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Navier—Stokes Limit for a Thermal Stochastic
Lattice Gas
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We study a stochastic particle system on the lattice whose particles move freely
according to a simple exclusion process and change velocities during collisions
preserving energy and momentum. In the hydrodynamic limit, under diffusive
space-time scaling, the local velocity field u satisfies the incompressible Navier—
Stokes equation, while the temperature field 0 solves the heat equation with drift w.
The results are also extended to include a suitably resealed external force.

KEY WORDS: Stochastic particle systems; hydrodynamic limit; Navier—
Stokes equations.

1. INTRODUCTION AND RESULTS

In last few years a big development in the study of the hydrodynamical
limit of stochastic particle systems has been obtained thanks to the intro-
duction of new powerful probabilistic tools ([GPV], [Y1], [V]). In par-
ticular, the analysis of the simple exclusion process and related models
([X], [EMY1], [LOY1], [LOY2], [LY], [EMY3], [QY], [VY]) on
the diffusive space-time scale was made possible by the introduction of the
non-gradient method due to Varadhan [ V], which also permits to obtain
very clean variational formulas for the diffusion coefficients, providing
mathematical support to the classical heuristic Green—Kubo formulas.
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In this paper we consider the following model: particles of several
colors, labeled by vectors ve ¥ = R* are considered. The cardinality of ¥~
is finite and set to N. The particles of the color v move on the lattice Z>
according to the simple exclusion process, i.e., they can only jump, at inde-
pendent exponential times, to nearest neighbors (provided that the target
site in not already occupied by a particle of the same color) with rates such
that the drift is v. The vectors ve ¥ are called velocities of the particles.
The set of velocities 7~ is assumed invariant under rotations and permuta-
tions of the coordinate axes.

Particles change velocity during collisions: in sites where couples of
particles are present, they undergo collisions at exponential independent
times, subject to the only restriction that the total outgoing momentum
and energy equal the incoming ones.

Our model differs from the one introduced in [ EMY3] because in the
latter model velocities have all the same modulus so that the energy and
the mass coincide, while our model introduce two different species of par-
ticles corresponding to different kinetic energies, so that thermal effects in
the hydrodynamic equations can be obtained.

In [EMY3] and [ QY] space and time are rescaled diffusively with a
scale parameter ¢ and the local velocity is assumed of order ¢ (low Mach
numbers limit). If the space dimension d is greater or equal to three, under
some assumptions on the initial data, a law of large numbers is proved for
the mass and momentum density and the limiting fields satisfy an incom-
pressible Navier—Stokes type equation. For d =3 this becomes exactly the
Navier—Stokes equation for a suitable choice of the set of velocities 7.
Some anisotropy in the viscosity matrix is present, due to the lattice
structure.

The model we consider in this paper will show a similar behavior on
the diffusive scale, but, since the energy is non trivial, a heat equation is
also obtained in the scaling limit. The main problem for achieving this
result is to find a model with the local ergodic property which also
produces hydrodynamical equations of the usual form.

The simplest three dimensional example we were able to construct is
the following model where we have exactly two values of |v|: ¥V =770 75
with 7;7={(£1, £1, +1)} and 7;={(£1, +1+ @)}, up to permuta-
tions, with @ # 1. If @? is irrational it is possible to check (Proposition 2.1)
that the only invariants for this model are mass, momentum and energy.

The structure of the invariants allows to introduce the Gibbs states for
the system. Due to the absence of interactions between the particles, but for
the exclusion, they are product states parametrized by the chemical poten-
tials 4,, « =0,..., 4, conjugate to the conserved quantities. Let /,(x) denote
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the total mass in the site x, I;(x), for j=1,..., 3 the components of the total
momentum in x and /,(x) the total energy in x. Then a Gibbs state in the
finite box A is a measure whose density, with respect to the uniform dis-
tribution of the configurations, is given by

4
Z7V ] exp Y, Al (x)
=0

xeAd

with Z the normalization factor.

Because of the presence of a non trivial energy it is possible to intro-
duce for the system a notion of temperature. As usual when dealing with
models with a discrete set of velocities (see [C], [ED]), this can be done
in several ways. We will follow the rule of defining the temperature with the
help of the Gibbs states. The chemical potential associated to the energy,
A4, can be interpreted as the inverse of the temperature of the system and
we take this as definition of temperature. Since the velocities are discrete,
this temperature does not coincide with the variance of the velocity dis-
tribution. However, we remark that, since we will only consider deviations
of order ¢ of the temperature from a constant profile, in order to fulfill the
low Mach number assumption, the various possible definitions of tem-
perature coincide up to higher orders in ¢ and we can disregard the
ambiguity of the definition.

As usual (see [S], [EM], [EMY3]) a formal argument, based on the
local equilibrium assumption, can be given to guess the structure of the
limiting equations. The local equilibrium assumption means that the non
equilibrium distribution of the system is assumed to be close to a Gibbs
state with chemical potentials 42 slowly varying with x. We also assume
low Mach numbers, which corresponds to take

2E(x) =29 +eAP(ex) + 24P (ex),  a=0,..,4

with 2("”, 2% smooth functions of the macroscopic variables and (" =0
for j=1,..,3. We will call equilibrium measure the Gibbs measure with
parameters 1.

We assume the initial distribution of the system to be of local equilibrium
with chemical potentials satisfying the low Mach numbers assumption. We
prove that during the evolution, in the diffusive scaling the non equilibrium
distribution is close, in the sense of the relative entropy ([Y1], [OVY]) to
a local equilibrium, up to a time t such that there is a smooth solution to
the limiting equations
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divu=0

3
Oug+Vp+Ku-Vug=3 D, ;0%up (1.1)

a=1

a 3
5, T+ HuNT=3 A0.T

a=1

Here u;, j=1,.., 3 are the components of the velocity field, proportional to
the chemical potentials A{", 7' is the temperature, related to the chemical
potential A", p is the second order correction to the pressure, D the
viscosity, 2 the heat conductivity. K and H are two constants depending
only on the parameters of the equilibrium measure and on the set ¥ .
Finally the first correction to the density is related to the first correction to
the temperature 7 by the Boussinesq condition which ensure the constancy
of the pressure up to the second order.

About (1.1) we have several remarks: first we note that in general, as
in [EMY3], nonisotropic Euler terms are present in the limiting equations,
but we can get rid of them by an appropriate choices of w and of the
parameters of the equilibrium measure. Moreover, the constants K and H
have not a definite sign. Suitable choices of the temperature and density of
the equilibrium measure provide such a positivity (Proposition 2.2). We
also note that in the usual hydrodynamic equations K=1 and H = 1. This
is not the case in the present model. We can get rid of one of them by
rescaling time, but not of both. This is usual when dealing with discrete
velocity models ([ FHHLPR]). Finally, as in [EMY3], the diffusion
matrix is not completely isotropic. For similar phenomena in cellular
automata we refer to [FHHLPR]. Moreover, the contribution of the
asymmetric motion to the heat conductivity ¢ is given by a complicated
combination of diffusion coefficients which we cannot check to be positive
in general. This is due to the fact that the equation for the density in this
model contains a diffusive part arising from the exclusion process and, as
a consequence, the diffusion matrix has not the standard form. However, it
has still some symmetry properties as a consequence of time reversal
invariance, that we prove be true for this model. For zero inverse
temperature S the expression of #° becomes sufficiently simple to be con-
trollable. In the case f #0, the expression of #" becomes so involved that,
in order to ensure its positivity and hence well posedness of the initial value
problem associated to (1.1), we have to choose the symmetric part of the
exclusion process be suitably large.

Once the local ergodicity (Proposition 2.1) and positivity properties
(Proposition 2.2 and related remarks) are proved, above results are
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obtained via the entropy method and the non-gradient method already
used in [EMY3]. The entropy method requires some non trivial modifi-
cations in order to be extended to the present model to take into account
the extra conservation law and the extra corrections of order ¢ in the
initial datum, AJ"” and {". On the other hand the non gradient method
used in [EMY3] works without modifications also in this case since it is
based on the properties of the symmetric simple exclusion and on the fact
that the collision operator conserves only the quantities /,. The heuristics
and the proof of Propositions 2.1 and 2.2 are given in Section 2, after a
precise definition of the model. Section 3 is devoted to the entropy
method and Section 4 to the diffusion matrix. In particular, we give the
expression for the diffusion matrix and prove that the Green—-Kubo for-
mulas for this model are not only formal, but rigorously equivalent to
that expression.

To conclude, we mention that hydrodynamical equations, especially in
the presence of thermal phenomena, are particularly interesting when an
external force F is present. The Benard problem of the motion of a fluid in
a slab heated from below in a gravitational field is a typical example where
convective instabilities arise. For this reason in Section 5 we propose a
method to get hydrodynamical equations containing a force. This requires
some care because we are dealing with discrete velocity models, where the
notion of acceleration is not well defined. We simulate the presence of a
force by adding to our model a birth and death process, organized in such
a way that the mass and energy conservation still hold, but during the
process a change of momentum proportional to the force is provided to the
system. This new process introduces extra difficulties because the equi-
librium measure we consider in the absence of force is no more invariant
under the full process, including the force. Therefore the relative entropy
w.r.t. the equilibrium measure is no more decreasing in time and the main
problem to adapt the entropy method to include this processes is to get an
a priori bound on the entropy production. In fact, this kind of bounds are
essential to apply the method.

The method we use to deal with the birth and death process is of per-
turbative type and seems to be useful in rather general situations, provided
that rate of birth and death is sufficiently small. Fortunately, this is the case
in the low Mach number limit, where we have to rescale the force as ¢3F
so that the generator of this new process is slowed down as &°. In this way
we prove the convergence to equations of the form (1.1) with the second
of them replaced by

3
5,up+Vp+KuVuﬁ= Z Da’ﬁaiu'g“‘Fﬁ (12)

a=1
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The force that enters in the Benard problem is conservative and to get
the right hydrodynamical equations for this case one has to rescale the
force as &2F. This scaling is borderline because the symmetric part of the
birth-death process appears in the limiting equation in the form of an addi-
tional viscous force. At the moment we do not know how to avoid this
term, which would destroy the convective instabilities arising in the classi-
cal Benard problem. Moreover, this kind of phenomena are driven by the
presence of a boundary. The problem of including boundary conditions in
the set up of entropy and non-gradient methods is still open and we plan
to discuss it in a future paper.

2. MODEL AND HEURISTICS

2.1. Description of the Model and Notations

Particles evolve on the sublattice A, ={—L,.., L}* with periodic
boundary conditions. We call ¢ = L~!. Each particle has a velocity ve ¥,
where 7~ is a finite subset of R¢ which is invariant under any coordinate
permutation (IP) and invariant under reflexions (IR) with respect to the
orthogonal planes of the coordinate vectors e;, i = 1,..., 3 with components

(ei)j=5 (2.1)

LJ
We define 2 ={ +e,,i=1...,3} as the set of the 6 different directions for
moving on the lattice.

The kinetic energy of a particle with velocity v is |v|?/2, where |-|
denotes the Fuclidean norm on R®. In our case the particles can have
different energies.

On each site of the lattice there is at most one particle with a given
velocity. The integer #7(x, v)e {0, 1} denotes the number of particles on
x € A, with the velocity ve 7, n,={n(x,v),ve 7"} and Q is the set of all
the configurations 7= {n,, xe A,}.

