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Abstract

In this work, we investigate links between the formulation of the flow of
marginals of reversible diffusion processes as gradient flows in the space of prob-
ability measures and path wise large deviation principles for sequences of such
processes. An equivalence between the LDP principle and Gamma-convergence
for a sequence of functionals appearing in the gradient flow formulation is proved.
As an application, we study large deviations from the hydrodynamic limit for
two variants of the Ginzburg-Landau model endowed with Kawasaki dynamics.

Introduction

In this work, we are interested in the links between the gradient flow formulation of the
flow of marginals of stochastic differential equations, and path wise large deviations
for sequences of such processes.

Interest in gradient flows on the space of probability measures goes back to [20],
where it was observed that the heat equation can be viewed as the gradient flow of
the entropy

Ent(p) = /plog,oda:

for the Wasserstein distance Ws. Note that what we will call here entropy is the
negative of the physical entropy. This was later developed into a notion of formal
Riemannian structure on P(R™) by Otto in [32]. While a powerful tool to predict the
behavior of certain partial differential equations, the point of view of Otto is formal,
and we must rely on other tools for proofs.

Another point of view was developed by Ambrosio, Gigli and Savaré in [3], which uses
the notion of ‘minimizing movement’ schemes, developed by De Giorgi and which first
appeared in [8], to provide a rigorous framework to define gradient flows on spaces of
probability measures. It is based on the idea that gradient flows on R" of the form

#(t) = =V F(z(1))
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are the only solutions of

T T

F(x(T)) — F(x(0)) + ;/0 \VF(z(t))|?dt + ;/0 |(t)|?dt = 0. (0.1)
While the usual gradient flow equation only makes sense in a Riemannian setting (at
least in the classical sense), this alternative formulation can be given a meaning in a
purely metric setting, as long as we can define a ‘length of the gradient’ functional
|VF|. Section 1.1 concerns this formulation in the setting of the space of probability
measures on R" endowed with a Wasserstein distance Ws, when the functional F' is
the relative entropy with respect to a nonnegative measure pu, that is

Ent,(v) := /flogfdu

if v = fu, and +oo if v is not absolutely continuous with respect to p. This is the
framework developed in the first sections of [3].

Several recent papers have been interested in using abstract gradient flow formula-
tions to study convergence of sequences of solutions to partial differential equations.
One method, tailored for the case of diffusion processes and based on the discrete ap-
proximation of gradient flows, has been devised in [4]. Another, more general, method
has been presented in [38] (generalizing previous results of [37]). It consists in study-
ing the asymptotic behavior of sequence of functionals of the form (0.1) for given
functions F),. Informally, it consists in showing that, if the sequence converges in a
certain sense to a limiting functional F,,, we can directly identify limits of solutions
of (0.1) as gradients flows for the limiting function Fs,.

In the context of statistical physics, the method developed in [38] can be used to
prove convergence to the hydrodynamic limit for some models of interacting diffusion
processes, such as the Ginzburg-Landau model (see [19] or [18] for a presentation of
the model, and its hydrodynamic limit). Such results consist in proving convergence
in probability of the dynamics of some family of N-particle systems to a deterministic
limiting object as the number of particles N goes to infinity. The limit generally
appears as the solution to some partial differential equation. Gradient flows have
also been used in [34] to study convergence to the hydrodynamic limit for microscopic
models describing heat conduction.

Our aim here is to use the notion of gradient flows to study large deviations from the
hydrodynamic limit for interacting spin systems. Such a result consists in proving
that the probabilities of a significant deviation from the hydrodynamic limit decays
exponentially fast in the system size. A standard textbook on the topic of large
deviations is [11], and [22] contains a review of the literature in the context of large
deviations from the hydrodynamic limit for particle systems.

In the work [1] (and its sequels [2] and [6]), links between gradient flows in spaces of
probability measures and large deviations have been investigated for many examples
of processes arising in statistical physics. The main contribution of [1] is to show that
the gradient flow formulation for partial differential equations such as the heat equa-
tion can be deduced from the large deviation principle for N independent stochastic
processes given by the stochastic differential equation whose flow of marginals is the
solution to the PDE.



In this paper, we are interested in whether this link works both ways: can we use gra-
dient flow structures to prove large deviation principles? We prove that process-level
large deviations for sequences of diffusion processes are equivalent to the Gamma-
convergence of a sequence of functionals that naturally appear in the gradient-flow
formulation of these processes. (By process-level large deviations, we mean large
deviations for the laws of trajectories of the processes, and not just the law at a
given time.) This result generalizes a method used in [7] and [16] to obtain process-
level large deviations for the empirical measure of independent Brownian motions
to the case of interacting diffusion processes. Although these previous works do not
discuss gradient flows or optimal transport, there are a lot of similarities between
the formalism we use here and their framework, and the proof is based on a similar
method.

The point of view developed here can be thought of in the following way: to study
large deviations for sequences of reversible diffusion processes, it is enough (and
even equivalent) to understand the asymptotic behavior of an underlying sequence of
metric-measure spaces. In particular, the rate function arises as a limit of the inter-
play between the sequence of invariant (or equilibrium) measures and the sequence
of (Riemannian) metric structures which is used in the gradient flow formulation.
As an application of this equivalence, we investigate the large deviations for two
variants of the Ginzburg-Landau model endowed with Kawasaki dynamics, giving an
alternative approach to obtaining the results of [10] and [35]. The first model is a
random conductance model, and the second one is the non-gradient Ginzburg-Landau
model of [39] and [35]. As far as the author knows, the large deviation principle for
the random conductance model obtained here is new. The large deviations principle
for the non-gradient model obtained here is not new, it was first proven in [35] (up to
some extra technical assumptions), but is included to show that the method developed
here also applies to non-gradient models.
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Notations and terminology

If A is a symmetric positive matrix, then v/A is the unique symmetric positive
matrix whose square is A;

Py (RY) is the space of probability measures on R? with finite second moment;

Ws i is the Wasserstein distance on P (Rd) for the Riemannian distance dg on
R? endowed with the metric tensor G : R? — S, (R9). Tt is given by

W3 e (o, ) = inf /da(w,y)27f(df£,dy)

where the infimum is taken over all coupling m of the probability measures g
and pp. Such a coupling is a probability measure on the product space whose
first (resp. second) marginal is p (resp. p1). We refer to [40] and [41] for more
information about optimal transport and Wasserstein distances;

Z is a constant enforcing unit mass for a probability measure;
C is a constant that may change from line to line, or even within a line;

Cy(X) is the space of real-valued, continuous bounded functions on the space

X.

)

div(A)(x) is the vector of R? with coordinates (div(A)(x)); =Y %AT?(l'),

where A : R? — M4(R)

Given the law P of a random curve z : [0, 7] — R? we call flow of marginals
the family (14)¢c[o,7) the of probability measures on R? which describe the law
of xz; for each time t;

We shall use both the notations Ent,(r) and H(v;u) to denote the relative
entropy of a probability emasure v with respect to the nonnegative measure pu.
The notation Ent shall be used when dealing with the gradient flow side, while
the notation H will be used when directly dealing with the probabilistic/large
deviations side of the exposition.

1 Framework and Method

1.1

Gradient flows in P(R")

In this section, we endow R? with a Riemannian structure, given by a metric tensor
G(z), and a positive measure p that is absolutely continuous with respect to the



Lebesgue measure, with density of the form p(dx) = exp(—H (z))dzx. We shall always
assume that H is smooth, has a Hessian uniformly bounded from below, and grows
at least quadratically at infinity (these are not optimal assumptions, but are more
than sufficient for our purpose). We also consider the functional on the space of
probability measures

Ent,(v) := /flogfdu (1.1)

when dv = fdu, and that takes value +oco for probability measures that are not
absolutely continuous with respect to u. Note that although we call this functional
the entropy, it is the negative of the physical entropy. When p = exp(—H), this
functional can be written as

Ent,(v) = Entg,(v) + /H(m)l/(dac)

where

Entg,(v) = /fe_H log(fe H)dx

is the relative entropy with respect to the Lebesgue measure, also known as the
Boltzman entropy.

We can endow the space of probability measures with finite second moments with the
Wasserstein distance associated to the Riemannian metric structure Ws ¢.

In the sequel, we will consider curves (v¢)co,7] in P2 (R%) which are absolutely con-
tinuous, that is there exists a nonnegative function ¢ € L'([0, T]) (which depends on
(Vt)iejo,m)) such that for any s < ¢ we have

W (v, 1) < / ' oryr. (1.2)

We will require the following technical assumptions on the metric tensor G (which
are taken from [24]):

1
“I€1? < (G()€,) < clef?, Vu € R", Ve e R (13)
for some constant ¢, and
x — (G(x)€,€)  is lower semicontinuous V¢ € RY. (1.4)

Since we now have a metric structure on P»(R?), we can define the metric derivative
of an absolutely continuous curve (1) as

. . 1
||(t) := limsup EWQ,G(Vt, Vigh)- (1.5)
h—0+t

Definition 1.1. We denote by ||h||, the H' norm of the smooth function h, defined
by
B2 = / (AVh, Vh)dv (1.6)

where A(z) is the inverse of the matriz G(z), and ||p||,« its dual norm, given by



Il 5= sup 2 / hodv — |1l 12, (1.7)

where the supremum runs over all smooth functions h : RY — R.

