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Abstract

This thesis provides a study of self-avoiding walks on quasi-transitive graphs. The con-
nective constant p(G) of a graph G is the asymptotic growth rate of the number of
self-avoiding walks on G starting at a given vertex. For a given graph height function
mapping vertices of G to integers in a way adapted to the graph structure, a bridge is a
self-avoiding walk such that the height of its vertices is bounded below by the height of
the initial vertex and above by the height of the terminal vertex. If the roles of the initial
and terminal vertices are reversed, we talk about reversed bridges. We show that for
any graph height function, the maximum of the asymptotic growth rates of the number
of bridges and the number of reversed bridges must be equal to the connective constant
w(G).

The main focus of this thesis is to apply the theory of formal languages to the study
of self-avoiding walks. To this end, let G be a deterministically edge-labelled graph, that
is, every (directed) edge carries a label such that any two edges starting at the same
vertex have different labels. Then the set of all words which can be read along the edges
of self-avoiding walks starting at o forms a language denoted by Lgaw,o(G). We show
that the properties of this language strongly depend on the end-structure of the graph
G. Tt is regular if and only if all ends have size 1 and it is context-free if and only if all
ends have size at most 2.

Making use of the class of multiple context-free languages, this characterisation can
be extended even further. We show that Lgaw,(G) is a k-multiple context-free language
if and only if the size of all ends of G is at most 2k. Applied to Cayley graphs of finitely
generated groups this says that Lgaw,(G) is multiple context-free if and only if the
group is virtually free. In this setting, using our method we also show that the ordinary
generating function of self-avoiding walks is algebraic and in particular, the connective
constant is an algebraic number.
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1 Introduction

Imagine you start a sightseeing tour at an intersection in a large city. Choose one street
at random and follow it until reaching another intersection. By repeating this process
you randomly move around the city. There is only one rule: during this tour you are
not allowed to visit any location twice. In other words, your path must be self-avoiding.
Clearly you might reach an intersection where each neighbour was already visited before
and thus get trapped during this process. However, assume that your tour continues
until you have traversed n streets and thus visited n 4 1 intersections. One natural
question arising from this process is,

“For a given number n, how many different sightseeing tours of length n are there?”

This question is simple enough, but depending on the underlying street grid it might be
very difficult to obtain the number of self-avoiding sightseeing tours for large n.

Let us start by formulating the problem in mathematical terms. Start with a simple
(undirected) graph G, which may (and will in most cases) contain infinitely many ver-
tices. A walk on G is a sequence (vg,e1,v1,..., e, v,) of vertices v; and edges e; such
that e; starts at v;_1 and ends at v; for every i. It is called self-avoiding (or a SAW), if
its vertices are pairwise different.

This notion was introduced in 1953 by the chemist Flory [16] as a model for long-
chain polymer molecules and has since attracted considerable interest. Although these
chains live in the continuum, in many cases a lattice approximation is good enough.
The self-avoidance of the walk models the excluded-volume effect, namely that no two
monomers can occupy the same position in space. The most important lattices for prac-
tical applications are the d-dimensional integer lattices Z¢ for d > 2, where every vertex
is connected to the 2d vertices at Euclidean distance 1. Thus a lot of research has focused
on lattices, see for instance the monograph by Madras and Slade [45] and also the lecture
notes by Bauerschmidt et al. [3]. Lately, self-avoiding walks have been investigated on
more general classes of graphs, see for example the survey [23] of Grimmett and Li.

Denote by ¢, , the number of self-avoiding walks with n edges starting at a fixed root
vertex o. In some graphs ¢, , can be easily calculated for every n. A very basic example
is the infinite k-regular tree, where every vertex has exactly k neighbours. Independently
of the choice of the starting vertex o there are k possible directions for the first step.
Backtracking is not allowed, so there are at most k£ — 1 choices for every consecutive step
and all of them are valid because trees are cycle-free. Thus we obtain ¢, , = k(k—1)""1
for any choice of o.

While the calculations in this example are simple, they seem to be very difficult
for most graphs. In these cases it makes sense to find asymptotic estimates for ¢, .



1(Z2?) ~ 2.6381585 p(H) =1/2+ 2

Figure 1.1: Examples of self-avoiding walks on the lattices Z? and H and the connective
constants of the lattices.

Hammersley [29] showed that the limit
wG) = lim e/

n—o0

exists for quasi-transitive graphs, that is, graphs which allow a group action by graph
automorphisms with finitely many orbits on the vertex set. Moreover, the value of u(G)
is independent of the choice of 0. This number u(G) is called the connective constant
of the graph G. Note that by the Cauchy-Hadamard theorem, u(G) is the reciprocal of
the radius of convergence of the SAW-generating function

D
Fsawo(z) = Z Cno?".
n=1

Explicit computation of u(G) can however also be a very challenging task, even in
seemingly harmless instances such as two-dimensional lattices (see Figure . For
example, despite very precise numerical estimates, the precise value of y(Z?) remains
elusive; in fact, it is not even known whether p(Z?) is an algebraic number.

In light of this, it is not surprising that the celebrated paper |13] by Duminil-Copin
and Smirnov containing the first rigorous calculation of the connective constant of the
hexagonal lattice H is considered a milestone in the theory. In the final part of the proof
the Hammersley-Welsh method — a decomposition of walks into bridges — is applied.
This method is named after the authors of [30], where it is applied to the hypercubical
lattice Z?. The main idea is to obtain bounds for the number of self-avoiding walks by
decomposing them at vertices of maximal, respectively minimal first coordinate. This
process carries on until all obtained parts are bridges, which are self-avoiding walks
p = (vo,€1,V1,...,€n,v,) ON VA satisfying

h(UO) < h(vl) < h(vn)a 0<i<m,
where h(v) denotes the first coordinate of a vertex v. Using this decomposition, the
authors showed that the number of bridges b, , of length n starting at o grows with

basically the same speed as the number of self-avoiding walks of length n. More precisely,
they showed the existence of the bridge constant

d T 1/n
B(Z ’h) - nlggo bn,o



and its independence of the choice of 0 and additionally that it is equal to the connective
constant p(Z?). This result is often called the bridge theorem for the lattice Z4. Con-
sequently, it is possible to determine the connective constant of Z¢ by counting bridges
instead of self-avoiding walks. Sadly, this also seems very difficult.

In Chapter [3] a generalisation of the bridge theorem to quasi-transitive graphs is dis-
cussed. The biggest motivation is the paper [22] by Grimmett and Li, where they intro-
duced a general notion of graph height functions, which assign integers to the vertices
of graph. Graph height functions have to be adapted to the graph structure according
to Definition [3.1.1} They proceed to study bridges with respect to unimodular graph
height functions and prove a bridge-theorem for quasi-transitive graphs, extending the
result of Hammersley and Welsh. In this thesis we extend their results even further to
obtain Theorem [3.2.2] which drops the assumption of unimodularity. The contents of
Chapter |3 were first published in [43].

Let us go back to our introductory example. Suppose that after finishing your sight-
seeing tour you want to describe the path you have taken to your friends. A simple way
to do this is by using street names. For this approach to be successful, we want every
different sightseeing tour to correspond to a unique sequence of street names.

Our setting is as follows. We have a pair (G, /), where G is a graph as above, and ¢
is a labelling assigning to every oriented edge e of G a label £(e) of a given alphabet X.
Our assumptions are that the labelling is deterministic, that is, different edges with the
same initial vertex have distinct labels, and that the group AUT(G, ¢) of all ¢-preserving
graph automorphisms of G acts quasi-transitively. The most significant class of labelled
graphs are the Cayley graphs of finitely generated groups.

The edge-labelling is extended to walks p = (vg, e1,v1, ..., €n, vy) by setting

lp)=L(er)...Lep).

In this way, any set P of walks gives rise to a language L(P) = {{(p) | p € P}. This
identification of walks with their corresponding words allows us to study properties of
‘P via properties of the corresponding language.

In the second part of this thesis we are working with the language of self-avoiding
walks defined by

Lsaw,o(G) == L(Psaw,) = {£(p) | p € Psawo},

where Psaw,, is the set of all self-avoiding walks of length at least 1 on G starting at o.

In the Chomsky-hierarchy of formal languages, the first basic class consists of the
reqular languages, which are accepted by a finite state automaton, or equivalently, gen-
erated by a right-linear grammar. The second class consists of the context-free languages
(CFLs), which are accepted by a pushdown automaton, respectively, generated by a con-
text free grammar (CFG).

Our main result in Chapter [4 is a complete characterisation of all quasi-transitive
deterministically edge-labelled graphs having a regular or context-free language of self-
avoiding walks. The result is joint work with Woess and has been published in [44].



An end of a graph G is an equivalence class of rays (one-way infinite paths) in G,
where two rays are equivalent if and only if G contains a third ray intersecting both of
them infinitely often. The size of an end is the maximum number of pairwise disjoint
rays it contains; ends are thin if they have finite size, otherwise they are thick.

Theorem 1.0.1. Let (X,¢) be a quasi-transitive deterministically labelled graph, con-
nected and locally finite. For any choice of the root vertex o, the following holds.

(1) Lsaw,o(G) is regular if and only if all ends of G have size 1.
(71) Lsaw,o(G) is context-free if and only if all ends of G have size at most 2.

Relating walks in labelled graphs, in particular Cayley graphs, with formal language
theory has an important history. Let P(0,0) be the set of all walks in X starting and
ending at o, possibly with several self-intersections. For a Cayley graph of a group T,
the language L(P(0,0)) is called the word problem of T.

Anisimov showed in [2] that the word problem is regular if and only if the group is
finite. In a ground-breaking work, Muller and Schupp [46] showed that the word problem
is context-free if and only if the group is virtually free, that is the group contains a free
subgroup of finite index. In particular, regularity, respectively context-freeness of the
word problem are group invariants which do not depend on the specific generating set.

Sadly this is not the case for the language of self-avoiding walks, as different generating
sets can produce different end-sizes in the respective Cayley graphs. This motivated us
to look for a more general classes of formal languages.

Multiple context-free languages (MCFLs) were introduced by Seki et al. [52] as a
generalisation of context free languages capable of modelling cross-serial dependencies
occurring in some natural languages such as Swiss German. A concise definition of
MCFLs will be given in Section 2.2} for now we only mention that they share many
useful traits with context-free languages, including polynomial time parsability, semi-
linearity and closure properties. MCFLs can be further classified depending on the
largest dimension m of tuples involved to obtain m-MCFLs, which form an infinite
strictly increasing hierarchy.

While MCFLs are not very well known and may seem artificial at first, they appear in
some natural problems. The word problem on Z¢ is not context free, but it was shown
to be multiple context-free in seminal work by Salvati [51] for d = 2, and this result has
since been extended by Ho [33] to all positive integers d.

For our characterisation of graphs having a multiple context-free language of self-
avoiding walks we need an additional result about MCFLs. This result is introduced in
Chapter 5] where we study languages defined by comparing lengths of runs of consecutive
identical letters. In particular, we consider languages of the form

Ly ={al"ay* - ap* | nqg > ng > -+ >mny >0}

and generalisations thereof. It is easy to see that L and Lo are context-free, and it is a
standard exercise to show that Ls is not context-free by using the pumping lemma for
CFLs. The main result of Chapter [5| generalises these observations. In particular we
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show that Ly is [k/2]-multiple context-free but not ([k/2] — 1)-multiple context-free.
The result has appeared in [41] and is joint work with Lehner.

In Chapter [6] we generalise the results of Chapter [4 to graphs with thin ends of size
larger than two. In particular we prove the following main result, which is contained in
the joint work [40] with Lehner.

Theorem 1.0.2. Let G be a simple, locally finite, connected, quasi-transitive determin-
istically edge-labelled graph and let o € V(G). Then Lsaw,o(G) is an MCFL if and only
if all ends of G are thin.

Applied to Cayley graphs of groups, this theorem states that the language of self-
avoiding walks on a Cayley graph of a group is multiple context-free if and only if the
group is virtually free. In particular, the property of having a multiple context-free
language of self-avoiding walks is a group invariant.

During the proof we also obtained the following result, which extends a result of Alm
and Janson [1] for one-dimensional lattices.

Theorem 1.0.3. Let G be a locally finite, connected, quasi-transitive graph having only
thin ends and let o € V(G). Then the SAW-generating function Fsawo(2) is algebraic
over Q. In particular the connective constant 1(G) is an algebraic number.

As this thesis is comprised of four research articles, we decided to provide each chapter
with its own introduction. Thus after getting familiar with the definitions and notation
from Chapter [2] each chapter can be read separately.
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2 Basic background and notation

Throughout this thesis, we denote by N the set of natural numbers starting at 1, by Ny
the set NU {0}, and by [n] the set {1,...,n}.

2.1 Graph theory

A graph G consists of a set V' (G) of vertices and a set E(G) of edges. Every edge e € E(G)
starts at its initial verter e~ € V(G) and ends at its terminal vertex et € V(G). The
notation v € e indicates that v is one of the endpoints of e. Two different vertices of G
are adjacent, if they are the endpoints of some edge of G. We do not allow loops, so the
two endpoints e~ and e™ of every edge e € F(G) are different. Furthermore all graphs
considered are undirected, so all edges appear in pairs e, € having the same endpoints but
different directions. In other words, for e € E(G) the edge e € E(G) satisfies e~ = e,
et = e~ and € = e. In many cases it is useful to consider pairs (e, €) of edges as single
undirected edges. In particular, to keep figures as simple as possible, we draw only
undirected edges. A graph is called simple, if it contains no multiple edges, or in other
words, if every edge e is uniquely defined by the pair (¢~,e*) of its initial and terminal
vertex. We sometimes abuse notation and write e = e~e™; if G is not simple we still use
this notation, but will include further information needed to identify e among the edges
with the same initial and terminal vertices if necessary. The degree deg(v) of a vertex v
is the number of outgoing edges of v. The graph G is called locally finite, if all vertices
have finite degree.

A walk in a graph is an alternating sequence p = (vg,e1,v1,...,en,v,) of vertices
v; € V(G) and edges e; € E such that e; = v;_; and e = v; for every i € [n]. Its length
is the number n of edges and its initial and terminal vertices are p~ = vy and p™ = vy,

respectively. This comprises the trivial walk (v) of length 0, starting and ending at a
vertex v and also the empty walk () consisting of no vertices and no edges. A walk p is
called self-avoiding or a SAW, if the vertices in p are pairwise different. The distance
da(u,v) of two vertices u and v of G is the length of the shortest walk in G connecting
u and v. The diameter of G is the maximal distance of two vertices in G.

For two vertices v and v of p we write upv for the maximal sub-walk of p starting at
u and ending at v. If u = vg or v = v, we omit the corresponding vertex and denote
the sub-walk by pv or up, respectively. We extend this notation even further and denote
for walks p1,...,p, and vertices vy, ...,v, in the respective walks the concatenation
(vop1v1)(v1p2v2) . .. (Un—1pnvy) of the sub-walks v;_1p;v; by vop1vip2...Ppv,. If the
terminal vertex v of p; coincides with the initial vertex of py, we write p1ps instead of
p1up2, and similarly for concatenations of multiple walks. If e is an edge connecting the
terminal vertex vy of p; to the initial vertex vy of po, then we write pieps instead of

12



p1v1(v1, e, v2)vape, and similarly for concatenations with more parts. A walk is closed if
its initial and terminal vertex coincide.

A graph G is connected if any two vertices u,v are the endpoints of some walk p in
G. Components of G are maximal connected subgraphs. A cycle is a finite connected
graph where each vertex has degree 2.

A tree is a connected and cycle-free graph. A rooted tree is a tree where one vertex
has been designated the root. For vertices u and v of a rooted tree we say that u is
an ancestor of v and v is a descendant of u if any walk from r to v contains u. The
unique ancestor of v that is also a neighbour of v is called its parent and denoted by
v'; descendants of v in the neighbourhood of v are called its children. The forefather of
a set A C V(T) is the unique common ancestor of all vertices in A such that none of
its children is an ancestor of all vertices in A. The cone at a vertex v in a rooted tree,
denoted by K,, is the subtree induced by v and its descendants. An ordered tree is a
rooted tree with an ordering specified for the children of each vertex; in this case we
denote the i-th child of a vertex v with respect to this order by v;.

A tree consisting only of vertices of degree at most 2 is a path. We point out that
unlike walks, paths are graphs and have no direction; a finite path can be seen as the
support of a self-avoiding walk. Given two disjoint subsets A and B of vertices of a
graph G, an A-B-path on G is a subgraph of G which is a finite path intersecting A
and B only in its two endpoints. A ray is a one-way infinite path and a double ray is a
two-way infinite path.

For any set K C V(G) we denote by G — K the subgraph obtained from G by
removing K and all edges incident to K. If removing K disconnects GG, then K is called
a separating set. In this case, if K = {v} then v is a cut-vertex. The vertex sets of the
maximal connected subgraphs of G — K are called components of G — K. Furthermore,
we denote by G[K| the subgraph of G induced by K, that is the graph G — (V(G) \ K).

The space of ends of a connected graph was introduced by Halin in [24], and — without
graph terminology — earlier by Freudenthal (see [17] and [18]).

Two rays in a graph G are said to be equivalent, if for every finite set K C V(G)
they end up in the same component of G — K, that is, all but finitely many of their
vertices are contained in that component. An end of GG is an equivalence class of rays
with respect to this equivalence relation. If w is an end and K C V(G) is finite, then we
write C(K,w) = Cg(K,w) for the unique component of G — K in which all representing
rays of w end up, and say that w belongs to this component. Two ends w; and wy of
a graph G are separated by K if C(K,w;) # C(K,w2). Halin [25] showed that an end
containing arbitrarily many disjoint rays must contain an infinite family of disjoint rays,
hence the maximum number of disjoint rays contained in an end w is well defined in
NU{oc}. This number is called the size of the end w. An end of finite size is called thin,
an end of infinite size is called thick.

An automorphism ~y of a graph G is a permutation of V(G)U E(G), mapping vertices
onto vertices and edges onto edges while preserving the incidence relations, that is,
(v(e))™ = y(eT) and (y(e))” = v(e™) holds for every e € E(G). When working with
graph automorphisms, we often omit parenthesis and write yu instead of v(u) for the
image of a vertex u under the automorphism ~. The set of all automorphisms of G forms
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a group, called the automorphism group of G and denoted by AUT(G). For a subgroup
I' C AUT(G) we define an equivalence relation on V(G) by calling u and v equivalent if
and only if there is some v € I" such that yu = v. The equivalence classes with respect
to this relation are called orbits and denoted by I'v. We say that I' acts transitively, if
there is exactly one orbit, and that it acts quasi-transitively, if there are only finitely
many orbits. In this case the graph G is also called (quasi-)transitive. When applying
graph automorphisms to a sets of vertices or edges of G or a subgraph of G, they are
applied element-wise and the result is again a set of vertices or edges or a subgraph of G,
respectively. The stabiliser of a vertex v under the action of I'is 'y := {y € " | yv = v};
for a set S of vertices, the set-wise stabiliser of S is denoted I'g := {y € I' | vs € S for
every s € S}. Finally, a subgraph H of G is called ~y-invariant, if v maps H onto itself.

It is well known, that any infinite, locally finite, connected graph which is quasi-
transitive has either one, two, or infinitely many ends, see [18|. If it has one end, this
end is thick. If it has two ends, both are thin and must have the same size. Finally, if
it has infinitely many ends, then some of its ends must be thin. These and many more
results were given by Halin in [26].

The action of the automorphism group AUT(G) of a locally finite, connected graph
extends in the obvious way to its ends. An automorphism v € AUT(G) is called

— elliptic, if its fixes a finite subset of V(G),
— parabolic, if it is not elliptic and fixes a unique end of GG, and
— hyperbolic, if it is not elliptic and fixes each of a unique pair of ends of G.

Halin [26] showed that any graph automorphism is either elliptic, parabolic, or hyper-
bolic, and additionally, that these different types of automorphisms have the following
properties. Firstly, v is elliptic if and only if for some (every) vertex v of G the sequence
v,vv,7%v, ... contains only finitely many different vertices and is periodic. Secondly, if
~ is hyperbolic then the two ends fixed by v have the same finite size k and G contains
k disjoint double rays invariant under ~y. Finally, if + is parabolic then the unique end
fixed by +y is thick and G contains infinitely many double rays invariant under ~.

A graph G is called accessible if there is a natural number k such that any two
ends can be separated by a set of vertices of size at most k. Originally the notion of
accessibility comes from group theory. Stalling’s theorem about ends of groups states
that some (every) Cayley graph of a finitely generated group I'" has more than one end
if and only if I' admits a nontrivial decomposition as an amalgamated free product or
an HNN-extension over a finite subgroup. I' is called accessible if the process of iterated
nontrivial splitting of I" always terminates in a finite number of steps. Thomassen and
Woess [56] showed that accessibility of a group is equivalent to accessibility of some (and
thus all) of its Cayley graphs.

A quasi-isometry between two metric spaces (X,dx) and (Y,dy) is a mapping ¢ :
X — Y such that there are constants A > 0 and B, B’ > 0 such that for all z1,29 € X
and y €Y,

A7 dx (21, 72) — B < dy (px1, px9) < Adx(71,29) + B and dy(y,9X) < B

14



Two connected graphs G and H are called quasi-isometric, if the corresponding metric
spaces (G,dg) and (H,dp) are quasi-isometric, where dg and dy denote the standard
graph distance in G and H, respectively. Every quasi-isometry ¢ has a quasi-inverse
¥ Y — X, which is a quasi-isometry such that ¢ and i are at bounded distance
from the respective identity mappings. In other words, there is some constant M > 0
such that dx (z,vp(z)) < M and dy (y, pt(y)) < M for all z € X, y € Y. In particular
being quasi-isometric is an equivalence relation. It is well known that any quasi-isometry
between graphs G and H can be extended to the ends of G and that this extension maps
thick ends to thick ends and thin ends to thin ends, see for example Lemma 21.4 in [61].

Remark 2.1.1. Every connected quasi-transitive graph is quasi-isometric to some tran-
sitive graph. To see this, pick a finite set of representatives K C V(G) of the set of
vertex orbits {I'v | v € V(G)} such that the induced subgraph G[K] is connected. Let
D be the diameter of the graph G[K]. Given u,v € V(G), there is some v € I' such
that we have dg(v,yu) < D. Now consider the new graph G?*P*+! with the same ver-
tex set V(G), where two vertices u,v are connected by a non-oriented edge whenever
1 < dg(u,v) < 2D + 1. In G?P*1, each orbit I'v induces a connected, locally finite
subgraph on which I' acts transitively. It is easy to check that this subgraph is quasi-
isometric to G.

An edge-labelled graph is a graph G together with a label function ¢ assigning to every
edge e € E(G) an element of some finite set X, called label alphabet. The labelling
is called deterministic, if any two edges e and f starting at the same vertex e™ = f~
have different labels. For quasi-transitive graphs, we would like the edge-labelling to be
compatible with the action of a quasi-transitive subgroup of AUT(G). To this end, we
denote by AUT(G, ¢) the group of label-preserving graph automorphisms; when speaking
of a quasi-transitive edge-labelled graph it will be implicitly assumed that AUT(G, /)
acts quasi-transitively. Note that in the case of a deterministic labelling ¢, the group
AUT(G, ) acts freely on G, that is, the identity in AUT(G, ¢) is the only element fixing
a vertex of G.

One well-known class of simple, connected, locally finite, transitive graphs that come
with a natural deterministic edge-labelling are Cayley graphs of finitely generated groups.
Starting with a symmetric generating set S of a group I, the Cayley graph G = Cay(T', .5)
has vertex set V(G) = I". We choose ¥ = S, and for each v € I and s € S there is a
directed edge from ~ to s with label s. The left regular action of I' on itself extends
to an action on G by label preserving automorphisms; in fact, it is not hard to see that
I' = AUT(G,?).

The following result originates from the theory of Cayley graphs of finitely generated
groups and also holds for our more general setting.

Lemma 2.1.2. The group I' = AUT(G,?) of all graph automorphisms of the connected
deterministically edge-labelled graph G preserving the edge-labels acts fixed-point freely:
if y €T and yv = v for some v € V(G) then v = 1p, the unit element of T'.

In particular, if I' acts quasi-transitively then it is finitely generated.

15



Hy_»

Hy_4

Hi,

Hy 1
Hp o

Figure 2.1: The grandparent graph Ggp. Edges connecting vertices to their grandparents
are green. The automorphism v maps u onto v and thus the red ray onto
the blue ray.

Proof. Suppose yv = v. Since the labelling is deterministic, yu = w for all neighbours
u of v. By connectedness of G, we must have v = 15. If " acts quasi-transitively, then
the construction in Remark yields a connected, locally finite subgraph on which I"
acts transitively and fixed-point freely. Therefore that subgraph is a Cayley graph of T,
and I is finitely generated, see for instance the note [50] by Sabidussi. O

Remark 2.1.3. For any two Cayley graphs of the same finitely generated group I' with
respect to two different finite, symmetric sets of generators, the identity mapping is a
quasi-isometry with B = B’ = 0 in (4.1)), that is, the mapping is bi-Lipschitz.

Using Lemma [2:1.2] it is not hard to show that there are transitive graphs G not
admitting any deterministic labelling ¢ such that AUT(G, ¢) acts quasi-transitively.

Example 2.1.4. Consider the grandparent graph Ggp, defined as follows. Fix some
end w of the infinite 3-regular tree T3 and let the graph “hang down” from the end w.
Then the graph can be seen as a union of horizontal layers Hy, k € Z. Every vertex
v € Hy, is adjacent to one vertex in Hy_1, called parent of v and two vertices in Hgy1,
called children of v. We add additional undirected edges connecting every child of v to
its grandparent, that is the parent of v. Doing this, we end up with the grandparent
graph Ggp shown in Figure 2.1}

Clearly the group AUT(Ggp) acts transitively on Ggp. Soardi and Woess showed
in [54] that AUT(Ggp) is the subgroup of AUT(7T3) fixing the end w, that is, it maps
any ray in w onto some other ray in w. Let I' < AUT(Ggp) be a subgroup of graph
automorphisms acting quasi-transitively on Ggp. FEvery layer Hj contains infinitely
many vertices, so there must be some v € I' mapping a vertex w in Hj onto some
different vertex v # u in Hy. But v is also a graph automorphism on the subgraph T3
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and fixes the end w of T3, so it maps the ray in w starting at u onto the ray in w starting
at v and thus fixes common ancestors of u and v. In particular, I" does not act fix-point
freely, so by Lemma the graph Ggp does not admit any deterministic labelling ¢
such that AUT(G,¥) acts quasi-transitively on G.

Any set of walks on an edge-labelled graph G defines a language in the following way.
Extend the label function ¢ to walks p = (v, €1, ..., en,v,) by setting

L(p) = L(er)l(ea) ... L ey) € 2.
Then for any set of walks P on G, the associated language is

L(P) :={t(p) | p € P}.

For a given vertex o of G we denote by Psaw,, the set of self-avoiding walks of length
at least 1 on G starting at o and by Lgaw,(G) := L(Psaw,) the associated language of
self-avoiding walks. Note that if the edge-labelling is deterministic, then £ is a bijection
between Psaw,, and Lsaw,o(G).

2.2 Formal languages
For a finite set of letters X, called an alphabet, we denote by
Y i={w=aay...ay | n>0,a; € 3}

the set of all words over 3. The number n of letters in a word w is called the length of
w and denoted by |w]; for the unique word of length 0 we write e. A language over X is
a subset of X*.

A context-free grammar is a quadruple G = (N, X, P, S), where N is a finite set of
non-terminals with NNX =), S € N is the start symbol and P C N x (NU X)* is a
finite set of production rules. We write A - « for (A,a) € P. If « € ¥*, we call A+ «
a terminal rule.

A production rule A F « allows us to replace the non-terminal A by the string a.. More
precisely, for strings 5,7 € (N U X)*, we say v is obtained from (3 in a single step of
leftmost derivation, and write § = «, if there is a decomposition of the form g = 51 AS
and v = f1afs for some 51 € ¥*, B € (N U X)* such that A F o € P. Thus, v is
a result of using the rule A F « to replace the leftmost non-terminal in 8. A leftmost
derivation of S from « is a sequence

(o =ag,0q,...,00, = f)

such that a;_; = a; for every i. We say that 3 is derived from o and write o = . Each
non-terminal A € N generates a language L4 := {a | A = o} and the language generated
by the grammar G is L(G) := Lg. A context-free language is a language generated by
a context-free grammar or equivalently, accepted by a pushdown automaton, see [32].
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The grammar and its generated language are called unambiguous if for every o € L(G)
there is a unique leftmost derivation generating c.
A grammar and its generated language are called linear, if each production is of the
form
AFxBy or Abxz, where A,BeN, x,ye X"

If in that situation one always has y = €, then the grammar and the language are called
right-linear or regular. In this case, the language is accepted by a (deterministic) finite
state automaton, see [32].

Recall that an ordered tree is a rooted tree with an ordering specified for the children
of each vertex. For a given context-free grammar G, a derivation tree is an ordered tree
D together with a labelling A\ : V(D) — N U X* such that

— internal vertices have labels in N,
— leaves have labels in ¥* and

— whenever vq, ..., v; are the ordered children of u in D,

Aw) E A(vr) ... A(vg) € P.

Any ordered tree induces a total order uq, ..., u on its leaves and we call D a deriva-
tion tree of w € X* if w = A(uy)... A(ug). It is a standard result in formal language
theory that there is a bijection between leftmost derivations of w € 3* from A € N and
derivation trees of w whose roots are labelled A.

Typical tools to show that a language is not regular, respectively not context-free, are
the well known Pumping Lemmas.

Lemma 2.2.1 (Pumping Lemma for regular languages). Let L be a reqular language
over an alphabet 3. Then there is a pumping length I, > 0 such that every w € L with
|lw| > 1, can be written as w = xyZ for some x, &,y € X*, such that |yz| < p, ly| > 1
and xy"ZT € L for all n > 0.

Lemma 2.2.2 (Pumping Lemma for context-free languages). Let L be a context-free
language over an alphabet 3. Then there is a pumping length 1, > 0 such that every
w € L with |w| > [, can be written as w = xyzyi for some x,,y,7y,z € X*, such that
lyzg| < lp, lyg| > 1 and xy"zy"z € L for all n > 0.

The (commutative) language generating function of a given language L over the al-

phabet ¥ = {a1,...,a,} is a formal power series in the commuting variables ay, ..., an,
over Z
Fr(ai,...,am) = Z c(w),
weL
where c(w) =%, aéi for any word w containing exactly I; copies of the letter a;.

A famous result of Chomsky and Schiitzenberger [7] states that the commutative
generating function of the language L(G) generated by an unambiguous context-free
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grammar G is algebraic over Q, meaning that there is an irreducible polynomial P in
m + 1 variables with coefficients in Q such that

P (Fr(ai,...,am),a1,...,am,) =0.

A proof of this statement can be found in [39].

To motivate the upcoming introduction of multiple context-free grammars as a gener-
alisation of context-free grammars, let us briefly discuss a different notation for context-
free grammars G = (N, X, P,S). When producing words, one usually starts with the
start symbol S and iteratively replaces non-terminals according to the rules given by P.
In terms of derivation trees, we build the trees starting from the top (root).

