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Abstract

In this paper we present a variational technique that handles coarse-graining and passing to a limit
in a unified manner. The technique is based on a duality structure, which is present in many gradient
flows and other variational evolutions, and which often arises from a large-deviations principle. It has
three main features: (A) a natural interaction between the duality structure and the coarse-graining, (B)
application to systems with non-dissipative effects, and (C) application to coarse-graining of approximate
solutions which solve the equation only to some error. As examples, we use this technique to solve three
limit problems, the overdamped limit of the Vlasov-Fokker-Planck equation and the small-noise limit of
randomly perturbed Hamiltonian systems with one and with many degrees of freedom.
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1 Introduction

Coarse-graining is the procedure of approximating a system by a simpler or lower-dimensional one, often in
some limiting regime. It arises naturally in various fields such as thermodynamics, quantum mechanics, and
molecular dynamics, just to name a few. Typically coarse-graining requires a separation of temporal and/or
spatial scales, i.e. the presence of fast and slow variables. As the ratio of ‘fast’ to ‘slow’ increases, some form
of averaging or homogenization should allow one to remove the fast scales, and obtain a limiting system that
focuses on the slow ones.

Coarse-graining limits are by nature singular limits, since information is lost in the coarse-graining
procedure; therefore rigorous proofs of such limits are always non-trivial. Although the literature abounds
with cases that have been treated successfully, and some fields can even be called well-developed—singular
limits in ODEs and homogenization theory, to name just two—many more cases seem out of reach, such as
coarse-graining in materials [dPCO07], climate prediction [SATS07], and complex systems [FR07, NN12].

All proofs of singular limits hinge on using certain special structure of the equations; well-known ex-
amples are compensated compactness [Tar79, Mur87], the theories of viscosity solutions [CIL92] and en-
tropy solutions [Kru70, Smo94], and the methods of periodic unfolding [CDGO02, CDGO08] and two-scale
convergence [All92]. Variational-evolution structure, such as in the case of gradient flows and variational
rate-independent systems, also facilitates limits [SS04, Ste08, MRS08, DS10, Ser11l, MRS12, Miel4].

In this paper we introduce and study such a structure, which arises from the theory of large deviations for
stochastic processes. In recent years we have discovered that many gradient flows, and also many ‘generalized’
gradient systems, can be matched one-to-one to the large-deviation characterization of some stochastic
process [ADPZ11, ADPZ13, DPZ14, DPZ13, DLZ12, MPR14]. The large-deviation rate functional, in this
connection, can be seen to define the generalized gradient system. This connection has many philosophical
and practical implications, which are discussed in the references above.

We show how in such systems, described by a rate functional, ‘passing to a limit’ is facilitated by
the duality structure that a rate function inherits from the large-deviation context, in a way that meshes
particularly well with coarse-graining.

1.1 Variational approach—an outline

The systems that we consider in this paper are evolution equations in a space of measures. Typical exam-
ples are the forward Kolmogorov equations associated with stochastic processes, but also various nonlinear
equations, as in one of the examples below.

Consider the family of evolution equations

atps _ NEPE,

ps‘t=0 = 087

(1)

where A€ is a linear or nonlinear operator. The unknown pf is a time-dependent Borel measure on a state
space X, i.e. pf:[0,T] = M(X). In the systems of this paper, (1) has a variational formulation characterized
by a functional I¢ such that

IF>0 and p° solves (1) < I°(p°) =0. (2)

This variational formulation is closely related to the Brezis-Ekeland-Nayroles variational principle [BE76,
Nay76, Ste08, Gho09] and the integrated energy-dissipation identity for gradient flows [AGS08]; see Section 5.

Our interest in this paper is the limit ¢ — 0, and we wish to study the behaviour of the system in this
limit. If we postpone the aspect of coarse-graining for the moment, this corresponds to studying the limit
of p® as € — 0. Since p® is characterized by I¢, establishing the limiting behaviour consists of answering two
questions:

1. Compactness: Do solutions of I¢(p®) = 0 have useful compactness properties, allowing one to extract
a subsequence that converges in a suitable topology, say ¢7



2. Liminf inequality: Is there a limit functional I > 0 such that
p° = p = liminf I*(p%) > I(p)? (3)
And if so, does one have
I(p) =0 <= psolves dyp = Np,

for some operator N/?

A special aspect of the method of the present paper is that it also applies to approximate solutions. By this we
mean that we are interested in sequences of time-dependent Borel measures p° such that sup,. I°(p°) < C
for some C > 0. The exact solutions are special cases when C' = 0. The main message of our approach is
that all the results then follow from this uniform bound and assumptions on well-prepared initial data.

The compactness question will be answered by the first crucial property of the functionals I¢, which is
that they provide an a prior: bound of the type

S°(p;) +/0 RE(p5) ds < S%(pg) + I°(p°), (4)

where pi denotes time slice at time ¢ and S® and R® are functionals. In the examples of this paper S°¢ is a free
energy and R° a relative Fisher Information, but the structure is more general. This inequality is reminiscent
of the energy-dissipation inequality in the gradient-flow setting. The uniform bound, by assumption, of the
right-hand side of (4) implies that each term in the left-hand side of (4), i.e., the free energy at any time
t > 0 and the integral of the Fisher information, is also bounded. This will be used to apply the Arzela-Ascoli
theorem to obtain certain compactness and ‘local-equilibrium’ properties. All this discussion will be made
clear in each example in this paper.

The second crucial property of the functionals I¢ is that they satisfy a duality relation of the type
I*(p) :Sl;pf(p, ), ()

where the supremum is taken over a class of smooth functions f. It is well known how such duality structures
give rise to good convergence properties such as (3), but the focus in this paper is on how this duality structure
combines well with coarse-graining.

In this paper we define coarse-graining to be a shift to a reduced, lower dimensional description via a
coarse-graining map £ : X — ) which identifies relevant information and is typically highly non-injective.
Note that £ may depend on . A typical example of such a coarse-graining map is a ‘reaction coordinate’ in
molecular dynamics. The coarse-grained equivalent of p° : [0,T] — M(X) is the push-forward p° := £4p° :
[0,T] - M(Y). If p° is the law of a stochastic process X¢, then £4p° is the law of the process £(X°¢).

There might be several reasons to be interested in &xp® rather than p° itself. The push-forward &xp®
obeys a dynamics with fewer degrees of freedom, since £ is non-injective; this might allow for more effi-
cient computation. Our first example (see Section 1.3), the overdamped limit in the Vlasov-Fokker-Planck
equation, is an example of this. As a second reason, by removing certain degrees of freedom, some specific
behaviour of p® might become clearer; this is the case with our second and third examples (Section 1.3),
where the effect of £ is to remove a rapid oscillation, leaving behind a slower diffusive movement. Whatever
the reason, in this paper we assume that some ¢ is given, and that we wish to study the limit of {4p° as
e—0.

The core of the arguments of this paper, that leads to the characterization of the equation satisfied by



the limit of £4p°®, is captured by the following formal calculation:
IF(p7) = sup T (0", f)

f=go¢
> sup J(p%,90¢)
g

Js—)O

sup J(p,go§)
g
2w Jpg) 1)
g

Let us go through the lines one by one.

First, the inequality in the calculation above is due to reduction to a subset of special functions f, namely
those of the form f = go&. This is in fact an implementation of coarse-graining: in the supremum we decide
to limit ourselves to observables of the form g o £ which only have access to the information provided by &.
After this reduction we pass to the limit and show that J¢(p®, g 0 £) converges to some J(p, g o £)—at least
for appropriately chosen coarse-graining maps.

In the step (*) one requires that the loss-of-information in passing from p to p is consistent with the loss-
of-resolution in considering only functions f = g o £&. This step requires a proof of local equilibrium, which
describes how the behaviour of p that is not represented explicitly by the push-forward p, can nonetheless
be deduced from p. This local-equilibrium property is at the core of various coarse-graining methods and is
typically determined case by case.

We finally define I by duality in terms of J as in (xx). In a successful application of this method,
the resulting functional I at the end has ‘good’ properties despite the loss-of-accuracy introduced by the
restriction to functions of the form go £, and this fact acts as a test of success. Such good properties should
include, for instance, the property that I = 0 has a unique solution in an appropriate sense.

Now let us explain the origin of the functionals 7¢.

1.2 Origin of the functional /°: large deviations of a stochastic particle system

The abstract methodology that we described above arises naturally in the context of large deviations, and we
next describe this in the context of the three examples that we discuss in the next section. All three originate
from (slight modifications of) one stochastic process, that models a collection of interacting particles with
inertia in the physical space R%:

P (t)
dQI(t) = ——=dt, 6
Q) =, (6a)
1 n
AP} () = ~VV(Q()dt — — > V(@) (1) = Q(D)dt — LPI (1)t + /20 dWilt).  (6b)
j=1
Here Q7 € RY and P € RY are the position and momentum of particles i = 1,...,n with mass m.

Equation (6a) is the usual relation between Q7 and P, and (6b) is a force balance which describes the
forces acting on the particle. For this system, corresponding to the first example below, these forces are (a) a
force arising from a fixed potential V', (b) an interaction force deriving from a potential ¢, (c) a friction force,
and (d) a stochastic force characterized by independent d-dimensional Wiener measures W;. Throughout
this paper we collect QF and P}* into a single variable X" = (QF, P").

The parameter v characterizes the intensity of collisions of the particle with the solvent; it is present in
both the friction term and the noise term, since they both arise from these collisions (and in accordance with
the Einstein relation). The parameter § = kT,, where k is the Boltzmann constant and T, is the absolute

temperature, measures the mean kinetic energy of the solvent molecules, and therefore characterizes the



magnitude of collision noise. Typical applications of this system are for instance as a simplified model
for chemical reactions, or as a model for particles interacting through Coulomb, gravitational, or volume-
exclusion forces. However, our focus in this paper is on methodology, not on technicality, so we will assume
that 1 is sufficiently smooth later on.

We now consider the many-particle limit n — oo in (6). It is a well-known fact that the empirical measure

1 n
= ; Oxp(t) (7)

converges almost surely to the unique solution of the Viasov-Fokker-Planck (VEP) equation [Oel84]
Op = (L) p, (L) p = —divg (pa) + div,, p(VqV + Vs p+ va) + 70 App, (8)

= —divpJV(H + ¢ * p) + v div, p% +v0A,p, 9)

with an initial datum that derives from the initial distribution of X. The spatial domain here is R?? with
coordinates (q,p) € R? x R?, and subscripts such as in Vg, and A, indicate that differential operators act
only on corresponding variables. The convolution is defined by (¢ * p)(q) = [gea ¥(q — ¢')p(q’,p")dq dp’.
In the second line above we use a slightly shorter way of writing £ by introducing the Hamiltonian
H(q,p) = p?>/2m+V (q) and the canonical symplectic matrix J = ( 9 6) This way of writing also highlights
that the system is a combination of conservative effects, described by J, H, and 1, and dissipative effects,
which are parametrized by «. For future reference we also give the primal form .7}, explicitly:

Lf = JV(H + 5 1) - Vf =72 -V, f 4904, f.

