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Abstract

We consider a model introduced in [S. Luckhaus, L. Triolo, The continuum reaction—diffusion limit of a stochastic cellular
growth model, Rend. Acc. Lincei (S.9) 15 (2004) 215-223] with two species (n and &) of particles, representing respectively
malignant and normal cells. The basic motions of the 1 particles are independent random walks, scaled diffusively. The & particles
move on a slower time scale and obey an exclusion rule among themselves and with the 7 particles. The competition between the
two species is ruled by a coupled birth and death process. We prove convergence in the hydrodynamic limit to a system of two
reaction—diffusion equations with measure valued initial data.
© 2006 Elsevier Masson SAS. All rights reserved.

Résumé

Nous considérons un modele introduit dans [S. Luckhaus, L. Triolo, The continuum reaction—diffusion limit of a stochastic
cellular growth model, Rend. Acc. Lincei (S.9) 15 (2004) 215-223] avec deux especes de particules (7 et £) représentant respecti-
vement les cellules malignes et saines. Les mouvements de base des cellules 1 sont des marches aléatoires indépendantes, sur une
échelle diffusive. Les particules & se déplacent sur une échelle plus lente et obéissent a une regle d’exclusion entre elles et avec les
particules n. La compétition entre les deux espéces est définie par un processus couplé de naissances et morts. Nous prouvons la
convergence au sens de la limite hydrodynamique vers un systeme de deux équations de réaction—diffusion avec données initiales
a valeurs mesures.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

We are investigating a model of competition between malignant and normal cells for tumor growth that was intro-
duced in [10]. The two main qualitative features which distinguish the behavior of normal and tumoral cells according
to [10] are: a lateral contact inhibition for normal cells which is instead absent for malignant cells and that malig-
nant cells have a significantly higher mobility than normal cells. Lateral contact inhibition means roughly that normal
cells stop growing when coming in contact with another cell and cannot move on top of another cell, so they stay in
a layer (as indicated by the vitro cultivation). Malignant cells on the other hand divide and move without restrictions.
Competition arises by supposing that the death-birth rates of a cell depend on the total (local) cell density.

To model such features we consider as in [10] a particles system on Z¢, d = 2, in the biological case, with two
species of particles. Normal cells are represented by an exclusion process £(x), x € Z4, &(x) =0, 1. Malignant cells
instead have no exclusion and they are described by variables n(x) taking values in N.

The evolution is described by three processes, the motion of the 5 particles, the motion of the & particles and
a birth-death process involving & and 7 particles. Motivated by the above considerations we suppose that there is
a sharp time-scale separation between the three processes and this will be the key assumption which in the end will
allow us to derive a continuum description of the model in terms of a system of reaction—diffusion equations. The
fastest process is that of the 5 particles which move as independent symmetric random walks. At a much slower rate
but still very fast in macroscopic time units move the £ particles which are also symmetric random walks, but with the
rule that jumps on sites occupied either by & or 5 particles or both are suppressed (we will refer to this for brevity as
a coupled exclusion). Notice that including the exclusion also against n particles introduces a first interaction between
the two species which in fact will be the most dangerous one, as it is as frequent as the motion of the & particles and
thus very strong in macroscopic time units. Finally, the slowest time scale, the macroscopic scale, is the one where
births and deaths occur, modelling the competition between the two species.

There are many works in the literature on the derivation of reaction—diffusion equations. The main assumption in
all these papers is that interactions occur on the macroscopic time scale while the particles move on a much faster scale
either as independent or as stirring. These two processes are very well studied and in particular their invariant measures
are known being products of Poisson and Bernoulli measures. Then using either “entropy methods” or “correlation
functions techniques” it is relatively easy to study the continuum limit, deriving reaction diffusion equations. To
exploit such results the coupled exclusion described above was replaced in [10] by a stirring process. Under such an
assumption, the invariant measures for the process without births and deaths are products of Poisson and Bernoulli
measures and the “classical” techniques can be adapted to derive the continuum limit, as proved in [10].

Here we deal with the original model, with coupled exclusion, where the global invariant measures are not known,
even if births and deaths are neglected. However, at least heuristically, the fact that on the time scale of the exclusion
process the random walks of the 5 particles have already averaged out their positions, should give rise to an effective
process which is again the stirring with slowly varying coefficient process considered in [10]. But the usual methods
of deriving hydrodynamic limits do not seem to apply here: the lack of knowledge of the invariant measures for the
process without births and deaths seems to preclude the use of entropy methods. We refer to [9] for a general survey
on entropy methods in hydrodynamic limits and to [11,12] for specific applications to reaction—diffusion equations.
On the other hand, the presence in the reaction terms of transcendental, non polynomial functions, makes awkward an
analysis of the BBGKY hierarchy of the type proposed in [4,2,1]. However even with polynomial rates the extension
of the correlation functions method to the present case is far from trivial.

So here we introduce a new method. The main point is that for our system, the energy estimate which holds for
the deterministic limit, can also be obtained for mesoscopic empirical averages of the particles occupation number
variables, obtaining H 12 a-priori bounds which allow to derive a substitute for the so called “two block estimate” of [8].

We also get bounds for the L? distance of our mesoscopic field variables from the deterministic solutions, derived
by an explicit computation of the generator applied to the difference squared. To control the “most dangerous terms”
we use homogenization techniques which play the role of the “one block estimates” in hydrodynamic limits, see
again [8].

The different scales reflect also in the initial data. We suppose regularity of the n-particles initial distribution on
the macroscopic scale, while the &-particles distribution is only smooth on a smaller scale, related to the slower time
scaling of their time evolution. This involves yet another homogenization process which leads to a limit coupled
system of reaction—diffusion equations with measure valued initial data for the normal cells.
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In Section 2 we define the particles process, in Section 3 a discrete deterministic system of reaction—diffusion
equations and in Section 4 mesoscopic variables. In Section 5 we discuss the choice of the initial state and in Section 6
we state our main results. In Section 7 we give a brief sketch of the proofs. In Section 8 we prove a priori bounds
on exponential moments of the occupation variables and regularity in space of the mesoscopic fields. In Section 9 we
prove regularity in time, while in Sections 10 and 11 we prove local ergodic theorems (one block estimates) for the n
and, respectively, & particles. We have shifted to some appendices the more computational parts of the proofs.

2. The particles model

For simplicity we will consider periodic boundary conditions and thus the macroscopic system will live in a unit
torus §2 of RY. To introduce our particles model we then discretize £2 by intersecting it with the lattice €Z?, e ! € N,
and denote by £2. its image in stretched coordinates:

Qe={x=(x1.....x)eZ 1<x; <!, 1<i<d}.

As arule we will use x, y, z, ... for lattice sites and r, 7/, . .. for points in R,

Particle configurations are non negative integer valued functions on §2. extended periodically to the whole Z¢;
in particular we consider configurations 1:Z¢ — N and £ : Z¢ — {0, 1}. n(x) and £(x), x € Z¢, are thus the number
of n and & particles at any site y in £2. equal to x modulo £2. n and & are interpreted as malignant and respectively
normal cells.

The evolution is described by a Markov process whose generator L, defined on all functions of (n, £) and whose
dependence on € is not made explicit, has the expression

L=L" L(iz),
LW = =270 o 7 (1) +L("’_),
L —2ap €0 4 fEH 4 E) e 0, 1), 2.1)
with
LOfa e =" Y a@[f(n€) - fa. 9],
XERc e: |e]=1

where, denoting by 1, the configuration with only one particle at x, n***¢ = + 1,4, — 1, (same notation is used
for £ configurations).
LEVfm )= > E®[1—&x+|lyuro=o[f(n, &) = f(,6)].
x€f2 e: le|l=1
Denoting below by «, ¥’ and «; positive coefficients, the latter non decreasing functions of i bounded by k; < ce?,
b and ¢ positive constants, and writing ¥ =+ 1,, 5T =&+ 1.,

LD f(n, &) = Z /cn(x)[f(nx’+,§) - f(’?»é)],

XES2e
LD f.8) =Y ) (kyeo (1 = E@) + ko1 E@) [ (177 8) = £(.6)].
XE2e
LEDfn.6) =) ;‘—d D E@[1 = £+ Olyare=o[ £ (0. E7FT) = F(.6)].
X€82e e: lel=1
LEDfm,8) =Y ey [f(0.657) = F(. )], 22)
XE2,

The indices 0, 4, — above refer respectively to displacements, births and deaths of particles, whose species is then
indicated by 5 and &. Notice that, as € — 0, the scaling factors € 2 and € ~2% make displacements occur on a much
faster scale than births and deaths with the » particles moving much faster than the & particles, because a € (0, 1).
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L®9 is the generator of independent symmetric random walks on £2.. Due to the presence of the characteristic
function 1, (x4¢)=0, L0 differs from the stirring generator

LEVfae =) Y E@[l-Ex+][f(n ") = f(0.9)] (2.3)

x€ef2e e: |e|=1

and the motion of the & particles is coupled under L9 to the evolution of the 7 particles, this is the coupled exclusion
mentioned in the introduction.

3. Discrete reaction—diffusion equations

The limit reaction diffusion equations that we will derive, can be approximated on the lattice §2¢, by the two
equations

WY_rwwv., Y_cw.w (3.1
dr U dr ’ ’
W), V() ={(Ux,1),V(x,1),x €2,t>0}, F= F(U,V) and G = G(U, V) being given by
F(U,V)=¢2AU +«U — F; (U) — F; (U)V, (3.2)
GU,V)=eYe XAV +x'VA=V)e YV — VG (U) (3.3)

with A the discrete Laplacian on 74, Af(x)= Z;j:l [f(x+e)+ f(x —ei) —2f(x)], e; the unit vector along the
positive ith coordinate direction,

)3 U’ U’ U’

— U . - _UZ . - _UZ

Fl (U):G 7”{[, F2 (U):C Fl[’(i-‘rl_’(i]v G (U):e 7K,’+1.
i=0 i>0 i=0

In Section 6 we will rewrite (3.1) in un-stretched coordinates, x — €x, 2 — £2 N €Z4 and e 2A — A and its limit
behavior as € — 0 will become more transparent. (3.2) and (3.3) are obtained by averaging the rates of change of n(-)
and &(-) using products of Poisson measures for the 1’s and product measures for the &’s with parameters depending
onU and V.

Our aim is to prove closeness between (3.1) and the particles process of the previous section. Of course there is
no chance that n; and &; are pointwise close to U(¢) and V (¢) as the former are truly random variables. However
by taking empirical averages we can dampen the statistical fluctuations. We will thus introduce suitable functions
(u(x,n),v(x,£)), x € £2¢, defined as convolutions with suitable kernels of the original n and £ variables, and compare
their evolution with the orbits (U (¢), V(¢)) of (3.1). An important step in this direction will be a comparison between
the generator L and the generator D associated to (3.1), D being the transport operator with domain the space of all
functions (U, V) which are differentiable in all U (x) and V (x), and which is defined as

3 9 9 9
D:Fﬁ—G—GW:xg F(x)m+G(x)m, (3.4)

where F(x) and G(x) are F(U, V) and G(U, V) computed at x. Thus if h =h(U, V), Dh(U, V) is the ¢-derivative
of h(U(t), V(t)) at t =0, where U(t), V (¢) is the solution of (3.1) starting at U, V. D0 pEO and so forth are
defined by decomposing D in the same way we did for L in the previous section and we will compare D™? with
L®9 and so on.

4. Mesoscopic variables

We denote by 7; the semigroup
= A 4.1

with A the discrete Laplacian on £2, so that the kernel 7r;(x, y) is the probability that a simple random walk which
jumps with intensity 2d with equal probability on its n.n. sites, reaches y at time ¢ having started from x at time O.
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With @ < 1 and 8 < a positive parameters whose value will be specified at the end of this section, we shorthand

u(m =pa*n, vE)=qp*8§, Po=T 242, (p=Tc2a+2, 4.2)

where if p = p(x, y) is akernel on £2¢ and f = f(x) a function on £2, we denote by p * f the function on £2. defined
by px f(x) =2 yco P(x,¥)f(y). We will denote by u(x,n) and v(x, &) the values at x of the functions u and v
defined in (4.2) and use throughout the paper the notation:

(f.e)=€' " fg), IfIF=(f 1)
XES2¢

The key for proving closeness between (u(n;), v(§)) and (U (t), V(¢)) will be a proof that L acts on functions of
(u, v) approximately as D acts on functions of (U, V) (D as in (3.4)). We will make the statement quantitative, by
studying the quantities

(L+D)llu—UJ? (L+D)v—V]|* (4.3)

along the trajectories of the Markov process and the solutions of (3.1). Thus if (u, v) are close to (U, V) and L to D,
then the quantities in (4.3) will be small. The converse is (to some extent) also true, as it follows from the martingale
theory. Indeed the expressions in (4.3) are the two compensators in the martingale relations

t

nwm—UmW—me—mmV=/@+DWMm—Ume+Mm» (44)
0
1
me—vmW—w@w—me=/@+DW@o—anM+me 45)
0

where (U (s), V (s)) solves (3.1) and M (¢), M>(t) are martingales.

