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Equilibrium fluctuations for the disordered harmonic
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Abstract

We investigate the macroscopic energy diffusion of a disordered harmonic chain of
oscillators, whose hamiltonian dynamics is perturbed by a degenerate conservative
noise. After rescaling space and time diffusively, we prove that the equilibrium energy
fluctuations evolve according to a linear heat equation. The diffusion coefficient is
obtained from Varadhan’s non-gradient approach, and is equivalently defined through
the Green-Kubo formula. Since the perturbation is very degenerate and the symmetric
part of the generator does not have a spectral gap, the standard non-gradient method
is reviewed under new perspectives.
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1 Introduction

This paper deals with diffusive behaviour in heterogeneous media for interacting
particle systems. More precisely, we address the problem of energy fluctuations for
chains of oscillators with random defects. In the last fifty years, it has been recognized
that introducing disorder in interacting particle systems has a drastic effect on the
conduction properties of the material [9]. The most mathematically tractable model of
oscillators is the one-dimensional system with harmonic interactions [1]. The anharmonic
case is poorly understood from a mathematical point of view, but since the works of
Peierls [26, 27], it is admitted that non-linear interactions between atoms should play
a crucial role in the derivation of the Fourier law. In [2, 5, 7] (among many others)
the authors propose to model anharmonicity by stochastic perturbations, in order to
recover the expected macroscopic behavior: in some sense, the noise simulates the
effect of non-linearities. Being inspired by all these previous works, the aim of this paper
is to prove the diffusive energy behavior of disordered harmonic chains perturbed by
an energy conserving noise. Moreover we prove that all the disorder effects are, on
a sufficiently large scale, contained in a diffusion coefficient, which depends on the
statistics of the field, but not on the randomness itself.
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On the one hand, the disorder effect has already been investigated for lattice gas
dynamics: the first article dealing with scaling limits of particle systems in random
environment is the remarkable work of Fritz [13], and since then the subject has attracted
a lot of interest, see for example [12, 17, 24, 28]. These papers share one main feature:
the models are non-gradient! due to the presence of the disorder. Except in [13],
non-gradient systems are usually solved by establishing a microscopic Fourier law up
to a small fluctuating term, following the sophisticated method initially developed by
Varadhan in [32], and generalized to non-reversible dynamics in [19]. These previous
works mostly deal with systems of particles that evolve according to an exclusion process
in random environment: the particles are attempting jumps to nearest neighbour sites at
rates which depend on both their position and the objective site, and the rates themselves
come from a quenched random field. Different approaches are adopted to tackle the
non-gradient feature: whereas the standard method of Varadhan is helpful in dimension
d > 3 only (see [12]), the “long jump” variation developed by Quastel in [28] is valid in
any dimension. The study of disordered chains of oscillators perturbed by a conservative
noise has appeared more recently, see for instance [3, 4, 10]. In all these papers, the
thermal conductivity is defined by the Green-Kubo formula only. Here, we also define
the diffusion coefficient through hydrodynamics and we prove that both definitions are
equivalent.

On the other hand, the study of one-dimensional chains of oscillators is an active field
of research. In [21], the authors derive the diffusive scaling limit for a homogeneous
(without disorder) chain of coupled harmonic oscillators, perturbed by a noise which
randomly flips the sign of the velocities (called velocity-flip noise), so that the energy
is conserved but not the momentum. We want to investigate here the scaling limit of
equilibrium fluctuations for the same chain of harmonic oscillators, still perturbed by
the velocity-flip noise, but now provided with i.i.d. random masses. In [31], for the same
model, an exact fluctuation-dissipation relation (see for example [22]) reproduces the
Fourier law at the microscopic level. With random masses, however, the fluctuation-
dissipation equations are no longer directly solvable. We therefore adapt Varadhan’s
non-gradient approach, which allows one to show that an approximate fluctuation-
dissipation decomposition holds. The main ingredients of the usual non-reversible
non-gradient method are: first, a spectral gap estimate for the symmetric part of the
dynamics, and second, a sector condition for the total generator.

The rigorous study of the disordered harmonic chain perturbed by the velocity-flip
noise contains three major obstacles: (i) first, the symmetric part of the generator
(which, in our case, comes only from the stochastic noise) is poorly ergodic, and does not
have a spectral gap when restricted to micro-canonical manifolds. This issue is usually
critical to apply Varadhan’s method; (ii) second, the degeneracy of the perturbation
implies that the asymmetric part of the generator cannot be controlled by its symmetric
part (in technical terms, the sector condition does not hold); (iii) finally, the energy
current depends on the disorder, and has to be approximated by a fluctuation-dissipation
equation which takes into account the fluctuations of the disorder itself.

To overcome the second obstacle (ii), namely the lack of sector condition due to
the high degeneracy of the velocity-flip noise, we add a second stochastic perturbation,
that exchanges velocities (divided by the square root of mass) and positions at random
independent Poissonian times, so that a kind of sector condition can be proved (see
Proposition 5.7: we call it the weak sector condition). However, the spectral gap estimate
and the usual sector condition still do not hold when adding the exchange noise, meaning

1Roughly speaking, the gradient property states that the microscopic current (of density, or energy,
depending on the conservation law under consideration) can be decomposed as a local gradient. We refer to
Section 2.2 for more details.
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that the stochastic perturbation remains very degenerate; in other words, the noises
are still far from ergodic. To sum up, the final model that we rigorously investigate
here is: the coupled harmonic chain with random masses, perturbed by two degenerate
stochastic noises, one which exchanges velocities and positions, the other one which
flips the sign of velocities. The main results and contributions of this article are

* an adaptation of the non-gradient method to a microscopic model for which neither
the spectral gap inequality nor the sector condition hold (Proposition 3.2 and
Lemma 5.9), which makes no use of the closed forms theory. In particular, the main
novelty is Lemma 4.3;

* the macroscopic behavior of the equilibrium fluctuations of the energy, which is
diffusive, with a diffusion coefficient D depending only on the statistics of the
random masses field (Theorem 2.1);

* the equivalence between two definitions of the diffusion coefficient: the one ob-
tained via Varadhan'’s approach, and the one obtained from the Green-Kubo formula
(Theorem 2.2).

Our model has one crucial feature, that makes an adaptation of Varadhan’s approach
possible despite the lack of spectral gap of the symmetric part of the generator: thanks
to the harmonicity of the chain, the generator of the dynamics preserves homogeneous
polynomials together with their degree. In particular, the derivation of the sector
condition and the non-gradient decomposition of closed discrete differential forms at
the center of the non-gradient method (see [30, 18] for more details) can be carried
out rather explicitly in a suitable space of quadratic functions, without need for a
spectral gap. Although some further complications appear in the study of our model,
this is one of its clear advantages. It allows us to avoid significant technical difficulties
usually inherent to Varadhan’s approach, and to adapt the latter to a model with a very
degenerate noise. In particular, if the chain is not assumed to be harmonic, a stronger
noise than ours is generally needed: the one proposed by Olla and Sasada in [25] is
strong enough so that the spectral gap and the sector condition hold, and they were able
to use ideas from Varadhan’s approach to determine the scaling limit of the equilibrium
fluctuations. Our purpose here is to show, using elements of the non-gradient method
as well, that in the presence of i.i.d. random masses, the annealed (i.e. averaged out
over the masses’ randomness) equilibrium fluctuations of the energy evolve following
an infinite Ornstein-Uhlenbeck process. The covariances characterizing this linearized
heat equation are given in terms of the diffusion coefficient, which is defined through
a variational formula. We opted for a rather detailed redaction, even if some proofs
may look standard to expert readers. We hope that this choice will be beneficial for the
reader not already familiar with the non-gradient method.

Finally, we also show that the diffusion coefficient can be equivalently given by the
Green-Kubo formula. The latter is defined as the space-time variance of the current at
equilibrium, which is only formal in the sense that a double limit (in space and time) has
to be taken. As in [3], where the disordered harmonic chain is perturbed by a stronger
energy conserving noise, we prove here that the limit exists, and that the homogenization
effect occurs for the Green-Kubo formula: for almost every realization of the disorder,
the thermal conductivity exists, is independent of the disorder, is positive and finite.
This allows us to prove that the diffusion coefficient D obtained through the variational
formula in Varadhan’s method, and the coefficient D defined through the Green-Kubo
formula, are actually equal: D = D.

To conclude this introduction, we introduce in more details the model on which this
article focuses. As explained earlier, we consider here an infinite harmonic hamiltonian
system described by the sequence {p,, 7 }.cz, where p, stands for the momentum of the
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oscillator at site x, and r, represents the distance between oscillator x and oscillator
x+ 1. Each atom z € Z has a mass M, > 0, thus the velocity of atom x is given by p,./M,.
We assume the disorder M := {M, }.cz to be a collection of real i.i.d. positive random
variables such that

1
VaxeZ, 6<Mz<0, (1.1)
for some finite constant C' > 0. The equations of motions are given by
dps
=Tz —Tx—1,
dt !

dre  Pat1 Pa (1-2)

at ~ My, M,

so that the dynamics conserves the total energy

2 2
._ s Ta
5'2{2Mﬁ E }

TE€EZ

To overcome the lack of ergodicity of deterministic chains?, we add a stochastic pertur-
bation to (1.2). The noise can be easily described: at independently distributed random
Poissonian times, the quantity p,/v/M, and the interdistance r, are exchanged, or the
momentum p,. is flipped into —p,.. This noise still conserves the total energy £, and is
very degenerate. The main goal of this paper is to prove that the energy fluctuations in
equilibrium converge in a suitable space-time scaling limit (Theorem 2.1).

Even if Theorem 2.1 could be proved mutatis mutandis for this harmonic chain
described by {p.., 7. }, for pedagogical reasons we now focus on a simplified model, which
has the same features and involves simplified computations®. From now on, we study
the dynamics on new configurations {7, },cz € R? written as

Madny = (Neg1 — Np—1)dt, (1.3)

where m := {m, },cz is the new disorder with the same characteristics as in (1.1). It is
notationally convenient to change the variable 7, into w, := \/m.n., so that the total

energy reads
£ = Z wi.
TEZ

Let us now introduce the corresponding stochastic energy conserving dynamics: the
evolution is described by (1.3) between random exponential times, and at each ring one
of the following interactions can happen:

a. Exchange noise - the two nearest neighbour variables w, and w,; are exchanged;

b. Flip noise — the variable w, at site z is flipped into —w,.
As a consequence of these two perturbations, the dynamics only conserves the total
energy, the other important conservation laws of the hamiltonian part being destroyed
by the stochastic noises?. It is not difficult to check that the following family {1z} 30 of
grand-canonical Gibbs measures on R? is invariant for the resulting process {w,(t) ; = €

Z,t > 0}:
o TT S (B
pp(w) == I | 5 OXP | — 5w dw,. (1.4)

TEZ

2For the deterministic system of harmonic oscillators, it is well known that the energy is ballistic, destroying
the validity of the Fourier law. For more details, see the remarkable work of Lebowitz, Lieb and Rieder [23],
which is the standard reference.

3We invite the reader to see [6] for the origin of this new particle system.

41t is now well understood that the ballisticity of the harmonic chain is due to the infinite number of
conserved quantities. In 1994, Fritz, Funaki and Lebowitz [14] propose different stochastic noises that are
sufficient to destroy the ballisticity of the chain: the velocity-flip noise is one of them.
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The index 3 stands for the inverse temperature. Note that with our notational conve-
nience, g does not depend on the disorder m. Observe also that the dynamics is not
reversible with respect to the measure 3. We define e := 37! as the thermodynamical
energy associated to 3, namely the expectation of w? with respect to s, and x(3) = 2372
as the static compressibility, namely the variance of w3 with respect to Ha-

To state the convergence result, let us define the distribution-valued energy fluctua-
tion field, as follows: at time 0, it is given by

Vo= % > dan{wi(0) —es},

TEZ

where §, is the Dirac measure at point u € R. We assume that the dynamics is at
equilibrium, namely that {w;(0)},ez is distributed according to the Gibbs measure pug. It
is well known that V¥ converges in distribution as N — oo towards a centered Gaussian
field ), which satisfies

Ey VPG = x(69) [ Fu)G)a.
R
for continuous test functions F, G. One of the main results of this article, Theorem 2.1
below, states that the energy fluctuations evolve diffusively in time: starting from pug,
and averaging over the disorder m, the energy field

VY = \/% S 5w {w(EN?) — e}

TEZ

converges in distribution as N — oo to the solution of the linear Stochastic Partial
Differential Equation (SPDE)

Y = DY+ /2Dx(B)o,W, t>0,y€R.

where D is the diffusion coefficient, defined by variational formula (see Definition 2.5
below), and W is the standard normalized space-time white noise. Let us note here that
the coefficient D does not depend on 5. This claim is proved below in Section 2.4.3 (cf.
Definition 2.5).

Finally, one could think of using the well-known entropy method [15] to further
derive the hydrodynamic equation: in that case, the initial law is not assumed to be
the equilibrium measure 13, but a local equilibrium measure. We conjecture that this
property of local equilibrium propagates in time, and that an hydrodynamic limit result
holds. Let eg : T — R be a bounded function, where T denotes the torus [0,1). One
would like to show that the empirical energy profile % > 2 0z/N w2(tN?) converges as
N — oo to the macroscopic profile e(¢, ) : T — R solution to

%(tu):D%(tu) t>0,ueT
ot ou2 ’ ’
e(0,u) = ep(u).

Unfortunately, even if the diffusion coefficient D is well defined through the non-gradient
approach, this does not straightforwardly provide a method to prove such a result®.
Let us now give the outline of the article. Section 2 is devoted to properly introducing
the model and all definitions that are needed, as well as stating our main results, namely
Theorem 2.1 (macroscopic equilibrium fluctuations) and Theorem 2.2 (Green-Kubo

5More details about the main obstacles to prove hydrodynamic limits are available in the ArXiv version of
this paper: https://arxiv.org/abs/1402.3617
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formula) below. The first theorem, namely the convergence of the energy fluctuations
field (in the sense of finite dimensional distributions) is proved in Section 3.1, up to
technical results which are postponed in further sections. Indeed, the main point is to
identify the diffusion coefficient D by adapting the non-gradient method of Varadhan
[32]. This is done in several steps: in Section 4, we derive the so-called Boltzmann-Gibbs
principle stated in Proposition 3.2. In Section 5 we obtain the diffusion coefficient as
resulting from a projection of the current in some suitable Hilbert space, and finally
Section 6 improves the description of the diffusion coefficient through several variational
formulas (see Remark 6.1). In Section 7 we prove the second theorem in two steps: first,
we show the convergence of the Green-Kubo formula (Proposition 7.2), and second, we
demonstrate rigorously that both definitions of the diffusion coefficient are equivalent
(Proposition 7.3). Finally, in Section 8, we present a second disordered model, where
the interaction is described by a potential V' which is not assumed to be harmonic
anymore. For this anharmonic chain, we need a very strong stochastic perturbation,
which has a spectral gap, and satisfies the sector condition. In Appendices, technical
points are detailed: in Appendix A, the space of square-integrable functions w.r.t. the
standard Gaussian law is studied through its orthonormal basis of Hermite polynomials.
The sector condition (Proposition B.1) is proved in Appendix B for a specific class of
functions suitable for our needs. In Appendix C, tightness for the energy fluctuation field
(Proposition C.1) is investigated for the sake of completeness.