The almost-sure convergence of p,, to the solution p of the (deterministic) VFP equation is the starting
point for a large-deviation result. In particular it has been shown that the sequence (p,,) has a large-deviation
property [DG87, BDF12, DPZ13] which characterizes the probability of finding the empirical measure far
from the limit p, written informally as

Prob(p,, = p) ~ exp( - %HP))a

in terms of a rate functional I : C([0,T); P(R?%)) — R. Assuming that the initial data X are chosen to be
deterministic, and such that the initial empirical measure p,(0) converges narrowly to some po; then I has
the form, see [DPZ13],

I(p) := feClS;(l]lI;xRZd /dePT—/fodpo—// (Of + L, f dptdf—*///\fy ) dpedt,  (10)

0 R2d 0 R2d

provided p¢|i—o = po, where A is the carré-du-champ operator (e.g. [BGL™14, Section 1.4.2])

A(f,9) = 3 (ZulF0) — [Lyg — 92uf) =10V, V0.

If the initial measure pi|;—o is not equal to the limit py of the stochastic initial empirical measures, then
I(p) = oo.

Note that the functional I in (10) is non-negative, since f = 0 is admissible. If I(p) = 0, then by replacing
f by Af and letting A tend to zero we find that p is the weak solution of (8) (which is unique, given initial
data pg [Fun84]). Therefore I is of the form that we discussed in Section 1.1: I > 0, and I(p) = 0 iff p
solves (8), which is a realization of (1).



1.3 Concrete Problems

We now apply the coarse-graining method of Section 1.1 to three limits: the overdamped limit v — oo, and
two small-noise limits § — 0. In each of these three limits, the VFP equation (8) is the starting point, and we
prove convergence to a limiting system using appropriate coarse-graining maps. Note that the convergence
is therefore from one deterministic equation to another one; but the method makes use of the large-deviation
structure that the VFP equation has inherited from its stochastic origin.

1.3.1 Overdamped limit of the Vlasov-Fokker-Planck equation

The first limit that we consider is the limit of large friction, v — oo, in the Vlasov-Fokker-Planck equation
(8), setting # = 1 for convenience. To motivate what follows, we divide (8) throughout by v and formally let
v — oo to find

divy p( L) + App =0,

which suggests that in the limit v — oo, p should be Maxwellian in p, i.e.

P
pi(dg,dp) = Z71 exp(—%> dp o¢(dq), (11)

where Z is the normalization constant for the Maxwellian distribution. The main result in Section 2 shows
that after an appropriate time rescaling, in the limit v — oo, the remaining unknown o € C([0, T]; P(R%))
solves the Vlasov-Fokker-Planck equation

0o = div(eVV(q)) + div(a (Vi x o)) + Ac. (12)

In his seminal work [Kra40], Kramers formally discussed these results for the ‘Kramers equation’, which
corresponds to (8) with ¢ = 0, and this limit has become known as the Smoluchowski-Kramers approximation.
Nelson made these ideas rigorous [Nel67] by studying the corresponding stochastic differential equations
(SDEs); he showed that under suitable rescaling the solution to the Langevin equation converges almost
surely to the solution of (12) with 1) = 0. Since then various generalizations and related results have been
proved [Fre04, CF06, Nar94, HVW12], mostly using stochastic and asymptotic techniques.

In this article we recover some of the results mentioned above for the VFP equation using the variational
technique described in Section 1.1. Our proof is made up of the following three steps. Theorem 2.4 provides
the necessary compactness properties to pass to the limit, Lemma 2.5 gives characterization (11) of the limit,
and in Theorem 2.6 we prove the convergence of the solution of the VFP equation to the solution of (12).

1.3.2 Small-noise limit of a randomly perturbed Hamiltonian system with one degree of
freedom

In our second example we consider the following equation

Oip = —divy (pﬁ) +divy(pV,V) +eA,p  on R x R?, (13)
m
where (¢,p) € R?, ¢t € R and divg, div,, A, are one-dimensional derivatives. This equation can also be
written as

Op = —div(pJVH) +eA,p, on R x R2. (14)

This corresponds to the VFP equation (8) with ¢ = 0, without friction and with small noise e = 6.
In addition to the interpretation as the many-particle limit of (6), Equation (14) also is the forward
Kolmogorov equation of a randomly perturbed Hamiltonian system in R? with Hamiltonian H:

X = (g) . dXy = JVH(X) + V2 <(1)) dW;, (15)



(a) e = 0.005 (b) £ = 0.00005

Figure 1: Simulation of (15) for varying €. Shown are the level curves of the Hamiltonian H and for each
case a single trajectory.

where W, is a 1-dimensional Wiener process. This system is a prototype for a large class of Hamiltonian
systems perturbed by random noise. When the amplitude ¢ of the noise is small, the dynamics (14) splits
into fast and slow components. The fast component approximately follows an unperturbed trajectory of the
Hamiltonian system, which is a level set of H. The slow component is visible as a slow modification of the
value of H, corresponding to a motion transversal to the level sets of H. Figure 1 illustrates this.

Following [FW94] and others, in order to focus on the slow, Hamiltonian-changing motion, we rescale
time such that the Hamiltonian, level-set-following motion is fast, of rate O(1/¢), and the level-set-changing
motion is of rate O(1). In other words, the process (15) ‘whizzes round’ level sets of H, while shifting from
one level set to another at rate O(1).

This behaviour suggests choosing a coarse-graining map ¢ : R? — T', which maps a whole level set to a
single point in a new space I'; because of the structure of level sets of H, the set I' has a structure that is
called a graph, a union of one-dimensional intervals locally parametrized by the value of the Hamiltonian.
Figure 2 illustrates this, and in Section 3 we discuss it in full detail.

After projecting onto the graph I', the process turns out to behave like a diffusion process on I'. This
property was first made rigorous in [FW94] for a system with one degree of freedom, as here, and non-
degenerate noise, using probabilistic techniques. In [FW98] the authors consider the case of degenerate noise
by using probabilistic and analytic techniques based on hypoelliptic operators. More recently this problem
has been handled using PDE techniques [IS12] (the elliptic case) and Dirichlet forms [BvR14]. In Section 3
we give a new proof, using the structure outlined in Section 1.1.

Figure 2: Left: Hamiltonian R? > (¢, p) — H(q,p), Right: Graph T



1.3.3 Small-noise limit of a randomly perturbed Hamiltonian system with d degrees of free-
dom

The convergence of solutions of (14) as ¢ — 0 to a diffusion process on a graph requires that the non-perturbed
system has a unique invariant measure on each connected component of a level set. While this is true for a
Hamiltonian system with one degree of freedom, in the higher-dimensional case one might have additional
first integrals of motion. In such a system the slow component will not be a one-dimensional process but a
more complicated object—see [FWO04]. However, by introducing an additional stochastic perturbation that
destroys all first integrals except the Hamiltonian, one can regain the necessary ergodicity, such that the
slow dynamics again lives on a graph.
In Section 4 we discuss this case. Equation (14) gains an additional noise term, and reads

Op = —div(pJVH) + kdiv(aVp) +eA,p, (16)

where a : R? — R?¥*24 with ¢VH = 0, dim(Kernel(a)) = 1 and &, > 0 with x > e. The spatial domain
is R?¢ d > 1 with coordinates (¢,p) € R? x R? and the unknown is a trajectory in the space of probability
measures p : [0,7] — P(R??). As before the aim is to derive the dynamics as ¢ — 0. This problem was
studied in [FWO01] and the results closely mirror the previous case. The main difference lies in the proof of
the local equilibrium statement, which we discuss in Section 4.

1.4 Comparison with other work

The novelty of the present paper lies in the following.

1. In comparison with existing literature on the three concrete examples treated in this paper: The results
of the three examples are known in the literature (see for instance [Nel67, FW94, FW98, FWO01]),
but they are proved by different techniques and in a different setting. The variational approach of
this paper, which has a clear microscopic interpretation from the large-deviation principle, to these
problems is new. We provide alternative proofs, recovering known results, in a unified framework. In
addition, we obtain all the results on compactness, local-equilibrium properties and liminf inequalities
solely from the variational structures. The approach also is applicable to approximate solutions, which
obey the original fine-grained dynamics only to some error. This allows us to work with larger class of
measures and to relax many regularity conditions required by the exact solutions. Furthermore, our
abstract setting has potential applications to many other systems.

2. In comparison with recently developed variational-evolutionary methods: Many recently developed vari-
ational techniques for ‘passing to a limit’ such as the Sandier-Saferty method based on the ¥-U* struc-
ture [SS04, AMP*12, Miel4] only apply to gradient flows, i.e. dissipative systems. The approach of
this paper also applies to certain variational-evolutionary systems that include non-dissipative effects,
such as GENERIC systems [Ott05, DPZ13], as in the examples. Since our approach only uses the
duality structure of the rate functionals, which holds true for more general systems, we expect that
our method works for other limits in non-gradient-flow systems such as the Langevin limit of the
Nosé-Hoover-Langevin thermostat [FG11, OP11].

3. Quantification of the coarse-graining error. The use of the rate functional as a central ingredient in
‘passing to a limit’ and coarse-graining also allows us to obtain quantitative estimates of the coarse-
graining error. One intermediate result of our analysis is a functional inequality similar to the energy-
dissipation inequality in the gradient-flow setting (see (4)). This inequality provides an upper bound on
the free energy and the integral of the Fisher information by the rate functional and initial free energy.
This offers an alternative to the Talagrand and log-Sobolev inequalities used in the literature [LL10,
GOVWO09] to obtain quantification of the coarse-graining error. To keep the paper to a reasonable
length, we address this issue in details separately in a companion article [DLP*15].

We provide further comments in Section 5.



1.5 Outline of the article

The rest of the paper is devoted to the study of three concrete problems: the overdamped limit of the VFP
equation in Section 2, diffusion on a graph with one degree of freedom in Section 3 and diffusion on a graph
with many degrees of freedom in Section 4. In each Section, the main steps in the abstract framework are
performed in detail. Section 5 provides further discussion. Finally, detailed proofs of some theorems are
given in Appendices A and B.

1.6 Summary of notation

+y,5 +1, depending on which end vertex O; lies of edge I}, Sec. 3.1
F Free energy (22), (45)
Iy The graph I' and its elements ~y Sec. 3.1
H(-|) relative entropy (21)
H(q,p) H(q,p) = p?/2m + V(q), the Hamiltonian
O n-dimensional Haursdoff measure
Z(:|-)  relative Fisher Information (24)
Int The interior of a set
I Large-deviation rate functional for the diffusion-on-graph problem (46)
I Large-deviation rate functional for the VFP equation (19)
J J=(2;{), the canonical symplectic matrix
L Lebesgue measure

M(X) space of finite, non-negative Borel measures on X
P(X)  space of probability measures on X

p push-forward under £ of p (44)
T(y)  period of the periodic orbit at v € T (48)
V(q)  potential on position

x x = (g,p) joint variable
£7,€  coarse-graining maps (30), (43)

Throughout we use measure notation and terminology. For a given topological space X, the space M(X)
is the space of non-negative, finite Borel measures on X’; P(X) is the space of probability measures on X'. For
a measure p € M([0,T] x R29), for instance, we often write p; € M(R29) for the time slice at time ¢; we also
often use both the notation p(z)dx and p(dz) when p is Lebesgue-absolutely-continuous. We equip M (X)
and P(X) with the narrow topology, in which convergence is characterized by duality with continuous and
bounded functions on X.

