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Abstract

We consider a random walk (RW) driven by a simple symmetric exclu-
sion process (SSE). Rescaling the RW and the SSE in such a way that a joint
hydrodynamic limit theorem holds we prove a joint path large deviation prin-
ciple. The corresponding large deviation rate function can be split into two
components, the rate function of the SSE and the one of the RW given the
path of the SSE. These components have different structures (Gaussian and
Poissonian, respectively) and to overcome this difficulty we make use of the
theory of Orlicz spaces. In particular, the component of the rate function
corresponding to the RW is explicit.
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1 Introduction

1.1 Background

Random evolution on a random medium has been the object of intensive research
within the mathematics and physics communities over at least the last forty years.
Although there are plenty of rigorous and non-rigorous results obtained through
a wide range of techniques and methods, it is far from being a closed subject.
Since the works of Solomon [28], Harris [13] and Spitzer [29], random walks in
both static and dynamic random environments have been a prolific way to study
this problem within the context of probability theory (see [31] for a review in the
static case). In the case of dynamic random environments, considerable progress
has been recently achieved (see e.g. [3], [23], [25] and references therein), but a
key ingredient common to all these developments is the availability of good mixing
properties of the environment. More recently, examples of dynamic random en-
vironments with less restrictive mixing properties have been considered [14], but
the general picture is still far from being understood (see [4] for some conjectures
based on simulations).

A very simple way to obtain a family of dynamic random environments with
poor mixing properties is to consider conservative particle systems as dynamic
environments. On the one hand these environment processes are very well under-
stood, in particular their mixing properties are well known, on the other hand the
essential difficulties coming from the poor mixing are encoded into the conserva-
tion laws.

In this article the dynamic environment is given by a simple, symmetric exclu-
sion process, as in [1], [2], [3], [4], [16], [21], [26]. On top of this environment,
we run a simple random walk with jumping rates depending on the portion of the
environment it sees. The exclusion particles do not feel the presence of the ran-
dom walk. We introduce a scaling parameter n € N and we speed up the exclusion
particles with respect to the random walk by a factor of n. Although this speeding
up seems to be there in order to give us the necessary mixing properties for the
environment, this is not the case. At least at a formal level what happens is that this
scale is the crossover scale between a regime on which the environment behaves
essentially as frozen from the point of view of the random walker, and a regime on
which the environment mixes fast enough to put us back on the setting of previous
works.

1.2 The model and result at a glance: an example

Let us consider the following problem. For the sake of clarity, we begin by con-
sidering a simple case. In Section 2 we define the general model. Let n € N be a
scaling parameter, which will be sent to +eo later on. On a discrete circle T, with



n points, we run a symmetric, simple exclusion process {n/;¢ € [0,T]},! speeded
up by n%. We call this process the dynamic environment. Given a realization of the
process {n/;t € [0,T]}, we run a simple random walk on T, with the following
dynamics. The walk waits an exponential time of rate n, at the end of which it
jumps to the left with probability %, it jumps to the right with probability % and
with probability % it looks at the environment m/'. Let x be the current position
of the walk. If /'(x) = 1, the walk jumps to the right, and if n/'(x) = 0 the walk
jumps to the left. Notice that the particle is speeded up by n. Let us think about
the circle T, as a discrete approximation of the continuous circle of length 1. The
different speeds of the environment and the walk are taken in such a way that the
environment has a diffusive scaling and the walk has a ballistic (or hyperbolic in
the terminology of hydrodynamic limits) scaling. Let us start the exclusion pro-
cess from a non-equilibrium initial distribution. In order to fix ideas, imagine that
ng (x) = 1if |x| < % and ng(x) = 0 otherwise. This initial distribution of particles
is a discrete approximation of the density profile ug(x) = 1jy<1/4- It is precisely
under this diffusive space-time scaling that the limiting density profile has a non-
trivial evolution. This limiting profile u(z,x) turns out to be the solution of the heat
equation on the continuous circle, with initial condition #y. This convergence is
what is known in the literature as the hydrodynamic limit of the exclusion process
(see Chapter 4 of [19] for more details and further references). Now let us describe
the scaling limit of the walk. If the density of particles of the exclusion process
is equal to p € [0, 1], then a simple guess is that the walk will move with velocity
v(p) = %(Zp — 1), the speed in an averaged medium. In general this guess is not
correct, since the medium observed by the random walk differs from the averaged
medium. However, in this case, due to the hyperbolic scaling of the random walk
and the diffusive scaling of the environment, there is locally strong mixing which
justifies this guess. Therefore, the macroscopic position of the walk should satisfy
the ODE

@ = v(u(t, @),

This heuristic reasoning has been made precise in [1] in the form of a functional
weak law of large numbers for the walk. We obtain in this paper a large deviation
principle associated to this law of large numbers. The form of the rate function
associated to this large deviation principle is given by the variational formula

Z(x) = inf {Zry (x]7) + Zex(m) }

where Z,, (x|7) is the rate function of a random walk on a given space-time real-
ization of the environment 7 and Z (7) is the rate function of the large deviation
principle associated to the hydrodynamic limit of the exclusion process (see Sec-
tion 3 for more precise definitions). This variational formula is very reminiscent of

I'The time window [0, T] is chosen to be of finite size to avoid some technical topological consid-
erations. Indeed, [0,) is not compact and one would have to be more careful in weighting the tails
near infinity.



the variational formula relating the quenched and averaged large deviation princi-
ples for random walks in random environments [7],[11], see in particular Eq. (9)
of [7]. Notice that in our setting a “quenched" large deviation principle or even a
quenched law of large numbers is out of reach since the exclusion process does not
have an almost sure hydrodynamic limit. Anyway, the interpretation of the varia-
tional formula is the same as the corresponding one for random walks in random
environments. The function Z,., (x|7) is the cost of observing a trajectory x when
the environment has a space-time density 7, and Z (7) is the cost of changing the
density of the environment to 7.

Our method of proof, however, differs from the one in [7]. In [1], we proved a
joint law of large numbers for the environment and the walk. We show in this article
that the rate function of the corresponding large deviation principle is given by
Zrw(x|) + Zex (7). The desired result follows as an application of the contraction
principle.

1.3 Discussion

There are not many works addressing the question of large deviations for random
walks in dynamic random environment. In [2], the authors show a large deviation
principle (LDP) for the empirical speed on some attractive random environments.
They also show that the rate function in the case of an exclusion process as a ran-
dom environment has a flat piece. This reference is the closest in spirit to our work.
To our knowledge, the earliest reference in this field seems to be [17], then, in a
series of papers, [6], [24], [25], [30] the authors show an LDP for fairly general
dynamic random environments. In [15], the authors gave an LDP for a random
walk driven by a contact process. In all of these results, the environment is Marko-
vian (except fo the more general setting in [24]) and it is assumed to start from
an ergodic equilibrium. One of the differences of our work with respect to these
results is that we consider environments which start from a local equilibrium, see
(5). These environments are more general than ergodic equilibria and they give
rise to a richer phenomenology. Our variational formula for the rate function could
in principle be explicit enough to allow some finer analysis of the behavior of the
walk, but we do not pursue this line of research here.

Our method of proof is very different from what has been done before, and
as mentioned above it relies on a joint LDP for the couple environment-random
walk. The large deviations of the environment and of the walk are very different in
nature, for the environment they are due to fluctuations built up on small, synchro-
nised variations of the behavior of individual particles, while for the walk they are
determined by its Poissonian structure. For this reason the joint LDP proved to be
very difficult to obtain. In particular, we need to deal with non-convex entropy cost
functions

From the point of view of interacting particle systems, the problem addressed
in this work is close in spirit to the problem of the behavior of a tagged particle
in the exclusion process. In fact, we borrowed from [18] the strategy of proof of



the joint environment-walk law of large numbers, although this strategy can be
traced back to the seminal article [21]. Recently, an LDP for the tagged particle in
one-dimensional, nearest-neighbor symmetric exclusion process has been obtained
[26]. On the one hand, the results in [26] are more demanding, because the motion
of the tagged particle affects the motion of the environment in a sensitive way. On
the other hand, our result is more intricate because of the mixture between Poisso-
nian and Gaussian rate functions. This last point obliges us to use the machinery
of Orlicz spaces in order to show that the variational problem that defines the rate
function is well-posed. In the realm of interacting particle systems, this kind of
problems poses real difficulties in order to obtain an LDP. A family of models
which shares the difficulties found in this work is a conservative dynamics super-
posed to a creation-annihilation mechanism. To our knowledge, the best result so
far is found in [5]. In that article, a creation-annihilation (or Glauber) mechanism
is superposed to the exclusion dynamics with a speeding up of the exclusion pro-
cess in order to make both dynamics relevant in the macroscopic limit. As in our
case, the rate function of the LDP can be written as a combination of the Gaus-
sian rate function of the exclusion process and a Poissonian rate function coming
from the Glauber dynamics. However, they impose an additional condition (see
Assumption (L1) on page 8 of [5]) which makes some key cost functions convex.
This point is very technical but also very delicate, and it is the key to proving that
the upper and lower bounds match. We overcame this problem by using the theory
of Orlicz spaces, see Section 8.3.

1.4 Organization of the article

In Section 2 we describe our model in full generality. We fix some notation and in
particular we introduce the environment as seen by the walker, which will be very
important in order to relate the behaviors of the walk and of the environment. We
also describe the hydrodynamic limits associated to the exclusion process, as well
as to the environment as seen by the walker. This part summarizes the functional
law of large numbers obtained in [1]. In Section 3 we start explaining what we
understand by a large deviation principle for the couple environment-walk. We
put some emphasis on the topologies considered for the process, since they are not
the standard ones. In particular, we look at the random walk as a signed Poisson
point process. The trajectory of the random walk can be easily recovered from
this process and vice-versa, but the topology of signed measures turns out to be
more convenient. We finally state our main result, Theorem 7 on page 14 which
is a large deviation principle for the couple environment-walk. The large deviation
principle for the walk, Theorem 6, follows at once from Theorem 7 via the con-
traction principle. In Section 4 we define some exponential martingales which will
be used to tilt our dynamics, following the usual Donsker-Varadhan (see e.g. [9])
strategy of proof for large deviations of Markov processes. In Section 5 we show
what is called in the literature the superexponential lemma. This lemma allows to
do two things. First, it allows to write the exponential martingales introduced in



Section 4 as functions of the couple environment-walk plus an error term which is
superexponentially small. This step is the starting point of the upper bound. And
second, it allows to obtain the hydrodynamic limit of suitable perturbations of the
dynamics. The latter is the starting point of the lower bound. In Section 6 we show
an energy estimate. This energy estimate allows to restrict our considerations to the
space of measures with finite energy with respect to the Lebesgue measure. In par-
ticular, all these measures will be absolutely continuous with respect to Lebesgue
measure. This point is crucial, since we need to evaluate this density at the location
of the random walk in order to know its local drift. In Section 7 we prove the large
deviation upper bound and in Section 8 we prove a matching lower bound, which
finishes the proof of the large deviation principle for the couple environment-walk.

2 The model

2.1 The environment

Let n € N be a scaling parameter, T, = %Z /Z be the discrete circle of size n and

Q, ={0,1}7". We denote by n = {n(x);x € T,,} the elements of Q,, and we call n
a configuration of particles. The elements x of T, will be called sites, and we say
that there is a particle at site x € T, in configuration 1 if 11(x) = 1. Otherwise, we
declare the site x to be empty. We say that x,y € T, are neighbours if |y — x| = %
In this case we write x ~ y. Fix T > 0. The simple, symmetric exclusion process
on T, is the continuous-time Markov process {n,";¢ € [0,T]} with the following
dynamics. To each pair of neighbours {x,y} on T, we attach a Poisson clock of
rate n”, independent of the other clocks. Each time the clock associated to the pair
{x,y} rings, we exchange the values of n/*(x) and n;*(y).
Forn € Q, and x,y € T,,, we define n* € Q, as

nws; z=x
@) =q9nk); 2=y,
n@); z#xy
The process {n,";t € [0,T]} is generated by the operator given by
Ly f(m) =n* Y, (f(™) — £(m)) (1)
X~y

forany f: Q, — R. Notice that if the initial configuration 1 has only one particle,
this particle follows a simple random walk. This fact explains the acceleration n”
in the dynamics, corresponding to a diffusive space-time scaling. We consider the
process defined on a finite time window [0, T] to avoid uninteresting topological
issues (see the footnote on page 3).