2 The harmonic chain perturbed by stochastic noises

2.1 Generator of the Markov process

Let us define the dynamics on the finite torus Ty := Z/NZ, meaning that boundary
conditions are periodic. The space of configurations is given by Qy = RT¥. The
configuration {w,}.cT, €volves according to a dynamics which can be divided into
two parts, a deterministic one and a stochastic one. The disorder is an i.i.d. sequence
m = {m; }.er, Which satisfies:

1
C
for some finite constant C' > 1. The corresponding product and translation invariant
measure on the space O = [C~1,C]™~ is denoted by PV and its expectation is denoted

by EV. Their infinite volume counterparts on Z are denoted by Q7, P and E.
For a fixed disorder field m = {m; }.cr,, we consider the system of equations

V.TJETN, gmx<07

waz+1 Wy

Vg dw, ( Nl

and we superpose to this deterministic dynamics a stochastic perturbation described as

follows: with each atom x € Ty (respectively each bond {z,z + 1},z € Ty) is associated

an exponential clock of rate v > 0 (resp. A > 0), and all clocks are independent one from

another. When the clock attached to the atom x rings, w, is flipped into —w,. When

the clock attached to the bond {z, z + 1} rings, the values w, and w,; are exchanged.

This dynamics can be equivalently defined by the generator L3} of the Markov process
{wy(t); * € Ty }i>0, which is written as

= )dt, t>0, z €Ty,
rz—1

B = AR +7Sy° + ASH,

where

m_ Wrgl Wy 9
AN B Z (\/mxmm+1 \/mz—lmm) awz7

zeT N
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and, for all functions f: QF x Qy — R,

S\ Fmw) = Y (flm,w?) - f(m.w)),

S f(m,w) = Y (flm,en ) - fm,w) ).

zeT N

We denote £™, A™, STP and S*P their infinite volume counterparts for which Ty has
been replaced by Z. In the formulas above, the configuration w”® is the configuration
obtained from w by flipping the value at site z:

(7). = {wz if 2z #£ x,

—w, ifz=u=x,

and the configuration w®®*! is obtained from w by exchanging the values at sites 2 and
x+ 1:
W, ifz#£z,x+1,
m,x+1) _
e

(w wer1 ifz=ux,

Wy ifz=ao+1.

We denote the total generator of the noise by Sy := vS%p + AS%M (and similarly
S =SP4 )\S! ip infinite volume).

It is straightforward to see that the total energy erTN w? is conserved by the
dynamics and that the following translation invariant product Gibbs measures ugv on Oy
are invariant for the Markov process:

dug(w) = H \/Zexp <§w§) dw,.

z€T N

The index /3 is a constant that stands for the inverse temperature, and satisfies | wgdug =
B~1. Let us note that the Gibbs measures do not depend on the disorder m. From the
definition, our model is not reversible with respect to the measure ,uf;’ . More precisely,
Vv is an antisymmetric operator in LQ(uJﬁV ), whereas Sy is symmetric.
We denote by ug the product Gibbs measure on the infinite configuration space
Q) := RZ. The scalar product in L?(u4) is denoted by (-, -)3. Moreover, we denote by Py
(resp. P})) the probability measure on QP x Q (resp. QF x Qy) defined by

Pt:=P®us (resp. Py :=PY@uj). (2.1)

Throughout this article we will frequently use the fact that P} and IPJBV are translation
invariant. We write ]Eg (resp. E]BV ) for the corresponding expectation, and Eg[, -] for the
scalar product in LQ(PE). We also define the static compressibility which is equal to the
variance of the one-site energy w? with respect to z3, namely

2
X(B) == (wi)s — (w§)5 = 7 (2.2)

2.2 Energy current

Since the dynamics locally conserves the energy, one can write

‘C%(wi) = jwfl,w(mvw) - jz,:r+1(m7 w)' (2.3)
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where j, ;11 is the instantaneous net amount of energy flowing from the particle z to
the particle x + 1, and is equal to

_ QWrwa:+1

vV MeMe4+1

We write jy o41 = ji 41 + j5 »41 Where j2 ) (resp. j2 ) is the current associated to
the antisymmetric (resp. symmetric) part of the generator:

jm,erl(mv w) = + )‘(wg - wa2:+1)'

2 .

e (myw) = - 2.4)
VMM 41

jxs,w+1(maw) = jf,,xﬂ(w) = A(Wi - W§+1)- (2.5)

Note that (2.3) (2.4) and (2.5) still hold if L%} is replaced by its infinite volume counterpart
L™ and x € Ty by z € Z, so that we will, without further mention, identify the
instantaneous currents in a periodic setting and in infinite volume. As mentioned in the
introduction, this model is non-gradient, i.e. the current cannot be directly written as
the gradient of a local function. Moreover, there is not an exact fluctuation-dissipation
equation, as in [31].

2.3 Main results

Let us state our main results on the fluctuations of the empirical energy around
equilibrium, and the Green-Kubo formula for the diffusion coefficient.

Recall that we introduced after (1.4) the thermodynamical energy e; = 37! associated
to f > 0. We define the energy empirical distribution thYm on the continuous torus
T =R/Z as

wgm(du) = % Z o.)fn(t)égc/]\;(du)7 tel0,7T], ueT,
z€eT N
where §, stands for the Dirac measure at point u, and where {w(t)};>0 is the Markov
process generated by N2£%. If the initial state of the dynamics is the equilibrium Gibbs
measure u]ﬁv , then, for any fixed ¢ > 0, and any disorder m € QJZ\’,, the measure ﬂﬁm
weakly converges towards the measure {egdu} on T, which is deterministic and with
constant density w.r.t. the Lebesgue measure on T. Here we investigate the fluctuations
of the empirical measure thYm with respect to this limit.

Definition 2.1 (Energy fluctuation field). We denote by ngm the empirical energy fluctu-
ation field associated with the Markov process {w(t)}+>o generated by N?L% (note the
diffusive time acceleration) and starting from P} = P @ pf, defined by its action over
test functions H € C?(T),

YNL(H) = \/% SoH (%) (w2(t) — e5) .

x€T N

We will prove that the annealed distribution of ngm converges in distribution towards
the solution to the linear SPDE:

0,y = DY+ /2Dx(B) 0,W, (2.6)

where W is a standard normalized space-time white noise, and D is the diffusion
coefficient defined in Definition 2.5 below. More precisely, the solution to (2.6) is
the stationary generalized Ornstein-Uhlenbeck process (cf. [16]) with zero mean and
covariances given by

u—v)?
Ey [Vi(H)V(G)] = \/% /}R2 H(u)G(v) exp ((4tD)> du dv,
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for all t > 0 and test functions H,G € C?(T). Here and after, H (resp. G) is the periodic
extension to the real line of H (resp. GG). Let us fix a time horizon T" > 0. The probability
measure on the Skorokhod space D([0,T], Qy) induced by the Markov process {w(t)}:>0
generated by N2£% and starting from IPN PN ® uﬂ is denoted by Q,, N In order to
avoid burdening notations, we also denote by Q, Y ~[f] the expectation of the function f
w.r.t. ng.

Consider for k > 0 the Sobolev space $_; (e.g. see [8] for an exhaustive reference)
of distributions ) on T with finite norm

VI =D () 2| Ven)

n>1

2

)

where e, is the function x + v/2sin(rnz). We denote by 2"V the annealed probability
measure on the space D([0,T], $_x) of cadlag trajectories on the Sobolev space, induced
by the Markov process {w(t)}¢>0 and the mapping YV : (m,w) — {Y,o<t<r. In other
words, we define

DYV €)= Qur o WV) ()

Note that for any fixed N, IPéV -a.s., the total initial energy is finite. Therefore, Q py—@.S.
the quantities w2(¢) are bounded uniformly in € Ty and ¢ > 0. In particular, Q pyaus.,
the trajectory {V;\,, }:>0 is in D([0, T, H_¢).

We let 2) be the probability measure on the space C([0,7],$_) corresponding to the
generalized Ornstein-Uhlenbeck process ), solution to (2.6). The first main result of this
paper is the following.

Theorem 2.1 (Equilibrium fluctuations). Fix k > 5/2 and T > 0. The sequence {9 } n>1
weakly converges in D([0,T], $H_x) to the probability measure 2).

The second main result is the so-called Green-Kubo formula, which gives an alterna-
tive formula for the diffusion coefficient D.

Theorem 2.2 (Green-Kubo formula). The diffusion coefficient D introduced in Definition
2.5 below satisfies

D= %{M;/O“ Y Qu [Jmmw<t>>,ma*,1<m,w<o>>}}.

TEZ

To prove the first result, we follow the lines of [25, Section 3]. The proof of Theorem
2.1 is divided into three steps. First, we need to show that the sequence {9V} y>1 is
tight. This point follows a standard argument, given for instance in [18, Section 11], and
recalled in Appendix C for the sake of completeness. Then, we prove (in Section 3.1) that
any limit point 9* of {2V} x> is concentrated on trajectories whose marginals at time ¢
have, for any ¢ € [0, 7], the distribution of a centered Gaussian field with covariances
given by

Y UGN = x(8) [ Hl @.7)
where H,G € C%(T) are test functions. Since ,u]ﬁv is stationary for the process {w(t)}+>0,
this statement comes from the Central Limit Theorem for independent variables. Finally,

we prove the main ingredient: all limit points 2)* of the sequence {2)"} x> solve the
martingale problems (2.8) and (2.9) given below, namely, for any function H € Cz(’]I‘),

M (H) := Ve (H /Dys (H")d (2.8)
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and
N, (H) = ((H))? — 2tx(8)D /T H' (u)2du 2.9)

are Ll(gj*)-martingales. This proves as wanted that 2)* = 2) (see for instance [18,
Chapter 11, Theorem 0.2, p. 289]). All the ingredients to prove Theorem 2.1 are put
together in Section 3.1.

To prove Theorem 2.2, we will show that the limit z | 0 in the right hand side exists
(Proposition 7.2), and then prove that the limit coincides with (2.20) (Proposition 7.3).

2.4 Notations and definitions
2.4.1 Cylinder functions
For every x € Z and every measurable function f on QP x Q, we define the translated

function 7, f on QP xQ by: 7, f(m,w) := f(7,m, 7,w), where 7,m and 7,w are the disorder
and particle configurations translated by x € Z, respectively:

(Tom), := Mgy, (Taw): = Wtz

Let A be a finite subset of Z, and denote by F, the o-algebra generated by {m,,w, ; = €
A}. For a fixed positive integer ¢, we define A, := {—¢, ..., ¢}. If the box is centered at
site z # 0, we denote it by Ay(x) := {—¢ + x,...,£ + z}. If f is a measurable function on
QP x Q, the support of f, denoted by Ay, is the smallest subset of Z such that f(m,w)
only depends on {m,,w, ; * € Ay} and f is called a cylinder (or local) function if Ay is
finite. In that case, we denote by s; the smallest positive integer s such that Ay C A,.
For every cylinder function f : QP x  — R, consider the formal sum

Iy:.= Z Tof
TEZ
which is ill defined, but for which both gradients
Vo(Ty) :=T(m,w’) — I'f(m,w),
Voi1(T'y) :==Tf(m, wm) —T'f(m,w),

only involve a finite number of non-zero contributions and are therefore well defined.
Similarly, we define for any x € T

(Vo f)(m,w)

W) =
(Ve z1f)(m,w) == f(

Definition 2.2 (Space C). We denote by C the set of cylinder functions ¢ on Q7 x ,
such that

) = f(m,w),

m,w
m, w”* ) — f(m,w).

VweN, m— ¢(m,w)is continuous on N7, (P1)
Vme QP, w ¢(m,w) is in L2(up), (P2)
Vm € QP, w — p(m,w) and has mean zero with respect to Ha. (P3)

Note that any cylinder function can be identified with a function on Qﬁ x Qn for N large
enough, and vice-versa.

Remark 2.1. It is straightforward to check that any cylinder function ¢ € C also belongs
to LQ(]PE). To prove this claim, assume that it is not the case. Since ¢ is a cylinder

function, the disorder m is integrated over a compact set [C~1, C]*¢, and therefore
there must exist a convergent sequence my, — m, such that [ |¢(my,w)[*dus(w) — cc.

EJP 24 (2019), paper 143. http://www.imstat.org/ejp/
Page 11/52


https://doi.org/10.1214/19-EJP399
http://www.imstat.org/ejp/

Eq. fluct. for the disordered harm. chain perturbed by an energy conserving noise

Then, denoting Q4 = [~ A, A"+, one can write, by the monotone convergence result and
Moore-Osgood’s Theorem:

/lsD (m,, w)|* dpg(w) = Jim lp(m.,w)[* dpg(w) = lim lim [ Jo(myg,w)]* dpus(w)
—00 JA A—ook—oo Joa
= lim lim lo(my, w)|? dug(w) = lim /\Lp(mk,w)\Q dps(w) =00,
k—oo A—oo [oa k—o0

which contradicts (P2).

Definition 2.3 (Space Q). We introduce a specific set of quadratic cylinder functions
on NP x Q, denoted by Q C C, and defined as follows: f € Q if there exists a sequence
{s, j(m)}m‘ <, of cylinder functions on QP, with finite support in QP, such that

(i) for all 4,j € Z and all w € 2, the random variable m — ; ;(m) is continuous on
0P

(ii) 1;,; vanishes for all but a finite number of pairs (¢, j), and is symmetric: ¢; ; = ¥, ;

(iii) f is written as

w) = Z%‘,z‘( Wiy — Z Vi j(m)w;w;. (2.10)
i€z ,J;EZ
v

One easily checks that Q is invariant under the action of the generator L3} and that
any function in @ is an homogeneous polynomials of degree two in the variable w, with
mean zero with respect to ug for every m € QOP. Another definition through Hermite
polynomials is given in Appendix A (see Section A.3). We are now ready to define two
sets of functions that will play a crucial role later on.

Definition 2.4 (Spaces Cy, Q). Let Cy be the set of cylinder functions ¢ on QP x Q such
that there exists a finite subset A of Z, and cylinder, measurable functions {F.,, G }zea
defined on QP x (), that verify

= Z{ 2) T Vau1(Ge )}

zEA

and such that, for all x € A, the functions F, and G, satisfy (P1) and (P2) in Definition
2.2.

