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DIFFUSIVE LIMIT OF LATTICE GAS WITH MIXING
CONDITIONS*

S.R.S. VARADHANT AND HORNG-TZER YAU$

Abstract. We prove, under certain mixing conditions, that the hydrodynamical limit of a
stochastic lattice gas on the cubic lattice Z ¢ is governed by a nonlinear diffusion equation. Following
[V1], we characterize the diffusion coefficient by a variational formula, which is equivalent to the
Green-Kubo formula. The fluctuation-dissipation equation is established rigorously as an important
step of the proof. Our mixing conditions are implied by the Dobrushin-Shlosman mixing conditions
which are always valid at high temperatures.

1. Introduction. Classical or Newtonian mechanics is described by a system
of ordinary differential equations involving usually a two-body interaction potential.
When the number of particles involved is large, rather than describe the motion of ev-
ery particle, one usually tries to describe the collective behavior of these particles. The
typical formulation involves the consideration of local averages of conserved quantities
like density, average velocity, and energy. Since these local averages of conserved quan-
tities tend to vary slowly in time, under some suitable space-time rescaling, referred
to as hydrodynamical scaling, we expect to obtain a closed system of equations for
these conserved quantities, as functions of macroscopic space and time. While such a
transition is reasonably well understood from a physical point of view, these problems
appear to be far beyond the current available methods for a rigorous mathematical
treatment.

One way to make the problem tractable is to introduce some noise or randomness
into the dynamics and in this way we obtain stochastic interacting particle systems.
There are many interesting models that have been studied successfully, and we wish
to mention two of them. The first one is a Hamiltonian system perturbed by a weak
noise considered in [OVY], that leads to the Euler equation under hydrodynamical
scaling. The scaling there is the hyperbolic scaling x — ex and t — €~1¢. The second
model is one of interacting Brownian motions. Here the dynamics is controlled by
the infinitesimal generator for the Markovian motion of these interacting Brownian
particles. The infinitesimal generator involves a second order term which is the Laplace
operator defining the noise, perturbed by a drift term or a first order term that comes
from two particle interactions like in the Hamiltonian case. The similarity extends
further in that the invariant measures are Gibbs measures very much like in the
Hamiltonian case.

The natural scaling here is however the diffusive scaling © — ez, t — ¢=2¢ and the
limiting equation is expected to be a nonlinear diffusion equation. This is rigorously
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established in [V2] for dimension d = 1. For dimension d > 2 and away from phase
transition, one can prove it by applying the relative entropy argument of [Y1].

If we replace the Brownian motions by random walks, we obtain lattice gas mod-
els. The invariant measures are thus Gibbs states on Z 4. One would expect that
the hydrodynamical limit should be much easier to establish for lattice gases than
for interacting Brownian motions. This turns out to be wrong. The main reason is
that while the interacting Brownian motions model satisfies the ‘gradient condition’,
lattice gas models in general do not. We will now explain briefly what the gradient
condition means and why it is important in establishing hydrodynamical limits under
diffusive scaling. To keep the notation simple let us take d = 1.

Denote by 7 = (g )zez with 1, € {0,1} a typical configuration of of particles in
Z with 1y denoting the number of particles at z. From the dynamics of our lattice
gas model, we can write down the microscopic conservation law

dnz = [ww—l,ac - wl,w-l‘l]dt + dMa?(t)

where w541 is the current along the bond (z,z + 1) and dM,, is a martingale term
due to the noise. Because our goal is to derive a diffusive limit, it is most convenient
if the current is itself a gradient. In other words, wy z+1(n) = h(7zn) — A(7z+1n) for
some local function h; here 7, is the shift by x. This is the condition that is called
the ‘gradient condition’[KLS]. An analogous condition is satisfied in the interacting
Brownian motions model but the condition is in general not satisfied for lattice gas
models. Let us take a quick look at the role played by the ‘gradient condition’. If we
want to study the change of density as a function of space and time under diffusive
scaling we need to study

d— Z J(==)nz(N2t) Z JH(= wz,m(n)dt + dMny(t) (1.1)

where J is a test function. If the ‘gradient condition’ holds we can simplify (1.1) to
get

d— Z (5 (N2) ~ Z J"(57) Pran)dt + dM (2) (1.2)

If we believe in the validity of a local averaging principle, then the term h(7;n) can
be replaced by h(p(t,z)), where h(p) is the expected value of h(-) in the Gibbs state
with density p. The martingale term becomes negligible for large N and we end up
with the nonlinear diffusion equation

& (ot 2. = (oLt ) 1,2 (13)

It is not clear how we would ever arrive at an equation like (1.3) without the gradient
condition.

One way to bypass the gradient condition is to obtain a fluctuation-dissipation
equation. A difficult step for us will be to establish the relation

wo,1(n) = D(p)(no —m) + Lg (1.4)

where L is the generator of the dynamics and Lg represents fluctuation in a certain
sense. One then obtains a diffusive limit

2~ Dt el (1)
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This step, while unnecessary for gradient models, is the key step for nongradient
models.

A curious fact concerning lattice gases is the difficulty of constructing gradient
models [S]. Except when the dimension d is 1 or when the Gibbs measures degenerate
into product measures, we are not aware of any gradient lattice gas models. If, instead
of the lattice gas models, we consider Ginzburg-Laudau models, there are plenty of
examples satisfying the gradient condition. The hydrodynamical limit in this case is
established in [R], following the approach of [GPV], and is valid even in the phase
transition region. On the other hand, one can easily construct nongradient versions
of Ginzburg-Laudau models or interacting Brownian motions. Indeed, the hydrody-
namical limit for a nongradient Ginzburg-Landau model at infinite temperature is
established by [V1] where a basic outline for the analysis of nongradient models is
first given. It is then extended to lattice gases at infinite temperature in [Q1].

In this approach, one requires an accurate estimate on the spectral gap of the
generator in a finite volume. This estimate is obtained in [LY] under certain mixing
assumptions, summarized as assumptions A.1-A.3 in [LY]. These assumptions are
imposed on the canonical Gibbs states and are hard to check. They are replaced in
[Y2] by some mixing conditions on the grand canonical Gibbs states, to be stated as
assumption (A) in Section 2. Indeed, in that paper a much stronger inequality, the
logarithmic Sobolev inequality, is obtained. The assumption A is the usual Dobrushin-
Shlosman mixing condition and holds, e.g., for ferromagnetic Ising models up to the
critical point [MOS, N] in dimension d = 2 and at sufficiently high temperatures for
general lattice gas models.

Even with an accurate estimate on the spectral gap, the hydrodynamical limit
for lattice gases at a finite temperature is by no means a straightforward extension of
the earlier work. This is because one has to solve the equation (1.4) and the generator
L exhibits the effect of interaction between particles, an effect that is not present in
any of the earlier work on lattice gas models that deal exclusively with the infinite
temperature case where the Gibbs measures are product measures. Besides the ap-
proach of [V1] and [Q], we also find that the formulation of in [EMY, LOY1], designed
mainly for nonreversible nongradient systems, provides a convenient framework for
this paper.

Two problems remain outstanding. One is establishing hydrodynamical limits
of lattice gases without assuming mixing conditions; the other is hydrodynamical
limit for nongradient models in continuum, namely, nongradient interacting Brownian
motions. For the second problem, one has to derive accurate estimates of spectral gap
for interacting Brownian motions in a finite volume. It seems that the approach of
[LY, Y2] might be useful here. A more ambitious goal is to establish hydrodynamical
limit without using any estimates on the spectral gap. We are not aware of any such
approach that works for nongradient models.

This paper is organized as follows: In Section 2 we state the main result. An
outline of proof is given in Section 3. The tightness is proved in Section 4, and an
energy estimate is obtained in Section 5. The two-block estimate is proved in Section 6,
and an eigenvalue estimate is in Section 7. In Section 8 and 9 we solve the fluctuation-
dissipation equation (1.4) in a precise sense. Finally, we prove some mixing conditions
needed in this paper in Section 10.

2. Statement of the main result. Let A = Ay, be a cube of width 2L + 1 in
Zd and let n = (nz)zen, denote the configuration of a lattice gas where for each x,
N € {0,1}. ny = 1 if there is a particle at  and 7, = 0 means that the site z is
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empty. For any two points in Z4 we define two notions of distance:

d
w—yh = |wi—uyl; o —y|:= igf’%ﬁl\l‘z‘—yi\ (2.1)

i=1

By the boundary 0A of A we shall mean the complement A¢ of A although in practice
we need only be concerned with those sites in Ac that are within a certain fixed distance
(the range of the interaction) of A. A boundary condition w is a configuration on 9A
and n U w is a configuration on A U A. Let F(n) be a local function depending on
the configuration in some finite box of width 2R + 1. Formally the Hamiltonian H is
given by

H(n) =Y Fu(n) (2.2)

Let us recall that F,(n) = F(7zn) where 7, is the translation (7;1)y = fz4+y. The
energy H,, of a configuration 7 on A with boundary condition w is given by

Ho(n) = Fu(nUw). (2:3)

zeEA

We note that H,(.) depends on w only through the configuration at sites in OA that
are with in a distance 2R of A. We denote by 15 ., » the finite volume Gibbs measure
on A with Hamiltonian H, boundary condition w and chemical potential A\, namely

pnwn(n) = Zy L exp[=Ho(n) + A na, (2.4)
TEA

Here Z ., is the normalization constant (the partition function)

Znwn = Y exp[—Ho(n) + XY s ]

zeEA

so that pa . x is a probability measure on the space of configurations on A. For
simplicity, we assume that the inverse temperature  has been absorbed into F. When
A =0 we will drop the suffix .

Recall that the pressure p(A) of the lattice gas is defined by

p(N) = lim_|A|"Vlog Zyx . (2.5)

Elementary theory of thermodynamics assures us that p(\) exists and is independent
of the choice of boundary condition w. We also have the usual definition of the free
energy h(m), as the Legendre transform of p :

h(m) = St;p[/\m —p(A)]- (2.6)

It is well known that the infinite volume Gibbs measures that are limits of the finite
volume ones given by (2.4) exist, are characterized by the DLR equations, and in
general may not be unique when there are phase transitions. Our resells are restricted
to the single-phase region. Indeed, we need certain mixing conditions.
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Assumption A. let pp ., » denote a Gibbs measure on A with boundary condition w
and chemical potential A. Denote the corresponding density by p = p(L, A\, w). Then
there are constants v1,7v2 and v3 > R + 1 such that for any two functions f and g
with supports Sy and Sy we have

|Exwalfigll < vip(1 — p) exp[—y2 dist(Sy, Sg)ll| flloollglloo (2.7)

provided that the diameters of Sy and Sy are bounded by ~3. Note that the constants
are independent of the size of the cube A, the chemical potential and the boundary
condition.

This exponential mixing condition is stronger than what we need in this paper
and the exponential decay can be replaced by a weaker decay property. Since for most
Gibbs measures, one usually obtains mixing conditions via the Dobrushin uniqueness
condition or the cluster expansions that automatically yield exponential estimates, we
will not attempt to find the optimal mixing condition.

We also need the concept of canonical Gibbs states. Let p be a fixed positive
number. Then the canonical Gibbs state with total density p and boundary condition
w is the conditional probability of pa, . given that the total number of particles is
equal to Ldp, namely, 7 := L=4 )\ 1. = p. Certainly, p has to be a rational number
of some special form for the total number of particles to be an integer. One can avoid
trouble by requiring that the total number of particles equal [Ldp] rather than Ldp.
Symbolically, we write the canonical measure as

d,U'A,w,p = d,UA,w|7—7:p (28)

Note that since 7 is fixed we can replace pia, by paw,n with any A. Define the
canonical partition function

Z§wp= D exp[~Hau()], (2.9)

n:ij=p

where Hp, = Hpw,o. It should be emphasized that the mixing condition A by
itself does not imply any mixing property for the canonical Gibbs measures. It is
proved in [Y2] that the mixing condition A does imply some mixing property, though
not as strong, for the canonical Gibbs measure. More importantly, exact estimate
on the spectral gap as well as a Logarithmic Sobolev inequality are obtained under
assumption A.

Denote by b an unoriented bond (z,y) € A x A with |z — y|1 = 1. All bonds
in this paper are unoriented unless otherwise specified. We have limited ourselves to
nearest neighbor bonds mainly to simplify notation. As long as bonds with a fixed
finite bound on length are used, the proofs will remain the same. Let S, be defined
by

(Som)z =)z = (n™¥)z =my fz=2x
=n, ifz=y . (2.10)

=17, otherwise

and define T} by
Tof(n) = f(n*) — f(n). (2.11)
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If b happens to be the bond (0, ¢e) for some e > 0 we will denote T}, by T.. Define £
to be the symmetric generator defined by

~ [ 1 20gin =5 [ (7560 ) Tign) (212)

and £ = ) ;s Lp. The rate c;(n) is assumed to be a local function that is translation
invariant i.e. ¢, (721) = c(n) and bounded away from zero and infinity, i.e., 0 < § <
ep(n) < 6—1 < oo for some constant 6. Explicitly, £ is given by

where
A(bym) = (1/2) [ exp {(Tylog cy)(n) — (ToH ) (1)} + cp(n) | (2.14)

When b = (z,y) we sometimes use the notation A(z,y,n) instead of A(b,n). The
operator L can serve as the infinitesimal generator of a Markov process n(t) of config-
urations changing in time. We could consider either the infinite lattice Z ¢, a finite
box A with boundary conditions w or a periodic lattice of size L. In all these cases the
Markov Process will be reversible with respect to the corresponding Gibbs measure
(in the infinite volume situation, with respect to any measure that satisfies the DLR
equations ). We shall for the present be concerned mainly with the periodic case with
L ~ £—1 and we denote by pe the corresponding Gibbs measure with A = 0. We will
speed time up by a factor of e=2 so that the generator is e=2L. Let us start the system
initially with a distribution having density f§ with respect to p.. We denote by pl
the corresponding Markov Process with generator e=2£ and initial distribution f§dp.
on the space of trajectories 7() in a fixed macroscopic time interval [0, 7.

