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ERGODICITY OF AVALANCHE TRANSFORMATIONS
MANFRED DENKER AND ANA RODRIGUES

ABSTRACT. In this paper we study dynamical systems of product type and some
particular inducing scheme motivated by neural dynamics (called avalanche trans-
formation). We derive the distribution of avalanche sizes and give sufficient con-
ditions such that the avalanche transformation is ergodic. Moreover, we deduce a
multivariate central limit theorem as a corollary.
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1. INTRODUCTION

There are two basic methods in ergodic theory which have an application to neural
dynamics. One of them is the one studied in this paper, the method of inducing
on sets, which leads to avalanche transformations. The other method is a jump
transformation which leads to a synchronization map.

The original motivation for this work comes from the study of avalanches in neural
dynamics as studied by A. Levina (in [6]) and others (see the references there). Let us
first recall this motivation following this reference. There are two types of cells in the
central nervous system, one of them is called neuron, which communicate by sending
and receiving electrical impulses. The cell membrane has built into it channels and
ion pumps, letting potassium ions rushing out, and sodium ions flushing in. This
process of exchange of potassium and sodium ions (once initiated) stops after a few
milliseconds when repolarisation is achieved. The process needs an external activation
for getting started.

The integrate and fire model to describe this phenomenon goes back to Lapicque
in 1907 ([5]). It describes the time series of the potential of the cell membrane. It
can be written as an ordinary differential equation of the form

%it) = q (‘/;"es - V(t>) + ](t)’

where (), is called the capacitance of the cell membrane, V' (¢) is the voltage (poten-
tial) at time ¢, Vs is the residual potential, g; is the leak conductivity of the cell
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membrane and /(t) is the current at time ¢. This time evolution of the potential of a
neuron is interrupted if the potential reaches a certain threshold value (this is when
the process of exchange of potassium and sodium ions starts). At this point it gives
a fixed electrical impulse to each of its neighboring neurons. Thus other neurons’
potential may reach the threshold, thus initiating an avalanche of firing neurons.

The model of Eurich, Herrmann and Enst ([4]) is a time discrete version of this
equation and is formulated as a discrete time dynamical system by Levina ([6]).
The increase of potential is modeled by the maps (z1,...,xyx) — (T1,...,x;_1,7; +
0, Tit1,...,xy) for some random choice of the index i and by the map (z1,...,xy) —
(1 + a,...,xy + «a) for the avalanche action; all maps are considered modulo the
treshold value and N denotes the number of neurons in the system. It is known from
[6] that Lebegue measure on a unique invariant set C [0, 1]V is invariant, but it is
unknown whether it is ergodic in case that « and ¢ are rationally independent.

Here we consider only one map, but the same avalanche algorithm as in the Eurich,
Herrmann, Ernst model. Thus the present work is not meant to explain the features
of Levina’s model, it is mainly a toy model to study basic properties of the avalanche
algorithm in connection with one transformation. Instead of using rotations as in [6]
we are able to work with general measure preserving transformations, invertible or
not and not necessarily the same for each neuron. We derive a general combinatorial
formula for the distribution of the avalanche dynamics which is based on Cayley’s
theorem on the number of labeled trees with N vertices. This result is different to
the one in [4] but has some connection via expectations; a note on this expectation
is added at the end which was contributed by Wenbo Li shortly before his sudden
death. For our dynamics, when the maps are invertible, we can characterize ergod-
icity completely in Theorem 4.3 by the eigenvalues of the transformations. It shows
that the ergodicity question of Levina is of different nature, since it implies that for
the Levina model in the case of & = d we cannot have ergodicity unless N = 1. This
result is as well general, while our last result on the central limit theorem (as a basic
result for data analysis) requires a sort of mixing in the sense that each transfor-
mation modeling the increase of the potential of a neuron satisfies the central limit
theorem. This is often satisfied if each of these transformations has some mixing (or
the processes generated by them).

The paper is organized as follows. In Section 2 we study a combinatorial question
which arose in connection with the avalanche distribution of our avalanche model, i.e.
the distribution of the number A of firing neurons in an avalanche, which is related
but not the same as the one used in [4] and in [6] as explained above. In particular,
this investigation led us to a simple and elementary proof of Cayley’s formula on the
number of trees with n vertices?.

In Section 3 we determine the avalanche distribution of A. We derive an explicit
formula similar (but different) to the result in [4]. This leads to a different proof of
the expectation of the distribution in [4], a result which originally was proved in [6].
This distribution was coined Abelian distribution and will appear as a note in [7].

