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Abstract

We derive macroscopic equations for a generalized contact process that is inspired by a
neuronal integrate and fire model on the lattice Z¢. The states at each lattice site can take
values in 0, .. ., k. These can be interpreted as neuronal membrane potential, with the state
k corresponding to a firing threshold. In the terminology of the contact processes, which we
shall use in this paper, the state k corresponds to the individual being infectious (all other
states are noninfectious). In order to reach the firing threshold, or to become infectious, the
site must progress sequentially from O to k. The rate at which it climbs is determined by other
neurons at state k, coupled to it through a Kac-type potential, of range  ~!. The hydrodynamic
equations are obtained in the limit y — 0. Extensions of the microscopic model to include
excitatory and inhibitory neuron types, as well as other biophysical mechanisms, are also
considered.
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1 Introduction

The derivation of macroscopic deterministic time evolution equations from underlying micro-
scopic dynamics is one of the central problems of non-equilibrium statistical mechanics. This
micro-to-macro transition is a very difficult mathematical problem with only limited progress
so far [3, 11, 14]. This can be overcome to some extent when the underlying microscopic
dynamics is stochastic with very strong ergodic properties. Examples are the time evolution
of the stochastic Ising model via Glauber or Kawasaki dynamics. There one has derived
rigorously macroscopic equations in a space-time scaling limit [2, 4, 7, 8]. These equations
are of the mean field type using long range Kac type interactions on the microscopic scale.

In this note we derive macroscopic equations presented and partially solved in [1]. The
microscopic model system described here is inspired by neuronal integrate-and-fire models
[6]. In the simple version of this model the membrane voltage increases until it reaches a
maximum threshold value at which time it fires (spikes). When it fires that neuron’s membrane
voltage gets reset to its minimum value. At the same time other neurons connected to it, whose
potential is below threshold, increase their potential at a rate depending on the strength of their
connectivity to the neuron which has just spiked. In the macroscopic equations we considered
in [1] we discretized the values which the membrane potential can take restricting it to the
integer set {0, 1, ...... , k}. When and only when a neuron is in state &, its maximum value, it
causes other neurons connected to it with potential j < k to transit to the next level j + 1.
Independently, neurons with potential values k spike and assume the value 0. The neurons
in the microscopic model live on the d-dimensional lattice Z¢ with spacing y and their
interaction is given by a Kac type function, J(y|x — y|) [8]. In the limit y — 0 one obtains
the macroscopic equations.

It turns out that for k = 1 the model is equivalent to the well known contact process
with the state j = 0 corresponding to the healthy state and the state j = 1 the infected one
[12, 13]. For k > 1 the model can be thought of as a generalized contact process with only
the state j = k being infectious. In terms of neural models the case k = 1 corresponds to
the stochastic Wilson-Cowan model [9, 15], which is a popular simplified model of neural
systems. Setting k > 1 introduces inactive states which behave like subthreshold neuron
potentials and leads to more complicated behavior.

The analysis in this note will be done entirely in the context of the generalized contact
process. We consider an extension of the classical contact process where the state of an
individual is described by a potential U: when U = 0 the individual is healthy, when 0 <
U < kissick but not contagious and when U = k is both sick and contagious (in the classical
contact process k = 1). Infections are long range and described by a Kac potential with range
y~!. We study the system in the macroscopic limit y — 0.

In more realistic models there are two types of neurons, excitatory ones which act as those
described above and inhibitory ones [6, 10]. The latter ones also have a threshold for firing
but instead of increasing the potential of other neurons when firing it decreases them. This,
as well as other generalizations can be incorporated in the microscopic model studied here.
They lead to more complicated macroscopic equations, which we are currently exploring.
Their derivation uses the same formalism as the derivation given here. These will be discussed
briefly at the end of this note.

The outline of the rest of the paper is as follows. In Sect. 2 we give a precise definition
of the microscopic model and present the hydrodynamic limit equations. In Sects. 3—7 we
prove the hydrodynamic limit. In Sect. 8 we describe some generalizations of the model.
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2 The Model
2.1 The Macroscopic Region

The macroscopic region €2 is a torus in R? of side length L; for simplicity L is a large positive
integer.

2.2 The Microscopic Region

Let y = 27", ny a positive integer. The microscopic region is the torus £, = y~lanzd.

2.3 The Kac Potential

Dynamics are defined in terms of the Kac potential J,, (x, y) = a,, yéI(yx,yy).x,y e Q.
ay, is the normalization coefficient which makes J, (x, y) a probability; J (r, r’) is a smooth,
non negative, symmetric probability kernel with finite range R < L/2. Call

1 _
Ry = Ssup{lx —y|: Jy(x,y) > 0}, R, =y 'R .1

the range of the interaction J, (x, y).
The macroscopic limit is defined by letting y — 0.

2.4 The Time Evolution

Time evolution is described by a jump Markov process where there are two types of jumps
related to infection and recovery. The individual at site x with U (x) = k recovers at rate 1
and the potential after recovery becomes U (x) = 0. Moreover the individual at site x with
U(x) = k infects the one at site y if U(y) < k at rate A*J, (x, y) and the effect of the
infection is that U (y) — U(y) + 1.

We denote by U, (x), x € Q, the potentials at time ¢ and we denote by P” the law of this
process in £2,,.

Definition 2.1 The Initial Condition For any fixed y the potentials Up(x), x € €, at time
0 are mutually independent and the following holds:

e PY[Up(x) = i] = po(yx,i),i =0,..,k where po(r,i) > 0,i = 0, .., k is such that
> po(r,i) =1 for any r € Q. The variables po(r, i) are the initial densities.
e Thedensities po(r,i),r € Q,i =0, .., k, have valuesin [¢, ] —€], € > 0 and are smooth.

Assuming propagation of chaos, namely that the potentials U;(x), x € €, atany ¢t > 0
are mutually independent and PY [U,(x) = i] = p;(yx,i),i =0, .., k, then p; satisfies

d /
Z/Oz(r, D) ={p:(r,i = 1) — pi(r, i)}/ dr'X o (r' k) I (' r) (2.2)
Q
whenl <i <k—1;fori =k

d
E'O’(r’ k) = —pi(r k) + pi(r. k — 1)/961”»*,0:(/, KJ(' 1) (2.3)
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and fori = 0:

%pt(h 0) =p:(r, k) — pi (7, 0)/er’?»*,0z(r’, kKyJ (', r) 24
the initial condition being po(r, i), po as in Definition 2.1. These are the macroscopic equa-
tions analyzed in [1]. There, for A* < k, it is shown that the only steady state solutions to the
equations are the trivial ones with p,(r, k) = 0, where nothing is in the active state k. For
A* > k, the nontrivial steady state solutions are derived, and they are shown to be constant
in x and linearly stable. From the examination of numerically computed trajectories it is
conjectured that all solutions tend towards a steady state. The complete solution is given in
the spatially uniform case (where the initial condition is constant in x), and a partial solution
is given in the general case. Traveling wave solutions are also investigated numerically.