Let g be defined by

g(v) = </ <AV” + AVH, % + VH> du>1/2 (1.8)

1%

if v is absolutely continuous with respect to the Lebesgue measure, and +o0 if not. By
Vv, we mean the gradient of the density of v with respect to the Lebesgue measure.
Recall that A is the inverse of G, and H is the opposite of the logarithm of the
density of the reference measure p(dx) = exp(—H (z))dz. This functional is known
as the Fisher information with respect to u, and will later also appear as the entropy
production for the Fokker-Planck equation.

The following result explains how the functional g can be used to control the varia-
tion in relative entropy for absolutely continuous curves in the space of probability
measures. Its proof in this context can be found in [24] (which generalizes previous
results of [3]).

Proposition 1.2. g is an upper gradient for Ent,, i.e. for every absolutely contin-
uous curve (v¢)o<i<T we have

| Enty (1) — Bnty(vs)] < / o ()| (r)dr

for every 0 < s <t <T.

The setting of [24] only concerns curves satisfying a continuity equation 2y = div(Av.14)
in the weak sense, for some vector field v;, but it is also proven in Theorem 2.4 of
[24] that such a vector field automatically exists for the absolutely continuous curves
we shall consider here.

Definition 1.3. Let (vt)e(o,1] be a time-dependent family of measures that is abso-
lutely continuous. We say it is a gradient flow of the functional Ent, if

1

10k (1.9)

d 1
7 Ent, (1) = —59(%)2

for almost every t € [0,T].

Gradient flows for the Wasserstein structure on P(R?%) endowed with an Euclidean
structure have been studied in [3], and it turns out they are related to the heat
equation. Their results were then generalized to the case of a Riemannian structure
in [24]:

Proposition 1.4. (vt).c(o,1) satisfies (1.9) iff the densities f(t,-) = Uc% form a weak
solution of the parabolic PDE

a(gt“) — div(A(Y ), (1.10)

where A = G~1.



As a consequence of this result and Ito’s formula, we also have a representation of a
gradient flow as the flow of laws of the solution to a SDE:

Proposition 1.5. If (14); is a gradient flow of Ent,, with p = exp(—H)dx, then it is
the flow of marginals of the law of a solution to the stochastic differential equation

with initial condition Xg that has law vy. Here By is a standard Brownian motion on
RY.

We refer the reader unfamiliar with stochastic differential equations and stochastic
calculus to the textbook [36] for more information about these notions.

Remark 1.1. Diffusion processes that can be written in the form (1.11) are neces-
sarily reversible.

We shall now give the definition of a key functional, which allows us to characterize
gradient flows:

Proposition 1.6. Let

1 (T
J((v¢)¢) == Ent,(vr) — Ent, (1) + 2/0 g(v)? + |p|(t)%dt. (1.12)

Then (vt)iejo, s a gradient flow of the functional Ent,, iff J((v¢)¢) = 0.

Remark 1.2. In this setting, we have the following alternate formulation for the
functional J:

T
o) =3 [ 16— V- (AT Ot (113)

at least for smooth functions. This formulation may seem more convenient, but in
this context, (1.12) will be easier to manipulate.

Remark 1.3. We can make an interpretation of the notion of gradient flows in a
statistical physics framework. It is a well-known principle in equilibrium statisti-
cal physics that steady states can be identified as minimizers of a thermodynamic
functional, such as free energy, as a consequence of the second principle of thermo-
dynamics. Here it is the relative entropy Ent, which plays the role of free energy (at
least in isothermal situations, for non-isothermal situations it is the Massieu potential,
see [28]) and indeed its minimizer is the equilibrium state . The gradient flow for-
mulation identifies the correct trajectory as the minimizer of some action functional.
This can be seen as an extension of the minimization principle to non-equilibrium
statistical physics, with correct trajectories being those that decrease the free energy
as fast as possible.



1.2 Large deviations

In this section, we introduce the notion of large deviations. This will only constitute
a brief presentation of the topic, and we refer to the textbooks [11] and [15] for more
information. The reader already familiar with this notion can easily skip this part.
Lets start with the definition of large deviations:

Definition 1.7. Let I be a lower semicontinuous, nonnegative function on a Polish
space X and (a,) a sequence of increasing, positive real numbers that goes to infin-
ity. A sequence of probability measures P, on X is said to satisfy a large deviation
principle with speed (a,) and good rate function I iff

(i) For any closed set F', limsup a,,* logP,(F) < _;Iellf? I(x);

(ii) For any open set O, liminf a,, ' log P, (O) > —ing I(x).
Te

Informally, we can think of a large deviations principle as making rigorous the state-
ment that when n is large

P, (X, = z) = exp(—a,I(z)).

In particular, if the rate function I cancels at a single point x* € X, the large
deviations principle implies weak convergence of the probability measures to the Dirac
mass dz+. In such situations, the large deviations principle therefore quantifies the
likelihood of observing a significant deviation from the typical asymptotic behavior
of a sequence of random variables with laws P,,, in the exponential scale.

There are many situations in which large deviations principles have been established.
For example, Sanov’s theorem states that empirical averages of n independent, iden-
tically distributed random variables satisfy a large deviations principle with speed
n and rate function the relative entropy with respect to the law of a single random
variable (see [11]).

A notion related to large deviations, and which we shall need in the sequel to state
our results, is that of exponential tightness:

Definition 1.8 (Exponential tightness). A sequence of probability measures () on
a topological space X is said to be exponentially tight with speed (ay) if, for any o > 0,
there exists a compact set K, such that

1
lim sup — log pun (K§) < —av.

n—soo Qn

1.3 Main result

In this section, we shall state our main abstract result, relating the notions of gradient
flows and of large deviations.

We consider a sequence of diffusion processes of the form (1.11). The parameters
we allow to vary are the drift VH, the diffusion coefficient A, and the dimension of
the underlying space d,,. We shall denote by @,, the law of a trajectory on the time
interval [0, T of the diffusion process

AX]' = —An(XP)VH, (X)) dt + div(A,)(X]) + /24, (XP)dBY (1.14)



on R% | with initial condition X distributed according to some law Qg .

To be able to state a large deviation principle for the laws of these diffusion processes,
we need to embed their trajectories into a single space. We therefore implicitly
assume that all the spaces R% have been embedded into a single metric space X. In
practice, the choice of the embedding will be suggested by the particular problem that
is considered. We then endow the space C([0,7], X) with some topology that makes
it a metric, separable space. A typical choice would be the supremum norm. Note
that the choice of the topology affects the statement of the large deviations principle,
since the open and closed sets for which the estimates are valid are specified by the
topology we use.

To state the result, we must first define the notion of I'-convergence of functionals:

Definition 1.9 (Gamma convergence). Let X be a space endowed with a notion of
convergence. A sequence (Iy,) of functionals on X is said to I'-converge to a functional
I at point x € X if the two following conditions are met:

(i) For any sequence (xy,) that converges to x, we have linni%gffn(xn) > I(x);

(i) There ezists a sequence (xy,) that converges to x such that lim I (zy) = I(x).
n—oo

The sequence (I,) is said to I'-converge to I if it I'-converges to I at every point.

We can now state the main result, relating large deviations and I'-convergence of
functionals of the form (1.12):

Theorem 1.10. Let Q,, be the law of a trajectory on [0,T] of a solution to a stochastic
differential equation of the form (1.14), with Qo the law of the initial condition,
and let J, be the functional involved in the gradient flow formulation of the flow of
marginals of (1.12), associated to the same SDE.

Assume that the sequence (Qn)nen is exponentially tight, with speed (ay). Then it sat-
isfies a large deviations principle with speed (a,,) and rate function I iff the functionals
(Vt)eeo,m) — é(H(VQ; Qo,n)+3In((11))) T-converge to I at the Dirac measure §z,),
for every continuous trajectory t — xy.

Strictly speaking, the convergence used here is not a full I'-convergence, but only
I'-convergence at every Dirac mass. For convenience, we shall still call this a I'-
convergence.

We expect the rate function I to be of the form I(z;) = Io(zo) + J(x¢), with J the
function involved in the formulation (0.1) of a gradient flow in a certain metric space.
This comes from the fact that often the rate function I will have a unique minimizer,
which will be the deterministic limit of our sequence of processes, and in practice is
defined as the solution to some PDE. So we can reformulate the actual limit as the
unique minimizer of a function. But gradient flow formulations also characterize the
solution to a PDE as the unique minimizer of a functional. The similarity between
these two points of views makes us expect that they will be related, and this turns
out to be the case in all the examples we are currently aware of. The idea that
large deviations rate fucntionals often characterize a gradient flow structure has been
explored in [31].

In the contributions [1], [2], [6] and [31], it is shown that the rate function for the large
deviations principle for the empirical measure of independent copies of a diffusion
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process on a small time interval (given by Sanov’s theorem) asymptotically behaves
(in the sense of Gamma-convergence) like the function J giving the gradient flow
formulation of the law of a single copy of the diffusion process. These works show
the strong connection between gradient flows and large deviations, and explain why
some PDEs such as Fokker-Planck equations have a gradient flow structure. However
they only concern the case of independent processes, and cannot be used to prove the
validity of a large deviations principle, which is our main aim here.

