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Abstract

The positive rates conjecture states that a one-dimensional probabilistic cellular automaton
(PCA) with strictly positive transition rates must be ergodic. The conjecture has been refuted
by Gécs, whose counterexample is a cellular automaton that is non-ergodic under uniform
random noise with sufficiently small rate. For all known counterexamples, non-ergodicity
has been proved under small enough rates. Conversely, all cellular automata are ergodic with
sufficiently high-rate noise. No other types of phase transitions of ergodicity are known,
and the behavior of known counterexamples under intermediate noise rates is unknown. We
present an example of a cellular automaton with two phase transitions. Using Géacs’s result
as a black box, we construct a cellular automaton that is ergodic under small noise rates,
non-ergodic for slightly higher rates, and again ergodic for rates close to 1.

Keywords Probabilistic cellular automata - Ergodicity - Phase transition

1 Introduction

A configuration is a coloring with elements of A, a finite alphabet, of the sites of the lattice Z.
A cellular automaton (CA) is a dynamical system on such configurations, obtained by iterating
a local update rule simultaneously at each site of the lattice. This simple model has a wide
variety of behaviors and it is used to represent locally interacting phenomena. It is natural to
study their perturbed counterpart, Probabilistic Cellular Automata (PCA), to understand the
robustness of their computation to noise. One natural way to define a perturbation is to state
that after each iteration of a given cellular automaton, each cell is independently modified
with probability €. In this article the new value is uniformly chosen over the alphabet .A. Thus
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this noise has positive rates: every symbol has a positive probability of appearing regardless
of the previous state.

The most natural question about the asymptotic behavior of a probabilistic cellular automa-
ton is its ergodicity. A probabilistic cellular automaton is said to be ergodic if its action on
probability measures has a unique fixed point that attracts all the other measures. This means
that it asymptotically “forgets” its initial condition since the distribution of the initial con-
figuration always converges to the same distribution.

Most cellular automata seem to be ergodic under a positive rates perturbation, and a lot of
methods have been developed to prove the ergodicity of probabilistic cellular automata [1-4].
In [5] the authors show that large classes of perturbed CA are ergodic. Constructing a cellular
automaton robust to noise in the sense that its trajectories remain distinguishable under the
influence of noise is a notoriously difficult problem.

The first examples of robust CA, given by A. Toom [6], were two-dimensional; the most
famous one is the majority vote with neighborhood {(0, 0), (0, 1), (1, 0)}. In dimension one
the positive rates conjecture, i.e. the conjecture that all positive rates PCA were ergodic, stood
on several arguments, including the fact that under various assumptions, one-dimensional
Ising models are ergodic, while some simple higher-dimensional Ising models admit phase
transitions [7, Section IV.3].

In 1986, the positive rates conjecture was refuted by Peter Gics in [8] with an extremely
intricate construction of a CA that involves an infinite hierarchy of simulations between
increasingly complex generalized cellular automata. Gécs later published the extended arti-
cle [9] with more detailed proofs and additional results in continuous time (see [10] for a
simplified overview), and most recently a further expanded preprint [11]. See [12] for a more
detailed history of the problem.

In all known examples of CA robust to noise, there is critical value €. > 0 such that the
perturbed cellular automaton is non-ergodic for any € < €.. For € > ¢, the nature of the
probabilistic cellular automaton is not known except for € close to 1. Indeed, it follows from
the results of [1] that given any cellular automaton, there is a constant €’ (which depends
only of the radius of the cellular automata) such that the probabilistic cellular automaton is
ergodic for any € > ¢’. Thus, at high noise levels, these cellular automata cannot distinguish
trajectories, but if the noise is low enough, these cellular automata are robust to errors.
Therefore these examples have at least one phase transition considering ergodicity when the
noise varies.

Those examples raise a question: is it possible for a perturbed cellular automaton to
admit several phase transitions? In particular, is there a perturbed cellular automaton which
is not ergodic for some € > 0 but which becomes ergodic in the low-noise regime? This
seems counter-intuitive since when the noise is small it is easier to keep the trajectories
distinguishable. The contribution of this article is to answer these questions: we construct a
cellular automaton such that its perturbed version undergoes at least two phase transitions
when the noise varies. It is ergodic when the noise is close to 1 (as any perturbed cellular
automata), not ergodic at a fixed € € (0, 1), and ergodic again when the noise is close to 0
(Theorem 3.1).

The idea of the construction is to use the perturbed cellular automaton of Gécs which is
not ergodic for a small enough noise (it admits a critical value €. > 0 such that it is not
ergodic for € < €.) and add a layer which controls the quantity of mistakes appearing in the
first layer. The second layer is composed by cells with a value between 0 and k — 1 which is
incremented by 1 modulo & at each time step, with the value O producing a mistake on the
first layer. There are also arrows which move at speed one toward the right, synchronizing the
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counters they pass over. Those signals cannot live for more than ak time steps. This cellular
automaton is described in more detail in Section 3.

When a is very large compared to k and the error rate € is small, most errors produce
arrows that survive for a long time and synchronize long intervals of the second layer, which
likewise stay synchronized for a relatively long time. In fact, when the parameters are chosen
suitably, the vast majority (at least proportion Cake for a constant C > 0) of cells in a
configuration drawn from an invariant measure will be synchronized with their 2k nearest
neighbors. When the cells of a synchronized interval enter state 0, which happens every k
time steps, they wipe the Gécs layer clean. Hence, as long as an interval stays synchronized,
information flow across it is prevented. This is the high-level reason for the ergodicity of the
perturbed CA at low rates of noise.

In Section 5 we prove the above claim of ergodicity. We do this by studying the dependence
cone of the perturbed CA where the borders can be associated to Markov additive chains [13].
By default, the left border moves left at a constant speed, but a long interval of synchronized
cells on the second layer halts its progress and pushes it some distance to the right. The
right border behaves symmetrically. If a is large enough and € small enough, the arrows
synchronize sufficiently large zones that the two borders collide almost surely. Hence the
initial configuration is forgotten, that is to say the perturbed CA is ergodic.

Suppose now that we gradually increase the error rate from 0. The effect of this change on
a given synchronized interval is, of course, to decrease the expected number of time steps it
stays synchronized. Eventually the probability of any given cell to stay synchronized with its
nearest neighbors for even k time steps becomes negligible. If & is large enough, this happens
while € is still well below the critical rate €. of the Gacs CA. Then the effect of the second
layer on the Gécs layer is comparable to uniform noise of rate below €., even if the arrows
are taken into account (in particular, this holds independently of the value of a, so we are
free to increase a independently of k in order to handle the low-noise regime). The Gacs CA
is then able to correct the resulting errors and produce non-ergodicity. We prove this claim
in Section 4.

2 Perturbations of Cellular Automata
2.1 Definitions
Let A be a finite alphabet of symbols. Define X = A% to be the space of configurations,

endowed with the product topology. A basis of open sets for this topology is the set of
cylinders: forn € N*, u € A" and U = {iy, ..., in} C Z, we define [u]y as

[uly = {x € X | V) € [1,n], xi; = u;}.

This topology makes X compact and metrizable. For a given configuration x € X, i € Z
and r € N, we denote by x; [, the (2r + 1)-uple (xX;i—, Xi—r+1, - - -, Xitr)-

A function F on X is a Cellular Automaton (CA) of radius r € N if there exists a local
rule f : A2+ — A such that

Vx eX,VieZ FX)i=f&i[-r,]-
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A probability kernel @ is a Probabilistic Cellular Automaton (PCA) of radius r if there exists
a stochastic matrix (also called the local rule) ¢ : A% *1 x A — [0, 1] such that

Vn e N*,Vu € A" VU = {i1,....in} CZ, ®(x,[ulv) = [ [ (i, 41—r.rp> ).
j=1

Givena CA F and € > 0, a PCA @ is called an e-perturbation of F if they have the same
radius and their respective local rule verify Va € AT 9(a, f(a)) > 1 — €. Denote by Fe
(of local rule f) the perturbation of F' by a uniform noise of size €, defined by:

1—€+‘67‘ ifb:f(a).
€

Vae AT Vbe A, f.(a,b) = [
TAT

otherwise

It is obviously an e-perturbation of F.

Denote by M (X) the set of probability measures on X'. By compactness of X this set is
also compact and metrizable. The respective actions of a CA F and a PCA &, defined for
€ M(X) and observable B as

Fu(B) = w(F~'B)

CD/L(B)=/¢>(x,B)dM(X)

are continuous on M (X). By standard ergodic theory arguments, the sets of invariant mea-
sures Mp = {u € M(X) | Fu = p} and Mg are not empty.

A PCA @ is said to be ergodic if it has a unique invariant measure 7 that attracts every
initial measure © € M(X), in the sense that the sequence ("), converges weakly
toward 7 (i.e. " ([u]) = 7 ([u]) for any word u). Thus the set of invariant measures is a
singleton and the unique measure 7 is attracting. More strongly, ® is uniformly ergodic if the
convergence is uniform among the initial measures: SUP e M (X) | D" 1 ([u]) — 7 ([u])| njgo 0

for each word u.