Infinitesimal Generators. The dynamics of the particles is driven
by jumps and collisions: we consider on 2 the generator ¥ defined as

P =gy e (22)

Since there is only hard core interaction between the particles with the
same velocities, the operator #* is the generator of the exclusion process
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for particles with different colors (here velocities): for any function f on Q
and any configuration e Q

Lo=3 Y > plx,x+e v, f(g> o) —fn)]  (2.3)

ve?V eeP xeZ3

The configuration #™** %" is obtained from # by exchanging the number
of particles with velocity v on x and x +e

n(y,v) if z=x and w=v
7>z, w) =< n(x, v) if z=y and w=v (2.4)
n(z, w) otherwise

The jump rate p(x, x +e, v, ) is defined by
plx, x+e v,)=n(x,v) ple,v) (2.5)

and the intensity p(e, v) is such that the mean displacement of a particle
with velocity v is

Y ple,v)e=v (2.6)
eeD
It is given by
ple,v)=yx+ze-v (2.7)

where the constant y is chosen large enough to prevent the rate from being
negative (e.g., 2y >max{|v|,ve7"}).

Two body collisions between particles are allowed provided that the
momentum and the kinetic energy are conserved and provided the exclu-
sion rule is preserved. A collision between two particles with incoming
velocities v, w and outgoing velocities v, w' is denoted by the quadruple
qg=(v,w, v',w"). The set of allowed collisions is therefore

2={(v,w, v, w)e?V*v+w=0+w, [v]>+|w]>=V]*+ W|*} (2.8)

The operator #° is the generator of the collisions: for any function f on Q
and any configuration n € Q2

Lf=3 Y P QU9 —f(n)] (29)

xeZ3 ge2
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If g=(v, w, V', w'), the collision rate j(x, ¢) is defined as

p(x, q) = n(x, v) n(x, w)(1 —n(x, v'))(1 —n(x, w')) (2.10)

and #*? 1s the configuration resulting from # by the collision ¢ at site x
n g g n by q

0 if p(x,q)=1 and y=x and (u=voru=w)
ey, u)=<1 if p(x,q)=1and y=x and (u=v' oru=w')
n(y, u) otherwise (2.11)

Remark that denoting Q7 f() = f(#™9) — f(n), (2.9) can be rewritten as

Lefi=3 Y 0ifn) (2.12)

xeZz3 qge 2

For / < L, we call Q, the set of the particle configurations in the box
A,={—{,.,/}>=A;. We denote by %, the restriction of Z to A,. More
precisely %, = L+ £¢ where ¢ is obtained from £° considering only
collisions at sites x € 4, and £ is obtained from ¥ considering only the
jumps over bonds (x, x +e) <= 4,.

Conserved Quantities. The total mass, the total momentum and
the total energy at the site x are

Lo(n) =), nx,v) (2.13)

I(n,) = Z (v-e,) n(x,v), a=1,.,3 (2.14)
ve?v

Lny) =3 3lvl*n(x,v) (2.15)
ve?V

These quantities are conserved by the collision operator since
L5 g(ls(n,))1=0 for any function g on R, for any xed, and for
p=0...4.

Moreover, the jump operator ¢ conserves the total number of par-
ticles with a given velocity. So, defining Ny(17) =3, c 4, I5(n,) (B=0,..., 4),
for any function g

L[ g(Ng(n))]1=0 (2.16)
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We require the velocity set ¥~ to be such that N(n), f=0..., 4, are the
only quantities conserved by the dynamics. In other words the Markov
chain associated to %, on the set Q, ,, (meR®) of configurations €,
with Ny(n) =mg(2/ +1)°, f=0,..,4 should be ergodic. This property is
called local ergodicity (LE).

2.2. An Example of Velocity Set

In this subsection we provide an example of velocity set ¥~ satisfying
the conditions (IP), (IR), (LE) and (2.17) (see below) in the case d = 3.

The set ¥~ is made of two species of velocities with different energies.
The first species #; contain the following 8 velocities

(£1, +1, +1) (s1)
and the second species 75 contain 24 velocities given up to permutation by
(iw) ila il) (SZ)

where @ is a real different from + 1. We require for the moment that w has
to be irrational.

For reasons which will be explained in the heuristic derivation of the
Navier—Stokes equations (see Subsection 2.5 below), an extra assumption
is made on 7". Denoting by v,, a = 1,..., 3 the components of v, we suppose
that

Y hao(v)[vi— 303031 =0 (2.17)

with /1, is defined in (2.63), depending on some parameters r, § and @. One
can see that there are couple (r, ) such that w determined by (2.17) is irra-
tional and larger than 1. For example, for 0 =0, and for any r we get
w?=5 \/3

Local ergodicity

Proposition 2.1. The finite Markov chain associated to %, on
Q, ., me R’ is ergodic.

Proof. Let n and { in 2 be two configurations with the same total
mass, momentum and energy:

Ng(n) = Ng({), p=0,..,4 (2.18)
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We have to prove that # and { communicate (7 < (), i.e., using a sequence
of jumps and collisions one can transform # into ¢.

We denote by N (), a=1,.., 3, the number of particles in the con-
figuration # with velocity v such that v, = +1. We define in the same way
N Y(n), NF(n) and N "(n). We put 6f =f(n) — f({). We also denote by
n®, i=1,2, the configuration # restricted to the particles with velocity of
species ¥;, more precisely 77(x, v) =5(x, v) T¢oe s,y Where 1 is the indicator
function. We also put 9 = f(#?) — £(¢(D).

In [EMY3] (Theorem 3.3) it is proved that if d®N;=0 for f=0..., 3,
then #® « (),

Step 1. We first show that the result of [ EMY3] also holds for the
particles of the species 77: if 6'"N,=0 for #=0..., 3, then " < (V. By
assumption

SONF 4+ 6MNY and SONFT—0DINT=6DN, =0  (2.19)

so that VN =6MN 1 =0, for a = 1,..., 3. Therefore, on a given compo-
nent, the velocities of the particles in the configuration (" are obtained
from those of #'" by doing permutations. So it suffices to show that if the
velocities of the particles in ") are obtained from those of 7" exchanging
the coordinates in one component of two given velocities, then 7" « ),
Suppose that, for instance, the velocities of the particles are the same as
those of " except that 7" contains the two particles p; and p, with
velocities (1, a;, b;) and (—1, a,, b,) and (" contains the two particles p
and p, with velocities (—1,a;,b;) and (1, a,, b,). With a sequence of
jumps, one can move p, (or another particle in # with the same velocity)
to the same site as p,, then p; and p, can collide

(Lay,by)+(—1,a5,b5) > (—1,ay,by)+ (1, ay, b,) (2.20)

If we denote by 7! the new configuration, then 7 <> . Moreover the
particles in 7! have the same velocities as the particles in 'V, so using
only jumps 7V < (M, |

The proof of the local ergodicity will consist in showing that if # and
¢ satisfy (2.18), then there are two configurations 7 and { such that 7 < 7,
(e and for f=0,..,3, Nyi7?)=Ny(?). That is enough since from
(2.18), [EMY3] and Step 1, it would imply that both 5V« ¢ and
7#® (@ hold and therefore # < (.
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Step 2. We now prove that if # and ( satisfy (2.18), then No(y?) =
No(£?) for i=1, 2. From the conservation of mass and energy,

SONy+0@Ny=0 and  (@2+2) 6PN, +36VN,=0  (2.21)

and since w# +1 we get VN, =0PN,=0. |
Let 4,(n) =N, "'(n)— N '(n) and k,(7) =N ;"(n) — N ().

Step 3. We claim that if # and { satisfy (2.18), then k(1) =k, ({),
4(n) =4(¢) and moreover both 6/ and 6®/, are even, a=1,2,3. We
have N (n) =k, (n) @+ {(n). Since w is not a rational number, it results
from (2.18) that dk,=0 and 5V, + 6@/ =6/, =0. The second claim is
proven in the following way: since 6@ Ny=6P [N+ N1+ N+ N 7]
and from Step 2 6 N,=0 we have 6/, + 6k, =0 mod 2. Hence Jk, =0
implies 6%, =0mod 2 and since 5"/, = —5?7/,, we have also 5(1)/“—
Omod2. |

Step 4. Construction of 7 and (. Suppose that, for instance, there
are more velocities of species ¥, with + 1 in the a-th component for # than
for ¢

SONF 4 SON1>0 (2.22)

and suppose that Z,(5®) # 4,({®).

First case: Z,(n®) > £,({@).

Summing this inequality with (2.22), we obtain N (@) > N F1({@).
In particular, there is at least one particle in # with a velocity ve 75 such
that v, = + 1. By contradiction suppose that N '(n") =0, then

No(n™™) +4,(n®) = 4,(1) = 1,(0) = (L) + (L) < No(y V) + 4,(n®)
(2.23)

So there is at least one particle in # with a velocity we ¥ such that
w,= —1. Let 77 be a configuration obtained from # after jumps by a colli-
sion between two particles of species ¥; and 75, with incoming velocities
v and w and outgoing velocities v’ and w' given by v, = —1, w,= +1 and
vy =0y, wy=wj for f#a Then o7, (7)) =1y (2)) 2 and /4(7?) =
ty(n®) for f+#a.

Second case: Z,(7?) < £({@).

Then multiplying this inequality by —1 and adding (2.22), we get
N ' (n®)>N_'({?). With the same argument as in the first case (using
—1 instead of +1 and vice-versa), one can build a configuration 77 such
that & 77, £,(7®) =£,(n®) +2 and 4,(7®) = (4(n®) for f+#a.
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If the inequality (2.22) is reversed, then we modify { (instead of #) in
the same way. In any case, we obtain two configurations 7 and { such that
nei, (ol 14007) = 4(P)] = 140P) = 4(P)| =2 and 4(7?) -
10 EP) = 1) — 1,({?) for f#a.

Arguing as in the second part of Step 3, we iterate this procedure and
we repeat it for all the three components as far as we get two configura-
tions 77 and { such that # 7, (< and 4,(7®)=/4({?) for a=1,.., 3.
Since (2.18) still holds for 77 and (, it follows from Step 2 that N,(57") =
No({D) for i =1, 2. Moreover, from the first part of Step 3, Z(n) = 4,({) and
k() =k, (), so I(7")=I({?) for a=1,.,3and i=1,2. |

2.3. Gibbs States, Currents

Since the quantities 3 .. 4, I4(77,), f=0,..,4, are conserved by the
dynamics, the following grand ‘canonical measures are invariant for the
generator &

4
tram=Z, 11 exp{ > nﬂlﬁ(ﬂx)} (2.24)

xedy p=0

where n = (n,..., ny) €R®> and Z; , is a normalization constant. All these
measures are absolutely continuous with respect to the measure u; , 4
obtained by taking n=(r, 0, 0, 0, 0):

:uL,r,H(ﬂ) ZL r, 0 eXp{”Io(Wx)} + 014(]7):)} (225)

xedy
Notice that the collision generator .#° is symmetric with respect to u; ,,
but the jump generator #* is not. The adjoint operator #* of ¥ with

respect to u; , is then ¥* = " + #° where for any function f on Q and
any configuration 7

L =3 Y X prxte v f(gtTTren)—f(n)] (2.26)

veV eeP xeZ3

and

p¥(x,x+e v,n)=n(x,v)[x—1e-v] (2.27)
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If n(x) = (ny(x),..., ny(x)) are functions on A, we also call x; , the
measure with varying chemical potentials n

4

teAm=2g, |1 exp{ > ng(x) Iﬂ(’?x)} (2.28)
xedy p=0

Then the density of particles with velocity ve ¥ on site xe A, is

nO(x)+n <0+ 1/2 |v]? ny(x)

S(x, 0,n) = E¥to[n(x, v) ] =

(2.29)

1 +en0(x)+n v+1/2 |v|2n4(x)
where n(x) = (n;(x),..., n5(x)).

