x3(z124 — T273)[e3, €5] + Ta(25 — 77)[e4, €6))

1 2 2
Ry — (—x1(x124 — Tow3)eg — x2(x5 — 7 )e7

— z3(z124 — T2x3)er — x4(23 — 27)es)

1
2 2 2
= ———((—x2x3 + o7T2 — 17324 + T2x3)E7
T1T2 — T3T4

+ (—23xy + T12073 — TET4 + 2T24)e8)

1
= ——— (2122 — x3x4)(T107 + T3€8)
L1Xg — X3T4

= x1e7 + xr3€s.

If x3 # —x1 and 2129 = w324, then [z, op, (x)] = [z,¥2(2)] is given by

RIS p—

m(fﬁ%(ml —a3)[er, e] + i (z1 — a3)[er, eq]
+ x1(x116 — 123 — T3x6)[€1, €5] + T1X2(T1 — X3)[E2, €4]
+ 22(21 — z3)[es, eo] + 2123(21 — 23)[e3, 4]

+ x3(x1w6 — 123 — T3x6)[€3, €5] + T3xa(T1 — X3)[eE4, €2]
+ 2376 (21 — 73)[eq, €2] + T176(T1 — 3)[e6, €4])

1 2
T g el T e oo e

— 561(1711‘6 — Tr1x3 — 1331‘6)68 + $1LE2(1‘1 — 1‘3)66
— 22(x1 — x3)es — x1w3(T1 — T3)es
— x3(x126 — X123 — T3T6)er — T3x4(T1 — T3)eE6

+ x3x6(r1 — x3)er + x1x6(T1 — T3)€R)
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1

= 55— ((x123 — z123) (21 — 23)e
x%—xlx;ﬁ—xg(( 123 — r123) (21 — 23)es

+ (w122 — 2374) (71 — 23)e€6
3 2 2 2 2
+ (27 — 223 — T1T376 + T125 + TZX6 + T1T3T6 — T3X6)€7
2 2 2 3 2
+ (—ziwe + xix3 + T123T6 — X125 + T3 + TTTe — T1T3T6)Es)

1 2 2
= x] — x1x3 + x35)(T1e7 + z3e
x%—xw:ﬁ—xg(l 1 a)(waer 3cs)

= x1e7 + x3€s.
Consider further the map

€5 lf I + I3 = 0,
¢op,(7) = { ¥3(x) if 23 # —x1 and z129 # 374,
Ya(x)  otherwise,
where 3(x) and 94(x) are defined as

T1

Y3(x) = m((@ + z4)es — (21 + x3)eq),
Ya(z) = 23— T1a3 + 22 (z3e2 +z1es + (v1 — 3 + 26)e5).

Let z = E?Zl x;e; be arbitrary. When x7 + 3 = 0, then
[, oD, (z)] = z1[e1, e5] + x3[es, €3]
= —xi1eg — T3€7
=x1(e7 — es).

If 3 # —x1 and 2129 — x324 # 0, then we have
T

[, op, (2)] = m(fﬂl(ﬁ + x4)[er, 5] — 2(21 + x3)[€2, €6

+ z3(22 + 24)[e3, €5] — T4(T1 + 73) (€4, €6])

x
= (—x1(z2 + z4)eg + x2(21 + 23)e7
T1X2 — T3T4

— .’E3(£L‘2 + .’L‘4)67 + £C4(£L'1 + 1'3)68).
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By rearranging the different terms, we find that

T

[z, 0D, (x)] = (z122 + wow3 — X253 — T3T4)eE7

T1X9 — X3T4

+ (7!1711‘2 — X124 + X124 + I’3I4)68)

r—— (z122 — 2374) (€7 — €8)

=z1(e7 — es). (5.11)

Otherwise, for x3 # —x1 and z12x2 = 324, it follows that

I 2
x )] = ————5(2123]€1, €2] + 27[e1, e
[z, D, (2)] x%_x1x3+x§( 1z3[e1, e2] + ailer, eq

+ (x% — z1x3 + x126)[€1, 5] + T122]E0, 4] + x%[eg, es]
+ 1‘11‘3[63, 64] + (Z‘ll‘3 — l‘% + 3331‘6)[63, 65]

+ T3%4 [647 62] + x376 [667 62] + x176 [66, 64])

L1 2 2
= 5 3 ($1$365 + xier — (.731 — 123 + xlxﬁ)eg
Tr{ —T1T3 + 23

2 2
+ z1x0e6 — T35 — T1x3€5 — (T1T3 — T5 + T3Xe)er

— Z3Taep + T3Teer + T1Tees)

r1T3 — T1x3)es + (r1x2 — x3T4)E
1’% 173 ‘rg 143 143)€5 142 344)C6

2 2
+ (27 — x123 + 5 — T3x6 + T3T6)eE7

+ (—x% + 2173 — T1Tg — x% + z126)€8)

L1 2 2
= m($l — X1T3 + xs)(€7 - 68)

= z1(e7 — ws).

This shows that Ds(z) = [z, ¢p,(z)] for all z € g and Dy : g — g is an
almost inner derivation.
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Consider the map ¢p, :g > g:z = Zle xi€; — op,(x), with

€6 if To + Ty = 0,
op,(z) = § Ps(z)  if 24 # —22 and z122 # 2374,
Ye(xz)  otherwise,

where we have

_ 1 22
Ys(x) = p—— ((x7 — x5)es + (xows — x124)e€6).

Further, wﬁ(x) is defined as
—1 ( ( - ) (z2 — ) ( (x5 — )‘ ) )
xy4(x T4)e1 + zo(x x4)es + (ro(x T T4T5)€E6).

% s 421 4(T2 4)€1 2(T2 4)€3 2(T5 4 475 )€6

Let z = E?:l z;e; be arbitrary. When x4 + x4 = 0, it follows that

[, D, (7)] = T2e2, 6] + zalea, €]

—XIg€7 — T4€8
= x4€7 + T2€38.

If x4 # —x2 and 125 — 2324 # 0, then we have

1
[, oD, (7)) = ——————(21(2] — 23)[e1, €5] + za (213 — T124)[€2, €6]
T1T2 — T3T4

+ x3(xF — 23)[es, es] + v4(T2w3 — T124)[e4, €6])

1 ) )
— m( 1‘1(.'154 1'2)68 56'2(.’1321;3 x1$4)€7

- 353(563 - $§)€7 — 24(x2x3 — T124)e8)

1
2 2 2
= ————((—a523 + v12914 — T325 + T5T3)er
T1X9 — X3T4

+ (—xlxi + xlxg — ToT3Ty4 + xlxi)eg)

1
= —— (2129 — x3x4)(Tae7 + T2€8)
T1Xg — X3T4

= x4€7 + Tae€g.
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For x4 # —x2 and 122 = x324, we have that [z, ¢p,(z)] = [z,¢s(z)] is
given by

1
[z, 96 ()] = 2 (122 (72 — w4)[e1, €3] + Tawa(T2 — 74)[E2, €1]

3 — maws + 43
+ x%(@ — x4)[ea, €3] + xa(—zamy + 25 — T425)[e2, €6]
+ x3x4(we — 24)[es, e1] + xi(xg —x4)[eq, €1]

+ 332£4(372 - $4)[€4, 63] + $4($2$5 — T2T4 — $4$5)[64, 66]

+ 24x5(T2 — x4)[e5, €1) + T2ws5(T2 — x4)[e5, €3))

1

= m(mwz(m — z4)e6 — Towa(T2 — T4)es

+ 22(20 — 24)eg — To(—ToTy + Toxs — T4T5)e7
— x3x4(To — T4)eg — xi(zg —x4)er + xoxy(To — T4)es
— x4(—22ry + ToTs — T4x5)es + T4x5(T2 — Ty)es

+ xoxs (22 — x4)e7)

1

= m((-ww; + zoxq) (2 — 4)e5

+ (.T1372 - 373.’1?4)(3?2 - $4)€6
2 2 2,3, .2
+ (2524 — 255 + Towyxs — Tox] + Ty + T5XT5 — ToXaTs)er

3 2 2 2 2
+ (25 — 2524 + ToT] — To2X4T5 + T{TH + ToTaZs — T4T5)eER)

1 2 2
= B ot a? (x5 — wowq + x3) (2467 + T2€8)

= x4€7 + Toe€sg.
This shows that D3 : g — g is almost inner.
Consider the map ¢p, : g — g, where the image of x = 218:1 xie; is given
by
—eg if o+ 24 =0,
¢p,(x) = { ¥r(x) if 24 # —x2 and z129 # 2324,
Yg(x)  otherwise,
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where ¢ (z) and ¥s(x) are defined as

L2

Yr(x) = m((xz + x4)es — (x1 + x3)eg),
T2
wg(x) = m(fuel — xoe3 + (—xo + x4 — 5)eg).
Take an arbitrary z = 2?21 z;e;. If x4 = —xo, then
[z, oD, (x)] = —@2le2, e6] — 4[4, eg]

= xoe7 + wyeg = x2(e7 — eg).

When 24 # —x9 and 125 —x324 # 0, it follows from a similar computation
as in (5.11) that

T2
[z, op,(2)] = m[ﬂfa (z2 + 24)es — (21 + 23)eq]

= zo(e7 — es).

For x4 # —x5 and z129 = x374, We find that

T2

[z,9p,(2)] = — (—z122[er, e3] — wazylea, 1] — w3 lea, €3]

T5 — Toly + xi
+ xo(—x2 + 24 — x5)[e2, e6] — z3x4E3, €1] — %21[64, e1]
— Zoxuleq, €3] + Ta(—x2 + x4 — x5)[eq, e6] — Taxs]es5, €1]

— xawses, e3))

_ T2 2
= 35— (217266 + Tax4e5 — T3e8
Ty — ToXs + Xy

2
— xo(—x9 + g — T5)er + T3xge6 + T1E7 — ToTges

— .1‘4(—1‘2 + x4 — .135)68 — XT4T5€8 — 1‘233567)

X2
= m((my&; — .’£2£L'4)65 + (7.%1%2 + $3$4)66

2 2
+ (25 — Toxg + x2x5 + T3 — T2T5)e7

+ (=23 4 xowy — 23 + 2425 — T4T5)es)

T2 2 2
=5 (2} — 2wy + — eg).
P B (x5 — xomy + x7)(e7 — e3)
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Since Dy(z) = [z, ¢p,(x)] holds for all z € g that, we can conclude that
D, : g — g is an almost inner derivation as well. O

Let g be the Dixmier-Lister Lie algebra over F. Then all almost inner derivations
are inner when F = C, whereas we have dim(AID(g)) = dim(Inn(g)) + 4 for
F = R. Hence, the dimension of AID(g) depends on the field F, in particular
on the number of different solutions of the polynomial X3 — 1 = 0 over F.
Intuitively, this dissimilarity between the different fields can be explained as
follows. The dimension of AID(g)/Inn(g) is connected with the factorisation of
det(P) = (u® — 1)? over F. Denote [ for the number of different linear factors
of det(P). It seems in our example that

dim(AID(g)/Inn(g)) = deg(det(P)) —2l =2- (3 —1).

We will see this phenomenon again in Section 9.2 and Section 9.3 while studying
matrix pencils in more detail.



Chapter 6

Finite field extensions

In this chapter, we will consider finite field extensions K : k. Let g be a Lie
algebra defined over k, then it can be considered as a Lie algebra over K as
well. We will use the notations g respectively g to specify the Lie algebra we
are working with. In the first section, we investigate the connection between
AID(gx) and AID(gx) and introduce the so-called ‘underlying Lie algebras’ gj,
and g. In Section 6.2, we give a way to find new almost inner derivations of
g}, on the basis of AID(gx ). Most of this chapter also appeared in [8]. Since we
work with field extensions, it is convenient to use the notation K : k. This is in
contrast to other chapters, where a field is denoted with F.

6.1 Change of base field

Consider a separable field extension of finite degree [K : k] = n. Let g be a
Lie algebra defined over k, then we obtain a Lie algebra

ox = K @y gk

over K by linearly extending the Lie bracket. The primitive element theorem
ensures that K = k(s) for some s € K. Then B = {1,s,s%,...,s" !} is a vector
space basis of K over k. It follows that

gk =0k D sgr @ B 5" gy (6.1)

holds as vector spaces over k. The typical example is K = C and k = R, where
{17 S} = {172} and gc=9r @ ZgR

73
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We can also consider gx as a Lie algebra over k, which we will denote with g}
Note that, as sets, we have gj, = gk, but dimg(g},) = n - dimg(gx). Finally,
g% = K ®} g, is again a Lie algebra over K, with dimg (g% ) = dimg(g},). The
Lie algebra g has the same basis and structure constants as g}, but is a Lie
algebra over K and not over k. The following property, which follows from the
results of [21], relates the Lie algebras g% and gx.

Proposition 6.1.1. Consider a finite Galois extension k C K with [K : k] = n.
Let gi be a Lie algebra over k. Using the notations introduced above, we have

that g% = B, 9x-

We will explain the constructions of these different Lie algebras for the special
situation when [K : k] = 2, where we require that the fields do not have
characteristic two. In that case, we have K = k(s) for some s € K \ k with
d := 5% € k. Hence, we can write K = k(v/d). Let gx be a Lie algebra over k of
dimension 7, then there exists a basis {el, €a,...,er} and there are structure
constants cfj such that [e;, e;] = Zp 1 ” . The Lie algebra g = K ® gx
has the same structure constants and the same basis. Further, g) has basis
{e1,ea,...,¢e.,8€1,8€a,...,se.}. Denote f; := se; for all 1 < i < r, then the
structure constants are
T

[eiaej} :Zcfj6p7 ezafj Z ”fpv fzaf] 7dz ep*deuej]

p=1

In general, it is cumbersome to construct an explicit isomorphism between
g and @, 9k, but for n = 2, it is straightforward. The Lie algebra g has
basis {e1, ea,..., e, f1, f2,.-., fr} and structure constants as above. We take
for gk ® gk a basis {a1,aq,...,a,,b1,ba,...,b.} with

[a;,a;] Z i Ops [bi, b;] Z [a;,b;] = 0.

Let ¢ : g% — 9x Pk be the linear map with p(e;) = a;+b; and ¢(f;) = sa;—sb;
for all 1 < ¢ <r. Then ¢ is an isomorphism of vector spaces. Moreover, ¢ is a
Lie algebra morphism. Indeed, take 1 <4, j < r arbitrarily, then we have that

[p(ei), p(ej)] = [ai + bi,a; + bj]

= [a;, a;] + [b;, b;]

= ¢(lei ¢5])- (6.2)



CHANGE OF BASE FIELD 75

Furthermore, also

[p(e), o(f5)] = lai + b, sa; — sbj]

= Schj(ap —by)
p=1

= (Z ijfP)
p=1

= @(les, f5])
is satisfied. Using (6.2), we find that

[o(fi), o(f3)] = [s(a: — b)), s(a; — bj)] = s*[as, a;] + 5°[bi, by]
= d([ai, a;] + [b;, bj]) = @(d[es, e5])
= o([fi, f3])

and this finalises the proof. This will be illustrated in the next example for
k=R and K = C. Then we can take s = i with i> = —1.

Example 6.1.2. Consider the real Heisenberg Lie algebra gg, then gc is the
complex Heisenberg Lie algebra. Both of these algebras can be described via
a basis {eq, e2, e3}, where the non-zero Lie brackets are given by [ey, e5] = es.
The Lie algebras g and g have a basis {e1, €2, €3, f1 = ie1, fo = ieq, f3 = ies}
and non-zero brackets

le1,e2] =es, ler, fo] = f3,

[f1,e2] = f3, [f1, fo] = —es.

Further, we have that g = gc @ gc by Proposition 6.1.1. However, as we will
show later on, g and gr @ gr are not isomorphic.

Now, we return to the general situation where [K : k] = n > 2. Suppose that
D € Der(gg), then we can consider D = 1x ®; D where Dk : g — gk is
the K-linear map such that (Dg),, = D. This means that Dg € Der(gk).
Conversely, if D € Der(gx) and D(gx) C g, then Dy, € Der(gg).

Remark 6.1.3. These two “procedures” are inverses of each other. Indeed, for
D € Der(gy), we have that (Dk),, = D. Moreover, for D € Der(gx) with
D(gk) C gr we have (Dyq, ), = D.

Lemma 6.1.4. We have Der(gx) = K ®j Der(gx).
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Proof. We already mentioned that any derivation D € Der(gx) can be viewed as
a derivation Dg € Der(gg). From this, the conclusion K ®j, Der(gx) C Der(gx)
is clear. We now show the other inclusion. Let D € Der(gx). We can write

Dy, =D1+58Dy+ -+ 5"'D,,
where D; : gr — gk is a derivation for all 1 < i < n. Take
D' =1k ®; D1 +5®, Do+ + 5" @ Dy,
then we find that D’ € K ®j Der(gy). Since also Djg, = D’|q, holds, this
implies that D = D’ € K ®j, Der(gy,). O

Hence, there is a nice correspondence between the derivations of g and gg-.
For almost inner derivations, there is a partial result.

Lemma 6.1.5. Let D € Der(gx). If Di € AID(gx ), then also D € AID(gy).

Proof. Let B = {1,s,...,s" 1} be a basis of K over k and D : gz — g be a
derivation. Assume that Dy € AID(gg), then there exists a map ¢ : gx — gk
such that Dg(z) = [z, ¢(x)] holds for all z € gi. We can write

o(x) := p1(x) + spa(x) + - + 5" Lo (),

where ¢; : gk — gi for all 1 < ¢ < n. Take an arbitrary x € gx. Then we
obtain
D(z) = [z, 1(2)] + sz, p2(x)] + - - + " [z, pn(2)].

Since D(x) € g, it follows from equation (6.1) that for all x € g, we have

D(z) = [z,¢1(z)] € gk
and [z, p;(x)] = 0 for all 2 < ¢ < n. Hence, this means that D € AID(g;). O

Note that the converse of this result does not hold in general, since there exist
examples for which D € AID(gy) holds, but Dg ¢ AID(gg). This phenomenon
will be illustrated in Example 6.2.4.

Proposition 6.1.6. If AID(gx) # Inn(gk), then also AID(gy) # Inn(gg).

Proof. Denote as before B = {1,s,...,s" '} for a basis of K over k. Let
D € AID(gk) with D ¢ Inn(gg), then there exists a map ¢ : gx — gx such
that D(x) = [z, ¢(x)] for all z € gx. Furthermore, there are maps ¢; : gx — gk
(for all 1 <4 < mn) such that

n—1
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Define for each 1 < i < n the map
D;:gr — gz [z,0:i(2)]

We claim that each D; is a derivation (and thus an almost inner derivation).
Let z,y € gg, then

D([z,9]) = [[z, 9], o1 ([2,9]) + spa([z,9]) + - - + 5" on([2,4])]
= Di([z,y]) + sDa([z,y]) + - + 5" Dy ([z, 9]).
On the other hand, we have
[D(z),y] + [z, D(y)]
= [[z,01(2) + -+ 5" Lon (@), y] + [2, [y, e1(y) + - + 5" o (y)]]
= [Di(a) + -+ + 8" Dy(x),y] + 2, Di(y) + - + 8" Dy(y)]

= ([D1(2),y] + [z, D1(y)]) + - + 5" ([Du(2), 9] + [z, Dn(y)]).

The above equations imply that D;([z,y]) = [D;(x),y] + [z, D;(y)], since D is a
derivation. Hence, we have D; € Der(gy) for all 1 <i <n.

Moreover, we claim that there is at least one 1 < i < n for which D; ¢ Inn(gy).
Suppose on the contrary that D; € Inn(gy) for all 1 < ¢ < n. Then there
exist elements «; € gy such that D;(x) = [z, a;] holds for all € g. Denote
=) + sag + - + s" Loy, € K. This means that

D(x) = [z, 0] + s[z, as] + - + s" Lz, ay]
= [z,a1 + sz +---+ 5" La,]
= [1’704

for all z € gr. Now consider —ad(a) € Der(gk), then Dy, = —ad(a)g,-
Since two derivations of gx are equal when they agree on gg, this implies that
D = —ad(«) is inner. This contradiction shows that for at least one 1 <i <mn,
we have D; € AID(g) \ Inn(gg). O

This proposition means that if the Lie algebra over the bigger field gx admits a
non-trivial almost inner derivation, then also the Lie algebra over the smaller
field g. The converse does not hold in general, see again Example 6.2.4.
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6.2 Constructing new almost inner derivations

We keep using the same notations as in the previous section. We will show
how to find new almost inner derivations of the Lie algebra g, determined by
AID(gk ). Remember that g), and gx denote the same set, but they are Lie
algebras over a different field (namely over k respectively over K).

Define the set

E(gr) :={D € AID(gk) | D(gk) is one-dimensional and D(gx) C Z(gk)}.

We will construct, starting from a fixed element D € £(gk), a collection of
almost inner derivations of g) which are not inner, even when D itself is an
inner derivation of gx. Take an arbitrary D € E(gk). Since D(gx) is one-
dimensional, ker(D) is of codimension 1. Hence, gx = (y) + ker(D) for some
y € gi \ ker(D). We also fix a choice of y and let 0 # z = D(y). Any element
of gx can be written as ay + ¢, where a € K and ¢ € ker(D). Denote again
B=/{l,s,...,s" 1} for a basis of K over k, then any element a € K can be
uniquely written as a = a; +ags+---+a,s" ' witha; € kforall 1 <i<n. We
use the notation ¢;(a) := a; to denote the i-th coordinate of a with respect to
the basis B. We now have that D : g — gk : ay+c¢ — az. Since D € AID(gg),
there exists a map ¢p : gxg — gx such that

D(ay + ¢) = [ay + ¢, op(ay + ¢)].

Associated to D, we introduce n new k-linear maps of gj,, namely

D;:g) — g :ay+c— tila)sz,
where 1 < i < n. Note that D = D; + Dy +--- 4+ D,,. We remark here that
the maps D; do depend on the choice of y. In what follows, we always assume
that for a given D, a fixed y outside of ker(D) has been chosen. We can now
multiply the above maps with powers of s to get a total of n? different k-linear
maps s/ 71D, : g} — g}, with 1 <i,j <n.

Lemma 6.2.1. For any D € E(gk), we have that s~ D; € AID(g}) for all
1<i,j<n.

Proof. First note that [gx,gx] C ker(D). Indeed, let z,y € gx. Because
D(gx) C Z(gxk) by definition, we have that [D(zx),y] + [z, D(y)] = 0 and

D([z,y]) = [D(x),y] + [z, D(y)] = 0.

This last equation implies that D;([z,y]) = 0 and hence, D; is a derivation for
all 1 <4 < n. Since D is almost inner, it is determined by a map ¢p : gx — 9K
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Define

if a =0,

0
/ /
YD, 9 — 9 ay+c— (a)si—1 .
i Sk ¥ {W@D(ay—kc) if a #0.

a

For a = 0, we have that
Di(ay +¢) =0=[ay + ¢, ¢p,(ay + )]
When a # 0, it follows that

ti(a)s=!
a

lay + ¢, op, (ay + ¢)] = lay + ¢, op(ay + c)]

() i—1
= LWLS D(ay + )

=ti(a)s" 'z
= D;(ay + ¢).

This shows that D; € AID(g),) for all 1 <4 < n. Moreover, for each 1 < j <mn,
the map s7~'D; : g, — 0}, is an almost inner derivation, determined by the
map Qgi-1p, 1= s top.. O

In this way, each D € E(gx) gives rise to n? almost inner derivations s?~1D; of
g, where 1 <4,j <n.

Proposition 6.2.2. Suppose that D € E(gx) and define the k—vector space
A= (s"71D; s g}, — g, | 1 <i,j < n), spanned by the maps s~ D,;. Then
dim(A) = n? and

ANTnn(g}) = {<8HD gy oo, |1<j<n) ifDelmn(gk),

{0} if D ¢ Inn(gg).

Hence we have dim(A NInn(g))) = n or dim(A NInn(g})) = 0.

Proof. We will first show that the maps s’~!D; are k-linearly independent. So
assume that o; ; € k and that

n o n
Z Z a%ijlei =0.

i=1 j=1
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n
Take 1 <1 < n and apply the above to s'~ly, then Zal’js]‘_l sy =0.
j=1

n

As s'=1z #£ 0, it follows that Zal’jsj_l = 0. Since B = {1,s,s%,...,5" !} is

j=1
a basis of K over k, this implies that all coefficients o ; = 0, showing that the
maps s/ ~D; are k-linearly independent and that dim(A4) = n?.
For the second part of the proof, take a map £ € ANInn(g)). Then there
exist values o ; for all 1 <i,j < nsuch that E =" | Z?:l @i ;s 1D;. We
further have that E = ad(z) for some z € gj.. Note that E is K-linear as well,
since E can be seen as an inner derivation of gx. Mimicking the observations
from before, we have for every 1 <[ < n that

B(s'7ly) = Zausjfl sz,
j=1
Since E is also K-linear, it must hold that E(s'~'y) = s'"'E(y) and therefore,

we get the equality
n n
=1 =1

Take an arbitrary 1 < j < n. It follows that oy ; = as; = -+ = o, ; and we let
Bj = o ; be this common value. This implies that

E=> (Y 8;s " )Di=p(Dy+ Dy + -+ Dy) = D,

i=1 j=1

where § = 2?21 5jsj_1 € K. So E = 8D for some € K and therefore
E € Inn(gk) if and only if D € Inn(gg). When this is the case, the above shows
that E € (s?='D |1 < j <mn). This finishes the proof, since Inn(gx) = Inn(g},)
holds as sets. 0

In many cases, the above proposition allows us to construct Lie algebras over a
non algebraically closed field k£ with many almost inner derivations which are
not inner. As an example of this, we have the following result.

Corollary 6.2.3. Let K be a field extension of a field k, with [K : k] =n > 2.
Using the notation from above, assume that gi is a c—step nilpotent Lie algebra
for ¢ > 2 with dim(v.(gx)) = 1, then dim(AID(g},)) —dim(Inn(g})) > n*—n > 0.

Proof. Let v € v.—1(gx) be an element with [v, gi] # 0. Such a v exists, since
we assume that gy is c—step nilpotent. Moreover, v.(gx) = im(ad(v)) C Z(gx)
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holds, which means that D = ad(v) € E(gk). It follows from Proposition 6.2.2
that A = (s71D; | 1 < 4,5 < n) is an n?-dimensional subspace of AID(g})
intersecting Inn(gj,) in a n-dimensional space, which proves the corollary. [

The above corollary can for example be applied when gy, is a filiform Lie algebra.
Note that the lower bound of Corollary 6.2.3 is not always very tight, since we
can apply Proposition 6.2.2 for linearly independent maps of £(gx ). However, it
is not easy to prove general statements about the exact value of dim(AID(g},)).
As in Example 6.1.2, we will illustrate the concepts of this section for the
Heisenberg Lie algebras.

Example 6.2.4. Denote gr and g¢ for the real respectively complex Heisenberg
Lie algebra, then we have AID(gr) = Inn(gr) and AID(gc) = Inn(gc). It follows
from Proposition 6.1.1 that

AID(g¢) = AID(gc®gc) = AID(gc) DAID(gc) = Inn(ge) ®@Inn(ge) = Inn(ge),

where we also use Proposition 4.1.8. Let D = ad(e;) and E = ad(ez2) be inner
derivations of g¢, then both D, E € E(gc).

Take an arbitrary z = aieq + agea + ases + b1 fi + bafa + b3 fs € gr. We can
now consider the R-linear maps D1, iDy, E1, iEy as defined above and these
satisfy

Lemma 6.2.1 implies that D;,iD1, E1,iE, € AID(gg). Further, it is also easy
to see that (D1,iD1, Ey,iE1) NInn(gg) = 0, so that we obtain

dim(AID(gg)) > 4 + dim(Inn(gg)) = 8,
dim(AID(g¢)) = dim(Inn(g¢)) = dim(Inn(gc @ gc)) = 4.

The map D; does, like any other derivation, extend to a derivation of gg.
However, it will no longer be almost inner, since D1(ez + ifz) = ez, but

[62 +if2,l‘] = (—a1 + b1)63 — (a1 + bl)fg.

for all x = aye; + ases + azes + by f1 + bafo + b3f3 € g. A similar reasoning
holds for the maps ¢Dq, F7 and ¢E;.
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In fact, we have dim(AID(gg) = 8 in this example. By renaming the basis
vectors as

Ty1=e1, Tp=e, x3=f1, x4=fo, y1=e3 and y = f3,

we find that the associated matrix pencil

0 w 0 A

= 0 =X 0

A+ AB = 0 A 0 —pu
-2 0 0

has determinant (u? 4+ A?)2, which means that g} is a nonsingular Lie algebra.
Corollary 4.3.9 implies that dim(AID(gg) = dim(C(gg)) = 8.



Chapter 7

Lie algebras related to finite
p—groups

As explained in Section 3.1, one can obtain from a (real or complex) Lie group a
Lie algebra (over R respectively C). In this chapter, we will show that it is also
possible to relate to a finite p-group G a Lie algebra Lx(G) which is defined
over IF,. In Section 7.1, strongly central series F of groups are introduced to
provide a way to construct Lz(G). Further, we already stated some well-known
results for class preserving automorphisms of a finite p—group G in Section 3.2.
The goal of Section 7.2 is to compare some of these properties with the almost
inner derivations of the associated Lie algebra Lz(G) over F,. We look at a
class of two-step nilpotent groups where there is a nice correspondence between
Aut.(G) and AID(Lz(Q)). Further, we also show that this does not work in
general, so the construction is useful to some extent, but not always.

7.1 Strongly central series of groups

In this section, we present a way to associate a Lie algebra L(G) over F,
to a finite p—group G. The same method has proven its value in the study
of the restricted Burnside problem. There, properties were first stated and
proven for modular Lie algebras (which are Lie algebras over a field of positive
characteristic) and then translated to finite p—groups, so the approach is different.
The notions and results in this section are standard and can be found in classical
books about finite groups, such as [49], [53] or [73].

83
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Definition 7.1.1 (Strongly central series). Let G be a group. A series F of
subgroups

G=G1>Gy>--->G, =1
of G is called strongly central if [G;, Gj] < Giyjforall 1 <4,5 <n.

Take an arbitrary 1 < i < n —1, so [G,G;] < G;41. For all g € G and all
g; € G;, we have that g’lgi_lggi € G;4+1 and thus g¢;G;+1 = ¢;9G;+1. Hence,
Gi/Git1 < Z(G/Git1) and F is a central series. In particular, G;/G;y1 is
abelian. Moreover, [G, G,] < G, implies that G is normal in G forall 1 < j < n,
so F is a normal series as well.

Let F be a strongly central series. Define

n—1
Lr(G):=EP Gi (7.1)

i1 G

as the direct sum of the abelian groups. Let 1 < 4,57 < n — 1 and consider
homogeneous elements G, 11 € G;/Gi+1 and yGj1 € Gj/Gjq1, with z € G,
and y € G;. Introduce a product on Lz (G) by the bilinear extension of

[2Gi1,yG 1] = [2,Y]Gitjta- (7.2)

The condition that F is strongly central implies that [z,y] € G,4; and that
[#Git1,YGj+1] is independent of the chosen representatives.

Theorem 7.1.2. Let G be a group with strongly central series F.

e Then Lz (G) is a Lie ring.
o If G is nilpotent of class ¢, then Lx(G) is nilpotent of class < c.

o If G is finite, then the order of G equals the order of the associated Lie
ring Lr(G).

We will use finite p—groups. When all quotients G;/G;4+1 (with 1 <7< n—1)
have exponent p, then L(G) is a Lie algebra over F,, the field with p elements.
In the following subsections, we will introduce two different strongly central
series. The first one, the lower central series Fy, is easier to work with and has
nice properties, but does not produce a Lie algebra in general. However, this
is the case for the lower exponent—p central series F,. When it is clear or not
important which strongly central series F we use, we will simply denote L(G)
instead of Lx(G).
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7.1.1 Lower central series

The easiest example of a strongly central series is the lower central series, which
we denote with Fy. Define v1(G) := G and 7,41(G) := [G,7:(G)] for all i € Ny.

Definition 7.1.3 (Lower central series). Let G be a group. The series Fy,
which is defined as G; := v;(G) for all ¢ € Ny is called the lower central series.

When G is nilpotent, there exists ¢ € N such that 7.(G) = {1}. This value ¢
is called the nilpotency class of G. Note that v;(G) = {1} for all ¢ > ¢. This
construction is very similar to the lower central series for Lie algebras. The
following result is well-known and states that Fy is strongly central for nilpotent
groups.

Lemma 7.1.4. Let G be a nilpotent group of class ¢, then it holds for all
1 <4,j < c that [7:(G),7;(G)] < it (G).

The construction of equation (7.1) for the lower central series is called the
‘associated Lie ring’ or the ‘Magnus-Sanov Lie ring. When G is nilpotent, we
have a stronger statement than in Theorem 7.1.2 concerning the nilpotency
class.

Lemma 7.1.5. Let G be a nilpotent group of class ¢, then Lz, (G) is a nilpotent

Lie ring with nilpotency class c.

Since all finite p—groups are nilpotent, we can use the above results. However,
the Magnus-Sanov Lie ring Lz, (G) is not always a Lie algebra over I, since
there exist p—groups G for which G/[G, G| is not elementary abelian.