By reversibility and irreducibility, for each k € {0, 1,...,n}, the uniform mea-
sure Vg, on

Qi = {n €Qu Y N :k}

xeT,



is invariant and ergodic under the evolution of {n/";¢ € [0,T]}. Equivalently, for
each p € [0, 1] the product Bernoulli measure v, on £, defined by

vo(m) = [T {pn@)+ (1 -p)(1-nx)}

xeT,

is invariant under the evolution of {n/*;z € [0,7]}.

2.2 Some notation

Forx € T, let 7, : Q, — Q, be the canonical shift, that is, 7,1 (z) = n(z+x) for any
neQ,andanyz€ T,. For f: Q, — Rwedefine 7, f : Q, = Ras 7. f(n) = f(7:n)
forany n € Q,,.

We say that a set A C T, is the support of a function f : Q, — R if:

i) forany n,& € Q, such that n(x) =& (x) forall x € A, f(n) = f(§),
ii) A is the smallest set satisfying i).

We denote this by A = supp(f).

Let IT: Z — T, be the unique map from Z to T, such that IT(0) = 0 and
M(x+ 1) —TI(x) = 1 (mod 1) for any x € Z, that is, IT is the canonical covering of
T, by Z. Consider Q = {0,1}. We say that a function f : Q@ — R is local if there
exists a finite A C Z such that for any n,& € Q with n(x) = £(x) for all x € A,
F(m) = f(&). For alocal function f : Q — R, we can define supp(f) as above.
We can identify Q, with the set {0, 1}{l=2+1)--13]} Using this identification, any
local function f : Q — R can be lifted to a function (which we still denote by f)
from Q, to R, for any n large enough. Moreover, under this convention, the lifting
is unique. We will use the following notation. A local function f : Q, — R is
actually a family of functions {f,, : Q, — R;n > ng}, all of them lifted to Q, from
a common function f : Q — R, which we assume to be local. For a local function
f:Q, — R, supp(f) will denote either the support of f on Z or the support of f,
on T,, which is equal to IT(supp(f)).

2.3 The random walk

We wish to define a random walk driven by an environment. Informally, given an
environment {1, : 7 € [0, 7]} the jump rates of the random walk x; to the right/left
are given by ¢ (7,;x;). An archetypical example is

cFmx)=a+(B-a)nx), c (n:x)=p+(ax—pB)n(x), forsome o, > 0.

As we consider the family of graphs T,, we have to be a bit more precise in the
way we define this. Let ¢ : Q x {+,—} — [0,0) be a local function, and let ¢, be
the lifted version on Q,,. Define ¢, : Q, x T, via the cocycle property: ciF(n;x) =
cn(ten, ) for any N € Q, and any x € T,,. As the dependence on n is clear from



context we simply write ¢*. Without loss of generality we only consider n large
enough so that the lifting of ¢ exists. We call ¢ a jump rate.

The random walk in dynamic random environment {n/";t € [0,T]} with jump
rate ¢ is the continuous-time Markov process {x/;¢ € [0,T]} with values in T, with
the following dynamics. For simplicity, assume that ¢ +c¢~ = 1, the reader can see
that this assumption is not relevant. We attach to a random walker a Poisson clock
of rate n, independent of the process {n,’;¢ € [0,T]}. Each time the clock rings, the
particle jumps to the right with probability ¢t (n/;x"_), and to the left with comple-
mentary probability ¢~ (n/;x]"). We remark that the process {x}';z € [0,T]} itself
is not Markovian; if we consider a fixed realization of the random environment
{n/;t € [0,T]}, then we recover the Markov property for {x/';z € [0,T]}, but the
resulting evolution is not homogeneous in time. The pair {(n/;x]');z € [0,T]} turns
out to be an homogeneous Markov process, with values in Q,, x T,, and generated
by the operator given by

Luf(m:x) =n* Y (fF(n*%x) = f(:x)) +n Y, (i) (F(nsx+ £) — f(n:x))

yNZ Z:il
2

for any function f: Q, x T,, = R. At this point, two remarks are in place. No-
tice that for functions which depend only on 7, this expression coincides with the
definition of the generator of the process {n/*;z € [0,T]}, explaining the use of the
same notation for both objects. Notice as well that the dynamics of the random
walk is speeded-up by n. We expect the walk to move with some velocity, in which
case it needs to make n jumps in order to cross a region of order 1.

From now on and up to the end of the article, we assume that the random walk
starts at 0: xi = O for any n € N.

2.4 The environment as seen by the walker

Let {&";r € [0,T]} be the process with values in Q, defined by & (z) = n/"(x +z2)
for any z € T, (in other words, &' = 7=n;") and any 7 € [0, T’]. The process {&";f €
[0,T]} turns out to be a Markov process and its corresponding generator is given
by

H=n Y (FE) -~ £(&) +n ¥, CE0(F(1:8) - £E) B

X~y z==%1

for any function f : Q, — R. The value of x}' can be recovered from the trajectory
{&;s € ]0,¢]} in the following way. First suppose that £” has at least 2 particles
and two empty sites. Let {N,"~;7 € [0,T]} be the number of shifts to the right (+)
and to the left (—) up to time 7. Then,

X =TI(N/"" =N"7).

If there is only one particle or one empty site, N;' * are similar, but each right (left)
shift of & is discarded with probability n/(n+ ¢~ (£0)) (n/(n+ ¢ (§0))),



which is the probability that the observed shift came from the movement of the
single particle/empty site. If there are no particles/empty sites, Nt"’i are Poisson
processes with rate nc™(0;0) or nc*(1;0), where 0 and 1 are the empty and full
configurations.

This point of view, the environment as seen by the walker, introduced by
Kipnis-Varadhan [21], has shown to be very fruitful (see [1] for an application
in this context).

2.5 The empirical measures

Let T =R/Z and M™*(T) be the space of positive Radon measures on T. For u
and {u";n € N} in M*(T), we say that u" — p if [ fdu" — [ fdu for any con-
tinuous function f : T — R. The topology induced on M (T) by this convergence
is known as the weak ropology, and M™(T) turns out to be a Polish space under
this topology. That is, M™(T) is completely metrizable and separable under this
topology. A possible metric is the following. Let { fy; N € Z} be a dense subset in
the set C(T) of continuous functions on T. Then, d : M™(T) x MT(T) — [0,00)

given by
1}

.
d(u,v)=Y. Wmm{’/f,vd(,u—v)
NeZ
is the required metric.

Forx € T,,let 6! : T — R be defined as

&) = (1—nly—x|)", (4)

where (-)™ denotes positive part. Sometimes the functions {6";x € T} are called
finite elements. The empirical density of particles is defined as the M ™ (T)-valued
process {m';t € [0,T]} given by

m'(dy) = Y, n/'(x)8] (y)dy.

xeT,

Notice that 7" is absolutely continuous with respect to Lebesgue measure on T.
We will make the following abuse of notation. We will use 7" to designate indis-
tinctly the measure 7" (dx) or its density function 7/'(-) with respect to Lebesgue
measure. We denote by 7' (H ) the integral of a function H with respect to the mea-
sure 7' (dx). At this point, some comments about this definition are in place. It is
customary in the literature of interacting particle systems to use %5,( in place of o},
where 9, is the § of Dirac at x € T (see Chapter 4 of [19]). We will be interested in
scaling limits of the process {7';t € [0,T]}. Since the number of particles per site
is bounded by 1 by definition, any limit point of 7' (dx) must be a measure which
is absolutely continuous with respect to Lebesgue measure on T, and moreover
with Radon-Nikodym derivative bounded above by 1. Therefore, it is natural to
modify the customary definition of the empirical measure 7' in such a way that it
satisfies this property for any fixed n. This is usually accomplished by choosing



87(y) = 1(ly — x| < 5) (see, e.g., [20]). In our case we make the choice of (4).
For topological considerations which will become more transparent later on, it will
be convenient to have 7'(-) a.s. continuous, since on one hand we will need this
property later on, and on the other hand we will prove that this property is shared
by the possible limits of 7. It is clear that at the level of a law of large numbers,
all these definitions of empirical measures are equivalent; this is also the case at the
level of large deviation principles, and we adopt this definition in order to simplify
the already very technical exposition.

Let us denote by M(J)r? 1 (T) the subset of M™(T) formed by measures u abso-
lutely continuous with respect to Lebesgue measure on T, such that 0 < fl—’; <1.0On
Mg, (T) we consider the weak topology defined above. Notice that M& (T)isa
compact subset of M (T), and {n/;r € [0,T]} as defined above is an M, (T)-
valued process. 7

In a similar way, the empirical measure associated to the process {&/*;1 € [0, 7]}
is defined as the M, (T)-valued process {/';7 € [0,T]} given by

#(dy) = ), &'(x)8} (y)dy.

xeT,

2.6 Hydrodynamic limits

Let up: T — [0,1] be a given function. We say that a sequence {u";n € N} of
probability measures on Q,, is associated to uy if for any f € C(T),

tim [ Y 08000y = [ uo0)f()dy.
e xeT,
in distribution with respect to {u”;n € N}. In other words, {u";n € N} is associ-
ated to u if the empirical measure of particles converges to ugy(y)dy, in distribution
with respect to {";n € N} and in the weak topology on M™(T). Notice that for

any function ug : T — [0, 1] there is a sequence of measures associated to it. Indeed,
define forneNandxe T,,

pr=n [ wls)dy
b=x<5

Then the product measure v, given by

Vio(m) =TT {pin(e)+ (1 =p!)(1 -n(x))} )
x€T,
is associated to ug. These measures will play a role in the derivation of a large
deviation principle later on.

For a given Polish space &, let D([0,T];£) denote the space of cadlag tra-
jectories from [0,7] to £. We consider on D([0,T];€) the J;-Skorohod topol-
ogy. Let ugy be fixed. We denote by PP, the distribution of {(n/;x]');r € [0,T]}
in D([0,T];Q, x T,) with initial distribution Vio @ 0o, and we denote by [, the
expectation with respect to [P,,. The following proposition is classical:

10



Proposition 1. Fixug: T — [0,1] and let {v;; ;n € N} be the sequence of measures
in (5) associated to ug. With respect to P,

lim 7" (dx) = u(t,x)dx
n—yoo

in distribution with respect to the Ji-Skorohod topology on D([0,T]; M™(T)),
where the density {u(t,x);t € [0,T],x € T} is the solution of the heat equation

du(t,x) = Au(t,x)
M(O,-) ZMO(')‘

This proposition is what is known in the literature as the hydrodynamic limit
of the process {n/’;t € [0,T]}. A proof of this proposition which is close in spirit
to the exposition here can be found in Chapter 4 of [19]. A similar result was
obtained in [1] for the process {&/;t € [0,T]}, but before stating this result, we
need some notation. Recall that v, denotes the Bernoulli product measure with
density p € [0,1]. Let us define v* : [0,1] — R as

vi(p) = [ *mivp(an)

Notice that v* do not depend on x. Since we have assumed that ¢ is local, v* do not
depend on n either. Define then v(p) = v (p) — v~ (p). The value of v(p) can be
interpreted as the “mean-field” speed of the walk {x”;z € [0, 7]} in an environment
of density p, but we point out that this far from clear under which conditions we
can assume that this mean-field speed is a good approximation for the real speed
of the walk. The following propositions are the main results in [1].

Proposition 2. With respect to P,

lim 7' (dx) = i(t,x)dx
n—yoo

in law with respect to the Jy-Skorohod topology of D([0,T], M™(T)), where the
density {ii(t,x);t € [0,T],x € T} is the solution of the equation
dii(t,x) = Aii(t,x)+v(i(r,0))di(t,x)
{ﬁ((l ) =uo().
Let {f(t);t € [0,T]} be the solution of the differential equation

Ji(0) =v(u(t, ft)) = v(@(z,0))
f(0) =0,
with u from Proposition 1. The densities « and i are related by the identity 4(z,x) =

u(t, f(t)+x) for any r € [0,T] and any x € T. In fact, we have the following law
of large numbers for {x";z € [0,T]}.
Proposition 3. With respect to P,

lim 2 = £()

in distribution with respect to the J,-Skorohod topology on D([0,T]; T).
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3 Main results: large deviations

Propositions 1 and 3 can be understood as a functional law of large numbers for
the pair of processes {(7/',x);¢ € [0,7]}. Our aim is to establish a large deviation
principle for the process {x';¢ € [0,T]}, Theorem 6 below.