Currents. We denote by w?  the current in the direction e,

(x=1,..., 3), at site xe 4, for the conserved quantity I, (f=0,..., 4). They
are defined by

3
L14n,)] Z W (2.30)

where, if g is a function on A,
Vog(x)=(Vg)x—e,) and  V.g(x)=g(x+e,)—g(x)  (231)

Since the collision operator conserves the quantities I4(7,) for any xe 4,
there is no contribution to the currents coming from ¥°

Ln) 1 =L g0n5)] (2.32)

Similarly we define the currents w: -7 for the adjoint operator £*
L*[4(n,)] Z Vo (2.33)

The currents w,_,(v) and w} ,(v) related to the density of particles with
the velocity ve ¥~ for the asymmetric simple exclusions .Z°* and #*" are
given by

3
Ln( Z . L Z Vowk (v)  (2.34)
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with
v al0)=3(ple,, v) + p(—e,, 1)) Von(x, v) +w®(v)
wk (v) =3(p(eq., v) + p(—e,, 0) Von(x, v) —wi?,(v) (2.35)
W (0) = (p(ey, V) — p(—e,, ) b, ()

In this formula p(e,, v) is the intensity of the jump in the direction e,
(see (2.5)) and

b o(v) =n(x + 5, v) n(x, v) = 3(n(x + €;) +7(x, v)) (2.36)

Remark that from (2.7)

2(plea, v)+p(—e,,v))=yx  and  ple,, v)—p(—e,v)=e,-v (2.37)

Using (2.32), we can now compute the currents related to the con-
served quantities for the generator .. They can be written as a sum of a
symmetric part and an antisymmetric part. For a=1,..,3 and f=0...., 4

wh =1 Vadgn,) +wr? (2.38)

the asymmetric mass current is

w@ 0= 3 w@ ()= 3 (ex-v) b, (V) (2.39)

veV ve?

the asymmetric momentum current is, for a, f=1,..., 3

W= (ep-0) w(v)= 3 (eq-v)(ep-0) by o(v) (2.40)

veV vey
and the asymmetric energy current is, for a =1,..., 3
wt= Y sllP w0 =Y (e 0)|0* by o(v) (241)
veV vey

In the same way the currents associated to the adjoint operator #*
are given by

Wil =x Voly(in) —w/ (242)

with a=1,...,3 and f=0...., 4.



Thermal Stochastic Lattice Gas 667

Time Reversal Invariance. Define for any configuration # the
configuration Sz as

ST’]= {”(X, _U)> XEALa UEV}

Define the operator S that flip the velocities acting on functions of #
as

Sf(n) = 1(Sn)
We claim that
LS=8S¢* (2.43)
This is equivalent to show that

£S=—-S%

as

LS=2.S8

where %, and %, are the antisymmetric and symmetric part of the gener-
ator &.
This property is easily seen by direct inspection

(&SN =Y Y X (e-0)nlx o) f((Sy)™**")—f(Sn)]

ve?V eePD xeZ3

(SLTNHm)= % X X (e-v)Splx, v)[[(St)=*+=")—f(Sn)]

veV eePD xeZ3

=Y 2 X (ev)nlx, —o)[AU(S)**T=7") — f(Sn)]

ve? eeP xeZ?

== X X2 eumxuolf(Sy ) —f(Sn)]

veV ecPD xeZ3

We have used that
[S(r=*T")](z, w) = (Sp)™* T4 7" (z, w) (2.44)
In fact,

(S 1(z, w) = (™7 ")(z, —w)
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and

(S’Y)X,X‘Fe, —v (Z, }1})

(Sy)(x+e, —v)=n(x+e, ) if z=x and w=—v
=< (Sy)(x, —v)=n5(x, v) if z=x+eand w=—v (2.45)
(Sn)(z, w)=n(z, —w) otherwise

By comparison of (2.45) with

n(x+e,v) if z=x and —w=v
pexter(z, —w)=<n(x, v) if z=x+eand —w=v
n(z, —w) otherwise

we get
(5% (2, —w) = (Sp)™ +0 7 (2, w)

and then (2.44).

It is obvious that % commute with S. It is also true that .¥° com-
mute with S. In fact, if in a site x there is a collision with ingoing velocities
v;, v, and outgoing v}, v5 the collision with reversed velocities is still
admissible since conserve momentum and energy.

The property (2.43) says that the dynamics is invariant under time
reversal.

Hydrodynamical Equations on the Euler Scale. We start the
process from the local measure (2.28) with chemical potentials n(ex, 0)
slowly varying in space. Then we look at the system on Euler time scale,
that is we consider the generator ¢ ~'.% instead of .#. We denote by f, the
density of the process at time ¢ with respect to the reference measure u; , 4.
The microscopic conservation laws imply that for any smooth test function
J on the torus and for f=0,..., 4

3

Y M) E )] =Y Y Jex) Vo Bl ] (246)

x oa=1

We assume that the measure f,u; , o is well approximated by the local
equilibrium measure with chemical potentials 7,(x) = (A4(ex, ?),..., A4(eX, £)).
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Then the macroscopic quantities corresponding to the conserved quantities
I, are the mass density p

plex, )= E*enl I(n)]1= Y, f(x,v.n,) (247)

ve?”

the momentum density u, for f=1.,..., 3

uglex, 1) = E*tnl[I(n)]= ) (ez-v) f(x,v,n,) (2.48)

ve?y
and the energy density
2 U _ 1 2 7
é((;‘x, t) _E L "t[14(77x)] - Z 2 |U| f(xa Ua nt) (249)
ve?”

The macroscopic currents, for a = 1,...,, 3, are the mass current

Julex, 1) = E*en[wl J=x Veplex, 1)— ), (e, v) h(x,v,n,) (2.50)

ve?

where
h(x’ U’ nt) = f(xs U, nt) _.fz(-xa U’ nt) (251)
the stress tensor

T, plex, 1) =E"L,"z[w£,a] =y Vauglex, t) — Z (ex-v)(eg-v) h(x, v, n,)
ver (2.52)

and the energy current

golex, t) = E'mnwy J=y V,8(ex, 1) — 3 3le,-v) [v]* h(x,v,n,)  (2.53)

ve?

From the conservation laws (2.46), we obtain the following
hydrodynamical equations

a 3
ap+a§16a]a: 0

P 3
auﬁ—i- Y. 07y 5=0 (2.54)
a=1
a 3
—& 0,g,= 0
Py +El 28a
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where 0, is the partial derivative with respect to the macroscopic coor-
dinate z,,.

2.4. Formal Derivation of the Navier-Stokes Equations

We now consider the incompressible limit: first we choose as initial
state the equilibrium measure (2.28) with chemical potential n(x)=
(nO(x)a---a n4(x)) given by

ng(x) =29 +e2D(ex) + 24P (ex) (2.55)

where 4§, A% are smooth periodic functions and where A%’ =rd; ,+
064 4. We consider a diffusive scaling, that is % is replaced by ¢ ~>.#. Then
the conservation laws (2.46) become

3
%63ZJ(sx)Eff"Lmﬁ[I,,(nx)]=£Z Y, Jex) Vo Efterowh ] (2.56)

x a=1

where f,u; . o is the law of the process at time 7.

On this time scale the local equilibrium is not enough and some
correction to the local equilibrium is needed. The form of this correction
can be guessed by ¢-expansion arguments as in [ EM ] and will give rise to
the dissipative term in the limiting equations not coming from the sym-
metric part of the exclusion process. The diffusion coefficients are given by
expressions like the Green—Kubo formulas. We do not give here the explicit
expression of the correction, that we call R and is of order &2, because it
will be given in the entropy argument in the next section. In conclusion we
assume that the non-equilibrium measure is well approximated by the
measure with chemical potentials n(x, ) given by

ng(x, 1) =20 +edP(ex, 1) + AP (ex, 1), p=0,.,4 (2.57)

and a correction of order ¢2 In this case the density of particles f(x, v, n,)
(see (2.29)) with velocity ve¥” on site x€ A, at time ¢ has the following
Taylor expansion

Jo+efil 267 + 20 v+ 30| 24V 1(ex, 1)
+HL[AP + AP v+ 5 [v]* AP 1(ex, 1)
+E2LLAM 02+ (2602 + 5 ol* (259)?

F202D . 0) 20 + (AW . p) 4D + 02 AV IO (ex, 1) +0(e2)  (2.58)
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where A= (A{,..., 2{’) and

r+ 0(|v|%/2) 7+ 0(|v]%/2)

e
1 + " +0U01/2)°

e
(1+ er+9(|v|2/2))2

Jo= fi= =foll—=fo)  (2.59)

fi=f> and fo=17(1—fo)(1—=2f,). Here and below o(¢*) and O(c¥)
denote quantities going to 0 faster than &* and as &* respectively.

For any function & on #~, we let <h) =>",_, h(v) and we denote by
N =<1 the cardinality of ¥". Remark that since 7~ satisfies (IR) the iden-
tity {1-v» =0 holds for any vector in R? Then using (2.47), (2.48) and
(2.49), the mass, momentum and energy densities have the following first
order Taylor expansions

plex, t)=p@ +epW(ex, t) +o(e)
uglex, 1) =eulP(ex, 1)+ o(e),  f=1,.,3 (2.60)
Eex, 1) =8 +e6W(ex, t) +o(e)
where p©@ = (1>, 6V =1 f, [v|*> and
p V=S 250+ 5 S vl ALY
WP =102y A0, p=1,3 (2.61)
W =3 S w2 20 + 5 f ol 250
The second order Taylor expansion of A(x, v, n,) (see (2.51)) is
ho+eh [ASY + A v+ 1 [0]2 AP T(ex, 1)
+ [ AP + 2P v+ 5 [v]* AP T (ex, 1)
+ [ (21 0)? + (A7 + ¢ [v]* (A0
2020 0) A0 4 (2D 0) [0]2 20 + o2 A0 A0 (ex, 1) + 0(6?)  (2.62)

where

ho = f1=fo(l1—fo)
h1=h2=f1(1_2f0) (2-63)

hy=3fo(1 = fo)(1 = 2fo)(1 — 6fo(1 — £o))

From (2.50), (2.52) and (2.53), we can compute the second order
Taylor expansions of the mass current, the stress tensor and energy current.
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There is also the second order in ¢ contribution coming from the correction
R to the equilibrium measure. These terms are combination of gradients of
the conserved quantities with suitable constant coefficients, which are
indeed the diffusion coefficients D‘;‘:g, o f=0,.,4, p,0=1,2,3. Their
properties are discussed in Section 4. Call D=yl + D.

Jalex, 1) =ex Vop(ex, t) —egj Dlex, 1) — % Pex;, 1)
+eé Z Vs[ Dy op+ Dy 31+ 0(e)
Ty, glex, t) =gy Vauﬁ(ex, 1) —n—enUylex, 1) —?nylex, 1)
3
Y DEiVsu,+o(e?), p=1,.3
B,o=1
guex, t) =gy V,6(ex, t) —egM(ex, 1) — g P(ex, 1)
3
+e ) Vi Dr%p+Dyi6E]+o0(e?) (2.64)
=1
Using the (IP) and (IR) properties of the velocity set #~, we get for
a=1,.,3
SO =4 ol A
JO =50 [0 A2 42Dy [0 AP A + Chy [0]*> 200 280]

n =04 53<ho [0]%)
10y = 0, g3y [012) A0 + 1<hy Jo]*y AT
12 =0, 53 Cha 102> A8 + 5y [o]*) AP T+ Chpv,vp(v - 2D)2)
+ 00 g 3[R [012 Y (A8D)2 + 5y (0] S (A2 + Chy 0]y 20240
(1)_1<h |v| >A(1)
gD =L[3hy [u]*) 22 + Chy [0]*y 2D AD + Chy 0] 20 ADT (265)

a

Therefore, up to a term o,(1), the conservation laws (2.56) with (2.60) give
rise to

3,pM = —e g div AV — 2D . V[ Ao AL + BeiP] — C, div A?

