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Abstract: The current literature on sandpile models mainly deals with the abelian
sandpile model (ASM) and its variants. We treat a less known - but equally interest-
ing - model, namely Zhang’s sandpile. This model differs in two aspects from the ASM.
First, additions are not discrete, but random amounts with a uniform distribution on an
interval [a, b]. Second, if a site topples - which happens if the amount at that site is larger
than a threshold value E. (which is a model parameter), then it divides its entire content
in equal amounts among its neighbors. Zhang conjectured that in the infinite volume
limit, this model tends to behave like the ASM in the sense that the stationary measure
for the system in large volumes tends to be peaked narrowly around a finite set. This
belief is supported by simulations, but so far not by analytical investigations.

We study the stationary distribution of this model in one dimension, for several values
of a and b. When there is only one site, exact computations are possible. Our main result
concerns the limit as the number of sites tends to infinity. We find that the stationary
distribution, in the case a > E./2, indeed tends to that of the ASM (up to a scaling
factor), in agreement with Zhang’s conjecture. For the case ¢ = 0, b = 1 we provide
strong evidence that the stationary expectation tends to /1/2.

1. Introduction and Main Results

With the introduction of the sandpile model by Bak, Tang and Wiesenfeld (BTW), the
notion of self-organized criticality was introduced, and subsequently applied to several
other models such as forest-fire models, and the Bak-Sneppen model for evolution. In
turn, these models serve as a paradigm for a variety of natural phenomena in which,
empirically, power laws of avalanche characteristics and/or correlations are found, such
as the Gutenberg-Richter law for earthquakes. See [12] for a extended overview.

After the work of Dhar [2], the BTW model was later renamed ‘abelian sandpile
model’ (ASM), referring to the abelian group structure of addition operators. This ab-
elianness has since served as the main tool of analysis for this model.
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A less known variant of the BTW-model has been introduced by Zhang [13], where
instead of discrete sand grains, continuous height variables are used. This lattice model
is described informally as follows. Consider a finite subset A C Z<. Initially, every
lattice site i € A is given an energy 0 < E; < E., where E_ is the so called critical
threshold, and often chosen to be equal to 1. Then, at each discrete time step, one adds a
random amount of energy, uniformly distributed on some interval [a, b] C [0, E,], at a
randomly chosen lattice site. If the resulting energy at this site is still below the critical
value then we have arrived at the new configuration. If not, an avalanche is started, in
which all unstable sites (that is, sites with energy at least E.) ‘topple’ in parallel, i.e.,
give a fraction 1/2d of their energy to each neighbor in A. As usual in sandpile models,
upon toppling of boundary sites, energy is lost. As in the BTW-model, the stabilization
of an unstable configuration is performed instantaneously, i.e., one only looks at the final
stable result of the random addition.

In his original paper, Zhang observes, based on results of numerical simulation (see
also [6]), that for large lattices, the energy variables in the stationary state tend to concen-
trate around discrete values of energy; he calls this the emergence of energy ‘quasi-units’.
Therefore, he argues that in the thermodynamic limit, the stationary dynamics should
behave as in the discrete ASM. However, Zhang’s model is not abelian (the next con-
figuration depends on the order of topplings in each avalanche; see below), and thus
represents a challenge from the analytical point of view. There is no mentioning of this
factin [6, 13], see however [8]; probably they chose the usual parallel order of topplings
in simulations.

After its introduction, a model of Zhang’s type (the toppling rule is the same as
Zhang’s, but the addition is a deterministic amount larger than the critical energy) has
been studied further in the language of dynamical systems theory in [1]. The station-
ary distributions found for this model concentrate on fractal sets. Furthermore, in these
studies, emergence of self-organized criticality is linked to the behavior of the smallest
Lyapounov exponents for large system sizes. From the dynamical systems point of view,
Zhang’s model is a non-trivial example of an iterated function system, or of a coupled
map lattice with strong coupling.

In this paper we rigorously study Zhang’s model in dimension d = 1 with probabilis-
tic techniques, investigating uniqueness and deriving certain properties of the stationary
distribution. Without loss of generality, we take E. = 1 throughout the paper. In Sect. 2
we rigorously define the model for d = 1. We show that in the particular case of d = 1
and stabilizing after every addition, the topplings are in fact abelian, so that the model
can be defined without specifying the order of topplings. In that section, we also include
a number of general properties of stationary distributions. For instance, we prove that if
the number of sites is finite, then every stationary distribution is absolutely continuous
with respect to Lebesgue measure on (0, 1), in contrast with the fractal distributions for
the model defined in [1] (where the additions are deterministic).

We then study several specific cases of Zhang’s model. For each case, we prove by
coupling that the stationary distribution is unique. In Sect. 4, we explicitly compute
the stationary distribution for the model on one site, with @ = 0, by reducing it to the
solution of a delay equation [3].

Our main result is in Sect. 5, for the model with a > 1/2. We show that in the infinite
volume limit, every one-site marginal of the stationary distribution concentrates on a
non-random value, which is the expectation of the addition distribution (Theorem 5.5).
This supports Zhang’s conjecture that in the infinite volume limit, his model tends to
behave like the abelian sandpile. Section 5 contains a number of technical results neces-
sary for proving Theorem 5.5, but which are also of independent interest. For instance,
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we construct a coupling of the so-called reduction of Zhang’s model to the abelian
sandpile model, and we prove that any initial distribution converges exponentially fast
to the stationary distribution.

In Sect. 6, we treat the model for [a, b] = [0, 1]. We present simulations that indi-
cate the emergence of quasi-units also for this case. However, since in this case there
is less correspondence with the abelian sandpile model, we cannot fully prove this. We
can prove that the stationary distribution is unique, and we show that if every one-site
marginal of the stationary distribution tends to the same value in the infinite volume
limit, and in addition if there is a certain amount of asymptotic independence, then this
value is «/1/2. This value is consistent with our own simulations.

2. Model Definition

We define Zhang’s model in dimension one as a discrete-time Markov process with state
space

Qy = [0, DM [0, 00)12 N = By,

endowed with the usual sigma-algebra. We write n, £ € Qy, configurations of Zhang’s
model and n; for the j™ coordinate of . We interpret 7 j as the amount of energy at
site j.

By P, we denote the probability measure on (the usual sigma-algebra on) the path
space Q% for the process started in 7. Likewise we use P, when the process is started
from a probability measure v on 2, that is, with initial configuration chosen according
to v. The configuration at time ¢ is denoted as n(¢) and its jth component as 7;(t).

We next describe the evolution of the process. Let 0 < a < b < 1. At time O the
process starts in some configuration n € Q. For every t = 1, 2, .. ., the configuration
n(t) is obtained from n(r — 1) as follows. At time ¢, a random amount of energy U,,
uniformly distributed on [a, b], is added to a uniformly chosen site X; € {1, ..., N},
hence P(X; = j) =1/Nforall j =1,..., N. We assume that U; and X, are indepen-
dent of each other and of the past of the process. If, after the addition, the energies at
all sites are still smaller than 1, then the resulting configuration is in Q2 and this is the
new configuration of the process.

If however after the addition the energy of site X; is at least 1 - such a site is called
unstable - then this site will topple, i.e., transfer half of its energy to its left neighbor and
the other half to its right neighbor. In case of a toppling of a boundary site, this means
that half of the energy disappears. The resulting configuration after one toppling may
still not be in Q,, because a toppling may give rise to other unstable sites. Toppling
continues until all sites have energy smaller than 1 (i.e., until all sites are stable). This
final result of the addition is the new configuration of the process in Q2. The entire
sequence of topplings after one addition is called an avalanche.

We call the above model the (N, [a, b])-model. We use the symbol 7, (¢) for the
result of toppling of site x in configuration § € Ey. We write A, (1) for the result of
adding an amount u at site x of , and stabilizing through topplings.

Itis not a priori clear that the process described above is well defined. By this we mean
that it is not a priori clear that every order in which we perform the various topplings
leads to the same final configuration 7 (¢). In fact, unlike in the abelian sandpile, topplings
according to Zhang’s toppling rule are not abelian in general. To give an example of non-
abelian behavior, let N =2 and § = (1.2, 1.6). Then 71(72(§)) = 71((2,0)) = (0, 1),
whereas 7>(71(£)) = 72((0, 2.2)) = (1.1, 0).
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Despite this non-abelianness of certain topplings, we will now show that in the
process defined above, we only encounter avalanches that consist of topplings with
the abelian property. When restricted to a certain subset of Qy, topplings are abelian,
and it turns out that this subset is all we use. (In particular, the example that we just gave
cannot occur in our process.)

Proposition 2.1. The (N, [a, b])-model is well defined.

To prove this, we will need the following lemma. First we introduce some notation.
We call a site j of a configuration 7:

empty ifn; =0,
nonempty if n; € (0, 1),
unstable ifn; > 1.

Lemma 2.2. Let Qy C Ey be the set of all (possibly unstable) configurations such that
between every pair of unstable sites there is at least one empty site, and such that the
energy of any unstable site is strictly smaller than 2.

During stabilization after an addition to a configuration in Qy, only configurations
in Qy are encountered.

Proof. We first prove that for every configuration 7 € Q. the resulting configuration
after toppling of one of the unstable sites is still in Q. An unstable site i of 7 in Qx can
have either two empty neighbors (first case), two nonempty neighbors (second case) or
one nonempty and one empty (third case).

In the first case, toppling of site i cannot create a new unstable site, since %f;i <1,
but i itself becomes empty. Thus, if there were unstable sites to the left and to the right
of i, after the toppling there still is an empty site between them.

In the second and third case, the nonempty neighbor(s) of i can become unstable.
Suppose the left neighbor i — 1 becomes unstable. Directly to its right, at 7, an empty
site is created. To its left, there was either no unstable site, or first an empty site and then
somewhere an unstable site. The empty site can not have been site i — 1 itself, because
to have become unstable it must have been nonempty. For the right neighbor the same
argument applies. Therefore, the new configuration is still in Q.

Since Qy C Q. and since by making an addition to a stable configuration, we arrive
in Qy, the above argument shows that in the process of stabilization after addition to a
stable configuration, only configurations in Qy are encountered. 0

Proof of Proposition 2.1. By Lemma 2.2, we only need to consider configurations in
Qy. Now we show that, if € Qy and i and j are unstable sites in 7, then

Ti(Tj(m) = Tj(T;(m). (D

To prove this, we consider all different possibilities for x. If x is not a neighbor of either
i or j, then toppling of i or j does not change 7y, so that (1) is obvious. If x is equal to
i or j, or neighbor to only one of them, then only one of the topplings changes 7y, so
that again (1) is obvious. Finally, if x is a neighbor of both i and j, then, since € Q N>
x must be empty before the topplings at i and j. We then have

1
Ti(mx = S



Probabilistic Approach to Zhang’s Sandpile Model 355

so that

1 1
Ti(Ti(m)x = Mt = T;(Ti())x-
Therefore, also in this last case (1) is true.
Having established that the topplings of two unstable sites commute, it follows that
the final stable result after an addition is independent of the order in which we topple,
and hence A, (1(7)) is well-defined; see [7], Sect. 2.3 for a proof of this latter fact. O

Remark 2.3. Tt will be convenient to order the topplings in so-called waves [9]. Suppose
the addition of energy at time ¢ takes place at site k& and makes this site unstable. In
the first wave, we topple site k and then all other sites that become unstable, but we do
not topple site k again. After this wave only site k can possibly be unstable. If site & is
unstable after this first wave, the second wave starts with toppling site k (for the second
time) and then all other sites that become unstable, leaving site k alone, until we reach
a configuration in which all sites are stable. This is the state of the process at time ¢. It
is easy to see that in each wave, every site can topple at most once.

