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SUMMARY

The focus of this thesis is to investigate the impact of the boundary conditions on
configurations in the Abelian sandpile model. We have two main results to present in
this thesis.

Firstly we give a family of continuous, measure preserving, almost one-to-one map-
pings from the wired spanning forest to recurrent sandpiles. In the special case of Z¢,
d > 2, we show how these bijections yield a power law upper bound on the rate of
convergence to the sandpile measure along any exhaustion of Z¢9.

Secondly we consider the Abelian sandpile on ladder graphs. For the ladder sandpile
measure, v, a recurrent configuration on the boundary, I, and a cylinder event, E, we

provide an upper bound for (v(E|I) — v(E)|.
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CHAPTER 1

INTRODUCTION.

Let us begin by informally introducing the model that is the focus of this thesis, the for-
mal definition is postponed until Chapter 2. The Abelian sandpile model is a stochastic
particle model defined on a graph by a cellular automaton. It starts by assigning each
vertex a number of particles to hold, known as the vertex’s height. Each vertex has
a maximum capacity of particles it can hold and if it ever has more than its capacity
it sends particles to its neighbours, this is known as toppling. Particles are lost when
vertices on the boundary topple meaning that there is a limited capacity in the graph
and it will eventually stop toppling. If all vertices have less particles than their capac-
ity we say the configuration is stable. Generally a vertex’s capacity is taken to be the
degree of the vertex and thus in this case the system will be stable when each vertex,
v, has height in {0,...deg(v) — 1}. When the system is stable we randomly choose a
vertex and give it an extra particle.

This model, and similar variations, have arisen in several different contexts, prob-
ably most notably as the chip-firing game, see [18]. Our motivation for studying this
model follows from the statistical physics background.

In [3] Bak, Tang and Wiesenfeld introduced the idea of self-organized criticality.
Many dynamical systems in nature have been found to be attracted to some critical
point where it demonstrates power law behaviour. The authors wanted to describe a
dynamical system that would be robust, in the sense that perturbations in the original
state would not be observable after a reasonable period of time had past. This would
mean that fine tuning of any input parameters would not be needed in order for the
power law behaviour to arise. Many of the existing models at the time studied phase
transitions, these required this fine tuning which is at odds with the abundance of nat-
ural occurrences of this kind of behaviour. This robustness of self-organized criticality
would suggest that this is a more plausible explanation for their existence. In their
paper they gave a “toy example” that demonstrated the properties they were after,

this example would later be named the Abelian sandpile model.
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Dhar [11] was the first to study the model in its own right, realising that it was
imbued with many advantageous properties that made explicit calculations possible.
This means it has the capacity to demonstrate potentially important underlying princi-
ples of self-organized criticality and is a useful tool for further study into these kinds of
systems. This has led to it being one of the primary models used to study self-organised
criticality.

The model has shown connections to a variety of different areas, further suggesting
that it may be able to highlight interesting properties of such systems and thus making
it a model worthy of further research. Crucial to our analysis will be the close rela-
tionship between the sandpile model and the uniform spanning tree of a graph. This

in turns leads to a strong connection to (loop-erased) random walks.

The objective of this thesis, as suggested by its title, was to try and answer the ques-
tion “How far away does the configuration feel the impact of the boundary conditions
in the sandpile model?” In particular we are interested in the stable configurations that
could occur after the dynamics have been running for a long time, we refer to these as
the “recurrent” states. We postpone a more formal definition to later in this chapter.

The reason that this kind of question is difficult is due to the fact that there are
inherent global aspects to a recurrent stable sandpile configuration. For example, to see
if a configuration is recurrent it does not suffice to consider any number of subsets of the
configuration and it can only be checked when the configuration is viewed as a whole.
However the fact that any one step in the dynamics of the model involve a finite number
of vertices gives hope that these global factors should not be the dominant aspect in
the model’s behaviour. This does indeed seem to be the case. It is the influence of
these global factors that most of the work in this thesis is aimed towards helping us

control.

1.1 Outline of Thesis.

The results of this thesis are split into two main chapters, each takes a different approach
to try and partially answer the question about boundary conditions.

Firstly we are concerned with a general graph with a particular type of boundary
condition, namely taking a subset of a recurrent configuration. Secondly we consider
a much more general boundary condition, where we specify the heights of the vertices
in the sandpile at the boundary, but we can only show that this holds on a particular

type of graph. A more detailed break down is as follows.

In Chapter 2 we formally introduce the sandpile model as well as results that are
fundamental to the work in this thesis, including Wilson’s algorithm and the standard

burning bijection.

The main result of Chapter 3 is the construction of a family of continuous, measure
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preserving, injective mappings between spanning forests and sandpiles up to a set of zero
measure. Our mappings can be constructed on general infinite graphs G satisfying a
common condition. The advantage of our new maps, as opposed to the known standard
mapping, will be that it behaves well when we take the limit with respect to an infinite
graph.

As an application of our new bijection, we show that it yields a coupling between
the uniform measures on recurrent sandpiles on an infinite graph and a subgraph, that
we can analyse on Z% d > 2. This leads to a power law upper bound on the rate
of convergence of the measure on the subgraph to the measure defined on the whole
graph.

Hence if we are interested in a sandpile event it suffices to consider the sandpile
configuration in a sufficiently large subgraph that includes the vertices that determine
the event. This implies that the global aspect in the recurrence of a sandpile has limited

influence on the configuration in this setting.

In Chapter 4 we consider the Abelian sandpile on ladder graphs, a graph of the
form [1, N] x N C Z2. The purpose of this chapter is to investigate the dependence of
the sandpile configuration on heights of vertices in a different part of the graph.

Suppose we are given two sandpile configuration events F and F that are determined
by the height at vertices in some disjoint sets V; and Vs respectively. We show that
if V1 and V5 are sufficiently far apart, then P(E|F) ~ P(E). Moreover we show that
the error in this approximation is exponentially decreasing with respect to the distance
between Vi and V5. We provide a quantitative estimate for the rate of decay with

respect to the distance between them.

In the appendix A we present an encoding of the burning process on Ladder graphs

and propose a use for it by stating a conjecture.

1.2 Details of publications

Chapter 3 is based on joint work that has been published, [15]. Some adaptations have
been made to it so that the thesis reads better when viewed as a whole.

Gamlin, Samuel L. ; Jarai, Antal A.

Anchored burning bijections on finite and infinite graphs.

Electronic Journal of Probability 19 (2014), no. 117, 23 pp. MR3296533




CHAPTER 2

BACKGROUND INFORMATION.

2.1 Graphs, spanning forests and groves.

The Abelian sandpile model is defined with respect to an underlying graph, therefore
for clarity we will state the main notations that we use relating to graphs.
A graph, G = (V, E), consists of a set of vertices, V, and a set of edges, E, that

connect the vertices.

Definition 2.1. i) A planar graph is one that can be embedded into R? in such a way
that none of the edges of the graph intersect except at vertices.

i1) A multigraph is a graph that allows two vertices to be connected by more than one
edge.

i11) A graph is connected if for any two vertices in the graph there is a path of edges
i E between them.

iw)A graph G1 = (V1, E1), such that Vi CV and Ey C E, is simply connected if Gy is
connected and (V \ V1, E \ E1) is also connected.

v) A directed graph is one where each edge e € E has a fived direction. We say that e
starts at tail(e) and ends at head(e).

vi) Two vertices are said to be neighbours if they are connected by an edge.

vii) Given a set W we write OW for the set of vertices in W¢ : =V \ W that have a
neighbour in W. Whilst O;W is a subset of vertices in W that have a neighbour in W€.
viit) degyy (v) is the degree of v in the subgraph induced by W C V. If a subscript is
not specified then, unless clear from the surroundings to which graph it is referring, we
will assume we mean in the whole graph so here deg(v) = degy (v).

ixz) The graph distance between two vertices x,y is denoted distg(z,y), if the graph is
clear from the context we will drop the subscript G. For a set A we define dist(x, A) :=
min{dist(x,y) : y € A}.

x) A graph is said to be transient if it contains a vertex, v, such that a random walk

started from v is transient. A graph that is not transient is said to be recurrent. zi) A
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graph Gy = (Vi, Eq) is a subgraph of G = (V,E) if Vi CV and E; is the set of edges

between the vertices of V1 induced from E.

For finite graphs we will often define our graph as G = (V U {s}, F), that is the
graph has a distinguished vertex s, called the sink.

For an infinite graph G = (V, E) we introduce the concept of an ezhaustion. This
is defined in terms of an increasing sequence of finite sets Vi C Vo C V3 C ...V such
that UY2,V,, = V.

There are two main boundary conditions that a subgraph will have in this thesis,
called free and wired. Using an exhaustion there are natural identifications to subgraphs
for each of the respective boundary conditions.

When we consider the free boundary condition we define G = (V,,, E,) where
FE, C FE is the set of edges whose end vertices are both contained in V,,. When we
prescribe the wired boundary condition we define G = (V;,U{s}, E,,). Similar to E,,
E,, consists of all edges whose end vertices are both in V, but also contains a new set
of edges which attach to the sink. For each edge in F that has one end attached to a
vertex, v, in V,, and the other end attached to a vertex in V' \ V,, we include an edge
from v to s in E,. Equivalently this can be seen as identifying all vertices in V \ V,, to
a single vertex s and removing any loop edges.

Another boundary condition that is worth briefly mentioning is the so called Par-
tially wired boundary. This is prescribed as a mixture of the other two boundary
conditions, where some subsets of 0V,, have been wired together and had loop edges
removed whilst other vertices act as a free boundary.

An important tool for extracting the relevant information from an underlying graph

is to consider their spanning trees.

Definition 2.2. i) A loop is a sequence of distinct edges that define a path with the
same start and end vertex.

it) A spanning tree of a connected graph G = (V, E) is a subgraph T = (V, F) with
F C E such that T is connected and there is no loop in T.

it) A spanning forest of G is a subgraph T = (V, F), where we drop the restriction that

T is connected, so only require that ' C E does not contain any loops.

We denote the uniform measure on spanning trees of a finite connected graph, G,,,
by USTgr or USTgw respective to the boundary conditions. Let T, = (Vp, Fy,) be a
spanning tree on G,. If we then take the weak limit with respect to an exhaustion we
produce a measure on infinite graphs which is denoted FSF, respectively WSF, which
is concentrated on spanning forests of G. This was shown on Z% in [44]. Formally let
T = (V, F) be a spanning forest of G and for any finite K C BC E

WSF(F N B =K) = lim USTgw(F,N B = K)

FSF(FNB = K) = lim USTgr (F, N B = K).

n—oo
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On Z¢ the limit is independent of the choice of exhaustion and boundary condition,
free, wired or partial, this is implicitly shown by the proofs of [44] but was first explicitly
shown by Héaggstrom [17]. See [37] for details with regards to the more general case.
Unless otherwise specified we will henceforth assume that we have a wired graph.

It is well-known and easy to see that in a spanning forest of an infinite graph
WSF-a.s. all components are infinite trees.

A component is said to have one end if there is finite symmetric difference between
any two infinite self-avoiding paths in the component.

We will primarily be interested in graphs that satisfy the condition
WSF-a.s. all components have one end. (2.1)

While, in general, condition (2.1) is difficult to verify, it is known to hold on a large
class of graphs, including Z¢, d > 2; see [44, 7, 38, 37].

Another important property of a graph is how many trees a uniform spanning
forest, T', will have. For example, Pemantle, [44], investigated this in the case of Z.
For d = 1,2,3,4, WSF-a.s T is connected, that is it is a spanning tree. For Z¢, d > 5,
WSF-a.s T' is a spanning forest with an infinite number of spanning trees.

Note that in the case of d = 1 condition (2.1) is not satisfied, namely it has two
ends. This means that when we require this property, which we do for all results
relating to an infinite graph in the whole of this thesis, the proofs would not hold for
sandpile configurations on Z. However as sandpiles on Z are trivial, there is little merit
to trying to extend the results to hold in this case.

An important property of a spanning tree is where paths from different vertices
first meet. Let T be a spanning tree of a finite graph, G = (V U {s}, ). The earliest
common ancestor of a set A, denoted eca(A), is a vertex v € ¥ such that from every
vertex in A the directed path to s passes through v. Moreover any other vertex that
has this property must be on the path from v to s.

Note that for a spanning tree of an infinite graph we can similarly define the earliest
common ancestor by considering paths to infinity instead of paths to s. For a graph
with the one-end property this will be well defined. However for a spanning forest we
can only define the concept of an earliest common ancestor when we consider vertices

that are restricted to one component.

2.2 Wilson’s algorithm.

Wilson’s algorithm is a method to generate a spanning forest for a graph. It relies on
the idea of a Loop erased random walk to do this.

The loop-erased random walk, LERW, is produced from a random walk. Let (X,,)
be a random walk of finite length. The idea is to chronologically travel along the

path removing any cycles as they are formed. Suppose j = min{n € N : Ji <
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n with X, = X;} then this is the first loop that needs to be erased leaving the path
(X1, X2,... X3, Xj41,Xj42...). This path can then be relabelled and the process re-
peated until no more cycles exist. Given a finite path 7 its loop-erasure is denoted
LE(m).

It is worth noting that the distribution of a LERW is not the same as that of a
self avoiding random walk, see [32] or [39] for more information about self-avoiding
walks. However we do have the useful fact which is usually called the Domain Markov
property, [35]. A LERW from z to y on the domain D, has the same distribution as
taking the first step according to the LERW transition probabilities, say to z, and then,
if P,(1y < 7;) > 0, running a LERW from z to y on the domain D \ {z}.

Wilson’s algorithm can be split into three different cases depending on whether the

graph is finite, recurrent or transient.

Wilson’s algorithm on finite graphs.

Let G = (V U {s}, E) be a finite connected graph. Start by defining a set Ty := {s}

Choose a vertex v1 € V. Run a random walk from v; until the first time it hits s,
take the loop erasure of this path, denote it by ay. Set T; := {s} Uy, this is therefore
a subgraph containing vertices and edges.

Assume that T;_; has been defined and let V(%;_1) be the vertex set for this
subgraph.

Choose a vertex v; € V'\ V(%;_1) in a manner that depends only on past walks.

Next run a random walk from v; until the first time it hits a vertex in V' (¥;_1). Take
the loop erasure of this path, denote it by «;. Then define a new set %; :=%; 1 U .

As the graph is finite there exists a k € N such that V(%) = V. Therefore we can
inductively define T; for ¢ < k at which point the algorithm terminates.

As shown in the next lemma the method of choosing the next vertex from which
to start a new walk from is independent from the final distribution as long as it only
relies on the past. One common strategy for making this choice is to fix an ordering
of V before the algorithm begins. When it is time to chose v; the first vertex, with

respect to this ordering, that is not an element of V(¥;_;) is chosen.

Lemma 2.3. The subgraph, ¥ := Ty, Wilson’s algorithm generates is a spanning tree.
Moreover ¥ is distributed accordingly to USTq and is independent of the choices made

in the algorithm.

Proof. This was first proven by Wilson [50], see also [37].

Firstly the output of the algorithm will be a spanning tree because every vertex
is connected to s and there can not be a loop in ¥ by construction. By recurrence of
random walks this occurs in finite time with probability 1. In order to consider the
distribution we introduce the idea of cycle popping.

To each vertex v € V' we associate an i.i.d. sequence of arrows {e} : i =1,2,...},

where e} is an oriented edge with tail(ef) = v and head(e}) uniformly random among
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the neighbours of v. The stacks associated to different v are independent. We say that
e; has colour i, and we envision ef lying directly above €3 in the stack, and similarly,
for all k, e} lying directly above e} ;. An oriented cycle C is associated the weight
w(C) = [[,ecdegg(u)™!. Sometimes we will need to consider coloured cycles, that
is, a cycle consisting of some arrows e;’f, . ,ef:. We will use bold characters, like C,
to denote coloured cycles. In this case, C will denote the cycle obtained from C by
ignoring the colours.

Wilson’s algorithm [50] is based on the idea of cycle popping that we now describe.
We start with a configuration of stacks of arrows, as described above. We refer to
the arrows in position 1 as lying on top of the stack and say that initially e is in
position i. Suppose that arrows e}’,...,e]" on top of the stacks form a coloured cycle
C. By popping C, we mean removing the arrows in C from the stacks, and shifting
the positions of the arrows beneath them upwards. That is: after popping C, ezj will
be in position k — 1 for j = 1,...,r, k > 2. Similarly, if at any later time some arrows

o e are all in position 1 and form an oriented cycle C, we may pop them and

Cirrenes €y

shift the arrows beneath them upwards.

If we trace the edges given by the stacks of arrows, by following the i*" arrow in the
stack upon the " visit to a vertex, we will create a random walk path. Thus one way
of generating the stacks is by running successive random walks. Observe that popping
cycles on top of the stacks in the order that a random walk following arrows reaches
them is equivalent to running a LERW on the graph.

This relationship between random walks and stacks of arrows makes it clear that
Wilson’s algorithm corresponds to one particular method for choosing the order in
which to pop cycles. Also that the method for choosing which vertex to start a walk
from in Wilson’s algorithm simply corresponds to selecting a different order in which
to pop cycles. Hence it is necessary to show that the order that cycles are popped does
not influence the spanning tree obtained; uniformity of the spanning tree will then
follow from the uniform selection of the stacks of arrows as explained later.

Observe that if two disjoint cycles are popped then the order of popping is irrelevant,
whilst for two intersecting coloured cycles there is only one order in which they could
be popped.

Now to see that the order of cycle poppings is irrelevant we will consider the se-
quence, Cq,...Cy, generated when Wilson’s algorithm has been used to decide which
cycle to pop at each step. As Wilson’s algorithm terminates in finite time, with prob-
ability 1, we can assume that after a finite number of cycles have been popped there
are no more coloured cycles on top of the stacks.

Suppose we have another sequence of poppings C},C),.... If C; = C] then we can
perform the first popping in both sequences and consider Cs,...Cx and C), Cj, . ...
Hence, without loss of generality, assume that C} # C;. There exists k = min{j <
N : CiNC; # 0}, if no such cycle existed then C] would be disjoint from the other

cycles and thus all of its arrows would remain on top of the stacks after Cy,...Cxn
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had been popped which would mean after they had been popped C} could be popped.
This contradicts the fact that Wilson’s algorithm terminates when there are no more
coloured cycles on top of the stacks.

Arbitrarily choose v € C{ N Ci. The arrow on top of the stack at v will be used
in both cycles, otherwise & would not be minimal or C) could not be popped. Next
consider the vertex, w, that the arrow pointed towards. By the same argument both
cycles would use the arrow with colour 1 at w because this is the first cycle to visit w
that could of been popped. Hence by following the arrows and repeating this argument
for each vertex in the cycle we see that C} = Cy.

Therefore we could use the order C|,Cy,...Ck_1,Cky1,...Cn to pop cycles in-
stead of the sequence given by Wilson’s algorithm without changing the arrows that
will be on top of the stacks at the end of the process. This is because C] is disjoint from
Ci,...Cg_1, so by the above observation the order they are popped can be exchanged.
Now C,Cy,...Ck_1,Ck41,...Cn and C, C),... have the same cycle to begin their
respective sequences so we could pop this cycle and repeat the above argument with the
remaining sequences of cycles. After N iterations we would have popped C/,...C/y,
moreover we would have popped C1,...Cy, although possibly in a different order. By
choice of the sequence this means that there are no more cycles to be popped on top
of the stacks of arrows. Thus the two sequences must be permutations of the same set
of coloured cycles.

If we think of the stacks of arrows as being given to us beforehand it is clear that the
choices made during Wilson’s algorithm can not impact on the output of the process.

Suppose we have a set of coloured cycles € and a spanning tree 7. Then we can
deduce the colour of edges in the spanning tree from knowledge of the cycles popped,
enabling us to recreate the observed parts of the stacks of arrows. Note if we had any
other spanning tree 7" then (€,7T”) also defines a set of stacks of arrows. Now the
probability of the stacks of arrows generating the pair (€, T') is equal to the probability
of having the correct coloured arrow at every height in each stack. As each arrow is
chosen independently and uniformly the probability of having (€, T") is proportional to
the weights of the coloured cycles and the tree. To define the weight of a tree, T, firstly
note we can assign a unique direction to each edge in 7" by having it oriented towards s.
Then the weight is given by w(T') = £ [[.cr deg(tail(e))~!, where Z is a normalisation
constant that is fixed by the underlying graph G. Therefore we have that

P(output the spanning tree T') = Z w(C)w(T).

C: set of
coloured cycles

Finally as the cycles that are popped and the final spanning tree are independent we
can conclude that the probability that Wilson’s algorithm outputs a given spanning tree
is proportional to the weight of that tree and hence the outputted trees are distributed
according to USTg. O
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This algorithm can be generalised for use on infinite graphs where it will produce
spanning forests distributed according to WSF. There are two ways to generalise the

algorithm depending on the underlying graph.

Wilson’s algorithm on recurrent graphs.

The algorithm proceeds in the same way as it did for the finite case with the only
difference occurring in the first step. Rather than starting with the sink, which does
not exist in the infinite graph, we can choose any vertex vy and take To = {vg}. Then
following the above algorithm we will generate a spanning tree. This follows from
observing that from the point of view of an undirected spanning tree of a finite graph
there is nothing special about the vertex s, therefore we could have equally chosen any
other vertex to be the initial vertex to be placed in the tree. Also although the graph
is infinite, due to recurrence every walk will eventually hit vy or a previous path and
hence each step will terminate in finite time almost surely.

If we were interested in the restriction of the spanning tree onto a finite subset,
D, of this infinite graph then we would chose the start vertex, vg € D and then by
recurrence each random walk would visit a finite number of vertices and once a random
walk has been run from each vertex of D they will be connected to the spanning tree.
Moreover the restriction of T to D is now fixed. This is the idea behind proving the
existence of WSF and that WSF = FSF in recurrent graphs.

Wilson’s algorithm on transient graphs.

If the underlying graph is transient then a slightly different method is needed because
a random walk may not hit the previous paths. In this case the algorithm is started
by running an infinite loop erased random walk. Note that due to the transient nature
of the graph that a vertex will only be visited a finite number of times almost surely
and thus after the final visit to a vertex the edge connected to it in the tree will be
fixed. Therefore the LERW will converge to a loop erased path. Then using this as the
first path the algorithm can proceed in the same manner as the finite case except that
the random walks are run until they either hit the previous paths or if a random walk
does not intersect the paths we again take the loop erasure of its infinite path. Due to
some walks being infinite, this method is also sometimes known as Wilson’s algorithm
rooted at infinity. This method was first described in [7, Theorem 5.1], where, similar
to the finite case, the idea of cycle popping was used.

The key to this generalisation is that Loop-erasure also makes sense for infinite paths
m, as long as 7 visits every vertex finitely often. To describe Wilson’s method rooted
at infinity, order the vertices of Z¢ arbitrarily as vi,vs,.... Starting from vy, follow
the arrows on top of the stacks, and whenever a cycle is completed, pop that cycle.
The trajectory traced by this walk is a simple random walk {S™ (m)},,>0 under P,

the underlying probability measure for the stacks of arrows. Due to transience, every

10
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vertex is visited only finitely many times, with probability 1. Hence, on this event,
there is a well-defined configuration of stacks of un-popped arrows, after the entire
trajectory of S() has been traced. On top of the stacks now lie §; := LE(S(M[0, x0)),
and unexamined arrows everywhere else. Next, starting from vs, again follow the arrows
on top of the stacks, popping any cycles that are completed. The trace of the path
will now be a random walk S®)[0,7(?)] where 7 € [0,00] is the first hitting time
of §1. Upon hitting §1, a segment of §; is retraced without encountering any further
cycle, and on top of the stacks will lie §» := & ULE(S®[0,7?)]), with unexamined
arrows everywhere else. Continue this way with vs, v4, .... With probability one, from
each stack only finitely many arrows get popped, hence the procedure reveals a random
spanning forest 7'. Due to [7, Theorem 5.1}, T is distributed according to WSF.

2.2.1 Generating groves.

In Chapter 4 we will be interested in a particular kind of spanning forest known as a

grove. The terminology of a Grove was introduced in [9], [45] and [31].

Definition 2.4. A grove on a graph G with respect to A C 0;G is a spanning forest of

G such that every component of the forest contains at least one vertex of A.

For a grove, &, with respect to A, denote the components of & by gq1,g2.... Then
® induces a partition on A, where a component in the partition is given by A; := g;NA,
we will refer to this partition as the connection pattern of G. When G is planar then

the induced partition will be non-crossing.

Definition 2.5. The backbone, bg, of a grove & with respect to A is a subset of the
graph where only vertices and edges that are on a path between vertices of A are included.
This includes all vertices in A even those which are only connected to themselves via a

empty path. Let b; be the part of the backbone that is connected to A;.

We want to instil a sense of direction onto the groves, therefore in each component
we will fix a vertex of A to be the root, such that all edges on the backbone are directed
towards the root in their component.

Henceforth when we discuss partitions of A we will assume that we also know which
vertex is a root in each component, if we wish to emphasise that we know the root we
will call it a directed partition. When such a partition forms part of a grove we use the
terminology rooted grove.