3 3
+ Y [r+D%0102pM+ ¥ Do4a2em (2.66)

a=1 a=1
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where div 1P =3%2_,0,20, if J is a smooth function on R3? VJ=
(01,..., 05J) and

“0:%<h1 |U|2>a A0:%<Ez |U|2>a B():%U;z |U|4>
and
Co=3<hy [0|*> (2.67)

n (2.66) we have used the property (4.13) of the matrix D stated in
Theorem 4.5. The momentum density satisfies the PDE (up to a term

0,(1))

3
6,u531)=— lﬁﬁ[a1}<l)+bli(1)] 0pp — Alaﬁ((l“) z 2o, /1(1)
3 j—
+ Y Ax+DEIIu) (2.68)
a,y=1
where

ay=5<h 1017y, b=l fol*y, Ay = (ho(v]—30703))
and
B, =2 hyv?v? (2.69)
and the pressure p is defined by
p=5<hy [01?> 28 + §<Chy [0]*) AP + 5 <A (012D (A60) + 5. Chy [0] €5 (A50)?
+ 5y [0]?) 260280 + Chyotody |2V (2.70)
The energy equation is

0,6W = —¢lay div 2V — iV . V[ 4,40 + B, ] — C, div 4@

3 3
+ Y [x+D%4126W+ Y DE092p™ (2.71)
X o, o a o, o

a=1 a=1

with

a2=é<h1 lv]*>, A2=%<Ez [v]*), 32=%<52 v ®>
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and
Cy=§<hy Jo]*) (2.72)

We have to choose the chemical potentials AV such that the terms of
order ¢! vanish in (2.66), (2.68) and (2.71), that is

3
div i =Y 9,40 =0 (2.73)

a=1

and
Chy oy A0+ 3Chy [v]*y 44D = const (2.74)

From a physical point of view, this last condition can be derived from
the Boussinesq condition (BC): the first order term in the Taylor expansion
of the pressure, that is the diagonal part of the stress tensor, is constant.

Now we can derive the Navier-Stokes equations. We choose r, 6 and
w irrational in such a way that the coefficient in front of the unusual term
95(AM)?) in (2.68) vanishes. For example, 0 =0 and @°=35 ﬁ for any r
satisfy 4, =0 (see (2.69)). Moreover from (2.61), we have { f; [v|*) A{) =
3ul’, so using (2.73) and (2.74), the momentum equation (2.68) becomes

divuV=0
3 (2.75)
QP +,p+ KuV VUl = Y DF7 a2y
a,y=1
where
<U%U§}Ez>
K=18 ——% (2.76)
Chg 0]?)?
and
Da,ﬁ:Bl+B25o¢,ﬂ (2.77)

(see (4.12)).

The equation corresponding to the energy conservation law is usually
written as an equation for the temperature. For a real particle system the
temperature is the inverse of the coefficient f in front of the Hamiltonian
in the Gibbs measure. Hence it coincides with the variance of the velocity
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distribution, which is in this case a Gaussian. For models with discrete
velocities that is no longer true, and the right choice as explained in [ ED],
[C] is the first one. In our notation

T=.;"!
As a consequence the internal energy is in general a complicated non linear

function of T. Nevertheless, the first correction to the temperature 7,
defined as T=T® + T 4 O(&?), is easily find as

1
7MW = ,@,{5‘1)

where 0= 1 is the main term in the Taylor expansion of A,. Hence both
pM and &Y are affine functions of 7

0*d
D=l hpd +— >t TD
g ° T2y ol
, . (2.78)
@@(1):0 <h0 |U| >+ 9 @2 (1)
2 4<hy [0]*)

where ¢ =const/({h, |v|?>>) and const stands for the constant appearing in
the Boussinesq condition (2.74) and

D=l |U|4><ho> — <y |U|2><ho |U|2>

(2.79)
Dy = hg |o]*) iy o] = Chy [ol*) Chg 07D
Notice that 7'V can be written in terms of p* and &V as
(1) 2 2 (1) o (1)
T =02—¢_)(<h0 [o|*> p =2 oy &) (2.80)
with
D= hg [v]*> gy — Chg [0]?2 (2.81)

this expression suggests to consider the conserved quantity I}, which is a
linear combination of the others given by

2
L= oz (Cho 1012 To=2Cho) 1) (282)
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such that E#tn[I,] = Ap+ T + O(&?), where the constant is

2
Ari=755 (Cho 012> fo> —2{ho><{ fo [v]*>)

Then (2.71) (by eliminating the term div 2®) and (2.78) give the equa-

tion for the temperature

ot
where

@1 —

A, (CDga— Do)+

= +7
AT P, 1 CD,

1w, -2y,
H=
Cho [o?y @, + CD,

with

¥y =Chy 0]y o))
l*”2:<}_12 |U|4><h1 |U|2>

1 ol
=22, o

@, + CP,

3
[ TO 4+ Hy» VT = Y #,(2TD)
a=1

Pr (D4 YY)

— Chy [ *y Chy o]*)
_<Ez |U|2><h1 |U|4>

(2.83)

(2.84)

(2.85)

(2.86)

Moreover, the term div A® in (2.71) is determined, by using also (2.66), in
terms of the A(!”s and their derivatives as

—(Co+ Cy) div 4@

3
=0(p+60) = ¥

[Eﬁ,o azp(l) +55’452£’(1))]

1 6=0,4

+ 2. V[(4g+4,) 20+ (By+ B,) 2]

(2.87)

The Navier-Stokes equations (2.75) and (2.83) differ in many aspects
from the usual ones. First of all the coefficient K in (2.75) is different from 1.
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This is a minor point since it can be eliminated by scaling the time, but
it has to be positive. For example, we can choose » >0 in (2.59) so that
So(|v]) >3 for any ve ¥~ which implies 1 —2f,<0 and if foe(1/2,z), z=
(3 +\/§)/6 so that 1 —6f,(1 —f;,) <0, we get for h, in (2.63)

hy =3 fo(1 = fo)(1 =2f6)(1 = 6fo(1 — f5)) > 0

One possible choice is re[1/2, 7], F=log z/(1 —z), 0=0, @*=5 \/g
Moreover, the viscosity is determined by two different constants,
namely is anisotropic as in all the known cellular automata models. In par-
ticular, the model in [ EMY3] has the same lack of isotropy.
In the equation for the temperature the constant H is different from 1
and we cannot use time scaling again to get rid of it. Moreover, its
positivity is not evident and has to be checked.

Proposition 2.2 (Positivity properties of the coefficients).
The inequality @, >0 holds. If f, > 5, then @, <0 and ¥, <0. If moreover

foell, (3+f/6] then ¥, <0.
Proof. We start by @,
&, =< |U|4><ho> — <y |U|2><h0 [v]?>
=2 ho(v) ho(v') b(v') [0'[? [[0]* — [v']?]

=3 2. ho(v) ho(v")[b(v") [v']* = b(v) [v]*T[ 0] — [v'|*]

UU

where b(v) =2fy(v) —1>0 (for f,>3). Therefore |v|? b(v) is an increasing
function of v and we get that @, <0.
We now examine @,.

D, =<hy |U|4><h102> — <y |U|4><h0 |U|2>
Z ho v)[b(v) = b(v")] [v]* |v']|?

= Z hof v)[b(v) — bW )T Jwl* —[v'[2] '] |vl?

Since b(v) is an increasing function of |v|, @, is positive.
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Now we study ¥, and ¥,.
= <}_12 |U|6><h1 [v]*> —<}_12 |U|4><h1 [v]*>
= Z hy(v) Iy (V') g(v) [o]* 0|2 []o]* — |v']?]

=3 Z hi( D12 ol [lol® g(v) — [v']* g(0) I [v]* = [v'[?]

where g(v) =1—6fy(1 — f,). We have that g(v) <0 if foe[3, (3 +\/§)/6],
so that by choosing suitable r we get g(v) <0. On the other hand g(v) is
increasing since

d([v]) = d([v']) = [follv]) = fo(l"DILSolv]) + fo([v']) = 11> 0

for |v| > |v'| and f,> . Hence ¥, <0.
The constant ¥, is dealed with in a analogous way.

Wy =y Jol*) Chy ol — Chy (0] Chy o] *
=3 Z I o)L g(lvl) —g(l' DI Ivl* —[v']?]

Hence ¥,>0. |

Finally we remark that, since f,(v) is independent of v at 8 =0, @, and
¥, vanish at §=0. Moreover it is easy to see that @, <0 and ¥, <0 at
6=0 (and re(0, 7)), so that we have also H > 0. By continuity arguments
H remains positive for small §. We recall here that, with this choice for r
and 6, h,>0 so that also the coefficient K in the momentum equation is
positive.

The last remark is about the conductivity. We observe that for f=0
we have that

@220

where @ is the 4 x 4 compressibility matrix defined in (4.9). Hence we can
rewrite 4" as
_ @ 02}
A = @—1 04| __ *1 @—ID o0___ T2 @—ID 0,4
L= (O o (O D (0 D)

where again @ is defined in (4.9).

We prove in Section 4 that (@ ~'D) is non negative as a quadratic
form and symmetric. This implies that the diagonal elements are non
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negative. Therefore, for =0 we have # — y > 0. Were we able to prove
the strict positivity of (@ ~!'D), then for f# 0 but small by continuity in f3
of the diffusion matrix [LOY2] the difference # —y would remain
positive.

We write for future use the equations for the chemical potentials A{",
a=0,..., 4 associated to the Navier—Stokes equations (2.75) and (2.83):
20 =W, 20, A8 and p’ = p(3/<{hy |v]*)) are solutions of

diviV=0

3
2N +0,p' + KAV VD= D022, p=1.,3 (288)

a 3
o At HAO VI = 5 A 030

a=1

where

¢ Shavivd) oy S Po)
_6<h0 BB and H'=H 3

A, are defined in (2.84) and (2.85).

Moreover A4 is determined by the Boussinesq condition (2.74), A® is
chosen such that (2.87) is valid and finally, (> and A{? are taken such that
the pressure p defined by (2.70) satisfies 3p = {hq |v]*> p'.

We can now state the main theorem of the paper

(2.89)

Theorem 2.3. Consider the velocity set ¥~ in Section 2.2 and
assume that it satisfies (2.17). Let u'V(z, 1), T!(z, 1), te[0, t5], 1,>0 be
any smooth classical solution of the equations (2.75) and (2.83), with D,’s
and .#,’s given by (4.11) and (2.84). We start the process #,(x, v) with gen-
erator ¢ > from the measure 4, _, defined in (2.28), with chemical poten-
tials n,(x) of the form (2.55), satisfying (2.73) and (2.74). We define the
mass, momentum, energy and temperature empirical fields as

vo(z, )= ). Oz —ex)(Lo(n.(1) = {fo))

vi(z, 1)=& Y 0z —ex) Ig(n,(1)), p=1,.3
S (2.90)
vi(z, 1) =¢> ). 0(z —ex)(Lu(n,(2)) — { fo [0]*D)
xedy

(Mi(z )= ) o(z—ex)(Ly(n.(1)) — A7)

xedy
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Then (vq(z, t),..., v5(z, t)) and (v')4(z, t) converge, for ¢<t¢,, weakly in
probability to u'"(z, 1) dz and TV dz. Moreover vi(z, ¢) and vi(z, ) con-
verge to p(z, t) dz and £z, t) dz, related to TV by (2.78).