Example 7.1.6. Consider the group G with presentation

G :=(a,b| a® = b*> = 1,bab = da®).
We have that G is a 2-group with 2* = 16 elements and [G,G] = (1,a*). We
find that G/[G,G] = Cy @ Cy is not elementary abelian.

This example shows that the associated Lie ring Lx(G) is not always a Lie
algebra over IF,. We will introduce a strongly central series J,, such that Lz, (GQ)
is a Lie algebra for all p—groups G.

7.1.2 Lower exponent—p central series

Another example of a strongly central series is the lower exponent—p central
series, which is only defined for finite p—groups. We first define another notion.
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Let G be a group and denote GP := (g” | g € G) for the group generated by the
p—th powers of the elements of G.

Definition 7.1.7 (Lower exponent—p central series). Let G be a finite p—group.
The series Fp,, which is defined inductively as G1 := G and G, 11 := [G, G;|(G;)?
is called the lower exponent—p central series.

It turns out that the lower exponent—p central series is strongly central.

Lemma 7.1.8. Let G be a nilpotent group and denote G; for the elements of
the lower exponent p—central series. Then we have that [G;, G| < Giy; for all
1,7 € Np.

There is a correspondence between the lower exponent—p central series and the
Frattini subgroup (Definition 3.2.9). We collect some facts about the Frattini
subgroup.

Proposition 7.1.9. Let G be a group.

o If G is finite, then the Frattini subgroup ®(G) is nilpotent.

e If G is a p—group, then G/®(G) is an elementary abelian p—group.
Moreover, if H is a normal subgroup of G such that G/H is elementary
abelian, then ®(G) < H.

It can be shown that for a finite p—group G, we have that Go = [G, G]GP
is the Frattini subgroup ®(G). Since the Frattini subgroup is the smallest
normal subgroup of G such that the quotient group is elementary abelian, the
exponent—p central series is the most quickly descending series. It follows from
the previous observations that when G is a finite p-group, then Lz, (G) is a Lie
algebra over F,,. The lower exponent—p central series can be computed directly
from the lower central series with the help of the following result.

Proposition 7.1.10 ([49], page 242). Let G be a finite group. Then the lower
exponent p—central series can be obtained as

G =] s(@)"

Let G be a finite p—group and consider the lower exponent—p central series.
Theorem 7.1.2 implies that L, (G) is nilpotent as well. However, the Lie algebra
can have a smaller nilpotency class than the nilpotency class of G.
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Example 7.1.11. Consider the group G from Example 7.1.6, which has
presentation G' = {(a,b | a® = b*> = 1,bab = a®). Then G is two-step nilpotent
and has Frattini subgroup

®(G) = [G,G)G* = {1,d? a*,a®} = Go.
We further have G3 = {1,a*} and G4 = {1}. This means that

G G G

is a 4-dimensional Lie algebra over Fy. We can take a basis {ej, eq, e3,€4} for
Lz, (G), where

e1 := aGs, es := bGo, es:=a’G; and ey := a*Gy.
By using (7.2), we find that Lz, (G) is abelian. It follows for instance that
[61, 62] = [(IGQ, ng] = [(l, b]Gg = a4G3 = 0,

where the last equality holds because a* € G3.

Since we are only interested in Lie rings which are Lie algebras, we will use
the exponent—p central series in the following sections. Note that there are
also exist other strongly central series, such as the upper exponent—p central
series and the Jennings series, which have a more difficult definition. Let G be
a finite p—group. In the following section, we will study to what extent Aut.(G)
determines AID(F,(G)).

7.2 Relating a Lie algebra over I, to a finite p—
group

In this section, we start from a finite p—group G for which we know Aut.(G).

We wonder if this set gives information about the almost inner derivations of the

associated Lie algebra Lz, (G). It turns out that, for a certain class of 2-step

nilpotent finite p—groups, there is a nice correspondence. However, in general, a
lot of information is lost.

7.2.1 Finite Frattini-in-center groups

Let p be a prime number.
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Definition 7.2.1 (Frattini-in-center group). A group G is Frattini-in-center if
and only if [G,G] < ®(G) < Z(G).

This definition is equivalent with the condition that the inner automorphism
group Inn(G) = G/Z(G) is abelian and has a trivial Frattini subgroup. Note that
a Frattini-in-center group is 2—step nilpotent. It follows from Proposition 7.1.9
that a finite p—group is Frattini-in-center if and only if G/Z(G) is elementary
abelian.

It turns out that there is a nice relationship between some two-step nilpotent
p—groups and the corresponding Lie algebras over [,,. Let G be a two-step
nilpotent p—group and define the set

L:={f € Hom(G/Z(G),|G,G]) | f(¢gZ(@)) € [g,G] for all g € G}.  (7.3)

Then (L,+) is an abelian group, since [G, G] is abelian. The following result
was used in [87].

Theorem 7.2.2. Let G be a finite 2—step nilpotent group. Consider the map
f: Aut.(G) = L, where D € Aut.(G) is mapped to

fp:G/Z(G) =[G, G : g/Z(G) = [p(9Z(G)) = g~ ' D(g).

Then f is an isomorphism.

Proof. Let G be a finite 2-step nilpotent group and take D € Aut.(G). Then
there exists a map ¢p : G — G such that D(g) = g#P) for all g € G. Consider
the map D : G — [G,G] : g — g~ 1D(g) and take g, h € G. We then have

D(gh) = (gh)~*D(gh)
=h7'g"'D(g)D(h)
=g~ 'D(9)h~'D(h)
= D(9)D(h),

where we use that ¢g~'D(g) € [G,G] belongs to the center of G, since G is
two-step nilpotent. This implies that D is a homomorphism. Moreover, all
elements of Z(G) are mapped to the neutral element. Hence, for arbitrary
D € Aut.(G), we have that

fp:G/Z(G) = [G,G]: 9Z(G) — g 'D(g) € L,

which implies that f : Aut.(G) — L : D — fp is well-defined. We will show
that f is an isomorphism. It follows from the previous observations that the
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map D — fp is a monomorphism of the group Aut.(G) into L. Moreover,
suppose that f € L and consider the map D : G — G : g — ¢gf(9Z(G)). Then
D(g) € g€ for all g € G and we find that D € Aut.(G) with fp = f. O

Suppose that G is a finite p-group which is Frattini-in-center. Denote F,, for
the lower exponent—p central series, then

G1 Gy
Lr (G)=—& —.
7, (G) Gg@Gg
Define g; := G?«:il for 1 <i<2. We can view £ € L as a map £ : g1 — go with

0(x) € [x,g] for all x € g;. Define /- g1 P g — g1 D go: (x1,22) — (0,€(x1)),
then ¢ € AID(g). In this way, we can associate to each D € Aut.(G) an almost
inner derivation of Lz, (G) and vice versa. This gives rise to the following result.

Theorem 7.2.3. Let G be a finite Frattini-in-center p—group with corresponding
Lie algebra g := Lr,(G) over F,. Then there is a one-to-one correspondence
between Aut.(G) and AID(g).

Let G be a special group, then Lz, (G) and L, (G) coincide. Since every special
group is Frattini-in-center, we can use the previous property.

Proposition 7.2.4. Let G be an extra special p—group. For the corresponding
Lie algebra g := Lx,(G), we have dim([g, g]) = 1.

For instance, D4 and Qg both correspond to the Heisenberg Lie algebra over Fs.
In Chapter 9, we will show that for a Lie algebra g with dim([g, g]) = 1, then
AID(g) = Inn(g) holds as well. As is illustrated in Theorem 3.2.18, a special
Camina group corresponds to a nonsingular Lie algebra.

Proposition 7.2.5. Let G be a special Camina p—group with corresponding Lie
algebra g :== Lr,(G). Then g is nonsingular over F,,.

Example 7.2.6. Let G be the group from Example 3.2.19. Then G is a
special Camina group if and only if p = +£3 mod 8. The associated Lie algebra
g := Lz, (G) has a basis {ej,...,es} and is given by

[e1,e3] = es5, [e1,eq] = e,
le2,e3] = e, [e2,eq] = 2es.

The matrix pencil P := usAs + pgAg for g has determinant

0 U A

0 0 pe 2ps
—ps  —pe 0 0
—pe —2p5 00

= (2p3 — 13)*.
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Define p1 := ¢ then det(P) = 0 if and only if 4* — 2 = 0. Note that 2 is a

quadratic nor‘l—sresidue in IF,, if and only if p = £3 mod 8.

In Section 3.2, we gave an example of a special Camina group for which all
automorphisms are class preserving. For the associated (nonsingular) Lie algebra,
we have that C(g) = AID(g). However, there is at least one non-nilpotent
derivation for 2-step nilpotent Lie algebras, which means that Der(g) # AID(g).

Example 7.2.7. Consider the group G from Example 3.2.23. Since G is a
special 3—group, the constructions Lz, (G) and Lz, (G) coincide and define a
nonsingular Lie algebra over F5. Indeed, we find that g has basis B = {ey,...,es}
and is given over F3 by

[617 62] = ér, [617 63} = €g, [617 64} = €g, [617 65} = €g, [617 66} = €s,
[627 63} = e7, [627 64} = es, [827 65} = e, [827 66] = €s, [637 64} = €s,
[637 65} = €s, [637 66} = er, [647 65} = er, [647 66} = er, [65, 66} = €sg.

The determinant of the associated matrix pencil pu7 Ay + ugAsg is

0 M7 Hs Hs Hs U8

—u7z 0 W7 ps M7 8

det | H8 —h7 0 ps o opsopr
—ps —ps —ps 0 pr opr

—ps —p7r —ps —pr 0 pus

—ps  —pg —pr —pr —ps 0

= (183 + 2ppps + 13)*

Since (0,0) is the only tuple (z,y) € F3 x F3 for which 23 + 22%y +3® = 0 holds,
we see that g is nonsingular over F3. Consider the linear map

6
D:g—g:x— inei+2x7e7—|—2xgeg
i=1

and take 1 < i < j <6, then
[D(ei), e5] + [ei, D(ej)] = [eis ej] + [es, €] = 2[es, €]

Since [e;, €] € Z(g), we also have D([e;, e;]) = 2[e;, €;], so D is a derivation. It
is clear that D is not almost inner. Hence, for the Lie algebra g, we have that
AID(g) # Der(g).

7.2.2 Other groups

By going from a p—group to the corresponding Lie algebra, one loses important
information. Indeed, each of the abelian p—groups of order p™ corresponds
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to the unique abelian Lie algebra over F, of dimension n. Moreover, there
are also non-abelian p—groups for which the associated Lie algebra is abelian,
as we already saw in Example 7.1.11. Further, we also find groups G with
non-inner class preserving automorphisms such that AID(g) = Inn(g) holds for
the corresponding Lie algebra g.

Example 7.2.8. Consider the group G := H; from Theorem 3.2.14. This is
isomorphic to Wall’s group and has presentation

G ={a,bc|a®=0*=c*= b =1,a,b =d? [a,c] = a?).

It holds that Go = ®(G) = (a?) and also G5 = (a*) and G4 = {1}. This means
that g := Lz, (G) is a 5-dimensional Lie algebra over Fy. We can take a basis
{e1,...,e5}, where

e1:=b0Ga, e9:=aGse, e3:=a’Gs, e4:=a*Gy, e5:=cGo.
Then g is given by [e1, ea] = e3 and [e1, e3] = e4. We find for instance that
[61,62] = [ng,aGg} = [b, (L]Gg = a6G3 = €3.

This means that Lz, (G) = g53 has no non-inner almost inner derivations,
whereas G has non-inner class preserving automorphisms.

A similar computation shows that Hy from Theorem 3.2.14 also corresponds
to g5,z over Fa. More extreme is the following example. We have a group G
with Aut.(G) = Aut(G) for which the only almost inner derivations for the
corresponding Lie algebra are the inner ones.

Example 7.2.9. Let G be the group with 27 = 128 elements from
Example 3.2.21, then Aut(G) = Aut.(G) holds. The corresponding Lie algebra
g := Lz, (G) over Fy has basis {eq,...,er} and is given by

[e1,e2] = ea, [er,e3] =e5, [e1,e6] = er,
le2,e5] = €6, [es,ea] =eg, [ea,e5] = er.

A direct computation shows that an arbitrary derivation looks like
D= alad(el) + -+ a6ad(66) + d1D1 + -+ d7D7

and has matrix form

do 0 0 0 0 0 0
0 ds dg 0 0 0 0
0 dys dr 0 0 0 0
D= a2 ap 0 d1 + d3 d6 0 0
a3 0 a dy di +dr 0 0
dy as a4 as as dy +dz + dr 0

Qg d5 dg as a4 al dg + d7
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Since d1 D1 + -+ 4+ d7D7 is not B-almost inner, we immediately find that
AID(g) = Inn(g).

The other situation also occurs. We start with a group for which all
automorphisms are class preserving and find that ATD(g) # Inn(g) holds for
the corresponding Lie algebra g.

Example 7.2.10. Consider the group G = Cj x C,; with presentation
G=(a,bc,d|a*>=b*=c*=d"=[a,b] =[a,d] = [b,c] = [c,d] =1,
da = abed, db = bed).
It follows from Theorem 3.2.14 that Aut.(G) = Inn(G). For the basis vectors
e1 :=aGa, ey :=dGy, e3:=0bGs, es:=d*Gs, e5:=cGy,
we find that g := Lz, (G) is given by
[e1, ea] = es, le1,eq) =e5 and [es, e3] = es.

Hence, g is isomorphic to g5 5, which means that AID(g) # Inn(g).

As the above examples illustrate, there is in general no correspondence between
Aut.(G) for a finite p-group and AID(Lz,(G)) of the corresponding Lie algebra
Lz, (G) over FF,.

In the first part of this thesis, we developed the motivation and some techniques
to compute the almost inner derivations for (a class of) Lie algebras. In this
part, we focused on the fact that the dimension of AID(g) depends on the
field F over which g is defined. In the last part, we will use these observations to
compute the set of almost inner derivations for different classes of Lie algebras.
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Chapter 8

Low-dimensional Lie algebras

In this chapter, we compute the almost inner derivations of low-dimensional
Lie algebras. Our approach is the following. We restrict to a given class of Lie
algebras (defined over a certain field) for which there exists a complete list. It
suffices to compute the almost inner derivations for all those Lie algebras, since
every Lie algebra of the given class is isomorphic to (at least) one Lie algebra
of the inventory.

In the first section, we work with Lie algebras over an arbitrary field F. We
show that all almost inner derivations are inner for Lie algebras of dimension at
most three. Further, we calculate the almost inner derivations for all solvable
Lie algebras of dimension 4, where we use the classification of [19]. It turns out
that for char(F) # 2, all almost inner derivations are inner as well. However,
there exist Lie algebras g over an (infinite) field F with char(F) = 2 such
that Inn(g) # AID(g) = Der(g) holds. Next, we compute the almost inner
derivations of all nilpotent Lie algebras of dimension at most six. Therefore, we
use the classification of [15].

For the second section, we restrict ourselves to a field F of characteristic zero.
We first show that AID(g) = Inn(g) also holds when g is a 4-dimensional
non-solvable Lie algebra. Further, we compute the almost inner derivations for
the Lie algebras of dimension five over C and R. The complex case already
appeared in [7].

We will omit some proofs, since they mainly consist of doing computations. An
overview of all results is listed in the appendix. For each classification, the first
table contains all non-vanishing Lie brackets. We denote most Lie algebras with
0i,j, where 7 is the dimension of the Lie algebra and j is the number in the
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classification used. Some Lie algebras also have parameters, which are described
between parentheses. The second table gives an overview of some properties.
Let g be a Lie algebra from the classification, then ¢(g) denotes the nilpotency
class of g and d(g) stands for the derived length (when these notions are well-
defined). Further, we will write I(g) and C(g) instead of dim(Inn(g)) respectively
dim(CAID(g)). Similarly, dim(AID(g)) and dim(Der(g)) are denoted with A(g)
and D(g). If the entry in the column with ‘D’ is non-zero, it gives examples of
almost inner derivations, which together with the inner derivations generate

AID(g).

8.1 Over an arbitrary field

8.1.1 Lie algebras of dimension at most 3

Let F be an arbitrary field. Up to isomorphism, there is only one Lie algebra of
dimension 1 (the abelian one, denoted by g1,1). There are, up to isomorphism,
only two Lie algebras of dimension two, namely the abelian one go; (where
all brackets are zero) and the solvable one gz o with basis {e1,e2} and given
by [e1,e2] = es. Note that all derivations of g2 o are inner. Since abelian Lie
algebras do not have inner derivations (and hence also no almost inner ones),
this means that all almost inner derivations are inner for all Lie algebras of
dimension at most two. In this subsection, we prove that the same holds for all
3—dimensional Lie algebras. Therefore, we consider two cases. For the solvable
Lie algebras of dimension at most 3, we use the classification from [19]. The
non-solvable Lie algebras turn out to be simple in dimension three.

Lemma 8.1.1. Let g be a Lie algebra of dimension 3 over an arbitrary field.
If g is not solvable, then g is simple.

Proof. Let b be a proper ideal of g. This means that dim(h), dim(g/b) € {1,2},
so b and g/h both are solvable. Hence, g has to be solvable as well. This gives
a contradiction, meaning that g does not have a proper ideal. O

We will classify the simple Lie algebras of dimension three. Therefore, we will
need the following terminology. We adapt the definitions to make it useful for
fields of any characteristic.

Definition 8.1.2 (Symmetric and skew matrices). Let A be a matrix with
entries over an arbitrary field F. Then A is called symmetric if AT = A and
alternate (or skew) if AT = —A and all diagonal elements are zero.
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If char(F) # 2, the last condition is redundant and every non-zero symmetric
matrix with entries over F is non-alternate. However, it ensures that there
is a difference between the notions when char(F) = 2. If this is the case, a
non-alternate symmetric matrix has at least one diagonal element which is
non-zero.

Lemma 8.1.3. Let F be a field of char(F) = 2. Let A € M3(F) be symmetric.
If A is alternate, then A is singular.

Proof. Let A € M3(F) be an alternate symmetric matrix. Hence, there exist
a,b,c € F such that
0 a b
A=1a 0 ¢
b ¢ 0
A direct computation shows that det(A) = 2abc = 0, which means that A is
singular. 0
These notions are used in a theorem of Albert.
Theorem 8.1.4 ([1]). Let A be a matriz with entries over an arbitrary field F.

If A is non-alternate symmetric, then A is congruent to a diagonal matrix.

When char(F) # 2, the condition that A is non-alternate is redundant and
the result is well known. However, if char(F) = 2, the fact that A has to be
non-alternate is a necessary condition. Indeed, the alternate symmetric matrix

0 1
10
is not congruent to a diagonal matrix. Let

P = (‘c’ Z) € My (F)

be an arbitrary nonsingular matrix, so det(P) = ad + bc # 0, then we have that
0 1 0 det(P)
T —
P (1 o) P= (det(P) 0 ) '

The following result is due to Jacobson ([51]). He included a proof for fields of
characteristic not two and stated that, by specifying some details, the proposition
also holds in general. For completeness, a proof is added which is valid for fields
of arbitrary characteristic. Therefore, we use the theorem of Albert from above.
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Proposition 8.1.5. Let g be a simple Lie algebra of dimension 3 over an
arbitrary field F. Then there exist o, 8 € F* and a basis {e1, ea,es} for g such
that g is given by

[e1, ea] = es, [e2,e3] = aer  and [es, e1] = Pes. (8.1)
Proof. Let g be a simple Lie algebra of dimension 3 over an arbitrary field F.
Define a basis z := {x1,x2, z3} for g and construct

Y1 = [z2, 73], Y2 :=[x3, 1] and  y3:= [z1, 2]

Since [g, g] = g, we have that y := {y1, y2, y3} is a basis for g as well. We call
the matrix of change of basis from x to y the ‘structure matrix of 2’ and denote
it with IdY := (a;;);;. This means that we have that y; := Z?Zl a;;x; for all
1 <4 < 3. Note that Id¥ is nonsingular. The Jacobi identity given by

0= [z1,y1] + [72,y2] + [3, y3]

= (ag1 — a12)[x1, x2] + (asz1 — a13)[x1, x3] + (as2 — ag3)[w2, 3]

implies that IdY is symmetric. Every non-trivial condition for the Jacobi identity
boils down to the one above, so every nonsingular symmetric matrix can be
used to construct a 3-dimensional simple Lie algebra.

Consider another basis 7 := {1, 72,73} for g. Define IdZ := (b;;);; for the
matrix of change of basis from x to  and construct

U1 = [Z2, 73], Yo := [T3,71] and Y3 := [Ty, 7o)
as before. Again, we have that ¢ := {91, J2, U3} is a basis. Note that
y1 = (22,25
= [b1271 + baa®a + b32w3, b13 w1 + bazwa + b3zws]
= (b22bzs — b3abaz)y1 + (b32b13 — b12b33)y2 + (bi2bes — baabi3)ys
= Cuyr + Cary2 + C31ys,

where Cj; is the cofactor of the element b;;. Similar computations for y» and
y3 show that IdY is given by IdY = (Cyj)ij. The cofactor expansion of the
determinant implies that

(Id2) " - 1dY = det(1d3) I,
where I3 is the identity matrix. Hence, we have that

y _ y x __ z z\—T T __ T z\ T T
147 = 1d? - 1d% - 1d2 = det(Id%)(1dZ)~ T - 1d¥ - 1d% = det(Id%)(1d%) " - 1d¥ - TdZ.
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A change of basis with nonsingular Id} thus gives a structure matrix of & which
is (up to a non-zero factor) congruent to the first one. Since Id¥ is symmetric
and nonsingular, it follows from Lemma 8.1.3 that Id¥ is non-alternate as well.
Hence, we can use Theorem 8.1.4, which states that the structure matrix Id¥ is
congruent to a diagonal matrix. By an appropriate scaling, we can choose one
diagonal element to be equal to one. Hence, there exists a basis {e1, ea, e3} for
g and «a, 8 € F* such that

[62, 63] a 0 0 €1
les,er] | =10 B 0f e
[61, 62] 0 0 1 €3

This implies that the non-vanishing Lie brackets of g are given by
[e1, e2] = es, [e2,e3] = ae;  and  [es,e1] = Bey

for o, 8 € F*, which is what we had to prove. O

We denote the Lie algebra from equation (8.1) with g(«, 8). Note that the result
from the proposition does not determine the number of isomorphism classes.
It can be made more precise when there is additional information about the
field. For instance, when F is algebraically closed, a simple Lie algebra over
is isomorphic to g(1,—1). For F = R, there are two isomorphism classes. The
types g(1,—1) 2 sl3(R) and g(1,1) = so3(R) correspond to Bianchi types VIII
respectively IX in the Bianchi classification.

Collecting the previous observations from this chapter, we can obtain a complete
list of all 3—dimensional Lie algebras over an arbitrary field.

Theorem 8.1.6. Let g be a Lie algebra of dimension at most 3 over an arbitrary
field F. Then g is isomorphic to (at least) one of the Lie algebras from Table A.1.

We used the results from [19] for the solvable Lie algebras. For the simple ones,
the result follows from Proposition 8.1.5. Lie algebras with different indices
are non-isomorphic. Further, g3 3(e1) = g3 3(¢2) if and only if £1 = e5. We also
have that g3 4(e1) = g3.4(g2) if and only if there exists a € F* with e = a?e,.
By computing the almost inner derivations for all Lie algebras from Table A.1,
it is clear that all almost inner derivations are in fact inner ones. Hence, we
showed the following result.

Theorem 8.1.7. Let g be a Lie algebra of dimension at most 3 over an arbitrary
field F. Then we have that AID(g) = Inn(g) holds.

Table A.2 contains for each Lie algebra g an overview of the dimensions of the
different subalgebras of Der(g).
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Remark 8.1.8. We have a few comments about the results from the table.

o For the Lie algebras gs 3(¢) and g3 4(¢), we have to make a case distinction
for e #0 and € = 0.

¢ Up to isomorphism, there is only one nilpotent non-abelian Lie algebra of
dimension 3, namely the Heisenberg algebra gs 4(0).

o For the Lie algebras gs4(e*) and g(a,8) (with £*,a,8 € F*), the
dimension of the derivation algebra depends on the characteristic of
the field F. The largest number is the dimension when char(F) = 2; the
smaller number is for char(F) # 2.

8.1.2 Solvable Lie algebras of dimension 4

For 4-dimensional Lie algebras over an arbitrary field, it is a lot more complicated
to have a complete list, especially for the non-solvable Lie algebras. Therefore,
we restrict ourselves to the solvable Lie algebras over an arbitrary field. We
again use the classification of [19], but our notation slightly differs.

Theorem 8.1.9. Let g be a solvable Lie algebra of dimension 4 over an arbitrary
field F. Then g is isomorphic to (at least) one Lie algebra of Table A.3.

Due to the conditions on the parameters, Lie algebras with different indices are
not isomorphic. However, Lie algebras with the same indices can be isomorphic
for different values of the parameter(s). Moreover, some of the Lie algebras are
only defined for specific values and/or over specific fields.

Remark 8.1.10. Here is an overview of all conditions on the field F and on the
parameters, taken from [19].

o We have that g4 3(e1) = ga3(e2) if and only if &1 = e5.

o It follows that g4 6(c1,01) = ga6(e2,d2) if and only if &1 = &5 and d; = Js.

o Note that g4,7(e1,1) = ga,7(g2,02) if and only if there is an a € F* with
g1 = a3€2 and 51 = 04252.

o The Lie algebra g4 9(¢) is defined when X? — X — ¢ has no roots in F.
Suppose that char(F) # 2, then gag(e1) = ga9(e2) if and only if there
is a € F* with &1 + 2 = a?(e2 + ). When char(F) = 2, then we have
g4,0(€1) = ga,9(e2) if and only if X? + X + (1 + &2) has roots in F.
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The Lie algebra g4 10(¢) is only well-defined when char(F) = 2. We also
require that ¢ ¢ F2, since we have that g4 10(¢) = g4.13(0) when ¢ € F2.
Note that we further have g4 10(€1) = ga.10(c2) if and only if Y2 +5 X%+,
has a solution (X,Y) € F x F with X # 0.

The Lie algebra g4.11(¢,9) is only defined when char(F) = 2. We also

require that £ # 0 and ¢ # 1, since g4.11(£,1) = g4,10(¢) holds. Moreover,

94,11(0, O) = 94,12 and 94711(0, 5) = 94713(6§1) when 0 ¢ {O, 1}. Note that

and Y2 +(61+1)y+31
€1

94)11(51,(51) = 94,11(52,(52) if and OIﬂy if both % are
_ 0141
T a1

squares in F, where v :
We have that 94713(62) = 94713(62) if and only if £1 = €9.

Since g4,14(0) = g4,7(0, 0) holds, we require that € # 0. We further have
94,14(£1) = g4,14(¢2) if and only if there is an « € F* with &1 = a’es.

For each member of the list, we computed the almost inner derivations. The
results are stated in Table A.4. We can summarise these computations as
follows.

Theorem 8.1.11. Let g be a solvable Lie algebra of dimension 4 over an
arbitrary field F.

For char(F) # 2, we have that AID(g) = Inn(g) holds.

If char(F) = 2 and AID(g) # Inn(g), then g is isomorphic to g411(g,9),
where € £ 0 and § # 1 are in such a way that X2+ de = 0 has no solution
over F.

Although we did all calculations ourselves, we will omit the proofs.

Remark 8.1.12. We mention some comments to explain the results.

o For g4 3(¢), we have to make a case distinction for ¢ = 0 and € # 0.

o For gy (e, d), there is a case distinction for ¢ = 0 and ¢ # 0. However, we

don’t have to do this for ¢.

For g4,7(¢,0), there are four cases, namely whether or not ¢ and/or ¢
equal zero. When € = 0 and § # 0, we have that dim(Der(g4,7(0,9))) =7
when char(F) = 2 and dim(Der(g4,7(0,9))) = 6 otherwise. Similarly, for
e # 0 and ¢ = 0, we have that dim(Der(g4,7(¢,0))) = 7 when char(F) = 3
and dim(Der(g4,7(¢,0))) = 6 when this is not the case.
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o For the Lie algebra g4 9(¢), where ¢ € F is in such a way that X?—X —¢ = 0
does not have solutions over F, we have dim(Der(gs9(¢))) = 5 when
4e +1 =0 and dim(Der(g4,9(¢))) = 4 otherwise.

o For most of the Lie algebras, we see that AID(g) = Inn(g). However, for
the Lie algebra g4,11(¢,d), this is not always the case. It depends on the
parameters €,0 € F. We will elaborate on this example after the remarks.

o For the Lie algebra g4 12, we have that AID(g) = Inn(g), although the
dimension depends on the characteristic. We have that dim(Inn(g)) = 4
when char(F) # 2. Otherwise, we have dim(Inn(g)) = 3.

o For the Lie algebra g413(¢), we first consider the case that ¢ = 0. We have
dim(Der(g4,13(0))) = 6 when char(F) = 2 and dim(Der(g4,13(0))) = 5
otherwise. When ¢ # 0, the dimension of the derivation algebra does not
depend on the characteristic of the field.

o For g414(¢) with € # 0, we have that dim(Der(g4,14(¢))) = 6 when
char(F) = 2 and dim(Der(g4,14(¢))) = 5 otherwise.

Four-dimensional Lie algebra g with Inn(g) # AID(g) = Der(g)

Lemma 8.1.13. Consider the Lie algebra g := g4,11(g,0) over a field F with
char(F) = 2, where € # 0 and 6 # 1. Take a basis {e1,ea,e3,e4} for g and
non-zero Lie brackets

ler,ea] = (1 +0)ea, [e1,e3] =des, [e1,eq] =e4
[62, 63} = €€y, [62, 64] = €3.

Then a basis for Der(g) is given by {ad(e1),ad(es),ad(es),ad(es), D}, where

4
D:g—g:zx= inei — T3e3 + Tae4.
i=1
Proof. The statement is easily verified by a direct computation. O

It turns out that the derivation D is almost inner for some, but not all fields of
characteristic two. Next result makes this statement more precise.

Proposition 8.1.14. Let F be a field of characteristic 2 and e,6 € F with e # 0
and § # 1. For the Lie algebra g := g4.11(¢,9) over F, we have that

Inn(g) # AID(g) = Der(g)

if and only if the equation X2 4+ de = 0 has no solution over F.
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Proof. We prove the two implications. Note that X? + de = 0 has a solution
over F if and only if eX? 4 § = 0 has one.

e Assume that the conditions of the proposition are satisfied. It suffices by
Lemma 8.1.13 to prove that D : g — g:x = Z?:l T;€e; — Tzez + xgey iS
almost inner. Consider the map ¢op : g — g: 2 = 2?21 xie; — op(x),
where pp(z) is given by

0 if x =0,
m((mu + x123)es + (exoxs + dx12q4)eq)  if 21 # 0 or xo #£ 0,
W((ﬁ +ex3)er + (1 + 6)xsraer) otherwise.

Note that the conditions on F and ¢,§ € F ensure that the map ¢p is
well-defined. We will show that D(x) = [z, pp(z)] for all € g. Take an
arbitrary z = Z?Zl xie; € g.

— Assume that 1 # 0 or 3 # 0. We then have

1
[z, ¢p(x)] = W[% (woxs + T123)e3 + (eT2x3 + 0x124)e4]

1
= ————(21(xo24 + T123)0€3 + 21 (X223 + 124 )E
€$§+5aﬁ(1(24 123)0€s + @1 (ewom3 1Z4)€4

+ xo(Tomy + T123)c€4 + T2 (ET2x3 + dT124)E3)

1 2
- - ) 2 2 5 2
P (z3(ex; + 0x7)es + xa(exs + 0x7)es)

= X3e3 + Ta€y4.

— Suppose that x # 0, but x; = x5 = 0. It follows that

1
5 [z, (2 + 6z§)e1 + (14 §)xzzaes]

[z, op(7)] = m

1
— m(éxg(xi + Exg)eg +e(l1+ (5)3?3.’)3464

+ (23 + exd)zges + (14 6)wzaies)
1 2 2 2 2
5 (x3(dex3 + x7)es + wa(dexz + x7)es)

= 2
dexs + a3

= X3e3 + xT4€4.
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e We show that D : g > g: 2z = 2?21 T;€; — T3€3 + Traeyq is not almost
inner when the condition is not fulfilled. Suppose that D € AID(g) is
almost inner. Let o be a solution of X2 + de = 0, so a? = . Take an
arbitrary z = Z?Zl z;e; € g. Note that

[es + aeq, x| = (0z1 + axa)es + (axy + exa)eq.

Since we need that D(e3+aes) = ez+aey, we must have that dz1+axs =1
and ax; + exy = a. By multiplying this last equation by a and using the
first equation, we find that

0e = dexy + acxs = e(d1 + we) = €.

Since € # 0 and J # 1, we obtain a contradiction. O

Consider the (infinite) field F = Fy(¢) in the indeterminate ¢ with ¢ = 1 and
§ = t. It follows from Proposition 8.1.14 that for the Lie algebra g := g4.11(¢, 9),
we have that

Inn(g) # AID(g) = Der(g).

Note that, in a finite field of characteristic 2, every element is a square. This
means that the conditions of the proposition cannot be satisfied for a finite
field of characteristic 2 and hence, we have that all almost inner derivations are
inner.

