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Abstract

We introduce the mixed model of sandpile+anti-sandpile, which is called SA model. In
the SA model, we are free to add or remove a particle from a chosen site. Because of
the non-abelian property of the toppling operators and anti-toppling operators, the SA
model becomes subtle, and the group property existing in the pure sandpile model and

anti-sandpile model does not hold in the SA model.

Because of the non-local property of addition operators and anti-addition operators, the
processes related to the sandpile, and anti-sandpile are not Feller. The traditional way of
constructing the interacting particle processes in infinite volume, e.g., via Hille-Yoshida,
does not work in these cases, other ways of construction are necessary. In the construction
of sandpile+anti-sandpile process (SA process), we obtain the semigroup of the process
for some special configurations and some special functions by series expansion and then
using monotonicity of the process, we can extend it to the general case. The SA process
shows a new transition phenomenon: it seems that the stationary measure is the result of

a “competition” between the generators.

The sandpile model, anti-sandpile model are “self-organized” critical systems. In recent
years, this is challenged because the special nature of the dynamics can be considered as
an implicit fine tuning that makes sure the system can reach criticality, therefore the “self-
organized” critical behavior of these systems can be thought of as a more conventional
phase transition between “stabilizable” and “non-stabilizable”. We discuss the conditions

for a mixed system to reach a stable state both in finite volume and infinite volume.

Keywords: Self-organized Criticality(SOC); sandpile model; anti-sandpile model; SA-

model; SA process; Stabilization
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Chapter 1

Introduction

1.1 Motivation

The study of the sandpile model and the anti-sandpile model are motivated from the study
of “self-organized” critical(SOC) phenomena. SOC is a term used in physics to describe a
class of systems exhibiting criticality in a dynamically generated, i.e., “spontaneous” way.
This means that the system has a dynamics leading to a stationary state which has fea-

tures of equilibrium systems at the critical point, such as power law decay of correlations.

In standard critical phenomena, there are some control parameters, such as temperature,
magnetic field, reproduction rate, etc. When the control parameter takes a special value,
the so-called critical value, the behavior of the system changes radically. And when the
parameter above or below the critical value, the system shows differently. The standard

percolation model is an example of a system exhibiting a critical phenomenon.

In this model, there is a bond between two neighboring vertices of Z2, all of which are
independently open with probability p and closed with probability 1 — p. The probability
for a bond to be open is the control parameter of the percolation system. People are
interested in the size of the open path containing a certain vertex for a given p , without
loss if generality we can take this vertex to be the origin. The probability that the origin

belongs to an infinite cluster is denoted:
6(p) = Pp(O — )

Where P, is the product probability measure and O <+— oo means there is an infinite
open path from O. 6(p) > 0 implies the existence of infinite cluster containing “O”. It is
clear that 6(0) =0, #(1) = 1 and 6(p) is an increasing function. The critical probability is
defined as:

pe = inf{p: 6(p) > 0}
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Figure 1.1: Sketch for percolation function

From the definition of p., it is not clear whether the percolation function is continuous at
the point p.. It has been shown that #(p.) = 0 in dimension 2, see [19] and [10]. So the
sketch in Figure 1.1 is known to be valid for the 2 dimensional case. If we let S(n) be the
sphere of radius n, and C(0) denote the cluster containing the origin and let |C(0)| denote
its size. It is proved in [10] that when d > 2,

1. For p < pe, Pp(O — S(n)) < e~ ") for some ¢(p) > 0, for all n, see Theorem 5.1.

2. For p > p., with probability one there is exactly one infinite open cluster, see,
Theorem 6.1.

which tells us that when p < p., the cluster is almost surely of finite size, when p > p.,
with positive probability, the origin is in an infinite cluster and at the critical point p., we
have power law for cluster size distribution, i.e., P,_(|C(0)| > n) ~ %,d > 2, and when
d=26= %, see[10]. For the p below and above p., the system behaves dramatically
differently and on the critical point, the size of the open path containing the initial site

decays along power law.

“Self-organized” critical phenomena is caused by driving the system to reach a critical
state by their intrinsic dynamics, independently of tuning the value of parameters. In the

book “How nature works?”, Per Bak gives various kinds of natural phenomena where SOC
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is present, such as, forest fires, landslides, earthquakes, etc, of which the most canonical
one is a sandpile since it is visual and can be studied via both simulations and experiment.

A nice computer experiment can be found from in [21]

When playing with sand, we drop grains of sand to the flat ground individually. At
the beginning, the pile is flat, each grain just stays at the place where it lands. We can
understand the motion of each grain in terms of the physical properties, such as the place,
the neighbor around it, the size of it. As the process continues, the slope of the sandpile
become steeper and steeper. Eventually, some of the sand slides, which may even span
all or most of pile. At the point that the sand slides, the system is far out of balance,
and its behavior can no longer be understood in terms of the behavior of the individual
grains. So the gradient of the slope is the control parameter of a sandpile and the value
at which the sandpile becomes unstable is the critical value. When the gradient of the
slope is lower the critical value, all the grains just keep at the place they are landed; while
when the gradient of the slope is bigger than the critical value, the pile topples which is

the intrinsic force.

1.2 Overview of the later chapters

Besides the sandpile model, the so called anti-sandpile model as well as the mixed model
of sandpile and anti-sandpile(in chapter 3) are introduced and studied. The motivation
of studying the mixed model comes from the generalization of the Abelian property that
exists in the sandpile model and anti-sandpile model. In nature, there are systems that
are driven by input of energy(grains), and other ones driven by output of energy(grains).
While the models that driven by both input and output of energy(grains) are more general

and show a richer spectrum of phenomena

The remainder of the thesis is organized as follows. Chapter 2 gives an overview of the
previous research on the sandpile model. Here we will become familiar with the mathe-

matical structure of the model in finite volume.

In Chapter 3, at the beginning a short introduction of the anti-sandpile model is given.
One of the important thing is that the sandpile model and the anti-sandpile model are con-
jugate with each other which will be shown in section 2. The study of the anti-sandpile
model becomes easier with the help of the sandpile model. At the last section of this

chapter, the combined model of sandpile+anti-sandpile model on finite volume is also in-



troduced and the structures of the dynamics of such model is studied.

Chapter 4 is devoted to infinite volume processes. The purpose of studying of infinite
volume systems is to study the universality of behavior in large volumes. For instance, 1
liter of water boils at 100 °C', while when the volume increase, such as 2 liters, the water
will boil at the same temperature which implies that the model shows universal behavior.
In the sandpile model, the size and the diameter of avalanche clusters have a power law
behavior in the limit of large volumes, we are interested in how the system behaves in the
infinite volume. From the point view of interacting particle system, we should construct
the process in infinite volume. The first difficulty contained in the construction of the
process is that we can not rely on the standard tools such as Hille-Yoshida or graphical
constructions. So in this chapter, I will give the construction of the sandpile+anti-sandpile

process and study the ergodic properties of this process.

Chapter 5 will be about the stabilization of height configurations. The sandpile model,
anti-sandpile model as well as sandpile+anti-sandpile model are self-organized critical
systems while they can also be thought as “organized” critical systems which show the
ordinary equilibrium behaviors. The condition for such systems to reach a stable state are

discussed.



Chapter 2

Mathematical aspects of the
sandpile model

This chapter contains the basic facts of the sandpile model which works as the mathemati-
cal background for the whole thesis. In this chapter, the dynamics of the model, recurrent
configurations, allowed configurations, etc about the sandpile model are discussed. It will

given you general impression of the model.

2.1 Definition of the sandpile model

For a finite subset A C Z? with | A |< 0o, we associate to each site x € A an integer number
Ne € Z which denotes the heights or the number of grains at that site. n = {1, },eca forms
a height configuration on A. We assign to each site x two critical values: 779ch and 7zc.
Site x is stable if n;rcc < My < Nze, Otherwise site x is unstable. A configuration 7 is called
stable if all the sites are stable. There are two cases for a site x to be unstable, one is
Nz < ninc, the other is 1y > nz.. In the sandpile model, we only consider a configuration
with n, > 77;;6, therefore site x is unstable in the sandpile model implies that 7, > 7.
When a site is unstable, the grains will be redistributed in the system. Generally, the
redistribution rule contains two aspects, one is how many particles will be redistributed in
an unstable site, second how to distribute those particles. Different kinds of redistribution
ways decide different kinds of model. For example, in the Manna model, the redistribution
rule is stochastic; while the BTW model, there is a deterministic principle to guide the
whole system. In this thesis, I mainly focus on the BTW sandpile model.

In the BTW sandpile model, the critical values for different sites are the same, for
simplicity, we take 77;0 =0, Nge = 2d,Yz € A. If 5, > 2d, site x is unstable in the
BTW sandpile model, and 2d particles will be lost from it and each of its neighbors will
receive one. For a site x is on the boundary of A, it has less than 2d neighbors, the
extra particles are allowed to leave the system from the boundary. For example in the
following configuration on next page, one grain is lost from the boundary as site of height

“4” topples.
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Figure 2.1: Grains leave the system from boundary

In the following, a mathematical definition of the models will be given. A height

configuration 7 = {n;},ea can be seen as a map from A — Z, i.e,
n:N—127

We use some notations in the model,

e X =7ZA it is the set of all configurations, no matter the heights are positive or not.

e H =1{0,1,2...}" denotes all the non-negative configurations.

e Qp =1{0,1,2...,2d — 1} is the set of all stable configurations.

And a stable configuration 7 can be seen as a map from A to {0,1,2,...,2d — 1}:
n:A—{0,1,2,....2d— 1} (2.1.1)

Of all the stable states, the “maximal” one is n = 2d — 1, i.e, the configuration with 2d — 1
particles at every site. We give it a special name- “maximal state” and denote it by n*.
Any addition of a particle to any site of it will cause an avalanche in the system which

will extend to all the sites in A.

2.2 Dynamics of the sandpile model

In a pure sandpile model, we only consider configurations in the set H. The stabilization
of a sandpile is a map which turns an unstable state into a stable one. Let S denote the
stabilization operator, so:

S:H — Qp (2.2.1)

In the process of the stabilization, toppling will happen at sites which are unstable, one
site topples may cause other sites to become unstable. In order to introduce the toppling

operators, we need the following matrix A, which describes the redistribution rule,
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Definition 2.2.1. For the sandpile model on A € Z% with |A| < oo, the toppling matriz

is defined as follows:

2d z=y
Agy =< —1 z and y are nearest neighbors (2.2.2)

0 otherwise

This is a symmetric matrix, on the diagonal the values are equal to 2d, and
0 for all z, and - .\

that the system is dissipative on the boundary sites. With the help of this matrix, we can

yeA Axy >
Ngy > 0 if & € OA(the set of boundary sites of A), which means

define the toppling operators,

Definition 2.2.2. The toppling operator at site x denoted by t,. is defined by the following

expression: for any n € H:

Ny — DNyy, if the site x is unstable.
(tzn), = { Y v (2.2.3)

My otherwise.

This definition tells that when a toppling happens at site x, 9, — 7, —2d, 9y — 1y +1
if x,y are nearest neighbors, and otherwise the heights remain the same. When site x is
stable, t, has no effect on n, in such a case, t, is called illegal. When t, operates on a
configuration of which site x is unstable, it is called legal. After a legal toppling at site x,
yeA Agzy > 0, which means that

there is no generation of sand during topplings in the system and particles can leave the

the total number of grains in the system will decrease )

system only if topplings happen at the boundary sites, it seems that there are some sink

sites near the boundary collecting grains lost from the boundary.

Figure 2.2: General graph with sink site indicated by O

Lemma 2.2.3. The toppling operators t,(x € A) commute.



Proof. Without loss of generality, assume 7 is a configuration of which sites « and y are

both unstable, i.e., both ¢, and t, operating on 7n are legal, then:

(tﬂ? ty n)k =Mk — Ayk — Dgp = (ty ty n)k (224)
Since the equality holds for every n € ‘H, we can conclude that ¢,t, = t,t,. O

For a configuration n € H, if it is unstable, topplings will happen on it, the following

proposition shows that an unstable configuration can always reach a stable via topplings.

Proposition 2.2.4. If A is organized as a union of finite number of finite connected
subsets of Z%, every configuration n € H can reach a stable state after a finite number of

legal topplings.

Proof. If a site on the boundary topples infinitely many times, the system must loose
infinite grains, which is impossible since our system is of finite volume and there are finite
grains on each site.

Assume a site z near to the boundary topples infinite times, it must give infinite grains
to its nearest neighbors on the boundary, which should topple infinitely many times in
order to become stable; this is also impossible;

Continuing this argument, we can prove that any site connected to a boundary site

could not topple infinite times. ]

From now on, we will always take A to be a connected subset of Z%, an unstable
configuration can always reach a stable one via finite number of legal topplings, and since
all the topplings commute, how you “organize” toppling is not important, so we will show
them in sequel. For nn € H, the stabilization operator S working on n can be expressed in

the form a sequence of legal toppling operators:
Sn) =ty ... tz; (n) € Qp,x € Ak =1,...,n). (2.2.5)

In this expression, x,, is the place of m’th toppling , notice by Lemma 2.2.3, the order
of a sequence of legal topplings has no effect on the final result, which only depends on

the number of topplings at every site.

Definition 2.2.5. Ift, ...ty is a sequence of legal topplings, the toppling number at site
x is denoted by:

ne =Y I(xy =) (2.2.6)
k=1



Use the Abelian property of the topplings, rearrange them in the expression (2.2.5),
S(n) =ty ... tuy (n),x € A, (k=1,...n), we get:

S(n) = H then =mn — An, where n = (ny)zea (2.2.7)
rEA

The toppling numbers contained in the stabilization have a property:

Lemma 2.2.6. If n € H, and t;,...t;, 1S a sequence of legal topplings such that the
resulting configuration is stable, then the toppling numbers n, are “mazximal”, that is to
say for every sequence of legal topplings ty,, ...ty , and n’ be the vector of toppling numbers,
then:

ny < ng, for every x € A

Proof. Assume £ is the stable configuration resulted from the legal sequence of topplings
te, -tz , then:
E=n—An (2.2.8)

Suppose ty,. ...ty, is another legal sequence of topplings with toppling numbers m such that
m, < n, for all z € A( which is always possible since we can choose all the m, = 0), and

for a site y € A, an extra legal toppling can be performed. Denote:
(=n—Am (2.2.9)

Since an extra legal still be possible at site y of ¢, i.e, (, > 2d and £ is stable, &, < 2d,
we have that §, < (,. From (2.2.8) and (2.2.9), we get & = 1y — > ,cr Ayane and
Cy = My — D_pen Ayamy respectively, then:

Ny — ZIEA Ayxnx < Ny — ZxEA Aymmf

Consequently,

(my = ny) Ay <D (g —me)Aye <0 (2.2.10)

zHY

The last inequality holds because A,y < 0, for x # y and n, > m; by assumption. Then
we get my, — n, < 0, therefore m, < n,. This means if m’' denotes the toppling vector
where we legally topples the site y once more, m; < ny still holds. Therefore, we know
once the toppling sequence is legal, we must have the toppling numbers n!, < n,, for all
x € A. O

Proposition 2.2.7. S is well-defined.



Proof. We have to prove that for a configuration n the stabilization operator S can result
in only one stable state.