Remark. 1Tt is well known that smooth classical solutions of the
incompressible Navier—Stokes equation do exist at least locally in time for
general initial data and globally in time for a suitable class of initial data.
We refer the reader to the book [La]. Given such a solution, the existence
of a smooth classical solution of the equation for the temperature follows
from general theorems for parabolic equations ([ Fr]).

3. ENTROPY

Let f, be the density with respect to the reference measure x; , 4, of the
process 77,(x, v) with generator ¢ 2 initially distributed with g, , where
the chemical potentials n = (n,,..., n,) satisfy

ng(x) =29 +e2(ex) + 24P (ex) (3.1)

with A9 =rd, o+ 00, 4. The density with respect to u; , 4 describing the
local equilibrium up to the second order in ¢ is

Y.=Z; exp{ Y Z Yex, 1) +eA P (ex, t))I,;(nx)} (3.2)
xed; =0
This density is not suitable to describe the behavior of the system on the
diffusive scale because the local equilibrium is not conserved in time. We
need to consider a modified density including a suitable correction to the
local equilibrium.
Given local functions F%, we define

3 4

Dn)=— Y Y Y O hgex, t) (D1, FE), (3.3)

xed; a=1 g=0

where @ is some approximation of identity which will be defined later (see
(3.17)) and * means convolution on the lattice Z3.
We now modify the ¥, with second order terms given by (3.3):

¢t=Z;;exp{ > Z (A5 * D)(ex, 1) + (AP * d)(ex, 1))

xed; =0
<1yl + 00| (34)

where Z; , is the normalization constant.
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3.1. Assumptions on the Chemical Potentials

We choose the chemical potentials A (x, 7), f=1,..,4 in (3.1), with
initial values A{’(x), as smooth solutions of the equations (2.88) and
0(x, t) determined by the Boussinesq condition (2.74). Moreover we
require that 2{7(x) satisfy (2.71) with p = ({hq [v]*»/3) p’ and (2.87).

We will show that the non-equilibrium density £, is near to the density
¥, in the sense of the relative entropy. If / and g are two densities with
respect to sy, ¢, the specific relative entropy of f'and g is

S(f1g)=E {flog ﬂ (3.5)

where ET -] denotes the expectation with respect to u; . ,. When g=1, we
simply denote s(f|1) by s(f).
The main result of this section is the following

Theorem 3.1. Consider the density ¥}
P —ZLnexp{ Y Zﬂ(”sxt}
xed; p=0

and let the assumptions on the chemical potentials above fulfilled. Then the
specific relative entropy s(f, | ¥ ) satisfies

lim &~ 25(f,| ¥*) =0 (3.6)

e—>0
This result, together with the entropy inequality, is enough to con-

clude the proof of Theorem 2.2. We recall that the entropy inequality states
that for any random variable X and for any y>0

E/TX]< 67 S/ 18)+ log Eexp(rX)] (3.7)

Since ¥#* differs from ¥, by terms of order &> by Lemma 3.1 in
[EMY3] it is enough to prove that there are functions F ]’ such that

lim e=25(f,| ¥*)=0 (3.8)

e—>0
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3.2. An A Priori Bound on Entropy

Since the reference measure u; , 4 is invariant under the dynamics, the
entropy s(f,) is a non increasing function of z. Moreover, a simple com-
putation involving Taylor expansions shows that it is of order &> at time 0,
so that

V=0,  s(f)<ce (3.9)

where ¢ is a positive constant. More precisely, the time derivative of the
entropy is bounded above by the Dirichlet form:

d
U< —eeD s (V) (3.10)

where D, denotes the Dirichlet form of the process. It can be written as
D, (G)=D%(G)+ D5 (G) where DY is the Dirichlet form related to the
jump part of the generator and DjL is related to the collision part. They are
given by

3
DG =Y ¥ ¥ x| VLGOI dur

xed; ve?V a=1 (311)
D5(G)= ¥ ¥ [[(Q1G)NI* dus, o
xed; qe2
where
Vi G)) =G %) — G(n) (3.12)

Theorem 3.1 will be proved by estimating the time derivative of the
relative entropy. An important point in the proof of Theorem 3.1 is finding
the functions F.

The strategy is to decompose the currents w]". into the sum of a
gradient term and a term of the form Zg, ie.,

Wi Y DiiV,I,— LFi=0
k, ¢

The coefficients D% ¢ will be identified as the transport coefficients. This
equation will be understood as an equation in a suitable Hilbert space and
DJ”" has a geometric interpretation as “the component of the currents in
the gradient directions”.
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The transport coefficients will be discussed in Section 4. Here we state
the main theorems we need in the proof of Theorem 3.1. These results have
been proved in [ EMY3]. Their proof is extended to the present model in
a straightforward way and will not be given here.

3.3. Nongradient Results

We denote by I} =(Iy 4,.., I, ,) the empirical averages of the con-
served quantities over the block A, of length /:

] 1
=Gy L ) F=0..4 (3.13)

Iyl<¢

The measure 4, ,,, meR’ is defined as the canonical Gibbs state of
(2¢ + 1) sites with parameters such that I;-=m. It is the uniform prob-
ability on the set @, ,, of configurations on the block 4, such that I, =m.
The expectation of a local function G with respect to p, 7+ is denoted by
o,(G), in other words, a,(G) is the conditional expectation given the
averages I}

2,/G)=E*[G|I} ] (3.14)

We call %, , the symmetric part of the generator % restricted to the
block 4,, that is only jumps over bounds inside 4, are allowed. From the
Proposition 2.1, the measures u,, are the only extremal invariant
measures for &, ,. Therefore, we can define ¥, G for any function G such
that a,(G)=0. Given any local function G on Q,, the finite volume
“variance” VG, m) is

VG = (| 3 (G006 (207

i+ 7\ &,
x{ y (rxG—ocf(G)}> (3.15)
x| <4 Heom
where 4, =¢ —¢'°, ¢ large enough. The “variance” V(G, m) of G is given by
(G, m)=lim sup V (G, m) (3.16)
£ — oo

With an abuse of notation, we denote V, (G, m) by V, (G, r, §) when m is
associated to the chemical potential m = (r, 0, 0, 0, ).
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For an integer /, we let / =/° and k = /¢ ~**. We assume that the box
A, is divided into cubes 4, , of size (2/ + 1) with centers g e (2/ +1) Z3,
lo| <k. We consider the sub-cubes A; , of size /,=/—/"° and their
union is denoted by A, = Ulel <k 4z, o- The functions w and & are the nor-
malized indicator functions

ox)=02k+ 1) 1{xed,), o(x)=|4, " Mxed)  (3.17)

We state now the following two theorems which are the analog of
Theorems 3.10 and Eq. (3.38) in [EMY3].

Theorem 3.2. Let du; ,=Wdu; ., be a local Gibbs state with
smooth chemical potentials ng(x)=Ag(ex) (f=0,..,4) of the form (3.1)
and suppose G is a local function, J is a smooth function. Then for any
density f with respect to x; . , and for any y >0 and ¢ small enough

lim sup lim sup {a j Y J(ex)( #1,G),— E® i [G]) fduy.,

£ — oo e—0 xedy

% G, 1, e)j 2z )dz—yeIDAL(ﬁ)—élezs(f|¥’)}<O (3.18)

where * is the convolution product on Z3, k= /¢~?
stant depending on j and 7.
Define

, ¢ 1s a positive con-

3 4
Hij=H{,, — H{,=w@/—% Y DRIV, In)—L*t Fy  (3.19)

y=1 6=0

Theorem 3.3. There exists a positive diffusion matrix D =(D%?)
such that

inf z Z V(H =0 (3.20)

(Fﬁeg)u 1 =0

where ¢ is defined in Section 4.

In [EMY3] a version of the above theorems has been proven for the
model considered there which includes only velocities in /5. Actually the
proof in Sections 4 and 6 is more general and depends very little on the
specific model, but rather on the general properties of the collision process.
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In fact, one can easily check that the arguments used there can be extended

to the present model and hence we omit the proof for sake of shortness.
The proof of Theorem 3.1 is based on the following estimate

Theorem 3.4. For any y >0,

inf lim sup lim sup ¢ ~2s( /7| ¥

(Ffed) ¢ 650

T
< inf | clim inflim inf fo ALY

(Fﬂe?) £ — o e—0
TS S vt +yc} (3.21)
a=1 =0

where C is a positive constant depending on J and j.
In fact, Theorems 3.3, 34 and the Gronwall lemma imply
Theorem 3.1.

Proof of Theorem 3.4. From Lemma 3.9 of [EMY3], the time
derivative of the relative entropy s(f,|¥,) satisfies the following bound.
There exists a consant ¢, such that

. _,]d ~ B 0 -
lim ¢ Z{Chs(f,|¥’,)—e3ff,<e 2C.S,""‘—at>log ‘P,d,uL,,,g}SC, (3.22)

e—>0

Therefore, we have to estimate

0 _
S=¢ jf, <8‘2$* _6z> log @, duy , (3.23)
We start with the term ¢ ~'%* log ¥,.

4 3
el *log =Y Y Y% (AP x d)(ex, )V wkF

x B=0 a=1

3
+ey Z (AP x d)ex, ) VywhE+eL*dD(n)

f=0 a= (3.24)

M-P-

which is then the sum of three terms 4, + A, + A;. For the second term
A,, we devide the currents into their symmetric and antisymmetric parts
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(see (2.42)). Then, performing summations by parts, we get 4,=B; + B,
with

(3.25)

Using Taylor expansions, one can replace V, V,2Q(ex,7) by
&2 0343 (ex, 1) with a negligible error. Moreover the measure f,u; , , is
very close to the equilibrium x4, , , and since E[B,]=0, E/[B,] is of
order ¢ (see (iii), Lemma 3.8 in [EMY3]).

In order to use the non gradient estimates stated above, we introduce,
for a=1,..,3 and f=0,..., 4, the quantities

gha= Wil x @)+ EiIE (X)) (3.26)

where, letting Y=1I}(x), we have &5(Y)=—E“r[(wihFxd)y]=
—E#r[w§?], that is

EAY)= ) (v-e)[fX v, n™) = flo,nM)]

EBY)=Y (v-e)[f2(v,n™) = flv, n )], for f=1,..3 (327)
EN = % (e 0 L1 n™) — fon)

ve?

Here f(v, n) = E*=:[5(0, v)] and the parameters n'¥) are chosen such that
E#rA [ 14ne)]=Yp. using Taylor expansions, we can rewrite B, as
C,+ C, where

arx}"(ﬁZ)(gxa Z) gﬁ, a® + 0( 1 )
(3.28)
Va i (ex, 1) E(Y)

We now turn to the term A4,. Dividing again the currents into their
symmetric and antisymmetric parts, we obtain
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=2 X X Vaig(ex, 1) ST (X)) +o(1) (3.29)

x B=0 a=1

From the coefficients D%2, B, 5=0,..,4 and «, y=1,..,, 3 of the diffu-

o,y

sion matrix in Theorem 3.3, we define
Dg”f=)(5a,y5/;,5+D_g:f (330)
and we introduce these terms in A,

=&’} i iijf(amayiﬁgl))(ex,l)(15(77y)*a”>)x

x f,0=0 a,y=1
3

4 3
+ey Y zaalg)(a‘xt gl .- Z Y D V15ny)*w)

x =0 a=1 0=0 y=1

4 3
=Y Y Y Vo Plex, 1) EXIF(x) +o(1) (3.31)

x =0 a=1

Putting together equations (3.25), (3.28) and (3.31), we have
A+ A, +A4;=C;+Cr+ C3+C,+0(1) (3.32)

where
4

=ey iaaiﬁfl)(ax, t)

x f=0 a=1

4
x{gﬁa X DLV, 1in,) + 0), —(£¥(5,FL) ),

Com?Y S Y [z S DEAR i) ex. Ixn,) * ),

x p=0 a=1Lo=0 y=1

Ve ) UL )| (333)
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We now compute the second term in the definition of .# (see (3.23))

0 .
—& [ i3 log P duy, g
—jf,[ezz ¥ S A 0 o

4
0 _
+27 ) ¥ AP ex, 1) Iy il(x) | +const (3.34)

x B=0

With the same argument as the one we used to bound B,, the second term
in the previous formula is negligible up to a constant. Therefore, .# can be
written as

J:J[C1+C3+C5+3C6] Sfedug, . g+ o0(1) (3.35)
where

CSZSZFX(I_]:—(X))9 fx:Fx_CG

4 4 3
Z { —/1(1) ex, 1) Yo+ ) Y DB ) (ex, 1) Vs

0=0 y=1
e ? Z Vo AP (ex, 1) E5(Y) —e ! Z V. AP (ex, 1) E5( )}

=1 a=1

(3.36)
and
4
Co=Y. Z () —mf) (337)
x = B YB m

Applyinngheorem 3.2 to C, and C;, we obtain the following bound
for 7.

with m, = (m?,.., m?%) and m#=E*[I4n.)].