3. Preliminaries and Technicalities

In this section, we discuss a number of technical results which are needed in the sequel,
and which are also interesting in their own right. The section is subdivided into three
subsections, dealing with connections to the abelian sandpile, avalanches, and nonsin-
gularity of the marginals of stationary distributions, respectively.

3.1. Comparison with the abelian sandpile model. We start by giving some background
on the abelian sandpile model in one dimension. In the abelian sandpile model on a finite
set A C Z, the amount of energy added is a nonrandom quantity: each time step one
grain of sand is added to a random site. When a site is unstable, i.e., it contains at least
two grains, it topples by transferring one grain of sand to each of its two neighbors (at
the boundary grains are lost). The abelian addition operator is as follows: add a particle
at site x and stabilize by toppling unstable sites, in any order. We denote this operator
by a, : {0, 1}* — {0, 1}, For toppling of site x in the abelian sandpile model, we
use the symbol 7. Abelian sandpiles have some convenient properties [2]: topplings
on different sites commute, addition operators commute, and the stationary measure on
finitely many sites is the uniform measure on the set of so-called recurrent configura-
tions. Recurrent (or allowed) configurations are characterized by the fact that they do
not contain a forbidden subconfiguration (FSC). A FSC is defined as a restriction of n
to a subset W of A, such that 1, is strictly less than the number of neighbors of x in W,
for all x. In [7], a proof can be found that a FSC cannot be created by an addition or by
a toppling.

In the one-dimensional case on N sites, the abelian sandpile model behaves as fol-
lows. Sites are either empty, containing no grains, or full, containing one grain. When
an empty site receives a grain, it becomes full, and when a full site receives a grain, it
becomes unstable. In the latter case, the configuration changes in the following man-
ner. Suppose the addition site was x. We call the distance to the first site that is empty
to the left i. If there is no empty site to the left, then i — 1 is the distance to the
boundary. j is defined similarly, but now to the right. After stabilization, the sites in
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{x —i,...,x+j}N{l,..., N} are full, except for a new empty site at x — i + j. Only
sitesin {x —i,...,x+ j} N{l,..., N} have toppled. The number of topplings of each
site is at most equal to min{i, j}, but is equal to the minimum of its distances to the
endsites of the avalanche, if this is less than min{i, j}. For example, boundary sites can
never topple more than once in an avalanche. These results follow straightforwardly
from working out the avalanche. The recurrent configurations are those with at most one
empty site; in the one-dimensional case, a connected subset of A of more than one site,
with empty sites at its boundary, is a FSC. If we have a configuration with exactly one
empty site x say, then after the next addition, there is either no empty site (if the addition
was at x) or exactly one empty site whose distribution is uniform over all sites except x.

Here is an example of how a non-recurrent state on 11 sites relaxes through topplings.
An addition was made to the 7" site; underlined sites are the sites that topple. The top-
plings are ordered into waves (see Remark 2.3). In the example, the second wave starts
on the 5 configuration:

11011121101 — 11011202101 — 11012020201 — 11020121011 — 11101121011
— 11101202011 — 11102020111 — 11110120111 — 11110201111
— 11111011111.

To compare Zhang’s model to the abelian sandpile, we label the different states of a
site j € {1,..., N}inn € Qu as follows:

Definition 3.1. Let n € Qy. For every j € {1,..., N}, we say that n; is

empty(0) ifnj =0,
full(1) ifnj €[5, 1),
unstable(2) ifn; > 1,
anomalous(a) if n; € (0, %).

2)

Definition 3.2. The reduction of a configuration n € Qy is the configuration denoted
byR((n) € {0, 1, 2, a}{l """ N} corresponding to n by Definition (2). We denote with R (n;)
the reduced value of site i, that is, R(n;) = R(n);.

For general 0 < a < b < 1, we have the following result.

Proposition 3.3. For any starting configuration n € Q, there exists a random variable
T > 0 with P(T < o0) = 1 such that for allt > T, n(t) contains at most one empty or
anomalous site.

To prove this proposition, we first introduce FSC’s for Zhang’s model. We define
a FSC in Zhang’s model in one dimension as the restriction of n to a subset W of
{1,..., N}, in such a way that 27; is strictly less than the number of neighbors of j
in W, for all j € W. From here on, we will denote the number of neighbors of j in
W by degy, (j). To distinguish between the two models, we will from now on call the
above Zhang-FSC, and the definition given in Sect. 3.1 abelian-FSC. From the defini-
tion, it follows that in a stable configuration, any restriction to a connected subset of
more than one site, with the boundary sites either empty or anomalous, is a Zhang-FSC.
Note that according to this definition, a stable configuration without Zhang-FSC’s can
be equivalently described as a configuration with at most one empty or anomalous site.
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Lemma 3.4. A Zhang-FSC cannot be created by an addition in Zhang’s model.

Proof. The proof is similar to the proof of the corresponding fact for abelian-FSC’s,
which can be found for instance in [7], Sect. 5. We suppose that 7(¢) does not contain
an FSC, and an addition was made at site x. If the addition caused no toppling, then it
cannot create a Zhang-FSC, because no site decreased its energy. Suppose therefore that
the addition caused a toppling in x. Then for each neighbor y of x,

1
Ty = ny + 5

so that 27, (), > 2n, + 1. Also 7, (n)x = 0, and all other sites are unchanged by the
toppling.

We will now derive a contradiction. Suppose the toppling created a Zhang-FSC, on
a subset which we call W. It is clear that this means that x should be in W, because
it is the only site that decreased its energy by the toppling. For all j € W, we should
have that 27, (n); < degy (/). This means that for all neighbors y of x in W, we have
21y < degy (y) — 1, and for all other j € W we have 2n; < degy, (j). From these
inequalities it follows that W\ {x} was already a Zhang-FSC before the toppling, which
is not possible, because we supposed that 7(¢) contained no Zhang-FSC.

By the same argument, further topplings cannot create a Zhang-FSC either, and the
proof is complete. O

Remark 3.5. We have not defined Zhang’s model in dimension d > 1, because in that
case the resulting configuration of stabilization through topplings is not independent
of the order of topplings. But since the proof above only discusses the result of one
toppling, Lemma 3.4 remains valid for any choice of order of topplings. The proof is
extended simply by replacing the factor 2 by 2d.

Proof of Proposition 3.3. If ny already contains at most one non-full, i.e., empty or anom-
alous site, then it contains no Zhang-FSC’s, and the first part of the proposition follows.
Suppose therefore that at some time ¢, 77 () contains M () non-full sites, with 1 < M (t) <
N. We denote the positions of the non-full sites of n(¢) by Y;(¢),i = 1,..., M(¢), and
we will show that M (¢) is nonincreasing in ¢, and decreases to 1 in finite time. Note that
forall 1 <i < j < M(z), the restriction of n(¢) to {¥;(¢), Y;(t) +1,...,Y;(1)}isa
Zhang-FSC.

At time 7 + 1, we have the following two possibilities. Either the addition causes no
avalanche, in that case M (r + 1) < M(t), or it causes an avalanche. We will call the set
of sites that change in an avalanche (that is, all sites that topple at least once, together
with their neighbors) the range of the avalanche. We first show that if the range at time
t + 1 contains a site y € {Y;(¢), ..., Yi+1(t)} for some i, then M (r + 1) < M(z).

Suppose there is such a site. Then, since {Y;(¢) + 1, ..., Yi+1(#) — 1} contains only
full sites, all sites in this subset will topple and after stabilization of this subset, it will not
contain a Zhang-FSC by Lemma 3.4. In other words, in this subset at most one empty
site is created. But since Y;(¢) and Y;;(¢) received energy from a toppling neighbor,
they are no longer empty or anomalous. Therefore, M (t + 1) < M(t).

If there is no such site, then the range is either {1, ..., Y1()}, or {Ypy(1)(?), ..., N},
and M (¢t + 1) = M (). With the same reasoning as above, we can conclude that in these
cases, Y1(t +1) < Y1(t), resp. Yyy(y (t + 1) > Yy (1).

Thus, M (¢) strictly decreases at every time step where an avalanche contains top-
plings between two non-full sites. As long as there are at least two non-full sites, such
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an avalanche must occur eventually. We cannot make infinitely many additions without
causing topplings, and we cannot infinitely many times cause an avalanche at x < Y7(¢)
or x > Yuy)(t) without decreasing M (t), since after each such an avalanche, these
non-full sites ‘move’ closer to the boundary. O

Remark 3.6. This proof also shows that a.s. within finite time, each site topples at least
once.

In the case that a > 1/2, we can further specify some characteristics of the model by
comparing it to the one-dimensional abelian sandpile discussed above. We define regular
configurations as follows:

Definition 3.7. We call a configuration n € Qn regular if n contains no anomalous
sites, and at most one empty site.

Proposition 3.8. Suppose a > % Then

1. For any initial configuration n, for allt > N(N — 1), n(t) is regular,

2. If n(t) is regular with no empty site, then 1n(t + 1) contains one empty site whose
position is uniform over all sites. If n(t) is regular with one empty site at x, say, then
n(t + 1) either contains no empty site (if the addition is at x) or one empty site whose
distribution is uniform over all sites except x (if the addition is not at x).

3. For every stationary distribution u, and for alli € {1, ..., N},

1
TN+

w(ni = 0)

In words, this proposition states that if a > 1/2, then every stationary distribution
concentrates on regular configurations. Moreover, the stationary probability that a cer-
tain site 7 is empty, does not depend on i. Note that as a consequence, the stationary
probability that all sites are full, is also

N+1°
The property mentioned in part 2 of the proposition will be referred to as the empty
site being almost uniformon 1, ..., N, this notion will be used in Sect. 5.

To prove this proposition, we need the following lemma. In words, it states that
if a > 1/2 and 7n contains no anomalous sites, then the reduction of Zhang’s model
(according to Definition 3.2) behaves just as the abelian sandpile model.

Lemma 3.9. For all u € [%, 1), for all n € QN which do not contain anomalous sites,
and forall x € {1,..., N},

R(Aux(m) = ax(R(n)), 3)

where ay is the addition operator of the abelian sandpile model. In both avalanches,
corresponding sites topple the same number of times.

Proof. Under the conditions of the lemma, site x can be either full or empty. If x is
empty, then upon the addition of u > % it becomes full. No topplings follow, so that in
that case we directly have R (A, (1)) = ax(R(1)).