Since §(n) = tg,, .. tz, (1) =n— An € Qx, n is the column of the toppling numbers, we
should prove that for a given n € H, n is fixed in order to get a stable state. Assume there
are two sequences of legal topplings characterized by the toppling numbers: [] ., t3* and
[1,ca ti'® both of which can stabilize . Then by the “maximal” property of the toppling

numbers, for every x € A,

ng < myg and my < ng (2.2.11)
Therefore, we can conclude that
n=m
Then S(n) is uniquely determined for every n € H. O

An unstable state can stabilize itself without external influence. In the sandpile model,

external influence comes from the addition of grains to sites.

Definition 2.2.8. Let oy, be the operator that adds a particle to a nonnegative configura-

tion on site x:

n+1 ify==z
(cwn)y = { v . (2.2.12)
Ny otherwise.

It is obvious that the new configuration a7 is still nonnegative. So the set H is closed
under all such «,(x € A). When added a grain, a stable configuration may becomes
unstable. For example, adding a grain to the maximal n* on any site z € A will cause
site x to become unstable, and afterwards topplings happen on site z first, and later may
expand to every site of A. Now we give the definition of a new operator a,, the result of

a, operating on 7 is the final result of adding a grain on site x and then stabilization:

Definition 2.2.9. The addition operator a, : Qp — Qp:
azn = S(azn) =S+ 6z),Yn € Qp (2.2.13)

Obviously, this operator is well-defined, since S is well-defined. Let nj denote the

column consisting of toppling numbers needed to stabilize a,(n), then we have:
N+ 0, — Any = azn (2.2.14)

Theorem 2.2.10. All the operators a, commute with each other.

10



Proof. For any n € Q) and any z,y € A,

ag ayn = S(S(n+dy) + 0z)
=8+ 6, +y)
=88+ dz) +6y) =ayazn (2.2.15)

So, all the a, commute. O

The dynamics of a sandpile is guided by two forces, one is the relaxation through top-
plings(internal force), the other is addition of grains to the configuration(external force).
Let P = (ps)zea be a positive probability distribution on A, with p, > 0,Vz € A and
Y ozeaP(®) = 1. X1, Xy, ... are i.i.d with distribution P. Starting from a chosen stable
configuration ng = 7 € 2y, add a grain on X; and afterwards let the system stabilize itself
if necessary, resulting in a stable configuration 7;. Then we add a grain on X5 and after-

wards the system stabilize itself again to reach a stable state n2,...etc, we get a sequence

of configurations, 79, 71, ...,, among which there is the following relation:
n
M = ax,mn-1 = | [ ax.mo (2.2.16)
i=1

We know 7, is generated by adding a grain to 7,—; on site X, and immediate relax-
ation, and it is also can be seen as a configuration generated by adding to each site of
{X1, X2,..., X,,} a grain at the same time and then relaxation. {7, : n € N} is a Markov
chain with the transition operator P: Vf : Qy — R:

Pf(n) =E[f(m) | mo=mn] =) p(@) f (a:n), (2.2.17)
z€A

In a Markov chain, a state £ that can be reached infinitely many times is called “recurrent”,
otherwise it is called “transient”. For { recurrent, then P¢{¢, = &, for infinitely many n} =
1. It is a general property of a finite Markov Chain(a Markov Chain with finite possible

states) to have at least one recurrent configuration. Define:
R ={n: P"(n, =n, for infinitely many n) = 1}

be the set of all recurrent configurations of sandpile model, it is non-empty since the size
of the set of stable configurations: [Q4| = (2d)/A < cc.

Theorem 2.2.11. Ry = {n € Qx : I(ks)oer > 0,[[,cp alon =n} =R.

11



Proof. For n € R, by the definition of recurrent configuration, we know there is a 1, = 7.
While in the Markov Chain starting from 7, there must be a site sequence X1, ..., X, such

that n, = [[;_; ax,n, define:

ke = Y0 I(X; = 2),Va € A

there for [ ., afsn = 7. Since we add particle to every site with positive probability, for
n large enough, it makes sure that k, > 0,Vx € A. This proves R C R;.
Since R is non-empty and assume & € R, then for the maximal stable configuration

n* = 2d — 1, we have the following expression:

* 2d—1—&,
n = HJUEA Qg ¢ 5

that is to say n* can be reached from recurrent configuration &, therefore n* € R. And for
every 1) € Ry, (kg)zen > 0, such that [] ., ak=n = n, then [, ., (ak*)"n = n,vn € N,

we can choose n large enough that nk, > 2d,Vx € A, for n* =], . aid_l_"’“'n, then
H ke =(Ma=ne) gy
TEA
= H a ke = (15 =112) H a ey
xEA zEA
= [[ ax*n=n (2.2.18)
zEA

which means that any n € Ry can be reached from n*, and hence n* € R implies n € R.
It proves that Ry C R.

By now we can conclude R; = R. O

2.3 Group structures in the dynamics of the sandpile

model

Since [5], people have started to study the mathematical properties of the sandpile model.
One of the most important ones is the abelian group contained in the model. This section
contains three parts: one is two groups in the Abelian sandpile model; another is the
invariant measure for the dynamics of the sandpile model; the other is about the toppling
numbers. The reason that I put these three in the same section is that group structure is
the key point to prove the uniform measure on the recurrent configurations is invariant,
using the stationary property of the uniform measure, we can obtain a relation between

topplings numbers and Green functions.
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According to Theorem 2.2.11, for a fixed n € R, there exists (k;)zen > 0 such that
[Lea aken =n. So[] zEA aks operates on 1 as the identity operator. Through the following
lemma, we will show that [ .. aks acts as the identity operator on the whole set of

recurrent configurations.

Lemma 2.3.1. Define: A={C € R:[[,cpak=¢=(}
then A =R

Proof. A C R holds by the definition of A. On the other side, it remains to prove that:
R C A:
For ¢ € A, [T,ep @k (a2¢) = az(ITyen a¥2¢) = az(, then a,¢ € A, for every z € A.
0" = [laen aid%*cr( , which implies that n* € A. Since the recurrent set R is the unique
recurrent class that contains n*, R C A. Hence, we get R = A.
O

Define:
G = {[l,en ak ks € N,Va € A}

By Lemma 2.3.1, we know there is an identity operator in G when working on R, the

following theorem tells us that G operating on the set R is an abelian group.
Theorem 2.3.2. G operating on R defines an Abelian group.

Proof. The proof has two points: Abelian property and the existence of the inverse oper-
ator.

The Abelian property is obvious. All the operators contained in G are generated by
the set {a; : © € A}. Since all the a, commute, we can conclude that all the operators in
G keep the Abelian property.

Secondly, for a fixed n € R, there is an operator [[ ., as such that [Lica aks (n) = .
By Lemma 2.3.1, we know [], . a¥ is the identity operator of G acting on R, denoted

by e. Now define a new operator:

ayt =ak="1 H a’;y (2.3.1)
yedy7a

1= e. Then a;! is the inverse

Then by Abelian property, we can get that a, ‘a, = aza,
operator of a,.

And for g =[], cp a7'* € G, define

g ' =1l (2.3.2)



By the definition of a; !, we know all the a; ' and a, also commute with each other.

g_lg = HJ}EA(CL;l)kZ HxEA al;iz = HxEA(aa?l)kz HwEA al;z =e€

Similarly, we can get g~'g = e. Consequently, the inverse operator exists for every g €
G. O

For a fixed nn € R, define O,, := {gn : g € G} as the orbit starting from 7.
Lemma 2.3.3. Forn € Q,,
1) Oy, =R
2) If gn = g'n, for some g,g' € G, g§ = g'{,VE € R.
Proof. For n € R and g € G, gn is reached from 7, then gn € R, and hence O, C R. We
know n* = [[,ca agd_l_n“n, then n* € O,,. From 2.2.8 we know, every recurrent configu-

ration { € R can be reached from n*, then € O, since n* € O,,. Then R C O, then we
get O, = R.

Suppose for 7, there exist g, ¢’ € G such that gn = ¢'n. Then define:

A={{eR: gl =yg¢}
For ¢ € A, G¢ = {h§ : h € G} C A, which tells us that once the Markov chain enters

A, it will never leave, i.e, A is an entrapped set of the Markov Chain. While we know

2d—1—1n3
n* = [l en 0z "y, then

g =g [[ a2 o= 1] a2 gn

TzEA TEA
= H ag‘d_l_nl‘glrl
FASIAN
=g [ a0 =g (2:3.3)
TEN

so n* € A. For any ( € R, by (2.2.18), we know it can be reached from 7n*, therefore
¢ € A, then we have g = ¢’£,V¢€ € R. O

Theorem 2.3.4. | R |=| G |
Proof. For all n € R,
The map: ¥, : G —R:g — gn

From Lemma 2.3.3, we know this map is a bijection from G to R. Then the size of G and

the size of R are equal. O
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Corollary 2.3.5. Take R1 be the set defined in Theorem 2.2.11. Define:
Ry ={n€Qx:VeeA In, >1,a%n=n}

and
Rs={necQx:3zcA In,>1a"%n=n}

then R1=Ros=R3=R

Proof. From Theorem 2.2.11, R = R;.

By the definition of Ry, we know Ro C R;. It remains to prove R; C Ro.

To prove Ri € Rg, we know | G |=| R |< oo, so every element in G is of finite
order(or else there must be infinitely many element in G). Then for every a,, there must
be a ny € N such that a}}* = e. Then for any n € Ry = R, al}*n = n, which implies that
R1 € Ra. By now we proves R = Ra

To prove that Rz = R, firstly Ry = Ro C R3. It remains to prove that Rz C Ro,
so we have to show that for a configuration 7, if there is a ¢ € A and n, € N such that
ay*n = n, then for each y € A, there exists n, such that aZyn =1.

Since the number of stable states is finite, for n € Q,, for each y € A, there must be
a ny such that for a fixed p, such that aZyaZyn = agyn, otherwise, the set of production
operator {ay,n € N} operating on ay’n results in infinite number of stable configuration
which is contradict with | Q5 |< oco.

When we add 2d grains to site x, site x becomes unstable and topples one time imme-
diately, the result is that height at site x keeps and each of its nearest neighbors receives
one, which is equivalent with adding one grain to each of its neatest neighbors directly,

ie.,

aidn = HyeA7|y—a;|:1 aynvvn € QA

Since A is a connected subset of Z%, for every y, there is a path connected it to x, so there
must be a k such that

afen = ay? (ag,...az,)n, for a cerain p, > 0

15



For this p,, we know there is a n, > 0 € N such that a,”a}’n = a}’n, Then

Ny Ny _kn
ay U“'ay Ay ZU

= aZyaZy (g, ...az, )N

= (ag, g, )ay” ay’n

= (g, -0z, Jay’'n =1

Define: ¥ : Z* — G:
(k) = [ ak=, vk € Z*
zeEA

This map is a homomorphism. Ker(¥) = {k € Z" : [Lea aks = e}

(2.3.4)

(2.3.5)

Theorem 2.3.6. Define: AZ® = {An : n € ZA}, then Ker(¥) = AZM and hence G

isomorphic with Z* / AZA
Proof. For the toppling matrix:
2d =y

Agy =< —1 x and y are nearest neighbors

0 otherwise

(2.3.6)

We know adding 2d particles to a site x, that site must topple and give each of its neighbors

1 particle, which has the same effect as adding 1 particles to each of its nearest neighbors.

And hence we have the relation:

—Ay
axAzz — H ay Yy

yeENyF#x

Then multiply [T ey 4, @™ bo both sides,
H ayAzy =e
yeEA

ke Ay
So for any (kx).tEA € ZA? HyEA ay Y=

e Dy
[TIJa™"=e

zeAN yeA
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e. Multiply the equation for all z € A:

(2.3.7)

(2.3.8)

(2.3.9)



Since Agy = Ayz,

P
e= H H ayIA“ = H ay “<* Bueke _ H ay(JAk)y (2.3.10)

reEN yeA yeEA yeA

So, AZM C Ker¥

For any m € Ker(V), then [[ ., al’* = e, then there are two non-negative integer

vectors m™*, m™ such that m = m* —m~. Then, for all n € R, we have:

+ —
[Lica a7=n = 1lsen 0z n
then there existence two non-negative vectors k™ = (k™ (x))zepn > 0,k = (k7 (2))zer > 0
such that

n+mt — Akt =(=n+m- — Ak~
Then we get that:
m=m"—m~ =A(kt — k")

which implies that m € AZA, it proves that Ker(¥) C AZ*. Now we can conclude that
Ker(¥) = AZ* and G = 7" /AZ* (2.3.11)

O]

Corollary 2.3.7. | R |=| G |=| Z* /AZ" |= det(A), | - | denotes the number of elements

n a set.

Proof. In Theorem 2.3.4, it is proved that | R |=| G |. Here we still need to prove that:
| ZA /AT |= det(A).

For a diagonal matrix A with entry value a,,, then:
A S AZN = (2 a0 2) ® (L a922) & ... ® (Z./ anN'T) (2.3.12)

We know the size of the space on the right side is [[ .5 @zz = det(A), and hence
7A /AZN = det(A).
For matrix A, we can turn it to a diagonal matrix A by some row and column operation,

see[11]. And such operation preserves the determinant of the matrix, i.e., det(A) = det(A).
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And we know these two quotient space Z» /AZ» and Z» /AZ" are isomorphic with each
other. Then:
| Z™ /AZN |=| ZM / AZD |= det(A) = det(A) (2.3.13)

O

Define the uniform measure on the recurrent set R

= ’R| > oy (2.3.14)

neER

Since a, : R — R is a bijection, the image measure

po s = Z Saun = T Z = (2.3.15)
ER

neER

that is to say, the uniform measure p on R is stationary measure for the Markov Chain

and all individual operators a,,x € A.

2.4 Expected Toppling numbers

The toppling matrix A in a BTW sandpile model coincides not only in the notation but
also the analogous discrete property. The reason is that in a BTW sandpile model, the
toppling matrix A there is to describe the diffusion of grains(“energy”) through out the
lattice during the avalanche. The change of the number of grains(energy) at site y when
it topples happens at site x is just give by A,,. The continuous version of this evolution
is described as:

of

5 = DAS (2.4.1)

where A is now the Laplacian operator on R?. The Green function for the continuous

evolution function satisfies AG(x,y) = 6,—, and in the discrete case:
AG = id, then ,G(z,y) = (A1) (2.4.2)

To give a probability interpretation of G, consider the a d-dimensional simple random
walk on A C Z? with |A| < oo, which will stop if it leaves the boundary of A, see [?]

denote the transition function of the random walk by P then:

(P=If= *%dAf (2.4.3)

18



Then G(I — P) = 4, then G = o5 - (I — P)~! = 3530 P". While P}, = pp(z,y)
where p,(z,y) is the probability that taking n steps to reach y starting from x. Then
G(z,y) = 5 > v o Pn(z,y). And hence the probabilistic interpretation of G is G(z,y) =
iEw (number of visits at site y starting from z).