If ff is the density of the system at time ¢ relative to the measure p.. Then ff
satisfies the forward equation

Oufe = e2LfF. (2.15)

We have, of course, already rescaled time with a diffusive rescaling t — e—2¢ and by
considering the evolution of empirical measure defined by

ve(0,t) =4 6(0 — e2)na (1), (2.16)

zENA

where 6T, we are rescaling space by a factor of ¢ . Because n € {0, 1}, the relation
(2.16) induces (from P.) a distribution, Q°, of vc(-,-) on the Skorohod space X =
D([0,T] — M;[T4]), where M1(T<) is the space of nonnegative measures on T< with
total mass bounded by 1. The space M;(T4) is compact under the topology of weak
convergence. We now describe the hydrodynamical limit. As € — 0, one expects
the distribution Qg‘) of empirical measures to converge to 6,,(s,.)a9, the Dirac measure
concentrated on the trajectory m(6, -) dd where m(¢, 6) satisfies the following nonlinear
diffusion equation:

%m(ﬁ,t) =Vo( D(m(0,t))Vem(6,t) ) ; m(0,0) =mo(6) (2.17)

Here mgo(#) is the initial density determined by the initial distribution f§du. and
D(m) is the diffusion (matrix) coefficient given by the Green-Kubo formula to be
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described later. Clearly, in order for this to make sense, we need at least that the
initial distribution f§du. satisfies

lim sup Pf [ ’/VE(G,O)J(O)dé)—/mo(G)J(e)dﬁ ‘ > 5] =0 (2.18)

e—0

for any smooth test function J(-) on T¢ and § > 0. We shall make this assumption for
the rest of this paper. Since it is the only condition we need on the initial distribution,
we may as well have deterministic initial conditions and suppose that at 0 we start
from a nonrandom configuration £¢. We shall denote by PS the distribution of the
process with this initial condition and the corresponding distribution on X by Qg
When no confusion arises, we shall drop the label e. The condition (2.18) takes the
form

lim sup % S iGe - /m0(9>J(9)d9 ’ —0 (2.19)

e—0
The Green-Kubo formula for the diffusion coefficient can be written in several

ways [S]. Let 7, denote the translation by z, namely,

(ram)(y) =n(y —z), and 729(n) = g(7an). (2.20)

Denote by y, the infinite volume Gibbs state with density m and x(m) its compress-
ibility defined by

x(m) =" Eem[no; ne]; (2.:21)
T€EZ ?

here the truncated correlation is defined by

B [ f5 g] = E#n[fg] — Ern[f]Evng]

The following characterization is due to [V1]. For all vector o we have

2

< a,D(m)a >=

inf Erm ce(n) | aeVeno—Te Tag
X(m) g e|—12:e>0 ( ) mEXZ:d

(3.22)
where the infimum is over all local functions g, T is defined in (2.11) and V. is defined
by
(ve)hw = hw-i—e - hm (223)

for any function on Z 4. Since g is local, T, ZIEZ 4 Tzg makes sense even though the
infinite sum ) _ 4 729 does not. Since the right hand side of (2.22) is a quadratic
expression in the « and g, and the infimum is taken over g belonging to the linear
subspace of all local functions, the left hand side is quadratic in « and defines a
symmetric nonnegative definite matrix D(m) for each m. Moreover because (2.22)
defines the diffusion coeflicient as an infimum we get upper bounds for D(m). It is
much harder to obtain a lower bound for the diffusion coefficient. Such a bound is
obtained in [SY] which states that in matrix sense

D(m) = Clx(m)]~'1 (2.24)
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for some constant depending on the Hamiltonian. We remark that this bound is
independent of phase transition and does not require any mixing conditions. However,
we do need the mixing conditions to establish rigorously that the hydrodynamic limit
can be taken to get a nonlinear diffusion equation with coefficients given by (2.22).

The uniqueness of (2.17) is quite subtle. If the diffusion coefficient is a scalar,
then the uniqueness follows easily. Another situation where uniqueness holds is when
the diffusion coefficient is Lipshitz continuous in m and satisfies uniform ellipticity
bounds. Under this assumption, the general theory guarantees the existence of Lip-
shitz continuous solutions. Suppose v is such a solution and u is a weak solution
satisfying an energy estimate. Then we have

o, /(u —0)2(0)d6 = — / V(u—0)(0) | D(w)Vu - D(v)Vo | (8)d6
__ / V(u — v)(6)D(u(0)) [ Vu— Vo | (6)d6
+ /V(u — 0)(8) [ D(u) — D(v) ] (8)Vo(6)dd
From the Schwarz inequality the last term is bounded by
/V(u —v)[ D(u) — D(v) | Vodd
< [ (V@ o) P+ [ (D) = D) | (Voy2a

Since v is Lipshitz continuous, the sup-norm of Vv is bounded. Together with the
Lipshitz continuity of D, the last term is bounded by

Cy—t / [ D(u) — D(v) °df < C~y~1 /(u —v)2d#

By choosing v small enough, we have thus proved that

O /(u —v)2df < Cy—1 /(u —v)2df

This proves the uniqueness. Our main result of this paper is the following theorem:

THEOREM 2.1 Suppose that the Gibbs measure satisfies the mizing condition A.
Suppose the initial data &€ satisfies the condition (2.18) and that (2.17) with the initial
condition specified by (2.18) has a unique solution m(6,t) in the class of weak solutions
satisfying the energy estimate. Then

lim sup P§

e—0

gd Z J(ex)ns(t) — /J(Q)m(&t) d@‘ >4 ] =0

zEA

Here P* refers to the process with initial data &°.

Note that one can start from a deterministic initial data as long as (2.18) holds.
The Lipshitz continuity of the diffusion coefficient has not been proved, though it is
proved for the self-diffusion coefficient in [V3] and for asymmetric simple exclusion in
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[LOY2]. In the special case d = 1 or when the Hamiltonian is isotropic (Lemma &diag
), the diffusion coefficient is a scalar and Theorem 2.1 is then always valid.

As a technical remark, all error terms arising in the proof of Theorem 2.1 will
be shown to be superexponentially small. Hence our estimates already give an upper
bound to the large deviation probability in the hydrodynamical limit. One needs a
corresponding lower bound to complete the large deviation theory. Since this has
been carried out carefully in [DV, Q2] for Ginzburg-Landau models, in [QRV] for the
symmetric simple exclusion processes with several colors and in [QY?2] for lattice gas
models for the incompressible Navier-Stokes equation, we will not pursue this direction
here.

3. Outline of the proof. Our basic approach for proving the hydrodynamical
limit consists of three steps: establishing the tightness of the measures {Q§ :e > 0},
deriving an energy estimate that provides some regularity for functions in the support
of any weak limit @ of Qg as € — 0 and identification of the support of @ as weak
solutions of (2.17). To prove tightness, from Prohorov’s theorem, it suffices to prove
the following estimate:

LEMMA 3.1 (TIGHTNESS) For any initial data £, any smooth test function J
and any § > 0 we have

lim sup lim sup P¢ sup | ed Z J(ex)ng(t) —ed Z J(ex)na(s) | > 6 ] =0
a—0 e—0 |s—t|<er,0<s,t<T - "
(3.1)
Note that

limsup|5dZJ(Ex)nw| <IIJ |l
x

e—0

Hence any limit point @ of Qg is supported on measure valued functions on [0, T], that
are absolutely continuous w.r.t. the Lebegue measure, with densities m(6,t) bounded
between 0 and 1. At this point we only know that m(6,t) is a measurable function.
The next step is to prove that it satisfies a basic energy estimate.

LEMMA 3.2 (ENERCGY ESTIMATE) Suppose Q is any limit point for Qg. There
is a constant C' such that

EQ{/OT dt/rd dG(ng(G,t))Q} <c

Finally, we have to prove that @ is supported on densities m that satisfy the
equation (2.17) in the weak sense. Denote by 7, ¢ the average density of 1 in a cube
of width 2¢ + 1, namely,

Net = (2£+ 1)7d Z Ny ‘= Avy:\yfrlﬁf Ty (32)
y:ly—z| <L

This operation of averaging over a cube of side 2/ + 1 centered at x will be denoted
by Avy.y—z|<¢ and can be performed on other random fields defined on the lattice.
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THEOREM 3.3 (IDENTIFICATION OF THE EQUATION) For any § > 0, let

gd Z J(ex)ng(t) —ed Z J(ex)ng(0)

+/ —led Z Nz+be—1e — Nz—be—1 (3)}D€,€'(ﬁx,a5*1(3))(v€"])(5$)d5

ZEEG

Bl,ar = {00 s
0<t<T

>5}

denote the event that leads to the violation of the limiting equation for the smooth test
function J; here D is the diffusion coefficient given by (2.22). Then

lim sup lim sup lim sup P [B&](S] =0 (3.3)

a—0 b—0 e—0

Clearly, Theorem 2.1 follows from these three results and the uniqueness of the
weak solution for the equation (2.17) satisfying the energy estimate.

The tightness will be proved in next section. The energy estimate will be proved
in section 5. We now outline the proof of Theorem 3.3.

Proof of Theorem 3.3.
Step 1: Recall that the current is defined by the equation

Lny = — Z Véwm,z+e(n)

e>0

where }° ., denotes the summation over the unit vectors in the positive coordinate
directions and for any (possibly random) function h(x,-) = he(-) on the lattice

Ve h(x,) =h(z,:) — h(z —e,-).

We shall follow the convention of using e to denote a unit vector in the positive
coordinate direction. Explicitly, the current is given by

Wy zve(n) = A2, 2+ €,0) (N2 — Nae) (3.4)

where A is the jump rate defined in (2.14). We have the summation by parts identity
> g@)Veh(x) ==Y (Veg(x))h()

where V is defined in (2.23) and ) denotes the summation over the lattice sites on
the periodic lattice with width e—1. This convention will be followed in the rest of
this paper unless otherwise stated. From stochastic calculus,

stJ ex)n(t fz-:dZJ ex)nz (0 /tU(n(s))ds+MN(t),
U(n) = ed-1 Z Z 71V J(ex)) Wz ate(n) (3.5)

z e>0

:/ gdZZVJsx N (8)dMz z1e(8)

z e>0
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where My z4.(t) is a martingale with quadratic variation
d < My gye(t), My aye(t) >=c2A(z,x + e,n) di.
Clearly,

d< Mn(t), My (t) >=¢e2d Z(s—lve_J(sx))erz(t)A(w,x +e,n)dt < C(J)eddt

Hence we can neglect the martingale term.

Step 2 (Fluctuation-dissipation equation in equilibrium) It remains to identify the cur-
rent as —D (1), 1) V12 (s). This step is very subtle and is the key step in nongradient
system. In fact, we can not expect the substitution wezre — —> . Dee/ (Mg qe-1)
Verng to hold as it stands. The correct statement is that the relation

We,xt+e = — Z De,e’ (nz’ae,l )ve/n:r + Ege (36)

holds for some suitable choice of local functions {ge}. For processes in equilibrium, a
precise statement is given by the following Theorem &3.6 . We will first need some
notation.

Following [LOY1] , we define the space

G ={h: his a local function and h satisfies E*[h|F,] = 0 for some s }, (3.7)
where Fs = Fo,s and
Fzs = the o-algebra generated by {7s} U {ny : |y — x| > s}. (3.8)
For latter usage, we also define the o-algebra
K5 = o-algebra generated by {ny||x —y| < s} . (3.9)
For any local function h € G we define the variance

Vg(h, y,w) = fd<Av|m‘S21 hm s (—Eg)*lA’UmSgl h$> (3.10)

He,y,w

where hy = 1.h, {1 = £ — V¢ and ey, is the canonical Gibbs measure on A, with
the boundary condition w and total density y. From the choice of ¢; it follows that
for any fixed h € G, for sufficiently large ¢, 7,h depends only on the configuration
inside the cube Ay provided & € A;,. Since the boundary condition w on A§ and total
density y in A are specified by the o—algebra Fy, the quantity Vp(h,y,w), is an F
measurable function V;(h,n) of the configuration n on Z 4. We define

V(h, B) = limsup E*¢' [Vy(h,n)]. (3.11)

B8'—8

£— o0

Here pg is the (unique) infinite volume Gibbs state with density 5. For a local function
h & G, i.e. not satisfying the mean 0 condition E#[h|F,] = 0, we define ¢, x(w) =
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Ereye [ hy|Fy | where Fy i defined in (3.8) is the o-algebra generated by 7, and
{ny : ly — z| > k}. Then we define

V(h,B) =limsup V(h — qx, 5'). (3.12)

k— oo

B'—B

We now state the Theorem.
THEOREM 3.4 Fiz a density 3. Suppose g = {ge(n)} is a local function (with d
components) of n. Let

Pe(g) = wo,e + L ge(n) + Z De,e'(B)Verno, (3.13)

where the diffusion D(B) is given by (2.22) . Then for any {a.},

inf V ( > acge(g), B ) = 0. (3.14)

Assuming this result, we continue to prove Theorem 3.3. The minimizing sequence
for (3.14) depends on the density 8. Since, from the definition, the variance V is upper
semi-continuous, we have the following Corollary:

COROLLARY 3.5 For any {ae} and 6 > 0 there exists g = {ge(8,n)}, which is
smooth as a function of B and is local as a function of n, such that

supV < Zaeqbe g,8), > (3.15)

where
$e(8,8) = wo.e + Lge(B,n) + > De.er(B)Verno. (3.16)

Step 3 (Insertion of local functions) To use theorem 3.5, we have to extend it to
nonequilibrium process and insert the local function g into the stochastic equation
(3.5). We first replace J by J *wp, where wy, is the normalized characteristic function
for a cube of size 2¢; + 1 with ¢; = ¢ — /¢, namely,

_ @O+~ fyl < b
we () {O otherwise

Let ®% be defined as the vector with components
DR = Avjy_ai<o, [ Wyyte + LGe(Tae, Tyn) ] (3.17)

Note that ® depends additionally on £ which does not appear explicitly in the indices.
Then

ety (J(ex) *wi st *sdz ) * wey 12 (0) + Qg () — Qg (1(0))

=Awmmm+m@
(3.18)
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where
Qg(n) =@t > " [(e-1Ve (ex)) * we,ge (M0, Ty)

z,e>0

Ulng) =1 3 (e 1V (e2)) 2.

z,e>0

(3.19)

The explicit form of Mg(t), the martingale term, is not important. One can check
easily that
d < Mg(t), Mg(t) > < C(J,g)etdt

and thus it is negligible for proving Theorem 3.3. Also, for any local function g

sup [Qg(n)| < Ce
n

and is negligible too.

The generator £ in (3.17) acts on the variables n as well as 7, ¢ when applied to
the function g.. We first prove that the contribution of £ acting on 1, ¢ is negligible.
For this purpose, we need the next lemma relating the nonequilibrium process to
equilibrium one.

LEMMA 3.6 Recall that PS¢ denotes the process starting from & and P := Pke is
the equilibrium process starting from pe defined in section 2 after (2.16). Then there
is a constant k depending only on the Hamiltonian such that

dpPt
log || 75~ lp< re™, 1<p<oo. (3.20)
As a consequence,
P5(A) < exp[re—9]P-(A) (3.21)

In particular, for any events Ae which are superexponentially small in equilibrium,
i.e.,
limsup edlog P-:(A) = —o0
e—0
we have
lim sup £4 log P§(A) = —o0

e—0

The proof of this Lemma is trivial. One simply notes that, since the dynamics of
the two processes are the same, dP,f/dPg = dﬂ(;(g)/dug; here Hs(e) 18 the delta measure
of the configuration £. From the explicit expression of du., we can get a lower bound
on (&) of the form log ps(§) > —ke—< and (3.20) follows and we have proved this
Lemma.

This lemma shows that the notion of superexponentially small events is the same
under equilibrium and nonequilibrium processes. The following lemma is a simple
consequence of the Feynman-Kac formula and allows us to transform equilibrium
exponential estimates into eigenvalue problems.

LEMMA 3.7 Let L be the generator of a Markov process x(t) with a reversible

mvariant measure v. Let
T
u(z,t) = Eg |exp {/ V(m(s))ds}] ) (3.22)
0
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where Ey )] denotes the expectation with respect to the process starting at x. Then
1
T log [ w(z,T)dv(z) <supspec{V — (L)}

— s {/Vfdv - D(ﬁ)}

ffdv:l, >0

(3.23)

Here D(f) = — [ fLfdv is the Dirichlet form.