If n is such that site x is full, then upon addition it becomes unstable. We call the
configuration after addition, but before any topplings 7, and use that it is in Qy (see
Lemma 2.2). To check if in that case R(A, x (7)) = a,(R(n)), we only need to prove
R(Z: () = T (R(7)), with R(77,) = 2, since we already know that in both models,
the final configuration after one addition is independent of the order of topplings.
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In 7, (7)), site x will be empty. This corresponds to the abelian toppling, because site
x contained two grains after the addition, and by toppling it gave one to each neighbor.
In 7, (7)), the energy of the neighbors of x is their energy in 7, plus at least % Thus the
neighbors of site x will in 7, (7)) be full if they were empty, or unstable if they were
full. Both correspond to the abelian toppling, where the neighbors of x received one
grain. O

Proof of Proposition 3.8. To prove part (1), we note that any amount of energy that a
site can receive during the process, i.e., either an addition or half the content of an unsta-
ble neighbor, is at least 1/2. Thus, anomalous sites can not be created in the process.
Anomalous sites can however disappear, either by receiving an addition, or, as we have
seen in the proof of Proposition 3.3, when they are in the range of an avalanche.

When we make an addition of at least 1/2 to a configuration with more than one
non-full site, then either the number of non-full sites strictly decreases, or one of the
outer non-full sites moves at least one step closer to the boundary. We note that 7 con-
tains at most N non-full sites, and the distance to the boundary is at most N — 1. When
finally there is only one non-full site, then in the next time step it must either become
full or be in the range of an avalanche. Thus, there is a random time 7’ < N(N — 1)
such that n(T") is regular for the first time, and as anomalous sites cannot be created, by
Proposition 3.3, n(¢) is regular for all t > T'.

Fort > T', n(¢) satisfies the condition of Lemma 3.9. This means that the evolution of
the reduction of Zhang’s model coincide s with that of the abelian sandpile model. Parts
(2) and (3) then follow from the corresponding properties of the abelian sandpile. O

3.2. Avalanches in Zhang’s model. We next describe in full detail the effect of an ava-
lanche, started by an addition to a configuration 7 () in Zhang’s model. Let C(z + 1) be
the range of this avalanche. Recall that we defined the range of an avalanche as the set
of sites that change their energy at least once in the course of the avalanche (that is, all
sites that topple at least once, together with their neighbors). We denote by 7 (¢ + 1) the
collection of sites that fopple at least once in the avalanche. Finally, C’'( + 1) C C(t + 1)
denotes the collection of anomalous sites that change, but do not topple in the avalanche.
During the avalanche, the energies of sites in the range, as well as U,41, get redistrib-
uted through topplings in a rather complicated manner. By decomposing the avalanche
into waves (see Remark 2.3), we prove the following properties of this redistribution.

Proposition 3.10. Suppose an avalanche is started by an addition at site x to configu-
ration 1(t). For all sites j in C(t + 1), there exist F;j = F;;(n(t), x, Us11) such that we
can write

it +1) = D Fyni()+ FyjUpt +1;(01jecr ) )
i€T (t+1)
with
1. Fyj+ D Fj=RE+1)); 5)
i€T (1+1)

2. forall j € C(t +1) such that n;(t +1) # 0,

Fyj = 27PN
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3. forall j € C(t +1) such thatn(t +1) #0, j > x, we have
Fx,j+1 =< ij;

and similarly, Fy j_1 < Fyj for j < x.

In words, we can write the new energy of each site in the range of the avalanche at
time ¢ + 1 as a linear combination of energies at time ¢ and the addition U;41, in such a
way that the prefactors sum up to 1 or 0. Furthermore, every site in the range receives a
positive fraction of at least 2~ [3¥/21 of the addition. These received fractions are such
that larger fractions are found closer to the addition site. We will need this last property
in the proof of Theorem 5.5.

Proof of Proposition 3.10. We start with part 1. First, we decompose the avalanche
started at site x into waves. We index the waves with k = 1, ..., K, and write out
explicitly the configuration after wave k, in terms of the configuration after wave k — 1.
The energy of site i after wave k is denoted by 7; ; we use the tilde to emphasize that these
energies are not really encountered in the process. We define 7; 0 = 1; (t) + Uss11i=x;
note that 7; k = n;(t + 1).

In each wave, all participating sites topple only once by Remark 2.3. We call the
outermost sites that toppled in wave k, the endsites of this wave, and we denote them
by My and M;, with M > M. For the first wave, this is either a boundary site, or the
site next to the empty or anomalous site that stops the wave. Thus, M and M| depend
on 71(t), x and U;;1. For K > 1, all further waves are stopped by the empty sites that
were created when the endsites of the previous wave toppled, so that for each k < K,
Miq1 = My — 1 and M}, = M, + 1. In every wave but the last, site x becomes again
unstable. Only in the last wave, x is an endsite, so that at most one of its neighbors
topples.

In wave k, first site x topples, transferring half its energy, that is, %ﬁx,k_ 1, to each
neighbor. Then, if x is not an endsite (that is, k < K), both its neighbors topple, trans-
ferring half of their current energy, that is, %ﬁxil,k, 1+ }‘ﬁx,k, 1, to their respective
neighbors. Site x is then again unstable, but it does not topple again in this wave. Thus,
the topplings propagate away from x in both directions, until the endsites are reached.
Every toppling site in its turn transfers half its current energy, including the energy
received from its toppling neighbor, to both its neighbors. Writing out all topplings
leads to the following expression, for all sites i > x. A similar expression gives the
updated energies for the sites with i < x. Note that, when K > 1, for every k > 1,
nm+1,k—1 = 0. Only when k = 1, it can be the case that site M7 + 1 was anomalous, so
that ﬁM1+1’0 > 0:

- 1. 1. 1. 1.
Nk = (—ﬂx+1,k—1 + —nx,k—l) Ly sy + (—Ux—l,k—l + —nx,k—l) Ly <

2 4 2 4
i+1 1
ﬁi,k=Zzi+Tnﬁn,k—1, fori =x+1,..., M —1,
n=x
vk =0, if My # x, (6)
i ?A:Ik—l,k + ﬁ/l/{ki-l,k—l ) ?f My > x +2,
MM+l k = ) 3lx+lk—1 + g0x k=1 + Mx2 k-1 i Mp = x+1,

3Tx k=1 + T+l k—1 if My = x.
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We write for all j € C(z + 1), with f;; (k) implicitly defined by the coefficients in (6),

k=D, fijlfis+1ecqenijii- (7
i€T (t+1)

Since we made an addition to a stable configuration, by Lemma 2.2, we only encoun-

ter configurations in $y. From a case by case analysis of (6), we claim that for all
Jj € C(t + 1) we have

RGO = D fij(ORGix-1); ®)
ieT (t+1)

the reader can verify this for all cases. Note that for all j € C(t + 1), R(5 %) # a.If
J € C'(t + 1), then in the first wave j becomes full.
To prove the proposition, we start with the case K = 1, for which we have

e+ =dj= > fiiDio+n;Oljecqe
i€7 (t+1)

= D fiOni® + fi(DUp +1;(OLjecrs)-
i€T (1+1)

We also have, according to (8),

Raje+1)= > fij(DRGii0)
icT (1+1)

= fu+ D fij(D).

i€7 (1+1)

Hence if K = 1 we choose F;j = f;;(1) and part 1 of the proposition is proved for this
case.

For K > 1, we use induction in k. Here we only consider sites that are notin C'(z +1);
we already treated these above in the case K = 1. For wave k — 1, we make the induction
hypothesis that

k-1 = D Fujlk = Dnu(t) + Fejtk = DU, ©)
meT (t+1)
with
> Fujlk—1)+ Fyjtk— 1) = R(#jx-1)- (10)
meT (t+1)

Inserting this in (7), we get
Njk = Z Sij B k-1
i€T (1+1)

D D Fuik =D fij®ma+ D fij) Fyitk — DU,
meT (t+1)ieT (1+1) ieT (1+1)
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and inserting this in (8), we get

RGj0) = D, fiiRGix1)

ieT (t+1)

Dm0 | D Fwitk—1D+Fuk—1)
i€T (t+1) meT (t+1)

Hence, if we define

Fnjl) =" fij(k)Fpi(k = 1),

i€7 (t+1)

then (9) and (10) are also true for wave k. For k — 1 = 0, the hypothesis is also true,
with F,; (0) = 1,,—;. We define F;; := F;;(K), and then the first part of the proposition
is proved for all K.

To prove part 2 of the proposition, we derive a lower bound for Fy;. The number K
of waves in an avalanche is equal to the minimum of the distance to the end sites, leading
to the upper bound K < [N/2].

After the first wave, (6) gives for all nonempty j # x, Fy;j(1) > (%)N”. At the start

of the next wave, if there is one, the fraction of U, present at x is equal to Fy (1) = %
Hence, if after the second wave there is a third one, even if we ignore all fractions of U,
on sites other than x, then we still have, again by (6), Fy;(2) > %( %)N +1 S0 if before
each wave we always ignore all fractions of U; on sites other than x, and if we assume
the maximum number of waves, then we arrive at a lower bound for nonempty sites j:

1\ [N/21=1 7\ N+l
Fx. > — — >27|—3N/2-|
=\2 2 -

We now prove part 3. For K = 1, part 3 of the proposition follows directly from
(6), so we discuss the case K > 1. Moreover, we only discuss the case j > x, since by

symmetry, the case j < x is similar. We will show that for every k € {1, ..., K — 1},
1
EFxx(k) > Fx,x+l(k) > > Fx,Mk—l(k) = Fx,Mk+1(k)9 (11)
and
Feme1(k) = Fy p 41k — 1), (12)

where we define Fy p,+1(0) = 0. In the final wave, the sites j > Mg + 1 do not change,
so the inequality in part 3 of the proposition for these sites follows from (12). Therefore,
after proving (11) and (12) for all k € {1, ..., K — 1}, we will show that the required
result follows for the sites x < j < M.

We will now prove (11) and (12) for all k € {1, ..., K — 1}, using induction in k.
After the first wave, we have from (6) that

1
EFxx(l) > Fx,x+1(1) > > Fx,Mk—l(l) = Fx,Mk+1(1),

so that (11) and (12) are satisfied after the first wave.
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Now assume as induction hypothesis that (11) is true after wave k, withk < K — 1.
‘We have seen that this is true after the first wave. We rewrite (6), for every k < K —1,s0
that My, > x. In the first line, we use that for all k < K — 1, Fx y41(k) = Fy x— 1(k)
First, we explain why this is true.

By (6), we have in general, for positive and negative y, that Fy 4y (k) is a function of
Fi.(k—1),withz € Z1(y) = {x+y—1,..., x+y+1}, that is symmetric in y as long
as all sites in Z(y) U Z;(—y) toppled in wave k — 1. Continuing this reasoning, we
have that Fy 4, (k) is a function of F,;(0), withz € Zy(y) = {x+y—k, ..., x+y+k},
that is symmetric in y as long as all sites in Z;(y) U Z(— y) topple in the first wave. If
k < K — 1, this requirement is satisfied forall x — 1 — k, ..., x + 1 + k. Moreover, we
have that Fy;(0) = 1,—,, so that we obtain that Fy ,+1(k) = Fy x—1(k).

We now write, for every k < K — 1,

xx(k+ 1) = xx+l(k)+ lFxx(k)

[1 Foonn) + APk +1) if My > x + 1,
0

xx+1(k+ 1) lf Mk+1 =X+ 1,

1 1 .
Fyxvitk+1) = 5 xx+1+1(k)+2Fx,x+i—l(k+1) fori =x+2,..., Mpy1—1,

Fey,(k+1) =0,
Fy mp—1(k+1) if My >x+1,

2 ka 1(k+1) if My =x+1. (13)

Feapik+1) = [

If Myy1 = x + 1, then (11) and (12) follow directly for k + 1 from this expression.
However, when My > x + 1, we need the following derivation.