We want to use the idea of Wilson’s algorithm to be able to generate a grove
conditioned upon a given connection pattern on A, that is groves that induce the
partition (Ay,Ag...).

Definition 2.6. Let & be a grove with partition (A1, Ay ...) which contains a compo-

nent g1, with Ay = {v1,...v,}, n > 1. By resampling b; we mean the process which

11
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takes the backbone bg removes by and replaces it with the set of LERWs, b, we now
describe.

If n = 1 then the component by consists solely of the verter vy and so we must
have that b} := {v1} = by. Therefore the process of resampling by could not change the
backbone in this case.

Now for the non-trivial cases when n > 2 there will be a root in A1 say it is v;.
Take the loop erasure of a random walk from vy conditioned to hit v; before intersecting
bo UbsU..., call this path b (1). Note this walk is only allowed to hit A at a vertex in
{v1,...v,}. We now proceed iteratively.

Suppose v; is not on a previous path to v; but vy is already on a path for all k < j.
Let b (j —1) be the set of paths connected to vy, ...,vj—1 Then run a random walk from
v; conditioned to avoid vertices in by Ubz U .... Terminate the walk when it first hits
a vertex that is in b (j — 1), call this path «. Define b (j) := LE(a) U b} (5 — 1).

When v1,...v, are all connected to v; the process will terminate and it will have
produced a new component of the backbone b} := b} (n). The set b} Ubs U... will be a
backbone of the graph.

Lemma 2.7. Let byUbsU... be a backbone of a grove & that is chosen uniformly from
the set of all backbones that induce the partition (A1, Ae,...). If b} is a resampling of
by then by Ubs UbsU... is also distributed uniformly amongst backbones of & that
induce the partition (A1, Ag,...).

Before we prove this lemma we will introduce an adaptation of Wilson’s algorithm

that generates a grove with a given partition on A.

Suppose we have a graph G and a desired partition of A, p = (A1, Az...).

Step 1. Choose a set © C A such that © N A; = {v;} for each i > 1. Set an
ordering, <, of the vertices of G that depends only on the structure of G.

Step 2. Identify the vertices v1,vs,v3,... into one vertex which we will call the
sink, s, this can be done in such a way that for any edge connecting to s we know which
of the vertices vy, v2,vs,... the edge was connected to in the original graph. Call this
new graph Gi.

Step 3. Run Wilson’s algorithm using vertices from A, as the start vertices, with
the order determined by <. When all vertices in A; are connected we iteratively proceed
by using vertices in A;y1 as the start vertices.

Step 4. Once all vertices in A \ A; are connected use vertices of A; as the start
vertices in Wilson’s algorithm. We use < to decide on the order within A;.

Step 5. When all vertices in A are connected to s, continue with Wilson’s algorithm
using < to chose the next start vertex at each stage.

Step 6. Separate the sink into its original vertices. If the grove does not induce p
on A discard the grove and restart the algorithm. When we have a grove with partition

p the algorithm terminates.

12
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By Lemma 2.3 at the end of step 5 the algorithm will generate a spanning tree of
G distributed according to USTg,.

As G5 was constructed in such a way to retain knowledge of the corresponding edges
in the original graph we can separate the sink in the spanning tree of G into its original
components. The edges would remain unchanged except for each edge connecting to s
which would be replaced with an edge connecting to one of vy, vo,vs ... accordingly. If
we did this the spanning tree would become a spanning forest with each element of ©
being in a different component.

When the algorithm finishes it will have produced a grove with partition p. More-
over as we are simply discarding elements from a uniform distribution that do not
satisfy a given property this algorithm will generate groves uniformly amongst groves

which induce a partition p on A as desired.

Proof of Lemma 2.7. This property is stated in [31] for n = 2 and follows from Wilson’s
algorithm.

Let us consider the above algorithm in terms of the backbone of a graph. In this
context we can see that Step 3 is generating the components bs, bs, ... chronologically.
Whilst Step 4 generates the component b.

With this observation it is clear that if we consider the construction of a grove that
was not discarded and look at the state of the construction at the end of Step 3, it will
have the same distribution as taking the backbone of a uniformly chosen grove with
partition p and discarding b;.

Now running step 4 and asking for a path that does not cause the grove to be
discarded is exactly the process of resampling b;. Therefore if we replaced step 4 with
that of the resampling process the final distribution would be unchanged. Hence we
can conclude that b} Uby UbsU... and by Uby U... have the same distribution. [

2.3 Abelian sandpile model.

We know formally define the Abelian sandpile model.

Let G = (V U {s},E) be a finite, connected multigraph, with the wired boundary
condition. A sandpile configuration, that we usually denote by 7, consists of assigning
an integer number of particles n(v) € {0,1,2,...} to every non-sink vertex v € V. The
sandpile 7 is stable, if n(v) € {0,1,...,degg(v) — 1}, for all v € V, where degq(v) is
the degree of the vertex v in the graph G.

The dynamics of the model consist of two ingredients. The first is called toppling.
This occurs when a vertex has at least as many particles as its degree. For such a vertex
v, its height is reduced by its degree and one particle is sent along every edge incident
with v with the neighbouring vertex’s height increasing accordingly (i.e. vertices with
multiple edges connecting them to v receive more than one particle). Particles reaching

the sink are lost (i.e. we do not keep track of them). The toppling of v is summarised
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by the mapping S, : n(w) = n(w) — Ay 4, w € V, using the Laplacian matrix

d if w = v;
A — ega(w) ifw=w

)

— if w # v;

where a, ,, is the number of edges connecting vertices v, w € V.

Lemma 2.8. Toppling all unstable vertices in a sandpile configuration will yield a

unique stable configuration independent of the order of topplings.

Proof. This was first shown in [11] and is the reason for the occurrence of Abelian in
the model’s name. Firstly note that as particles are lost to the sink the process of
toppling all unstable vertex must terminate in a finite number of steps and thus it
reaches a stable configuration. Next observe that if we had two vertices, v, w, that
were unstable it is clear that S, 0 Sy, = Sy, 0.5, as both can be represented by the map
n(x) — n(xr) — degg(v)dz, — degq(w)dpw + Ave + Gwq for © € V, where §, . is 1 if
y = z and 0 otherwise.

Using this observation we need to show that the set of vertices that are toppled and
the number of times each vertex is toppled does not change by altering the order that
we choose to topple vertices.

Suppose we have a sequence of vertices X = x1,...,xy that stabilise the sandpile n
when toppled. We now proceed to induct upon N, with the basis case of NV = 2 having
been shown above. We need to show any other order of vertices that can be toppled
define a map that is equivalent to Sz, oSy _, 0+ 0.S,.

Suppose Y =y, ... yp is another sequence of vertices that could be toppled. Now
from X we know that z; is unstable in n and therefore 1 must appear in y, ...y at
least once, because toppling other vertices can not reduce the height at x; which needs
to happen before the sandpile is stable. Let k := min{i € N: y; = 21 }.

Now consider the map given by Y,

Sy, 008, =8, 008

Yk+1

0S;, 08 o---oSyl,

Yk—1

However we know that x; is unstable in 7 thus it could be toppled before y1, ... yxp_1,
which are all distinct from x1 by choice of k. Therefore by repeated application of
being able to change the order of two distinct vertices toppling, we can deduce that

the same sandpile is achieved by the mapping S,,, o--- 0S5y, 085,  0---08, 08;,.

Now comparing this to the map Sy, oS

wn_1 0 Sy, we see that they now have the

same first step and then we have a sequence of N — 1 and M — 1 topplings respectively
to perform.

Repeating this for each x; in turn shows that M > N and will eventually produce
No---oSyfloSJ;NoS

IN-—-1

the map S, ---08;,, where y}, ...y}, are the remaining

cycles that have not been matched. However once we have performed the first N

steps we know that the configuration is stable so no more topplings can be performed,

14



Chapter 2. Background information.

because the sequence x1,...xy has been toppled. Thus we can conclude that M = N
and so any sequence of vertices that stabilise a sandpile result in the same configuration

as claimed. O

We use the notation 7° to denote the unique configuration that n stabilises to via
toppling all unstable vertices.

The second ingredient of the model is particle additions. Given a stable sandpile 7,
we add a particle at a randomly chosen vertex v € V', and then stabilize via topplings,
if necessary. Successive particle additions yield a Markov chain on the set of stable
sandpiles.

We can then define a set of recurrent stable configurations for this Markov chain.
It is the properties of these recurrent configurations that has been an important area
of research and is the subject of this thesis.

We denote the set of recurrent states of this Markov chain by Rq, and by vg the
unique stationary distribution, that is the uniform distribution on Rq [11].

The quotient ZY /ZY A¢ defines a set of equivalence classes with respect to the
graph Laplacian, where elements in the same class differ by integer linear combinations

of rows of Ag.

Lemma 2.9. FEach equivalence class contains exactly one element of Rg. In particular
this means that |[Rq| = det(Ag).

Before we prove this, following the method in [24], let us draw the readers attention

to the following two important sandpile configurations.

Lemma 2.10. (i) Define the sandpile configuration n™* by n™*(v) = deg(v) — 1
Yo € V, then n™®* is stable and recurrent.

(ii) Let 6(v) = deg(v), then the configuration ¢ := § — &° is everywhere positive and it
is an integer sum of rows of Ag. Also for any stable recurrent configuration n we have
that (n+¢)° =.

Proof. (1) n™® satisfies the definition of a stable sandpile. In n™#* each vertex has
the maximum number of particles possible in a stable configuration, thus given any

other recurrent stable configuration it is clear that using particle additions n™#*

can
be reached and is therefore itself recurrent.

(ii) As every vertex is unstable in § each vertex must lose at least one particle to
reach 0° so the difference between the configurations will be greater than 1 at each
vertex. As observed above, toppling an unstable vertex corresponds to subtracting the
corresponding row of Ag from the configuration. Thus for some constants ¢; > 0 we
can write 0° = § — >, ¢;A; where A; is the i*" row of Ag.

To see the final statement consider the configuration § + ¢ + €, where €(v) > 0 for
every v € V and it is chosen such that ¢ + € stabilises to 7, such a configuration exists

by definition of 1 being recurrent.
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As ((v) > 0 Yv € V we can begin by toppling the vertices that are needed to
stabilise § 4+ €. This would produce the configuration n + ¢ which can then be further
stabilised to yield some recurrent configuration, (7 + ¢)°.

Alternatively we could begin by toppling vertices involved in stabilising §, this is
allowed as ((+¢€)(v) > 0 Vo € V, this then produces the configuration §°+(+e = d+e¢
but this can then be further stabilised using that (§ + €)° = 7.

By Lemma 2.8 the configuration 4 (+¢€ has a unique stabilisation and so (n+(¢)° =
n. U

Proof of Lemma 2.9. Observe that for any sandpile configuration by adding n¢(v) > 0
Yv € V to the configuration, for n sufficiently large, we can obtain an equivalent con-
figuration whose vertices all have heights greater than their degree. This configuration
would then stabilise to a recurrent configuration, because it can be reached from n™#*
via particle additions and the fact that every configuration can be stabilised. Hence
every equivalence class has at least one stable recurrent sandpile configuration.

It remains to show that any two recurrent stable configurations that are equivalent
must in fact be equal.

If we have two recurrent stable sandpile configurations, 71,72 in the same equiva-
lence class we can find constants ¢;,d; > 0 such that ng :=m+>_, ;A =12+, diA;.

Take M = max{max;cn ¢;, max;cy d;} and consider the configuration 3 + M (. By
choice of M this will be a positive configuration and as it can be reached from 7,
equivalently 72, via a sequence of particle additions it must be recurrent.

By first performing the topplings corresponding to subtracting . ¢;A; from the
configuration, this is a valid selection of topplings as M is chosen large enough such that
even after performing these subtractions all vertices will have a non-negative height.
This would yield the configuration 1; + M which can be further stabilised to 7, by
Lemma 2.10.

Alternatively from ns + M we could start by performing the topplings correspond-
ing to subtracting >, d;A;, which is allowed by choice of M. This would leave 7y + M ¢
this can then be stabilised to 7,.

Finally due to Lemma 2.8 there is a unique stabilisation of 3+ M and so 11 = 2.
It therefore follows that each equivalence class contains exactly one stable recurrent

configuration and hence |R¢g| = det(Ag). O

By the matrix tree theorem, see [37], it is also known that the number of spanning
trees on a graph G is det(Ag). It is this observation which first suggested that a

relationship between recurrent sandpile configurations and spanning trees existed.

2.3.1 Burning bijection.

We now introduce a fundamental tool for investigating sandpile configurations which

is the burning algorithm of Dhar [11].
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The following combinatorial characterization of R¢ follows from [11, 40] (see also
[18]):

Ra = {776 H{O,...,degG(x)—l}:nis ample for all@;«éFCV}.
z€V

Here 7 is called ample for F', if there exists x € F' such that n(x) > degp(x).
Given 1 € R¢, at time 0 we declare the sink to be “burnt”. Following this, we
successively “burn” vertices where n(z) is at least as much as the number of edges

leading from x to any unburnt neighbours. More precisely, we set
By := {s}, Up:=V,

and for j > 1 we inductively set:

Bj = {’U € Uj,1 : ’I’](U) > deng_1 (’U)} , Uj = Uj,1 \ Bj.

Here B; (resp. Uj), are the sets of vertices burnt, (resp. unburnt), at time j. Since 7 is
ample for any non-empty U;_1, we have U; = ) eventually, at which time the algorithm
terminates. We say v € Bj has burning time j.

Majumdar and Dhar [40], following the above burning algorithm, constructed a
bijection ¢g : Rg — Tg, where Tg is the set of spanning trees of G. The map
wa : n+— t can be defined as follows. Fix for each v € V an ordering <, of the oriented
edges {f; : tail(f;) = v}.

If v € By, let

my = Hf : tail(f) = v, head(f) € U Bj/}‘,
j'<j (2.2)

F, := {e : tail(e) = v, head(e) € B;_1}.

(v) (v)

We can use the ordering to enumerate F,,, so we have e;’ <, €; @)

vt = edeg(v)fl'
Due to the burning rule, we have

n(v) = deg(v) —my, + £, for some 0 < £, < |F,|. (2.3)

With ¢, as above, we then place the directed edge eg) in t, for each v € V, and forget
the orientation of the edges. Observe that the burning time of a vertex v € V equals
disty (v, s).

The image of vg under g is the uniform spanning tree measure USTq, i.e. the
uniform distribution on 7¢.

This procedure can be reversed in order to find the inverse mapping, which we now

briefly describe.
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Given a spanning tree T and a set of vertices W we will now describe how to
compute the sandpile configuration on W. To find the height of a vertex v we need to
know the distance from v and its neighbours to the sink. We do this by assigning every
vertex a burning time. Set By := {s}, and then for i € N set B; := {v : disty(v,s) = i}.
Note that these sets correspond to the same sets generated by the burning algorithm.
Hence for each vertex we know m, and F, and so we can use the burning rule n(v) =
deg(v) — my, + £, to compute the height at each vertex v.

If we can find the earliest common ancestor of a vertex and its neighbours then we
can use the above argument but instead of asking for the distance to s we only require
the distances to the e.c.a. This is a useful observation that simplifies the algorithm
when we want to compute the sandpile configuration on a finite subgraph of certain
infinite graphs.

The burning bijection has been very fruitful in proving things about the sandpile
model; see e.g. [46, 29, 2, 26], it was also the starting point for much of the work in
this thesis.

See the surveys [12, 47, 22] for further background on the sandpile model.
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CHAPTER 3

ANCHORED BURNING BIJECTION.

3.1 Introduction

Having introduced the map between sandpile configurations and spanning trees on
finite graphs it is natural to look for an extension of the burning bijection to infinite
graphs, and this leads to some highly non-trivial questions. The main difficulty in
trying to do this is that on finite graphs the burning algorithm starts from the sink, so
the analogous process on infinite graphs should start from infinity. This chapter will be
concerned with a particular way of overcoming this problem. However, as we outline
below, some very natural questions remain open.

For the remainder of this chapter, let G = (V,E) be a locally finite, connected,
infinite graph that satisfies the one-end property. Given an exhaustion by finite sub-
graphs: Vi C Vo C --- C V, U2, V,, =V, let G,, = (V,, U{s},E,) denote the wired
graph obtained by identifying the vertices in V' \ V,,, that becomes the sink s, and
removing loop-edges at s. Note that there is a natural identification between E, and
those edges in E that have an end vertex in V,,. Recall we denote by WSF the weak
limit of the measures UST¢,, [37], called the wired uniform spanning forest measure on
G.

We denote

T {Spanning subgraphs of G such that all}

components are infinite one-ended trees
The counterpart of T for the sandpile model will be
R = {n € H{O,... ,degq(z) — 1} : n is ample for all finite ) # F C V} ,
eV

that we call the recurrent configurations on G.
Athreya and Jérai [2] considered the case of Z¢, d > 2, with V;, = [-n,n]¢ N Z,
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and they showed that v, has a weak limit v that concentrates on R. When 2 < d <4
the argument is particularly transparent. It was shown by Pemantle [44] that when

2 < d < 4, the measure WSF concentrates on the set
Jeont = {one—ended spanning trees of Zd} cT.

In this case the limiting sandpile measure v is exhibited as the image of WSF under
a map ¢ : T — R. Here v is defined essentially by inverting the relationships
(2.2)(2.3), that can be made sense of in Z¢ for t € 7™, Namely, fix ¢t € 7
and v € Z%. Let v* denote the unique vertex such that all infinite paths starting at
a neighbour of v pass through v*, and v* is nearest to v with respect to dist; (this
is the earliest common ancestor of the neighbours of v, such a vertex exists because
t € 7). Orient all edges of ¢ towards infinity (this makes sense, because ¢ has one
end). Let

ml = Hf s tail(f) = v, dist(head(f),v") < distt(v,v*)}‘,
F! = {e : tail(e) = v, dists(head(e), v*) = dist;(v,v*) — 1}.

Enumerate F) as eg <y -+ <y €|py—1, and let 0 < £ < |F}| be the unique index such
that ey € t. Then we set

Y(t)(v) =) =2d —m) + 0, velZl

It is not difficult to see that 1 is continuous on 7°"". Where our understanding of
continuous is in the sense that if t1, ¢y € 7" then VM € N dN € N such that if ¢; and
ty agree on [—n,n]? for n > N then 9 (t;) and v (t2) agree in [-M, M]%. (In a certain
sense, 1 is the limit of the inverse bijections v¢g, := wai : Ta,, — Ra,,-) Moreover,
1 is equivariant under translations of Z¢, if the orderings {<,: v € Z?} are chosen
equivariant. It is tempting to conjecture that v is almost one-to-one, i.e. injective up

to sets of measure 0. We do not have a proof of this.
Open Question 1. Is 1 almost one-to-one in the case of Z%, 2 < d < 47

When d > 4, it turned out to be necessary to add extra randomness to the WSF in
order to construct v [2], so there is no natural mapping 7 — R, a priori.

The main result of this chapter is the construction of a family of measure preserving
mappings between spanning forests and sandpiles that are almost one-to-one. Our
mappings can be constructed on general infinite graphs G satisfying condition (2.1),
in particular, also on some non-transitive graphs. In this general setting, Jarai and
Werning [28] showed that v, converges weakly to a limit v, that is independent of
the exhaustion. Our construction is a natural extension of the one in [28], that in
turn was based on an observation of Majumdar and Dhar [41] and Priezzhev [46]. In

general, when G = (V,E) is transitive, our mappings will not be invariant under all
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graph automorphism.

Definition 3.1. An anchor is a sequence D = {Dy, D2, ...} of finite subsets of vertices
such that

(’i) DicDyC... and Uklek =V,

(i) Dy is simply connected for each k > 1, i.e. all connected components of V '\ Dy

are infinite.

In Section 3.2 we will associate to any anchor D a particular burning rule. That
is, for any finite A C V and configuration n € R we define burning times 72 (z, A;7),
x € A in such a way that at each time only vertices that are burnable in the sense
of Dhar [11] are burnt, (but it may be that some burnable vertices are not burnt at
the first opportunity). The advantage of our rule will be that it is easy to pass to the
limit A 1V, i.e. we can define a consistent set of burning times 77 (x;7) € (Z,7Z) for
v-a.e. 7 € R. The reason for requiring (ii) in Definition 3.1 is that for general Dy, our
burning rule will be identical if we replace D; by the smallest simply connected set

containing it.

Theorem 3.2. Assume that the infinite graph G satisfies condition (2.1). The burning

rule arising from any anchor D defines a continuous, measure preserving, injective map

Yp from (T,WSF) to (R,v).

The precise meaning of “defines” will become clear in Section 3.2, where we intro-
duce the anchored bijection and the map ¥p. Indeed, the anchor will serve to prescribe
a “preferred direction” for the burning of configurations on V starting from infinity.
The following question complements Open Question 1.

Open Question 2. For Z%, d > 4, is there a continuous measure preserving map from
(T, WSF) to (R,v) that is equivariant with respect to translations?

Open Questions 1 and 2 are connected to a result of Schmidt and Verbitskiy [48].
They constructed, for any d > 2, a family of Z%equivariant continuous surjective
mappings from R onto the so called harmonic model, i.e. functions from Z¢ to the unit
circle that are harmonic modulo 1. The image of v under their maps is the unique
measure of maximum entropy of the harmonic model [48, Theorem 5.9].

As an application of the anchored bijection, we show that combined with Wilson’s
stacks of arrows construction [50] it yields a coupling between v, and v that we can
analyse on Z%, d > 2. This leads to a power law upper bound on the rate of convergence

of vg, tov.

Theorem 3.3. Let d > 2 and k € N. Take E to be any cylinder event that depends
only on the heights within distance k of the origin. Then fix a sufficiently large, but
finite, A C Z%. Let N be the radius of the largest ball centred at the origin that is

contained in A. There exists o = a(d) > 0 such that we have

lvA(E) — v(E)| < C(k,d)N. (3.1)
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The exponent o and the dependence on k are explicit, although not optimal; see
Theorem 3.12 and Theorem 3.20 for more detailed statements. Estimates analogous to
(3.1), but restricted to d = 2,3, have been given in the context of the zero dissipation
limit in the abelian avalanche model [21, 27]. We believe that our approach will lead
to a significant simplification, and an extension to all d > 2, of the arguments of [21].

As mentioned earlier, we will define burning processes on both finite and infinite
configurations in such a way that these behave well with respect to taking limits. In
particular, restricting an infinite recurrent configuration to distinct large finite sets
A1, Ao, the anchored burning processes on Ay and Ay couple with high probability, in

the following sense:

lim [7P(z, Aym) — 7P (y, Asn)] = (01(967?/; 77),02(96,21;77))- (32)
This property will be proven in Lemma 3.11. We do not know whether the same state-
ment is true for Dhar’s original burning algorithm, where at each step every burnable

vertex is burnt simultaneously.

Open Question 3. Let 7(x,k;n) denote the burning time of x with respect to Dhar’s
original burning algorithm in the ball of radius k centred at the origin in Z%. Does the
analogue of (3.2) hold for Z¢, 2 < d < 4, as k — c0?

If the answer is yes, this would imply an affirmative answer to Open Question 1.
This is because the coupling defines a burning time from infinity (unique up to a time
shift) and this can be used to define the inverse map. Note that the arguments of [2]
show that the statement of Open Question 3 fails for Z¢, d > 4.

We close this introduction by remarking that a certain analogue of the statement of
Open Question 3 holds on graphs of the form G = Gy x Z, with G a finite connected
graph. Indeed, with respect to the left-burnable measure studied by Jarai and Lyons
[25], it is not difficult to construct a sandpile configuration on the subgraph G x {i,i+
1,7 + 2} for some i € Z, that forces the burning times of vertices in Gg x [i + 3, 00] to
be independent of the burning times of vertices in Gy x [—o0, i — 1], and hence coupling
occurs. It was in fact by studying this case that we arrived at the idea of anchored

bijections.

The rest of this chapter has the following structure. In Section 3.2 we define the
anchored bijection in the finite case and then show how this extends to give a bijection
in the infinite case. In Section 3.3 we present the quantitative bounds on Z¢ when
d > 3. In Section 3.4 we give the bounds on Z2. Throughout the remainder of this
chapter Cy will stand for an unspecified positive constant dependent only on d, whilst

C,C1,Cy > 0 are unspecified constants that do not depend on d.
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3.2 Anchored bijections

Recall that G = (V,E) is a locally finite infinite graph satisfying (2.1); we allow parallel
edges. Let D = {Dy, Ds,...} be an anchor, and let Dy := (). Given any finite A C V/,
we form the wired graph Gp = (AU {s},Ex), and denote

Ta = collection of spanning trees in Gy,

R = recurrent sandpiles in Gj.
We first define a bijection between R and T that is an extension of the one considered
in [28].

Anchored bijection in finite A.
Let K = max{k > 0: Dy C A}. Fix n € Ra. Our definitions will depend on D,

but we will not always indicate this in our notation.

