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Consider the following evolution model, proposed in ref. 1 by Bak and Sneppen.
Put N vertices on a circle, spaced evenly. Each vertex represents a certain
species. We associate with each vertex a random variable, representing the
“state” or “fitness” of the species, with values in [0, 1]. The dynamics proceeds
as follows. Every discrete time step, we choose the vertex with minimal fitness,
and assign to this vertex, and to its two neighbours, three new independent fit-
nesses with a uniform distribution on [0, 1]. A conjecture of physicists, based
on simulations, is that in the stationary regime, the one-dimensional marginal
distributions of the fitnesses converges, when N — oo, to a uniform distribution
on (f, 1), for some threshold f < 1. In this paper we consider a discrete version
of this model, proposed in ref. 2. In this discrete version, the fitness of a vertex
can be either 0 or 1. The system evolves according to the following rules. Each
discrete time step, we choose an arbitrary vertex with fitness 0. If all the vertices
have fitness 1, then we choose an arbitrary vertex with fitness 1. Then we update
the fitnesses of this vertex and of its two neighbours by three new independent
fitnesses, taking value 0 with probability 0 <g <1, and 1 with probability
p=1—q. We show that if ¢ is close enough to one, then the mean average
fitness in the stationary regime is bounded away from 1, uniformly in the
number of vertices. This is a small step in the direction of the conjecture men-
tioned above, and also settles a conjecture mentioned in ref. 2. Our proof is
based on a reduction to a continuous time particle system.
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1. INTRODUCTION

The Bak Sneppen model, introduced in ref. 1, has received a lot of atten-
tion in the literature, see, for instance, refs. 3—10. In ref. 3, it is described
how Bak and Sneppen were looking for a simple mathematical model
which was supposed to exhibit evolutionary behaviour, and which was also
supposed to fall into the class of processes showing self-organised critical
behaviour. For physicists, self-organised critical behaviour refers to power
law decay of temporal and spatial quantities, without fine-tuning of
parameters. After many attempts, Bak and Sneppen arrived at the follow-
ing process.

Think of a system with N species. These species are represented by N
vertices on a circle, evenly spaced. Now each of these species is assigned a
so called “fitness,” and in this model, the fitness is a number between 0
and 1. The higher the fitness, the better chance of surviving the species has.
The dynamics of evolution is modelled as follows. Every discrete time step,
we choose the vertex with minimal fitness, and we think of the correspond-
ing species as disappearing completely. This species is then replaced by a
new one, with a fresh and independent fitness, uniformly distributed on
[0,1]. So far, the dynamics does not have any interaction between the
species, and does not result in an interesting process. Interaction is intro-
duced by also replacing the two neighbours of the vertex with lowest fitness
by new species with independent fitnesses. This interaction represents co-
evolution of related species: if a certain species becomes extinct, this has an
effect on other species as well. The neighbour interaction makes the model
very interesting from a mathematical point of view.

It is extremely simple to run this model on a computer. Simulations
then suggest the following behaviour, for large N (see refs. 3 and 4 for
simulation results). It appears that the one-dimensional marginals are
uniform (in the limit for N — o0) on (f, 1) for some f whose numerical
value is supposed to be close to 2/3. This threshold value f is the basis for
self-organised critical behaviour, according to refs. 1, 3, and 4. Since in the
limit there is no mass below f, one can look at so called avalanches of fit-
nesses below this threshold: start counting at the moment that there is one
fitness below f and wait until all fitnesses are above f again. The random
number of updates, for instance, counted this way, is suppose to follow a
power law, and there is no fine-tuning of parameters.

It is a challenge to prove any of the above statements. Note that in
order to prove power law behaviour, one should first prove the existence of
the threshold f with the property that in the limit for N — co, all one-
dimensional marginals are concentrated on ( f, 1). Indeed, one can define
avalanches corresponding to other thresholds as well, but it is not expected
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that these avalanches have power law behaviour. This is only expected (and
observed) for the self-organised threshold f. Therefore, this should be the
starting point of a rigorous mathematical analysis of the model.