3.1 Topological considerations

Let us notice that the J;-Skorohod topology coincides with the uniform topology
when restricted to the space of continuous functions. This topology is not the only
one with this property. Indeed, in the original work of Skorohod [27], four different
topologies are introduced on the space D([0, T];£) with this property, and such that
the space D([0,T];E) is Polish with respect to these topologies. Let us recall the
decomposition x? = ITI(N;"" — N/" 7). Since N;"" +N;"" is just a standard Poisson
process speeded-up by n, an immediate corollary of Proposition 3 is that

i N 125 (0)

n—e 1 2

in distribution with respect to the J;-Skorohod topology on D([0,T];R), where
{£(t);t €[0,T]} is the canonical lifting of {f(¢);r € [0,T]} from T to R. In
fact, the convergences of the processes {x;t € [0,7]} and {1N]' "1 €[0,T]} are
equivalent, once we have the law of large numbers for the standard Poisson pro-
cess. Notice that the process {N;"";r € [0,T]} is increasing. Therefore, maybe
the J;-Skorohod topology is not the most suitable one. It turns out that in or-
der to exploit the fact that {N;"*;r € [0,T]} is increasing, we can use the weak
topology in the following way. Let us denote by @’} (dt) the measure on [0, 7] de-
fined by @/ ((s,1]) = L(N;"* — N;"*) for any s < € [0,T]. Then, convergence of
{%Nt’”i;t €[0,7]} to {1(t + f(1));t € [0,T]} is equivalent to convergence of the
sequence of positive Radon measures {@’;n € N} to the measure 3 (1+ f'(1))dr,
with respect to the weak topology of M™([0,7]). We will adopt this last point
of view. Notice that in order to recover the process {x/';t € [0,T]}, we need both
processes {N;"*;t € [0,T]}, or equivalently, both measures {@”}. Therefore, if
needed, we can consider the process {x];z € [0,7]} as an element of the space
M*([0,T]) x M*([0,T]) equipped with the weak topology. The main advan-
tage of this point of view is the characterization of compact sets, which is very
simple on M ([0,T]): a set L C M™([0,T]) is relatively compact if and only if
supyexc 4([0,T]) < +oo. Further topological considerations will be introduced at
the occurrence in the proof of the large deviation principle.

3.2 Large deviation principle

We start by recalling what a large deviation principle is. Since we are going to
state several large deviation principles, let us define it in full generality. Let £ be a
Polish space. Given a function Z : £ — [0, 0|, we call it rate function if it is lower

12



semi-continuous, that is, the set {x € £;Z(x) < M} is closed for any M € [0, o).
We say that the rate function Z is good if the sets {x € £;Z(x) < M} are compact
for any M € [0,00). A sequence {X,;n € N} of £-valued random variables defined
in some probability space (E,F,P) satisfies a large deviation principle with good
rate function Z if

i) for any open set A C &,

1
lim —logP(X, € A) > — inf Z(x),

n—oo N xeA

ii) for any closed set C C &,

— 1
lim —logP(X, € C) < —inf Z(x).

n—oon xeC

3.3 The initial distribution of particles

In Section 2.6, we saw that in order to obtain the hydrodynamic limit of the en-
vironment process, the initial distribution of particles must be associated to some
profile ug. It turns out that in order to obtain a large deviation principle for the en-
vironment process, it is necessary (but far from sufficient) to understand the large
deviations of the initial distribution of particles. Let ug be a given initial profile
which from now on we assume to be continuous. Recall the definition of the mea-
sures { v, ;n € N} given in Section 2.6. With respect to {v}; ;n € NI}, the empirical
measure 7, converges in distribution to the measure u(x)dx, and a large deviation
principle for the sequence {7j;n € N} is not difficult to obtain. Recall that we
consider 7} as an element in M, (T). Let vo(x)dx be an element of M (T).
This imposes the restriction 0 < vg (x) <1 for any x € T. Define '

h(voluo) := A {uo()1og (243) + (1 - uo () log 2 Yax.— (6)

The large deviations of the initial distribution of particles is given by the following
proposition (see e.g. [19], Lemma 5.2, Chapter 10).

Proposition 4. The sequence {mj;n € N} satisfies a large deviation principle with
respect to the weak topology on M& | (T) with rate function h.

3.4 Large deviation principle for the environment

A large deviation principle for the process {7';r € [0,T]} has been obtained in
[20]. Let us recall this result. Let C* be the class of functions on [0,7] x T
which are k (resp. ¢) times continuously differentiable in time (resp. space). For
H:[0,T] x T — Rof class C'? and {m;;¢ € [0,T]} in D([0,T]; M ,(T)), define

J(H;7) := mr (Hy ) — mo(Hp) — /T n,(a,Ht +2AHt)dt
;0 . 7
_ /0 / (VH, ()1 (x) (1 — 7 (x))
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and set
Tex () := h(mo|up) + sup J(H;m).
HeCl2

The following proposition is the main result in [20].

Proposition 5. The process {m}';t € [0,T]} satisfies a large deviation principle
with good rate function L with respect to the Ji-Skorohod topology on the path
space D([0, T];./\/l({l (T)).

3.5 Large deviations for the random walk

For each function x : [0, 7] — T of finite variation with xo = 0 and each 7 : [0, T] —
M (T) cadlag, let us define

T (x|7) = /0 ' {axyﬂ(;)x; - ZZin(n,(x,))(ewm@ - 1)}dt, where )
tog #HV Uty (il [BE) (7, (o) (1)) >0,
log g2t v (m () v (m () = 0, x>0,
ax(t) = 4 —log =2y, v (1, () v (7 (3)) = 0, ) < 0,
—oo, v (1 (x) v (m(x)) =0, x, =0, v (m(x;)) >0,
>, v (x))v™ (e (x)) = 0, %1 = 0, v (m(x)) =0,

if x is absolutely continuous and x — m;(x) is continuous at x, for a.e. r € [0,7].
Otherwise, or if one of the three integrals

T T
| Witogt lar or [T tog” (F(m(x)) ) dr,z=£, (10)

is infinite, then Zyy (x| ) = oo, where f* = max(f,0) and f~ = max(—f,0) are the

positive and negative part of a function (note that due to a collision of notation, v*

and v~ are separate functions, not positive and negative part of some function v).
Our main result is the following.

Theorem 6. The sequence {x}';t € [0,T]},en satisfies a large deviation principle
with good rate function

I(x) = igf{zrw(xm) +Zex ()}

Actually, this result will be a consequence of a large deviation principle for the
pair { (" x);t € [0,T1}.

Theorem 7. The sequence {(n]';x}!);t € [0,T]} satisfies a large deviation principle
with good rate function Ly (x|) 4+ Zex (7).

The rest of the paper is devoted to the proof of Theorems 6 and 7.
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4 Tilting measures and exponential martingales

According to Donsker-Varadhan approach to large deviations [9], in order to show
a large deviation principle, it is necessary to construct a sufficiently rich family of
exponential martingales. The rough idea which will be clear along the proof is that
these exponential martingales will be used to tilt the original distribution of the
system in consideration, in such a way that atypical events become typical under
the tilted distribuion. Let us introduce the family of martingales relevant for our
scope. Recall equation (2) and let F : Q, x T, x [0,7] — R be differentiable in the
time variable. Then, the process

1
exp { i (1)53) = Fo(mfsx8) /0 RO (9,4 L) B Mas L ()

is a positive martingale of unit expectation (see e.g. [19], Lemma 5.1 in Appendix
1). Note that throughout the paper we use the notational convention that the time-
parameter of a function is in the index. It turns out that there are two types of
relevant functions for the large deviations problem. Let a : [0,7] — R be a con-
tinuously differentiable function. Taking F;(1;x) = na(t)x in (11), we see that the
process {M;";t € [0,T]} given by

t
Log ME" = a()x! —a(— [ (d()+ T i) (¢ -1) )as (12
7=+

1

is a positive martingale with unit expectation. Notice that by definition, a(0)xj = 0.
Notice as well that integrating by parts, we see that

(T — /O " s = /O "o (dr),

with @" = @} — " . Therefore, in a sense, knowing M“T" for every a, we know
{x;1 €10,T]}.

The second type of function that plays a role in the derivation of a large devi-
ation principle is the following. Let H : [0,T] x T — R of class C!2, that is, once
continuously differentiable in time and twice continuously differentiable in space.
Let us define

Vi H =i [ (8(2) - 8(2) Hi(2)dz

AnHt (.x) =n Z V;,ny'

yeT,
yrx

It is not difficult to check that forx € T,, y =x+ %, the function V)’C”yH, 1s a discrete
approximation of the gradient VH,(x), and that A, H;(x) is a discrete approxima-
tion of the Laplacian AH,(x). We extend the definition of A,H, to T by taking
linear interpolations. Taking F;(n;x) = nm)'(H,) in (11), we see that the process
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{MI". 1+ €10,T]} given by

1 n n n ! n 2 n 7
Hog M = w2t~ 3 (o)~ [ {a2(0H)+ 2 X I ()8HL () fds— Qi (#0)

xeT,
(13)
where
n ! n n 1 n
Q)= [0 ¥ mi (=m0 w(, Vi, H)ds (14)
0 xyeT, n
and w(u) = " —u— 1, is a positive martingale with unit expectation?. Since we
are assuming that H is of class C!'? we can write

LY M)A (3) = (A + R(H),

anTfn
where the error term R%(H) is bounded by a function of the form r,(H), depend-
ing only on the modulus of continuity of AH in T x [0,7] and converging to 0
as n tends to co. Since the jumps of the environment and the particle are a.s. dis-
joint, the martingales {M®";z € [0,T]}, {M}"";t € [0,T]} are orthogonal, in the
sense that the process { M M1 € [0,T]} is also a positive martingale with
unit expectation.

S The superexponential estimate

One of the main challenges in order to prove a large deviation principle in the
context of interacting particle systems, is to show that local functions of the dy-
namics, when averaged over space and time, can be expressed as functions of the
empirical measure plus an error which is superexponentially small. Let us explain
what the superexponential estimate is in the case of the simple exclusion process
(that is, our environment process). In order to do this, we need some notation.
Let f: Q — R be a local function. Recall the convention about how to project f
into Q,. Define f(p) = [ fdv, for p € [0,1]. For € € (0,3) and x € T, let us
define 1. (x) = él((x,x—i— €])). When x = 0, we just write 1, instead of 1¢(0). The
following lemma is stated in [20], Theorem 2.1.

Lemma 8 (Superexponential estimate). Let H : [0,T] x T — R be a continuous
function. Let us define

R = [ T {m ) — T ) b 3)ds.

xeT,

Then, for any 8 > 0, and any t € [0,T],

fim Tim — logP, (|RY(H)| > &) = —e.

e—0n—eopn

ZNotice that we are making an abuse of notation, using the same superscript structure for M:"

and /\/lfl’”. Later on we will introduce some more efficient way to handle multiple indices.
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This superexponential estimate is used in [20] with two purposes. First, to
express Q7 (H) (recall the definition of the martingale {M"";t € [0,T]}in (13))
as a function of {7}";¢ € [0, 7]} plus an error that is superexponentially small. And
second, in order to obtain the hydrodynamic limit of suitable perturbations of the
exclusion dynamics. Notice that, as a consequence, we can express /\/ltH" (more
precisely, %log M) as a function of {m}';t € [0,T]} plus a superexponentially
small error. Recalling (12), we see that in order to express M as a function of
{(n",x");t € |0,T]}, we need to express

/l () (e290) — 1)ds
0

as a function of these two processes. The superexponential estimate does not apply
for two reasons. First, there is no spatial average. Second, the position at which we
measure the local function ¢ changes with time (since it follows the location of
the random walk). In [18] and in the context of the tagged particle problem, both
problems were overcome by considering the environment as seen from the walk,
{&";r € [0,T]}. Notice that in terms of the process {&/";t € [0,T]}, the integral in
question is given by

lci n eia(s)_ s
=@ et ~yas.

In this section, our objective will be to show the following superexponential
estimate.

Lemma 9 (Local superexponential estimate). Let f : Q, — R be a local function.
Then,

B
lim Tim - log P,,(

£—50n—eo N

[ e -r@e)as| > 8) =—=  a3)

forany 8 >0andanyt € [0,T].

To make the exposition clear, the proof will be divided in various steps. Before
starting the proof, we introduce some notations and conventions. Let us write

1
WiE) = 1) -F(3 L w). (16)
x=1
With this notation, the integral in the local superexponential lemma is equal to

t
| winienas an

0
plus a boundary term which is uniformly bounded by - for some constant ¢ de-
pending only on f. For simplicity, we assume that the support of f is contained on

{1,...,4p} for some ¢y € N. In that case, supp(Wf;) ={1,...,¢} for any ¢ > .
We will indistinctly denote by Ay the sets {1,...,/} C Z and {%, . %} CT,.
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5.1 Reduction to a variational problem

In this section we reduce the proof of the superexponential estimate to a variational
problem involving the generator of the dynamics. Let us start by introducing an
elementary estimate, whose check is left to the reader, which will be used several
times.

