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Abstract

Anosov diffeomorphisms on closed manifolds form an important class of
dynamical systems characterized by global hyperbolic behaviour. These systems
exhibit sensitivity to initial conditions and are conjectured to have both a dense
set of periodic points and a dense forward orbit. In the sixties, Dmitri Anosov
proved that these systems are structurally stable, which is why they where
named after him.

The most elementary example of an Anosov diffeomorphism is Arnold’s cat
map, which is the diffeomorphism on the torus R?/Z? induced by the matrix

21
(1)
Similar examples can be constructed on all higher-dimensional tori. Stephen
Smale provided the first example of a non-toral Anosov diffeomorphism on the
quotient of a direct product of two Heisenberg groups by a suitable cocompact
lattice. Smale’s construction can be generalized to yield examples in the class

of infra-nilmanifolds, also known as almost-flat manifolds. However, not every
infra-nilmanifold admits an Anosov diffeomorphism.

A major unresolved problem in this field is the classification of all closed
manifolds that admit an Anosov diffeomorphism. A long-standing conjecture
states that such manifolds must be homeomorphic to infra-nilmanifolds. This
thesis focuses on addressing this problem within the class of (infra-)nilmanifolds,
where there are algebraic techniques at hand to decide whether a given manifold
can admit an Anosov diffeomorphism. This effectively transforms the problem
into a classification problem on rational nilpotent Lie algebras.

For abelian and free nilpotent Lie algebras, the problem has been resolved. A
significant portion of this thesis is devoted to extending these results to the
class of nilpotent partially commutative Lie algebras, which can be seen as an
interpolation between the abelian and free nilpotent cases. First, a classification
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of the rational forms of these Lie algebras is made using the theory of Galois
cohomology. Subsequently, a characterization of those forms corresponding
to a nilmanifold admitting an Anosov diffeomorphism is proven. The proof
combines Dirichlet’s unit theorem with the theory of linear algebraic groups
and the theory of partially commutative Lyndon words.

A closely related problem is determining which (nilpotent) partially commutative
groups possess the R.-property, a notion originating from Nielsen fixed point
theory. To conclude the thesis, several results concerning this problem are
proven, and the relationship with abstract commensurability is explored.



Beknopte samenvatting

Anosov diffeomorfismen op gesloten variéteiten vormen een belangrijke klasse
van dynamische systemen, gekenmerkt door globaal hyperbolisch gedrag. Deze
systemen vertonen gevoeligheid voor beginvoorwaarden en men beweert dat ze
zowel een dichte verzameling van periodieke punten als een dichte voorwaartse
baan hebben. In de jaren zestig toonde Dmitri Anosov aan dat deze systemen
structureel stabiel zijn, wat de reden is dat ze naar hem vernoemd zijn.

Het meest fundamentele voorbeeld van een Anosov diffeomorfisme is ‘Arnold’s
cat map’, het diffeomorfisme op de torus R?/Z? geinduceerd door de matrix

21
(1)
Gelijkaardige voorbeelden kunnen worden geconstrueerd op alle hoger-
dimensionale tori. Stephen Smale gaf het eerste voorbeeld van een Anosov
diffeomorfisme dat niet op een torus werkt, maar op het quotiént van een direct
product van twee Heisenberg groepen met een goed gekozen cocompact rooster.
Smale’s constructie kan worden veralgemeend om voorbeelden te verkrijgen

in de klasse van infra-nilvariéteiten, ook bekend als bijna-platte variéteiten.
Echter, niet elke infra-nilvariéteit laat een Anosov diffeomorfisme toe.

Een onopgelost probleem tot op heden is het classificeren van alle gesloten
variéteiten die een Anosov diffeomorfisme toelaten. Er wordt beweerd dat
zulke variéteiten altijd homeomorf zijn aan een infra-nilvariéteit. Deze
thesis richt zich op dit probleem binnen de klasse van (infra-)nilvariéteiten,
waar algebraische technieken beschikbaar zijn om te bepalen of een Anosov
diffeomorfisme op een gegeven variéteit bestaat. Dit vertaalt het probleem naar
een classificatieprobleem van rationale nilpotente Lie-algebra’s.

Voor abelse en vrije nilpotente Lie-algebra’s is dit probleem reeds opgelost. Een
groot deel van deze thesis probeert deze resultaten uit te breiden naar de familie
van nilpotente partieel commutatieve Lie-algebra’s, die gezien kunnen worden
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als een interpolatie tussen het abelse en vrije nilpotente geval. Eerst wordt
een classificatie gemaakt van de rationale vormen van deze Lie-algebra’s met
behulp van de theorie van Galois cohomologie. Vervolgens bewijzen we een
karakterisatie van de rationale vormen die overeenkomen met een nilvariéteit die
een Anosov diffeomorfisme toelaat. Het bewijs combineert de eenhedenstelling
van Dirichlet met de theorie van lineair algebraische groepen en de theorie van
partieel commutatieve Lyndon woorden.

Een sterk gerelateerd probleem is het bepalen van welke (nilpotente) partieel
commutatieve groepen de R,-eigenschap hebben, een eigenschap afkomstig van
Nielsen vastepuntstheorie. Om de thesis af te sluiten, worden enkele resultaten
hieromtrent aangetoond en wordt het verband met abstracte commensurabiliteit
verkend.
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Chapter 1

Introduction

1.1 Historical background

In 1687 Newton wrote down his law of gravity. Ever since, it has been of
great interest to mathematicians and physicists to describe the dynamics of the
solar system. The motion of two bodies under mutual gravitational forces is
well-understood. Introducing a third body, on the contrary, turned out to be
significantly more difficult. Given the positions and velocities of the bodies, it
is very hard to predict whether, over time, a collision will happen or one of the
bodies will be catapulted out of the system. This is known as the three body
problem. In 1890 Poincaré published his paper titled Sur le probléme des trois
corps et les équations de la dynamique for which he won the King Oscar prize.
This was the beginning of a new mathematical domain now known as chaos
theory.

A fundamental idea of chaos theory is that even deterministic systems can be
hard to predict if the system is highly sensitive to initial conditions. Let us
formulate this in a precise way. A dynamical system is an action of R on a
smooth manifold M such that the defining map

O RxM—M:(t,p)—t-p

is smooth. This action tells us how the system evolves in time, namely if the
system is in a state p € M, then after a period of time ¢, the system is in state
t-p € M. The action completely determines the behaviour of the system and
thus we call such a system deterministic.
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Assume that there is also a metric d present on the manifold M. We say that the
dynamical system is sensitive to initial conditions if there exists some constant
0 > 0 such that for any point x € M and any neighborhood U of p, there exists
a point y € U and a non-negative real number ¢ > 0 such that d(¢ - z,¢-y) > 4.
Intuitively, this means that there exist arbitrarily small changes in the initial
condition, which, over time, result in a change of behaviour of magnitude ¢.

An important class of dynamical systems which exhibit this behaviour and in
some sense maximize it, are Anosov flows. These systems are characterized by
the fact that at each point p € M, the tangent space T, M has a decomposition
into three components: a stable component F°, an unstable component E"
and a one-dimensional component E? in the direction of the flow of the system.
Varying the initial condition along the stable component gives trajectories which
converge exponentially over time, while varying the initial condition along the
unstable component gives trajectories which diverge exponentially over time.
This is illustrated in Figure 1.1 below. An important example of such a system
is the geodesic flow on a negatively curved manifold [AS67]. In the sixties,
Dmitri Anosov published several papers on the properties of these systems,
which is why they carry his name [Ano62] [Ano63] [Ano69]. One of the things
he proved is that Anosov flows are structurally stable, which means that small
perturbations of the system do not affect the topological dynamics of the system.

Figure 1.1: The behaviour of trajectories close to a fixed trajectory in an Anosov
flow. The dashed lines represent the trajectories.

Another important concept in dynamical systems is that of a Poincaré section.
This is a codimension one submanifold N C M with tangent space transversal
to the flow direction and such that any trajectory that starts at N intersects
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N again after moving some finite period of time both forwards and backwards.
The Poincaré section N is said to be global if any trajectory of the dynamical
system intersects N. When a global Poincaré section exists, the dynamics of
the system are completely determined by the iterations of a diffeomorphism
f: N — N called the Poincaré map. This diffeomorphism f is determined by
mapping a point p to ¢ - p, where ¢ > 0 is the smallest positive real number such
that t-p e N.

Figure 1.2: Illustration of a global Poincaré section and the associated Poincaré
map.

This brings us to the protagonist of this thesis, the Anosov diffeomorphism.
Anosov diffeomorphisms are the Poincaré maps associated to Anosov flows
which admit a global Poincaré section. They are an interesting object of study
on their own, without the context of Anosov flows, and can be defined as follows.

Definition 1.1.1. A diffeomorphism f : M — M on a Riemannian manifold M
is said to be an Anosov diffeomorphism if there exists a df-invariant continuous
splitting of the tangent bundle TM = E* @ E° and constants ¢ > 0, A > 1 such
that

Vo e EY: Vk e N: ||dffu > eA¥|v||
Yo e E°: VEeN: ||dffv| < LHUH
Ak

For a more complete discussion on Anosov diffeomorphisms, their dynamics and
the relation with Anosov flows, we refer the reader to Chapter 3. In this thesis,
we will mainly be interested in Anosov diffeomorphisms on compact manifolds.
In this case, the definition does not depend on the choice of Riemannian metric.
The most fundamental and well-known example of an Anosov diffeomorphism
on a compact manifold is the diffeomorphism on the torus 72 = R?/Z? defined

B LR
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This map is known as Arnold’s cat map and is named after Russian
mathematician Vladimir Arnold who illustrated the behaviour of this map
by applying it to the image of a cat (see Figure 1.3 below).

Figure 1.3: A copy of Figure 1.17. from the monograph ‘Problémes ergodiques
de la mécanique classique’ [AA67].

Similar examples can be constructed on all tori 7" = R"/Z™ for n > 2. In 1966,
Anosov asked whether there exist non-toral examples of Anosov diffeomorphisms
on compact manifolds. In his survey on differentiable dynamical systems,
Stephen Smale answers this question positively by giving an explicit example
[Sma67]. In the same work, he asks the following more general question which
is also the title of this thesis.

Question 1.1.2. Which closed manifolds admit an Anosov diffeomorphism?
Smale’s example is constructed on the quotient of a direct product of two real

Heisenberg groups by a nicely chosen cocompact lattice. It is a special case
of a general construction on infra-nilmanifolds, which are quotients of simply
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connected nilpotent Lie groups by the action of an almost-Bieberbach group.
An extensive introduction to this class of manifolds is given in Chapter 2. The
following conjecture remains open until today.

Conjecture 1.1.3. All Anosov diffeomorphisms are topologically conjugate to
hyperbolic affine infra-nilmanifold automorphisms.

Several other classes of closed manifolds have been proven not to admit Anosov
diffeomorphisms, including: certain closed manifolds with a virtually polycyclic
fundamental group [Hir71], spheres and projective spaces [Shi73] and closed
negatively curved manifolds [Yan83], thus strengthening the above conjecture.
On the other hand, even if this conjecture turns out to be true, it does not give
a complete answer to Question 1.1.2, since not every infra-nilmanifold admits
an Anosov diffeomorphism. In fact, the existence is rather rare, which leads us
to the following question.

Question 1.1.4. Which (infra-)nilmanifolds admit an Anosov diffeomorphism?

There exist algebraic tools to check the admittance of an Anosov diffeomorphism
on infra-nilmanifolds. Let us state this characterization for the smaller class of
nilmanifolds as they will be the main focus throughout this thesis. A nilmanifold
is a quotient of a simply connected nilpotent Lie group N by a cocompact lattice
T'. We write n for the real Lie algebra associated to N. By the work of Mal’cev
[Mal49a], any cocompact lattice I' < N corresponds to a rational Lie algebra
n(g which is a rational form of the Lie algebra n.

Theorem 1.1.5 ([Man74], [Dek01]). The nilmanifold N/T' admits an Anosov
diffeomorphism if and only if the associated rational Lie algebra ni@ admits an
automorphism which has a characteristic polynomial with integer coefficients,
has determinant equal to £1 and has no eigenvalues of absolute value 1.

Automorphisms of a rational Lie algebra that satisfy the properties in the
above theorem will be called Anosov automorphisms. If a rational Lie algebra
admits an Anosov automorphism, we say it is an Anosov Lie algebra. The
above theorem is the beginning of a research program focussed on the following
questions.

Question 1.1.6. Given a real (or complex) Lie algebra, what are its rational
forms up to isomorphism? Which of those rational forms admit an Anosov
automorphism? Which real Lie algebras admit at least one rational form which
has an Anosov automorphism?

A classification of rational Anosov Lie algebras up to dimension eight was
completed in [LW09]. For some classes of Lie algebras, the answer to the above
questions is known.
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Abelian Lie algebras have only one rational form, up to isomorphism. This
rational form is Anosov if and only if the dimension is at least two, which
corresponds with the existence of Anosov diffeomorphisms on tori. More general,
if an Anosov Lie algebra has a non-trivial abelian factor, this factor must have
dimension at least two [LWO08].

For free nilpotent Lie algebras, there is again only one rational form, up to
isomorphism, and it is Anosov if and only if the nilpotency class is strictly less
than the rank [DV09].

In [DMO5] the standard rational form of a 2-step nilpotent Lie algebra associated
to a graph was considered and the admittance of an Anosov automorphism
on this form was characterized through properties of the graph. One of the
main results of this thesis is a generalization of this result in two directions: all
rational forms are considered (contrary to only the standard one) and higher
nilpotency classes are allowed. Lie algebras associated to a graph are part of a
more general theme in algebra known as partially commutative structures, to
which we give an introduction in Chapter 4.

1.2 Overview of the main results

As we try to understand which rational Lie algebras admit an Anosov
automorphism, it is important to find relations with other Lie algebra properties.
Such a property of interest is the existence of a positive grading. All low
dimensional examples of Anosov Lie algebras exhibit a positive grading, thus
raising the question whether this holds in general. J. Deré answered this question
negatively by giving the first example of a rational Lie algebra which admits an
Anosov automorphism, but which does not admit a positive grading [Der17].
The dimension of the example, however, is high and not explicitly known due
to the method of construction. The first main result of this thesis, which can
be found in Section 6.5, is a concrete example of such a Lie algebra which is of
minimal dimension, proving the following theorem.

Theorem A. There exists a rational Lie algebra of dimension 12 which admits
an Anosov automorphism, but which is not positively graded and this is the
smallest possible dimension for such an example.

As a tool for proving the above theorem, we show the following result in the
preceding Section 6.4 on decompositions of Anosov Lie algebras, which is also
of interest on its own.
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Theorem B. Let n be a rational nilpotent Lie algebra with a decomposition
n=ad®g1D... Dok

into non-abelian indecomposable ideals g; and an abelian ideal a. The Lie algebra
n is Anosov if and only if dim(a) # 1 and g; is Anosov for alli € {1,... k}.

A second and substantial part of this thesis is devoted to answering Question
1.1.6 within the class of free nilpotent partially commutative Lie algebras. These
Lie algebras are defined using a simple undirected graph G = (V, E). First, one
defines the free partially commutative Lie algebra by the presentation

0" (9) = (V | [v,w] = 0; {v,w} ¢ E),

where K denotes the base field. The c-step nilpotent partially commutative Lie
algebra is then obtained by taking the quotient with the (¢ + 1)-th ideal of the
lower central series:

(G, ) = 8% (9)/7e41 (8" ().

To classify the rational forms of n®(G, ¢), we define a quotient graph G from the
graph G. The vertex set of G is the set of coherent components of G which we
write as Ag and is a partition of the vertices of G. The classification is proven
in Section 5.6 by use of Galois cohomolgy and can be formulated as follows.

Theorem C. The rational forms of n®(G,c), up to isomorphism, are in one-
to-one correspondence with faithful actions of finite Galois groups Gal(L/Q) on
the quotient graph G, up to conjugacy of actions.

Next, in Section 6.6, we use this classification result to determine which rational
forms admit an Anosov automorphism. To formulate the result we define for any
action p : Gal(L/Q) — Aut(G) a function z, : Ag — {1/2, 1} which takes the
value 1 on the orbits containing a fixed point under the action of the complex

conjugation automorphism and 1/2 otherwise.

Theorem D. Let p : Gal(L/Q) — Aut(G) be a faithful action of a finite
Galois group and T € Gal(L/Q) the complex conjugation automorphism. The
corresponding rational form of wC(G, c) admits an Anosov automorphism if and
only if for any non-empty connected subset A C Ag such that p;(A) U A is
p-invariant, it holds that

c< > ()AL

AEAUp,(A)
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The study of Anosov automorphisms on rational Lie algebras is one where
eigenvalues play an important role. In particular, we do not allow eigenvalues
of absolute value 1. A related problem is that of determining which groups have
the R -property, a property related to fixed points of self homeomorphisms of
topological spaces. In particular, for cocompact lattices in nilpotent Lie groups,
proving that such a group has the R.,-property boils down to proving that any
induced automorphism on the Lie algebra has an eigenvalue equal to 1. In the
last part of this thesis, results on the R.-property are proven using techniques
developed in our study of Anosov automorphisms on partially commutative Lie
algebras.

Analogous to Lie algebras, one defines the partially commutative group
associated to the graph G by the group presentation

A(G) = (V | [v,w] = L;{v,w} ¢ E).

These groups are better known as right-angled Artin groups. The c-step nilpotent
partially commutative group is defined as

A(G,¢) = A(9)/7e+1(9)-

By a result from [GW09], a group G has the R..-property if G/7;(G) has
the R.-property for some positive integer i. This motivates the definition of
the R, -nilpotency index of a group G as the smallest positive integer ¢ such
that G/v.4+1(G) has the Ro.-property. In Section 7.2, we introduce numbers
£(G),=Z(G) associated to a graph G and prove the following theorem.

Theorem E. Every non-abelian right-angled Artin group A(G) has the Roo-
property with Roo-nilpotency index ¢ satisfying

£(9) < ¢ <E(9).

By Theorem 1.1.5, the existence of an Anosov diffeomorphism on a nilmanifold
N/T depends only on the abstract commensurability class of the lattice T.
Concerning the R.-property for finitely generated torsion-free nilpotent groups,
one can similarly ask whether it is an abstract commensurability invariant. In
Section 7.3 we answer this question negatively and prove the following theorem.

Theorem F. There exist finitely generated torsion-free nilpotent groups G, H
that are abstractly commensurable and such that G has the Ryo-property, but H
does not have the R.,-property.



Chapter 2

Infra-nilmanifolds

In this chapter we introduce a class of manifolds that will be used throughout
this thesis. They can be characterized both in a geometric way and in an
algebraic way. To state the geometric characterizations, we need some basic
notions from Riemannian geometry of which we give a brief overview in the
first section. For a more thorough introduction to Riemannian geometry, we
refer the reader to [dC92]. The discussion on the algebraic characterization of
these manifolds is mainly based on [Dek18] and [Dek96].

2.1 Preliminaries from Riemannian geometry

All manifolds in this thesis are assumed to be Hausdorff, second countable and
smooth. We write X(M) for the vector space of smooth vector fields on M.

Definition 2.1.1. A Riemannian manifold is a manifold M equipped with
for each p € M an inner product g, : T,M x T,M — R such that for any
X,Y € X(M) the assignment p — g,(X,,Y},) is a smooth map on M. The map
g is called a Riemannian metric on M.

The term ‘metric’ refers to the fact that g induces a distance between points on
M. For any smooth curve v : [0,1] — M one defines its length with respect to

g as X
I(y) = / o (70,7 (6)dt.
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For any p,q € M the distance between p and ¢ is defined as

d(p, q) :==inf {i(y) [ 7 : [0,1] = M is smooth, (0) = p, 7(1) = q} .
This distance function turns M into a metric space.

Definition 2.1.2. The diameter of a Riemannian manifold (M, g) is defined
as the supremum of all distances between points on M

d(M, g) = sup{d(p,q) | p,q € M}.

Note that we allow the diameter to be possibly infinite. For compact Riemannian
manifolds, the diameter is always finite.

Let (M, g) be a Riemannian manifold. There exists a unique bilinear map
V:X(M)xX(M)—X(M):(X,)Y)— VxY
which satisfies for any X,Y, Z € X(M) the Koszul identity:
29(VxY. 2) = X(g(Y. 2)) + Y (g(X, 2)) - Z(g(X.Y))

—g([Y,X],Z) —g([X, Z],Y) _g([KZ]vX)'

This map V is called the Levi-Civita connection on (M, g). The term ‘connection’

comes from the fact that it gives us a way of identifying the tangent spaces
T, )M along a smooth curve 7 in the manifold. In particular it allows one to
differentiate a vector field along a curve. The following object that we define
measures in some sense the commutativity of the Levi-Civita connection.

Definition 2.1.3. Let (M, g) be a Riemannian manifold with Levi-Civita
connection V. The Riemann curvature tensor is defined as the multilinear map

R:X(M)* = X(M): (X,Y,Z) = VxVyZ - VyVxZ — VixyZ.

The term ‘tensor’ refers to the fact that R can be evaluated in tangent vectors
at a point in the manifold. More specific, for any point p € M and any vector
fields X1, X2, X3,Y1,Y2,Ys € X(M) with X;(p) = Yi(p) for all ¢ € {1,...,3} it
holds that R(X1, X2, X3), = R(Y1,Y>,Y3),. The expression R(u,v,w) for any
p € M and u,v,w € T, M thus has a well-defined value in T,,M.

Definition 2.1.4. Let (M,g) be a Riemannian manifold with Riemann
curvature tensor R. For any point p € M and plane m C T, M one defines the
sectional curvature of 7 as

K(W) = gp(R(uv v, v)a u)

where u, v is any orthonormal basis for .
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Remark 2.1.5. Let g be a Riemannian metric on a manifold M and A > 0
a real constant. One can define a new metric § on M by letting g, = Ag, for
any p € M. The Levi-Civita connection, Riemann curvature tensor, sectional
curvature and diameter of the two metrics can be related as follows:

~ - - 1
V=V, R=R, K=K d(M,§) = VAd(M, g).

2.2 Flat manifolds

We start the discussion with the class of flat manifolds. Since the goal of
this thesis is to determine the existence of Anosov diffeomorphisms on closed
manifolds, we will mostly be interested in the closed flat manifolds. As the
name suggests, the definition of a flat manifold is a geometric one. In the closed
case we will show that the definition can be made purely algebraic.

Definition 2.2.1. A Riemannian manifold (M, g) is called a space form if it
has constant sectional curvature. If in addition the sectional curvature is zero,
we call the manifold flat.

A first step in trying to understand the space forms (or the flat manifolds in
particular) is by determining what their universal cover looks like. Recall that
if p: M — M is a covering projection between manifolds and ¢ is a Riemannian
metric on M, then there exists a unique Riemannian metric § on M such that
p:(M,3) — (M,g) is a local isometry. As a consequence, the universal cover
of a Riemannian manifold automatically carries a Riemannian structure as well.
Since the metric on the covering space is locally isometric to the metric on
the base space, it follows that the universal cover of a space form is again a
space form. In particular, the universal cover of a flat manifold is again a flat
manifold.

Example 2.2.2. There are three standard examples of simply connected space

forms:

1. n-dimensional Euclidean space R™ with metric at x € R™ given by

9z (v, w) = (v, w)

for any tangent vectors v,w € T,R™ = R™ and where (-,-) denotes the
standard inner product on R™. The sectional curvature of R” is equal to
zero and thus R™ is a flat manifold.

2. The n-dimensional sphere S™(R) = {(z1,...,Zn41) € R™™ |22 + ... +
z2,, = R?} of radius R. It has a natural embedding i : S™(R) < R"** :
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2+ z. The metric on S™(R) can then be defined for all z € S™(R) and
v,w € T,S™(R) by

92 (v, w) = (di(v), di(w)),
where (-,-) is the standard inner product on R"*! = T;yR"*! The
sectional curvature of S"(R) is equal to 1/R2.

3. n-dimensional hyperbolic space H" = {(z1,...,2,) € R" | 21 > 0} with
metric at x = (1, ...,z,) given by

1
9z (U7 w) = 3 <U’ w>
7

for any tangent vectors v,w € T,H" = R". The sectional curvature of
H" is equal to —1. By Remark 2.1.5, we can rescale this metric with the
positive constant B2 > 0 to obtain a Riemannian manifold H"(R) with
constant negative sectional curvature —1/R2.

In [Hop26][Kil91] Killing and Hopf proved that, up to isometry, S™, R™ and H"
are also the only possible simply connected space forms within the class of the
complete manifolds. Recall that a metric space is called complete if any Cauchy
sequence converges.

Theorem 2.2.3 (Killing-Hopf). Let (M, g) be an n-dimensional complete space
form and let K denote the (constant) sectional curvature of M.

1. If K >0, then the universal cover of M is S™(R), where R =1/VK.
2. If K =0, then the universal cover of M is R™.
3. If K <0, then the universal cover of M is H"(R), where R =1/v/—K.

Note that a closed (or compact) Riemannian manifold is always complete. Thus
given an n-dimensional closed flat manifold (M, g), we know that its universal
cover is Euclidean space R™ and we have a covering projection p : R® — M,
which is a local isometry. Let ¢ € Diff(R™) be a covering transformation of
p:R"™ = M, ie. pop=p. Let § denote the Euclidean metric on R™. Then we
have for any € R™ and v, w € T,R™:

gtp(z) (dgﬁ v, dg@ U)) = Gp(p(x)) (dp d@ v, dp d(p ’LU)
= Gp(x) (dp v,dp ’LU)

= Gz (v, w).
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As a consequence @ is an isometry of R™. If we let I' denote the group of all
covering transformations or Deck transformations of p : R™ — M, then this
exactly means that I" is a subgroup of Iso(R™). Note that the isometry group
of R™ can be written as a semi-direct product

Iso(R™) 2 R" x O,(R)

where an element (b, A) of the semi-direct product R™ x O, (R) corresponds to
the isometry of R™ which sends = to Az + b for all x € R™. Equivalently, we
can say that Iso(R™) fits in the short exact sequence

1 — R" 5 Iso(R") - O, (R) — 1 (2.1)

where for any b € R”, the isometry ¢(b) : R" — R" : z — x4+ b is the translation
over b and for any isometry f € Iso(R™), the linear map r(f) : R® — R™ :
x — f(x) — f(0) is the linear part of f. Analogously, we can define the Affine
transformation group Aff(R™) of R™ as the semi-direct product R™ x GL,,(R)
and get a short exact sequence

1 — R" 55 AfF(R™) -5 GL,(R) —> 1.

Note that Iso(R™) is a subgroup of Aff(R"™).

If we endow R", O,,(R) and GL, (R™) with their usual smooth structure then
the smooth product structure on R™ x O, (R) and R™ x GL,,(R) turns Iso(R™)
and Aff(R™) into Lie groups.

2.2.1 Crystallographic and Bieberbach groups

In crystallography, the group Iso(R™) plays a central role since the symmetries
of a crystal form a subgroup of Iso(R™). The following definition makes this
concrete. Let us recall that a subgroup H of a topological group G is called
discrete if the subspace topology on H inherited from G is the discrete topology
and is called cocompact if the space of left cosets G/H is compact for the
quotient topology. A group is called torsion-free if there are no elements with
finite order except for the neutral element.

Definition 2.2.4. A subgroup I' of Iso(R"™) is called a crystallographic group
if it is discrete and cocompact. If in addition I' is torsion-free, we call I" a
Bieberbach group.

The dimension of a crystallographic or Bieberbach group is defined as the
dimension n of the Euclidean space R™ that it acts on. The two-dimensional
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crystallographic groups are sometimes referred to as the ‘wallpaper groups’
whereas the three-dimensional crystallographic groups are sometimes referred
to as the ‘space groups’

Example 2.2.5. Let us give some examples of crystallographic and Bieberbach
groups. Recall that for any b € R™, ¢(b) : R” — R™ : 2 — x + b denotes the
translation over b.

1. The subgroup {t(b) | b € Z"} of Iso(R™) consisting of all integer
translations is a Bieberbach group. This group is clearly free abelian of
rank n.

2. Consider the subgroup of Iso(R?) 22 R? x Oy(R) generated by

(06 5) = ()

This is a Bieberbach group. It is isomorphic to the fundamental group of
the Klein bottle, which is no coincidence as we will see. It can also be
seen as the group of symmetries of the pattern drawn in Figure 2.1a. This
group and the free abelian group of rank two exhibit all the Bieberbach
groups of dimension two, up to isomorphism.

3. Consider the subgroup of Iso(R?) = R? x O3(R) generated by

(@G 5) ) e )

This is an example of a crystallographic group which is not a Bieberbach
group. Indeed, the first generator has order two, thus implying the group
is not torsion-free. The group can also be seen as the symmetries of
the pattern drawn in Figure 2.1b. In total, there are 17 crystallographic
groups of dimension 2, up to isomorphism.

4. Consider the subgroup of Iso(R3) generated by the elements

-1 0 o0\ [1/2 1 0 0 1/2
0 -1 0],[1/2 and 0 -1 0], o0
0o o 1) \1/2 0 0 -1 0

This is a Bieberbach group of dimension 3. In total there are, up to
isomorphism, 10 Bieberbach groups of dimension 3.
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(a) The herringbone pattern. (b) The pattern of a wire fence.

Figure 2.1: Some patterns in the plane giving rise to crystallographic groups.

Note how the crystallographic group from Example 2.2.5.3 has an element which
leaves the origin of R? fixed, while the Bieberbach group from Example 2.2.5.2
has no elements with fixed points except for the identity. It turns out this is
exactly what characterises the Bieberbach groups within the crystallographic
groups. To make this more concrete, let us recall some definitions regarding
group actions.

Definition 2.2.6. Let G be a group acting on a set X and let us write this action
with g-x forany g € Gand x € X. If G is a topological group and X a topological
space, we say the action is continuous if the map G x X — X : (¢g,z) — g-x is
continuous. Moreover we say the action is:

(i) properly discontinuous if for any compact subset K C X the set
{9eGIKng K #0}
is finite,
(ii) cocompact if the quotient space G\X is compact and

(iii) free if for any g € G,z € X, it holds that g - « implies g is equal to the
neutral element of G.

Note that Iso(R™) is a topological group since it satisfies the stronger condition
of a Lie group and thus any subgroup of Iso(R"™) is a topological group with
the subspace topology. Subgroups of Iso(R™) naturally act on R™ and as one
can check these actions are continuous. The following proposition now gives us
characterizations of crystallographic groups and Bieberbach groups in terms of
the action on R".
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Proposition 2.2.7. Let T be a subgroup of Iso(R™), then

(i) T is a discrete subgroup of Iso(R™) if and only if T' acts properly
discontinuously on R™,

(i) T is a cocompact subgroup of Iso(R™) if and only if T' acts cocompactly on
R™,

(@ii) if T is a discrete subgroup, it is torsion-free if and only if T acts freely on
R™.

Proof. We will only prove part (iii). Let I be a discrete subgroup of Iso(R™)
and first assume I' is torsion-free. Say we have v € I' and x € R™ such that
v -x = z or equivalently y(z) = z. Let us write v = (b, A) with b € R™ and
A € 0,(R). Then consider the element 4 = ¢(z) "' oyot(x). Note that 7(0) = 0
and thus that 4 € {0} x O,,(R™) which is a compact subgroup of R"™ x O, (R™).
As a consequence, the discrete subgroup generated by 4 must be finite. Thus
there exists an integer n € Z such that 4™ = 1 which in turn implies as well
that 4™ = 1. Since I was assumed to be torsion-free, it follows that v = 1. This
proves that I' acts freely on R™.

Conversely, assume I' acts freely on R™ and let v be an element of finite order
in I', say n. Then define

As one can check, we now have that vy(z) = x or equivalently v -2 = z. Since
we assumed that the action was free, it follows that v = 1. This proves that I"
is torsion-free. O

The Bieberbach theorems. In 1911-1912, Ludwig Bieberbach published
two papers with title ‘Uber die Bewegungsgruppen der Euklidischen Riume’
[Biel1][Biel2], in which he proved three important theorems about the structure
of crystallographic groups. In this paragraph, we state these theorems. Recall
the notation of the group morphisms r and ¢ from equation (2.1).

Theorem 2.2.8 (First Bieberbach). Let I' C Iso(R™) be a crystallographic
group of dimension n. Then r(T') is a finite group and T Nt(R™) is a free abelian
group of rank n.

The subgroup I' N ¢(R™) will be called the subgroup of pure translations and the
group r(I") the holonomy group. We have a couple of observations about the
subgroup of pure translations.
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o First, note that it is normal in I'. This follows from the more general fact
that ¢(R™) is normal in Iso(R™).

e Second, it is a maximal abelian subgroup of I', i.e. it is not strictly
contained in another abelian subgroup of T'. Indeed, assume v = (b, A) is
an element in T' which commutes with every element of ¢(R™) NT. Since
t(R™) NT is free abelian of rank n, there exists a basis vy,..., v, of R"
such that the image of this basis under t is a basis for t(R®) N T as a
Z-module. The commutation relations

1= [, t(vs)] = v t(vs) y " t(vi) " = t((A = I)vy)

for all 1 <4 < n imply that A is equal to the identity I. This shows that
v € t(R™) NT and thus that ¢(R™) NT is indeed maximal abelian in T'.

e Third, it is the only subgroup of I' which is both normal and maximal
abelian. Indeed, assume S is a normal abelian subgroup of I'" and let
v = (b, A) be an element of S. Let vy, ..., v, be the basis of R as above.
From the normality of S, it follows that [y, ¢(v;)] lies in S. Since S is also
abelian, we have for all 1 <7 < n, the commutation relations

1= [y, [y, t(0)]] = t((A — I)%0;)

which implies that (A — I)? = 0. Using that A € O, (R), we can from
this deduce that A = I and thus that v € ¢(R") NT. This shows that
S C t(R™)NT and thus that the subgroup of pure translations is indeed
the only normal and maximal abelian subgroup of I". As a consequence
we also have that it is a characteristic subgroup of I', i.e. it is preserved
under any automorphism of T'.

The first Bieberbach theorem thus implies that every crystallographic group
has a (unique) normal torsion-free maximal abelian subgroup of finite index.
Due to Zassenhauss [Zas48], we know this is also a sufficient condition for an
abstract group to be isomorphic to a crystallographic group. This is captured
in the following theorem with the use of short exact sequences.

Theorem 2.2.9 (Zassenhauss). A group T is isomorphic to a crystallographic
group of dimension n if and only if it fits into a short exact sequence

17" T —F—1

where i(Z) is mazimal abelian in T' and F is a finite group.

Now let us state the second Bieberbach theorem, which tells us what an
isomorphism between two crystallographic groups in Iso(R™) looks like.
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Theorem 2.2.10 (Second Bieberbach). Let T', TV C Iso(R™) be crystallographic
groups of dimensionn. Let f : T — I be a group isomorphism. Then there exists
an element o € Aff(R™) such that for all v € T it holds that f(v) = aya~t. In
other words, every isomorphism between crystallographic groups can be realized
as an affine transformation of coordinates.

Note that two crystallographic groups of different dimensions can never be
isomorphic as abstract groups. Indeed, as discussed above, a crystallographic
group has a unique normal maximal abelian subgroup which is free abelian of
rank equal to the dimension of the crystallographic group. If two crystallographic
groups are isomorphic, then their normal maximal abelian subgroups must be
isomorphic and thus they must have the same dimension.

At last, we state the third Bieberbach theorem.

Theorem 2.2.11 (Third Bieberbach). Given n, there are, up to isomorphism,
only finitely many crystallographic subgroups of Iso(R™).

In low dimensions, the number of crystallographic and Bieberbach groups up
to isomorphism have been calculated [BBNT78] [PS00] [CS01]. These numbers
are given in Table 2.1.

dimension | crystallographic | Bieberbach
1 2 1
2 17 2
3 219 10
4 4783 74
5 222018 1060
6 28927922 38746

Table 2.1: The number of crystallographic groups and Bieberbach groups in
low dimensions.

2.2.2 Algebraic characterization of flat manifolds

Let (M, g) be a closed flat manifold. As discussed before, its universal cover
is given by n-dimensional Euclidean space R™ and the group of covering
transformations T, is a subgroup of Iso(R™). In general, the group of covering
transformation of a covering projection acts properly continuous and freely
on the cover if we assume the spaces to be connected, locally connected and
locally compact. Using Proposition 2.2.7 we thus immediately find that T" is a
Bieberbach group. This proves the following theorem which gives an algebraic
characterisation of closed flat manifolds.
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Theorem 2.2.12. If (M, g) is an n-dimensional closed flat manifold, then
there exists a Bieberbach group T' C R™ such that (M, g) is isometric to T\R"
and the fundamental group of M is isomorphic to T'.

Using the above theorem, we can now give geometric interpretations to the
Bieberbach theorems, but in order to do so we need the notion of an affine
equivalence between Riemannian manifolds.

Definition 2.2.13. Let (M, g) and (V, §) be Riemannian manifolds with Levi-
Civita connections V and V, respectively. A diffeomorphism f: M — N is
called an affine equivalence if V = f*V where f*V is the pull-back of V along
f. In case such a diffeomorphism exists, we say (M, g) and (N, §) are affinely
equivalent.

Theorem 2.2.14 (Geometric Bieberbach). Let (M,g) and (N,g) be n-
dimensional closed flat manifolds. Then the following hold:

(i) M is covered by a flat n-dimensional torus and the covering projection is
a local isometry.

(i) The fundamental groups of M and N are isomorphic if and only if M
and N are affinely equivalent.

(ii) Up to affine equivalence, there are only finitely many flat manifolds in
each dimension.

Proof. For (i), there exists by Theorem 2.2.12 a Bieberbach group I' C Iso(R")
such that M is isometric to T'\R™. As one can check, the quotient map
p: T NE(R™)\R" — I'\R" is a covering projection and also a local isometry.
The first Bieberbach theorem now exactly tells us that p has finite fibers and
that ' N ¢(R™)\R™ is isometric to a flat torus.

For (ii), note that the ‘if’ direction is trivial since a diffeomorphism between
manifolds induces an isomorphism between their fundamental groups. For the
‘only if’ direction, let T',T C Iso(R") be Bieberbach groups such that M and N
are isometric to I'\R™ and I'\R™, respectively. Since I' and T are isomorphic
to the fundamental groups of M and N, respectively, the assumption gives us
an isomorphism F : I' — I'. By the second Bieberbach theorem, there exists
an a € Aff(R") such that F(y) = aya~! for all ¥ € . As one can check, the
affine map o : R” — R” induces a map @ : \R” — T\R" : I - 2 — I - a(x)
which is in fact an affine equivalence.

For (iii), combine the third Bieberbach theorem with part (ii). O
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Remark 2.2.15. Note that we cannot expect part (iii) of the above theorem to
hold up to isometry. Indeed, for any closed flat manifold (M, g) and any positive
real constant A > 0, the manifold (M, Ag) is also flat, but is not isometric
to (M,g) if A # 1. Indeed they would have different diameters. Note that
this diameter is finite since the manifolds are assumed to be compact. This
shows that there are infinitely many non isometric closed flat manifolds in each
dimension.

Note that part (ii) of Theorem 2.2.14 implies that in the class of closed flat
manifolds the notions ‘homeomorphic’, ‘isomorphic fundamental group’ and
‘affinely equivalent’ are interchangeable. In Table 2.1 we can thus read under
Bieberbach groups, the number of closed flat manifolds in low dimensions, up
to homeomorphism. In dimension one, there is in the first place only one closed
smooth manifold, which is the circle. In dimension two, we find two manifolds,
namely the torus and the Klein bottle.

Figure 2.2: Up to homeomorphism, there are only two closed flat manifolds in
dimension two: the torus (left) and the Klein-bottle (right).

2.3 Almost-flat manifolds

Definition 2.3.1. Let (M, g) be a Riemannian manifold with finite diameter.
We say the metric g is e-flat if its sectional curvature is bounded in terms of

the diameter by
€
Kwvw)| < ——
OIS Gar gy
for any unit tangent vectors v,w € T, M and any p € M. A compact manifold
is called almost flat if it admits e-flat metrics for € > 0 arbitrarily small.

Note that the definition of a flat manifold is one on differentiable manifolds and
not on Riemannian manifolds.

Remark 2.3.2. Note that being e-flat is independent of scaling the metric
with a constant. Indeed, let g be a Riemannian metric on a manifold M, A > 0
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a real constant and define a new metric § on M by letting §, = Ag, for any
p € M. By Remark 2.1.5 we have that

K (v,w)| - d(M,§)* = ﬁ K (0, w)] VA - d(M,g)* = |K (v,0)] - d(M, g)*.

This implies that g is e-flat if and only if g is e-flat.

Every manifold that admits a flat metric is also an almost-flat manifold. As a
consequence, for any Bieberbach group I' < Iso(R™), we have that T'\R" is an
almost-flat manifold. As we will see later on, the simplest example of an almost-
flat manifold that does not admit a flat metric is the quotient H(Z)\H (R) (see
Example 2.3.4 below). The key difference between I'\R™ and H(Z)\H(R) is
that R™ is an abelian Lie group and H(R) is not. The group H(R) is, however,
nilpotent and this will turn out to be necessary as well.

2.3.1 Torsion-free finitely generated nilpotent groups

In what follows we give an overview of some results due to Mal’cev, which help
describe the lattices in simply connected nilpotent Lie groups. First, for sake of
completeness, let us recall the definition of a nilpotent group.

Definition 2.3.3. A group N is called nilpotent if it has a central series of
finite length, i.e. a finite sequence of subgroups of N:

{I}ZNOS]NlS]S]Nn—IS]Nn:N

such that for all 1 < ¢ < n we have [N, N;] < N,;_;. The smallest possible
length n for a central series of a nilpotent group IV will be called the nilpotency
class of N and is denoted by c. We also say that N is c-step nilpotent.

Note that in a central series, for all 1 < ¢ < n it holds that [N, N;] < N;,_; < N;
and thus that N; is normal in N. As a consequence, we can equivalently
characterize a central series as a sequence {1} = Nyg I Ny < ... I N,,; <
N,, = N of normal subgroups of N such that N;/N;_; < Z(N;/N,;_1) for all
1<i1<n.

Example 2.3.4. Let us give some examples of nilpotent groups.

1. Every abelian group A is 1-step nilpotent since it has a trivial central
series {1} = Ag< A; = A.
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2. Let R be a commutative ring with 1. The multiplicative group of upper
triangular matrices with coefficients in R and 1’s on the diagonal:

I rm2 rz - Tin
0 1 T23 Ton
UT,.(R) = ri; € R1<i<j<n
0 0 1 ro_1n
0 0 0 1

is nilpotent of class n — 1. As a consequence, every subgroup of UT,(R)
is nilpotent of class at most n — 1. In the special case where n = 3 we
call this group the Heisenberg group (with entries in R) and write it as
H(R) := UTs(R). Note that the group UT,,(R) is torsion-free if R is an
integral domain of characteristic 0. From this it follows that any subgroup
of UT,(Z) is torsion-free. Moreover, since UT,,(Z) is finitely generated
and nilpotent, it follows that any of its subgroups are finitely generated as
well [Seg83, Ch. 1, Prop. 4]. We thus have that any subgroup of UT,,(Z)
is a finitely generated torsion-free nilpotent group (of class at most n — 1).

3. As a special case of the previous examples, consider for any positive integer
n > 0 the following subgroup of the integral Heisenberg group H(Z):

1 na c
H,(Z) = 0 1 b)|abcelZ
0O 0 1

These groups are two-step nilpotent and pairwise non-isomorphic for
different positive integers n. For n = 1, we recover the Heisenberg group
H(Z).

Now suppose N is a finitely generated torsion-free nilpotent group. It will be
very useful to consider a central series for which all the quotients N, /N; are
torsion-free as well. This is the case for the so called upper central series

{1} = Zo(N) < Zy(N) Q... Q Ze_1(N) < Z,(N) =N

defined inductively by N;/N;_1 = Z(N/N;_1). Intuitively, it is the central
series which grows fastest. To see the quotients are torsion-free, note that the

quotient of a torsion-free nilpotent group by its centre is still torsion-free [Seg83,
Ch. 1, Cor. 5].

Dual to the upper central series, we can also consider the lower central series,

N =71 (N) B 9a(N) B .. B 7e(N) B s (N) = {1}
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defined inductively by ;41 (N) = [N,7:(N)]. Intuitively, this is the fastest
shrinking central series. Note that both the upper and lower central series of a
nilpotent group N have length equal to the nilpotency class of N. In contrary
to the upper central series, the quotients v;11(N)/v;(N) of the lower central
series of a finitely generated torsion-free nilpotent group N, are not generally
torsion-free. To illustrate this, consider the groups H,,(Z) from Example 2.3.4.
Their commutator subgroup is given by

1 0 nc
Yo (H,(Z)) = 01 0 ceZ
00 1

From this it follows that H, (Z)/v2(H,(Z)) = Z* ® (Z/nZ) and thus that its
lower central series does not have torsion-free quotients if n > 1. We can solve
this by adding the ‘roots’ to each subgroup in the lower central series.

Definition 2.3.5. Let G be a group and H a subgroup of G. We define the
isolator or root set of H in G as the set

VH={geG|IneN:¢g"cH}.
In general, the isolator of a subgroup does not need to be a subgroup itself, but
the isolators of the subgroups in the lower central series are.

Proposition 2.3.6. Let N be a torsion-free nilpotent group. Then X/~;(N) is
a subgroup for all 1 <i<c+1 and

N=7nN)> VpuN) 2. 2 Ve (N) = Ve (V) ={1}

is a central series for N with torsion-free quotients. This central series is called
the adapted lower central series.

Proof. We refer to [Pas77, p.473, Lemma 1.8]. O
Note that the subgroups in the upper, lower and adapted lower central series
are all characteristic subgroups.

Let N be a finitely generated torsion-free nilpotent group and
N=N,>Ny>...> N, > Ny = {1} (2.2)

a central series for N with torsion-free quotients (and note it is written in
descending order). We thus have [N, N;] < N;4; and N;/N;y; = Z% for
some integers dy,...,d, € Z. It can be shown that the sum of these integers
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D :=3>"" | d; is independent of the chosen central series. This number D is
usually referred to as the Hirsch length or Hirsch number of N. By refining the
series in (2.2), we can get a central series

N=N >Ny>...>Np>Npy ={1}

such that N; = N1y g4 1a, , forany i € {1,...,n+1} and N;/N;;, = Z for
any ¢ € {1,...,D}. For any i € {1,...,D}, we can thus choose an element
a; € N; such that the quotient NMNiH is generated by aiNZ-H. Any D-tuple
a = (ay,...,ap) of elements of N obtained in this way will be called a Mal’cev
basis for N. Fixing such a Mal’cev basis, every element x € N can be written
uniquely as a product

r=ai' ... 0}
with 21,...,2p € Z. This gives a bijection ¢, : ZP — N where
Ya(1,...,2p) =ai' - ... aly.

An important fact about finitely generated torsion-free nilpotent groups is that
the group operation has a polynomial structure with respect to a Mal’cev basis.

Proposition 2.3.7. Let N be a finitely generated torsion-free nilpotent group
of Hirsch length D and let a = (a1, ...,ap) be a Mal’cev basis for N. For any
i €{1,...,D}, there exists a rational polynomial

pi € Qa1 ..., Tim1, Y1, -, Yiz1]

which satisfies p;(Z) C Z, such that for any two elements x = a(x1,...,2p)
and y = a(y1,...,yp) in N, their product is given by xy = a(z1,...,2zp) with

Zi =2 +Yi +pi(T1, . T, Y- Yie1)
for anyie{l,...,D}.

Example 2.3.8. To illustrate the above, consider the groups H,(Z) from
Example 2.3.4. A Mal’cev basis for H,,(Z) can be given by a = (a1, ag, as) with
1 0 0 1 n O 1 0 1
ar=(0 1 1], aa:=1{0 1 o], az:={0 1 0
0 0 1 0 0 1 0 0 1
An element of H,,(Z) thus has coordinates with respect to this Mal’cev basis as
1 nxy x3

Ya(z1,22,23) = [0 1 a4
0 0 1
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for any (z1, 22, 23) € Z3. A computation shows that

1 n(xz+y2) x3+ys+nwoy:
Va1, 22,23) - a(y1,92,y3) = | O 1 1+ Y1
0 0 1

The polynomials from Proposition 2.3.7 are thus given by

p1=0, p2=0, p3=nray.

As a consequence of Proposition 2.3.7, we can naturally extend a torsion-
free finitely generated nilpotent group N to bigger groups. Let a =
(a1,...,ap) be a Mal’cev basis for N and p1,...,pp the associated polynomials
from Proposition 2.3.7. Define the groups N@ and N® as the sets QP
and RP| respectively, equipped with the group operation (zi,...,7p) -
(y1,.--yyp) = (#21,...,2p) where z; = z; +y; +pi(z1, ..., Xim1,Y1,...,Yyi—1) for
any xi,...,Tp,Y1,-.-,yp in Q or R, respectively. We thus get a sequence of
injective group morphisms

N %5 N® o pNR

By identifying elements we can thus view N as a subgroup of NQ. The groups
N@ and N® are referred to as the rational Mal’cev completion and the real
Mal’cev completion, respectively.

Example 2.3.9. The rational and real Mal’cev completions of Z", 4 are just
Q™, + and R™, +, respectively.

Example 2.3.10. Consider the groups H,(Z) from Examples 2.3.4 for positive
integers n > 0. Their rational Mal’cev completions are given by H,,(Z)? =
H(Q). We thus see that non-isomorphic torsion-free finitely generated nilpotent
groups can have isomorphic Mal’cev completions. Note that we also have
H,(Z)} =~ H(R).

Note that the Mal’cev completions have the property that all roots of an
elements exist.

Definition 2.3.11. A group G is said to be radicable if for any x € G and
positive integer n > 0, there exists a unique element y € G such that y” = x. If
H is a finitely generated torsion-free nilpotent group and G a radicable group
such that H is a subgroup of G and for any € G there exists a positive integer
n > 0 such that ™ € H, then we say G is a radicable hull of H.

A radicable hull of a finitely generated torsion-free nilpotent group H is uniquely
determined up to isomorphism. This follows from the following property.
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Proposition 2.3.12. Let H be a finitely generated torsion-free nilpotent group
and G a radicable hull of H. If f : H — M is an injective group morphism to a
group M for which every element x € M has some positive power lying in f(H),
then there exists a unique morphism g : M — G which makes the following
diagram commute:

G2 M
T / (2.3)
!
H
Proof. See [Seg83, Section 6.A., Exercise 1]. O

If N is a finitely generated torsion-free nilpotent group and N© its rational
Mal’cev completion, then N? is a radicable hull of N. We thus see that the
isomorphism type of NQ does not depend on the choice of Mal’'cev basis to
construct it. As a consequence of the above proposition, we also have that
injective maps between finitely generated torsion-free nilpotent groups extend
uniquely to their rational Mal’cev completions.

Corollary 2.3.13. If N1, Ny are two finitely generated torsion-free nilpotent
groups and f : Ny — Na is an injective homomorphzsm then there exists a
unique homomorphism f : N — N;@ such that f|N1 =f. If Ny = Ns and f is
an automorphism, then so is f.

Let N be a finitely generated torsion-free nilpotent group. Since N¥ is just R”
as a set, we can give it its standard differentiable manifold structure. Since
multiplication is given by polynomials in these coordinates, it is straightforward
to verify that multiplication and inversion are smooth maps. We thus have that
N® is simply connected nilpotent Lie group, an object on which we elaborate
in the following section.

2.3.2 Nilpotent Lie groups and Lie algebras
Since it will be a central object in this thesis, let us recall the definition of a Lie
algebra (over arbitrary fields) and the notion of homomorphisms between them.

Definition 2.3.14. Let K be a field. A Lie algebra over the field K is a K-
vector space g equipped with a bilinear map [-,-]:gxg—g: (X,Y) — [X,Y],
called the Lie bracket of g, which satisfies the following two conditions:

(i) VX €g: [X,X] =0,
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(i) VX, Y, Z eg: X,[Y,Z]| +|Y,[Z,X]] + [Z,[X, Y]] = 0.

Definition 2.3.15. Let g and b be Lie algebras. A linear map ¢ : g — b
is said to be a Lie algebra homomorphism if for any X,Y € g it holds that
o([X,Y]) = [p(X),p(Y)]. If in addition ¢ is invertible, then we call ¢ a Lie
algebra isomorphism and we say that g and § are isomorphic. The isomorphisms
from g to itself are called Lie algebra automorphisms and the set of all Lie
algebra automorphisms of g is written as Aut(g).

An important result in the theory of Lie groups is that one can associate to
any Lie group G an (up to isomorphism) unique Lie algebra g over R. The
underlying vector space of g is the vector space of left-invariant vector fields on
G and the Lie bracket is the Lie bracket between vector fields from differential
geometry. By evaluating the left invariant vector fields at the identity e € G,
one gets an identification of g with T, G, as vector spaces. It is thus clear that g
is finite dimensional. Moreover, this assignment of a Lie algebra to a Lie group
is functorial. If G, H are Lie groups with Lie algebras g and h, respectively, and
if f:G — H is a Lie group homomorphism, then the derivative at the identity
d.f gives a Lie algebra homomorphism from g to . By the works of Sophus
Lie and Elie Cartan we know that this functor assigning to a Lie group its
Lie algebra is essentially surjective. For a detailed discussion, see for instance
[DKO00, Chapter 1].

Theorem 2.3.16 (Cartan, Lie). 1. Let G and H be Lie groups with Lie
algebras g and b, respectively, such that G is simply connected. For
every Lie algebra homomorphism ¢ : g — b there exists a Lie group
homomorphism ¢ : G — H such that p = d 1.

2. For every real Lie algebra g, there exists a, up to isomorphism, unique
simply connected Lie group G such that the Lie algebra of G is isomorphic
to g.

For any X € g = T.G, there is a unique smooth homomorphism ¢x : (R,+) —
G such that ¢'s(0) = X. This gives a mapping from the Lie algebra to the Lie
group, which will be referred to as the exponential map and is defined by

exp:g— G: X — px(1).
It is also common to write eX for exp(X).

The Lie bracket on g and the product on G are related to each other by the
Baker-Campbell-Haussdorf (BCH) formula:

VX,Y €g: eXe¥ =¢Z
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with
1 1 1
Z=X+Y+ - X, Y]+ =X, [X,)Y]| - =]\, [ X, Y]] +...
2 12 12
on condition that this series converges. This is guaranteed if X and Y are

chosen small enough.

Example 2.3.17 (Heisenberg Lie algebra). Consider the Heisenberg group
H(R), which is a Lie group. If we see H(R) as a subset of R3*3, then the
tangent space of H(R) at the identity can be identified with the vector space of
matrices spanned by

00 0 010 00 1
X=[0oo0 1], Yy=|0 0 o], z={[0 0 0o
00 0 00 0 00 0

This is the underlying vector space of the Lie algebra of H(R), which we write
as h3. The Lie bracket on b3 is equal to the commutator of matrices and thus
we get that

[X,Y]=Z and [X,Z]=]Y,Z]=0.

In general, the 3-dimensional Lie algebra determined by the above relations
over an arbitrary field K will be called the Heisenberg Lie algebra over K.

For the following definitions, let g be an arbitrary Lie algebra over an arbitrary
field K. For two sub vector spaces h, ¢ C g, one defines

[b, €] = span;{[X, Y] | X € b, Y € ¢}.

Similar as with groups, the lower central series of the Lie algebra g is defined
as the descending sequence

g="71(9) 22(9) 213(g) 2 ...

where
i+1(9) = [9,7i(g)]
for any i € N'\ {0}.
Definition 2.3.18. A Lie algebra g (over an arbitrary field) is called nilpotent
if there exists an integer ¢ € N\ {0} such that ;(g) = {0}. If such an integer

exists, then the smallest such integer is called the nilpotency class of g and this
integer is denoted by c. In this case, we also say that g is c-step nilpotent.

Example 2.3.19. 1. The Heisenberg Lie algebra from Example 2.3.17 is a
2-step nilpotent Lie algebra.
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2. Let K be a field and V a finite dimensional vector space over K. Let
A € End(V) be a linear map which is nilpotent. Write m > 0 for the
smallest integer such that A™ = 0. Define the Lie algebra gy = KX &V
with Lie bracket defined by

[X,Y] =AY, [Y1,Y2]=0

for any Y,Y7,Ys € V. The Lie algebra g4 is an m-step nilpotent Lie
algebra.

3. Let K be a field and define a Lie algebra with basis Xi,...,X,, and
relations
(X1, Xi]=Xip1 V2<i<n-—1

where all other brackets of basis vectors are zero. Note that this Lie
algebra has a maximal nilpotency index, namely its dimension minus one.
Lie algebras with this property are called filiform Lie algebras. The above
Lie algebra is called the Standard filiform Lie algebra. Note that it is also
isomorphic to the Lie algebra g4 from the previous example, where A has
matrix representation

0
1 0

We say a Lie group is nilpotent if it is so as an abstract group. The following
theorem gives a connection between nilpotent Lie groups and nilpotent Lie
algebras.

Theorem 2.3.20. Let G be a Lie group with Lie algebra g. If G is nilpotent
(as an abstract group), then g is nilpotent. If G is connected and g is nilpotent,

then G is nilpotent. Moreover, if G is simply-connected, we have for any i > 0
that

7i(G) = exp(7i(9))-

Proof. See for instance [Bou72]. O

2.3.3 Cocompact lattices in nilpotent Lie groups

Let G be a Lie group. We say that a (group theoretic) subgroup of G is a
cocompact lattice, if it is a discrete subset with respect to the topology on G and
if the coset space G/T" is cocompact for the quotient topology. Note that the
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latter condition is equivalent to the space of right cosets I'\G being compact.
This in turn agrees with the definition of a cocompact actions (Definition 2.2.6
(ii)) if we consider the action of I' on G by left-translation.

Not every Lie group admits a cocompact lattice. Thus, the question arises:
which Lie groups admit a cocompact lattice? And how does the set of cocompact
lattices look like? In the class of nilpotent Lie groups, there is a nice theory
on cocompact lattices of which we state the main results in this section. All
results can be attributed to the work of Mal’cev in [Mal49a] and [Mal49b).

First, let us say something about what type of groups can occur as a cocompact
lattice in a simply connected nilpotent Lie group.

Theorem 2.3.21. FEvery cocompact lattice in a simply connected nilpotent Lie
group is a torsion-free finitely generated nilpotent group and any torsion-free
finitely generated nilpotent group occurs as a cocompact lattice in some simply
connected nilpotent Lie group.

Proof. We leave the first statement as an exercise to the reader. For the second
statement, recall that in Section 2.3.1 we constructed the so called real Mal’cev
completion of a torsion-free finitely generated group. This is a simply connected
nilpotent Lie group and contains the original group as a cocompact lattice. [

Next, we relate cocompact lattices in simply connected nilpotent Lie groups
to certain objects in the associated Lie algebra. Let N be a simply connected
nilpotent Lie group and write n for the real Lie algebra associated to N. It is
well-known that in this setting, exp : n — N is a diffeomorphism. We write
log : N — n for its inverse. Let I' be a cocompact lattice of N and define the
set

n? = spang (log(I")) .

One can show that this subset of n satisfies the following definition.

Definition 2.3.22. Let g be a real Lie algebra. A subset h C g is said to be a
rational form of g if

(i) b is closed under taking Q-linear combinations,
(ii) b is closed under the Lie bracket of g and

(iii) b (as a vector space over Q) has a basis, which is also a basis for g (as a
vector space over R).
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In Section 5.2 of Chapter 5, we give a more general definition of (rational)
forms of Lie algebras. Note that a rational form has itself the structure of a Lie
algebra defined over the field Q.

We say that two rational forms b1, ho C g of a real Lie algebra g are isomorphic
if they are isomorphic as Lie algebras over Q. This is equivalent with the
existence of an automorphism ¢ € Aut(g) such that ¢(h1) = ha.

Example 2.3.23. 1. Consider the real Heisenberg Lie algebra h3 with basis
X,Y, Z and defining relations [X, Z] = [Y,Z] =0 and [X,Y] = Z. Up to
isomorphism, this Lie algebra has only one rational form, given by

spang{X,Y, Z}.

2. Consider the direct sum of two real Heisenberg Lie algebras with bases
X1,Y1, 7, for the first copy and X3, Ys, Z5 for the second copy. Up to
isomorphism, this Lie algebra has infinitely many rational forms. For any
integer k£ > 1, we have a rational form ng which is the Q-span of the
vectors

X71:X1+X27 7IZYVI_'_}/Qv Z:ZI+Z2)

X =Vh(X1 - X2), Ya=Vk(Y1-Y2), Zo=Vk(Z1~ Z).

Two such rational forms ng and n(g, are isomorphic if and only if there
exists an integer [ > 0 such that k = [?k’. As rational Lie algebras, one
can calculate the non-zero bracket relations of n(,? as

(XY =21, [X1,Y2] =2,

(Xo Y] =22, [X2,Yo] =kZ1.

We refer the reader to [Lau08] for a proof that these are indeed all rational
forms up to isomorphism. This follows as well from a more general
statement that we will prove in Chapter 5, see Example 5.6.5.

Definition 2.3.24. Two groups G and H are said to be abstractly
commensurable if there exist finite index subgroups G; < G and H; < H
such that G is isomorphic to H;.

The following theorem establishes a correspondence between cocompact lattices
and rational forms, given a simply connected nilpotent Lie group.

Theorem 2.3.25. Let N be a simply connected nilpotent Lie group with
associated real Lie algebra n.  The assignment I' +— uy gives a one-
to-one correspondence between the cocompact lattices in N up to abstract
commensurability and the rational forms of n up to isomorphism.
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In particular, we have that a simply connected nilpotent Lie group admits a
cocompact lattice if and only if its associated real Lie algebra admits a rational
form. This is again equivalent with the existence of a basis with respect to
which all structural constants of the Lie algebra are rational numbers. We
recall that the structural constants of a Lie algebra g with respect to a basis
X1,..., X, for g are the numbers ¢f; € R, 1 <i,j,k < n such that

(X, X1 =) el X,
k=1
forall 4,5 € {1,...,n}.

2.3.4 Almost-crystallographic and almost-Bieberbach groups

In our discussion of flat manifolds, we saw how Bieberbach groups played an
essential role in classifying them. In what follows, we will generalize the notion
of Bieberbach groups by considering a more general ambient group of isometries.
Indeed, we will replace our Euclidean space R™, which is an abelian Lie group,
with a nilpotent Lie group.

Let us fix a simply connected nilpotent Lie group N. For any choice of inner
product (-,-) on the tangent space at the identity e € N, we define a closed
subgroup of Aut(N) by

Aut (N, (-,)) = {p € Aut(N) | Yo, w € T.N : (dp(v),dp(w)) = (v,w)}.

Note that these subgroups of Aut(/N) are compact and that any compact
subgroup of Aut(N) is contained in such a subgroup. Using the natural action
of Aut(N, (-,-)) on N, one defines the semi-direct product

Tso(N, (-,-)) = N x Aut(N, (-, -)).

Note that this is a Lie group as well and, in particular, it is a topological group.
It fits in the short exact sequence:

1 — N -5 Iso(N, (-, ) = Aut(N, (-, ) — 1.

Definition 2.3.26. Let N be a simply connected Lie group and (-,-) an
inner product on the tangent space at the identity of N. A subgroup I' of
N x Aut(N, (-,-)) is called an almost-crystallographic group (modelled on N)
if it is discrete and cocompact. If in addition I' is torsion-free, we call I" an
almost-Bieberbach group (modelled on N ).
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The dimension of an almost-crystallographic or almost-Bieberbach group is
defined as the dimension of the Lie group N.

Note that the almost-crystallographic and almost-Bieberbach groups modelled
on the abelian Lie group R™ are exactly the crystallographic and Bieberbach
groups of dimension n, respectively. Therefore the almost-crystallographic and
almost-Bieberbach groups are the natural generalization from the abelian setting
to the nilpotent setting.