For any n € R, define n(x,y,n) to be the toppling number at site y when adding a

particle to 7 at site x, then:
() + 6oy — Y Ayen (z,2,1) = (azn)(y) (2.4.4)
z

Integrate the equation over the stationary measure p:

Jn@)u(dn) + [ dzyp(dn) =32, [ Ayzn (z,2,m)u(dn) = [(azn)(y)nu(dn)

By the invariance of p, we know [ (y)u(dn) = [(azn)(y)n(dn). Then we get:

Sy [ 0tz i) = by (2.4.5)

z

i.e:

( / e,y mu(dn) = (A )y = G, y) (2.4.6)

2.5 Allowed configurations

Generally given a configuration n € €24, it is hard for us to decide whether it is recurrent or
not using the definition. Here we will give another more convenient way to check whether

a configuration is recurrent or not.

Definition 2.5.1. Let n € H, for nonempty set W C A, we call the pair W,nw) a
forbidden sub-configuration(FSC) if for all x € W,

yeW~{z}

If for n € H there exists a FSC (W, nw ), then we say that n contains a FSC. A configu-
ration 1 € Qp is called allowed if it does not contain any forbidden sub-configuration. The

set of all stable allowed configurations is denoted by R’.

Remark:
1) Sub-configurations of an allowed configuration are also allowed.

2) A configuration on A with only one site is always allowed[18].
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There is some relationship between allowed configuration and the recurrent configura-

tion.

Lemma 2.5.2. R’ is closed under the dynamics of sandpile, i.e, for allg € G,n € R/, gn €
R

Proof. Since the element of g is a;, while o, and all the toppling operators ¢, are the sub-
elements of a;. So it is suffices to prove that the set R’ of all stable allowed configurations
is closed under all the o, and t;,z € A.

Clearly, if n € R', n+ §, € R’ since all the heights do not decrease.

Suppose for a n € R, assume t,n ¢ R', then there exists a FSC (W, (t,n)w). While
when toppling happens at site x, only the height of site x decrease. If site = ¢ W,
(W, (n)w) is also a FSC, it is contradict with the fact that 7 is allowed. So site x € W.
Yy € W:

(tam)y +1< > (=Ay) (2:5.2)
keWw\{y}

ie:

My — Doy +1< > (=Dy) (255.3)

keW\{y}

SO:

My +1< Dy + Z (=Dyk) = Z (=Dyr) (2.5.4)

keW\{y} keW\{y,z}

Because there are at least two sites contained in W, W\ {x} is non-empty. Then (W \
{7}, mm\(azy) 1s @ FSC of n. It is a contradiction with 7 is allowed. O

A special allowed configuration is n* = 2d — 1, combine with O, = R(Lemma 2.3.3),
then : R C R'. Denote the boundary of A by OA.

Lemma 2.5.3. Forx € A denoted by 95 (x) the number of neighbors of x in A. 9p(x) # 2d
if and only of x is a boundary, x € OA. Then we have n € R’ if and only if:

H aidiﬁ/‘(@n =n (2.5.5)
TEON

Investigate the meaning of equation 2.5.5, let n, be the total toppling numbers at site
2d—9, ()

x during the operation of [] .o, az , then:
N+ Z (2d —Ip(z)) — An=n (2.5.6)
z€EOA
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n should satisfy the following equation:

An =" (2d - 9Ia(z)) (2.5.7)

FISToN

Easily to check that n = (1),ea is a solution of it, and since det(A) # 0, it has unique
solution n = (1)zea. So, it remains to prove that after adding 2d — ¥ (z) grains to each
boundary site x € JA, every site of A topples once. The specific proof can be referred to
Lemma 3.23, [18].

Define: H = {[[,cqp a¥, ky € N}

Lemma 2.5.4. H operating on R’ is a group.

Proof. Since H C G, according to Lemma2.5.2, R’ is closed under H; by lemma 2.5.3,
the inverse operator a; ' exists for all the z € A, and for any h = [] 4, ak=, it is easy

to check the inverse operator of it is h™! =[], cop(az ). O
Theorem 2.5.5. A stable configuration is recurrent if and only if it is allowed.

Proof. Since n* € R’ and Oy« = R(see, Lemma 2.3.3), R C R’ by lemma 2.5.2,. We only
need to prove if 7 is allowed, it is also recurrent. Because H working on R’ forms a group

1 is the inverse

and n* € R/, there is a g € H such that gn = n*, and hence gn € R. Let g~
operator of g in of H. Then n = g~ '(gn). Since gn € R and ¢g~! € H C G, then 1 € R,

here also use the closed property of R under G. This proves R’ C R. O

When we check whether a given configuration is recurrent or not, we can use the
“Burning algorithm” introduced by Dhar [5] Define a A* = A U {x}, the * is an artificial
site, called the root, added to A, and *. To every site  on the boundary, J5(x) is the
number of nearest neighbors to x, and 2d — ¥, (z) edges go from x to the root. So the
extended graph (A*, E*) is a graph that every site in A has exactly 2d outgoing edges.

The burning algorithm is used on a configuration € 4, and final result is a set
A € A. The burning time of * is zero, the initial result is Ay = A, at time 1, we
remove( “burning”) the sites x at which 7, + 1 is strictly bigger than the number of neigh-
bors of x in A, which is called “burning one”. A; is the set of the left sites after burning
one; use the same algorithm on Ay, get As, and go on till no more sites can be burnt. The
final set is B(n, A). For example,

There are nine sites in the initial configuration and after burning three times, all the

sites are burnt out.
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oO1r2-01 =0 -
1123

Figure 2.3: An Example for “burning algorithm”
Vn € R/, it means that for any W € A, there exists a x € W such that:

met1> > Ay (2.5.8)
yeEW /{z}

So, we start from W; = A, then use the burning algorithm, we will burn out all the sites.

So, if a configuration can be burnt all the sites using the “burning algorithm” if and only
is recurrent.
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Chapter 3

The anti-sandpile model

This chapter is about the so called anti-sandpile model. The anti-sandpile model and
the sandpile model are conjugate with each other, which will be shown in section 2 of
this chapter. The study of the anti-sandpile model becomes easier with the help of this
conjugation. At the last section of this chapter, I combine the sandpile model and the
anti-sandpile model together to form a mixed model which exhibits different property to

the pure models.

3.1 Introduction

In the sandpile model, grains are added to a stable state which may cause the system to
become unstable, afterwards, the system relax itself to a stable one via topplings. Differ-
ently from the sandpile model, in the anti-sandpile model, grains are randomly removed
from the system and afterwards the system relaxes itself to a stable one by anti-topplings
if necessary. The dynamics of the sandpile model and anti-sandpile model are similar but

in opposite directions.

Some of the notations used in the sandpile model will also be used here, so I just rewrite
them again. A is a subset of Z¢ with finite sites. 7, € Z denotes the height or the number of
grains at site . 7 = (9;)zep forms a height configuration on A. X ={n:n, € Z,Vz € A}
is the set of all configurations with integer heights. In a system, two critical values are
given, one is n;rcc = 0, the other n,. = 2d, a site x is stable only if 0 < n, < 2d. The set
of all stable states is denoted by Q5 = {n: 0 < n, < 2d,Vx € A}. When n, < 0, site z
will receive 2d particles and each of its neighbors looses one. Particles are allowed to enter
the system from the boundary when anti-topplings happen on the boundary sites. In the
pure anti-sandpile model, our state space is J = {..., —1,0,1,...,2d — 1}*. For n € J, if

it is unstable, anti-topplings will happen till all the sites become stable.
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3.2 Relation between sandpile model and anti-sandpile

model

As A C Z% with | A |< oo, the toppling matrix is the same as the one defined in chapter

2:
2d =y

Agy =14 —1 z and y are nearest neighbors (3.2.1)
0  otherwise
The study of the dynamics of the anti-sandpile model starts from the study a single anti-
toppling

Definition 3.2.1. Let t;r; denote the anti-toppling operator at site x, forn € J

(3.2.2)

T

A, if . < 0

My otherwise.

And t;‘; is “legal” if it operates on a site that is unstable,i.e., n, < 0, otherwise, it is

“illegal”.

When anti-topplings happen on the boundary sites, grains enter the system. See the

following picture.

o W s~
—_O - N
W = e W
NN W o

Figure 3.1: Grains enter when anti-topplings happen on the boundary.

Removing a grain from a site is equivalent with adding a hole to that site.

Definition 3.2.2. Let ol, denotes the operator of adding a hole at site x, for any config-

(aln)y = { ol Wy (3.2.3)

My otherwise.

uration n € J:
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Compare the anti-toppling operators with the toppling operators defined by (2.2.3),

we found that these two kinds of operators are coupled by the following operator:

Definition 3.2.3. Define “flip” operator 0 : X — X, Vn € X:
O(n)=2d—1—mni.e(0n)y = (2d—1) —n, for all x € A. (3.2.4)

This is an operator that turns a height configuration to another one. It seems that
there is a “mirror” at the place with every height Lgl, then 67 is the “mirror” image of
f and hence we know 60n = 7, for any 7, i.e., 80 = id.

Before giving the relation of the sandpile model and anti-sandpile model model, we

sea a simple example, e.g., take A = {1,2,3,—7} C Z and let
n=(0,-1,1,-7¢eJ
then,
o = (1,2,0,8) € H

You may find some interesting phenomena, for = with n, < 0, we have (6n), > 2d and
reverse part is also right, that is to say ¢l is legal at n if and only if ¢, is legal at 6n. It
seems that the stabilization of one is companied with the stabilization of the other. The
following proposition describes the relation of sandpile model and anti-sandpile model.
Let ST : 7 — Qa be the stabilization operator in the anti-sandpile model that transfers

every configuration in 7 to a stable one through legal anti-topplings.

Proposition 3.2.4. Forn € J, and S is the stabilization operator in the sandpile model:
S H — Qp, then we have the following relations:

a) thy = 0t (0n), thtl = thtl;

b) ST is well defined and STn = 0S(6n).

Proof. A C Z% and Vn € J

Firstly, Ve € A, n, <0< (0n), = 2d — 1 — 0, > 2d — 1. This equation means that al
being legal on 7 is equivalent with ¢, being legal on 0n.

Secondly, Combining (2.2.3) and (3.2.2), we know :

(thn)y + (ta0n)y = ny + (On)y = 2d — 1, ¥y € A. (3.2.5)

this tells us that after legal anti-toppling and legal toppling happen at the same site on n

and 07 respectively, the resulting configurations are still conjugate with each other, i.e.,
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thn = 0t (0n), further more, sine A0 = id, we have t,0n = 0tin. For all the n € J,
equation (3.2.5) holds, therefore:

th=0t,0,t, =01t 6. (3.2.6)

By the Abelian property of the toppling operators(Lemma 2.2.3) and 62 = id, we get that

all the anti-toppling operators tl (x € A) also commute.

Assume ... o tln 0..0 tll is a sequence of legal anti-topplings on 7, and from the proof of
item a), we know ...ot, o...ot, is a sequence of legal topplings on 67. From Proposition
2.2.4, we know there must be a ... ot,, o...ot,, must be a finite sequence. Then St is
organized by finitely many legal anti-topplings that can stabilize . From the proof of
item a), we know 0ST6 can stabilize Oy € H. S(6n) = 0ST0(6n) = 6STy. 06 = id, we get
Stn = 686n,V¥n € J, and hence ST = 0S6. Since S is well defined, and 6 : J — H is a
bijection and 00 = id, then ST is well-defined.

O

Let a; be the operator that transfers a stable configuration to another via removing
a grain from site x and the immediate relaxation of the system to a stable one by anti-
topplings. Since removing a grain is equivalent with adding a hole, we call a; the anti-

addition operator associated to site x.

Definition 3.2.5. Define al : Qx — Q, V5 € Qa
aln = St(aln) = ST (n—6,) for all x € A. (3.2.7)
The anti-additions have the following properties.
Theorem 3.2.6. Let a, be the addition operator defined by (2.2.13), then
al =0 a0, as well as a, = 6 al 6. (3.2.8)

and hence al(z € A) commute.
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Proof. ¥y € €,

aln = S —6,)
=080(n—0,) =0S5(2d—1—n+ ;)
=0a, (2d—1—n)=0a,0n

(3.2.9)
Therefore we have a; =0a,0.
similarly, we get a, = 6 a;rc 0.
Vz,y € A,
alal =0a, 00a,0
=0a, ay =0 ay a0
:9ay09ax9:alal
(3.2.10)
which proves the Abelian property. O

The above discussion gives a relation between the sandpile model and anti-sandpile
model. When we deal with problems related to the anti-sandpile model, we can always
turn them into the related form in the sandpile model, and after we have done with them,

we can turn them back to the anti-sandpile form again.

3.3 Mathematical results about the anti-sandpile model

Similar to the sandpile model, the anti-sandpile model also shows many nice properties
which are presented in this section, including the dynamics, recurrent configurations, in-

variant measure, etc.

Dynamics of the anti-sandpile model

Instead of adding grains as in the sandpile model, we remove grains from the system and
afterwards let the system relax to a stable one by anti-topplings immediately, and repeat
that independently again and again which forms the dynamics of the anti-sandpile model.

Let np = n € Q be the initial configuration, we remove a grain from site X; and let

the system relax to a stable one, denoted by 7, then we independently remove one grain
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from Xy, let the system relax to 12 € Q2p, etc. Then the dynamics of the anti-sandpile is

expressed in the form of the following Markov Chain:
Nn = a;(nnn,l with ng =n € Q

where X,, are i.i.d with distribution (p;)zen,pe > 0,Vo € A, and -, p(z) = 1.
The transition operator P is defined as: Vf : Qy — R:

Pf(n) =E[f(m) |no=n =) p) (3.3.1)

TEA

Let RT denote the set of all recurrent configurations of the anti-sandpile Markov Chain,
it is non—empty since this is a finite Markov Chain.
Define: = {Il.e A(am) ,Vk; € N} as the set of all production of anti-addition

operators. The following theorem is to Theorem 2.2.4.

Theorem 3.3.1. A configuration n € Qp is recurrent in the anti-sandpile Markov Chain

if and only if there is a gt € G such that g'n = 1.

Proof. The proof of this theorem is very similar to the proof of theorem 2.2.4. so I do not

repeat it again here. O
For any set A C X, define A := {6n:n € A}.

Theorem 3.3.2. 1): RT = 0R and | RT |=| R |= det(A)
2): Gt workmg on RT forms an Abelian group.
3): Define plf |RT| Zne’RT oy be the umform measure on R, then put = pf and u' is

mwvariant under the individual operation of ax, x €A.

Proof. For n € R, from Theorem 2.2.11, there is a g = [ cx a¥s such that gn = 7, then
0(g(n)) = b, ie
0g0(0n) = O

Since 090 = O[[,cp ai0 = [[,en(faz0)r= = HmeA(al)k’“ € GT, according to Theorem

3.3.1, we know 61 € RI. It proves that R C R; it can be proved that RT C R by the
similar argument, then Rt C @R. Therefore Rt = §R. From Theorem 2.3.4, we know
| R |= detA, then | Rt |=| R |= detA.

Define ® : G — G such that ®(g) = 0g6,Vg € G, we know ® is a bijection satisfy-
ing ®(g192) = 091920 = 0g100920 = P(g1)P(g2), using A0 = id in the second equality.
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Then G and G' are isomorphic with each other. According to Theorem 2.3.2., we know
that G acting on R forms an Abelian group, then G' acting on R is also an Abelian
group combined with the fact that RT = #R and 06 = id.

