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Abstract

We consider a system of stochastic interacting particles in R? and we describe
large deviation asymptotics in a joint mean-field and small-noise limit. Precisely,
a large deviation principle (LDP) is established for the empirical measure and the
stochastic current, as the number of particles tends to infinity and the noise vanishes,
simultaneously. We give a direct proof of the LDP using tilting and subsequently
exploiting the link between entropy and large deviations. To this aim we employ
consistency of suitable deterministic control problems associated to the stochastic
dynamics.
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1 Introduction

In statistical mechanics, macroscopic properties of a physical system are usually
derived from a probabilistic description of complicated interactions at a microscopic
level. Generally, the macroscopic behaviour is provided by means of a deterministic
partial differential equation, also known as hydrodynamical equation. At a microscopic
scale instead, the dynamic can be described via a stochastic interacting particle model
whose choice is then fundamental to get a rigorous derivation of the above macroscopic
equation. A step further in the study of (out of equilibrium) systems consists in under-
standing whether it is possible, and how large is the probability, to observe a different
macroscopic behaviour from the one predicted by hydrodynamics. To answer this ques-
tion it is quite natural to look for a large deviation principle (LDP in short), for which
some fluctuations around the equilibria of the quantities involved are also captured.

Within this framework, a laboratory but rich enough example to investigate is the one
proposed by McKean in the context of propagation of chaos, see e.g. [34]. Given a bunch
of particles randomly moving in the whole space R¢, we prescribe their evolution with a
system of It6-type SDEs with independent Brownian noises. The interaction between
the (exchangeable) particles is required to be of mean field type, i.e. each particle
depends on the current empirical distribution of the system and the coefficients of all
the equations have the same functional form. In this case, the relevant physical quantity
to deal with is the particle density, and it has been proved in several situations that
the associated empirical measure gives rise, after a proper rescaling, to a macroscopic
density solving a Vlasov-type equation. The mean field character of the interaction is
fundamental in this procedure: it guarantees that the contribution of any given particle
to the empirical distribution is small when a sufficiently large number of particles is
considered. Also, from a different perspective, the limit PDE can be thought as a model
simplification of the N-particles system and can be used to investigate properties of the
microscopic system as the number of particles is very large.

The present paper is an attempt to clarify relations among the various descriptions
of mean field systems in R?, focusing on the micro/macro and deterministic/stochastic
dualities. A rough picture of the problem is given in the following diagram:

el0
SDEY ODEY
N 1 400 el N 1 400
McKean-Vlasov Vlasov PDE
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In one corner, from a microscopic-stochastic point of view, the system is mod-
elled through N stochastic equations with interaction (SDEY), as briefly outlined
above. A counterpart of this description is given on the opposite side in a microscopic-
deterministic fashion, where N deterministic differential equations (ODEM) govern the
dynamic. The relation between the two pictures is a well studied topic in the con-
text of Friedlin-Wentcell theory of random perturbation of dynamical systems and it is
represented in the above diagram by the arrow with vanishing noise (¢ | 0).

As the number of particles increases (/N 1 +00), in the lower left corner we deal with
a macroscopic limit process (McKean-Vlasov), also referred to as nonlinear diffusion.
Here we have to take into account both the limit behaviour of a typical particle and
the limit of the empirical distribution. In fact, the nonlinear character of the diffusion
originates from the dependence of the dynamic of a typical particle on the particles
distribution itself.

For what concerns the macroscopic characterisation on the right hand side (Vlasov
PDE) we have at our disposal at least two different approaches. On one hand, starting
from the microscopic-deterministic model (ODE") and sending N 1 +o0o, we obtain a
continuity equation whose velocity field depends on the solution itself. This is in line
with the usual mean-field limit for finite dimensional interacting systems to which a large
literature is devoted. On the other hand, a Vlasov-type PDE can also be obtained by a
vanishing viscosity procedure (¢ | 0) starting from the nonlinear diffusion for the law of
the McKean-Vlasov process.

It seems natural to wonder whether the above diagram possesses some form of
commutativity: Is it possible to freely interchange the two limit operations N 1 +oc and
€} 0? and to what extent? With this question in mind, in the present manuscript we go a
step further in the analysis by considering large deviation asymptotics for the empirical
measure and the associated stochastic current, trying to capture also fluctuations around
the equilibria as N 1T +oc and ¢ | 0.

Partial answer to this question are present in the literature. For what concerns the
limit NV 1 +o0, the main reference for large deviations of stochastic mean field particle
systems we refer to is [12], see also [32, 25]. In [12] the authors deal with uniformly
nondegenerate diffusions, interacting through the drift term, and they derive a LDP for
the empirical measure via a careful discretization procedure. A subsequent result in
this direction has been obtained in [8] where the authors adopted a weak convergence
approach combined with a variational representation result for moments of nonegative
functionals of Brownain motion [7]. This strategy actually bypasses the above mentioned
discretization procedure as well as exponential probability estimates, and could cover
some models with interaction in the diffusion. Many other generalizations/directions
have been explored in the literature, let us refer to e.g. [11] for multilevel LDPs, [13]
for discrete-time systems [10] for what concerns random environment, [28] for Jump
processes, [15] in the rough path setting and [26] for the application to the theory of
control. Also the deterministic counterpart of the mean field theory (N 1 +o0) is by
now an active area of research collecting motivations ranging from physics to biology,
from social sciences to control theory. In the last decade there has been a significant
effort in providing rigorous derivation of PDE models starting from finite dimensional
systems. For a general result in this direction we refer to [9], where a well-posedness
theory for some kinetic models is taken into account. See also [19] for further references
and an application to optimal control problems. The convergence ¢ | 0 at the level of
the particle system fits into the framework of Friedlin-Wentcell theory [20]. Whereas
for what concerns nonlinear diffusions, a LDP for McKean-Vlasov equations in the small
noise limit has been firstly established in [21] and then generalized in many directions,
see e.g. the recent [16] and the references therein. Recall that, at a purely PDE level, the
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limit € | 0 coincides with a vanishing viscosity limit for the nonlinear diffusion towards
the solution to the Vlasov PDE.

Finally, in [22] the authors addressed the problem of interchanging mean-field limit
with the small noise-one. What they proved is that the rate functional associated with
the first particle in a mean field system actually converges to the rate functional of the
hydrodynamical equation as N becomes large.

In this paper we further study the combination of mean-field limit and small-noise limit
by establishing a LDP for the empirical measure and stochastic current ase | 0, N T +o0
simultaneously. A general motivation for studying LDPs for the pair measure-current
comes from non-equilibrium statistical physics, in which the current is an important
observable of the system. No less importantly, within this framework an explicit formula
for the rate functional is often feasible and the corresponding LDP formulation for the
empirical measure can be obtained by contraction.

More specifically, in the present setting we consider N particles (z1,...,2y) in R?
solving the system of SDEs:

dzMe(t) = F(a e (1), V2 (8))dt + edWy(t), i=1,---,N, 2N0)==), (1.1)
where the map F : R? x (RY)"Y — R? models the mean-field interaction and (W;(t)):c[0,1]
are d-dimensional independent Brownian motions. We associate to the system the
empirical measure

1 N
Ne  _ E
‘LLt = N 6I£V’E(t) (12)
=1

and for every n € C2°([0,7] x R%; R%) we define the stochastic current as

N T
1 1> €
TN () = NZ/O n(t,z; %) o da 5 (8), (1.3)
=1

where the above stochastic integral is intended in Stratonovich sense. If we denote by
PY:¢ the law of the solution to (1.1) and by X the space

X :=C([0,T); 21 (RY)) x H* ((0,T); H*>(R%; RY)) ,

we aim at showing that the family of probability measures {P:¢ o (uV, JN:5)"1} v . €
P (X) satisfies a LDP in X with speed ¢/N and (good) rate functional given in a variational
form by

T
10 = swp {30~ [ Gun(t,) - Bl )
n€CE (Q;RY) 0 (1.4)
1 T
B 5\/0 <:ufa|77(t7)|2>dt afﬂf+VJ:07 :LL(O) :PJO}
This is to say that for any Borel set B C X
— inf  I(p,J) < liminf ilogIPN’E((uN,JN’E) €B)
(. 7)€B oo NV
(1.5)

< limsupilogIPN7E((pN7JN’E) €B)<— inf I(uJ),
ceso N (p,J)EB
N—+oco
independently of the order of the limits in ¢ and N (see Theorem 3.8 for a precise
statement).
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The variational form of the large deviation functional given in (1.4) can be derived by a
suitable tilt of the original measure combined with a minmax lemma (see Proposition 4.2
for details). This formulation is useful to prove the upper bound (for compact sets)
exhibited on the right hand side of (1.5) but looks quite involved. To get an explicit
formulation of the functional, the measure-current formulation of the LDP plays a crucial
role. In fact, denoting i := fOT d¢ @ pe dt, it can be shown (see Lemma 4.11) that, as
soon as I(u,J) < +oo, there exists a vector field h € L2((0,T) x RY, fi; R%) for which
dJ = (F + h)dji and

1

T
Hg) = 5 [ ie )P (1.6

where the pair (u, h) has to satisfy in a distributional sense the perturbed continuity
equation

Ocpre + div ((F (-, ) + h(t,))pe) =0, p(0) = po.

Let us notice that in general the perturbed Vlasov PDE (1) does not satisfy the classical
Lipschitz assumptions on the perturbed velocity field v := F + h, even if F' is regular.
Given a measure p it is possible to construct more than one current J for which the
pair (u, J) satisfies the continuity equation: this implies that a LDP solely for measures
can be obtained from a non-trivial application of the contraction principle. For sake of
completeness, in the Appendix (see Theorem A.2) we also discuss some general sufficient
conditions on the velocity field v and on the initial datum po for which existence (not
necessarily uniqueness) of the Vlasov PDE (1) is guaranteed.

For what concerns the proof of the LDP, the upper bound in (1.5) can be derived
exhibiting a specific tilt of the measures P?¢ which produces a macroscopically non-
negligible perturbation of the system. Using that the pair (uV-¢, JV¢) already solves
almost surely a “discrete version” of the continuity equation for any ¢ > 0, N € IN (see
Lemma 4.1) and applying a suitable formulation of minmax lemma, a partial upper bound
on compact sets is derived. To get the required expression also for closed sets a careful
exponential tightness argument for both empirical measure and stochastic current is
needed.

The proof of the lower bound is more delicate. Firstly, in Theorem 2.5 we exploit the
relation between large deviations and I'-convergence developed in [30]: this theorem is
fundamental as it translates the lower bound estimate in a I'-lim sup inequality. Then,
we take advantage of the I'-convergence result obtained in [19] to construct a suitable
recovery sequence. In [19] the authors studied the interplay between finite and infinite
dimensional control problems for multi-agents systems and they proved I'-convergence
(as the number of agents goes to infinity) under weak assumptions on the interaction
kernel as well as on the cost functional. To our purposes, this is crucial because the
rate I(u, h) given above exactly corresponds to a particular choice of the cost functional
considered in [19]. Furthermore, the (deterministic) recovery sequence actually provides
a good perturbation of the system of SDEs for which the associated entropy remains
controlled, see Theorem 5.1 and Theorem 5.4.

Let us finally discuss a possible extension of the LDP when more general diffusion
operators are taken into account. If we add a diffusion term G : R¢ x (R%)YN — R4*¢
possibly depending on the position of the particles and on their distribution, the geometry
of the problem is consequently modified. In particular, the explicit form of rate functional
becomes

HM@Z§A<MA*@mmmwhw»%

where A := GGT. The derivation of a LD upper bound in this generalized context does
not require important modifications with respect to the strategy explained above. On the
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contrary, the LD lower bound requires a stronger version of the I'-convergence result for
deterministic control systems that is not present in literature yet. We will comment on
this at the end of Section 6.

The paper is organised as follows. Some preliminary material concerning measure
theory and topological issues, basic large deviation definitions, property of stochastic
currents and solutions to the continuity equations are collected in Section 2. Section 3 is
devoted to the setting of the problem, hypotheses and main results. The large deviation
upper bound is discussed in Section 4 along with exponential tightness estimated and
goodness of the rate functional. In Section 5 the strategy to get the large deviation
lower bound is presented, and the proofs of the main theorems are exhibited. A possible
extension to more general diffusion processes is presented in Section 6. Finally, some
sufficient conditions to have wellposedness of the Vlasov PDE are presented in the
Appendix.

2 Notation and preliminaries

The following notation will be used throughout the paper.

We fix (€2, F, IP) a probability space endowed with a filtration (5;).c[o0, 1 satisfying the
usual conditions as well as a family {W;,i € IN} of independent d-dimensional Brownian
motions. Given a topological space X, we write 42(X) for the space of Borel probability
measures on X. We endow &(X) with the topology of weak (equivalently, narrow)
convergence, in duality with bounded continuous functions C,(X). In the special case
X = R?, we will also use the notation @p(IRd) referring to probability measures with
finite pth-order moment:

Pe Z,RY) = P c Z(R?) and / |z[PdP(z) < +o0, p>1.
Rd

The space of Borel and vector-valued Borel measures is denoted by .# (R%), .# (R%; R?),
respectively. Given X,Y two topological spaces, P € #(X) andamap f: X — Y, we
alternately use the notation P o f~! or [t P to denote the push forward, or the image law,
of the probability measure P under the map f. We furthermore refer to the compact-open
topology on C(X,Y) as to the topology whose corresponding subbase is given by the
sets W(K,U)={f e C(X,Y): f(K) C U} as K, U range over all compact subsets of X
and opens subsets of Y, respectively.