Example 2.3.27. Counsider the real Heisenberg group H(R) which is a simply
connected nilpotent Lie group. Define the automorphism ¢ € Aut(H (R)) by

1 -y —z
=0 1 T
0 O 1

O =
— 8w

1
%) 0
0

Let XY, Z be the basis for the Lie algebra of H(R) as described in Example
2.3.17 and let (-,-) be the inner product on hs which makes X,Y,Z an
orthonormal basis. As one can check, dpX = X, dpY = =Y, dpZ = —Z
and thus ¢ € Aut(H(R), (-, -)). Next, define the element

o

€ H(R),

o

|
o O =
O =
—e O

and the subgroup of Iso(H(R), (-,-)):

I = (H(2), (a,9)).

where we used the embedding ¢ : H(Z) — Iso(H(R), (-,-)) :  + (z,1d). As one
can check, the group T is an almost-Bieberbach group modelled on H(R).

The notation of the group Iso(V, (-, )) is no coincidence. This group acts
smoothly on N by the law:

(n,9) - @ = nela).

This action induces a map Iso(N,(-,-)) — Diff(N) of which the image is
exactly equal to the isometry group of the Riemannian manifold one obtains
by left-translating the inner product (-,-) on the Lie group N. The almost-
crystallographic and almost-Bieberbach groups can now also be characterized
in terms of their actions on the Lie group N.

Proposition 2.3.28. Let I be a subgroup of Iso(N, (-,+)), then
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(i) T is a discrete subgroup of Iso(N,(-,-)) if and only if T acts properly
discontinuously on N,

(i) T is a cocompact subgroup of Iso(N, (-, -)) if and only if T acts cocompactly
on N,

(iii) if T is a discrete subgroup, it is torsion-free if and only if T' acts freely on
N.

The generalized Bieberbach theorems. As with crystallographic or Bieber-
bach groups, there are theorems describing the structure of almost-crystallographic
or almost-Bieberbach groups. They are referred to as the generalized Bieberbach
theorems. The first one was proven by Auslander.

Theorem 2.3.29 ([Aus60]). Let I' C Iso(N, (-,-)) be an almost-crystallographic
group of dimension n. Then r(T') is a finite group and T Nt(N) is a cocompact
lattice of N.

For any almost-crystallographic group I' < Iso(N, (-,-)), let us call r(T") the
holonomy group of T and T'Nt(N) the group of pure translations of T.

A generalization of the second Bieberbach theorem was proven by Lee and
Raymond.

Theorem 2.3.30 ([LR85]). Let I', TV C Iso(N) be almost-crystallographic
groups. Let f: T — T be a group isomorphism. Then there exists an element
a € Aff(N) = N x Aut(N) such that for all v € T it holds that f(v) = aya~?!.
In other words, every isomorphism between almost-crystallographic groups can
be realized as an affine transformation of coordinates on N.

2.3.5 Infra-nilmanifolds

Definition 2.3.31. Let N be a simply connected nilpotent Lie group. An
infra-nilmanifold (modelled on N ) is a quotient manifold T'\ /N where T" is an
almost Bieberbach group. In case r(I') = 1, the manifold T\ N is called a
Nilmanifold.

Example 2.3.32 (The Heisenberg nilmanifold). Consider the nilpotent Lie
group H(R) and its cocompact lattice H(Z). The Heisenberg nilmanifold is the
quotient

M = H(Z)\H(R).
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Let us identify H(R) with R? by

(2.4)

o =
— 8 X

1
(z,y,2)= |0
0

Every element of H(Z)\H(R) can be uniquely represented by an element of the
form
H(Z) - (z,y,z) with 0<uz,y,z<]1.

One also has the identities
H(Z)-(0,y,2) = H(Z) - (1,9, 2)
H(Z) - (2,0,2) = H(Z) - (z,1,2 + 2)
H(Z) - (2,y,0) = H(Z) - (x,y,1).

Topologically, we can thus construct H(Z)\H (R) by considering the closed unit

cube and identifying points on opposite sides according to certain maps. This

is illustrated in Figure 2.3 below. In fact, the nilmanifold M = H(Z)\H(R) is

homeomorphic to a mapping torus
~ [0,1] x T?

(0,2) ~ (1, f(z))’

where T? = R?/Z? is the two-torus and f : T? — T? is the homeomorphism

induced by the matrix (1 (1))

Figure 2.3: Representation of the nilmanifold H(Z)\H(R) as the closed unit
cube with identifications between opposite sides. Image credit: Bundesarchiv,
Bild 183-R57262, under licence: CC-BY-SA 3.0.

Example 2.3.33. Consider the almost-Bieberbach group I' < Iso(H (R), (-, -))
from Example 2.3.27 and the associated infra-nilmanifold

M =T\H(R).
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We use the identification of H(R) with R3 from (2.4). Every element of T'"\ H (R)
can be uniquely represented by an element of the form

1
I (z,y,2) with 0<uz,z< 3 0<y<l1.
One also has the identities

1
r- (07:1/,21) =T (27—9,—43)

I (2,0,2) =T" (z,1,2 + 2)

1
r. (Z’,y,O) =I- <x7ya 2) .
Topologically, we can thus construct IT'\ H(R) by considering the closed unit
cube (after rescaling the x and z directions) and identifying points on opposite
sides according to certain maps. This is illustrated in Figure 2.3 below.

Figure 2.4: Representation of the infra-nilmanifold I'\ H (R) as the closed unit
cube with identifications between opposite sides. Image credit: Bundesarchiv,
Bild 183-R57262, under licence: CC-BY-SA 3.0.

2.3.6 Algebraic characterization of almost-flat manifolds

At last, we arrive at the celebrated Gromov-Ruh theorem, which characterizes
almost-flat manifolds in an algebraic way.

Theorem 2.3.34 ([Gro78], [Ruh82]). A compact manifold M is almost flat
if and only if it is diffeomorphic to an infra-nilmanifold. In particular, the
fundamental group of an almost-flat manifold is an almost-Bieberbach group.

In the following paragraph, we sketch the proof of one direction of the equivalence
in the above theorem, namely, we construct on any infra-nilmanifold an e-flat
metric for e arbitrarily small. The discussion is based on section 7.7 in [Gro78].
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An e-flat metric on an infra-nilmanifold. First, let us recall the definition of
a left-invariant metric on a Lie group.

Let G be a Lie group and g = 171G its Lie algebra. Let L, : G — G : y — xy
denote the diffeomorphism on G given by left multiplication by x € G. For any
inner product (-,-) on g one can define a metric g on G by

gz (v,w) = (dL;lv, dLz w)

for any x € G and v,w € T, G. This metric is called the left-invariant metric
on G associated to (-,-).

Since the metric g is fully determined by the inner product on the Lie algebra,
it is no surprise that the curvatures of (G, g) can be calculated from the inner
product (-,-) and the Lie bracket [+, -] on g. In particular, the curvature can be
bounded by the norm of the Lie bracket.

For any finite dimensional vector space V endowed with an inner product (-, )
and a multilinear map T : V™ — V we define the norm of T as

[T := max{[[T(vr, ..., va) || [ 0i €V, [lugl] = 1}

Note that if uq,...,u, is an orthonormal basis for V, (-,-), then we can also
calculate ||T'|| as

1T = max{||T(wi,, ..., ui, )|l | 1500 €{1,...,n}}. (2.5)

Proposition 2.3.35. Let G be a connected Lie group with Lie algebra g, {-,-)
an inner product on g and g the associated left-invariant metric on G. Let
R : g% — g be the curvature tensor of g, evaluated at the identity of G. Then R
is bounded by the Lie bracket by

IR < 6] -] 1.
Proof. See [BK81, Proposition 7.7.1]. O

As a consequence we can also bound the sectional curvature by the Lie bracket.
Take any plane 7 C T1G and let u,v € T1G be an orthonormal basis for 7.
Then we have

[K ()| = [(R(u, v, ), u)|
< [1R(w, v, v) [[|u]
< [IR[[ulf[lv*

= IRl < 6] [, ]I
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Proposition 2.3.36. Let N be a connected nilpotent Lie group with Lie algebra
n endowed with an inner product (-,-). There exists a sequence of inner products
(-, )k, k € Ng on n with corresponding Riemann curvature tensors Ry at the
identity of N, such that

(1) there exists a C > 0 and ko € N with |Rg||x < C for all k > ko,
(i1) for any v € n it holds that klim [lv|lx =0 and
— 00

(ii7) Aut(N, (-, ) = Aut(N, (-, Yx).

Proof. Let ¢ be the nilpotency class of n. For any 1 < ¢ < ¢, write n; for the
orhogonal complement of ;41 (n) inside ;(n) (with respect to the given inner
product (-,-)). This gives an orthogonal decomposition of n:

For any k € Ny, define the positive real numbers aq(k),...,a.(k) backwards
inductively by

We define the new inner product (-,-); by scaling the inner product (-,-) on
each component n; according to the numbers a;(k). Thus, we have for any
1<4,j<candany X €n;,Y €n; that

e

0 ifi # j.
Note that any automorphism of n preserves the ideals in the lower central series.
It follow that any element of Aut(n, (-,-)) must preserve the subspaces n;. The
same is true for the elements of Aut(nm,(-,-)x). Since on each n;, the inner
product only differs up to scaling, it is not hard to see that then Aut(n, (-,-)) =
Aut(n, (-,-)x) and as a consequence also Aut(N, (-,-)) = Aut(N, (-,)x). This
proves part (iii) of the statement.

Next, note that a.(k) — 0 as k — co. By induction on ¢, one can check that
a;(k) = 0 as k — oo for any 7 € {1,...,¢c}. As a consequence, we have that
limg o0 |||z = O for any v € n. This proves part (ii) of the statement. As
another consequence, there is a ko € Ny such that a;(k) < 1 for all k > k¢ and
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i1 €{1,...,c}. For such k we thus have that

ai(k) =

> Vaiy1(k)?
= Vait1(k) = ait1(k),
which gives a1 (k) > ... > ac(k).

Finally, we prove part (i) of the statement. Let us take a k > kg. Take any
1<i<j<cand X € n;,Y € n;. Note that there exist unique vectors
Xj+1 ENjt1,. .. , X. € n. such that

(X,Y] = Xj41 +... + Xe.
Let us write B = ||[-, *]|| and note that
B X[PIY]P = 12X YU = Xl + -+ X

In particular, we also have for any j + 1 <[ < ¢ that ||X;]|? < B?|| X ||V
Using this, we find that

) k= JH+LlE T e cllk
X YR = (12Xl + - [1Xel17

= aj (B[ X 1? + -+ ac(k)?[| Xe|)?
< (aj41(k)® + ...+ ac(k)?) B?| X[]*[Y]?

IXNE VIR
a;(k)? a;(k)?

= a;(k)'B®

< BYIX RNV I

Thus, we find that ||[-, ]||x < B for any k > ky. Using proposition 2.3.35 we can
conclude that
[ Rellx < 6[I[-,]lls < 6B =: C.

Proposition 2.3.37. Every infra-nilmanifold is almost-flat.

Proof. Let N be a simply connected nilpotent Lie group, n its Lie algebra and
(+,-) an inner product on n. Let I < Iso(N, (-, -)) be an almost-Bieberbach group.
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We have to prove that M :=T'\N is almost flat. Let (-, )5 be the sequence of
inner products on n constructed in Proposition 2.3.36. From property (iii), it
follows that Iso(N, (-, -)x) = Iso(N, (-, -)) and thus that T is also a subgroup of
Iso(N, (-, -)x). As a consequence each (-, ) gives rise to a left-invariant metric
on N which descends to a well-defined metric g on the quotient T\ N. Next,
define the the numbers

A = max{||v||g | v €n,|v|1 = 1}

Using property (ii) and that n is finite dimensional, it is an easy exercise to
check that limg ., Ax = 0. Using that the metrics g, are left-invariant, we
find that their associated distance functions satisfy di(z,y) < Agdi(x,y) for all
k € N. As a consequence we find that for the associated diameters, it holds
that d(M, gr) < Ard(M, g1) and thus that limy_, . d(M, gx) = 0. If we write
K, for the sectional curvature of gi, we find that Ky (m) < ||Rg|lx < C for all
k > ko, p € M and any plane m C T, M. We thus find that

lim |Ky(7)| - d(M,gx) =0,
k— oo

which proves that the sequence of metrics g become e-flat for e arbitrarily small
and thus that M is an almost-flat manifold. O



Chapter 3

Anosov diffeomorphisms

In this chapter, we will define the protagonist of this thesis: the Anosov
diffeomorphism. Since Anosov diffeomorphisms have very interesting dynamical
properties, we first give a short introduction on dynamical systems which is
based on the books [HK03] [KH95]. All manifolds in this chapter will be assumed
to be connected unless stated otherwise.

3.1 Dynamical systems and chaos

Let M be a differentiable manifold and f : M — M a diffeomorphism. Together,
these two objects give an action of the integers on M by

VkeZNpeM: k-p=fp).
In this section we will study the dynamical properties of actions obtained in
this way.

Definition 3.1.1. A (time-Discrete differentiable) Dynamical System (DDS for
short) is an action of Z, + on a differentiable manifold M by diffeomorphisms.

Note that any DDS also has a defining diffeomorphism f: M — M :p+—1-p.
We will often write down the DDS as a tuple (M, f). The dynamical properties
of a DDS will be studied from a topological point of view. This means that we
will forget about the differentiable structure on the manifold when looking at
the dynamics.

Definition 3.1.2. Let (M, f) be a DDS. A point p € M is said to:

41
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(i) be fized if f(p) = p. The set of all fixed points in M is written as Fix(f).

(ii) be periodic if there exists an integer n > 0 such that f™(p) = p. The
minimal such integer n is called the period of p. The set of all periodic
points in M is written as Per(f).

(iii) have a dense forward orbit if the set {f*(x) | k € N} is dense in M.

(iv) be wandering if there exists a neighbourhood U of p such that
(o)
unl ) =0
n=1

A point is said to be non-wandering if it is not wandering. The set of all
non-wandering points in M is written as NW(f).

| @/
A / N / \,/

U fo) AU )
Figure 3.1: Illustration of a wandering point.

Remark 3.1.3. Note that one has the inclusions
Fix(f) C Per(f) C NW(f)

and that each of these sets is f-invariant. Additionally, the set NW(f) is closed
in M.

Example 3.1.4. 1. Consider the circle S' = {z € C | |2| = 1} and the
diffeomorphism
fo: St =8tz ez
which rotates the circle through an angle §. The dynamics of (S, fy)
depend on the angle 6. If §/27 is a rational number, then all points are
periodic with the same period. In particular, all points are non-wandering.
If /27 is an irrational number, then no point is periodic, but still all

points are non-wandering. In fact, every point has a dense forward orbit
in St.

2. Consider the sphere S? = {(z,y,2) € R3 | 22 + y*> + ( — 1)> = 1}. Let us
call N = (0,0,2) the ‘north pole’ and S = (0,0, 0) the ‘south pole’. Using
the stereographic projection:

. g2 2. 2r 2y
m: S\ {N} =R .(x,y,z)n—>(2_z,2_z )
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one can identify S? \ {N} with R?.
One then defines the diffeomorphism f on S? by

Fp) = {wN—l@w(p)) flp;é N

as illustrated in Figure 3.2. All points of S? are then wandering except
for the north pole and south pole, so

NW(f) =Fix(f) = {S,N}.

N

S

Figure 3.2: A diffeomorphism on the sphere with a lot of wandering points.

Other (topological) dynamical properties of a dynamical system can be
formulated as follows.

Definition 3.1.5. A DDS (M, f) is called:

1. topologically transitive if for any two open subsets U,V C M, there exists
a non-negative integer k > 0 such that f*(U) NV # ().

2. topologically mixing if for any two open subsets U,V C M, there exists
a non-negative integer N > 0 such that for all £ > N it holds that
FU)YNV #£0.

Remark 3.1.6. Clearly, if a system is topologically mixing, it must also be
topologically transitive. The other implication is not true. An example of a
system that illustrates this is the rotation of the circle from Example 3.1.4 with
0 an irrational multiple of 27. Such a system is topologically transitive, but not
topologically mixing.
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Lemma 3.1.7. Let M be a compact and connected differentiable manifold. A
DDS (M, f) is topologically transitive if and only if there exists a point p € M
with a dense forward orbit.

The following property of a DDS is not purely topological but requires a choice
of metric on the space compatible with the topology.

Definition 3.1.8. Let (M, f) be a DDS and d a metric on M which induces
its topology. The system (M, f) is said to be sensitive to initial conditions with
respect to the metric d if there exists a constant § > 0 such that for any € > 0
and any x € M, there exists a y € M with 0 < d(x,y) < € and a positive integer
k such that d(f*(z), f*(y)) > 6.

However, if M is compact, the definition is independent from the chosen metric
and thus becomes a topological property. This is due to the following lemma.

Lemma 3.1.9. Let X be a compact topological space and d,d’ two metrics on
X which induce its topology. For any § > 0, there exists a ' > 0 such that for
any points x,y € X with d(z,y) > 0 it holds that d'(x,y) > §'.

Proof. Consider the set K = {(x,y) € X x X | d(x,y) > }. It is closed in the
compact space X x X and thus compact itself. Since d’ : X x X - R : (z,y) —
d'(z,y) is continuous, it follows that ¢’ = mind’(K) exists. Since the diagonal
of X x X does not intersect K it follows that d'(K) does not contain 0 and
thus that ¢’ > 0. This concludes the proof. O

Corollary 3.1.10. Let (M, f) be a DDS with M compact. If (M, ) is sensitive
to initial conditions with respect to some metric d which induces the topology
on M, then it is sensitive to initial conditions with respect to any metric on M
which induces its topology.

Definition 3.1.11. A DDS (M, f) is said to be chaotic if

(i) it is topologically transitive,
(ii) it is sensitive to initial conditions,

(iii) Per(f) is dense in M.

The following is a well-known example of a chaotic DDS.

Example 3.1.12 (Arnold’s cat map). Consider the linear map

pwaw (2o (2 1) (2) o
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'
A
W\/

Figure 3.3: An illustration of Arnold’s cat map. On the unit square, the map
can be seen as first applying a matrix and subsequently reducing each coordinate
modulo 1.

Since its matrix has integer coefficients, it follows that g(Z?) C Z2. Moreover,
since the determinant is equal to 1, its inverse satisfies the same property and
thus we get that g(Z) = Z. Therefore one gets an induced bijective map on the
torus
f:R?/Z% - R?J72 : v+ 7% — g(v) + Z2.

As one can check, f is a diffeomorphism. If we consider the torus as the closed
unit square with opposite sides identified, Figure 3.3 illustrates how the map f
works.

Proposition 3.1.13. Arnold’s cat map is chaotic.

Proof. We only argue why the periodic points are dense in R?/Z2. For any
positive integer n > 0, consider set

o-(7) 7

as a subset of R?/Z2. Note that @, is finite and that f(Q,) = Q.. As a
consequence, f restricted to @, must have finite order and thus all points in
Q.. are periodic points of f. The union

U o. =¥z

n>0

thus gives a set of periodic points of f which is dense in R?/Z2. O
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(8)

Figure 3.4: Arnold’s cat map being applied iteratively to an image showing
its chaotic behaviour. The image was generated by dall-e with input: ‘A cat
drinking mate’.
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Figure 3.5: Illustration of Arnold’s cat map being applied iteratively to a
chequerboard pattern on a torus embedded in three dimensional space.

We can ask ourselves the question: ‘When do two DDSs exhibit the same
topological dynamics?’.

Definition 3.1.14. Two DDSs (M, f) and (N, g) are said to be topologically
conjugate if there exists a homeomorphism A : M — N such that ho f = go h.

Let (M, f) and (N, g) be two topologically conjugate DDSs and let h: M — N
be the homeomorphism realizing the topological conjugation. The following can
be said about the dynamical properties of both systems:

(Fix(f)) = Fix(g),
(Per(f)) = Per(g),
« h(NW(f)) = NW(g),

h
h

o (M, f) is topologically transitive if and only if (N,g) is topologically
transitive,

o (M, f) is topologically mixing if and only if (N, g) is topologically mixing,
o (M, f) is chaotic if and only if (V, g) is chaotic.
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At last, we arrive at the notion of structural stability. Intuitively, a structurally
stable DDS is one for which the dynamics of the system do not change under
small perturbations of the system. To make the notion of small perturbations
concrete, we equip Diff (M) with the Whitney C*-topology.

Definition 3.1.15. A DDS (M, f) is called structurally stable if there exists a
neighbourhood U of p in the C-topology of Diff(M), such that for any g € U
it holds that f and g are topologically conjugate.

Example 3.1.16. Consider the rotation of the circle fy from Example 3.1.4
for some angle # € R. The system (S, fg) is not structurally stable. In any
neighbourhood of fy there will be also other rational and irrational rotations
of the circle. Since rational and irrational rotations of the circle can not be
topologically conjugate (they exhibit different dynamics), it follows that (S, fy)
can not be structurally stable.

Time-continuous dynamics

In this section, we describe the relation between time-discrete dynamics,
which we discussed in previous section, and a specific class of time-continuous
dynamical systems. The discussion is based on [Sma63].

Definition 3.1.17. A time-Continuous differentiable Dynamical System (CDS
for short) is an action of R, + on a differentiable manifold M such that its
defining map ® : Rx M — M : (¢,p) — t-p is differentiable. We write the CDS
as the tuple (M, ®).

Any DDS gives rise to a CDS on a mapping torus of which we now give the
construction. Let (M, f) be a DDS. Note that Z, + acts on the product R x M
by

k - (Sap) = (S + ka fk(p))

The mapping torus My associated to (M, f) is then given by the orbit space of
this action
My=17 \(R x M).

Let us write the elements of My as (s,p) = Z- (s,p). One defines an action of
R, + on My by

t-(s,p) =(s+tp).

As one can check, the defining map ® : R x My — My for this action is
differentiable, thus turning My into a CDS. This CDS is called the Poincaré
Suspension.
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On the other hand, there is also a way to go from a CDS to a DDS, which is in
some sense an inverse to the construction of the Poincaré suspension. However,
some conditions have to be satisfied on the CDS. Note that every CDS (M, ®)
naturally has an associated smooth vectorfield X € X(M), defined by

d

X =~ O<I>(t7p)-

We say a submanifold N C M is transversal to ® if X (p) ¢ T,N for all p € M.
Definition 3.1.18. Let (M, ®) be a CDS. A submanifold N C M is called a
global Poincaré section if

(i) it has codimension one and is closed in M,

(ii) it is transversal to P,

(iif) Vpe N : 3t > 0: ®(t,p) € N,

(iv) Vpe N: 3t <0:®(t,p) € N,

(v) every orbit in M intersects N.
Remark 3.1.19. If M is assumed to be compact and connected, conditions

(iv) and (v) of Definition 3.1.18 follow automatically from the others.

Consider a CDS (M, ®) with a global Poincaré section N C M. One can
associate to this a map 7: N — R by letting 7(p) be the minimal positive real
number 7(p) > 0 such that ®(7(p),p) € N. This gives rise to another map

f:N—= N:p— &(r(p),p),

which is called the Poincaré map associated to the global Poincaré section NV
and is illustrated in Figure 3.6.

Figure 3.6: Illustration of a global Poincaré section and the associated Poincaré
map.
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It is not hard to show that this Poincaré map is a diffeomorphism. Therefore
one obtains a DDS (N, f). This association is a reduction in the following sense:
many of the dynamical properties of the CDS (M, ®) are characterized by a
dynamical property of the associated DDS (N, f). We illustrate this with an
example.

Example 3.1.20. Let M be the torus R?/Z? and consider the action
O :RxM— M: (t,v+7Z2) — v+ tw+ Z*

for some fixed vector w = (a,b) € R? with a # 0. A global Poincaré section for
(M, ®@) can be given by the submanifold

N ={(0,y)+Z*|y R}

which is diffeomorphic to the circle S' = R/Z by S* — N : y+ Z s (0,y) + Z>.

M

The map 7 : N — R is constant and takes the value 1/a. The corresponding
Poincaré map is given by

b
f:51—>51:y+Zn—>y+a+Z.

This is a rotation of the circle as discussed in Example 3.1.4. If b/a is rational,
all points of (S!, f) are periodic and as a result, all points of (M, ¥) will be
periodic as well. (For a CDS a point p € M is called periodic if there exists
t > 0 such that t-p = p.) If b/a is irrational, every point in (S, f) has a dense
forward orbit and as a result, all points of (M, V) will have a dense forward
orbit as well. (For a CDS a point p € M is said to have a dense forward orbit if
the set {¢-p |t > 0} is dense in M.)

The following definition on CDSs is the analogue of topological conjugacy for
DDSs.
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Definition 3.1.21. Two CDSs (M, ®) and (N, ¥) are said to be topologically
equivalent if there exists a homeomorphism h : M — N which maps orbits of
(M, ®) to orbits of (N, V), i.e.

Vp e M:h({®(t,p) |t € R}) ={¥(t h(p)) | t € R}

and such that the orientation of the orbits is preserved.

At last, we give the following lemma which says that from a topological point
of view, the Poincaré suspension and the Poincaré map are inverse operations.

Lemma 3.1.22. Let (M, ®) be a CDS with a global Poincaré section N C M
and let f : N — N denote the Poincaré map. Then (M, ®) is topologically

equivalent to the Poincaré suspension (Ny, ®) under the homeomorphism

h:Ny—M:(s,p)— ®(st(p),p) 0<s<1

3.2 Anosov diffeomorphisms

In Example 3.1.12 we gave a chaotic DDS called Arnold’s cat map. This example

came in the form of a map f on the torus R?/Z?, induced by the linear map

g : R? — R? given by equation (3.1). Note that the tangent space at each point

of the torus R?/Z? can be naturally identified with R2. It is clear that, under

this identification, for any point p, the derivative d,, f : R — R? is equal to the

3+4V5
2

, which satisfy A > 1 and 0 < A™! < 1. The corresponding

() ()

respectively. If we apply df consecutively to these eigenvectors vy, w, (now as
tangent vectors at some point p on the torus), we see how v, grows exponentially
while w, shrinks exponentially (with respect to some norm on R?). This kind
of global hyperbolic behaviour turns out to give very interesting dynamics in
general and will be exactly the defining property of an Anosov diffeomorphism.

linear map g. Note that this linear map has two real eigenvalues, A =
3—+5
and A7 = 2\f

eigenvectors are

Before we state the definition of an Anosov diffeomorphism, we need the notion
of a continuous splitting of the tangent bundle. Let M be a differentiable
manifold of dimension n with tangent bundle T'M. A continuous splitting of the
tangent bundle is for each p € M a choice of vector subspaces E,, F,, C T, M
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such that T,M = FE, ® F, and such that for each p € M, there exists a
neighbourhood U C M of p and continuous vector fields Xi,...,X,, on U
such that for each ¢ € U it holds that E; = span{X;(q),...,Xmn(¢)} and
F, = span{X,,+1(q), ..., Xn(q)} for a certain m € {1,...,n}. Note that we do
not ask these vector fields to be differentiable. As one can show, the unions
E =Upen Ep and F' = ¢ ), Fp together with their natural projection maps
m:E — M and 7 : FF — M carry the structure of a (topological) vector bundle
over M. Notationally, we write the continuous splitting of TM as TM = E&® F.

If f: M — M is a diffeomorphism, we say that a continuous splitting TM =
E ® F is f-invariant if for any p € M it holds that df(E,) = Ey) and
df (Fp) = Fy(p)-

Definition 3.2.1. Let (M, g) be a Riemannian manifold. A diffeomorphism
f: M — M is said to be an Anosov diffeomorphism if there exists a df-invariant
continuous splitting of the tangent bundle TM = E* @ E* and constants ¢ > 0,
A > 1 such that

Yve E*: Vke Nt |Jdffv] > eX¥||v]|
Yo e E*: VkeN: |dffv| < iHvII
‘ : AR

Note that as of now, the definition of an Anosov diffeomorphism depends on
the chosen metric on M. For compact manifolds, however, the choice of metric
will not be important due to the following lemma.

Lemma 3.2.2. Let M be a compact manifold and g1, g2 two Riemannian
metrics. There exists a real constant A > 0 such that for each v € TM:

291(0,0) < g2(v,0) < Aga(v,0).

Proof. Consider the subset
X={weTM|g(w,w)=1} CcTM
which is a compact subset since M is compact. Then define the real numbers
A = lIunegl( g2(w,w) and As = gg)}({gg(w,w)

which exist since X is compact. Clearly, A; is non-zero since every w € X is
non-zero. Thus, there exists a real number A > 0 such that % <A <Ay <A
Next, for any v € TM, we can write v = /g1 (v,v) - w for some w € X. For w,

we have 1
5 < gl w) < A

Multiplying the inequalities with g1 (v, v), we find the desired inequality. O
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Using this lemma, it is then not hard to show the following:

Corollary 3.2.3. Let M be a compact manifold. If a diffeomorphism is Anosov
with respect to some Riemannian metric on M, then it is Anosov with respect
to any Riemannian metric on M.

For an Anosov diffeomorphism f: M — M on a compact manifold, define for
each p € M the following subsets:

W*(p) = {q eM ‘ Jim d(f*(p), F*(9)) = 0} :

W (p) = {qu‘hmdf )£ 0) =0

where d is the metric induced by some Riemannian metric on M (it does not
matter which one since M is compact). These subsets are called the stable
and unstable manifolds, respectively. The following theorem is known as the
stable manifold theorem and is here stated in the specific case of an Anosov
diffeomorphism. It justifies why we call these subsets manifolds.

Theorem 3.2.4. Let f: M — M be an Anosov diffeomorphism on a compact
manifold M. For any p € M, the subsets W*(p) and W*(p) are C*° immersed
submanifolds with

T,Wé(p)=FE, and T,W“(p)=E}

T Y
for any x € W*(p) and y € W*(p).
Note that the collections {W*(p) | p € M} and {W*(p) | p € M} are partitions
of the manifold M.

Definition 3.2.5. Let M be an n-dimensional manifold. A C*-foliation with C*-
leaves is a collection F of C' immersed connected m-dimensional submanifolds
(called the leaves), such that F is a partition of M and such that for any p € M,
there is a C* map

©:U—=R":q— (01(q),...,0n(q))

from a neighbourhood U of p such that every leaf of F intersects U either in
the empty set or in a countable union of subsets of the form

{a €U | om+1(q) = cmrts- - 0nl(q) = cn}

with ¢py1,...,00 €ER.
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Theorem 3.2.6. Let M be a compact manifold and f: M — M an Anosov
diffeomorphism. The collection of stable manifolds and the collection of unstable
manifolds both give a C°-foliation of M with C™ leaves.

It is from these foliations and the fact that they give rise to a ‘local product
structure’ (see [Sma67, Theorem 7.4]), that the following dynamical property
(see Definition 3.1.8) of Anosov diffeomophisms can be proven.

Theorem 3.2.7. An Anosov diffeomorphism on a compact manifold is sensitive
to initial conditions.

The following theorem was proven by John Franks.

Theorem 3.2.8 ([Fra70]). For any Anosov diffeomorphism f on a compact
manifold M it holds that Per(f) is dense in NW(f).

It leaves open the following question.

Question 3.2.9. Is the non-wandering set of an Anosov diffeomorphism on a
compact manifold equal to the whole manifold?

A related unanswered question is the following.

Question 3.2.10. Does every Anosov diffeomorphism on a compact manifold
have a fixed point?

Recall Definition 3.1.15. The last theorem of this section is the celebrated result
of Dmitri Anosov and is the reason why the diffeomorphisms carry his name.

Theorem 3.2.11 ([Ano69]). Anosov diffeomorphisms are structurally stable.
Moreover, the set of Anosov diffeomorphisms is an open subset of Diff (M).

3.3 Anosov flows

In this section, we introduce the time-continuous analogue of an Anosov
diffeomorphism. They are related to one another by the Poincaré suspension.
The discussion is based on [AS67].

We first introduce a CDS which one can naturally associate to any Riemannian
manifold (M, g). The unit tangent bundle is the subset UTM C T M defined by

UT'M ={veTM|g(v,v)=1}.
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It is an embedded submanifold of TM. Note that there is a canonical choice of
Riemannian metric on TM called the Sasaki metric (see [Sasb8] and [Sas62]).
We thus also have a natural induced Riemannian metric on UT M.

A smooth curve v : [a,b] = M in a Riemannian manifold (M, g) is said to be
a geodesic if it satisfies the equation V.4 = 0 on the interval [a,b]. In the
particular case of a compact manifold M, the Hopf-Rinow theorem tells us that
for any v € T M, there exists a unique geodesic v, : R — M such that 4/ (0) = v.
Since the velocity of geodesics is constant, we also have that ||, ()| = ||v| for
allt e R.

Thus, if (M, g) is a compact Riemannian manifold, we obtain a canonical CDS
(UTM,®) called the geodesic flow, defined by

O:RXUTM — UTM : (t,v) — ., ().

As it turns out, if (M, g) is of strictly negative sectional curvature, this CDS
satisfies some remarkable properties with respect to the Sasaki metric on
UTM. Let us formulate these properties for an arbitrary CDS with a compact
underlying manifold. For a CDS (M, ®), let us write ®; for the diffeomorphism
O, : M — M:p— O(t,p).

Definition 3.3.1. Let (M, ®) be a CDS on a compact Riemannian manifold
(M, g). We say that (M,®) is an Anosov flow if there exists a continuous
splitting of the tangent bundle TM = E° ® E* @ E* and constants a > 0,¢ > 0
such that:

d
(i) the vector field X € X(M) defined by X (p) = o (¢, p) is non-vanishing,
0

(ii) for all ¢ € R the splitting TM = E° @ E* ® E* is d®;-invariant,
(iii) at each p € M, the vector space Eg is spanned by X (p) and

Vo€ EY:t>0: ||d®:(v)| > ce|v],

Yoe EY:t>0: ||[dPs(v)] < o

[[o]]-

Remark 3.3.2. Since the manifold is assumed to be compact, the metric is
not of importance in the definition of an Anosov flow, similar to the case of
Anosov diffeomorphisms. When going to another Riemannian metric, only the
constant ¢ might change.

There is also a relation between Anosov flows and Anosov diffeomorphisms by
use of a Poincaré section.
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Proposition 3.3.3. Let (M,®) be a CDS with a compact global Poincaré
section N C M and associated Poincaré map f: N — N. Then (M, ®) is an
Anosov flow if and only if f is an Anosov diffeomorphism. In particular, for
any Anosov diffeomorphism, the associated Poincaré suspension is an Anosov

flow.

The following result is proven in section 3 of [AS67]. It gives us a large class of
Anosov flows and thus, by the above proposition, a natural occurence of Anosov
diffeomorphisms when a Poincaré section is present.

Theorem 3.3.4. Let (M,g) be a compact Riemannian manifold of strictly
negative sectional curvature. The geodesic flow on M is an Anosov flow.

Let us illustrate this with an example.

Example 3.3.5 (The hyperbolic plane). Consider the hyperbolic plane H?
as introduced in Example 2.2.2 in Chapter 2. The geodesics in H? are either
contained in circles with center on the line y = 0 or are contained in vertical
lines. Note that H? is not compact, but we can make it compact by modding
out by a suitable cocompact discrete subgroup of isometries (see non-Euclidean
crystallographic groups and Fushian groups [Lyn74]). Since H has constant
strictly negative sectional curvature, its geodesic flow is Anosov. Let us illustrate,
by use of figures, how the splitting T(UTH?) = E° & E* & E® looks like. Since
tangent vectors in UTH? are difficult to draw, we will give typical curves in
UTH? which are tangent to one of the bundles E°, E* or E*. Note that a curve
in UTH? is a parametrization of unit tangent vectors in H?Z.

ST

f N

Figure 3.7: A typical curve in UTH? tangent to E°. The curve is drawn as a
sequence of tangent vectors. The dashed line represents a geodesic in H?2.
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Figure 3.8: A typical curve in UTH? tangent to E*. The curve is drawn as a
sequence of tangent vectors. The dashed lines represent geodesics in H?.

Figure 3.9: A typical curve in UTH? tangent to E°. The curve is drawn as a
sequence of tangent vectors. The dashed lines represent geodesics in H?.



58 ANOSOV DIFFEOMORPHISMS

3.4 Closed manifolds admitting an Anosov diffeo-
morphism

This section gives an introductory discussion on the following unsolved problem
in mathematics, which is also the title of this thesis.

Question 3.4.1. Which closed manifolds admit an Anosov diffeomorphism?

From here on all manifolds on which we consider an Anosov diffeomorphism
are assumed to be compact. An immediate consequence of the manifold being
compact is the following:

Lemma 3.4.2. Let f : M — M be an Anosov diffeomorphism on a compact
manifold M with associated continuous splitting TM = E" & E*. It holds that
dim E;,‘ > 0 and dim E; > 0 and thus that dim M > 2.

Proof. If this were not the case, then, without loss of generality, we can assume
TM = E*“ (otherwise, consider the Anosov diffeomorphism f~!). Let g be a
Riemannian metric on M and ¢ > 0, A > 1 the constants for which f is Anosov
with respect to g. Since f* is a diffeomorphism, it induces for any p,q € M a
bijection from the set of smooth curves from p to ¢ to the set of smooth curves
from f*(p) to f*(¢). Under this bijection, it maps a curve of length a to a curve
of length at least cA\*a. By taking infimums of the lengths of curves in both
sets, we find that

d(f*(p), f¥(q)) > eX*d(p, q)

for any p,q € M. Thus, this implies that distances between points on M
can become arbitrarily large. This is of course impossible since a compact
Riemannian manifold has finite diameter. O

As a consequence, we see that the circle S! does not admit an Anosov
diffeomorphism. In general, the existence of Anosov diffeomorphisms is rather
rare. There are several non-existence results in the literature. We list some of
them here.

e Any differentiable manifold with virtually polycyclic fundamental group,
universal cover with finite dimensional rational homology and first
integral cohomology isomorphic to Z, does not admit an Anosov
diffeomorphism [Hir71]. In particular, the mapping torus of a hyperbolic
toral automorphism does not admit an Anosov diffeomorphism.

o Every m-dimensional differentiable manifold of which the homology with
coefficients is Q is isomorphic to that of the m-dimensional sphere does not
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admit an Anosov diffeomorphism [Shi73]. In particular, all spheres, real
projective spaces and lens spaces do not admit an Anosov diffeomorphism.
For the latter two, one uses that the lift of an Anosov diffeomorphism to
the universal cover is also an Anosov diffeomorphism.

¢ Closed negatively curved manifolds do not admit Anosov diffeomorphisms
[Yan83] [GL16, Section 4].

e Certain products of manifolds with spheres do not admit Amnosov
diffeomorphisms [GRH14]. In particular, if M is a product of spheres
such that there exists an odd k with S* appearing exactly once in the
product, then M does not admit an Anosov diffeomorphism. Another
application is that the product of a torus with an odd dimensional sphere
of dimension at least 3, does not admit an Anosov diffeomorphism.

e Certain products of infra-nilmanifolds with aspherical manifolds do not
admit Anosov diffeomorphisms [GL16].

On the other hand, from Example 3.1.12, we know that the torus R?/Z? does
admit an Anosov diffeomorphism, namely Arnold’s cat map. Recall that this
map was induced by a matrix of which the eigenvalues were not of absolute value
one. In the following section we discus some elementary result on these kind of
linear maps. In Section 3.4.2, we will generalize the example of Arnold’s cat map
to give the most general known way of constructing Anosov diffeomorphisms
on compact manifolds.

3.4.1 Hyperbolic linear maps

In this section we give some elementary results on invertible linear maps which
do not have eigenvalues of modulus one. These results are then used in the next
section to construct Anosov diffeomorphisms on compact manifolds.

Definition 3.4.3. Let V be a finite dimensional vector space over a subfield of
the complex numbers C. A linear map A : V — V is called hyperbolic if it is
invertible and all of its eigenvalues have modulus different from 1.

A hyperbolic linear map on a real vector space imposes a canonical decomposition
of this vector space.

Lemma 3.4.4. If V is a real finite dimensional vector space equipped with
a norm || - || and A € GL(V) is a hyperbolic linear map, then there exists an
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A-invariant decomposition V. =V* @ V* and constants ¢ > 0,\ > 1 such that
Yo e VY : Yk e N: || AR > eXF|v]|
Vo eV VkeN: [|AR] < — ||l
T Ak

Moreover, the subspaces V' and V?® are unique and can alternatively be
characterized as

VY = {’UEV lim A_kv:O}7
k—o00

VS{’UGV

lim A%y = O} .
k—oo
Proof. See for example Proposition 1.2.8 (p.24) of [KH95]. O

For a hyperbolic linear map A : V — V the above decomposition can be
constructed as follows. Let us write VC for the complexification V ®g C of the
real vector space V and note that A naturally extends to an invertible linear
map on VC. Let us write for any a € C its associated generalized eigenspace of
A as

Vo={veV®|3keN: (A-ald)*v=0}.

This gives a direct sum decomposition

ve= P Va

a€eSpec(A)

where Spec(A) is the set of eigenvalues of A. Now define

Vu:@va and Vs:@va.

Ja|>1 Ja|<1

Then since A is hyperbolic, it follows that VC = V* @ V. Moreover, since A
was originally defined over the real vector space V and complex conjugation
does not change the modulus of a complex number, it follows that the real

vector spaces ~ ~
Ve=vVnve Vi=VvVnvs

have the same dimension as the complex vector spaces V% and V', respectively.
It follows that we have a direct sum decomposition V = V* @ V?, which, as one
can check, agrees with the direct sum decomposition from the lemma above.
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Lemma 3.4.5. Let V be a real finite dimensional vector space equipped with
a norm || - ||. Consider a hyperbolic linear map A € GL(V) and a subgroup
H < GL(V) such that Vh € H,v € V : ||h| = ||v|| and AHA™Y = H. If
V =V"®V? is the unique decomposition from the above lemma w.r.t. A, then
h(V*) =V* and h(V?®) =V*® for any h € H.

Proof. Take any v € V*, k € N and h € H. Note that there exists a heH
such that A*h = hA*. As a consequence, we find that

1A*hol| = [[hA™|| = | A*o]

and thus that limy_, . ||[A*hv|| = 0. This implies that hv € V*. By applying
the same argument to h~!, we find that h(V*) = V*. Analogously, we find that
h(V™) =V, O

3.4.2 Constructing Anosov diffeomorphisms

In what follows, we give the most general known way of constructing Anosov
diffeomorphisms on compact manifolds.

Take any connected and simply connected Lie group G together with a choice
of inner product (-,-) on its Lie algebra g = T.G at the identity e € G. Let
g denote the associated left-invariant Riemannian metric on G. Let I' be a
subgroup of G x Aut(G, (-, -)) where Aut(G, (-,-)) are those automorphisms of
G which preserve the inner product at the identity of G (and are therefore also
isometries of (G, g)). We also require the action of I on G to be cocompact,
properly discontinuous and free, such that the quotient T'\G is a compact
manifold. Note that since every element of I' acts on G by isometries with
respect to g, there is also an induced Riemannian metric on I'\G.

Next, consider an affine map f = (b, ) € G x Aut(G) such that:
(i) dey : g — g is hyperbolic,
(ii) (b,)T(b,p)~ =T.
Due to condition (ii), f induces a diffeomorphism
f:T\G — T\G : T'g— Thp(g).

Lemma 3.4.6. The map f is an Anosov diffeomorphism.
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Proof. Let g = V* @ V* be the canonical decomposition from Lemma 3.4.4.
For any g € G, write Ly : G — G : x — gz for the left translation on G by g.
Define the following subspaces of TG

Ey = (deLy)(V") and Ej = (d.Ly)(V?).

As one can check, this gives a continuous splitting of the tangent bundle
TG = E* @ E*. Write 7 : G x Aut(G) — Aut(G) for the projection morphism.
From condition (i) it follows that o7 (I')¢~! = 7(T"). Therefore Lemma 3.4.5
tells us that

m(7)(V®)=V® and w(y)(V")=V"

for any v € I'. It is not hard to show then that the splitting TG = E* @& E*
is y-invariant for any v € I'. As a consequence, the splitting descends to a
continuous splitting on the quotient I'\G which we, with abuse of notation, also
write as T(I'\G) = E" @ E°.

One easily verifies that for any g € G it holds that
Lb;l(g) o(bp)oLy=¢
and thus that we have the commutative diagram:

o g

ds@l de (3.2)

8 iy, Tr0@

As a consequence, the behaviour of the derivative df : TG — TG is completely
determined by dey : g — g (using left-translation to identify tangent spaces).
It is now easily verified that f : G — G satisfies the definition of an Anosov
diffeomorphism with respect to the previously defined continuous splitting
TG = E* @ E? and the constants ¢ > 0, A > 1 that we obtained from applying
Lemma 3.4.4 to d.¢. At last, it follows that the induced map f is also an Anosov
diffeomorphism for the splitting T(T'\G) = E* & E* and the same constants
c>0,A>1. O

Remark 3.4.7. Note that when I' contains only left-translations (i.e. ' C G)
condition (ii) reduces to ¢(T') =T.

Example 3.4.8 (Tori). Let G = R"™ be the simply connected abelian Lie group
of dimension n. Consider the cocompact discrete subgroup I' = Z™. The group
of automorphisms of G is equal to GL,(R) and the condition p(Z") = Z™ for
any ¢ € GL,(R) is equivalent to ¢ € GL,(Z). Thus, to construct an Anosov
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diffeomorphism on the n-torus Z™\R"™ we need a hyperbolic matrix in GLy,(Z).
Such matrices can be found by, for example, combining the matrices

3 2 1
Az(? 1) and B=12 2 1
1 1 1

Indeed, both these matrices are hyperbolic and in GL,,(Z) and thus so are the
block diagonal matrices

B
A A

and

A A

which give examples in any even and odd dimension > 2, respectively.

Example 3.4.9 (Smale’s non-toral example). Consider the direct product of
two real Heisenberg groups H(R) x H(R). Its Lie algebra is the direct sum of
two Heisenberg Lie algebras hs @ h3. Let X, Y7, Z1 be the basis as described in
Example 2.3.17 for the first copy of hs and Xs, Y5, Z5 this basis for the second
copy of hs. Let Ty C h3 @ b3 be the subset given by the (2Z)-span of the vectors

X1+ X, V3(X) — Xa),
YVi+Ys,  V3(V1-Ya),

Z1 + Za, V3(Z1 — Zo).
Let ¢ be the Lie algebra automorphism on hs @ hs given by
X1 =Xy Xo = (M X

Vi= Y Yo (Y

Zv— (32 Zo v (327,

where ¢ = 2+ /3. Next, define ¢ = exp(pp) and T' = exp(I'p). It is not hard to
show that ¢o(I'g) = I'g and thus that ¢(I') = I'. Using the BCH-formula, one
can check that I' is a subgroup and thus, using that exp is a diffeomorphism, a
cocompact lattice in Hz(R) x H3(R). We also have that d. = ¢ is hyperbolic.
As a consequence, ¢ induces an Anosov diffeomorphism on the nilmanifold

I\ (H3(R) x Hs(R)).
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This example is the first example of an Anosov diffeomorphism not on a torus
and was given originally by Stephen Smale in [Sma67].

Note that in the above examples, all Lie groups G are nilpotent. This is no
coincidence. As it turns out, condition (i) on page 61 has strong implications
on the structure of the underlying Lie algebra. This is one of the results of the
work of N. Jacobson on automorphisms and derivations of Lie algebras.

Theorem 3.4.10 ([Jach5]). If a finite dimensional Lie algebra (over any field)
admits an automorphism of which all eigenvalues are not roots of unity, then
the Lie algebra must be nilpotent.

In particular, a hyperbolic automorphism does not have eigenvalues which are
roots of unity. Thus, in the above construction, this implies that g is nilpotent
and thus that G is a simply connected nilpotent Lie group, which we now write
with N. Consequently, we also have that the group I' < N x Aut(N, (-, )),
which is assumed to act cocompact, properly discontinuously and freely on IV,
is an almost-Bieberbach group modelled on N. This follows from Proposition
2.3.28. Finally, the manifold I'\V must be an infra-nilmanifold.

Definition 3.4.11. Let I'\N be an infra-nilmanifold and f = (b,¢) € N %
Aut(N) an affine map such that fI'f~! = I'. The induced map f : T\N —
\N : Tz — T'f(x) is called an affine automorphism on the infra-nilmanifold
I'\N. In particular, when b is trivial, we say f is an automorphism of the
infra-nilmanifold T\ N. We say f is hyperbolic if the Lie algebra automorphism
associated to ¢ is hyperbolic.

The above construction only provides examples of Anosov diffeomorphisms
which are affine automorphisms on infra-nilmanifolds. So far, no one has been
able to construct an example which is not topologically conjugate to one of this
kind, leading to the following conjecture which has been open since the '60s.

Conjecture 3.4.12. Every Anosov diffeomorphism on a compact manifold
is topologically conjugate to a hyperbolic affine automorphism on an infra-
nilmanifold.

In [Man74], it was claimed that the conjecture must be true within the class
of infra-nilmanifolds. However, in [Dek12], some problems with the proof were
identified. For nilmanifolds, the statement does remain true.

Theorem 3.4.13 ([Man74], [Dek12]). Every Anosov diffeomorphism on a
nilmanifold is topologically conjugate to a hyperbolic automorphism on that
nilmanifold.
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In the case of infra-nilmanifolds, we can only say something about the existence.

Theorem 3.4.14 ([Dek12]). Let T\N be an infra-nilmanifold. The following
are equivalent:

(i) T\N admits an Anosov diffeomorphism
(it) T\N admits a hyperbolic affine automorphism
(iii) T\N admits a hyperbolic automorphism

The implication (ii) to (iii) can be argued by combining Lemma 3.4.15 and
Lemma 3.4.16 from the next section.

3.4.3 Periodic points of hyperbolic affine automorphisms

In Section 3.2 we discussed the dynamics of Anosov diffeomorphisms on closed
manifolds and arrived at the open question which asks whether the non-
wandering set must be the whole manifold and thus whether the periodic
points are dense in the manifold. For those Anosov diffeomorphisms which
come in the form of a hyperbolic affine automorphism on an infra-nilmanifold,
the question has a positive answer.

First, we give the following elementary result which answers Question 3.2.10 in
the case of hyperbolic affine automorphisms on infra-nilmanifolds.

Lemma 3.4.15. Let N be a simply connected nilpotent Lie group and (b, p) €
N x Aut(N). If de does not have eigenvalue 1, then the affine map f: N —
N : 2z — bp(x) has a fized point.

Proof. We use induction on the nilpotency class of N. For the base case, assume
that N is abelian and thus isomorphic to the Lie group (R™, +). A point € R"
is then a fixed point of f = (b, ¢) with ¢ € GL,,(R) if and only if

pr+b=2 & b= Id-p)z.

Since ¢ does not have eigenvalue 1, it follows that Id —y is invertible and thus
that = (Id —¢)~'b is a fixed point.

For the general case, let N be of nilpotency class ¢ and assume the lemma holds
for lower nilpotency classes. One has an induced affine map on N/~v.(N):

Y (N) = bp(x)7:(N).
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Since N/7.(N) has nilpotency class ¢ — 1, we can use the induction hypothesis
and find an xg € N such that

ToYe(IN) = bp(x0)ve(N).

Thus, there exists a y € v.(N) such that bp(xg) = zoy. Let 1 : 7.(IN) = 7.(N)
be the restriction of ¢ to 7.(N). Since 7.(N) is isomorphic to (R, +) for some
k, 1 is a linear map, which, by the assumption, also does not have an eigenvalue
1 (otherwise so does d.¢p). Thus, we can consider the element z € 7.(N) defined
by

z=(ld—¢) 1y

As one can check, it thus holds that ¢(z) = y~'z. As a consequence, the element
T = xpz satisfies

bo(x) = bp(xe)y 'z = zoyy 'z =202 =

which means it is a fixed point of f. O

The following lemma is an adapted version of Theorem 2.9. from [Derl6b].

Lemma 3.4.16. An affine infra-nilmanifold automorphism with a fixed point
1s topologically conjugate to an infra-nilmanifold automorphism.

Proof. Let T'\N be an infra-nilmanifold with affine automorphism f : [\N —
[\N, where f = (b,¢) € N x Aut(N) and fT'f~' =T. Let I'y be the given
fixed point of f. Define a new almost-Bieberbach group

I = (y’ 1)_1F(y’ 1)

and the maps
h:T\N - T'\N : Tz — Ty 'z

and
g:T'\N = T'\N : T"x — IMo(x).

As one can check, the maps above are well defined, h is a homeomorphism, g is

an infra-nilmanifold automorphism and ho f =goh. O

Theorem 3.4.17. FEvery hyperbolic affine automorphism on an infra-
nilmanifold has a fixed point and the set of periodic points is dense in the
manifold.
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Proof. Let I'\N be an infra-nilmanifold with affine automorphism f : T\N —
I\N, where f = (b,¢) € N x Aut(N) and fT'f~! =T. By Lemma 3.4.15, we
know that f : N — N has a fixed point y € N and thus I'y is a fixed point
of f. By Lemma 3.4.16, we can thus assume that b = 1 and thus that f is
a hyperbolic automorphism on I'\N. Let H = I' N N be the group of pure
translations of I'. Then we have that f(H) = ¢(H) = H. Now, define for any
integer n > 0 the group

H# =(zeN|a" € H).

As argued in [Der16b], we have [H= : H] < oc. If we write p : N — I\ N for
the projection, it follows that the set @, = p(H %) is finite. Moreover, since
©(H) = H, we have p(H#) = Hw and thus that f(Q,) = Qn. It follows that
all points in Q,, are periodic points of f. Write H? for the radicable hull of H
(see Definition 2.3.11). Then we can write H C H® C N. Clearly, we have

p(H@)=p<U H) = en

n>0 n>0

and thus all points in this set are periodic points of f. Since H? is a dense set
of N, it follows that p(HQ) is dense in I'\N. Thus, we proved that the periodic
points of f are dense in '\ V. O

3.4.4 A characterization for existence on the Lie algebra

In this section we will give characterization for the existence of Anosov
diffeomorphisms on nilmanifolds on the level of the associated Lie algebra.
The idea is that this characterization is easier to check since on Lie algebras
one can use tools from linear algebra.

We start the discussion with the definition of a property of invertible linear
maps.

Definition 3.4.18. Let V be a finite dimensional vector space over a subfield
of the complex numbers C. An invertible linear map A : V' — V is called
integer-like if its characteristic polynomial has integral coefficients and constant
term equal to 1 or —1.

Remark 3.4.19. Using the Frobenius normal form or rational canonical form,
it is not hard to see that if A : V — V is integer-like, then there exists a basis of
V' with respect to which A is represented by a matrix with integer coefficients
and determinant equal to 1 or —1.



68 ANOSOV DIFFEOMORPHISMS

Let N be a simply connected nilpotent Lie group and n the associated real
Lie algebra. Recall from Section 2.3.3 of Chapter 2 that for any cocompact
Lattice I' < N we have an associated rational form n? C n. Using the theory of
polynomial permutations, K. Dekimpe proved the following theorem.

Theorem 3.4.20 ([Dek01]). Let T' be a cocompact lattice in a simply connected
nilpotent Lie group N with Lie algebra n and write n(g C n for the associated
rational form of n. If ¢ € Aut(N) satisfies that

(i) dep is integer-like and
(i6) dep(ng) =g,
then there exists a positive integer k > 0 such that p*(T') =T.

Combining this result with Theorem 3.4.13, one obtains the algebraic
characterization on the level of the Lie algebra.

Theorem 3.4.21 ([Dek01)). A nilmanifold T\N admits an Anosov diffeomor-
phism if and only if the rational Lie algebra n(g admits an integer-like hyperbolic
automorphism.

This characterization leads us to a research program which is focussed on
answering the following two questions.

Question 3.4.22. Given a real (or complex) Lie algebra, what are its rational
forms up to isomorphism?

Question 3.4.23. Which rational Lie algebras admit an integer-like hyperbolic

automorphism?

In chapters 5 and 6 we focus on questions 3.4.22 and 3.4.23, respectively.

3.5 Anosov diffeomorphisms versus expanding maps

Another type of map on a manifold which exhibits interesting dynamics under
iteration is the so called expanding map.

Definition 3.5.1. Let (M, g) be a Riemannian manifold. A differentiable map
f: M — M is said to be expanding if there exist constants ¢ > 0, A > 1 such
that

Yo € TM : Yk € N : ||df*v|| > eA¥|v].
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Analogous to the case of Anosov diffeomorphisms (see Corollary 3.2.3), on
compact manifolds, the definition of an expanding map does not depend on the
choice of Riemannian metric.

Analogous to hyperbolic linear maps (Definition 3.4.3) and affine infra-
nilmanifold automorphisms (Definition 3.4.11), we make the following two
definitions.

Definition 3.5.2. Let V be a finite dimensional vector space over a subfield of
the complex numbers C. A linear map A : V — V is called expanding if all of
its eigenvalues have modulus strictly bigger than 1.

Definition 3.5.3. Let I'\ N be an infra-nilmanifold and f = (b, ) € N xAut(N)
an affine map such that fI'f~' < I'. The induced map f : T\N — T'\N :
Tz — T'f(x) is called an affine endomorphism on the infra-nilmanifold I'\N. In
particular, when b is trivial, we say f is an endomorphism of the infra-nilmanifold
I'\N. We say f is ezpanding if the Lie algebra automorphism associated to ¢ is
expanding.

By the work of J. Franks, M. Shub and M. Gromov, all expanding maps on
compact manifolds are classified up to topological conjugacy. We note that the
original statement used ‘expanding endomorphism’ instead of ‘expanding affine
endomorphism’ which is a false claim. This was corrected by K. Dekimpe in
[Dek12].

Theorem 3.5.4 ([Fra70] [Shu70] [Gro81]). Fwvery expanding map on a compact
manifold is topologically conjugate to an expanding affine endomorphism on an
infra-nilmanifold.

Although the above result restricts the class of compact manifolds admitting
an expanding map to the class of infra-nilmanifolds, as with Anosov
diffeomorphisms, it is far from true that every infra-nilmanifold admits an
expanding map. Thus, there is a need for a characterization on the Lie algebra.
For such a characterization, we make the following definition.

Definition 3.5.5. A Lie algebra g is said to have a positive grading if it can
be written as a direct sum g = g1 © ... @ g such that [g,,g;] C g,+; for all
i,7€{1,...,k}.

By the work of K. Dekimpe and J. Deré, we have the following characterization.

Theorem 3.5.6 ([DD16] [Derl7]). Let T\N be an infra-nilmanifold and write
n for the real Lie algebra of N. Then the following are equivalent:

(i) T\N admits an expanding map,



70 ANOSOV DIFFEOMORPHISMS

(i) n admits an expanding automorphism,

(#i) n has a positive grading.

In particular, we see that the existence of an expanding map on I'\ IV does not
depend on the choice of almost-Bieberbach group I'.

It is clear that Anosov diffeomorphisms and expanding maps have similar
definitions. One can ask whether there is some relation between the existence
of the two on infra-nilmanifolds. Does one imply the other? One direction has
an easy counterexample: the circle R/Z admits an expanding map (namely
x +Z+— 2z + Z), but does not admit an Anosov diffeomorphism. For the other
direction, it is much harder to come up with a counterexample. In [Derl7] J.
Deré constructs such a counterexample, but the dimension of the nilmanifold is
far from minimal. This raises the following question.

Question 3.5.7. What is the minimal dimension of an infra-nilmanifold which
admits an Anosov diffeomorphism, but no expanding map?

In Section 6.5 of Chapter 6, we give an answer to this question.



Chapter 4

Partially commutative
structures

In this chapter, we introduce groups and Lie algebras which are defined using
a graph. They are free (nilpotent) up to the fact that some of the generators
commute. The information of which generators commute is captured by the
graph. In the literature these objects are also referred to as graph groups or graph
algebras. In Section 4.6, we discus the automorphisms of the Lie algebra. In
particular, we prove that, for a fixed graph, the projection of the automorphism
group of the Lie algebra onto the abelianization does not depend on the chosen
nilpotentcy class of the Lie algebra (see Corollary 4.6.4). In Section 4.6.3,
we prove a result on the eigenvalues of vertex-diagonal automorphisms (see
Proposition 4.6.14). Both results will be used in the following chapters.

4.1 Graphs

We start by specifying what we mean by a graph.

Definition 4.1.1. A graph is a pair G = (V, E) where V is a finite set, which is
called the set of vertices, and F is a subset of {{v,w} | v,w € V,v # w}, which
is called the set of edges.

Two distinct vertices v and w for which {v,w} is an edge will be called adjacent.
We will call a graph empty if its set of edges is empty and we will call it complete
if any two distinct vertices are adjacent.

71
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Example 4.1.2. 1. A complete bipartite graph is a graph for which the
vertices V' can be written as a disjoint union of subsets V' = S L1 .Sy such
that the edge set is equal to

E = {{v,w} |v e S;,we Sy}

With other words every vertex from S; is adjacent to every vertex in So
and these constitute all edges in the graph. An example with |S;| = 3
and |Sa| = 2 is drawn below.

2. Consider a set of vertices V' = {1,...,n} with the set of edges E =
{{#,i4+ 1} |1 <i < n—1}. The resulting graph is called the path graph
on n vertices and is drawn below for n = 5.

3. Consider a set of vertices V' = {1,...,n} with the set of edges E =
{{#,i+1} |1 <i<n—-1}U{{n,1}}. The resulting graph is called the
cycle graph on n vertices and is drawn below for n = 6.

For any set S, we will write Perm(S) for the group of permutations on S. The
automorphisms of a graph G = (V, E) are the permutations on the vertices V'
that preserve the edges. They form a group under composition which we will
write as

Aut(G) = {p € Perm(V) | Ve € E : ¢(e) € E}.

A tuple of vertices (v1,...,v,) € V™ will be called a walk (of length n) in G if
for any i € {1,...,n — 1} it holds that {v;,v;11} € E. A walk (vy,...,v,) for
which all vertices vy, ..., v, are distinct is called a path. A walk (vq,...,v,) for
which only the vertices v; and v,, are equal is called a cycle. This brings us to
an important notion in graph theory.
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Definition 4.1.3. Let G = (V, E) be a graph. A subset X C V is called
connected in G if for any two vertices v, w € X there exists a walk (v1,...,v,)
in G such that vy = v, v, = w and v; € X for all s € {1,...,n}. The graph G
is called connected if V' is connected in G.

We can now also define an important subclass of graphs.

Definition 4.1.4. A graph G = (V, E) is called a forest if G has no cycles. If

in addition G is connected, we call G a tree.

In what follows, we give some definitions which play a central role in the study
of automorphisms of partially commutative structures. See for instance [Lau95],
[DM23] and Section 4.6.2.

Let G = (V, E) be a graph. The (open) neighbourhood of a vertex v is defined as
Nw)={w eV |{v,w} € E}.

Note that v is not contained in its open neighbourhood N(v). The closed
neighbourhood of v is defined as

N[v] = N(v) U {v}.
This allows us to define a relation < on the vertices by
v<w < N(v)C Nw.

We also say w dominates v. This relation is a preorder, i.e. a relation which is
reflexive and transitive but not necessarily anti-symmetric. One way to resolve
the lack of anti-symmetry is to identify vertices which mutually dominate each
other. We define the equivalence relation ~ on V' by

v~ew & v<w A Uv>=uw.

Equivalently, we have v ~ w if and only if N(v) = N(w) or N[v] = N[w]. Again
equivalent to that is saying that v ~ w if and only if the transposition of v with
w (leaving all other vertices fixed) defines a graph automorphism of G.

