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Chapter 1

Introduction

The abelian sandpile model is a model first introduced by the physicists Bak, Tang and Wiesenfeld in
1986. Originally, the sandpile model was developed to study the concept of Self Organised Criticality
(SOC). If we have a system that has SOC, this means that over time, it tends to evolve to its critical state.
An example of a critical state is the phase transition from water to ice and vice versa, which happens at
exactly 0°C' under normal pressure circumstances. In nature, a system of water with no external influ-
ences does not lower its temperature to zero degrees, for this, the temperature needs to be fine-tuned. The
same holds for ice, it does not turn into water without adding energy to the system. Therefore, a system
of only water does not have SOC. When a system does admit to SOC, it means that the system tends to
this transition phase. The abelian sandpile model is a model with very simple dynamics which have SOC.

Bak, Tang and Wiesenfeld’s model concerns a graph where each node has its own value (of number
of sand grains) which can be passed to its neighbouring nodes when it has more sand grains then it has
neighbours, called toppling. This is triggered by adding sand grains to nodes randomly. This simple rule
can lead to complex behaviour, especially when the graph gets large. When a node passes its grains to
its neighbours, it can happen that a neighbour exceeds its maximum value causing a domino effect as a
consequence of the initial toppling, we call this an avalanche. On finite sized graphs, there is dissipation
due to the boundary of the graph. That means that grains fall off the graph at the boundary. Probability
mass functions on various kinds of behaviour can be analysed, for example, the avalance sizes. In SOC,
such probabilities tend to follow a power law, which is seen in nature often. This model has been studied
by D. Dhar and S. Majumdar [4]. It can easily be seen that the sandpile model admits to SOC. Suppose
we have a graph with some cluster of nodes somewhere in the graph such that average height of the
clusters node is higher then outside this cluster, then toppling causes the nodes outside the cluster to
gain more nodes as the chosen cluster has a high toppling probability. From the perspective outside the
cluster, it starts with a little amount of grains. Since the cluster is more likely to topple, its grains are
passed to the nodes neighbouring this cluster, therefore, the outside of the cluster increases in height.

For the sandpile model in general, the operation of adding sand grains in combination with its con-
figurations it admits to an Abelian group. This means that the order or adding grains commutes. Work
has been done to find the distribution for avalanches of length n on various types of graphs. In the SOC
state, this asymptotic behaviour of avalanches usually follow a power law n~". Bak, Tang and Wiesenfeld
have done numerical simulations on the Z¢ lattice, they found a power law with coefficient 7 ~ 1.22. On
7% where d > 3, upper and lower bounds for 7 have been calculated by Jarai, Redig and Saada (2007).
On Bethe lattices there are already some results, especially for Bethe lattices generated by binary trees.
Dhar and Majumdar have found a power law with exponent 7 = 1.5. The model is also analysed on
Erdds-Renyi networks. This is a graph where each node has a fixed probability of being connected to
each other. Bonabeau has studied the sandpile model on this type of graph and found a power law with
exponent of 7 = 1.5 [5]. Other than this, there are not too many results since analytical results are hard
to obtain.

There are multiple questions that are still unanswered about the sandpile model on Z¢. A few ex-
amples are: What happens when a configuration in a finite subset of Z¢ is fixed and sand grains are
always dropped on a single node? It is known by simulations that this results to fractal geometries, but
analytical results have not been found. Another distribution of the sandpile model that requires more
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research is the probability distribution of height of points on finite subsets of Z¢. It is even not known
that the sandpile model can be defined on the entire set Z?.

The power law distribution is frequently seen in real-world situations. For example in neuroscience,
a research team from Bethesda, Maryland, has been researching the brains as a sandpile [8]. A brain
contains about 86 billion neurons or nerve cells, these neurons are connected to one another by axons.
Mathematically, one can see the brain as a graph where the nerve cells are vertices and the axons are
edges. Nerve cells work using electrical potential, when the brain is processing, nerve cells are electrically
excited and when they reach high values of potential, the potential of the neurons is released, firing to
neurons that are connected by an axon. From an evolutionary point of view, it can be said that this
graph of a healthy brain is optimized in such a way making it efficient for its tasks. When we observe for
example a person that suffers from Alzheimer’s disease, the amount of nerve cells of this person decrease
throughout the brain making the brain less efficient changing the parameters of the avalanche distribu-
tion. The authors from [8] have studied the avalanche distribution using electrodes on a rat’s brain. They
conclude that the avalanches of a healthy rats brain does follow the power law from the sandpile model.
Another application concerns the movement of the Earth’s crust but it can also be applied to the stock
market and observing traffic jams. When a traffic jam is too long, the cars go to other highways that
lead to the same destination in order to get there faster, distributing the cars over the roads. In this
application, the different highways can be seen as vertices [I].

In this thesis, the approach by Dhar and Majumdar will be elaborated in more detail. In their paper,
Dhar and Majumdar have shown the calculations for Bethe lattices of degree ¢ = 2. This calculation is
done again in more detail and some of the techniques will be used treating the model on Bethe lattices
of higher branching degrees. The goal is to give a clear proof of avalanche distribution function for any
value of ¢q. It will be shown that in the special case ¢ = 2 some factors drop that do occur in the general
case, this does not happen. Almost all analysis will be done on finite Bethe lattices, since the concept
of SOC, with large avalanches only appear in very large systems such that power laws can exist. We are
interested in the infinite volume limit of the model. In chapter [2] it will be shown that the model is a
Markov chain and that it has a unique stationary distribution. The fact that there is a unique stationary
distribution allows us to find the avalanche size distribution. Because we are interested in the infinite
volume limit, it must be shown that this stationary distribution also exists in the limit.

It will be determined what types of configurations are allowed by setting a set of rules that configu-
rations need to follow in order to be in the SOC state. The allowed configurations are distinguished in
the later defined weak and strong, such that a relation can be found between the two, the asymptotic
behaviour of the ratio between the total number of weakly and strongly allowed subconfigurations is
important for making the calculations possible, therefore, an other approach is used. Doing so, allows to
find the number of possible clusters and the number of clusters containing some chosen subconfiguration.
Next, the generating function of the number of possible avalanches with a fixed length as seen from the
origin or the lattice, is calculated using a recursive expression. In the case ¢ = 2, this is solved using
the quadratic equation, but for arbitrary valued of ¢, this is no longer possible. Combining these results
allows us to find a probability mass function for avalanche sizes. To do so, the number of clusters of a
certain size is divided by the total number of possible recurrent configurations. Multiplying this with
the number of clusters that are precisely of length n yields the unique stationary distribution. This is
followed by some analysis of its asymptotic behaviour resulting in a power law.



Chapter 2

The abelian sandpile model

2.1 Height configurations

Consider a finite set of nodes V', where the vertices u € V' are connected by the edges e € E generating
the graph & = (V, E). Each node in V gets an integer valued height. A height configuration 7 is a
state where each u € V has its own value and is denoted by 7 € N7 where N7 is the set of all possible
height configurations with integer valued height values. Let ¢, be the number of neighbours of vertex wu,
two nodes are neighbours if there exists an edge e € E that connects these two nodes. For € N7 and
u € 7, n, €N denotes the height at node u € 7. A height configuration n € N7 is called stable if for
all u € V we have that 1, < ¢,. The set of stable configurations of 7 is called Q5 C N7 . If there exists
a node v € V such that 7, > ¢,, then the graph is called unstable.

We define toppling as the following. Assume we have a stable height configuration. If increasing the
height by 1 at u € V' causes the graph to become unstable, then the node u topples. This is defined by
the toppling operator T, as

(Tu(n))v =T — Auv (21)
where A, is the toppling matriz. This matrix has the values A,, = g, and A,, = —1 if v and v
are neighbouring nodes. In words, one could say that u gives each of its neighbours a sand grain. We
distinguish two types of topplings, when 7, > g, then the toppling T, is legal and it is not legal when
N < qu. The stabilisation of a configuration 7 is defined by the unique stable configuration 7 (n) € Q4
as a consequence of a sequence of legal topplings T, o---o7T,,. In this sequence of n legal topplings,
every u;, @ € {1,...,n} can be a different nodes.

2.2 Sandpile model as a Markov chain

Until now, the model is entirely deterministic. Consider again the finite graph .7 = (V| F) with V' and
the set E consisting of edges connecting nodes in V. One can increase the value of an arbitrary node u
by 1. For this, the addition operator is defined as a mapping a, : Qo7 — Qo by

aun = 7+ 8) (2.2)

where 6, € {0,1}7 such that 6,(u) = 1 and §,(v) = 0 when u # v and u,v € V. This is followed
by a stabilisation. If n, + 1 < g, then J(n + d,) = n + 4, because no toppling is induced. If the
addition causes 1, > q., then 7 (n + 4,) stabilises to an allowed configuration. It is known from other
literature [6] that the addition operator is abelian, that is a,a,n = aya,n for all n € Qz. It can also be
seen that the configuration after a sand grain is dropped only depends on the configuration on which a
grain is dropped, this yields the Markov property. A consequence is that the abelian sandpile model is a
discrete-time Markov chain. This holds because the set V' is finite and all nodes can have a finite number
of values, causing the set Q to be finite. The Markov chain is then {n(n),n € N} which is defined by

(m) = [ ox.n0) (23)

where X; are i.i.d uniform random variables choosing nodes of .7 and 7(0) the starting configuration. n(n)
is nothing different than the addition operator applied n times. An avalanche is defined as a consequence

3



4 CHAPTER 2. THE ABELIAN SANDPILE MODEL

of the addition operator. If increasing the value 7, by 1 causes a series of topplings, then we define the
set A(u,n) € 7 as the set of nodes that have toppled by applying the addition operator to u on height
configuration 7.