A PCA @ is said to have positive rates if for all a € A¥+land b € A, f(a,b) > O:
any neighborhood can give all results, with positive probability. For example, F, has positive
rates for all € > 0.

2.2 Interpretation of the Gacs Paper

In this article we are going to use a direct consequence of the main result of [9]. Indeed, it is
possible to say that the Gacs cellular automaton is ergordic if the distribution of errors is quite
near a uniform perturbation under a certain small rate. If F is a fixed CA, for a trajectory
under the action of the perturbed cellular automaton denoted (x'),c, we say that there is an
error atcell (i, 1) € Z2, or at cell i at time ¢, if xi’ £ F(x!=h;.

Theorem 2.1 There exist n finite alphabet G, a CA G : G% — G% of radius 1 and a rate
€. > 0 verifying the following property: if perturbed by a noise such that for all finite S C 7
and all events H in the past,

P(errorineachcellof S | H) < elsl,

then the associated stochastic dynamical system is not ergodic.
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Observe that the condition on the noise is more general than our definition of an e-
perturbation. In particular it is always verified for G, the perturbation of G by a uniform
noise of size € < ¢..

In the article [9], the author describes those admitted trajectories as created by an “adver-
sary" trying to defeat the conclusion of the theorem. This can sum up the idea behind the
following CA: we couple G with an adversary CA F which can send errors on the trajectories
of G. When perturbed by a uniform noise of size € = €3, the adversary sends patches of errors
(adding to the ones of the uniform noise) that are small enough that they can be corrected by
G. For € < €1 however, those additional errors are too large to be corrected by any CA with
radius 1.

3 Description of the Cellular Automaton and Main Result

Fix two parameters, k € N and a € N. The alphabet is 4 = G x F, with G the alphabet
of the Gécs cellular automaton, and F is composed of all the integers from 0 to k — 1 and
particles s, with 0 < s < ak. We denote by Og a fixed (but arbitrary) symbol in G for the
rest of the paper.

We first define a cellular automaton F on FZ of radius 1 as the following: for any config-
uration z € FZ and i € Z,

s+l ifzi—1 = 75, with0 < s < ak
F@i=1{s+1 modk ifzi_;1 ¢{"]10<t<ak}andz; = 7
zi+1 mod k otherwise

with the convention 7, := 0. Essentially, the arrows are particles going to the right with
speed 1 which synchronize the values of the cells they go through, with a limited lifetime of
ak time steps. On the other cells F acts as the operation +1 on the finite group Z/kZ. See
Figure 1 for an illustration.

Finally, let us define a 1-dimensional cellular automaton 7" on A of radius 1 as the fol-
lowing: for any configuration x = (x;);ez, wWith x; = (i, z;) € A = G x F, we have

(G, F(2)i) if F(2)i ¢ {0}U{s[s =0 mod k}

T(x); = !
(Og, F(2)i) otherwise.

Intuitively, T acts as the product cellular automaton of G and F, except on the cells where
F givesaQora /s withs =0 mod k, at which point it “projects" the 0 onto the G layer.

Theorem 3.1 Forall € > 0, denote by T, the probabilistic cellular automaton defined as the
perturbation of T by a uniform noise on A of size €. There exists k,a € Nand 0 < €1 <
€ < €3 < 1 such that:

1. forall 0 < € < €y, T¢ is uniformly ergodic (low noise regime);
2. T, is not ergodic;
3. forall € > €3, T¢ is uniformly ergodic (high noise regime).

Remark 3.2 The third point is a direct consequence of Theorem 2 of [1]. It is true for every
perturbed cellular automaton (and even more generally).

Our intuition behind the main result is the following. In the absence of noise, at each cell
the F-layer takes the value O — and thus the G-layer is forced to take the value Og — once
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Fig.1 Some steps for k = 10,

a = 2. Time goes up and only the
F layer is shown. The pale colors
represent the different
synchronized zones created by
the arrows. In green, an error
creates a '¢. In red, the cells
where a 0 is projected onto the G
layer

00 O S| M W i U1 Oy ]
00 O || D W > U1 ST
2\ OS] Mo o i oo
L S|~ b Y\ 00 ol
W i O N 0\ ||+
W B TS~ 00 o N\ |O|—
W i O~ 00 o |[OR\ |+
o T N 00 o | D\

WS~ D\~ o0 o]~

every k time steps. We think of this as simulating an error on the G-layer. The automaton
G can easily repair individual errors, but if a contiguous interval of more than k cells is
synchronized on the F-layer, every k steps their G-layers are erased, preventing all flow of
information across the interval.

In the low noise regime 0 < € < €1, if the second parameter a is large enough, random
errors will create arrows with a relatively long lifetime, which produce long synchronized
intervals that in turn persist long enough to prevent information flow and imply ergodicity. At
€ = e, there is enough noise for the synchronized zones to de-synchronize and decorrelate in
the F layer, producing small zones of errors. Meanwhile, €, is small enough that for large &,
the Gacs CA G has time to correct itself from such errors and retain information indefinitely,
implying non-ergodicity. Lastly, in the high noise regime € > €3, there is so much noise that
no information can navigate. We illustrate the effects of @ and € in Figure 2.

The parameters k and a and the rates €] and €, are chosen as follows. We first let k& be
large but arbitrary, and show in Section 4 that there always exists an €, > 0, depending on
k but not a, such that T, is non-ergodic. In Section 5, we fix a large k, and show that there
exists an a such that T is ergodic for all small enough €.

4 Non-ergodicity

In this section, we look for an error rate €; such that T, is non-ergodic. To achieve this, we
find a good parameter k to use Theorem 2.1 on the G layer: if T, is non-ergodic on this layer,
then it is non-ergodic globally. We thus need to bound the probability of having an error on
all sets S of cells by ecl.s‘ for a fixed perturbation size €;. There are two sources of errors on
the G layer: the O projected from the F, and the errors from the noise itself. We can study
these two sources relatively independently.
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Fig. 2 Illustrations of e-perturbed orbits of F, for k = 5 and several values of a and €. In each, we represent
the subtraction of the value in a given cell by the time, mod k: the blocks of same color have synchronized
values. A smaller € increases the lifetime of the synchronized blocks, while a larger a decreases it (there is
more arrows) but increases their size (the lifetime of the arrows increases)

The intuition for this part of the proof is the following. Consider an arrow that passes
through an interval of cells and synchronizes their values on the second layer. If k is very
large compared to 1/€;, with high probability a large proportion of cells in the interval will
experience at least one error within the next k /2 time steps. These errors scramble the values
on the second layer, so they are now close to uniformly random, and the errors they produce
on the first layer can be handled by the Gics CA as long as €, and 1/k are both well below
€c.

Of course, some of these errors may produce new arrows, so we would have to repeat
the same analysis for them. We bypass this issue by conditioning on the positions of all
arrows that may theoretically affect the cells of interest. The proof is more technical: we also
condition on the positions of Os on the second layer and all errors on the first layer, and we
break into several cases depending on which of these “incidents” last affected a given cell
and how far in the past.

In this section the parameter k is large and even but otherwise arbitrary, while a is com-
pletely arbitrary. We will find a suitable value for €, that depends on k but not on a. The
intuitive reason for the independence on a is that, as noted above, the randomization of
the second layer happens in much less than k steps, so the distribution of arrows is largely
irrelevant.

@ Springer



6 Page8of35 H. Marsan et al.

4.1 Definitions and Goals

For a given § C Z, define Z as the event “all the cells in S have an 0 in the F-layer at time
t = 0”. To show the non-ergodicity of T, for a suitable ¢ > 0, we prove that for all finite
S C Z and H event in the past of the G-layer, we have

P(Zs| H) < (62—“)'5'

where €, is the critical value for the Gacs CA from Theorem 2.1. We use %‘ for the bound
to have some room to maneuver for the errors in the G layer at = 0, which we deal with in
Section 4.4.

We model the uniform e-perturbation T as follows. Let (E;) <z be an ensemble of
independent random variables £ l’ each of which takes values in AU {_L} with P(E l’ =1)=
1 — € and P(El? = a) = €/|A| for each a € A. We call it the error field, and the event
El’ € A is called a potential error at (i, t). Now the invariant measures of T, correspond
exactly to the distributions on (x!, E}); )cz2 that are invariant under vertical shifts and such
thatx! = T(x"1); if Ef = L and x! = E! if E! € A.

Let H be an event in the past of the G-layer, and let (x');cz = (', z')/ez be a random
trajectory of T, with error field (El? )i .ryez2- In order to bound P(Zs | H), we can suppose
that more information is known. Let C = § x [—k/2, —1]and C' = § x [—k/2, 0], and let
K be an event in which the following data are fixed:

e the contents on the F-layer of all cells in S x {—k/2}, which we call the initial configu-
ration;

the positions of all 0-symbols on the F-layer inside C;

the positions (but not types) of all arrow symbols on the F-layer inside C;

the positions of all arrow symbols s with s =0 mod & inside C;

the positions of all errors on the G-layer (meaning cells (i, ¢) such that yi’ £ GOh)
inside C.