An equivalence class [v] = {w € V | w ~ v} is called a coherent component and
Ag =V/~

denotes the set of all coherent components. Note that the relation < on V
induces a relation < on the coherent components Ag defined by

A< & elwepiv<w

&S YWwelhwep:v<w.
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This relation is reflexive, transitive and anti-symmetric and thus gives a partial
order on Ag.

Example 4.1.5. Consider the graph as drawn below:

U1 U3
X > .
V2 V4

The coherent components are given by {v1, va}, {vs,va}, {vs}, {ve} and satisfy
the relations {v1,ve}=<{vs,va}, {v1,v2}=<{vs} and {ve}=<{vs}.

Remark 4.1.6. Let A\, € Ag be two (not necessarily distinct) coherent
components of G. The following observation is an easy exercise: if there exists a
vertex in A which is adjacent to a vertex in p, then all vertices in A are adjacent
to all vertices in p.

Following the above remark, it is natural to define a new graph on the coherent
components. The quotient graph of a graph G = (V, E) is defined as the triple:

G=(Ag,E,®)

where

E={{[v][w]} |v,w eV {v,w} € E}

and
(I)Ag—)N)\H|/\‘

Example 4.1.7. Consider the graph from Example 4.1.5. The quotient graph
can be represented by the drawing below. The numbers denote the cardinalities
of the coherent components. A loop is drawn at those coherent components A
for which {\} € E.

Example 4.1.8. Consider the cycle graph on 4 vertices. The vertices
are given by V= {vi,v9,v3,v4} and the edges are given by E =

w1, v2}, {2, v3}, {vs, va}, {v1,va}}.
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V1 V2

Vg U3

The coherent components are then given by Ag = {{v1,vs}, {v2,v4}} and the
quotient graph can be represented by the drawing below.

*———O

2 2

The reason that we incorporate the map ® into the definition of the quotient
graph is to define its automorphism group in a suitable way:

Aut (G) = {¢ € Perm(Ag) | Ve € E : p(e) € E, P o p = ®}.

Note that for any graph automorphism ¢ € Aut(G) and any vertices v,w € V
it holds that v ~ w < (v) ~ @(w). As a consequence, ¢ induces an

automorphism on the quotient graph @ € Aut(G) by p([v]) = [¢(v)] for any

v € V. Thus, we get a group morphism from Aut(G) to Aut(G), which fits in
the short exact sequence:

1— J[ Pem(X) — Aut(G) — Aut(G) — 1. (4.1)
AEAg

Remark 4.1.9. The above short exact sequence is right-split, i.e. there exists
a group morphism r : Aut(G) — Aut(G) such that r(y) = ¢ for all p € Aut(G).
One can explicitly construct such a morphism as follows. Order the vertices in

each coherent component A € Ag as

A= {’U)\J, UX,25--- ,U)\"M}.

Using these orders, define for any ¢ € Aut(G), A € Ag and 1 < i < |A|:

T(¢)(UAJ) = Vp(N),i-

We end this section with a note on the asymptotic behaviour of a property of
graphs with respect to the number of vertices. Two graphs G; = (V4, E1) and
Go = (Va, E5) are said to be isomorphic if there exists a bijection ¢ : Vi — V5
such that the assignment {v,w} — {p(v), p(w)} defines a bijection from E; to
E5. Let P be a property of graphs, invariant under isomorphism. Let N (k)
denote the total number of isomorphism classes of graphs on k vertices and
N (P, k) the total number of isomorphism classes of graphs on & vertices which
have property P.
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Definition 4.1.10. The property P is said to hold for almost all unlabelled
graphs if
N(P,k)
lim ———= =1.
koo N(k)

The term ‘unlabelled’ refers to the fact that we count the graphs up to
isomorphism and thus we do not use labels on the vertices. As a consequence
of a classical result of Erdés and Rényi on labelled graphs [ER63], the following
statement is argued in section 1.6 of [Bab95].

Theorem 4.1.11. Almost all unlabelled graphs have a trivial automorphism
group.

In the next section, we associate several algebraic structures to a graph G. Later
in this thesis, when we prove properties of these associated algebraic structures,
we will use the above theorem to find a corollary regarding the asymptotic
behaviour of that property.

4.2 The associated algebraic structures

In this section we associate algebraic structures to a graph. The graph encodes
commutation relations among the generators. As a result, some generators
commute, while others do not. This is the reason why these structures are often
referred to as (free) partially commutative.

The monoid Let G = (V, E) be a graph. Consider the monoid W(V) of all
words on the alphabet V. This set also contains the empty word, which we denote
by @. We define the relation +» on W(V') by saying for any wi,wy € W(V)
that wy <> ws if and only if w; = uyviveus and wy = uyvavius for some words
uy,ug € W(V) and some vertices vy, v € V with {v;,v9} ¢ E. This relation is
reflexive and symmetric, but not transitive. From this relation, we define the
equivalence relation ~ on W(V) by:

w1 ~ W2 =4 le,...,u?neW(V):wlHw1<—>...<—>u~)n<—>w2.

One can check that this relation behaves well with respect to the product on
W(V). Indeed, when wy; ~ ws and uj ~ ug, then also wiwy ~ ujus. As a
consequence, we can define the monoid

M(G) =W(V)/ ~

which we refer to as the (free) partially commutative monoid associated to G.
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The group Let G = (V, E) be a graph. The (free) partially commutative group
(or right-angled Artin group or graph group) associated to the graph G is the
group defined by the presentation

A(G) = (V[ [v,w] = 1;{v,w} ¢ E).

where [v,w] = vwv™'w™! is the commutator of two group elements. We can

make this group nilpotent by modding out a subgroup from the lower central
series. The free c-step nilpotent partially commutative group associated to a
non-empty graph G is then defined as

A(G, ¢) = A(9)/7er1(A(9))-

These groups are torsion-free finitely generated nilpotent groups, see for instance
Theorem 6.4. in [Wad15].

The Lie algebra Let G = (V, E) be a graph and K a field. Write f(V') for
the free Lie algebra on V over the field K. Define i(G) as the Lie ideal of §(V)
generated by the Lie brakets [v,w] for v,w € V and {v,w} ¢ E. The (free)
partially commutative Lie algebra over K associated to G is then defined by

g™ (9) = f(V)/i(9).

We can make this Lie algebra nilpotent by modding out an ideal from its lower
central series. The free c-step nilpotent partially commutative Lie algebra over
K associated to a non-empty graph G is defined as

(G, c) = g"(9)/7e41 (8™ (9)).

Example 4.2.1. 1. If G is the complete graph on n vertices, then M(G),
A(G) and g% (G) are the free monoid, free group and free Lie algebra,
respectively, each on n generators.

2. If G is the empty graph on n vertices, then M (G) is isomorphic to the
abelian monoid (N",+), A(G) is isomorphic to the free abelian group
(Z™,+) and g% (G) is isomorphic to the abelian Lie algebra K™.

3. If G is a complete bipartite graph on n + m vertices, then A(G) is a free
product of two free abelian groups of rank n and m.

4. If G is the graph with two vertices and one edge, as drawn below, then the
group A(G,2) is isomorphic to the Heisenberg group H(Z) from Example
2.3.4. The Lie algebra nf(G,2) is the so called Heisenberg Lie algebra
(over the field K).
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Remark 4.2.2. We note here that in the literature, the opposite convention is
often used to define these algebraic structures, namely that two vertices v, w
commute if and only if {v,w} € E.

Remark 4.2.3 (Universal property). Note that the above algebraic structures
all satisfy the following universal property. Let G = (V| E) be a graph and K
a field. Let X(G) be one of the algebraic structures: M(G), A(G) or g¥(G),
and let Y be a monoid, a group or a Lie algebra over K, respectively. For any
injection 7 : V' — Y such that i(v) and i(w) commute whenever {v,w} ¢ E,
there exists a unique homomorphism f : X(G) — Y which makes the following
diagram commutative:

Moreover, the algebraic structures M(G), A(G) and g¥(G) are uniquely
determined by this property, up to isomorphism.

4.3 A connection between group and Lie algebra

In this section we show how the partially commutative Lie algebra can be
obtained from the corresponding partially commutative group by use of a
general construction on groups. First, let us define gradings on Lie algebras.

4.3.1 Gradings on Lie algebras

The discussion in this section is partially based on [Corl6].

Definition 4.3.1. Let g be a Lie algebra and G a group. A G-grading for g is
a direct sum decomposition of g as a vector space

s=Po.

e
such that [g;,gy] C gay for any z,y € G. In the particular case where G is
equal to Z, +, we say the grading is
(i) a non-negative grading if g; = {0} for any ¢ < 0,

(ii) a positive grading if g; = {0} for any i <0,
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(iii) a Carnot grading if g; generates g as a Lie algebra.

Remark 4.3.2. Note that if g = €D, g; is a Carnot grading, then g; generates
g and thus

g =01+ [91,01] + [91,[91, 01]] + [91, [91, [91, 9a]]] + - -

Additionally, one has the inclusions

l91,01] C g2, [g1, (o1, 0]l C o5, [91 (g1, [g1, onl]] C g4, ... (4.2)
Hence we see that the above inclusions must be equalities and thus we get
Vi<0:g;,={0} and Vi>O0: [g1,0:] = git+1-
From this it follows that we have the implications

Carnot grading = positive grading = non-negative grading.

The free Lie algebra is a prime example of a Lie algebra having a Carnot grading.
Indeed if f(X) is the free Lie algebra on the set X over K, then the inductively
defined subspaces

f1(X) = spang (X), fir1(X) = [f1(X), fi(X)]

give a Carnot grading of f(X). In this thesis, this will always be the grading
considered on the free Lie algebra.

Definition 4.3.3. Let G be a group and g = @, 9. and h = P, bz two
Lie algebras with a G-grading.

(i) A homomorphism ¢ : g — b will be called a graded homomorphism if
¢(gs) C b, for any z € G.

(ii) An automorphism ¢ of g will be called a graded automorphism if ¢(g,) =
g, for any x € G. The subgroup of Aut(g) consisting of all graded
automorphisms of g will be written as Auty(g) (whenever it is clear what
the chosen grading on g is).

(iii) An ideal i of g will be called a graded ideal if

i=Hing..

zeG

The proof of the following lemma is left as an exercise to the reader.
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Lemma 4.3.4. Let g be a Lie algebra with a G-grading g,, * € G. Let i be a
graded ideal of g and write w : g — g/i for the projection morphism. The Lie
algebra g/i is also G-graded with grading given by w(g.), © € G. Moreover, if
the grading on g is non-negative, positive or Carnot, then the grading on g/i is
also non-negative, positive or Carnot, respectively.

Let G = (V, E) be a graph. The ideal i(G) of (V') (as defined in Section 4.2) is
clearly a graded ideal of (V). By the above lemma, we obtain a Carnot grading
on g% (G). For the remainder of the thesis, this will always be the grading
considered on g% (G) and we write it as

oo
=Paf9)
i=1
As one can check, we have for the lower central series of g/ (G) that
Yer1(0%(9)) = P (9)
i>c

for any ¢ > 0. Thus, the ideal 7., 1(g%(G)) is a graded ideal of g (G). Again
by the above lemma, we obtain a Carnot grading on n® (G, ¢), which we will

write as -
:Q}f@my (4.3)

Note that this grading satisfies nf (g, ) = {0} for all i > c.

Note that one can construct from any Lie algebra g a positively graded Lie
algebra gr(g). This Lie algebra is defined as the direct sum

@% /'71+1
>0

equipped with the Lie bracket

(X +7i41(9), Y +7j+1(9)] = [X, Y] + vitj+1(9)

for any X € 7;(g) and Y € v;(g) and extending this definition linearly to all of
gr(g). In fact, when g is nilpotent, g having a Carnot grading is equivalent to

g = gr(g).
The proof of the following lemma is left as an exercise to the reader.

Lemma 4.3.5. Let g be a Lie algebra with Carnot grading g = @, i, 8 a
basis for g1 and §(8) the free Lie algebra on 3, defined over the same field as g.
The induced homomorphism

f5B) =g
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is surjective and satisfies f(§;(8)) C gi for any i > 0, or equivalently, ker(f) is
a graded ideal of §(8). Moreover, g = (8)/ker(f).

Remark 4.3.6. Note that Lemma 4.3.4 and Lemma 4.3.5 combined tell us
that the Carnot Lie algebras are essentially all Lie algebras obtained by taking
the quotient of a free Lie algebra by one of its graded ideals.

4.3.2 The Lie ring construction

In this paragraph we recall a well-known construction which associates to any
group G a Lie ring L(G), see [Laz54]. First let us recall the definition of a Lie
ring.

Definition 4.3.7. A Lie ring is an abelian group (L,+) together with a
Z-bilinear map [-,-]: L x L — L : (z,y) — [z, y] which satisfies

(i) Ve € L: [z,2] =0,

(ii) Va,y,z € L: [z, [y, 2] + [y, [z, 2]] + [z, [z, y]] = 0.

Remark 4.3.8. Notice the similarity with the definition of a Lie algebra in
Definition 2.3.14. It is therefore not surprising that for any Lie ring L and field
K, the tensor product L ®z K is a Lie algebra over K.

Let G be any group. Note that for any ¢ > 0 one can define the abelian group
Li(G) = (G) /7i+1(G).

We define the Lie ring associated to G as the following direct sum of these
abelian groups

L(G) = P Li(@)
i=1
together with a bracket defined by
[2%i4+1(G), y7+1(G)] = [2, 9] 7i4541(G)

=2y 'y it j+1(G)

for any 7,5 > 0, 27,41(G) € Li(G), yv;+1(G) € L;j(G) and extending this
bilinearly to all of L(G). A proof that L(G) indeed defines a Lie ring as well as
a more general approach using any central series of G, can be found in [Wad15].

Note that L defines a functor

L : Grp — LieRing
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Composing L with the tensor product functor (restricted to LieRing)
K®gz : LieRing — LieAlg,

one obtains a functor

L¥ = K ®; L : Grp — LieAlgy.

Clearly, since L(G) was defined as a direct sum, so is L¥(G):
L¥(G) =@ LEG), with Lf(G) = K @ Li(G).
i=1

In fact, from the definition of L(G), it follows that this direct sum is a positive
grading for the Lie algebra L% (G). Moreover, if G is a finitely generated group,
it follows from [Wad15, Proposition 2.5] that L¥(G) is generated by L& (G)
and thus that L*(G) = @;2, LX(G) is a Carnot grading. The following lemma
is left as an exercise to the reader (see also Remark 4.3.2).

Lemma 4.3.9. Let G be a finitely generated group and K a field. For any
i >0, we have

W(LE (@) = D LEG).
j=i
Moreover, we have a natural isomorphism

LX(G) ~LK< G )

Y (LE(G)) — Yir1(G)

Note that by the universal property of g% (G) (see Remark 4.2.3), we get from
the injection
V = LE(AG)) s v = v12(A(G)) ®1,

a Lie algebra homomorphism
a: g% (G) = LE(A(G)). (4.4)

Note that o maps representatives of vertices in g (G) to its corresponding
representatives of vertices in L¥(A(G)). Moreover, we have the following
theorem.

Theorem 4.3.10 ([DK92]). Let G be a graph, K a field and A(G), g% (G) its
associated group and Lie algebra, respectively. The morphism o, as defined in
(4.4), is an isomorphism which preserves the gradings on both Lie algebras.



A BASIS FOR THE LIE ALGEBRA 83

Combining this theorem with Lemma 4.3.9 from above, we find for all ¢ > 1
the natural isomorphism:

K(G o) = QK(g) ~ LK (A(9)) ~ 7K c
WO =T GRE) T e @k @Ay L WG (49

Remark 4.3.11. Note that any automorphism on A(G) induces an automor-
phism on L% (A(G)). By the isomorphism in (4.4), we now also get an induced
automorphism on g (G). The same holds for the group A(G,c) and the Lie
algebra n% (G, c).

4.4 A basis for the Lie algebra

In this section we give a method for writing down a basis for the partially
commutative Lie algebra. The method and notation are based on [Wad15], but
the original work on these bases can be found in [KL93], [Lal93] and [Lal95].

Lyndon elements Let G be a graph. Recall from Section 4.2 the definition
of the partially commutative monoid M (G) as the quotient of W(V') by the
equivalence relation ~. Let us write 7 for the associated projection map

7 WV)—= MG):w—w.

From here we fix a total order < on the vertices. Note that this induces a total
order on W(V') known as the lexicographical order. It is the unique total order
< on W(V) satisfying the following axioms:

(i) Vw e W(V) : @ < w.
(ii) Ywy,we € W(V), v € V1 if wy < we then vw; < vws.
(iii) Vwi,we € W(V), v1,v3 € Vi if v1 < vg then viw; < vows.
This order on W (V') allows us to choose an element from each equivalence class
of M(G).

Definition 4.4.1. For any m € M(G), we define the standard representative
std(m) of m as the maximum of the set 7~ !(m) with respect to the
lexicographical order on W(V').
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Using this map std : M(G) — W(V), we can define a total order on M (G) by
r<y < std(z)<std(y)
for any z,y € M(G).

Example 4.4.2. Consider the path graph on 3 vertices G = (V, E) with
V = {v1,ve,v3} and E = {{v1,v2}, {ve,vs3}} as drawn below.

U1 U2 U3
——o —o

Let the total order on V' be the one induced by the indices: v; < v9 < v3. We
have
std(v10203) = v1v9v3, std(v10103) = vzv101.

Thus, we see that 1103 < V107103.

Next, we will define conjugacy classes in M (G). We say two elements my, mo
are preconjugate, written my Pmao, if there exist elements z,y € M(G) such that
my = xy and my = yx. Note that this relation is reflexive and symmetric, but
not transitive. We say two elements mi, msy are conjugate, written mqCme, if
there exist elements x1,...,z, € M(G) such that

mlle, .T1P.132, PR a:n_lPacn, anmQ.

Note that being conjugate is an equivalence relation on M(G). We call its
equivalence classes the conjugacy classes in M(G).

At last, we say an element m € M(G) is primitive if for any x,y € M(G) such
that m = zy = yx it holds that x = F or y = &.

Now we are ready to define the notion of the Lyndon elements in M (G).

Definition 4.4.3. An element in M(G) is said to be a Lyndon element if it
is not equal to @, it is primitive and it is minimal in its conjugacy class. The
subset of Lyndon elements in M(G) is written as LE(G).

Remark 4.4.4. Note that the set LE(G) depends on the chosen total order
< on the vertices V. If G is the complete graph, then M (G) is isomorphic to
W (V) and the resulting Lyndon elements in M (G) correspond to the well-known
Lyndon words (see chapter 5 in [Lot97]).

The length of a word w € W (V) is defined inductively as follows. The length
of an element of V is set to 1 and if w can be written as a product w = wiws
for non-empty words wq,ws € W(V), then the length of w is the sum of the
lengths of wy and ws. The length of an element w € M(G) is defined as the
length of its representative w. As one can check, this is well-defined.
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Example 4.4.5. Consider the same graph and order on the vertices as in
Example 4.4.2. The standard representatives of the Lyndon elements in M (G)
are given by

Length 1: vy, vo, vs,
Length 2:  wvjv2, vavs
Length 3: vf’ug, vlvg, ’U%’Ug, vgvg, V1 U2V3
. .3 2 2 3 .3 2 2 3
Length 4:  vjve, vivy, v1v5, V5V3, VU3, VaVs,
2 2 2
V1 V203, V1V5V3, V1U2V3, V1VU203V2.

The element 7773 is not a Lyndon element since it is not primitive. The element
U10303 is not a Lyndon element, since it is conjugate to v7vzv3, which is strictly
smaller. Thus 770373 is not minimal in its conjugacy class.

The Lyndon elements can also be characterized in different equivalent ways. In
order to do so, we introduce some notation:

o For any w € W(V), the support of w, written as supp(w), is the subset of
V containing all letters that occur in the word w. This definition descends
also to the monoid M (G). Thus, supp(w) = supp(w).

o For any m € M(G), we write init(m) for the subset of V containing
all letters that can occur as the first letter of a word representing the
equivalence class m.

e For any m € M(G), we define
(my= U Nl
vEsupp(m)
where we recall the definition of the closed neighbourhood N[v] of a vertex

v from Section 4.1.

A proof of the following characterization can be found in [KL93, Propositions
3.5, 3.6 and 3.7].

Theorem 4.4.6. Let G = (V, E) be a graph. For any m € M(G), the following
are equivalent:

(i) m is a Lyndon element.
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(ii) For all x,y € M(G)\ {D}: if m = zy, then m < y.

(iii) Either |m| = 1 or there exist Lyndon elements x,y € LE(G) such that
x <y, init(y) C ¢(x) and m = zy.

(iv) std(m) is a Lyndon word.

Standard bracketing Let X be a set. We define the bracket words on X
inductively as follows:

(i) There is one bracket word of length 0, namely the empty word &.

(ii) The bracket words of length 1 are the elements of X.

(iii) The bracket words of length k > 1 are the expressions of the form [by, bs],
where b; and by are bracket words of length k; and ks, respectively and
such that &y + ko = k.

The set of bracket words on X is written as BW(X). This set is also known as
the set of non-associative words on X.

Let G = (V,E) be a graph and fix a total order < on the vertices V. We
write LE'(G) for the set of Lyndon elements of length at least 2. The standard
factorization is a map F : LE'(G) — LE(G) x LE(G), defined by

F(m) = (z,y) where m=uxy

and
y =min{y’ € LE(G) | 2’ € LE(G), m = 2'y'}.

The standard factorization behaves well with respect to the standard
representative. If F'(m) = (x,y), then

std(m) = std(z) std(y).

By repeating this standard factorization on a Lyndon element, we get a map
O : LE(G) —» BW(V),

called the standard bracketing, defined inductively by

O(m) = [6(x),0(y)] for F(m) = (z,y).
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Example 4.4.7. The standard bracketing of the Lyndon elements of length at
least 2 as given in Example 4.4.5, in the same order, is given by

Length 2:  [v1,v2], [v2,v3]

Length 3:  [v1, [v1,v2]], [[v1,v2],v2], [v2, [v2,v3]], [[v2,v3],vs], [v1, [V2, v3]]
Length 4:  [vy, [v1, [v1, v2]], [v1, [[v1, v2],va]l, [[[v1, v2, va], val,

[va, [v2, [v2, vs]l], [va, [[v2, vs], vs]], [[[v2,vs], vs], vs],

[v1, [v1, [v2, v]]], [v1, [v2, [v2, vs]]], [v1, [[v2, vs], vs]],

[[v1, [v2, va]], va].

The basis Let G = (V, E) be a graph and let g be a Lie algebra together with
an inclusion ¢ : V' — g. Note that there is a canonical evaluation map

ev, : BW(V) — g,

defined inductively on the length of the bracket words according to the rule
ev;([b1,ba]) = [evi(b1),ev;(bs)] for any bracket words by, by € BW(V). For the
Lie algebras g (G) and n® (G, ¢), there is a canonical inclusion of the vertices
into these Lie algebras and thus we do not need to specify it. We thus write
these maps as

ev: BW(V) — g% (3).

and
eve : BW(V) — n® (G, c).

At last, let us write LE(G, ¢) for all Lyndon elements of length at most ¢. A
proof of the following can be found in [Wadl5, Corollary 5.24.], but note this is
not the original proof.

Theorem 4.4.8. Let G be a graph and K a field. The image of LE(G) under
evoO is a basis for g% (G). For any integer ¢ > 1, the image of LE(G,c) under
ev, 00 is a basis for n%(G,c).

4.5 Linear algebraic groups

In this section we recall some elementary notions from algebraic geometry and
linear algebraic groups that will be used throughout this thesis. We let K
denote any field, unless otherwise specified. For an overview of some of the
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notions of field theory, we refer the reader to Section 5.1 of Chapter 5. For
a detailed introduction to the theory of linear algebraic groups, we refer the
reader to [Bor91], [Spr81] and [Hum81].

Definition 4.5.1. A set V. C K" is called algebraic if there exists a set of
polynomials S C K|z1,...,z,] such that

V={(a,...,an) e K" |VfeS: flaa,...,an) =0}
If Ky C K is a subfield and we can choose S as a subset of Ko[z1,...,2,] to
define V', then we say V is defined over K.
The algebraic sets of K™ are the closed sets of a topology on K™ known as the
Zariski topology.

To any algebraic set V C K™ we associate an ideal of K[x1,...,2,] by
IV)=A{feKlxy,...,zp] | V(a1,...,00) €V : fla1,...,a,) =0}
The coordinate algebra of V' is then defined as the quotient

K[xla""xn]

AV =T

Let us define Alg, as the category of unital associative, commutative K-
algebras. Let R be an object of Alg,. We define the set of R-points of an
algebraic set V. C K™ as

VE={(oq,...,a,) ER"|Vf € I(V): flas,...,a,) =0}

Note that, in particular, for any field extension L/K, the field L is an object of
Alg, and thus we have a set VI C L".

For any algebraic set V' C K™ and any object R of Algy, there is a canonical
bijection

Homayg, (A(V),R) = VI f s (f(@1),.... f(@Tn)).

For the following definition, note that the general linear group GL,,(K) can be
seen as a subset of K™ .

Definition 4.5.2. A linear algebraic group is a subgroup G < GL,,(K) which
is given by the intersection of GL, (K) with an algebraic subset of K n® If this
algebraic subset is defined over a subfield Ky C K, we say G is defined over Kj.
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This definition might feel odd at first, because GL,,(K) is not an algebraic set
of IZ( n® and thus a linear algebraic group might not be an algebraic subset of
K™ . Nevertheless, we can always embed a linear algebraic group G < GL,,(K)
as an algebraic set in K n’+1 a3 follows:

G K™ A (A, det(4)7).

If we use coordinates (x11, ..., Tnn,y) ON K"2+1, it is not hard to check that the
image of this embedding is an algebraic subset determined by the polynomials
determining G in GL,(K) and the additional polynomial det(x;;) - ¥ — 1. This
embedding is known as the Rabinowitsch trick.

Example 4.5.3. Let K be a field.

1. The group GL, (K) is a linear algebraic group as it is the intersection of
GL, (K) with the algebraic set K.

2. The group SL,(K) is a linear algebraic group since it is equal to the
algebraic set determined by the polynomial equation det(z;;) —1 =0.

3. The group O, (K) is a linear algebraic group since the defining equation
AtA = T are actually K n* polynomial equations with polynomials in
K[Jﬁll, . ,.Z‘nn].

4. The group UT, (K) from Example 2.3.4 is a linear algebraic group since
it is determined by the polynomial equations ;; = 0 for ¢ > j and z;; = 1
for all 4.

Definition 4.5.4. Let G < GL,(K) be a linear algebraic group. A subgroup
H < @G is said to be a closed subgroup if H < GL,,(K) is a linear algebraic
group, i.e. H is the intersection of G with an algebraic subset of K n®

Definition 4.5.5. A topological space X is said to be irreducible if it can not
be written as a union X = X7 U X5 with Xy, X5 proper closed subsets of X. A
subset Y C X is said to be irreducible if it is so for the subspace topology. A
maximal irreducible subset is called an irreducible component.

It is not hard to check that any point of a topological space is contained in
a (possibly non-unique) irreducible component. Note that a linear algebraic
group G < GL,(K) is a topological space with the Zariski topology inherited
from K™ .

Theorem 4.5.6. Let G < GL,(K) be a linear algebraic group. There is a
unique irreducible component containing the identity which we write as Gy.
It is a closed normal finite index subgroup of G and its cosets are exactly all
irreducible components of G.
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Let g € GL,,(K). We say a vector subspace W C K" is g-invariant if g(W) =
w.

Definition 4.5.7. Let K be a field. An element g € GL,,(K) is said to be

(i) semi-simple if for any g-invariant subspace in K™, there exists a
complementary g-invariant subspace.

(ii) unipotent if there exists a positive integer k > 0 such that (g — Id)* = 0.

The following theorem is the well-known multiplicative version of the Jordan-
Chevalley decomposition. Moreover, it states that linear algebraic groups are
closed under this decomposition.

Theorem 4.5.8. Let K be a perfect field. For any g € GL,(K), there exist
a unique semi-simple element g; € GL,(K) and a unique unipotent element
gu € GL,,(K) such that g = gsgu = gugs.- If G < GL,,(K) is a linear algebraic
group and g € G, then also gs € G and g, € G.

Definition 4.5.9. A linear algebraic group G < GL,,(K) is said to be unipotent
if all its elements are unipotent.

Theorem 4.5.10. Let K be a field and G < GL,,(K) a linear algebraic group.
There exists a unique mazimal closed normal unipotent subgroup of G.

This group is called the unipotent radical of G.

Let D,,(K) denote the subgroup of GL,,(K) of all diagonal matrices. Note that
D, (K) is a linear algebraic group. For any field K, we write K for its algebraic
closure (see Definition 5.1.10 and Theorem 5.1.11).

Definition 4.5.11. Let K be a field and G < GL,(K) a linear algebraic
group. We say that G is a torus if there exists a g € GL, (/) such that
9Gg™" C Dy(K).

Definition 4.5.12. Let K be a field and G < GL,,(K) a linear algebraic group.
A closed subgroup 1" C G is said to be a maximal torus if it is a torus and if
there are no closed subgroups of G which are tori and contain 7" as a proper
subset.

Theorem 4.5.13. Let K be an algebraically closed field. Let G < GL,,(K) be
a linear algebraic group. Any semi-simple element lies in some maximal torus
of G. If Ty and Ty are two mazximal tori of G, then there exists a g € G such
that gTh g~ ' = Ty.
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Consider a group G and a representation p : G — GL,(K). A vector subspace
W C K" is said to be p-invariant if p,(W) = W for any ¢ € G. The
representation p is said to be reducible if for any p-invariant subspace W C K™,

there exists another p-invariant vector subspace which is complementary to W
in K™.

Definition 4.5.14. Let G < GL,(K) be a linear algebraic group. A
representation p : G — GL,,(K) is called a polynomial representation if
the coordinates of p(g) € GL,,(K) can be expressed as polynomials in the
coordinates of g € GL,(K). A linear algebraic group is said to be linearly
reductive if every polynomial representation of it is reducible.

Example 4.5.15. For K a field of characteristic 0, the groups GL, (K) and
O, (K) are examples of linearly reductive groups.
The following theorem can be found in [Hoc81, Chapter VIII.4, Theorem 4.3.]

Theorem 4.5.16. Let K be a field of characteristic zero and G a linear algebraic
group defined over K. There is a linearly reductive subgroup P < G such that
G is a semi-direct product G, x P. If Q is any linearly reductive subgroup of
G, then there exists a g € G such that gQg~' C P.

4.6 Automorphisms of the Lie algebra

In this section we discuss the automorphisms of the Lie algebra g (G) and its
nilpotent quotients.

4.6.1 Projection onto the abelianization

For any Lie algebra g, we will write m,;, for the projection map

Tab : 8 — 9/[g, 9]

Since [g,g] is a characteristic ideal of g, i.e. an ideal preserved by any
automorphism of the Lie algebra, the above projection induces a projection on
the level of automorphisms, which we will write with the same symbol:

Tab : Aut(g) — GL(g/[g, 9]).

Consider g a finite dimensional Lie algebra over a field K and let g =
{X1,...,X,} be a basis for it. The condition for a linear map g € GL(g)
to lie in Aut(g) can be expressed by polynomial equations in the matrix entries
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of g with respect to 8. As a consequence, Aut(g) is a Zariski-closed subgroup of
GL(g) (with respect to the coordinates induced by the basis £). Thus, Aut(g)
carries the structure of a linear algebraic group. This will be exploited later on.
Note as well that if all structural constants of g with respect to the basis 3 lie
in a subfield L C K, then Aut(g) will be a linear algebraic group defined over
the subfield L.

It is not hard to check that the image of Aut(g) under m,;, will be a Zariski
closed subgroup of GL(g/[g, g]) (with respect to coordinates induced by a basis
of g/[g,9]). We will write this group as Aut,,(g). One might wonder which
linear algebraic groups can occur in this way. Over fields of characteristic 0, it
was proven by Bryant and Groves that any Zariski-closed subgroup can occur
and they can all be realized by nilpotent Lie algebras.

Theorem 4.6.1 ([BG86]). Let K be a field of characteristic 0 and let H be a
Zariski-closed subgroup of GL,(K), where n > 2. Then there is an n-generator
nilpotent Lie algebra n over K and a basis for n/[n,n] such that H = Aut,p(n).
Furthermore, n may be taken to be soluble of derived length at most 3.

Note that in the above discussion, we require our Lie algebra g to be finite
dimensional. The Lie algebra g% (G) is not finite dimensional, except for
when G has no edges. However, in what follows, we will show that the group
Auta, (g5 (G)) is equal to Aut,,(n(G,c)) for any ¢ > 1. The Lie algebras
nf(G, c) are finite dimensional and thus we find that also the group Auta, (g% (G))
is a linear algebraic group.

First, we prove a result which holds in general for any Lie algebra with a Carnot
grading.

Proposition 4.6.2. If g is a Lie algebra with a Carnot grading g = @, gi,
then for any automorphism ¢ of g there exists a graded automorphism i of g
such that map (@) = Tap (V). Equivalently,

Aut,p(g) = man(Auty(g)).

Proof. Let B be a basis for g;. By Lemma 4.3.5, we have an induced map
f:§(8) — g which is surjective and such that its kernel ker(f) is a graded ideal

in §(3).

Take any ¢ € Aut(g). Note that using the basis 3, we have natural vector space
identifications

f1(8) = g1 = g/[g, 9]

and thus we can write ma, () € GL(f1(5)). It follows that there exists a graded
automorphism v € Auty(f(3)) such that s, 5y = Tan ().
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Consider the diagram

H(8) —2 §(8)

| |s

g———9
Take k elements X1, Xs, ..., X € f1(3). Note that for any ¢ € {1,...,k}, there
exists an element Y; € [g, g] such that

(fo)(Xi) = (po f)(Xy) + Vi

Let us write
[X1>"'7Xk] = [Xla [XQ,“'a[Xk—lan} ]]

Using that (f o) and (¢ o f) are homomorphisms, it is not hard to show that
also

(fo)([ Xy, Xi]) = (po /)([ X1, ... Xk]) + Z

for some Z € 4x41(g). Since the elements [X7,..., Xx] with X; ranging in
f1(8) span fr(5) as a vector space, it follows that for any X € f(8) it holds
that (foy)(X) — (¢ o f)(X) € Ykt1(9). In particular, for any X € (ker(f))x,
we get that (f o ¢)(X) € 4x+1(g). Note that since the grading is Carnot,
Yi+1(8) = @, 9i and that also (fovp)(X) € gy since both ) and f preserve the
gradings. From 7;4+1(g) N gr = {0}, we must thus conclude that (fo)(X) =0
and thus that ¢(X) € ker(f). Since X was chosen arbitrarily in (ker(f)) for
an arbitrary k > 0, it follows that ¢ (ker(f)) C ker(f) and thus that ¢ induces
a graded homomorphism

Pig—g.

By applying the exact same construction to ¢~ °, we get another graded
homomorphism from g to g which can easily be seen to be the inverse of 1.
Therefore v is a graded automorphism of g. At last, it follows by construction

that 7,p (1) = map (), which completes the proof. O

1

Proposition 4.6.3 ([DW23al). Let G = (V, E) be a graph and K a field. For
any ¢ > 1, we have

Autab(gK (g)) = AUtab(nK (ga c)),

where we identify the abelianization of g% (G) with the abelianization of X (G, c)
using the common basis of vertices V.

Proof. Note that every automorphism of g (G) induces an automorphism
on n¥(G,¢) (since ve11(g%(G)) is a characteristic ideal) which has the same
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projection onto the abelianization. Therefore, we are only left to prove the
inclusion from right to left.

Let ¢ be an automorphism of n®(G, ¢). By Proposition 4.6.2 above, we can
assume that ¢ is a graded automorphism of n (G, ¢), with respect to its standard
Carnot grading as given in Section 4.3.1. Note that using the basis of vertices, we
have an identification of vector spaces f1 (V) = nf (G, ¢). As a consequence, there
exists a unique graded automorphism v of (V) such that the restriction of ¢ to
f1(V') coincides with the restriction of ¢ to ny(G, ¢) under the aforementioned
identification. This implies that we have the commutative diagrams

HV) —2 s §(v) i) = ()
fl lf fl lf (4.6)
n(G¢) 2 (G o) n(Ge) £ n(G,0)

where f : f(V) — n(G,¢) is the induced map from Lemma 4.3.5. We thus
have that i (ker(f)) = ker(f) and since ker(f) is a graded ideal, also that
((ker(f))2) = (ker(f))2. From the definition of n (G, ¢) and using that ¢ > 1,
we can see that (ker(f))z2 is equal to the vector space span of {[v,w] | v,w €
V,{v,w} ¢ E} and thus that (ker(f))s generates i(G) as a Lie algebra ideal.
Recall the definition of i(G) from Section 4.2. It thus follows that ¥ (i(G)) = i(G)
and that we have an induced automorphism ¢ : g(G) — g(G). Clearly, we have

that man(¥) = map (@) which completes the proof. O

Corollary 4.6.4 ([DW23a]). For any graph G = (V, E), any field K and any
integer ¢ > 1, we have that the images of the groups

Aut(g™(G)), Aut(n(G,c)), Auty(s™(G)), Auty(n™(g,0)),

under the projection .y, are equal, where we identify the abelianization of g™ (G)
with the abelianization of WX (G, c) using the common basis of vertices V.

Let us write G¥(G) for this ‘common’ projection onto the abelianization. Thus,
G (G) = Autap (g ().

As mentioned above, this is a linear algebraic group defined over K. Moreover,
since all structural constants of g (G) lie in Z, if K is of characteristic 0, then
G¥(G) is actually defined over Q. In the next section we describe the group

GE(G).

Remark 4.6.5. Since the vertices V generate the whole Lie algebra n’ (G, c),
it follows that a graded automorphism ¢ € Auty(n(G,c)) is completely
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determined by its restriction ¢[span, (). Therefore, the morphism
Tab Autg(nK(g, c)) = GX(G)

is a bijection. In fact it is an isomorphism between linear algebraic groups.

4.6.2 Description of G¥(G) for K ¢ C

In this section we describe the group G¥(G). This is based on the work in
[DMO05] and [DM23].

First, let us introduce some new notation. Let G = (V, E) be a graph and W a
vector space over a field K with basis V. Define for any two vertices v,w € V
the linear endomorphism FE,,, : W — W by

Byu(u) = v fw=u
v 0 else

for any u € V. Recall the relation < on the vertices V defined in Section 4.1.
We define the subgroup UX(G) < GL(W) by

Uk(g) = <Id—|—ozEUw‘oz€K, v,weV,v%w/\v%w>.

Next, write Perm (V') for the group of permutations on the vertices V. For any
o € Perm(V'), we write P(o) € GL(W) for the linear map defined by

P(o)(v) = o(v)

for all v € V. Note that P is a group morphism from Perm(V) to GL(WW). At
last, for any vector subspace W’ C W, we identify GL(W’) with its natural
subgroup in GL(W).

We are now ready to formulate the main result of this section which describes
the projection of the automorphism group of g% (G) onto the abelianization.
It was first proven in [DMO05] [DM23] for the two-step partially commutative
Lie algebra n®(G,2), but by Corollary 4.6.4 we can extend their result to
the partially commutative Lie algebra g®(G) (and thus also to any partially
commutative nilpotent Lie algebra n’ (G, c)).

Note that the abelianization of g% (G) is a vector space over K which has the
vertices V of G as a basis (by identifying them with their projections). Thus, the
notation as introduced above applies. Recall from Section 4.1 that Ag denotes
the set of coherent components of the graph G and that Aut(G) denotes the
automorphism group of the graph G.
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Theorem 4.6.6. Let G = (V, E) be a graph K a subfield of C. The linear
algebraic group G¥(G) is given by

G*(G) = P(Aut(9)) - G§ (G),

where GE(G) is the irreducible component of the identity given by

Gy (@) = | II GLGspang() | -UX(G).

AEAg

Moreover, the subgroup UK (G) is equal to the unipotent radical of G¥(G).

Note that
P(Aut(9)NGE@G) =P ( 11 Perm()\)) .
AeAg

We thus find that

GX(Q) N P(Aut(G)) ~ Aut (@)

P (HAGAQ Perm()\))

where the last isomorphism is induced by the exact sequence from (4.1). We
thus also have a morphism

p: GK(Q) — Aut (?) (4.7)

with kernel Gé( (9).

Consider a morphism 7 : Aut(G) — Aut(G) as constructed in Remark 4.1.9 and
write P = Por: Aut(G) — G¥(G). As one can check, one has a 2-fold internal
semi-direct product

G¥(G) = P(Aut(G)) - | J] GL(spang () | -UX(G)

A€Ag

1

P(Aut(G)) x | J] GL(spang(N) | x UR(G), (4.8)

A€Ag

where the order in which we take the two semi-direct products does not matter.
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Remark 4.6.7. Recall that < defines a partial order on Ag. Therefore, we
can linearly order the coherent components as Ag = {A1,..., A} such that if
Ai=A; then ¢ < j. This total order on Ag can be refined to a total order on V,
i.e. a total order < on V such that for all v € A\;, w € A; with ¢ < j it holds
that v < w. Theorem 4.6.6 implies that with respect to this ordered basis of
vertices, any element of G¥ (G) has a matrix representation of the form (where

the blocks correspond with the ordered coherent components Ag, ..., \.):
A1 A12 . Alr
0 A
P()- |~ 2
. . Ar—lr
0o ... 0 A,

where ¢ € Aut(G), 4; € GLy,|(K), A;; € KXNland A;; = 0if A; RN,
The automorphism ¢ is not necessarily unique, but the induced automorphism
on the quotient graph G is unique, as follows from (4.7).

Example 4.6.8. Consider the graph G from Example 4.1.5. The corresponding

groups as matrices with respect to the basis of vertices {vy,...,vs} are then
given by
1 a b c
1 d e f
1
UK(g): 1 a7b’c7d7e)f7geK )

L g
1

A
B A, B € GLy(K),
[T GL(spang()) = . . deéi L
d
E
B

NEAg
A ENl 4B eqry k),
Gy (G) = . c,de K*,ge K
7 Be x> Fer®
and
01 1
10 1
1 01
P(Aut(g))=< 1 , 1 0 >
1 1
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4.6.3 Vertex-diagonal automorphisms

This section is partially based on section 3.1 from [DW24]. Let G = (V, E) be a
graph, K a field and n® (G, ¢) the associated nilpotent Lie algebra over K.

Definition 4.6.9. We say an automorphism f of n(G, ¢) is vertez diagonal if
there exists a map ¥ : V — K* such that

for any vertex v € V.

Note that for any map ¥ : V — K™, one can define a unique automorphism
on the free Lie algebra % (V) determined by v+ W(v)v for all v € V. As one
can check, this map induces an automorphism on the quotient n’ (G, ¢) and we
write this induced automorphism with fg. It is clear that this automorphism is
vertex-diagonal (with associated function ¥ : V' — K*) and we refer to fy as
the vertex diagonal automorphism determined by V.

In what follows, we will give a description of all eigenvalues of a vertex-diagonal
automorphism.

We define the weight of a word w € W(V') as the map e,, : V' — N which assigns
to each v € V the number of times it occurs in the word w. Note that these
notions descend nicely to the equivalence classes in M (G) where the weight of
an element m = w € M is then defined as e, := e,.

The following lemma shows how one can construct Lyndon elements from
connected subsets of the vertices of a graph G. Recall the definition of connected
subsets of vertices from Definition 4.1.3.

Lemma 4.6.10. Let G = (V, E) be a graph with a total order < on V and
let v,...,vx € V be k distinct vertices with k > 2. If the set {vy,...,v;} is
connected, then there exists a permutation o € Sy such that for any positive
integers ey, ...,ex > 0 the element

v?(l)vff@) .. 'U?Ek) € M(G)

is a Lyndon element with respect to the ordering on V.

Proof. First we construct the permutation o. Define o(1) by vyq) =
min{v,...,vr}. Then define the other images of o inductively by choosing for
o(i) an element from {1,...,k}\{o(1),...,0(i—1)} such that {v,(1),...,Vs()}
is connected. As one can check, this is always possible by using the assumption
that {v1,...,vx} is connected.
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Next, we prove that m = vsl(l)vi"zz) .. 'U?Ek) is a Lyndon element. To do so,
we use part (iv) of Theorem 4.4.6 on the characterization of Lyndon elements.
First, note that by the way we constructed o, it follows that std(m) = vgl(l)w for
some word w in the letters vy (o), ..., V). Since v, (1) < vy for all 2 <i <k,
it follows std(m) is minimal in its conjugacy class. To see std(m) is primitive,
we use the assumption that &k > 2 and thus that w is not the empty word. This
proves that std(m) is a Lyndon word and as a consequence that m is a Lyndon
element. U

On the other hand, for disconnected subsets of vertices, we have the following.

Lemma 4.6.11. Let G = (V, E) be a graph with a total order < on V and take
any non-empty w € W(V). If supp(w) C V is disconnected, then the element
w is not a Lyndon element.

Proof. Since supp(w) is disconnected, we can find a partition supp(w) = V; UV,
with V1, Vo non-empty, such that there is no vertex in V3 which is adjacent to a
vertex in V. It follows that there exist non-empty words uy,us € W(V) with
supp(u1) = V1 and supp(uz) = V; such that in M (G), it holds that

W = ULUz = U2U7-

Since, Vi, V4 are non-empty, it follows that wu;,us are not the empty word and
thus we have shown that w is not primitive. By definition, w is not a Lyndon
element. 0

Combining the two lemmas above, we can characterize for a graph G those
weight functions V' — N that occur as the weight function of a Lyndon element
in LE(G). For any function f : X — N we define its support as the set
supp(f) = {z € X | f(x) # 0}. For any vertex v € V, recall that its weight is
the function e, : V' — N which maps v to 1 and maps all other vertices to 0.

Proposition 4.6.12. Let G = (V, E) be a graph with a total order < on V.
The set of all weights of Lyndon elements in LE(G) is given by

{ev |vE€V}U{e:V = N|2<|supp(e)|, supp(e) is connected} .

Proof. This follows from combining Lemma 4.6.10 and Lemma 4.6.11 and by
observing that an element of the form v* for any vertex v € V and any k > 1
is not a Lyndon element. Therefore the weights of the form k - e,, (which send
v to k and any other vertex to 0) do not occur as the weight of a Lyndon
element. O
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At last, we characterize the eigenvalues of a vertex-diagonal automorphism. At
the heart lies the following fundamental observation of which we omit the proof.

Lemma 4.6.13. Let g be a Lie algebra over a field K and f an automorphism
of g. If x and y are eigenvectors of f with eigenvalues o and B, respectively,
then [z,y] is also an eigenvector of f with eigenvalue af.

Let G = (V,E) be a graph, K a field and ¢ > 1 an integer. Let fy be the
vertex-diagonal automorphism on n® (G, ¢) determined by the map ¥ : V — K*.
From Theorem 4.4.8 we know that the set LE(G, ¢) maps to a basis in n* (G, c).
Moreover, by using the lemma above, it is easily checked that this is a basis of
eigenvectors for the automorphism fy. It follows from Lemma 4.6.13 that if
m € LE(G, ¢) is a Lyndon element with weight e : V' — N, then the eigenvalue
of (ev.00)(m) € nf (G, ¢) can be expressed as the product

IT w(w)=.

veV

Together with Proposition 4.6.12 this immediately proves the main result of
this section.

Proposition 4.6.14 ([DW24]). Let G = (V, E) be a graph, ¢ > 1 an integer and
K a field. Let fy be the vertea-diagonal automorphism of n¥ (G, c) determined
by the map ¥ : V — K*. The set of eigenvalues of fy is given by

e:V — N, supp(e) is connected

U(V)u H \I/(U)e(v) | supp(e)| > 2, Z e(v) <c

veV eV

Let us write DX (G, ¢) for the subgroup of all vertex-diagonal automorphisms in
Aut(n® (G, c)).

Lemma 4.6.15. The subgroup DX (G, c) is a mazimal torus of the linear
algebraic group Aut(n®(G,c)).

Proof. Let us fix a basis for n(G, ¢) determined by LE(G, ¢) (using Theorem
4.4.8) with respect to some total order < on V. Following Lemma 4.6.13,
every vertex-diagonal automorphism will be represented by a diagonal matrix.
As a consequence DX (G, ¢) is equal to the intersection of Aut(n® (G, c)) with
all diagonal matrices with respect to the chosen basis. Thus, it follows that
DX(G,c) is a torus in the linear algebraic group Aut(n(g,c)).

To see that it is a maximal torus, let D be any torus containing D¥ (G, c).
Clearly, D must be contained in the centralizer of D¥ (G, c). Let us prove that
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this centralizer is exactly equal to DX (G, c). Take any ¢ in the centralizer of
DX(G,¢). Let vy, ...,v, be a list of the vertices according to the ordering on V'
and let pq,...,p, be the first n prime numbers. Define the map ¥ :V — K*:
v; — p; and let fg be the associated vertex diagonal automorphism. Since ¢
and fg commute, ¢ must map the vertex v; to a vector with the same eigenvalue,
being p;. Following Proposition 4.6.14 we see that the only eigenvectors with
eigenvalue p; will be multiples of v; itself. Thus, ¢ has to be vertex diagonal,
which concludes the proof. O






Chapter 5

Forms of Lie algebras

In this chapter we will deal with Question 3.4.22 from Chapter 3 that reads:
given a real (or complex) Lie algebra, what are its rational forms up to
isomorphism? In particular, we will investigate this for the family of nilpotent
partially commutative Lie algebras from Chapter 4. In Section 5.5, we prove a
result on the Galois cohomology of a certain type of semi-direct product (see
Theorem 5.5.1). This result is used in Section 5.6 to prove a characterization of
the rational (or real) forms of a partially commutative nilpotent Lie algebra (see
Theorem 5.6.3). At last, in Section 5.6.5, we determine which of these rational
forms are indecomposable (see Theorem 5.6.22).

5.1 Galois theory

In this section we recall some definitions and results from field theory and
Galois theory. For a complete introduction on this matter, we refer the reader
to [Rot98], [Rom06] and [Mil22]. Recall that a field is a commutative ring in
which every non-zero element is a unit.

Definition 5.1.1. A field extension consists of a pair of fields K and L such
that K is a subfield of L and is written as L/ K. A tower of fields is a sequence of
subsequent field extensions K, /K, 1, Kn—1/Kpn_2,...,K1/Kj and is written
as K, /Kp—1/.../Ky. We say M is an intermediate field of L/K if L/M/K is
a tower of fields.

Let L/K be a field extension. For any elements a1, ...,ar € L we will write
K(ay,...,ap) for the smallest subfield of L containing both K and the elements

103
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ai,...,ak. Obviously, K(aq,...,q) is an intermediate field of L/K.

Note that if L/K is a field extension, then L has the canonical structure of a
vector space over K. The degree of L/K is defined as the dimension of this
vector space and is written as [L : K]. Note that the degree of a field extension
can be infinite.

For any field K, we let Aut(K) denote the group of field automorphisms of K.
For any subgroup H of Aut(K), one defines the set

K ={aecK|Voc H:o(a)=al.

It is not hard to see that K is a subfield of K. We call K the fized field of H.
For any two field extensions L/K and L'/ K, we say a field morphism ¢ : L — L’
is a K-morphism from L to L' if o(a)) = o for any o € K. In particular, when
L = L', we say o is a K-automorphism of L. The set of all K-automorphisms
of L is a subgroup of Aut(L) and is written as Aut(L/K). An element « € L
is called algebraic over K if there exists a polynomial p(X) € K[X] such that
p(a) = 0. A field extension L/K is called algebraic if all elements of L are
algebraic over K. A classical result states that all finite degree field extensions
are algebraic.

Example 5.1.2. 1. C/R/Q is a tower of fields. The extension C/R has
degree two and hence is algebraic, while R/Q has infinite degree and is
not algebraic.

2. For any field K and any irreducible polynomial f(X) € K[X], the quotient
ring K[X]/(f(X)) is a field. Moreover, it is a extension field of K
using the natural embedding of K in K[X]/(f(X)) as classes of constant
polynomials.

3. As a special case of the previous example we can consider for any square-
free non-zero integer d € Z the field Q[X]/(X? — d) which is an extension
field of Q. For positive d, this field is isomorphic to the intermediate field
Q(V/d) of the extension R/Q. Tt can be written as the set {a + bV/d |
a,b € Q}. For negative d, this field is isomorphic to the intermediate field
Q(i+/]d]) of the extension C/Q. It can be written as the set {a + bi/|d] |
a,b € Q}. These are in fact all the degree 2 field extensions of Q, up to
Q-isomorphism.

Definition 5.1.3. A field extension L/K is said to be Galois if it is algebraic
and LAE/K) — K In this case we write Gal(L/K) for Aut(L/K).

An equivalent condition for an algebraic extension L/K to be Galois is that for
any o € L\ K, there exists a o € Aut(L/K) such that o(«) # .
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Definition 5.1.4. Let K be a field and f € K[X] a polynomial of degree k.
The polynomial f is said to split over K if there exist ag,a,...,ar € K such
that

fX)=ap(X —ag) ... (X —ag).

A splitting field of f over K is an extension field L of K such that f € K[X] C
L[X] splits over L and L is generated by K and the roots of f.

The splitting field of f over K is unique up to K-isomorphism and is written as

K(f).

Definition 5.1.5. Let K be a field. A polynomial f € K[X] is called separable
if all its roots in some splitting field are distinct. An extension L/K is called
separable if for any a € L, the minimal polynomial of o over K is separable.

There is an alternative characterization of separable polynomials using the
derivative of a polynomial. A polynomial f € K[X] is separable if and only
if it is coprime with its derivative f’. This characterizations leads to the
following observation. If f € K[X] is irreducible and separable, then f divides
its derivative f’, but since f’ has strictly smaller degree, we must have that
f/ = 0. If in addition the field K is assumed to be of characteristic 0, this is
not possible and thus all irreducible polynomials over K are separable.

Remark 5.1.6. If K is a field of characteristic zero, then every extension of K
is separable.

Definition 5.1.7. A field K is said to be perfect if any irreducible polynomial
in K[X] is separable.

Example 5.1.8. Fields of characteristic 0, finite fields and algebraically closed
fields are perfect.

Note that the definition of a Galois extension (Definition 5.1.3) does not require
L/K to have finite degree. If we do make this assumption, there is a nice
characterization of Galois extensions using splitting fields.

Theorem 5.1.9. A field extension L/K of finite degree is Galois if and only if
L is a splitting field of some separable polynomial over K.

Proof. See Theorem 81 in [Rot98]. O

Definition 5.1.10. A field L is said to be algebraically closed if every polynomial
in L[X] is split over L. An algebraic closure of a field K is an algebraic field
extension L/K such that L is algebraically closed.
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Theorem 5.1.11. FEvery field K has an algebraic closure which is unique up
to a field isomorphism which fizes the elements of K.

Proof. See Theorem 2.7.2 and Corollary 2.8.5 in [Rom06]. O

Since an algebraic closure is essentially unique, we will speak of the algebraic
closure of a field K and write it as K.

The following theorem, which is also known as the fundamental theorem of
Galois theory, can also be found in [Rot98, Theorem 84].

Theorem 5.1.12 (Galois correspondence). Let L/K be a finite degree Galois
extension. The assignment H — LT sets up an inclusion reversing one-to-
one correspondence between the subgroups of Gal(L/K) and the intermediate
fields of L/ K. The inverse of this correspondence is given by M — Gal(L/M).
Moreover, it holds that:

(i) For any subgroup H of Gal(L/K), we have |H| = [L : L¥].

(ii) A subgroup H of Gal(L/K) is normal if and only if L /K is a Galois
extension. If H is normal, the map

Gal(L/K)/H — Gal(L" /K) : 6 H v o|pn

s an isomorphism of groups.

Galois theory in infinite degree

To generalize the Galois correspondence to extensions of infinite degree, one
needs to define a topology on the Galois group.

Definition 5.1.13. Let L/K be a Galois extension. We define the basis of
open sets in Gal(L/K) to be the collection of sets of the form o Gal(L/M),
where o € Gal(L/K) and M is an intermediate field of L/K such that M/K is
Galois of finite degree. The topology induced by this basis of open sets is called
the Krull topology.

Note that in case L/K is a finite degree Galois extension, the Krull topology
on Gal(L/K) is simply the discrete topology.

For the remainder of this thesis, any Galois group will be assumed to be endowed
with the Krull topology.
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Theorem 5.1.14. Let L/K be a Galois extension. The assignment H — L
sets up an inclusion reversing one-to-one correspondence between the closed
subgroups of Gal(L/K) and the intermediate fields of L/K. The inverse of this
correspondence is given by M — Gal(L/M). Moreover, it holds that:

(i) For any closed subgroup H of Gal(L/K), we have [L¥ : K] < oo if and
only if H is open.

(ii) A closed subgroup H of Gal(L/K) is normal if and only if L /K is a
Galois extension. If H is normal, the map

Cal(L/K)/H — Gal(L" /K) : 0 H v o|pn

s an isomorphism of groups.

5.2 Forms of Lie algebras

The discussion in this section is partially based on section 3 from [DW23a]. In
this section, all Lie algebras are assumed to be finite dimensional.

Let L/K be an extension of fields. Consider a Lie algebra h defined over the
smaller field K. We can define a new Lie algebra h% over the field L by the
tensor product

he :=h®K L.

Clearly, h” is now a vector space over L. The Lie bracket on h” is defined by
[v®a,we f]=v,w] ®af
for any v,w € h and «, 8 € L and extending this additively to all of h~.

Remark 5.2.1. Note that any basis vy, ...,v, of h (as vector space over K)
gives a basis v1 ® 1,...,v, ® 1 for h¥ (as vector space over L). Thus we have
that dimg (h) = dimp (hL).

Definition 5.2.2. Let L/K be a field extension and g a Lie algebra over L. A
Lie algebra h defined over the field K is called a K-form of g if the Lie algebras
g and b’ = h ®x L are isomorphic (as Lie algebras over L).

For any field extension L/K and Lie algebra g over L, the above definition
gives a category Formy (g) of which the objects are the K-forms of g and
the morphisms are Lie algebra morphisms (over the small field K). Clearly
Formp (g) is a subcategory of LieAlg,. Note that Formg(g) is not a small
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category, i.e. a category of which the objects and the morphisms are both
sets. However, the isomorphism classes do form a set. We write the set of
isomorphism classes of Formg (g) as

E(L/K,g).

We write the elements of E(L/K,g) as [h] where b is an object of Formg (g).

To see why E(L/K,g) is actually a set, note that if g has dimension n, so does

every Lie algebra in Formy (g) (see Remark 5.2.1). Now consider (K™)? with

elements written as (a?j)lgi,j,k§n~ The group GL,(K) acts on (K™)3 by
(A-a)f = (A e Agi Ay aly

T,8,t

where z = (afj)ijk and A € GL,,(K). Any Lie algebra in Formg (g) now gives
an element in (K™)3 by considering its structure constants with respect to some
basis. Since one chooses a basis, this correspondence is not uniquely defined, but
it does induce a well-defined injective map from E(L/K,g) to GL, (K)\(K™)3.
It follows that F(L/K,g) is a set.

Remark 5.2.3. In particular, the above discussion shows that if K is countable,
then E(L/K, g) is also countable.

In this chapter, the goal is to determine what the set E(L/K,g) looks like for
certain Lie algebras g. In what follows, the Lie algebra g will also be defined
over the small field K and thus we will try to determine the set E(L/K,gl) for
a field extension L. If L/M/K is a tower of fields, then we have a canonical
inclusion

E(M/K,g™) < E(L/K,g"). (5.1)

Thus, bigger field extensions give bigger sets of isomorphism classes of K-forms.
Due to Hilbert’s Nulstellensatz, we know that the algebraic closure of K is the
biggest field that one needs to consider.

Theorem 5.2.4 (Weak Nullstellensatz). If K is an algebraically closed field
and I is a proper ideal of K[X,...,X,] then V(I) # (.

Proof. See for instance [Bum98, Theorem 1.1]. O

From this theorem we deduce the following lemma and corollary. For a field
extension L/K and Lie algebras g, h defined over K, we say g and b are
isomorphic over L if the Lie algebras g~ and h” are isomorphic.
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Lemma 5.2.5. Let L/K be a field extension and g, b Lie algebras defined over
K. If g and b are isomorphic over L, then they are also isomorphic over the
algebraic closure of K. Moreover, there exists a finite degree field extension
M/K such that g and by are isomorphic over M.

Proof. The following is based on the proof of Lemma 3.5. of [Sul23]. Assume
that both g and b are of dimension n. Let afj, bf; € (K™)® be structure
constants with respect to some basis for g and b, respectively. Then g and b
are isomorphic if and only if there exists a matrix A;; € GL, (K) such that

Vi k€ {l,...,n} s Y afAg — > b AGA, = 0. (5.2)
r=1

s,t=1

If we consider the ideal I in the polynomial ring R = K[d, A;; | 1 <i,j <n]
generated by the polynomials given in (5.2) and the polynomial det(A;;)d — 1,
then g and h are isomorphic if and only if the polynomials in I have a common
zero in K™ +1. If we assume that g and b are isomorphic over L, then this means
that the polynomials in I have a common zero in L7+l In particular, the
ideal I is a proper ideal of R. Hilbert’s weak Nullstellensatz thus tells us that

2
— 1 —
the polynomials in I also have a common zero in K e , with K the algebraic

closure of K. Since K is a union of intermediate finite degree extensions of K,
there exists a finite degree extension M /K such that this common zero lies in

ML O

Corollary 5.2.6. Let L/K/K be a tower of fields where K is the algebraic
closure of K and let g be a Lie algebra defined over K. The inclusion

E (?/K, gf) < B (L/K,g")

s surjective and thus one-to-one.

Remark 5.2.7. Recall from Section 2.3.3 of Chapter 2 that we defined rational
forms of real Lie algebras as subsets of that Lie algebra satisfying certain axioms.
Let us argue how that definition is consistent with the definition of forms from
above. Let L/K be a field extension, g a Lie algebra over L and h a K-form of g.
Then, by definition, there is a Lie algebra isomorphism f : h% — g. Composing
this isomorphism with the inclusion

h=hlv—ovel,

we obtain an inclusion h < g. Thus § can be seen as a subset of g in this way.
As one can check, this subset is
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(i) closed under K-linear combinations,
(ii) closed under the Lie bracket of g and

(iii) has a basis (as vector space over K) which is also a basis for g (as vector
space over L).

These are exactly the three axioms that a subset of a real (L = R) Lie algebra
had to satisfy to be called a rational (K = Q) form of g.

Conversely, given a Lie algebra g over L and a subset ) C g satisfying the above
three axioms, then h inherits a Lie algebra structure from g and we get an
isomorphism of Lie algebras

bl 5 g:v@a— av.

Thus b is a K-form of g (following Definition 5.2.2).

5.3 Galois cohomology

In this section we define the first (non-abelian) Galois cohomology set. These
sets are defined for groups equipped with a Galois action. Applying this to the
automorphism group of a Lie algebra, Galois cohomology serves as a tool to
classify forms of Lie algebras, as we will see in the next section. The discussion
is partially based on Section 3 from [DW23a]. For a thorough introduction to
the theory of Galois cohomology and Galois descent, we refer the reader to
[Ser97] and [Ber10].

Recall from Definition 5.1.13 that any Galois group is equipped with the Krull
topology.

Definition 5.3.1. Let L/K be a Galois extension and G a group. We say that
G is a Gal(L/K)-group if G is equipped with an action f: Gal(L/K) x G — G
satisfying that

(i) f is continuous for the Krull topology on Gal(L/K) and the discrete
topology on G and

(i) the action is one by group automorphisms, i.e. f(o,g192) = f(o,91)f (0, 92)
for any o € H,g1,92 € G.

o

We will write such an action as f(o,g) = “g.
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Remark 5.3.2. As one can check, condition (i) is equivalent to all stabilizers
of the Gal(L/K)-action on G being open in Gal(L/K).