3 4
ngft[CS+sC6]+§ Y Y WHE0)

a=1 =0

+071e72s(f, | P,) + 767D o (/f,) +const+o(1)  (3.38)

where lim, _,  lim,_, ,0(1)=0. To control Cy; we need the following lemma
that will be proven later on
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Lemma 3.5. [ satisfies the conditions

or,
oY,

=o(e), p=0,..4 (3.39)

Yﬁ:mf

Lemma 2.2 in [EMY3] and Lemma 3.5 imply that lim, _, , E/[¢C¢] =0.
Using the same arguments as in [EMY3] (see formulas above (3.32))
and [EMY1], the constant “const” satisfies

¢y I'.(m,)+const=o0(1) (3.40)

Therefore, the entropy inequality gives

+alog 7| exp | (71 () = Tulm,) | +o(1) (341)

X

It results from the a priori estimates on entropy (3.9) and (3.10) that, when
integrated in time, the term involving the Dirichlet form in the previous
expression is bounded above by ¢y. Therefore, keeping in mind Theorem 3.3,
Theorem 3.4 will follow from the Gronwall lemma since by the large devia-
tion lemma (stated as Lemma 3.7 in [EMY3]) the first term of the second
line of (3.41) vanishes with e.

Proof of Lemma 3.5. We compute the first order expansion of the
variation of the antisymmetric part of the current E4(Y+6Y)—E4(Y) in
0Y=(5Y,,..,0Y,). Denoting h(v,n)= f(v,n) — f*(v,n) and letting on=
nY+oV) _ M — (5n,, on, dn,), we have

2
h(v, n+dn)—h(v, n) = <5n0 +0n-v+dny, |U2|> h*(v, n) 4+ o(on) (3.42)
with h*(v, n) = f(v, n)(1 — f(v, n))(1 —2f(v, n)). From Taylor expansions,

2
h*(v, n) =h§ +ehf </181) + AW o+ AP |172|> +o(e) (3.43)

where hE=h,, and hf =h, (see (2.63)). Then, using the properties (IR)
and (IP) of the velocity set 7~, we have
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EAY+0Y)—&N(Y)

=Y (v-e)(h(v,n+0n) —h(v, n))
veV

e
_8% A1 o,

AE 1 - 1 -
v 3 K lof 5“’y+8§ Chy ol ’151)*'88 Chy Jol*y 25 | on,
y=1

bag (i oy 28 o+ 022)
EBY4+0Y)—E5(Y)

=Y (v-e,)(v-ep)(h(v,n+0n)—h(v,n))

velV

1 1 -
= |5 < B o3 < I 2400
3

1 - _
+8§ Chy o)*y A0 5%5} ong+ Y. s<hzuavﬂvy(&(l) -v)» dn,
1

1 1 -
| Il G g o < bl 2400
| -
+6§ Chy |0]®) /1511)50(%} ong+ 0(&?)
Y oY) - EY)
ol

=y (v~em)”7 (h(v, n+6n) — h(v, n))

veV
1 - 4\ (1)
:88<h2 |U| >/L’oc 6”10
371 4 Lo~ e m
=+ Z 8<h|v| >5a,y+86<h2 |U| >/L‘O 50‘:7
y=1
1 ﬁ 6N 2D 5 )
+8§< 2 [0[°) 447 0., | On,

| -
75 Cha [0]%) 250 0ny+ O(s)

(3.44)

(3.45)

(3.46)
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From these equalities, we get

)

p=

Vd}?’(exa DENY+0Y)—E4Y))

\Mw

=§<h1 |0]?) div 22 dng

3
+ 2 30,0 <hy [oI?> A + 3 Chy [ul*> 28] o,

y=1

+L¢hy |0]*> div A on, (3.47)

and

e z Z V AD(ex, )(EHY +Y)— E(Y))

=0 a=1

=e[e™ " 3<Chy) div 2D+ 3V(Chy [0 267 + 3 <hy [0]*) 240) - 2V ong

3
+e ) [e7150,(Chy Jul?) 267 + 3Chy o] 249)

y=1
+30,26°(Chy [0 267 + 5<Chy [0]*> 28))
+ Cho(vd = 30303 0,20 20 + Chpvdu3y (A0 - VA +.0,(1AD12)
+6(Chy [ol*) A0+ 3<hy [0l 28D) 0,240] on,,
+el gV(<Chy [ol*) 267 + 3 <Ay [0]%) 240) - 20
+Lhy [01*y 2D + 1 hy |08 AL div AV ] ony (3.48)
From our assumptions on the chemical potentials (see (2.73)), we have
div iV =0 (3.49)
Moreover it results from the Boussinesq condition (2.74) that
Chy o)) A0 + L hy |v]*y 25D = const (3.50)

Therefore, the terms in (3.48) with a factor ¢ ~! vanish. Notice that we also
assumed 7~ to be such that

Cho(vf = 30303)) =0 (351)
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We now compute the variations dn as a function of Y. Recalling that

0Yo= > (f(v,n+dn)— f(v,n))

ve?
0Y,= > (v-e)(f(v,n+0n)— f(v,n)) (3.52)
|v]?
0Y,= —— (f(v, n+0n) — f(v, n))
ve? 2

the variations J Y and dn satisfy the following linear equations (up to a neg-
ligible error term)

h
0Yy=<hgy ony +70 {|ol?) ony,
1 2
5Ym=§ {hy 0] On, (3.53)

1 1
0¥y =35 Cho [0 ong+5 Cho [0]* ong

Thus
L [l Cho Lol
5”°‘<ho>¢< Chey V0T hyy ”“)
= sy (3.54)
= oo O '
B Cho Lol
‘5”“‘<ho>¢<2”“_ Chod ”")
with

o= o [o]*)  <ho J0]?)?
Choy Choy?
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We then obtain the following partial derivatives for I', (see (3.36)) with
respect to 0 Y. First, for f=1,.., 3,

or G 43
t= oo A0+ Y Y DEN0.0,2))
oY,

=0 y=0

3

s | ¢ a1 2,042
0
| R 1 -
42 ol 240 A8) + 51 iy > 0,(40)?

A 1
+{hyvivs) <4“>~Vi§;>+2aﬁ |A<”|2>]

3
o s | 5 I 0,267+ G bl*) 0,282 | + ot

0
= atﬂ(l)—i-sD (02289) —edpp’ —eK' 2V - VAP + o(e) (3.55)

where we used the properties of the matrix D in Theorem 4.5 and div 4 =0,

K’ is defined in (2.89), p' =3(ho<{|v|?>>) ! p and p is given by (2.70). Since
M) satisfies (2.88), we obtam

or
== 3.56
71, = (3:56)
We now turn to the case f=4.
or 0
= —e— P D% %(0,0,A5
oY, e e e > )

0=0,4

S Ky 0PN o
£3<h0>¢)[<<h [o]*> — Ay [0]?) > >d1v2v2

_ 1 -
# (s Il 24743 < 01 2 )2
bl

L2 (G o2 2045 < ol 20 )- 2+ o)
0 (3.57)
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Finally, for f=0, we have

or 0
x — @) 0,6 (1)
7.~ —e5 A6 +6§ZO4D (0,0,25)

! 1
_83<h0>¢>{ Ties (o lol*> Chyvy = Chy 01 Cho [0%)) div 42

¢
2
S Pl <<h2 Jol* ;Lg,”% Chy 10]%) A”)-zﬂ”

Choy
UL RETOTAN 2 a0+ 3 s I >A<“> }+o( ) (3.58)
Choy
To get
or, ar,
oy, = Gy, =W %)

we have to show that the equations below are satisfied

S s | (e = o> L2 i o
+V<<h2|v| >}(1)+ Chy 0| >l(1)> A
B 9 (o> 245 Cha bl 240 ) 4]

=i 52 D (0225 (3.60)
—<h<‘)h':';>V<</€2|v|4> Aa”+;</‘zz|v|6>za“>.z,“>
# S0 g (Gl ol 245 Cha bl 240 )2

=§ Y Dgi0245)) (3.61)
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Equations (3.60) and (3.61) are not closed, because of the term involving
div A®. To get the final equations multiply (3.60) by @, and (3.61) by
—2@, (see (2.86)) and sum the two equations to get

0 0 1 h 2
¢2*/1511)*2¢1*/1§)1)+7<h1 |U|1> {<q§2+¢1<10|v|>> Syl

ot ot 3¢hy> @ Chyy
Cholol®> o lof*Y
_<¢2 oy TP T ey >‘”}

3
= Y [(@2 D55 =20, D7 0)(05040) + (D7 0 = 20, D )(0;4”)]

a=1

Using the condition (3.50) we get the third equation in (2.88) which is
satisfied by A{" by assumption.

Moreover, by summing the two equations, we get the condition on
(2.87) div 4® which is satisfied by assumption. |

4. TRANSPORT COEFFICIENTS AND GREEN-KUBO
FORMULAS

Fix a point x e Z3. For simplicity, we use x, instead of u,, 0. For any
fand g functions of #, define the scalar product

(f, &) :=E*[ f(n.); g )1 =E*[ f(n,) gn)]—E“Lf(n)] E*[gn,)]
(4.1)

We have the orthogonality relations:

(n(x, v), n(x, v')) =0y, B

The set Iz, f=0,.,4 is not orthogonal because (o, 1,)#0.
Nevertheless, we will use this set in the following. Note that the set I,
which differs from the previous one only for the presence of I, instead of
1,, is orthogonal. We have that

1
(IO’IO):<h0>7 (sz>1a):§<|l)|2H0>» O('le 2:3
(42)

|o]*

Iy, 1) = <h04>, (o Iy) = (I Io) = <h0|”2|2>
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We introduce a function space ¢ similar to the one in [EMY3].

Definition 4.1. Let ¢ be the space of local functions of # satisfying
EM[gl=0, Y E*[gI(n)]=0, a=0,.4 (4.3)

Let v,, be the product measure such that E’»[I ] =m, for «a =0,..., 4 and
g(m)=E"»[ g]. Then the second condition in (4.3) is equivalent to

08(m)
om,

=0, a=0,.,3 (4.4)

where m is the vector {m,, a=0,..,4} and m,=E"[1,], «=0,..., 4, are the

values corresponding to the equilibrium measure g, .
Let

i o, ; Vil (10), a4, ;€ R}
be the space of the gradients of the conserved quantities. Here
V,8(n) = gz, n) — g(n)
with (7,.7)(y, v) =5(y +x, v) and (7, f)(7) = f(t,.n). Define the semi-norm
-2 =7(-)

where V() is the infinite volume variance defined by (3.16). We introduce
the following equivalence relation: two elements of % are equivalent if they
differ by an element of %°. The quotient of ¥ w.r.t. this equivalence relation
will be denoted by #\%°.