2 Acknowledgment: We would like to thank Ira Gessel and Wlodek Bryc for some helpful remarks
concerning Section 2. This may be of independent interest in view of the many proofs which appeared
for this theorem (see [8], [9]).
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In Section 4 we show that the avalanche dynamics is ergodic when the transfor-
mations S; modeling the neurons’ potentials have different eigenvalues except A = 1.
In fact this is shown by representing the avalanche transformation S4, restricted
to its wandering set, as an induced transformation under the product dynamics
S =51 x ... x Sy. Finally, we derive a central limit theorem for S, as a corol-
lary from this representation.

2. CAYLEY’S THEOREM

In this section we prove an auxiliary result that will serve as a tool for the inves-
tigation of the avalanche transformation. In particular, it will be used when finding
the avalanche size distribution.

In 1889, Cayley (]2]) showed that the number of labeled trees with n distinguishable
vertices is n" 2. We begin giving an apparently new proof of this result. The article
of Moon ([8]) lists ten different proofs. Renyi ([9]) gave another proof of this fact.
As noticed in the beginning of the proof by Clarke ([3]), all trees labeled with n + 1
points can be represented as rooted trees where an arbitrary chosen vertex is fixed
as the root. Counting these trees by dividing the remaining n vertices into r subsets
Vi,...,V, of sizes kq,....k, and letting V; denote the vertices at distance [ from the root
(in the path lengths metric), one has klki , choices to connect to the set V;_;. Given
the Cayley result we thus have a proof of the following Theorem 2.1. Conversely, we
shall prove Theorem 2.1 by simple induction, which leads to a new proof of Cayley’s
Theorem as an obvious corollary. Let N denote the set of natural numbers 1,2, ....
Define

Mr(n) = {(k?l, ceey ]CT) c N": 1{31 + ]{32 + ...+ ]{ZT = TL}
Theorem 2.1. For each n € N,
n! ke ke _ n—1
Z Z - Tk = (1)
r=1 (kly 7k'r)€M7‘

Proof. The binomial formula reads as
n—k n—k
nnfk:fl — <n —k+ k)nfkfl — Z ( ) k] 1( . k)nfk*jfli
=N
Now we proceed by induction to show that for s > 1 we have

(n+1 Z Z o k'kkzkm kfl

r=1 (k17 7k; )EM )

n—1 ]
+ Y i kokE2 R (0 — m 4 )"

= | | I
m=s (ki,...,ks)EMs(m) klks(n — m)
U

Having established the basic formula we immediately derive the following corollary.
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Corollary 2.2. Letn > 1. Then

i n! — — n—
j{: j{: ZZTE;ETZTkal Lokt = (n+1)" L,

r=1 (kla---va')eM'r(n)

Proof. As mentioned before the previous theorem every tree with n+1 labeled vertices
{vo, ..., v, } can be represented as a rooted tree with (say) root vy. Consider a partition
of {vy,...,v,} into subsets Ej,...,E, of cardinalities ki,....k.. The number of labeled
trees with vertices from Fj is k:lkl*z according to Cayley’s formula. There are k; choices
for a root in E;. For each choice of a root in E; and each tree in E;, [ = 1,....r, we
can construct a unique tree of all vertices by connecting the roots in E; with vy.
This has [],_, klkl*l choices. Summing over Ei,...,E,, then over kq,..., k. > 1 with
k1 + ...k, = n, and finally over r = 1, ..., n shows the corollary. 0

3. THE AVALANCHE SIZE

In this section we study avalanches in more detail. Let N € N. Assume that for
eachi=1,... N S, : X; = X, are continuous transformations on the metric space
X; with metrics d;. Let U; be open sets such that the family {S;/(U;) : 0 <1< M}
consists of pairwise disjoint sets, where M > N is some fixed integer. We define
the avalanche size in this section and determine its distribution under the product
measure on X = X; x ... x Xy when the transformations S; are invariant for the
probability measures m; on the Borel sets of Xj.

There are some basic examples, the reader may have in mind. The first illustrates
Levina’s model, the second one the ergodic case and the third one the "mixing case”.
All examples are invertible transformations, but the results of this section also hold
for non-invertible maps.

Example 3.1.  (a) Take X; = [0,1) and S;(x) = = + 6. This is a special case
of Levina’s model when a = §. Take U; = (1 —4,1) for each ¢ = 1,..., N
and N = M, and assume that No < 1. Later we also will consider invariant
measures, here Lebesgue measure.