Remark 5.3.3. Whenever we have a map from Gal(L/K) to a set X (with
possibly more structure), we will say it is continuous if it is so for the Krull
topology on Gal(L/K) and the discrete topology on X, unless otherwise stated.
Note that when L/K is a finite degree Galois extension, the Krull topology is
the discrete topology and thus, in that case, any map starting from Gal(L/K)
is considered continuous.

These Gal(L/K)-groups can occur quite naturally as illustrated by the next
examples.

Example 5.3.4. Consider a Galois extension L/K.

1. Write L, for the additive group of the field L. The action ?(a) = o(«)
for any o € Gal(L/K) and o € L turns L, into a Gal(L/K)-group.

2. Write L* = L\ {0} for the multiplicative group of the field L. With the
same action as the previous example, L* is a Gal(L/K)-group.

3. The group GL,(L) has a Gal(L/K)-group structure by defining a
coefficient-wise action:

a((aij)ij) = (o(aiz))i;
for any o € Gal(L/K) and (ai;)ij € GL,(L).

4. In general, when G C GL, (L) is a linear algebraic group defined over the
small field K (see Section 4.5 from Chapter 4), then G is a Gal(L/K)-
group with the Gal(L/K)-action defined by restricting the action on
GL,, (L) from the previous example to G. Thus, other examples are

SLn (L), On(L), SO, (L), ...

Definition 5.3.5. Let L/K be a Galois extension and G a Gal(L/K)-group.
A continuous map

p:Gal(L/K) = G: 0w pg,

is called a cocycle if it satisfies the relation

Por = Po UpT

for all o,7 € Gal(L/K). The set of cocycles is denoted with Z!(L/K,G). Two
cocycles p,n € Z'(L/K, Q) are said to be equivalent if there exists a g € G such

that

gpo(og)_l = No
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forall o € Gal(L/K). An equivalence class of a cocycle p € Z(L/K, G) is written
as [p] and the set of equivalence classes of cocycles is written as H'(L/K, Q)
and is called the first Galois cohomology set.

Remark 5.3.6. The first Galois cohomology set is never empty, as we always
have the equivalence class of the trivial cocycle Gal(L/K) — G : 0 — eg. In
fact this turns H'(L/K,G) into a pointed set, with the class of the trivial
cocycle being the distinguished element. We will call H'(L/K,G) trivial if it
only consists of this one element.

Now we give two classical theorems providing examples of Gal(L/K)-groups
which have trivial Galois cohomology.

Theorem 5.3.7. Let L/K be a Galois extension and L, the additive group of
the field L. Then HY(L/K, L) is trivial.

Proof. This is exactly [Ser97, p.72, Proposition 1]. O

Theorem 5.3.8 (Generalized Hilbert’s theorem 90). Let L/K be a Galois ex-
tension and consider the general linear group GL,,(L). Then H'(L/K,GL, (L))
is trivial.

Proof. This is exactly [Ser97, p.122, Lemma 1]. O

Recall the definition of a unipotent linear algebraic group from Section 4.5.

Theorem 5.3.9. Let L/K be a Galois extension with K a perfect field. Let
U < GL,(L) be a unipotent linear algebraic group defined over K. Then
HY(L/K,U) is trivial.

Proof. This is exactly [Ser97, p.128, Proposition 6]. O

Let L/K be a Galois extension, G1, G two Gal(L/K)-groups and f : G1 — Gs
a Gal(L/K)-equivariant group morphism, i.e.
f(°9)="f(g) and f(gh) = f(g)f(h)

for all 0 € Gal(L/K) and g,h € G7. There is a well-defined induced map on
cohomology which we write as f, and is defined by

for H(L/K,Gy) = H'Y(L/K,G2) : [p] = [f o p].

By using the above theorem on unipotent algebraic groups together with a
twisting argument (as explained in chapter I, 5 of [Ser97]) one obtains the
following result, which is also described in section 3 of [GS84].
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Theorem 5.3.10. Let L/K be a Galois extension with K a field of characteristic
zero. Let G < GL, (L) be a linear algebraic group defined over K and U < G
any closed normal unipotent subgroup also defined over K. Write p: G — G/U
for the projection morphism. The induced map

p.: HY(L/K,G) - H (L/K,G/U)

is a bijection.

5.4 Galois descent for Lie algebras

The discussion in this section is partially based on section 3 from [DW23a]. Let
L/K be a Galois extension and g a Lie algebra defined over the small field K.
There is a natural action of Gal(L/K) on h* = h @ L defined by

‘w@a)=veo(a) (5.3)

for any v € h,a € L and o € Gal(L/K) and extending this additively to all
of h¥. As one can check, this action satisfies for all v,w € h¥, a € L and
o€ Gal(L/K):

(i) “(av) = (@) 7v,
(ii) “(v+w) =0+ “w,
(iif) U[vaw] = [v,w].
Conditions (i) and (ii) tell us that the map v — v is a so-called semi-linear map
on hL. We can thus say that Gal(L/K) has an action on h¥ by semi-linear maps.

Note that, using this action, the image of the inclusion h — b : v v ® 1 is
characterized as the set

{vepl | Vo€ Gal(L/K): “v=nv}.

If g and b are two Lie algebras defined over the field K, we denote the set of Lie
algebra homomorphisms (over L) from h% to m¥ by Hom(g”, h%). The actions
of Gal(L/K) on g* and m’ as described by equation (5.3) above, also induce
an action of Gal(L/K) on Hom(g’, h%). This action is defined by

Cow ="(¢ ("))

for any ¢ € Hom(gl, h%),0 € Gal(L/K) and v € gX. From properties (i), (ii)
and (iii) above, it follows that “¢ is indeed again a Lie algebra homomorphism.
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Note that if € is a third Lie algebra over K, the equality °(¢p) = “¢ ¢ holds
for any ¢ € Hom(g”, h%) and ¢ € Hom(h”, €X). In particular, the action of
Gal(L/K) on the invariant subset Aut(g) C Hom(g’, g%) is one by group
automorphisms, where the group operation on Aut(g”) is composition. Thus,
this action turns Aut(g) into a Gal(L/K)-group. Therefore we can talk about
the associated first Galois cohomology set

HY(L/K, Aut(g")).

Next, we discuss the connection between this set and the set E(L/K, g%) from
Section 5.2. To each cocycle p : Gal(L/K) — Aut(n%), one can associate a
subset g, C g© by

g, = {v € gl | Vo€ Gal(L/K) : p,(“v) = v}. (5.4)

From properties (i), (ii), (iii) on page 113 and the fact that each p, is
an automorphism of g”, it follows that g, is closed under taking K-linear
combinations and the Lie bracket. Therefore we have that g, is indeed a Lie
algebra defined over K. We still need to check that g, ® L = g, For this
consider the map g, ® L — gl v ®1 . It is a standard result that this
map is an L-vector space isomorphism as proven for example in [Ber10, Lemma
I11.8.21.]. It is then also straightforward to check this map preserves the Lie
bracket. As it turns out, the K-forms constructed in this way are all the possible
K-forms of g~ up to K-isomorphism.

Theorem 5.4.1 (Galois descent for Lie algebras). Let L/ K be a Galois extension
and g a Lie algebra defined over K. The map

H' (L/K,Aut (g")) — E(L/K,g") : [p] — [g,]

is a bijection, which sends the trivial cocycle to [g].

Proof. See [GS84, Theorem 1.3 and 1.4] or [Ber10, Proposition II1.9.1., Remark
I11.9.2. and Remark I11.9.8.] for a proof of this statement. O

To see how the inverse of this map works, let h be a K-form of g”. By definition,
there exists an isomorphism f : h¥ — g¥. Then we can associate to b a cocycle
p" € ZY(L/K, Aut(g")) defined by

ph=fCfH"

for all ¢ € Gal(L/K). Of course the cocycle p" depends on the choice of
isomorphism £, but its class [pY] in H' (L/K, Aut (gL)) does not. In fact, this
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class only depends on the equivalence class of h in E(L/K,g"). The inverse of
the map from Theorem 5.4.1 is then given by

E(L/K,g") — H'(L/K, Aut(g")) « [o] = [0"].
Next, we discuss how the inclusion of equivalence classes of forms from (5.1)
works on the cohomology level in case of Galois extensions. Let L/M/K be a

tower of fields where both L/M and M /K are Galois and g a Lie algebra defined
over K. From Theorem 5.1.14 we know that there is a quotient morphism

m:Gal(L/M) — Gal(M/K) : 0 — o|um.

As one can check, this gives a well-defined inclusion on the associated Galois
cohomology

HY(M/K, Aut(g™)) — H'(L/K, Aut(g")) : [p] — [pon].

In fact, this map, the inclusion from 5.1 and the map from Theorem 5.4.1 fit in
a commutative diagram as follows:

HY(M/K, Aut(gM)) —— H(L/K, Aut(g"))

| |

E(M/K,g") ———— E(L/K,g").

Another map that one can consider on the level of Galois groups is the inclusion:
i:Gal(L/M) — Gal(L/K) : 0 — o.
Using the canonical isomorphism (gM )L =~ g%, we obtain an induced map on
cohomology
HY(L/K, Aut(gh)) — H'(L/M, Aut(s")) : [p] = [po1].

This map fits again in a commutative diagram

HY(L/K, Aut(gt)) —— HY(L/M, Aut(gr))

| |

E(L/Kng) — E(L/Mng)a

where the lower horizontal map is defined by the assignment [h] — [h @ M].
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Remark 5.4.2. The horizontal maps in the diagram above are not surjective
in general. This is equivalent to the following statement: given a tower of fields
L/M/K and a Lie algebra g over L, in general, not every M-form of g has itself
a K-form.

Recall from Section 4.6.1 of Chapter 4, that for any Lie algebra g, we have a
projection
mab : Aut(g) — GL(g/[g, 0])

of which we write the image as Aut,y,(g). As one can check, the kernel of 7y, is
a unipotent normal subgroup of Aut(g), defined over K. Therefore, Theorem
5.3.10 applies and one obtains the following result, which was also described in
section 3 of [GS84].

Theorem 5.4.3. Let L/K be a Galois extension with K of characteristic 0
and n a nilpotent Lie algebra defined over K. The induced map

Tabs : H' (L/K, Aut(n®)) — H' (L/K, Aut,p(n"))

s a bijection.

We end this section with a remark on the existence of certain cocycles.

Remark 5.4.4. Let L/K be a Galois extension and g a Lie algebra over K.
Note that there is a natural inclusion Aut(g) C Aut(g”) and that this subset
can be characterized as

Aut(g) = {p € Aut(g”) | Vo € Gal(L/K) : “¢ = p}.
It is not hard to check that any continuous group morphism
p: Gal(L/K) — Aut(g)

is a cocycle and thus gives rise to a K-form g, of g~.

5.5 Galois cohomology of certain semi-direct prod-
ucts

In what follows, we prove a result on the Galois cohomology of a certain class
of semi-direct products including wreath products. This section is based on
section 3.2 from [DW23a].

Let L/K be a Galois extension and A a finite group with a left action on the
set {1,...,n} which we write as a - ¢ for any a € A and i € {1,...,n}. Let
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Gi,...,Gy be Gal(L/K)-groups such that G; = G, for any ¢ € {1,...,n} and
j € A-i. We define the semi-direct product ([];_, G;) X A by letting A act on
[T~ G; according to the law

a- (glv cee ,gn) = (gafl-la s agafl-n)

for any a € A and g; € G;. Note that if all groups G; are equal, this group is
just a wreath product. We can turn this group into a Gal(L/K)-group as follows.
We endow A with the trivial Gal(L/K) action and []}"_; G; with the induced
component wise left Gal(L/K)-action, i.e. 7(g1,...,9n) = (°g1,-..,%gn) for all
g; € G; and o € Gal(L/K). Clearly, these are actions by group automorphisms.
Note that the actions of A and Gal(L/K) on [[;_; G; commute:

U(a : (gla s 7911)) = U(ga*1'17 s 7ga*1~n)
= (gga_1»17 s vaga_l-n)
=a- (agla'”vagn)
=a- (U(gla"'agn))~
At last we define a Gal(L/K)-action on (][]}, G;) x A by 7(g,a) = (“°9,°a) =

(7g,a) for all g € [[;G;,a € A and o € Gal(L/K). This is an action by
automorphisms since

for any g,h € [[;—, G; and a,b € A.

We can thus talk about the first Galois cohomology set H'(L/K, ([T, G;) x A).
Let 7 : ([T}, Gi) x A = A: (g,a) — a denote the projection morphism and
vi A= ([T, Gi)xA:aw— ((1,...,1),a) the natural injection. Note that both
7 and ¢ are Gal(L/K)-equivariant. As a consequence we have the well-defined
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maps on cohomology:

T HY (L/K, (H Gi> X A) — HY(L/K,A) : [a] = [7oq]

i=1

Lot HY(L/K, A) — H* <L/K, (ﬁ Gi> >< A) o] = [Loal.
i=1

The set H'(L/K, A) is relatively easy to understand since A is a group with
trivial Galois action, so it is given by all continuous group morphisms from
Gal(L/K) to A up to conjugation by an element of A.

Theorem 5.5.1. Let ([, G;) x A be the Gal(L/K)-group as defined above.
Assume that for any finite degree intermediate extension N/K and any i €
{1,...,n}, the first Galois cohomology set H'(L/N,G;) is trivial. Then we
have that

m,: H! <L/K7 (ﬁGZ) ><1A> — H' (L/K, A) : [p] — [0 p]

i=1

s a bijection with inverse L.

Proof. Since ot = Id, it follows that 7, o ¢, is the identity on H(L/K, A)
as well. Let us prove that o™ = Id as well. Thus, we need to prove that
[p] = [tomo p] for an arbitrary [p] € H'(L/K, ([]\, G;) x A).

Take any cocycle p : Gal(L/K) — ([[;—, Gi) x A. Let us write p, = (¢o, ao)
for all o € Gal(L/K). We then have that
Por = Po JPT = (ga Qg * 0977 aa'a'r)-
Thus we have gor = gs a5 - 79, and a,r = aya-. Let us denote for h € H:L:l G;
by (h); the i-th entry of h. Then we have
(ga‘r)i = (go Qg - Ug'r)i = (go)i U(g‘r)agl'i

Note that the group morphism 7o p: Gal(L/K) — A induces an action of the
Galois group on the set {1,...,n}. The stabilizers stab(i) for some i € {1,...,n}
are subgroups of Gal(L/K). Moreover they are open subgroups since they can
be written as the inverse image of {a € A | a -4 =14} under the continuous map
mopand A is endowed with the discrete topology. As a consequence we have
stab(i) = Gal(L/LstP(),

Now note that for o, 7 € stab(i), we have

(go"r)i = (ga)i G(g‘r)i-
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This shows that the assignment o — (g,); is a cocycle from Gal (L/ LStab(i))
to G;. By assumption, H'(L/L***P() G;) is trivial and thus there exists a
h; € G; such that h;(g,): ”h;l =1 for all o € stab(i). This gives an element
h = (h1,...,hy,) € []i-; G;. Then define a new cocycle p : Gal(L/K) —
(T2, Gi) x Az (h,1)(gss a0) 7 (h, 1)1 By the way this p is defined, it is
clear that [p] = [p]. We also have that

Po = (hga Ao * ah717aa')-
—_———
=Jo
Note that now, for o € stab(i) we have

(o)s = hilgo)i "h s ;= hilgo)i 7hi " =

Next, let us choose from each orbit of the action defined by 7o p (= 7o p) on
{1,...,n}, exactly one element m;, giving a subset {mq,...,mi} C {1,...,n}.
For j € orb(m;), we now define the element r; := (gg);1 where 0 € Gal(L/K)
is chosen such that a, -m; = j. This does not depend on the choice of o. Indeed,
if 7 € Gal(L/K) also satisfies a, - m; = j, then we get

(G7)i = Goo-17); = (90);

°(§
where we used that o~ 17 € stab(m;) and thus (§,-1,)m, = 1. This gives an
element r = (r1,...,r,) € [[1, Gi.

o-1r)azty; = (00)5 T (Go-17)m: = (J0);

We now have that

(r,1)ps " (r, 1) = (1) (G0, a6) (r™ 1) = (rgoas - ™", ao).

At last we show that rj,a, - “r~! = (1,...,1) for all ¢ € Gal(L/K). Let
j € orb(m;) and let 7 € Gal(L/K) such that 7(m;) = j. Then we have for any
o€ Gal(L/K):

(rga Qo - UT_I)j = rj(ga)j ro_1.
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As a consequence we have that (r,1)p, “(r,1)7} ((1,...,1),a,) for any
o € Gal(L/K). Note that (tomop), = ((1,...,1),a,) and thus that we have
shown that [t o 7o p| = [p] = [p]. O

5.6 Forms of partially commutative Lie algebras

Recall from Section 4.2 of Chapter 4 that to any graph G = (V| F) and any field
K one can associate a Lie algebra g% (G) and for any integer ¢ > 1 a nilpotent
Lie algebra n®(G, ¢), both defined over K. In this section we describe the forms
of these Lie algebras for ' C C. This section is partially based on [DW23a].

5.6.1 The associated Galois cohomology

Let L/K be a Galois extension. Write f% (V) for the free Lie algebra on V over K.
The natural inclusion § (V) < §£(V) induces an inclusion n¥ (G, ¢) < n(G, ¢).
Using this inclusion we get a canonical isomorphism

(G e)@ L=l (G, c) vl v

of Lie algebras over L. Thus n(G,¢) is a distinguished K-from of n*(gG, c)
which can canonically be identified with a subset of n”(G,c). We will also call
this the standard K-form of n*(G,c). As discussed in Section 5.4, this gives an
action of Gal(L/K) on n*(G,c) by semi-linear maps which fix the vectors in
the K-form n® (G, ¢). In particular the action fixes the vertices V C nl (G, c).
This action induces a Gal(L/K)-action on Aut(n®(G,c)) and thus we can talk
about the first Galois cohomology set

H' (L/K, Aut (n* (G,0))).

In what follows, we compute this set for the Galois extensions L/K with L
a subfield of C. The reason that we only consider subfields of C is that the
description of the group

G*(G) = Aut,,(n®(G, ¢))

from Section 4.6.2 is also limited to L being a subfield of C. In the next
section, we then apply the descent theorem to relate this computation on Galois
cohomology to the set of equivalence classes of K-forms of n*(G, c).

So let L/K be a Galois extension of subfields of C. Recall from Section 4.1 that
any graph G has an associated quotient graph G which has a finite automorphism
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group Aut(G). Let us equip this group with the trivial Gal(L/K)-action, thus
turning it in a Gal(L/K)-group. The following maps are then Gal(L/K)-
equivariant group morphisms

Aut(nk(G,¢)) 2 GL(G) —2— Aut(G),

where p is the morphism from (4.7) obtained by modding out the irreducible
identity component of G*(G). Thus one gets an induced map on cohomology

(pomap)s : HY(L/K, Aut(n”(G, ¢))) — HY(L/K, Aut(G)).

In what follows, we will prove that this is in fact a bijection. Note that Theorem
5.4.3 already tells us that m,p, is a bijection. Thus, we are only left to prove
that p, is a bijection.

Theorem 5.6.1. Let L/K be a Galois extension of subfields of C. The map

(pomap)« as described above is a bijection.

Proof. As already mentioned, by Theorem 5.4.3, we only need to prove that the
induced map p, is a bijection. Note that p decomposes as the composition of
two quotient maps

GH(G) " GH(G) [UH(G) - GHG) [Gh©9)

where U”(G) is the unipotent radical and G§(G) is the irreducible component
at the identity of GF(G). By Theorem 5.3.10, we know that the induced map
(p1)« is bijective. Thus, we are left to prove that (ps). is bijective.

By Theorem 4.6.6, we have

/UL P(Aut(G)) - H GL(spanj, (X)).
AEAg

In the same way as we did in Remark 4.1.9, choose an ordering of the vertices
in each coherent component

A={un1, a2, 050}

and write 7 : Aut(G) — Aut(G) for the associated splitting morphism. We then
have that

/UL (Por)(Aut(G H GL(spang (A)). (5.5)

AeAg
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By using coordinates with respect to the ordered basis vy 1,vx2,. ..,V [, W€
get for each A € Ag a group isomorphism

fx : GL(spany (\)) — GLjy(L).

Moreover, these are isomorphisms of Gal(L/K)-groups (with the standard

coefficient-wise Gal(L/K)-action on GL||(L)). The action of Aut(G) on Ag
allows one to define a semi-direct product

H GL‘/\|(L) X Aut(?)

AeAg

in the same way as the semi-direct products constructed in Section 5.5. We also
endow this group with the same Gal(L/K)-action as was done in Section 5.5.
As one can check we get a commutative diagram

GH@) JUH(G) —"—— Aut(G)

=
(Maea, GLyx (1)) x Aut(T)

where the isomorphism is obtained by first applying the isomorphism from (5.5)
and then using the isomorphisms fy. As one can check it is an isomorphism of
Gal(L/K)-groups. By Theorem 5.3.8, the groups GL5 (L) have trivial Galois
cohomology for any field extension L/K. Thus, we can apply Theorem 5.5.1
and find that 7 induces a bijection on the associated Galois cohomology sets.
Thus, by the diagram, this proves that (p2). is a bijection. O

Remark 5.6.2. Let G = (V, E) be a graph and L/K a field extension of
subfields of C. Note that any graph automorphism ¢ € Aut(G) induces a unique
Lie algebra automorphism ¢(¢) € Aut(n?(G, ¢)) such that g(¢) restricts to ¢ on
V. Note that the map ¢ is a Gal(L/K)-equivariant group morphism. Choose a

splitting morphism r : Aut(G) — Aut(G) like in Remark 4.1.9. Then we get an

induced map
i=(gor): Aut(G) — Aut(n”(G,c)).

As one can check, the induced map i, on cohomology gives an inverse to the
map (p o Tap )« from Theorem 5.6.1.

Note that the set H'(L/K,Aut(G)) is easier to understand than the set

HY(L/K,Aut(nf(G,c))). Indeed, since the Gal(L/K)-action on Aut(G) is
trivial, its cocycles are just continuous group morphisms

p: Gal(L/K) — Aut(Q),
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and two such group morphisms p,n are equivalent if and only if there exists a
¢ € Aut(G) such that p, = o, " for all 0 € Gal(L/K).

5.6.2 Rational forms of the real and complex Lie algebra
In this section we give a description of the rational forms of n®(G, ¢) and n®(G, ¢)
and give some examples with concrete graphs.

Consider a Galois extension L/K of subfields of C. As discussed in Remark

5.6.2, after choosing a splitting morphism r : Aut(G) — Aut(G), we obtain a
Gal(L/K)-equivariant group morphism

i: Aut(G) — Aut(n(G,c)).

Thus, for any continuous morphism p : Gal(L/K) — Aut(G), we get a cocycle
iop € ZYL/K,Aut(n?(G,¢c))) and thus, by (5.4), a K-form of n*(G,c). For
notational purposes, we will simply write this form as

n"(p,c) = {v e n(G,c) | Yo € Gal(L/K) : i(ps)("v) = v},

Note that the cocycle i o p that we use, takes values in Aut(nf(G,c)) C
Aut(n?(G, c)) and is thus of the type that is described in Remark 5.4.4.

The following theorem now tells us that all rational forms of n®(G, ¢) arise in
this way, and which ones will be rational forms of the real Lie algebra n®(g, c).

Let us write 7 € Gal(Q/Q) for the complex conjugation automorphism on Q.
Theorem 5.6.3. Let G be a graph and ¢ > 1 an integer. The assignment
[o] = [n%(p, )]
gives the bijections
o' (Q/Q,Aut(G)) — E (C/Q,n%(G,c)) (5.6)
and

{[p] € H' (Q/Q,Aut(G)) ‘T € ker(p)} — E (R/Q,n%(G,¢)). (5.7)
Proof. The first bijection follows immediately from combining Theorem 5.6.1
for K = Q, Theorem 5.4.1 and Theorem 5.2.6.

For the second bijection, note that if we view Q as a subfield of C, we get a
continuous morphism v : Gal(C/R) — Gal(Q/Q) : 0 — o|g. This allows us
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to define the maps w; and wy with domain and codomain as in diagram (5.8)
and which send [p] to [pov]. Note that we also have two bijections i, in the
diagram, induced by the map i : Aut(G) — Aut(n (G, ¢)) from Remark 5.6.2.

HY(TQ/Q, Aut(G)) —2— H'(C/R, Aut(G))
HY(Q/Q, Aut(n%(G, ) —25 H'(C/R, Aut(n(G, ¢))) (5-8)

! ]

E(@Q/Q,n%(G,c)) ———— E(C/R,n%(G,c)).

Note that the trivial cocycle in H'(C/R, Aut(n®(G,c))) corresponds to the
standard real form n®(G,¢) of n®(G,c). Thus by the bottom square in the

commutative diagram (5.8), it follows that the cocycles in H!(Q/Q, Aut(n(g,c))

that give a rational form of n®(G, ¢) are exactly the classes in w, *([1]). By the
top square in diagram (5.8), we get that the classes [p] € w;'([1]) are then
exactly the ones for which [n@(p, c)] lies in E(R/Q,n®(G,c)).

Since we have that
[ € wr ' ([1]) & [pov] =[]
< Jp € Aut(G) : Vo € Gal(C/R) : (pov), = pldp™!
& Vo € Gal(C/R) : (pov), =1d
Spr=1d
< 7 € ker(p),

this proves that the second map is a bijection. O

We are now ready to prove the ‘injective version’ of Theorem 5.6.3. It only uses
finite degree Galois extensions of @ and thus the Krull topology does not play
a role anymore.

Theorem 5.6.4 (Injective version). Let G be a graph. Any rational form of
the complex Lie algebra n©(G,c) is isomorphic to

n%(p,c) = {venl(G,c) | Vo € Gal(L/K) : i(ps)(“v) = v},

for some finite degree Galois extension L/Q with L C C and an injective group

morphism p : Gal(L/Q) — Aut(G). If K/Q with K C C is another finite degree
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Galois extension with an injective group morphism n : Gal(K/Q) — Aut(G),
then

n%(p,¢) =n%(n, )

)

L=K and 3¢ € Aut(G) : Vo € Gal(L/Q) : po = pn, ¢~ L.

The Lie algebra n®(p, ¢) is a rational form of the real Lie algebra n®(G,c) if and
only if L C R.

Proof. First, take any rational form of n®(G, ¢). Then it follows from Theorem
5.6.3 that up to isomorphism, the form is given by n%(p, ¢) for some continuous

morphism p : Gal(Q/Q) — Aut(G). Note that ker(p) is an open normal

subgroup of Gal(Q/Q). By Theorem 5.1.14, we get that L, := @kcr(p) is a finite

degree Galois extension of Q and we have a natural isomorphism of groups

Gal(Q/Q)/ ker(p) — Gal(L,/Q) : o ker(p) — o],

We therefore get an induced injective morphism of groups

p:Gal(L,/Q) — Aut(G)
which gives a class [p] € H'(L,/Q,Aut(G)). Note that we have a natural

injection n%(G,c) < n%(G,c) and that this injection restricts to a Q-Lie
algebra isomorphism n®(5, ¢) = n%(p, ¢). Following Theorem 5.6.3, we also have
that n%(p, c) is a rational form of n®(G, c) if and only if 7 € ker(p) and thus if
and only if L, C R.

Second, if 7 : Gal(Q/Q) — Aut(G) is another continuous morphism, we have
the equivalences

(5, ) = (7, c) & n(p, c) = n (1, 0)

< ker(p) = ker(n) and [p] = [7]]
& L, = Ly and [7] = ]

At last, note that conversely, if L'/Q is any finite degree Galois extension and

o Gal(L'/Q) — Aut(G) is any injective group morphism, we can define the
continuous morphism

p:Gal(Q/Q) — Aut(G) : o+ p'(a|1),

which now satisfies p = p’. This shows all that needed to be proven. O
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The following example shows that Theorem 5.6.4 can be used to simplify certain
classifications of Lie algebras, especially for quadratic extensions.

Example 5.6.5 (Direct sum of two Heisenberg Lie algebras). Consider the
graph G = (V, E) defined by V = {v1, v, w1, ws} and E = {{v1, w1}, {va, w2}}.
The set of coherent components is then given by Ag = {A\1 := {v1, w1}, A2 :=
{va,wa}}. A figure of the graph and quotient graph are given below.

g g
V1 (%)
| ] 9 0,
w1 w2 )\1 )\2

There are only two automorphisms of the quotient graph, namely the identity

and ¢ € Aut(G) which is defined by p(A1) = A2 and @(A2) = A;. We can define
the morphism r : Aut(G) — Aut(G) by letting 7(¢)(v1) = va, r(¢)(ve) = vy,
r(p)(w1) = we and r(p)(we) = wi. The associated 2-step nilpotent Lie algebra
n(G,2) is then isomorphic to a direct sum of two 3-dimensional Heisenberg
Lie algebras with basis {vi, va, w1, wa, uy, us} where u; := [vy,w;] and
U = [v2, wa).

It is clear that if Gal(L/Q) — Aut(G) is an injective group morphism, L/Q
must have degree 2 or 1. All non-isomorphic degree 2 or 1 Galois extensions of
Q are given by Q(\/&) for d a square free non-zero integer (see Example 5.1.2).
Note that if d =1, Q(\/g) = Q. For all square free non-zero integers d, let pg
denote the uniquely determined injective group morphism pq : Gal(Q(v/d)/Q) —
Aut(G). For simplicity, let us write ng for the associated rational form n@(pg4, 2)
of n®(G,2). From Theorem 5.6.4 we then get that the sets

{ng | d # 0 square free} and {ng | d > 1 square free}

give us a complete set of pairwise non-isomorphic rational forms of n®(g, 2) and
n®(G,2), respectively. Note that n? =~ nQ(G,2) is the standard rational form of
n®(G,2). We thus get an alternative proof of [Lau08, Proposition 3.2.] without
using the Pfaffian form on 2-step nilpotent Lie algebras.

For a non-zero square-free integer d, a basis for n(g c n%(G,2) can be given by
X1 = V1 + V2 Yl = w1 + wa Zl = U1 + us

X5 = \/g(vl — v3) Ys = \/g(wl — wa) Zo = \/&(ul — ug).
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The bracket relations of the rational Lie algebra ng in this basis are then given
by

(X1, Y1) =2 (X2, Y1) = 2,

[X1,Y2] = Zo [Xo,Ys] =d Z;.

We can also consider the complement graph.

Example 5.6.6. Let G = (V, E) be the graph from Example 5.6.5 and G*
its complement graph, i.e. G* = (V, E*) with E* = {{v,w} | v,w € V,v #
w,{v,w} ¢ E}. A figure of G* and its quotient graph are given below.

g* g*
V1 U2

X 20e—02
w1 w2 Al )\2

Since Aut(G*) = Aut(G), it follows that the only injective group morphisms
Gal(L/Q) — Aut(G*) are the morphisms pg : Gal(Q(v/d)/Q) — Aut(G) from
Example 5.6.5 where d is any square free non-zero integer. Again, let us simply
write ng* for the associated rational form n®(p4,2) of n®(G*,2). From Theorem
5.6.4 it thus follows that the sets

{ng* | d # 0 square free} and {ng* | d > 1 square free}
give us a complete set of pairwise non-isomorphic rational forms of n®(G*,2) and
n®(G*,2), respectively. A basis for n®(G*,2) can be given by {vi, va, wy, wo,

U1, U2, U3, u4} Where Uy = [7)1,'[1)2]7 U2 = [7}2,'11}1 , U3 = [Ul,'UQ], Uy = [w17w2]'
For non-zero square-free d, a basis for the form nj_ can then be given by:

X1 = v + vy Y: (= w1 +ws

X5 = \/&(vl — vg) Y, = \/g(wl — wy)
Z1 = U1 + us Zg = —2\/& us

ZQ = \/&(U2 - ’Uq) Z4 = —2\/& Uq.
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The bracket relations of the rational Lie algebra n(g* in this basis are then given
by

(X1, Xo] = Z3 (X2, Y1) =2,
(X, V1] =-7; [X2,Ys] = dZ;
(X1, Y2] = 2 Y1,Ys] = Zy.

We thus get an alternative proof of [Lau08, Proposition 4.5.].

5.6.3 Number of non-isomorphic rational forms

We apply Theorem 5.6.4 to show that the Lie algebras n®(G, ¢) and n®(G,c)
have either exactly one or infinitely many rational forms, up to isomorphism.
The number of rational forms is always countable by Remark 5.2.3.

First, we need the following fundamental observation that ensures the existence
of enough non-isomorphic cyclic Galois extensions of a certain degree.

Lemma 5.6.7. For every positive integer d > 1, there exist infinitely many
real Galois extensions L;/Q with i € N such that Gal(L;/Q) = Z/dZ and
LiNL; =Q foranyi,j € N with i # j.

Proof. By Dirichlet’s theorem [Dir13], there are infinitely many different primes
p; for i € N such that p; =1 mod 2d for all i € N. If we denote by (j, = e>™/*
the primitive k-th root of unity, we can define the cyclotomic field extensions
K; = Q(¢p, ), for which the Galois group Gal(K;/Q) is cyclic of order p;—1. Since
2d | p; — 1, there exists a (unique) cyclic subgroup H; C Gal(K;/Q) of index 2d.
Let K/*' denote the field which is fixed under H;. Since Gal(K;/Q) is abelian,

H; is a normal subgroup and thus we have Gal(K " /Q) = %Q/Q) = Z/2dL.

Note that Gal(K;"' /Q) has a unique element & of order 2 and in case K" is not
totally real, this must be the complex conjugation automorphism. Let L; be the
subfield of K" which is fixed by {1,0}. As before we have that {1, s} is a normal

.
subgroup of Gal(K7* /Q) and thus that Gal(L;/Q) = w &~ 7 /dZ. Note
that, even if K; was not totally real, the fields L; must be real since they are fixed
by complex conjugation. We have thus constructed infinitely many real Galois
extensions L;/Q, ¢ € N such that Gal(L;/Q) = Z/dZ. Moreover since for i # j,
the primes p; and p; are different, we know that K; N K; = Q(¢p,) NQ((p,) =

Q(Cged(pi,p;)) = Q. As a consequence also L; N L; = Q. O
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Theorem 5.6.8. The Lie algebras n®(G,c) and n®(G, c) associated to a graph
G for ¢ > 1 have either exactly one or infinitely many rational forms up to

isomorphism. The former is true if and only if Aut(G) is trivial.

Proof. If Aut(G) is trivial, then clearly H'(Q/Q, Aut(G)) is trivial as well which
implies by Theorem 5.6.3 that both E(R/Q,n¥(G,c)) and E(C/Q,n%(G,¢))
count only one element.

Conversely, assume that Aut(G) is non-trivial. Then there exists an element
@ € Aut(G) of prime order p. Let L; with ¢ € N be the finite degree Galois
extensions of Q with Galois group Z/pZ as in Lemma 5.6.7. Choose for all

i € N a generator o; € Gal(L;/Q) and define the injective morphisms
pi s Gal(L;/Q) — Aut(G) : oF — oF.

The fields L, are all different and hence the corresponding rational forms are
non-isomorphic by Theorem 5.6.4. Moreover, since each L; is a real field, the
aforementioned theorem implies n%(p;, c) is a rational form of the real Lie algebra
n®(G, c) for all i € N. This proves that E(R/Q,n®(G, c)) counts infinitely many
elements and thus the same is true for E(C/Q,n%(G,c)). O

As a consequence, we present a family of graphs such that the corresponding
real and complex Lie algebras have a unique rational form, up to isomorphism.

Example 5.6.9. Let p, ¢ be two non-negative integers with ¢ > 1. Take two
disjoint sets V7 and V5 which have cardinalities p and ¢, respectively. We can
define a graph G = (V1 U V4, E) where E = {{v,w} | v e Vi,w € Wa}U{{v,w} |
v,w € V1,v # w}. The quotient graph of G can be drawn as:

pQ—oq.

From this it is clear that Aut(G) is trivial and thus that the c-step nilpotent
Lie algebras over R (or C) which are associated to these graphs have only one
rational form up to isomorphism. Note that these graphs were also considered
in [DMO5] in the study of Anosov diffeomorphisms.

Question 5.6.10. Does Theorem 5.6.8 hold for all real and complex nilpotent
Lie algebras?

5.6.4 Number of non-isomorphic real forms

In this section we prove a characterization of real forms in complex partially
commutative Lie algebras and apply it to some examples. If G is a group, we say
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an element g € G is an involution of G if g2 = 1. Note that, in particular, the
neutral element e € G is defined to be an involution. We write 7 € Gal(C/R)
for the complex conjugation automorphism.

Theorem 5.6.11. Let G be a graph, ¢ > 1 an integer and n°(G, c) the associated
complex Lie algebra. Every real form of n®(G,c) is isomorphic to

(g, ¢) = {v €n(G,0) | p(Tv) = v}

for some involution ¢ € Aut(G). If ¢ € Aut(G) is another involution, then
the real forms nR(ip, ¢) and n®(¢,c) are isomorphic if and only if p and ¢ are

conjugate in Aut(G).

Proof. Combining Theorem 5.6.1 for L = C, K = R and Theorem 5.4.1 we get
a bijection

H'(C/R, Aut(G)) — E(C/R,n%(G,¢)) : [o] = ["%(p, c)].
It is clear that any p € Z1(C/R, Aut(G)) is determined by the involution p(7).

Conversely, every involution ¢ € Aut(G) gives a unique morphism

pe : Gal(C/R) = Aut(G) : 1 — 1d, 7 — ¢.
If we write n®(p,c) for the real form n®(p,,c), then the statements in the
theorem follow straightforward. O

The following fact about symmetric groups is easily verified and thus we omit
the proof.

Lemma 5.6.12. For any k € Z>°, the number of involutions up to conjugation
in the symmetric group Perm(X) with |X| = 2k or | X| = 2k + 1 is equal to
E+1.

In what follows, we give examples of graphs for which we discuss the real forms
of the associated complex Lie algebra.

Example 5.6.13 (n-fold direct sum of Heisenberg Lie algebras). Let n > 1 be
an integer and let G,, = (V,,, E,,) denote the graph defined by V,, = {1,...,2n}
and E, = {{2i —1,2i} | 1 <i < n} as drawn below.

Gn

1]

— —
—

*——o

n times
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If we let hZ denote the 3-dimensional Heisenberg Lie algebra over the field K,
then it is not hard to see that for ¢ = 2 we get a decomposition

nc(Gn,2) 25 & ... @ b5 .
N———’

n times

The set of coherent components of G, is given by A, = {{2i —1,2i} |1 <i <
n}. Tt is straightforward to verify that the automorphism group Aut(G,) is
isomorphic to the permutation group on a set with n elements. By lemma 5.6.12,
we thus find for any integers ¢ > 1 and k > 1 that the number of real forms of
n%(G,, ¢) is equal to k + 1 both for n = 2k and n = 2k + 1. In particular, we
can achieve every natural number > 1 as the number of different real forms.

In the special case of ¢ = 2, we can even describe the Lie algebras explicitly.
Let "91,* be the rational Lie algebra as defined in Example 5.6.6 and write
nﬂfl,* = n@ly* ®qg R. Note that nﬂfu is a 6-dimensional real Lie algebra that
is also isomorphic to the real Lie algebra obtained by restricting the scalar
multiplication on hS to R. Every real form of n®(G,,,2) is isomorphic to a direct
sum Lie algebra of the form

b5 ®...obf ot e ot
—_——

k times ! times

for some non-negative integers k,! which satisfy k + 2] = n.

In Example 5.6.13, the real forms arise from permuting the summands in the
direct sum decomposition. To show that any number of real forms can also be
present in an indecomposable Lie algebra (see Section 5.6.5 for the definition),
we give the following example.

Example 5.6.14. Let n > 1 be an integer and let G, = (V,, E,
the graph defined by V,, = {1,...,2n + 1} and E, = {{1, 2i} |
n}U{{2,2i+1} |1 <4 S n} as drawn below.

Gn

—

n times
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The set of coherent components is given by all singletons A,, = {{i} | 1 <
it < 2n+ 1}. Tt is straightforward to verify that the automorphism group
Aut(G,,) is isomorphic to the permutation group on a set with n elements. By
Lemma 5.6.12, we thus find for any integers ¢ > 1 and k£ > 1 that the number
of real forms of n®(G,,c) is equal to k + 1 both for n = 2k and n = 2k + 1.
In particular, we can achieve every natural number > 1 as the number of
non-isomorphic real forms of an indecomposable complex Lie algebra.

Thus, the above example shows the following observation that the author did
not find yet in the literature. Again, we refer to the following section for the
definition of an indecomposable Lie algebra.

Corollary 5.6.15. For any integer k > 1, there exist indecomposable nilpotent
complex Lie algebras with exactly k real forms up to isomorphism.

5.6.5 Indecomposable forms

Example 5.6.5 illustrates that the direct sum of two complex Heisenberg Lie
algebras has rational forms that do not admit a direct sum of two non-trivial
rational Lie algebras, in contrast to the original complex Lie algebra. We say
those rational forms are indecomposable and in what follows we determine
which forms of a partially commutative nilpotent Lie algebra have this property.
First, let us give a rigorous definition of indecomposable Lie algebras.

Definition 5.6.16. A Lie algebra g defined over a field K is said to be
decomposable if there exist two non-trivial Lie ideals b, € C g such that g = hH B ¢.
We say a Lie algebra is indecomposable if it is not decomposable.

Note that if a Lie algebra g” is indecomposable, then any K-form g for K C L
is indecomposable as well. As mentioned above, the converse does not hold.

If a Lie algebra is decomposable, one can decompose it into its indecomposable
summands. Such a decomposition is not unique in general, but in [FGH13,
Theorem 3.3.], uniqueness was proven in case the Lie algebra is centreless, i.e.
in case

Z(g)={Xeg|VY eg: [X,Y] =0} ={0}.

The theorem was proven for real Lie algebras, but the proof works for any
subfield of C. We can restate the result that we need as follows:

Theorem 5.6.17 ([FGH13]). Let g be a Lie algebra over a field K C C, s,t
positive integers and by, ..., 0s,81,..., 8 C g indecomposable ideals such that

g:f)l@@bs and g:?lea@ét,



FORMS OF PARTIALLY COMMUTATIVE LIE ALGEBRAS 133

then s =t and up to reordering the summands b;, we have h; C &; + Z(g) for
allie{l,...,s}.

We want to apply the above theorem to the partially commutative nilpotent Lie
algebras n (G, c). In order to do so we first determine a canonical decomposition
of n¥(G, ¢) into indecomposable ideals.

First, recall that for any two Lie algebras g1, go, the direct sum Lie algebra
is the vector space g1 @ go endowed with a Lie bracket determined by [X; +
X2, Y1 + Ya] i= [X1, V1] + [Xa, Y] for any X1,Y1 € g1 and X, Y5 € go.

Second, recall from Remark 4.2.3 that the Lie algebra n’(G,c) satisfies a
universal property. Using this property, it is not hard to show the following
lemma.

Lemma 5.6.18. Let G = (V, E) be a graph and K C C a field. Let V1,Vo CV
be disjoint subsets such that V.=V, UV, and Vv € Vi,w € Vo : {v,w} ¢ E.
Write G1, Ga for the subgraphs of G spanned by Vi, Vs, respectively. There exists
a unique Lie algebra isomorphism

n"(G,c) = n"(Gy, ¢) ®nX (G, )

which restricts to the identity on the vertices V.

Recall the definition of a connected graph from Section 4.1.
Lemma 5.6.19. Let G = (V, E) be a graph and K C C a field. The following
are equivalent:

(i) G is connected,

(ii) w5(G,2) is indecomposable,

(iii) wE (G, c) is indecomposable for any ¢ > 1.
Proof. (i) = (ii). This is essentially [DM05, Lemma 6.6] which deals with
K = R but works for an arbitrary field.

(ii) = (iii). Take any ¢ > 1 and assume that there exist ideals b, C n® (G, c)
such that n®(G,c) = h @ €. Note that both h and £ are also nilpotent Lie
algebras. We have a sequence of isomorphisms:

n"(G,2) = (G, ) /13(n" (G, ) = b/73(h) © /73(0).

Since nf (G, 2) is assumed to be indecomposable, this implies that b/v3(h) = {0}
or £/v3(¢) = {0}. By nilpotency of h and €, we then get that h = {0} or € = {0}.
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(iii) = (i). We prove this by contraposition. Assume G is not connected, then
there exists a partition of the vertices V = V; UV, with V3 and Vs non-empty,
such that for any v € V; and any w € Vs it holds that {v,w} ¢ E. It then
readily follows from Lemma 5.6.18 that n* (G, ¢) is decomposable and concludes
the proof. O

Let us write for the remainder of this section
W =n"(G,¢)/[n"(G,¢),n" (G, )]

and note that we can see the vertices V as a subset of W, by identifying them
with their images under the projection to the abelianization

Tap - 05 (G, c) — W.

Moreover, the vertices give a basis for W. The projection of the centre to the
abelianization can be described by the following lemma. The degree of a vertex
v € V is defined as the number of vertices adjacent to v.

Lemma 5.6.20. For any graph G = (V, E) and field K C C we have

Tab (Z (0(G,¢))) = spang ({v € V | v has degree 0}) C W.

Proof. Take any v € V of degree 0. It is clear that [v,w] = 0 in n® (G, ¢) for
any w € V and thus since V generates n (G, c) that v € Z(n¥(G,c)). As a
consequence we get the inclusion

spang ({v € V | v has degree 0}) C mp, (Z (n"(G,¢))) .

For the other inclusion, take any X € mab (Z (n"(G,¢))). Then there exists a
Y € 72(n*(G,¢)) such that X +Y € Z (n®(G,c)). As a consequence, for any
w € V it must hold that [w, X + Y] = [w, X] + [w,Y] = 0. From the Carnot
grading of n¥ (G, ¢) as given in (4.3), it follows that both [w, X] and [w, Y] are
zero, and this for any vertex w € V. Let f : V — K be the unique function
such that X = Z f(v)v. We then get that Z f()|w,v] =0 for any w € V.
veV veV
Using the relations in n® (G, ¢), this reduces to Z f(v)[w,v] =0, where we
vEN (w)
remind the reader of the definition of the open neighbourhood N(w) of a vertex
w from Section 4.1. Since the set {[w,v] | v € N(w)} is linearly independent
in nf(G, ¢), it follows that f(v) = 0 for all v € N(w) and all w € V. This
exactly means that X € spang ({v € V' | v has degree 0}), which proves the
other inclusion. O
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Let G = (V, E) be a graph. Recall from Section 4.1 that a walk is a tuple
of vertices (vy,...,vy) such that {v;,v;41} € E foralli e {1,...,n—1}. In
that case, we say that (v1,...,v,) is a walk between v; and v,,. Note that the
existence of a walk between vertices defines an equivalence relation on V. The
equivalence classes are called the connected components of G. Note that every
connected component is in fact connected (definition from Section 4.1). We let
C(G) denote the set of all connected components of G. We can now combine
Theorem 5.6.17, Lemma 5.6.18, Lemma 5.6.19 and Lemma 5.6.20 to prove the
following result for the decomposition of Lie algebras associated to graphs.

Proposition 5.6.21. Let G = (V, E) be a graph with no vertices of degree

0, K C C a field k a positive integer and by, ...,bx C n%(G,c) non-trivial
indecomposable ideals such that X (G,c) =by @ ... ®by. Then k = |C(G)| and
there exists an ordering of the connected components C(G) = {C1,...,Ck} such

that map (i) = spang (C;) for alli e {1,...,k}.

Proof. Let {C1,...,C;} be some ordering of the connected components of G
with [ = |C(G)|. Let n; C nf(G, ¢) be the Lie subalgebra in n (G, ¢) generated
by C; for all i € {1,...,l}. By Lemma 5.6.18, it is clear that the n;’s are
ideals, that n(G,c) = n; @ ... ®ny, and if G; denotes the subgraph spanned by
C;, that n; = n®(G;, ¢). Moreover, since each graph G; is connected, Lemma
5.6.19 implies that n; = n®(G;, ¢) is indecomposable for each i € {1,...,1}.
By Theorem 5.6.17, we have k = [ = |C(G)| and we can fix a reordering
of the connected components of G such that b; C n; + Z(n(G,¢)) for all
i € {1,...,k}. Since G has no vertices of degree 0, we find by Lemma 5.6.20 that
Tan(Z (5 (G, ¢))) = {0} and thus that m.,(h;) C map(n;) for all i € {1,... k}.
Note that map(n;) = spang (C;) and thus that V' = ma,(n1)®. . .®map(ng). Since
Tab 18 surjective we must have V' = map (b1 + ...+ b)) = man(h1) + .. . + Tan(br)
which implies that map(h;) = 7ap(n;) = spang (C;) for all i € {1,...,k}. This
concludes the proof. O

Let G = (V,E) be a graph and L/K a Galois extension of subfields of C.
Recall the natural action of Gal(L/K) on n*(G,c). Note that span, (V) =
W C nk(G, ) is preserved under this action and thus that we have an induced
action of Gal(L/K) on W. The vertices V. C W are fixed under this action. If
p: Gal(L/K) — Aut(G) is a continuous morphism and n(p, ¢) the associated
K-form of n(G, c), one can check that

mab (0 (p,¢)) = {v € W | Vo € Gal(L/K) : P(p,)(“v) = v} (5.9)

where

P=(Por)
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with 7 : Aut(G) — Aut(G) is the splitting morphism as chosen in 5.6.2 and
P : Aut(G) — GL(W) is the permutation representation.

Let Ag be the set of coherent components of G. As one can check, every
connected component which counts at least two vertices is a disjoint union of
coherent components. On the other hand, the union of all connected components
which are singletons is equal to a coherent component. This is illustrated by
the example drawn below. Dashed lines represent coherent components while
full lines (apart from de edges) represent connected components.

For any ¢ € Aut(G), the images of two coherent components which are subsets
of the same connected component are again subsets of the same connected
component. Let C' € C(G) be a connected component. In case C counts
at least two vertices, there exist coherent components Ai,...,A\; such that
C =AM U...UX; and we define x(¢)(C) = @(A1) U...Up(Ag). In case C is a
singleton, we define x(¢)(C) = C. This gives a morphism

X : Aut(G) — Perm(C(G)).
Recall that an action is called transitive if it has only one orbit.

Theorem 5.6.22. Let G = (V,E) be a graph, L/K a Galois extension of
subfields of C and p : Gal(L/K) — Aut(G) a continuous morphism. The form
ni(p, ¢) is indecomposable if and only if the (xop)-action on the set of connected

components C(G) is transitive.

Proof. Assume nf(p,c) is indecomposable. Let C € C(G) be a connected
component. We write V for the vertices which lie in a connected component
which lies in the (y o p)-orbit of C, i.e. V= {v €V | 3o € Gal(L/K) : v €
(x 0 p)s(C)}. Let ny and ny denote the subalgebras of n”(G, ¢) generated by V
and V' \ V, respectively. It follows that 7(p,)(V) = V and as a consequence
that i(ps)(n1) = ny and i(ps)(n2) = ny for any o € Gal(L/K). Moreover, since
ny and ny are generated by sets of vertices, we have that i(p,)(“n1) = ny and
i(ps)(“n2) = ng for any o € Gal(L/K). By Lemma 5.6.18, ny and ny are ideals
and we have a direct sum n”(G, c) = n; ©ny. Thus, for an arbitrary v € n*(G, c)
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there exist unique vectors v; € ny and vy € ny such that v = v; + vy, For any
o € Gal(L/K), we then have the equivalences

i(ps)(“v) = v i(po) (" (v + v2)) = v1 + v2
A i(po)(gvl) + i(pa)(av2) =v1 + V2
< i(ps)(“v1) =v1 and  i(ps)(v2) = va.

where the last equivalence uses i(p,)(7n;) = n; for j = 1,2. Since ny, ny are
themselves Lie algebras associated to a graph, we know that

m; ={ven; | Vo € Gal(L/K) : i(p,)(v) = v}
defines a K-form of n;. The above equivalences then imply that n® (p,c) =
my @ my. Moreover, since nqy and ny are ideals, the same holds for m; and ms.
Since we assumed n(p, ¢) to be indecomposable and m; # {0} by construction,
we must have that my = {0} and thus that V' \ V = (). This proves that the
(x o p)-action on C(G) is transitive.

Conversely, assume that the (x o p)-action on C(G) is transitive. Since this action
fixes connected components which are singletons, transitivity implies that either
there are no connected components which are singletons or that V itself is a
singleton. In the latter case, the Lie algebra n*(G, c) is itself indecomposable
and as a consequence so are all of its forms. Thus we can assume that there
are no connected components which are singletons. This is equivalent to saying
there are no vertices of degree 0. Assume there are ideals my, my of the Lie
algebra n’ (p,c) such that n®(p,c) = m; © my. Define n; = span, (m;) for
j = 1,2. Since n®(G, ) is a form of nl (G, c), it follows that ny, ny are ideals
of n*(G, c) and that n*(G, c) = n; ® ny. By Proposition 5.6.21, we must have
subsets of vertices Vi,Vo C V, each a union of connected components, such
that V' = Vi U V5 and mah(n;) = spang (V;) for j = 1,2. Take 0 € Gal(L/K)
arbitrarily. Note that “(span;(V;)) = span,(V;) for j = 1,2, since these
subspaces are spanned by vertices. Using that ma,(m;) C span; (V;), we thus
find that “(map(m;)) C spany (V;) for j = 1,2. From equation (5.9) it follows
that P(pys) ! (map(m;)) = 7 (man(m;)) C spany (V). But since span; (m;) =
span; (V;), we also have P(p,)!(spany (V;)) = span (V;). Since o was chosen
arbitrarily, this implies that r(p,)(V;) = V; for all 0 € Gal(L/K). Since we
assumed that the (x o p)-action on C(G) is transitive, it follows that either V;
or V; is the empty set and thus that either my = {0} or my = {0}. O






Chapter 6

Anosov Lie algebras

In this chapter we will deal with Question 3.4.23 from Chapter 3 that reads:
which rational Lie algebras admit an integer-like hyperbolic automorphism?
Such an automorphism is called an Anosov automorphism and a rational
Lie algebra admitting one is called an Anosov Lie algebra. In Section 6.4
we prove a result on the indecomposable factors of Anosov Lie algebras (see
Theorem 6.4.5). In Section 6.5 we give the first example of a 12-dimensional
Anosov Lie algebra without a positive grading and we prove that this is the
smallest dimension for such an example (see Theorem 6.5.17). In Section 6.6,
we prove a characterization of Anosov rational forms in partially commutative
Lie algebras (see Theorem 6.6.13). This uses Theorem 5.6.3 from Chapter 5 on
the rational forms of partially commutative Lie algebras.

6.1 Definitions and known results

Definition 6.1.1. Let n be a nilpotent Lie algebra defined over a subfield of
C. We say an automorphism A € Aut(g) is an Anosov automorphism if it is
hyperbolic and integer-like. A rational Lie algebra which admits an Anosov
automorphism will be called an Anosov Lie algebra.

The following observations are elementary, yet important for the results in this
section.

Lemma 6.1.2. The semi-simple part of an Anosov automorphism is an Anosov
automorphism. Any non-zero power of an Anosov automorphism is an Anosov
automorphism.

139
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Proof. Let A be an Anosov automorphism on the Lie algebra g defined over a
subfield K C C.

For the first part, recall from sections 4.5 and 4.6 that the automorphism
group Aut(g) is a linear algebraic group defined over K. Let A = A A, be
the multiplicative Jordan-Chevalley decomposition of A. By Theorem 4.5.8,
it follows that also As € Aut(g) and thus that A, is also a Lie algebra
automorphism. Moreover, the characteristic polynomial of A is the same
as the one of A, implying that A is also hyperbolic and integer-like. We
conclude that A, is an Anosov automorphism.

For the second part, let k be a non-zero integer. The eigenvalues of A* are the
k-powers of the eigenvalues of A. Clearly this does not alter the fact that they
have modulus different from 1 as k # 0. By Remark 3.4.19, there exists a basis
with respect to which A is represented by an integral matrix with determinant
equal to 1 or —1. The k-th power of this matrix is still integral with determinant
equal to 1 or —1. Therefore, we conclude that A* is also integer-like and thus
Anosov. O

Let K/Q be an algebraic field extension. We recall that an algebraic integer
in K is an element a € K whose minimal polynomial has integer coefficients.
It is a classical result that the set of all algebraic integers in K form a ring.
The units of this ring, which are the algebraic integers ae € K such that o~ is
also an algebraic integer, are called the algebraic units in K. This is a group
for the multiplication and we write this group as Ux. Another standard result
states that o € K is an algebraic unit if and only if its minimal polynomial has
integer coefficients and has a constant term equal to + 1. As a consequence,
the eigenvalues of an Anosov automorphism are algebraic units.

The proof of the following two lemmas is based on [DW23b, Lemma 4.3.].
Lemma 6.1.3. Let f, f1,..., fr € Q[X] be monic polynomials with rational
coefficients such that f = f1-...- fr. Then the following are equivalent:

(i) f € Z[X] and f(0) = 1,

(i) fi € Z[X] and f;(0) = £1 for alli.

Proof. The implication (i) = (4) is trivial.

For the other implication, note that the roots of f are algebraic units and
therefore the roots of each polynomial f; are algebraic units as well. Using
that the algebraic integers form a ring, we find that the coefficients of the
polynomials f;, which can be expressed as products and sums of the roots of
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fi, are algebraic integers. Since these coefficients are also rational (and since
the algebraic integers in Q are exactly the integers Z) we must conclude that
fi € Z|X] for all i. For each f;, its constant term is a product of its roots.
Since these roots are algebraic units, this product is again an algebraic unit.
Thus, the constant term of f; is an algebraic unit which also has to lie in Z. We
conclude (since the only algebraic units in Q are 1 and —1), that f(0) = £1 for
all 4. O

Lemma 6.1.4. Let V be a vector space defined over Q which decomposes into
a direct sum'V=V1 @ ... @ V. Let A € GL(V) satisfy A(V;) =V, and write
A; for the restriction of A to V;. Then the following are true

(i) A is integer-like if and only if A; is integer-like for alli € {1,...,k},
(ii) A is hyperbolic if and only if A; is hyperbolic for alli € {1,... k}.

Proof. Denote by f, f1,..., fr the characteristic polynomials of A, Ay, ..., A,

respectively. Clearly we have that f, f1,...,fx € Q[X] and f = f1 ... fi.
Lemma 6.1.3 then immediately proves part (i). Part (ii) follows immediately
from f=f1 ... fr. O

Another observation is the following.

Lemma 6.1.5. Let V' be a non-trivial vector space defined over a subfield of C.
If there exists an A € GL(V') which is integer-like hyperbolic, then dimV > 2.

Proof. Assume that dim(V') =1 and that A € GL(V) is integer-like hyperbolic.
Note that A has one eigenvalue which is equal to its determinant. Since this
determinant needs to be equal to 1 or —1, we get a contradiction with A being
hyperbolic. O

Definition 6.1.6. Let n be a nilpotent Lie algebra of class ¢. The type of n is
the c-tuple (ny,...,n.) where n; = dim(y;(n)) — dim(y;+1(n)).

Let n be a rational nilpotent Lie algebra with an Anosov automorphism A. By
Lemma 6.1.2 its semi-simple part Ay is also an Anosov automorphism. Hence,
forall ¢ € {1,...,c}, one can choose a complement n; to y;41(n) inside ;(n) for
which As(n;) = n;. Note that if (nq,...,n.) is the type of n, then dim(n;) = n;.
Using Lemma 6.1.4 and Lemma 6.1.5, we see that if a rational nilpotent Lie
algebra n admits an Anosov automorphism, its type (nq,...,n.) must satisfy
n; >2forallie{1,...,c}.

More necessary conditions on the type can be derived and we list them in the
following theorem. The proof can be found in [LWO08] and [Pay09).
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Theorem 6.1.7. Let n be a non-abelian rational nilpotent Lie algebra of type
(n1,...,n.). If n is Anosov, then the following are true:

(i) n1 >3 and n; > 2 for all i,
(i) if n1 = 3, then ng =3 and 3 | n; for all i,
(iii) if ny =4, then 2 | n; for alli.

Definition 6.1.8. Let g be a Lie algebra. An abelian factor of g is a Lie ideal
h C g such that b is abelian and there exists another ideal £ C g such that
g=DbhdE An abelian factor is called mazimal if it is not properly included in
another abelian factor of g.

Let g be a Lie algebra over a field K. It is immediate that a subspace a C g is an
abelian factor if and only if it is contained in the center Z(g) with an g, g] = 0.
A maximal abelian factor is then exactly any complement to Z(g) N [g, g] inside
Z(g). Therefore, we define the number

m(g) = dim (Z(g)) — dim (Z(g) N [g, 9]) ,

which is exactly the dimension of any maximal abelian factor. Note that this
number does not change over field extensions. If L/K is an extension of fields,
we have that m(g) = m(g® = g®@x L).

The following theorem was proven in [LWO08, Theorem 3.1] and relates maximal
abelian factors to the existence of an Anosov automorphism on nilpotent rational
Lie algebras.

Theorem 6.1.9. Let n be a rational nilpotent Lie algebra with a vector space
decomposition n = a & n where a is a mazximal abelian factor and n a Lie ideal.
Then n is Anosov if and only if dim(a) # 1 and n is Anosov.

In low dimensions, there is a classification of the real Lie algebras that admit an
Anosov rational form. It is enough to list those Lie algebras n with m(n) = 0 (i.e.
those Lie algebras without a non-trivial abelian factor) due to Theorem 6.1.9.
In Table 6.1 we define the Lie algebras that occur in the classification. Note
that b3 and I; are the Heisenberg Lie algebra of dimension 3 and the standard
filiform Lie algebra of dimension 4, respectively, as introduced in Example 2.3.19
of Chapter 2. The Lie algebra f3 5 is the free 2-step nilpotent Lie algebra on 3
generators.
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Type Bracket relations

bs | (21) | [X,Y]=2

fa2 | (3,3) (X1, Xo] = 21, [Xo, Xs] = 2, [ X5, Xu] = Z5

g62 | (6,2) (X1, Xo] = 71, [X1, X3] = Zs,

[Yh}/—Z] = Zh [Yla}/B] = Z2

g4 | (4,4) (X1, Xo] = 71, [ X1, X4] = Z,

[Xo, X3] = Z3, [ X, Xy] = Z4

Iy (271a1) [XaY]:Z7 [XvZ]:W

Table 6.1: Definitions of Lie algebras occurring in the classification of real Lie
algebras with an Anosov rational form in low dimensions

The classification was proven up to dimension 8 by [LW09].

Theorem 6.1.10. Any real Lie algebra of dimension < 8 that admits an Anosov
rational form and does not have a non-trivial abelian factor is isomorpic to one
of the following Lie algebras:

bz ® b3, f32, 62, G44, DL

The following existence result was proven in [LW08].

Theorem 6.1.11. Let n be a rational nilpotent Lie algebra with a positive
grading. The real Lie algebra (n @ ... ® n)® (where the direct sum counts at
least 2 summands) has an Anosov rational form.

6.2 Dirichlet’s unit theorem

Recall that a number field is a finite degree extension of Q. We consider
any number field as a subfield of C. An (injective) field morphism o : K —
C will be called an embedding. Every number field K has exactly [K : Q]
different embeddings K — C. If 7 : C — C denotes the complex conjugation
automorphism, then an embedding o : K — C satisfies 7 o 0 = ¢ if and only if



144 ANOSOV LIE ALGEBRAS

o(K) C R. We call o a real embedding if 0(K) C R and o, 700 a conjugated pair
of complex embeddings if o(K) ¢ R. If s is the number of real embeddings and
t the number of conjugated pairs of complex embeddings, then s+ 2t = [K : Q.
We say a number field is totally real if all its embeddings in C are real and
totally imaginary if none of its embeddings are real.