We will use three scaling parameters y = 27", n1 € N,§ =272, ny € Nand & =27"3,
n3 € N. The macroscopic limit, namely the solution of Egs. (2.2)—(2.4), is obtained by first
letting y — 0, then 6 — 0 and finally £ — 0.

To prove this limiting behavior we first prove the hydrodynamic limit for a modified
dynamics, called the auxiliary process, with a Kac potential A, see (3.2), which is a coarse
grained version of J,. We then obtain in the limit y — 0 a macroscopic equation with a
kernel Ag, see (3.6), which is a coarse graining version of J, see Theorem 3.2. In the limit
& — 0 we get (2.2)-(2.4), see Theorem 3.3.

3 The Auxiliary Process

The auxiliary process is defined as the previous one but with a piecewise constant kernel
Ay (x, y) in the place of J,, (x, y).
In order to define A, we need the following definition.

Definition 3.1 The basic partition. We call

QT,:{reQ:r:yx,erd}, Q*:UQ;, Qy=)/_152;j (3.1)
Y

The basic partition of Q is denoted by 7z, & = L27"3; its atoms Ct e me are cubes of
side & and C&(r), r € €, denotes the atom which contains r.

The microscopic basic partition ), ¢ is made by atoms cré =y71CE, Cf € e, cr
has N = (y~'€)? elements. We write C7*¥ (x) = y ~1C% (yx), C? € ms.

We say that two atoms C¥-¢ and D¢ of the basic partition interact with each other if
there are x € C”¢ and y € D¢ such that Jy(x,y) > 0.

To simplify the notation we will drop the superscript (y, &) from the cubes C?-¢ unless
confusion may arise.

3.1 The New Piecewise Constant Kernel

In the new process the rate at which x infects y # x is A*A, (x, y). The new kernel A, (x, y)
is defined by averaging J, (x, y) over the atoms of the basic partition 7, ¢, more precisely

1
A =55 D D HGEy) (3.2)

x'€CYE(x) y'eDV 4 (y)
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where J,, (x, x) = 0and N = |CV5].

3.2 Properties of A,

e For any x, A}, (x, -) is a probability, in fact

YA = Y Y A= Y Ay, yp)D|
y

Demy ¢ yeD Demy ¢
1
S V1D D SYATATE 3l EATRY
x'eC(x) Demy g y'eD Demy ¢ y'eD
= Z Jy(x,2) =1 (3.3)
z

where yp is any point in D. In the third equality we have used that |D| = N.
e Ay (x,y) =0if C(x) and D(y) do not interact.
e If instead C'(x) and D(y) interact

1
Ay (x,9) <y ) o = csdﬁ (3.4)

We denote by PA47*? the law of the auxiliary process with initial conditions unchanged,
see Definition 2.1 and by P4r the corresponding law of of the density variables

1 .
V@ = I L O = e O Ui = i) (3.5)
The following Theorem will be proved in Sect. 6.

Theorem3.2 FixT > Oandt € [0, T], we denote by P,AV’V the restriction of PA7"Y to time
t. In analogy with (3.2) we define the kernel Ag(r,r’), r, 1’ € Q* as

1
Ag(r,r) = —/ d”l/ driJ(r1, r}) 3.6)
¢ £24 Jee CE(r) ! !

Then PtA v converges weakly asy — 0 to aprobability ’PtA * which is supported by s (r,ist)
r € Q which is the solution at time t of the equations

%fpg(h i0) ={ee(r,i — 1) — e (r, i t)}/gdr/l*ﬁﬂs(r/,k; NA:(r',r)  (3.7)
whenl <i<k—1;fori =k

%(pg (rik;t) = —@e(r, ks t) + @z (r bk — 15 1) /;2 dr'V e (r' ks A (' r) - (3.8)
and fori = 0:

d
E(ﬂ;(r,O; 1) =@e(r.k;t) —e(r,0; t)/ dr' Vs (r' ks ) As (r, ) (3.9)
Q

the initial condition being g (r,1; 0) = dr’ po(r’, i), po as in Definition 2.1.

ICE(M] Jee
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Observe that g (r,i;1), r € Q is constant on the cubes Cé. Convergence of the space-
time joint distribution of the densities will be proved in Sect. 8 together with the following
Theorem.

Theorem 3.3 The function ¢g(r,i;t), r € Q,t € [0, T] converges as & — 0 to p(r, i)
solution of the Egs. (2.2)—(2.4).

Sketch of the proof of Theorem 3.2

In the theory of hydrodynamic limit for stochastic interacting particle systems a typical
procedure is to use the martingale decomposition for the variables of interest, see for instance
the book [11]. Applied to our case we have

t
vE ) — ol () :/ ds Lol F (x) + M) (x) (3.10)
: : A : :

where L, is the generator of the process and M iy;é‘ (x) isamartingale. M iy,é (x)is a “fluctuation

ot

term” and one can often prove that in the hydrodynamic limit N — oco, M iyf (x) vanishes

with probability going to 1. The hardest problem is to control Lyvl?” ‘f (x), whose explicit
expression for 1 <i <k — 1 in our case is

Lyl f 0 = (075, = 0 0)2" 30 Ay 0ol ) (3.11)
y

By compactness vl?f ’f (x) converges (by subsequences) weakly in probability to some limit

density but the problem is that in (3.11) the functions v”*¢ appear quadratically and in general
the weak limit of a product is not the product of the weak limits of the factors.

To close the equations one then needs to prove a factorization property for the UZ ’f ,1.e.
propagation of chaos or local equilibrium. We overcome this difficulty by using the same
method as in [2, 5]. We discretize time, see Sect. 4: we use a mesh § which will vanish after
taking the limit y — O and study the process in the generic time interval [nd, (n + 1)5] with
n < 87T having conditioned on the values of the potential U; (x) at time t = né.

The increments of the densities in a time interval [n6, (n+ 1)5] (having fixed the potentials
at time né) are given in (4.7)—(4.9) in terms of variables M¢ p.;, C, D cubes of the basic
partition, i € {0, .., k}, and variables Mp, see (4.6).

Probability estimates on M p.; are obtained in Theorem 5.1, those for Mp in Theorem
5.4. The proof of Theorem 3.2 is then given in Sect. 6.