Lemma 10. For any positive numbers ay, ... ,ay,

log{a; +---+as} < lngl}a_l;(flogaj—klogﬁ.

Using this lemma, we see that for any random variable X,

logP(|X| > &) <log{P(X >8)+P(X <—6)}
< max{logP(X > §),logP(—X > 3)} +1log2.

Therefore, in order to show (15), it is enough to show that
lim lim flogIP / ds > 8) oo, (18)
e—0n—eon

Therefore, we get rid of the absolute value in (15). This has several advantages as
it will be clear soon. By the exponential Chebyshev’s inequality, for any random
variable X and any ¥ > 0 we have that

E[e*7X]

1 1 1 o
glogP(:l:X >9) < glogeT = ;logE[e "X] — 8.

Therefore, it is enough to show that

sup lim lim flog[E [exp{ + yn/ot Wﬁn(gf)ds}] < o0, (19)

Y e=-50n—eon

since in that case, calling this supremum K,

lim llmfloglF> / HEN ds>5)§1<—}/5
e—=0n—eon

for any y > 0 and sending 7 to infinity, (18) follows. Since —W?%&" = Wf’}, from

now on we omit the + in (19).

The next step is to put the process in near-equilibrium distribution. Fix p €
(0,1) and let us denote by P% the distribution of the process {£/;r € [0,T]} with
initial distribution v, (or equivalently, the process {(n/*,x}');t € [0,T]} with initial
distribution v, ® &), and let [Eﬁ be the expectation with respect to [P’ﬁ . The actual
value of p will not be very important. Notice that v, is not stationary under the
evolution of {&/;t € [0,T]}, but it is indeed close to stationarity in a sense to be

d n
specified below. By the Markov property, = “}/“;’. Moreover, since V(1) >

dIP”
min{p,1 —p} for any n € Q, (in fact, the worst configurations are 17(x) =0 or 1),
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. a
we conclude that there exists a constant Ky = Ko(p) such that || ‘dT;Hoo < K{ for

any n € N. In particular, for any function F > 0,
EA[F] = ER[4 F] < KJER[F).

Therefore, from (19), we get

t t
TogE, [exp {yn [ Win(Enas}] < ~1ogB [exo {mn [ Win(Enas}] + Ko
0 0 20)
and it is enough to consider v,. The nowadays classical argument of Varadhan (see
Lemma A1.7.2 on page 336 of [19]) to estimate exponential expectations as in the
Lh.s. of (19), combines Feynman-Kac’s formula with the variational formula for
the largest eigenvalue of the operator £, + WJ‘?”, to get the bound

1 t
ﬁlogEﬁ[eXp{Yn/o Wf”(és")dSH <rsup{yOVf" ¢%) + (g Lag) ), @)

where (-,-) denotes the inner product in L?(V, ), the supremum runs over functions
g:Q, — Rsuchthat (g,g) = 1 and L, is the generator of the process {&/";¢ € [0,T]}
in equation (3). This variational problem will be the starting point of the next step
of the proof.

5.2 Some properties of (g,L,g)
Define, for g: Q, - Rand x,y € T,

D(g) = 5 [ (s(1) ~ g(m) v,

and define D(g) = ¥, D*(g). Notice that (g, —L¢*g) = n*D(g), that is, n*D(g)
is the Dirichlet form associated to the exclusion process {n/*;¢ € [0,T]} identified
by the generator in equation (1). The following proposition was proved in [1], see
Lemma 2.2 therein.

Proposition 11. There exists a constant >K; such that (g, L,g) < —n*D(g) +Kn
for any function g : Q, — R such that (g,g) = 1.

The intuition behind this proposition is the following. The quantity (g, £L,g)
measures the entropy production rate, and if v, were invariant, it should be neg-
ative. Since V, is invariant under the dynamics of the environment, entropy can
grow only due to the motion of the random walk. Since the random walk jumps
about n times on a fixed time interval, the entropy of the distribution of the process
with respect to v, should grow with time at most linearly in 7.

The following simple observation, which we state as a proposition, will be
useful in what follows.

3Note that under the assumption ¢t +¢~ = 1, one can take K| = 1.
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Proposition 12. For any x,y € T, the function

g*—>/ (Vem™) —e(m) vp(dn),  g>0,

is convex. In particular, g — D(,/g) is convex.

5.3 The one-block estimate

In the previous section, we have reduced the proof of (15) to the variational prob-
lem
sup lim lim sup {yWf", ¢ N+ L,g)} < 4oo.

Y €=0n—oo

Following the original idea of Guo, Papanicolaou and Varadhan [12], [9], [20], it is
convenient to break this variational problem into two pieces. The first one is what
is known as the one-block estimate. In this estimate, the macroscopically small box
of size €n is replaced by a microscopically large box of size ¢, and it corresponds
to the following lemma:

Lemma 13 (One-block estimate).

1
sup] lim lim sup {¥( Wf, )+ <g,£ng>} < oo

{—yoon—roo

Proof of Lemma 13. By Proposition 11,

1
sup (YW &) + (e Lag)} < K1 + sup {yOW},8%) —nD(g)}.

For readers acquainted with the theory of hydrodynamic limits well, the supremum
on the right-hand side of this inequality is basically the one appearing in Eq. 5.4.1
of [19], and the proof there applies to our situation with essentially no changes. For
the ones who are not familiar with hydrodynamic limits, we include a somehow
simpler proof. Let us define F; = 6{&(x);x € A¢}, where the set Ay = {2,... ,%
was defined above. Notice that for any function g, D(|g|) < D(g), while g = |g|*.
Therefore, we can restrict the supremum above to non-negative functions g : Q, —
R such that (g,g) = 1. Let us define

g)=).D"(g)

X, yEA,
X~y

For a given non-negative function g with (g, ¢) = 1, let us define g¢ = Ey, [g*| F/] 2,
By definition, (Wf,g% = <Wfﬁ,g2>, while by convexity, Dy(g¢) < Di(g) < D(g).
Therefore,

Y(WH, g% —nD(g) < Y(W¥,gl) — nDy(gr)

and it is enough to show that

sup lim lim sup {¥( ch,g2> —nDy(g) } < +oo,

Y {—con—oo
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where now the supremum runs over non-negative functions g : Q,, — R such that
(g,g) = 1 and such that supp(g) C Ay. Notice that on the supremum above, the
only dependence on n is on the constant in front of Dy(g). Moreover, the varia-
tional problem is a finite-dimensional one (2/-dimensional). In particular, g lives
in a compact space (topology does not matter here, because all the metrics are
equivalent in finite-dimensional spaces). Therefore, for each n, there exists a func-
tion g" for which the supremum is attained. For g =1, 7<Wjé,g2> —nDy(g) = 0.
Therefore, the supremum is greater or equal than 0. Therefore, Dy(g") < || f| .,
and in particular Dy(g") tends to 0 as n tends to o. Let n’ be a subsequence such
that g" converges to some limit g. Since g — Dy(g) is convex, it is also lower
semi-continuous. Therefore, we have that Dy(g*) < lim,, D/(g" ) = 0. We have
just showed that
Tim sup {y(Wr.%) =nDi() } = YV, &%)

for some function g : Q, — R satisfying (g,g) = 1, supp(g) € Ay and Dy(g) = 0.
Let us identify {0, 1} with Q,, where we forget about the periodic boundary
condition. Recall the definition of the spaces £, given in Section 2.1. By the
irreducibility of the exclusion process, Dy(¢) = 0 implies that ¢ is constant on each
of the spaces ¢, k =0,1,...,¢. On the set £ ¢,

wWim) = f(m) - F(%).

Therefore, there exists a sequence of positive numbers {p(0),...,p(¢)} such that

Y p(k) = 1 and
J4

Wi g =Y p){fk:e)—F(%)1,

k=0

where f(k;¢) = [ fdvi . We have thus reduced the proof of the one-block estimate
to proving that

lim sup |f(k:¢)—F(%)|=0.

(—oo 1<k

This limit is equal to O in view of Prop. 3.1 in [10], known in the literature as the
equivalence of ensembles. This finishes the proof of Lemma 13. [

5.4 The two-blocks estimate

In view of Lemma 13, in order to complete the proof of Lemma 9, it is enough to
show the following.

Lemma 14 (Two-blocks estimate).

R 1
sup lim lim lim sup {y(W}Z» - ch”,g2> + . (8. Lng) } < +oo.

Y (—ooe—0n—oo g

21



In order to prove this lemma, let us first define, for § € Q,, x € T, and £ < n,

EW =7 T &ct)

YEA

This notation will not enter in conflict with &, since we will only use it in this
section, where no reference to the evolution is made. Notice that W? — WJ‘?” =

F(EX(0)) — F(E%"(0)). Since the function f is local, the function f is a polynomial,
and in particular it is uniformly Lipschitz on [0, 1]. Let K; be the corresponding
Lipschitz constant. Let us assume that €n is an integer multiple of £. The modifi-
cations needed if this is not the case will be evident. We have that

IWE—Wer| < Ky |E4(0) — £27(0)| Snglew(m—éf(y)\,

where the sum is over sites y € Ag, which are multiple integers of f The two
blocks on the name of Lemma 14 are the two blocks of size £ on the right-hand
side of this inequality. Using Proposition 11 and the inequality above, we see that
to prove Lemma 14, it is enough to show that

sup lim [im Tim supsup {7{|"(0) — £'()[,8*) = nD(g)} <+ (22)
—o0€—=0n—c0 ¥y g

The proof of this inequality is very similar to the proof of the one-block estimate,
therefore we will not give the full details in the derivation of those steps which are
also present in the proof of Lemma 13. Let 7} = 6{&(x),&(x+y);x € A¢}. We
can restrict the supremum to non-negative functions g with (g,g) = 1. For a given

non-negative g, define g, = Ey,[¢?| F) 2. Define

Dj(g) =Y {D*(g) + D™ (g)}.

x,2EN¢
X~z
By Proposition 12, D;(gr,) < D(g). The main difference between the one-block
and two-block estimates is the following. The dynamics corresponding to the
Dirichlet for Dz () corresponds to two exclusion processes evolving in the two
blocks separately. Therefore, a term connecting these two dynamics is needed. Let
us define Dy, (g) = D;(g) + D+ (g). This new Dirichlet form connects what
happens in the two boxes, through exchanges of particles between the first site of
each box. The following path lemma tells us how to estimate D; ,(g) in terms of

D(g).

Lemma 15 (Path lemma). Forany g:Q, > Randanyye T,,

1 1
Dt (g) < 4|y|nD(g).
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Proof of Lemma 15. To simplify the notation, we switch to Q = {0,1} and we
consider y = /¢ —1, £ € N. For any permutation 6 : A; — Ay and any & € Q, let us

define £° € Q as
O (x) — é(Gx), X € Ag
s7 ) {5 (x),  otherwise.

According to this notation,

DU (g) =5 [ (6(61) ~ 5(8) vy (dé).

Notice that (1 £) = (12)...((—1£)({—2¢—1)...(12), that is, the transposition
(1 ¢) is the product of 2¢ — 3 transpositions between neighbors. Let us denote by
o; the product of the first j transpositions. Since the measure V,, is exchangeable,
for any two permutations o, T,

[ (67 —5(6) Vo @8) = [ (667~ 8(8))*vo(d®).

Let us write g(E(19)) — g(&) as a telescopic sum:

20-3

20—
8 —5(8) = X (s(67)—8(67)) g —g(£7) 1.

=1

By Cauchy-Schwarz inequality,

263
5 ] (€ ) s(@) e < 2 E [ (s 50yl

Notice that Q,GJ._JI is a transposition between neighbors, and notice as well that
each pair of neighbours appears at most twice on the sum on the right-hand side of
this inequality. Since 2(2¢ — 3) < 4/, the path lemma is proved. O

Proof of Lemma 14. Using Lemma 15, we see that D; _(g) < (1+4en)D(g) for
any g : Q, — R and y € Ag,. Therefore, in order to show (22) and hence Lemma
14, it is enough to show that for any v > 0,

1

lim lim lim supsu e P—
psup {¥{|(0) ~ £"()] &”) e

(—o0€—0n—rc0 y

D;*(g)} =0.