Proof. By the Feynman-Kac formula, u solves the equation % = Lu + Vu with
the initial condition u(0,2) = 1. Multiplying the equation by u and integrating by
parts we obtain

%%/UZ dv = /Vu2 dv — D(u) < sup spec[V — (—L)] /u2 dv (3.24)

Therefore ) )
7 log/udz/ < o log/u2 dv < sup spec]V — (—L)]

Applying these two lemmas to our setting, we have
LEMMA 3.8 The event A = {| fOT V(n(s))ds| > 0} is super exponentially small if
and only if for all v >0
lim sup sup spec{V — y—1le—2+d(—L)} <0 (3.25)

e—0

Proof. Suppose the process is in equilibrium. Then the corollary follows from
Lemma 3.7 and Chebyshev’s inequality. For a general nonequilibrium process, we
only have to use Lemma 3.6 to prove the Lemma. Note that we do not have to specify
the initial distribution of the process.

We now return to the local function g. Let

Lys= > Ly

beAy s

where b € Ay s means that both ends of the bond b lie in the box Ay s of width 2541
centered at y. We have

Lge (a0, Tyn) = ‘C%ﬂ 9e(Mz,0, Tyn) + Z Ly ge(Ta,e, Ty1) (3.26)
beOA,
b¢Ay’\/ZZ

provided v/ is bigger than the range of the local function g, which we shall assume.

By b € 0A, we mean that the bond straddles A and A¢. By the definition of £ and
Schwarz’s inequality, we have for any function g,

/ fLygdue =1 / es(n) [ ) — £(m) | Tog dse
< et [ et | V) - V) | due
Hd/%(n) { Vb)) +V/F(n) }Z(Tbg)zdue
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Since ge is smooth as a function of its first variable, we have Tyge(7z,¢, Tyn) < CE—4
for any boundary bond b € 9A; ;. Note that T} does not act on 7,7 since ge is a local
function and ¢ is large enough. Since the number of boundary terms is of order £4-1,
we have for any smooth function J and any ~ > 0,

lim sup sup spec 6*12 J(ex) Z Log(Twe, Tyn) | —y e 2Avp(—Ly) | <0

Le bEA, 4
béAy,\/Z
where
lim sup = lim sup lim sup (3.27)
le {—o00 e—0

We will use this notation repeatedly when we want to take successive limsups in a
specified order. Hence we can replace £ in (3.17) by ﬁy iy namely, we can assume
that £ in (3.17) does not act on 7, ¢. Throughout the rest of this paper, while computing
LGge (.0, Tyn), we will therefore be justified in keeping only the first term on the right
side of (3.26), and effectively ignoring the action of the generator on the first variable
of ge.

Step 4 (Eigenvalue estimate) Our goal is to prove that (1.4) holds in nonequilibrium.
The basic tool is Lemma 3.8. In order to apply this lemma, we will need to estimate
some eigenvalues, to be proved in section 7.

THEOREM 3.9 (EIGENVALUE ESTIMATE) Suppose J = {Jc} is a smooth vector
valued function and g = {ge(8,m)} is smooth as a function of B and is a local function
of n. Recall the definitions of ®& (3.17) and ¢ (3.13). Let us define the density
gradients W .(z) componentwise by Ve ce(x) = €(2¢)~ 1 [ytee—1e — My—ce—1e]- Then
for any v > 0, there exists a constant C(v) such that

lim sup sup spec [ €1 (I(ex), DF + D (7 0e—1) Avjy—gj<e, [ Re,c(y) ] — ve 2 Avp(—Ly) |

l,a,c,e

<CO) % swp supV ( S aeoe(8.8). 8 ) ;
St 8\ G

(3.28)
here (J,J) = Av, D0, le|=1 Je(ex)Je(ex) and the meaning of the limit is given in
(3.27).

We can now conclude Theorem 3.3. From (3.14) we can choose g so that the
variance on the right side of (3.28) is arbitrarily small for any fixed v . Hence the
infimum over g of the left hand side of (3.28) is bounded above by zero. From Lemma
3.8 we can prove Theorem 3.3.

4. Tightness. In this section, we shall prove the tightness Lemma 3.1. Cor-
responding results are obtained in [GPV] and [V1] via the Garsia, Rodemich and
Rumsey Lemma. We will however provide a more direct martingale argument that
establishes tightness.

Recall the definition of current in (3.4). We have the exponential martingale:
eZ(8:t) where

2(6,6) = Y Jenyma(t) — B J(ex)n(0) — / (BU(s)) + Qn(s)) ) ds, (4.1)
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Uln) =< 1) (e Ve J () wa ore(n)

and

Qn) = exp(—B>_ J(ex)ne) £ exp(B Y J(ex)n) — BU(n)
Since J is smooth,

sup [Q(n)| < C(J)B%e~4, sup|U(n)| < C(J)p2e~1-4 (4.2)
n n
LEMMA 4.1 For each smooth J, for sufficiently small & we have

Pt

sup sup
0<j<Te=2 je2<t<(j+1)e?

< exp(—be~1/8)

od Z J(ex)ne(t) —ed Z J(ex)nz(je?) ‘ >4 ] (4.3)

Proof. Let 8 = 1. From the martingale inequality we have

Pt [ sup Z(1,s) > ed§ ] < exp(—de—4)EE [eZ(1.1) | = exp(—de—d)
0<s<t

From (4.2), we have, assuming without loss of generality that ¢ <1,

Pf sup

ezt gd Z J(ex)nz(t) — 4 Z J(ex)n2(0) ‘ >0 ]

< 2exp[2C(J)e~1-dt — de—d]

Let ¢ = e2. Then, for ¢ sufficiently small, the right hand side is bounded by the
quantity exp(—de—2/2). We divide the interval [0, T] into e—2 subintervals of size 2.
We can apply previous argument in every subinterval. Taking the intersection of these
events we obtain, for sufficiently small ¢,

P§ sup sup
0<j<Te~2 je2<t<(j+1)e?

< Te—2exp(—0e—?/2)
< exp(—de4/8)

3 (e (t) ety J(er)ne (i)

.

which establishes (4.3).

Equation (4.3) provides some continuity. Hence in order to prove Lemma 3.1, we
can assume that the time ¢ and s in (3.1) are of the form £2j for some integer j. Hence
it suffices to prove

LEMMA 4.2 For § small enough,

P§ sup
e2li—j|<s4
0<i,j<Te—2

egd Z J(ex)ng(e2i) — e Z J(ex)ng(e2)) ‘ >0 | <exp(—Ce19)

(4.4)
here i and j are integers and C' is some positive constant.
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Proof. From Lemma 3.6, we only have to prove (4.4) for the equilibrium process
as long as the constant C' can be chosen arbitrary large. From the definition of Z (3, t)
and Schwarz’s inequality, we have for any t fixed and ( positive ,

Eke exp l g < Z J(ex)ng(t) — Z J(ex)ns(0) )

< (peferon}* L Losp | [ vt + 2tatsn ] |}

R

From the exponential martingale Er= [eZ(%:1)] = 1. We can bound Q by (4.2). Also,
from Lemma 3.7 we have

cdlog Ene [exp{ /0 t ﬁst(n(s))ds}} < tsupspec [ BU() — e=2Avy(—Ly) | (4.6)
The current (3.4) satisfies an identity (b = (z,z + €))
[ Fnicdue= [ 1560 = £0) Jeamnese = n0) de (4.7)
Hence by and Schwarz’s inequality, we have for any function f,
10 [ Fuwewredie < €2/ [ atn) [ VFor) - Vo) | die
+ 4ﬁ2/ [ V) +VF(n) ]2 (1) (e — Nate)? dpe

The last term is bounded by C [ fdu. Hence, for the eigenvalue problem, we
get the bound Ctf32¢—4. Therefore, together with the bound of  in (4.2) the last
expectation in (4.5) is bounded by Ctf2e—4. From Chebyshev’s inequality,

Pre

gd Z J(ex)ng(t) — e Z J(ex)nz(0) ’ >0 ] < exp(—dfe—d/4 + Ctf2e—4)
Let 8 =0-2. For any t < 04 we have

Phe

el Y J(ex)na(t) —ed Y J(ex)na(0) ‘ > ] < exp(—0-1e=4/8)

Clearly, (4.4) follows from this estimate and we conclude Lemma 3.1.

5. The energy estimate. Let us first recall a lemma concerning perturbation
theory of eigenvalues applied to our setting. Because we are interested in lattice gases
in a finite volume, it is only ordinary perturbation theory for eigenvalues of matrices
and the following lemma can be proved by writing down the usual perturbation ex-
pansion for eigenvalues and using the assumption on the spectral gap. This lemma
actually holds in considerable generality [RS] and an elementary proof is given in [JY].

LEMMA 5.1  Let v be a probability measure on a finite set B. Denote by <,>
the inner product in L%(v) defined by <f,g> = Ev[ fg]. Let L be the generator of



640 S.R.S. VARADHAN AND HORNG-TZER YAU

a Markov process on B, which is symmetric with respect to v. Then A = —L is a
nonnegative definite symmetric operator on L2(v). Suppose that the lowest eigenvalue
0 of A, with the corresponding eigenvector (the ground state) go = 1 has a spectral gap
of § > 0. Let X be a bounded function on B considered as a multiplication operator
on L2(v). Let || X || denote the sup norm of X. Assume that E¥{X} = (1,X) = 0.
Then there is a universal constant C such that for any constant v > 0 satisfying

0
T X floos (1)
we have
| X 1%
52

sup spec X — A < 6'72<X7 A*1X> + C~3

In particular,
X 13

sup spec X — A < C»2

We can now state the following corollary of Lemma 5.1 in our context. Let iy
denote the (canonical) Gibbs measure with density y and a fixed boundary condition
w on a cube Ay of width ¢. Recall the definition of £; given in (2.12) and (2.13)
representing a jump across the bond b. The rates are determined in such a way
that £ is symmetric with respect to the measure p 4 .. If the bond b is close to
the boundary, the explicit coefficients of £, depend on the boundary condition. The
boundary condition will not be specified because our results are all uniform w.r.t. the
boundary conditions. In order to apply Lemma 5.1, we will need an estimate on the
spectral gap. A key analytical input is provided by a result from [LY] stating that the
gap of the operator » , ., (—Ls) is of order £=2.

LEMMA 5.2 Suppose h is a local function in G (3.7). Let {1 = £ — \/{ and
Vie(h,y) be given by (3.10). Recall also that the mizing condition Assumption (A) is
satisfied. Then there is a universal constant C' such that for any v > 0 we have the
following estimate on the eigenvalue

sup spec | €L Avjy <p h — ve=2 Avpen, (= Ly) — CVe(h,y)| <0 (5.2)
provided
ekl £>1 and (e 0. (5.3)
Furthermore,
Ve(h,y) < Cldt2Ehey.w [ (Avjz<p, Th)? ] . (5.4)

Proof. From [LY], the spectral gap of the operator e=2Auvpep,(—Lsp) is of order
€=2¢—2-d_ Tt is easy to verify that (5.3) implies the condition (5.1). Hence the sup-
norm of the first term in (5.2) which is of order e~! is much smaller than the spectral
gap of the operator appearing as the second term in (5.2) provided (5.3) is satisfied.
Hence (5.2) is just a simple consequence of Lemma 5.1. The bound (5.4) just restates
that the spectral gap is of order £—2.

The following theorem combines Lemma 5.2 with multi-scale analysis and provides
a key estimate needed in estimating eigenvalues in connection with Theorem 3.9 and
the energy estimate Lemma 3.2.
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Let us recall that A.-1 is the periodic lattice of side e=1 and p. is the Gibbs
measure on it. For any k, Fj is the o-field generated by the configuration in A, i.e.
{ne : x € AL} and the density i = Ava, 7, in Ax. The complement A{ is relative to
the periodic lattice A.-1 in this context. Otherwise it could be with respect to Z4.

THEOREM 5.3 Let h be a local function satisfying

sup [A(n)] < Ch
n

5.5
sup |Ere [h|AL, Ti]| < Cpk=4/2-1-2 (5.5)
n

with constants Cy, and o > 0 and for all k in the range 1 < k < eiﬁzd. Then there
are positive constants C, k and a function F such that for any h, v > 0,

sup spec | e 1h —ye2 Z (=Lp)|b—0]~2—d | <Cy1C} +e~F(y,Ch) (5.6)
beA_ 1

on L2(u.) where pe is the Gibbs measure defined in section 2. Furthermore, (5.5) is
satisfied for all h € G, as well as for h = Wy z4e, h = Venz and h = Lg for some local
function g.

Let a nonlocal function h' be of the special form h'(n) = G h, where, for some
§ >0, G = G(n,Nsc—1) depends only on the configuration n|AS__, and the density
To,6e-1 and h is a local function satisfying (5.5). Then (5.6) remains valid in a slightly
modified form

sup spec | e th/ — Coy—1G2 — ye2 Z (=Lp)|b—0|72—d | <erF(y,Cq) (5.7)
beEA_ 1

where Cy is a universal constant and Cpr is the Loo bound for G.
If we replace h by hs = E# [h|foys} , then for any v > 0,

lim sup lim sup sup spec | e~ ths — ye—2 Z(_‘Cb) |b—z|—>—d | <0 (5.8)

5—00 e—0 b

REMARK. For the rest of this paper, the constant o will be fixed and can be
chosen to be any small positive number.

Proof of Part I. Fix an integer ¢. Let us denote by F, the o-field Fy» and by A,
the cube Ayn. Define h,, by
hn, = E#<[h|Fy] (5.9)

as the conditional expectation of h w.r.t. F,. By definition, hg = h. Rewrite the
function h appearing on the left side of (5.7) as

M—1
h="> (hn—hnt1) +huy (5.10)

n=0
where M is the largest integer such that (M[(d/2)+1] < (ge)~1, so that

(MI(@/2)+1] < (ge)=1 < pM+D)[(d/2)+1] (5.11)
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with a constant ¢ to be determined later. From the assumption (5.5) we have

sup | har(n) | < Gl (@/241420),
n

With (5.11),
e=1sup |har(n)| < Cplld/241+20)e—1(ge)r (5.12)
n

wherem:1+ﬁ—ad>1.