The crucial point is to prove the probability estimates stated in Theorem 5.1 and in The-
orem 5.4. We use a graphical representation of the process where we represent by an arrow
(x, y) the infection to the individual at y due to the individual at x; the recovery of an
individual at x is described by a “marked point”.

The collection of arrows and marked points define a natural graph structure, see the
paragraph A graph structure in the next section. To reconstruct the true process we introduce
time variables ¢ (x, y) and ¢(x), #(x, y) is a finite sequence of times #,,, (x, y) and 7 (x) of times
tm(x). t(x, y) and t(x) are mutually independent Poisson processes with mean A*A,, (x, y)
and respectively mean 1.

The above graph structure is realized by drawing an arrow (x, y) at a time ¢ € £(x, y)
and a marked point at x at ¢ € ¢(x). Knowledge of all #(x, y) and #(x) allows to reconstruct
the true process, see the paragraph A realization of the process: the clock process in Sect. 4.
However to know whether at r = #(x, y) there is an infection we need to know all the values
t(x’,y';s) and 1 (x’; s) for all s <t as well as the values of the initial potentials.
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The analysis of the graph structure of arrows and marked points ignoring the times when
they are drawn is quite simple because the variables ¢ (x, y) and ¢ (x) are mutually independent.
The first crucial point is that an arrow (x, y) corresponds to an infection if at the initial time
U(x)=kand U(y) =1i,i < k, provided that the cluster containing (x, y) is made only by
the arrow (x, y), see Lemma 4.1 and the paragraph A graph structure in the next section for
the definition of clusters. Analogous property holds for marked points. Thus when clusters
have only one element the time when the event occurs is not relevant.

The second crucial point is that clusters with more than one element are probabilistically
negligible. An estimate is proved in Corollary 4.4. As argued after (5.8) this is good enough
for clusters with at least 3 elements, for clusters with only two elements we have a more
refined argument proved in Lemma 5.3.

The crucial step in the proof of Corollary 4.4 is to reduce to a branching process which is
studied in Appendix A.

4 Time Discretization and a Realization of the Process
4.1 Time Discretization

We discretize time withmesh § = 27"2,ny > 1. We fix § and a time interval [16, (n+1)8], for
a while we will study the process in such a time interval having conditioned on the values U,
of the potentials at time n§. By choosing é small enough the process becomes considerably
simpler and we will exploit the following realization of the process.

4.2 A Realization of the Process: The Clock Process

We attach to any ordered pair (x, y), x 7# y, independent clocks called (x, y)-clocks which
ring at exponential rate A*A,, (x, y). The clocks start at time n8 and are stopped at time
(n+ 1)4, recall that we are studying the process restricted to the time interval [n§, (n + 1)3].
We denote by t(x, y) the times when the (x, y)-clock rings. We introduce also x-clocks
which ring at rate 1, ¢(x) being the times when the x-clock rings. All the above clocks are
independent of each other.

Our process is recovered as follows. If the (x, y)-clock rings and at the time of the ring
U(y) < kand U(x) = k then U(y) — U (y) + 1. Moreover if the x-clock rings at a time
when U (x) = k then U (x) — 0. All these rings are effective while the other rings where the
above conditions are not fulfilled are ineffective, the potentials are unchanged and they can
be ignored. However it is a very complicated task to understand whether a clock ring is or
is not effective, it depends on all the clock rings {7(x, y); #(x)}. As already mentioned it is
convenient to introduce a graph structure.

4.3 A Graph Structure

When the (x, y)-clock rings we draw an oriented arrow (x, y), when the x-clock rings we
draw a marked point at x. Two arrows are connected if they have a point in common, a marked
point is connected to an arrow if it is one of the two points of the arrow. Clusters are the
maximal connected sets of marked points and arrows. Notice that a same arrow may appear
several times in a cluster as well as a same marked point. In the Appendix we compute the
probability of a cluster.
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49 Page 8 of 25 L. Chariker et al.

We denote by C; the clusters made by a single element, i.e. either a marked point or an
arrow. C; are the clusters with j elements. We will see that if the time mesh § is small the
relevant clusters are the single clusters Cj. In such a case we have:

Lemma4.1 Let Uys(x) =k, Ups(y) =i, i < k, and let Cy = (x,y) then Ugp41)s(x) =k
and U41ys(y) = i + 1. Analogously if x is a marked point with Ups(x) = k and C; = x
then Ug11)5(x) =0

Proof The potentials Uys(x) and U, 5(y) can only change when the (x, y)-clock rings because
(x, y) = Cj and all the other arrows are not connected to (x, y) nor the marked points. Then
by the assumption Uy,s (x) = k and U,s(y) = i the (x, y)-ring is effective hence the statement
in the lemma. The case of C1 = x is proved similarly. O

Definition 4.2 In the sequel we will denote by ¢ constants which do not depend on N and §.
The following Theorem is proved in the Appendix.

Theorem 4.3 Foranya € (0, 1) and any € > 0 such that 1 —a — 2e > 0, there is a constant
¢ so that for any y and § small enough the following holds. Let (x, y) be an arrow then for
any two atoms C and D of the basic partition

VIET Y Y pe]) s @
xeCyeD j=1 Cj3(x,y)

Moreover

NN N 6749 Y P[] < e8! 4.2)

xeC j>1 Cjax
We will use the following consequence of Theorem 4.3:

Corollary 4.4 Let C and D be two atoms of the basic partition, then for any j* > 1
PAYYINTIY N Y sy > 8] = elam i HImane, (4.3)
xeC yeD j>j*
where a € (0, 1), b € (0, 1), for € as in Theorem 4.3. Analogously
PAPY[NTU YD 3 deyae > 80 | < eplenh a2, (4.4)
xeC j=j*

where a € (0,1), b € (0, 1).

Proof We take a > 0 and write

oY PYYIC =) s Y PAYYIC)

J=j* Cj>3(x,y) Jj=j* Cjo(x,y)
<oredy e Y0 PG
J Cja(x,y)

Then using Theorem 4.3 we have

NI IS ST pAYYIC] < sl a8t 4.5)

xeC yeD j>j* Cj>3(x,y)

By the Markov inequality we then have (4.3). The proof of (4.4) is similar and omitted. 0O
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For simplicity, in the sequel we write P? instead of PAYY .