We will prove bounds for the two integrals on the right-hand side of (4.4) and (4.5) in terms of fot (lu(ns) —
U(s) ||2 + [[v(&) — V(s) ||2) ds. We will also show that with probability going to 1 the martingales vanish in the limit
as € — 0. All that will allow to reach an integral inequality in closed form for |u(n;) — U 2+ lvEs) — Vs)|2
and to prove that the solution vanishes in the limit € — 0.

Choice of « and B, assumptions on a. Recall that < 1 and 8 <a < 1. Let

dddz}

0 <a < min ,—,
d+2 10 8(d+2)

8a d
max{2a, —; <o < ——
d d+2

and

S5a . ad o 1
— < B <minl——, -, —
17 d+2 2 2d

With such a choice:

(1 —a)}.

e o <d/(d+?2) (see the proof of Theorem 8.2), a > 2a and « > 8a/d (see Appendix D).
e 2a<1,2a < (1l —w)d, B <ad/(d+2) (see the proof of Theorem 8.3).
e B>5a/17 and 28 < min(e, (1 — ) /d) (see the proof of Theorem 11.1).

Properties of p, and ggz. We list below some properties of py and gg which follow from the local central limit
Theorem and will be often used in the sequel: There is a constant ¢ > 0 so that

Z€_2|Vpa 0,2) |2 < ce2H2I-a+d(-0) Z Pa(0,2)* < ced1=), (4.6)

z Z

3 V450, )| < cedaPrHdap), “.7)

Z
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> qp(0.2)> < cel@ P, (4.8)

Z

> ze-Vgp(0.2)| <c. (4.9)

5. Choice of the initial state

In this section we choose u€, the initial law of the process. It is now convenient to underline dependence on € and
we do that by adding a superscript € when needed. The picture we have in mind is that the 5 and the & particles move
freely (independently of each other and with no births and deaths) till a finite time #y when the interaction is suddenly
switched on. The evolution after # is then ruled by the generator L. We will count times from when the interaction
starts thus setting this time equal to 0.

We fix a (¢ dependent) initial configuration at time —fo, (<, , £, ). Due to the general class of processes that we
are considering, it is convenient to assume that

sup sup ni,o(x) =C < o0. (5.1)
e>0xef2,
We will not make other assumptions on the initial configuration, in particular we do not require any limit behavior
as € — 0. Notice however that we will study the true process only for ¢ > 0 so that the true initial state at time t =0
will inherit some smoothness properties from the free evolution acting in the time interval [—fy, O]. In this sense the
dependence on € is “natural” and not super-imposed from the exterior.

The probability 1€ at time 0 is defined as the law at time 7o of the free process which starts from (7%, £, ) and
has generator € 2L 10 4 ¢=2a 1,50 where LMY is defined in (2.1) while L&) in (2.3). It is well established in the
literature, see for instance [4], that u€ is a “local equilibrium measure”, namely, to leading order in e, it is a product
of Poisson measures on the n’s and product of measures on the &£’s. Moreover, the averages of the n variables change
smoothly on the scale ¢~ 1, while the scale of the & particles is € 7¢, see Theorem 5.1 below. We define

UG (x) = € (u€ (x, ), Vi (x) = (v (x, §)) (5.2)
and denote by V the lattice gradient:
e-Vfx)=flx+e)—fx), lel=1L (5.3)

The following theorem is proved in Appendix A for the 5 particles and in Appendix B for the &’s.

Theorem 5.1. The initial law u€ of (ng, &o) is such that

tim () = Us |* + v &) = V5 [*) = 0. (5.4)
e—0

sup sup (Ug(x) + e_1|VU5(x)|) < 00, sup sup e_“|VV0€(x)| <00 (5.5)
e>0xef, e>0xef,

with V defined in (5.3).
6. Main results

We suppose the law € of (19, &) (at time 0) as specified in the previous section and denote by Plje and E;e law
and expectation of the process (1, &); >0 with generator L which starts from ;€. By default, in the sequel a, « and
satisfy the inequalities stated at the end of Section 4. In the sequel U€ and V¢ denote the solutions of (3.1) with initial
data as in (5.2).

Theorem 6.1. There are a 2 x 2 matrix A with constant, positive entries and a two vector R€(t) whose positive
components depend on (1, &)s<s, So that, for any t > 0,
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t
1<) — US@OI2 _ (14 (30) — U< O)[12 () — U(s)]12 .
( (&) — vemnz) S ( 10 (£0) — ve(0>||2> +OfA ( v (&) — ve(s>||2> ds + R (1), ©.1)
lim £, (i‘;‘,’ R€ (s)) —0. 6.2)

As a corollary of Theorems 5.1 and 6.1, there is C > 0 so that, for any § > 0 and any T > 0,

lim P (sup{”uf(n,) US| + v &) - veo ) < eCTa) =1
e—>0 t<T

which proves that the random fields (u€(n;), v¢(&;)) become deterministic as € — 0 approaching the same limit
behavior as (U€(t), V€(¢)) which is described by a “two scale” reaction diffusion system as we are going to see.
Define

UL, t):=U (e 1), VS t):=V(ert), reez’ng

m standing for macroscopic as Uy, and V5 are simply the old U€ and V€ re-expressed in macroscopic (un-stretched)
coordinates. (3.1) then becomes

dU;z _ € € — €\ _ — € €
5 = AUn Uy — Fy (Us) = Fy (Ug) Vs
€
—d‘;/tm =2 e Un AVE+ ' VE(L = V) e Un —VEGT(UY), (6.3)

where A is the discrete Laplacian on €Zin 82, namely A f(r) = €2 Z?Zl[f(r + €e;) — f(r)], e; the unit vector
in the positive ith coordinate direction. It is indeed tempting by looking at (6.3) to conclude that the limit as € — 0 is
simply obtained by putting € = 0 in (6.3) and by replacing A, by the true Laplacian A. Of course this requires that
AV is suitably bounded. This is the case if the initial law 1€ makes V5 smooth. More precisely suppose that there
are smooth functions Uy(r) and Vy(r) such that

(10500 = U] + 5.0 = Vot ) =0 (64

In such a case (6.4) holds as well for any # > 0 with U(r,t) and V(r, t) solutions of (6.3) with € =0 (i.e. on the
torus with the true Laplacian) and with initial data Uy (r) and Vy (7). This is the same degenerate reaction—diffusion
system derived in [10], degeneracy refers to the fact that there is no Laplacian left in the equation for V. Written more
explicitly the equation for V is

dvs:, D V(1= VD) e U VG (U 1), 65)

Here r appears as a parameter: for each r we have an ordinary differential equation depending on an “external func-
tion” U (r,t). Thus the solution at time ¢ will be a functional of Vy(r) and of U(r, s), 0 < s < t. The equation for
U (r, t) then becomes:

dU _ -
E:AU+KU—F1 U)—-F, (U)V, (6.6)
where V in (6.6) is the functional of U and V{(-) defined above.
Let us now turn to the general case of initial data as in Section 5 and drop hereafter the assumption (6.4). In such
a general setup there is no reason to expect convergence as € — 0, but as we will see convergence can be regained by

going to subsequences without any extra assumption.

The limit evolution. As in the smooth case we have a family of equations for V parameterized by r, however for each
r we do not have an ordinary differential equation but a true PDE:

dv ', 1) _

da

As before the equation depends on the “external function” U (r, -) and its solution defines a functional of U (r, -) which
will then be inserted in the equation for U. The real question however is the initial datum for (6.7). If we suppose

e VODAVE O+ VI D[1= V(' 0]e VD — v . HG (U@, 1)). (6.7)
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that (6.4) holds then we should supplement (6.7) with the initial condition V (+’,0) = Vi (r) for all r’. The solution
V (', 1) is then independent of r’ and we recover (6.5).

In the general case the initial datum for (6.7) is random, its distribution is given by a probability m,(dV). The
origin of such a probability and its properties will be discussed in a while, we just mention here that 7, (dV) is the
frequency of appearance of the profile V, the statistics referring to a macroscopically small neighborhood of r. Under
the validity of (6.4) the statistics is trivial: profiles around r look more and more flat (constant) as € — 0 so that the
limit distribution 7, (dV) is a Dirac delta on the constant function V (r’) = Vy(r). In the general setup of Section 5
oscillations on the scale €!~¢ may survive and they will be described in the limit by the measure 7, (dV).

Call

W(r,t;U(r,") = f V(r,t1Vo, U(r, ), (dVp), (6.8)

where V (r, t|Vy, U (7, -)) is the solution of (6.7) with initial datum Vp; the solution will of course depend on U (r, s),
0 < s < t, as indicated by the notation. We would need to prove that V (r, t|Vp, U (r, -)) depends measurably on Vj so
that the integral in (6.8) is well defined and this requires some regularity properties on U. The equation for U is then,
analogously to (6.6),

dUu - -

E:AUjLKU—Fl ) - F, (U)w. (6.9)
We have to make sure that the solution of (6.9) is sufficiently regular as required earlier so that the “circle closes”.

The analysis of all such issues is a little off the purposes of this paper and we will be very sketchy and omit all

proofs. We start with the definition of the family 7, (dV) which is based on the Young theorem on Young measures.
We are thus in the setup of Section 5 and have:

Theorem 6.2. For any sequence € — 0 there is a subsequence € — 0 so that the following holds.

e There exists a bounded, Lipschitz function Uy(r), r € 2, such that

lim sup |U§(x) — Up(ex)| =0. (6.10)

e—0 xeRe

e For eachr € §2, there is a translational invariant probability measure w, on the space of [0, 1]-valued functions
V on R which are uniformly Lipschitz, such that for any positive integer n, any smooth function F on R" and
any test functions ¢, ¢;, i =1,...,n, f F(..,¢i xV(0),...)m(dV) is a measurable function of r and

Eni%ed > ¢(ex)F<...,e“‘fzqsi(e“y)vg(x+y),...) =/¢(r)/F(...,¢,~ £ V(0),...)7,(dV).
Y Q

XEe

6.11)

In the sequel we will study the limit as € — O of the process (u€(1;), v(&/));>0 along a subsequence which
converges at time 0 in the sense of Theorem 6.2 and € — 0 will always mean “limit along such a subsequence”.

Theorem 6.3. There is a unique smooth function U (r, t) which solves (6.9) with W as in (6.8). Moreover, if a, « and
B are as in Theorem 6.1, then for any t and § positive, any positive integer n, any bounded, smooth function F on R’
and any test functions ¢, 1, ..., ¢n,

X€E2,

elg%ed > ¢(ex)Uf(x,t)=/¢(r)U(r, 1) dr,
2

elg%sd > ¢(ex)F(...,e“d;gb,»(e“y)v%x+y,r),...) =f¢(r)/F(...,¢,-*V(O,t),...)m(dV).
’ 2

XES2
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7. Scheme of proof

The proof of Theorem 6.1 is based on the analysis of the two martingale relations (4.4), (4.5) and it is proved in
Appendix C and Appendix F. The proof is in a sense computational, as we need to compute the “two compensators”,
namely the two integrals on the left-hand side of (4.4), (4.5). They can be written as a sum of many terms and the
whole matter of the proof is to show that they fall in two categories. The first one is made by elements which are
bounded by time integrals of [|u€(5,) — U€(1)|| or ||v¢ (;) — V¢ (¢)|?, multiplied by coefficients which are uniformly
bounded. These terms then contribute to the integral in (6.1). All the other terms must be proved to vanish as € — 0,
so that they contribute to the error term R€(¢) in (6.1). Some of the estimates are straightforward but others are not
trivial. The conceptually more delicate and interesting problems which arise are “anticipated” and given in the next
sections, we outline in this section their typology and the way they can be analyzed.

A common feature to the analysis of all terms, is to control the large values of the variables 1. A-priori L* bounds
are derived in Section 8, where we show uniform in € integrability of exponential moments e?” ™), for any b > 0. The
result is quite standard as the process can be stochastically bounded by one having only linear births. More subtle is
another bound that we use extensively in the proofs, namely that the probability that u€ (x, 1;) exceeds a suitably large
value M = M(t) (but independent of €) vanishes as € — 0. The proof of these statements is given in Appendix A,
where we also recall from the literature results on independent random walks and random walks with independent
branchings.

The other general ingredient, common to many of the proofs, is regularity in space of u¢ and v€¢. In Section 8 we
prove H12 bounds uniform in € which are obtained by mimicking the PDE proofs for the limit equations. Besides
regularity in space we also need regularity in time of u€. A result, maybe not optimal, but good enough for our
applications, is proved in Section 9.