2 Overdamped Limit of the VFP equation

2.1 Setup of the system

In this section we prove the large-friction limit v — oo of the VFP equation (8). Setting # = 1 for convenience,
and speeding time up by a factor v, the VFP equation reads

op=%2Lyp,  Lipi=—ydivpJV(H+¢xv)+7° [divp (p;;) + App], (17)

I
(g,p) € R? x R? with d > 1, and p € C([0,T]; P(R2?)). For later reference we also mention the primal form
of the operator £

where, as before, J = ( o 6) and H(q,p) = p?/2m + V(q). The spatial domain is R?? with coordinates

Lof =V IVH +$50) - Vf =7 LV, f +97A, . (18)
We assume



(V1) The potential V € C?(R?) has globally bounded second derivative. Furthermore V > 0, |[VV|? <
C(1+ V) for some C > 0, and e~V € L}(R?).

(V2) The interaction potential 1 € C?(R%) N L'(R?) is symmetric, has globally bounded first and second
derivatives, and the mapping v — [ v * 1) dv is convex (and therefore non-negative).

As we described in Section 1.1, the study of the limit v — oo contains the following steps:
1. Prove compactness;

2. Prove a local-equilibrium property;

3. Prove a liminf inequality.

Each of these results is based on the large-deviation structure, which for Equation (17) is

I"(p) = sup ){/depT_/depO_/T/(atft—’—gptft) dptdt—f/T/ fot|2dptdt]- (19)

1,2 2d
FEC, " (RxR R2d R2d 0 R2d 0 R2d

Alternatively the rate functional can be written as [DPZ13, Theorem 2.5]

T
1 / / 2 : : 2 2
= \he|* dpedt  if Oppr = L pe — v divyp(pehy), for h € L*(0,T; Ly (pr)),
re=42/J ¢ v v (20)
400 otherwise,

where %, is given in (18), and L% (p;) is the completion of {V,p : ¢ € CZ(R?*?)} in the p-weighted L2
norm. This second form shows clearly how I7(p) = 0 is equivalent to the property that p solves the VFP
equation (17). Tt also shows that if I7(p) > 0 then p is an approximative solution in the sense that it satisfies
the VFP equation up to some error —ydiv,(p,h;) whose norm is controlled by the rate functional.

2.2 A priori bounds

We give ourselves a sequence, indexed by ~, of solutions p” to the VFP equation (17) with initial datum
p7 lt=0 = po. We will deduce the compactness of the sequence p” from a priori estimates, that are themselves
derived from the rate function I7.

For nonnegative measures v, ( on R?? we first introduce:

e Relative entropy:

[ reefiac it v =

00 otherwise.

H(v[IC) =
e The free energy for this system:

1 1
Fw) =H|Z; e Hd) + = w*ydy:/ {logg—l—H—i- —Yxg|gdr+log Zy, (22)
2 R2d R2d 2

where Zy = [ e H and the second expression makes sense whenever v = gdz.
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The convexity of the term involving 1 (condition (V2)) implies that the free energy F is strictly convex and
has a unique minimizer g € P(R2¢). This minimizer is a stationary point of the evolution (17), and has the
implicit characterization

pe PR : pu(dgdp) = 2" exp(=[H(q,p) + (& * p)(a)] ) dadp, (23)

where Z is the normalization constant for u. Note that Vpou = —uV,H = —pu/m.

We also define the relative Fisher Information with respect to p (in the p-variable only):

p 1
)= swp 2 [ [App- LV0- 5190 an (24)
peC (R2d) R2d m 2

In the more common case in which the derivatives A, and V,, are replaced by the full derivatives A and
V, the relative Fisher Information has an equivalent formulation in terms of the Lebesgue density of v. In
our case such equivalence only holds when v is absolutely-continuous with respect to the Lebesgue measure
in both ¢ and p:

Lemma 2.1 (Equivalence of relative-Fisher-Information expressions for a.c. measures). If v € P(R2),
v(dr) = f(z)dx with f € L*(R?*?), then

fo p |2 . 1
— 1 + —| fdqdp, if V,f € L (dgdp),
I(l/|/,(,) = ‘/]RQd f {F>0} m f qap f Pf 1 ( q p)

o0 otherwise,

(25)

where 1~y denotes the indicator function of the set {x € R*!| f(x) > 0}.

For a measure of the form ((dq) f (p)dp, with ¢ « dg, Z in (24) may be finite while the integral in (25) is
not defined. Because of the central role of duality in this paper, definition (24) is a natural one, as we shall
see below. The proof of Lemma 2.1 is given in Appendix A.

In the introduction we mentioned that we expect p? to become Maxwellian in the limit v — oo. This
will be driven by a vanishing relative Fisher Information, as we shall see below. For a.c. measures, the
characterization (25) already provides the property

p2

I(fdel) =0 = fla.p) = f@ep(—5-)-

This property holds more generally:

Lemma 2.2 (Zero relative Fisher Information implies Maxwellian). If v € P(R?%) with Z(v|u) = 0, then
there exists o € P(R?) such that

2
v(dgdp) = Z~ " exp (—;;n) o(dq)dp,

where Z = fRd e*p2/2mdp is the normalization constant for the Mazwellian distribution.

Proof. From

P 1
Z(vlp) =  sup 2/ (Apgo — = -Vpp— |Vp<p|2) dv=0 (26)
peC (R2d) R2d m 2

we conclude upon disintegrating v as v(dgdp) = o(dq)v4(dp),

1
for o-a.e. ¢ sup / (qui) _r. Vpop — |Vp¢|2> vq(dp) = 0.
peCe (1) Jrd m 2

11



By replacing ¢ by A¢, A > 0, and taking A — 0 we find

Vo € C°(RY) : /

Rd

p
(Ap¢> - Vpgb) vg(dp) =0,
which is the weak form of an elliptic equation on R with unique solution

1 p?
vy(dp) = - €XP (_2m> dp.
This proves the lemma. O

In the following theorem we give the central a priori estimate, in which free energy and relative Fisher
Information are bounded from above by the rate functional and the relative entropy at initial time.

Theorem 2.3 (A priori bounds). Fiz vy > 0 and let p € C([0,T]); P(R??)) with p|i—0 =: po satisfy

I"(p) < 00, F(po) < 0. (27)
Then for any t € [0,T] we have
A2 [t
Flo)+ % [ Tloudn)ds < 1'(p) + Flpo). (29)
0
From (28) we obtain the separate inequality
Hdpi < F(po) + (p) ~log [ e, (20)
R2d R2d

This estimate will lead to a priori bounds in two ways. First, the bound on the free energy gives tightness
estimates, and therefore compactness in space (Theorem 2.4); secondly, the relative Fisher Information is
bounded by C/? and therefore vanishes in the limit v — oo. This fact is used to prove that the limiting
measure is Maxwellian (Lemma 2.5).

Proof. We give a heuristic motivation here; Appendix B contains a full proof. Given a trajectory p as in the
theorem, note that by (20) p satisfies

Oupr = = div pu T V(H + 5 pr) + 72 (divy pr e + Appr) = 7 dlivy i

We then formally calculate

d . .
—F(pt) = / , [log pr + 1+ H + 1 * py] (—7 div pr JV(H + ¢ % pg) + 7% (div, pt% + Appr)
]RZ

dt
L
R24d Pt
[

pp2, 1 2
<-L [ —v 2543 h
- 2 Jrea pt ‘ pPr ptm + 2 /R'zd Pelte

—ydivy ptht)

p|? D
Vppe +pr—| +7 ht (Vppt + Pt*)
m R2d m

where the first O(y) term cancels because of the antisymmetry of J. After integration in time this latter
expression yields (28).

For exact solutions of the VFP equation, i.e. when I7(p) = 0, this argument can be made rigorous
following e.g. [BCS97]. However, the fairly low regularity of the right-hand side in (20) prevents these
techniques from working. ‘Mild’ solutions, defined using the variation-of-constants formula and the Green
function for the hypoelliptic operator, are not well-defined either, for the same reason: the term [[ V,G-hdp
that appears in such an expression is generally not integrable. In the appendix we give a different proof,
using the method of dual equations. O
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2.3 Coarse-graining and compactness

As we described in the introduction, in the overdamped limit v — oo we expect that p will resemble a
Maxwellian distribution Z~! exp(—p?/2m)o,(dg), and that the g-dependent part o will solve the Vlasov-
Fokker-Planck equation (12). We will prove this statement using the method described in Section 1.1.

It would be natural to define ‘coarse-graining’ in this context as the projection £(q,p) := ¢, since that
should eliminate the fast dynamics of p and focus on the slower dynamics of g. However, this choice fails: it
completely decouples the dynamics of ¢ from that of p, thereby preventing the noise in p from transferring
to ¢. Following the lead of Kramers [Krad0], therefore, we define a slightly different coarse-graining map

p
f'Y . R2d — Rd, é"Y(q,p) =q+ ; (30)

In the limit v — oo, £ — £ locally uniformly, recovering the projection onto the g-coordinate.

The theorem below gives the compactness properties of the solutions p” of the rescaled VFP equation
that allow us to pass to the limit. There are two levels of compactness, a weaker one in the original space R??,
and a stronger one in the coarse-grained space R? = ¢7(R24). This is similar to other multilevel compactness
results as in e.g. [GOVWO09].

Theorem 2.4 (Compactness). Let a sequence p” € C([0,T]; P(R?4)) satisfy for a suitable constant C > 0
and every -y the estimate

I"(p") + F(p{ lt=0) < C. (31)
Then there exist a subsequence (not relabelled) such that
1. p7 — p in M([0,T] x R24) with respect to the narrow topology.

2. f;py — &xp in C([0,T); P(RY)) with respect to the uniform topology in time and narrow topology on
P(RY).
For a.e. t € [0,T] the limit p; satisfies

Z(pelu) = 0 (32)

Proof. To prove part 1, note that the positivity of the convolution integral involving ¢ and the free-energy-
dissipation inequality (28) imply that ”H(pZ\Zﬁle_H dz) is bounded uniformly in ¢ and . By an argument
as in [ASZ09, Prop. 4.2] this implies that {p; : t € [0,7],v > 1} is tight, upon which compactness in
M([0,T] x R24) follows.