From 1) we know Rl = R and | RT |=| R |= det(A), and

e = L -
K= TR > nert On = R > ner Oon = 1
As to the invariance, since the uniform measure p on R is invariant under individual

az,Vr € A, and al = 6a,0,
uToaL:ueoal:u900a19:uoal«0:,u9:/ﬂ

which proves that uf is invariant under the operation of individual a;r,;. ]

Anti-toppling numbers:

For all z,y € A, and all € Q,, define n(z,y,n) be the number of topplings happening at
site y when a grain is added to site x, and nf(x,y,n) as the anti-toppling number at site

y when a grain is removed from site z, then with nl(n) = (n'(z,y,n),y € A)
n—0.+Anl (n)=aln (3.3.2)
We have already shown that
01 + 62 — Ang (0n) = azbn,ne(0n) = (n(z,y,60n),y € A) (3.3.3)
Combining these two equations together:
n+ 00+ A(nl(n) — na(0n)) = aln + azn = 0 az O + a0 (3.3.4)

Take a,0n = &:
2d — 14 A(nl(n) — ng(6n)) =06 + € =2d — 1 (3.3.5)

Since detA # 0, 0 (7) — n(6n) = 0,i.e., nl (2, 3, 1) = n(, ,07).
From equation (2.4.6):

/m nl (@, y,mMut(dn)e = Agy = G(z,y) (3.3.6)
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3.4 Sandpile4anti-sandpile model

In the sandpile model and the anti-sandpile model, we definitely add or take off a grain
from a randomly chosen site. If at a chosen site, we are free to add or remove a grain with
positive probability, in the case that we add a grain, the system relaxes to a stable one
by topplings immediately after the adding; and in the case that we we choose to remove
a grain, the system relaxes to a stable one by anti-topplings immediately. In this model,
adding and removing grains are both possible, so the model is no longer the pure sandpile
model or the pure anti-sandpile model, but a mixed model, we call it the “sandpile4anti-
sandpile model”, denoted by the SA—model. In the SA-model, the possible states are
not purely in H or J, but in X-the set of all height configurations. Here, 25 still denotes
the set of all stable configurations. 7. = 2d, nlc =0, so, if n, > 2d, site x topples, and
if n, < 0, site x anti-topples. Then the dynamics of the SA—model is more complicated

than the pure models.

Dynamics of sandpile+anti-sandpile model

A C Z% with |A| < co. P and Q are two positive probability measures: ., ., p(z) = 1
and p(z) > 0,Vz € A; q(x) € (0,1),Vx € A. Everytime, we randomly choose a site x € A
according to the distribution P and we are free to choose to add a particle with probability
q(x) and then let the system relax itself by topplings or to add a hole with probability
1—¢q(z) and then let the system stabilize itself by anti-topplings. Start from 79 = n € Q4,
independently repeat the same steps again and again, we get the dynamics of the SA—

model,
N = bx,Mn—1,M0 =1 (3.4.1)
With all the X, are 7.i.d with distribution P and all the b, are i.7.d. random operators

with prob Q. Because of the independence among all the X, and independence of all

by,y € A, we get {n, : n € N} is a Markov chain with the transition operator P:

Pf(n) = E[f(nx,) | no=n]
= p@)q(@) flazn) + Y pla)(1 —g(x)) f(aln) (3.4.2)

TEA TEA

Since [QA] < o0, there are only finite number of possible states for the Markov Chain,
and hence there is at least one recurrent configuration for the Markov Chain. From the
3.4.2, every stable configuration can be reached from all the other stable configurations,

especially the recurrent ones, consequently, every stable configuration is recurrent in the
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mixed Markov Chain. Then 2, is also the set of all recurrent configurations of the SA—

model. For the SA— model, we get following properties,
Lemma 3.4.1. txt}; #* t;tz and axaL # azam

Proof. Consider A = (1,2,3) € Z, and n = (—1,2,0). Then tQtJ{n = (1,1,0) # tJ{tgn =
(0,0,1). For £ = (0,1,0)

alazé = (0,0,1)
but
asalé = (1,1,0)

Then aJ{ and as do not commute. O]

Remark: For a configuration n € X with both kinds of unstable sites, the order of
topplings and anti-topplings takes role on the stabilization of 7, different order of legal
topplings and legal anti-topplings may result in different final results. The stabilization of
a configuration in the SA— model will be discussed further in Chapter 5.

Define:

G= {110 1 ba,,, with all z,,, € A, by, = ag,, or a,i ¥n >0}

Different from the sandpile model and the anti-sandpile model, the mixed model looses

the group property.
Theorem 3.4.2. There does not exist 0 C Q such that G acting on QO isa group.

Proof. Assume there is a Q such that G acting on Qisa group.

Firstly, we will prove that Q has to be equal to €.
In fact in order to form a group, Q must be a closed set under the action of G. If Q) #Q,
there must be a n € Q but n ¢ Q. While we know for any £ € ﬁ, the Mixed Markov
Chain starting from & can reach all the recurrent configurations of the Markov Chain;
however any configuration in €2 is recurrent, therefore 7 can also be reached from £. Then

we know 7 must be in ﬁ, which is contradict with the assumption. Then we get that Q0=0.

Secondly, assume G acting on {2 is a group. Let B be the set of all bijections from §2
to Q, | B |=| Q@ |!. Since Q is finite set, |  |! is finite. So, if G operating on € could
form a group, it must be a finite group. Then for any al and any 1 € (2, there must be a
n < oo, such that (al)”n =7, from corollary 2.3.5, we know 7 € Ri = R, which means
that Q C R, i.e, all the stable configuration is recurrent in the Anti-sandpile Markov
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Chain. However from the definition of “allowed” configuration, we know 0 is not allowed,
and hence not recurrent in the Sandpile Markov Chain. From Theorem 3.3.2, we know
Rt = OR, then we know 60 = n* ¢ RT but n* € Q. O
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Chapter 4

The Infinite-Volume limit
sandpile+anti-sandpile process

In Chapter 2 and 3, we studied the finite volume sandpile and anti-sandpile models,
especially the invariant measure and recurrent configurations of the finite Markov Chains.
We are interested in how the system behaves as the volume increases. In the infinite
volume case, the systems become some processes. However, we are even not sure the
existence of such processes because in the infinite volume case, both the addition and
anti-addition operators are non-local which determines that the related process are not
Feller, and hence the classical way used in the construction of a process in the interacting
particle system does not work here even in one dimensional case. In this chapter, I mainly
give the construction of a so-called sandpile4anti-sandpile process and study the invariant

measure of it.

4.1 Feller processes

In the one-dimensional model, Q = {0,1}% is the set of all stable states with the product

topology, which organizes () as a compact metric space with metric,

d&m) =Y 27" | n(z) - &(x) | (4.1.1)

TE€EZ

This topology has the following properties,

1 Convergence: A series {n,}neny C X and n € X, we say 7, converges to 7, if
VA C Z,3My = ng(A) such that Vn > My, we have:

m(z) =n(z),Vr € A
2 Continuity: A function f: — R is continuous at the point 7 if

limpyz sup, e | f(naoae) — f(naéae) [=0
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Where (naope)(z) = n(z), for x € A, and o(x), for z € A°.

3 Local function: A function f : ) — R is local if it depends only on a fixed set A
with finite sites. This means that Vn, £ such that na = £a implies f(n) = f(§).

Remarks: A local function is continuous, while a continuous function can be non-local,
e.g., f(n) =X, ez e ®In(x), it is continuous but not local. But, continuous function can
be approximated uniformly by local functions, this follows, e.g., from Stone-Weierstrass
Theorem.

From the view of interacting particle systems, the first step of construction is getting
the generator £ of the process. Once we can show that there is a Markov semigroup S(¢)
corresponding to the generator £, a Markov process(with cadlag paths) starting from 7

can be defined via:

(S@)f)(n) =E"f(m) (4.1.2)

According to theorem 1.5 of [12], we know the uniqueness of Markov process defined
by (4.1.2). So, the main work to get a process corresponding to a given generator L is
to get the semigroup S(t). As we know, if the process is Feller, i.e., f € C(Q) implies
S(t)f € C(Q), the work becomes easy thanks to Hille-Yoshida theorem[12]. It tell us
that if we use D(L) := {f € C(Q) : limy|g M exists} to denote the domain of £, the
generator and the semigroup has the following relations:

(1): Lf =1limyo 2 for f e D(L)

s@/-7
(2): S(t)f =limpoe(I — LL)™f = €£ f, for f € C(Q)
(3): For f € D(L),S(t)f € D(L), and (d,/dt)S(t)f = LS(t)f = S(Et)Lf
In this way, the Feller semigroup S(¢) is given by (2), i.e,

S@t)f(n) =e“f(n),Vf e CQ),ne

In the case that we are not sure a process is Feller, we could not get semigroup using
Hille-Yoshida. Generally it is not easy to check whether a process is Feller or not by the
definition. However a Feller process has the some good properties such as S(t)f is right
continuous as a function of t, for every f € C(Q); existence of invariant measures, etc.
Therefore, one way to prove a certain process is not Feller is to the prove that one of such

these properties does not hold.
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4.2 Flip process

One kind of famous models in the interacting particle systems is the flip-process. In the
one-dimensional infinite volume model, Q = {0,1}% is the set of stable states. Define 6,

to be “spin-flip” operator on (2,

(4.2.1)

Nz +Dmod 2, ify==x
(02m)y = { .
My otherwise.

The flip operator 0, transfers the value of 7, from one to the other. Assign to each site a
Poisson process Nf with rate 1, for z # y, Nf and N/ are independent. For configuration
n € Q, the flip rate from zero to one at site z is denoted by c’(x,7n) and from one to zero

is denote by c!(z,7).

An Example of Feller flip process

The simplest case of the flip process is the process with rate c’(x,n) = ¢'(z,n) = 1,Vz € Z.
In this case, there is no interaction among sites, each site evolves follows independently,

therefore there is a Markov process 7;(z) corresponding to every = € Z:

n(z) = (02" n)(x) (4.2.2)

The semigroup S(¢) for this process is defined as:

S(&)f(n) = E"(f(ne),Vf € C(Q) (4.2.3)

Since there is no interaction between sites, from (4.2.2) we know for a fixed value N, n;
is a continuous function of 7. By the Dominated Convergence theorem(DOM), S(t)f is

also continuous which means that this process is Feller.

An Example of Non-Feller flip process

If the flip rate ¢(x, n) loses the local property, the flip process can loose the Feller property.
For instance let us consider the following flip process.
For n € Q = {0,1}%, if n(x) = 0, with rate 1 flip from zero to one and a site with

height 1 will stay at 1 except if = 1 in which case all sites flip to zero, for this process
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the generator is:

(4.2.4)

with 6 the global flip-operator. Assume S(t) is the semigroup corresponding to the gen-
erator (4.2.4),

Proposition 4.2.1. The Markov process associated to generator (4.2.4) is not a Feller

process.

If S(t) is the semigroup of a Feller process. For p € P(2)(the probability measure
onQ), T >0 pur = %fg uS(t)dt € P(Q). By the compactness of P(£2), we know there
is a subsequence T, such that up, — v. From Proposition 1.8, e) of [12], we know v is
invariant under S(t). This means that for a Feller process, there is at leat one invariant

measure. Now we start to give the proof.

Proof. Suppose measure p is invariant and p(I(n(0) = 0)) = > 0, since te;() fort > 0

that is to say the probability to flip at the origin is strictly positive. Then
Pu(I(1:(0) = 0)) <6

so p is not invariant, hence the only possible invariant measure are the ones such that
wu(I(n(0) = 0)) = 0. Similar discussion on p with p(n(z)) = 6 > 0, we can get the only
possible invariant measure are the ones with u(n(x)) = 0,Vx € Z. Then the only possible
one is p = §1(with 61({1}) = 1). But 4y is not invariant since at 1 flips 0 definitely. So
there is no invariant measure for this process. Then we can conclude that this flip process

is non-Feller. O

4.3 Some mathematical tools

Generally, in the field of interacting particle systems, there are two methods that are used

very often in the construction of processes, one is “coupling”, the other is “monotonicity”.
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4.3.1 Coupling

Coupling is the most important and generally applicable technique used in the construction
of the process. A coupling is simply a construction of two or more stochastic processes on
a common probability space.

The convenience of coupling method can even be shown by the following simple ex-
ample. For instance, we want to prove that two functions f(n) and g(n) are positively
correlated when 7) is a real-valued random variable and f and g are two bounded increasing
functions on the real lines. If we only use the variable 7, it is hard to get the relation since
the sign of E[f(n) — E(f(n))]lg(n) — E(g(n))] is not decided. However, if one let  and ¢

be two i.i.d variables, the proof is quite simple:

0 <E[f(n) — 9(Ollg(n) — g(C)]
=Ef(n)gn) +Ef()g(¢) —Ef(n)g(C) —Ef(g(n)
=2{Ef(n)g(n) —Ef(n)Eg(n)}
= 2cov{f(n),g(n)}
(4.3.1)

The monotonicity of f and g makes “<” set up. In the third step, we use the independent
and identical property of n and (.

4.3.2 Monotonicity

1. For n,¢ € Q, we say that n <  if n(x) < {(x),Vx € Z.

2. A function f: 2 — R is called “monotone” if for any n, { € 2 such that n < ¢, we have
f(n) < f(¢). M denotes the set of all monotone bounded functions.

3. A Markov process {n:,t > 0} on Q with Markov semigroup group {S(t),t > 0} is
monotone if f € M implies S(t)f € M.

4. p1, puo are two probability measure on 2, we say p1 < o, if:

/fdul < /fd,ug for all f € M (4.3.2)

In [12], there is a theorem gives us a way to prove that two measures have a monotone

relation:

Theorem 4.3.1. Suppose u1 and po are two probability measures on 2. A necessary and

sufficient condition for 1 < ue is that there exists a probability measure v on €2 x £ which
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satisfies:
(a) v{(n,¢) :n € A} = (A). (b)) v{(n,C) : ¢ € A} = p2(A). for all Borel sets in 2, and
(c) vr{(n,¢):n < ¢t =1.

Proof. The proof is contained in [12], Theorem 2.4 in chapter 2. O

Remark: In order to prove a process is monotone, we only need to prove S(t)f is
monotone for any f € M, ie, (S(t)f)(n) < (S(t)f)(C) for any n < ¢, and hence we need:

(SO F)(n) =E"f(m) < (SOF)(C) = Ef(&) (4.3.3)

From theorem 4.3.1, we know it suffices to construct a coupling processes 7, and (; and

prove that:

PS{(ne, ) e < G} =1

where P"¢ is the coupling measure of P"7 and P¢, which satisfies
P1¢((n.€) 1 € A) = P(A), P7((1,() : ¢ € A) = PS(A)

4.4 Infinite volume anti-sandpile process

In the one-dimensional anti-sandpile model, Q = {0, 1}# is the set of all stable configura-
tions. And the critical value 779ch =0, i.e, when nl < 0, site x is unstable and anti-topplings

happen in the system.

4.4.1 Anti-addition operator

The dynamics of the anti-sandpile is guided by the addition of holes and relaxation of the
system. Addition of a hole to a site may influence the whole configuration. The study of
the anti-addition operators starts from simple configurations on which the anti-addition

operators remain local.