Phase 1. We apply the usual burning algorithm to n with the restriction that we

do not allow any vertex of Dg to burn. That is, we define
1
By = {s},
Ui = A,

and for 7 > 1 we inductively set:

1 1
B](' )= {v € UJQI \ Dk :n(v) > degUﬁ)1 (v)} ,
@ ._ ® (1)
U; " =U;2 \Bj .
We have Bj(l) = () eventually. Note that there may be vertices in A \ Dy that do not

burn in Phase 1. These vertices, together with the vertices in Dy, will burn in later

phases.

Assuming Phase i — 1 has already been defined for some 2 < ¢ < K + 1, we

inductively define Phase ¢ as follows.

Phase i. We continue the burning algorithm on 7 with the restriction that no

vertex of Dg ;41 is allowed to burn. That is, we set

B(()Z) = UjZQBJ(-i_l),
U = A\ By,

and for 7 > 1 we inductively set:

B](i) = {v € UJ@1 \ Dr—i+1:n(v) > degUJ@l(U)} ;

(@) ._ 76\ g
U =U \ BY.
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We have Bj@ = () eventually. Note that if i < K, there may be vertices in A\ Dg_;11

that do not burn in Phase 4, only later.

Since 7 is recurrent, all vertices that did not burn in Phases 1,..., K, do burn in
Phase K + 1 (if this was not true, we would have found a subset that is not ample for
n). Hence we have UjZOB](.KH) =AU {s}

We now define a map ¢ppa : Ra — Ta. Regard G as an oriented graph, with
each edge being present with both possible orientations. We fix for each v € A a linear
ordering <, of the oriented edges e such that tail(e) = v. Given the burning of 1 as
above, we define what oriented edges will be present in the tree t = ¢p A (7).

Ifv e B](i) for some 1 < i < K41 and 5 > 1, then we place an oriented edge
pointing from v to some w € Bj(»i_)l. In the case j = 1 such an edge exists, because v
must have a neighbour outside Uéi), and hence in B((]i). In the case of j > 2 such an
edge also exists, because the requirement to burn v at step j implies that the degree
i)

of v in U ;i)l is strictly smaller than its degree in U j( 5. Hence v has a neighbour in

Bj(»i_)1 = U](i_)2 \ U](i_)l. If there is more than one w € B](Ai_)1 neighbouring v, we make
the choice of the edge dependent on 7n(v), similarly to the usual burning bijection.

Formally, we let:

My 1= Hf : tail(f) = v, head(f) € U Bj(f)}‘,

J'<3j

F, = {e : tail(e) = v, head(e) € BJ(.Z;)I} .
Due to the burning rule, we have
n(v) =deg(v) —my, + £  for some 0 < £ < |F,|.

With ¢ as above, let e, € F, be that edge e such that |[{f € F, : f <, e}| = ¢. Then
we place the directed edge e, in t.
Once an edge has been included for each vertex in A the collection of edges that

give t is complete and so ¢p A(n) is defined.

Lemma 3.4. For any n € Ry the collection of edges t (disregarding their orientations)
is a spanning tree of G, and the map pp A : 1+t is injective. Consequently, ¢p A s

a bijection between R and Ty.

Proof. It is clear from the definitions that there are no cycles in ¢, since the sets Bj(»i),
are disjoint and “lexicographically ordered” by the indices (i,7) for 1 < i < K + 1,
j > 1. In order to show injectivity, suppose that 1 # n2. There is a first time (4, j)
in the burning processes of 77 and 72, where the “two processes differ”. That is, there

exists a lexicographically smallest (i,7) such that B](f/)(nl) = B](f/)(ng) for all ¢/ < i,
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j'>1and for all i/ =4, j/ < j, and n1(v) = n2(v) for all elements v of these sets, but
there exists v € B](-i)(m) U B](-i) (m2) such that n;(v) # n2(v).

It is easy to check that our definition of pp A assigns different oriented edges emanating
from v for 1, and n2. Since all edges are oriented towards the sink, this implies that the
two trees also differ as unoriented trees, proving injectivity. Since Rp and Tp have the

same number of elements, namely det(A) [11], it follows that ¢p A is a bijection. O

Given 1 € Ry, we define the burning time 72 (z, A;n) as the index of the pair (i, j)
in the lexicographic order, where B](i) 52,1 <i<K+1,j>1 (we restrict to the
non-empty B](i)’s). Note that in general this differs from the graph distance of z from
s in the tree ¢p a(n). This is because at Step 1 of Phase i, we may be connecting a
vertex v € By) N Di_;y2 to a vertex w that was not burnt in the last step of Phase
1 — 1.

Given D C A and a spanning tree t of G, we write desc(D) for the set of descen-
dants of D in ¢, that is, the collection of vertices w such that the path in ¢ from w to

s has a vertex in D.

Lemma 3.5. For any finite A CV, 1 <i< K+ 1, and n € Ry, the set of vertices
that did not burn by the end of Phase i are precisely the descendants of Di_;11. That

is, we have UO(iH) = descyp, () (Dr—it1)-
Proof. Observe that all vertices in B§i+1) are in Dg_;41, otherwise they could have

been burnt in Phase ¢. Since the oriented edges assigned by the bijection respect the
lexicographic order, and the orientation is towards the sink, this implies that all vertices
burnt in Phases i + 1,...,K + 1 are in descsoD’A(n)(DK,Hl). On the other hand, if a
vertex v was burnt in one of the Phases 1,2, ..., 1, then all vertices on the oriented path
from v to s were also burnt in one of these Phases, and hence v ¢ desc¢D7A(n) (Dg—i+1)-

This completes the proof. ]

We next formulate a consistency property between the sandpile configurations on
the sets desc,,, , () (Dk), k& > 1, that will help us to take the limit A 1 V.

Definition 3.6. Given k > 1 and a finite simply connected set W with D, CW C V
and 0D, NV # 0, we define the graph Gyy, = (W U {s},Ejy,) as follows. It contains
all the edges that W induces in the graph V', and for each edge e € E that connects a
vertex u € Dy, with a vertexv € V\W, there is an edge in EWvi. between u and s. Note
that there is a natural identification between ET/V,k and a subset of E, and we will use

this identification freely in what follows.

Lemma 3.7. (i) Suppose Dy, C W C V with W simply connected. There is a mapping
Ywik : Tay, = Ray,, such that whenever AD W, t € Ty and W = desc(Dy) holds,

the restriction of the sandpile <p51A(t) to W equals Yy (twi),

25



Chapter 3. Anchored burning bijection.

where ty,, denotes the restriction of t to the edges in Ejy, ..
(i) Suppose Dy C D, CW. Lett € Tgy, . If W' = desci(Dy), then

the restriction of Yw i (t) to W' is given by Yw o (tw 1r).

Proof. (i) Firstly observe that for every W there exists a t € T such that W =
desc(Dy). Write n = gpg}A(t). Due to Lemma 3.5, the statement W = desc;(Dy,) is
equivalent to the statement that in the sandpile n, W is precisely the set of vertices
that did not burn in Phase K — k + 1. It is easy to check using the burning rules
that as 7 varies over all sandpiles with this property, the restriction ny ranges over
RG?R/,M and ty is a spanning tree of G?/V,k' It follows from our definition of Phases
K—k+2,..., K+1 of the anchored bijection that tyy, is entirely determined by 7y, in
a way independent of A. The map nyw — twy is injective, and since |RG*WI¢| = |TG?}/,;¢|
it is bijective. Hence 1y can be defined as the inverse of this map.

(ii) This follows similarly to part (i), because if A D W and 7 is as in part (i), then
the restriction of ny to W' is ny. O

We are now ready to extend the bijection to G.

Anchored bijection on G.

Observe that for every t € T and v € V there is a unique infinite path in ¢ starting
at v. Hence for any finite D C V, we can define desc,(D) as those vertices for which
the infinite path starting at v has a vertex in D.

Given t € T, for every k > 1 let W}, = desci(Dy). Observe that due to the one-end
property (2.1) of elements of T, Wy, is finite for all £ > 1, WSFa.s. Denote by ty,
the restriction of ¢ to the edges in E?/Vk,k' Due to Lemma 3.7(ii), the configurations
Yw, k(tw, k) consistently define a stable configuration n on V. This n will be an
element of R, because for any finite F' C V there exists k£ > 1 such that D, D F, and
Yw, k(tw, k) = nw, is ample for F. We denote the configuration obtained by 1p(t), so
vp: T = R.

Remark 3.8. Whenever A D Wy, = desc(Dy), we have the following property. If we
start burning ¥p(t)|a with the restriction that no vertex of Dy, is allowed to burn, then
the set of vertices that cannot be burnt is exactly Wy. This follows by considering the

burning process in some Wy D A.
Lemma 3.9. The map ¥p is injective and continuous.

Proof. Suppose that t1,to € T such that ¥p(t;) = ¥p(t2). Let us denote W,gl) =
descy, (Dy) and Wf) = descy, (Dy), and let A = Wél) U Wéz). By Remark 3.8, if we
start the burning process on ¥p(t1)|a = ¥p(t2)|a in A (with the restriction that Dy is
not allowed to burn), then the set of vertices that do not burn equals both W,gl) and

Wf). In particular, these sets are equal, that is, Wél) = WéQ). Denoting their common
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value by Wy, we have

T/JWk,k(tl‘E;},k’k) = ¥p(t1)|lw, = ¥p(t2)lw, = wwk,k(tQIE;VM)-

Hence ¢; equals ¢ on Ejy, ;. Since k is arbitrary, it follows that ¢; = {2, and therefore
1p is injective.

In order to see continuity, fix t € T, let n = ¥p(t), and let & > 1 be fixed. Let
Wy = descy(Dy). Suppose that ¢ € T has the property that ¢’ agrees with ¢ on all
edges in E that have an end vertex in Wj. Then it follows that descy (Dy) = W, and
tw,r = twyk- Therefore

Yo (t')lw,, = Ywi k(i 1) = Yk (tw, k) = D () |lw, -

Since k > 1 is arbitrary, Wj, D Dy, and Up>1 Dy, = V, this implies that for all M > 0
there exists A such that if ¢; equals ¢2 on A then ¥.D(t1)|p,, = ¥p(t2)|D,,- O

The following lemma follows directly from the proof of [28, Theorem 3]. We provide

a sketch of the proof for the reader’s convenience.
Lemma 3.10. The image of WSF under 1p equals v = limpqy vp.

Sketch of the proof. Let E be a cylinder event that only depends on the sandpile heights
in Dy, for some k > 1. For any A D Dy, let Wy ;, be the random set of vertices that
are unburnt just before the phase in which we first allow vertices in Dj to burn, that
is, UO(K_k+2). Due to Lemma 3.5, Wy ; also equals the set of descendants of Dy, in
wg}A(nA), where 7 is the sandpile configuration in A. Recall the auxiliary graph G?/V,k
from Definition 3.6. Due to the proof of Lemma 3.7(i), for any fixed set Dy C W C A,
the conditional distribution of ny, given the event {Wj, = W} is given by VG

Hence, conditioning on the value of Wy 1, we have:

w(E)= Y wa(War=W)rg,, (nw € E). (3.3)
DCWCA

Note that, in the notation of Lemma 3.7, we have

vay,,(mw € E) =USTg:  (t: Ywi(t) € E)
= WSF(t : 1/Jw7k(tw,k) eF ’ desct(Dk) = W)
= WSF(t : ¥p(t) € E|desci(Dy) = W).

In particular, this probability does not depend on A. We also have

}\ITI{I/ VA(Wrp=W) = /1\111[{1/ USTA(t : desci(Dy) = W) = WSF(t : desc,(Dy) = W).

This is because for a fixed finite set W, the event desc;(Dy) = W is spanning-tree-local:
it only depends on the status of the edges in Ej; .. Finally, note that due to the one-end
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property (2.1) the family {W ; : A D Dy} is tight, in the sense that

lim sup USTA(t: desci(Dy) ¢ Dyr) = 0.
M—co A5 Dy,

This allows us to pass to the limit in (3.3) and obtain
li E)=v(E
N va(E) = v(E)

= ) WSF(t: descy(Dy) = W) WSF(¢bp(t) € E | desc,(Dy) = W)

W:W is finite
WDDy

= WSF(t : ¥p(t) € E).

Lemmas 3.9, 3.10 imply Theorem 3.2.
Our final lemma shows the coupling property (3.2).

Lemma 3.11. Fix o € Dy. For anyt €T and x € V the limit
N (7P (, A (1) — 77 (0, A ¥op(1))] =: 7P (w3 m) € (Z,Z)

exist.

Proof. Let k > 1 be the smallest index such that € Dy, let W = descy(Dy), and
suppose that A D W. Due to Remark 3.8, for any such A the last k& + 1 phases of the

burning of nx have identical history. This implies the claim. U

3.3 Rate of convergence in Z%, d > 3.

Henceforth we consider the graphs G = Z%, and in this section we assume d > 3. Let
Dy, be the intersection of the Euclidean ball of radius & about the origin with Z¢.

Let A C Z¢ be finite. We consider the realizations of WSF and UST¢, via stacks
of arrows, as introduced in chapter 2. Recall the notation we defined there.

Define [P as the underlying probability measure for the stacks of arrows. An oriented
cycle C in Z¢ is associated the weight w(C) = (2d)~I°I, where |C| denotes the number
of arrows in C. Sometimes we will need to consider coloured cycles, that is, a cycle

v1 evr

i€ - We will again use bold characters, like C, to

consisting of some arrows e
denote coloured cycles. In this case, C will denote the cycle obtained from C by ignoring
the colours.

Also recall that we described how Cycle popping can be made sense of in transient

graphs. Here we will need the following alternative way of popping cycles in Z%:

first pop all cycles contained in Dy, then pop all cycles contained in Dy, etc.  (3.4)
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Wilson’s proof for finite graphs [50], stated here as Lemma 2.3, can be adapted to
show that on the probability 1 event when T is a well-defined sample from WSF, the
procedure (3.4) reveals exactly the same forest T" as the more standard algorithm that
was presented in subsection 2.2. In particular, for any finite A C Z?, cycle popping
in A also terminates with probability 1, resulting in a spanning tree Ty, distributed
according to UST¢, . Thus, using the same stacks of arrows for cycle popping in A and
in Z¢ provides the required coupling of WSF and UST¢ A

Given a cylinder event £ C {0,...,2d — 1}P* only depending on sandpile heights
in Dy, let us write Eza = {T : ¢p(T) € E} and Ex = {Tx : Ypa(Ta) € E}. We have
P(EA) = va(E), due to Lemma 3.4 and P(E,q) = v(E), due to Lemma 3.10.

Theorem 3.12. Let E be a cylinder event depending only on the sandpile heights in
Dy. Letd > 3, let A C Z% be a finite set and let N be the radius of the largest ball

centred at the origin that is contained in A. We have

Cuk=IN*d  ifd > 5;
WA(E) —v(E)| < P(EAAEzd) < { CK/ON-2/9  jfd=4;
Ck25/13N71/13 ’lfd:?)

Here A denotes symmetric difference.

The proof is broken down into a number of propositions and lemmas. Let us write

W}, for the random set of descendants of Dy, in T,

Proposition 3.13. Suppose d > 3, 1 <k <n < N, and A D Dy. Let Ejy,, be as
defined in Definition 3.6, then there is a constant Cgq > 0, which depends only on d,
such that

kd72n2

Mo 89

P <Wk C D, but Wy # Wi A or T|E%,k # TA|E€V,I¢> < Cy

Proof. If we successively pop all cycles in Dy, then in D,1, then in D)9, etc., then
we see that P-a.s. on the event W), C D,, we have Wi »» = W}, and T‘E‘*yk =T

Bk
for all large enough finite A’. Therefore, it is enough to show that for all finite A’ D A

we have

kd72n2

P <Wk,A/ c D, but Wk,A/ 75 Wk,A or TA/|E€V,I@ 75 TA|E€V,I@> < Cdm,

(3.6)
with Cy independent of A, A’.

In order to prove (3.6), we first pop all cycles we can that are contained in A.
This leaves on top of the stacks in A the wired spanning tree Ty of Gp. Let £ denote
the collection of remaining coloured cycles contained in A’ that need to be popped in
order to obtain the wired spanning tree T, in A’. For convenience, the cycles in £ are

regarded as having colours according to their current positions in the stacks, i.e. after
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all cycles contained in A have been popped. We claim that the probability distribution
of £ is proportional to total weight and that £ is independent of the wired spanning
tree T)/ in A/, that is:

K
1
P(€={C1,....Cx}, Ti = tn) = USTq,, (ta) 5 [Twe), (3.7)
j=1

where Z is a normalization factor. Indeed, we show that this follows from Wilson’s
theorem [50]. Let us write 89\, respectively 89\/, for the collection of coloured cycles
contained in A, respectively A’, that we need to pop in order to reveal T\, respectively
Tyr. Then £ is a deterministic function of £3, (recall that the colours of cycles in £ are
according to their positions acquired after cycle popping in A is complete). By Wilson’s
theorem, Tys is independent of 29\,, and hence of £, and is distributed according to
USTg,,. Therefore, the left hand side of (3.7) equals

USTGA, (tA/) P(Q = {Cl, ... ,CK}).

In order to show that the second factor is proportional to weight, first observe that 29\,
and the pair (£3, £) are deterministic functions of each other. We show that £3 and £
are independent. This is because, using Wilson’s Theorem again, 29\, Ty, the stacks of
arrows beneath T, and the stacks of arrows in A’ \ A are mutually independent, and

£ is a deterministic function of the latter three. We have

K° K
1
P(£} = {CY,...,C%}, £={Cy,...,Ck}) = 7 % [Twed) x T wiey).
A =

J=1

Summing over all instances of £Q, the independence of SR and £ implies

N

This proves the claim made in (3.7)

We introduce a partial order on elements of £ as follows: we say that C < C/, if
there exist j > 1 and a sequence of coloured cycles C = C;,C;_1,...,Cy = C’ all in
£, such that for each 1 < r < j, the coloured cycles C,._; and C, share at least one
vertex whose colour in C,. is one greater than its colour in C,_;. The meaning of the

relation < is the following:

c=<c = regardless of the order of popping, C’ is popped before C.
(3.8)
(Recall that the set £ does not depend on the order of popping.) The direction = of
this equivalence is immediate from the definition of <. To see the <= direction, let us

pop every cycle we can without popping C’. This does not reveal C. Now pop C’, and
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note that any cycle that is revealed as a result of popping C’ necessarily shares a vertex
with C’. Popping further cycles it holds that any cycle that is revealed has a chain of
cycles leading to C’. In particular, C must have this property. The equivalence (3.8)
makes it clear that < is a partial order on £.

We apply a parallel popping procedure to reveal £, defined in stages. In each stage,
we pop all cycles on top of the stacks, simultaneously. If the event on the left hand
side of (3.6) occurs, we pop some cycle that intersects W := Wi ar U OWy, s Indeed,
if we never popped any such cycles, then the arrows attached to all the vertices in W
would have the same direction as they had in T, which would force Wy n» = Wy A
and TAI|E*W,I@ = TA|E*W,k' Let us select, according to some fixed arbitrary rule, a cycle
D; € £ such that D1 N'W # () and a vertex w € Dy N W. Let

M:={Del:D>D;}. (3.9)

Observe that 2 can be popped from £ (without popping any other cycles), since by
construction, 91 is closed under domination in the partial order <. Define £ to be the

collection of coloured cycles left after popping 91 from £.

Lemma 3.14. The map £ — (M, £) is injective.
Proof. This immediately follows from the definition of the map. U

We are going to join the cycles in 9t into a single loop v in Z¢, and then bound
the probability of the possible arising loops in Lemma 3.16 below. Note that by the
definition of 901, the arrow at w on the top of its stack is included in a loop that we
want to pop. There is also a unique edge in Dy directed towards w, label this edge as
ep, . We set v(0) = w. We define v by following the arrows, starting with the one on
the top of the stack of w, and whenever we visit a vertex v for the i-th time, we use
the i-th coloured arrow at v. The walk stops when it uses the edge ep,. We call v the
loop associated to M. The purpose of the next lemma is to show that v is well-defined

and the map 9 — v is injective.

Lemma 3.15. Let W C D, be a fized set and let w € OW be a fixed vertex. Suppose
that £ is a collection of coloured cycles that can be popped, and D1 € £ has the property
that w € Dy N (W UOW), with ep, the unique edge in Dy directed towards w. Let 9
be defined by formula (3.9). Then we have:

(i) The loop associated to M is well-defined in that the walk does return to w.

(ii) Every coloured edge in I is used exactly once by the loop.

(iii) The map M — =y is injective.

Proof. (i), (ii) We prove the two statements together by induction on the number of
cycles in 9. If 9 consists of the single cycle Dy, the statements are trivial. Otherwise,
consider the first time we return to a vertex v that we visited before. Then the cycle

just found, D, say, is necessarily on top of the stacks and D # Dj, in particular ep,
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has not been used. Also, since the walk starts with an arrow belonging to a cycle in
9, it is easy to see that D € M. Now pop D, and define £/, 9, D} by moving the
arrows in the stacks of the vertices of D up by one (and removing the arrows in D).
Observe that £/, ', D} also satisfy the hypotheses of the Lemma, so by the induction
hypothesis, the walk v/ defined by 9 visits each arrow of M’ exactly once. Hence
inserting into 4’ the cycle D at v we get the walk v defined by 9. This implies the
statements (i) and (ii).

(iii) This follows from the fact that by construction, following the history of the
loop-erasure process on v (started at w) the loops erased are precisely the loops in
m. O

We continue with the proof of Proposition 3.13. We bound the left hand side of
(3.6) from above as follows. Let II denote the class of all sets of coloured loops that are
possible values of £. Let I, denote the collection of loops in Z¢ that start and end at
w and visit A°. Let I'y, o+ denote those loops in T, that stay inside A’. By the stated

independence of the spanning tree in A’ and £, we have

P (Wk,A’ C Dy, and Wy pr # Wy a or Ty Eiy # Ty E;Vk)
1 3.10
<> mWen=w) > [[we) (3.10)
WCDn Lell:dDeg, Ceg
D1NOW #0

We fix W, and estimate the sum over £. To every £ occurring in the sum, we have
associated (by our arbitrary rule), a choice of w € OW and 9 C £ containing w. This

M, in turn determines a loop v based at w. Observe that

1 w©) = I[ w®) x J] wC€) =w) x [] w©).

Ceg Dem Ceg Ceg

Hence, using the injectivity statements in Lemma 3.14 and Lemma 3.15(iii), the last
three terms in the right hand side of (3.10) is at most

23 Y S [[e@< Y Y wk)

wedW ’Yerw,A’ EGH GGE wedW ’Yerw,A’

< DY wly.

weIW ~eT'y,

(3.11)

Lemma 3.16. For any w € D, we have

Y w(y) < __Ga___ (3.12)

_ d—2
velw (N n)

Proof. The weight of a loop is equal to the probability of each step present occurring.

Therefore the sum of the weights over loops I'y, equals the sum of the probabilities of
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random walk paths that start and end at w and exit A. Letting .S, denote a simple

random walk started at time 0 at v and let {x be the first exit time of Dy we get

> w(y)

yETw

=3 Y > PEn =m, Sulm) = 2)P(Su(r) = w, | En = m, Sy(m) = z)

m2>0zedDy r>m

S 3 Bew = Sulm) = ) TS,

m>02z€0D N r>0
=Y Y Pén =m, Su(m) = 2)G(z,w)
m>0z€0DN
_nHZ Y By =m, S(m) = 2)
m>02z€0D
__ G

Here G(z,w) is Green’s function, see [35, Section 4.3] for a proof of the bound on

G(z,w). O

Inserting (3.12) and (3.11) into (3.10) we get

P (Wk,A’ C Dy, and Wy ar # Wy p or Ty |Ex . # Ty E;Vk)
1
< Z pnr (Wiar = W)§ Z H w(C)
WcD, gell:aD,eg, Ceg
D1 NOW #£(
S SRS 3 31
wWcDy, weIW ~eT'y,
Cy
<D Wia =W) Y N = pya2 (3.13)
WcCDy, weIW
Cq
< — - (Wi pr = W)|[OW
S = > (Wiga )|OW |
WCDn
<G g oWl W D
S =AY [[0Wk,ar] : Wiar C Dy

Cq

S N =Tz (Wil : Winr € Dy -

We estimate the right hand side in the last equation in the following lemma.

Lemma 3.17. We have
EHA/ [|Wk7/\/| Wi C Dn] < Cdk:dfan.

Proof. By considering running Wilson’s algorithm, as described in Section 2.2, with the
first walk starting from z it follows that that the probability that a vertex x € D,, \ Dy
is in W}, ps is at most the probability that a simple random walk started at x hits Dj,.
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This is bounded by Cyk%=2/|x|%=2. Summing over x € D,, gives

Euy [[Win| s Wiar € Dy] < [Di| + By, [[Wear N (D \ Di)l]
< Cgk? + Cynk4—2

< Cankd_Q.
O
The above lemma and (3.13) completes the proof of Proposition 3.13. U

Proposition 3.18. Suppose d > 3. Then for all k > 0 there exits a sufficiently large
n such that
P(Wy ¢ Dy) < Cak?n’sd" |
We prove this proposition by extending the argument of [38, Theorem 4.1], that

requires a couple of alterations.