We compare the two sides of &conv2 in operator sense. For some C' < co ,
D ko Avpen,,, (—Ly) < C D (=Ly)|b — 0]~ (5.13)
n b

where k = ¢nt+l. Because each —L; is a symmetric positive semidefinite operator
establishing (5.13) amounts to verifying

Y ked <Oy |b— 0] (5.14)

n:Ap4+13b b
for all b. This is easily seen to be true with a constant C' < oo, that depends only on /¢

and a. We can clearly estimate the term on the left hand side of (5.6) by decomposing
both the function h and the operator according to (5.10) and (5.13) to obtain

supspec | e th —ye2 Z (—=Lp)|b—0|~—d

beEA_ 1
g
< sup spec [ e 1h — ol €2 En: k= Avpen, . (—Ls) ] (5.15)
M—1
<3 Ener + sup [hat ()]
n=0 n
where
En+1 = sup spec [ e (hn — hpt1) — % e 2k=>Avpep, ., (—Ls) ] (5.16)

By limiting the operator to bonds in some A,4+1 we have introduced considerable de-
generacy. The extremal invariant measures are precisely the canonical Gibbs measures
tn+1 in the box A,41 and are parameterized by w, representing the boundary con-
dition on A¢ | and the average density in A,11. Since the spectrum is calculated in
each La(pin+1) we obtain an upper bound for &,41 by estimating it in each La(tin+1)
and then taking supremum over w. Hence we only need to get bounds on (5.16) in
Lo(pn+1) that are uniform in w. Note that once Fy,11 is given, from [LY] the spectral
gap of & e2k=*Aupen,,,, (—Lyp) is bounded below by & e=2k=2-d=2 for some ¢ > 0.
We note in addition that [(hn — hny1)dpns1 = 0. For the perturbation theory to
work, by Lemma 5.1, we need

€1 B — hnt1 [|oo< %672e—<n+1><2+d+a> (5.17)
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to hold for all 0 < n < M — 1. From our assumption (5.5) we see that
e A = B [|oo < 2Che—10—n(d/2+1+20)
so that (5.17) holds provided

90}, e~ 10—n(d/2+1+2a) < %E—Qg—(n+l)(2+d+a)

which is implied by
IM(d/2+1) < Y 5.18
- SC’C'hE (5.18)

so that the choice of ¢ = max(1, 8C;$h) will work in (5.11) as well as (5.18). By Lemma
5.2 one can now bound &,+1 by

Ent1 < Cy~le2e2kd+2+a || by — hpiq Hgo 519
< Cy~1k=aC} = Oy~ LG+, (5.19)
We have denoted by C', a constant that may change from line to line, but will always
remain independent of the parameters €,y and h.. Summing over n, we conclude that

M—1

Z Ent1 +suplhu(n)| < Cy=1CE + CChe7¥a (1

8CCh,
+ —
n=0 n ¢

)(1+;4T“d)
Y

=Cy1CE +erF(y,Ch)

concluding the proof of part I of Theorem 5.3.

Proof of Part II. Clearly, (5.5) holds for h € G. From (4.7) wy z+e € G and (5.5)
holds. For any local function g, there is an s large enough such that g is measurable
w.r.t. the o-algebra generated by {nq,|z| < s}. Let L3 = > .\ Lp. Then we have
Lg = Lsg and also E#=[Lsg|Fs] = 0. In other words, Lg € G. This proves (5.5) when
h = Lg. We now establish (5.5) for h = V¢n,, namely,

Ene[Veno|Fi] < Ck—d/2—1-a, (5.20)

This is clearly a type of mixing condition. Unfortunately, the mixing condition we
have is for the grand canonical measure (2.5) rather than the canonical one that we
are interested in here. We shall however prove in Section 10, that (5.20) holds .

We now prove (5.7) for b/ = Gh. Note that in the argument in the part I, G is
effectively a constant and replacing h by Gh only changes C}, into GC},. Therefore (5.7)
is not all that different from (5.6). Finally to see (5.8) we can assume for simplicity
that /"0 = s and sum (5.17) for n > ng. This concludes the proof of Theorem 5.3.

Lemma 5.3 states that, in an average sense, any hy satisfying (5.5) Ef{e~1h,} is
of order 1 for any probability density f satisfying

e2AunenDy(V/f) < C (5.21)

We now prove the energy estimate.

Proof of Lemma 3.2. As we have already established tightness of the empirical
measure valued process €% ) dc 21z (), we know that any limit point of Q¢ is a measure
Q on the space C[0,T]; M]] of weakly continuos maps ¢ — m(t,0) of densities on T4



644 S.R.S. VARADHAN AND HORNG-TZER YAU

that are bounded by 1. The energy estimate is established by proving, for some finite
C,

EQ{sgp {/OT [ (Dt Omlr.0) dtde—S/OTAd|J(t,9)|2dtd9]} <C (522)

where the supremum is taken over all smooth functions of ¢ and 8. If we ignore the
supremum, for the approximating processes, this amounts to proving

limsupEQa{Ed/ Z VeJ)( nw dt——sd/ Z|Jt — |2dt} <C

e—0
(5.23)
or

T T
T C T
lim sup EQ< { gd—1 oM — Zed , 2 <
im sup {e /0 %:J(t,N)V,n, () dt 25/0 %:|J(t ) dt} C

e—0
(5.24)
In view of Jensen’s inequality and the relative entropy bound H(Q¢; Pe) < Ce~4, it
is sufficient to establish

T
T
lims dlog EFe -1 J(t, =)Venz(t)dt
1r;1j(1)1p6 og {GXp{e? /0 XI: ( N) Na(t)
(5.25)

_7/ Z\J 2dt”<o
or equivalently

limsupsdlogEPE{exp {5—1/ ZJ VPT]T( )dt}} < —/ / J(t,0)]2 dtdo
Td

e—0
(5.26)
Since P¢ is the equilibrium and the functional inside the expectation is a Feynman-
Kac functional with a time dependent potential we can estimate (5.26) by estimating
the largest eigenvalue. If we denote by

x
Ae(t) = sup spec [6—1 zm: J(t, N)VenJB —eg—2 zb:(—ﬁb)]
it is sufficient to prove

T C T
limsupad/ Ae(t) dt < —/ / |J(t,0)|%dtdd (5.27)
e—0 0 2 0 Td

For estimating the eigenvalue A\ we decompose
el Z J(t Vena: —e2 Z (—Lp)

and, for some v > 0, estimate ¢\ (¢) from above by the sum

gd )\ ( <8d25upspec[a Ly(t, —)Vem ’yZ|b—x| a—d(— L)
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We have in addition the bound

X
sup €4):(t) < sup e supspecle 1J(t, =)Ven — b— g|-a—d(_r
(208, 0 S s 65 spee . 51 = 3 o=l

< sup supsup spec {5—1ﬁ Vene — Z |b— x|—"—d(£b)]
[BI<C = b

where C' is an upper bound on |J(-,-)|. Now (5.6) provides a uniform bound

sup ed)\.(t) < C
0<t<T

as well as a bound on the limit

T C T
lim gd/ Ae(t) dt < 5/ J(t,0)[2 dtdd
0 0

e—0

concluding our estimate. In order to complete the proof of Lemma 3.2 we only have to
remark that whenever we use large deviation bounds and Jensen’s inequality to pass
from

lim sup ¢ log EPE{exp [dea]} <0 (5.28)
e—0
and
H(Q=; P) < Ced
to
E@ [Fa] <C (5.29)
we actually can obtain
EQ[supF,] <C (5.30)

because, while one cannot sneak the supremum inside the expectation to go from (5.29)
to (5.30), to do it in (5.28) is trivial and for any finite set of a’s yields (5.30) with the
same constant C', independently of the finite set. The rest is a routine application of
the monotone convergence theorem.

6. Two blocks estimate. In this section, we prove the two block estimate
Theorem &2b . It will be used in the next section to prove Theorem 3.9. The first step
toward proving a two block estimate is to get a bound on the Dirichlet form involving
”long jumps” in terms of the usual Dirichlet form with only the ”nearest-neighbor
jumps”. This was one of the main difficulties in establishing the hydrodynamical limit
of lattice gas models in dimension greater than 1. If u is a Gibbs state on the space
of configurations on a lattice A and z,y are two lattice sites that are a considerable
distance away from each other, the problem is one of estimating Er{|(T, ,u)(n) |2} =
Er{lu(nzv) —u(n)|?} in terms of the usual Dirichlet form involving Ex{|u(n®=+e) —
u(n)|2}. Let us introduce the notation S ,n = n®¥. The natural way to make this
estimation is to write

Sz7y = 5271153'71732 e SI,L71,-T” Sﬁn;yswnflaa;n T Sml;wZSzywl
= Sbop_1 " by
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as a product of exchanges over shorter bonds and estimate T ,u by a telescoping sum

2n—1

|U(Sz,y77) - U(U>| < Z |U’(Sbj o Sbﬂl) - U’(Sbj—l o Sbm)|
j=1

and conclude that

B {fu(Seyn) ~ w2} < (2= 1) Y Be{fu(S, -+ o) — u(Si, S m)l?)
—@n—1) 3 En{ju(Sy, Sin) — u(Sin)[2)

j=1

where S7 = Sy, - -+ Sp, is some more complex permutation along the way. If u were
a Bernoulli measure or some other permutation invariant measure like a Bernoulli
measure conditioned on the value of the sum Zz 7 then

2n—1 2n—1

(2n—1) > Ee{lu(Sy, 59n) —u(Sin)P} = (20 —1) Y Ex{lu(Sy,n) — u(n)|?}

Jj=1 Jj=1

and, if we choose our intermediary chain of sites to be nearest neighbors, we are done.
Difficulties arise because, in general, p is not invariant under permutation. We will
pickup a constant factor which is an upper bound on the Radon-Nikodym derivatives
when g is transformed by the permutation S7. We note that if we are able to bound
the Radon-Nikodym derivatives in both directions then conditioning to a set of the
form ) n. = m causes no problem. While the factor 2n — 1 which is comparable to
the distance from x to y is acceptable, if not taken care of, the bound for the Radon
Nikodym derivative will grow exponentially in n and is unacceptable for our purposes.
The following theorem therefore requires a careful proof. Without loss of generality
we will assume that the jump rate ¢, = 1 in (2.12).

THEOREM 6.1 Denote by p a Gibbs state on a cube A and let Dy, denote the
Dirichlet form w.r.t p for a nearest neighbor bond b € A. For any two sites x,y € A
let vzy denote the nearest neighbor path that goes from x to y, moving successively as
far as it has to in each of the coordinate directions, following the natural order for the
different coordinate directions. For every function u on {0,1}|Al define the Dirichlet
form along the path by

D¥=u(u) = > Dy(u)

bEYay

Then we have
En[(Teyu)?] < colyzy|D72v(u), (6.1)

where ¢y is a constant depending on the dimension d and the Hamiltonian. Here |y
is the length of the path. Note that no mixing condition is needed.

Proof. Step 1. With out loss of generality we can assume that y = z + fe;. The
general path is just a finite sequence of such straight lines (z, z1), (x1,22) - - - (Td—1,Yy)
along different coordinate directions going through at most d — 1 intermediary corners
X1, ,xq—1. We can estimate the left side of (6.1) by a telescoping sum. Although
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the Radon-Nikodym derivatives could cause trouble here, because the only transfor-
mations that are involved in the telescoping sum are permutations among the d + 1
sites z,x1, -+, T4—1,y the extra factor is just a constant depending on the Hamiltonian
and d.

Step 2. We can assume with out loss of generality that y = z + fke; for some ¢ with
k fixed at some positive integer so that two sites that are at a distance at least k, do
not both interact with any third site in the Hamiltonian. This involves again the same
idea. If z — y = fe; where £ is not a multiple of k, we can go through an intermediate
point that is a multiple and the difference is at most a fixed finite distance away.
Step 3. The choice of k in the previous step guarantees that the conditional distri-
bution of {9, jke, : 0 < j < £} under the canonical Gibbs measure given the configu-
ration on the complement of the sites {2+ jke1} is a product measure conditioned on
the sum Z§:1 Natjke, - Of course the conditional probability pw () = tw[Nstjke; = 1]
is given by the DLR formula, and although different for each j takes only a fixed finite
number of values depending on the total number of different configurations possible in
the neighborhood of any one site. If we can establish (6.1) for the conditional distri-
butions g, with a uniform constant independent of w, we can integrate with respect
to p at the end.

Step 4. The problem is now reduced to the following. We just have sites 0,1---, /.
We have a measure g which is the product measure with Prn; = 1] = p; conditioned
on the set Zﬁ:o n; = m. If we assume that {p;} takes only a finite number r of
distinct values and they all satisfy § < p; <1 — 4, then with a constant co depending
only on 7 and ¢, the analog of (6.1) is satisfied. This problem came up in the context
of one dimensional lattice gases with random magnetization and the proof given in
[QY1] is reproduced below. The proof is by induction on r where r is redefined as
the number of distinct values among {p;} with 1 < j < £ —1. If r = 1, except for
the end points all probabilities are the same. In this case the factor produced by the
Radon-Nikodym derivative is easily seen to be bounded by a constant independent of
¢. Any permutation can only change the probabilities at most four sites. Now let us
prove the induction step. Assume that if there are r distinct values we have a bound
with a constant ¢, independent of £ . Suppose now that there are r+1 distinct values.
Let 1 <j1 <j2 <---<js <{—1be an enumeration of all the sites where p; is equal
to one of these distinct values. If we write

80,6 = 50,5115 " SGe-1,50975,0550 145 T Sin,5250,51

all but the two endsites have the same probability and therefore, for all the inter-
mediate permutations, the Radon-Nikodym factor is controlled uniformly in s by a
constant C. By Schwarz’s inequality

1
7 I To.eul?}

1
E“{\Tow\ }+ZJ BT P} 4 BT )
r=29" -

By the induction hypothesis each summand satisfies the analog of (6.1). We obtain
cr+1 < Cer and the theorem is established.

Using this Theorem, it is not hard to prove the two block estimate. The following
proof is similar to the one given in [GPV, R].
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THEOREM 6.2 (Two BLOCKS ESTIMATE) For any bounded continuous function
h and any v > 0,

lim sup sup spec {Avavy:w,m‘SaEq [ A(Tz,k) — M(Ty.k) }2 - ’)/6_2A’Ub(—£b)} =0

k,a,e
(6.2)
where limsupy, , . = limsupy_,, limsup,_,q limsup,_,,. In particular,

lim sup sup spec { Ave[h(7; qe-1) — M7z k)]2 — ve~2Avp(—Ly) } =0 (6.3)

k,a,e

Proof. Let Ly, be the generator associated with the Dirichlet form Ex[(Tpyu)?],
namely they are related via (2.12). For every pair x,y of sites in A let us choose
a canonical path v, consisting of d straightlines that lie along the d coordinate
directions following their natural order. |vs | is of order |z — y|. Recall that R is
the range of the Hamiltonian defined in section 2. Hence we can rewrite (6.1) as an
operator inequality

—Ly,, < Clw — 2| Z (—=Lyp).

bEVw=

Taking the average of w with |w — z| < k and z with |z — y| < k and then averaging
over z € A and y with 2R+ k < |y — x| < ae~1, we have

AvaUy:2R+k<|y—z|§ae*1Avw:|w7w\§kAUz:\zfy|§k(_‘Cw,z) < CG_QG'QA’Ub(_[’b) (64)

A similar inequality holds if we replace |z —y| < k by |z — x| < k or replace |w—z| < k
by |w—y| < k. Let A% denote a cube of width k and centered at z. Hence we have

Avavy:2R+k<\y—I|§ae_1 Avw,zEA’;UA’; (_£w7z) < 0672042A’Ub(—£b) (65)

We can replace the average of y in (6.2) by the average over y with 2R + k <
ly — x| < ae~1 since the error term is negligible. Together with (6.5), we can bound
the eigenvalue of (6.2) by

A’Uw Avy:2R+k<\y—w|§ae_l sup spec{[ h(ﬁlyk) - h(ﬁy,k) }2

(6.6)
*Avw,zeAguAg CG_Q(*Ew,z)}

Clearly we obtain an upper bound by replacing the average over x and y with sup
over x and y and over the boundary conditions of A% U A%. Denote the configuration
on U = AF U Ak by (&,¢). Then (6.6) is bounded above by the supremum of

sup spec {[ h(&k) — h(Cr) ]2 - Ca*QAvw,zey(fﬁw,z)} (6.7)

as an eigenvalue problem on L2(uy ., ,) with boundary condition w and density p.
We now fix a boundary condition w and a density p. The operator

CCL*2A'Uw,zEU(_‘Cw>Z)
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on L2(pyw,p) clearly has a gap C(k)a—2 and the ground state is the constant function.
For any k fixed, and a — 0, the gap diverges to co. Since h is bounded, for any k
fixed from Lemma 5.1 we can bound the limsup of (6.7) as a — 0 by

sup EHv.w.p [ h(&k) — h(Cr) ]2

w,p

Taking the limit k¥ — oo, we have py.w,, — pp X fp, where p1, denotes the infinite
volume Gibbs measure on Z ¢ with density p. Clearly, (6.2) and (6.3) follow from the
law of large number of Gibbs states. This proves Theorem 6.2.