8.1.3 Nilpotent Lie algebras of dimension at most 6

For 5-dimensional and 6-dimensional Lie algebras, there doesn’t exist (yet)
a complete list which is valid over all fields. Therefore, we restrict ourselves
to nilpotent Lie algebras. We will use the notation and the results from [15],
where the authors provide a full classification of six-dimensional nilpotent Lie
algebras over an arbitrary field. It is the first one which covers all ground fields
(and hence also fields of characteristic two). This list also reveals the nilpotent
Lie algebras of lower dimension. The ones with dimension at most 4 are already
covered in the previous subsection, so we will focus on nilpotent Lie algebras of
dimension 5 and 6. Let F be an arbitrary field. Take «, 8 € F and denote ~ for
the equivalence relation defined by

a’p = Iy eF*:a=4%3.

The number of equivalence classes for this relation is given by 1 4+ s, where s is
the (possibly infinite) index of (F*)? in F*. For instance, for an algebraically
closed field or a perfect field of characteristic two, there are only two equivalence
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classes ({0} and F*), so s = 1. For R, we have that s = 2, with equivalence
classes {0}, R and Ry .

When char(F) = 2, there is an additional equivalence relation . For a,BeF,
we have

o — JyeF* 306 €F:a=~5+6%

Note that when a ~ , then also « b 8. For a set X and an equivalence
relation ~, denote X/(~) for a transversal set that contains precisely one
element from each of the equivalence classes of ~. Hence, s stands for the
number of elements of F*/(~).

Now counsider the case that char(IF) = 2 and view F as a vector space over F. In
[15], themap ¢ : F — F : X + X2+ X is studied, which is Fo-linear with kernel
Fy. The authors claim that the image 1 (F) is a subspace of codimension 1.
While this is true for finite fields, this is not the case in general. Take for
instance F(t) in the indeterminate t. Take an arbitrary element ¢ € F(¢t). Then
there exist unique a(t), b(t) € Fo[t] with ged(a(t),b(t)) = 1 such that ¢ = %.
We further have

S

_ o (e®) _a®) | a®)? _ b@)(b(t) +a(t))
¥(g) = (b(t)) =00 + bt
Since ged(a(t),b(t)) = 1, also ged(b(t)?, a(t)(b(t) + a(t))) = 1 holds. Suppose

that ¢ € 4(Fa(t)), then there exist a(t), b(t) € Faft] with t = £ = ¢ (%) This

implies that b(t)2 = 1 and hence b(t) = 1. It follows that a(t)(a(t) + 1) = t, but
this is impossible. In a similar way, it can be shown that 1,1+ ¢ ¢ ¥(Fa(¢)).
Hence, 1 + im() and ¢ 4 im(¢)) are different cosets of ¢ (Fa(t)) which are
different from im(¢)). An analogous reasoning for polynomials of odd degree
shows that Fo(t)/¢(F2(t)) is an infinite-dimensional vector space over Fo. Take

)
)? b(t)?
)

a, B € F and denote £ for the equivalence relation where « L 0 if and only if

a+Y(F) = 84 ¢(F). In other words, when « X B, there exists x € F such that
2?2 + 2+ a+ B =0. When F is finite, 1(F) is a subspace of codimension 1, so

there are two equivalence classes for LOIUF s algebraically closed, we have

IF/(%)] = 1.

In [15], the authors claim that {0,w} is a set of coset representatives for ¢ (F)
in F, where w is a fixed element of F\ {X?+ X | X € F}. As we showed before,
this is not true. However, this was corrected in [16] and we will use the adapted

statements and use the notation F/(i)

Theorem 8.1.15 ([15], see also [16]). Let F be an arbitrary field.
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o If char(F) # 2, then the isomorphism types of siz-dimensional nilpotent
Lie algebras are:

— gox with k € {1,...,18,20,23,25,...,28},
— ge.r(e1) with k € {19,21} and g, € F*/(X),
— go.x(e2) with k € {22,24} and e € F/(X).

o If char(F) = 2, then the isomorphism types of siz-dimensional nilpotent
Lie algebras are:

— gk with k € {1,...,18,20,23,25,...,28},
— gox(e1) with k € {19,21} and &, € F*/(X),
— go.x(e2) with k € {22,24} and 5 € F/ (),

o) with k € {1,2,5,6},

k
)
k

2)
k
)
k

— g0 (e3) with k € {3,4} and 3 € F*/(~),

(
- gg (e4) with k € {7,8} and ey € F/(i)

)

Table A.5 contains the non-vanishing Lie brackets (with respect to the basis
{e1,...,es}) for Lie algebras over a field F of char(F) # 2. In the overview,
the nine nilpotent Lie algebras of dimension 5 are added as well. They are
denoted as g5, where 1 <7 < 9, in such a way that g¢; = g5; ® F. When
char(F) = 2, there are additional Lie algebras, for which the non-vanishing Lie
brackets are stated in Table A.7. The Lie algebras from Theorem 8.1.15 form a
complete set of representatives of the isomorphism classes of six-dimensional
nilpotent Lie algebras. Two representatives from the equivalence class give rise
to isomorphic Lie algebras, so the classification is irredundant. This means that
a given six-dimensional nilpotent Lie algebra over some field is isomorphic to
exactly one Lie algebra from the list.

As last result already suggests, the number of isomorphism types depends on the
characteristic of the field, which explains why there is no uniform description
for all fields. The next theorem is a summary (and a consequence) of the one
before.

Theorem 8.1.16 ([15]). o Let F be a field with char(F) # 2. Denote s
for the (possibly) infinite index of (F*)? in F*. Then the number of
isomorphism types of nilpotent Lie algebras of dimension 6 over F is
26 + 4s.

e Let F be a field with char(F) = 2. Denote r for the (possibly infinite)

number of equivalence classes X inF and s for the (possibly infinite)
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index of (F*)? in F* and t for the (possibly infinite) number of equivalence
classes of T inF. Then the number of isomorphism types of nilpotent Lie
algebras of dimension 6 over F is 26 4+ 2r + 2s + 4t.

To determine the almost inner derivations of all six-dimensional nilpotent
Lie algebras, it suffices to do the computations for all Lie algebras from the
classification from Theorem 8.1.15. Tables A.6 and A.8 contain all results.
Although we computed all results ourselves, we will omit the proofs.

Remark 8.1.17. We only mention some remarks about the results in Table A.6
and Table A.8.

o For the Lie algebras g5 ; and gg; (with 1 < ¢ <9), all values are the same,
except for dim(Der(g)). In the table, the first number is for gs ; and the
second one for gg ;.

e For some other Lie algebras, there are two numbers in the column
dim(Der(g)) as well. That is because the dimension of the derivation
algebra depends on the characteristic of the field F. The largest number
is the dimension when char(F) = 2; the smaller number is for char(F) # 2.
Note that the dimension of the almost inner derivations does not depend
on the characteristic. In other words, the linear maps which are derivations
if and only if char(IF) = 2 are not almost inner.

o For the Lie algebras gg22(c2) and gg,24(¢2), we distinguish the cases
where g5 = 0 and €5 # 0. In the last case, we have g5 € F*/(<X) when
char(F) # 2 and &5 € F* /() for char(F) = 2. Here we use the fact that
F/(~) =F*/(~) u{0}.

o The Lie algebras ge 22(c2) and ge 24(¢2) appear twice in the list. In these
cases, the dimension of the almost inner derivations depend on whether or
not €5 is a square. It turns out that, for both Lie algebras g, we have that

dim(AID(g)) = dim(Inn(g))

when X2 — g5 = 0 has a solution in F and dim(AID(g)) = dim(Inn(g)) + 4
otherwise. For gg 22(¢), this is worked out in more detail in 8.1.3.

o Table A.6 is a generalisation of Remark 8.6 from [7]. There we made a
similar list for six-dimensional nilpotent Lie algebras over C, using the
classification of [61]. The last column of the table indicates the isomorphic
Lie algebra from Magnin’s classification when we work over C. In that
case, we only have one case for ge 22(e) and ge,24(¢), since the equation
X? — e =0 always has solutions over C.
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« For the Lie algebras gf(f;(&;) and g((fg (€4), there are non-inner almost inner
derivations if and only if X2 + X 4 ¢, = 0 has no solutions over F.

We will elaborate on the computations for the Lie algebra g := g 22(¢) (with
¢ € IF). Note that the dimension of Der(g) is different when char(F) = 2 and that
the result depends on whether e = 0 or not. We give a basis of the derivation
algebra and determine which derivations are almost inner. For the other Lie
algebras, a similar computation can be made, but we omit the details. However,
for the Lie algebras of the list with non-trivial almost inner derivations, we give
examples of almost inner derivations, which together with the inner derivations
form a basis of AID(g).

Detailed computations for g := g 22(¢)

Consider the Lie algebra g := gg,22(¢), where € € F. The non-zero Lie brackets
are

le1, e2] = es, [e1, e3] = e,
[62,64] = E€g, [63,64] = €5.

The associated matrix pencil, which we denote as pA + AB has determinant

0 I A0
—u 0 0 €A
-2 0 0 u

0 —eXx —u O

det(uA + AB) = det = (eN? — p?)2.

o Consider the case that e = 0.

When char(F) = 2, an arbitrary derivation D is given by
D = aiad(e1)+- - -+asad(eq)+d1 D1+ - -+dioDio+es, 1 Es 1+ - -+e6,4E6 4

(with coefficients in F) and has matrix form

dq 0 —dg —d1g 0 0
do ds dr —ds3 0 0
S| s dea 0 0 0
dy dg do dy + ds — dg 0 0 ’
—as ay —ay as dy +ds —dy+dy
€61 — a3 €2 €63+ a1 €6,4 d1g dy +dg

which means that dim(Der(g)) = 18.
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For char(F) # 2, an arbitrary derivation D looks like
D= alad(el)—i—- . -+a4ad(e4)+d1D1+- . -—l—ngg—l—eg,lE@,l—&-- . '+€6,4E6,4

(with coefficients in ) and has matrix form

dy 0 —dg 0 0 0
do ds dr —ds3 0 0
D— d3 0 dg 0 0 0
dy de dy  dy+ds—ds 0 0 )
—asz al —ay as di+ds —ds+dy
€61 — a3 €g2 €63+ a1 €6,4 0 di +dg

so dim(Der(g)) = 17. Note that g is isomorphic to the Lie algebra from
Example 4.3.7. This means that dim(AID(g)) = dim(Inn(g)) + 2 = 6.
When ¢ = 0, a basis for AID(g) is

{ad(el), R ,ad(e4), Eﬁ’l, E673},
where the determination maps g, ¥Es, : § — @ are given by

(SC) o %62 +e3 if Z1 7& 07
R [ if 21 =0,

( ) —e1 — %64 if I3 75 0,
LX) =
o3 0 if 25 = 0.

Note that g is 2—step nilpotent, so only the central derivations can be
almost inner. Take an arbitrary linear combination D := aFjg 2 + bEs 4,
with a,b € F, then D is not B-almost inner and hence, it is not almost
inner.

Suppose that e # 0, then we have dim(Der(g)) = 18 for char(F) = 2 and
dim(Der(g)) = 16 when char(F) # 2.

When char(F) = 2, an arbitrary derivation D looks like
D = ajad(e1)+- - -+asad(eq)+d1 D1+ - -+dioDio+es1 61+ - +esaFe 4

(with coefficients in ) and has matrix form

d1 —E‘dg —d6 €(d4 + d7) — dg 0 0
da ds dr —d3 0 0
dg dg dm —Edz 0 0
d4 dg ds  dy+ds—dyy 0 0
—ao a1 —ay as di+ds edy+dg

€61 — a3 €62 —EA4 €63+ a1 €6,4 + €as dy +d7 di+dio
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For char(F) # 2, a derivation D is given by
D = alad(el)—i—- . -+a4ad(e4)—|—d1D1+~ . -—l—ngg—l—eG,lE(;,l—&-- . '+€6,4E6,4

and has matrix form

d1 —Edg —dﬁ 6d4 0 0
ds ds d7 —ds 0 0
d3 €d7 d5 —Edz 0 0
dy ds ds dy 0 0
as ay —ay as di +ds  —dy+dy

€6,1 — U3 €52 —Eas €s3+a1 esatcas e(dr—ds) di+ds

We now consider two different cases (which do not depend on the
characteristic, but on the value of ¢). Note that we only have to consider
the central derivations.

— Suppose that X2 — & = 0 does not have a solution over F. Then g is
nonsingular over F. It follows from Corollary 4.3.9 that AID(g) = C(g)
and

dim(AID(g)) = 2dim(Inn(g)) = 8.

Take 7 € {1,4}, then the derivation Eg; : g — g is almost inner and
a determination map ¢g,, : g — g is given by

— iy (z4e2 +x163) if ; #0,
QDE(n(x) = 81 3

For j € {2,3}, the derivation Es; : g — g is almost inner with
determination map

o (x) {szgizg(x3el + 1’264) if IL’]‘ 7£ O,
Egyj -

Hence, when X? — ¢ = 0 has no solution, a basis for AID(g) is
{ad(e1),...,ad(es), Es,1, E6,2, E6,3, Es 4}

which means that every central derivation is almost inner.
— Assume that X2 — e = 0 has a solution a € F, so o = ¢. Take an
. 6
arbitrary z = )", | z;e; € g.
Consider D := b1E671 —|—b2E672 +b3E6,3 +b4E674, where by,...,by € F.
Suppose that D is almost inner. Note that

[aer + eq,x] = (axo — z3)es + (—ex2 + axs)es.
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We have that D(ae; +e4) = (aby +bg)eg, which means that axg = x3.
It follows that

2

—exg + axg = (a° —e)xy = 0,

so by = by = 0. Similarly, we have that
[e2 + aes, ] = (axy — z1)es + (x4 — axq)e.

Since D(es + aes) = (bg + abs)eg, last equation shows that axy = .
However, because

exy —axy = (€ — o)y =0

holds, we obtain that by = b3 = 0.
This means that D = b1 Fg 1 + baFs 2 + b3Fg 3 + byl 4 is almost
inner if and only if by = by = b3 = by = 0. Since

{ad(e1),ad(e2),ad(es),ad(es), E¢,1, Fe,2, Fe,3, Es,a}

forms a basis for the central derivations, we find as a conclusion that
all almost inner derivations of g are in fact inner.

The matrix pencil P for this Lie algebra has determinant (eA? — y?)2. Denote
X := &, then det(P) = 0 if and only if (X* —¢)? = 0. Let [ be the number of
different linear factors of the determinant of P. As we observed at the end of
Chapter 5, we have for this Lie algebra that

dim(AID(g)/Inn(g)) = deg(det(P)) — 20 =2- (2 —1).

Determination maps for the non-inner almost inner derivations

We can do the same computations as in the previous section to obtain the
results from Tables A.6 and A.8. However, we will omit the calculations, since
they are similar to those from the Lie algebra ge 22(¢). This subsection contains
an overview of non-inner almost inner derivations, which form, together with
the inner ones, a basis for AID(g). We also present the determination maps.

o For g € {g55,065}, the derivation E54 : g — g is almost inner with
determination map

24 .
ares ifx #0,

—€2 if xr1 = 0.

PEs.4 (l‘) = {
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 For the Lie algebra g € {g5,6, 6,6}, the derivation E5 o : g — g is almost
inner with determination map

%64 if Iy 75 07
PEs,> (Qf) = ! . B
es if z;1 = 0.

o For the Lie algebra g := g6,12, the derivation Eg 5 : g — g is almost inner
with determination map

%64 if T 7é 07
QOEG.s(x) = { !

—€2 if T = 0.

o For the Lie algebra g := g6,13, the derivation Eg 4 : g — g is almost inner
with determination map

@ .
Tres if 7 #0,

—es3 if T = 0.

PEs.4 (1‘) = {

o For the Lie algebra g := g6,14, the derivation 5, : g — g is almost inner
with determination map

0 if 2 = 0,
OEs,(T) = %2(1'264 + xzes) if xg #0and z1 # 0,
63—%65 if xo # 0 and 27 = 0.

o For the Lie algebra g := g¢,15, the derivation Es 2 : g — g is almost inner
with determination map

2o .
Sies if 7 #0,

€4 if T = 0.

PEg,o (1’) = {

o For the Lie algebra g := g¢,17, the derivation Fs 4 : g — g is almost inner
with determination map

24 .
oes if x1 # 0,

—€2 if 1 = 0.

PE5.4 (CE) = {

o We already elaborated on the detailed computations for the Lie algebra
g6,22(¢) (with € € F) in the previous section.
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o For the Lie algebra g := g6 23, the derivation Eg : g — g is almost inner

with determination map

- <x>—{3?es+e4 it o1 0,
6,1 -

0 if x;1 =0.
The derivation Es 4 : g — g is almost inner with determination map

(z) = 77:11;2634—64 if &1 #0,
PEa 0 if 21 = 0.

For the Lie algebra g := g6,24(0), the derivation Eg o : g — g is almost
inner with determination map

€3 — %64 if T2 7é O7
xT) =
#r02(7) {0 if 23 = 0.

The derivation Es 4 : g — g is almost inner with determination map

%64 if Xro 75 O,
Ldeg if zo =0 and z1 # 0,
PE5 4 ('7;) = z1;1(;4 . _ _

—er if 11 =29 =0 and x5 # 0,
—€2 ifﬂ?lzxgzl‘gzo.

For the Lie algebra g := gg 24(¢) with £ € F, we require that X? —e =10
has no solutions in F. Take 7 € {1,2}, then the derivation Eg; : g — g is
almost inner and a determination map ¢g,, : g — g is given by

iz (weey —wieq)  if 2 #0,
@Ea,i(x) = 2 ! .
0 if €Ty = 0.

For j € {3,4}, the derivation Fs; : g — g is almost inner with
determination map

ﬁ(xgeg — 1‘164) if X1 7é 0,
P, (T) = les if 1 =0 and 2o # 0,

Z; .
i (—aaer +w3e9)  ifx =29 =0.
4 3

For the Lie algebra g := ggi, the derivation Fs 4 : g — g is almost inner

with determination map

24 .
ares ifay #0,

€3 if T = 0.

PEs,4 (l‘) = {
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e For the Lie algebra g := gg%, the derivation Eg 4 : g — g is almost inner
with determination map
ﬂeg) if T 7é 0,
@Es‘z;(z) = {Il

€3 if T = 0.

e For the Lie algebra g := gg%(a) with € € F*, the derivation E59 : g — g

is almost inner with determination map

L (1’264 + 1’365) if T 7& 0,

1

¢Bs.(¥) = Qeat (e3+ %) ifx; =0and x #0,
0 if Tl =Ty = 0.

« For the Lie algebra g := gg%(e) with e € IF, we require that X2+ X +c =0
has no solutions over F. Take ¢ € {1,4}. The derivation Eg; : g — g is
almost inner and a determination map g, , : g — g is given by

op, . (2) = e (e +ares) i £0,
’ ! if x; = 0.

For j € {2,3}, the derivation Es; : g — g is almost inner with
determination map

VR, () = m@sﬁ +x0eq4) if 25 #0,
N 0 lf ],‘] = O.

o For the Lie algebra g := gg%(e) with € € F, we require that X2+ X 4+ =0

has no solutions over F. Take i € {1,2}. The derivation Es; : g — g is
almost inner and a determination map ¢g,, : g — g is given by

© (l‘) _ x§+w13312+8$§ (1‘263 + 111‘164) if €Tg 7& 0’
Eg,i - .
¢ 0 if z; = 0.

For j € {3,4}, the derivation Es; : g — g is almost inner with
determination map
X .
T (Taes + wes)  ifwn #0,
YR, () = %63 if ;1 =0 and 25 # 0,
z;

P S (rae1 + xgez) if 1 = x9 = 0.
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8.2 Over a field of characteristic zero

In the last section, we computed the almost inner derivations for all solvable
Lie algebras (over fields of arbitrary characteristic) of dimension at most four.
It turns out that if the characteristic is not two, then we only have the inner
derivations. In this section, we will only look at Lie algebras over fields of
characteristic zero. First, we will consider the non-solvable Lie algebras of
dimension four. Then, we also compute the almost inner derivations for complex
and real (non-decomposable) non-nilpotent Lie algebras of dimension five. The
results over C already appeared in [7].

8.2.1 Lie algebras of dimension 4

There doesn’t exist yet a complete list for all 4-dimensional Lie algebras over an
arbitrary field. We already treated the solvable Lie algebras in the last section,
so it suffices to consider the non-solvable ones. We will restrict ourselves Lie
algebras over a field F of characteristic zero, since in that case, we can make
use of the Levi-Mal’cev theorem.

Lemma 8.2.1. Let g be a non-solvable 4—dimensional Lie algebra over a field F
of characteristic zero. If g is non-solvable, then g is isomorphic to g(a, 5) ® F,
where a, B € F*.

Proof. Let g be a 4-dimensional Lie algebra over a field F of characteristic
zero. By the Levi decomposition, we can write g = ¢t x s, where s is semisimple
and t is the solvable radical. Over a field of characteristic zero, there are no
semisimple Lie algebras of dimension 4. Since g is non-solvable, we find from
the previous section that s = g(a, 8), for «, 8 € F*. Therefore, we must have
that v = F and the semidirect product is in fact a direct sum. O

The number of isomorphism classes of non-solvable 4-dimensional Lie algebras
over a field F of characteristic zero can be made more precise by specifying the
field F. For instance, over C, there is only one, whereas there are two classes
over R, isomorphic to g(1,—1) ® F or g(1,1) ® F. This argument can not be
used for a non-solvable Lie algebra over a field F of prime characteristic.

Example 8.2.2. Let IF be a field with char(F) = p and take n € Ny. Zassenhaus
([91]) defined a Lie algebra W(1 : n) over F with basis {eq | @ € Fpn} and
non-vanishing Lie brackets

[eases] = (B — @)eats
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for all a, 8 € Fpn. He proved that W (1 : n) is simple when p > 2 (and n € Ny).
For p = n = 2, we find a non-solvable 4-dimensional Lie algebra with basis
{e1,...,e4} and given by

le1, e2] = ea, le1,e3] = Bes, [e1,eq] = (B + 1)ey,
le2,e3] = (B + 1)es, [e2,eq] = PBes, [es,esq] = e2,

where 82 = § + 1. A direct computation shows that an arbitrary derivation D
is a linear combination

D= alad(el) + 4 a4ad(e4) -+ dlDl,

which has matrix form

0 0 0 0
D— az aq ay as
Bas Bay Bai + dy Bas

(B+Das (B+1az (B+1az (B+1ar+dy
Note that D is not almost inner. Take an arbitrary x = Zle x;e;, then
ler + ez +e3 +eq, 2] = (x1 + 22 + 23 4 24) (2 + Besz + (B + 1)es).
However, we find that Di(e; +es 4+ e3 + e4) = e3 + e4.
Proposition 4.1.8 and the observations from the last section imply the following
result.

Proposition 8.2.3. Let g be a Lie algebra of dimension at most 4 over a field F
of characteristic zero. Then AID(g) = Inn(g) holds.

In 8.1.2, we studied an example of a 4—dimensional Lie algebra over a field F of
char(F) = 2 with AID(g) # Inn(g).

8.2.2 Lie algebras of dimension 5

We showed before that Lie algebras of dimension n < 4 over a field of
characteristic zero do not have non-inner almost inner derivations. As we
already computed in Example 4.1.6, this is different in dimension five. In this
subsection, we will compute the almost inner derivations for 5-dimensional Lie
algebras over C and R.
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Complex Lie algebras

For complex Lie algebras, we will use the results from [29]. Here, the authors
describe the moduli space for 5—dimensional complex Lie algebras, in terms of
24 families with up to 4 parameters. We will change the notation of that paper
to be consistent with the rest of this chapter.

Theorem 8.2.4 ([29]). Let g be a Lie algebra of dimension 5 over C. Then g
is isomorphic to (at least) one Lie algebra of Table A.9.

Note that the Lie brackets of dy are not correct in Table 3 and in the definition
on page 429 of [29]. There also exist other lists of 5—dimensional complex Lie
algebras, see for instance [72]. However, the determination of almost inner
derivations is much more efficient when there are less families of Lie algebras.

For each family, or type, we calculate the space AID(g) for all possible
parameters. The computation is easy for the types without parameters. Further,
by choosing all parameters equal to zero, we obtain the nilpotent Lie algebras.
We already know from the previous section that every complex nilpotent Lie
algebra of dimension 5 having a non-inner almost inner derivation is isomorphic
to gs5 or gse. The hardest computations are for the families with several
parameters. There, we often had to consider different cases. A long but
straightforward computation shows that, for non-nilpotent algebras, the only
family with non-inner almost inner derivations is Cs 12(p, ¢,7), where we need
that p = 0. Therefore, we will consider this type in more detail.

Definition 8.2.5 (Lie algebra A(g,r)). The family of 5-dimensional complex
Lie algebras A(q,r) := C5,12(0,q,7) with ¢,r € C has basis {e1,...,e5} and is
defined by the Lie brackets

[61765] = €9, [62,65} = (q+7«)627 [63,64] = e,
[es,e5] = €1+ qes, [ea,e5] = €3+ req.

It is straightforward to see that dim(Inn(A(g,r))) = 4 for all ¢, € C. We also
have that dim(Der(A(0,0))) = 8 and dim(Der(A(g,r))) = 7 when (¢, 7) # (0,0).
A direct computation shows that AID(A(q,r)) = Inn(A(g,r)) if and only if
q-r# 0and g+ r # 0. Otherwise, we have

dim(AID(A(g,r))) = dim(Inn(A(q,7)) + 1 = 5.

We can determine the Lie algebras A(g,r) with non-inner almost inner
derivations up to isomorphism.

Lemma 8.2.6. Fvery Lie algebra A(q,r) satisfying q-m =0 org+r =10 is
either isomorphic to A(1,0), to A(1,—1) or to A(0,0) = gs5¢.



OVER A FIELD OF CHARACTERISTIC ZERO 117

Proof. Tt follows from [29] that A(q,r) = A(r,q). Further, A(0,0) is filiform
nilpotent and isomorphic to gs g. We may assume that (¢,r) # (0,0). Suppose
that ¢ - r = 0. Without loss of generality, we can take g # 0 and r = 0. Then
there is a Lie algebra isomorphism ¢: A(gq,0) — A(1,0) given by

@ 000 0
1-¢2 ¢ 0.0 0
0 04q 0 0
0001%
0 000 g

Secondly, consider the case where ¢ +r = 0 and ¢ # 0. Then there is a Lie
algebra isomorphism ¢: A(g, —q) — A(1, —1) given by

102q = 0
oqu—loo
00 g 0 0
00 0 1 0
00 0 0 ¢

Recall that a Lie algebra g is ‘unimodular’ if and only if tr(ad(z)) = 0 for all
x € g. We find that A(g, ) is unimodular if and only if g+7 = 0. Hence A(1, —1)
is unimodular, but A(1,0) is not, so they cannot be isomorphic. Both A(1,—1)
and A(1,0) are solvable and non-nilpotent, whereas A(0,0) is nilpotent. O

We can summarise the calculations for the 5-dimensional complex Lie algebras
with the following result.

Proposition 8.2.7. Let g be a complex Lie algebra of dimension 5. If we have
AID(g) # Inn(g), then g is isomorphic to one of the Lie algebras

95,5, 95,65 A(1,0)  or A(1,-1).

In each case, we have that dim(AID(g)) = dim(Inn(g)) + 1 = 5.

We present the determination maps for the non-nilpotent Lie algebras. Take an
arbitrary z = Z?Zl zie; € g.

o For the Lie algebra g := A(1,0), the derivation Ey5 : g — g is almost
inner with determination map

(x) _ é(fm - m3)61 —e3—ey ifxzs#0,
PE15 - 0 " 25 = 0.
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e For g := A(1,-1), the derivation D : g — g: x> z1es + x5(e1 + e4) is
almost inner with determination map

;—51(331 —x3—x4)e; —est+eq ifxs#£0,

—les if x5 =0 and 24 # 0,
ep(z) =149 ™ .

Teq if x4 = x5 =0 and x3 # 0,

€5 if.’133:374:l’5=0.

Real Lie algebras

For 5-dimensional Lie algebras, the first list appeared in [66], albeit without
the structure constants of the algebras. In [70], the authors give a classification
of the non-decomposable Lie algebras. The same list is stated in [30].

Theorem 8.2.8 ([30]). Let g be a non-decomposable non-nilpotent Lie algebra
of dimension 5 over R. Then g is isomorphic to at least one Lie algebra of
Table A.10.

Remark 8.2.9. In [30], the authors put extra conditions on the parameters
u,v,w € R to ensure that every non-decomposable non-nilpotent Lie algebra
of dimension 5 is isomorphic to exactly one Lie algebra of the classification.
However, we did not include these restrictions, since there are a lot of different
cases and the list from Table A.10 is sufficient for doing the computations.

As for the 5—dimensional complex Lie algebras, we calculate the space AID(g)
for all possible parameters. The following result summarises the computations
for the 5—dimensional real Lie algebras.

Proposition 8.2.10. Let g be a real Lie algebra of dimension 5, then
dim(AID(g)) = dim(Inn(g)) + n,

where n € {0,1,2}.
o We have that n = 1 if and only if g is isomorphic to one of the Lie algebras
95,5, 95,6 Rs5.20(0), Rs526(0,1)  or  Rs 9.

o Further, n =2 holds if and only if g is isomorphic to Rs 3.

Note that all of the above Lie algebras are pairwise non-isomorphic over R.
The nilpotent Lie algebras gs 5 and g5 ¢ are discussed in 8.1.3. We present the
determination maps for the non-nilpotent Lie algebras from the first case.
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o For g € {R520(0), Rs5,26(0,1)}, the derivation E; 4 : g — g is almost inner
with determination map

—ay .
Stey if x5 # 0,

() %63 if z5 = 0 and 2 # 0,
l‘ =
PE14 ;24 € if 29 = x5 =0 and T3 7£ O,

€5 if$2:$3:$5:0.

o For the Lie algebra g := Rs 29, the derivation F3 5 : g — g is almost inner
with determination map

(2) —2e;—eg if x5 #0,
L(x) = 5
PBas 0 if 25 = 0.

For each of these three Lie algebras, we can take the complexification and
compare with the results from Proposition 8.2.7. It turns out that the Lie
algebras g1 := C ®r R5,20(0) and g2 := C ®r R5,26(0, 1) are both isomorphic to
A(1,-1). For 1 <4 < 2, the isomorphism ¢; : g; = A(1, —1) is given by

1 2 -3 -1 0 0 7 0 0 0
00 2 1 0 0 0 -1 -1 0
0 0 O 1 0 and 0 0 =1 0 1
2 0 -2 -2 0 -1 0 1 0
0 0 O 0 1 0 0 0 4

for ¢y respectively 2. Further, ¢3 : C ®r R529 — A(1,0) is a Lie algebra
isomorphism given by

1 10 -1 0
0 01 1 0
-1 01 0 O
0 00 1 1
0 00 0 1

For the Lie algebra Rs 39, all derivations are almost inner.

Lemma 8.2.11. Let g := R5 39 be the Lie algebra over R with basis {e1,...,e5}
and given by

ler,eq] = €1, [er,es5] = —ea, [e2,e4] = e,
lea,e5] = €1, [ea,e5] = es.

We have that Inn(g) # AID(g) = Der(g).
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Proof. An arbitrary derivation D is given by
D = ajad(er) + -+ asad(eq) + e34F34 + e35F35

and has matrix form

—a4 —as 0 aiq as
as —ay 0 as —Qaq
D= 0 0 0 —as—+ ez 4 Q4+ €35
0 0 0 0 0
0 0 0 0 0

It turns out that Fs 4 is almost inner. A determination map ¢g,, : g — g is
given by

ziJr:rs wi+zs

(2) Doyt T Ts o)  L2Tg—TiTa oyt ep  if 24 # 0,
PEs 4\T) = .
0 if x4 = 0.

Similarly, E3 5 is almost inner with determination map

ToXs5—T1T4 _ T1T5+ToTy _ i
(pEg,s (il?) = mi+r§ “ xi+z§ ° “ lf s # O’
0 if x5 = 0.
This shows that Inn(g) # AID(g) = Der(g). O

This result does not hold for the complexification of R5 39. Indeed, for C®Rr R5 39,
the only almost inner derivations are the inner ones. Take D := aFs 4 + bEs3 5
(with a,b € C), then D(ey + e4 + ie5) = (a + ib)es. However, for arbitrary
T = Z?Zl xje;, we find that

[e1 + eq +ies, 2] = (—x1 — ixa + x4)e1 + (i1 — X2 — T5)ea + (—izy + x5)es3.

When D is almost inner, we must have that x4 = x1 + izs and x5 = 127 — x5.
However, this implies that —iz4y + x5 = 0, so a + b = 0. Similarly, it follows
from D(ey + e4 —ies) = (a — ib)es and

[e1 + eq —ies, x] = (—x1 +ixe + 24)e1 + (—ixy — 22 — 5)ea + (ixg + x5)es

that @ — ¢b = 0. We conclude that a = b = 0.



Chapter 9

Two-step nilpotent Lie
algebras

In this chapter, we study the almost inner derivations for two-step nilpotent
Lie algebras. Let g be a 2-step nilpotent Lie algebra. We will denote a basis
of g with {z1,...,2n,y1,...,Ym}, where {y1,...,ym} is a basis for [g, g]. This
means that g is a nilpotent Lie algebra of type (n,m).