There is also an alternative way to build words using production rules. A production
rule A b xgAixq ... Ayz, tells us that we can obtain an element of the language L4
generated by A by sticking together the strings xo,...,z, € X* with strings y; € La,,
i € [n], according to the rule. This way of thinking is closely related to predicate logic.
We might say that a word w € ¥* has property A € N and write Fg A(w) if w € Ly.
Then the rule A+ xgAi21 ... Az, is equivalent to the statement

“If Fg A1(21),...,Fa An(zn), then also Fg A(zoz127 ... 2nxn)"

In this statement, the z; play the role of variables and it is natural to write the production
as
A(zoz121 - - - 2nZn) < A1(21), -, An(zn).

With this in mind, the natural way to generate words is by starting with terminal rules
and constructing the derivation from bottom to top, starting at its leaves.

Keeping this in mind, we introduce multiple context-free languages. As for context-
free languages, the first two ingredients are an alphabet 3 and a set of non-terminals N.
In the intuition above we treated every non-terminal as a property applying to all strings
it generates. In a similar way, a non-terminal of a multiple context-free language should
be viewed as a property applying to tuples of strings. To realise this, every non-terminal
is assigned an integer r > 1 counting the size of the tuples, called rank. In other words,
N is a finite disjoint union N = |,y N of finite sets N, whose elements are called
non-terminals of rank r. Production rules p of a multiple context-free grammar with
non-terminals N and alphabet X are expressions of the form

Aloa, ... 0p) — A1(z11, -, 2100 )s - An(Znts ooy Znrn )
where
- n>0,
~ Ae N and A; € N for all i € [n],
— zj; are variables,

~ aq,...,0, are strings over X U{z; ; | i € [n],j € [r;]}, such that each z; ; occurs at
most once in aj ... Q.
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Production rules with n = 0 are called terminating rules. For convenience we sometimes
use the shortened notation

A(Oél, ce ,OZT) < (Ai(Z@l, RN Zirri))ie[n]
for the production rule p. For a non-terminal A € N and words wy,...,w, € ¥* an
expression of the form A(wy,...,w,) is called a term. The application of the production
rule p to a sequence (A;(w;1, ..., Wir,))icm of n terms yields the term A(w,...,w;),

where w; is obtained from «a; by replacing every variable z; ; by the word w; ;. The
non-terminal A is called the head of the production and the sequence of non-terminals
Aq,..., A, are its tail.

A multiple context-free grammar is a quadruple G = (N, X, P, S), where N is a finite
ranked set of non-terminals, ¥ is a finite alphabet, P is a finite set of production rules
over (N,¥) and S € N is the start symbol. We call G k-multiple context-free or a
k-MCFG, if the rank of all non-terminals is at most k.

A term 7 is called derivable in G, written g 7 if there is a sequence A of derivable
terms such that the application of a rule p € P to A yields 7. It is implicit in this recursive
definition that if A(wi,...,w,) < is a terminal rule, then the term A(ws,...,w,) is
derivable by letting A be the empty sequence. The language generated by G is the set
L(G) :={w € ¥* | g S(w)}. We call a language k-multiple context-free or a k-MCFL
if it is generated by a k-MCFG.

The following simple example of a 2-MCFG should be beneficial for a better under-
standing of the concepts above and a more general version of this grammar will come
up again in Chapter

Example 2.2.3. Consider the MCFG G = (N,X,P,S), where N = {S, A}, ¥ =

{a,b,c} and the set P consists of the rules p1,..., ps given as follows:
p1: S(z122) = Alz1, 22),
p2 . A(azib, za¢) + A(z1, 22),
p3:  Alazb, z9) + A(z1, 22),
P4 Aazy, z2) + A(z1, 22),
ps : Ale,€) «.

From the production rules it is immediately clear that the rank of A is 2 as A works
with pairs of strings. In particular the rank of the start symbol S is 1 by definition, so
that G is 2-multiple context-free. We use the recursive definition above to find all terms
derivable in G.

By the terminal rule ps, the term A(e, €) is derivable, we write g A(e, €). Applying
A(azi,z9) + A(z1,22) to the term A(e, €), we replace z; and 29 on the left side of the
rule by the empty word e and obtain the term A(a,e€). In a similar way, consecutive
application of p4 yields that all terms of the form A(a*, €),k > 0 are derivable. Making
use of rule p3, we obtain Fg A(a*t't! €) for every k,1 > 0. Analogously, the rule
p2 provides Fg A(a*+tHmpitm™ ™) for k,I,m > 0. In a final step, we use the rule
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S(z122) « A(z1,22) containing the start symbol S to create words of the language
L(G): this rule p; is used to concatenate the pairs (wi,ws) of strings appearing in
derivable terms A(w;,w2) and yields Fg S(wjwsz). As a conclusion, all terms of the
form S(a*HFmpltmem) are derivable.

For the converse direction, note that any derivable term S(w) must arise from an
application of pj, so that w = wjwsg for some derivable term A(w,ws). It is not hard
to see that in any such term, w; = afbl and we = ¢™ holds for some k > 1> m > 0: as
the only term arising from a terminal rule, A(e,€) satisfies this condition and the rules
p2, p3 and py preserve it. We conclude that the language generated by G is

L(G) = {a"THmpltmem | g 1 m > 0} = {a*be™ | k> 1>m > 0}.

Remark 2.2.4. As one might already guess from the discussion right before the in-
troduction of MCFGs, the class of context-free languages coincides with the class of
1-multiple context-free languages. A given context-free grammar G = (N, X, P, S) can
be easily translated into a 1-MCFG by replacing every production rule

A wyAiurAs ... Ayw, € P,

where A, Ay,..., A, € Nand wy, ..., w, € ¥* with the multiple-context-free production
rule
A(wozrwi 22 . . . zpwy) < A1(z1), ..., An(zn)

over (N, X). The resulting 1-MCFG G’ = (N, X, P’,S) then generates the same lan-
guage L(G).

Remark 2.2.5. Sometimes it will be convenient to work with a slightly different defi-
nition of multiple context-free grammars allowing non-terminals A to have rank r = 0.
For such a non-terminal A of rank 0, the only valid term is A((), where () denotes the
empty tuple. We point out that ) is different from the 1-tuple (¢) containing the empty
string. Note that the generative ability of k-multiple context-free languages does not
change and that all properties discussed here remain valid under this variation.

In the Chomsky-hierarchy of formal languages, multiple context-free languages lie
strictly between context-free languages and the bigger class of context-sensitive lan-
guages. MCFLs share some important properties with context-free languages. They are
closed under under homomorphisms, inverse homomorphisms, union, intersection with
regular languages and Kleene closure. Furthermore they are parsable in polynomial time
and semilinear.

Derivation trees for multiple context-free languages were first defined by Seki et al. [52];
we use a slight variation of their definition. Let G = (N,X,P,S) be an MCFG. A
derivation tree of a term 7 with respect to the grammar G is an ordered tree D whose
vertices are labelled with elements of P satisfying the following conditions:

— The root of D has n > 0 children and is labelled with a rule p € P.

— For i € [n] the subtree D; rooted at the i-th child of the root of D is a derivation
tree of a term 7;.
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S(z1232224) < A(z122), B(2324)

A(az1,azg) < A(z1, 22) B(bz1,bz9) « B(z1, 22)
| |
A(azi,az) < A(z1,22) B(b,b) +
|
A(a,a) +

Figure 2.2: The unique derivation tree D of the word w(D) = a®b?a3b? with respect to

the grammar G.

— The rule p applied to the sequence (7;);c[, yields 7.

It is not hard to see that F A(ws, ..., w,) if and only if there is a derivation tree D of
A(ws,...,w,). However, in general such a derivation tree need not be unique.

An MCFG G is called unambiguous, if for every term S(w) there is at most one
derivation tree of S(w) with respect to G. An MCFL is called unambiguous if it is gen-
erated by some unambiguous MCFG. We denote by w(D) the tuple of strings wy, ..., w,
generated by D and by ¢(D) the label of the root of D.

In some sense derivations trees of MCFGs are more natural than derivation trees of
CFGs. The tree corresponding to the derivation process of a term 7 in an MCFG consists
of a single vertex labelled p for every rule p occurring in the process.

Example 2.2.6. Consider the MCFG G = (N,3,P,S), where N = {S, A, B}, ¥ =
{a,b} and P consists of the rules

(2122), B(2324),

S(z1232224) + A

+— A(z1, 22),
+— B

“

)
A(azi,az)
B(bz1, bz9) (21, 22),
)
b)

A(a,a
B(b,

It is a simple exercise to show that L(G) = {a™b"a™b™ | m,n € N}. The unique
derivation tree D of the word w(D) = a3b?a3b? can be found in Figure

)

Remark 2.2.7. Let D be a derivation tree and let v be a vertex of D. Then by
definition replacing the subtree D’ of D rooted at v by a derivation tree D" satisfying
(D" = ¢(D’) yields a derivation tree.

The pumping lemma for k-MCFLs, similarly to the well known pumping lemma for
CFLs, provides a convenient way to show that certain languages are not k-multiple
context free.
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Lemma 2.2.8 ([52, Lemma 3.2]). For every infinite k-MCFL L there is some w € L,
which can be written in the form w = x1Y1T2y2 . . . TokYorTok+1 for some x;, y;, € ¥* such
that

~ Y1Y2. .. Yor # € and
- T1YTT2Yy - - TokYoTak4+1 € L for every n € Ny.

Note that this lemma is weaker than the pumping lemma for CFLs: it only provides
the existence of “pumpable” strings whereas the pumping lemma for CFLs states that
all words exceeding a certain length are pumpable.
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3 A general bridge theorem for
self-avoiding walks

In [22] Grimmett and Li proved a locality theorem for connective constants, namely that
the connective constants of two graphs are close in value whenever the graphs agree on
a large ball around the origin and some further conditions are satisfied. To obtain this
result they generalised the concept of bridges to the class of quasi-transitive graphs by
introducing the notion of graph height functions, which are basically maps assigning an
integer h(v) to every vertex v. Graph height functions have to be adapted to the graph
structure according to Definition A good survey on graph height functions and
in particular some existence results for Cayley graphs can be found in [20]. Similarly to
the connective constant, the bridge constant (G, h) of G with respect to h is the base
of the exponential growth of the number of bridges b, , of length n starting at o,

T 1/n
B(G,h) = Jim b,/

The proof of its existence uses the fact that the concatenation of two bridges is again a
bridge. While it is rather simple for transitive graphs, existence of the bridge constant
of quasi-transitive graphs and its independence of the choice of o are shown in [22]. Fur-
thermore, [22] also contains the first bridge-theorem for quasi-transitive graphs, stating
that the bridge constant with respect to a unimodular graph height function is equal to
its connective constant.

The goal of this chapter is to provide a version of the bridge theorem applicable to
an even wider class of graphs. More precisely, we want to get rid of unimodularity in
the conditions of the bridge theorem. Our main result Theorem states that for
any graph height function h on a graph G, the connective constant p(G) is equal to
the maximum of the bridge constant 5(G, h) with respect to h and the bridge constant
B(G, —h) with respect to the “reflected” graph height function —h.

As a consequence of this theorem, all results discussed by Grimmett and Li in Sec-
tion 5 of |22] concerning locality of connective constants also hold in the case where the
graph height functions are not unimodular. In particular they obtained conditions, un-
der which the connective constants of sequences of graphs possessing unimodular graph
height functions converges to the connective constant of a limit graph of this sequence.
The proofs in the non-unimodular case work exactly the same way after replacing cor-
responding results by the results obtained in this chapter, so they will not be discussed
here.

In Section we provide a concrete example. The grandparent graph was given by
Trofimov in [57] as an example of a connected, locally finite, transitive graph with a
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non-unimodular automorphism group, so it admits only non-unimodular graph height
functions. We calculate the bridge constants with respect to the generic graph height
function and use our version of the bridge theorem to obtain the connective constant
of the grandparent graph. This connective constant can also be obtained by using a
different method described in Chapter

3.1 Graph height functions and bridges

All graphs discussed in this chapter are assumed to be simple, even if not mentioned

explicitly. Thus it makes sense to represent any walk p by its sequence of vertices

(vo, v1,...,v,) and omit its edges. As we are interested in the growth rate of the number

of self-avoiding walks of length n for n going to infinity, we only consider infinite graphs.
The following definition of graph height functions on graphs is taken from [22].

Definition 3.1.1. Let G be a locally finite, connected graph. A graph height function
on G is a pair (h,I'), where

- h:G—17Z,

— I' < AUT(G) is a subgroup of graph automorphisms acting quasi-transitively on
G and h is I'-difference-invariant in the sense that

h(yv) — h(yu) = h(v) — h(u) for all y € T, u,v € V(G),

— for every v € V(G), there exist u,w € V(G) adjacent to v such that

h(u) < h(v) < h(w).

A graph height function (h,I") is called unimodular if the action of I" on G is unimodular,
that is if |Tyv| = |Tyu| for all u,v € V(G) with v € T'u. Note that by definition any
graph possessing a graph height function must be infinite and quasi-transitive.

Denote by d = d(h,T") the smallest integer satisfying h(u) — h(v) < d for all edges uv
of G. This integer d(h,I") always exists: the height h is I'-difference-invariant and I' acts
with finitely many orbits on pairs (u,v) of adjacent vertices as G is locally finite. When
talking about a graph height function (h,I") we often simply write h and omit I".

Remark 3.1.2. There are infinite, locally finite, connected, quasi-transitive graphs not
supporting any graph height functions. This is still true when considering the set of all
Cayley graphs of finitely generated groups: it was shown in [21], that neither the Cayley
graph of the Grigorchuk group nor the Cayley graph of the Higman group admits a
graph height function.

From now on let G be an infinite, locally finite, connected, quasi-transitive graph and
let (h,T') be a graph height function on G. A self-avoiding walk (vg, v1,...,v,) is called

— a bridge, if h(vg) < h(v;) < h(v,) holds for every i € [n],
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— a reversed bridge, if h(vg) > h(v;) > h(vy) holds for every i € [n],
— a half-space-walk (HSW), if h(vg) < h(v;) holds for every i € [n],
— a reversed half-space-walk: h(vg) > h(v;) holds for for all i € [n].

Note in particular that bridges are HSWs and HSWs are SAWs. For any v € V(G)
we denote by Cy, 4, By, Bnw, Hnp and H,, , the sets of SAWs, bridges, reversed bridges,
HSWs and reversed HSWs of length n starting at v, respectively. By definition all
of the above sets contain the walk of length 0 consisting of the single vertex v. Fur-
thermore, denote by ¢, v, by v, Emm I and En,v the cardinalities of the respective sets
Cnm,Bn’v,Bnﬂ,,Hn,v and H nv- DBecause of symmetry, reversed bridges and reversed
half-space-walks with respect to h are bridges and HSWs with respect to the "reflected”
height function —h, so we state most results only for bridges and HSWs.

Let p be a walk on G. The span of p is defined as the maximal height difference of
two vertices in p:

Span(p) = hmax (p) — Nmin (p)7

where

himax(p) = max h(v),  hmin(p) = min A(v).

It is clear that for any bridge p, span(p) = h(v,) — h(v).
The group I' acts quasi-transitively on GG and is h-difference invariant, so it is possible
to define

Cp = MaX Cpy, b, = min b,, and b, = min bnw-
veV(G) veV(Q) veV(G)
Any SAW (v = wp, ..., Untm) € Cpim,» can be decomposed into a pair (vo,...,v) €
Chp and (vp, ..., Upym) € Cryp, of SAWSs. Picking v such that ¢,4m » = ¢pim results in

Cn4+m = Cn4+m,v < Cn,vCm < cnlm,

80 (¢n)n>0 is a sub-multiplicative sequence. On the other hand the concatenation of
the bridges (v = vo,...,vn) € By, and (vp,...,Vn4+m) € Bma, results in the bridge
(V0, - -+, Untm) € Bpim,y. Picking v such that byim o = byt yields

bnbm < bn,vbm < bn—i—m,v = bn+m-

Fekete’s Lemma states that for every sub-additive sequence (ay)n>0, the limit lim,,_, %”
exists and is equal to inf,>¢ 9. An application of this lemma to the sub-additive se-
quences (log(cp))n>0 and (—log(by,))n>0 provides the existence of the limits
— 1; 1/n — T; 1/n 7 N 1 71/n
w(G) = Jim ¢/, B(G,h) := Jim b,/ B(G,h) := Jim b,/
Here 1(G) depends only on the underlying graph G and is called the connective constant
of G and B(G,h) and B(G,h) depend on the graph and the chosen height function h
and are called the bridge constant and reversed bridge constant of G with respect to h,
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respectively. We usually omit the graph and the height function if they are clear and
just write p, 8 and 5.
Trivially b, < ¢, so we obtain

by, < /Bn < Mn <c¢n, n2=0, (31)

and the analogue statement for b, and 3. Hammersley showed in [29] that

1/n

lim ¢,/

n—oo

=p for every v € V(G)
and Grimmett and Li proved in [22] the similar statement
Jim b}/ﬁ = for every v € V(G).
Let us denote by

FSAVV,v(Z) = Z Cn,vzn and Fbridge,v(z) = Z bn,vzn

n>0 n>0

the generating functions of self-avoiding walks and bridges, respectively. Then the
Cauchy-Hadamard theorem implies that for any vertex v € V(G) the corresponding
radii of convergence are given by
1 1 1 1
Reaw = ———— =~ and  Rpridge '= — 3,7 = 7
limy, o0 Cnv H lim,, 0 n,v B
respectively. In Section [3:3]we make use of this fact to calculate the bridge constant of the
grandparent graph by finding the radius of convergence of the corresponding generating
function.

3.2 The bridge theorem

As mentioned before the main motivation was the following version of the bridge theorem,
holding for graphs admitting a unimodular graph height function.

Theorem 3.2.1 (Grimmett and Li [22, Theorem 4.3]). Let G be a locally finite, con-
nected graph possessing a unimodular graph height function (h,T"). Then u(G) = B(G,h).

As a simple consequence of this theorem the bridge constant 5(G, k) does not depend
on the choice of the unimodular graph height function h. However, there are simple
examples showing that unimodularity is necessary in this theorem, one of them being
the grandparent graph, which will be discussed in Section

The main result of the current chapter of this thesis is the following extension of this
bridge theorem, holding without the requirement of unimodularity.

Theorem 3.2.2. Let G be a locally finite, connected graph possessing a graph height
function (h,T"). Then

M(G) = Bmax(Gv h) = maX{B(Ga h)a B(Gv h)} (3'2)
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One inequality is clear from , we only need to show p < Bmax. For convenience
we first provide a detailed proof of the transitive case which we then generalise to the
quasi-transitive case.

From now on let G be a locally finite, connected graph, let (h,I') be a graph height
function on G and assume that the group I' acts transitively on G. Then the value of
Cn,w does not depend on v and is therefore equal to c¢,. Moreover elements of I' map
bridges onto bridges and HSWs onto HSWs, implying that also b, , is equal to b, for
every v and hy,, does not depend on v, so we can omit v in the notation.

For simplicity we fix some vertex o of G with h(o) = 0 and write Cy,, By, H,, and
B, H,, for the sets of n-step SAWs, bridges, HSWs and their reversed versions starting
at o, respectively. Moreover for every v € V(G) we fix some element v, € I' with
Yw(0) = v. The ~y-concatenation of two walks p; = (0,v1,...,0m), p2 = (0,w1,...,wy)
is defined as the walk

P1*y P2 = (07 U1y - UTH7’7vm(w1)7 s 7/yvm(wn))'

In other words, pi *, p2 is the concatenation pi7v,,, (p2) of the walks p; and ~,,, (p2) as
defined in Section [2.I] Similarly, the y-decomposition of p; at v is defined to provide
the two walks (0,v1,...,v) and (v,,' (v1), - .., 7," (vn)), both of them starting at o.

Denote by By, (a) the set of bridges in B,, having span a > 0 and by by, (a) the cardinality
of this set. Note that by(0) = 1 and for d = d(h,I") from Definition it trivially
holds that b,(a) = 0 for a > dn because the height distance per step is at most d. It
follows that

dn
be = bu(a). (3.3)
a=0

Take any HSW p = (vg,v1,...,v,) of length n > 1. We use the following iterative
process to y-decompose p into an alternating sequence of bridges and reversed bridges:
Let i9 = 0 and in step 57 > 1 let

a = max (o) = b))
and let i; be the largest index in {i;_1,...,n}, where this maximum is attained. Then
the sub-walk (v;,_,,...,v;;) of p has span a; and is a bridge if j is odd and a reversed
bridge if j is even.
By construction the span decreases in every step, so a; > --- > ax > 0. We denote
by Hp(ai,...,ar) the set of HSWs in H,, decomposing into an alternating sequence
P1,D2,- .., P of bridges and reversed bridges of spans aq,...,a; and by hy(aq,...,ax)

its cardinality. It is clear that for n > 1

hn = Z Z hn(al, e ,ak). (34)

k>0a1>->ar>0

Moreover the equality hy,(a;) = by(a1) follows directly from the definition.
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Figure 3.1: Decomposition of a HSW p into bridges (red) and reversed bridges (blue)
and construction of p; and p_ (dashed).

Lemma 3.2.3. Letn,k>1and ay > ag > --- > ap > 0. Then

n

hn(al, e ak) < Z bm(a1 +az+ ... )Bn,m(az + a4+ ... ) (3.5)
m=0
Proof. Let p € Hy(ay,...,ar). Use the decomposition process described before to con-

struct a pair (py,p—) consisting of a bridge and a reversed bridge, both starting at o.
Begin by «-decomposing p into the walks p1, . . ., pg such that the span of p; is a; for every
¢ and p; is a bridge if ¢ is odd and a reversed bridge otherwise. Let py = p1 *y p3 %5 ...
be the vy-concatenation of all bridges p; (i odd) and p— = pa %y ps *y ... be the 7-
concatenation of all reversed bridges p; (i even). This construction can be seen in
Figure 3.1

Clearly p is a bridge and its span is a; + a3 + ... and p_ is a reversed bridge and
its span is as + a4 + .... Moreover from the knowledge of the sequence aq,...,a; and
the two walks p; and p_ the original walk p can be uniquely reconstructed, so the
process of obtaining the pair (py,p_) from p is injective. Let m = |p1| + |[p3| + ... be
the sum of lengths of the odd-index sub-walks p;. Then p; € By,(a1 +ag + ...) and
p— € By_m(az +ag+...) and follows. O

A partition with distinct parts of a positive integer A is a way to write A as a sum
of distinct positive integers. Two partitions are considered the same if they differ only
in the order of their summands. Denote by pp(A) the number of different partitions
with distinct parts of the integer A > 1. For consistency let pp(0) = 1. Hardy and
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Ramanujan showed in [31] that for A — oo:

A)m | (3.6)

srota) <
Lemma 3.2.4. Let L > m\/d/3, where d = d(h,T") is the maximal height distance
between adjacent vertices of G. Then there is a constant K > 0 such that for alln > 0

n

hn < pp(dn) Y- bybp_m < KeVB1 (3.7)

max*
m=0

Proof. The statement trivially holds for n = 0. In the case n > 0 application of
Lemma in expression (3.4) and exchanging the finite sums yields

hngzz Z bm(a1+a3+...)5n,m(a2+a4+...).

m=0k>0a1>-->ar>0

For given A, B > 0 we want to count the number of occurrences of the summand
b (A)by—m(B) in the sum on the right-hand side. Clearly the total number of sequences
a; >+ >ar >0withay+as+---= Aand as+aq+--- = B is bounded from above by
the number pp(A + B). Using that the height distance per step is at most d, it follows
that

dm d(n—m)

hn <> po(A + B)bin(A)by—m(B).
m=0A=0 B=0

From pp(A + B) < pp(dn) and ({3.3)) the first inequality in (3.7]) follows:

n dm d(nfm)7
hn SPD(dn) Z < bm<A)> ( Z bn—m(B))

B=0

The second inequality in (3.7) follows from b, < ™ (see (3.1)) and the existence of a
constant K > 0 such that
(n+ Dpp(dn) < KtV

for every n > 0, which is a consequence of ({3.6)). O
Lemma 3.2.5. Let M > p\/2d/3. Then there is an integer N such that for all n > N

en < eM\/n-HBn-H (3.8)

max *

Proof. Let p = (vo,...,v,) be any SAW of length n and [ the maximal index such that
h(v;) = hmin(p). By the definition of graph height functions there is a neighbour v’ of v;
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Figure 3.2: Decomposition of a SAW into a HSW starting at v’ (red) and a HSW starting
at v; (blue).

with h(v") < h(v;). Hence 'Yv_ll(vl,'l)l_l'_l, ..., vp) and 'y;l(v’,vl,vl_l, ...,v0) are HSWs in
H,,_; and Hjy; respectively. This construction is shown in Figure and yields

en <O hpihiga. (3.9)
=0

Let € > 0 such that M — e > m/2d/3. By Lemma there is a K > 0 such that
for every n > 0,

22> Koo (M S (Vi viv ) ) sl
en < 3K (% (VT4 VIET) ) 23

Using this estimate and the inequality va++v/b < v/2a + 2b, which holds for all a, b € RT,

we obtain

en < (n+ 1)K exp (M — e)Vn+1) Bt (3.10)
For n large enough (3.8) follows. O

Now we have all necessary tools to finish the transitive case of the proof of Theo-

rem Using p" < ¢, (see (3.1)) and Lemma it follows that for M > m/2d/3

and n large enough
-1,-M -M
Mn € vn < cp-1€ vn < 521&)('

Applying the n-th root and sending n to infinity yields

< /Bmax-

We briefly discuss the additional steps to generalise the proof to the case where I'
acts quasi-transitively on the graph GG. The following additional definitions and results
from [22] are necessary.
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Let the action of I" on G admit m orbits and {0y, ..., 0, } be a system of representatives
of the orbits. Let r = r(h,I') be the smallest non-negative integer such that for any
0 < 4,7 < m there is some v; € T'o; and a bridge ¢(4, j) of length at most r starting at
o; and ending at vj;, such that v; is the unique vertex of maximal height in the walk.
The walk obtained by going along ¢(j,%) in the reversed direction (from v; to o;) is a
reversed bridge and will be denoted by (7, 7). It has been shown in [22] (Proposition
3.2 and Proposition 4.2) that r(h,T") exists for any graph height function and moreover,
for any v € V(G),

bnw < A", n>0. (3.11)

From now on we denote for v € V(G) and a > 0 by By, ,(a) the set of bridges of span
a starting at v and by by, ,(a) the cardinality of this set.

Furthermore, for any v € V(G) and a1 > --- > a; > 0 let Hy,,(a1,...,a;) be the
set of HSWs in H,, , decomposable into an alternating sequence of bridges and reversed
bridges of spans ay, ..., a; as described in the transitive case and let h, (a1, ..., a;) be
its cardinality. Lemma can be replaced by the following:

Lemma 3.2.6. Let n,k>1, a1 >az>--->a >0 and v € V(G). Then

n kr
hn,U(ah R ak) < (T + 1)k_1 Z (Z me+s,v(al +ag+---+ t))

m=0 \s=01t>0

(3.12)
kr B
Z bn—m+s’,v(a2 +ag+---+ t/) .
s'=0t'>0
Proof. Given a walk p in H,, (a1, ...,a;), we decompose it into the alternating sequence
P1, P2, ..., pg of bridges and reversed bridges as in the transitive case. The main difficulty

is that it is not always possible to concatenate the bridges p; and p;io directly, as pl+
and p;_, may lie in different orbits. Let (i(0),...,i(k —2)) and (j(0),...,j(k —2)) be
sequences defined such that v € T'o (), plJr € oy for I > 1 and p; 5 € I'oj) for I > 0.

Let
o= {Q(i(l),j(l)) if 1 is odd,
q(i(l),j(1)) if I is even.

Define p; as the concatenation of the bridges p1, q1,p3, g3, ... (odd indices) and p_ as the
concatenation of the reversed bridges qo, p2, q2, P4, - .. (even indices). This construction
can be seen in Figure [3.3]

Let m be the sum of the lengths of p; having odd index i. Then p; is in By, (a1 +
az+---+t) for some 0 < s < krand t > 0 and p_ is in By,_4+s (a2 +as +---+t') for
some 0 < s’ < krand t’ > 0 as every g-walk has length at most 7. The construction is not
injective because for a given pair (p4+,p—) we might not be able to directly identify the
contained g-walks. However, the length of any g-walk is at most r, so there are at most
(r 4+ 1) possible positions per g-walk. Therefore any pair (p4,p—) can be constructed at
most (r + 1)¥~! times and follows. O

Lemma is replaced by the following:
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Figure 3.3: Decomposition of a HSW into bridges (red) and reversed bridges (blue) and
construction of 74 and 7_ (dashed). Dotted lines are v-walks.

Lemma 3.2.7. There is a constant L > 0 such that for any n >0 and v € V(QG)

B < eBVRBR (3.13)
Proof. We begin with the observation that for all integers a,l > 0

D bip(a+t) < by (3.14)
t>0

Starting with (3.4)) and using Lemma [3.2.6{and (3.14)) yields

n kr kr
hnﬂ, < Z Z (7“ =+ l)k Z (Z bm_i,_s,v) (Z bnm+s’,v> .
E>0 a1>>a,>0 §'=0

m=0 \s=0
a1+-+ap<dn

Let A denote the maximum over all degrees of vertices of G. Then it is easy to see that

Bmax < A. Furthermore, any partition of an integer A with k distinct parts satisfies
k(k + 1) <2A and therefore k < vV2A. Using these observations, we end up with

P <> Y (DR 1)(kr + 1)2 L2k
k>0 a1>-->ar>0
aj+-Fap<dn

< dnpp(dn)(r + 1)V (n + 1)(V2dnr + 1)2A2V2dnr+2r gn

max*

Finally, applying (3.6)), for B large enough (3.13)) follows.
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Figure 3.4: The grandparent graph Ggp. Edges connecting vertices to their grandparents
are green, while the edges of the original 3-regular tree are black.

Finally we obtain the analogue to Lemma [3.2.5] which which can be proved in the
same way.

Lemma 3.2.8. There is a constant M > 0 such that for any n >0 and v € V(G)
Cpy < EMVBR (3.15)

From this statement it follows directly that pu < Bmax, which finishes the proof of
Theorem [3.2.2)

3.3 Bridges in the grandparent graph

In this section we discuss the grandparent graph Ggp introduced in Example as an
example of a graph not possessing any unimodular graph height function. We calculate
the bridge constants and use the bridge theorem to obtain the connective constant.