Definition 4.4.1. Let QJ} be the set of configurations with a finite number of critical sites,
i.e.
Qf = {neQ:n'({0}) |< oo} (4.4.1)

where n=1({0}) = {x € Z : n(x) = 0}.

The set QJ} is dense in €). For every configuration in Ql , we can choose a finite interval

that contains n~({0}). For the convenience, we will introduce two notations:

k() :=1inf {y > 0:nppy = 1} (4.4.2)

38



and
k™ (x, )" :=1inf {y > 0:n,_, = 1} (4.4.3)

where inf () := +0o. Then [z + kT (z,n), 2 — k~(2,1)!] is the very set characterized by =
with the boundary site of height 1 and the interval sites of height 0. So every anti-addition
(addition of a hole) to the inside of [z + kT (z,n),2 — k~(2,1)!] has no influence on the
outside of this interval.

The anti-addition operator at site x is denoted by al. For a finite interval A C Z, we use
(al)A denotes the anti-addition operator that be strict on A, i.e, (al)/m = ((GL)ATZA)UAC

Let €, is a configuration such that €;(z) = 1 and e;(y) = 0,Vy # x. For all n € of,
when n(z) =1 aln =1n—e. When n, =0, kt(z,7)’ < o0,k (z,n)! < oo, imagine
there is a “mirror” in the middle of the interval [z 4 kT (2,7),x — k= (2,71)], then after the
operation of al, the heights of the boundary of this set becomes 0, the height of the “mirror
image” of site © becomes 1 and all the others keep the same. E.g., for a configuration

--+1100 1000 | 0001 1111- - -
N——

Here denote the place of 0 is z, k*(z,1)" = 5, k= (z,7)T = 2, “” is the mirror. Then the

configuration aln is

--+1100 0000 | 0100 1111- - -
N——

In the case that at least one of kT (z,n) is not finite, we can choose a sequence of con-
figurations 7, = 7" such that, n*"(z) = n(z), for 2 € A,, and and n*»(z) = 1 for

x € A, then " | n with the k¥ (z,7,)" < oo, k™ (2,m,)" < oo for all n. Then we take

ain = lim, alnn. For example:

---000101 00000 0000- - -
———
Take off a particle from the site of “0”, the final state is:
---000100 00000 0000- - -
——
Summarizing the discussion above, we get the following proposition.

Proposition 4.4.2. The final state of adding a hole at any site x are expressed in five

cases:

1. kt(xz,n)t =0,ie,n, =1, then:
aln=n—e, (4.4.4)
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2. kt(z,n) >0, kT (z,n)"\V k= (z,n)! < oo, then
aln =1 = Cprht (o)t — Cok- (o)t + otk () —k () (4.4.5)
8. kt(z,n)" = oo, k™ (x,n)" < oo, then
aln =n—, k- (un) (4.4.6)
4. kH(z,n)t < oo, k™ (x,n) = oo, then:
Uyt 1) = 1 = Cq ket (z,m)t (4.4.7)

5 kH(z,n) =k~ (z,n)" = oo, then:
¥ =1 (4.4.8)

Combine with the definition of addition and anti-addition operators in finite volume,
we know al = fa, 0 also holds in the infinite volume case. And hence alaj} = a;r/al by the
abelian property of addition operators, see (3.17) of [13].

In the infinite volume case, if a configuration 7 is recurrent, we know all the sub-
configurations of 1 must be recurrent and the reverse part is also right. So the definition

of the recurrent is given,

Definition 4.4.3. A configuration n € Q is recurrent if and only if any sub-configuration
na, A € Z is recurrent. Where np is the restriction of n to A. RT be the set of all such

recurrent configurations.

4.4.2 Anti-sandpile process

Let {N}},cz be a collection of independent rate 1 Poisson processes. ab acting on n € Q2

follows the process of Ni¥. We want to define a process informally described by:

ne= [ (al)Nin (4.4.9)
TE€EZ

The formal generator for this process is: for a local function f: Q — R

LEf )= (flakn) = f(m) = _(al = 1)f(n) (4.4.10)

TE€EZ T€EZ
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Firstly, we can not be sure whether such a process exists or not, since in the infinite vol-
ume case, the addition operator and anti-addition operators loose the local property, so
we could not get the generator but a formal one. However by the non-local property of a;,
the formal generator (4.4.10) is not continuous on 2, and the process is not a Feller pro-
cess. Therefore the classical techniques, such as Hille-Yoshida, break down here. In [13],
the infinite volume one-dimensional sandpile model is constructed, the resulting process
is non-Feller and the only stationary measure is 6;(The dirac measure concentrating on
n* =1, i.e, of all heights are 1). As to the infinite volume one-dimensional anti-sandpile
model, we can use the similar method as in [13] to construct the process, however, I would
not plan to give the specific steps, but use the conjugate relation of sandpile model and
anti-sandpile model to give the semigroup and stationary measure for the anti-sandpile

process directly.

The Markov process 17y = [[ .7 aivtzn is a process with formal generator, for all bounded

local function f on €,

Lfm) =2 sezlf(azn) — f(n)]

the corresponding semigroup is denoted by S(t), see [13]. If we ST(t) to denote the
semigroup of the process with generator (4.4.10.)

Since the two generators have the following relations,
LT =0L0
and
St(t)f(n) = E"f(n) = E"0f (0n) = 0S(t) f(0n) = 05(t)0f (n)

Then
ST(t) = 05(t)0 (4.4.11)

The anti-sandpile process is not a Feller process, since the sandpile process with generator

L is not Feller[13], and the stationary measure for this process is 001 = do.

4.4.3 Properties of the anti-sandpile process

The infinite volume one-dimensional anti-sandpile process is not a Feller process. So some
of the properties of Feller process do not hold in general, however, for some “special”
configuration 7 and “special” function f, the generator £ and semigroup ST(t) still have

a good relation. In order to give the properties, we need the “N—local” function and
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“decent’ configurations which are introduced in [13]. I just put them here. We use §; as

the set of configurations with infinite “0” at either side of the origin.
D ={neQ: ) o1 —n(x) =20 —n(zx)) = oo}
For n € 1, we order all the sites of height “0” in a sequence as:
Xo(n) = min{z > 0,n(z) = 0}, X1(n) = min{z > Xo(n),n(z) = 0}, etc.
And define
X_1(n) = max{z < 0,n(z) = 0}, X_2(n) = max{z < X_1(n),n(x) = 0}, etc.
Then we define the intervals:
Ip = (X_1,X0]NZ

I, = (Xo,Xl] NZ
I,= (X,Q, Xfl] NZ,etc (4412)

Then a configuration is called decent if n € 21 and

a(n) = limsup,_,, |Ln(77)\;'l'+\fn(77)| =a(n) < oo

We use Q4. denote the set of all decent configurations. Now, we define:
o Of =00,
o X[(n) = Xp(0n), I} = 1,(0n),Vk € Z, ¥ € Q]

OQT

dec

= GQdec

A function f : Q7 — R is called “N-local”, if it only depends on the heights 7,,
x € UN__\ I(n)[14]. For N-local function f, define 0o f : QI — R:

0o f(n):= f(6n) (4.4.13)
It is a function that only depends on the heights of Ufgfzf INed ,1(77) Immediately, we have:

flaztn) — f(On) = 0,¥o € Z\ UN*' | TF
(4.4.14)
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S0 L1(00) = Xpevs1pig (@) — F(On), and hence:

Lifmy=0oLo0fm) = Y  [flaln)—f() (4.4.15)
reu L)
Lemma 4.4.4. {a, : n > 0} is a sequence of positive real numbers such that:

limsup,,_,o, 9 =a < 0

Then the series Y oo, t"a,"/n! converges for |t |< -

Take a(n) = 3> 0__, | 12(77) |, then for n € QLSC, we have:

o0 n
T
nz:lt"(kzn | I.(n) )" /2"n! converges, for |t |< af() e

(4.4.16)
vp e Qb | p740) |=| {z € Z : n(z) = 0} |< co. Then for |z| large enough, n(z) = 1,
then for n large enough, | I (n) |= 1 and \ Iin(n) =1, £ 50 Il(n) |— 1, and hence
YRS Q:rle .- Then for the three sets that we use often in this section have the relation:

QT cof

dec

cal (4.4.17)

The following proposition shows that for € 4., and N —local, the generator and the

semigroup have the following relation,

Proposition 4.4.5. Let n € Qdec’ f be bounded and N-local, when t < W, the series

Zn o Z((LNY"f)(n) converges absolutely to > 00 o L(LT)" f(n) which equals ST(t)f(n).

n=0 n!

The semigroup s Tight continuous:

) (4.4.18)

Proof. We know ST(t) = 0S(t)0 and LT = 6L£60. And for n € Qdec,On € Qgec, and from

Theorem 4.1 of [13], we know for ¢ < a(en) S 0 L f(0n) converges absolutely and
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equals S(t) f(6n); limg o w = Lf(0n). Then when t < 46.;(077) = 4e-a1T(n)

L i) = 0 L 6oy )
n=0 n=0
=3 Cocrarm) =03 S o)
n=0 n=0
= 0S(t)0f(n) = ST (t) f(n) (4.4.19)

and we also have that:

0S(t)f(0n) —0f(6n)

13%1 - =0Lf(0n) = LTf(n) (4.4.20)
tim S OSSO _ g (4.4.21)

10 t
O

4.5 Sandpile+anti-sandpile process

Now we combine both a, and a; in the same process. Associate to each site z two

independent Poisson Processes N;”® with rate a and N}’ P with rate 3. All such Poisson

processes are independent with each other. On the event times of N, addition operator
T

ay acts on 1 and on the event times of Ntx’ﬁ, ay operates on 7. Then we get a mixed type

process with the formal generator:
Los=aLl + LT, f —local (4.5.1)

where £ = 3 ,(a, — I), LT = erz(al —I). We call this process SA(sandpile+anti-
sandpile)-process. In the later part of the thesis, when I mention SA—process, I always
mean the process with formal generator (4.5.1).

The most typical method to construct a process related to the sandpile model is the
method used in [13], i.e, start from simple configuration in €2y, construct a “monotone”
process and then extend it to the general configuration. And using the conjugate property
of the sandpile model and the anti-sandpile model, we know the construction of the pure
anti-sandpile process should start from Q} = 082y, it is also a monotone process. From ex-
perience, when starting to construct the S A—process, we should start from a configuration

in QrN Q}, however this method fails, because 2y N Of = 0. Another way IS necessary.
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4.5.1 Construction of the SA-process

In both the sandpile process and anti-sandpile process, we know for the decent configu-
rations and NN —local functions, the semigroup and generator has a good relation that for
nEQdec, andt<ﬁ(n) f

dec’
1 oo (L) f(n)
i< de-at(n)’ Zn:(] nl

an idea to construct the SA-process.

, the series: > 77 tnﬁzlf (n) converges absolutely and, for n € €

=0, % also converges absolutely, which gives us

The construction of the SA—process is divided two steps:

1. At first, for configuration 7 such that n € Qg.. N Q! and N— local function f, we

dec

get the semigroup S(t) by series expansion;

2. Using the monotonicity of the process, we extend the definition of semigroup to every

configuration and every continuous function.
For n € Qgec N Qgec, and define: B, (n) = Up__, Ir(n) and Bl(n) = Uzzinlli(n).

Lemma 4.5.1. Take n € Qgec N QL@C, for all x € By(n),

(1) Bn(azn) € Bns1(n)

(2) Bl(asn) € Bi(n)
and for all x € Bh(n), we have:

(3) Bu(aln) € Bu(n)

(4) Bi(akn) € Bl (n)

Proof. For x € By (n), when a, operates on 7, the number of sites of height “1” in B,,41(n)
will increase 1, consequently, B (a;n) C Bpt1(n); the number of sites of height “1”
increases means that one of the intervals I ,'L is split into two, so B (azn) C B}, (n).

By the conjugate property, we get: B,Tl(aln) = Bn(Ha:rcn) = By (az0n) and Bn(aln) =
B;Q(Halnn) = B;[L(axﬁn). From the relation of (1) and (2), we know: By, (az0n) C B,11(0n) =
BLH(n) and Bj(az0n) C B} (0n) = By, (n). And hence we have: B,Tl(aln) C B,Tl_H(n) and
Bn(aln) C By (n), which are the statement of (3), (4). O

Then for a function f, if it depends on the heights of By (n)UBJTV(n), then f(azn) = f(n)
and f(akn) = f(n) for x ¢ Byi1(n) U B;errl(n), therefore,

Lagf (1) = X epy sl @D = T+ cp ol ol (@) = F(1)]

Then we get the following proposition,
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Theorem 4.5.2. For a N-local function f, and any n € Qgec N Q! . we have:

dec’

| L25f () 1< (@ + B)" | Bygn(n) UBY,(n) " 27| fllc

Proof. For n=1,
Lapf (1) = 0T epy  upl,,, [ (0en) = SO+ BT epy, . upy,,, [ akn) = f(n)]. So,

| Lapf(n) |< (@ +B) | Bnia(n) UBY () | 21| fllo

Assume for n = k, the claim is right, then we try to get the expression for n = k + 1,
Denoting [,’Oiﬁf(n) = gFn, since f is N—local, then L,5f(n) only depends on the heights
of Byt1(n) U B}LVH(n), then by the induction, we know ¢¥(n) is a function that depends
on the heights of By1x(n) U B;fv+k(77), then we have:

Lagg"(n) = > 9" (azn) — ¢"(n)]
2EBN 4 k1 (MUBY 411 (1)
+ > 9" (aln) — g"(n)] (4.5.2)

2EBN 4 k+1(MUBY 41 (1)

Then:

| LESLF () 1< (a0 + B) | B (n) U Bl () | g" () |

+ Z ’ gk(a;rn> ’
TEBN 4 k1 (MUBY 411 (1)
RS | o (aln)|

TEBN 4 k1(MUBY 411 (1)

(4.5.3)

While: | g (aa) |< (o + )" | Byxlaan) U By, (aen) [F 24 oo
from Lemma 4.5.1, we know: Byyr(azn) € Bynii+1(n), B;fv_i_k(axn) - B;fv+k+1(n), then:

a > | 9% (azn) |< ala +8)" | Byrrn(n) U Bl g () M7 28] £l

2EBN 4k 11(MUBL oy (1)

(4.5.4)

Similarly, we get:

B > | g5 (aln) |< Bla+ B)* | Byrrra(n) UBL () M7 28] flloc

xeBN+k+1(77)UB;r\7+k+1(77)

(4.5.5)
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Then sum up the above inequalities:

| LEE F ) |< (@ + B | Bragar () UBL oy () 5 25 f o (4.5.6)

O]

The following lemma will be used in the proof of proposition 4.5.4, 1 just include it

here.
Lemma 4.5.3. For a,b € RT U{0}, (a + b)" < 2"(a" + b")
Proof. For a,b € Rt U{0}, (a+b)" < 2"(max{a,b})"™ < 2"(a" + b") O

Proposition 4.5.4. Let 1 € Qgec N Qzlec, f be a bounded and N -local function, then for
}, the series 300 L (Lopf)(m) converges absolutely.