To prove (32) we remark that

T T

P 1

0<  sup 2// [pr—fva—flvalﬂ dp?dtﬁ/ Z(p|p)dt <
peC= (RxR24) Jo JR24 m 2 0

and by passing to the limit on the left-hand side we find

T
sup 2/ / [Apcp - ﬁva — }|Vp<p|2} dpydt = 0.
peC=®xR2d) Jo Jred m 2
By disintegrating p in time as p(dtdgdp) = p.(dgdp)dt, we find that Z(p.|p) = 0 for (Lebesgue-) almost all ¢.
We prove part 2 with the Arzela-Ascoli theorem. For any ¢ € [0,7T] the sequence 5;,0;’ is tight, which
follows from the tightness of p] proved above and the local uniform convergence £7 — £ (see e.g. [AGS08,
Lemma 5.2.1]).
To prove equicontinuity we will show

h—0
sup  sup sup / P(Eupiin = Ept) 0 o
7>1 t€[0,T—h] peC?(r?) /R4
HSOHC2(Rd)S1
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Note that the boundedness of the rate functional, definition (20), and tightness of p7 imply that there
esxists some hY € L?(0,T; L% (py)) with

ol = (L) pi — v divp(py hy). (34)
in duality with C2(R2?). Therefore for any f € CZ(R??) we have in the sense of distributions on [0, 7],

d

P P
- fol = /RM <7m Nof =AYV -V f =V f - (Ve xp7) — 72E Npf + VA f +Vpf - h?))dp?-

To prove (33), make the choice f = ¢ o0& for ¢ € C2(R?) and integrate over [t,t + h] to arrive at

t+h p p
/Rd P(Ehpiin —Epri) = /t /RM < VV(q) Ve <q + 7) — (Ve *pl)(q) - Ve <q + 7)
+Ap <q + :) + Vo <q + :) : hZ(q,p)) dp ds.

We estimate the first term on the right hand side by using Holder’s inequality and growth condition (V1),

t+h p t+h
/ A VV(q)-Vw(qu)dpzds<||w||oo (/ / IVV(q) |2dp7ds>
t 2d
1/2
t+h ~
<IVellvh (/ / C(1+ V(g)p ds> < OVl soh

where the last inequality follows from the free-energy-dissipation inequality (28). For the second term we
use [V, # p?| < ||[V49|loo and the last term is estimated by Holder’s inequality,

t+h 3
< [Vellu ( / / |m|2d/ﬂds)

/2

t+h

Vo (q + > hi(q,p)dp]ds
R2d v

S\Ws@lloo\/ﬁ (20(p"))* < OV |loVh.

To sum up we have

<ovh 2% 0

[ ot€hotn - o)

where C' is independent of ¢ and .

Thus by the Arzela-Ascoli theorem there exists a v € C([0, T]; P(R?)) such that §,p” — v with respect
to uniform topology in time and narrow topology on P(R%). Since p?” — p in M([0,T] x R?%) and &7 — ¢
locally uniformly, we have f;;ﬂ — €xp in M([0,T] x RY) (again using [AGS08, Lemma 5.2.1]), implying
that v = £4p. This concludes the proof of Theorem 2.4. O

2.4 Local equilibrium

A central step in any coarse-graining method is the treatment of the information that is ‘lost’ upon coarse-
graining. The lemma below uses the a priori estimate (28) to reconstruct this information, which for this
system means showing that p? becomes Maxwellian in p as v — co.

Lemma 2.5 (Local equilibrium). Under the same conditions as in Theorem 2.4 let us assume that p¥ — p in
M([0, T] xR2%) with respect to the narrow topology. Then there exists o € M([0, T|xR?), o(dtdq) = o4(dq)dt,
such that for allmost all t € [0,T],

2
puldadp) = 2 exp (=) o), (39)
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where Z = fRd e‘p2/2mdp 1s the normalization constant for the Mazwellian distribution. Furthermore é“;pl —
ot narrowly for every t € [0,T].

Proof. Since p” — p narrowly in M([0, T]x R??), the limit p also has the disintegration structure p(dtdpdq) =
pt(dpdq)dt, with p; € P(R??). From the a priori estimate (28) and the duality definition of Z we have
Z(p¢|pr) = 0 for almost all ¢, and the characterization (35) then follows from Lemma 2.2. The compactness
results in Theorem 2.4 imply that J,p — §xpy = oy for all ¢ € [0,T7]. O
2.5 Liminf inequality

The final step in the variational technique is proving an appropriate liminf inequality which also provides
the structure of the limiting coarse-grained evolution. The following theorem makes this step rigorous.
Define the (limiting) functional I : C([0,T]; P(R%)) — R by

T
I(6):=  sup /gTdJT—/ godoo—/ / (E)tg—VV-Vg—(Vw*o)~Vg+Ag)dotdt
Rd R4 0 JRd

gEC;‘2(R><Rd)

1

T
i / V| doydt.  (36)
2 0 Rd

Note that I > 0 (since g = 0 is admissible); we have the equivalence
I(0)=0 <= 00=divoVV(q)+diva(Vy*xo)+Ac  in[0,7] x R

Theorem 2.6 (Liminf inequality). Under the same conditions as in Theorem 2.4 we assume that p? — p
narrowly in M([0,T] x R?4) and §up’ = Egp=oin C([0,T); P(RY)). Then

liminf I7(p") > I(0).
y—00

Proof. Write the large deviation rate functional I7 : C([0, T]; P(R??)) — R in (19) as

I"(p) = sup  J7(p, f), (37)
feCL? (RxR24)

where
4 p
\77(/’7 f) = /]R frdpr _/]R fodpo —/ /R (atf + 7% : qu —7VgV - fo - VVPJ[ : (qu * pt)
2d 2d 0 2d
P v [ >
2P pf+72Apf)dptdt— 7/ / IV, /1% dpadt.
m 2 0 R2d

Define A := {f = go & with g € C*(R x R?)}. Then we have

I"(p7) > sup T (07, f),
feA

and
r p
T (p7,g0&) :/ gr o &Vdpy. */ go o &Vdp; */ / {@(906”) - V4V(q) 'Vg<q+ )
R2d R2d 0 R2d Y

1 T
+ag(a+2) = Vo(a+ L) (Vs p)(@|astae— 5 [ [ wgoen dar. (59
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Note how the specific dependence of £7(q,p) = ¢ + p/y on v has caused the coefficients v and +? in the
expression above to vanish. Adding and subtracting VV (¢+p/7)-Vg(g+p/7) in (38) and defining p7 := £}, 07,
J7 can be rewritten as

T
T (prgot?) = / grdpy — /godﬁa—/ (9hg — VV - Vg + Ag) (O)F; dcczt—f/ / Vol? dpYdt
Rd 0 R4

//R (77 (a+2 )—VV(Q)>'V9(q+:)dptdt+/ [ vo(a+ 1) - uesdiarisiar

(39)
We now show that (39) converges to the right-hand side of (36), term by term. Since f;;,o'y —&up=o0
narrowly in M([0, 7] x R??) and g € CZ(R x R?) we have

T
1 oo
/ (8tg—VV.Vg+Ag+f\Vg|2)dﬁzdt a7, / atg VV Vg+Ag+ - |Vg| )datdt
0 JRd 2 Rd

Taylor expansion of VV around ¢ and estimate (29) give

<VV(q+ > VV(q )) Vg<q+ >dpt dt
R2d ry
/ 4 p2 C -
< ||D2V||oo||v9||oo T / / 7dp?dt < - ——0.
0 JRr2d 7Y Y

Adding and subtracting Vg(q) - (V4¢ * p})(¢) in (39) we find

/OT/R% Vg<q+:) .(Vq¢*p2)(q)dp2dt=/T [, V9@ (Vo « p])(@)dp] at

/ /RM {Vg <q T ) - Vg(q)] (Vg * p])(q)dp] dt.

Since p? — p we have p” ® p” — p ® p and therefore passing to the limit in the first term and using the
local-equilibrium characterization of Lemma 2.5, we obtain

r —0 T
/ Vg(q) - (Vg * p")(q) dpj dt —— - / Vg - (Vi o) dodt.
O de O

Rd

For the second term we calculate

2 {Vg <q + :) - Vg(q)} (Vb % p7)(q)dp] dt

R

1/2

T 2 C oo
<ID2gc |V gl o VT ( / / deZdt> <& o=y
0 R2d Y Y

Therefore

T p —00
/ / Vg <q + > (Y bxp")(q)dp) dt 2= / Vg - (Vi x o) doydt.
0 JR2d v Rd
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2.6 Discussion

The ingredients of the convergence proof above are, as mentioned before, (a) a compactness result, (b) a
local-equilibrium result, and (c) a liminf inequality. All three follow from the large-deviation structure,
through the rate functional I7. We now comment on these.

Compactness. Compactness in the sense of measures is, both for p” and for f;p'y, a simple consequence
of the confinement provided by the growth of H. In Theorem 2.4 we provide a stronger statement for 5;,1 o7,
by showing continuity in time, in order for the limiting functional I(o) in (36) to be well defined. This
continuity depends on the boundedness of I7.

Local equilibrium. The local-equilibrium statement depends crucially on the structure of I7, and more
specifically on the large coefficient 42 multiplying the derivatives in p. This coefficient also ends up as a
prefactor of the relative Fisher Information in the a priori estimate (28), and through this estimate it drives
the local-equilibrium result.

Liminf inequality. As remarked in the introduction, the duality structure of I7 is the key to the liminf
inequality, as it allows for relatively weak convergence of p? and 5;; p7. The role of the local equilibrium is to
allow us to replace the p-dependence in some of the integrals by the Maxwellian dependence, and therefore
to reduce all terms to dependence on the macroscopic information fz’ép’y only.

As we have shown, the choice of the coarse-graining map has the advantage that it has caused the (large)
coefficients v and 42 in the expression of the rate functionals to vanish. In other words, it cancels out the
inertial effects and transforms a Laplacian in p variable to a Laplacian in the coarse-grained variable while
rescaling it to be of order 1. The choice £(g,p) = ¢, on the other hand, would lose too much information by
completely discarding the diffusion.

3 Diffusion on a Graph, d =1

In this section we derive the small-noise limit of a randomly perturbed Hamiltonian system, which corre-
sponds to passing to the limit € — 0 in (14). In terms of a rescaled time, in order to focus on the time scale
of the noise, equation (14) becomes

1
Op° = T e div(p®JVH) + App©. (40)

Here p° € C([0,T],P(R?)), J = ( % §) is again the canonical symplectic matrix, A, is the Laplacian in the
p-direction, and the equation holds in the sense of distributions. The Hamiltonian H € C?(R2¢;R) is again
defined by H(q,p) = p?/2m + V(q) for some potential V : R? — R. We make the following assumptions
(that we formulate on H for convenience):

|| =00

(Al) H >0, and H is coercive, i.e. H(x) —— o0;
(A2) [VH],|AH|, [V, HI? < C(L+ H);

(A3) H has a finite number of non-degenerate (i.e. non-singular Hessian) saddle points Oy, ...,0, with
H(O;) # H(O;) for every i,5 € {1,...,n}, i # j.

As explained in the introduction, and in contrast to the VFP equation of the previous section, equa-
tion (40) has two equally valid interpretations: as a PDE in its own right, or as the Fokker-Planck (forward
Kolmogorov) equation of the stochastic process

X = (%) ,dXf = %JVH(Xf)dt +V2 (g) dw;. (41)

For the sequel we will think of p® as the law of the process X;; although this is not strictly necessary, it
helps in illustrating the ideas.
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Figure 3: Left: Hamiltonian R? > (¢, p) — H(q, p), Right: Graph T

3.1 Construction of the graph I

As mentioned in the introduction, the dynamics of (40) has two time scales when 0 < ¢ < 1, a fast and a
slow one. The fast time scale, of scale ¢, is described by the (deterministic) equation

i = éJVH(x) in R?, (42)

whereas the slow time scale, of order 1, is generated by the noise term.