We indicate by @ the cylinder @ := (0,7) x R? and we write a - b for the scalar
product in RY, a,b € RY. C°(Q) stands for the set of smooth compactly supported
functions in () and the notation C}?(Q) will be used for the set of compactly supported
functions in () which are C' in time and C? in space. Given D a smooth domain in R¢,
the fractional Sobolev spaces W*?2(D), s € R, will be short-handed H*(D). If u € 2'(X)
is a distribution (respectively, u € (X)), we denote by (i, ¢) = u(¢) the duality pair
with a smooth function ¢ € C°(X) (respectively ¢ € Cy,(X)). Lastly, when we write a < b
we mean that there exists a positive constant C' for which a < Cb.

Let us now recall a version of the Gronwall lemma which will be used in the sequel:
ifa € L'(tg,t1), c > 0 and u € C([to,t1]; R) satisfy

u(t) < a(t) —&—c/tu(s)ds, Vit € [to, 1], @.1)

to

then the following estimate holds

t
u(t) < a(t) + c/ a(s)e?t=9ds, Vit e [to, 1] (2.2)

to
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2.1 Some useful results in measure theory

Recall that a completely regular space F is a topological space such that for every
closed set C' C F and every point « € E'\ C there exists a continuous function f : £ —
[0, 1] for which f(x) = 1 and f(y) = 0, for every y € C. Roughly speaking, it is possible to
separate = and C with a continuous function. A completely regular space which satisfies
the Hausdorff condition is called Tychonoff space. Notice that, given X a normed space,
the weak* topology of X’ is Tychonoff. Moreover, if X is separable, bounded sets in X'
are metrizable.

We say that a map f : £ — F between two topological spaces is Borel measurable
if f~1(A) is a Borel set, for any open set A. We denote by M(E) the collection of real-
valued Borel measurable maps. If F is a topological space and ¥ C M(FE), we say that
JF separates points of E if for © # y € F there exists h € M(FE) such that h(x) # h(y).
Again, we say that a set § C M(FE) is separating for E if given P,Q € &(F) with the
property

/ h(z)dP(z) = / h@)dQ() Yhes, 2.3)
E E

then it follows that P = Q. A classical result [17, Prop. 3.4.4] assures that if (E,d) is a
complete, separable and locally compact metric space, then C.(E) is separating (actually
convergence determining). Notice that, being C.(F) separating for F, if P,Q € Z(FE)
with P # Q then there exists a function h € C.(E) such that [, h(z)dP(z) # [, h(x)dQ(z).
This means that the family

F = {B L h(P) :/ h(z)dP(z), h € CC(E)} c C(Z(E);R) (2.4)

separates points of Z(F) (endowed with the topology of the narrow convergence).
Given p > 1, we define the LP-Wasserstein distance

Wy (s n) = in { [ sl drteye H(umm)} : 2.5)
R4 xR

where II(uo, i11) is the set of the optimal plans:

(o, 1) := {7 € Z(R? x R?) : 4(B x R?) = po(B), 7(R? x B) = i1 (B)
YV B Borel set in Rd}.

The infimum in (2.5) is always attained (and finite) if g, 11 belong to the space ?p(Rd)
of Borel probability measures with finite p-moment. Notice that #2,(R?) endowed with
the Wasserstein distance W, is a complete and separable metric space. A sequence
(ftn)nen C Z,(R?) converges to a limit u € 22,(R?), with respect to the Wasserstein
distance W, i.e. Wy (pn, ) — 0, if

fim ¢ (@)dpn () :/ e(z)du(z), Ve C(RY), such that sup _ela)_ < +o00
n—00 R4 R g 1+ ./,C‘p
(2.6)

Notice that the class C.(R?) also separates points of ,(RY) endowed with the p-
Wasserstein distance.

If X is a Polish space, Prokhorov theorem guarantees that a subset X ¢ £(X) is
tight if and only if it is (relatively) compact. Moreover this is equivalent to the existence
of a function ¢ : X — R with compact sublevels such that

sup/ o(x)dv(z) < +o0. (2.7)
veXKJX
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Consider now the subset of discrete measures 2"V (R?) ¢ Z,(R?) given by
XN
N(Rd . dy . ) d
PV (RY) = {,ue Zp(RY) = ~ E_léxi, for some z; € R }

Starting from a vector = := (z1,...,zyx) € (R%)" we can associate the measure
pNjz] = LN 6, € 2N(R?) and we refer to the map xV : (R)N — 2N (R?) as to
the empirical measure. Notice that, given z,y € (R%)" it holds

N
o1
Wi ("], N yl) = min = 7w — o (y)il”, (2.8)
i=1
where o : (RY)N — (R%)" denotes a permutation of coordinates of vectors in (R%)".
In the following we say that a map G : R? x (R%)Y — R* is symmetric if
G(z,y) = G(z,0(y)) for every permutation o : (RN — (RN,

Given a symmetric and continuous map G" we can associate a function defined on
measures G : R? x 2V (R%) — R* by setting

G(z, ply]) == G(z,y). (2.9)

If X is a Polish space and P,Q € £(X) are two probability measures, the relative
entropy of Q with respect to P is defined as:

[y log(42)dQ, if 0 <« P;

(2.10)
400 otherwise.

H@wy{

Equivalently H(Q|P) := sup{Q(¢) — log(P(e?)), ¢ € Cy»(X)}, from which the convexity of
the map H(-, P) easily follows. It is useful to recall the following basic inequality

H(Q|P) + log 2

Q —_— 2.11
(4) < log(1+ P(A)~1) ( )

Moreover, if Y is a Polish space and f : X — Y a measurable function then
H(/3Q[f4P) < H(Q[P). (2.12)

2.2 Large deviation principle and I'-convergence

Large deviation estimates describe the limiting behaviour of a family of probability
measures through the knowledge of a rate functional. We refer to [14] for a general
treatise of the subject. Let us recall here the very definition of a Large Deviation Principle
(in short LDP).

Definition 2.1. Let X be a Hausdorff topological space and {P»}, € #(X) a family of
probability measures on X. We say that {P,}, satisfies a good large deviation principle
with speed 8, | 0 and rate function J : X — [0,+o0] if the following conditions are
satisfied:

(i) (Goodness) For every a > 0, the set {x € X : J(z) < a} is compact.
(ii) (Upper bound) For every closed set C C X

lim sup By log PA(C) < — inf J(x). (2.13)
A—0 zed
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(iii) (Lower bound) For every open set U C X

im i > : .
hg\n_iélf[%\ logPA(U) > xuelg J(x) (2.14)

Establishing a LDP for the family {P,}, gives a precise formulation of (logarithmic)
asymptotic bounds of the form P, (B) =< exp(— ﬁ;l inf J). The validity of such a result
implies that inf,.c x J(z) = 0, where the zero level set is not empty thanks to the goodness
of the rate functional. Notice that, in the special case {Z} = {« : J(z) = 0}, a LDP implies
the law of large numbers Py — dz, as A | 0.

A fairly classical strategy to get (2.13) consists in showing it first for compact sets
and subsequently prove that the most of the probability mass is concentrated on compact
sets. To this aim, the notion of exponential tightness comes into play:

Definition 2.2. Let X be a Hausdorff topological space and a sequence 3y | 0. We say
that a sequence of probability measures {P}, € &(X) is exponentially tight with speed
B if there exists a sequence of compacts K; in X such that

lim limsup By log PA(X \ K;) = —c0. (2.15)
=400 x50
Notice that exponential tightness of the family {P,}, is not a priori necessary for
the formulation of a LDP with good rate functional. Nonetheless, if the family {P)}, is
exponentially tight and satisfies a LDP lower bound for every open sets, then the rate
functional is automatically good.
Let us now recall a characterization of exponential tightness in the space of contin-
uous functions C([0,T]; R), inspired by [6], which will be useful in the sequel. Given a
function u € C([0,T]; R) we denote by w(u;d) its continuity modulus:

w(u;d) == sup |ug — usgl. (2.16)
t,s€[0,T
lt—s|<o
Proposition 2.3. A sequence {P,} € Z(C(]0,T);R)) of probability measures is expo-
nentially tight with speed (3, iff the following two conditions hold:

(@) lim;_, o0 limsupy_, B log Pa(u : |ug| > 1) = —oo;
(b) lims_,o limsup,_, o Bxlog Pa(u : w(u,d) > () = —oo, forany ¢ > 0.

Let us now explore the relation between large deviations (LD) and I'-convergence.
We start with the definition of I'-convergence.

Definition 2.4. Let X a Hausdorff topological space and {J,,}, a sequence of function-
als J,, : X — [0,400]. We say that J,, I'-converges to I at point x € X if the following
two inequalities are satisfied:

(i) (T-liminf) For every sequence x.,,, — x, it holds liminf,, I,,(z) > I(z);
(ii) (T'-limsup) There exists a sequence x,, — x such that limsup,, I,(z) < I(z)

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

In the following theorem we show the equivalence between LDP for a sequence of
probability measures P, and I'-convergence of the relative entropy (with respect to P))
to the rate functional. The proof of this result can be found in [30, Thm. 3.4] in a Polish
space setting, but also applies to the setting of a completely regular topological space.

Theorem 2.5. Let {P,}, be a family of probability measures on a completely regular
topological space X and {8} such thatlimy o8y = 0. Let also I : X — [0,+oc] be a
lower semicontinuous functional. Then the following equivalences take place
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(a) The family {P,}, satisfies a large deviation lower bound with speed j3, and rate
functional I if and only if for any point x € X there exists a sequence Q3 € Z(X)
weakly converging to the Dirac measure ¢,, as A | 0, such that

limsup 8y H(QX|Py) < I(2);
L0

(b) The family {P,}, satisfies a large deviation lower bound with speed (3, and rate
functional I if and only if for every « € X and every sequence Qf € &(X) weakly
converging to the Dirac measure J, it holds

o x S '
hrililonfﬁA H(Q5|Py) > I(x)

Remark 2.6. Theorem 2.5 does not involve the “full” I'-convergence of relative entropy
but just I'-convergence at every point mass ¢,.. This is useful in the application we discuss
in Section 5. A full statement can be found in [29, Thm. 3.4]. For our purposes, as it
generally happens, we will use only point (b) of the above equivalences. Indeed, for
what concerns the LD upper bound, it is easier to directly compute it using a tilt of the
measure (see Proposition 4.2). An interesting case in which equivalence (a) turns out to
be quite useful is the proof of second-order Sanov theorem, we refer to [30, Sect. 6] for
details.

2.3 Stochastic currents and continuity equation

The notion of (Stratonovich) stochastic currents were discussed in [18] with the
attempt to investigate the links between deterministic currents and the theory of rough
paths. One of the main interest of the paper is the pathwise regularity of stochastic
integrals of the form:

T
J(n) =/ n(t, X;) o dXy, (2.17)
0

where 7 : Q — R? is a compactly supported smooth vector field and X, is a semimartin-
gale. When n does not depend on time, the authors in [18] showed that the map n — J(n)
defines with probability one a linear functional on H**!(R?; R¢) for s > d/2 + 1. The ex-
tension of this result to the time dependent case is the content of the following theorem.
Let us use the notation H® := H*:([0, T]; H*2(R% R?)), where s = (s1, s2).

Theorem 2.7. Let X, =V, + M, be a semimartingale with values in R and 1 : Q — R?
be a smooth function with compact support. Then, given s; € (1/2,1) and s5 € (‘%2, +00),
the map n — J(n) has a pathwise realization J such that [J(w)](n) = [J(n)](w) and

Jw)e H? P-a.s. (2.18)
Proof. See Appendix. O

Let now (,Ut)te[O,T] be a family of probability measures satisfying the continuity
equation
O +V - J =0, (2.19)

where the term J represents the current. Here we collect some properties of solutions
to the above equation, emphasizing the link with the regularity of J. Let us start with a
general definition.

Definition 2.8. Let (ut):c(0,r) be a family of probability measures on R?and J € H®
be a space-time distribution with s = (s1,s2), s1 > 1/2,s2 > d/2. We say the (u,J) is a
distributional solution to (2.19) if

T
/ Opd(t, x)dp(x)dt + J (Vo) = 0, (2.20)
0o Jre
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for every ¢ € C2°(Q). To include initial constraint, say po, in the definition of solution we
can use test functions ¢ € C=°([0,T) x R?) so that

T
= [ ot0.0)dule) = [ [ drott. oyttt + (), 2.21)
R4 0 R4

In this case we say that the pair (i, J) solves the continuity equation (2.20) with initial
datum uo and we will briefly write Oy +V - J = 0, u(0) = po.