Let Qp C Cy be the set of such functions ¢, with the additional assumption that the
cylinder functions F., G, are homogeneous polynomials of degree two in the variable w.
One easily checks that, by construction, Cy C C and Qy C Q.

2.4.2 Dirichlet form and properties of C; and 9,

Before giving the main properties of the sets introduced above, we introduce the usual
quadratic form associated to the generator. Given Ay = {—/, ..., ¢}, we define LY, resp.
Sa,, as the restriction of the generator £™, resp. S, to A,. For the jump dynamics S8,
we consider in Sj, only the jumps with both ends in A, namely

(Sa,)f mW—’yZVf )(m,w) + A Z Vawt+1f)(m,w).

FISNY) zeNN{C}

Finally, for any « € Z, any cylinder functions f, g € C, and any positive integer ¢, let us
define

De(pgs f) = (LX), £) g = ((=Sn)f, £ (2.11)
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Since

1 1
<fovg>ﬂ = _§<vzf7 v:rg>6 and <Vm,z+1fag>ﬁ = _§<vz,az+1f7 vz,x+1g>ﬁa

equation (2.11) in particular rewrites

Deliisi 1) = 23 Vel )yt s 3 (Vewnad))s (2.12)

TEA, N N\{C}

The symmetric form Dy is called the Dirichlet form, and is well defined on C. It is a
random variable with respect to the disorder m. Note that, since the symmetric part of
the generator does not depend on m, we can write (cf. (2.1))

E[Dy(ug; f)] = De(P; f).
Proposition 2.3. The following elements belong to Qy:

(a) The instantaneous currents j(il, j{fl defined in (2.4) and (2.5).

(b) £™f, Sfand A™f, forall f € Q.

Proof. The first statement (a) is directly obtained from the following identities: for z € Z,
and k£ > 1,

wWisy — Wy = Vgt (w7) (2.13)
k—1
1
WalWgt+k = 7§V$ (W:vwx+1) + Z vr+€,m+€+1 (w:vwr+é)- (214)
{=1

Then, if f € Q is of the form (2.10), it is easy to see that (2.13) and (2.14) are sufficient
to prove (b). For instance,

2 2
WeW. w Wy — w; — W,
ﬁm(wmwx-{-l) _ xWr+2 i r+1Wr—1 x+1 x
\/mm+1mz+2 \/mmmzfl \/mwmzzz+1
— 4wt + MWrt2 — We1)We + M1 — W)W 1
The integrability and regularity conditions are straightforward. O

Proposition 2.4 (Dirichlet bound). Let ¢ be a cylinder function in Cy, written by defini-
tion as

0 =Y {Vall2) + Voua(Ga)}.

zeA

for some A C Z and some functions F), and G, satisfying conditions (P1) and (P2) in
Definition 2.2. Let us consider h € C with support in A,. Denote by ¢, the integer
l, :={— s, — 1 so that the supports of 7,¢ and its gradients V, ,1(7y¢) are included in
A, for every y € Ay,.

Then, there exists a positive constant C(p,y) which depends only on ¢ and « such
that

1/2

]Eg[ ) w,hH < Clp,y) (DR 1) (2.15)

|m|<£w
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Proof. Let us assume first that o = >, V,(Fy). Then we have

’]E?a{ > mp,h} > Z]Eg[rmFy,vyﬂh]‘

|z <Ly ‘ |z|<Ll, yEA

<Y SB[ F) By [(Varyh) ]

|z|<b, yEA

1/2
<V 1Al |2€¢—|—1|1/2(su§\)Eg [F;]) (De(Py; 1) %, (2.16)
ye

where |A| denotes the cardinal of the set A. In the previous inequalities we used the
Cauchy-Schwarz inequality twice, and the fact coming from (2.12) that

> B3[(V.h)°] < 2 Di(Pyi).

|z|<Ly
Therefore, the following constant
L 01\ 1/2 01\ /2
Clp,7) = V2771 A |26, + 1] {(SHPEE [Fz]) + (Sup]E?a [G;J) }
TEA TEA

satisfies (2.15). The general case is similar and left to the reader. O

The main focus of this paper will be on the following quantities: for any ¢ € C let us
define

Ej[p, (=) p]i=sup { 2B5 [, h] — D, (P 1) } € [0, +oc]. (2.17)
hec

By polarization, this definition can be extended to give a meaning to Ej [gp, (—8)‘%] , for
any ¢, € C. As a consequence of the previous results, these quantities are well defined
for functions in Cy:

Corollary 2.5. For every function ¢ € Co, the quantity Ef[¢, (—=8)"1¢] is finite.

Proof. This is a consequence of (2.15) and of the variational formula (2.17):

E; o, (—8) '] = 216112{2% (¢, h] — Dy, ( E;h)}

o1/ w0 C(es)
< sup {C(p,7) (Do, (P 1)) * = Dy (P 1) } = == <00, D

Finally, if we use the decomposition of every function in Lz(ug) over the basis of
Hermite polynomials, we can prove the following result for functions in Q (the details
for the proof are given in Appendix A, Proposition A.3.):

Proposition 2.6 (Variance of quadratic functions). If ¢ € Q,, then
Ej[p, (=8)t¢] = sup {2E; [0, 9] — Dy, (Phi9)} -
2.4.3 Semi inner products and diffusion coefficient

For cylinder functions g, h € C, let us define:

L g, h>p 0= Z E%[g 72h), and L G >p = Z g Oy [gw?]. (2.18)
TEZ TzE€Z

Both quantities are well defined because g and h belong to C and therefore all but a finite
number of terms on each sum vanish.
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Remark 2.2. Note that < -,- >3, is a semi inner product, since the following equality

holds:
L g, h >g,= lim E E =9, E .
g - ATZ ﬁ|: I zeA :|

Since < g — 7,9, h >p .= 0 for all z € 7Z, this inner product is not definite. In particular
we have < jOSJ, h>g,=0foranyh cC.

Remark 2.3. Observe that if w is distributed according to pg then B2 is distributed
according to u;. Therefore, if g, h € Q, then

<L g, h>p.= B2 < g,h >, and L GDpa=B < g>1,. (2.19)

In the next proposition we give explicit formulas for elements of Cy.

Proposition 2.7. If ¢ € Cy with

= Z{ 2) + Va,a11(Ga )}

zeA
then
<<<p>>ﬁ**_]E5{ G—wd)d T 4
zEA
P, g>p.= Eﬁ{vo )Y T wFy+ Voa(Ty) Z”GI} forall g € C.
zeEA TEA

Proof. The proof comes from straightforward computations using (2.18), we simply
sketch it. Regarding the first identity, first note that by a change of variable w — w?,
for any cylinder function F', the quantity £} (wngF) vanishes for any y. A change of
variable w — w®**! also yields

—-Ej [(W2—w?, )F] ify=x
By [w2 Vo F| =SBy [2 — w2, )F]  ify=a2+1

x

0 else,

which, together with the translation invariance of IP%, proves the first identity. The
second identity is an immediate consequence of the symmetry of the gradients in Lz(uﬁ),
ie.

B30, VoF| = B |F Va(Ty)],  B5[0yVeuwiiG] = B3 |G Vauia(Ty),

and of the translation invariance of IPE. O

We are now able to give the definition of the diffusion coefficient, which is going to
be rigorously derived from the non-gradient approach detailed in the next sections.

Definition 2.5. We define the diffusion coefficient D(f) = D for any S > 0 as

1
D := X+ —— inf sup {<< fi=Sf>p. 2K ]0 1— A" fg>5, — < g,-Sg >>57*} ,
X(B) ree geQ
(2.20)

where x () is the static compressibility defined in (2.2). Note that according to Remark
2.3 the coefficient D does not depend on 3 (since by definition x(3) = 2372), which is
why we omit 5 in our notation.
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The first term in the sum (i.e. )\) is only due to the exchange noise, whereas the
second one comes from the hamiltonian part of the dynamics. Formally, this formula
could be read as

1
D “=" A+ —— < jit, (=L™) g >, (2.21)
X(ﬁ) 0,1 ( ) 0,1 = B*
but the last term is not well defined because j(fl is not in the range of £™. More
rigorously, we should define

— 1
D(B) := A+ —— limsup < jg', (z — L) 7158 5. . (2.22)
X(B) 240 ’ ’
The last expression, called Green-Kubo formula, is now well defined. Moreover, once

again Remark 2.3 implies that
D(B)=:D

does not depend on f3: in order to see it, let LQ’* be the Hilbert space generated by the
closure of the set {g € C ; < g,9 >3,,< oo} w.r.t. the inner product < - >4 ,. Consider
h, := h,(m,w; ) the solution to the resolvent equation in L%y* which reads

(z = L™)h, = J(I)él

Since jé‘fl is a homogeneous polynomial of degree two in w, h, is also a homogeneous
polynomial of degree two (by the fact that £™ preserves every class of homogeneous
polynomials). It follows that

. 1. . 1 .
Gt (2 = L™ 7Ny > e =< ey i S = 7 K s gy >
One famous mathematical problem is to prove that, in the Green-Kubo formula (2.22),
lim sup can be replaced by lim, and therefore to prove the convergence of the product
< - >, in (2.22) as z/0. In Propositions 7.2 and 7.3, we prove that this indeed holds

(the proof being inspired by [3]), and we also show that the diffusion coefficient can be
equivalently defined in the two ways, i.e. D = D.

3 Macroscopic fluctuations of energy

3.1 Proof of Theorem 2.1

In what follows, in order to simplify notation we write f(m,s) := f(m,w(s)) for any
f which is defined on Q% x Qy. Let us fix H € C*(T) and ¢ € [0, 7). Itd calculus, and a
discrete integration by parts, permits to decompose y{?fm(H ) as

t
y{Ym(H):yéYm(HH/O \/NEET: VNH(%)jm,m(m,s)dﬁMgYm(H) 3.1)

where M,{Ym is the martingale defined as

b T
N — - - 2 2 2.\ 2
Mim(H) —/O NI mgm VNH(N)(% w2, 1)(8) d[Npwr1(AN?s) — AN?s].  (3.2)

Here and after, { N, 5+1(t) }rez >0 and {N;(t) }zez.1>0 are independent Poisson processes
of intensity 1, and V y stands for the discrete gradient:

wun(3) = [n(ZH) - ()]
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The discrete Laplacian Ay is defined in a similar way:

son(3) = [i(51) e (75 -2 (3)]

To close the equation, we are going to replace the term involving the microscopic
currents in (3.1) with a term involving ngm. In other words, the dominant contribution
in

/Ot VN Z VNH (%) Jzz+1(m, s)ds

zeT N

is its projection over the conservation field y;}’m (recall that the total energy is the unique
conserved quantity of the system). The non-gradient approach consists in using the
fluctuation-dissipation approximation of the current —j, .1 as D(w,ﬁJr1 — w%) + L™(1, f).
This replacement is made rigorous in the Boltzmann-Gibbs principle (Proposition 3.2).

After adding and subtracting D (w?; — w?) + £L™(7, f) in (3.1) above, we can rewrite
it, for any f € Q, as follows:

t
VR (H) =Y (H)+ / DYN L (ANH)ds+3pm ((H)+35m (H)+0 0 (H) -+ (H),

(3.3)
where

IN (H) = /0 N 3 VnH (%) [jx,m(m,s)

+ D(w2yy — w?)(s) + L™ (1o f)(m, 5)} ds, (3.4)

32N (H) =~ /O \/N;;N UnH (5 ) £7(7f) (m, 5)ds, (3.5)
My o (H) :/ ﬁﬁ EZT v (%) {VI(Ff)(s)d[Nr(’yst)’yNQs}

— [Vaor1 (W2 —Tp)](s) A[Npag1 (AN?s) — AN?s] } (3.6)

MmN (H) = —/ N\l/ﬁ g;N VnH (%) {v,d,m(rf)(s) A[Nyws1 (AN?s) — AN23]
+ Vo (T5) () d[Na(vN?s) — yN?s] } (3.7)

The following two results are the main ingredients to prove Theorem 2.1.

Lemma 3.1. For every function H € C*(T), and every function f € Q,

2
lim ng{ sup (Jf,’ﬁ,f(ﬂ) +sz;ﬁ’f(H)) ] =0. (3.8)

N—0c0

Proposition 3.2 (Boltzmann-Gibbs principle). There exists a sequence of functions
{fx}kenw € Q such that
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(i) for every function H € C?(T),

lim lim Q| su (31’N (H))2 ~0 (3.9)
k—oo N—oo M8 ogth b fi ’ '
(ii) and moreover
. N 9 2 2
Jim 5 [’\(VOJ(WO ~T5)) +7(Vo(Ts) } =2Dx(8).  (3.10)

Remark 3.1. Note that the expectation at the left hand side of (3.10) also rewrites as
2 2
22X(8) + B5 [ A(Vo.(T1,))” +7(Vo(T1,)],

since for any f € C, one can check that E} [(w§ — wi)Vo '] = 0.

Remark 3.2. In order to identify the limit point solving the martingale problems, we
can use a weaker version of (3.8) and (3.9), namely the same convergence without the
supremum over ¢t would be enough. However, this strong version will be necessary in
order to prove tightness (Appendix C), which explains our choice to state the results in
that way.

We now put together the pieces to prove Theorem 2.1. According to Proposition
C.1, the sequence {2)V}y is tight. Consider one of its limit points 2)*. As detailed in
Appendix C, see Lemma C.2, using analogous ingredients as in the proof of Lemma
3.1 and Proposition 3.2, one can prove that, up to extraction, the martingale smtljfl fa
converges in L*(P}), as N — oo and afterwards k — oo, to a martingale M;(H) of
quadratic variation

2tDx(B) /11“ H'(u)?du.

In particular, using Lemma 3.1 and (3.9), one obtains that the limit Y,(H) of Y/, (H)
satisfies the equation

Vi(H)=W(H) + /Ot YVs(DH")ds + 9, (H).

As a consequence, 2)* is concentrated on trajectories ) solving the martingale problems
(2.8) and (2.9), which uniquely characterizes (from [18, Theorem 0.2, p. 289]) the
generalized Ornstein-Uhlenbeck process );, and therefore the proof of Theorem 2.1
is concluded. Lemma 3.1 is proved in Section 3.2 below. The proof of Proposition
3.2 is more challenging, it is proved in Sections 4, 5 and 6. More precisely, (3.9) is a
consequence of Proposition 4.7 and Remark 6.1 (see Section 4.3.1), whereas (3.10) is a
consequence of Proposition 6.5 (see Section 4.3.2).