The number of such events is finite and they form a partition of the phase space, so if we can
show P(Zs | H, K) < (%)ISI for all such K, then

€\ IS €\ 15!
PEs| H) =3 P(Zs | H KOP(K | 1) = (5) ZK:P(KIH)—(Z) :
For the sake of notational simplicity, we replace H by H N K for a fixed but arbitrary such
K, and denote Py := P(- | H).
Let d € N be a parameter whose value we fix later. Define an incident as a cell of
C containing a 0-symbol or an arrow on the F-layer, or an error on the G-layer. The last
incident of a cell s € S is the incident (s, #) € C with the highest value of 7, if one exists.
Denote by Cs = {s} x [t + 1, 0] the post-incident column of s; if s has no last incident, define
Cy = {s} x [-k/2, 0]. We decompose S into § = S; US> L S3 U S4 U Ss as follows.

e S| are the cells without a last incident.

e 5, are the cells whose last incident is a 0 on the F-layer.

e S3 are the cells whose last incident is an arrow less than d steps in the past.
e S, are the cells whose last incident is an arrow at least d steps in the past.
e S5 are the cells whose last incident is an error on the G-layer.

If a cell satisfies more than one condition, we include it only in S; with the lowest possible
i. Figure 3 shows an example decomposition.
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S3 S2 S1 Ss

|

SN

/

Fig.3 Decomposition of a given S into each S;. In grey, the known initial configuration. In green, the visible
errors on the G layer

Our goal is to find € := €(k) and d := d (k) such that, for all i € {1, 2, 3, 4, 5}, there is an
€' > O such that Py (Zs,) < (ei)lsil. Then, we would have

Pu(Zs)= Y. Pu(Zs NZs,NZsNZs,NZs;)
{1,2,3,4,5}IS

<Py (Zs;) where | 5;|= 3!
IS

< max <€i)T . 5181

= (smax(¢)')

and we can prove the non-ergodicity of 7, with Theorem 2.1 if foralli € {1, 2, 3, 4, 5},

1

5 (E")g < 6—20 (1

4.2 Probability of a Potential Error

The event H can contain any information on what happened in the last % iterations on the
G-layer. However, a transition which seems to respect the restriction on the G-layer of the
local deterministic rule of 7" on a given cell does not necessarily mean that there were no
errors. As we perturb the cellular automaton with a uniform noise, an error can place the
expected symbol on the G-layer and a random symbol on the F-layer. As we study in this
section the distribution of the 0-symbols on the F-layer, we need the probability of having
an error on a cell given that its G-value is correct.

The complete alphabetis A = G x F, with | F| = (a+ 1)k. As the perturbation is uniform,
when there is a potential error in a cell (with probability €), the symbol is chosen uniformly
from A. Therefore for a given cell, if we denote by E (resp. V Eg) the event “there is a
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potential error on this cell” (resp. “an error on the G layer on this cell”), we have

P(ENVEg)
P (VEg)
P(VEg | E) P (E)
€

=

P(E|VEg) =

v

where V Eg denotes the complement of VEg.
Thus, if there is no error in the G-layer of a given cell, the probability of having no potential
error in the F-layer is less than 1 — ‘5—‘ As the variables E f are mutually independent, the

n
probability of not having any potential error on n given cells is less than (1 - |§—|) .

4.3 Probability of a 0 on the F Layer.

For each case §;, we study the probability of having 0-symbols on the F layer of S; at time
t=0.

4.3.1 Cells of S1: No Last Incident

The F-layer of each column Cy = {s} x [—k/2, 0] for s € §; is independent of the other
columns of C, since no arrow crosses the column. Hence we have Py (Zsl) = Py(Z)!S1!
for any s € ;.

The event Z; can occur for one of two reasons: either the column Cy contains no potential
errors and s contains the symbol k/2 in the initial configuration, or Cs contains at least one
potential error and the last one, happening at time ¢ € [—k/2, 0], produces the symbol ¢
mod k on the F-layer. Since s € S, the last potential error E?. of the column cannot produce
an arrow and cannot cause a 0 to occur on the F-layer before time 0. There are no other
constraints, so E’ has at least k/2 possible values for the F-layer that are consistent with H,
each of which is equally likely, and hence the probability of producing ¢t mod k is at most
2/k. Thus,

2
Py (Z;) < Py (no potential errors in Cy) + Pp (potential errors in Cy) - z

< _e>5 L2
- 214] k

£
Thus Py (Z;) < 2 max <(1 — ﬁ)z , %) = ¢! and Py (Zsl) < (el)lsll. Equation 1 will

[Tk

be satisfied for k large enough if 1/€ = o(k), so that (l — ﬁ) = 0.
— 00

4.3.2 Cells of S: 0 on F-Layer

As in the case of Sy, the post-incident column Cy of each s € S is independent of the other
columns of C. For s to contain a 0 at time ¢t = 0, we now need a potential error in C;. A
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similar but even simpler computation as in the Sy case leads to

Py (Zs,) < <i>52|.

and Equation 1 will be satisfied for k large enough.

4.3.3 Cells of S3: Arrow Less than d Steps Ago

A cell s € S3 has as its last incident an arrow at some time 7, € [—d (k) + 1, 0]. We divide
S3 into (not necessarily contiguous) blocks of cells of size at most d (k) as follows: two cells
s, s +m € S3 are in the same block if #4,, = t; +m and foreach j = 1,...,m — 1 there is
an arrow at (s + j, t; + j); thus, their last incidents are the same arrow at different times. Note
that the arrows’ timers may not be consistent, as there might be an error between them that
produces a new arrow in place of the old one. For a block B C S3, denote Cp = USE g Cs.
The F-layers of the sets Cp for different blocks B are independent of each other, as they
come from different arrows. Once the timer of the arrow that produces the block B is fixed,
the F-layers of its own columns are mutually independent.

Take a block B. We consider several possibilities and show that in each case, with high
probability there exists at least one coordinate (i, t) € C such that when the other E-variables
are kept constant, the conditional probability for E! to have a value that results in Zp is at
most 8/k. In particular, E l’ = | will be inconsistent with either H or Zp.

Let (ji, u;) fori = 0, ..., N be the maximal set of coordinates of C that have arrows,
contain the last incident of each element of B, and satisfy ji11 = ji +1and uj11 = u; + 1
forall 0 <i < N. This is the entire known path of the arrow of B.

For some (j;, u;) on the path, there exists 2 > 1 such that (j;, u; + ) contains a 0 on the
F-layer, but none of (j;, u; + h’) for 1 < h’ < h contains a 0, an arrow, or an error on the
G-layer. For each such position, we condition on whether any of the coordinates (j;, u; +h’)
for 1 < i’ < h contain potential errors. If any of them do, we can ignore the 0 at (j;, u; + h),
since it does not affect the timer of the arrow at (j;, u;). If none of them do, then we know
the timer of the arrow at (j;, #;) modulo k, and we know that it is not #; mod k. Then the
arrow at (j;, u;) becomes a good known arrow. Any (j;, u;) that contains an arrow with a
timer that is 0 mod k is also a good known arrow, as is an arrow at time —k/2 unless its
timer is —k/2 mod k.

The good arrows partition the path into independent sub-paths that we analyze separately.
Each sub-path begins at a good known arrow or the start of the path, and ends just before the
next one, or at the end of the path.

Case 1 Suppose there exists a sub-path that either begins at a good known arrow or is the first
sub-path that begins after time —k /2, and contains the last incident (s, #;) of some
s € B. For Z; to hold, there must be a potential error either on the column Cs, or
between the start of the sub-path and (s, #,). Note that it might be the potential error
at (jo, ug) that creates the arrow.

Case 1.1 Suppose the column C; contains a potential error. The value of the last potential
error of C determines whether Z; holds, and does not affect any other part of
the configuration. It has at least ak/2 — k/2 values that are consistent with the
current context. With the same computation as before, the probability of Z; is at
most 4 /k.
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Case 1.2 Suppose Cs contains no potential errors. For Z; to hold, there must be at least
one potential error on the sub-path, on or before (s, #;). Let E J”l’ be the latest such
potential error. Consider now the end of the sub-path.

Case 1.2.1 If the sub-path extends to time ¢ = 0, then as before, E"’ has at least ak /2 — k /2
values that are consistent with the current context, and the probability of Z; is
at most 4 /k.

Case 1.2.2 Otherwise the sub-path ends in a known good arrow, or is the last sub-path and
does not extend to time t+ = 0. Suppose now that there is a potential error at
the endpoint of the path (which destroys the arrow or produces the known good
arrow). Then, as before, E;l,l has at least ak/2 — k/2 consistent values and we
are done.