Remark 2.9. When both initial and final constraint py and pr are assigned, the distribu-
tional formulation becomes

/ o(T, 2)dpr (a / 60, )dpo () = /0 [ (e r)dm(z)at + J(V0),  @:22)

for every ¢ € C2°([0,T] x RY).

We will show in Lemma 4.1 that the empirical measure and stochastic current
associated with the particle system (1.1) exactly fits into this framework, thanks to the
pathwise regularity shown in Theorem 2.7.

Let us now concentrate on a more specific situation, which will be relevant in the
following (see Lemma 4.11). Suppose there exists a Borel vector field v : (¢,z) — v¢(z) €
R¢ such that

T
/ / |ve () P dpe (z)dt < +oo, (2.23)
0 Jre

and J can be written in the form

T
n) = / / n(t, z) - v(t, x)dp (x)dt, Ve C§°(Q;]Rd). (2.24)
0 JRd

In this case the distributional formulation in Definition 2.8 reads

T
/ (it 2) +ve(x) - Vod(t,0))dpe(2)dt =0, V€ CZ(Q). (2.25)
0 R4

and there is a by now classical connection between solutions to (2.25) and absolutely
continuous curves p : [0,7] — Z5(R%), see e.g. [1, Thm. 8.3.1].

More precisely, we say that a curve y : [0,7] — ﬂg(Rd) belongs to AC?([0, T]; P (R%))
if there exists m € L?(0,7T) such that Wa(us, p) < f r)dr, forevery 0 < s <¢ < T.
Given a curve t — u; € AC?*([0,T]; Z5(R%)) it is convenlent to define a space-time

measure ji := 5 fo 8 @ py dt € P5(Q) satisfying

/Qh(t 2)dji(t, z) / /R (t,2)dp(z)dt,  Vh e Cy(Q).

Then we can find a (minimal) Borel vector field v € L*(Q, i; R?) (i-e. [, [v(t, 2)[Pda(t, ) <
+00) such that J = vji < [1 is a vector measure and solves in a distributional sense

opn+V-J=0, (2.26)
which is equivalent to (2.25). On the other hand, when p is a solution to (2.25) with a

velocity field satisfying (2.23) then there exists a representative ¢ — y; € Z5(R%), still
denoted with i, belongings to AC?([0, T]; Z»(R%)).
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3 Statement of the problem and main result

Consider N particles (z1,...,zy) whose dynamics is described by the following
system of SDEs:
dzMe(t) = F(a e (1), V2 (8))dt + edWy(t), i=1,---,N, aV0)==), (3.1)

7

where the map F : R? x (R?)Y — R? models the mean field interaction and (W;(t)):c(o,1]
are d-dimensional independent Brownian motions. Given a time horizon 7' > 0, with a
little abuse of notation we refer to the empirical measure as to

pt 2 C([0,T] (RDY) — C((0, T 2(RY),  pM[2](t) = p[x],

and we will denote by uiv * the image measure associated with a solution of (3.1) for
every t € [0,T]:

1 N
Ne  _ E
My = N o 5:E£V’E(t)' (32)

By construction, ,uiv ° is a random measure for every t € [0,7]. We denote by PV
the law of the N-dimensional system PV := Law(z":?) = (2¢);P and by PV €
2(C([0,T]; (R%))) the measure PV := (V)P induced by the empirical measure.
The probability spaces we are dealing with are the following
zN,s J,N
(@) 2 (oo, T); (R)N), PVe) L5 (oo, T); 2(RY)), PV (3.3)
To complement the information contained in the random measures (uiv ’6)te[o,T] we
introduce for every n € C°(Q; R?) the stochastic current

JN,E( .7i al T N,e d N,
M= 2 [ el (0) ode (). (3.4)
i=1

From the general theory on stochastic currents (see also Theorem 2.7) the stochastic
integral defined in (3.4) has a pathwise realization J"V¢, for every N € IN and ¢ > 0.
Moreover JV¢ € H™*® a.s., for every s = (s1,52) € (3,1) x (%42, +00).

The objective of the paper is to investigate the behaviour of the system (3.1) as the
number of particles tends to infinity and, simultaneously, in the small-noise regime. More
precisely, denoting by X the following space

X :=C([0,T]; 21 (R%)) x H™** ((0,T); H**(R4 RY))

we are interested in large deviation properties in the joint limit ¢ | 0, N 1 400 for
the probability measures {PY:¢ o (uV, JV)=1} v . € 2(X). We endow C([0, T]; 21 (R%))
with the uniform 1-Wasserstein topology and H—** ((0,7); H~*2(R%; R%)) with the weak-
topology. Precisely, a sequence (u™, J") converges to (u,J) in X when

lim sup Wi(uy,m)=0, and  J*(n) = J(n), Ve CZ(QRY).
n—+ 4c(0,T)
Notice that X equipped with the above topology is not metrizable, hence not a Polish
space. Nonetheless, to state a large deviation principle it is enough to have a Hausdorff
topological space. In our setting X is actually a Tychonoff space with metrizable compacts
(H? is indeed separable and reflexive).

In the following, to emphasize the differences in obtaining the lower and the upper
bounds in the LDP, we prefer to keep the hypotheses separated. The entire LDP holds a
fortiori under the stronger assumptions of the lower bound. The first set of assumptions
on the interaction field F' and on the set of initial conditions are the following
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Hypothesis 3.1 (Interaction (upper bound)). The function F : R? x 2,(RY) — R? is
continuous and there exists a constant A > 0 such that

P <4 (14 bl + [ Jelauto)). (3.5)

When F : R? x 2N (R?) — R? we can alternatively consider it as a symmetric function
F:R% x (RY)N — RY, thanks to the identification (2.9).

Hypothesis 3.2 (Initial data (upper bound)). The initial distribution ,ué\’ = % va:l 5301_\/(0)

is deterministic for every N € N and sup ¢y [a [2[?dp’ < 4+00. Moreover there exists
Mo € f@l(Rd) and WI(M(])V7MO) —0as N 1 4.

Let us firstly comment on Hypothesis 3.1. Given a measurable vector field b :
[0,7] x R* — RY, existence of weak solutions to a SDE of the form dY; = b(t, Y;)dt +
dW, was firstly proved by Skorohod with the additional requirements of continuity
and boundedness. Stroock and Varadhan subsequently extended the result to b only
measurable and bounded. Existence of strong solutions for irregular coeficients was
firstly shown by Veretennikov in the seminal paper [35]. Let us mention that strong
wellposedness is not trivial and heavily depends on the diffusion coefficient in front
of the noise (here we are dealing with the simplest case ¢ := Id) and on the Markov
character of the coefficients (there are counterexamples for bounded path-dependent
drifts). In [35] the author showed that measurability and boundedness (or linear growth,
see also [36]) are sufficient to guarantee strong existence and pathwise uniqueness. To
our purposes, this is enough to get welposedness of the dynamic (3.1) for every € > 0
and N € IN:

da 2 (t) = F(a5(t), ™5 (t))dt + VedWi(t), i=1,---,N. (3.6)

7 7

Finally, notice that Hypothesis 3.2 coincides with the law of large numbers for determinis-
tic initial conditions, necessary for the convergence of the empirical measure associated
with the system.

Remark 3.3. If we let N — +o00 in (3.6) we get for every € > 0 the McKean-Vlasov SDE
dz(t) = F(2°(t), u3)dt + edW (). (3.7)

The analysis of McKean-Vlasov equations with non-smooth coefficients is more delicate.
In a general setting, the SDE dY; = b(t, Yz, Law(Y}))dt + dIW; can be studied by showing
measurability and sublinear growth of the modified drift b(, y) := b(t,y, Law(Y;)). When-
ever b is continuous w.r.t. the Wasserstein distance W, in the third variable, there exists
at least one weak solution, see [2]. To get strong existence, in [2] the authors required
a particular decomposition of the drift along with some Lipschitz conditions w.r.t. the
second variable, see [2, Thm. 2.12].

Whithin the so-called “true McKean-Vlasov case”, i.e. b(t,z,u) = [b(t,z,y)du(y)
(see also Remark 3.6 below) the situation is more clear: welposedness of the modified
equation dY; = B(t, Y;)dt + dW; discussed above, actually entails existence and unique-
ness of strong solutions solely under measurability and sublinear growth of b. For a
detailed account on techniques and results on McKean-Vlasov equations with irregular
coefficients we refer to [2, 31] and the references therein. Let us finally notice that
under hypothesis 3.1, in general we just have weak existence for the limit equation (3.7),
while strong existence (and uniqueness) is guaranteed in the “true McKean-Vlasov case”
and follows by a straightforward application of [31, Prop. 2].

Instead, if we fix n € IN and let ¢ — 0 in (3.6) we end up with the deterministic system

deN(t) = F(zN(t), 2N (t)dt, i=1,---,N. (3.8)
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Existence of a solution to (3.8) under Hypothesis 3.1 is quite standard. Uniquness,
however, cannot be guaranteed. This also reflects in the a priori non-uniqueness of the
Vlasov PDE

Oppiy + div(F(x, py) ) =0 (3.9)

for which solutions to (3.8) represent the system of characteristics. As already mentioned
in the Introduction, solutions u; to (3.9) can also be obtained as limit of the family u®
appearing in (3.7), when ¢ — 0. Existence results for Vlasov PDEs of the form (3.9) under
weak regularity of the vector field F' are not so easy to find in the literature. We refer to
Theorem A.2 in the Appendix, where different set of assumptions (taking into account
also regularity of initial data) are presented.

The second set of assumptions is as follows

Hypothesis 3.4 (Interaction (lower bound)). Suppose there exists L > 0 such that for
every z,r' € RY, ju, 1/ € 21 (R?) we have

‘F(%M) - F(xlvﬂl)‘ < L(|‘T - 1'/| + Wl(uaﬂ/)) . (3.10)

When F : R? x 2N (R?) — R? we can alternatively consider it as a symmetric function
F: R x (RY)N — R4, thanks to the identification (2.9).

Hypothesis 3.5 (Initial data (lower bound)). The initial distribution pd := % SN 6, o)
is deterministic for every N € IN with uniformly compact support. Moreover jy € &1 (R%)
and Wy (ud, o) — 0 as N 1 +oo.

The Lipschitz character of the interaction term in Hypothesis 3.4 easily provides
strong existence and uniqueness of solutions to (3.1) (see also Theorem A.2 in the
Appendix for what concerns the continuity equation) and it is crucial in the proofs of
Propositions 5.2 and 5.3. On the other hand, the compact support of the initial conditions
is not directly used but it is needed to profitably apply the convergence result in [19].
Remark 3.6. (An example of interaction): Given a continuous function H : RY — R4
satisfying

|H(2) = H(y)| < Lule —yl, Va,yeR?

for some Ly > 0, we can set

N

F(z,y) i:%ZH(x—ij/ H(z —y)dulyl(y) (3.11)
j=1 R
and
F(z,p) = /]Rd H(z —y)du(y). (3.12)

More specifically, if H = —VW for an even function W € C’l(]Rd), the system (3.1) can
be viewed as a stochastic perturbation of the gradient flow of the interaction energy
W: (RY)N — R defined by

N
1
W(x) = WZW(@ — ;) (3.13)
i<j
with respect to the norm [|z||> = & SN | |z;[%.

A first result on the convergence of the finite dimensional stochastic system (3.1)
toward a purely deterministic evolution of measures is contained in the following

EJP 25 (2020), paper 111. https://www.imstat.org/ejp
Page 14/44


https://doi.org/10.1214/20-EJP516
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

LD for interacting particle systems

Theorem 3.7. If Hypotheses 3.4 and 3.5 hold, there exists a unique strong solution x>

to the system (3.1). The associated empirical measure and stochastic current (u™N>2, JN9)
admit a limit (i, J) as N 1 400 and € | 0 in the following sense

lim PN ( sup Wi (up s, ) > 5) =0

e—0

NS0 telo. Tl (3.14)
lim PV ([7V<0) — Jm)|” > 8) =0, Vne CE(QRY,
e—0
N—+oo
where the pair (u, J) is the unique distributional solution to
Oppy +V - Jp =0, Je = F (-, pue)pe,  p(0,-) = po(-). (3.15)

Here we are interested in a more precise asymptotic analysis of the behaviour of
the pair (u~¢, JV¢). The main result of the paper describes the rate at which the
probability of rare events occurs and it is formulated as a LDP for the probability
measures {PV:f o (uV, JV) "1y . € 2(X) as N 1 +oo and € | 0. Recall that we use the
notation i for the space-time measure ji := fOT 0t @ e dt.

Theorem 3.8 (LDP). Let I : X — [0,+oc] be the functional (given in a variational
formulation)

T
I(p,J)=  sup , {J(n)—/ (e, n(t,-) - F(y pe))dt
n€C (Q;R4) 0 (3.16)

1

T
=5 [ IRyt |+ T =05 u0) = o)
0

and define X; := {(p,J) € X : [ |2[*dpo(x) < 1}. Then

(i) If Hypothesis 3.1 holds the rate functional I : X; — [0,+oc] is good. Moreover,
when I(u, J) < +oo there exists h € L?(Q, ji; RY) such that J = (F + h)ji,

1T 1
Fid) =5 [ e BByt = Rl g (3.17)

and the pair (u, h) satisfies Oypy + div (F'(-, ) +h) e = 0 with p(0) = po, in a
distributional sense.