Such regularity estimates are the main subroutines we use to bound the “two compensators” (4.4) and (4.5). The
detailed classification of all the terms which appear when computing explicitly the two compensators is reported in
Appendix C. This is just some simple, but lengthy algebra, not at all deep, but necessary for the proof of Theorem 6.1,
the compromise was to shift the computations to an appendix. Most of the terms in this expansion can be directly
bounded using the boundedness and regularity estimates mentioned above, the bounds being uniform in € and over
compact time intervals. There are however some terms which do not fit in such an “easy class”. The origin of the
problem is the typical one found when deriving non linear hydrodynamical equations, where one needs to identify
averages of non linear microscopic observables in terms of the parameters of the limit equation: in our case we find
local functions of 7, and of & and we need to express them in terms of (generally different) functions of u€(5;) and
v€ (&), (which is easy if the functions are linear). The crucial point is that these non linear terms appear in the form of
time and space averages and we will solve the problem by proving local ergodic properties of the process, reminiscent
of the well known “one block estimates” in the theory of hydrodynamic limits. The “two block estimates” are here
replaced by the H 12 regularity already mentioned. The one block estimates are not proved using Dirichlet forms, but
closeness of the process in short time intervals to a process with no deaths and births. The main difficulty here is that
the £ process reminds of but it is not the stirring process, because the & particles are allowed to jump only on sites
where no n particles are present. The local ergodic averages for the n particles are easier to study, their analysis is
reported in Section 10. The result for the & particles is instead given in Section 11. The core of the proof is to show
a homogenization property for which the & particles move feeling to main order only the empirical average of the n’s.
The real difficulty is to prove that such a property extends to such long times for the stirring to reach local equilibrium.

8. Boundedness and regularity in space

In this section we will prove L*° and le a priori bounds which will be extensively used in the proofs of Theo-
rem 6.1. We start from the former, which are uniform bounds on the expectations of 1, and u€(n;):

Theorem 8.1. There is a constant C' so that for any b > 0 and any t > 0

sup sup Ej. (™)) L exp{[e” — 1]e*' '}, (8.1

e>0xef2
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Kk as in (2.2). Moreover; for any t > 0 there are M and c so that

sup sup Pje (u€(x,m) = M) < cel=0d, (8.2)
t<T xef2e

Proof. Let (nt+ )i>0 be the process with generator e 2L™0 4 L) which starts from €. Then n,+ dominates 7,
namely there is a coupling between (77,+) >0 and the original process (1, & );>0 (defined by the generator L, see (2.1))
such that 173' = 1o and n,+ (x) = n¢(x) for all x € 2, and all + > 0. By an abuse of notation we still denote by Pl;
and E;E , law and expectation w.r.t. the coupled process. In Appendix A it is proved that

sup sup Ef. (eh”;f(")) < 2exp{[e” — 1]e'(C +2¢v/1)}, (8.3)

e>0xefe

where C is as in (5.1) and ¢ is a constant. Since e?" ") < eh”:r(x), (8.1) follows from (8.3).
In Appendix A it is also proved that

sup sup Ese([u(x,n) — Eje (u(x, n;r))]z) < cell=od (8.4)

t<T XER,
Let M = 2e*7(C’, then, since Efﬁ (€ (x, ’71+)) <eXic,

Pl (u (x, ) = M) < PEc(|uf (x, ) — EGe (u (x, )| = €7 C)
so that

Pl (u(x.nf) = M) < %e“*‘*)d : (8.5)

Since u€(x, n;) <uc(x,n;"), (8.2) follows from (8.5). O

We will next prove bounds on the H 12 norm of u€, which will play the role of the “two blocks estimates” in the
language of hydrodynamic limit theory. Before stating definition and results, let us recall how similar bounds are
obtained for the heat equation u; = Au in the unit torus §2. The “entropy” [ o u*dr gives

1
/uz(t)dr—/uz(O)dr=—2//|Vu|2dr.
2 Q 0 2
Then, supposing f_Q u*(0)dr < oo, for any t > 0,

t

1
/fqu|2dr< E/uz(O)dr.
0 2 2

The proof of Theorem 8.2 below mimics the above argument, but let us first introduce some notation and definitions
which translate to the lattice the analogous notions in the continuum. If f is a function on £2., we write

1f 15 =€V A1 (8.6)

with V f the lattice gradient of f, which has been defined in (5.3). We also recall that the same rules as in the
continuum hold as well for the discrete gradient and Laplacian. Namely, denoting by E4 the set of unit vectors e
with positive components, we have, recalling (5.3) for notation and resisting to the temptation of writing (—e) - V f =
—(e -V f), which is false,

Af) =Y [(=e)-V+e - V]f) ==Y {(=o)- V}{(e- W)} f(x), (8.7)
eckE eck
(g.e-Vf)=((—e)- Vg, f). (g, Af)=—(Vg,V[), (8.8)

the last equality following from the second one in (8.7) and the first one in (8.8).
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Theorem 8.2. For any t > 0, there is ¢ so that
1
sup E;E </ ||u€ (n5) ”i]z ds) <ec. (8.9)
e>0 5 1

Proof. We start from the martingale relation:
t
|0 |* = [u¢ o) | +/L||u€(ns)||2ds +ME, ES (M) =0. (8.10)
0

After a simple computation which exploits the fact that discrete gradient and Laplacian satisfy the same relations as
in the continuum, see (8.7), (8.8),

2100 [u P = <2 |2 + RO,

RE ) =267 > €| Vpa(x. ) n(2), @.11)

LD |? =2 |u* + Rsan, L7 Juc]” < RS, 8),

Rs(m =€’ YN palx, 2)°n(2), (8.12)

RS, &) =€) "> pulx. 2*1@)[kne0) + @) (k11 — Kn))] (8.13)
X Z

(the seemingly random labelling of the remainder terms Rf is for “historical reasons”). By taking the expectation
in (8.10),

t

t
2E;6 (/Hué(m)nilf dS) < E;e(HuE(nO)Hz) + E;s (/ Rf(nx) + R;(ns) + R;("]s’ &) + 2« HMG(m)HZdS)
0

0
(8.14)

By (8.1) there is ¢; = c¢1(¢), independent of €, so that the right-hand side of (8.14) is bounded by ci(1 +
Zz [6_2|Vpa (0, z)|2 ~+ pu (0, 22D). By (4.6) it vanishes as € — 0 because of the assumption o < d/(d + 2) and (8.9)
is proved. O

We have a le bound for v¢ as well, see Theorem 8.3 below, but we need first the following corollary of Theo-
rem 8.2:

Corollary 8.1. Forany z € 2. andt > 0

t t 1/2
/ed DU+ z.ms) —u x| < Me|z|(/!|uf(ns)|\i,lz> : (8.15)
0

0 XESe

Proof. For any z, there is “a coordinate curve” {y;}i=o... ~ such that yo =0, yy = z, with ¢; := yit1 — i,
i=0,...,N — 1, a unit vector, and ) _ |e;| = |z1| + - - - + |z4|, having denoted by z; the ith component of z. Then,
recalling (5.3) for notation,

w4z, —ut ) =y e Vu(x + yi, m).
i

Hence
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Y et —u @] <Y e Y e Vu(x + yium)|

XES2 i XESe

12
< «/3(26" > e ~Wf(x+yi,n)|2>

i XES2,

<Vdelzl[ucm] (8.16)

and (8.15) follows by Cauchy—Schwartz. O

Theorem 8.3. For any t > 0 there is ¢ so that

t

supE;e</e_2a ||VU€(§Y)||2ds> <e. (8.17)
e>0

0

Proof. We will often use the following inequality:
Ve /| <|VfI, if f>0. (8.18)

To prove the theorem, we start once again from a martingale relation:
t
(ENED) ||2 = [v¢ (&) ||2 + / Lijv¢ (&) ||2 ds + M;, ES (M) =0. (8.19)
0
We have that

e 20 LED |y | = 22T 425 +2C° + RS,

where
SEm= Y €Y v @e ) [e-Vap(x, 9]E@(1 - £z + ) [1yro=0 — e ],
e: le|=1 X z
CiEm=e Y €Y v )Y E@(1—E@+o)[e ) — e W]e. Vgy(x, 2),
e: le|=1 X z
REM=¢2 > €3 S s@)(1 - £@+e)Lyerao(e - Vasx, ). (8.20)
e: le|=1 Xz

Finally, (below E_ is the set of unit vectors in Z¢ with non negative components)

T =e!Y v e™ ™ 3 Y E@)(1—&@+e)le- Vigp(x,2)

e:lel=1 z

= 4 Zve(x) ) Z Zg(z)[(_e) Ve V]qﬁ(x, 2)

ecEy 2

—e! Y v e Y {Z[ews(z —o)[(=e)- V]gp(x,2) + E@EE + e)le - Vigp(x, 2)] }

ecEL " 2

By (8.7), in the last term the quantity in curly brackets is zero, while for the first one we have that ) . E. > .6
[(—e) -V +e-V]gg(z —x) = Av(x). Thus

6_2HL(¥’0) H vE Hz — 26—2a(ve7 e—u‘AUe> +28€ +2C¢ + RZ'

The proof that lime_¢ | f(; E}(S€(&5, 15) ds)| = O follows from Theorem 10.1 below (details are left to Appendix D).
We will use the present theorem only after Theorem 10.1, so that there is no circularity in our arguments.
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By Corollary 8.1, Theorem 8.2, (8.18) and (4.9) we then have

t

/E,i (CE (&, ny)) ds| < ce' 2,
0
By (4.7),
|Rz€1(é§’ 77)| < ce2at2a—p)+da—p) (8.21)

which also vanishes in the limit € — O because of the assumption 8 < ddﬁa. Let xpr = {xm.x(s), x € £2c} where
xM.x(s) denotes the characteristic function of {u€(x, ns) < M}. We use the integration by parts formula (8.8) to write

26_2“<e_“€ Ve, Ave) < —2e 2™ ”Vv6 ||2 +R§ + Rg,
where

RE=—2e (v (Ve™), Vo), R§=—2¢2([1 — xuIV©, (7 —e M) voe). (8.22)
By (8.9), (8.18) and Corollary 8.1, since |v¢| < 1, |Vv¢| < 2d

t
/|R§| <cel™2,
0

By (8.2), we have
sup ESe (|RE (&, 1)) < ced 072,

s<t

We next observe that L&) [[v€]|2 < 2« ||v¢]]? + Rg and LEDve)? < R§, where

1
Ry=k'e’Y —= D Y aptz+ %[l — G+ Olyero=0, (8.23)
X e:lel=1 z
Rs=¢"Y Y qp(x, D@41 (8.24)

By (4.8) and since «; < ceb then, by (8.1), also Rg and Rg give a vanishing contribution. We have therefore proved
that there is a positive function ¢, () — 0 as € — 0 such that

t t
/E,; (LO v E)|*) ds < —26 %M / ES (Vo & |* + 26 [[ve €[ ) ds + e () (8.25)
0 0
Thus from (8.19) and (8.25) we get
1
e MES, ( / e ||Vv6(a§s)||2ds> S ES(

0

v &) |7) + 't + e (1.

Theorem 8.3 is proved. O

We conclude the section with the following corollary of Theorem 8.2, which will be needed in the computation of
the compensators (4.3).

Corollary 8.2. For any t > 0 there is C so that

sup sup sup|U€(x,s)| <C. (8.26)

e>0xef2. st

Furthermore for any t > 0 there is ¢ so that for any s <t
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([vE) — V], [e M —e U ©]e 20 AVE(s))

<e1—0 2| Vv — VO +e(Juc ) = US| + o< &) - Ve

_ 2
+ 72w o)z + 10 ® [32))- (8.27)
Proof. Since U€ and V€ are solutions of (3.1) with initial data which satisfy (5.5), by “standard arguments” (8.26) is
verified and for any ¢ there is C so that

sup  sup 6_“|VV€(x,s)|=C<oo.
e>0xefe,s<t

Then, by (8.8)
([ve = Ve, [e_”6 — e_UG]e_Z“AV€> < C((e_a|V{vE - Vvell.
(v = Vel e Ve e ).

Since |e " — e’ij€| |u€ — U*€|, using the inequality 2|db| < 8d* + 8§~ 'b2, with b = [u€ — U¢|, d = e ¢|V{v€ —
Ve€}|,and § =e € (5C)7!, we get

€

)

__.—2a _
[ = Ve [ —e U Je 2 ave) < e v - v P4 eC(5c?) -0 I
wo(loe = v e P S vorP)
having also used (8.18). Recalling the definition of || f|| H? in (8.6) we then get (8.27). O
9. Regularity in time

Besides regularity in space, we will also need estimates on the regularity of u€(x, ;) as a function of the time ¢.
This is needed in Section 11 and Appendix D, and the statement we will prove here is just what is used in the sequel,
with no aim at generality. We denote by P6 £ and E¢ ke conditional law and expectation of the process (1, &5)s>1,
given the state (1;, &) at time ¢.

Theorem 9.1. For any t and y positive, with 2y < (1 — a)d, there is ¢ so that for any t < 1, € > 0, x € 2 and any
se(t,t+ €]

ESc(Juf(x,ms) = mis_pe2 xus(x, m)]) < ce?, ©.1)

where 7 is defined in (4.1) and 7w ;_ -2 % u®(x, n;) = Zy T (s—nye—2 (X, YIuc(y, mp).