Definition 4.5 We denote by k., ;(n), i < k, the number of effective (x, y)-rings in the
time interval [n§, (n + 1)8), namely those such that when the clock rings U(x) = k and
U(y) = i; we denote by «,(n) the number of effective x-rings, namely the times ¢ in 7(x)
when U;(x) = k. We then define for two cubes C and D

Mepi(m) =Y > keyi(n). i <ki Mpmn) =) k(n) (4.6)
xeC yeD xebD

Since in the following # is fixed we drop the dependence on n in (4.6).
Recalling (3.5) for notation we have for0 < i < k

1
Vi, (n+1)s (¥) — vins (y) = v Z[MC,D(y>;i—1 — Mc,pyy;il 4.7)
c
1
v0,(n4+1)5 (¥) — V0,05 (y) = N(MD(y) - ZMC,D(y);O> (4.8)
c
1
Vk, (n+1)5 (V) — Vrns (¥) = N( — Mpgy) + Z MC,D(y):k71> 4.9)
c

5 Probabilty Estimates

In this Section we estimate M p and Mc p.;, i < k, see Definition 4.5. They are in general
very complicated functions in the space of the clock rings {z (x, y); t(x)}, we shall see however
that only cases with few rings are important, the others give a small contribution. This will
be the crucial point in the proof of the following theorem, Theorem 5.1, which concerns the
number of events where an individual in a cube C with potential k infects an individual in
the cube D which has potential i < k.

Probability estimates on Mc p.;

Recall that we have fixed a time interval [n6, (n + 1)§] and we will not make explicit the
dependence on such interval unless confusion may arise.

Theorem 5.1 Forany 0 € (0, 1), a € (%, 1), b€ (%, %a) and € < 1%“ there is a constant ¢

so that for all i < k and all x such that U,s(x) = k and all y so that U,s(y) =i
PY[INT Mcq, byt = F8N Ay (5, 3tk (000105 ()]
= N H N 6Y 52

82 § & 1+2a-3b-2¢ , O

Notice that the conditions a € (%, 1),b e (%, %a)andande < 1%“ imply that2a—3b—2¢ >
0.

21—5‘(

The proof will be obtained in several steps.
The first step is to reduce to cases where |£(x, y)| = 1. To this end, recalling Definition
4.5, we consider two cubes C and D and for i < k we write

Mec,pii = Z Z x,y,iditx, =1 + Re.pii (5.2)
xeC yeD
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49 Page 10 of 25 L. Chariker et al.

where

Re pii = Z Z Kx,y,i L, y)> 1

xeC yeD

Lemma 5.2 There is a constant c (independent of N and §) so that for any € > 0:

LT . 82 53
P I:NRC’D;i >N ] SCN17€ ( . )
Proof Recall that by definition
X L [ATSAL, (e, V)]
PP [t )| = 0] = e ) Loayte 1 (5.4)
n!
We then bound
1 1
—Rc,pi < — Z Z [2Cc, I je(e,yi>1
N N
xeCyeD
and using (3.4) we get
1 1 > . JIFSA, (x, IF 82
4 = — —A*8Ay (x,y) v i
B[ gRep] = 5 D3 Yk o =W
xeC yeD k=2
By the Markov inequality we then get (5.3). O
Let x be such that U,5(x) = k and y be such that U,5(y) = i, then
kryiliieyi=1 = Liyi=1 =i} + Kepilisceni=1 ) Y Lpec;)
jz2 C;
= Ly pi=t + Lagei=tlkn, i = 11D ) L pec) (5.5)
Jj=2 C;
Thus from (5.2) we get
1 1 1 1
|NMC,D;1' -5 Z Z L, y=tl < NRC,D;i + NTC,D (5.6)
xeC yeD
where
Ten =3 Ty Telp =303 liwwee) (5.7)
j=2 xeC yeD
having used that 0 < x y; < 1if 1)y y)|=1-
By Corollary 4.4 we have:
1 () ib —b) j+1-a—2
PV[N Z: 1Y) = 817] < @@ DI ge 1), be© D) (58)
J'=j

We will eventually need to iterate the estimate over all the time intervals [én, §(n + 1)], i.e.
81 times, so that we want 81872 and §—18/@—b)+1—-a=2¢ {4 vanish when § — 0. When
applied to the case j = 2, the above requires that » > 1/2 and also thatb < a/2 < 1/2, so
that for j = 2 the conditions cannot be fulfilled.
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Scaling Limit of a Generalized Contact Process Page 110f25 49

Instead if j > 3 by choosing
1 12
ae <7,1) and b € (,,,a> sothat 2a —3b >0
2 3°3
we have for € sufficiently small
—1+jb>0, —-1+jla—-b)+1—-a—-2>0, Vj=3 (5.9

The analysis of T, éz)[) requires a more refined estimate which is the content of the next
lemma.

Lemma5.3 Foranya > 0

a

1@ _ o 8
py[ﬁraﬁa a]gcﬁ (5.10)

Proof A cluster C; which contains the arrow (x, y) is equal to

{Ce, ), 0, DU {(x, y), (2, MU A{x, ), (x, 2)}
U{(x, y), (2, )} U{(x, y), x} U{(x, ), y}

in the last two terms besides the arrow (x, y) the single poins x and y are marked points and
in the previous terms z is any point different from x and y..

Since the estimates are similar for simplicity we just examine the case with two arrows,
(x,), (v, z). We denote by 5y y . € {0, 1} the indicator of this set, thus

Nx,y,z = Lo, yi=11iey,01=11C=(x, ). (.2}

We call

Feg 20 Yo

xeCyeD =z

We first compute the expectation recalling that the clocks are independent (see the paragraph
A realization of the process: the clock process) and using (3.4) we get

1 Y
E[F]= <52 3 D e ot OGN Ay (x, y)N Ay (v, 2)
xeCyeD z

We next compute the variance and using independence we get
EY[(F - EV[F)?]

1 x
= VA Z Ze*)\ 5(Ay(x,Y)+Ay(y,Z))()\*S)ZNA}/(x7 YVNA,(,2)

xeC,yeD z

— EV[FP?
1 dg2

< — S

_NCE

Thus (5.10) follows from Chebishev inequality. O
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Proof of Theorem 5.1 We fix X and y as in the hypothesis of the Theorem and we call C =
C(x)and D = D(y).
We write (recall (5.6))

INT" Mg p.i = KON A (%, $)0k.ns (B)vins (9

_ _ _ 1 1
< ISy = KN Ay (B, 5)veas(Ovins ()| + - Re by + 16,5 (5.11)

where

1
Sv=w 2o Luwyi=ts (.12)

xeC yeD

The term R j.; has been treated in Lemma 5.2 and the one with T¢ j is estimated in (5.8)
for j = 3 and Lemma 5.3 for j = 2.
We first compute EY [Sy], from (5.4) we get
—SA, (R _ _.ICI |D|
EV[Sy] = e+ 84y &9 *sN A , Li
[Snl=e y (X, ) N N
= e F A EDVISN Ay (%, 7) Ok () Vi s (7) (5.13)