. 1
t < min{ g ey st e

n=0 n!
Then define:
SONOED S I0) (45.7)
n=0

Proof. Use Lemma 4.5.3 on inequality 4.5.6:

Lopf(m) <2 (a+ B8)"(| BNan(m) [* + | Brin )2 flloo (4.5.8)
For n € Qgec N Qdec, we have:
. BNn . BNin
lim sup,,_, |N§7n(77)| = limsup,,_, % =a(n) < oo
and:
: |BY 1 ()] |BY ()]
lim sup,,_, Nginn = limsup,,_, % =af(n) <
By lemma 4.4.4, we know:
1) For t < m7 Z?ZO 4"((X+B)"t:LI!BN+n(77)In converges.
4" (atB8)"" | BY ., ()"
2) For t < m DN _ converges.

Then for ¢ < mm{

} S0 B opf)(n) converges absolutely. [

Se a+ﬁ)a(r]) 8e oa—&-ﬁ aT n=0 nl
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4.5.2 Extending the definition of semigroup according to initial

measure

Lemma 4.5.5. Assume p be an positive translation invariant mizring measure on 2,

= [1(n(0) = 0)dp denote the density of “0” in the whole configuration, then if
pm manWMML

Proof. For any n € Qge.N Qf . we know:

dec?

a(77) = lim SUPp 00 Qn zk——n | Ik( ) |< o0
af(n) = limsup, o 5= Sp__, | Ih(n) |< oo

Then for a n such that p(n) > 0, we know the average size of all such interval Ij(n) equals

to ie.,

p(n)

lim = 57 | T(n) = pl — a(n) < o0 (4.5.9)
e

This tells us that for n such that p(n) > 0, n € Qge.. Use the same discussion, for 1 such
that 1 — p(n) > 0, a'(n) =
N € Qgec N Q

< o0, e, n € QZlec' In a word, p(n) € (0,1) implies
O

1
1—p(n)

dec®

Proposition 4.5.6. Let i be the initial measure on ), which is translation invariant and

mizing measure concentrating on Qgee N Qzl o With:

p(n(0) = 0) = p € (0,1)
Then the process can be constructed in the following time intervals,

(1) For B <a,0<t< ;25
(2) For o= (3, t € [0,00)
(3) Forﬁ>a,0§t<%

Proof. 1 is the initial state measure. And according to Proposition 4.5.4 and lemma
4.5.5, we know the semigroup S(t) is defined in the form of (4.5.7) for 0 < t < t](u) =

. 1—
min{griTsy seais) -
Under the condition that 0 <t < ¢} (u = [I(n 0)dS(t)u(t) is the probability

of “0”’s at time t with initial measure p,

— [I(n(0) = 0)dS(H)u = [ SEI(0(0) = 0))du
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Differentiate this equation:

% - / d5 (t)l(gfo) =0 4, (4.5.10)
Then for ¢ € [0, (1)), substitute S(t) by (4.5.7)
B =0 _ > L(EisDW = LsSOF) (4511
Then substitute (4.5.11) to (4.5.10):
B~ [ LapSO10) = 0)ds = [ Lasl(0(0) = 0)dS 0 (45.12)

we know for any p translation invariant, [ £I(n(0) = 0)du = —1 and [ LTI(n(0) = 0)du =
1[13], then get:

W~ Bt e 0,63() (45.13)
Get the solution for this equation:
= p+ (B —a)t, with p= /I(n(O) — 0)dp > 0,¢ € [0,£(11)) (4.5.14)
We can check that for any small € > 0,
0< prigye = p+ (B—a)(Ei(W) =) < 1 (45.15)

Let pgr(uy—e = S(t1 (1) — €)p, which denotes the measure at time tj(u) —e. If we take
N (j1)—e according to fipx () e, from (4.5.15)

fex () —e (e () — €)(L(n(0) = 0)) € (0,1)

According to lemma 4.5.5, T ( € Qgec N QLE . Then using the result in proposition

B)—e
4.5.4 0 1)z () extracting according figx(,,)—, the result of 4.5.4 can be extend up to ¢ (1)

with p1 = gz () —e, denote pg = fuyz (4y)—e, ete. Once we can prove that the configuration

distributed according to fu: has density between 0 and 1, we can extend the process

(pr)—e

to a further time t’{(ut:( So the extending will stop at the first time s such that

Mk)*ﬁ)‘
ws(I(ns(0) = 1)) # (0,1) for ns with distribution ps. And before that time, the measure
for the process exists and is translation invariant, so the density before that time still has
the form of (4.5.13)

Let 0 < pr = p+ (8 — a)t < 1, the solution for this inequality is:
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oForﬂ<a,0§t<a—fﬁ.

e For a=f,t €0,00).

oForﬁ>a,0§t<%

Then we can give the definition of semigroup in time interval satisfying the latter condi-

tions. O

The semigroup defined above is for initial configurations 1 € Qge. N QL .. and N—local
function f. The following theorem tells us that this process is monotone, then we can

extend the definition to a larger set.
Theorem 4.5.7. The sandpile+anti-sandpile s monotone.

Proof. We use 1y and & to denote the process with initial state n and £ respectively. In
order to prove that a process is monotone, we only need to find a coupled process (7, &)
with 7 < &, and show that there is a coupled measure P™"¢ such that P7¢{(n;, &) = n <
& =1.

The strategy of the coupling is referred to [13]. Shortly, for n < &, some addition on &
may make a site x of height “1” becomes 0. In 7 either n(z) = 0, then we do nothing on
n or n(x) = 1, then there correspondence with a unique site y(x,7,&), ay(z ) operating
on n generate “0” at site x.

Some anti-addition on £ may cause some site x of height 0 to become 1. In &, if
&(x) = 1, then we do nothing on § and if £(x) = 0, there is a unique site y(z,&,n) such

that af

y(@Em) operating on 7 make site x turn from 0 to 1.

O]

We have defined S(t)f(n) for n € Qgec N QZle » which is characterized by the initial
distribution p such that p(Z(n(0))) € (0,1) and for N—local function f. Next we want to
use the “monotonicity” of the process to extend the definition to all configurations n € 2

and all continuous function f € C(Q).

Step 1 : For every n € 2, we can define new configuration 7, such that n,(z) = n(x) for

x € [—n,n], otherwise 0. So we know 7, T n asn T co.
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...0123456789... ...0123456789...

Ny I Oy
T T T I

¢ ..00110111001... ——  ..00111101101..Qs¢

Vi
€ Vi

/7...00010011001... — ..00010101101...8:77
(a)

|
¢ ..00110111001... > ..00111111001...Q¢
Vi 1 Vi

f ...00010011001... o ..00011011001...847
(b)

0 .
¢ ..00110111001.. — ..00101011001... Q¢

Vi Vi
~ +
7..00010011001... — ..00001001001... A7
(c)
N +
¢ ..00110111001... — ~ ...00110011001... As¢
Vi Vi
77 ...00010011001... ——~ ...00010011001... 77
(d)

Figure 4.1: An Example to show coupling

Step 2 : For a fixed n, define a new configuration 7% such that

dec

(@) = n(x), Vo € [-n,n]
nde(n + 20 — 1) = 1,7%(n + 21) = 0, for all positive integer
ndec(—n — 21 + 1) = 1,1%¢(—n — 21) = 0, for all positive integer
(4.5.16)

Obviously 7% € Qe N QL with a(n) = 1 and af(y) = 1.

dec
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Step 3 : For a fixed n, for m € N, define n* as:

" 0 forzxe|-n—m,—n)N(n,n+m
@) = { ” | Jnm ] (45.17)
n%(z) otherwise.
Then for a fixed n, 0" € Qgec N QL@C, Nt | nn as m T oo. Then
S(6)F(na) 1= lin S() () and S(2)5 () = lim S(2) ) (45.18)

Step 5 : A local function f , there must be a IV such that f is also N-local function. Then
{f: fislocal } C {f: fisbouned and N-local } C C(f), since for any f € C(2),
it can be approximated by local function, certainly it also can be approximated by

the function in {f : fis bouned and N-local }, then the definition extending to any
fec ).

With the former 5 steps, the semigroup can be extend to every stable configuration and
every continuous function, which means that we get the process starting from any initial

measure.

4.5.3 The invariant measures for the SA-process

Theorem 4.5.8. Let T be the set of invariant measures for the process with generator
4.5.1. Then we have:

(a) Fora> 3,7 = {0,}.
(b) Forao < 8, T ={dp}.
(¢c) Forao= 0,7 D {Xoo+ (1 —N)d1, A €[0,1]}

Proof. For v is translation invariant and mixing with v(I(n(0) =0)) = p € (0,1), we put
p(t) = [ I(n(0) =0)dvS(t), which is the density of “0”’s in the configuration at time ¢,

for ¢ with the condition in theorem 4.5.6, we know the density at time ¢ is,
pr=p+ (B—a)t, with p= [I(n(0) =0)dv >0

Let 0 be the configuration with all the sites of height 0, and 1 be the configuration with all
the sites of height 1. Let the measure dp and &; be defined as dp({0}) = 1 and §; ({1}) = 1.
Our discussion will also be divided into three cases:

Case 1: For a > 3, when 0 < t < ﬁ, pt is a decreasing function of time t,

and for t > —£ 7 Pt = 0. Then for translation invariant measure j, with p,(I(n(0) =

—~
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0)) =p € (0,1), u,S(t) = 01, for t > Tfﬁ' And by the monotonicity of the process,
015(t) = limy o p,S(t), for all ¢ > 0.

Now we begin to prove that ¢; is invariant, i.e, 6;5(¢) = d1,Vt > 0. For a fixed ¢ > 0,
there must be a a! such that t > a"—jﬂ Then for all p < of, we have t > a—fﬂ. Therefore
for 0 < p < o, p,S(t) = 61. Then 615(t) = lim,jo p,S(¢) = 61. Thend; is an invariant
measure.

For 69, we know lim,q p1, — do, with p, translation invariant and p,(I(n(0) = 0)) =
p € (0,1). For all p € (0,1), u,S(t) = o1, for t > ﬁ Then

1

dpS(t) = 11%111 ppS(t) = 61,Vt > (4.5.19)
P
For all positive probability measure measure y on €2 and all bounded monotone function

£, we have:
/ fddo < / fdu < / fds, (4.5.20)

By the monotonicity of the process, we know §pS(¢t) < uS(t) < §15(t), combined with
00 S(t) = 61, Vt > ﬁ and 9y is invariant, we get pS(t) = d1,Vt > ﬁ And hence 47 is

unique invariant measure.

Case 2: For a < [, use the similar discussion as in Case 1, we can get: §p is invari-

ant and for every probability measure p, uS(t) = g, Vt > ﬁ Then Z = {dp}

Case 3: For a = 3, p(t) = p € (0,1). For every p € (0,1), p, is the translation in-
variant measure with y,[I(n(0)) = 0] = p. By the monotonicity of the process, we know
015(t) = lim,, o p,S(t), all t > 0. Then for fixed ¢ > 0,

61.5(t)[I(n(0)) = 0] = Lim 1,S(¢)[1(n(0)) = 0] = limp =0 (4.5.21)
plO plO

The second equality holds because the process keeps density when aw = . Then §;5(¢) =
01, and hence §1 is translation invariant. Similarly we can prove that &g is also invariant.
Easily to check that the linear combination Ay + (1 — X)d; are also invariant. Then
I {5+ (1—N)é1,\€[0,1]}. O

Both §y and §; are translation invariant, and we also know that they are ergodic

measure by Proposition 4.11 of [12]. For the case a = 3, we have the following conjecture.

Conjecture 4.5.9. I, = {09, 01}
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For any product measure p, with pu,(n(0) = 0) = p, we know that p,S(t) is not
translation invariant. So we conjecture that the only possible translation invariant measure
with the density of “0” being p is pdo + (1 — p)d;.

4.5.4 Discussion of the result

Let S1(t) be the semigroup of corresponding to the formal generator

Lf(n) = [flawn) = f(n)] (4.5.22)

T€EZ

and Sa(t) be the semigroup corresponding to the formal generator

LIf(n) =>[f(aln) — f(n)] (4.5.23)

TEZL

And S(¢) be the semigroup for the process with generator (4.5.1). From [13], we know d;
is the only invariant measure for S;(¢) and from section 4.4.2, we know 4y is the unique
invariant measure for Ss(?).

In a Feller process, we have
pS(t) = piff [Lfdp=0,f € D(L)

Therefore if a generator is of the form £ = L1 + L9, i.e., the summation of two Feller
generators, and p is invariant for £1 but not for Lo, then p could not be invariant for L.
This is precisely what happens in SA process.

In SA process, the generator, L, 3 = oL + BLT, we know that:

1. For o > 3, 47 is the invariant measure for £, g, £ but not for Lh.
2. For a < 3, 8 is the invariant measure for £ and Lq 3 but not for L.

The reason that item 1 and item 2 hold is that £ and LT are not generators for Feller
processes. In a word, the non-locality of addition and anti-addition operator is responsible

for this kind of “competition” between two generators for the stationary measure.
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Chapter 5

Stabilization of a configuration

The sandpile model, anti-sandpile model and sandpile+anti-sandpile are “Self-organized”
critical(SOC) systems, which can achieve criticality without tuning the parameters of
the system. The reason that these systems can achieve criticality is that the rate of
driving(adding or removing grains) is very slow compared to the rate of relaxation, which
is an implicit tuning of parameters. From this point, these three models can also be
considered as examples of ordinary critical systems. So there is a transition point for a

system to be stabilizable and non-stabilizable.

5.1 Stabilization of infinite-volume anti-sandpile

configuration

5.1.1 Introduction

Let A C Z¢ with |A| < oo, we know that for any configuration n € H = {n : n(x) >
0,Vx € A}, it can be stabilized in a finite number of legal topplings, and the order of
the topplings has no effect on the final configuration, see Proposition 2.2.4 and 2.2.7. For
the anti-sandpile configuration £ € J = {n : n(z) < 2d — 1,Vx € A}, it can always be
stabilized by finitely many legal anti-topplings and such stabilization is also well-defined,
see Proposition 3.2.4. The reason for such phenomena is that grains of sand are allowed
to enter or leave the system from the boundary when topplings or anti-topplings happen
on the boundary sites.

In the infinite volume case, the system keeps density, the stabilization of a system must
depends on the density of the system. For a sandpile configuration 7, when its density is
small, it is easy to be stabilized, when the density is large, it is harder. In [8], Dickman
takes the expectation of the density of the sandpile model p. = Egandpile model(17(0)) as the
critical density. When p < p., when the system is unstable(active), topplings will hap-
pen till every site is stable(inactive). In the absence of activity, there is addition. In the

infinite-size limit, it is conjectured for p < p., the activity density is 0, which means that
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the configuration can always be stabilized by finitely many legal topplings at each site;
for p > p., the avalanche size is non-local, this means that infinite number of topplings

happen during the stabilization.

In [15], Ronald Meester extends the conjecture of Dickman, it is conjectured that for
all stationary and ergodic measures v from which the expected density of the sandpile

configuration is p, and there is a“critical density” p. such that,

e for p < p., every site changes finitely times to get a stable configuration almost

surely.

e for p. < p < 2d — 1, there is at least a v such that v(n(0)) = p, all the sites topples

infinitely times almost surely.

o for p > 2d—1 and any v with v((0)) = p, all the sites topple infinitely times almost

surely.