In the first section, we show that for Lie algebras determined by graphs, the
only almost inner derivations are the inner ones. In Section 4.3, we associated
matrix pencils to Lie algebras. This technique is in particular interesting for the
computation of the almost inner derivations of 2—step nilpotent Lie algebras.
In Section 9.2, we make use of this observation to give a complete answer for
the 2-step nilpotent Lie algebras with 2-dimensional commutator algebra. We
partially generalise the used methods for nonsingular Lie algebras. One of
the results is that we can construct Lie algebras g for which AID(g)/Inn(g) is
arbitrary large. In Section 9.4, we construct other examples of Lie algebras
(where the commutator algebra has a larger dimension) with the same property.
The first and last section appeared in [7] and the second in [9]. In each section,
we will specify over which field F we work.

9.1 Lie algebras determined by graphs

Let G(V, E) be a finite simple graph with vertices V' = {x1,29,...,2,} and
edges E. If there is an edge between vertex z; and x; with 1 <i < j < n, we
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denote this edge by the symbol y; ;. Let X be the vector space over an arbitrary
field F with the elements of V' as basis. Take Y for the vector space with basis
the edges y; ;. We define a two-step nilpotent Lie algebra g over F, where as a
vector space g = X @ Y and where the brackets are given by

_ vy ity € F,
[1'i71'j] =
0 if there is no edge connecting x; with z;,

[i,y; k] =0 forall z; € Vandall y;, € E,

Wi, yea] =0 forall y; j,yr1 € E.

For this class of Lie algebras, the only almost inner derivations are the inner
ones.

Theorem 9.1.1. Let g be a 2—step nilpotent Lie algebra determined by a finite
simple graph. Then AID(g) = Inn(g).

Proof. Let G(V, E) be a finite simple graph with vertices V' = {z1,...,2,}.
Denote s for the number of edges and choose an order pi,ps,...,ps for
the edges. So any p: corresponds to a unique edge ¥; ;. This means that
{z1,%2,...,Zn,p1,...,Ds} is a basis of g. Let D € AID(g) be determined by
the map ¢p. We want to show that any basis vector is fixed for D. For
P1,D2,- -, Ps, this is obvious, since these vectors belong to Z(g). Consider z;
with 1 <i <n. If z; € Z(g), so when z; is an isolated vertex, there is again
nothing to show. Assume that z; ¢ Z(g), then there is at least one z; & Cy(x;)
(with 1 <j <n). Hence [z;,z;] = £p; for some 1 <1 < s. Let a = t;(¢p(x;)).
Consider any other basis vector zj & Cy(z;). In order to show that x; is fixed,
we must show that also t;(¢p(zr)) = «. There exists an 1 < m < s with
[k, ;] = £pm. As g is determined by a graph, we have that m # . We are in
the following situation

[zj,x;] £p =0

[k, 2] £ pm =0

[xjv gz} g gl,m

[Tk, 8i] C Gi,m-
We can apply Lemma 4.2.7 and we find that t;(¢p(z)) = ti(¢p(z;)) = a.
Hence, z; is indeed fixed for all 1 < ¢ < n. Corollary 4.2.6 finishes the proof. [

9.2 Lie algebras of genus 1 and 2

Two-step nilpotent Lie algebras have not been classified in general so far. For
certain subclasses however, there is a complete description. If not said otherwise,
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F denotes an arbitrary field. We will always assume that g is a finite-dimensional
Lie algebra over F. In this section, we will study the almost inner derivations of
Lie algebras of genus 1 and genus 2. The ‘genus’ of a Lie algebra g is the number
dim(g) — | S|, where S is a minimal system of generators. If g is nilpotent, then
the genus is given by dim(g) — dim (g/[g, g]) = dim([g, g]).

Let g be a 2-step nilpotent Lie algebra over F. Then ~5(g) = [g,[g,9]] = 0
holds, so [g,9] € Z(g). A nilpotent Lie algebra has genus 0 if and only if it is
abelian. If [g, g] = (z) for some z € g, then g has genus 1. An example is the
Heisenberg Lie algebra of dimension 2s + 1, where s € Nj.

Example 9.2.1. Take s € Ng. We denote hosy1 for the ‘Heisenberg algebra of
dimension 2s + 1’; which has basis {z1,y1, ..., s, ys, 2} and non-vanishing Lie
brackets

[l‘1,y1} == [w57y8] =z

It is clear that hog11 is 2-step nilpotent of genus 1 for all s € Ng.

It turns out that 2—step Lie algebras of genus 1 can be easily classified.

Proposition 9.2.2. Let g be a finite-dimensional 2—step nilpotent Lie algebra
of genus 1. Then g can be written as g = hasy1 ® a, where s € Ny and a is
abelian.

Proof. Denote n := dim(g). Suppose that g has genus 1, then it is not abelian.
For x1 ¢ Z(g), there exists y; € g with [z1,41] = 2z # 0. Since im(ad(z1)) is
1-dimensional, Cy(z1) = ker(ad(z;)) has dimension n — 1. Similarly, we find
that dim(Cy(y1)) = n — 1. Consider g,,—2 := Cy({z1,71)) = Cy(z1) N Cy(y1).
Note that dim(g,—2) = n — 2. There are two possibilities.

o If g,_o is abelian, then g = (21,91, 2) ® a = h3 & a, where a is an abelian
subspace of Cy({z1,y1)).

e When g,_- is not abelian, there exist elements zs,y> € g,_o with
[x2,y2] # 0. Since g has genus 1, we can suppose (possibly after rescaling
Zg or y2) that [x9,y2] = 2. Consider gn—4 = Cy({x1,y1,22,¥2)), which
has dimension n — 4.

Inductively, we can repeat the previous reasoning, where we consider after s
steps a subspace g,—25 of g of dimension n — 2s. After at most |(n — 1)/2]
steps, we obtain an abelian subspace and the process ends.

Lemma 4.2.3 and Corollary 4.2.6 imply that AID(h2s41) = Inn(has41) for all
s € Ny. Let g be a 2—step nilpotent Lie algebra of genus 1. It follows from
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the previous observations and Proposition 4.1.8 that the only almost inner
derivations are the inner ones.

The next interesting case is genus 2, so Lie algebras g satisfying dim([g, g]) = 2.
Such algebras can be described in terms of matrix pencils. This has been studied
for several purposes in the literature, see [31, 32, 33, 56, 57, 59, 80]. The results
of this section also appeared in [9].

Let F[A, ] be the polynomial ring in two variables.

Definition 9.2.3 (Matrix pencil). Let A, B € M, (F). A polynomial matrix
uA 4+ AB € M, (F[\ p]) is called a matrix pencil or just a pencil. Two such
pencils pA+AB and pC'+ AD are called ‘strictly equivalent’ if there are matrices
S, T € GL,(F) satistying

S(nA+ AB)T = uC + AD.

The pencil is called ‘skew’ if both A and B are skew-symmetric. Two skew-
symmetric pencils pA + AB and pC + AD are called ‘strictly congruent’ if there
is a matrix S € GL,(F) such that ST (uA + AB)S = uC + AD. A pencil is
called ‘regular’ or ‘non-singular’ if its determinant is not the zero polynomial in

F[A, y].

It is known that skew-symmetric pencils over an algebraically closed field of
characteristic not two are strictly equivalent if and only if they are strictly
congruent ([33]). The same is true over the field of real numbers ([56]).

In Section 4.3, we already introduced skew matrix pencils and the link with
almost inner derivations. This section contains an overview of known properties
of (skew) matrix pencils.

Let g be a 2-step nilpotent Lie algebra over a field F with dim([g, g]) = 2. We
fix a basis {z1, 2, ...,Zn,y1,y2} of g, where {y1,y2} is a basis of [g, g]. Denote
by A = (a;;) and B = (b;;) the skew-symmetric matrices of structure constants
determined by
(@i, 2] = aijyr + bijy2

for all 1 <i,7 < n. Let u and A be algebraically independent variables over F.
We will denote the ‘pencil associated to g’ by pA + AB (€ M, (F[u, A])). The
following proposition is a special case of [59, Proposition 4.1]

Proposition 9.2.4. Let g and b be two-step nilpotent Lie algebras of genus 2
over an arbitrary field F. If the pencils associated to g and b with respect to
some bases of g and b are strictly congruent, then g and b are isomorphic.
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From this proposition, it follows that it is important for our study to be able to
classify skew pencils up to strict congruence. We will give an overview in the
next subsection.

9.2.1 Elementary divisors and minimal indices

For regular pencils, the classification of skew pencils was given by Weierstrass
in terms of ‘elementary divisors’ For a pencil pA + AB of rank r, let G, (i, \)
be the greatest common divisor of all its minor determinants of order m. Then
Gr(pt, A) | Grog1 (e, A) for all 1 <m <r —1. Let i1(p, A) = G1(u, A) and

Gm(ﬂa )‘)

im(ﬂﬂ /\) = Gmfl(ﬂa )\)

for2<m<r.

Definition 9.2.5 (Invariant factors and elementary divisors). The homogeneous
polynomials {i,,(u, A) },, are called the invariant factors of the pencil uA + AB.
Each polynomial 4,,(u, ) can be written as a product of powers of prime
polynomials because F[\, u] is a unique factorisation domain. These prime
power factors (which are only determined up to scalar multiple) are called
the elementary divisors e, (i, A) of the pencil uA + AB for 1 < a < ¢. An
elementary divisor is said to have ‘multiplicity v’ if it appears exactly v times
in the factorisations of the invariant factors i,,(u, A) for 1 <m <r.

Suppose that F is algebraically closed. In this case, the elementary divisors
are all linear. Since the elementary divisors are only determined up to scalar
multiple, each elementary divisor is either of type (bu + A\)¢ or of type uf.
The first one is called of ‘finite type. The second one is called of ‘infinite
type’, which means that the divisor belongs to F[u]. Elementary divisors
of infinite type exist if and only if det(B) = 0. The elementary divisors
ea(pt, A) of finite type correspond to the elementary divisors of the pencil
A+ AB € F[)\ as follows. Setting p = 1 in ey(u, A), we clearly obtain the
elementary divisors e,(A) of A+ AB. These can be computed by the ‘Smith
normal form’, because F[A] is a PID. The diagonal elements of the Smith normal
form are just the invariant polynomials. Conversely, from each elementary
divisor e,(\) of A+ AB of degree e, we obtain the corresponding elementary
divisor eq(p, A) by eq(p,A) = ,ueea(%). In case F = R, apart from these
elementary divisors of degree 1, there are also elementary divisors of degree 2
which are of the form (A — u(a + bi))(\ — u(a — bi)) = A2 — 2adu + (a? + b?)u?,
with a € R and b € R*.
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Example 9.2.6. Let g be the 6-dimensional real Lie algebra with basis
{z1,...,24,91,y2} and Lie brackets defined by

[33]_,1‘2] =1, [1‘1,.’1]3] = Y2,
[$2,354] = Y2, [5337%4] = Y.

Then the associated pencil is given by

0 uw A0

|- 0 0 A
HA+AB = A0 0 —p
0 —-Xx p O

The pencil is regular because det(uA + AB) = (u? + A?)? is not the zero
polynomial. Note that g is nonsingular when considered over R. The Smith
normal form of A+ AB is given by diag(1,1, A% + 1, A\ + 1). Hence there is one
elementary divisor eq (i, \) = p?(1 + /’%) = p? 4+ \? of finite type of multiplicity
2 and there is no elementary divisor of infinite type. When we consider the
complexification g ® C of this Lie algebra, then the corresponding pencil has
two elementary divisors, A — i and A\ 4 iu, both of multiplicity 2.

For singular pencils, we still need another invariant. Let uA + AB be a singular
pencil of size n. Then (A + AB)z = 0 has a nonzero solution in F[A]". Let
x1(A) be such a nonzero solution of minimal degree £1. Of all solutions which
are F[\]-independent of x;()\), we select a solution z5(\) of minimal degree
€9. It is obvious that €1 < 5. By continuing this process we obtain a set
21(N), ..., 2k (A) of solutions, which is a maximal set of elements in F[\]"
satisfying (A 4+ AB)z;(A) = 0 for 1 < i < k and being F[A\]-independent. We
have k < n. Note that this set is not uniquely determined, but that different
sets have the same minimal degrees 1 < g5 < --- < g;. Hence the following
notion is well-defined.

Definition 9.2.7 (Minimal indices). Let 44 + AB be a singular pencil. The
associated numbers €1,...,e; are called the minimal indices of the pencil
1A+ A\B.

Let z;(\) be a non-zero solution of degree €;, so (A + AB)x;(A) = 0. Note that
the constant term of x;(\) is not the zero vector since otherwise, we can find a
solution of smaller degree. It follows that

1 -'L'z()\) o
(AAJFB) o =0

is a solution as well. By taking u := 1/, we obtain a non-zero solution Z;(u)
(of the same degree ¢;) of the equation (uA + B)X = 0. We can do the same
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for every non-zero solution x; (with 1 <7 < k) and obtain a fundamental series
Z1(w), ..., Tg(p) of linearly independent solutions. By construction, the degrees
for the new series will be the same as the minimal indices. This observation
shows that we can look at non-zero solutions of (uA 4+ B)x = 0 as well to
determine the minimal indices of the matrix pencil pA + AB.

Example 9.2.8. Let g be the 7-dimensional real Lie algebra with basis
{z1,...,25,91,y2} and Lie brackets defined by

[xhw":ﬂ =Y, [$1,9€4] = Y2,
[1172,1’4} = Y1, [Iz,iﬂs] =Y.

This is the same Lie algebra as in Example 4.3.5. The associated pencil is given
by

0 0 p A O
0 0 0 p A
pA+AB=|-p 0 0 0 0
“X - 0 0 0
0 -A 0 0 0

Since det(uA+ AB) = 0, the pencil is singular. The equation (A+AB)z = 0 has
a non-zero solution z1(A\) = (0,0,A2, =\, 1) T, and the set is maximal. Hence
there is one minimal index €; = 2. The Smith normal form of A + AB is given
by diag(1,1,1,1,0), so there are no elementary divisors.

The following well-known result classifies skew pencils up to congruence, see
Corollary 6.6 in [33] and Theorem 3.4 in [59).

Proposition 9.2.9. Let IF be an algebraically closed field of characteristic not 2
or the field of real numbers. Two skew-symmetric pencils of the same dimension
are strictly congruent if and only if they have the same elementary divisors and
the same minimal indices.

For a skew pencil uA + AB over an algebraically closed field F, the elementary
divisors occur in pairs and we can arrange them as

Mela:uelv' - >Mesaues7
()‘ - :ual)flv (/\ - /’Lal)flw R <)\ - Mat)fta ()\ - Mat)fta
where a1, ag,...,q; € F.

When F = R, the elementary divisors still occur in pairs, and apart from the
above set of elementary divisors (where of course ay,...,a; € R), we can also



128 TWO-STEP NILPOTENT LIE ALGEBRAS

have pairs of the form

g(ala blynl ) g(ala bl)nha cee 7£(ap7 bp)mp7 f(a’pa bp)mp?

where ai,...,a, € R, by,...,b, € R* and {(a,b) = (A— p(a+1ib))(A— p(a—bi))
with a,b € R.

Since elementary divisors occur in pairs, we introduce a notation to indicate such
pairs. Let F be an algebraically closed field or F = R. For given a € FU {co}
or a € CU{oo} in case F = R and e € N, we denote by («, e) the following
pairs of elementary divisors

B e if a = oo,
(aye) =< (A —pa)s, (A —pa)e  ifa €T,
&(a,b)¢,&(a,b)e ifF=Rand a =a+bie C\R.

Hence, for a skew pencil uA + AB over an algebraically closed field F, we can
associate in a unique way a set of elementary divisors as follows:

(00,61), s (00765), (alvfl)a ceey (atvft)a

with ay,...,a; € F. For a skew pencil pA + AB over R, we find a set of
elementary divisors of the form

(00761),...,(00,65), (al’fl)7~-'>(at7ft)7 (51’m1)7"'7(ﬁp7mp)3
where a; € R and ; € C\ R.

For a given pair of elementary divisors (a, e) as above, there exists a canonical
skew pencil having exactly that one pair of elementary divisors («,e) (and no
minimal indices or other elementary divisors). For a minimal index ¢, there is a
canonical skew pencil having no elementary divisors and exactly one minimal
index e.

These skew pencils are given by the following cases:
Case 1: For (a,e) = (00, €), the skew pencil is given by

0 Ac+ A
Fioeyi= (M) € M),

where
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Case 2: For (a, f) = (A — pa)f, (A — pa)’, the skew pencil is given by

Pl = (L nparay g, ) € Mgl

Case 3: Only in case F = R and for (a,m) = (a + bi,m) = &(a,b)™,&(a,b)™
(with a 4+ bi € C\ R), the real skew pencil is given by

0 T
C(a,b,m) :== (Tm 0 ) € Mym (R, A)),
where
0 R
R ‘LLAQ
Tm - S MQm(R[Uv)\])
0 R
R /JAQ

for m > 2 and

_p_ b A—pa
T = R= (A_M y )EMz(R[u,M)

Case 4: For each minimal index € > 1, the skew pencil is given by

M. — (_ 0ci1 EE(M,)\)) € Moei1 (Flu, A)),

Le(p, A 0.
with
A 0 --- 0
nwooA 0
Le(p,A) = € Mcy1(Flu, A]).
0 nwooA
0 ... 0 u

For minimal index ¢ = 0, the skew pencil is just My = (0) € M;(F), the zero
matrix.

Using the notations of above, we have the following result, see [33, 59].

Proposition 9.2.10. Let F be an algebraically closed field of characteristic not
2. Any skew pencil over F with elementary divisors

(00761)7 RS} (00763)7 (ahfl)’ ) (at>ft)
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and minimal indices €1, . .., €y is strictly congruent to the pencil consisting of a
matriz with the blocks

F(OO781)7 o ,F(OO,BS), F(alvfl)a .. 'aF(ataft)v ME17 .. '7M€k
on the diagonal. Any skew pencil over R having elementary divisors

(00,61),..., (00768)5 (alyfl)v"'7(at7ft)’ (al+b1iam1)7"'7(a’p+bpi7mp)

and minimal indices €1, . .., is strictly congruent to the pencil consisting of a
matrixz with the blocks

F(oo,el),...,F(oqes), F(alafl)v'”aF(atvft)a
C(al,bl,ml),...,C’(ap,bp,mp), Mel,...,MEk
on the diagonal.

Definition 9.2.11 (Canonical Lie algebra). A 2-step nilpotent Lie algebra of
genus 2 over an algebraically closed field F of characteristic not 2 or F = R is
called canonical if its associated skew pencil has a blocked diagonal form as in
Proposition 9.2.10 above.

As an immediate consequence of Proposition 9.2.4, we obtain the following
corollary.

Corollary 9.2.12. Let F be an algebraically closed field of characteristic not 2
or F =R. Any 2-step nilpotent Lie algebra of genus 2 over F is isomorphic to
a canonical one with the same elementary divisors and minimal indices.

It follows that the computation of AID(g) for 2-step nilpotent Lie algebras of
genus 2 over F can be reduced to canonical Lie algebras.

9.2.2 Almost inner derivations of Lie algebras of genus 2

In this subsection, we determine the algebra AID(g) for canonical Lie algebras
in the sense of Definition 9.2.11 over I, where F is either R or an algebraically
closed field of characteristic not 2. We will start with the case that the canonical
pencil only consists of one block. For the proofs, we will make use of the results
from Section 4.3.

Lemma 9.2.13. Let g be a canonical Lie algebra over F with one pair
of elementary divisors (co,e) and no minimal indices. Then we have that
dim(Inn(g)) = 2e and dim(AID(g)) = 4e — 2.
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Proof. By assumption, the matrix pencil of g is F'(co, €), so that the Lie brackets
of g in the usual basis B are given by

(T4, oey1-3) =91, 1<i<e,
[Tj, T2era—j] =12, 2<j<e.

We have that dim(Inn(g)) = 2e. We will compute AID(g) with the aid of
Proposition 4.3.4. A basis for C(g) is given by the maps D;; : g — g for
1<i<2eandl<j<2, defined by

2e

Z arzr + (b1 + boy2) — a;y;.
k=1

We have dim(C(g)) = 4e. Note that the span of D 2 and D, 2 has trivial
intersection with AID(g), since aDq 2 + D1 2 is B-almost inner if and only
if « = 8 =0. It is easy to see that, except for D and Dei1 2, all D; ; with
1 <i<2and 1 < j <2 are B-almost inner. This means that we have
dim(AID(g)) = 4e —2 if we can show that all of the remaining 4e — 2 derivations
are actually almost inner.

Let D € C(g) be B-almost inner. We have det(uA + AB) = p?¢. For p # 0,
condition (4.7) is satisfied, which means that we may assume that g = 0. Then
the kernel of uA + AB = AB = F(o0,¢) is equal to the set of all vectors of
the form a(x) = (k1,0,...,0,ket1,0,...,0)T, where ki, k.;1 € F. For these
vectors, we have dz(a(x)) = 0, so that condition (4.7) is satisfied and the proof
is finished. O

Lemma 9.2.14. Let g be a canonical Lie algebra over F with one pair
of elementary divisors («, f) and no minimal indices. Then we have that
dim(Inn(g)) = 2f and dim(AID(g)) =4f — 2.

Proof. The Lie brackets of g with respect to the usual basis {x1, ..., Z2s,91,y2}
and matrix pencil F(q, f) are given by

[T, Topy1—i] =y2 —ayr, 1<i<f,
[z, Tapra—5] = Y1, 2<j<e.

We may pass to the basis {z1,...,%25,y2 — ay1,y1} so that g coincides with
the Lie algebra of Lemma 9.2.13. This finishes the proof. O

The next lemma is only for the case F = R.
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Lemma 9.2.15. Let g be a canonical Lie algebra over R with one pair of
elementary divisors (8,m), where 8 = a+ bi and b # 0. Then we have that
dim(Inn(g)) = 4m and dim(AID(g)) = 8m.

Proof. The Lie brackets of g with respect to the usual basis {z1, ..., Zam, y1, 95}
and matrix pencil uA + AB = C(a,b,m) are given by

[2i—1, Tam—2i41] = —by1, 1<e<m,
[©2i, Tam—2it+2] = by, 1<7<m,
[xjaxllm-‘rl—j] = yé —ay, 1 S.] S 2m7

and in addition
(ks Tam—kys] =11, 3 <k <2m.

for m > 2. We set yy := y5 — ayy to obtain a basis B = {x1,...,2Zn,y1,Y2}.
Then a basis for C(g) is given by the maps D; ; : g — g for 1 < ¢ < 4m and
1 < j <2, defined by

4m

Z apzy + (b1yr + bayo) — a;y;.
=1

We have dim(C(g)) = 8m and det(uA + AB) = (A% + p2b?)?™. Tt follows from
Corollary 4.3.9 that AID(g) = C(g). O

We again consider Example 9.2.6.

Example 9.2.16. Let g be the 6-dimensional Lie algebra over R with basis
{1,...,24,y1,y2} and Lie brackets defined by

(@1, 22] = y1, [x1,23] = ¥,
[$27$4] = Y2, [563,564] = Y1

This is a canonical Lie algebra with one pair of elementary divisors (8, m) = (i, 1).
Hence, Lemma 9.2.15 says that dim(Inn(g)) = 4 and dim(AID(g)) = 8. We
already saw in Example 9.2.6 that g is nonsingular over R, so the same result
follows from Corollary 4.3.9.

Lemma 9.2.17. Let g be a canonical Lie algebra over F with minimal index
e > 1. Then it holds dim(Inn(g)) = 2¢ + 1 and dim(AID(g)) = 3e.
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Proof. Consider the usual basis B = {x1,...,%2:41,¥1,¥y2} and matrix pencil
A+ AB = M.. The Lie brackets of g are given by

[l‘ivxi+6+1] = Y2, 1<i<e,

[Tj4+1, Tjperr] =y1, 1<j<e.

It is easy to see that Z(g) = (y1,y2), so we have dim(Inn(g)) = 2¢+1. Fore =1
we have AID(g) = Inn(g) by Theorem 9.1.1, since g is determined by a graph.
For € > 2, a basis of C(g) is given by the maps D; j : g = gfor 1 <i <241
and 1 < j < 2, defined by

2e+1

Z arzr + (b1yr + bay2) — a;y;.
k=1

Hence, we have dim(C(g)) = 4¢ + 2 and AID(g) C C(g). Suppose that

2e+1 2e+1

D= Z o; D1+ Z BiDi
=1 i=1

is an element of AID(g). Then for any b € F, we have

e+1 e+1 e+1
D (Z bll‘z> = Z Oéibiyl + Z ﬁibiyg. (91)
=1 i=1 =1

Since D € AID(g), there exist ¢;(b) € F for all € +2 < j < 2e + 1 such that

e+1 e+1 2e+1
D <Z bl.%l) = Zbi.Ti, Z Cj (b).%J
i=1 =1

j=e+2
e+1 ) 5 .
= beipe(D)yr + Y beirer1(b)ye. (92)
i=2 =1

We also have

e+1

b (Z bici+5+1(b)> = ZbiciJrg(b). (9.3)

Comparing coefficients of y; and ys in (9.1) and (9.2) and using (9.3), we find

that
e+1 e+1

DY B =) b’ =0,
i=1 i=1
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so that
e+1

*Oélb+z Bic1 — )b + Bey1b? = 0.

Since this holds for all b € ]F, we obtain oy = .11 = 0 and «; = §;_1 for all
2 <i < e+ 1. This means that AID(g) is contained in V', which is the subspace

2e+4+1 2e+4+1

D= aDi1+ Y BiDis€C(g)|fes1 =0,0i = B for 2<i <e+1}.
— -

Note that dim(V') = dim(C(g)) — (e +2) = 4e +2 — (¢ +2) = 3¢. Hence, we have
that dim(AID(g)) < 3¢ and we claim that there holds equality. More precisely,
we will show that each D;; for ¢ +2 < j < 2¢ is almost inner. Here we do not
consider Do 41,1 because it already coincides with the inner derivation ad(zs41),
S0 it is almost inner. Let

2e+1
T = Z a;x; + (biyr + bays)

be an element in g. If a; = 0, then D;1(z) = [z,0] = 0. Otherwise, we have
—a,
Dja(z) = —*[a, 2] = ajyn
Qg

for £ := max{j <k <2e+1|ay #0}. This shows that D;; is almost inner for
all € +2 < j < 2e. Consider the subspace W of AID(g) generated by all D;,
where we again take ¢ + 2 < j < 2¢. We claim that

W NInn(g) = 0.

So assume that D = Zj croiDj1 € WNInn(g) with D = ad(x) for some

T = Z%H kix;. We will show that a; =0 for all e +2 < j < 2e and k; = 0 for
all 1 <4 <2e+ 1. Because of

2e+1
0= D(xm) = ad xrn = lz k; xzvxm] = _ke+m+1y2 - ka—i—myl

for 2 <m < e, we have kcjo = -+ = ko1 = 0. It follows that
Aetm¥t = D(Teim)
= ad(z) (< ym)
=[kix1 4+ ket 1Tet1, Tetm)

= km—1y2 + ki1
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for all 2 < m < e+ 1, where we take as.41 = 0. Hence, a; = 0 for all
e+2<j<2andk; =0forall l <i<2¢+1and we have shown that
W NInn(g) = 0. We know that dim(Inn(g)) = 2¢ + 1 and dim(W) = ¢ — 1,
so that Inn(g) @ W is a 3e—dimensional subspace of AID(g). This implies
dim(AID(g)) > 3¢ and hence there holds equality. O

Remark 9.2.18. For a minimal index € = 0, the corresponding Lie algebra g is
just the abelian 3-dimensional Lie algebra (with basis {x1,y1,92}) over F. In
this case, Inn(g) = AID(g) = 0 holds.

Example 9.2.19. For € = 2, the canonical Lie algebra g of Lemma 9.2.17 is
isomorphic to the Lie algebra of Example 4.3.5 and Example 9.2.8. In all cases,
we have dim(Inn(g)) = 2¢ + 1 =5 and dim(AID(g)) = 3 = 6, which coincides
with the result of Example 4.3.5.

For the next lemma, let g be a 2—step nilpotent Lie algebra over an arbitrary
field F with basis {z1,...,Tn, Y1, -+, Ym,21,-- -, Zp}, Where [g,9] = (21,..., 2p).
Define Lie subalgebras by

O = (T1, ., Ty 215 -+ 2p)s

gy: <y17"'7ym7217--~,zp>.

Lemma 9.2.20. Let g be a 2-step nilpotent Lie algebra over a field F with the
above basis such that [z;,y;]) =0 for all1 < i <n and 1 < j < m. Then we
have

dim(AID(g)) = dim(AID(g,)) + dim(AID(g,)).

Proof. Let D € AID(g) and write e = © 4+ y + 2z, where © € (x1,...,Zn),
Yy € (Y1,---,Ym) and z € [g,g]. Then there are maps ¢p, : g — g, and
©p, : 8y — @y such that

D(e) =D(z+y+2) = [z.0p,(2)] + [y, 00, )] -

This means that Dy : g. — gz, * = D) _(z) € AID(g,) with determination
map ¢p, and Dy : g, — gy, y = D (y) € AID(g,) is determined by ¢p, .
Conversely, any almost inner derivation of g, or g, can be extended to an almost

inner derivation of g. O

Finally, we can state the main result of this section by combining the previous
lemmas. For clarity, we formulate this result as two separate theorems depending
on the type of field F we are considering. We only give a proof for the last
theorem in case F = R. The proof for the other case is similar.



136 TWO-STEP NILPOTENT LIE ALGEBRAS

Theorem 9.2.21. Let g be a 2—step nilpotent Lie algebra of genus 2 over an
algebraically closed field F of characteristic not 2 with minimal indices €1, . .., &g
and elementary divisors

(Oovel>7 CE (00768)’ (ala fl)v sy (ahft)

with a; € F for all 1 < j <t. Then we have

k t
dim(AID(g)) = dim(Inn(g)) + Z 1)+ 22 —1)+2) (fi—1).
Ej;élo =

Theorem 9.2.22. Let g be a 2—step nilpotent Lie algebra of genus 2 over R
with mintmal indices €1, ...,€ and elementary divisors

(00761)7 ) (00763)7 (a17f1)7 R (atvft)7 (ﬁhml)a DR (5})7mp)

with o € R and B =a, +b,i € C\R forall1 <j<landl<r <p. Then
we have

dim(AID(g)) = dim(Inn(g

Mk
OH

P
gj—1) +2Z —1) +2Z fe=1)44> mj.
j=1

Proof. We may assume that g is canonical with NV := k 4+ s+t + p blocks. We
will show the result by induction on N. For N = 1, the claim follows from
the previous lemmas. If we have a canonical Lie algebra g with N + 1 blocks,
we take a basis {z1,...,Zn, Y1, -, Ym, 21, 22}, where (21, 22) = [g, g] and where
{z1,...,2,} corresponds to the first N blocks and {y1,...,ym} to the last
block. Since we have [z;,y,;] =0 for all 1 <i<n and 1 < j < m, we can apply
Lemma 9.2.20 to show that the result holds for N + 1 blocks if it holds for N
blocks. O

We can apply these theorems to Example 9.2.6 with n = 4

Example 9.2.23. Let g be the Lie algebra over a field F with basis
{z1,...,24,91,y2} and Lie brackets defined by

[xlaxQ] =1, [.’El,xg] = Y2,
[3102,964] = Y2, [9637554] = —Y1.

Then for F = R, we have that det(uAd + AB) = (u? + A?)? = 0 if and only if
w=A=0, so that AID(g) = C(g) and dim(AID(g)) = 2 - dim(Inn(g)) = 8.
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However, when F is an algebraically closed field of characteristic not 2, there
are no minimal indices and two pair of elementary divisors, namely (¢, 1) and
(—a, 1), where a? = —1. It follows from Theorem 9.2.21 that AID(g) = Inn(g).
Denote ! for the number of different linear factors of det(uA + AB) over F, then
we have that

dim(AID(g)/Inn(g)) = deg(det(uA + AB)) — 21.

This corresponds to the observations at the end of Chapter 5.

9.3 Nonsingular Lie algebras

In Section 4.3, we already defined nonsingular Lie algebras as 2—step nilpotent
Lie algebras for which the determinant of the associated pencil only has the
trivial solution. Let g be a 2—step nilpotent Lie algebra over F. We fix a basis
{z1,. @Tn, Y1, Ym} of g, where {y1,...,ym} is a basis of [g,g]. When g is
nonsingular, we have that AID(g) = C(g) and

dim(AID(g)) = mdim(Inn(g)) = mn,

so the dimension of AID(g) is ‘as large as can be’. This makes nonsingular
Lie algebras interesting for the study of almost inner derivations. When F
is algebraically closed, then g is nonsingular if and only if it is a generalised
Heisenberg Lie algebra. This means that g is not nonsingular if m > 2. When
F is not algebraically closed, there also exist other nonsingular Lie algebras
with m > 2. However, it is not easy to find examples for large m € N. More
information and examples of real nonsingular Lie algebras can be found in [57].