7. Eigenvalue estimate. We are now ready to prove Theorem 3.9.
Proof of Theorem 3.9. Step 1. Let us recall that ®% ., defined in (3.17), and ¥, . .
defined in Theorem 3.9 are given by

(ID%E = Av\y—wlgél [ Wy, y+e + 596(77:1:,577'1/77) ]

\IIE,C,E(:E) = 6(20)71Av|y—m\§€1 [nw-l-ca—le - nx—ce—le]~

Here we continue to follow the convention set up after (3.26) in step 3 of the proof
of Theorem 3.3 that the generator £ does not apply to the variable 7, o because the
error terms were proved to be negligible. We can rewrite

CI)%E + Z De,e’ (ﬁz,ae_l)\:[le,c, e/ = @%:2 + \Ij;’,se + \I/i’,fz + \Il%,e,

e
where
g5 _ 9,98
(I):c,e = A'U|y7w\§£1 x:67

P = [wy1y+e + L ge(ia,e, Tyn) + Z De,et(7z,e)(Verny — E”[ve’ny|fy78])}

€

UEE = Deer (7 ae1) Avyy o<t B[V ey | Fy i),

€

\I’i’,z = Z[De,e’(ﬁm,aefl) — De,er (ﬁm,é)}[Avly—w\gél ( Verty — E“[VE’ny|fy,S] )}

\Il%,e = Z De,e’ (ﬁz,ae*l) [Avly—x\gél [\Ile,c,e’ (y) - Ve/ﬁy]]

(7.1)
Hence we can establish the eigenvalue estimate of (3.28) by showing

lim sup € < C) I J |13 _sup s%pV ( > acee(B.g), B > (7.2)
s,a,c, b e ag:l e

and for i = 1,2, 3,
limsup ©Q; =0 (7.3)

s,a,c, b ,e

where
0o = sup spec [ e~ 1(J, D&5) — (v/4)e=2Avp(—Ly) ]

Q; =sup spec [ e 1(J, Uis) — (y/4)e2Avp(—Lyp) ], i = 1,2 (7.4)
O3 =sup spec [ e 1(J, U3 ) — (v/4)e=2Avp(—Lp) |
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and the inner product (,) is as defined in Theorem 3.9.
We first consider ;. From (5.8), we have (7.3) holds for ¢ = 1. For i = 2, we
apply (5.7) to reduce the problem to showing

limsup sup spec [ C(s, 7, J)Ava(D (7 0c-1) = D(7,0))? — (7/8)e 2 Avy(=Ly) | =0

s, l,a,e
(7.5)
which is the familiar form of two block estimate. From (6.3) we conclude (7.5). Note
that we take ¢ — oo before taking the limit s — oo.
To deal with Q3 we rewrite

(J,U3) =Y Avy[Go e (J,)Verns]

and use (7.6) to control limsup, ., 3. G is easily seen to satisfy the hypotheses
needed to apply (7.7) . The problem reduces to one of showing

lim sup sup spec | Av, G2 . — (v/8)e=2Avy(—Ly ] <0

a,c,l,e

which is easily seen to follow from the two block estimate.
Finally we have to bound . Note that E#[¢g¢°|F,s] = 0 if |y — x| < ¢1 and
hence from Lemma 5.2 we have

Qo < C'sup spec +o(1)

AvgVe ( D Je(ex)dE 8T e ) — (v/8)e"2 Avy(—Ls)

e>0

with lims ¢4, 0(1) = 0. Note we have kept some Dirichlet form. For k > ¢ let

Uac,k = FHe

fx,k]7

w ( ZJ6(5$>¢§:§7Sa ﬁx,é )

e>0

and we can bound Qo < Q4 + Q5 + 0o(1) with

Q4 = C'sup spec

A'Uz {Ve ( Z Je(gx)gb%:g’s’ ﬁz,@ ) - Uw,k} - (’7/8)62A0b(—£b)‘|

e>0
Qs = sup Uz

'ij:m,k

Using Lemma 5.2 and noting that the factor e~1 in front of h in (5.2) is not present
in this calculation, we have

lim Q4 = 0 .

e—0

It remains to bound 4. By the translational invariance,

Q5 < sup Eftertrewr W(Z Je(ex) %jg’s,m)

WP e>0

Fr ] (7.8)
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where fip,,,,,w,p denote the canonical Gibbs measure on A1 with boundary condi-
tion w and density p. For every / fixed, we can take the limit k& — oo and any limiting
point of the right hand side of (7.8) is given by

Bre | V(Y T (em) e me) (7.9)

where pg is the unique Gibbs state with density [ given by the limit of 7,. Note
that from our mixing assumption, there is only one Gibbs state for a given density.
From the law of large number of Gibbs state, we can replace the density 7y, in the
definition of qbg”g’s in (7.9) by the total density 3. Recall ¢€(3) is given by (3.13) and

by definition of ¢§** we have

g,0,s

0,e :d)g(ﬁ)_EP«a [¢§(ﬁ)’fé ]

for s large enough; where the density 79, in (;Sg”g’s is replaced by 8. We can now take

the limit £ — oo and then s — oo to have

lim sup E#s Vg(ZJe(&T) g:g’s7ﬁz)

L— 00 e>0

<V ( PIRACHEAGNE ) (7.10)

e>0

where we have used the definition (3.12) of V' This proves Theorem 3.9.

8. Computation of variance. Let us recall the definition of G
G={h:Er[hF;]=0 for some s}
We would like to define the variance

V(h,h;B) = lim Ers [<hO, L hO >0y ] (8.1)

as a uniform limit in (. Since we cannot show the existence of this limit at this time
we define the upper and lower limits

V(h, §) = limsup B [ <hO, L RO >, ] (8.2)
B'—p
and
Vi(h,B) = liminf B#5 [ < b0, L1 hO >, ] (8.3)
B'—8B
Here

1
ho = L h
(26 + 1)d JEZ T

with ¢ = ¢ — /¢ and
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For any h € G, for sufficiently large ¢, E#¢.«.v[h(D)] = 0. The following calculation is
a typical way to estimate (8.2). From E*s.».v[h] = 0, we conclude that

h= E(S)us

for some wu,. If we denote by Cs ' a lower bound on the spectral gap for a box of size
s, for any function v of the configurations in the box Ay

Blhy vl < gy O 1Elreho)

RISV
Cs
< (%“:1) S VBl [ Y D)
EASNVA bEAL s

4 (2041)2
g \ebT )2

2, +1)%

<VCi(25+1)

||hH2_[ < U,[,(g)’U >%

providing us the bound

_ ¢\
< B0, LG RO >, < C, ( n ) (25 + 1)4|h||2,,

where E denotes expectation with respect to any canonical Gibbs measure 1 ., , and

1
1713, = WE[ > |mhl?]

TE€Ag,
Taking expectations with respect to p8’, letting £ — oo and 3 — 3 we have

V*(h,B) < Cs(25 + 1)4[[R]13 4 (8.4)

Because we defined V*(h, ) as the limsup, and did not show the existence of the
limit, it is not quite clear that V*(h, ) is a quadratic form in h, and consequently
it is not possible to generate the inner product from it by the standard polarization
formula:

Ve(hig,6) = {V*g+h,0) ~ V*(g— h, 0]

Because Vy(h;w,y) is actually a quadratic form, it is possible to polarize it and
try to calculate directly the quantity

Vig,h;pB) = lim E*&{Vi(g,h;w,y)} (8.5)

B —B

We will show that the limit exists and calculate it explicitly for a large class of local
functions g and h. Let us define the shifts 7, for x € Z 4 by

(TaN)y = Ny—=2, Tb=b—xz, (29)(n) = g(Tan)

on configurations 7, bonds b and functions g. We have the basic exchange operator
Sy defined by Spn = nb = n=¥ for a bond b = (z,y) in (2.10). The operator T} was
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already defined as (Tpg)(n) = g(Sem) — g(n). The shift operators 7, and the exchange
operators Sy satisfy the commutation relations

Ta:Sbn = Sb+w7—a:77> (Sbng) (77) = (Tmsb+wg) (77)

leading to the identities

(Tyr29) () = (T2 Tot29)(n) = (TTr_,b9) (1)

Suppose g € G, i.e it is a local functions such that Ex{g|F,} = 0 for some s, then for
any other local function h, E#[g7,; h] = 0 provided 7,h does not depend on any of the
variables {1, : z € As}. In particular for any h which is a local function and g € G
the series

> EBrlgrah] =< g,h >0
is well defined as a finite sum. If it happens that h € G as well, then

<g,h>0(B) =) Ers[gr,h] =Y Ews[gr.h] =< h,g >0 ()
is a continuous function of § and

<g,9>0(B8) = lim ﬁE%[( Z ng)Q] >0

L—o00
TEN

so that for each 3, <,>¢ is a positive semidefinite inner product. We will also need
the quantities

te(g,8) = (e, 2)Ers[n, g]

x

which are again only finite sums for ¢ € G. Let u be a local function with Lu = g.
Clearly g € G and L7yu = 7,,g for all x € Z <. In particular

Lo( Z T2u) = L Z Tol) = Z Tzg

€A, TE€A,, TE€Ag

If v is now another local function with Lv = h, a direct calculation yields

1
W(97h;w7y)=—mEW’”’y{ Z Tyg Tav}

I,yGAgl

and one can easily show that the limit

V(g.h;B) = lim B* {Vi(g,h;w.y)} == > Ew{gmo}=—<g,0>0(0)
B8'—8 c€Z 4
(8.6)
exists.
The following calculation is easy to carry out. For each local function u let us
define the formal sum
u= Z TalUl
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Although u is not well defined,
& =Tpu

is well defined for every b and
Trgb = gb—z

for every = and b. If we denote Ty . by T¢, and &p,e by &, we have
1
<9,9 >0 (ﬁ) =—-< ‘Cu7u >0 (ﬁ) = §EHB [Zce(n)[gfi]Q}
and by polarization

< g h >0 (B) == < Lu,v>o (B) = %EW’[Zce(n)&eCe]

where

Ce = Tev = Te ZT;EU

We next take g = we = wo,.. From the definition of the current wy in (3.4) it is easy
to establish the following identity, which is essentially an integration by parts formula,
for any p which is either pg for some § or any canonical Gibbs measure py"Y on a box
A that contains the bond (z,x + e).

En [ww,x-i-e U] =—-Er [(nw-i-e - nz)cw,w-i-e(n)(Tw,w+eu)(n)]

If we take any set B C A, it follows that

B ()]l < B [T (Vo] 45 [ alTh wol?

beB beB beB

In particular

< wpi LY wy >0 < C|B

beB beB

Therefore in the definition of V(we ,wes ; 3) on can take
Ve(we ,wer jw,y) =< Avp,we , [Ava, Lp] "1 Avp, we >0y
and because

L, Z <zx,e>ng = Z Wy ote

€A, TEN,

it is easy to calculate that
Oe o
Ve we; ) = 2550 o) (Ven)?, (57)
and for any local u

V(we, Lu;B) = %E“ﬁ [ce(n)(Te Z Txu)Ven], (8.8)
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and in fact for any g € G
V(we,g;B8) =te(g,B). (8.9)

We collect these results as a lemma.

LEMMA 8.1 If we define the class Go C G of functions as those which are of the
form g = Lu+ )", acwe for some local u, then V(g,h; (), given by (8.6) -(8.9), is a
well defined, possibly degenerate inner product on Go. In addition V (g, h; () exists as
a limit in the sense of (8.5) so long as g,h € G and either g or h is in Go.

Our next goal is to show that G is not all that much larger than Gy. We want to
show that, for any 3, G is contained in the completion Gy of Gy relative to the inner
product V(-,-; ). More precisely with V(h,h; () defined as the limsup for h € G we
want to show that

inf V*(h—g,h—g;8)=0 (8.10)
9€G0

Notice that although V*, defined by(8.2), may not be a quadratic form it is still true
that for g € Go and h € G

V*(h—g,h—g,ﬁ)ZV*(h,h,ﬁ)—2V(h,g,6)—|—V(g,g,ﬂ)

so that (8.10) reduces to proving the variational formula

Ve(h,hsB) = sup {w(h,g;m—wg,g;ﬁ)} (8.11)

9€Go

The variational formula (8.11) also proves that for V. defined by (8.3)

Vi(h,h;8)=Vilh—g,h—g;08)+2V(h—g,9;8)+V(g,9:0)

> Sélgp [2V(h,g;8) —V(g.9;8)]

=V=(h,h;p)

establishing the equality V* = V; and therefore Vi, = V* = V(h, h; 3) exists as a limit
and defines a quadratic form for all h € G. Let us remark that from the definition
V* is upper semicontinuous in (3, while V, is lower semicontinuous. In particular the
equality implies the continuity in 8. We now state these results as a theorem. Since
6 will be fixed from now on, we will drop all references to it.

THEOREM 8.2 For h € G the variance V(h,h) satisfies the variational formula

V( h,Zaewefﬁu) —%V( Zaewe—ﬁu)

e>0 e>0

= sup { Z aete(h) + (h,u)o
e>0

acERUEG
- 1/42Eu[ce<n>(aevenﬂe;““)2 ”

e>0
(8.12)
The equivalence of the two formulae in (8.12) follows from Lemma 8.1. Hence we
only have to prove the first identity in (8.12). This will be the main thrust of the rest
of this paper.

1
—V(h,h) = sup
2 a.ERUEG
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We now assume Theorem 8.2 and conclude the proof of Theorem 3.4. In general
Ven ¢ G. However for any e and s, he,s = Ven — E-[Ven |Fs] € G and for s1 < s2, by
(8.4) and the estimate on the spectral gap

V(hQSl - h€782 7h€,81 - h€752) S ng+2 S;(d+2+a)'

This is enough to prove that h. s is a Cauchy sequence (unifoimly with respect to [3)
in G and letting s — 00, h = lims .o he,s gets represented in G. Using (8.6) and (8.9)
we can explicitly calculate

V(we 5 ve/n) = te(ve’n) = 66,6’ Z <10 ; Nz >M: 66,6’X (813)

x

and
V(Lu,Ven) =0 (8.14)

Proof of Theorem 3.4. Let

GO = {Z aeVeno} (8.15)

e>0

We claim that GO + LG is also dense in G where £G denotes the linear space {Lu}
as u varies over all local functions. From (8.14), G(©) 1 £G. From (8.13) we see that
the projection of the space G(*) onto G(® has rank equal to the dimension of G(w).
Therefore the dimensions of G(©) and G(®) are both d. Since G(w) + £G is dense in G,
it follows that G = GO & LG.