Note that for any embedding ¢ : K — C of a number field K, we have that
o(K) C Q. As a consequence we also have an embedding o : K — Q. Conversely,
every embedding of K into Q gives an embedding of K into C by composing
it with the inclusion of Q in C. A number field K is a Galois extension of Q
if and only if o(K) = K for any embedding ¢ : K — C. Note that C/Q is
not a Galois extension, but Q/Q is. Therefore, in some cases, it will be more
convenient to work with Q instead of C.

Recall that the algebraic units of K are all elements in K which have a minimal
polynomial with integer coefficients and constant term equal to 1. We write
the set of algebraic units in K as Ug. This set is a group for multiplication
in K. If a number field K has s real embeddings: o1, ...,0, and ¢ conjugated
pairs of complex embeddings: os11,7 0 0s41,...,0514,T © 051y, then one can
define a map

l: Ui — RET? (6.1)

by

1(€) = (log o1 (§)],- .-, log o5 (&), 210g |os41(E)], - -, 21og [os14(E)])-

Clearly, [ defines a group homomorphism from Ug (with multiplication in K)
to Rt (with addition). Moreover, it is not hard to check that the image of [
lies in the vector subspace

Wi i={(x1,...,T5qt) € R+ |21+ ... + 2o = 0}

Dirichlet’s unit theorem describes the structure of the group of algebraic units
of K by use of the map [ above (see [ST87] for more details).

Theorem 6.2.1 (Dirichlet’s unit theorem). For any number field K, the kernel
of the map 1 : U — R is finite and equal to the set of roots of unity in K.
The image l(Ux ) is a cocompact lattice in the subspace Wsyi. As a consequence,
the group Uy 1is isomorphic to the direct product F x Z3T'=1 with F a finite
abelian group.

Using this description of U, we can prove the following lemma on the existence
of algebraic units with hyperbolic properties. This lemma is a generalization of
[DD14, Proposition 3.6] and the proof is very similar.
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Lemma 6.2.2. Let K/Q be a number field with s real embeddings o1, ...,05
and t conjugated pairs of complex embeddings, where we list one of each pair as
Os41,---,0s+t- For any c € N, there exists an algebraic unit & € K such that
foranyey,...,esyt € N with e; + ...+ esq < ¢ it holds that

01 (§) - s (E) [ =1

(! (6.2)

2@1:...:265265+1:...:€S+t

Proof. Let | : U — R*Tt be the map as defined in (6.1) for the number field
K. From Dirichlet’s Unit Theorem, we know that [(Ux) is a cocompact lattice
in the vector subspace Wy, C R*Tt. For any e = (eq,...,es1¢) € N5t define

the hyperplane
s+t

He e iQeixi + Z e;r; = 0
=1

1=s+1

in R***. Then define the collection of hyperplanes

{m,

Note that H is finite and that for any H € H we have that H # Wy, and
thus that H N Wy, is a s +t — 2 dimensional vector subspace of W+. Since a
cocompact lattice in a real vector space can never be contained in a finite union
of proper vector subspaces, it follows that there exists a & € Uk such that

UE) € W \ ( U H)

HeH

7

e € Not+t, th e; < cand
—(2e1 =... =265 =€541 = ... = €54t)

As one can check, ¢ satisfies the required property. O

Remark 6.2.3. Note that in the above lemma, if s +¢ > 2 and ¢ > 1, then
the algebraic unit £ will also satisfy |£| # 1.

6.3 Constructing Anosov rational forms

Let L/K be a Galois extension and h a K-form of g, a Lie algebra over L.
The following Lemma tells us when an automorphism of g restricts to an
automorphism of h. We use the same notation as introduced in section 5.4. In
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particular, recall that for a Galois extension L/K, a Lie algebra g over K and
any cocycle p: Gal(L/K) — Aut(g’), we have a K-form of g* defined by

g, ={vegh|VoeGal(L/K): p,(“v) =v}.

Lemma 6.3.1. Let L/K be a Galois extension, g a finite dimensional Lie
algebra over K, p: Gal(L/K) — Aut(g”) a cocycle and g, C g~ the associated
K-form. For any automorphism f € Aut(g”) it holds that

flgp) =9, & VoeGallL/K): fpo=ps°f.

Proof. Note that the condition f(g,) = g, is equivalent to the condition f(g,) C
gp, since f is also a K-linear map and thus preserves the dimension of g, as a
K-vector space. We then see that f(g,) C g, if and only if for all v € g, and
o € Gal(L/K) it holds that

A (po 7 1)(°v) = f(v)
& (o 7 F)(Tv) = f(ps (7))
& (po 7 ) ("v) = (fps) (7).

Since this must hold for all v € g, and g, contains a basis for g’ it follows that
this is equivalent with p, 7 f = fp, for all o € Gal(L/K), which concludes the
proof. O

Corollary 6.3.2. Let K/Q be a Galois extension, n a finite dimensional
nilpotent rational Lie algebra, p : Gal(K/Q) — Aut(n®) a cocycle and n, C n¥
the associated rational form. Then n, is Anosov if and only if there exists an
Anosov automorphism f € Aut(n®) such that Vo € Gal(L/K) : fp, = ps° f.

If we apply this corollary to the cocycles as described in Remark 5.4.4 for finite
degree Galois extensions, then we obtain the following corollary, which is exactly
the main result of [Derl6al.

Corollary 6.3.3. Let K/Q be a finite degree Galois extension, n a finite
dimensional nilpotent rational Lie algebra, p : Gal(K/Q) — Aut(n) a group
morphism and n, C n the associated rational form. Then n, is Anosov

if and only if there exists an Anosov automorphism f € Aut(n’) such that
Vo € Gal(L/K): fps=ps°f.
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Let us illustrate how this corollary in combination with Lemma 6.2.2 can be
used to prove a result like Theorem 6.1.11.

Alternative proof of Theorem 6.1.11. Let n be a rational Lie algebra which is
positively graded and write this grading asn =n; @ ... ®ng. Let us take n > 2
copies of the Lie algebra n and write them as m; = n for ¢ € {1,...,n}. We thus
also get for any i € {1,...,n} the positive grading m; = m;; @ ... ® my;, with
m;; = n;. Let m be the direct sum Lie algebra m =m; @ ... ® m,, in which we
can represent an element as a tuple (Xi,...,X,) with X; € m;. Let K/Q be a
real Galois extension with Galois group isomorphic to Z/nZ which exists by
Lemma 5.6.7. Let 0 € Gal(K/Q) be a generator for this Galois group. Define a
group morphism p : Gal(K/Q) — Aut(m) by

o (X1, ., Xn) = (Xn, X1, ., Xn1)
for any X; € m,.
Next, for any matrix A = (a;;) € K™**, define the linear self-map f4 on m* by
fa(X)=ay;X if X emy.

For such a map, we have that “ f4 = fp with B = (b;;) satisfying b;; = o(a;;).
On the other hand we also have that p; ! fap, = fp with B = (b;;) satisfying
bij = ait+1, where we reduce the first index modulo n. Using Lemma 6.2.2,
there exists an algebraic unit £ in K such that

(@) | #1

for any i € {1,...,n} and j € {1,...,k}. Note that we used that n > 2. Let us
now fix A = (a;;) with
1o\
Q5 = (Ul l(f)) X

and consider the invertible linear map f4 on m*. By the discussion above, it is
not hard to check that p, ! fapy ="fa for all n € Gal(K/Q). Thus fa restricts
to an invertible linear map on the rational form m, C m’. Since every m; is
positively graded, it follows from the way that f4 is defined, that f4 restricts
to a Lie algebra automorphism on every m; and thus that f4 is a Lie algebra
automorphism on m. At last, note that all eigenvalues of f4 are algebraic units
of absolute value different from one (by the choice of ) and thus that f4 is an
Anosov automorphism on m,. We conclude that m’ has an Anosov rational
form m,. O

In the specific case of the rational forms of the partially commutative Lie
algebras (see section 5.6.2), we can formulate Lemma 6.3.1 as follows.
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Lemma 6.3.4. Let L/K be a Galois extension and G = (V, E) a graph. Let
p : Gal(L/K) — Aut(G) be a continuous group morphism and nX(p,c) C
nL(G, c) the associated K-form. Then for any f € Aut(nl(G,c)) we have that
F(%(p,¢)) = n"(p, ) if and only if

i(p5 ") filpo) ="f
for all o € Gal(L/K).

6.4 Indecomposable factors of Anosov Lie algebras

This section is based on section 4 of [DW23b].

Every Lie algebra has an essentially unique decomposition into indecomposable
factors. In this section, we relate the existence of an Anosov automorphism
on the whole Lie algebra to the existence of an Anosov automorphism on its
indecomposable factors, and do the same for the existence of a positive grading.
This corresponds to studying the existence of Anosov diffeomorphisms and
expanding maps on products of nilmanifolds. The special case of abelian factors
and Anosov automorphisms was considered in [LWO08]. In particular, the results
of this section will be used in the next section to construct families of Anosov
Lie algebras with no expanding maps in every dimension > 14.

Recall from Definition 5.6.16 that a Lie algebra g is called indecomposable if it
is not equal to the direct sum of two non-trivial ideals. Since we only consider
finite-dimensional Lie algebras in this section, every Lie algebra g has a vector
space decomposition g = g1 ®. . .B gk, with each g; a non-trivial indecomposable
ideal. In this case we call g; a factor of g. By the work in [FGH13], it follows
that up to reordering, the isomorphism type of the factors is unique. Note that
being indecomposable is not preserved under extending the scalars to a bigger
field (see section 5.6.5).

The first step we need is a description of the automorphisms on a direct sum
of indecomposable Lie algebras. The following result was proven in [FGH13,
Theorem 3.4] for real Lie algebras, but the proof also works for any field of
characteristic zero.

Theorem 6.4.1. Let g be a Lie algebra over a field of characteristic zero with
a decomposition g = g1 D ... D gr into indecomposable factors. An invertible
linear map ¢ : g — g is an automorphism of g if and only if it has the form
0 +n, where 8 is an automorphism of g which maps each g; to itself or to an
isomorphic summand g;, and where 1 is a linear endomorphism of g such that

n(g) € Z(g) and n([g,9]) = {0}.
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To prove the main theorems, we will apply this result to an Anosov automorphism
or an expanding automorphism. Since the properties we consider are invariant
under taking non-zero powers, the following lemma will be useful.

Lemma 6.4.2. Let g be a Lie algebra over a field of characteristic zero
with a decomposition ¢ = g1 @ ... ® gr into indecomposable factors and ¢
an automorphism of g. There exists an integer | > 0 such that ¢! has a
decomposition ¢! = 0 + 7} satisfying the properties of Theorem 6.4.1 and with
0(gi) = gi for allie {1,...,k}.

Proof. Given the decomposition ¢ = 6 + 7 from Theorem 6.4.1, we give a
decomposition for the map ¢™. Let us first define for all positive integers m > 0
the linear maps n,, = ¢ — 6.

We start by proving inductively that n,,(g) C Z(g) and 1, ([g,g]) = {0} for
any m > 0. For m = 1 we have 77 = 1 and thus by the assumption it holds
that 171(g) € Z(g) and 171([g,g]) = {0}. Now assume that ,,(g) C Z(g) and
Mm ([, 9]) = {0} for a fixed m > 0. We can rewrite 1,41 as

N1 = @7 = 0™ = (0 +1)¢™ — 00™ = Oy, + o™,

Since 0 and ¢™ are automorphisms, they preserve both the center Z(g) and the
derived algebra [g, g]. This fact together with the induction hypothesis clearly

gives nm11(g) C Z(g) and mm+1([g, 6]) = {0}-

Write S, = Perm({1,...,k}) for the symmetric group on the set {1,...,k}.
Note that the automorphism 6 induces a permutation o € Sy such that 6(g;) =
go(i) for all 1 < i < k. Let [ be the order of this permutation o. It follows that
0'(g;) = g; for all 1 < i < k. If we set § = 6" and 7j = n;, we get the desired
decomposition ¢! = 0! + (¢! — 0') = 6 + 7. O

Note that if an indecomposable Lie algebra is abelian, it has dimension < 1. if
g=019... P gx is a decomposition of a Lie algebra g into indecomposable
factors, then up to reordering the summands, there is an 1 < m < k (which
is equal to m(g) from the previous section) such that a = g1 @ ... B g, is a
maximal abelian factor of g. Thus we get the decomposition

g=aDgn+1D... D gk.

As we will show below, one needs to make this distinction between abelian
indecomposable factors and non-abelian indecomposable factors.

The following lemma (who’s proof follows the idea from [LWO08]) helps us study
automorphisms with respect to maximal abelian factors.
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Lemma 6.4.3. Let g be a Lie algebra with a decomposition g = a @ bh where
a is a mazimal abelian factor and by is a Lie ideal. Then for any semi-simple
automorphism ¢ € Aut(g) there exists an automorphism ¢ € Aut(g) such that

(™) (a) = a and (ppp~")(h) = b.

Proof. Let us write b = Z(g) N [g,g]. Since ¢ is an automorphism, it must
preserve the center and the derived algebra and therefore also b. Using that ¢
is semi-simple, there exists a complementary subspace @ to b in Z(g) for which
¢(a) = a. Clearly a is a maximal abelian factor of g. Since m(h) = 0, it follows
that @Nbh = {0} and thus that g = @ & §. Note that a & [g, g] is ¢-invariant.
Using again that ¢ is semi-simple, we get a subspace ¢ with ¢(¢) = ¢ and a
vector space decomposition

=h

An easy check shows that the subspace b is an ideal of g. We now clearly get
the isomorphisms of Lie algebras @ ~ a and h ~ (a® h)/da ~ (@® h)/a~bh. By
applying these isomorphisms component-wise we get a map ¢ : a® h—adh
which is the automorphism on g that we want. O

Now we are ready to prove the main theorems of this section.

Theorem 6.4.4. Let g be a Lie algebra with decomposition
g=aDg1P...Dgk

into non-abelian indecomposable ideals g; and an abelian ideal a. Then for any
automorphism ¢ € Aut(g) there exists an integer | > 0 and an automorphism
¢ € Aut(g) which has the same characteristic polynomial as ' and such that

o(a) =a and ¢(g;) = g; for alli € {1,...,k}.

Proof. By Lemma 6.1.2, the semi-simple part of ¢ is also an automorphism of
g. It has the same characteristic polynomial as ¢ and thus we can just assume
that ¢ is semi-simple.

Write h = g1 @ ... D gk. It is clear that a is a maximal abelian factor of g. From
Lemma 6.4.3 we get an automorphism ¢ € Aut(g) such that (ppp~1)(a) = a and
(ppe~1)(h) = b. Therefore, we get the well-defined restrictions ¢1 := (ppe~1)|q
and ¢9 := (pdp~1)|y. Lemma 6.4.2 then gives us an integer [ > 0 such that
@5 = O+n with # an automorphism on b such that 6(g;) = g; forall 1 <4 < k and
7 a linear endomorphism on b such that n(h) C Z(h) and n([h, h]) = {0}. Since
a is a maximal abelian factor of g we must have m(h) = 0. As a consequence
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Z(h) C [b, h] and the map n now also satisfies n(h) C [h,h]. Write £ for some
complement of [h, h] in b, the matrix representation of the maps 6 and n with
respect to the direct sum h = [h, h] & € takes the form

(011 b2 (0 mo
0(0 02)> "7 \0 o)
From this it follows that 6 has the same characteristic polynomial as #h. As a
consequence the automorphism ¢ defined by ¢|, = ¢! and @, = 0 has the same

characteristic polynomial as ¢' and preserves every factor of the decomposition
g=a® g ®...Dgr. This proves the theorem. O

Combining Theorem 6.4.4 with Lemma 6.1.4 gives us the result on the existence
of Anosov automorphisms on a direct sum of indecomposable factors.

Theorem 6.4.5. Let n be a rational nilpotent Lie algebra with a decomposition
n=adgD... DYk

into non-abelian indecomposable ideals g; and an abelian ideal a. The Lie algebra
n is Anosov if and only if dim(a) # 1 and g; is Anosov for alli € {1,..., k}.

Proof. By Lemma 6.1.5, we have that a is Anosov if and only if dim(a) # 1.
Let us write go = a.

If all Lie algebras g, - - . , gx are Anosov with Anosov automorphisms Ay, ..., A,
respectively, then the automorphism A on n defined by A|g, = A; is Anosov on
n (see Lemma 6.1.4).

Conversely, assume that n is Anosov with Anosov automorphism A. Let A be
the automorphism we get from Theorem 6.4.4. It is clear that A is also integer-
like hyperbolic and thus an Anosov automorphism on n with A(g;) = g; for all
0 <1 < k. Using Lemma 6.1.4 we get that fl|gi defines an Anosov automorphism
on g; for all 0 < ¢ < k. In particular we get that dim(a) = dim(gg) # 1. O

We can now state this result on the level of nilmanifolds by using the algebraic
characterization of the existence of Anosov diffeomorphisms on nilmanifolds
(see Theorem 3.4.21). First, we relate direct products of nilmanifolds to direct
products of rational nilpotent Lie algebras.

Lemma 6.4.6. Let M, My, My be nilmanifolds with associated rational nilpotent
Lie algebras n,ny,ny. If M is homeomorphic to the product My x My, then n is
isomorphic to the direct sum Lie algebra ny & ns.
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Proof. Let M =T\N, M; = T';\N; where I',T'; are cocompact lattices in the
simply connected nilpotent Lie groups N, N;. Since M is homeomorphic to
My x M, we get on the level of fundamental groups that I' is isomorphic to
the direct product I'y x I's. Then the same holds for their Mal’cev completions
I'? = 1Y%, Thus the associated rational nilpotent Lie algebras are isomorphic:
n=n; Eng. O

Corollary 6.4.7. Let M be a nilmanifold with rational Lie algebra without
non-trivial abelian factor. If M is homeomorphic to the product M; x My of
two nilmanifolds My, Ms, then M admits an Anosov diffeomorphism if and only
if both My and My admit an Anosov diffeomorphism.

Proof. Let n,ny,ny be the rational nilpotent Lie algebras associated to
M, My, Ms, respectively. Since, by Lemma 6.4.6 we have n = n; @ ny. Note that
ny can be decomposed into non-abelian indecomposable ideals ny = g1 ®... B gk
and the same for no = h; ... PH h;. By Theorem 6.4.4 it follows that all g;, b;
are Anosov and thus also n; and ny are Anosov. O

A similar result is obtained for expanding automorphisms.

Theorem 6.4.8. Let n be a nilpotent Lie algebra over a subfield of C with a
decomposition,
n=adgD...Dgk

into non-abelian indecomposable ideals g; and an abelian ideal a. The Lie
algebra n has a positive grading if and only if g; has a positive grading for all
ie{l,...,k}.

Proof. Let us write go = a. Note that, by Theorem 3.5.6, the existence
of a positive grading on n is equivalent to the existence of an expanding
automorphism on n and that an abelian Lie algebra always admits a positive
grading.

Assume that for all ¢ € {1,...,k}, the factor g; admits an expanding
automorphism ¢;. and let ¢g be an expanding automorphism on gg, which always
exists. The automorphism ¢ on n defined by ¢|y, = ¢; for all i € {0,...,k} is
an expanding automorphism on n.

Conversely, assume that n admits an expanding automorphism ¢. Theorem 6.4.4
gives us an integer [ > 0 and an automorphism ¢ with the same characteristic
polynomial as ¢! and such that ¢(g;) = g; for all i € {0,...,k}. It is clear that
each i)\gi is an expanding automorphism as well and thus that each g; has a
positive grading. O
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Similarly as with Anosov automorphisms, we can state this result on the level
of nilmanifolds as follows.

Corollary 6.4.9. If a nilmanifold M is homeomorphic to a product of two
nilmanifolds My, x My, then M admits an expanding map if and only if both
My and My admit an expanding map.

6.5 Anosov Lie algebras without a positive grading

The discussion throughout this section is partially based on [DW23b].

Something we can observe from the classification (over R) of Anosov Lie algebras
up to dimension 8 (see Theorem 6.1.10) is that they all have a positive grading.
Here we implicitly use a result proven in [Derl7], which states that g has a
positive grading if and only if g” has a positive grading for g a Lie algebra over
K and L/K a field extension of subfields of C. We can thus ask the following
question.

Question 6.5.1. Does every Anosov Lie algebra have a positive grading?

This was answered negatively in [Derl7], where an example of an Anosov Lie
algebra without positive grading was given. Unfortunately, this example is
not explicit and its dimension is unknown. This is due to the nature of the
construction, since the Lie algebra is constructed from a quotient of a free
nilpotent Lie algebra by an ideal defined from a generating set with specific
elements, making it hard to compute its dimension. This raises the following
question.

Question 6.5.2. What is the minimal dimension of an Anosov Lie algebra
with no positive grading?

In this section, we will answer this question. First, in section 6.5.1, we introduce
some notation and methodology that will be used. Second, in section 6.5.2,
we give a concrete family of examples of Anosov Lie algebras without positive
grading in dimension 12. Next, in section 6.5.3, we introduce the notion of rank
of an Anosov automorphism and Anosov automorphisms of full rank. At last,
in section 6.5.4, we use these notions to prove that 12 is the minimal dimension
for an Anosov Lie algebra without positive grading.
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6.5.1 Notation and methodology

Let n be a rational nilpotent Lie algebra. Assume that n is Anosov.
By Lemma 6.1.2, we can assume that there exists a semi-simple Anosov
automorphism A : n — n. As discussed in section 6.1, one can choose subspaces
n; C n such that A(n;) = n;,

n=n®...06n, and yn)=n;d...On,,

for all ¢ € {1,...,c}. Consequently, the type (n1,...,n.) satisfies dim(n;) = n,.
Let us write A; for the restriction of A to n; and write f, f1,..., f. for the
characteristic polynomials of A, Ay, ..., A., respectively. Note that f = fi-...-f,
and thus, by Lemma 6.1.3, all these polynomials have integer coeflicients and
constant term equal to +1.

Using the Lie algebra structure of n we can deduce relations among the
eigenvalues of A. In particular, the eigenvalues of A; are i-fold products
of the eigenvalues of A;.

Lemma 6.5.3. For alli € {1,...,c}, the eigenvalues of A; (or equivalently,
the roots of f;) are contained in the set

HO&j e7S C, fl(Oéj) =0

j=1

Proof. Recall that we write n® = n®gC and that A extends to an automorphism

of n® which is diagonalizable since it is semi-simple. Since the subspaces n? are

invariant under A, a basis of eigenvectors for A can be chosen such that each
eigenvector lies in a single nt.

Fix any i € {1,...,c}. Note that the multilinear map
¢ H T = %(n%) /i (n%)
j=1
defined by the assignment
(Xl, ceey X,L) — [ . [[[)(17)(2]7)(3]7 .. .], Xz]

is surjective. Note that A also induces a linear map A; on v;(n®) /i1 (n®) and
that it is conjugated to A; under the natural identification nS = ~;(n%) /01 (n°).
In particular, A; and A; have the same eigenvalues. Let B = {Y7,...,Y;} be a
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basis of eigenvectors for A; in n{ with k = dim(nT). From surjectivity of ¢, it
follows that the set ‘
C={o(Y)|Y € B}

spans 7;(n%) /7i41(n%). Moreover, one can check that by Lemma 4.6.13, all
elements in C' are eigenvectors for A; and the eigenvalues are contained in the
set

HOéj o € C, fl(Oéj) =0

j=1

By thinning out the set C' to a basis for v;(n%)/v,41(n%), the claim follows. O

Following this lemma, we thus have for the splitting fields of the characteristic
polynomials

Q(fi) CcQ(f) = Q(f1)

where every field is viewed as a subfield of C. Moreover, Q(f1)/Q(f;) is a Galois
extension and thus the Galois group of Q(f1) acts on Q(f;) by restriction. In
particular, the Galois group of Q(f1) acts on the eigenvalues of each A;. It is
this action that can often be used to find obstructions to the existence of an
Anosov automorphism and this will be exploited in the proof in section 6.5.4.
In what follows, we introduce some notation regarding this action.

Galois groups acting on roots. In general, if g is a polynomial over Q and
K/Q(g) is a Galois extension, then Gal(K/Q) acts on Q(g) by restriction.
Moreover, for any root « of g and automorphism o € Gal(K/Q), the element
o(a) is again a root of g. This gives an action of Gal(K/Q) on the set of roots
of g. In particular, if g is irreducible of degree n all its roots aq,...,«, are
distinct and the action of the Galois group is transitive, i.e. for any two roots
o, o, there exists an automorphism o € Gal(K/Q) such that o(o;) = «;.
Write S, = Perm({1,...,n}) for the symmetric group on the set {1,...,n}.
The action of Gal(K/Q) on the roots is determined by the morphism

tg: Gal(K/Q) = Sy, : 0 — 14(0)

with
Ly(0)(i) = j & o) = oy

Note that ¢4, depends on the chosen ordering of the roots of g. In general g
is not irreducible, but it can be written as a product of its irreducible factors
over Q, say g =g1 - ... gm with deg(g;) = r;. For each factor g; we have that
Q(g:) € Q(g). Note that since 7 =11 + ... + 7py,, we get the natural inclusion
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Sr, B ...8 Sy, — Sr. After ordering the roots of each polynomial g;, this gives

a map
tg1 D Blgpy,
_—

v Gal(Q(9)/Q)

This map is injective as a field automorphism of Q(g) is completely determined by
its restriction to the roots of g. In this section (section 6.5) we will, after ordering
of the roots, omit the ‘©” and just write o for both the field automorphism and
the corresponding permutation in S,., as there is no confusion possible. We
will write elements of .S, with standard cycle notation, i.e. if ¢ = (aj as ... as),
then o(a1) = ag, o(ag) = as, ... ,0(as) = a1 and o fixes all other elements.

Sy D... DS, — Sy

It is natural to apply the orbit-stabilizer theorem to the action of the Galois
group on the roots.

Theorem 6.5.4 (Orbit-stabilizer). Let G be a group which has an action on a
set X. For any x € X, we have that

| Orbg ()| - | Staba(a)| = |G-

where Orbg(x) = {g-x | g € G} is the orbit of x under the action of G and
Stabg(z) = {g € G | g- x = x} is the stabilizer subgroup of x in G.

A consequence that we will use often is stated below.

Lemma 6.5.5. Let f be an irreducible polynomial over Q of prime degree p
with splitting field E over Q. There exists an element o € Gal(E, Q) of order p
and an ordering of the roots such that o = (12 ... p).

Proof. Since f is irreducible, the action of G := Gal(E, Q) on the roots of f
is transitive. Therefore we get for any root o of f that | Orbg(a)| = p. The
orbit-stabilizer thus tells us that p divides the order of G. Following Cauchy’s
theorem there must exist an element ¢ € G of order p. Next we apply the
orbit-stabilizer theorem to the group generated by o, which we denote by (o).
This gives for any root « of f that | Orbgy(a)| - [ Stab(s) ()| = p and thus that
| Orb sy ()| = 1 or | Orbgy ()| = p. If the orbit under o of any root (and hence
every root) is equal to one, then o is the identity map which is a contradiction
because it is of order p. Therefore there exists a root 8 of which the orbit under
(o) counts p elements and thus contains all roots of f. Then define a; := o(3)
for 1 < i < p. It follows that with this ordering of the roots, o is equal to the
permutation (12 ... p). O
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6.5.2 Example in minimal dimension

In this section we exhibit a family of 12-dimensional Anosov Lie algebras
that do not have a positive grading. The family consists of rational nilpotent
Lie algebras my, for k > 0 of type (4,2,2,2,2) with mj and m; isomorphic if
and only if % = m? for some integer m € Z. In order to show that the Lie
algebras are Anosov, we construct these from Corollary 6.3.3 by using a fixed
rational nilpotent Lie algebra n and different field extensions K of Q. To check
that the Lie algebras do not have a positive grading we apply the methods of
[Derl7], whereas the isomorphisms between the Lie algebras my, follow from a
classification given in [Lau08]. In section 6.5.4 we show that 12 is indeed the
minimal dimension for such an example.

The rational Lie algebra n is defined as the vector space over Q with basis
{X1, X2, X3, X4, Y1, Y2, Z1, Z5, V1, Vo, W1, Wa}
and Lie bracket given by the relations
(X1, X3] =Y, (X1, 1] =21 [X1,Z1] =W (X3, V1] =Wy

(X2, X4] = Y2 [(Xo,Yo] =2y [Xo,Z5]=Va  [Xy, Vo] =W,

[Z1,Y1] =W (X1, X4] =W
[Z2,Y2] = Ws [Xo, X3] = Wa.

The last two brackets ensure that n is not isomorphic to the direct sum of two
filiform Lie algebras, where a filiform Lie algebra is a nilpotent Lie algebra of
nilpotency class ¢ > 1 and dimension c+1, being the smallest possible dimension
of such a Lie algebra.

In order to apply Corollary 6.3.3, we take K the field Q(v/k) C R where k is a
positive integer which is not a square. This is a quadratic extension of QQ and
its Galois group is given by Gal(K,Q) = {Id, o} with o(a + 0Vk) = a — bWk
for all a,b € Q. Let £ € K be any algebraic unit with minimal polynomial
of degree 2, which exists by Dirichlet’s unit theorem (Theorem 6.2.1). It has
only one conjugate which is also its inverse £~ = o(£), moreover it holds that
|€] # 1 # [€7Y. We define the linear map A : n®€ — n® and the representation



158 ANOSOV LIE ALGEBRAS

p:{1l,0} — Aut(n) by

B5

and

o C
Po = C
C
c

with respect to the basis {X1, X, X3, X4, Y1,Y2, Z1, Z5, Vi, Vo, W1, W5} and

where e 0 01
- 8) o)

One can check that A and p, are automorphisms of the Lie algebras n’* and n,
respectively. Since

CBC = (’5(_)1 2) - (“Ef) 0(50_1)) —°B

it follows that p, Ap,-1 = 7 A. Therefore the hypothesis of Corollary 6.3.3 is
satisfied and A induces an Anosov automorphism on the rational form

my, ==n, C n’*

We give my, the subscript k since its structure depends on the choice of field

extension K = Q(Vk).

To see that the Lie algebra n has no positive grading, or equivalently it
has no expanding automorphism, we use [Derl7, Theorem 4.4.]. Assume
by contradiction that there would be an expanding automorphism, then this
result implies that there exists an expanding automorphism ¢ € Aut(n) which
commutes with the map A above. Since all the eigenvalues of A are distinct,
this implies the expanding automorphism is diagonal in the basis Xi,..., Wa,
in particular we have ¢(X;) = o; X; with a; > 1 for 1 <7 < 4. The relations
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on n imply that
(Y1) = arazYy, o(Z1) = ajasZ,
p(Yo) = asanYa,  ¢(Za) = aj0uZs,
(V1) = afasVi,  o(Wi) = ajazWi,

e(V2) = adasVa, (W) = a3aiWa.

The last relations moreover imply that ajay = afa3 and azasz = ajai.
Combining these equations, we get that ay = (a1a3)? = a?ajaj or thus

1 = a?aja} which is a contradiction since ¢ is expanding.

By using the explicit form of the rational Lie algebra my, it is possible to
compute the bracket relations. We first need a basis for which we can take

X=X+ X, Yi=Y1+Y, Vi=Vi+Vs

Xy = VE(X1 — X») Y2 = V(Y1 - Y2) Vo = VE(Wh = 1)
X3 = X3+ X4 Zy =71+ Zs Wi =W; + W,
Xy = VE(X3 — X4) Zo =Vk(Zy — Z») Wa = VE(W, — Wa).

For example we have

Po (072> = Po (_\/E(Xl - X2))
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which shows that indeed X lies in the rational form my = n,. As one can now
calculate, the Lie bracket on my is given by the relations

(X1, Xs] =Y1+ Wy (X111 =21 (X1,21) =Wy
(X2, X4 = k(Y1 — Wh) (X2, Ya| = kZ1 (X2, 2] = kV1
(X1, Xa] =Y2 =W, [X1,Y2] =2 (X1, 2] = V2
(X2, Xs] =Y2 + W2 [X2,Y1] = 22 (X2, 2] = V2
(X5, V1] = W1 (21, 1] = W1

(X4, V2] = kW Z2,Ya] = kW

(X5, V2] = W2 (21, V2] = W2

(X, V] =W2 [Z2,Y1] = W

Clearly we have that mk/[mk, [my, my]] is a rational Lie algebra of type (4,2). In
[Lau08] a complete list of rational Lie algebras of type (4,2) up to isomorphism
is given. From this it follows that if &/l is not the square of an integer, then
the rational Lie algebras mg and m(l@ are not isomorphic. On the other hand, if
k = Im? for some integer m € Z, then the fields Q(vk) = Q(v/1) are equal and
hence the Lie algebras my = m; by the construction above.

We conclude that the Lie algebras my have the claimed properties which proves
the following theorem.

Theorem 6.5.6. There exists a family of Anosov Lie algebras of dimension 12
with no positive grading.

From the above example, we can construct other families for most dimensions
by using the results of section 6.4.

Corollary 6.5.7. For every dimension n > 14, there exist a family of Anosov
Lie algebras of dimension n with no positive grading.

Proof. This follows immediately by considering the Lie algebra m@ @ Q"~12,
which satisfies the hypotheses by Theorem 6.4.5 and 6.4.8. O

Note that these examples are decomposable, contrary to the example in
dimension 12. This raises the following question.
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Question 6.5.8. Does there exist for any n > 14 an indecomposable Anosov
Lie algebra of dimension n with no positive grading?

As another consequence of the results of section 6.4, an example of minimal
dimension must be indecomposable, reducing the possibilities to check in the
proof of minimality in section 6.5.4.

6.5.3 Rank of an Anosov automorphism

By definition, the eigenvalues of an Anosov automorphism are algebraic units,
with certain relations induced by the fact that they are eigenvalues of an
automorphisms of the Lie algebra. Therefore it is important to study the
multiplicative group generated by these eigenvalues. We define the rank of an
Anosov automorphism as the rank of this abelian group, i.e. the maximal number
of Z-independent elements. Using the rank will prove useful for constructing
positive gradings on Lie algebras. We start by introducing some terminology,
partially coming from [Pay09].

Let us call a monic polynomial f € Z[X] an Anosov polynomial if it has
only roots of absolute value different from 1 and constant term equal to +1.
The Anosov polynomials are exactly the characteristic polynomials of Anosov
automorphisms. Note that there are no Anosov polynomials of degree one and
that by Lemma 6.1.3 the irreducible factors of an Anosov polynomial over Q
are Anosov as well. Let us fix an Anosov polynomial f of degree k with roots
i, ...,a. We define the rank of f to be the rank of the abelian multiplicative
group generated by the roots aq,...,ax. This group can also be seen as the
image of the following map

bp TF = K* i (21, 2) Gt Al (6.3)

where K is the splitting field of f over Q. As a consequence the rank of f can
be expressed as k — rank(ker ¢ ) and thus lies between 0 and k.

Since we assumed the constant term of f to be £1, the product of all its roots
is equal to +1. This implies that Z(2,...,2) € ker ¢y and thus that the rank of
an Anosov polynomial f is at most kK — 1. When there is equality, we say that
f satisfies the full rank condition or that its roots have full rank. Note that
every polynomial that satisfies the full rank condition must be irreducible. This
notion was first introduced in [Pay09]. Combining [Pay09, Proposition 3.6.(2)]
with Lemma 6.5.5 we obtain the following result.

Proposition 6.5.9. Let f be an irreducible Anosov polynomial of prime degree,
then the roots of f satisfy the full rank condition.
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Note that there is also a lower bound on the rank of f, namely it has to be
at least 1. If the rank of f would be 0, then the group generated by the roots
would be finite which implies that each «; is a root of unity. This contradicts
the fact that their absolute value has to be different from 1.

We can naturally extend the notion of rank to Anosov automorphisms by using
their characteristic polynomial.

Definition 6.5.10. Let A be an Anosov automorphism on a rational Lie algebra
n. We define the rank of A to be the rank of the multiplicative group generated
by its eigenvalues.

Note that the rank of an Anosov automorphism does not change when taking the
semi-simple part. Let A be a semi-simple Anosov automorphism on a rational
Lie algebra n with characteristic polynomial f. Let n = n; & ... ® n, be the
decomposition as introduced in section 6.5.1, together with the restrictions A;
and characteristic polynomials f;. Write (ny,...,n.) for the type of n. Since
Q(f) = Q(f1), the rank of A is actually equal to the rank of f;. For the Anosov
automorphism A we will write ¢4 := ¢y, as defined by equation (6.3). The
Anosov automorphism A is said to be of full rank if f; satisfies the full rank
condition.

Lemma 6.5.11. The rank of A is equal to the rank of A* for every k > 0.

Proof. Consider the two morphisms ¢4 : Z™ — K and ¢4x : Z™ — K’ as
defined above where K and K’ are the splitting fields of the characteristic
polynomials of A and A*, respectively. It is clear that K’ C K since the
eigenvalues of A¥ are k-powers of the eigenvalues of A. Let 6, be the morphism
from Z™ to itself given by multiplication by k, then we have ¢ x = ¢4 o 0.
Since 6y, is an injective morphism, it preserves Z-linear independence. Therefore
it follows that rank(ker ¢ 4») < rank(ker ¢4). On the other hand we also have
that ker ¢4 C ker ¢ 4+ which implies that rank(ker ¢ 4) = rank(ker ¢ 4+). We
conclude that the rank of an Anosov automorphism is invariant under taking
NON-Zero powers. O

During the remainder of Section 6.5, we will often take powers of Anosov
automorphisms to achieve stronger assumptions. For example, we will from
now on always assume that the constant term of f; is equal to 1, by squaring
A if necessary.

Consider the following morphism between abelian groups

n
V2™ =L (21, 20,) HZzi.
i=1
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For any Anosov automorphism A, the image of ker ¢4 under this map is a
subgroup of Z. Therefore there exists a unique positive integer d4 such that
Y(kerpa) = da - Z. In the special case where A has full rank, d4 equals ny.
The following theorem gives a restriction on the Lie algebra structure using this
integer d4.

Proposition 6.5.12. Let A be an Anosov automorphism on the rational
nilpotent Lie algebra n with corresponding decomposition n = ny @ ... D n..
Then for all 1 <i,j < ¢, we have that

[ni,ny] C @“iﬂ'—&-k-dA
keN

where we set n; =0 if i > c. As a consequence we have that if ¢ < da + 1, the
Lie algebra n is positively graded.

Proof. Let A : 1% — n@ be a semi-simple Anosov automorphism for which

A(n;) = n;. We denote the splitting field of the characteristic polynomial of

A1 by K and the roots by aq,...,« Then A has a basis of eigenvectors in

n¥ = K ®n and since the bubbpaceb nX .= K ®n; are invariant under A, it

follows that we can choose a basis of elgenvectors that respects the direct sum
K _ K

K =nfg. onl

Now take any two of these eigenvectors X, Y with X € nk and Y € nl If their
bracket [X,Y] is non-zero, it is again an eigenvector of A. Define 7 as the set of
all integers m with 1 < m < ¢ such that the eigenvalue of [X, Y] is an eigenvalue
of A,,. Now take an m € Z. Since the eigenvalues of A; are i-fold products

, . o
of the «;’s, there exist non-negative integers e1,...,en,, f1,- -5 fris g1, -+ Gny
ni ni ni

with Z e; =k, Zfz = and Zgi = m such that the eigenvalues of X,Y
i=1 i=1 i=1

ni
and [X,Y] are given by H ay’ H af “ and H o, respectively. Since A is an

=1 1=1
automorphism of n, we must have that the product of the eigenvalues of X and

Y is equal to the eigenvalue of [X,Y]. This implies that

ni ni ni ni

e; fil _ gi eit+fi—gi _
IC NI COES I A | S}
i=1 i=1 i=1 i=1

As a consequence (e14+ f1—g1,.-»€ny + fn; —9gny) € ker ¢4 and so we know that

its image under v is a multiple of d 4. This gives that m = k+1+41r-d 4 for some

r € Z. Since m was chosen arbitrarily in Z, we know that Z C {k+1+r-da4 |

r € Z}. Therefore we must have that [X, Y] lies in the direct sum @ AT N
reZ
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where we set nX =0 fori < 1ori > c As the eigenvectors X € nf and

Y € nf* were arbitrary, it follows that [nk ,nl @“kﬂw 44+ From this we
rez
get that the same holds for the rational spaces n; and because [ng, n;] C y4i(n),

the direct sum only needs to run over non-negative integers r. This gives

[k, 1) € €D Mhtigrda- (6.4)
reN

Now, if we assume in addition that ¢ < d4 + 1, then we have for any 1 < k,l < ¢
that ng4i4pq, = 0 for r > 0. Therefore Equation (6.4) becomes [ng, n;] C 14y
which shows that in this case n =n; & ... ® n, is a positive grading for n. [

Using tools of Galois theory, we find more information about the rank of an
Anosov automorphism. After ordering the roots of an irreducible polynomial of
degree n, the Galois group of its splitting field K can be seen as a subgroup of
Sy as explained in Section 6.5.1. For any finite set X we write Perm(X) for the
permutation group on X. It is clear that if X C {1,...,n} there is a natural
inclusion of Perm(X) in S,, by extending a permutation of X by the identity
on the complement. The following lemma from [Pay09, Lemma 3.7.] gives more
information about the subgroup of Gal(K/Q) that fixes a certain element of K.
We recall the proof for completeness.

Lemma 6.5.13. Let f be an irreducible Anosov polynomial which satisfies the
full rank condition. Let K denote the splitting field of f and aq,...,a, its

roots. Consider an element 8 = aS' - ... atr with e; € N and a corresponding
equivalence relation ~ on I :={1,...,n} defined by i~ j < e; =e;. Then we
have
Aut(K,Q(s @ Perm(|
lijel/~

As a consequence if B # £1, Aut(K/Q(B)) does not act transitively on the roots
Ay, Qp.

Proof. Take any o € Aut(K/Q(5)), so o fixes  and we have

olaf*-...-apr)=af' ..o
.o — %t . .ot
= aglyy-ecagt,y =ait .o

Co—l)y ™t Co—1(n)~n

= o c .. Qi =1.
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Since the «; have full rank, this implies that
6071(1) — €1 =...= 60.—1(n) — €n. (65)

Then let (i1 --- i) be any of the disjoint cycles of o seen as an element of S,,.
Then it follows from equation (6.5) that e;; = ... =e;,. So i1,...,ix € [i1] and
as a consequence (i1 - - -ix) € Perm([i1]). We thus see that o is a composition
of elements which each lie in some Perm([¢]) and thus this proves the claim.

For the last statement, we know that if Aut(K/Q(f5)) acts transitively, it must
hold that ¢ ~ j for all ¢ and j and thus that e; = e; for all ¢ and j. In particular,
we have that 8 = (a; - ... )" = (£1)® = £1. O

We can now use this lemma to prove the following proposition from [Pay09,
Corollary 3.9.], which gives us more information about the type of an Anosov
Lie algebra.

Proposition 6.5.14. Let n be a rational nilpotent Lie algebra with ny prime
and A :n — n an Anosov automorphism of full rank. Then ny divides n; for
all 2 <i<e.

Proof. We can assume that A is semi-simple. Write f; for the characteristic
polynomial of A;. Since f; satisfies the full rank condition, it is irreducible as well.
By Lemma 6.5.5 there exists an ordering of the roots of f, say ai,as,...,an,
and an element o of order n; which corresponds to the permutation (12 ... n;)
on these roots. Each f; can be written as a product of its irreducible factors
fi=gi1-gi2- ... gik- Let M;; denote the set of roots of the polynomial g;;.
It is clear that Gal(K/Q) has an action on this set and that |M;;| = deg g;;.
Now take an element § € g;;. By Lemma 6.5.13 we know that o can not be
an element of Aut(K/Q(f)), meaning that o(5) # 5. The orbit of 8 under
the subgroup of Gal(K/Q) generated by o, written (o) must therefore count
at least two elements. Since o has prime order, the orbit stabilizer theorem
(Theorem 6.5.4) then tells us that this orbit counts exactly nq elements. This
proves that all the orbits under (o) in M;; count ny elements. Since these
orbits form a partition of M,;, this proves that n, divides |M;;| = degg;;. As a
consequence n1 | deg f; = n; for all 2 <i < ec. O

The final lemma shows that we can assume that the irreducible factors of Anosov
polynomials of rank 1 have degree 2 by taking a finite power.

Lemma 6.5.15. Let A be an Anosov automorphism of rank one. Up to taking
a power of A its characteristic polynomial is a product of Anosov polynomials
of degree 2.
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Proof. Let g be an irreducible factor of f. It follows that g is Anosov of rank 1
as well. Let aq,...,ax be the roots of g. Since they generate an abelian group
of rank 1, there exist non-zero integers e; such that

€1 __ €2 __

— H6n
A" =0y = ... =«

n °

Since g is irreducible, there exists for each index 2 < i < n a field automorphism
o; in the Galois group of f over Q such that o;(a1) = ;. This implies that
oi(a]’) = aj’ = a7'. Write s; for the order of o;, then it follows that

o) = g (alF) = o).

Since a; has absolute value different from 1 we must have that e]* = e;* and
thus that e; = +e;. Note that we can assume e; = 1 after taking the e;-th
power of A if necessary. This can be done for every irreducible factor of f since
there are only finitely many of them. As a consequence we get that the roots
of g all lie in the set {aq, afl}. This shows that the degree of g is 2 since it is
irreducible and thus must have distinct roots. We conclude that f is a product
of degree 2 Anosov polynomials. O

Example 6.5.16. To illustrate that it is necessary to consider A up to a power
in Lemma 6.5.15, consider the polynomial f(X) = X* — X2 — 1. This is an
irreducible Anosov polynomial with roots

\/1+\/5 \/1+\/5 VB 1B
2 2 2 B '

2

Alternatively, they can be listed as o, —a, ™!, —a~! for a =

consequence, we see that f has rank one, but f does not split as a product
of Anosov polynomials of degree 2 as it is irreducible. By squaring all the
roots (which corresponds to squaring the Anosov automorphism), we get the
collection of roots o, a, ™!, @' which are exactly the roots of the polynomial
(X2 - X —1)(X? - X —1). This polynomial is indeed a product of degree 2

Anosov polynomials.

V5 Ag g
0,

6.5.4 Proof of minimality

In this section, we use the notation and the results of the preceding sections
to prove that every nilpotent Anosov Lie algebra n of dimension strictly less
than 12 admits a positive grading. On the level of nilmanifolds, this implies
that a nilmanifold which admits an Anosov diffeomorphism but no expanding
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map must have dimension at least 12. Since an Anosov diffeomorphism on an
infra-nilmanifold lifts to one on the covering nilmanifold and the existence of
expanding maps on infra-nilmanifolds only depends on the covering nilpotent
Lie group (see Theorem 3.5.6), we find that this generalizes to infra-nilmanifolds
as well. At the end of this section we will thus have proved the following.

Theorem 6.5.17. Every infra-nilmanifold of dimension < 12 which admits an
Anosov diffeomorphism also admits an expanding map.

Using a result from [Mail2] and our results from section 6.4, we can immediately
prove the following consequence.

Corollary 6.5.18. FEvery infra-nilmanifold of dimension 13 which admits an
Anosov diffeomorphism also admits an expanding map.

Proof. As argued above it suffices to prove that every 13-dimensional Anosov
Lie algebra has a positive grading. Let n be a rational nilpotent Lie algebra
which is Anosov. If it has a non-trivial abelian factor, Theorem 6.1.9 gives a
decomposition into factors n = a & m with a abelian of dimension > 2 and m
Anosov. Therefore m is Anosov of dimension at most 11 and thus has a positive
grading by Theorem 6.5.17. Using Theorem 6.4.8 we find that n must have a
positive grading as well. If, on the other hand, n has no non-trivial abelian
factor, then [Mail2, Theorem 1] implies that n* is 2-step nilpotent and thus
positively graded. Using [Derl7, Theorem 3.1], we find that n has a positive
grading as well. This concludes the proof. O

The proof of Theorem 6.5.17 is divided into separate cases, depending on the
value of ny of the type (n1,...,n.) of the Lie algebra n. Since every 2-step
nilpotent Lie algebra is positively graded, we only need to check Lie algebras of
nilpotency class at least 3. Since by Theorem 6.1.7, we also know that n; > 3,
n; > 2 for all 2 <4 < ¢ and that dimn < 12, this leaves us only with the cases
n; = 3,4,5,6,7. We are only interested in constructing a positive grading on
the Lie algebras, therefore we do not have to determine the full Lie bracket on
the Lie algebra. As discussed in section 6.5.1, we can and will always assume
that our Anosov automorphism A : n — n is semi-simple with characteristic
polynomial f satisfying f(0) = 1. Furthermore, we always write n = ny &®...P5n,
for the associated decomposition, A; for the restriction to n; and f; for the
characteristic polynomial of A;. At last, we always let K denote the splitting
field of f (or equivalently of f7).
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Case n; =3

Since in this case, every Anosov automorphism is of full rank, we immediately
have the following result.

Proposition 6.5.19. Let n be a Anosov rational Lie algebra with ny = 3 and
dimn < 12, then n has a positive grading.

Proof. 1t is clear that f; is irreducible since linear factors give an eigenvalue
equal to +1. Therefore Proposition 6.5.9 implies that f; satisfies the full rank
condition. Using Proposition 6.5.14, we know that 3 | n; for all 2 <i < ¢ and
thus that dimn > 3 - ¢. By our assumption on the dimension of n we thus have
that ¢ < 4. At last we use Proposition 6.5.12 to conclude that n has a positive
grading. O

Case n; =4

For this case, we will make a distinction according to the rank of the Anosov
automorphism. This gives us more information about the eigenvalues by the
following proposition.

Proposition 6.5.20. Let n be a Anosov rational Lie algebra of type
(4,n2,...,nc) and let a1, as, as, ag be the eigenvalues of Ay. Then, up
to replacing A by some power of A and reordering the roots, we either have:

(i) A has full rank and dx =4,

(ii) A has rank 2, the eigenvalues satisfy c; = a;l, ag = 0421 and dpy =2 or

(iii) A has rank 1 and the eigenvalues satisfy ay = ay ', az = ag ', ok = of

with [, k non-zero integers which are coprime. If k+1 is even then dg = 2,
otherwise dqg = 1.

Proof. As per usual, let f; denote the characteristic polynomial of A;. If A has
full rank, then it is clear that d4 = 4 since ker¢pa =7Z- (1,1,1,1).

If A has rank 2, we get that rank(ker ¢4) = 2. We first consider the case when f;
is reducible. Under this assumption, f; factors into two irreducible polynomials
of degree 2 since it does not have linear factors and thus a; = a5 ' and a3 = aj '
Now consider the case when f; is irreducible. Since rank(ker¢4) = 2, there
exists an element (21, 29, 23, 24) € ker ¢4 linearly independent from (1,1,1,1).
This implies that not all z; are equal. Up to some permutation of the indices

and possibly adding an integer multiple of (1,1,1,1), we may also assume that
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z1 > 29 > z3 > z4 = 0. Since f; is irreducible, there exists an element ¢ in its
Galois group such that o(asz) = ay. It follows that (251, 2o(2), 0, 25(a)) is also
an element of ker ¢ 4. Since rank(ker ¢4) = 2, there exist integers r, s, ¢ such
that

T(Za(l), 25 (2)> 0720(4)) = 8(17 ]-7 1; 1) + t(Zl,Zz, 23, 0)

Note that this implies that either Zo(1) 2 Zo(2) = 0> Zg(4) OF Zg(1) < Zo(2) <
0 < z5(4), depending on the sign of the integer r - t. But since we also had
z; > 0 for all 4, this gives that at least two of the z; are zero. This shows that
there is, again up to permutation of the indices, an element in the kernel of the
form (u,—v,0,0) with u > 0,v < 0 integers and therefore o} = of. Since f;
was assumed to be irreducible, there is an element 7 in the Galois group of f;
such that 7(a1) = ag. Therefore we get that 7(a}) = 7(a1)? = af = af. Let
|7] denote the order of 7. We get that

e Il Il

af " =7 a7 = af
Since |ag| # 1 this implies that v = —v and thus that o} = a;*. We can
then assume that u = 1 after taking the u-th power of the automorphism A if
necessary. So in both the reducible as the irreducible case, we get that a; = a5 1
and az = a4_1, up to taking a power of A. Combined with the assumption
that rank(ker ¢ 4) = 2, this implies that ker ¢4 is generated by the elements
(1,1,0,0) and (0,0,1,1), showing that d4 = 2.

If A has rank 1, Lemma 6.5.15 tells us that, by taking a power of A if necessary,
we can assume that f; is the product of two Anosov polynomials of degree
2. This shows that up to changing the indices of the roots, a; = a2_1 and
a3 = aj'. Since A has rank 1, there must also be integers I’ and &’ such that
ok = ak. If m denotes the greatest common divisor of k" and I’ it is clear that
after taking the m-th power of A, the roots satisfy a; = agl, az = a;l and
o = ol with k = k’/m and | = I’/m coprime. Since rank(ker ¢4) = 3 it follows
that every element (z1,...,24) in ker ¢4 must satisfy lzq — lzg — kzg + kzq = 0.
This implies that {(z1 + 22 + 23 + 24) =21z + (k+ Dz + (I — k)zq4. H k41 is
even, then [ — k is even and [ is odd. As a consequence z1 + 2o + 23 + 24 is even
and dg = 2. If £+ [ is odd, then d4 can not be even since k41 € ds - Z. We

also have that 1(1,1,0,0) =2 € dy4 - Z and thus it follows that d4 = 1. O

This result tells us more about the possible Galois groups of an Anosov
polynomial f of degree 4. Let a, ..., a4 denote the roots of f. If f is reducible,
it factors as two irreducible Anosov polynomials of degree 2. Since the Galois
group can only permute the roots of each factor separately, we get that it is
either isomorphic to Zsy or to Zo & Zs. If f is irreducible, but does not satisfy
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the full rank condition, Proposition 6.5.20 tells us the relations of = oy k and

af = ogk must hold for some integer k > 0. If the Galois group of f contains an
element o of order 3, then without loss of generality its action on the roots of f
is given by o(aq) = ag, o(a2) = a3, o(asz) = ag and o(ay) = a4. In particular,

o?(az") = (02(a4))_k =a;f = (o(as)) " = o(az ). This gives that

of = o(ag) = o(a;") = 0*(a;") = 0*(az) = a5 = a; ",
This contradicts the fact that a7 has absolute value different from 1. As a
consequence there are no elements of order three in the Galois group of f, thus
implying that it is isomorphic to either the cyclic group Z,4, the Klein-four group
K, or the dihedral group Dy of order eight. We summarized this in Table 6.2
below. We included the Anosov polynomials of degree two and three as well for
completeness.

deg | full rank | irreducible Galois group order
2 yes yes Zo 2
3 yes yes Zs3,S3 3,6
4 yes yes Zy,Ky,Dg, Ay, Sy | 4,4, 8,12, 24
4 no yes Z4, K4, Dg 4, 4, 8
4 no no ZQ,ZQ @ZQ 2, 4

Table 6.2: Possible Galois groups of Anosov polynomials up to degree 4.

This now gives the following information about the type.

Proposition 6.5.21. Let f be an Anosov polynomial of degree 4 with roots
a1, 09, 03,04 and let e1,e2,e3,eq4 € Z such that 8 = af*as?a5®ag* is not a
rational number. Then the minimal polynomial of B over Q has even degree.

Proof. Let G denote the Galois group of K/Q, with K the splitting field of f.
If the order of G is a power of 2, the orbit stabilizer theorem (Theorem 6.5.4)
tells us that the orbit of 8 under the action of G must have either 1 element or
an even number of elements. The former is not possible since it implies 3 is
rational. Therefore, we conclude that the minimal polynomial of 5 has an even
number of roots and thus has even degree. Hence we only need to prove the
statement in the case where the order of G is not a power of 2.

From Table 6.2 it follows that this only occurs when f; satisfies the full rank
condition and G is isomorphic to either Ay or Sy. Again, arguing as before,
we find by the orbit stabilizer theorem that the orbit of 8 under the action
of G either has 3 or an even number of elements. In the latter case we are
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done so assume the orbit counts 3 elements. This implies that the minimal
polynomial of 8, which we denote by g, has degree 3. The Galois group of
K/Q(g), denoted as Gal(K/Q(g)), is a strictly smaller normal subgroup of
G. For S, these subgroups are up to automorphism given by Ay, K4,{1} and
for A4 they are given by Ky, {1}. Note that Gal(K/Q(g)) C Aut(K/Q(B))
can not be a transitive subgroup of S; by Lemma 6.5.13. This leaves us only
with the case Gal(K/Q(g)) = {1}, which in turn implies Q(g) = K. This is
impossible since by our assumption g had degree 3 and thus [Q(g) : Q] < 6
whereas [K : Q] > 12. O

By using our techniques, we find another proof of [Pay09, Theorem 1.3.] which
was also incorporated in Theorem 6.1.7.

Corollary 6.5.22. If n is a Anosov rational Lie algebra of type (4,n2,...,n¢),
then 2|n; for all 2 <i<e.

Proof. As per usual, let f; denote the characteristic polynomial of A;. It is
clear that f; is an Anosov polynomial of degree 4. The roots of f; are i-fold
products of the roots of f;. They are also not rational since the only rational
algebraic units are 1 and —1 which have absolute value equal to 1 contradicting
the hyperbolicity of A. Using Proposition 6.5.21 we get that the irreducible
factors of each f; must be of even degree and thus each f; has even degree itself.
This shows that n; is even for all 2 <1 < e¢. O

This leads to the main result about Anosov Lie algebras of type (4,...,n.).

Proposition 6.5.23. Let n be a Anosov rational Lie algebra with ny = 4 and
dimn < 12, then n has a positive grading.

Proof. Since 2-step nilpotent Lie algebras always have a positive grading, we
will only consider Lie algebras of nilpotency class at least 3. Let f; be the
characteristic polynomial of A; and K its splitting field over Q. Let X;,..., X, €
nf be a basis of eigenvectors of A; with eigenvalues o, ..., a4, respectively.
If these roots have full rank, then n is positively graded by Proposition 6.5.12
where we keep in mind that dimn < 12, so we focus on the case when aj, ..., a4
do not have full rank. We can assume by Proposition 6.5.20 that a; = a; "
and ag = a4_1. Let us write for simplicity a3 = a and a3 = [, then the
eigenvalues of A; take the form «,a~!, 3,57!. From here on we prove the
statement separately for each possible type. Recall that by Corollary 6.5.22 all
n; are even, leading to four possibilities for the type.
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o Type (4,4,2): We have that nf is spanned by the vectors {[X;, X;] |1 <

1 < j <4}. The brackets [X1, X2] and [X3, X4] have to be zero, since if
this is not the case they are eigenvectors of A with eigenvalues aa™! =1
and BB~ = 1, respectively. This would contradict the hyperbolicity of
A. Because dimny = 4 it follows that a basis for nX can be given by the
vectors [X1, X3], [X2, X4], [X1, X4] and [X3, X3]. Therefore we have that
[n1,n1] C ny, which implies that n = n; @ ny @ ng is a positive grading for
n.

Type (4,2,4): The eigenvalues of As must be 2-fold products of the
eigenvalues of A;. Without loss of generality we can assume that one
eigenvalue of A, is given by af. It follows that the other eigenvalue of As
is the inverse namely o~ !3~!. The brackets [Xs, X3] and [X1, X4] must
lie in v3(nf’), since otherwise their eigenvalues given by o~ and a1,
respectively, must equal one of the two eigenvalues of As which gives
either that 32 = 1 or that a? = 1, a contradiction. We also know that
[X1, X2] = 0 and [X3, X4] = 0 since otherwise these would be eigenvectors
with eigenvalue 1. Therefore it is clear that a basis of eigenvectors of A
is given by Yl = [Xl,Xg] and Y2 = [XQ,X4].

The eigenvectors of A3 can be written as a linear combination of the
elements [X;,Y;]. Using the Jacobi identity we get that

(X2, V1] = [ Xy, [Xo, X3]] + [ X3, [X5Xe]] = 0,
~——

€y3(nk)
(X4, V1] = [ Xy, XX + [ X3, [ Xy, Xo]] =0,
\W—/
Eys(nf)
[X1,Ya] = [Xo, [X1, Xy]] + [ X4, XX0]] =0,
~——
€vs(nk)
(X3, Ys] = [Xo, [X3Xu]] + [Xy, [X2, X3]] = 0.
——
€vs(nk)

This gives that [X1, Y], [X3,Y1], [X2,Ys] and [X4, Y] form a basis of
eigenvectors for Az. Its eigenvalues are therefore given by a?j3, a2,
a2~ and a1 372, respectively.
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We know that [Xo, X3], [X1, X4] € nff. If they are non-zero then they must
be eigenvectors of A3 and thus this gives one of the following equalities:

a?p =ao’=1 a?p =af?=1
_ af? =ao?f=1 _ af? =8=1
a”lf= —2,-1 2 , afTh = —25-1 3
a”°f = ap=1 a™?p =a=1
a”lp7? =p3=1. a B2 =a?B=1.

which gives in each case a contradiction, either because « or g would
be a root of unity or because an eigenvalue of Az would be equal to 1.

So we must conclude that [Xo, X3] = [X1, X4] = 0. As a consequence
[n1,n1] C ny and thus the decomposition n = n; @ ny @ ng gives a positive
grading.

o Type (4,2,2): Just as in the previous case, we find that Y7 := [X1, X3]
and Ys := [X2, X4] form a basis of eigenvectors for Ay, with eigenvalues
af and o871, respectively. Moreover, an identical argument as before
shows that [Xs, Y] = [X4, V1] = [X1,Ys] = [X3,Y2] = 0, implying that
the eigenvalues on n& are, by interchanging o and f3 if necessary, of the
form o283 and o271, with corresponding eigenvectors Z; := [X71, Y]
and ZQ = [X27Y2].

If [X1, X4] is non-zero, it is an eigenvector for eigenvalue a3~!, which
is different from a=28~! because otherwise a would have absolute value
1. In particular, [X1, X4] = a[X1,Y1] for some a € K. By replacing
the vector X, by X4 — aY7, which is again an eigenvector for the same
eigenvalue, we get that [X;, X4] = 0, but with all the other relations
identical. Similarly, we can replace X3 to achieve [X3, X3] = 0, showing
that [nf n&] =nL and thus realizing a positive grading nf¢ @ nf @ nf
for n®, which in turn implies n admits a positive grading. In fact, this
argument shows that n’ is a direct sum of two filiform Lie algebras, one
generated by the elements X7, X3 and the other by Xo, X4. Note that if
[X3,Y1] is non-zero, it is an eigenvector of eigenvalue a3?, which must
be different from o231 and thus [X3,Y1] = b[X1,Y1] for b € K. By
replacing X3 by X3 —bX;, we can thus assume that [X3,Y;] = 0. Similarly,
we realize the assumption [Xy, Y] = 0.

o Type (4,2,2,2): We use the same notations and basis for the spaces
n{( P né( P ng( as for type (4,2,2), in particular with the property that
[X1, X4] € nf and [Xs, X3] € nff. By using the Jacobi identity, we see
that [Xo, Z1] = [X3, Z1] = [ X4, Z1] = [X1, Zs] = [X3, Z2) = [X4, Z2] = 0.
In particular, a basis of eigenvectors for A, is given by [X;,Z1] and
[Xo, Z5] with eigenvalues o and a=38~1. Now, if [X;, X4] is non-zero,
it lies in ny4 and has eigenvalue o3~' which is different from a=35~!. In
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particular, [ X7, X4] = a[ X1, Z1] for some a € K, and thus by replacing X4
by X4 —aZ; we get that (X1, X4] = 0. In a similar fashion, we can assume
[X2, X3] = 0 and thus [n;,ny] = ng, showing that the decomposition
nf @ nf @ nf @ nf gives a positive grading for n. In fact, we have
shown that n is a direct sum of two filiform Lie algebras.