For the reader who knows the theory of hydrodynamic limits, this variational
problem is essentially the same appearing in the middle of page 93 of [19], and
in particular, they may skip the rest of the proof. Let us identify the set of fy
measurable functions with the set of functions from Q7 = {0, 1} x {0,1}" to [R
Let us denote by (&, §) the elements of 92 With this 1dent1ﬁcat10n, we can rewrite
the supremum above as

1
11 4¢

n

sup {7(§(0) = {(0)] &) — 7 -Dr(2)},
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where the supremum is over non-negative functions g : Q% — R such that (g, g) = 1.
Notice that the dependence on y has been totally washed away. Repeating the
compactness argument given in the proof of the one-block estimate, this time with
€ playing the role of n, we are left to proving that

fim sup [ |&/(0)~ ¢'(0)]avE, =,

f—00 0<k<

where v,f ¢ 18 the uniform measure on the set

{e0ean Y Ewrow) =1}

xXeN,

It turns out that it is simpler to compute

[ €@ @) avi, = [ (E©- &) v 23)

In fact, it is enough to observe that [ & (x)dVi o = 4; and that [ &(x)&(y)d Vi =

%. With these two computations in hand, we can show that (23) is equal to
3% < 577, which finishes the proof of Lemma 14. O

5.5 Final remarks

In the previous four subsections, we have proved the local superexponential esti-
mate, Lemma 9. It turns out that in its current form, this is not what we need in
order to deal with the martingales {M;"";t € [0,T]}. The problem is that the local
function appearing there also depends on time. Recalling the bound in (21), we
see a constant ¢ multiplying the supremum on the right-hand side of the inequality.
This constant can be changed into an integration over [0,7], if the local function f
depends on ¢ as well. We did not include this dependence on ¢ from the beginning
because it would have overcharged an already heavy notation. In the application we
have in mind, the dependence on ¢ is rather simple. In fact, f(&) = ¢ (&) (%) —1).
Therefore, the constant ¢%() — 1 could have been absorbed into y during all the
computations, and in the end what we could prove is that the local superexponen-
tial estimate remains true whenever a : [0,7] — R remains bounded. If the reader
is not satisfied with this sketch, here is a different argument. Recall that in the
construction of the martingale {M{"";z € [0,T]} we are assuming that a € C!. Ac-
tually for the argument we will explain, continuity is enough. Since f is bounded,
given § > 0 it is possible to find &’ > 0 such that |?(") — 4| < % if|s—1] <&
Therefore, we can approximate ¢“*) — 1 by a function which is piecewise constant
on finite intervals of size at most &', with an error at most g. On each one of these
finite intervals we can use the local superexponential estimate, proving the exten-
sion to the time-dependent function ¢*(&)(e?") — 1). Since we will only need the
superexponential estimate for these functions, we state it as a lemma:
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Lemma 16. Foranyt € [0,T], any 0 > 0 and any continuous function a : [0,T| —
R)

B
lim Tim flogl]:"n(

£—50n—eo

/ot {5 (mis) = v (1 1e(¥) } (50— 1)ds| > 8 ) = —o

6 The energy estimate

Letu: [0,7] x T — R be a function of class C*!. The energy of the function u is

defined as ,
2
Vu(r, dxdt.
AR

Recall that according to our definition of the empirical measure {7";¢t € [0,T]}
in terms of finite elements, 7" (x) has finite energy for any n € N. Our aim will
be to show that in some sense, the probability of trajectories with very high en-
ergy is very small. Recall that {n]';# € [0,T]} is a very oscillatory object at local
scales, so a naive approach does not work. Indeed, we will need a variational
characterization of the energy. Therefore, let us introduce some Hilbert spaces.
For f:[0,7] x T — R,* define

lo,r = (/OT/Tf(t,x)zdxdt)é.

Let us denote by H r the Hilbert space { f; || f|lo,r < e}. For f,g € Ho r., define

1

T
(f.g)or = /0 Af(t,x)g(t,x)dxdt.
For f € Ho. 7, let us define

1Flhr = sup (f,Vh)or-

heCO!
l|Allo,r=1

We denote by #; 7 the space of functions f € Ho 7 such that || f||; 7 < co. Notice
that H 7 is not a Hilbert space: functions that are constant in space and such that
) f(t)2dt < oo belong to H; 7 and satisfy || f||1.r = 0. In fact, if we say that f ~ g
whenever f —g =: A does not depend on x, then #; 7/ ~ is a Hilbert space. We
will not use this fact, but we will use the following:

Proposition 17. If || f||i.7 < oo, then there exists a function Vf € Hor such that
I fll1.7 = IV fllo.r and moreover {f,Vh)o1 = —{(V.f,h)o.r for any h of class C*'.
In addition, the function x — f(t,x) is continuous for a.e. t € [0,T|.

“In this section we will only use f for test functions; do not confuse with the notation local
functions used in the previous section
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Proof. The existence of V f is guaranteed by Riesz’s representation theorem. By
Fubini’s Theorem, [(Vf;)2dx < oo for almost every ¢ € [0,T]. And by Sobolev’s
Embedding Theorem, [(Vf;)2dx < +oo implies that f is Holder-continuous of in-
dex 1/2. O

Let {h/; j € N} be a sequence of functions in C*!, dense in the unitary ball of
Ho,r. Then, we can restrict the supremum in the variational formula of || f||; 7 to
the set {h/; j € N}:

1flhr = sup{ £, VA o

Throughout this section, we will denote by 7" the process {7}';z € [0,T]}, and we
will denote by " (without the dot) the function

ne= Y, nx)8(y)dy

xeT,
from Q, to M, (T).
Lemma 18 (Energy estimate). There exists a constant Cy € (0,00) such that for
anyM >0, and any £ € N,
2

1 o M
- : <Cyp——.
gﬂnlogpn(lsgggg«m,v}z Dor > M) <Cy 2

Proof of Lemma 18. By Lemma 10, it is enough to show that
— 1 R M?
lim —logP, ({7, VA )or > M) < Co— —

n—oon 8

for any j € N. Using the exponential Chebyshev’s inequality and the argument
explained between (20) and (21) in Section 5.1, we see that for any y > 0

1 . 1 n j

~logP, ((&" Vi)Yo > M) < —yM + ~ log[E, [ ™V )o1]

n ’ n

T .
< —YM+K, +K1T+/O sgp{}/(ﬂ"(Vh{),gz) —nD(g)}dt.

Therefore, we need to estimate the supremum on the right-hand side of this equa-
tion. The way to estimate this term is different from what we did in Sections 5.3
and 5.4. Using the definition of 7", we see that

(V) = ¥ (n(x)=n(e+ 1) (W) + i)

xeT,

with 7} (¢, x) a correction of order 1/n uniformly in x and 7 since i/ € C%'. There-
fore,

(® (V). = ¥ (W) + (1)) (00 = n(x+1). 82,

xeT,
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We will use the following trick: for any x,y € T" and any g : Q, — R such that
(8,8) =1,

(n(x)—n(y),8>) = (Nx),g*(n) —g*(n™))

for any f,, > 0. In the first inequality we used the weighted Cauchy-Schwarz in-

equality and the inequality between arithmetic and geometric mean. In the second

YA ()47 (.)|

. , We

inequality we used the fact that (g,g) = 1. Choosing By .+1 =
obtain the bound

" (Vh). )~ D) < 2L ¥ (W) +rf(r.0))

n xeT,

valid for any g : Q,, — R with (g, g) = 1. We conclude that

1 ; T ; ; 2
;loan((<7rf’,hf>>07T >M) < —}/M+K0+K1T+2y2/o . Z(h,/(x)+r{l(t,x)) dt.

xeT,

Therefore, sending n to oo we see that for Co = Ky + KT,

1 .
lim ~logP, (&, Vh/ Yo7 > M) < —yM +Cy + 27

[y

Minimizing over Yy concludes the proof. O

7 The upper bound

Now that we have the superexponential estimate and the energy estimate at our
disposal, we can show the large deviation upper bound on Theorem 7. As we have
done before, for the sake of clarity, we break the proof into various steps.

7.1 The upper bound for open sets

Let us recall that we want to obtain a large deviation principle for the pair
{(n;x]');¢t € [0,T]}, viewed as a random variable with values in the Polish space
E=D([0,T}; M (T)) x MT([0,T]) x M*([0,T]). Recall that we are identify-
ing the process {x?;t € [0,T]} with the pair of positive Radon measures (", @/ ),
corresponding to the derivatives of the processes %N," o, %N," s

The space D([0,T]; M, (T)) is equipped with the J;-Skorohod topology, while
MT([0,T]) is equipped with the weak topology.
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Notation will become cumbersome very quickly, unless we adopt some sim-
plifying conventions. We will denote the process {(7}';x});t € [0,T]} by (n"x").
In particular, we abandon the notation introduced in Section 5, where we used
the notation 7 (with a dot) for {x*;+ € [0,T]}. Let A C & be an open’ set and
{M};t €]0,T]} be a positive martingale with unit expectation. Assume that M.
is a function of (7" x"). Then,

1 1 _
Zlog[l])n(.A) = Zlog[En [M(MF) IIA]

1
< sup flog(./\/l'%)_l.
(nn7xn)€An

The martingales { M7 € [0,T]}, {M";t € [0,T]} are not explicitly functions
of (7" x"") but the superexponential estimates of Lemma 8 and Lemma 16 say that
these martingales can be approximated by explicit functions of (7".x"), with an
error that is superexponentially small. To keep track of all the indices and ease the
reading, we now introduce some notation. Let us denote by / the set of indices i of
the form i = {vg,a,H,€,8,(,M}, where vy : T — [0, 1] is continuous, a : [0,T] — R
is of class C!, H: [0,T] x T — Ris of class C'?, £ >0, 8 >0, and /,M € N. In
what follows, we use the index i to denote dependence on some (sometimes all, but
not always) of the variables {vy,a,H,€,0,¢,M}. We start by preparing an initial
distribution associated to a profile vo. For vo : T — [0, 1] continuous, define

V()(x)(l —uo(x))
uo(x)(l —vo(x)).

Recall the definition of {p};x € T,} given in Section 2.6. Define the functions
fi=n[8&!(y)f(y)dyand

f(x) = log

T gppe 1)

Define V), as the product measure in £, given by

o) = [T {vin()+ (1 =) A -n(x)}.

xeT,

Notice that with this definition, the Radon-Nikodym derivative is a function of the
empirical density 7:

av, v e
v, 1l [p;:"( T ))}
—exp{ X [n00 2~ log(1-+pief —pi)]} = Cluo,vo)exp(n [ £ (@)},
xeT,

5We are considering only open sets in order to apply later the Minimax Lemma in Proposition 19.
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with C(ug,vo) not depending on n. The process {(n;;x});t € [0,T]} with initial

dvr
distribution v has distribution v, IF’ Recall (12) and (13), and consider the
martingale {M;",t €1[0,T]} given by
d n

in vo a,n Hn
= 24
M dvnM M (24)

LetU' = Z/{ ﬂZ/{ ﬂZ/{" e denote the intersection of the sets

ully ={|erm /Tl Y (VEL () 7 (1) (1 7 (1e(x)))de| < 5}, 25)

0 7T,
wer={| [ ) v @@ e - as <5}, 2o

noo__ n J < )
qu { ISSL}I%Z«E ,Vh >>0,T < M}

By using the bound |y (u) — %u2| < %]u|3e‘“‘ (recall (14)) and the superexponential
estimate in Lemma 8, we get that

lim lim lloglP ((Z/{ )C) = —oo,

E—>0n—eo

Moreover, Lemma 16 and Lemma 18, respectively, imply that

lim lim flog[P’ ((Z/lg 5)6) = —oo,

e—0n—on
and 1
P M2
Tim ~logP, ((Ui,)") < Co—
Therefore,

hm floglP () < max{Uggl,Co— %2 ,
where U 5 is a constant which converges to —eo as € — 0, regardless of the values
of 8,a or H. Therefore
— 1
lim —logP,((n"x") € A) <

n—eo p

< lim 1lomeax{[P’n({(ﬂf",x”) € A}ﬂuf),[p’n((uf)c)}

n—oo g

gmax{ hmllogﬂ:I> {(x"x") e A} U}, ;g,C %}

n—oo pn
On the set 4}, the martingale M’T" is a function of the pair (7", x"), plus some small
error term. Consequenlty, we can bound
1
—logP,({(7"x") e AAnU") < sup  {—(je(a;m,x)+J¢ (H; )+
n (mx) e AU,
—|—hn(V(),l/i();7f0>) + rn(H) + 26}7

29



where Uy, = {supi<j<¢(7,Vh/)or < M} and the functions jg, J? and /, are given
by

Je(a;mw,x) =a(T)xr — /OT {a’(t)x, + Z VA (1e () (€240 — l)ds}, (27)

7=+
T
JM(H: 1) = 7 (Hy) — mo(Ho) — /O 7, (0,H, + 2AH, ) dmdt

/Tl Z VH; 71«'1 lg( ))(l_ﬂt(le(x)))dt,

xeT,

n

uo(x)) 1=
V(),u(),TL'() /10 —————=dmy+ — IOg .
vo(x)) x;’ I—py

Recall that the error term r,(H) comes from replacing a discrete version of the
Laplacian of H by AH. The error term 26 comes from the use of the superexpo-
nential estimates stated in Lemma 8 and Lemma 16. Using the smoothness of VH;
and of vg, we see that &, and J converge to the functions

T
Jo(H: 1) = 7r (Hy) — 7o(Ho) — / 7 (3 H, + 2AH,)dmd1

(28)
/ / (VH, (x))2 7 (1e(x)) (1 — 7 (16 (x)) ) dixdt,
) = [ 1og oW —u0(x)) 1=w()
h(vO,uo,T[()) = /log Mo(x)(l _vo(x))dﬂ'o +/10g = uo(x) dx.
Let us define
() = {jg(a;n,x) +Je(H; ) + h(vo,uo; mp) — 28, if (n,x? S Uf,, (29)
+oo, otherwise.