By 34) NA,(x,y) < ck*éd so that the right hand side of (5.13) is bounded by Sa*ced,
Since the clocks are independent we get

2 1
B [(Sx ~ BV Isw1)’] = 57 20 D0 [PY .l = D = PY (1. ] = 1)
xeC yeD
SA* d
<c ; (5.14)
N
By (3.4)
d
1= ey < 250 (5.15)
- N
Thus, given any € > 0 by Chebishev inequality and using(5.14) and (5.15) we get
y . o _ _ » (Ssd (S)\*gd
P [|SN — AN Ay (X, Y)Vk,ns (Vi ns (V)| > N ] = CW +Cm (5.16)
We thus get the theorem. O

Probability estimates of Mp

The analysis of Mp defined in (4.6) is very similar to the one we did for M¢ p.; and
sketched below. The analogue of Theorem 5.1 is:

Theorem 5.4 Forany 0 € (0,1),a € (%, 1), be (%, %a) and € < ]%“ there is a constant ¢
so that for all x such that U,5(x) = k

PV[|N*1MD(X) —Svns(X)| < (N +8N '+ N7 4830 4 5*2“)]

82 8 SA* 14+2a—3b—2¢ | 8
Z]_C(F+N+m+8 4 E"‘ﬁ) (5~17)
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We write

Mp = Z kxljtxj=1 + Rp, Rp = Z x Lz )= 1 (5.18)

xeD xeD

Proceeding as in the proof of Lemma 5.2 we have (proof is omitted):

Lemma5.5 Forall € > 0 we have

1 82
PYIGRp > N~ 1 s ey (5.19)

Analagously to (5.5) we write

Kxljol=1 = Liwi=1lpr=cyy + kxLjii=1 Z Z Lixec))

jz2 C;
= Lywi=t + Luo=tler = 11 D~ Lecy) (5.20)
jz2 Cj
Thus
|1M 121 |<]R +1T (5.21)
NPTy rl=tl = 5 Rp+ 5 1p :
xeD
where

Tp =T+ D lixecy) (5.22)

xEDjZ3 Cj

The following lemma is a consequence of Corollary 4.4 and an argument very similar to
the one of Lemma 5.3:

Lemma5.6 Foranya € (%, 1) and b € (%, %a) we have

a

1 3b 14+2a—-3b-2 1 ?2) 2— 8
PY NZZZI{NC,-M < g Py ST = 80 < e
xeD j=3 C;

(5.23)

Proof The first inequality is the estimate in (4.4) for j* = 3. We thus prove only the second
one. A cluster C, which contains the marked point x is equal to

{x, e, YU X, (v, 1))

We only examine the case {x, (x, y)} the other being similar. We call

1
F=%3 2D ey ey = Lyyi=tLw)=1
xeD yeD

Using that the clocks are independent and (3.4) we get

EV[F] = % D0 (PateT I IasA, (x, 1)) < e s?

xeD yeD
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We next compute the variance and using independence we get

1 5 1
EV[(F - EV[F])z] =7 DN seThe M I D)5, (x, y) < Ncsdsz
xeD yeD
The Lemma follows from the Chebishev inequality. O

Proof of Theorem 5.4 We fix i as in the hypothesis of the Theorem and we call D = D(%).
Recalling (5.21) we write

_ 1 1
INT"Mp — v ns ()] < ISy — Svins ()] + ~Ro+ 5 Th (5.24)
where
1
Sv = > Liwy=t (5.25)
xeD

The term R} has been treated in Lemma 5.5 and the one with T in Lemma 5.6.
We first compute EY [Sy]

y _ = |D| _ = =
EV[Syl=e 87_(3 SV ns (X) (5.26)

Since the clocks are independent we get

1 8
B[ (Sw — B ISw))’] = 15 - PV (@)l = D) = PY ()] = DY) = e (527)
xeD

Since 1 —e™? < c%, given any 6 > 0 and using (5.27) we get

» 5 5
PY[1S8 = 8o ()] > N7 e+

v v (5.28)

6 Proof of Theorem 3.2

The aim in this section is to study the time-continuum limit of the densities when first
N = (y~'¢)? - oo and then § — 0. To this end we study the process in the time interval

[0,T] = U 18, (n + 1)8).

n<é-1T
Define

X sm=) {|N_1MC(x),D(y);i(n)

i<k x,yeQ,
— WFSN Ay (X, Y)Vk s () Vi s ()] < c(N77 + 8”6)} (6.1)
5 = () IV Mo ) = sums@l = e 459 62)
X€Qy,

@ Springer



Scaling Limit of a Generalized Contact Process Page 150f25 49

Lemma6.1 Let

Gy = [ (Xn.sm) N Y 5(m)) (6.3)
né<T
then
PY[G,1> 1 =87 ' Te(N~1H20 4 51F€) (6.4)

Proof Observe that the sets in the curly brackets in (6.1) and (6.2) are constant on the cubes,
then the lemma follows from Theorems 5.1 and 5.4. m]

We first take N — oo and then § — 0, thus the probability of G, is as close to 1 as we
want if for any § small enough we take N sufficiently large.

To underline the dependence of v on y we write below vi’f 25 () and we rewrite (3.5) as

1

Y

Vins(X) = > L=t
yeC(x)

v (nd) = {viy;ns(x),x €Q,,ief0,...,k}}, ndel0,T] (6.5)
For 1 <i <k we call

Fy(x. i3 07 (1)) =

{U,?/_l;m;(x) - U,?/;m;(x)} ZX*A;/(}’, X)UZ;,,(;()’) - U}(/;m;(x)li=k (6.6)
y
Fy(x,0; 07 (nd)) := _U(})/;nS Z AAy,(y, )c)v};mS y) + v,};ns(x) 6.7)

Recalling (4.7), (4.8) and (4.9) in G,, we have that for any n < 57T andi € {0, 1, .., k},

Y
|vi;n

5O — (V] (1)) +8Fy (x, 307 (n = DY < c (N7 +8'7)  (6.8)
having used that Z Ay (y, x)v}:;mS (y) = Z NA,(yc, x)v};mS (yc), with yc any pointin C.
y C
Define u” (x, i; né), i € {0, 1, .., k}, nd < T as the solution of the equations

u”(x,i;nd) =u¥(x,i; (n — 1)8) + 8F), (x, i; u” ((n — 1)8))
u’(x,i;0) = vl?’;o(x) (6.9)

Observe that since the initial datum is constant on the cubes C of the partition then also
u? (x,i; nd) is constant on the cubes for any n. We thus may call u; (C, n) = u” (x,i; nd)
with any x € C.