Recall that the grandparent graph is constructed as follows. Fix some end w of the
infinite 3-regular tree T3, let the graph “hang down” from the end w and treat the vertex
set of Ggp as the union of horizontal layers Hy, k € Z as shown in Figure 3.4} Every
vertex v € Hy, is adjacent to one vertex in Hy_1, called parent of v and denoted by 1(v),
and two vertices in Hy, 1, called children of v. Write 1*(v) for the k-th predecessor of
v, that is the vertex obtained by applying t k times to v. Furthermore denote by 1¥(v)
the set of all vertices u such that 1%(u) = v. We add all undirected edges connecting a
vertex v to its grandparent 12(v) to the graph and end up with the graph Ggp as shown
in Figure [3.4

Clearly the group AUT(Ggp) acts transitively on Ggp. Soardi and Woess showed
in [54] that every graph automorphism fixes the end w. Moreover they observed that
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for any vertex v of Ggp, any automorphism fixing v also fixes T(v). On the other hand,
there are automorphisms fixing 7(v) and mapping v to its sibling, so that

[AUT(Gap)o1(v)] = 1 # 2 = [AUT(Gap )iy

)

thus the action of AUT(Ggp) is not unimodular. In particular Ggp is not a Cayley
graph and it cannot admit a unimodular graph height function.

Ggp admits the obvious graph height function (h, AUT(Ggp)), where the map h
associates to every vertex v the index k of the layer Hj containing v.

We fix a vertex o and use generating functions to count bridges starting at o and
calculate the bridge constants 3(Ggp,h) and B(Ggp,h). From the structure of the
graph it is intuitively clear that there are more bridges then reversed bridges starting at
0, so we start by counting bridges. For a > 0 let B, , be the set of all bridges of span a
starting at a vertex v and B (z) be the ordinary generating functions corresponding to
this class, which is independent of v and given by

Bu(z) = Z bp(a)x".

n>0
Then B,(z) is a polynomial for every a > 0 and it is not hard to obtain
Bo(z) =1, Bi(z) =2z, Ba(z)=4a+ 4z* + 4a°.
By (3.3), the generating function Fi,iqge() counting all bridges is

Fbridge(x) = Z bnl'n = ZBG(IE)

n>0 a>0

For a > 3 recursively count all bridges p = (vg, v1,...,Vm) € Bq,o. The different types
of bridges discussed are shown in Figure [3.5] Every bridge p starts at vy = o, so either
vy € Ho) or vy € 1%(0). If v1 € H(0), then (vq,...,vy) of p must be a bridge in By_1.4,
(type 1).

Let now v; € 12(0). We distinguish the following sub-cases: If p does not contain
T(v1), the walk (v, ..., vr,) must be a bridge in By—2., (type 2).

Otherwise, there is some index [ > 1 such that v; = 1(v;) and we can decompose the
walk at v; to obtain walks p1 = (vo,...,v) and pa = (vj,...,vp). Whenever a SAW
reaches a descendent of a vertex v after containing both v and 1(v), it cannot reach
a predecessor of v anymore. This means that p; can have one of two possible shapes,
depending on the parity of [. Let [ = 2k in the case where [ is even and | = 2k + 1
otherwise. In both cases we have v; € 13(v;_1) for every i € [k — 1]. The k-th step
satisfies vy = T(vg—1) if [ is odd and vy € {(vg_1) for even I. The walk concludes with the
steps v; = 12 (vi—1) for every index k+ 1 < i < [. We call walks with this shape U-walks.

Since the span of p is a, the span of the U-walk p; can be at most a. Note that for any
v there are 2 vertices in }(v) and 4 vertices in 4?(v). The generating function of U-walks
of span at most a is thus given by

Uy () = 42 + 82 + - - - + (21)".

There are three possible ways how the second part ps = (v, ..., v,) of p may look:
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type 3 type 4

Figure 3.5: The five different types of walks in BY. U-walks are drawn red.

— The walk ps is in B,_1 1(»,) and does not contain a vertex in +(v1). Precisely half
of the bridges in B,_ 1(,,) satisfy this condition. (type 3)

— The walk ps contains a vertex of L(vy). If [ > 3 then v;_; € L(v1), so vi11 has to
be the other vertex in +(v1) and (vi12,...,vm) € Ba_3:1(v,,,) (type 4)

— Otherwise [ = 2 and thus both vertices in {(v1) are available for v;y1. In this case
(Vit2, ..., vm) must be in By_31(y,,,)- (type 5)

Translating these combinatorial observations into generating functions yields the re-
cursive formula

Ba(z) = fa(@)Ba-1(z) + g(z)Ba—2(z) + ha(z)Ba—3(z), (3.16)
where for = # 1/2,
falz) =22 + 23;211(_22):_1,
g(x) = 4z,
B 1— (22)*2
he(z) = 823 + 8x4ﬁ.

Fix some ¢ in the real interval [0,1/2). Then (B,(x0))q>0 is a sequence in R>. Equa-
tion (3.16)) provides a recursive definition with non-negative coefficients. In particular,
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convergence of the series induced by the sequence (B (z0))a>0 is strongly related to the
sum of coeflicients of its recursive definition,

a— 00

=oo if lim (fu(zo)+ g(x0) + ha(zo)) > 1.

a— 00

Fbridge(x0> - Z Ba(xU)

{< co if lim (fa(z0) + g(z0) + ha(z0)) < 1,
a>0

From this observation it follows that the radius of convergence Rpyidge Of Fhridge() is the
threshold value for zg, which can be found as the smallest positive root of the polynomial

1 — 8z + 102% — 823 + 8z*.
So in particular the bridge constant is an algebraic number, which is approximately
B(Gap, h) ~ 6.64993.

A similar construction can be used to calculate the reversed bridge constant. For this
we define the generating functions B,(x) counting reversed bridges of span a as above.
The main difference is that we obtain the following recursive formula by looking at the
different cases for the final parts of bridges of span a:

Ba($) = fa(SU)Ba,l(l') + g(x)Ban(l') + ha(SU)BafS(x)v

where for = # 1/2,

¥ _ o1 — (22) 2

fa(.fC)—JJ+1U 1_2$ )

g(:ﬂ) - $,

. 1— (2x)*3
_ 3 4

ho(z) = 2° + T—os

The radius of convergence of the generating function of reversed bridges is the smallest
positive root of the polynomial

1 —dz + 322 — 23 + 22
and its reciprocal is the reversed bridge constant

B(Gep, h) ~ 3.10380.

As an application of the bridge theorem (Theorem [3.2.2) we obtain the connective
constant of Ggp,

1(Gap) = max{B(Gap, h), B(Ggp, h)} ~ 6.64993.
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4 Context-free language of self-avoiding
walks

In this chapter we introduce the apparently new approach of connecting self-avoiding
walks with the theory of formal languages. The basic setting is as follows. Recall that
an edge-labelled graph (G,{), consists of a graph G and a labelling ¢ : E(G) — X
assigning to every oriented edge e a label ¢(e) of some given alphabet X. The labelling
is assumed to be deterministic, that is, different edges with the same initial vertex
have distinct labels. Additionally, we always assume that the group AUT(G, /) of all
{-preserving graph automorphisms of G acts quasi-transitively on G; we say that G is a
quasi-transitive edge-labelled graph.
The language of self-avoiding walks on a graph G starting at some given vertex o is

Lgaw,o(G) = L(Psawo).,

where Psaw, denotes the set of all self-avoiding walks on G starting at o. Our main
result completely characterises the set of all graphs having a regular or context-free
language of self-avoiding walks:

Theorem 4.0.1. Let G be a simple, locally finite, connected, quasi-transitive determin-
istically edge-labelled graph. Then for any choice of o € V(G), the following holds.

(1) Lsaw,o(G) is regular if and only if all ends of G have size 1.

(it) Lsaw,o(G) is context-free if and only if all ends of G have size at most 2. In this
case, Lgaw,o(G) is unambiguous context-free.

As already mentioned, the word problem of finitely generated groups was an important
motivation for our studies. The term word problem describes the algorithmic problem of
deciding whether two words over a given finite set S of generators of a group I represent
the same element. Clearly this is equivalent to asking whether a given word represents
the group identity of I'. Looking at the Cayley graph Cay(T,S), where every edge is
labelled with its corresponding generator, the word problem appears in a natural way.
As discussed before, any given word corresponds to a labelled walk in Cay(T', S) starting
at 1p and the word corresponds to the identity if and only if its corresponding walk is
closed, meaning that it also ends at 1p. The term “word problem” often also stands for
the language of all words over a given generating set S representing the group identity
inT.

The word problem was first introduced in 1911 by Dehn [8] as one of three fundamental
problems in the theory of infinite groups, the other two being the conjugacy problem and
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the group isomorphism problem. One year later he invented an algorithm [9] that solves
both the word and conjugacy problem for the fundamental groups of closed orientable
2-dimensional manifolds of genus at least 2. Later, this algorithm became known as
Dehn’s algorithm and was extended and applied by various authors to a wide range of
group theoretic decision problems.

Anisimov showed in [2] that the word problem is regular if and only if the group
is finite, and this extends to quasi-transitive labelled graphs. In the ground-breaking
work [46], Muller and Schupp showed that the word problem is context-free if and only
if the group is virtually free. In particular, regularity, respectively context-freeness of the
word problem are group invariants not depending on the specific generating set. In the
subsequent work [47], context-free labelled graphs were defined via structural properties
(not necessarily quasi-transitive), and these are precisely the (deterministically) labelled
graphs for which the language of closed walks is context-free; see [6] by Ceccherini-
Silberstein and Woess. For further work on language-theoretic issues related with groups,
see e.g. Pélecq [4§], as well as [5], [62], and for a new proof of the main result of [46]
and related material, Dieckert and Weiss [11].

Applied to a Cayley graph of a group, Theorem [4.0.1] says that the group is virtually
free if the language of self-avoiding walks is context-free, but the latter property is not
a group invariant.

The inspiration for the present work came from the note [19] by Gilch and Miiller,
where they determined the SAW-generating function Fgaw,(z) for free products of finite
graphs — an instance of the case where the language of self-avoiding walks is regular. Fur-
thermore, in the computation of Fgaw, (%) for the bi-infinite ladder graph by Zeilberger
in [63], a context-free grammar is inherent although not mentioned or used directly.

This chapter is organised as follows: In Section 4.1 we provide the necessary back-
ground on the end space of graphs and discuss strips in locally finite graphs, that is,
two-ended quasi-transitive subgraphs. Their ends have the same finite size — the size
of the strip. In the quasi-transitive case, if there is an end of finite size m, there must
be a strip of the same size. Furthermore, if there is a thick end which is fixed by some
non-elliptic automorphism (one not fixing a finite subset of V(G)), then there are strips
of arbitrary size. In Section the Pumping Lemmas for regular, respectively context-
free languages are used to show the following. If G is quasi-transitive and contains a
strip of size 2, then Lgaw,,(G) cannot be regular, and if it contains a strip of size 3, then
Lsaw,o(G) cannot be context-free.

Thus, we are left with considering graphs whose ends have size at most 2. In Sec-
tion 4.3 we first consider the case when all ends have size 1. Then the cut-vertex tree
decomposition of G has finite blocks, and we derive that Lgaw,,(G) is regular. If all ends
have size 2, then we use the 3-block tree decomposition of G of Droms, Servatius and
Servatius [12] to construct an unambiguous context-free grammar for Lgaw,o(G). (Al-
ternatively, one might use the vertex cuts of Dunwoody and Krén [15].) To conclude, if
G contains ends of both sizes 2 and 1, one can combine 2-connectedness of the (possibly
infinite) blocks of the cut-vertex tree decomposition with the method of the preceding
case (ends of size 1) to get context-freeness.

In the final Section [£.4], we start with a discussion of implications and future work. We
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also recall some context-free examples, including one of Lindorfer [42], and provide two
additional more detailed examples beneficial for a better understanding of the construc-
tions used in the proofs in Section In one of these examples the SAW-generating
function is algebraic over Q, but not rational.

4.1 Ends and strips in locally finite graphs

Recall that for our language-theoretic approach, it is convenient to consider the edge set
E(G) of our (locally finite, connected) graph G as being directed and with an involution
e — € which inverts the orientation. When speaking about ends, it is sufficient to identify
each pair of oppositely oriented edges with the same endpoints with one non-oriented
edge. We shall frequently switch back and forward between these two viewpoints.

Recall from Chapter [2] that the ends of a graph G are defined as equivalence classes of
rays contained in G, where two rays are equivalent if they cannot be separated by a finite
set of vertices. The size of an end is defined as the maximum number of disjoint rays
representing the end. A ray p is said to end up in a given (infinite) subset of V(G), if all
but finitely many vertices of p are contained in the subset. If w is an end and K C V(G)
is finite, the unique component of G — K in which all representing rays of w end up
is denoted C(K,w). We say that the end w belongs to the component C(K,w). In a
similar way we denote the component containing a given vertex v € V(G) by C(K,v).

A defining sequence for an end w consists of a sequence (Kj,),>0 of finite subsets of
V(G) such that C(K,—_1,w) 2 K,, UC(K,,w) for each n. As a consequence of Menger’s
theorem, any end w of size m has a defining sequence K,, of size m, that is, |K,| = m
for all n and there cannot be a defining sequence of smaller size.

Denote by G the set of ends of the graph G and let G := V(G)U9G. A topology
on G is given as follows. In the above notation, for ¥ € G let C(K,?) be the union of
C(K,v) with the set of all ends whose rays end up in the set C'(K,v). In other words,
C(K, ) contains all vertices of C(K,7) and additionally all ends w belonging to C'(K, ?),
that is all ends such that C'(K,w) = C(K,?). Then for any defining sequence (Kp,)n>0 of
an end w, the family (C(K,,w))n>0 is a neighbourhood base of w. If v € V(G), we can
take for K the finite set of neighbours of v in G to see that the topology is discrete on
V(G). With this topology, the space G of ends is the boundary of a compactification
of G.

Recall that a quasi-isometry between two metric graphs G and H with graph distances
de and dpy is a mapping ¢ : V(G) — V(H) such that there are constants A > 0,
B, B’ > 0 such that for all x1,29 € V(G) and y € V(H),

A Ydg(z1,20) — B < di(pr1,0x9) < Adg(m1,22) + B and  dy(y,»G) < B'. (4.1)

The following lemma follows with some small additional effort from Lemma 21.3 and
Lemma 21.4 in [61] and their proofs. The subscripts G and H refer to the respective
graphs, their metrics, and so on. In particular, the maximum distance of two vertices in

K C V(G) in the graph G is denoted diamg(K).
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Lemma 4.1.1. Let G and H be two simple, connected graphs with bounded vertex de-
grees. If ¢ : V(G) — V(H) is a quasi-isometry, then it extends to a continuous mapping
G — H which restricts to a homeomorphism between the spaces of ends 0G and OH.

There is an increasing function 0 : N — N with the following property: if w € 0G and
K CV(GQ) with diamg(K) = k then there is K C V(H) with

oK C K, diamy(K)<0(k), and ¢Cq(K,w) 2 Cu(K,pw)N ¢G.

In particular, if w has a defining sequence (Ky,)n>0 with diamg(K,) < k < oo for every

n then pw has a defining sequence (K,)n>0 with diampy (K,) < 0(k), and if w is a thick
end, then so is pw.

Ends having a defining sequence of finite bounded diameter are called slim ends.
Clearly in any locally finite graph every thin end is slim. Thomassen and Woess showed
in Theorem 4.4 of [56] that also the converse holds as long as the graph is transitive
and their proof can be easily generalised to the quasi-transitive case. We briefly explain
how this can be done. A tight k-vertex-cut of a connected graph G is a set K of k
vertices such that G — K has at least two components such that every vertex of K has
a neighbour in each of the components. The following lemma is Proposition 4.2 in [56].

Lemma 4.1.2. Let G be a connected, locally finite graph. Then for any v € V(G) and
k € N, G has only finitely many tight k-vertez-cuts containing v.

Having this lemma, we are ready to proof the mentioned generalisation of Theorem 4.4
of [56]. The main idea is that all but finitely many elements of a defining sequence of a
thin end are tight vertex-cuts.

Lemma 4.1.3. In every connected, locally finite, quasi-transitive graph G every thin
end is slim. In particular, for any integer k there is some integer m(k) such that any
end of size k has a defining sequence of diameter at most m(k).

Proof. Let w be a thin end of G of size k and let (K,),>0 be a defining sequence of
w consisting of sets of size k. Let Ry,..., Ry be pairwise disjoint rays belonging to w.
Then there is some ng > 0 such that each R;, (i € [n]) intersects every K, for n > ng. In
particular K, is a tight k-vertex-cut for n > ng. Let R be a finite set of representatives
of the vertex-orbits of the action of AUT(G) on G. Then by Lemma there are only
finitely many tight k-vertex-cuts containing a vertex of R, so their diameter is bounded
from above by some integer m(k). Now for any n > ng, there are a graph automorphism
v € AUT(G) and a tight tight vertex-cut K intersecting R such that K, = yK. We
conclude that the diameter of the sets K, is bounded by m(k) for n > ny and thus w is
slim. O

Combining Lemma and Lemma in the case where both G and H are
quasi-transitive, we obtain the following.

Corollary 4.1.4. Let G and H be connected, quasi-transitive graphs and ¢ : V(G) —
V(H) be a quasi-isometry. Then there is an increasing function n : N — N such that
any end w € OG of size k maps to an end pw € OH of size at most n(k).
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Recall that any two Cayley graphs of the same finitely generated group I with respect
to two different finite, symmetric generating sets are quasi-isometric. In particular,
Corollary tells us that the extension of the quasi-isometry ¢ serves as a bijection
between ends of different Cayley graphs preserving thickness and thinness of ends. Mak-
ing use of this, we can talk about the ends of a group, which are the ends of any (all) of
its Cayley graphs.

The action of the automorphism group of a locally finite, connected graph extends in
an obvious way to the space of ends. Recall that the automorphisms can be classified
into 3 types. An automorphism v € AUT(G) is called

— elliptic, if its fixes a finite subset of V(G),
— parabolic, if it is not elliptic and fixes a unique end of GG, and
— hyperbolic, if it is not elliptic and fixes each of a unique pair of ends of G.

While this terminology was not used by Halin in [26], he showed that for a non-elliptic
automorphism v and every v € V(G) the sequence (v,yv,~?v,...) uniquely defines an
end of G called the direction of v, denoted by D(y). The sequence (v,yv,~%v,...)
converges to the end D(~y) with respect to the topology on G and the end is fixed by 7.
The following theorem serves as one of the main pillars for our results.

Theorem 4.1.5 (Halin |26, Theorem 9]). Let vy be a non-elliptic automorphism acting
on a simple, locally finite, connected graph G. Then the following holds:

(i) D(v) and D(y~1) have the same size m € N U oc.
(ii) D(vy) # D(y~1) (v is hyperbolic) if and only if m < oco.
(iii) There exist m disjoint y-invariant double rays in G.

(iv) If v is hyperbolic there are disjoint vy-invariant double rays Ry, ..., Ry, a set K C
V(G) with |K| = m and an integer k such that (Y""K),>0 and (y"*K),>0 are
defining sequences for D(v) and D(y~1) respectively. Each R; (i < m) meets every
YRV K (n € Z) in precisely one vertex.

Definition 4.1.6. A locally finite, connected graph S is called a strip if it is quasi-
transitive and has precisely two ends.

The structure of strips is well understood. We collect without proof those basic facts
needed below. More about strips (including the original slightly different definition) can
be found in [36] by Jung and Watkins and in [34] and [35] by Imrich and Seifter.

For a strip S there is some hyperbolic automorphism + fixing each of the two ends
wt and w™ of S. Thus by the previous theorem w™ and w™ have the same finite size m.
Moreover it provides

(S1) a finite set K C V(S) with | K| = m, together with
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(S2) an automorphism 7 € AUT(S), such that (7"K)p>0 and (77" K),>¢ are defining
sequences for wT™ and w™, respectively and

(S3) m disjoint, T-invariant double rays, each of them intersecting every 7" K in precisely
one vertex.

In this situation we call S a 7-strip of size m. We use the same terminology if S is a
subgraph of a bigger graph G, and 7 € AUT(G) is an automorphism whose restriction to
S has the above properties. By the following lemma, we may assume that the subgraph
H of S spanned by C(K,w™')\ C(7K,w") is finite and connected, otherwise replace T
by 72.

Lemma 4.1.7. Let S be a strip and let K and T be as given in and|(S2). Then
the induced subgraph H of S spanned by C(K,w?)\ C(72°K,w") is connected.

Proof. Let Ry,..., R, be the m disjoint, 7-invariant double rays from We first
show that every vertex of H is connected to some R; in H. Let P be a shortest path in
S[C(K,w™)] connecting v € V(H) to some R;. Then v is the only vertex of P contained
in a ray R;, so in particular it cannot contain a vertex of 72K. We conclude that P is
contained in H.

It remains to show that any two rays R; and R; are connected by a path in H. Suppose
for a contradiction that this is not the case. Let P be a shortest path in S[C(K,w™)]
connecting any two double rays R; and R;, which are not connected in H. Let vy and v9
be the endpoints of P and let 71,42 > 0 such that v; € C(7" K,w™)\ (" K, w™) and
vo € O(12K,wH)\C(r2H K, w™). By exchanging v; and v if necessary, we may assume
that i > ¢;. Furthermore we may relabel the R; such that v; and vs lie on the rays R;
and Ry, respectively. Note that the interior vertices of P cannot lie on the double rays
Ry, ..., Ry If an interior vertex v of P lies on some R;, then by minimality of P the
double ray R; must be connected to both R; and Ry in H, contradicting the assumption
that Ry and Rp are not connected in H. It follows directly that |ia — 1| < 1, otherwise
P must intersect 79171 K and thus some R;. But then the path P is contained in 7' H:
if this is not the case, P contains either a vertex of 71 K or a vertex of C(71 72K, w™).
As before, both cases imply that P contains a vertex of some R;. We conclude that
77" P is contained in H, contradicting our assumption. ]

The following lemma refines the well-known argument that in a quasi-transitive graph
with more than one end, the directions of hyperbolic automorphisms are dense in the
space of ends.

Lemma 4.1.8. Let G be simple, locally finite and connected graph and let T' < AUT(G)
act quasi-transitively on G. If G has a thin end of size m then G contains a T-strip of
size m for some T € T.

Proof. Let the end w of G have size m, take m disjoint rays in w and let (K,)p>0 be a
defining sequence for w such that |K,| = m for all n and every K, meets each of the
m rays. Fix a finite set R of representatives of the orbits given by the action of I" on
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G. For n > 0 write C,, = C(K,,,w) and let v, € I" such that ~, K,, contains an element
of R. Then every ~,K, is a tight m-vertex cut, that is, a set of cardinality m such
that G — v, K, has at least two components and every vertex of ~, K, has at least one
neighbour in each of them. Also ~,C,, is a component of G — ~, K,,.

By Lemma[4.1.2)there are only finitely many tight m-vertex cuts containing some given
vertex v € R and clearly every cut splits the graph in finitely many components, hence
{(WKn,mCr) | n > 0} is a finite set. Pick some j > ¢ > 0 such that (v;K;,7,Ci) =
(v Kj,7;C;) and let 7 = 'yj_lfyi. Then

C; D T(Ki U CZ)

We show that 7 is hyperbolic and its direction D(7) has size m. Indeed, (7"K;)p>0 is
a defining sequence for the unique end D(7) belonging to each of the components 7"C;,
where n € Z. In particular D(7) has size at most m. By Theorem 7 is hyperbolic.
On the other hand there are m disjoint paths from K; to 7K;. Their images under 7"
(n € Z) build m disjoint 7-invariant double rays Ry, ..., R,,, implying that D(7) has size
m, as required. Add to those double rays a finite collection of finite paths connecting
those double rays with each other and all their images under 7", n € Z. After possibly
replacing 7 by a suitable power 7%, (k > 1), we obtain a subgraph of G which is a 7-strip
of size m. O

Lemma 4.1.9. Let G be a simple, locally finite, connected graph and T' < AUT(G)
act quasi-transitively on G. If I' contains a parabolic element then for every m > 1, G
contains a T-strip of size at least m for some suitable T € T'.

Proof. Suppose that v € T" is parabolic and w is the unique end fixed by v. By Theo-
rem [£.1.5] there are countably many disjoint double rays R,,, n € N, which are invariant
under v and represent w. For m € N, we can find some connected, finite subgraph K
of G meeting each of Ry,..., R,,. Let v be a vertex of K contained in R;. By local
finiteness of G every ball of radius r around v contains only finitely many vertices, so
we can find some k € N such that dg(v,y'v) > 2diamg(K) for every I > k. We set
7 = 4* and conclude that the subgraph spanned by Ry, ..., R,, together with all the
™K, n € 7, is a T-strip and its two ends have size at least m. ]

Remark 4.1.10. Whenever a graph G contains a 7-strip of size m, it also contains a
72-strip of any size in [ € {1,...,m — 1}. This can be seen by deleting m — [ vertices
from the set K in the definition of 7-strips and their images under 72" for n € Z.

4.2 Context-freeness and ends

In this section we prove the first half of Theorem

Theorem 4.2.1. Let G be a simple, connected, locally finite, deterministically edge-
labelled graph on which AUT(G,{) acts quasi-transitively and let o be a vertex of G.

(1) If Lsaw,o(G) is context-free, every end of G has size at most 2.
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(it) If Lsawo(G) is regular, every end of G has size 1.
The proof is based on the following two lemmas and two propositions.

Lemma 4.2.2. Let G and o be as in Theorem and let G' be a subgraph of G which
is invariant under a subgroup T' of AUT(G,{) acting quasi-transitively on G'. Suppose
Lsawo(G) is regular, respectively context-free. Then there is a vertex o' of G' such that
Lsaw, (G') is also regular, respectively context-free.

Proof. G’ is also a deterministically edge-labelled graph. For any o' € V(G’), the lan-
guage L(P’) induced by the set P’ of all walks of length at least one in G’ starting at o/,
is regular. To see this, we construct a regular grammar G = (N, 3, P, S) over the label
alphabet ¥ of G such that L(G) = L(P’). Denote by I'V(G’) and T'E(G’) the finite
set of orbits of the action of T on V(G') and E(G’), respectively. Every edge orbit T'e
naturally connects the two not necessarily different vertex orbits I'e™ and I'e™. The set
of non-terminals

N = {S}U{Vi, | Tv € TV(G)}

together with the production rules
P={SFEVrg}U{Vie Fl(e)Vrer | Te e TE(G")} U{Vp.- () | Te e TE(G")}

generates the desired language L(P’).

Now there is some o' € V(G') with d(o,V(G")) = d(o,0'), and there is a walk py in G
of that length from o to o’. Let wg = £(pg), and let pyP’ be the set of all concatenated
walks pop/, where p’ € P’. Thus, L(poP’) = woL(P’) = {wow | w € L(P’)} is again
regular.

If Lgaw,o(G) is regular (respectively context-free), then by [32] also Lgawo(G) N
L(poP’) is regular (respectively context-free). Since o is the only vertex of py contained
in V(G@),

LSAVV,O(G) N L(popl) = wOLSAVV,o’(G/)~

If we delete from the latter language the common prefix wy, we also get a regular
(respectively context-free) language. O

Lemma 4.2.3. Let G be a simple, connected, infinite, locally finite, deterministically
edge-labelled graph and let ' < AUT(G,¥) act quasi-transitively on G. Assume that
Lsawo(G) is context-free for some o € V(G). Then T' contains a non-elliptic element.

Proof. Let [, be the pumping length of Lgaw,(G) given by Lemma and w €
Lsaw,o(G) with |w| > I,. Then w can be written as w = xyzyZ for some z, Z,y, 7,z € X*
such that |yzg| < lp, |yg| > 1 and zy"29"% € Lsaw,o(G) for alln > 0. Now either |y| > 0,
or [yl =0and |g| > 0. Set @ = z, b =y in the first case and a = zz, b = § in the second
case so that a,b € ¥* and |b| > 0.

Let vg be the end-vertex of the walk starting at o and labelled by the word a. Then,
for every n > 0, let p,, be the unique self-avoiding walk of length n |b| starting at vy and
having label ™. Thus, p,11 is a self-avoiding extension of p,, and in the limit we obtain
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Figure 4.1: Labelled subdivision of the ladder graph.

a ray R with vertex set {vg, v1,...}. Since I' acts quasi-transitively on G there must be
some 7 € I' and some j > i > 0 such that 7v; = vjj. Without loss of generality (up
to truncation of an initial piece of R) assume i = 0. Then 7"vg = vy # vo for every
n > 1 and Proposition 12 in [26] yields that 7 is non-elliptic. O

Remark 4.2.4. In group theoretical terms the previous lemma says that if the finitely
generated group I' < AUT(G,{) acts quasi-transitively on G and is an infinite torsion
group, that is an infinite group where all elements have finite order, then Lgaw,(G) is
not context-free.

Proposition 4.2.5. Let G be a simple, connected, infinite, quasi-transitive determin-
istically edge-labelled graph. If G contains a T-strip S of size 2, where T € T', then
Lsawo(G) is not regular.

Proof. As a t-strip, S contains two 7-invariant double rays R; and Ry given by their
sequences of vertices (un)nez and (vp)nez. The graph H mentioned in the definition of
T-strips is connected and therefore contains a path P connecting R; and Ro. Without
loss of generality, we assume that P connects the vertices ug and vy and does not contain
further vertices of Ry or Ro. The vertex sets of the induced subgraphs 7" H of S are
pairwise disjoint, so the paths 7""P are also pairwise disjoint. As a consequence, the
subgraph G’ of G spanned by R;, R and all 7"P (n € Z) is a T-invariant subdivision
of the bi-infinite ladder, see Figure [4.1}

We suppose that Lgaw,(G) is regular for o € V(G) and will reach a contradiction.
Lemma[4.2.2]applied to G’ yields an o’ € V(G’) such that Lgaw,y (G’) is regular. Without
loss of generality, we assume that either o lies on Ry between ug and 7~ ug and is distinct
from the latter, or that o' lies on P and is distinct from vg. (Otherwise we can exchange
the two rays.) In Figure we indicate the possible positions of 0.

Let g be the label of the walk from o’ to 7vg via ug and 7ug. Write z1 for the common
label of the walks from 7™ug to 7™vg on 7" P (n € Z) and x5 for the label of the reversed
walks. Next, let y; denote the common label of each of the walks from any 7"vy to
7"y within R. And finally, let y2 be the common label of the walks from any 77+ 1ug
to 7"ug within R;. Each of the words xg, 1, z2,y1,yo € 3* is non-empty, but they are
in general not just elements of 3.

The language consisting of all words

w = momlylfazgyé, k,leN, (4.2)
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is regular, so that by the closure properties of regular languages, also its intersection
with Lgaw,(G”), which we denote by L, is regular. Now, L consists of all words of the
form corresponding to self-avoiding walks starting at o’. Looking at Figure
such a walk goes from o to Tug, then upwards to vy and to the right to 751y, along
Ry, then downwards to 7%t1ug, and finally to the left to 7%t1=lug. Thus, in order to be
self-avoiding, one must have k > [.

Let I, be the pumping length of Lemma for L, and let w = xoxlylf’ﬂxgyép e L.
In the decomposition w = zyZ of the lemma, |yz| < [, implies that yZ is a postfix of yép .

That is, yép = gy for some word § € £*. Now also w’ = xy?% must be in L, so there
must be k, [ such that

k l ! lp+1 ~ 2~
LOT1Y1X2Yg = W = ToX1Yy T2YY X.