The function J;(7,x) is lower semicontinuous, since each one of the functions je,
Je and h are continuous, and the set U}, is closed. Minimizing over all the indices
i, we finally obtain the upper bound for open sets:

— 1 a,H M2
lim —logP,((7"x,) € A) <inf sup max{—J;(7,x),U.5,Co— ?} (30)

n—eo 11 iel (x)eA €57

7.2 The upper bound for compact sets

Once a large deviation upper bound has been obtained for open sets, the standard
way to pass from it to an upper bound for compact sets is through the so-called
Minimax lemma, whose proof can be found in [19], Lemma 3.2 in Appendix 2.
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Proposition 19 (Minimax Lemma). Let {F;;i € I} be a family of upper semicon-
tinuous functions defined on a Polish space £. Let {P,;n € N} be a sequence of
probability measures in E. Assume that for any open set A C &,

— 1
lim —logP,(A) < infsup Fi(x).

n—oo n iel xe A

Then, for any compact set K C E,

— 1

lim —log P, ( f
dim,; logFu(K) < supinf Fi(x)
Let K C £ be a compact set. Applying the Minimax Lemma to the family of

functions max{—J7;(7,x), Ug’g,Co — MTZ} in (30), we obtain the bound

}ﬂ%lOan((ﬂ’ﬁx’“) ck)< (ﬂsgglctrellf max {—J;(7,x), Ug?, —} (31)
Recall that the index i includes all the possible choices of vy, a, H, €, &, ¢ and
M. We will take advantage of this by taking the infima in the right order. Ob-
serve that we can replace inf by liminf whenever it is convenient, since the liminf
of a sequence is greater than the inf of the same sequence. Recall the definition
Uy = {supi<j<{m, Vi )or < M}. Now we send £ — . Notice that J;(7,x) is
increasing in /: the set where we define J;(7,x) as equal to +oo is growing with
¢, and outside of it, the function J;(m,x) does not depend on ¢. This is equiva-
lent to saying that we are restricting the supremum to the intersection of X and
Uy = Ndy;. By the definition of the sequence {h/; j € N}, the set Uy is equal to
the set {||7|[; 7 < M}. Now it is the turn of sending M — co. Doing this, there are
two effects. First, the term Cy — %2 goes to —oo, and we can take it out of the max-
imum. And second, the set U = Uyl is equal to the set H r = {|| 7|17 < +oo}.
Therefore, after taking the limit in £ first and then in M, in view of (31), we end up
with the inequality:

lim llogﬂj’n((n’”,x") €K) < sup inf max{—j[(ﬂ,x),Ug? . (32)

n—eo KMy i ’
Notice that these two limit procedures together with Section 5 were devoted to
maximize over the set N r instead of K. The reason for this will become
transparent in what follows. We now move to minimize the r.h.s. of (32) over
€. Recall that U;’? goes to —oo as € — 0 if the other parameters are fixed. But
then we need to analyze the limit of J;(7,x) in (29) when € — 0, the analysis
of the term J.(H;m) in (28) has been already done in [20] and in Chapter 10 of
[19]. As &€ — 0, the function J¢(H;7) has a well-defined limit, and the fact that
€ /\/lar~ ,(T) is enough to justify the limit. This limit is equal to

ggr%Jg(H;ﬂ) =J(H;x) := nr(Hr) — my(Ho) — /T ﬂ,(a,H, +2AH,)d7t,dt
/ / (VH, ()1 (x) (1 — 7 (x))
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Now we look at j¢ (a; 7, x) in (27). When € — 0, we cannot guarantee that 7; (1¢ (x;))
in (27) goes to m; (x;) if we only know that 7; has bounded density: it may easily be
the case that x; is a non-removable-by-smoothing discontinuity for every ¢ € [0, 7.
The set of points of this type forms a very thin subset of T, but we cannot rule out a
pathological behavior supposing only that 7, € /\/l(‘{ ,(T). Since we can assume that
T € Hy 1, we can also assume that x — 7, (x) is continuous for a.e. € [0, T]. Then,
7 (1¢(x;)) converges to m;(x;) for a.e. t € [0,7]. By the dominated convergence
theorem, we conclude that j(a; 7, x) converges, as € — 0, to

Jjlasm,x) =a(T)xr — /OT {a’(t)xz +Y V(3 (x)) (€490 — 1)}dt (33)

=%

Finally, by taking € — 0 in the r.h.s. of (32), we get the bound

— 1
lim —logP, (" x") € K) < sup inf {—(j(a;7m,x)+J(H;7)~+h(vo,uo;m))}
n—en /CQ’HLT vo,a,H

=— inf j(a; T, JH; )+ h(vo,up; o) ¢
o iy Lm0 ) o )

It turns out that the last supremum is exactly the rate function of the large deviation
principle stated in Theorem 7 (see equations (1.1)-(1.4) in Chapter 10 of [19] for the
equivalence), and therefore we have completed the large deviation upper bound of
Theorem 7 for compact sets. We state this bound as a lemma for further reference.

Lemma 20. For any compact set K C &,

1
lim —logP,((7"x") € K) < — iI;f}C{IrW(xM) +Tex () }
TXx)E

n—oon (

7.3 Upper bound for closed sets

The canonical way to extend a large deviation upper bound from compact sets to
closed sets is to proving the exponential tightness of the corresponding sequence of
processes. We say that the sequence (7", x") is exponentially tight if for any M > 0
there exists a compact Ky C £ such that

— 1
lim —logP, ((n"x") € Kjy) < —M.
n

n—yoo

The relevance of this condition is given by the following proposition (see Lemma
1.2.18 in [8]):

Proposition 21. Let {P,;n € N} a sequence of probability measures defined on a
Polish space E. Let I : E — [0,00] be a lower semicontinuous function. Assume
that for any compact set K C &,

fim < log P,(K) < — inf Z(x).

n—eop xek
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Assume in addition that the sequence {P,;n € N} is exponentially tight. Then,

— 1
lim —logP,(C) < —inf Z(x).

n—eo 11 xeC

for any closed set C C E.

Due to the product structure of the state space of (7 x"), it is enough to show
exponential tightness for each of the process {n";n € N}, {x";n € N} separately.
The exponential tightness of {#”;n € N} is proved in Chapter 10.4 of [19], starting
from eq. (4.5). We are left to proving the exponential tightness of {x";n € N}.
This is equivalent to showing the exponential tightness of each one of the processes
{®';n € N}. Recall the following characterisation of compact sets of M™ ([0, T]).
A closet set C € M™([0,T7]) is compact if and only if sup, e p([0,7]) < +oo.
Notice as well that o’ ([0,7]) = 1Nf "', Therefore, in order to show exponential

T n

tightness of { @’ ;n € N}, it is enough to show that

1
lim lim —logP,(N;™" > nM) = —oo.

M—con—oo 11

This is actually simple to prove. In fact, the processes {M;"";t € [0,T]}

M = exp{GN,i’" —n/ot cH(EM (b — l)ds}
are positive martingales of unit expectation. In particular, taking C; = supg (&),
E, [ eeN,i-"] < Cni(e® 1)
Using the exponential Chebyshev’s inequality, we see that
%log P.(Ny" >nM) < CT(e® —1)—6M,

which proves the exponential tightness of {x";n € N}. Therefore by Proposition
21 and Lemma 20, we conclude that

fin L 1ogP, (¥ €0) < - inf {Tu(lm)+Tu(m)}.  (4)
TXx)E

n—oon ( ,

for any closed set C C £.

7.4 Some properties of the rate function

It turns out that a more explicit formula for the rate function Z, (x|7) can be ob-
tained. Recall that we are assuming that x has finite variation. We claim that
Zrw(x|m) = +oo if x is not absolutely continuous. Since x has finite variation, we
can justify an integration by parts to show that

a(T)xy — /()Ta'(t)xtdt = /OTa(t)dx,.
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Therefore,

Low(x|m) = sup / (t)dx; — / Zv 7 (%)) (e — l)dt}.
ac 0 ==

Let us assume that x is not absolutely continuous. Then there exists a compact

set K C [0,7] such that [y 1xdx, # 0 and [ 1gdr = 0. For simplicity, we assume

that x(K) =: fOT 1xdx; > 0. Since K is compact, there exists a sequence of smooth

functions ag : [0,T] — [0, 1] such that a; | 1x as € — 0. Then, by the dominated

convergence theorem,

T
lim | Aag(t)dx; = Ax(K),
e—0.J0

T
lim / Y v () (€740 — 1)de = 0,
=%

£—0.J0

Sending A — oo, we conclude that Z, (x|7) = +eo. In particular, we can rewrite
the rate function Z, as

Toy(a]7) = sup / ;—Z;Evzm,(xt))(ew@— 1)} (35)

By an approximation argument, we can check that the supremum over C'! functions
can be replaced by a supremum over bounded functions. An upper bound for Z,
can be obtained by exchanging the supremum and the integration. The maximizing
function a is sensitive to v (7 (x,) v (m(x;)) = 0. If v (m (%) )v ™ (m (x,)) > 0, it
is given by

x4/ () + 4 (m () (m ()
2vt(m(x))
—x /()2 + 4 (m () )y (m (%))
2v(m(x;)) ' 37

In general, the pointwise supremum of a(z)x, — ¥,_ v¥(m;(x;))(¢*®) — 1) is ob-
tained at

dxz (1) = log (36)

= —log

'm(z) v () v (m () > 0
10gv+ ) V(1 () v (7 (%)) = 0
axx(t) = —log - = ‘( 55 vi(m (x))v™ (m (%)) =0, x, <0
(7% (xe) )y~ (7 (%)) = O
(7% (xe) )y~ (7 (x2))

%
I

G

where we use the convention that co-0 = 0 and log(1/0) = oo.

If a, 5 is bounded we have an explicit form for Zy, by (35).

We show now that (38) is in fact always the optimizer. For simpler notation, we
write v;¥ = v (1 (x;)). In a first step, we look at the finiteness of the rate function:
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Lemma 22. The rate function L. (x|7) is finite if and only if x as absolutely con-
tinuous and

T
| iog* il dr < e (39)
0

T
/(x;)+1og+((vj)*1)dz<oo and (40)
0

T
|6 108" ()" dr <, @

where f+ =max(f,0) and f~ = max(—f,0) are the positive and negative part of
a function.

Proof. Finiteness of the rate function follows from

T
/ {aux = ¥ vi(m ) e~ 1) bdr < o, 42)
0 —
which we now show under (39), (40) and (41). First we observe that

0< Y vies ) < || +24/vfv (43)
=%

Hence

[z

by the absolute continuity of x and the fact that v and v~ are bounded from above.
Since the integrand in (42) is non-negative, it follows from (43) and (44) that we
only need to look at the integrability of the positive part

(axx (1)) = a7 (1) ()" +ag (1) ()"

W.l.o.g. we look at x; > 0. We have

(e - 1) di < o (44)

/ N2 4 4yTy
/ xay L (t)dt < / ¥ log (x,+ (xé):— AR ) &
' v
{r€(0,7]:>0} {r€[0,T]:x>0} t
: / N2 Ayt
< /X; Ingt+ (Xz)z +4v,/ v, dt + /x; ‘log((vt*)—lﬂ dt,

{r€l0,T]:x;>0} {t€[0,T]:x;>0}

which is finite by (39) and (40).