Proof. Condition on the event that the restriction of the uniform spanning forest to
Dy, denoted T|p,, is a fixed forest K. Let K;, j = 1,2,... denote the connected

components of K. Then

P(dese(Dy) ¢ Dy | T|p, = K) = P(U; {desc(K;) ¢ Dy} | T|p, = K)
< Z]P’(desc([(j) ¢ Dn|T|p, = K).
j

In order to deal with the summand in the last expression, we need to generalize [38,
Lemma 3.2]. Given a graph G, and V a subset of the vertices, we denote by G/V
the graph obtained from G by identifying all the vertices in V to a single vertex and

removing loop-edges.

Lemma 3.19. Let G be a finite graph containing Dy as a subgraph and s a vertex
of G with s € Dy. Let Tk denote the uniform spanning tree of G conditioned on its
restriction to Dy, being K. Let Lj(Tk) denote the unique path from Kj to s in Tk.
Then on the set of edges not belonging to K, the graph Tk \ Lj(Tk) is stochastically
dominated by the uniform spanning tree of G/(K; U{s}), conditioned on the event that
its restriction to Dy /K; equals K/K;.

Proof. First we further condition on L;j(Tx) = L. Note that under this conditioning,
Tk \ L has the same distribution as the uniform spanning tree of G/Vert(L) given K,
where Vert(-) denotes the vertex set of a graph. By the negative association theorem
of Feder and Mihail [14], [37, Chapter 4], conditioning on an edge being present makes
the remaining set of edges stochastically smaller. As Vert(L) contains both K; and s
we can repeatedly apply this result to deduce that on the edges not belonging to K; UL
the set of edges Tk \ L is dominated by the uniform spanning tree of G/(K; U {s})
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given K/K;. We can now average over all possible paths L = L;(Tk) to remove this

part of the conditioning and get the stated lemma. O

We will use the following corollary of Lemma 3.19 that can be deduced by taking
weak limits. Let §x ; denote the wired spanning forest conditioned on K with K; wired
to infinity (defined as the weak limit of uniform spanning trees conditioned on K with
K wired to the sink).

The set of descendants of K in the wired uniform spanning forest conditioned

on K is stochastically dominated by the connected component of K; in §k ;.

The rest of the proof follows an outline similar to the proof of [38, Theorem 4.1].
We define edge sets By C Fy C ... as follows. Let Fy = K;. Assuming E, has been
defined, let S;, be the set of vertices of the connected component of §r ;N E, containing
K;. If all edges incident with .S, are in F,, we set E, 1 = E,. If not, let e be an edge

incident with S, that minimizes min{r : e C B,}, where B, = {z € Z¢ : ||z| s < 7},

and set

= E,U{e} if e does not connect S,, with a component K;, i # j;
n+l ‘=
E,U{e} UK, if e connects S, with K;.

When in the above E,, C B,_1, i.e. a new part of the anchor is visited by the process,
we make the further requirement that e be the edge along which the unit current flow
from S,, to oo is maximal.

Let M, be the effective conductance from S,, to oo in the complement of F,,, with

the end points of edges of K identified and any loops erased:
M, :=C(S, + coin (Z¢/K)\ E,).

Then by [38, Lemma 3.3], [43, Theorem 7], (M,),>0 is a martingale with respect to
the filtration F,, generated by E,, §jx N Ey.
The My term is no longer constant, as in the original proof. Nevertheless, the

argument of [38, Theorem 4.1] gives:
P(desc(K;) ¢ Dy | T|p, = K) < Cqn 2 My(K;)

We now bound My (K;) still with the conditioning that on Dj, we have the forest K.
Therefore we can work on the graph produced by deleting any edges from Dj that
do not appear in K and contracting each component of K to a distinct vertex. By
definition, the effective conductance from K; to oo is the infimum of the energy of
functions that are zero on K; and one except on finitely many vertices. Therefore

consider the function defined by g(v) = 0 if v € K; and one otherwise. This is clearly a
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valid function with regards to the infimum and will have energy equal to the number of
edges connected to K. As all edges in Dy, that are not present in K have been deleted
and K is a connected component of K, the only edges will be those connected to K
from the outside of Dj. An upper bound for My(Kj) is therefore provided by the size
of this set which is at most Cy|0Dy, N Kj|.

Summing over the connected components, and using the fact that the Kj’s are

disjoint and cover all of Dy, we get

> My(K;) < CqldDy| < Cak* ",
J

Then as this bound is independent of K we can average over all possible K to get the

unconditioned result:
P(desc(Dy) ¢ Dy) < Cgn’zd k41,

This completes the proof of Proposition 3.18. U

Proof of Theorem 5.12. If W), = Wy x and T and T) agree on E;V,k’ then ¥p and
Yp,a will produce the same sandpile configuration on Dj. Therefore to bound the
difference of the measures on any cylinder event E defined on Dy it suffices to bound
the probability that the descendants in the spanning trees differ, or the trees differ on

that set of descendants.

V(E) - va(E)| < P(EAEy)
<P (Wk £ Wi or T

v )
<P (Wk C Dy but Wy # Wy or Tley,, # TA|E*“W€> +P(Wy, ¢ Dy,)
kd_2n2

d—1, 24
< Cdi(N )i + Cyk®InTaa .

Eive 7 LA

(3.14)

The final step follows from applications of Propositions 3.13 and 3.18.

We now optimise the choice of n. We may assume N > 2n, in which case (N —
n)d_2 > Cde—Q‘

When d > 5, we take n = %N, which gives the bound Cdkdle%.

When d = 4, the two terms in the right hand side of (3.14) are of the same order
if n = kY9N8/9. This gives the bound Ck26/9N—2/9.

When d = 3, we take n = k5/13N6/13 This yields the bound Ck2°/13 N—1/13, O
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3.4 Rate of convergence in Z2.

In this section we bound the rate of convergence on Z? in Theorem 3.20 below. As was
the case for d > 3, the result will follow directly from the bijections and a bound on
the probability that, in a suitable coupling, the descendants of Dy, in Z? differ from
those in A. This bound is given in Proposition 3.21. Due to recurrence, we cannot
use Wilson’s method rooted at infinity, so the construction of the coupling is more
involved. Write G = (A U {s},EA) for the graph on which the sandpile is defined.
Recall that given a cylinder event F determined by the sandpile heights in Dy, we
write Eze = {T : ¢p(T) € E} and Ep = {T) : Ypa(Tp) € E}, where T is a sample
from WSF and T} is a sample from USTg.

Theorem 3.20. Let E be a cylinder event determined by the sandpile heights in Dy,
and let A C Z? be a finite set. Let N be the largest integer such that Dy C A. Given
e > 0, there is a constant C = C(e) > 0 and a coupling P = Py . of T and T, such

that in this coupling we have

k5/32

’V(E) - I/A(E)’ S ]P)(E22AEA) S CW

We will write Wy, respectively Wj, A, for the set of descendants of Dy, in T', respec-
tively T). Then Theorem 3.20 follows immediately from the following proposition.

Proposition 3.21. For any k,e > 0 there exists A’ such that for all A D N, with
N being the largest integer such that Dy C A then there exists C = C(g) > 0 and a
coupling P = Pp 1. of T and Tx such that in this coupling

/{?5/32

P (W) # Wi or T and Tn differ on some edge touching Wy,) < 04]\/1/16*5'

The coupling will be achieved by passing to the planar dual graphs. The idea is
to construct paths in the dual tree that together surround Dy in such a way that all
descendants of Dy are necessarily in the interior of the region defined by the paths.
Then it will be sufficient to couple the dual trees in the interior of that region.

Let G* = (A*,E}) denote the planar dual of G. The vertex set A* is naturally
identified with a subset of the dual lattice (Z%)* = Z? + (1/2,1/2). The planar graph
G* has one unbounded face: the face corresponding to the sink s via duality. The dual
spanning tree T is defined on G*, by including a dual edge e* in T} if and only if the
corresponding edge e is not in Tj. Then T} is a sample from USTg+ (i.e. with free
boundary conditions). It is well known that as A 1 Z?2, the measure UST g+ converges
weakly to the free spanning forest measure FSF, which for Z? coincides with WSF
[44, 37]. Let T* denote a sample from this measure on the graph (Z2)*. We refer to
paths in Z? as primal paths, and paths in (Z?)* as dual paths. Let o* be the dual
vertex o+ (1/2,1/2) € (Z?)*, where o is the origin in Z2. For any m > 0 we define the
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balls in the dual graph:
D = {w € (Z*)* : lw — 0*| < m}.

The construction of the coupling is broken down into a sequence of steps, and the
required estimates stated as lemmas. We collect the estimates at the end and prove
Proposition 3.21. The integers £ > 1 and kK <n < r < R < N will be parameters that

we choose at the end to optimize the bound.

Step 1. Coupling the backbones inside D). We will need to work with fixed
“backbones” in our trees. Since T has one end WSF-a.s., there is a unique infinite
path v* in T that starts at o*. We call v* the backbone of T*. The free spanning tree
on A* does not have a unique backbone (there are typically several paths from o* to the
boundary of A*). Therefore, we will first work with the wired boundary condition in
the dual graph, i.e. we consider the graph G* = (A* U {s*}, E%) obtained by connecting
each vertex in A* to s* by as many edges as it needs, for its degree to be 4. Then we
will compare UST . to UST¢+ using the well known monotone coupling between them
[44, 37]. Let TVA* denote a sample from USTx,. Let v} denote the unique path between
o* and s* in i’{ We call v} the backbone of i’{

We fix a coupling between v* and v} that maximizes the probability that their
first £ steps are identical. The next lemma collects some LERW estimates from the
literature that we use to estimate the probability that the restrictions of v} and «* to
the ball D} differ from each other.

Lemma 3.22. (i) There exists a constant C' > 0 such that for all £ < /N, we have

¢ (N
P(first £ steps of v* and v} are not identical) < CN In <7> .

(ii) There exists a constnat C > 0 such that if R > 4r, we have

-
P(~x returns to Dy after its first exit from Dy) < CE

and
P(y* returns to D after its first exit from Dp) < C’%.

(iii) For all € > 0 there exists M > 0 such that for all R > M we have that
E[number of steps of v* until first exit from Dp| = Rite
(iv) For all \,e > 0, N > 4R we have that there exist C(g),C1,Cy > 0 such that

P(number of steps of yx until first exit from Dp > )\C(E)R%‘Ls) < Cre 92X,

Remark 3.23. Note that in contrast with [35, Proposition 11.3.1], the above bounds
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give us power law (rather than logarithmic) control on the errors, since we are free to
discard a collection of “bad paths” in D; of small probability on which convergence to
the infinite LERW would be much slower.

Proof of Lemma 3.22. (i) The statement follows from [33, Proposition 7.4.2]. Note that
although the exact statement is not present in the reference, it immediately follows from
the proof presented there.

(ii) This is [5, Lemma 2.4].

(iii) This result was first shown by Kenyon [30] (stated there in the upper half
plane). It also follows by combining [4, Proposition 6.2(2)] and [42, Theorem 5.7].

(iv) This follows from [4, Corollary 3.4], [4, Theorem 5.8(4)] and part (iii). O

The next lemma puts the above estimates together and bounds the probability that

the restrictions of v; and v* to the ball D} are not identical.

Lemma 3.24. There exist constants C,C(e),C1,Cy > 0 such that for all \,e > 0, and
sufficiently large N, with N > 4R > 16r, we have that

)\20(6)2R%+2€ N

* * * *) <
]P)(’YA N Dr 7é 7N Dr) <C N = <AC(€)R5/4+€

> + O exp(—C\) + 20%

Proof. Let Fi be the event that the first £ steps of 7* and ~} coincide, the event
maximized by our choice of coupling. We therefore need to choose ¢ appropriately to
get the desired result.

Let F» be the event that the length of v} until first exit of D%, is less than /.

Let F3 be the event that neither v} nor v* return to Dj after their first exits from
D5,

On the event F» N F3, we have that the first £ steps of v} includes vx N D;. If Iy
also occurs, then we have yx N Dy = ~vy*ND;.. We choose ¢ = A\C(e)R%/**¢. By Lemma
3.22(i),(iv),(ii) we have

P(yx N Dy #~" N Dy)
<P(Fy) 4+ P(F5) + P(F3)
2 2542
SC)\ C(e)°R> 0 N
N AC(&)R5/4+5

> +Ch eXp(—CQ)\) + 20%

O

Step 2. Constructing the dual paths that surround Dj. On the event
Yx N Dy # v* N Dy, we extend the coupling of v{ and v* to a coupling of WSF and
UST@X in an arbitrary way. (For example: make them conditionally independent given
the backbones.) On the event v} N Dy = v* N Dy, we extend the coupling via Wilson’s
stacks of arrows construction. For each z € D} \ v*, we assign identical stacks for the

constructions in A* and (Z?)*, respectively. For all other vertices, the stacks in A* are
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assigned independently from those in (Z*)*. This defines a coupling of WSF and UST g,
on (Z2)*.
We now construct the required set of dual paths. Write 7, for the portion of v* up

to its first exit from D}.

Definition 3.25. By a block, we mean a set U of dual edges with the properties:
(i) U C D} \ D;y;

(ii) U U~ is a connected set of edges;

(ii1) the set of vertices of U U~} disconnects D from (D})°.

Lemma 3.26. There exists C > 0 such that for r > 4n > 16k and vy N D} = v* N Dy

we have that

we can pop a set of coloured cycles contained in g Y4
( pop f Y >21_0<_> o
,

D} \ D so that the arrows revealed contain a block n

Proof. Due to Lemma 3.22(ii), we have P(v* N D} # ~: N D;) < C(n/r). Henceforth
assume that we are on the event when v* N D}, =~ N D;.

We start with a minor adaptation of the argument of [1, Lemma 6.1]. Let v €
(Z?)* be a vertex at distance vkn from o*, and let {S(n)},>0 be simple random
walk starting at v. Let 7 be the first time when either S exits D} \ Dj, or when the
loop-erasure of S has made a non-contractible loop around D}. Let us use the sequence
S(1),5(2),...,5(7) as our successive choices in Wilson’s algorithm, where ~;" is already
part of the tree to be constructed. That is, whenever a random walk step is to be made,
we use the next step of S for the random walk step, and whenever a new vertex is to
be chosen in the algorithm, we use the next vertex not in the tree that is visited by S
as the new vertex.

We claim that on the event S[0, 7] C D\ D the set of edges, U, that this algorithm
has included in the tree by time 7 is a block. Indeed, condition (i) holds because the
walk never left Dy \ D;. Also, observe that the set of vertices of LE(S[0, 7)) do not get
erased, and hence condition (iii) holds. Finally, condition (ii) holds, because each piece
of the tree we create gets joined to 7; (here is where we use that v* N D} =~} N D}).
Note that since S(7 — 1) does not get erased, the last piece is also joined. This proves
the claim. Interpreting the construction in terms of stacks of arrows, we see that the
probability of the event in part (i) is at least the probability that S[0,7] C Dj; \ Dj.

The probability that a non-contractible loop is created could be bounded by >
1 — C(k/n)¢ with some ¢,C > 0, by ideas similar to [35, Exercise 3.3], showing the
statement (i) with ¢ in place of 1/4. In order to get the explicit exponent 1/4, we
combine the argument with an idea that was inspired by [6].

Again we are going to start with v as our initial tree. Choose a subpath VZ,n of v

that forms a crossing from Dj to (D;;)¢. Write H,, for the circle of radius p centred at
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o*. Define the annulus:
Apn=1{2€R?: k+1<|z—0" <n—1}.

Choose a point, not necessarily a vertex, Q € v, N H s, and let ag = H \ {Q}.
Let P; be the mid-point of g, and let v; be a vertex of (ZQ)* closest to P;. Run a
random walk SV from v; to 71%’ and add edges to the tree in the same way as we did
with S. Let m; be the set of edges added. Note that 71 is not necessarily a connected
set of edges, however, v+ U m; is. From the two subarcs of o defined by P, throw
away the one that is on the same side of ’y,’;n as where 7 hit, and let us call the other
arc 1. On the event when {S(l)} C Ay, the arc aq has the property that any dual
lattice path from Hj to H,, that is vertex-disjoint from ~; U has to intersect a;.

Continue inductively in the following way. Suppose that for some ¢ > 1 the arc «;
and the sets of edges 71, ..., ; have been defined. Let P,y be the mid-point of «; and
let v;41 be the vertex of (ZQ)* closest to P;11. Run a random walk S+ from Viy1 to
'yZ’n Um U---Um, and let m41 be the set of edges that get added to the tree. From
the two subarcs of «;, throw away the one that is on the same side of v, as where ;41
hit, and call the other one a;;1. On the event when {S(”l)} C Apn, the arc a;q
has the property that any dual lattice path from Hy to H,, that is vertex-disjoint from
vrUm U---Umyg has to intersect .

The construction is well defined until a time when the length of the arc «; becomes
of order 1. Stop the construction the first time when the arc length of «; is less than
10, say. We can select further vertices viy1,...,v;+x (with K a fixed constant, say,
K = [10v/2 + 4]) such that if we start further random walks at these vertices, then
y*Um U--- Uik contains a block. An example of the start of this construction is
shown in Figure 3.1.

It remains to bound the probability that the walks S, S all remain inside
D\ Df. The i-th walk S®) starts at distance O(27*v/kn) from the current tree T;_; :=
7,’;71 Um U---Umi_q. If it were to leave D} \ Dy without hitting T; 1, it would first

have to leave the ball
B*(vi; (1/0)Vkn) = {w € (Z*)* : |w — v;| < (1/9)Vkn}.

without hitting ¥;_;. Using Beurling’s estimate [35, Section 6.8], the probability of

this can be controlled
P( S™ hits T;_1 before exitting B*(v;; (1/4)Vkn) < C(27Vkn/VEn)Y/2.

Regardless of where the walk exits B*(v;; (1/4)V kn), the exit point 2} is still at distance
= Vkn from o*. It follows, again using Beurling’s estimate, that the probability that the
continuation of the walk from z} exits D¥ without hitting T;_; is at most C'(vVkn/n)'/2.

Similarly, together with a time-reversal argument, the probability that the walk started
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Figure 3.1: An example of the construction of a block. The thick line is v}, and the red piece
is Vg, LERWs were started successively at vy, ve, etc. Note the gaps between pieces in some
of the LERWs, where an intersection with v} \ ;. ,, has occurred.
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at 2} hits D} before hitting ¥, is at most C(k/vkn)'/2. Combining these three

estimates we get the bound

(4) * * | M é>< @ : i %
P({S }¢Dn\Dk\Tz—1)§C< N ) ( n ) +<\/ﬁ>

1
_ col-if? k)1
~)

Summing over i we get the claimed bound Cy(k/n)"/4. O

Step 3. Coupling the set of descendants. We now complete the definition of
the coupling of T\ and 7. Fix a monotone coupling between T A and TY%, such that
e* e f]{ N E} implies e* € T}\; see [37, Chapter 10]. Define T and T" as the dual trees
of T{ and T™. This completes the definition of required coupling Py ..

Lemma 3.27.

(i) When i’{ contains a block, we have Wi x C D,.

(ii) When T* contains a block, we have Wy, C D,..

(111) When the event in Lemma 3.26 occurs, we have Wi = Wy, C D, and T and Tp

agree on the set of edges with at least one end vertex in Wi.

Proof. (i) Since T} is stochastically larger than TVA*, the edges in the block are also
present in T{. Since the the union of the block with v, is connected, any two dual
vertices in the interior of the block are connected by a path in TVA* Hence no new edges
are added in the interior of the block when passing from T 1 to TR.

Suppose that Dy, had a descendant v € D¢ in T. Then there would be a primal
path [ starting at v that visits Dy and ends outside D,.. Since the block surrounds Dy,
this would contradict the connectivity of the block (as a set of edges).

(ii) The same argument as in the previous paragraph applies here.

(iii) Since we are using the same stacks of arrows in D} \ 7%, the same block exists
in A* and in (Z?)*, and the trees coincide in the interior of the region defined by the
block. Therefore, the trees Ty and T also coincide in this region. By parts (i) and (ii),

the set of descendants are contained in this region and are equal in T and T'. O

Proof of Proposition 3.21. By Lemma 3.27 we have W}, o = W}, if the event in Lemma
3.26 occurred which in turn assumed that the event in Lemma 3.24 did not occur.

Therefore we have

P (W}, # Wi or T and Ty differ on some edge with an end vertex in W)
2 2 pi42e
< C)\ C(e)*R2 0
N AC () Rb/4+e

1/4
+Crexp(—Co\) + C= + ¢ @) +ol.
R n T
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We can now optimise our choice of parameters by taking n = (kr4)1/ S r= (R5k)1/ 6,

R = (EN%)Y/16 and choose X such that A2R?* = N°¢, note these choices mean that the

necessary criteria we required for intermediary results are satisfied. U
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CHAPTER 4

BOUNDARY CONDITIONS ON THE STRIP.

4.1 Introduction.

In this section we are interested in the dependencies between the heights in a recurrent
sandpile configuration.

The definition of a sandpile configuration being recurrent shows that there is a
global influence effecting the sandpile configuration. However the existence of the
thermodynamic limit for the sandpile measure, for example, suggests that the model is
dominated by local factors. We want to try and quantify which of these two aspects is
the dominant factor in its behaviour.

For the case of sandpiles on the graph Z¢, d > 2, Jarai and Redig, [26], showed
that the sandpile measure, v, was tail trivial, equivalently that for any cylinder event
FE and for all € > 0 there exists an n € N such that for any event F, depending only

on vertices that are not in [—n,n]?,

[V(ENF)—v(E)w(F)| <e.

The aim of this chapter was to strengthen this result to give control of v(E|F). We
believe a statement of the following form should hold true but we are currently unable

to prove it.

Open Question 4. Let G = (V, E) be a graph with A C V and v the associated sandpile
measure. Under what constraints on G does the following hold? Let E be any cylinder
event determined by vertices in A. For all € > 0 there exists an n € N such that for any
cylinder event, F', that is determined by vertices which are at least a graph distance of

n from vertices in A, we have that
[V(E|F) —v(E)| <e.
However as an intermediary step we have been able to prove this result in the special
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case of a ladder graph, which is a subgraph of Z?2.

Definition 4.1. A ladder graph is of the form G x NU {s} where the vertices in the
left most copy of G, G x {1}, are connected to s. A copy of the graph G is called a
rung, with the i™" rung from the left being denoted by R;.

In this chapter we will take the rungs to be a finite subset of Z.

Jarai and Lyons showed in [25] that there exists a sandpile measure on the full ladder
graph, which is where the graph is instead given by G x Z. As this graph has two-ends
it does not have a unique natural measure and depending on the interpretation of the
intuition for burning an infinite graph of “starting the burning process at infinity” the
resulting measure can change. We will work with what they called in their paper the
left-burnable measure.

Given a finite set of vertices V, a vertex v € V is allowed to burn if it satisfies
two properties. Firstly its height is greater than the number of its neighbours that are
currently unburnt, this is the understanding of burnable from Majumdar and Dhar’s
burning bijection [40]. Secondly we require that there is a nearest neighbour path from
v to R_ that only uses vertices that have already been burnt or are in V°. We will
henceforth refer to this as the standard burning rule and the bijection it induces as the
standard bijection.

The existence of the measure on infinite graphs was shown by considering rungs
whose vertices all have maximal heights which are “renewals”, in the sense that the
sandpile configurations on either side of a maximal rung would be conditionally inde-
pendent.

It therefore immediately follows that for the one-sided ladder graphs, G x N, that
we consider in this thesis, there exists a measure for the sandpiles on the infinite graph.
This is true because the measure of a sandpile, 1, on our graph will have the same
distribution as asking for the configuration on the positive rungs to correspond to 7 in
the full ladder graph under the left-burnable measure conditioned on a maximal rung
occurring at rung 0.

The existence of these “renewals” would immediately lead to an upper bound on
the influence of the boundary conditions but it would be a very weak bound especially
for large INV.

The aim of this chapter is to prove the following related theorems which will provide

better control over the influence of the boundary.

Theorem 4.2. Let n be a recurrent sandpile configuration on the graph [0,N] x
[—q1,00) C Z2, for q > 0. Let n; denote the configuration on the vertices in R;.
Let v be the measure on recurrent sandpile configurations. We define I := {n; =
E; for j € [—q,0]}, the event that the sandpile between rung —q and rung 0 is some
known configuration, E. Further define n(i,j) to be any event that is determined by
the configuration of the sandpile between rungs i and j. Then with k > N? +~vN for

sufficiently large v > 0 and some constants ci1,ca,c3 > 0, we have that
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‘I/(?](k‘, 00)|I) — v(n(k, oo))‘ < crexp(—coy +c3N).
To prove this we will first prove the result on the finite graph.