(ii) Under Hypotheses 3.1 and 3.2, the family of probability measures
{PNe o (uN, V) "1}y . € P(X) satisfies a LD upper bound on X with speed
¢/N and rate functional I : X — [0, +o0]:

for every closed set C C X

limsupilogIPN’a((uN,JN’E) €eC) <— inf I(u,J). (3.18)
Na_)—i) N (p,J)eC

(iii) If Hypotheses 3.4 and 3.5 hold, the family of probability measures
{PNe o (uN, JN=) "1y . € P(X) satisfies a LD lower bound on X with speed
¢/N and rate functional I : X — [0, +o00]:

for every open set O C X

13
liminf — log PVe (Y, JN5) € O) > — inf I(u,J). 3.19
iminf = log P™*((p™, J7°) € 0) 2 ot (1, J) (3.19)
N—+o00

The proofs of the above theorems are postponed at the end of Section 5.
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Remark 3.9. The LDP obtained in Theorem 3.8 involves the pairs measure-current
and it is more general compared to the one with measures only. Then, thanks to the
contraction principle, see e.g. [14, Thm. 4.2.1], it is possible to derive a LDP for the
family {PV<}y . € 2(C([0,T); Z(R?))), where the rate functional I : C([0,7]; Z(R%)) —
[0, 4+00] is given in a variational formulation by

I(p) = inf{I(p,J),J € H *}. (3.20)
Notice that in the regime ¢ > 0, given a measure p° there exists a unique current J*¢
for which the McKean-Vlasov PDE is satisfied (thanks to the parabolic character of the
equation) but in the limit € | 0 this is no longer true and the application of the contraction
principle is not trivial. This way, the projected rate functional has an interpretation from
a control theory point of view, where h plays the role of a control and the cost functional
to be minimized is the quadratic cost given in (3.17).

Let us finally make a comment on the “natural” formulation of the LDP for the pair
measure-current. On the one hand, it seems to be relevant at a general level for the
description of macroscopic fluctuation theory (see [4] for a detailed review on the theory);
on the other hand it permits to explicitly solve the usually given variational expression
for the rate functional. In our setting, the expression given in (3.16) can be indeed
reduced to the more convenient form (3.17). For a similar approach in the derivation of
a LDP for empirical measure and flow in the context of continuous time Markov chains
we refer to [5] (see also the references therein).

4 Large deviation upper bound

This section is devoted to the analysis of the large deviation upper bound for the family
of probability measures {PV: o (uV, JV5)"1}y . € 2(X). Hereafter, given (u, J) € X we
denote by I : X — [0, +00] the functional

T
H )= s {a)= [ Gt Feu)ar
n€CE (Q;R4) 0 4.1)

1

T
5 [ et | G+ div =0 0) = o}
0

where the constraint has to be intended in a distributional sense (see Definition 2.8).

Let us firstly investigate the relation between the empirical measure (3.2) and the
stochastic current (3.4). Exploiting the independence of the brownian motions in the
dynamic (3.1) and applying Theorem 2.7 to the stochastic current J N.¢ defined in (3.4)
we get a pathwise realization gN-=, for every N € IN and ¢ > 0 with JNe € H %,
s = (s1,52) € (3,1) x (42, +00).

Furthermore, the pair (¢, JV:¢) satisfies a continuity equation as it is shown in the
next Lemma.

Lemma 4.1. Given pl} € 2(RY), the pair (u™¢, JV¢) defined in (3.2)-(3.4) is a distribu-

tional solution in the sense of Definition 2.8 to the following
o= +V.-JNe =0, P-ae.,
phe(0) = g’

forevery N ¢ N and ¢ > 0.

(4.2)
Proof. The proof follows by the application of It6’s formula to the system (3.1) with
¢ € C([0,T) x RY):

T T
#(0, fo(O)) + / s p(s, vae(s))ds + / V(s, vag(s)) o dxlN’E(s) =0, (4.3)
0 0
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averaging with respect to NV we get

/¢ )dpd + //asqbsxduNEds—i—JNe(V(b):O. (4.4)
]Rd

From Theorem 2.7 we know that JV'¢ has a pathwise realization JV* € H *, where
s = (s1,82) € (3,1) x (42, +00). Hence, equation (4.2) holds for P-a.e. w € (. O

Let us now exhibit a direct proof of the LD upper bound for compact sets, via a
specific exponential tilt of the measures {IPN £} ~n.e- The general case (for closed sets)
will be obtained exploiting the exponential tightness of the measures.

Proposition 4.2. Under Hypotheses 3.1, 3.2, for every compact K C X it holds

limsupilogIPN’E((,uN,JN’E) eK)<— inf I(u,J). (4.5)
Nij;ooo N (T)ek

Proof. Given B C X a Borel set,we estimate the quantity PV-¢((u, JV¢) € B). Fix
n € C>*(Q;RY) and define the martingale

M) = Ve Z/ $))dW;(s), (4.6)
with quadratic variation
(M), =~ / N (s, )|?)ds. 4.7)
Then, the corresponding stochastic exponential exp(M;’ — 1[M™"];) is a martingale with
ENe {exp (Mt" - ;[M"]t)] <1, Vtelo,T] (4.8)
Moreover, using the definition of the stochastic current given in (3.4), we can write

T
Mg = TV () - / (e (s, ) - (e u)) ds + RN, (4.9)
0

where we denoted by RV* := fOT (ulN-# . div(n)(s,-))ds the It6-Stratonovich correction
term.

Now, for any € C2°(Q; R%) and ¢ € C>°([0,T) x R?) we define the maps 17, IS : X —
[0, 4+00] as

T T
11 7) = 700 = [ Guento)- Plopds = 5 [ G s P,

12 (1) = (o, $(0)) + / (112, 0s6(5))d5 + T(V6),

where forany N € N, € > 0, it is worth notinicing that 12 (n N JN’E) =0 (see Lemma 4.1).
Replacing 1 with & < and denoting R(u fo s, div(n)(s,-))ds we get

]PN,E ((MN’E,JN’E) c B)
_ ]EN,E (]—B(,UIN’Ea JN,E))
— ENe (efMZ}Jr%[M”]TeM;ifé[M”]Telg’(uN*E,JN*E)1B(MN,5, JN,E))
(4.10)

< sup [e—g(117(,L,J)-&-I;”(M,J)-i-sR(u))} N (eklg—%[A477]TlB(/LN,s7JN.,s))
(p,J)EB

S sup 6_%(IT(UHJ)J"I?(/“'»J)"'ER(N)),
(n,J)EB

thanks to relations (4.8) and (4.9).
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Taking the limsup as € | 0 and N 1 400, the term ¢|R| vanishes and we can optimize
in n, ¢ to get

&
i Z logPNe (uNe JNey e B) < —  inf (1’7 ¢ )
im sup  log (u™s,JV%) e B) < ot V(s J) + 15 (p, )
N —4o00

< sw inf (11, ) + I (1, 7))
nec (QRrY) ()€
$€C([0,T)xR%)

(4.11)

The lower semicontinuity of the map (, J) — [I7 (1, J) + IS (11, J)] (seen as a map from
from X to R) allow for the application of the minmax Lemma, see [24, App. 2, Lemmata
3.2 and 3.3], whence, for every compact set K € X,

lim sup % logP™= ((u™=, JV4) e K) < — inf sup (I{’(u, J)+I2 (i, J))
s (1 NEK pec(@mr?)
$€C2([0,T)xR%)
= — inf sup (I (p, J) ‘ Oppe +div =0; p(0) =po), (4.12)

(1) EK neCoe (QsR4)

since the sup in ¢ takes value 0 if the constraint is satisfied and +oo otherwise. This
implies that (4.5) holds with rate function

I(p, J) = sup {I"(M,J) ’ Oepe + div J = 0; u(0)=uo}» (4.13)
neC=(Q)
which is the required result. O

4.1 Exponential tightness

This section is devoted to the exponential tightness of the family of probability
measures {PV< o (uV, JN5)"1}y . € Z2(X) for which we investigate separately the
two components {PV< o ([LN)il}N,e € Z(C([0,T); 2(R%))) and {P"* o (JN’E)il}N,s €
2 (H™*). For what concerns the family {P":¢ o (uV) _1}1\1,5 a tightness criterium was
first established by Jakubowski in [23]. Here we need a finer results, taking into account
the exponential decay out of compact sets, which can be stated in a general formulation
as follows.

Theorem 4.3. Let F be a completely regular topological space with metrizable compacts.
If we endow the space C([0,T]; E) with the compact-open topology then a family of
probability measures {P,}, € Z(C|0,T]; E) is exponentially tight with speed 3, if the
following conditions are satisfied:

(i) there exists a sequence of compacts K; in F such that

lim limsup By logPy(3t: x; ¢ K;) = —o0; (4.14)

l=+4o00 x50

(ii) there is an additive family ¥ C C(FE;R) which separates points in E such that the
associated sequence { f;P»}x € Z(C[0,T];R)) is exponentially tight with speed 3,
for every f € F.
For a proof of this result we refer to [33, Thm. 3].
Remark 4.4. Let us notice that
(a) The exponential tightness of a family in &?(C|0,T); E) is linked via ¥ C C(E;R) to

the classical exponential tightness in &(C|0,T]; R), for which a criterion is given
in Proposition 2.3.
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(b) If (E,d) is a metric space the compact-open topology on C([0,T]; E) is metrizable.
A possible distance is given by d.(x, y) = supco, 1) d(Tt, yt)-

(c) Condition (ii) of the above theorem can be weakened: it is enough to choose
elements f € F such that the restriction f|g, is continuous.

In order to apply Theorem 4.3, we estimate the (quadratic) energy of the particle
system. A first classical a priori estimate can be easily obtained exploiting the linear
growth of the vector field F'.

Lemma 4.5. Under Hypotheses 3.1 and 3.2, there exists a constant C' > 0 depending on
A, T as well as on sup ycy [ga |7|?dud’ such that

E sup/ lz)2dule | < C.
te[0,T] JR4

Proof. Taking squared modulus on both sides and averaging in N we have

1 on n 1Ly RN . o N .
NZ\% QLRSS NZ\% (O)|2+NZ/ [F(z; " (s), @ ’6(8))\2d8+NZ\Wi(t)

i=1 i=1 i=170 i=1
(4.15)

2
1+ |zVs z:h:NE >

2=
c\ﬁ
M

K

Tz
©

I

=

- Z
»

IN
==
i\gB
\H
N/

Hence, from Gronwall’s lemma

NzlxNe 2<<1+ Z|gg (0)]2 + NZ sup \W ) (4.106)

1 te0,T

To conclude it remains to take the supremum in time, then the expectation and finally
use Doob’s inequality on the last term on the right hand side. This gives the required
estimate. O

To refine the estimate given in Lemma 4.5, the crucial ingredient is a suitable
generalization of Bernstein inequality for martingales, whose proof can be found in [29,
Lem. 2]:

Lemma 4.6. Let (M,);>o be a continuous martingale such that M (0) = 0 and E(M?) < oo
foreveryt > 0. If 3 > 0 and C € (0,+400) then for any bounded stopping time 7 it holds

12
P M, > 1, [M], < M,+C) < ). > 0. 4.17
(i;”? : [M] Bilgllf) ¢t + ) eXp( QWJFC)) (4.17)

The following proposition shows that the energy associated with the dynamic can be
arbitrarily large but only with probability exponentially small.
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Proposition 4.7. Let PV< € 2(C([0,T); (R%)")) be the law of a solution to (3.1) with
initial distribution u’. If Hypotheses 3.1 and 3.2 hold, there exists a constant C > 0
depending on A, T and sup ey [ [#|*dp such that

ilogIPN’E sup / |alc|2duiv’E > < —ﬂ, >0 (4.18)
N te[0,T] JRa 2C(1-C+1)

for every e € (0,1) and N € IN.

Proof. Throughout the proof we shall denote by C' > 0 a generic constant, whose value
may change from line to line. From the Ité formula for ¢(x) = |z|? applied to (3.1) we get

N N N t
]_ 5 ]. 2 I 1>
SRR = £ YN OR+ / F(a < (s), @™ (s))a N (s)ds + 2¢t
i=1 i=1 i=1 (419)

N t
+ Q\J\f;/o 2VE (s)dWi(s).