For the other direction, assume that (39), (40) or (41) is infinite, which is equiv-
alent to f¢ (o 71,0y 1| log" % dt =0 0r [(yc(o 7). <0y 1 log" % dt = eo. To see
that notice that since v* is bounded from above there is no relevant difference be-
tween log and log™, the integrals can only diverge if the argument of the logarithm
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diverges. So assume w.1.0.g. [1,cp0.77.¢>0 [X/] log™® ‘vx—ﬁ dt = co. Define for K > 0 the
bounded function

/ /\2 4 +.,—
ak(t) := min (logJr <xt+ (xt ) +dvi v ) ,K> Ty-o-

2v;F

Then, by (35) and using the fact that —v; (¢=%®) — 1) > 0 and —v," (e*) — 1) >
—1 (x{ +4/(x))? +4v,+v,’), we have

T
Low(x|) > / ak(t)x; — Z vy <eza’((t) - 1) dt
0 =t

r 1
2/0 ag(t)x, — 3 (x;—i- (x§)2+4vt+vt_> dr.

Since x is absolutely continuous, there is some constant M > 0 independent of K
so that

/ /\2 4 +.,,—
Lyw(x|) > / x) min (long (xt—i_ (6t) +dvi' v ) ,K) dt—M

20,
{t€[0,T]:x{>0}
/
> / x; min (log+ <xi> ,K) dt—M,
%
{t€[0.T):x>0} !
which by assumption diverges as K — oo. O

Lemma 23. The rate function L,,,(x|r) is given by
T
T (o) = [ {aa(t), = ¥ vi(m ) (e~ 1) b,
0 =%
Proof. Most of the work has been done in Lemma 22, in particular we know that
T
To(olm) < [ {ana(t) = ¥ v (mx)) (=0~ 1) b
0 ==

and the left hand side is finite iff the right hand side is. So we only need to show
that the right hand side is also a lower bound. We define for K > 0

ak(t) := max (min (a,-(1),K),—K).

Then
T

L (x|7) > limsup | ag(t)x;— ) vi (eZ“K(’) - 1) dt.
K—oo JO 7=+
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To move the limit inside the integral we will use dominated convergence. We claim
that there is an M > 0 so that

I

which is integrable by Lemma 22. The first term is clear, so we only look at the
second term:

. (ezak(f)_1>) < <|x;|+ ()2 + vy +Vf> Daxn<x
+ <|x§!+ ()2 + v/ v +Vf> Vo (ry=e

+Vi(1— e ) g )=—x
<2lx|+M

< axz(t)x;| +4|x;| +2M,

for some M > 0 depending only on the upper bounds of v;". O

8 The lower bound

8.1 Hydrodynamic limit for the perturbed system

From now on we denote by i a given choice of the triple i = {vo,H,a}, where
vo: T — [0,1] is continuous, H : [0,7] x T — Ris of class C'? and a : [0,T] — R
is of class C!. Given such an i, consider the martingale M;.’” from (24). Since itis a
positive martingale with unit expectation we can use it to define a new probability
law P on D([0,T];Q, x T,), by

P, _
ap,

We call the perturbed system, the time-inhomogeneous Markov process on Q,, x T,
described by ! with generator

in
M

Lins (1) —nZZeH’ S (F(n¥F5x) = f(5x)) (45)
y~z

+n Yy e ) (f(mx+5) = f(nsx)), (46)
=%l

where H;(n) = [ Y 1, N(x)87 (v)H;(y)dy. We want to derive the hydrodynamic
behaviour of this perturbed system, namely, the analogs of Propositions 2 and 3.
For this aim, we first show that the statement of Lemma 9 remains in force under
P

Lemma 24. Let f : Q, — R be a local function. Then,

/{f (#2(1e)) }s| > 6) = -

forany 8 >0andanyt € [0,T].

lim lim — log I]:D’

£—50n—eo n
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Proof of Lemma 24. By (24) and the explicit expressions of the involved factors,
we have that

15" I = M7 < exp{nCrar} @7)

Recall the notations in (16) and (17) and note that

— log IPZ

dPi } 48)

dp, {lsweEnds>s}]

ds > 5) = flog[En[

The claim now follows by applying (47) and Lemma 9 to the r.h.s. of (48). [

Note that the generator in (45) restricted to functions acting only on the first
coordinate 1) corresponds to a perturbation of the exclusion process. The hydro-
dynamic behaviour of such a perturbed exclusion process is well known in the
literature, see e.g. [19], Proposition 5.1, Chapter 5. We recall it in the next propo-
sition.

Proposition 25. Fixi = {vo,H}, with respect to P,

lim 7' (dx) = u;i(t,x)dx

n—yoo

in distribution with respect to the Jy-Skorohod topology on D([0,T]; M™(T)),
where the density {u;(t,x);t € [0,T],x € T} is the unique solution of

{a,u,-(t,x) = Au;i(t,x) — A (ui(t,x) (1 — ui(t,x)OcH)

ui(0,x)  =wvp(x). )

We are now ready to prove the hydrodynamic behavior for our perturbed sys-
tem.

Proposition 26. Define v (p,1) := e v (p), va(p,t) ==V} (p,t) —v, (p,t) and
fix an index i = {vo,H,a} Under IP’n, the triple (&, LN/"", IN!"") converges in
distribution to (f;(t), 5(fi(t) +1),—1(f;(t) — 1)) with respect to the J,-Skorohod
topology in D([0,T]; M*(T) x M*( ) X M™*(T)), where ii; is the unique solu-
tion of

{Q,L?[(t,x) = Al;(t,x) — dy (4 (t,x) (1 — 4;(t,x))H) + v, (4;(2,0)) yid; (2, x)
4;(0,x)  =wp(x),

(50)
and f; is given by

(51
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Sketch of proof of Proposition 26. Much of the proof is analogous to the proof of
the unperturbed system derived in [1]. For this reason, we only show how to adapt
it. Since a,H are bounded, the tightness arguments for 2", x" of [1], Section 2.3,
show tightness in the space D([0,T]; M™(T) x T). A more careful checking of
these arguments show that we can actually prove tightness in D([0,7]; T) of each
of the processes {%N," +ire [0,T]},en- Since these processes are increasing, the
uniform topology is stronger than the weak topology, showing tightness for the
triple (&7, IN/"" AN,

To identify the limits, the local replacement lemma for & needs adaptation to
the perturbation, however Lemma 24 can be used to provide a suitable analogue:

£—0n—eo

i t
Tim Tm P! (‘/ (e:ta(S)C:l:( Sn;o)—vj(ﬁs”(lg)))) ds
0

> 8> =0. (52)
Next, the martingales

".0)ds (53)

5 0

,x
A’/?n,a,i - Ntn - l/t e:ta(s)czt(
d ’ n nJo

have quadratic variations bounded by % for a suitable constant C depending on a
and the rates ¢*. Hence these martingales converge to 0 in probability, with respect
to the uniform topology. With f; a limit point of %n, it follows from (52) and (53)
that

50 = [ valuts ils)) s

which is the integral version of (51). Since (49) admits a unique solution and
ii(t,x) = u;(t,x + fi(t)), the claim follows. O
8.2 Relative entropy and the rate function

To obtain the lower bound for the large deviation principle in Theorem 7, we show
in this section that the relative entropy of [, with respect to [°, can be interpreted
as a rate function.

Lemma 27. Recall definitions (6), (7), (33) and (8).

Vim (5| ,) = h(voluo) +J () + (s, f) (54)
< Irw(fi|l/ti) +Iex(ui)' (55)

Proof of Lemma 27. Recall (25),(26) and set U" := Z/{gl’e" NU™,. Since

——1
lim lim —logP, ((U]")¢) = —oo

e=+0n—eon
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and 1 . log dPi 1 . log /\/lT is bounded, we have

lim Tim P ((U")€) =

e—0n—eo
Hence,
; 1 dPi] L[ dPZ
-H (P,|P,) = ;[En [log dIP,,] =E, { log dl]:" 121'] +0,6(1).

On U,

1. dP 1. dv)

z Z als) _

logd[P logdn+a T)xp / +Zv (e l)ds

z=%1

+n¥<Hr>—no<Ho> /0 ! (O0H,) + 7 (AH)

Y (VHL @) R () (1~ 7 (1(x))) ds + 05,1,
xe'l]'
with the error term bounded by 26 according to (25) and (26). Finally, when taking
n — o and §,& — 0, we can use Lemma 24 together with the hydrodynamic limit
for the perturbed system, Proposition 26, and obtain (54). O

8.3 The lower bound

We can finally show the lower bound which together with (34) concludes the proof
of Theorem 7. We will proceed in two steps. We first restrict ourself to paths
obtained as solutions of the perturbed system in Proposition 26. Then, in Lemma
29 below, we show that paths with finite rate function can be approximated by
paths which arise via perturbation. For notational convience, define

Z(x,70) := Loy (x|7) + Zex (70)

Lemma 28. Let O be an open set in E. Then

1
lim —logP,(0) > —inf{Z(f;,u;) : H € C"?,vo: T — [0,1],a € C", (u;, f;) € O},
n—soo 1
where i = {vo,H,a} and (u;, f;) is the solution of the differential equations in (49)
and (51).
Proof of Lemma 28. For a given open set O € £, choose parameters i = {vo,H,a}
such that the solution (u;, f;) of the differential equations in (49) and (51) is con-
tained in O. By a change of measure and Jensen’s inequality we have that

dl]l’,,]

IOgI]:Dn(O) =log [Ef’l |:1{(77:”.,x")€(9}d|])w‘

= logl, [dl]:"il

>, [log <Z£7> ‘(’)} +1logP(O)

O} P (0O)
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Moreover, by Proposition 26 and our choice of parameters, lim,_,..’,,(O) = 1 and

L dp, i
r}l_r}l;loﬁ ([En [Iog <d|]3’n> ‘(’)] —H(Pn||]:"n)> =0.

Hence, by Lemma 27,

lim ~logP, (0) > ~Z(fi ).

n—oo N
Optimizing over i = {vg,H,a} such that (u;, ;) € O ends the proof. O

All that remains is to remove the restriction to paths obtained by perturbations.
To do so we use the theory of Orlicz spaces, see the appendix for basic facts on
Orlicz spaces. Motivated by Lemma 22 we use the Young function ®(x) = (1 +
x)log(1+x).

Lemma 29. Fix a pair (x, ) and a sequence (yy, " ) which converges to (x,T)in
D([0,T}; M*(T) x T), for which Z(x,x),Z(yn, &) < oo and || V) —x'||;, = 0.
Furthermore assume thate <n¥ <l—¢g, e<n<1-— € for some € > 0 and that

. N o
AIIILILHTC (yN)_TE(x)HLI([O’TD =0. (56)
Then
lim Zyw (yv|7") = Zow (x| 7). (57)
N—oo
Proof of Lemma 29. Let us first observe that

lim [[v(" (y)) = v (m(0)) 1 o7y =0, for 2=, (58)

N—o0

which follows from (56) by the Lipschitz continuity of v¢(p). Also, by the assump-
tion that the densities are bounded away from 0 and 1, we have

V() v (r) > &, forsome & >0andz=+. (59)

In Section 7.4 we found that under this assumption, when the rate function
Zow(x|m) is finite, it can be written explicitly as in equation (36). We can thus
rewrite the formula of the rate function in Lemma 23 using (36) and (37). Since

- X+ \/(X;)z + v (7 () )y (7 (x) )

vé(m (xt))ezax‘n(t) 2 ;

we can rewrite 7,y as

Lot ()
Tow(x|m) = hyo X)) dt, (60)
(x[7) j;/o ( ,)( )
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with

) ) o= VTR R) a0, on
O
K (x) —xlog( }_’f(p())>, hy! (x) = v~ (p) +v* (p) (62)

In view of (60), to show (57), we will prove that

lim
N—ro0

=0 forj=1,2,3,4.