3.2 Proof of Lemma 3.1

In this section we give a proof of Lemma 3.1. We define for any f € Q
X (1) =~ 3™ Ul (2 7, (1)
o N\/N zeTn N
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First, by rewriting (3.1) with Xt m, (/1) instead of YN (H), one straightforwardly obtains

j?ﬁf( )+9ﬁ?’£f( ):XtNm,f<H)_Xévm,f(H) (3.11)
ZT,Tr H z
N\/>/ Z \ +1(Z§NVN ( )Tf

- VNH(JQ\C»FJ:) (m, 5)d[ Ny 211 (AN?s) — AN2s]  (3.12)

\F/ ZV<ZVNH( )t

z€TN

_ VNH(;)Ff> (m, s)d[N,(yN2s) — yN2s].  (3.13)
=t XN f(H) = X p(H) + MG+ M

where M1 H o (resp. M2 H, f) is the martmgale term (3.12) (resp. (3.13)). From the
elementary 1nequa11ty (a + b +¢)? < 3(a® +b* + ¢?), we are left to bound the contributions
of the squares of the three terms (3.11), (3.12) and (3.13).

We first estimate the right hand side of (3.11): remember that f € Q. Therefore,
using the definition (2.10), and since the coefficients ¢); ; are continuous functions on
QOP, there exists a constant C(f) > 0 such that

sup |f(m,w)| <C(f) D w?

D
meQ i€Af

where Ay C Z is some finite subset of Z. This implies, for any ¢ € [0, 7]
|Xfme) \/* Z ’ NH( >’|T’Ffmw(t)) Z Z ’I'+7
z€T N i€Af

where the constant C'(H) > 0 comes from the fact that H is of class C2. By conservation
of the total energy, we obtain the following bound:

A
sup |Xtmf H)|\ | f| Z

0<t<T 2€Ty

As a consequence, for some different constants C(f, H) and C(f, H, 3), we obtain

Quy | sup (Xﬁm,f(H)—XéYm,f(H))ﬂ<c(f, H)E K ~ Y w )] (f,;l B)

0<t<T ze€T N
(3.14)

On the other hand, introduce

e 5 et () et (3) St

zeTn z2EZ

which is ill defined, but for which V, ,1+1Y,(m,w) and V.Y, (m,w) only involves a finite
number of non-zero contributions and are therefore well defined. For any square
integrable martingale M, denote [M]; its quadratic variation. One easily computes

[ N N/Z Vaws1Ye(m, s))? ds.

zeT N
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In particular, since IEE((VL,THY,T)Q) < C(f)/N (because H is assumed to be of class C?),

we obtain
C(f7 H7 Aa B)T

N )
for some other constant C(f, H,~, 3), and a similar bound holds for [M]%,Hf]T As a

consequence of Doob’s martingale inequality, for any square integrable martingale M;,
one has E[supy<;<r M?] < 4E[[M]7]. Together with (3.14), this yields

Quﬁ [[MJIVHf] T} <

)

~2,N 2,N 2 C(fa Ha )‘7’% ﬁ)
Quy [OE?ET (Jt7m7f(H) +9ﬁt,m,f(H)) } < =i (3.15)

which proves the result.

4 Towards the Boltzmann-Gibbs principle

In this section we are going to identify the diffusion coefficient D that appears in
(3.3). Roughly speaking, D can be viewed as the asymptotic component of the energy
current j, 41 in the direction of the gradient —(w?, ; — w?2), which makes the expression
below vanish for any fixed ¢t > 0

/0 Z [j:merl + D(wiJrl - WQQ:) + ‘Cm(Ta:f)] ds

z€T N

inf limsu , for an > 0.
Jnf N_mp Quy [ ] y B

Let us start by giving some known tools that will help understand the forthcoming results,
at least at an informal level.

4.1 On additive functionals of Markov processes

Consider a continuous time Markov process {Y;}s>o on a complete and separable
metric space F, and admitting an invariant measure n. We denote by (-, ), the inner
product in L?(7) and by £ the infinitesimal generator of the process. The adjoint of £ in
L?(r) is denoted by £*. Fix a function V : E — R in L?(n) such that (V), = 0. Theorem
2.7 in [20] gives conditions on V which guarantee a central limit theorem for

1 t
= /0 V(Y.)ds

and shows that the limiting variance equals

o(V,m) =2lim (V,(z — £)"'V) .
230 "

Let the generator £ be decomposed as £ = S + A, where S = (L + £*)/2 and A =
(L — L£*)/2 are respectively the symmetric and antisymmetric parts of £. Let H; be the
completion of the quotient of L?(7) with respect to constant functions, for the semi-norm
I - || defined as:

IFIF = (f. (=0)F), = (£, (=8)]),-

Let H_; be the dual space of H; with respect to L?(7), in other words, the Hilbert space
endowed with the norm || - ||_; defined by

I£112 = Sup {2(f,9), — llgli},

where the supremum is carried over some suitable set of functions g. Formally, || f]|-1
can also be thought as
-1
(f,(=8)7" ),
EJP 24 (2019), paper 143. http://www.imstat.org/ejp/
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and this identity actually holds rigorously as soon as f = Sg is in the range of S. Note
the difference with the variance o2 (V, ) which formally reads

2V, (=0)7V), =2V, [(-5)7']V), -
Hereafter, B, represents the symmetric part of the operator B. We can write, at least
formally, that

{([(-£)] ) = -8+ A (-8) "4 > -,
where A* stands for the adjoint of .A. We have therefore that [(—£) '] < (—=S)~'. The

following result is a rigorous estimate of the variance in terms of the H_; norm, which
is proved in [20, Lemma 2.4].

Lemma 4.1. Given 7 > 0 and a mean zero function V in L?(7) N H_1,

E,
0<t<T

t 2
sup (/ V(s)ds> 1 < 24TV |2,. (4.1)
0

In our case, the fact that the symmetric part of the generator does not depend on
the disorder implies that (4.1) still holds if we take the expectation with respect to the
disorder IP, and thus replace w with IP ® n. If we compare the previous left hand side to
the Boltzmann-Gibbs principle (3.10), the next step should be to take V proportional to

> [Jwatt + Dwiyy —w2) + L™ (7)) (4.2)

z€T N

and then take the limit as N goes to infinity. In the right hand side of (4.1) we will obtain
a variance that depends on N, and the main task will be to show that this variance
converges: this is studied in more details in what follows. Precisely, we prove that the
limit of the variance results in a semi-norm, which is denoted by ’H . H’ 5 and defined in
(4.3) below. More explicitly, we are going to see that (4.3) involves a variational formula,
which formally reads

[0l = 6, (-8 s 4+ o,

1
Ax(B)
The final step consists in minimizing this semi-norm on a well-chosen subspace in order to
get the Boltzmann-Gibbs principle, through orthogonal projections in Hilbert spaces. One
significant difficulty is that m . H‘ 3 only depends on the symmetric part of the generator
S, and the latter is really degenerate, since it does not have a spectral gap.

In Subsection 4.2, we relate the previous limiting variance (which is obtained by
taking the limit as IV goes to infinity) to the suitable semi-norm. Subsection 4.3 is
devoted to proving the Boltzmann-Gibbs principle (using Lemma 4.1). Note that (4.2) is
a sum of local functions in Qg, from Proposition 2.3 (recall that f € Q). Therefore, all
our results will be restricted to that subspace. Then, in Section 5 we investigate the
Hilbert space generated by the semi-norm, and prove decompositions into direct sums.
Finally, Section 6 focuses on the diffusion coefficient and its different expressions. These
three main steps are quite standard, and many of the arguments can be found in [25].
For that reason, we shall be more brief in the exposition, and refer the reader to [25] for
more details.

4.2 Limiting variance and semi-norm

We now assume § = 1. All statements are valid for any 5 > 0, and the general
argument can be easily written. In the following, we deliberately keep the notation (1),
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even if the latter could be replaced with its exact value x(1) = 2. We are going to obtain
a variational formula for the limiting variance

%E*{ =8Sa,) Z Tz, Z ngo}

lz|<Ly |z <l

as { — oo, where p € Qg and £, = £ — s, — 1. Note that the quantity above is well defined,
since ngw Tz has mean 0 and is therefore in the range of S, (see e.g. [18, p. 152]).
We first introduce a semi-norm on Qjy:

Definition 4.1. For any cylinder function ¢ in Qy, let us define

2 v 2 A 2 1 2
el = sup {2 g1, 5B [(Vor,)?] - S [(V0aT,)?] }+Ax(1) L@,
(4.3)
A
= sup {2 L P, 0 1% 20 K @ > 4 —%E’{ [(Vof‘g)z} _EE{ [(a(wg—wf) + VOJFg)?} }’
geQ
a€R

(4.4)

where < - >, and < - > ,, were introduced in (2.18).

Remark 4.1. The second identity in (4.4) follows from an explicit computation of the
supremum in a € R, which can be obtained by standard arguments, using the fact that
Ef [(wg — w})Vo:Ty| =0forany g €C.

Note that, from Proposition 2.7, one can easily bound H’Lp”’i for any ¢ € Q as follows:

= Z{ 2) T Vau1(Ge )}

zEA

el < 25 (2 o) ] + m (D) | <

We are now in position to state the main result of this subsection.

if

then

Proposition 4.2. Consider a quadratic function ¢ € Qpy. Then

3 20 B[ (- 80) 7 3 e 3 ] = el .5

|z <l |z <l

Here, ¢, stands for ¢ — s, — 1 so that the support of 7,¢ is included in A, for every
S Agw.

This result is the key ingredient of the standard non-gradient method. As usual, the
proof is done in two steps that we separate as two different lemmas for the sake of clarity.
First, we bound the variance of a cylinder function ¢ € Qg, with respect to P}, by the
semi-norm ||¢|||? (see Lemma 4.3). In the second step, a lower bound for the variance
can be easily deduced from the variational formula which expresses the variance as a
supremum (2.17) (see Lemma 4.5). The rest of this section is devoted to proving these
two bounds.

Lemma 4.3. Under the assumptions of Proposition 4.2,

limsup(%)_lE*[ —8r) Z Tz Py Z ngo} < H"p’”f

=00 e I
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Proof of Lemma 4.3. To prove the lemma, we study the weak limits of some particular
sequences in Qy. In the typical approach, these weak limits are viewed as germs of
closed forms, but for the harmonic chain, this is not necessary: this is one of the main
technical novelties in this work.

Let us start by following the proof given in [25, Lemma 4.3]. We assume for the
sake of clarity that ¢ = V(F') + Vo,1(G), for two quadratic cylinder functions F, G (the
general case can then be deduced quite easily). We write the variational formula

_ 1 1
(%)‘11*31{(—8/\2) Y e Y mp] =:1élc){21EI [%26 > Tmh] —%De(IP{;h)}

|| <ty || <ty |z|<ly

= 2212 {QET [FVO <21£ Z mh) +GV071(21£ Z Txh):| — ;ZDK(]P{;h)}. (4.6)
lz[<ey [z] <Ly

Since ¢ is quadratic, we can restrict the supremum in the class of quadratic functions h
with support contained in A, (see Proposition A.3). We can also restrict the supremum
to functions h such that D,(IP7; k) < C/, as a standard consequence of Proposition 2.4
(namely, there is some constant C(p) such that the right hand side of (4.6) is non-positive
when D,(P7;h) > C(p)f). Next, we want to replace the sums over A,, with the same
sums over Ay (recall that ¢/, = { — s, — 1 < /). For that purpose, we denote

4 4
Cé(h)::vo<2lgzmh>, gf(h)::v(n(;é > Tl.h>. (4.7)

r=—/ r=—~0+1

First of all, from the Cauchy-Schwarz inequality, we have
|7 4 2 A £ 2 1 *
E f( h) 7( h) < =Dy(PP7; h).
1{2 Go(h) +2 Gi(h) Y (P71 h)

Then, from elementary computations (similar to the proof of Proposition 2.4), we can
write
1 1 N 1/2
’ET [% 5 > Txh:| ‘ < 5,00 (De(P; 1)) 7
Lo<a<l
where C(p,~) is a constant which depends only on ¢ and ~. These last two inequalities
give the upper bound

20 B (-50) " X me X e

|z|<Ey lz|<Lly
c

—, (4.8
\/1?’()

2\ 2
< s {eEi[Fdm+odm] e |J(6m) + 5 (dm) ]+
Dg(]P{e;h)QC’Z
from some constant C' > 0. From now on, we denote generically by C' a positive constant
that does not depend on ¢, but may depend on ¢ (and ), and may change from line to
line. The conclusion is now based on the following lemma:

Lemma 4.4. Assume that h € Q with support in Ay,. From Definition 2.3, it reads as

14 —1
h(m,w) = Z Y5 (m)ww; + Z P i (m) (Wi —w)).
i j=—tl i=—t
i

Then there exists a,(m) and R,(m,w) such that,

¢5(h) = Vo(Thy2e) (4.9)
Ci(h) = Vo1 (Th/2e) + ae(m)(wi — wi) + Re(m, w). (4.10)
EJP 24 (2019), paper 143. http://www.imstat.org/ejp/
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Moreover, if Dy(P}; h) < C¢, then
N 2
El{(m(m,w)) } <. (4.11)

Proof of Lemma 4.4. The proof of this lemma is rather straightforward, we merely sketch
it. First, given the shape of the function h, elementary computations yield that (4.9) and
(4.10) hold with

1
2

ag(m) = — (Ye—1,0-1(T_em) + ¢ _(To41m)),

-1 ¢
1
Rg(m,w) = Z < — Z 1/)@7]'(7'_@1‘[1) Wi—¢ + Z 1/)_5,3‘(7'@_;,_1111) wj+g+1> (w1 — wo).
j=—t J=—t+1
Then, we straightforwardly obtain, by translation invariance of PP¥,

-1 4

EI[(Re(maw))Z] < %<ET{ > (W,j(m))Z] +ET{ > (7/)—€,j(m))2])7

j=—1 j=—L+1

where C; = 4E} [w? | (w1 — wo)?] = 8Ef [w? wj] = 8. Furthermore, since both parts of the
Dirichlet form given in (2.12) are non-negative, in particular, we have

Du(Piih) = 3 Y Ef | (h(m,w") — him,w))’]
xeAg
> 1 [(h(rn,wf) — h(m,w))*] + 27| (h(m,w™") — h(m,))’]
2 4 2
35116 (5 v |+ i1t 35 e ]
j=—t j=—0+1
-1 ) ¢ )
- wE;[ > ()| +sr8t] Y (vnm)?]
j=—t j=—t+1
The previous two bounds finally yield
1
| (Re(m, )] < 5 Du(P; 1),
which proves (4.11). O

Lemma 4.4 above permits to bound the limit as ¢ — oo of (4.8) by

sup {QIE{ [F Vol's + G(a(m)(wj — wi) + VoJFf)}

feQ
a:QP SR
« | 2 A 2 2 2
. 5(vorf) +§(a(m)(w0—w1)+vo,1rf) =: ;ug (e, a, f), (4.12)
S
a:QP =R

where we denote by H(p,a, f) the quantity inside brackets. To conclude we want to
restrict the supremum on real numbers a which do not depend on the disorder. This is
done in a similar way as in [12, Lemma 7.7]. To that aim, for any positive ¢, fix a.(m)
such that

Supf)(@aaa?f) > sup 5:‘.’)<L)Oaa7f)_€7 (413)
feQ feQ
a:QP SR
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and shorten a.(m) := a.(m) — Ela.]. Let us define, for any = € Z, the function b, € L%(PP)
given by

z—1
Z Ti0e (m) ife>1,
by (m) = ¢ k=P and bo(m) =0,

Z —Tpae(m) ifz < —1.
k=x

which is defined in such a way that for any = € Z, b1 (m) — b,(m) = 7,a.(m). For any
n € IN, let us introduce the quadratic function

gn(m,w) = — Z b, (m)w?.

zEA,

One can easily check that, for any z € Z such that {z,z + 1} C A,
Vz7z+1(gn) = Tzae(m)(w,§+1 - w?)a and Vo(gn) = 0.
Therefore, letting f, := f + gn /(2n) which still belongs to Q, we get

VOFf = VQFJ‘;n
Vouls +ac(m)(wi —wi) = VoT'z + Elac](wg — wi) + R (m,w),
where
1

Rp(m,w) = Eg(m)(wg - W%) - %VO,IFL@"'

We are now going to estimate the L?(Pf)-norm of 1R, as follows: basic computations
show that

1 - 1
5 V0L, = c(m) (@] —w?) + o (ba(m) (@2 —w,,))

1
+ %Tfnﬁlrl (bfnfl(m) (W3n71 - w%n)) .