Proof. We define an auxiliary process (6y, &5)s>+, 605 = (n(F a), né(F d), ngb)), and the following random variables on

this process,
ns 1= ’73F a4y n(b) (F) — 77§F a4 U(F ) 9.2)

The main point of the definition will be that (5, &5)>, has the same law as the process of Section 2 with generator L,

(F,a)

while Tl F) has the law of the 1ndependent process with generator € 2L The n; particles are called free and

alive; ns 4 free but dead; 17 newly born, which already hints at the way the whole process will be defined. We set

(F D _ n,(b) =0, so that n; = n(F ‘@) The process (05, &) at times s > ¢ is defined in terms of the generator L which

we set equal to L = L + L®, with L& as in Section 2 (reading n = n™® + n®). L, is 6—2L(10) + Lgﬂ + Lﬁf).
LEO) is the generator of independent motion for the three types of 5 particles.
LY F0.6)= > kn@)[£O+1.5.8) — £0.8)],

XE2¢
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where 1 5, 15 (F,q) and 1, (F q) below are the configurations with only one particle at x respectively of type b, (F, d)
and (F,a);

LF©O.6) = 100 (kg0 (1= E@)) + Ky 11£())

XES2e
X 1,6 (0)=0[ f O = Le.(Fua) + La(Fra)» §) — FO.6) ] + 10000 [ SO — 1ep, §) — £(6.6)]}.

It is then easy to check that (1, &) is our original process and 7" is the independent process.
By an abuse of notation we still denote by E;g the expectation relative to the process which after time ¢ has

generator L. Then, using (9.2),
E;e (’ue (X, 715) = T(s—pye2 * u (x, 7]1)‘)
< Efe (Juf (6, n{7) = 7oz wu (e, mo)|) + Efe (€ (x, 1) + u€ (x, niF9y).

Recalling that 1€ (x, n”) = u¢ (x, nF*?) = 0, by (A.6),

Eje (€ (x, nib)) +uc(x, n§F’d)))

N

= / > e e NER (L7 + L) us (v n?”) +u(vng ™)) 9.3)
t Y

Since
(LS + L57)u (v, n®) <wus (v, m),
(LS + L) (50 FD) < paly Dn@py 41
Zz

by Theorem 8.1 there is ¢ = c(¢) such that
e (006, m0) = g pems w0, m) ) < B (0 (1) = s e ) e 0.4

Let

s () =08 () = ez x ()
then

u¢ (Xy 77§F)) T T(s—p)e2 X ue(xv N¢) = DPa * Ns(X)

and, by Cauchy—-Schwartz and (4.6), the square of the first term on the right-hand side of (9.4) is bounded by
~ 2 ~ _
ESe (| po # 715 (0)]7) = Efe (Z Pa(x, )il (y)z) < clellmd (9.5)
y

because E;,,Ez (ns(¥)ns(z)) =0 for z # y by (A.5)—(A.7). The last inequality in (9.5) follows from Theorem 8.1. By
assumption, (1 — o)d > 2y and this concludes the proof of the theorem. O

10. Local ergodic theorems

In this section we will prove local equilibrium in the spirit of the so called “Gibbs—Boltzmann principle” [3], and
“one block estimate” [8], in the hydrodynamic limit literature. The question concerns time averages and the aim is to
prove closeness to equilibrium expectations with parameters determined by local empirical means (local equilibrium).
This can be reduced (the details are in Appendix D) to a proof of decay of time correlations, which is the content of
Theorems 10.1 and 10.2 below, for some bounded and unbounded local functions of #;,.

Theorem 10.1. For any t > 0 there is ¢ so that forany € >0, x,y € §2¢, |[x — y| > e 12 gnd 1 < 7,

|EIie ({1’7:+52a x)=0 — e_ue(x’m) } {lnt+52a (=0 — e—ue(y,m) }) |< Ceza' (101)
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Proof. The proof uses the same auxiliary process introduced in the beginning of the proof of Theorem 9.1,

to which we refer for notation. To compute the expectation we shorthand 1, . =1 nFD () (b) >0 and since
l+ 20 2Dt
F F, d F, b
Mo = My om0, AN N =05 1 S0 (9.2),
F F.d b
0@ #E e @} € {150 @) + 1 0 (2) > 0}, (102)

Since E;E 1)< E;g (nfiﬁi (2) + nlfi)eza (z)) and since the curly brackets in (10.1) have absolute value < 1,

Lhus. of (10.1) < [ Eg< ({1, @,

e_“e(x*"f)}{l . e—u‘(y,rh)})|

o ($)=0 Tye2a =0
F.d b F.d b
+|ES (nf+€z?. @ +07 @+ 10+ )] (10.3)
Recalling that by definition n(F D = (b) =0, then, similarly to (9.3),
F.d b
Efc (50 @+ 1”0 @) < ce™ (10.4)
and (10.3) yields
—u€ st —u€ St 2
Lh.s. of (10.1) < | Ese ({1 =0~ w e} fq 2D ()=0 w1y | 4 ce
Call n; x(2) = r;,(z)1|Z X|<e—1+a/2 /4 and 17 e M the free evolution starting from n; . n,,, and 17 e 20{ are defined
analogously.
|E;‘({1nfzm(x)=0 —e 1 1 =0~ ]
<|E€ (11 = us (X, y) 1 _ AU (yimey)
B R
+ Eje ({ Yo @m0 (z,x)}) +Ej, ({ Yo m@Teaw, y)})
|Z_x‘>5—l+oz/2/4 \z—y|>€’]+"‘/2/4

Then, by Theorem 8.1 and classical properties of single random walks, there are positive constants ¢ and ¢’ so that

|E;5({1 (F) (x) 0 e—u€(x»nt)}{1 (F) (y) o e_ué(y’nr)})|
s |E“€ ({lnfiza_x(x)=0 B eﬂﬂx,mﬂ}{lﬂf(izu,y@):o —e O 4 ce <"

The conditional expectation given 7, of the product of the two curly brackets factorizes and

PE ({ t(iiZu x(x) = 0}) = 1_[ (1 — T 242 (Z,x))m(z)

z—x| e~ 1+a/2 /4

= exp{ Z n1(z) log[1 — 7212 (z, x)]}
lz—x|<e1+a/2/4
— e—ue(x,m,x)(1+Rx)’

|Ry| < ce!797,
An analogous bound holds when x is replaced by y, so that the left-hand side of (10.1) is bounded by
|E;s ({efue(x,m,x)(lJrRx) _ efu‘(x,m.x)}{efuf(y,m,y)(lJer) _ efue(y>nz,y)})| + e

We distinguish u€(x, 0, x) > M and u€(x, n; ) < M. The contribution of the former is bounded using Theorem 8.1,
while in the latter case we bound by (8.18) le=4 ) A+ Ry) _ o=u ()| < MR, |. Same procedure is used for the
term with y, thus concluding the proof of (10.1) because (1 — @)d >2«. O
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Denoting by P, and £, law and expectation w.r.t. the product of identical Poisson measures with mean p > 0,
given a function g = g(n), n € N, we shorthand

fe (nt, Nty (x), Nt 420 (y)) = lu‘(x,nt)gM,u‘(y,n,)gM{g(nH—eZa ()C)) - guf(x,n,)(g)}
X {&rpe2a (V) = Eucy.nn ()} (10.5)
with M as in (8.2).

Theorem 10.2. With the notation of (10.5), suppose g(n) < e?, b > 0, then, for any T > 0 there is ¢ so that, for any
€e>0andt <,

lim sup|E (fe (n,, Nige2e (X), My 2 (y)))| =
e>0xy

Proof. By (10.2) and (10.4), using Cauchy—Schwartz,
F F
| Efe (fe (e 12 ), 0y 22 (0)) = Efye (Fe(ne Lo 10 ()]

< ES(f2)Pee < ev. (10.6)

The last inequality uses first that the functions 1,e(; ;,)<mEue(z,n,)(8), 2 = X, y, are bounded and then Theorem 8.1

(as fg2 is exponentially bounded). By (10.6) we are then reduced to the analysis of E;E (fe(n,, z+52a (x)nt+62a )
where the process after 7 is free.

To simplify the computations, it is now convenient to expand g in Poisson polynomials. Referring to Appendix A
for definitions and properties, we recall here that the Poisson polynomial of order n, denoted by d,(-) and defined
in (A.1), is such that £,(d,) = u". By (A.3) (and recalling that g(n) < ebm),

g(n(x)) Z S (n(0), ] < le” 411", (10.7)

For any w € N let Dy, () = [, cq, dw(:)(1(2)), call

Un (M 4e20(2)) = dn (1402 (2)) —u(z, n)"
and denote by E & the conditional expectation given n;, & at time ¢. By (A.5)

ﬂt & (l//”( t+62"‘ (x))wm( t+62"‘ (y)))
= Z n((,))Ma (nx, @ )77((3)2+2a (@m.y» 0 ){ Daoy oy, (1) + 14 (2, )" u (v, )™

- Dw; 0w (v, )™ = Doy, (o (x,m)" (10.8)

.0
where wy ; is the configuration with k particles at z and 7, )(a) w') is the kernel of e’ (Lm0

bounded on the compacts, so that calling A¢ ;(n) = c(1)"[1 + nle"1,> 1],

. By (A.10), there is c(t)

(F) (F)
| Efie (L ey <tt e oy < ¥n (174 L2 0O) ¥ (1, L2 )|
Aci(n+m)+ Ac (mM™ + Ac 1 (m)M" + M"",
Thus, recalling (10.7), given any § > O there is N so that
F F
|E;«6 (f(nt ’ l(_;’_lZa (x)nt(_;’_iZa (Y)))

aa,
- ) o Ee (L cemy<ate vy ¥n (111 L2 0) Y (12 ()| < 6.
n<N, m<N

Theorem 10.2 will then follow from showing that for any fixed N,
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Jimsup sup | Efe (L < ¥ (120 )Y (012, )| = 0. (10.9)
The proof of (10.9) is reported at the end of Appendix A; it is based on a cancellation on the right-hand side of (10.8).
The cancellation involves the terms which appear when w), and ), are such that w), (x), o/, (x) and @, (x) + w,, (x)
are all < 1 for all x € £2.. The other terms involved in the cancellation are the non diagonal terms in the expansions
of u€(z, n;)¥, k =n,m, z=x, y (recall the definition (4.2) of u€ as a sum of terms). All the terms mentioned above
cancel with each other exactly and, in Appendix A, it is proved that the contribution of all the other terms vanishes
proportionally to a positive power of €. The proportionality coefficient has a “bad dependence” on N, but since N is
held fixed as € — 0, this does not give problems. O

11. Homogenization and convergence to the stirring process

In this section we will prove that the process &; is close to the stirring process on sufficiently long time intervals
for the latter to reach local equilibrium. By a triangular inequality then &; is also locally (close to) Bernoulli, see
Theorem 11.1 below. There are essentially two steps in the proof. In the first one we prove a homogenization property
at “short times”. Recalling that the displacements of the & particles are ruled by the generator € ~2¢ L9 an effective
motion of the & particles is only after times of order €2¢. We will see that on the time scale €2“ the £ particles are close
to stirring with a time dependent intensity determined by the local empirical averages of the n-particles. The result
is then extended to times of order €2# (recall 8 < a), thus proving that the £-particles, like the stirring ones, become
(approximately, locally) exchangeable.

The result will be used in Appendix E to control a term Q which is the most dangerous one among those which
appear in the computation of (4.3). After some maquillage operations whose details are given in Appendix E, the space
time averages involved in the expression (4.4) lead to study expectations of a measure v, T > 0, which is a space time
average of the original u¢. v¢ is in fact defined as the probability on N%% x {0, 1}*%< whose expectations are

T

T l T
Vi) =€ Y ][E;e(sxf(ﬂtaft))» ][: ;/, (11.1)
0 0

XG-Qe()

with S, the shift by x on the torus £2..
We fix a large constant C (C = eM see Appendix E), and shorthand

T =Ce?P, B ={x: |x| < e *TP2). (11.2)

We also write x for a subset of §2., |x| for its cardinality and call

gx® =[]ew. (11.3)

XEX

We can now state the main theorem in this section.

Theorem 11.1. Let T as in (11.2), then

T (gx(sr) - H{Zn’h—za (x, z)so(z)D ‘z 0. (11.4)

XEX

lim  sup
€0 xcB, |xI=4

We will first prove the theorem for d > 3 and then discuss its extension to d < 3. The proof is divided in three steps
and, from the same proof it will be clear that the result extends to |x| < n, for any fixed positive integer n.