(b) Let X; = [0,1) and S;(xz) = x + 0; where the §; are rationally independent.
Here we take M = N, U; = (1 — §;,1) and assume that N§; < 1 for each
1 = 1,..., N. For later purpose, also Lebesgue measure is invariant for each
transformation .5;.

(c) Let X; = {1,...,n;}Z and S; the shift transformation with 2 < n; € N. We
can take M = N and a cylinder U; = [ay, ..., ar] C X; with aq, ...,ay # ay and
L > N. The invariant measure to use later will be a Bernoulli measure on

each X;.
The avalanche size is defined as follows: For = = (z1,29,...,xy) € X define
A(z,0) =0and if £ > 1 let
(3.1) Az, k) =[{1<i<N:31<1<k: SYx;) € U}

Then we set

(3.2) Ax) = max{A(z, k) : Vj <k, A(x,j5)>j}.
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Note that the sequence A(z, k) is increasing. We also let

(3.3) k(x) =max{k: Vj <k, A(z,j)>j}.
The avalanche transformation is then defined by
(3.4) Sa(z) = SA@H ().

Lemma 3.2. Forallz € X and 1 <1 < N we have that

(2

Proof. Let A(x) = 0, say A(x) = A(yc k) for some k > 0. Since k < A(x, k) = 0 we
have that k£ = 0. Therefore A(x,1) < 1 by definition and so A(z,1) = 0, which means
that no 7 € {1,..., N} satisfies S1(x;) € U;. But Sa(z) = S(z) proving the lemma in
the case A(z) = 0

Now let 1 < A(z) = A(z,k) > k. Then A(x,k + 1) < k+ 1 and since the sequence
A(x,1) is increasing, A(x,k) = A(z,k+ 1) = k and there is no coordinate ¢ such that

SF(2;) € U;. This means that for all 4, Sf(x)ﬂ(xi) ZU,. O
Lemma 3.3. Let A(x, k), A(x) and k(z) be as in (3.1), (3.2) and (3.3), respectively.
Then

(a) A(x) is finite for all z € X.

(b) k(x) +1=min{k : A(z,k) < k}.

(c) A(x) = A(z, k(x)) = k().

(d) A(z) + 1 =min{A(z, k) : A(z, k) < k}.

Proof. (a) Since the iterates S; ' (U;) of U; are pairwise disjoint for [ = 0, ..., N < n;
the i-th coordinate can fall only at most once into U; for iterations up to time
N. Therefore A is bounded by N. N

(b) Let k(x) = min{k : A(z,k) < k}. Then A(z,j) > j for j < k(z), so
k(x)+1=k(z).

(¢) A(z,j) > j for all j < k(x) implies that A(x) > A(x, k(x)) > k(z). Moreover,
A(z,k(xz)+1) < k(z)+ 1 implies that A(x) < k(z)+ 1 and hence A(z) = k(z)
Finally k(z) < A(z, k(z)) < A(z, k(x)+1) < k(x)+1 shows that A(x, k(x)) =

(d) Similar to (b).

0]

Suppose we have a partition of {1,2,..., N} into r + 1 sets of sizes ki, ..., k.11, SO
ki + ko + ... + k.1 = N. We denote the sets of the partition by Iy,...,I,,1. Such
a partition corresponds to an avalanche of size a = ki + ko + ... + k,: letting the
coordinates (states) in 7 be excited in the beginning, then the coordinates in I, until
we let the coordinates in . be excited; finally we denote by I,,.; the coordinates
which are never excited.

We describe the set where this happens formally. Let

By =], S % leX“

such that for = € E; the coordinates S;(z;) of S(z) with i € I; belong to the sets Uj;,
and are excited states.
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In the second step we have excited states in Iy if 2 belongs to

Ey, = HUSZ_I_Z(UZ) X HXI

icls =1 i€l

In general we set k_1 =0, kg = 1 and define sets

ki1
B =]l st < [ X
el j=1 12D

which describes the points for which the coordinates are excited in the I-th step but
not before (I =1,...,7).
Finally we write

X HX“

ig[r-!—l

where a = k; + ... + k, is the total number of exited states. The set F,.; describes
those coordinates which are not excited during the avalanche.

E=]] [XA@S;%U»

1€l

Lemma 3.4. Let E=FE1NEy;N...NE,.q, then
Alz)=a  forze L.
Proof. By definition, for z € F and [ = 1, ...,r, we have
LULU..UL={1<i<N:3<j<ko+k +..+k_sth S (z;)eU}.