From (13) and the induction hypothesis, we find the following inequalities, each one
following from the previous one:

Fop(k+1) = Fx xq1(k) + ;Fxx(k) < ;Fxx(k) + lFm(k) Frx(k),

1 1 1
Fx,x+l(k+ 1) = EFx,x+2(k) + 4Fxx(k + 1) < Fx x+1(k)

1 1
+ZFxx(k) = 5 xx(k+ 1)7

If M = x +2, then Fy xyp = 0, and (11) and (12) are satisfied. For M; > x +2, we
have

1 1 1 1
Fx,x+2(k +1) = EFx,x+3(k) + zFx,x+1(k +1) < 2Fx 2 (k) + — Fxx(k +1)

= Fx,x+1(k + 1)

Foralli =2,..., Mgs1 —x — 1,if Fy xyi(k+1) < Fy x+i—1(k + 1) then

1 1 1
Fx,x+i+l (k + 1) = EFx,x+i+2(k) + EFX,X+i (k + 1) < EFx,x+i+1 (k)

1
+2Fxx+t l(k"'l)— xx+t(k+l) (14)
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Since Fy y4i(k+1) < Fy yx4i—1(k+1) istrue fori = 2, (11) follows for wave k + 1, and
is thus proved for every k < K. Moreover, we have

1 1
_Fx,Mk+1 (k) + =

Fx,Mk+1+l(k+ ]) = Fx,Mk+1—l(k+ 1) = ) )

Fe vy —2(k +1).

With the above derived Fy y,,, —1(k+1) < Fy a2 (k+1), itfollows that Fy ., (k) <
Fy ., —2(k + 1), so that

Fx M — l(k + 1) > Fx Mis1 (k) x Mi+1 (k)
which is (12).
Finally we discuss the last wave. For the last wave, we need to discuss several cases.
If Mg = x, then either M; < x or My = x, butif Mg > x, then M} = x, because at

least one of the end sites of the last wave is x.
In case Mg = M} = x we have F,,(K) = 0, if M; = x and M}, < x then

1 1 1 1
Fxx(K)zEFx,xfl(K_l)"'ZFxx(K_l):E x,x+1(K 1)+ Fxx(K_l)
In both cases, we have
1
x x+1(K) = xx(K 1) = x x+2(K - 1)

so that Fy, (K) > Fy x+1(K). Part 3 follows for Mx = x.
In case Mg = x + 1 we have

1 1
xx(K) xx+1(K_1)+ Fxx(K )
x,x+1(K) = 07

1 1
Fx,x+2(K)=Fxx(K) 5 xx+1(K_1)+ Fxx(K_l)

1 1
>§Fx,x+l(K D+ = Fxx+1(K_1)>Fxx+l(K_1)

For all Mg > x + 1 we have

1 1
Fxx(K) = EFx,x+1(K - 1)+ ZFxx(K - 1):

1 1
Fx,x+](K) = E x,x+2(K -+ ZFxx(K — 1) < Fxx(K).

In this case, verifying (11) and (12) proceeds as in the previous derivation for the case
k<K, My>x+2. O
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3.3. Absolute continuity of one-site marginals of stationary distributions. Consider a
one-site marginal v; of any stationary distribution v of Zhang’s sandpile model. Itis easy
to see that v; will have an atom at 0, because after each avalanche there remains at least
one empty site. It is intuitively clear that there can be no other atoms: by only making
uniformly distributed additions, it seems impossible to create further atoms. Here we
prove the stronger statement that the one-site marginals of any stationary distribution
are absolutely continuous with respect to Lebesgue measure on (0, 1).

Theorem 3.11. Let v be a stationary distribution for Zhang’s model on N sites. Every
one-site marginal of v is on (0, 1) absolutely continuous with respect to Lebesgue
measure.

Proof. Let A C (0, 1) be so that A(A) = 0, where A denotes Lebesgue measure. We
pick a starting configuration 1 according to v. We define a stopping time t as the first
time ¢ such that all non-zero energies n; (¢) contain a nonzero contribution of at least one
of the added amounts Uy, U, ..., U;. We then write, for an arbitrary nonzero site j,

Py(nj() € A) =Py(n;() e A,t <) +Py(r = 7). 15)

The second term at the right-hand side tends to 0 as t — oo because by Remark 3.6,
a.s. within finite time each site has participated in an avalanche at least once, and by
Proposition 3.10, part 2, each site contains a nonzero contribution of the addition that
started the last avalanche it participated in.

We claim that the first term at the right-hand side is equal to zero. To this end, we
first observe that 7 (¢) is built up of fractions of »;(0),i =1, ..., N, and the additions
Uy, Uy, ..., U;. These fractions are random variables themselves, and we can bound
this term by

N t t

IP’,)(ZZ,-ni(O)+ZYSUS eA DY, >0), (16)
i=1 s=1 s=1

where Z; represents the (random) fraction of n; (0) in 1;(¢), and Y, represents the (ran-

dom) fraction of Uy in n; ().

We clearly have that the U are all independent of each other and of n; (0) for all i.
However, the Uy are not necessarily independent of the Z; and the Yy, since the numeri-
cal value of the U affects the relevant fractions. Also, we know from the analysis in the
previous subsection that the Z; and Y can only take non-negative values in a countable
set. Summing over all elements in this set, we rewrite (16) as

N ‘
Z Pv(zzini(0)+zysUs €A, Z =ZiaYs=ys)

Ziay_s';zx vs>0 i=1 s=1

which is at most

N t
> P (Zam(O) +> yUs € A),
s=1

Ziay.r;zsyx>0 i=l

which, by the independence of the U, and the n;(0), is equal to

N t
> /pv(zz,.xﬁzysyseA)dv<x],...,xN>.
i=1 s=1

Zis}’s;zx ys>0
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Since Ziz 1 ¥s > 0, Us are independent uniforms, and by assumption L(A) = 0, the
probabilities inside the integral are clearly zero. Since the left hand side of (15) is equal
to v;(A) for all #, we now take the limit + — oo on both sides, and we conclude that
vi(A)=0. O

Remark 3.12. The same proof shows that for every stationary measure v, and for every
i1,...,ik € {1,..., N}, conditional on all sites iy, ..., iy being nonempty, the joint
distribution of n;,, ..., n;, under v is absolutely continuous with respect to Lebesgue
measure on (0, 1)]‘.

4. The (1, [a, b])-Model

In this section we consider the simplest version of Zhang’s model: the (1, [a, b])-model.
In words: there is only one site and we add amounts of energy that are uniformly dis-
tributed on the interval [a, b], withO <a < b < 1.

4.1. Uniqueness of the stationary distribution. Before turning to the particular case
a = 0, we prove uniqueness of the stationary distribution for all [a, b] C [0, 1]. We also
prove that every initial distribution on £2; converges to this stationary measure. We find
two different kinds of convergence; convergence in total variation is the strongest, but
we cannot obtain this for all values of a and b.

Theorem 4.1. (a) The (1, [a, b]) model has a unique stationary distribution p = p®°.
For every initial distribution P, on 1, we have time-average total variation convergence
to p, i.e.,

1 1
lim sup ;ZPU (n(s) € A) — p(A)| = 0.

1530 40, =
(b) In addition, if there exists no integer m > 1 such that [a, b] C [%, ﬁ], (hence in
particular if a = 0), then we have convergence in total variation to p for every initial
distribution P, on 4, i.e.,

lim sup |P,(n(1) € A) — p(A)| = 0.
t—00 ACQ

Proof. We prove this theorem by constructing a coupling. The two processes to be cou-
pled have initial configurations n' and n2, with n',n? € €. We denote by n' (1), n*(t)
two independent copies of the process starting from n' and 5? respectively. The corre-
sponding independent additions at each time step are denoted by U,! and U, t2 respectively.
Let Ty = min{r : n'(t) = 0} and 7» = min{r : n*(t) = 0}. Suppose (without loss of
generality) that 7, > T1. We define a shift-coupling ([11], Chap. 5) as follows:

@) = '@ for all ¢,

2 n*(1) fort < T,
n°(@) = 1
n(t—(Th —Ty)) fort > T>.
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Defining 7 = min{r : n' () = n?(r) = 0}, we also define the exact coupling

Al = nl) for all ¢,
2

N t fort < T,

n3(t) — '71()

n(t) fort > T.

Since the process is Markov, both couplings have the correct distribution. We write
P = P, x IPy,. Since P(T» < o0) = P(T) < o0) = 1, the shift-coupling is always
successful, and (a) follows.

To investigate whether 771 (1) = 172(1‘) = 0 occurs infinitely often I@’-a.s., we define
N ={n: m—1a < 1,nb > 1}; this is the set of possible numbers of time steps
between successive events n] (t) = 0. In words, an n € N is such that, starting from
n' = 0, it is possible that in n — 1 steps we do not yet reach energy 1, but in n steps we
do. To give an example, if a > 1/2, then N' = {2}.

It the ged of MV is 1 (thls is in particular the case if a = 0), then the processes
{r:n'@) = O} and {t : n%(t) = 0} are independent apenodlc renewal processes, and it
follows that n Iy = nz(t) = 0 happens infinitely often P-a.s.

As we have seen, for a > 0, the ged of A need not be 1. In fact, we can see from
the definition of A that this is the case if (and only if) there is an integer m > 1 such
that [a, b] C [%, ﬁ]. Then A/ = {m}. For such values of a and b, the processes
{t : n'(r) = 0} and {r : »>(t) = 0} are periodic, so that we do not have a successful
exact coupling. O

4.2. The stationary distribution of the (1, [0, b])-model. We write ,ob for the stationary
measure ,oOb of the (1, [0, b])-model and F b for the distribution function of the amount
of energy at stationarity, that is,

FP(h) = p"(n:0 <0 <h),
We prove the following explicit solution for F?(h).

Theorem 4.2. (a) The distribution function of the energy in the (1, [0, b])-model at sta-
tionarity is given by

0 forh <0,

Fb0) >0 forh =0,
FP(h) = 17
" FP(0) 3% Godr (h — kb)“e S for0<h <1, (an

1 forh > 1,

where mj, = f%'| — 1 and where
1
Sy Gk (1 = webye”
follows from the identity F?(1) = 1.
(b) For h € [0, 1] we have

FP0) =

lim F2(h) = h.
Jim (h)



368 A. Fey-den Boer , R. Meester, C. Quant, F. Redig

We remark that although in (a) we have a more or less explicit expression for F b(h), the

convergence in (b) is not proved analytically, but rather probabilistically.