4.1. Structure Theorems

The following Theorems are proved as in [EMY3], Sections 4 and 6.

_ Theorem 4.2. For all ge%, one has |[|g| _; <oo. Furthermore, let
% denote the closure of % under the semi-norm | -| _; and define

g hy =5llg+hl_y+lg—hl_,] (4.5)
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Then { -, - is an inner product and ¥ equipped with this inner product
is a Hilbert space. Moreover % can be decomposed as

G=L[9\G @G :=H (4.6)

We introduce the currents o

af=wh— ) A;’ny(;yo), o =wEr— ) A;“”’Ty(no) (4.7)

y=0 y=0

where T,(170) = 1,(no) — E*[I,(n,)]. The constants AF7 (A3™7) are fixed by
the condition that oj(c}*) € 4.

Theorem 4.3.

() 99+% =9=7%9+%
(i) Let %, ={>,=0 51 b;‘a;.‘}. Then

G.+LG=9=%,+ 7Y, Gt LG =9 (4.8)

The proof of these Theorems is based essentially on the properties of
the symmetric simple exclusion (see [LY] and [EMY3]) and on the
following properties of the collision operator: the collisions are local,
binary and conserve only the quantities /,. Since these properties are true
also for the model we are considering in this paper, the proof is easily
extended to it.

The main step in proving the previous Theorem is solving the resol-
vent equation for .. We summarize some of the results on the resolvent
equation, that we will need below, in next Theorem.

If f and g are local functions, we define the inner product

{figdo=Y. 1.1 8)

Theorem 4.4. Let H, and H, be the completion of the spaces

Ho={flocal : || f[[§:=< 1. f)o< 0}
A ={flocal : | f||]:=<fi(=Z) f)o< 0}
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Let he 9. Then

(1) For any ¢ >0 there exists a local function u,€ % such that
[Lu,—h| _1<e

(i1) u, converges strongly in H; to some ge H,

(ii1) The solution u, of the resolvent equation Au, — %u;=h con-
verges strongly in H, to the same g

(iv) lim, o [[Au,[o=0

The proof of these statements can be found in [EMY3], [V], [LY].

4.2. Transport Coefficients

The diffusion matrix D used in the entropy method in Section 3
represents the “components” of the currents in the directions of the
gradients of the conserved quantities referred to the non-orthogonal base
{1,}, namely the matrix D}/ is characterized by

3 4
-y Z D3PV, 1,6 9%
j=1 pg=

The following theorem is taken by [ EMY3], the only difference in the pre-
sent case being that the energy /, is an independent conserved quantity and
the fact that the base {/,} is not orthogonal. To take into account the
latter, we introduce the 4 x 4 compressibility matrix @ and the matrix @

0% =(I,,1,); O=F=5, ,0%F (4.9)

Theorem 4.5. (i) Let ufz)( V1z. Put a~d=2j>1,ﬂ>0afd]’.’.
Define T to be the linear transformation from % to ¥ s.t.

Tb-o+%g)=b-u+%g (4.10)

Then T is bounded above by 1, hence can be extended by continuity
to 4. Moreover

(a) TV (n) L ZL*94 for j=1, a=0
(b) LTVL(n),df’y=0%f
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(i) Let M be the matrix (with double indices (a, i) and (f, j))

M3F=&VL,(n), T V;15n)»
Then the elements D5 f of the diffusion matrix D are given by
D‘l’.j’fz(@M_l)‘Z’f (4.11)

As a quadratic form, D> D, and D#D,, where (DS)Z’f=;{5a’ﬂ5,-’j.
Furthermore, there exist constants B, k =1,..., 6 such that

DFf =0, 104 sl Bi + B2ds ;14 B3y, ;05 1+ Bsd) g0 (4.12)

fora, f=1,2,3,
D%J(')Zéi,jBO’ Di’;zéi,jB4
(4.13)
Db {a=0,4andﬁ=1,2,3
Ly a=1,2,3and f=0,4
and
(@_ID)%]‘.‘z(@”D)j{’fzéi’j& (4.14)

Due to the property of 7, M ~! is bounded below by M ' as a quadratic

form, where M= V,1,(n), V;15(1)» = O/y. Therefore, we have D > D, as
a quadratic form.

Equation (4.12) and (4.13) are a consequence of the symmetry proper-
ties by spatial rotations and reflection of the dynamics of the matrix M, as
shown in [EMY3]. Equation (4.14) instead is true because of the time-
reversal symmetry. In fact, let us introduce 7'*, the adjoint of 7" w.r.t. the
scalar product & -, -,

T*< y b;*(a*)f+$*g>= Y bul+ L (4.15)
j=

L,g=0 j=z1,5=0

It is easy to see that the time reversal invariance (2.43) implies

T*S=ST



700 Benois et al.

Hence

KVido(n), TVly(n) ) = LS Vido(n), STV,14(n) )
=S Vilo(n), T*SV;1,(1)»
=TSV, Io(n), SV;1(n) D
=TV do(n), Vila(n)y

We have used that S* =S, S*>=1 and SI,=1,SI,=1,. That proves (4.14).

Variational formulas for the diffusion coefficients D and its inverse
D~' can be obtained, which are very useful in proving for example
positivity and boundedness properties. We refer to [EMY3] and [ LOY2],
where similar formulas are proven and discussed for a slightly simpler
model, because the extension to the present one is straightforward. Here
instead we give a rigorous argument to express the transport coefficients in
terms of the Green—-Kubo formulas.

4.3. Green-Kubo Formulas

We start with a Lemma that express D in terms of the strong limit in
H, of the sequence u, introduced in Theorem 4.4. The proof is essentially
the one given in [EMY3] (at the end of Section 5) for showing the formal
equivalence between (4.11) and the Green—Kubo formula.

Lemma 4.6. The diffusion matrix D = D — y[ satisfies

a-(DO)a=1lim ||la-u,|? (4.16)
e—0

Proof. The currents o and V,I ? belong to the space %. The diffu-
sion coefficient is found as the matrix such that

oc—DVIe ¥Y
Hence there exists some g e #% such that
le—DVI—g|_;=0

The function g is non-local but can be approximated by local func-
tions u, € £% such that, by the second structure Theorem,

6—DVI— Pu,=h,, lim |h,|_,=0 (4.17)
e—>0
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D is given by the expression (4.11)
a-(D7'®)a=«a-VI, Ta-VI)

By (4.17) we have VI=D " '[6 — Lu,—h,]. By the definition of the
map T we have that T(oc — Lu,) =y VI— Z,u,. Hence

a-(D7'@)a=«a-D ' [o—Lu,—h,],a-D [y VI—Lu,—Th,]»
which implies, using the symmetry of the matrices D~'® and 6,
a-(DO)a=yLa-(6—Lu,),a-(x VI+ Lu,)» + R,
where R,=R; + R, + R; and

Ri=«&a-h,,a-(yVI—ZLu,)y <const ||h,|_; Iy VI— Lu,| _;=o0(¢)
R,=&a-(6—%u,),a-Th,, » <const [|[Th,| _, [|lo — Lu,| _,=o0(e)
Ry=a-hya-Thyy <const [[h,|2, = of2)

It is easy to see by using the properties of the scalar product that
([EMY3])

Ka-(0Lu,),a-(x VI—ZLu,) ) =ya-Oa+ a- Luy, a- L,
Hence
a-(DO)a=ya-Oa+LKa - Lu,,a-Lu,»+ R,

Since the scalar product has the property that, for £, 4 local functions
in %,

K Zhy == f,h)o
we have

<<a'°(fuesa' _zyus>>:_<a'$uaaa'ue>0

=<a-u, —La-uyo=la u,?

Since R, vanishes when ¢ goes to zero we have proved the lemma.
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Theorem 4.7. The following Green—Kubo representation for the
transport matrix D holds:

a-DOa=ya-Oa+<{c-a,(—L) o -a), (4.18)

Proof. By (iii) of Theorem 4.4, we have that lim,_, [u,];=
lim,_, |lu,|l;. On the other hand, u, is the solution of the resolvent equa-
tion Au, — Lu, =0 so that

AMa-uy|§—lla-u,|3=<a-0,a-u;yo=<a-0,(A—%)""a-a),

By (iii) and (iv) of Theorem 4.4 A ||u,|,— 0 and |u,|,— |g|, for some g
in H,. Hence

lim |la-u;||f=<a-0,(=%) " a-0)o=lla-glli< oo
A—-0

Finally by (ii) of Theorem 4.4 we have that

a-(DO)a=1lim ||a-u, Hz—llm la-u,||3=<a-o,(—%) L a-a),

&

For any fixed 4 >0 we can write

=) Pro=[ " diCh PAD) £

where P, (/) is the semigroup generated by . — 4. By using the theorem of
dominated convergence we get in the limit 4 — 0 that

SA=D)7 [ro= | diCh PS>
in conclusion we get the Green-Kubo formula for D

a-(DQ)azfoodKa-a, Poa-od (4.19)

0

The diffusion coefficient has been defined in different ways depending
on the point of view adopted. Spohn [S] proposed a definition based on
the long time behavior of the structure function. Adapting its definition to
our model we introduce the coefficient D" as

(DV6)z/ = lim {Zx CE[L(x, 1); 14(0,0)] — i (v%71) @_V"(vf’ﬁt)}

7,0=0
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where v, is the tensor v*# defined as

(Ov)*F =3 x;E[L(x, 1); 15(0, 0)]

and O is the compressibility matrix.

On the other hand the linear response theory gives the transport coef-
ficients expressed in terms of the Green-Kubo formulas. Call D® the
transport matrix as given by the Green—Kubo formula

(D@@)>F = 0% F + L dia?, Pa- oy,

Finally, there is the transport matrix D that appears in the Navier—Stokes
equations given by (4.11). One expects that all these definitions be related.
In [LOY2] it is discussed this problem for the asymmetric simple exclu-
sion process and it is shown that (D)) can be written also as

(D)) =4, +hm—j ds | ds[<at. Pyof>o+<af. Pualdo]

t— o0 2t

with the compressibility @ a scalar in that case, which is the natural form
for the diffusion coefficient in the equation for the equilibrium fluctuation
of the density field. For our model one can prove, following the argument
in [LOY2] and [S], that

t t
(DO =407 F + hm - dsj ds'{ay, P,a%>,
0o Yo

t— oo

Note that in our case DO is symmetric separately in the indices a, f and
i, j. Since we have shown above that the time integral in (4.18) is finite, we
can conclude that DW= D@ Moreover, we have already shown that
D =D, so that we can conclude the equivalence of all the definitions.

Remark 1. In [LY] it is proven, by using martingale methods, in
the case of the simple exclusion process, that DV = (D®)* where D® is the
symmetrization of D (and that D" =1lim, ||u,|?). By using the analogous
of Lemma 4.6 for the simple exclusion process it is possible to conclude
also that D = (D®@)".

Remark 2. 1In [CLO], it is proved for the asymmetric simple exclu-
sion process that the scaling limit of the equilibrium fluctuation of the den-
sity is Gaussian with diffusion coefficient D™ which is as explained above
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equal to D, so proving what in physics literature is called fluctuation-dis-
sipation theorem. An analogous result holds for the model we are consider-
ing here and we will discuss it in a forthcoming paper.