Hence, from the Cauchy-Schwarz inequality and translation invariance of P, it is enough
to show that

2 n—1 2 2
B[] _ ;EKZTkaE(m)) ] ——0, and B[] 0. (4.14)
k=0

Tl2 n— o0 Tl2 n—00

These convergences are standard consequences of the translation invariance of IP: more
precisely, let us fix a positive integer p and introduce for any x € Z the conditional
expectation

aten — E[Twag(m) |my; y e A,,(x)]

From our assumptions, note that aler) — Tz'dég’p ) and ['dgf’p )] = 0. As a result,
1 iy 2 2 nol 2 9 n—1 2
e« (o) 2o
k=0 k=0 k=0
<2F [{Zig(m) —ag? }2} + L(;’ P,

The last inequality comes from the fact that ZZL’,(CE’F ) is a sum of identically distributed

variables (because of the translation invariance of IP), for which we have a good control
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of the variance. Letting now, in the bound above, n — oo, and then p — oo, we obtain
that (4.14) holds, thus (4.13) rewrites

supﬁ(go,E[aa],f) Z sup f)(@va’af)_&\'
feQ feQ

a:QP SR

Since this holds for any € > 0, we finally obtain as wanted that

sup 9(p,a, f) = sup H(p,a,f),
feQ feQ
a€R a:QP SR

and therefore
(26)_1E* |: SA[ Z Te P, Z 7—1:50:|
|z|<Ly |z|<Ly

< sup {2]}3’{ {F Vol'y + G (a(wg — wi) + VOJFQ)}

geQ
aeR
* >\ * 2
_ %El {(Vorg)z} — EEI [(a(w% — wf) + Vovll“g) ] }
Lemma 4.3 follows, after recalling (4.4). O

We now turn to the upper bound.

Lemma 4.5. Under the assumptions of Proposition 4.2,

imsup(20) 15 [(~ 51) Xm0 ] > el

o0 |2|<Ly |z|<Ly

Proof of Lemma 4.5. For f € Q, define {y =/¢ —s; —1 and

Jo = Z Tyjf)g,la Héf = Z S(ryf).

Yy+1€A, lyl<tr
The following limits hold:
lim (26)1IE*{ ~8) Y e, Jg = — <O, (4.15)
£— 00 o<ty

lim (2()_11[3*[ —Sp,) Z Tz, H <L, >4,

{— 00
lz|<Ly, -

S )

el -+ ] i ()

We only prove (4.15), the other relations can be obtained in a similar way. As previously,
we assume for the sake of simplicity that ¢ = Vo(F) + Vg,1(G). One can easily check the

elementary identity
SA,Z< > aw; ) = Jy(w). (4.16)

TEN,
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Therefore,

20 B[ (- 50) " X e
|z <Ly,
Y0 D yEifew ]

yEA, |z|< Ly,

—-207" Y Y yE[GVoalw) )]

YA [z|<Ly
—(20)~! Z z Ef[G Vo,1(wg)] + (z+ 1)E}[G Vo,l(w%)}
|$|<e<ﬁ
=—(2071 (20, + 1) E} [G(w§ — w?)] T P>
—00

The last limit comes from Proposition 2.7 and the fact that ¢, = { — s, — 1. We also
have used the translation invariance of IP7. Then, we use the variational formula (2.17),
chosing

h= (SAZ)fl(an—FHg) =a Z ywj—l— Z Ty fs

yEA, lyl<es
we obtain:
lim inf (24)11E*[ —8Sa,) Z o Y w]
|| <Ly | <Ly
hmmf (20)~ {2E*[ Z Tz, Z yw + Z Tyf]
|| <y yEA, lyl<Ly
+E{[a Z yws + Z Tyf,an—kHﬂ}
yEA, lyl<ey
A
=20 K9 P10 +2 <9, f 31, —5E] [( (w§ — ) + Voal'y) ] QEI [(VOF]«)Z]

The result follows after taking the supremum on f € Q and a € R, and recalling (4.4). O

4.3 Proof of Proposition 3.2

In this paragraph, we prove Proposition 3.2 by using the result given in Proposition
4.2, and leaving technical parts for the next two sections. First, we show how to relate
(3.9) to such variances, as was rapidly sketched in Section 4.1. Recall that we have
assumed for convenience 3 = 1, but the same argument remains in force for any g > 0.

Proposition 4.6. Let i) € Cy, with s, < N. Then

m LE?ET{/ vls } ] ;TE*W (=Sn) 1] (4.17)

This result is proved for example in [20, Section 2, Lemma 2.4], when there is no
disorder. The average w.r.t. the disorder can be added (as in the estimate (4.17)) without
any trouble, since Sy does not depend on m. We are going to use this bound for functions
of type Y. G(x/N)1,p, where ¢ belongs to Q. The main result of this subsection is the
following.

Proposition 4.7. Let ¢ € Qg, and G € C?(T). Then,

2
lim sup Q,,» [ sup {\F/ Z G Tmap m, s)ds}

N—oo 0<t<T

<crllelf} | 6

(4.18)
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Proof. From Proposition 4.6, the left hand side of (4.18) is bounded by
2UT E} [\F Y@ ( ) o, (—N2Sy)~ <W Z el ( ) mp)}
€Ty
which can be written with the variational formula as
24T i}é}g{\ﬁ Z G( )]E{[fo(p] _NQDN(IP{V;f)}.
€T N

Since p € Qy, from Proposition A.3 we can restrict the supremum over f € Q. Proposition
2.4 gives
1/2

Ei[f 7] < C(0, )] [ro . (=Sn,) (7o 1)]
and by Cauchy-Schwarz inequality,
1/2 12
VN Y G(5)Eilfny] < ( > al(x) ) N Clp, M B[S, (~sw)f]"
z€eT N z€T N
The supremum on f can be explicitly computed, and gives the final bound
\/7 2 1 X 2
su 'rr (m, s)ds < C'(p, T( G(— )
il 5 [ 5 o) mon) | cton(k 5 o)
(4.19)

We are now going to show that, after sending N to infinity, the constant on the right
. For that purpose, we average on microscopic boxes:

_ 1
Pe = m Z TyP,

‘MSZW

for / < N, we denote

where as before /, = { — s, — 1. We want to substitute

VN Y a(5) e

€T N

with

\/>Z ( )me

zeTn
The error term that appears is estimated by

[p{f/ >

0<t<T =
lz—y|<Ly

() e () metmnan) |

Since Gy(z) == G(z/N) — (2, + 1)7' 30|, _,1<¢, G(y/N) is of order £/N, we obtain from
(4.19) that the expression above is bounded by C(¢)/N?, and therefore vanishes as
N — oo. We are now reduced to estimate

[p {\F/ e

otLT 2Ty

2
Tww(m s)ds} } (4.20)
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Using once again (4.17) and the variational formula for its right hand side, one obtains
straightforwardly, using the translation invariance of PP, that (4.20) is bounded by

CT sup {\ﬁ Z G( ) o @] — N*EY [g, (_SN)Q}}

9€Q zeTy
; Cngg{rI;M () Bilrs07) - 5757 X Bilo(~Shc) |
< 2€+ Z G2( );gg{ 1[f %] —Ef[f,(—SAe)f]}
_ CT@e+1) 2£+ Z a2 (7) ?SSZ{EW@] _E;[f,(—SAZ)f}},

where in the last inequality we denote by Q, the set of functions in Q depending only
on the sites in A;_1. To obtain the second bound, we split the supremum over z, and
let f := (24 1)7_,9/G(z/N), and to obtain the third bound, we used the convexity of
the Dirichlet form to replace f by its conditional expectation w.r.t. sites in A,_;. Since
p € Qy, from Corollary 2.5, one straightforwardly obtains, using the polarization identity
related to (2.12) and the elementary inequality ab < 1a? + b?, that

Ef[f 2] =Ei[f(=Sa,)(=Sn,) "' @]
L £—1
:% Z E’{[fo, vz((_SAe)_laf)] +% Z ET [Vz,rJrlf: Vm¢z+1 ((_SAe)_laé)]

z=—/ x=—/
1
< Ei[Pe (=8a) 7" @] + BI[f(=Sa,)f]- (4.21)

We can now plug this bound in the previous estimate, let { — oo after N — oo and use
Proposition 4.2 to finally obtain as wanted

G (%) rop(m, s)ds}2

limsup Q,, N [ sup {\/N

N—o0 0<t<T

<cllelf} | Guan

(4.22)
O

0 z€T N

4.3.1 Proof of Proposition 3.2 (i)
We apply Proposition 4.7 to 3;21 ;(H), and we get
2
lim sup QN{V[ sup (j}”gf(H)) } < OT||jon + D(w} — ) + L™ |7 / H(u)2du.
N—oo 0<t<T ’ T

We will show in Section 5, Lemma 5.9 the following result: there exists a unique number
D, and a sequence of cylinder functions {f;} € Q such that

ldo.1 + D(w —wg) + L™ fil, -0

= 872[|]
this convergence also holds with the same constant D and the same sequence {fx} if we
replace the semi-norm ’H . ‘Hl with !H . H‘ﬂ for any S > 0 (as a consequence of a standard
change of variables argument). To conclude the proof of Proposition 3.2, it only remains
to prove the identity D = D to obtain the first statement of Proposition 3.2, which will
be done below in Remark 6.1.

1 therefore in particular,
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4.3.2 Proof of Proposition 3.2 (ii)

The second statement (3.10) will be proved in Section 6, see Proposition 6.5 below.

5 Construction of the sequence {f;}

We now focus on the semi-norm ||| - |||, that was introduced in the previous section, see
(4.3). We can easily define from ||| - |||, a semi inner product on Cy through polarization,
which is denoted by < -,- >>1. Let \V be the kernel of the semi-norm || - |||, on Cy. Then,

the completion of Qy/N (the quotient of Qy by N), denoted by #; is a Hilbert space.
Let us explain how Varadhan’s non-gradient approach is modified. Usually, the Hilbert
space on which orthogonal projections are performed is the completion of Cy /N, in other
words it involves all local functions. Then, the standard procedure aims at proving that
each element of that Hilbert space can be approximated by a sequence of functions in
the range of the generator plus an additional term which is proportional to the current.
Since for our model, all functions of interest are in Q, and since the decomposition of
germs of closed form is explicit in the set Q (recall (4.9) and (4.10)), the crucial step to
obtain this decomposition is to control the antisymmetric part of the generator by the
symmetric one for quadratic functions.

In Subsection 5.1, we show that #; is the completion of SQ/N + Rj&l. In other
words, all elements of H; can be approximated by aj,_-*i1 + Sg for some a € R and g € Q.
This is quite natural since the symmetric part of the generator preserves the degree of
polynomial functions. Moreover, the two subspaces Rjg: , and SQ/N are orthogonal, and
we denote their sum by

SQ/N @ Rjg ;-

Nevertheless, this decomposition is not satisfactory, because we want the fluctuating
term to be on the form £™(f;), and not S(f). In order to make this replacement, we
need to prove the weak sector condition, that gives a control of || A™g/|, by [|[Sg]||,.
when ¢ is a quadratic function. The argument is explained is Subsection 5.2 and 5.3,
and the weak sector condition is proved in Appendix B. The only trouble is that this new
decomposition is no longer orthogonal, so that we can not directly express the diffusion
coefficient as a variational formula, like (6.1). This problem is solved in Section 6.

5.1 Decomposition according to the symmetric part

We begin this subsection with a table of calculus, very useful in the sequel. Recall
that < -,- > is obtained by polarization from the norm ||| - |||, defined in Definition 4.1,
and also that < - >, and < - > ,, have been defined in (2.18).

Proposition 5.1. For any ¢ € Qp and g € Q (which implies Sg € Qy from Proposition
2.3), we have

K, Sg>1=— <P, g >14 (5.1)
L Qo1 >1=— <P >1 (5.2)
< j51,89>1 =0, (5.3)
and then
|||J§1|||? = — <51 1 = AX(1) (5.4)
A
lISll? = 2z [(V0.10)%) + 13 [(Vor,)?]. 65

Proof. These identities are consequences of Proposition 4.2. Fix two local functions
p € Qpand g € O, we first write according to equation (4.5) and by translation invariance
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of E}
< .5 1=~ lim (za—nE;[ Y e Y Tyg}
o ol<t,  lul<ts,

For any |z| < {sy — s, — S4, and any y > sy, T, and 7,9 have disjoint support and are
therefore independent, so that we obtain as wanted

L 9,859 >1= _th {(2()—1]@{[ Z Tz, Z Tyg} + O(g—l)} =— <P, 0>,
—00

|z|<lsg—sp—3g yezZ

where O(¢~1) denotes a small correction term of order /~!, which proves (5.1).
The second identity is proved in the same way, using the elementary identity

Z jiw-‘rl = Ay, Z l‘wi

—<z<-1 lz|<e

We can then write < go,j(il > as the limit as { — oo of

(2@)%;[ > ooy ng} + (20)7'E* [jfg,l_g,(sm)l > w}.

|z|< 2, yeN, lz|<ty

Similarly to the proof of (5.1), the first term above converges as ¢ — 0o to — < ¢ > ..
Therefore we only need to prove that the second term vanishes. To do so, we apply (4.21)
to f =714 (=8p,)7 %, ,_, and g = (*/*¢, to obtain

(20)7"Ej |:ij,1€’(_SAg)_l > Ta:(P:|

\m|<&p

1 1 ., _ g 1.
SW 16€E1[ Z o, (=8a,) 7 Z Tx@] + By {me—e(*SAz) ljige,l—e - (5.6)

lz[<ey lz|<le

The first term inside the braces above converges as ¢/ — oo, according to Proposition
4.2, to H’go”fl /8. Furthermore, using the variational formula for the second term, it is
straightforward to prove that it is bounded from above by a constant as well. The right
hand side above is therefore of order /~'/2 and vanishes as wanted as ¢ — cc.