2.3 Recurrent configurations and stationary measure

A recurrent configuration is a configuration such that the probability P(n(n) = njn(0) =n) > 0 for all
n € N. The set of all these recurrent configurations form a subset of the set of all stable configurations.
We call a configuration 1 € Qg a forbidden subconfiguration (FSC) if there exists a subset S C J such
that for all w € S, n, is less or equal than the number of neighbours of u. For clarification, pick some
subconfiguraton in this configuration, the value of ¢, depends on the neighbours that are also in the
subconfiguration and not the ones that are outside. If a configuration does not contain a FSC, then we
call the configuration allowed. Define Z» = {n € Q4 : n is recurrent}. In [0] it is stated that this set
coincides with the set of allowed configurations. By the ergodic theorem of Markov chains we know that
there exists a unique probability density. The Markov chain has a stationary measure which is precisely
the uniform probability measure. In the paper it is given that the stationary probability measure is given
by

1
kg = % Z On- (2.4)

nER 7

Here, §,, denotes the Dirac measure on configuration n. That is, d, (') = 1 if n = o’ and 6, (n’) = 0 if
n # n’. This allows us to find the probability mass function of the avalanche size by finding the total
amount of avalanches of size n and dividing that by the total amount of allowed configurations.

2.4 The abelian sandpile model on infinitele trees

In the previous sections the sandpile model and some of its properties have been elaborated for finite
graphs. Later when treating the asymptotic behaviour of the avalanche distribution on graphs of infinite
size, it must first be shown that the model exists on such graphs. Another important property that needs
to be shown is that there exists a unique stationary distribution. To do so, paper [3] is used. Define S as
the infinite rootless binary tree, a binary tree means a tree with a branching degree ¢ = 2. Let V be a
finite subset of S. We denote Qy = {n: V — {1,2,3}V} as the set of all stable configurations on V and
Q as the set of all stable configurations on S denoted by Q = {n: S — {1,2,3}°}. Endowing Q with the
product topology makes it into a compact metric space.

Fix n € , then we call the restriction of  to V, ny. Recall the set Zy of recurrent configurations in
V', it is easily seen that Zy C Qy . Define the set

X ={neQ:V is finite,ny € Zv} (2.5)

We call a function f local if there exists a finite V' C S such that for a restriction of n and 5’ to V' with
ny = n;, implies f(n) = f(n'). This means that the values outside of V, in V°, do not affect the value of
f(n). For n,¢ € Q let ny{ye denote the configuration whose restriction to V' is given by ny. So for any
&,¢ € Q we have f(nyéye) = f(nv¢ye). The smallest set V' C S such that a function f is local is called
the minimal and is denoted with Dy. A local function can be seen as a function on Qy for all V' O Dy
and every function on Qy . Local functions are continuous on their domain [7].

Definition 1. Let ¥ ={V C S, V finite} and f : ¥ — (K, d) with d the standard metric. Then

lim (V) = (2.6)

if for all € > 0, there exists a Vo € S such that for all V 2 Vo, d(f(V), k) < e.

This definition is satisfied since Dy C V and k = f(S). Let ¢ > 0, since f is local we know that
f(V) = f(S) =k and thus d(f(V),x) = 0 < €. Define Ny as the collection with all probability measures
vy on Qy. We say that Ny is a Cauchy net is for any local function f, for all € > 0 there exists a 1}
such that Dy C Vj and for any V.V’ D Vj we have

}/&mme>t/ﬂmwwmﬂge (2.7)
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Since Dy C Vo C V,V’ and f is local, the integrals are equal, as a result, the collection of measures is
a Cauchy net. A Cauchy net converges to a probability measure v in the following sense. Let ¥ be the
mapping of a local function f to the integral

U: % >R, =)= ‘l/i%/fdl/v, (2.8)

where .Z is the set of all local functions, defines a linear functional. Since f is continuous on  and
Q) is a compact topology, it follows that f is bounded. Now as a consequence of the Stone-Weierstrass
theorem, .Z is dense in the set C'(£2) of continuous functions on Q. ¥ satisfies the conditions ¥(f) > 0
for any 0 < f € .Z since vy is a probability measure. And we have U(1) =1 as [dvy = 1. The Riesz
representation theorem tells us that there exists a unique probability measure such that ¥(f) = [ fdv on
Q. We say that vy converges to the infinite volume limit v, vy, — v. A result of this is that the sandpile
model can be extended to infinite sized graphs.

From here, everything states is proven in [6]. For n € Q, x € S, define the Cs(x,n) as the nearest
neighbour connected cluster of sites containing x having height 3. To show that that the infinite volume
limit exists we state two theorems, the proofs are found in [6]. Proving the infinite volume dynamics
requires the following theorems:

Theorem 1. For the set Z we have
1. Z is compact,
2. The interior of Z is empty,

3. For all n € X there exists a non-constant sequence (My)n>1, M € %, such that 1, — n when
n — 00.

Theorem 2. The finite volume stationary measures [y, defined in form a Cauchy net. Their
infinite volume limit satisfies the following:

1. (%) =1,

2. p is tnvariant under tree automorphisms and mixing,
3. pu(n :Cs(0,m)] < o0) =1,

4- [1C5(0,m)|p(dn) = oo.

This shows that p is a probability measure. We extend the addition operator to the whole set Q by
ag,v : 8 = Q where n — (ag,vnv)vnve. This extension holds on a subset €’ such that 4(Q') =1 and the
addition operator still commutes and leaves the measure from the previous theorem invariant. Further-
more, it is shown in [3] that this extension is a Markov process with a unique stationary distribution. The
proof of the existence of the stationary distribution can be generalised to infinite trees with an arbitrary
branching degree ¢ > 2 by changing all twos into g. This causes for example Qy = {n: V — {1,2,3}V},
the rest follows.

It is now known that the sandpile model exists in infinite sized trees of any branching degree and that
it is a Markov process with a invariant stationary distribution given by equation . The fact that
the expressions of the distributions are the same on finite graphs as on infinite graphs is very convenient
when analysing the asymptotic behaviour. Using this, we can proceed to the main focus of this thesis;
the avalanche distribution.
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Chapter 3

Avalanche distribution on the Bethe
lattice with degree 2

First a special type of graph will be introduced on which we will analyse the sandpile model.

3.1 Allowed and forbidden states

The sandpile model will be analysed on a special type of graphs. To define this graph, we must first
define homogeneous trees, more specifically, binary trees. A binary tree starts with a single node, this is a
binary tree of zero generations, which generates the tree by one rule. To make a binary tree of generation
n+ 1, every node of the nth generation of a binary tree of n generations becomes a parent node of 2 new
nodes which are only neighbours of their parent node. A Bethe lattice of degree 2 is a node, the origin,
which is connected by an edge to three binary trees. An example of a binary tree is seen in figure[3.2]and
a Bethe lattice of degree 2 is seen in [3.1] First, we will look at the possibilities and the impossibilities
for height configurations on binary trees in order to derive a recursive formula for the ratio between the
number of weakly allowed and the strongly allowed configurations. What weakly and strongly allowed
means will be defined later. Using this ratio is possible to find the asymptotic behaviour of the ratio.
This number is used to find the total number of allowed configuration on the Bethe lattice observed from
a single node. Using a transfer matrix, a matrix that describes the behaviour of two consecutive nodes,
allows to look at larger clusters. After obtaining that result, the total number of allowed configurations
is computed. Dividing the number of configurations containing a cluster by the total number of clusters
yields the probability of finding a configuration containing a specific cluster.

When adding a sand grain to a node causing an avalanche, then we call the set of each node that has
toppled as a consequence of that sand grain in that avalanche a cluster. In height configurations, one

Figure 3.1: A Bethe lattice, k is the shell number (Source: iopscience.iop.org)
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Figure 3.2: An example of a binary tree of 4 generations. The L;, i € {1,2,3,4}
denotes the ith generation. The black node is the root of the binary tree. (Source:
www.interviewcake.com)

(b)

Figure 3.3: Two states which are forbidden in SOC state.

can observe smaller parts of the graph, we call these subconfigurations. These subconfigurations can be
divided into two classes.

Definition 2. Let T be a subtree with root a and let T be connected to the rest of the graph via node b.
Consider an allowed subconfiguration C on T. Define C' as the subconfiguration where T is connected
to node b (T' = T Ub) through a. If C' is allowed when n, = 1, then we call C' a strongly allowed
subconfiguration. If setting n, = 1 makes C' forbidden, then it is called a weakly allowed subconfiguration.

In a SOC state there are some situations which are not allowed. For example, observe the situation
in figure (a). To create the first state with two neighbouring nodes with a height value of one, both
nodes have to topple at some time. If a neighbour node topples, the value of the neighbouring node
is atleast 2 which is always larger than 1. The state of a node with value 2 and two neighbours with
value 1 is forbidden . This is because both 1-valued nodes have toppled. There are two options, the
first option is that the node with value two has not toppled, then its value must be at least 3, the sec-
ond option is that it has toppled, but if that is the case, at least one of the neighbours cannot have value 1.