Further, thanks to the growth condition in Hypothesis 3.1

N
%Z/O F (x5 (s), &N (s))z % (s)ds

A N t 1 N

< NZ/@ <1+|$£V’€(5)|+NZ|$1N’5(5)> EAROIE

1=1 i=1

C N t N ) 1 N N 2

< — sE . \E

N;/O O+ (§ SO s
Cn [t

< = N2 (5)[2

Sy [ )P,

2
where we used the trivial inequality (vazl ai> < NN, |ail?, a; € R. If we denote by

M]\* the stochastic integral M;"¢ ;= 2Y= SN | fot 2)"*(s)dW;(s) we have

1 & 1 cX
NN O < £ S F O+ 5 Y [l s+ 2m MYE @20
i i=1 i=170

and Lemma 4.5 guarantees that MtN’E is a IP-martingale with ]E\MtN’E|2

t > 0. Employing the Gronwall-type inequality (2.2) we end up with

N N

1 1

¥ Sl < (N > 2N (0))? + 2¢t + MtN’€>
=1 i=1

t t
+ C/ (b+2es) et ds + C/ MN=eCt=5) s (4.21)
0 0

< 400, for every

<C <1 +supMjV’E)

s<t

where we used the notation b = supycy [pa [2[*dpg . Hence

sup/ lz|2duls < C (1 + sup M§V€> . (4.22)
R4

s<t s<t
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Due to the independence of {W;};=1, . ~, the quadratic variation of M N.¢ can be esti-
mated as:

v, = 5 / e (s) s
Nz =
N
Ce 1
SN (N >_lai ’€<s)l2> (4.23)
5= i=1

C
< WS (1 —l—supMSZV’E) ., Ytelo,T],

s<t

where in the last inequality we used estimate (4.22). Summing up and employing
Lemma 4.6 we obtain

C
P (suthN’E > m) =P (suthN’E >m, [MY]r < Wa (SuthN’E +1

t<T t<T t<T
) (4.24)
o 0
<exp|—-—5—1, m > 0,
- < 2 (m+ 1))
where the first equality follows by (4.23). Therefore
£ 1ogP ( su MNE>m <_m72 m >0 (4.25)
IRV =T20m+ 1) ' :
Employing again (4.22) we get
£ JogP ( su / 22 > m+C <™ s (4.26)
N S tgg R He - 2C(m + 1) ’ ’ ’
and the result easily follows by substituting l = m + C. O

Let us notice that under Assumption 3.2 we have supycy [ga [#|?dud” < 400 and the
result in Proposition 4.7 guarantees that

lim limsupilog]PN’6 sup/ lz2dpl > 1| = — (4.27)
=400 20 N te[0,T] J R4
—00

Now we give an estimate of the continuity moduli of the dynamic:

Proposition 4.8. Let PV< ¢ 2(C([0,T); (R%)")) be the law of a solution to (3.1) with
initial distribution ;2’. Under Assumptions 3.1, 3.2, for any ¢ € C>°(R%) and any ¢ > 0 it
holds

§—0 e—0 t—s|<d
N—o0 lt=s|

lim li]fnsup%loglPN’E < sup | % () — uiv’e(w)’ > C) = —00 (4.28)

Proof. Throughout the proof we maintain the notation of Proposition 4.7 for what
concerns the constant C' = C (A, T,supycy [ga [2[?dpg)). First of all, notice that it
is enough to prove the following equality

T
lim limsup sup ilog —PYVE sup  |po(p) — ,uév’s(ap)‘ >(| =-0c0. (4.29)
=0 =0 " sefo, 7] N 74 te]s,540]
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A justification for this argument can be found in [6, Thm. 7.4]. This limit formulation is
more convenient for the application of the It6 formula: let ¢ € C°(R¢), then for each
s €[0,T — 6] and ¢ € [s,s + 4] it holds

¥ elel ) - % >l (s)

N t
; | (P 0.2V 0) - Vel () + e o)) ar

o _zw~

+ ¥ /w V() dWi(r)

:;AfS+MfS.

The first term can be estimated exploiting the growth condition on F' given in Hypothe-
sis 3.1

el [ . .
ENEF DY | (P el +) ar
N
<5 L Ne Ns + (431)
< <T:%pT szj ()] E)

So |1+ sup / |z 2dplNe ) .
ref0,7] JRe
Whence for any ( > 0

%log]PN’s ( sup |AD| > C) < %ngPN’E ( sup /}Rd lz2dpl s > c% - 1) (4.32)

te(s,s+6] ref0,T]
and from Proposition 4.7 it follows that

5 610
— logP™V:e sup |AP|>(C) <-4 (4.33)
N t€(s,s+4]

Notice that the right hand side of the above inequality goes to —oco when § | 0.
For what concerns the stochastic integral, M;® is a martingale with bounded
quadratic variation:

oe
[M?%) S 5 (4.34)
Hence, from the application of Lemma 4.6 (with 8 = 0) both to M*¥>* and —M¥* we get
£ logPVs | sup +MP° >(| < —ﬁ (4.35)
N tels,s+40] K 2¢d’
which readily implies that
< Jog PV [ sup M7 > (| < < log2— —2 (4.36)
N te[s,s+§] N 205
Notice that in the last passage we used the elementary inequality:
log P (U Ui> <logn+ \/log P(U), (4.37)
i=1 i=1
for any given probability measure and any measurable sets Uy,...,U,,
EJP 25 (2020), paper 111. https://www.imstat.org/ejp
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Summing up the estimates for A* and M,”* we get

€ T c .
NlogélPN’€< sup g% () — pl (w)‘>€>

t€[s,s+4]
= flog floglPNs sup |y () — uiv’s(w)‘ > ¢
d te[s,s+4]
<—log —log2+max —logIPNE sup |Af’s|>g ,
N d N te[s,s+0] 2 (4.38)
ilogIPN’8 sup |MP°| > ¢
N te[s,s+4) 2
o 2
T (E —1-= ) € ¢?
<—log —10g2+max -, —log2 —
1) 20 (% o C) N (08
Taking the limit as ¢ — 0, N — 400 we get
i 3 T N,e N,e N,e
msup ~sup o log KP sup |y (@) — ps ()| > ¢
e—0  s€[0,7-4] t€ls,s+4]
N —o0
2 (4.39)
(5-1-9) ¢
<max{ ——F—— 4 —2—
20(§-c) O
Finally, when § — 0 we get the required result. O

Proposition 4.9. Let Assumptions 3.1, 3.2 hold. If s; € (1,1) and s, € (%,Jroo), then

lim hmsup © Jog PNe (TN =3 > 1) = —oc0 (4.40)
l=+o0 g0,
N—>+oo

Proof. From Theorem 2.7 we know that JV¢ admits a pathwise realization. Thanks
to (A.31), (A.32) (see Appendix) we know that

Z/ 14+ n2)~1 (1 + |k>) 2|2 (k)2 dk, (4.41)

n,m

where Z"(k) is given as in (A.28):

1 > N N N \/g N T N
ZWL _ € F ! s€ ,E m ! ;€ .
N gt / ) (J?Z y L )dt + N ;:1 /0 en,k(t’ X, )dWl(t)
;N r (4.42)
m N,e N,e N,e
* 2N Z Z k; /0 enr (b T)dl(2; )5, (@ Jmle
i=1 j=1

Relabelling the martingale part Z)";(k) := VE ey fo e, Y dWNE(t) (we em-
phasize the dependence on the final time) and using the growth conditions on F we
get

1Z3r (R) P < ey lI2 o Z (/ Ve 2dt+CT|k|2> +|Z0 (k)2

(4.43)
2 N,e 2 Zm 2
<C| sup / |z|?dpy C + k12 | + | Z0 ()%, for some C > 0.
te[o,7] JRd ’
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Now set vy =3  [ra(1+n?)"*1(1 + |k|?)~*>dk and denote by Z the counting measure
on {1,...,d} x N. Let us introduce the probability measure I' on {1,...,d} x N x R¢ by
the following

[(da) := v (1 +n?)"* (1 + |k[*)"*2d2(m,n)dk, a=(m,n,k). (4.44)

<y / \Zp(a) *T(da)
§v<1+ sup [ le2duiv’€>+v [12r@pPra),
t€[0,7] JR4

where we used the fact that [ (1 + [k|?) T'(da) < -+oc. Thanks to Proposition 4.7 we know
that

Then we have

(4.45)

lim hmsup logP™ [ 1+ sup / lzPdpl > 1| = —o0. (4.46)
l—+o0 NE*)O N te[0,7] JRd
—+o0

Let us now concentrate on the second term on the right hand side of (4.45). If
we define Z(a) := Z",(k), with ¢ € [0,T] then Z;(a) and Y;(a) := Z(a)? — [Z(a)]; are
continuous martingales. Hence

[ 1Zz@pra) = [ ¥ta

/ Z(a)}rT(da)

(4.47)
=: XT + /[Z(a)]TF(da)
We start by estimating the bracket between Z(a) and Z(b):
2(a), Z(0)) / cals,7) - ey, 7 )ds
N2 Z (4.48)
S *Ilealloolleb\loo S ﬁ
so that o
fy/ |ZT(a)\2F(da) <~Xrp+ We, for some C > 0. (4.49)
Concerning the bracket between Y (a) and Y (b) we have
t
V@V 0 =4 [ 2,07, 0)lZ(a). Z0)L
S N/ Z(b)?) ds (4.50)
2
€ €
= N )) ds + W
Let us now observe that the process X; := f Yt I'(da) is itself a martingale with
quadratic variation given by
X = [F(@. Y O)r @)
t 2
€ - €
<= [ Xds+ —
Sy /O s+ 17 (4.51)
2
€ - €
< — sup Xs+ —-
N s€0,t] N?
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Hence, from Lemma 4.6 and the computations above there exists C > 0 such that

- - _ Ce - Ce?
PYe (Xp > 1) =PNe <XT > 1, [X]r < — sup Xy + N2>
t€[0,T]

(4.52)
l2
< ex —_ .
=T ( C% I+ fv)>
So that recalling (4.49) we have
lim limsup — log PV ( / |Zr(a)*T(da) > l> = —o0, (4.53)
l=+o00 0, N
N—+o0
which, together with (4.46), gives the required result. O

Now we can state the main result of this section, whose proof is based on the
application of Theorem 4.3.

Theorem 4.10. The family of probability measures {PY:¢ o (u, JN¢)"1n . € 2(X) is
exponentially tight with speed /N.

Proof. We split the proof in two parts, showing the result for {P" o (¢V)~1}y . and
{PN:e o (JN)~1} v . separately.

Let us start with the family PV¢ o (JV:¢)~1. For every | > 0, define K; := {J € H *:
|J]12,-. <1}, which is compact with respect to the weak topology. Choosing s; € (3,1),
So € (%, +00), the exponential tightness directly follows by Proposition 4.9.

For what concerns the empirical measure we show that conditions (i)-(ii) of Theo-
rem 4.3 are satisfied.

(i) For every [ > 0 introduce the set K; C 22 (R%):

Kii={ne @Y [ JoPdua) <1) (4.54)
Rd

Thanks to Prokhorov theorem (see also (2.7)), K; is relatively compact in @1(]}{‘1) en-
dowed with the narrow topology, for every [ > 0. The application of Proposition 4.7
readily implies that

lim limsup ilogIPN’E (3t el0,T]: uly ¢ K;) = —o0. (4.55)
=400 Ng_m N
—00

(ii) For every f € C.(R?) define the map f € C(2(R%); R) by
fw) = | f@)du(z), pe PR (4.56)
]Rd

From [17, Thm. 3.4.4] and Section 2.1, we know that J := {f : f € C.(RY)} separates
points in 2 (RY) and it is an additive family, i.e. C.(R9) is closed under addition.
Therefore, from Theorem 4.3 it is enough to study exponential tightness of the family
(PN o ((uNe, ) ne € 2(C[0,T); R), where we tacitly assume that f(u)(t) = f (i),
whenever p € C([0,7]; 221 (R?)). Let us also notice that the same argument goes through
just considering smooth functions f € C>°(R¢), whose linear envelope is uniformly dense
in C.(R%).

Let us now apply Theorem 2.3 to the family PV o ((u™=, /)1 € 2(C[0,T];R).
Condition (a) in Theorem 2.3 is satisfied thanks to the continuity of the map f :
C([0,T); 21 (R%)) — C([0,T);R)). For what concerns point (b), let us fix a compact
set K C 2(RY) and use [23, Lem. 3.2] to select a countable additive family Fx C F
which separates points in K. From the application of Proposition 4.8 and [23, Lem. 3.3]
we finally conclude the proof. O
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4.2 Goodness of the rate functional

Here we present a direct proof of the goodness of I : X — [0,400] under less
restrictive assumptions than Hypothesis 3.4, for which a lower bound estimate holds
(see Section 5). Recall indeed that when a family of probability measures is exponentially
tight and satisfies a large deviation lower bound, then the associated rate functional is
automatically good.

Lemma 4.11. Let (u,J) € X with I(u1,J) < oo. Then there exists h € L?(Q, ji; RY) such
that

I 1
Fid) = 5 [0, bt Pt = IRl g e (@.57)

and the pair (i, J) satisfies

Oppy +divJy =0,  pli=o0 = po,
Jo = (F (- ) + h)

in the distributional formulation.