Simple as the model may appear, it turns out to be very difficult to say
anything at all about the limiting one-dimensional distributions. It is
therefore natural to try to prove a similar result in a simpler model. In this
light, we have chosen to study a discrete version of the model, which was
proposed in ref. 2, and which can be described as follows. Fitnesses of
species can now only be 0 or 1. The dynamics in this simpler model pro-
ceeds as follows: at every discrete time step, we choose an arbitrary vertex
with fitness 0. If there is no such vertex, then we choose an arbitrary vertex
with fitness 1. We update the fitnesses of this vertex, and of its two neigh-
bours, by three new independent fitnesses, taking value 0 with probability
0<g<1, and 1 with probability p =1—g¢q. This process is called the BS
process in this paper. We show that if ¢ is close enough to one, then the
mean average fitness in the stationary regime is bounded away from 1,
uniformly in the number of vertices. This is a small step in the direction of
the conjecture mentioned above, and answers a question which was posed
in ref. 2.

It should be noted that this discrete version of the model does not
show self-organised critical behaviour. Nevertheless, we think that under-
standing of the discrete model also increases our understanding of the
original model, if not in a technical sense, certainly in a conceptual sense.
Admittedly, the discrete version suggested here and in ref. 2 is only one out
of many possible discrete versions, but we see no reason to complicate
matters unnecessarily by choosing more complicated discrete versions.
The reader will notice that the proof of our main result is already quite
complicated.

In order to state our main result, here follows some notation. As
before, the number of vertices is denoted by N, and we denote by #y(n);
the state of the ith vertex after n updates of the process. We will prove the
following result.

Theorem 1.1. If g is close enough to one, then there exists ¢, >0
such that for any N e N and i € {1,..., N},

lim P(ry(n),=0)>c, (1.1)

Note that lim,_, . P(n,(n); = 0) exists, because #,(n) is a finite state,
irreducible and aperiodic Markov chain.

In the next section, we reduce the problem to a problem in a continu-
ous time, monotone particle system. In this system we will be able to prove
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results uniformly in N, by exhibiting graphical representations and an
infinite space version of the particle system.

2. REDUCTION TO A MONOTONE CONTINUOUS TIME PROCESS.

In this section we define a useful continuous time stochastic process
&(¢), independent of N. We construct the process &(¢) via a graphical
representation. The graphical representation GR is a random graph on the
space-time diagram Z x R*. We define GR via a set of independent so
called bundles {II,},.,, where each bundle II, consists of eight indepen-
dent Poisson processes on R,

000 7001 110 yrill
sz{Hk AL . I T },

with parameters ¢°/ (1 —¢°), ¢°p/ (1 —¢>)...., p’q/ (1 —¢>), p*/ (1 —g°) respec-
tively. (We use the factor 1/(1—¢?) to rescale time in a convenient way, as
will become clear later.) For each process I77" > we perform the follow-
ing procedure. At ith arrival 77> of II;»%, i € Z, we draw arrows in
Z xR from (k, 77;°>%) to (k—1, 77;72%), iff o, = 0, and from (k, 771;7>"*)
to (k+1,73;°>7), iff 0; = 0. We draw a % in Zx R at every (k+j, 777> %)
withg; =1, j=—1,0, 1. We say that (x, t,) is connected to (x, t,) by a time
segment, if t; <t, and there are no *’s on (x,¢), t €[, t,). An open path
y(t)|§f with trace (xy, $;),---, (X,, S,) 1s a map from [¢#,¢,] to Z such that
Hh=8§<--<8,=t, p(t)=x;, for te[s,s;,,), 0<i<n, p(t,) =x,, and
every pair (x;,s;), (x;,1,8;.;) 1S connected either by a time segment or
by an arrow. For any finite Bc=Z, x,yeB, and ¢, <t,e R, write
(x, )~ (,t;) in GR|p, if there exists an open path y(¢)|;? in GR with
() =x, p(t,) =y, and y(¢) € B, for all t € [¢,, t,]. See Fig. 1.