Take pp as the uniform measure on R (the recurrent set on A), u is invariant. Let p
is the volume limit of the stationary measure pp and pza be the expected density of the
Abelian sandpile model under p. In [9], A. Fey-den Boer and F. Redig get a complete
proof for this conjecture and conclude that for alld > 1,p. =d. Ind =1, p. =1 = pz,
while for d > 2, p. < pya.

In the following part of this section, I will extend the results in [9] to the infinite volume

anti-sandpile model.

5.1.2 Stabilization of the anti-sandpile configurations in Z¢

Let H = {0,1,2,..}%" and J = {... — 1,0,1,2,..2d — 1}2°. For 5 € J, if n(z) < 0, site
x is unstable and the anti-toppling happens. For for d € N, we recall the flip operator
0:79 — H:

On=2d—1—-nYneJ (5.1.1)

then 67 = H.
The definition of the stabilization of a sandpile configuration, i.e., n € H is introduced
in [9]. If we take na as the restriction of n on A. Then a configuration n € H is called

stabilizable if and only if for every sequence of volume A, 1 Z¢, there exists my, € NA»

such that na, —Ap, ma, = &a,, € Qa, with ma, = (ma,, )zen,,, and my,, () — m(z) < co.
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S = {n € H : n is stabilizable. } be the set of all such stabilizable sandpile configurations.
A probability measure v on H is called stabilizable if v(S) = 1.

In the following, the corresponding definitions related to anti-sandpile are given. For
A CZ Qpn ={0,1,2,...,2d—1}" be the set of all stable configurations on A. Forn € J,na

is the restriction of n on A.

Definition 5.1.1. Forn € J is called stabilizable if and only if for every volume sequence
An T Z%, there exists mjxn € NM such that

M, +An,mh = Cr, €, (5.1.2)

and for every x € Zd,mj\n(:v) — m(z) < 00 as n — oo.

We use ST to denote the set of all such stabilizable configurations.

mR(x) is non-decreasing in A. Therefore a configuration n € J is not stabilizable if

and only if there is a site 2 € Z? such that mR(a:) T o0.

By the conjugacy between sandpile and anti-sandpile, we get the following relation,
Lemma 5.1.2. St =4S

Definition 5.1.3. Let v is a probability measure on J, it is called stabilizable by anti-
topplings if v(ST) = 1.

By the relation between stabilization by topplings and that by anti-topplings, we get
that v is stabilizable by topplings if and only of v is stabilizable by anti-topplings.

Theorem 5.1.4. For every invariant and ergodic measure v on J, we have v(ST) =0, or
1.

Proof. First we notice that for all A € Z% and n € Z%, (74n)(x) = n(x — k). Then for every
sequence of volume A, T oo, 7_xA, T 0co. And the heights in (7471)a, are correspondence
with the heights of ; , z,,. Then if mj\n e N4 gatisfies:

(e, + Da,mh =€, €,

Denote ﬁzi_kAn (x) = mkn (x + k) for z € 7_rA,, then,

ankAn + AT—kAnmj—_kAn = ngkAn € QT,kAn

with &4, () =&n, (z+ k), Vo € T_,A,.
If 73,7 is not stabilizable, then there is a sequence A,, T Z%, and there is a site y € A such

that mj\n (y) T co. Then for x =y —k € 7_r A, mlkAn (x) = mj\n (x+ k)= mj\n (y) — oo.
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It contradicts n € St. Then 7,ST C ST. Let 7_; operates on two side, we get TSt =
St € 7_4St. Then for every k € Z%, 7,ST = St, which proves that S’ is translation
invariant.

Take f(n) = Igt, 7.f = f, then by the ergodicity of v, we know f(n) = Igt is a constant
v —a.s., then It = 1,v — a.s. or Iyt = 0,v — a.s.. Then v(ST) = v(Ig+) = 1, or 0. O

As to the stabilization, we have the following properties:

Proposition 5.1.5. 1. St is translation invariant measurable set.
2. Ity € St and n < ¢, then € € ST.

8. If v is a stabilizable probability measure, and v < p, then p is stabilizable measure
on J.

Proof. Since mRn is measurable since it is increasing. St = {» : lim SUDj 100 mj\n < 00, V),

then it is also Borel measurable set. The invariance comes from Theorem the proof of
Theorem 5.1.4.

Take n < & € J, and n € ST, and suppose ¢ ¢ ST, there must be a site € Z¢ such
that ma, () T co. For the same sequence A, na, < &a,, we know in order to stabilize
MA,,, by the abelian property of the reverse topplings, we can stabilize £, first, and then
take off &, —n, grains of sand from the site z. Then we know min (y) < mxn (y), for every
y € A, and every n. So if £ is not stabilizable, neither is 7. This contradicts the fact that
7 is stabilizable.

If v is stabilizable, v(ST) = 1. For any v < y, we claim that v0 > puf: for any monotone
function f: H — R, —f o6, defined as —f o 0(n) := —f(6n), is also a monotone function

on J. Then we have:
fy f(m)dvo = [, f(On)dv
Sy F)dpd = [ f(On)dp
Since v < p1, and —f o  is monotone, we know:
[z fOn)dv > [, f(On)du

Then we get that:
| swivo= [ seine (5.1.3)
H H

which implies that v > uf. If v is stabilizable under anti-topplings, v is stabilizable
under topplings, then by Proposition 2.1(Monotonicity) in [9], we know p6 is stabilizable
by topplings, then p is stabilizable by anti-topplings. O
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This proposition gives us some idea that if we can find a measure that is stabilizable,
then every measure that is dominated by that measure is also stabilizable. Then we define

the following “critical densities”:

Lemma 5.1.6. Let P(J) be the set of all translation invariant and ergodic probability
measures on J. Define:

P =sup{p<2d—1:3w e P(J): with v(n(0)) = p, and v(St) # 1}.

pb T =inf{p <2d—1:Vv e P(J): with v(n(0)) = p, and v(ST) = 1}.

Then pb™~ = pl'*

Proof. Define:

S ={p<2d—1: such that Vv € P(J) with v(n(0)) = p, v is stabilizable}.

If we can prove S is an interval, then we prove the lemma. Suppose p € S and p’ > p.
For any measure v/ € P(J) with v/(n(0)) = p’. And there is a measure v € P(J) such
that v(n(0)) = p and v < V. Since v is stabilizable, according to Proposition 5.1.5 c), we
can get that v/ is stabilizable. O

Now we define the “critical density” for the infinite volume anti-sandpile model as
pli=pb™ = plb™.

We know that the Abelian sandpile in finite volume A has a unique recurrent class
R, and the uniform measure py is the invariant measure, and it is proved that in [1] that
p = limy;za pa is a measure on infinite volume height configurations, and it is translation
invariant. Let Rj\ be the recurrent class of the anti-sandpile model on finite subset A and
:“jx is the uniform measure on RR Since RR = ORA, then M}L\ = pupf. If we take uf as the
infinite volume limit of MR, then pf = pf, which is also translation invariant. From now

on, we will always use the notations p and p! as the limit of uniform measure pa, ,uj\.

Define pga = (1(0)), ply == ! (1(0)), then pf, =2d — 1 — pga.
In the following we proves a lower bound for the critical value.

Theorem 5.1.7. For a n € J, suppose that n has a distribution v and v is translation
invariant and ergodic measure such that v(n(0)) = p < 0. Then v is almost surely not

stabilizable.

Proof. Take n € J such that v(n(0)) = p < 0, suppose 7 is stabilizable, then for any finite
subset A of Z9, there exists ma(z),Vz € A such that:

na + Amp = Ep € Qp
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with ma (z) T m(z) < oo, then taking limit A T Z4
n+ Am = &, for some £ € ) (5.1.4)

this gives that;
(—A)ym=n—-¢ (5.1.5)

Let {X,,n € N} be the simple random walk(SRW) starting at the origin, and assume P is
the transition operator, i.e., Pf(z) = 55 > e:le|=1 f(z+e) then for any function f : 7% — R,

n—1
My, = f(Xy) — f(Xo) = > (P —I)f(X;) (5.1.6)
i=1
is a mean zero martingale. According to (2.4.3), we know (P —1I)f = —Q%iAf, substitute
it to (5.1.8),
n—1
My = F(Xa) ~ F(X0) ~ o3 D (~A)F(X) (5.1.7)
i=1
Take f(x) := m(x), then
n—1
M, = m(X,) — m(Xo) — 2id 3 (—Aym(Xy) (5.1.8)
i=1
using (5.1.7), we get
n—1
My = m(X,) = m(Xo) — o5 S (n(Xe) — £(X0) (5.1.9)
i=1

is a mean zero martingale w.r.t F,, = 0{ Xy, ..., X;,}. Taking expectation over the random

walk,
n—1
L (Bo(m(X) — m(Xo))) = 5 Bo(Y(1(X1) — (X)) (5.1.10)
=1

Using the fact that limsup,,_,,, & S n(Xi) = p, €(x) > 0 and m(0) < oo, take lim sup
on (5.1.12),
p

1
<l —Eom(X,) < — 111
O_lﬂsolcl)pn om( )_2d<0 (5 )

which gives a contradiction. O

Item 1 of the following lemma is contained in [6] as the item 2 is the follows form item
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1. These two items are also used in the stabilization of sandpile configurations, see [18§],

so I just put them here.

Lemma 5.1.8. 1. Suppose that & € R is minimally recurrent, i.e., diminishing the height
by one at any site x € A creates a forbidden subconfiguration. Then the total number of
grains Y . &(x) equals the number of edges in A.

2. Suppose that v is a translation invariant probability measure concentrating on minimally
recurrent configurations, i.e., such that v—a.s. every restriction 1y, is minimally recurrent

in Ng. Then [n(0)dv = d.

We know the v in item 2 is stabilizable and the corresponding density v(n(0)) = d,
by the conjugacy, we know there is a vI = v# is stabilizable in the anti-sandpile and
the expected density of the anti-sandpile is d — 1. This implies that pi < d-—1. In the
following, we will show that for any § > 0, there exist a non stabilizable measure with
density d —1 —§. Here we use the example in Appendix, which tells us that for any § > 0,
there is a non stabilizable measure v for the sandpile configuration such that the expected
density for the sandpile p = d + §,V§ > 0. Then the v is the non stabilizable measure
with the expected density d — 1 — §. Then pl >d—1-9,¥6 > 0, then pi >d—1.

By now we can conclude that ,OT =d—1. For d =1, pTZ =0=d-— 1pl.

Summarizing what we have done, we conclude that for the anti-sandpile model, v €
P(J) with the expected density of the anti-sandpile is p, i.e., v(n(0)) = p,n € J, for all

d>1,
a) For p < 0, v is not stabilizable.
b) For d — 1 < p < 2d — 1, v is stabilizable.
c) For 0 < p <d—1, there is a v with v(n(0)) = p which is not stabilizable.

d) For d =1, item a), b), ¢) become 0 < v(n(0)) < 1 is stabilizable, and for v such that
v(n(0)) < 0, v is not stabilizable.

5.2 Stabilization of a finite volume Symmetric SA

configuration

5.2.1 Introduction

In the finite volume case, the stabilization of pure sandpile configuration and pure anti-

sandpile configuration is well defined. While during the stabilization of SA configuration,
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both topplings and anti-topplings are possible to happen, and since the topplings and anti-
topplings do not commute with each other, the order of the operators in the stabilization
takes a role on the final results. For example, A = {1,2,3,4} C Z, and n = (0,—1,3,1),

next table shows all the possible ways as well as the corresponding results of stabilization.

Order of operators ‘ Final configuration ‘

2f 1%, 3,4 (1,1,1,0)
2f 3, 1f, 4 (1,1,1,0)
2f 3,2, 4,3 (0,1,0,1)
2f 3,4, 17 (1,1,1,0)
2f 3, 4,2, 3 (0,1,0,1)

3,4,3 (0,1,0,1)

In this table 27 means one anti-toppling at site 2 and “2” one means toppling at site
2. From this table, we know, for a fixed configuration, there are many ways to stabilize it,
which may be of different size; and the final results are not unique. When the volume is
very large, there may be many ways, so we are interested in whether every order of legal
topplings and anti-topplings are of finite order, i.e, whether all the possible orders of legal
operators can eventually stabilize a configuration.

At the beginning I want discuss the stabilization of a configuration in the traditional
sandpile+anti-sandpile model. However, we found that in the SA model, an anti-toppling
may make a site with negative mass become positive, and such positive mass may generate
extra topplings later. While in the so-called “symmetric sandpile+anti-sandpile model”,
this problem disappears. The basic reason is that in the symmetric model, a site with
negative mass would never become positive via anti-topplings. In the following part of

this chapter, I will concentrate on the “symmetric sandpile+anti-sandpile” model.

5.2.2 Stabilization of a Symmetric sandpile+anti-sandpile(S-SA
model) configuration

Definition of the Symmetric sandpile+anti-sandpile model

For A C Z¢, n(x) € Z denotes the height of site . Then X = {n : n(z) € Z,Vz € A} be
the set of all height configurations on A.

Site z € A is called stable if —2d + 1 < n(z) < 2d — 1, otherwise site x is called
unstable. We use Q3 = {-2d+1,...,—-1,0,1,2,...2d — 1}A to denote the set of all stable
configurations in the S-SA model. When n(z) < —2d, n(y) — n(y)+A(z,y), which is called
anti-toppling at site x; and when n(z) > 2d, n(y) — n(y) —A(x, y), which is called toppling
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at site z, with A the same as defined before. And use K = {—2d +1,...,—1,0,1,2,..}*
and J = {,...,—2,-1,0,1,2,...,2d — 1}* as before. Then only topplings happens in the
stabilization of n € K and only anti-topplings happen in the stabilization of n € J.

We still use the ¢, and tL to denote toppling and anti-toppling operators at site x, then

we get that in the symmetric model,

Lemma 5.2.1. 1) All the t,,z € A commute;
2) All the tl,x € A commute;

3) tht, # tyth

The proof of item 1) and 2) are the same as in chapter 1 and chapter 2; and for the
item 3), we can see the following example, for A = {1,2,3,4} C Z, n = (1,—-2,2,0), then
if thtsn = (1,—1,0,1) but tsthy = (0,0,1,0).

For the S-SA model, we get that,

Theorem 5.2.2. In the symmetric models, every legal sequence of topplings on n € K is

of finite size ; and every legal sequence of anti-topplings on n € J is also of finite size.

Proof. For nn € K, define a new configuration ¢ such that £(x) = n\/0, so £ € H. And
n < &, then if T is legal sequence of topplings on n, T is also legal on £. From proposition
2.2.4 and Lemma 2.2.6, we know |T'| < oo.

For £ € J, every legal anti-toppling in the S-SA model is also legal in the anti-sandpile
model introduced in chapter 3. So for legal sequence of anti-topplings A on & in the sense
of S-SA model, A is also legal on £ in the sense of anti-sandpile model. According to

proposition 3.2.4, we know |A| < oco. O

The stabilization of a configuration 7 € X is to turn 7 to a configuration in Q3 via legal
topplings and anti-topplings, obviously the stabilization is not well defined since topplings

and anti-topplings do not commute.

Stabilization of finite volume S-SA configuration

For A C Z% with |A| < oo, Z* denotes the set of all height configurations. In order to
stabilize a configuration n € Z*, topplings and anti-topplings are both possible to happen.
Since toppling operators and anti-topplings operators do not commute, the order of the

topplings and reversed topplings will influence the final result.