Proof of Theorem 4.2, part (a). Observe that the process for one site is defined as
n+1) =M@ +U1) Lyosu,,,<1- (18)

We define Ftb(h) = P(n(t) < h), and derive an expression for Ftlll(h) in terms of

Ftb (h). In the stationary situation, these two functions should be equal. We deduce from
(18) that for0 < h < 1,

Fly(h) = P((0) + Uper < h) +P((t) + Uy > 1), (19)
We compute for 0 < h < b,

P (®) + U1 = h) =P((1) < h — Upp)

1
= / —P(n(t) <h —u)du
o b

hl b
Z/O S (h— ) du, (20)

and likewise for b < h < 1 we find
b 1 b
P(n(t) +Us1 < h) = / E(F’ (h —u))du. (21
0

Finally, using that Fb(1) = 1 (this follows from (18)),

b
P((t) + Upe1 > 1) = /0 E(Ffb(” — FP(1 —u)) du

B /b (1 —FP(1 —u))
- 0

p du = F%,(0). (22)

Putting (19), (20), (21) and (22) together leads to the conclusion that the stationary
distribution F?(h) satisfies

h FP(h—u) b .
Fb(h)z{fo PO qy + FP(0) if0<h <b, o

DG gy 4 FPO) ifb <h < 1.

Furthermore, since F? (k) is a distribution function, F?(h) = Oforh < Oand F?(h) = 1
for h > 1. We can rewrite Eq. (23) as a differential delay equation. Let f”(h) be a density
corresponding to F? for 0 < h < 1; this density exists according to Theorem 3.11.

We differentiate (23) twice on both sides, to get in the case 0 < h < b,

af!m 1,
“an W

andinthecase b < h <1,

1
oy = B(Fb(h) — Fb(h — b)). (24)
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0.2 0.4 0.6 0.8 1

Fig. 1. fb (h) for b = % Note the discontinuity at & = %

At this point, we can conclude that the solution is unique and could in principle be
found using the method of steps. However, since we already have the candidate solution
given in Theorem 4.2, we only need to check that it indeed satisfies Eq. (23).

In the case O < i < b, in which case mj; = 0, we have Fb(h) = Fb(O)e%, which is
consistent with Theorem 24.

We check that for the derivative f b of F? as defined in (17),forb <h <1,

FPO) <L 1\ 1 -
b _ - _ Kk—1
oy =—— 2:( b) oy e

k=1

FP(0) <& [ 1\X "
+ b Z(_E) F(h—l(b) e b |

k=0
whereas
F’(h) F%@%( 1)K "
= —— ) —(h—«b)fe @
b b =\ b) «
and
F'th—b)y  Fb(0) m}f 1)” 1 P
- =— — ) —k(h—(+1Db)e 5
b b = b] k!
FPO) < 1\ ! 1 o b
—-503(5) e

k=1
which leads to (24) as required. O

We remark that the probability density function f(h) has an essential point of discon-
tinuity at i = b. Figures 1 and 2 show two examples of f?(h).

Proof of Theorem 4.2, part (b). For a while, we fix b > 0 and write 5?(r) for the state
of our process when we start with n?(0) = 0. For fixed &, define a process X b by
Xb (1) = 1ifnP(r) < hand X?(r) = 0if n®(r) > h. The process X? is a delayed renewal
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0.2 0.4 0.6 0.8 1

Fig. 2. fh (h) forb = % This figure illustrates that for small b, fb (h) tends to the uniform distribution

process; a renewal occurs at ¢ if XP(t —1) =1 and X?(r) = 0. Let K (r) be the number
of renewals up to (and including) time ¢, where we take K (0) = 0. The k™ renewal takes
place at time T}, where we define Ty = 0. The number of indices t € [Ty—1, T;) with
Xxb (t) = 0 1is denoted by zb (k); the number of indices 7 in that interval with X?(r) = 1
by W? (k) . Typical random variables with these distributions are denoted by Z” and W?
respectively.

By the identity

K(—1) K(@—1)

> Wb(k)<ZXb(z)< > WG+ WPk - 1)+ 1),

k=1 =0 Jj=1
and the well known fact that K (¢)/t — l/E(Z” + WP ast — oo, we find that

FP(h) = lim P("(t) < h) = lim P(X"(1) = 1)

Y ZX”@

= lim (t)E(Wb)
E(Wb)

E(ZP + Wby’

To compute these expectations in the limit » — 0, we use another renewal process.
Let Uy, Us, ... be independent uniform random variables on [0, 1] and write S,ll =
Uy +---+ U,. We define

N(s) = max{n € N: Si < s}
The process {N(s) : s > 0} is a renewal process, and

lim Miﬂ =EWU;) ' =2. (25)

§—>00
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Now observe that W2 and N (h /b) — 1 have the same distribution, and that Zb + WP has
the same distribution as N(1/b) — 1. Hence

. E(W") . E(N(h/b)—1)
lim = lim ,
b—>0 E(Zb + WP) — b0 E(N(1/b) — 1)

and this last limit is equal to 4, according to (25). O

5. The (N, [a, b])-Model with N > 2 and a > }

5.1. Uniqueness of stationary distribution. In the course of the process of Zhang’s
model, the energies of all sites can be randomly augmented through additions, and
randomly redistributed among other sites through avalanches. Thus at time ¢, every site
contains some linear combination of all additions up to time #, and the energies at time
0. In a series of lemmas we derive very detailed properties of these combinations in the
case a > 1/2. These properties are crucial to prove the following result.

Theorem 5.1. The (N, [a, b]) model with a > % has a unique stationary distribution

w = . For every initial distribution v on Qy, P, converges exponentially fast in total
variation to L.

We have demonstrated for the case a > % that after a finite (random) time, we only
encounter regular configurations (Proposition 3.8). By Lemma 3.9, if n(t — 1) is regular,
then the knowledge of R(n(t — 1)) and X; suffices to know the number of topplings of
each site at time ¢. From these numbers, we can infer the endsites of all waves, and then
by repeatedly applying (6), we can find the factors F;; in Proposition 3.10. Thus, also
these factors are functions of R(n(r — 1)) and X, only. Using this observation, we prove
the following.

Lemma 5.2. Let a > % Suppose at some (possibly random) time T we have a configu-

ration &(t) with no anomalous sites. Then forall j = 1,..., N and fort > t, we can
write
t N
Ei() = D Agi(t)Ug+ D Buj()em () (26)
O=1+1 m=1

in such a way that the coefficients in (26) satisfy

Agj(1) = Agj(R(E(1)), Xeat1, ..., Xy)

and

ij(t) = ij(R(E(‘L')), Xetts oo Xi),

and such that for every j and everyt > t,

t N
D Agi )+ D Buj(t) = REj (1) = 1g; 0 20-
m=1

=1+l
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Remark 5.3. Notice that, in the special case that t is a stopping time, Ay;(?) is
independent of the amounts added after time t, i.e., Ag;(¢) and {Up, 0 > 7 + 1} are
independent. We will make use of this observation in Sect. 5.2.

Proof of Lemma 5.2. We use induction. We start at t = 7, where we choose B, (1) =
R(E(1)j) Ly=j,and A;j(¢) = Oforallz > 7 andforall j. We then have fozl Bj(r) =
R(&(t);), so that at ¢ = 7 the statement in the lemma is true. We next show that if the
statement in the lemma is true at time ¢ > 7, then it is also true at time 7 + 1.

At time r we have forevery j =1,..., N,

t N
E() = D Agj(t)Ug+ D Buj()én(0),

O=1+1 m=1
with
t N
D Agi()+ D Buj() = RE®))),
O=1+1 m=1
where all Ag; (t) and By, (t) are determined by R(§ (1)), X¢41, ..., X;,s0that R(§(z)) is
also determined by R(£(7)), X141, - .., X;. Wefirstdiscuss the case where we added to a

full site, so that an avalanche is started. In that case, the knowledge of R(&(7)), X¢41, .. .,
X;41 determines the sets C(z + 1), 7 (¢ + 1) and the factors F;; from Proposition 3.10

(since a > %). We write, denoting X;+1 = X,

Eit+1) = Z Fij& () + FyjU

i€T (t+1)
t N
= > F [Z Api(OUp + Bmia)sm(r)} + FyjUps1.
i€T (1+1) 0=1 m=1
27)
Thus we can identify
Agjt+1) =D FijAu(0), (28)
i€7 (t+1)

Bujt+1)= D" FijBui(0),
i€T (t+1)

and
Arp1,j(t+1) = Fyj,

so that indeed all Ag;(t + 1) and B, (r + 1) are functions of R(£(7)), X1, ..., X141
only. Furthermore,

t+1 N t N
D Agit+ 1)+ D Byt = > F [z Api(H)+ Bm,-(t)j| + Fyj
6=1 m m=1

=1 ie€T (1+1) o=1

= > Fj+Fj=ROt+1), (29)
ieT (t+1)
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where we used that by Lemma 3.9 all sites that toppled must have been full, therefore
had reduced value 1.

If no avalanche was started, then the only site that changed is the addition site x,
and it must have been empty at time ¢. Therefore, we have forall 7 < 6 < ¢ + 1,
Apx(t+1) = Agx(t) =0, forall m, By, (t +1) = By (t) =0and Ay1 x(t+1) =1,
so that the above conclusion is the same. O

For every 6, we have >, eT(t+1) Ap;i(t) < 1, because the addition Uy gets redistributed
by avalanches, but some part disappears through topplings of boundary sites. One might
expect that, as an addition gets redistributed multiple times and many times some parts
disappear at the boundary, the entire addition eventually disappears, and similarly for
the energies &; (7). Indeed, we have the following results about the behavior of Ag; (1)
for fixed 0, and about the behavior of By, () for fixed m.

Lemma 5.4. For every 0, and fort > 6,

1. maxi<;j<n Agi(t) and maxi<;<y Bmi(t) are both non-increasing in t.
2. Forall 6, m and i, lim,_, o Ap;(t) = 0, and lim;_, 5o B,;; (1) = O.

Proof. We canassume thatt > 6. The proofs for Ag; (¢) and for B, (t) proceed along the
same line, so we will only discuss Ag; (t). We will show that for every j, Ag;(t +1) <
max; Ag;(t), by considering one fixed j. If the energy of site j did not change in an
avalanche at time ¢ + 1, then

Agj(t+1) = Agj(r) < max Ay, (7).
1

If site j became empty in the avalanche, then

Agj(t+1) =0 < max Ag; (?).
i

For the third possibility-the energy of site j changed to a nonzero value in an avalanche
at time ¢ + 1-we use (28), and estimate

Agjt+ )= D FijApi(t) <maxAgi(t) > Fi.
icT (t+1) ' ieT (t+1)

By Proposition 3.10 part (1) and (2), > 741y Fij < 1 —27PN/21 50 that in this third
case,

Agj(t+1) < (1 _ 2*f3N/21) max Ag; () < max Ag; (¢).
1 1

Thus, it follows that max; Ag; (#+1) can never be larger than max; Ay; (¢). This proves
part (1). It also follows that when between ¢ and 7 + ¢’ all sites have changed at least
once, we are sure that max; Ag; (f +1') < (1 — 2~ BN/21y max; Ag; (¢).