Example 9.3.1. Consider the real Lie algebra with basis {x1, ..., 24, y1,¥2,¥3}
and given by

[3317952] = [9637964] = Y1,
[Il,fl}g] = [I47I2] = Y2,
[$1,£4] = [$27$3] = Y3-

The determinant of the corresponding matrix pencil

0 H1o p2 M3
0 pz —pe
—p2 —pz 0 1
—p3 p2 —p 0

det = (i + 15 + p13)?

implies that g is nonsingular over R. It follows from Corollary 4.3.9 that
dim(AID(g)) = 3dim(Inn(g)) = 12.
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In this section, we will give a way to construct a nonsingular Lie algebra of
genus 2, where dim(g/[g,g]) is arbitrary large. Therefore, we will partially
generalise the results from the previous section to 2-step nilpotent Lie algebras
of genus 2 over an arbitrary field F.

In the previous section, we assumed that ' = R or algebraically closed of
characteristic not two. We showed that every 2—step nilpotent Lie algebra of
genus 2 over F is isomorphic to a canonical Lie algebra (consisting of blocks on the
diagonal) with the same elementary divisors and minimal indices. Underneath,
the important steps for this result are discussed.

o Kronecker’s theorem states that matrix pencils are classified up to strict
equivalence by their elementary divisors and the minimal indices (see [32,
Volume II, page 40] and [34, Proposition 6.5]). This result holds for every
subfield of C.

o If two matrix pencils are strictly congruent over F, they are strictly
equivalent over F by definition. The converse is true when FF is algebraically
closed of characteristic not two (see [34, Proposition 6.1]) and when F = R
(see [56, Lemma 13.1] and [80, pages 345-347]).

e When two matrix pencils over an arbitrary field F are strictly congruent,
the corresponding Lie algebras are isomorphic (see Proposition 9.2.4).

The crucial step is to find for which fields strict equivalence and strict congruence
are the same. The difficulty is that the proofs from [56] and [80] use specific
properties of R or the fact that F is algebraically closed. Hence, the proofs
cannot be easily adapted for other fields and another strategy has to be found.

In this subsection, we will give a generalisation of the elementary divisors. This
will allow us to construct for an arbitrary field (which is not algebraically closed)
a Lie algebra of genus 2 which is nonsingular over F.

Take an arbitrary field F (of any characteristic) and consider a polynomial
p(r) = 2" + ¢p_12" 1 + -+ + 12 + ¢o which is irreducible over F. Denote

0o --- 0 —cg
1 —C1
Cp = : : € M, (F)

1 —Cn—1
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for the companion matrix of p(x). We define
0 Cp(:uv )‘)

Cpps A) pln,
T, = € Myn (Fu, A))

0 Cp(p, A)
Cp(psA)  pllyn

for m > 2 and
T = Cp(p, A) = AL, — puC,.

Proposition 9.3.2. Take m € N and let p(z) = 2" +c,_12" 1+ -+ 12+
be a monic irreducible polynomial over a field F. The elementary divisors of the
matrix pencil

MA + A\B = (_gm T(;m> S M2mn(F[M’)‘])
are (u"p(A/p))™, (W p(A/p)™.

Proof. 1t suffices to compute the Smith normal form of the matrix pencil A+ \B,
so we can take y = 1. By permuting the rows and columns of T},,, we obtain
the matrix

I, 0 C,p(1,\)
C,(1,)) I
Ty =
n 0
(LA 0

Note that the Smith normal forms of T, and Tm are the same. Since Tm is
Gaussian equivalent to the matrix

Hn 0 CP(17>\)
L, —(Cy(1,N)?
I
(=) G (1L, A)™

it suffices to compute the Smith normal form of C},(1, A\)™. It is a straightforward
proof by induction on m € Ny to show that this equals diag(1,...,1,p(A)™). O
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We will denote the pair of elementary divisors from the previous proposition as
(p.m).

Remark 9.3.3. This result generalises the elementary divisors from the previous
section.

e For p(z) = — a and m = f, we have (A — a)?, (A — a)/ and obtain the
matrix F(a, f).

o For p(x) = 22 + 1 over R, the matrix C(0,1,m) can be obtained from the
matrix of the proposition by permuting the rows.

Note that the results from 9.2.2 were only stated over R and over an algebraically
closed field of characteristic not two. However, the proofs also work over arbitrary
fields. In particular, consider a Lie algebra g over a field F such that there
are no minimal indices and such that the determinant of the corresponding
matrix pencil splits in distinct linear factors. It follows from Lemma 9.2.14 and
Lemma 9.2.20 that AID(g) = Inn(g). These observations imply the following
result.

Corollary 9.3.4. Let p(x) be a monic polynomial of degree n which is irreducible
over a field F1 and denote Fo for the splitting field of Fy. Let gr, be a canonical
Lie algebra over Fy with one pair of elementary divisors (p, m). Denote gg, for
the Lie algebra over Fo with the same Lie brackets.

o We have AID(gr,) = C(gr, ), so dim(AID(gr, )) = dim(Inn(gg, )) + 2mn.
o IfFy: Ty is separable, then AID(gr,) = Inn(gr,).

Using the results from the previous section, the statement for AID(gr,) can
be made more precise when we know the factorisation of p(z) over Fy. The
corollary illustrates two interesting features of almost inner derivations. On the
one hand, when a Lie algebra is considered over different fields (say F; C FFyp),
the difference between AID(gp,) and AID(gr,) can be arbitrary large. Over
F1, we have a nonsingular Lie algebra, for which dim(AID(gp,)) is in a sense
‘as large as possible’. When Fs : F; is separable, dim(AID(gp,) is ‘as small
as possible’, since the only almost inner derivations are the inner ones. On
the other hand, the dimension of AID(gg, )/Inn(gr,) can be an arbitrary large
(even) number. In the next section, we will give a family of Lie algebras {g, }»
for which dim(AID(g,)/Inn(g,)) = n.
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9.4 Lie algebras with arbitrary large AID(g)/Inn(g)

In the next chapters, we will have many negative results concerning the
existence of non-inner almost inner derivations. However, it is also possible to
construct infinite families of Lie algebras {g, }, such that AID(g,,)/Inn(g,) has
an arbitrarily large dimension n, for any given n € N. In the previous section,
we already showed examples of this phenomenon for Lie algebras of genus 2. In
this section, we do the same for another type of 2—step nilpotent Lie algebras.

Consider the following family of 2-step nilpotent Lie algebras g, of dimen-
sion 4n+2 over a general field F, with basis {¢1,t2, %14, Z2,4, Y14, Y2, | 1 <@ < n}
and non-zero Lie brackets

[tz =vis, [t o] =v2,  [t2, 224 = Y1,

for all 1 < i < n. We have g,, = F4" x F?, where F? is spanned by ¢, and ¢,
and F*" is the subspace spanned by {2,y | 1 <p <2and 1 <i<n}.

Proposition 9.4.1. For every n > 2, we have

dim(AID(g,)/Inn(g,)) = n.

Proof. Any element x of g,, can be uniquely written in the form
xr = a1t1 + a2t2 + v,

where oy, € F and v € F4" = (2,,;, y,; | 1 <p<2and 1 <i<n). Using
this notation, we define for any 1 < i < n a map

R - b 0 if a; =0,
o r=o Q v
¥D; 1 9n 7 Bn 1t 2l2 —%20y i+ w9, if @y #0.

Define
Di On = On 1T Dl(x) = [mval(m)]
If a; =0, then D;(aty + aote +v) = 0 = a1y2,;,. When oy # 0, we have that

Q
Di(aity + agte +v) = [a1t1 + aata + v, —072331,1‘ + 294
1

= —QoY1; + Q1Y2,; + Q2Y1,i
= Q1Y2,i-

Hence, D; : g, — g is a linear map having its image in the center of g,, and so
D; is a derivation. By construction, D; € AID(g,,).
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We claim that {D; + Inn(g,) | 1 < i < n} forms a basis of AID(g,,)/Inn(g,).
First, we will show that this is a linearly independent set. Assume that
S, BiD; € Inn(g,,), then

Zﬁz i = ad Oéltl + aits —|—U)

for some a1, 0 € F and v € F**. As Z?zl BiDi(z1,1) = 0, it follows that
0 = [a1t: + agta + v, 211] = Q1y1,1,

so that aq = 0. Analogously, the fact that >\ ; 3;D;(x2,1) = 0 leads to as = 0,
which means that >\, 3;D; = ad(v) with v € F*". This implies that

ZﬂzyZZ = Zﬂz U tl]
O—Zﬁz UtQ]

The second equation above shows that v has no component for xs; (with
1 <4 < n) and thus, [v,t;] = 0 holds. Using this in the first equation above
leadstoﬂl :52::5n:0

Next, we have to verify that the set is generating. Let D € AID(g,) be
determined by a map ¢p. We have to show that

i=1

for some (1, 32,...,0, € Fand = € g,. Many of the basis vectors turn out to
be fixed.

o Every basis vector which belongs to the center of g, is fixed.

o It follows from Lemma 4.2.3 that x; ; is fixed for all 1 < ¢ < n, since its
centraliser is of codimension 1 in g,.

o To see that ¢ is fixed, note that the basis vectors not belonging to Cy,, (t2)
are the vectors x5 ;, with 1 <4 <n. Take 1 < ¢ <n, then we can apply
Lemma 4.2.7 with e; = t2, e; = %2, ex, = ¥25, €1 = y1,; and e, = Y1 5.
This shows that ¢, (¢p(z2,:)) = ti,(pp(x2,4)), from which it follows that
t2 is fixed.
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e We now will show that ¢; is fixed as well. Take arbitrary 1 < ,5 < n.
We start with applying Lemma 4.2.7 with e; = 1, e; = z14, ex = 21,5,
e; = y1,; and ey, = yy ;. This gives us that

te, (pp(71,4)) = ti, (pp(21,5))

for all 1 < 4,7 < n. We apply the same Lemma 4.2.7 with e; = t1,
€j = T14, €k = T2,j, € = Y1,; and e, = Yo j, where we require that i # j.
We find that

te, (pp(21,4)) = te, (D (22,5))
for all 1 < i,57 < n with ¢ # j. Together with the above (and knowing
that n > 2), we can conclude that

te, (pp(71,4)) =ty (pp(21,5)) = t1, (P (T2,1))

for all 1 <1, 7, k <n, showing that t; is fixed.

This means that every basis vector is fixed, except for zg;, where 1 <1i < n.
We apply Lemma 4.2.5 for every fixed basis vector and change D up to an
inner derivation each time. Let x be a basis vector, then we may assume that
op(x) = > Bi(x)xe,;, where B;i(xz) € F for all 1 < ¢ < n. We change D
to D + ad(pp(tz)). In this way, we may suppose that ¢p(t2) = 0 and also
D(ty) = [t2,¢p(t2)] = 0. Take x € {zpi,ypi | 1 <p < 2and 1 <i<n}, then
we also have

D(z) = [z, ¢p(x)] = [%Zﬁi(ﬂﬁ)xm} = 0.

Finally, it follows that

D(t1) = [t1, ep(t1)] = [t1, > Bi(t)wa] = > Bi(t1)ya..
i=1 i=1

As a conclusion, we find that, after changing D up to an inner derivation, we
obtain

D= Bi(t1)D;.
=1

This shows that the set {D; + Inn(g,) | 1 < ¢ < n} forms a basis of
AID(g,,)/Inn(g,). O

Remark 9.4.2. For n = 1 the basis vector ¢; is not fixed. Then the algebra
g1 of the above family has 2-dimensional commutator Lie algebra, so we can
compute the almost inner derivations with the techniques from Section 9.2. For
this algebra, it turns out that dim(AID(g;)/Inn(gr)) = 2.






Chapter 10

Filiform Lie algebras

Last chapter, we studied two-step nilpotent Lie algebras, which are (after the
abelian ones) the ‘most’ nilpotent Lie algebras. This chapter is devoted to
filiform Lie algebras. These are considered to be the ‘least’ nilpotent ones. Since
we work with nilpotent Lie algebras, we can assume that the dimension is at
least three. The following result is well-known.

Theorem 10.0.1. Let g be an n—dimensional filiform Lie algebras over a field F,
then there exists an adapted basis B = {e1,...,e,} such that

le1, ei] = €it1, 2<i<n-—1,
[6i,€j]€<€i+j,...,6n>, 4<i+j<mn,
[eivt,en_i] = (=1) e, 1<i<n-2.

The undefined Lie brackets are zero. Moreover, a € F is zero when n is odd.

The above result also implies that dim(Inn(g)) = n — 1 holds. In this chapter,
we will study the almost inner derivations for different types of filiform Lie
algebras. The first section is about metabelian filiform Lie algebras, where we
obtain a complete result. This also includes the classes L,, and R,, discussed in
[42]. In the following section, we determine the almost inner derivations for the
classes @Q,, and W, discussed in the same reference. Note that the notation is
different from the one in [42], where the Lie algebras with subscript ‘,” have
dimension n + 1 and where the adapted basis is denoted as {eg,...,e,}. The
last section of this chapter contains computations for a class of filiform Lie
algebras where all derivations are almost inner (but not all inner). These Lie

145
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algebras were also studied in [10] for a different purpose. Most of the results
from this chapter already appeared in [7] and [8]. However, the statements
from [7] were formulated for complex Lie algebras, whereas they are valid for
Lie algebras over a general field. We will specify at the start of each section
over which field F we work. Therefore, we will not mention the fields in the
definitions and results when it is not really necessary.

10.1 Metabelian filiform Lie algebras

In this section, we will study the almost inner derivations for the filiform Lie
algebras which are also two-step solvable. It turns out that the adapted basis for
metabelian filiform Lie algebras can be described in an easy way. We consider
a general field F (over an arbitrary characteristic).

Definition 10.1.1 (Standard graded filiform Lie algebra). Consider f,, the
n—dimensional Lie algebra with basis B = {es,...,e,} and Lie brackets defined
by

le1, €] =e€ir1, 2<i<n-—1.

The Lie algebra f, is called the ‘standard graded filiform Lie algebra’ of
dimension n.

This is the standard and most easy example of a filiform Lie algebra. The
smallest example is the Heisenberg Lie algebra f3 = h3(F). In [42], the Lie
algebra f,, is denoted as L,,_.

Proposition 10.1.2. Let n > 3 and denote f,, for the standard graded filiform
nilpotent Lie algebra of dimension n, then AID(f,) = Inn(f,) holds.

Proof. The Lie algebra f, has a basis {e1,...,e,} for which the non-zero Lie
brackets are given by [e1, €;] = €;41, where 2 < i < n—1. Let D € AID(f,) be an
arbitrary almost inner derivation determined by ¢p. Lemma 4.2.3 implies that
the basis vector e; is fixed for all 2 <4 < n — 1. Take arbitrary 2 < j,k <n—1
with j # k. We have

[ej, e1] + €541 € j1,k41

ek e1] + ert1 € i1 k41

lej,01] € gj+1k+1

ek, 91] € gj+1,k+1-
It follows from Lemma 4.2.7 that t1(pp(e;)) = t1(pp(ex)). Since j and k were
arbitrary, we find that e; is fixed as well. Corollary 4.2.6 yields that D is inner,
which concludes the proof. O
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For other metabelian filiform Lie algebras, this result does not hold. For instance,
we studied in Example 4.1.6 a metabelian filiform nilpotent Lie algebra g with
dim(AID(g)) = dim(Inn(g)) 4+ 1. It turns out that this example generalises to
all metabelian filiform Lie algebras of dimension n > 5 which are not standard
graded. We will look at the adapted basis for metabelian filiform Lie algebras
in more detail.

Proposition 10.1.3 ([5]). Let g be a metabelian filiform Lie algebra g over
a field F. Suppose that g has dimension n > 3, then it has an ‘adapted basis’
B=/{e1,...,en} such that

le1, €] = eir1, 1<i<n-1,

le2,ej] = agseayj+ ...+ aopn_jysen, 3<j<n—2,

lex,e] =0, 3<k,1<n,
with structure constants {ag; € F |5 < j <n}.
Clearly g = §,, holds if and only if all structure constants as ; (with 5 < j <n)
are zero. The second set of equations only defines non-zero brackets if n > 5.

Hence, if the dimension is at most 4, all metabelian filiform Lie algebras are
standard graded.

Example 10.1.4. The Lie algebra R,_; (for n > 5) from [42] has an adapted
basis {e1,...,e,} and is defined by the Lie brackets

ler, €] =e€ip1, 2<i<n-—1,
[e2,er] = €pra, 3<k<n-—2.
This is a metabelian filiform Lie algebra with ass = 1 and where all other

structure constants ag ; (with 6 < j < n) are zero.

With the aid of this adapted basis, it is possible to prove a general result
concerning the almost inner derivations of metabelian filiform Lie algebras.
First, we need the following lemma.

Lemma 10.1.5. Let g,, be a metabelian filiform Lie algebra of dimensionn > 3
with adapted basis B. Suppose that D € AID(g,), then there exist © € g and
A € F such that

D — ad(x) = )\Emg.

Proof. We proceed by induction on the dimension n of g.
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o Basis step: If n < 5, then g, is a standard filiform Lie algebra and all

almost inner derivations are inner by Proposition 10.1.2. The result holds
with A = 0.

Induction step: Assume that n > 5 and that the lemma is valid
for metabelian filiform Lie algebras of smaller dimensions (induction
hypothesis). Consider the adapted basis for g,. Let D € AID(g,) be
an arbitrary almost inner derivation. Then D induces an almost inner
derivation D on g,/(e,) = g,_1. We may assume by the induction
hypothesis that, after changing D up to an inner derivation, we have
D = uEy,_12 for some p € F. This implies that D(e1) = ae, for
some a € F. We replace D with D’ = D + ad(ae,,—1). Then we have
D'(e1) = D(e1) + [aen—1,€1] = 0 and

D'(e;) = D(e;) + [aen—1,€;] = D(e;)
for all 2 < i <n. In particular, this means that
D'(e3) = D(e3) = pen_1 + Nen
for some pu, A € F. It follows that
D'(e3) = D'([e1, e2]) = [D'(e1), e2] + [e1, D'(e2)] = pen,
D'(e4) = D'([e1, e3]) = [D'(e1), es] + [e1, D'(es)] = 0

and analogously D’(e;) = 0 for 5 < i < n. To finish the proof, we have to
show that p = 0.

Suppose that g # 0. Since we have D’(e3) = ue,, and D’ € AID(g), there
must exist an element Y . ae; € g with [>" | a;e;, e3] = pe,. This
leads to the equation

areq + asles, €3] = pen,
which expands to
areq + az(agses + a6 + -+ Qo pen) = pey.
Since we assume that g # 0, this implies
Qo5 =026 =""=0a,_1=0.
As a conclusion thus far, we have found that when p # 0, then
[e2, €3] = az nen,

[62, ei] =0
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for all 4 < ¢ < n. There also exists an element Y. | bje; € g with
D'(e2) = [>_i, biei, e2]. This leads to the equation

Hen_1+ Ae, = biez — bzag nen.

This equation does not have a solution, because we suppose that pu # 0.
Hence, we obtain a contradiction and p = 0, which was to be shown.

¢ Conclusion: By the principle of induction, the statement follows from the
basis and induction step. O

The lemma now easily implies the following result.

Proposition 10.1.6. Let g, be a metabelian filiform Lie algebra of dimen-
ston n > 5 with adapted basis B. If g,, is different from f,, then

AID(g) = CAID(g) = Inn(g) & (En2).

Proof. We only have to show that D = E, 5 is an almost inner derivation.
It is clear that it is a derivation, so we will only show that D satisfies the
almost inner condition. Take an arbitrary z = > | x;e; € g. If 21 # 0, then
D(z) = z2en = [z, 2€5—1]. Otherwise, we have x1 = 0. Since g is not the
standard graded algebra f,, there exists a minimal index 7 with 5 < ¢ < n such
that ag; # 0. Then, for k =n —i+ 3 > 3 we have D(z) = z2e,, = [z, ﬁek].

Hence D(x) € [z,g] for all z € g and this concludes the proof. O

This result does not hold for filiform Lie algebras in general. We will show this
in the next sections by computing the almost inner derivations for different
classes of filiform Lie algebras.

10.2 Other filiform Lie algebras

In this section, we determine the almost inner derivations for the classes @),, and
W, of filiform nilpotent Lie algebras discussed in [42, Chapter 4]. Note that we
work with a different notation than in [42] for the adapted basis. Throughout
this section, we consider a field F of characteristic zero.

Definition 10.2.1 (Lie algebra @,). Let n > 6 be even. The Lie algebra Q,
is defined by the Lie brackets

[el,ei]:eiH, 2§i§n—1,

[ejsen—jt1] = (1) en, 2<5 <

|3
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Let z = Y"1 | z;¢; € Qy. Define linear maps in End(Q,,) by

to(z) = o€y,

n—1
t1(x) = z1€1 + 160 + Z(z —2)zie; + (n — 3)xnen,
i=3
n—1
ta(x) = —a1e2 + Y Ti€; + 2Tpen,
i=2

n+1—2s n
hS(ZL') = Z Ti€i—142s) 2 § S S 5 —1.
=2

A computation shows that these linear maps are derivations of ,,. We have
the following result, see [42].

Proposition 10.2.2. Let n > 6 be even, then a basis of Der(Q,,) is given by
{ad(el), ey ad(en,l),to,tl,tg, hg, hg, ey hgfl}.

This shows that dimDer(Q,) = 2. Note that there is a mistake in the
formulation and proof in [42], since the map ¢ is not taken into account,
although it is a derivation. It corresponds with the map d,_s of the proof,
which is not zero as is claimed there. It turns out that every almost inner

derivation of @,, is inner.

Proposition 10.2.3. Let n > 6 be even, then AID(Q,) = Inn(Q,,) holds.

Proof. Take an arbitrary D € (to,t1,t2,hs | 2 < s < & — 1), then there exist
values g, a1, v, B (with 2 <5 < § — 1) such that

n_q
2
D = aptg + anty + aoty + Z Bshs.
s=2

Suppose that D € AID(Q,,). For z = Y_" | x;e; € Q,, we have

n—1

[81 + ea, J)] = (.TQ — 331)63 + Z Xi_1€;.
1=4

Since D(ej + e3) = age, + ag(er + e2) + ng:_?l Bse2s11, we must have that
ap — 1 = 0.
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Moreover, D(es) = ages + Zi}l Bseas+1, but [e2, Q] = (es3, e,), which means
that ap = B, = 0 (for all 2 < s < § —1). Hence, the only almost inner derivation
in (to,t1,t2,hs [2<s5< 5 —1)is D=0. O

Definition 10.2.4 (Witt Lie algebra). The Witt Lie algebra W,, for n > 5 is
defined by the Lie brackets

[e1, 5] = €i41, 2<i<n-—1,
6(j —1) . _n—1 . . ,
[ehej]:ﬁeiﬂ, 2<1< andi+1<j<n-—1.

The Witt algebra W,, also has a basis {fi, ..., f,} which is not adapted and
where the non-zero Lie brackets are [f;, f;] = (j —¢)fi4; for 1 < i+ j < n.
However, in what follows, we will use the adapted one. Suppose that n > 6 and
take z = Y " | wie; € W,,. Define linear maps in End(W,,) by

ti(z) = xoen,
to(z) = woen_1 + x3€4,

t3(x) = r2en_2 + x3€n_1 + T4€p,

h(z) = Zixiei.
i=1
These linear maps are derivations of W,,. Moreover, we have the following result,
see [42].
Proposition 10.2.5. Let n > 6. Then {ad(e;),...,ad(en—1),t1,%2,t3,h} is a
basis of Der(W,).

This result does not hold for W, as we already computed in Example 4.1.6. From
this proposition, we can compute the Lie algebra of almost inner derivations. It
turns out that the dimension of AID(W,,) depends on the value of n.

Proposition 10.2.6. Take n > 5 and consider the Witt Lie algebra W, .

e For5 <n <6, we have AID(W,,) = Inn(W,,) & (t1).
o If7<n <8, then AID(W,,) = Inn(W,,) ® (t1,t2).
e When n > 9, we have AID(W,,) = Inn(W,,) ® (t1, 2, t3).
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Proof. For all 2 < i < j < n —1i, we will write [e;,e;] = ¢; jei4; for the
coefficients appearing in the Lie brackets of W,,. For other values of i and
J, the coeflicient ¢; ; is not defined. The proof consists of different steps. In
the first part, we will specify the determination maps ¢y, for 1 <i¢ < 3. Let
z =Y xie; € W,. It suffices to show that t;(x) = [z, ¢, (z)].

o Define a map ¢y, : W,, — W, by
o1, (z) = {ﬁen_l oo
t1 -

1 : _
oo 3 En—2 if z;1 = 0.

Here n —2 > 3 in ¢y ,—9 since n > 5. When z; # 0, it follows that

x
;2[51”7 en—1] = T2le1, en—1] = x2ey = ti(x).
1
For z1 = 0, we have 02171%2 [, en—2] = czfiz [e2, en—_2] = xae, = t1(x).

e For n > 7, we define a map ¢y, : W,, = W, by

2
Con—_2T .
i? €n—2 + (Z? - 217;22 2 )enfl lf 1o 7é 07
1
_ 1 (c2,n—3—C3,n—3)T3 .
xXr) = > 2 =
Spt?( ) €2,n—3 en—3+ C2,n—2€2,n—3%2 €n—2 if T 0 and T2 7& 0’
1 3 _ —
ol if 1 =29 = 0.

This is well-defined for the coefficients ¢; ;, since n > 7. For z; # 0, we
have

3 3
[, 01, ()] = x2le1, en—2] + (Is - C2,n—2x> [er, en—1] + —=[e2, en—2]
1 1

2 2
Ty T3
= X2en_1+ T3y —Co2p—2—€n +Con-2—€n
1 T
= tg(l‘).
When x; = 0 and z2 # 0, we have
T2 C2n—3 — C3,n—3
[Ji, Pto (JJ)] = [627 €n73] + €3 [eZa €n—2
C2.n—3 C2n—-2C2.n-3
x3
+ le3, en—3]
C2n—3
C2n—3 — C3,n—3 C3.n—3
= Tg€p_1 + X3 ( + €n
C2n—3 C2n—3

= tQ(:L‘).
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Finally, if 1 = x5 = 0, then

1 xr3
——[z,en—3] =
C3,n—3 C3,n—3

[e3, en—s] = z3€5 = ta(x).

o For n > 9, we define a map ¢, : W,, = W, by
pi(x) if z1 #0,

() p2(x) if zy =0 and z9 # 0,
Ptz L) = .
p3(z) ifxy =z =0and x3 #0,
pa(z) ifaxg =29 =23=0,
with
22 T3  C2,n—3T3
pl(x) = —€p-3 — = 3 €n—2
I I 1
3
s (Cop—2 +C3n—3)T2T3 = C27—2C2n—3T5
- = 2 + 3 €n—1,
T x5 x3
1 (can—4 — C3n—a)T3
p2(r) = ——en_s + €n—3
C2,n—4 C2,n—3C2 n—4T2
2
(CQ,n—4 - C4,n—4)964 (CQ,n—4 - C3,n—4)C3,n—31‘3
+ — D) €n—2,
C2.n—2C2 n—4T2 C2 n—2C2,n—-3C2 n—4T5
(C3,n—4 — Can—a)T4
pg(ﬂ?) = ——€npn—4 + €n—3,
C3n—4 C3n—3C3,n—47T3
1
pa(a) = ——en_s.
Cin—4a

Since n > 9, all coefficients ¢; ; > 0 are well-defined and hence also the
determination map ¢;,. We will check that t3(x) = [z, ¢4, (x)] holds for
all x € g. For 1 # 0, we have that
22
[z, p1(x)] = xaler, en—s| + x3ler, en—a] — CQ,n—Sﬁ[ela en—2]

T2X3
+ zaler, en1] — (c2n—2 + C3,n—3) - le1, en—1]
1
3 2

T T
+ Cop—2- C2,n—3%[el7 en—1] + *2[627 en—3]

Ty T

3
T3 x ToXs3

[e2, en—_2] — C2,n—3%[627 en—2] + les, €n—3].

T xrq T
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The Lie brackets of g imply that

a3
[z, p1(z)] = 22ep 2 + X360 1 + (—C2n—3 + cZ,n—3);en—1 + z4€p
1
T2X3
- (—Can—2 — C3.n—3 + Can—2 + C3n—3)€n
1
a3
+ P(Cz,n—2 *C2n—3 — C2n—2" Cz,n—e.)@n
1

= T26p_2 + T3€n_1 + T4€n,
so [z, p1(z)] = t3(x) in this case. If 1 = 0 and 3 # 0, then

1 Cop—4 — C3.m—
[, pa(2)] = ———alen, en_a] + —mTt 202

T3 [62 ) €n—3]
C2n—4 C2n—-3 C2n—4

Con—4 — C4n—4
+ —————uyles, en_2]

C2n—2°'C2n—-4

— . 2
o (62711—4 C3,n—4) C3,n—3 E[e% en—Q}
Con—2°"Cn-3'Cn-a T2

1 Con—4 — C3n—4 T3
;N— ;N — 3
+ €3 [63, en—4] + — 7[633 €n—3
C2n—4 Can—3 C2n—4 T2
T4
+ ———[e4, €4
C2n—4

C2n—4 — C3n—4 C3.n—4
=Xobp_o9t+ar3| — — | eén—1

C2,n—3° C2an—4a C2n—4

Coan—4 — C4n—4 Con—4
+ T4 (’ > Con—2+—— |eéen
C2n—2°'C2n—4 Con—4a

_|_

xj (_ (CQ,n—4 - C3,n—4) +C3,n—3

x2 C2n—2°'C2n-3'C2n-1

C2n—4 — C3n—4
+ C3n—-3 | €n
C2n—3 " C2n—4

= X2en_2 + Tzep_1 + T4€y

= t3(1‘).
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When z7 = 29 = 0 and z3 # 0, then

C3,n—4 — C4n—4 T4

[z, p3(2)] = [z, en—a+ en—3]
C3.n—4 C3n—3 ' C3n—4 T3

1 C3n—4 — Cap—4
= x3les, ep_a) + ————————w4les, €,_3]

C3.n—4 C3.n—3 ' C3n—1a

1
+ x4leq, €n—4]
C3n—4

C3,n—4 C3,n—4 — C4n—4 Can—4a
= - T3€n—1 + 24 + €n

C3.n—4 C3n—4 C3.n—4

= T3ep—1 + T4€n
= tg(l')
For 1 = x5 = 3 = 0, we have

1 T4 Can—4a
—— 7, en—a] = lea, en_a] = ———
Con—4 Ca.n—4a Can—4a

Taen = Taey = t3(x).

This finishes the first part of the proof. In the remainder, we will show that the
above maps and the inner derivations indeed generate AID(W,,).

e Suppose that 5 < n < 6, then W,, = R,, is metabelian filiform. The result
now follows from Proposition 10.1.6.

e Assume that 7 < n < 8 and take a derivation D = ah + btz for a,b € F.
Suppose that D is almost inner. We find that D(e;) = ae;y. Since we have
that [e1, W,] = (ea, ..., ey), this shows that a = 0. Further, when n = 7,
we see that D(e3) = beg. Since [e3, Wr] = (eq4, €5, e7), we must have that
b = 0. Similarly, for n = 8, we have D(es) = beg, but eg ¢ [eq, Wg]. In
both cases, we find that D is almost inner if and only if a = b = 0.

e Take arbitrary n > 9. The derivation h does not satisfy the almost inner
condition, since h(e1) = e1 & [e1, W]

The claim now follows from Proposition 10.2.5 and this finishes the proof. [
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10.3 Lie algebras for which all derivations are
almost inner

Throughout this thesis, one of the research questions is to see which of the
inclusions in the chain Inn(g) € CAID(g) C AID(g) C Der(g) are actually
equalities. We already considered various possibilities. For many Lie algebras,
the only almost inner derivations are the inner ones. However, it is a lot more
difficult to have examples of Lie algebras where the opposite happens, namely
that all derivations are almost inner. In Chapter 8, we studied examples of
solvable and non-nilpotent Lie algebras where this is the case, but this is only
valid over some specific fields. In this section, we will give an example of a
nilpotent Lie algebra where the same holds. We consider in this section a field F
of characteristic zero.

Let g be a nilpotent Lie algebra. Proposition 4.1.8 implies that AID(g) is
nilpotent and all D € AID(g) are nilpotent. Hence, a necessary condition is to
have a Lie algebra for which all derivations are nilpotent. In [10], the authors
introduced a family of filiform nilpotent Lie algebras f, for n > 13. They are
closely related to the Witt algebras W,,. The Lie brackets are defined as follows:

le1, €] = eiv1,

A==

j—i—4—-1
lei,e5] = Z (—1)£< / )ai+e,rj+i+2z+1 er,

r=1 £=0

where 2 < i <n—1and i < j <n. The parameters oy s for 1 < k,s < n are
zero except for

3 n—1
Q201 = ey 2SS,
() (¢=))
Q3 n—4 = 1,
1 10(n—=7 -8
gy = L W0 =T)(n )7
' 7 1(n—4)(n—2>5)
22105 e, _
iy, = { 15246 if n =13,
"o ifn > 14,



LIE ALGEBRAS FOR WHICH ALL DERIVATIONS ARE ALMOST INNER 157

and

1 70(n — 8) 25 (n —6)(n—"T)(n—28)
Qs npn = = — “a

42 11(n—-2)(n—=3)(n—4)(n—=5) 99 (n—2)(n—3)(n—4)

_’_E(n—S)(n—G)_ 65 (n—"7)(n—28)
66 (n—2)(n—3) 1386 (n—4)(n—5)

In [10], it was proven that these Lie brackets satisfy the Jacobi identity, so f, is
a Lie algebra for all n > 13. Since many parameters vanish, the definition of
the Lie brackets can be eased. For convenience, we consider the case n = 13
separately.