Since the labelling is deterministic and the first symbol of y; and the first symbol of x2
are both labels of different edges starting at vg, these symbols must be different. We
conclude that k =1, + 1 and yb = gy*&. This is longer than yl{, sol >1,+1=k. But
then the walk with label w starting at o’ is not self-avoiding, a contradiction. O

Proposition 4.2.6. Let G be as in Proposition[{.2.8. If G contains a T-strip S of size
3, where T € I', then Lsaw,o(G) is not context-free.

Proof. We suppose that Lgaw,(G) is context-free and will again arrive at a contradiction.
As a T-strip, S contains three 7-invariant double rays R, R and R3. For i € i 1,2,3}

let (v,(lZ ))nEZ be the sequence of vertices of the ray R;. As in Proposition [4.2.5, find
a path P; in the connected induced subgraph H of S connecting two of these rays.
Without loss of generality assume that P; is a path from vél) to v(()2) not containing
further vertices of Ry, Ry or R3. In a similar way find a path P, in the connected
induced subgraph 7H of S connecting Rs and one of the other two rays. We may
assume that P, is a path from v7(~2) to v,(ng) (r > 1) not containing further vertices of
the three rays. The vertex sets of the graphs 7"H (n € Z) are pairwise disjoint, so the
paths in {72"P; | n € Z} U {7?™P, | m € Z} are pairwise disjoint. The subgraph G’ of
G spanned by the three rays and all images 72" P; and 72" P, (n € Z) is a 72-periodic
subdivision of the bi-infinite 3-ladder, see Figure For convenience we replace 7 with
72, so that G’ is T-periodic.

Again, Lemma applies to G’, and there is o' € V(G’) such that Lgaw (G') is
context-free.

Up to possibly renumbering the rays, inverting their direction or exchanging R; with
R3, we can assume without loss of generality that o’ lies on the “rectangle” with corners
vél),T_lv[gl),T_lvéz) and U(()z), but not on the path P;. In Figure M we indicate the
possible positions of 0.

Let 1 € ¥* be the label of the self-avoiding walk constructed as follows. Start at

o', run around that rectangle in clockwise order up to v(()l), then move along P; to 062),

follow Rs until v£2) and finally reach v7(a3) via P. Furthermore let 29 be the label of

the self-avoiding walk starting in 217(«3), following P» to v£2), then moving along Ro until
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Figure 4.2: Labelled subdivision of the 3-ladder graph.

reaching T’U(()Q) and finally reaching 7'1}(()2) via 7P;. Thereafter, let x3 be the label of the

walk from vél) to v((]Z) on P;.

Let y; denote the label of the walk from v7(~3) to TU7(»3) on Rj3, let yo be the label of the
walk from TU(()l) to v(()l) on R; and let y3 be the label of the walk from v[()z) to 7'1)82) on Rs.
The automorphism 7 is label preserving, any translates of the previous walks are also
labelled with the same words. Each of the words z;, y; is non-empty, but again, they are
in general not just elements of 3.

Similarly to the previous proposition, the language L; consisting of all words
w = z1yfeoybesyy, k,l,meN, (4.3)

is regular. Recall that the class of context-free languages is closed under homomorphisms,
inverse homomorphisms and intersection with regular languages. Hence the language
Ly = Ly N Lgaw,o (G') must be context-free. Following the arrows in Figure one can
see a self-avoiding walk with such a label, with k =1 = m+1 = 3. In general, for a walk
with label w as in to be self-avoiding, one must have

k>1>m. (4.4)
We define a language homomorphism
¢ :{a1,b1,a2,b2,a3,b3}" — X*
by setting ¢(a;) = x; and ¢(b;) = y; for i € [3]. Note that a; and b; are single letters
while x; and y; are words over the alphabet 3 and may consist of multiple letters. Then

the language
Lz = {a1bfasblazby | k> 1>m > 1} (4.5)

is context-free because
Ly = ¢~ Y(Ly) N {a1bfasbhasby | k,1,m e N}.

Note that this statement strongly relies on the fact that the edge-labelling ¢ is deter-
ministic: the image ¢(w) of any word w € {aibfazbbazby’ | k,I,m € N} is the label of a
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unique walk in P and thus has a unique representation of the form , which lies in
Lo ifand only if k > 1 > m > 1.

However, using the pumping lemma for context-free languages it is an easy exercise to
show that L3 cannot be context-free, leading to a contradiction. Let [,, be the pumping
length from Lemma and let w = albllp+1a2bl2”+la3bé” € Lz and w = zyzyZ be a
decomposition of w such that |yzg| < [, and |yg| > 1. If yy contains some a;, then
clearly xy?2§?% is not in Ls. Otherwise yij cannot contain both of b; and bs. If it does
not contain bs, then zz# ist not in Ls, otherwise 232247 is not in L3. This can be seen
by comparing the number of occurrences of the letters b1, by and bz with the conditions
on k,l,m specified in . We conclude that w is not pumpable, thus L3 cannot be
context-free. O

For the proof of Theorem [£.2.1| we will need Bass-Serre theory. As the topic cannot be
briefly introduced, we do not give all definitions here. The reader is referred to Serre [53]
and Dicks and Dunwoody [10].

The ends of a finitely generated group are the ends of any of its Cayley graphs with
respect to a finite, symmetric set of generators. In fact, they do not depend on the choice
of the generating set; see Remark [2.1.3]

In terms of Bass-Serre theory, a group I is accessible if it is the fundamental group of
a finite graph of groups having finite edge groups and vertex groups which are finite or
have exactly one end. The following lemma is Corollary IV.1.9 in [10].

Lemma 4.2.7. A group I' is the fundamental group of a finite graph of finite groups if
and only if I' is finitely generated and virtually free.

Recall that a locally finite graph G is accessible if there is an integer k£ such that any
two ends of G can be separated by a set containing k or fewer vertices. Thomassen
and Woess [|56] showed that a simple, connected, locally finite, transitive graph G is
accessible if and only if there is an integer M such that each thin end of G has size at
most M. Moreover, they also proved that a finitely generated group is accessible if and
only if some (and therefore all) of its Cayley-graphs are accessible.

Proof of Theorem [4.2.1l First, G cannot be one-ended. Indeed, in that case, that
end has to be thick. If I' = AUT(G, ¢) has only elliptic elements, then Lgaw,(G) is not
context-free by Lemma Otherwise, I' has parabolic elements, and Lemma [4.1.9
combined with Proposition implies as well that Lgaw,(G) is not context-free.

Thus, G has more than one end, whence there are thin ends. If Lgaw,(G) is context-
free then by Lemma [£.1.8 and Proposition [£.2.6] all thin ends have size at most 2. We
need to prove that there are no thick ends.

Recall from Lemma and its proof that in the graph G?P+1, the orbit T'o induces
a Cayley graph Cay(T',S) of the finitely generated group I'. The identity mapping
¢t : To — V(G) induces a quasi-isometric embedding of Cay (T, S) into G. Indeed, it is bi-
Lipschitz and quasi-surjective, that is, B = 0 in . Consequently, by Corollary
the size of all thin ends of Cay(T', S) is bounded from above by n(2). By [56], the group
I" is accessible. Thus, it is the fundamental group of a finite graph of finitely generated

49



(sub)groups which are finite or one-ended. If all of them are finite, then by Lemma[4.2.7]
I" is virtually free, so that the group I' has only thin ends since any of its Cayley graphs
is quasi-isometric with a tree, see for example [60].

Thus, if I' has a thick end, then it must have a finitely generated subgroup I'; having
one (thick) end. Above, we have identified I with the vertex set T'o in G, and T'jo is
contained in that orbit. Under this identification, the group unit corresponds to the
“root” vertex o. Let S; be a finite, symmetric set of generators of I'y. Then for each
s € § there is a (shortest) path Ps in G connecting o to the image so. Choose these
paths such that P,—1 = s~' P, and consider the subgraph G of G with

ViG)= |J (V) and EG1)= |J ~(B(F)).

vy€el',s€S ~v€l';,s€S

Clearly, GG; is a connected subgraph of G and inherits the labels from the edges of G.
Also, GG1 is quasi-isometric with the Cayley graph Cay(I'y, S1). Indeed, the embedding
I'y < V(G1), v+~ 7o is bi-Lipschitz and quasi-surjective, that is, B = 0 in (4.1)).
Therefore, G has one end, which has to be thick, and it is quasi-transitive under I';.
But then we are back to the situation of the beginning of this proof, that is, Lgaw,(G1)
cannot be context-free. But this contradicts Lemma 2.2
We conclude that I and thus also G has no thick ends. O

4.3 Graphs with context-free language of self-avoiding walks

The goal of this section is to prove the second half of Theorem [4.0.1}

Theorem 4.3.1. Let G be a simple, connected, locally finite, deterministically edge-
labelled graph on which AUT(G, () acts quasi-transitively. Then for every vertex o of G
the following holds:

(1) If all ends of G have size 1, then Lsawo(G) is regular.

(71) If all ends of G have size at most 2, then Lsawo(G) is unambiguous context-free.

For an integer k > 0 a graph G is called k-connected if it has more than k vertices
and no set of less than k vertices is a separating set in G. A (2-)block in a graph G
is a maximal connected subgraph of G containing no cut-vertex. If G is connected and
has at least 2 vertices, every block of G is either a pair of vertices connected by an
edge or a 2-connected graph. The intersection of 2 different blocks of G is either empty
or a cut-vertex in G. The block-cut-vertex tree To(G) corresponding to G is the graph
having as vertices the blocks and the cut-vertices of G, where a block is adjacent to every
cut-vertex it contains. Denote for an edge e of T5(G) by B(e) the block and by c(e) the
cut-vertex incident to e. More about blocks and the block-cut-vertex tree can be found
in [58].

If G is locally finite, every cut-vertex of G belongs to a finite number of blocks and
therefore has finite degree in T5(G). On the other hand, an infinite block of G can
contain infinitely many cut-vertices, so T5(G) need not be locally finite.
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For any automorphism v € AUT(G), the image vB of a block B of G is again a block
of G and the same holds for cut-vertices. Whenever a cut-vertex c is contained in a
block B, its image 7(c) is contained in y(B), so AUT(G) acts on the graph T5(G) by
automorphisms. Additionally, if I' < AUT(G) acts quasi-transitively on G, it also acts
quasi-transitively on T5(G).

The following lemma shows that blocks of quasi-transitive graphs are always quasi-
transitive graphs.

Lemma 4.3.2. Let G be a simple, connected, locally finite graph and suppose I' <
AUT(G) acts quasi-transitively on G. Then for any block B of G, the set-wise stabiliser
I'p of B in I' acts quasi-transitively on B.

Proof. T' acts quasi-transitively on G, so it acts with finitely many orbits on E(B), in
other words, the set {I'e | e € E(B)} is finite. But every v € I' mapping some edge
of B onto another edge of B clearly fixes the block B and is therefore also contained
in I'g. This implies that also I'p acts with finitely many orbits on E(B) and thus
quasi-transitively on B. O

The following lemma is a simple consequence of the fact that a block cannot contain
ends of size 1. This is true because any defining sequence of such an end consists of
cut-vertices.

Lemma 4.3.3. Let G be a locally finite graph such that all ends of G are of size 1.
Then every block of G is finite.

In the case where the graph G has infinite blocks, we want to further decompose them.
There are different ways to do this. One natural way is to use 3-block decompositions,
first introduced by Tutte (see [58]) for finite graphs and then generalised to infinite
graphs by Droms, Servatius and Servatius in [12]. In this theory, sometimes graphs may
have multiple edges between a single pair of vertices.

Let G and H be two not necessarily simple graphs and let e € E(G) and f € E(H)
be (directed) edges. The edge amalgam of G and H along the edges e and f is the
graph obtained from the disjoint union of G and H by identifying the vertices e~ with
f~, et with ft and erasing the edges e and f and their inverse edges e and f. A
convenient way to represent a sequence of edge amalgamations of a (not necessarily
finite) set of graphs is the edge-amalgam tree T'. Vertices of T' are the graphs used in the
amalgamation. For clarity we denote by G(s) the graph corresponding to the vertex s of
T. Two vertices s and ¢ are connected by a pair of directed edges (a,a) in T if G(s) and
G(t) are amalgamated along some edges e € F(G(s)) and f € E(G(t)). We additionally
introduce a label function A assigning to every directed edge a € E(T') the edge e of
G(a™) used in the amalgamation of G(a~) and G(a™). For s € V(T') an edge e of G(s) is
called virtual if e or e is the label of some edge of T', otherwise it is called non-virtual.
Denote the resulting graph obtained from a sequence of edge amalgamations given by an
amalgamation tree 7" by G(T"). Then virtual edges disappear during the progress, while
non-virtual edges are still present in G(7T').
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A multilink is a graph consisting of 2 vertices and a (finite) positive number of undi-
rected edges between these vertices. A graph is said to be a 3-block if it contains at
least 3 pairs of directed edges and is either a cycle (closed path), a multilink or a locally
finite 3-connected graph. An edge-amalgam tree T is called a 3-block tree if for every
s € V(T), the graph G(s) is a 3-block and additionally for every edge a € E(T) the
corresponding graphs G(a™), G(a™*) are neither both multilinks nor both cycles.

Theorem 4.3.4 ([12, Theorem 1]). For any locally finite, 2-connected graph G there is
a unique 3-block tree T such that G = G(T).

For a given locally finite 2-connected graph G the unique 3-block tree given by the
above theorem will henceforth be denoted by T3(G). The proof of the theorem is con-
structive and allows us to “decompose” G in a unique way into (possibly infinitely many)
3-blocks, such that G is obtained from amalgamating these 3-blocks as given by T3(G).
The set of vertices and the set of non-virtual edges of each 3-block will be considered
as a subsets of V(G) and E(G), respectively. A single vertex of G may appear in more
than one block.

We state without proof the following two properties of T5(G):

(T1) For every virtual edge e = A(a), a € E(T3(Q)), there is a finite sub-tree 7" of
T5(G) containing a~ but not a™ and a path in G(T”) connecting the endpoints of
e and consisting of edges of G.

(T2) Let s € V(T5(G)) and v € V(G(s)). Then s is contained in a finite sub-tree 7" of
T3(G) such that all edges of G(T”) incident to v are edges of G.

Due to the uniqueness of the decomposition, symmetries on the graph G carry over
to T in a canonical way by mapping 3-blocks onto 3-blocks. Moreover, as in the case of
2-blocks, any I' < AUT(G) acting quasi-transitively on G also acts quasi-transitively on
T5(G).

Lemma 4.3.5. Let G be a simple, locally finite, 2-connected graph such that all ends of
G are of size at most 2. Then every 3-block of G is finite.

Proof. Clearly, multilinks and cycles are finite. Every end of a 3-connected graph must
be of size at least 3 because every defining sequence of an end consists of separating sets.

Assume that there is an infinite 3-block B of GG. Then it contains an end w of size at
least 3 and this end contains 3 disjoint rays. By property of T3(@G), we can replace
all virtual edges contained in the rays by finite paths consisting of non-virtual edges of
G which are not in B. We obtain 3 disjoint rays in GG, which belong to the same end of
G. This is a contradiction to the assumption that all ends of GG have size at most 2. [

As an important consequence of this lemma, decomposition trees T5(G) of graphs G as
in Lemma [£.3.5 are locally finite because any 3-block contains only finitely many virtual
edges.

The proof of Theorem [£.3.T] will be done in several steps. First we decompose the given
graph G into its 2-blocks and introduce a regular language L encoding the behaviour
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of walks on the block-cut-vertex tree T5(G). In the second step we further decompose
each 2-block B into its (finite) 3-blocks and use the 3-block tree T3(B) to construct a
context-free grammar for the language of self-avoiding walks on B. This second step
will be discussed first and is comprised in the upcoming Theorem Finally we use
language substitution to obtain the language of self-avoiding walks on G by replacing the
variables of L by the languages on the corresponding 2-blocks. Examples [£.4.2] and [£.4.3]
may be beneficial for a better understanding of the upcoming proofs.

Theorem 4.3.6. Let G be a 2-connected, locally finite, deterministically edge-labelled
graph and let T' < AUT(G, {) act quasi-transitively on G. If every end of G is of size at
most 2, then for every o € V(G), the language Lsaw,o(G) is unambiguous context-free.

Proof. Let T3 := T3(G) be the 3-block tree of G and let R C E(T3) be a set of represen-
tatives of the finite set of orbits {I'e | e € E(T3)} of directed edges of T5. Recall that
any a € E(T3) is labelled with some virtual edge A(a) of the part G(a™). Denote by
pa the representative of a in R and for a vertex u € A(a) by pu a representative of u
contained in the edge A(pa). Define for a € R and u € A(a) the set P, of self-avoiding
walks in G(a™) starting at w and not containing the virtual edge A(a) or its inverse edge.
Let P;,u be the subset of 773# consisting of all walks not containing the second vertex of
A(a). Note that both sets are finite because the 3-block G(a*) is finite by Lemma [4.3.5]
Fix some root vertex r of T3 such that the 3-block G(r) contains the vertex o of V(G).
We denote by P, the set of self-avoiding walks in G(r) starting at o.

We extend the label function ¢ on G to 3-blocks of G. Labels of non-virtual edges
are inherited from G and for any a € E(T3) label the virtual directed edge e = A(a) by
Upa,pu and its inverse edge € by U,q, pv, Wwhere u = e and v = eT are initial and terminal
vertex of e. The extended label function is again denoted by ¢ and maps into X U X/,
where X is the label alphabet of G and X' = {Uy, | a € R, u € A(a)}.

We present a grammar C = (N, 3, P, S) generating the language of self-avoiding walks
in G starting at o. The finite set of variables is given by

N={S}UX U{l},|a€ R uc\a),ic{0,1}}.

Let a € R and u € A(a). Then for any directed edge b # @ in E(T5) starting at a™, the
productions given below are contained in P.

I 2@ F4(p) for every p € P_, ending with a non-virtual edge,

Iy, = (),

bpy TOT every p € P72, ending at a vertex v € A(b) and not

containing the second vertex of A(b),

I = )],

;b7 o for every p € PY, ending at a vertex v € A(b) and con-

taining the second vertex of A(b), but not A(b),
1 ;u F4(p) for every p € P}, ending with a non-virtual edge,

Lo = UD) I

bpo forevery p € P, ending at a vertex v € A(D) if the second

vertex of A(b) is neither contained in p nor in A(a),
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Lo D),

o pv  forevery p € Py, ending at a vertex v € A(b) if the second

vertex of A(b) is either contained in p or in A(a),

Uau - 4(p) for every p € ngu ending at the second vertex of A(a).

The set of productions P is completed by adding for every edge b € E(T3) starting at
the root r the following rules.

S+ L(p) for every p € P, ending with a non-virtual edge,

SH E(p)lgbm for every p € P, ending at a vertex v € A(b) and not
containing the second vertex of \(b),

S+ 4(p)I

;b, o foreveryp € P, ending at a vertex v € A(b) and containing

the second vertex of A(b) but not A(b).

The set P is finite because the tree E(T3) is locally finite and all sets PZ'W and P, are
finite. Now we briefly discuss why the given grammar C unambiguously generates the
language of self-avoiding walks in G starting at o.

Let a = st be an edge of T5 and T” be the component of T3 — {s} containing ¢. A
self-avoiding walk p of length at least 1 in G is called an I~walk with direction a if it
starts at a vertex u € A\(a) and all edges of the walk are contained in G(T"). A U-walk
with direction a is an I-walk with direction a ending at a vertex of A(a).

Then the following statements hold.

(a) For a € E(T) and u € A(a), the variable U,y unambiguously generates the
language of all U-walks with direction a starting at u.

(b) For a € E(T) and u € A(a), the variable I}, ,, unambiguously generates the
language of all I-walks with direction a starting at u, and the variable I ;l;a, ou U
ambiguously generates the language of all I-walks with direction a starting at u
and not containing the second vertex of A(a).

n-

(c) The start symbol S unambiguously generates the language Lgaw,o(G).

Rigorous proofs for these statements are long and technical, so we only sketch them
here.

Let s be a vertex of T' and G(s) be its corresponding 3-block. Define the projection p(s)
of a self-avoiding walk p onto G(s) in the following way: Let vy, ..., v be the sequence of
vertices of p which are contained in G(s) ordered by their occurrence in p and p; be the
sub-walk of p connecting v; and v; 1. For every ¢ there are 2 cases: If p; is a single edge
of G(s), add this edge to p(s). Otherwise there is an edge a of T such that p; is a U-walk
with direction a and we add the virtual edge A(a) (or its inverse), which connects v; and
viy+1. This edge can be seen as a shortcut for the U-walk p;. For reasons of ambiguity,
if pp_1 is a U-walk and p ends at vg, we do not add the corresponding virtual edge and
consider our projection to end at vi_1. The resulting p(s) is a self-avoiding walk in G(s).

For every U-walk p with direction a starting at u we obtain the word ¢(p(a™)) corre-
sponding to the projection of p onto the 3-block G(a™) from the variable U, ,, in a single
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derivation step. A simple induction shows that p is generated by U, .. Moreover for any
word w generated by U, ,, the walk p starting at u and having label w is a U-walk with
direction a starting at u. The word w can only be obtained from a unique sequence of
rightmost derivations because in every step we have to generate the string corresponding
to the projection of p onto some 3-block. Statement @ follows.

For any I-walk p with direction a starting at u we derive £(p(a™)) in a single step
of derivation from I/())a, pu and if p does not contain the second vertex of A(a), also from
I /}% pu- Using and induction, this implies that ¢(p) is generated by the corresponding
variables. Furthermore note that IS& ou Only appears in the right hand side of produc-
tions if the second vertex of A(a) is not contained in the projection of p on any block
previously visited by p. Using this observation it is straight forward to show that walks
corresponding to words generated by IS(L pu and I ;%a, pu are indeed I-walks with direction
a starting at u and that every such walk is generated unambiguously. This finishes the

proof of @

Finally, for every SAW p starting at o we derive ¢(p(r)) in a single step from S and
follows from @ and @ as before. O

Proof of Theorem [4.3.1l The group I' = AUT(G, {) acts quasi-transitively on the
block-cut-vertex tree Th := T»(G). Edges of T are treated as being undirected, we
do not distinguish between e and e. We use a similar approach as in to create
a regular grammar G encoding the movement of a walk on the tree T5. Denote by
'V (T3) the set of vertex orbits and by I'E(T3) the set of undirected edge orbits of the
action of I on T. Every element of I'V(T,) corresponds to either a class of blocks or
a class of cut-vertices of G, so for é € I'E(T3) we write again B(€é) (block) and c(é)
(cut-vertex) for the vertex orbits of the endpoints of any edge e representing é. Note
that for any cut-vertex c of GG, all edges of T5 incident to c lie in different orbits with
respect to I' because by Lemma I' acts fixed-point-freely on G. For é € T'E(T»)
let N(¢) = {f € TE(T») \ {€} | ¢(¢) = ¢(f)}. Fix some block B, containing the vertex o.
Let L be the regular language generated by the grammar G = (N, X, P, S), where

N ={S}U{l; | ¢ e TE(T)},
3 ={z,} U {z, ;| feTET)} U {xz| e TE(Ty)} U {x; ;| & f € TE(Th)},
and the set of productions P consists of
S+ z,,
S, fl; for f€TE(Ty), e N(f),
I: - x5 for e €e TE(Ty),
Ieba, fl; foré f e TE(Ty), § € N(f).

For é € 'E(1?) fix some representative e € E(T5) and let L(€) be the language of self-
avoiding walks of length at least 1 in the block B(e) starting at the vertex c(e). Clearly,
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L(€) does not depend on the choice of e. By Lemma the stabiliser I'(,) acts quasi-
transitively on the graph B(e) and by assumption on G all ends of B(e) have size at
most 2. Hence Theorem applies and L(é) is context-free. Denote for f € T'E(T)
by L(é, f) the subset of L(é) corresponding to walks ending at vertices of B(e), which
lie in the orbit ¢(f). Note that L(¢, f) may be an empty language if B(¢é) # B(f) or
if ¢ = f and c(e) is the only representative of ¢(é) in B(e). As the intersection of the
unambiguous context-free language L(€) and the regular language of all walks starting
at ¢ and ending at a representative of ¢(f), L(é, f) is unambiguous context-free. In a
similar way let L(o0) be the language of all walks in B, starting at o and L(o, f) be the
subset of L(o0) corresponding to walks ending at a representative of ¢(f).
Let ¢ be the substitution of languages given for é, ferlE (Ts) by

plzo) = L(0), @(x,7) =L(o,f), ¢lze) =L(e), w(xsj)=L(Jf)

Then by Theorem 3.4.1 in [32] the result ¢(L) of the substitution is context-free.

If every end of G has size at most 1, by Lemma [£.3.3] every block of G is finite and
thus also the language of self-avoiding walks in the block is finite. We conclude that in
this case ¢(L) is regular.

For e € E(T3), a self-avoiding walk p of length at least 1 in G is called an I-walk with
direction e if it starts at c(e) and its first edge lies in the block B(e). Denote by € the
orbit of e under I'. Then the following statements hold:

(a) The variable Iz generates a regular language L such that ¢(Lg) is the language of
I-walks with direction e.

(b) ¢(L) is the unambiguous context-free language Lsaw,o(G) of self-avoiding walks in
G starting at o.

As before we only sketch the proofs for these statements.

Let p be an I-walk with direction e € E(T5). Let p; be the part of p contained in the
block B(e). If p; = p, then £(p;) is contained in L(€) and therefore obtained in a single
step of derivation. Otherwise there is some f € E(T3) such that p leaves B(e) via c(f)

and ¢(p1) is contained in L(€, f). In this case p enters one of the other blocks containing
¢(f), which are blocks B(g), g € E(T3), such that § € N(f). The rest of p is an I-walk
with direction g. A simple induction shows that ¢(p) is contained in ¢(Lg).

On the other hand, every word w € ¢(Le) corresponds to a unique walk p starting
at c(e) labelled by w. This walk p is self-avoiding, because the parts of p contained in
blocks are self-avoiding, and whenever leaving a block B(f), f € E(T), p can never
enter B(f) again because T is a tree and N(f) does not contain f. This implies that p
is an I-walk with direction e and proves @

In the same way it can be seen that for any p € Psaw,, the label of the part pg
contained in B, is contained in L(o) if pg = p, and in L(o, f) if p leaves B, via a vertex
in the class ¢(f). Therefore ¢(p) is contained in ¢(L). In the same way as in (a) we
obtain that every walk starting in o and corresponding to a word in ¢(L) is self-avoiding.

Let w € (L) and p be the SAW starting at o and having label w. There is a unique

word w’ € L such that w € ¢(w'). This word w’ is given by the sequence of blocks
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visited by p. Furthermore, for every a € ¥ the language ¢(a) is unambiguous context-
free, hence (L) is also unambiguous context-free. This shows statement @ and finishes
the proof. O

4.4 Discussion and examples

The proof of Theorem is constructive and the obtained grammar can be used to
calculate the generating function of self-avoiding walks Fsaw,(z) and the connective
constant of graphs satisfying the conditions of the theorem.

Given some language L, the ordinary generating function FJ(z) is the power series

Fr(z):= Z vl
weL
Using the algebraic theory of context-free languages Chomsky and Schiitzenberger de-
veloped in [7], the productions of an unambiguous context-free grammar C generating
the language L can be translated into a system of polynomial equations having as one
of its solutions the language generating function Fp(z).

A power series F'(z) is called algebraic over a field K if it satisfies a polynomial equation
of the form P(z, F(z)) = 0, where P(x,y) is a bivariate polynomial in K|z,y]. From
classical elimination theory (see for example [39]) it follows that any component of a
solution of a system of polynomial equations having coefficients in K is algebraic over
K, in particular Fp(z) is algebraic over Q.

Let G be a connected, locally finite, deterministically edge-labelled graph and o be
a vertex of G such that the language Lgaw,o(G) is unambiguous context-free. Then
the label function ¢ acts as a bijection between the set Psaw,, of self-avoiding walks
starting at o and its language Lgawo(G), whence the SAW-generating function satisfies
Fsaw,0(2) = Frgaw.(q)(2). All singularities of algebraic functions are algebraic numbers,
so in particular the radius of convergence of Fgaw,(z) and thus also the connective
constant of the graph G are algebraic numbers.

Example shows that there are transitive graphs G not admitting any deter-
ministic labelling ¢ such that AUT(G,¥) acts quasi-transitively on G. Nevertheless,
the following statement can be shown using the previous discussions and the ideas and
proofs of Section [£.3] but generating functions counting walks, instead of grammars and
language theory.

Corollary 4.4.1. Whenever all ends of a connected, locally finite, quasi-transitive graph
G are of size at most 2, the SAW-generating function Fsaw,o(2) is algebraic over Q. In
particular the connective constant u(G) is an algebraic number.

Alm and Janson showed in |1] that the generating functions of self-avoiding walks on
one-dimensional lattices are algebraic over QQ, independently of the size of the ends. In
Chapter [6] we shall examine how our results can be extended to quasi-transitive graphs
having only thin ends. In future work we plan to investigate under which structural
conditions on the graph, the language of self-avoiding walks is accepted by a multipass
automaton as in [4].
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Figure 4.3: The labelled graph X (left) and its block-cut-vertex tree (right). Block-
vertices are drawn as diamonds, the edge orbits € and f have different colours.

Some concrete examples, where we used Theorem and its constructive proof to
obtain the SAW-generating functions and the connective constants, include the “sand-
wich” of two k-regular trees, already treated in a slightly different way in [42] and the
above mentioned grandparent graph. We conclude the chapter with a detailed discussion
of two additional examples. The Cayley graph in the upcoming example has only ends
of size one, so it demonstrates the construction in the proof of Theorem While
the graph is transitive and has finite blocks, these blocks are not transitive graphs.

Example 4.4.2. Consider the group I' = (a, c | ¢ = 1), which is the free product of an
infinite cyclic group and a group with two elements. Let b = ca and let G be the Cayley
graph Cay(T, S), where S is the symmetric generating set S = {a,a~%,b,b71, c}. Edges
are labelled by the generators in the usual way. The resulting graph can be seen in
Figure It is clear that all ends of G have size 1, hence the language of self-avoiding
walks on G is regular.

The blocks of G consist of 4 vertices and 5 edges. The block-cut-vertex tree 75 of
G is a biregular tree, where every block has degree 4 and every cut-vertex has degree
2. Obviously the blocks are not transitive graphs, therefore the action of AUT(G) on
E(T3) admits more than one orbit. The two orbits can be seen in Figure we will
denote them by & and f.

Every block is finite, so a grammar can be simply constructed as in the proof of
Theorem without further decomposition of the blocks into 3-blocks. The variables
L; and L; ; generate the languages L(€) and L(é, f) defined in the proof. The set of
productions of a grammar G generating Lgaw,(G) (for an arbitrary choice of o) looks
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as follows:

S Foellz]| I
It F Le | Legl; | Ly Iz,
T Lyl Lpely| Ly ples
Le Falab ™t ab~ta|b|ba™t |ba™'b | c| ca| ch,
Ly F atlawlaba o e la ea |07 [0 a | D ab T |0 e | B e,
Leg Foab ™t | ba™! |
L+ alabta|b|ba b | ca| cb,
L, atla e o e |07 b ad T | b e
Li; b a'b|bla

Note that although this grammar is not regular, it is easily possible to get a regular
grammar (with only 3 variables) by substituting all L-variables in the first 3 lines by
their produced languages given by lines 4 to 9. Translating the productions into a system
of equations and solving it yields

(22— 1) (222 +2+1) (223 + 222 + 22+ 1)
426 + 825 + 824+ 223 — 42+ 1 ’

Fsawo(z) = —

The connective constant of GG is the reciprocal of the smallest positive root of the de-
nominator of this generating function,

1(G) ~ 3.6279766.