Consider a binary tree T with root a. We define N, (T,7) as the number of weakly allowed sub-
configurations of T with 7, = i and ¢ € {1,2,3}. Similarly, N,(T,1) is the number of strongly allowed
subconfigurations with height 7. Let

Ny(T) =327, Nu(T, i),
{NS(T> =30 No(T,i). (3.1)

When we observe the lattice where T and T> with roots a; and as respectively are connected by their
root nodes through node a, the following relations can be found.

Nu(T, 1) = Ny(T)N,(Ty), (3:2)
NulT,2) = Nu(To)No(Th) + Noo(T)Na(T), (3.3)
Nw(Tv 3) = Nw(Tl)Nw(TQ)a (3~4)
Ny (T,1) =0, (3.5)
Ns(T,2) = Ns(T1)Ns(T3), (3.6)
NL(T,3) = Ny(T1)N,(Ts) + N (T1)No(T2) + Nus(To) No(Th). (3.7)
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Recall that Ny4(T,7) denotes the number of possible configurations on the tree 7" with root value ¢, where
d = s,w. Suppose all trees that contribute to Ny(7”,7) and Ng(T",i) can be connected to T =T"UT".
Pick one tree from Ng(T",4), for this tree, any tree that contributes to Ng(T",4) gives a possibility for
Ny(T,%). Since this holds for all trees from Ng(7”,4) the result is a product of the two numbers. Now
each of the relationships will be clarified.

e (3.2). In this case, T has a root with value one, attaching an arbitrary weakly allowed subcon-
figuration results in two neighbouring nodes with value one. Therefore, T and T, must both be
strong.

. . As mentioned on page [8] attaching two subtrees with a root of value one, gives the configu-
ration where we have the forbidden state seen in figure b). If two strongly allowed subconfig-
urations are connected to the tree, the tree becomes strongly allowed. Since we observe a weakly
allowed state, only one strongly and one weakly allowed subconfiguration can be used.

e (3.4). The situation where a node has value 3 and its three neighbouring nodes all have value 1 is a
forbidden state by the same reason as the subconfiguration in (3.3}b). Having one weakly and one
strongly allowed subconfiguration results in a strongly allowed configuration for T'.

e (3.5). It is clear by definition that if the root of tree T' has value one, it can never be strongly
allowed.

e (3.6). Having one or two weakly allowed subconfigurations for 77 and 75 result in forbidden states.
e (3.7). Same argument for (3.4) except that we are now observing a strongly allowed configuration.

Now that the equalities have been elaborates properly, the sums can be observed. This is done to find a
ratio between N, (T) and Ny (T).

Nu(T) = (Ns(T1) + No(T1)) (N5 (T2) + Nu(T3)), (3.8)
No(T) = 2N, (T1)Ny(Ts) + Nop(Ty)No(Ts) + No(T1) Ny (T3).

Let X(T) = ]I\\[/ZJ((TT)) , applying this to equation yields

N(T) (14 X(T))(1+ X(T2))
XD =N0 =~ 25 xm) + X)) (39)

We call a tree where each node has two children a binary tree. If this tree consists of n generation, we
denote this tree as B,, for n € N. Note that if two trees B,, are connected through the roots by a new
point a, the new tree will be B,, 1. With this, a recursion formula can be found for X (B,,) using equation
@ Take Tl = T2 = Bn—la then

A = S X(B) 2

(3.10)

To solve this recursion, we have to find X (By) to generate the next terms of the sequence X (B,,). It is
easy to see that X (By) = % because N,,(Bp)) = 1 because there is only one possibility to make a tree
of a single point with height 1 and two possibilities of having height higher than 1, assuming we have a
binary tree. Writing out the first few terms results in

=3 X(B)=q X(Bo)=qp X(Bo=1. (3.11)

X(B) 16 32

It can be shown by induction that
X(B,)=1-2""% (3.12)

Conclude X (B,,) — 1 as n — oo. The asymptotic behaviour is what we call “being deep in the lattice”,
it means that the smallest distance to one of the surface nodes tends to infinity. So in such a large lattice
we have

Nw(Tl) + Nw(Tz) + Nw(Tg) = N5<T1) + N5<T2) + NS(Tg). (313)
To find a relation between the values between each of the components of equation (3.13)), we use equations

B:2-B-2.



10 CHAPTER 3. AVALANCHE DISTRIBUTION ON THE BETHE LATTICE WITH DEGREE 2

Figure 3.4: This state is forbidden because the states required to obtain this state are

forbidden.
N(,j) |i=1|i=2]i=3
j=1 0 1 3
j=2 1 10
j=3 3 10 15

Table 3.1: The number of allowed possibilities for neighbouring nodes with height ¢ and j.

3.2 Height distribution on pairs of nodes

We are interested in the probability mass function of two points having specific values. Consider two
neighbouring nodes, a; and as and let N(i,7) be the number of the possible configurations having when
the nodes a; and as have values ¢ and j respectively. These two points have four subtrees as seen in
figure except the nodes with height one are replaced with subconfigurations. All combinations of ¢
and j will be observed to see how many of which type of subconfiguration makes the whole configuration
allowed. The first case i = j = 1. As mentioned on page [§] a state with two neighbouring points having
height 1 is forbidden in the SOC state. Therefore it will not occur and thus N(1,1) = 0. In the case
t = 1, 7 = 2 all connected subtrees must be strongly allowed subconfigurations. This is true because if
one subconfiguration is weakly allowed, then there are either have two neighbouring nodes with value
one, or there is a node with value 2 with two nodes with value 1 as neighbours as seen in We conclude
that all connected subtrees must be strongly allowed subconfigurations. The other situations are treated
by the same arguments. The only special case is i = j = 3. Here, four weakly allowed subconfigurations
are not allowed, this is because all root nodes of the subtrees have toppled since they are allowed to have
value 1 in order to get the subconfiguration in figure[3.4] In this case however, there must have been a 1-1
configuration which is forbidden. The result of the number of possibilities is seen in table Because
there is a total of 48 possibilities, the probability of each of these states is the number of possibilities
divided by 48. Equation can be used to derive a relation between two consecutive nodes. Expanding
the equation and choosing the subtrees as in figure|3.6

Nu(Trt1) = No(Ugr2) [(1 + 2r2) N (Th) + (1 + 212) No(Tx)] (3.14)
No(Tit1) = No(Uis2) [N (Ti) + (2 + @p42) No(T)|

Nw(Uk+2>

NS(U/H—Q)
approaches infinity we get zr12 =1 for all k as seen in equation (3.12)). Writing the previous equality as

where xg492 = , the ratio of weakly and strongly allowed subconfigurations. If the lattice size

Us

U3 U4 Un+2
A2 A3 An+1

A

Figure 3.5
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Thto

Tit1 _—_—— = Ty -
Ak Ay, Apy1

Figure 3.6: The subtree T} with the node Ay can be seen as simplify Ty, 1, this recursion
idea is why we use the transfer matrix approach.

a matrix equation yields

(%’”éﬁiﬂ) = N;(Uk+2) (1 + ﬂfk+2 ;iﬁz) (%w%jf) _ (3.15)

When applying the transfer equation (3.15)), the subtree Ty1 becomes T} at its root Ay, See figure
Repeating this for the whole chain allows us to see what happens at two nodes which are at arbitrary
distance to each other. By applying the equation (3.15) n — 1 times and assuming that the chain is

located deep in the lattice such that x; = 1 it follows
n—1 n—1 n—1
No(TW)\ 7 2 2 No(Ty)\ 2 2 No(T1)
(NS(Tn)> = ]I (M:(Us2) 1 3 Ny(Tv)) — kli[l Nore2)| (1 3 N(Tv) ) (3.16)
This is motivated by figure 3.5, Using the eigenvector decomposition of the matrix (? §>’ its powers

k=1

can be expressed as

2 2\" _1/1 =2\ /4" 0\ (1 2\ _1/4"4+2 2.47-2 (3.17)
1 3) ~3\ 1)\o 1»)\-1 1) 3\4"—-1 2.4"+1)" '

Using equation (3.16), Ns(7},) can be evaluated to

N(T,) = n]:[ Ny(Ups2) | - %((4"*1 — DN(T1) + (2- 4" + 1)NL(T})) (3.18)
k=1
Eqn.: |fﬁ Ns(Uk+2) 4”71N5(T1).
k=1

This will be used to evaluate the total number of possible clusters.

Suppose there is a node with the subtrees connected, T}, Uy+1, Unyo. Next, the total number of
allowed configurations is calculated. Consider a single node with height ¢ = 1, then there is only one
possibility for these subtrees, they all must be strong to be in an allowed state. For ¢ = 2 there are the
options, all strongly allowed subtrees and the situation where there are 2 strongly allowed subtrees and
one weakly allowed, which gives four possibilities. And last, i = 3, here we allow all possibilities with 0,
1 and 2 weakly allowed subconfigurations, resulting in 7 possibilities.

Ntotal(l) - Ns(Tn)Ns(Un+2)Ns(Un+1)7
Ntotal(2) = 4NS(Tn)Ns(Un+2)Ns(Un+1)>
Ntotal('?’) = 7Ns(Tn)Ns(Un+2)Ns(Un+1)~

Then the total number of configurations is equal to
3
Niotar = ZNtotal (Z) = 12Ns(Tn)Ns(Un+2)Ns(Un+1)- (319)
i=1

Earlier an expression for Ny(T;,) was found, using that result from equation (3.18) gives

n+1 n+3
Ntotal =12 |;IT[ Ns(Uk) 4n_1Ns(Tl)Ns(Un+2)Ns(Un+1) =3-4" H Ns(Uk)a (320)
k=3 k=1
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Ti is located at the end of the chain, since the last node has one extra connected subconfiguration, T
exists out of two subconfigurations, we call these U; and Us;. Now that we know how many possible
clusters exist, we are interested in how many clusters exist of a certain size. This will be elaborated in
the next section.