Lemma 10.3.1. Let f, (with n > 14) be the Lie algebra over a field F with
basis {e1,...,en} as above. Then we have that

[6176i]:6i+1, QSZS’H—].,
[ei,ej] = C;,j€i+; + dﬁjei+j+n_11, 2<1 <jJ and 1435 < 11,
where the coefficients
6(j — %)
S j+i—2
.](.7 - 1)<]ii2 )
are the same as for the Witt Lie algebras Wy,. Further, the values dj'; are
defined as

Cij =

) (j—k—1
dij= ) (—1)]’3—1( ki )ak,2k+n10

k=1
when 2 <i<jand7<i4+j <11 and zero otherwise.

Proof. Denote cfj for the structure constants of §,, so 1 < 4,5,k < n. By
rewriting the Lie brackets from above, we find for all 2 <i < j < n that

Lj

1

[ei’ ej] = Z

r=1

] o
—t—1-1
(_1)l (j I >ai+l,r—(j—i—1)+2l Er

é_
=0

=

|22

r=1 k=1

_ifi—k—-1
(—1)k ( i )ak,2k+1+r—(z’+j) er.
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The definition of the parameters aj,s (with 1 < k,s < n) imply that ¢f; =0,
unless forr=i+j (ifi+j<n)andr=n+i+j—11 (if 7<i+j <11). We
obtain that

LJ+;—1J .
I N S ML
o= X o e

for all 2 <4 < j with i4+j < n. The result now follows from the Pfaff-Saalschiitz
sum formula, see [10]. This concludes the proof. O

When n = 13, the Lie brackets are the same, but with one exception, since
oy13 #0. For 2 <i<4andi+j=09, we find that

[61', ej] = Cj,j€9 + d}f}eu + (—1)1.0[4713613.
Take n > 13 and consider the maps ¢; : f, — f, (with 1 <4 < 3), where
x =", x;e; is mapped to
t1(x) = zoey,

ta(r) = xo€n—1 + 360,

t3(x) = Toen_o + T3€H_1 + T4€y.

These maps generate, together with the inner derivations, the derivation algebra
of fy,.

Proposition 10.3.2. Consider n > 13, then a basis for Der(f,) is given by
B ={ad(e1),...,ad(e,—1),t1,t2,t3}.

Proof. With the Lie brackets from Lemma 10.3.1, it is easy to see that tq, ¢
and t3 belong to Der(f,) for all n > 13. Moreover, a calculation (by hand or
with a computer) shows that all elements of B are linearly independent.

Let D € Der(f,) be an arbitrary derivation. It suffices to show that there exist
x € f, and A\, u, 0 € F such that D + ad(z) = Aty + pte + ots. We will prove
this by induction on the dimension n.

o Basis step: A direct computation shows that the result holds for n = 13.

e Induction step: Take n > 14 and suppose that the statement is true for
n — 1 (induction hypothesis). Let D € Der(f,) be a derivation, then D
induces a derivation D on §,/(e,) = f,_1. By the induction hypothesis,
we can assume that, after changing D up to an inner derivation,

D=upE, 12+0(Epn 25+ FEn_13)+7(En_32+FEn_23+FEn_14),
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with p, 0,7 € F. Then we have that D(e;) = ae,,, where a € F. Replace
D by D' := D+ad(ae,—1), then we have D'(e1) = D(e1)+[aen—1,€1] =0
and
D'(e;) = D(e;) + [aen—_1, ;] = D(e;)
for all 2 < ¢ < n. In particular, we find that
D'(ez) = D(e2) = Ten_3 + 0€n_2 + pi€n_1 + Aep,

where also A € F. Since [e1,e;] = ;41 for all 2 < i < n — 1, this implies

D'(e3) = [D'(e1),e2] + [e1, D' (e2)] = Ten—2 + 0€pn_1 + pien,

D'(es) = [D'(e1), es] + [e1, D'(es)] = Ten—1 + oen,

D'(e5) = [D'(e1),eq] + [e1, D' (e4)] = Ten

and D'(e;) = 0 for 6 <14 < n. To finish the proof, we have to show that
7 = 0. Assume that 7 # 0, then the map

n
D:fp—=fnix= E Ti€; — Toen—3 + T3€n_2 + Tg€pn—1 + Ts€y

i=1

has to be a derivation. However, we have that D([eg, es]) = D(e5) = ey,
but

[D(e2), es] + [e2, D(es)] = [en—3, €3] + [e2, €n—2]
= (—C3,n—3 + C2.n—2)€n.
This gives a contradiction, since

6(n? — 9n + 22)
n—2)(n—3)(n—4)

#1

C2n—2 — C3n—3 = (

for all n > 13. Hence, we have 7 = 0, which means that
D' = D +ad(x) = My + uts + ots.
This concludes the proof.

e Conclusion: By the principle of mathematical induction, it follows from the
basis and induction step that Der(f,) = (ad(e1),...,ad(e,—1),t1,t2,t3)
for all n > 13. O
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We will show that for the Lie algebras f, (with n > 13), all derivations are
almost inner.

Proposition 10.3.3. For all n > 13, we have Inn(f,) # AID(f,) = Der(f,).

Proof. Tt suffices to show that t1,¢s and t3 are almost inner derivations for all
n > 13. In Proposition 10.2.6, we showed that if n > 9, then t1,t5 and t3 are
almost inner for the Witt algebra W, by giving the determination maps ¢,
with 1 <4 < 3. In the proof, we only used the Lie brackets

[ela ek] = €k+1,
e ej] = cijjeirs

for2<k<n—-land2<i<4andn—4<j<n-—i Hence, when n > 14, we
can use the same determination maps ¢y, , ¢, and ¢y, as in Proposition 10.2.6.
When n = 13, the maps ¢, and ¢, are still valid. However, to show that t3
is almost inner, we need another map since c%f)’g # 0. Consider ¢}, : fi3 — fi3,

13 .
where z = )".” | x;e; is mapped to

2
12 3 22105 | 3802y _ 4 T3 TN
{ = (69 + 2 610) + ( 5070 T 180 oo — 27 x;) e;1  ifxy =0and z3 #0,

1, () otherwise.

Suppose that 1 = 0 # x9, then we have that

) 12 7 4421 12 8
[z, i, (2)] = 7332 5611 - @613 + - B$3812

27 (22105 380 4 a2 L2
— To+—-Ta—75— |¢€ T3/ * ==¢€
55\ 2079 2 189"t 274, ) TR T2
12 7 23 N 12 1
—_— - —— €
7 1653y YT 132

12 8 12 1
= T2€11 + T3 7T5+7?0 €12

L (12 4421 27 22105
7 1452 ' 55 2079 ) 213

(2412 T a2 (27 380 12
— 0 e— —_— —— 76 —_— — — .’E 6
55 27 ' 7 165) xo ' \55 189 ' 7-132) 43

= X2€e11 + T3e12 + T4€13.



Chapter 11

Free nilpotent Lie algebras

In the last two chapters, we studied two different classes of nilpotent Lie algebras.
First, we computed the almost inner derivations for the ‘most’ (non-abelian)
nilpotent Lie algebras. Chapter 10 was about filiform Lie algebras, the so-called
‘least’ nilpotent Lie algebras. In this chapter, we will consider the free nilpotent
Lie algebras, a type of nilpotent Lie algebras where all nilindices can occur.
First, the notion of a free Lie algebra is explained and a suitable basis is worked
out. Further, we compute the almost inner derivations for different free nilpotent
Lie algebras. The results of Section 11.3 and Section 11.4 already appeared in
[7], whereas the last section comes from [8]. In each section, we will specify over
which field F we work.

11.1 Background

In this section, we will explain the concept of free (nilpotent) Lie algebras
which are finitely generated. Therefore, we will make use of the Hall basis. We
consider a general field F.

Definition 11.1.1 (Free Lie algebra). Let X be a finite set with r elements.
Let f be a Lie algebra and i : X — § a map of sets. The Lie algebra f is free on
X if for every Lie algebra g with a map of sets f : X — g, there is a unique Lie
algebra morphism ¢ : f — g with f = poi.

For every finite set X, there is a unique free Lie algebra generated by X. This

Lie algebra has r := | X| generators and is denoted with f,.. A free Lie algebra
on r generators is also called to be of rank r. More intuitively, one can think

161
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of f, as the Lie algebra generated by r elements x1,...,z, such that the only
relations are the ones due to the skew-symmetry and the Jacobi-identity. When
r = 1, we have the 1-dimensional (abelian) Lie algebra, so we assume from now
on that » > 1.

A basis for f, as a vector space consists of more than r elements. Indeed, we
have for instance that [z1, 23] € f, is an element of the Lie algebra, but it is
not spanned by 1, ...,x,. We will now introduce the Hall set, an ordered set
which can be used as an explicit basis for the free Lie algebra.

Definition 11.1.2 (Hall set). Let f, be a free Lie algebra on r generators. A
totally ordered set H := H,, is called a Hall set for f, when it satisfies
the following conditions.

n€Np

o We have Hy := {z1,22,...,2,}, where the order is 1 < 22 < -+ < Zy.

e Take n > 2 and suppose that Hy is defined for all 1 < k < n and that
there is a total order imposed on (J;—; Hy.

o We define H,, as the set of all elements [z, y], where x € Hy and y € H,

such that
—k+l=n,
— x <yand

— when there exist y1 € H;, and yo2 € H;, (for l1,ls € Ny) such that
Y = [y1,y2], then y; < .

Choose a total order on H,.

o We have a total order on | J;_, Hy by requiring for all i < j that z <y
when z € H; and y € H;.

Marshall Hall introduced these Hall sets ([44]), based on work of Philip Hall
on groups ([45]). Note that this Hall set depends on the choice of ordering we
impose on the different sets Hy, with k£ > 1.

Example 11.1.3. The elements of Hy are of the form
Yij = [z, xj], where 1<i<j<r.
The elements of H3 are of the form
Zigk o= (20, [z, 2], with 1<j<k<r and 1<j<i<r

The elements of Hy depend on the ordering on Hs.



BACKGROUND 163

When i < j < k, then
(26, yjk] = [, [25, 2]
= [z, [z, ar]] = [on, [26, 75]]
= Zjik — Zkyij
holds by the Jacobi identity. Hence, there is no need to add [z;, [z}, zk]] to

Hj, since it can be expressed as a linear combination of other basis elements
(namely z;; , and zg; ;).

It turns out that the Hall set can be used as a basis for a free Lie algebra.

Theorem 11.1.4. Let f, be a free Lie algebra on r generators. A Hall set for
fr defines a basis for f,.

Proof. A proof of this fact is given in for instance [18, Chapter 7]. O

Thus, the Hall set H for f, is a totally ordered basis for f,., constructed inductively
as a union H := UneN0 H,,, where H,, consists of n—fold Lie brackets. This
basis has infinitely many elements. We define a free nilpotent Lie algebra as a
quotient of a free Lie algebra.

Definition 11.1.5 (Free c—step nilpotent Lie algebra). Let X be a finite set
with r elements. Let f. be a Lie algebra and 7 : X — f. a map of sets. The
Lie algebra f. is free c—step nilpotent on X if for every c—step nilpotent Lie
algebra g with a map of sets f : X — g, there is a unique Lie algebra morphism
@i fe—=gwith f=¢oi.

For every finite set X and every ¢ > 2, there is a unique free c—step nilpotent
Lie algebra generated by X. This Lie algebra has r := |X| generators and is
denoted with f, .. Note that §, . can be obtained as the quotient

= 7‘}7‘
Yet1(fr) .

In this construction, we consider the free Lie algebra f,., where all (¢+1)—fold Lie
brackets vanish. Hence, the result is indeed nilpotent and has nilpotency class c.
Denote H = UnENo H,, for the Hall basis of f,, then the natural projections of
the elements of Hy U---U H. form a basis of f, ., which is also called a Hall
basis.

froc:

The dimension of a free nilpotent Lie algebra f,.. on r generators and nilindex
¢ can be computed explicitly due to a theorem of Witt. Therefore, some
terminology has to be introduced first.
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Definition 11.1.6 (Mébiusfunction). The Mébiusfunction p : Ng — {—1,0,1}
maps d € Ny to

1 ifd=1,
pu(d) = ¢ (=1)™ if d is the product of n distinct primes,
0 if d is not square-free.

This function appears in Witt’s theorem. The formula determines the number
of basis vectors of a given length.

Theorem 11.1.7 ([85]). Let f,.. be the free nilpotent Lie algebra on r generators
and nilindex c. Let H = Uzzl Hy, be a Hall basis of fr.. For all1 <k <c, the

dimension of Yk(fr.c) /Ye+1(fr.c) is given by

1
#Hy = 2> p(d) /.

dlk

From Witt’s theorem, the dimension of f, . immediately follows.

Corollary 11.1.8. Let f,. be the free nilpotent Lie algebra on r generators
and nilindex c over a field F. The dimension of f, . is given by

dim(fc) = > #Hy.
k=1

A Hall basis makes it possible to describe the basis vectors and the corresponding
Lie brackets. In the following sections, we will use this strategy for ¢ < 3 to
compute the almost inner derivations of f,. over an arbitrary field F. In
Section 11.5, we will determine dim(AID(f,.) for all ¢ > 2 using another
approach which is only valid for Lie algebras over a field of characteristic zero.
In the next section, we also consider a duality theory for 2—step nilpotent Lie
algebras.

11.2 Free 2-step nilpotent Lie algebras

Let F be an arbitrary field. Consider f 2, the free 2-step nilpotent Lie
algebra over F with r generators zi,zs,...,2z,. The Hall basis is given by
{z1,...,2r,yi; | 1 <i<j<r} and the non-vanishing Lie brackets are

[T, 23] = Yi 4,
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where 1 < ¢ < j < r. This means that f,2 is a 2-step nilpotent Lie algebra
determined by the complete graph on r vertices. Hence, it follows from
Theorem 9.1.1 that all almost inner derivations are inner.

Proposition 11.2.1. Let f,2 be the free 2-step nilpotent Lie algebra on r
generators over an arbitrary field F, then

AID(fng) = Inn(f,,’g ) .

For the rest of this section, we study quotients of f;, 2. Therefore, we need the
notion of a dual Lie algebra.

11.2.1 Dual Lie algebras

Scheuneman ([75]) introduced a duality theory for 2-step nilpotent Lie algebras.
Later, Gauger ([33]) developed his own theory, but showed that they are in fact
the same ([34]). We will use the approach from [33] and consider a field F of
characteristic not two.

Let x1,...,x, be generators of §, o as before and denote V' := (z1,...,z,). We
can consider the vector space V & /\2 V as a 2-step nilpotent Lie algebra by
linearly extending the rules

(@i, ;] = x5 Ay,
[T, x; A zj] =0,
[z; Nxj,x,] =0,
[z Nxj,xp Ayl =0

forall 1 <4,5,k,I,m <r withi < jand k <I. A direct verification shows that
fro—= V@ /\2 V is an isomorphism when z; is mapped to x; for all 1 <i <.
This means that f,5 can be identified with V & A* V.

Let g be a 2-step nilpotent Lie algebra of type (r,m). Take a basis
{z1,...s2r,y1,- .., Ym} for g, where {y1,...,ym} is a basis for [g,g]. Note
that g can be considered as a quotient

CVapNV
- =0

where [ is a subspace of /\2 V. The space I describes the relations among the
extra generators zi,...,x, for f,.». The dimension of I is therefore called the
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‘number of relations’ defining g. Consider the pairing (.,.) : A>V x A>(V*) = F,
where

(i ANzj,xp ANx]) = det (xk(mi) 27 (@) (11.1)

i (7;) xﬂ%‘))
for all 1 <i,5,k,1 <r. We need this pairing to define the dual Lie algebra.

Definition 11.2.2 (Dual Lie algebra). Let g = f.0/1 = (V & A*V)/I be
a 2-step nilpotent Lie algebra, where I is a subspace of /\2 V. The 2-step
nilpotent Lie algebra
L _VeN)
g L IJ‘
is called the dual Lie algebra of g, where

IJ‘:{QABG/\Q(V*) | (aAb,aNP)=0foralanbel}

is the orthogonal complement of I with respect to (11.1).
With this definition, a Lie algebra and its dual satisfy several interesting
properties.
Theorem 11.2.3. Let g be a 2-step nilpotent Lie algebra of type (n,m). Denote
g* for the dual Lie algebra, then the following statements hold.

o The dual Lie algebra g* is 2—step nilpotent of type (n, (g) —m).

e The Lie algebras (g*)* and g are isomorphic.

e Let b be a 2-step nilpotent Lie algebra with dual b*, then g = b if and

only if g* = b*.

This means that the dual of a Lie algebra of genus k has k relations and vice
versa.

Example 11.2.4. Let F be a field of characteristic not two. Consider the
canonical Lie algebra g over F with minimal index € = 2. Then g has a basis
{z1,...,%5,Y1,4, Y2,4} and non-vanishing Lie brackets

[-731,334] = Y1,4, [332,334] = Y24,
[Cczafﬂs] = Y14, [1‘37565] =Y24.

This means that g can be considered as a quotient fs5 2/, where

I= <y1727 Y1,3, Y1,4 —Y2,5, Y1,5, Y2,3, Y2,4 — Y35, Y34, y4,5>-
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The orthogonal complement of I is given by I+ = (yi , + 5 5, y3.4+¥35). The

. * . * * ok * * * * * * *
dual Lie algebra g* has basis {z7,..., T3, YT 2 YT 30 Y5 45 Yl 50 Y3.3 Y5 45 U3 4 y475}
and is given by

[IT,QZ;} :yiQa [Iiazg] :yi37 [IT,Z‘Z] :yi47 [xT,Z;] :yif)?
[$;7 .Z‘g} = y;,Sﬂ [CL';, ‘TZ] = y§,47 [Z’;, x;] = _yT,47
[1‘;7 -Tjﬂ = y§,47 [‘rga 33;] = _y§,4’ [xzkb x;] = yZ,S'

We found that g has type (5,2) and g* has type (5, (g) —2)=(5,8).

Let g be a Lie algebra with dual g*. It is a natural question to ask what the
correspondence is between AID(g) and AID(g*). This is the topic of the next
subsections.

11.2.2 Lie algebras with one relation

Let g be a 2—step nilpotent Lie algebra over a field F of characteristic not two.
Suppose that g has genus 1, then the only almost inner derivations are the
inner ones, as we showed in Section 9.2. We will prove that AID(g*) = Inn(g*)
holds for the dual Lie algebra g* as well. Since g* has one relation, it can be
considered as a Lie algebra ’ZTT’f, where 0 # z € [f2, fr2]. We use the notions

and results from [20].

Definition 11.2.5 (Length of a Lie bracket). Let f.o be the free 2-step
nilpotent Lie algebra on r generators over a field F. Take 0 # x € [f;.2, fr 2]
Then the length of z is defined as

l(x) =min{s € Ny | & = [x1, z2|++ - -+ [T2s_1, Tas] for some 1, ..., 225 € fr2}.

Proposition 11.2.6. Let f,.o be the free 2—step nilpotent Lie algebra on r
generators. Then for any x € [fy 2, 2] with © # 0, we have

Uz) < FJ .
() < |5
It turns out that the length can be used to classify the 2—step nilpotent Lie

algebras with one relation.

Theorem 11.2.7. Let f,.o be the free 2-step nilpotent Lie algebra on r
generators over a field F. Let 0 # x,y € [fr2,fr2]. Then

—n

"2 ~ fr,2

() ()

if and only if L(z) = L(y).
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Let .2 be the free 2-step nilpotent Lie algebra on r generators. Consider
g := fr2/(z), with 0 # = € [f,2, fr2]. When ¢(z) = 1, then g is isomorphic to a
Lie algebra determined by a complete graph from which one edge is removed.
Tt follows from Theorem 9.1.1 that AID(g) = Inn(g). For ¢(x) > 2, we define
s := {(x) and consider z; € f, o for all 1 <3i < 2s such that

= [z1,22) + -+ [Tos—1, Tas] € fro.
It follows that f,2/(x) is isomorphic to the Lie algebra g, ; with basis
{$17~-~,$r,yi,j | 1<i<j<rand (27]) # (152)}a

where the non-zero Lie brackets are given by
S
[$17 332] = - Z Y2i—1,2i5
i=2

[zi,zj) =vy;; for 1<i<j<r and (4,7) # (1,2).

By the previous theorem, it suffices to compute the almost inner derivations
of g, for all r > 2 and all s < |r/2]. In what follows, we will use a variation
of the notation from Section 4.2. Let 1 < i1,751,49,J2,.-.,%,Jt < T, then

Girsin,..ip = (Ti | 4 ¢ {31,42,...,0}) and
Girgningoricie = Wi | © & {i1,92,...,4¢} and § € {j1,J2, ..., j¢})-

Proposition 11.2.8. Let f,.2 be the free 2—step nilpotent Lie algebra on r
generators over a field F of characteristic not two. Let 0 # x € [fy.2,fr2]. Then

am () = (2).

Proof. Denote s := £(x). Without loss of generality, we can assume that r > 4
and s > 2. Consider the Lie algebra g, s from above. Let D € AID(g, ) be
determined by a map ¢p. It is clear that all basis vectors in the center are
fixed. We show that z is fixed as well. Take arbitrary 1 < j < k < r, then
xj, 2 & Cy, ,(x1). There are two possibilities.

o If j £ 2, we are in the situation that

[, 21] +y1,5 € G141k
[k, 21] + Y1,k € 9151k
[z;,01] € g1j1k
[z, 01] C 91j,1k-

Lemma 4.2.8 implies that t1(¢p(z;)) = t1(ep(zk)).
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e Suppose that j = 2, then

(2, 1] — Y3,4 € G1k,34
[Tk, 1] + Y1,k € G1k,34
[2,01] C g1k,34.

When [z, 81] C g1k,34 holds, we can apply Lemma 4.2.8 to obtain that
t1(pp(z2)) = t1(pp(zk)). Otherwise, we have that k € {3,4}. We assume
that k = 3; the other case is similar.

Denote a; := t;(¢p(z2)) and b; := t;(¢p(zs3)) for all 1 < i < r. There
exist values v, v € g13,24,34 such that

D(x2) = aay2,4 + a1y3 4 + v, (11.2)

D(x3) = —biy1,3 + bayz.a + 0. (11.3)

We further define ¢; := ¢;(¢p(22 + 3)) and d; := t;(pp(z2 — x3)) for all
1 <i<r. It follows that

D(zo+x3) = —c1y1,3 + calou + (1 + ca)ys a + w, (11.4)

D(zg — x3) = diy1,3 + dayza + (di — da)ys s + ', (11.5)
where w,w’ € g1324,34. By summing equations (11.2) and (11.3) and
comparing the coeflicients with these from (11.4), we obtain

(a1 — bl) + (b4 — CL4) =0.

On the other hand, we can take the difference of (11.2) and (11.3). We
compare the coordinates with (11.5) and find that

(a1 — bl) + (a4 — b4) =0.

These two last equations imply that a; = by since char(F) # 2. Hence, we
have that ¢ (¢p(z;)) = ti(ep(xk)).

In both cases, we showed that t1(¢p(z;)) = t1(¢p(zx)). Since 1 < j, k < r were
arbitrary, this implies that z; is fixed. To show that x; is fixed for 2 <¢ < r, a
similar approach can be used. As before, we have to make a case distinction for
i+1e{jk} (ifiisodd) or i —1 € {j,k} (when i is even). O

11.2.3 Lie algebras with more relations

Motivated by the result from the previous subsection, one can think that there
is correspondence between the almost inner derivations for a Lie algebra g and
the dual g*. However, this is not the case.
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Example 11.2.9. Consider the Lie algebras g and g* from Example 11.2.4.
Since g is a canonical Lie algebra with minimal index ¢ = 2, it follows from
Lemma 9.2.17 that dim(AID(g)) = dim(Inn(g)) + 1 = 6.

We will show that for the dual Lie algebra g*, the only almost inner derivations
are the inner ones. Let D € AID(g*) be an almost inner derivation determined
by ¢p. We will show that all basis vectors are fixed. This is clear for all basis
vectors in the center. We will illustrate that x7 is fixed. Take j € {2,4,5}.
Since we have

u

[z} T]+y1]€91]13
(23, 27] + ¥i 3 € 01513
[ 3 il C 91],13

(3, 97] C

we can apply Lemma 4.2.7 to show that ¢1(¢p(2})) = t1(¢p(x3)). This implies
that 7 is fixed. With a similar approach, we can show that z; is fixed as well,
where 2 < ¢ < 5. Corollary 4.2.6 implies that AID(g*) = Inn(g*).

Let F be R or an algebraically closed field of characteristic not two. Consider a
2—-step nilpotent Lie algebra g of genus 2 over F. Denote g* for the dual Lie
algebra, so g* has two relations. We conjecture that AID(g*) = Inn(g*) will
hold. It suffices to compute the almost inner derivations for the dual of the
canonical Lie algebras from Section 9.2.

Theorem 11.2.10. Let g1 and g be 2—step nilpotent 2—relation Lie algebras
over R or an algebraically closed field F of characteristic not two. Then g1 = go
if and only if g7 and g5 have the same minimal indices and elementary divisors.

However, it is not straightforward to give a rigorous proof for this conjecture,
since there is no uniform description of the Lie brackets which considers all
possible cases at the same time.

Let g be a 2-step nilpotent Lie algebra with 3 relations, then g can have
non-inner almost inner derivations.

Example 11.2.11. Consider the Lie algebra g over an arbitrary field F.
Suppose that g has basis B := {x1,...,24,y1,¥2,y3} and non-vanishing Lie
brackets

[T1,22] = y1, [z1,23] = v,
(1, 24] = y3, [v3,24] = y1.

This is a 2-step nilpotent Lie algebra of type (4, 3), so it has ( ) 3 = 3 relations.
It is clear that dim(Inn(g)) = 4. Take an arbltrary D € C(g), then the matrix
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of D is given by

t1 to t3 14
Suppose that D is an almost inner derivation. Since D has to be B—almost
inner, we find that so =ty =t3 = s4 = 0. Take x = a1x1 + - - - + asx4, then we
have that
D(z3 + x4) = (r3 + ra)y1 + s3y2 + tays.

Since [z3 + x4, 2] = (a4 — a3)y1 — a1(y2 + ys3) holds, this implies that s3 = ¢4, so
dim(AID(g)) < 7. Take an arbitrary = ayx1+- - -+aszs+b1y1+b2y2+bsys € g.
Consider the linear maps Dy : g — g :  — D1(x) = a1y2 and

" .
x + 3 if a; #0,

: — : —
LR {o if ag = 0.

For a; # 0, we have
[z, D, (%)] = aayr + ary2 — asyr = arye = Di(z).

When a; = 0, then [z,0] = 0 = D;(z). This shows that D; € AID(g). An
analogous computation shows that Dy : g — g: x — Do(x) = ayys is an almost
inner derivation, determined by

ODy 10— g1 o w2t wy ifar 0,
e ' 0 if a; = 0.

Further, consider the derivation D3 : g — g: x — Ds(x) = agy;. This is almost
inner, determined by

%1‘2 if ay 7é 0,
22 04 if ay =0 and ag # 0,

(o N Bl B A A N

aq
—T ifa1:a3:a4:O.

x3 ifa; =az3=0and aq # 0,

Since D1, Dy and Dj are linearly independent and (D1, D2, D3) NInn(g) = {0},
this implies that AID(g) = (ad(z1),...,ad(z4), D1, Da, D3).

A 2-step nilpotent Lie algebra with 3 relations can be nonsingular as well, as
we already saw in Example 9.3.1 for a Lie algebra over R.
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11.3 Free 3—step nilpotent Lie algebras

Consider an arbitrary field F. Let f,.3 be the free 3—step nilpotent Lie algebra
over F which has r generators z1, o, ..., z,. For these generators, we can find a
Hall basis of f, 3, which is a basis of f, 3 as a vector space and which is explicitly
given by the following collection of vectors:

z;, 1<,
Yij = v, xj], 1<i<j<r,
Zijk = |TiYjk, 1<j<k<rand 1<j<i<r
Lemma 11.3.1. Let a,b € f.3. If a — b & [fr3,fr3], then

[a7 [fT,S; ff’,SH N [ba [fr,Ba fT,BH =0.

Proof. 1If either a or b belongs to [f, 3, fr3], there is nothing to show, since f, 3
is 3-step nilpotent. In case both do not belong to [f, 3, fr 3], the condition that
a—b ¢ [fr3,fr3] means that we can choose a generating set

TiyeeesTr—2,Tyr—1 = Gy Ty = b

such that §, 3 is the free 3-step nilpotent Lie algebra on that set of generators.
Using the Hall basis introduced above, we see that

[a, [fr3:fral]l = (zro1k | 1 <J <k <),
b, [fr3, fr3ll = (zrje | 1 <G <k <)

Note that all of the vectors z,._1 ;1 and z, ;1 belong to the Hall set mentioned
above and that the set of basis vectors z,._1 ;1 is disjoint of the set of basis
vectors z ;. We have that the subspaces spanned by those two sets only have
the zero vector in common. O

Theorem 11.3.2. Let .3 be the free 3-step nilpotent Lie algebra on r
generators. Then
AID(fng) = Inn(fr,g).

Proof. Let D € AID(f,3) be an arbitrary almost inner derivation. Note that D
induces an almost inner derivation D on fr3/Z(fr,3) = fr,2. Proposition 11.2.1
implies that D is an inner derivation. Hence, by adjusting D with an inner
derivation, we may assume that D(f.3) C Z(f.3). Let z1,x2,...,2, be the



FREE METABELIAN NILPOTENT LIE ALGEBRAS ON TWO GENERATORS 173

generators of §.3. Since we must have that D(z;) € Z(§,3), there exist vectors
v; € [fr.3,fr3] for all 1 <i <7 such that

D(z;) = [x;,v;].
Analogously, there are also vectors w; € [f, 3, fr3], for 2 < j <r, with
D(z1 + zj) = [z1 + zj, wy].
Take an arbitrary 2 < j < r. By using the equation D(x1+x;) = D(z1)+D(x;),
we find that
[21,w5] = w1, 1] = [25,v5] = [z, w;].
The left hand side of the above expression belongs to [x1, [fr3, fr,3]] and the right

hand side to [z, [fr,3, fr,3]]. It follows from Lemma 11.3.1 that both expressions
are zero. Hence, we have

[z1,w; —v1] = [z5,v; —w;] = 0.

Since the only elements of [f, 3, f-3] that commute with z1, respectively with
xj, are those belonging to the center Z(f,3), we find that

wj —v1 € Z(fr,3) and v —wj € Z(fr3).

This means that v; — v1 € Z(f,3). Therefore we can without any problem
replace v; by v1. We find that D(z;) = [z}, v1] holds for all 2 < j < r. For the
derivation D’ := D + ad(v;), we see that D’(z;) = 0 holds for all 1 < i < r.
This means that D’ is a derivation which is zero on the generators, and hence
D’ is zero everywhere. It follows that D = —ad(v1) is an inner derivation, which
was to be shown. O

11.4 Free metabelian nilpotent Lie algebras on two
generators

In this section, we consider free metabelian and c—step nilpotent Lie algebras on
two generators. These Lie algebras are c—step nilpotent and metabelian, but do
not have other relations. We will show that, when the Lie algebras are defined
over an infinite field F (of any characteristic), all almost inner derivations are
inner.

Let f5 be the free Lie algebra on two generators, say a and b. The free metabelian
c—step nilpotent Lie algebra ms . is obtained as a quotient

. fa
m2,c - (2)7.
fo '+ Yer1(f2)
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It is the largest quotient of the free Lie algebra fo which is both metabelian and
c—step nilpotent. We will use z; and x3 to denote the projection in my . of a
respectively b. Take m > 2 and 1 <n <m — 1. We introduce the notation y*
for

y;n = [$2,$2,$2, e, 2, X1,T1, Ty - - ,1‘1,1‘2],
n — 1 times m — n times
where for all zq,..., 2,9, 2,-1, 2, € g, the iterated bracket
[Zla [ ) [2n72» [anla Zn]] e ]]
is denoted with [z1,..., 22, 2n—1,2,]. So y™ is an m—fold Lie bracket with

m — n appearances of x1 and n appearances of x5. It is well known that z1, zo
together with the elements 3" (where 1 < n < m < ¢) form a basis of mg,
see for instance [3, Section 4.7]. In fact, for any 2 < i < ¢, the Lie algebra
vi(ma c)/vit1(mac) is (¢ — 1)-dimensional and has a basis consisting of the
projections of the elements yi,ys,... vt ;.

Lemma 11.4.1. Take elements z1,2a,...,2n—2 € {21,722} and define the
number k:= #{1 <i<n-—2|z =x2}+ 1. Then we have

n
[215227 e .,Zn_Q,I1,$2] = Y-

Proof. Let g be a metabelian Lie algebra g and take ¢ € v2(g). For all z,y € g,
the Jacobi identity yields

0= [z, [yl + [y [e; ] + [, [, 9] = [, [y, ] + [y, [e, ],

so [z, [y, c]] = =y, [¢, z]] = [y, [z, c]]. By an inductive reasoning, we have that
[Zla 2255 2n—2,T1, .1'2] = [Zo'(l)? Zo(2)y -1 Ro(n—2)) L1, J}Q]

holds for any permutation o on n — 2 letters {1,2,...,n — 2}. This is what we

had to show. O

The lemma easily implies the following identities.