time
t
0
lefo % *
200
2,0 <« —>
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’81 0 < sk >
r]l 1(1 : E S % *k
o —
0
d
-3 2 -1 0 1 2 Z

Fig. 1. The graphical representation GR. (0, 0) is connected to (—1, ¢) by an open path. The
trace is (0, 0), (0, 7%5), (=1, 70%), (=1, 70 0), (=2, %0 0), (=2, %% ), (=1, %% ,) (—1,0).
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For any finitt ASBcZ and t,5s>0 we denote by &{*(s) the
random subset of vertices x € B such that there exists y = y(x) € 4, and
(y,t)~»>(x,t+s) in GR|g.

The definition of £{"”(s) via the existence of certain open paths
implies a number of useful properties. The first is monotonicity:

ELD(5) < ECI(s), s=0 if 4=C, B<D, 2.1
The second is the semigroup property:

@ &POn={g}, >0, 02
(b) EGECO (g 5 ) =EPI(sy), fASB, 0<s <sp.

The monotonicity property (2.1) allows us to define the process
EG(s) forany AS BS Z:

EL0(s) = lim EGOEI(s). 2.3)
B1B,
B’ finite

Note that due to the monotonicity property (2.1), the limit at the r.h.s. is
independent of the sequence B’ T Z. The process &(¢) is now defined as
follows:

=",  t=0. 24

We now extract the BS process #y(n) from the graphical representa-
tion GR as to have #,(n) and &(¢) defined on the same probability space.

The N vertices are labeled by A(N)={—N'—1,..., N"+1}, where
N'+34+N"=N, N'—1< N' < N", and the observation site is labeled by 0.
We define /(i) and r(7) to be the left and right neighbours of 7, respectively,
with appropriate boundary conditions:

. i—1, ie[—N',N"+1],
1G)=1 .., .
N"+1, i=—N'-1,
. i+1, ie[-N'—1,N"],
r(1)= ’ . n
—N'—1, i=N"+1.

A state of the BS process is determined by the subset of the vertices in
state 0. Thus the state space % of the BS process consists of the all subsets
of A(N). If we denote the state of a site i in a configuration n € %, by 7,
then we have an identity

no =i ¢nj. 2.5
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This identity is natural because the 0’s play the “active” role in the dynam-
ics of BS process. It is possibly also slighty inconvenient for mathemati-
cians, who are used to work with subsets of sites in state 1, (like in the
contact process or in the 1-dim sendpile model, ect.). Indeed, for those
processes we would have 7, = 1{i € #}. Nevertherless, we will not reverse
the roles of 1’s and 0’s, and will work with (2.5), because of the conventio-
nal definition of the BS-model.

We will now extract from GR two independent sequences of random
variables U = (U;), V' = (V}), and then we will define the BS process in
terms of those sequences. Let II(N) denote the superposition of all the
Poisson processes associated to the vertices in A(N), i.e., with abuse of
notation,

o=y oo v vl o).

ke AN)
Then II(N) is a Poisson process on R with intensity N /(1 —g?). Denote by
T(N) = (7:19 ‘["29"‘) (26)

the arrivals of II(N) after time zero. For every je N there exists, with
probability one, a unique U, € A(N) and V; € {0, 1}’ such that 7; is the
arrival of I7 Z’] It is clear that U, V' and 7(IN) are independent and each
consists of i.i.d. random variables. Note that U;, je N is uniformly dis-
tributed, that is, P(U, =i) =1/N, i € A(N). The sequence U will be used as
a sequence of random vertices-canditates for the update procedure. The
distribution of V; is simply the joint distribution of three independent
Bernoulli random variables, taking value 0 with probability ¢ and 1 with
probability 1 —g. The sequence V' will be used to determine the states of the
vertices after the updates.