3.3 Number of allowed clusters on the Bethe lattice

Consider a cluster C containing n nodes, that is the set of nodes which are connected by edges which
are involved in an avalanche. If this cluster contains n nodes, then there are n + 2 subconfigurations
connected to it. This is because when we have one node, then there are 3 = 1+ 2 subtrees and every new
node that is connected to the cluster we get a total of three new subtrees to that node. The cluster take
one connection, leaving two unused, one of which is a new one and the other subtree already existed. So
adding a new node gives one extra subtree, resulting that each cluster consisting of n nodes has n + 2
subtrees connected. For all these subtrees there are two restrictions that need to be taken into account

1. Not all U;, i € {1,...,n + 2} can be weakly allowed,

2. No subtree can have a root node with height 3.

To verify the first rule, let C' be an allowed cluster consisting of one node, a. In order to be a part of
this cluster, it must be true that 7, = 3 before the toppling, otherwise it would not topple when gaining
a grain. There can be three subconfigurations attached to a. Assume they can all be weakly allowed. In
this case there exists a subset in C' which has exactly three neighbours. This subset is the set containing
only the node a. Then by the definition on page |4 C' is forbidden because 3 ¥ 3. As a non-trivial case,
consider a new allowed cluster C’ containing n nodes and assume that all connected subconfigurations
are weakly allowed. Since C’ is allowed, there exists by definition a node a such that 7, > ¢,. In order
to be part of the cluster is must hold that 1, = 3. But by the assumption that C’ is allowed it must hold
that n, > g, = 3. Because in a Bethe lattice of degree 2, a node has at most three neighbours so this
contradicts the assumption that C” is allowed. We conclude that not all subconfigurations can be weakly
allowed. Using these rules we can determine the number of configurations N(C') containing a certain
cluster C. For this, we want the sum of all possibilities of products where each subconfiguration U; is
chosen as weak of strong precisely once. First let
n+2
N(C) = ] [Na(Ui,2) + Nu(Ui, 1) + Ny (U, ,2)] . (3.21)
i=1
The term N(C) also counts the configurations where each subconfiguration that is connected to C' is
weakly allowed. To compensate, the options with only weakly allowed subconfigurations should be
subtracted. This results in
n+2
N(C) = N(C) = [ [Nuw(Ui, 1) + Now(Us, 2)]. (3.22)
i=1

Using the relations previously found in equation makes it possible to write N(C) in terms of only
N (U;).

n+2 n+2 3 3 n+27 n+2

Ney=T]n N -] [4 .NS(UZ-)] = [1 — (4) 1 [T N (3.23)
i=1 i=1 i=1

The probability U.(n) is obtained by dividing the clusters containing C' by the total amount of clusters,

hence 2 a2 io
vy = MO 126 I Nl _ 1 [1 -(3) ] . (3.24)

Nt 3-4"  [[M2N,U;) 3 1

i=1

It can be concluded that the larger a cluster is, the less likely it is for such a cluster to occur in the
SOC state. Note that the value U.(n) is independent of the shape of the chosen cluster C' and is only
dependent on the number of nodes involved. Let a, be the number of distinct clusters of size n. For
each cluster that contributes to a,, this shape-independency holds. Therefore, multiplying U.(n) with
a,, yields the probability of obtaining a cluster of size n.

In the next chapter, this concept will be generalised for Bethe lattices of any degree. Once U.(n) is
found for all branching degrees, an expression for a,, will be derived.



Chapter 4

Avalanche distribution on the Bethe
lattice for any branching degree

When observing Bethe lattices of any degree ¢ > 2 requires more work then the case done in the previous
chapter. In order to find a recursion relationship the following rules need to be followed.

1. Two neighbouring nodes cannot both have height 1.
2. The state where one node of height two has two neighbours with height one is forbidden.

3. If a node has height ¢ € {1,2,...,¢+ 1}, then it can have at most ¢ — 1 neighbours with height one
in order to be allowed.

Rules one and two have been elaborated before. The last rule can be seen as a generalisation of the first
two. Suppose we fix a node of value 1 with ¢+ 1 neighbours which all have a height of non-one, otherwise
the state would not be allowed by rule 1. In order for all these nodes to reach a value of one, they must
topple at least once. The toppling of these nodes may not cause the fixed node to topple, otherwise they
get a value of two, when we are only interested in heights of 1. Suppose that more than ¢ — 1 nodes
topple, then the fixed node has a value higher than ¢ or has toppled. When ¢ — 1 nodes topple, this is
not the case. This verifies rule three.

The first few relationships between the value of the root and the root of the subconfiguration will be
derived using these rules, then a general expression will be deduced. Let T be some binary tree with
root a. It is clear that Ng(T,1) = 0 because this configuration is strongly allowed, it can be connected
with its root to a new node with height one. Because this would lead to a forbidden state the solution
must be zero. When the root node has two grains, to prevent us from breaking the second rule there
may not be any weakly allowed configurations connected to this node. Since it is a strongly allowed

state it would have two ones connected, violating rule 2. Therefore N(T,2) = [[L, N4(T;). For the
sake of notation, let z; = ]]\\[,w((qTﬁ)) . Using the same treatment for the case i = 2, one can argue that
(T

Ny(T,3) = [1+ 2321 z;] [TI%, Ns(T;)]. Looking at these solutions carefully, it can be seen that there is
a relation between the value of the root node and the height. Every possibility that does not violate rule
three gives a possibility that contributes to the value N¢(T,¢). Summing over all possibilities with less
or equal to i — 2 weakly allowed subconfigurations connected. Denote Z{ as the collection of all disjoint
index sets with length 7 containing only elements from {1,2,...,q}. Define the collection

T9={Aec 2({1,2,...,q}) | #A =1}, (4.1)

where ¢ € N> and #({1,2,...,q}) denotes the power set of {1,2,...,¢}. In words, it is a collection of
index sets containing elements from {1,2, ..., ¢} with cardinality i. By convention let Zkezg [Locpze=1.
Using this, the number of strongly allowed subconfigurations with root height of i is expressed as

N(T,i) = i S T ze| T N<(Tm) (4.2)

n=0keI; Lek

An example of what this looks like will be given in equations (4.6) and (4.7). For N, (T,%) the treatment
is slightly easier. Here, there can be only one fixed number depending on ¢ of weakly allowed subconfig-
urations attached to the observed node. We want a root node with value ¢ and ¢ subtrees connected to

13
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that node. The root a of T is also connected to another node b. From the g subtrees, we want the highest
number of weakly allowed subconfigurations connected to the node such that the configuration is still
allowed if 7, # 1 and if 7, becomes one, it becomes forbidden. This happens when we have exactly ¢ — 1
weak subconfigurations, if there are less, the configurations becomes strong and one more weak configu-
ration makes it forbidden. By following this argument, it is easy to realise that N, (T, 1) = [T}, Ny(T3})
because this has exactly 1 — 1 = 0 weakly allowed subtrees. In general:

Nw(Tvi) = Z H-TZ H Ns(Tm) (43)
m=1

keTd | Lek

since for a weakly allowed state with height 7 there must be precisely i—1 weakly allowed subconfigurations
connected to the root. Because, to get the desired result, each T; will be substituted with B,,_; as in
the ¢ = 2 case, we are only interested in how many disjoint index sets there are for all values ¢ since we
will be able to compute the value of z,. For the set Zd! there are ¢ + 1 values a node can take and i
values are used, there are ¢ + 1 — ¢ values that are not in the set. This coincides with the combinatorial
interpretation of the binomial coefficient so the collection If“ contains (qjl) sets. The total number of
weakly and strongly allowed subconfigurations is given by

q+1 q+1i-2 q

Ny(T) = NJT,i) = | > 3> [[ee| [T V(1) (4.4)
i=2 i=2 n=0 k] Lek j=1
q+1 q+1 q

Nuo(T) = Nu(T,i)= |> > [[ze| [T N(Ty) (4.5)
i=1 i=1 kez? | Lek j=1

Since these equalities look rather complicated it does no harm to simplify them. First a small example
will be given to make the formulas above more readable. Set ¢ = 3 and take the term i = 4. The
collection Z3 consists of all sets of length 1 containing only elements of the set {1,2,...,¢+1}. It follows
that Z§ = {{1},{2}, {3}} so the cardinality of this collection #Z} =3 = (). Z§ = {{1,2},{1,3},{2,3}}
containing () = 3 elements. Applying this to equation yields

i—2 3 3
Ny =3 > e IIVe@) = Lot | 20 [Loe] TIN@) + | 2 [1e| T1N(T)

n=0gezatt Lek i=1 0eT? keT Lek i=1 keT3 ek i=1
= Nw(Tl)Ns(TQ)Ns(TS) + Ns(Tl)Nw(TQ)NS(TB) + Ns(Tl)Ns(TQ)Nw(TS)
+ Nw(Tl)Nw(TQ)Ns(T3) + Nw(TI)Ns(TQ)Nw(T3) + Ns(Tl)Nw(TQ)Nw(T3)
+ Ns(T1)Ns(T2) N5 (T3). (4.6)
Continuing in this manner for higher values of ¢ and 7 will always give binomial cardinalities for the index
collection. The parts between the brackets in equation (4.5)) is simply the sum of all different products

with a fixed amount of terms representing weakly allowed configurations. When we consider the case
g =3 and i =2 for N, (T, i) we get

Nu(T,2) = Y [Tz [ N:(T)

keTd ek i=1
= Ny(T1)Nu(To) Ny (T3) + Ny (T1)Ns (To) No(Ts) + Nu(T1) Ny (Te)No(T3).  (4.7)

Recall the definition of X (7") from page @ Dividing by [, Ny(T;) leaves us with

q -1 q —1g+1 q
lHNS(T» No(T) = \TTN@) | DO D TTee| TTN(T) (4.8)
i=1 i=1 i=1 | keZ] | Lk i=1
q+1

:Z S [ x(T). (4.9)

Intuitively, this is just the sum of all possible products of X (7;) where each distinct term at most once
in the sum of each possible product. To simplify this even further, the following lemma will be helpful.
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Lemma 1. The product Hn 1(1 + ay) is the sum of every possible product of a;, with each product
occuring precisely once.