Therefore A(z, ko + ... + ki1 — 1) > ki + ... + k1. Moreover, for [ = 1,....,r — 1,
Az, ko+...4+k;_1) > k1+...4+k; because k; > 1. Since kg = 1 we have that A(z,j) > j
for j=0,1,2,.... ko + k1 + ... + k._1 = a — k.. Finally, by definition of F,

LU..UL, ={1<i<N:3<j<ko+k +..+k_1s th S/(z)eU},

so that A(z,ko+ ...+ k,_1+j)>a>jfor j=0,....k —1and A(x, ko + ... + k) =
kl—l——{—kr:a<a+1:k0++kr [

The lemma shows that on E we have an avalanche of size a with exited states described
by the sets [;, i = 1,...,r, and it follows that {z : A(x) = a} is the disjoint union
of such sets. The combinatorics of the avalanche process is described by this lemma,
and it depends on the structure of the Rohklin towers S; *(U;). Since these towers are
a general feature of dynamical systems it is not surprising that the distribution of the
avalanche size A is general depending only on the measure through their values on
U;. In the limit, as N — oo and the Rohklin towers speep out, the distribution also
becomes independent of the measures leading to a universal power law as described
below. We shall use Lemma 3.4 to deduce the distribution of the avalanche size under
product measures.

We assume now that there exist S;-invariant measures m; on X;, 1 <i < N. Then
the product measure

m=mqp XMmMg X ... XMN

is S-invariant. We have
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Lemma 3.5. Let Iy, ..., I,11 be as above. Then

= [Im@) [T T [maU) ] (1= (@ + Dms(U)).

1€lq =2 iel; 1€l 11

If miy(U;) =p foralli=1,...,N, then

m(E) = p*(1 — (a N“Hk

Proof. Since m is a product measure

r+1
m(E) = [ [ @ermi(E).
I=1
By definition
ki1
®,e[lmz El HZ < —k k_1—..—ki— 2 ) Hkl 1m2
el k=1 iel]

forl=1,...,r and
a+1
®i€lr+1mz r+1 H my; (X \ U S ) H (1 - (CL + 1>mZ(U1))
1€l 41 1€l 41
Since I; has cardinality k; we are done. O

Theorem 3.6. Let A: X — N denote the avalanche size. Define
K (a) = {(k1, ko, oo kysr) t hrs oo by > Lk = N —a; Y ki =a}.
i=1

Then for any a =0,1,2,.... N
m({zx € X : A(x) =a}) =
> > S ITme@) [T [ Tma@s) T (1= (a+ Dma(Ui),
r=1 (k‘l,k‘Q ..... kr+1)EKr(a) Ih,..., Iryq i€l =2 iel} 1€1r41

where ) 1., denotes summation over all partitions of {1, ..., N} into sets I, ..., I,11

of sizes ki, ..., kpy1.
In particular, if m;(U;) =p foralli=1,.., N, then

(3.5) m({r e X : A(x) =a}) = (a+1)*! <]Z>p“(1 —(a+ Dp)N~

Proof. Note that the first formula is immediate from the foregoing discussion. More-
over, if all m;(U;) = p for some p € [0, 1] then, by Theorem 2.1, the formula reduces
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m({zx € X : A(x) = a})
D DI DR o | (AR A

r=1 ki1+ko+...+kr=a;kr4+1=N—a =2
N

=2 2 mﬂwl-lyﬂ(]j)pa(l—<a+1>p>N-a

r=1 k1+ko+...+kr=a

= W+¢V4(f>ﬂﬂ—%a+UmNﬂ.

Remark 3.7.  (a) Let p = a/N. Then for each a

(b)

()
(d)

N m({A=a}) 3 1
lim 1 - o)
il—qllNl—rgo 08 m({A=a+1} 2a+0(a)

The proof of this fact uses Taylor expansion of the logarithm:

lm i lox A ey = 1oy
- 1+a(_a~1%2_2(a—1|-2)2)+0(1/a)
N ai2_2(ai2)2+0(1/a)
= ;—a—l—o(l/a).

Note that this asymptotic means that
m(z € X : A(z) = a) ~ a2

Note that (1) and (2) have been observed by Levina in [6].

The distribution has only local maxima for « close to 1, i.e. in the supercritical
case (see also [6]).