We next derive an upper bound for the time that one of the sites can remain unchanged.
Suppose at some finite time ¢ when 7 (¢) is regular (see Proposition 3.8), we try never to
change some sites again. If all sites are full, then this is impossible: the next avalanche
will change all sites. If there is an empty site x, then the next addition (if it is not at
site x) changes either the sites 1, ..., x, or the sites x, ..., N. In the first case, after
the avalanche we have a new empty site x’ < x. If we keep trying not to change the
sites x, ..., N, we have to keep making additions that move the empty site closer to the
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boundary (site 1). It will therefore reach the boundary in at most N — 1 time steps. Then
we have no choice but to change all sites: we can either add to the empty site and obtain
the full configuration, so that with the next addition all sites will change, or add to any
other site, which immediately changes all sites. This argument shows that the largest
possible number of time steps between changing all sites is N + 1. We therefore have
—rawa | LT
max Ag; () < (1 ) ) , (30)
]
so that
. : —[3N/2] Lt
lim max Ag; (1) < lim (1 -2 ) =0.
t—oo i t—00

With the above results, we can now prove uniqueness of the stationary distribution.

Proof of Theorem 5.1. By compactness, there is at least one stationary measure . To
prove the theorem, we will show that there is a coupling (77! (¢), 7> (1))§° with probability

law ]ﬁ)(nl’nz) for two realizations of the (N, [a, b]) model with a > %, such that for all
€ > 0, and for all starting configurations 7]1 and 772, for t — oo we have

Byt (mgx 17} = 730 > e) = 0(e™), 3D

with ay > 0.

From (31), it follows that the Wasserstein distance ([4], Chap. 11.8) between any
two measures (1 and up on Qpy vanishes exponentially fast as t — oo. If we choose
n! distributed according to s stationary, then it is clear that every other measure on Qy
converges exponentially fast to . In particular, it follows that w is unique.

As in the proof of Theorem 4.1, the two processes to be coupled have initial config-
urations n' and 52, with !, > € Q. The independent additions at each time step are
denoted by U,! and U?, the addition sites X, and X?2.

We define the coupling as follows:

@ =n'@) for all 7,
5200 — 772(1‘) fort <T,
() = Ayt x1 @@= 1)) fort > T,

where T = min{r > T’ : R(n' (1)) = R(1*(t))}, and T" the first time that both n'(r)
and nz(t) are regular. In Proposition 3.8 it was proven that 7/ < N(N — 1), uniformly
in 1. In words, this coupling is such that from the first time on where the reductions of
7' (1) and 7% (¢) are the same, we make additions to both copies in the same manner, i.e.,
we add the same amounts at the same location to both copies. Then, by Lemma 3.9, in
both copies the same avalanches will occur. We will then use Lemma 5.4 to show that,
from time 7 on, the difference between f]l (t) and ﬁz(t) vanishes exponentially fast.
First we show that @(nl (T > 1) is exponentially decreasing in 7. There are N + 1

possible reduced regular configurations. Once 7' (¢) is regular, the addition site X tl 1

uniquely determines the new reduced regular configuration R(n'(z + 1)). This new
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reduced configuration cannot be the same as R(n1 (t)). Thus, there are N equally likely
possibilities for R(n' (¢ + 1)), and likewise for R@M2(t +1)).

If R(n' (1)) # R(n?(1r)), then one of the possibilities for R(n'(t +1)) is the same as
R(n2(1)), so that there are N — 1 possible reduced configurations that can be reached
both from n'(r) and 5%(¢). The probability that R(n'(r + 1)) is one of these is Nt

N
and the probability that R(n>(r + 1)) is the same is % Therefore, T is geometrically
distributed, with parameter py = %

We now use Lemma 5.2 with t = T. For t > T, we have in this case that A}.Q 1) =
A?e () and B}m (t) = sz.m (1), because from time T on, in both processes the same

avalanches occur. Also, for t > T, we have chosen U'(r) = UZ(¢). Therefore, for
t>T,

N
0 = 0 = 3 B0 (#,() = %))

m=1
From (30) in the proof of Lemma 5.4 we know that

t—=T
LN+1J
)

1 —[3N/2
Bj”(t)<(l_2 [ /1)
so that

=T
LN+1J
9

N
> B, )i (T) <N (1 - 2—f3N/21)
m=1
so that for ¢t > T, we arrive at
—T—1
max |7}(1) — 73(0)] < 2N (1 - 2—f3N/27) VT
J k

We now split ]fD(nl’nZ)(man |ﬁ} (t) — f]? ()] > €) into two terms, by conditioning on
t < 2T and t > 2T respectively. Both terms decrease exponentially in #: the first term
because the probability of + < 2T is exponentially decreasing in ¢, and the second term
because for > 2T, max |ﬁ} ) — ﬁ?(l)l itself is exponentially decreasing in 7. O

A comparison of the two terms P( < 27') and max; |ﬁ; (t) — ﬁ?(t)l yields that for
N large, the second term dominates. We find that oy depends, for large N, on N as

1 .
oy = —% In(1 — 2~ B3N/21y 57| We see that as N increases, our bound on the speed of
convergence decreases exponentially fast to zero.

5.2. Emergence of quasi-units in the infinite volume limit. InProposition 3.3, we already
noticed a close similarity between the stationary distribution of Zhang’s model with
a > 1/2, and the abelian sandpile model. We found that the stationary distribution of
the reduced Zhang’s model, in which we label full sites as 1 and empty sites as 0, is
equal to that of the abelian sandpile model (Proposition 3.8).

In this section, we find that in the limit N — oo, the similarity is even stronger. We
find emergence of Zhang’s quasi-units in the following sense: as N — 00, all one-site
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marginals of the stationary distribution concentrate on a single, nonrandom value. We
believe that the same is true for a < 1/2 also (see Sect. 6.3 for a related result), but our
proof is not applicable in this case, since it heavily depends on Proposition 3.8. To state
and prove our result, we introduce the notation  y for the stationary distribution for the
model on N sites, with expectation and variance EV and Var®, respectively.

Theorem 5.5. In the (N, [a, b]) model with a > %, for the unique stationary measure
N we have

lim MUN = (SIE(U)v (32)
N—o00

where 8 ) denotes the Dirac measure concentrating on the (infinite-volume) constant
configuration n; = E(U) for all i € N, and where the limit is in the sense of weak
convergence of probability measures.

We will prove this theorem by showing that for n distributed according to uy, in the
limit N — oo, for every sequence 1 < jy < N,

1. limy—oo EVp;, = EU,

2. limy_ 00 VarN(an) =0.

The proof of the first item is not difficult. However, the proof of the second part is
complicated, and is split up into several lemmas.

Proof of Theorem 5.5, part (I). We choose as initial configuration n = 0, the configu-
ration with all N sites empty, so that according to Lemma 5.2, we can write

t
Ny () = D Agjy, (HUs. (33)

o=1
Denoting expectation for this process as IE(]]V , we find, using Remark 5.3, that
Eg'njy (1) = EU B¢ R(n(1) jy)-

First, we take the limit # — oco. By Theorem 5.1, ]E{)V njy () converges to EN njy - From

Proposition 3.8, it likewise follows that lim;_, E([]V R(n@);) = % Inserting these
and subsequently taking the limit N — oo proves the first part. O

For the proof of the second, more complicated part, we need a number of lemmas.
First, we rewrite Var" (i jn) in the following manner.

Lemma 5.6.

t
Var® (1) = Var(U) lim EY |:Z(A9jN (t))2:| +(EU)?

—_—.
ot (N+1)

Proof. We start from expression (33), and use that the corresponding variance Varf,v

converges to the stationary Var" as t — oo by Theorem 5.1. We rewrite, for fixed N
and jy = j,
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2 ! :
vary 01;1) = By [0, = [E 'm0 | = B (Z Agj (l)Ue)
6=1

¢ 2
- [Ef," ZAQJ-(:)UG}

0=1

t
=By | D (A6 (1)U + D Apj(t)Ug Ag (1) Uy
=1 06’

, 2
- |:Ef)v ZAGj(Z)U9:|

6=1

13
= E(U*Ey |:Z(A9j (r»?}

0=1

¢ 2
+ (BUYEY | D" Agj()Ag; (1) | — (BU)? [E{;’ZAQJ-@)}

046" o=1

= (B - @) EY [Z(Aejm)z}

=1

' 2 t 2
+ (EU)? Ef)v(zz‘\ej(t)) —(E(])Verj(f))

0=1 0=1

t
= Var(U) Ey' [Z(Aej (r))z} + (EU)*Varg (R(n(1),)),

0=1

where in the third equality we used the independence of the A-coefficients of the added
amounts Uy. We now insert j = jy, take the limit # — oo, and insert lim;_, « Var(l)v

(R((1)j)) = Var™ (R(;,)) = - O

Arriving at this point, in order to prove Theorem 5.5, it suffices to show that

13
. . N ) 2
Jim  lim g L@AQJN ) } =0. (34)

The next lemmas are needed to obtain an estimate for this expectation. We will adopt
the strategy of showing that the factors Ay; () are typically small, so that the energy of
a typical site consists of many tiny fractions of additions. To make this precise, we start
with considering one fixed # > N(N — 1), atime t > 0, and we fix € > 0.

Definition 5.7. We say that the event G,(a) occurs, if max Ag;(t) < a. We say that the
event Hy(€) occurs, if max; Ag;(t) > €, and if in addition there is a lattice interval of
size at most M = [%] + 1, containing Xg, such that for all sites j outside this interval,
Agj(t) < €. (We call the mentioned interval the 6-heavy interval.)
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Note that since we have > j Agj(t) < 1forevery 0, the number of sites where Ag; (t) >

€, cannot exceed f%'|. In Lemma 5.4, we proved that max ; Ag; (¢) is nonincreasing in ¢,
for t > 6. Therefore, also G;(«) is increasing in ¢. This is not true for H;(¢), because
after an avalanche, the sites where Ag;(f) > € might not form an appropriate interval
around Xg.

In view of what we want to prove, the events G;(¢) and H;(e¢) are good events,
because they imply that (if we think of N as being much larger than M) Ay;(1) < €
‘with large probability’. In the case that G,(¢) occurs, Ag;(t) < € for all i, and in the
case that H; (€) occurs, there can be sites that contain a large Ay, (¢), but these sites are in
the 6-heavy interval containing Xg. This latter random variable is uniformly distributed
on {1, ..., N}, so that there is a large probability that a particular j does not happen to
be among them. If we only know that G,(«) occurs for some o > ¢, then we cannot
draw such a conclusion. However, we will see that this is rarely the case.

Lemma 5.8. For every N, for every 0 > N(N — 1), for every € > 0, for every K and j,

1. there exists a constant ¢ = c(€), such that for0 <t <6+ K,
cK
Py (Ag;(1) > €) = —

2. forevery N large enough, there exist constants w = w(e)and0) <y = y(N,¢€) < 1,
such that fort > 0,

Py (Agj () > €) < (1 — y)'073v,

In the proof of Lemma 5.8, we need the following technical lemma.
Lemma 5.9. Consider a collection of real numbers y; > 0, indexed by N, with ) ; y; <'1

and such that for some x € N, max; -+ y; < a. Then, for j > x + fé}, we have

Jj—x+2

1
D Vi = f@ —( zru)“

i=1

Proof. We write

j—x+2 | rh j—x+2

Z 5 Yi—i+2 = Z 1ly] i+2t+ Z lly] i+2
2 2 2

i=1 i=[11+1

ffﬂ 1 J—x+2
=D 5Vt ST Z Viisa- (35)
i=l i=[11+1
Note that index x is in the second sum. Fori =1, ..., {é} , write

Yj—iv2 =@ — %,



Probabilistic Approach to Zhang’s Sandpile Model 379

with 0 < z; < «. Then, since a(él > land >; y; <1, we have Zf_“z

—rLy41 Yj—i+2 =

1
Zi(il Zi, so that

1 1 1 1
SiYi-ie2 ¥ m Z Yj—i+2 = Zi(a —zi)+ m ' Zi

j—Xx+2
J—x 1

1 1
Z EJ’j—HZ = 7%= (1 - F) o 0O

1
i=1 i=1 «

Proof of Lemma 5.8, part (1). We first discuss the case t = 6. We show that Hy(¢)
occurs, for arbitrary €.