The solutions of (42) follow level sets of H. There exist three types of such solutions: stationary ones,
periodic orbits, and homoclinic orbits. Stationary solutions of (42) correspond to stationary points of H
(where VH = 0); periodic orbits to connected components of level sets along which VH # 0; and homoclinic
orbits to components of level sets of H that are terminated on each end by a stationary point. Since we
have assumed in (A3) that there is at most one stationary point in each level sets, heteroclinic orbits do not
exist, and the orbits necessarily connect a stationary point with itself.

Looking ahead towards coarse-graining, we define I" to be the set of all connected components of level sets
of H, and we identify I" with a union of one-dimensional line segments, as shown in Figure 3. Each periodic
orbit corresponds to an interior point of one of the edges of I'; the vertices of I' correspond to connected
components of level sets containing a stationary point of H. Each saddle point O corresponds to a vertex
connected by three edges.

For practical purposes we also introduce a coordinate system on I'. 'We represent the edges by closed
intervals I, C R, and number them with numbers k = 1,2,...,n; the pair (h, k) is then a coordinate for a
point v € T', if k is the index of the edge containing 7, and h the value of H on the level set represented
by «v. For a vertex O € I', we write O ~ [ if O is at one end of edge I; we use the shorthand notation
+y; to mean 1 if O; is at the upper end of Iy, and —1 in the other case. Note that if O ~ I, O ~ I}, and
O ~ Ii, and hg is the value of H at the point corresponding to O, then the coordinates (ho, k1), (ho, k2)
and (ho, k3) correspond to the same point O. With a slight abuse of notation, we also define the function
k:R? — {1,...,n} as the index of the edge I}, C ' corresponding to the component containing (g, p).

The rigorous construction of the graph I' and the topology on it has been done several times [FW93,
FW94, BvR14]; for our purposes it suffices to note that (a) inside each edge, the usual topology and geometry
of R apply, and (b) across the whole graph there is a natural concept of distance, and therefore of continuity.
It will be practical to think of functions f : I' — R as defined on the disjoint union U . A function f: ' — R
is then called well-defined if it is a single-valued function on I' (i.e., it takes the same value on those vertices
that are multiply represented). A well-defined function f : I' — R is continuous if f|;, € C(Ix) for every k.

We also define a concept of differentiability of a function f : T' — R. A subgraph of T' is defined as
any union of edges such that each interior vertex connects exactly two edges, one from above and one from
below—i.e., a subtree without bifurcations. A continuous function on I' is called differentiable on IT" if it is
differentiable on each of its subgraphs.
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Finally, in order to integrate over I', we write d-y for the measure on I" which is defined on each I} as the
local Lebesgue measure dh. Whenever we write frv this should be interpreted as ), [ I

3.2 Adding noise: diffusion on the graph

In the noisy evolution (41), for small but finite € > 0, the evolution follows fast trajectories that nearly
coincide with the level sets of H; the noise breaks the conservation of H, and causes a slower drift of X,
across the levels of H. In order to remove the fast deterministic dynamics, we now define the coarse-graining
map as

£:R* =T, &(g,p) = (H(a,p), k(4 p)), (43)

where the mapping k : R? — {1,...,n} indexes the edges of the graph, as above.

We now consider the process £(X5), which contains no fast dynamics. For each finite ¢ > 0, {(X¥) is
not a Markov process; but as € — 0, the fast movement should result in a form of averaging, such that the
influence of the missing information vanishes; then the limit process is a diffusion on the graph T'.

The results of this section are stated and proved in terms of the corresponding objects p® and p°, where
p° is the push-forward

P = &-#pa’ (44)

as explained in Section 1.1, and similar to Section 2. The corresponding statement about p® and p¢ is that p°
should converge to some p, which in the limit satisfies a (convection-) diffusion equation on I'. Theorems 3.1
and 3.5 make this statement precise.

3.3 Compactness

As in the case of the VFP equation, equation (40) has a free energy, which in this case is simply the relative
entropy with respect to the Lebesgue measure L:

F(p) = H(plL). (45)
The corresponding ‘relative’ Fisher Information is the same as the usual Fisher Information,
T610) = swp 2 [ [Apg V0] dn
pEC(R?) JR?
and satisfies for p = fL,
T(7£16) = [ | 1Vylox 1P f dadp,
whenever this is finite.
The large deviation functional I¢ : C([0, T]; P(R?)) — R is given by

T

I*(p) = sup [/dePT —/fodpo —/T/(atf-F éJVH-Vf—&-Apf)d,otdt— ;//|fo|2dptdt}
R? R? 0 R2

feCe? (RxR?) 0 R?
(46)

For fixed € > 0, p® solves (40) iff I¢(p®) = 0.

The following theorem states the relevant a priori estimates and the ensuing compactness properties for
any sequence p° with sup, I¢(p°) < oco.
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Theorem 3.1 (A priori estimates and compactness). Let p° € C([0,T]; P(R?)) with pf|i—0 =: p§ satisfy for
a suitable constant C' > 0 and all € > 0

I*(p°) + F(pp) < C.

Then for any t € [0,T] we have

1 t
Fo)+ 5 [ Ti1£)ds < () + Flof) < C. (47)
0
Moreover, there exist subsequences (not relabelled) such that
1. p° — p in M([0,T] x R?) in the narrow topology;

2. p° = p==E&up in C([0,T];P(T)) with respect to the uniform topology in time and narrow topology on
P(T).

Finally, we have the estimate

1 t
Flpr) + 5/ I(ps|L)ds < C  forallt e [0,T).
0

The proof of this theorem follows along the lines of the proofs of Theorems 2.3 and 2.4, and we omit it here.
Note that the estimate (47) implies that H(p$|L) is finite for all ¢, and therefore p§ is Lebesgue absolutely
continuous. We will often therefore write pf(z) for the Lebesgue density of pf.

3.4 Local equilibrium

Theorem 3.1 states that p° converges narrowly on [0, 7] x R? to some p. In fact we need a stronger statement,
in which the behaviour of p on each connected component of H is fully determined by the limit /.
Lemma 3.2 below makes this statement precise. Before proceeding we define T': I' — R as

. A (dx)
0= [ RHE (15)

where 4 is the the one-dimensional Hausdorff measure. T has a natural interpretation as the period of the
periodic orbit of the deterministic equation (42) corresponding to v. When + is an interior vertex, such that
the orbit is homoclinic, not periodic, T'(y) = +o0o. T also has a second natural interpretation: the measure
T(y)dy = T(h,k)dh on T is the push-forward under ¢ of the Lebesgue measure on R?, and the measure
T'(y)dy therefore appears in various places.

Lemma 3.2 (Local Equilibrium). Under the assumptions in Theorem 8.1, assume that p — p in M([0,T] x
R24) with respect to the narrow topology. Let p be the push-forward Exp of the limit p, as above.

Then for a.e. t, the limit p; is absolutely continuous with respect to the Lebesgue measure, p; is absolutely
continuous with respect to the measure T(v)dy, where T(v) is defined in (48). Writing

pi(dx) = py(x)de  and  pi(dy) = ()T (7)dv,
we have
pe(x) = oy (&(x)) for almost all z € R* and t € [0,T]. (49)

Proof. From the boundedness of I¢(p°) and the narrow convergence p° — p we find, passing to the limit in
the rate functional (46), for any f € C1?(R x R?)

T
/ JVH -V fdpdt =0. (50)
0 R2
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Now choose any ¢ € C2([0,T] x R?) and any ¢ € CZ(T') such that ¢ is constant in a neighbourhood of
each vertex; then the function f(t,z) = ((£(z))p(t,z) is well-defined and in C2([0,7] x R?). We substitute
this special function in (50); since JVHV (¢ 0 &) = 0, we have JVHVf = (( 0 §)JVHVp. Applying the
disintegration theorem to p, writing p;(dz) = p¢(dv)pe(dz|y) with supp p¢(-|y) € €71(7), we obtain

T
0= He(d v VH YA = (d 0-0|VH|p(-|v)dA#"dt,
|| fccontan [ vosggivaizn [ [ cnnian | oA

where 0, is the tangential derivative. By varying ¢ and ¢ we conclude that for g-almost every (v,t),
IVH|p(-|v) = C,, for some +,t-dependent constant C, ¢ > 0, and since p is normalized, we find that

1

W%I Lg—l(,y)(dﬂf). (51)

for prae. (v,1) ¢ peldaly) =

This also implies that p;(:|y) is in fact t-independent.
For measurable f we now compare the two relations

- _ W) 1
/RQ fdpy —/RQ FW)pe(y) dy —/de/g_lm V)W ()

B R - _ pi(dy) fy) 1
| fdpu —/Fpt(dw) /glm F()p(dyly) —/F () / 10y [VH(y v W (%)

where we have used the co-area formula in the first line and (51) in the second one. Since f was arbitrary,
(49) follows for almost all ¢. O

3.5 Continuity of p and p

As a consequence of the local-equilibrium property (49) and the boundedness of the Fisher Information, we
will show in the following that p and its push-forward p satisfy an important continuity property. We first
motivate this property heuristically.

The local-equilibrium result Lemma 3.2 states that the limit measure p depends on x only through &(z).
Take any measure p € P(R??) of that form, i.e. p(dz) = f(£(x))dx, with finite free energy and finite relative
Fisher Information. Setting f = f o &, by Lemma 2.1, V,, f is well-defined and locally integrable.

Ve h+¢
(27
g h

'L,

q

[ a b I

Figure 4: Section  in which H~1(h) is transverse to p.

Consider a section 2. of the (g, p)-plane as shown in Figure 4, bounded by ¢ = a and ¢ = b and level sets
H =hand H = h+¢e. The top and bottom boundaries v and «y. correspond to elements of I'" that we also
call v and ~,; they might be part of the same edge k of the graph, or they might belong to different edges.
As e — 0, 7. converges to 7.
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By simple integration we find that
[ oi= [ Fnar = (00 = )0 - ),
Qe YUy

where dr is the scalar line element and n, the p-component of the normal n. Applying Hélder’s inequality
we find

1

|b—a||f(%)—f(7)|=‘/ngpp’< (/Qaiwppﬁ)é(/ﬂapy =0,

This argument shows that f is continuous from the right at the point v € I

The following lemma generalizes this argument to the case at hand, in which p also depends on time.
Note that Int T" is the interior of the graph I', which is I without the lower exterior vertices.

Lemma 3.3 (Continuity of p). Let p € P([0,T] x R?), p(dtdz) = f(t,&(x))dtdx for a Borel measurable
f:10,T] xT' = R, and assume that

T
/ L(p|L)dt + sup Flpr) < oo,
0 te[0,T]
Then for almost all t € [0, T], v+ f(t,7) is continuous on Int T.

Proof. The argument is essentially the same as the one above. For almost all ¢, p; is Lebesgue-absolutely-
continuous and Z(p¢|£) is finite, and the argument above can be applied to the neighbourhood of any point
with VH (z) # 0, and to both right and left limits. The only elements of I' that have no representative z € R?
with VH(z) # 0 are the lower ends of the graph, corresponding to the bottoms of the wells of H. At all
other points of I' we obtain continuity. O

Corollary 3.4 (Continuity of p). Let p be the limit given by Theorem 3.1, and p := {xp its push-forward.
For almost all t, p, < T(v)dry, and dp/T()dy is continuous on Int T,

This corollary follows by combining Lemma 3.3 with Lemma 3.2.