It is straight forward to deduce a Levina type result from Theorem 3.4. Since
in neural networks it is assumed that one neuron starts to fire, we are looking
at the conditional distribution that one particular neuron is firing. Condi-
tioned on this event, there are N — 1 neurons remaining which may form an
avalanche of possible sizes 1, ..., N including the initial firing neuron. Accord-
ing to Theorem 3.4 the distribution is given by

P(A — CL) — aa72 (N 1>pa1(1 . ap>Nfa7
a—1

where a = 1,...; N. This is almost Levina’s formula in ([6]); the power in the
last factor differs.

In 2002 Eurich et al. [4] proposed a probability which describes the sizes L of
avalanches in neural dynamics. The proportionality factor in this approach has
been determined by Levina [6] in 2008. In addition she was able to determine
the expectation of this distribution. The distribution of L has asymptotically
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(as the number of neurons N tends to oo and the internal impulse Np — 1)
the following form:
Let N be a positive integer and p € [0, +). Then fork=1,2,..,N

1—Np k2 (N =1\ N—k—1
36 m= PO =0 = e (T )
defines a probability distribution with expectation
1
. EX]=——7——.

The distribution in (3.6) has been named Abelian distribution in [6], see
also [7].

We can get the expectation of the Abelian distribution in formula (3.7) from
our theorem.We claim that

N
P NTg 1k S —
1—(1\7—1)pZ (k—l)p (1= kp) 1-(N—1)p

k=1
In order to prove this, for each z € [0, &) we know from Theorem 3.4 that

N

) =S (a+ 1) (];[) (1~ (a+ D)a)¥ = 1.

a=0

Taking derivative with respect to x and using N = 1\/(11_—(11\\;—?1—)31&\/96 yields

N

flle)y=> (a+1)" (];[) 2271 = (a+ 1))V Y(a(l — Nz) — Nz) = 0.

a=0
Multiplying by = and replacing a by b — 1 we get

N+1

(3.8) fll)y=> 1 (b]jl) 271 = b2)V (b —1)(1 — Nz) — Nx) = 0.

By formula (3.6) we have

N+1

1—(N+1)x baf N b—1 N—b
S i 1— =1.
1— Nz > b poq)t (L=b2)

b=1

Rearranging terms in (3.8) it follows that

N+1

1— Nz N
e bb—l b—1 1 o b N—-b 1 o N
1—(]\7—1)%21 (b—l)x (1=bz)77(1 = Na)

N+1
1 — Nz pof N b—1 N—b

- - " 1—

1— (N 1)z szlb (b—1)"5 (1= bz)

=1.



10 MANFRED DENKER AND ANA RODRIGUES

4. ERGODICITY OF AVALANCHE TRANSFORMATION

In this section we investigate the question when the avalanche transformation Sy :
X — X has an ergodic invariant measure induced by the product measure m defined
in the last section. This follows once we have identified the non-wandering set of
the transformation. We make the assumption that each S; is invertible (if one of the
transformations S; is not invertible, some of the statements below are not correct).

For K > 0 and a subset J C {1,..., N} with |J| > K + 1, define the set

K
Bf:{x:(xl,,xn)eXJ:{lgjgN LL’]GUSJZUJ}}
=0

Let Jk ={J Cc{l,..,N}:|J| > K+ 1} and

(4.1) B—NJ U BY.

K=00#Je]k

By B¢ we will denote the complement of B.

We show first that S, leaves B¢ invariant and that Sy is the induced map of S on
Be.

In the first proposition we show that no x € B is an image of any point in B¢ under
the map Sx:

Proposition 4.1. Let Sy be the avalanche transformation in (3.4) and B be as in
(4.1). If x € B and y € X satisfying Sa(y) = z, then y € B.

Proof. We prove by induction over K =0, ..., N — 1 that for all sets J € Jx we have
(4.2) ze B yeX, Suly) =S8t (y) =2 =y e B.
Let K =0 and fix aset J C {1,..., N} of cardinality > K'+1 = 1. Then J contains
a coordinate, say jo, and z € BY means that
Zj, € Uj,.

By Lemma 3.2, x cannot be an image of a point in X.

Assume now that (4.2) holds for K — 1.
Let J € Jx and z € BY. For 1 =0, 1, ..., K we define the sets

Ji={je{1,2,.,N}: z; € S(z;)(U))}.

Note that the sets J; depend on x and that J = Ufio Ji.