Identity (5.3) is immediate given that < j()g, 1,9 >1,,= 0 by translation invariance of
[E7. Similarly, (5.4) follows from (5.2) and elementary computations, and (5.5) follows
from (5.1). O

Corollary 5.2. Foralla ¢ Rand g € O,

N )\ * *
llass, + Sglll; = a*Ax(1) + SEi [(VoaTy)?] + S Ef [(Voly)?]

In particular, the variational formula for H’g@’ 1 € Qo, writes

1
|||80|||§ = W < %.760’,1 >1 +SIGIIQ> {2 <L, (=8)g > —‘HSQHE} (5.7)

Proposition 5.3. We denote by SQ the space {Sg ; g € Q}. Then,
Hqi = @/N @l Rjosl

Proof. We divide the proof into two steps.
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(a) The space is well generated - The inclusion E/N + Rj&l C H; is obvious (and
follows from Proposition 2.3). Moreover, from the variational formula (5.7) we know that:
if h € H, satisfies < h,j{il >1=0and < h,Sg > 1=0forall g € Q, then H}hml =0.

(b) The sum is orthogonal - This follows directly from the previous proposition and
from the fact that: < j§,,Sg >1=0forall g € Q. O

5.2 Replacement of S with £

In this subsection, we prove identities which mix the antisymmetric and the symmetric
part of the generator, which will be used to get the weak sector condition (Proposition
5.7).

Lemma 5.4. Forall g,h € Q,
<L Sg, A™h >1=— < AMg,Sh > .

Proof. This easily follows from the first identity of Proposition 5.1 and from the invariance
by translation of the measure P7:

L Sg, Ah > = — K g, Ah > == Y Ef[rag, AMh] = Y Ej[A™(129), h]

xEZ xEZ
=Y Ej[r(A™g),h] = Y Ej[A™g,7.h] =Y Ej[A™g, ]
x€Z x€Z x€Z
=— < AMg,Sh > . O

Lemma 5.5. Forall g € Q,
- A _ m -S
<< Sg,]O,l >>1* - << A 9,3071 >>1 .
Proof. From Proposition 5.1,

< Sg?.](l)él > ==K gajél >>1,*: - Z EI [Taﬁ'gvj([)q,l] == Z ET [97.].91:4,;8-{-1}

T€EZ TE€EZ
= - Z JZEI [97.7‘;4—1@ - jﬁx—i—l] == Z JZ‘E’{ [97 Am(wi)]
TEZ T€Z
=) 2B [AMg,wl] =< AMg > = — < A, 5, > O

TEZ

These two lemmas together with the second identity of Proposition 5.1 (and the fact
that < j()‘fl >1,.»= 0) imply the following:

Corollary 5.6. Foralla € R, g € Q,
.S LA m .
< ajoq + Sy, ajoq + AMg >1=0.

We now state the main result of this subsection.

Proposition 5.7 (Weak sector condition).

(i) There exist two constants Cy := C(~, A) and C; := C(v, A) such that the following
inequalities hold for all f, g € QO:

< Amf,Sg 3] < G|, 1S9l 5.8
1
< A™f, 8931 < GISSIE + 5 lIsalll (5.9
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(ii) There exists a positive constant C' such that, forall g € O,

A7l < Cllisglll,-

Proof. The proof is technical because made of explicit computations for quadratic
functions. For that reason, we give it in Appendix B. O

5.3 Decomposition of the Hilbert space
We deduce from the previous two subsections the expected decomposition of ;.
Proposition 5.8. We denote by £™Q the space {L™g ; g € Q}. Then,

Hi = EmQ/NEB ]R]égl

Proof. We first prove that 7, can be written as the sum of the two subspaces. Then, we
show that the sum is direct.

(a) The space is well generated - The inclusion L™Q/N + ]Rj(‘il C H; follows from
Proposition 2.3. To prove the converse inclusion, let h € H; so that < h, j(i 1 >1=0and
< h,L™g>1=0 for all g € Q. From Proposition 5.3, h can be written as

h = lim Sgy
k—o0
for some sequence {g;} € Q. More precisely, since < Sgi, A™gr >1= 0 by Lemma 5.4,
2] = lim < Sgi, Sgx >1= lim < Sgi, L7gx >1 -
k—o0 k—o0

Moreover, we also have by assumption that < h,L™g, >;= 0 for all k£, and from
Proposition 5.7,

sup ||| £%g[|, < (C'+ 1) sup |[|Sgx [, = Ch
keN keN
is finite. Therefore,

|||h|||? = lim < Sgk,ﬁmgk >1= lim < Sgk — h7£mgk >1 < lim Ch|||Sgk — h|||1 =0.
k—o0 k— o0 k— o0

(b) The sum is direct - Let {g;} € Q be a sequence such that, for some a € R,

lim L™gy = aj(?l in Hy,
k—o0 ’

By a similar argument,

limsup < Sgx, Sgr >1= limsup < L™gg, Sgr >1= limsup < L™ g, — ajfil,Sgk >1=10,

k—o0 k— o0 k— o0

where the last equality comes from the fact that < jfil, Sgi >1= 0 for all k. On the other
hand, by Proposition 5.7, |||£™gx ||, < (C +1)||Sgk|||, = 0. Then, a = 0. This concludes
the proof. O

Recall that j§, (m,w) = M(w§ — w}). We have obtained the following result.

Lemma 5.9. For every g € Q,, there exists a unique constant a € R, such that

g+a(w? —wd) € LmQ  inH,. (5.10)
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_ This lemma states exactly what we were expecting for: there exists a unique number
D, and a sequence of cylinder functions {f;} € Q such that

[[l70.1 + D(w} —wp) Jr£mfk’|||1 oo 0,

and this convergence also holds with the same constant D and the same sequence fj if

we replace the semi-norm ||| - [||, with ||| - H}ﬁ for any 3 > 0.

We are left to prove: first, the identity D = D, and second, the statement (ii) of
Proposition 3.2, namely (3.10), both being contained in the following section.

6 Diffusion coefficient and end of the proof

The main goal of this section is to express the diffusion coefficient by various varia-
tional formulas. We also prove the second statement of Proposition 3.2. First, recall the
we defined the coefficient D in Definition 2.5 as

1
D=A+—— inf sup {< f, =S >1, +2 < j{ —A™f,g>1, — < g,—Sg>1.,}.
X(l) fEQgeg{ f f L ']011 f g 1,% g g 1,*}
(6.1)

From Lemma 5.9, there exists a unique D € R such that
jo1+D(w? —wd) € LmQ  in H;.

We are going to obtain variational formulas for D, and prove that D =D, by following
the argument in [25] (see Remark 6.1 below). We first rewrite the decomposition of the
Hilbert space given in Proposition 5.8, by replacing j@? 1 with jo 1. This new statement is
based on Corollary 5.6, which gives an orthogonality relation. The second step is to find
another orthogonal decomposition (see (6.2) below), which will justify the variational

formula (6.1) for D. Hereafter, we denote L™ := S — A™ and jg ; := jOS)1 — j(;‘:l.
Lemma 6.1. The following decompositions hold

7‘[1 = »CmQL/\/' @RjoJ = ﬁm’*Q‘N@Rjal.

Proof. We only sketch the proof of the first decomposition, since it is done in [25]. Let
us recall from Proposition 5.8 that £™Q has a complementary subspace in #; which is
one-dimensional. Therefore, it is sufficient to prove that 7, is generated by £mQ and
the total current. Let h € H; such that < h,jo,1 >1= 0 and <« h,L™g >;= 0 for all
g € Q. By Proposition 5.3, h can be written as

h = lim Sg + ajs,
k— o0 ’
for some sequence {g;} € O, and a € R, and from Corollary 5.6,

|||h|||? = klggo < ajf)q@ + Sgk,ajor + LG >1 .

Moreover, from Proposition 5.7 and the standard inequality |||¢ + w”ﬁ < QH‘@Hﬁ—i—QHWH ?
we have

sup [ago. + £™gilll; < 202 |0 [} +2(C + 1) sup [[|Sgu [} =: Cn

keEN kelN
is finite. Therefore,

|||h|||i = lim < aj(i1 + Sgr — h,ajor + L™gr >
k—o0
< Cp limsup |||aj(il + Sgi — h’”l =0.
k— o0

The same arguments apply to the second decomposition. O
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We define bounded linear operators T, 7™ : H1 — H; as
T(ajor + L™ f) = ajy, + S,
T*(ajsy + L™ f) = ajg, + S
From the following identity (which is a direct consequence of Corollary 5.6)
. — . m 2 . 2 . I
llasor + £l = llags.a + £ £l = Mlags.a + SFIL + ajon +A™FI
we can easily see that 7™ is the adjoint operator of 7" and we also have the relations
< Tjg 1,460 >1 =< T* g1, o >1= Ax(1)
K TJ5 1, L f > =< Tj§ |, L™ f =0, forall f € Q.

In particular,
Hi = L™*Q/N & RTj§, (6.2)

and there exists a unique number @ such that
jor — QTj5, € L™*Q  inHj.

We are going to show that D= Q.

Lemma 6.2.

AX(l) i yx m,x 2
- = f —Lm )
= i P = e Jelliss el

(6.3)

Proof. The first identity follows from the fact that
. o . . 2
< TJOS,D](),l - QT](?,I >1=Ax(1) — Q|||Tl7(§,1|||1 =0.
The second identity is straightforwardly obtained from the first identity, together with

2

inf ||li&, — QTS , — L™ =0, 6.4
]}QQH‘JOJ Q Jo,1 fm1 (6.4)
which holds by construction of Q. O

Thanks to Corollary 5.6, for any g € Q, T'g and g — T'g are orthogonal, and therefore
< Tg,9 >1=<Tyg,Tg > forall g € Hy. In particular, j§, — Tj§, is orthogonal to T7j§ |,
thus

jor — Tj5, € L™*Q.

We can then obtain the following variational formula for ||| 75, |,

Proposition 6.3.
. 2 : - m,*x 2
55l = nf [155 = £ £ (6.5)

Proof. With a similar argument (as in the proof of the previous proposition), we have
inf |||55, — Tig, — £™*f|, =0,
feo 1761 Jo,1 f|H1

and

. . . 2 . . 2 . 2
it [[l36s = Tisa = £y = inf 62 — £l = 1755

where we used the fact that j§, — Tj§, and £™* f are both orthogonal to T’j§,, which
concludes the proof. O
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We are now ready to derive variational formulas for D:

Lemma 6.4.

x(1
(1) 5. (6.6)

~ 1 2
D= — inf ||, — £™*f[[ =
v b dinfeql[ld5y — £m oI

x(1) ree

Proof. By construction, jo; — (D/)) j§1 € £™Q and therefore

D D
< joa = doas Tioa 1= (1) - X|||Tj5q’1|||? = 0. (6.7)

As a result, we obtain as wanted that, D = AQ, and the variational formula for D can be
deduced from the one for Q. O

Remark 6.1. We can rewrite the variational formula (6.6) for D as:

-1 5 2 : m )2
D = <5yt {151+ WS + s — A1)
B 1 . 2 A m 2
=3+ g ot I+ s = 411} oY

— A+ ISAIT =2 < gy — A, Sg 1 ISl }

1.
—— inf sup{
X(l) f€Qgc0
1
= A+ —= Inf sup {< f,=8f >1. +2 < gy — AP f, 9 >14 — < g, —Sg > 14
x(1) fngeg{ Fr=SF > Joa fi9>14 9,—Sg 14}
(6.9)

_D, (6.10)

by definition of the diffusion coefficient, see (6.1). To establish the third identity, we used
(5.7) to restrict the infimum in (6.8), to functions f satisfying < j{ﬁl —A™f j{il >1=0.

We are now in position to prove the remaining statement of Proposition 3.2:
Proposition 6.5. There exists a sequence {f;} € Q such that

Jim [[lox + D(wi = wg) + £7 ||, = T [[551 + D(wi —wg) + L™ e[|, =0, (6.11)
—00 k—o0
and it satisfies

tim B [A(Vo @3 - 1) +(Vo(rs)) ] = 20x(0).

k—o0

Proof. The first statement is a consequence of Lemma 5.9, the definition of ﬁ Remark
6.1 and Corollary 5.6. We now turn to the second statement. By assumption,

kh_>nolo |||T(j0,1 + D(W% - Wg) + Emfk’””l =0

and therefore 5 2
Jim (|38 + SAl; = DTt - <RI

Then, the result follows from

1
=AQ = % (6.12)
|7 (w? - wo)”’1
and Corollary 5.2, which yields
. 2 A, 2 . 2

I35, + Sell; = S [(w% - vo,l(rfk)) } n g]El [(vo(rfk)> } (6.13)
O
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7 Green-Kubo formulas

In this section, we prove the Green-Kubo formula given in Theorem 2.2, which is a
consequence of Propositions 7.2 and 7.3 below. We first prove the convergence of the
infinite volume Green-Kubo formula, then we rigorously show that it is equivalent to
the diffusion coefficient given by Varadhan’s approach. For the sake of clarity, in the
following we simplify notations, and we denote < - >, by < - >,.

7.1 Convergence of Green-Kubo formula

Linear response theory predicts that the diffusion coefficient is given by the Green-
Kubo formula. In [3, Section 3] its homogenized infinite volume version is given by:

_ 1 [ . . .
R(z) =X+ 5/0 dt et Z Q,x []él(m, t),Tx](‘fl(m, 0)} (7.1)
TEZ

That formula can be guessed from the better-known finite volume Green-Kubo formula
thanks to the ergodicity property of the disorder measure P. We denote by L(z) the
second term of the right hand side of (7.1), that is

S . .
L(z) = 5/0 dte >t ZQMN [Jél(m7t),7wjé1(m, 0)].

T€EZ

We also denote by L2 the Hilbert space generated by the elements of C (recall Definition
2.2) and the inner product < - >,. We define h, := h.(m,w) as the solution to the
resolvent equation in L2

(z = L™)h. = jg,. (7.2)

Hille-Yosida Theorem (see Proposition 2.1 in [11] for instance) implies that the Laplace
transform L(z) is well defined, is smooth on (0, +c0), and such that

1
Alz) = A+ L(z) = A+ 5 < oo e > (7.3)

Since the generator £™ conserves the degree of homogeneous polynomial functions, the
solution to the resolvent equation is on the form

h. (mvw) = Z wz(mv €z, I)(w?c-i-l - Wf:) + Z QOZ(my z, y)w-’cwyv
TEZ x,YEZ
z#y

where, for all m ¢ QP, the function ¢.(m,-,-) : Z? — R is square-summable and
symmetric. In the Hilbert space L2, there exist equations involving the symmetric part S
that can be explicitly solved:

Lemma 7.1. There exists f € L2 such that Sf = jg', in L2.