An important element of the study of the functional J is the study of the Fisher in-
formation, or entropy-production functional. The importance of this functional can
be understood in terms of statistical physics. It is a well-known principle in equilib-
rium statistical physics that equilibrium states can be obtained by optimizing some
thermodynamic quantity, such as the free energy. This principle sometimes carries
through to non-equilibrium statistical physics. Since the system seeks to increase the
physical entropy (and therefore decrease the mathematical entropy), we can look at
the entropy production functional, which we seek to optimize. Gamma-convergence
corresponds to convergence of minimizers, so we can expect the most likely trajecto-
ries to be those that, in the limit, make the entropy production functional as small
as possible.

Remark 1.4. For the lower bound in the I'-convergence, it is enough to check the
existence of a recovery sequence for every point y in a subset Y of X, such that given
x € X, there exists a sequence (yi) of elements of Y that converges to x, and such
that I(yy) converges to I(x).

1.4 Some questions

e [s there a similar phenomenon for the large deviations of discrete systems,
such as interacting particle systems? In the recent papers [26] and [29], Maas
and Mielke independently showed that any reversible Markov chain on a finite
space can be written as a gradient flow of a relative entropy for a well-chosen
Riemannian structure on the space of probability measures. Can we exploit this
structure to get the large deviations of systems such as a zero-range process, or
exclusion processes?

e We apply in Section 3 this principle to get the large deviations for a system
of diffusions with nearest neighbor interaction. It would also be interesting to
look at mean-field models, where each diffusion interacts with all the others. In
the case of smooth mean-field interactions, the question has been solved in [7],
with a method that is very similar to the one we use here. A natural question
is whether this extends to singular interactions. A case of particular interest
would be that of Coulomb interactions.

e Another natural question is whether we can use this principle in a context of
modeling. Say we wish to approximate a phenomenon characterized as the
unique solution to a partial differential equation of the form d,p = H(p, Vp,..)
with a system of N interacting diffusions, with N large. If we can find a
sequence of diffusion processes on RY and a sequence of positive numbers ax
such that %JN Gamma-converges to a lower semicontinuous functional that
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has the solution to the PDE as sole minimizer, then these diffusion processes
form a good approximation. Can this idea be exploited in this context? This
would be particularly interesting if we can extend our results to sequences of
interacting particle systems.

e Our method works for reversible diffusion processes. Is there a similar method
that works for non reversible processes, such as interacting diffusion processes
with a boundary condition, or second-order diffusion processes? A possible
candidate for a framework in which to work is the GENERIC framework studied
in [9].

2 Proof of Theorem 1.10

The proof of Theorem 1.10 is essentially based on the following two arguments:

e The validity of a large deviations principle of a sequence of probability mea-
sures (Qn)nen is equivalent to Gamma-convergence of the relative entropy with
respect to @, to the rate function. This is a result du to Mariani, which we
shall explain in more details in Section 2.1.

e We can relate relative entropy with respect to @), and the functional J,, in
such a way that Gamma-convergence of the sequences are equivalent. More
precisely, we have the following result:

Theorem 2.1. Let Q be the law of a solution to a SDE of type (1.11) on a space R?,
and P the law of a process with finite relative entropy with respect to @, with flow of
marginals (v). Then:

(i) We have the lower bound

H(P;Q) > H(Py: Qo) + 5.7 ()

where Py and Qg are the laws of the initial conditions.
(ii) There exists a process with law P that has the same flow of marginals as P, such
that

H(P;Q) = H(Py Qo) + 3 T(w)).

This result implies that studying the Gamma-convergence of a, ! H(-;Q,) and that
of ap, Y(H(-,Qno) + J(+)/2 is equivalent. An application of Theorem 2.3 then yields
Theorem 1.10.

Of course, studying relative entropy to understand large deviations is a known tech-
nique (see [7] and [16]). Our contribution is to connect relative entropy to the frame-
work of gradient flows in spaces of probability measures. Instead of studying relative
entropy (which depends on the law of the whole trajectory), we can study the func-
tional J, which only depends on the flow of marginals, and is easier to manipulate, at
least in some cases of interest, due to its connection with optimal transport. It should
be noted that some of the ideas we use here (relative entropy, variational formulations
for rate functions) are reminiscent of those used in [7] to study large deviations for
weakly-interacting mean-field models.
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2.1 Relative entropy and large deviations

We would like to start by restating the two (equivalent) definitions of relative entropy:

Definition 2.2 (Relative entropy). Given two probability measures P and @ on a
Polish space X, the relative entropy of P with respect to @ is given by

H(P;Q):= sup Ep(f)—logEq(ef).
feCH(X)

)

if P is absolutely continuous with respect to Q, and H(P;Q) = 400 if not.

FEquivalently, we have

This equivalence is well-known, and is obtained by a computation of the Legendre
transform (see Lemma 6.2.13 in [11]).
Mariani’s result relating entropy and large deviations can be stated as follows :

Theorem 2.3 ([27], 2012). Let (uy,) be a sequence of probability measures on a Polish

space X, (an) a sequence of positive real numbers such that lim a, = 400 and
n—oo

I: X — [0,400] a measurable, lower semicontinuous functional. We endow the
space of probability measures with the topology of weak convergence.

(i) The sequence (uy,) satisfies a large deviations upper bound with speed (a,) and rate
function I iff it is exponentially tight with speed (ay) and if for any sequence (vy) of
probability measures on X that weakly converges to a Dirac measure 0., we have

1
liminf — H (vp; pn) > I(x);
n—0o0 ap
(ii) The sequence (uy,) satisfies a large deviations upper bound with speed (ay) and
rate function I iff for any point x, there exists a sequence (vy,) of probability measures
on X that weakly converges to 0, such that

1
limsup — H (vp; pin) < I(x).
n—soo 0n
A heuristic explanation of Theorem 2.3 can be made in terms of the Bryc-Varadhan
theorem (see Sections 4.3 and 4.4 in [11]). One can relate the relative entropy func-
tional and exponential moments of functions by the relation

/ exp(f)dp = sup / fdv — Ent, (v).

veP(X)

Since the Bryc-Varadhan lemma states that we can understand the large deviations
for sequences of measures by looking at é log [ exp(an f)dpy, for bounded continuous
functions, the above relation translates the problem to investigating the behavior of
the sequence of relative entropy functionals.
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2.2 Proof of Theorem 2.1

The proof is a generalization of ideas coming from Part II of [16]. It will consist in
three steps : first we shall use Girsanov’s theorem to give a representation of the law
of processes that are absolutely continuous with respect to the law of the gradient
flow. In a second step, we shall give a representation of the relative entropy of such
a process, and finally we shall use this representation to obtain the lower bound of
our theorem.

The following result is a direct application of Girsanov’s theorem (see for example
Theorem 2.4 in [25]):

Proposition 2.4. Let Q be the law of the solution of (1.11) on [0,T], and P the
law of a process that is absolutely continuous with respect to Q. Then there exists an
adapted process (by) valued in R such that

dP dPy T T
o (Xioier) = 1yp o G0 (oyesp ([ b0 oATEaBE + | <A<Xt>bt,bt>(dt))
2.1

In this equation, BY is a P-Brownian motion, that is a local martingale under P
which P-almost surely has quadratic variation equal to t. Moreover, P can be viewed
as the law of a solution to the SDE

dX, = A(Xy)(2by — VH(Xy))dt 4 div(A)(X,)dt + /2A(X;)dBY (2.2)

As a consequence, the relative entropy is given by

T
H(P:Q) = H(Py; Qo) + Ep [ /0 <A<Xt>bt,bt>dt} . (2.3)

Note that the relative entropy does not only depend on the flow of marginals (F;),
but on the law of the whole trajectory, unlike the functional J.

Lemma 2.5 (Markov version of the process). Let by = b(t, (Xs)o<s<t) be the adapted
process associated to a law P. Define

be(z) == Ep[b(t, (Xs)o<s<t)| Xt = x]. (2.4)
Then the process defined by
dX; = A(Xy)(2b:(Xt) — VH(Xy))dt + div(A)(Xy)dt + /2A(X;)dB; (2.5)

with initial condition Xy ~ Py is a Markov process, and its law has the same flow of
marginals as P.