If Jo # 0 there is some j with z; € U; and z is not an image of any y € X by
Lemma 3.2 as before. Hence it remains to show the claim for any z € B for which
Jo = 0. In this case, J contains at least K + 1 points which are distributed among
the sets J; for [ = 1, ..., K. Hence there must be at least one set containing at least
two elements, so

lo=min{l <I<K:V1<l<ly: |[J|=1&|I,| # 1}

is well defined and finite.
We distinguish now two cases, the first case applies if |.J;,| = 0 and the second
applies if |J;,| > 2. In each case we show the induction step separately.
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Case Ji, = (): Consider z = S~ (z), then for every j € J, we have that
K
zj = S;lo(l’j) S US]l-ilon,
1=0
while for j &€ J
K
Zj ¢ US§_ZOU]'.
1=0

Hence,
K-l

5 ¢ |J siu;.
=0

Now, if j € J there is some [ € {1,..., K} with j € J;.
If I <y then
Zj € S;_lon7
with [ — [y < 0, and this implies that
K—lo

i=0

because to the contrary one would have
Zj € Sé_lon N SJZU]
for some 0 < ¢ < K — [, and the sets U; and Sj-_lo_i(Uj), where 0 < i1+ p—1 <

K — 1 < M, would not be disjoint.
Note that by assumption, [ = [y is not possible since we are considering the case

Jiy = 0.

If I > Iy, then
K—lg

Zj = S;lO(JZj) € S]l-ilOUj C U S]ZUJ
=0
since | — g > 1.

Thus we have shown that for I = {j € {1,...,N}: 3l > [, with j € J;} , we have
K—lo
jel=z e | S,
i=0

and
K—lo

jgl=z¢ | SiU;
i=0
It follows then that
z€ B,
holds with K — |y < K and
I|=1]J|—(lo—1)>K+2—1y>K—1Iy+ 1.

Hence we can apply the induction hypothesis and conclude that z is not an image
under Sy of any point y € B.
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To conclude the proof in this case, assume that x is an image under S, of some
point in y € B¢. By definition of S4, we have

z = SAWFL(y),
Writing
S0 (@) = z = SAWHTO(y),
we obtain
r=S"(2).

If A(y)+1 > ly then z is the image of a point in B¢, contradicting the fact that we
showed already that this cannot happen. Hence we must have that

Then
y=5"(z)
for some [ € {1, ...,1p — 1}. However, J; # (), so there is some j with z; € S]l-Uj, which
implies that
Yj c Uj.
But this is impossible since points with some coordinate in its U-set belong to B.

We conclude that z cannot be an image under S of any point in B¢, finishing the
proof in the first case.

Case | J,| > 2: Assume that there is some point y € X such that Sy (y) = SA@+(y) =
.
If A(y) +1 € {1,...,lp}, then for some j € {1,..., N} we have that

X S Sf(y)+lUj
(since |J;,| > 1) and so
yj =S~ () € Uy

However, we know already that these points y do not belong to B°. We conclude
therefore that A(y) + 1 > ly.

We write z = S~ (x). Then, we have SAW+1=lo(y) = 2 with A(y)+1—1y > 1, so
z is in the forward orbit of y.

Moreover, for 1 <1 <,

jeJ = S_l(l'j) S Uj - Slo_l(Zj) S Uj

(recall that |J;| =1 for 1 <[ <[y and |J;,| > 2).

By definition of S, once we reach the iteration SA®+1=lo(y) = 2, we have at least
two coordinates j; and j, falling into the level set U;, , where m = 1, 2, respectively.
In each of the successive [y — 1 iterations of z, we have one more coordinate falling
into the level set U;. This means one has to apply S at least 241y — 1 = [y + 1 times,
in addition, in order to reach the equality S4(y) = x. However, to reach = from z by
iterated application of S one needs [y steps or, more precisely, either [y steps or at
least Iy + M steps. But we know that S4 needs at most N < M steps. Hence, we

have a contradiction and we finish the proof. O
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Proposition 4.2. Ifx € B¢ and Sa(z) = SA®+1(x) is the avalanche transformation,
then

S'(z) € B
for every | such that 1 <1< A(y) + 1 (if A(x) =0 there is no suchl) .

Proof. 1If A(x) = 0 nothing has to be shown, so let A(z) > 1. By definition of S4 and
from the fact that [ < A(x), we get

l
{1<i<N:zel]JSU}M =1
j=1

or
-1

{1<i<N:alel|JSU}M =1

5=0
This means that
z' € BY,
where
-1
J:{lgiSN:dEUSZUZ}.
§=0
By definition, 2! € B, and the proof is finished. O

Let (Y,T) be a dynamical system (discrete time) and F' C Y. The transformation
induced on F' is defined by

where ¢(z) = inf{n > 1:T™(x) € F'}. This defines a dynamical system on all points
in F' which return to F' infinitely often.