O

Due to the proof for Anosov Lie algebras of type (4,2,2) and (4,2,2,2), one
might conjecture that for every Anosov Lie algebra n of type (4,2,...,2) it
holds that n® is isomorphic to the direct sum of two filiform Lie algebras. The
family of examples in Section 6.5.2 shows that this is not the case, since they
have no positive grading.

Casen; =5

We first consider the possibilities if the polynomial f; is reducible.

Proposition 6.5.24. Let n be an Anosov rational Lie algebra with ny = 5
and ¢ < 4. If the characteristic polynomial of Ay is reducible and n has no
non-trivial abelian factor, then ny > 6.

Proof. Denote the characteristic polynomial of Ay by f;. Because f; is reducible
it is equal to a product f; = g1g» with g; and go irreducible of degree 3 and 2,
respectively. After squaring the Anosov automorphism A if necessary we can
assume that the constant terms of g; and g9 are equal to 1. Let K, K; and K>
denote the splitting fields of f, g1 and gs, respectively. Because K; C K and
K, C K are subfields, we get that both 3 and 2 divide the order of Gal(K/Q).
Let 0 € Gal(K/Q) be an element of order 3. Let ay, az, a3 denote the roots of
g1 with corresponding eigenvectors X1, X, X3 € nf€ and 8,371 the roots of go
with corresponding eigenvectors Y7, Ys € nf<. We must have, up to reordering
the «;, that

olar) = ag, o(az) =asz, olag)=a

o(B)=8, o(B)=p""

This follows from the fact that ¢ must permute the roots of each irreducible
polynomial separately and from the orbit stabilizer theorem (Theorem 6.5.4)
which implies that the orbit of an element under ¢ must have either 1 or 3
elements.
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We first show that [Xi,Y;] € nf. Indeed, if the vector [Xi,Y;] is non-zero,
it is an eigenvector of A with eigenvalue a1 8. All the eigenvalues of Ay are
k-fold products of eigenvalues of A;. So if the eigenvalue a8 occurs on nf,
we must have aqf = af'as?as®8® for some positive integers e;, s € N with
e1 + ey + ez + s = k. This implies that 1% = a§171a§2a§3. Clearly, the left
hand side is invariant under o so the same holds for the right hand side. By
Proposition 6.5.9 the roots oy, ag, az satisfy the full rank condition. Using that

a1 as?ag? is invariant under o, Lemma 6.5.13 implies that e; — 1 = ey = e3.
From this we get that '=® = 1 and thus since 8 is not a root of unity

that s = 1. As a consequence we also have that k = e; +e3 +e3+ s =
e1+(e1 —1)+ (e — 1)+ 1 = 3e; — 1. Since c is assumed to be less or equal
than 4, this proves that & = 2 and thus that [X1,Y;] € nf. Analogously, it can
be proven that [X;,Y;] € nfforall1<i<3and1<j<2

Therefore, we know that either all the brackets [X;, Y]] are zero or that A, has
an eigenvalue of the form a;3%!. In the first case span{Y;, Y2} is an abelian
factor of n’. As a consequence the rational Lie algebra n has a non-trivial
abelian factor as well, which is in contradiction with the assumption. We thus
have without loss of generality, that a3 is an eigenvalue of A;. By letting
o act on this we get that o183, a3, azf are distinct eigenvalues of As. Their
product is equal to ajasasB® = 82 which can not be equal to 1 since 3 is not a
root of unity. Therefore A must have at least one other eigenvalue. This can
be either one of the form a;a; or of the form a;87!. In either case, by letting
o act on these roots we see they each have at least 2 other conjugates. As a
consequence ny must be greater or equal than 6. O

As a consequence, we can study positive gradings on Anosov Lie algebras of
type (5,m2,...,n¢).

Corollary 6.5.25. Let n be an Anosov rational Lie algebra with n; =5 and
dimn < 12, then n has a positive grading.

Proof. Let f; be the characteristic polynomial of A;. By Proposition 6.5.12
we know that if the roots of f; have full rank, then the Lie algebra n has a
positive grading. In the other case, if the roots of f; are not of full rank, then
Proposition 6.5.9 implies that f; is reducible. We can also assume that n has no
non-trivial abelian factor since otherwise our work in the previous sections and
Theorem 6.4.5 and 6.4.8 assure that n has a positive grading. As a consequence
we can apply Proposition 6.5.24 and thus ne > 6. This implies ¢ = 2 because of
the assumption on our dimension. In particular, n has a positive grading. O
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Case n, =6

Since for any 2 < ¢ < ¢ we have that n; > 2, the only possible types of dimension
< 12 we need to check are (6,2,2), (6,2,3) and (6, 3,2).

For types (6,2,2) and (6,2,3), we will use the fact that for these types the
quotient by the third ideal in the upper central series gives an Anosov Lie
algebra of type (6,2) which have been classified in [LW09]. Let b3 denote the
Heisenberg Lie algebra of dimension 3. From Theorem 6.1.10 we know that if n is
an Anosov rational Lie algebra of type (6, 2), there are, up to isomorphism, only
two possibilities for the Lie algebra n®. The first possibility is b3 @ b3 ® R? with
hs the 3-dimensional real Heisenberg Lie algebra, whereas the second possibility,
denoted as g2, is the real Lie algebra spanned by X1, Xa, X3, X4, X5, X6, Z1, Z2
with the Lie bracket defined by

(X1, Xo]l = Z1, [X0,X5] =22, [Xa,Xs]=21, [X4,Xe]=22. (6.6)
We immediately state a result about possible extensions of the Lie algebra g§ 5.

Lemma 6.5.26. Let n be a complex Lie algebra of nilpotency class at least 3.
Then 9%,2 can not be isomorphic to n/ys(n).

Proof. Let us write for simplicity g = 982. Suppose that there is an isomorphism
g = n/v3(n). Using this isomorphism we can identify g with a complementary
subspace of v3(n) in n. In this way we get n = spanc{ X1, ..., Xg, Z1, Z2 }Dv3(n).
The relations from (6.6) then still hold modulo ~5(n).

Now take any three-fold bracket [X;, [X;, Xi]] with 1 < ¢, 4,k < 6, then we claim
it must lie in y4(n). If j € {1,2,3} and k € {4,5,6} or the other way around,
we have that [X;, Xi] € y3(n). As a consequence [X;, [X;, Xi]] € 7a(n). So we
can assume without loss of generality that both j, k € {1,2,3}. If i € {1,2,3}
as well, there exists a Y € y3(n) such that [X;, Xi] = [X;+3, Xj43] + Y. Thus
we have [)(17 [Xj,Xk]] = [X“Y] + [Xu [Xj+37Xk+3H- Since [X“Y} lies in 74(11)
it now suffices to show that [X;, [X,t3, Xk+3]] € va(n). So it suffices to show
that [X;, [X;, Xg]] € ya(n) for ¢ € {4,5,6} and j,k € {1,2,3}. From the Jacobi
identity we then get
(X, [X5, Xi]] = [X5, [ X, Xi]] + [ X, [X5, Xi]] € 7a(n).
——— N——
€vs(n) €vs(n)

This proves that any bracket of the form [X;, [X;, Xj]] with 1 <4, 5,k <6 lies
in y4(n) and thus that y3(n) = v4(n) = [y3(n), n]. Inductively, we thus find that
~v3(n) = y;(n) for any ¢ > 3, in particular, y3(n) = ve+1(n) = {0}, where ¢ is the

nilpotency class of n. Since we assumed n to be at least 3-step nilpotent, this
gives a contradiction. O
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We apply this result to show the existence of positive gradings.

Proposition 6.5.27. There are no Anosov Lie algebras of type (6,2,3) and an
Anosov Lie algebra of type (6,2,2) admits a positive grading.

Proof. Let nbe an Anosov rational Lie algebra of type (6,2,n3) andlet A:n—n
be a semi-simple Anosov automorphism. As usual we get the decomposition
n =1y @ ng @ ng such that A(n;) = n; and we write A; = A|,,. The Anosov
automorphism A induces an Anosov automorphism on n/vs(n) which we call
A. The Lie algebra n/v3(n) is thus an Anosov Lie algebra of type (6,2). We
use the natural identification of vector spaces n; @ ny = n/y3(n) and see that
under this identification A on n/v3(n) corresponds to A; @ Ay on ny &ny. From
Theorem 6.1.10, we know that the Lie algebra n®/~3(n®) is isomorphic to either
962 or b5 @ b @ C2. From Lemma 6.5.26 we get that n®/y3(n®) must be
isomorphic to S @ hS @ C2, moreover by following the proof of [LW09, Theorem
3.8.], we get a basis of eigenvectors Xi,...,X,,Y7,Ys of 4; and a basis of

eigenvectors Z1, Zs of Ag such that the following relations hold in nC:
(X1, X5] = Z1 mod ~3(n®) (6.7)
(X3, X4] = Z» mod 3(n®) (6.8)
(X1, X5, [X1, Xa), [X2, Xa], [Xs, Xu] € 3(n°) (6.9)
[CY;,n§ @nS] c () vV ie{1,2). (6.10)

Let aq, ..., a4, f1, B2 be the eigenvalues of X7, ..., Xy, Y7, Ys, respectively. We
know by the proof in [LW09] as well that the characteristic polynomial f; of
A; factors as fi = gh with aq,..., a4 the roots of g and S, 82 the roots of h.
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Now, we use the fact that [n®, 3(n®)] = 0 and the Jacobi identity to find
Vi,je{1,2}:  [Yi, Z;] = [V5, [Xoj-1, Xoj]]

= [Xoj1, [Vi, Xoj]] + [Xoj, [X25-1,Yi]] =0
N——— ——

€v3(nt) €73 (n®)
Vi€ {1,2} : [X“ZQ] = [X“ [X37X4]]

= [ X3, [Xi, Xa]] + [Xa, [ X3, X:]] =0
N—— N——

€73(nC) €73 (n®)
Vie{3,4}:  [X;, Z1] = [Xi, [ X1, Xo]]

= [X1, [X;, Xo]] + [Xo, [X1, Xi]] = 0.
—— ~——
€v3(nC) €v3(n®)

Since the brackets above vanish, it follows that ng is spanned by the vectors
[X1, Z1], [ X2, Z1], [ X3, Z5) and [X4, Z5]. This implies that the eigenvalues of
Ajz lie in the set {a?ag, 103, a3ay, azai}. Applying Proposition 6.5.21 on the
Anosov polynomial g and the eigenvalues of Az we see that nz must be even.
As a consequence a Lie algebra of type (6,2,3) can not be Anosov. We can
thus from here assume that ng = 2.

From (6.7) and (6.8) it follows that Z; has eigenvalue o g and Z, has eigenvalue
azay. If {adag, a1ad} or {a3ay, azai} are the eigenvalues of Az we get that
(aya2)® = 1 or (azay)® = 1, respectively. This contradicts the fact that the
eigenvalues of As can not have absolute value equal to 1. As a consequence we
have without loss of generality that the eigenvalues of A3z are a2as and aay.
This shows that ajas = 1 and thus also that asay = 1. From here on we can
argue similarly as in the proof of type (4,2,2) in Proposition 6.5.23 and get
that the subalgebra spanc{X1,..., X4} @ n§ ®n§ C n® has a positive grading
given by Vi @ n§ @ n§ for some vector subspace Vi C spang{Xi,..., X4} ®nS.
It is then straightforward to check that W) = Vi, Wy = n§ @ spang{Y7,Ys},
W3 = ng defines a positive grading for n®. Hence also n is positively graded. [

This leaves only one possible type, which we check via the action of the Galois
group on the eigenvalues.

Proposition 6.5.28. Let n be an Anosov Lie algebra of type (6,3,2), then n
admits a positive grading.

Proof. Let «q,...,as denote the eigenvalues of A; with corresponding
eigenvectors Xy, ..., X and (1, B2, B3 the eigenvalues of A; with corresponding
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eigenvectors Y7, Y5, Y3. As usual, we write K for the splitting field of the
characteristic polynomial f; of A;. Note that fo, the characteristic polynomial
of A, is irreducible of degree 3 since otherwise it would have a rational root.
By applying the orbit stabilizer theorem to the action of Gal(K/Q) on 3y, it
follows that 3 divides the order of Gal(K/Q). As a consequence there is an
element o € Gal(K/Q) of order 3. The field automorphism o is completely
determined by its action on the roots of fi;. Without loss of generality, there are
two possibilities for o, where we use the notation introduced in section 6.5.1.

e 0=(123)(456) We first show that Az has no eigenvalue of the form
a0 with ¢ # j and either 4,5 € {1,2,3} or ¢,j € {4,5,6}. Without
loss of generality we can take ¢ = 1, j = 2. We must have that ajas is
fixed under o since otherwise A3 has 3 distinct eigenvalues which is in
contradiction with ng = 2. Thus it follows that ajas = asas = agaq or
with other words ay = a3 = 3. This implies that f is a product of 3
irreducible polynomials of degree 2 which is in contradiction with the way
o acts on {«;};. This shows A3 can not have an eigenvalue of this form.

Next we show that A3 has no eigenvalue of the form o;a; with ¢ € {1,2, 3}
and j € {4,5,6}. Without loss of generality we can assume ¢ = 1 and
j = 4. Again we must have that ayay is fixed under o since ng = 2. Thus
we get ajay = asas = azag. Therefore 1 = ajasagagasag = (a1a4)3
and thus ajay has norm 1. It can therefore not be an eigenvalue of As.

We have shown above that A3 can not have any eigenvalue of the form
ajo; with 1 <i < j < 6. As a consequence we have [nf, nf] C n¥ and
thus n; @ ng @ n3 is a positive grading for n.

e 0=(123)(4)(5)(6). By a similar argument as in the previous case, it
holds that a;a; with i # 7, 4 € {1,2,3} and j € {1,2,3,4,5,6}, is not an
eigenvalue of A3. We thus know that A must have an eigenvalue of this
form, otherwise { X7, X2, X3} spans an abelian factor of n® and thus n
would be a direct sum of the 3-dimensional abelian Lie algebra and an
Anosov Lie algebra of type (3,3,2) which does not exist. So As has an
eigenvalue of the form o;a; with eigenvector [X;, X;] where i € {1, 2, 3}.
Without loss of generality we can assume this eigenvalue is aja or agay.
We treat each case separately.

In the first case, as we argued before, o can not fix ajas and thus the
other eigenvalues of Ay are given by asaz and asay. This shows as well
that (a1aza3)? = 1. Without loss of generality we can assume Az has an
eigenvalue of the form ajascay. If i € {4,5,6}, then o does not fix ayasay
which is in contradiction with nz = 2. So we must have ¢ € {1,2,3}. If
i=1or ¢ =2 we get, since 0 must fix ajasq;, that 05%042 = Oé%()ég = a%al
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or that a1ad = aza3 = aza?, respectively. In either case we can derive
that a% = asag, a% = a3 and ag = ajag. Therefore we have

b = aja3 = (a103)%(1a2)? = (azas)?al = o,

As a consequence af = 1, which is in contradiction with the fact that ag
has absolute value different from 1. We thus conclude that only ajasas
can be an eigenvalue of Az which contradicts the fact that ng = 2.

Now consider the second case where ajay is an eigenvalue of A;. The
other eigenvalues of As are then asay and agay. Without loss of generality
Az must have an eigenvalue of the form ajoqa;. If i € {4,5,6} it follows
that its orbit under ¢ has three distinct elements: a;jaga;, asaya; and
asago;, which can not happen since ng = 2. So we must have that
i € {1,2,3}, but then again its orbit under sigma counts three distinct
elements contradicting ns = 2.

Since both cases lead to contradictions, we conclude that the case o =
(123)(4)(5)(6) does not occur at all, which finishes the proof.

Casen; =7

As a first lemma, we show how reducibility of the polynomial f; sometimes
gives us information about the type.

Lemma 6.5.29. Let n be a rational nilpotent Lie algebra with semi-simple
Anosov automorphism A : n — n and corresponding decompositionn =ny H...PH
ne. Let f1 be the characteristic polynomial of A1 and assume its factorisation
in irreducible polynomials is given by fi = g - h1,...,hi where degg = p is
prime. We write K; for the splitting field of the polynomial h; over Q. If n has
no non-trivial abelian factors and p does not divide the order of Gal(K;/Q) for
all 1 <14 < k, then there exists an index 2 < j < c such that n; > p.

Proof. We write K for the splitting field of f;. Let a1,...,a;, be the roots
of g with corresponding eigenvectors Xi,..., X, € nf and 81,...,Bn,—p the
roots of hy - ... hy with eigenvectors Yi,...,Y,, . Since the Galois group
Gal(K/Q) acts transitively on the roots of g, it follows by the orbit stabilizer
theorem that p divides the order of Gal(K/Q). As a consequence, there exists
an element o € Gal(K/Q) of order p. By restricting o to the subfield K;, we
get an automorphism o|g, € Gal(K;/Q) which must have order 1 or p. By
our assumption p does not divide the order of Gal(K;/Q) and thus we must
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have that 0|k, = Id. So o acts trivially on the roots ;. By following a similar
argument as in the proof of Lemma 6.5.5, we find that o acts, without loss of
generality, by the cyclic permutation (12 ... p) on the roots of g.

Since the Lie algebra n has no abelian factor, there exists either X, such
that [X1, X,] # 0 or there exits Y,, such that [X1,Y;,] # 0. In the first case,
the eigenvalue of [X1, X,,,] is a1y, and in the other case, the eigenvalue of
[X1,Y,.] is @18,,. Since p is prime, both of these eigenvalues must be either
fixed by ¢ or have p conjugates under the action of . By Proposition 6.5.9
we know ¢ satisfies the full rank condition and thus if a;a,, would be fixed
under o, Lemma 6.5.13 gives a contradiction. If ay8,, is fixed by o, we get
that a; = ... = o, since 3y, is fixed by o. This contradicts the fact that g is
irreducible and thus the minimal polynomial of oy, or aq5,, has degree at
least p. In particular the statement of the lemma follows for the j for which
a1y, or a3y, is an eigenvalue of A;. O

Before dealing with the final case, we first prove this technical lemma.

Lemma 6.5.30. If f = g - h is a polynomial with g, h irreducible polynomials
of degree p and n, respectively with p prime and p not a divisor of n, then for
any root o of h there exists an element of the Galois group of f that fixes a but
does not fix any root of g.

Proof. Let K, K1 and K> denote the splitting fields of f, g and h, respectively.
For any field automorphism o € Gal(K/Q) we thus have that o(K;) = K; and
0(Ks3) = K5. Therefore we have the natural injection

Gal(K/Q) — Gal(K1/Q) x Gal(K2/Q) : o (0]x,,0|x,)

To see this map is injective, note that K7 and K, generate K as a field and thus
0|k, and 0|k, completely determine o. From here we use this identification to
write elements of the Galois group of f as an ordered pair of an element of the
Galois group of g and one of the Galois group of h.

Let a be one of the roots of h. Take an element o of order p in the Galois
group of g. Since K/Q is normal, we can extend o : K; — K; to an element
(o,7) of the Galois group of f (see [Ste89, Theorem 10.1]), where 7 lies in the
Galois group of h. The order of 7 can be written as || = p'm where p and m
are coprime and [ € N.

Now consider the field automorphism (o, 7)™ = (6™, 7™). Since p and m are
coprime and ¢ has order p, we get that ¢ has order p as well. The order of
7™ is clearly equal to p'. Let H denote the set of roots of h, then the action
of (™) on H gives a partition H = Hy U ... U Hy where H; are the orbits
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under this action. By the orbit stabilizer theorem we get that the size of each
orbit H;, must divide p'. If p divides |H;| for all 1 <4 < k, then it follows that
p divides ), |H;| = |H| = n, which is in contradiction with the assumption.
Therefore there must be at least one orbit which counts only one element and
thus 7™ fixes a root of h, call it § € H. Since Gal(K2/Q) acts transitively
on H, there exists an element 7 € Gal(K2/Q) such that 7(8) = «. Again,
extend this to a field automorphism (7, 7) of K where n’ € Gal(K7/Q). Then
(', 7) (o™, 7™) (', 7)1 fixes the root o and is still of order p when restricted
to K7 which means it does not fix any root of g. O

Combining the previous results leads to the final case for Theorem 6.5.17.

Proposition 6.5.31. Let n be an Anosov rational Lie algebra with ny =7 and
dimn < 12, then n has a positive grading.

Proof. et A : n — n be a semi-simple Anosov automorphism with
corresponding decomposition n =n; & ... & n.. Let f; denote the characteristic
polynomial of Ay, the restriction of A to ny. We prove the statement separately
for the possible factorisations of f in irreducible polynomials.

e f1 is irreducible: Combine Proposition 6.5.9 and Proposition 6.5.14 to
find that 7 divides n; for all 1 < i < ¢. Together with the assumption
dimn < 12 we must have ¢ = 1. In particular n has a positive grading.

e fi=g-hy-hy with degg = 3 and degh; = deg ho = 2: Since the degree
of g is prime and strictly bigger than the degrees of h; and ho, we have
that the degree of g does not divide the order of the Galois groups of
h1 and ho. We can assume n has no non-trivial abelian factor since in
this case our work in the previous sections for smaller n; and Theorems
6.4.5 and 6.4.8 assure n has a positive grading. Lemma 6.5.29 then gives
the existence of an index 1 < j < ¢ such that n; > 3. Together with the
restriction dimn < 12, we get that ¢ < 2 and thus n admits a positive
grading.

e f1 =g-h with degg =5 and deg h = 2: Since g has prime degree and is
strictly greater than the degree of h, we have that the degree of g does
not divide the order of the Galois group of h. We can assume n has
no non-trivial abelian factor since in this case our work in the previous
sections for smaller n; and Theorems 6.4.5 and 6.4.8 assure n has a positive
grading. Lemma 6.5.29 then gives an index 1 < j < ¢ such that n; > 5.
Together with the restriction dimn < 12, we get that ¢ < 2 and thus n
admits a positive grading.
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e fi=g-h with degg = 3 and degh = 4: We can assume that 3 divides
the order of the Galois group of h, otherwise we can use Lemma 6.5.29
in a similar fashion as with the previous two cases and find that n must
be positively graded. It follows that the Galois group of h is either the
alternating group Ay or the whole permutation group Sy. Let oy, as, as
be the roots of g and 1, B2, B3, B4 the roots of h. Since n is not abelian
there must be without loss of generality an eigenvector in ny with one of
following three eigenvalues: ajas, a1y or B105s.

In case the eigenvalue is ajas, take the element in the Galois group of g
corresponding with the permutation (12 3) and extend it to an element
o of the Galois group of f. Then it is clear that o(ajas) = asas and
o%(aran) = aza; are also eigenvalues of Ay. These are three different
eigenvalues and thus we get no > 3.

In case the eigenvalue is equal to a;31, we use Lemma 6.5.30 and find
an element ¢ in the Galois group of f such that o fixes 51 and acts
by the permutation (123) on the roots of g. Then As must also have
eigenvalues o(a181) = a1 and o%(a131) = azB;. This gives three
different eigenvalues of As and thus no > 3.

In case the eigenvalue equals (5135, take the element in the Galois group
of h corresponding to the permutation (1)(234) and extend it to an
element o of the Galois group of f. Then As must also have the
eigenvalues o(B312) = B1f3 and 02(B1,42) = PB1Ps. This gives three
different eigenvalues of Ay and thus ng > 3.

In all cases we see that no > 3. Therefore by the restriction on the
dimension of n we find that ¢ = 2 and thus that n admits a positive
grading.

6.6 Anosov rational forms of partially commutative
Lie algebras

This section is based on [DW24].

Recall from Chapter 4 that for any non-empty graph G = (V, E), we defined
a c-step nilpotent partially commutative Lie algebra n (G, c) over a field K.
In section 5.6.2 of Chapter 5, we classified the rational forms of the complex
Lie algebra n®(G, ¢) by use of continuous morphisms p : Gal(K/Q) — Aut(G)
where K/Q is a Galois extension. The rational form associated to p is written
as n@(p, c). In this section, we will answer the following question.
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Question 6.6.1. For which continuous morphisms p : Gal(K/Q) — Aut(G) is
the rational Lie algebra n@(p,c) Anosov?

The answer to this question is formulated in Theorems 6.6.13 and 6.6.14. The
former deals with continuous morphisms from the Galois group Gal(Q/Q) to

Aut(G) while the latter deals with injective morphisms from finite Galois groups
to Aut(G). Several corollaries are then deduced from this general result. If we
only look at the rational forms of the real Lie algebra we obtain Corollary 6.6.15.

The special case of the standard rational form is formulated in Corollary 6.6.16.

In section 6.6.3 we give some examples to illustrate the effects of the main
theorems. In particular, we apply the theorem to certain classes of graphs, a
first of which are trees (see Definition 4.1.4). If we write N(G,¢) for the real
simply connected nilpotent Lie group associated to the real Lie algebra n®(G, c),
then we can formulate the obtained result as follows.

Theorem 6.6.2. Let G be a non-empty tree, ¢ > 1 and N(G,c) the associated
c-step nilpotent simply connected Lie group. For any cocompact lattice I' <
N(G,c¢), we have that the nilmanifold T\N(G,c) does not admit an Anosov
diffeomorphism.

Note that this theorem is an improvement of the existing theorem in [Mai06]
which considers only one specific cocompact lattice in N (G, ¢) (namely the one
corresponding to the standard rational form n®(G, c) of n®(G, c)).

The next class to consider are the cycle graphs (see Example 4.1.2).

Theorem 6.6.3. Let G be the cycle graph on n > 5 wvertices, ¢ > 1 and
N(G,¢) the associated c-step nilpotent simply connected Lie group. There exists
a cocompact lattice T < N(G, ¢) with the nilmanifold T\N(G, c) admitting an
Anosov diffeomorphism if and only if n > c.

Before we prove the main theorem in section 6.6.2, we first prove a result in the
following section which relates the existence of an Anosov automorphism to the
existence of hyperbolic algebraic units for each vertex of the graph, compatible
with the action on the quotient graph.

6.6.1 Reduction to algebraic units on the vertices
First we introduce some notation that will be used in this and the following
sections.

For any group morphism p : G — Perm(X) from a group G to a the permutation
group on a set X, we refer to the induced action by G on X as the p-action.
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The orbit and stabilizer of an element x € X under this action will be written as
Orb,(z) and Stab,(z), respectively. A subset Y C X is said to be p-invariant
if for any y € Y and any g € G we have py(y) € Y.

Let X be a finite set and P a partition of X, i.e. a collection P of non-empty
subsets of X such that any two different sets in P have empty intersection and
the union of all sets in P is equal to X. An automorphism of the partition
P is defined as a permutation ¢ € Perm(P) such that for any Y € P we
have |p(Y)| = |Y]. Clearly, when G = (V, E) is a graph, its set of coherent
components Ag is a partition of the vertices V. With the above introduced
notation, we then have that the group of automorphisms of the quotient graph

Aut(G) is a subgroup of Aut(Ag).

Let X be a finite set, P a partition of X and K a field. Write KX for the set of
maps from X to K. We can naturally identify the group [[, .p Perm(Y') with
a subgroup of Perm(X). Thus, we get a right action of []y-cp Perm(Y) on KX
by precomposition, namely

U.0:=Wof

for all § € []y cp Perm(Y) and ¥ € K. Let us write Hf for the corresponding

orbit space, so
’Hg = KX/ H Perm(Y).
YeP

Thus elements of ”Hg are determined by maps from X to K, but without caring,
inside each set Y € P, about which element of Y is assigned to which value.

Note that for any element ¢ € Aut(P) there exists a (not necessarily unique)
permutation 9 € Perm(X) such that o(Y) = ¢(Y) for all Y € P. This is
easily seen using the same arguments as in Remark 4.1.9 for the partition Ag
of the vertices V of a graph G = (V| E). Moreover, as shown in that same
remark, one can choose a group morphism 7 : Aut(P) — Perm(X) such that
r(p)(Y) = ¢(Y) for all Y € P. The groups Aut(K) and Aut(P) then have a
well-defined left, respectively right action on 7-[717( by

- [¥]:=[o o], (W] - ¢ = [Wor(p)]

for all o € Aut(K), ¢ € Aut(P) and ¥ € KX. Although we use the morphism
r to define the action of Aut(P) on HX, one can check that this action is
independent of the choice of such a morphism 7.

Note that for a graph G = (V, E), we did however fix a morphism r : Aut(G) —

Aut(G) which we used to define the morphism i : Aut(G) — Aut(n®(G, ¢)) which
in turn is used to describe the rational form

n%(p,c) = {v e n@(g,c) | Vo € Gal(Q/Q) : i(ps)(Tv) = v},
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for any continuous group morphism p : Gal(Q/Q) — Aut(G) (see section 5.6.2).
The following theorem characterizes the existence of an Anosov automorphism
on the rational form n%(p, c) by the existence of a function from the vertices
V to Q and makes use of the above introduced notation for the partition of V'
into coherent components.

Theorem 6.6.4. Let G = (V,E) be a simple undirected graph and p :
Gal(Q/Q) — Aut(G) a continuous morphism. The rational form n%(p,c) of

nQ(G, c) is Anosov if and only if there exists a map ¥ : V — Q such that

(i) for any vertex v € V., U(v) is an algebraic unit,

(i) for any k € {1,...,¢} and any (not necessarily distinct) vertices
V1,..., 0k €V such that {v1,...,vr} spans a connected subgraph of G, we
have [¥(vy) - ... ¥(v,)| # 1,

(iii) and for any o € Gal(Q/Q) it holds that o - [V] = [¥] - p, in ’H?g.

Note that the conditions in this theorem do not depend on the choice of

representative ¥ in its equivalence class [¥] € H%g.

Proof. First assume that n@(p,c) C nQ(G,c) is Anosov with Anosov
automorphism f € Aut (n%(p,c)). Recall that we have the projection onto
the abelianization 7.}, and that, by Theorem 4.6.6, the image of Aut (n@(g , c))

under 7, is equal to

GY(G) = Autap, (n@(g,c)) = P(Aut(9)) - | J] CGL(spang(V) | -U%().

AEAg

We also have morphisms

p:GYUG) = Aut(G) and i:Aut(G) — Aut (n@(g,c)>

where p is defined in equation (4.7) and i was defined in Remark 5.6.2. Recall
that i depends on the chosen morphism 7 : Aut(G) — Aut(G). At last, let us
write

m=pom,, and P =Por
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and recall from equation (4.8) that we have an internal semi-direct product

G%G) = P(Aut(9)) - | [ GL(spang(N) | - U%(G)

AEAg

=~ P(Aut(G)) x H GL(spang(A)) | x U%(g).

A€Ag

Note that since n(p, c) is a rational form of n@(g ,¢), we can naturally extend

f to an automorphism of n@(G, ¢). The semisimple part of f is again an Anosov
automorphism, as Aut(n@(p,c)) is a linear algebraic group. Moreover, any
positive power f* for k > 0 of f is an Anosov automorphism as well, so without
loss of generality we can assume that f is semi-simple and lies in the Zariski-

connected component of the identity of Aut (n@(g, c)) Hence, under these

assumptions, f lies in some maximal torus of Aut (n@(g , c)) By Lemma 4.6.15,

we know that the subgroup of vertex diagonal automorphisms D@(g ,c) is a
maximal torus of Aut (n@(g ,c)). Since Aut (n@(g, c)) is a linear algebraic
group over an algebraically closed field, all its maximal tori are conjugate
and thus there exists an h € Aut (n@(g,c)) and an f € D@(Q,c) such that

hfh~! = f. Moreover, since i (Aut (?)) normalizes D@(g, ¢), we can assume
that w(h) = 1.

Let us define ¥ : V — Q by assigning to a vertex v € V' its corresponding
eigenvalue under f. Since f is an Anosov automorphism, it follows that ¥(v)
is a hyperbolic algebraic unit for all v € V. As a consequence we also have
|W(v)*| # 0 for any v € V and k € N. By Proposition 4.6.14 from Chapter 4, we
know that for any vertices vy, ...,v, € V with |[{v1,...,v,}| > 2 and such that
{v1,...,v,} spans a connected subgraph of G, the product ¥(vy) -...- ¥(v,) is
an eigenvalue of f and thus [¥(v;) - ... ¥(v,)| # 1. All together this proves ¥
satisfies conditions (i) and (ii).

Let us now show W also satisfies condition (iii). Since f (n%(p,c)) = n%(p,c),
it follows from Lemma 6.3.4 that fi(ps) = i(ps)°f for all o € Gal(Q/Q).
Substituting hfh~! for f, we find the equality

fae =a,"f  where ay:=h"Yi(p,)h. (6.11)

Note that m(ay) = 7(h~ )7 (i(ps))m(h) = 7(i(ps)) = ps, and hence Tap(ay) =
P(py)Asm, for unique m, € UQ(Q) and A, € [[,cp, GL(spang(A)). Applying
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the morphism 7, to equation (6.11), we get that
Wab(f)ﬁ(pa)Aama = P(po)Aoma U7Tab (f)

Note that 7., (f) anq “man(f) are elerpents in HAeA_g GL(span@()\)),.Since fis
diagonal on the vertices V. Rearranging the equation above according to the
semi-direct product decomposition of G¢(G), we find

Pps) - (Plo) ™ man(H) Pl0o)As ) - o

Thus, the equality on HAeAg GL(span@()\)) is given by

ﬁ(pa) Wab(f) ( ) = Aa a'ﬂ—ab(f%

or equivalently

ﬁ(pa)ilﬂ-ab(f)ﬁ(pa) =4, 7Tab(f)
which holds for any o € Gal(Q/Q).

Since both sides are elements of H GL(spang(A)), we can look at their
AeAg
projection onto GL(spang(A)) for any A € Ag. We then find that

Flopanso) and (Flopanzn)

are conjugate linear maps. Thus, their eigenvalues, counted with multiplicities,
coincide. This shows exactly that [¥ o r(p,)] = [0 o ¥] for any o € Gal(Q/Q)
and thus that U satisfies all the required properties.

Conversely, assume that a map ¥ : V' — Q satisfying conditions (i), (ii) and (iii)
exists. Let m be the number of orbits for the p-action of Gal(Q/Q) on Ag and
choose coherent components Aq,..., A, € Ag such that Ag = |_|;n:1 Orb, ().

For any j € {1,...,m}, define the polynomial g;(X) € Q[X] b

9i(X) = ] (X = ¥()).

VEN;

Let us fix an action of Gal(Q/Q) on Q[X] by acting on the coefficients of
the polynomials. As one can check this is an action by ring automorphisms.
Take an arbitrary o € Stab,();). By the assumption, we have that [0 o U] =
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[¥ or(ps)]. As a consequence, there exists a § € J[,c,, Perm()) such that
coW =Vor(p,)of. Wenow have that

79;(X) = ] "(X ¥ (v))

VEN;

- [ K- on)
VEN;

= H (X = (Tor(p,)ob)(v))
VEN;

I X~ (@ore)w)
VEN;

- I x-ww)
VEPs (Ai)

=[] X —%@) = g;(X). (6.12)
VEN;

So the coefficients of g;(X) lie in the field extension @Stab”(/\j ) /Q. Note that

since p is continuous, the stabilizer Stab,();) is an open subgroup of Gal(Q/Q)

—Stab,

(for the Krull topology) and thus that Q (A5) /Q is a finite degree extension.

Next, for any j € {1,...,m}, let B; € GL(spang(A;)) be the linear map given
by the companion matrix of g;(X) in a basis of vertices of spang(A;), where
the order of the basis does not matter. Clearly, we have that “B; = B; for any
o € Stab,(A;). Now define the linear map A € GL(spang(V)) by setting for
any € Orb,();) and v € spang(p):

A(v) =i(ps) 7B, i(po)_lv

where o € Gal(Q/Q) is chosen such that o();) = . Let us first show this is
well-defined and independent of the choice of o € Gal(Q/Q). Say v € Gal(Q/Q)
is another element which also satisfies v(\;) = p, then o~ 'v € stab,()\;) and
we get

i(pl/) UBj i(pl/)ilv = i(pa)i(pcr*lu) 0 (071UBj>i(paflu)ili(pa)ilv

=i(po) UBji(pa)_lv'
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We thus have a well-defined linear map A and by construction, we have
A€ Hx\eAg GL(span@()\)). This gives a unique graded automorphism f €

Aut, (n@(g, c)) with m,,(f) = A (see section 4.6.1 of Chapter 4).

We claim that f induces an Anosov automorphism on n2(p, c). To check that
SF(n%(p,c)) =n%(p,c), we need to check that i(p,) ™" fi(ps) =7 f for any o €
Gal(Q/Q) (Lemma 6.3.4). Since both f and i(p,) are graded automorphisms

of n%(G, ¢), it suffices to check this on spang(V). Take any j € {1,...,m},
1 € Orb,(A;) and v € spang(p). Let v € Gal(Q/Q) be an element such that
pv(Aj) = po (1) or equivalently p,-1,(A;) = . Then we have

i(po) ™" filpo)v = i(po) " ilpy) "B i(py) " ti(po v

= i(po-r) (7 By ) ilpu-ro)e

-1

(i1 7
= (" f)o.

The set of eigenvalues of f on Span@(V) is equal to the image of ¥ which are
algebraic units by assumption. The other eigenvalues of f are products of the
eigenvalues on span@(V) and are thus algebraic units as well. This shows that f
is integer-like, since its characteristic polynomial has coefficients in Q from the
fact that f(n@(p,c)) = n%(p,c) as proven above. To see that f is hyperbolic,
note that by the way we constructed f, it follows that f is conjugated to the
vertex diagonal automorphism fy. We thus only need to check that fy is
hyperbolic. By the assumption on ¥, we know that the n-fold products of
the form ¥(vy) - ... ¥(v,) with {v1,...,v,} connected and 1 < n < ¢, have
absolute value different from 1. By Proposition 4.6.14, only these products can
occur as eigenvalues of fy. This proves that fg is hyperbolic. O

“Bji(py-1,) " v

6.6.2 A characterization on the graph and the action

In this section, we give a condition for a rational form n%(p,c) to be Anosov
which is easier to check than the condition in Theorem 6.6.4 and which solely
depends on how the orbits of the action on G induced by p look like and on which
coherent components are fixed under the action of the complex conjugation
automorphism. Before we prove this characterization, we first prove several
lemmas. At the end of the section we list some corollaries, one of which is a
correction to a result of [Mai06].
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Given a number field, the following lemma shows the existence of a Galois
extension of that field which satisfies a condition on the number of real and
complex embeddings.

Lemma 6.6.5. Let K be a number field with s real embeddings and t conjugated
pairs of complex embeddings in C. For any positive integer d € N, there exists a
Galois extension F/K of degree [F : K] = d such that F has d- s real embeddings
and d -t conjugated pairs of complexr embeddings in C.

Proof. We can assume that all fields are subfields of C. From Lemma 5.6.7, it
is clear that there exists a totally real Galois extension L/Q of degree d such
that K N L = Q. Now take F' := K L. Using Proposition 3.19 and Corollary
3.20 from [Mil22], we find that F//K is Galois and that

[L: QJ[K : Q]

F:U =7 kg

=[L:QK:Q]=d-(s+2t).
Let us write in general M for the set of embeddings from the number field K
to C. Consider the map

g: ./\/lF —>MK X ML L0 (U‘K,U|L).

It is clear this map is injective since any embedding of F' in C is completely
determined by its values on K and L. Since the number of embeddings equals
the degree of the number field, it follows from the above that M p and Mg x My
have the same cardinality. We thus have that g is a bijection. If we let 7 denote
the complex conjugation automorphism on C, we have for any ¢ € My the
equivalences

Too =0 g(roo)=g(o)
& (roolk,ToolL) = (olk,0lL)
& (toolk,olr) = (olk,olL)
S To0|g =0|k.

From this it follows that the number of real embeddings of F' into C is exactly
equal to d - s. As a consequence, the number of conjugated pairs of complex
embeddings of F' into C must be equal to d - ¢. O

Let X be a finite set. For any Galois extension L/Q and any continuous
morphism p : Gal(L/Q) — Perm(X), inducing an action on X, we define a

function
1
: X 1, -
-
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, (6.13)
else

(@) = {1 if 3o € Gal(L/Q) : pro(z) = pol(z)
2

where 7 € Gal(L/Q) denotes the complex conjugation automorphism (with
the convention that it is the identity automorphism if L C R). Note that z,
is constant on p-orbits and that it takes the value 1 on an orbit if and only if
pr fixes an element in that orbit. The reason why the function z, takes the
values 1 and 1/2 will become clear in the formulation of the main theorem of
this section. The following lemma shows the relation between this function and
totally imaginary number fields. Recall from section 6.2 that a number field is
said to be totally imaginary if it has no real embeddings.

Lemma 6.6.6. Let X be a set and p : Gal(Q/Q) — Perm(X) a continuous

morphism. For any x € X, the field @H with H = Stab,(z) is totally imaginary
if and only if z,(x) =1/2.

Proof. Let 7 € Gal(Q/Q) be the complex conjugation automorphism. Note
that @H is totally imaginary if and only if for any o € Gal(Q/Q) we have

7 ¢ Gal (@/a (@H)).

We have the series of equivalences

reGa(@/s (7))« reca(n/a")

s r1eoHo !
< 7 € Stab,(ps(2))
& pro(T) = po(z).

Thus, @H is totally imaginary if and only if for any o € Gal(Q/Q) we have
pro(x) # po(z), which is by the definition of z, equivalent with z,(z) =1/2. O

The following definition will also be used in the statement of the main theorem.

Definition 6.6.7. Let G = (V, E) be a graph and Ag its set of coherent
components. A subset of coherent components A C Ag will be called connected
if the underlying set of vertices

U A

A€A
is connected in the graph G (according to Definition 4.1.3).
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The next lemma is a result on the existence of connected subsets of coherent
components satisfying a property with respect to a given involution of the
quotient graph. This lemma will later be applied to the involution determined
by the action of the complex conjugation automorphism on G.

Lemma 6.6.8. Let G = (V, E) be a graph, Ag its set of coherent components
and 1 € Aut(G) an involution, i.e. v satisfies 1> = 1d. Take any connected subset
A C Ag such that for all A € Ag with t(X\) # X it holds that A # {\,t(\)}.
Then there exists a connected subset B C Ag such that AU(A) = BU(B) and
for any A € B with A # 1(\) we have (\) ¢ B.

Before proving it, we first illustrate it with 2 different examples.

Example 6.6.9. The above lemma requires the set A C Ag to satisfy A #
{\, t(N)} for any A € Ag with A # «(\). This condition is indeed necessary
by considering the following example. Take any positive integer n > 1 and
let V.= {v1,...,v5,w1,...,wy}. Define E = {{vg,w;} | 1 < k,l <n}. The
resulting graph G = (V, E) is the complete biparte graph on n + n vertices and
is drawn below for n = 3.

U1 wq
V2 w2
V3 ws
The coherent components are given by Ag = {A = {v1,v2,v3}, A =

{wy,we,ws}}. Note that A := {1, A2} is connected since A\; U Ay = S is
a connected set of vertices. Let ¢+ € Aut(G) denote the involution defined by
t(A1) = Ag. It is clear that the above lemma can not be valid for this choice of
set A since A; and Ay are each not connected subsets in G and thus {\;} and

{A\2} are each not a connected subset of coherent components.

Example 6.6.10. To illustrate the conclusion of Lemma 6.6.8, consider the
graph G = (V, E) with V = {vy,...,v7} and

E = {{vi,v2}, {v2,v3}, {v1,va}, {va,v6}, {v3, v5}, {vs, v7}, {va, v5}}.

The coherent components are simply all the singletons Ag = {\; = {v;} | 1 <
i < 7}. Let ¢ € Aut(G) be the involution defined by ¢(A2) = Aa, t(A1) = As,
t(Ag) = A5 and ¢(Ag) = A7. The graph and its quotient graph are drawn below

together with the involution .
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g V4 ? A4
U1 ® Us A1 ® \¢
ve | —------ Ag @-—-—f------------- >L
U3 ® U7 A3 o \;
Vs /\5

Define the subset of coherent components A = {Aa, A3, A5, Ay, Ag} C Ag, which
is easily seen to be connected. This set is drawn in Figure 6.1.

A4
A s
A2
A3 A7
As

Figure 6.1: The subset A drawn in bold.

Lemma 6.6.8 gives a set B such that BU ¢(B) = AU ((A) and for any A € B
with A # ¢(\) it holds that «(\) ¢ B. In this example, such a set B can be given
by either B = {A2, A3, A5, A7} or B = {2, A1, Ay, Ag}. These sets are drawn in
Figure 6.2.

/\4 )\4
)\1 )\6 )\1 )\6
)\2 )\2
)\3 )\7 )\3 )\7
As As

Figure 6.2: The two options for the subset B drawn in bold.

Proof of Lemma 6.6.8: We first prove the cases where A counts 1, 2 or 3
elements and then proceed by induction on |A|. If |A] = 1, we can just
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take B = A. If |A| = 2, the assumptions on A imply that ¢(A) # A for any
A € A. Thus we can again take B = A. If |A| = 3, we can assume that there is
a coherent component A € A such that ¢(A\) # A and «(\) € A, otherwise we can
just take B = A. Without loss of generality we can then write A = {\1, A2, A3}
with ¢(A2) = A3. Since A is connected, we must have that either {\1,\2} € E,
in which case we take B = {\{, A2} or that {\1, A3} € E, in which case we take
B = {\1, A3}

Next, assume that |A| > 3 and that the theorem holds for lower cardinalities of A.
As a basic property of connected subsets of graphs (which also lifts to connected
sets of coherent components containing at least 3 coherent components), there
exists a coherent component A € A such that A’ = A\ {A} is still connected. In
addition, there must exist an element p € A’ such that {\, u} € E since A was
assumed connected. We can apply the induction hypothesis on A’ and get a
connected set B’ C A such that A’ U(A’) = B'U(B’) and for any A € B’ with
A # 1(A\) we have ¢(\) ¢ B’. The following three cases are to be considered:

e 1(A) € A’. In this case, we have that AU ((A) = A" U(A") = B' U(B').
As a consequence we find that B := B’ satisfies the required properties.

e 1(\) ¢ A’ and pu € B’. Then it follows from {\, u} € E, that B := B'U{\}
is connected. We also have

BU(B) =B U{A\}UB U{\})
=B'UuB)U{Atu (N}
=AU (A)U{ALU LN}
=A U{UL(A U{N}
=AU(4)

and ((\) ¢ B for any A € B with A # +(A). Thus B satisfies all required
properties.

e 1(A) ¢ A" and pu ¢ B'. Then because p € A’ U(A") = B' U w(B'), we
must have ((u) € B'. Since « € Aut(G) and {\, u} € E, we must have
that {¢(A),¢(p)} € E. As a consequence we have that B := B U {¢(\)} is
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connected. We also have
BUW(B) = B'U{(N)} Ut(B'U(1(V)})
= B'UUB) U{A}U (V)
= AU A) U AU L)

= A" U{U(A U{N})

=AUA)
and ((\) ¢ B for any A € B with A # +(\). Thus B satisfies all required
properties.
This concludes the proof. O

Next, we prove a lemma which will help us find eigenvalues equal to +1 in
vertex-diagonal automorphisms defined by ¥ : V' — Q which satisfies conditions
(i) and (iii) of Theorem 6.6.4.

Recall that for any finite set X, group G and morphism p : G — Perm(X),
we say a subset A C X is a p-invariant subset if it is invariant under the
p-action, i.e. for any x € A and g € G, we have p,(z) € A. Similarly, a function
f:X =Y (toany set Y) is said to be a p-invariant function if for any g € G
we have f = fop,.

Lemma 6.6.11. Let X be a finite set equipped with a partition P. Consider a
continuous morphism p : Gal(Q/Q) — Aut(P) satisfying that

(i) for any x € X, U(x) is an algebraic unit and

(ii) for any o € Gal(Q/Q) it holds that o - [¥] = [¥] - p, in ’Hg

If A C P is a p-invariant subset and f : P — N a p-invariant function, then

IT I] o)) = +1.

YeAzeY
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Proof. Take any o € Gal(Q/Q). Since V¥ satisfies condition (ii), there exists a
0 € [y cp Perm(Y) such that 0 o U = Wor(p,) o . We thus have

o (H 11 wIf@f:)f“”) = [I [[eon)@'™

YeAzeY YeAzeY

T TT (¥ o) 0 8)(2)"™)

YecAzecY

IT IT (% or(en)(@)or-

YeAzeY

H H () )

YeAzecp,(Y)

H H \Il(x)f(y).

YeAzeY

This proves that ([Tyc4 [Ley ¥(2)7®)) € Q. Since ¥ satisfies condition (i),
every factor in this product is an algebraic unit and thus the product itself is
an algebraic unit. The only algebraic units in Q are 1 and —1, which proves
the claim. O

At last, we prove a lemma which for a graph G = (V, E) and a continuous
morphism p : Gal(Q/Q) — Aut(G) helps us construct a map ¥ on the vertices
underneath a single p-orbit such that the map satisfies conditions (i) and (iii) of
Theorem 6.6.4 on that p-orbit and enjoys an additional ‘hyperbolicity’ property.
In the proof of the main theorem we will combine these maps for each orbit
to construct a map on the whole vertex set which then also satisfies (ii) of
Theorem 6.6.4.

Recall that an action is said to be transitive if is has only one orbit. For a
transitive p-action, we have that the function z, defined in (6.13) is constant.
In this case we also refer to this constant value as z,.

Lemma 6.6.12. Let X be a finite set equipped with a partition P and ¢ > 1
an integer. Consider a continuous morphism p : Gal(Q/Q) — Aut(P) inducing
a transitive p-action on P. If z, - | X| > 2, then there exists a map ¥ : X — Q
such that

(i) for any x € X, U(x) is an algebraic unit with |¥(z)| # 1,

(ii) for any o € Gal(Q/Q) we have o - [¥] = [¥] - p, in ’Hg and
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(iii) for any weight e : X — N with )y e(x) < c it holds that if

I] w(x)®

zeX

:17

then the assignment

x> e(x) + e(r(pr)(z))
takes a constant value on X. Moreover, if this value is non-zero, it is
greater or equal than 2 - z,.

Proof. Fix some Y € P. Write H = Stab,(Y"). Note that

[@": Q| = [Gal@/Q) : H] = |Orb,(¥)| = || (6.14)

where we used the Galois correspondence for the first equality and the orbit-
stabilizer theorem for the second one. The field @H is a number field and let
s be the number of real embeddings and ¢ the number of conjugated pairs of
complex embeddings of @H in Q. Lemma 6.6.5 now gives us a Galois extension
F/ @H of degree m := |Y| such that F' has s-m real embeddings and t - m
conjugated pairs of complex embeddings. Applying Lemma 6.2.2 on the field F',
we get an algebraic unit £ € F' which satisfies (6.2) for the given ¢ > 1. We list
the cosets of H in Gal(Q/Q) as 01 H,...,0,H where n := |Orb,(Y)| = s + 2t.
We also order the cosets of Gal(Q/F) in H as vy, Gal(Q/F),...,vm Gal(Q/F)
and order the elements of Y as x1,...,x,,. Note that | X| = n-m. By setting

T 2= 1(po, ) (25),
we have thus parametrized the elementsin X as X = {z;; |1 <i <n,1 < j <m}.
We define the map ¥ as
v:X — @ L T — O'i’)/j(g).

First, we show that W satisfies condition (ii). Take any o € Gal(Q/Q). Let
us prove that there exists a 6 € [[ycp Perm(Y) such that for all 1 < i <
n,1 < j < m it holds that (¢ o U)(z;;) = (¥ or(p,) o 0)(x;;). By our
listing of the cosets in the Galois group above, it is not hard to see that there
exist permutations a € Perm({1,...,n}), b; € Perm({1,...,m}) and elements
& € H,7 € Gal(Q/F) such that

00; = 0440 and G = Y, (0

foralll1 < i <n, 1< j<m. The permutations b; allow us to define a
permutation 6 € [[y .p Perm(Y') by setting 0(z;;) = 24, (;). Note that

7(ps)(@ij) = 1P, ) (T5) = T(Poyy5)(T5) = Tagi;
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since & € H = Stab,(Y’). Thus, we get that
(00 W) (2ij) = 0017;(£)
= (i) V: ()0 ()
= 0a(i)Vb: () (§)
= U (Za(iybi())
= (Y or(ps)) (@i, (j))
= (Vor(ps) 0 0)(wij)

where we used that 7(¢£) = ¢ since & € Gal(Q/F). This proves that ¥ satisfies
condition (ii).

Next, we show that ¥ satisfies condition (i). Clearly, since £ is an algebraic
unit, so are all its conjugates o;7;(£), which are exactly all the images of W.

At last, we show U satisfies condition (iii). Take a map e : X — N with
> wex €(w) < c and assume that

H \I,(x)e(z)

rzeX

=1.

By the construction of ¥ this gives

[T L o] =1. (6.15)

i=1j=1

Up to reordering in the index 7, all real embeddings of F in Q are given by the
restrictions -
o7 F—=Q 1<i<s, 1<j<m,

and all conjugated pairs of complex embeddings of F in Q are given by the
restrictions

O’Z"}/jZF—>©, Ui+t’)/j:TO'i’7j2F—>@, s+1<i<s+t,1<j<m

where 7 € Gal(Q/Q) is the complex conjugation automorphism. Given this new
ordering of the o;’s, it is not hard to check that

PT(Iij):mij = 1<i<s
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and that for any s +1 <1 < s+ t we have:

Tittj = T(p‘r)(xij)-

Equation (6.15) can thus be rewritten as

m s s+t
1= H( o (O ] am(é)ew-mm(@e““(ﬂ”%”)
j=1 \i=1

i=s+1

i=s+1

m s s+t
= H< 0 (€)°¢ - ] Um(f)emj)+e<r<pr><m_7~>>>
j=1 \i=1

where we use in the second equality that complex conjugation does not affect
the absolute value of a complex number. After observing that 2e(z;;) =
e(xij) + e(r(pr)(zi;)) for all 1 <i < s, we now find immediately from the way
& was constructed using Lemma 6.2.2, that the assignment

x> () + e(r(p,) ()

is constant on X. Let us write k for this constant value and assume that k£ > 0.
Using Lemma 6.6.6, we find that

z2,(Y) = & @H is totally imaginary < s=0.

N =

In case z,(Y) = %, there is really nothing to prove since evidently £ > 1 =
22,(Y). If z,(Y) = 1, then s > 0 and thus there exists an z € X with
r(pr)(z) = x, implying that k = e(x) + e(r(p-)(z)) = 2e(x) > 2z,(Y). This
concludes the proof.

O

We are now ready to prove the main theorem of section 6.6.

Theorem 6.6.13. Let G = (V, E) be a simple undirected graph, ¢ > 1 an integer
and p : Gal(Q/Q) — Aut(G) a continuous morphism. The associated rational
form n@(p, c) of n°(G, ¢) is Anosov if and only if for each non-empty connected
set of coherent components A C Ag such that AU p,(A) is p-invariant, it holds

that
c< > ()AL (6.16)
AEAUp,(A)

Proof. Assume that n%(p, ¢) is Anosov. By Theorem 6.6.4, there exists a
map ¥ : V — Q which satisfies conditions (i), (ii) and (iii) from that theorem.
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Take any non-empty connected subset of coherent components A C Ag such
that AU p,(A) is p-invariant. We will prove that the inequality (6.16) holds.

First assume that A is not of the form {\, p-(A\)} for some A € Ag with p,(A\) # A.
By Lemma 6.6.8, there exists a connected set of coherent components B C Ag
such that AU p,(A) = BU p,(B) and for any A € B with A # p-(\) we have
pr(A\) ¢ B. Define the function

1 ifz,(A\) =1/2
g:B—={1,2}: A= {2 ifz,(A\) =1and p-(\) # A

1 ifz,(A\) =1and p,(\) =\
and note that it satisfies the equality

Son= Y 0.

A\EB AEAUp, (A)
Consider the algebraic unit
¢=TJ [ ®()™. (6.17)
AEB vEX

We now prove that [¢| = 1. Write X = 2, (1) and Y = z,'(1/2), then
XUY = Ag and X is exactly equal to the set of coherent components for which
their p-orbit contains a fixed point of p,. Since W satisfies (iii) of Theorem 6.6.4,
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there exists a 6 € [, 5, Perm()) such that 70 ¥ = Wor(p,)of. We then have

P =cC= T [T v e

AeEBveA

=[] [] ¥ )@ or(p,) o 0)(v)?™

AEBvEA

— H H\I, YN o 7(p,))(0)IN

AeEBwveA

(H 12w M@w(mww>

AEBNX veEA

( 1 Hwv)gmwor(p»)(v)g“))

AEBNY veAX

I Twer| | T I

AEBUp,(B) vEA AEBUp,(B) vEA
AeX AEY

- H H \p(v)%p(/\)

AEBUp, (B) veEX

1T IIvw@?™.

AEAUp, (A) vEA

This last product satisfies all requirements to apply Lemma 6.6.11 for the
partition P = Ag and thus we find that |(|?> = £1 which implies |¢| = 1. Using
that B is connected and that ¥ satisfies condition (ii) of Theorem 6.6.4, we
must thus have that the number of factors in the product in (6.17) is strictly
greater than c¢. The number of factors can be calculated as:

SSum= Y 5M-A= Y LM

AEBvEA A€eBUp,(B) AEAUp-(A)

which proves that ¢ < Z 2p(A) - Al
AEAUp, (A)

Now assume that there exists a 1 € Ag such that A = {u, p-(u)} and p # pr(1).
Note that this implies that A is p-invariant. Let 6 € J],c,, Perm()) be the
permutation such that 70 ¥ = ¥ o r(p;) o §. Choose a vertex u € p and
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define v’ = r(p,)(#(u)). Since A is connected, we have that {u, p, (1)} € E
and thus that {u/,v} € F for any v € u. This implies that the set of vertices
{u'} U (1 \ {u}) is connected in G. Note that

2 2

v) [[ we)| =|@er(eot)w) [ ww)

veu\{u} veu\{u}

where the last equation follows from applying Lemma 6.6.11. Since z,(u) =
zp(pr (1)) = 1/2, it follows from condition (ii) of Theorem 6.6.4 that

e < YU (p\{ud)l = lul = D 2(N) - 1A,
A€A

which completes the proof of the ‘only if’ direction.

Conversely, assume that for any non-empty connected subset of coherent
components A C Ag such that AU p,(A) is p-invariant, inequality (6.16) holds.
In what follows, we will construct a map ¥ : V — Q which satisfies conditions
(i), (i) and (iii) from Theorem 6.6.4, proving that n(p, c) is Anosov.

Let us list all the p-orbits as Orb,(A1),...,0rb,()\;) such that Ag =
Uézl Orb,(A;) and define the underlying sets of vertices

such that also V = U!_, V;.

We claim that z,(\;)|V;| > 2 for all 1 <4 <. Indeed, if z,(\;) = 1 and |V;| < 2,
then Orb,(\;) consists of a single coherent component which counts a single
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vertex and thus is a connected subset of coherent components. The assumption

then tells us that
Z Al=1>c¢,

A€O0rb,(\;)

but since c is assumed > 1, we get a contradiction. If z,(\;) = 1 and |V;| < 4,
then per definition of z, we have that p, had no fixed points on Orb,(}\;). As
a consequence, we must have that |V;| = 2 and |\;| = |p-(N\;)] = 1. Since
A; is a singleton, {\;} is a connected subset of coherent components with
{Ai} U p-({Ai}) = Orb,(\;) being p-invariant. Thus, the assumption tells us

that 1 11
Z §|>\| = 5 + 5 > c,
AEOIb, (A;)

but since c is assumed > 1, we get again a contradiction. Thus, we must
conclude that z,(\;)|V;| > 2 for all 1 <i <.

As a consequence, for each 1 <4 < [, we can apply Lemma 6.6.12 to the p-action
restricted to the partition Orb,();) of V;. Thus, we obtain for each 1 <¢ <l a
map ¥; : V; — Q which satisfies the properties as described in the statement of
that lemma. Next, we combine these maps and define for any tuple of integers

—

N = (Ny,...,N;) € Z' the map
U VoQive U(w)Y for vel,.

From the properties that every ¥; possesses ((i) and (ii) of Lemma 6.6.12), it is
straightforward to check that the map W g satisfies conditions (i) and (iii) of

Theorem 6.6.4 for any N € Z!. To finish the proof we will choose an N € Z!
such that condition (ii) of Theorem 6.6.4 holds as well.

For any weight e : V' — N define the additive group morphism

H \pﬁ(v)e(v)

veV

@e:Zl%R:Nr—Hog

and define the set of weights

E(G,c) ={e:V = N |supp(e) is connected in G and 0 < Z e(v) < c}.
veV

We will want to choose N outside of the set U ker(¢e). For this to be
e€&(G,c)

possible, we need that the morphisms ¢, are non-trivial for any e € £(G, ¢). Let

us prove this by contradiction.
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Take any e € £(G, ¢) and assume that ¢, is the trivial morphism. First, note
that supp(e) then has to count at least 2 elements. Indeed, if supp(e) were a
singleton, say supp(e) = {v} with v € V;, then the image of ¢, would be equal
to

{log ‘\I/i(v)"'e(”) ‘ n e Z} = {n e(v) - log |U;(v)] ‘ n e Z}.

This set can clearly not be equal to {0} since |¥;(v)| # 1 (see (i) of
Lemma 6.6.12). Next, choose any integer i € {1,...,l}. Let N; =
(0,...,0,1,0,...,0) be the l-tuple with a one on the i-th entry and 0’s elsewhere.

Since ¢, is assumed to be the trivial morphism, we get we(ﬁi) = 0. This exactly
means that

IT wiw) ™| =1,

veV;

and thus, since U; satisfies property (iii) of Lemma 6.6.12, the assignment
v e(v) + e(r(p,)(v)) is constant on V;. Moreover, if we write this constant
value as k;, we have k;/2 > z,()\;) whenever k; > 0. Doing this for any
ie{l,...,1l}, we get that for the set

A:={X € Ag | Ansupp(e) # 0}

it holds that AU p,(A) is p-invariant. Since supp(e) counts at least 2 elements
and is connected in G, it is clear that A C Ag is non-empty and connected. By
the hypothesis of the theorem we must thus have that

c< Y M)A

AEAUp-(A)

Since A U p,(A) is p-invariant, there exists a subset I C {1,...,{} such that
AUp7(A) = U;er Orb,(A;). Note that the set I consists exactly of those indices
i for which k; > 0. We then have that

THD SRR RITED SE DI N )

A€AUp, (A) 1€ peOrb,(X;) veV

which is in contradiction with }7 .\ e(v) < c¢. This proves that ¢, is not

the trivial morphism for any e € £(G,c) and thus that ker(yp.) # Z' for any
ee€&(G,c).

Note that since ¢, maps into the torsion-free group (R,+), the quotient
7! ker(p.) is torsion-free as well. Thus for any e € £(G,c) we have that
the free abelian group ker(¢.) has rank at most { — 1. From this observation, it

follows that
B := U ker(p.)
e€€(G,c)
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is not equal to Z! since £(G,c) is a finite set. Thus, there exists an element

M € Z'\ B. As one can check ¥ := W ;7 now satisfies also condition (ii) of
Theorem 6.6.4. This concludes the proof. O

Analogously as we did with Theorem 5.6.4 from the classification of rational
forms of n®(G, ¢), we can also reformulate Theorem 6.6.13 by considering finite
degree Galois extensions K/Q and injective group morphisms p : Gal(K/Q) —
Aut(G). Note that any such morphism corresponds uniquely to an extended
morphism 7 : Gal(Q/Q) — Aut(G). Since the orbit structure of p and p coincide,

we obtain the following statement.