We will define #,(r) inductively via the (random) increasing sequence
(j,)=N. Let j,=0, ny(0)= . Let ne N, and suppose that j,_, and
ny(n—1) are already defined. If ny(n—1)=, then j,=j,_ +N+1,
ny(n) ={U, }, i.e., we skip N elements of the sequences U and V', and then
restart our process from the site U, . The reason to skip N elements is that
we want to have the following property: the more particles in state 1 we
have in #z,(n—1), the more elements of U and V, in mean, we skip to
define 7, (n). We will use this property later, in the proof of Lemma 2.1. If
ny(n—1) # &, we wait until we choose a vertex in state O:

jn =min{j>jn71 | []] e’7N(n_ 1)}9
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and change the state of site U, and its neighbours /(U; ) and r(U, ) accord-
ing the value of V;, = (0,, 0,, 73), i.e.,

gy, lzl(ljj,,)a
0-29 izl/vjns
n) =
W=, i=r(U;),

ny(n—1),, otherwise.
This finishes the construction of the process 7, (n).

We will now introduce an “intermediate” continuous time process

En(o):

R nN(O)’ te [O’ Tl)’
¢ N(t) = . .
ny(n(j),  telr, 7)., j=1,
where (n(j)) is defined as
n(j) =max{ne N:j, <j}.
It is clear that £X(7) is a continuous time Markov chain on %,. Observe
that the processes ¢X and #,, are related via a random time change. If there

are many 1’s around, then we typically skip more steps, so 1’s tend to be
preserved in ¢2. This intuition is articulated in the following lemma.

Lemma 2.1. We have

lim P(y(n), = 1) < lim PN () =1). 2.7)

Proof. We prove (2.7) in two steps:

(@) lim Plry(n)y=1) < lim POy (n(i))o =1,
2.8)

(®) lim PGry(n(j))o =1) = lim P(EN(1)o =1).

We prove (b) first. We write

PEN(t)y=1) = i P(ny(n(j))o =1, and 7; <7 <7;,y).

J
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The random variable 7, (n(j)), is independent of z; and 7;,,. Hence

|P(EN () = 1)—J1ij£10 Py (n(j))o = 1)

= Z {P(ﬂN(n(j))o =1) P(Tj << Tj+1)} _}151010 P(ny(n(j))=1)

j=0

< ) [Py (n())o = 1)—]1im P(ny(n(j))o =1)I
j=0 -
xP(1; <t<71;,,)—0, as t— oo,

becauce 7; — o0, as j — oo in probability. This proves (b).
For (a), we write

Py = lim P( D nN<n),-=k>,

n—o© ie A(N)

and

G = hm P< Y. ax(n())) =k>-

- ®© ie A(N)

It is then clear that

- kpy
11m P(y(n)y=1)= z‘ ~
and
N
. . k
lim PO ((/o=1)= 3 SF-
j—o o —

Now observe that when there are k < N vertices with fitness 1, the number
of trials before we select a vertex with fitness 0 has a geometric distribution
with parameter (N —k)/k, hence the expected number of trials is equal to
N /(N —k). It follows that for k < N,

N
v—% Pk

10 wm P+ (N+1) py

qr =
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and similarly

(N+1) py
N—-1 N N 1 N
Yo v+ (N+1) py

We write a, =k/N, b, = N/(N—k) for k<N, and by = N+1. Then

dn =

Y kqy

P(mv(n(j))o=1)= 2 N

=211cv (} JI;N vl t(N+1) py
Zl=0 b p,

_ ZIILO a;by py
Z;V=o b p,

Now observe that for any probability vector p,..., py, and non-decreasing
sequences 0 < gy < - <ayand 0< b, < --- < by, we have

N N N
<Z akpk><z bkpk>< Z a;by py,
k=0

k=0 k=0

which can be proved by induction. Applying this general fact to the a,’s,
b,’s and p,’s above, we find that the last quotient is bounded below by
SV_o @ pr which is just P(yy(n), = 1). (Note that here we have used the
fact that we skip N choices if all vertices have fitness 1: this makes the
sequence (b,) increasing.) This proves (a). |