Proof. The fact that this process is a Markov process is a classic result on SDEs, so
we shall concentrate on proving that both processes have same marginals. Let g be
a smooth function, X; be a solution of (2.2) and X; a solution of (2.5). Using Ito’s
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formula, we have

Blo(X)] = [ E[A)Vo(,) - (2ha(X0) — VH(X)] ds
= [ B[R9 - 2B, (X dosr<) X — V(X)) ds

and
Bl(X)] = | BIACY)Va(X) - (205, (X Josr<:) = VH(X))]ds
+ /tIE [div(A(Xs)Vg(Xs))] ds
0
= [ BV - (2Brbls. (Xhozr<l X - VH(X,))) ds
t
+ [ EvAX) V)] ds
0
t
- [ E[AG)va(x) - b - V()] ds
t
+ / E [div(A(X,)Vg(X,))] ds.
0

This shows that the marginals of the laws of X and X satisfy the same parabolic
PDE

56]; = div(AVf) + div(A(2b — VH)f).
Since they have the same initial condition, and since solutions to such PDEs are
unique, they are the same. O

Lemma 2.6. Let P be the law of the solution of (2.4).
We have .
H(P;Q) > H(P;Q) (2.6)

Proof. We already know that

~ T ~ ~
H(B;Q) = H(Py: Qo) + Ep [ / <A<Xt>bt,bt>dt} . (2.7)
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An application of Jensen’s inequality and the definition of b yields

H(P;Q) — H(Py; Qo) =Ep {/OT <A(Xt)bt,bt>dt]

[(A(X¢)be, b)) dt
[Ep [(

A(X¢)be, be)| Xi]] dt

AV

Db(X2), b(X2))] dt
Q) — H(P; Qo) (2.8)

which is the desired lower bound. O

/TEP
/ Ep, |
i o

Lemma 2.7 (Entropy of the Markov process). The entropy of the Markov version
of the process satisfies

~ 1
H(P; Q) = H(ro; Qo) + 5 (1))
where (1) is the flow of marginals of the process P.

Proof. Let g be a smooth, compactly supported function. It6’s formula applied to
the SDE (2.5) yields

Blg(X0] = Big(X0)) + [ "E[AVg(X,) - (2h.(X.) — VH(X,))]ds

+ /OtIE[(V - A(X5)Vg(Xs))lds. (2.9)

It is easy to deduce from the Ito formulation (2.9) that the flow of marginals (1)
solves (in a weak sense) the PDE

I)t = —div <2Al~)tljt — VtAVH — AVI/t> .
(2.10)

Therefore the variation of the entropy of the marginals is given by

Ent,(vr) — Ent, (1) / /AVI/t - (2b¢(z) — VH(z))dxdt

/ / Vut vyt( DY
5 T
+ / / A(2b; — VH) - VHdvdt — / / AVH - Vvdudt
0 0

T 7 .
= / /2Abt -V + 1 VHdzdt — / AV + v VH) - (Vv + 1 VH) dr
0

N (2.11)
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From the Benamou-Brenier formula for Wy ¢ (see for example [40]):

1
W227G(1/0, v1) = inf {/ /(Gv,v>dl/tdt; v+ div(vy) = 0}
0

we deduce

1 [T
2/0 |Vt|2dt
T
_ 1/ <A <26t VH— V”) (2@ VH + vyyt)>dutdt
t
_ / / (Aby, b)dvydt + - / /< <VH+ W) <VH+ vyt>>dytdt
Vi %7
. Vi,
0 Vi

By the definition (1.8) of the upper gradient g, we have

;/ / /<AV'“ +AVH, VH> duydt. (2.13)
0 4

Summing (2.11), (2.12) and (2.13), we get

T ~ ~
J((n) = 2 / / (Ab, By dvidt, (2.14)
0
and then the lemma immediately follows from (2.7). O

The combination of Lemmas 2.6 and 2.7 then immediately yields Theorem 2.1
To deduce Corollary 1.10 from Theorem 2.1, the only thing we still have to prove is
that, if (1) is a flow of marginals such that J((1;)) is finite, there exists a process
whose law is absolutely continuous with respect to @, and with flow of marginals (/).
Let (1) be an absolutely continuous flow of marginals such that J((14)) is finite.
From Theorem 2.4 in [24], we know that there exists a vector field (v;) such that the
continuity equation

ﬁt =V- (AUtI/t) (215)

is satisfied. On the other hand, we know that (1) is the flow of marginals of the
solution to an SDE of type

dX, = 2A(X,)by(X)dt + /2A(X,)d By,

whose law would then be absolutely continuous with respect to @, if the flow solves
in a weak sense the PDE

= le(A(VI/t + thl/t)).

Since J((14)) is finite, the upper gradient g(1;) is finite for almost every ¢, and Vi,
exists. We therefore only have to take 2b;(x) = v(x) — v”’f( ) to see that the flow
given by (2.15) solves the above PDE.
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3 Large deviations for the Ginzburg-Landau model

3.1 The model

The (classical) Ginzburg-Landau model equipped with Kawasaki dynamics is a se-
quence of N diffusions, interacting according to the SDE

dXi = N*(/ (X7 + ¢/ (X;71) = 20/(X]))dt + V2N(dBy ™ — dBj).

This model can be viewed as an overdamped limit of chains of interacting anharmonic
oscillators. It can also be seen as a continuous-spin version of the Ising model endowed
with Kawasaki dynamics. Beyond its relevance as a physical model, it is also widely
used in the litterature as a prototype of dynamics governed by differential operators,
on which we can test techniques to study large-scale behavior of interacting systems.
We refer to [19], [42] and the references contained therein for more information on
the history of the model.

The drift is given by the derivative of a potential 1) : R — R, which we assume to
be C?. This diffusion is not ergodic on the whole space R, since it preserves the
mean spin m = N~'Y" X7, but it is ergodic when restricted to a hyperplane

N
1
XNm = {xERN; Nz xi:m}. (3.1)
i=1

It then has an invariant measure
1 1 &
pNm(de) = — exp (-N > w(xi)> Loexy LY (dx), (3.2)
i=1

where £V~ is the Lebesgue measure on the (N — 1)-dimensional hyperplane X N,m.-
Equivalently, its law is given by the solution of the PDE

6f:LLN,m
ot

where f is the density with respect to pn m, and Ay is the discrete Laplacian scaled
by N2, that is

= div(AoV f N m), (3.3)

(Ag)m' = N2(5i7j+1 + 51'7];1 — 251‘7]').

To embed all the spaces Xy, in a single space, and conveniently formulate limit
results, we associate to a an element x = (z1,..,2n) € Xn,m a step function on the
torus Z, given by

_ i—1 1
Note that [ Z(#)df = m. Through this procedure, we can embed all the spaces X,
in the space of functions on the torus, which we endow with the usual H~! norm,
and which we denote by H~!(T).
The notion of convergence we shall use in the sequel is the following
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Definition 3.1. Let vn be a probability measure on Xy . A sequence (vy) is said
to weakly converge to a deterministic profile p € L*(T) if, for all smooth test functions
J: T — R, we have

/ / 5(0)J(0)d0v (dz) —> / p(6)7(0)db.
XNm JT T

If we denote by Tn a random step function on the torus with law vy, this notion of
convergence corresponds to convergence in law of the sequence Ty to p, in the space

H-Y(T).

When N goes to infinity, if the initial condition behaves deterministically in the limit,
the (properly rescaled) solutions at time ¢ weakly converge to a deterministic profile
p(t,-) € L?(T), called the hydrodynamic limit, which has been studied in [19]. Large
deviations from this hydrodynamic limit have been studied in [10]. The scaling limit
is given by the PDE

op 0?

-r_ = /

where ¢ is the Cramer transform of ¢, given by

p(m) := sup (Jm - log/exp(aaz - ¢(x))dx> .
ceR

For technical reasons, we shall assume that the initial data follows a local Gibbs state,

that is

fol) = e (3 2 (o i/ V) ) (3.4)

for some continuous function pg. We will later see that this initial data concentrates
around the deterministic profile pg. It can be shown that, for initial data that behaves
deterministically in the limit, solutions at any positive time are close (in the sense of
relative entropy) to such a local Gibbs state. See [21] or [12] for a proof.

We will also assume that the single-site potential ) is of the form

W) = ;xp + () (3.5)

for some p > 2 and a perturbation d¢ that is C2, bounded and with bounded first
and second derivative.

It is likely that the results we shall obtain hold for more general functions ), but such
a result would require more general technical tools than those developed in the next
section. For example, if ) does not grow at least as |z|? as 2 goes to infinity, then
the logarithmic Sobolev inequality does not hold. In [10], the LDP is proved for the
case where 1) is only superquadractic, and ¢’ = o(¢)).

Although the method can be used to reprove the result of [10], rather than work on
the classical Ginzburg-Landau model we just described, we shall focus on two variants
of the model, with the extra input of a non-constant conductance. The first model
will involve random conductances, and the second will be the model of [35], with
conductances that depend on the configuration of spins. Our method will rely on
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Theorem 1.10, and reduce the problem to the study of the behavior of the functional
Jn associated with the gradient flow formulation of these dynamics.

There are several technical elements of our approach that are in common with the one
of [10], such as tightness estimates and gradient replacement estimates. In particular,
it turns out that the proof of the upper bound in the convergence of Jy is the same
as the proof of [35] of the lower bound for the LDP. We shall therefore only sketch
the proofs of the upper bounds, and concentrate on the lower bounds in the I'-
convergence.

3.2 Some technical estimates

In this section, we give a few technical results, collected from various sources, which
we shall use in the proofs of the large deviation principles. Most of them are classical
results in the study of hydrodynamic limits, and we will often only give a brief sketch
of the proofs, or simply refer to the original source.