3.6 Liminf inequality

We now derive the final ingredient of the proof, the liminf inequality. Define

sup  J(p,9) if py K T(y)dry, pe(dy) = fe(y)T(y)dy with f continuous on IntT,
I(p) := geCe* (RXT) for almost all t € [0, 7], (52)

400 otherwise,

where
F(prg) = / grdpr — / godpo — / / (Br9e(7) + Al () + BO)GH()) ()t

T
_%/0 /FA(V)(gg(V))Qﬁt(d'y)dt, (53)

and we use ¢’ and ¢” to indicate derivatives with respect to h. For v € T', the coefficients are defined by

1 (Vp,H)? 1 AH L 1 1
A7::—/ P drt", B'yzzi/ P_dnt, T7::/ ———dI".
D EI0) Sy VE D EI0) Jeer) 9] O Jesy IV
(54)
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Note that for our particular choice of H(q,p) = p*/2m + V(q), we have B(y) = 1/m.

The class of test functions in (52) is C12(R x T'); recall that differentiability of a function f: T — R is
defined by restriction to one-dimensional subgraphs, and C1?(Rx ') therefore consists of functions g : ' — R
that are twice continuously differentiable in A in this sense. The subscript ¢ indicates that we restrict to
functions that vanish for sufficiently large h (i.e. somewhere along the top edge of T).

Note that again I>0; formally, I (p) = 0 iff p satisfies the diffusion equation

0ip = (Ap)" — (Bp)'.

and we will investigate this equation in more detail in the next section.

Theorem 3.5 (Liminf inequality). Under the same conditions as Theorem 3.1, let us assume that p° — p
in M([0,T); R?) and p° := Exp® — Exp =: p in C([0,T];P()). Then

liminf I°(p%) > 1(p).

e—0

Proof. Recall the rate functional from (46)

IF(p°) = sup J(p°, f), where (55)
fECT? (RXR2)

76 0= [ graso— [ pdsi- [ [ (o + 2ovH-Sren,s)agde -5 [ ] (907 dsae
R2 R2 0 JR2 € 2Jo Jre

Define A := {f =go&: ge CL?(R x I‘)} Then we have

I*(p%) = sup T (p°, f).
feA

Since JVHV (g o &) = 0, upon substituing f = g o £ into J° the O(1/e) term vanishes. Using the notation
g’ for the partial derivative with respect to h, 0;g for the time derivative, and suppressing the dependence
of g on time, we find

T
1990 = [ ardii= [ v [ [ (Ot +o (€)1 ) 40 (€D A H @) ) )i

1

' 2
- 5/0 R2 |g (E(I))va(xN Pt (dl')dt (56)

The limit of (56) is determined term by term. Taking the fourth term as an example, using the co-area
formula and the local-equilibrium result of Lemma 3.2, the fourth term on the right-hand side of (56) gives

T o T
/ / 0" (6@)) (Y H (2)) %05 ()t <% / / 6" (£@))(Vp H (2))? o (der)dt
0 R2 0 R2

= [ [ LGRS ) = [ [ aoi e

where A :T' — R is defined in (54). Proceeding similarly with the other terms we find

liminf I°(p®) >  sup  J(p,9). (57)
e=0 geCL2(RxT)

This concludes the proof of Theorem 3.5. O
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3.7 Study of the limit problem

We now investigate the limiting functional I from (52) a little further. The two main results of this section
are that J can be written as

RN ~ ~ r ~ N 1 12 dﬁt
J(p,9) =/gpoT—/godpo—/ /[&gt dpe + ((TAgt) + ;TAg, )*]dt, (58)
r r o Jr 2 T
and that I satisfies . R
i(p) > sup F(5,g)  for all p e C([0,T]; P(T)), (59)
geA

where A is the larger class

A= {g ORI : g}Ik € C;’z(]R x Iy), V interior vertex O; Vt : Z +1; 9,(0;,k) TA(O;, k) = 0}.
k‘ZIkNO]'
(60)

The admissible set A relaxes the conditions on g at interior vertices: instead of requiring g to have identical
derivatives coming from each edge, only a single scalar combination of the derivatives has to vanish. (In fact
it can be shown that equality holds in (59), but that requires a further study of the limiting equation that
takes us too far here.)

Both results use some special properties of T', A, and B, which are given by the following lemma. In
this lemma and below we use TA and T'B for the functions obtained by multiplying 1" with A and B; these
combinations play a special role, and we treat them as separate functions.

Lemma 3.6 (Properties of TA and T'B). The functions TA and T B have the following properties.
1. TA € C*(I},) for each k, and (TA)' = TB;
2. TA is bounded on compact subsets of T';
3. At each interior vertex O;, for each k such that I, ~ O;, TA(O;, k) := }}1612c TA(h, k) exists, and

h—)Oj

> Hk TA(O;, k) = 0. (61)
k‘:IkNO]’

From this lemma the expression (58) follows by simple manipulation.

With these two results, we can obtain a differential-equation characterization of those p with I (p) = 0.
Assume that a p with I(p) = 0 is given. By rescaling we find that for all g € A,

T .
. . ) d
/gpoT - / godpo = / / [&tgt dp + (TA 92)’% dt. (62)
r r o Jr
As already remarked we find a parabolic equation inside each edge of T,
N ﬁt N’ _ ~ NI AN/
Opr = (TA (?) = (Ape)" — (Bpy)". (63)
We next determine the boundary and connection conditions at the vertices.

Consider a single interior vertex O;, and choose a function g € A such that supp g contains no other
vertices. Writing p;(dvy) = f¢(v)T'(v)dy we find first that f; is continuous at O;, by the definition (52) of I.

24



1

Then, assuming that p is smooth enough for the following expressions to make sense', we perform two partial

integrations in v and one in time on (62) and substitute (63) to find
o—/ £:(05) "y TA( O<,k)g£(0j,k:)dt—/ ) D ki TA(O;, k) £1(0;, k) dt
kil ~0; kil ~O;

The first term vanishes since g € A, while the second term leads to the connection condition

at each interior vertex O; : Z +1; TA(O;, k) f{(O;, k) = 0.
k:I,~Oj;

The lower exterior vertices and the top vertex are inaccessible, in the language of [Fel52, Man68], and
therefore require no boundary condition. Summarizing, we find that if I(p) = 0, then p =: fT'dy satisfies a
weak version of equation (63) with connection conditions

at each interior vertex O; :  f is continuous and Z +4,; TA(O;, k) f{(O;, k) = 0.
k:I~Oj

This combination of equation and boundary conditions can be proved to characterize a well-defined semigroup
using e.g. the Hille-Yosida theorem and the characterization of one-dimensional diffusion processes by Feller
(e.g. [Fel52)).

We now prove the inequality (59).
Lemma 3.7 (Comparison of I and I). We have

Proof. Take p such that I(p) < oo, implying that pi(dy) = fi(v)T(v)dy with f; continuous on IntT" for
almost all ¢. Choose g € A; we will show that I(p) > J(p, g), thus proving the lemma. For simplicity we
only treat the case of a single interior vertex, called O; the case of multiple vertices is a simple generalization.

For convenience we also assume that O corresponds to A = 0.
Define

95.t(h, k) = g:(h, k)Cs(h) + (1 = C5(R))g:(0), (64)
where (5 is a sequence of smooth functions such that
e (s is identically zero in a d-neighbourhood of O, and identically 1 away from a 24-neighbourhood of O;
e (; satisfies the growth conditions |¢}| < 2/6 and |¢}| < 4/6.

We calculate J (p,9s). The limit of the first three terms is straightforward: by dominated convergence

we obtain
T i—0 T
/ gs.rdpr / d5.0dpo — / / Drgs.e dpy 225 / grdpr — / godpo — / / Drge dr.
I N 0 I I I 0 I

Next consider the term

/ / A()gl (V)pe(dn)dt = / / [ (h, k)G >+2<g<h>g’<h,k>+<:;(h>[hg'<o,k>+0<h2>]]Aw>,at<dv>dt.
(65)

1This can actually be proved using the properties of A and B near the vertices and applying standard parabolic regularity
theory on each of the edges.
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Since the function (v,t) — A(v)g/(y) € L>=(p,) the first term in (65) again converges by dominated
convergence :

/ / (h, k)Cs(R)A(h, k) py (dy)dt ‘H—°>/ / A(h, k) (dy)dt.

Abbreviate fi(v)TA(v) as a(y); note that a is continuous and bounded in a neighbourhood of O. Write the
second term on the right-hand side in (65) as (supressing the time integral for the moment)

/45 '(h. k)a(h, k) dh—2/(6 (o) ah k) = a(0. k) +2 3 a0.) [ GO (1) = /(0. 1))
& k

+2Z (0,k)g ga( )dh
ho+0-2 ) j:kog’((),k:)a(o,k):Q > +k0d'(0,k) £(0,k) TA(0, k).
k: I, ~O k:I.~O

The limit above holds since —(§(-, k) converges weakly to a signed Dirac, £,0dp, as 6 — 0. Proceeding
similarly with the remaining terms we have

1(p) > T (p,95) —>/9poT—/godpo—// Orgr + A()gi (v) + B(7)g:()) pe(dry)dt
_,/ / NG () pe(dy) dt—/ £:(0,k) [ > +koTA(0, k)g; (0, k) |dt.
0 ki T eO

Note that the final term vanishes by the requirement that g € A, and therefore the right-hand side above
equals J(p, g). This concludes the proof of the lemma. O

We still owe the reader the proof of Lemma 3.6.

Proof of Lemma 3.6. We first prove part 1. For simplicity, assume first that H has a single well, and therefore

I" has only one edge, k£ = 1. Since
. 0
div (V,,H) =A,H,

and remarking that the exterior normal n to the set H < h equals (0, V,H/|VH|)T, we calculate that

_ (VpH)? _
/Apr / v d#r = TA(h). (66)

{(H'<h} {(H=h}

By the smoothness of H, the derivative of the left-hand integral is well-defined for all h such that VH # 0
at that level. At such h we then have

A H

TB(h) = La = A, H = 0,TA(h).

W= [ gt =o. [ ap-o07am)
{H=h} {H<h}

For the multi-well case, this argument can simply be applied to each branch of T

For part 2, since H is coercive, {H < h} is bounded for each h; since H is smooth, therefore A, H is
bounded on bounded sets. From (66) it follows that TA also is bounded on bounded sets of T'.