Finally we provide an example where we end up with an SAW-generating function,
which is algebraic over QQ, but not rational.

Example 4.4.3. Consider the group I' = (a,b,c | a®> = bv? = ¢ = (ab)® = (bc)? = 1),
which is a free product with amalgamation of dihedral groups of order 4 and 6. Let G
be the Cayley graph Cay (I', {a,b,c}). As before label the edges by the corresponding
generators. The resulting graph can be seen in Figure [£.4 All ends of G have size 2,
so the language of self-avoiding walks in G is context-free. The 3-block decomposition
of G can be seen in Figure [£4] It yields 3 types of 3-blocks, denoted by A, B and C
in correspondence to the labels they contain. E(T5(G)) contains 4 types of edges, they
will be denoted by AB, BA, BC', CB, depending on the pair of 3-blocks they connect
(e.g. AB starts at A and ends at B).

A grammar generating the languages of self-avoiding walks constructed as in the proof

99



C I///’ \\\\‘ C
B [ B
N/
< B
a b a o
J e I
a b a %B
"\ b/ = o \A

Figure 4.4: The labelled graph X (left) and its 3-block decomposition (right). Any non-
virtual edge has the same colour as its generator; virtual edges are dashed.

of Lemma [4.3.6]is given by the following productions:

S kel IalIpe | b|bIgy | bIpe | Upalpe | Upclpa,

I%0 F al|alSy | aUspa | aUagally | aUapaUapa,

ILa F al|alSy | aUspa | aUagally,

Iip = Ipo | 0] blpe, Lip - Ipe,

Ie F c| cUcpe | cldp, Ige ¢l cldg,
Iep = Ipa|b]blgy, Itp = Ipa,

Uap + b| Upc, Upa b aUapaUapa,
Ucp F b| Upa, Upc b cUcpe.

Translating this set of productions into the corresponding system of equations and
solving this system yields the SAW-generating function

P(2) + Q(2)vV/—428 — 425 + 1
212(2210 + 829 + 1328 + 1227 + 726 + 425 + 524 + 423 + 22 — 22 — 1)’

Fsawo(2) =
where P(z) and Q(z) are two polynomials of degree 23 and 17, respectively. As before,

the connective constant of G' can be found as the reciprocal of the smallest positive real
root of the polynomial of degree 10 in the denominator,

1(G) ~ 1.8306977.
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5 Comparing consecutive letter counts in
multiple context-free languages

Formal language theory makes use of mathematical tools to study the syntactical aspects
of natural and artificial languages. Two of the best known and most studied classes of
formal languages are context free and context sensitive languages, generated by context
free grammars and context sensitive grammars, respectively. Context-free grammars
have convenient generative properties, but they are not able to model cross-serial depen-
dencies, occurring in Swiss German and a few other natural languages. The expressive
power of context-sensitive grammars on the other hand often exceeds our requirements,
and the decision problem whether a given string belongs to the language generated by
such a grammar is PSPACE-complete.

To overcome these issues, intermediate classes of “mildly context sensitive languages”
were independently introduced by Vijay-Shanker et al. [59] and Seki et al. [52] in the
form of context-free rewriting systems and multiple context-free grammars (MCFGs).
These concepts turn out to be equivalent in the sense that they both lead to the same
class of languages, called multiple context-free languages (MCFLs). While MCFGs are
able to model cross-serial dependencies by dealing with tuples of strings, the languages
generated by them share several important properties with context free languages, such
as polynomial time parsability and semi-linearity.

MCFLs can be distinguished depending on the largest dimension m of tuples involved.
The m-MCFLs obtained in this way form an infinite strictly increasing hierarchy

CFL = 1-MCFL C 2-MCFL C ... € m-MCFL C (m + 1)-MCFL C ... C CSL,

where CFL and CSL denote the classes of context free and context sensitive languages,
respectively.

A highlight in the theory of MCFGs is a result by Salvati [51], stating that the language
Oy = {w € {a,a,b,b}* | |w|, = |w|, A |w|, = |w|;} occurring as the word problem of the
group Z? is a 2-MCFL. Ho [33] generalised this result by showing that for any positive
integer d the word problem of Z% is multiple context-free.

In this chapter we study languages defined by comparing lengths of runs of consecutive
identical letters and show that they are able to separate the layers of the hierarchy
mentioned above. In particular we consider languages of the form

Ly ={afa5* - --ap* [ n1 > mg > - >ny > 0}

and generalisations thereof. The languages L1 and Lo are easily seen to be context-free,
and it is a standard exercise to show that Ls is not context-free by using the pumping
lemma for context free languages. Our main result generalises these observations.
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Theorem 5.0.1. The language L = {a'a3?---a* | n1 > ng > --- > ny > 0} is a
[k/2]-MCFL but not a ([k/2] —1)-MCFL.

The first part of Theorem is verified by constructing an appropriate grammar.
For the second part, one might hope that it is implied by a suitable generalisation of the
pumping lemma to m-MCFLs, but unfortunately such a generalisation does not exist.

In [52] Seki et al. generalise the concept of pumpability to m-pumpability. However,
their weak pumping lemma for m-MCFLs only confirms the existence of m-pumpable
strings in infinite m-MCFLs and not that all but finitely many words in the language
are m-pumpable. In particular, it is not strong enough to imply the second part of
Theorem While Kanazawa [37] managed to prove a strong version of the pumping
lemma for the sub-class of well-nested m-MCFLs, Kanazawa et al. [38] showed that in
fact such a pumping lemma cannot exist for general m-MCFLs by giving a 3-MCFL con-
taining infinitely many words which are not k-pumpable for any given k. Nevertheless,
our proof relies heavily on the idea of pumping, thus showing that this technique can be
useful even in cases where no pumping lemma is available.

At first glance the material of this chapter seems completely unrelated to self-avoiding
walks. However, the main motivation was our wish to generalise Theorem One
of the main ingredients for this theorem was the application of the pumping lemma
for context-free languages in the proof of Proposition In a similar way, Theo-
rem [5.0.1] will be applied in the proof of Lemma[6.4.8] which is basically a generalisation

of Proposition

5.1 Main result

In this chapter we focus on languages defined as follows: A binary relation < on a set
M is called a preorder, if it is reflexive and transitive. In contrast to partial orders,
preorders need not be antisymmetric, that is, it is possible that ¢ < b and b < a for
different elements a,b. A preorder < is called total if for all a,b € M we have a < b
or b < a. The comparability graph of a preorder is the simple undirected graph with
vertex set M, where two different vertices u and v are connected by an edge if they are
comparable. We call a preorder connected, if its comparability graph is connected. Note
that any total preorder is connected, but a connected preorder does not have to be total.

For a positive integer m and a preorder < on [m] = {1,2,...,m} define the language
L~ over the alphabet ¥ = {ay,...,an} by

Lz ={a"ay® - apr [ i 2 j = ni < nj}.

A preorder <’ on M is said to be a totalisation of a preorder < on M, if it is total and
extends =, that is, whenever a < b also a <’ b. Let T< be the set of totalisations of <.

Remark 5.1.1. Observe that
jIGTj

62



This is a consequence of the fact that for any given word w = aj*a5? - - - ajm € L<, the
binary relation <’ on [m] defined by ¢ =<’ j if and only if n; < n; is a totalisation of <.

A natural way of specifying a language is by giving a grammar generating it. Here we
focus on multiple context-free languages and the grammars generating them. Important
definitions and basic facts about them are collected in Section 2.2

By the following lemma it is enough to consider MCFGs in a certain normal form.

Lemma 5.1.2 (Seki et al. [52, Lemma 2.2]). Every m-MCFL L is generated by an
m-MCFG G = (N, X, P, S) satisfying the following conditions.

(1) If Aloa, ..., ap) « Ai(z11, . Z1py)s - An(Tn1s oo, T, ) 05 @ non-terminating
rule in P, then the string oy ---«, contains each x;; evactly once and does not
contain elements of 3.

(ii) If A(wy,...,w,) < is a terminating rule, then the string wy ---w, has length at
most 1. The only rule where this string is allowed to have length 0 is the rule
S(e) <, which is present in P if and only if e € L.

We split the proof of our main result into two parts, covered by Theorem [5.1.3] and
Theorem respectively. Together, these two results clearly imply Theorem [5.0.1} it
is also worth pointing out that in fact they cover the (much larger) class of languages
L~ as introduced in the previous section.

ny n2

Theorem 5.1.3. For every preorder =< the language L< = {a'ay®---alm | i = j =
n; < nj} over the alphabet ¥ = {a,...,an} is a [m/2]-MCFL.

Proof. 1t is known (see for instance [52]) that the class of k-MCFLs is closed under
substitution and taking finite unions. Thus it is enough to consider the case where
m = 2k is even, the case m = 2k — 1 follows by substituting € for as;. Additionally, by
Remark we may assume that < is a total preorder.

We show that L< is generated by the &-MCFG G = (N, X, P, .S), where N = {5, A},
the non-terminal A has rank k& and P consists of the rules

S(.’L‘lxg e $k) — A(xl,QZQ, . ,xk)

Ale,€,. .. €)

and for every j € [2k] the additional rule p; given by

A(121Y2, Y3T2Y4, - - - 5 Yok—1TkYok) < A1, T2, ..., T),
where
Yi = .
€ otherwise.
First note that if = A(w1,...,wy), then each w; has the form w; = ay';'ah?, and

it holds that n; < n; whenever ¢ < j. This is clearly true for A(e,e,...,€) and it is
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preserved when applying the rule p;, which adds one instance of the letter a; and every
letter a; with 7 <. Every word w generated by G is in L< since it is the concatenation
wy - - - wg, of strings w; such that - A(wy, ..., wg).

Next we show that any given word in L=< is generated by G. Assume for a contra-
diction that there is a word in L< which is not generated by G. Pick such a word
w = ay’ay? - - ap?* with minimal nmax = max{n; | I € [2k]}. As G generates the
empty word, w # € and nmax > 1. For I € [2k] let n; = n; if nj < Nmax, and let
n) = Nmax — 1 otherwise. Since w € L< we have n] < n; whenever ¢+ < 7, and thus

/ /

w = aitay?--- ag,ik € L<. By minimality of w the word w’ is generated by G, and in

. ny nl Nh_q . .. ..
particular = A(a;'ay?, ..., as7 ' ay?"). Pick some minimal j with respect to < from

!
Nok—1

the set {I € [2k] | 7; = nmax}. Applying the rule p; to A(ay ay?, ..., ay2*7 ap2*) yields
F Aal'ah?, ..., a5 ab?t); consequently G generates w, contradicting our assump-
tion. U

Theorem 5.1.4. For every connected preorder < the language L< = {af'a3?---alm |

i = j = n; <n;} over the alphabet ¥ = {ay,...,an} is not a (m/2] —1)-MCFL.

Proof. Assume that there is a MCFG G = (N, X, P, S) generating L<, and assume that
G is given in normal form as in Lemma [5.1.2

For a derivation tree D and i € [m] denote by |D|, the total number of letters a;
occurring in all substrings contained in the term ¢(D) (the label of the root of D) and
by |D| = %, |D|; the combined length of all substrings. Since G is in normal form, if
¢(D) is not a terminating rule and Dj, ..., Dy are the derivation trees rooted at the k
children of the root of D, we have

k
’D|i :Z‘Dﬂi' (5~1)
j=1

Moreover, if (D) is a terminating rule, then
|D| = 1. (5.2)

Call a rule a combiner, if its right side contains at least 2 non-terminals. Note that a
vertex of any derivation tree labelled by a combiner has at least 2 children. Furthermore
there is an upper bound K such that the right side of any combiner contains at most K
non-terminals.

Fix n > K2¢, where C is the number of combiners in P, and let D be a derivation
tree of S(atay ---al,). Then D contains a path starting at the root containing at least
2C + 1 vertices labelled with combiners. If not, then and imply |D| < K2¢,
contradicting our choice of n. By the pigeon hole principle there is some combiner p
such that this path contains at least 3 vertices labelled p. Denote the subtrees rooted at
these three vertices by Dy, Do, and D3 such that D3 C Dy C Dy.

We claim that for any i < j we have |Di[; — [D2|; = |D1|; — [D2f;, and that an
analogous statement holds for Dy and Ds.
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Figure 5.1: Replacing Dy with Dy yields D’ and replacing Dy with Dy yields D”.

Assume that [D1|; — |Da|; > |D1l; — |D2|;- By (.1) the derivation tree D" obtained
by replacing Dy with Dy (compare Remark also see Figure satisfies

’D/|j —|D']; = [D[; = (|D1l; = |D2l;) = [D]; + (ID1l; — [D2l;) <0,

because |D|; = [D|; = n. This is a contradiction, as the word w(D’) is not in L<. If
|D1|; — [D2|; < [D1]; — [Dal;, then the derivation tree D" obtained by replacing Dy by
D1 satisfies

D], = |D"|, = 1D+ (1Dal; ~ [Daly) ~ D]; — (D], ~ [Daly) <0,
a contradiction for the same reason as before. This completes the proof of our claim.

If 4,5 € [m] are comparable in <, then |D1|; —|D1|; = [Da|; —|Da|;. By connectedness
of the comparability graph this is true for any pair i, j.

Since p is a combiner, |w(D1)| > |w(D2)|. In particular |Di|, > |Ds|, for some and
thus for every ¢ € [m]. Analogously we obtain |Ds|, > |D3|,;; in particular |Dsf; > 0
holds for every i € [m].

Assume now for a contradiction the Grammar G is ([m/2] — 1)-MCF. Then w(D2)
consists of at most [m/2] — 1 strings and each of them is a substring of af'ay - - - al

m

because G is in normal form. Every letter of ¥ appears in w(D3), hence one of the
strings must contain at least 3 different letters and thus be of the form a;,a; a;’, for
some i € {2,...,m — 1}. As this contradicts the fact that n > |Di|, > |D2|, = n, the

grammar G cannot be ([m/2] — 1) multiple context-free. O
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6 Multiple context-free language of
self-avoiding walks

As mentioned in the introduction of this thesis, explicit computation of u(G) can be
a very challenging task, even in seemingly harmless instances such as two-dimensional
lattices.

The special case of SAWs on one-dimensional lattices turns out to be a lot more
manageable. The reason for this is that the large scale structure of one-dimensional
lattices resembles a line, that is, they can be decomposed into infinitely many pairwise
isomorphic finite parts such that each part only intersects with two others (its predecessor
and its successor). By considering restrictions of SAWSs to single parts and analysing how
these restrictions fit together, Alm and Janson [1] showed that SAW-generating functions
on these lattices are always rational. While this approach fails for higher-dimensional
lattices, analogous techniques have been successfully applied to other graph classes, in
particular to graphs exhibiting some kind of large scale tree structure, see for instance
the note [19] by Gilch and Miiller.

In this chapter, we follow a similar approach to study SAWs on graphs with only
thin ends, thus extending the results in Chapter [4] Our first main result concerns the
SAW-generating function.

Theorem 6.0.1. Let G be a simple, locally finite, connected, quasi-transitive graph hav-
ing only thin ends and let o € V(G). Then Fsaw,o(z) is algebraic over Q. In particular
the connective constant u(G) is an algebraic number.

Our second main result connects SAWs to formal languages. As in Chapter [ let G be
deterministically edge-labelled, that is, every (directed) edge e of G is assigned a label
{(e) from some given alphabet ¥ such that different edges with the same initial vertex
have different labels. As before, edge-labelled graphs are assumed to be quasi-transitive,
that is, the group AUT(G, ¥) of automorphisms of G preserving ¢ acts with finitely many
orbits on G.

Recall that the edge-labelling is extended to walks p = (vg, e1,v1,. .., en, vy,) by setting

Lp) =Ler) ...l en).

In this way, any set P of walks gives rise to a language L(P) = {{(p) | p € P}, thus
allowing us to study properties of P via properties of the corresponding language.

This is particularly fruitful when L(P) belongs to a well understood family of lan-
guages. Besides the well-known classes of regular and context-free languages, the class
of multiple context free languages (MCFLs) plays an important role. These were intro-
duced by Seki et al. [52] as a generalisation of context free languages capable of modelling
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cross-serial dependencies occurring in some natural languages such as Swiss German. A
concise definition of MCFLs can be found in Section 2.21
We are interested in the language of self-avoiding walks defined by

Lsaw,o(G) = L(Psaw,o) = {¢(p) | p € Psaw,o}

where Psaw,, is the set of all SAWs of length at least 1 on G starting at o. In his
computation of Fsaw,(z) for the infinite ladder graph, Zeilberger [63] implicitly used
that the language of self-avoiding walks of this graph is context free. More generally,
in Chapter {4 we showed that Lgaw,(G) on a locally finite, connected, quasi-transitive
deterministically edge-labelled graph G is regular if and only if all ends of G have size
1, and that it is context-free if and only if all ends have size at most 2. In both of these
cases Fsaw,o(z) can be computed using an appropriate grammar generating Lgaw,o(G).
Our second main result generalises these results.

Theorem 6.0.2. Let G be a simple, locally finite, connected, quasi-transitive determin-
istically edge-labelled graph and let o € V(G). Then Lgaw,o(G) is an MCFL if and only
if all ends of G are thin.

In fact, what we prove is slightly stronger. Every MCFL can be assigned a rank (see
Section for details); an MCFL is called k-multiple context free if its rank is at most
k. It is worth noting that the families of k-MCFLs form a strictly increasing hierarchy,
and that 1-MCFLs are exactly the context free languages. We show that the maximal
size of an end of G tells us exactly where Lgaw,o(G) lies in this hierarchy.

Theorem 6.0.3. Let G be a simple, locally finite, connected, quasi-transitive determin-
istically edge-labelled graph and let o € V(G). Then Lsaw,o(G) is k-multiple context-free
if and only if every end of G has size at most 2k.

Applied to Cayley graphs of groups, Theorem [6.0.2] states that the language of self-
avoiding walks on a Cayley graph of a group is multiple context-free if and only if the
group is virtually free. In particular, the property of having a multiple context-free
language of self-avoiding walks is a group invariant.

As mentioned above, we are following a similar approach as Alm and Janson in [1].
There are two key ingredients to this approach: firstly, decomposing the graph into finite
parts, and secondly, analysing the restrictions of self-avoiding walks to these parts.

The decomposition into finite parts is formalised by the notion of tree decompositions
which will be the subject of Section Roughly speaking these are decompositions of
a graph into parts intersecting in a tree-like manner. This notion was introduced by
Halin [27] in 1976; later it was rediscovered by Robertson and Seymour [49] and plays a
central role in the proof of the celebrated Graph Minor Theorem. For our applications it
is crucial that the tree decompositions are invariant under some quasi-transitive group
of automorphisms. Such tree decompositions have been constructed by Dunwoody and
Kron |15], inspired by a similar construction based on edge cuts introduced by Dunwoody
in [14].
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The restriction of self avoiding walks to the parts of a tree decomposition is captured by
the notion of configurations introduced and studied in Section Among other things
we show that there is a bijection between SAWs and a specific class of configurations
called bounded consistent configurations, in other words, any SAW can be obtained by
piecing together appropriate configurations.

This bijection is central to the rest of the paper because it allows us to work with
configurations rather than self avoiding walks; this turns out to be beneficial since con-
figurations (unlike SAWs) carry a recursive structure. In Section |6.3|we use this recursive
structure to show that the set of bounded consistent configurations is in bijection with a
context free language; Theorem [6.0.1] follows from this fact. In Section [6.4] again using
the recursive structure, we show that Lsaw,(G) is an MCFL, thus proving the first half
of Theorem [6.0.3] Finally, we combine techniques from Chapter [] with Theorem [5.0.]]
to complete the proof of Theorem [6.0.3

6.1 Graphs and tree decompositions

Recall from Chapter [2] that we consider the edges of our graph G as being directed and
with an involution e — € which inverts the direction.

In addition to the usual walks p = (vg,e1,v1,...,6en,v,), we also make use of the
following more general concept. A multi-walk p is a sequence of vertices and edges
obtained by stringing together the sequences of vertices and edges corresponding to
walks p1,...,pr; the p; are called the walk components of p. In other words, a multi-
walk is a sequence of vertices and edges, such that every edge in the sequence is preceded
by its initial vertex and succeeded by its terminal vertex. Note that the walk components
of a multi-walk are uniquely determined.

For a (multi-)walk p on G and A C V(G) U E(G) we denote by p N A the sequence
obtained from p by deleting all elements not in A and by p — A the sequence obtained
by deleting all elements of A. For a subgraph H of G we write p N H for the sequence
pN(V(H)UE(H)). In general the sequences pN A and p — A need not be multi-walks,
but we note that p — E' is a multi-walk for E C E(G), as is pN H for any subgraph H
of G.

Let us provide a simple example of a Cayley graph used as a running example to
demonstrate various constructions throughout this paper. Let C),, denote the cyclic
group of order n and consider the group I' = (Cy x Cy * Cq) x Cs, that is, the direct
product of C'5 and a free product of three copies of Cs. Let a, b and ¢ be the generators
of the copies of Cy and let r be the generator of C'5. Then I' can be presented as
{a,b,c,r | a? =b2 =c* =7r® =arar~! = brbr~! = crer~! = 1r). Figure shows the
Cayley graph G of ' with respect to the symmetric generating set S = {a,b, c,r,771}.

A tree decomposition of a graph G is a pair 7 = (T,V), consisting of a tree 7" and a
function V : V(T') — 2V(%) assigning a non-empty subset of V(G) to every vertex of T,
such that the following three conditions are satisfied:

(T1) V(G) = Usev(r) V(@)
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Figure 6.1: A Cayley graph of the group (Cq x Cy x Cg) x (5. Different edge colours
correspond to different generators.

(T2) For every e € E(G) there is a t € V(1) such that V(t) contains both vertices that
are incident to e.

(T3) V(s) N V(t) C V(r) for every vertex r on the unique s—t-path in 7'

The set V(t) is called the part of t. For an edge e = st of T, the intersection V(e) =
V(s,t) = V(s) N V(t) (= V(t,s)) is called the adhesion set of e. A tree decomposition
(T,V) of G is called I'-invariant for a group I' < AUT(G), if every v € ' maps parts
onto parts and thereby induces an automorphism of T'. More precisely there is an action
of I on T by automorphisms such that for every v € T" and ¢t € V(T), it holds that
YY) = V().

The tree decomposition 7 is said to distinguish two given ends wy and we of G if there
is some edge e of T" such that the adhesion set V(e) separates w; and wy. Moreover T
distinguishes the two ends efficiently, if one of its adhesion sets has the smallest size of
all subsets of vertices of G separating w; and we. We call T reduced if every adhesion
set efficiently distinguishes some pair of ends of G and no two parts corresponding to
adjacent vertices of T' coincide.

Recall that a locally finite graph G is accessible if there is a natural number k such
that any two ends can be separated by a set of vertices of size at most k. The following
theorem is closely related to the works of Dicks and Dunwoody (see [14] and [10]) and
is a direct consequence of Theorem 6.4 in [28].

Theorem 6.1.1. Let G be a simple, locally finite, connected, accessible graph and let T’
be a group acting quasi-transitively on G. Then there is a I'-invariant tree decomposition
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(T, V) of G efficiently distinguishing all ends of G and an action of T' on T witnessing
the T'-invariance of (T, V) with only finitely many T'-orbits on E(T).

For our purpose, it is necessary for tree decompositions to additionally be reduced.
However, this is not really a restriction, as the following construction shows.

Let 7 = (T,V) be a tree decomposition of G and F' be a subset of edges of T. The
contraction of F in 7 is the pair 7 /F = (T/F,V/F) defined in the following way. The
tree T'/ F consists of a single vertex for every component of the graph (V(T'), F') obtained
from T by only keeping the edges in F'; for a vertex ¢ of T'/F let [t]r denote the vertex
set of the corresponding component. Two different vertices [s|r and [t]p of T/F are
connected by an edge if and only if there are s’ € [s]p and ¢’ € [t]p, which are adjacent
in T'. The part corresponding to [t]p € V(T/F) is (V/F)([t]r) = Usep, V(s)- It is not
hard to see that 7 /F is a tree decomposition of G.

Starting from a tree decomposition 7 = (7, V) provided by the previous theorem, we
can construct a reduced tree decomposition as follows. Let the set F' consist of all edges
e of T such that the adhesion set V(e) does not minimally separate any pair of ends of
G. Tt is easy to check that the contraction 7 /F is a tree decomposition retaining all
properties mentioned in Theorem [6.1.1] and additionally every adhesion set minimally
separates two ends of G. In a second step we contract all edges of T//F connecting two
vertices whose parts coincide to obtain a reduced tree decomposition as in the following
corollary.

Corollary 6.1.2. Let G be a simple, locally finite, connected, accessible graph and let
I" be a group acting quasi-transitively on G. Then there is a reduced I'-invariant tree
decomposition T = (T,V) of G efficiently distinguishing all ends of G such that there
are only finitely many T'-orbits on E(T).

Let us again look at the Cayley graph G of the group I' = (Cy % Cq % C) x C3 given
in Figure We already mentioned that I' acts freely on G by left multiplication. A
reduced I'-invariant tree decomposition (7', V) of G as provided by the previous corollary
is shown in Figure [6.2]

We require the following four important properties of tree decompositions 7 = (T, V)
obtained from this corollary.

P1) The size of all adhesion sets is bounded from above by some k € N.

(P1)
(P2) For every K C V(G) there are only finitely many edges e of T" with K = V(e).
(P3) All parts are finite if and only if all ends of G have finite size.

(P4) If all ends of G have finite size, then T is locally finite.

Firstly, 7 is reduced, so every adhesion set minimally separates some pair of ends of
G. The graph G is accessible, so holds.

For the proof of the other properties, we need some notation. A separation of G is
a pair (A, B) of vertex sets such that G[A] U G[B] = G, which means that there are
no edges between A\ B and B\ A. The intersection A N B is called the separator of

70



* \/

Figure 6.2: Decomposition tree T of the Cayley graph G. The vertex-colouring indicates
the four orbits of the group action on the vertices of T'. The subgraphs of G
induced by the different parts are shown at the right side.

(A, B). Note that every edge e of the tree decomposition 7 corresponds to a separation
of G with separator V(e). Removal of e splits T into two components 77 and T, and
(UteV(Tl) V@), Urev () V(t)) is the separation of G induced by e.

Clearly any given finite set K of vertices of a locally finite graph G can occur only
finitely many times as the separator of a separation (A, B) of G. Indeed, G — K has only
finitely many components and each of these components has to be fully contained in
either A or B. This observation together with the following lemma yields property

Lemma 6.1.3. Let G, T and T = (T,V) be as in Corollary. Then every separation
(A, B) of G corresponds to at most two edges of T.

Proof. Let e1, ey be two edges of T' inducing the separation (A, B). We first show that
e1 es share a common vertex. For ¢ = 1,2 let TiA and TiB be the components of T — e;
corresponding to A and B, respectively. The separation (A, B) is induced by an edge
of T' and every adhesion set separates two ends of GG, so A and B are both infinite sets
and V(e1) = V(e2) = AN B is finite. We may assume without loss of generality that
T C T35 and TP C TP. Let s be a vertex on the unique shortest path P connecting e;
and eg in T'. Property of tree decompositions yields

ANB=V(e1)NV(e2) CV(s).
Moreover s is a vertex of T and T3}, so in particular

vis)c | vn | vi)y=A4AnB,
teV(TE) teVv(13Y)

implying that the part V(s) is equal to AN B for every vertex s of P. Reducedness of
T implies that P consists of a single vertex and thus both e; and ey contain s.
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Let eg be any edge of T inducing the separation (A, B) and let T§4 and Tf be the
components of T'— eg corresponding to A and B, respectively. Then es intersects e; and
e and thus contains their common vertex r. Finally, if e3 is different from e; and es,
then either T C T3! or T{* C T, leading to a contradiction. O

The basis for the proof of [(P3)|is the following lemma, which is closely related to
Proposition 4.5 in [28].

Lemma 6.1.4. Let G, I" and (T,V) be as in Theorem|6.1.1. Then for every vertex t of
T, the induced subgraph G[V(t)] is a quasi-transitive graph.

Proof. We show that the set-wise stabiliser I'y(y) of V(t) in I' acts quasi-transitively on
GV(t)]. If u € V(t) does not lie in any adhesion set, then neither does any image of
u under a graph automorphism. In particular, any v € I' mapping u to some vertex
v € V(t) fixes V(¢) and thus, under the action of the stabiliser of V(¢) there are only
finitely many orbits of vertices in V(¢) not contained in any adhesion set.

Let m be the finite number of I'-orbits on E(T"). Whenever v € T" fixes t and maps a
neighbour s of ¢ onto some other neighbour s’, ~y lies in I'y(¢) and maps the adhesion set
V(s,t) onto V(s',t). Therefore the number of orbits of adhesion sets under the action of
[y is at most 2m. As every adhesion set contains at most k elements, I'y ;) acts with
at most 2mk orbits on vertices of V(t) lying in adhesion sets of the tree decomposition.
We conclude that I'y,;y acts with finitely many orbits on V(t). O

Our goal is to apply the following proposition to a part V(t), but in general G[V(t)]
need not be connected, so some additional work is necessary.

Proposition 6.1.5 (Thomassen [55, Proposition 5.6]). If G is a locally finite, connected,
quasi-transitive graph with only one end, then this end is thick.

In order to prove the first implication of assume that there is some vertex t of
T such that the part V(¢) is infinite. Let H be the subgraph of G obtained from the
induced subgraph G[V(t)] in the following way. For every edge e of T" incident to t add
all shortest paths between any pair of vertices in the adhesion set V(e). Note that since
the stabiliser of V(t) acts quasi-transitively, the length of these paths is bounded by some
constant m € N.

Any walk on G connecting two vertices of V() consists of sub-walks on G[V(t)] and
detours leaving V() via some adhesion set V(e) and re-entering via the same set. These
detours can be replaced by a shortest detour, which is by definition a walk on H, so H is
connected. Furthermore, I'y ;) acts quasi-transitively on H because it acts with finitely
many orbits on the edges of 7" and thus on the adhesion sets contained in V(¢).

Assume for a contradiction that H has more than one end. Then there must be a
separation (A, B) of H with finite separator AN B such that both A and B are infinite.
Let K be the union of AN B and all adhesion sets V(s,t) containing both a vertex a of
A\ B and a vertex b of B\ A. Due to construction of H it contains an a—b-path of length
at most m and any such path must intersect the separator A N B. Thus any vertex of
K lies at distance at most m from A N B, implying that K is finite.
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It is not hard to see that G — K contains no (A \ B)—(B \ A)-path. Indeed, assume
that P is a (A \ B)—(B \ A)-path in G which does not intersect AN B. Then P is a
detour leaving and re-entering G[V(t)] via some adhesion set V(s,t) intersecting A \ B
and B\ A and thus contains at least one vertex in K.