Theorem 6.6.14 (Injective version). Let G = (V, E) be a simple undirected
graph, K/Q a finite degree Galois extension and p : Gal(K/Q) — Aut(G) an
injective group morphism. The associated rational form n%(p,c) of n®(G, c) is
Anosov if and only if for each non-empty connected set of coherent components

A C Ag such that AU p,(A) is p-invariant, it holds that

c< Y M)A

AEAUp- (A)

If we only consider rational forms of the real Lie algebra n®(G,c), then p,
is always the identity and thus the above theorem simplifies to the following
statement.

Corollary 6.6.15 (Real version). Let p : Gal(K/Q) — Aut(G) be an injective
group morphism, where K/Q is a real finite degree Galois extension. The
associated rational form w@(G, p) of the real Lie algebra n®(G, c) is Anosov if
and only if for any non-empty connected p-invariant subset A C Ag, it holds

that
c< Y AL

A€EA

We can also solely look at the standard rational form n®(G, ¢) which corresponds

to the trivial morphism p : Gal(Q/Q) — Aut(G) : Id — Id. A condition for
n®(G, ¢) to be Anosov can then be formulated as follows. Recall from Section 4.1
that the edges of the quotient graph where defined as the set

E={{\p} | \peAg:Tver:Twep: {v,w} €E}.

In particular, the quotient graph can contain loops which are elements in E of
the form {A} for a A € Ag.

Corollary 6.6.16 (Standard rational form). Let G = (V, E) be a non-empty
graph and w2(G, c) the associated rational c-step nilpotent Lie algebra. Then



ANOSOV RATIONAL FORMS OF PARTIALLY COMMUTATIVE LIEALGEBRAS 207

n%(G, c) is Anosov if and only if [\| > 1 for any A\ € Ag and for any edge in
the quotient graph e € E (possibly a loop) we have )y, |\ > c.

Remark 6.6.17 (Correction to a result of [Mai06]). We like to note that the
above corollary is a correction to the characterization stated in [Mai06, Theorem
4.3.], which only requires the condition of Corollary 6.6.16 to hold on loops in
the quotient graph. We present an example to show that [Mai06, Theorem 4.3.]
is false.

Let G be the graph from Example 6.6.9 for n = 2. The graph and its reduced
graph are drawn below.

g g
U1 w1
X S
V2 w2 A A2

The false result in [Mai06] claims that n®(G, ¢) is Anosov for any integer ¢ > 1,
while in fact this Lie algebra is only Anosov for ¢ < 4. The problem in the proof
of [Mai06, Theorem 4.3.] lies with the eigenvectors arising from Lie brackets of
vertices lying in different coherent components. In this example, the Lie bracket
[v1, [wy, [v2, wg]]] is non-zero in n@(G, ¢) with ¢ > 4 and will be an eigenvector
with eigenvalue 41 for any vertex-diagonal integer-like automorphism of n@(gG, c).
This essentially proves n%(G, c) is not Anosov for ¢ > 4, but a detailed proof is
provided by the main results above, in particular Corollary 6.6.16.

The above two corollaries show that from all rational forms in n®(G, ¢) that can
be Anosov, the standard one n%(G, ) leads to the strongest condition.

Corollary 6.6.18. Let G be a simple undirected graph and n%(G,c) the
associated c-step nilpotent rational Lie algebra. If n@(G,c) admits an Anosov
automorphism, then so does any other rational form of the real Lie algebra

n®(G,c).

Remark 6.6.19. Note that Corollary 6.6.18 does not generalize to the rational
forms of the complex Lie algebra n®(G, c). Example 6.6.27 will illustrate this.

6.6.3 Examples and applications

In this section we illustrate how easy it is to apply our main result for some
families of graphs. In particular, certain classifications in low dimension, as
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given in [LW09] are an immediate consequence of Theorem 6.6.14. First, let us
give a concrete example to make the reader more familiar with checking the
condition of Theorem 6.6.14.

Example 6.6.20. Consider the graph G as drawn together with its quotient
graph in Figure 6.3. It has 4 coherent components which are singletons and
2 coherent components which count 2 elements. The sizes of the coherent
components are also depicted in the figure.

g

Figure 6.3: The graph G and its quotient graph G with the size of each coherent
coherent component depicted.

Let us consider the Galois group of the extension Q(v/2,)/Q. It is isomorphic
to (Z/2Z)? and is generated by ¢ and 7 which are defined by v/2 > —/2,i + i
and V2 — V/2,i — —i, respectively. Note that 7 is the complex conjugation
automorphism. Let us consider 2 injective group morphisms from this Galois
group to Aut(G), resulting in the two different actions as drawn in Figure 6.4.
Both actions give rise to different functions z, of which the values are also

depicted in the figure.

Figure 6.4: Two actions of Gal(Q(v/2,i)/Q) on G with the associated values of
z, at each coherent component. Both o and 7 act as reflections on the graph.
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For both actions, there is a choice of set A of coherent components which
will result in the strongest condition on the nilpotency class ¢, following
Theorem 6.6.14. For both actions such a set A is drawn in Figure 6.5 below.
For the first action, it results in the condition

1 1

<oty byt b 1 1
¢ 2 2722 T

For the second action, we get the condition
<iilylilog
“SaTaTaTa T

Thus, for the first action, the associated rational form will be Anosov for ¢ = 2, 3,
while for the second action the associated rational form will not be Anosov for
any ¢ > 1.

Figure 6.5: Choice of set A C A for the two actions from Figure 6.4.

Second, recall from Theorem 4.1.11 that almost all unlabelled graphs have
a trivial automorphism group. In particular, these graphs have coherent
components of size 1 and also trivial automorphism group of the quotient
graph. Using Theorem 5.6.4 and Theorem 6.6.14 we thus immediately get the
following result.

Theorem 6.6.21. Fizing an integer ¢ > 1, the Lie algebra n®(G, c) has an (up
to Q-isomorphism) unique rational form which is not Anosov for almost all
unlabelled graphs G.

This shows that having an Anosov rational form is a rare condition for Lie
algebras associated to graphs and raises the question whether a similar statement
holds for nilpotent Lie algebras in general.

Next, let us apply Theorem 6.6.13 to certain classes of simple undirected graphs,
a first of which is trees. Recall that a tree is a connected graph with no cycles
(see Definition 4.1.4). For two vertices v, w in a connected graph G = (V, E), let
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d(v,w) denote the distance between v and w, given by the minimal number of
edges needed to go from v to w in the graph. The eccentricity e(v) of a vertex
v is defined as e(v) = max{d(v,w) | w € V'}. The center of G is then defined as
the set of vertices of G which have minimal eccentricity. It is a standard result
that a tree has a center consisting of either one vertex or two adjacent vertices.
To illustrate this, two trees with their center are draw in Figure 6.6 and 6.7.

Figure 6.6: A tree with a center
consisting of one vertex. The center
is represented by the vertices inside

Figure 6.7: A tree with a center
consisting of two adjacent vertices.
The center is represented by the

the dashed loop. vertices inside the dashed loop.

Proposition 6.6.22. If G is a tree, then nC(G,c) has no Anosov rational forms
for any ¢ > 1.

Proof. Take an arbitrary continuous morphism p : Gal(L/Q) — Aut(G). Let
C C V be the center of G = (V, E). Note that vertices in the same coherent
component can be mapped onto each other by an automorphism of G and must
thus have the same eccentricity. As a consequence, the center is a union of
coherent components invariant under Aut(G). Since G is a tree, we are left with
three cases:

o |C| = 1. Note that C is itself a coherent component and must be preserved
under any automorphism of G, implying that {C} is p-invariant non-empty
and connected. Since |C| =1 < ¢, we get by Theorem 6.6.14 that n%(p, c)
is not Anosov.

e |C| =2 and C is a coherent component. Since the coherent component C'
is preserved under any automorphism of G, we get that {C} is p-invariant
and non-empty. If the center of a tree contains two vertices, then they are
adjacent. As a consequence {C'} is connected as well. Since |C| =2 < ¢,
Theorem 6.6.14 tells us that n%(p, c) is not Anosov.

e |C| =2 and C is a union of two disjoint coherent components. Let us
write C = AU p with A and p disjoint coherent components. Note that
{\, 1} € E and thus that {)\, u} is a non-empty connected set of coherent
components. Since the center is preserved under any automorphism of G,
we get that {\, u} is p-invariant as well. Depending on whether p, fixes
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A or not, we get that z,(\)|A| + z,(u) || is equal to 1 or 2, respectively.
In either case, Theorem 6.6.14 tells us that n®(p, ¢) is not Anosov.

This concludes the proof. O

As a second class, let us consider the cycle graphs. These graphs can be
considered as the simplest graphs which are not trees and therefore the
natural class to consider next. The cycle graph of size n is given by vertices
V ={1,...,n} and edges E = {{1,2},{2,3},...,{n—1,n},{n,1}}. If n > 5,
then the coherent components are all singletons as illustrated below in Figure 6.8
for n = 6. It follows that for n > 5, the automorphism group of the
quotient graph is isomorphic to the dihedral group of order 2n. Let a be a
generator of the rotation subgroup of Aut(G) and b a reflection of Aut(G). Then
Aut(G) = {Id,a,...,a" 1, b,ab,...a" 1b}. Let us call a rational form of n®(G, ¢)
of reflection type if the corresponding representation Gal(L/Q) — Aut(G) has
image {Id, a’b} for some 1 < i < n. Then using Corollary 6.6.15, it is not hard

to prove following statement.

g

Figure 6.8: The cycle graph on 6 vertices and its quotient graph.

Proposition 6.6.23. Let G be a cycle graph of size n > 5 and take any ¢ > 1.
The standard rational form w@(G, c) and all reflection-type rational forms of
n®(G,c) are not Anosov. The other rational forms of n*(G,c) are Anosov if
and only if n > c.

Proof. Since the coherent components of G are all singletons, it follows by
Corollary 6.6.16 that n®(G,c) is not Anosov. If n%(p,c) is a reflection-type
rational form of n®(G, ¢), then after possibly conjugating the p-action by an
automorphism of the quotient graph, either {{1}} or {{1},{2}} is p-invariant.
In any case Corollary 6.6.15 tells us that n@(p,c) is not Anosov. If n%(p, c)
is any other rational form of n®(G,¢c), then the image of p must contain a
non-trivial rotation. Now suppose A C Ag is a non-empty connected p-invariant
subset of coherent components. Since A must be connected, we get that up to
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possibly conjugating the action of p by an automorphism of the quotient graph,
that A = {{1},...,{k}} for some 1 <k <mn. Using that A is also p-invariant,
we know it must be preserved under the non-trivial rotation. This is only
possible if & = n implying that A = Ag = {{1},...,{n}} and >, 4 [\ = n.
By Corollary 6.6.15 we get that n®(p, c) is Anosov if and only if n > c. O

Proposition 6.6.24. If G is a graph for which there is a non-negative integer
k >0 such that G has a unique vertex of degree k, then n®(G,c) has no Anosov
rational forms for any ¢ > 1.

Proof. Note that all vertices in a coherent component have the same degree.
As a consequence, if G has a vertex v for which there are no other vertices
of the same degree, then {v} is a coherent component of G. Since graph
automorphisms must preserve the degree of a vertex, it follows that v is fixed
under any graph automorphism and as a consequence the coherent component
{v} is fixed under any automorphism of the quotient graph. It follows that for
an arbitrary morphism p : Gal(L/Q) — Aut(G), the set {{v}} is a non-empty
connected p-invariant set. Since |[{v}| = 1 < ¢, Theorem 6.6.13 tell us that
n@(p, c) is not Anosov. O

The following examples show that our methods can be used to simplify certain
classifications of Anosov Lie algebras and to extend them.

Example 6.6.25 (Direct sum of two free nilpotent Lie algebras of same
rank and nilpotency class). Consider the graph G, = (V,, E,) defined by
Vo ={v1,...,0n,w1,...,wp} and B, = {{v;,v;} |1 <t <j <n}U{{w;,w;} |
1 <4 < j < n}. The set of coherent components is then given by Ag = {A1, A2}
with Ay = {v1,...,v,} and Ay = {wy,...,w,}. A figure of the quotient graph
is given below.

The Lie algebra n®(G,,, c) is isomorphic to the Lie algebra direct sum of two
free c-step nilpotent Lie algebras of rank n. Let ¢ € Aut(G,,) denote the only
non-trivial automorphism of G,,. For any non-zero square-free integer d # 1, let
o4 denote the only non-trivial automorphism in Gal(Q(v/d)/Q). If d = 1, then
Cal(Q(v/d)/Q) is trivial and we let oy denote the trivial automorphism. Note
that up to isomorphism, the extensions Q(\/E) /Q, with d non-zero square-free,
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are all possible Galois extensions of Q of degree 1 or 2. Consequently, all
injective group morphisms from a Galois group over Q to Aut(G,,) are given by

pa - Gal(Q(Vd)/Q) — Aut(G,) : 04 — ¢

for some non-zero square-free integer d. Following Theorem 5.6.4, all rational
forms of n®(G,, c) can thus be written as

n(d,n,c) = n%(pg,c) < n2VD(G, )

for a non-zero square-free integer d. Moreover, for non-zero square-free integers
dy,ds it holds that n(dy,n,c) = n(ds,n,c¢) if and only if d; = dy. For d = 1, pg
is the trivial morphism and we retrieve the standard rational form n(1,n,c) =
n®(G,,, c). From Theorem 6.6.13, we can now easily see that for a square-free
non-zero integer d:

‘n(d,n,c) is Anosov <:>d>1\/(d§1/\c<n).‘

This result was already known for ¢ = 2 and n = 2 from the classification of
Anosov Lie algebras of dimension 6, where the Lie algebra n(k, 2,2) was denoted
by n? (see [LW09, Example 2.7. and Theorem 4.2.]).

Definition 6.6.26. Let G = (V, E) be a simple undirected graph. The graph
G* .= (V, E*) with

B = {{v.w} | v,w € V,v # w, {v,w} ¢ E}

is called the complement graph of G.

Note that the coherent components of a simple undirected graph and its
complement graph coincide. Moreover, we have that Aut(G) = Aut(G*). This
being said, let us look at the Lie algebra associated with the complement graph

of the one from Example 6.6.25.

Example 6.6.27 (Free nilpotent sum of two abelian Lie algebras of same
dimension). Let G,, = (V,, E,,) be the graph from Example 6.6.25 and G its
complement graph. Note that G is also the cycle graph of size 4. The quotient
graph G* is drawn below.

g
ne——en

A A2
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The Lie algebra n®(G,,c) is isomorphic to the free c-step nilpotent sum of
two abelian Lie algebras of dimension n. Let ¢ € Aut(G,) denote the only
non-trivial automorphism of G,,. Since Aut(G,,) = Aut(G}), it follows that all
injective group morphisms from finite Galois groups over Q into Aut(G¥) are
given by the same morphisms pg for d a non-zero square-free integer as defined
in Example 6.6.25. As a consequence, following Theorem 5.6.4, all rational

forms of n®(G, c) are given by
n*(d,n,c) :=n%pg,c) C nQ(‘/E)(Q,*wc)

for a non-zero square-free integer d. Moreover, for non-zero square-free integers
dy, ds it holds that n*(dy1, n, c¢) =2 n*(da, n,c) if and ounly if d; = dy. For d = 1 we
retrieve the standard rational form n*(1,n, ¢) = n®(G?, ¢). From Theorem 6.6.14,
we can now easily see that for a square-free non-zero integer d:

‘n*(d,n,c) is Anosov @(dzl/\c<2n)\/(d<1/\c<n).‘

This result was already known for ¢ = 2, n = 2 and d > 1 from the classification
of real Anosov Lie algebras of dimension 8, where the Lie algebra n*(k, 2,2) was
denoted by hg (see [LW09, Theorem 4.2.]).

When studying Anosov automorphisms on rational Lie algebras in low
dimensions, one observes that in all known cases an Anosov Lie algebra
always has an Anosov automorphism with only real eigenvalues. The results in
Section 6.6 allow us to present an example where this is no longer the case, so
where every Anosov automorphism has non-real eigenvalues.

Example 6.6.28 (Anosov rational form which does not admit Anosov
automorphism with all eigenvalues real). Let G = (V| E) be the cycle graph
on 6 vertices as drawn in Figure 6.8. Let us write the vertices and edges
as V. = {v1,...,v6} and E = {{v1,va},...{vs,v6},{vs,v1}}. The coherent
components of G are then simply all the singletons Ag = {\; := {v;} | 1 <14 < 6}.
As a consequence there is a natural bijection i : V' — Ag : v — {v} which gives
us a splitting morphism 7 : Aut(G) — Aut(G) : ¢ = h™! oo h. Let us write
Aut(G) = {1,a,...a’b,ab,...,a’b} where a and b are defined by a(\) = Mo,
a(A2) = A3, b(A1) = A1 and b(A2) = Ag. Thus a is a generator for the rotations
and b is a reflection, like in our general discussion of cycle graphs.

Now let L be the splitting field of the polynomial X3 — 2 over Q. The roots of
this polynomial are given by /2, wv/2 and @+/2 where w = ¢ . The Galois
group Gal(L/Q) is generated by the elements o and 7, defined by

o(V2) =wV?2, owV2) =wVv2, o@V2) =2,
7(V2) = V2, 1(wV2) =oVv2, 71@V2)=uwv2
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Note that 7 is just the complex conjugation automorphism on L and that
Gal(L/Q) is isomorphic to the dihedral group of order 6. It follows that we
have an injective group morphism

p:Gal(L/Q) — Aut(G) : o a® 7+ b

with corresponding rational form n®(p, 2) of the two-step nilpotent Lie algebra
n(G,2). Using Theorem 6.6.14, it is straightforward to verify that n%(p,?2)
is Anosov. Indeed, z, takes only the value 1 on Ag and for any non-empty
connected A C Ag for which AU p,(A) is p-invariant, we have that AU p,(A4) =
Ag.

For the convenience of the reader, we construct an explicit basis for the rational
Lie algebra n®(p, 2) and compute the structure constants. We define the vectors
w; = [vi, vip1] for 1 <4 <5 and wg = [ve,v1]. The following elements form a
basis for n®(p, 2):

X; = (%)ivl + (w%)ivg + (E\S@)i%
%)ive

b= (59 o (4) s o

N
I

((72) wr+ (2) wa+ (272) us)

— (@V2) ot (@92) ik (32) )

3

Wi=w ((\?/i)iun + (w\‘ﬁ> w3 + (w\sﬁ)iws})

5 ((we@)im + (92) i+ (e@)in)

where 0 < i < 2. In this basis, the Lie bracket of n%(p,2) is given by the
following relations

[Xo,Y0] = Zo [(X1,Y0] = Z4 [X2,Y0] = Z>
(Xo. V1] = -2, - W, (X1, V1] = =25 — W, [Xo,Y1] = =27y — 2W)
[Xo, Y2] = Wy [X1,Y2] =2W, (X2, Ya] = 2W;.

Let us prove by contradiction that n2(p,2) does not admit an Anosov
automorphism with real eigenvalues. So, assume f : n%(p,2) — n@(p,2) is
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an Anosov automorphism with real eigenvalues. From Theorem 6.6.4 and its
proof, we know that there exists a map ¥ : V — Q, which satisfies the properties
formulated in that theorem and such that the algebraic units in the image of
U are eigenvalues of f. By the assumption, these eigenvalues are all real. Let
p: Gal(Q/Q) — Aut(G) : v + p(v|z) be the extended morphism. Note that
since all coherent components are singletons, the group [ ], 5, Perm(}) is trivial
and thus condition (iii) on ¥ becomes

Vv € Gal(Q/Q) :yo¥ =Wo 7(p)-

Write £ := ¥(v1). Now let v be any element in Stabz(A;). It follows that

V(&) = (yo ¥)(v1) = (P or(p,))(v) = ¥(v) =&

As a consequence ¢ is fixed under Stabz(A;) and in particular under ker(p).

Note that @ker@ is exactly equal to L and thus that § € L. Now let @ be an
extension of the field automorphism o to Q and note that

a(§) =a(§) = (@0 ¥)(v1) = (Yor(pz))(v1) = ¥(vs)

is also an eigenvalue of f. Since ¢ and o(€) are both real, we have 7(§) = ¢
and 70 (&) = o(§). This implies 0(£) = 70 (&) = 027(€) = 02(€) and thus that
o(§) = &. As a consequence £ is an element of L, fixed by Gal(L/Q), which in
turn tells us that £ € Q. The only algebraic units in Q are 1 and —1 which are
not hyperbolic. This gives us the contradiction.

A classification for small graphs

Using Corollary 6.6.15, we can check for a graph G whether n®(G, ¢) has an
Anosov rational form or not. This corresponds to whether the associated
simply connected Lie group N (G, ¢) admits a cocompact lattice T for which
the nilmanifold T\ N (G, ¢) admits an Anosov diffeomorphism. In the following
tables, we give a list of all connected graphs for which n®(G, ¢) has an Anosov
rational form for some ¢ > 1. We give this list for all graphs up to 6 vertices.
Note that one can use Proposition 6.6.22 and Proposition 6.6.24 to narrow down
the list of possible graphs. We refer to [Ber22] for a more exhaustive discussion
on the computation of this list.

For each graph G in the list, we also give its quotient graph G, the number of
rational forms of n®(G, ¢), the values of ¢ > 1 for which the standard rational
form n@(G, ¢) is Anosov and the values of ¢ > 1 for which n®(G, ¢) has an Anosov
rational form. In the visual representation of the quotient graph, we omitted
the weight 1 on the vertices.
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Table 6.3: List of connected graphs G up to 5 vertices such that n®(G, ¢) has an

Anosov rational form for some ¢ > 1.
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Table 6.4: List of connected graphs G on 6 vertices such that n®(G, ¢) has an
Anosov rational form for some ¢ > 1.






Chapter 7
The R ,-property

In Chapter 6, we investigated the existence of Anosov automorphisms on rational
forms of nilpotent partially commutative Lie algebras. In Section 7.2 of this
chapter, we study the related problem of determining which (nilpotent) partially
commutative groups have the R.,-property, a property which finds its origin in
Nielsen fixed point theory. We prove that every non-abelian right-angled Artin
group has the R, property (see Theorem 7.2.4). For transposition-free graphs,
we prove that the two-step nilpotent quotient of the associated right-angled
Artin group has the R..-property (see Theorem 7.2.2). In Section 7.3, we explore
the relation between the R.-property and abstract commensurability within the
class of finitely generated torsion-free nilpotent groups which is joint work with
Maarten Lathouwers. In particular we construct groups from edge-weighted
graphs. Using this construction, we give the first known example of a pair of
abstractly commensurable torsion-free finitely generated nilpotent groups of
which one has the R.-property and the other does not (see Example 7.3.29).
We begin this chapter with an introductory section on the R..-property and on
how this property behaves with respect to nilpotent quotients of groups.

7.1 Definitions and preliminaries

Let G be a group. For any automorphism ¢ of G, one says z,y € G are
p-conjugate if and only if there exists an element 2z € G such that x = zyp(z)~!
and this is written as x ~, y. Being ¢-conjugate defines an equivalence relation
on G. The equivalence classes are also called the twisted conjugacy classes of ¢

221
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and we write
2], ={y € G |y ~p v}

for the twisted conjugacy class containing . Note that if ¢ is the identity
automorphism, the twisted conjugacy classes are the ordinary conjugacy classes
in the group G.

The number of twisted conjugacy classes of an automorphism ¢ is called the
Reidemeister number of ¢ and is written as

R() =[G) ~o| = {2 € G},

Note that the Reidemeister number takes values in NgU{oo}. The Reidemeister
spectrum of a group G is defined as the set

Specp(G) = {R(p) | ¢ € Aut(G)},
consisting of all Reidemeister numbers of automorphisms of G.

Definition 7.1.1. A group G is said to have the R -property if for any
automorphism ¢ of G it holds that R(p) = oco.

The Reidemeister number finds its origin in Nielsen fixed point theory. Under
certain assumptions, the Reidemeister spectrum of the fundamental group of a
topological space X can give information about the number of fixed points of
homeomorphisms on X. For example, if the topological space is a nilmanifold
'\ N and its fundamental group (which is isomorphic to I') has the R..-property,
then every self-homeomorphism of I'\V is homotopic to a map which has no
fixed points [Jia83] [Ano85].

The fundamental groups of nilmanifolds are exactly the finitely generated torsion-
free nilpotent groups (see Theorem 2.3.21). Nilpotent partially commutative
groups (see Section 4.2) fall under this class and are, among others, groups that
will be considered in sections 7.2 and 7.3. A natural question for these groups
is: how does the R..-property behave with respect to the nilpotency class? The
following Lemma 7.1.2 and Corollary 7.1.3 are key observations in answering
this question. These observations can be found in several papers on twisted
conjugacy, for example in [GW09].

Lemma 7.1.2. Let G be a group and H a characteristic subgroup. If G/H has
the Roo-property, then so does G.

Proof. Assume G/H has the R..-property. Let ¢ be any automorphism of
G. Since H is characteristic, we have that ¢(H) = H and thus we obtain
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an induced automorphism @ : G/H — G/H : gH — ¢(g)H. Moreover, this
automorphism fits into the commutative diagram

G—2 @

L

G/H —2— G/H

where 7 : G — G/H : g — gH is the projection. Since G/H is assumed to have
the Rso-property, we know that R(p) = oo.

Assume that x,y € G are p-conjugate. Then there exists a third element z € G
such that x = 2yp(2)~!. Applying 7 to both sides of this equation, we find that

m(z) =7 (2yp(2) 1) = m(2)m ()7 (p(2)) "' = 7 ()7 (Y)B (r(2)) "

This implies that 7(z) and w(y) are p-conjugate in G/H. As a consequence, T
induces a surjective map:

i (G/ Nq,) = ((G/H)/ ~¢>  [2]p o [2]5.

Hence, since R(@) = oo, we find that R(¢) = oco. As ¢ is an arbitrary
automorphism of G, this shows that G has the R..-property. O

In particular, if we apply Lemma 7.1.2 to the lower central series, which consists
of characteristic subgroups, we obtain the following corollary.

Corollary 7.1.3. Let G be a group. If G/v;(G) has the Roo-property for some
positive integer i > 0, then G itself and the groups G/v;(G) for any integer
J >t also have the Ry -property.

With this corollary in mind, the following definition was introduced in [DG16].

Definition 7.1.4. Let G be a group. The R, -nilpotency indez is the least
integer ¢ such that G/7.11(G) has the Roo-property. If no such integer exists,
then we say the R..-nilpotency index is infinite.

The Ro.-nilpotency index has been studied on free groups [DG14], surface
groups [DG16] and Baumslag-Solitar groups [DLG20]. In Section 7.2 we prove
that any non-abelian right-angled Artin group has the R..-property and give
bounds for the Roo-nilpotency index.
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7.2 The R.-property for RAAGs

This section is based on [Wit23].

Recall from Section 4.2 of Chapter 4 that we defined for any graph G = (V, E)
a finitely presented group

A(G) = <V ‘ [v,w]; v,w eV, {v,w} ¢ E>7

called the (free) partially commutative group or right-angled Artin group
(RAAG), associated to G. The goal of this section is to study the R..-property
and the R..-nilpotency index for the groups A(G) for an arbitrary graph G.
Recall that we also defined for any non-empty graph G and any integer ¢ > 1
the c-step nilpotent quotient of A(G) as

A(9)
’Yc+1(A(g)).

In [DS21] it was proven that A(G) has the R..-property for certain subclasses
of graphs, among which the class of non-empty transvection-free graphs. Using
the notation from Section 4.1, a graph G = (V, E) is called transvection-free if
for any distinct vertices v, w € V it does not hold that v < w. Moreover, from
their proof it follows that the R..-nilpotency index for such graphs is equal
to either 2 or 3. In Section 7.2.4 we improve this result by showing that the
R,o-nilpotency index is in fact equal to 2 and that this is true on the following
larger class of graphs.

A(g7 C) =

Definition 7.2.1. A graph G = (V, E) is called transposition-free if for any
two distinct vertices v, w € V, the transposition of v and w (leaving all other
vertices fixed) is not an automorphism of G.

Using the notation from Section 4.1, it follows that a graph is transposition-free
if and only if Yv,w € V with v # w it does not hold that v ~ w. Equivalently,
all coherent components are singletons. From this it is easy to see that being
transposition-free is a weaker assumption than being transvection-free since
v~ews (V<w A v=w). As mentioned before, in Section 7.2.4, we prove
the following result. Recall that a graph is said to be non-empty if its set of
edges is non-empty.

Theorem 7.2.2. If G is a non-empty transposition-free graph, then A(G) has

R -nilpotency index 2.

Using the fact that a graph with trivial automorphism group is also transposition-
free together with Theorem 4.1.11, we find immediately the following corollary.
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Corollary 7.2.3. The group A(G) has Ry -nilpotency index 2 for almost all
unlabelled graphs G.

Let G = (V, E) be a graph. Recall from Section 4.1 the definition of its associated
quotient graph G = (Ag, E,®) where Ag are the coherent components of G.
The R..-nilpotency index strongly depends on the sizes of adjacent coherent
components in the quotient graph G. To this extend we define for any non-empty
graph G, the positive integers

§(9) = min {|A| + ul | At € Ag, {Au} € B} (7.1)

and
2(G) =min {c(\, 1) | A, € Ag, {\, pu} € E} (7.2)
where for any A\, u € Ag:

O\ 1) = max{2|A| + |p|, [\ +2|pl} A #p (73)

Note that given an arbitrary graph G, these numbers are relatively easy to
compute as the time complexity is polynomial with respect to the number of
vertices. The main theorem of this section is then formulated as follows:

Theorem 7.2.4. If G is a non-empty graph, then A(G) has the Ryo-property
with Roo-nilpotency index ¢ satisfying

£(G) < c<E(9).

Note that a graph G is transposition-free if and only if each coherent component
has size one. In this case, the above theorem thus tells us that a transposition-
free graph has R, -nilpotency index ¢ equal to 2 or 3. Therefore Theorem 7.2.2
is really a stronger statement than Theorem 7.2.4 in the transposition-free case.

As a second remark, note that the upper bound Z(G) is always less or equal
than 2r with r the number of vertices of the graph. We thus get that the
Roo-nilpotency index of A(G) is always less or equal than twice the number of
vertices of G.

It also agrees with the known result for free groups, which states that the
Ro-nilpotency index of a free group of finite rank at least 2 is equal to two
times its rank [DG14]. Indeed, the free group of rank r is isomorphic to A(G)
with G the complete graph on r vertices. This graph has only one coherent
component of size r and thus £(G) = Z(G) = 2r.

The proof of Theorem 7.2.4 is done using a Lie-theoretic approach. As discussed
in Section 4.3.2, any automorphism ¢ on A(G,c) = A(G)/ve+1(A(G)) induces
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a graded automorphism © on the partially commutative nilpotent Lie algebra
n%(G, c). An existing result establishes an equivalence between R(p) = co and
the occurence of an eigenvalue 1 for the Lie algebra automorphism .

First, the theory of linear algebraic groups is used to get the automorphism @
into a ‘nice’ form without altering its eigenvalues. Specifically, some positive
power of this ‘nice’ automorphism becomes diagonal on the vertices. Next,
Lemma 4.6.13 along with the theory of partially commutative Lyndon words,
is used to construct an eigenvector with eigenvalue 1 as a folded Lie bracket
of eigenvectors in n$ (G, c). This construction can be carried out for any edge
{\,u} € E in the quotient graph G. The resulting eigenvector with eigenvalue 1
lies in the i-th subspace n®(G, c), where i depends on the cardinalities of the
coherent components A and p. This dependence is encapsulated in the definition
of the number Z(G), as it is necessary that n(G, c) # {0} (or equivalently ¢ > 4)
for this eigenvector to be non-zero.

At last, let us give an example to make the reader more familiar with the
definitions of the numbers £(G) and Z(G).

Example 7.2.5. Let G = (V,E) be the graph determined by V =

{v1,v2,v3,v4,v5} and E = {{v1,v3},{v2,v3}, {vs,va},{v3, 05}, {va,v5}}, as
illustrated below.

U1 U3 Vg
Vo Vs
The coherent components are given by A\; = {vi,v2}, A2 = {v3} and

A3 = {vs4,vs5}. The set of edges in the quotient graph is given by E =
{{A1, A2}, {A2, A3}, {A\3}} and the quotient graph can be drawn as follows.

.—.—Q

VR VI

We thus find that
£(G) = min{|A1] + [A2f, [A2] + [As], [As] + [As]}

=min{2+1,1+2,242} =3
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and
E(Q) = min{2|)\1| + |/\2|, |)\2| + 2|)\3|,2|/\3|}
:min{2~2+1,1+2~2,2-2}:4.

By Theorem 7.2.4 we conclude that the R..-nilpotency index of A(G) is either
3 or 4.

7.2.1 Notation and methodology

To prove the main results, we use a Lie theoretic approach. Recall from
Section 4.3.2 that for any field K one has a functor

L% : Grp — LieAlgy,

which assigns to a group a graded Lie algebra by use of its lower central series.
The following lemma relates this functor with the R.,-property on finitely
generated nilpotent groups. It was stated in [DG14] as a generalization of
corollary 4.2 from [Rom11a].

Lemma 7.2.6. Let G be a finitely generated nilpotent group and ¢ € Aut(G).
Then R(p) = oo if and only if 1 is an eigenvalue of L(p).

Let G = (V, E) be a graph and ¢ > 1. By equation (4.5), we have, for any field
K, a natural isomorphism

(G, e) = L* (A(G,¢)),

where n®(G, ¢) is the c-step nilpotent partially commutative Lie algebra (see
Section 4.2) and the isomorphism is induced by the identity on the vertices
of G. Moreover, the isomorphism preserves the grading on both Lie algebras.
Thus, we see that any automorphism ¢ of A(G,¢) induces an automorphism
L¥(p) on L¥(A(G, ¢)) which, under the above isomorphism, induces a graded
automorphism on n®(G, ¢), which we will write as @ for the remainder of
Section 7.2. We write p; € GL(nX(G,c)) for the linear map obtained by
restricting 3 to n (G, c).

Hence, to prove Theorem 7.2.4, we need to show for any ¢ € Aut(A(G,c))
that % € Aut(n®(g, c)) has an eigenvalue 1 if ¢ > Z(G) and does not have an
eigenvalue 1 if ¢ < &(G). The fact that the automorphism % is induced by
an automorphism of the group A(G,c) is reflected in the coefficients of the
characteristic polynomial of each ;. This is argued in the following remark.
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Remark 7.2.7. Let H be a finitely generated abelian group and write 7(H)
for its torsion subgroup (which is characteristic in H). Let the field K be of
characteristic 0. Then there is a natural isomorphism between % ®z K and
H®y K. If fis an automorphism of H, it also induces an automorphism on the
free Z-module H/7(H), which can be represented by a matrix in GL(n,Z) with
respect to some basis for H/7(H). The induced linear map on % ®z K =
H ®7z K can therefore be represented by the same matrix and will thus have
a characteristic polynomial with integer coefficients and constant term equal
to 1. Applying this to the abelian groups LX(G) from above for a field K
of characteristic 0, we see that for all ¢« > 0, @; is integer-like (see Definition
3.4.18).

Recall from Remark 4.6.5 that we have an isomorphism of linear algebraic
groups
Tab : Aut, (nK(g, ) — GE(G).

Thus, we can consider the inverse of this map which we will write as
we : GH(G) — Aut, (n(G,¢)) (7.4)

where we use the subscript ¢ to emphasize the codomain of the map. Recall
from Theorem 4.6.6 and the discussion below it, that the linear algebraic group
GX(G) is given by the product

G¥(G) :==P(Aut(G)) - | J] GLGspang(N)) | -UX(9)

AEAg

where UK (G) is the unipotent radical of GX(G).

Remark 7.2.8. Let K be any subfield of C and g € G¥(G) a semi-simple
element, i.e. an element whose matrix w.r.t. the basis V' is diagonalizable over
C. Then g lies in some linearly reductive subgroup (see Definition 4.5.14) of
the linear algebraic group G¥(G). Note as well that

R¥(G) :=P(Aut(G)) - J] GL(spang()))

AEAg

is a linearly reductive subgroup of G¥(G). Indeed, it suffices to show that its
Zariski-connected component at the identity is linearly reductive. This Zariski
connected component is equal to [J.,  GL(spang(A)). This group is linearly
reductive as it is a direct product of general linear groups, which are known to
be linearly reductive. The group R¥(G) also has the property that

G*(G) = R¥(G) x UX(9),
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with U (G) the unipotent radical of G¥(G). Thus, Theorem 4.5.16 applies and
there exists an h € G¥(G) such that hgh~! € RX(G). In particular, this is
valid for K = QQ which will be of use in the next section.

At last, let us mention that we will use standard cycle notation in the following
sections. Thus, for a finite set X and any distinct elements x1, xs,...,zx € X,
we let (27 ...x,) denote the permutation in Perm(X) which is determined by

T T2, ..., Tp—1+r—> Tp, Tpn— T1

and y — y for all y € X \ {z1,...,2,}.

7.2.2 Automorphisms with the same characteristic polynomial

The goal of this section is to find for any automorphism ¢ of the group A(G, ¢)
an automorphism f € Aut,(n®(G, ¢)) for which it is clear what the eigenvectors
and eigenvalues on n{ (G, c) are and such that f and the induced automorphism
% € Aut,(n®(G,c)) have the same characteristic polynomial. Moreover, the
fact that P is integer-like (see Remark 7.2.7), will give us relations among the
eigenvalues of f on n$(G,c). At the end of the section, we also prove a corollary
of these results which says that any integer-like automorphism of the rational
Lie algebra n%(G, ¢) has a characteristic polynomial which can be realized as
the characteristic polynomial of an automorphism of the group A(G, ¢).

Let G = (V, E) be a graph and fix an order on the vertices inside each coherent

component as A = {v1,...,vy}. For any integer n > 0, let I,, denote the
n x n identity matrix. For any k-cycle o = (A1...\;) € Perm(Ag) on the
coherent components with |A| = ... = |\;| = n and any B € GL(n, K), we

define the linear map T'(o, B) € GL(spang (V) as represented by the matrix B
if K =1 and by the matrix

if £ > 1 with respect to the ordered vertices

U)\lla-'-77])\171;1])\21;-~-7U)\2n7-~-av)\kla-- -7/0)\)@71

and by the identity on all other vertices. Let 1) € Aut(G) be an automorphism
of the quotient graph with disjoint cycle decomposition ¢ = o1 0...004 (where
1-cycles are not omitted) and write n; for the size of the coherent components
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in the cycle o;. Note that for any matrices B; € GL(n;, K), the linear map
H?Zl T(0i, B;) is an element of GK(G).

Lemma 7.2.9. Let G = (V, E) be a graph and g € G2(G) a semi-simple integer-
like element. Then there exists a v € Aut(G) with disjoint cycle decomposition
Y =o010...004 (where 1-cycles are not omitted) and for each cycle o; consisting
of coherent components of size n;, an integral semi-simple matriz B; € GL(n;,Z)

such that g is conjugated to H?:l T(0;, B;) in G(G).

Proof. By Remark 7.2.8, there exists a¢) € Aut(G) anda C € [T5ea, GL(spang(A))

such that g is conjugated to P(¥)C in G%(G). As a consequence, P(1))C is
also semi-simple and integer-like. Let ¥ = o1 o ... 0 g4 be a disjoint cycle
decomposition of ¢ with o; = (M1, .., Aig;) and [N\1| = ... = |\ig,| = n,. For
any i € {1,...,d}, define the subspaces W; = spang(Ai1 U... U\, ). It follows
that each W; is invariant under P(¢))C. Define h; := (P(¢)C)|w,. It follows
that for each i € {1,...,d}, h; is semi-simple and using Lemma 6.1.4 that h; is
integer-like.

Note that for any A € {Xi1,..., Aix, } we have h;(spang(A)) = spang(o;())). As
a consequence we get that the set Ay Uh; (A1) U. . .Uhfiil()\il) is a basis for W;.
Clearly, with respect to this basis, h; is represented by a matrix B; € GL(n;, Q)
if k; = 1 and by the matrix

if k; > 1 for some B; € GL(n;, Q). This is equivalent to saying that P(¢)C is
conjugated to Hle T(0;, B;) by an element of [Ten, GL(spang(X)) C G9(G).
Again, we have that each T'(o;, B;)|w, is semi-simple and integer-like and the
same must hold for its k;’th power (T'(o;, Bi)|wi)ki which is represented by

the matrix diag(B;, ..., B;) with respect to the basis it U... U Aig,. We thus
get that B; is semi-simple and using Lemma 6.1.4 that B; is integer-like. As a
consequence, there exists a matrix @; € GL(n;, Q) such that

Bi = QiBiQi_l S GL(TL, Z)
Clearly, B; is also semi-simple. Define

Q€ [] GL(spang()) c G%(9)

AEAg
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as represented by the matrix diag(Q;, ..., Q;) with respect to the basis \;; U
..UM\, on the subspace W; for each i € {1,...,d}. It is then straightforward

to check that
(H T(o ) H T(c:, B

We have thus proven that g is conjugated to Hi:l T(0;, B;) in GY(G) with
B; € GL(n;,Z) semi-simple. O

For any cycle ¢ = (A1 ... ;) € Perm(Ag) consisting of coherent components
of size n and any n-tuple a = (a1,...,a,) € (K*)™ we will use the shortened
notation

T(o,a) = T(o,diag(aq,...,an)).

Figure 7.1: Visual representation of the map T'(o, «) for a 3-cycle o consisting
of coherent components of size 3.

Let W denote the vector subspace of spang (V) spanned by the vertices in
A U...UM\;. For any non-zero complex number z = re’® with » > 0 and
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0 < 6 < 2, any positive integer s > 0 and any ¢t € {1,..., s}, we write the ¢-th

s-root of z as
Ry (2) := ~/re

The eigenvalues and corresponding eigenvectors of T'(o, «)|w are then given by

7;9+(t;1)27r

k
UNni
Rk‘](al) and ’lU(O'7 OZ)” = Z m, (75)
m=1 J ?

respectively, with i € {1,...,n} and j € {1,...,k}.

Lemma 7.2.10. Let ¢ be an automorphism of A(G,c) and P the induced
morphism on nC(G,c). There exists an automorphism 1 € Aut(G) with
a disjoint cycle decomposition ¥ = o1 0 ...0 04 (where 1-cycles are not
omitted) and for each cycle o; consisting of coherent components of size n;, an

element o; = (@1, ..., ;) € (C*)" with [[L, a;; = £1 such that the Lie
algebra automorphisms w, (H‘Ll T(o;, ai)> and @ have the same characteristic

polynomial.

Proof. First we will work over the field Q. With abuse of notation we let
% also denote the induced automorphism on n%(G,c). Let = $,%, be the
Jordan-Chevalley decomposition of % into its semi-simple and unipotent part.
Note that @, has the same characteristic polynomial as @. Since Aut,(n%(G, c))
is a linear algebraic group over a perfect field, we know that @y still lies in
Aut,(n®(G, c)). Since 7y, is a linear algebraic group isomorphism to G2(G), we
have that 7., (7,) € G2(G) is the semi-simple part of 7,1, (%). By Remark 7.2.7,
we know that m,, (@) is integer-like which implies that also m,, (@) is integer-
like. Applying Lemma 7.2.9 to 7., (@,), we get an element h € G2(G), an
automorphism 1 € Aut(G) with disjoint cycle decomposition ¢ = o1 0...00y
and semi-simple matrices B; € GL(n;,Z) such that

d
hﬂ'ab(as)h_l = H T(O’i, Bz)

i=1

Since each B; is semi-simple, there exists a matrix @; € GL(n;,C) and a tuple
a; = (@1, ..., p,; ) € (C*)™, such that QiBzQZ-_1 = diag(a1, . .., Qn, ). Since
det(B;) = *1, it follows that [[}*, a;; = £1. O

As a consequence of Lemma 7.2.9, we can show that the characteristic polynomial
of any graded integer-like automorphism of n%(G,c) can be realised as the
characteristic polynomial of an automorphism of the group A(G,c). First we
show some lemmas to construct this automorphism on A(G, c).
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Let G = (V, E) be a graph and Ag the set of coherent components. For any
A € Ag, we write GL(Z, \) for the subgroup of GL(spang(\)) of linear maps
that are represented by a matrix in GL(|A|,Z) with respect to the basis A. As
before, we identify GL(Z, \) with its corresponding subgroup in GL(span g (V)).

Lemma 7.2.11. Let G = (V, E) be a graph with set of coherent components Ag
and K a subfield of C. For any B € (HAeAg GL(Z, )\)) < GL(spang(V)), there

exists an automorphism ¢ € Aut(A(G,c)) such that the induced automorphism
P € Auty(LE(G,c)) satisfies man (@) = B.

Proof. Recall the ordering on the vertices inside each coherent component
A= {ur,... v,\w} We write B = [[ 5, Bx with By € GL(Z, A). For any
A € Ag, let (b2 )1<w<| x| denote the matrices which represent the maps By with
respect to the ba51s UxL, .- -, UxA|- Let F'(V) be the free group on the vertices V.
By the universal property of free groups, there exists a unique endomorphism
¢ : F(V) — F(V) which satisfies

p(on) = H Y

for any A € Ag and ¢ € {1,...,|A|}. Since A(G) is a quotient of F(V), we
can compose  with the quotient map to get a morphism ¢ : F(V) — A(G).
Now take any two distinct vertices vy;,v,r € V' such that {vy;, v} ¢ E. By
Remark 4.1.6 it follows that for all 1 < j < |A|, 1 < j" < |u| also {vyj, v} ¢ E.
Thus vy; commutes with v,;, in A(G) for any 1 < j <|A|, 1 <j’ < |pu|. Using
this we find that

Al . || o

P([oxis vuir]) = [B(ox), B(vpsr) H v [T v | =1

7'=1

Since this holds for arbitrary distinct vertices vy, v,y € V, we find that ¢
induces an endomorphism on A(G) and thus also an endomorphism on A(G, c)
which we call . It is straightforward to verify that 7,,(@) = B. Thus, the
endomorphism induced by ¢ on the abelianization of A(G, ¢) is invertible. Since
A(G, ¢) is nilpotent, this implies that ¢ is itself an automorphism of A(G,c). O

We can generalize Lemma 7.2.11 to the following:

Lemma 7.2.12. Let G = (V,E) be a graph and K a subfield of C. Let
W € Aut(G) be a quotient graph automorphism with disjoint cycle decomposition
1) =010...004 (where 1-cycles are not omitted) and for each cycle o; consisting
of coherent components of size n;, take any matriz B; in GL(n;,Z). There
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exists an automorphism ¢ € Aut(A(G, c)) such that the induced automorphism
® € Aut(LE(G,c)) satisfies map(P) = H:-l:l T(c;, B;).

Proof. Note that any graph automorphism 6 € Aut(G) naturally induces a
group automorphism on A(G) and thus also on A(G,c). They are part of the so
called elementary Nielsen automorphisms in the partially commutative setting,
see [Ser89]. Now take 6 = 7(v), i.e. 0(vai) = vy(n); for any A € Ag and
1€ {1,...,|A|} and let ¢1 be the automorphism on A(G, ¢) that it induces. It
is not hard to verify that

d
B:=m(71) " [[7(0i, By)

=1

is an element of H)\GAQ GL(X,Z). Thus by Lemma 7.2.11, there exists an
automorphism ¢y of A(G,¢) such that m,,(%z) = B. From this it follows that
the automorphism ¢ = ¢; o @9 satisfies

d

Tab(P) = Tab(P1) © Tab(P2) = Tab(P1) 0 B = HT(UivBi)-

This completes the proof. O

We are now ready to prove the corollary which can be seen as a sort of converse
to what is stated in Remark 7.2.7.

Corollary 7.2.13. Let ¢ be any graded integer-like automorphism of n%(G, c).
Then there exists an automorphism ¢ of A(G,c) such that its induced
automorphism @ on n®(G, ¢) has the same characteristic polynomial as ¢.

Proof. Let g be the semi-simple part of m,,(¢). Applying Lemma 7.2.9 to g,
we find that g is conjugated in G2(G) to Hle T(0;, B;) where ¢ € Aut(G)
with disjoint cycle decomposition ¢ = g1 0...004 and B; € GL(n;,Z). By
Lemma 7.2.12 there exists an automorphism ¢ of A(G,¢) such that m,,(@) =
H?Zl T(0;, B;). We thus see that the semi-simple part of . (¢) is conjugated
to mab (), but since map : Auty(n?(G, ¢)) — GL(spang(V)) is a linear algebraic
group isomorphism the same must hold for ¢ and ¢, i.e. the semi-simple part
of ¢ is conjugated to ¢. This shows that ¢ and ¢ have the same characteristic
polynomial and completes the proof. O
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7.2.3 Non-zero Lie brackets in n®(G, c)

In this section we prove a result that, for a given subset W C spang (V) satisfying
certain assumptions, allows one to construct folded Lie brackets of elements
in W which are non-zero in n®(G, c). We use the same notation as introduced
in Section 4.4. Recall that for any subset W C n®(G, ¢) we have an evaluation
map

¢ BWW) — n%(G, ¢)

where we use the superscript ¢ to emphasize the codomain of this map.
Define the set of weights on V' with sum at most ¢ as

Z e(v) < c} . (7.6)

5(V,c):{e:V—>N
veV

The next Lemma follows immediately from combining Lemma 4.6.10 and
Theorem 4.4.8.

Lemma 7.2.14. Let G = (V, E) be a graph, ¢ > 1 an integer and e € E(V,c) a
weight. If | supp(e)| > 2 and supp(e) is connected, then there exists a bracket
word b € BW(V') of weight e such that ¢, (b) is non-zero.

As a vector space, n®(G,¢) can be written as a direct sum according to the
weights of bracket words in V' as follows:

n%(G,c) = @ spang ({97 (b) | b € BW(V) of weight e}). (7.7)
ec&(V,c)

Using this decomposition, we can prove the following generalization of
Lemma 7.2.14.

Lemma 7.2.15. Let G = (V, E) be a graph and A CV a connected subset with
|A| > 2. Let W C spang(V) C n%(G, ¢) be a finite set of vectors such that there
exists a surjective map k: W — A which satisfies

Yw € W: w € spang(k(w) U (V\ A)) and w ¢ spanc(V \ A).

For any weight e € E(W,c) with supp(e) = W, there exists a bracket word
b e BW(W) of weight e such that ¢$,(b) is non-zero.

Proof. Note that the map « : W — A induces a map on bracket words & :
BW(W) — BW(V) defined inductively by ®(w) = x(w) if w is a bracket word
of length 1 (and thus an element of W), and %([b1, b2]) = [R(b1),R(b2)] for
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any by,by € BW(W). From the weight ¢ : W — N we define a new weight
ee&(V,c) by

é€:V—-N:ia— {Zweﬁl(a) e(w) ifacA

0 else.
From the fact that supp(e) = W and that s is surjective, it follows that
supp(é) = A. Using Lemma 7.2.14, there exists a bracket word b € BW(V) with
weight &, such that ¢, (b) € n®(G, c) is non-zero. By the way we constructed &
from e, it is clear that one can choose a bracket word b € BW(W) such that

%(b) = b and such that b has weight e.

For each w € W, let f,, : V — C denote the unique function such that
w =) cy fw(v)v, thus f,, expresses the coordinates of w with respect to V.
From the assumption on k, it is clear that for any w € W we have

w= folw(w)rw)+ Y fulv)v

veV\A

with f,(k(w)) # 0. Using the linearity of the Lie bracket in n®(G, ¢), we can
thus rewrite the element ¢y (b) as a sum

¢ (b) = ( II fw(ff(w))e(”)> 95 (0) + Y aq- ¢(d)

weWw deD

for some coefficients aq € C and a subset D C BW(V) of bracket words in
V each having a weight with support not contained in A. In particular, each
d € D has weight not equal to &, the weight of b. Using the vector space direct
sum decomposition of n®(G, ¢) as given in (7.7) and the fact that f,,(x(w)) # 0
for all w € W and ¢, (b) # 0, it follows that ¢, (b) is non-zero. O
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Ws

Figure 7.2: A visualization of the condition on the support of the vectors
w; € W from Lemma 7.2.15. The map x maps a vector w; to the unique vertex
in the intersection of A with the support of w;.

In Section 7.2.5 we will apply the above lemma to a subset W of eigenvectors
of the automorphism w.(T(c1,a1) - ... - T(04,aq)), namely a subset of the
eigenvectors w(o,a);; from equation (7.5). This will give us a tool for
constructing an eigenvector with eigenvalue 1.

7.2.4 Transposition-free graphs

In this section we prove Theorem 7.2.2. This is an improvement to a result
in [DS21], where it is proven (although not stated as a theorem) that the Roo-
nilpotency index of the RAAGs associated to the smaller class of non-empty
transvection-free graphs is less than or equal to 3. Note that the author uses the
opposite convention to define RAAGs, namely that adjacent vertices commute.

Let G = (V, E) be a non-empty transposition-free graph. This is equivalent with
saying that all its coherent components are singletons and that G has at least
2 vertices. In this case, the graph G and its quotient graph G are essentially

the same and we get a natural identification Aut(G) = Aut(G), which we use in
what follows.
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Applying Lemma 7.2.10 to G for any ¢ > 1, we find that for any automorphism

 of A(G,c), there exists a graph automorphism ¢ € Aut(G) = Aut(G) with
disjoint cycle decomposition

Y =010...004, Oi:(vi1ﬂi2~-~vz‘ki)

where v;; € V and there exist aq,...,aq € {—1,1} such that the induced
automorphism » € Aut,(n®(G, ¢)) has the same characteristic polynomial as
the automorphism w, (H?Zl T(oy, ai)) where the maps T'(0;, ;) have matrix

representation (£1) if k; = 1 and

0 +1
1 0
1 0
if k; > 1 with respect to the basis v;1, via, . . . , Vir,. Combining this with Lemma

7.2.6, we find that in order to prove Theorem 7.2.2, it suffices to show that
0:=my"! (H?Zl T (o3, ai)) has an eigenvector with eigenvalue 1. In the following

cases, we can always write down such an eigenvector.

C1. There exists an index i € {1,...,d} such that a; = 1. Then it is clear
that v;1 + ... + v, € n$(G,2) is an eigenvector with eigenvalue 1.

C2. There exists indices i € {1,...,d}, s,t € {1,...,k;} such that a; = —1
and {v;s, vt} € E. Depending on whether k; = 2|s — t| or not, the vector

ki/2 ki
S0 (00) 67 ()] o> 67 (0i), 67 (i)
m=1 m=1

respectively, will be an eigenvector with eigenvalue 1 in n$ (G, 2).

C3. There exist indices 4,5 € {1,...,d},s € {1,...,k;},t € {1,...,k;} such
that a; = aj = —1, {v;s,v51} € E and lem(k;, k;) (,% + ,%) is even. Then
i J

the vector
lcm(ki ,k}j)

D10 (vis), 07 (v))]

m=1

will be an eigenvector with eigenvalue 1 on n$ (G, 2).

In [DS21], the authors consider some other cases where an eigenvector with
eigenvalue one is constructed on n§(G,c). In what follows, we will exploit the
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fact that the graph is assumed to be non-empty transposition-free to show that
at least one of the cases Cl., C2. or C3. is always true. This is formulated in
Proposition 7.2.17 and thus proves Theorem 7.2.2 from the introduction.

First, we prove the following lemma which tells us something about the
neighbours of vertices lying in the same cycle of an automorphism ¢ € Aut(G).
Recall the definition of the open neighbourhood N(v) of a vertex v € V' from
Section 4.1.

Lemma 7.2.16. Let G be a graph and 1 € Aut(G) a graph automorphism with
disjoint cycle decomposition ) = 01 0090...004, where o; = (Vi1 Via ... Vik, ).
For any i,j € {1,...,d}, s,t € {1,...,k;} it holds that if ged(k;, k;) | (s — 1),
then N(vis) NV = N(vy) NV, where V; denotes the set of vertices in the cycle
O'j.

Proof. Assume ged(k;, kj) | (s —t). It follows by the theorem of Bachet-Bézout,
that there exist integers v, 8 € Z such that ak; +t — s = Bk;. Take an arbitrary
vertex w € N (v;5) N'V;. By definition we have that {v;s, w} € E. Since 1 is a
graph automorphism we have as well that {y®*+t=5(v,,), %%i (w)} € E. Using
the cycle decomposition of 1, we get the equality {1*%Tt=3(v;,), % (w)} =
{vit, w}. This shows that w € N(v;) and thus that N(v;s) N V; € N(vi) NV
This finishes the proof since the other inclusion is analogous . O

Using the above lemma we can prove our main structural result on a graph and
the cycle decomposition of one of its automorphisms.

Proposition 7.2.17. Let G be a non-empty transposition-free graph and ¢ €
Aut(G) with disjoint cycle decomposition 1 = o1 0030 ...0 04, where o; =
(vi1 Vig ... Vik,). Then at least one of the following is true:

(i) 3ie{l,...,d}, s,t € {l,... ki}: {vis,vir} € E.

(i) 3,5 €{l,...,d}, se{l,...;ki}, te{1,....kj}: i # j, {vis,vjs} € E
and lem(k;, kj) - (k% + %) is even.

Proof. We prove this statement by contradiction. Assume both (i) and (ii) do
not hold. Let us define for any i € {1,...,d} the set of indices

W(Z)Z{je{l,,d}\{l} |HSE {1,...,]@},156 {1,...,]()]‘}, {vis,vjt}EE}.

From the assumption that (ii) does not hold, it follows immediately that for

any j € ¥(:) the integer lem(k;, k;) - (1% + ,%) is odd. We can write each cycle
i J
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length k; uniquely as k; = 2°m,; with ¢; € N, m; € N\ {0} and 2 { m;. Now
suppose that j € ¥(i) and that e; = e;. We then have that

1 1 ) - lcm(ki7kj) + lcm(k’i,k‘j)

lcm(ki, kj) . (kz + E ki ]Cj

_ 2%lem(my,my) | 29 lem(my, my)
- 26@' m; 267" m]

_ lem(m;, my) n lem(m;, m;)

m; m;

is even, since both summands lem(m;, m;)/m; and lem(m;, m;)/m; are odd.
Clearly this contradicts the assumption and thus we must conclude that for any
J € \I’(Z), €; # €.

Take any ¢ € {1,...,d} for which ¥(7) is non-empty and suppose that e; < e; for
any j € ¥(i). Then we get for any j € ¥(i) that ged(k;, kj) = 2% ged(m;, m;)
which divides 26 ~tm; = k; /2. By Lemma 7.2.16 we thus have for any j € ¥(i)
that N(v;1) NV; = N(vir,) NV, where we write r; :== 1 + k;/2. Note that by
the definition of W(i), we also have that N(v;1) NV; =0 = N(v;,) NV; for
any j € {1,...,d}\ (¥(i) U {i}). At last, we also find that N(v;1)NV; =0 =
N(vir;) NV, as a consequence of the assumption that condition (i) does not
hold. Since {V; | 1 <14 < d} is a partition of V, we can combine these equalities
to get N(v;1) = N(v;r;) which contradicts the fact that G is transposition-free.
Therefore we must have that if ¥ () is non-empty, then there exists a j € ¥(7)
such that e; > e;.

Since G is not the empty graph and since we assume that (i) does not hold, we
must have that there exists an ig € {1,...,d} such that ¥(iy) is non-empty. By
the above, we know that there is an index i; € U(ig) such that e;, > e;,. Note
that W(i1) is also non-empty since ig € ¥(i1). We can repeat the argument to
find an index iy € ¥(41) such that e;, > e;,. If we keep repeating this process,
we clearly get a contradiction since the set {e; | i € {1,...,d}} is finite. O

The above proves that if a graph G is transposition-free and has more than
one vertex, then A(G) has Ru.-nilpotency index 2. The converse does not hold.
Indeed, consider the graph on four vertices as drawn below.

U1 N V2
V4 U3
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This graph is clearly not transposition-free, since the transposition of vo with
vs is a graph automorphism, but A(G,2) does have the Ro.-property. This is
not so hard to prove using Lemma 7.2.10. For an actual proof, we also refer to
[DL23] (where we note that the authors use the opposite convention to define a
RAAG). This raises the following question.

Question 7.2.18. For which graphs G does A(G) have Ro.-nilpotency index
equal to 27

7.2.5 Bounds on the R_-nilpotency index of a RAAG

In this section we prove Theorem 7.2.4. We divide the proof into two parts.
The first part deals with the lower bound £(G) and the second with the upper
bound =(G) as defined by equations (7.1) and (7.2), respectively.

Lower bound

First, we show the existence of finitely many polynomials of arbitrary degree for
which certain products of their roots are not equal to one. These polynomials
will then be used to construct automorphisms on A(G, ¢) with finite Reidemeister
number. A useful tool to construct these polynomials are the so called Pisot
units. A Pisot number is a real algebraic integer greater than one such that all
its conjugates have absolute value stricly less than one. A Pisot unit is a Pisot
number which is also an algebraic unit, i.e. an algebraic integer for which the
constant term of its minimal polynomial over Q is equal to +1. A proof of the
following fact can be found in Lemma 2.7. of [DG14] and in Proposition 3.6.(3)
of [Pay09].

Lemma 7.2.19. Let oy be a Pisot unit with conjugates ao,...,aq. For any
e=(e1,...,eq) € Z% it holds that if H?Zl ai' =1 thene; = ... = eq.

We can now prove the following existence result.

Lemma 7.2.20. Letn >0, c>1 and dy,...,d, > 0 be any positive integers.
There exist monic irreducible polynomials p1(X),...,pn(X) € Z[X] of degree
di,...,dy, respectively, such that if a;i1,...,aiq, € C denote the the zeros of
pi(X), the following are true:

(i) Vie{l,...,n}: a1 ... g, = —1,

i
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(i) Ve = (e;l,...,eldl,egl,...,62d2,...,enl,...,endn) € (N)d1+”'+d" with
i Zj;l eij < ¢

d;

n
HHaf;jzl = (Mie{l,....,n}:eq1=...=¢€4q,).

i=1j=1

Proof. From Lemma 2.7. in [DG14], it follows that for all ¢ € {1,...,n}, there
exists a monic Q-irreducible polynomial ¢;(X) € Z[X] of degree d; such that if
Bi1s - - -, Bid, denote its roots, we have B;1-...-Bq, = —1 and ;1 is a Pisot number.
Next, for any e = (€11, ..., €1d;,€21, -+« E2dns -+ Enly-«-s€nd, ) € (N)d1+"'+d"
define the map

0o Z" — C* : (kl,...,kn)Hﬁﬁ (ﬂ’g)

i=1j=1

which is a group morphism between the additive group Z" and the multiplicative
group C* = C\ {0}. The kernel ker(y,) is a free abelian subgroup of Z™, with
rank less or equal to n. Assume that rank(ker(p.)) = n. Takeany i € {1,...,n}.
Then there exists a k; € Z such that the element (0,...,0,k;,0,...,0), where

the non-zero element is on the i-th entry, lies in ker(y.). We thus have that
d;

€i4
H (BZ) " = 1. Note that Bfl is still a Pisot number with conjugates

j=1

Bl5.....B% . By Lemma 7.2.19 we thus have that e; = ... = ejq,. Since
i was chosen arbitrarily, we get Vi € {1,...,n}: e;1 = ... = e;q,. This proves
that for any e € Z4++dn with =(Vi € {1,...,n}: €;1 = ... = eiq,) the kernel

ker(ye) has rank strictly less than n. As a consequence

e€ (N)ditetdn s (Vi {1,....,n}: €1 =...=¢eiq,)
and > I, Z]d;l eij <c

is a finite collection of subgroups of Z™ of rank strictly less than n. It follows
that we can find an element m = (my,...,my) € Z" such that m ¢ J oo H
and such that each integer m; is odd. For each i € {1,...,n}, we then define
the polynomial

# = {ier(e)

pi(X) = (X = B") .. (X = Bg)).
As one can check, these polynomials satisfy all requirements of the lemma. [
We also need the following result which was proven in Proposition 3.7.

from [DW23a] and tells us what the eigenvalues are of an automorphism
¢ € Aut(n®(G, c)) which is diagonal on the vertices V. Recall the notation
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E(V,¢) as introduced in Section 7.2.3 and Proposition 4.6.14 from Section 4.6.3
which we reformulate below.