Step 1: Stirring process and duality. We will prove (11.4) using extensively the self-duality property of the stirring
process. Denote by f’z,, z # 7/ both in §2, the subset of §2, equal to x if either z, 7’ are both in x or both in £2, \ x.
If instead z € x and 7’ € £2, \ x then f"”/ =z Ux\zandif z € £2¢ \ x then 1“/ =zUx\ 7. Define

L f(x) = Yoo ) - fw] (11.5)

2,2t |z—2'|=1 on £2¢
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the sum in (11.5) being over ordered pairs of nearest neighbor sites on the torus £2. (a bond is counted twice, in
agreement with (2.3)). We will also shorthand

prx,y) =L (x, ). (11.6)

Let L) be the stirring generator defined in (2.3), then L&V g, (£§) = Lg, (£) the former acting on £, the latter
on x. As a consequence

e )= pix y)gy ). (11.7)
y

To relate (11.4) and (11.7) we should substitute the true process with the stirring one and p; with ;. The sense in
which something like this can be done will become clear in the sequel. Its validity as we will see is limited to suitably
short times. The analysis is simpler for d > 3, which is the case we are considering first.

We compare 2 5.0) gx (&) and e LStgi (&;), the former acting on &; the latter on x, the choice of the intensity
¢ will be crucial. We write

LEVg @)= > 5@ = E@)](E@1ye)=0 + EE D ye=0) (82 (E77) — 8x(8))
2,7/t |z—Z|=1
and, calling
¢ _ 12 ey (0, y)u(y, mo) ift > e
wi{t, 10) = { u€ 50, 7;0) otherwise

we telescopic sum
—u¢ s o —u¢ ) o —uc 0, o
1y, =0 = [1y, =0 — e " E )] [e7 ) — o Ol

+ [e—LtE(OJ’]t,EZa) _ e*wg(l‘,no)] + efwe(t,no) (1 18)

doing the same for 1, (;/)=¢. Since gi(éz’zl) =g, (&) we get

L('E’O)gi(ét) — e—wé(t,no)LStg)i(ét) + Hi(x,t)+ -+ H3(x, 1), (11.9)

where H; comes from the ith square bracket term of (11.8), dependence on & and 7 is not explicit here. Since the
actual generator of the process is € 24L& 9 “the error terms” H; will be eventually multiplied by € ~2“.

Step 2: Reduction to stirring. (11.9) is the desired duality relation which establishes that modulo “the errors” H;
we can compute the expectation of g, (§;) by applying the stirring to g, thought of as a function of x. Define the “total
intensity”

T
A= [ om, = ce,
0

x°| = 4 (we rename by x° the set x in (11.2) where B is also defined).
We set 2B = {x: |x| < 2e9HP/2}, Using (11.9) and recalling (11.6), we get

and recall that in the whole sequel, x° C B and |x°

ESc(g,0(6r)) = Ef (Z Page-2a (x°, X)gl(sm) +R, (11.10)
Y

T
R= / Y s (x ) Ese ({L'gy (&) + € [Hi(y, ) + Haly, s) + Ha(y, )]}),
0o 2

where L' = L& 1 L6,
We will next prove that there is ¢ > 0 so that

|R| < ce?P—2a+28, (11.11)
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The contribution of the times 7 < €2 is bounded by ce ~2¢€2* and since o > 2, this is compatible with (11.11). Let
us now consider ¢ > €2,

Since |e " QM- _ o=w tm0) | < ¢y (0, N—c2a) — wE(t, no)|, by using Theorem 9.1 the term containing H3
(Hj3 is the third square bracket on the right-hand side of (11.8)) is bounded by ce2f=2aT  All the other terms are
smaller. In fact, by (10.1) the term with H; is bounded proportionally to €2B—2a+2e g4 that, by the choice of «, it is
< ce2f—2a+2,

We decompose the sum over y in the term with H; as over y C 2B and the complement:

Y P (@ ) ) =Y pr_geu () H 09+ D pr—gea(x” Y)Ha(y, ).
y yC2B yZ2B

The first term is bounded using (8.18) and (8.15), proportionally to 2#—24+1=¢ +8/2 The second term is bounded by

the probability that there is at least a particle which travels by € ~*#/2 in a time ¢ ~2¢*2# and it is therefore bounded
by cexp{—c’e#}. Finally, the term with L'g\ (&) is bounded by ce?P because, by Theorem 8.1, ESe(kp,()+1) < c.

The bound in (11.11) vanishes as € — 0 if 28 > a. Since B must satisfy the inequality § < ﬁ_za (see for instance
the proof of Theorem 8.3), we must then have

d a (11.12)
a>— .
d+2 2
hence the restriction to d > 3.
Step 3: Conclusion. By (11.10) and (11.11),
‘Esg <g£o E) =Y Pagee-2 (2’ Z)gy(sw) ‘ <ecéd, (11.13)
Y
where ce®, § > 0, shorthands the bound (11.11) on the remainders and
Ce?
€2 A(ng) =€ / e~ (.10
0

with we(z, no) = Zy T —e2ye-2(0, Y)uc(y, no) for t > €2 and we(r, no) = u€ (0, no) for t < €>*. We claim that the
following two inequalities hold:

VE(eT2 A(no) < Ce ™ Me242P) L ceP (11.14)
ceb

Eye (][ e (tm0) _ g=ut(0m0) |> < ceP. (11.15)
0

Proof of (11.14), (11.15). By (8.2),

V: (e—uf(o,n) < C_M/Z) < Cé(l_a)d

so that
Ccep
Lh.s. of (11.14) = v <][ e~ W (o) e—M)
0
Cce?f
< el V§(][ v 00 _ = O | > #)
0

and, since (1 — a)d > B, (11.14) follows from (11.15), which we prove next:
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ce?b ce?b
Ve ( ][ om0 — e““‘)"“’)l) < ][ Ve (Zn@ezak-z(o, »u (v m0) = u“ 0, no)|>
0 0 y
Ce?P
<evd {][ Y 220, y>|y|}v§(||u€(no> [ 2)
0 y

having used (8.16). Since Zy TC(p_e2a)e—2 O, Myl < ce it —e2)1/12 L ce 1P and
T
ol ) = f B (a0 ) < ex2
0

(the last inequality follows from (8.9) and Cauchy—Schwartz), (11.15) and hence (11.14), (11.15) are proved.
Using (11.13), (11.14) and (B.2) (recall that A(179) < Ce?#), we have

‘Eﬁg <g£0(§T) - {1—[ Y Tawpe 2 (5, Y) }gy(éo)) ‘ <€l +ef +eF2at2h2,
XEX Y
We are going to use the following classical estimate on random walks,
|t —7'|
min{t, ¢’}

Z|7Tt/()€, y) —N[(x, y)| <c
y

¢ a suitable constant. We take 1 = A(ng)e 2% and ' = Ce 24128 e 4“0 Then, by (11.15),
It —1'| < eﬁ/z[Ce_z‘H'zﬂ] with probability > 1 — ce?/?

and by (11.14)
min{t, 1’} > Ce Me 24428 _ P2[Ce2t2P]  with probability > 1 — cef/? — ceP.

Then

Ce—2a+28+B/2

_ . B/2
EV? <;|HA(U0)6—2“ (x,y) T Ce—2a+2B ¢—u€(0.10) (x, y)}) < (C e—M/2)6—2a+2ﬂ Tee

thus completing the proof of the theorem for d > 3.

The casesd =1,2.Ind =1, 2 the bound in (11.11) does not vanish and the idea is to apply the previous analysis
for a time shorter than €2#, say €?”, y > B. The error is then bounded as in (11.11) but with €2¥ ~2¢+2¥ If an iterative
procedure applied we would repeat such an error €26=27 times, thus we need €2 =227 ¢28=2¥ to vanish, namely
y + B > a. Let ¥ > 0 be so small that % > % (the last inequality will be needed at the end, to have (11.22)
vanishing as € — 0) and set ford = 1, 2,

2429 d—1v
Y= a, = a
d+2 d+2
so that, with such a choice,
B g (11.16)
a>y>a-—B, —a>B>—. .
4 d+2 17

We divide the time interval [0, T'] into intervals of lengths €2 except maybe the last one which has length < €27
The intervals are called [t,,t,41), n < N, and the last one is [ty,tn+1], tv+1 = T. Instead of we (¢, ng) we now
consider the quantities

W byt M) = D T2y e (0, U (o, )e 1€ (s tug].
y

Analogously to (11.8) we write
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_ev’ o _E-, o _50’ o
by -0 = [Lp o0 =€ 2 [ €0 7 020

+ [efu‘(O,n,,eza) _ efw‘(t,tnq,mn,l)] 4o W 1o, )
and get instead of (11.9),

LEO g (&) = e it L%, (&) + Hi(x.0) + -+ H3(x. ).
A(no) is now replaced by

Iny1

A (1)) = / eI G g,

In

and, analogously to (11.10) we have

1
Efe(80(Er) = Ej (Z Py iy e (&5 )gy@w)) + Ry, (11.17)
y

Iyl

Rwi/memmxy><u&@Hf G+ Haty )]

We are not yet ready for the iteration, because the first term on the right-hand side of (11.17) has not the same
expression as the term we started from, due to its dependence on 7;,_,. To fix the problem we do a Taylor-Lagrange

expansion to first order in the small parameter € ~2¢ [Ary .ty (Mey_1) — Asy,0(n70)]: indeed, using Theorem 9.1,
E*Z(l [AZN,INfl (nthl) - AZN,O(T’O)] < C€*261+2)/+2,3.

Shorthand

bu(A) :=AAs, 1, (0r,_) + (1 = M)Ay, 0070)
then

Efe(850Giva) = D P,y o2 (2% ¥ ) Efe (8 €i)) + RY +RY, (11.18)

where
1

RY = / Eg, (Z[A,N,IN_] (iy-1) = A0 (10) € Py ye-2a (2, y )LS‘gy<s,N)) d. (11.19)
0

y

The first term on the right-hand side of (11.18) has now the same structure as its left-hand side so we can iterate.
Calling

AW (o) := Ary.0(0) + -+ Ay 0(mo), n <N, ANTV@e) =0, AQ (o) = A(no)

we get

(gxo(EtNH) (Z pA(O)(no)(za x Y g; (‘50)) +ZZR(’) (11.20)

i=1n=0
where, analogously to (11.19),

1

Ry = f Ej (Z[Arn,znl(’ml) = A1 0010) €72 Praws) (o), e (EO»X)LStgy(Efn)) da
0

y
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By the same arguments used in d > 3, the contribution of Rf,l) is bounded by ce2vy—2a+2y The contribution of
Rf,z) is bounded by
C€2y—2a+2ﬁ[(tN _tn)e—Za]—l/2—1/12 (1121)

¢ a positive constant. The bound is derived in Appendix B by exploiting estimates on the stirring process known in
the literature.
The total contribution of all the remainders is then bounded by

C{€2y—2a+2y€2ﬁ—2y + 6—20+2,3T1/2—1/12€2(l(1/2+1/12)} (1 122)

with T = Ce?#. The first term vanishes by (11.16), the second one because B > 5a/17, see again (11.16). We have
thus proved (11.13) and since the rest of the proof is like in the last step of the case d > 3, Theorem 11.1 is proved. O

Appendix A. Independent and branching random walks

We will prove here the statements in the text which refer to independent random walks without and with indepen-
dent branchings. We start by recalling the main properties of the former.
Poisson polynomials. The Poisson polynomials di (-) of degree k > 0 are

doim)y=1, din)=n, din)=nn—-1---n—k+1), k>1, (A1)

and we restrict n € N. The following remarkable identities hold for any non negative integer 7(x),

o0

"
Lyo=i = Z %dnﬂ (n(x)),
n=0 :
R N Cn Ve
ebn®) — ;) —d, (n(x)). (A.2)

If f(n) is exponentially bounded, say | f(n)| < e, then

F@) =Y S (100).  laul < Je +1[". (A3)
n=0 """

The above will be applied to ky(x) (and to k'), n € N, as well), recalling that ky(x), which is the function which

appears in the generator L in Section 2, is supposed to be exponentially bounded.
Poisson multi-polynomials. The Poisson multi-polynomial D,,, w: 2 — N, is

Do) = [] dow (n(x).

XES2e

Duality. Referring to [4] for details, the self-duality property of the independent process is expressed by the equality

L0 Dy () = L% Dy (). A4

Namely the independent generator gives the same result when applied to D,,(n) both if it acts on w or on 5. Denoting
by

70y =et )
the kernel of e/Z""” , it then follows from (A.4) that

Y 7.0 Do) = 7”@, ) D (). (A5)
)7/ /

w’

Using (A.5) in connection with the integration by parts formula, we get
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t
LI ZNI(O)(w,w/)Dw/ +/Zﬂr@s(w,w/) L0+ (1 (A6)
24 24

where L' is a generator acting on functions of (7, ).
Notation. We will use the following notation: 1, stands for the configuration @ with only one particle at x; w +
o' for the configuration with w(x) & «’(x) at x (the relation with the minus sign being defined only if o' < w);

lw] =3 e, @(x). Then

7 w.o)= Y !Hm(xl,yl } W=t = Ly, xi € Qe (A7)
y i

0

In particular 7, ” = m; when restricted to w: || = 1.