Finally, let R4 and Rp be rays in H[A] and H|[B], respectively. Then the ends wx
and wp of G containing R4 and Rp are different, as R4 and Rp are separated by K.
On the other hand, each of R4 and Rp contains infinitely many vertices of V(t), so they
are not separated by any adhesion set of the tree decomposition 7. This contradicts the
fact that 7 distinguishes all ends of G. We conclude that the infinite connected graph
H has precisely one end. By Proposition [6.1.5] the end of the one-ended quasi-transitive
graph H is thick. The graph G contains H as a subgraph and thus inherits the thick
end of H.

On the other hand, it is not hard to see that all ends of G are thin, if all parts of T
are finite. For any set of disjoint rays in the same end of GG there must be some adhesion
set intersecting each of the rays. The size of adhesion sets is at most k, so every end of
G has size at most k.

Finally is a consequence of and Every edge e incident to a vertex s
of T corresponds to some adhesion set V(e) which is a subset of the part V(¢). But the
finite part V(t) has only finitely many different subsets and each of them occurs only
finitely often as an adhesion set in (7, V).

6.1.1 Rooted tree decompositions

A rooted graph is a pair (G,o0) consisting of a graph G and a designated root vertex
0 € V(G). Let (G,0) be a simple, locally finite, connected, rooted graph. A rooted tree
decomposition T = (T,V,r) of (G,0) consists of a tree decomposition (7',V) of G and
a fixed vertex r of T' such that o is contained in V(r); note that there can be multiple
valid choices for r since o can be contained in more than one part. We call r the root of
T and V(r) the root part of the decomposition. We use the definitions and notations for
rooted trees provided in Chapter

For every t € V(T) we introduce a graph G(t) on the vertex set V(t). Let us start by
defining a map & : V(T') — 25 by £(r) = E(G[V(r)]) and

E(t) = B(GIVD) \ E(GVE)]) fort#r,

where t' denotes the parent of ¢ in the rooted tree T. Edges in £(t) are called (non-
virtual) t-edges. Property of tree decompositions implies that for every edge e of
G there is some ¢t € V(T') such that e € £(t). Fix some edge e of G and let S be the set
of all vertices s of T" such that V(s) contains both endpoints of e. By property the
induced subgraph T'[S] is connected and thus the forefather ¢ of S is contained in S. It
is easy to see that ¢ is the unique vertex of T with e € £(t), so the edge set of G is the
disjoint union E(G) = Wy () ().

Additionally we introduce for every edge e = st of T' a new set of wvirtual e-edges
E(e) = E(st), such that every pair of vertices of V(e) is connected by an edge in £(e). In
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other words, the e-graph G(e) = (V(e),E(e)) is a complete graph. In order to enhance
readability, we usually write £(s,t) instead of £(st) and G(s,t) instead of G(st).
Finally, we assign to every vertex t of T the t-graph

g(t) = (V(t) L EMY Y 5(@)) .

e:e =t

Note that G(t) generally is not a simple graph since £(¢) and the various sets £(s,t)
potentially contain edges with the same endpoints.

For convenience we extend the definition of G to subsets S of the vertex set V(T') by
taking the union of all graphs G(t) for ¢ € S and removing all virtual edges corresponding
to edges of T'[S], so that only virtual edges corresponding to edges of T' with exactly one
endpoint in S remain. In terms of sets,

G(S) = (U vy, Jewy 14 5<e)).

tesS tesS e: e €S, et¢sS

Again, we visualise these concepts using the Cayley graph G from Figure [6.1] and its
tree decomposition (7',V) shown in Figure For a given root o of GG, denote by r
the unique vertex of T' such that the part V(r) has cardinality 3 and contains o. Then
(T, V,r) is a rooted tree decomposition of the rooted graph (G,o0). Figure shows
a portion of the decomposition tree T and the t-graphs for vertices ¢ contained in it.
Compare this to Figure [6.2] and note that the t-graphs on the parts are generally neither
subgraphs (due to virtual edges) nor supergraphs (due to some missing non-virtual edges)
of the induced graphs on the parts.

6.1.2 Cones and cone types

As for rooted trees, we define for a rooted tree decomposition (7,V,r) the cone at a
vertex s € V(T') of T as the set K, containing all descendants of s, that is, all vertices ¢
such that s lies on the t—r-path in T

Let I' € AUT(G) be a group acting on G. We say that two vertices s and ¢ of T'
different from r are cone-equivalent and write s ~g t, if there is a v € I' mapping s to ¢
and the parent s’ of s to the parent t' of t. The root r is only cone equivalent to itself.
Clearly ~g is an equivalence relation and we call the equivalence classes of vertices cone
types of the rooted tree decomposition T .

Note that if v € I' witnesses the cone equivalence of s and ¢, then v maps the cone K
onto the cone Ky; in this case we also call the cones K and K; equivalent. The following
lemma tells us that the graphs G(s) and G(¢) are isomorphic whenever s and t are cone
equivalent.

Lemma 6.1.6. Any v € " witnessing the cone equivalence of two vertices s and t of T
can be extended to a graph isomorphism between the graphs G(s) and G(t).
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Figure 6.3: Decomposition tree T' of the Cayley graph G and its corresponding t-graphs.
Dashed edges are virtual e-edges; if they are shared by different t-graphs,
they have the same shape in these graphs.

Proof. Recall that by definition

g(s) = (V(s),g(s)u U 5(6)),

ele~=s

where £(s) = E(G[V(s)]) \ E(G[V(s")]). Note that e € £(s) if and only if y(e) € £(¢),
because v maps s onto t'. We extend + in the natural way to virtual edges in £(s, )
by mapping e onto the edge v(e) € £(t,v(u)) connecting v(e~) and y(e™). The result is
a graph isomorphism between G(s) and G(t). O

Lemma 6.1.7. Let (T,V,r) be a reduced, rooted tree decomposition of a locally finite
graph G. If there is a subgroup I' < AUT(G) such that (T,V) is I'-invariant and the
action of I' on E(T) has finitely many orbits, then the number of cone types of (T,V,r)
1s finite.

Proof. Let s ~k t be two vertices in V(T') \ {r}. Then there is a v € I' mapping the
edge s's onto 't while preserving direction. This implies that the number of cone types
can be at most two times the number of edge orbits of I' acting on T plus one, where the
additional type is the type of the root r, the only vertex without a parent. In particular
the number of cone types is finite. O
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6.2 Configurations

Let T = (T,V,r) be a rooted tree decomposition of a simple, locally finite, connected,
rooted graph (G, 0). A configuration on S C V(T') with respect to T is amap C = (P, X)
assigning to each vertex s € S a pair C(s) = (P(s), X(s)), such that for every s € S one
of the following alternatives holds.

(a) X(s) € V(T) is either s or a neighbour of s in T, and P(s) is a self-avoiding walk
on G(s) starting in V(s', s) (or at o if s = r) and, if X(s) # s, ending in V(s, X (s)).
Moreover, if X(s) = s then P(s) must end with a non-virtual edge.

(b) X(s) = s" and P(s) = 0 is the empty walk; this is called the empty configuration
and can only occur for s # r.

We call X (s) the exit direction of s. A configuration on a vertex s of T' is an image pair
C(s) = (P(s),X(s)) of a configuration C' = (P, X) on the set S = {s}. Note that by
Lemma the sets of configurations on two cone equivalent vertices are the same up
to isomorphism.

Intuitively, configurations model the behaviour of SAWs on single parts of the tree
decomposition in the following way. Let p be a self-avoiding walk on G starting at the
root o. For any t € V(T') we define a projection p; of p onto the graph G(t). First
take all vertices and edges of p contained in G(t) to obtain the multi-walk p N G(s,t).
Every detour of p in some other part V(s) with s adjacent to ¢ in 7" corresponds to a
virtual edge of £(s,t) connecting the same endpoints as the detour. By replacing these
detours by their “shortcuts”, we end up with a walk p, on G(t). Note that p, might
be the empty walk for many vertices t. Let u be the vertex of T such that the final
edge of p is contained in G(u). Let x, = u and for ¢t # u let x; be the neighbour of ¢
on the unique t—u-path in 7. Then the function C' defined by C(t) = (pt, z¢) defines a
configuration on V(7T') with respect to 7. This shows that starting from a SAW, we can
give a configuration describing the behaviour of the walk when restricted to single parts.

In order to reverse the above construction, we would like to combine configurations on
the single parts into SAWs on G. To this end, two more properties are needed. Firstly,
since SAWs are finite, only finitely many parts can make non-trivial contributions. Sec-
ondly, configurations on the parts that contribute non-trivially must fit together in a
certain way. These two properties are implied by the notions of boundedness and consis-
tency of configurations defined below. In what follows, let C' = (P, X') be a configuration
on S CV(T).

The weight ||C|| of C is the total number of non-virtual edges contained in all the
walks P(s) for s € S, so ||C|| = > 4cq [|C(5)]l, where ||C(s)|| denotes the number of non-
virtual edges in P(s). The configuration C' is called boring on s € S\ {r} (we also say
that C(s) is boring) if X(s) = s" and P(s) contains only edges in £(s', s). In particular,
the empty configuration is boring and all boring configurations have weight 0. We call
a configuration C' bounded, if C'(s) is boring for all but finitely many s € S.

Let s,t € S be adjacent vertices; without loss of generality assume s = t'. The
configurations C(s) and C(t) are called compatible, if either P(s) NV(s,t) = 0 and C(t)
is the empty configuration, or if they satisfy the following four conditions.
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(C1) The ordered sequences of vertices obtained by intersecting the walks P(s) and P(t)
with V(s,t) coincide,

P(s)NV(s,t) = (v1,...,v) = P(t) N V(s,1).

(C2) For every i € {1,...,l—1}

ViP(s)vip1 NE(s,t) =0 < v;P(t)viy1 NE(s,t) # 0.

(C3) X(s) =t <= X(t) #s.
(C4) If X(s) =t, then P(s) ends in v;, otherwise P(¢) ends in v;.

The configuration C' is called consistent, if the configurations C(t') and C(t) are com-
patible whenever both ¢ and ¢ are in S.

Configurations on the complete vertex set V' (T') of the tree decomposition T are called
configurations on 7 and the set of all bounded consistent configurations on 7 is denoted
by Cr.

Remark 6.2.1. By[(C3)] a consistent configuration C' = (P, X) € Cr induces an orien-
tation of the edges of T'. Clearly any vertex s € V(T') can be incident to at most one
vertex t with X (t) # s, namely the vertex X (s) in the case X (s) # s. It is not hard to
see that if there is a vertex s with X (s) = s, then for every other vertex t of T', X(t)
lies on the unique t—s-path in T'; in other words, X (¢) points towards s. In particular
there can be at most one such vertex s. Also note that in the case where C is bounded
there is exactly one vertex s with X (s) = s. This vertex s can be found by starting at
any vertex of 7" and following exit directions.

Let us go back to the Cayley graph G from Figure Using the decomposition tree
T and the t-graphs from Figure [6.3] an example of a bounded consistent configuration
(W, X) on T is shown in Figure Note that there are only 3 vertices carrying non-
boring configurations and that all exit directions point towards the unique vertex s of T'
with X (s) = s.

The following extension lemma can be seen as the reason why boring configurations
are indeed not interesting to us. More precisely, it shows that a bounded consistent
configuration on 7, is uniquely determined by the (finitely many) non-boring configura-
tions. Moreover, it tells us that under certain conditions a consistent configuration on a
finite set S C V(T') can be extended to a bounded consistent configuration on 7.

Lemma 6.2.2. Let s,t € V(T) such that s =t and let cs = (ps,xs) be a configuration
on s such that ps N E(s,t) =0 and xs # t. Then there is a unique configuration ¢y on t
compatible with cs, and this configuration c; is boring.

Proof. Suppose ¢; = (pt, x¢) is a configuration on ¢ such that ¢; and ¢s; are compatible.

Then z; = s by and pyNV(s,t) = (v1,...,v) = ps N V(s,t) by Property |(C2)]

implies that the sub-walks v;p;v;+1 contain only the virtual edge v;v;+1 in £(s,t) and
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Figure 6.4: A bounded consistent configuration (W, X) on the tree decomposition 7 of
the Cayley graph G. Edges of the walk W (t) on the t-graph G(t) are drawn
bold and decorated with arrows according to their direction. Exit directions
of vertices of T are also denoted by arrows pointing from a vertex ¢ to a
vertex s if X (t) = s.

by the definition of configurations and the walk p; starts at v; and ends at v;. We
conclude that the configuration ¢; on ¢ is unique and boring. Moreover, the consider-
ations above can be used to construct such a configuration, and in particular such a
configuration exists. O

Our goal in this section is to establish a one-to-one correspondence 1, between bounded
consistent configurations C on the rooted tree decomposition 7 = (7, V,r) and self-
avoiding walks of length at least 1 on the underlying graph G starting at its root o. The
main idea is to contract the sub-tree induced by all vertices of T' carrying non-boring
configurations to a single vertex. By also contracting the corresponding configurations,
only a single non-boring configuration remains; its walk is a walk on G and we denote
it by ¥,(C).

In Section we already discussed how to contract a set F' of edges of a tree decom-
position 7 to obtain a contracted tree decomposition 7 /F. Let us repeat this process
for rooted tree decompositions and configurations on those tree decompositions. As we
are only interested in contractions of finite sets of edges, we first focus on the special
case where a single edge is contracted.

The following definition of the contraction of a rooted tree decomposition coincides
with our earlier definition of contractions of tree decompositions; the root part of the
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contraction is simply the equivalence class of r. We still give a detailed definition in
order to introduce some notation.

Let T = (T,V,r) be a rooted tree decomposition of a simple, locally finite, connected,
rooted graph (G, o) and let f € E(T). We may without loss of generality assume that
f~ = (f")" (if not, use the reversed edge). Define the contraction 7/ f = (T/f,V/f,r/f)
as follows.

The tree T/ f is obtained from T by identifying the two endpoints f~ and f* of f and
deleting the edge f. More precisely, T/ f can be described as follows. The vertex set of
T/f is obtained from the vertex set of T' by replacing f~ and f* by a single vertex ty.
Every edge e € E(T) \ {f} not incident to f corresponds to an edge in T'/f with the
same endpoints. Every edge e = st of T" where ¢ is an endpoint of f corresponds to an
edge connecting s and ty in 7'/ f. We abuse notation and denote the edge corresponding
to ein T/ f by e as well. The part V/f(ts) is defined as V(f~) UV(fT); for every other
vertex of T'/ f we define V/f(t) = V(t). Finally, if r is incident to f, then let r/f = ty,
otherwise let 7/f = 7.

Denote the parent of t € V(T/f) by t'//. From the assumption f~ = (f1)" it follows
that (t;)'/f = (f~)', unless f~ = r, in this case t; = r/f has no parent. For every other
vertex of T/f we have t'/f = t; if t' € {f~, f*}, and t'/f =t otherwise. Note that if
an edge e € E(T) \ {f} connects t to t' (or £~ to (f~)"), then the corresponding edge
in T/f that is also denoted by e connects ¢ to t'/7 (or ¢ to (¢;)'/7).

For e € E(T/f) let V/f(e) and £/f(e) denote the adhesion set corresponding to e
and the set of e-edges with respect to the tree decomposition 7 /f, respectively. For
teV(T/f)let £/f(t) and G/ f(t) denote the set of t-edges and the t-graph with respect
to the tree decomposition 7/ f, respectively. Using propertyof tree decompositions,
it is not hard to see that V/f(e) = V(e), £/ f(e) = E(e), E/f(ty) = E(fT)UE(fT), and
E/f(t) = E&(t) for t # ty. It follows that

_ n e,
G/ (1) = {(g<f JUG(h) = E(f) ift=ty,
g(t)

otherwise.

Next we define contractions of configurations. Let C' = (P, X') be a bounded consistent
configuration on 7. For the definition of the contracted configuration C/f, assume
again without loss of generality that f~ = (f)", and let P(f~) N V(f) = (v1,...,v) =
P(fT)NV(f), where the last equality follows from Letto=f". For1<j<Il-1,
let t; € {f~, fT} be such that P(t;) NE(f) = 0; note that this uniquely defines a vertex
by [(C2), If X(f~) = [T, then let t; = f, otherwise let ¢ = f~. Define the walk py as
the concatenation

P(to)v1 P(t1)ve ... v P(t;).

In other words, py is obtained from P(f~) and P(f*) by deleting all edges in £(f) and
then piecing the walk components of the resulting multi-walks together in a consistent
manner, see Figure [6.5]

The contraction C/f = (P/f, X/f) of the configuration C' is defined as follows. For
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Figure 6.5: Combining walks P(f~) and P(f™) of compatible configurations on the end-
points of f into a walk py on G/f(ty).

the contracted vertex ¢z, let

X(f7) X)) ¢{f. 1%
P/f(ty) =ps and  X/f(t;) =4 X(f7) X)) E{f7.f1}

iy otherwise.

Note that by |(C3)l the conditions in the first two cases in the definition of X/f cannot
be satisfied simultaneously, and in the third case X(f~) = X(fT) € {f~, fT} holds.
For t # t; we define

X(t) if X(t = fh
P =P and X/p0) =0 B O ETLIT

ty otherwise.
Note the similarity between the definition of X/f(t) and our observations about ¢"//
above; clearly, if X (t) =t', then X/f(t) = t//.

Lemma 6.2.3. The walk py is a self-avoiding walk on G/ f(ty) satisfying py NG(f~) =
P(f7)=&(f) and pyNG(f1) = P(fT) —E(f). In particular, the set of edges contained
in py consists of the edge sets of P(f~) — E(f) and P(fT) — E(f).

Proof. If P(fT) is the empty walk, then py = P(f~) and all claimed properties are
trivially satisfied, so assume that P(f*) # (. Since C is a configuration, P(f") must
start in vy, that is, P(f*)v; is a trivial walk only consisting of v;. By iftt;=f",
then P(f") contains the edge vjvj41 € E(f), and if t; = fT, then P(f~) contains the
edge vjvj11 € E(f). Properties and imply that if ¢, = f*, then v, P(t7) is
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trivial and vice versa. Combining these observations with the fact that P(f~) can be
decomposed as P(f~) = P(f~)v1P(f")va... v P(f~) we conclude that

prNG(UT) = P(f7) = E(f),

and similarly for f*. This implies that p; uses no vertex more than once: for vertices
in V(f), this holds by definition, for vertices outside of V(f), this follows from the fact
that P(f~) and P(f™) are self-avoiding. Hence py is self-avoiding. O

The following lemma shows that C'/f as defined above is indeed a bounded consistent
configuration on T/ f.

Lemma 6.2.4. Let T = (T,V,r) be a rooted tree decomposition of the simple, locally
finite, connected, rooted graph (G,0), let C € Ct, and let f € E(T). Then C/f € Cr/¢
and |C/f| = [|C]|.

Proof. We start by showing that C/f = (P/f, X/f) is a configuration on 7/f. First
consider t # ty. If C(t) is empty, then P/f(t) = P(t) = 0 and X(t) = t', so by the
above observation X/f(t) = t'//. This shows that C/f(t) is the empty configuration.
If C(t) is non-empty, then P(t) = P/f(t) is a non-empty self-avoiding walk on G(t) =
G/ f(t) starting in V(t',t) = V/f(t"/1 ), or in o, if t = r, and ending in V(t, X (t)) =
V/f(t,X/f(t)). In case X/f(t) = t, clearly also X(t) = ¢, so in this case P(t) =
P/f(t) ends in a non-virtual edge. We conclude that C/f(t) = (P/f(t), X/f(t)) is a
configuration on ¢.

Now consider the contracted vertex ty. As before, without loss of generality assume
that f~ = (f)". If P/f(t;) = ps is the empty walk, then P(f7) is the empty walk and
thus C(f~) must be the empty configuration. In particular X(f~) = (f7)" ¢ {f~, f},
and thus X/f(t;) = X(f~) = (t;)"/f, showing that C/f(t;) is the empty configuration.

So we may assume that py is non-empty. By Lemma py is a self-avoiding
walk on G/ f(ty); it only remains to show that the first and last vertex of p; lie in the
appropriate adhesion sets. The first vertex of p; is the same as the first vertex of P(f7),
consequently it lies in V((f7)", f7) = V/f((t;)"/,t;), or it is equal to o if t; = r/f and
thus f~ = r. The last vertex of py is the last vertex of P(¢;). If X(f) ¢ {f~,f"}
then X(f~) = fT, and thus ¢; = fT. It follows that the last vertex of py lies in
V(X)) =V/f(ty, X/ f(ty). EX(f7) ¢ {f~, fT} an analogous argument applies.
If both X(f~) and X(f*) are contained in {f~, f7}, then X/f(t;) = ts; in this case
P(t;) ends with a non-virtual edge, and consequently p; does not end in a virtual edge
if X/f(ty) =ty. We conclude that C/f(ty) = (P/f(ty),X/f(ts)) is a configuration on
ts.

By construction the number of non-boring parts with respect to C/f is at most the
number of non-boring parts with respect to C, so C'/ f is bounded. Moreover C' and C/ f
use the same non-virtual edges, so ||C/f]| = ||C]| holds.

It remains to show that C'/f is consistent, or in other words, that C/f(s) and C/f(t)
are compatible for any edge st € E(T/f). If st is not incident with f, then this follows
from the fact that C is consistent, so we may without loss of generality assume that
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t = ty. We only treat the case where s is a neighbour of f~ in T', the case where s and
fT are neighbours is completely analogous.

Note that V/f(s,ty) = V(s,f~) € V(G(f7)). Thus Lemma implies that py N
V/f(s,ty) = P(f~)NV(s, f~) which in turn implies Next, note that £/f(s,tf) =
E(s,f7) C E(G(f)). By Lemma we thus have uppv N E/f(s,tf) = uP(f )v N
E(s, f7) for any pair of vertices u,v in V/f(s,ts), and follows. For condition |(C3)
observe that

X/f(t) =5 « X(f)=s <= X(s) £/ < X/f(s) #11.

Finally, note that if X/f(t;) = s, then X(f™) = f~, and consequently ps ends in the
same vertex as P(f7), so is satisfied. O

Lemma 6.2.5. Let T = (T,V,r) be a rooted tree decomposition of the rooted graph
(G,0) and f € E(T). Then the function C +— C/f bijectively maps Ct to Cy .

Proof. As before, denote by ¢y the contracted vertex in T/ f. Let C' = (P', X') € Cy /4.
We show that for any ¢ € V(T'), there is a unique choice C(t) = (P(t), X (t)) such that
C' is a consistent configuration and C/f = C".

First consider ¢t ¢ {f~, f*}. Necessarily P(t) = P'(t), otherwise P/f(t) # P'(t) by the
definition of contraction. Similarly, if X'(t) ¢ {f~, f*}, then X (¢) = X'(¢) as otherwise
X/f(t) # X'(¢t). If X'(t) = ty, then X (¢) must be either f~ or f*. Moreover, for C
to be a configuration, X (¢) must be adjacent to t, and since T is a tree, ¢ cannot be
adjacent to both f~ and f*. So we have shown that X (¢) must be the unique neighbour
of tin {f, f*}.

By Lemma we know that if we want C'/f = C’, we have to make sure that
P'(ty)NG(f~)=P(f)—&(f). So P(f~) can only differ from the multi-walk P'(ts) N
G(f™) by edges in E(f). Let q1,...,q be the walk components of P'(ty) N G(f~). Note
that each ¢; for j > 1 starts in V(f), and each g; for j <! ends in V(f). In particular, it
is possible to define a walk P(f~) = qie1qz...ej—1qi, where e; € £(f) is a virtual edge
connecting the last vertex of g; to the first vertex of gj;1. By the above discussion, this
is the only choice of P(f~) for which P/f(ts) = P'(tf) can possibly hold. A completely
analogous argument applies to P(f™T).

Finally, let us consider the exit directions of f~ and f*. If X'(¢s) # ts, then by |(C2)
there is a unique neighbour z of ¢y in T'/f such that X'(z) # t; and thus X(z) ¢
{f~, f*}. If z is a neighbour of f~ in T, then necessarily X (f~) =z and X(f*) = 7,
otherwise C' is not consistent. Similarly, if x is a neighbour of f* in T', then necessarily
X(ff)y==zand X(f7) = f". If X'(t;) = ty, then X(f~) = X(f") € {f, fT}, since
otherwise either C'/f # C’, or C is not consistent. Note that in this case P'(t¢) ends in a
non-virtual edge e because C’ is a configuration. If e € £(f7), then X(f1) = X(f7) =
f~, otherwise C is either not a configuration (if both endpoints of e lie in V(f)), or it is
inconsistent due to If e € £(fT), then analogously X (fT) = X(f~) = f+.

A straight forward check (left to the reader) shows that the above construction indeed
gives a bounded consistent configuration C' = (P,T) € C with C/f = C". O
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Our next goal is to define contraction of finite sets of edges. For this purpose, let
T = (T,V,r) be arooted tree-decomposition of a simple, locally finite, connected, rooted
graph (G,o0) and let F' = {f1,..., fr} be a finite subset of E(T"). Then we define

T/F=T/fH/f2f -]k

We note once again that this definition is consistent with the definition of 7/F given
in Section If the set F' induces a connected subgraph of T', then there is a unique
contracted vertex in T'/F'; we denote it by tr. Analogously, for a configuration C' on T,
we define C/F = (P/F,X/F) by

C/F=C/fi/f2f .| fr

We would like these definitions to be independent of the order in which the edge con-
tractions are carried out. In order to make sense of this statement, we first need to
clarify when we consider two tree decompositions and configurations on them to be the
same. Let 71 = (T1,V1,71) and Ta = (1o, Va2, r2) be rooted tree decompositions of the
same rooted graph (G, o). We say that 71 and T3 are isomorphic if there is an isomor-
phism ¢: 71 — T such that «(r;) = ro and Vi = Vo or. We call two configurations
Cy = (P1,X;1) on 71 and Cy = (P, X3) on 73 isomorphic, if there is an isomorphism
¢t as above additionally satisfying P, = P> ot and ¢t o X; = X5 o¢. Since we only care
about tree decompositions and configurations up to isomorphism, we write 7; = 75 and
C1 = (5 to denote the fact that the respective tree decompositions and configurations
are isomorphic. Inductive application of the following lemma shows that 7 /F and C/F
(up to isomorphism) indeed do not depend on the order in which edges are contracted.

Lemma 6.2.6. Let T = (T,V,r) be a rooted tree-decomposition of a simple, locally
finite, connected, rooted graph (G,o), let C = (P, X) be a configuration on T and let

F=A{fi,fo} CET). Then T/f1/fo =T/ f2/f1 and C/f1/fo =C/f2/ f1.

Proof. Before we get started, we need to discuss a notational issue. Recall that when we
defined contractions, we abused notation so that we could refer to vertices and edges of
T and T'/ f by the same names. When considering contractions of different edges, this is
a potential source of confusion. For example, if there is an edge e connecting f;” to f5 ,
then e refers to the edge connecting ty, to f; in T'/f1, as well as to the edge connecting
ty, to fi in T/ fo.

However, for double contractions as considered in this lemma, this abuse of notation
works in our favour, that is, the function mapping every vertex of T'/ f1/ fa to the vertex
of T/ fo/ f1 with the same name is an isomorphism (which will play the role of ¢). More
precisely, there are two cases to consider: if f; and f2 are not incident, then T'/f1/ fa
and 7'/ fa/ f1 both contain two contracted vertices denoted by ¢y and ty,. In this case,
any edge incident to f; or fi" in 7T is incident to ts, in T/f1/f2 and T/ f2/f1 and any
edge incident to f, or f;” in T is incident to tr, in T/ f1/fo and T/ fa/ f1. If f1 and fo
are incident, then T/ f1/fo and T'/ fo/ f1 both contain a unique contracted vertex which
we will denote by tz. In this case, any edge incident to f;, fi", f5, or f5 in T is
incident to tp in T/ f1/f2 and T/ fo/ fi. The endpoints of all other edges are the same
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in T, T/ f1/ f2, and T/ fa/ f1 thus giving the desired isomorphism. In light of the above
discussion, we will from now on treat T/ f1/fo and T'/ fo/ f1 as the same tree and denote
it by T/F.

The claim 7/ f1/fo = T/ f2/ f1 follows directly from the definition of contraction. First

note that by definition, if ¢ & {f;, fi", f , f5 }, then V/f1/f2(t) = V() = V/f2/ f1(2).
If f; and fo are not incident, then

V/fi/faltp) = V/filtn) = V(D) UV = V/ (1) UV (A7) = V/ 2/ filts),

and analogous arguments show that V/fi/fa(ts,) = V/fa/ fi(ts,). In case fi and fo are
incident, the same line of reasoning leads to

V/fi/fa(tr) = V/ fo/ filtr) = V() UV UV ) UV(fS),

where two of the sets in the union on the right-hand side are the same. It is also easily
verified that r/f1/fo = r/f2/ f1, thus showing that indeed T/ f1/fo =T/ f2/ f1-

Our next goal is to show that P/f1/fo = P/fo/f1. It & {f;, i f>,f5}, then
P/f1/fa(t) = P(t) = P/fa/f1(t) by definition, so it only remains to consider the con-
tracted vertices.

If fi and f, are not incident, then P/fi/fa(ty,) = P/fi(ty,) and Lemma tells
us that this walk contains exactly the edges of P(f; ) — &(f1) and P(f;") — £(f1). On
the other hand, P/fa/fi(t,) contains exactly the edges of P/fa(f; ) — &/ f2(f1) and
Plfafi) = E/f2(f2)- Since PLL(T) = PUT), PLET) = PUR). and €/fa(f1) =
E(f1), the two edge sets coincide, and using that a self avoiding walk is uniquely deter-
mined by its set of edges we conclude that P/fi/fa(ts,) = P/f2/fi(ts ). An analogous
argument shows that P/f1/fa(ts,) = P/ fa/ fi(ty,).

If fi and fy are incident, then we may assume without loss of generality that f; = f;,
in particular the edge fo connects f~ to ty, in T/f1. By Lemma the edge set
of P/f1/f2(tr) consists of the edges of P/fi(fs) — &/f1(f2) = P(fy) — E(f2) and
P/fi(ty,) — €/ fi(f2). Again by Lemma the edge set of the latter multi-walk
consists of the edge sets of P(f;) — (E(f1) UE(fa)) and P(f;") — (E(f1) UE(f2)). Since
f1 is not incident to f57, the graph G(f;") and thus also the walk P(f,) is disjoint from
E(f1), and we conclude that the edge set of the walk P/f1/f2(tF) consists of the edge
sets of P(fi7) — (E(f1) UE(f2)), P(fi") — (E(f1) UE(f2)), and P(fy") — (E(f1) UE(f2))-
Since f; = fy , this is symmetric in f; and f2, and an analogous argument shows that
the edge set of P/ fy/f1(tF) is the same. Thus the two walks coincide.