Proof. This is proven using induction. The product of two terms is calculated first, (14 a1)(1 + a2) =
1+a1+as+ajas. Set the induction hypothesis that []?_, (1+a,) is a sum as described in the statement.
Multiplying this by 1 + a4 yields

q
H 1+ ay)

For each term in the sum there are two options: it gets the new factor a4 or it does not. We assumed
that we started with a sum containing each product precisely once, multiplying by (1 + a4+1) results in
a sum with that same property except it has one more possible term in its product. Looking at equation
7 this is exactly what happens. O

q
(14 ags1) = H 1+ an) + ag H 1+ ay). (4.10)
n=1 n=1

Using this lemma we can write equation (4.9)) as a simple product

q+1 q+1 q
=Y Nuo(Ti)=>_ Y [[x@) =] (+Xx( (4.11)
=1 =1 keI‘t Lek =1

since the left hand side is the sum of every possible product of distinct terms. We proceed to simplify
N(T).

—1 i

HNb(TZ)

2
2 = HN
=0k, €I} L€ky

i=2 n=0k, €Z] L€k, =0n=0keZ] tek
q
o Zi(q)anl)q—i. (4.12)
2
=1

In the step () the order of summation has been changed and 7} is substituted with B,,_; for all i €
{1,...,q}. Here, B, is defined as the binary tree of n generations. The substitution T; = B,_1 is
done because we are observing a tree from the origin with ¢ + 1 identical subtrees attached to it. This
expression is reduced by using Newton’s binomial theorem. Let f(z) = (1 + )7, then by the binomial
theorem it follows that f(z) = Y7, (9)a*. Then zf'(z) = > {_,i(¢)a, from this we conclude that
aff (z7h) =21 (D) = %. It follows that Y7 i()x7~" = q(1+2)?". Letting z = X (By,—1)
yields the expression for Ns(T'). Now that some useful expressions have been found for both the number
of weak and strongly allowed states, a recursive relation will be derived which can be used to solve X (B,,).

_ Nu)(BTl) _ (1 +X(Bn—l)q _ 1 +X(Bn_1)
No(Bn) g1+ X(B,_1))""" q '

(4.13)

Using these results, the ratio of weakly and strongly allowed subconfigurations in a Bethe lattice con-
taining n generations can finally be calculated. Applying the argument used in the previous chapter it is
clear that N,,(Bp) =1 and Ns(By) = g. Writing out the first three values results in

1 My
1+% -1, -2 1+1J;q -1, -2, -3 1+1+ s 1

nE=— o Te R, = =a ke T, s e e =Y g " (414)
k=1

It is easily shown by induction that x, = ZZJ? g~*. Suppose it is true, then

1 2 2
1_’_En+ n+ n+

Tp41 = 7{1 ¢ '+ " => "
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Figure 4.1: The node with height z; has ¢ + 1 neighbours, ¢ children and a parent node.

which verifies the claim. Since g > 1 this is a finite geometric series, it follows

ntl _ ,—(n+2) _ -1 _ ,—n—1
—_1\k 1 q 1 q 1 q
o _ _ _ 41
) ,;(q ) 1—q! l—qt g—1 (4.15)

Because we are interested in the asymptotic behaviour of this system we take the limit of the sequence
T

1—g ! 1
lim — 1 — . (4.16)
n—o0 q— 1 q— 1
We conclude that the ratio of weakly and strongly allowed subconfigurations is approaches qil as the

lattice gets larger. This asymptotic behaviour will be used to derive the behaviour on different nodes.

4.1 The total numbers of allowed clusters

In order to find the probability mass function of the avalanches of size n the total number of configurations
observed from a single node is required. This value is calculated by observing the possibilities per root
node height. Denote the number of allowed configurations with a origin value of ¢ with N (7). If the root
has a value of i, every configuration that contributes to N (i — 1) is valid for N (). The sum of all these
configurations is the total amount of possibilities Niotar = Zfill N(i). The value N (i) is the sum of all
weakly and strongly allowed configurations for that particular value ¢. Since ¢ is an origin value, both
the parent and children nodes need to be considered, hence, there are ¢ + 1 subconfigurations that can
be both strong or weak instead of ¢, see figure Let

[ q+1 i—2 g+1
N(i) = No(T. i) + No(Toi) = | Y [[ae H N(T) + D0 3 Tl e T] No(T)
kelq“ Lek n=0 pcratl Lek m=1
i—1 q+1
= Z ST | T Ne(T)-
_’n:O k61,3+1 ek m=1

Using that z, = q_% deep in the lattice and #Z4*! = (1), the value of PO OZkqu“ [Toer e is
calculated.

i—1 izl 1 \" /g1 1 \"
S Y-y S I5-S 2 () =2 () ()
n=0 k613+1 Lek n=0 kEI‘Hl lek q n=0pcatt q n=0 q

n

summing over all 7 € {1,...,q+ 1} yields
S ()G s () G5)
1 n=0 q_l i=0 n=0 n q_l

q+

=
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which results in

q+1
Niotar = (qgl> (g+1) H Ny( (4.17)

using equation (4.12)). Now clusters of nodes can be analysed 1nstead of a single node. This is done using
transfer matrices.

4.2 Recursive behaviour in a chain of nodes

Recall equation (4.5)), this equation is exactly the sum of each possible product of length ¢ containing
the terms Ny(T;), d = s,w, and each ¢ occurs precisely once per product. Using lemma |1} N, (T) can be
rewritten as

q
=1 [Vu(T)) + No(T2)]. (4.18)
i=1
From this point, let T' = Tjy1, Th = Ty and T, = Ug4o, for v € {2,--- ,¢}. Then

Ny (Tiy1) = ) + No(T,9)] | [Nw(Tk) + N(Th)]

[
= -12[ (Uky2,4)
i

Nu(Tk) + Ns(T)]

q
[H z; + 1
1=2

qg—1
<qq1> [N (Ty) + No(T)], (4.19)

Ns(Uk2,i)

allowing us to write Ny, (Tx+1) in terms of N, (T%), and N (Ty). The same can be done for N, (Tky1) in
the following. Let ¢ = []{_, Ny(T}). Using equation (4.4) we get

+1 i—2 7
N = |5 3 [T [IN ZZ > ITwe| No(m)e
1=2 n=0 keIl lek i=1 i=0 n=0 ke lek
_qfl
= i) > [Twe| Ne(m)
i:O keZl lek

The goal is to express Ny (Tk+1) in terms of Ng(T) and N, (T)) so a relation between two nodes can be
found at an arbitrary distance. To do so we have to split cases. Define the sets Z¢T = {A € 7¢ : 1 € A}
and Zd~ = {A € T : 1 ¢ A} such that Z¢* U IZ~ = Z¢. Note that in the case Z¢~ there are ¢ — 1
values to choose for n positions, therefore #7717 = (qzl) and by Pascal’s identity it can be concluded
that 74" = #I¢ —#T9~ = () — (*-") = (?Z}). Note that the collection 74" does not exist, as it cannot

n
contain sets with no elements since they contain {1} by definition. Now N,(T') can be split the following

way

[g—1 i q—1
N = | S a—i) 3 [T ae| M@’ = [Sa—i) S0 Lae| M@y (4.20)
| i=0 eI ley | i=0 YeTituzl~ LEY
[ g—1 q—1
=lay_ > I | M@’ + [ad > TTawe| No(Ti)e'~
| =0 yezdticp\{1} | =0 ez~ L€V
_q 1 q—
DI I ERCAEE )il ol | B RACRE
[i=0 ypezitiep\{1} =0 yezi~ €Y
q—1 g—1 i—1 q-1 g—1 1 i
- No(Ti) ' —— ) | No(T)¢'— 1
q;<z_1> (q_1> (Tw)¢" + QZ( )<Q—1> s(Tk)p (1)
-1 i—1 q—1 7
q—1 qg—1 1 /
2 Z(zl) <q1> w(Ti)ef l Z( i )(ql} NelTi)e )




18CHAPTER 4. AVALANCHE DISTRIBUTION ON THE BETHE LATTICE FOR ANY BRANCHING DEGREE

BB

Figure 4.2: A chain of nodes, U;, i € {2,...,n + 2} all consist of ¢ — 1 subconfigurations.
For i = 1 and i = n + 3 there is only one subconfiguration.