We will use logarithmic Sobolev inequalities, which we now define:

Definition 3.2 (Logarithmic Sobolev inequality). Let X be a Riemannian mani-
fold. A probability measure p on X is said to satisfy a logarithmic Sobolev inequality
(which we shall abbreviate into LSI) with constant p > 0 if, for any locally Lipschitz,
nonnegative function f € L'(p),

[ 1ost - ( / fdu> log ( / fdu> <1/ ‘Z?Zdu-

The following result was proven in [30]:

Theorem 3.3 ([30]). Under the assumption (3.5), the measures pn,m, defined by
(3.2) satisfy the logarithmic Sobolev inequality

\V4 2
Ent,y,.(9) < C / | gg| dpn

for any nonnegative, locally Lipschitz function g, with constant C' independent of the
dimension N and the mean spin m. This implies the inequality

(9) <C / <onj’vg>duzv

for some constant C that is independent of the dimension and the mean spin. As
previously, Ao is the (scaled) discrete Laplacian.

Ent

KEN,m

As a consequence of this result and of Lemma 26 in [18], we have the following result:

Lemma 3.4. Let fn be a sequence of probability densities with respect to pun m, such

that
1 / (AoVfn, Vn)
N S

sup
N

dpn,m < +oo.

Then we also have

S]L\l]p ;/Z |2i | (2) v (d) < +00.
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This result still holds if we replace pun,m by another sequence of measures with bounded
second moment and which satisfy a LSI with uniform constant.

This can be generalized to the following result:

Lemma 3.5. Assume that v is of the form %|x|p + 0u(x). Let fy be a sequence of
probability densities with respect to pin m such that

1/ (AoV SN,V IN)
N f

sup
N

dpn,m < +oo.

Then we also have
1
Sﬁp N/Z|xi|pr(x)MN,m(d$) < +o0.

Proof. 1t has been shown in [13] that, under our assumptions on v, pn ,, satisfies the
following transport-entropy inequality: for any probability measure vy,

Wg(VNa MN) < CEnty,NYm (VN)

for some constant C' > 0 that does not depend on N, and W), is the LP Wasserstein
distance

W) i=int [ 3 [a: - yPr(da, dy)

From the W)-Lipschitz continuity of p-moments (see Proposition 7.29 in [41]), we
know that

(] Siepmtaen)” = ([ SiesPusntan)) " < Wy
so that /Z |z;|Prn (dz) < C’EntuN,m(yN) + C/Z |23 |P v ()

Since pn,m satisfies a logarithmic Sobolev inequality, Ent, . (vny) < CN, and it is
also easy to see that

/Z |zi|P N m(dz) < CN,
which concludes the proof. O
We now give a version the version of the local Cramér theorem we shall use:

Theorem 3.6. Let (a;) be some sequence of real numbers. We define
1
Y (m) = X 10g/ exp(z a;x; + P (x;))dx
XK,m

and

(m) :=su m—i EKI lo /ex ((o + a;)x — Y(x))dx
YK ‘=8up | o K < g = pl\o i .

oceR
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We then have, for any L > 0 and any compact subset E of R,

lim sup YK — ¢Klloo,E = 0.
K—o0 a1..ag€[—L,L]

In particular, if a; = A\(i/K) for some smooth function X\, then 1k converges to

pa(m) := sup <0m - /O 1 log /R exp((o + A(0))z — ¢(x))dwd9> .

oc€R
uniformly on compact sets.

A proof of this result can be found in [14] or Appendix A in [21]. Roughly speaking,
it says that local averages of a large number K of spins behave like random variables
satisfy a large deviation principle of speed K and rate function .
The following proposition is a consequence of Theorem 4.1 in [19].

Proposition 3.7. Let fy be a sequence of probability densities with respect to pn
which weakly converges to a deterministic profile p. Assume that

1 [ (AoVIn,VIN)
ol

N

WNm < C.

Then, for any smooth function J : T — R and bounded continuous function F :
R2+1 5 R, we have

1 . -
& | UM iss) v (de) — [ IO F (o)

where
F(y) := /F(a:l,..,x2k+1)u>"®2k+1(dm), (3.6)

with pM(dz) = % exp(Az — (z))dz and A = ¢'(y).

Note that, in [19], it was also required that there exists a superlinear function w
such that [ > w(z;)f(z)pn(dz) < CN. However, under our assumptions on ), the

bound on [ <IL‘()Vijf’vﬁd,u]\f implies that [ > |z;2f(z)un(dz) < CN, as we have seen
in Lemma 3.4.

Proposition 3.8. Let p be a smooth function on the torus, and define the probability
density with respect to p

N
1
Gn(z) = - X <; @/(P(i/N))Hfi) :
Then
(i) The measures Gnpunm weakly converge to the deterministic profile p;
(i) They satisfy a logarithmic Sobolev inequality, with a constant that only depends
on p and ¥, but which is uniform in N;



22

(iii) For any sequence of probability measures vy on RN | if

N EntGN,UN,m(VN) — O,

then the sequence weakly converges to the deterministic profile p. Moreover, we then

have )
NEntNN,m(l/N) — /go(p)d@ — </pd9> :

Proof. (i) is a classic hydrodynamic limit result. See for example [42]. (ii) was proven
n [14]. (iii) is a consequence of these two results, and we can prove it as follows.
Since the measures G yuyn satisfy a logarithmic Sobolev inequality, they also satisfy
a transport entropy inequality, that is

W27A51 (VN’ GN'LLNvm)z S C EntGNMN,m (VN)
The fact that we can use the inner product given by Ag rather than the usual inner

product follows from the discrete Poincaré inequality. Therefore, we have

1

NWQ,Agl (v, GN,UN,m)2 — 0.

The result then follows from the fact that (Gnpn,m) weakly converges to p, and that
~ (Aoz, ) < C||7|[3,
The second part is a consequence of the identity

1 1
— EntGN,uN,m(VN) + N /log Gndvy

1

N

and the convergence
N
]if/lOgGNdVN = ;/Z o' (pi)xivn (dz)
N
-y [ exp< (p(i/N))a, ¢<xi>> do+ o [ exp (Z —wm)) da

=1

— [ elponas - ( / p(@)de) . (3.7)

This last convergence follows from the convergence of (vx) to the deterministic profile
p and Theorem 3.6. A complete proof is given in Lemma 7.1 of [21]. O

Proposition 3.9. Let fn be a sequence of probability densities with respect to pun,m N
which weakly converges to a deterministic profile p. Assume that

1 [({AV/, V)
o

d:U’N,m < C

and that

¥ [ i @hnym(do) < €
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Then, for any sequence (JV) of step functions on the torus that are constant on the
intervals ((i —1)/N,i/N] and which converges in H' to a function J, we have

3 | Wi n(dn) — [ 3000108 (38)

and

i N i ury T /
5 | STV @) tvnntdn) — [ O o). 39)

Proof. For the first part, notice that

’]if/ZJN(i/N)ﬁifN,uN(dx)—//TJ(@)x(@)d@fN(z)uMm(dli)

<0 Tl ([l fr@mntan)) o
and
[ [s0s0asssnsntan) - [ 00010

< 1l 112 = ol vt

< 1l ([ lle = sllafs@hwnta))
so we just have to show that

[ 112 = e @) — 0.

This quantity is the Wasserstein distance Wy between fyuy and d, for the L? dis-

tance. Since we already have weak convergence, to show that there is convergence for
W1, according to Theorem 7.12 of [40], we just have to prove the following tightness

estimate
lim lim sup / \/iZ]xinN(a:),uNm(dx) =0.
R—00 Nooo JY |z;2>NR2 N ’

This estimate automatically follows from the bound
1 2
sup [ il f (@) (o) < oc

that was given by Lemma 3.4.
For the second part, we give a very brief sketch of the method of proof that was used
in [19]. Let vy be a cutoff of 9" at level £ > 0, that is

(@) = ' (x) if [¢'(2)| < £,4pp(x) = £L if not.



24

From the bound of Lemma 3.5, we can deduce

]1[/ZJN(i/N)%(xi)fNMN,m(dx)éE)noo]if/ZJN(i/N)T/},($i)fNMN,m(d$)
(3.10)

uniformly in N, since 1) goes to infinity faster than |¢’|. Moreover, from Proposition
3.7, we obtain

¥ [ S i) et Jim [ 503000, 311)

T

so all we need to do is show that 1;4 converges to ¢’, which was done in Lemma 6.4
of [19]. O

Remark 3.1. Similarly, under the assumption that fOT J (AoVIn Vi) INUN mdt <

N

CN uniformly in N, then (3.8) and (3.9) hold in a time-integrated sense.

We also give a priori estimates on weak limits of sequences of probability measures,
obtained as direct consequences of [19], Lemmas 6.3 and 6.6:

Lemma 3.10. Under our assumptions on 1, for any sequence of probabilities with
density fn with respect to pin ., that weakly converges to a deterministic trajectory p,

such that (A0¥ . ¥ fx)
sup N/WdMN,m <C
we have
[ #totonas <
and

/T (Ooolp)(6))%d8 < C.

Finally, we shall need the following lower bound on the slope of absolutely continuous
curves.