Finally, we need to show that X/f1/fo = X/f2/f1. By Lemma both C/f1/ fa
and C/ fo/ f1 are bounded consistent configurations, thus by Remark it suffices to
show that the unique vertex t € T/F with X/ fi/ fa(t) = t also satisfies X/ fa/f1(t) = t.
This clearly follows from the definition of X/ f. O

Recall that the goal of this section is relating bounded consistent configurations on T
to self-avoiding walks of length at least 1 starting at the root o of G. In this sense the
upcoming Theorem[6.2.7]is the main result of this section. In preparation of this theorem,
for each vertex t, we define a map ¢ mapping bounded consistent configurations C' on
T to SAWs on the graph G(K;) corresponding to the cone K; as follows.
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First, recall the definition of G(S) for S subset of V(T'). In particular, when S = K
is a cone,

GE)=| U V), | Emuwe(ss)|.
teKs teKs

Let S C K consist of the vertex ¢ and all vertices of K; carrying non-boring configura-

tions. Note that Lemma implies that T'[S] is connected and thus a finite subtree

of K;. Let F = E(T[S]) be the set of its edges. We define

Yi(C) = P/F(tp),

where ¢ is the unique contracted vertex in T'/F. In other words, ¢:(C) is the self-
avoiding walk on the finite graph G/F(tr) obtained by contracting all edges of T'[Kj}]
connecting two vertices carrying non-boring configurations. By all its virtual edges
must be in £/F(th, tr) = E(t',t), because all other neighbours of ¢z carry boring con-
figurations. In particular, ¢,(C) is a SAW on G(K;) as claimed.

Let us illustrate this definition using the bounded consistent configuration depicted
in Figure In Figure we iteratively contract edges incident to the root vertex r
until only a single vertex carrying a non-boring configuration remains. This only takes
two steps. Any further contraction, for example the one done in the third step, does not
change the walk 1, (C') anymore.

Theorem 6.2.7. Let (G,0) be a simple, locally finite, connected graph rooted at o €
V(G), and let T = (T,V,r) be a rooted tree decomposition of (G,0). Then 1, is a
bijection between the set Cr and the set of self-avoiding walks of length at least 1 on G
starting at o and for every C € Cr, the weight ||C|| coincides with the length of 1, (C).

Proof. Let C € Cy. As above, let S be the set of all vertices of T' carrying non-boring
configurations and let F' = E(T[S]). Note that the root r is contained in S, and con-
sequently tp is the root of T/F. By the above discussion, ¢,(C) = P/F(tr) is a
self-avoiding walk on G starting at the vertex o. Furthermore, by inductive application
of Lemma [6.2.4] the weight ||C/| is equal to the weight ||C'/F||, which is the length of the
walk 1, (C), because ¢,(C) contains no virtual edges. Finally, note that X/F(tp) = tp
and thus P/F(tr) ends with a non-virtual edge, in particular v, (C') has length at least
1.

It remains to show that v, is bijective. We first show that it is injective. For i = 1,2
let C; = (P;, X;) € Cy such that ¢,(C1) = ¥,(C2). Let S consist of all vertices s of
T such that at least one of Ci(s) and Ca(s) is non-boring and let F' = E(T'[S]). Then
X1/F(tp) = Xo/F(tr) = tr because all neighbours of ¢ty carry boring configurations.
While S could potentially contain some vertices s of T' such that Cj(s) is boring, this
does not influence the result of P;/F(tr). Thus by assumption

P /E(tp) = ¢ (C1) = ¢ (C2) = P2/ F(tr)

and this walk does not contain virtual edges, so Lemma implies that C; /F = Cy/F.
Inductive application of Lemma yields C7 = (9, so 1, is injective.
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Figure 6.6: Contraction of the bounded consistent configuration C' on T. The walk
Yy (t) is reached after 2 steps. It contains only non-virtual edges and does
not change anymore during the third contraction.

To prove that 1, is surjective, let p be a SAW of length at least 1 on G starting at
o. There is a finite subset S C V(T') such that all edges of p are contained in G(S) and
T[S] is connected. As before, let F' = E(T[S]). Then (p,tr) is a configuration on tp
and p does not contain virtual edges, thus Lemma [6.2.2 provides a bounded consistent
configuration C' € Cr/p such that C(tr) = (p,tr). Lemma yields a configuration
C € Cy with ¥, (C) = P and therefore 1, is surjective. O

Remark 6.2.8. While vy maps bounded consistent configurations on the cone K; to
walks on the corresponding graph G(K;), it is (in general) only a bijection in the case
t = r. This is due to the fact that for ¢t # r the exit direction X (t) at vertex ¢ is in
general not uniquely determined by the walk v,(C); in many cases it can be either ¢ or
th.

86



6.3 A grammar for bounded consistent configurations

Throughout this section let (G, 0) be a rooted, simple, locally finite, connected graph
having only thin ends and let I" be a group acting quasi-transitively on G. Corollary 5.5
in [56] by Thomassen and Woess states that any transitive graph without thick ends
is accessible. Using the fact that any quasi-transitive graph is quasi-isometric to some
transitive graph (see Remark , and additionally that quasi-isometries preserve ac-
cessibility (see also Lemma [4.1.1]), we obtain that the graph G is accessible.

By Corollary there is a reduced, I'-invariant, rooted tree decomposition 7 =
(T,V,r) of (G,0) such that there are only finitely many I'-orbits on E(T'). By prop-
erty in Section the parts of such a tree decomposition are finite and by
the tree T is locally finite.

Our goal in this section is to reveal a recursive structure in the set of bounded con-
sistent configurations, which we later use to define a context-free grammar. To this end
we first show that there are only finitely many essentially different configurations on
vertices of T'. The letters in ¥ will correspond to these different configurations, and the
production rules will reflect the ways in which individual configurations can be combined
in a compatible way.

6.3.1 Choosing representatives of configurations

We would like to define a function p assigning one of finitely many representatives to
each vertex ¢t of T" and each configuration ¢ = (p,x) on t. This function p is chosen in
a way that for neighbouring vertices s and t of T" and configurations ¢s and ¢; on them
compatibility only depends on p(cs) and p(cy).

We start by choosing representatives of the cone equivalence classes of vertices of T

Lemma 6.3.1. There is a finite subset R of V(T') containing exactly one vertex of every
cone type such that T[R] is connected.

Proof. Choose a subset R of V(T') such that R contains at least one vertex of every cone
type, T[R] is connected, and R has minimal cardinality among all such sets. Clearly
R is finite as there are only finitely many cone types. Assume that R contains two
vertices s and ¢ in the same cone type and let v € I' map K onto K;. Then the set
R = (RU~v(RNKy))\ (RN Ky) still satisfies the condition that T[R’] is connected and
has smaller cardinality than R, because t € RN y(RN Kj). O

Let us now fix a set of representatives R of the cone types of 7 as in the previous
lemma. The representative of a vertex ¢ of T is denoted by p(t) € R.

For every vertex ¢ of T we define an automorphism d; € I' mapping K; to K. For
t € R let 6; = 1, the neutral element in I'; which acts as the identity on G. For any
vertex t € V(T) \ R with t' € R fix some arbitrary automorphism §; € I' mapping K; to
K ). Finally for all other vertices ¢ of T" inductively define

5,5 = (55”(15) o 5tr. (61)
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This is well defined because d,:(t) must be a child of a vertex of R for every ¢; in
particular, if 6, () € R, then d5 ;) = 1r. Note that equation in fact holds for all
vertices t of T" besides the root r.

We use these maps to extend the map p to configurations. Let ¢ = (p,x) be a
configuration on a vertex t of T'. Then p maps c onto a configuration on the representative
p(t) = 61(t) of t by

p(c) = bi(c) = (8¢(p), 0 ().

Additionally for every t € T let ti,. .. ,ti(t) be the k(t) children of ¢ ordered in a way
such that

5i(t) = 3,(8)} = p(D)}- (6.2)

This can be achieved by fixing any order of the children of vertices in R and then ordering
the children of any vertex ¢ accordingly. From the definition of §; it is immediate
that

(5& = 65t(ti) o) 5t- (63)

Note that the representative of the ¢-th child of ¢ is exactly the representative of the
i-th child of p(¢):

pUtE) = 6, (1) = 85,00 (Be(12)) = 8,00 (1)) = plp()). (6.4)

In the above equation, the first and last equalities use the definition of p on ¢; and p(t);
respectively, the other equalities follow from and .

Moreover we can use Jd; to map a consistent configuration C' on ¢ and its children
to a consistent configuration §; o C' o ;' on the representative p(t) and its children.
Note that d, Uis applied to vertices of T whereas d; is applied to configurations on the
corresponding parts. Similar to , we get that the configuration assigned by C' to
the i-th child of ¢ and the configuration assigned by d; o C' o 9, ! to the i-th child of the
representative of ¢ have the same image under p:

p(C(t7)) = 8 (C (1)) = b5, (8:(C (1)) = p(8:(C(t7))) = p(b¢ 0 C 087 (p(t)7))- (6.5)

Similarly to , the first and second equalities in follow from the definition of p
and equation , respectively. For the third equality, we use the definition of p and
the fact that 6;(C(t})) is a configuration on & (). The last equality follows from (6.2).

Let us illustrate the above definitions using the tree decomposition (7)) shown in
Figure[6.2] As before, we choose the central vertex corresponding to a part of cardinality
3 as the root r. It is not hard to see that I' acts with six orbits on the set of directed
edges of T, so we obtain seven cone types and the set R has to contain seven vertices
(see also Lemma . Figure shows a valid choice of the set R. Note that we could
also have taken the seven vertices in the first three layers of the rooted tree T as our set
R.

Let us sketch the recursive definition of ; using the vertices t1, t2 and t3 in Figure
First, note that the vertex t; is contained in R, so by definition d;, is the identity map.
The parent of ¢5 is in R, so we may choose an arbitrary automorphism  in I' mapping to
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t1

t3

Figure 6.7: Cone types of the tree decomposition T'. The square nodes give one possible
valid choice for the set R. The marked cones rooted at ¢1, to and t3 have the
same type.

to its representative ¢; in R and set d, = 7. Regarding ¢3, note that the representative
of t in R is t}, thus by definition 61% maps the cone th onto Kt; and thus t3 onto ts.
The map &, is obtained by first applying 5% (which maps t3 to t2), and then applying
(55% = 0, (which maps t3 to t1).

6.3.2 Construction of the grammar

The goal of this section is to construct a context-free language, whose words are in
one-to-one correspondence with bounded consistent configurations on the rooted tree
decomposition 7. Essentially, this language is obtained by going through the vertices of
the decomposition tree carrying non-boring configurations in the order given by depth-
first search and noting down the corresponding representatives of configurations (that
is, their images under p).

Instead of constructing a context free grammar for this language, we construct a 1-
multiple context free grammar. Clearly the two notions are equivalent; recall that by
Remark every context-free grammar stands in one-to-one correspondence to a 1-
multiple context-free grammar generating the same language. However, in anticipation
of Section where a multiple context free grammar for SAWs is constructed in a
very similar way, it makes more sense to consider multiple context-free grammars in the
present section as well.

The 1-multiple context-free grammar G = (N, X, P, A,.) generating our desired lan-
guage is defined as follows.

The alphabet is

¥ = {a. | ¢ configuration on some t € R}.
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The set of non-terminals is
N ={A,}U{A; .|t € R, ¢ configuration on t}.

For each t € R and every consistent configuration C' on the set {t,t],... ,tz(t)}, the set
P contains a production rule as follows. If C(¢) is non-boring, then the production

Ao acmr - - Try) < (Ap(t;),p(c*(t;))(fﬁz‘))ie[k(t)]

is in P. If C(t) is boring, then P contains the terminal rule

Ao (€) .

Additionally P contains for every configuration C(r) on r the production

A () = Ay oy ().

Note that any production rule of this grammar is uniquely determined by its head
and tail. This means that we do not lose any information by using simplified derivation
trees, where every vertex is labelled by the head of its corresponding rule instead of the
complete rule. To shorten notation, we henceforth work with simplified labels.

Remark 6.3.2. Observe that for any simplified derivation tree D of G whose root d is
labelled A; ., the following three conditions hold.

(i) The number of children of d is uniquely given by the pair (¢, c); we denote it by k.

(ii) If ¢ is non-boring, the word corresponding to D is w(D) = a.w(Dy)...w(Dy),
where D; is the sub-tree of D rooted at the i-th child of d and k& > 0. Otherwise ¢
is boring, w(D) = € and d is the only vertex of D.

(iii) Let d = vy, v2,...,v, be the vertices of D in DFS-order and let A(v;) = Ay, ¢, be
their labels. Then

ae, if ¢; is non-boring
w(D)=z1...x,, where z;= )
€ otherwise

Observations (i) and (ii) are direct consequences of the structure of G. For (iii) use
induction on the number of vertices n of D. If n = 1, then (ii) implies that ¢; is boring
and w(D) = ¢, so (iii) holds. Let now n > 1 and suppose (iii) holds for every derivation
tree with at most n— 1 vertices. Then ¢ is non-boring and the claim follows from (ii) by
applying the induction hypothesis on the sub-trees D1, ..., Dy rooted at the k children
of vy.

Lemma 6.3.3. The grammar G is unambiguous 1-multiple context-free.
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AT7C(T)

Aoty | Apta)pClta)) | | Ata,Cilta)

At4,C(t4) AtG»C(tG)

Figure 6.8: The map ¢ transforms the configuration C' on the decomposition tree T'
into the derivation tree ¢(C) over the grammar G. The generated word is

w(A(C)) = ac(r)ac(t1)AC (1) Up(C(t2)) AC (t3) AC (k) -

Proof. Let D and D’ be different non-trivial (consisting of at least 2 vertices) derivation
trees. Then there is a smallest positive number m, such that the m-th vertices u and
v’ in the DFS-orders on D and D’ either have a different number of children or have a
different label. Remark (i) implies that in any case AM(u) = A # Aw') = Ay o, sO
in particular ¢ # ¢’. By minimality of m, the parents of u and v’ have the same label,
so by Lemma the configurations ¢ and ¢’ must be non-boring. Thus Remark
(iii) implies that w(D) # w(D’) and G is unambiguous. O

Bounded consistent configurations on 7 are closely related to derivation trees of G.
Let us define a map ¢ assigning to any given C' = (P, X) € Cy a derivation tree of
our grammar G as follows. Let S C V(T') consist of all vertices s carrying non-boring
configurations C(s) and their neighbours. Then T[S] is connected and can be seen as
an ordered tree with root r, where the order of the children is inherited from the tree T'.
We label every vertex s of T[S] with A(s) = A,) p(c(s))-

As an example, we provide in Figure the derivation tree ¢(C') of the configuration
C given in Figure [6.4 Note that the vertex ¢ is not contained in the set R from
Figure so we need to apply p to the respective configuration. For all other ¢;, the
map p is the identity map and can be omitted. The vertex ¢5 is not contained in ¢(C)
because its parent to carries a boring configuration.

Lemma 6.3.4. The map ¢ is a bijection between the set Cy of bounded consistent
configurations on T and the set of derivation trees whose root is labelled by A, . for
some configuration ¢ on r.

Proof. Observe that an ordered tree labelled with non-terminals of N is a simplified
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derivation tree of G if and only if for every vertex ¢ and its children t¢1,...,t; there is a
rule in P with head A\(¢) and tail (A(t1), ..., A(tx))-

Let S be as above and s be a vertex of T'[S]. If C(s) is boring, then s is a leaf in T'[S]
and Ap(s),p(C(s))(e) < is a rule in P.

Otherwise C(s) is non-boring and we consider the children si, ..., 52(5) of s in T, which
are also the children of s in T'[S]. Then the production

Ay o) @p(e) @1 - 7)) 4 (At o6 @) iy

is in P because d5 0 C o d;! is a consistent configuration on {ds(s), ds(s}), ..., 55(52(15))}
and and hold. We conclude that ¢(C') is a derivation tree of G.

Our next step is to show that ¢ is surjective. Let D be a derivation tree of G whose
root d is labelled A,.. We recursively construct an embedding ¢ of D into 7" and a
bounded consistent configuration C' on 7' such that every vertex u of D has the label

Aw) = Ap(u(w),p(Cw)- (6.6)

We start the top-down construction by setting ¢(d) = r and C(r) = ¢. Then clearly
d satisfies (6.6). Suppose now t(u) = ¢ is already defined for a vertex u of D and that
u satisfies (6.6)). Let u1,...,u; be the k& > 0 children of u in D and A(u;) = As, ¢, their
labels. Then

Ap),pc)@pcw)®r - ok) < (As; e (%) )icik (6.7)

is a rule in P. This implies that ¢ has precisely k children #7,... ,tz in T and moreover
that p(t;) = s; holds for every i. We define 1(u;) = t; and C(t}) = 5,;1(01-). Then
C(t}) is compatible with C(t) for every i € [k]; the production rule (6.7) is in P if and

only if p(C(t)) = 6(C(t)) and 5;(1)+(ci) = 5t(5t:1(ci)) are compatible. In this way we

have constructed a consistent configuration C' on the sub-tree (D) of T. Note that by
definition of the set P, configurations on leaves of +(D) are boring. By Lemma the
configuration C' can be (uniquely) extended to a bounded consistent configuration on 7.
Moreover it follows directly from that ¢(C) = D, so ¢ is surjective.

Finally, it is not hard to see that ¢ is injective. Any two different configurations
C1 # C5 have to differ on some vertex ¢ of T'; we pick such a ¢ with minimal distance to
the root . Then Cy (') = Ca(t"), so Lemmayields that C1(t") is non-boring. Thus
t is a vertex of ¢(C1) and ¢(Csy). For i € {1,2} the label of ¢ in ¢(C;) is Ay p(ci(t))s SO
in particular ¢(C4) # ¢(C2) and we conclude that ¢ is injective. O

It is clear that ¢ also describes a bijection between the set C7 of bounded consistent
configurations on 7 and derivation trees of G whose roots are labelled A,.. Moreover, the
number of occurrences of a given letter a. in the word w(¢(C)) € L(G) corresponding
to ¢(C) is equal to the number of vertices ¢ of T with p(C(t)) = c.

Combining the previous results, the composition of the bijection ¢ mapping configu-
rations onto derivation trees and the natural bijection w between derivation trees and
their corresponding words of an unambiguous 1-multiple context-free grammar G is a
bijection between C7 and words in L(G), as stated in the following corollary.
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Corollary 6.3.5. There is a bijection 6 between the set Cr of bounded consistent config-
urations on T and the words in the unambiguous 1-multiple context-free language L(G)
such that the number of occurrences of a given letter a. in 0(C') coincides with the number
of vertices t of T with p(C(t)) = c.

Further combining Corollary [6.3.5] with the connection between bounded consistent
configurations and SAWs established in Theorem [6.2.7] we obtain the proof of our first
main result, Theorem [6.0.1] Before we turn to the proof, let us recall the statement of
the theorem.

Theorem Let G be a locally finite, connected, quasi-transitive graph having only
thin ends and let o € V(G). Then Fsawo(2) is algebraic over Q. In particular the
connective constant 1(G) is an algebraic number.

Proof. Let I" be a group acting quasi-transitively on G and 7 = (T, V,r) be a reduced,
I-invariant, rooted tree decomposition of (G, 0) such that there are only finitely many
I-orbits on E(T). Then by Theorem the generating function of self-avoiding walks
coincides with the generating function of the set Cr,

Fsawo(z) = Z ey
CeCr

Let G = (N,3X,P,S) be the unambiguous 1-multiple context-free grammar over the
alphabet ¥ = {ac,,...,a.,, } as defined at the start of Section m where the ¢; are
configurations on vertices in R, and let Fq) (@cyy- -, ac, ) be the commutative language
generating function of L(G). Chomsky and Schiitzenberger showed in [7] that commuta-
tive language generating functions of unambiguous context-free languages are algebraic
over QQ, that is, there is an irreducible polynomial P in m + 1 variables with coefficients
in Q such that
P(Frgy(acys- -5 0ep)s ey - - -5 Ge,p) = 0.

Corollary [6.3.5] yields that the generating function of C7 coincides with the generating
function obtained by substituting every variable a., in F7,q) by the monomial zlleill

Fsaw,o(2) = Fra) (ann, L Z||cmu)
In particular Fsaw,(2) is algebraic over Q; it satisfies the equation
Q (Fsawo(2), 2) =0,

where Q(y,2) = P (y,z”clH,...,z”cmH> is a polynomial with coefficients in Q. The
connective constant p(G) is the reciprocal of the radius of convergences of the algebraic
function Fsaw,(z) and thus an algebraic number. O
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6.4 The multiple context-free language of self-avoiding walks

In this section, we prove the second main result of this paper, which we briefly recall for
convenience.

Theorem Let G be a simple, locally finite, connected, quasi-transitive determin-
istically edge-labelled graph and let o € V(G). Then Lsawo(G) is k-multiple context-free
if and only if every end of G has size at most 2k.

The proofs of the two implications are quite different from one another and will be
discussed separately in the two subsections of this section. In order to show that bounded
end size implies that Lgawo(G) is a MCFL, we adopt a similar approach as in the
previous section and construct a MCFG which is very closely related to the grammar G
defined in Section For the converse implication we essentially follow the approach
of Section note that this part does not depend on the other results of the current
chapter and can be read independently.

6.4.1 Bounded end size implies multiple context-freeness

We use again the assumptions, notation and definition from the previous section. In
particular 7 = (T, V,r) again denotes a rooted tree decomposition of a rooted graph
(G, o) fixed throughout this section; we also fix a map p as constructed in Section Our
aim is proving the following theorem, a stronger version of one of the two implications
of Theorem [6.0.3

Theorem 6.4.1. Let G be a simple, locally finite, connected, quasi-transitive edge-
labelled graph having only ends of size at most k and let o be a given vertex of G.
Then the language of self-avoiding walks Lsaw,o(G) is [k/2]-multiple context-free.

If the edge-labelling is deterministic, then Lsaw,o(G) is unambiguous [k/2]-multiple
context-free.

To prove the above theorem, we give an MCFG G = (N,X,P, A,) and show that
it generates the language Lgawo(G). As mentioned above, G is a refinement of the
1-MCFG from Section [6.3]

Obviously, the alphabet 3 has to consist of all edge-labels. Note that this is a finite
set since G is locally finite and the group of label preserving automorphisms is assumed
to act quasi-transitively.

Like in Section the set of non-terminals is

N ={A,} U{A:. |t € R, cconfiguration on t}.

However, since we are constructing a MCFG, we need to assign a rank to each non-
terminal; to this end some additional definitions are necessary. For a vertex ¢t of T" and a
configuration ¢ = (p, ) on t let u(c) denote the number of walk components of p—&(t', t)
containing at least two vertices of V(¢',¢). Furthermore let r(c) = u(c) + 1 if # # ' and
the final walk component of p — £(t',t) contains only a single vertex of V(t',¢) and let
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Figure 6.9: Decomposition of P(t) into sub-walks P}. For even [, the walk P} is equal to
some U?; for instance Pj = U means that the fourth sub-walk in the second

walk component of P(t) — &(t',t) coincides with the second walk component
of P(t) NG(t,t]).

r(c) = p(c) otherwise. Define the rank of the non-terminal A;. to be r(c). Note that
r(c) = 0 if and only if ¢ is boring. For a configuration ¢ = (p, x) on the root part, we
define r(c) = 1; note that this is consistent with the above definition in the sense that
the root has no parent and there is exactly one walk component of p.

Next we turn to the set P of production rules. For every boring configuration ¢ on a
vertex t € R, P contains the rule

At,c(®) — .

For non-boring configurations, we need more involved production rules that require
some preliminary definitions. Let t € R and let C' = (P, X)) be a consistent configuration
on {t,t],... 7t2(t)} such that C(t) is non-boring. Let P, ..., Pyc()) be the walk compo-
nents of P(t) — E(',t) containing at least 2 vertices of V(t',t), and if 7(C(t)) > u(C(t))
let P.(c)) be the (possibly trivial) final walk component of P(t) —& (t',t). Moreover, for
each i € [k(t)] let U}, ... , U be the non-trivial walk components of P(t) N G(t,t;), that
is, the walk components that contain more than one vertex. Every Pj admits a unique
decomposition into an odd number of sub-walks P, = P,%P,f e P}%mﬂ such that P,ll isa
(possibly trivial) non-virtual walk if [ is odd and equal to some Uij if [ is even. Observe
that P,ZL = Uij means that the [-th part in the decomposition of P, is the j-th walk
component of P(t) N G(t,t;), that is, the notation P} indicates which walk component
of P(t) the walk lies in, whereas the notation Q{ tells us which adhesion set the virtual
edges belong to, see Figure for an example.
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For h < r(C(t)), the string «y, corresponding to P, is
an = U(By)2(PUER)2(Fy) .. (B,

where z(P}lL) = z;; with ¢, j chosen such that P,i = Uij ; in other words, «y, is obtained
from Pj by concatenating labels of non-virtual walks P,ll, and variables z; ; for virtual
walks P!. For h = r(C(t)), we define

ap, = (PN 2(PHUPE)(PY) ... ((PF™h)B,

where z(P}) = z; ; as above, and 3 = € unless there is some i € [k(t)] such that X (¢) = ¢
and P(t) does not end with an edge in £(¢,t;), in which case 8 is equal to the single
variable z; ;1.

For every t € R and each configuration C' on ¢ and its children such that C(t) is
non-boring, P includes the production rule

At,C(t) (O[]_, PN aT(C(t))) — (Ap(ti),p(C(tf))(Z@l? ey ZZJ(C(ti))))zE[k(t)] (68)

where the strings a1, ..., a,(c()) are defined as above.
Finally, for every configuration ¢ on the root r the production rule

A (z)  Ape(2)

is in P; this is a well formed production rule since A, . has rank 1.

Before showing that this grammar indeed generates the language Lgaw,o(G), let us
discuss why this intuitively should be true.

Let us extend the label function ¢ to walks p on the graph G(K}) corresponding to the
cone K in the natural way by mapping p onto the tuple of labels £(p) = ({(p1), ..., 4(pm))
of the non-trivial walk components p1,...,p, of p — E(t',t). If p is the empty walk,
then ¢(p) = 0. For a bounded consistent configuration C' € Cr with C(t) = ¢, we
want the term A; .(¢(¢+(C))) to be derivable in G, where ¢:(C) is the walk on G(K})
corresponding to the configuration C' as defined on page [85] This is inductively taken
care of by production rules of type : sub-walks of Pj consisting of virtual edges
correspond to variables z; ; in the string oy, which are subsequently replaced by strings
corresponding to walk components of 14(C) — £(t,s) where s is some child of t. To
see that this intuitively makes sense, recall that by definition ;(C) is obtained by
contracting all edges vertices carrying non-boring configurations and then taking the
walk P(tp), where tr is the unique contracted vertex. By Lemma the order of
edge contractions does not matter, hence we can first contract all edges not incident to ¢;
in particular, the walk 1;(C') can be obtained by replacing sub-walks consisting of virtual
edges in £(t,s) by appropriate sub-walks of 15(C), see Figure This replacement
procedure is essentially captured by rules of type .

When making the above intuition precise, there are some technical issues that need to
be addressed, leading to the fairly involved definition of r(c) and to the subtle difference
between ay, for h < r(C(t)) and a,(c(s))- These are due to the fact that walk components
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Figure 6.10: Iterated contraction shows that we can obtain ;(C) by combining walks
P(t) and 5(C) for all children s of t.

of ¥4(C) — E(',t) come in two different flavours. Recall that the walk 1;(C) starts in
V(t',t), and so does every walk component of ¢;(C) — £(t',t). Call a walk component
a U-walk if it returns to V(¢',t), and an I-walk if it doesn’t. We now sketch how these
two types of walks relate to the definitions of r(c) and ay,.

Firstly, recall that the rank 7(C(t)) of A; () should equal the number of walk com-
ponents of 1;(C) — E(t',t). Tt is not hard to see that the projection of any U-walk is a
non-trivial walk component of P(t) — £(t',t) containing at least two vertices in V(t', ).
I-walks on the other hand may or may not use edges of G(t). Note however that if there
is an I-walk, then it is necessarily the last walk component of 1;(C) — £(t',t), and it is
not hard to see that in this case X (¢) # t'. In particular, we have r(C(t)) = u(C(t)) + 1
if and only if there is an I-walk. Since p(C(t)) clearly counts the number of U-walks, we
conclude that r(C(t)) is indeed the number of walk components.

[-walks are also the reason why we need to include 3 in the definition of a, (). If
t has a child #; such that %(C) — E(t,t;) contains an I-walk, then 1;(C) ends in this

I-walk. Note that this happens if and only if X (¢) = t; and the last edge of P(t) is not
contained in £(t,t;). We would like the production rules to reflect this possibility, but
the I-walk only intersects V(t) in its starting point and thus it does not correspond to
any non-trivial walk component of P(t) NG (t,t;). Adding 2; 4,41 to the end of the string
ar(c(t)) allows us to replace the trivial walk consisting of the last vertex of P(t) by such
an I-walk. We once again point out that an I-walk always sits at the end of ¢;(C), so
we only have to consider this in the definition of ay, for h = r(C(t)).

With the above intuition and the resulting subtleties in mind, let us start by proving
some basic results about the grammar G.

Lemma 6.4.2. The grammar G is a [k/2]-multiple context-free.

Proof. As mentioned in the previous section, R is a finite set and the number of valid
configurations on a given part is finite, so N and P are finite sets. For the proof of
multiple context-freeness of G, it only remains to verify that every expression is a
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well-formed production rule over (N, ). Compatibility of C(t) and C(t;) implies that
wi = p(C(t)))) for every i. Additionally, if X (t) = ¢ for some i € [k(t)] and P(t)
does not end with an edge in £(¢,#}), then X (¢/) # ¢ and the final walk component of
P(t:)—E&(t,t;) contains only a single vertex of V(t,t}), so u;+1 = p(C(t}))+1 = r(C(t)).
We conclude that every variable z; ; with j < r(C(t})) occurs in o ... (o)) and it
follows directly from the construction that none of them occurs more than once. As a
consequence, G is multiple-context-free.

Let Py, ..., P be the walk components of P(t)—£(t",¢). Then P; contains at least
two vertices of V(t',t) for i < 7(C(t)) and at least one vertex of V(t',t) for i = r(C(t)).

The size of V(t',t) is at most k, so 2r(c) — 1 < k holds, which for an integer k is
equivalent to r(c) < [k/2]. We conclude that G is [k/2]-multiple-context-free. O

While the grammar G may appear more complicated than the 1-multiple context-free
grammar of configurations introduced in Section [6.3] the two grammars share many
structural similarities. In particular, production rules are again uniquely determined
by their heads and tails, so we can again work with simplified derivation trees, where
every vertex is labelled with the head of its production rule. In fact we even show that
simplified derivation trees of the two grammars are the same.

To this end, let us again define a map ¢ mapping bounded consistent configurations
C on T to simplified derivation trees of G. Let the set S consist of all vertices s € V(T')
carrying non-boring configurations C'(s) and the neighbours of such vertices. Then T'[S]
is an ordered tree with root r, where the order on the children of a vertex s is s7, . .., 32( 0
By labelling every vertex s of T'[S] with A, ,c(s)), We obtain an ordered tree labelled
with elements of IN.