When we let z, = q%l and use the order or the collections Igi, the sums in line 1 2) can be calculated

in the same way as done in equation (4.12)). To solve (4.20] 1) the binomial theorem is used. The solution
i

q—3 qg—1 o
q i q ¢ —q+1 /
Ny (T) = | — N, (T N (T, , 4.21
(T) <q_1> <k>so+(q 1) NI (4.21)

where ¢ = Hg,:Q N, (U;), ¢ depends on the number of unused connections to the corresponding node,
and Uy ; the ith subconfiguration of the kth node. In the following case a chain of nodes are observed
with starting node A; ending with the node A,,. Each node 4;, i € {2,--- , ¢} has ¢ — 1 nodes that are
not “part of the chain” as seen in figure The ith subconfiguration at U; is denoted by U; ;. Because
of this, the nodes at the end of the chain has one more neighbour than a node that is not at the end

contributing to ¢. This is seen in equation (4.23)). Using (4.19) and (4.21]) we get

Ns(Tk+1)

(Nw(Tk+1)):sp (qql%q1 (q%lgql (Nw(Tk)>. (4.22)

With this equality, a relationship between T;, and 7T} is found.

n—1
( q )(nl)(ql) }2 1 <Nw(T1)>
qg—1 (qgﬁ N *—q+1) Ns(Ty)

(4.23)
The power of the matrix is easily calculated using the eigen decomposition. Its eigenvectors are ¢~ ! and

N (T, n—1[ ¢
<NS((TH))> = Ny(Ur43) kl;[l llj[Q Ny(Ugt2.)

—q 1
q with eigenvectors (‘111> and <q11) respectively. We find

" 1=ngn —gt gt
1 1 g+1 q2—1 (4 24)
—1 — . )
(q -2 ¢ NP —q+1) (a-1)(q"—q™ ") q gt
g+1 q+1

Note that Ny (T1) = =5 N,(T1). Substituting (4 ) into reduces Ng(Tg41) to

[n=1 a (n—1)(qg—1) -1 (n—=1) _ ,1-n 1—n+ n
No(T) = No(Usss) | [T TT Vs Uss2.) ( q ) ((q ) a )Nw(Tl)—i—qqus(Tl)>

k=1 i=2 q—1 g+l +1
[n—1 ¢ q (n=1)(¢—1)
= Ns(Ui43) HHN (Uk+2,i) (q—l) qnles(Tl)
Lk=11=2
[n—1 g gD

:Ns(Uk+3) HHN Uk+21

Ng(T1). (4.25)
Lk=11i=2 (q -

1)



4.3. NUMBER OF ALLOWED CONFIGURATIONS CONTAINING A GIVEN CONFIGURATION19

Figure 4.3: An example of a cluster containing 4 nodes, having a total of 4(¢ — 1) + 2
subconfigurations. Us, .., U,12 can be split into ¢ — 1 subconfigurations in the general case.

Observe the (n + 1)-th node. In figure Ty represents the same tree as U;y. Substituting this in the
total amount of possible configurations in equation (4.17) yields

Ntotal = <q> Q+1
q_

q+1

HN n+1z

Ny(T) (4.26)

q q+1 n—1 q q(n—l)q

N (q > e+ HN Ut ] [HENS(UHM) (q— 1)<n—1><q—1>NS(U1) (4.27)

n qg—1
q"(qg” —1

T - l()n(ql))+2 N(UNs(Unss) T NS(Uk+2,i)] (4.28)

i=11i=1
1)+2
-1y M
- (q _ 1)n(q71)+2 H N ’ (429)

where U; number all the subconfigurations attached to the nodes of the cluster. For simplicity the
numbering of the subconfigurations from equation (4.25)) is changed.

4.3 Number of allowed configurations containing a given con-
figuration

Consider a cluster C consisting of the nodes ay, .., a,, somewhere deep in the lattice such that X (T) = qfll.

Each node has degree g + 1, since they are connected. If n = 2, then a pair of neighbouring nodes can
have a total of 2¢ connections. In general, one can say that a cluster consisting of n nodes has n(¢—1)+2
connection. This is true because one node has ¢+ 1 connections, and each node that is added to the tree
takes one connection from the existing tree and from itself leaving ¢ — 1 unused. Consider such a cluster,
visualised in figure

Recall the rules from page
1. Not all U;, i € {1,...,n(q¢ — 1) + 2} can be weakly allowed,
2. No subtree can have a root node with height ¢ + 1.

The rules are also valid for the the case where g € N>4 is arbitrarily chosen. Rule 1 is a straight forward
generalisation of the ¢ = 2 case since the argument still holds when changing 2 into ¢. Rule 2 holds
because otherwise the choice of the cluster would be violated. We are interested in each product where
the n(g — 1) + 2 subconfigurations are weakly or strongly allowed. These subconfigurations may only
have root values which are at most ¢. If one subconfiguration has a root value or ¢ 4+ 1 it would be part
of the cluster. To satisfy rule 2, the situations where all subconfigurations are weakly allowed need to be
subtracted. This results in

n(g—1)+2 | ¢

N =] D NuWid)+ 3 NoWini)| = [T |2 Nuisd) |, (4.30)

=1

& L)
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where U;, i € {1,...,n(q¢ — 1) + 2} are the subconfigurations attached to the cluster. Remember that
N(C) is the number of allowed configurations containing C. It is useful to observe that in the & part,

by equations (4.2) and (4.3) it is clear that E‘;—:l Nu(Ui, j) = Ng(U;, q + 1). resulting in

S Nu(U )+ SN f) = 3 No(Us, ) = No(U3) = L2 N(03). (4.31)

j=1 j=2 j=2

For the & part we have

Y NW(UL)) ()G
Nw 75 —NS Ui -sUi
2Nl = =gy U= q—z<z><1>l )

_ <1) 1y v~ (q_ll) (1= g )N, (V).

qg—1 q?

In the third expression above, the denominator is solved by substituting ;7 = ¢ — 1 and applying the
binomial theorem. The denominator is treated analogue to equation (4.12]). At step *, the equation is

g::. This holds because

jzi;Nw(Ui;j) = S > [fze= li (Z E 1) (qil)i_ll = <qi1>q (¢" - 1), (4.32)

i=0 keT! bk i=1

this result follows by substituting j = ¢ — 1 and apply the binomial theorem. Furthermore

q+1 q+1j-2 qg—1 i

No(U) =3 NoWini) =33 > [Twe=33 > =
j=1 j=1n=0 kel lck j=0n=0 ezl lek
qg—1

- ._0(‘1”@ <q11>j = oo

J

This can be solved analogous to equation (4.12)). Using these equalities, These results allow us to express
N(C) in terms of [[4" Y2 N,(U;) by replacing the sums.

n(g—1)+2 q— 1 n(g—1)+2 1— g
Nvo = I Ewmwy- I —L-Nw)
=1 q 1 =1 (] 1
1 n(g—1)+2 n(q—1)+2
:<q—1) ((g = 1ra=42) 4 (1 — gayrta-n+2) H N

Dividing this by Niotq; results in probability Us(n) of a certain state C' occurring.

N(C) _ (g—1)"o7+2) 4 (1 - gmo)rla)2
Ntotal (q2 - 1)qnq .

Note that U.(n) no longer depends on the cluster C. All that is left to show is the number of distinct
configurations on a lattice of n generations. Multiplying U(n) with the number of animals of size n in
the stationary state yields the probability of finding a cluster of precisely n nodes, see page The next
chapter is devoted to finding the quantity a,.

Uc(n) = (4.33)



Chapter 5

Analysis on binary trees

In this chapter the probability mass function for the length of avalanches on a binary tree will be derived.
A binary tree is a tree generated by a root node, and every node has two children. An animal of size
n is a subtree which consists of n nodes from the point of origin. To find this distribution we find how
many disjoint n-sized animals exist. Consider a Bethe lattice, a graph with a root node and three binary
trees connected at that node. Pick an arbitrary node on a binary tree, call this the origin. The subtree
found by following a vertex is called an animal. Denote b,,, the amount of distinct n-sized animals with n
nodes. Because there is only one way to make an animal of size one, we say by = 1 and by convention we
say that by = 1. It is also clear by = 2 and drawing every graph of length three yields b3 = 5. We want
B(x) to be a generating function of these coefficients. To find an explicit expression for these coefficients
a recurrent expression for B(z) is used. Each b,, can be split into the amount of children, all neighbours
excluding parent nodes, to the corresponding node. We get

o] o] oo n—1 co n
B(z) = Z bpax™ = x + Z bpx™ L + Z bibp_p 1z =z + 2 Z Z brbp—rx" (5.1)
n=1 n=2 n=2 k=0 n=1 k=0
=z <1+ZZbkbn kT ) =z (ZZbkbnkx > =z (anx”> =x <1+ anx”>
n=1k=0 n=0 k=0 n=0 n=1

To see why step I holds we fix some integer n and note that the problem is being solved on a binary tree.
This means that we have a root-node of our animal and two subtrees connected to this node. This is
visualised in figure Assume we have two subanimals which have k and n—k —1 nodes so together they
have n —1 nodes (or n including the root-node). When we fix one of those subanimals with & nodes, then
for that subtree, there are b,,_; possible subanimals on the other subtree. This holds for each animal of
length k. This means that there are byb,_j_1 possibilities to make a subtree of length n — 1. When we
do this for all k£ the amount of combinations for an animal of length n is sum all of these combinations
bn = > o bkbn—k. The equation B(z) = a:(l + B(m))2 can be solved using the quadratic formula. Doing
so yields

7172z7\/174x
- 2z '

Tl Tl TQ

Figure 5.1: On the left side, there is a “bundle” of two subtrees, because we work on a
binary tree they can be split into two, allowing to observe them individually.