The next step in the proof of Theorem 1.1 is the following lemma,
where we relate the process ¢X(¢) to the graphical representation GR. To
simplify notations further we will write GRy, instead of GR|; . y»-

Lemma 2.2. Foranyt,t,>0,x,ye[—N',N"],if £&(¢,), =0 and
(x7 tl)'\N) (ya tZ) m GRN? then éN(tZ)y - O

Proof. Let (x,t)~~(y,t,) in GRy, with trace (xg, Sp),..., (X,, S,),
i.e., every pair (x;, s;), (X;,1, S;+1) is connected either by a time segment or
by an arrow. The statement will follow by induction, if we prove that
x; € ER(s;) implies x;,, € EX(s;, ), for every 0 <i<n—1. Let x; € EX(s,). If
(x;, 5;) is connected to (x;,;,s;,;) by a time segment, then there are no
symbols “*” on (x;, t), t € [s;, 5;,.; ). Hence, there are no arrivals at the time
interval [s;,s,,,) at 7", I7:%»" and II;%%, (0,,0,,05) € {0, 1}
Thus, x;,; =x; € £x(s;,1), because only the above arrivals can delete x;
from EX(s;,1). If x;,; = x;,+ 1 and (x;, s;) is connected to (x;,;, 5;,,) by an
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arrow, then there is an arrival at I ;1_1’”2’0, for some oy, 0, € {0, 1} at time
s; = S;,1, and hence, x,,, € £X(s;,,). Similary, if x,,, =x,—1 and (x;, s;) is
connected to (x;,, S;.;) by an arrow, then there is an arrival at 1T 22”2"’3,
for some a5, 03 € {0, 1} at time s, =, ,, and again, x,,, € x(s;,1)- |1

The last two lemmas imply that we have reduced the problem to GR.
Therefore, in the next section, we work in this graphical representation.

3. PROOF OF THEOREM 1.1

To simplify our notation &§"?(s), we will skip the upper index (4, ),
if A=B and t=0. We will also skip the lower index B, if B=27Z. So
for example, we will write ““(s) instead of &Y (s), &, ., (¢) instead of
E2-9(z), and & _,, () instead of (23> (7). The idea to couple by a
graphical representation the processes with various lower indices is taken
from ref. 11.

Note that for any ¢>0, with probability one, & _» () # & and
(o, n(t) # . Thus we can define /_y.(z) and ry.(z) as the leftmost and
rightmost 0’s of the processes ;_y ., (#) and &_,, y(?), respectively. The
following lemma was inspired by inequality (5.2) in ref. 11.

Lemma 3.1.

@ v @2y (1), 0)n D), 120,
®) Lo n(®2(=00, 1y ()]0 &), 120.

Proof. Let ye[l_y(2),0) N &(t). Then there exists x; € Z and an
open path y,(s)|; in GR such that (x,, 0) is connected to (y, ¢) by 7,(s)[5.
Since I_y(t) € &;_y, o) () there exists x, e ZNn [ —N’, c0) and an open path
1,(s)|5, laying completely within [ —N’, c0) x R such that (x,,0) is con-
nected to (I_(2), ) by y,(s)|5. Let s* be defined as

s*=inf{s > 0: p,(5) < n(s)}.

Note that by definition any open path is a cadlag function of time, thus
7,(s%) < p,(s™). If s* =0 then the open path y,(s)|; lays completely within
[—=N’, 00). If s* > 0, we define the open path y;(s)|; as

yZ(S)’ S € [0’ S*)a

y*”={n@x sels ],

see Fig. 2. The open path p,(s)|; has endpoint (y, r) and lays completely
within [ —N’, c0) X R. Thus (y, ) € &,y ) (2).
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time i 1—N‘ ® y
t o

X; -N' 253 7

Fig. 2. The open path connecting (x,,0) to (y,(s*),s*) to (y,?) lays completely within
[—N',00)xR.