(4.58)

Proof. The variational formulation of the rate functional (4.1) and the linearity of the
map 71 — J(n) assures that for any c € R

T C2 T
eJ(n) ¢ / () - F ()t — S / i It )Pt < I, J), V€ C2(QiRY

2
(4.59)
The maximum on the left-hand side is reached in correspondence with
T
o )~ Jo (e, n(t,-) - F (o, pg))dt
= T
o (ues In(t,)*)dt
substituting it in (4.59) we get
T 2 T ,
T = [ ) Pl <20G0) [l @60
0 0

whence n — J(n) —fOth, n(t,-)-F(-, ju¢))dt is a bounded linear functional on C2°(Q, ji; R%)
which can be extended to L?(Q, ﬂ;]Rd). Thanks to the Riesz representation theorem
there exists h € L?(Q, ji; R?) such that

T T
() - / (enri(t, ) - F (- )t = / (ueai(t, ) - (e, ))dt. (4.61)
This implies that .
J(n) = / (ieai(t,) - (B i) + h(t, ) dt (4.62)

and (u,J) satisfies ¢y + div (F(-, ue)pe + h(t,-)pe) = 0 in a distributional sense (see
(2.25)). Given such a solution (p, J) we also get

T T
1= s [ ) e g [ e Pat)

neCe (Q;R4 2

1 [T ) 1 [T 9
= JR(t,)|PYdt—  inf = h(t, ) —n(t, )7 dt (4.63)
5 G Pae= e S GG < aoP)
1 [T 9
—5 [ e Ine ) ar,
0
which is the required result. O
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Lemma 4.12. Given | € Ry define X; := {(u,J) € X : [;a |z|[*duo(x) < 1} C X. Then, for
any ! € R, the rate functional I : X; — [0,+o¢] is good, i.e. has compact sublevels.

Proof. Let A :={(u,J) € X : (1, J) < a < +oo}. If (, J) € A we know from Lemma 4.11
that there exists h € L?(Q, ji; R?) such that d,p; + div (F (-, i1¢) + h(t,)) ) = 0 and

1 T

I(u, k) = §/ (e, |R(E, )PV dt. (4.64)
0

Fix | € Ry and take a sequence (u", J" = (F" + h")u") € ANX;. From [19, Prop. 5.3]

there exists a constant C, depending on C, T, a and [, |z|du§ () such that

sup / |lz2dpl (z) < C (1 —|—/ |ac|2d,ug(m)> <CO+1). (4.65)
tel0,7] JR4 R

To get the equicontinuity property, let us follow the strategy of the proof of Theorem A.2
in Appendix (part (i), step 3). In particular, for every n € IN we define (u™*),cw as
in (A.12) (using the characteristic equations associated with v™) and from (4.65), (A.14)
and (A.16) we get

sup sup/ |22 dul* (z) < +oo, lim sup Wi(u"* ) =0 (4.66)
n,keN te[0,T] JR4 k—+c0teio,1)

Now, for the empirical measures (u"*)icn the equicontinuity follows from the same
computation as in (A.15): if s <t € [0, T

Wa (i, ok <|t—s|/ leld™* () < 1t — s, (4.67)

where [ € R does not depend neither on k nor on n, thanks to (4.66). Employing [1,
Prop. 7.1.3] we have the finally get

Wi (s, pny) < hmlnf W (u*, "y < 1)t — . (4.68)

Thanks to estimate (4.65) and (4.68), Ascoli-Arzela theorem provides the required com-
pactness.

For what concerns the sequence J", let us denote v" (¢, z) := F(z, u}) + h"(t,z) so
that

T
@) = [ o) o (et Vo CFQIRY, Yne N, (4.69)
0
Hypothesis 3.1 and estimate (4.65) guarantee that
T
sup/ / lo™ (t, )| dul (x)dt < +oo. (4.70)
nelN Jo R4

Using the same strategy as in the proof of [1, Thm 5.4.4] we can deduce the existence
ofamap v : [0,7] x R — RY, such that v € L%(Q, ii; R?) and

T T
n—+4o0o 0 0

for every ¢ € C°(Q;RR?). Moreover, the continuity of the map F with respect to the

Wasserstein distance implies that v(t,z) := F(z,u) + h(t,z). This guarantees the

weak* convergence (against test function ¢ € C°(Q;R%)) of the R?-valued measures

J" :=v"u" towards the limit J := vpu.
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Let us now fix ¢ € H®. By density there exists a sequence ¢* € C°(Q;R?) such that
¢* — ¢ in H® and
T

J"(¢)=/O <M?,(¢(t,-)—¢’“(t,-))-v"(t,-)>dt+/0 (il @R () - v ()t (4.72)

To pass to the limit as k 1 +oco observe that H® — C%(Q), so that

T
/0 i |6t ) — 65 (8, )| Jo" (1, )t
1/2

T V2o
) (4.73)
< <A </~L?7 |¢(tv ) - ¢k(t7 )’2>dt> (A <M?7 |vn(tv )| >dt>

< cll¢ — ¢*||co) — 0, as k 1T +oo,

where in the last inequality we used the uniform bound (4.70). As a consequence we
have J"(¢) — J(¢) for every ¢ € H®, and we conclude. O

5 Large deviation lower bound

This section is devoted to the proof of the large deviation lower bound. The proof is
divided in two main parts: a first analytical step exploiting the deterministic recovery
sequence obtained in [19] and a second probabilistic part in which a suitable tilt of the
law associated with (3.1) is taken into account.

Notice that the construction of the recovery sequence in [19] requires the initial data
to have uniformly compact support. This motivates the introduction of Hypothesis 3.5
hereinafter. For what concerns the velocity field F', we will assume Hypothesis 3.4,
which easily guarantees uniqueness of solutions to (3.1) and of the Vlasov equation

Orpe + div ((F(z, pue))pee) = 0, (5.1)

as it is stated in Theorem A.2 in Appendix.

To derive the large deviation lower bound we profit of the link with the I'-convergence
of the relative entropy functional brefly introduced in Section 2.2 (we refer to [30] for
a detailed analysis on this topic). In particular we exploit the equivalence between
the lowed bound for the family of measures {P™< o (uV, JV¢)71}y . € 2(X) and the
I'-lim sup inequality for the associated relative entropy given in Theorem 2.5, point (a).

The application of the above result relies on the construction of a suitable recovery
sequence for which the entropy remains uniformly bounded. Such a sequence can be
obtained starting from the deterministic guess provided in [19, Thm. 3.2] which we
briefly report here.

Theorem 5.1. Let (1, h) € AC([0,T); 21 (R%)) x L?(Q, ji; RY) be a distributional solution
to Oyu+V-J =0, withJ = (F+h)ii < fi, and let uy € 2~ (R?) be a sequence of initial
measures with uniformly compact support such that Wl(uév7u0) —0as N 1 +oc0. Let
also I : AC([0,T]; 21(R%)) x .#(Q;R?) be the functional

L T . . _ 2 ~. d
I(M7 V) — {I(Mv h’) T fo <:U’ta ¢(h’(t5 ))>dt7 Ifd’/t ' hd/.Lt, helL (Q7 Un R ) (52)
400 otherwise,

where ¢ : R? — [0, +00) is a moderated convex function (in the sense of Definition A.1
in Appendix). If I(u,v) < +oo there exists a sequence (y™,h") € AC([0,T]; (RH)N) x
LY([0,T); (RY)N) with associated empirical measure o := o™ [y"V] (we use the conven-
tion introduced in Section 2.1, with o~ instead of i~ as not to generate confusion) such
that
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(@) oN[y)] = ul, for every N € IN;
(b) KN (t,z) := h(t,z) + F(x,0l) — F(x, ), foreveryz e R t e [0,T];
(c) For everyn € NN, the pair (y, hN) satisfies the following dynamic

dN

(d) The sequence of empirical measures o := o™ [y"] satisfies

sup sup Y(y)da (y) < +oo, (5.4)
NeN t€[0,T] JR4
moreover o™ — p in C([0,T); 21(R%)) and h™ o —* hy in .#(Q; R?);
(e) The following inequality holds
limsup I(o™Y, h™) < I(u, h). (5.5)

N —oo

Now, given the controls (yV,h’") € AC’([O T); (RHN) x L1([0,T]; (R4)™N) obtained in
Theorem 5.1 with the choice (- ) | - |?, we force equation (3.1) to satisfy the following
perturbed dynamic:

Az =" () = FN (@9 (1), ™ h@)dt+ b (¢, yN (1)) dt +edWi(t), 2V (0) =z}, (5.6)
where 7 = 1,..., N. Under Assumption 3.4 there exists a unique strong solution va ©h
to (5.6) with associated empirical measures

[T — Zamh (5.7)

Notice that the introduction of y” in the perturbed dynamic (5.6) (instead of relying on a
classical tilt of the measure) is mainly motivated by the uniform bound for the functional
I in (5.5). This will be crucial to apply point (b) of Theorem 2.5 to our setting, see in
particular estimate (5.29) below.

Let us start by proving the following

Proposition 5.2. Let Hypotheses 3.2 and 3.4 hold. Let P, € 2(C([0,T];(R%)N))
be the law of the solution to equation (5.6) with initial distribution ué\’. Recall that

oV := oN[y"], then for every § > 0
lim PYe( sup — > |2V @) — N @) > 6| =0, (5.8)
N s (te[o ) N Z‘ |
which in particular yields
lim P;* ( sup W2l o) > 5) =0. (5.9)
N t€[0,7]

Proof. Take the difference between equations (5.6) and (5.3):
t
e 0= () = [ (P07 6) = Py (5).47(5)) ds+ VEIW(0). (510
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From the Ité formula for ¢(x) = |z|?> we get
N,e,h 2
|27 (1) — ¥ (1)

= Q/Ot (F(xﬁ\ﬂe,h(s)wme,h(s)) —~ F(le(s)’yN(s))) . <xi\’,e,h(s) B yfv(s)) ds
+2\[/ a =" (s) — yN (s )) dW;(s) + 2¢t 5.11)

t
< [ (s
0

+f/ £ (s) — yN (5)) AW (s) + e

" (s) —y%)\ + Wi et o)) [«

")~y (s)] ds

Employing inequality W, (u=", o) < L SN |2V (s) — yN(s)| and averaging in N

we have

1 o Noeh Ny (2
3 [y g 1)
=1

2

—y; (s )‘ d3+/0t ;,ﬁ:‘m;vgh(s)—ij(s) ds

(5.12)

>k
/ 20 (s) g () AWis) + et
w2l

2\3 2\
HMZ ”MZ ||Mz

—yN(s )’ ds 4+ M5 (t) + et,

where we shorthand M, (t) := % PR fg(mfvah(s) — yN(s))dW;(s) for the martingale
part. Using the Gronwall inequality (2.2) we firstly get

N t

1

¥ E }mfv’g’h(t) - le(t)‘2 Set+ M}le’a(t) + / (53 + M,]LVE(S)) eCt=5)qg
— 0

(5.13)
S e+ sup My (s),
s<t
from which
SliIt)WZ (ul=h oMy <C(5—|—stg>M}]LV’€(s)) : (5.14)

for some constant C' > 0. Employing now Lemma 4.6 to control the martingale term
M }]LV ’E(t), if we proceed as in Proposition 4.7 (notice that the initial data cancel out) we
easily get that

N
1
P, sup—Z}fo’g’h(t)—yfV(t)|2 >8] —0, if N 4 400,¢ ] 0, (5.15)
s<t IV i=1
which is the required estimate, due to the arbitrariness of § > 0. O

The corresponding result for the associated currents is contained in the following
Proposition 5.3. Let P, © ¢ @(C([O,T]; (RY)N)) be the law of the solution to equa-

tion (5.6) with initial distribution Y and define the control measure v~ := (F~ +h™)o™
where FY (t,z) :== F(z,0]). If Hypotheses 3.2 and 3.4 hold, then for every § > (
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. € 15 2 [ee)
tim PN (|7V< ) = w¥(n)]” > 8) =0, Ve CE(QRY. (5.16)
N—+oo

Proof. Let us start by writing the two currents:

N T
NN ) = > / n(t, o) - (Fa =" 0),a™ " 1) + hN (N (1)) dt
N T N T
+‘Jf; /O n(t, xS () AW (1) + Jf]; /O div(n)(t, 2= (e)dt  (5.17)
N T
o= 3 [ it ) (O 0. 0)+ 1wl @) a

where we can assume 7 € C°(Q; RY) (henceforth we also employ the Lipschitz character
of the map = — 7(t, z). Hence
[T ) = o ()

2

n
< 1 N T N,e,h F(gNeh N,e,h N F(uN N d
N; / (n(t 2" 0) - B =" (1), ™ (0) =n(t y¥ (1) - Flu (8), y™ (1) ) dt
2
—|—‘M;LV’E(T)—|—5‘2

! Z/ = 0) =ty (@) - B @ (1)

=T+ IT+1II, (5.18)

where we shorthand M<(t) := Ve ZZ 1 fo ze (£))dW;(s). We study the three
terms separately.