Proof. We look at the solutions f to Sf = j()‘fl on the form

f(m,w) = Z i (M, T)wewytk,

T€EZ

k>1
such that, for all m € Q7,
Z lon(m, )| < +oo0. (7.4)
TE€EZ
E>1
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To simplify notations, let us erase the dependence of m for a while, and keep it in mind.
Then, the sequence {py(z);z € Z,k > 1} has to be solution to

“A(ert1(@) + (e = 1)) + 4 +7er(2) = Mpr-1(2) + pp1 (e = 1)) =0, k > 2,
do ()
A+2 - A —1)) = ——
A+ 29)01(2) = Apa(2) + p2(2 — 1)) = .,
(7.5)
for x € Z.
We introduce the Fourier transform ¢, defined on T as follows:

Pe(©) = pr(z)e*™,  £eT.
TEZ

From (7.4), this is well defined, and the inverse Fourier transform together with the
Plancherel-Parseval relation imply:

on(z) = / B(€)e 2o de

T
S ler@)F = / (e de.
1T

The system of equations (7.5) rewrites as

M+ 1) Pry1(E) 4N+ NPk(E) — A(e™ 2™ +1)Pr_1(€) =0, for k> 2,£ €T,
~ 7T o _ 1
(A+27)21(8) — A(e™ +1)22(§) = Noros for{ € T.
(7.6)

Therefore, for any £ € T fixed, £ # 1/2, the sequence {¢ () }r>1 is solution to the second
order linear recurrence relation:

20ieimE

cos(7€)
where « := (A + )/A, with the two conditions:

Pr1(8) — Pu(&) +e7 2™ P_1(§) =0, fork > 2, (7.7)

(A +29)31(6) — A(€%7€ +1)3a(€) = H(m), for€ e T,
3 / 1B(6)2de < too,

g>17T

where 6(m) := 1/,/mom;. This system is explicitely solvable, and one can easily check
that the following function is solution:

~ _ 6(m) k-1

ka(f) = ~r(€) + )\(1 Jre,giﬂg) (T(f)) )
where imt

r(€) := cos(nE) (1 —/1-a2 cos2(7r§)) .

Note that r(-) is continuous on T (from a direct Taylor expansion), and ¢y (x) can then be
written as the inverse Fourier transform of (). O

We are now able to prove the existence of the Green-Kubo formula:
Proposition 7.2. The following limit

D :=lim&(2) (7.8)
2J0

exists, and is finite.
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Proof. We investigate the existence of the limit

lim < doh, (2= £™) g >e=2 lim L(2). (7.9)

With the notations above, we have to prove that < h,, j()“’l >, converges as z goes to 0,
and that the limit is finite and non-negative. Then, from (7.3) it will follow that D>X>0
and D is positive. We denote by || - ||1, the semi-norm corresponding to the symmetric
part of the generator:

Hf”%l* =< f, (_S)f >

and Hq, is the Hilbert space obtained by the completion of C w.r.t. that semi-norm. The
corresponding dual norm is defined as

1F112 4, = 816113{2 < f,9> —ali.}- (7.10)
g

We denote by H_1, the Hilbert space obtained by the completion of C w.r.t. that norm.
We already know from the previous sections that @y C H_1, (and we recover the result
of Lemma 7.1, namely ji', € H_y,).

We are going to prove the existence of the Green-Kubo formula by using some
arguments given in [20, Section 2.6]. For the reader’s convenience, we recall here the
main steps, and refer to [20] for the technical details of the proof. First, we take the
inner product < -,- >, of (7.2) and h, to obtain

2 < hyyhy >y A, =< hay i > (7.11)
Since jé‘fl € H_1,, the Cauchy-Schwarz inequality for the scalar product < - >, gives

2 L hyyhy >y +||hZ||]21* < lhzlos ||j6%1||711*

and we obtain that
el < ot -1

The family {h,}.~¢ is therefore bounded in Hy,, and one can extract a weakly converging
subsequence in Hy,. We continue to denote this subsequence by {h.} and we denote by
ho the limit. We also have

L h27hz > < ||jé1||%ﬂ*>

and then {zh.} strongly converges to 0 in L2. We now invoke the weak sector condition
given in Proposition 5.7: there exists Cy > 0 such that, for any homogeneous polynomials
of degree two f,g € Hy,,

| < f,£79 > | < (Co+ DlIfllex llgle - (7.12)
Indeed, this is a consequence of (5.8), since
| <[ AR > | = | <SfAMg > | < Co |||ISE, IS9lll, = Collfllae llglles,
and we also have from the Cauchy-Schwarz inquality,
| < £,8g > | < Iflls gl -
The estimate given in (7.12) applied to g = h, yields

1L R —1s = sup {2< .7 >, | flIf.} < (Co+ Dllha|li, < (Co+ D5ga 12 1.
S
(7.13)
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From (7.2) and (7.13) we deduce that

sup || zh; || -1 < 0.
z>0
Let us know refer to [20, Section 2.6, Lemma 2.16]: the condition (7.13) is sufficient to
prove that
* the sequence {(—£™)h.} weakly converges to jg', in H_g, ;
 the following identity holds

< ho, (—L™)ho =< ho, (—=S)ho >, =< ho, ji1 > ; (7.14)

* the sequence {h.} strongly converges to hg in Hy,, and the limit is unique.

We have proved the first part: the limit (7.9) exists. To obtain its finiteness, we are
going to give an upper bound, using the following variational formula:

< gy, (= L™)7hid > = sup {2< f,56h > =IIfIF. = IA™f12 .},
€

where the two norms || - ||+1,. are defined by
”f”?l:l,z =< f, (Z - S)ilf > -

For the upper bound, we neglect the term coming from the antisymmetric part A™f,
which gives

< j()ﬁ» (z — ﬂm)_lj& >, <KL jéq,la (2 — 5)_1j(f1 >y
In the right hand side we can also neglect the part coming from the exchange symmetric

part S°!, and remind that S™P( j(ﬁl) = —2j6“71. This gives an explicit finite upper bound.
Then, we have from (7.14) that

lifg < gty (2 = L™)7Hg > =< gk ho > =< ho, (—=S)ho >, > 0,
z
and the positiveness is proved. O

7.2 Edquivalence of the definitions

In this subsection we rigorously prove the equality between the variational formula
for the diffusion coefficient and the Green-Kubo formula.

Proposition 7.3. For every A > 0 and v > 0,

—= L. , 1.
D =X+ = lim < j&', (2 = £™) 78 >,
= ’

coincides with the coefficient D = D defined in Lemma 6.4.

Proof. We obtained in Section 6 several equivalent expressions for the diffusion coeffi-
cient. For instance, since x(1) = 2, (6.12) rewrites

2

D=c—s5—F5——5.
17 (wf = wd)lIF

Furthermore, according to (6.11), there exists a sequence { f }.~o of functions in Q such
that
ge = j())il + D(W% - wg) + L™ f,
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satisfies |||gc||1 — O as € goes to 0. Observe that g. € Qy C H_y, from Proposition 2.3.
By substitution in the equality above, we get

— 1 -k m,x * -k m, x
D 1:w<<ge_]0,1_£ T fe, T (ga_.]o,l_ﬁ T fe) >
recalling that < T'g,Tg >1=< g,T*g > for all g € H,. Therefore,

1 . .
D= 5 < ge _]8,1 _‘Cm’*f@ge _](il _Sf€ >1

1
= 5 < ja,l +‘Cm7*fs>j6§:1 +Sf5 > +R.

where R. is bounded by C|||g-|
Proposition 5.1, we can write

7, and then vanishes as € goes to 0. Finally, from

1.,
D:A+§;1£% L fer (=8)fe >y,
and we know that the limit above exists, which implies that | L fe, (=8) fe > | is

uniformly bounded in ¢ by a constant C' > 0. The problem is now reduced to prove that

lim < fo, (=8)fe >, = lim < ji, (z — L™) L8t >, . (7.15)
e—0 i;(()) ’ 5

For every z > 0 and € > 0, we have by definition above and (7.2),
gty = zhy — L™, (7.16)
Joq = ge = D(wi —wf) = L™ f.. (7.17)

First, we take the inner product < -,- >, of (7.17) with f. (recall that < j§;, fo >.=
-< jﬁg,lvsfs >1=0), to get

G fe == < fer ge i — < for (8 [ >
and using (7.16),
— KL, fe>Fr <L o, fo = — <K fo, 0o >0 — L fo, (8) fe >

First, let z go to 0, and observe that the limit of < £™h,, f. >, exists since {L™h,}
weakly converges in H_q, and f. € Hy,. Let us take the limit as £ goes to 0, and write

< fer 92 >4 < | fellnn llgell -1 < Clllgellls —> 0.

The first equality is justified by the fact that g. belongs to Qo C H_1,, and the last inequal-
ity comes from the definition of the semi-norm ||| - |||; given in (4.3). As a consequence,
we have obtained

lim < fo, (=8)fe >, = lim lim <« L™h,, f. >, .
e—0 e—02z2—0
In the same way, take the inner product < -,- >, of (7.17) with h, to obtain
< jélvhz >i=— <L gy hy >+ <KL fo by >

If we send first z to 0, then < g¢.,h, >, converges to < g.,hg >, from the weak
convergence of {h.} in Hy, and since g. € H_1,. As before, we write

< gey ho >.< Cllge|lli — 0.
e—0
Therefore,
lim < jiy, by >,= lim lim < L™ f. h, >,= lim < f., (=8)f. >,
z—0 ’ e—02z—0 e—0

and the claim is proved. O
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8 The anharmonic chain perturbed by a diffusive noise

In this section we say a few words about the anharmonic chain, when the interactions
between atoms are non-linear, given by a potential V. As in [25], we assume that the
function V : R — R, satisfies the following properties:

(i) V(-) is a smooth symmetric function,
(ii) there exist §_ and §; such that 0 < d_ < V”(:) < 61 < 400,
(i) §_/6, > (3/4)1/16,

Using the same notations as in the introduction, the configuration {p,,r,} now evolves
according to

dp,
o =V (o) =V (),
1
dr= _ pr _ Peoa ©-D
dt ~ M, M,
We define 7, := p,/v/M,, and the dynamics on {7, r,} rewrittes as:
dm, 1
G = o IV re) = V),
d (8.2)
Ty T

Te—1
&t~ VML Mo
The total energy
2
£ = Z {7;1 +V(rz)}
TEZ

is conserved. The flip and exchange noises have poor ergodic properties, and can be used
for harmonic chains only. For the anharmonic case, we introduce a stronger stochastic
perturbation. Now, the total generator of the dynamics writes L™ = A™ + ~S, where

1 1
A™ = Z —— (Xy = Yo oq1), Si=3 Z {Xg + Ya?ac—l—l}’ (8.3)
TEZ \/E 2 TEZ
where P P
Yx =Ty — ! s Xa: = Yr x-
Y . ary V (Ty)aﬂ_w 5

For this anharmonic case, the needed ingredients can be proved directly from [25]: first,
note that the symmetric part of the generator does not depend on the disorder and is
exactly the same as in [25]. Then, the proof of the spectral gap is done in Section 12
of that paper, and the sector condition can also be proved, following Section 8. More
precisely, after taking into account the disorder and its fluctuation, the same argument
of [25, Lemma 8.2, Section 8] can be applied, since it is mainly based on the fact that
both antisymmetric and symmetric parts involve the same operators Y, ,.

A Hermite polynomials and quadratic functions

In the whole section we assume 3 = 1. Every result can be restated for the general
case after replacing the variable w by =1/ %w.

Let x be the set of positive integer-valued functions ¢ : Z — IN, such that £, vanishes
for all but a finite number of x € Z. The length of ¢, denoted by |¢|, is defined as

TEZ
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For ¢ € x, we define the polynomial function H¢ on 2 as

He(w) = ] he. (wa),
TEZ
where {h,},cn are the normalized Hermite polynomials w.r.t. the one-dimensional
standard Gaussian probability law (with density (27r) ~'/? exp(—2/2) on R). The sequence
{H¢}¢ey forms an orthonormal basis of the Hilbert space L?(y;), where 4 is the infinite
product Gibbs measure on R%, defined by (1.4) with 8 = 1. As a result, every function
f € L%(u11) can be decomposed in the form

fw) =Y F()He(w).
§ex
Moreover, we can compute the scalar product (f,g); for f = Zg F(§)He and g =
> G(§)He as
(f,901=>Y_ F(&G().
§eX
Definition A.1. Define y,, := {£ € x ; |{| = n}, a function f € L?(p) is of degree n if its
decomposition
f=) F()H;
3554
satisfies: F'(§) =0 for all £ ¢ x,,.
Remark A.1. In this paper, we mainly focus on degree 2 functions, which are by Definition
A.1 of the form
3 pla, o) @2 — 1)+ Y o, yuaw, (A1)
©€Z oy
where ¢ : Z2 — R is a square summable symmetric function. Note that they all have
zero mean w.r.t. u;, and they can also be rewritten as

Z o(x, x) (W] - W020+1) + Z V(z, y)wawy,

TEZ TH£Y

for some square summable symmetric function ¢ : Z2 — R.

A.1 Local functions

On the set of n-tuples x := (z1,...,z,) of Z", we introduce the equivalence relation
x ~ y if there exists a permutation o on {1,...,n} such that z,;) = y; foralli € {1,...,n}.
The class of x for the relation ~ is denoted by [x] and its cardinal by ¢(x). Then the set
of configurations of y,, can be identified with the set of n-tuples classes for ~ by the
one-to-one application:

Zn/ ~ = Xn

x| = [(z1,...,20)] > €

n

where for any y € 7, (g[xl)y = > . 4 1y—p,. We identify { € x,, with the occupation
numbers of a configuration with n particles, and [x] corresponds to the positions of those
n particles. A function F' : x, — R is nothing but a symmetric function F : Z™" — R
through the identification of ¢ with [x]. We denote (with some abuse of notations) by
(-,-) the scalar product on ®L?(,,), each x, being equipped with the counting measure.
Hence, for two functions F,G : x — R, we have

F.G) =Y Y 0G0 = Y 3 o5 )Gl

n=0£Exn n>0xeZn

with F,,, G, the restrictions of F, G to x,.
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A.2 Dirichlet form

It is not hard to check the following proposition, which is a direct consequence of the
fact that h, has the same parity of the integer n.

Proposition A.1. If a local function f € L?(y) is written on the form f = deey F(OHe,
then

Sf(w)=> (8F)()He(w),

£EX

where G is the operator acting on functions F' : y — R as

SF(E) =AY [FE™ ™) =F©)]+7)_ ()% = 1)F(&).