’ () / () ,
/0 |:hntN(YN(Z)) (yN(t)) _hn:,(x,)(xt)} dt

For j = 4, this is readily obtained due to (58). For j = 1,2,3, by triangular
inequality, we have that

/T [h(j) (Wa(6)) —hY) (x’)] dt (63)
0 Y (w(1)) VN 7 (x) V1

T T
S/ m+/
0 0

We want to show that, as N — oo, the two terms in the r.h.s. of (63) vanish.
For the first term, consider the case j = 3, the derivative

G, x4/ +4+(p)v(p) gal
dehp” (x) = log ( 2vH(p) ) T (o) (p)

is monotone increasing and by (59), there are constants a,b > 0 so that

n Oh(e) =) () By ONO) =R N ()] dr.

(64)

)

1085 (x)| < log(1+alx]) +b

uniformly in p and x.
By Taylor expansion,

T T
' /O e () = ) (5 | < /0 (log(1 +amax(x|, ;) +b)|x; — y|dr. (65

By Holder’s inequality (77) for Orlicz spaces,

(65) < 2|lx; — y;[lo|[log(1 +amax(jx], [¥])) +b|

o (66)

By assumption ||x'— || — 0, so we only need to show that right term stays
bounded. To do so, observe that

®*(x) =max(e" ' —x,0) <e' — 1 (67)
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Therefore, for r > 0,

[ ((tox(1 +amax((x]. 1)) +0)/r) a (68)

1

1 T r
ST(T/ 1+amax(]x;\,\y;|))+bdt> —T. (69)
0

By max(|x]|, |y;|) < |x/|+|x; —y;| and the fact that || x — ' || — O implies || x' —y'||;1 —
0 we get that the integral stays bounded. Therefore we can choose r large enough
so that (69) is less than 1, which shows that the ®*-norm stays bounded. Hence
y' —x"in ||-||e implies ‘fOT hg)(x;) —hg) (yf)dt’ —0.

Thus, to conclude that the first term in the r.h.s. of (63) goes to zero when
Jj =3, it suffices to show that smooth functions are dense in the Orlicz space. This
is a consequence of the following two facts. First, on the set of functions uniformly
bounded by an arbitrary but fixed constant, the L'-norm and the Orlicz-norm are
equivalent, see e.g. [22]. Hence the fact that the smooth functions lie densely in
the bounded functions in L' implies the same fact for the Orlicz space. Second,
bounded functions are dense in the Orlicz space, see [22].

When j = 1,2, this argument becomes simpler because 8xh,(,j ) (x) is monotone,

and |8xh£] ) (x)| < K uniformly in x and p, for some positive constant K.

For the second term in the r.h.s. of (63), when j = 1,2,3, we argue as follows.
First, consider the case j = 1, abbreviate ¢;(¢) := v (p;i(¢))v (pi(t)) for i = 1,2,
and estimate

e1(1) — ca(0) "

/T[h(” (30) = hiL ()] e =
0 pi(t)\t pa( ’ +C1 +\/ 7 —l—Cz

<K /OT |C](l) —Cz(l)| dr < Kl/() ‘v‘(pl)‘ ‘V+(P1> —V+(p2>‘ dt (70)

T
+K1/0 v ()| v (p1) = v (p2)| dt < K2 Y [V¥(p1) = v (P2l 0,7y, (TD)
=%

for some constants K;,K> > 0 depending on (59) and on the uniform bounded
function 1/ (\/ x> +c1+ \/ X%+ c2>. Hence, the claim follows by (58). The case
Jj =2 is the same due to (61).

It remains to consider the case j = 3. By using Holder’s inequality for Orlicz
spaces (77), estimate

'xt )( )(xt)dt

< 2[l¥'ll

log X+ /2+461(t) V+(p2)
X /X2 dey(t) v

(72)
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By the triangle inequality, the right hand side goes to O if both

h(l) -+
(), ()
th P VP
converge to 0. Note that by definition of the norm, ||(-)||e goes to 0 iff J; ®*(a-
(1)) drt goes to O for all @ > 1. For the left term in (73), by using the estimate (67),

we have
(1 (Hy (Hy ¢
h h h
o (w5 <me () () )
th th hPl

(1)
/ )
Note that by (59), 0 < cl< % < ¢ < o=. Hence the above is less than
P

(73)

(o}l

(1) 1)

h h

ac® ' max (%—1,%—1) ) (74)
th hPl

We have for {i,i'} = {1,2}

WK ey
iy ) DVt )

As this right hand side is bounded from above by some constant, (74) is estimated
by
K3 ’C] —C |,

and from (70) we can conclude that the left norm in (73) goes to 0. The right norm
in (73) is controlled with the same type of argument with v* instead of 2(!), which
completes the case j = 3. U

Lemma 30. Assume 7 satisfies Tox (T) < oo and 7 is differentiable in time with an
absolutely continuous derivative which satisfies suprg[Jr, (x) < M for some 0 <
M < co. Then m; is Holder-1/2 continuous for almost every t.

Proof of Lemma 30. Assume 7 has finite energy, that is ||Vx|jo7 < co. Then, by
the Sobolev embedding theorem, the conclusion follows. So what we will show is
that if 7 has infinite energy under the given assumptions, then the rate function is
infinite as well, which is a contradiction.

First observe that instead of taking the supremum over all H when determining
T.x we can restrict ourself to those H with H,(0) = 0,0 < <T. This is easily seen
by observing that 7 has constant mass and hence J(H —H(0);n) = J(H; 7).
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Looking in more detail at J(H; 1), by partial integration, the boundedness of 7
and basic estimates,

T 9
—m:(H;) dt
/0 9zﬂt( 1)

y)dy’ dxdt

T
7r (Hy) — 7o(Ho) — /0 7(9,H, ) di| —

T r1
gM/ / |H, (x) | dxdt =

If 7 has infinite energy, then by Proposition 17 there exists a sequence H” € C°2
with |[VH"|jor = 1 and lim, {7, VVH")o 1 = 0. As C'? is dense in Hor we
can w.l.o.g. assume H" € C'2. Since

(1+MT?),

J(H"7) 2/ 7 (AH™) dt| <

we have lim,,_,..J(H", T) = oo, which implies that the rate function is infinite. ]

We are finally in shape to conclude the lower bound.

Proposition 31. Let O be an open set in £. Then

fim L logP,(0) > — inf {Zow (x7) + Zex (1)}
noee 1 (TX)€0

Proof of Proposition 31. We extend Lemma 28 in two steps, using Lemma 29. We
will always keep either 7 or x constant because that way it is easier to show the L!
condition of Lemma 29.

First we drop the restriction on a. To do so, fix H, vy and let u; be the solution of
(49). By Lemma 30, for almost every ¢ u;(¢,-) is Holder-1/2 continuous, especially
u;(t,-) is continuous.

Fix a path x with Z (x|u;) < co. We have shown in Section 7.4 that x is abso-
lutely continuous whenever Zy, (x|) < eo. Since the class C? is dense in the set of
absolutely continuous functions with finite &-norm derivative, we can consider a
sequence of paths {y(N )N > 1} in C? such that yV converges to x pointwise and
[6%) ¢ 0.

For each N > 1, let ay € C! be the unique function identified by the solution of

(yt = Vay (”z t yN )

Note that this is possible since € < u; < 1 — & for some € > 0. Hence y" is the

solution of (51) corresponding to a,H,v,. Since u; is continuous for almost all

t, u;(t,yY) converges pointwise to u;(t,x;) a.e. Since u; is bounded, this implies

L'-convergence. By Lemma 29, Z,, (¥ |u;) converges as well, and hence
inf{I(ﬁ,u,-) tHeC'2vy: T—[0,1,acC, (u,f;) e (9}
=inf{Z(x,u;): H € C'?,v: T — [0,1], (u;,x) € O}.
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To remove the remaining restrictions we follow the steps in [19], Lemma 5.5,
Chapter 5, where the corresponding statement for the perturbed exclusion was
proved. What we will show is that the approximation steps in that lemma not
only work for Z., but for Z,,, as well. The general idea is the following scheme. If
7 is smooth in time and space and is bounded away from 0 and 1 we can find H, v
so that T = u;, where u; is the solution of (49). In three steps the conditions are then
relaxed, and in each step the convergence of the rate function is proved by use of
Lemma 29. A minor difference to Lemma 5.5 in [19] is that we exchange the order
of space and time convolution, however that has no influence on the convergence
of Tex.

Assume 7 is bounded away from 0 and 1, smooth in time with Ze (7) < oo and
sup,., |%7r,(x)| < oo, Let x be a path with Zy (x|7) < oo. Let ag : T — [0,0) be
a smooth function which integrates to one and has support contained in [—¢, €].
Define 7" (x) = [ w(x+y)oy y(y)dy. By Lemma 30 7, is Holder-1/2 continuous
fora.e. t and

|7 (x) — 77 () | SCI/M%O‘]/N()’)‘ZY <GN'2,

which converges to 0, showing (56).

Therefore we can use Lemma 29 and obtain that limy e Zyw (x| 7V) = Zoy (x, 70)
and hence limy . Z(x, ") = Z(x, 7). Since 7"V is smooth in space and time and
is bounded away from O and 1, there are H, v so that " is the solution of (49).
Together with the corresponding convergence for Z.x from [19], we get

inf {Z(x,u;) : H €C"?,vy: T —[0,1], (us,x) € O}

d
:inf{I(x,ﬂ) :de>0:e<n < 1—8,sup|§7r,(x)| < oo, (T,x) € (9}.
Xt

Now assume 7 is a density bounded away from O and 1, and x is a path
with Zpy, (x|) < eo. Extend 7 from [0,7] to [0,7 + 1] by the heat equation. Let
Be : R — [0,0) be a smooth function which integrates to 1 and whose support is
contained in [0, ]. Define 7 via ¥ = fo% Ti1sBi/n(s)ds. Since By is smooth
sup, \%n{’(x)] < oo, Furthermore, since 7 is a cadlag path 7" (x,) converges to
7, (x;) pointwise, and since the densities are bounded also in L' ([0, T]).

Hence the condition for Lemma 29 is satisfied and Z, (x|7") converges to
Trw(x|m).

As a final step, assume that Z(x,7) < . Let 7% 7! be the constant paths
identical to 0 and 1 respectively. Let 7V = (1 — %)n + %fto + ﬁftl. We can no
longer apply Lemma 29. Instead we prove the statement directly via dominated
convergence using estimates similar to the first part of the proof of Lemma 22. Let
M be the supremum of v¥ and write v; " := v, (1 (x,)). Then, by (43),

0< Y vV ) <olx| +2M, (75)
7=+
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which is integrable and independent of N. Next, just as in Lemma 22, we only need
to to find an upper bound on the positive part (xja, v (t))™*, which we do only for
x) > 0. Using log™ < |log| =log" +1log,

x, + \/(Xé)z + 4Ny N

+ I I et
a (1)x, = x,log 2v,+"N
X+ \/ )2 44y Ny N
< [log | = o) 5 ||+ flog ((vt*’N)‘l)‘

< 4 [log™* (x, + M) +log™(&))] -+ [log* (") ™") +1og™ (M~") ]

The only dependence on N is in x/log™* ((v,+ ’N)_1>. The function v*(-) is a non-

negative polynomial which can be 0 only at the boundary points 0 and 1. If v
is positive everywhere there is nothing to prove. Assume v has at least one 0.
Since as a polynomial vt is monotone near 0 and 1 we can find § > 0 so that
(v;”) > min (infyes1-6)vH(P), v (M (x))). By the assumption that Zp,,(x|7) <
oo and Lemma 22 we use dominated convergence to show that limy e Z,,, (x| =
Ly (x|m). O

A Orlicz spaces

Orlicz spaces are a natural generalization of LP-spaces. We recall here some basic
definitions and properties (see e.g. [22] for more details). For a general measurable
space (E,&,u) and a Young function &P, that is a lower-semicontinuous convex
function @ : [0,00) — [0, 0] with @(0) = 0 but not identical to 0, we can define the
Luxembourg norm of f: E — R:

||f||q,::inf{a>0:/<b<g|> dugl}, (76)

The Orlicz space is then given by Lo (i) :={f : || f || < e}, and it turns out to be
a Banach space. In the case that ®(x) = x” we recover the L”-space. If the measure
W is finite it also holds that Le (i) C L' (u).

Similar to the L”-spaces Orlicz spaces also have a natural dual. Let ®* be the
convex conjugate of ®. Then ®* is also a Young function, and has an associated
Orlicz space Lg+.

Based on this duality there is a Holder inequality for dual Orlicz spaces: for all

f€Lo(1). 8 € Lo (1),
[17sldn <21 £llolglo )

In particular, fg € L'(u). Note that in contrast to the usual Holder-inequality there
is an additional factor 2.
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