Definition 5.2.3. For n € Z, T is a sequence of topplings and anti-topplings, T =
tano...otgl with ay, € {-, 1} is said to be “legal sequence of operators”(LSO) in n if t3i is
legal in tg;"} 0.0ty (n),Vi € {1,...,n}. And |T|:=n is the size of T.

63



For n € X, T" is a legal sequence of operations in 7 and T (n) = ...tg" o...otg3!(n) with

Qp € {'7 T}

Definition 5.2.4. A configuration n € X = Z" can be stabilized by LSO T" if T"(n) € Q3
and |T"| < oo.

For a LSO T" in n € Z*, define na(TM) as the total number of topplings contained in
T" and nj\ (T) as the total number of anti-topplings contained in 7.

For a configuration 1 € Z*, define the “mass” function ||n|| :== " , [n(z)|, then for
every n € X = Z% ||n|| < oo, this is because |n(z)| < co and |A| < co. As to the “mass”

function, we get the following result,

Lemma 5.2.5. Forn € Z* with |A| < oo, and t, and tL are legal on 7.
[Itanll < llnll and |[thnl| < [Inl],¥z,y € A (5.2.1)

especially ||t < |Inll = 1 and |[tyn]| < ||nl| — 1, Vo, y € OA.

Proof. Without generality we assume t, is legal on 7, then

n(y) —2d r=y
ten(y) =< nly)+1 |y—z[=1
n(y) otherwise

we know ¢;n(z) > 0, then |t;n(z)| = |n(z)| = 2d; |tzn(y)| < [n(y)| +1 for |y —z| = 1,
otherwise |t:n(y)| = [n(y)|. Then ||t,n|| < ||n||. When x € A, and ¥4 (z) be the number
of “lacking neighbors”, ¥, (z) > 1,

lltanl] = tan(y)]

yeEA
< In()| — 2d + (2d — Ia(z))
yeA
<lnll =1 (5.2.2)

When tL s legal on 7, t, is legal on —7. Then we have Ht;r,nH = ||ty (=) < ||=nl] = lInll,
when x € 9A, using (5.2.2), we get ||thn| = ||ty (—n)[| < | = nll = 1 = [In]| - 1 O

With the help of this lemma, then we can get the following theorem,

Theorem 5.2.6. Forn € Z", every legal sequence of operators(LSO) T" is of finite size,

i.e, |T"| < o0.
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Proof. Suppose T" is a legal sequence of operators of infinite volume. Then na(7") = oo
or nR(T") = oo or both hold. Since |A| < oo, then there is a site & which topples or
anti-topples infinitely many times. Since |A| is connected and every n(y) < co,y € A, then
it is easy to see that there is a site z € JA that topples or anti-topples infinitely many
times. According to Lemma 5.2.5, we get for every n € N, 0 < ||T"n|| < ||n|| — n, which

is a contradiction since for a fixed n € Z*, [|n|| < oco. O

By now we get that in the “symmetric” sandpile+anti-sandpile model, every way of

stabilization of a finite volume configuration can eventually stops.

5.3 Stabilization of infinite volume configuration in S-SA
model

For a configuration n € X, assign to each site z € Z% two independent rate 1 Poisson

process N, Ny ’T, which are independent for different sites. On the event times of N}, ¢,

operates on the configuration and on the event time of N}’ ’T, al operates on 7. Then a

configuration n € 72" evolves towards 1; according to a Markov process with generator:

Ef(n) - Z I(n(x)>2d—l)[f(77 - A:v;) - f(n)]

z€Z4

+ > Lw<2asn[f(n+ Do) = ()] (5.3.1)

xcZ4

Let 7; be the configuration at time ¢ and n(z,t,n) and nf(z,¢,1) denotes the number of
legal topplings and legal anti-topplings before time ¢, we know they are increasing as t

increases. Define:n(z,00,7) := limso n(2,t,1) and n'(z, 00,n) := limo nf (z, ¢, 7).

Definition 5.3.1. A configuration n € X is stabilizable by the process with the generator
(5.8.1) if for any x € Z%, n(x,00,n) < oo and n'(x,00,n) < cc.

Therefore for n that is stabilizable, for all ¢ > 0
n(z,t,n) < oo and nf(x,t,1) < 0o

under this case, with n(t,n) = (n(z,t,1)) ez and n'(t,n) = (nf(z,t,1)),ez4

e =1 A(n(t,n) —n'(t,n)) (5.3.2)

H = {n:n(x) >0,Vx € Z} is a special subset of ZZd, the stabilization of n € H under

the process with generator is the same as under the process with generator
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ﬁf(ﬁ) = ZmeZd I(n(w)>2d71)[f(77 - A$,) - f(Tl)]

The condition for a configuration n € H to be stabilized by the process with the upper
generator has been studied in [9].

Now we give the main theorem of this section,

Theorem 5.3.2. Forn € ZZd, if € <n < ¢ with —¢ € H, ( € H and both —& and ¢ are
stabilizable by the process with generator (5.3.1), n is also stabilizable by that process.

Before giving the proof of this theorem, we give the following lemma,

Lemma 5.3.3. Forn € ZZd, if € <n < with - e€H, (€H, fort, legal on n and t};
legal on n,

€ < ton < taC and 1€ < thn < ¢
and t,( € H and —(tk) cH.

Proof. If t, is legal on 1, t, is also legal on (, then (¢,1)(y) = n(y) — A(z,y) < ((y) —
Az, y) = (t:0)(y), Yy € Z¢, which implies that t,n < t,¢ and t,¢ € H.
Since —¢ € H, &(z) < 0,Vx € Z4, and we know (t,n)(x) = n(x) — 2d > 0 since t, is
legal implies that n(x) > 2d; and (t;1)(y) > n(y) > £(y), Yy # =, hence £ < t,n.
Similarly, we can prove that for t}; is legal on 7, t};{ < th < ¢ with —(t;r,f) €H. O

Now we can give the to proof of Theorem 5.3.2,

Proof. Assume 7 is not stabilizable under the process with generator (5.3.1), then there
must be sites, x,y such that n(z,00,n) = co or nT(y7 00, 1) = oo, or both happen.
Without generality assume n(z, 00,n) = oo, if we let (&, m:, () be coupled by simulta-
neously topple or anti-topple if necessary. Then according to the lemma 5.3.3, during the
stabilization process,
& < <G, VE=0 (5.3.3)

with —& € ‘H and (; € H. Then if an anti-toppling is legal on 7, it is also legal on &; a
toppling is legal on 7, it is also legal on {; which makes sure that n(z,t,7) < n(z,t,(),Vt >

0. Take limit as t — oo, we get:
50 = n(x,00,1) < n(z, 0, ) (5.3.4)

this contradicts the fact that ¢ is stabilizable under the process with generator (5.3.1).
Then 7 is stabilizable under the process with generator (5.3.1). O
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For any n € X, define two new configurations: n™ and 1~ such that,
n*(z) ==n(z) V0, and n~(2) :==n(z) A0
Sont € H and —p~ € H. Then we get,

Corollary 5.3.4. Forn € ZZd, if both 0™ and —n~ are stabilizable under the process with
generator (5.3.1), then n is also stabilizable under the process with generator (5.3.1).

The reverse part of Theorem 5.3.2 does not hold. For instance:
n=..2,-22-22 -2 ..

It is the configuration that —2 and 2 appear alternatively. Each site jumps at most 1 time.
So this configuration is stabilizable by the process with generator (5.3.1), while, for n* =
...0,2,0,2,0,2,.... ¢ H where 0 and 2 appears alternatively, we know this configuration is

not stabilizable. It shows that the “negative” mass(holes) helps the stabilization.

5.4 Open question

For a fixed configuration 7, what is the relation between the stabilization with the back-
ground of traditional sandpile+anti-sandpile model and the stabilization with the back-
ground symmetric sandpile+anti-sandpile model? The answer is that: a class of special

ways of stabilization is to turn a configuration to Q? firstly, and then from ©° to €.

Other kinds of ways

Figure 5.1: Relation of a stabilizaition in two different models

And for 7 € Z¢, and v is translation invariant and ergodic measure, with v(1(0)) = p.
If we take v[(n\/ 0)(0)] = p* and v[(n A 0)(0)] = p~. Then these tree “densities” have the
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following relation,
p=p+p (5.4.1)

As to the stabilization, if 0 < p™ < d, we know n\/ 0 is stabilizable. —(n A 0) € H with
density —p~, then if —n~ < d, i.e., n~ > —d, —(n A\ 0) is stabilizable, and hence n A\ 0 is
also stabilizable. And when p~ < —2d + 1 — p™, p < —2d + 1, in this case, n can never
be stabilized by the process with generator 5.3.1. It seems that for a fixed p™ there is
a “critical point” p_ (p*) on which the system shows transition between stabilizable and

non-stabilizable. Similarly for p~ > —d. Then we have the following conjecture,

Conjecture 5.4.1. v is a translation invariant measure with the expected densities:

v(n(0)) = p, v[(nV0)(0)] = p* and v[(n NO)(0)] = p~.For fized n* < d, i.e, n\/ 0 is
stabilizable, there is a critical value p_ (p™) such that,

e For p~ > p-(p"), n is always stabilizable.
o Forp~ < —2d+1— p*, n is almost surely not stabilizable.

e For —2d+1—p"™ < p~ < p.(p"), there is a measure p with v(n(0) A0) = p~ such

that for n distributed according to v, n is almost surely not stabilizable.

For p~ fixed, we have the similar form of the conjecture.
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Ergodic theorems

In the following are some definitions and theorems that are used several times in Chapter
4 and Chapter 5 about the translation invariant measures and ergodic measures.

Define the shift transform 7, : X — X:
(Ten)(x) =:n(z — k),Vn e X (A .2)
And for each f: X — R:

mf(n) = f(mkn),Vn € X (A .3)

It easy to check H, 7,2 are invariant under the shift translation.

Definition A .2. Let A C X be invariant under the shift translation, p be a non-negative

measure on. A. Then p is called “invariant” under the shift transform if for every f €

C(A),
[ fd(mep) = [7efdu = [ fdu, vk € 24
i.e, T = p, Vk € Z9.
Let 74 be the set of all non-negative translation invariant measures on A.

Definition A .3. A p € T4 is said to be “ergodic” if whenever m,f = f for all k € Z¢

and f is measurable function on A, it follows that f is constant a.s. relative to p.

The following two propositions describe some important properties of the ergodic mea-

sure, I just extract them from [12]

Theorem A .4 (Ergodic theorem). If u € T4 and f is a bounded measurable function
on A, then

lim Zogazgk Tof

k—oo | {k€Z?:0<z<k}| (A-4)

exists a.s., and in Ly relative to p. For d =1, it suffices that f € Ly (u)
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Corollary A .5. Assume h is the limit of (A.4) and p € Ty, then T,,h = h p—a.s,
Vm € Z4.
Proof. Assume h is the limit of (A.4), then
P
. z T f

then for all m € Z¢,

/] lim Lo<azk TmTel — Tmh |d
koo |[{z€Zd:0<x<k}|] " a
>o0<a<k Taf
= m | i == —h|d
/T LA e T o< <Ry Ik
— 0,V € Ty (A .5)
while we know,
P P
o<a<k TmTaf o<w<k Tk

limg— o {zezd:0<z<k}] limy o0 [{z€Zd:0<z<k}]
Then we get that:
Tmh = h, p — a.s.,Ym € 72 (A .6)

O]

Generally it is hard to check whether a measure is ergodic form the definition. The

following proposition will give us a useful way to decide the ergodicity of a measure in 74.

Proposition A .6. A measure u € T4 is ergodic if and only if for every f and g € C(A),

- 2o<esk ) (Tf)gdp / fdu /g ” (a7

k—oo |[{z €Z%:0<z <k} |

Proof. For p is ergodic, by Corollary A.5, the limit of (A.4) is translation invariant, and
hence constant a.s(p). So the left of (A.7) equals [ fgdu = [ fdu [ gdu.

For the converse, suppose (A.7) holds for every f,g € C(A). Since every bounded
measurable function can be approximated in Li(u) by a continuous function, it follows
that (A.7) holds for bounded measurable function as well. Now assume f is bounded
measurable function and 71, f = f,Vk € Z¢. Then (A.7) gives [ fgdu = [ fdu [ gdp. Take
f =g, then f is constant py—a.s. By the definition of ergodic, we know p is ergodic.

O

Proposition A .7. Suppose p1 and po € T4 are both ergodic. Then either py = 2 or py

and po are mutually singular.
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Proof. Suppose that p; # po. Then there is an f € C(A) such that [ fdui # [ fdpo.
Since both p1 and ug are ergodic, then take g = 1 in (A.7), then we get:

lim Zogxgk J 7o fdu
k—oo | {z € Z%:0<x <k} |

= /fd,ui,i = 1,2 (A .8)

For p is ergodic, combine with (A.6), we know [ fdu; is constant p — a.s.. Assume
¢1 = [ fduy and ¢o = [ fdus, then pi{pr = [ fdu} = 1 and po{do = [ fdua} = 1,
while p1{¢2 = [ fdus} =0, or 1 a.s., and po{¢ = [ fdu} =0, or 1, a,s. Therefore p14
and po are mutually singularly.

O
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An constructive example

In this appendix, I include the example given in [9]. In this example, the addition leads
to infinitely many topplings at the origin as lim,za.

Considering the Abelian sandpile model on a finite set A C Z¢. Let 95 (z) denotes
the number of “lacking neighbors” of site x in the graph A. For 7 is recurrent, for each
boundary site x € OA, we add ¥4 (z) grains to each z, then according to 2.5.5, 2.5.6, 2.5.7,
we know each site x € A will topples exactly once and after topplings, the configuration
will remain unaltered, i.e., still be n. If A is a rectangle of d-dimension, we add d grains
to the corner sites and d — 1 to other boundary sites. And from the definition of allowed
configuration, we know for 7 is recurrent, and W C A, the restriction 7y, is also allowed,
and hence is also recurrent.

Now we give the example in d = 2, and the generalization to d # 2 is easy. Let
w,w’ be independent and distributed according to a Bernoulli measure P, on {0, 1}2, with
P,(w(z) = 1) = p. Considering two dimensional random field {(z,y) = w(x) + «'(y). If
w(z) = 1, we add one grain to each lattice site of the vertical line {(x,y),y € Z} and if
W'(y) = 1, then we add one grain to each lattice site of the horizontal line {(x,y),z € Z}.
If we add according (, then there are almost surely infinitely many rectangles Ry, ... Ry, ...
surrounding the origin with corner sites where we add two grains and other boundary sites
where we add at one grain.

If we add such a configuration ( to a recurrent configuration 7, we have that the number
of topplings at the origin in the finite volume A is at least the number of rectangles R;
that are inside A.

Let M be set of all “minimal recurrent configurations”, i.e, taking off one grain from
n € M generates a non-recurrent configuration. v is a translation invariant probability
measure on M. From Lemma 5.1 9, we know v(7(0)) = d. Therefore the distribution v,
of n + ¢ with n drawn from v is not stabilizable. Since we can choose p arbitrary close to

zero, and density of p € (d,d + 2) can be attained by v,
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