Case 1.2.2 Suppose then that the endpoint does not contain a potential error. Then the value
modulo £ of the timer of the arrow produced by E, “i is fixed, since there are not

potential errors between E'/' and the end of the sub -path, where either the value
of the timer modulo % is known or the arrow dies naturally. In both cases, the
timer is not #; mod k, so Z; surely does not hold.

Case 2 If Case 1 does not hold, then the path begins at time ¢t = —k/2 with an arrow whose
timer is —k/2 mod k, and there are no good known arrows between this point and
the last incident of any element of B. Let Epan be the event that there is a potential
error on the path of the arrow between time t = —k/2 and t = —d (k). If Epaq holds,
then considering the last such potential error, we once again obtain an upper bound
of 4/k. The converse case is handled by the following claim.

Claim 4.1 If d(k) < k/4 and €(k) > 2|G| (1 — (4/k)**), then Py (Epan | Case 2) <
4/k.

Supposing that the preconditions hold, the claim directly implies that the conditional
probability of Zp in Case 2 as at most 8/k.

Proof of Claim 4.1 Since Case 2 implies ug = —k/2, the event Ep,y, is the intersection of
E]”l’ = 1 forall 1 <i < k/2 —d (k). We then have
k/2—d (k)
Py (Epan | Case 2) ]_[ Py |EY =1| () E} =1, Case2
1<l<i

Let i € N and suppose there are no potential errors on (jj, u;) for 1 < I < i. Recall
that in Case 2, every 0-symbol above the path has a potential error between it and the path,
and hence does not constrain the timers on the path. For a potential error on (j;, u;) to be
consistent with the known context even without another potential error on the path, it suffices

to create a value ', with (m mod k) < %: in the worst case, there is no 0-symbol on the
F-layer of any column above the path. Thus,

k
) ak
P<E;‘il e-’4|(]E”’ 1, Case2> s S
I<i

Applying the above result to all i, we get

Case 2 e )i € ) a/k
Py (E ase <{1-— <{1—-— < .
# (Epun | )—< 2|g|> —< 2|g|> =

Here, the last two steps follow from the assumptions on d (k) and € (k). ]
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Finally, we have for each block B the bound Py (Zp) < % The values on the F layer
being mutually independent with the other blocks, and all of them having size at most d (k),

we obtain
1y 183
1531 8\ a®
Py(Zsy) < P(Zp)i® < <<> )

k

and Equation 1 will be satisfied for k large enough if d(k) = o(Ink).

4.3.4 Cells of S4: Arrow at Least d Steps Ago

The idea is to take d (k) large enough so that we can make the same computations as in Sj.
For each s € S4, the potential errors in the columns post-incident are mutually independent.
As there is no 0 symbols after the arrow’s passage, there can be a O-symbol in s € S4 only if
there was no potential error after the arrow, or if the last potential error gave the right symbol.
As is must be the case on all s € Sy, the same analysis as before gives

Py (ZS4) < <2max ((1 - |;|>d(k) , i))l& .

Equation 1 will be satisfied for k large enough if 1/d (k) = o(€) so that (1 — €)4® k—> 0.
—00

4.3.5 Cells of S5: Error on G-layer

Once again, each post-incident column for s € S5 are mutually independent of each other as
no arrow goes through them. As the last incident was an error in the G layer, there was also
an error at this step in the F layer (which did not produce an arrow nor a 0). We then have
the same computations as for S5, the probability that the last error produced the right symbol

is bonded by 2. Thus,
2\ IS5
Py (ZSs) < <%> .

and Equation 1 will be satisfied for k large enough.

4.3.6 Conclusion

In order to satisfy Equation 1 for all i € {1, 2, 3,4, 5}, we have the following sufficient
conditions on € and d, when k goes to +o00:

e 1/e(k) = o(k) and 1/d(k) = o(e(k)): we need enough noise to be sure to have errors on
each colmuns with high probability.

o limy_ o €(k) = 0 and limg_, o d(k) = 4+00.

e d(k) = o(Ink) and ‘:f—g = o(k): we need the synchronized blocks to not be too large.

e d(k) < k/4and (k) > 2|G| (1 — (4/k)*/¥): we need these to apply Claim 4.1.

A solution would be d(k) := Inlnk and € (k) := m and we have the result for the noise

€ (k), for a k large enough. For the last condition, this follows from 1 — (4/k)*/* ~ 4/k In(k/4)
for large k.
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4.4 The Errors on the G Layer

We add here the second source of errors on § at time 0, the noise itself. By independence of
the perturbation, if Eg denotes the event “having errors due to noise on all cells of S", we
have

Py (all errors in ) = Z Py (Zgr N Es\R)

RCS
=Y Pu(Zr)Pu(Es\g)
RCS
66)"“ ISI—IRI
< J— .
=Y (5)
RCS

so as long as €(k) < 5, we have Py (all errors in S) < (%)'S| IS = /ST

Finally, with e(k) = m and d(k) = Inlnk, we can fix k large enough such that
ek) < %‘ and Equation 1 is verified for each i € {1, 2, 3, 4, 5}. We can then use Theorem

2.1 to conclude that at €, = €(k), the PCA T is not ergodic.

5 Ergodicity in the Low-noise Regime

In this section, we want to show that T is ergodic when € is small enough. For the G layer,
we only use the fact that it is of radius 1. Namely, a synchronized interval of length 2k or
more on the second layer blocks all information flow on the G-layer as long as it persists,
as its contents are replaced by Og-symbols every k time steps. As illustrated in Figure 2,
when a increases and € decreases, the synchronized zones are larger and stay synchronized
for a longer time. Note that while the rate of creating new arrows of course decreases with
€, so does the decay rate of synchronized zones. Also, when a is large, a given error will
very likely produce an arrow and hence another synchronized zone. For large enough a and
small enough €, most of the configuration is eventually covered by synchronized zones and
all information will almost surely persist only for a finite time: it becomes “trapped” between
persistent synchronized zones and is eventually wiped out by zones created by new arrows.

To actually prove ergodicity, we consider a trajectory simulated arbitrarily far in the past.
We introduce two random walks L, (Section 5.2.3) and R, (Section 5.9) that bound in a
certain sense /; and r;, the borders of the dependence cone of the cell at position 0 at time 0,
t steps in the past (the cells whose values can influence the value of the cell at (0, 0)). We
then show that almost surely, L, —> 400 and R, —> —o00, and thus /; and r; “cross"

n—o0 n—oo

(Proposition 5.13): the value at 0 at time 0O is independent of the starting configuration and
depends only on the noise, the simulated probabilistic cellular automaton is ergodic.

5.1 Update Maps and Dependence Cones

To show the ergodicity of T, we use the notion of update maps as in [5]. We define it here
for a PCA of radius 1. All random variables in the rest of the article are defined on a common
universe 2.

Definition 5.1 ¢ : A3 x [0,1] — Ais alocal update map of T if
P (Y (a-1apa1, U) = b) = fc(a—1a0a1, b)
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where U is uniformly distributed on [0, 1] and f is the local rule of 7¢. The associated global
update map is the function W : A% x [0, 114 — AZ defined by

\IJ(x; u)k = 1//(xk,1xkxk+1, uk).
Its iterations can be recursively defined by
Ut ul, o d Y = W g ul L ul)u Y,

so that W' (x; UL, ..., U") (with Ui’ a family of uniformly distributed on [0, 1] independent
random variables) is distributed according to T/ (x, -).

In the following we suppose that such a map W is fixed, along with a family (U,-_r)teN,ieZ~
From [5] we take the following criterion for the ergodicity of T, using coupling from the
past:

Proposition 5.2 ([5, Proposition 3.3]) Define p,(T.) = P (x 1 (x; u-,..., UO)
is constant).
If p:(Te) —> 1, then T¢ is uniformly ergodic.
t——+400

0

5.1.1 Dependence Cone

To study p;(T.), we use the dependence cone for semi-configurations. For m € Z, as T, is
of radius 1, for a fixed family (Uift)i,, the value W/ (x; U7, ..., UO)[m;+oo) only depends

on the value of x[,,—; 10). To simplify the notations, define lIJ,’n 4 AN % [0, 1]Zz — AN as
W (u) =W (xu L uo)lm&w)
for any x € A such that X{,—s, +oc) = a. Similarly, define ¥’ _ : A%~ x [0, 112 — AZ”
as
W (s u) =W (ysu L uo)

(—o0,m]

for any y € A% such that V(—oo.m+t] = .

Definition 5.3 For a given w € €2, the left border of the dependence cone at time —1 is

AN At+n+l N AN

is not constant
> W, (@f; Uw)

l;(w) '= min {n >—t|3B €

while the right border is

At7n+1 s .A27

is not constant
B Y (af; U(w))

ri(w) = max {n <t|3a e AZ_,

with the conventions min(#J) = +o0 and max () = —oo.