5. DERIVATION OF THE NAVIER-STOKES EQUATIONS
WITH A FORCE TERM

Given a smooth function F on R? representing the macroscopic force,
we consider an infinitesimal generator #¥ which consists in flipping the
velocities of particles in such a way that the asymmetric part of the incom-
ing momentum current is equal to the force. More precisely, for a local
function £, it is given by

= X nx0) prax)Lf(n™ ") — f(n)] (5.1)

x v,wey¥

with #™*" the configuration obtained from # by exchanging the values of
n(x, v) and n(x, w). The rate pi’;(x) is chosen as

> F
Pl g ( w(:;l) Sy W) (52)

where the velocity v is obtained by flipping the sign of the ith component
of v, and A, is defined by (2.63). Moreover, x >0 is chosen large enough
to make the jump rate positive for all v, w. Remark that with this choice,
the flip only affects the velocities in the same species, therefore the local
mass and kinetic energy are still conserved by this generator. However, the
momentum (local or global) is no more conserved and the reference
measure 4, , o is not invariant under #*. Indeed a simple computation
shows that its adjoint (£%)* in L*(u,, , ) is given by

() =2 X nleo)lpgix) fore=") = pyi(x) fn)](5.3)

x v,wev?

and that (#F)* 1#0. Note that (#%)* can be written as

(LD* i) =(Z <Z > Z

plie s 1<h> v>> fn)  (54)

where Z7 is the Markov generator defined by

=2 2 nx0) pr ()L™ ") = f(n)] (5.5)

x v,we?
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The velocity flip generator is slowed down by the factor &3, so that the
generator of the full dynamics is given by

P =YL +39F= =4 P43 PF (5.6)
The main result of this section is the next theorem.

Theorem 5.1. We make the same assumptions of Theorem 2.3,
with equations (2.75) replaced by the Navier—Stokes equation with the
force,

divuP =0
3 (5.7)
0 u(l)-i-a 50+ Ku- Vu(l) Fg= 3 D, z05u}’
a=1
and (2.83), where the coefficients K, D,z and %, are those in Theorem 2.3.

We start the process #,(x, v) with generator ¢ 2% from the measure
Ur, , defined in (2.28), with chemical potentials n, of the form (2.55),
satisfying (2.73) and (2.74).

Then the empirical fields v(z, ¢), (vi(z, t),..., v5(z, t)) and vi(z, t) con-
verge, for t<t,, weakly in probability to p"V(z, t)dz, uV(z, t)dz and
&Mz, t) dz. Moreover, the linear combination (2.80) of p and &V is the
smooth solution of the equation for the temperature (2.83).

We define the chemical potentials AV and 2@ in the following way.
We suppose that 2V = (4{,..., ("), (" and p’ are solutions of

div AV =0
8,20 +,p + K2V VA — TS | s F g D022,  p=1,.3
)
5, A H VD = Z A, 0224D (5.8)

a=1

where K', H' are the same coefficients as those in (2.88). Moreover A" is
chosen such that the Boussinesq condition (2.74) holds, A‘® is such that
(2.87) is valid and 2§, A are taken such that the pressure p defined by
(2.70) satisfies 3p = {|v|* ko) p'.

Now let ng, f=0,..., 4, be the chemical potentials defined by (3.1) with
2™ and A® as above. We also consider the densities ¥, and &, w.r.t. i ,. o
given by formulas (3.2) and (3.4). As in Section 3, Theorem 5.1 will follow
if we can prove the following estimate for the non equilibrium density £, of
the dynamics generated by Z.
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Theorem 5.2. For any 6 >0 there are functions F* (5)6@7 such
that the specific relative entropy s(f, | ¥(J)) satisfies

lim e =25(f, | P,(J)) = <6 (5.9)

e—>0

where %,(6) is given in (3.4) with Fi(J) replacing F!.

One of the ingredients needed in the derivation of this entropy
estimate is to get an a priori bound on the entropy production, namely
something like inequalities (3.9) and (3.10). But since the reference measure
is no longer invariant, such estimates are not trivial. That is the aim of the
next proposition.

Proposition 5.3. There are positive constants ¢; and ¢, such that
for any >0,

A< e Dy () )+ eas? (5.10)

where D, is the Dirichlet form defined after (3.16). In particular, there is
a positive constant ¢ such that for any 1>0

s(fr) <ce(1+e) (5.11)

Proof. We start computing the time derivative of the relative entropy

s(f)
= s(fo) = |log FUZ*) du,ote | L dus, o
=¢ [1og J(L*F) duur. o+ 2 [10g J(LT) [udts, g (512)

Using the basic inequality

a(logb—loga)< f f )y +(b—a) (5.13)

for a>0 and b >0, we get the usual bound

¢ [log 2%, duy..0< —oc: D 4 (/) (5.14)
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The second term in (5.12) can be written as
e [ f, 2" og frduy.,.o (5.15)
then, using again (5.13), it is bounded above by
—e*D (ST + et [ dus g (5.16)

where DﬁL is the Dirichlet form related to the symmetric part of the force
generator, that is

N=5% % [(fr==") =) duuy, 0> 0 (5.17)

v, w

We now turn to the second term in (5.16). We first rewrite it as

_ , F.(e
@ V=8 T S | (s18)
x v U;

Following the proof of Lemma 2.2 of [EMY1], namely applying the
entropy inequality and performing a Taylor expansion, it is easy to see that

Filex) n(x, U)} +5(f,) + ce?

2ph| 2y ¥
(5.19)

x v i

)} <82E{gzz y

1

where ¢ is a positive constant. The first term on the r.h.s of the previous
inequality vanishes since the velocity set ¥~ is symmetric and since the
velocities having the same kinetic energy are uniformly distributed under

ﬂL, r, 0
Putting together all these inequalities, we get

—s(f) <eer Dy (f) +s(f)+ee® 1 (5.20)

Proof of Theorem 5.2. As in Section 3, we start computing the time
derivative of the specific relative entropy. But since (#%)* is not a Markov
generator, we cannot quote directly [ EMY1] and we get a formula slightly
different from (3.22).
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An usual computation (see [ Y1]) yields to the bound

_ o _ 0\ -~
AT < [1 0 (62202 ) Pduns (520

Using expressions (5.6) and (5.4) to rewrite the adjoint operator of Z*, the
r.h.s of the previous inequality is also given by

70 (2= 2 ) Wi o Jrxy >

X, v)duy ,
val<h> )ﬂL,,a

(5.22)

where Z* is the operator Z* = ¢* + &2 P, ZF was defined in (5.5).

Repeating the argument at the beginning of the proof of Theorem 3.4,
it results from the entropy bound (5.11) by straightforward Taylor expan-
sions that there exists a positive constant ¢, such that the following
inequality holds

lim ¢~ ff,(sﬁ* log #,— T 2%F) du, , y<c. (5.23)

e—>0

As a consequence, the time derivative of the relative entropy satisfies

AL AR (5.24)
where

- ~ 0

f=efft<82$* a)logs”dum
v (7YY Y F )
L2 L sy, M0
=T +& [ 27108 Py, o+ [ LY 00n) dir o (525

with

ex)
;azl <h0> . n(x, v) (5.26)

and .7 is the same expression as the one introduced in (3.23) but with £,
instead of f,.



Thermal Stochastic Lattice Gas 709

We first deal with the third term in the previous equality. We denote
by P, the orthogonal projector of functions of 7z, on the subspace
generated by the invariants I4(7,), f=0,..,4 with respect to the scalar
product (f(n,), g(n.)) =E*[f(n.), g(n.)]1—E*[f(n)] E*[ g(n,)]. Since
the density ¥, is close to 1 when ¢ is small, there exist a function A(v) and
a smooth function G(ex) such that

P.o(n,)=

TMA

(@, Tp) 1g(n) +& ), Glex) Y h(v) n(x, v) +o(e)  (5.27)

0

where (-, -) is the scalar product (4.1).
The projection coefficients (¢, ;) can be easily computed and we
obtain the following expressions

(¢a IO) ((ps 14)20 ((pa Iﬂ)=19 ﬁ=1:93

From the entropy bound (5.11) and Lemma 2.2 of [EMY1], we know
that

E/ {83 Y G(ex) Y. h(v) n(x, u)}

=E|:83 Y Glex) Y h(v) n(x, v)} +0(1)=const +o(1) (5.28)

Therefore

) _ 382 - 3
|1 000 o= s [ 78 X Fle) 1) dic o

x p=1

+& [ oY (1= P.) 9(n,) iz, o+ const +o(1)
¥ (5.29)

We now turn to the second term in the sum (5.25). First, we have to
determine the currents related to the force generator Z7%. Since the mass
and the energy are conserved by a flip of velocity on a given site, it is clear
Lhat PTI4n,)=0 for both =0 and f=4. Moreover, for f=1,..., 3, we

ave

PrLn,) = —2l4n,) — Y n(x, 0)(1—n(x, vP)) Fylex)  (5.30)

<h0>
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Then

2 [ 2% 108 P duy .

= —E/ {g /;21 AP s v(ex, 1) <h0> Z n(x —n(x, v?))
—2K63Ef’{z i 2D (ex, 1) Iy(n,) | +o(1) (5.31)
x p=1

Because of the entropy bound (5.11), it results from Lemma 2.2 of
[EMYI1] that we may replace the expectations w.r.t. f,du L.ro by the
expectations w.r.t. 4, . o and that such a replacement produces an error
term of order &.

Since E[14(57,)] =0 and since

E[n(x, 0)(1 —n(x, v'P)] = ho) (5.32)
we obtain
3
&2 thfzplog Poduy,o=—2Y Y 2P(ex, 1) Fylex)+o(1) =const +o(1)
x B=1
(5.33)

Finally, following step by steep Section 3, the first term 4 in the sum
(5.25) satisfies inequality (3.38) when f, is replaced by f,. So putting all
together, we have shown that (d/dt) ¢ ~2s(f,| ¥,) is bounded above by

Eft{erx(_ }+ S S VA, 5 0) 40 T

oclﬁO

+7e7D 4 (/f,) + const +o(1) (5.34)
where

L (Y)=T(Y)+ YY)

3 3F4(ex)
ryy 4
(¥)= +Z<||ho>ﬂ

rYY)=eEe"O[(I-P,) (n,)]

X

(5.35)

with I, defined in (3.36).
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As in Section 3, the constant “const” is given by the relation

ey I'.(m,)+const=o0(1) (5.36)
with 7, = (m?,..., %) and m”f = E¥\[1,(n,)]. Therefore, it follows from the
entropy inequality that

— e s(f, 1P < i i VIHE, 1, 0)+ (67 + 1) e s(f,, P)

+elog wa{exp {62( ( :(x))—F(mn_ftx))H (5.37)

In the case where there is a force term, we have entropy estimates (cf.
Proposition 5.3) similar to (3.9) and (3.10), therefore the large deviation
lemma of [EMY3] can be still applied and Theorem 5.2 will be proved if
I, satisfies

or,

Zx =0, f=0,.4 (5.38)
aYﬁ Y/,= 5

Since by construction (/— P,) ¢(#,) is orthogonal to the invariants /4(,.)
w.r.t. the scalar product (-, -),, it is clear that

or?
a = =0,..,4 .
o= B0 (5.39)
so that it remains to check that
ar, 3fp(ex) )
=0 =0,..4 =1,2,3 (540
5Yﬂ Yﬂ:mx lﬁz z<|U| /’l> b} ﬂ seees Ty 1 s~ ( )

Since the only change with respect to the computations that have been
done in the last part of Section 3 consists in the extra term
e3>, 3Fex)/< |v|? hy» in the expression of oI, /0 Y for f=1,..,3, we
get (5.40) because the chemical potentials A" now satisfy (5.8). ||
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