Let & denote the orthogonal projection of w,. onto the space LG. Hence there is
a diffusion matrix D such that

1
We = b Z De exVexno + &e, (816)

ex>0

as an identity in G. Clearly, the projection of Yoo YeWe is Y, vee. By definition, & can
be approximated by elements of the form £ g. and thus ), ve&e can be approximated
by £ 3", 7ege. Therefore, (3.14) holds for some diffusion matrix D. Our final task is
to prove the characterization (2.22).

Using the current notation, we can rewrite the diffusion coefficient (2.22) as

1
“~v.D-y =1 inf cw— 1
57 v =X ClenﬁgV(v w— () (8.17)

The minimizer is simply the projection of - w onto the space £G, namely, > _ ye&e.
Taking inner product of (8.16) with w,s, we have

1
V(’U}e, we/) = 5 ez* De,e*v(ve*nm we’) + V(fea we/)
We can compute V(Vexno, we) by (8.13) and thus

1
V(We, wer) = §De,e’X + V(&e, wer)
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Hence for any vector v we have

27 DA =XV w) - V(6 w) ] (3.15)

Since « - € is the projection of v - w onto the space £G, we have
Viy-&y-§=v-w)=0

Therefore we can rewrite (8.18) as

%wD‘v:x*l[V(ww)*?V(v'E yyw)+ V(-8 [ =Viyw—v-¢§) (819)
establishing the equivalence of (8.19) and (8.17). This proves Theorem 3.4 assuming
Theorem 8.2.

We now prove that the diffusion matrix is diagonal if the model is isotropic, i.e.,
the Hamiltonian and the jump rate A in (2.14) are isotropic.

LEMMA 8.3 Under the previous assumption, the diffusion coefficient is diagonal

Proof. Fix two coordinate direction e and e’. Taking inner product of (8.16) with
Verno, we have

1
V(w€7 Ve’n()) - 5 Z De,e*V(ve*nOa ve/nO)

We can compute V(Vesno, wer) by (8.13). Hence we only have to prove that V(Ve.no,
Verno) is diagonal. Denote by 0: Z — Z the reflection with respect to the origin
along the e’ direction. We may extend 6 to the space of configurations in the natural
way: (60n)(z) = n(6(z)) and to the space of continuous functions: (6f)(n) = f(6n).
Clearly, V(f,g) =V (0f,0g) since our model is isotropic. Notice that

O(Ven(0)) = —7—Ven(0) 5 0(Ven(0)) = Ven(0), if e#e’

Hence V(Veno, Verno) = =V (Veno, Verno) = 0. This proves the Lemma.

Return to the proof of Theorem 8.2. We shall follow the approach of [V1] and
[Q1]. We first need the notion of ”closed forms”. This is some what parallel to the
usual notion of closed forms in differential calculus. Our goal is to characterize the
1-form arising from

Wy = Tbg (820)

for some function g. Clearly, there are compatibility conditions for w = {wp}. One
can check easily that the following conditions hold:

Tywg = Tywp, ifgNb=1¢ . (8.21)

Unlike in differential calculus, (8.21) fails if ¢ Nd # ¢ because the operators are not
local. Hence (8.21) is not enough to characterize the forms arising in this manner. We
therefore use instead the definition: w = {wp} is ”closed” provided for any sequence
of nearest neighbor bonds {b1,bs, ..., bn } such that Sy Sp, ;... Sp, Sp, = I one has

n—1

n

Zwbi(Sbi_lsbi_g . Sbln) = 07 (8.22)

=1
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where Spn = nb. Let P;n denotes the new configuration obtained by applying the
permutation P; = Sy, Sp, , ...y, to n. One can check easily that if w is given by
(8.20) then (8.22) holds. To prove this, we substitute wy = Tpg into the equation and
we only have to check

> Th,9(Pi-an) =0, (8.23)
i=1
By definition,

Ty, 9(Pi-1n) = g(Sp, Pi1m) — g(Pi-1n) = g(Pin) — g(Pi-17)

We see that (8.23) is a telescoping sum vanishes because P, = Py = I. Conversely,
if (8.22) holds, we can reconstruct the function ¢ as long as we are in a finite cube A
with a fixed total number of particles. This can be achieved in a standard way.

For any two configuration n and ¢ with the same total number of particles, i.e.,
In| = |[¢|, we can construct a sequence Sp,,i = 1,---,n so that ¢ = Sp, - Sp, 7.
Starting from a configuration 7, we can define the value of the function g at any
configuration ¢ with |n| = |¢| by

9(¢) = Zwbi(sbiflsbi—z ...Spm)
i=1

The condition (8.22) is exactly the compatibility condition that two different ways to
reach ¢ will yield the same value for g(¢). Note that configurations with different total
number of particles are completely unrelated. Hence in general we can require that

Er[glFL] =0 (8.24)

if the cube A is of width 2L + 1; here Fy, is the o-algebra defined in (3.8). This
procedure can be performed in a finite cube and thus the function g always exists
locally, i.e., if we condition on the configuration outside a cube A, the condition (8.22)
implies the existence of a function g such that Spg = wp for all bonds b inside A.
Therefore, (8.22) implies (8.21). In addition to the existence, we have the following
bound

En[g2]<CL2 Y En|w}] (8.25)

beAL

For the whole lattice Z 4, it is more subtle and, indeed, the reconstruction is not
necessarily valid. We shall discuss this in details in the next section. For now, we
define the space of (translationally covariant) closed forms , G¢, by

Go ={w = {wp} : w is translationally covariant and is closed } (8.26)
where w is said to be translationally covariant if it satisfies

Towp (1) = wp(T2n) = wr,b(1) = Wo—z(n) (8.27)

The existence of translationally covariant closed 1-forms is not entirely obvious. The
idea is that, if we start with a local function v and define the formal sum
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as we saw before, although u does not really exist as a translation invariant function,
its formal ” gradients”
= Tbu

are well defined local functions and constitute a translationally invariant closed 1-form.
These are to be thought of as exact forms. On the other hand for each e the form
We prer (M) = deser [Nater — Ma)

is a ”closed” 1-form that is not of the exact type. The following Lemma is the first
step in proving Theorem 8.2 and provides a variational formula for the variance in
terms of ”closed forms”. The proof will be completed in the next section where we
will prove that Go = Gc in a suitable sense. .

LEMMA 8.4 For h € G the variance V*(h,h) satisfies the variational principle

fV*(h h) < sup Er[>  ce®l(n)&] —fEHZce (€)2], (8.28)

€ege e>0 e>0

where, for each e, ®2(-) is a local function depending on h to be defined in &7.13 and
&7.14 . In addition there is also the counterpart

SValhh) > sup BU(Y cob(m)e] — TEH(Y co(£)?), (829)

£€do e>0 e>0

with the same functions ®%(-).
Proof. First we prove (8.29), which is the easy part. Clearly

1 1
5Vg(h yhiw,y) = sup {Ewwy [[AUIEAZI Tmh]v] — ZEMM [AvbeAg [cb(n)(Tb v)z]] }

By choosing

2€+1 [Z <o,T>MNg — Z Txu]

IGA(I

for some local u, taking expectations with respect pg/, letting £ — oo while 3/ — 3,

we get )
—ZE” [Z ce(n)é?]

for the second term, where
e =aeVeno — Tk Z TalU.
T€EZ ?

Since h € G we can write
h=LH=Y LH (8.30)
bEA,

with H measurable with respect to some Kqyr (see (3.9)), and calculate

ErERewy [[Avxe,\elrxh]v} = E“[(AUIGAK1 T Z EbH)v]
beA,

= —% Z Avgen,, EF [Tz[cb(n)(TbH)](Tb,zy)]
beA,
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It is now easily seen that the first term reduces to

SB[ Y m Tl = Br[ Y coln) @ () (n)
e y:Tye€As €
with
éﬁ(n):—% > T H (8.31)

y:Tye€EN

thereby proving (8.32) . We now turn to the proof of (8.28).
Stepl. Let
V* =limsup E*8' [Vy(h,h;w,y)]

L—oo
B8'—3

and suppose that £ > 1 and ' ~ § have been chosen so that, for some small § > 0,
with ¢/ = pgr,
E¥[Vi(h,h;w,y)] > V* = 4.

We have the usual variational principle
1 1
§Vg(h yhiw,y) =sup § EFeevu Avjy<p, h] — ZEMM [Av|b|§gcb(n)(Tb u)Q]

that is valid for each w. Integration with respect to the infinite volume Gibbs measure
W yields

%E”’ Ve, hsw,y)] = sup {Avx<z1E“’ [(Txh)U]—iAv\mng“' [ce(n)(TbU)Q]} (8.33)

Hence, there exists a function v = ©(®) such that

1_, , 1 ,
F B Ve(h,hiw,y)] < Avjgi<e, EX [(Toh)u] — ZAU\MSZE” [ce(n)(Thu)?] + 0, (8.34)

where ¢1 = ¢ — /0. Moreover we can assume without loss of generality that u is a
function of the configurations on Ayyr and satisfies

’ 1 ’
Avjg<p, B¥ [(Tzh)u] — ZAUIbISEE“ [ce(n)(Tpu)?] > 0 (8.35)

Since h is a local function, it is measurable w.r.t. ICs for some s large enough. Because
h € G (3.7), as we saw earlier, h = Ls;H for some H that is Ksyr measurable.
Therefore, there is a constant C'(h) such that, for any constant v > 0, and = € Ay,

B [(r—sh)u] < (47)71 ) E”/[Cb(n)(TbU)g]-‘r%C(h) (8.36)

b—c|<s

Let v = 2(2s + 1)4. Summing (8.36) over x with |z| < ¢; and using (8.35), we have
the following energy bound that holds uniformly in ¢:

Avjpj<e B4 [ep(n)(Tyu)?] < CsC(h) (8.37)
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Step2. For h € G (3.7), {®%(-)} were defined by (8.30) and (8.31). From
EW [uh|Fs) = EX' [u LsH|Fs]
we deduce that

Er [uh|F,] = —= Z Er [ey(n)(ToH) () (Tyw) ()| F), (8.38)
beA

and ,
Avjg)<e, BH [ (Toh)u ]

__%(2£1+1)—dEu' ST am)(TymH)(n)(Tou)(n)

|| <1 b+azEA,

=(200+ 1)~9E¥ | Y ey(m)o(n)(Tyu) ()

beA,

where for b = Tye € Ay,

Py(n) = Z (Tyro H) (1) = 7y®2(n) + Q(n)

meAzl
btxcAg

where (), are boundary terms that satisfy Q, = 0 for b € A,_, ;5 and [Q| < C(h)
otherwise. Clearly, from Schwarz’s inequality, and (8.37)

1 , 1
— Ev [ eo(n)Q(n)(tzh)Thu ] < CL72
(201 +1)* ;Az
bEN v
and we can therefore replace

Avpi<e, BV [ (r2h)u ]

n (8.33) with
AUMSZIE’/ [ Tz[ce () @& ()| Tr, eu }

so that
Avjgi<p, BF [ Tofce(n)®E ()] Tr,eu] | — Av\b|<eE“ [ eo(m)(Thu)? ] > V* =36

x

Step 3. Let us pick k > 1 and fix it. There must be a good box of size k, i.e with
Ay k+r C Ay, such that

!/ 1 /
Avyen, EH | ylce(n) @ (n)]|Tr,eu] | — 1Avblen, B [ eo(n)(Tou)? | 2 V> — 49
If we now replace u = u(®) by a() = Er' [ u(®)|Ky o1 r | we still have

’ — 1 ’ —_
Avyen, B [ Tylee(m)®e ()] Tr.c@®] | = 7 Avpjen, B [ en(n)(Toa®)? | = V* — 48
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by taking conditional expectations first. It is easy to pass to the limit as £ — oo and
W — u, taking a subsequence if needed. We produce in the limit a function wug such
that it is K measurable and satisfies

1
Avyen, Er = 7Avpjen B [eo(n)(Thur)? | > V* — 40

D Tulee () ()] Tr, e

or

1
Enr — 1 Apen [eo(n)(Thur)? | 2 V> — 46

S ce(n) @l () Te[Avgen, myus]

If we define &8 = T, Avyen, [Ty ug] then

Br[ S ce(n)(€b)?]

:EN[Zce(n) [AUyGAkTTyeukP] < E“[Zce(n) [AvyeAk (TTyeUk)QH
=Avpien, B [ eo(n)(Touk)? ]

We conclude that

B[ Y cel)®n)et] — 1B 3 ecln)(eh)?] = Ve — 45

e

While £# is not a covariant gradient it is routine to show that any limit point of &% as
k — oo is one. This concludes the proof.

It remains to establish that Gy is dense in G in a suitable sense, and this will be
taken up in the next section.

9. Structure of closed forms. Our goal is to prove that any translationally
covariant closed form & = {£.} can be approximated in L2(u) by forms of the type
{eVen+1T. )", 129} with suitable scalars {a. : e > 0}.

More precisely, let

Ge={6:&="T Z Tzg, & is a local function} (9.1)
YA

be the space of translationally covariant exact forms and G(1) be the d-dimensional
space of translationally covariant closed forms given by

g = {go: ¢ = Zaeéb,evbn for some «a. € R} (9.2)
e>0

where dp . = 1 if the bond is in the same direction as e, and 0 otherwise. Formally
one can think of
& =-T Z <o, T >N
Iy A
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Clearly, these two spaces are subspaces of Go. Define the L2 norm of a closed form by

ngl

e>0

1€ 113=E»

To simplify notation we use & to denote & with b = (0,e). Then our goal is prove
the main Theorem of this section.
THEOREM 9.1 The following decomposition holds in La(u):

Go =Gp+GW (9.3)

Together with Lemma 8.4 this proves Theorem 8.2. Theorem 9.1 has a paral-
lel version if the conservative (Kawasaki) dynamics is replaced by a nonconservative
(Glauber) one. For any configuration n and = € Z ¢ we define

v 1—mn, if z=y

i.e the spin is flipped at the site . The Glauber gradient o, at site = of a function u
is defined as

(ozu)(n) = u(n®) — u(n)

For any local function g, although the formal sum

does not exist, the Glauber gradients
Wy = OzU

exist and are in fact local functions. Moreover we have the translational covariance

We = TpWsz (9.4)
along with the obvious identities
Ogwy = oywy forall x#y (9.5)
and
Orwy = —2w, forall ze€Zad (9.6)

Let G& be space of covariant closed forms (in the Glauber sense), i.e. {w,} that satisfy
(9.4) , (9.5) and (9.6). Equip G& with the L2 norm defined by

lw 3= Er[w ]
Let G be the space of translationally covariant exact forms, namely

G¢ ={w:w, =0, Z Ty9g, ¢ is a local function }. (9.7)
2€Z ¢
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We have the following approximation Theorem.
THEOREM 9.2 In L2(u):

g& =g¢ (9.8)

Our interest in the Glauber dynamics arises from the observation that the spin flip
and the spin exchange are related in the following manner. Given a pair of functions
u and v let QQ denote the function

Qz,ate(Usv) = [Ne(l = Note) + Note(l = Ne)][0ateu +u+ v] (9.9)

Then for any function F,
Tx,:c+eF = Qx,x+e(0'xF70'ac+eF)- (9'10)

We now prove Theorems 9.1 and 9.2. The first few steps of the proofs are very
similar and the steps leading to Theorem 9.1 are harder. We shall provide the details
for this case and just sketch the proofs for the easier version.