Theorem 4.3. Let n be a recurrent sandpile configuration on the graph [0, N] x
[—q1,q2] C Z2, for some qi,q2 > 0. Let n; denote the configuration on the vertices
in R;. Let v_g, 4, be the measure on recurrent sandpile configurations on the graph
[0, N] % [—q1,q2] C Z*. We define I := {n; = E; for j € [—q:,0]}, the event that the
sandpile between rung —q1 and rung 0 is some known configuration, . Further define
n(i,J) to be any event that is determined by the configuration of the sandpile between
rungs i and j. Then with g > k > N? + N for sufficiently large v > 0 and some

constants c1,co,cg > 0, we have that

‘l/[_qth] (n(k, q2)|I) — V[—g1,q2] (n(k, q2))‘ < ¢y exp(—coy + c3N). (4.1)

The key to the proof of our theorems is to use a variation of the standard burning
bijection. This allows us to convert the events in (4.1) into statements about spanning
trees.

However the sandpile event we wish to condition upon does not convert into an
event that is easily dealt with, therefore it will be beneficial to further condition upon
a stronger spanning tree event which is a subset of I under this modified bijection.

It will turn out that the stronger conditioning we want to use is to specify the con-
nection pattern of a grove at Ry. A grove and spanning forest can both be constructed
using LERWs hence we can use our knowledge of random walks, which are much more
malleable objects than sandpile configurations, to study the probability of the relevant
events.

Using these observations the proofs of the theorems effectively come down to show-
ing that we can bound the impact of the dependence of the spanning tree at Rj on
the spanning tree at Ry when conditioned on the partition induced by the grove at R;.
This is done in two parts.

Firstly we will give an upper bound for the probability that a path in a grove on
Ry will reach Rin.

Having shown this it suffices to bound the probability that the spanning tree at Ry
will depend on the spanning tree up to Rx . This is done using the idea of a block,
similar to the construction in the previous chapter.

The remainder of the chapter has the following structure.

Section 4.2 contains the statement of our notation and some preliminary results.

In Section 4.3 we introduce and justify the adaptation of the burning bijection.

In Section 4.4 we provide the bounds for the distance that paths in a grove will reach.
Section 4.5 contains a bound for the probability of having a block in a spanning tree.

Section 4.6 brings these results together to conclude the proofs of theorems 4.2 and
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4.3.
In Section 4.7 we briefly consider an equivalent statement on graphs with different

boundary conditions.

4.2 Preliminary results.

Throughout this chapter we will use ¢, c1,co ... to represent unspecified positive con-
stants which have unless otherwise stated will have no dependence on any other vari-
ables. We may use the same notation to represent different constants in different results
throughout the chapter, however we will maintain consistency of the constants within
a calculation.

We will begin by defining the random walk terminology we will require.

Definition 4.4. (Sv(j))jeN denotes a simple random walk started at v, if the start
vertex is obvious from the setting or not important we will often drop the v from the
notation. We denote by T the first hitting time with respect to the random walk, and

by £ the first exit time. More precisely we define

Ty :=min{j > 0: S(j) = x}
7 :==min{j >0:9
T4:=min{j >0:S

€a:=min{j >0:S5(j

Let Gp(z,y) be the Green’s function of a simple random walk that is stopped upon first
exiting a domain D.
In order to state some preliminary result we introduce the following notation with
respect to two distinct vertices a,w € Ry.
Take 71 to be an arbitrary loop-erased random walk in U;>1R; which was started at
v1 and terminated upon hitting vo, with vy,ve € Ry such that they are in the interval
between a and w.
Set w3 to be an arbitrary loop-erased random walk in U;>1R; which starts at vs and
ends at vy with vs, vy € Ry such that a and w are in the interval between vy and vy.
Define the sets

7 = 771U773U(R1\{a})
7= m Umg U R;y.

Let the domain Dy be the connected component of {[0, N] x [1,00)} \ {m U w3} that

contains the vertices a and w.

The exact construction of the instigating paths, m, 73 and the reason we need to

consider such sets, will become apparent later in this chapter. However as it will turn
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out that the results we will get will be uniform amongst the possible paths, it is not
necessary to formally define how they arise yet and it suffices to state the results in

terms of arbitrary paths that satisfy the above restrictions.

4.2.1 Decomposition of the domain.

In Section 4.4 we will decompose the domain D; into different sections based upon a
sequence of balls that a random walk would have to travel through. We now describe

the criteria for the decomposition.

Definition 4.5. Let By be a ball with centre oy, and radius 0 < rp, < N/2 (we do not
insist that oy, 1s a lattice point).

Define By, to be the ball of radius (\/2 — \/5) r, centred at o.

Let a be a path from a vertex in Ry that hits By, denote the first intersection point as
v € 0;Bi. Then define B,’C’@ to be the ball of radius 1y, centred at vg.

We wish to choose the balls By in such a way that we maximise the total number
of balls whilst still having each ball satisfy the following criteria.
For all k:
() BenZ' =0
(ii) Every path from a vertex in Ry to Rj,, |4, that does not intersect Z' must intersect
By.
(iii) Given Bj_1 and for any path «, from R; that hits By_; before Z’, we require that
BynBy ,,=0.

See Figure 4.1 for an example decomposition.

Remark 4.6. The radii for B), and By, , have been chosen such that the part of 9; By, ,
that intersects By, is given by an arc with angle w/2. This will be required later in the
chapter so that we will have the correct set up in order to be able to apply Lemma 4.7

which is stated next.

We now state some preliminary results that will be needed for proofs later in the

chapter.

Lemma 4.7. There exists a constant ¢ > 0 such that for all § € [—m, x| there exists
R € N such that for all r > R the following holds. Let B be a ball with centre (0,0)
and radius r. Suppose there exists a set A such that % C B but does not intersect the
ball centred at (r,0) of radius r. Then

P(arg(S(Qo)({B)) S [9—71'/4,(9 +7T/4]‘§B < TQ[) > cC.

Proof. The case for § = 0 is Proposition 3.5 in [42]. Although originally stated for a
ball with an integer radius the extension to a real-valued radius follows immediately
from the proof provided there. Consequently the same proof will hold for all by

symmetry of the random walk and domain. O
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Figure 4.1: An illustrative example of a potential decomposition of the domain, although it may be a non-optimal choice of balls. The red part of the ball’s
boundary are where a ball B” may be centred.
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Lemma 4.8. Let ¢ > 0 be a positive constant, ui,w; € 9; B, and let B be a ball centred
at uy which is contained in By and has a radius i /8, or a constant radius if v /8 < 1.
If x € 0B then

Pu, (T, <72) > Py(Ty, < T2)

Proof. Firstly note that if r; < 8 that the result is trivially true as the probability a
random walk goes from w; to x without hitting Z or w; is at least a constant as we

can find a viable path of constant length between them, so
Py (Tuy < T2) 2 Pupy (Te < 770501 Pa(Tuy < 72) = Pu(Tu, < 72).

Henceforth we can assume B has a radius of r4/8, which is a sufficient condition to
ensure that dist(y, Z) > ci1r Yy € B.

We need to consider two cases depending on the distance between u; and ws.

If wy € B then |u; — wy| > corp and so we can immediately apply the Harnack
inequality. This is because the hitting probability is a harmonic function and there
is a compact connected set containing wq and x whose vertices are at least c3ry from
{u1} U Z. Hence Py, (1y, < 7z) > cPy(74, < 77z) holds.

If on the other hand u; and w; are both contained in B, then we need to take an
extra step. This is to ensure that the distance to u; is at least c3ry, where upon we

are able to apply Harnack’s inequality and compare to the walk from x.

Pwl (7’u1 < Tz)

= Pw1 (Tm < E%) + Pw1 (5‘3 < Tm) Z ]Pwl (S(f%) = y‘g‘B < Tm)Py(TM < TZ)
yeoB

> Pwl (Tul < 5‘3)Px(Tul < TZ)

+ Pu, (€ < 7uy) Z Pu, (S(€n) = ylés < Tuy)Po(Tu, < 72)
yeoB

> Pty < 72)(Puwy (Tuy < En) + Puy (§n < Tuy))-
Thus the result holds in both cases. O

Let ® = [0,1] x Rt € R2. Let 74 and €4 be the hitting and exit times of a set by
A by a standard two dimensional Brownian motion respectively. By v € R; we mean

that v € R? has x co-ordinate ;.

Lemma 4.9. There exists a constant Cy < 1 such that for any v € R;

Note that the constant bound does not need to depend on the x co-ordinate.
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Lemma 4.10. Let v be a vertex in Rysn then, with K > M + 1 and for sufficiently
large N, there exists a constant d > 0 such that

Py(Trpn < Tz') < exp(—d(K — M)). (4.2)

Proof. Firstly we will rescale the domain so the random walk is on the lattice © N %ZQ,
under this rescaling v € Rxn becomes v € Rg. Next note that increasing the usable
domain of the random walk will yield an upper bound for the event in the left hand

side of (4.2), so in particular if Z’' was replaced by D¢, we would obtain the relationship

Py(Triy < Tz/) < Pyt <o)

Now we can decompose the domain into disjoint boxes of size 1 x 1. Therefore we
can see in order for the event to be successful that the random walk will have to cross
at least K — M disjoint boxes without hitting the boundary. Note that the probability
of successfully crossing a box is dependent on the path through the previous boxes only

through the starting vertex. Therefore we have

=

—1
Py (o, < €p) <

(2

ma%c Py, (Tm(iﬂ) <&9).

w; €Ny

=

To bound this we consider the walk in each box separately. As N tends to infinity
a random walk on ® N %ZQ will converge to a standard two dimensional Brownian
motion on ®. Therefore we can approximate the probability of a random walk to cross

a box with that given for a Brownian motion and then apply Lemma 4.9 to get

By taking N sufficiently large we can make co as near to 1 as required to make coCy < 1.

Hence we can conclude that for sufficiently large NV, d¢ < 1 such that

PU(TRKN < TZ’) < CKfM.

O

Remark 4.11. The restriction of K > M +1 could be weakened however as this would
complicate the proof and is an unnecessary case for what we require we have chosen

not to prove the more general result.

4.3 Burning based on rungs.

We now introduce a modification to the standard burning bijection. The motivation

for the alteration is to more easily enable the separate treatment of the parts of the
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graph where we have information, i.e the sandpile configuration up to and including
Ry, and the part we have no more information than that which is derived through
the influence of the first part. The advantage of this new bijection over the standard

burning bijection is explained in Lemma 4.13 and Remark 4.14 after the construction.

Definition 4.12. Let the burning bijection centred at Ry be the following adaptation
of the standard bijection, it will be denoted by ¢r, a map from recurrent sandpile

configurations to spanning trees.

Suppose the underlying graph G = [0, N] X [—q1, ¢2] U {s} is a finite but arbitrarily
large ladder graph and 7 is a sandpile configuration on G. The idea is to use the
standard burning algorithm but only on the negative or positive rungs at each stage.

Define two subgraphs of G,
A= U?;O R_;,
Ao = U;‘Iil R;.
Phase 1. We apply the usual burning algorithm to n with the restriction that we
do not allow any vertex of Ay to burn. That is, we define

By = {sh,
U(l) = A1 UAo,

and for 7 > 1 we inductively set:

{UGU( 1 NAL:n(v) = degj o) (U)}’
j—1

M ()
v = v\ B

Note that there may be vertices in A; that do not burn in Phase 1. These vertices,
together with the vertices in As, will burn in later phases.
There will exist a k& > 0 such that B,(Cl) = () eventually. The set of vertices that

remain unburnt in A; at the end of phase 1 is defined as
. @)
v =Y.

Assuming Phase i— 1 has already been defined, then for even i we inductively define

Phase 7 and 7 + 1 as follows.

Phase i. We continue the burning algorithm on 7 with the restriction that no

vertex of Aj is allowed to burn. That is, we set

Béz) = UjZQB](iil),
U = Ut
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and for j > 1 we inductively set:

Bj(l) = {v € UJ(Z_)1 NAg:n(v) > degUJ@l(v)} ,
U(Z) U(Z 1 \ B(Z
There exists a smallest k£ > 0 such that BS) = () at which point any vertices that
can be burnt under the restrictions have been, so define the set of unburnt vertices in

A5 at the end of phase i as
U .= U,gi).

Phase i+ 1. We continue the burning algorithm on 7 in much the same manner,

except now with the restriction that no vertex of As is allowed to burn. That is, we set
(i+1)  _ (@)
B, = UJZOBj ,
Uit =@,

and for j > 1 we inductively set:

B(H_l) Z—H ﬁAl n(v) = degU(z’H)(U) )
j—1

There exists a smallest &' > 0 such that B(Hl)

can currently be burned in A;. For this value of &’ we define

= (), this means no more vertices

After a finite number of phases all vertices in A1 and Ao will be burnt. We now use
these sets to construct the spanning tree.

Ifve B](-i) for some ¢ > 1 and j > 1, then we place an oriented edge pointing from

(@)

v to some w € ijl. In the case j = 1 such an edge exists, because v must have a

(i), and hence in B(i)

neighbour outside U, In the case j > 2 such an edge also exists,

(@)

because the requirement to burn v at step j implies that the degree of v in U] 1 is
strictly smaller than its degree in U j(—)2 Hence v has a neighbour in B](A_)1 = j_Q\Uj_l
If there is more than one w € B](AZ_)1 neighbouring v, we make the choice of the edge
dependent on 7(v), via the burning rule as we did in the usual burning bijection.

Ifve Bj(»i), let

m, = Hf : tail(f) = v, head(f) € Bj(f)}"

J'<3j

F, = {e : tail(e) = v, head(e) € BJ(.Z;)I} .
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Then there exists some 0 < ¢, < |F,| such that
77(”) = deg(v) — My + gv-

With respect to a well defined ordering of the vertices of F,, we then place the £/ edge
of F, in the tree.

Forgetting the orientation of all the edges will then yield a spanning tree of G,
denoted ¢r,(n), this can therefore be used to define the map ¢r,. The proof that ¢r,
is indeed a bijection immediately follows from the one provided for Lemma 3.4.

Having described this modified burning bijection we now explain why it is necessary.

Recall the definition of a rooted grove and that a grove with respect to R; determines
a partition of Ry, with a direction from each vertex towards the corresponding root
vertex in their component. It will be these rooted partitions and set of all possible
groves that could be associated to it that will be key to our argument.

Let G = (V,E), define the graph A] by the vertex set of V N J,«; R; and the
induced edges from F between two vertices in A1 and those between a Ve;tex of Ay and

a vertex of R;.

Lemma 4.13. Given a restriction of a recurrent configuration to Ay, na,, and a rooted

partition of Ry, p. Define a set of sandpile configurations on G by

Q= Q(na,,p) = {C: (o, = A, and ¢r,(C) induces the partition p on Ri}.

There is a unique spanning forest, F' on Af, such that ¢RO(C)\A1+ =F V(e.

Proof. Let (1,2 € 2, we will show that the spanning forest they produce under ¢pg,
will be the same when restricted to A} .

During Phase 1 of the burning procedure we only burn vertices in A; and so as
C1]a, = C2|a, the process will be identical and thus so will the sets B](l)(Cl) = BJ(-l)(CQ),
for j > 0.

Now when we reach Phase 2 the procedures may deviate because the configurations
differ on As. However we can still deduce which vertices in Ry will burn in this phase,
because ¢r,((1) and ¢r,({2) induce the same partition p on Rj.

By definition of a rooted partition we know that the root is the first vertex that
burns in a component and also that every other vertex in that component is connected
via a path through As to the root. This means that the root must burn in the first
step of a phase and the other vertices in the component must burn in later steps in
the same phase. Let p; be a component of p and v be the root in p;. Then if v has
a neighbour in Ry that burnt in Phase 1 then v € B%Q)(Ci) and p; C szlB](?)(Ci) for
1t = 1,2. Therefore szlBj(.Q)(Cl) NRy = szlBj(-Q)(Cz) N R;.

Now as we know the subset of Ry that burnt in Phase 2 we can perform Phase 3.
The burning of {; will again match the burning of (s in this phase because for each

vertex in A; the same set of neighbours have burnt in ¢; and (5.
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Proceeding inductively with respect to the number of phases we can conclude that
the burning times of vertices in Ay will agree for all sandpiles in 2 as will the phase in
which vertices in R; burnt.

Next we can follow the burning procedure to start producing an oriented spanning
tree on G, specifically the forest restricted to A]. If i is odd then for v € B](i) N Ay we
know which neighbours burnt in B](-Z;)I and so we know which oriented edge to include
in the spanning forest. This covers all edges oriented away from vertices in Aj.

For w € Ry we can also specify some of the oriented edges that will be included. If
w is a root then an edge is placed directed from w to its neighbour in Ry, as this is the
only neighbouring vertex that burnt in the previous phase.

If w is not a root then no oriented edges are directed out of it in F'. This is because
edges from w would be directed towards the root through vertices in Ay and so no edge
would be directed from w to vertices in Aj.

Therefore there is a unique forest F' such that F = ¢pr,(¢)| A for all ¢ € Q. O

Remark 4.14. Recall we are interested in conditioning on a sandpile configuration
on Ay. By Lemma /.13 we have seen that further conditioning on a rooted partition
fizes the spanning forest on Af under ¢gr,. This allows us to interpret conditioning
on a sandpile configuration in terms of a spanning tree event, namely having a rooted
partition as a boundary condition.

In contrast the standard bijection would not fix the forest on Ay and so we could
not reduce the problem to a question about spanning trees. This is because the spanning
tree on A1 under the standard bijection depends on the length of paths through As not
just which vertices are connected. Trying to condition on the length of paths between

vertices in Ry would make the following approach too unwieldy.

With this observation we now turn our attention to controlling aspects of the grove’s

distribution when conditioned upon having a given rooted partition.

4.4 Bounds for paths in a grove.

The next step towards being able to prove Theorem 4.3 is to control how far the paths
in a spanning forest will reach when conditioned upon having a given rooted partition
on Ry. This is done in the following Proposition and the remainder of this section is

devoted to proving it.

Proposition 4.15. Let c1,co,c3 > 0 be positive constants. Let g be a grove with respect
to Ry, with by being the backbone of the grove. Let p denote a rooted partition on R;.
Then for K, N > 0 sufficiently large

P(bg N Rx ninz # 0| by induces p) < ¢y exp(—caK + c3N).

We first wish to consider what type of paths connected to Ry we will find in a grove.
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Definition 4.16. Given a set of 2m vertices, labelled a1, ... am,b1,...b, with a path
connecting a; to b; for each i € {1,...m}, then there are two main ways that the paths
can occur in relation to each other:
i)Nested paths are such that the vertices are ordered as aj,asg,...Gm,by,...ba,b.
i1)Adjacent paths are such that the vertices are ordered as ai,by,a2,ba ... Qmby,.

We say a component, g1 is nested inside of another, g, if there exists a path in g1
that is nested inside of a path in go. We say two components are adjacent if they are

not nested.

Clearly these are not all of the possible realisations of how components are connected
to a rung, however they are the main ones we need to consider. This is because the
only other kinds of components will either be trivial or, as we will see later, can be
bounded using results on nested and adjacent paths.

Next recall the definition of a grove and that a grove determines a partition of Ry,
with a special vertex selected in each component. It will be these rooted partitions
and the set of all possible groves that could be associated to a partition that we want
to work with. Also recall that we have the resampling process to construct a grove
uniformly using random walks.

Therefore if we are interested in paths in the grove we need to have control of
LERWSs with fixed start and end vertices conditioned to avoid other paths.

In the next two subsections we will provide bounds for the two main types of path

before combining the results to say something about the grove as a whole.

4.4.1 Bound for a nested path.

Proposition 4.17. Take c1,ca > 0 as positive constants. Let w and a be distinct
vertices in Ry and w1, w3, Z satisfying Definition 4.4. Let K,L € N be such that K >
L+1 and my N Ry = 0. Then for sufficiently large N

P, (LERW to a intersects Rxn|tqa < 75) < c1exp(—co(K — L))

Proof. Firstly note that if w3 disconnects w from Rgn then the statement is trivially
true, hence assume that that w is not disconnected from Rg .

Next we observe that if a loop-erased random walk is to hit Ry before hitting a
then the random walk that generates it must also hit Rxn before a. Therefore we can

say that
P, (LERW to a intersects R n|To < 7, ) < Pu(TRicy < TalTa < T3 ) (4.3)

The key to understand whether this event is successful is to split it into three parts,
the start, middle and end. There will be a path from w, denoted S,,, and a path from
a, denoted S,, that both reach Rxn and then there will be a path that joins them
together. All of the paths must not hit Z. The idea of the proof is to generate the two
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paths to Rxn simultaneously and utilise the fact that with high probability at some
point the paths get close to each other whilst being away from the boundary. When
the paths are near each other we will be able to simplify the expression by cancelling
similar terms.

We first consider the following decomposition of a successful path.

Pu(Thiny < Ta < T}r)

=Pu(Trin < T4) Z Pu(Sw(TRicn) = OlTRin < T4 Po(Ta < 72) (4.4)
vVERK N

Then we can manipulate the final term using the reversibility of a random walk.

Po(1a < 77) = Py(7a < 7'2\71,Jr > 7, AN77)Gp, (0,0)

Gp,(a,a)
e PQ(TU < TZ‘TJ > To A\ TZ)GDI (U, U)m
Gp,(v,0)
=P — 4.5
a(Tn < TZ) GDl (a, a) ( )
Now substitute (4.5) into (4.4) to get
P +
w(TRKN < Ta < TZ)
Gp, (0,0
=Pu(Trin < T5) Z Pu(Sw(TRicn) = OlTRkn < T4)Pa(To < 72) D, (0,0) (4.6)

Gp,(a,a)’

vERK N

Now we split the domain from Ry to Rx4r)n/2 into a sequence of balls and a
set of the remaining space. The balls By, By, ... By, have radii r, = r(k,n3) and are
as described at the start of subsection 4.2.1. The maximum diameter of a ball is IV so

there is a decomposition with n > ¢(K — L) balls for any possible domain D;.

Decomposition of paths from R; to Rxy that do not intersect Z.

We want to use these balls to decompose the paths from a and w to Rx . As any walk
that hit Z can not satisfy the event it suffices to decompose the pairs of paths such
that the path starting from a does not intersect Z before hitting Ry and that, after
time 1, the path from w does not hit Z’ before hitting Ry . We wish to decompose
the paths in a way that will highlight when the two paths are both near to each other
but more importantly are also away from the boundary. See Figure 4.2 for an example
decomposition.

First consider the path from w until it first hits Rxn without hitting Z’ after it
takes its first step away from w. We will decompose this into a sequence of paths,
(7i)ien, which in turn consists of three paths, v; := 49 Uyl U~2.

Define 7? to be the path from w until it first hits By, say at v;. This means that

BY o s defined. Define 74 to be the path from v1 until the first time it hits B or exits
1
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B” . Denote the vertex where 7i ends by wy, then define 77 to be the path from w;
un‘,cli it first exits Bi,n/?' Set x1 to be the end vertex of this path. Note this means
that if 7 ended upon exiting Bi’ﬁ? then v2 = {w}, i.e the walk takes no steps, and
1 = wi.

Now suppose we have constructed +;_; and it ended at xz;_1, then we inductively
define ~; for i < n.

Define 7! to be the path from z;_; until the path first hits B;, say at v;. This means
B”ﬂ{0 is defined. Define v} to be the path from v; until it first hits B} or exits B” CIf
4} ends at w;, then set 42 to be the path from w; until it first exits B” Note this
means that if 7} ended upon exiting BZ% then 72 = {w;}. e

Having defined 1, ...y, we define a further couple of related paths.

Suppose v, ended at z, then we define v,4+1 to be the path from x, until it first
reaches Rx+1 5, say at x,41. Finally define 7,12 to be the path from x, 1 until it first
intersects RQK N-

Let the last vertex in 7,42 be denoted by v. Now we similarly decompose the walk
from a to v that does not intersect Z.

Define 3) to be the path from a until it first hits By, say at y;. This means that
B” 8 is defined. Set B{ to be the path from y; until it first hits B} or exits BY 0 Let
the end vertex of 81 be denoted ap, then set 37 to be the path from a; until it first

exits B” call the vertex it ends at u1. Note this means that if 3] ended upon exiting

0>
B”BO th(fn B? = {a1}, i.e it takes no steps, and u; = a;.

Now suppose we have constructed 5 1 and it ended at w;_1, then we can inductively
define ﬁlj for 7 =0,1,2 and ¢ < n as follows.

Define 3 to be the path from u;_; until the path first hits B;, say at y;. This means
Bgfﬁ? is defined. Define B! to be the path from y; until it first hits B! or exits z,fﬁ?
Let the end vertex of ﬁil be denoted a;, then set ﬁiz to be the path from a; until it first
i BO Label the last vertex visited by this path as u;. Note this means that if 521
ended upon exiting Bz{fﬁf then 52 = {u;}. Define 3; := 2 UBl UB? for 1 <i < n.

Suppose (3, ended at u, then we define 5,11 to be the path from wu, until it first

exits

reaches Rx+r y, say at up11. Finally define 3,42 to be the path from w1 until it first
2
hits v.

Given a path «, with the number of steps used in a denoted |a|, we define the

w(a) = G)|a.