The statement in (b) can be proved in a similar way. ||

Define [/, r]y(?) as
[ rIn(®) = &m0y (D) O &, v (D), t=0.

Lemma 3.2. If [[,r]y(?)# &, for all te[t,t,], then for any

yel[l,r]y (z;) there exists an open path y(7)[? with y(¢,) =y and »(¢) €
[Z’ r]N (t)’ te [tls t2]'

Proof. Let A’ be the subset of t*€[t,,t,] which have that for all
ye[l, r]y(t"), there exists an open path y(s)|§: with p(¢*) =y and y(¢) €
[, r]y@), te[t, t*]. If [, r]y(t) # &, for te[t,t,] then I_5.(2), ry(2) €
[—N’,N"], for all t € [¢,, t,]. Thus the event t* € 4’ is determined only by
the GR inside [ —N', N"] x [, t,].

Suppose t*e€ A' and 7 is the first arrival of IT(N) after time ¢*. Then
due to the definition of an open path [¢*, 7) € 4. We will prove that t € 4'.
Then, by induction, ¢, € A’, because there are only finitely many arrivals in
II(N) at time interval [#,,7,] and ¢, € A’. Let y €[/, r]y(r). Then there
exist open paths y,(?)|;, € [—N', c0) and y,(?)|;, € (—oo, N"] with endpoint
(,7). Since [_y(t*) is the leftmost point of & _, ., (t*), we have
y,(t%) = 1_,(t%). Similarly, ,(t*) <ry.(t*). The distance |p,(z*)—7y,(t)]
< 1, because there is only one arrival of II(N) in the time interval (¢*, z]. It
follows from the above that p,(¢*) e[l, r]y(t*) or p,(t*) e[l r]y(t®).
Suppose y;(t*) € [1, r]y(¢*). Then y,(¢) € [1, r]y(2), t € [t*, t]. Since t* € A’
there exists an open path y(s)lﬁz with p(t*) = y,(¢*) and y(¢) € [1, r]y(2),
t e [t,, t*]. Hence, the path 73(0)I7,, defined as

y(t)a te [tI’ t*)a

P()= {yl(t), tele, 7]
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vz

Fig. 3. At the realisation [/, r]y(z) = [/, r]y(¢*) = {y}. Since (p, ¢*) is connected to (y, 7)
by y(¢)|;- and ¢* € A', there exists an open path with endpoint ( y, t), laying completely within
[, rly@), t e[, 7]

has endpoint (y, 7), and satisfies y,(¢) € [/, r]5(?), t € [¢,, 7]. See Fig. 3 for
an illustration. Thus, 7€ A'. The case 7,(t*) e[, r]y(t*) can be done
similary.

We need a number of results which are very similar to the correspond-
ing results for the standard contact process. Therefore, we omit the proofs
of the following three lemmas. Their proofs are modifications of the proofs
of Theorem 3.19, Theorem 3.21 and Corollary 3.22 in ref. 12. Note that in
these three lemmas, we require g to be close enough to one. It is at this
point where the rescaling of time by a factor 1/(1—g?) comes in. With this
rescaling of time, the intensity of arrows gets large when ¢ gets close to one.
The (omitted) proofs of the three lemmas involve comparison with oriented
percolation, and in order to make sure that the appropriate oriented
percolation model percolates, we need a high intensity of arrows.

Lemma 3.3. If g is close enough to one, then there exists v(g) >0
such that for any ¢ > 0

P(E(2) = 0) > v(g). G.1)

Lemma 3.4. Let xe Z and let [ (¢) be the leftmost zero of &, (),
and r,(¢) be the rightmost zero of £_,, ,;(¢). If g is close enough to one,
then there exist ¢,(q), c,(¢) >0, depending only on ¢, such that for any
me N and ¢ > 5m?