Proof of Theorem 5.1. We will prove here only the statements of the theorem relative to the variables 7. Recall-
ing (5.2), by (A.5),

UG (x) = u (u€ (x, ) Zpau N () Zpa(x y)Zn 24, (9, DI04y (2)-

Thus |U§ (x)] < C,if C is the sup in (5.1). Moreover,

e VUS| <e! ;’Vnéfzto((),z” < ﬁ

which proves the first inequality in (5.5).
For future reference we also observe that the same argument used above shows that

(Dw() Zn,zt (@, @) Doy (1) < C\. (A8)

Call 77(x) = n(x) — u(n(x)), then
pe(fus —veP)y=e? Y Zpa(x 2)pa(x. ) (1(7()).

X€e 7,7

Shorthanding w, =1; and w; » =1; + 1/,

1 (1) = 1 (Du, ) — 1 (Do )1 (Do) + L i (1(2)

so that
2
pe(fus —UeP)=e? Y { D pax, 0 (0(2) = Y [Z P (X, V)2, (3, 2)} n- m(z)} cell=e,
XEe “z€82, 7€82 “yesf2,
The last inequality follows using the local central limit theorem to bound
c c
su 0,2) L ———+, su X, V)T
Zeé’é Pa0.2) S —g=55apn ZE(I;E[Z Pa (X, )24, (Y. Z)} [e—C=20) 4 27472

VES,

The statements in Theorem 5.1 relative to the n variables are proved. O

The next theorem will be used in the proof of Theorem 8.1. We recall for the reader’s convenience the Stirling
formula

n!:n”"'l/ze_”m(l—i—O(%)) (A.9)

observing that the last bracket in (A.10) below is then bounded by 1 (for € small enough). Then (A.10) extends the
bound (A.8) to all times, provided the constant C is replaced by e’ (C + 2c+/1).
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Theorem A.1. There is a constant ¢ > 0 so that for any t > 0 and any w,
ESe (Do) < Ee (Do () < (€71 +20(C +2ev/1)) (1 <ot + 0l1€6) 5 c1), (A.10)

where ;" is the process with generator e >L®0 4 [0,

Proof. We will first prove that:

LD Dy () = k|| Do) + i Y 0(@)[w) —1]Do-1, () (A1)

XES2¢
(recall that |w| =), @ (x), [@ — 1,1(z) = w(z) forall z # x and [w — 1,](x) = w(x) — 1). Indeed
LD, () =k Z[]‘[ du(y) (n(y))}n(x)[dmx)(n(X) +1) = duo ()]
X y#x
and (A.11) follows because D, () = 0 unless n > w and because for k > 1,
k[dy(k 4+ 1) — dy (k)| = nd, (k) +n[n — 11d,—1 (k).
By (A.6) and (A.11),

Ee an()(w o) (D () +Klw|/2”(m (@ ) Eje (Dor (1)

ey on“” (@, 016/ [ () — 1ES Doy, (1)- (A12)

yesf2e 0 o'

We postpone to the end of the proof that

last term in (A.12) < cen(n — 1)/ sup Z 71,(0)Y (0", ) Ej:e (Do (1))). (A.13)

— 8 p* |o*
ot jotl=n=1 . |o'|=n—1

Call v (s) = maxjp|=k Efe (Do (7). Since 1€ (D, (10)) < C'l by (A.12) and (A.13)

! 1 kn(t—s')
e s
v, (1) <e"'C" + cen(n — l)f{er m}vnl(ﬂ

Kn(t s)
<eMC" 4 cen(n — 1)(1—|—2t)/ v”_l(s)
and, by iteration,
n—1
(1) < e (C” + 3 [ee +20] [ — 1 (n —k+ D20 — k)]Ik(t)C"_k>,
k=1

where

L) _/ f (2f>"
k V1 — 81 Nt — Sk k!

Calling By, (¢) = maxg, (ne)k,
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n

un(t) < Bp(e)[(1+21)e']" Z (Z) [2cﬁ]kc"—k < Bu()[e" (1 +26)(C +2cvD) ™.

k=0

Finally, B,(e) < 1 forn < e~ ! while for n > ¢~! (and € small) B,(€) < €"nle" (indeed, by the Stirling formula,
see (A.9), nle” > n™"). Hence (A.10), pending the validity of (A.13), which we will prove next.
Proof of (A.13). Letw =) /_, 1,;. Recalling (A.7), the last term can then be written as

B

VES, yee ¥ Ui=1
Since {37 Ly=yHID i) 1y=y] — 1} =3 ;4 1y,=y;=y, denoting by >°, .. y, the sum with y; missing, i.e.
only OVer yi1,...,yj—1,Yj+1,---, Yu, We get

t

K Z Z 1yi=yj/{Hﬂt_S(xe’yl)}Elif(DZ[;&j Ly, (nj))
=1

i,j;ﬁi Viseens Yn 0

<y Y /{]—[m s(xe, ye)}{suwt s@ ) Ege Dy, (1)

LYY oo In g AFE]

and since

€ 1 (0) €
ksupm_g(x,y) <c < cen(n — 1)/ sup E (a) a))E n,
X,y =S \/t— — S 5 F — S w*: |w*|=n—1 ( ( $ ))

o' o' |=n—1

which thus completes the proof of (A.13). O

Proof of Theorem 8.1. We complete here the proof of Theorem 8.1 by proving (8.3) and (8.4). By (A.2),

e bn, (X) Z (e — 1)n (Dw,l.x (’7#))7

where w,, » =nl, is the configuration with n particles, all at x. By (A.10),

BT 0) < %[(1 F2e(C+2evD)] + 3 (e(e? — D)[(1+20¢ (C + 207 )e])"

n=0 n>e!
< 26xp{(eh - 1) e+ 2t)(C + 2c\/;)}

for € small enough, which proves (8.1).
We will next prove that for any 7 > 0O there is ¢ so that, for any r <

ESe (Juf (x.0) = Efe (u (x. 1)) ) < cetl74. (A.14)

Proceeding as in the proof of Theorem 5.1,

Lhs. of (A.14) =) " pa(x,2)pa(x. 2)Valz. 2. ) + Y pa(x. 2 ELe (17 (2))).

2,7 Z
Va(z. 2, 1) = Epe (Do, , (1) = Efie (Do, (0,")) Ejie (Do, (n/7)))-

Since L d; (5(x)) = «cdy (1(x)) and LD dy (n(x)) = 2ic[da((x)) + n(x)],
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Va(z,2,0) < ) e, (2 2172, (&, ) Valzn, 24, 0)

21,2}

+2K/{Z7T€2Z(Z,Z1)7T€2,(2/,2/1)V2(21,Z/1,S)

0 2.7

+ Z T =242 4 =2(s ) (z, Zl)n€—2+2a+€—2(t,3) (Z/, Zl)E;e (ﬂj(Zl)) }
21
which iterated yields
Lh.s. of (A.14) < Z Do (x, Z)ZEZE (n" (@) + et Z?Te—2+2a+€—2(t+to) (x, 2)* N1y (2)

Z Z
t
+ 2k Z/GZK(t_s)ﬂ€—2+2a+6—2(t_x) (x, z)zE,ie (n @).
Z

Using the inequality E (77 (z)) < Ce¥!, we then get (A.14). O

Proof of (10.9). The expectation in (10.9) is computed by first conditioning on 1;, &, the conditional expectation
is explicitly written in (10.8). According to (10.9) we will restrict to n; such that u€(x, n;) < M, u¢(y,n;) < M and
we will prove that there is a constant ¢ depending on m, n and ¢, so that

0 0 —
e )" us o)™ = > 1 (@nx )T, (O 0),) Dy s, ()| < e 74, (A.15)

w wm

u (v, m )’"Zn O re(@n.x- @) Doy, (01

0 0 _
Z 77(7)2+2a wn x> @y )776(7)2+2a (wm,yaw;n)Dw;l+w;n(nt) < cell=0d, (A.16)
0
jfma (m,y. @)y) Day, (U (x, 1,)"
0 0
Z 71(,)2“0( (@nx, @y, )n(,)zﬂa(a)m Vs @, )Dw e (1) < cellm0d, (A.17)

W), w),

(10.9) then follows from (10.8) and (A.15)—(A.17) and hence it will suffice to prove the latter. As their proofs are
structurally the same we will only prove (A.17).

We fix w), in (A.17) and expand the term u®(x, n,)" = {ZZ Po(x,2)1:(2)}". We distinguish the cases of single
occupancy from the others which we will prove to be negligible. We thus write

n n
woon)" = Y [[rezom@+ Y, [ el zom@,
2z €Xy L i=l1 Xy o i=l1
where X, oy 2 ={z1-"2n: @), (zi) =0, i =1,...,n; z; #zj foralli # j}. Thus

n
u(x, )" =Tw;n,x+Sw;n,Xa Tw,’nx = Z {Hp“(x’zi)}DZilzi (1),

aizneX, o li=l

Sope= > ] patx.zm). (A.18)

Zl"‘Z”¢Xn.m,’,l.¢ i=1
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We will next prove that the term with S,y . is negligible.

Sa);,l,x<2{ > pa(x,Zi)nz(Zi)} > e zpmi

i=1 "z o, (zi) 21 21 FiIn i ]
+ Z{ > Pa(x,z)znz(z)z} > 1 petxzomzo.
i#j " z: 0, (2)=0 21 gi gy in UL

Recalling that u€(x, n;) < M, see the beginning of this proof,

Sope <M"Y N pa(x,Zi)n,(Zi>+M"2Z{ > pa(x,zfm(z)z}.

i=1z;: w),(z;)21 i#j "z ), (2)=0

When multiplied by D, (n,) we will have terms pdj (p) and p2di(p), p=n:(z;) and kw),(z;i) = 1. We have

pdi(p) = di+1(p) + kdi(p),  pPdi(p) = di2(p) + 2k + Ddis1(p) + K2 di(p).
Since Efe (Do, (1)) < ¢(1)!,

Efie (Lue ey < D, (10) S, x) < M~ n(mee 1= [e(@)™* ! + e()"m]

+ M"2n(n — Dee'""[e(t)? + @m + De(t) +m*Je(t)™
so that this term is bounded by c'e1=04 The term with Ty, x> cf. (A.18), is
0 0
Y Lop<tofon =07 s (@ne )T O oy (Om.ys @) Efye (L (emy <t L (vny <1 Do, (1))

3 7/
wm i wl!

where )] < 1, w o), =0 is the set where for all z, ®]/(z) < 1 and ), (z)w),(z) = 0. Thus

Lh.s. of (A.17) <

0 0 1—a)d
Y or i (@myn @) Y T (@00 ) Dy, (00) |+ €T (A.19)
@y, a);leXn,w;n,#

As before we fix w;, and we bound the sum over w;, € X,, ., » we distinguish the cases where a particle in @), is
in a site z;: @'(z;) > 1 and then the case of a coincidence z; = 2, L # ], 2i,2j € a),’1 As before the probability of

the former is in the end bounded by cnme1=®4  while the latter is bounded by cn(n — 1)e!=¥4_1In this way we
derive (A.17). (A.15), (A.16) are bounded similarly and (10.9) is proved. O

Appendix B. Stirring process
In [6,7] it is proved that:

Theorem B.1. Let p,(oo) (x,y) and JT[(OO) (x, y) denote the kernels of the semigroups of the stirring and of the indepen-

dent processes in the whole 74, Then, given any n > 1 (but the case n = 1 is trivial, because p;(x,y) = m;(x,y)), any
dimension d > 1, there is ¢ so that, for any x, |x| =n,

Yo @ y) =2 @ )| <tV (B.1)
Y

The bound (B.1) cannot hold in our case where the processes are defined on the torus §2, because p,(x, y) and
7 (x, ¥) have different limits as + — oco: the former converges to the uniform distribution of n distinct sites in £2,
while in the latter the exclusion condition is dropped. However since

2
ee/t

NG

Y. pixy)<e

y: ly—x|>e!
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(B.1) remains valid for the processes in £2, provided 1 < e =24

sup sup  sup r””Dp @) -7 @ )| <en(D). (B.2)

e>0rLe2ar |x|=n

7 and with ¢ in (B.1) dependent on 7:

Proof of Theorem 5.1. (Relative to the & particles.) By definition

(E() Zn,o(za(x Y-y (¥)

hence

e~ Vit (E)| < Ji%

uniformly in € and x € £2., which proves the second inequality in (5.5). We have

060, 8) = Vi =D g [0 — uf(EM) ]
y

+ Y ap(x. 0gp(x, D[EG) — 1 (EM)][E@) — 1 (£D)].
y#z

The € expectation of the first term is bounded by ce?~#. The expectation of the second term is computed using (B.2)
and it is then bounded by c[fgpe =241~ !/12. The second inequality in (5.4) is proved. O

Proof of (11.21). By (9.1),

672a|A1N,1N—1 (nlN,l) - AtN,O(n0)| < 662y+2ﬂ724

which is the first factor in (11.21). The proof of (11.21) then follows from the following theorem:
Theorem B.2. For any n > 1 there is ¢ so that for any x, |x| =n, t < €27,

sup
¥ lloo<1

sz(x LMY (D) <

(1/2+1/12°
where the sup is over all functions ¥ (2), |z| = n, which are bounded by 1.