Finally, for part 3, note first that T'B is bounded near each interior vertex. This follows by an explicit
calculation and our assumption that each interior vertex corresponds to exactly one, non-degenerate, saddle
point. Since (TA)’ = TB, TA has a well-defined and finite limit at each interior saddle. The summation
property (61) follows from comparing (66) for values of h just above and below the critical value. For
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instance, in the case of a single saddle at value h = 0, with two lower edges k = 1,2 and upper edge k = 0,
we have

lim TA(h,1) + TA(h,2) = lim / ApH + / A,H
h10 h10
¢=1((~o0,h]x{1}) =1 ((~o0,h]x{2})
= lim / ApH = lim / A H = lim TA(h,0).
n10 hl0 hl0
{H<h} {H<h}
This concludes the proof of Lemma 3.6. O

3.8 Conclusion and Discussion

The combination of Theorems 3.1 and 3.5 give us that along subsequences p° := {4p° converges in an
appropriate manner to some g, and that

5 < Tim inf I5( %),
1(p) < lim nf I°(p°)

In addition, any p satisfying I(p) = 0 is a weak solution of the PDE
Oup = (Ap)" — (Bj)

on the graph I'. This is the central coarse-graining statement of this section. We also obtain the boundary
conditions, similarly as in the conventional weak-formulation method, by expanding the admissible set of
test functions.

In switching from the VFP equation (9) to equation (40) we removed two terms, representing the friction
with the environment and the interaction between particles. Mathematically, it is straightforward to treat
the case with friction, which leads to an additional drift term in the limit equation in the direction of
decreasing h. We left this out simply for the convenience of shorter expressions.

As for the interaction, represented by the interaction potential ¥, again there is no mathematical necessity
for setting ¢y = 0 in this section; the analysis continues rather similarly. However, the limiting equation will
now be non-local, since the particles at some v € I', which can be thought of as ‘living’ on a full connected
level set of H, will feel a force exerted by particles at a different 4" € T', i.e. at a different level set component.
This makes the interpretation of the limiting equation somewhat convoluted.

The results of the current and the next sections were proved by Freidlin and co-authors in a series of
papers [FW93, FW94, FW98, FW01, FWO04], using probabilistic techniques. Recently, Barret and Von
Renesse [BvR14] provided an alternative proof using Dirichlet forms and their convergence. The latter
approach is closer to ours in the sense that it is mainly PDE-based method and of variational type. However,
in [BvR14] the authors consider a perturbation of the Hamiltonian by a friction term and a non-degenerate
noise, i.e. the noise is present in both space and momentum variables; this non-degeneracy appears to be
essential in their method. Moreover, their approach invokes a reference measure which is required to satisfy
certain non-trivial conditions. In contrast, the approach of this paper is applicable to degenerate noise and
does not require such a reference measure. In addition, certain non-linear evolutions can be treated, such as
the example of the VFP equation.

4 Diffusion on a Graph, d > 1

We now switch to our final example. As described in the introduction, the higher-dimensional analogue of
the diffusion-on-graph system has an additional twist: in order to obtain unique stationary measures on level
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sets of £, we need to add an additional noise in the SDE, or equivalently, an additional diffusion term in the
PDE. This leads to the equation

1
Oip = —— div(pJVH) + g div(aVp) + App, (67)

where a : R?? — R2¥*24 with ¢VH = 0, dim(Ker(a)) = 1 and x,e > 0 with x > e. The spatial domain is
R24 d > 1, with coordinates (q,p) € R? x RZ. Here the unknown is trajectory in the space of probability
measures p : [0, 7] — P(R2?); the Hamiltonian is the same as in the previous section, H : R?¢ — R given by
H(q,p) = p*/2m + V(q).

The results for the limit e — 0 in (67) closely mirror the one-degree-of-freedom diffusion-on-graph problem
of the previous section; the only real difference lies in the proof of local equilibrium (Lemma 3.2). For a
rigorous proof of this lemma in this case, based on probabilistic techniques, we refer to [FW01, Lemma 3.2];
here we only outline a possible analytic proof.

Along the lines of Theorem 3.1, and using boundedness of the rate functional I¢(p), one can show that

T T
1/ / [Vpp©|? n f/ / aVp® - Vp° <C
2Jo Jre P° €Jo Jre pe

Multiplying this inequality by £/ and using the weak convergence p® — p along with the lower-semicontinuity
of the Fisher information [FK06, Theorem D.45] we find

//an Vp —o,
R2

or in variational form, for almost all ¢ € [0, T7,

1
0= sup / div(aVp)p: — 7/ aVy - Vpp,
SDECSO (RQd) R2d 2 R2d

— 0= div(aVp)ps, Y € C°(R2%).
R2d

Applying the co-area formula we find

p() 2d—1 _
/ . VH(z )|d1v( a(x)Ve(z)) H (dz) =0, (68)

where #2971 is the (2d — 1) dimensional Haursdoff measure. Let M., be the (2d — 1) dimensional manifold
€71 () with volume element |VH|~12#24=1. Then (68) becomes

/ () divpu (a(2)V pp(z)) volpa(dz) = 0,
M

~

where divag and V u are the corresponding differential operators on M., and vol, is the induced volume
measure. Since aVH = 0, dim(Ker(a)) = 1, a is non-degenerate on the tangent space of M.,. Therefore,
given ¢ € C*(M,) with [ M, dvolpy = 0, we can solve the corresponding Laplace-Beltrami-Poisson
equation for ¢,

diVM ((LVM QD) = 'l/]a

and therefore

/ pdvoly =0, Vi € C*°(M,) with P dvoly = 0.
M, M,

Since M., is connected by definition, it follows that p constant on M.,; this is the statement of Lemma 3.2.
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5 Conclusion and discussion

In this paper we have presented a structure in which coarse-graining and ‘passing to a limit’ combine in
a natural way, and which extends also naturally to a class of approximate solutions. The central object
is the rate function I, which is minimal and vanishes at solutions; in the dual formulation of this rate
function, coarse-graining has a natural interpretation, and the inequalities of the dual formulation and of
the coarse-graining combine in a convenient way.

We now comment on a number of issues related with this method.

Why does this method work? One can wonder why the different pieces of the arguments of this paper
fit together. Why do the relative entropy and the relative Fisher information appear? To some extent this
can be recognized in the similarity between the duality definition of the rate function I and the duality
characterization of relative entropy and relative Fisher Information. The details of Appendix B show this
most clearly, but the similarity between the duality definition of the relative Fisher information and the
duality structure of I can readily be recognized: in (19) combined with (18) we collect the O(7?) terms

T
p 1 )
/O /]R |:Apft - Evpft —5 IV /il | dpdt,

and these match one-to-one to the definition (24). This shows how the structure of the relative Fisher
Information is to some extent ‘built-in’ in this system.

Relation with other variational formulations. Our variational formulation (2) to ‘passing to a limit’ is
closely related to other variational formulations in the literature, notably the ¥-U* formulation and the
method in [PSCF05, ASZ09]. In the ¥-U* formulation, a gradient flow of the energy & : Z — R with
respect to the dissipation ¥ is defined to be a curve p* € C([0,T], Z) such that

T
A (p) = E(pr) — E(po) + /0 (We(pt, pr) + W(=DE(pr), pi)] dt = 0. (69)

‘Passing to a limit’ in a U-U* structure is then accomplished by studying (Gamma-) limits of the func-
tionals A°. The method introduced in [PSCF05, ASZ09] is slightly different. Therein ‘passing to a limit’
in the evolution equation is executed by studying (Gamma-)limits of the functionals that appear in the
approximating discrete minimizing-movement schemes.

The similarities between these two approaches and ours is that all the methods hinge on duality structure
of the relevant functionals, allow one to obtain both compactness and limiting results, and can work with
approximate solutions, see e.g. [AMP*12] and the papers above for details. In addition, all methods assume
some sort of well-prepared initial data, such as bounded initial free energy and boundedness of the functionals.
Our assumptions on the boundedness of the rate functionals arise naturally in the context of large-deviation
principle since this assumption describes events of a certain degree of ‘improbability’.

The main difference is that the method of this paper makes no use of the gradient-flow structure, and
therefore also applies to non-gradient-flow systems as in this paper. The first example, of the overdamped
limit of the VFP equation, also is interesting in the sense that it derives a dissipative system from a non-
dissipative one. Since the GENERIC framework unifies both dissipative and non-dissipative systems, we
expect that the method of this paper could be used to derive evolutionary convergence for GENERIC systems
(see the next point). Finally, we emphasize that using the duality of the rate functional is mathematically
convenient because we do not need to treat the three terms in the right-hand side of (69) separately. Note
that although the entropy and energy functionals as well as the dissipation mechanism are not explictly
present in this formulation, we are still able to derive an energy-dissipation inequality in (4).

Relation with GENERIC. As mentioned in the introduction, the Vlasov-Fokker-Planck system (8) com-
bines both conservative and dissipative effects. In fact it can be cast into the GENERIC form by introducing
an excess-energy variable e, depending only on time, that captures the fluctuation of energy due to dissipa-
tive effects (but does not change the evolution of the system). The building blocks of the GENERIC for the
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augmented system for (p, €) can be easily deduced from the conservative and dissipative effects of the original
Vlasov-Fokker-Planck equation. Moreover, this GENERIC structure can be derived from the large-deviation
rate functional of the empirical process (7). We refer to [DPZ13] for more information. This suggests that
our method could be applied to other GENERIC systems.

Gradient flows and large-deviation principles. As mentioned in the introduction, this approach using the
duality formulation of the rate functionals is motivated by our recent results on the connection between gen-
eralised gradient flows and large-deviation principles [ADPZ11, ADPZ13, DPZ14, DPZ13, DLZ12, MPR14].
We want to discuss here how the two overlap but are not the same. In [MPR14], the authors show that if N/
is the adjoint operator of a generator of a Markov process that satisfies a detailed balance condition, then
the evolution (1) is the same as the generalised gradient flow induced from a large-deviation rate functional,
which is of the form fOT Z%(pt, pt) dt, of the underlying empirical process. The generalised gradient flow
is described via the ¥-U* structure as in (69) with £°(z,2) = U.(z, %) + ¥i(z, —DE&.(2)) + (DE.(2), 2).
Moreover, & and ¥, can be determined from ¢ [MPR14, Theorem 3.3]. However, it is not clear if such
characterisation holds true for systems that do not satisfy detailed balance. In addition, there exist (gener-
alised) gradient flows for which we currently do not know of any corresponding microscopic particle systems,
such as the Allen-Cahn and Cahn-Hilliard equations.

Quantification of coarse-graining error. The use of the rate functional in a central role allows us not
only to derive the limiting coarse-grained system but also to obtain quantitative estimates of the coarse-
graining error. Existing quantitative methods such as [LL10] and [GOVWO09] only work for gradient flows
systems since they use crucially the gradient flow structures. The essential estimate that they need is the
energy-dissipation inequality, which is similar to (4). Since we are able to obtain this inequality from the
duality formulation of the rate functionals, our method would offer an alternative technique for obtaining
quantitative estimate of the coarse-graining error for both dissipative and non-dissipative systems. We
address this issue in detail in a companion article [DLP*15].

Other stochastic processes. The key ingredient of the method is the duality structure of the rate functional
(5) and (10). This duality formulation holds true for many other stochastic processes; indeed, the ‘Feng-
Kurtz’ algorithm (see chapter 1 of [FK06]) suggests that the large-deviation rate functional for a very wide
class of Markov processes can be written as

T T
I(p) = sup {<fT,pT> ~ (fosp0) / (or o) dt — / %(phft)dt} ,

where H is an appropriate limit of ‘non-linear’ generators. The formula (10) is a special case. As a result,
we expect that the method can be extended to this same wide class of Markov processes.