T€EZ TEZ

Above £%Y is obtained from { by exchanging ¢, and &,.
From this result we deduce:
Corollary A.2. Forany f = ) .., F(§)He € L?(111), we have

Dsf) = {(1.-57) = L {5 & (e - F©)* 41 X (-1 - )0 |

£EX z€EZ zEZ

A.3 Quadratic functions

Recall Definition 2.3. In other words, we are mostly interested in quadratic functions
f in L?(u1), which have zero average with respect to y; and compact support. They
correspond exactly to degree 2 functions as we already noticed in Remark A.1, but with
the additional assumption that their support is compact.

The next propositions give some useful properties:

Proposition A.3. If f € L?(u;) is of degree 2, then the following variational formula

sup  {2(f,9), —D(p1;9)}
gEL2 (1)

can be restricted over degree 2 functions g.
Moreover, if the support of f is finite and included in A, then the supremum can be
restricted to functions with support included in A.

Proof. This fact follows after decomposing g as dex G(§)H. Corollary A.2 and the
orthogonality of Hermite polynomials imply that we can restrict the supremum over
functions g of degree two (A.1). Moreover, if z # y, then ((w? — 1)(w; — 1))1 = 0, and if
z,y, z,t are all distinct, then (wywyw.w:)1 = 0. This implies that the support of g can be
restricted to the one of f, otherwise it would only increase the Dirichlet form. O

Proposition A.4. Let {f, },cn be a sequence of degree 2 functions in L?(u1). Suppose
that {f,,} weakly converges to f in L2(u;). Then, f is of degree 2.

Moreover, if any f, has support included in some finite subset A, then the support of
f is included in A.

Proof. For all n € IN, and & ¢ x2, the scalar product (f,, He), vanishes (by definition).
From the weak convergence, we know that

(fusHe)y — (f He)y,

as n goes to infinity, for all { € . This implies: (f, He), = 0 for all £ ¢ x». O
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Note that the set denoted by Q and defined in Definition 2.3 contains cylinder
quadratic functions in L?(P}). The conclusions of Propositions A.3 and A.4 can be
restated for our purpose as:

Corollary A.5. If f € O, then the following variational formula

sup  {2E7[f, 9] — D(P1;9)}
geL?(PY)

can be restricted over functions g in Q. Moreover, if {f,},, is a sequence of functions in
Q such that {f,} weakly converges to f in L?(IP}), then f belongs to Q.
B Proof of the weak sector condition

In this section we prove Proposition 5.7 that we recall here for the sake of clarity.

Proposition B.1 (Weak Sector condition).

(i) There exist two constants Cy(~, A) and C; (v, \) such that the following inequalities
hold for all f,g € Q:

<A™ .89 5] < Col[[S 15 IS9lll5-
1
<A™, 89 >5] < CullISFI5 + 5 ISglll5-

(ii) There exists a positive constant C'(3) such that, forall g € O,
4™l <C

Proof. We prove (i). We assume that

w) = Z ¢x,0(m)(wi+1 - wf) =+ Z ¢x,k(m)wxwx+k

TEZ TEZ
k>1

= Z @x,O(m)(wiﬂ—l - wi) + Z @x,k(m)wl‘ww-{-k-
TEZ TEZ
k>1

We denote by A™4) the discrete Laplacian in the variable m, that is
AMp(m) = 2¢(m) — ¢ (mm) — ¢(7-1m),
and 7, A™ is the operator defined as
(T2 A™)(m) := A™4p(7,m).

Straightforward computations show that

lisall? = 2es [(vorgf] + 51% [(V01)’]

F Y Eel+ B E|(Sn(eme) |

TEZ T€Z TEZL

k>1
ZE K > ra(ten) - Tlx(%,k)]>2] :

k>2 TEZ

S = 5112 = 183 ] (23 eentmna) | = 2 SB[ (T onom) |

2€Z k>1 2€7
k>1

(B.1)
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Now we deal with < A™g,Sf >3. From Proposition 5.1, and by definition,
CAG, Sf >p=— Y E5[f,m:(A™9)]

ZE€EZL

= — Z E [(Pm,o(mxwf:—i-l - meTz(Amg»ﬂ]

z,2€E7
- Z E [¢a k(M) {wews 4k, 72 (A™9)) ]
T,2€EZL
k>1
Ta: A wa:O :|
T—2 (02,
52 3; |: \/msz+1 ,; 410 1
T1%z,1 Ve 1 ) }
- T—2 z
xEZZ |:(\/mrmr+l \/mm+1mr+2 zGZZ ((p ’2)
T1Yz k Yz ko ) }
- T—2 z
ﬁQ ];23; |:<\/ma:mz+1 \/ma:+kmx+k+1 2 ((p ,k+1)

6QZZEK e )Z”(%”“)}

k>2zeZ VMaMa il /MatkMatk—1/ 22

From Cauchy-Schwarz inequality, and recalling 1/,/mom; < C (P-a.s.), we obtain the
following bound:

20 241/2 241/2
< Amg, S > < QE[(ZQ(A’%Q)) ] EKZM%) ] (8.2)
6 TEZ ZE€EZL
30 241/2 241/2
+ 2E|:(Z7'1¢x,1 _¢x,1> :l E[(ZT—zwzﬂ) :| (B.3)
B TEZL z€Z
- 211/2 291/2
ZE (ZleLk _ww,k> :| E[(ZTZSDZ,/’%LI) :|
k>2 TCZ zEZ
(B.4)

e (5]

291/2
E Tz@z,kl) :| .
k>2 TEZL 7

zE
(B.5)

Now we are going to use twice the trivial inequality vab < a /e + €b/2 for a particular
choice of £ > 0: in (B.2) we take ¢ = v/C and in (B.3) we take ¢ = 2/(3C). This trick
gives the final bound

| < A™g,Sf >p | < ingK > (A 0) )T ZE[(Z %’k(tzm)> 2]

z€Z k21 2€7
2
Z E l:( Z leac,k - wx,k) :| .
k>2 z€Z
Recalling (B.1), we obtain
m 9C? 2 1 2
| <A, 81 >0 < ZISolll; + 5 lIS s
If we use the Cauchy-Schwarz inequality, we get:

. 18C*2 2 2
<A, 81 >5 < —=[l15alll, NS5
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We have proved (i) with Cy = 1/18C2/(y)) and C; = 9C?/(y\). Now we turn to (ii). From
Lemma 5.5 and Statement (i),

< Amgaj& >p =< ngjél >p < |||59H|BH|J'6‘§1|H5‘

Moreover, from Statement (i), we also get, for all f € Qy,
2 A, 81 35 < (IS + 25 sl
As a result, the variational formula (5.7) for [[|A™g|| gives:
2 1 ocz, o (il ec? 2
sl < gy < A7 23 25 ol < (et + 25 Dol
The result is proved. O

C Tightness

In this section we prove the tightness of the sequence {2)"}x>1, by using standard
arguments, which can be found for instance in [18] and in several recent related works.
First, let us recall (cf. Section 2.3) that £ > 5/2 and that the space $)_ is equipped with
the norm defined as

V2 =3 ()2 V(e

n>1

Proposition C.1. The sequence {2V }y>; is tight in C([0, 7], 9 _).

Proof. The tightness of the sequence {QJN } follows from two conditions (see [18, page
299]):

lim limsup Q,,~ [ sup | VNLl—k > A} =0 (C.1)
=00 N-ooo 5 logtgT ’
lim lim sup Qv [w(yﬁ, 5) > s} —0, foralle >0, (C.2)
0—0 N—oo B

where the modulus of continuity w(), §) is defined by

w(Y,6) = sup [V — Vsl -«
|[t—s||<d
0<s<t<T

Let us remind the decomposition of ngm given in (3.1): for any H € C%(T),
t
Ty .
Vi H) = Y (H) +/ VN Y VNH(N)Jx,xH(m,s)ds+M§Ym(H), (C.3)
0 z€T N

where M, (H) is the martingale defined in (3.2). We first note that there is a constant
C(H) > 0 such that, for N large enough,

% > [ () + (Vi) (5) ] < €.

z€T N
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Proof of (C.1). Thanks to (C.3) the bound

uy [ sup (ngm(H))Q] < C(B)C(H)T (C.4)

0<t<T
follows from the following three estimates:
: : 2 -
(i) first, by assumption, Q,,~ [(Vm(H))™] < C1(B)C(H) for some constant C1(8) > 0;

(ii) second, by Doob’s inequality and an elementary computation,

Quy | sup (M ()] < TCo(8)T(H),

0<t<T
for some constant Cs(8) > 0;
(iii) third, we use Proposition 4.7, to obtain

t 2
limsupQMévl sup (/ VN Z VNH(%)jI,IH(m, s)ds)
[eS) 0

N— 0<t<T c€Ty

< OT|jos |l / (VH)?(u)du < TC3(8)C(H). (C.5)
T
This proves (C.4), we now show that (C.1) follows:

Pl | < ) im0 | sup e’

n>1 S (AN

<C(B) Y (mn) (1 + (wn)?),

n>1

lim sup QMN|: sup
N—00 B logt<T

where we used that we can choose C(e,,) < C(1 + (mn)?). The result then follows from
Chebychev’s inequality and the fact that k& > 5/2.

Proof of (C.2). As before, we use the decomposition (C.3) and we prove that the same
estimate (C.2) holds for each term of the decomposition. The most demanding one is the
martingale term: we need to show that, for any n > 1 and any ¢ > 0 the following limit
holds:

lim lim sup Q,,» [ sup (M (en) — MY (en)| > E} =0, (C.6)
=0 Nooo B |s—t|<d ’ ’
0<s,t<T

which is a consequence of the fact that

lim Jim Q,y [w(M?Ym(en),a) > s} =0, (C.7)

6—0 N—oo

where w is the modified modulus of continuity defined by

w(MN, (e,),6) := inf max sup MY (en) — MY (en)],
(Mn(en), d) {ti}0<i<7"ti§s<t§ti+1‘ t.m (€n) en(€n)|
with the infimum being over all partitions of [0,7] such that 0 =ty <t; < --- < t, =T
with ¢,41 —¢; > 6. Using Aldous’ criterion [18, Proposition 4.1.6] we are reduced to show
that for any n, any € > 0,

. . N N
lim limsup sup Q,» “MH_U,m(en) - ./\/lT7m(e,,L)’ > e] =0, (C.8)
=0 Nooo T€TT s
0<0<s
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where 77 is the set of all stopping times bounded by 7. The probability inside (C.8) is
bounded by
1 N 2
€2Q |:(MT+O' m( ) M‘r,m(en)) :|>
so that

Quy [ (MY, g m(en) = MEalen)?]

g [ LS (e (£)) 2 2260 < Cl,

which proves (C.6).

In the next step, in order to treat the integral term which appears in (C.3), we need
to use the fluctuation-dissipation relation and the Boltzmann-Gibbs principle given in
Proposition 3.2. More precisely, we need to estimate

Q N{ sup (/ VN Z VNH< )jm,m+1(m7u)du>2:|

|[s—t|<d
0<s,t<T w€Tn

and to do this we sum and subtract D(w?,; — w?2)(u) + L™ (7 fi)(m, ) to jy z41(m,u)

xr
inside the sum. From the elementary inequality (a + b + ¢)? < 3a% + 3b% + 3¢, we are
thus left to estimate

(i) first,
Q;Lg][ sup (/ V Z VNH< )|:jx,z+1(ma u)
|s—t|<d 2€Ty
0<s,t<T

2
+ D(o.)iJrl - wi)(u) + L™(7 fr) (m, u)] du) }
which is exactly

~1,N 1N 2
Qi | s (b 1) =340,
|s—t| <o
0<s,t<T

where J}IIZ f(H ) was defined in (3.4). From the Boltzmann-Gibbs principle (see
(3.10)) this quantity vanishes as N — oo and then k£ — oc;

(ii) second,

D2QN[ sup </vaNH( ) W2y wi)(u)du)Q]

|s—t|<é
0<s,¢<T z€Ty

which, after recentering w2, and w? around their average value 3~!, after an
integration by parts and after applying the Cauchy-Schwartz inequality, can be
bounded by

1 T 2 ~
D? ST ES| | — AvH( =) (w? - 1)]<D25Tc C(H),
ﬂ[(WZTJ wH () (@2 =57 ()T (H)
where C(H) has been previously defined and C (8) is some positive constant;
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(iii) third,
t 2
Qufj[ sup (/ VN Z VNH<;)£m(Txfk)(m,u)du> }

|s—t|<d s
0<s,t<T z€Tn

which is exactly

2
Qv { sup (jfﬁfk (H) - ﬁiﬁin (H)) }

|s—t|<d
0<s,t<T
2,N ; 2,N 2,N
where J;", (H) was defined in (3.5). We add and subtract 0, . (H) =97, (H)
(defined in (3.7)) inside the parenthesis, and using (a+b)? < 2a®+2b> we are reduced
to bound

2
Quy | sup (I (1) + 9 () - () + 92 )] 9

|s—t|<d s,m, fi, s,m, i
0<s,t<T
as well as
2
2,N 2,N
QMN l: lsS_ltl‘st (mt,mﬁfk (H) — ms,m,fk (H))) :| (C.10)
0<s,t<T

The first term (C.9) vanishes as N — oo from Lemma 3.1.

Since the functions fj, belong to Q, in particular they are cylinder and therefore the
argument that we used for Mﬁm(en) to prove (C.6) can be repeated, to obtain that
(C.10) is less than C(8, H, fi, \,7) ¢, thus concluding the proof. O

Now, let us go back to the martingales sm}ﬁ fu defined right after (3.3). We prove
the following lemma (whose statement was used in the conclusion of Section 3.1).

Lemma C.2. The sequence {imtlg fk} N,k is tight. Up to extraction, the martingales

{S)ﬁiﬁ f, (")} converge as N — oo and afterwards k — oo to a Gaussian process charac-
terized by

lim Jim Q. [zml’N @m-N ()| = 2tDx(8) / G’ (u) H' (u)du.

k—o00 N—o00 t,m, fi t,m, f,

Proof. The proof of tightness can be straightforwardly adapted from the previous proof.
Moreover, standard computations on the stochastic integrals (using the stationarity and
translation invariance of ,uév , and the fact that the Poisson processes are all independent)
give

Quy [N, (VM [ (8]

t,m, fi t,m, fi

- % /Ot > VNG(%)VNH (%)ng [A(Vx,m(wi ~ Ty )(s) +v(vm<rfk)(s))2]ds

z€T N

= = 3 UnG(5 ) I H (5 ) B [M(Voa@? ~ T1)) +7(To(rs,)°]

zeT N

s /T G/ () ' (u)du B [ A (Vo1 (w2 = Tp))* +9(Vo(Ts,))’]

N—o00

;g%mméwwﬁwm

where in the last step we used Proposition 6.5. O
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