Lemma6.2 Lete < u”(x,i;0) < 1 — € (see Definition 3.1), let T > 0 and €' such that
(1—8) Te=¢ (6.10)

Thene' < u?(x,i;n8) <1 —¢€ forallx,iandn <8 'T.

Proof Let C be a cube of the basic partition, and let

K,(C) = Zk*Ay(x, yu”(x,k;n8), yeC (6.11)
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observing that the right hand side does not depend on which y we take in C. We then have
ui(C,n+1)—u;(C,n) = K,,(C)(u,-,l(C, n) —u;(C, n))S —8u; (C,n)li= (6.12)
with u_1(C, n) = 0. We call
0(n) =minu;(C,n), O(n)=maxu;(C,n) (6.13)
l T he upper bound l

Let i such that ®(n + 1) = u;(C,n + 1) and j such that ®(n) = u;(C, n). By (6.12)
bounding u; 1(C, n) < u;(C, n) and dropping the last term —du; (C, n)1;—; < 0 we get

ui(C,n+1) —u;(C,n) <ui(C,n) —u;j(C,n)+ Ky (CO)[u;(C,n) —u;(C,n)]é
< —;(C,n) —u,(C,n))(l — K,,(C)(S) (6.14)

It follows by induction from (6.14) that K,,(C) < A* for all n. Thus the right hand side of
(6.14) is negative for § small enough and therefore ® (n) < ®(0) < e which proves the upper
bound.

Thelower bound

Leti such that 6(n + 1) = u;(C, n + 1) and j such that 6(n) = u;(C, n). We prove below
that for 6 small enough

ui(C,n+1)>u;(C,n) —u;(C,n)§ namely On+1)=0mn)(1-35) (6.15)
From (6.15) we get for any n such that nd~! < T
0(n) > (1—8)° Te=:¢ (6.16)
having used Definition 3.1. O
Proof of (6.15) Recalling the definitions of i and j from (6.12) we have

ui(C,n+1) —u;(C,n) =u;(C,n) —u;(C,n) + K, (O)[u;—1(C,n) —u;(C,n)] 8
—8u; (C,n)1i— (6.17)

We bound from below u;_1(C,n) > u;(C, n). We also write the last term as [(; (C, n) —
uj(C,n)) +u;(C, N)]é having bounded 1,—; < 1 and get

On+1) —0(m) = {[ui(C,n) —u;(C, n)](l — K, (C)é — 5)} —uj(C,n)]s (6.18)
For é small enough the curly bracket term is positive and (6.15) is proved. O

Let

Iv” (18) — u” (n8) | := max|vf,;(x) —u” (x, i; nd)| (6.19)
X, ’

Lemma 6.3 In G, we have

sup [[v? (n8) — u¥ (nd)|| < cT8 (N0 4 817¢) (6.20)

nnd<T

which vanishes in the limit N — oo and then § — 0.
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Proof There is c¢ so that

max|Fy (x, i; 07 (n8)) — Fy (x, i u” (né))| < cllv” (nd) — u” (nd)|| (6.21)

and therefore by (6.8)
vY (18) — u? (n8)|| < (1 + )Y (n — 1)8) — u? ((n — DE)|| + (N~ + ')

(6.22)
By iteration
n
I’ () — )l < D e+ )" (N7 +8'7) (6.23)
m=2
Since
e+ 87" < =c(T) (6.24)
andn < T8~ L, we get
0" (18) — u” (nd) ]| < T8~ (N7 +5'%¢) (6.25)
which concludes the prove the Lemma. O

We next define w” (x,i; 1), t € [0, T], which is the time continuous analogue of u", as
the solution of

%wy(x,i; 1 =F,(x,i;w’ @), w'()={w'(x,i;1),x €Q,,iecf0,.,k}}
(6.26)
with initial condition wY (0) = v¥ (0). Then
lw? (x, i5n8) — {wY (x,i5 (n — 1)8) + 8F, (x,i; w” (n — DO} < c8*  (6.27)
and
lw” (n8) — u” (nd)|| < 'T67'8> (6.28)
Therefore

lw” (n8) — v¥ (nd)| < cT(a +8 N0 4+ 56), Vn < T8 ! (6.29)

Proof of Theorem 3.2 We call
o (riist) =w’ (y i), reQ) (6.30)
and we observe that " satisfies
%wy(r, ist) = fy(r,i; 0’ (1)), V(@) ={o¥(r,i;t),re Q;, i=0,.,k},t€[0,T]
(6.31)
with initial condition w? (r,i; 0) = w” (r, i; 0) and
Ty (rii; o (1))

=0V (i — L) =" (r, 30} Y A NA, (' y e’ (¢ kit (6.32)
cé
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where '/ is any point in C5. We have used that w” is constant on the cubes C?*¢ as well as
A, . We now observe that (recall (3.6))

1im0y*dAy(y*1r’, y i) =40, r) (6.33)
)/—)

Thus, since N = (y ~1£)4 we get that
. Vi _ _ . .
)}I_)IHO lo” () —¢, O =0, ¢, () ={ge(r,i,0),r € 2,i€{0,....k}} (6.34)
From Lemma 6.1, (6.29) and (6.34) we then get
. . y Y —1 —6 € —
Jim 1im P [”fs(’) v (n8)| < T(5+8"'N~0 46 )] 1

which proves the Theorem. O

7 Stronger Version of Theorems 3.2 and 3.3

In this Section we prove Theorem 3.3 together with a stronger version of Theorem 3.2.
We introduce some new notation and definitions besides those in the previous sections.
We fix a time ¢ = ndp for some ng and &g. Since we consider the parameter § of the form
272 with ny € N we then have that for any § < §p there is m so that t = m$.
We define vc ;. with C e ¢, £ =273, n3 e N,i € {0, 1, .., k}.

1
Vet = Z y,y=i> |Cl=¢4 (7.1)
ICI reC
where by an abuse of notation we have called U(r), r = yx, the potential U (x); U;(r) is the
potential at time 7.
So far we have studied the one-body correlation functions. In the next theorem we study

the many body space-time correlations, namely the law P} %% of the finite dimensional
distribution v = (sz,iz;tu =1,2,..., m) in the limit first y — 0 then § — 0 and finally
&E—0.

Theorem 7.1 With the above notation

lim lim lim P}%¢ = P, (7.2)
£—-0 6—0 y—0 — -
where Py is supported by w = (wy, .., wy,) with
Wy = —— dr,o(r,i[;tg), L=1,2,....,m (73)
ICel Je,

p is the solution of (2.2)-(2.4).

Proof Recalling the definition of w” in (6.30) we write
Vep ity = (VCp iy, — @V (roie 1)} + o (rie te)  r e Ce (7.4)

In the set G, defined in (6.3) the curly bracket is uniformly bounded by c¢(N ~% 4+ 5¢) and by
Lemma 6.1 PY(G,) — 1asy — 0. Thus in the limits N — oo and then § — 0 the curly
bracket goes to 0.