Proposition 7.2.21. Let G be a graph and ¢ > 1. Let ¢ € Aut(n®(G,c)) be a
vertex-diagonal automorphism, i.e. an automorphism such that there exists a
function ¥ : V — C* with Vv € V : p(v) = U(v)v. The set of eigenvalues of ¢
is equal to

W(V)U { IT v«

supp(e) is connected in G
veV

e€ &V, e), |supp(e)| > 2, }

We are now ready to prove the lower bound on the R, -nilpotency index of
A(G) of which we recall the definition:

€(G) =min {|\| + [u| | A\, € Ag, {\,u} € E}.

Theorem 7.2.22. Let G be a non-empty graph. The group A(G,£(G) — 1) does
not have the R,-property.

Proof. Let G = (Ag, E, ®) be the quotient graph of G and write ¢ = £(G) — 1.
Using Lemma 7.2.20, we can find for any A € Ag a monic irreducible polynomial
pA(X) € Z[X] of degree |A| with eigenvalues a1, ...,y such that ax;-...-

axy = —1and Vey; € N with >0y le)‘z‘l ex; <c:
[l
HHai}le = (V)\EAgte)\lz...:e)\‘M).
AEAG j=1

Recall that we fixed an ordering of the vertices in each coherent component A =
{vat, ..., van ). Foreach A € Ag, let By € GL(Z, \) be the linear map such that
its matrix representation w.r.t. the basis vx1, ..., vy x| is given by the companion
matrix of px(X). This gives an element B = [[ . Bx in [[ycp, GL(Z, A).
By Lemma 7.2.11, there exists an automorphism ¢ € Aut(A(G,¢)) such that,
if p € Auty(n®(G,c)) denotes the induced automorphism on the Lie algebra,
mab(®) = B. Equivalently we have w.(B) = @. Note that, by Lemma 7.2.6, if
w.(B) = % does not have an eigenvalue equal to 1, the Reidemeister number of
® is not equal to oo and thus A(G,c¢) does not have the Ro.-property. Let us
prove by contradiction that this is indeed the case.

Assume w.(B) has an eigenvalue equal to one. Note that companion matrices are
diagonalizable and thus that for each A € Ag there exists a @, € GL(spang (X))
such that the matrix representation of Q,\B,\Q;\l w.r.t. the basis vx1, ..., vy
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is given by diag(axi, ..., axy(). It follows that

-1

D = w, HQ)\ B HQ)\

)\EAg )\EAQ

is an automorphism of n®(G, ¢) which is diagonal on the vertices and which has
the same eigenvalues as w.(B). We thus have that D has an eigenvalue equal
to one. Note that this eigenvalue can not occur on spanc(V') since ay; # 1 for
all A\ € Ag and j € {1,...,|A|}. By Lemma 7.2.21 above, there must therefore
exist ex; € N such that

Al |Al

s::ZZeAjgc, HHai}jzl

AEAg j=1 AEAG j=1

and the set A := {vy; | A € Ag,1 < j < |A|,en; # 0} has size greater or equal
to two and is connected in G. From the properties of the polynomials py(X),
we have for each A € Ag that ex; = ... = ey|y. As a consequence A is equal to
a union of coherent components. This gives two cases:

o If there is only one coherent component in this union, say A = A € Ag,
then it follows from A being connected, that {A\} € E. From the definition
of £(G) we thus have that £(G) < 2|A|. We must also have that ey; =

... = ey are even integers since axy .. .- ayz| = —1. We thus have that
2|A| < s which implies £(G) < 2|\| < s. This gives a contradiction with
s<e=¢(G)-1.

e If, on the other hand, A contains more than one coherent component, then
there must exist A\, u C A with A\ # p and {\, u} € E since A is connected.
We thus have that £(G) < |A\| + |u| < s, which again contradicts the fact
that s < c=¢&(G) — 1.

Thus, we must conclude that w,.(B) = % does not have an eigenvalue equal to
one. O

Upper bound

For the upper bound (see (7.2) for the definition), one has to show that if ¢ = Z(G)
then for each automorphism ¢ € Aut(A(G,c)), the induced automorphism
% € Aut,(n®(G, ¢)) has an eigenvalue one. We will construct such an eigenvalue
1 as a product of eigenvalues of % on nT (G, c). If one wants the corresponding
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eigenvector in n;C(g ,¢) with 4 as small as possible, one needs to solve the following

problem: given two positive integers k,! and elements «, 8 € {—1, 1}, how can
we obtain 1 as a product of k-roots of o and [-roots of 8 with the least factors
as possible, where we do need to take at least one k-root of o and one I-root of

8.

The answer, of course, depends on the integers k, [, «, 8, but as it turns out,
one always needs either 2 or 3 factors. In case a = 5 = 1, the problem is trivial.
Since 1 is a k-root of o and 1 is an I-root of 3, one needs only two factors:
1-1=1. Thecases « = f = —1 and a = —1,3 = 1 are less trivial and are
treated in the following two lemmas.

Recall that we defined the roots of unity

i6+(t:1)2ﬂ'

Ry (2) := v/re

for any non-zero complex number z = re with r > 0 and 0 < § < 27 and any
positive integers s > 0 and t € {1,..., s}.

Lemma 7.2.23. Take any positive integers k,l > 0 and write M = lem(k,1).
Then the following are true:

(i) There exist integers s € {1,...,k} and t € {1,...,1} such that

Rks(l) . th(l) =1.

+ %) is even, then there exist integers s € {1,...,k} and t €

I} such that

{1,...,
Ris(—1) - Ry (—1) = 1.

(iii) If M/k is odd and M/l is even, then there exist integers s,r € {1,...,k}
and t € {1,...,1} such that

Ris(—1) - Rpr(—1) - Rip(—1) = 1.

Proof. Statement (i) is trivial, namely take s =¢ = 1. For (ii), note that M/k
and M/l are coprime and thus by the Theorem of Bachet-Bézout, there exist
integers s,t € Z such that

M M M M

— 4+ —4+2((s=1)—+(t—-1)— | =0 mod 2M,

k l k l
where we used the assumption that M/k + M/l is even. Moreover, since
the equation is modulo 2M, it is clear that we can take s,¢ such that s €
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{1,...,k} and t € {1,...,1}. Dividing the left-hand side by M, we thus find
that % + % 4 2(Sk—1) + 2(tl—1) _ 25k—1 + # is an even integer. From this it
follows that

Ris(—1) - Ry(—1) = P FHG=13E) Ji(F+-12F) _ in(F+27)

For (iii), note that M/k and M/l are coprime and thus by the Theorem of
Bachet-Bézout, there exist integers s,r,t € Z such that

2]\:+J\l/‘[+2((5+r—2)]\:+(t—1)]\l4> =0 mod 2M,

where we used the assumption that M/ is even. Moreover, since the equation
is modulo 2M, it is clear that we can take s, t such that s,r € {1,...,k} and
t € {1,...,1}. Dividing the left-hand side by M, we thus find that % + % +
2(5+I:f2) + 2(15;1) _ 25+ir—2 + @

is an even integer. From this it follows that

™ ™

Rys(=1) - Rpr(—1) - Ry (1) = HEHE) (R 3) (il +05F)

_ ()

O

Lemma 7.2.24. Take any positive integers k,l > 0 and write M = lem(k, ).
Then the following are true:

(i) If M/k is even, then then there exist integers s € {1,...,k} and t €
{1,...,1} such that
Ris(=1) - Ru(1) = 1.

(i) If M/k is odd, then then there exist integers s,r € {1,...,k} and t €
{1,...,1} such that

Ris(—1) - Ryp(—1) - Ryp(1) = 1.

Proof. For (i), note that M/k and M/l are coprime and thus by the Theorem
of Bachet-Bézout, there exist integers s,r,t € Z such that

M M M
k+2((s—1)k—|—(t—l)l) =0 mod 2M,

where we used the assumption that M/k is even. Moreover, since the equation
is modulo 2M, it is clear that we can take s,¢ such that s € {1,...,k} and
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t € {1,...,1}. Dividing the left-hand side by M, we thus find that ; + 2=l 4

k
@ = % + @ is an even integer. From this it follows that

25—1 | 2t—2

Rps(—1) - Ry (1) = e (FHE—DE) ilt-D . _ gin(35+572)

For (ii), note that M/k and M/l are coprime and thus by the Theorem of
Bachet-Bézout, there exist integers s,r,t € Z such that

M M M
2k+2((s+r—2)k+(t—1)l> =0 mod 2M.

Moreover, since the equation is modulo 2M, it is clear that we can take s,r,t
such that s, € {1,...,k} and ¢t € {1,...,1}. Dividing the left-hand side by M,
we thus find that 2 + 2(8772) + 2(’5;1) = 2s=2r=2 4 2122 jg an even integer.
From this it follows that

Ries(=1) - R (=1) - Ri(1) = el(FHO-D )i (F+0-D %) gile-1) 3

— i (FEE ) — 1.
O

In combination with the two preceding lemmas, the next lemma gives us an

answer to a more general problem: given integers k,[,n,m > 0 and complex
n m

numbers a1, ...,Qn, 51, ..., Bm € C* with Hai = =+1 and HBZ = +1, how
i=1 i=1

can we obtain 1 as a product of k-roots of the numbers «; and I-roots of the

numbers (3;, with as little factors as possible, but with at least one k-root of «;

for any i € {1,...,n} and at least one l-root of 3; for any i € {1,...,m}.

Lemma 7.2.25. Letn > 0, k > 0 be positive integers and o, ..., a, € C\ {0}.
For any integer s € {1,...,k}, there exist integers s1,...,8, € {1,...,k} such

that
Rks (H ai) = H Rks,; (az)
i=1 i=1
Proof. Note that all elements in the set

S = {H Rys, (i)
i=1

are indeed k-roots of []}_, a; since

n k n "
<H Rk‘s«; (al)> == HRk31 (Ozz)k = Haz

51,...,sn€{1,...,k}}
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By only varying s; in {1,...,k}, it is easily verified that S must count at least
k elements. We can thus conclude that S is exactly equal to the set of k-roots
of [T, ;. From this observation, the lemma follows immediately. O

We are now ready to prove the upper bound on the R..-nilpotency index of
A(G) of which we recall the definition:

2(G) = min {c(\, ) | A\, p € Ag, {\, u} € B}

where for any A\, u € Ag:

e pr) = 4 A Ll M+ 20pl} 12 7 g
| 2/l if A = .
Theorem 7.2.26. Let G = (V, E) be a non-empty graph. The group A(G,=(G))
has the Ro.-property.

Proof. Let G = (Ag, E, ®) be the quotient graph of G. Take A, u € Ag arbitrarily
such that {\, u} € E. It suffices to prove that A(G, c) has the R..-property with
¢ = c(\, p) (since we can then take the minimum of ¢(\, u) for all {\,u} € E in
the end).

Take an arbitrary automorphism ¢ € Aut(A(G,c)). By Lemma 7.2.6 it satisfies
to prove that the induced automorphism @ € Aut,(n®(G,c)) has an eigenvalue
1. Using Lemma 7.2.10, it is sufficient to prove that for any automorphism

¥ € Aut(G) with disjoint cycle decomposition ¢ = o1 o ... 004 and any tuples

a; = (41,...,Qn,) € C™ where n; is the size of the coherent components
in the cycle o; and a4 - ... oy, = =£1, it holds that the automorphism
we(T(o1,01) ... T(04,4)) has an eigenvalue 1.

Note that every coherent component lies in a unique cycle from the
decomposition of 9. Let p,¢ € {1,...,d} be the indices such that ¢, and
cq denote these cycles containing A and p, respectively. For sake of notation,
we write 0 = 0y, T =04, n = A, m = |p|, @ = (ou,...,q,) = qp and
B = (P1,...,Bm) = aq and let k, | denote the orders of the cycles ¢ and 7,
respectively.
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We divide the proof into several cases:

ro————e or 4\ ;

Note that in this case alson =m, a = and k = [.

— First consider the case where n = m = 1. Then we must have
that A # p, ¢(A\, pu) = 3 and T(o,a) = T(o, (£1)). If @ = 1, then
there exists an eigenvector with eigenvalue 1 in n$(G, ¢) by the same
argument as in C1. from Section 7.2.4. If, on the other hand o = —1,
then there exists an eigenvector with eigenvalue 1 in n$(G,c) by the
same argument as in C2. from Section 7.2.4.

— Next, consider the case where n = m > 1. Using that H?:l a; = +1,
we can combine Lemma 7.2.23 (i) (ii) (with k£ =1) and 7.2.25 to get
the existence of indices s1, ..., Sn,t1,...,tn € {1,...,k} such that

(H RkSi(ai)> (H Rkn(O&J) =1.

Next, consider the set A := (A \ {va1}) U{v,u1} for which it is clear
that |A| > 2. From the fact that {\, u} € E we have that {v,w} € E
for any v € A\, w € u, hence A is connected. Define

W= {w(o, )is;, w(o,a)i, |1 <i<n}
where we remind the reader of the definition of w(c, a);; € spang(V)
in (7.5). Define a map
, ifi=1
H:W%A:w(a,a)in{v“ .
vy else.

It is clear that A, W and k satisfy the assumptions of Lemma 7.2.15.
Define the weight

1 1f31§£t1

e:W = N:w(o,a); —
2 else,
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for which it holds that

Z e(w) =2n < c(\ p) =c.

weWw

As a consequence we can apply Lemma 7.2.15 to A, W and & for
the weight e and get a bracket word b € BW (W) of weight e such
that ¢¢,(b) € n®(G,c) is non-zero. Since each element of W is an
eigenvector of the automorphism w.(T(o1,1) - ... T(04,q)), it
follows that ¢f;, () is still an eigenvector. By construction, it is clear
that the eigenvalue of ¢f;,(b) is equal to 1.

e 0FT.

Nt .

ro—eo :

A

Note that since {\,u} € E, the set A := AU p is connected and that
since A # p we have |A| > 2. By combining Lemmas 7.2.23, 7.2.24 and
7.2.25, we know one of following three cases is true, depending on the
integers k and [ and the signs of []!, o; and [[;~, 8;. This dependence
is summarized in Table 7.1 below.

S e
[ J

P1. There exist s1,...,8, € {1,...,k},t1,...,tm € {1,...,1} such that

(H Rps, (m)) (H Ry, (@-)) —1.
i=1 i=1
In this case, define
W= {w(0-704)i5i | 1<e < n} U {’U)(T, B)m | 1<i< m}

and
kW — A: w(a, a)ij = Uxi, ’U)(T, B)U — Upi-

It is clear that A, W and k satisfy the assumptions of Lemma 7.2.15.
Define the constant weight e : W — N : w +— 1 for which we have

Z e(w)=n+m<ch\p =c
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As a consequence we can apply Lemma 7.2.15 to A, W and & for
the weight e and get a bracket word b € BW (W) of weight e such
that ¢%,(b) € n®(G, c) is non-zero. Since each element of W is an
eigenvector of the automorphism w.(T(o1, 1) - ... T(04, @q)), it
follows that ¢, () is still an eigenvector. By construction, it is clear
that the eigenvalue of ¢§,(b) is equal to 1.

P2. There exist s1,...,80,71,.--,Tn € {1,... k} t1,. .., tm € {1,...,1}
such that

<H Ry, (ai)> (H eri(ai)> (H Ry, (ﬂz)) =1.
i=1 i=1 i=1
In this case, define

W ={w(o,a)is,, w(o, )i, | 1 < i< n}

U {U/(’D ﬂ)ltl

1<i<m}

and

KW = Arw(o,a)ij — v, w(T, B)ij — Vi
It is clear that A, W and k satisfy the assumptions of Lemma 7.2.15.
Define the weight

1 lfSZ#TZ

e: W —=N:w(r,p)i — 1, w(o, o) —
2 else,

for which it holds that

Z e(w)=2n+m <c(\p) =c
weW

As a consequence we can apply Lemma 7.2.15 to A, W and & for
the weight e and get a bracket word b € BW (W) of weight e such
that ¢%,(b) € n®(G,c) is non-zero. Since each element of W is an
eigenvector of the automorphism w.(T(o1,1) - ...  T(04,q)), it
follows that ¢f;, () is still an eigenvector. By construction, it is clear
that the eigenvalue of ¢f;,(b) is equal to 1.

P3. There exist s1,...,8, € {1,...,k}, t1, .. ytm,71,...,m € {1,...,1}
such that

(H Rm(%)) (H Ry, (ﬁi)) (H er,-(ﬁi)) =1
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In this case, define
W ={w(o,a)is, | 1 <i<n}

U {w(T’B)itw ’LU(T, 6)1‘7‘1- | 1 S i S m}

and

KW = Atw(o,a)ij — v, w(T, B)ij — Vi
It is clear that A, W and k satisfy the assumptions of Lemma 7.2.15.
Define the weight

1 ifti;éri

e:W = N:w(o,a); — 1, w(t,B); —
2 else

for which it holds that

Z e(w)=n+2m<c\p) =c
weWw

As a consequence we can apply Lemma 7.2.15 to A, W and & for
the weight e and get a bracket word b € BW (W) of weight e such
that ¢%,(b) € n®(G, c) is non-zero. Since each element of W is an
eigenvector of the automorphism w.(T(o1,1) - ... T(04,q)), it
follows that ¢, () is still an eigenvector. By construction, it is clear
that the eigenvalue of ¢%, () is equal to 1.

This concludes the proof. O
M/k even M/k odd M/k even M/k odd
M/l even M/l odd M/l odd M/l even
H:L o; =1 Lem. 7.2.23 () Lem. 7.2.23 () Lem. 7.2.23 (i) Lem. 7.2.23 (1)
[[B:i=1 — P1. — P1. — P1. — P1.
[1lei=-1 | Lem. 7.2.23(ii) | Lem. 7.2.23(ii) | Lem. 7.2.23(ii) | Lem. 7.2.23 (iii)
[[[Bi=-1| —PL — P1. — P3. — P2.
H:L a; =—1 Lem. 7.2.24 (%) Lem. 7.2.24 (i) Lem. 7.2.24 (%) Lem. 7.2.24 (3i)
[[B:i=1 — P1. — P2. — P1. — P2.
Hj a; =1 Lem. 7.2.24 (%) Lem. 7.2.24 (i) Lem. 7.2.24 (i) Lem. 7.2.24 (3)
[[[Bi=-1| —PL — P3. — P3. — P1.

Table 7.1: Summary of which lemma is used in combination with Lemma 7.2.25
to obtain one of the cases P1., P2. or P3.
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7.3 The R.-property and commensurability

This section is based on [LW24], which is joint work with Maarten Lathouwers.

Let G and H be groups. Recall that G is abstractly commensurable with H
if there exist finite index subgroups G’ < G and H' < H such that G’ is
isomorphic to H’. The starting point of this section is the following question:

Question 7.3.1. Is the R.-property for groups an abstract commensurability
invariant?

It is known however that in general the answer to this question is negative. A
counterexample is given by the fundamental group of the Klein bottle. This
group has the R, ,-property, while it has a subgroup of index 2 isomorphic to
7?2 which is known not to have the R.-property, see section 2 of [GW09]. Note
that the fundamental group of the Klein bottle is torsion-free virtually abelian,
but not nilpotent. A new interesting question arises when we ask our groups to
be finitely generated torsion-free nilpotent.

Question 7.3.2. Is the R.-property for groups an abstract commensurability
invariant within the class of finitely generated torsion-free nilpotent groups?

The reason for considering finitely generated torsion-free nilpotent groups is
that there is a well-known abstract commensurability invariant within this
class of groups, namely the rational Mal’cev completion (see Section 2.3.1 and
Section 7.3.2) and that this rational Mal’cev completion is often used to prove
results regarding the R..-property in this class of groups.

In an attempt to answer Question 7.3.2, we arrived at the following observation.
We recall that a linear self-map on a finite-dimensional vector space is called
integer-like if its characteristic polynomial has integral coefficients and constant
term equal to +1.

Proposition 7.3.3. Let G be a finitely generated torsion-free nilpotent group.
All groups that are abstractly commensurable to G have the Ro,-property if and
only if every integer-like automorphism on the associated Mal’cev rational Lie
algebra has an eigenvalue 1.

The actual answer to Question 2 turns out to be negative and we will present a
counterexample within the class of 2-step nilpotent quotients of right-angled
Artin groups. Using weight functions on the edges of the defining graphs,
one can define groups which are commensurable to these 2-step nilpotent
quotients of right-angled Artin groups, but which have considerably less induced
automorphisms on the abelianization. These groups are defined in Section 7.3.3
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and the restrictions on their automorphisms are proven in Section 7.3.5. The
(to our knowledge) smallest concrete counterexample to Question 7.3.2 is then
presented in Example 7.3.29, which proves the following.

Theorem 7.3.4. There exist finitely generated torsion-free 2-step nilpotent
groups G and Gy, (with n € N\ {0,1}) such that:

(i) G <G, and [G, : G] =n for alln € N\ {0,1}

(i) G does not have the Ro.-property

(iii) all G,, have the Roo-property

On the level of nilmanifolds we obtain the following corollary.

Corollary 7.3.5. For any n € N\ {0, 1}, there exist 2-step nilmanifolds M
and N, a homeomorphism f : N — N and an n-to-one covering projection
p: M — N such that

(i) any map homotopic to f has a fized point and

(ii) any self-homotopy equivalence of M is homotopic to a fized point free
map.

7.3.1 Nilpotent quotients of RAAGs

In this section, we explore how the R..-property and abstract commensurability
behave within the class of nilpotent quotients of RAAGs (or free nilpotent
partially commutative groups). As it turns out, these groups A(G,c¢) (with
¢ > 1) contain a lot of information in the following sense: if A(G, ¢) has the Roo—
property, then all finitely generated torsion-free nilpotent groups commensurable
with it must have the R..-property too. In fact, even a wider family of groups
are implied to have R, which is stated in the following proposition. At the
heart of the proof lies Corollary 7.2.13.

Proposition 7.3.6. Let G be a graph and ¢ > 1 an integer. The following are
equivalent:

(i) A(G,c) has the Roo-property.
(ii) Every integer-like automorphism of n2(G,c) has an eigenvalue 1.

(iii) Every group H with L2(H) = n%(G, c) has the R -property.
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Proof. (i) = (ii). Take any integer-like automorphism ¢ of n%(G,c). By
Corollary 7.2.13, there exists an automorphism ¢ on A(G,c) such that the
induced automorphism ¢ on n®(G, c) has the same characteristic polynomial
as ¢. Using Lemma 7.2.6 and the assumption, the automorphism ¢ has an
eigenvalue 1 and hence ¢ has an eigenvalue 1.

(i) = (iii). Let us write H for the group H/vei1(H). Using Lemma 4.3.9, we
have the isomorphisms

oy L) w6,

- = ~n2(G,c).
S H) @) 9

Let ¢ be any automorphism of H and write @ for the induced graded
automorphism on n2(G, ¢) where we use the identification above. Note that @
is integer-like. Thus, by assumption, it has an eigenvalue 1. Lemma 7.2.6 then
implies that R(¢) = co. Since ¢ was an arbitrarily chosen automorphism of H,
this proves that H has the Ruo-property and by Lemma 1.1. from [GW09], so
does H.

(#i1) = (i). This follows if we substitute A(G,c) for H in the assumption (see
isomorphism 4.5 from Chapter 4). O

Remark 7.3.7. Note that any finitely generated torsion-free nilpotent group
H, which is abstractly commensurable to A(G, c), satisfies (iii) of the above
proposition. Indeed, we get that M (H) = M(A(G,c)) and thus also Le(H) =
gr(M(H)) = gr(M(A(G, c))) = LE(A(G, c)) = (G, c).

Remark 7.3.8. Note that in (iii) of Proposition 7.3.6 one can, in general,
not replace the field Q with a non-trivial field extension of it (which would be
a weaker assumption). Let us give a concrete example. Consider the 2-step
nilpotent group H with presentation

(1, 23] = y1, [T1,74] = Yo,

X1, Ta, T3, T

H= DRI (ag ay] = 7, (w2, 23] = v, . (7.8)
Y1,Y2,Y3

(3, 24] = y3, [Yi,y;] =1 = |21, 22]

This group does not have the R, -property since the automorphism of H that
is defined by

woatry oy eyt

To > x%x;l Yo > yf4y§’

x30—>x§1x4 y3»—>y3_1

Ty > m%x;l

induces an automorphism on LE(H) which does not have 1 as an eigenvalue
(see Lemma 7.2.6). On the other hand, consider the graph G as drawn below.
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V1 V2 V3 V4

By Theorem 7.2.2, A(G,2) has the R..-property. However, over the field
K = Q(V/2), we have a graded Lie algebra isomorphism L (H) = n¥(G,?2)
which is determined by

Xr1— U1+ Vg XT3 — Vg + U3
o \/ﬁ(vl — 1)4) Ty — \/5(’[)2 — ’Ug).

7.3.2 Rational Mal’cev Lie algebras

Let G be a finitely generated torsion-free nilpotent group. Recall from
Section 2.3.1 that such a group has a rational Mal’cev completion G2 and
a real Mal’cev completion G®. The real Mal’cev completion G¥ is a Lie group
and G lies in G® as a cocompact lattice. From Section 2.3.3 in Chapter 2, we
know that there is an associated rational finite dimensional nilpotent Lie algebra
ng. Moreover, if H is another finitely generated torsion-free nilpotent group,
then ng = n% as rational Lie algebras if and only if G and H are abstractly
commensurable.

The Lie algebra structure on ng and the group structure on G¢ are related

to one another via the BCH-formula (see Section 2.3.2). Any automorphism
of G extends uniquely to an automorphism of G¢ which in turn defines an
automorphism of the Lie algebra n%.

Recall from Section 4.3.2 that to any group G we can also associate a graded
rational Lie algebra L2(G). In what follows we will relate the Lie algebras
L9(G) and n% for a finitely generated torsion-free nilpotent group G. Let us
also recall from Section 4.3.1 that to any Lie algebra g we associate a graded
Lie algebra gr(g) defined as a sum of the factors of the lower central series.

First, note that the following result was proven in [Qui68, Lemma 3.3].

Lemma 7.3.9 ([Qui68]). Let G be a finitely generated torsion-free nilpotent
group. The inclusion of G in GQ induces a graded Lie algebra isomorphism

LY(G) = L(G) @2 Q = L(GY).
Next, recall that we write log : G¢ — ng for the inverse of the exponential map.

Using the BCH-formula and Theorem 2.3.20, we find that log induces for all
i > 0 a rational vector space isomorphism

fi 176G /7101 (GY) — 3i(ng)/Yip1 (ng)
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by
27i41(G?) = log(x) + vig1(nd).

Hence, f := @, fi gives an isomorphism
LoG) — gr(n@).

as rational vector spaces. To see that this map is also a Lie algebra isomorphism,
one can use the BCH-formula to show that for any x € 7;(GY), y € v;(G?), it
holds that

log([z,y]) = log(xyx_ly_l) = [log(z),log(y)] + terms in ’Yi+j+1(n(g),

which is for example also derived in [Seg83, p.103]. Together with Lemma 7.3.9
we thus find that
L%(@) = gr(ng)

as rational graded Lie algebras. Moreover, given an automorphism on G, the
induced automorphisms on L(G) and gr(ng) coincide through this isomorphism.
In particular, the induced automorphism on L(G) has the same eigenvalues as
the induced automorphism on ng. Thus, using Lemma 7.2.6 we retrieve the
following well-known lemma.

Lemma 7.3.10. Let G be a finitely generated torsion-free nilpotent group and
p € Aut(G). Let ¢’ be the induced Lie algebra automorphism on n%. Then

R(p) =00 <= ¢ has eigenvalue 1.

Let us now prove the proposition from the beginning of Section 7.3.

Proof of Proposition 7.3.3. Let G be a finitely generated torsion-free nilpotent
group, G? its Mal’cev completion and ng the rational Mal’cev Lie algebra.

First, assume that every integer-like automorphism of ng has an eigenvalue
1. Let H be a group commensurable with G and ¢ any automorphism of H.
Then ¢ induces an automorphism on the Mal’cev Lie algebra of H, which is
isomorphic to ng. Moreover, this automorphism must be integer-like, thus
by the assumption it has an eigenvalue 1. Using Lemma 7.3.10, we find that
R(p) = 0o and thus that H has the R..-property.

Conversely, assume that every group commensurable to G has the R..-property.
Let ¢ be an integer-like automorphism of n% and write ¢ for the induced
automorphism on G2. A property of an integer-like automorphism is that
there exists a basis {x1,...,2,} of ng with respect to which ¢ has a matrix
representation in GL,(Z). By Proposition 3.2 in [DD16], there exists some
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finitely generated subgroup H in G? with Mal’cev completion G? and such
that (H) = H. In particular, H is commensurable to G. Thus, by assumption,
H has the R.-property and R(@|g) = co. Lemma 7.3.10 then implies that the
induced morphism on n% = n%, which must be equal to ¢, has an eigenvalue 1.
This completes the proof. O

It is not clear to us whether in the statement of Proposition 7.3.3 one can
replace ‘the associated Mal’cev Lie algebra’ with ‘the associated graded Lie
algebra’. Equivalently, we do not have an answer to the following question.

Question 7.3.11. Does there exist a finite-dimensional nilpotent rational Lie
algebra n for which every integer-like automorphism has an eigenvalue 1, but
for which gr(n) does not have this property?

It is not hard to check that the other direction is true, namely if gr(n) has the
property then so does n.

7.3.3 Groups from edge-weighted graphs

Let G = (V, E) be a simple undirected graph and fix a total order < on the
vertices V. Let k : E — N\ {0} be a weight function on the edges. We define
the group A(G, 2, k) by the presentation

A(G,2,k) = <VUE [V,E] = [E,E] =1 and

ke ife:={v,w} € E >

Yo,w eV with v <w: [v,w] =
1 else

Note that A(G,2,k) = A(G,?2) if k is constant with value 1.

Remark 7.3.12. Up to isomorphism, the definition of A(G, 2, k) is independent
of the choice of total order on the vertices. Indeed, let < be another total order
on the vertices V. Then it is not hard to check that the map 6, which is the
identity on V' and is defined for all e = {v,w} € E by
9(6):{6 ifv<1f)<:>viw
e otherwise,

induces an isomorphism from the group defined using < to the group defined
using <.
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Example 7.3.13. Consider the graph G = (V, E) where V = {v1,v2} and
E = {{v1,v2}} and for any n € Ny, let k,, : E — Ny be the weight function on
the singleton set E with value n.

U1 n V2
——+o

Then for each n € Ny, the group A(G,2, k,,) is isomorphic to the matrix group

1 nx =z
H,(Z) = 0 1 yl||z,y,2€Z
0 0 1
where the isomorphism is given by
1 n O 1 00 1 01
vi— |0 1 0], wo—10 1 1], {’01,’02}!—> 01 0
0 0 1 0 0 1 0 0 1

In particular, when n = 1, A(G,2, k1) & A(G, 2) is isomorphic to the Heisenberg
group. It is well-known that the groups H,(Z) for n € Ny are, up to
isomorphism, all the possible groups abstractly commensurable to H;(Z).
Moreover, Spec(H,(Z)) = (2Ng) U {oo} for all n € Ny (see for example
[Rom11b]). Hence, H(Z) is an example of a finitely generated torsion-free
2-step nilpotent group such that all groups commensurable with H;(Z) have
the same (infinite) Reidemeister spectrum.

It will be helpful to address the elements e*(¢) € A(G,2, k), so we define
EF = {") | e € B}

We say a vertex v € V is an isolated vertex if N(v) = (), i.e. v has no neighbours.
We write Vigo C V for the subset of all isolated vertices of G. The next lemma
provides insight into the structure of the group A(G, 2, k). We leave the proof
as an exercise to the reader.

Lemma 7.3.14. Let G = (V,E) be a graph, k : E — Ny a weight on the
edges and G = A(G,2,k) the associated group. Write V. = {v1,...,v,} and
E = {e1,...,em}. Then any element of G can be uniquely expressed as a
product

m

n
2z tj
[Te I
=1 j=1
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with z;,t; € Z. Moreover, the centre and the factors of the (adapted) lower
central series of G are given by

Z(G) = (Vigo U E) = ZIVisoVEl
72(G) = (E*) = 7/,

V() = (B) 2 27,

G v _Z
n@ P >€<E k(e)Z’

G _ v ~ 7|V]
e _U>§v< V(@) 2z

In particular, G is finitely generated torsion-free 2-step nilpotent. Moreover, the
identity on V induces an injective morphism

v A(G,2) — A(G,2,k)

with A(G,2) = Im(:) = (V U E¥). In particular, A(G,2) is isomorphic to the
finite index subgroup (V U E¥) C A(G,2,k) with index equal to [, k(e).

At last, we give isomorphisms between the associated Lie algebra structures.
Recall that n®(G, ¢) is the c-step nilpotent partially commutative Lie algebra
associated to the graph G, that L%(G) is the graded rational Lie algebra
associated to the group G and that ng is the rational Mal'cev Lie algebra
associated to a finitely generated torsion-free nilpotent group G.

Lemma 7.3.15. For any finite undirected simple graph G = (V, E) and a weight
function k : E — Ny on its edges, we have

n%(G,2) = LUA(G,2)) = nf g, = Magon = LUAG,2,k)

and the isomorphisms are induced by the identity on the vertices.

Proof. The first isomorphism is Theorem 4.3.10 and equation (4.5) below it.
The third isomorphism follows from the fact that A(G, 2) is isomorphic to a finite
index subgroup of A(G,2,k) and thus, in particular, that A(G,2) is abstractly
commensurable with A(G, 2, k). Hence their Mal’cev Lie algebras n(%(gg) and

Q . .
NG 2k are isomorphic.
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For the second and fifth isomorphism, note that any 2-step nilpotent rational
Lie algebra n is isomorphic to gr(n) and that the isomorphism is canonical up
to a choice of vector space complement to [n,n]. Since for “g(g,z) and “%(g,z,k)ﬂ
such a complement is naturally given by the rational span of the vertices,

~

one gets (after combining with Equation (7.3.2)) the isomorphisms ng(g 2 =

gr(n(%(gg)) =~ L9(A(G,2)) and ng(g,Q,k) = gr(“%(g,z,k)) = L%(A(G,2,K)). As
one can check, all these isomorphisms restrict to the identity on the vertices. [

Remark 7.3.16. Note that any automorphism ¢ of the group A(G,2,k)
induces an automorphism L%(%) on L2(A(G,2,k)) and by the lemma above
also an automorphism on n?(G,2) which we write as @. In particular, since
the isomorphisms of the above lemma restrict to the identity on the vertices,
we can say the following: with respect to the basis of vertices, the map that
¢ induces on the free Z-module A(G,2,k)/\/A(G,2,k) has the same matrix
representation as the map that % induces on the abelianization of n¢(G, 2).

7.3.4 A preferred total order on vertices and edges

In the next section, we will give, to some extend, a description of the
automorphisms of the groups A(G, 2, k). For this description, we need a nice
total order on the vertices and edges which we introduce in this section. After
this section we will then always use this preferred order to also define the groups

A(G, 2, k).

Let G = (V,FE) be a simple undirected graph. We use the definitions and
notations introduced in Section 4.1. Recall that we have a naturally defined
preorder < on the vertices. This preorder induces a preorder on the edges as
well by

{v,w} < {V,0'} <= (v=<v and w=<w')or (v<w and w < v'),

for all {v,w},{v',w'} € E. Similarly as with the vertices, we can use this
preorder on E to get an equivalence relation ~ defined by

e~e < e<eande <e.
for any e, e’ € E. We write the set of equivalence classes as
Ag=EFE/~.
Recall the definition of the set E from Section 4.1 as

E = {[v], [w]} [ {v,w} € E}.
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The next lemma shows us, among other, that the map
Ag = E: [{v,w}] = {[v], [w]} (7.9)
is a bijection. As a consequence, we can identify Ag with E.

Lemma 7.3.17. For any e = {v,w} € E it holds that
le] = {{v’,w’} ] Vv e o], € [w]}.

Proof. The D-inclusion follows directly by using the definition of < and ~ on E.
For the other inclusion let us fix some e’ = {v/,w'} € [e]. Hence, it holds that
(v <vand w' < w) or (v <w and w’ < v) and

(v<v and w < w’) or (v < w" and w < V).

Note that if for example (v' < v and w’ < w) and (v < w’ and w < v') then
v<w <w=<v <wvand thus it follows that v ~ w ~ v’ ~ w’. Hence, in this
particular case €’ is definitely contained in the right-hand side. Considering all
the possible cases, one can conclude the rest of the proof. O

The preorders < on the vertices and the edges induce partial orders < on Ag
and Ag by setting for all v,w € V and e, e’ € E:

W< w] = v=<w
[e] <[] <= e<c¢.
Using these partial orders, we can fix total orders
V/~=Ag={\1,..., A},
Ef~=0A/g ={p, . ps},

with the property that ¢ < j if \;<\; and ¢ < j if y;<p;. We can refine these
orders to total orders on V and E which we will both denote with <.

Example 7.3.18. We illustrate the introduced orders using a concrete example.
We consider the graph G given by the figure below.



THE Ro-PROPERTY AND COMMENSURABILITY 263

Figure 7.3: The graph G.

The total orders on Ag, Ag, V and E can then be chosen as illustrated in the
following figure.

V1 U3

H3 e €3
2 2 e
€5
)\1 /\2 Vs V6
H1 H2 es 4
A3 A
1 Ha 1 Vg vy

(a) The graph quotient graph G  (b) The graph G with total
with total ordering on Ag and Ag. ordering on V and E.
Indeed, the relations on Ag are
)\1?)\3, )\2?)\3 and )\2?)\4

and thus the above total order satisfies that ¢ < j if A\;<\;. (Note that we could
have also interchanged Ay and A;.). The only relations on the edges are

{v1, 05} ~ {va,v5} and {v3,v6} ~ {v4,v6}

and thus the induced partial order < on E is the identity relation. Hence, we
fixed the total order

{1, vs}] < [{vs, v6}] < [{v1,v2}] < [{vs,v6}]

on F and refined it to the total order on E:

{’U1,U5} < {’UQ,’U5} < {Ug,’Uﬁ} < {1)471}6} < {1}1,1)2} < {’U5,’U6}.
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7.3.5 Automorphisms of A(G,2, k)

In this section, we describe to some extend the automorphism group of the
group A(G, 2, k). In particular, we will show how the weight function &k imposes
conditions on the graph automorphisms that induce an automorphism on the
group A(G,2,k).

First, let us introduce some notation. Let (B = {by,...,b,}, <) be a finite
totally ordered set (with by < --- < b,) and 0 : B — Z a map. Then we define
D(0) € Z"*™ to be the diagonal matrix with the image of 6 (ordered by < on
B) on its diagonal, i.e.

0(b1) 0 0
D(6) := diag(6(b), ...,0(b,)) = 9 9@2)
: - . 0
0 0 0(by)

If B is a basis of a Z-module M, then we will sometimes abuse notation and
denote with D(#) also the linear map on M induced by D(0)(b;) := 6(b;)b; (for
alli=1,...,n).

Lemma 7.3.19. Fiz a finite undirected simple graph G = (V, E) with weights
k: E — Ny on its edges and write G = A(G,2,k). Let p € Aut(G) and denote
with A € GLg|(Z) the matriz of |, ) with respect to the Z-basis (E*, <).
The matrix of g0|\/m with respect to (E,<) is given by D(k)AD(k)™. In
particular:

D(k)AD(k)™" € GLg((Z).

Proof. Since the induced automorphisms on v3(G) and /72(G) are restrictions
of ¢, we obtain the following commuting diagram.

Recall that v2(G) and /¥2(G) are both free abelian of rank |E|. By Lemma
7.3.14, the sets E and E* = {e*(®) | ¢ € E} ordered with the total order < give
a basis for the Z-modules 1/72(G) and 72 (G), respectively. Hence, by using
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these bases we get the commuting diagram of matrices

718l _A_, 7E|

o| I

E E
VA ITzll

where A, B € GLg|(Z) are the matrix representations of ¢|,, ) and ¢| TEIL

respectively, and D € ZIPIXIEl is the matrix representation of the inclusion ¢
with respect to the bases E¥ and E. Note that D = D(k) since a basis vector
ek€) of 45(@) is sent to the basis vector e of \/72(G) but raised to the power
k(e). Thus the commutative diagram implies that BD(k) = D(k)A. Since
k(e) # 0 (for all e € E), these matrices are invertible over Q. Over Q, we indeed
obtain that B = D(k)AD(k)~*. O

Remark 7.3.20. Any automorphism of A(G,2,k) is completely determined
by the image of the vertices (even though they do not necessarily generate
A(G,2,k)). Indeed, by Lemma 7.3.19 the image of E is fixed by what happens
on v2(A(G,2,k)), which in turn is determined by the image of the vertices.
Since V and F generate A(G,2, k) the claim follows.

Using the description of the projections onto the abelianization of the
automorphisms of the Lie algebra n@(G, 2) from Section 4.6.2, we can describe
to some extent the automorphisms of A(G,2,k) and in particular their induced
maps on y2(A(G,2,k)). In order to do so, we need the following notation.

Let G = (V, E) be a graph with an automorphism o € Aut(G). Then o induces
a permutation og on the edge set by

og: E— E:{v,w}— {c),c(w)}.
Given a total order < on the vertices V, we say that an edge {v,w} € E
is an inversion of o if v < w, but o(v) > o(w). We then define the map
go 1 B — {—1,1} by setting for all e € E

—1 if e is an inversion of o
eo(€) =

1 otherwise.

With this notation at hand, and by combining Theorem 4.6.6 with Remark 7.3.16,
we can say the following about the automorphisms of A(G, 2, k). Recall from
Section 7.3.4 that we fixed a total order < on both the vertices and the
edges, which were a refinement of the orders on Ag = {A1,..., A} and Ag =
{p1,..., s}, respectively.
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Lemma 7.3.21. Let G = (V, E) be a simple undirected graph with weight
function k : E — Ny on its edges and write G = A(G,2,k). For any
automorphism ¢ € Aut(G) there exists a o € Aut(G) such that

(i) with respect to the ordered Z-basis (V,<), the induced automorphism on
G/+/v2(Q) is represented by a matrixz of the form

A1 A12 A Alr
P)- |V
. ‘ Ar—lr
0o ... O A,

where A; € GLMA(Z), Aij € Zp‘i‘xl)\jl and Aij =0 ’Lf i /QA]

(ii) with respect to the ordered Z-basis (E*, <), the induced automorphism on
v2(G) is represented by a matriz of the form

B1 312 N Bls
0 B :
P(og) - D(es) - | ?
: : Bsfls
0 0 By

where B; € GLy,,|(Z), B;; € ZImilx1msl gnd Bij =0 if py Ru;.

The permutation o € Aut(G) is not necessarily unique, but the induced
permutation @ on the quotient graph G is unique. Moreover, the assignment

@ +— T defines a group morphism from Aut(A(G,2,k)) to Aut(G).

Proof. Fix ¢ € Aut(G) and denote with p € Aut,(n%(G,2)) the induced graded
automorphism (see Remark 7.3.16). By Theorem 4.6.6 and Remark 4.6.7, there
exist A; € GLy,(Q), Ay; € QXN and o € Aut(G) such that the matrix of
Tab(®) with respect to the ordered basis of vertices (V, <) equals

A1 A ... Aq,
Py | O A
. : Arflr
0 ... 0 A,
=U

where A;; = 0 if \;A);. Since P is induced by the automorphism ¢ € Aut(G),
the matrix P(o)U is by construction equal to the matrix of the induced
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automorphism on G/+/72(G) with respect to the ordered Z-basis of vertices.
In particular, P(o)U € GLjy((Z). Since P(o) € GLjy|(Z), this implies that
U € GLjy/|(Z). Hence, we obtain that A; € GLyy,|(Z) and A;; € ZIMIxI%l,
Now we derive the matrix of the induced automorphism on 5 (G) with respect
to the ordered Z-basis (E*, <). Fix any edge e = {v,w} € E (with v < w) and
note that the Lie bracket [v,w] = ¢*(®) is sent by the Lie algebra morphism
P(o) to
(0(0), 0(w)] = op(e)er OHEE),

Thus, the matrix (with respect to (E*, <)) of the morphism on v, (n%(g,2))
that is induced by P(o) equals
Plog)D(es)-

So it suffices to look at the morphism on 7,(n®(G,2)) induced by U. Fix any
edge e = {v,w} with v < w. Note that the only non-zero blocks in the column
of U corresponding with [v] are those blocks in the rows corresponding with a
[v'] where [v']=<[v] (or equivalently v' < v). Hence, there are a,, b, € Z (for
all v/ < v and w’ < w) such that

Uv = g ayv’ and Uw = E by w'.
v EV w' eV
v’ <v w’ <w

Thus we obtain that

Uek® = Ulv,w] = Z ayv’, Z by’

v eV w' eV
v’ <v w' <w
= E E Ay by [V W]

v'eV w' eV
v’ <v w <w

= Z av’bw’ [U/, w/}

{v,w'}eE
{v,w'}<e

k ’
€ Z awe™) au ez
e'eE

e’ <e

Since p; Rp; if i > j, it follows that the matrix (with respect to (E*, <)) of
the morphism on y2(n%(G,2)) that is induced by U is a block upper triangular
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matrix
B1 Blg . Bls
0 Bs
. Bs—ls
0 - 0 B,

where B;; € ZIFsI*Itsl and By; = 0if y; Kp;. Hence, we obtain that the matrix
of @|,,me(g,2)) has the form

Bl Blg . Bls
0 B
P(og) - D(eo) - | ] ?
: . Bs—ls
0o ... O By

Since this matrix coincides, by construction, with the matrix of ¢|.,(¢) it follows
similarly as before that B; € GLy,,,|(Z).

The assignment ¢ +— @ from Aut(G) to Aut(n@(G,2)) is a group morphism since
L9(G) 2n9(G,2) and L9 : Grp — LieAlgg is a functor. Using the morphism
p o Tap from Section 4.6.2, the assignment @ — & satisfies the law of a group
morphism. Together, we thus find that ¢ — & defines a group morphism from

Aut(A(G,2,k)) to Aut(G). O

As stated at the end of the lemma above, any automorphism ¢ € Aut(A(G, 2, k))

induces a unique permutation & € Aut(G). In general, one does not obtain
every permutation of Aut(G), as the weight function k¥ : E — Ny imposes
restrictions on what @ can be. Before describing these conditions, we introduce
some necessary invariants of integer matrices and recall their relation with the

Smith normal form.

Definition 7.3.22. Let A € Z"*" be a matrix and [ € {1,...,n}. Then the
I-th determinant divisor d;(A) of A equals the greatest common divisor of the
determinants of the I x [ minors of A.

In particular, if A = diag(ay,...,a,) is a diagonal matrix, then d;(A) equals
the greatest common divisor of all [-fold products of diagonal elements, i.e. for
any [ € {1,...,n} it holds that

di(diag(ay,...,a,)) = ged {Hai

el

Ic{l,...,n} with |I|:l}.

The determinant divisors completely determine the Smith normal form of a
matrix in Z. This is summarized by the following lemma. Proofs of these facts
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and an introduction to the Smith normal form of a matrix can be found in most
handbooks about basic algebra, for example in [Norl2, Part 1, section 1].

Lemma 7.3.23. Let A, B € Z™*™ be two matrices, then the following are
equivalent:

(i) A and B have the same Smith normal form.
(i) there exist P,Q € GLy(Z) such that A = PBQ.
(iii) d;(A) =d;(B) foralli=1,...,n.

Let G = (V, E) be a graph with weight function ¥ : E — Ny on its edges
and quotient graph G = (Ag, E, ¥). Recall from Section 7.3.4 that any edge
e = {v,w} € E gives both an equivalence class ;1 = [¢] € Ag and an edge in
the quotient graph {[v],[w]} € E which can be identified under the map from
Equation (7.9). The edges in the equivalence class p have weights k|, and thus
the diagonal matrix with these weights on its diagonal equals D(k|,). For any
such 4 € Ag and [ € {1,...,|u|} we denote with d;(u) the I-th determinant
divisor of the matrix D(k|,), i.e.

dy() := ged {H k(e)

I C p with |I|:l}.
ecl

Now we are ready to formulate a connection between the possible graph
automorphisms o € Aut(G) that can occur in the matrix representation from
Lemma 7.3.21 and the weight function k£ on the edges of G.

Lemma 7.3.24. Let G = (V,E) be a finite undirected simple graph with
weight function k : E — Ny on its edges. Suppose that ¢ € Aut(A(G,2,k))
and let o € Aut(G) be a graph automorphism which can occur in the matriz
representation of ¢ given by Lemma 7.3.21. Let e € E be any edge and write
u=le] € Ag, then for anyl=1,...,|u| it holds that

di(p) = di(op(n))-

In particular, it holds that:

ged(k(e')) = ged (k(e))

e'en e'cop(p)

[T k) = T k)

e'cp e'cop(p)
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Proof. By Lemma 7.3.21, we know that, with respect to the ordered basis
(E*, <), the matrix representation of ¢ restricted to y2(A(G, 2, k)) is of the form

Bl Blg Bls
0 B
Plog)-D(eo)- | © P
Bs—ls
0 0 By
=B

where B; € GL,,,|(Z), B;; € ZImilx1esl and B;;j = 0if p; Kpj. Lemma 7.3.19
implies that

D(k)-P(og) - D(e,) - B-D(k)~" € GLg|(Z). (7.10)

Remark that D(k)- P(og) = P(og)- D(koog). Indeed, viewing these matrices
as linear maps on spang(E), it holds for any edge e € E that

D(k)P(ocg)e = D(k)og(e)
= k(on(e)) or(e)

= k(ogp(e))P(og)e

=P(og)D(koog)e.
Using this and the fact that D(k o o) and D(e,) commute, we find that

D(k)-P(og) - D(es) - B-D(k)™!

= (P(or) - Dieo)) - (D(koor) - B- D)),

which, by Equation (7.10) must lie in GL;g|(Z). Since P(og) - D(e,) is clearly
a matrix in GL|g|(Z), we find that

C:=D(koog) -B-D(k)™' € GL|(Z).

Recall that B is a block upper triangular matrix which implies that C is
also block upper triangular. Note that if a block upper triangular matrix lies
in GL,,(Z), then so does every one of its blocks on the diagonal. Thus, by
considering the block on the diagonal corresponding to [e] = u = p;, we find
that

D((koop),) - Bi- D(K|,) € GLy (D).
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Since B; also lies in GLj,|(Z), Lemma 7.3.23 implies that D((k o og)[,) and
D(k|,) must have the same Smith normal form or, equivalently, that for any
I=1,...,|u| we have

di(o(p)) = di(D((k 0 0g)|u)) = di(D(k[.)) = di(p)-

This proves the main claim of the lemma. By noticing for all ;4 € M that

di(p) = ged(k(e'))

e'en
dip(p) = 11 k(€),
e'en
we obtain the last claim of the statement. O

Recall that Ag = E/ ~ is the set of equivalence classes of edges and that for
any o € Aut(G) we write o : E — FE for the induced permutation on the edges.
We define the following subgroup of Aut(G)

(7.11)

Aut(G, k) == {a € Aut(9) ‘ Vu e Ag,1 <1< |ul: }

di(p) = di(op(p))

For what follows, we use the notation as introduced in Section 4.6.2. For any
field K C C, define the following subgroup of GL(span (V)):

GK(G,k) := P(Aut(G,k)) - H GL(spang(\) | - UK (G).

A€Ag

Clearly G¥(G, k) is a subgroup of G¥(G) as defined in Theorem 4.6.6. Moreover,
we can prove the following lemma about G¥ (G, k), which will be useful in the
following section.

Lemma 7.3.25. Let K be a subfield of C. The group GX(G,k) is a linear
algebraic group that decomposes as a semi-direct product R¥ (G, k) x UK (G)
where

RX(G, k) := P(Aut(G,k)) - H GL(spang(\))
XeAg

is a linearly reductive group and UK (G) is the unipotent radical of G¥ (G, k).

Proof. To prove that G¥ (G, k) is a linear algebraic group, it suffices to show
that it is Zariski closed as a subset of GL(span(V')) (with coordinates with
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respect to the basis of vertices V). This can be easily seen to be the case since
it can be written as a finite union of Zariski closed subsets:

U PO)-ci©),

oc€Aut(G,k)

where we know that G¥(G) is Zariski closed as it is the irreducible component
at the identity of the linear algebraic group G¥ (G) (see Theorem 4.6.6). Second,
RX(G, k) is seen to be linearly reductive following the same argument as given in
Remark 7.2.8. Lastly, U (G) is the unipotent radical of G*(G, k) since U (G)
is the unipotent radical of G¥(G) (see Theorem 4.6.6). Indeed, G¥(G, k) and
GX(G) have the same Zariski-connected component at the identity and thus
the same unipotent radical. O

At last, from Lemma 7.3.24, we can now conclude the following corollary. The
field in this corollary is K = Q.

Corollary 7.3.26. Let G = (V, E) be a finite undirected simple graph with weight
function k : E — Ny on its edges. For any automorphism ¢ € Aut(A(G,2,k)) it

holds that w1, (@) lies in G(G, k), where @ denotes the induced automorphism
on n?(G,2).

7.3.6 The R.-property for the groups A(G,2, k)

The following theorem relates the structure of the graph G = (V, E) and the
weight function & : E — Ny to the Ro-property for the groups A(G,2) and
A(G,2,k).

Theorem 7.3.27. Let G = (V,E) be a finite undirected simple graph and
denote with Go = (Vo, Eo) the subgraph of G containing the vertices belonging to
a coherent component of size one. Then the following holds.

(i) If Ey =0, then A(G,2) does not have the Ro.-property.

(i) If Go has edges and m € N\ {0,1}, then there exists a weight
function k : E — Ny such that A(G,2,k) has the Ry -property and
[A(G,2,k) : A(G,2)] = m.

(iii) If Go has edges and G = Gy, then A(G,2) has the Ro.-property. In
particular, all finitely generated torsion-free 2-step nilpotent groups
commensurable with A(G,2) have the Ro.-property.
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Proof. (i) If Vo = 0, then all coherent components contain at least two vertices.
Hence, it follows that £(G) > 4. By Theorem 7.2.4 we get that the Ro-
nilpotency index of A(G) is at least 4. Thus A(G,2) = A(G)/v2(A(G))
does not have the R.,-property.

Recall that ~ is the equivalence relation on V' defined in Section 4.1. Let
us assume that Vo # (). By Lemma 7.2.20, it follows that there exist
monic polynomials py(X) € Z[X] (for A € Ag \ (Vo/ ~)) of degree |A| > 2
such that, if ax1,...,ay € C are the zeros of p\(X), it holds for all
AN € Ag \ (Vo/ ~) (possibly equal), ¢ = 1,... |\ and j = 1,...,|\|
that

axi # E1, ayjan; #1 and  axg...ayy = —1 (7.12)

Denote for any A € Ag with Ay € GL5(Z) C GL(spang(XA)) the linear
map for which the matrix with respect to the Z-basis (A, <) is the
companion matrix of py(X) if A € Vo/ ~ oris (=1) if A € Vy/ ~.
Combining these linear maps, leads to the linear map

A= T Ave | [] 6Lz,

AEAg AEAg
Recall that we defined a projection map
Tap : Aut(n®(G,2)) — G¥(G). (7.13)

Lemma 7.2.11 tells us that there exists an automorphism ¢ € Aut(A(G,2))
such that the induced automorphism @ € Aut,(n®(g,2)) projects onto
A = m(®). By construction, we know that

¢|spanQ(V) = ¢|span@(Vg) X ¢|spanQ(V\Vo)

is diagonalizable. Hence, we can fix a basis of eigenvectors V; C spang(Vp)
for ¢|span@(vg) and V, C spang(V'\ V) for ¢|spanQ(V\Vo)- Thus, V := V1UVs
is a basis of eigenvectors for ¢|spanQ(v)- Note that [V, V] is a generating
set of 12(n%(G,2)). Since [spang(Vp),spang(Vo)] = spang(Eo) is trivial,
it follows that

[V, V] = [V1, Vo] U [V, V).

Note that the non-zero brackets in [V1,Vs] and [Va, Va] are eigenvectors
of . Moreover, the corresponding eigenvalues of the latter are products
of two (possibly equal) ay; in Equation (7.12) and thus are not equal
to 1. Since ¢|span@(vo) = —1Id, the eigenvalues corresponding with the
eigenvectors in [V, V5] are of the form —«); and are thus by Equation
(7.12) also not equal to 1. The non-zero brackets in [V, V] form a basis of
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eigenvectors of 3 for spang(E) = 72(n%(G, 2)). Hence, VU [V, V)] forms a
basis of n%(G,2) of eigenvectors of % with all eigenvalues not equal to 1.
By Lemma 7.2.6 it now follows that R(yp) < oo which concludes the proof.

Fix any m € N\ {0, 1} and any edge eg = {vo, wo} € Ey (with vg, wg € Vp).
Note that the equivalence class [eg] = {{vo,wo}} C E is a singleton, by
definition. Define k : E — Ny by setting

m if e = {vg, wo}

k:E—Ny:e— .
0:¢ {1 if@#{vo,’u)o}

By Lemma 7.3.14 it follows that

[4(G,2,k) - A(G.2)] = ] k(e) = m.

ecE

We prove that A(G, 2, k) has the Ro-property.

First, recall the definition of Aut(G, k) in Equation (7.11) and note that
with the above choice of k, for any o € Aut(G, k), it holds that ocg(eg) = eq.
Next, take any automorphism ¢ € Aut(A(G, 2, k)).

By Corollary 7.3.26, we know that 7,1, (@) lies in the linear algebraic group
G9(G, k) € GUG). Thus, the same must hold for its semi-simple part
Tab(P)s. By the same argument as given in Remark 7.2.8 and Lemma
7.3.25, there must exist an h € G@(G, k) such that g := h ., (P)s h™
lies in the linearly reductive subgroup R%(G, k) ¢ G%(G, k). Thus, g is
represented by a matrix of the form

Ay 0 0
Py | O A
D ||
0 0 A,

where o € Aut(G, k) (in particular og(eg) = eg) and A; € GL,(Q) for
all i = 1,...,r. Note that from the fact that og(eg) = eg and [vg], [wo]
are singletons, the subspace spang{vo,wo} is preserved by g. Now, since
Tab(®) is integer-like, so is ¢ and since g is given by a matrix over Q of
the above form, it follows that each A; is integer-like (see Lemma 6.1.4).
In particular, if A; has dimension 1 x 1, it must be equal to (£1). This
implies that if we restrict g to spanQ{vo,wo}, we get with respect to
Vg, Wo, the matrix representation

(65 5) o« (o) 5)
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(iii)

with a,b € {—1,1}. Let us prove that in either case, the automorphism
wa(g) € Aut,(n?(G,2)) has an eigenvalue 1, where we recall the definition
of wy from Equation (7.4).

In the first case, if either a or b is equal to 1, clearly g has an eigenvalue 1
and thus also wa(g) has. If both a and b are equal to —1, then the Lie
bracket [vg, wo] will be an eigenvector of ws(g) with eigenvalue 1. Note
that [vg, wp)] is non-zero since {vp, wo} € E.

In the second case, if a = b = 1, then vy + wg will be an eigenvector of
g with eigenvalue 1. If a = b = —1, then vy — wg will be an eigenvector
of g with eigenvalue 1. In both cases we thus also get that wy(g) has an
eigenvalue 1. If a and b do not have the same sign, then the (non-zero)
Lie bracket [vg, wp] will be an eigenvector of ws(g) with eigenvalue 1.

We can thus conclude that ws(g) always has an eigenvalue 1. Note
that since g and m,,() have the same eigenvalues, so do wsy(g) and
wa(man(®)) = . We can conclude by Lemma 7.2.6 that R(p) = oo and
thus, since ¢ was an arbitrary automorphism of A(G, 2, k), that A(G,2, k)
has the R..-property.

If Go = G, then all coherent components are singletons (or equivalently G
is transposition-free). From Theorem 7.2.2 it thus follows that A(G) has
Ro-nilpotency index equal to 2. Thus A(G,2) has the R.,—property. By
Proposition 7.3.6 the result follows.

O

We give some examples where we can say more than the statement in
Theorem 7.3.27.

Example 7.3.28 (Gy C G has edges and A(G, 2) has the R..-property). Let us
consider the following graph G:

N

In [DL23, Theorem 4.4 and Example 4.5], it was proven that A(G,2) has the
R—property (where the authors use the opposite convention to define RAAGs).
Proposition 7.3.6 now tells us that all groups commensurable with A(G, 2) have
the Ro,—property. In particular, for any weight function k : E — Ny on the
edges of G it holds that A(G,2, k) has the R.,—property.
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Example 7.3.29 (A(G,2) does not have the Ro.-property, but A(G,2, k) does).
Consider the following graph, where we fixed a total order of V', E and Ag =
V/ ~ as introduced in Section 7.3.4.

U1 U3 Us
® ® ®
€1 €3 €5
® il L 4 o L J
Clrd Us Vg )\1 /\2 )\3
€9 €4 €6
A4 As A6
[ ] [ ] [ ]
Vg V4 Vg 1 1

(a) The graph G with total orders for  (b) Quotient graph G = (Ag, E, ¥)
V and E. with total order on Ag

We define a weight function k,, : E — Ny as done on the following figure.

® ® ®
1 1 1
n 1
[ 4  J
1 1 1
[ [ [ ]

For any n € N\{0, 1} we consider the group A(G, 2, k,,) as defined in Section 7.3.3.
By the proof of Theorem 7.3.27 (ii) we already know that A(G, 2, k) has the
Ro-property for any n € N\ {0,1}.

We now prove that A(G,2) does not have the R.-property by giving an
explicit automorphism ¢ € Aut(A(G,2)) with R(y) < oo. Let us write
o = (v1 v5)(v7 v9)(v2 v6) € Aut(G). Define the matrix A € GL3(Z) by

()
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and the matrix B € GLg(Z) by

0 0 A0 0 0
0 A 00 0 0
12 0 00 0 o0
B=10¢ 000 0 -1
0 0 0 0 -1 0
00 01 0 0
1, 0 0 0 0 0
00 A 00 0 0
00 A0 0 0
=P@fy 0 01 0 o
0 0 0 0 —1 0
00 00 0 -1

where the second equality for B will illustrate Lemma 7.3.21. Using Corollary
7.2.13, there exists an automorphism ¢ € Aut(A(G,2)) such that the induced
automorphism % € Aut(n®(G, 2)) satisfies that m,}, (%) has matrix representation
B € GLg(Z) with respect to the ordered basis of vertices (V, <). One can derive
that the matrix of ¢|,,(4(g,2)) With respect to the Z-basis (F, <) equals

0 0 —-A 0 0
0 -4 0 0 0
c=|1, 0 0 0 0
0 0 0 0 -1
0 0 0 1 0

1, 0 0 0 0

0 -4 0 0 0

=P(og)D(E,)| 0 0 -4 0 0

0 0 0 -10

0o 0 0 o0 1

where o := (e1 e5)(er eg)(e2 eg) and

) 1 ifi="7,8
Eqle;) = .
1 else

In particular, the eigenvalues of the induced automorphism @ € Aut(n@(gG, 2))
are precisely the eigenvalues of the matrices B and C. The eigenvalues of A
are given by: «ag = % and ag = 3+T‘/5 One can calculate that B has

eigenvalues
a1, e, By/aq, £y/as, —1 and +14
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and the eigenvalues of C' are
—aq, —Q, B/ aqi, £y/asi and £ 1.

Since 1 is not an eigenvalue of @, Lemma 7.2.6 implies that R(¢) < co and thus
A(G,2) does not have the R..-property.
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