Theorem 4.3. Let each S; : X; — X; be invertible and invariant under the probability
m; on the Borel sets B;. Then there is a probability measure p and a Borel subset

F e B=T[Y,B: such that

(a) F is forward invariant under the avalanche transformation Sy.

(b) Sa: F — F is a measurable bijection.

(¢) X \ F is contained in the wandering set of Sa, that is: For all x ¢ F, there
exists a k(z) €N, k(z) < N such that S5 (z) & F.

(d) Sa agrees with the induced transformation Sp on F'.

(e)
(4.3) u(ey ="

forallC e BNF.
(f)

m(F)zl—m<NU1 U Bf).

K=0JeJk

(g) w is invariant under the avalanche transformation.
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Remark 4.4. The theorem shows that all models in Example 3.1 define avalanche
transformations which are induced tranformations.

Proof. Consider the transformation S4 as in (3.4). In Propositions 4.1 and 4.2 we
proved that there is a set F' = B¢ such that S, is an induced map on F' with respect
to the product transformation S. This proves the first four assertions.

The product measure m = m; X ... X my is invariant with respect to the product
transformation, so (X, B, m, S) is a probability preserving dynamical system. Define
was in (4.3). It is known that p is invariant for the induced map, so also for Sa.

Finally, we get (f) from (4.1). O

Theorem 4.3 permits to formulate a criterion for ergodicity of the avalanche trans-
formation.

Theorem 4.5. Let (X;,S;,m;) (1 = 1,...,N) be probability preserving invertible
transformations and S = Sy X ... X Sy be the corresponding product transformation. If
the systems (X1, S;, m;) have no common eigenvalues (of the associated unitary oper-
ators on Li(m;)) other than 1 and are all ergodic, then the avalanche transformation
Sy is ergodic.

Remark 4.6. The theorem shows that the avalanche transformation defined in Ex-
ample 3.1 a. is not ergodic while the other two examples produce ergodic avalanche
maps.

Proof. 1t is well known that the product transformation S'is ergodic under the product
measure m if all §;, (1 <1i < N), are ergodic and have no common eigenvalue other
than 1 (see e.g. [1]). Then apply the fact that the induced measure is as well
ergodic. OJ

The expectation of the avalanche size distribution is unknown. Although we were
able to derive this expectation for the Abelian distribution, we were not able to derive
a closed form for the avalanche distribution in Section 3. This becomes an important
issue since we easily can obtain a central limit theorem for processes defined by S4 in
the following way: Note that by definition the return time ¢ to the set £’ in Theorem
4.3 is given by the avalanche size: ¢ = A + 1. Then the proof of the following result
is standard, and therefore only sketched.

Theorem 4.7. Let (X;,S;,m;) (1 = 1,...,N) be probability preserving invertible
transformations with invariant probabilities m;, and let S = S1 X ... X Sy be the cor-
responding product transformation, which is assumed to be ergodic. Let h; € Lay(m;)
be functions satisfying the central limit theorem in the form

n—1
mi({z € X; > hi(S*(x)) < Vnto;}) — O(t),
k=0
where ® denotes the distribution function of the standard normal distribution. Then,

for the invariant probability 1 of the avalanche transformation Sa, the function H :
X — RY defined by

2

T

H((w1, .y on)) = ) (7 (ST (1)), ha(Sa(2)), ... v (Sk (2)))

il
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satisfies a multivariate central limit theorem in the form

e € Fx—= 37 H(SK(@)) € R()}) = P(R()
k=1

where R(r) = {z € RN : z;, <, V1 < k < N} and where P is an N-variate normal
distribution with expectation zero and covariance matrix

o2 0 0 .. 0

2
/[A+1]dm 0 o5 0 ... 0
0 0 0 .. o%

Remark 4.8. The third model in Example 3.1 satisfies the conditions of this theorem
if the h; are Holder continuous.

Proof. Let h = (hy,...,hy). Since m is a product measure, notice that for any R(r)
as in the theorem

n—1

m ({x cX: %Zh(Sk(I)) e R(T)}) — ﬁ(R(T))

where P is the N-variate normal distribution with expectation zero and covariance
matrix

0 0 0 .. 0%

lim = 3 A(S9(2) + 1 :/[A( )+ 1lm(de) = o ae
n
=0
and in Ly(m). Let ¢, = Z?:_Ol [A o574+ 1]. Then
1 n—1 ' 1 on(x)
— Y H(S(x) = — h(S7(x
"= v S

where p,(z) = \/Lﬁ f”f{'; h(S7(z)) if na < gon(w) and p,(z) = f D i ey (S (2))
if na > ¢, (x). By Chebychev’s inequality and the maximal ergodic lemma it is not

difficult to show that
-1

lim m({z € X : Z (r)}) = P(R(r)).