@ Springer



Scaling Limit of a Generalized Contact Process Page 190f25 49

From (6.34) w” (r, iy; t¢) converges as y — 0to @(r,ig; tg) = @z (r, i¢; t¢) solution of
(3.7), (3.8), (3.9) where the convolution term A = A¢ is defined in (3.6) and

1
lim Ag(r, r’) = lim —/ dr / driJ(r,r) = J@r,r) (7.5)
g0 ° £—0 £24 Jce DEG) ! !
From (7.5) it is easy to prove the
lim g (1, ig; te) = w(r, ig; te)
£E—>0

and the Theorem is proved. O

7.1 Positive, Real Valued Times

Even though the set 7 is dense in [0, T'], yet it sounds non physical to restrict times to 7 .
The problem can be fixed easily using a variable time mesh.

To explain the idea we refer first to the simpler case of a single time r € [0, T'] as in
Theorem 3.2. Suppose ¢t ¢ 7. We then consider a mesh § € {27"¢, n € N}, and similarly a
second mesh 8’ € {27"(T — 1), n € N}. We can then use the proof of Theorem 3.2 in [0, ]
where the mesh is § and again the proof of Theorem 3.2 in [z, T] with the mesh &’. The
extension to the case of Theorem 3.3 is similar. We have m times 0 < ¢, --- < t,, < T we
then consider a mesh 81 € {27"t;,n € N}, ..., 841 € {271, n € N}, and use the proof
of Theorem 3.2 in each one of the above time intervals.

8 Extensions

In this Section we study the macroscopic limit of other infection/recovery models.

8.1 Additional Recovery Jumps
Here we consider the case where also individual with potential i < k may recover i.e. the
individual at site x with U (x) = i recovers at rate A; and the potential after recovery becomes

U(x)=0.
The macroscopic equations are:

d
P =—hipi(r 1) + {pi—1(r 1) — pi(r, t)}/gdr'k*pk(r’, NI’ r) @81

whenl <i <k —1;fori =k

d 23 / /

Epk(", 1) = —px(r,t) + px—1(r, 1) er Ape(r', )J(r',r) (3.2)
and fori = 0:

d
EPO(”J) = Z?»ipi(r,f) + pr(r, 1) —,Oo(hI)/er/?n*pk(r/,l)f(r/,r) (8.3)

The proof is similar to the proof of Theorem 7.1 and omitted.
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8.2 The Excitatory-Inhibitory Network Model

Referring to a neural network here we consider excitatory and inhibitory neurons; both
neurons have a potential in {0, .., k}. When a excitatory neuron with potential k fires the
potentials of all the other neurons with potential < k increase by 1. Similarly when an
inhibitory neuron with potential k fires the potentials of all the other neurons with potential
> 0 and < k decrease by 1. The rates of firing are kaJ)Ej )(x, y), j = 1 for excitatory and
Jj = 2 for inhibitory. Besides that neurons with potential k decay at rate 1 to a state with
potential 0.

For this model we derive the following macroscopic equations. We denote by pi] (r,t) the
limit macroscopic density at position r and time ¢ of the excitatory neurons with potential
and by pl.z(r; t) the limit density of the inhibitory neurons with potential i.

d ,
G0 =100 = o) [ araiel 6 e

om0 = 1) / dr'ispl (), 0IP¢ ) (84)
Q
whenl <i <k—1;fori =k

Ep,ﬁ‘”(r,t): o 1)+ p, (r,t)/ dr'wip” o IV, ) (8.5)
Q

fori =0

d (I)(r t) — pk])(r t)—}-p(j)(r t)/ dr )\‘ZPIEZ)(r/3t)J(2)(r/5 r)

—pg(r, ) f dr'xip (', 010G ) (8.6)

Convergence is in the sense of the finite dimensional distributions as in Theorem 7.1.

It was shown in [1] that in the excitatory-only network, the only nontrivial steady states are
spatially uniform and linearly stable. Including inhibitory neurons introduces spatially non-
uniform steady states for certain values of the parameters. For such parameters, the spatially
uniform steady states become unstable. This can happen as symmetric inhibitory coupling
between two regions causes minor differences in activity levels to grow larger: an increase
in activity in one region will suppress the other, which in turn releases inhibition on the first
and causes its activity level to rise further.

8.3 General Microscopic Model

Place at each site x € Z? a finite-state, continuous-time Markov chain U (x, r) with state
space S = {0, . } For any pair of states i and j there is an intrinsic transition rate from
itoj, denoted as gy (x), dependent on the scaling parameter y and location x. Any other
site y at any state U(y,t) =1 € {0, ..., k} will have an additive effect )\,-ﬂjyl(y, Xx) on
the transition rates at x from i to j. Then together, for any i # j € S, the time-dependent
transition rate from i to j, denoted g;; (x, t), is given by

qij (e, ) =g )+ Y iyt Y Ty, 08U (y. 1) = D),

l yezd
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where A;;; > 0, g,/ (x) = g¥/(yx), and Jf/l(x, y) = y@JU!(yx, yy). The functions g/ (x)
and JU!(x, y) describe the intrinsic transition rates and the site-to-site interactions in the
scaling limit. We take the assumptions on J%// to be the same as before, and we assume g'/
to be continuous and bounded over x.

The Scaling Limit In the scaling limit y — 0, the state of the system is described by local
state distributions v(x, t) = (v1(x,1), ..., vx(x,t)) which vary continuously in x € RY,
and evolve in time according to macroscopic equations, for 0 <i <k,

v = Z |:gji + Z)Ljileil(x)j| vj — |:gij + Zkileijl(x):| v; 8.7

J# l l

with
Riji(x) = f T (y, x)ue(n)dy. (8.8)

Obtaining the Original, Generalized Contact Process The original, generalized contact
process can be recovered by choosing particular g’/ and J//. Let g¥° = 1 and all other
g =0fori # j. Next, for0 <i < k, let Atk = 1* and all other A¥/! = 0. Let J-i+14
be defined as for the generalized contact process. Then the microscopic and macroscopic
equations are the same as for the generalized contact process.
Adding New Features The E-I neuron model from Sect. 8.2 can be recovered by letting
S =1{0,...,k} x{0, ..., k}, where the first coordinate corresponds to the E neuron voltage,
and second coordinate the I neuron voltage at a site. Excitatory interactions will correspond
to setting the terms AGD LD KD 5 G, J+D KD a6 well at the associated J terms, and
inhibitory interactions will correspond to setting the terms A (/) (=170, 0K) 3 G, (G j =1, 0k
as well as their associated J terms.