Lemma 3.11. Let (1) be an absolutely continuous curve of probability measures on
R"™, which is equipped with a Riemannian tensor (A~1(x)) satisfying the assumptions
(1.3) and (1.4). Then we have, for any smooth function V :[0,T] x R" — R,

/|vt|2dt > 2/V(T,x)1/T(da:) —2/V(0,:L‘)uo(da:)

—2/ / o7 (t.2)vi(de) dt—/ / 2)VV,VViy(dr)dt  (3.12)

Proof. From Theorem 2.4 of [24], we know that there exists a vector field v; such that

f/t + diV(UtVt) =0 (313)

/ iy |2dt = / / z), ve(2)) vy (dz)dt. (3.14)

and
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Since we have
(A7 (@)vp(x), vi(2)) > 2(ve(x), VV (t, ) — (A(x)VV (t,z), VV (¢, x))

for any ¢t and x, we get
T T
o |2dt > ve(x), ,x))v(da
| a2 [ [ @ vvieom
T
- /0 / (A(@)VV (¢, 2), VV (¢, 2))i(da)dt

Using (3.13) to do an integration by parts on the first term, the result immediately
follows. O

3.3 Large deviations for the GL model in a random environment

In this section, we shall be interested in the large deviations for a version of the process
(3.3) in a random environment, where the operator A is replaced by a realization of
the symmetric random matrix

A j(w) = N1 (w) (851 — i) — Nai(w)(8ij — i) (3.15)

where the a; are iid random variables defined on a probability space €2, and we assume
there exists a constant ¢ > 0 such that we almost surely have

c>a;>1/c (3.16)

This assumption corresponds to an ellipticity assumption on the operator A that is
uniform in the realization of the random field. Therefore, for any x and any realization
of the random field, we have

%(on,:@ < (Azx,z) < c(Apz, x). (3.17)

Under these assumptions, the quantity

a:=E|— 3.18
o= (318)
is well defined and finite.

The associated SDE is

AX = N? (a((XE) = 0(XD)) = a1 (0(X)) = 9(XE))) +v2aid B~ /2ai 1By
(3.19)

Given a realization of the random environment, we denote by L, y the generator of

this diffusion.

The following hydrodynamic limit result for the random environment model has been

proven in [17]:
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Theorem 3.12 ([17]). Assume that the sequence of initial data fnopn,m weakly
converges to a deterministic profile po € HY(T). Then, for any time t > 0 the
sequence [N Nm giving the distributions of the systems at time t weakly converges
to a deterministic profile p(t,0), which is given by the unique solution of the PDE

F_aAY
5 = & ¢'(p)

with initial condition pg. This convergence holds for almost every realization of the
random field.

We are interested in the following quenched large deviation principle for this model,
using the gradient flow approach we developed in section 1.

Theorem 3.13. Assume that the sequence of initial data is of the form (3.4) for some
smooth initial profile mg. Then, for almost every realization of the random field, the
sequence of laws of solutions to (3.19) on [0,T] satisfies a LDP in L°(H, ') with
speed N and rate function

f@w—/@@mﬂ»—mmwm—wwmwmmm—nmwme

1T@_32 2

o~ Tpg¥ )| dt

H-1

4a Jo
This generalizes the large deviations principle for the classical Ginzburg-Landau

model of [10] to the case of a random environment.
In terms of gradient flows, this result follows from two facts :

e The relative entropy with respect to the invariant measure, divided by N, I'-
converges to p — [(p) — ¢ ( i p). This corresponds to a large deviations
principle for the sequence of invariant measures iy m;

e The sequence of metrics given by A~!(w) almost surely converges to the H !
norm, divided by a factor a.

As a technical tool, we shall need the following convergence result, which will be used
to formalize the convergence of the discrete norms.

Lemma 3.14. Let (aq)qcq be a sequence of positive, bounded, iid random variables,
and let ag\f = a;/n. With probability one, for any sequence (RN of step functions on
T that converges to a function h in L', such that hN is constant on (%, ﬁ}, and
denoting by hfv the value of K™Y on such an interval, we have

N
1
lim > ah =E(a) / h(6)d6.
i=1
Proof. Let M be an integer. The strong law of large numbers implies that, with
probability 1, for any step function h that is constant on the intervals (%, ﬁ], we
have

1 |
tim - > a¥h(i/N) = E(a) / h(0)do.

i=1
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This then remains true simultaneously for every integer M, still with probability 1.
An approximation argument in L!(T) then yields the desired result. O

Proof of Theorem 3.13. Given a realization of our random environment, the func-
tional Jy is given by

IR 1 (T [(AVg,V
Jn(vi) = Entyy,, (vr) =Entyy , (v0)+5 / 00 adtt5 / / < ggtt 9 dying
0 0

(3.20)
where g; is the density of 14 with respect to pn.,. We add the subscript |0]4-1
to emphasize the fact that we used the Euclidean norm associated to A~' as the
quadratic cost for the Wasserstein distance.

Lemma 3.15. The functional %Entm\, T'-converges at every Dirac mass to p —
Je(p)dd — o (f pdd).

Proof. Let vy be a sequence that weakly converges to a deterministic profile p : T —

R, and let
N

Gn(z): =S exp (Z gp’(p@N)xi) (3.21)

ZN i—1
be a local Gibbs profile with respect to pn,m,, where p; N = fé/_]\i)/N p(0)df and Zy
is the normalization constant such that Gy, is a probability measure.
We then have the decomposition

Entgy .., (VN) = Entyy  (vn) — /log Gndvy. (3.22)

By definition of G, since vy weakly converges to the deterministic profile p, as we
have seen in the proof of Proposition 3.8, & [log Gndvy converges to [ ¢(p)df —
© ( i ,odH). Since the relative entropy is nonnegative, we can deduce from (3.22) the
inequality

lim inf %EntuN,m(VN) > /gp(p)d& - </ pd&) .

Moreover, the measures Gy N, weakly converge to the deterministic profile p, so
that they provide the recovery sequence for this Gamma-convergence result. O

Lemma 3.16. Let (vy) be a sequence of probability measures that converges to a
profile p, such that, for any N, vy is absolutely continuous with respect to fnopn,m-
Then

1 1
N Enth,oMN,m (VN) - N Ent,uN,m (VN) — /T(Pl(m(])(mO - P) - (P(m0>d6'
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Proof. Since vy is absolutely continuous with respect to fnopn,m (and therefore to
UNm), we have

1 1
N Enth,o#N,m (vn) — N Entuzv,m (vn)

1
= N log fn,0dvn

/ 3 @ (mo(i/N))zivy (dz) +%log / exp (3 ¢/ (mo(i/N))wi ) pvm(de)
/ S ¢ mali/ )il + - o [ exp (3 ! ona(i/ )i — (w1 ) d
_ Nlog / exp (Z () d
- / (mo(6))p(6)d6 + / & (mo(0))mo(8)d
- [ etma(o)as

since (vn) has asymptotic profile p, and applying Theorem 3.6. O
We will now investigate the behavior of the slope:

Lemma 3.17 (Lower bound for the time-derivative). For any sequence (vy ;) weakly
converging to some p and such that

sup NJN((Z/N,t)) < 400,
N

we have

N B . e 2
liminf — |UN |5 -1dt > = [|0p/0t||5;-1dt.
N Jo @ Jo

Proof. Let J : [0,T] x T — R be a smooth function. Applying Lemma 3.11 with
In(t,x) = NZJ(t i/N)x;+ Z (t Jj/N)bjz; and b; = * —1 we have

N/ 2N 1dt>/ZJTz/N zivn r(de) + NQ/ZZ (T, 3/N)bjzivn r(dx)
/ZJ (0,i/N)zwy r(dz) Ng/zz (0,3 /N)bjzivn o(dz)
/ /Z (t,i/N)zivn (de)dt — N2/ /ZZ oi0g 13/ N )b i (de)t

/Z%(NJ 2“) NI, ) b‘Z‘é(m/N)) dt.
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Taking the limit N — 400 and using the second-moment bounds of Lemma 3.4, we
get

/ZJ (T,i/N)xivnr(dx) + N2 /Z Z T JJ/N)bjzivn r(dx)

_ N/Z J(T,i/N)zxvnr(dr) + O (]{7)
. /T J(T,0)p(T, 0)do.

In the same way,

N/ZJ (0,i/N)xivy r(dx) + N2 /ZZ (0,5/N)bjzivno(dx)

—, /T J(0,0)p(0,0)d6

and

N/ /Z 5 (t,i/N)x;vn(dx) dt+N2/ /ZZ 81589

/ / p(t, 0)dodt.

Finally, using Lemma 3.14, we get

N/ Zaz<NJ Z+1) NI, ) b%(m/N))Qt

—>//< t@)d@dt.

Combining these lower bounds, we get

UN ¢ (dx)dt

1
liminf / o2t > 2 / J(T.0)p(T, 6)d — 2 / J(0,0)p(0,6)d6
T

—2// (t,0)p t9d9dt—//< t0)d9dt.