Pl (s)>x+m, forsome se[t—5m?t])<c,(q)e 2™,

(3.2)

P(r.(s)<x—m, forsome sel[t—>5m?t])<c,(q)e @™
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---------------------------------------- (i+1)N
(x-N,t) N
‘ R @ (c+
N0 |
N N
(x,0)
---------------------------------------- iN
N N

Fig. 4. The ith level is normalising.

Lemma 3.5. For g close enough to one there exists c¢(gq)>0,
depending only on ¢ such that

P € [0, N/2]:(0,0)~» (N, ') in GRy ..)) > c(q).

Now we partition the time axis into intervals of length N, and we call
the interval [iN, (i+1) N) the ith level.

Definition 3.6. We call level i normalising if there exist ¢, ¢, 1" €
[iN, (i+1) N) and xe [ —N’, N"] such that £5(¢), =0, (x, t) ~» (x—N, t')
in GR_,, ,; and (x, 1)~ (x+N, ") in GR;, .

See Fig. 4 for an illustration of this definition.

We will use normalising levels to connect different open paths in GR.
For this to work, we have to make sure that there are enough normalising
levels. This is the content of the following key lemma.

Lemma 3.7. For ¢ close enough to one, N large enough, and
T > N>+ N, there exists c(g) >0, depending only on g, such that the
probability to find no normalising level among levels |T/N|—N,...,|T/N|
is at most e @¥,

Proof. The events
{ith level is normalising},  ieN

are not independent. But we will construct independent events which
guarantee that certain levels are normalising. To do this carefully, let Z(N)
be the g-algebra generated by the restriction of GRto Z x [0, iN + N). Let

f =min{iN+N/2,inf{t >iN : () n[-N', N"]1 # &} },
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and

*
i

{min{xe[—N’, N"]: &R, =0}, if ¢f <iN+N/2,
x; =

0, if tf=iN+N/2.

Let A4,(N) be the event that (x7, ()~ (xF+N,?) in GR[X > and
(x],t7)~»> (x;—N,t") in GR_,, x> for some t, t" e [t], 1] +N/2) Note
that A;(N)n {t] <iN+N/2} implies that the ith level is normalising.
Since t}“ is a stopping time and because of Lemma 3.5, there exists p, , > 0,
depending only on ¢, such that

P(Ai(N)) >pq,Aa (3-3)

uniformly in N. Observe that 4;,(N) is % (N)-measurable, and is indepen-
dent of % _,(N).

We are now going to make sure that {¢; <iN+N/2} occurs often
enough. Let s7 be defined as the smallest element s of the ith level for
which one of the following three conditions is satisfied:

(1) &N =5
(@ &N N[-N,N"1+#T;
(3) s=iN+N/A4.

Note that 57 is a stopping time (with respect to the natural filtration)
and that s7 <iN+N/4. We will now give a condition in terms of GR
within the i th level which ensures that s} <iN+N/4.

IfERGN) = For ER(IN) N [—N', N"] # &, then s} = iN. The remain-
ing cases are those where &5 (i) is not empty and a subset of {—N'—1,
N"+1}. We now pretend that £5(iN) is not empty and a subset of
{—N'—1,N"+1}, giving three possible situations, namely Ex(iN)=
{—N'"—1}, ER(IN)={N"+1} or éX(iN)={—N'—1,N"+1}. In each of
these situations, we compute

inf{s >0: ER(IN+5) = & or ER(iN+s5) n[—N', N"] # &},

which we denote by S', S? and S° respectively. We denote the maximum of
these three numbers by S7}:

St =max{S', §?, S°},
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and define the event B,(N) as

B(N)={S; <N/4}.
Note that B;(N) is measurable with respect to the o-algebra generated by
GR restricted to the ith level, and therefore the B;(N)’s are mutually inde-
pendent for different i’s. Also observe that occurrence of B;(/N) implies that

s¥ < N/4, and that

lim P(B/(N))=1. (3.4)