An external drive can be added by making nonzero the terms g>/)-C¢+1.7) and g @/, (.j+1)
A neuronal leak could be modeled at least approximately by setting g@-/-(—=1L.J) and
g(i,j),(i,j—l)_

The proofs of all these extensions follow the same steps as in the proof of Theorem 7.1
with new clock processes associated to g;f (x) and A, jx J;/ k (v, x). As before all these clocks
are independent and we can repeat the arguments used in Sects. 3—7.
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Appendix A Clusters and Branching Processes

In this appendix we will prove Theorem 4.3. For completeness we first recall some definitions
and notation.

A configuration is the set of arrows and marked points with their multiplicity which are
described respectively by integer valued functions m(z, z') and m(z”), m(z, z’) = 0 if the
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arrow (z, z’) is absent and m(z”) = 0 if z” is not a marked point. Then the probability of a
configuration is

P(m(z, 2 m@") = { [] e24 [M*8A(z, 2)]" @)

(.2) m(z, z7)!
B 8"’(2”)
[]e am(zﬂ)' (A1)

where P = PA7Y and A(z,7') = Ay (2, 2)).

A cluster C is a maximal connected set of arrows with their multiplicity and marked
points with their multiplicity. Let V = V(C) be the set of arrows in C and let m(z, 7’) the
multiplicity of the arrow (z, z') and m(z”) the multiplicity of the marked point z”. Call Ty
the union of starting and endpoints of the arrows in V. Maximality means that there is no
arrow starting from 7y, and ending at Ty. Then

PO =] ] e 8AG DD
o m(z, 7')!
(z.2)eV ’
88m(2//) A*SA !
[] ¢ [[ e (A2)
m(z")! .
7"eTy 2Ty, €Ty

With reference to (4.1) we fix an arrow (x, y) and write

Y79 Y P[Ci]=S (A3)

j=1 Cja(x,y)
where
S:= > P[C]s™C. ae.1) (A4)
Ca(x,y)

where |C| is the number of elements in C, namely

ICl= Y m@H+ Y mE") (A5)
(z,2)eV 7"e€Ty
The purpose is to prove
1
S < sl — (A6)
N

which then implies (4.1).
We perform the sum over C 5 (x, y) by first summing over the multiplicities and get

s = Z H o~ 8AED) [ex*sl—uA(z,z’)_l] 1—[ e

Valx,y) | (z.2)eV "ely

x1 J] e (A7)

zeTy,7/ €Ty
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Since A(z, 7)) < C%,

d
|el*51 A7) 1 < C}\*Sl—a%’ e—ae,gl a <1+cs8@, o MOA2.2) <1 (A8)

We also split §l—a = gl-a—2¢52¢ - (suchthat | —a — 2¢ > 0, and get

d
s < gl Z l_[ (ck*826%> 1—[ (1+0817a)

Va(x,y) | (z,2)eV 7"ely

<82 31T @%%k%) (A9)

Va(x,y) | (z,2)eV

with ¢/ > ¢(1 4+ ¢8'~%). The first factor because there is at least one arrow (namely (x, y)
which starts from x). We will prove that the term multiplying §'~?~2¢ is bounded by ¢/N
and thus prove (A6). The proof will exploit the branching structure of V.

We call x the root of the branching, (x, z}), ., (x, z,lll ), z% =y, the arrows which start
from the root x (n; > 1 because V > (x, y)) and z}, . z,ll1 the nodes of the first generation.
From each node z ll of the first generation may or may not start new arrows: if no arrow starts
from all the nodes zl.l then the branching ends, otherwise we call z%, . z%z the nodes which
are the endpoints of the new arrows: these are the nodes of the second generation. Notice that
there may be arrow which go back to x, in that case that arrow will not produce descendants
because they are already included in the arrows of the first generation. Analogously we call
{z’i, . zfqi} the endpoints of the arrows starting from nodes of the (i — 1)-th generation. The
branching ends when no arrow starts from the nodes of the last generation.

In terms of the branching the configuration are described by the following parameters:

ki (i, 1<i<k)y; (5 1<i<k1<j<n);

(Ri1<i<k—1,1<j<n)

which must satisfy

n;

DR =nin (A10)
j=1

where
e k > 1 is the number of generations,
° z’j are the position of the nodes,

° Rii is the number of arrows which start from z‘J

Writing (A9) in terms of the branching we get

§ < gl-a—2e Z Z Z Z (c/x*szé %)m { ’iZ[ (c/)h*(sk %)Ri+.,.+R;i }

kz1 (i) (&) (RY) i=1
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By (A10) and since zlj is the endpoint of an arrow, so that it may have at most N values, then
the sum over (zi,.) is bounded by N1~ 1+m2F-F1k (recall that z} = y) we get

k—1

S

We thus have
k—1
n + +Rn
S<N1a2€ZZZ( 1526“;:)] (C/)\*8265> 1 i
k>1 (n;) (R’ i=1
81 a—2e ZZ[C ¥ S ]l’l1+ N 2826111 1_[ (82€>R11+4..+R:1,-
k>1 (n;) (R’ i=1
We first estimate the sum on (kal) which satisfy (A10) and get
I R R < [Z(sk " = sy (Al1)
(REh
writing 82¢ = §€8¢ and using (A10) we get
Rk—2 Rk—2 ° ng—2
Z (625) 1 +--t ng_n S (Séllk,]I:Z(se)m] S (Senk,](l _’_686)}1/(,2 (A12)
(R’;*Z) m=0

The other sums on (R;) with i < k — 2 are estimated as in (A12) getting

S < %SI—Q—ZG ZZ[C/)&*gd]nl+"nk[6e(l +C(S€)]nl+"+nk71
k>1 (n;)

ialfafk ZZ[C/A*Sdﬁe/Z]nlJr..nk [86/2(1 +c§€)]n1+..+nk_1

N k>1 (n;)

1 00

N81—0—2E Z [2[86/2(1 4 C(Se)]n]k
k>1 n=1

1
< Nslfafk Z(Cse/Z)k (A13)
k>1

IA

where for § small enough we have bounded ¢’A*£98¢€/% < 1. Thus (A6) follows from (A13).

O
The proof of (4.2) is reduced to that of (4.1) when we write
1 s8]
Lhs.of (4.2) = Yo e ) +5 Z Se.y (A14)
X m(x)>1 XY

where S, y = S as in (A4), having made explicit its dependence on x, y.
The first term in (A14) is the contribution of clusters with only the marked point x, the
other clusters give rise to the second term in (A14). (4.2)then follows from (A14) and (A6).
O
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