We can interpret [/;, +00) as the cells that can influence the result of the simulation after
t steps on the right semi-configuration, as illustrated on Figure 4.

Lemma5.4 Forw € Qandt € N fixed, ifl; > r; then x — W' (x; U(w)), is constant.
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X %k %k %k %k Xk

-tat Ly

2

Fig. 4 Illustration of /;. The stars represents the errors, where the values on these cells depend only on the
noise. In blue, the information flow from the cells in the configuration at + = —¢; that can influence the values
on the right semi-configuration at # = 0. In red, the information flow for the configuration at 1 = —#,. The
cells at position (l,1 s —tl) and (ltz, —tz) are framed

Proof Fix two configurations x = X(—oe:1,—1]X[/,;400) aNd ¥ = Y(—o0:1,—11V[l;;+00)- We then
have

2 (x; U(w))g = ' (x(—oo;l,—l]x[lt;+oo); U(w))o
= W' (Y(—o0ily—11X[l;14+00)' U(cv))O
=V (y; U(w))

where the first swap is by definition of /, (and 0 € [0, +00)), and the second by definition of
r; (and 0 € (—o00,0])) and r; < ;. O

As the cellular automaton we study is of radius 1, the information cannot go faster than 1
cell per step: this is what the following lemma illustrates.

Lemma5.5 Forallw € Qandt,s €N, ;15 > 1, —sandri1y <r; +s.

Proof Without loss of generality, we can restrict ourselves to the case s = 1. As the result is
immediate for [, = —t, we can suppose that/; > —t andfixan suchthat —t—1 <n <[, —1
and g € AN.

For a,a’ € A"™"*2 fix x, y € A% such that X[_;_1 +o0) = @B and Y[_;—1 +00) = &’'B.
As x and y agree on [n; +00),

W U )t ti400) = Y35 U H0) s 1 400) = 8(@)

so we can denote y,y’ € A guch that W(x; U~ (@))—1100) = ¥8 and
W(y; U H@)) 1, 400) = V8.
Thus by definition of /;,

Wit (@B; U () = W (v8; U (@)
= Wi (v'8; U(w)
Yot (@B; Uw) = Wit (@' B: U w)).
t+n+l AN

1.7, N :
Therefore, foralln € [t —1;1; — 1) and 8 € A", the function o ‘1’6+ (@p. U)
[m}

is constant. The proof is analog for r;.
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5.2 Markov Additive Chains

To bound /; and r; (and force them to verify the hypotheses of Lemma 5.4), we define two

auxiliary random walks L,,, R,. The sequence L, satisfies an approximate versionof L,, </,

for some sequence #, such that ¢, —t, is bounded (Proposition 5.8), and L, — +oc0a.s.
n—o0

The sequence R, satisfies the symmetric criterion.

5.2.1 High-level Explanation

The behavior of the chains L, and R, is governed by the positions of large synchronized
zones on the F-layer. The pair (L,, t,) represents a position in a random trajectory (x");c7-
of the CA T¢. To determine how it evolves, we check whether the F-layer of the segment
[L, — 2k, L,]is synchronized by an arrow created at time t, — 2k — m for some (potentially
large) m > 0, and whether this synchronization survives until time #,. If this is the case, the
synchronization blocks all information flow from the left to (L, #,) on the G-layer, and we can
set L,+1 = L, + s for some s > 0 that depends on the extent of the synchronized segment
(that is, how far to the right of L, it reaches). On the other hand, if such a synchronized
segment does not exist, or if its synchronization is broken by errors before time ¢, we set
Ly,+1 =L, —4ak.

In both cases the jump must be large enough to ensure that the next check is independent
of the last one. For a move to the right, this is rather simple. A move to the left, on the other
hand, typically happens because for some m > 0 (which we allow to be large in order to
increase the probability of a move to the right) the segment xE”L;Ekz;"zn] is synchronized by an
arrow, but this synchronization is broken by errors between time #, — 2k — H and 1,,. As we
have now conditioned on the contents of the region B = [L, — 2k, L,] X [t, —2k —m, t,,], in
order to maintain independence we cannot allow the Markov chain (L, t,,) to pass through
it. Now, instead of setting L, +; = L, — r for a large enough r > 0 that the chain cannot
possibly return to L, — 2k before time —n — 2k — m, we pick r = 4ak and allow the chain
to remain close to the left border of B, replacing moves to the right by stationary steps until
time t, — 2k — m. For this, the chain L, must “remember” whether it has recently moved to
the left. See Figure 7 for a diagram of the evolution of L,.

The chain R, behaves more or less symmetrically.

5.2.2 Markov Additive Chains

A bivariate Markov chain (L, J,) on Z x E with E discrete is called a Markov Additive
Chain (MAC) if the phase (J,,) is a Markov chain on E with transition matrix P influences
the increments of the level (L;) in the following sense: for any ¢ € E and T € N, the law
of (L74n — Ly, JT4n) given {Jr = e} is independent of ((Lo, Jo), ..., (L7, Jr)) and has
the same distribution as (L, — Lo, J;,) given {Jo = e}. In other terms: the future steps of the
level only depends on the present phase.

In the remainder of the article, we suppose (J,,) to be a Markov chain on £ = {1, 2}
oe 1 — o
Be 1 — Be
moved to the left. This chain is ergodic with its unique invariant probability vector being
7 = (11, 72) = 1 (Be 1 — o).

with transition matrix P = < ) Phase 2 means that the chain L, has recently
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There is a version of the law of large numbers (see [13] chapter XI) for the level of a

MAC: for any initial state, % —> «’ a.s. where «’ is the mean drift defined as
n—o0

2 2
:ZZ ,]ZmP(Ll—m|Jo—lJl—])
i=1 j=1 mez

In particular if «” > 0 then L, =2 ~+o00 a.s..

The MACs defined in the followmg sections have the property that the distribution of the
step L} — Lo = L given Jj is independent of the initial phase Jo. In this case, ¥’ can be
simplified as

K'=m Yy mP(Li=m|Ji=)+my mP(Li=m|]i=2).

meZ meZ

5.2.3 Definition of L,

Fix a numbering of the alphabet A = {ao, ..., @ja)—1}, and define the local update map v
of T¢ to be the following:

T(a_1apay) ifu<1—e€

a_iapai; u) = . . . )
v (a—raoar; u) {ai 1fu€|:1—6+|17|6,1—6+%6)

Fori € Z and t € 7Z~, define the random variable E l’ with value in 4 U {} as

E! L ifUit<]_E
7 U] € [1 —et e 1~ e+ i)

such that E] = « € F if there is an error that gives the symbol « on the F layer at (i, 1), and
E! = 1 when there is no error.
For 0 < s < ak, we can define the event A;(s) (having an arrow ' at (i, t)) by

s

m—1
Al = || [(Ef,"n’ =/-m) N [ EIZ) = L}

m=0 n=0

which has probability

t - _\Nm s+1
P(4i0) = Z:( +1)k( O @t ke

This allows us to define three disjoint events for a cell (i, 1) € Z?: G!, B! and O!. Which
one occurs can be decided following the decision process described in Figure 5. These events
will be used to determine the next move of L,. We will look at the segment [L,, — 2k, L,]
at time #, and check whether it is synchronized due to an arrow that passes through the
spacetime position (L, — 2k, t, — 2k). If so, this is a “good” event and L, can make a move
to the right. If there is an arrow at that position, but the segment is not synchronized (due to
an error or the arrow disappearing by itself), this is a “bad” event and L, will move to the
left. If there is no arrow at (L, — 2k, t, — 2k), we repeat the check at (L,, — 2k, t, —2k — 1),
then at (L, — 2k, t, — 2k —2), and so on up to (L, — 2k, t,, — 2k — H) for a suitably chosen
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Error in (i +ak — s,t + ak — s)
~

At (i,t) € Z2 the 2k — 1 /

green cells

yes no
no
o;
(i 4 2k, t + 2k)
yes
yes
Error in the no z (4,2) (i+1,t+1)
yellow triangle G

Fig. 5 Left: the decision process. Right: its illustration. The green cells are at position (i + m, t + m) with
0 < m < 2k. The size of the yellow triangle depends on the nature s of the arrow s seen at (i, t)

H > 0.If none of these coordinates contain arrows (which is rare when H is large), the chain
moves to the left.
One more formally defines the events as follows.

e The good case G!, when there is a young arrow (s < (a — 2)k) that defines a large
synchronized zone, defined by

(a—2)k 2k—1
t __ t t+2k+n __ t+m __
G; = U A;(s)N ﬂ (Ei+2k+j = J—) N m (Eifn=1).
5s=0 1<j<(a—2)k—s m=1
1<n<(a—2)k—s
n—j>t—i

The probability of this event is

(a—2)k 2
c . ‘ k14 {@=2k=s) N ((a—2k+ D((a —2)k+2) N ake
Pgood = Z P (Ai (S)) (1=e ’ e—0 2(a+ Dk € a5 2
s=0

e The bad case B}, when there is an arrow with a type too large or a error on its path:

s=(a—2)k+1 s=0 1<j<(a—2)k—s m=1
1<n<(a—2)k—s

n—j>t—i

ak—1 (a—2)k 2k—1
Bl = ( U Aﬁf(s))u U [aon U (B3 v (Bm=1).
The probability of this event is

ak—1 (a—2)k (@—2ks)?
Phag=1-0—* 1 [1— 3 Palw)- Y P(aw) (1 ¢ —e)z)

s=(a—2)k+1 s=0
ak(ak +1) — ((a —2)k + 1)((a — 2)k +2)
o (Zk -1+ 3@+ Dk ) € T (4k — 3)e.
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e The other case O] = G} U B/, when there is no arrow and no error in the path:

ak—1 2k—1
0= AN () (=1,
s=0 m=1

Its probability is then

p;ther =1- plsmd - pgood =1-s()

with s(¢) —> 0.
e—0
The following property is crucial.
Lemma 5.6 The event O! is independent of Oi’/, Gf/ and Bl.'/for allt' #t.