B(x) (5.2)
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When using the quadratic formula we have to deal with a + sign. Because B(0) = 0 by equation (5.1]),
we must have a minus sign, this is because

1— 22 — /1 — 42 L'Hopi —24+2(1—4x)"3
lim B(z) = lim :v T LRIt g + X z)

n—0 n—o0 2x n—o0o 2

=0.

This would not be the case if plus sign was used. Writing the solution for B(x) as a power series by using
the series of v/1 — 4x it is possible to find an expression for b,,. To do so, the Taylor series of the square
root function is required. For this, the following lemma is helpful.

Lemma 2. The taylor series of the function f(x) = /14 x is given by

oo

fa)=1- Zf—l)”w(fn%x” (53)

and has a radius of convergence of 1.

Proof. Let f(x) = /1 + . Table 5.1 contains the derivatives evaluated at z = 0.

n f () F™(0)
0 (1+a)2 1

1 %(lJrzzz)’i 3

2| —1(l+=z = -3
3 %(1—1—3@)_57 3

4 —%(14—95)_95 2
| pta)™ | G
6| —92(14ax)"2 | -8

Table 5.1: Table with multiple Taylor coefficients of f(x) = /1 + .

We now want to find a pattern to describe the coefficient for a general integers n. Observe that the
denominator increases with 27, the series alternates and is positive when 7 is odd and negative when n
is even. In the numerator, one can recognize the double—factorialﬂ It turns out that (2n — 3)!! matches
the numerator. Using the recurrence that (2n —1) - (2n — 3)!! = (2n — 1)!! we can find the value of (—3)!!
and (~1)I1. Tt follows that (—1)1l = 5" = 111 = 1, and (=3)11 = 312 = — (1)1l = 1. Now we
want to manipulate the expression for the coefficients so it can be used in an easier way. First note that

2'nl=(2-2-2-...)(n(n=1)(n—=3)...) = (2n)(2n —2)(2n — 4)--- = (2n)!L.

By multiplying every element pairwise. This will be applied to find an expression for general Taylor
coefficients of f.

(2n—1)I' (2n)! B (2n)!

2n—1)  (©2n-1)2n)!!  (2n—1)2mn!

(2n =3Il =

The taylor series is defined as

= f™(0 — 1 (=1)"*+1(2n — 1) = 1 2n)! .
f) = 7;0 ! n!( )xn - n;on'( : Q’Sn! ) = 7;0(—1)”'*' (n!)Q((Qn) 1)4”36 (54)
> 2n)!

It follows from the alternating series test that this series has a radius of convergence of at least one.
This can be shown easily using the geometric series and noting that the series is alternating and the
non-alternating part decreases to zero, this is because

(2n)! 1 oo

(2n)! = (2n)!1(2n — DI < ((2n)!1)? = 4" (n!)? = (2 (2n — )47 <g—7 — O (5.6)

IThe double factorial is a function such that n!! =n-(n—2)...4-2if nis even, and n!! =n-(n—2)...5-3 if n is odd.
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it follows that

2" < n 5.7
z:: 2n - 1)4 “ nz::l o (5:7)
and the geometric series has a radius of convergence of 1. O

Now that we have a series expression for the function f(y) = /1 + y it can be applied to equation
To get the desired square root, we choose y = —4z. Then

B(ac):% (1-2z—V1-4z)
1 > 2n)!
=5 (1 — 2 — (1 - ;(—1)"M(—4x)">> ,
1 & N
B %Z n' n—l)

In the last step it is used that the term corresponding to n = 0 is equal to —1. But B(z) is defined as a
sum that starts from n =1 so

n)!(2n +1)(2n + 2) >
-1 =-1 " ™.
+Z ) +”ZO D2(n+1)2(2n+1) g n!)? n—l—l

The first term of the sum was equal to 1 so the —1 is cancelled. This results in the following:

b,b_(2”> LI (5.8)

n+1

Here, C), is nth Catalan number. These are the amount of n-sized animals on one subtree. But because
each point has a degree of three we are interested in the generating function of the possible distinct
n-sized animals from the origin. Note that not only the children are observed as we did for B( ) but
also the parent node. This function is denoted by G(x) as a power series. Let G(z) = >~ | a,z", the
coefficient a,, represents the amount of disjoint animals with the origin as the starting node. The equatlon
will be derived the exact same way as B(z) except that we have three neighbours instead of two, so the
coefficients need to be split twice. After that, B(z) is used to find an explicit expression for a,.

x) :x—i—miibkbn,kx”:m

n=1 k=0

k
Z bebg—ebn—rz" = z(1+ B(a:))3.

£=0

HM8
I

This might look hard to solve but the Catalan numbers are the solution to the sequence (by,)n>1, bp =1
and b1 = > p_o bibn—k. It follows that

Gx)=z(1+B)’ == (Zb T )3 =z <iibkbnkx"> (ébm;")

n=0 n=0 k=0
=x <Z bn+1x"> <Z b,x™ ) Z Z brbpt1—px™ =
n=0 n=0 n=0 k=0
=2 Y Y bibypa" =2 l(z bibn, k) — boby, ] gl
n=1k=1 n=1
= Z(bn+1 —by)z" = Z anx”
n=1 n=1
To write these terms more explicitly:
22n+1)—(n+2) (2n)! 3n 3 2n+1
an:bn—&-l*bn:bn = = .
(n+2) (n+1)nH)2n+2 2n+1\n-1
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There are U.(n) = % [1 - (%)n“] 4~" possible trees when we have n nodes. Multiplying the number
of n-sized animals with U.(n) from equation (3.24)) gives the probability mass for the avalanche size as

reasoned on page [I2] The mass function of the avalanche size is given as

Un(n)ay = P(n) = [1 - @)M " (2” + 1), (5.9)

2n+1\n—-1
where P(n) denotes the probability of an avalanche of length n occurring. It can be shown that the

probabilities for avalanches of at least length 1 sums to Y > P(n) = 1—72, this can mean two things.
5

Either there exist avalanches or the probability of having no avalanche after adding a grain is 5. The
latter is true, this can be concluded from the height distribution of single nodes, seen in Dhar’s paper in

equation (4.7) []. For large n a simple expression can be found that describes the asymptotic behaviour.

3\"*?] 4 /on41
c n — =|1-1- P
Ue(n)an =P(n) (4) 2n+1<n—1)

(3 "2 (2n)! n
B 4 (n)2 (n+1)(n+2)
N —1 (3 2] 4-n Varn(2n)?re n
- 4 2mnn2re=2"  (n+1)(n+2)
o3y n
B 4 Van (n+1)(n+2)
So
3\nt2| 1 n
Uc n)an o |:1 B (Z) :| Vvmn (n+1)(n+2) n—co 1
-3 = _3 — =
n-2 n-2 NZ3

Thus the probability mass function of getting an avalanche of size n is proportional to n~=3 when n gets

large. In the next chapter this concept will be generalized. Then instead of the fixed degree for each
node 2, it can be any degree larger than one.



Chapter 6

Analysis on homogeneous trees of
higher degree

Using the same approach for homogeneous trees where each node has ¢ children we can use the same idea.
To find a recursive expression for B(x). For general ¢ it is impossible to calculate the generating function
directly from the implicit expression of B(xz), as done with the quadratic equation in the previous chapter.
Note that b, is now the number of disjoint animals on a subtree where each node has ¢ children. A tree
of degree g can be treated as a binary tree, except that its edges are “bound” together. The same trick
used to acquire equation can be applied to this case, except that it will be used multiple times. We
will the split the “bundle” of subanimals into individual subanimals, see figure for a visualisation.

Splitting the bundle is done by letting b, = >";'_; bxbn—k, (¢ — 1) times. To recognize a pattern in
the next calculation we first need to know about Cauchy products. The product of two infinite sums is

o0 2 o0 n
g apz” | = E g ApQp_px".
n=0

n=0 k=0

Repeating this ¢ — 2 times yields

oo q o n ki kq—2 q
Z anpx” = Z Z E e Z bk[Fl H bkp—tey_, " (6.1)
n—=0 n=1ki=0ks=0  kq_1=0 =2

Now it is clear how to recognize powers of infinite series, the tree can be observed in a more general case.