Proof. The following bound can be found in the literature [5]: there is ¢ so that, for any z, 7/, |z — 2’| = 1, and any
r<e g,

e y) = peay)| < ﬁ (B.3)

Y

where x &%) is defined before (11.5). Writing L™ L5t = eL™1/2[5teL"1/2 we get

Y P, LMY () = Zp,/z(x LY@, ¢ =Y pipE YY) (B.4)

y

Let V; denote the gradient acting on the variable z; and E_ the set of all positively oriented unit vectors of Z¢. Then

LY@ =YY 1o jrifo@@9) @} =T + I (B.5)

i=1|e|=1

Ti@ ==Y Y Lzzejri[(—e) - Ville Vil ().

i €€6+

TZ(E) = Z Z 1Zj=Zi*(f,1Zk#Z,‘+€,k7£l‘ {¢(§(z;,zi+e)) - ¢(§)}

i,j lel=1
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From (B.4), after “integrating by parts”,

Zpt/z(x DTi(R) = Z D0 e VP, D1 g j2i | (e - V(). (B.6)

i eeEy Z

Recalling the definition of ¢ in (B.4) and using (B.3), we bound the gradient of ¢ by ¢/ /1. The first factor in (B.6)
is instead estimated using (B.2) to reduce to independent particles, and gives the desired bound cz~!/2~1/12, The term
with T»(z), see (B.5), is treated similarly and Theorem B.2 is proved. O

Appendix C. Proof of Theorem 6.1. First part

In this and in the next three Appendices we will bound

E (sup ) (C.1)

We will start by an explicit computation of (L + D)||u€ — U¢||? and (L + D)|v¢ — V€| obtaining expressions which
are sums of Laplacian and Reaction terms. The latter are those produced by the L0 4 D00 and 160 4 pG.0),
with D0 and D9 the Laplacian parts of D, D is defined in Section 3. The Reaction terms instead are produced
by L) + D) and LEH) 4+ DED for the births and by L) + D@7 and L&) 4+ DE ) for the deaths,
having denoted by D% and D¢ %) the reaction terms in D.

A finer classification of all the terms distinguishes those denoted by Bf which are bounded proportionally to
lu¢ — U€||? + |lv¢ — V€||? and those which when inserted in (C.1) vanish as € — 0. They will be generically called
remainders. Among them we call R{ and C; those which can be estimated using the a priori bounds of Section 8, SF
those bounded in Appendix D exploiting the results of Section 10. There are two more terms, H which is bounded in
Remarks C.1 below using Corollary 8.2 and Q, studied in Appendix E using the analysis in Section 11. In Appendix F
we bound the martingale terms in (4.4), (4.5), thus completing the proof of Theorem 6.1.

In the sequel we will often drop € from the notation.

/<L+D> Ju€ = 0P+ o = V<)

C.1. Laplacian terms

A computation essentially similar to the one in the proof of Theorem 8.2 yields
(LMY 4 DO u — U = ~2lu ~ U3 + RS, (C2)

where Rf, defined in (8.11), vanishes as € — 0, see (4.6), and for this reason is called a R term. We will not take
advantage of the negative sign of the H]2 term —2|lu — U ||§12, which will be just bounded by 0.
1

In an analogous way,
e 2(LEO 4 DENYjy — V|2 = 26 72(V(v — V), e UV(v — V)) + 2H + R§ + RS +2SF +2C5,  (C.3)
where Rj is defined in (8.20) and bounded in (8.21),
HE ) =€ *v—V,[e™ —eY]Av),
R§(E.m) =—2¢2v—V, (Ve V)V(v—V)),
Siem= ) e} o - vwle™ Ze Vag(x, D{E@) (1 — £ + ) [Iyre)=0 — e “CTI]},

e: le|=1 X

CiE.m=e > Y v - V®]Y @1 -G +e)[e ) —eW]e- Vgp(x, 2).

e: le|=1 X
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Remarks C.1. From (8.27) we get that
~2e 2V = V), e UV = V) + 2H <c(llu = UIP + v = VI? + 72 u 2).
From (8.15), (8.9) and (4.9) it follows that

7’/ T
E;e(sip /Cf(ét,m) ) ge_Z“Z‘e-ng(x,z)|/ed2‘e_”(z+e) — e U L el 2a,
U<t x
0 0

e,z
In Appendix D we prove that

):0.

Finally, since Ve V| < ce, |R§| < cel™2a,

r/
lim E}(sup /Sf(ft,m)
0

e—>0 U<t

C.2. The reactions terms
e Birth process, n-particles.

(LD + DO D) u = UJ* =2« u = U|* + RS, €4

where R; (1) is defined in (8.12) and bounded by ce1=04 see the proof of Theorem 8.2.
e Death process, n-particles.

(LD + D" Nu—U|* =T +2(u—U, [F] (U) + F; (U)V]) + RS — 2S5, (C.5)

where R is defined in (8.13), its expectation being bounded by ce1=94 see again the proof of Theorem 8.2. Short-
handing by y s . the characteristic function that u(z, n) < M,

T =-2¢'Y [u() = U] pale. D) xum:Fy (u(z))

—2e? Y [u() = U] D palr. 0E@ . Fy (u(z))

and

S5 m =€ [ux) = U] Y pax, {[1@kn) — xmFy (1(2))]

+E@[@Iky@+1 = Kyl = xm, Fy (u(2)]}- (C.6)

We next write

T=-2u-U, F (U)—2u-U,F, (U)V)
—2¢/ ) u() = UW]F; (UK) {Zm(x, DE@) — v<x>} —2BS + RE, .7
where x Z
R§=—2¢ Y "[u(x) —UM] Y patr, {[F; (U@) — F{ (U)]+EQ@[F; (V@) — F; (UW)]

— (= xm)[Fy (UQ@)+&@F; (U)]}

and

B =e" Y [u() —U®] D palr, DxuA[Fy (u2) = F (U )]

+EQ@[F, (u(2) - F5 (U@)]}. (C.8)
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The first two terms on the right-hand side of (C.7) simplify with the second term on the right-hand side of (C.5). We
then add and subtract v(x) in the third term on the right-hand side of (C.7), so that

(L) + DN Ju — U|? = =285 — 2(B§ + BS) — 2C5 + RS + R + RS, (C.9)
where

B§=(u—U,F, (U)(v—V)),

C5.m) =((pe — D) x [(u — U)F, (U)], v),

RS (&, n)—zedZum Ux)]F; (U(x))Z{pau,z)—Zm(x,y)q,s(y,z)}s(z). (C.10)
y

2

Remarks C.2. In Appendix D we prove that

/ss(ét,n,) ) o0,
0

Using Theorem 8.1 to control the large values of u(x) and to bound the expectation of 1 — s .,

sup E;f(|R§(77t, Ez)|) <cMe ZPQ(O’ 2)|z| + cel=,
1<t

lim E7c | sup
e—0 .[/<T

The expression on the right-hand side of (C.8) is called Bf because |Bf| < cy|lu® — U €||%, cp a constant which
depends on M. Similarly, |Bj| < ey (|lu€ — U€ 1% + |[v€ — VG %), since F, (U€) is uniformly bounded in compact
time intervals.

From (8.15) and (8.9) it follows that

(sup )
<t

Calling ¢t = 6’2“"‘, s =e2a+2B gince

D |paxap(x.2) = pa(x. )| =) s (x,2) = m(x,2)| < c; = ceImamath)

Z 2

the right-hand side of (C.10) is indeed a R-term.

/62 (&, my) de

e Birth process, & particles.
(LED +DED) -V =T —2'(v -V, V(1 - V)e V) + RS, (C.11)
where Rg is defined in (8.23) and
Ti=2"e! Z V() = V] Z Y apx, 2+ E@[1 — £+ )Ly ror=0-
c le|l=1 z
By adding and subtracting e ““*¢ and calling

1
Sg=e') [ve0 - V(x)]g 3 ) sz E@[1 - £+ e)][1yte=0 —e ]

e:le]l=1 z

we get

7'1—2K’S3+26d2 v(x) - V<x> Z Y aptx.z+E@[1 - £z +0)]
e le|l=1 z

« {e—U(x) + [e—U(z+e) _ e—U(x)] + [e—u(z+e) _ e—U(z+e)]}
=2«'S§ + T + RS, + 55,
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where 75, RS, and B5 identify the corresponding terms in the previous line (535 is explicitly written in (C.14) below).
10 2 2
We next write
T =2l Xx:[v(x) - V)] e—Umg_d Z Zqﬂ . z+ V[l = V) ]+ [v@[1 - v +e)]

e:lel=1 <z
— V@[ =V +[(@[1 —EG@+e)] —v) [l —v(x +)]]}
=T + BS + 2 QF,
where, as before, 73, E; and Q° identify the corresponding terms in the previous line, in particular Q¢ is explicitly
written in (C.13) below. Observe that 73 cancels with the first term on the right-hand side of (C.11). We rewrite 55 as

Bt =2¢¢ ;[vm - v<x>]e—U“‘>;—d YAl = v +o)][ve) - V)]

e: le|l=1

+ V(x)[V(x +e)—v(x+ e)] + V(x)[V(x) —Vix+ e)]}

= B5 + Ri,
where B5 and R{; identify the corresponding terms in the previous line.
Thus
(LED + DED) v — V|2 = BE + 2S5 + 26’ Q° + BS + R + RS, + R, (C.12)
where
1
€ __ d =U(x)
= -V — , 1— — 1-— ,
Qf=¢ Xxj[voc) (0]e™0®— le_l ijqu 2+ olt@[1 -6+ o] —v@[l - v+ o]}
‘ (C.13)
K/
BS=¢e? v(x) = V(x)]— X, 7+ e)E@)[1 —E(z +e)][e 1t _ ~Ukta] C.14
; ;[ ) ()]Zde;@;qﬁ( E@[1—EG+o] ] (C.14)
Remarks C.3. In Appendix D we prove that
T/
lim E7. (sup fsg(s,, n) dt) =0. (C.15)
e—0 .r/gr
0

We further observe that [B5] + |B5| < c(J|lu€ — U€||> + [[v¢ — V€|?). In Appendix E we prove that

/ O (&1, 1) dt) o0,
0

e Death process, &-particles.

(LED+DED) o= VIP==2¢! (o) = V()] D gp(x. DE@p) 41

Z

lim E7. (sup

e—>0 T’gf

+2(v—V, VG~ (U))+ RS,
where R is defined in (8.24). As before,

2¢4 Z[v(x) - V)] Zq,e(x, 2)&(Dkn(0)+1
=284 +€! ) [v) = V()] D _gpx. %)

x (G~ (V@) +[6 (V@) - 6~ (U)]+ [w:6~(4@) - 6~ (U@)]}
=285 +2(v — V,vG~ (U)) + RS, + 215,
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where

Si=e"Y o) = V@] gp(x, DE@{rprr1 — xm G (u(2)}, (C.16)
Bi=¢") [v@) = V)] qp(x, DE@xm.:[G (1)) = G~ (U )],
Rfy=—=2¢ 3 "[v(x) = V()] D gp(x, DE@{[G (V@) = G~ (UW)] = (1 = xm.: ()G~ (U (2))}.

We thus have

(LED +DED) o= V> = =2 —V,[v— VIG(U)) — 284 — 2B3 + RS + RS,. (C.17)
Remarks C.4. Since G~ (U¢) is uniformly bounded in compact time intervals, there is a constant ¢y (which depends
on M), so that |B5| < cpr(u€ — U€||*> + [|v¢ — V€||?). In Appendix D it is proven that the term S gives a vanishing
contribution as in (C.15). Finally R{, is an R term because of (8.2).

C.3. Estimates of the remainders

From (C.2), (C.4) and (C.9) we get that

(L+D)||u—U||2=—2||u—Ulli,Iz+2K||u—U||2—2(BS+BT)+9‘{€, (C.18)
where
W (E.n)=-255 —205+ Y Rf.
k=1,2,5,6,7

We now observe that the first term in (C.18) is non positive and that from Remarks C.2 we get that given any t > 0
there are c¢; and ¢; so that

T

/(L + D){[|u¢ () — US|} de

T

< /{q |u€ o) = U@ + 2o &) — Ve |}

0 0
T
+/9‘ii(ét,m)dt, (C.19)
0
T/
elin}) EfLe( sup /9‘{? Emp) ) =0. (C.20)
g <t
0

From (C.3), (C.12) and (C.17) we get that

(L+D)v—V|*==2¢2(V(—V),e V(- V))+2H
—2(v=V,[v—VIG(U))+ B — 2B + BS + RS,
where
RS (E, ) =2(SS + K85 — S5) +2C5 + 2/ O + > Rf.
k=3,4,8,9,10,12,13

We now observe that the third term is non negative and by Remarks C.1, C.3 and C.4 we get given any t > O there are
¢3 and ¢4 so that
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T

/(L + D) v ) = VE@) |} de

T

< f{c3 [ ) — US| + ea|ve &) — Ve )

0 0
T
+/‘R§(&,m)dt, (C.21)
0
T/

lim E;e< sup f%;(é,, n,)dt ) =0. (C.22)

e—0 <t

o
Appendix D. The S terms

Denote by X f, i=1,...,4, the terms in (4.4), (4.5) which contain Sf (their explicit expressions will be recalled

below). The most dangerous one is X| because it appears with a divergent multiplicative factor €724, see (D.1). We
thus start from this one, although the following analysis covers, except for some coefficients which are different, the
easier term S§ , where the dangerous factor €724 ig absent.