1 r . ’
12|y 2 [ (o) - ntea ) O 0.0 O
N T 2
¥ ]1@;/ (e 2 0) - (B =R (0,2 0) - PN 0.9 (1)) dt

(5.19)

where we used the inequality Wi (u; ", o) < LSV (2" (1) — yN ()| and subse-
quently the uniform control (5.4) given in Theorem 5.1. The second part can be estimated
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in a similar way

< Z/ =" () =,y (1) t‘ dt) (;;Z/OT tyf(t))fdt)

i=1

:cﬁv’s’h(t) _ y{V(t)]2> , (5.20)

from the uniform bound on 4 Zfil fOT |h(t7 yN (1)) ]2 dt given by Theorem 5.1(e). Hence,
for some constant C; > 0,

N

C
Py (I+11>68) <P | sup — Y
t€(0,T i=1

a e () — yfv(t)’2 > 5) — 0, (5.21)

as N T +oo and € | 0, thanks to Proposition 5.2. Concerning the last term, there is Cy > 0
such that [M, |7 < C> %, and employing Lemma 4.6 we deduce that

P (£MYA(T) > 0) < e 2, (5.22)

From inequality (4.37) we easily get
P (|M,]LV7€(T)\2 > 5) <2 V3 50, as N1 +oo, £ 0. (5.23)
Collecting the estimates (5.21) and (5.23) we get the required convergence. O

Theorem 5.4. Let Hypotheses 3.4 and 3.5 be in force. Then for every open set O C X it
holds

g
liminf — log PN5 (N, JN¥) € O) > — inf I(p,J). 5.24
;%E;N og P™<((u )€0) > (f?)eo (1, J) (5.24)

Proof. Assume that I(u,J) < +oo, otherwise the result is easily true. Lemma 4.11
guarantees that dJ = hdy, for some h € L?*(Q, i; R?) and

1 T
Tuh) = 5 [ eyt (5.25)

under the constraint 9y, + div ((F(z, ue) + h(z,t))p) = 0.
Introduce now the martingale

N t
1
RYEh = — / RN (t, ylN (s))dWy(s), (5.26)
where 3V, i = 1,..., N, are solutions to the deterministic equation (5.3) given in Theo-
rem 5.1. The associated quadratic variation has the form
[RN=h], = Z/ \RY (t, 4N (5))|?ds, (5.27)

and it is uniformly bounded as N 1 +oo thanks to Theorem 5.1-(e). In order to apply
Theorem 2.5 we introduce the probability measures

P,¢(dw) = exp (RNE h [RN’E”‘]T> (w)P(dw)
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from which we define ]P,]l\”s = ]?;LV’E o (zV=")~1, where xiv"s’h solves (5.6), i =1,...,N.
Taking advantage from the general inequality (2.12) we get

H (IP,]:[’E o (uN, TN PNE o (uN, TNE) " ) < H(P)<|PY<) < H(P°|P)  (5.28)
Then we can compute the rescaled entropy

P W 1
% H(]Piv’EHP) = i]EQLE <R¥,E7h _ 2[RN7E,}L]T>

— N EY: (252/ RN (&, yN (1)) dt) (5.29)

1 /T N
=5 [ N P < e

where in the second equality we used Girsanov theorem, stating that R,fv &h — [R5, is

a martingale with respect to IP Ne and it has null expectation. The last equality comes

from the fact that oY = oN[yN] = L SN, d,~ (¢ is deterministic and uniformly bounded.
Employing now Theorem 5.1 (with ¢(:) = | - |?) we finally get

1imsupiH(]P;y’E PY) = lim sup = / / RN (¢, ) *do} (x)dt
e—0 N N—>+oo R4

N —+o00 (5‘30)

1 /7 )
<5 / /R JR(t, ) Pdu ()t = TG, ),

which is the required bound. To conclude the proof it is enough to show that ]PhN ‘o
(phoeh, gem)=t x5, 1,y as N 1 +oo,e | 0. With the notation §,, ,) we mean the proba-
bility measure concentrated on the solution (u, k) to dyu, +div ((F(x, ) + h(z,t))p) = 0.
But this is a consequence of the estimates given in Proposition 5.2 and Proposition 5.3.
Indeed, take a function ¥ € C,(X) and define the sets By'* < C([0,T]; (R)N):

S s€, o0 £, 2
By ;_{ sup W3 (py =" 5V)>5} {31}60 (Q:RY) « [JN=h () — N () >5}.
te[0,T]

For every | > 0, from the continuity of ¥ there exists 6 = §(N,¢) > 0 such that
c

(W (pNoeh gNehy (N yN)| < 1/2in (B(;V’E) . Then it holds

l

\I/(,U,N’E’h, JN,E,h) _ \I/(O'N, VN)‘ dPhN,E + §

B, e w5 [

l
SIP;V’E(BQ’EH? (5.31)
where we took advantage of the continuity and boundedness of ¥. Thanks to Proposi-
tion 5.2 and Proposition 5.3 there exist N, & such that ]P;:[’E(Bév’s) < % for every N > N,

€ < &, hence
E) U (pNeh gvety — g oV, vN)| <1, YN >N, Ve<e

Employing the continuity of ¥ and the convergence of the sequence (oV, ") — (u, hy)
in X we easily get
N.e €y e
YW (N TV W, ),

which is the required convergence. O
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5.1 Proofs of the main results
Now we can conclude the proof of the main theorems collecting the results obtained
above.

Proof of Theorem 3.7. Thanks to Hypothesis 3.4 the existence and uniqueness for the
system (3.1) is fairly standard. Let us denote by ¢V € C([0,T]; #(R?)) the empirical
measure associated with the deterministic system

d n

G O =F@l(0),2V(), i=1-- N a0 ==,

(2

and by 7V € . ([0, T] x R%,R?) the vector-valued measure
1 7
PN =+ Z/ n(t, 2 (t) - F(z (1), 2 (t))dt, Vi e CF(Q;RY)
i=1"0
Employing Propositions 5.2 and 5.3 in the simpler case hY =0 we get

lim PNe ( sup W2(ul<,aN) > 5) =0,

e—0
NS oo telo,7] (5.32)
. N Ne( N =N \|? _
tim P (7<) = oV ()|* > 6) = 0,
N—+oc0

for every n € C°(Q; R%). On the other hand, from a compactness argument analogous to
the one in the proof of Theorem A.2 (part (i), steps 3-4) there exists (u, ) € X such that

lim  sup Wi(6{, ) =0, lim |#Y(n) —v(n)| =0, VneCX(Q;R?), (5.33)
N‘H"OOISE[O,T] N—+oc0o

where dv = F(-, u)dp and Oy puy + div(F (x, pe)ie) = 0 and the solution is unique, thanks to
Theorem A.2 in the Appendix. The combination of (5.32) and (5.33) finally guarantees
the result. O

Proof of Theorem 3.8. Part (i) of the theorem follows by Lemmata 4.12 and 4.11. Part (ii)
is a consequence of Proposition 4.2 and the exponential tightness proved in Theorem 4.10.
For what concerns Part (iii) we refer to the proof of Theorem 5.4. O

6 More general diffusions

Up to now we dealt with additive stochastic perturbation to deterministic interacting
particle systems. The purpose of this section is to briefly discuss the derivation of a LDP
for a more general class of perturbations, which can also depend on the position of the
particles as well as on the empirical measure. In this case, under suitable assumptions, a
LD upper bound can be proved adapting the strategy proposed in the previous sections.
However, the proof of LD lower bound is more delicate as it relies on the formulation of a
I'-convergence result for a deterministic dynamic, in the same spirit of 5.1. A well-suited
generalization of this result for more general cost functional could be object of further
investigation.

We introduce a diffusion matrix G : R? x (R4)Y — R%*? so the the stochastic dynamic
becomes

dzNe(t) = F(a o (1), ™2 (8))dt + e Gz = (t), 2™ 5 ()dW,(t), i=1,---,N, 6.1)
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with associated empirical measure and stochastic current given by
1 & 1T
Ne  _ , - N, N,
B b P = 5 2 [ atal @)ea . 62
i=1 i=1

In order not to weight the notation we use again ;rfv €,i=1,..., N, to denote the solution
to 6.1, where now the diffusion coefficient is not trivial. Notice the action of the diffusion
matrix G on the quantities in (6.2) is hidden in the terms vas i=1,...,N.

Formally, the presence of a diffusion matrix induces a modified scalar product on
the tangent space of the space of probability measures at a given point ;. Denoting
with 8, (R?) the space of symmetric positive matrices and given a metric tensor B :

RY x 2 (R?) — 8§, (R%), we define

<v,w>LzB(#;Rd) = /]Rd Bv - w dpu.

This motivates the introduction of the modified Lebesgue spaces L% (Q, fi; RY) := {f :

Q — R? measurable : ||fH2L2B(Q,ﬁ;Rd) < 400}, where

T
17125 @uasmey = /Q Bf-fdi= [ [ Bl f.a)- f0.2) duaar

Hereafter we suppose that the following conditions are satisfied.

Hypothesis 6.1 (Diffusion). The function G : R? x 22, (R?) — R%*? is measurable,
bounded and Lipschitz regular: there exists L' > 0 such that for every z,z’ € R?,
i € P (RY)

Gz, 1) = G’ 1) < L(lw — 2" + Wi, 1)) -

Moreover G it is non-degenerate in the following sense: for every x, A\ € R? and 1 €
21 (RY) it holds

1
Az, )X -\ > Km?, with A > 0,

where A(z, 1) := G(z, u)G" (z, u). When G : RY x 22N (R%) — R%*¢ we can alternatively
consider it as a symmetric function G : R? x (R?)" — R?*4, thanks to the identifica-
tion (2.9).

Let us briefly comment on the (quite strong) requirements in Hypothesis 6.1 once the
drift term fulfils Hypothesis 3.1. Following [36], if the drift term b is merely measurable
and sublinear, strong existence (and uniqueness) of a solution to the general SDE
dY; = b(t,Y;)dt + o(t, Y:)dW,; can be obtained when ¢ is Lipschitz with sublinear growth
and non-degenerate (in the sense of the above definition). Notice that if 0 a square
(d x d)-matrix, the non-degeneracy condition readily implies that o is invertible. Hence,
under Hypothesis 3.1 and 6.1 strong existence and uniqueness of a solution to the
particle system (6.1) easily follows.

Remark 6.2. For what concerns strong wellposedness of the associated McKean-Vlasov
equation (in the limit as n — +o00) various results can be found in literature. We refer
to [31] for the “true McKean-Vlasov case”, where quite general conditions also on the
diffusion are considered. Let us also mention the recent contribution [27] where the
authors remove the non-degenracy conditions on the diffusion prescribing its behaviour
on the singular point of the drift.
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Theorem 6.3 (LD upper bound). Let I : X — [0,+oc] be the functional (given in a
variational formulation)

T
1) = sw {0~ [ et Bl
n€C (Q;R4) 0

and define X; := {(u,J) € X : [a |z|*dpo(2) < 1}. Then

(i) If Hypotheses 3.1 and 6.1 hold the rate functional I : X; — [0,+o0] is good.
Moreover, when I(p,J) < +oc there exists h € L% _.(Q,i;R?) such that J =
(F +h)p,

T

Tod) =5 [ e A7 () Bl )= S0 ey (64)
and the pair (u, h) satisfies Oy + div (F(-, ) + h) e = 0 with p(0) = po, in a
distributional sense.

(ii) Under Hypotheses 3.1, 3.2 and 6.1, the family of probability measures {P™V- o
(uN, IV 1Y N . € P(X) satisfies a LD upper bound on X with speed ¢/N and rate
functional I : XX — [0, +o0]:

Proof. The proof follows with minor changes with respect to the strategy adopted in the
previous sections.

The variational representation of the rate functional (as well as the upper bound
on compacts) can be derived as in the proof of 4.2 once the following martingale is
introduced

n._ Ve [ s, 2% (s 2N (s), 2N (s (s
M= 30 3 [l G0 2 )i (6.5)

where the associated quadratic variation is given by [M"]; = & fot (e AC, plNe)n(s, ) -
7(s,-))ds. Exploiting the (uniform) boundedness of G(-) the proof of exponential tightness
can be repeated verbatim. This produces the required LD upper bound on closed
sets. For what concers the explicit representation of the rate functional, the proof
of Lemma 4.11 has to be repeated substituting L?(Q, ji; R?) with the modified space
L4 (Q, f;; R%) induced by the diffusion. In this regard, notice that the boundedness
of G implies that A(z, )X - A < 1|A|? and that given k € L2 (Q,1;R?) it holds Ak €
LZ,I(Q,ﬂ;Rd). O

Remark 6.4. As already mentioned at the beginning of the Section, Theorem 5.1 cannot
be directly applied to this more general context so that the derivation of a LD lower bound
is not straightforward. This is related to the form of the functional fOT P(h(t,z))dpdt in
which a spatial/measure dependence is not taken into account. It could be interesting to
investigate a I'-convergence result for more general cost functional of the form

T
Hoh)s= [ [ wtehlto). )t

where 1 : R? x R x 2 (R?) — [0,+00) is a continuous convex function such that e.g.
for every z,h € RY and p € 2 (RY) it holds [¢(x, h, p)| < C(1 + |h|?), for some C > 0.
Combined with the perturbation strategy adopted in Section 5, this would be enough to
get also the LD lower bound.
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A Appendix

In the first part of the Appendix we present a wellposedness result for a class of
(nonlocal) Vlasov-type PDEs. We make a distinction between assumptions for existence
and uniqueness of a solution and we furthermore pay attention to the regularity of
the initial measure. More precisely, point (i) of the theorem below generalizes the
classical existence result to non-Lipschitz vector fields and seems to be new. For sake of
completeness, we also provide a proof of the (classical) points (ii) and (iii).