Proof The event O; only depends on the values E l’ L’Z for —ak < m < 2k —1, while the other

events depend on the values E| f,:l" for —ak <m <2k — 1 and El’ﬁfiy for some j,n > 1.
As these are disjoint sets of independent random variables, the events are independent. O

p Z'oo(l _ P z'ood
s(e) p;ol)d+p}6)ad
nitions of p;m ; and p; .. one can observe that when € — 0, the ratio has a limit C, x which

verifies:
g2 1
Cox = 1-—- +ol—]). 2)

a— o0 a a

Remark 5.7 The ratio

often appear in the computations. Using the defi-

Figure 6 illustrates a transition of the MAC (L, J,) which is defined with a random
sequence of times (#,) by induction, the base case being Lo = 0, Jo = 1, to = 0. Suppose
that L,,, J, and t,, have been defined. If J,, = 1 (meaning that the chain has not recently moved
to the left), then let M := min {0 <m<H| 02‘);22/(,:’" does not occur] with H = H(e, a)

a barrier, to be defined later. If the set is empty or M < (a — 2)k or BZ”;zzkk*M occurs, we

have a failure, and the chain moves to the left:

Lus1 = Ly — dak, Jypy =2 and typy = t, — dak. 3)

. tn—2k—M . tn—2k—M
Otherwise, G L”n o occurs with the arrow A L"n 5 (s)forsomes < (a—2)k, and we have

a success. The chain now moves to the right, onto the position where the arrow disappears
naturally:

Losi=Ly+@—k—s, Jupi=landtyp1 =ty — M+ (a — 2k —s — 1.

Denote the probability of success by .
In the case J, = 2, the process is a little more involved. As in the first case, define

M; := min {0 <m<H| 027__221‘,(_'" does not occur]. If we have a failure, then we use
n

Equation (3) as before.
Suppose then that we have a success with some s < (a — 2)k. If My — (a — 2)k +
s + 1 < H, then the barrier has not been overcome and we call it a jump. We then fix a
new M; and iterate the last step. More precisely, if the first / > O attempts have resulted
B Y o)
in jumps, then let M;1 = min {m <H| 021”_22/1 m=Lr=t M Goes not occur]. If the set is

oyl
empty or BZ'" _22kk Loy Mr occurs, we have a failure and apply Equation (3). Otherwise, if
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(i,2)

2k

=

NI=)

/I

Fig.6 Suppose L, =i and t;, = ¢. In green, the column where the first arrow is looked for: it appears after
M — 1 “other" cases (no errors on the 2k cells in diagonal, in blue). As the arrow is of type s and there is no
error on its path (yellow cells), it’s a success: the arrow has created a synchronized zone of size greter than
2k, which does not let information go through from the left. We then define L, 1| =i + (@ — 2)k — s and
1 =t—M+(@—-2)k—s—1

er:l M, — (a — 2)k + 51 + 1 < H (with s; the s of the last success) we have a jump. If
we have neither a failure nor a jump, then the barrier H has been overcome and the chain
moves to the right:

!
Lyp1 =Ly +(@—2k =51, Jypr =landtyy) =ty — Y M, + (@ -2k —s — 1.

r=1

Denote the probability of overcoming a barrier by .

A transition of L, with J, = 1 (a check) is illustrated on Figure 6, and a trajectory of
(Ly, Ju) on Figure 7. A success is obtained when the arrow defining the synchronized zone
the considered cell is part of is encountered, and this zone is sufficiently large. Otherwise,
it is a failure. The barrier H has no physical reality in the trajectory: it is only defined to
ensure the mutual independence between the different jumps. Aiming for a large probability
of success (encountering a good case before H tries) while also having a great chance to

overcome a barrier of size H, a good choice for H is H = 12((6“)) (where s (€) = 1 — p,j.,)-
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Fig.7 First steps of (L, J;;) and 'L; (in blue). The red-and-blue cells are at times #,, in position L. The initial
state is (Lg, Jo) = (0, 1). The first steps represented are:

(1) The initial cell is not in a good synchronized zone: we encounter a bad case before H checks, it’s a failure.
We represent a barrier of size H and the new state is (L1, 2) with L < L.

(2) The first result is a success (the synchronized zone is large enough), but before H checks: it’s a jump.
The second one succeed after enough checks to overcome the barrier: the last success defines the new state
Ly>Ljand Jp = 1.

(3) The check fails, so L3 < L7 and a barrier is represented.

(4) The first check is a jump, but the second is a failure: L4 < L3 and a new barrier is represented.

The sequence (J,) is an ergodic Markov chain on {1, 2} with unique invariant probability
vector 1 = (71, m2) == m(ﬂe, 1 — a¢). Moreover, the level change L — Lo knowing
Jp is independent from Jy: it equals —4ak if J| = 2, and (@ — 2)k — s if J; = 1, with s
independent from Jy.
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5.3 Interpretation of L,

The sequence of spacetime positions (L, ;) is used to represent points such that the infor-
mation to its left on the G-layer cannot affect the right half-configuration at t = 0. After
a failure, the sequence moves to the left with slope 1, the maximum speed of information
propagation in 7, (Lemma 5.5). After a success, L, is at the border of a synchronized zone
of size greater than 2k, through which information cannot flow. This is formalized in the
following result.

Proposition 5.8 Forallw € Q andn € N,
l—tn+2ak > L, — 2ak.

Proof Fors > —t, define

N Ah(m,n) — .AN
" :=min{m>1L,—s—t,|3p € A, S+t +1,\ 18 not constant
s o \IJLI (05,8, U )

where h (m,n) =m +s+1t, — L, + 1 and (U+’”)t = U 1t is the left border of the
dependence cone at time —s of the semi-configuration on [L,, +00) at time t,.
For a given w € €2, let us prove the following proposition by induction on n € N:

Yt <ty —2ak, 1, >1", “

Intuitively, this states that any information at time ¢ < f,, —2ak that cannot influence the half-
configuration on [L,, 0o) at time ¢, also cannot influence the half-configuration on [0, c0)
at time 0. This implies the original claim, as information can propagate at speed at most 1
(Lemma 5.5).

The base case n = 0 is immediate by definition, /; = l? . Suppose now that (4) is true for
afixed n € N. By t,41 < t,, the inequality [_, > [", is true for all t < 1,1 — 2ak.

If J,4+1 = 2, the last step is a failure: L, | = L,, —4ak and t,,41 = t,, — 4ak. By Lemma
5.5,

I >L,—4ak=L,y,.

Int1 —
Therefore the value of the configuration on [L,, +00) at #, is determined by the value of the
configurationon [L,41, +00) att,41, which gives by definition /", > lﬁ;rl fort < t,41—2ak
and the result.