Now we use this decomposition of the paths and the same notation for end vertices

associated weight of the path by

to decompose the probabilities in (4.6). Firstly we can separate out the first part of
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Chapter 4. Boundary conditions on the strip.

the walk.

Pu(TReny < T}_,) = Zw(*yl)]P’xl(TRKN < Tz0).
M

For clarity we are summing over the paths that start at w and exit nyo without
11
returning to w or hitting any other vertex in Z’.
Observe we could repeat this process for each of the remaining paths in the decom-

position to get
n+2
Pu(TRin < T;’) = Z H w(7i)- (4.7)

Y1,72--Yn+2 =1

Then similarly for the walk from a we get

n+2
Po(my < 72) = Z H w(Bi).
By Brt2 i=1

Substituting these into (4.6), with v being the last vertex in 7,12, and noting that
Py (Sw(TRicy) = 0|TRix < T,/) becomes the indicator function on the event b = v, we

get

n+2
Gp, (v,v)
]Pw(TR < Te < T;) = w(fyl)w(ﬁl)li (48)
= 71 77;/n+2 21;11: GDl (a7 a)

517~~~6n+2

We now want to use the decomposition to choose useful times to evaluate the
probabilities, namely these times will be based on the collection of paths E; and F,
that we now define.

Define E; to be the collection of pairs of paths that have the property that the two
walks both end a section of their decomposition in B; but do not for any previous balls,
and such that they do not intersect Z, Z’ respectively. Formally, with wy being the
end point of ’y,i and ay, the end point of ﬁ,ﬁ, set

E;:= {(Uézlfyj,uézlﬂj) :w;,a; € Bl,wy & By, or ap € By, Vk < i}.

Alternatively given a random walk S,, that ends upon hitting a and satisfies g, <
To < Tz, we can ask if S, € F;. This makes sense as (4.6) and the following decompo-
sition give a method for producing the paths v;, 3;, from such a walk, and we can then
ask if these uniquely determined paths satisfy F;.

Note that F; is therefore determined by the paths vq,...v; and 51 ... ;.

Define F' to be the set of pairs of walks that reach R(x,r)n/2 without having a
section of their decomposition where they both end in a ball B;-, i.e the paths that do
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not satisfy the criteria for any £;. Formally
F = {(Up=17j,Ur—18n) : wi € By, or ai, & By, Yk < n}. (4.9)

Thus in order for F' to be satisfied the pair of paths (v, [r) must satisfy the
corresponding event Fj, = {y, N B, = 0 or f N B, = 0}, for all & < n. Hence
F = (Ny<,, Fi- In the same way as we did for the set E; we can extend this definition
to the case of a single path between w and a if it reached R (g 1)n/2-

It is worth noting that we could define these sets of paths in terms of a stopping
time of the Markov chain consisting of the two random walks and an index variable
to keep track of which part of the walk you are considering. We will not state this
formally as we do not explicitly require this property.

If we wanted the event E; or F' to also occur we can rewrite (4.8) in the following

ways
n+2 G ( )
D
Pu(TRiy < Ta < TZ, E g | | w(yi)w(B; 71((1 m (4.10)
Y1,V2--Y5 Vi41s-Yn+2 =1 ’

517 ﬁ] B]+17 6n+2
E

J

n+2 GD ( )
Pw(TRKN < Ta <TZ’ Z Z Hw ’YZ Z m (411)
Y1,Y2+--Yn Yn+1,Yn+2 =1 )

B1y-Bn Bnt1,Bn+2
F

We now define some related terminology. Suppose instead of having a walk between
w and a that visited Rxny we instead had a walk from w to a that hit B}. Then note
we could use the same decomposition as above to split this walk into a set of pairs of
paths (94, B,) for i < j and a walk between w; and a;, where w; is the end point of '?}
and a; is the end point of B]l

Define the related collection of pairs of paths Fj,

i o= {(U52195,US21B)) « i, 65 € B, by € By, or Gy, & By, Vk < i}

It is therefore not difficult to see that following the same argument, as for the case
with a walk via Ry, would yield a similar statement when we consider walks that

satisfy E]

J

S Vool Gp, (a;,a;)
Py(tp, < Ta < 72,B;) = ;% le(%)w(ﬁi)mj (o, <72) G oy - (412)
1---75 1=
31: 31'

Next we show that we can extract an exponential term by relaxing some of the

walk’s criteria.
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Lemma 4.18. For all K, N > 0 sufficiently large there exists constants c1,co > 0 such
that

~

]Pw(TRKN < Te < T;,EJ) S C1 eXp(—CQ(K - L))PW(TG < T;’EJ)

Lemma 4.19. For all K, N > 0 sufficiently large there exists a constant ¢ > 0 such
that

]P)w(TRKN < Ta < T;7F) S eXp(—C(K - L))PW(TRKN < Ta < 7—;)

Proof of Lemma 4.18. Starting from (4.10) we want to bound the paths that occur
after the walk hits B;- by an exponential term.

Notice that by combining the equivalent statements of (4.6) and (4.7) when we
also require the paths to be in E;, we can regroup some of the paths in the following

manner,

n+2

Gp, (v,v)
Z Z HW(%)W(@')m
VL2V Vit Lo Vb2 i=1 Dy W,
B1s---B5 Bit1se--Bnt2

J

J
= Z Hw(%)w(ﬁi)Pw]’(TRKN < TZ’)
’yl...’yj =1
B1---Bj
E.

J
Gp,(v,0)

70[)1 (a,a) (4.13)

X Z ij(swj (TRgn) = O|TRgy < Tz/)IP’aj (1o < T2)
vERK N

Now we will do some manipulation with two of the terms in this expression using

the time reversal of a random walk.

Paj(Tn < Tz)GDl(U,U)
= GDl(aj,aj)IP’aj(TU < Tle;; > Ty N\ Tz)Gpl(U,U)
= Gp, (aj,a;)Py(1a; < 72|75 > 7a; AN72)Gp, (0, 0)

= Gp, (aj,a)Py(1a; < 72).

Let B be a ball of radius rj/8 centred at aj, or a constant radius if r, < 8. Now
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using Lemma 4.8 we can deduce that

G, (aj,a;)Py(7a; < 72)
= GD1 (aj,aj)]P’n(T% < Tz) Z PU(SU(T%) = 1“7’&3 < Tz)]P’x(Taj < Tz)
r€0;B

< Gp,(aj,a;)Po(rs <72) Y Po(S(rn) = z|rs < 72)Pu, (70, < 72)
r€0;B

< CIGD1 (aj,aj)ij(Taj < TZ’)

Note in the final step we have used that adding a to the domain increases the random
walks chance of hitting a; before terminating thus switching Z with Z’ respects the
direction of the inequality.

Due to the properties we imposed on the choice of balls, By,...B,, we know that
each ball is between Ryy and Rk 1)n/2 therefore the distance between w; and Rk n

is at least c¢3(K — L)N, hence we can use Lemma 4.10 to deduce
ij(TRKN < 1y) < exp(—co(K — L)).
Now substitute these last two upper bounds into (4.13), to deduce
Pw(TRKN < Ty < T;,E]’)

Z Hw vi)w(B;) exp(—ca(K — L))

Y1--Y5 =1
Bl 63
Gp,(a;,a;
X Z Sw;(TRin) = 0TRky < Tz7)C1Puw;(Ta; < TZ/)%
vVERK N Dy
Gp,(aj,q))
=cy exp(—co(K — L)) w(yi) (Ta; < Tg)——F7—. (4.14)
Z{] ZH1 (3 Z U)J aj GDl (a, a)
Bl ﬁ]

J

Now we compare the terms in (4.14) to those in (4.12). Note that a set of j pairs
of paths satisfies E; if and only if it satisfies Ej and the paths would have the same

weight in both settings, this allows us to see that
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G O .
Z Hw ’72 w](TaJ < TZ,)M

1. 'YJZ 1 GDl(a’a)
ﬁl BJ
EJ

Gp,(a;,a;
Z Hw 7@ z wJ(Taj <TZ’)%-

-5 i=1 D\

ﬁl BJ
Ej

Thus by using this equivalence we can substitute (4.12) into (4.14) to conclude that

Puw(TRin < Ta < T;,E‘)

Gp,(a;,a;)

<c eXp( 02 K L Z Hw 'Yz z wJ(TaJ < TZ/) GD (a a)
1\a,

1. ’yj =1
Bl BJ
EJ

A

<cjexp(—co(K — L))Pw(TB; < Tq < 77, Ej)

<cgexp(—co(K — L))Py(1e < 72, Ej).

O

Now we need to consider the control we have over the event when F' occurs instead
of an F;.

Proof of Lemma 4.19. By Remark 4.6 we are able to apply Lemma 4.7 to deduce that

Py (S(Epr ) € Bilépr , <7z21) 2 d

Y5 Yy

Pyi(S@Bgﬁo) € Bllc\fBgﬁo <717) = d.

(s (s

Therefore, as the paths are independent, we have that for any k < n
P(’ykﬂBllg =0 or ﬁkﬁBl/€ :(i)hka’:(i),ﬁkﬂZ:@) < 1—d2. (4.15)

Next look at one pair of paths and show that we can separate out the event F},
occurring.

Hence, with vy, respectively y, being the end vertex of ’yg, respectively ﬁg, we can
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use (4.15), to get

> w)w(Br)

ViesBr
F;
_ Z W(Vg)w(/@lg)ka(ng,yo < TZ/)]P’yk(é.B;C’BO < TZ)
79,89 - .

x P(yi N By =0 or B N By, =0, B8R, N Z =0,8,0Z=0)
<1 —d*) > wiw)w(Br)- (4.16)
Vi 5B

This is true for all pairs of paths so doing this simplification for each of the first n

pairs of paths, (yx, Bx) yields

Z HW’YZ ﬂz Sl_dZ Z waYZ

V1,72 Yn §=1 Y172 Yn =1
1---Pn 15---Pn
F

<exp(—c(K —L)) Y. Hw(%)w(ﬁz)

as n > c¢1(K — L) by the choice of balls we used to decompose the domain.
Now recall (4.11), where v was the last vertex in 7,12, and substitute the previous

expression into it.

Pu(TRixny < Ta < T;,F)
n+2
C:D (’U, U)
Z Z H W(%)W(ﬁi)m
VY20 Yt 1 Int2 i=1 Dy %
17-}:_;571 Br+1,8n+2

n n+2
Gp (Ua U)
<exp(—c(K—1L)) > JJwaw®) >, 11 w(%‘)w(ﬁi)m
VY2V =1 Yr+1:Yn+2 i=n+1 Dt
15---Pn 6n+175n+2
Comparing this to (4.8) we can conclude that

Puw(TRiy < Ta <74, F) <exp(—c(K — L)Py(Tricy < Ta < T5) (4.17)
as required. O

We can now recall (4.3) and conclude the proof of Proposition 4.17 by utilising the
Lemmas 4.18 and 4.19, to derive the desired result.
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Py (Thiy < Tal|Ta < T;)
_ Pu(Thrin < Ta < T}')
Pu(1q < T}r)
_ Yo i Py(Thiny < Ta < T;,EZ') +Pu(TRiy < Ta < T},F)
Py(7a < T}r)
Yo crexp(—ca(K — L))Py(1e < T}r, EZ)
Py (14 < T}L)
eXp(—Cg(K - L))PW(TRKN < Tqg < T}—)
Py(Ta < 75)
Pw(Ta < 7'2—7 U?:l El)
Pw(1e < 7';)
w(Ta < Tg)

< ¢y exp(—co(K — L))ﬁ (ra < 75) + exp(—c3(K — L))
w\Ta A

<

Po(Ta < 75)
—ea(K — [ e~ 2/

< crexp(—co(K — L))

< cgexp(—cs(K — L)).

4.4.2 Bound for adjacent paths.

Now we have control over nested paths in this subsection we turn our attention to

adjacent paths.

Proposition 4.20. Let the union of the set of some paths between wvertices in Ry,
denoted m, be such that they do not disconnect a and w from each other or the boundary
of the graph. Moreover let Tung LN be the smallest such that Rpy Nw = (. Take
Z :=mwURy\{a}. Then for sufficiently large N,

Py (LERW to a intersects Rxn|Ta < 75 ) < c1exp(—ca(K — L)).

Proof. The strategy is to show that it is unlikely for the parts of the walk that intersect
Rgn to not be contained in loops.

Let (S(n))n oy be a random walk started at w that terminates upon first hitting
a or returning to Z. Set M; := (L + 2K)/3 and M := (2L + K)/3 and define three
probability measures for y € Ry, © € Ry, v and a path o.

01(y) := Py (the last vertex in Ry visited by (S(n))neN 18 Y TRy < Ta < T5)
02(x7y704) = Py(Sy(TRMlN) = x’TR]MlN < To—c’—ﬂ—a <71z A TIJ%FKN)
o3(u, z, @) 1= Pw(Sﬂﬁ(TRMQN) = u’TRMQN < Ta)-

Firstly note that ¢ and Z can not be in a loop as the walk would stop upon hitting
them so their LERW hitting time is the same as the RW hitting time.
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Next we will assume that the random walk reaches Ry and will condition upon y
being the last vertex in Rin that the random walk visited.

Define T to be the loop erasure of the random walk up until the final time the
random walk was at y, given that the walk hits Rxy before Z U {a} and will then
reach a before hitting Z.

As y was conditioned to be the last vertex visited by the random walk in Ry,
not returning to y is equivalent to not returning to Rxn. Introduce the notation 7
for the hitting time of a loop-erased path starting from w and terminating at a, so the
event 7g, , < T, is that the loop erased path from w to a hits Rgn. Then we have the

expression

Pu(Thrin < TalTRigny < Ta < T;, last vertex visited in Riy is y)

= Z P(Y = a)Py(1a < 70 |Ta < T2 A TEKN).

a: path from w to y

Therefore

Puw(Triny < Ta|Ta < Tg)

=Pu(TRin < TalTa < ’7’;) Z o1(Y)Py(TRicn < Ta|Ta < Tz,last visit to Rxn at y)

yeERKN

<Y @)Y P(Y =a)Py(ra <7d[Ta <7z ATH_ )
yERKN a

= Z o1(y) ZP(T = O‘)Py(TRMlN < Tonr|Ta <T7zAN TEKN)
YyERKN a

X Z o2(z,y, )Py (e < Ta|Ta < Tz A TR )
zE€ERM N

<Y aWY BT=a) Y o@ya) Y

YyeERKN o z€RM N u€ERM, N

Px(TRM2N < Ta,Sx(TRMQN) =u|Ty < Tz A TR n ) Pu(Ta < Tal|Ta < T2 A TRKN)>

< Z Z Z Z O'l(y)P(T:OZ)O'Q(CC,y,OZ)

yERKN @ zE€ERM N UERM,N

X Pu(TRyrn < Tas Sx(TRMQN) =u|Tq < Tz A TRiy)- (4.18)

Define the harmonic function h(v) := Py(7, < Tz A TRy, ) Which vanishes outside
of the domain. Note that any vertices v € Ry,n and © € Ry, n are at least ¢y N
from a, Z and Rgpn. Therefore the Harnack inequality holds and we can deduce that
h(u) < coh(x). Due to the choice of the function h we also have that the conditions of

a Doob h-transform are satisfied so we can deduce that
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]P’x(TRMQN < Ta, S(TRMQN) =u|Te < Tz A TRiy)

h(u)
)i

< colP, (TRMQN < Ta, S(TRMQN) = u)

IS

=P, <TRMQN < Ta, S(TRMQN) =

= c203(u, T, )Py (TR, y < Ta) (4.19)
Substituting (4.19) into (4.18) gives

Puw(Triny < TalTa < T}')

<D D> eni@P(Y = a)os(,y, a)os(u, z, )Pe(TRy, x < Ta)

YERKN @ zERM;N uERMyN

Finally by Lemma 4.10,
Pu(TRuyn < Ta) < czexp(—ca(Ma — My)) = czexp(—c5(K — L)),

although the domain on which this random walk is terminated is different from the one
stated in Lemma 4.10 it is clear that the proof for the result in this setting is equivalent

and so the same bound also holds in this case. This allows us to conclude that

Pu(Frin < TalTa <75)
<D D> D an@P(Y =a)os(r,y, a)os(u,z, )z exp(—cs(K — L))
yeRrkN @ xz€RMm N uERM N

< cgexp(—ecs(K — L)).

4.4.3 Bound for a grove.

Now we have the individual bounds we will show that we can take any combination of

these paths and associated bounds to produce a uniform bound for the whole grove.

Lemma 4.21. Suppose we have a partition of a grove consisting of m components with
each component being a path nested inside of the previous one. If we uniformly choose
a grove that satisfies this connection pattern then look at the furthest rung that any of

the nested paths in the grove reached then we can say that
P(a nested paths crosses Rigymyn) < exp (—c1K + com) .

Proof. Suppose we have a grove selected uniformly from groves that induce the desired

partition on Ry . Recall if we resample a component then the resulting grove is also
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uniform. Therefore we can resample each path in turn, working from the inside out,
extracting the relevant information at each step allowing us to check if the final path
reaches R (g m)N-

Let §; contain the information of how the first ¢ paths have been resampled. Let
X; be the distance reached by the i** path beyond the furthest rung that the i — 1%
path hit upon resampling conditioned on §;. Hence the furthest rung reached by the
sequence of nested paths after resampling will be > 7" | X; since after resampling the
grove has the same distribution as the original grove it suffices to provide a bound for
this term.

The behaviour of X; conditioned on §;_1, for i < m is bounded by Proposition 4.17

1t resampled path and 73 is some path that has not been

where 71 is taken to be the i —
resampled yet. For o € RT this Proposition will give us a bound for the probability
that X; — N > z. Note that the criteria for the Proposition to be applied require us to
be asking about distances of at least N and hence we will work with X; — V.

For the m*" path we need to use Propostion 4.20 instead as there will not be a path
that disconnects it from the boundary to play the role of 73.

Note we can find two constants c1, co > 0 such that the upper bound in Proposition

4.17 and Propostion 4.20 are the same. Hence for all ¢

—cz(x+N)> ‘

P(X; > x4+ N|Fi—1) < crexp < I

Introduce the new sigma algebra, &;, which contains the information about the
furthest rung reached by each of the previous i paths. In the proofs of Proposition 4.17
and Propostion 4.20 it is only &, rather than §; that we need to know. Hence the same
bound holds when we condition on &; instead of §;.

Introduce the i.i.d geometric random variables Z; with parameter 1 — exp (_TCQ),

which are independent of &,,. This means that

_ N _
P(X; >x+ N|®;_1) < ¢ exp (%) < c1exp < ]c\?x> = P(Z; > x).
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Hence

]P’(Z(Xi ~N)> KN)
i=1

= Y P(X1—N=21|60)P(Xy— N = 25(61) ... P(Xpy — N = 2| Gp_1)
T1,.. T €LT
it w2 KN

o0
=> Y PXi—-N=z60)..P(Xps 1 = N = 1|6 _2)
§=0xy,.xm_1€ZT
T wi=s

XY P(Xm = N = 2|Gp1)

rm€ZT
Tm>KN—¢

[o¢]
=> Y PX1i-N=260)...P(Xp_1 — N = 2y _1|6,_2)
=0 x1,.2m_1€ZT
T =

X P(Xp — N > KN —¢|6p_1)

o
<> Y PXyi—N=mz|6)...P(Xpn1 — N = 1|6 3)
=0 xy,..xm_1€ZT
S mi=s

x c1P(Zy > KN —)

o
=> Y PXi—-N=z60)..P(Xps 1 — N = 1|6, _2)
§=0gy,.xm_1€2ZT
T wi=s

X Z AaP(Zy, = )

rm€ZT
Tm>KN—¢

=c Y. PX1—-N=z|8).. .P(Xp 1 — N =2 1|6 2)P(Zn = ).
21, Tm E€LT
Yz @iz KN

As Z,, is independent of X71,...X,, there is no reason we now can not repeat this

argument for X,,_1. Repeating for each X; in turn allows us to deduce that

IP’(Z(XZ- ~N)> KN) < Y aP(Zi=a)aP(Zy = ). .. eP(Zn = o)

=1 xl,...xm€Z+
S KN

m
= "P(> _ Zm > KN).
=1

Next we use Markov’s inequality, then insisting that ¢ < R we can use the moment
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generating function of a geometric random variable and then finally take t = 5% to get

m

]P’(;(Xi ~N) > KN)

< c’{“[P’(Z Z; > KN)
i=1

m
< min c’lan(exp <Z Zit) > exp(KNt))

c2
0<t< 2 prt

mElexp(t 35 Zi)]

< min ¢

_0<t<cﬁ2 1 eXp(KNt)

i o [T Elen(Z0)]
0<t<<2 exp(K Nt)

< min cTexp(—KNt)(

c2
0<t< ~

(1 — exp(52)) exp(t) )m

1-(1-(1- exp(_T”)) exp(t)

(1 — exp(52)) exp(sZ) )m
(1— (1 exp(52)) exp(Z)

exp () — exp(

562) m
< cm _
< ' exp(—c3K) pp—c

2
= " exp(—c3K) (1 + exp <c_2)
2N

]

. C2
< min "exp(—KN—
0<t<2 1" exp( 2N) <1 —

< o exp(—cs )

< exp(—c3K + csm).

O

Lemma 4.22. Suppose we have a grove with respect to Ry that is uniformly chosen

from the set of all groves that consist of m adjacent paths. For K > 1,
P(One of the m adjacent paths reaches Rxn) < ciymexp(—caK).

Proof. This will be shown by resampling each path in turn and checking if any of the
paths reached Ry, as noted early the resulting grove will have the same distribution
as the original grove chosen. Suppose that we are resampling the path between w and a
and that the union of all the other adjacent paths connected to Ry, whether resampled
or original, is denoted by m. We assume that the furthest rung that 7 reaches is Rasn.
Then depending on the size of M we can use our previous results to handle this case.

If M > 1V K/2, then observe that until the walk reaches Rjsny we are in the same
situation as Proposition 4.17. Whilst in the set up of that Proposition we have a path
between R; and Rjsy on either side in this setting we can use the paths in 7 to play
the same role.

This is allowed because the only relevant information we need to extract from the
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enclosing path in the proof of the proposition was that we could decompose the domain
using balls which have a maximum allowed radius and that the probability of a walk
between two rungs to avoid the paths was exponentially bounded. Therefore if we have
a path either side we have exactly the same situation. Moreover even if we had a path
on only one side the same proof works, because the decomposition would be the same
but using the boundary to control the size of the ball and an equivalent statement to
Lemma 4.9 exists when we only have one path.

More formally let Z := 7 U R; and recall the notation that 7x,, < 7, denotes
the event of a LERW started from w that is stopped at a intersecting Rxn. As there
is no path nested inside we can take L = 0 and conclude that there exists constants
dy,ds > 0 such that

Puw(Tryn < TalTa < T}r) < djexp(—cM) < dy exp(—da K).

Once the walk passes Rjsn then there would be no other paths outside it as all
previous paths would be behind Rjy;ny and we our interested if the path manages to
cross Ry . This is therefore the same set up as we have in Proposition 4.20 with
M = L. Observe that for the cases M < 1 or M < K/2 we have K — M > cK.

Therefore we can conclude that there exists constants dg, d4, ds > 0 such that
Puw(Trin < TalTa < 7'}') < dgexp(—d4(K — M)) < dsexp(—dsK).

Finally we note that by taking the constants ¢; = max{d;,ds} and co = min{ds, ds}
we can get an upper bound that holds in both settings. Therefore each path has the
same bound for reaching Ry n and it is independent of the other paths in the backbone,
thus

m
P(One of the m adjacent paths reaches Ry y) < ZIP’w(%RKN < TalTa < T}_ A To)
i=1
< cymexp(—caK).

O

Remark 4.23. The bound that this yields is significantly stronger than the final bound
that we are able to prove. This offers hope that if in future work we can provide control
of how many nested paths are likely to exist in a grove we will be able to make a beneficial

improvement to the overall bound.

Definition 4.24. For a partition p of Ri, define P, to be the uniform probability

measure on groves with respect to Ry which have induced the partition p on R;.

Lemma 4.25. Let by be the backbone of a uniformly chosen grove with respect to Ry
and let g be one of its components. Suppose g.N Ry = {v1,v9,...v,}, where the vertices

are ordered according to their vertical co-ordinate. The path in by that connects v1 to
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vy, has the distribution of a loop-erased random walk started at vi conditioned to hit v,

before hitting hitting a vertex in by \ g..

Proof. Firstly note to generate a uniformly distributed rooted groves we could first
generate a uniformly distributed grove then uniformly choose the roots in each compo-
nent.

Now recall the algorithm for generating groves conditioned on the partition induced
on R; that we introduced in Chapter 2. The first step in the algorithm was to choose
the roots in each component. We know that in Wilson’s algorithm the choices we make
do not effect the distribution of the spanning tree that is outputted and hence we are
free to chose different roots in the components without changing the distribution of the
undirected grove created.

Therefore given the partition {v1,...v,} we are free to generate the attached back-
bone component with v; being the root. Moreover we can let v, be the first vertex we
start a LERW from. Thus the path from v, to v; will have the stated distribution. [

Remark 4.26. The path from vi to v, will encompass the other paths in the backbone

of g, hence if any path in g. crosses Rxgn so must this extremal path.