Let us start with a preliminary definition.

Definition A.1. A function ¢ : [0, +00) — [0, +0o0) is admissible if ¢ € C! with ¢(0) =
¢'(0) = 0, it is strictly convex, superlinear and doubling. We say that a convex function
¥ : R? — [0, +00) is moderated if there exists an admissible function ¢ and a constant
C > 0 such that

é(|z]) — 1 < 1p(x) < C(1 + ¢(|z|)) for every x € R?. (A.1)

Theorem A.2. Let v : [0, 7] x R? x 2 (R%) — R? be a measurable vector field satisfying

oty 2, )] < e(t) (1 wlal+ [ x|du<x>) , a.2)

with ¢ € L'(0,T). Moreover, suppose that (t,z) — v(t,z, 1) is a Caratheodory function
for every i € 2 (R?) and

sup sup |v(t,z,p") —v(t,x,u)| — 0, vVC e R, (A.3)
z€C te[0,T]

whenever Wy (u™, 1) — 0 as n T +oo. The following results hold true

(i) If po € 2(RY) and [y, v (x)dpo(z) < +oo for a moderated convex function v :
R? — R, (in the sense of Definition A.1), then there exists a distributional solution
e C([0,T]; 21 (RY)) to the equation

Orpe + div(v(t, z, py)pg) =0 (A.4)

with initial datum p(0, z) = po(z).
(i) When the map (x, u) — v(-,x, u) is Lipschitz:

|’U(t,l‘,,u) - ’U(t,y, V)‘ <L (‘1‘ - y‘ + Wl(ua V))7 Va,ye Rd7 MV € yl(Rd)7
(A.5)
then equation (A.4) admits a unique solution.
(iii) Ifsupp(uo) C C, for some compact set C € RY, then there exists R > 0 such that
supp(ut) C B(0, R), for every ¢ € [0,T].

Proof. In the proof assume for simplicity that the function ¢ € L!(0,T') appearing in (A.2)
is actually constant. For the more general case the technique is equivalent.

(i) Let us divide the proof in several steps.

STEP 1: (A priori estimate) Suppose here that there exists a solution to equation (A.4).
Thanks to [19, Prop. 5.3] we can find an admissible function 6 : [0, +00) — [0, 4+00) in the
sense of [19, Def. 2.2] such that

sop [ 0(eliate) <0 (14 [ vloniute)). (A6

te[0,T] JR

where the constant C' depends only on ¢, T, [, |#|duo(x) and the doubling constant K
of 0.
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STEP 2: (Approximation of initial data) Starting from iy € Z(R%) we define a
sequence of compact sets A; with the property

1
Ap C A, po(Ax) < 4 Tim po(Ay) = (UA)

We introduce the normalized measures pf € Z(R%)

'uk‘. 1
O po(Ak)

and using Beppo Levi monotone convergence we get

/’LOI—AIW ,UISA,UOv ask*)+OO,

lim (A.7)

k—+o00

d,UO / Y(z)dpo(x

IRd

Thanks to the compactness of A there exists a sequence of empirical measures ,u’g"m
such that

m
k.m k
7251j,k’ o — pg, asm — 400.
—

Moreover, 1 is bounded and continuous on A; so that

Jm [ vt / b(a)dub(a)| = o.
This implies that for every & € IN there exists m(k) for which
1
/ Y™ @)~ [ )| < 7 (A8)
R4
. _ k,m(k)
and if we define i} =y it holds that
i | [ vl - [ o) - a.9)
k—4oc0 Rd R4

where we used (A.7) and (A.8). This easily implies that Wi (fif, o) — 0, when k 1 +oo0,
thanks to the superlinearity of v). Moreover

sup Y(2)dih (x) < +oo. (A.10)
keN JRd
STEP 3: (Compactness) Given k € IN, from the previous step we get a finite set of
initial data x’&l, . ,x’& i € R9, hence we can introduce the system of characteristics

{xi;(t) =v(t, 2k (), x(t)  te[0,T) A1l
Existence of a solution to (A.11) is guaranteed by the regularity of v. Indeed, defining
V(t,z) == (v(t,z1,2);...;v(t,xk, x)), the system can be written as z(t) = V (¢, z(t)),
where V is Charateodory thanks to the continuity of v w.r.t x and condition (A.3). Now
we can associate to (¢) the empirical measure

k
1
py = EZ%“)’ vt e [0,T], (A.12)
=1
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which actually solves equation (A.4) with initial condition 1/k Z
show (see e.g. [19, Lem. 4.1]) that

sup/ leduf(ws(?(H/ ledu’é(a:)), (A.13)
te[0,T] JRd R4

where the constant C' depends only on C,7T. Thanks to the apriori estimate given in
step 1 and the uniform control on the initial data in (A.10) we actually get a stronger
estimate

=1 zk RO is easy to

sup sup / 0(|z])dpf (z) < +o0. (A.14)
keN ¢€(0,7] /R4

Furthermore, if s <t € [0,T] we compute

k k t

S let) — o] < £ 3 [ otk ar
— S x kiC — S

! |A¥|MM()§”f l

W (uk, py) <

=
Pr'M—‘

(A.15)

IN

for some positive constant [ € R independent of k. From the application of Ascoli-Arzela
theorem we get the existence of a limit curve p € C([0,T]; 221 (R?)) such that

lim  sup Wi(uf,p) =0 (A.16)
k=00 te[0,1)

STEP 4: (Identification of the limit) To show that the candidate limit is a solution to
equation (A.4) let us check that for every € > 0 there exists k such that for every k > k&

t t
/ Vo(x) - v(t, o, uf)duf (z)dt — / Vo(z) - vt z, p)dp(x)dt| <e,  (A.17)
0 JRd 0

R4

for every ¢ € C}(Q;R%). Thanks to (A.16) there exists a compact set C C R? (see e.g.
[19, p. 22]) such that

mmt/ (14 fef) due + 1F) < e
te[0,T] JRI\C

Hence (A.2) assures that

o(t,z, ) dul (z dt—/ / cv(t, z, p)dpg (x)dt] < 2e.
Rd\c
(A.18)

]Rd\C’

It remains to estimate

/V¢ v(t,z, tf)dpk (x )dt—/ / Vo(x v(t,x,ut)dut(x)dt‘

/ Vo(x) - (v(t,z, uk) — v(t, z, 1)) dﬂf(m)dt‘
(A.19)

/v¢ txmwwmmwm4

t
<sup sup folt,a )~ ot )|+ [ [ (1) (@) - dpuo)
zeC te[0,T) 0o JC

Using (A.3) and (A.16) we can find k such that for every k > k the above quantity is
controlled by ¢. This conclude the proof, as the other terms of the (weak formulation of
the) equation easily pass to the limit.
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(ii) In the following, given a Borel vector field w; and the system of characteristics
iy = w(t, z;), we will write T; : RY — R? for the associated flow: T;(zq) = x;, for every
t e [0,7].

Let us now assume that condition (A.5) is in force and fix v € C([0,T]; £ (R%)). Then
we have

w(t,z,v)| <c(L+[z])  and  |v(t,z,v) =ty )| < Lz —yl, Va,yeRY

and from the general theory (see e.g. [1, Prop. 8.1.8]) the system of characteristics
&+ = v(t, x4+, v¢) admits a unique solution J7 (z¢) = z; which is globally defined in [0, T
for uo-a.e. xo € RY. Moreover, p; = (T¥)suo for every ¢ € [0, 7] is the unique solution to
Owpe + V- (v(t, x, i) ) = 0. Let us show that the map v — J” is a strict contraction in
the space C([0, T]; 2, (RY)).

From the a priori estimate (A.6) we already know that the map T : C([0, T]; 22, (R%)) —
C([0,T); 21 (R)) is well defined. Given v!, 1% € C([0,T]; 2;(R?)) we can compute

‘IV ‘_ t _xt / |’U Ty 7Vs —’U(S, Ty , 5)|ds
gL/ (la" — a2+ Wa(,2)) ds (A.20)
0
< Lte' sup Wi(v! vy, f)
s€[0,T]

where we used Gronwall inequality in the form (2.2). Hence

Wi ()t (97 i) < [ |77 ) = 77 )] dioty)
e (A.21)
SC(t) sup Wl( Vg, s)

s€[0,T]

where C(t) — 0 as t | 0. If we choose T so that C(T) < 1 we get

sup Wi (77 )s(ko), (77 (o)) < sup Wik v),
te[0,T) s€[0,T]

which assures the existence of a unique fixed point of the map 7. Using global existence
in time of the solution the argument can be easily extended to prove uniqueness on the
whole interval [0, 7.

(iii) When supp(uo) C C, we firstly select zf ;,...,z(, € C and i := p*[xo] with
the property that Wi (uo, #5) — 0 as k T +oo. Let us now estimate the growth of |z (¢)],
i=1,...,k, by writing

b1 <1eb 1+ [ otz (0) s
(A.22)
< . |$ol|+0/ (1+2 max, |z (s )|) ds.
ek 0 i=1,...,
Denoting by R := max{|z|: z € C} and using Gronwall lemma we get that
sup max \x (t)] <R, (A.23)

te[0,T] =1

where R = (R + cT)e*”. Then, if we define p¥ := p¥[x;], it holds that the family
pr € C([0,T); 2,(B(0,R))) is uniformly supported in B(0,R). Using a compactness
argument as in part (i) of the proof, we easily get that the limit measures also satisfy
SUPeo, 7] Supp(pe) C B(0, R) and we conclude. O
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Let us finally show the following

Proof of Theorem 2.7. The proof follows the same lines of [3, Thm. C.1] (see also [18]).
We sketch here the main steps of the proof for the convenience of the reader.

Step 1. There exists C € L?(Q; R ) such that |J(n)| < C(w)||n|| z-. To prove it, let us
write

J(n):/ n(t, X¢)dX, + Z/ SZZ )A[M;, M), (A.24)
J

0

and use Fourier inversion formula along with stochastic Fubini theorem. Precisely, define
the functions e, : Q — C*

. 2—6np0 nrt) e
enn,k(tam) = T Ccos (T) Wem, (A.25)
where ¢ ..., e, is the canonical basis in R? and n € Z,, k € R%. Given 7 as above we

denote by 7/ (k) its Fourier coefficients:

/ / n(t, z)dadt, (A.26)
Rd

where * denotes the complex conjugation. Hence, using [18, Lemma 8] we get that IP-a.s.
o)=Y [ iz, (a27)
R4
where we set

T
Z:Ln(k) = / eﬁk(t,Xt) o dXt
0
T . d T (A.28)
i .
- / epp(t, X)X, + o >k / e (t, X)d[ X7, XM,
0 A 0
j=1
The above coefficients can be controlled in L?({2) with a constant C' = C(T, d):

2 2

T
E (|Z,’L"(k)|2) =2E + 218 / en i (t, X¢)dV;
0

T
/ emk(t,Xt)th
0

d T 2
LOWEYE / e (1, X,)d[X7, X,
j=1 0

< 2llep 1% (B[M]7 + E|V|r) + ClkPllef eI Y ((X7]r + [X™)7)
J

(A.29)

< C(1+ k),

where we used the fact that [X7, X™]; has bounded variation and can be written as
1[X7 + X™], — 1[XJ — X™],. Moreover we supposed that E[M|r + E|V|r + [X’]p < C: a
rigorous localization procedure to justify this bound can be found in [18, Thm. 9]. Now if
we extend 7 to an even function on [T, T}, an equivalent norm in H? is given by

Il = 30 [ () (0 ) ()P (4.30)
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Hence, applying Cauchy-Schwartz inequality in (A.27) we get

1T < ClInl%-, (A.31)
where
€:= Z/ (1+n2) 7" (1 + [k[2) 72| 2 (k) [2dk (A.32)
n,m ]Rd
and
EC < CZ/ (14+n?) "5 (1 4 [k*) 52T dk < oo, (A.33)
n Rd

due to the choice of (s1,s2) € (3,1) x (%52, +00). So that [J(n)| < C(w)||n| &--

Step 2. We show how the previous step guarantees the existence of the map J.
Let ® : Q@ — H” a simple function defined as ® = ), n;1q,, where n; € H® and (;) a
finite partition of 2. Consider the functional

B(®)=E (Z J(m)mi) . (A.34)

From the previous step and Cauchy-Schwartz inequality we have

|B(®)| <E (Z e||771:||H5101,> < Cll2@)lI®llL2(0:m), (A.35)

so that B is a linear and bounded operator, whence extendible by density to L?(Q; H®).
By Riesz representation theorem there exists ¥ € L?(2; H™®) such that

E (<\I/, 77>].Q/) = B(ﬂlgz/), v C Q,?] € H’. (A.36)
From the arbitrariness of )’ we get that (¥, n) = J(n) P-a.s., and choosing any represen-
tative J : Q@ — H~° of ¥ we get the required result. O
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