If J,4+1 = 1, the last step is a success: the cell at L, is at the right end of a zone of size
greater than 2k of synchronized values on the F-layer. This zone is created by an arrow that
dies at the position (J,+1, y+1). Any information on the G-layer that is to the left of the
arrow at time 7,4 cannot influence the value of the configuration on [L,; 400) at time t,,
as it would have to pass through a region whose cells are forced to take a value Og every k
steps, the last of which happens at time #,; + 1. Likewise, no arrows on the F-layer cross
this region. Hence the value of the configuration on [L,, +00) at t, is determined by the
value of the configuration on [L,,41, +00) at #,,41, which gives the result. Figure 8 illustrates
the right shift of the left border of the dependence cone after a success. O

To more easily represent the bound of /; by L,,, we define its “hull” as L, =L,—(t,—1),
where n is such that #,,11 < t < t,. The following corollary is a direct application of the last
proposition and Lemma 5.5:

Corollary 5.9 For a given w € Q we have _, 4245 > L; — 2ak.
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Ly®ft------mmmm - r tn
000
0[{0 0 0 O
5
T tn+1
'* ***************************************** L th1 — 2ak

Fig.8 Illustration of a success in L, (not to scale). The colored area is synchronized and blocks all information
flow on the G-layer. The colors correspond roughly to Figure 5; the red strip consists of “other” events followed
by a “good” event (with 5). In dots the theoretical information flow at speed 1. For the configuration at
ty+1 — 2ak, only the information to the right of the dot can influence the half-configuration right of (L, t,),
passing to the right of the synchronized zone. They are included in the cells that can influence the half-
configuration right of (L, 41, t41)

Corollary 5.10 Fora given w € Q, if L, —> +o0o, thenl;, —> —+o0.
n—+o00 t—>+400

Proof By construction, () is a decreasing sequence such that 7, — #,41 < 2H for all n.
Therefore for any ¢, <t <t,,wehave L; > L, —2H and L, — +o00. The previous
——00

corollary then gives the result. O

5.4 Mean Drift of the Left Border

By the properties verified by the MAC (L,,, J,), its mean drift is

K =m Yy mP(Li=m|h=D+m Yy mP(Li=m|J =2

meZ meZ
(a—2)k
= m Z ((@—2k —s)P(L; = ((a—2k —s) | Jy = 1) — mdak
s=0

Knowing that J; = 1, the step to the right is (@ — 2)k — s if 7 is the arrow involved in the
last success (independently of Jy = 1 or 2). As itis a success, the arrow can only be /¢ with
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s < (a — 2)k, and the probability is independent of the actual cell the event Af(s) occurred:

P (A)®)
P (U™ o))

Therefore the mean drift is strictly positive if B¢ and o, verify the following inequality

PLi=(a—-2k—-s)[i=1=

(a=2)k 0
Ag(s
Ty (ak —s —2k) (a( 2)1(< ))0 > mdak
par P (UL a3m)
which becomes when we multiply both side by 1 — o + Be:
(a=2)k 0
P (Ay(s)
> (ak —s—2k) (lf_;)k )0 > (1 — a)dak. )
Sectlon 5.8 s=0 ( =0 Ao(l)) Section 5.6

Section 5.5

5.5 Mean Step to the Right

We already computed P (Al(s)) = Y5 _o e - e)’" ~ (;j_’ll)ke for all (i, 7). As the

A8 (/) are disjoints for / € [0, (@ — 2) k], we can show that
P(AYs) G+ 2(s+ 1)
P (U™ a80) =0 TP @+ T (@-2k+D(@—2k+2)

and so 2k
a— 0 _
3 (ak — s —20) PIA6)  @-2k
= P( ((l Z)k AO(Z)) e—0 3

Thus inequality (5) is verified for € small enough if

a limsup (1 — ).
- e—0

lim inf B¢ >
e—>0

5.6 Computation of @, the Probability of Success

Recall that the number o is the probability of success when determining the direction of the
next step of L, with J, = 1 (see Section 5.2.3), i.e. seeing a good case before a bad one and
between ak and H timesteps. By Lemma 5.6, we have

H €
Pgood
2% g00 H—2k D)k
Oe = Z (pf)ther )" pZood = 1 — pe <1 - (pf)ther) >(p51her)(a )

n=ak other

As H = @ ne has (PEper)™ = exp (ln(a)M) — (Posner)” —2k — I,

s(e)’ -0 a’
)(a72)k
1
ae — Cax (1 — 7> =«
e—0 a

€
(pother €0 l'and

@ Springer



6 Page 26 of 35 H. Marsan et al.

Thus inequality (5) is verified for e small enoughiflim inf. .o B¢ > % (1—a). Moreover,

_6
by equation (2) we have the expansionae = 1 — 9Tk +o0 (%) so to conclude one only
a— 00

needs that for a large enough

L 109
liminf B¢ > —.
e—0 a

5.7 Distribution of the Jumps

Suppose that the MAC is in state J,, = 2 at step n > 0, so that there is a barrier of height H
on the right. Now we iterate the check of the J, = 1 case. Each check has a probability o,
of success, that is, seeing a “good” case Gf before a “bad” case Bi’ . The size of the success
is the number of “other” cases O before the first “good” case. We keep repeating the check
until either a failure occurs or the sum of the sizes of the successes so far is more than H;
before that, each success is a jump. If Figure 6 depicted a jump, the new cell would be at
position (i, t — n + 2k), so its size would be n — 2k.

We now analyze the size distribution of a success. Denote by N the size of a success.
Supposing that a success actually occurs, we find for (a —2)k < d < H — 2k that

(p; )d 2 s(e
P (N = d | success) = - mlier lg;:d - _ (pf)zher)di(aiz)k 6( ) .
Zl:ak(pmher) - pgggd - (pother)
and thus for lﬁ > (a — 2)k,
H
H
P (N > — | success) = Z P (N = d | success)
l
d=4
5(€) d—(a—2)k
= 1_(p " )H ak Z( olher)
other
iy
= (%, )‘Ef(a72)k 1- (pfnher) !
- t —
omer I (p(é)ther)H ak
Using the previous computation of (p¢, ,W)H , we can deduce that

. izl
H N\Y1— ()7
PN > — |success | — | — —5—
1 e—~0 \a 1—2

a

5.8 Computation of B, the Probability of Overcoming a Barrier

Recall that B is the probability of overcoming a barrier. Let us fix m > 1. Fori > 1, let A;
be the event that we have i successes in a row and each has size at least H/i. If A; occurs,
then we realize i successes in a row, which are all large enough so that added together, they
overcome a barrier H.

Let N; be the size of the [ jump. The random variables (N;)1<;<; are independent and
identically distributed given i successes in a row. Finally, define A,, = [ J/_; A;. Then

Be > P (overcoming the barrier in at most m jumps)
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> P(Aw)

:i(_l)nﬁ-l > P(Ayn-nA4,). (6)
n=1

1<i|<--<ip<m
With the convention iy = 0, we have

n ij

P(ayn--na)=pP[( N N;zg N i, successes in a row

j=11=ij,1+1 J

H i

= l_[ l_[ N > — | success | | o
j=1l=ij_1+1 i

n

f=ij-1
1_[ P (N > — | success) ol

Jj=1

Finally, using the computat}on of the previous section (supposing that m < -7, which is
true for € close enough to 0) gives

n A 1 i
i 1—
P (All N N AZ”) (l) J (a)l ! a’n
€0 j=1 a 1- a :'-/1

j=1

1

and so negligible with respect to é, while in the case n = 1, P(A;) ~ -.
a—0o0

Thus, the limit when € — 0 of the sum in (6) is equivalent to Z- when a — +oc. Taking
m greater than 109 and a big enough, the following holds:

109
liminf B¢ > lim P(A,) > — @)
e—0 e—0 a

Thus, equation (5) is verified: the level L, tends to +00 a.s..

5.9 The Right Border

We can use analogous definitions as for the left border to define a MAC (R, K,) onZ x {1, 2}

bounding r;, with the same ideas of synchronized zones and barriers. This time, we prove

that the mean drift " is strictly negative to deduce that R, —> —oo. We skip some of
n—o0

the details that are analogous to the case of (L, J,), and reuse some of the notation with
possibly different definitions.
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Error in
At (i,t) € 22 the 2k + 1
green cells

yes no

; (1)

yes

2k

yes
Error in the no m
yellow zone

Fig. 9 Left: the decision process. Right: its illustration. The green cells are in position (i + m, t + m) with
0 < m < 2k. The yellow zone is of height 2k + 1

(i— 0+ 2kt — 1+ 2k)

L

— (i—Lt-1)

5.9.1 Definition of R,
The error variables E l’ are the same as in the definition of L,,. For the right border, the type s

of the arrow s is less important than its age / (the number of iterations since its creation by
an error). For 0 <[ < ak, the event Fl.’ (D) “having an arrow with age [ at (i, ¢)" is defined by

Fl () = (dk[lj_l (Ef:,’ :/’x>) N (H (EiZ) = l))

s=0 n=0
with probability
ak—I1—1 s ak — 1
P(Fl ()= g m(l—é)l = me(l —el.

‘We reuse the notations Ol.’ R Bi’ and G; for the other, bad and good cases, here defined by the
decision process of Figure 9.
We can then compute the respective probabilities of these events:

ak—1
n_ e . ‘ =222k @=Dk((@ =2k -1) ake
F (Gi) = Pgood = l=§+l P (Fl (l)) -9 e—0 2(a + Dk € 4500 2
ak—1
P (B!)=pfuq = 1-(1— ¥4+ 3" P (Fl 1) (1 —1- e)<l—2’<+1>2k) ~, @kt
1=2k+1

and P (O!) = per = 1 ~ Plood — Phaa = 1= (€) With's (€) = 0. We can also compute

P 442 1
% — Da’k = 1 - k +o0 <7>
pgood + Ppad €0 a0 a a

the limit
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The barrier size is again defined to be H = ;‘2—6") For (i, t) € Z2, denote by
Cli,t)y={(i+c,t—=D]|0<c<2k, c<l<dk—c}

the light blue zone illustrated on Figure 10. The MAC (R, K;) and its associated random
time sequence (t,’,) is then defined analogously to (L, J,,). The base caseis Ry = 0, Ko = 1,
t() = 0. For all n € N, in the case K,, = 1 we define as follows.

e Fix M := min [0 <m<H | 0;3’1;_22](;"1 does not hold].

o If the set is empty, or UNEC,(RN/) E; # 1, or BZ’;ﬁé‘;M holds, we have a failure:

Rut1 = Ry +4ak, K,y =2and 1, | =t, — 4ak. ®)
o Otherwise, if th’g;f;,; M holds with Flté’n 122];ch(1), we have a success:
Riy1 =Ry +4k+1—1, Kypy=1landt, =1, — M —1.
Denote by «. the probability of success.