Corollary 11.4.2. For allm > 2 and all 1 <n <m — 1, we have

[w,y ] =yn ™ and  [wa,y)] =y

Remark 11.4.3. Take an arbitrary field F, then my . = f2 . holds forall 1 < ¢ < 4.
For ¢ > 5, we have that dim(ms ) < dim(fz,.). For example, [x9,y}] and [y?, y3]
are linearly independent in f, ., whereas these elements both equal y35 in mo .

Now we can prove the main result of this section.
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Proposition 11.4.4. Let my . be the free c—step nilpotent and metabelian Lie
algebra on two generators over an infinite field F. Then AID(mg ) = Inn(mg,.).

Proof. We will prove the statement by induction on c.

o Basis step: The abelian Lie algebra my ; and the Heisenberg Lie algebra
my 2 do not admit non-trivial almost inner derivations.

e Induction step: Take ¢ > 3 and suppose that the statement holds for ¢ — 1
(induction hypothesis). Let D € AID(mgy ) be an arbitrary almost inner
derivation of my .. The space I = (y5,95,...,Y5_1) = Ve(Ma,) = Z(my )

is an ideal of my .. Hence, D induces an almost inner derivation D on
my ./l =my ..

By the induction hypothesis, D is an inner derivation of my 1. This
means that we can alter D by an inner derivation of my . and assume that

D(m2,c) - I = <yf7y§7 ey y§71> = Vc(mZ,c)-

Moreover, since D € AID(ms ) holds, we must have that D(x) € [z, ma c].
We obtain that

D(z1) € (Y1, Y5:-- - Ye—z) and  D(z2) € (y3,¥5, -, Yo1)-
There are parameters a1, as,...,Qc_2,b2,b3,...,b._1 € F such that
D(x1) = a1y + a2ys + -+ + Ge—2ys_s,
D(x2) = bays + bays + - + be_1yc_1.

By changing D to D —ad(a1y$ ' +agys ™t + -+ ac_2y°"3) and applying
Corollary 11.4.2 several times, we find that D(z;) = 0 and

D(z2) = Boys + Bays + -+ + Be—1Ye_1,
where 3; :=b; —a;_q forall 2 <i<c—1.
Take an arbitrary A € F. On the one hand, we have that
D(A\zy + x2) = AD(21) + D(2) = Bays + B3ys + - + Be—1ye—1. (11.6)
On the other hand, we also know that there exists an element vy € my .

with
D(A\x1 + z2) = [Ax1 + z2, v)].
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We write

— m
U\ = a1x1 + a2 + E AmnYn
1<n<m<c

where a1, a2, am,, € F for all 1 <n < m < c and find that

Aoy 4 29,00 = (a2A —a)yf + Y Aamayp !
1<n<m<c—1

Y amayli (11.7)
1<n<m<c—1

Comparing the coefficients of the basis vectors yf (with 2 <i < ¢ —1) of
(11.6) with (11.7), we get the following system of equations:

Ae—11 =0
Ae—12 + Qe—1,1 = [
Ae—1,3 + Qe—1,2 =3
Aac—l,c—Q +ac—1,c-3 = Be—2
Ac—1,c—2 = 6c—1~

We multiply the different equations with a power of A and obtain

)\ac71,1 =0
AN2ae_12+ Ne—11 = AB2
Nac—13+ Nae—12 = A\?3;
. (11.8)
N2 102 F A T30, 0m3 = ANT3Be g
)\C_Qac—l,c—Q = \"2B._q.

By taking the alternating sum of all these equations, we find that
)\52 _ A253 L (_1)0_2)\0_35572 + (_1)0_1)\0_25571 _ 0

This is an equation which has to hold for all possible A € F. Since F is
infinite, we must have that

Pa=Ps="=Pc1=0.

It follows that D(z3) = 0. Together with the fact that D(x1) = 0, this
implies that D = 0, which means that the original D we started with was
an inner derivation.

Conclusion: By the principle of induction, it follows from the basis and
induction step that AID(mg ) = Inn(mg ) holds for all ¢ € Ny. O
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11.5 General free nilpotent Lie algebras

In this section, we consider a field I of characteristic zero. We will prove that a
free nilpotent Lie algebra over F does not admit any non-trivial almost inner
derivations. The results of this section also appeared in [8]. The following
lemma will be very useful.

Lemma 11.5.1. Let V be a vector space over a field F of characteristic zero.
Consider a sequence vy, v1,v2,... in V. Take k € N and suppose that there
exist ag,a1,...,a €V such that

k
Uptl — Up = E nla;
J

Jj=0

for all n € N. Then there exist vectors bg,b1,...,bk+1 €V such that

k1l
vn:Z:anj7 for alln € N,
j=0

ap #0 = b1 #0.
Proof. We prove this by induction on k.

« Basis step (k = 0): Suppose that we have v,41 — v, = ag for all n € N;
where a9 € V and v; € V for all i € N. We show by induction on n € N
that v, = vg + nag holds. This is true for n € {0, 1}, so suppose that
vp, = vg+nap (induction hypothesis). Then v,11 = v, +ag = vo+(n+1)ag
holds. The statement of the lemma follows for by = vy and by = ag.

o Induction step: We assume that the asssertion holds for k (induction
hypothesis). Consider ag,ay,...,ar+1 € V such that

k+1

Uptl — Up = E n’a;
j=0

for all n € N. We have to prove that there exist vectors by, b1, ...,bk42 € V
such that v, = Efig n’b; holds for all n € N. Define a new sequence of
vectors Uhi1 pio

Wy 1= Uy — n

k+2 ’
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where n € N. We then have

ag
Wnp1 — Wy = Upg1 — Up — +1 ((n+ 1)k+2 — nk+2)

k+2
k k
j
= k+2j=0 J
7i j apt1 (K+2
= n ajf .
: k+2 J

for all n € N. By induction, we find that there exist vectors
b(),bl7 . ,bk+1 € V such that

K+l
wn:anbj for all n € N.
§=0

If we now take by o = %, we obtain that
a 2
Up, = wy, + n’““kk—;“; = Zn]bj
§=0
for all n € N.

e Conclusion: By the principle of induction, the result follows from the
basis and induction step. O

Let g := f2 be the free Lie algebra on two generators x; and z2. Define g; as
the vector space spanned by the generators x; and xo and g,, for n > 2, as the
subspace of g generated by all Lie brackets of length n in the generators x; and
x2. Denote further g; ; for the subspace of g generated by all Lie brackets in
the generators where the first generator x; appears ¢ times and the second one
o appears j times. It is clear that

n—1
g=@P o and gn=Paini forn>2
n€eNp =1

Moreover, it holds that

96,01 € 9ivs  and  [8ij,0p.q] € Gitpita

We are interested in the equation

[z1,2] + [12,y] =
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in the variables x and y, which was studied in [71]. Let

V={(z,y) € g xg|[r1,2] + [22,y] =0}

be the solution space of the equation. Note that V is a vector space. For each
n € Ny, we define V;, = V N (g, X gn). Consider now the maps

On Vi = On t (2,y) = @,
Ut Vi = 00 (2,y) — .

Define the set V.7 := ¢, (V,,). We assert that ¢, : Vi, = V.7 1 (z,9) — pn(x,y) is
an isomorphism for all n > 2. It is obvious that the map (&, is linear. Surjectivity
follows by construction. Suppose that ¢,, is not injective, then there is a solution
(0,0) # (0,y) € V,,, which means that [x2,y] = 0. Therefore, y = 0 and we
have a contradiction. Analogously, also ¢, : V;, — V¥ : (z,y) — ¥y (x,y) is an
isomorphism, where V¥ := 4,,(V},). Hence, for all n > 2, there is a vector space
isomorphism o : V.7 — V¥ such that

[z1,2] + [x2,0(x)] =0 (11.9)

for all x € V;¥. Note that under this isomorphism, we have for all 1 <i<n—1
that O'(Vnz N gi’nfi) = V'r;/ N gi+1,n—i—1 -

Theorem 11.5.2. Let F be a field of characteristic zero and let f, . be the free
c—step nilpotent Lie algebra over F on r generators. Then AID(f,.) = Inn(f,. )
holds.

Proof. We prove this theorem by induction on the nilpotency class c.
o Basis step: The case ¢ = 1 is clear and the cases ¢ = 2 and ¢ = 3 were

already treated in Section 11.2 and Section 11.3.

o Induction step: Take ¢ > 3 and assume that the theorem holds for f; .
(induction hypothesis). Consider f, .41 with generators z1,z2,...,z,.
Take an arbitrary D € AID(f, .41). We will prove that D is in fact inner.
It is clear that D induces an almost inner derivation on

fr,c+1 ~ f
Yei1(rerr) 0 F

This is an inner derivation by the induction hypothesis. Hence, by changing
D up to an inner derivation, we may assume that

D(fr,c+1) - ’Vc+1(fr,c+1) = Z(fr,c+1)7
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which means that D € CAID(f, .41). Hence, there exists v € vo(frc41)
such that D(z1) = [z1,v]. By replacing D by D + ad(v), we can assume
that D is an almost inner derivation of f, .41 with D(z1) = 0. Further,
for all x € f, 41, we have D(z) = [z, w(z)], with w(z) € Ye(fret1)- It
suffices to prove that D(x;) = 0 for all 2 <7 < r. We first look at x5. For
each n € N, there exists a wy, € Ve(frc+1) such that

D(nzy + z2) = [nwy + 22, wy), (11.10)

because D is almost inner. We can assume without loss of generality that
wy, is a linear combination of Lie brackets of length ¢ in the generators
(and does not contain a component using Lie brackets of length ¢ + 1).
By linearity, we also have that

D(nzy + x2) = nD(x1) + D(x2) = D(z2).
The two observations above imply that the equation
[nxy + 22, wy] = [May + 22, W] = [T2, W) (11.11)

holds for all m,n € N. We consider [nz1 + x2,w,| + [z2, —wo] = 0 as an
equation in the free Lie algebra f,. on r generators. For n # 0, define
x} = nxy + xo. It is clear that z}, s, ..., z, is also a free generating set
for the free Lie algebra f,.

It follows from [71, Section 5] that w.,,wo € (z],x2) = (x1,x2) for all
n € Ny, where (21, x2) denotes the Lie algebra generated by z1 and x».
This means that w, can be written as w,, = Zf;ll v;(n), where v;(n) is a
linear combination of Lie brackets where x5 and x; appear i respectively
¢ — 1 times. We can assume without loss of generality that we work in
g = f2, the free Lie algebra on two generators x; and xo. This means that
v;i(n) € ge—sq for all 1 < ¢ < ¢—1, where we use the notations introduced
above this theorem. To prove that D(xzq) = 0, it suffices by equation

(11.10) to show that wg = 0. Suppose on the contrary that wy # 0. Define
k = max{i € N| 3In € N with v;(n) # 0},

then w,, = Zle v;(n) and there exists an n € N such that vg(n) # 0. It
follows from equation (11.11) that [(n+ 1)z1 + z2, wpt1] = [RT1 + T2, Wy,
which implies that

[z1, (n + Dwpy1 — nwy] + [T2, Wpt1 — wy] =0, (11.12)

with n € N. In fact, this consists of several equations (one per bi-degree
(i,7) with i + j = ¢). We will now prove by induction on p that for all
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0<p<k—-1andall 0 <i < p, there exist by; € ge—ttpk—p, With
bp,p # 0 such that

Vg—p(n) = nPby, + ”pilbpyp—l + by +bpo.

— Basis step (p = 0): We first consider the component of equation
(11.12) with in total k + 1 appearances of xs, this is the bi-degree
(¢ — k, k)-part. This gives

[£1,0] + [22,vx(n + 1) — vi(n)] = 0.

Hence, vi(n + 1) — vx(n) = 0 holds, which means that vg(n) is a
constant by # 0 and belongs to g._j . Therefore, we have that

wa = (S5 vilm) +boo.

— Induction step: We assume that the assertion holds for a given
0 < p < k —1 (induction hypothesis). Hence, for all 0 < ¢ < p, there
exist by i € 9e—k-+p,k—p With by, # 0 such that

Vg—p(n) = nPbyp, + np_lbp’pfl + -+ nbp1+bpo-

From the component of equation (11.12) with k — p appearances of
22, we have that

0 = [o1, (n + Dvi—p(n + 1) = nvj—p(n)]
+ [w2, vh—p-1(n + 1) = vh—p-1(n)].
It follows from equation (11.9) and the induction hypothesis that
Uk—p-1(n +1) = vp—p-1(n)
=o((n+ 1)vk—p(n+1) — nvg_p(n))
= o ((n+ 1" bpp + (n+ 1D)Pbpp1 + -+ + (n+ 1)bpo
— npﬂbpm —nPbpp_1— ... — nbp,o)
= (n+ 1P o (bpyp) + (n+1)Po(byp-1) + -+ (n+1)o(by0)
- anU(bp,p) —nPo(bpp—1) — -+ —no(bpo).

This expression can be written as the sum of n?(p + 1)o(b, ) and
terms of lower degree. Since b,, # 0 holds, we also have that
(p+ 1)o(b,,) # 0. Note that o(by;) belongs t0 ge—ktpt+1,k—p—1
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for all 0 < ¢ < p. Hence, Lemma 11.5.1 implies that there exist
bpt1,p+15 -+ > bps1,0 € Go—ktpt1,k—p—1 With b, 1 511 # 0 such that

1
'vk_p_l(n) = nPT bp+17p+1 + TLpbp_H’p + -+ bp_._l,(),

which concludes the proof of our claim on the form of vy_,(n), where
0<p<k-1.

The above assertion implies that for all n € N, the equation
v1(n) = nk_lbk_Lk_l + o4 nbg_11+br_10 (11.13)

holds, where b;_1 -1 7 0 and by_1,; € ge—1,1 forall 0 <i <k —1. We
now look at the term of equation (11.12) with exactly one factor of x5.
We then have

[z1,(n+ Dvi(n+ 1) — nvy(n)] + [22,0] =0

and thus
(n+1)vi(n+1) —nvi(n) =0.
We obtain from (11.13) that

0=(n+1)((n+1)"Tbg_1 k-1 +- +br_10)
-n (nk_lbkq,kq 4+ bro1y)
=m+D)* o1+ (Db

k
—n"by—1 k-1 — - —nbr_1,0

k

k )
=k b1 ho ) AT
n k—1,k 1-|—i_2 (z)n k—1,k—1

Mk

- k—1—i
E Do 1o AU .
+i_1( ; )n k—1,k—2+ -+ br_1p0

Hence, we can write 0 as a sum of knk_lbk_Lk._l and some terms of
lower degree. This equation has to hold for all n € N, which implies that
kbg_1 k-1 = 0. Since we work in a field of characteristic zero, this gives a
contradiction, because by_1 5—1 # 0. Hence, wy = 0. It now follows from
equation (11.10) that D(x2) = 0. By a similar reasoning, we find that
D(x;) = 0 for all 3 <4 < r. This shows that D was actually an inner
derivation.

Conclusion: By the principle of induction, the result follows from the
basis and induction step. O



Chapter 12

Other classes of Lie algebras

In previous chapters, we computed almost inner derivations for low-dimensional
Lie algebras and different types of nilpotent Lie algebras. This chapter collects
all other results. The first section is about triangular Lie algebras. Further,
we also treat Lie algebras with a 1-codimensional abelian subalgebra and Lie
algebras with an abelian solvable radical. For each of these classes, we will
prove that the only almost inner derivations are the inner ones. The last section
contains observations of characteristically nilpotent Lie algebras. Some results
already appeared in [7] (Section 12.1) and [8] (Section 12.2 and Section 12.3).
In each section, we will specify over which field we work.

12.1 Triangular Lie algebras

Let F be an arbitrary field. In this section, we consider the almost inner
derivations for the triangular Lie algebras. We denote t, (F) for the Lie algebra
of all upper triangular (n x n)-matrices over F. Similarly, n,(F) is the Lie
algebra of strictly upper triangular (n x n)-matrices over F. We define e; ;
as the (n x m)—matrix where the entry on position (i,7) is 1 and where all
other entries are zero. Since t,(F) and n, (F) are subalgebras of gl, (F), the Lie
bracket of e; ; and ey is given by

[€ijyext] = 0j kel — Oriek,j (12.1)
forall 1 <i,j5,k, 1 <n.

First, we will study the Lie algebra t,(F). This Lie algebra is solvable and

n(n+1)
2

not nilpotent when n > 2. Further, t,(F) has dimension and a basis

183
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consisting of the matrices e; j, where 1 <14 < j < n. It turns out that the only
almost inner derivations are the inner ones.

Proposition 12.1.1. For all n > 2, we have that

AID(t,,(F)) = Inn(t, (F)).
Proof. The proof goes by induction on n.

o Basis step: For n = 2, we have that t3(F) is 3—-dimensional, so the
proposition holds.

e Induction step: Take n > 3 and suppose that the proposition holds for
smaller values of n (induction hypothesis). Let D € AID(t,(F)) be an
arbitrary almost inner derivation. Since

I= <€1,17 €1,2y+ -+, 61,n>

is an ideal of t,,(F), we have that D(I) C I. Hence, D induces an almost
inner derivation D on t,(F)/I = t,_(F). By the induction hypothesis, D
is an inner derivation. Hence, there exists x € t,(F) such that D = ad(z),
where Z is the projection of z in t,_1(F) = t,(F)/I.

We change D by D — ad(z) so that we can assume that D € AID(t,(F))
is almost inner with D(t,,(F)) C I. Take 2 < i < n, then

D(eii) € [eiis tn(F)] = (€1,i,€2,i5 - -+ s €i—1,i €ijit 1, €Cirit2s -+ -5 €iin)

holds by (12.1). Since D(e;;) € I, there exists a value §; € F with
D(e; ;) = Bie1,;. Define a := faeq 2 + - + Bneé1,n, then

ad(a)(e;;) = [Bae1,2 + ... + Bnein, €

= »31‘61,2'
= D(ei,i)
for all 2 < i < n. We also have that ad(a)(I) C I. Hence, we can replace
D by D — ad(a) and obtain that D(t,(F)) C I with
D(ez2) =D(ez3) =---=D(enn) =0.
There also exist as,ag,...,q, € F with

D(e1,1) = agero +aser s+ -+ apeq p.
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For 2 <i < n, we have that [e1 1,€;;] = 0. This means that
0= D([e1,1,€::])
= [D(e1,1), eii] +[e1,1, D(eiq)]
= [ase1 2+ aze1 3+ -+ anein, €] +0
= ase1,,

so a; = 0 for all 2 <4 < n. It follows that D(e;,1) = 0 as well. Take
arbitrary 1 <14 < j <n and consider the basis vector e; ;. Since

D(ei ;) € [eij, ta(F)] N,
there exists ; € F such that D(e; ;) = vje1,;. It follows that
vie1,; = D([eii, eijl)
= [D(eia), €] + [eiq Dlei )]
= [0, ei4] + [eii, vie1,4] = 0,

which implies that v; = 0. Hence, D(e; ;) =0 for all 1 <¢ < j <n. This
shows that D = 0 and the original D is an inner derivation.

e Conclusion: By the principle of induction, it follows from the basis and
induction step that AID(t,,(F)) = Inn(t,(F)) holds for all n > 2. O

Now, we will consider the Lie algebra n, (F) of all strictly upper triangular
(n x n)—matrices over a general field F. This is a nilpotent Lie algebra with
nilindex n — 1. Further, n, (F) has dimension % and a basis consisting of
the matrices e; ;, where 1 <7 < j < n. We also obtain that every almost inner
derivation is inner. For the proof, we can use the same technique as before, but

the details differ.

Proposition 12.1.2. For any n > 2 we have

AID(n,,(F)) = Inn(n, (F)).
Proof. We will prove the statement by induction on n.

o Basis step: For n = 2, we have that na(F) = F is abelian, which means
that the proposition is trivially true.
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e Induction step: Take n > 3 and assume that the result holds for smaller

values of n (induction hypothesis). Take an arbitrary D € AID(n,, (F)).
Note that I = (e1.2,€1.3,...,€1,,) is an ideal of n, (F), which implies that
D(I) C I. Tt follows that D induces a derivation D of n,(F)/I = n,,_(F).
Of course, we have that D € AID(n,,_;(F)). We can conclude from the
induction hypothesis that D is an inner derivation. Let = € n,(F) be
an element such that D = ad(z), where Z denotes the projection of z in
-1 (F) = ny (F)/1.

By replacing D by D — ad(x), we may assume that D is an almost inner
derivation of n, (F) with D(n,(F)) C I. Moreover, it follows from (12.1)
that

D(ei,iJrl) € <el,i+17 €2,i41y-+-5€i—1,i41,€4i+4+2,€4,i43,---,CEin, >

for all 2 < i < n — 1. Hence, there exist elements 53, 84,..., 5, € F such
that

D(ei,i+1) = ﬂz‘+161,¢+1,
where 2 <4 <n — 1. Define a := f3e12 + fse13 + -+ + Bne1n-1, then
we have

ad(a)(es,iv1) = [Bse1,2 + Baer,z + -+ Brnein—1,€iit1]
= [5i+1€1,i,6i,i+1]
= [3¢+161,i+1

= D(eiit+1)

for all 2 < i <n—1. So, by replacing D by D — ad(a), we may assume
that
D(62 3) D(€3’4) == D(en,lyn) =0.

Note that ad(a)(I) C I, which means that also after we modify D, we
still have that D(n,(F)) C I. There also exist a3, ay,...,a, € F with

D(e12) = azer 3 +aserqa+ -+ anerp.
For 3 <i<mn—1, we have [e19,€;+1] =0, so that
0= D([e1,2, €,i+1])
= [D(e1,2), €iit1] + [e1,2, D(€iit1)]
= [aze1 3+ qe14+ -+ anein, € it1] +0

= O4€1 i+1-
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It follows that a; = 0 for all 3 < ¢ <n — 1, so that
D(61,2) = Qn€in = ad(—ane2,n)(€1,2)-

Note that for 2 < i < n — 1, we have ad(—apea,n)(€;+1) = 0. By finally
replacing D by D + ad(apes ), we find that D(e; ;4+1) = 0 holds for all
1<i<n-—1.

Take arbitrary 1 <i <n—1and 1 < k <n — 1 and consider the basis
vector e; ;1. We will show by induction on k that D(e; +x) = 0.

— Basis step: For k = 1, we established the proof above.

— Induction step: Take 2 < k < n — ¢ and assume that the result holds
for smaller values of k (induction hypothesis). We have

D(e;ivk) = D([€ii+1, €it1,i+k])
= [D(€i,i+1)s €it1,itk] + [€iit1, D(€it1,ivn)]
= [0, €;41,i+%) + [€1,i4+1, 0],

where we use the basis step and the induction hypothesis for the last
equality. This implies that D(e; ;+x) = 0.

— Conclusion: By the basis and induction step, it follows from the
principle of induction that D(e;i4r) =0 for all 1 <4 <n —1 and
1<k<n-—i.

Since D(em) =0 for all 1 <i < j < n, this implies that D = 0, so that
the original D is an inner derivation.

¢ Conclusion: By the basis and induction step, it follows from the principle
of induction that when n > 2, the only almost inner derivations of n,, ()
are the inner ones. O

12.2 Almost abelian Lie algebras

We work in this section over an arbitrary field F. For an abelian Lie algebra g
over F, it is clear that there are no (almost) inner derivations, since ad(z) =0
for all x € g. In this section, we will study Lie algebras which are almost
abelian. This class of Lie algebras has no unique definition in the literature. A
common convention is that a Lie algebra g is ‘almost abelian’ if it contains a
1-codimensional abelian ideal. Note that g is metabelian, but does not have to
be nilpotent. It is enough to require that g contains an abelian subalgebra of
codimension one.
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Proposition 12.2.1 ([6]). Let g be a Lie algebra over a field F. If g has a
1-codimensional abelian subalgebra, then g has an abelian ideal of codimension 1
which can be constructed explicitly.

The result in [6] is stated for Lie algebras over a field of characteristic zero,
but the proof is also valid in general. We will show that, as for the abelian Lie
algebras, all almost inner derivations are inner.

Theorem 12.2.2. Let g be a finite-dimensional Lie algebra over a field F
containing an abelian subalgebra of codimension one. Then AID(g) = Inn(g)
holds.

Proof. 1t follows from the previous result that g has an abelian ideal of
codimension one. Hence, there exists a Lie algebra morphism ¢ : F — gl (F)
such that g = F" x, F. We use ¢t to denote a basis vector of IF. With respect to
a suitable basis of ", we may assume that ¢(t) is in rational canonical form.
This means that there is a basis ¢; ; (with 1 <¢ <rand 1 < j < k;) of F" such
that

C; 0 - 0

0 Oy 0
pt)=| . .

0 0 C,

is a blocked diagonal matrix. Each block C; (with 1 <7 < r) is a companion
matrix

00 -+ 0 -
1 <o 0 —Q
=01 0  —as
0 0 1 —Qk,;—1
of a polynomial q(z)™ = ag + ayx + - + ag, 127~ 4+ 2% where ¢(z) is
irreducible. Since g(x) is irreducible, it holds that either ag # 0 or g(x)™ = z*i
and hence o = a3 = -+ = ag,—1 = 0. For more information on the rational

canonical form, see for instance [47, Section 6.7].

Take an arbitrary D € AID(F” %, IF), then there exists an element v € F” %, F
with D(¢) = [¢,v]. By replacing D by D + ad(v), we may assume that D(t) = 0.

For any vector e € F™| there exists a scalar a(e) € F such that
D(e) = [e, a(e)t].

Take different basis vectors e; ; (with 1 <4 <rand 1< j <k;) and ep 4 (with
1 <p<randl<q<k,) and suppose that both e; j, e, q & Cq(t). Our aim is
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to show that a(e; ;) = a(ep,q). Since we assume that e; j,ep, q & Cy(t), it holds
that
[te;i;] =Cie;; #0 and [t,epq] = Cpepq # 0.

We use e; ; (with 1 <4 < rand 1 < j <k;) to denote the (k; x 1)-column
vector with 1 on position ¢ and 0 on the other entries. Hence, Cje; ; is a matrix
multiplication. By considering several cases, we can see that Cje; ; and Cpep 4
are linearly independent.

o Suppose that ¢ # p, then Cie; ; € (e;1,€i2,...,€ix,) holds, whereas we
have Cpepq € (€p1,€p2,..-,€pk,). This shows that these vectors are
linearly independent.

e When i = p, we may assume that 1 < j < q < k;.

— If ¢ < k4, then Cie;; = €541 and Cye; 4 = €441 are clearly linearly

independent.
— When ¢ = k;, we have that Cie; ,, = —qwe;1—1€52— - —ag, 165k, -
Note that oy # 0, since if ap = 0, then also a3 = --- = o, -1 = 0 and

eik, € Cy(t). Hence, we obtain that Cje; ; and Cjeq i, are linearly
independent in this case as well.

We find that
D(ei,j + €p,q) = [€i,j + epq, leij + epg)t]
= —ale;j +epq)Ciei; —alei; +epq)Crepg- (12.2)
Further, we also have
D(ei;) + D(epg) = [eij, (e j)t] + [ep.qg, (ep,q)t]
= —af(e;;)Ciei; — alepq)Crep g (12.3)

Using the facts that (12.2) and (12.3) must coincide and that Cse; ; and Cpep 4
are linearly independent, we finally find that

ale; ;) = aleij + epq) = alepg).

Since e; ; and e, 4 were arbitrarily chosen, there exists a fixed value o € IF such
that when e; ; & Cy4(t), we have that D(e; ;) = [e; j,at] for all 1 < ¢ < r and
1 <j <k;. Since 0 = D(t) = [t, o], it follows that D coincides with ad(—at)
on all basis vectors. Hence, D = ad(—at) € Inn(g) is an inner derivation. O
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Note that a standard graded filiform Lie algebra is almost abelian, so in fact,
Proposition 10.1.2 is a special case of the last result. In some ways, this is the
most general property we can get: when we slightly change the conditions, there
exist Lie algebras with non-trivial almost inner derivations. For instance, the
result cannot be extended to Lie algebras g of the form g = F" x F2.

Example 12.2.3. Let n > 3 and consider the Lie algebra g over F with basis
{e1,ea,...,€en,s,t} and non-vanishing Lie brackets

[s,ei] =eit1, 1<i<n-—1,
[t,ei] = €;42, 1 S’L'Sn—z

Then we have g = F" x F2. Let D € Der(g) be the derivation which maps
aje1 + -+ ape, + bs + ct to ce,. Define the map ¢p : g — g as

ey ifh A0,

aiey + -+ ape, + bs + ct —
i {en_g if b= 0.

For all z € g, we have that D(x) = [z, ¢p(z)], showing that D € AID(g). It is
easy to see that D ¢ Inn(g). Hence we have AID(g) # Inn(g).

The result of Theorem 12.2.2 can also not be generalised to Lie algebras of the
form g = f, . X F where f, . is a free nilpotent Lie algebra on r generators and
of class ¢ > 1.

Example 12.2.4. Let f3 > be the free 2-step nilpotent Lie algebra on 3
generators, then fs o has a basis {z1, z2, z3,¥1, Y2, y3} and non-trivial brackets

[T1,Z2] = Y1, [x1,23) =y2  and  [22, 23] = ys.
Add one more generator ¢ and one extra non-trivial bracket
[t,@1] = ys
to obtain a 7-dimensional Lie algebra g := f3 o x F. Define D : g — g by
a1y + azrz + azws + biyr + bayz + b3ys + ct — a1 (y1 + y2).

Again, it is obvious that D is a derivation of g. Define ¢p : g — g by

a1x1 + a2 + azrs + b1y + baya + b3yz +ct —

x2+x3+%t if a; # 0,
ifa1:0.

Then D(x) = [z, ¢p(x)] for all z € g, showing that D € AID(g). It is easy to
see that D ¢ Inn(g), and so also in this case we have that AID(g) # Inn(g).
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12.3 Lie algebras whose solvable radical is abelian

In this section, we consider an algebraically closed field F of characteristic zero.
Let g be a Lie algebra g over F whose solvable radical a := Rad(g) is abelian.
We will show that AID(g) = Inn(g) holds. The results of this section also
appeared in [8].

By the Levi decomposition, we can write g = a X, s, where s is a semisimple Lie
algebra and p : s — gl(a) is a representation of s on a. Take arbitrary a1,as € a
and s1, s9 € 5. We will denote by s; - a; = p(s1)(a1) = [s1,a1] the s—module
structure of a. Then the Lie bracket in g is given by

[(a1,51), (a2, 52)] = (51~ az — s2 - ay, [s1, s2]),
since a is abelian. We will illustrate the above notions with an example.

Example 12.3.1. Denote sl3(C) = {4 € M(C) | tr(A) = 0} for the Lie
subalgebra of gly(C). Define the matrices

(01 o (00 nd g (10
=0 0)’ 27 \1 0 37\ -1/

Then {x1, 2,23} is a basis for sl3(C) and the non-zero Lie brackets are given
by
[x1, 2] = 3, [x1,25) = =227  and |29, 23] = 2. (12.4)
Note that sl2(C) is a semisimple Lie algebra.
Take n > 2 and let a, = (y1,...,Ynt+1) be the abelian Lie algebra of
dimension n + 1. Define the linear map
p : sl3(C) — gl(ay,),

where p is determined by

o1 0 --- 0 0 0 -« 0 0
0 0 2 0 n 0 -0 0
00 0 n : :
0 0 O 0 0 0 1 0
n 0 0 0
0 n—2 0 0
p(xs) =
0 0 -n+2 0



192 OTHER CLASSES OF LIE ALGEBRAS

It can be shown that p is a Lie algebra homomorphism and thus also a
representation of sl3(C) on a,,. Consider the Lie algebra g, := a, %, 5l5(C). In
addition to the Lie brackets from (12.4), we also have

xl'yi:(i_l)yiflv 2SZ§’I’L+1,

N
IN

x2~yi:(n+17i)yi+1, 1_Z n,
23y =M+2—2)y;, 1<i<n+1l

Note that [g,, 8n] = gn, which means that g,, is a perfect Lie algebra. Further,
the solvable radical a,, is abelian.

In the sequel, we will use End(a) to denote
{¢:a— a]pislinear and p(s-a) = s- ¢(a), for all s € s and all a € a},
the space of s—endomorphisms of a. For any ¢ € Ends(a), we define
D,:ax,s >ax,s:(a,s)— (p(a),0).
We further introduce the set © := {D,, | ¢ € Endq(a)}.

Lemma 12.3.2. With the notations from above, we have ® C Der(a %, s).