Next, define C;(N) as the event that the (N + 1)-th arrival of IT(N) after
time s7 takes place before time s’ +N/4. Since II(N) has intensity of
order N, the number of arrivals of IT(N) in a time interval of length N /4
has a Poisson distribution with mean of order N2, This implies that

lim P(C(N)) =1. 3.5)

Finally, D,(N) is defined as the event that the first arrival of I7(N) after
time s} is at a vertex in [ —N’, N"], or that there is no such arrival during
the time interval [s}, s} + N /4). It is clear that

lim P(D(N)=1. (3.6)

The events C;(N) and D,(N) are &% (N)-measurable, and independent of
% _,(N). Now we have that

{B(N) A C,(N) A D,(N)} < {t* <iN+N/2},
and therefore
{4;(N) " B,(N) nC;(N) n D;(N)} < {ith level is normalising}.

Also, for N large enough, we have, according to (3.3), (3.4), (3.5) and (3.6)
that

P(A4;(N) 0 B(N) 0 C(N) n Dy(N)) > c1(q),

for some c¢;(g)>0, uniformly in N. We may now write, using the
independence of all events
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P(none of the levels |T/N|—N,..., | T /N] are normalising)

< P< LT(/\NJ (4;(N) " B(N)nC(N) Di(N))C>

i=|T/N]—N
|T/N]
= JI P(A4(N)nB(N)nCi(N)nDi(N)))
i=|T/N|-N
< e*C(Q)N’

for some ¢(q) >0. |

Proof of Theorem 1.1. Due to the symmetry of BS-process we can
work with i =0. According to Lemma 2.1, it suffices to prove that for ¢
close enough to one, there exists ¢, >0 such that for any N sufficiently
large,

lim P(ER(1) =0)>c,.
t— 0

For any 7 > 0 and N we have
P(EN(T )y =0) = P(&(T )y =0)—P(Ex(T )y = 1, &(T )y = 0). (3.7

The first term in (3.7) is independent of N and positive, according to
Lemma 3.3. Thus it is remains to prove that

P(ER(T)o=1,ET), =0)—0, as N —> oo, uniformlyin 7 >T(N),
(3.9)

for some T(N) < oo. Let T > N*+N. According to Lemma 3.4 and the
stationarity of GR, for g close enough to one, there exists ¢, =c;(q),
¢, = ¢,(g) > 0 depending only on ¢, such that

@ PU_y(@®)>0, forsome te[T—N>—N,T])<ce ",
(i) P(ry(r) <O, forsome te[T—N>—N,T]) <ce™".

(3.9
It follows from (3.9) and Lemma 3.7 that

P(EX(T )y =1,4(T), =0)
EN(T),=1,4(T), =0,
<P I () <0< ry(t), forallte [T—N>—N,T], +ce

Jie{|T/N]—N,...,|T/N]} : ith level is normalising (3.10)



A Discrete Bak-Sneppen Model 1003

N% N

Fig. 5. The main idea of the proof. With probability close to one, {&(T), =0} implies
{f IISJ(T)O = 0}~

Consider the first term of (3.10). It follows from Lemma 3.1 that the
event

{L_y(T) SO ry(T), &(T )y = 0}

implies that {0} € [/, r]y(T). Then, by Lemma 3.2, the event

{ {0} e [, r1n(T), }

I_y(@®) <ry(t), forallte [T—N*—N,T],

implies that there exists an open path y(¢)|7_x2_, with endpoint (0, T') and
laying completely within [ — N’, N"]. If the ith level is normalising then, by
definition, there exists ¢, ¢,¢" € [iN,(i+1)N), xe[—N', N"] and open
paths y,(s)|! : (x,£)~» (x—N,t') in GR_,, .3, 7SI} : (x, )~ (x+N, ")
in GRy, .. Either y,(s)|/ or y,(s)|; intersects p(¢)|7_y>_y, see Fig. 5. Hence
(x, t) is connected to (0, 7) by an open path in GRy, and by Lemma 2.2
we have EX(T), = 0. Hence the first term at the right hand side of (3.10)
equals zero and the second term gives us the theorem. ||
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