Att = 0, the addition is made at Xy. From Proposition 3.10, part (3), it follows, for
every €, thatif after an avalanche there are sites j with Ag;(6) > € (we will call such sites
‘6-heavy’ sites), then these sites form a set of adjacent sites including Xy, except for a
possible empty site among them. Since we have z;\’:l Ag;j(0) < 1, there can be at most
(é} 0-heavy sites. If the addition was made to an empty site, then Agx,(0) = 1. Thus,

the 6-heavy interval has length at most 1 + (%1, and we conclude that Hy(¢) occurs. To
estimate the probability that Ay;(6) > €, or in other words, the probability that a given
site j is in the f-heavy interval, we use that Xy is uniformly distributed on {1, ..., N}.
Site j can be in the 6-heavy interval if the distance between Xy and j is at most 1 + fé] ,

1

so that PY (Ag; (0) > €) < 201l = @@

We next discuss 6 < ¢t < 6 + K. We introduce the following constants. We choose
a number w such that f* (1) < ¢, with f as in Lemma 5.9, and where f* denotes f
composed with itself w times. Note that this is possible because limg_ o0 f k(y = o.
We choose a combination of €y and d such that €, < €, with €, defined as & +
s (f¥(1) — &). Finally, we define My = (%1 +1+k(1+d).

For fixed 6 and a time ¢ > 6, we define three types of avalanches at time ¢: ‘good’,
‘neutral’ and ‘bad’.

Definition 5.10. For a fixed 0, the avalanche at time t is

e a good avalanche if the following conditions are satisfied:
1. X; and Xg are on the same side of the empty site (if present) at t — 1,
2. Xy is at distance at least My, from the boundary,
3. X, isatdistance at least w from the boundary, and from the empty site (if present)
att — 1,
4. X; is at distance at least M, + (é'| from Xy,
5. Xy is at distance at least My, from the empty site (if present) at t — 1,
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e a neutral avalanche if condition (5) is satisfied, but (1) is not,
e a bad avalanche in all other cases.

Having defined the three kinds of avalanches, we now claim the following:

e If H;_(€) occurs, then after a neutral avalanche, H; (¢) occurs.
If H,;_1(e) occurs, then after a good avalanche, G, (€) occurs.

The first claim (about the neutral avalanche) holds because if condition (5) is satis-
fied, but (1) is not, then not only is Xy not in the range of the avalanche, but the distance
of Xp to the empty site is large enough to guarantee that the entire 6-heavy interval is
not in the range. Thus, the 6-heavy interval does not topple in the avalanche. It then
automatically follows that H;(e) occurs.

To show the second claim (about the good avalanche), more work is required. We
break the avalanche up into waves. Using a similar notation as in the proof of Proposi-
tion 3.10, we will denote by Api j (k) the fraction of Uy at site j after wave k. We also
define another event: we say that Hk (Mk, ay, €) occurs, if max ; Ae (k) < ay, and all
sites where Ag; j(k) > € are in an interval of length at most M, containing Xg (we will
call this the (k, 0)-heavy interval), with the exception of site X; when it is unstable, in
which case we require that Ag x, (k) < 2¢.

We define a ‘good’ wave, as a wave in which all 31tes of the (k, 6)-heavy interval top-
ple, and the starting site X, is at a distance of at least - an from the (k, 6)-heavy interval. It
might become clear now that Definition 5.10 has been designed precisely so that a good
avalanche is an avalanche that starts with at least w good waves. We will now show by
induction in the number of waves that after an avalanche that starts with w good waves,
G (€) occurs.

For k = 0, we choose @y = 1, so that atk = 0, HO(M(), o, €0) occurs. We will
choose ar+; = f(ak) and €x41 = € + 2d+1 (ax — €), so that once H (Mw,aw, €w)
occurred, we are sure that after the avalanche G, (¢) occurs, because both a,, and €,, are
smaller than €. Now all we need to show is that, if Hk(Mk, &y, €;) occurs, then after a
good wave Hk+1 (Mk+1 Qf+l, €k+1) OCCUTS.

From (6), we see that, for all j > X, that topple (and do not become empty),

1. 1. 1.
Agjk+1) = Ae jerk) + — Ae,(k)+ Ae, 1K) + -+ + = Ao x, (k), (36)

2] X+2

and similarly for j < X;. For j = X;, we have
- 1 - - 1.
Agjlk+1) = (EAH,jH(k) + ZAj,H(k)) Lm0t (EAG,jl(k)

1~
+ZAj’9(k)) lﬁe.,;l(k)#()' (37)

First we use that in a good wave, all sites in the 6-heavy interval topple, and X; is
not in this interval. We denote by m the leftmost site of the 6-heavy interval, so that
the rightmost site is m + M (k). Suppose, without loss of generality, that X, < m. We
substitute A~9.,~ (k) < ag forall j inthe 6-heavy interval, A x,6(k) < 2€,and A~9 j (k) < €
otherwise into (36), to derive for all j that topple:

j<m—1,j#x, Agj(k +1) < &,
J=m—1, . m+ k), Ak +1) < (38)
J=ma+ M) +d, Apjk+1) <&+ @ —@). d' =12,
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Additionally, by (37), we have A@Y x, (k + 1) < 2€;. The factor 2 is only there as long as
site X is unstable. From (38) we have that a1 < &y, but moreover, in a good wave,
the variables A@ j (k) satisfy the conditions of Lemma 5.9, so that in fact a1 < f(a).
If we insert our choice of d for d’, then we can see from (38) that indeed after the good
wave Hie1 (Mys1, Gks1, €k41) OCCUTS.

Now we are ready to evaluate P(I;](Agj(t) >¢e),fort e {0+1,...,0 +K}. Asis
clear by now, there are three possibilities: G, (e) occurs, so that max; Ag; () < €, or
H;(€) occurs, in which case Agj (¢) can be larger than € if j is in the 6-heavy interval. We
derived in the case r = 6 that the probability for this is bounded above by %2. Finally, it is
possible that neither occurs, in which case we do not have an estimate for the probability
that Ag; () > €. But for this last case, we must have had at least one bad avalanche
between 6 + 1 and . We will now show that the probability of this event is bounded
above by %, where ¢1 depends only on €.

As stated in Definition 5.10, a bad avalanche can occur at time ¢ if at least one of the
conditions (2) through (5) is not satisfied. Thus, we can bound the total probability of
a bad avalanche at time ¢, by summing the probabilities that the various conditions are
not satisfied. We discuss the conditions one by one.

e The probability that condition (2) is not satisfied, is bounded above by 2% , since

Xp is distributed uniformly on {1, ..., N}.

e The probability that condition (3) is not satisfied, is bounded above by %”, since X/
is distributed uniformly on {1, ..., N}, and independent of the position of the empty
site at t — 1, if present.

b}

7,471
e The probability that condition (4) is not satisfied, is bounded above by w
since X; and Xy are independent.

e The probability that condition (5) is not satisfied is bounded above by ?\%"i , since

the position of the empty site at r — 1 is almost uniform on {1, ..., N}. (Recall the
notion of almost uniformity, mentioned after Proposition 3.8.)

Thus, the total probability of a bad avalanche at time ¢ is bounded by 2%"’ + “Ww +

2(My+1 L Y .
W + % = Cﬁ‘, so that the probability of at least one bad avalanche between

6 + 1 and ¢ is bounded by % We conclude that forr € {0 +1,...,0 + K}, P{)V(Agj
(1) > €) < Kt < <K forsomec > 0. O

Proof of Lemma 5.8, part (2). From Lemma 5.9, it follows that if G;(«) occurs, and
after s time steps all #-heavy sites have toppled at least once, in avalanches that all start
at least a distance {é} from all current 6-heavy sites, then G (f («v)) occurs; we will
exploit this fact.

Suppose that G,(«) occurs and that in addition, at time ¢ the empty set is almost
uniform. We claim that this implies that G4 (f (o)) occurs with a probability that is
bounded below, uniformly in NV and €. To see this, observe that if there is no empty site,
then all N sites topple in one time step. If there is an empty site, this (meaning all sites
topple) also happens in two steps if in the first step, we add to one side of the empty
site, and in the second step to the other side. Denote by e; the position of the empty
site before the first addition (at X;,1), and e> before the second addition (at X;.p). If
Xi+1 < eq, then ey < ey. Therefore, all sites topple if X;+; < e; and X;» > e;. With
the distribution of ej uniformon {1, ..., N}, the probability that this happens is bounded
below by some constant y’ independent of N and €. However we have the extra demand
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that both additions should start at least a distance [$'| < [%1 from all current 6-heavy
sites, of which there are at most f%'|. Thus, both additions should avoid at most [é'|2
sites. The probability that this happens is therefore less than some ¥’ > 0, but it is easy
to see that the difference decreases with N. We can then conclude that there is an N’
large enough so that the probability that this happens is at least y > 0 forall N > N’,
with 0 < y < 1 independent of N and €.

In view of this, the probability that Gy, (f (1)) occurs, for N large enough, is at least
y. We wish to iterate this argument w times. However, the lower bound y is only valid
when the empty site is almost uniform on {1, ..., N}. We do not have this for n(6 +2)
since we have information about what happened in the time interval (6, 6 +2). However,
after one more addition at an unknown position, the empty site in (6 +3) is again almost
uniform on {1, ..., N}. Since f* (1) < e, iterating this argument gives

Py’ (max Agj (1) > €) < (1 —y)' "7, O
J

Proof of Theorem 5.5, part (2). By Lemma 34, it suffices to prove (34). We estimate,
using that D, Agj, (1) < 1,

t t
Ey [Z(Aem (r))z] <Ey [gggl Apjy (1) D Agjy (t)} <Ey [fg?ér Agjy (r)]

=1 - =1
<Ey [

We then for the first two terms estimate, using that maxy Agj, (t) < 1,

max  Ag;y (1)|+EY max Agiy (O |+ EY max  Agjy ()] .
1—K <6< 9“’():| 0 |:N(N+1)<9<tl< GJN()] 0 |:1§0§N(N+1) 9”’():|

E(])V[mgax Apjy (D] < € +IP>{,V(m0ax Agjy (1) > €) < e+ D P (Agjy (1) > €).
0

We finally use Lemma 5.8, and choose K = K increasing with N.For 6 € [t,t — Ky],
2
we straightforwardly obtain > 5_, x Pg (Agjy (1) > €) = O (%), uniformly in ¢,
as N — oo. For§ <t — Ky we calculate
> R (A =€) = > (A=) =01 - p)FY). N - o,

O<t—Ky t—0>Ky

so that

t K2
By | D (Agjy(0)* | <26+ 0| —F |+ 0((1 =)
6=1

+IE{)V|: max Ang(t)i|, N — oo.
1<6<N(N+1)

In the limit # — oo, by Lemma 5.4, part (2), the last term vanishes. We now choose
Ky = N1/3, to obtain

t
. im B | S (Agjy ()2
hAI/n—f:optl_l)nolO]Eo |:9—1(A91N(t)) j| =
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Since € > 0 is arbitrary, we finally conclude that

t
lim lirgoE(]]V |:Z(A9jN(z))2:| =0. O

N—ool—
6=1

6. The (N, [0,1])-Model

6.1. Uniqueness of the stationary distribution.

Theorem 6.1. The (N, [0, 1]) model has a unique stationary distribution vy. For every
initial distribution v on Qy, P, converges in total variation to vy.