Taking the supremum over all smooth functions J yields the result. O

Lemma 3.18 (Lower bound for the upper gradient). For any time t and subsequence
(vnt) with densities gn ¢ with respect to jinm and such that

(AgV , V
Sup / oVan: Vane) dpim < 400,
N dNt

we almost surely have

1 [ (A
liminf/< VgN"*’vgN"*>ciuzv,m > a/ (90 (p(t, 0)))%df.
N N gNt T
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Proof. From Lemma 3.10, we know that, under these assumptions, ¢’(p) lies in H(T).
Let J: T — R be a smooth function, and define

N i
a .
Gn(z) := exp Z Z ;jJ(Z/N) z |- (3.23)
i=1 j=1
Since the upper gradient takes value +0o when vy is not absolutely continuous with
respect to pun,m, and we are looking for a lower bound, we can assume without loss
of generality that vy is absolutely continuous with respect to jin,,, and therefore to
GNpNm- Let gy be the density of vy with respect to upn -
Av(Ey) v (&)
gn,t/GN

. . ( S .
We consider the quantity [ G NdpN,m, which is nonnegative. We

have

[T (B) v (&)

GNAuNm
PRI NApn,
A A
_ /( VQN,tanN,t>dluN’m _2/( vgN,t7VGN>dluN,m
gNt Gn
AVGyN, VG
+/< gg N>d/~LN,m
N
AVgn 1,V AVH, VG
= / AV gN’t>dMN,m—2 / (AVH VGr) N>9N,tduzv,m
gNt Gn
AVGy, VG
+/< ]GV2 N>d)uN,m-
N

Therefore, we have

HNm

(3.24)

AVgn 1,V AVH, VG AVGy, VG
/< gNt gN’t>dMN,m > 2/( N>gN,tduN,m—/< N, N)
9Nt Gn G

for any realization of the random field, any N and any t.
Applying Lemma 3.14, we have

N _

1 <AVGN7t,VGN7t> o 1 a . 2

_ 2
g /T J(6)2d0. (3.25)
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We also have

% / w}gwgwdwm = % / > (W (wig1) — ¥ (i) T (i/N)gn () o m (dx)

= [ G - 1) TN g ()
~ 2 [ IV @ ()

20 (1 [ S W @lox@hvnan)
—a / o (p(0)).7(0)d6. (3.26)
T

Combining these two lower bounds and taking the supremum over smooth functions
J, we get the lower bound of our Lemma. O

From the previous Lemma and Fatou’s Lemma, we can then deduce that, for a
sequence that converges to a Dirac mass, and such that Jy(fy) < CN, we have

T T
liminf% / / AV + 1 VH), (Vv + v VH)) 4, / a / (Bo¢ (p(t, 0)))2d00dt,
0 0 T

Vi

which was the last element we needed for the lower bound of the I'-convergence.

We now turn to the recovery sequence. Given a profile p(t, ) that is weakly continu-
ous in time, and such that fOT ||ad3¢' (p) — Orpl|3;-1 dt is finite, there exists a sequence
of smooth profiles p; that converge to p, and such that fOT 1ad3 ¢’ (pr) — Opi||3,-1dt
converges to fOT ||ad3¢' (p) — Oupl|3;-1dt. Therefore, in view of Remark 1.4, we only
have to prove the existence of a recovery sequence for profiles p that are smooth.
Given such a smooth profile p, there exists a continuous function h : [0,7] x T — R
such that

dp _ 0 o ,
— =4 — . 2
% gy (.00 + 0 (3.27)
We now consider a dynamic with law given by the time-dependent generator
N
~ a 0 0
Loy =1L, N E —h(t,i/N — 3.28
N N ~ a (t4/N) (8x¢+1 8%) (3.28)

and initial condition given by the local Gibbs state associated to p(0, -).

We need to prove two things: that the solutions to such dynamics converge to the
deterministic profile p, and that N~1Jy((vn)) has the correct limit (where vy ; are
the marginals of the law of the solution to the modified dynamic). The first part can
be done in the same way as in Section 3 of [35], so we concentrate on the second part.
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We have
1 1 [T)ofy 2
~JIN(fN) = / —— — Lo nNfN dt
N 2 0 ot H*l(A)
L L L i d
=3 a — Lg t
5 /0 ) NN ,NfNHHil(A)
1 (T a2 )
=— —h(t,i/N)“dt
5 | > /)
1 T
— = / / ah(t,0)*dodt (3.29)
2Jo Jr
2
and, using (3.27), it is easy to see that this is equal to 5= fOT H% - EL%@’(/})H dt,

H-1
which was what we needed to prove.

We still have to prove exponential tightness for the laws of solutions to (3.19). It is
given by the following two results:

Lemma 3.19. Let Py be the law of a solution to the SDE (3.19) with initial condition
Xo having a distribution foun that satisfies Ent,, (fo) < CN. Then

1 1 .
li li — logP — X{| > | =—o0.
o 1 N(Oz$§TNZ' i ) *

Lemma 3.20. Under the same assumptions as the previous lemma, for any ¢ > 0
and any smooth function on the torus J, we have
> e> = —00.

Proof of Lemma 3.19. This proof is exactly the same as in [10], we give a brief sketch
to show that the random field (a;) does not make any difference.

Let PN be the law of a solution to the SDE starting from the equilibrium measure
[AN.m- From Lemma 1.12 in [23], we know that, for any symmetric function g on RY,

1
lim lim —logPy sup
6—0 N—s400 N 0<s<t<T,|s—t|<5

36/ - XD

we have

peaN ( sup g(Xy) > E) < %\/CH—Tb

0<t<T

witha = [ ¢*dpn g, and b= [ @dmv,m. When g(z) = exp (D |z;]), there exists

C > 0 such that a < CN and b < N2C". Using the Tchebychev inequality, we obtain
~ 1 . 1"
PN | sup —Z|X§|Z€ < \/CON(1+ N2)e N < 0le=CNE,
o<t<T N
We can then use the basic entropy inequality

log(2) + H
log(1 + 1/ o (4))
where Hp is the relative entropy of the non equilibrium process with respect to the
equilibrium process, which satisfies the bound Hy < CN, to get the result. ]
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In the same way, we refer the reader interested in the proof of Lemma 3.20 to Lemma

2.8 in [10]. The proof is exactly the same, since the random variables a; are bounded.
O

3.4 Large deviations for the non-gradient Ginzburg-Landau model

We consider the SDE given by

dX] = N*(Wiip1 — Wisro)dt + Ny/2a(X], X;THdB — Ny/2a(X{ 7, X})dB]

(3.30)

where

oa, ;i i 0a, i i
~ o KL X + 5 (XL X, (331)

Wiipr = a(X{ X7 (0/(X) =0/ (X)) = 22
This model is known as the non-gradient Ginzburg-Landau model. This terminology
is unrelated to gradient flow structures (since this dynamics has a gradient flow
structure), but is used to emphasize the fact that in this mdoel, currents cannot be
written as discrete gradients of some function of the spin configuration.

The marginals of the law of a solution (3.30) solve the PDE

of NHENm
ot

where the matrix A(x) is given by

=V- (A(H?)VfNuMm) (3.32)

A(@)ij = a(mi—1,2:)(0ij — 0ij+1) + a(@i, Tigy1)(0ij — i j—1)-

Once more, we will assume that the initial data fy o is of the form (3.4).
The generator of this dynamics is given by

Inf =8 (G gt ) e Matman) (5o - 52 ) 5 633)

0riy1  Ozip Oriy1  Ozip1

It has been shown in [39] that trajectories of such a dynamic concentrate around the
solution to the PDE

op 0 a0

P = alo)— 3.34

7 = 5 (0 5 ) (3.31)
where ¢ is the same function as in the previous section, and a is a bounded continuous
function, which we shall now define.
Let F : R%+1 5 R be a bounded, smooth function of a finite number of variables.

+oo
The function { : © € R® — > F(wj_g, .., Ti+x) is not well-defined, but its partial

1=—00
derivatives are. We can therefore define

2
orly) = [ aao.) (1 - g’i) § (da) (3.35)

where p*¥ is the product measure on R* with every one-dimensional marginal
having density Z~!exp(Az — 1 (x)), with A the unique real number such that this
measure has expectation y.
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The function a is then given by
a(y) = f ar(y) (3.36)

with the infimum running over the set of all smooth, bounded functions of a finite
number of variables.
In the next proposition, we summarize a few properties of the function a:

Proposition 3.21. (i) a is a bounded, continuous function.
(ii) For any e > 0 and C' < 400, there exists a smooth real-valued function g(zy, .., Tk, y)
on R¥+2 with bounded first derivatives such that

sup (ag(~,y) (y) - d(y)) <€
ly|<C

and
Sup (a9(~,y)(y) - A(y)) < llal|oo-
yeR

Part (i) of this Proposition comes from [39], and part (ii) from [35].
Our aim is to prove the following large deviations result:

Theorem 3.22. Assume that the sequence of initial data is of the form (8.4) for
some smooth initial profile mg. The sequence of random functions satisfies a LDP in
L>®(H™Y) with speed N and rate function

I(p) := /w(ﬂ(O, 0)) — ¢(mo(0)) — ¢'(mo(0))(p(0) — mo(0))d0
2

= -2 (a00) g0))

In the rate function, the norm is defined as

dt.
H=(a(p(t,)))

2
[l ooy = SUD_ 2 /T u(®)v(0)do — / alp(t,0)) <gz> do.  (3.37)

veH(T)

This result was already proved in [35], under the assumption that the single site
potential 7 is uniformly convex, and that its second derivative is bounded from
above. Our assumptions are a priori more general, since they allow for superquadratic
potentials, but it seems likely that, using the logarithmic Sobolev inequality proved
in [30], the method of [35] could be extended for such functions. The main aim of
this section is not to prove a new result, but to show that the ideas developed here
can be used for non-gradient models.