It is left to show that we can replace m by p in the last equation.
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Let n > 0 and » € RY. Choose a Rokhlin set E such that SY(F), 0 <1< K — 1,
are pairwise disjoint sets covering X up to a set of measure > 0. Define C,, = {z €

E: =312 H(Sk(2)) € R(r)}.

Again, one easily shows that there is ng € N such that for n > nyg

P(RO)| _ 20

m(C,) — 7 7

The argument here also shows that the measures of the symmetric differences of the
sets {z € X : \/iﬁ Z?;& H(S%(z)) € R(r £26)} and U, T'(C,) are bounded by 27
for n > nyg.

Let F be the set on which S4 is defined (see Theorem 4.3). Let K be so large that
the set X, C X on which

K-1
1 )
= 3 Tn(S9(a)) — m(F)| > ¢
7=0
has measure < ¢, where € < . Then
P(R(r)) —3n

m(C, N X,) >

Let J € {0,1,..., K — 1} and define
Co(J)={reC,NnX.:S(z)e FVlelJ}

Then

U (Cn N Xo) U Urec.y

|J|-Ku(F)|<KeleJ

({rer g <o)

m SYCu(])) | +3n

|7~ K u(F)|<KeleJ

It follows now that

< K(m(F)+e)u(Ch) + 3n
< K(m(F) + o TDE2 g,
< m(F)P(R(r)) + eP(R(r)) + 5n.
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Similarly,

> m sic —3n
U Ust

|J|—Kp(F)|<KeleJ
K(m(F) —e)(u(Cr N Xe) — 31

K(m(F) — E)M_gn
m(F)P(R (T))—EP( (r)) = 6n.

v

v

Letting 1, ¢ — 0 we obtain

n—1
. 1
nh_)ngom 7 Z; H(S ) € R(r) =m(F)P(R(r))
]:
which ends the proof. 0
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A Note on Avalange Distributions?

Wenbo V. Li

3This is the adapted version of W.V. Li’'s comment on Dec. 12, 2012
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We follow the definitions and most of notations as in Levina (2008) for the model
and make connections with the avalanche distribution discussed in this paper.

Let n € N, a € (0,1], p = v, = a/n and (U;)$2, be i.i.d. uniformly distributed on
[0, 1]. We recursively construct the random sequence (&), as follows:

gO,n = 17 gl,n = Z H[l—p,1]<Uj)7
i=1

Shtln = ZH[l—pi:ofi,nvl—pZ?;olEi,n]<Uj)'

J=1

Lemma 4.9. (Levina 2008) The joint distribution of ({1, ..., Emn @S given by

n_eril kl m

m—1
P(gl,n = kly ~~7€m,n = km) = (kl " k ) <]- _pz kz) H(pkz)kza
s s Ky "

i=1
where kg =1 and k; > 0 for 1 <n < m for arbitrary integers ky, ..., kp,.

The proof is by induction, more explanations are in Levina (2008), pages 106-107.
Next consider the size of the simplified phase-space model

Sn = zn:&m’ n > 1.
=1

Proposition 4.10. The distribution of the avalanche size S, is given by
(S, = 1) = (b 1 () )o#(0 = (6 D k=0,

with expectation

n

nl

i=1 ’

The proof of this proposition is indicated: The first part is similar to the method in
the paper. For the mean the representation of S, is used and shown by conditioning
arguments that

B = oot
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Once we know the answer for the mean, here is also a direct proof checking certain
combinatoric identities. We have from the distribution

ES, = Y kP(S,=k)
k=0

n

= Yok 0 ()R ek D

= kﬁ;k‘(/ﬁ =1 (Z)p’“ n:: (n B k) (—1)'(k+1)'p'
= i :Z;(l)ik(k + 1) <Z) (" R k) p
- S ()

The key identity to use is

j
, » —k n!
1) R+ 1) () (" - j<n

e ()0 sty ae
As a polynomial for n of degree j we know both sides are zero for n = 0,1,...,7 — 1.
The case n = j can be found in Section 0.14 of Gradsteyn, Ryzhik, Jeffrey, Zwillinger’s
Table of Integrals, Series and Products, Taylor and Francis 2012.

The variance of the so called Abelian distribution can be found also.*
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