Proof. We prove this theorem again by constructing a successful coupling. For clarity,
we first treat the case N = 2, and then generalize to N > 2. The coupling is best
described in words.

Using the same notation as in previous couplings, we call two independent copies
of the process n'(r) and n(t), and call the coupled processes 7'(t) and 7%(¢). Ini-
tially, we choose 7' (r) = n'(r), and 7%(r) = n>(z). It is easy, but tedious, to show that
ni(t) = n3(t) = 0, while R(n}(#)) = R(n3(1)) = 1, occurs infinitely often.

At the first such time 7 that thisA occurs, we choose the next addition as follows. Call
A(t) = ny(t) —m3(1). We choose X7, = X1, and U7 | = (U7, + A(T1))mod 1.

Observe that the distribution of U. %1 +1 is uniform on [0, 1].

This addition is such that with positive probability the full sites are chosen for the
addition, and the difference A(77) is canceled. More precisely, this occurs if X lTl =2
which has probability 1/2, and (Uz,,, + A(T1))mod 1 = Uy, + A(T1), which has
probability at least 1/2, since né(Tl) and n%(Tl) are both full, therefore A(T7) < 1/2.
If this occurs, then we achieve success, i.e., 71 (T1 + 1) = #2(T} + 1), and from that time
on we can let the two coupled processes evolve together.

If 31 (T + 1) # H%(T} + 1), then we evolve the two coupled processes independently,
and repeat the above procedure at the next instant that ﬁ}(t) = ﬁ%(t) = 0. Since at
every such instant, the probability of success is positive, we only need a finite number
of attempts. Therefore, the above constructed coupling is successful, and this proves the
claim for N = 2.

We now describe the coupling in the case N > 2. We will again evolve two processes
independently, until a time where n} ) = nf(t) = 0, while all other sites are full. At
this time we will attempt to cancel the differences on the other N — 1 sites one by one.
We define A () = 7 ; (t) — n?(r), and as before we would be successful if we could
cancel all these differences. However, now that N > 2, we do not want an avalanche to
occur during this equalizing procedure, because we need 17} ) = n%(t) = 0 during the
entire procedure. Therefore, we specify 77 further: T is the first time where not only
n{(t) = n%(t) = 0 and all other sites are full, but also n}(t) <1—e€and n?(t) <1—¢,

forall j =2,..., N, withe = 2,\,% At such a time, a positive amount can be added
to each site without starting an avalanche. We will first show that this occurs infinitely
often, which also settles the case N = 2.
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By Proposition 3.3, after a finite time nl(t) and nz(t) contain at most one non-full
site. It now suffices to show that for any £(¢) € Qy with at most one non-full site, with
positive probability the event that §;(r +4) = 0, while §;(z +4) < 1 — Z,V% for every
2 < j < N, occurs.

One explicit possibility is as follows. The first addition should cause an avalanche.
This will ensure that £ (¢ + 1) contains one empty site. This occurs if the addition site is a
full site, and the addition is at least 1/2. The probability of this is at least é 1- 1{,) The
second addition should change the empty site into full. For this to occur, the addmon
should be at least 1/2, and the empty site should be chosen. This has probability 55 N
The third addition should be at least 1/2 to site 1, so that an avalanche is started that will
result in £y (7 + 3) = 0. This has again probability 2}\, Finally, the last addition should

be an amount in [2 4] to site N — 1. Then by (6), every site but site N will topple once,
and after this avalanche, site 1 will be empty, while every other site contains at most
1 - 2N+1 This last addition has probability . v

Now we show that at time 7 defined as above, there is a positive probability of
success. To choose all full sites one by one, we require, first, forall j = 2,..., N
that XJ. T1+j—1 = J- This has probability (#)V~1. Second, we need Uz, jo1 T A(T)

modl = U} sjo1 Tt Aj(Ty) for all j = 2,..., N. This event is independent of the

previous event and has probability at least (%)N ~1If this second condition is met, then
third, we need to avoid avalanches, so forall j =2,..., N, r;] (Mi+j—D+ UT] sjo1 =

n; h+j—-1)+ UTl sjo1 < 1. It is not hard to see that this has positive conditional
probability, given the previous events. We conclude that the probability of success at
time 77 + N — 1 is positive, so that we only need a finite number of such attempts.
Therefore, the coupling is successful, and we are done. O

6.2. Simulations. We performed Monte Carlo simulations of the (N, [0, 1])-model, for
various values of N. Figure 3 shows histograms of the energies that a site assumes
during all the iterations. We started from the empty configuration, but omitted the first
10% of the observations to avoid recording transient behavior. Further increasing this
percentage, or the number of iterations, had no visible influence on the results.

The presented results show that, as the number of sites of the model increases, the
energy becomes more and more concentrated around a value close to 0.7. In the next
section, we present an argument for this value to be /1/2. We further observe that it
seems to make a difference where the site is located: at the boundary the variance seems
to be larger than in the middle.

6.3. The expected stationary energy per siteas N — oo. From the simulations it appears
that for large values of N, the energy per site concentrates at a value close to 0.7, for every
site. Below we argue, under some assumptions that are consistent with our simulations,
that this value should be /1/2.

First, we assume that every site has the same expected stationary energy. More-
over, we assume that pairs of sites are asymptotically independent, i.e., ny becomes
independent of 7y as |[x — y| — oo. (If the stationary measure is indeed such that
the energy of every site is a.s. equal to a constant, then this second assumption is
clearly true.) With E,, denoting expectation with respect to the stationary distribu-
tion vy, we say that (vy)y is asymptotically independent if for any 1 < xy, ynv <
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Fig. 3. Simulation results for the (N, [0, 1])-model. The histograms represent observed energies during
100,000 (a,b) and 200,000 iterations (c-f). The system size was 3 sites (a,b), 30 sites (c,d) and 100 sites
(e,f). (a),(c) and (e) are boundary sites, (b), (d) and (f) are central sites

N with |[xy — yny| — o0, and for any A, B subsets of R with positive Lebesgue
measure, we have

Jim (Eyy (L, enlinyy € 4) = Eoy (L, c5) = 0. (39)
Theorem 6.2. Suppose that in the (N, [0, 1]) model, for any sequence jy € {1, ..., N},
lim E,y(mjy) = p, (40)

N—o00

for some constant p. Suppose in addition that (vy)y is asymptotically independent.

Then we have p = \/g
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Proof. The proof is based on a conservation argument. If we pick a configuration accord-
ing to vy and we make an addition U, we denote the random amount that leaves the
system by E,,; y. By stationarity, the expectation of U must be the same as the expec-
tation of Equr n.

The amount of energy that leaves the system in case of an avalanche, depends on
whether or not one of the sites is empty (or behaves as empty). Remember (Proposi-
tion 3.3) that when we pick a configuration according to the stationary distribution, then
there can be at most one empty or anomalous site. If there is one empty site, then the
avalanche reaches one boundary. If there are only full sites, then the avalanche reaches
both boundaries, and in case of one anomalous site, both can happen.

However, configurations with no empty site have vanishing probability as N — oo:
we claim that the stationary probability for a configuration to have no empty site, is
bounded above by py, with limy . py = 0. To see this, we divide the support of the
stationary distribution into two sets: £, the set of configurations with one empty site,
and N, the set of configurations with no empty site. The only way to reach N from
£, is to make an addition precisely at the empty site. As X is uniformly distributed
on {1, ..., N}, this has probability %, irrespective of the details of the configuration.
The only way to reach £ from N, is to cause an avalanche; this certainly happens if an
addition of at least 1/2 is made to a full site. Again, since X is uniformly distributed
on {1, ..., N}, and since there is at most one non-full site, this has probability at least
1 N=1

%ow let X be the (random) addition site at a given time, and denote by A, the event
that X = x and that this addition causes the start of an avalanche. Since E,,; y = 0
when no avalanche is started, we can write

N
EUN (Eout,N) = Z]EUN (E()ul‘,N|AX)]P>UN (Ax)~ (41)

x=1

We calculate P, (A,) as follows, writing U for the value of the addition:

1 1
IP)v;\/ (Ax) = NIPUN(TYX +U>1)= N]PUN U =1-=ny

1 1
N / Py (U = 1= no)duy () = / nxdoy ()

1
= 5 oy (). (42)

Let Ly = [log N1. Even if the avalanche reaches both boundary sites, the amount of
energy that leaves the system can never exceed 2, which implies that

N N—-2Ly
D Buy (Eourn1A) = D Eyy(Eourn|Ax)| < 8Ly. (43)
x=1 x=2Ly

It follows from (41), (42) and (43) that

N—2Ly

]EUN (Eout,N) = N Z EUN (Eout,N|Ax)]EUN (nx) + O(LN/N) (44)
x:2LN
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If the avalanche, started at site x, reaches the boundary at site 1, then the amount
of energy that leaves the system is given by %m + 41;772 + (%)" (nx + U). For all
x € {2Ly, ..., N — 2Ly}, this can be written as

1 1 1\ Ev 1\ Lv+l 1\*
5771+Z712+"'+(§) 77LN+(§) 77LN+1+"'+(§) (nx +U),

where for the last part of this expression, we have the bound

1 Ly+1 1 X 1 Ly
(5) 77LN+1+"‘+(§) (ﬁx+U)§(§) .

Since the occurrence of A, depends only on 7, (and on X and U), for 2Ly < x <
N — 2Ly, by asymptotic independence there is an oy, with limy_, oo ¢y = 0, such that
forall 1 <i < Lyand2Ly <x <N — 2Ly, we have

[Evy milAx) —Eoupy ()] < an,
so that

E l lLN A )—FE 1 lLN
UN 2771++(2) 77LN| X UN 2’71++(2) NLy

< 1+1+

which is bounded above by oy . By symmetry, we have a similar result in the case that
the other boundary is reached. In case both boundaries are reached, we simply use that
the amount of energy that leaves the system is bounded above by 2.

In view of this, we continue the bound in (44) as follows:

N—-2Ly Ly Ly
1 1 1 1 1
EUN(E()M,N) = Nx% ]EUN 5771+Z”2+"’+ 5 nLN|Ax +0 5
=2LN

Euy(x) ++O0(Ln/N)

1 NG 11 1\
= N z EUN (57’]1 + an +---+ (5) ULN)EUN(TIX) +

)C:Q,LN

o(E Y4 of () . 0 0
+ (W)‘F (E) + O(ay)+ O(pn),

as N — oo. Letting N — oo and inserting (40) now gives
lim Eoy (Eour,n) = p7.
N—oo

As the expectation of U is %, we conclude that p = % O
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