The following result is the key technical estimate to prove large deviations for non-
gradient models. It has been proven in [39].

Let Ry be the law of the stationary solution to the SDE (3.30), with the initial
condition X having law py. Let p(t,0) be a deterministic profile, which we assume
to be in L=(H?).
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Denote by p§(t) := fgejcc p(t,s)ds. For a given smooth function J : [0,7] x T — R
and a function g as in part (ii) of Proposition 3.21, we define

Z J t Z/N |: il — N2Lg (XZ k XZ-&-k’ f;x(t)):|

1 ZN: (i /N (1) <<p’( /Nt () _@/(PE}N_Q(t)))
i/ N

N i=1 2e9
o
N Z; J(t’i/N)z(ag(-,p:}N(t))(p:‘}N(t)) — a(pyy (1)) (3.38)

where «, €1 and €5 are positive numbers, and £ is a positive integer.
Under these notations, we have the following exponential estimate, which is due to
Varadhan [39]:

Theorem 3.23. For any profile p, any o > 0, any J and g, we have

1 T

lim limsup lim sup lim sup — log B~ [exp (aN/ V(t)dt)] <0.
220 650 o Nooo N 0

Using the result, we obtain what is known in the hydrodynamic literature as the

gradient replacement estimate.

Corollary 3.24. Let (vn:) be a sequence of flows of time-marginals of a a sequence
of processes that weakly converge to a deterministic flow p(t,0). Assume moreover
that Jn(vnyt) < CN for some C > 0.

Then for any smooth, bounded functions J : [0,T] x T — R and g : R?**2 - R | we
have

1
lim Jin / [ SN Wiiia(w) = 5 (B o e miss )l

/ /J (t,0)a(p(t, 0))9p¢ (p(t, 0))dbdL.

Proof. First, let us show that we can build a diffusion process of law P with time-
marginals (vn¢) such that H(Py,Ry) = O(NN). Since the equilibrium process is a
solution of (3.30) with initial condition py, we know that there exists a process with
marginals (vy,;) such that

1 1 1 (T [ (AVv +1,VH), (Vv +1VH
H(PNyRN>:2Ent,uN(VO,N+2EntuN(VN,T)+/ /< ( ¢ ¢ Bt( ¢ ¢ )>

1t
+ [ |Plyadt
4 Jo

= JN(VN,t) + EntMN (VN,O) - Entfo,NNN (VN,U)

dt

so we only have to get an upper bound on Ent,, (vn,0) — Enty, .y (vno). Moreover,
the bound on Jy(vy,) implies that Enty, ..\ (vno) < CN.
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Denoting vy = pnpn, we have
Ent (0) — Ent, oy (vv0) = [ plog fovdiy

- /ng’(mo(i/N))xiuNp(dx) —log Zn
< CN x \/é/z |z:|2vn o(dz) + CN

<CN (3.39)

where the last bound follows from Enty, .y (¥No) < CN, Lemma 3.4 and the fact
that the measures fo ypun satisfy a LSI with uniform constant, and have uniformly
bounded second moments.

Consequently, using the entropy inequality, we have

REN [ /0 ! V(t)dt] < g + O%N log REN [exp <aN /0 ' V(t)dt)] (3.40)

and the result immediately follows from Theorem 3.23 and using the fact that the
inequality is valid for both J and —J. O

We also recall the exponential tightness estimates that have been proven in [39], and
which we need to apply Corollary 1.10:

Lemma 3.25. Let Py be the law of a solution to the SDE 3.30 with initial condition
Xo having a distribution foun that satisfies Ent, (fo) < CN. Then

1 1 ;
li li — logP — Xi{|>t) =—
g 1 N(OzngNZ‘ i ) *
26)2—00.

The proof of these estimates is exactly the same as for the gradient case studied in
[10]. Once more, the use of a variable function a(z;, z;11) does not make a difference
as long as it is bounded.

Lemmas 3.15 and 3.16 remain valid, so that, to prove Theorem 3.22, we only have to
study the behavior of the slopes.

and for any € > 0 and any smooth function on the torus J, we have

: : 1 1 . i i
lim  lim NlogIF’N< sup NZ‘](Z/N)(Xt_Xs)

6—0 N—r+o00 0<s<t<T,|s—t|<6

Lemma 3.26.
limn inf IV 2 > ! By pl[2 d
iminf — ; || 41 dt > ; I tpHH—l(&) 2

Proof. Let J : [0,T] x T — R be a smooth function, and F : R?**1 — R be a
smooth, bounded function. Applying Lemma 3.11 with V(t,z) = > J(¢,i/N)z; +
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ljl(ta z/N)F(xZ—k7 ) xi-l—k)’ we get
1, 1 1
N || -1 dt > 2N V (T, x)vr(dx) — QN V(0,z)vo(dx)

2]1V/0 /aa‘t/( Yoy (da)dt

T
B ]17/ /<A($)VV(@$)7VV(L‘,:E))ut(d:v)dt. (3.41)
We have

% / VT, 2)up(dz) — % / J(T,i/N)zsr(dz) + ;2 / T3 )NV (@i s s 2 )vr ()

- % / J(T,i/N)zwr(de) + O G)
— / J(T,0)p(T, 6)do. (3.42)

In the same way,

¥ [ VOamn) — [ 10.0)(0.0000 (3.43)

N/ / x)v(dz)dt —>/ / p(t,0)dodt. (3.44)

For the last term, we have

and

N / / 2)VV(t,x), VV(t, x))vi(de)dt
= N/o /Z:NQCL(.%'i,xi—H) (J(t, (i4+1)/N) = J(t,i/N)

i+k 2
15 0 9
Z 5 —F(xj_p, o xjqk) — 5 —F(xj—p, - Tjpr) | ve(de)dt
J ik Tit+1 T

— Jb/o /;a(xi,xi+1)J’ (t, ;)2

i 2
8 a i+k f
X (1 — <8$i+1 — (93%) Z F(«Tj—lm ..,:Ej+k) + O <N>) v(dx)dt

Jj=i—k

—)/OT/T(ZF(,O(t,Q)) (g‘g)zdedt. (3.45)

We combine these convergence estimates, and then optimize in F' and J to get the
desired result.

O]



38

Lemma 3.27. For a flow of marginals vy that weakly converges to p, and such that
+JIn((vn)e) s bounded, we have

.1 (T [ {A(Vv +VH), (Vv + v, VH)) rr. ,
liminf /0 / t t it > /0 /T a(p(t,0)) (De' () 2dBdL.

Vt

Proof. Let J(t,0) be a smooth function, F' : R?*1 — R a smooth function and let
. . i—1
E(x) =Y F(ig, .., Tirk). WedefineJy(t,z) the element of RN given by Jy (¢, z); :=>_
j=1

J'(t,j/N) +

Z J'(t,j/N)F (wjk,..,xj+k)]. We have

/ / VVt + VtVH) (VI/t + VtVH» dt
N

// (Vg + 14, VH), dt—// (AT, Dvy(dz)dt
—9 / / SO 1/ N) Wi (2 de)dt
_2/ /Z“’/“/N (L) (@i ps s i) ()t

/ /Z a(xi, zi1)J (t,i/N)*(1 - 8ii1 gfj)zut(dx)dt—i-o(l)
(3.46)

We then just have to use Corollary 3.24 and optimize in F' to obtain

i inf / / (Vi + utVH) (Vi + VtVH)>dt

>2// p(t,0)) J’tedadt—// J(t,60)%dbdt.

Taking the supremum over all smooth functions J then yields our Lemma.

For the Gamma-convergence upper bound, the method we use is pretty much the
same as the proof of the LDP lower bound in [35], so we only give a rough sketch. We
fix a smooth profile p, for which there exists a continuous function h : [0,7]xT — R

such that 0w o <A( )(8 |
ot~ 00 26% (P)+h>>- (3.47)

We consider an evolution given by the generator

N

Inf = Lnf+N 3 hlt,i/N)a(zi, zis1) (1+ 0 ¢ 0 5) <af 0 f>.

1 8113¢+1 83:Z al'i+1 81‘1
1=

and initial condition the local Gibbs state associated to p(0,-). It is shown in Section
3 of [35] that the solutions converge to the deterministic profile p. We write fn r the
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law of the solution. We have

1 I 9 d .\’
yv ) = g [ [atemnteim? (14 57 - 7€) pv(ana

— ;/OT/TCLF(;)) <gg>2d9dt (3.48)

If, instead of using a fixed function F', we use a sequence (Fy) such that ap,(p)
uniformly converges to a(p) on compact sets (which is possible, see Proposition 3.21),
we obtain the upper bound

, 1 1T (9’
thUpNJN(fN,FN)§2/O /Ta(p) <89> dedt

which, by representation (3.47), is the one we needed to prove the upper bound in
the Gamma convergence. d
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