Lemma 4.27. Suppose we have a partition p of Ry and let by be a backbone of a
uniformly selected grove with respect to Ri. Suppose that by consists of m components
with m’ of them containing at least two vertices.
Then
Py(bg N Rigmyn 7# 0) < c1exp(—c2 K + c3m’). (4.20)

Proof. This will be proven by showing that the upper bound for the partition with all
nested paths will hold for any other configuration of components.

There is one type of component that can occur in a partition which we have not
yet considered and that is one which contains a solitary vertex.

The solitary vertices, by definition, can not have a path that returns to R; and so
they can not make the event in the left-hand side of (4.20) occur. Moreover by Lemma
2.7 we know that in the resampling process we only condition on the other paths in the
backbone and thus not the paths connected to solitary vertices. Therefore we would
only generate the paths that attached to the solitary vertices after the other paths
have been generated at which point the occurrence of the event will have already been
determined. Therefore solitary vertices only influence is through the requirement that
the paths in by must avoid them.

Therefore there are m’ components that we need to consider further.

Observe that in the proofs of Proposition 4.17, Proposition 4.20, Lemma 4.21 and
Lemma 4.22, the dependence on the other components in the backbone comes only
through the furthest rung that they reached. Thus the only information we need from

each backbone component is the furthest rung that it intersects. Also note that, in
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both of these Lemmas, increasing the number of components monotonically increases
the upper bound produced.

If a component of p, p; had more than two vertices then we can apply Lemma 4.25.
Suppose p; = {v1,v9,...v,}, with the vertices ordered according to their vertical co-
ordinate. Then the furthest rung reached by the backbone attached to this component
is the same as the furthest rung that the path from vy to v, intersects. This has the
distribution of a LERW path conditioned to avoid the other backbone components.

Recall with 71,73 being the relevant nesting paths, if they exist, from the other
backbone components, the proofs of Propositions 4.17 and 4.20 used Z = 71 U wg U
(R1 \ {vn}). Notice that the same proofs would hold if instead we had taken Z =
m Umg U (R \ {v2,...v,}) and Z' = mp Umg U (Ry \ {v2,...vn—1}). This would allow
the LERW from v; to v, to return to vertices in p;, whilst still yielding the same upper
bound.

These walks would therefore have the same distribution as the LERW we want to
run from v; to v, conditioned to avoid other backbone components. Therefore the
upper bounds in Propositions 4.17 and 4.20 also hold for the distance reached by the
backbone connected to p;.

This means that if p; has more than two vertices in it then the exact number of
vertices contained in p; does not effect our upper bound for the furthest rung reached
by the associated backbone component.

Hence once we know there are m’ components of the partition with at least two
vertices the only further information required to utilise the results of the upper bounds
we have thus far produced, is to know how the end vertices of each component are
arranged in the partition with respect to each other.

There are two distinct ways that two components of a grove can be in relation to
each other, either they are adjacent or they are nested. We can use Lemma 4.22 to
bound the probability of any of m’ successive adjacent components reaching R ymnN
by c1m’ exp(—cao(K + m')).

Next for the case of a grove having m’ nested components, we have the bound from
Lemma 4.21 for a path in the backbone reaching R 4N of exp(—c3 K + cqm’) . By
comparing these bounds, and taking c3 > 0 sufficiently small and ¢4 > 0 sufficiently
large, we see that for all valid K, N,m’' our weaker bound is achieved by taking all
components nested over all adjacent components.

The proof is concluded by showing that taking any other possible combination of
nested and adjacent components does not increase the bound given by only having
nested components.

Firstly consider having two adjacent components which are nested inside the same
outer component. Observe that the bound for the outer nested component depends only
on the adjacent components through the furthest rung that was reached by either of
the inner components. Therefore if we could replace the two adjacent components with

components that had a greater probability of travelling further then the backbone as a
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whole would be more likely to reach a higher rung. As we previous observed, replacing
two adjacent components with two nested components will increase the bound for the
distance reached. Hence the case of having adjacent components in one step of a
sequence of nested components is bounded above by the case where all components are
in one nested sequence.

The other example to consider is that of having two nested components being
adjacent to each other. Suppose the adjacent components had m; and my components

in respectively. Then by Lemmas 4.21 and 4.22 the probability of either component

reaching R(x m; 4mq)N 18
cs5 exp(—ce(K + ma) + cymy) + c5 exp(—cg(K + m1) + crma).

By insisting that the constants are sufficiently large, or small respectively, this is less
than ¢z exp(—cgK + c7(my + my)) for all K, N, mq, my, which we would obtain from
having all paths in one nested sequence.

From these cases any other combination of adjacent and nested components will

clearly also be bounded by the case of all components being nested. O

Remark 4.28. Using a similar argument we could have shown that if a partition p had
m’ components with at least two vertices and the longest sequence of nested components
was m” then

Py(bg N Rgmmyn 7 0) < cxm’ exp(—co KK + ezm”).

This would not strengthen the final bound that we are able to prove in this thesis but if
i future work we could control the number of nested components this bound would lead

to a stronger result.

We now posses all the results we require to complete the objective of this section

and prove a bound for the probability that a grove contains a path that travels too far.

Proof of Proposition 4.15. Suppose the partition p of R; consist of the components
(1,92, - --Pm), with m’ components having at least two vertices.

By Lemma 4.27 an upper bound can be provided based on the size of m/. It is
clear that increasing m/, the number of non-solitary vertex partitions, increases the
upper bound. As increasing the number of vertices in a partition beyond two does not
increase the bound, taking each component p; to contain exactly two vertices, except
if N is odd when we take p; to have three vertices, will provide an upper bound that
holds uniformly for all possible partitions.

Hence we can take m = m’ < N/2 and conclude that

Py(bg N R nynz #0) < crexp(—coK + c3N).
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4.5 Bound for existence of a block.

Recall that any spanning forest is uniquely determined by the dual spanning forest it
defines. The original graph we are working on, (G x [—q1, ¢2]) U{s}, has free boundary
conditions on the top,bottom and right-hand side and has the wired boundary on the
left-hand side of the graph, this means the dual graph has a free boundary on the left-
hand side and a wired boundary on the other three sides of the graph. For convenience
we will use a modification of the planar dual and split the sink into multiple vertices.
Denote by si the vertex that the top row of vertices in the dual graph are connected
to, and s for the sink connected to the bottom row.

In the previous chapter we also had the concept of a block, although it is a slight

variation of this we now want.

Definition 4.29. A block between R; and R;, is a set of edges, U, in the dual tree
such that it has the following properties:

(1) U is contained between R; and R;.

(ii) U consists of two sets of connected edges, one component containing s1 and the
other so.

(iii) There exists a unique edge in the original graph that it is included in every path
from R; to R; that does not intersect U.

Lemma 4.30. There exists constants c1,co > 0 such that for oll K* > 1, m > 0 and
for sufficiently large N

P(no block between R,, and Ry,+x+N) < ¢1 exp(—ca K™).

Proof. The approach used here is the same idea as we used to construct a block in the

previous chapter, by bounding the probability of a given construction occurring.

Construction of a block.
We firstly describe a particular method of constructing a block between the desired
rungs, then we will bound the probability of such a construction successfully occurring.
See Figure 4.3 for an example of the first three steps of a typical construction.

Let v; denote the vertex that the #*" random walk will start from in the dual graph.

From each start vertex, v;, we will run a loop erased random walk until the first
time it hits s; U so or any other vertex in the previous paths. Denote the i** path by
.

We now inductively define the start vertices, all of which will be on rung m+K*N/2.
Set v1 = (m + K*N/2,N/2), the mid-point of the domain that can contain U.

Suppose the LERW from vy that terminates upon hitting sy U sy generated the path
aq. If ay contains the vertex s; then take vg to be (m + K*N/2, N/4). Alternatively
if oy contains sp we would take vy := (m + K*N/2,3N/4).

More generally suppose we have created the first ¢ — 1 start vertices and paths.

The vertex v;_1 will be situated in an interval between two of the vertices in the set
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Figure 4.3: An example of the first three steps in a construction of a block.

{s1,82,v1,v2...v;—2}. We denote the vertices it is between by u and w, note that
one will be in the connected component containing s; and the other will be in the
component connected to so. For a vertex v let v denote its vertical co-ordinate.

If o;_1 ends at a vertex that is connect to u we take the midpoint between v; 1 and
w, namely v; = (m + K*N/2, (vl | +w")/2). If instead o;_; ends at a vertex that is
connect to w we take the midpoint between v;_1 and u to be the next start vertex, so
we would have v; = (m + K*N/2, (v}, + u”)/2). The path o; is then defined to be the
LERW started at v; that terminates upon first hitting a vertex in U;;ll a; U {s1,s2}.

If the above construction of v; does not give a vertex then take the nearest vertex
in the dual graph and split any draws by taking the higher vertex, or by any other
arbitrary rule.

This procedure continues until the first time we have a start vertex whose neigh-
bouring vertices in rung m + K*N/2 are both previous start vertices. The process will
then terminate after generating the walk from this vertex.

If all of the paths in this construction end before they pass R,, or R,,+x+n, then

it will have created a block in the dual forest between these rungs.

Probabilistic bound.
We can therefore provide an upper bound for the probability of there not existing a
block by the probability that this construction does not succeed in producing a block.

In order for this construction to fail it suffices to check if any of the walks exit the
domain before hitting the previous paths.

By an application of Lemma 4.10 we can deduce that the probability of a; exiting
the box before hitting s1 or so is at most exp(—cK™).

Now consider the i** walk. In order to pass R,, or R+ x+n the walk must first
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reach a distance N from v;. Observe that v; will be at most 27N from a vertex in a
previous paths, in particular from v; 1.

Let B; be a ball of radius N around v;. It is possible that this will not be completely
contained within the domain, however the walk can not reach the part of the ball outside
the domain without hitting s; or s hence the walk will always terminate before leaving
the domain. Therefore considering the ball and the ball restricted to the domain amount
to the same thing.

By Beurling’s estimate, [35, Section 6.8], we have that

. 1
27'N\ 2
Pvi (é.Bz < TUj<iOéj) S C1 < N ) .

Next suppose the walk managed to reach a distance N from the start vertex without

being terminated, this means we can no longer assume that it will be near any vertex
in the previous path. We now no longer concern ourselves with whether the walk hits
the previous paths and just ask for the walk to avoid s; and so, this is allowed as we
only need to deduce an upper bound.

Consider the first vertex, z, that the random walk hits that was distance N from
v;. From z if the walk is to reach R,, without hitting s; or so then it must first reach
rung m -+ (% — 1)N. By Lemma 4.10, the probability that a walk from Rm+(KT*71)N
could reach R,, without hitting s; U s9 is bounded above by exp(—co(K* — 1)), note

that this bound holds uniformly for all vertices in R HEE )N Hence
2

)N

P.(7R,, < Ts; A Tsy)

= E P.(7 <7 T, T,
{L’( Rm-l»(KT*—l)N = 51/\ SQ;S{L'( R
YyER

m+(KT*—1)N) = Y)Py(TR,, < Tsy A Tsy)

m+(EE 1N

< P.(tr < Tgy A Tsy) exp(—co (K™ — 1))

m+(E 1N

<exp(—ca(K* —1)).

Similarly using the symmetry of the walk and the domain, for the walk to reach
Ryt k+n it must first hit rung m + (% + 1)N, and then we could apply Lemma 4.10

to the remaining part of the walk to deduce

P.( < Tgy AN Tsy) < exp(—co(K* —1)).

TRm+K* N

Therefore

< T ATsy) S Po(TR,, < Tsy A Tsy) + Pa(
< 2exp(—co(K* — 1)),

]P{L'(TRm /\ TRm+K*N TRm+K*N < 7—31 /\ 7—32)
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and so for i > 2

P(i*" path fails)

< ]Pvi (531 < TUj<iOéj) Z ]P)(S(SBi) = x’§B1 < TUjcioy )Px(TRm A TRp+K*N < Toy A ng)
r€0B;

< 1272 exp(—ca(K* —1)).

Now bounding the sum over the finite number of paths involved in the construction

by an infinite sum gives

o
P(no block) < P(construction fails) < exp(—cK™) + ¢; Z 21712 exp(—cp(K* — 1))
=2
< cgexp(—caK).

We now have all the concepts and results we require to prove the theorem.

4.6 Proof of Theorems.

Let by be the backbone component of the grove g on Ag. Let p(by) be the partition the

backbone induces on R;.

Proof of Theorem 4.3. Recall from Chapter 2 that once the spanning tree up to the
earliest common ancestor of a vertex and its neighbours is known then the sandpile
configuration at that vertex can be computed. Therefore to determine whether the
event 71(k, g2) occurs it suffices to know the descendants of the earliest common ancestor
of vertices in Ry in the spanning tree associated via ¢g,.

Therefore if we can find a coupling between spanning trees when conditioned on I or
with no conditioning, we would have a bound for the difference between the conditioned
and unconditioned measures.

By Lemma 4.13 we see that conditioning on a suitable rooted partition for the grove
with respect to R; as well as the sandpile configuration on A; is enough to determine
the spanning forest, F', on A]. Let the set of rooted partitions on R; that can be
involved in giving rise to I on A; be denoted by P.

Therefore the spanning forest on As with respect to the burning bijection centred
at Ry conditioning on I can be studied by conditioning on a partition from B and the
spanning forest on A]. We now further condition on which of the possible partitions,
p € B, occurs.

Now observe that the spanning forest F' is only a dependent of the distribution of

the groves on Ay through the partition p. Consequently when investigating groves on
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As conditioned on I we will wish to consider groves on As conditioned on p which is
determined by the backbone by.

Next consider the method of constructing a grove with a prescribed connection
pattern presented in Chapter 2. If by is constructed and it does not intersect Ryp 4y
then we could continue the algorithm by running Wilson’s algorithm on vertices between
Rynin2 and Ry n2y g+ n- Note that as a spanning forest is uniquely determined by
its dual we could equivalently continue the algorithm by running Wilson’s algorithm
on the dual graph, which will be denoted G*.

Let us consider how knowledge of by in the primal graph converts into a dual tree
event. Observe that in the dual tree knowing that the tree on the primal graph must
contain the edges in by is equivalent to saying there is a set of edges by that can not
be included in the dual tree.

Therefore constructing the dual tree can be done utilising Wilson’s algorithm on
each connected component of the graph G* \ bg. Moreover as we are free to choose
the start vertices used in Wilson’s algorithm we can use the same method as for the
construction described in the proof of Lemma 4.30 to construct the part of the dual
tree that occurs between Ryn . n2 and Ry n2ix+n-

Assuming that by does not cross Ryx 2 the transition probabilities for the random
walks involved in the construction of a block between Ryy 2 and Rgnin2yg+n in
G* are the same as those used when running Wilson’s algorithm on the graph G*\ bg.
This observation allows us to couple the construction of a block under conditioning and
the unconditioned case, and thus we will be able to utilise Lemma 4.30 in the desired
setting.

If a block existed in the dual tree, it would mean that the earliest common ancestor
of Ry2gn 4 k+n Would be forced to occur after Ry2,gy. Thus the sandpile configura-
tion on Rpy2ygnyk+n, and therefore all later rungs, are independent of the spanning
tree up to Ry2,4n and thus would be independent of I.

An upper bound could therefore be provided if we can control the events that by
does not intersect Ryx ., y2 and that a block exists between Ryn n2 and Rynin2igen-

Observe that the bound in Proposition 4.15 is uniform with respect to the rooted
partition p we have conditioned upon. Hence the same bound will also hold when we
have conditioned upon the event p(by) € B. Therefore we have control over whether
by intersects Rgn 2.

Assuming that none of the paths in by intersect Ry2,9xn, we can use Wilson’s
algorithm to generate the uniform spanning forest on the remaining graph, conditioned
on the backbone connected to R; being bg. Due to our earlier observations in this proof
about coupling the block construction in the conditioned and unconditioned case we can
deduce that the probability of a block occurring between Rgn . n2 and Ryy 21 g+n 1S
bounded by Lemma 4.30.

Therefore for any rung k such that & > K*N + 6N + N? the spanning tree at Ry, is
independent of I if either the backbone attached to Ry reaches Ry2, ¢y and conditioned
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on this backbone we then have independence, or no path in the backbone attached to
the vertices in R; reaches Ry2,9y5 and conditioned on this type of backbone we have
a block between rungs N2 + 6N and N2 + 60N + K*N.

Therefore combining the bounds found in Proposition 4.15 and Lemma 4.30, we
have some constants ¢, ¢, 3, ¢4, ¢5, ¢g > 0 which have no dependence on 6 or N such
that

V[-q1,q2] (n(k, g2)|1) — V—q1,¢2) (n(k, q2)
<P(by N Rynin2 # Olp(bg) € B)

+ P(there is not a block between Ryny 2 and Rynyn24g+N)
<cjexp(—cof 4 c3N) + cgexp(—cs K*)
<cgexp(—cof + c3N).

By taking K* = 629'!7;3]\[ and 0 sufficiently large. O

Proof of Theorem 4.2. To extend the result to hold on a graph with an infinite number
of rungs we need some approximations.

From convergence of the sandpile measures on Ladder graphs proven in [26], it
follows that for all €1,e9 > 0 there exists a Q1 > 0 such that when ¢o > (@1 the
following hold

Y gr ek @2)11) = vk, 02) D) <
g 108 2)) = w (ks )| < 2

Also we have that we can approximate an event depending on an infinite number
of rungs by cyclinder events , so for all €3,e4 > 0 there exists Q2 > 0 such that when

q2 > Q2 the following statements are true.

vk, )| = vin(k,00) 1) < =5

vk, 02)) = v(n(k, 00)| < e
Hence by taking g > max{Q1, Q2}
v(n(k,o0)|I) —v(n(k, OO))‘ <eirterteztest ‘V(n(kf,(m)m —v(n(k, g2)|-

Moreover we can chose £1,¢€2,¢e3,e4 such that ), e; < exp(—cay + ¢3N) and then the

result follows from Theorem 4.3. O
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4.7 Periodic Boundary on the strip.

In the final section of this chapter we briefly consider what would happen if we had
defined the lattice graph on the surface of a cylinder, i.e it was periodic in the vertical

direction.

Theorem 4.31. Given the graph [0, N + 1] x [—q,00) C Z? for any q > 0, where row
0 and row N + 1 have been identified, so we have a lattice grid on the surface of a
cylinder. Let n be a recurrent sandpile configuration on this graph and let n; denote
the configuration on the vertices in the it" rung, R;. Let v be the measure on recurrent
sandpile configurations on this graph. We define I := {n; = E; for j € [—q,0]}, the
event that the sandpile between rung —q and rung 0 is some known configuration, E.
Further define n(i,j) to be any event that is determined by the configuration of the
sandpile between rungs i and j. Then with k > N? + N for sufficiently large v > 0

and some constant cy,co,c3 > 0, we have that

‘V(?](k, 00)|I) — v (n(k, oo))‘ < cyexp(—cay + e3N). (4.21)

We now briefly give a rough outline to how the proof would proceed, by highlighting

the areas where it differs from the proof of Theorem 4.2.

Sketch of proof. Most of this proof will follow immediately from the above results for
the non-periodic boundary case. The proof of Theorem 4.2 follows from Theorem 4.3,
it will also be true that in the periodic boundary case that the result on an infinite
ladder graph follows from the result on a finite graph. Therefore we need to see how
Theorem 4.3 would need to be altered to hold in this new setting.

There are two parts to the proof that we need to check. Firstly we can again im-
plement the same decomposition of the domain as in section 4.2.1. Note the maximum
diameter of a ball would still be N. Hence we can still use the same argument to
decompose the random walk into paths that may or may not hit the centre of the balls.
Now observe that an equivalent bound to lemma 4.9 exists in the periodic case. Thus
the same proofs as in Section 4.4 will also work in the periodic case.

The second part in Section 4.5 where we build a block would need more care and
there is a distinction between the proofs. In the non-periodic case the random walk
on the dual graph was always within N/2 steps of the sink and so we could utilise
this to bound the probability of the walk reaching a distant rung without hitting the
sink. Unfortunately this is no longer true in the periodic case, so to prove a result of
the form of Lemma 4.30 we will require a different approach. However we can use a
similar idea to one we had whilst creating a block in Chapter 3. This involved creating
a “backbone” that was sufficiently “well behaved” (note this is not the same as the
backbone of the grove we have discussed earlier in this chapter). By a backbone we

now mean a path in the dual tree from a vertex in R,,+x+n to the sink. For a random
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walk starting from a vertex in R; for some i > m we say the walk is well behaved if
once the random walk has hit R, it does not return to R+ x*n -

Once the backbone has been created the remainder of the construction is the same
as the non-periodic case except that the backbone now plays the role of {s1} U {sa}.

The proof found in Chapter 3 required three properties. Firstly that the infinite
LERW and the LERW stopped upon exiting a subgraph A agreed in some domain.
Secondly that once the walk was sufficiently far away it would not return to a ball about
the origin. Finally that the rest of the construction was satisfied. These requirements
are now translated into the current setting.

The first and second requirement can be dealt with together, by showing that the
random walk that generates the backbone, from a vertex in R,y x+xn that terminates
upon hitting the sink in the dual tree, is well behaved. An upper bound will then follow
from existing results. By conditioning on the LERW path until the walk first intersects
R,, and using the domain Markov property we can see that the required behaviour
of the remainder of the walk can be controlled by an application of Proposition 4.17.
This is therefore exponentially bounded by ¢; exp(—c2 K*). Note that whilst the path
until the first intersection with R,, will depend on by the bound for the remainder of
the walk holds uniformly for all possible paths and thus this bound also holds when
conditioning upon knowledge of the backbone, by, in the primal tree.

The third requirement is controlled by the same method as in the non-periodic case
by using Beurling’s estimate and an equivalent statement to Lemma 4.10. This would
yield an upper bound of exp(—c3K*), which again would hold uniformly amongst all
possible well behaved backbone paths.

Hence, up to some changes in constants, the same bound holds for the periodic case

as for the non-periodic case. O
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APPENDIX A

AN ENCODING OF THE BURNING PROCESS.

In this appendix we will give a construction on recurrent Ladder sandpiles that encode
the burning process with respect to rungs.

Recall a ladder sandpile is of the form G x N where a copy of the graph G is called
a rung. A special vertex, s, is defined to be the sink and each vertex in rung 1 will be
connected to the sink by one edge.

Also recall that in [25], Jarai and Lyons showed that there existed a measure on
“left-burnable” sandpiles on [1, N] x Z. The left-hand boundary of a finite subgraph,
H, is given by those v € H such that there exists an (infinite) path from v to R_., that
only uses vertices in H that have been declared burnt and vertices in H¢ C [1, N| x Z.
By “left-burnable” it is meant that the configuration on H can be burnt under the
usual burning rule when restricted to only allowing a vertex to burn when it is on the
left-hand boundary of H.

This allows us to conclude the existence of a measure on our related graph. The
distribution of recurrent sandpile configurations that can occur after a maximum rung
as given by the left-burnable measure is exactly the distribution on the graphs we
consider.

In [16] it was shown that there is a Markov chain that encodes the possible con-
figurations of the spanning tree for the ladder graph with rungs given by G = {0, 1}.
By considering non-crossing partitions of the vertices in a rung the statespace for the
spanning tree of the graph {1,... N} x N C Z2? can be chosen such that its size is
exp(cN).

Ideally we would like to have an encoding of the sandpile configuration whose states-
pace contained configurations on a rung but this is not sufficient information to ensure
the sandpile is recurrent. This is because the recurrence of a configuration has a non-
local aspect which causes non-trivial constraints to be placed on which sequences of
rung configuration are allowed to occur. Therefore we need to include more informa-

tion; the approach we take here is to know how previous rungs can possibly burn as
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well as the configuration on a rung.

In [25], the authors also showed that there existed such a Markov chain on ladder
sandpiles of the form G x N C Z?. However the size of their statespace grows at a non-
optimal rate. We can give an encoding for sandpiles on these graphs that we believe
has an exponential number of elements in its statespace.

For a subgraph, H, of a ladder graph, we use the notation Ry to denote the
set of sandpile configurations that can occur on the graph H as part of a recurrent

configuration on the whole ladder graph.

Definition A.1. Given two sandpile configurations 1,¢ € Rax[1,q we define the ex-

tended sandpile, 6 := n U ( on the graph G x [1,2q] by taking 9|RG><[1,q = n and

]
HIRGX[qﬁ»l,Qq] = C

Definition A.2. For a set & and maps ¢ : Raxp,q — R X S define the set & =
{¢q : ¢ > 1}. Suppose we are also given a map ¢ : Rg x S — S. We say the triple
(S,®,v) is a coding if the following properties hold.

(i) For q1,q2 > 1 let m1, respectively ng, be recurrent configurations on G X [1,¢q1],
respectively G x[1, 2], and ¢ a sandpile configuration on Gx[1,00). If pq, (M) = ©q,(12)
then the extended sandpile n1 U ( is a recurrent configuration on G x N if and only if
1o U is a recurrent configuration.