Proof. In general, given functions &, defined for bonds in a box A, satisfying the
compatibility conditions for being a closed (Kawasaki) form, we can ”integrate” it,
and find a function g such that

& =Tyg forall be Ay

The function g is not unique, but can be determined uniquely by imposing a mean 0
condition
EHe,wy [ g ] =0

that makes the solution depend on the external boundary condition w and the particle
density y in Ay. For such a choice we have the estimate

Breww [ |g|2] < CEreww [ Y 2] (9.11)
beA,

as a consequence of the estimate on the spectral gap. The constant C' is of course
independent of ¢, w and y. We can perform this step even if g depends on the external
boundary condition w, so long as the compatibility is satisfied for each such w. There
is a similar result on integrating Glauber forms {¢; : © € Ay} with the normalization
Erewn| g ] =0 along with the estimate

Brewa[[g[2] < CBrewn ] Y €3] (9.12)
xENy

again based on the spectral estimate, but now for the Glauber dynamics.

Let us recall that R is the range of interaction in the Gibbs measure. For each
box Aps let OAps denote the ”boundary” of Ay, consisting of sites in Ay that are
within a distance R from some site in A§, ( the complement of Ays) as well sites in
A§, that are within a distance R of some site in Aps. Let A?M = Ap\OA s denote the
"interior” of Ap. Given a (Kawasaki) closed form {&,} we can try to truncate it over
a finite volume A,s by defining

EM =FEr[&|Kn ] foreach be Ay (9.13)
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While the conditioning interferes with the gradient near the boundary, if we restrict
&M to b € AY,, it does in fact define a (Kawasaki) closed form and in particular if
& = Tpg for some g, then &M = T,gM where gM = Er| g|Kas ] so long as b € AY,.
The identical statement is valid for Glauber forms as well.

Suppose we are given a translationally covariant (Kawasaki) form {&,}. For some
L > 1 we define the truncations £3* according to (9.13) for a box of size 3L. We
can use these to construct a function gs; measurable with respect to K3z such that
Tygsr = &L for b € A, . We then define

hy = Er| gsi|Kr ]

and finally an approximation that is translationally covariant and exact by

~ 1
SR S— } _h
e 2

In the Glauber context the approximation takes the form

1
k= —"—0, Z T h,
d
(2L +1) e

with a different but similarly constructed Ay .
LEMMA 9.3 The Kawasaki form £ can be decomposed as the sum ¢& = Q(Ll)e+Q(L2)€
coming respectively from the interior terms and the boundary terms. For each e > 0,

they satisfy

lim Ex [ €. — QW |2 } =0 (9.14)
L—oo ’
and B
sup E+ [ |Q(L2)e|2 } < oo (9.15)
" :

. .y » —(1 —(2 .
The Glauber form &} admits a similar decomposition as &} = Q(L)O + QS;)O coming

from the interior terms and the boundary terms and they satisfy

lim B [ lwo — Q2502 } —0 (9.16)
L—oo ’
and the stronger estimate
sup LE# [ |§(L2)0|2 ] < o0 (9.17)
L

REMARK. In the Glauber case, from (9.16) and (9.17) it follows that @} — wp as
L — o0, and this proves Theorem 9.2 . In the Kawasaki case we will take a weak limit
of Q(LZ)O which will again be a covariant Kawasaki closed form and analyze it further
and show that it is made up of density gradients. This will complete the proof of
Theorem 9.1.

Proof. Denote by (1) the ”interior part” and Q(2) the ”boundary part”, namely,

= 1
Q(l) = —7F31T TyhL
o (@L+1) vy yz+£eA0 ’
v, ¢
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~ 1
Q(L2’)e = 7(2[/ + l)dTe Z Tth
y{y, y+e}NOAL#P

It is important to note at this point that, if y, y + e € A2 then
Teryhr = 7yTy, y+e he = 7y E* [ &y y1e|KL |

Since & € Lo(u), for large k, E#[ |€c — EF [ £e|Ky ] |2 ] is small. By translational
invariance E# [ {&r,e — E# [ Eryel Ky ok ]}2 } is independent of y and is therefore uni-
formly small for large k. For most y € Az, Ayr C A} and consequently for most

bonds b (with density close to 1 for large M), E# [ (& —En| &KL ])? } is small.

This proves (9.14). The proof of (9.16) is identical. The following lemma provides a
key estimate.

LEMMA 9.4 Let h be a function in the cube Asr. Suppose Ap is the centered
subcube of width 2L+1, h = Er[h|KL] and z is a site in A,. Denote the configuration
by n = (&,1n2,C) where ¢ denote the configuration on Ap\ {z} and & denote the config-
uration on Az \Ar. Denote by Avy = Avyen,, p\Ap.p- Let i be a Gibbs measure on
Asr or an infinite volume Gibbs state such that for any local function F the following
mizing property holds:

Er| Avy Fy; Avy Fy | < CpL—d (9.18)

Then
Br [ (0:h(n:,€))? | < OL=4Er[ h2(n) | + CAvyEx [ (T:yh)2(n) ] (9.19)

where the constant C' may depend on the density of the Gibbs measure.
We will defer the proof of the lemma to the end of the section and proceed with
our main goal. We first consider the Glauber case.

By definition, ﬁf)o has contribution from the boundary consisting of
Q=

2L+ 7 00 Z Tyhr = 2L+1 Z Tyoyhr
yEOAL yEOAL

and (9.17) will follow provided we show that

sup sup Erf|loyhr]?] < C < o (9.20)
L yeAL

Clearly, (9.20) follows readily from (9.19) with the choice of h = g3;,. We only have
to note that in the Glauber case we have from the spectral gap bounds (9.12)

Brlgi(n)]<CLd (9.21)

and
Er[(Tzyg3c)?(n) | < CEr[ (02 g50)%(n) + (oy g3)*(n) | < C (9.22)

so long as z and y remain in A9, . This concludes the proof of Theorem 9.2
We now turn to the Kawasaki case. We observe that instead of (9.21) and (9.22)
we obtain from (9.11)
Er[ g3(n) ] < CLI*2 (9.23)
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and
B[ (TzygsL)?(n) | < CL? (9.24)

so long as z and y remain in AY; . This provides the estimate

sup Er [ (oyhr)?(n) ] < CL? (9.25)
YyEAL
with a constant C' independent of L. Because the boundary terms are only O(Ld4-1)

in number, from the definition of Q(L)8 the estimate (9.25) is sufficient to establish
(9.15). This concludes the proof of Lemma 9.3.

Return to the proof of Theorem 9.1. The proof is broken up into several steps.
Step 1. The boundary in d dimensions comes in 2d faces with some overlap at the
corners. The overlap involves only O(L?-2) sites and hence negligible in view of the
bound (9.25). We can therefore analyze the contribution from each face by itself. Since
they are all similar we will just consider one of them. Depending on the range of the
interaction, for some integer ¢ > 1, the face consists of points z = (21, --+,2q4) € Z ¢
satisfying —L < z; < —L+4+q and —L < z < L for 2 < i < d. The face consists
naturally of layers

Bi:{z:(zl,'u,zd):21:7L+j;7L§zi§L for 2<i<d}

indexed by 0 < j < ¢q. We need to analyze the terms

BL
e zdz 2 eh Te zh
& 2L+1 2 eTs e = (2L+1) D mehe

2€BL, 2€BL
where By, is the slightly thickened boundary
Br =U-1<<¢B]

We can rewrite

=T, Y 7l

—1<j<q
where )
hp = ——— 7 h
L= L+ 2 T
z€ B0
and le = Tje, is the translation by j steps in the z1 direction. For each site in
x = (21, -+,xq) € Z ¢ let us consider
wihL —»Oﬁ;BL

Since wZ* is bounded in Lo(w), we can take a weak limit as L — oo, with one
subsequence working simultaneously for all z, and call the limt wZ.

Step 2. By construction, as a weak limit of Glauber gradients, {w#} is again a
Glauber gradient although it may not be covariant. Because averaging is done in
all directions except in the first coordinate direction, it is covariant, in all directions
except possibly in that direction. Moreover wy = 0 if 1 < 0, because none of the
functions depend on the configuration at any site x with 1 < 0. Let b be a bond that
does not intersect the infinite strip Boo = {y = (y1,---,v4) : 0 < y1 < ¢}, as well as
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the site x. Then Tyhr — 0, and o, commutes with Tp. Therefore Tyw® = 0. This
implies that w# can only depend on the conﬁguration in Beo U {z}. In particular for
y ¢ Boo U{x}, awa = 0. As a Glauber gradient oyw? = o,wf for all z,y and hence
we also have o,w# = 0 for such pairs  and y. It is easy to arrive at the following
conclusion: for each € Boo, wf depends only on the configuration in Bs. On the
other hand for x with 21 > ¢, w# can only depend on 7, and as a gradient must equal
c(x)(2ns — 1) for some constant c¢(z). Covariance in all directions except the first
coordinate means that ¢(z) is a function of the first coordinate only i.e ¢(x) = ¢(x1)
Step 3. If we denote by ¢Z the weak limit of 55 ’L, then

€ = Jim io(1 = 1) + (1 = )] (00 + 0 +0)( Y )|

—1<j<q
= hm [770(1 —1e) +ne(1 —no) |: Z T; 0€+J€1hL Z 7; U]eth
—1<5<q —1<j<q
) T}ffeﬂ‘eﬁL)]
—1<j<gq
[770(1 - 778) + 776(1 - 770 |: Z e ]51 Z T E+Jel
—1<j<gq —1<j<q

OS]

—1<j<gq

If w, is a Glauber gradient then

Wy = § TzWx+2z

2€%Z @

is a covariant Glauber gradient. If w, is covariant in all directions except the first, we

can redefine
S 1 .
Wy = g T; Wzt je
J

and get a covariant Glauber gradient. Let us define a new Glauber gradient
OB = wB —c(x1)(2n: — 1)

where c(x1) is defined in Step 2 for x1 > ¢ and is taken to be 0 otherwise. Then
—B _ ~B
=D TR,
J

is a covariant Glauber gradient and so can be approximated by exact Glauber gradients
according to Theorem 9.2. Therefore the Kawasaki gradient

—B _ B, _

€ =m0l —1e) +ne(l —mo)l [0 +TF +T¢]

is covariant and can also be approximated by exact forms. We now calculate the
difference

68 & = [m(1 — ne) + ne(1 = )] o0 (uP ~TF) + (uP ~GF) + (07 ~ wF)
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where

= 2. Tl

—1<5<q

(.4)0 - ZT jel 2"7351 - 1)]
Z lew€B+j€1

—1<j<q

wé = ZT WB e, = Citbens 2etjer — 1))

A straight forward calculation reveals that uB = @ and if e # e; we also have
vB =GP, However if e = ey, vB — @8 = cj+1(2ne, — 1) and then £8 — Ei is seen to
equal ¢V, 1o, a multiple of the density gradient. This completes the proof of Theorem
9.2.

Proof of Lemma 9.4. By definition,

h(n=,¢) = Ex [ h|n.,¢ | = Z(1:2,¢) =1 Y h(n) exp[—H ()]
¢

where Z (12, () = >, exp[—H(&, 72, ()] is the partition function. Let

£= AvyeASL—R\AL+R§y

and denote E# [ £1ns, ¢ ] by p(nz,¢). From the definition of truncated correlation
function, we have h (7, () = B2(n:,¢) — B1(n2,¢) where

Bi(n:,¢) = p(n=, Q)1 EH [ h; §_|772,C ]
Ba(n2,¢) = p(nz, )~ Er [ hE|n.,( ]

Explicitly,

B2(0,¢) = p( L)Y EN(£,0,0) exp[—H(£,0,0)]
3

Replacing h(§,0,() by Avy &y h(oy€,1, (), we have B2(0,() = Bs + B4 where
Bs(¢) = p(0,¢)~Z(0,¢)~ ZAvy & [ h(€,0,¢) = h(0€,1,¢) Jexp[—H(&,0,()]

Bi(¢) = p(0,¢)~12(0,¢)~ ZAvysy (04€,1,) exp[—H(&,0,Q)]

(9.26)
By definition,

(& [ h(E0,0) — h(0y€,1,0) ] )® < (Teyh)(€,0,()?

Hence we can bound B3 by

Br | (Bs(Q)) | < CAv, Br [ (Teyh)()? ] (9.27)
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By changing the variable 0,{ — £, B4 equals to

Ba(¢) = p(0,0)~1Z(1,¢) 12 (Avy Fy) h(€,1,) Jexp[—H (&, 1,0)]
(9.28)

=p(0,¢)"tEH [ (Avy y)h |1,¢ ]

where Fy is the local function

Fy=eXp[H(§,1,C)—H(0yf70,§) ]

and Because the sites y and z are sufficiently apart G does not depend on y. By
definition of the corrected correlation function,

En[ (Avy Fy) R [1,¢] = Er [ (Avy Fy); h[1, ]+E"[(Avay)ILQ]E“[hIl(,C})
9.29
,C ], consider h independent of . From (9.26), B4(¢) =

1
29), Ba(C) = pl0,¢)~1E# | (Av, F,)|1,¢ [ h(1,0). Hence
] =1 and thus

To compute E+ [ (Avy Fy) |
h(1,¢). From (9.28) and (9.
p(0, Q) tEX[ (Avy Fy)|1,¢

Ba(C) = p(0,¢) 7 EH [ (Avy Fy) 5 h|1,¢ ]+ h(1,C)
We have thus proved that

E(OaC) 7E(17<) = 7B1(07C) + B3(<) + p(O’C)—lE# [ (Avy ) h | 1 C }

From the mixing assumption (9.18) the last term on the right hand side satisfies the
bound

B {Br [ (Av, Fy); h|1,¢ %)
< CE#{Br[(Av,Fy); (Av, ) |L (2} B{E#[?](1, O]}
< CL—4Er[h?]

Also, B; satisfies a similar bound. Together with (9.27), this concludes Lemma 9.4.

10. Mixing properties of grand canonical and canonical gibbs mea-
sures. Let us recall our basic mixing condition.

ASSUMPTION A. Let pp o, denote a Gibbs measure on A with boundary condition
w and chemical potential \. Denote the corresponding density by p = p(L, A\, w). Then
there are constants v1,v2 and v3 > R+ 1 such that for any two functions f and g with
supports Sy and Sy we have

|Exwalf;gll < mip(l — p) expl—y2 dist(Sy, Sg)]l[fllccllglloo (10.1)

provided that the diameters of Sy and Sy are bounded by v3. Note that the constants
are independent of the size L of the cube A, the value of A of the chemical potential
and the boundary condition w.