The following lemma is analogous to Lemma the proof is exactly the same and
is thus omitted.

Lemma 6.4.3. The map ¢ is a bijection between the set Ct of bounded consistent
configurations on T and the set of derivation trees whose root is labelled by A, . for
some configuration ¢ on 7.

It remains to show that for any configuration C' € Cy, the word £(¢,.(C)) given by the
SAW ¢,.(C) on G coincides with the word corresponding to the derivation tree ¢(C).

Lemma 6.4.4. Let C € Cy be a bounded consistent configuration on T . Then
L(1hr(C)) = w(e(C)).

Proof. Let C € Cy. During the proof we denote for ¢t € V(T') by ¢;(C) the cone of ¢(C)
rooted at t. We prove that whenever C(t') is non-boring it holds that

{((C)) = w(ge(C))- (6.9)

We proceed by induction on the number of vertices s € K; carrying non-boring configu-
rations C(s).
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Let t € V(T) be such that C(s) is boring for every s € K;. Then ¢(C) is the
empty walk, so £(¢4(C)) = (). Furthermore ¢,(C) consists only of the vertex ¢ labelled
Ay, p(c(ry) and p(C(t)) is boring, so w(¢(C)) = 0.

For the induction step we first set up some notation. Let r be the number of walk
components of 1;(C) — £(t',t). For h € [r], let Q}, denote the h-th walk component of
P (C)—E(t",t), and let wy, = £(Qy). By definition £(1;(C)) = (w1, ..., w,). Analogously,
for each child #} of ¢, we define r; as the number of walk components of Q/Jtz;(C’) —E(t,t)).

For j € [ry], let Qi be the j-th walk component of ,.(C) — &(t,t;) and let wg be the
label of Qz . The definition of ¢ together with the induction hypothesis imply that

(@ (C)) = LWy (O)) = (w],...,w]),

in particular r; = r(C(t;)). We examine the left-hand side and right-hand side of
independently, and show that they yield the same tuple of words.

For the left-hand side first recall that for any vertex s of T' we have that ¢5(C) =
P/F(tr) where F is the set of edges in K incident to vertices with non-boring configura-
tions. By Lemma [6.2.6] the order of edge contractions does not play a role, in particular
4(C) can be obtained by first contracting all such edges not incident to ¢, and then
contracting the edges connecting ¢ to ] one by one.

This means that we can construct 1;(C') from P(t) by performing the following mod-
ifications for each i € [k(t)]. For every virtual edge uv € P(t) N E(t,t}), the walk v,.(C)
contains a sub-walk with the same endpoints entirely consisting of non-virtual edges.z Re-
place every such virtual edge in P(t) by the corresponding walk in 1%(0)- If X(t) =t
then append the sub-walk of 4. (C) after the last vertex in V(¢,t;) to the resulting walk.
Note that equivalently, we can let U}, ..., Ul be the sequence of non-trivial walk com-
ponents of P(t)NG(t,t;), replace every Ul-j by the respective Qg , and append Q;" in case
X (t) =t; and P(t) does not end in a virtual edge in E(t,t}).

Let Py, ..., Py be the walk components of P(t)—E(t',t) and for every h € [r(C(t))]
let P, = P,%P,f e meﬂ be the unique decomposition into sub-walks such that P,l1 is a
possibly trivial non-virtual walk if [ is odd and equal to some Uij if [ is even. By the
above discussion, for h < r(C(t)) we thus have

UQn) = UPHUPHUPUP,) .. (P,

where /(P}) = K(Qz ) = wf for the unique indices i, j satisfying P} = Uij . For the final
walk component, that is, h = r(C(t)), we analogously obtain

UQn) = UP)UPDUPUP,) ... (P,

where £(P}) = w] as above and 8 = ¢, unless X (t) = t! and P(t) does not end with an
edge in E(t,1}), in which case § = £(Q" 1) = w!it!,

We now turn to the right-hand side of (6.9). For every i € [k(¢)], the induction
hypothesis implies that qﬁtt‘(C) is a derivation tree of the term

T

— 1
T = Ap(ti),p(c(tﬁ)) (wl y oo, Wy ) .
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Moreover the root ¢ of ¢(C) has label A,y o)), 50 ¢:(C) is a derivation tree of the
term obtained by application of the rule

Apwypc@) (@t -5 ancy) (Ap(tg),p(c@;))(zi,l, . 7Zi,r(c(t;))))ie[r(c(t))]

to (7i)ic[k(r))- By definition of ay, the h-th entry of this term is obtained from the wg in
the exact same way as £(Qp) and we conclude that £(1,(C)) = w(¢¢(C)) as claimed. 0O

We are now able to prove the main result of this section by combining the previous
results.

Proof of Theorem [6.4.1] Theorem [6.2.7] yields that the language of self-avoiding walks
of the graph G satisfies

Lsaw,o(G) = {£(¢(C)) | C € C1}.

Furthermore Lemma [6.4.3] implies that the language generated by the grammar G is
given by
La ={w(¢(C)) | C Cr}.

But by Lemma these two sets are equal and G is a [k/2]|-multiple-context-free
grammar generating Lsaw,o(G).

Finally, if the edge-labelling of GG is deterministic, then ¢ is a bijection between the set
of self-avoiding walks on G and Lgaw,(G). Lemma provides equality of the maps
wo ¢ = Lo, so in particular w o ¢ is also a bijection. We conclude that w bijectively
maps derivation trees with respect to G onto words in L(G), so G is unambiguous. []

6.4.2 Multiple context-freeness implies bounded end size

In this section we prove the second part of our main result, namely

Theorem 6.4.5. Let G be a simple, locally finite, connected, quasi-transitive deter-
ministically edge-labelled graph such that Lsaw,o(G) is k-multiple context-free for some
0 € V(G). Then every end of G has size at most 2k.

As mentioned before, the proof of this statement will mostly follow the approach in
Section .21

Recall that any graph automorphism is either elliptic, parabolic or hyperbolic, de-
pending on whether it fixes a finite subset of vertices, a unique end or a unique pair of
ends. In what follows, elliptic automorphisms are useless, so as a first step we eliminate
the possibility that all label-preserving automorphisms are elliptic.

We remark that there are numerous examples of infinite graphs admitting a transitive
group action by only elliptic automorphisms. To see this, note that any non-elliptic auto-
morphism must have infinite order because it cannot fix a finite set of vertices. Therefore
some interesting examples arise from the study of the famous Burnside Problem from
1902, asking whether every finitely generated torsion group, that is a group in which
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every element has finite order, must be finite. While this question remained unsolved
for more than 60 years, nowadays various examples of infinite torsion groups are known.
Any such group acts transitively on its Cayley graph by only elliptic automorphisms.

However, if Lgaw,o(G) is multiple context-free, then there are always non-elliptic au-
tomorphisms. The following lemma extends Lemma to multiple context-free lan-
guages; the proof is essentially the same.

Lemma 6.4.6. Let G be a connected, infinite, locally finite and deterministically edge-
labelled graph and letT' < AUT(G, £) act quasi-transitively on G. If Lsawo(G) is multiple
context-free for some vertex o of G, then I' contains a non-elliptic element.

Proof. The graph G is infinite and connected, so Lgaw,(G) is an infinite language.
Thus by Lemma the k-multiple context-free language Lgaw,o(G) contains some
word w = x1y122 . . . YorTop+1 Such that at least one of yq, ..., yox is not the empty word
€, and YT @2 . .. Y Topt+1 € Lsawo(G) for every n € Ng. Let m = min{i € [2k] | y; # €}.
Then for every n € Ny, the word z1 ...xny,, is a prefix of some word in Lgaw,(G) and
thus itself contained in Lgaw,o(G). Let vg be the end-vertex of the unique walk p on G
starting at o and having label ¢(p) = 21 ...x,,. Then for every n > 0 there is a unique
self-avoiding walk p,, of length n |y,,| starting at vy and having label y;;,. We denote
by v, the endpoint of the walk p,,. Using the fact that I' acts quasi-transitively on G,
there must be some 7 € I' and some 0 < i < j < n such that Tv; = v;. Since 7 is label
preserving, Tlv; = Vjy(1—1)(j—i) 7 vi for every [ > 0 and Proposition 12 in [26] yields that
7 is non-elliptic. O

Recall from Section that a locally finite, connected graph S is called a strip if it is
quasi-transitive and has precisely two ends. It is called a 7-strip for 7 € AUT(S), if the
cyclic group (7) generated by T acts quasi-transitively on S. We use the same notation
if S is a subgraph of a graph G invariant under 7 € AUT(G). Note that both ends of
a strip have the same finite size & which we call the size of S. It follows directly from
Theorem that any 7-strip of size k contains k disjoint 7-invariant double rays.

The following lemma is a combination of Lemma and Lemma and provides
the existence of 7-strips in certain types of graphs. In particular, it implies that 7-strips
exist whenever there is a non-elliptic automorphism.

Lemma 6.4.7. Let G be a locally finite connected graph and let T' act quasi-transitively
on G.

1. If G has a thin end of size k, then it contains a T-strip of size k for some T € I

2. If ' contains a parabolic element, then for every k > 1, the graph G contains a
T-strip of size k for some T € I

With these existence results for 7-strips in a graph G in mind, we turn to the relation
between strips in a graph G and its language of SAWs. A combination of the previous
lemma and the upcoming lemma is already sufficient to treat graphs G without thick
ends.
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Lemma 6.4.8. Let G be a connected, infinite, deterministically edge-labelled graph on
which AUT(G,¥) acts quasi-transitively, let o be a verter of G and let k € N. If G
contains a T-strip of size 2k + 1 for some T € AUT(G,¥), then Lgaw,o(G) is not k-
multiple context-free.

Proof. The proof can be outlined as follows. We start by defining an infinite set P of
walks such that firstly, the language ¢(P) is regular, and secondly, the language ¢(Psaw)
of the subset Pgaw consisting of all self-avoiding walks in P is not k-multiple context-
free. It then follows from the closure properties of k-multiple context free languages that
Lsaw,o(G) is not k-multiple context-free.

The set P essentially consists of spiral-shaped walks on the strip S, see Figure [6.11
For a concise definition, first recall that the strip S contains 2k + 1 7-invariant rays
Ry, ..., Ropyq1 and that the subgroup (r) of AUT(G,¥) generated by 7 acts quasi-
transitively on S. After possibly replacing 7 with some power 7!, we can find a set
K be a set of orbit representatives of the action of (7) on S such that the induced sub-
graphs S[K] and R;[K] (for every i € [2k + 1]) are connected. See Lemma on how
to find such a set K.

Let Tk be a spanning tree of S[K| containing all edges of the paths R;[K]. Such a tree
exists because S[K] is connected and the rays R; are disjoint and acyclic. For j € [2k]
let Tk (j) be the smallest sub-tree of T containing the paths R;[K], ..., Ropt1[K]. We
call a ray R; pendant in Tk (j) if Tk (j) contains precisely one edge connecting a vertex
of R; to a vertex not in R;. Clearly Tk (j) contains at least two pendant rays and we
may relabel the rays in a way such that for every ¢ € [2k], the rays R; and R;y; are
pendant in the tree Tx ().

For i,j € [2k + 1] with ¢ # j let W;; be the path connecting R; to R; in Tk.
Furthermore let Wy o consist of a shortest walk connecting o to some vy € 7"(Tk),
followed by a walk connecting vy and R on 7" (T ).

It will be convenient to slightly abuse notation and define concatenations of walks
whose endpoint and starting point do not coincide, but the endpoint of the first walk
can be mapped onto onto the starting point by a suitable power of 7. More precisely, let
P and @ be two walks on .S, let u be the endpoint of P and let v be the starting point
of Q. If v = 7¢(u), we write PQ for the concatenation of P and 7!Q.

Using this notation, for each i € [2k] let us define a walk

Xi=Wit1,i11QWit14,

where () is the path connecting the endpoint of W;_; ;11 to the starting point of 7(Wjt1 ;)
on the ray R;; if i is odd and the endpoint of 7(W;_1 ;1) to the starting point of W1 ;
if 4 is even. Note that we apply the notation defined above, so X; consists of the paths
Wi—1,i+1, Q and 7(Wjt1 ;). In particular X; is self-avoiding because W;_; ;41 and Wiy ;
are fully contained in S[K]. Moreover, let Xop11 = Way 2x4+1Q, where @ connects the
endpoint of Wy, 9x41 with its image under 7 on the ray Rojyi. Furthermore observe
that X; is contained in Tk (i — 1) meets R;—; and R; only in its endpoints.

Next, for every i € [2k+ 1] let r; be the terminal vertex of X;. Note that r; is a vertex
of R;. Moreover for ¢ < 2k it lies in the same orbit as the initial vertex of X;,; because
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Figure 6.11: Spiral shaped walks in P. The dashed rectangles contain the set K and its
respective translates under 7°.

the rays R; and R,y are pendant in the tree Tk (7). Finally let Y; be the sub-path of R;
connecting r; with 72(r;) if i is odd and let Y; be the sub-path of R; connecting 72(r;)
with r; if 7 is even.

Let P be the infinite set of walks of the form

XY XoYy? o Xop 1 Yo i1, (6.10)

where ny,...,nox11 € N. See Figure for an illustration of an element of P.
The language L(P) has the form

L(P) = {x1y7 x2y5? .. .x2k+1y;§ﬁ1 | n1,...,noks1 € N} (6.11)

where the words x; and y; are the labels of the walks X; and Y;, respectively. Clearly,
L(P) is a regular language.

We claim that a walk of type is self-avoiding if and only if n,41 < n; for every
i € [2k]. Fix a walk W = X1Y{" X5V ... Xop 1Yy t7' € P and denote by X; the
sub-walk of W corresponding to X; and by Y; the sub-walk of W corresponding to the
concatenated walk Y. In the example shown in Figure we have no = n; — 1.
Observe that ny > n; would yield a self-intersection on Rs.

We say that a vertex v € S lies on level [ € Z, if v € 72 (K)Ur?*1(K). First note that
the walk X; does not contain vertices on level I > 1. Moreover, it follows inductively
that X; contains only vertices on level [; = ;;ﬁ(—l)j _lnj and that Y; starts on level [;
and ends on level /;4.

Assume that the walk W is not self-avoiding. Then there is some index i € [2k + 1]
such that X; intersects either X j for j > i or contains an interior point of }73 for some
j € [2k+1]. For j < i—1, the walk X; does not intersect }7] because I; does not
intersect Tk (i — 1). For j € {i — 1,4}, the walk X; contains only a single vertex of R;,
which is an endpoint of f’j Therefore j > ¢, and in particular f{} contains a vertex on
level I;. Without loss of generality assume that j is odd, the other case is symmetric.
Since Y] connects levels [; to lj4+1 > [; we conclude that l; 1 > 1; > ;. If i is odd, then

j—1
0>1i—li=> (=) m = (ni —nig1) + - + (nj2 —nj 1),

l=t
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so there is some index [ such that n;_; < n;. Otherwise ¢ is even and an analogous
argument using 0 < [;11 — [; leads to the same conclusion.

For the converse implication assume that there is ¢ € [2k] such that n;11 > n;. We
claim that the sub-walk XiﬁXiHYiH of W is not self-avoiding. Assume without loss of
generality that ¢ is odd, the other case is symmetric. Since n; — n;11 < 0 we know that
live <l; < liy1. In particular, both X; and }7i+1 contain vertices on level [;. Moreover,
by definition of X; the walk X; contains a vertex v of R;1; N 724+ (K). Finally the
sub-path Yji1 of R;y1 starts at a vertex in 724+1(K) and ends at a vertex in 724+2(K)
and thus must contain the vertex v. We conclude that W is not self-avoiding.

Let us now assume that the language Lgaw,(G) is k-multiple context-free. Recall that
the class of k-multiple context-free languages is closed under homomorphisms, inverse
homomorphisms, and intersection with regular languages. Using these properties and
Theorem [5.0.1} we derive a contradiction. First, note that the language

n:
L(Psaw) = {z1y7 zays? . .. x2k+1y2,§j_ﬁ1 |n1 >mng >+ >ngprq >0}

is the intersection of the regular language L(P) and the k-multiple context-free language
Lsaw,o(G) and thus must be k-multiple context-free. We define a language homomor-
phism

¢ :{a1, b1, ..., ak41,bop 41} — B

by setting ¢(a;) = :viyi2k+27i and ¢(b;) = y; for every i € [2k + 1]; we point out that a;
and b; are single letters, whereas x; and y; are labels of walks and thus may consist of
multiple letters. The language

n
Ly = {a1b]" ... aggq1bop ' | 1 > mp > - > nggy1 > 0}
is k-multiple context-free because

Ll = ¢_1(L(PSAW>) M {alb’fl Ce agk_,_lbgélril | Ny, s N2Ak+1 c No}.

Note that this statement strongly relies on the fact that the edge-labelling ¢ is deter-
ministic: the image ¢(w) of any word w € {a1b]" ... agkﬂbg;'ff | n1,...,nopr1 € No}is
the label of a unique walk in P and thus has a unique representation of the form (6.11)),
which lies in L(Psaw) if and only if ny > ng > -+ > nggy1 > 0.

Finally, the language Lo = {c!" c;,?ff | ny > ng > -+ > ngpy1 > 0} is the image
of L; under the obvious homomorphism mapping a; to € and b; to ¢; and thus must be
k-multiple context-free, a contradiction to Theorem [5.0.1 O

The property of having a k-multiple context-free language of SAWs is closed under
taking certain subgraphs. The following lemma extends Lemma to MCFLs; the
proof works exactly the same and is thus omitted.

Lemma 6.4.9. Let H be a subgraph of G which is invariant under a subgroup T' of
AUT(G,?) acting quasi-transitively on H. If Lsaw,o(G) is k-multiple context-free, then
there is a vertex o' € V(H) such that Lsaw, (H) is also k-multiple context-free.
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Knowing that k-multiple context-freeness of the language of self-avoiding walks forbids
T-strips of size at least 2k + 1, we are able to prove the main result of this section. Note
that the case of thin ends is already taken care of, so we mainly need to deal with thick
ends in the proof.

Proof of Theorem[6.4.5. By Lemma there is no 7 € I' = AUT(G, ¢) such that the
graph G contains a 7-strip of size 2k + 1. Lemma yields that all thin ends of G
have size at most 2k, thus G is accessible.

Assume for a contradiction that G contains a thick end. By Theorem there is
a tree decomposition (7', V) of G efficiently distinguishing all ends of G such that there
are only finitely many I'-orbits on E(T"). We have seen in Section that G having a
thick end implies that there is a vertex ¢ of T' such that the part V(¢) is infinite. By
Lemma the set-wise stabiliser I'y;) < I' of V(t) acts quasi-transitively on this part.

Let H be the subgraph of G obtained from the induced subgraph G[V(¢)] in the
following way. For every edge e of T incident to ¢ add for every pair of vertices in the
adhesion set V(e) all shortest walks connecting these vertices. Then H is connected and
I'y(y) acts quasi-transitively on H because it acts with finitely many orbits on the edges
of T and thus on the adhesion sets contained in V(¢). By Lemma there exists
a vertex o' of H such that the language Lgaw (H) is k-multiple context-free and by
Lemma the subgroup I'y ;) contains a non-elliptic graph automorphism ~v. As H
has only a single (thick) end, v fixes this end and is parabolic. By Lemma the
graph H contains a 7-strip S of size 2k + 1 for some 7 € T'y ;). But S is also a 7-strip
in the original graph G, contradicting Lemma We conclude that all ends of G are
thin. O

105



Bibliography

S. E. Alm and S. Janson. “Random self-avoiding walks on one-dimensional lat-
tices”. In: Commun. Stat., Stochastic Models 6.2 (1990), pp. 169-212.

A. V. Anisimov. “Group languages”. In: Cybernetics 7.4 (July 1971), pp. 594-601.

R. Bauerschmidt, H. Duminil-Copin, J. Goodman, and G. Slade. “Lectures on self-
avoiding walks”. In: Probability and statistical physics in two and more dimensions.
Vol. 15. Clay Math. Proc. Amer. Math. Soc., Providence, RI, 2012, pp. 395—467.

T. Ceccherini-Silberstein, M. Coornaert, F. Fiorenzi, P. E. Schupp, and N. W. M.
Touikan. “Multipass automata and group word problems”. In: Theor. Comput.
Sei. 600 (2015), pp. 19-33.

T. Ceccherini-Silberstein and W. Woess. “Growth and ergodicity of context-free
languages”. In: Trans. Am. Math. Soc. 354.11 (2002), pp. 4597-4625.

T. Ceccherini-Silberstein and W. Woess. “Context-free pairs of groups. I: Context-
free pairs and graphs”. In: Fur. J. Comb. 33.7 (2012), pp. 1449-1466.

N. Chomsky and M. P. Schiitzenberger. “The algebraic theory of context-free lan-
guages”. In: Computer programming and formal systems. North-Holland, Amster-
dam, 1963, pp. 118-161.

M. Dehn. “Uber unendliche diskontinuierliche Gruppen”. In: Math. Ann. 71.1
(1911), pp. 116-144.

M. Dehn. “Transformation der Kurven auf zweiseitigen Flachen”. In: Math. Ann.
72.3 (1912), pp. 413-421.

W. Dicks and M. J. Dunwoody. Groups acting on graphs. Vol. 17. Cambridge
Studies in Advanced Mathematics. Cambridge University Press, Cambridge, 1989,
pp. xvi+283.

V. Diekert and A. Weif}. “Context-free groups and their structure trees”. In: Int.
J. Algebra Comput. 23.3 (2013), pp. 611-642.

C. Droms, B. Servatius, and H. Servatius. “The structure of locally finite two-
connected graphs”. In: FElectron. J. Comb. 2 (1995).

H. Duminil-Copin and S. Smirnov. “The connective constant of the honeycomb
lattice equals \/2 + v/2”. In: Ann. Math. (2) 175.3 (2012), pp. 1653-1665.
M. J. Dunwoody. “Cutting up graphs”. In: Combinatorica 2.1 (1982), pp. 15-23.

M. J. Dunwoody and B. Kron. “Vertex cuts”. In: J. Graph Theory 80.2 (2015),
pp. 136-171.

106



P. J. Flory. Principles of Polymer Chemistry. Cornell University Press, 1953.

H. Freudenthal. “Uber die Enden topologischer Rdume und Gruppen”. In: Math.
Z. 33.1 (1931), pp. 692-713.

H. Freudenthal. “Uber die Enden diskreter Raume und Gruppen”. In: Comment.
Math. Helv. 17 (1945), pp. 1-38.

L. A. Gilch and S. Miiller. “Counting self-avoiding walks on free products of
graphs”. In: Discrete Math. 340.3 (2017), pp. 325-332.

G. R. Grimmett and Z. Li. “Connective constants and height functions for Cayley
graphs”. In: Trans. Amer. Math. Soc. 369.8 (2017), pp. 5961-5980.

G. R. Grimmett and Z. Li. “Self-avoiding walks and amenability”. In: Electron. J.
Combin. 24.4 (2017), Paper 4.38, 24.

G. R. Grimmett and Z. Li. “Locality of connective constants”. In: Discrete Math.
341.12 (2018), pp. 3483-3497.

G. R. Grimmett and Z. Li. “Self-Avoiding Walks and Connective Constants”. In:
Sojourns in Probability Theory and Statistical Physics - II1. Ed. by V. Sidoravicius.
Singapore: Springer Singapore, 2019, pp. 215-241.

R. Halin. “Uber unendliche Wege in Graphen”. In: Math. Ann. 157 (1964), pp. 125-
137.

R. Halin. “Uber die Maximalzahl fremder unendlicher Wege in Graphen”. In: Math.
Nachr. 30 (1965), pp. 63-85.

R. Halin. “Automorphisms and endomorphisms of infinite locally finite graphs”.
In: Abh. Math. Semin. Univ. Hamb. 39 (1973), pp. 251-283.

R. Halin. “S-functions for graphs”. In: J. Geom. 8.1-2 (1976), pp. 171-186.

M. Hamann, F. Lehner, B. Miraftab, and T. Rithmann. A Stallings’ type theorem
for quasi-transitive graphs. 2018. arXiv:[1812.06312 [math.C0]l

J. M. Hammersley. “Percolation processes. II: The connective constant”. In: Proc.
Camb. Philos. Soc. 53 (1957), pp. 642-645.

J. M. Hammersley and D. J. A. Welsh. “Further results on the rate of convergence
to the connective constant of the hypercubical lattice”. In: Quart. J. Math. Ozxford
Ser. (2) 13 (1962), pp. 108-110.

G. H. Hardy and S. Ramanujan. “Asymptotic formulee for the distribution of
integers of various types [Proc. London Math. Soc. (2) 16 (1917), 112-132]”. In:
Collected papers of Srinivasa Ramanujan. AMS Chelsea Publ., Providence, RI,
2000, pp. 245-261.

M. A. Harrison. Introduction to formal language theory. Addison-Wesley Publish-
ing Co., Reading, Mass., 1978, pp. xiv+594.

M.-C. Ho. “The word problem of Z™ is a multiple context-free language.” In: Groups
Complez. Cryptol. 10.1 (2018), pp. 9-15.

107


https://arxiv.org/abs/1812.06312

[34]

W. Imrich and N. Seifter. “A note on the growth of transitive graphs”. In: Discrete
Math. 73.1-2 (1989), pp. 111-117.

W. Imrich and N. Seifter. “A survey on graphs with polynomial growth”. In: Dis-
crete Math. 95.1-3 (1991), pp. 101-117.

H. A. Jung and M. E. Watkins. “Fragments and automorphisms of infinite graphs”.
In: Eur. J. Comb. 5 (1984), pp. 149-162.

M. Kanazawa. “The pumping lemma for well-nested multiple context-free lan-
guages”. In: Developments in language theory. Vol. 5583. Lecture Notes in Comput.
Sci. Springer, Berlin, 2009, pp. 312-325.

M. Kanazawa, G. M. Kobele, J. Michaelis, S. Salvati, and R. Yoshinaka. “The fail-
ure of the strong pumping lemma for multiple context-free languages.” In: Theory
Comput. Syst. 55.1 (2014), pp. 250-278.

W. Kuich and A. Salomaa. Semirings, automata, languages. Vol. 5. EATCS Mono-
graphs on Theoretical Computer Science. Springer-Verlag, Berlin, 1986, pp. v+374.
F. Lehner and C. Lindorfer. Self-avoiding walks and multiple context-free languages.
2020. arXiv: 2010.06974 [math.CO0].

F. Lehner and C. Lindorfer. “Comparing consecutive letter counts in multiple
context-free languages”. In: Theor. Comput. Sci. 868 (2021), pp. 1-5.

C. Lindorfer. The language of self-avoiding walks. Connective constants of quasi-
transitive graphs. Wiesbaden: Springer Spektrum (Master Thesis), 2018, pp. viii
+ 65.

C. Lindorfer. “A general bridge theorem for self-avoiding walks”. In: Discrete Math.
343.12 (2020). Id/No 112092, p. 11.

C. Lindorfer and W. Woess. “The Language of Self-Avoiding Walks”. In: Combi-
natorica 40.5 (Nov. 2020), pp. 691-720.

N. Madras and G. Slade. The self-avoiding walk. Boston, MA: Birkh&duser, 1993,
pp. xiv + 425.

D. E. Muller and P. E. Schupp. “Groups, the theory of ends, and context-free
languages”. In: J. Comput. Syst. Sci. 26 (1983), pp. 295-310.

D. E. Muller and P. E. Schupp. “The theory of ends, pushdown automata, and
second-order logic”. In: Theor. Comput. Sci. 37 (1985), pp. 51-75.

L. Pélecq. “Automorphism groups of context-free graphs”. In: Theor. Comput. Sci.
165.2 (1996), pp. 275-293.

N. Robertson and P. D. Seymour. “Graph minors. III. Planar tree-width”. In: J.
Combin. Theory Ser. B 36.1 (1984), pp. 49-64.

G. Sabidussi. “On a class of fixed-point-free graphs”. In: Proc. Am. Math. Soc. 9
(1958), pp. 800—-804.

S. Salvati. “MIX is a 2-MCFL and the word problem in Z? is captured by the 10
and the OI hierarchies.” In: J. Comput. Syst. Sci. 81.7 (2015), pp. 1252-1277.

108


https://arxiv.org/abs/2010.06974

H. Seki, T. Matsumura, M. Fujii, and T. Kasami. “On multiple context-free gram-
mars.” In: Theor. Comput. Sci. 88.2 (1991), pp. 191-229.

J.-P. Serre. Trees. Translated from the French by John Stillwell. Springer-Verlag,
Berlin-New York, 1980, pp. ix—+142.

P. M. Soardi and W. Woess. “Amenability, unimodularity, and the spectral radius
of random walks on infinite graphs”. In: Math. Z. 205.3 (1990), pp. 471-486.

C. Thomassen. “The Hadwiger number of infinite vertex-transitive graphs”. In:
Combinatorica 12.4 (1992), pp. 481-491.

C. Thomassen and W. Woess. “Vertex-transitive graphs and accessibility”. In: J.
Comb. Theory, Ser. B 58.2 (1993), pp. 248-268.

V. I. Trofimov. “Automorphism groups of graphs as topological groups”. In: Math.
Notes 38 (1985), pp. 717-720.

W. T. Tutte. Graph theory. Foreword by Crispin St. J. A. Nash- Williams. Vol. 21.
Cambridge University Press, Cambridge, 1984.

K. Vijay-Shanker, D. J. Weir, and A. K. Joshi. “Characterizing Structural Descrip-
tions Produced by Various Grammatical Formalisms”. In: 25th Annual Meeting of
the Association for Computational Linguistics. Stanford, California, USA: Associ-
ation for Computational Linguistics, July 1987, pp. 104-111.

W. Woess. “Graphs and groups with tree-like properties”. In: J. Combin. Theory
Ser. B 47.3 (1989), pp. 361-371.

W. Woess. Random walks on infinite graphs and groups. Vol. 138. Cambridge:
Cambridge University Press, 2000, pp. xi + 334.

W. Woess. “Context-free pairs of groups. II: Cuts, tree sets, and random walks”.
In: Discrete Math. 312.1 (2012), pp. 157-173.

D. Zeilberger. “Self-avoiding walks, the language of science, and Fibonacci num-
bers”. In: J. Statist. Plann. Inference 54.1 (1996), pp. 135-138.

109



	Introduction
	Basic background and notation
	Graph theory
	Formal languages

	A general bridge theorem for self-avoiding walks
	Graph height functions and bridges
	The bridge theorem
	Bridges in the grandparent graph

	Context-free language of self-avoiding walks
	Ends and strips in locally finite graphs
	Context-freeness and ends
	Graphs with context-free language of self-avoiding walks
	Discussion and examples

	Comparing consecutive letter counts in multiple context-free languages
	Main result

	Multiple context-free language of self-avoiding walks
	Graphs and tree decompositions
	Rooted tree decompositions
	Cones and cone types

	Configurations
	A grammar for bounded consistent configurations
	Choosing representatives of configurations
	Construction of the grammar

	The multiple context-free language of self-avoiding walks
	Bounded end size implies multiple context-freeness
	Multiple context-freeness implies bounded end size


	Bibliography