(i9) With the projection mapping, © : (RaxS) — Rq, we have that m(¢r(n(1,k))) =
n(k).

(i61) For ks > 2, if o 1((0,k — 1)) = ((k — 1), 75_1) and gx(n(0, k) = (n(k), 7%
then ¥(n(k),ox—1) = o.

The construction in [25] would satisfy this definition for G = [1, N] C Z, however

it would not satisfy the following conjecture.

Conjecture A.3. For G = [1, N] there exists a triple (S, ®,1) that satisfies Definition
A.2 such that there exists a constant ¢ > 0 such that |[Rp n) X S| < exp(cN).

If we could prove such a result then we could define an encoding which had a
statespace with an exponential number of elements, which we suspect to be true due
to the connection with spanning trees.

The encoding we present in this appendix satisfies Definition A.2 and we believe
that it may also simplify the amount of information required to keep track of the
burning at each stage suggesting a proof of the conjecture is possible. In our encoding
the set S will be the set of possible multigraphs Sy which we will define shortly.

It is also hoped that once the Ladder graph case has been proven that this encoding
could be further generalised to one that works on Z? and provide another way of
thinking about recurrent sandpiles in this important setting.

Trying to use the standard burning bijection to find such an a coding would not

be useful. The reason for this, similar to the one faced in Chapter 4, is that we would
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not only need to know what vertices in a rung can burn but also to have a concept of
respective burning times. Therefore we use a different burning rule, which is referred
to as burning with respect to rungs.

In Chapter 4 we had a modified burning rule where burning could only occur in
one of the two sections at a time. Here we use a similar idea where burning can occur
in only one rung at a time. This burning procedure was introduced in [25].

Burning based on rungs. Let 7 be a sandpile on the ladder graph H = {s} U
(G x [0, q]) with vertex set V U {s}.

Phase 1: Declare the sink to be burnt, so we can define two sets, B(1) = {s} and
Uul)=V.
Phase i: Using the standard burning rule we find the set of unburnt vertices, W,

that are currently in a position to be burnt,

W={veU(i—1):n(v) = degy-1)(v)}.

Let f := f(i,n) = min{n € N: W N R, # 0}. Burn any vertices in Ry that we
can without allowing any vertex in another rung to burn. To find this we define the

following sets,

B(i,1) ={ve RyNU(i — 1) : n(v) = degyi-1)(v)}
U(i,1) = Ui — 1)\ B(,1).

Then inductively for j > 2 define

B(i,j) ={ve Ry nU(i,j = 1) : n(v) = degyi,j—1)(v)}

There exists a j* such that B(i,j*) = () and at this step the phase terminates and we
set B(i) = U_,B(i,j) and U(i) = U(i — 1) \ B(i).

Let ¢r be the mapping that given a sandpile configuration, n will assign labels to
the unburnt vertices. Namely ¢r(n, w) assigns w the label corresponding to the index
of the step and phase that w can burn in n according to the burning based on rungs
procedure.

This algorithm will terminate when no more vertices remain unburnt in a finite
graph. If we applied this algorithm to an infinite graph, then the burning procedure in
any finite subset of the graph will terminate in finite time almost surely, with respect

to the left-burning measure. This follows from the fact that the graph has the one-end
property.
In the construction that follows we can have any finite graph as the rung, including

d-dimensional and non-planar graphs.
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It is clear that retaining knowledge of all of the previous rungs, n(1,k), would
determine which configurations are allowed to occur on rung k£ + 1. The idea behind
our encoding of the sandpiles is for each rung, Rj, to be associated to a directed
multigraph, S, whose edges have been given an integer label that encodes all the
information about how the burning can continue through the previous rungs. Another
interpretation, using the ideas of the previous chapter, is that the graph Sj will encode
the set of possible partitions that could be induced on the rung Ry that would allow
burning of the remainder of the graph.

Burning a multigraph. We now introduce the procedure of burning a directed
multigraph whose edges are labelled with a non-negative integer number. The outcome
of this procedure is to declare some vertices and edges to be burnt and to reduce the
label of some of the unburnt edges. To perform this operation we would initially be
given a vertex (or vertices) that have been declared burnt and a set of edges, F, that
are exempt, in the sense that they will not be declared burnt.

Suppose we have a vertex, v, that is burnt then every edge not contained in E that
is directed out of v is declared to be burnt.

Now consider an unburnt vertex, w. When an edge directed into w is declared burnt
subtract one from the label of each edge that is directed out of w that had a non-zero
label. If a vertex has an edge directed out of it that has a label of zero attached to it
then the vertex is declared burnt. A vertex is also declared burnt if it has no out going
edges (this situation can not arise in the following construction but can occur when we
start to allow the graph to be simplified).

When no more edges or vertices can be burnt in the graph, except for those in F,
it is said to have been burnt.

There is another operation on the multigraph which we will call removal. This
works on a labelled graph that is burnt and a given subset of vertices, W, by removing
any edge or vertex that are not in W but have been labelled as burnt. If an edge has
its start or end vertex removed then it too is removed.

We would like to highlight a couple of points for the reader. Firstly that the edges in
FE can have their labels reduced, possibly even to zero, but can not be declared burnt.
Secondly that there is a distinction between burnt vertices and removed vertices, in
that a burnt vertex is not always removed from the graph. Also note that no removal

operations can be performed until all burning has occurred in a graph.

Remark A.4. Given the set of vertices that are initially burnt every possible order
that we may choose to continue declaring vertices and edges as burnt will yield the
same labelled multigraph when no further edge or vertex can be declared burnt. This
follows from the fact that any vertex or edge that is burnable will still be burnable after

something else has burnt.

The multigraphs, Si, that we will define are a reformulation of the set of heights

in the sandpile configuration of unburnt vertices with respect to the burning based on

88



Appendix A.  An encoding of the burning process.

rungs procedure at the end of a certain phase. The advantage of our encoding is that
a lot of the information in the multigraph can be seen to be redundant. We will now
describe how to create these multigraphs before showing that they can be used to find
a triple that satisfies Definition A.2.

A.1 Construction of S;.

Given a sandpile configuration, n, defined on the graph H = {s} UG x N we describe
how to construct the directed multigraphs inductively.

The graph Sy consists of four parts; a set of vertices representing Ry, a set of
“temporary” vertices representing Ry.1, a set of vertices representing all vertices in
previous rungs and a set of directed edges with labels. The construction of the directed
multigraph Sy is inductive. Given Sj;_q we first take copies of the rungs R;_1, R and
Ry 1 and determine the labelled edge set attached to them. Then these vertices and
edges are combined with Si_; to form a new graph, denoted Q. The final step is to
apply the burning and removal operations to Q.

We have provided an example for reference at the end of the appendix for the reader
to follow along with, which will hopefully make the process clearer. In the figures the

label of an edge is depicted by placing the appropriate number of arrows on the edge.

We begin with the construction of S;. We will start with the knowledge of n(1) and
that the sink, s, has been declared burnt.

Construction of 5;.

Step 1: Encode n(1).
Start with copies of Ry and Ry, label them R} and R} respectively. Introduce a map
I : (R U RY) — (Ry U Ry) which represents the natural identification of a vertex in a
copy of a rung to a vertex in H.

For each v € R} place an edge from v directed towards w if I (v) was a neighbour
of I1(w) in H. The label of an edge that is directed out of v is given by degy (I1(v)) —
n(I1(v)). Also include a set of edges, €;, with contains an edge directed from each
v € R} to its neighbour in R}, we will arbitrarily give these edges a label of one. The
labelled, directed multigraph this produces is denoted 17, see figure A.2 for an example
construction.

Step 2: Connecting the sink.

As each vertex in R; is attached to the sink we extend the graph T by adding a vertex
s and for each v € R} place an edge directed from the sink to v. Let these edges have
label 0. This graph is denoted ;.

Step 3: Burning ;.

Next we allow the graph Q1 to burn with the exemption that no edge from a vertex in
Ri directed towards a vertex in R3 is allowed to be declared burnt. When @Q; is burnt

we perform the removal operation on it with the restriction that no vertex in R} can
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be removed. This leaves the graph which we will call S;.

Note that the graph S7 has the property that at least one vertex in R; will have
been declared burnt, this is because n(1) forms part of a recurrrent configuration and
R; contains all neighbours of s. Also note that the vertex set of S7, V(S1), contains
Ri and R}.

We now proceed inductively to define the multigraphs Sy, there will be simillarities
to the construction of Sj.

Construction of Si. Suppose that we know the configuration n(k) and the multi-
graph Sp_;. We will assume for an inductive argument that R’gj,RZ_l C V(Sk-1)
and that €;_; C E(Sk_1), this will be proven for Sy during the construction. The
basis case for k = 1 is true from the above construction. We will also assume that at
least one vertex of Rl,:j has been declared burnt in Sy_1, the inductive proof of this
for S, will be shown later in Lemma A.7.

Step 1: Encoding n(k).

Start with a copy of the vertices in Ry_1, Ry and Rj1 and label them Rl’jfl, Rl’j and
Ri 41 respectively. Each vertex in these copies has a natural identification to a vertex
in H, let this be represented by the map Iy : (Rf_; URFURY ;) = (Rp—1 URURj41).

For each vertex v € Ri place an edge directed from v towards w if I(v) and I (w)
were neighbours in H. The label of an edge directed out of v is given by deg (I (v)) —
NI ().

Also include an edge direct from each vertex in R’g 41 to its neighbour in R’,z, arbi-
trarily give these a label of one, call this set of edges &

The multigraph this yields is denoted by Tj. See figure A.4 for an example of this
step.

Step 2: Connecting the previous graph.

We now wish to combine the graphs T} and Si_;. Consider the vertex and edge
sets of the graphs. We have that V(Sx_1) = R,’zj U R,’z*l U V', where V' is some set of
vertices. Let F(Sk_1) be the edge set of Sk_1, observe that this will contain &;_;. For
Ty, we have a vertex set V(1) = RF |, URNU Rllzﬂ and some edge set E(T}). There
is a natural identification between vertices in Rffl and Rf ,for j =k — 1,k , given by
by the map Ik_-&l o Ik|R§, i.e two vertices can be identified if they both are identified to
the same vertex in H. Using this identification we will stop referring to Rl,z*l U sz.

We will define a new graph Qy, by specifying its vertex and edge set, namely V(Qg) =
V(T) UV(Sp—1) = Ry URFU R, UV, and E(Qy) = E(Tx) U (E(Sk-1) \ €—1).

See figure A.5 for the example of the output of this step.

Step 3: Burning Q.

We now burn the graph Qi to produce the graph Si. However we do not want to
allow the whole graph to burn, the exemption from the burning on the multigraph is
the edges from vertices in Rl’j to Rl’j 1

When the multigraph @ has been burnt we can begin to perform the removal
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operation. We remove all edges that have been declared burnt and remove vertices in
Qk \Rllz that have been declared burnt.

The subgraph of Q; that this leaves is defined to be Si. See figures A.3, A.6 and
A.7 for examples of these graphs.

Observe that as RFURE +1 € V(Qr) and no vertices in R¥ are allowed to be removed,
which prevents any vertex in Rllj 41 from being burnt, we have proved by induction that
Rl,z U RII:H € S and € € Si, for all kK > 1 as we claimed earlier.

The reason that we need these restrictions on the burning and removal is so that
when we construct the multigraph Si1 we have a standardised construction and have
a set of vertices that have been declared burnt so that the burning of a multigraph
process can be started.

The purpose of the edges &, as we will shortly see, is so that given S; we can
compute how the burning can occur in R when we are given a set of Ry, that is

burnt without explicitly knowing the configuration on Ryq.

Remark A.5. Note that in this construction at each step of the inductive process we
do not need to know where S came from only that it contains R,’g U R,’g 41, and certain

edges between these vertices.

A.2 Properties of S;.

Remark A.6. This construction respects planarity, in the sense that if G is a planar

graph than Sy is also a planar graph for all k > 1.

Let t; + 1 be the index of the phase when a vertex in Ry, is burnt for the first time.

Let m be the projection map that gives the phase that a vertex burnt in.

Lemma A.7. For an underlying recurrent sandpile n and for all k > 1,

(1) The vertices of Sy are given by the union of vertices, v, which are unburnt at the
end of phase tyy1, i.e v € Uég:l R; such that w(¢r(n,v)) > txy1 and the vertices, w, in
Ry, that have been burnt by ¢r, i.e T(¢pr(n,w)) < tr41 .

(7i) Suppose we are given a set of vertices that are burnt in Ry and Ry11 and we followed
the burning based on rungs procedure until the next time a vertex of Ryy1 needs to be
burnt. The pair (n(k), Sk) determines the set of vertices in Ry that are burnt at this

time.

Proof. Firstly observe that (i) is just a special case of (i7) where no additional vertices
are declared burnt. However we believe the argument is more apparent by doing this
case separately.

(¢) This will follow by induction on k and from the observation that Sy is just a
restatement of the sandpile configuration at the end of phase t;1. To see this we will

follow the process of burning Q) inductively.
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For Q1 we start with the sink being burnt. To see why the set of vertices that are
burnt when ()1 has been burnt is equal to the set of vertices that are assigned a label
with a phase < to = 2 by ¢r we need to look at how we constructed the value of the
labels on edges.

Look at the label on an edge directed out of v and we see it is equal to the number
of neighbouring vertices that need to be burnt in order for v to burn in the burning
procedure. Now each time a neighbour of v burns in @)1 an edge connecting to v will
burn as a result, this means that the value of the label on an edge leaving v is reduced
by one. Hence at any stage of the burning procedure on @)1, the value of the label on
an edge leaving v in (01 is equal to the number of unburnt neighbours of v that need to
be burnt before v can burn under the burning based on rungs procedure. Therefore an
edge leaving v will have a label of zero if and only if the number of unburnt neighbours
of v is less than or equal to the height of the sandpile at v and thus a vertex burns in
@1 if and only if 7(¢r(n,v)) < ta. Therefore (i) holds for Sj.

Now suppose Si_1 satisfies (i). Then using the construction of Q) we can identify
each vertex to one that is unburnt at the end of phase ¢; or to one that has burnt in
Rj.. By the previous observation on the number of arrows on an edge it again follows
that the process of burning @ to produce Sy will force it to satisfy property (i). Hence
by induction (i) does hold for all k£ > 1.

(79) We now consider what we get if given an extra set in Ry and Ry, that are
burnt. As these vertices will have a corresponding vertex in Si we can directly set
these vertices as burnt. Now by following the above procedure we can again create a
set of vertices in Ry that will burn as a result and by the same argument as when no
vertices in Rj11 were burnt we see this corresponds to the same set of vertices that
will be declared as burnt by running the burning based on rungs procedure until a new

vertex in Ry11 needs to burn. Hence Sj encodes the burning as claimed. O

Definition A.8. Let S be the set of all possible labelled, directed multigraphs that can
arise in our construction. For k > 2 define ¢ : Rg xS — S by ¢¥(n(k), Sg—1) := Sk.
This is possible as the only information we used in the construction of Sy was n(k) and
Sk—1-

Neat we define ® := {¢, : ¢ > 1} by defining each ¢4 : Rax(1,q — Ra xS. We can
define the map w1 by the construction of S1, namely p1(n(1)) := (n(1),S1). Then vy,
for k> 2, can be defined inductively by

Ok <77(1J<?)> = (77(’4)71&(77(/?),%1(77(1,14 - 1)))> = (n(k), Sk).

Lemma A.9. The triple (S, ®,v) satisfies Definition A.2.

Proof. The statements of (ii) and (ii7) follow immediately from the definitions of the

maps.
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(i) Suppose gy (m[L,q1]) = wou(mll,a2]) = (m(q1),01), then this implies that
1m(q1) = n2(q2) by property (i7). First let us check whether a recurrent configuration
that began with 7; could be continued by the configuration {(1) on Ry, +1. By applying
Lemma A.7(7) to (n1(q1),01) we can find the set of vertices that are burnt in R,, when
R, 41 is about to burn for the first time. We can then apply the burning rule of the
burning based on rungs procedure to deduce which vertices in {(1) can burn. Now by
repeated application of Lemma A.7(ii) we can deduce the subset of ((1) that is burnt
when a vertex of R, 42 needs to burn. By taking R,, 42 to have a maximal configuration
the whole of R,, 12 would burn in the next step. Then again by iteratively using the
burning rule on (1) and Lemma A.7 on o1 we can continue burning ¢(1). We can then
conclude that (1) is an allowed extension of n; if and only if by the end of this process
the whole of R, 41 has been declared burnt.

Then for each k > ¢; we can inductively define o1 := ¥(((k + 1),0%) and this
process can be repeated inductively to determine if a configuration ((k + 2) is allowed.

Moreover as 71(q1) = n2(g2) and both 77 and 7y create the multigraph oy if we had
run this argument with 7; replaced by 79 we would have equivalently found that any ¢
that was an allowed extension of 77; was also an allowed extensions of 72. Thus proving

property (). O

If the graphs we have created were left like this we would be adding up to |V (G)|—1
vertices at each step and this would not reduce the information that we must retain
so would not help us investigate the sandpile. However the advantage of encoding by
multigraphs is that we can find that much of the information in the graphs is redundant
when we are only interested in the state of burning in Ry. Thus we can simplify the
graph to reflect this fact. See figures A.7 and A.8 for an example of how a multigraph
may be simplify.

Remark A.10. By Lemma A.7 any sandpile that can give rise to the pair (n,0) has
the same set of recurrent sandpile extensions. Therefore it also makes sense to talk of

extension of the pair (n, o), which we will now formally define.

Definition A.11. Given a coding triple (T, Y, p) and a pair (n,0) forn € Rg, 0 € T
we define the recurrent sandpile extensions of (n,0). By property (i) of a coding triple
the pair (n, o) specify a unique set of sandpiles that can extend any configuration that
yielded this pair. Moreover by Lemma A.7 given (n,0) and the maps T and p we can
determine if a sandpile ( can extend a configuration that gave rise to the pair without
needing to know any more information about the sandpile configuration that gave rise
to it. The set of all valid ¢ that this produces is defined to be the extensions of (n,0).

Definition A.12. We say two labelled, directed multigraphs, o,c’ are equivalent,
denoted o ~ o', if for all n € Rg we have that (n,0) and (n,0") allow the same

recurrent sandpile extensions.

Note that ~ defines an equivalence relation.
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Definition A.13. Given a coding triple (T,Y,p) A map x : T — T is called a
simplification map if for all o € T we have that o ~ x(o) and there is a natural
extension of p such that p: Rg x (T Ux(T)) = T Ux(T) is well defined.

Also for a simplification map x define the set 8" = 8'(x) := {x(Sk) : Sk € S}.

Let x be a simplification map with respect to the triple (S, ®,%). In this setting
the requirement for the existence of an extension of i to be well defined would be
equivalent to the requirement that Sk|R’1§UR'1§+1 = X(Sk)|R’,§UR’,§+1 for all S, € S. As by
Remark A.5 this would allow the inductive construction of Sy from (n(k),Si_1) to be
applied to (n(k), x(Sk—1)). Hence the previous definition of the map 1) can be extended
to be well defined on the larger domain of Rg x (SUS’).

Using this extended definition we claim the following property holds,

X (k) Sk1)) ~ x (£ 100), x(Sk-1)))

Proof of claim. Firstly observe that as (n(k), Sk—1) and (n(k), x(Sk—1)) have the same
set of extensions they must have the same subset of extensions that have the next step
as n(k + 1), therefore it follows that ¢ (n(k), Sk—1) ~ Y(n(k), x(Sk-1))-

Thus

Xk, Sk—1)) = X(Sk) ~ Sk = Y1k, Sk—1) ~ Y(n(k), x(Sk-1))-
O

Definition A.14. Define ¢ := xo1): Rg x (SUS’) = 8§ and then setting ¢} = 1,

we can also define inductively

(10,8 = (0000, (1000 1 - 1)) ).

Let " = {y} : k > 1}.
Lemma A.15. The triple (S',®’,1') satisfies Definition A.2.

Proof. (i) If 4y, (m[1, q1]) = ¥y, (n2[1, q2]) = (m(q1), Sy, ) then by equivalence the possi-
ble recurrent extensions are the same as though allowed by (71 (q1), Sg, ) which uniquely
determines the allowed extensions of n; and 7s.

The validity of (i) and (éi7) again immediately follow from the definition of the
maps. U

There are many ways in which these multigraphs can simplify and we give a selection
of possible rules. This is not a comprehensive list but it should hopefully give the reader
an idea of what is possible.

Note some simplifications may introduce into the graph configurations that are not

desirable, for instance having multiple edges directed from v to w which may alter the
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maximum degree of a vertex or connecting vertices in a way that makes a planar graph
into one that is non-planar. Such alterations may not be advisable for future proofs
so the exact list of simplifications that can be used will depend on how the proofs
involving the encoding will work.

Simplifications. These rules are applied to a graph S}, except for vertices in, and
edges between, R’g U R],erl.

1) A vertex without a edge directed out of it can be removed.

2) Remove any edge whose start or end vertex has been removed.

3) Remove the edge from v to w if the vertex v can not be declared burnt whilst w
is still declared unburnt.

4) If the only edge leaving v is to w then we can remove the edge from w to v, if it
exists.

5) If the edge from w to v has label one and it is the only edge directed into v and
it is also the only edge directed out of w, then w can be deleted and any edges that
were directed into w are now connected to v, with their labels unchanged.

6) Delete any vertex and edges that never need to be used in any burning of S,
because the vertices in Ry they help to burn can always be reached via an alternative
path that requires the same set of initial vertices to have burnt.

Each of these rules will give rise to a simplification map and, by the fact that ~ is
an equivalence relation, any combination of the rules will also be a simplification map.

To demonstrate the type of argument required to prove this we consider rule (5).

Proof that applications of rule (5) define a simplification map. Firstly the vertex and
edges set of Ri U R,’j 41 are not changed by this rule so this property is satisfied. It
suffices to show that given equivalent inputs the continuation of the burning in the
graphs will be identical.

Suppose v, w € S satisfied the conditions of (5) and let x(Sk) be the multigraph
found via an application of rule (5). Now consider how the burning may occur in Sk.
If an edge e; € E7, the set of edges directed towards w, is declared burnt then the edge
leaving w will now have label 0 and so w will be declared burnt. The only impact this
has is that the edge directed towards v will now be declared burnt. This means the set
of edges leaving v, F5, will have their labels reduced by one.

Now let us consider what occurs in x(Sk). The edge e; is now connected to v so
when e is burnt the label of edges in E5 will be decreased by one.

Therefore as e; is the only edge leaving w and is the only edge entering v the set
of edges F1 U Es completely determine how w and v interact with all other vertices.
Given the same initial input both multigraphs will output the same labels on E; U Fs
and thus Si ~ x(Sk).

From this argument it also follows that if we could apply rule (5) multiple times

then the output would still be equivalent to the original graph. O
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Appendix A.  An encoding of the burning process.

Conjecture A.16. There exists a simplification map, x, and a constant, ¢ > 0, such
that for any sandpile on [1,N] x N C Z? the induced multigraphs, x(Sk), each contains

at most ¢cN wvertices.

If this conjecture could be proven then we believe that it would be a big step
towards proving Conjecture A.3. We also believe that similar bounds would exist in
higher dimensions and whilst we are unable to provide an estimate for these cases, we

hope understanding this encoding would be a step in the right direction.

We conclude this appendix by giving an example of the construction and a possible
simplification of a sandpile configuration. Suppose we have a sandpile on the graph
[1,6] x N C Z? with rung 1 connected to the sink. Then we will construct the multi-
graphs for the first three rungs. In the following figures the label of an edge is given by
the number of arrows on it. To be able to determine the direction of an edge with label
zero we will use the convention that edges that are curved above (resp. below) their
end points are oriented from left to right (resp. right to left) and edges that are curved
to the left (resp. right) of their end points are directed upwards (resp. downwards).

n(1,3) =

== N =W D
DN DN W W+

DO W N WD

Figure A.1: An example of a sandpile configuration on the first three rungs of the graph
{1,2,3,4,5,6} x N
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Appendix A.  An encoding of the burning process.

Figure A.2: Encoding of n(1) as T1. Vertices are coloured according to which set they are in;
Black is for R} and blue is for R}

W

Figure A.3: Si, where the red vertices are ones that have been declared burnt and the blue
vertices are those in the set Ri.

97



Appendix A.  An encoding of the burning process.

Figure A.4: Encoding of n(2) as To. Vertices are coloured according to which set they are in;
Green is for R, black is for R3 and blue is for R3

Figure A.5: (2, with red vertices representing vertices that have burnt and blue vertices are
those in the set R3.
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Appendix A.  An encoding of the burning process.

ggg%oo

Figure A.6: Ss, with red vertices representing vertices that have burnt and the blue vertices
are those in the set R3.

bt

Figure A.7: Ss, with red vertices representing vertices that have burnt and the blue vertices
are those in the set R3.




Appendix A.  An encoding of the burning process.

PR

Figure A.8: A possible simplification of S3, with red vertices representing vertices that have
burnt and the blue vertices are those in the set R3.
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