In the case K,, = 2, we define as follows.

. . ! _2k— .
e Fix M :==min{0<m < H | O%ﬁfk " does not hold} as in the case K, = 1.

e If we have a failure, we apply Equation 8.
e If we have a success but M| + [ < H, then it’s only a jump. Then we fix a new M,

=@ j+2Dk=—m=Y)_ | M,

and iterate the last step. In general, fix M| := min {m <H| 0R,,+2k

is not veriﬁed}. If we have enough successes in a row with erzl M, +4jk+1; > H
(with [; the [ of the last success), then the barrier H is overcome:
I
Rup1 =Ry +4k+1—1;, Kyyr=1land s, =1, — Y M, —4jk—1;.
r=1
If we have a failure before this, the entire process is a failure and we apply Equation
(8). Denote by B¢ the probability of overcoming a barrier.

A step is illustrated on Figure 10, while Figure 11 illustrates a trajectory of (R,, K,).

5.9.2 Interpretation of R,

Analogously to the case of L,, we use (Rn, t,/l) to represent points where information must
flow to its left to influence the left half-configuration at t = 0. After a failure, the information
can follow the natural slope of 1 (Lemma 5.5). After a success, R, is on the border of
a synchronized zone larger than 2k 4 1 which is shifted at speed 1 to the right, so the
information cannot go through it.

We claim that the proof of Proposition 5.8 still stands for the next proposition. Figure 12
illustrates the left shift of the right border of the dependence cone after a success.

Proposition 511 Let w € Q. Foralln € N, r_y 12qx < Ry + 2ak.

Corollary 5.12 For a fixed w € 2, if R, —> —oothenr; —> —o0.
n——+0o t—>—+00
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Fig. 10 Suppose that R, =i and E vl
t/, = t. In green the column :. (’[, 3 t)
where we search for an arrow: 7
here after M — 1 “other" cases (no
errors in the 2k cells in diagonal,
in dark blue) and no errors in the 2 K
light blue area. As the arrow is of
age [ and there is no errors on its
path (yellow cells), it’s a success.
Then R, 41 =i+4k+1—1and
M—1

=1 M 0/0/0]0

N

5.10 Mean Drift of the Right Border

We can re-use the computations made for the left border with our new parameters:

H
2k (2k+1 -1 1 .
ae = (1 =€) ( +)Z(p¢€1ther)m p:;gode__)())Da,k (1_£> =
m=1

5+2 1
anda afoo 1 — Tk +0(E).
For the jump computations: if N is the size of a jump,
(1 - 6>2k(2k+1) (Pither)d Pgand

H _
(1 - G)Zk(Zk_H) Zm:l (p;zher)m ! pzood

P (N = d | success) =

and the same computations give

H nir-(3H"
P|N > — |success | — | — 7"1
1 e—0 \a 1—2

@ Springer



CA with two phase transitions

Page310f35 6

Fig. 11 The first steps of

(Rn, Ky) and R; (in blue, defined
analogously to L;). The
red-and-blue cells are at position
Ry, at time 7,,. The initial state is
(Ro, Kg) = (0, 1). The first steps
are: (1) The initial cell is not in a
good synchronized zone: we
encounter a bad case before H
checks, it’s a failure. A barrier is
represented and the new state is
(R1,2) with R > Ry.

(2) The first check is a success
(the cell is in a synchronized zone
large enough), but before H
checks: it’s a jump. The second
check succeed after enough steps
to overcome the barrier. The last
success define the new level

Ry < Ryand Ky = 1.

(3) It’s a failure, R3 > Ry and a
barrier is represented.

(4) The first check is a jump, bu
the second one is a failure:

R4 < R3 and a new barrier is
represented

N

_t6

The conclusion is then the same: for a fixed m € N*, one can find a function 4 : [0, 1] x N —
[0, 1] such that lim¢_,o & (€,a) ~ % and B¢ > h (€, a). The mean drift of (R,, K;,) is
a

— 00

K'=m Y mP(Ri=m|Ki=)+m Y mP(R =m|K =2

meZ
ak—1

meZ

=m Z (k+1—DP(R =4k+1—1]|K;=1)+ mdak

1=2k+1

with 7 = (71, m2) = ﬁ (B¢, 1 — ). The mean drift is then strictly negative if

ak—1

Be > (U—4k—1DP R =4k+1-1]|K =1)> (- a)dak. ©)

[=2k+1

@ Springer



6 Page32of35 H. Marsan et al.

B, T mmmemmm oo R,

’
tn+1 B

tho =20k Lo

Fig. 12 Illustration of a success in R, (not to scale). The interpretation is analogous to Figure 8

Observe that

P (Fy 1) 2 (ak = 1)
P(R‘_4k+1_”K1_l)_P ak—1 50 ) e=0 ((a—2)k—1)(a—2)k
L=2k41 Fo ()
and thus
ak—1 ak—1
4 2 U — 4k — 1) (ak — 1)
1 —_ —_ = _ = = —
lim Z (l—4k—1)P(R =4k+1—1|K; =1 e DE-DE—D%
[=2k+1
ak
a— 00 ?
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Finally, a sufficient condition is

(1 — a)dak
limeo Y05 (U —4k— D) P (R =4k +1-1|Ki=1)

(10)

liminf B¢ >
e—0

%
As a — o0, the right hand side is equivalent to 60% < % (for k > 24). The condition

is then verified by choosing m = 61: for a large enough, ¥’ < 0 for € small enough, thus

R, —> —oo almost surely.
n—oo

5.11 Combining the Left and Right Borders

Proposition5.13 IfL, — +oocand R, —> —ooa.s., then p;(T,) —> 1.
n—-+00 n——+o00 t—>+00

Proof Fix w € Q such that L, —> +ooand R, —> —oo. This implies that , —>
n——+00 n—-+oo t—+00

+o00 and r; —+> —00. So there exists a T (w) < oo such that Ip > rr.
t—+00

Then almost surely, there exists 7 < oo such that x +— wT (x; U(w))g is constant by

Lemma 5.4. Therefore, P (x > U (x; U(w))g is constant) , —+> 1.
— 400

We can then finish the proof of Theorem 3.1. First fix a k large enough so that it verifies
the conditions stated in Section 4.4. Then, fix a large enough so that Equations 7 and 10
are verified. This means that for € small enough, Equations 5 and 9 are verified, and thus

L, — +oocand R, —> —oo almost surely. In other words, there exists an error rate
n——+o0o n—-+4oo

€1 such that for all € < €, the hypotheses of Proposition 5.13 are verified and T is ergodic.
With our choice of k, T, is not ergodic.

6 Conclusions

This work shows that the ergodicity of a perturbed cellular automata with positive rate can
have more than one phase transition depending on the value of the noise. An interesting
direction to continue this work would be to understand which sets can be obtained as

{e € [0, 1] : F¢ is ergodic} an

where F is a perturbation of a cellular automaton F by a uniform noise of rate €. Our
construction is hardly adaptable, in part because we do not understand fully the invariant
measures of the perturbation of the Gacs cellular automaton. In particular, we do not know how
many phase transitions for ergodicity the perturbation of Gics cellular automaton realizes,
nor do we know that our CA T only realizes two.

Another interesting question is whether the same results could be obtained for Z¢-cellular
automata for d > 2, with the extremely complex CA of Gécs replaced by, say, Toom’s
majority rule. It is plausible that our construction could be adapted, with arrow signals
replaced by states that spread in d orthogonal directions and synchronize regions shaped like
(v e Rio : Y ;Ui < 1}. The proofs of Section 4 might be relatively easy to generalize,
although we have not considered all the technical details. The one-dimensional random walk
model of Section 5 would have to be replaced by something more sophisticated, such as a
percolation argument.
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If the construction can be adapted to Z?, characterizing the sets (11) would presumably
be easier in that setting for several reasons. First, Toom’s rule is much easier to analyze
and modify than Gacs’s CA. Second, as is common in cellular automata theory, the full
characterization likely has a computability-theoretic flavor, meaning that the proof likely
involves simulating arbitrary computations in the presence of errors, which is also much
easier in the multidimensional setting.
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