A  Proof of Lemma 2.1

Define Z(f) to be the right-hand side in (25),

P2 .
in{f>0} + a qudpa lf V;Df S Llloc(dqdp)7

= { b T

f

00 otherwise.

for f € L'(R?%). We need to show that Z(f) = Z(f dqdp|u).
First assume that Z is finite. Then %ﬂ{fw} + L e L?(fdqdp), which implies the following stronger
statement.

Lemma A.1. One has v, f
p
%1{150} +.€ L3 (fdqdp),
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where the space L% (fdqdp) is defined as the closure of {Vpcp € CEO(R%)} with respect to the morm
[ - ||3‘dqdp = fde |- |? fdqdp.

Assuming Lemma A.1 for the moment we rewrite Z(f) as
- 2
70 = [ [ 000y + ] aato =] -9, (£ (1050 + 2))]
=|-Vp- (]l{f>0} Vpf + f%)) ||2_1,(qu(1;;)

= || - Ap(]l{f>0} f) - Vp : (f%)Hz—l,(qudp)v

where ||-|| -1, fdqdp is the dual norm (in duality with L2, (fdgdp)) from [DPZ13] and 1{s~01 Vo f = Vy(Lisso0y f)
holds due to Stampacchia’s Lemma [KS00, Theorem A.1l]. Following the variational characterization of
|- [|=1,(fdgap) from [DPZ13, (11)] we finally obtain

2

—1,(fdqdp)

- p
I(f)= sup 2/ (pr- = —lyss0y App — %IVW\Q) [ dqdp
pEC (R2) R2d m

p
sup 2/ (vpgg- = —App— %|Vp<p|2> f dqdp,
WGC?(RM) R2d m

which is the claimed result. The same reference also provides that IT=o00iff Z (f dgdp|p) = oo.

Proof of Lemma A.1. We assume that VT”f]l{fw} + £ ¢ L?(fdqdp) and show that the two individual terms

v}’f]l{bo} and £ are in L% (fdqdp). Choose a smooth cut-off function nr = n(x/R) with 1 : R?* — R,

n=1on B;(0) and n = 0 in R??\ By(0). Then

p Vuf / p /
_ £ Yolyg = _ 2. 1 = _ P v
/dean 7 >0y f e T Vo f1{s>0} e " Vio(Lissoy f)
d

i

1
=+— [URCH-P : Van}]l{f>0} < p-Vpnr [ =:b(R).
m Jred d

— +
m R2
As R — oo, the bound b(R) converges to d/m.

Therefore we have

Vpf 2 p |2 Vpf p|? P
R ‘ i ﬂ{f>0}‘ +HE]| f= UR‘ i ﬂ{f>o}+g‘ f=2] nrVyf- Sliso
R2d R2d R2d
vpf p 2
< 2b(R) + nR‘T]l{f>0}+E‘ I
R2d
By passing to the limit R — oo we obtain

. 2 2
i [ o Uv;fﬂ{f>o}\ Ty ] i<
R2d R

R—o0

2 2d
Vofq p ‘ <
f {f>0} m f+ m

2d

and thus V;f]l{f>0}, 2 e L?(fdqdp). To conclude the proof of Lemma A.l it remains to show that

v]’;f T{s>0}, £ can be approximated by gradients of CZ°-functions. For € > 0 we therefore define

e :=log(f Ve)—loge.
Vof

Then . has compact support in R? and Vo, = for f > e and 0 otherwise. Note that ¢. is not
necessarilfy smooth, but by convolution with a mollifier we can also achieve smoothness. Our aim is to show
that ||v%]l{f>0} — Vp@ell fagap — 0 as € — 0. Indeed,

/ Vpf
R2d

Loy~ Ve
This proves that v}'f]l{fw} € L% (fdgdp). The calculation for £-v, (%) is similar. O

2

2
, =0
f__/{f<}’v;f]l{f>o}‘ f=0.
f<e
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B Proof of Theorem 2.3

We prove Theorem 2.3 using the method of the duality equation; see e.g. [ACP82, RK82, BKP85, Eid90] for
examples. Throughout this appendix + is fixed.

In addition to the duality definition of relative Fisher Information (24) we also use the Donsker-Varadhan
duality characterization of the relative entropy (21) for two probability measures (see e.g. [DE97, Lemma. 1.4.3]):

H(v|p) =  sup ¢dv — log/ e du,
pEC e (R2d) JR2d R2d

which implies the corresponding characterization of the free energy (22),

1
Flv)= sup / [gf) +H+ =1 1/} dv — log/ e? dr +log Zy. (70)
peCE (R2) JR2 2 R2d

Lemma B.1. For all g € C*(R x R?%), all p € C([0,T); P(R?*4)), and 7 € [0,T],

_// Wz(i_lﬁ)
0 0 R2d m 2m2

2
+0rg +YIV(H + v % p;) - Vg +72A,g + évpg|2}dptdt. (71)

I"(p) Z/HQMp(%w*erHJrg)

Lemma B.2. Given ¢ € C°(R?) and ¢ € C([0,T] x R?), there exists a function g € L>=(0,T;(WhH*> N
LY (R*)NL2([0,T] x R H2(RE)) with 8yg € (L4 L?)([0,T] x R*®), which satisfies the following equation
pointwise a.e.:

2
1 ,
Oug + 4TV (H + 05 pr) - Vg + 72Dy + Vgl = 2 (Bp0 + 51Vl in [0,T) xRY  (72a)
g=0¢ att=T. (72b)

This solution satisfies

t edtdx is non-decreasing. (73)
R2d

The proof of Theorem 2.3 follows from these two lemmas. Using a smoothed version of the function g
given by Lemma B.2 (on the time interval [0, 7]) in Lemma B.1, we find that

1 g d 1 p? 1 1
o) [ [ oA Eesswos o) <000 [ of oot
S(ph’lg/ﬂgdp(zzb*mr +o)|_ v A 52 AP35 Veel™) < I(p)+ e SVrptH+g)|
(74)
Using (70) we estimate the integral on the right-hand side by
1
/ p(ﬂﬁ*p—i—H—i—g)’ S}"(po)—i—log/ €9 dr — log Zy.
R2d 2 t=0 R2d
From inequality (74) we deduce that, using g, = ¢,
1 T d 1p? 1
sw [ p(qurpr o) —tog [ ewar—g2 [T] p(8 T ka9, <
v, JR 2 t=1 R2d 0 JR2d m 2m 2
9o d.
< D(p)+ Flpo) +og 2L 100 7, (75)

Jpza €97 dx
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By setting ¢(q, p) = —@(q, p) — p?/2m (which is allowable since [ Hp < 0o, as shown in Lemma B.3 below),
the third integral in (75) becomes

o Po = Aslio s
V/O/RMp(mpr Ap<p+2|Vp<P|)-

We now combine (75), the duality characterizations of free energy (70) and of the relative Fisher informa-
tion (24), and estimate (73), to find

T P ~ ~ 1 ~
Fo+v s [ (- L5485 19) < Fpw) + Do)
gec= (RxR2d) Jo JR2a m 2

By a standard argument, based on the C?-separability of C°, we can move the supremum inside of the

time integral to find
2

For)+ %y [ o) de < Fiw) + 1)

This proves Theorem 2.3.

Proof of Lemma B.1. Formally, (71) follows from substituting in (19) f = ¥ x p+ H 4+ g. To prove the
statement rigorously, we use

Lemma B.3. Let p € C([0,T]; P(R%)).
1. The map t — 1 * p; is continuous from [0,T] to Cy(R?);
2. If I (p), H(p|Zy'e ) < oo, then [ Hp, < oo for all t € [0,T].

Accepting this lemma for the moment, the result follows from choosing in (19) the function

for some g € C%1([0, T] x R??) and x € C°((0,T)). Here 6,,(t) := nd(nt) is an approximation of the identity,
&q(z) = &(zn~29) is a truncation sequence, and we write *; and #, for convolution in time and in space
(x = (¢,p)), respectively. (The convolution v x,, p is the same as the notation ¢ * p used in the rest of this
paper.) Upon rearranging the time convolutions, letting n — oo, using Lemma B.3, and letting x converge
to the function 1, we recover (74). O

Proof of Lemma B.3. The first part follows from the bound ¢ € L'(R%) N C}(R?). Fix ¢ > 0, t € [0,7T], and
take a sequence t,, — t. For each n, choose x,, € R2? such that | x (p; — pi, )| (%) > |00 * (pr — p,,)||co — /2.
Since p;, — py narrowly, {p, }» is tight, implying that z, can be chosen bounded; let z,, — x as k — oc.
Then

(0% ) () = (@ pr, ) (@n)| < |(# pi)(wn) = (% p) (@) + (4 * po) () = (4 % pr,, ) (2))]
+ 1@ pr, ) (@) = (¥ pr,, ) ().

The last term on the right-hand side satisfies

/ [v(z —y) —U(zn — y)|pe, (dy) = 0 since Y(x,, —-) = ¥ (x — -) uniformly,

and a similar argument applies to the first term. The middle term converges to zero by the narrow convergence
of pt, to p;. This proves the first part.
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For the second part, we take in (19) the function f(g,p,t) = ((H(q,p)), where ¢ € C*([0,00)) is a
smooth, bounded, increasing truncation of the function f(s) = s, satisfying 0 < ¢’ <1 and ¢’ < 0. Then we
find

Lot = [ cimm-r< [ [ (a0l Vg (¢4 462 - ) B 20 2 )
0 R2d

I/ d - d
</ (2<’|vqw*pt|2+72<') dpudt < TV )2, + 92 L
m 2 m
0 R2d

The result follows upon letting ¢ converge to the identity.
Note that this inequality gives a bound on [ Hp, for fixed v, but this bound breaks down when v — oo.
The bound (29), which is directly derived from (28), gives a y-independent estimate. O

Proof of Lemma B.2. The Hopf-Cole transformation g = 2log(G + 1) transforms equation (72a) into
7 1
G + IV (H + 1+ pr) - VG +728,G = (G + 1) (Apgo + i\vm?), (76)
with final datum Gp = e?/2 — 1.

The existence and uniqueness of a solution of this equation is standard; a proof follows along these lines:

e First approximate V by a function Vs with the property that VVj is bounded for each d, and d?Vj is
bounded uniformly in § (this is possible by assumption (V1));

e Solve the equation (76), with V replaced by Vs, by e.g. [Deg86, Appendix 1];

e Applying the maximum principle to weighted derivatives of Gy, as in [Deg86, Section III], obtain §-
independent bounds on Gj in L*([0,T] x R2?) and L*>(0,T; L*(R??)), on (1 + |¢|*> + |p|*)*VGs in
L>([0,T] x R%) for all & > 0, on A,Gs in L([0,T] x R??), and on §;Gs in (L> + L?)([0,T] x R??);

e Pass to the limit § — 0, with G5 = G in L°; then G solves equation (76) in the pointwise sense, with
the same bounds on G and its derivatives.

The estimate (73) follows from the calculation

d1
L /(G+ 1)2 = /(G+ 1)5,G = 42 /(G F (=86 + 1(C + DAVl + A,))
= [ 19,6 - 46 + )V, 20

Since [(G+1)? = [e9, (73) follows. O
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