Calling

af(t,y)= Y [v°(r. &) — V@, n]e-Vap(x,y — )& (y —e)(1 — & ()

x, le|=1
). (D.1)

the term of the remainder containing Sy is

X = e_2aE;e <sup

.L,./
el Z/af(t, y)[l'h(y)=o —e (y,n,)]
Y0

/<t
We write
T T e T4€2
2
/af(fvy)ln,m:o:/af(f+€ “’y)ln,+ezm<y>=o+/af(f,y)lm(y)zo— / aj(t, y) 1y, (y=o-
0 0 0 T
Denoting by [la|l := sup.¢ (g, 1) SUPye, SUP;<rte2e laj(t, y)| < oo,
T T T
fﬂf(f’y)1n,<y>=o—/af(f’y)ln,+gza<y>=o </|af(f+€2“,y) —af(t, y)| +2lalle*. (D.2)
0 0 0
We have that

1€
ESc(af(t+€,y) —af(t. y) = / EC (LD + D®)af (s, )
t
and by Theorem 8.1,
T
e 2aed Z Ef. (/|a§(r +e2,y) —at(t, y)|) < ceX @29, (D.3)
Y 0

Then, calling

S =1y, pu=0 = e 0]
from (D.2) and (D.3) we get that
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X¢ < e MES (sup

e
/<t

/Gdzaf(t, V) fr(y)
0 Y

) + C€2(a—a) + 2||a||62((¥—2a)

and with a new constant ¢

T

-2,
Xigé aE;e (/

0

el ast, ) fi(y)

y

) + Ce2(a—2a)

2\ 1/2
) + C€2(a—2a)

_ 1/2 _ _
<eXallesup  sup  |ES (L) HON)] 4 €@ 4 g re /i,

IST |y—y/|2em1Ha/2

T

§ E_za / E;e<

0

ey aft, y) fi(y)
y

Indeed | f; (y)| < 1, so that €24 Zly_v/|<€—l+a/2 | O f: ()] < €29/ and since there is a square root, the final bound
goes like exd/4, By Theorem 10.1, |E;E (i ()] < ce®® so that X§ — 0, because o > 2a and a > 8a/d. We

have thus concluded the analysis of S} (and of S5, as well).
Recalling (C.16),

7/

Xjom B (sup [t Yttt 0l lenore1 = 10,6 )

!’
rgro y

ag(t,y) =Y [v9(x,&) = VE(x,0)]qp(x, YEW).

X

Analogously to (D.3), we get

T/
| X5 < Eje (Sup /6d Y Lk, e+t = X0y G (€ (v )]
0 y

/<t

)+662a

T
SEpe (/ €Y Nk, a1 = Xy G (1€ (v, m) |> +ce™
0 Y

T
SEpe (/ ey xmyln,, purr1 = G (W i) |> +c[e*® + el1md/2]
0 y

having used Cauchy—Schwartz and Theorem 8.1 in the last inequality. Hence

X§<tsup o osup [Efe (0@ ()] + e + el
/2

1<T |y—y/ [ e+
8O = xmy[kn,, e +1 = G~ (U (2. m0)]-

Since

G~ (u) = Eulkn)+1), EmO0)=u

(€ is the expectation w.r.t. the Poisson law on N which has density «), by Theorem 10.2 we conclude that X§ — 0.
We finally consider the remainder containing 85 : it consists of the sum of two terms, see (C.6), whose structures
are essentially similar. For simplicity we only consider the first one. We have

/ed D [u o) = U, 0] D palz = ) [ @ky, o) — xaa  Fy (4 zomo)) ]
0 X Z

X5 = Ej. (sup

!/
U<t




A. De Masi et al. / Ann. I. H. Poincaré — PR 43 (2007) 257-297 293

where

Fy () = E4a(n(0)ky(0))

and, again,

X2 M sup sup |E;5 (h,(y)h,(y’))|]/2+062°‘(7/4)+c’ ad /4— 2a+c//€(]7a)d/2,
tT |y—y'| e 1He/2

he(2) = 0y DKy, o) — Fy (1 (2m0),

where the error ce2*(7/4 comes from having used Theorem 9.1 to express u* e 2 (+) as a linear combination of us (-).

We have then used Cauchy—Schwartz and Theorem 8.1 to bound the contribution of u€ > M.
Appendix E. The term Q

In this appendix we will prove that for any t > 0,

/ Q&) ) —0 E.1)
0

with Q(&) defined in (C.13). We obviously have

(s:lipr /Q(gg) (Sup //|Q(§z)|> =Ef. (j}Q(SM) =g (|

0
where v¢ is the probability measure defined in (11.1). Since |v€ (x, &) — V€(x, )| < | and v¢ is translational invariant,

lim Ejc | sup
e—0 T’<T

),

1
vE(|QE0)|) < —

¥ > {0, &)[1 = v(e, £0)] — & (O)[1 — &o(e)]}

e: le|=1

E. (IS}iP /Q(E:) ) <tvi(|fe
T 0

£e@) = Z > a0, z)s(z)[l—s<z+e>]}—v 0.6)[1 — v (e. 6)]

e|e|1

hence

),

where

= Z 3 40, D[E0@E0( + e) — v (0. 5N (. 6)]. (E2)

e\ell

For any bounded function f,

5 (P 80) —vE(F 0 )| < 2 sup e 3 EL([Sens 89)]).

ST+ e

By (E.2), | f€(&)| < 1, then, forany T > 0,

Ejc| sup
/<t

By choosing T = eMe?f with M as in (8.2), we get

) <TEL(|£€Er)|) +2T. (E3)
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Lh.s. of (B.3) < T Ee (Lueo.m<m | £ ED)]) + 2eMe?P 4 o(r)el-od
and we will then prove (E.1) by showing that

lim E% (Lo <m <€) =0, T =e"e. (E4)
We write x for a subset of §2., |x| for its cardinality and call

g@®=[]&w.

Xex

Then f€(& )2 = > x c(x)gx (&) (c(x) numerical coefficients) and

‘f{(&)z— > c@)gi(@’@e(“—ﬁ)d, B={x: x| <e“tF2}, (E.5)
x: |x|=4
xXCB
where
Yo lew|<e. Y Je@)] <ece P 3 o) <ee (E.6)
x: |x|=4 x: |x|<4 xZB

By (11.4) E5c (1,¢(0,y<m &x (7)) is modulo a negligible error a convolution of the form 7; % &y with a suitable ¢. The
following computation shows that with a negligible error such a convolution can be rewritten as a new convolution
involving v¢ for which we have good smoothness properties.

D T rtapy gt 0y (X, DE0(D) =) Tl 20— [eM—u ) _17 (X, Y) {Z qp(y, 2)&0(z) }
z y z

= T raprgeht—uc g1y (5, MV (, &0) = (0, &0) + RS,
y

R =", sta ettt 0y (X, W[V (3, &0) — (0, &)].
y
By Theorem 8.3 and the analogue of Corollary 8.1,
se (v (v, §0) — v (0, 60)[) < ce”lyl
so that |R¢| < ¢’e%e¢ %P Then

lim  sup | ES (Lueo.n<mgx(Er)) — Ee (v (3, 60)*)| = 0.
€>0ycB, x|=4 ‘

Hence (E.4), using (E.5)—(E.6), thus concluding the proof of (E.1).
Appendix F. Proof of Theorem 6.1. Conclusion

With reference to (C.19) and (C.21), we call A the 2 x 2, matrix with entries ¢y, ¢, ¢3, ¢4 and we define the
following two dimensional vector R€(¢) = (R (?), R5())

t
RE(1) ::/%f(és,ns)ds—i-Mi(t), i=1,2, (F.1)
0

where M1 (¢) and M>(t) are the mean zero martingales defined in (4.4) and (4.5) respectively. Thus (6.1) is proven.
From (C.20) and (C.22) it follows that (6.2) holds for the first term on the right-hand side of (F.1).
We are thus left with the proof that also the martingale terms verify (6.2). We first notice that

2
(]E,Le (sup|M,~(s)|>) <E,. (supM,-(s)2> <4ES (Mi(1)?), i=1,2,
s<t s<t
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and then write (see for instance Chapter 2 of [4]):

t
M; (t)2 — / yi(s)ds =: Nj(¢) is a martingale, i =1, 2,
0

where the compensators y; of Miz, i =1, 2, are given in (F.3) below,

yi(s) =LX? —2X;LX;, i=1,2,
where

X1(s) = [[u (ns) — US(s) Xa(s) = v (&) — V)|

Going back to (F.2), we have for all # > 0,

2

t

S (Mi()?) =E;€t<Ni(t) + / yi(s)ds> <ES, (X:(0)%) +tsipE;€(}yi(s)|).
s<t

0

295

(F.2)

(E3)

(F4)

Since by Theorem 5.1 the first term on the right-hand side of (F.4) vanishes in the limit € — 0, the proof of Theorem 6.1

is concluded by the next Lemma.

Lemma F.1. For any t > 0,

Jim sup 5, ([ri )]} =0.

Proof. We first compute y; and, recalling that L is the sum of three generators, we get for each of them the sum of

three terms that we classify as A4, B and C remainders.

3
LPu = UN* =2lu = UIPLY (Ju = UIP) = > [ A +4B; +4Ci],

i=1

where
A =e223" 1@)|Vpax. D[P Vpa(r. 2]
X,¥,2
Bi=e2X Y [uy) ~ UM Y. e Vpalx.2)[e- Vpu(y.2),
X,¥,2 e: |le|=1
Cr=e Y " [u() = UWM][ux) = U®]nG@)Vpalx,2) - Vpa(y, 2),
X, ¥,2
Ay =1 Y 1(2)palx, 2)* pa (. 2)°,
X, ¥,2
By =k > " [u(y) = U@ pa(x. 2)* pu(y. 2).
X,¥,2
Cr =k Y " [u() — UM ][u@) = U®)]n@) palx, 2) pa(y, 2).
X,¥,2

Finally, calling ¢(n, &; z) = n(2)kp[1 — £(@)] + n(D)Kyz)+1€(2),
Az =€ " 00,8 ) pa(x,2)* pa(y. 2)%,

X,¥.2

By=— Y " [u(y) = UM ]e®, & 2)palx, 2)* paly, 2),

x,¥,2

Cz=e*Y [u@) - UM][ulx) — U@ ]e®. & 2)pa(x, 2)pa(y. 2).

X, .2
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By (8.1), the estimates at the end of Section 4 and (8.9) (details are omitted)

lim Z supEy, (| Ai(s) +4Bi(s) +4Ci (s)]) =

e—0 0 s<t

We next compute y; and, as before, for each of the three generators we get the sum of three terms that we classify
as A, B and C remainders.

3
LO Y= VII*=2[v = VIPL® (v = VII?) = ) [ A +4B; +4Ci),
i=1

where, calling V. (§, n; 2) =&()[1 — §(z + &) 11 (x 4)=0,

Ap=e 223" 3™y, m;0)|Vap(x, ' [Vas (o, 0,
X,y.2e: |le|=1

Bi=e 23 [um) - V] Y. veE.mole Vaptx.2)|’e Vap(y.2),

X,¥,2 e: |le|=1
Cr=ee Y " [v() = V][v&x) = V) ¥e &, 1: ) Vap(x. 2) - Vap(y, 2),
X, ¥,2

— /(/
Ar= e Y e m Dgp(x, 2 — @ qp (v, 2 — ),

X, .2

=
(S8}
Il

7€ D[V = VO el 1 g (x, 2 = €)*gp(y, 2 = ),

X, ¥,z

Cr= ;{—dEZdX;[v(y) — VO ][v&x) = V) [We & m: 2)gp(x, 2 — )gp(y. z — e).

Finally, calling ¢ (1, &; 2) = £(2)kp(z)+1,

Az =) 9. & 2)qp(x. 2)7qp(v. 2%,

X,¥,2
By=—e* > "[v(y) =V ]o 0. & 2ap(x. 2)7qp(y, 2),
X, ¥,2
Cz=e > "[v(y) = V][vex) = V@) ]o (1. &: 2)gp(x. 2)qp (3. 2).
X,¥,2

Since the variables are bounded by 1, by (8.17) and the estimates at the end of Section 4 (details are again omitted)

3
limOZsupIEué(V_li(s) +4Bi(s) +4C; (5)]) = 0. (F.5)
€E—> im Sgl

Lemma F.1 is proved. O
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