REMARK. The term p(1 — p) is effective only for densities p that are close to 0 or
1. The effect of L and w is minimal. In fact for any local interaction, by low density
cluster expansion, (10.1) is seen to be always satisfied provided || is sufficiently large.
The factor p(1 — p) in (10.1) is therefore available for free.

From this assumption, one immediately obtains the following lemma.
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LEMMA 10.1 There is a positive function C on Z such that the following holds.
Suppose w is a boundary conditions on N and z € ON. For any g in A,

[EawAlg] = Bno.walgll < C(1Sg]) expl—r2 dist(z, 59)]llglloo - (10.2)

where o,w denote the boundary condition obtained by changing the configuration at
the site z and |Sy| denotes the number of the sites in Sy.

Furthermore, there is a universal function C(|Sy|, |Sg|) such that (10.1) holds with
no restriction on the diameter of Sy or Sy provided that the constant 1 is replaced by
C(1541, 1)) -

We now sketch a proof of this lemma. By definition, |Ep o, 2[9] — Fa,o.w,2[g]| can
be estimated by correlation between g and a local function around the site z. Hence
(10.2) follows from (10.1) provided that the diameter of the support g is bounded by 3.
Next, we prove (10.1) if the diameter of Sy is bounded by 73. Let @ C A\ Sy be a cube
of size smaller than 2 dist(Sy, Sy) and containing S, such that dist(9€2\ 9A, Sy) >
dist(Sy, Sg) — 2. Then

EA,w,)\[f;g] = EA,w,/\ [ f ) EA,w,)\ [ g|77x7x eA \ Q ] }

Since the diameter of Sy is bounded by 73, we can apply the estimate (10.2). Hence
Enrwal 9|z, x € A\ Q] is independent of the boundary condition 7.,z € A\ Q, up
to exponentially small error. This proves (10.1). Repeating the argument in the
beginning of the sketch, we have (10.2) holds without restriction on the diameter
of the support Sy. It follows that (10.1) holds without restriction on Sy or Sy by
repeating the previous argument.

We now recall some of the notation that will be used in this section. We denote
by Az a cube of width 2L +1. The (grand canonical) Gibbs measure with the chemical
potential A and boundary condition w is denoted by pur . 1. If, instead of fixing the
chemical potential A\, we fix the number of particles N in Ap or equivalently the
density y = 7 = NL~% in A, the resulting canonical measure is denoted by gy . 4.
We denote by M = (2L + 1)¢ = |Ar|. Using the elementary Fourier analysis the
canonical measure (i, ., can be represented as

1 1 g
oy = — 1 — OM (7 — w 10.
nna = o [ epli001(1 - 1) Vs ao (103)
where
py=pLwx[N=y]. (10.4)

By definition, M7 is an integer and thus My has to be an integer for pr . 4 to be
meaningful. We shall always assume this to be the case. The chemical potential A is
usually chosen such that

Errwx[q]=y+o(l), (10.5)

where limsup;_, ., o(1) = 0. We shall make the choice of A so that the right hand side
is actually equal to y.

The boundary conditions will be fixed in this section and we will drop the sub-
script w. The main result of this section is the following Lemma.

LEMMA 10.1 Suppose A is a cube of width 2L + 1 centered at 0. Let the mixing
condition (10.1) hold.. Then for any s > 0, there is a constant Cs such that the
following estimate holds

supsup | E#tew[ng — ne] | < CoL—s (10.6)
w oy
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for any e > 0.

A version of Lemmas 10.1 was proved in [Y2] using expansion techniques in local
limit theorems, for s < 3/2. Our proof, although partly based on this approach, is
somewhat simpler and yields a stronger result in the special case considered here.
Since a local limit theorem is proved in [Y2], we have in particular

py = C(y)L=/2 (10.7)

under the mixing assumption (10.1) . Here the chemical potential A is chosen such
that (10.5) holds without the error term o(1) . We will need a lower bound that holds
uniformly in the range 1 — Le—4 > y > Le—d. Since, in principle, the lower bound
should get better at the edges we will provide a simple proof of a uniform version of
this estimate while proving Lemma 10.1 below.

Proof of Lemma 10.1. Case 1: 1 — Le=d >y > [e—d,
Step 1: Cutoff.

By definition, the expectation w.r.t. the canonical measure is given by

11 (7

FErr, —Ne)| =
v[(n0 = me)] Pl

Erex{(no—mne)exp [ i0M(77—y) |} do

We first prove that the contribution to the integral from the range {6 : |6] > L—9}
is exponentially small, provided 49 < €. Let I' be such that it contains 0 as well as
e, and for some positive constant ¢, A \ T consists of ¢M widely separated sites that
become independent when conditioned on I' U A§ . Since

(B { (0 = ne) exp [0 M (1 = )]} = B> { (om0~ n)exp [i0 3 ne]

z€AL
= [BErea{(no — ne)exp [i 6 Z 1z | EFroa { exp [i 0 Z Mot}
xel’ z€A\T
< sup |EFra{exp [i60 Z N}
e z€A\T
it is enough to prove that
| EHra { exp [i@ Z 773:}| < exp(—CL®) (10.8)

zeA\T

for the expectation with respect pr », the distribution obtained by conditioning on
the configuration in the domain I'. Let pL = E+r.a [7z]. Since the interaction between
71z and its neighbors is uniformly bounded for each fixed x, there is a constant C' such
that

; e
c1<? <o and 1< - Pr < ¢, (10.9)
y —y

where y is the total density. Note that this bound is independent of the shape of I'.
Since under pur, », {n:} are independent random variables one has

E”Fv*[exp[ Z 2'97795]] = H [pgew‘*‘(l—pg)]-

z€A\T zA\T



DIFFUSIVE LIMIT OF LATTICE GAS WITH MIXING CONDITIONS 673
For any 0 < a <1 and —7 < 6 < 7 we have the elementary bound
lae® +1 —al]2 =1 —2a(1 — a)(1 — cost) < exp(—a(l — a)h?).
We have thus proved
|Erex{(no—ne) exp [i0 M(ij—y)] }| < exp [-C—1Le=dcM L=20] = exp [—cC~t L==29]

Step 2. We can now assume that

0] < L (10.10)
Choose a cube I of width L® with « to be chosen depending on € and centered at 0.
Hence

EHLoA {(770 — 776) exp [’L 0 Z (nx - y)] }

wehs (10.11)
= EHLA { exp [2 0 Z (N2 — ZU)] U(n)}
zelc

where

U(n) = Brea[(no —ne) exp (10> (e — )| ne, @ € I¢]
xel

From the Taylor expansion and the bound (10.10) on 6 , for any integer ¢, we have

4
Un) = _Uj(n) + O(L~(+1)(0~da))

j=0
where
10)3
Ujn) = | -,) SBR[ (e —y) o (e —y)o—me) [ 16] (10.12)
J: zi€li=1,-j
We claim that
sup |Ui(n)| < Cexp[-L—F] (10.13)
n

for some > 0.

Step 8. We now prove this bound, e.g., for j = £. Given a box Ay, we pick an integer
v such that L > (¢ + 1)y and consider boxes A7 = {z : |z| < jv} for 1 < j < ¢, and
A+ = Ap. We have (£41) annuli of width at least 7. Given £ sites 1, - - -, z¢ at least
one annuli A; = A7\ AJ—1 is empty. Let us write the set of all possible configurations
as a disjoint union of Bi,---, Byy1 where Bj is all configurations with A; having no
points and each A; for ¢ > j having at least one site from among x1,---,z,. We fix
the boundary condition w and denote by

f‘f(l‘,l‘l, T ’xf) = ELw [(Tlr - y)(nil - ZJ) T (nxz - y)}

forx =0,e and z1,---,z¢ € Ap. Our goal is to estimate the sum

Aw,Ly= Y [fe( o, ) = f£0,21,- -, 20)]

Ty, T €EAL
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and show that it decays uniformly in w faster than a stretched exponential in L. It is
clearly sufficient to show that every j < /41

Aj(w, L) = Z [ff(1,1'17'-~,;v@)—ff(0,$1,-"71'g)]

Ty, T E€EB;

has the same property. The set B; has no sites in the jth annulus and can further be
split up in to £ + 1 sets depending on how many sites are inside and how many are
outside. We denote the infinite volume expectations by

fl@, 21, 20) = E[Nene, -+ |

If there are m inside sites y; - - -, ym and n outside variables 2z, -, 2z, with £ =m+n
and (z1,--,2¢) = (Y1, ,Ym, 21, "+, Zn), from the mixing conditions it follows that

ff(xaxlv"'vxf) _f('r7y1 vym)ff(zlaazﬂ«)

is exponentially small. Hence up to exponential small error we have

Aj(va)N Z [f(layl"'vym)_f(oayl"'7ym)] Z ff(zlf"’zn)

Y1, YmENj 1 21, ,2n EA\A;

Since the number of terms is only polynomial in L, it follows that our task can be
achieved if show that for every L the sum

A(L)Z Z [f(l,.%‘l,”-,xz)—f(O,Z‘l,'-',xg)]

x1,,xe€EAL

is exponentially small. We prove this by induction on ¢ and we use the completely
corrected correlation functions.

Recall that the definition of the completely corrected correlation function can be
defined inductively by

gr(@r, -+ wk) = felwr, - x1) = > g1a)(A)gp((B)
A,B

where A, B is a proper partition of the variables x1,-- -,z into two disjoint subsets
with A and B nonempty. It is well-known that under the mixing assumption A the
function g decays in all directions, i.e.,

|gk‘<x1, Ty mk))‘ S Ceiclziimj‘

for all 4, j. Since f is expressed in terms of g, it suffices to prove that A(L) is exponen-
tially small if f is replaced by gi for k < £+ 1. Since gg(x,x1,- -, zx) is exponentially
small unless |z;| < Le¢ for some € > 0, we can drop the restriction that z; € Ar, because
the added terms are exponentially small. But from the translational invariance of the
Gibbs state, we have

Z [gk(lvmlv"'vxk?)_gk(ovxlv'”axk):l =0

L1, Tk
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This concludes the proof.
Step 4. Lower bound.
Let y be given in the range 1 — Le—¢ > y > Le=d and A = A(L, y, w) be picked

to satisfy
E#A,A,w{M—l Z 7796} =y.
TEAL

Let find a set I' such that conditioning on I U A¢ makes {7, : € A\ I'} mutually
independent. The cardinality of A\ I" is about ¢M for some ¢ > 0. Let us denote
by nr and nre the number of particles in I" and I'¢ respectively and for x € I'c by
pL the conditional probability that 7, = 1, given the configuration in I' U A¢. By a
conditioning argument

pa,n w0l =y} = Eraone{pp x w{nre = My —np[L UA<}}

The quantity npe is a sum of independent Bernoulli random variables with expecta-
tions pL that satisfy cy < pt < Cy, one can easily derive the standard local limit
theorem that provides the lower bound

c (My —nr — pr(w))?
w c = M - F AC > -

KA, N, {nF Yy nr‘ U }4— UL(“O eXp[ 20%(w) ]

provided
(My —nr — pr(w))? < Coi(w)
where
prw)= > pk
z€A\T

and

of(w)= Y pb(1-ph)

zeA\T

Since 02 (w) ~ C' M y uniformly in w, it is sufficient to obtain a uniform lower bound

[N

parw{(My —nr — pr(w)2 < CyM} >

for some fixed C'. By our choice of A
prare{nr + pr(w)} = My
and by orthogonality
Braxe{(nr + pr(w) — My)?} < Braxe{M2(7 - y)?} < CMy

An application of Chbechev’s inequality completes the proof of Lemma 10.1 for the
case 1 — Le—d >y > [e—d,
Case 2. y < Le—d. [Case 8. y > 1 — L=~ is similar. ]

We will actually prove the much stronger assertion

FEHAyw [770 — 776] =0 (1014)
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which is of course a purely combinatorial fact. It is convenient to normalize the
energy H =3 _, H(7;n) by assuming that the local function H(n) is 0 for the
empty configuration. For any boundary condition w and particle density y = NL—4,
we define the canonical partition function

Zg = Y n(x)exp[H()]

n:N=y

and prove that for large enough L, Z§ = Z¢.

We shall construct a graph with vertices in Ay, connecting every site with a
particle to all the sites in a cube of width 2R+ 1 centered at the site with the particle.
Since the total number of particles is small, the cube will split up into several connected
clusters. each cluster has a protective layer of empty sites preventing any site outside
the union of all the clusters with interacting with any other site. Denoting the interior
clusters by C1, - - -, C, and the clusters that interact with the boundary by Dy ---, D,
the Hamiltonian takes the form

H(n)= Y H(Ci)+ Y Ho(Di)

0<i<q 0<i<p

The clusters are actually slightly more complicated animals, because one has to keep
in mind that inside each cluster there are some occupied sites and some empty sites.
We shall fix the boundary clusters, but translate the interior clusters by arbitrary
translations. For fixed C = C4,---,Cq, D1, -+, Dp we define

Z58 = Z exp [ Z H(712,C;) + Z H.(Ds)]

T1, 0 Tq Ay 0<i<q 0<i<p

where A, is the set of (21 --+,xzq) such that {75,C;,1 < i < ¢} and {D;,1 < j <p}
are all mutually disjoint and z € Ui<;<4Cs. It is clearly sufficient to prove that for
large L, and for any C and boundary condition w,

7€ = 7¢
Since the energy depends only on the class C it is sufficient to prove that
1A0] = |Ae]

This will be carried out by careful counting, using the inclusion exclusion formula.

First, we note that the number of particles in any cluster must be at least a fixed
fraction of its diameter. Since the total number of particles is of the order L& with
€ < 1, we can never connect any boundary cluster to the sites 0 or e by a chain of
overlapping clusters that are translates of C;. To simplify the notation let us think
of a graph G with p + ¢ vertices corresponding to C; and D;. We will have bonds
connecting two vertices that correspond to two different C’s or between C-vertex and
D-vertex but not between two D-vertices. A bond represents the intersection of the
corresponding clusters after arbitrary translations of the C’s. For each z = (21, -+, zq)
we have the corresponding collection of bonds I'(2). If z = (z1, - - -, x4) is to be counted
in Az, I'(2) must be empty and = € Ui<ij<q7s, Ci. Therefore

Ay =#{z :T(2) = 0,2 € Urcicgm, Ci} = Y #{z:T(2) =0,z € 7,,Cs}

1<i<q
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because x cannot belong to different C’s without creating an intersection. For each
summand

ALl = #{2:T(2) = 0,2 € 7,,C;}

by inclusion exclusion formula

AL = "(=1) Y #{z:T(z) DT,z € 7,Cs}

r T:T|=r
=Y YA
r T:T|=r

It is now a simple matter to complete the proof by establishing

A5 = 15"

for all 7 and I'. The bonds I' divide the graph G into connected components and the
vertex 4 is in some component Gg. Go cannot contain any of the D vertices due to
the absence of long chains. If we shift by e all the clusters that correspond to vertices
in G, this establishes a one to one map between AB’F and ALY, and we are done.
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