Proof. Take an arbitrary D, € D, 50 ¢ € Ends(a). Let aj,as € a and s1, 82 € s.
On the one hand, we have that

Dy([(a1,51), (az,52)]) = Dy(s1 - az — s2 - a1, [s1, s2])

= (p(s1- a2 — 52+ a1),0), (12.5)
while on the other hand

[Dy(a1, 51), (a2, 52)] + [(a1, 51), Dy (az, s2)]
= [(p(a1),0), (az, s2)] + [(a1,51), (¢(az),0)]

(=s2 - p(a1),0) + (s1 - p(az),0)

= (—s2-p(a1) + s1 - p(az),0). (12.6)
Since ¢ € Ends(a), it holds that (12.5) equals (12.6). Hence, we have that
D, € Der(a x, s) and this finishes the proof. O

Proposition 12.3.3. As vector spaces, we have that

Der(a x,5) =Inn(a x,5) & D.
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Proof. Take an arbitrary D, € D, so ¢ € Ends(a) and suppose that D,, is an
inner derivation. Then there exists (a1, 1) € ax,s such that D, = ad((a1, s1)).
For arbitrary (as,s2) € a X, 5, we have

(v(az),0) = Dy(az, s2)
= [(alvsl)a(CL?vSQ)]
= (s1-az — s2 - a1, [51, 52])

and this means that ¢ : a — a has to be the zero map. This implies that
Inn(a x,5) ND = {0}, so we have to show that Der(a %, s) = Inn(a x, s) +D.
Consider any D € Der(a X, 5). The derivation D induces a derivation on s,
which is an inner derivation, since s is semisimple. So, after changing D up
to an inner derivation, we may assume that D induces the zero map on s. It
follows that there exists a linear map f : s — a such that D(0,s) = (f(s),0) for
all s € s. Using this observation and the fact that D is a derivation, we have
that

(f([s1,52]),0) = D(0, [s1, 52])

= D([(0,51), (0, 52)])
= [D(0,51), (0,52)] +[(0, 51), D(0, 52)]
= [(f(51),0), (0, 52)] + [(0, 51), (f(52), 0)]
= [=s2- f(51),0] + [s1 - f(s2), 0],

where we also use the definition of the Lie brackets. This implies that

f([s1,82]) = s1- f(s2) — 52+ f(s1).
Hence, f € Z'(s,a) is a 1-cocycle. As s is semisimple, we have that
H'(s,a) =0

by the first Whitehead lemma and so there exists an element ag € a such that
f(s) =s-ap for all s € s. Moreover, we have that

(D + ad((ao, 0)))(0,s) = (f(s),0) + [(a0,0), (0, )] = (0,0).

This means that, after changing D with an inner derivation, we can assume that
D(s) = 0. Thus, there is a linear map ¢ : a — a such that D(a,s) = (¢(a),0)
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holds for all a € a and all s € 5. Since D is a derivation, we must have
D(=s-a,0) = D([(a,0),(0,5)])
= [D(a,0),(0,)] + [(a,0), D(0, 5)]
= [(p(a),0),(0,5)] +(0,0)
= (=s-¢(a),0),

which implies that ¢(s-a) = s- ¢(a). This shows that, after changing D up to
an inner derivation, we have that D = D, € D, which finishes the proof.  [J

We are now ready to prove the main result of this section.

Theorem 12.3.4. Let g be a Lie algebra over an algebraically closed field F of
characteristic zero whose solvable radical is abelian. Then AID(g) = Inn(g).

Proof. As before, we can write g = a x, 5, where a is the abelian radical and s
is semisimple. It follows from the last proposition that Der(g) = Inn(g) & D.
Consider a nonzero D € ©. In order to prove the result, we have to show
that D is not an almost inner derivation. By definition, we have D = D, for
some nonzero ¢ € Ends(a). Let V = ¢(a) be the image of ¢. Then V is a
nonzero s—submodule of a. Tt follows from for example [81, Section 35] that the
Lie algebra s contains a so-called ‘distinguished’ element, which is a nilpotent
element sg such that Cs(sg) consists entirely of nilpotent elements. Engel’s
theorem implies that Cs(sg) is also nilpotent as a Lie algebra. Consider the
map ¢ : s = End(V) : s — 9(s), where 9(s)(v) = s-v. By definition, ¢ is
a representation of Lie algebras and since s is semisimple, ¥ maps nilpotent
elements to nilpotent elements. It follows that 1(Cs(sg)) consists of nilpotent
endomorphisms. In particular, ¥(Cs(s0))(V) = Cs(so) - V is strictly contained
in V. Let vg € V\(Cs(s0) - V') and pick an ag € a with ¢(ag) = vo. Note that
since s is semisimple, we can find a complementary s—submodule W of V in a
such that a decomposes as a direct sum a = V & W of s—modules. Hence, we
also find that vg € a\ Cs(sp) - a.

We will prove by contradiction that D, (ao, so) € [(ao,50),8]. Assume that
Dy(ag, so) = [(ao, 50), (a, s)] for some a € a and s € s. Then we have that

(¢(ao),0) = [(ao, s0), (a, s)] = (s0 - @ — s - ao, [0, $]).
This shows that [sg, s] = 0 and so s € Cs(sp). However, this implies that

vo = @(ag) =so-a—s-ayg € Cs(s0) - a,
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which contradicts the fact that we have chosen vg such that vy € a\ Cs(s) - a.
Hence, we have that D, (ao, s0) € [(@o,50),9], so D, is not an almost inner
derivation. O

Example 12.3.5. Counsider the Lie algebra g, := a,, X, 5l5(C) with n > 2. It
is clear that Id : a,, — a,, is a sl (C)—equivariant linear map. The only invariant
subspaces of a, are the zero space and a, itself. Hence, a, is an irreducible
5l5(C)—module. Schur’s lemma implies that if ¢ : a,, = a,, is an endomorphism,
then ¢ is a scalar multiple of Id. This shows that

Der(g,) = Inn(g,) ® (D1a),

where Diq : a, X, 5l5(C) — a, %, sl5(C) : (a,s) — (a,0). To prove that the
only almost inner derivations are the inner ones, it suffices to show that Diq
is not almost inner. Note that so := x; is nilpotent with Cs(sp) = (z1). We
further have that V = ¢(a) = a and this means that

$(Cs(50))(V) = Cs(s0) - V = (Y1, Yn)-

We can take vg = ag = yp41. Suppose that Dig is almost inner. Take an
arbitrary (a,s) € a X, s, then

[(ynJrlvxl)v (aa S)] = (‘Tl 4= S8 Yn+1, [.’L‘l,S]).

Since Did(Yn+1,21) = (Yn+1,0), we must have that s € (x1). However, this
leads to a contradiction, because y,+1 ¢ [x1,a]. As a result, Diq is not almost
inner and AID(g,,) = Inn(g,).

12.4 Characteristically nilpotent Lie algebras

Over a field of characteristic zero, a Lie algebra with a nonsingular derivation is
nilpotent. This result was found by Jacobson ([50]) and he conjectured that the
opposite is also true. However, Dixmier and Lister ([24]) gave a counterexample
of dimension 8, which was already studied in detail in Chapter 5. Their discovery
led to the study of a new type of Lie algebras, which are called ‘characteristically
nilpotent’.

Definition 12.4.1 (CNLA). A Lie algebra whose derivations all are nilpotent
is called a characteristically nilpotent Lie algebra (CNLA).

Since then, a lot of properties about characteristically nilpotent Lie algebras
have been studied. For instance, a Lie algebra is characteristically nilpotent if
and only if it has at least dimension two and its derivation algebra is nilpotent
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([58]). If all derivations are nilpotent, then the Lie algebra itself is also nilpotent.
Hence, a CNLA has to be nilpotent. Further, a direct sum of characteristically
nilpotent Lie algebras is again a CNLA, which is useful for constructing different
examples. Moreover, the nilindex of a CNLA must be at least three ([58]). This
occurs for the Dixmier-Lister Lie algebra. More interesting facts can be found
in the survey [2].

Let g be a CNLA. One of the objectives of this thesis was to find which of the
inclusions
Inn(g) € CAID(g) € AID(g) C Der(g). (12.7)

are equalities for different classes of Lie algebras. Throughout this thesis, we
discussed a few possibilities for characteristically nilpotent Lie algebras. For the
Dixmier-Lister algebra g over a field F, we found that the dimension of AID(g)
depends on the number of different roots of X3 — 1 over F. It turned out that
if this polynomial splits over I, the only almost inner derivations are the inner
ones. The opposite case is where all derivations are almost inner. Suppose that
g is nilpotent. Proposition 4.1.8 implies that all D € AID(g) are nilpotent as
well. This means that Der(g) = AID(g) only can happen when g is a CNLA. In
Section 10.3, we studied a class of filiform and characteristically nilpotent Lie
algebras f, (for n > 13) where this is the case. In this section, we will give an
example of a CNLA for which all of the sets from (12.7) are different. This Lie
algebra was first studied by Favre ([27]), thereby showing that there exists a
CNLA of dimension 7.

Example 12.4.2. Let F be an arbitrary field. Consider the Lie algebra g over

F with basis {ey,...,er} and non-zero Lie brackets
[617 62] = €3, [617 63] = €4, [617 64] = €5,
le1, e5] = e, le1, e6] = €7, [e2, e3] = —eg, (12.8)
[e2,€4] = —e7, [ea, e5] = —e7, e3, eq] = e7.

An arbitrary derivation for g is given by
D =ajad(e1) +-- -+ asad(eg) + diD1 + --- + dsDy

and has matrix form

0 0 0 0 0 0 0
—2d3 0 0 0 0 0 0
—as9 al 0 0 0 0 0
—as dg ay 0 0 0 0 5
—ay dy el ai 0 0 0
—as as + dq dy — as 3ds a1 0 0
—ag aq4+tas+ds —ag+d; az—as+dy —as+5ds a; +2ds O
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which means that Der(g) = (ad(e1),...,ad(eg), D1, ..., D4). We will show that
AID(g) = Inn(g) @ (D1, D2) holds. Consider the map ¢p, : g — g, where the
image of x = )., x;e; is given by

L (wgey + BT o) if gy £,
op, (z) = i(—:@eg, + (24 —x3)es) if xy =0 and x5 # 0,
€4 lf Xr1 = T = O

It is an easy computation to see that Di(x) = [z, ¢p, (z)] for all € g. Consider
the map ¢p, : g = g, where x = 23:1 x;e; is mapped to

Zagg if 2y #0
¢D2(1’1) = {ml €6 1 # ’

—€s5 if T = 0.

A calculation shows that Dy(z) = [z, ¢p,(x)] for all x € g. Let a,b € F be
arbitrary and define D := aD3+ bD,4. Suppose that D is almost inner. We have
that D(eg) = aeq + bes. Since [es, g] C (es, eq,e7), it is clear that a = b = 0.

Hence, no non-zero linear combination of D3 and D, is almost inner. This gives
an example of a Lie algebra g with

Inn(g) ¢ CAID(g) Z AID(g) Z Der(g),

since Dy € CAID(g) and D; € AID(g) \ CAID(g).

By studying the low-dimensional nilpotent Lie algebras from 8.1.3, it turns out
that, when char(F) # 2, there are no examples of a CNLA over F of dimension
at most six. Hence, the example of Favre is a CNLA of smallest dimension.
One year after Favre, Bratzlavky ([4]) found a 6-dimensional Lie algebra g over
a field F which is characteristically nilpotent if and only if char(F) = 2. This
Lie algebra has basis {e1,..., e} and non-zero Lie brackets

le1,e2] = e3, [e1,e3] = ey, [e1, e4] = e5,
le1,e5] = es, [e2,e3] =e5+e6, [e2,e4] = €.

With the notation from 8.1.3, we have that g = gé?%. For this Lie algebra, we
already found that AID(g) = Inn(g) 4 (Fs2). When char(F) # 2, we have that
g is isomorphic to Rj from Example 10.1.4, which is denoted in Chapter 8 as
g6,15- Hence, g is a CNLA if and only if char(F) = 2.
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Appendix A

Tables

In this appendix, we list several low-dimensional Lie algebras. Most of them
are denoted with g, j, where 7 is the dimension of the Lie algebra and j is the
number in the classification used. Some Lie algebras also have parameters, which
are described between parentheses. Each time, the first table contains all non-
vanishing Lie brackets. The second table gives an overview of some properties.
Let g be a Lie algebra from the classification, then ¢(g) denotes the nilpotency
class of g and d(g) stands for the derived length (when these notions are well-
defined). Further, we will write I(g) and C(g) instead of dim(Inn(g)) respectively
dim(CAID(g)). Similarly, dim(AID(g)) and dim(Der(g)) are denoted with A(g)
and D(g). If the entry in the column with ‘D’ is non-zero, it gives examples of

almost inner derivations, which together with the inner derivations generate
AID(g).

Name Non-vanishing Lie brackets

91,1 —

92,1 —

92,2 [617 62} = €2

93,1 —

g3,2 le1,e2] = ea, [e1,e3] =e3

93,3(6) [61, 62} = e3, [61, 63] =ceg + €3

93,4(6) [61, 62} = €3, [61, 63] = €9

a(a, B) le1, e2] = e3, [e1,e3] = —Pea, [ea,e3] = ey

Table A.1: Lie algebras of dimension at most 3 over an arbitrary field F,
where € € F and «, 8 € F*.
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Table A.2: Results for Lie algebras of dimension at most 3 over an
arbitrary field F, where €*, «v, 5 € F*. Remark 8.1.8 contains comments

on this table.

Name Non-vanishing Lie brackets
94,1
94,2 [61762] = €2 [61,63] = €3, [61,64] = €4
ga3(€) le1, ea] = ea, [e1,e3] = eq, [e1,e4] = —ce3 + (e + 1)ey
94,4 [61, 62} = €3 [61, 83] = €3
94,5 [61, 62} = €3
g4,6(g,9) le1,ea] = €3, [e1,e3] = eq, [e1,e4] = cea + des + ey
g4,7(g,9) le1,ea] = e3, [e1,e3] = eq, [e1,e4] = ces + deg
g4.8 [617 2} = €2, [63,64] = €4
g4.9(¢) le1,e3] = es + ceq, [e1,e4] = e3, [ea,e3] = e3,
[ea,e4] = €4
94,10(6) [617 3] = €4 [61,64] = €€y, [62763] = €3, [62764] = €4
g4.11(€,9) le1,e2] = (1 +5)eg, le1, e3] = des, [e1,e4] = ey,
[e2,e4] = e3, [e2,e3] = cey
94,12 [61, 2] = €2 [61763] = €3, [61,64] = 2ey, [62763] = —€4
g4,13(€) le1, e2] = e3, [e1,e3] = cea + e3, [e1, 4] = ey,
[e2,e3] = eq
94,14(€) le1, e2] = es, [e1,e3] = ceq, [ez,e3] = ey

Table A.3: Solvable Lie algebras of dimension 4 over an arbitrary field F.
The conditions on F and on the parameters are stated in Remark 8.1.10.
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Name c(g) | d(g) | I(g) | C(g) | A(g) | D(a) D
g4.1 1 1 0 0 0 16 0
012 - 2 4 A A 12 0
94,3(0) - 2 3 3 3 8 0
94)3(5) - 2 4 4 4 8 0
014 2 2 2 2 8 0
0as 2 2 2 2 2 10 0
94.6(0,0) _ 2 3 3 3 6 0
94,6(87 5) - 2 4 4 4 6 0
92.7(0,0) 2 2 3 3 3 7 0
92.7(0,0) _ 2 3 3 3 | 6/7 0
92.7(2,0) _ 2 4 4 1 | 6/7 0
g4,7(€, 5) - 2 4 4 4 6 0
0is - 2 4 1 1 1 0
91.0(2) - 2 4 4 1 | 4/5 0
94110(6) - 2 4 4 4 6 0
94,11(6, (S) - 3 4 4 4 5 0
g4,11(€,6) - 3 4 5 5 5 Ess+ Eyq
0a12 - 3 | 3/4| 3/4 | 3/4 | 7 0
94113(0) - 2 4 4 4 5/6 0
02.13(2) - 3 4 4 4 5 0
02.12() - 3 3 3 3 | 5/6 0

Table A.4: Results for the solvable Lie algebras of dimension 4 over an
arbitrary field. Remark 8.1.12 contains comments on this table.
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Name Non-vanishing Lie brackets

g51 — 96,1 —

95,2 — 06,2 [617 62} =e3

g53 — 96,3 le1,e2] = e3, [e1,e3] =

g54 — 06,4 le1,e2] = es5, [e3,e4] =

955 — 96,5 le1, e2] = e3, [e1,e3] = es, [62,64] = e5

g5.6 — 96,6 le1, ea] = €3, [e1,e3] = eq, [e1,e4] = €5, [e2,e3] = €5

g57 — 06,7 le1, ea] = e3, [e1,e3] = eq, [e1,e4] = €5

95,8 — 06,8 [617 62} = €4, [61, 3] = €5

959 — 06,9 le1, ea] = e3, [e1,e3] = eq, [e2, €3] = €5

96,10 [e1, e2] = e3, [e1,e3] = eq, [eq, e5] = €6

g6,11 [61762] = €3, [61,63] = €4, [61,64] = €¢, [62,63] = €6,
[ea, e5] = e

96,12 le1, e2] = e3, [e1,e3] = e4, [e1,e4] = €6, [e2,e5] = eg

96,13 le1, e2] = e3, [e1,e3] = es5, [e1,e5] = €6, [e2,e4] = €5,
les, eq] = e

96,14 le1, e2] = e3, [e1,e3] = e4, [e1,e4] = €5, [e2,e3] = €5,
le2, e5] = eq, [e3,e4] = —eg

96,15 [61762] = €3, [61,63] = €4, [61,64] = €5, [61,65] = €¢,
[62763] = €5, [62764] = €6

96,16 le1, e2] = e3, [e1,e3] = e4, [e1,e4] = e,
[ea, e5] = eq, [e3,e4] = —eg

96,17 le1, e2] = e3, [e1,e3] = e4, [e1,e4] = €5, [e1,e5] = eg,
[ea, e3] = e

6,18 le1,e2] = es, [e1,e3] = e4, [e1,e4] =e5, [e1,e5] = e

g6,10(€1) le1, e2] = e4, [e1,e3] = es5, [e1,e5] = 6, [e2,e4] = eg,
[e3, e5] = €1e6

96,20 [61,62} = €4, [61,63] = €5, [61,65] = €¢, [62,64] = €¢

96,21(61) [61,62] = €es3, [61,63] = €4, [61,64] = €¢, [62,63] = €5,
[627 65} = €1€¢

96,22(62) [61762] = €5, [61,63] = €6, [62,64] = €266, [63,64] = €5

96,23 [61762] = €3, [61,63] = €5, [61,64] = €6, [62,64] = €5

96,24(62) [61762] = €3, [61,63] = €5, [61,64] = €266, [62763] = €6,
[ea, e4] = e5

96,25 [617 62} = €3, [61763] = €5, = €¢

96,26 le1, e2] = e4, [e1,e3] = €5, = eg

96,27 le1, e2] = e3, [e1,e3] = es, = €6

J6,28 [61762] = €3, [61763] = €4, = €5, [62,63] = €6

Table A.5: Nilpotent Lie algebras of dimension 5 and 6 over a field F,
where £1 € F* /(%) and £, € F/(<) when char(F) # 2 and e, € F/()

for char(TF)

= 2.
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Name (F=C) | c(g) | d(g) | I(g) | C(9) | A(g) | D(g) D F=C
951 — 06,1 1 1 0 0 0 |25-36 0 C*
952 — 062 2 2 2 2 2 16 - 24 0 ng @ C3
953 — 06,3 3 2 3 3 3 11-17 0 nyg O C?
95,4 — 06,4 2 2 4 4 4 15 - 21 0 g5,1 e C
95,5 — 96,5 3 2 4 5 5 10- 15 Es 4 Gs3®C
95,6 — 96,6 4 2 4 5 ) 8-12 Es Gs6®C
95,7 — 96,7 4 2 4 4 4 9-13 0 g5’5 e C
95,8 — 96,8 2 2 3 3 3 13-19 0 g5,2 e C
5.9 — G6.9 3 1 2 | 3 [ 3 3 [10-15 0 Gsa®C
96,10 3 2 5 5 5 14 0 Go.2
96,11 4 2 5 5 5 11 0 Gs,12
96,12 4 2 5 6 6 12 Eg 5 G611
96,13 4 2 5 6 6 10/11 Eg 4 G613
96,14 5 3 5 5 6 8/9 Es Gs,20
96,15 5 2 5 6 6 9/10 Es o Ge,19
96,16 5 3 5 5 5 9/10 0 96,18
96,17 5 2 5 6 6 10 Eg o Ge,17
96,18 5 2 5 5 5 11 0 96,16
96719(81) 3 2 5 5 5 11/12 0 96,9
96,20 3 2 5 5 5 12 0 G6,10
g6,21(¢1) 4 2 5 5 5 10/11 0 G615
96.22(0) 2 2 4 6 6 | 17/18 | Es1,Bes | Gou
96,22 (62) 2 2 4 4 4 16/18 0 ns G ng
96.22(22) 2 | 2 | 4 8 8 | 16/18 | Eo1, Eeg, | -
Ee3,F6 4
96,23 3 2 4 6 6 14 Ee61,E54 | Ge,7
96,24(0) 3 2 4 6 6 13/14 | Es2,FE54 | Gog
96,24(22) 3 2 1 4 1 | 12/14 0 Go.5
96724(62) 3 2 4 8 8 12/14 Eﬁ,l, EG,Q, -
Es 3, Fg 4

96,25 3 2 4 4 4 15 0 Go.6
96,26 2 2 3 3 3 18 0 Ge,3
96,27 3 2 4 4 4 13 0 Ge,4
06,28 4 2 4 4 4 11 0 Ge,14

Table A.6: Results for the nilpotent Lie algebras of dimension 5 and

6 over an arbitrary field F, where £; € F*/(~) and e, € F*/(~) when

char(F) # 2 and ¢ € IE‘*/(*J') for char(F) = 2. Remark 8.1.17 contains
comments on this table.
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Name Non-vanishing Lie brackets
Qt(a?{ [e1, e2] = e3, [e1,e3] = e5, [e1,e5] = eg,
[ea, e4] = e5 +eg, [e3,eq] = e
() _ _ _ _
96,2 le1,e2] = e3, [e1,e3] = e4, [e1,e4] = €5, [e1,e5] = e,
lea, e3] = e5 + eg, [ea, 4] = e
95;?3,(63) le1,e2] = e3, [e1,e3] = eu, [e1,e4] = e5,
lea, e3] = e5 +e3eq, [e2,e5] = €6, [e3,eq] = e
(2) _ _ _
96,4(53) le1, e2] = e3, [e1,e3] = e4, [e1,e4] = €5, [e2,e3] = e3e6,
[627 65} = €p, [637 64] = €6
(2) _ _ _ _
96,5 le1, e2] = e4, [e1,e3] = es5, [e2,e5] = eg, [e3,e4] = €6
ng)a [e1, €] = e3, [e1,e3] = eu, [e1,e5] = €6, [e2, €3] = €5,
[e2, e4] = €6
91(3?;(54) [e1, e2] = es5, [e1,e3] = eq, [e2,e4] = exes,
les, eq] = e5 + €6
o a(ea) le1, 2] = €3, [e1,e3] = e5, [e1, eq] = eaeq, [e2,e3] = e,
lea, e4] = €5 + €6

Table A.7: Additional nilpotent Lie algebras of dimension 6 over fields
F with char(F) = 2, where 3 € F*/(%) and ¢4 € F/(L).

Name c(g) | dlg) | I(g) | C(g) | A(g) | D(g) D

o) 4 ] 2 5 6 6 10 Ee.4

95 5 2 5 6 6 9 Eg.»

864 (e3) 5 | 3 | 5 5 6 9 Es»

a$)(e3) 5 3 5 5 5 9 0

05 3 2 5 5 5 13 0

s 3 ] 2 5 5 5 12 0

0$2 () 2 2 4 4 4 16 0

052 (a) 2 2 4 8 8 16 Eg.1, Eg 2,
Eg 3, Fig 4

03 (ea) 3| 2 | 4 4 4 12 0

03 (a) 3 2 4 8 8 12 Eg1, Eg .2,
Es 3, Es 4

Table A.8: Results for the additional nilpotent Lie algebras of
dimension 6 over fields F with char(F) = 2, where e5 € F*/(<) and
€4 € IF/(E)J) A comment on this table can be found in Remark 8.1.17.
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Name Non-vanishing Lie brackets

Cs.1 [e1,e2] = e1, [e3,eq] = 2eq, [e3,€5] = —2e5,
[eq, e5] = e3

Cs2 le1,e3] = —eq, [e1,e5] = €2, [ea,e3] = €2, [e2,€4] = e,
[83,64} 2 4, [63,65] = —265, [64,65] — €3

C5’3 [63,64} 2 4, [63,65] = —265, [64,85] — €3

05,4 [61764] €1, [61765] = €1, [62,63] = €1, [62,64] = €3,
les, e5] = e3

Cs5(p,q,7) le1,e5] = (¢ — r)per, [e2,eq] = e1 + peo,
lea,e5] = (r — q)ei, [es,esq] = ea + ges,
les,es5] = e1 + e +17(q — p)es

Cs.6(p, q) le1, e5] = —pe1, [e2,eq] = e1 + pez, [e2,e5] = ey,
[e3,e4] = €2 + qes, [e3, e5] = ea + (g — ples

Cs7 lea, eq] = €1 + €2, [e3,e4] = €2 + 2e3,
[es,e5] = e1 + 2e2 + 2e3, [eq, 5] = €3

Cs8 le1,eq] = e1, [e2,e4] = €2, [e3,e5] = €3

Cs,0(p, q) le1.es5] = (2p+ q)es, [e2,e3] = e1, [ea,e5] = (p+ q)ea,
[es, eq] = ea, [e3,e5] = pes + eq, [eq,e5] = €1 + gey

Cs10 le1, e5] = 3e1, [ea,e3] = e1, [e2,e5] = 2e9, [e3,e4] = €2,
[637 65} = €3, [64, 65] =e1+ey

Cs11 le1,es5] = e1, [ea,e3] = e1, [e2,e5] = €2, [e3,e4] = €2,
les, e5] = e4, [eq,e5] = ey

Cs,12(p,q,7) [e1,e5] = pe1 + ez, [ea,e5] = (g +7)ea, [e3,e4] = e,
[e3,e5] = e1 + qes, [eq, e5] = ez + ey

Cs5,13(p,q) le1,e5] = (p+q@)er, [e2,e5] = (p+ qle2, [es,e4] = €2,
les, e5] = e1 + pes, [es,es5] = e3 + qey

Cs14(p, q) [e1,e5] = pe1 + e, [ea, e5] = (p+ q)ea, [e3,eq] = ea,
les, e5] = e1 + qes + ey, [eq, 5] = pey

Cs,15(p, q) le1,es] = pe1 + ez, [e2,e5] = 2qea, [e3,e4] = e,
les, es] = e1 + qges, [es,e5] = qeq

Cs.16 le1, e5] = 2eq, [e2, €5] = 2e2, [e3,e4] = €2,
les,e5] = e1 + e3, [eq,e5) = ey

Cs17 le1,e5] = e1 + eg, [e2,e5] = 2e, [e3,e4] = €2,
[e3, e5] = e3, [eq,e5] = €4

Cs18 le1,e5] = e1, [ea, e5] = ea, [e3,e4] = eq,
[83, 65} e1 + ey, [64, 65] = ey

Cs.19 [e1, e5] = ez, [e3,e4] = ea

Cs20(p,q,7,8) | [e1,e5] = pe1, [ea,e5] = e1 + geq, [es,e5] = ez + Tes,
[es,e5] = e3 + seq

Table A.9: Lie algebras of dimension 5 over C, where p, q,r,s € C.
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Name Non-vanishing Lie brackets
Cs.21(p,q,7) le1, e5] = pe1, [e2,e5] = pea, [es, e5] = ea + ges,
lea,e5] = e3 + req
Cs,22(p, q) le1, e5] = per, [e2,e5] = e1 + qgea, [e3,e5] = pes,
leq, e5] = e3 + qey
Cs.23(p,q) [e1,es5] = pe1, [e2,e5] = pea, [e3, es5] = pes,
[ea, e5] = e3 + qeq
Cs 24 le1,e5] = e1, [e2,e5] = ea, [e3,e5] = e3, [eq,e5] = ey

Table A.9: Lie algebras of dimension 5 over C, where p, q,r,s € C.

Name Non-vanishing Lie brackets

R577(u,v,w) e1,es] = e1, [e2,e5] = uea, [es,e5] = ves,
€4,€5] = Wey

R5,8(U) e2,e5] = e1, [e3,e5] = e3, [eq, e5] = uey

R579(u,v) e1,e5] = e1, [e2,e5] = e1 + ea, [e3,e5] = ues,
€4,€5| = Ve€y

Rs 10 e, e5] = ey, [es, e5] = ea, [e4,e5] = ey

Ry 11(u) e1,es5] = e1, [ez,e5] = e1 + €2, [e3,e5] = ez + e3,
ey, es] = uey

Rs12 e1,es5] = e1, [ea,e5] = e1 + €2, [e3, e5] = ex + €3,
€4,65| = €3+ €4

Rs 13(u,v,w) e1,es] = e1, [e2,e5] = ueg, [e3, es] = ves — wey,
€4, 65| = wesz + vey

Ry 14(u) e, e5] = e1, [es, e5) = ues — eq, [eq, €5] = e3 + uey

Rs 15(u) =ey, [e2,e5] = €1 + €2, [es3, e5] = ues,

= e3 + uey
Rs16(u, v) e1,es5] = e1, [e2,e5] = e1 + ea, [e3,e5] = uez — vey,

R5,17(u7 v, ’U})

es,e5] = veg — wey, [eq,e5] = wes + ey
Rs 15(u) e1,e5] = uep — ea, [ea, e5] = e1 + ues,
€3,65] = e1 + ues — ey, [eq,e5] = ea + €3 + uey
R5719(U,U) €1,€5| = uUe€q, [62, 63] = €1, [62, 65] = €2,
es,es5] = (u— 1)es, [eq, e5] = vey
R 20(u) e, es] = uey, [ez,e3] = eq, [ez,e5] = e,
es,es] = (u—1)es, [eq,e5] = €1 + uey
Rs 21 e1,e5] = 2e1, [ea,e3] = e1, [e2,e5] = €2 + €3,
e3,e5] = ez + ey, [es,e5] = ey

Table A.10: Non-decomposable non-nilpotent Lie algebras of dimension 5
over R, where u,v,w € R and € € {1,—1}.
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Name Non-vanishing Lie brackets
R5,22 [62763} = €1, [62,65] = €3, [64765] = €4
Rs 23(u) le1,es] = 2eq, [e2,e3] = e1, [e2,e5] = ea +e3,
les, e5] = es, [eq,e5] = uey
Rs5 24(¢) le1,e5] = 2e1, [ea, e3] = e, e, e5] = ea + €3,
[63, 65} = e3, [64, 65] =2ey4 +€€q
Rs 25(u, v) [e1,e5] = 2vey, [e2,e3] = e1, [ea, e5] = ves + e,
[es, e5] = ves — ea, [eq,e5] = uey
Rs 26 (u, €) le1,e5] = 2ueq, [ea,e3] = e, [ea,e5] = uea + es,
[es, e5] = —ea + ues, [eq, e5] = ceq + 2uey
Rs o7 le1,es5] = e1, [e2,e3] = e1, [e3,e5] = e3 + ey,
[647 65} =e1+eq
R5728(u) [61, 65} = ueq, [62, 63] = €1, [62, 65] = (u — 1)62,
[63, 65} = e3 + ey, [64, 65] =ey
Rs 29 le1,e5] = e1, [ea,eq] = €1, [e2,e5] = ea, [eq,e5] = e3
R5730(u) [61, 65} = (u =+ 1)61, [62, 64] =eq, [62, 65] = uea,
[es,eq] = ea, [e3,e5] = (u—1)es
Rs 31 le1,es] = 3eq, [e2,eq] = e1, [e2,e5] = 2ea, [e3,e4] = €2,
les, e5] = e3, [es,e5] = e3+ ey
R5,32(U) [61,65} = €1, [62,64] = €1, [62,65] = €2, [63,64] = €2,
[es, e5] = uey + e3
R5733(U) [61, 64} = €1, [62, 65] = €2, [63, 64] = ves, [63, 65] = ues
Rs 34 le1, eq] = ueq, [e1,e5] = e1, [e2,e4] = €2, [e3,e4] = e3,
[e3, 5] = ea
Rs 35(u, v) le1,eq] = veq, [e1,e5] = uer, [ea,eq] = ea,
[e2,e5] = —e3, [e3,eq] = e3, [e3,e5] = o
Rs 36 le1,eq] = €1, [e2,e3] = e1, [e2,e4] = €3, [e2,e5] = —e2,
[63, 65} = €3
Rs 37 le1, ea] = 2eq, [e2,e3] =e1, [e2,eq] = €2,
[e2, e5] = —e3, [e3,eq] = e3, [e3,e5] = e
Rs 38 le1, ea] = e1, [ea,e5] = ea, [ea,e5] = €3
Rs 39 le1,eq] = €1, [e1,e5] = —ea, [ea,e4] = €2, [e2,€5] = €1,
[ea, e5] = e3
Rs. 40 le1, e2] = 2e1, [e1,e3] = —ea, [e1,e4] = es,
[e2, e3] = 2e3, [ea,eq4] = eq, [e2,e5] = —e5, [e3,e5] = €4

Table A.10: Non-decomposable non-nilpotent Lie algebras of dimension 5
over R, where u,v,w € R and € € {1,—1}.
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