Figure 6.1: The same idea is used in the previous chapter, but this time it is done on a
homogenous tree of degree ¢ = 4. In this visualisation, we split the “bundle” two times.
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For simplicity some steps were skipped that have been seen in the case ¢ = 2.

be —x—i—be —x—i—ZZbkbn Bzt (6.2)

n=1 k=0

= x—l—xz Z 21: ko Oty — ey bn—y T

n=1k;=0 k2=0

I Z%ﬂ%m

n=1k;=0ky=0  kq_1=0

LYY Z%Jmml

n=0 k=0 ko=0 kq—1=0
:x(1+B(x)) ,

where the last step used equation . The solution to this implicit equation is the generating function
of the number of subtrees made using the children nodes. Solving this equality will be tricky. For this
reason we make an educated guess. Recall the solution in equation ) to the case ¢ = 2. Observe
the (n) term and note that every new node generates two new poss1ble connectlons while only one was
made. This can be interpreted as 2n options and only n can be chosen. Using this reasoning, the solution
for the general problem has a term (qg) in it. It is possible to derive an implicit relation between the
coefficients b,,

n k1 kq—1 q
B( ) (l—i-B( 1—|—an$ q_z Z Z Z bkqbn_klnbki—l_kl "t
kq=0 =2

n=0 \k;1=0k2=0

) n—1 ki kg—1 q
n
DI DD DEED PLN R | T
n=1 \k1=0ky=0  k,=0 i=2

When two power series are equal for all x on some open set, the coefficients of both series must be equal,
thus

1

n—1
Z Z Z bk b(” 1)—k1 l_Ibk1 1—ki» (63)

k1=0ko=0  ku=0

where by = by = 1. This sequence seems hard to solve, for this reason we guess and check whether the
guess is correct. Remember the observation that there should be a factor (’f) involved. Using a computer
simulation of what the value should be, a candidate solution is found. Let

() ()

This expression matched the outcome of the numerical simulation for all tested values. When taking
powers of the hypothesised solution > >~ b,z" we need to deal with some cumbersome sums with
binomial coefficients involved. One identity that allows us to solve such a sum is the Rothe-Hagen

identity. This identity states the following;:

- T T+ kz Y y+(n—k)z z+y r+y+nz
> B e S 69
=t kz k y+(n—k)z n—k x+y+nz n

for all z,y,z € C. Higher powers of Y > b,z" are calculated using induction. Squaring B(xz) to show
the first induction step yields

(1 + ibn> = i [ Y bkbn—k:‘| ", (6.6)
n=1 k

n=0



27

where

Zbkbn L Z kl-l—l(lejl)q(n—lk)—ﬁ—l(Q(ny;—k)k—i_ 1) _ 2+2nq (2+nnq) 6.7)

k=0

using the Rothe-Hagen identity. For the next induction step assume that for m sums the following holds

¢ k‘z m 1
m m + £q
Dobeke D bk D Vb ik = m+€q< ’ ) (6.8)

ko=0 k3=0 kn=0

Taking the power m + 1 adds one more sum

Km—1

- 14
Zbko ¢ Z Oky ks Z bk —ks - Z b, b, p, 2P ;bnémrqu<m: q>

k2=0 k3=0
St ) ()

Conclude that arbitrary powers k € N, (Y7 bnx”)k =3 kfnq (ktbnq) x™. The result will be used

in the first step to verify the candidate solution of the coefficients.

(1 + B(x))" > ﬁ (q(n; 1)) 2" = i % (nq”1> 2" (6.9)

n=1

1 () 1 VAR W
G- D+ algn—D)N" q(n—1>+1<n) =2 b =

This verifies the guess for b,. Now we can continue determining the behaviour on the lattice observed
from the origin. In this case we need to take all ¢ + 1 neighbours into account instead of only the ¢
children. When observing the origin, which has g + 1 neighbours, the children- and parent nodes, the
problem is treated slightly different than B(x). Let the function G(x) be the generating function for the
origin. It will be treated in the same way as B(x) except that this origin has one more neighbour.

oo n k1
x) =x+x Z Z Z kabh,]%bn,klxn (610)

n=1k,;=0ko=0

8fb”1

n=1

kq—1 q+1

)3 3 b [T

n=1k,=0 ky=0 kq=0
1 q+1

LYY Y immw“

n=0k;=0 k2=0 kq=0
—2(1+ B(z))"

When observing the equations of B(z) and G(z), one can find a close relation between the two
functions. we can express G(x) in terms of B(z) the following

G(x) = 2(1+ B(2)™" = 2(1 + B@)"(1 + B)) "™ Ba)(1 + B()) (6.11)

This relation can be applied to find the coefficients of G(z). This results in

Zanx"::G(x):B( )(1+ B(z <be> —I—anx":<2bnx"—1> +<anx‘"—1>

n=1 = n=1 n=0

iZbkbn pz" —Zbe +1+<be )ziibkbn_kx"—ibna‘”
n=0

n=0 k=0 n=0 k=0

Z Zbkbn,k — by, ™ (6.12)

n=1 k=0

an
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Here ZZ:O brbn—r occurs again, this time the result is calculated again using the identity of Rothe-
Hagen. From equation 1] it is known that a,, = (ZZ:O bkbn,k) — b, this can be evaluated further
as following

B R e e U R

2 2+ng 1 gn+1\  (qn+1 2 1 g+l (ng+1

B 2+nq( n ) qn+1< n ) - ( n > ((q—l)n+2 qn+1) a nq+1(n—1)'
This sequence tells how many n-sized animals there are. At this point, all ingredients of the avalanche
length probability distribution are known. When we divide this by the total amount of different subtrees,
the probability mass function of avalanche sizes can be obtained, that is U.(n)a,. Now we want determine
the asymptotic behaviour of that product. First approximate a,, for large n, for the factorials, Stirling’s

approximation is applied, the immediately drop the exponential terms that arise when applying the
approximation because they cancel.

Qn

+1 n+1 n)!
nqq—|—1(qn—1) - (Q+1)(n—1)!(EZ—)1)n+2)!
g+l V27 (ng + 1)(ng + 1)" ! (ng 4 1)~ +2
T ng+1(n—1)"1/2r(n — 1)((q — Dn + 2)[e D42, 27((q — Dn + 2)
_q+1 (ng+1 nl ng+1 nlg=D+2 ng+1 1
_nq+1<n—1> ((q—l)n+2> n—1 \/2r(n(q—1)+2)

1
V2r(n(g—1)+2)

qg+1 . —n(g—1)—2
~——0" —1) "
nq—i—lq (g—1) Vi

Note that for large n and ¢ > 3 it can said that
(q—1)a=D+2 _ (1 — g—a)nla-1)+2 N (g — 1)rla=D+2
(¢ = 1)g™ (¢ —1)g"

Now, when we multiplying these two approximations it follows that

~ (g—1)na=D+2 ¢ 41 natl, . 1y—n(g—1)—2 [N +1 1
Ue(n)an B q (¢—1)
(> —1)g"* ng+1 n=1/2r(n(¢—1)+2)

gt 1 1
C(g=Dng+1,2r(n(g—1)+2)

U.c(n) =

It can be shown that

1 g2 1 1 noeo 1 2
s , 6.13
i@+l a0 1D 2a-D\ -1 (6.13)

which is constant. We conclude that the avalanche size distribution U.(n)a,, ~ n~2. For small avalanches,
the probability is strongly dependent on the branching degree q. However, when observing the tail of the
probability mass functions, the distributions of distinct values of ¢ tend to the same shape. In the tail,
the distribution follows the power law n=s.



Chapter 7

Conclusions and Discussion

In this thesis we analysed the avalanche distribution on the Bethe lattice of the Abelian sandpile model.
This model can be used for modelling a variety of phenomena in the real world, for example the movement
of the Earth’s crust, the brains functionality or the stock market. The model concerns a graph in the
SOC state such that only recurrent states are allowed. When for some u € V', the height at u is larger
than the number of its neighbours, then a toppling is induced at the node u. A sequence of topplings is
an avalanche. Increasing height at uniformly random nodes makes the model stochastic. The goal of this
thesis is to derive the probability mass function for the model on Bethe lattices for each branching degree
q. By showing the described process is a Markov chain, the stationary distribution is found, which reads

1
- 5.

NER 7

This equation holds for finite sized graphs. Since the goal of this thesis is to find the probability distri-
bution of the avalanche size and to show that the asymptotic behaviour is independent of the branching
degree the infinite dynamics are studied. For this it is shown that the model exists on infinite sized
graphs. On such graphs the model is also Markov chain with a stationary distribution.

General expressions for the total number of configurations containing a chosen cluster consisting of
n nodes N(C) and for the total number of allowed configurations Ny, are derived and calculated.
Dividing N(C') by Niotar yields

N(C)
Ntotal

(q _ 1)n(q71)+2 _ (1 _ qfq)n(qfl)JrZ
(¢* —1)g" ’
the probability of obtaining a height configuration containing the cluster C. It is interesting to note that

this quantity is only dependent on the size and not on the shape of the cluster. The quantity a,, denotes
the number of possible clusters consisting of exactly n nodes. This number is given by

q+1 (gn+1
ap = .
gn+1\n—-1
Both expressions strongly depend on the value of ¢q. U.(n) is independent of the shape of the chosen
cluster C' and is only dependent on the number of nodes involved . For each cluster that contributes to a,,,

this shape-independency holds. Therefore, multiplying U.(n) with a,, yields the probability of obtaining
a cluster of size n. This yields the probability density function according to the stationary distribution.

(¢ — l)n(q71)+2 —(1- qfq)n(q*1)+2 g+1 [gn+1 ~n
(q2 — 1)gna gn+1\n—-1

= Uc(n) =

e

P(n) =U.(n)a, =

)

for large n. The asymptotic behaviour is found using Stirling’s approximation and neglecting small terms.
Note that for small values of n, the probability is strongly dependent on the branching degree ¢. This
statement does not hold for the asymptotic behaviour where the avalanche probability is independent of
the value of q.
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CHAPTER 7. CONCLUSIONS AND DISCUSSION
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